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PREFACE

The study for this report was carried out in the Computer
Science Department, University of Califorma, Los Angeles,
under Naftional Aeronautics and Space Admimistration Coniract
NAS 12-2138.

The development of the program and the preparation of this
manual was a cooperative effort. We acknowledge the cooperation,
patience, and understanding of Dr. W. W, Happ of the Electromics
Research Center of NASA. We also express our appreciaiion to
our sister umversities and other NASAP-T0 participants for their

suggestions and help,

Within UCL A the cooperative spirit has also prevailed. Our
thanks and appreciation go to: Alfred Tyrill, who programmed the
Fast Fourier Transform and plotter; David Paletz, who programmed
the algorithm for building optumum circumit trees at a given frequency
and the transfer function printout, Steve Grandi, who programmed
the sensitivity analysis routines, Mrs. Donnamaie Meyerhoff for
her excellent survey of transient models and the background study
1 radiation effects 1n solid state devices, Denms Sesar for this
critical review of the computational errors and run time Iimitations
of NASAP-70, and Michael Wilson who 1nvestigated the application
of NASAP-70 to large scale problems,
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CHAPTER 1
THE NASAP-70 PROJECT

1.0 Introduction

NASAP-T0 18 a digrtal circuit analysis program developed at UCLA
with the cooperation and advice of a number of Umversity, industirial, and
governmental research groups located in virtually all sections of the Umted
States. The program consists of a number of commonly required circuit
analysis routines that are based upon the flowgraph techmgues and algorithms
of W, W. Happ and o’chers.ln_3 As was pownted out by Happ, two distinct
advantages can be realized (1) The requirement for writing a set of
independent circuit equations 18 eliminated, and (2) the resulting flowgraph
18 unmque. Because of these characteristics and the modular manner 1n
which the program 18 constructed, algorithms can easily be mechanized,

changed, and expanded for digital computation.

The program documented herein 1s the final installment of this
cooperative project imtiated by the Electronics Research Center of NASA

four years ago.

1.1 Capabilities and Limitations

NASAP-70 can handle linear circuits consisting of constant-value
passive elements, independent and dependent current sources, and inde-
pendant and dependent voltage sources. The dependent sources must be
linearly related to a volitage or current located in another part of the
circuit. Nonlinear functional relationships (dependencies) and time -varying
parameters cannot be handled in general. However, provisions have been
included to accommodate a single nonlinear or external characteristic in

resistors as advanced by Haag and Weber 4
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Central to the NASAP-T70 program 1s 1ts capability to formulate
transfer functions from a topological description of the circuat and its
numerical specification of components. The format of the input code,
selected by a user, dictate the manner by which a transfer function is
derived by the program. The following input codes, 1dentified by the
names NASAP, TREE, and CIRCUIT, can be employed

1. NASAP - directs the program to form its own tree and transfer
functron..

2. TREE - allows a user to define his own tree from which a
transfer function can then be constructed by the program,

3. CIRCUIT - directs the program to select a tree by which a
transfer function 18 constructed according to a user specified

frequency to assure relatively accurate coefficients.

With one minor, but practical exception, a transfer function,
relating a voltage across or a current through an element to either a
driving voltage or current source, can in general be requested. Any
number of transfer funciion requests can be made i1n any given computer
run., The transfer function formulations are printed out as a ratio of two

polynomials 1n S with numerical coefficients.

In conjunction with a particular transfer function request, a user

can ask for

1. The sensitivity of a transfer function to changes in circuit

parameters - A maximum of twenty valid sensitivity requests

can be processed for each circuit, The sensitivity function 18
printed as a ratio of two polynomaals in S with numerical coefficients.

2. A worst case analysis - For circuits of twenty elements or less

{not counting independent voltage or current sources) a worst case
analysis can be formulated as a ratio of two polynomaals in S with
numerical coefficients, Tolerances for each element can be user-

specified or defaulted automatically with 10% values by the program,
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Poles and zeros of all transfer functions

4, The sensitivity of poles - When pole sensitivity 1s requested, it 18

implied that it 18 formulated for all elements for which a sensitivity
request had been issued.

5. Transient response - A user can request a transient response of

any transfer funcfion for an impulse, a step function, a sine wave,
an exponential, a biased pulse, or pulse train driving function.

6. An A.C. frequency response (Bode Plot)

The output format for the transient, A.C. frequency response,
sensitivity and worst case analysis functions can be presented by either
tables, printer plots or both The input data 1s written on a free-field
format. Diagnostics are provided for reading the input circuit desecription
cards. If mistakes are relatively minor, corrections are made auto-
matically by the program and are printed out to inform the user of the
changes made, The program will not abort a run unless a serious error
(one which cannot be easily interpreted) 1s encountered. The normal input
1s by cards. An on-line version of NASAP-70 has been developed but 1s

not documented here.

NASAP-70 has been written completely 1n FORTRAN IV and has
been developed on the IBM 360/91 and run on the SDS Sigma Seven Digital
Computers at UCLA Ik has been successfully converted to other machines
by other research groups at installations across the country By means of
overlays, approximately 32K of core memory 1€ required to handle circuits

consisting of 30 elements.

The maximum number of elements that NASAP-70 can accommodate
in practice 1s determined by the number of bits in the computer word.
Even though computer words, in essence, are extended by software, circuits
with more than 30 elements cannot be handled efficiently by the 32 bit IBM
machines. Other machines with longer data words, such as the CDC 6600,

can accommodate larger circuit problems.
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1.2 Historical Perspective

To properly understand the place that NASAP-70 takes 1n the
computer-aided design field, 1t 1s fitting to trace the development of the
field, in general, and conirast it with NASAP-70. Typical circuit design
programs, such as ECAP, SCEPTRE, NET-1, and CIRCUS derive their
conceptual foundation from the treatise of Gabriel Kron, who was the
first person to systematize circuit equations for solution by digital

techniques ,5

Kron noted that the topological-algebraic structure of networks
could be treated separately in formulating mexh, nodal, and branch
equations from a primitive set of chmic relations. Even to this day, the
influence of Kron! s pioneering efforts are still being felt in all the major

circuit program developments, including NASAP-70.

Kron' s 1deas, which were presented from an engineering point of
view, were formally studied by J. Paul Roth who proved the interrelation-
ship of the topological -algebraic structure of networks from an abstract
mathematical pos:.’c:l.on.6 Even though Kron' s work was known for a couple
of decades, 1t never achieved popularity until Seshu and Reed published
their papers and a book 1n which a rigorous proof of network theory was

presented 1n a manner palatable to engineers. ’

Since that time, the field of computer-aided circuit design has
exploded attracting outstanding investigators from many engineering and
science fields, Noteworthy among the investigators are Branin, Bashkow,
Calahan, Katzenelson, Malmberg, Kuh, Rohrer, Desocer, and many

others.9 -16

All of these researche:s advocated the matrix or state space method
dealing with circuit problems. NASAP-70, on the other hand, with its

flowgraph approach, traces its origin to Claude Shannon who discovered



the topological gain formula while investigating the functional operation of

an analog computer.ﬂ* Shannon! s formula which 1s an analytic equation

for calculating the gain for an open loop system (circuit) was generalized by
W. W. Happ to include closed systems.1 The Shannon-Happ formula fabri-
cates the backbone of NASAP-70 upon which the transfer function, sensitivity,

and frequency response of a large class of linear systems can be computed.

The NASAP project was started approxumately four years ago at the
Electronics Research Center of NASA with the Shannon-Happ formula as a
programmaing kernal, The first year was devoted to program development
which included transfer function, sensitivity, and A, C., frequency response
capabilities, The second and third years brought further program develop-
ment and application studies into areas of NASA research. This past year
the NASAP project came to a close. The final version of the NASAP program,
called NASAP-70, 1s documented herein, In addition, seven applications
manuals are being writien in the areas of Electronic Filter Design, Instru-
mentation Circuits, Biomedical Circuits, Communication Circuits, and

1 -
others, 8-20

1.3 Format of the Manual

The manual 15 divided into two parts (1) A User!'s Guide, which is
made up of Chapters 2 and 3, and Appendices B and C, and (2} a Programmer!'s
Manual which consists of Chapters 4 and 5, and the program listing and

dictionary of program variables in Appendix A.

In Chapter 2, the fundamentals of setting up a problem for NASAP-70
are presented without any deep discussion of the theory involved It has
been written, however, to show the program can be used for large probfems,
and how computing time and computational errors can be predicted and

reconciled.

i During World War II, Claude Shannon developed his formula, Bul because
of wartime restrictions, his work was not published and was virtually
unknown to the academic commumty. In 1952, Samuel Mason redigscovered
the same formula,
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The theory behind NASAP-70 has been reserved for Chapter 3.
Appendix B describes the most popular transistor models 1in use today,
and includes a discourse of environmental effects (radiation) on transistor

models.

Chapter 4 contains a detailed description of the NASAP program, This
chapter should be read in conjunction with Appendix A, the program listing
and dictronary of variables. Chapter 5 describes the system requirements

for 1mplementing NASAP-T70.

The format of the User! s Guide and Programmer' s Manual has
been designed to place those topics which can usually be self-contained 1n
an mndividual chapter. It is for this reason that all references pertinent to
a chapter have been placed at the end of that chapter. The format of the
manual also provides a conventent method to add, delete, or change portions

of the manual without disrupting larger segments of the entire manual.
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PART I THE USER'S GUIDE

CHAPTER 2
A USER! S VIEWPOINT

2.0 Introduction

This chapter describes the step-by-step procedure of how to prepare
a circuit for analysis by NASAP-70. The discussion has been restricted to
an explanation of the rudiments of coding and does not 1nciude a detalled
study of circuit theory or programmaing. That has been regerved for Chapter
Chapters 3, 4 and 5. Examples have been dispersed throughout the discussion.
Also included are some design tips from a user' s viewpoint of NASAP-70,

partitioning schemes, error analysis, and nonlinear techniques.

It must be emphasized, however, that if one 1s to really achieve a
good design, a deeper understanding of circuit theory, and the advantages
and limitations of computer methods contained herein are necessary., To
that end the user 1s encouraged to read the articles and books referenced

at the end of the chapter,

2.1 Preliminary Considerations and Modeling

Before any problem 1s coded for a computer run, it is important to
make a check on the validity of the circuit itself and the device models.
Dafficulty usually arises when some physical device, such as a transistor,
diode, etec., 1s replaced by a lumped parameter model made up of some
dependent active devices and passive elements, and inserted into the
remaimng network without really looking for such conflicts as two elec-
trically difference current sources placed in series, or two electrically
different voltage sources placed in parallel. In general, no loop 1n a
circuit may consist entirely of voliage sources, including independent and
dependent sources, nor should any node be formed entirely of branches in

which only independent and dependent current sources are present. If such
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a case should occur, it would mean that NASAP-70 (or any other program
for that matter) would not be able to formulate a set of independent equations
necessary for solution since it violates the fundamental conservation of

energy law,

It 18 also mmperative to have a circuit designer select the appropriate
model for a physical device. Quite often the model chosen has been derived
for one type of operation and 1s assumed to be valid for another., All models
are restricted to some extent, There are A.C,, D.C., and transient models,
some are considered small signal or large signal, while others are considered
low frequency or high frequency. There are also the so-called environmental
and radiation-effect models, Generally speaking, all models are appropriate
only for the particular application for which they were derived, andif a
circurt designer places a model in a universal catch-all role, only mis-

leading results can occur,

In Appendix B descriptions of typical transistor models have been
compiled and classified according to the intended use. Also include there
1s a tabulation of how the model parameters can be calculated from the
manufacturer! s device specifications, A rather in-depth study of solid-

state modeling for a radiation environment 18 also given,

Besides modeling, other difficulties can appear when a complicated
circurt 18 approximated by reducing the number of circuit. All too often,
entire sections of a circuit are replaced by a simple series or parallel
circurt, the cumulated practice of which can eliminate critical modes of
circurt operations, As 1s usually the case, the circuit designer 18 so
preoccupred with establishing models or reducing the size of the circuil in
order to code 1t for the computer that he completely loses the physical
realization of the problem 1tself. No matter how carefully a computer
program 18 conceived, its operation can be completely frustrated by
improper use by circuit designers who consistently violate sound engi-

neering practice for the sake of accommodating a computer program.,
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2,2 Circuit Preparation

Once an appropriate circuit configuration has been established,
malking certain that no physical inconsistencies exist, the step-by-step
preparation procedure for coding NASAP-70 can then be carried out. The
procedure recommended here i1s described by means of an example circuit
problem shown in Figure 2. 1{a) which calls for an A.C. iransfer function

4
relating the voltage VO across the inductor to the input voliage Vln‘ The

A, C. equvalent c1rcu1;:1tls shown 1n Figure 2, 1(b). Wote that the battery
has been replaced by 1ts internal impedance of zero ochms and the transistor
has been modeled by a simple input resistor and a dependent current gen~
erator placed in paraliel with an output resistor, (High frequency effects
are not considered here and actually are not required to illustrate the

preparation procedure.)

Assuming that the circuit model in Figure 2, 1{b) 1s adequate for the
desired analysis, the imifial preparation of coding for NASAP-T70 requires
that a umque 1dentification be mmposed on the topology of the circuit, the
circuit elements, and the dependencies. Consequently, the nodes are
numbered consecutively starting with the number 1 and the elements are
redefined according to a letter-number format, where each component 1s
unambiguously determained, according to type, by one of three possible
coding schemes described in section 2. 3. No two components can have
the same code identifications, Dependencies are mdicated on the circuit
diagram by a dash line which designates the current or voltage variable
upon which the sources are dependent This 1s done only as a crutch to
remind the designer not to forget i1t when the circuit information is actually

coded,

After the nodes are assigned numbers (topology), and the circuit
elements and dependencies are distinguished, as shown in Figure 2, 2 for
the coding scheme NASAP, the unknown directed current variables must be

assigned to each circuit branch element. Generally speaking, the current
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V1 =1 volt C2 = 10uf

R1 = 50 ohms g =98
ClL=107puuf R5 = 2 megohms

R4 = 25 ochms R2 = 20,000 ohms
R3 = 325 chms Li=1 7 millihenrys

Figure 22 Prepared Circuit Diagram for Coding Scheme NASAP
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Figure 23 Voltage-Current Relationship of Elements
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direction in each passive element can be assigned arbitrarily although some
caution must be exercised in assigning currents to passive elements related
to dependent sources. The current directions in active devices also must
be handled with care so that the proper voltage ~current relationship can be

established,

Voltage Sources. The current direction associated with either an independ-

ent or dependent voltage source should be established in the positive sense
of the voltage rise — from minus to plus —as shown in Figure 2. 3(a). {(An
opposite rule could have been assumed but this would have required that a
negative voltage value be read in with the input data. Since such a practice
1s somewhat unnatural to most circwt designers, it has been avoided here
as a matter of good practice rather not that 1t cannot be done.) Following
the current assignment rule as stated presents no difficulty when independent
voltage sources are being considered, in general, the same rule can be
applied to dependent voltage sources provided the dependency relationships
are consistent with the physical phenomena involved. (A number of examples
consisting of dependent sources have been included in this chapter and are
described 1n sufficient detail to 1llustrate how the common current assign-

ment rule for both dependent and independent voltage sources can be adopted, )

Current Source In dealing with either dependent or independent current

sources, the positive voltage sense 1s taken in the direction of posifive
current flow as shown i1n Figure 2. 3(b). Similar to the discussion concern-
ing dependent voltage sources, the posifive sense of the voliage across the
dependent current source 1s the same as that defined for the independent
current source provided the dependency relationship 18 consistent with the
physical phenomenon. Examples are included to illustrate the procedure to

be employed.

Figure 2. 3 summarizes the current-voltage relationship for the
dependent and independent active devices and passive elements, If the

assignment of the current direction 1s 1n agreement with these configurations -
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including the dependency considerations described below - the NASAP-T0

program can then be properly coded.

Dependencies., A major concern of the NASAP-70 in programiming depend-

ency relationships 1s to assure that the proper sign 1s attached to the coded
dependency parameter. Congider the transistor model shown 1n Figure 2. 4(a)
which has been extracted from the diagram of Figure 2.2. For this common

emitter circuit, i1f a current flows into r,, the dependent current scurce I

1’ B

will generate positive current flow as indicated 1n Figure 2,.4(a). For the
case depicted B 1s taken as a positive number, and thus the current can be
expressed as IB = BIr .
1in Figure 2. 4(b) whilé the IB direction of flow 18 retained, then the depend-

If the assigned current direction 1n r is taken as

ency parameter would be - 8, a negative number. Therefore it 18 mmportant
that the physical dependency phencmenon be clearly understood for each

device that 1s being modeled,

Another dependency example i1s shown in Figure 2, 4(c). For this case a
dependent voltage source V‘u 18 considered, where V,u 18 linearly related

to the voltage v, developed across the resistor r, as shown. In order

1 1
to maintain the positive value of the parameter u in the relation V“= ,uVl,

1 be taken across rl as the

physical phenomenon dictates, Thus, this requires that the current through

it is necessary that the positive sense of V

ry be assigned so that the desired voltage polarity of V 1

Alternative measures can be taken, but practicality dictates that it 18 best

1s produced,

to follow one rule because 1t leads to fewer errors and presents a better
means for debugglﬁg, The user must be cognizant of the dependency
relationship involved and code according to the plan best suited to his own

tasies.

Once all the preparation siteps are completed to uniquely identify the
topology, the circuit elements, and the dependencies, and to assign the
current direction in all the circuit elements -~ the circuit diagram is then

ready for coding. Notice, for example, in Figure 2, 2 that all the nodes
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are numbered consecutwvely starting with the number 1, Zero and negative
node munbers are not permitted. Also note that all circuit elements have
been redefined to conform to the NASAP letter -number coding scheme (see
Section 2. 31). It must be emphasized that even though some of the elements
could have the same value, they still have to be assigned different numbers
1n their respective letter -number symbol, The dependency relationship is
1llustrated by a broken line with the associated dependency parameter value

placed in the middle of if.

2,3 Coding Mechanics

The general order of a NASAP-70 program deck 1s shown in Figure
2.5. The first group of cards allows a user to head the output listing with

the title information punched on them. No more than ten cards are permatted.

The second group of cards contains the topology information, element
designators, the values of the elements, and dependencies of the circuit to

be analyzed, Three different circuit description coding rules can be utilized,
The last group of cards contain the desired output requests.

The {ifle, circuit description, and output request cards are separated
from each other by control cards. The necessary control card information

is dictated by the circuit description format selected by a user.

Any number of individual problems can be processed during a
computer run, However, the above mentioned order must be maintained for
each problem, The last card of the entire group of cards must be a STOP
card. Only one STOP card 1s allowed.

2.3.1 Circuit Description Codes

The circuit description coding rules are based upon a free-field
format whereby each element 1dentifier 1s written on a programming sheet,
one to a line, with its corresponding topological, numerical, and dependency
information., Thus a circuit composed of, say, 15 elements will require 15

cards, exclusive of the control and output request cards.



Title Cards

Control Card #1

Circuit Description
Cards

Topology

Element Identification
Numerical Values
Dependencies

Control Card #2

Output Request Cards:
Transfer Function
Pole Sensitivity
Parameter Sensitivity
Worst Case
Transient Response
Poles and Zeros
Frequency Response
Nonlinear Parametric
Response

Control Card #3
STOP Card

Figure 25
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The three different code formats available 1n defining a circuit to
NASAP-T70 are i1dentified to the program by punching one of the words:
NASAP, TREE, or CIRCUIT on control card #1.

NASAP: For compatibility with other versions of NASAP, control card #1,
with NASAP punched on 1t, will cause the program to accept the circuit
description in the form presented in A USER'S GUIDE AND PROGRAMMER'S
MANUAL FOR N_f-‘:LSAP5 and CODING INSTRUCTIONS FOR NASAP 69/I. 6

The NASAP coding of a circuit relieves the user of selecting a tree Instead,
the program automatically builds a tree that results in a transfer function

being formed 1n a minimum of computation time

The circuit coding requires that six fields of information be set
down on each card, and since a free field format 1s employed, the ordering
of the information must be taken into account This 1s done by 1nserting at
least one blank to separate the fields from each other, permitting the infor-

mation to be inputted without regard to column orientation

The general form of the circuit input data 1s.

NUMERICAL
ELEMENT UNITS DEPENDENCY
{ORIGIN NODE) (TARGET NODE} OR (
(DESIGNATOR) DEPENDENCY (OPTIONAL)/\ DESIGNATOR

VALUE

The parentheses are not allowed on the coding sheets, but are placed here

for clarity sake.

The first letter of each ELEMENT DESIGNATOR must conform to the

following relationship:

Table 2.1
V Voltage Source T T T T Capacitor
I Current Source L Inductor
R Resistor
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Any of those letters may be followed by up to 11 alphanumeric characters
to bring the total number of characters in the ELEMENT DESIGNATOR to not

more than 12,

The second and third fields contain the numbers of the origin node
and the target (terminal) node, respectively, of the assigned current flow
through the element. The fourth field accepts the numerical value of the
circuit element, if the element 1s not a dependent source, and accepts the
dependency parameter value 1f 1t 15, The numerical values can be expressed
in either decimal numbers with or without a decimal point, or in Fortran

E-format.

The fifth field is an optional units field that allows a user to operate
1n other than the MKS system of units. In effect the units field 1s a scale
factor multiplier to the numerical value field. The accepted symbols are
given in Table 2 2 No mixing or interchanging of scale factors are permitied.

If UNITS 1s not specified, MKS units are assumed

Table 2.2
ELEMENT SCALE FACTOR MULTIPLIER

RESISTOR K 10°

M 10°
CAPACITOR PF 10712

UFP 10 -6
INDUCTOR. UH 1078

MH 1073

The sixth field position is employed only if a dependency exists, which 1s
indicated by writing either an I, for current, or V, for voltage, followed

by the element 1dentifier of the element upon which the dependency exists.
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1" f 1
With the "NASAP™ coding rules, the PXepared cireuit diagram of

‘I':'l‘lgure 2.2 can be coded as shown below;

ELEMENT ORIGIN TARGET PARA&%,ETER DEPENDENCY
DESIGNATOR  NODE NODE DEPENDENCY UNITS DESIGNATOR
VALUE

V1 1 G 1

R1 6 1 50

C1L 6 5 10.7 PF

R4 5 3 25.

R3 3 1 325

c2 3 1 10 UF

11 4 3 g8 IR4

R5 4 3 9 M

R2 2 4 20 K

L1 z _ 1.7 MH

Note the coding peculiar to the dependent current source 11. Since I1 1is

related to current flow 1n the resistor R4, the dependency relation is

indicated 1n the sixth field position as yR4 with the dependency parameter f8

(which 15 equal to a value of 08) codeq iy the fourth field. If other dependent

sources were present, theytoo would fol1ow the 1dentical coding scheme,

Control card #2, for the NASAP coding rules, must contain either
the word OUTPUT or the word END,

TREE The TREE input code can he employed by a user who wishes to form

a transfer function based upon a user.-defined tree. Control card #1, with
the word TREE on 1t, alerts the Program that the circuit description that

follows contains a USEr specified {pee 1n addrtion to the topological, elemental,
and dependency information,

The general format of the circult coding 1s

ELEMENT INDENTIFIER/ DEPRENDENCY (ORIGIN-TARGET) = VALUE UNITS
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To obtain a worst case function, a card must be inserted immediately
after control card #2 (the END or OUTPUT cards), with the word, WORST.
Tolerance cards must also be provided, since the variation of each element

must be known, Tolerance cards have the following format
TOL = ELEMENT DESIGNATOR = VALUE

where ELEMENT DESIGNATOR 15 a circuitelement, and VALUE 1s the relative
AQ

tolerance Q- of the element Q. If no TOLERANCE card is provided for

an element, a default value of . 1 {10%) 1s assumed.

When a WORST CASE Function 18 requested, the sensitivity functions

for all elements are also printed out automatically, Therefore no SENSI-

TIVITY cards can be present when a WORST card is present. A typical

WORST CASE analysis 1s given in the examples in Appendix C.

POLE SENSITIVITY The sensitivity of the poles of the transfer function is
obtained by adding the word POLES to the ROOTS card:

ROOTS, POLES.
Pole sensitivity in NASAP-T0 1s defined as

dSl
PSS = ——
S Q Q

where S1 18 a pole and Q 18 a circuitl parameter whose value changes
causing a change in the root Sl. The sensutivity of the poles are produced
for all elements for which a sensitivity request 1s made (or for all elements

1f & WORST card is included).



Pole sensitivity function 18 printed as the ratio of two polynomials in

S, just like the parameter sensitivity function and is interpreted similarly.

Plot Requests: Printer plots can be requested of NASAP-T0 to produce:

(1) transient responses of transfer functionsfrom a group of user-specified
standard input functions, (2) a bounded frequency response of transfer functions,

"and (3) bounded {parameter, pole, and worst case) sensitivity responses.

The plot request 15 a single card of the form
PLOT (option 1/option 2 ...... )

where the options are types, parameters, and limits of the printer plots.
All options for any one plot request must appear on one card since contin-
uation cards are not allowed. Not all the options are required since

defaults are provided. Options may appear in any order on the plot card.

A transient response can be obtained for an impulse, step, sine,

exponential, pulse, and pulse train by specifying an option according to

Table 2.6
OPTION FORMAT DESIRED INPUT RESPONSE
TYPE = IMPULSE Impulse
TYPE = STEP Step function
TYPE = SINE Sine Wave
TYPE = EXPONENTIAL Exponential
TYPE = PULSE Pulse or Pulse train

To provide control over the format of the printer plot itself the following

options can be included
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Table 2.7

Option Format Interpretation
AMPLITUDE = a number Represents the magmtude of any of
the waveforms in Table 2.7
DENSITY = a number Specifies the number of calculations
per plotted output point
TIME = g number Specifies the duration of the applied
(1n secs) mput, 1t must always be present for
any transient response request
STEP = a number Specifies the time between individual
(1n secs) calculated points

For the PULSE type option, the following additional options can be

employed
Table 2. 8
Option Format Interpretation
BIAS = a number Used in conjunction with the
AMPLITUDE option to produce a
train of positive and negative pulses
WIDTH = a number Specifies the duration of a pulse
(1n secs)
CYCIL.E = a number Specifies the time of one cycle
(1n secs)

To 1llustrate how some of the pulse options are combined, consider the

plot statement

PLOT(TYPE=PULSE/AMPLITUDE=10/BIAS=-2 [WIDTH
=10/CYCLE=15/TIME=30)

The program interprets this statement to mean a pulse train of two

pulses (TIME = 30 seconds) where each pulse alternates between +3 and -2
{(from AMPLITUDE = 10, BIAS =-2) and each pulse duration 1s 15 seconds
(CYCLE = 15) with a change from a positive to negative amplitude 10 seconds
from the beginmng of the cycle (WIDTH = 10). TFigure 2. 12 1llustrates the

waveform 1nvolved.
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Figure 2 12 Pulse Wave Options

Options associated with other type inputs are as follows-

Table 2. ¢

TYPE OPTION INTERPRETATION

CONSTANT = a number Usedonly with EXPONENTIAL

input. It represents the a in Ke®

FREQUENCY = a number Used only with the SINE input to
(in Hz/sec) specify the frequency of the sine wave

Table 2 10 summarizes all the type input options andtheir permissable
function and printer graph parameters. Only the first two letters of each

word are needed. Tor instance, AM may be used to abbreviate AMPLITUDE,

IM for IMPULSE, etc,

The following default conditions apply
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Table 2. 10

TYPE TRANSIENT OPTIONS

AMPLITUDE |BIAS | CONSTANT | FREQUENCY | DENSITY | TIME | WIDTH | CYCLE | STEP?
IMPULSE X x
STEP X X X
SINE X X X X X
EXPON X X X X X
PULSE X X X X X X X
(PULSE -
TRAIN)

The option "frequency'’ 18 used here 1n conjunction with the TYPE option SINE, 1t is also

used as a TYPE option in generating a frequency response (see Table 2. 12).

Step 1s used 1n three senses

as a TYPE option to denote a step function, as an increment

between plot points {(in secs) for transient responses, and as an increment between plot

points {in CPS) as given in Table 2, 12,




Table 2. 11

OPTION DEFAULT
TYPE IMPULSE
TIME 1 second
STEP .01
AMPLITUDE 1
DENBITY 1
CONSTANT 1
FREQUENCY 1

Inconsistent requests will be 1gnored and are defaulted from left to

right, e.g.,
PLOT{TYPE = IMPULSE/FREQ = 2) yields an impulse response,

The printer plot capability can also be employed to produce a
frequency plot (Bode) of a transfer function and sensitivity functions. The

PLOT instruction include the appropriate codes shown below
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Table 2,12

FORMAT INTERPRETATION
TYPE = FREQUENCY Plots the magnitude and phase of the
transfer function
TYPE = SENSITIVITY Plots the magmtude and phase of the
sensitivity function
TYPE = WORST Plots the magnitude of the square
worst case tolerance function
EL = Element Designator Specifies to the program which
particular sensifivity function
reguest should be plotted (from a
ISENSITIVITY' or ' WORST! card)
FROM = a number Specifies the beginning of a frequency,
(in CPS) sensitivity, or worst case response
plot
TO = g number Specifies the end of a frequency,
(in CPS) sensitivity, or worst case response
plot
STEP = a number Indicates the frequency step incre-
{(in CPS) ment between 1ndividual calculated
points

Note that the keyword STEP 15 used in a dufferent context here than in the

transient response case.

To illustrate how the PLOT options can be used, consider the plot

statements
PLOT{TY = FR/FR = 10/T0O =1E3/ST = 1.122)
PLOT(TY = SE/EL = C3/FR = 10/TO = 1ES/ST = 1, 22}

taken from the output request statements in Figure 2.7. The first statement

requests a frequency plot of the transfer function VR4/VV1, to encompass
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the frequency range from 10 to 1000 cps 1n mcrements of 1, 122 cps. The
second statement requests a plot of the sensitivity function of the transfer
function VR4 /VV1 with respect to the element C3. The frequency range 1s

the same as the first plot statement. Figures 2. 13 and 2. 14 are plot and table
outputs of the two PLOT requests.

Note that the PLOT requests always refer to the previous transfer
function request, 1f more than one such request is made, The sensitivity
plot request must include an element option since more than one sensifivity
request can be called for in conjunction with a transfer function request.

Both the magmtude and phase are printed out,
Control Card #3 can have either the word EXECUTE or END on it.

As another example problem describing PLOT requests, consider
the circuit shown in Figure 2. 15 taken from the report by Moe and Schwartz.7
The 1nput code 15 shown 1n Figure 2, 16 where the transfer function of the
voliage across C7T to the drawing voltage source V1 1s requested. There are
three transients plots requested (1) an impulse response of .5 sec duration,
(2) a step response of .5 sec duration, and (3) a 4 cps sine wave response,

outputted every . 005 second until 9 seconds 1s reached.

The output plots and tabular data are shown 1n Figures 2. 17 through
2.22.

Figure 2. 23 shows a typical deck setup for multiple circuit problems

for one computer run. The three different coding schemes are illustrated.

Complete 1nput and cutput listing of another sample problem can be

found 1n Appendix C. Note only one STOP appears — at the end of the deck.
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NASAP (SIMPLIFIED EDG SYSTEM WITH BLINK INPUT)

V112 0.1166
Ri23 1.0

C123 0,2265F
R2 310.8786
V2142,14 VR2
R3451.0

C2 5 10.0b80F
I116 1VC2
1261 1 VC4

C3 6 1 0,04458F
V3171.0 VC3
R4 7 8 0,02275
C4811.0F

V4 19 10,99 VC4
R59 10 1,0

C5 10 1 0.007496F
V5 1 11 50 VC§&
R6 11 12 0,1

RT 12 13 14K

C6 13 14 1.6UF
R8 14 1 15,4K

R9 16 14 1M

R10 14 15 10K

R11 12 16 14K,

R12 15 1 200

I31 15 500 VRO

R13 15 16 10K

C7 16 1 2,.0UF

OUTPUT

VCTivvi

PLOT{TY=IM/TI=0. 5)
PLOT{TY=ST/TI=0. 5)
PLOT{TY=SI/FR=4/TI=1,0/ST=.005)
EXECUTE

STOP

Figure 216 NASAP — 70 Input Coding
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CONTROL CARD -

CONTROL CARD —

CONTROL CARD —~

CONTROL CARD —~

CONTROL CARD -

TITLE CARD A
NASAP

VINPUT 12 1
IOUTPUT 3 4 1 IR1
R1Z 4.37TM

023 2 3 2B10 PF
LO14 33

QUTPUT 1st Problem

WORST CASE

TOL=L0= 50

V I OUTPUT/VVINPUT

ROOTS, POLES

PLOT (T'YPE = IMPULSE/TIME = 10)
PLOT (TYPE = FR/FR = .01/TO = 1E2)
PLOT (TY=WORST/FR=.01/TQ = 1E2)
VR~ /VVINPUT

EXECUTE y
ANOTHER OPTIONAL TITLE CARD
TREE

E1l(1-2) =1

DJ2/IREL (3-4) = 1

RE1 (2-4) = .3TM

CE, (2-3) = 2E10PF

LJ, {(1-4) = 33

END

SENS-=RE1

SENS=LJ

VLJ/VEI1

PLOT ('TY = SI/AM = 2/FR = 10)

PLOT (TY=SE/FR=1E-3/T0=186 /EL=RE1)
END

>
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> 2nd Proble




CIRC (5E6)
El1{1-2) =1
R2 (2-3) = 2
L3(3-1) =1
C4 (3-1) =4
CONTROL CARD - END - 3rd Problem
IC4/VE1
ROOTS
CONTROL CARD -~ END
STOP

n

Figure 2 23 Sample Data Decks for NASAP-70
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Figure 224 Example of Outputs Taken Across Twe or More Circuit Elements
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2.4 Coding Tips

As 1s usually the case with any application program, a number of
design tricks will evolve as the circuit designers become famailiar with its

operation. Some of these tips are described here.

Qutputs Taken Across Two or More Circuit Elements

Quite cften a circuit designer needs the transfer function expression
taken across more than one circult element, and with the capabilifies of
NASAP-70, as many computer runs as there are circuit output elements
will be required. To circumvent this difficulty, an extra current source
can be 1nserted across the desired output terminals and the output voltage
measured across 1t (see for example Figure 2,24)., This element can be
viewed as an 1deal voltmeter, that 1s, a device that extracis a constant
value (which 1s always zero)} of current from the circult, By adding the
output current source (I = 0), provision has been made for a general

method of solution.

(As an added note, an ideal ammeter which 18 a short circuit i1s a

voltage source whose voltage 1s a constant value of zero,)

Total Output Response

This design tip 1s really a reminder to the circuit designer of how
the output response of a circuit should be handled when a number of active
devices and energy storage elements are present. For such cases NASAP-70
requires that as many transfer functions as there are active devices and
elements with energy stored in them be computed, relating these devices
to the output requested. The transient response associated for each trans-~
fer function i1s then computed and summed all together to form the total
output response. It is important to note that any charged capacitor with VO

volts has to be replaced by an uncharged capacitor in gseries with a battery

of VO volts
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+ m— o
==Vo —> N
=V,

—o ( *Q

Also, any inductor L with an immitial current of I0 through 1t has to be

replaced by an inductor placed 1n parallel with a current source I0

—e b * b

L TIO —> L 10

—e ( * Q

These sources are considered like any other active device, and thus their

presence must be reflected in the desired output response.

There are approximation-oriented guidelines by which a tree
selection procedure should be implemented. For low frequency approxi-
mation, capacitors should be chosen as links while inductors should be
chosen branches {(as much as possible while still retaining a tree structure.)
Conversely, high frequency approximation results in induetors chosen as

links while capacitors are chosen as branches. The practical underiying
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reason 1s that while a zero 15 well represented and well behaved on a
computer, © < 1/0 causes error and havoe on the machine and thus will

not be accepted by the algorithm  'This means that 1f one requires low as
well as high frequency approximations for the same problem, this problem
should be submitted as two problems with two different trees Similarly,
elements with relatively large impedances compared with the circuit (for
example, grid-plate tube 1mpedance} should always be chosen links., (To

set I - 0 which means grid current equal zero.) On the other hand, elements
with relatively small input impedances (rl 1in some transistors) should

always be chosen branches (To set V < 0).

In an approximation, branches can be collapsed or links can be
opened without disturbing the tree structure. This fact can be verified by
observing the example problems. Hence, by carefully selecting elements
to be links or branches, foresight in design can be incorporated into circuit

description and a great deal of flexability in caleulations can be achieved.

2.5 NASAP Analysis of Nonlinear DC Circuits™

The basic procedure for analyzing four classes of nonlinear depend-
encles 18 described (1) Nonlinear controlled source dependent on current
or voltage in the circuit, (2) Nonlinear controlled source dependent on a
parameter external to the circuit such as temperature, (3) Nonlinear
resistor dependent on current or voltage associated with its terminals, and

(4) Nonlinear resistor dependent on a parameter external to the circuit.

A method for obtaimng models for nonlinear elements 1s presented
and 15 used to establish a model for an exponential nonlinearity Thas

model 1s used i1n the analysis of transistor bias circuits,

Also included are the analysis proceliures for power supply regulator
circuits using the real s evaluation option. This analysis produces results

related to the load and line regulation properties of the regulator,

“This section has been taken from the work presented in references 9 and 10,
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2.5.1 Modeling Circurt Element Variations

Linear and nonhlinear circuit element variations in a resistive circuit
can be simulated with the use of the PLOT(TYPE=RE) capabilities of the
NASAP program which results in a real variable evaluation of the transfer
function. Consider a variable circuit element A(x) where A may be a
resistor, a current source, or a voltage source and x may be a current,

a voltage, or some external parameter such as temperature. The function
A(x) ls approximated by a ratio of polynominals using either approximation
methods or trial and error,

_ P(x)

Alx) = GE:—) (2. 1)

The variable x 18 replaced by s and a circuit 18 synthesized which
has a transfer function or an input immaitance given by P(s)/Q(s). When the
TYPE=REAL option 1s used, this circuit will simulate the variation of the
circuit element A(x) 1f the range of s 1s the same as the expected range of
X, It should be noted that since the circuit 1s used for simulation purposes
only, 1t does not have to be physically realizable, 1.e., controlled sources

or negative circuil elements may be used.

The method for using this model in computer analysis of a circut
depends on the circurt element and variable which A and x represent. In
Cases I and II of the discussion which follows 1t 18 assumed that P(s)/Q(s)
1S realized as an input 1mpedance, If the realization 1s an input admaittance

or a transfer function, relatively minor modifications are required,

Case I

A 18 a controlled voltage or a current source and x 1s a voltage or

a current in the circuit.

The dependency function A(s) 1s synthesized as an impedance and a
current generator of value umty 15 connected to the 1mpedance. This
auxilliary network 1s hinged to the network which 1s to be analyzed. The

nonlinear dependent source in the network 1s replaced by a source which 18
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dependent on the voliage across the auxilliary network. The transfer
function x/independent source 1s specified and the TYPE=REAL option 1s
used. The solution for the circuit is obitained from the tabular printout or
the graphical plot as the value where x = s, If x 18 not the desired output
variable, the circuit 1s recoded with A(x) replaced by 1ts known value from
the above solution, The auxilliary network 18 eliminated and the desired

output variable 18 specified.

This analysis 1s applicable when the circuit contains no more than

one variable source,

To 1llustrate the method, consider the circuit of Figure 2,25, Let

R = 2 and assume that V 1s a function of I1 and 18 adequately approximated

by

112 +1,-5
= == Q<] <
V(Il) Il+ 1 0 Il 1 {(2.2)

A penecil and paper solution resulis mn

I1 =,921 , Vo = .0795 (2. 3)

For computer analysis an impedance 18 synthesized for which

2
_ 8 +s8-3 __ 5
Zs) = s+ 1 5T Ss+1

(2. 4)

A circuit realization of this impedance 1s shown in Figure 2. 26. The
auxilliary network 1s hinged to the basic circuit with R2 =2, I1 = IR7 and

V2 = VR6. Note that the R5, R6 resistance combination 1s used for voltage
measurement only and could be replaced by a single, large valued resistance,
The transfer functionIR1/VV1 18 specified and a frequency of . 915 to . 925

in steps of . 001 15 specified. The frequency range 1s chosen on the basis

of the expected "ballpark' value of the current IR1. If a good estimate of

TR1 cannot be made, a larger frequency range 1s specified with larger
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Figure 225 Cirewit for Example

—VWW—
R1 =1
+ o | S
IRZ2
R7=1 g (’)v1=1 + R3=2
V2
&
BASIC CIRCUIT
O AN s
L1=1 L1

AUXILIARY NETWORK

Figure 226 Computer Analysis Models

Increments and more than one pass on the computer may be necessary to

obtain IR1 to the desired degree of accuracy.

The computer analysis results in

2
IRT _ T -s+s3
Vi © 7% TIEE (2.5)

and the printout table gives IRl = s for s = .921. The value of V2 18 then
obtained as V2 = ~1,682. The basic circuit 18 then coded using this value

of V2 and the result 1s VR3/VV1 = ,0795.
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Case II

A 18 a controlled voltage or current source and x 18 an external

parameter which 1s known to vary over a specified range.

In this case, the cormtrolled source 1s generally dependent on a
current or voltage in the circuit (denoted by y 1in this discussion) and the
dependency faclor is a function of an external parameter x. The h__I

FE'B

generator in the transistor dc equivalent circuit where h 158 temperature

dependent 1s an example of this situation. The circuit 1chided with yA(x)
replaced by a generator, V(s), which 1s dependent on the volitage across
the auxilliary network., The desired transfer function i1s specified and the
SIGMA option 15 used. The computer solution gives the relation between
the outpui variable and x in functional (replace s by x), tabular and
graphical forms. This method 1s applicable for any number of variable

sources 1in the circuit which depend on the same external parameter =x.

The circutt of Figure 2, 25 15 used to 1llusirate the procedure with

R = 2 and V dependent on I. and temperature according to

1

’I‘2 +T -5
V=Il“‘—‘m—“" 10=T =50 (2,5)

A hand solution results in

2
+ —_

VO - T2 3T - 3 (2.7)

T + 5T -1

For computer analysis the nonlinear dependency has the same
functional form as in Case I and therefore Z(s) of Figure 2, 26 simulates
the temperature dependency. The auxilliary network 1s hinged to the basic
circuit with It = IR1 and V2 = VR6. The transfer function VR3/VV1 1s
requested and a frequency range of 10 to 50 in steps of 1 1s specified. The

result 1s

VR3 _ -3+3s5+s

VU1 (2. 8)

-1+55-!—s2
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A table is printed out and a graph of the function over the range

s = 10 to 8 = 50 18 plotted.
Case IIT

A 18 a resistor and x 1s the voltage across or the current through

the resistor,

The circuil 1s coded with R(x) replaced by Z(s). The transfer function
x/independent source 1s specified and the TYPE=REAL option 1s used. The
solution for the circuit is obtained from the tabular printout or the graphical
plot as the value where x =s. If x 1s not the desired output variable, the
circuit 18 recoded with R(x) replaced by its known value and the desired
transfer funciion is specified. This analysis 1s applicable when the circut

contains no more than one nonlinear resistance,

In the circuit of Figure 2,25, let V = -2 and R be dependent on IZ'

122 + 12- 5
= ——— < =
R(Iz) 12 1 2 = I2 4 (2.9)
The solution 1s
I2 = 2,155, Vo = =-T71 (2. 10)

For computer analysis, the basic circuit of Figure 2. 26 1s used with R2
replaced by Z(s) and V2 = -2 IR7. The transfer function IL1/VV1 1s requested
and a frequency range of 2,15 to 2, 16 in steps of ,001 15 specified. As 1in
Case I, 1t may require more than one pass on the computer to determine the
proper frequency range and increment which will result in the desired degree

of accuracy for IL1l. The computer analysis gives

4
g;f—il— - 2.687 1ts > (2. 11)
4,333 + 1.667s + s

for which I1.1 = s at s = 2. 155, The value of R(Iz) 18 evaluated as R(Iz) =, 5702,
The basic circuit is recoded using this value of R and the above value for V.

The analysis results in VR3/VV1 = -, 771,
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Case IV

A 18 a resistor and x 1is an external parameter which 15 known to

vary over a specified range.

The circutt 18 coded with R(x) replaced by Z(s) and the desired
transfer function is specified. The computer solution gives the relation
between the output variable and x. This method 1s applicable for any number
of variable resistances in the circuit which depend on the same external

parameter x,

As an example, let V = 2 and R be a function of temperature in the

circuit of Figure 2, 25.

5
R(T) = T—%—f——l’—é 10=T=50 (2. 12)

A hand solution gives

2
V- .667 zT + 8T - 3 (2. 13)
% 4 1.867T - 4. 333

In the computer analysis, the basic circuit of Figure 2. 26 1s used with R2
replaced by Z(s) and V2 = 2IR7. The frequency range 10 to 50 in steps of 1
1s specified and the computer output 1s

2
VR3 _ -3+ 3s+s
Vi - . 667 (2. 14}

-4.333 + 1. 6675 + &2

A table 1s printed out and a graph of the function over the range

s = 10 to s = 50 1s plotted.

2.5.2 Modeling Temperature Variations of Transistor Parameters

The parameters of the transistor dc equivalent circuit, hFE’ VBE
and Ico’ are temperature dependent. The functional form of the dependence
may vary depending on the construction of the transistor. Generally, graphical

plots of the dependencies are avatlable from the manufacturer on request.



Analytical 1nvestigations predict the following nomainal temperature

variations.
= - +
hFE(T) hFEo(l 25 B + BT) (2, 15)
o)
where hFEo 18 the value of hFEaat 256 C
T 1s expressed 1n °c
B =.02 for Ge and ,013 for S1
VBE(T) = VBE0+ 25D - DT (2.18)
o
wWhere VBEO 15 the value of VBE at 25 C
D =.,002 to, 0025
_ T -25
Ico(T) = Icooz = (2. 17)

where I 18 the value of I  at 2500
coo0 co

F =10 for Ge and 7 for 51

The model for temperature variation of hFE requires

Z(s) =1 - 25B + Bs (2. 18)
while the VBE model must satisfy

Z(s) = VBE0+ 25D - Ds (2. 19)

Simple series RL circuits will satisfy these relations with R = 1 - 25B and
L = B for the hFE model and R = VBEO-!— 26D and L. = - D for the VBE model,
The current generators used to complete the auxilhiary networks will have

th .
value hFEo Iy for the hFE model and unity for the VBE model

The circuit to simulate Ico variation 18 somewhat more complicated
1 1
than the hFE and VBE models, As indicated by Equation (2. 17), Ico doubles
every 10°C for germamum and every 7 °C for silicon. A trial and error
method results in the following approximating functions for the temperature

range 0°C to 75°C.
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T + 471698

I (T) = I 128. 485 (2. 20)
coGe coo T2 - 159. 304T + 6632, 58

T - 12, 5480
Icosl(T) =L, 202,650 5 (2. 21)

T - 149,500T + 5690, 00

Figure 2, 27 shows a possible synthesis of the normalized approxi-

mating function ICO(S) / Icoo' The values of the elements are listed below.

Ge S1
C .00T7783 . 0049348
Rl -. 8037 ~-1. 4797
R2 . 0090349 -. 640268
I ., 015154 . 0510255

Although these circuits model temperature variation of Ic:o’ they do

not satisfy the transistor model since (h__+ l)Ico 1s required and h 18

FE FE
also temperature dependent. This product can be modeled with the configu -~
ration shown in Figure 2,28 If 7 %s) >> Z(s) for the real s range of
interest, then h
I=hep Y (8) Z. (s) (2. 22)

co

The control variable which 18 required for the transistor model 1s
I= [hFE{s) + 1]5 I s (2. 23)

since ZICO(S) = Ico(s) /Icoo’ the correspondence 1is

—

he o Y, (9) = LhFE(s) + 1} I,

or
[hFE (1-25B +Bs) + 1} I
h

co0

Yh(s) = (2. 24)

FE

A summary of the models 1s presented in Figure 2. 29 where a

complete transistor circuit 1s modeled. The V1, R1 combination 1s included

2-67



O L 4 -—
Z, (s}
co
— T -"'_'\"c R1
£
O L »>—

Figure 227 Model for I.c Temperature Variation
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cOo0

| c L

Figure 2 28 Configuration to Obtam Product Relation

LY
o/l

cQo

i this model so that V2, I4 and I5 can be constant amphitude controlled
sources, If a plot of the collector current 18 required, the transfer function
IR5/VV1 1s specified, A typical printout for the circuit shown in Figure 2. 29
using the (TYPE=REAL) option 1s included 1n Appendix C,

2.5.3 Regulation Curves for Power Supply Regulators

The TYPE=REAL option of the NASA-70 program 1s useful in obtaining
power supply regulation curves., In the circuit of Figure 2.30, R2 1s a large
valued resistor which 1s used for measuring voltage across the auxilliary
network. The voltage across R1 1s constant, the voltage across L1 var:es

linearly with s, and the voltage across R2 1s the sum of VR1 and VL1, For
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Figure 228 Model for Simulatton of Temperature Variation Effects in a Transistor Circurt
*Resistors Included in Model for Voltage Measurement
**Resistor Included in Madel for Current Measurement
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Fraure 2 30 Power Supply Regulator Circuit Analysis

load regulation data, V 1s made dependent on VR1 and I i1s made dependent on
VL1. Line regulation information is obtained 1f V depends on VR2 and I
depends on VR1, IfV depends on VR2 and I depends on VL1, a regulaiion

curve 18 obtained for simultaneous variation of line voltage and load current.

2.6 Network Partitioning Schemes for NASAP-T 011

Assume a general network 1s partifioned mto several smaller sub-

networks as shown in Figure 2. 31, The input and output variables, X1 and

X2 » can be located arbitrarily. Wote that the partitzoning conveniently lends

itgelf to transfer function formulations Subnetwork 1 poris are identified by

X, 1,, and lg, the other subnetwork ports are numbered similarly.

12 72
2.6.1 N-Pori Interconnection Methods

Some interconnection methods are briefly described here to make the
discussion self-contained. A detailed description can be found in reference

12.

Laemmel Method The Laemmel Method13 1s employed to connect two sub-

networks in cascade as shown in Figure 2.31. This techmque utilizes the
open circutt impedances of the network. The 1nput and output ports of Nl and

N2 are in groups of a and b, respectively. The network Nc obtained by

cascading Nl and l\T2 has its input and ouiput ports in group a of N

b of N2, respectively.

1 and group

2-T0
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Figure 2 31 A Complex Network Partitioned into Several Smaller Networks

The mmpedance matrix of subnetwork I 1 15 defined as

Uaa Uab
U= (2, 25)
Uba Ubb

where

aa

b
U= (u13 1=1 ---g, 1=1 ~--q), i

= (uu 1=1 ---q, )=q+1 ~---1).
yP? = (ul:l 1=gq+l ---r, 3=1 ---q), PP - (u1J 1=q+l ---r, j=q+1 ---r)

are the open circuit impedances relating ports of the subnetworks. Note
that the UV matrix, and succeeding matrices, are partitioned according to

the grouping of the input and output ports.

In a similar manner, the open lpop 1mpedance matrix for N2 18

Taa Tab
T = (2. 286)
lTba Tbb
where
T = (tl;} 1=1 ==~g, J51 ~-~g), Tab = (’c13 1=1 ---8, j=s+1 ~-~w),



Tba = (tlg 1=5+1 --~w, J=1 ~--8), Tbb = (tlJ 1=5+1 ~--w, j=s+1 ---w)

are open circuit impedances relating ports in N

2‘
N
¢
1 1
Y —+ +—-
:!'_._ :.L q+l :IL S+1 | m+1
a f i \a b H i Sa bl | i b
1=t | L Ly mwy ! o'+
m q R 3 T [ m+n
! i N,

Figure 232 Connecting Two N Port Subnetworks in Cascade

The overall open circuit impedance of Nc’ obtained by interconnecting

I\T1 and Nz (Figure 2. 32), can be computed by Laemmel' s relations

732 _ A8 Uab (Ubb . Taa)dl Uba. (2. 27)
7 = P (PP 4 T‘az’“”)d1 18P (2. 28)
ZP - pba (b | qaay Tt ba (2. 29)
ZPP o b (Pb 2y h 2P ¢ pbb (2. 30)
where
Zaa Zab
T= gba b (2.31)

Laemmel' s relations can be applied repeatedly to interconnect
subnetworks of the form shown in Figure 2. 31. For example, consider the
first three subnetworks of row 1. Subnetworks 1 and 2 are combined to form
subnetwork 1,2 as in Figure 2.33(b). Subnetwork 1,2 18 rearranged and
connected with subnetwork 3 to form subnetwork 1, 2, 3 of Figure 2. 33(d).
This process 18 continued until all subnetworks of row 1 have been inter-
comnected. In an identical manner, the subnetworks of rows 2 are intercon-
nected, producing t subnetworks. This i1s depicted in Figure 2. 34 The

subnetworks are interconnected to reconstruct the original network,
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(a)

{c)

(d)

Figure 2 33 Interconnectien of Subnetworks

The total number of times the Laemmel method 1s applied in forming

the original network from the group of subnetworks given in Figure 2 31 18

tr-1, where t 1s number of rows and r 15 the number of columns of the

subnetworks,

The following guidelines should be adhered to in subdivading a net~

work for an analysis by the Laemmel Method

1.

2.
3.

No mutual coupling should exist between components of different
subnetworks,

A dependency relationship must be contained within a subnetwork,

The port of a subnetwork must be taken across an element which
18 part of a closed mesh, such as gshown in Figure 2, 35, (This

restriction 18 due to NASAP-70 rather than to the methods them -~
selves),

Cascade Parameter Method When a network can be partitioned into cascade

subnetworks as shown in Figure 2. 36, the cascade parameter me’chod14 18

usually employed to compute transfer functions rather than the Laemmel

method because of the reduction 1n computing time achieved., The cascade

parameters relate the terminal voitages and currents for the overall network

by the expression
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row t
b
TT closed mesh
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Figure 2 34 Subnetworks of the Overall Network Figure 2 35 A Mesh of a Subnetwork
Vi A B 'VO
= (2. 32)
II C D -I0
where
A B Al B1 A2 Bz Ar Br
= P (2. 33)
C B C1 Dl C2 D2 Cr Dr

The transmission parameters Al, Bl, Cl, and D1 for each subnetwork are

the 1nverse voltage transfer ratio, negative inverse of the transfer admittance,
the inverse transfer umpedance, and the negative inverse current transfer
ratio, respectively, of the input port to the output port. Al and C1 are
calculated with the output port open, 131 and D1 are calculated with the output
port shorted. The transmission parameters can be computed by NASAP-T0

and are in general ratios of polynomaials in S.
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Figure 2 36 Cascade Connection of Two Port Subnetworks

Parallel Interconnectrion Method Another means of network intercomnnection

18 the paralleling of ports of networks as shown i1n Figure 2.37. Murtr and
Thulas1rau:1rua.n15 show that two n-port networks described by short circuit

admittances and having no internal vertices, can be combined 1n parallel if
their edge and port orientations are i1dentical, and also 1f their modified cut

set matrices with identical row and column order are equal.

Let the short circuit admittance matrices of networks N. and N, be

1 2
as ab
¥ Yy
Yl = (2. 34:)
Yba. Ybb
1 1
and
aa ab
Y2 Yz
Y2 = (2. 35)
ba bb
Y2 Yz

The individual eniries of these matrices are defined simailar to the Laemmel

matrices except thai short-circuill admittances are involved,

Assuming the interconnection criteria are satisfied, the short

circult admittance matrix of the combined network 1s
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Y1 + Yz Yl + Y2
Yt = Yl + Y2 = (2. 36)
ba ba bb bb
Yl + Y2 Yl + Y2
+ -> < +
- 1 q-'i-l -
+ . - : } a Nl o] { i < +
- q r -
+ > “ +
- 1 s+ -
. | i .
- ' } a N2 b 1 <«
- S t -

Figure 2 37 Parallel Connection of Two N Port Networks

2.6.2 Network Interconnection Examples

The network shown in Figure 2. 38 was arbitrarily constructed to

MMlustrate Laemmel' s Method., Assume that Vy / I, 1s required. Let thus

network be subdivided into two subnetworks as shown in Figure 2. 39

oy =~
-Tr

3
L.
T

1MF

Figure 2 38



Subnetwork U

Figure 2 39

The port equations for subnetwork U are

where

U

aa ab

The port equations for subneiwork T are

Taa Tab

Tba Tbb

and those for network Z are

Zaa Zab

Zba be

ol N

2-T1

(2. 37)

(2. 38)

(2. 39)



The matrices of (2. 38) and (2. 39) can readily be defined by an examination of

Figures 2,38 and 2, 39.
The desired transfer funciion is

Vzlll 12=0 = Z21 = Zba, (2. 40)

-1
From Equation (2. 29) z°% = TPX PP + 723 U, - Therefore the following

mmpedance parameters are computed utilizing NASAP-70 t31’ t32, tll’ tlz’

uz 12 and u Since the subnetworks are lumped,

t12 tog0 Uage Uggr Ugge 31°

linear and passive, then t12= t21 and u23= u32, hence t21 and Us need not be

computed. The parameters computed are listed.

+6. 872K + 108 + 1, 000E+OQS3

.=

12 +1.000E+18+ 3. 000E+ 158+ 1, 002K+ 1282 +3, OOOE—i—OSS3 +1, 000E+0084
(2. 41)
Let the denominator of u._, be equal to u then
12 den
_+6.872E+108 + 1, 000E +OSS3
u,. = (2. 42)
12 u
den
1.000E +21 + 1. 000E + 18S + 1. 000E + 128~
u =0 =
13 31 u
den
_ l.OOOEL+15S+3.000Eh¥1282+1.001EL+0983+1.000Eh+3S4
u22 - u
den
9 (2. 43)
- +
. =T = 1.000E + 128 (2. 44)
23 32 u
den
_ 2.000E+21+1.001E+185+3. 000K + 1252 +1.000E —{-OGS3
Ugs = = (2. 45)
den

1, 000E+06+ 1, 002E+035+ 3. OOOE—OSSZ +1, OOOE-OQS3

11 4 000E+03 +2. 002E+00S +5. 000E -06S% + 1. 000E-128°

t

Let the denominator of t to be equal to t then
11 den
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1.000E+064+1.002E+03S +3, OOOE-OSS2 +1, OOOE-0953
t,. = (2. 48)
11 t
den
-1.000E - OQS3
tlz = T21 = T (2. 47)

den

1.000E4035+2, OOOE—0352

t13 = T (2.48)
den
1. 00074008 + 2. OOE-OSS2 + 3. OOOE-0983
t = (2. 49)
22 t
den
1. 000E -0983
t23 =t32 = == T (2. 50)
den

Substituting the appropriate matrices elements of (2, 37) and (2. 38) into (2. 29)

the transfer impedance Z, . 18 computed

21

I 71
Upy  Uss Ty Tog Ugg

Usg  Uss Ty Tog Usq

(2.51)

A computer program was written 1n Fortran IV to solve Equation (2. 51), the

result 1s

~

_ +1. 3+4E+3882 +1. 001E+3983 +5, {)10E+3684 ++, 036E+3385
21

Z =
+2.000E+488°+ 1, 301E+4658" + 3, 009E+435% + 3. 026 E+40S° + 1, 333E+3+5%

+2. 052E+308° + 2, 414m+258" + 2. 086m+218° + 1. 313m+188”
42, 189E+338° +4. 208m+288% + 2. 200m245T + 2. 50+m+195% +1. 208 m+145°
1 3

+9. 908E+10870 +2. 602E+04S ) +9. 002K 03572 + 1. 000E-09S"

14
12, +1314085 70 + 3, 2868402811 + 1, 931E-045"% + 5. 201E-115"° + 5. 000E-185
(2.52)
Also Z_ . was computed directly for network Z by means of NASAP-T0.

21
This resuli is
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7. 885E04S> +1. 001E09S° +3. 0018035 %
5. 000E18+3. 008E158+1. 02 1E128%+1, 204E07S°

+1, 0[)2EOOS5 + 1, OOOE-OESS6

+1, 037E0384+’7. 031E—0385+1. 20 1E—0886+5. 000E -—1587

Z

21"

(2.53)

The fregquency response of Equations (2. 52) and (2. 53) was plotted
as shown in Figure 2,40, A comparison of the two curves of Figure 2, 40
gives an 1ndication of the relative error between the two methods for com-

puting Z The peak at the upper frequency range of the curve for (2. 52)

21°
18 a result of solving each of the two networks separately and then combining
these results to obtain the solution for the interconnected networks. One
possible explanation for this is loss of significance error which can occur

when two numbers of simiiar magnitudes are added,

O FREQUENCY RESPONSE OF EQUATION (2.52)
A FREQUENCY RESPONSE OF EQUATION (2.53)

-
150 |-
a i
=
2 |
> 100}
l_ .
|
a B
> =
N 50}
3 (@]
|, % \
i / \ A
o) ] ] 1 T 1 | ] YA
10* 10° 10° 10”
w, RAD/SEC

Figure 2 40 Freguency Response of Laemmel
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A cascade connection example 1llustrates how the computation time increases
as the number of cascaded stages increases. The circuit for each stage 18

shown i1n Figure 2,41,

The desired transfer function, I0 / Im, can be calculated using

NASAP-T0., This was done first for one s}cl:ge, then an 1dentical stage was
connected i1n cascade with this first stage to form g two stage amplifier. A
coupling capacitor was placed between the collector of the first stage and
the base of the second stage to provide DC 1solation. NASAP-70 was again

used to compute the transfer function IO { Im’ where IOu 18 the current

ut t
through the collector resistor of the last stage. This process was continued
until five stages had been cascaded. The results, which were calculated by

an IBM 360 computer are plotted in Figure 2, 42,

2K 1000
e 5VDC Jf {Run
Iout Stopped)
50K
I
in T s 100 A Computed
- Theoratical
T 100 — CPU Tims
L 3
- 5
5_ © Actoal GPLU
H Time for
Figure 2 41 A Single Stage Amphifier E A/* Cascaded
Stages
10

1 2 3 y 5
Number of Stages

Figura 2 42 Results of Cascading Amphfier Stages

From this curve it can be seen that the computer time required

increases rapidly as the number of cascaded stages 15 increased.
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Calculations were made to predict the approximate theoretical time
required to compute the desired transfer function when the cascaded stages
are wmterconnected by the Cascade Parameter method, It was assumed that
1.1 seconds of CPU time was required to compute each parameter. The
CPU time required to multiply the matrices of the individual stages was

neglected.
If two stages were cascaded the resultant overall matrix would be

A B A B A B

C D C D C D

The desired parameter 15, D = B201+ DlDz To compute D, only Bz, Cl" Dl’

and DZ need to be calculated, Hence, the total assumed time required to

compute D is 4X1. 1 = 4, 4 seconds., The D parameter for three, four and
five cascaded stages was computed 1n a sumnilar manner. These theoretical
computation fimes are plotted 1n Figure 2. 42, It 1s evident that 1f more
than four stages are cascaded, then a defimite time savings will resgult if the
desired transfer function i1s computed by the Cascade Parameter method. In

the preceding example, the transfer function IOu / Iln was computed, whereas

t

the parameter D 1s defined as, D = -I_ /I IV = 0, However, the param-
in" out' out

eter D can be computed and then inverted to give the desired transfer function,

2.1 Computational Errors

This section 18 concerned with the computational errors associated
with NASAP-70. The mmpact and effect of errors at individual stages of
computation are given, and in some cases recommendations regarding their

minimization are also included.

2.7.1 Flowgraph Algorithm Errors

If the flowgraph algorithm and application of the Shannon-Happ
formula were implemented utilizing a symbolic, or tagging approach no

errors would be introduced into the derived transfer function, The NASAP-T0
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program discussed here performs all operations on numerical data. Thus,
the constraint of digital computing introduces errors. Defimtion of these

errors and how they relate to NASAP-70 follows.

Input /Output BErrors 16

Circwit parameters are input to NASAP-70 1n decumal floating point
notation. Binary artthmetic units require that the input data be converted to
floating point notation compatible with the machine. Errors are introduced
in program working data because there 1s no one-to-one correspondence
between fractions of different radicies when operations are restricted to a
finite wordiength., The magnitude of the error 18 dependent on machine hard-

ware and the algorithm used to perform the conversion.

After required calculations are completed, the intérnal binary results
are converted back to decimal notation. The conversion effects only the last
significant digit of each coefficient and 1s quite minor. Also, conversion is
not performed when further operations are carried out in the transfer function,

For these reasons, no attempt is made here to analyze these errors.

An example of actual input/output errors (IBM 360/75) 18 shown in
Figure 2, 43,

) 1.5H 3 0.5H 4
_— YT YT & YYOY o +
L2 L3

Y C4 \%
O ——1.333F RSSO

8 O -
\ 1
5= 1 49999905 x 100

1
4. 99999821 x 101
1
1

O

I 1

<

33299828 x 100
00000000 x 10°

3
4
5

L
F L
C
R

Figure 2 43
Round-off Error

Round-off errors result directly from the finite wordlength of the machine
Errors can occur after bothadditive and multiplicative operations. The severe

additivetype errors are called significance loss, andwillbe described later
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Multiplying two numbers, each with n significant digits yields a
product significant to 2n places. To store the product it 18 rounded to n
gignificant digits. “‘.?V.f'llklnson17 has shown that i1n a binary rounding system

the floating point computation, F2 (Xl, X, .. Xn), produces the error bound

2
5,

(n-l)(n-z)z"zt (2-54)

2| = (n-127% + L .

where

FUAX, , X ,...X)=X"X_...X (1+8)
1 n n

2 1 72

When computing high order loops, the flowgraph technique requires
a number of consecutive muliiplications. The round-off errors introduced
can contribute significantly to the noise contained in the coefficients of a
computed transfer functions. Relation {2-54) shows that increasing the word-
length, t, results in a decreasing error ratio, E, It i1g proposed that double
precision arithmetic be utilized 1n carrying out all required flowgraph multi-
plhications. The round-off noise 1s located in the lower order digits, In
most cases, results of multiplicative operations can be guaranteed to the

significance of input data.

An example of round-off error is shown in Figure 2,44. The errors
are totally attributed to round-off error because (1) Component values were
selected such that the binary equivalent of the input data was exact,

(2) Number of calculations and element values indicate no significant loss

could have taken place.

—_ 3 Output requested. I /VI =T
+ R=30} R=30 = =
v, () . ) TTrue II/VI 1/3

- T = 1

L=27 C=aF NASAP 95100

] 3+ -__.2’.&__—+3 709% 10”2
357 +0, 6678
Figure 2 44
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Loss of Sigmficance Errors

Loss of significance errors occur during floating point addition
operations involving two numbers of opposite sign, The maximum error, K,

resulting from the floating point addition X + ¥ 18 bounded by

Bl (11)27
ml s (11

where

FUX +Y) = (X +Y) (1 + B)

The error impact 1s largely dependent on the magnmitude and polarity
of the parameters mnvolved, and the order :n which computations are carried
out. Two situations demonstrate the extent of sigmficance loss. TFirst
consider a simple floating point addition of two numbers of opposite sign but
comparable magnitudes, The resulting sum 1s located in the low order
positions, the same locations affected by conversion and round-off errors.
When the sum 1s left-shift normalhzed, the true precision of the result 1s
disguised. The second case involves a set of repeated addifions where the

order of calculation can introduce loss of significance.

Significance loss errors can occur in the calculations associated
with the flowgraph techmgque, Circuits containming elements with values
coverwng a wide range are especlally prone. The table below presenis three

ways in which significance loss can be detected, controlled or eliminated

METHOD PURPOSE
Con&pare results of normalized Detection
and non-normalized arithmetic
Time scaling Minimization or
& Elimination
Optimum tree Mimimization or
Flimination
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The first approach employs a two pass system with the first pass
utzlizing regular floating point a:r'lthmr::t:.c.l8 During the second pass, the
arithmetic 18 changed such that sums are not left-shift normalized. When
the number 1s subseguently required in another calculation, the appropriate
number of zeros {necessary to align the two operands) are shifted into the
least significant bit positions, This scheme defines a lower bound for the
calculation. The results of the two passes are examined and significance
loss has occurred if these numbers are not equivalent. The significance of
the calculation 1s considered to be equal to the number of digits which are

identical. The calculation of Figure 2. 43 18 not prone to sigmficance loss,

1 1,00025
T=lv - 3 2
R 1, 000005 + 2. 0000087+ 2. 000508 + 1, 00025
5/ normalized
WAl i} 1. 00025
v 3

1.00000S°+ 2. 000008%+ 2. 000508 + 1. 00025
5 /unnormalized

Figure 2,45 1s a problem vulnerable to sigmficance loss as 18

demonsirated below

H
(

II normalized

9.04000 x 10 118% + 1.10709 x 10718 + 7. 19903 x 10"

= 9,04000 x 10 1342 | 7 67740 x 10 %5 + 1. 16400 x 10%

v
-
I / unnormalized

~11.2

2.04000 x 10 S°+1,10709 x 10 S + 7. 19903 x 107
-13.2

9.04000 x 10 1252 + 7.67827 x 10 % + 1. 16640 x 107

1

Figure 2, 46 shows how the span of element magmtudes 1n Figure
2. 45 changes as the time scale 1s decreased. The particular transfer function
was computed and checked for significance loss at the various time scales.
The results of the technique although inconclusive, tend to show that time

gcaling 1n one techmque to combat significance loss.16
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Figure 2 47

Another way of reducing sigmficance losg in the computation of

Figure 2,45 18 to select an optimal tree. An optimal tree 1s defined as the

tree which, if selected, displays to the program the mimimum variance

between the magnitudes of the input data, The results of optimal tree

selection are plotted above.

Different input trees generslly result in varying computational orders.

The above definition can be used as a means for reducing computational errors,

although the method 1tself is not foolproof The third data point in Figure 2. 47
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15 assumed to result from a favorable computational order for the particular
tree selected and, coniradictory to the definition of an optimum tree, a

comparably good transfer function was calculated.

Error Preda.ctlon16

It was shown that the errors associated with transfer function
coeificients are related directly to the number of loops of all orders in the
flowgraph and the number and range of computations required for each loop.
It 158 desirable to obtain a measure of these parameters before an attempt s
made to derive a particular transfer function. Given the flowgraph model

described by Figure 2,48, 1t can be shown that there exists, Fn= /N5
n+2

— = 0+

[(1+~5/2) -{1 - +5/2) ]n 2 loops of all orders, where n = 2m - 1 {the
number of passive elements minus one) and Fn= Fibonacct number of ordexr
n. % 92 9 %y S Yy m

£ > ; D )

fI 9 fz 92 f| % f|1.| kfm ! grn
L y __ L. IR
1 bll baz bzz I:'l,l b:,H-l bm,m
G
Figure 2 48

If flowgraph loops of all orders are assumed to have numerical
values of the same magmitude, then the equation below 1s an estimate of the

maximum round-off error contained in a calculated transfer function coeffi-

clent
-t Nmax
~ I{n -2 !
={n) I‘n ¥ NH{n-2N4+1)
where

1. 35{n) 15 the sum of all loop values of all orders

2. K 1s the number of circuit elements in a particular first order
loop (=2 for the specific model)

3. N =n+l/2 1f n 15 odd
max

N =n/2 i1f n 1s even.
max
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In an attempt to predict errors for those circuits which do not
exactly correspond to the flowgraph model, Figure 2. 49 has been drawn
for various values of K. Experience has shown that for practical problems,

a good average value of K lies between 2 and 3.
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Figure 2 49

2.7.2 Impact of Coefficient BErrors on AC Analysis

The NASAP version utilizes a straight forward technique in deriving

the AC Bode plot 'The programs produce a frequency response of the form




The computed coefficients, al and bJ, can be expressed as,

T
a =a  + A2
1 1 Al

b =b ¥ +Ab

3 J J

T
where a and bJ represent the accumulated coefficzent errors a and

blT are the true coefficients, and F(s) as

NT(S)

DT(S)

(s) = FT(S) + AT(s) =

+ AF(s) .

If F(s) 1s assumed to be a function of its coefficients a, b for any s, then

si1nce
f(aT+Aa,bT+ Ab) ~ f(a b ) .o Aa+§£— Ab
da T ob T
f f
for Aa << a
Ab <<b ,
1t can be shown that
Aa
AF(s) = Ab s?
1=0 D (s) J=O D (s)

The computational errors in F(s) are approximated from an initial
estimate of coefficient errors by substituting D(s) and F(s) for DT(S) and
FT(S), These substitutions become quite laborious for functions which are

a ratio of two high order polynomials. An alternate approach 1s taken,

Coefficient errors are not likely to exceed 15 percent of the true
coefficient values (this statement 1s predicated on the assumption that any
"large" problems have been partitioned and the steps have been taken to
avold severe significance logs). By randomly perturbating the transfer
function coefficient not more than £ 15 percent and plotting the frequency

response curves, the results of the above can be simulated. A band which
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most probably contains the true response curve will result, For example,

the frequency response curve of Figure 2. 50 can be obtained from the circurt

shown 1n Figure 2, 43,

° 1 ]
UPPER BOUND
JT\_,__—o— \O\

° T
{ |~ TRUE
CURVE

3
N

g
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=5

db

L~
/__i—
e—

=13
(o) D%TA POINT &

-20
4 25 -30 -25 20 -15 -10 05 0 05 10 15
Ln w, RAD/SEC

Frgure 2 50

273 Transient Response Errors

Errors contained in a final t1ime domain solution after application

of the Fast Fourier Transform can be attributed to original coefficient errors

and algorithm errors.
Given the resulis of Section 2.7. 2
£(t) = F[F(s)) = FLF (s) + AF(S)]
= FIF ()] + FIAF(s)]
= £5(8) + AL()

Since the errors due to coefficient deviations are sumply an additive function
to the {ime response, an imtial approximation of these errors can be trang-

formed directly into an estimate of time response errors,
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The digital implementation of the Fast Fourier Transform introduces

round-off, discretization and band limiting errors.

Gentleman and Sande20 have described the Fast Fourier Transform
round -off error found in a digital environment interms of the ratio of the
Fuclidian norm of the error sequence to the Euclidian norm of the input data
sequence. Using the Fast Fourier Transform yleld an upper bound for the
agsoclated Euclidian norm of

R=1.06 VN K(20)°!2 2P

where N 18 the number of discreie steps taken, nk=N (for NASAP-T0 n=2,

k=12), and b equals the number of bits in the calculation mantissa.

Figure 2,51 shows how discretization and band himiting errors affect
the results of a Fast Fouriter Transformation. For each curve, the function
B(s) = /s + w, was inverted. Discretization errors are demonstirated by
the more noisey ' o' curve. Band limiting errors are shown by the poor

imtial pownts of both curves.

It should be noted that the errors resulting from coefficient errors

domainate those introduced by the Fast Fourier algorithm.

Based upon the error analysis of a typical circuit analysis program
such as NASAP-70 the user must be aware of the computational aspects of the

algorithms before the results can be considered reliable,

2-93



MAGNITUDE OF PARAMETER

x TpN=212
2) WIDE FREQUENCY RANGE
o NN=2

2) NARROW FREQUENCY RANGE

x
X
%
X
X
X
(=] o] e
° x
o X
X
o X
X
e} Xy
'
o Xy
o} Xx
000 x
o
o *x
xxx
o X
X
o, Xy
o000 Xy
-] Xx
00 xxxxx
(o1
coo"" 0, Xyl
00,0000
o Y0000
TIME
Figure 2 51

2-04



OSTE 20N ¢ ¢ 2anS1 Ul UMOUS ST 195-IN0 B JO o[dWexs Uy  9pou 9} SSAES]
JO SJI9JUD J9YIID 1T JT SpOU B ITM JUIPTOUT ST YouBI(q ¥ D UL pautBlad a4e
SaYOUBI( POAOWISI 9U3} YIiM JUSPIOUT SOpoU [eururiaz ayi ‘O ydexd waged syl
UIOJ] P2AOWISI 9JB SOYOURIQ O} UM JBY] SOTTdwit UOTJTUTISP ST} Jerf]} 210N
10BJUT SUTBWDI 19S- N0 oyl JO ourRIq aU0 AUB Jng (8 JO [BAOUWISI 9} Uaym
pa1osuuc aq o} ydead oy] sjruwraad swir] awWies ay} e pue Sited ajeaedas oMl
ojut ydead oyl sopiatp ydead oU] WO POACWISI ULUM YOTYM S8YOUBIg JO dnoas
B ST 198-3n0 ¥ doof pur ‘281 ‘19S-1n0 JO $3daoucd sy} 248 USISIP JINOJID

03 AT1oaatp urerrad yowym L10oUz ydead xeaurl] Jo sorigedoad oiseq 2yl

sydeadqns oae ydexd pajesedes ® jo sixed pajosu

-uod Yy, pojexedas aq 01 pres ST 1w ‘pojoouuod jou st ydeasd B ] ydead oy ur

sopou om] Aue U29M]aq (SUOTIOLJIP youexq Sutidsfdau) yjed aUO |$BST 18 ST 2I3Y]

IT pajoaumod st 9 ydead v 9 ydeag reuiStio Sy} JO SSpOU pue SayduBIq ATUo
sutejuo® () 3t 0 jo ydeafqns & 29 o1 pres 1 ;0 ydead v ‘n ydeas e usan

Kouspuadop 243 Jo

sanjeu ayj Jjo 28potmouy e o2arnbaa saoanos juspuadop ysSnouire AIBIIIGIE 9¢ UBD
SO WRTY 24a1gsed Ul JO SUOIIODIIP JUSIIND JYL  OSTI 9581[0A IO UOTIOIIIP UL UT
snid 0} STUTW WIOJJ ST JUSWIS[O 92JIN0S 9581[0A 93} JOJ JULWUTISSE JUIIIND Y]
pUE POUTELSI ST 90JN0OE JUSIINS OU} JO UOLIOIIIP WALIND 9y} 18U} 910N SINELT
ydeas aesut] pejeadasjut Lrpeotsiyd pue pajustio ue ‘(0)g ¢ dandrg yo ydead oty
‘SPUB}S MOU T 8  MO[F JUL2IIND Se poldJdadlul ST Youeda( IB8SUL] B UM PIIet
-D0S8® UOIOAITP 8y} ‘AJ0S1] JTNOJIO Ul pojuetio poyreo st ydead oy; ‘(Mmogxe

ue Aq AITensn) UOTI08JIp € 91ROIPUT YOTym Sayduelq sureuod ydeas e 3y

SOpPOU PUE SISYDUBIJ JO UOLIOAU
~-U0DJIIUT UL JO $ISISUOD JEY} TOPOW JEOIJEWAYIEUL © S© PIUIIap ¢ uUrod UI9ISAS
Teo1sAyd ® jo ydead xeaui] ® sousy ydead JesUll 9] UT SSpPOU JNOI PUEB SSUSUERIY
UsA9S U1 Jrnsaa sputed uvotiounl Jnoj pur SJUSTIL[D JINOJID UDADS BU3 18U} DIO0N

(a)z g @anSig ut ydead geaur] SUuipuodsagxod SIT YITA UMOYS ST SIUSUWSTS USASS

IO JINOJIO JBIUIT ® (B)g § 9Jnd1g Ul  jop Pifos e £q pojuosaadas A[[ensn st

pue wajsds oy Ul jutod uorjounl 1o uorposuuod Teo1sdyd e sjussasdaa ydexs e


http:PaJU9T.10
mailto:P@AOUIG.T
mailto:s@T4ou1?.xq

ICT) L - C==
s @ g ® .
(a) (b)
CIRCUIT DIAGRAM LINEAR GRAPH

| \\ \‘
® @~

(c) (d)
ORIENTED GRAPH (G) TREE (T)

Figure 32

3-4



10.

11,

12,

13,

14,

15,

REFERENCES

Desoer, C., Kuh, E,S,, "Basic Circuit Theory," McGraw-Hill, 1966.

Seshu, S., Reed, M.B., Linear Graphs and Elecirical Networks,
Addison - Wesley, 19861,

DiStefano, J., Stubberud, A., Williams, I,, Theory and Problems of
Feedback and Control Systems, Schaum Publishing Co, 1867,

Potash, II., McNamee, L. P,, "Application of Unilateral and Graph
Techniques to Analysis of Linear Circuits," Proceedings of 23rd ACM
National Conference, Las Vegas, Nevada, 1968, pp. 367-373.

McNamee, L. P,, and Potash, J,, "A User' s Guide and Programmers
Manual for NASAP, " Report No. 68-38, August 1968,

Gaertner Research Incorporated, "Coding Instructions for NASAP 69/L "
Revision No, 1, Contract No. NAS 12-663, Stamford, Conn,

Moe, M. L., Schwartz, John T,, "The Application of NASAP to the
Design of Biomedical Instrumentation Circuits, "' Denver Research
Institute Report DRI #2535, University of Denver, January 1970,

Carpenter, R.M., "Computer-Oriented Sensitivity and Tabrance
Technmques, "' Course Notes Automated Circuit Analysis, UCLA,
April 3-7, 1967,

Haag, K. W., Weber, E, W., "Designers Manual for Computer-Aided
Design of Communication Circuits, " Department of Electrical Engi-
neering, Illinois Institute of Technology, December 1969,

Haag, K. W., "NASAP Analysis of Nonlinear DC Circuits," Seventh
Allerton Conference on Circuit and System Theory, Unmversity of
Ilinois, October 8-10, 1969, pp. 905-914,

Wilson, M., McNamee, L., ''Considerations for Solving Large Scale
Circuit Problems Utilizing NASAP-70," Midwest Circuit Theory
Symposium, Minneapolis, Minnesota, May 1870,

‘Wilson, M, L., "An Investigation of Methods for the Interconnection of
n-Port Networks, "' Master! s Thesis, UCLA, 1968,

Laemmel, A, E., "Scattering Matrix Formulation of Microwave Net -
works,' Proceedings of the Symposium on Modern Network Synthesis
(Audio to Microwaves), April 1952, pp. 259-276.

Huelsman, 1L.Q., Circuits, Matrices, and Linear Vector Spaces,
McGraw-Hill, 1963.

Murti, V.G, K,, and K. Thalasiraman, '"Parallel Connection of n-Port
Networks, " IEEE Proceedings, Vol, 55, No. 7, July 1967, pp. 1216-1217,




16.

17,

18.

19,

20,

Sesar, D., "On the Errors Associated with a Digital Implementation of
the Flowgraph Approach to Circuit Design/Analysis, " M.S. Thesis,
Unmversity of Califorma, ILos Angeles, June 1969,

Wilkinson, J, H., Rounding Errors in Algebraic Processes, Prentice-
Hall, Inc., Englewood Cliffs, N,J,, 1963,

Ashenhurst, R.L. and Metropolis, N., "Unnormalized Floating Point
Arithmetic, " Journal of the Association for Computing Machinery,
Vol. 6, No, 3, July 1959, pp. 415-428,

Fischer, M, M., "The Effect of Instrumentation Errors on Basic
Oxygen Furnace Control," Presented at Instrument Society of America,
17th Annual Conference, October 1967,

Gentleman, W. M and Sande, G , "Fast Fourier Transforms for Fun
and Profit, " Proceeding AFIPS Fall Joint Computer Conference,
Volume 29, Washington, D.C,, 1966, pp. 563-578.

2-96



CHAPTER 3
THEORETICAL FOUNDATIONS

3 0 Introduction

Fundamental to any meamngful discussion of a computer -aided circuit
analysis/design program 1s the systematic treatment of the basic concepts
behind 1t As shown in Figure 3 1, the theoretical treatment for NASAP can
be separated into the disciplines of linear graph theory, flowgraph theory,
sensitivity analysis, and the relevant numerical techniques and supporting

computer algorithms.

Each discipline plays a distinctive role in the operation of the program
Linear graph theory 1s employed as a convenient mathematical tool to bridge
the gap between the circuit designer and the computer A computer subroutine
then transforms the linear graph description of a circuit into flowgraph terms
forming the basis of the computer algorithms for subsequent output requests
The iransfer function, the principal output request of NASAP~70, 18 computed
from the flowgraph description by means of the Shannon-Happ formula, the

other user requests are based upon the transfer function formulation.

As shown in Figure 3 1, the descripiion of each discipline in NASAP 1s

taken in the order of implementation thus the sections are numbered accordingly

3 1 Linear Graph Theory

The 1niti1al step in the formulation of the flowgraph relations 1s the
wdentification of circuit elements in topological terms. Since this requires
some background in linear graph theory, a few defimtions and some basic
concepts of how they pertain to circuit theory should be stated first A more
elaborate treatment of graph theory can be found 1in a number of textbooks A

1
complete exposition can be found in Kuh and Desoer

The essential constituents of a linear graph are branches and nodes
Each branch, symbolized by a line, represents a physical element of the

system from which it 1s abstracted with 1ts electrical properties A node in
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that a hinged linear graph of Figure 3 4 violates the cut-set definition at the
"hinge'' and thus circuits of this type should be avoided or separated into two

problems

In sumple terms a loop is defined as a collection of branches which form
a closed path (1gnoring the direction of flow in the branches ) A more formal
definition can be stated- a set of n nodes A(A1 ————— A n) and a set of n
branches B(Bl—--Bn) which are connected constitutes a loop in a graph G 1if
Ai1s1n G and B 1s 1n G, and each branch 1n B 18 incident to two nodes mn A
and each node in A has two branches in B incident to it The branches 1-2,
3-2, 4-3, 4-1 form a loop as shown in Figure 3 5 Note that a loop 1s defined

independent of the direction of the arrows.

If a subgraph G' of a graph G can be selected such that it consists of
only branches and all nodes of G, 1s connected, and contains no loops, then
the subgraph G' is called a tree (G! = T) (See Figure 3 2(d)} The branches
of a tree are called tree branches or just branches, and those branches in G
but not in T are name hinks

A number of fundamental properties concerning irees are now stated
without proof 1,2,3

then

If a connected graph G has n nodes and b branches,

i, The Tree has (n-1) tree branches and (b-n+1) links,

2 A umque path exists along the tree between any two nodes (neglecting
the direction of the arrows 1f 1t 1s an oriented graph),

3. Fundamental loops (tie sets) can be formed by taking each Iink
with the umque path in the tree that exists between the two nodes
of the link,

4 Fundamental cut sets can be formed by grouping the set of connected
links about a tree branch thus forming (n-1) cut sets,

5, The cut set relations form a complementary set to the tie set relation
(1n matrix notation one is the transpose of the other),

6 Cut set and tie set relations can be expressed unilaterally., Branch
currents can he expressed as a function of Iink currents and link
voltages as a function of branch voltages
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3 2 Transformation of a Linear Graph to a Flowgraph —
Disjoint Current and Voltage Relationships

Algorithms must provide for the computer a means of producing a con-
sistent set of determinable variables To a circuit designer this usually means
erther applying Kirchhoffl s voltage law in conjunction with the impedance re-
lationships (Ohin' s law) or Kirchhofl' s current law in conjunction with the
admittance relationships. Another approach has been advocated (originally
by Kirchhoff himself) and 15 used 1n this manual 45 Basically it requires
that Kirchhoff! s current law be applied first, then Kirchhoff' s voltage law,

and finally Ohm! s law and dependencies

The first step in the procedure requires that all circuit elements, active
or passive, dependent or independent, be divided into two groups of current-
type or voltage-type elements Naturally, a voltage source will remain a
voltage type element, and a current source will remain a current-type element
Passive elements, which are bilateral in nature, will be replaced by either a
voltage-type or current-type element (1.e , replace Ohm's law I = V/Z by
either I <« V/A or V < I¥Z), the choice being somewhat arbitrary and subject
to the conditions that Kirchhoff' s two laws have to be applied independently
(Some guidelines will be presented in the example problem of section 3 3) It
should be emphasized that by assigning a voltage or current type element in
place of a pagsive element, the bilateral characteristic 18 replaced by a uni-

lateral relation

In the following selection process, Kirchhoff! s laws will be applied to
two sets of disjomnt circuit relations. Tree-link partitioming 18 accomplished
by using a tree structure T in a graph G, where the voltage-current equations
are separated into two complimentary sets, The graph G contains ag 1ts
branches all the circuit elements. The arrow direction corresponds to the
direction of assigned current flow. The branches of a tree T (Figure 3. 2(d)
are selected to be the voltage elements. The remaining elements (links in T)

are chosen to be current elements. For this selection, a voltage at any point
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known relations of Ohm!' s law and the dependency relationships. v .

In summary, the NASAP algorlthms make use of the following

¢ B oA ot t

1 A tree T 1n graph G d1v1deu the elements 1nto two disjoint sets,

\ .. 2 A ftree T ingraph G allows writing of (n-1) independent current
equations of one set (voltage) in terms of the other {current) by
writing current equations for any (n-1) out of (n) nodes,

3 By Gaussian el]_n:n.n«c,ttlon6 one obtains (n-1) cut set equations
These equations can be expressed as umlateral current relations,
(this will be elaborated in the example),

4 Since a cut set and tie set are complementary, one obtains Kirch-
hoff' s voltage equations in a umlateral form as a complement of
the unilateral current relations,
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5 Current-voltage relations can be made functionally dependent by a
get of unilateral elements provided that for each element one of the
quantities (current or voltage) 1s known and the second quantity
(voltage or current) 1s unknown These ave exactly the conditions
that the two disjoint current-voltage sets provide.

3.3 PFlowgraph Theory Shannon-Happ Formula

For a set of linear relations that satisfy consistency criteria (to be
explained later) there exists a formula by which the solution can be obtained
mn a nomterative substitution and does not require stability criteria for each
relation This formula was originally developed by Claude Shannon while
mvestigating the functional operation of an analog computer T {Esseniially
the same formula was rediscovered by S. Mason in 1952 8)* Shannon' s
Formula 1s an analytic expression for calculating the gain of an interconnected
set of amplifiers in an analog computing network W.W. Happ generalized
Shannont s work for topologically closed systems.g The Sharnon-Happ Formula
1s valid in derwving transfer functions, sensitivifies, and error functions For
the particular use intended for this formula, the sensitivity factor H 1s set

equal to zero

Flowgraph Notation

Before the Shannon-Happ Formula can be defined explicitly, it is
necessary to define the basic concepts of flowgraph for which the equation

10,11
The fundamental terms of a flowgraph, namely, node,

was derived
transmaittance, and loop, and how they interact can best be described by

example Consider the equations,

allxl +a,22:{2 +:»:1 = Xl

8.21}{1 +a22X2 + C2 X2

and the corresponding flowgraph shown in Figure 3 6

"During World War II Claude Shannon developed his formula Because of war-
time restrictions, his work was not published, and was virtually unknown to
the academic commumty In 1952, Samual Mason rediscovered the same
formula.
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Figure 36

Each node represents a variable, thus %y and Xz are variables and 4 and

c, are considered constant inputs The nodes 4 and c, are called independent

nodes. If the arrows leading from c, or ¢, were reversed, these nodes would

be dependent nodes

A transmattance 1s a value assigned to the directed path between two nodes
The node at which the directed line begins 1s called the origin node, whereas
the node at the recewving end 1s the target node The transmittance relates the
origin node variable Therefore, in reading the flowgraph, the functional
relationship of a variable 1s the summation of the product of respective in-
coming transmittances with their node variables This can be verified by
wraiting out the equation associated with the flowgraph (Figure 3 6) and the
original equations Note that a flowgraph transmittance function such as

b
Ae -{,_ o

will be written as A < b % C on a programmaing sheet

A directed loop 1s defined as a closed path consisting of a sequence of

itransmitiances taken in the direction of the arrow The sequence must be
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taken such that no node 1s traversed more than once i1n the closed path. The
value of a directed loop 1s the product of the transmattances forming the di-
rected loop In the example, three directed loops exist, (alz, a21), (8.11),
(Note that loop in a flowgraph does depend upon direction whereas

(8.2 2) .
in linear graph theory this was not required )

Distinet types of loops must be defined in the Shannon-Happ Formula

(a) a first-order loop 1s a simple directed loop as defined above

(b) an Nth-order loop 1s composed of N disjoint flrsié order loops
(none of the nodes are common between loops) The value of
an Nth order loop 1s the product of the N first-order loop v-alues
comprising the Nth-order loop In the example, ' only one second-

11 2g2/
(c) a zeroth-order loop 1s by defimition equal to a value one and has

order loop combination exists, namely, (a

no flowgraph significance It 1s a mathematical convenience

employed in the Shannon-Happ Formula

Shannon-Happ Formula

If 1.(0) 18 the value of the zeroth-order loop (always equals one) and
L (N} 18 the sum of the values of all the loops whose order 18 N, the Shannon-

Happ formula can be exXpressed as

H = 1(0) - L(1) + -+~ +(-1)N L(m) =0 ,

1
which can be written 1n expanded form 2

N R .
H=1+ ), ) L1 =0

r=1 1=1 }

where R = the number of r-order loops in the system and N = the order of

the highest loop 1n the system.

3.4 Transfer Function Formulation

The circuit shown i1n Figure 3.7 is used to 1llustrate the circuit analysis

techmques. The AC model of this circuit using only linear elements 1s
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shown in Figure 3.8, Note that an extra current source has been inserted

at the output (across L), This element can be viewed as a volimeter as

descrmbed 1n section 2.

Fuure 37
2
Rp 1
1) I[L 5 ! 4
- I
- Tongl R g

Figure 38 (All Transistors Modeling Parameters Are Represented by Lower Case Letters )
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For the circuit in Figure 3 7, the output voltage 1s taken across the inductor
L. Since the voltage across L 1s one of the variables, the output voltage,
Yout’ can be expregsed dlreqtly, that 11, Vout -~ VL By adding the output
current source (I < 0) 1n Figure 3 8, provision has been made for a general

method of solution

After the equivalent circuit 18 constructed, its corresponding directed
linear graph must be drawn with the assigned current direction in the circuit

elements In the hinear graph G one selects a tree structure T which must
contain all voltage sources (dependent or independent) Ifthe voltage sources
form a loop, the circuit! ¢ definition 18 ambiguous and hence cannot be solved
Assuming that the voltage sources do not form z loop, passive elements must
be added to complete the tree To this end, some of the passive devices are

made voliage -type elements and thus provide the remaimng constituents for

the iree (See Figure 3 9). TFinally, the current sources and the rest of the

6 Cy 5 g Ro pd
— — - —

Figure 3 9.

passive elements form hinks (This operation_constitutes the particular se-

lection of either a voltage or current relation for each passive element That
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18V < ¥z or 1< v/z The next step requires one to obtain the current

at the branches (voltage -type elements) asg a function of the currents in the
links (current-type elements). This entails writing the current equations
for (n-1) out of n nodes of T. Then, the current in each branch i1s found as
a function of link currents only by the Gaussian elimination process. By
finding branch current as a function of link currents one forms the (n-1) cut

sets,

The current equations are writien by setting the branch currents on the
leit-hand side of the equals sign and the Iink currents on the right-hand side

For Figure 3 9, the node current equations can be written as

Node 6 -I_Vln = -IRl -Icl
Node 5 Ir = IC
1 1
Node 4 I = -I +I
r, B Rz
Node3d -1 -I_1I = I -1
R RS B C2
Node 2 IL = IO _IR
2
In compact matrix notation
_ - — = -~ -
-1 0 0 0 0O I -1 -1 0 0 0 0 I
A% T
in 1
0 1 0 0 O I 0 1 0 0 0 O0f]|I
r C
1 1
0O o 1 0o O I =10 60 -1 0 0 1]}1
r B
0
o -t -1 1 0o I 0 0 1 -1 0 0O I
RS C2
o ¢ 0 0 1 IL 0 6o o 0 1 -1 IO
[ — 7 L -
I
R2
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A 1s an (n-1)y%#(n-1) matrix ((n—l) 18 the number of branches of the tree) s
IT 18 a column vector of n branch currents,
B 1s an (n-1%(m) matrix (m=b-m+1 18 the number of links),

IL 1S a column vector of m link currents

After matrix A 1s diagonalized, performing the same operations on B as

an A, the current equations take the form

— D_‘__._._

1 0 0 0 T 1 1 0 o o ol [x
T
in 1
o 1 0 o oI 0o 1 o o o of |1
T C
L 1
o o 1 o ollr l=lo 0o -1 o o 1| |1
T B
0
0o 0o o 1 offr |[fo 1 0 -1 0 1|1
3 2
o 0o o o 1l [|o 0o o o 1 -1] |1
I
Ry

Note that the Gaussian elimination 18 performed on a set of integers,
{(+1, 0, -1) and will not entail any loss of significance or intreduce any tran-

cation errors

Followmng the Gaussian elimination that transforms the current equations
into a umlateral set, the flowgraph can be constructed The first step 1s form-
ing the current flowgraph relations as shown in the lower part of Figure 3 10
In the diagram (Figure 3, 10), two flowgraph nodes are assigned to each element
The bottom nodes correspond to the currents in the elements and the top nodes

correspond the volitage across the elements
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Figure 3 10

The flowgraph voitage relations are constructed by an imaging method

based on the current relations The rules for this technique are

1 Consider two elements for which there exists current transmittance
connecting two current nodes Form a transmaittance connecting the
two corresponding voltage nodes The direction of the voltage trans-
mittance arrow 1s the reverse of the corresponding current trans-
mittance

2 If one element 1s passive and the other 1s active, the sign attached
to the voltage transmittance 1s the same as the corresponding current
transmittance The sign i1s reversed if both elements are the same
type, that is, both passive or both active The use of the imaging
techmque 18 a consequence of the fact that disjoint sets of current
and voltage also form complementary sets since they are complemen-
tary cut and tie sets (The difference in the sign reversal between
active and passive elements i1s due to the fact that conventionally used
Kirchhoff' s equations are not written in a complementary form, that
is, currents are summed to zero (I;+ I+ Iy =0) while voltages are
summed to a nonzero quantity (Vi+ V,+ . V= E) Also Kirchhoff
originally stated them in a complementary form

After Kirchhoff' s current law and Kirchhoff? s voltage law have been ap-

plhed, the current-voltage relations and dependencies and requested transfer
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function are determined by making the input dependent on the output by the
relation [Input < P * QOutput]. This forms a closed flowgraph, The forward
transfer function T = 1/P can then be arrived at since the total gain P+T =1
as evaluated by use of the Shannon-Happ Formula (for P unknown) This
evaluation can be done by separation of producis containming P and those terms

1
which do not contain P since no higher powers of Pthan P~ can occur,

A transfer function' can be evaluated only as a function of a free variable
{1t cannot be found as a function of a variable which was already set as a
determinable variable) The free variables are defined as, (1) the current in
the independent current source and (2) the voltage across an independent voltage
source, The transmaittance P will cause one of the free variables to become a
determanable variable (that 1s, 1t can be included i1n the evaluation of the Shannon
Happ Formula) The rest of the free variables will be set to zero for the eval-

uation of the function A comparison between Figures 3 10 and 3. 11 will

mndicate how this 1s accomplished Note that the current-voltage relations

in passive elements are taken as impedances for branches and admaittances
for Iinks

Figure 3 11
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It 15 important to emphasize the unmqueness of transformations achieved
by the algorithm presented herein and its advaﬁtages over techniques which
are based on solutions of a set of equations This means that from the rep-
resentations such as that presented in Figure 3 11 one can reconstruct the
origmal system, thus showing that the algorithmic procedure described above

does not mcur nformation loss \

The transfer function vout/ V1n 18 calculated by use of the Shannon-
Happ Formula In the present example there are nine first-order loops,
which are summarized with their node sequence and loop transmittances in

Table 3 1

The higher-order loops are umons of first-~order loops that do not inter -
sect and the loop value 1s the product of the corresponding first-order loop
values, Loop substitution into the Shannon-Happ Formuls, and the setting of

H = 0, followed by solving for T = 1/P yields the requested transfer function,

V0111: LB LQ
G =T~ —§(1—L2)+$ 1~(L1+L2+L3+L4+L5+L6+L7)

1n

+(L1L2+ L L+ Lyt Lo L+ L+ L L+ L L+ L3L6)

~(L L L +L LZLS)

1795 1
/BCILI'OC:ZRB ; [Bclr,  CLR.\ |
- - = s°+ & - = S
\ 2 9 2
C,C,Lr R, Silhcn +C1Lr1 +CZLR3 . C,LR,
R, 172" T TR, R, R,
C.CrR,r BC.r R
1727173 0 2 L 170 3
+ R SO H|C T+ CR o+ CyRg + g R
9 9 2
¢,rRy Cyrry Cr Ry Cyr Ry Rg 1,
+ tg—t—Rr —* R S+ (l+g +g—
2 2 2 2 2 2

"‘Although the proof 1s rather involved (thus not presented here), note that
the information necessary to reconstruct the original cireuit 18 given by
the flowgraph and by preserving the I and I}, vectors in the arrangement

of the flowgraph nodes
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The solution T = 1/P 1s obtained by placing the loops contaimng P and

their products in the numerator and those devoid of P in the denominator

Since the only arithmetic in the entire algorithm is used in calculating

the transfer function performed at the end of the algorithm and essentially

1s the sum of products, one can conirol the error and make the solution as

accurate as desired Furthermore, comparison between values of loops 1s

TABLE 3.1

L.oop Number

Ly

Ly

Node Sequence
v
I

vV I I
Cl Clr

I, v, V_ I

ClRRRRLLI

3 3 2

Transmission

-C 1r1S

indicative of the significance of each element in the transfer function and 1s

helpful in omatting the elements which have a negligible effect on the final

transfer function
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3.5 Sensitivities Concepts

There are three basic sensitivity algorithms employed in NASAP-70,
These are parameter sensitivity, worst case (folerance) analysis, and

pole sensitivity. A description of each follows.

3. 5. 1 Parameter Sen51’c1v1ty13

In section 3.4, the transfer function T = "115 was obtained by keeping
track of the loops that contained P and those devoid of P, and forming the

ratio of the two expressions. As shown below, the somewhat similar

tagging technique in the computer algorithms can produce the sensitivity of

the transfer function to changes 1n a circuit parameter

Consider the system of Figure 3 12 where X 1sthe input or exci-
tation and Y 1s the output or response If the input and output are connected
by a transmittance P, then the transfer function can be expressed in terms
of P since P = = - _1']? This represents a closed system for which the input
and output are gependen’c upon each other The Shannon-Happ Formula states

that the topology equation H{T) must equal zero, thus
H(T) = H(T) + TH(T') = 0

where H(T!) = 3—;‘1 = the portion of H contaiming T linearly and indicated in

the computer algorithm by atag of T = 1, and
H(T) + H(T=0) = the portion of H devoid of T
and indicated in the computer algorithm by a tag of T =0

To compute the sensitivity function, consider a circuli thal contains a
component @ and sustains a desired performance specification T, the transier
function It 1s always possible to formulate a closed system containing the
iwo parameters T and @ linearly The topology equation H = 0 1s a constraint

on the system from which the unknown T is calculated



If the topology equation H 1s g function of two parameters T and Q, then

HT, Q) = (T, Q) + TH(T', Q) +QHT, Q) + TQH(T', Q')

X
—r—

/
|
? P SYSTEM
\

Frgure 3 12

where the coefficients of T and Q are defined as laylor series coefficients

and the terms of the topology eaquation H(T, Q) are defined as follows

H(T,Q) = H(T=0, Q=0) = H(0, 0)
T, Q) = H{T=1, Q=0) = H(1,0)
H(T,Q') = H(T=0, Q=1) = H(0, 1)
HT,Q') = H(T=1,Q=1)= H(1, 1)

All of these quantities refer to partial sums of the topology equation

wlhich can be tagged and identified in the computer program.

A topological derivation of sensitivity 1s obtained by taking the total
derivation of H(T, Q) above.

dH(T, @) = [H(T', Q) +QH(T', @ )|dT

+ [H('f, Q) + TI(T!, Q") ,dQ = 0
or _
ar _ _HT,Q) + THT , Q")
dQ  H(T',Q +QH(T',Q")
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since
H(T,Q) - [T, @ + KT, @)
+TE(T, Q) + HIT', Q') = 0
and

HT, Q) = [HT, Q) + KT, Q)

+Q {H('I“,Q‘) FE(T, Q)] =0
therefore,

Q _ [HT,Q +HT,QIKT,Q +HT,Q)

]
T [T, Q + XT, QHIHT, Q) + HT', Q)]

The parameter sensitivity 1s defined by

dT
T dlogT T
Q dlogQ dQ
Q

S

or,

. _ KT ,Q + H(T,Q
HT,Q +HT,Q')

3.5.2 Worst Case {Tolerance) Analyswls

The sensitivity techniques outlined in section 3. 5.1 may be used to
perform a worst case tolerance analysis on all components of the circuit,

Assume that a given circuit specification P can be specified as a function

of n parameters Ql’ Q2 ~—~Qn,
P= f(Ql, ng Qn)

Then for small changes 1n the parameter, the statistical tolerance ’I‘P of

P 158 defined as

9 1/2

2
- [(2EL I 25
Tp= (an Ql) * +(8Qn n)

TP 15 a measure of the deviation of P from 1ts mean value due to deviations

of the components from their respective mean values.
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Using the definrtion of sensitivity TP can be expressed in a more

switable form for utilization of the tagging technique as

2
T_P_ = il gF i%l_
P 1=1 Qn Qn
rI‘P
where 5 18 the functional tolerance.

The sensitivity of P with respect to each parameter Q may be cal-
culated as before, then substituted into the —-1? expression to derive the
tolerance.

3.5.3 Root Sensz.tlvfcylél

When a parameter of a system changes, the locations of the poles
will also change, Root sensitivity 1s defined as a measure of the amount
of change a root undergoes, given a percent change 1n some system param-

eter,

The following analysis assumes that (1) the system 1s linear and
time mvarient, and (2) the transfer function is obtainable and can be
expressed by the form

A(S) + KB(S}
C(S) + KD(S)

T(S) =

Here, A(S), B(S), C(S), and D(S) are polynomial in S and K 1s a system

parameters for which the sensitivity 1s desired.

For differential changes in the parameter K, there will be differ-
ential changes 1n the roots of the characteristic equation, C(S) + KD(S).
The definition of root sensitivity employed in NASAP-70 considers one
system parameter, K, and one pole of the transfer function Sl, and 18

defined as
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If the transfer function of the system 18 given above for T(S), then
the root sensitivity can be found by evaluating the residue of the transfer

function at the poles of the transfer function, or

S
Lo - KD(S)
8K

)
55 [C(9 +ED(S)] g

1

Here Sl 18 a pole described in the unperturbated system. 7This operation 1s
performed i1n the program with simple tagging techngiue, just as in the

parameter sensifivity case.

3.5.4 Sample Calculations

Given the following circuit, the following parameter sensitivity,

worst case, and pole sensitive calculations are made.

2 R1 3 NASAP
o AAA-
1080 vi 1 2 1
| RI 2 3 10
V1 1voLT R2 ——C1
() 31009 T 4uf Ci 3 1 4UF
R2 2 1 100
. -— END
VC1/VVl
LOOP 1 contamns R1, C1, P has value of -2.5 x 104:8_1
LLOOP 2 contains RI, C1 has value 2.5 x 107871
ZERO ORDER LOOP hag value 1
Parameter Sensifivity
HP') =-2.5% 10*s7?
HP) = 2.5 x 10787141
HP, R) = 1 B(P!, 61) =0
H(P, Cl)= 1 H(P', ﬁl) =0
S— 4 -1 — 4_-1
H(P, R2)= 2.5x10°8 +1 H(P',R2) = -2.5x10 8
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P_H(P,Q _ HP Q

5

Q H(P) H(Q)
SP = 9 - 1 = - 1

Rl 5 5x10%™1  2.5x10%sle1 2.5 x 1078 141
P . 0 ) 1 i -1

Cl s s5x10%™? 2.5x10% i 9.5 % 10781y

2.5x10%t 2.5 x10% 4

sF - -1 Z1

R2 -2.5x 108 2.5 x 1078 "+1

6.25x10%5 % 2. 5x10%  r6.25x10% P12, 5x10% 7 T

-6.25 x 1085_2 -2.5x 1048"1

0

6.25x10°872 - 2.5 x 10%s™

4.-1
TRANSFER FUNCTION = —%2r) _ 2.5x108

HE) 5 5 x 10t
Pole Sensitivity
POLE 2.5x 104+s =0
Sl =-2.5x 104
~-F{P O
Pole Sensitivity = __la-I_(_l_D_,__Q__)__
5 [H(P)]
S=S
1
5} =\ 4 -9
5g [H(P)] = 2.5x10°S
(P, RI') = 2.5 % 10
H(B, Ccl1) = 2.5 % 1097
7(P, R2') =0
-2.5 % 10451_1 .
Pole Sensitivity to R1 = 3 =S =-9.5 % 10
-2.5 x 10 S1 1
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-2.5 x 10431"1

Pole Sensitivity to C1 = i S =-2.6x 104
-2.5 x 1078, t
WORST CASE Analysis
(TP/P)? Z (55, @i)
dr1 _ dCl _ dC2 ;
Ri cCi~ ¢c2 -
2 2
(TP/P)2 (-1) (.{thl)_1 > + (-1) (-2111 -
(2.5 x10°S “+1) (2.5 x 10°8 “+1)
2
. () (.01)
(-6.25 x 1095 2- 2.5 1048”1)2
_ .02 N 0 _
(2.5 x 105742 (2.5 x 1058 Lin%(-2. 5 x 10%s 7Y
L02(-2.5x 105512 + 0

(2.5 x 104:8--1-%-1)2 {(-2.5 x 104SH1)2

1.95 x 10'8 72

3.90625 x 105 ™% +3.125 x 10°°8 > + 6 25 x 10°5 2

3.6 The Svoboda Method for Computing Roots of Polynomials

Overview of the Algorithm The flow of conirol among the various logical

routines of the algorithm is depicted 1n Figure 3. 13. After obtaining the
mput data, the Scanning Routine systematically steps over the Unit Circle
evaluating the reduced polynomial at five points on each step. When a
criterion for the possible existence of a root at any step i1s fulfilied, a
transfer i1s made to the Home-in-Routine, The Home-1n-Routine approxi-
mates the root as closely as possible and then transfers to the Root Exam-

ination Routine. Using the Round-off Routine, the Root Examination Routine
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SCANNING
ROUTINE

.

l

INVERSION
ROUTINE

POLYNOMIALS
CALCULATION
ROUTINE

HOME-IN
ROUTINE

EXIT

ROOT
EXAMINATION
ROUTINE

QUTPUT [

ROUND-OFF
ROUTINE

Figure 3 13 Flow of Control in Svoboda Algorithm
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either rejects the root or refines 1t (by means of the Home ~in-Routine again)
and outputs 1t. Control then passes back to the Scannming Routine which either
continues scanning or stops because the reguired number of roots has been
obtained, When a scan is completed, 1f the maximum number of scans has
not yet been reached, the Inversion Routine gains control to "invert" the
polynomzial, before returning to the Scanning Routine which continues to

scan, A detailed discussion of each element of the algorithm follows.

The Scanning Routine The main routine in the Algorithm 1s the Scanmng

Routine which moves across the Umt Circle as shown in Figure 3. 14, The
real and 1maginery axes between the ranges (-1, 0),(1,0) and (0, -1), (0,1)

are divided into sixteenths, The Scanmng Routine uses the Polynomal

1.0

-1,0

Figure 3 14 The Five Point Scan
Evaluation Routine to find five points at each step in the scan, the central
point and four points one sixteenth above, below, to the left and tc the right
of the central point, A test is then performed to see if this point may be
near a root. 'The criteria for transferring to the Home-in-Routine to

examine a possible root more closely are
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1. The value at the central point must be less than the value of any
of the four surrounding points.

2. The five pownts must not be equal in value,

If these criteria are not met, the scan is incremented by one sixteenth
and the scanning process is resumed, Scanning 18 performed from left to
right and from bottom to top., When a scan has been completed, that 1s, when
the point (1, 0) has been evaluated, a check 15 performed to see if the number
of scans has exceeded an upper limit, If not, a transfer is made to the Inversion
Routine (described below) which performs the inversion of the polynomial and

then returns control to the Scanning Routine,

The maximum number of scans allowable 18 twice the number of roots
in the polynomaial, Since at least one root must be obtained afier each pass
of both the "real" polynomial and the "inverted" polynomual (requiring a total
of two scans), a number of scans no more than twice the number of roots
should be required for the algorithm to work properly. (Usually, considerably
fewer scans are required because several roots may be found on any one pass),

If this number 18 exceeded, however, the routine stops automatically.

The problem of evaluating the circumference of the Umt Circle twice
(once on a "real" scan and once on an "inverted" scan) 15 solved by taking
two precautions. Firstly, all points evaluated in a "real' scan must be
within the Unmit Cirele, while an "inverted" scan 18 permaitted to violate the
boundary of the circumference slightly. This precaution alone, however, 18
not sufficient to avoid a duplication of roots which lie close to the boundary,
therefore, in the Root Examination Routine a check 18 performed to see 1f
the root under consideration has appearled previously in another scan, Thig
second precaution prevents roots which have been found once by a "real

scan and once by an "inverted" scan from appearing twice.

Polynomial Calculation ‘The Polynomial Calculation Routine uses Horner's

Technique to evaluate the polynomial complex value from the coefficients,

"Bastically, Horner's Technique 1s the iterative evaluation of the expression
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= - = =
F1+1 (F1+a1) X 1212 n

= ¢
with Fl 0,0) and Fn—!-l

coelficient in the polynomaial

=F +a
n

the final value, and a 1is the 1'th
n+1 ? 1

hd

_ n n-1
P(x) =agX +a2x + e +anx+an+1.

Thus the final value 1s cumulatively built up in F. If necessary, the complex
value F 1g divided by previously found roots to form a reduced polynomial
value

P(x)

F o= (Rl-X) (R2-X) (Rm-x)

where m 18 the number of roots found previously. In order to avoid over-
flow, the absolute value of any of the factors (Rl— x) 18 not allowed to be less
than 10 HSO. The final step 1s to obtain the residual (the complex absolute

value) of F.

2 2
H = '\/([Re(F)] + [Im(F)]
The residual 1s computed for four or five points (the Home-in-
Routine does not require the central point to be evaluated each time) on
each entry to the Calculation Routine, It 18 these four or five values (H)

which are used by the Scanming and Home-in-Routines as the polynomial

values at the test points.

Polynomaal Inversion In order to obtain all the roots of the polynomial

_ n n-1
Pix) = alx + azx + + anx -+ an+1

by scanning the complex plane within the Umt Circle, at some point a new
polynomial 1s formed from the original one by reversing the order of the
coefficients. The roots of this new polynomial are the reciprocals of the
roots of the original polynomaal, thus effectively bringing inside the Unit
Circle all the roots which were previously outside, The Inverted Polynomial

18
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n n
Py = fne1 Y + n * * a9Y * 8-

If P(r) =0, 1t 18 easy to show that
P(r) = 1/r"P(r) = P (1/7)
Therefore v = 1/r 18 a root of the new polynomial p'".

Thus, in order to obtain all the roots of a polynomial, the program
must deal effectively with two kinds of roots, "real" and"'mverted", and
must obtain the reciprocal of "inverted" roots before writing them on the
output. The Polynomial Inversion routine, simply reverses the order of
the coefficients, sets a program variable to point to either the "real" or

"inverted" techmques, and returns control to the main program.

Homeing-In Once five points have been obtained which fulfill the criterion

for root examination, the homing-in procedure subdivides the disiance between
the central point and one of the outside points into sixteenths and, using the
central ponts as a starting value, employs the Polynomaial Evaluation Routine
to compute four new outside test points, These new four points and the

central point are then examined for the one having the smallest residual

which becomes the central point for a new five point test. If this new

central point 1s the same as the previous central point, the scale 18 sub-
divided into sixteenths as before so that the five point test becomes pro-
gressively more refined. At each subdivision, a new level of sigmficance

1s obtained (each sigmficant digit being a Hexadecimal digit because the

scale factor 1s 18). 'This process of "homeing-in'" 15 continued until either

1, The required number of digits of accuracy 18 reached or,

2, The residuals of the five points do not differ by a significant amount.

In case 2, the resolution of the computing method and system has been
reached and the remaining significant digits, 1f any, are filled with zeroes.
This represents a Stopping Criterion which 1s independent of any formula

for found-off error, 15 but depends only on the previously mentioned resolution,
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Each time a new step 1s taken in the Home-in-Routine, ihree checks
are made. Firstly, if the central point should happen to be the origin (0, 0),
the scale 15 expanded (subdivided by sixteenths), this allows for roots which
may range over large orders of magmiude, Secondly, if more than sixteen
steps should be taken in one direction at the same level of significance the
level of significance 1s dropped so that larger {coarser) steps may be taken,
Finally, a check is performed to ensure that the routine does not stray too
far out of the Unit Circle, This safeguards against the possibility that the
original location presented to the Home-1n~Routine was not in the vicimty
of a root, 1n which case 1t could easily wander outside the Umt Circle. If
this condition should be detected, the Home-1n 1s aborted and control 1s

returned to the Scanming Routine,

If either case 1 or case 2 occurs, the Home-in-Routine has reached

g successful completion and transfers control to the Root Examination Routine.

Root Examination Procedures The Root Examination Routine first checks

to see if the root just found came from the original polynomaial coefficients

or from a reduced polynomzial. Ifthe polynomial was a reduced one, the
value of the root can be regarded merely as an approximation. The Home-in-
Routine 1s therefore called again to repeat the latter part of the home-in
procedure this time using the original polynomial and using the approximate
root as a starting value, This technique ensures that every root 1s found
from the original polynom:al and that its accuracy does not depend on the

accuracy with which previous roots were found,.

After the final root value is obtalnhed, a second check 1s made, this
tfime on 1ts residual. If the residual is greater than a certain value, the
root 18 considered unreliable and 1s discarded. If this should occur, control
18 transferred back to the Scanning Routine. The maximum value of the
residual 1s chosen arbrtrarily to be one half the value of a the constant

n+1?
coefficient 1n the polynomaal.
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Having passed these tests, the root value 15 rounded-off in the
Round-off Routine (which 1s not discussed here because 1t has no bearing
on the actual rootfinding algorithm). Ifthe root is "inverted", its
reciprocal 1s found using floating point division, and this value, after
being rounded-off again, becomes the root value, A third check is then
performed on the root to see if 1t has been found on a previous pass.
(This check was mentioned previously in connection with the Unit Circle
Boundary). If both real and mmaginary parts fall within one significant
digit of a root found on a different type of pass ("'rezal"),it 1s rejected as
a root but 18 nevertheless entered, in the same way as acceptable roots,
in the Iist of roots used to form a reduced polynomaial. (This prevents
1ts being found again). If the root 1s not rejected, 1t 1s converted form
1ts internal hexadecimal represgentation to decumal, rounded-off again,

and 18 wraitten on the output.

A final check 18 made to see if the required number of roots has
been obtained. If not, control 1s returned to the Scanning Routine, otherwise

the algorithm terminates.
NOTES

1. In writing this algorithm, 1t was intended to produce a technique

for finding successive roots from the original polynomial and thus eliminate
the mutual interdependence of these roois and convergence problems which
are commeonly found in other methods, {e.g., Newton-Raphson, 1\/[uller).18 -19
However, in the course of investigating the behavior of the algorithm. it
was discovered that even widely dispersed roots affected the behavior of
the polynomial "surface' over a wide range, and it therefore became
necessary to use a reduced polynomial ag a first approximation to eliminate
this interference. Nevertheless, since the final root-1s always obtained

from the original unreduced coefficients, the original algorithm has been

effectively retained.
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2. Since most major computing machines in this country are based on
some multiple of bmary arithmetic (and, 1n particular, hexadecimal arith-
metic), a step size of sixteenths was used as the basis for the algorithm.
On decimal based machines, 1t 1s likely that the algorithm would prove

more effective if tenths were to be used.

3. Although no orgamzed test of the algorithm has been performed as
yet, 1t has performed well over a wide class of applications. In particular,
34 of the 36 roots of the 36th degree polynomial given in reference 18 were
found to 5 significant digits in Single Precision Arithmetic within 60 seconds

on an IBRM 360/91,

3.7 A C. Analysis-Bode Plot20-21

At this stage of the program, with the transfer function available as

D Y Rl —— +b
T= 2 1 m

aSm+aSm-1+ —————— +a

o) 1 n

where all the coefficients, a, and bl, are known, the A C response 1s
calculated by setting S = Jw and sumplifying the expression to a linear

combaination of real and 1maginary terms
T = Alw) + 1BL)

The magmtude of T and the angle 6 {(w) are computed according to the equa-

fions, 9 2
IT(Jw)| =\/A (w) +B(w) ,
and
_ -1 Blw)
B{w) = tan o)

Now if w 18 made to vary, then for each value of w the IT(;;w)l and 8{w) can
be obtained over the frequency range of interest and thus can be made available
for plotting. One commonly employed plot 18 IT(Jw)l and &{w) versus either
log, 4w or v of Figure 3.15. Another graph, a Bode plot, (see Figure 3 16)
consists of the |T(;|w) | in decibel umts and 8{w) in degrees versus the 10g10w ,

taken over the frequency range specified by the user
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With the complex arithmetic capability of FORTRAN IV, the desired

computation can easily be carried out in NASAP-70,

3.8 Transient Response

The transient response routine 1in NASAP-T0 derives its theoretical
bagis from Fast Fourier Transform methods for the numerical inversion
of Laplace Transform. Although the techniques described here follow along
the approach presented by Dubner and Aba.te,22 1t was, however, developed
independently at UCLA.

Theory  The inverse f(t) of a Laplace Transform F(s) is given by the
formula

g+ oo

(1) = % S' F(s) &' as (3.1)
()

If F(s) 18 a quotient of polynomials, with all coefficients real, 1.e.,

..Jm

K
E a.8
1=0 !
F(s) = - (3.2)
¥ blsl
1=0
then f(f) 1s real, and
ot oo +
£(1) = _e_ﬂ_* g (o + w)e " dw (3 3)
O

For the F(s) which are rational, 1.e., have K > n in Equation (3.2}, 1t
18 apparent that Equation (3 3) can be evaluated by a gradrature rule for a

specific t, since Sle I'(s) = 0. However, 1f K> n, a long division can be
—_ 00

performed on F(g), to yield

) =c. 57ty

K- 4 K-f-1 trer PCGHRE) (3. 4

where
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L
R(S) = ——— (3. 5)

All terms of (3. 4) represent impulses of varying degrees and can easily

be mverted. The only concern is the inversion of R(S).

Inversion of Equation (3. 3) by the trapezoidal rules, gives

) aw | BetFON
2

e
+ =
T

F(o+KAW) KAt

1

(3. 6)

A 8

where w 18 an appropriately chosen sampling interval, and o 18 chosen so

that the integration path 18 to the right of all singularities. Since Sllm F(S)=0,
—_00

an upper limit v can be chosen for the summation such that Flo+HAw k) 1s

small for K > n, Thus

(1) Aw[________Re{F(G)} +
21

eo‘t
e (3

n
3 F(o + fraw)eAwt
K=1

(It should be noted that Equation (3 7) 1s the same expression obtained
by Dubner and Abate,22 except that the present derivation did not consider

that when f(1) 1s known to be real and nonzero for = 0 only, then

ot

g Re{F(O't)m )} cos{w t)dw (3. 8)
o

_ 2e
f(t)= -

Note that 1f f{t) 15 obtained from the trapezoidal rule for m different

values of t, a total of mN calculations (evaluations of the term appearing



under the summation) are required. For small m, no difficulty exists,

but 1f m 1s large, the machine time could be excessive.

This difficulty 1s overcome by the use of the Fast Fourier Transform

(FF’I‘).ZB’ 24 The discrete Fourier Transform pair
N-1 27 %—K
X(K) = At Z x(n)e (3. 8a)
n=0
Aw W1 ZHDNK
xn =5— ) X(Ke (3 8b)
T ¥20

can be evaluated using the FFT with less than N 1og2N calculations 1f N

18 chosen so that N = 26, where 6 18 a posifive integer.

In Equation (3 7), if the following definitions are adopted

5 |RefF(o)} K=0
K p]
Re{F(o+1A0 K} K> 0

and the summation limit 18 raised to N-1, where N 18 the smallest integral

power of 2 greater than v, then,

ot N-1
~ A e KAwt
£{t) — E Zy® (3.9)

If 1t 18 required that f(t) is evaluated only at integral multiples of

some time interval At, then £() can be defined by.

onAt N-1
~ Awe JKAW nAt
f(nAt) — E ZKe

K=0

(3. 10}

for n=0,1,2,...

Now, 1f AtAw = Zﬁ?_T_ 1s introduced, Equation {3.10) becomes
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onAt N-1 327 ok
fna)s e % 7 e (3. 11)

T K
It 18 apparent that the form of Equation (3.11) 1s compatble with
Equation (3 8b). It should be noted that the summation in (3.11), considered
as a function of n, 1s periodic, and that f(nAt) given by (3.11) 1s an oscillating

exponential with period NAt, since

Aw o(N+nat N-1 2?%%—
£[(Ntn)AL] = Z, e (3.12)
T K=0
but,
(n+tN)K nkK
121 T prk 2Ty
e = e e .
nk
W
=e
f[(N)AL] = €PN AY £(nat) (3 13)

Since (3.13) cannot, 1n general, be true a check of the validity of

Equation (3.11) must be made.

If the substitufions nAt =t and KAw=w are made i1n the iverse transforn
relation of Equation (3 3) and the upper limit of integration 1s reduced to
w = NAw, then

onAt N

S. Flo +jkAw) eJKAw tA W
0

dK (3.14)

f(nAt) = £

Inserting the condition At Aw = 2-1?\% yields

127K
Flo+jKAw)e N dK (3 15)

[=a)

Aw ecmAt
f(nAt) = —17—— S’

0
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The trapezoldal approximation of Equation (3 15) is

Aw eonAt 1
f(nAt) & 5 Re{F(o)} +
R or -y
Z Flo+1KAw) e o Re{F(c+1NAw)} (3.18)
K=1 -

Since 1t 15 assumed that F(o+jNAw) 1s small, this term can be
eliminated from Equation (3. 16), thus making it 1dentical with Equation
(3 11), as expected. Additionally, the validity of the approximation of
Eguation (3 15) by Equation (3. 16) should be checked. It 1s a well known
rule 1in quadrative evaluation of integrals that the summation rapidly becomes
maccurate when the sampling interval 1s made larger than one half the wave-
length of the highest frequency component of the integrand. If it 1s assumed
(o +jw) has a frequency spectrum with all its components having a wave-
length much greater than Aw, then the highest frequency in the integrand
of Equation (3.15) will be % . The sampling interval in Equation (3.11) = 1,

2,

thus the wavelength must be gz 2 and forcing the range of 0 =n = on

Eguation (3 11). This 18 the same result used by Dubner and Abate. 22
It will be shown later that it 1s necessary to further restrict n so that
N

sn<=
0n4.

It 18 necessary to find a value of the parameter and for which (3.11)
will be valid. The method employed 1n NASAP-70 involved repeated application

of the Routh Stability cr:.’n:erlonz1 followed by a translation along the real axis,

The Routh criterion involved the construction of a matrix for the

transfer function,
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-
LR S NI )

The first two rows are made up of the coefficients of the denominator

polynomial, If £ 1s odd, the final element in the first row 1s bl’ the second

row, b,. If £ 1s even, the final element 1s b

0 o B the fairst row, and zero
in the second. In erther case, the rows have length [:—g} + 1. The le are

evaluted by

P U U B TP e T s S VP £

4 dl—-l, 1

(3 17)

The meanmng of le for 1 = 1 or 2 15 obvious. The length of nonzero
elements in each row decreases as the row number mcreases, until in the

(£+ 1) row, only d 1S nonzero,

2+1
After the matrix 1s constructed, the first element 1n each row 1s
examined. If all of them are posifive, no singularities are to the right of
the imaginary axis, If one or more 18 zero or negative, then there are
one or more singularities with a positive real value, To test a particular
S, to defermine whether it 1s to the right of all the poles, F(S) 1s shifted

by Uo,

3-41



1

K
1;) Al(S + Go)
F(S+0‘O) = 7 3 (3.18)
E bl(S + 0'0)1
1=0
where
¢ 1 ./ 1
), b(S+o) = ) CS (3 19)
1=0 1=0
and

¢, - ¥5, 2™ (2)

The Routh criterion can now be applied to Cl, and 1f i1t 1s stable, then

o, can be used in Equation {3 11).

Although the theory i1s valid at this point, a number of practical problems
remain, One of these appears when F(S) contains a high order polynomaial
which does not go to zero until w 1s very large. In these cases, it 1s
possible for some of the calculations involved 1n obtaining sample values
to fall outside the range of numbers representable in a particular machine,

To avoid this difficulty, the frequency scaling property of the Laplace

transform 1s used,
_L g1 pS
tat) =2 7 {FO} (3.20)

There also exists the inconvenience for users, resulting from the fact
that the choice of Aw files At, It would be much more convement 1f At

could be set to any desired value. To overcome this difficulty, a parameter
21

selection procedure 1s used. Always setting At =1, gwves Aw = N If a
user desires a time step different from one second, the transform is
frequency scaled according to Equation (3.20) by the time interval desired,

e, a=At,

With these changes, Equation {3.15) becomes
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1K
f(na) = -—f——~zen0a l\ilzl eJZW N (3. 21)
Na Ky K
—;- Re{Fl(cr)}_, K=0
where Z_ =
Fl(cr+;|27r Eo, K >0
N
1
F(8) =(5/a)
Tlis change introduces w complication, 1n that the setting of

be non-
Aw = ?I_\]E means F(S) 1s sampled until w = i"—ﬂ‘ » regardless if it may

zero at this or igher values of W,

Irmat

(Note that the choice of N no longer has any effect on the upper
taken

of the sampling, Increasing N merely causes more samples to be

with the sampling interval, whach 1g set once a is chosen.

the
The effect of this high freqguency cut-off will vary, depending upon

1s the
particular transform bewng inverted, The cases where the error

greatest, however, occur near those pownts at which £(1) 1s discontinuous.
In rational transforms, f(t) 1s discontinuous only at the origan, if at all.
(If the numerator polynomal 1s of one degree less than the denorminator,
there 15 a discontimnty at £(0), If the difference in degree 1s greater than

igh T enc
one, £{t) 18 continuous for all finite t. The usual effect of the high frequency

cutoff error 1s the "rounding of the corners" at £(0).

curs. B
A correction procedure can be applied when this error oc o

carrying out a long division of F(S), one obtains

ic 3.292)
F(S) = 7 -2 + R(S) ¢
1=18"

Inversion of Equation (3 232) yields,

343



! t1~1 1
HH = ) C oot & R} (3.23)
1=1

=131

Note Equation (3 23) 1s a power series expansion for F(t) taken at
t=0. InNASAP-70, c, 1s evaluated with q = 50 in Equation (3 22), follow-
ing by Equation (3 23) to evaluate the first five time points. During the
evaluation of Equation (3.23} a check 18 made to determaine that a smooth
series fit 15 achieved (if the higher order terms in the summation are
wmsigmficantly small, then iﬂl{R(S)} 18 not sigmificant because it 18
O(tq+1) near the origin). Also checked 1s the possibility that some of
the terms of Equation (3 23) are >> (1), if this 1s the case, there will
be a loss of significance, and the error correction procedure 18 by-passed.
If 1t turns out that the series 1s well behaved, 1t 1s used 1n cases where

£{t) 1s continuous ai the origin,

The theoretical foundations of NASAP just described cannot be
considered extensive. But hopefully enough of the concepts have been.
presented to explain the underlying theme of NASAP, For those persons
mterested in more of an elaboration of the principle involved, they are

encouraged to read the references shown at the end of the chapter,
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NOT REPRODUCIBLE

=

PART II A PROGRAMMER! S MANUAL

The Programmer! s Guide consists of Chapters 4
and 5 and Appendix A, Chapter 4 describes the algorithms
used in NASAP-T70 and the general flow of control among
the NASAP-70 routines. A user intending to make any
modifications to his copy of NASAP should become
familiar with that chapter. The Dictionaries in Appendix
A are provided to aid in easy identification of the more

important names in NASAP-T70.

Chapter 5 is designed as a reference for the
general user, In particular, the user's attention
1s directed to Sections 5. 4 and 5.5 which should be
read before any NASAP-70 problems are run on a
computer which 15 not an IBM 360. These sections
describe some mmportant modifications which may
be required to make NASAP-T70 operate properly on

other computers,

Finally, Appendix A contains a program
listing of NASAP-T70 and Appendix C contains the

output generated by sample problems.
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CHAPTER 4
NASAP-70 PROGRAMMER! 5 GUIDE

4.0 Program Organwzation

4,1 General Description

The NASAP Circuit Analysis program 18 written entirely in
Fortran IV-H.l It 18 built around a basic program which produces a
circuit tree from the user-supplied circuit data, and then uses this tree
to evaluate the circuit Transfer Function. Additional modules are supplied
which accept a user-defined tree (in a different data format), perform
Sensgitivity and Worst Case Analysis, produce Transient and Frequency
Responses, find Poles and Zeroes of the Transfer Function, and perform

automatic scaling on the input data.

Since NASAP-T70 is written in Fortran IV, a user familiar with
this language may add his own routines,

The flow of conirol in NASAP is shown in Figure 4. 1. The Malin
Program first calls one of the three forms of Circuit Description Analysis,
Hach of these makes use of the Card Scanning Utilities, Then the Main
Program can call (optionally) a Sensitivity Analysis routine if requested by
the user., The Automatic Scaler may also be called at this point. The
Transfer Function section 18 called to build the Flowgraph and compute
the Transfer Function. The remaining sections, Sensitivities, Plotter,
Rootfinder and the Transfer Function section again, may be called optionally.
If more than one circuit description 18 supplied, any one of the Circuit

Description Analysis routines may be called to restart the whole process.

Only one Circuit Description Analysis routine and the Transfer
Function Section are absolutely required to be called during z NASAP-70
run. The remaimng sections are called depending on the particular options

selected by the user in his circuit data cards.
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4,2 Algorithms and Dictionaries

In this section, the general zlgorithm of each subprogram is
described. Instead of a statement by statement analysis of each routine,
the algorithm is divided into a number of logical steps for the purpose of
description. I 1s best to refer to a listing of the routine being studied
while reading the algorithm description. (See Appendix A) The listing
should be used to identify the source statements with the logical steps in

the description.

For quick identification of the more important names in NASAP, a

dictionary 18 supplied in Appendix A.

4,2.1 Main Program

The Main Program and Block Data subprogram serve to declare the
more 1mportant program variables and to provide the flow of control among
the modules of NASAP-T0 based on the reading of certain NASAP-T0

control cards from the Input Data Set.

1. In the Block Data subprogram, three Common Blocks are initialized,
Commeon Block GAG contains an array of 20 variables which is imfialized

to the Sensitivity tags. These tag values are used in the Sensitivity analysis
to 1dentify flowgraph loaps and the resulting Sensitivity functions with their
corresponding circuit elements, Common block DATA contains an array

of 32 variables which is 1mtialized to 32 alphameric characters, Common
block X contains an array of ten variables which 18 initialized to ten
numeric characters., Common blocks DATA and X are used by the card
scanmng utilities (ASCAN, BSCAN, etc.)} and various other routines which
examine the NASAP data cards.

2. Upon entry to the Main program the mmportant program control
variables are reset beginning with NE (Number of Circwit Elements) and
ending with the array SENS (The 50 Sensitivity tags). The page heading
18 then printed.
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3. A card is read and printed, Subroutine SHIFT 1s called to squeeze
out embedded blanks and commas, NE (which currently serves as a heading
card counter) 18 incremented, and the first four characters on the card
are checked as follows.
e If they are NASA, NE 18 reset and Subroutine NASAP 1s called,
followed by a transfer to step 4 below.
o If they are TREE, NE 1s reset and Subroutine READ 1s called,
followed by a transfer to step 4 below.
» If they are CIRC, NE is reset, ITREE is set (to signal that a tree
1s to be buili by Subroutine FINE) and Subroutine READ is called.
Then, provided ERR, the terminal error flag, has not been set,
Subroutine FINE 1s czlled, followed by a transfer to step 4 below.
¢ If they are STOP, control is returned to the system monitor.
¢ If none of these sets of characters appear, the card is assumed
to be a title card. If NE 18 more than ten, a warning is printed,
NE is reset and control returns to step 2 above to read another

card,

4, Statement 3 checks the ERR flag, If it is set, an error message
is printed and control returns to Step 2 above where NASAP-70 is remnifi-
atized, If it 1s reset, the checklist of elements 1s printed out so that the
user may verify that his data were read correctly. Subroutine CALC 1s
called to check tree legality and to create the current equations, If Sub-
routine CALC sets the ERR flag {e. g., due to an 1nvalid iree), the error
message is printed as before and NASAP-70 18 reinitialized., Otherwise,
Subroutine SCALER 1s called to determaine 1f the circuit element values
require scaling, If FACTOR 1s nonzero, then scaling was performed and

the scale factor is printed out,

5, If TAG 1s set, then the user omitted an END card after the circuit
description and therefore another card need not be read. Otherwise, a
new card 1s read, Subroutine SHIFT is called and the following tests are

made on the first four characterg of this card



If they are SENS, Subroutine SENSIT is called (to analyze Sensitivity
cards) and the next statement is skipped so that Subroutine WORST

18 not called,

If they are WORS, Subroutine WORST 1s called (fo analyze Worst
Case tolerance cards),
Subroutine GRAPH 13 then called to build the flowgraph (except for the
unknown transmittance) which 1s then printed out. Subroutine REDUCE
1s called for each flowgraph transmittance to handle Sensitivity tags. As
a final step, preparatory to servicing Output requests, NPATH (the number
of flowgraph transmittances) 1s incremented to include the unknown trans-
mittance, VPATH(NPATH) (its value) is set to 1.0, S(NPATH) (its tag) 1s
set to 1000, NTIMES (the number of words per block in the BITS array) 1s
set based on 30 bits per word, INP (the Transfer Function request flag) 1s
reset, finally ERR 1s reset. By itransferring to statement™10, step 6, which

reads a new QOutput Request card, i1s avoided. Control goes to step 7.

6. The INP and ERR flags are reset, a new Output Request 18 read
and Subroutine SHIFT 1s called.

7. Statement 10 prints the latest Output Request, calls and then
analyzes the Output Request as follows
If the first three letters are END or the first two letters are EX,
control goes to step 2 where NASAP 18 reimtialized.
If the first three letiers are CIRC, TREE or NASA, it 18 assumed
that the user omaitted the END card after his Output Requests,
Therefore control goes to statement 12 which prints an error
message, the NASAP-70 heading, and then returns control to step
2 at a point just after a new card 1s read (because this card has
already been read by accident).
If INP 1s 0, no Transfer Function request has yet been read so the
next five tests are not performed.

If the first letter is Vor I, this 1s a Transfer Function request,



therefore control goes to step 8 where the Transfer Function 1s
formed.

If the first four letters are PLOT and ERR has not been set, Sub-
routine PLOT 18 called, and If ERR 1s still not set, Subroutine
INVERT 1s called to perform the plotting. Finally ERR is reset,
If the first four letters are ROOT and ERR has not been set, Sub-
routine ROOTS is called, Subroutine SHIFT 1s then called so that
the succeeding test for a Pole Sensitivity Request will operate on
a card of the form ROOTS, POLES.

If the first four letters are POLE and ERR has not been set, Sub-
routine POLSEN is called. i

Control now returns to step 6 after an error message is printed
for the cards beginming with SENS, WORS, or TOL.

At this point INP = 0, which means that there has been no previous
Transfer Function request. Hence, cards beginmng with PLOT,
ROQT, SENS, TOL or WORS are meaningless and if the current
card 18 one of these, an error message 1s printed and control

returns to step 6.

8. The card is now considered to be a Transfer Function request,
consequently INP is set to signal that a Transfer Function request has been
encountered. The number stored in NTIMES 1s printed and then Subroutine
WHAT is called to analyze the Transfer Function request. If the ERR

flag has been set, control goes to step 6 to search for another Output
Request. Otherwise Subroutine INBIT 18 called to enter the unknown trans-
maittance into the BITS array and then Subroutine LOOPS 1s called to solve

for the Transfer (and Sensitivity) Functions,

9. The BITS, SMAX1 and SMIN1 arrays are reset before the Sensitivity

Functions are entered. Subroutine ANSWER is called to print out the
Transfer Function. If NSEN 18 0, this means that no Sensitivity Functions

are requested. Control then returns to step 6 (except INP and ERR are



not reset), otherwise subroutine SENSC 18 called. If NWORST 1s not O,
Subroutine WORSTC 18 called to evaluate the Worst Case Function, and
Subroutine ANSWER is called to print 1t. Finally, control returns to step
6 (except INP and ERR are not reset),

4.2.2 Circuit Description Analysis

NASAP-T70 offers three techmiques of circuit description analysis.
The technmque selected 1s determined by the heading card read by the Main
program, All the techniques make use of the card scanmng ufilities which
perform various operations on the card image stored in an 80 word array

1t Common block A,

The User! s Circuit Description may be supplied to NASAP-70 in one

of three ways

i, As a circuit description with a ’cree2 to be defined by the program
for mimimum computation time. This 1s the standard form of NASAP Input
Data used 1n previous versions of the pz:'ogranrl.3 It is 1mtiated by a card

having the work NASAP.

2. As a circuit description with a tree to be defined by the program for
optimum accuracy at a given frequency. This form of input data 18 new to
NASAP. It 1s imitiated by a card having the word CIRCUIT followed by a

value in parentheses which represents a frequency in cycles per second,

3. As a circult description with a user-defined tree. This option, Iike
the CIRCUIT option, uses a new form of input data. It 1s wnitiated by a card
having the word TREE.

The method of analyzing the Circuit Description Data associated with each

of these forms of input 18 described below,

Card Scanning Utilities

There are eight routines which constitute the card scanming utilities.

Subroutines ASCAN (B, I, J), BSCAN(B, I, J) and CSCAN(B, I, J) scan the



card image 1n Common block A starting at column I until a special character”
(described below) 1s encountered. The character is placed in B and the

number of the column just before this character 1g placed in J.

¢ Subroutine ASCAN scans for (/-) = blank,
* Subroutine BSCAN scans for Ublank MK POV L
e Subroutine CSCAN scans for . E + - blank,
¢ Function ISORT(A) returns the fixed point mumeric value of the
character stored in A. If A 18 not numeric, FLAG is set.
» Subroutine MSG(A, I) prints a diagnostic.
¢ Subroutine NUMBER(N1, N2) stores the floating point value into
VPATH(NE) of the number between columns N1 and N2 inclusive,
irrespective of the format 1n which this number 1s written, If there
ls an error in the number (e. g., an invalid charac‘qer), FLAG 18 set
and the value entered into VPATH(NE) 1s unrellable. For instance,
the following numbers are acceptable:
-1 ,73-7 1iE2 +0.0009
but these are not acceptable
-1A  7..3 1BZ -+, 0009
The algorithm of Subroutine NUMBER 18 now described in more
deta1l-

1, Upon entry, K (the column pointer) 1s set to N1, and VPATH(NE) 1s
set to 0. Provided K 18 less than N2, control passes to step 3 to begin the

analysis.

2. This is the error return. When this step gains control, a diagnostic

1s printed and control 18 returned to the calling routine.

3. A test is performed on the first character in the field, Ifitis a -,
TAG 18 set. Subroutine CSCAN 18 called and 1f I already points to a special

character this number must be less than 1, so control passes to step b.

4, The digits which form the part of the number greater than 1 are

contained between columng I and J inclusive. This step (DO 3) enters them
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into VPATH(NE)., If FLAG is set for any digit, the error return (step 2) 1s

given control,

5, If the end of the number field has been reached, control passes to
step 7. If the next character 18 not the decimal point, control passes to
step 6 which checks for an exponent. Otherwise the digits of the fractional
part of the number are entered into VPATH{NE)} (DO 7). If FLAG 18 set,

step 2 gets control.

6. If the next character is the E of the exponent field, the column pointer
18 incremented. If a ~ 18 found in the exponent field, EXPO 1s set. Sub-
routine BSCAN 18 called to obtain the limits of the exponent field. A diag-
nostic 1s printed 1f this field contains more than two digits. The rightmost
two digits are used to enter the exponent value into POW If EXPO has been
set, the exponent is negative. Lastly, the value in VPATH(NE) 18 modified

according to the value of the exponent.

1. If TAG has been set, the number was negative so the sign is
reversed. Control then returns to the calling program.
s Subroutine SHIFT left adjusts all characters in Common Block A
removing blanks and commas.
e Function SORT is the same as ISORT but returns a floating point

value.

Subroutine NASAP

Subroutine NASAP decodes Circuit Description cards which follow a
NASAP heading card. If no error is detected before the END or OUTPUT
card 1s reached, a iree is constructed (subject to the constraint of minumum
Firgt Order Loops). Each Circuit Description Card is in the following

format
NAME ORIGIN TARGET VALUE UNITS(optional) DEPENDENCY(optional)

The Data cards are desecribed in more detail in Sec. 4.2, The algorithm

details of Subroutine NASAP follow



1. On entry, NE (the number of elements) is reset to 0.

2. A new card is read into Comunon block A and Subroutine ASCAN is
called repeatedly until the first non-blank character 18 found. Ifthis
character is E or 0, thig is the end of the circuit description, so control
passes to step 7 where the tree 1s built, Otherwise NE is mmcremented,
the element name 1g padded with blanks on the right and entered into the

CARD array (which contains the names of all the circuit elements).

3. Subroutine ASCAN is called repeatedly to find the next non-blank
character which 1s the start of the ORIGIN field. Function ISORT 1s used
to enter the value of the origin node into the ORIGIN array. If FLAG 1s
set, control transfers to step 6 which 18 the error return. A similar
procedure 18 usged to enter the value of the TARGET node mnto the TARGET

array. -

4, Subroutine BSCAN is called repeatedly to find the next blank
character or the first character of the UNITS field, followed by a call to
Subroutine NUMBER, to enter the value of the VALUE field into VPATH(NE),
This value 18 multiplied by 2 factor depending on the next one or two non-
blank characters {which constitute the UNITS field):

U 100 p 1072
K 10° M 10°
MEH 10 -3

If the character is a V or I, the DEPENDENCY fleld is present so Sub-
routine ASCAN is used to extract the name of the dependency that is then
entered into the DEP array (which containg the names of controlling elements),
If a DEPENDENCY field is not present, a string of blank characters is

entered into the DEP array.

5. GENER(NE) and TYPE(NE) are reset. If the first character of the
element name is V or I, the element is active requiring that GENER(NE) be

get. If it is V, the element i8 a voltage source and is immediately required
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to be in the tree, therefore TYPE(NE) 1s set, Finally, before transferring
back to step 2 to read the next card, NNODES and INODE (the maximum and

mimmum node numbers appearing so far) are set.

6. (The error return). A diagnostic i1s printed, ERR 1s set and control

is returned to the calling program.

7. Before bulding the tree, an array N is set up which initially contains
the number of elements connected to each node N{I). When N(I) 1s 0, node
I has been connected to the tree. When N(I) is negative, node I 18 currently

being considered for entry into the tree.

8. The next free node having the highest number of elements connected
to 1t is selected for insertion into the tree. Its N entry is reset to 0 Then,
all the nodes connected to this one via voltage sources are put under con-
sideration, 1.e., N(I) 15 made negative (DO 23). As long as Mis 1
additional nodes have to be considered, consequently step 8 is repeated
until M is 0.

9. Each passive element connected to this node 1s entered into the tree
when the other node to which it 1s connected is not yet under consideration,
At the same time, all the nodes connected to this new node via voltage

gources are given consideration. (DO 26 and DO 31),

10. The N array 18 searched for the least value. Ifthis 1s 0, all possible
nodes have been entered into the tree, control returns to the calling program.
Otherwise the node 1s tagged as being processed by subtracting 1000 from

its N entry, Then control passes to step 8.

Subroutine NASAP does not perform any checks on the circuit
described or the tree it builds (i. e., to see if all nodes are connected to
the same tree). If the circuit supplied 1s valid, then the tree constructed
from it will be valid also, Ifthe circuit is invalid, the resulting tree is
meaningless. All checking on both program and user constructed trees 1s
performed by Subroutine CALC while solving the current equations. If any
invalidity is found, Subroutine CALC prints the appropriate diagnostics.
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In general, the tree constructed by Subroutine NASAP produces the
minimum number of First Order Loops, and therefore produces a fransfer
function in minimum computation time. This tree may be described briefly
as the "bushiest” tree. For instance, for the circuit shown, two trees are
given (solid lines represent the tree) both of which are valid. However,

tree 2 18 the "bushiest" and would probably result in fewest First Order

Lioops.
, >
I’ /
/
Iy
—_— / /
O ¥
Iy
Iy
1y
I/
- , J
TREE 1 TREE 2
Figure 42

Subroutine READ and Subroutine FINE

In response to reading a heading card beginning with either the word
CIRCUIT or the word TREE, Subroutine READ is called to analyze Circuit
Description Data. If the heading card was a CIRCUIT card, Subroutine FINE
18 called to build a tree which resulis in optimum accuracy at the frequency
shown on the CIRCUIT card, If the heading card was a TREE card, Sub-
routine FINE need not be called because it is assumed that the user has
gupplied the tree. The format of the circuit description data accepted by
Subroutine READ is considerably different from that accepted by Subroutine
NASAP. This is because Subroutine READ is designed for a user who has
some knowledge of flowgraph theory vyh:.le Subroutine NASAP is designed
for the user interested primarly in the Transfer Function rather than the

method of analysis.
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CIRCUIT cards have the form:
CIRCUIT (Frequency)
CIRCUIT and TREE circuit description cards have the form

NAME /DEPENDENCY (ORIGIN-TARGET) = VALUE UNITS
(note that DEPENDENCY and UNITS are optional quantities)
Circuit Description Data is deseribed in detail in Sec. 4. 2.

1. The first step 1in Subroutine READ is to reset a number of control
variables. Then 1f this is g CIRCUIT card (TREE=1), the default frequency
is set to 1.0, and Subroutines ASCAN and NUMBER are called to scan the
CIRCUIT card for the frequency enclosed in the parentheses, if the frequency

cannot be found, the appropriate dlagrnostic 1s printed.

2. The next card is read and Subroutine SHIFT 18 called to eliminate
blanks and commas, Ifthe card is completely blank or if it starts with

the letters PL, the appropriate diagnostic 1s printed and step 2 is performed
again, If the card starts with END, control returns to the calling program.
If there are more than 50 elements, the appropriate diagnostic 1s printed.
The TYPE and GENER entries for this element are reset to 0 and the CARD
and DEP entiries are filled with blanks,

3. The following tests are performed on the first 2 characters in the
card buffer {Common block A}

a, If the first character is F or J, an active source 1s assumed,
Its GENER entry 1s set to 1, If the first character 15 E, its TYPE entry is
set to 1 also to indicate thaf it is part of the tree.

b. If the first character 1s R, L, C or D, and if the second letter 1s
F, the TYPE entry is set to 1. If the first letter 1s D, the GENER entry
is set to 1 (to show this 1s a dependent source). Unless TREE is 1 (i.e.,
unless no user iree is supplied) and 1f the second letter is not E or J
{branch or link) a diagnostic 1s printed and the second letter is set to J.

c. If the first letter is V or I, 1t 18 assumed that because the user

omiited the END card from the circuit description the flrst Ouiput Request
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was read by mistake., Thus, TAG 1s set to 1 to show that the first Output
Request 1s already in the buffer. A diagnostic is printed and control returns
to the calling program.

d. If the first letter is P, it is assumed that a PLOT card has
mistakenly been placed in the circuit description. Therefore, a diagnostic

18 printed and control passes to step 2 to read a new card.

If none of these tests is true, the first letter is set to R and processing

proceeds as if test 2 were true.

4. Subroutine ASCAN is called to find the element name. If it 18 more
than 12 characters long, a diagnostic i1s printed. In the case of an element
whose first letter is not D, if the first character after the name is not a
left parenthesis, a diagnosiic 1s printed and step 2 gains control to read a
new card. In the case of an element having D as the first letter, a diag-
nostic is printed 1f a slash 1s not found after the element name. The
element name 1s then entered into the CARD array. A check 18 performed
of this new name against all the previous names in the CARD list (DO 17).
If a match 1s found, a diagnostic 1s printed and the program attempts to
replace the latest name with another one based on the value of the counter
NR. Up to 10 duplications of a name are allowed. If more than 10 have
occurred, the ERR flag 1s set,

5, If thig element 1s not a dependent element (1. e., the first character
is not D), step 5 is not performed. Otherwise Subroutine ASCAN is called
to extract the Dependency Name. If the character following the Dependency
Name is not a left parenthesis, a diagnostic is printed and control passes
to step 2 where a new card is read. If the first letter of the Dependency
Name 18 not V or I, a default is assigned and a diagnostic is printed, The

Dependency Name is then entered into the DEP array.

6. Subroutine ASCAN is called once to extract the Origin number which
18 then entered into the ORIGIN array and then again to obtain the Target
number which is entered into the TARGET array. In either case, 1f an
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error i1s detected (FLAG = 1) or if there are more than two digits in the
Origin or Target flelds, a diagnostic is printed and step 2 gains corirol
to read a new card. If the Origin or Target number 15 0, a diagnostic is
printed and the number i1s changed to 99. If the appropriate characters

are not found after the Origin or Target nodes, diagnostics are printed,

7. Having reached this point an element 15 now entered permanently into
the list of elements by inerementing NE, the number of elements, NNODES
and INODE, the maximum and minimum node numbers, respectively, are
set, Subroutine BSCAN and NUMBER are then called to obtain the element
value. The characters following the Value field are checked to determine

if a Units field 1s present. If it 1s not the one (that is, if the next character
is blank), then the value in VPATH i./s not modified. Otherwise the value

18 multiplied according to the following units

PF! 10 -12 K- 103 ME 1078

M 108 MH: 1078 MMF: 10712

MMH. 1078

Subroutine UNITS is called to write out the units detected. Then control

is transferred to step 2 to read another card.

In general, Subroutine READ 1is fairly folerant of mistakes in
circuit description data. Diagnostics are printed whenever reasonable

and defaults are supplied whenever possible.

After Subroutine READ returns to the Main program, Subroutine
FINE 1s called to build a tree, if the heading card was a CIRCUIT card
(TREE = 1). Essentially, the logic of building this tree 1s to take the user
supplied frequency (written on the CIRCUIT card) and to evaluate the
impedance of mduc;tlve and capacitive elements according to,

- 1 -
X = ]J—w?IXL—IJle
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All elements are then ordered by thelr Impedance magnitudes and the tree
18 built from elements having the lowest impedance, since these elements
have the closest approximation to the impedance of a voltage source (i.e.,
0 ohms). The value 9.9 x 1030 is uged to repregent » (1. e., the impedance

of a current source).

1. The first step in Subroutine FINE is to evaluate the impedance of
each element (DO 1} and to store it in the array Z. The elements are then
reordered by increasing values of Z. (DO 4)., The number of nodes in the
circuit is found, taking into account the possibility that they may not be

numbered consecutively (DO 40).

2. All the TAGs are imtially reset to 0 (to exclude all elements from
the tree). The first element is then entered into the tree immediately.
Then the elements are added to the tree one by-one, each time checking
that the added branches do not conform to closed loops (i. e., that it always
remains a tree). As soon as all the nodes are connected, the ordered list

of elements is printed and control returns to the calling program,

In this fashion, as many low impedance elements as posgible are
included in the tree according to the operating frequency defined by the
user, Thisg tree 1s more likely to result ina larger computation time and
a greater number of First Order Loops in the Flowgraph when the Transfer
Function 1s calculated. Thisg is offset, however, by increased accuracy in

the Transfer Function.

4,2,.3 The Transfer Funcf:ion4

Evaluation of the Transfer Function involves calculation of the
current equations for the circuit described employing the tree which has
been gupplied either by the user or derived by the program. From the
current equations calculated by Subroutine CALC, Subroutine GRAPH builds
the Flowgraph except for the closing transmittance. Each time a Transfer

Function Request appears, Subroutine WHAT is called to obtain the closing

4-16



transmittance and Subroutine LLOOPS 1s called to evaluate the Transfer
Function from the loops in the flowgraph according to the Shannon-Happ
formula. Finally, Subroutine ANSWER 1is called to normalize the Transfer

Function and to print it.

The process of evaluating the Transfer Function involves the
manipulation of individual bits in a word. The bit manipulation words are
stored in an array of 3000 words 1n Common block BITS. In addition, these
words are handled in blocks of varying size depending on the current value
of NTIMES. For instance, 1f NTIMES 1s three, the blocks consist of three
words each., Furthermore, the various routines involved in calculating the
Transfer Function address the array in BITS differently. In order to
facilitate the addressing and manipulation of these words, a set of six Bit

Mampulation Utilities are provided.

1. Subroutine EQUAL (I, J, N, NTIMES) performsg operation N (see LOR,
LOX, LSTdR) on the blocks of bits 1dentified by I and J and puts the result
into block I. The size of the blocks 1s given by NTIMES (the number of
words per block) while different addressing techniques are used depending
on the signs of I, J and NTIMES
- a. If NTIMES 1s positive and I, J are positive, then they refer to

the I*P and Jth plocks 1n the BITS array.

b. If NTIMES 18 positive and I, J are negative, then they refer to
the I+ 100t and J + 100™® blocks,

c. If NTIMES is negative and I, J are positive, then they refer to
the I and 3t blocks from the high end of the BITS array.

d. If NTIMES 1s negative and I, J are negative, then they refer to
the Ith and Jt® blocks in the BITS array as 1n case a.

2. Function LOR(I, J) performs a full-~word logical OR on I and J and
puts the result in I.

3. Function LOX (I, J) performs a full word logical AND on I and J and

subtracts the resul’c‘ from both I and J.
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4, Function LSTOR (I, J) sets I equal to J.

5, S{lbroutine UNPAK(I, J, NN) takes the block of bits identified by I

{according to the same scheme as Subroutine EQUAL) and searches them
starting at bit 1 and proceeding as far as bit NN. When the first 1 bit 1s
found, Function LOX 1s used to reset it to 0 and the position of this bit is

returned in J. If no 1 bits are found, J gets the value O,

8. Subroutine INBIT(I, J, NTIMES) takes the block of hits identified by
I (according to the same scheme as Subroutine EQUAL) and sets the bit in
position J to 1, If Jis 0, all the bits in block I are reset to 0,

hl

All the Bit Manipulation Utilities use only the low order 30 bits of
a word. Thus onthe IBM 360, the settings of the two high order bits are
1gnored throughout the bit mampulations, Subroutine EQUAIL uses Functions
LOR, LOX and LSTOR to perform certain operations. For further infor-
mation on Functions LOR and LLOX see Sec. 4. 4.

Subroutine CALC is called by the Main program after the Circuit
Description Data has been successgfully analyzed. CALC calculates the
current equations using Kirchhoff! 8 equations. At the same time the
validity of the tree is checked. If the tree should prove to be invalid, a
diagnostic 1s printed, the ERR flag 18 set, and control returns to the Main

program,

1. Upon entry to Subroutine CALC a page 1s skipped and NTIMES is
set according to the number of elements in the circuit (NE), NTIMES is
increased by 1 for every 30 elements, 1.e., each bit represents 1 element,
The arrays NEL (Number of elements at node I), NBR (number of branches
at node I} and the LINKS array (the Bit mampulation array in Common
block BITS) are reset to 0. Then the NEL array is filled with the number
of elements at each node, the NBR array is filled with the number of (tree)
branches at each node, NB gets the number of branches in the tree, and

by means of Subroutine INBIT, the LINKS array is set up as follows
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(DO 1) Each block in the LINKS array represents a node. Each bit in the
block represents an element not in the tree (1. e., a link). Blocks inthe
lower half of the array represent links leaving the node corresponding to
that block., Blocks in the upper half of the LINKS array represent links
arriving at the node corresponding to that block, Thus, each node has

two entries in the LINKS array, one entry in the lower half of the array
containming links directed away from the node, and one entry in the upper
half of the array contalmng links directed towards the node. For example,
1f node 2 of g circuit has elements 1 and 2 directed away, element 1 being
a voltage source (1. e,, part of the tree), and element 3 directed towards,
then block 2 of the LINKS array has bit 2 set while block (2+100=102) has
bit 3 set.

2. The next step 1s to set up the NS and NQ pointers for the BRANCH
list while checking the validity of the tree (DO 2}, The BRANCH hst5
containg the branches connected to each node, positive if the branch is
directed towards, negative if the branch is directed away. NQ(I) points
to the beginmng of the list of branches for node 1. For example, 1f node
1 has three branches and node 2 has tW;) branches, then NQ(1) =1,

NQ(2} = 4, NQ(3) = 6. The number of nodes, NN, 1s also counted at this
time, If any node has no elements comnected to it, the node numbering
was not sequential so a warning 1s printed. If any node has only one

element connected to i, the ERR flag 1s set.

t

3. The number of branches, NB, 1s checked against NN, the number
of nodes. For a legal tree NB must be exactly equal to NN-1. If this is
not true, an appropriate diagnostic is printed and the ERR flag is gset. At
this point, a test of the ERR flag 1s performed, if it has been set, control
returns to the calling program. Otherwise, the BRANCH list is filled
(DO T) as described in step 2, using NS as a set of temporary pointers.

4, This step performs the actual solution of the current equations

which are now contained 1in the BRANCH and LINKS arrays. Each node
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in the circuit has associated with it a current equation. The object 18 to
express the current in each branch in terms of the current in the circuit
Iinks. Since there 1s one less branch than the number of nodes, there is
an independent equation for each node except one., Thus, the equations of
nodes with more than one branch are gradually reduced until each equation

has only one branch, The solution 18 then complete.

The first step is to find a node with one branch (i.e., the first cut

set) and the first node with more than one branch.

If none can be found, all the equations that could be reduced have
already been reduced. If this 1s not every equation, the ERR flag is set,
a diagnostic listing the nodes remaining to be reduced is printed, and
control returns to the calling program. Otherwise, the remaining multi-
branch nodes are checked against the single branch node just found and
Subroutine EQUAL 18 called to erther add or subtract the relevant equations
(DO 26). The branch 18 removed from the Hst of branches at the multi-
branch node and when all reductions have been performed, the single node
associated with this branch is reset (1. e., NBR is reset to 0) to show that
all possible reductions with this branch have been performed. Step 4 is
repeated until every equation has been reduced (NBR(I) are all less than

or equal to 1).

5. The current equations are printed by searching the BRANCH list
for non-empty entries (1. e., where NQ(I) # NQ(I+1l)). When one ig found,
the branch is printed out along with the words from the LINKS array
which constitute the current equation. For instance, the equation:

;=4 -1

would be printed as
3 2 16
Thig 1list is essentially for debugging purposes. After the current equations

are printed, control 1s returned to the calling program.
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The next step in Transfer Function evaluation i1s the construction of
the Flowgraph, This is performed by Subroutine GRAPH which storeg the
Flowgraph is Common Block PATHS.

a. On receiving control, Subroutine GRAPH 1mtially resets NPATH,
the number of paths (or transmaittances) in the flowgraph, to 0.

b. A Flowgraph transmittance 1s inserted for each element which
18 not an independent source (DO 100}, If the element 18 passive, then the
transmitiance represents an mmpedance (if the element is a branch) or an
admittance (if the element is a link). NPATH 1is incremented, the S entry
1s reset and LPATH is assigned. LPATH(I, 1) 1s the origin node of trans-
mittance I, LPATH(I, 2) 1s its target node. Nodes with a number less than
or equal to NE are the current nodes, nodes between NE+1 and 2xNE are
voltages nodes. Thus if element 3 18 an 1mpedance, in a 10 element circut
its transmattance goes from node 3 to node 13 (i.e., the voltage node depends
on the current node since V = IR) and there are 20 nodes in the Flowgraph.
Admittances go from voltage to current nodes. A series of tests is per-
formed on the element-

a., Ifit is a resgisgtor branch, its VPATH value 18 unchanged, and
its S value 1s 0 (Since it 18 not frequency dependent).

b, If the element is a resistor link, its admaittance 1s ﬁ’%’fﬁ .

¢, If it 1s an inductor branch or capacitor link, its S value 15 1 and
its VPATH value is unchanged since XC = sL:and Yec = sC,

d., If it 18 an inductor link or capacitor branch, its S value 18 -1

_ 1 _ 1
and its VPATH value 18 1nverted since YL = 3L and XC— 5C -
3. If the element 1s a dependent source, a search of the list of element

names in CARD is performed (DO 17) to find the name of the controlling
element in DEP. If the element is not found, a diagnostic 1s printed and
the element is treated as an independent source. Otherwise a transmittance
18 1nserted from the voltage or current node of the controlling element
(according to whether voltage or current dependence hag been requested) to
the voltage or current node of the dependent 8ource (according to whether 1t

1s a voltage or current source),
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4. Having completed thé transmittances due to the elements, step 4

(DO 1} 1nserts the transmattances due to current and voltage equations,
Although only thé current relationships have been calculated, the voliage
relationships may be easily obtained from them by a simple rule If there

1s a current transmittance between two current nodes there is a correspond-
ing voltage transmaittance between the two corresponding voltage nodes.

The direction of the voltage transmittance is opposite to that of the current
iransmittance. If it connects the nodes of two passive elements or two

sources, 1ts sign is opposite to that of the current transmittance.

1 B
.IC.-L - 3 3
40 5 6

Frgure 4 3
For example, given the current relationships of Flowgraph (Figure 4, 3)
the voltage relationships may be easily determined as shown in (b}). These

Flowgraphs represent the current equations

Thie method 18 1mplemented by searching the BRANCH list for
non-empty entries. For each non-empty entry, which represents a branch,
Subroutine UNPAK 18 used to search the corregponding LINKS (alias LBITS)
entries for 1 bits. The lower half is searched first for positive links, and
when UNPAK returns 0 indicating there are no more 1 bits 1n the word, the

search 1s switched to the upper half of LINKS which contains negative links.
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The transmittances are inserted two at a time (1. e., both current and
voltage transmittances are added simultaneously). The S value of these
relationships i1s 0 since they are obviously not frequency dependent, The

VPATH values are either +1 or -1 determined as described earlier.

5. Having completed the Flowgraph {except for the unknown trans-

mittance) control returns to the calling program,

_ The Flowgraph resides in Common block PATHS until a Transfer
Function Request is read. Subroutine WHAT 1s called by the Main program
to obtain the closing (unknown) transmittance by analyzing the Transfer

Function Request which is i1n the form

~

TYPE NAME 1 / TYPE NAME 2

Subroutine WHAT makes use of the Card Scanning Utilities described in
Sec. 4.2.2.

1. Upon receiving control, Subroutine WHAT copies the Flowgraph
from 1ts permanent storage in Common block PATHS into an array in
Common block BITS (DO 18). Subroutine ASCAN 18 then called to find the
slash which divides the Output field from the Input field. If none 1s found,
the BERR flag is set, a diagnostic i1s printed and control returns to the
calling program., Otherwise the CARD array is searched (DO 2) for the
name in the Output field of the Transfer Function Request. If it is not
found, a diagnostic is printed, the ERR flag 1s set, and control returns to

the calling program,.

2. If the first letter in the Output field (TYPE NAME 1) 18 not V or I,

a diagnostic 1s printed and defaults are assumed 1if the element 18 a branch
the default 1s I (since a branch has independent current), for a link, V 1s
assumed., The unknown transmittance is connected from the voltage or

current node {(according to the V or I) of the element in the Output field.

3. In a procedure similar to steps 1 and 2, Subroutine ASCAN is
called to find the blank at the end of the Input field. If the blank cannot be
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found, the error return is taken. Otherwise a search 18 made for the

element name (DO 10), defaults are used for V or I, if necesgary, and the
transmittance 18 connected to the voltage or current node of the element in
TYPE NAME 2. Subroutine WHAT then returns control to the calling pro-

gram.

Subroutine WHAT makes no check on the validity of the Transfer
Function Request, Only syntax and the legality of the element names are

checked. For example,

VR2/VVT could be a valid request but
VR2/IVT 1s not, because the voltage across V7 ig an independent
variable but the current 1s not. The Transfer Function resulting from the

second example will be 0 or meanmngless.

After Subroutine WHAT has returned control and the Main program
has inserted the Flowgraph in bit representation in Common block BITS
using Subroutine INBIT (DO 18), Subroutine LOOPS6 gains control fo
perform the actual calculation of the Transfer Function from the flowgraph

according to the Shanmon-Happ formula-

1~ le-FEL2~ZL3+ =0

where the Ll represent the sums of the values of the loops of order i, A
loop of order 1 (First Order Loop) 1s a Simple Directed Loop defined as a
closed path consisting of a sequence of transmittances taken in the direction
of the arrow. The sequence must be taken such that no node is traversed
more than once in the closed path. The value of the directed loop is the
product of the transmittances forming the directed loop. An N2 order

loop 18 composed of N digjoint First Order Loops, that is, none of which
have any nodes in common. The value of an N order loop is the product

Nth

of the N First-Order Loop values comprising the order loop.

In order to illustrate the operation of Subroutine LOOPS the example
Flowgraph shown in Figure 4.4 18 employed.
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Figure 4 4

Note that the transmittances joining nodes 1 and 2, and nodeg 6 and 7 have
the same sign. This flowgraph is8 represented in the LPATH, VPATH and

S arrays of Common block BITS, as shown

I LPATH(I, 1) LPATH(, 2) VPATH(I) S(1)
1 2 7 0 - 0
2 8 3 0.1 0
3 7 9 10 0
4 5 10 10 1
5 1 2 1 0
6 7 6 1 0
7 3 2 1 0
8 7 8 -1 0
9 3 4 1 0
10 9 8 1 0
11 1 5 1 0
12 10 6 1 0
13 6 1 1 1000
NPATH = 13
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In addition, the information stored in the LLPATH array is also
stored in Common block BITS (array LOOP) in a different form.

I LOOP()

3000 22 127 = 132 (Since NTIMES = 1, each
2999 28 + 23 = 264 transmittance and each loop
2998 .?.7 + 29 = 640 is contained in only 1 word.)
2997 2° + 20 = 1056

2996 21 +22 =6

2995 2" +2% - 100

2994 23 + 22 =12

2993 2" +28 = 384

2992 23 + 24 = 24

2991 29 + 28 =768

2990 ot +2° = 34

2989 210 + 26 = 1088

2988 26 + 21 = 66

Subroutine LOOPS receives these data as input and using the
Shannon~Happ formula, the Transfer Function 18 calculated and stored in
the VN array in Common block CIRCIT. VN(I, 1} 1s the value of the
coefficient of the (I - 51th) power of S 1n the denominator. VN(I, 2) is
the negative of the value of the coefficient of the (I - 51%h) power of S 1n
the numerator. SMAX(J) and SMIN{J)} are the highest and lowest powers
of 8 1n VN(I, J). For example, a Transfer Functlon such as 1—_'_%2—5—

would be stored as

SMAX(1) =1  SMIN(1) = DO VN(51, 1) =1 VN{52, 1) =2
SMAX(2) =O  SMIN(2) =0 VN(51, 2) = -1

The LOOP array is used 1in two ways: the low end ig used to store
First Order Loops and Higher Order Loops during evaluation; the high

end is used to store the Flowgraph Transm1ttances.5 Thus, as data are
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removed from the high end and transformed, it is reinserted into the low
end. Other important variables used in Subroutine LOOPS are the arrays
V and LS which contain the values and powers of S of flowgraph loops.
These arrays are in Common block SPEED which is used elsewhere as
workspace. Subroutine CLEAR 18 used to remove transmittances which

have been marked deleted (1. e., LLPATH (I, 1) = 0) from the list of paths,

1, The first step in Subroutine LOOPS performs initialization by
resetiting important program variables to 0, NN, the number of flowgraph
nodes ig set to 2 x NE (the number of elements) since each element has 2
nodesg (voltage and current) in the flowgraph, NLOOP, the number of loops
is reset to 0. VN(51, 1) 1s set to 1; this 15 one 1 of the Shannon-Happ
formula. The NODE(J) and COUNT(J) arrays (which contain the number

of transmittances arriving at and leaving node J) are set up (DO 1).

2. The first step in the algorithm 1s the elimination of all nodes
having only one transmuatiance directed away (1. e,, COUNT = 1) since
every transmittance entering this node must ultimately exit through the
one leaving transmittance, This transmittance is attached to the end of
each entering transmuttance (DO 3) by changing the terminating node
(LPATH(], 2)) and calling Subroutine EQUAL to ! OR! 1n the bits common
to both paths. The leaving transmittance 1s then deleted (LPATH(I, 1) =0).

At thig pownt the data for the example flowgraph would appear as follows

I  LPATH(I, 1) LPATE(,2) VPATH(D) S(I LOOP(3001-I)

1 0 7 10 0 22 4o

2 0 3 0.1 0 23 4 9%

3 7 3 1 0 2 12T 498 4 9°
4 0 10 10 1 2 + 1"

5 1 7 10 0 2l 4 z2 X

6 7 1 1 1000 1 + 9% 4 27

7 3 7 10 0 22 +2° 49T

8 7 3 0.1 o0 23 + 27 28
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I LPATH(L, 1) LPATH(I 2} VPATHI) S3(I) LOOP(3000-I)

9 3 4 1 0 23 + 24
10 0 3 0.1 0 2% 428 427
11 1 1 10 1001 1 + 25 + 26 + 210
12 0 6 1 0 26 + 210
13 0 1 1 1000 2%+ 28
NPATH = 13 NLOOP = 0.
3. A check is now performed (DO 6) for First Order Loops that may

have been created. These are recogmzed by having identical LPATH
entries (1.e., LPATHK(I, 1) = LPATH(I, 2), e.g., entry 11 above). Each
time one 1s found, it is stored in the lower half of the LOOP array by means
of Subroutine EQUAL and its value is stored in V and LS. NLOOP 18
mcremented. The LPATH entry is marked deleted and the loop is printed,
(as a debugging aid), The DO 11 then marks all nodes which have only
leaving or only arriving transmittances ag deleted since they obviously
cannot be contained i1n any loops. (Entry 9 in the example). Subroutine

CLEAR is called to remove deleted entries. Now the data looks like this:

LPATH(I, 1) LPATH(L, 2) VPATH() S(I) LOOP(3001-1)
3 .7 .8 .9

=

i 7 3 1 0 2" +2 +2 +2
2 1 7 10 0 ol 422 4 o7
3 7 1 1 1000 2% +2%+ 27
4 3 7 10 0 22 + 23 + 27
5 7 3 -0.1 0 23 + 2'7 + 28
I LOOKI) v (1 LS(D)
1 214-25-[-26+210 10 1001
NPATH =5 NLOOP = 1
4, If the number of paths remaining (NPATH) 1s 0, this step i1s not

performed. Otherwise this step combines the remaimng paths to generate
more First Order Loops. The method is to combine path 1 with path 2 if

possible. If this combination 1s a legal loop, it is stored in the low end of
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LOOP, Ifit1s a legal path, It is combined with path 3 and testing continues.
If 1t is not g legal path, the combingtion 1 and 3 is tested. After the com-
bination of 1 and NPATH has been tested, the procedure begins again with

2 and 3, 2 and 4 and so on until NPATH -1 and NPATH 18 reached. During this
procesgs all paths are kept in LPATH and the high end of LOOFP ORDER{1)

18 the number of the current transmittance which 18 being tested against
ORDER(2). The ORDER(I} contains the numbers of all the paths from 1 to I

being tested. The testing consists of the following:

a. The beginmng node of the first path i1s checked against the
ending node of the second, Ifthey are not the same, they cannot be
combined (e. g., entries 1 and 3 in the example), so the test fails,

b. The two blocks in LOOP are ANDed and Subroutine UNPAK 1s
called to find the nodes that are common to both.

c. If the ending node of the first path is not the same as the
beginning node of the second, this cannot be a loop but it might be a new
legal path so test 1s performed.

d. If N3 15 non-zero, there are more than two nodes in common
so this cannot be a legal combination - the test fails.

e, If the nodes 1n common (N1, N2) are the beginning and ending
nodes of the two paths, this 18 a new First Order Loop. It is ingserted by
mcrementing NLOOP and calling Subroutine EQUAL.

f. If more than one node 18 1n commeon (N2, N3 = 0), thig cannot
be a new legal path so the test fails, Otherwise Subroutine EQUAL is
called to insert the new path and I 18 incremented so that testing will
continue with this latest path.

This step ends when ORDER(1), the pointer to the lowest level path, 1is
pownting to NPATH, the last path.

In the example the following results are obtained from applying
these tests.
’ a, 1and 2 from a new legal path., This cannot be combined with
"3 because node 7 18 traversed twice, 1 and 4 however produce a new First

Order Loop.
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b. 2 and 3 form a new First Order Loop.
c. 3 and 4 form z new path. This new path cannot be combined
with 5 because node 7 is traversed twice.

d. 4 and 5 form a new First Order Loop.

Now the data has been changed to First Order Loops.

I LOOP(I) V(D) L.S(D) NLOOP = 4
1 +2 5+2 6+2 10 10 1001

2 2249949 7498,9% 10 0

3 21 +26+27 10 1000

4 2+2 +27+28 ~] 0

These First Order Loops may be easily verified by examining the
Flowgraph. Notice that the order of the nodes in the loops is i1rrelevant

for the purposes of the program.

5, The values of the First Order Loops are now entered (DO 25) wnto
the Transfer Function array VN according to the Shannon~Happ formula.
Tagged values (LS > 500) have the tag of 1000 subtracted and are then
entered into the numerator VN(I, 2) instead of the denominator VN(I, 1).
The number of First Order Loops is then printed and the calculation of

Higher Order Loops is ready to begin.

8. The procedure for the generation of Higher Order Loops is
esgentially the same as that for generating First Order Loops described
in step 4; that 15, loop 1 is compared with loop 2. If thig creates a new
Higher Order Loop, then the value of the new loop is entered into the VN
array and it 1s checked against loop 3 for the possibility of a still higher
order loop. When all combinations with loops 1 and 2 have been tried,
combinations of 1 and 3 are tried, then 1 and 4 and so on until 1 and
NLOOP. Processing then continues with 2 and 3, 2 and 4 and so on. As
before, ORDER(1) points to the lowest level loop so that each time it is

imeremented it 18 written out, thus serving ag a guide to how much
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processing remains to be done. {(Since this step is often the most time
consuming part of the entire NASAP program, this information 1s very
useful). As soon as ORDER(1) 18 equal to NLOOP, processing 18 complete
and control returns to the calling program with the Transfer Function now
in array VN. In the example, Higher Order Loop evaluation would proceed
as follows

a., 1 and 2 form a Second Order Loop, its value 18 entered

(10081001

) and 1t 15 checked against 3 (farlure, i.e., M1 = 0 because nodes
1, 2, 6, T are common to both) and 4 (fatlure).

1001
)3

Then 1 18 checked against 3 {(failure) and 4 (success, value -10s

b, 2 and 3 fails, 2 and 4 fails.
c. 3 and 4 fails,

In geveral places, instead of mamipulating entries i1n LOOP by means of
Subroutine EQUAL, the mampulations are performed directly in Subroutine
LOOPS by means of the Equivalence array LOGIC (See Sec. 4.4), This 1
because in frequently executed statements the time required for execution
of the subroutine Iinkage becomes significant, This 1s especially true 1n
the ANDing of Higher Order Loops which can inerease rapidly with the

number of First Order L.oops.

With the Transfer Function now in array VN, Subroutine ANSWER

is called to format the raw form in VN, normalize i1t and print 1t out.

1, Upon entry Subroutine ANSWER writes the page heading on the
output, Then VM, the array containing the Function after normalization,
1s created (DO 2).

2. The arrays NEXP (contaimng powers of S), AS and ASIGN (con-
taimng arithmetic signg) are created (DO 40).

3. The arrays are written out (except for zero coefficients) and the

line dividing numerator and denominator is printed to the proper length.
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4, Finally the factor after normalization is printed., (Also, as a
debugging aid, the original VN array is printed), Control then returns to
the calling program. This completes the description of the basic NASAP-70
Transfer Function algorithm. The routines described may be modified by
the addition of other options {particularly the Sensitivity and Worst Case

option). Nevertheless the basic algorithm remains the same.

4,2,4 Sensliivity and Worst Case

The Sensitivity and Worst Case option involves additions to the basic
algorithm for finding the Transfer Funcition, The bagic formulas used for
evaluation of the Sensitivity Function, Worst Case Tolerance and Pole

Sensitivity are-

FORMULAS USEDTg

SENSITIVITY FUNCTION

P _d(LnP) _ H(P',Q) H(P, Q)

S

Q dim@) = H(P " TH(P)
_H@HP, Q) - (HP) H(P,Q)
H(Pr) H(P)
WORST CASE TOLERANCE
¢ 1/2
T_ = 95’——@2+---+83Q2 Q = circuit element val
P = an J BQn n C u ement value
or
n 1/2
TP/P = E gf dau P = dummy transmiitance
1=1 Q1 Ql
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POLE SENSITIVITYS

B gD
EAE
~= [C(3) +KD(S)] S=5
as i
MB—@ K=circuit element value, and
C(S)+KD(8) * ’
where Transfer Fn= or Sl= a pole
_ QH(P,Q)
58—8— [EH(P)] S=Si

In response to reading a card following the Circwmt Description and
before the first Output Requests section, beginning with the letters SENS,
Subroutine SENSIT is called. If the card begins with WORS Subroutine
WORST 1s called. Subroutine SENSIT and WORST make use of the Card

Scanming Utilities described in Sec. 1.2, 2,

Subroutine SENSIT processes Sensitivity Request cards which have
the form;

SENS[ITIVITY] = Element Name

1, Upon entry Subroutine SENSIT calls Subroutine ASCAN to find the
equals sign. If one 1s not found, a diagnostic is printed and step 5 gains

control to read a new card.

2. A search of the CARD array is performed (DO 4) in order to find
the Element Name. If it i8 not found, a diagnostic is printed and step 5

gains control,

3. Otherwise the element 18 rejected with a diagnostic if 1t is an
independent source, if more than 20 Sensitivily Requests have been made,
or if it is another Sensifivily Request for the same element, and step 5

gains control.

4, Having passed all these tests the element is mserted in the list of
Sensitivity Requests by incrementing NSEN, the number of Sensitivity
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Requests and by assigning a TAG value to the SENS entry for this element.
NSEN, SENS and TAG are in Common block GAG. SENS(I) contains the
value of the sensitivity tag assigned to element I from the list of 20 tags,
TAG, These tag values are used later to identify various loops during the
evaluation of Higher Order Loops in Subroutine LOOPS, and Subroutine
REDUCE.

5. A new card 1s read and Subroutine SHIFT 18 called, Ifit is not a
Sensitivity Request card control returns to the calling program. Otherwise

the card is printed and step 1 regains control to continue processing.

If Subroutine WORST is called, Sensitivity Requests are ingerted
for each valid request. Thus, if more than 20 Sensmitivity Requests results
NFLAG is set and the Worst Case Request is ignored.

1. Imitially Sensitivity Requests are inserted for gll valid elements
(1. e., not independent sources) inthe DO 1, This 1s done by inserting a
TAG value 1 SENS(I} for element I,

2, If the number of Sensitivity Requests resulting 18 greater than 20,
NFLAG, an error flag internal to Subroutine WORST, is set and a diag-
nostic 18 printed. Otherwise, NWORST, the flag which indicates the Worst
Case option has been requested, 1s set, and the TOL(I) array which contains

the Tolerance value for element I 1s mitialized to 0. 1.
3. This step looks for cards of the form
TOL: = Element Name = Value,

A mew card Is read and Subroutine SHIFT 1s called. If the card begins
with TOL and NFLAG # 1 (which would indicate that Worst Case analysis
has been aborted) then Subroutine ASCAN is called to find the element
name which is checked against the list in CARD. If there is no matching
element name a diagnostic is printed and step 3 is repeated. Otherwise
Subroutine ASCAN and NUMBER are called to determine the Tolerance
Value which 1s inserted in TOL(I) for element I. Then step 3 is repeated,.
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If NFLAG is 1, the Tolerance Cards are read in step 3 but no other action

is taken.

4, If step 3 encounters a card not beginmng with TOL and NFLAG 1s
not 1, the table of Tolerance Values is printed, Control then returns to

the calling program.

Once the Sensitivity Tags have been inserted in the SENS list then,
as the Flowgraph 1s built by Subroutine GRAPE, the tags are inserted in
the S array for each Flowgraph transmittance. Then, in order to write
out the correct power of S for each Flowgraph transmaittance, these tags
must be temporarily removed. This 1s done by calling Subroutine REDUCE

for each transmattance before 1t 18 printed by the Main program.

Subroutine REDUCE (I, J, K) removes the tags from the S or LS
array. I 1is the entry inthe S or LS array. J is the true power of S
returned by Subroutine REDUCE after all the tags have been removed. K
15 set to 1 if the entry does not contain the dummy transmittance and to 2
1f it does.

1. Upon entering Subroutine REDUCE, K is set fo 1 and J 18 setto 1,
If no Sensitivity Requests were made (NSEN = 0) and step 3 gains control,

2, If Sensitivity Requests were made, these tags are removed in the
DO 1 loop. Since the Sensifivity Tags start from 2000 and go up, and
gsince it 18 necessary to remove the largest tags first, the DO 1 loop is
executed from L = 21 ~ NSEN to 20 and 21-L 18 used as the index of the
TAG array. For example, 1f fwo elements are tagged M=21-2=19 then L
goes from 19 to 20, i.e., 21-L goes from 2 ro 1. An eniry contains a tag
if the value (with all hagher tags removed) 18 greater than the tag less 500,

If it 18 greater, the tag is subiracted and the search continues.

3. J 1s checked for the presence of the unknown transmittance tag
(1000), Thus if J 18 greater than 500, 1000 1s subtracted from J and K

15 set to 2.
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Processing continues as normal until the gteps in Subroutine LOOPS
which insert values of First and Higher Order Loops into various arrays.
The method of inserting values into VN, the Trangfer Function array, has
already been described (Sec. 4. 2.3). The Sensitivity Functions now involve
three additional arrays: VNOO, VNO1 and VNI10 which represent -H{P, Q),
H{(P,Q) and -H(P, Q) in the formulas described previously in this section.
The insertion of these values is performed by DO 978 and DO 798 1n Sub-
routine LOOPS. Subroutine REDUCE 1s called to extract the pertinent tags
and the values are inserted in the correct Sensitivity Function arrays based
on these tag values, Thus, when Subroutine LOOPS returns control, not
only has the Transfer Function been ingerted in VN, but also the Sensitivity
Functions have been entered into VN0OO, VNOI andVN10,

After Subroutine LOOPS has returned and Subroutine ANSWER has
printed out the Transfer Function, if NSEN is non~zero (indicating the
presence of Sensitivity Functions) then Subroutine SENSC is called.

Subroutine SENSC forms the Sensitivity Functions from polynom:als
produced by Subroutine LOOPS, The Sensitivity Function 1s equal to

H(P) H(P,Q)-H(P)H(P, Q)
H(P) H(P)

where the H functiong are stored as follows

P . VN{I, 1) HP, Q) : VNOL(, )
HEP) : VN(L2) -H(B,Q VNOO(I,J)

J is the element whose sensitivity is bemg found.

In many cases, H(P, Q) (VN01) ig D in which case the Sensitivity

Function reduces to

—H(f): Q)
H(P)

1. Upon entry to Subroutine SENSC, the DO 305 loop 1s executed for

each circuit element checking to see if it was tagged for sensitivity
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(SENS(I)=0). If it was tagged the following steps are performed, otherwise
the succeeding element is checked. When all the elements have been

checked control returns to the calling program.

2. The DO 306 loop determines the sensitivity number of the element
(I). Then the DO 701 loop checks the VNO1 array. If it is completely 0,
the sumplified formula above may be used so VNSEN, the array containing
the Sensitivily Function 1s filled with the appropriate coefficients (DO 703)
and Subroutine ANSWER is called to print out VNSEN.

3. If VNO1 is not completely 0, then the standard formula must be
used to compute VNSEN, Thus Subroutine MULT is called once to multiply
VN(I, 1) and VNOL(I, II) and again to multiply VIN(I, 2} and VNOO(I, I} and the
resuits are added, (DO 702) to form the Sensitivity Function numerator.
Then Subroutine MULT 1s called again to multiply VN(I, 1) and VN(I, 2) to
form the denominator and then Subroutine ANSWER 1s called to print
VNSEN.

Thus, upon termination of Subroutine SENSC, the information 1n
VN, VNOO, VNO1 and VN10 has been converted to a set of Sensitivity
Functions stored in VNSEN and VNO0O, VNOL and VN10 are no longer
needed, Subroutine SENSC (and also Subroutine WORSTC below) make
use of Subroutine MULT(A, B, C, MINA, MAXA, MINB, MAXB). Ths
Subroutine multiplies the two polynomials A, B and puts the result in C,
MINA, MAXA and MINB, MAXB are the mimmum and maximum powers
n polynomaials A and B. A, B,C are arrays of length 101 and the index 1s
51 plus the power of the term. Array C is reset to 0 before multiplication

ocecurs.

After Subroutine SENSC returns control to the Main program, the
mformation in VNSEN is copied from Commen block BITS into Common
block POLY. This 1s to release the area in BITS for use as a workspace
for use in later routines (e.g., the Plotter), If NWORST is non-zero, =a

Worst Case has been requested so the Main program calls Subroutine WORSTC.
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Subroutine WORSTC computes the square of the Worst Case Tolerance
function from the Sensitivity Functions and Tolerances for the elements.

This function becomes
ot/ 2

n dQ
P 1
T = 5 —_—
P/P izl ( Q1 Ql )

The Sensitivity Function for an element can be in one of two forms,

p &4 p Bis
S = == or S = com——=¢
Q =~ WD Q, = H®HE)

whére A(s) and B(s) are polynomials in S. Therefore two separate sums

dQl 2 in 2

are kept, one of [A (s) — and one of [B(s) ———] and these are
1 Ql 1 @ L

combined and put with the proper denominator to produce the square of

the function.,

1. Upon entry Subroutine WORSTC checks each element to see if a
Sensitivity Function exists for that element (DO 10). If a Sensitlvity
Function exists (SENS(I) # 0, then the Tolerance for that element (TOL)
is squared and Subroutine MULT is called to square the Sensitivity
Function numerator of that element (VNSEN(I, 2, J).

2. The denominator of the Sensitivity Function 1s now checked (DO 20)
to see if it is the same as the Transfer Function denominator, Ifit is,
the squared tolerance (TOL1) and the squared Sensitivity Function numer-
ator (VWORKN) need only be multiplied and added to VW1, Ifit is not,
NDEM 1s set to 1 and the result of the product is put in VW2.

3. If NDEM is 0, the simplified formula-

VW1
VN(I, 1)2

may be used, so VW1 18 put into the numerator of VW(DO 40) and Sub-
routine MULT is called to equare VN(I, 1) and enter it in the denomainator,
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VW(I, 1). If NDEM 1s non-zero, the standard formula

VW2 + VW1 x VNI, 2)°
VNG, 2)2 x VIN(E, 1)

must be used. Thus Subroutine MULT 18 called once to square VN(I, 2) into
VWORKN and again to multiply VWORKN and VW1 into the numerator of the
Worst Case Function VW(I, 2). Then VW2 1s added into the numerator

(DO 31). Finally Subroutine MULT 1s called to multiply VN(I, 1) and VN(I, 2)
into VWOKRN and again to square VWORKN mmto VW(I, 1), the Worst Case

Function denominator,

4, The maximum and minmmmum powers of S in the Worst Case Functions

are determined and control then returns to the calling program.

When Subroutine WORSTC returns control, the Main program calls
Subroutine ANSWER to print out the Worst Case Function,

The last subprogram of the Sensitivity and Worst Case option 1is
Subroutine POLSEN, This subroutine evaluztes the sensifivities of the
Poles of the Transfer Function {determined by Subroutine ROOTS described
in Sec. 4, 2.6) to varmations in a circuit parameter. Subroutine POLSEN is

called by the Main program when a card of the form
ROOTS, POLES

ig read. Subroutine POLSEN then analyzes the roots found by the preceding
call to Subroutine ROOTS.

i, If the Poles have not yet been found (NPOLES=0) or there 1s no
Sensitivity Request (NSEN=0), Subroutine POLSEN prints a dlagnostic and

returns to the calling program.

2. The derivative of the denominator of the Transfer Function 18
found (DO 5) and stored in VDERIV, This 1s evaluated at the Real and
Imaginary parts of the Poles and 1s stored mn C(Real) and D(Imaginary).
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3. For each element, tagged for Sensitivity Analysis, the numerator

of the Root Sensitivity Function, -QH(P,Q) (VN10) is evaluated at each

Pole and then Real and Imaginary points are stored in X and Y. The Real
and Imaginary parts of the Pole Sensitivity X/C(L) and Y/D(L} are evaluated

and printed.
4, Subroutine Polsen then returns control to the calling program,

Two other routines, Subroutines PLOT and INVERT, of the Plotter
also contain some code in connection with the Sensitivity and Worst Case

option. These subprograms are described in the following Section 4.2. 5.
4,2,5 The Plotter

NASAP-70 18 equipped with extensive plotting capabilities for
analysis of the Transfer Function and Sensitivity Functions. When a card
beginming PLOT 1s encountered among the Output Requests, the Main
program calls Subroutine PLOT to analyze thig card and providing that the
analysis of this card was successful (ERR # 0), Subroutine INVERT is
called to initiate the plotting. If the plot card TYPE option is FREQ or
REAL,g the calculation of the point8 to be plotted is handled entirely within
Subroutine INVERT. Any other TYPE option constitutes a call to the Fast
Tourier Transform routines. After the points have been calculated, Sub-
routine PRTPLT writes Aout the plotted points. (BMOD and AMOD below

are fixed and floating point names for the internal plotter option list),

1, Subroutine PLOT imtially sets the BMOD ligt (the internal list of
options) to ~1 which indicates that the option did not appear onthe PLOT
card. Subroutine ASCAN 1s called to find the Left Parenthesis of the PLOT
card which should be of the form-

PLOT(Option = Value/Option = Value/Option = Value...)

If a Left Parenthesis is not found Subroutine MSG 1s called to print a
diagnostic, Subroutine ASCAN is called repeatedly until a Left Parenthesis
or a Slash is found. If a Blank is found step 6 gaing control to fill 1n
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options which are required by the Plotter but were not specified by the

user,

2, Subroutine ASCAN is called to find the equal sign. If an equal sign
18 not found, Subroutine MSG is called to print a diagnostic. If a Blank or
a Right Parenthesis 1s found, step 6 gains control, If a Slash is detected,
step 2 1s repeated. At this pownt, the Option field has been found.

3. Subroutine ASCAN 1s called to find the Value field. If the first 2
letters in the Option field are TY then BMOD(3) (known elsewhere as
NTYPE), the internal code which tells the plotter which type of plot has

been requested, is get according to the first 2 letters in the Value field-

IM- O ST, 1 EX 2 SI: 3
PU 4 FR- & SE 7 WO-8
RE- 9

If this 1s the end of the PLOT card (B 1s a Blank or a Right Parenthesis),
then step 6 gains control. Otherwise step 2 regains control to get the
next Option,

4, If the first 2 letters of the Option field are EL, this opfion is
comnected with the Sensitivity and Worst Case Option. Thus, the CARD
and SENS arrays are searched (DO 31 and DO 37) to match the element
name 1n the Value field and obtain the Sensitivity Tag associated with it.
If such a match cannot be obtained, a diagnostic is printed, the ERR flag
18 set and conirol returns to the calling program. Otherwise, 1fthis is
the end of the PLOT card then step 6 gains control, else step 2 regains

control.

5. If thig step is reached, the first 2 letters of the Option field are
not TY or EL so the Value field contains a number. Hence, Subroutine
NUMBER 15 called to find the number 1n the Value field. This number 1s
inserted into the correct variable according to the first 2 letters in the

Option field
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ST STEP (AMOD(1), the interval between successive plot points)

TI TOTEE (AMOD(2), the interval between the first and last points
plotted)

AM : AMPI1 {(AMOD(4), the positive portion of a pulse train)

BI AMP2 (AMOD(5), the negative portion of a pulse tra:n)

CO FREQI (AMOD(6), a in &™)

CY FREQ1 (AMOD(6), fin Sin 27ft)

FR FREQI (AMOD(6), starting point for frequency and real plots)

TO FREQ?2 (AMOD(7), ending point for frequency and real plots)

WI - FREQ2 (AMOD(7), pulse width for a pulse train)

DE + NPLOT (BMOD(8), number of calculated points per printed point}

Then, 1f the end of the PL.OT card has not been reached control returns to

step 2.

B.

This step completes user options which were not specified, with

default values. If an option has not been specified, BMOD 1s still -1, If

BMOD(3) 1s more than 5 (1. e,, not a Time Response) then these defaults

are used;

If
If

FREQL (AMOD(6)) 1

FREQ2 (AMOD(7)) . :1.06

STEP (AMOD(1)) . (g%EE%%’—%)

BMOD(3) (NTYPE) is less than 6 and then

STEP and TOTEE (AMOD(1) and AMOD(2)) are both unspecified,
STEP .01 TOTEE 1.0

STEP (AMOD(1)) TOTEE/100

TOTEE (AMOD(2)) . STEP X 100

NTYPE (BMOD(3)} + 0 (Impulse Response).

AMP1 (AMOD(4)) 1.0

If AMP2 (AMOIX5)) was specified, AMP1 is biased accordingly.

FREQL (AMOD(6)) : 1.0

If FREQ2 (AMOD(7)) was specified, NTYPE is set to 5 to indicate a Pulse

Train.
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7. In all cases, 1f DEN (BMOD(8)) was ungpecified, it is set to

1. If BMOD(3) 1s 7 (Sensitivity Plot), the arrays containing the
numerator (Al) and denominator (B1) of the function to be plotted are filled
with the correct Sensitivity Function (DO 50) and a heading is printed, If
BMOD(3) 1s 8 {(Worst Case Plot), the arrays are filled with the Worst Case
Function and a heading 1s printed. For all other values of BMOIX3), the
arrays Al and Bl are filled with the Transfer Funciion. Subroutine PLOT

then returns control to the calling program.

Assuming the analysis of the PLOT card was successful (ERR = 1), Sub~
routine INVERT 1s called to imitiate the plotting process-

1. Upon entry, Subroutine INVERT resets NFLAG (the remainder
idicator) to 0, sets STEP to 1 if it was negative, and evaluates NUMTI,

the number of points to be plotted. Then, 1f a Time Response has been
requested (NTYPE less than 6), Subroutine INPUT is called to evaluate the
transform of the response., Then, In the case of a Time Response, the
function to be plotted in A and B is checked. If it 1s too simple, a diagnostic
18 printed and the plot 15 aborted. If it 18 not rational, the numerator is
divided by the denominator and the remainder of this division is used as

the funct}on to be plotted. A message to this effect is printed and NFLAG

18 set to 1.

2. The function 1n A and B is printed and if NTYPE is less than 6 (a
Time Response), the plot axes (ABSC and ORD) are marked ' TIME! and
'MAG! and Subroutine SCALE, ROUTH, SAMPLE, FLIP and ADJUST are
called to perform the Fast Fourier Transform., Control then returns to the

calling program.

3. In cases where a Time Response has not been requested (NTYPE
greater than 5) a further test is made. If NTYPE 1s not 9 (a REAL plot),
NUMTI is calculated for a logarithmic plot instead of a linear plot. Then
the points are calculated {DO 4) and entered wnto the TEE, FCTN (and PH
when NTYPE is not 9) arra;;r\s. For a REAL plot, the real part of Z,
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(i.e., o) is incremented in linear steps. Otherwise, the imaginary part of
Z (i, e., jw) is incremented in logarithmic steps).

4, After the points have been calculated, ABSC and ORD are labelled
I FREQ! and ! MAG, and Subroutine PRTPLT is called to output the points.
In the case of a REAL plot, the Phase must always be 0 so if NTYPE is 9,
Subroutine INVERT returns control here. Otherwise, ORD is labelled
'PHA!, FPC'TN is filled with the points from PH and Subroutine PRTPLT

ig called again before control returns to the calling program.

In the case of Time Response plots (NTYPE less than 6) Subroutine INPUT
1s called by Subroutine INVERT to evaluate the transform of the response-

1, Upon entry, Subroutine INPUT prints out the quantities assoclated
with each type of plot according to NTYPE,

2. The Transform of the response is calculated as follows:

NTYPE =0 Impulse Response, No change ig required since F(jw) = 1.

1 Step Response, F{(jw)'= El%; s0 B, the denominator, is multiplied
by Jw.
1
.2 Exponential, F(jw) = Tw-FREQI * so B 1s multiplied by
(jw-FREQ1)

3 Sine Wave. F(w) = SXFREQ1

(3w)2+(27erREQ1)
by (JW)2 + (2rxFREQ 1)2 and SCMAG is multiplied by (2rxFREQ1).

4 Single Pulse. F(jw) = JTI (1-e IWFREQ2) so B is multiplied by
jw and the tags ISN and NTAY are set to Indicate that the factor

(1-e _JWFREQZ) 18 to be included,
1 -JWFREQ2, (e TWFREQL,
5 Pulse Train, F(jw) = e {(1-e ) 1_e"jWFREQ1

18 multiplied by 1/jw and the tags NTAY and ISN are set to
show that the additional factors must be included later.

5 SO B is multiplied

s0 B

3, After the correct tranaform has been calculated, Subroutine INPUT

returnsg control to the calling program.
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Later on, Subroutine INVERT beging the Fast Fourier Transform,
by calling Subroutine SCALE:

Subroutine SCALE simply readjusis the values of the Fourier
Transform coefficients {(in A and B) to avold Floating Point

Overflow. Control then returns to the calling program.

The next step 1n the Fast Fourler Transform is to call Subroutine

ROUTH. Subroutine ROUTH uses Subroutine CALCR to find a path along
which the integral

27
L S F(cr+3v\r)e(cy-l_:lw)t dw
21 o

18 to be evaluated. This path must lie to the right of any poles 1n the com~
plex plane, As shown in Figure 4.5, Path 1 is not acceptable while Path 2
is acceptable, This is due to the fact that the Real Part of S (=¢) must be
negative in e(cr+3w)t
27
PATH 1 —1 7]
X X

PATH 2 -

Figure 4 5

in order for the Integral to converge, The upper Limit of 27 for the integral
18 sufficlent because afier Subroutine SCALE has readjusted the Transform

coefficients, all the significant information has been pushed into this range.
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1. Subroutine ROUTH uges an Initial SIGMA value of 0.0 and calls
Subroutine CALCR(I.OGI) to see if all the poles lie to the left of the SIGMA
value, Subroutine CALCR returns a LOGI value of True i1f all the poles
lie to the left of SIGMA, otherwlse, it returns False, Subroutine ROUTH
inerements the value of SIGMA until Subroutine CALCR returns True,
Having found an acceptable value of SIGMA, control returns to the calling

program.

2. Subroutine CALCR (I.OG1) uses the Routh Stability Criterion to
determine whether all poles lie to the left of the current value of SIGMA.
If they do, the value returned in logical variable LOGI1 is True, otherwise
it 1s False. Upon entry, D(I,J}, the Routh Table, ig reset to 0(DO 242).

3, The Routh Table is then computed, and the first column (D(1, J)) is
checked (DO 245), If any zero or negative values are found, LOGI gets a

value of Falge and control returns to the calling program.

4, Otherwise LOG1 gets the value True, and control returns to the
calling program. N

Having found an acceptable SIGMA value, Subroutine INVERT calls

Subrouting SAMPLE.,

1. Subroutine SAMPLE computes the quantities Flo + jw) and e(G+JW)

which are stored in RSPNS(I) and EXCMP(I), respectively, (DO 130), As
each point is evaluated, the flag ISN 1s tested to see if the transform
requires any modification. (ISN was set by Subroutine INPUT asg the
Fourier Tranaform was calculated). Any modification required is per-

formed by means of complex variable ZZ.
2. Subroutine SAMPLE then returns control to the calling program,

With the sample points now in RSPNS and EXCMP, Subroutine
INVERT calls Subroutine FLIP, the heart of the Fast Fourier Transform.,

1. Upon entry to Subroutine FLIP, the coefficients 1n the RSPNS array
are reordered as prescribed by the Fast Fourier Transform technique
(DO 106).10
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2, The integral

2
g F(o + jw)eJm dw
o)

is computed (DO 110 and DO 108) thus producing the output response
samples in RSPNS,

Subroutine ADJUST is called to re-evaluate the first 5 sample points by
means of a Taylor Series. The Taylor Series coefficients are computed by
Subroutine TAYLOR and entered Into the TERM array.

1. Upon entry Subroutine ADJUST enters the Time points into the TEE
array and the output sample points into the FCTN array (DO 150).

2. If SIGMA 18 non-zero, each of the sample points in FCTN is multi-
plied by the eOt factor. (DO 153).

3. Subroutine TAYLOR is called to enter the Taylor Series coefficients
into the TERM array.

4, If NTAY is non-zero, the Taylor Series coefficients are used to
enter the flrst 5 output points inio the FCTN array. If the series fails to
converge at any one of the points (FNP(I) greater than 1000) the remainmng
points of the original 5 are not altered.

5. Subroutine PRTPLT 18 called to print and plot the data points.
Control then returns to the calling program.,

Subroutine TAYLOR uses the Transfer Function coefficients A(I) B(I to
obtain a Taylor Series.

1 The Taylor Series 1s computed term by term and entered into the
TERM and POW array. (DO 214), If any term becomes too large (greater
than 1060), the Taylor Series is halted and NTAY 1s reset to zero.

2, Control returns to the calling program.,
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Subroutine PRTPLT prints and plots the points in the TEE and FCTN arrays.

1, Upon entry Subroutine PRTPLT writes out the points in TEE and
FCTN in three columns, If NPLOT, the number of points to be plotted from
the total number computed (the plot density), is zero, control returns to the

calling program,

2. The maximum and mimmum plot points are found (DHI, DLO), The
points are plotted into the P array and printed out one at a time (DO 182)
along with axis labelling for the TEE axis. Control then returna to the
calling program,

4,2.6 Rootfinding

The Poleg and Zeroes of the Transfer Function are evaluated by
means of Subroutine ROOTS. This routine 18 called by the Main Program
1n response to reading an Output Request Card contaimng the word ROOTS.,

Subroutine ROOTS is esgsentially a modified version of the Svoboda
Polynomial Rootfinder, Inthis algorithm, the complex plane is searched
for zeroes uging a flve point test. As a root is detected, the search step
size ig repeatedly decreased to 1/16 of its previous value until the five
points in the five point test do not yield significantly different results.
Thus, the root is found to the maximum resolution available from the
computer. The original polynomial is used for the final test while the
reduced polynomial, having previously found roots divided out, is used for
the coarse testing. This technique combines the ability to handle multiple
roots while retaining the accuracy of the original unreduced polynomial.
The scan 1s performed Initially within the unit circle to obtain roots less
than 1. 0. The polynomial 18 then inverted to cause roots which were
greater than 1.0 to fall within the umt circle. The five point test used by
the algorithm 18 neither necessary nor sufficient to find all the roots of the
polynomial, yet in practice, the algorithm has ylelded remarkable resulis
despite its non-rigorous mathematical foundation. The roots produced by

this algorithm represent not only the root values themselves but also the
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accuracy to which the roots were found, since every non-zero digit in the

root 19 guaranteed correci within the accuracy of the computer. This

information 18 of considerable value when high order polynomials are

being evaluated.

START

'

SCANNING
ROUTINE

.

%

A INVERSION
ROUTINE

HOME-IN
ROUTINE

EXIT

ROOT
EXAMINATION
ROUTINE

ROUND-OFF
ROUTINE

Figure 46 Flow of Control in Svoboda Algorithm
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The flow of control among the various logical routines of the algorithm
1s depicted in Figure 4,8, After obtainming the input data, the Scanning
Routine systematically steps over the Unit Circle evaluating the reduced -
polynomial (i.e., one having previously found roots divided out) at five
points on each step, When a criterion for the possible existence of a root
at any step is fulfilled, a transfer is made to the Home -in~Routine. Math-
ematically, this criterion is nelther necessary nor sufficient for the existence
of a root. The Home-in-Routine approximates the root as closely as possible
and then transfers to the Root Examination Routine. Using the Round-off
Routine, the Root Examination Routine either rejects the root or refines
1t (by means of the Home-in~Routine again) and outputs it. Since refinement
always uses the original unreduced polynomaial, and since 1t proceeds by
successive sigmficant diglts, every non-zero digit printed is guaranteed
correct within the accuracy of the computing system., Control then passes
back to the Scannming Routine which elther continues scanning or stops
because the required number of roots has been obtained. When a scan is
completed, if the maximum number of scans has not yet been reached, the
Inversion Routine gains control to "invert" the polynomial, before returning
to the Scanning Routine which continues to scan. A detailed discussion of

each element of the algorithm follows.

1, The 'Scanmng Routine

The main routine in the Algorithm 1s the Scanmng Routine which
moves across the Unmt Circle as shown in Figure 4.7, The real and
imaginary axes between the ranges (-1, 0), (1, 0) and (0, ~i), (0, 1) are
divided into sixteenths. The Scanming Routine uses the Polynomaial Evalua-
tion Routine to find five points at each step in the scan, the central point and
four points one sixteenth above, below, to the left and to the right of the
central point. A test is then performed to see if this point 18 near a root,
The eriteria for transferring to the Home~in-Routine to examine a possible

root more closely are.
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1. The value at the central point must be less than the value of any of

the four surrounding points,
2, The five points must not be equal in value,

Note that the criteria are mathematically insufficient to determine the

exisience of a root,

If these criteria are not met, the scan 1s incremented by one
gixteenth and the scanning process is resumed, Scanmng 18 performed

from left to right and from bottom to top.

. 1.0

— —
—

—

am— ——

1,0

1

-—

-

o

e il
-____.-dﬂ
m

-1,0

Figure 4 7 The Five Point Scan

When a scan has been completed, that 15, when the point (1, 0) has been
evaluated, a check is performed to see 1f the number of scans has exceeded
an upper limit. If not, a transfer 1s made to the Inversion Routine (described
below) which performs the inversion of the polynomial and then returns

control to the Scanning Routine.

The maximumn number of scans allowable is twice the number of
roots in the polynomial, Since at least one root must be obtained after
each pass of both the "real"” polynomial and the "inverted" polynomial

(requiring a total of two scans), a number of scans no more than twice the
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number of roots not yet found should be required for the algorithm to work
properly, (Usually, considerably fewer scans are required because several
rootg may be found on one pass)., If this number is exceeded, however, the

routine stops automatically.

The problem of evaluating the circumference of the Umit Circle
twice (once on a "real” scan and once on an "inverted" scan) 18 solved by
taking two precautions, Firstly, all points evaluated in a "real" scan must
be within the Unit Circle, while an "inverted" scan is permitted to violate
tvhe boundary of the circumference slightly. This precaution alone, however,
18 not sufficient to avoid a duplication of roots which lie close to the boundary,
therefore, in the Root Examination Routine a check is performed to see if
the root under consideration hag appeared previously in another scan. This
second precaution prevents roots which have been found once by a "real"

scan and once by an "inverted" scan from appearing twice,

2. Polynomial Calculation

The Polynomzial Calculation Routine uses Horner! 8 Techmgque to
evaluate the polynom:ial complex value from the coefficients. Basically,

Horner' s Techmque 18 the iterative evaluation of the expression

o= (Fi+ al) *x 1goes fromiton

i+l

= = th -
with Fl (0, 0) and Fn+1 Fn+ a 41 the final value. a, is the it coeffi

clent in the polynomial.

n n-i
P(x) = a,x + a,X + . + a_x + 2 1

Thus the final value 18 cumulatively built up in F. If necessary, the complex
value (F) is divided by previously found roots to form a reduced polynomial

value

_ P(x)
(R x) (R, “X) eu. (Rm—x)

r

where m 18 the number of roots found previously. In order to avoid over-

flow, the absolute value of any of the factors (Ri-x) is not allowed to be
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less than 10_60. The final step is to obtaln the residual (the complex

absolute value) of F.

= \/(Re(@N? + [Im(m)?

The residual is computed for four or five pointg (the Home-in-Routine
does not require the central pownt to be evaluated each time) on each entry
to the Calculation Routine. It 18 these four or five values (H) which are
used by the Scanning and Home~-in~-Routines as the polynomaial values at the
test points,

3. Polynomaial Inversion

In order to obtain all the roots of the polynomaal

n n-1
= + Foeea +
P(x) alx a,x + anx a i

by scanning the complex plane within the Unit Circle, at some point a new
polynomial is formed from the original one by reversing the order of the

coefficients. The roots of this new polynomaial are the reciprocals of the
roots of the original polynomial, thus effectively bringing inside the Unit

Circle all the rocts which were previously outside. The Inverted Poly-

nomial Is

n n-1
l : L N )
P {y) RS +any + +a2y+ ay .

If P(r) =0, it is easy to show that
P(r) = 1/r"P(r) = P (1/r)
Therefore, y = 1/r 18 a root of the new polynomial p'.

Thus, in order to obtain all the roots of a polynomial, the program
must deal effectively with two kinds of roots, "real” and "inverted," and
must obtain the reciprocal of "inverted" roots before writing them on the
output. The polynomial Inversion routine, simply reverses the order of
the coefficients, sets a program variable to point to eilther the "real" or

"inverted" techmques, and returng control to the main program.

i
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4, Home-ing In

Once five points have been obtained which fulfill the criterion for
root examination, the homing-in procedure subdivides the distance between
the central point and one of the outside points into sixteenths and, using the
central points as a starting value, employs the Polynomal Evaluation
Routine to compute four new outside test points. These new four points
and the central point are then examined for the one having the smallest
residual which becomes the central pomnt for a new five point test, If this
new central point is the same as the previous central point, the scale is
gubdivided into sixteenths as before so that the five point test becomes
progressively more refined, At each subdivision, a new level of significance
1s obtained {each significant digit being a Hexadecimal digit because the

scale factor is 16), This pi‘ocess of "home-ing in" 1s continued until either
1, The required number of digits of accuracy is reached or,
2. The residuals of the five points do not differ by a significant amount.

In case 2, the resolution of the computing method and system has
been reached and the remaining signmficant digits, 1f any, are filled with
zeroes., This represents a Stopping Criterion which is independent of any

11, 12

formula for round-off error, but depends only on the previously

mentioned resolution.

Each time a new step 13 taken 1n the Home -in-Routine, three checks
are made, Firstly, if the central point should happen to be the origin (0, 90),
the; scale is expanded (subdivided by sixteenths), this allows for roots which
may range over large orders of magnitude. Secondly, i1f more than sixteen
steps should be taken in one direction at the same level of significance the
level of significance 18 dropped so that larger (coarser) steps may be taken,
Finally, a check 1s performed to ensure that the routine does not stray too
far out of the Unit Circle. This safeguards against the possibility that the

original location presented to the Home-in-Routine was not in the vicimty
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of a root, 1n which case it could easily wander outside the Unit Circle. If
this condition should be detected, the Home-in 18 aborted and control is

returned to the Scanning Routine.

If exther case 1 or case 2 occurs, the Home-in-Routine has reached
a successful completion and transfers control to the Root Examination
Routine.

5. Root Examination Procedures

The Root Examination Routine first checks to see if the root just
found came from the original polynomaial coefficients or from a reduced
polynomial, If the polynomial was a reduced one, the value of the root can
be regarded merely as an approximation. The Home-in-Routine 13 there-
fore called again to repeat the latter part of the home-1n procedure this
time using the original polynomial and using the approximate root as a
starting value. This technique ensures that every root is found from the
original polynomial and that its accuracy does not depend on the accuracy

with which previous roots were found.

After the final root value is obtained, a second check is made, this
time on its residual, If the residual is greater than a certain value, the
root 1s considered unreliable and 1s discarded. Ifthis should occur, control
18 transferred back fo the Scanning Routine, The maximum value of the
residual 1s chosen arbitrarily to be one half the value of 2410 the constant
coefficient in the polynomaal,

Having passed thege tests, the root value is rounded-off in the
Round-off Routine (which 1s not discussed here because it has no bearing
on the actual rootfinding algor:thm). If the root ig "inverted" it! s reciprocal
18 found using floating point division, and thig value, after being rounded-off
agam, becomes the root value, A third check is then performed on the roct
to see 1f it has been found on a previous pass, (This check was mentioned
previously in connection with the Umt Circle Boundary). If both real and
imaginary parts fall within one significant digit of a root found on the cther
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type of pass (''real") it is rejected as a root but is nevertheless entered,
in the same way as acceptable roots, in the list of roots used to form a
reduced polynomial, (This prevents its being found again), If the root is
not rejected, it is converted from its Internal hexadecimasal representation

to decimal, rounded-off again, and is written on the output.

A final check 18 made to see 1f the required number of roots has
been obtained. If not, control is returned to the Scanning Routine, other-
wise the algorithm termainates.

Because the algorithm lacks a rigorous mathematical foundation, 1t
cannot be guaranteed to find all the roots. However, every root detected
18 guaranteed accurate within the accuracy of the computing system, it is

independent of the technique used to find the roots,

4,2,7 The Automatic Scaler

The Main program always calls the Automatic Scaler, Subroutine
SCAIER, before the Flowgraph is constructed. Subroutine SCALER
examines the element values in the VPATH list and if the range of expo-
nents of Inductors and Capacitors is too large, the values are multiplied
by 1OFACTOR where FACTOR is an integer which 18 determined so as to
mimmize the range of exponents, If no such FACTOR can be found, a

warning {s printed.

Since the element values are modified after scaling, the 'S' symbol
which appears in the Transfer Function must be reinterpreted. For
example, if FACTOR is determined to be 3, a capacitor of value (10 -3 s) -1
becomes

- -1 -
(10 3 8 x 103) = (s) 1

thus the new s is 10 -3 times the true s. Therefore, wherever !'s' appears
in the Transfer Function 1035 must be substituted. Similarly, all the plots
and roots obtained by operating on this scaled transfer function must be
modified.
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1, Upon entry to Subroutine SCALER, all elements containing s (l.e.,
inductors and capacitors) are checked (DO 1). The sum of their exponents
is entered into D. At the same time, the sum of their exponents scaled by
10 -1 is entered into DI, and the sum of their exponents scaled by 10 1s
entered into DR.

2, If D is less than 60 and FACTOR is 0, no scaling need be done so
Subroutine SCALER returns. Otherwise, D, DL, and DR are compared to
see whether FACTOR should be incremented or decremented for minimum
D, X Dis not already minimum, FACTOR ig adjusted and then control
passes back to step 1 for another teration. If D 1s already minumum,
FACTOR is checked to see 1f 1t 15 st1]l 0. If I is, no scaling could be

performed so a warning is printed and control returns to the calling

program,
3. If FACTOR 1s non-zero, all the inductors and capacitors are
multiplied by 1oFACTOR (DO 5). Control then returns to the calling
program,

4,3 Modular Organization

NASAP-T70 has been designed in order to facilitate easy insertion of
additional routines and removal of supplied routines. Fach meodule 18

called from the main routine. In general, three modifications are required-

1, The 1nsertion or deletion of a Fortran CALL statement which

transfers to the routines to be 1inserted or deleted,
2, The addition or removal of the routines themselves,

3. Using the Dictionary of Variables, conflicts in variable names may
be eliminated in the case of insertions, and Common blocks and variables

no longer required may be removed in the case of deletions.

If these steps are followed, users having a working knowledge of

Fortran should have Iittle difficulty adding new capabilities to their versions
of NASAP-T0.
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4,3.1 Removal of Supplied Routines

Under certain circumstances it may be desirable to remove some
of the routines supplied with NASAP-70 {e. g., in order to run in less than
32K words). For proper operation NASAP-T0 requires only one of the
circuit description analysis routines and the Transfer Function routines,

Thus, the following modules may be removed:

Either Subroutine NASAP or Subroutine READ,
Subroutine FINE.

Sensitivities and Worst Case option.

Plotting package,

Rootfinder,

Automatic Scaler.

For instance, if the Sengitivities and Worst Case option is to be
omzitted, all the references to Subroutines SENSC, WORSTC, MULT,
SENSIT, WORST, and POLSEN should be deleted, as well as those routines
themselves, Finally, Common blocks POLY and WORST1 and references

to their variables should be removed.

4, 3,2 Addition of User Routines

A user who 18 familiar with the operation of NASAP-70 may desire
to add some of his own options to the supplied program, e.g., for further
analysis of the Transfer Function., If any scanning of card images is to be
performed, 1t is wise to become acquainted with the card scanmng utilities
ASCAN, BSCAN, CSCAN, SHIFT, NUMBER, etc. If bit manipulation 18 to
be performed the utilaities LOR, LOX, UNPAK, etc., are available,
Finally, if operations are to be performed on the Transfer or Sensitivity
Functions, the method of storage of these data in the ' VN' arrays should

be examined (4, 2, 3 and 4. 2. 4).

If NASAP-70 18 used with the Overlay structure, all user-written
routines should be called by the main program only. This will eliminate

troubles due to calling routines not in core. In general, workspace is
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available in the following Common blocks:

BITS 4095 Words
SPEED 2048 Words

This may not be true at all times, however, 80 the user should
consult the Dictionary of Variables to ensure that he does not erase any

useful data.:
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CHAPTER 5
SYSTEM REQUIREMENTS

5.0 Computer Requirements

NASAP-70 requires a computer with no less than a 32K word
memory to run, using the Overlay Structure in Section 5.3. For some
computers having unusually large System Momtors the supplied program
may be too large anyway. If this should be the case, some of the supplied
options may have to be removed or restricted, e.g., the Sensitivity option
could be reduced to handling fewer than 20 elements., This would decrease
the size of Common block POLY. On computers with more than 32K words,
the Overlay Structure may be neglected entirely. Thisg would not only sim -
plify the loading procedure but also decrease running times.

NASAP-70 needs no additional scratch umts other than a card

reader and line printer.

5.1 Runmng a NASAP Problem from the Source Deck

NASAP-T0 1s distributed as a Fortran source deck, The program
must be compiled and loaded in order to run any problems on it. If no
changes are to be made, this process may be performed directly. In the
case of a machine with a smaller memory, the user may wish to use the
Overlay Structure described in Section 5. 3. When a user possesses a
machine with a very limited memory, some modifications to the source
deck may be necessary (e. g., Removal of some supplied routines, reduction

of COMMON sizes). Guidelines for these changes are given in Section 4. 3. 2.

If a user possesses a machine which has a Foriran compiler which
uses "backwarding addresgsing', (e.g., IBM 7094) he should ensure that
all COMMON blocks are adjusted to the correct lengths as described in
Section 5.5, Further, care should be taken to correct any problems with
the Fortran AND function (Section 5. 4).
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Having made any necessary changes in the source deck, the program
may be compiled and loaded. Ifthe machine on which the program 1s to be
run, is not IBM 380 compatible, it 18 strongly suggested that the sample
problems be run and verified with the solutions given before any large-size

uger problems are attempted.

Here is the IBM /360 control card deck for running NASAP from the

source deck 13,14

[/ NASAP JOB (Installation dependent data),
/] STEP1 EXEC FORTHCLG, PARM. LKED=! XREF, LIST, OVLY!
// FORT.SYSIN DD *

Fortran Source Decks go here.

J

//LKED, SYSIN DD *
INSERT MAIN
OVERLAY ONE
INSERT ASCAN, BSCAN, CSCAN, ISORT, MSG, NUMBER, SHIFT, SORT
OVERLAY TWO
INSERT NASAP, SENSIT, WORST
OVERLAY TWO
INSERT READ, UNITS
OVERLAY TWO
INSERT WHAT, PLOT
OVERLAY ONE
INSERT FINE, SCALER, POLSEN
OVERLAY ONE
INSERT EQUAL, LOR, LOX, LSTOP, UNPAK
OVERLAY THREE
INSERT CALC, INBIT, GRAPH
OVERLAY THREE
INSERT LOOPS, CLEAR, REDUCE
OVERLAY ONE
INSERT MULT, SENSC, ANSWER, WORSTC.
OVERLAY ONE
INSERT INVERT
OVERLAY FOUR
INSERT INPUT, SAMPLE, FLIP
OVERLAY FOUR
INSERT ADJUST, TAYLOR, PRTPLT
OVERLAY FOUR
INSERT SCALE, ROUTH, CALCR
OVERLAY ONE



INSERT ROOTS
/*
/ / GO. SYSIN DD*
User Problem Data Decks go here,

'l
=

/1

5.2 NASAP-T0 Input Data

The input data consists of three sections

1. Title Cards (Optional)

2. Circuit Description

3. Sensitivity and Worst Case Section (Optional)
4, Output Requests.

1. Up to 10 Title Cards are allowed. They are printed in the output

listing exactly as they are read.

2. The Circuif Description section may be in one of three forms
depending on the format of the first card

a. NASAP

b. TREE

¢, CIRCUIT (Operating Frequency)

a. For compatibility with other versions of NASAP, this heading card
will cause the program to accept the circurt description in the form described
in the previous NASAP User!s Guide., This data format corresponds to the

following conventions-

Each card contains one cirecuit element, The firgt letter describes the

element and must be one of the following

V Voltage Source
I Current Source
C Capacitor
L: Inductor

R Resistor,
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Fach of these letters may be followed by up to 11 alphanumeric characters
to bring the total number of characters in the element name to not more
than 12,

The card format is as follows.
NAME ORIGIN TARGET VALUE UNITS (optional) DEPENDENCY (optional)

NAME refers to the previously described element name. ORIGIN
and TARGET refer to the origin and target node numbers of the element.
VALUE 18 the element value in any format., UNITS is optional and must be

one of the following:

UF
PFE
MH
UH
K
M

If UNITS 1s not specified, MKS units are assumed. DEPENDENCY
15 algo optional and represents the name of some other element appearing
in the circuit description, preceded by the letter V or I to denote dependency

on voltage or current.

At least one blank must appear between each of the data fields on
the card, otherwise the data is freefield. The last card in the circuit
description must contain either the word OUTPUT or the word END,

This form of circurt description relieves the user of the need to
organmze the tree. Instead, the program automatically builds a tree which

results in mimimum computation time,

b. For a user-defined tree, a different input format is used. Following
the TREE card are the circuit description cards, The last card in thig
section must be a card with the word END. The first 1 or 2 letters on

each circuit description card must be one of the following:
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Independent Voltage Source
J Independent Current Source
CE Capacitor Branch
CJ Capacitor Lank
LE Inductor Branch
LJ Inductor Link
RE Resistor Branch
RJ Resistor Link
DE Dependent Voltage Source

DJ Dependent Current Source

Each of these may be followed by up to 10 or 11 alphanumeric

characters to bring the total to not more than 12,

‘The data card format is as follows
NAME (ORIGIN - TARGET) = VALTUE UNITS (Optional)
or

NAME/DEPENDENCY (Optional) (ORIGIN - TARGET) = VALUE UNITS (Optional)

NAME refers to the element name degcribed above, DEPENDENCY 18
one of the letters V or I to denote voltage or current dependence, followed
by the name of the controlling element. ORIGIN and TARGET are the
origin and target node numbers, VALUE 1s the element value, The
optional UNITS field must be one of the following

MF
MME
PE
MH
MMH
K

M

If the units are not specified, MKS units are assumed, All input

cards are free-field. Blanks and/or commas may be used freely and are
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ignored by the program. All other punctuation must appear exactly as

shown.

c. For a tree constructed for optimum accuracy at a specific frequency,
the CIRCUIT card is used in conjunction with the operating frequency in cps
encloged in parentheses. The input data format is i1dentical with that used
after a TREE card except for the format of Capacitor, Resistor and Inductor
names where it 1s no longer possible to differentiate between branches and
links

C Capacitor

R Resistor

I, Inductor.

If no operating frequency 1s specified, a default of 1 ¢ps is supplied.
3. SENSITIVITY INPUT REQUESTS
SENSITIVITY FUNCTION:

T'o obtain the sensitivity of the transfer function to a particular
circuit element, a sensifivity request card 18 required, These cards
must immedlately follow the ' END! or ' OUTPUT! cards terminating the

circuit description. The format of the sensiivity request card is as follows-

SENSITIVITY = ! ELEMENT NAME,

or

SENS =1 ELEMENT NAME!
where ! ELEMENT NAME! is the name of a circuit element.

Sensifivity request for independent voltage and current sources are
ignored, Also, a maximum of twenty valid sensitivity requests may be

processed for each circuit,

The §ens:.t1vity function (in terms of S} 1s printed in the same format

as the transfer function.
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WORST CASE ANALYSIS:

A worst case analysis can be provided for circuits of twenty elements
or less (not counting independent voltage or current sources). To obtain
this analysis, a card must be provided immediately after the ' END' or

'OQUTPUT! cards terminating the mnput description in the following format
WORST

To obtain a worst case analysis, the tolerance of each element must
be known. These values may be provided by ! TOLERANCE! cards which

have the following format
TOL = ! ELEMENT NAME! ='VALUE!

where ' ELEMENT NAME*® is the name of a circuit element, and ' VAL UR!
18 the relative tolerance (é(;?_) for this element. If no! TOLERANCE!
card 18 provided for an element, a defzult value of . 1 (10%) 18 agsumed for

the tolerance.

As well as a function of S giving the square of the worst case
tolerance, sensitivity functions for all the elements are also printed,
Thus no ' SENSITIVITY' cards may be present when a ' WORST" card

follows the circuit description.

4, The Output Requests section may contain
a. Transfer Function requests
b. Plot requests. (optional)
c. Roots Requests, (optional).

Any number of Transfer Function requests may appear and any
number of Plot requests may be included following a single Transfer
Function request Only one Roots request may appear after each Transfer
Function request. The last card in the Output Requests section must be a
card contalning either the word END or the word EXECUTE.
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a. The Transfer Function requests have the following format
TYPE NAME 1 / TYPE NAME 2

where TYPE NAME is the name of an element which has appeared in the
Circuit Description, preceded by the letter V or Ito denote whether
Voltage or Current is desired. TYPE NAME 2 must be an Independent

Source.
b. The plot request is a single card of the following form:
PLOT (Option = Value / Option = Value....)
The following options are available
1, TYPE = IMPULSE for impulse response
STEP for a step function
SINE for a sine wave input
EXPONENTIAL for an exponential input
PULSE for a pulse or pulse train
FREQUENCY for a frequency response
SENS for a sensitivity function plot
WORST for a worst case function plot
REAL for a transfer function plot with
o as the independent variable
2, AMPLITUDE = a number
' represents the magnitude of any of the waveforms.
3. BIAS = a number

may be used only with PULSE to obtain a train of positive and
negative pulses. It ig combined with AMPLITUDE. e.g.,
AMPLITUDE = 10

BIAS = -2



gives

+8

¢+ & 50

CONSTANT = a number

may be used only with EXPONENTIAL. It represents (a) in (Keat).
FREQUENCY = a number (in Hz/s.)}

may be used only with SINE fo specify the frequency ofthe sine wave,
DENSITY = a number

to specify the number of calculated points per plotied point.

TIME = a number (in Secs,)

should always appear with a time response. It specifies the
duration of the plot,

WIDTH = a number (in Secs,)
may be used only with PULSE to specify the duration of a pulse.
CYCLE = a number (1n Secs, }

may be used only with PULSE to specify the time of 1 cycle,
e.g., WIDTH = 10
CYCLE = 15

gives:
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10.

11,

12,

STEP = a number (1in Secs. )}

specifies the time between individual calculated points. It may be

used with any TYPE option.
FROM = a number, TO = a number

specifies the beginming and ending points of a frequency response

(= w/27m), sensifavity, worst case or real plot. (= o).

ELEMENT = an element name for which a sensitivity function has
been requested may be used only with SENS to identify the sensitivity
function to be plotted.

Only the first 2 letters of each word are used, therefore, AM may be used
as an abbreviation for AMPLITUDE, IM for IMPULSE, etc.

Since continuation cards are not allowed, all the options for any one

plot reguest must appear on one card. Not all the options are required

since defaults are provided, e.g.:

PLOT(TIME = 1) produces an IMPULSE response of 100 steps and of

duration I sec,

Defaults

TYPE = IMPULSE
TIME = 1 sec.
STEP =, 01
AMPLITUDE =1
DENSITY = 1
CONST =1

FREQ =1

The options may appear In any order on the Plot card. Inconsistent requests
will be ignored; e.g., TYPE = IMPULSE, FREQ = 2 yields an Impulse

response.
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C. To obtain the roots of the numerator and denominator of the Transfer
Function, a card with the word ROOTS must appear after the Transfer

Funection request.

The sensitivity of the poles of the transfer function may be obtained
by adding the word ' POLES! to a ' ROOTS' card
ROOTS, POLES

The sensitivity of the Poles are produced for all elements for which
a sensitivity request had been issued (or all elements 1f a ' WORST! card

was mcluded).

Several complete problems may run at one time. To terminate the

execution of NASAP, a card containing the word STOP is used.

NASAP-T0 can handle,
Up to 50 elements
Up to 50 circuit nodes
Up to 20 sensitivity requests

The circuif nodes should be numbered consecutively starting with 1
for best efficlency. Ths 1s not required, however., When more than 30
clrcuit elements are to be analyzed, the time required for the computation
in Subroutine LOOPS begins to increase sharply. This effect i due to the

presence of more than 2 words per block in Common Block BITS.

5.3 Overlay Organization

The recommended Overlay Structure 1s shown 1n Figure 5.1, This

18 not required for running NASATP but when included, 1t decreases the
overall program size. However, the Overlay Structure is required to

allow the program to fit into a computer with only a 32K word memory.
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OVERLAY STRUCTURE FOR NASAP-T0

MAIN

ASCAN FINE EQUAL MULT INVERT ROOTS
BSCAN SCALER LOR SENSC INPUT ADJUST SCALE
CSCAN POLSEN LOX ANSWER SAMPLE TAYLOR ROUTH
ISORT _— LSTOR WORSTC. FLIP PRTPLT CAILCR
MSG UNPAK .
NUMBER CALC LOOoPs
SHIFT INBIT CLEAR
SORT GRAPH REDUCE

NASAP READ WHAT —— _—

SENSIT UNITS PLOT

WORST

Figure 51



5.4 The Fortran AND angi OR Functions

NASAP-T0 requires the ability to perform a full word AND and OR
on fixed point word variables in Fortran., This has been accomplished on
the IBM 360 by means of the Fortran Logical . AND, and ., OR. functions.
The fixed point variables are given Logical type aliases and the AND or OR

18 performed on these logical {ype names, For example

LOGICAL A, B, C
EQUIVALENCE (A, I) (B, J), (C,K)

. I=12
J =20
C =A.AND.B

would yleld a value of 4 in K, On many other compilers a Logical type
LAND., and . OR. does not operate on all the bits in the word, If NASAP-T0

1s compiled on such a system it will give incorrect results,

On systems which do not have the full word Logical . AND. and . OR.,
often another function 1s available for the same task, If no such facility 1s
provided, the user must write his own AND and OR functions in Assembler

Language. In either case statements of the type
C =A. AND. B
must be replaced by statements of the type
K = IAND (I, J)
This logical . AND, and, OR, is used in the following subprograms

Subroutine LOOPS
Function LOR
Function LOX

These are the only routines which are affected by the logical type AND,
and . OR. but the user must ensure that these changes have been made
before he attempts to run any NASAP-70 problems on a machine which is
not IBM 360 compatible,
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5.5 Compatibility Among Various Computers

Apart from the Fortran Logical type. AND. and . OR. functions
described in the previous section, there are other facts about the IBM 360

Fortran compilers which could be a source of trouble on other computers.

The origins of Common Blocks on the IBM 360 are computed from
the first variable 1n the block. On some compilers, however, the origin
1s computed from the last variable in the block, (e.g., IBM 7094). This
allows occurrences of Common Blocks with the same name to have different
lengths on the IBM 360. On compilers which compute the origin from the
last variable (1. e., "backward addressing'} all the occurrences of the
same Common Block must be adjusted to the same length (with dummy

variables if necessary) before compilation.

The test of the index 1n a DO loop is performed at the bottom of the
DO. Thus 1n the following group of statements, the DO is executed once.

N1 =3
N2 =2
DO 11I=N1i, N2

Further, in the case of the abnormal termination of a DO loop, the index
variable retains its most recent value. NASAP has been programmed to
avold these problems with DO statements but they are mentioned here
nevertheless to 1llustrate the way in which the IBM Fortran compilers

handle special DO conditions.

Finally, a zero value for the index of a Fortran Computed GO TO
1s not treated as an error., Instead, execution proceeds with the statement

following the GO TO. For example

N=0
GO TO(1,2),N
N=2

1 N=1-N
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2 N=N+1
would yield N = 6.

NASAP-T0 15 designed for IBM 360 compatible computers therefore
gome modification will be required if it iIs to be run on computers which

are not IBM 360 compatible,
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APPENDIX A
A.1 PROGRAM LISTING

BLACK DATA | UCLA D

C H.F-B_KBENT UsColaAs 1947 _ UCLA 298
- INTEGER GAG | _ LA 30
CoMMeN/GAG/GAG{20) ,NSENSSENS (B0) UELA 4o
CeMMBN/PBLY/VNO1 (101,207 ,VNOO{101,2C),VNIO(101,20),8MAXOL(20), YCLA 50

o *SMINOL{20),SMAXDO(R20)sSHMINOO(20) s SMAX10(20}1sSMINIOL2E) UCLA _ 60
T CEMMBN/DATAZA(3Z) UELA 70
CEMMBN/SPEED/EMBD (2048) YCLA 8D

T T CEMMOR/BIYSAF T EL50) - - YCLA 50
CeMMaN/X/B11O) UCLA 100

DATA GAG /2000, %000,8000,16000s3200046%4000,12800,256000,512000, UCLA 110

_ _*1024000220%8000, 4096000, 81920002 163840004 327680002 655360000 __ _ UCLA 120
“¥#1{31p72000,2621%%000,524288000+ 10485760007 UCLA 130

DATA AsB/1C T, IR T TR i tD VT ot iy I, F 1,181, 1T1,18Y, UCLA 440
Jip T T, Tl '1'+l;'-'1')';'l"l.;'H'.r'H'p'Kl,!,t;|Y';‘A';'xl;'U!; UCLA 150

BIgt N1 1012110, 121,131 141, 151,161,171, 181,151/ UCLA 160

END i i ] - UELA 170
INTEGER SMIN,SMAX,SMIN1,SMAX1,SMINO1,SMAX01,SMINOOSSMAX OO, SMINTIO, UCLA 180

7T TTHSRAYG T 0 UCLA 150
INTEGER TAGIFACTER,SENS,GAG,SMAX2,8MIN2, S UCLA 200

T T INTEGER TGENER, TYPE8RIGIN, TARGETERR,EUTPFUT — 7~ OCLA 2I0
DIMENSION VN(101,2) UCLA 220

o TIMENSTON SMIN(21,8MAX(2) UCLA 230
¢ e . UCLA 240
T T CBMMBNNERSTT /RWERE Y, VAT 101727, TEL{B07 sSMAKE, SMINZ UCLA 250
COMMAN/GAG/GAG (20 ) » NSENS SENS (50) i UCLA 260

T TDTHERNS IBN VNSENTIGL, 2,201, SHARL (207 5HINL {267 TUTTUCCA B70
CoMMBN/TREE/ [ TREE UCLA 280
CEMAaN/TAG/ TAG UCLA 290
CEMMBN/AZABD) N UcLA 300

T T T UARMBNZUATAVCG AT R, AL EY AT DL, AMBDTE Y, AV, F SRS, T2 0 P2 AN UtLA 310
11BMEDI1L1 )2 AA AX  WMAD(Z) 2 ¥ UcLA 320

TT TTTCBMMEN7ERR/ERRFFACTER - UCLA 330
CoMMaN/SPEED/V (1000)+L5(1000) NLBBP ) UCLA 340

T T UBMRBRZPATASILPATH{SU0 2) 4 YPATH{ 30071, 5300 LNPATH D L Y 102
CeMMaN/CIRCIT/CARD (500 12)2 TYPE(50)# GENER (50}, gRIGIN(BO}» TARGET(E UCLA 360
TGy A TNPUT, BUTPUT yRETSMAYI SPIR ™ UCLA 370
COMMON/NTIMES/NTIMES UCLA 280

T TCEMMEN/BYTS/BTTS (5507 JCLA 390
DIMEASTAN DEP(S0s13)sMPATH{300, 2} UCLA 400

T T T EMEON PELY 7P O Y T DU T SHARDOTAD 12 SHINOD T UULA §10
EGUIVALENCE (VNSEN(1,1,11BITS¢1))s (SMAXL(1),BITS(4041) ), UCLA 420

- EHMIRI D) JB TS 40E Ty T+ (DEP T 15 1) BT STR00L ), (NNEDES, BITS (365177,  UCLA 430
Z(INBpESBITS (3652 ), (MPATH(1,1),BITS(3001)) UCLA 440

- EGQUIVALERCE TTYPETLYIW(T»TIVY — — UCLA 350
7 NE=Q UCLA 460
= TITREESD UCLA %88
NNBDES=0 UCLA 470
TTTINBPESSY T " UCLA %80
NPATH=0 UELA &30

" TTTERRsq T T T UELA B00




TAG=0

NSEN=C

NWBRST=0

De g&7 11=1.50
987 SENS;I1)aD
c__ _8KIP A PAGE

TWRITFR(€5202)

202 FORMAT(!'1wx**NASAPwxs#1//1

ycLa 510
ucLa 520
UcCLA 530
UCLA 540
UCLA 550
UCLA 560
UELA 570

METWERK ANALYS|S AND SYSTEMS APPLICAUCLA 580

ITIBN PRBGRAM'//' THIS VERSIBN WAS DEVELBPED AT UCLA ENGR. PEPT«!'//UCLA 590G

2/} ~ . B } B . UCLA 600

1 READ(5¢100)A - UcLA 610
.11 NEsNE+I_ e - e _ULLA 620
WRITE{&s20C)A TUBLA 630

100 FaRMAT(80A1) e . ) L UCLA 640
200 FBRMAT(1xs80A17 UCLA 650
_ CALL SHIFT(A) . UCLA_660
IF{(AL1) e NESAN) JBR. (A (2) NEAA )W BR (A (31 NECAS Y+ BR s (A (4)«NEsAAYY ULLATE70

_iGg_ 78 2 _ - e e e e e . UCLA &80
NE®Q UCLA 450

CALL _NASAP e ) _UCLA 700

Gg T8 3 UcLA 710

2 IFCtACL}eNET)+BRe(A(2)aNEsR) #BRe (A(3) sNEWE),BR [A(4)«NELE))EE TE UCLA 720
14 ) UCLA 730
____MNE=D_ . e __UCLA 740
CALL READ UCEA 750

Ge 8 3 . B i UCLA 760

TR T IR (ALY WREWC) s R TATET eNEVAT ) 3 BRe TATE T NELR) JORFTATETWNESCTIGH TRUCLA 770
15 L . - YCLA 780
- NE=6 —TT mTOTTTUeLA 794
I1TREE=] _ _UCLA 800
TCALLRERD TTTTTTT T TUCLATBIG

__ IF(ERR.EQQ)ICALL FINE e UCLA 820

G TR 3 - B T UCLAT B30

5 TF((A(1)2EQeAS) s AND o (A{2) sEQWT)+AND ¢ (A(3)4EQ4B) +ANDs (A(4) +EQWP)ISTUCLA 840
T T{sp T : UCTA™ 850
e PRINT A WARNING  AFTER EVERY HEApING CARpS UCLA 860
IF(NE-10Y1.B,8 - TCLR 8707

8 WRITE (6s201) UCLA 880

201 FORMATUI0X 1 #¥&% MORE THAN G ~TITLE CARDS RET ALLBWEDWWCHECK T8 UCLA™ 890

1SgE IF HEADING CARD WAS BMITTED.!} UCLA so0

T NE=QT T T - T TTTTT T TTTELE 946
Gg 70 1 UCLA 920

T T TTIFIERREQs0/GE T8 6 UCLA 530
9 WRITE(64204) o UCLA 940
T B8 TFHRMAT(/7/10X7 T%%¥%*» PROBLEM FLUSHED BUE TE EXCESSIVE ERRERSTy "~ UCLA 956
Gg T8 7 UCLA 960

) WRITE(62203) - - JCLA 970

203 FBRMAT(V4ELEMENT NUMBER

ELEMENT NAME

CEPENDENCY (IF ANY)

BRI1UCLA 580

IGIN_WODE™ [ TARGET NODE

*/1X:123('-')/)

VALUE

1ETLI )2 VPATHITILTYPE( D) JGENER(I ),
a 7 :EX;I2ITTEXTTBITTBRTTVTTIﬁTEXTIPETETE: OXF T 1O 117 UCLALIO30

TAG

GENERTUCLA™ 990

Ix14NE)

YCLAL000

“WRITES 21T (15 TCARD T UTFda 171214 (DEPTI V1 3 Ja L7 137, ORIGIN{ T, TARGUCLAL 010

YELA1020


http:IF(CA(1),NE.AN).-.R.((2)JfE;AK);bR,(A(3).NE.Af.OR,(A(4),NE.AA

Calt. CALC UCLALD&0
IF(ERR+EQ,11GB T8 9 UCLA1050
CALL SCALER UCLALO40
IF(FACTORHNE«Q)WRITE (62400 }FACTBR UCLAL070

T40Y  FORMKT(TOXI 78835 AS A RESULY BF AUTOMATIC STALING;  YHE ~YRUE S UCLAL{0EG

11S 10 T8 THE!,I4,! PIWER TIMES THE PRBGRAM DEFINED Se') UCLAL030
IF (TAGSEQ«1)GO TH 301 UELATI0O
READ,Z,100]A - _ UCLAL110
301 CALL SRIFTTAY — UCLATIZ0
IF¢(A(1).NEeAS),BR, (A(2) NEJE)+BRe(A({3)sNELAN) oBRs (A (4) +NELASH) UCLAL130
TOTTRGETYE 390 T UUCLAL 1RO
CALL SENSIT UCLA1150
Gg YO 300 UCLA1I80
390 IF{{AC1) sEQsW) s AND, {ALR) sEQB) (AND (A(3) sEQR) o ANDa (ALL),EDQeAS)) UCLA1170
¥CALL WORST R V¥ 1)
300 CALL GRAPH __UCLAY190
T TTHRITE(65250) “_ - UCLATZ00"
250 FaRYAT('1FLBWGRAPHY /' FRBM Tal TO1,8Xs151,9X, tYALUE 1) UcLAi210
08 gzl I=1,NPATH UCLALZE0™
CALL REDUCE(S{I)sllaK} L UCLAL230
-1 WRYTE(E,ESTTLPiTHTT—TT‘EFFTHtIJET‘TT“VPlTﬂxr— - UCLAL2%0
251 FBRMAT(1X,13:,219,1PE20+8) UCi.A1250
T T NPATHENPATHFT - — UCLATZ280™
VPATH(NPATH) 21 UCLA1270
SINPFATHI=1000 UCLATZE0
 NTIMES=({(2*NE}=1)/30)+1 UCLA1290
T TINPaD UCLAL300
ERR=Q ___ _UctLAjisio
- TAG= 1 UCLAL31is
. G8 18 10 ____ __UCLAL320
i7 INP=q UELAL330
ERR= 0 UELAL340
“LE T UREADTSS LGOTA T UELAL 35D
io wRITEtéoaos)A UCLA1360
T 205 FERMAT (TIT78UATH R ol
19  IF(TAGSEQ.QICALL SHIFT{A) UCLA1380
TAGaQ TUCLALEES
IF{(A{1)sEQeE}+AND (A(2) JEQeAN) «ANDo (A(3)}eEQ D) IGE TB 7 UCLAL390
T IF AT VEGYE T+ AND TATZ ) WEW-AX ) JGO TU 7 UCLALH00™
IF{(A{1)+EQaCYoAND W (A(2) EQ+ATY oAND G {AL3) 4EQR) sAND L (A(4) ,EQC)) UCLALYLD
R K- - ¥ UELAT4E0
IF((ALL)oEQeTI+AND s (A[2)+EQs R)eAND4(AL3)eEQaF)oANDs (Af4)4EQeE)) ULCLAL430
168 75 12 UCLA1 %0
IF(CA(L) sEQ+AN) »AND (A(a)-EQ.AAJ-AND-(AI3)uEG.AS}-AND (A(h)-E@ AAYUCLAL 450
Iyeb 7o 12 UCCATS80 ™
IFCIALL) eEQeAS) sAND e (A(2)+EQ+T )+ ANDe (A(3)+EQeB) s AND« (A{4)+EQePY} UYCLALIS70
1STBP UCLATES80 -
IF(INP«EQ.0GB TR 13 UCLA1490
TFT(ATIT<EGeAVI AR, (A{TTEQAT}JGE T8 1§ UCLAI%35
IF((A{L1)WNEP}«BR. (A{2)sNEZAL)+BRe{A(2)+NE4B) ,BRe(AL4)aNE«T)eBR (EUCLALBO0
- 1RRYNE«OTYGE TB 2p — UTLALBID
CatL PL8T UCLALS20
- M_F(ERR:EE.WM_I_NVERT 'U‘c:mso—'
Ay


http:O.(A(2).E.AL).R.(A(3).NE.O).OR.(A(4).NE.T).OR
http:EU.AV).OR,(Ad1).EQ
http:AND.(AC3).EQAS).AND.CAc4).t0
http:EO.AN).AND.(A(2).EO
http:IF(CA(i).EO.T).AND.(A(2).EQ
http:IF((A(1).EO.W).ANO.(A(2).EQ.b).AND.(ACS).EQ.R,.AND.(A(4),E.AS
http:A(2).NE.E).OR.(A(3).NE,AN).OR

5  ERR=0 T T UELALERO”
20 IF{(AL1).EQsR)eAND . (A(2) 4EGeB) ,ANDs (A(3)sEQeD )+ ANDs (A{4) ¢EQeT) s ANDUCLALE50

1+(ERR*EQ+0) JCALL RESTS UELALS60
. _CaALL _SEIFT{A) o o _ UCLALB70
IF (ALY EQeP s ANDITA(Z) EQ+8) o ANDW (A(3) sEQe ALY+ ANDS [A (L) +EQHE) UCLALGE0
*AND, (FRRWEQeQ) ) CALL PBLSEN L UCLA1590
TFC{ACL) aNE+W) o OR« [AIBIsNE2H 1 oBRe (AC3) sNE SR T yBRa (A(4] oNEeAS) ) UCLAL&10
#G8 TR 610 e e LMCLAYER20
WRITE{&s302) UcLAL{630

332 FORMAT(/10Xs t¥xx% SENSITIVITY BR WORST CASE REQUESTS MUST IMMEDIATUCLA1640

TTTTTRELY FELLBW THE CIRCUIT DESCRIFTION==REQUEST 1GNBREOYY ~ — ~ OCCATe50
Ge Te 14 o _ UCLA1660
610 IF((A(L)«NEWAS).OR{A(Z)+NECE) «ORa{A(3)eNECAN) sBR e (A{4) «NE¢AS) ] UCLALE70
*GH TH 611 L JCLA1680
WRITE (63027 UCLA16590
. Gg 18 14 T ¥ v .y & {1 I
BIT TF (AL INEYT I vBRe (A2 eNEB T« BR (ATIISNEVALY) BB TB 1% UCLALTI{O
WRITE({62312) - _UCE51720
312 FERMAT(/10Xs T**x* TOLERANCE CARDS MUST IMMEDTATELY FOLLAW THE WBRSUCLA{730
#T CASE CARD==CARD IGNBRED.!} _ UCLAL740
G5 TO 1% UCLAL750
12 WRITE(6s210) . e o UCLAL760
210 FERMAT{/10%s T*%%% MISSING VI1END OF PREBLEWMYYT ¢ARD SIMULATED BY PRGEUCLA1770
1GRAM. 1) ‘ YCLAL780
WRITE(6+202]) UELAL7S0
g 18 11 e YCLAL800
i3 TFC(ATL W NE WP Te8Re (A(2) sNE+AL ) +BRe TA{ 3V« NEWB T, B8RV TAT4YNELT) IGH TBUCLALBIO
115 UCLAL820Q
WRITE(E,206) UCLA1EF0
206 FORMAT(/10Xas texx» PLET, RBAT AND POLE SENSITIyITY REQUESTS MUST FBUCLA1840
#L6W TAREI EGPBR T FST5e1/165%, 'REQUEST IGNBRED TJUCLALEE0
Ge 1B 14 e UCLAL1860
I8 TTIFT(ATLT<NESH) «OR+ (A(21+oNE#BJeBRe [A(ITsNEVE) 4 6Re (A (4T «NE, T GE TH UCLALE7O
%303 UCLA1880
WRITE(67206) “TUCLALBIE
GB T8 14 UCLAL900
303 IF((EtI,'IQE'PiIHRO{EiE,'NE‘E,'GR"niSFlN * JeORe { » » _Umm—
*G8 1O 3593 UCLA1920
- WRITETG7206) PECATY3I0™
Ge TB 14 UCLA1940
I IR (AT L P RETAS TR O (AT T e NESE S BRVIATIYTNEVAR TR 6Re (A T# ) sNE+ ASTT — UCLATSSD
%G8 T8 304 UCLAL1560
WRITE( G2 302 UCLAIT970
GB TO® 14 UCLA1980
B0% IF I (AT SNETT T +OR«(A(CI*NEsOJeDORe (A{SI*NESA[Y) GT tg 35 UCLALISSU
WRITE(62312) UCLA2000
T GB 7O 1% UCLAZDIT
315 IF({A(L)aNEsW) 4BR (A{2) +NEaD}+BRu(A(3)+NEWR) 48R (A4 ) o NELAS)) ucLAzoz20
*Gg 16 16 UCLAZ030
WRITE (62302) UCLAZ040
Go 16 1% UCLAZOS0
16  INPa1 UCLA2060D
(67207 INTIFES UCLAZOYD


http:IICAC1L.NL
http:RAC)NE.AS
http:A(1).EQ.R).AND.(A(2_3EQ.Ob

207 FERAAT(//1Xs'MTIMES Y, [ 4)

i3

83

21

CALL WHAT

IF (ERFTEL1¥GR T/ 17
DN1SI=1,vPATH

CALL TERITCI,0,- TIMES)

CALL I*3IT(Is#PATH(I,1)2=NTIMES)
Celn INIIT(I.MPATH(1,2) s =NTIMES)
CrLL LAIPS

DCSsI=1,5040

RITR(T)=20.0

NERRI=128D

SHMAx1({I)=D

S41 11{1)=0

NG AEA=MIND (SMI-I(1),5MIN {2 )
NEVAX=YAY O (SMAF (1), SMAX (2}
CALL A! SoPR{VN,NEMAXANSMIN, O
IF( SEMWGER.CIGH T8 14

Cal|, SFENST

e l=1,4540

PaLY, 1}=RITS(I)

DE22T=1,20

SvaAxQO{T1=3MAX1I(])

S IngC{Ty=2SMIr 1T}
TE(MvBBST L FQe0)IGe TA 14

Call ¥oRg7C

Call AMSAER{VY, GMAXE,SYMINE,=1)

G4 TH 14
Th
SUTTAUTING ASCANI(R, 1. J)
b oF o BRENT UeaColshe

QFAL LFFT,MINUS

oMYA SOATASAN I (71, SLASH,LEF T, BMED (21 4BLANK, PLUS,» MINUS,RIGHT,EQU

CoMaphsa 8 (B0)
Jei=1,20
Jzk~1
D‘:A(k}
IF({A{K)eERLEFTIRETURN
IFCAIK Y ENSLAGEIRETURN
TF LA (K] «EQ oM TRUT ) RE TURN
TECA(KYeERPECATIRE TURN
IE(ACKY ENEQUIRETYRN
IF LAY aER-GLAMK IR TURN
AFTYLN
ErD
l'”‘nnUTI”F nSCAi\ ‘QDI)\J)
CaMYPN/AZA(ED)

u F.akpDhT JaCalaAn

~E 4 “\/WATA/CIAI:A”SQ(7) AV,FHOR{3).8,:F, BﬂBa(p:;BLANK:CHPDtﬂ)a

1A% sl A TVBD LY, 1
IEL<=1+Ry

NELEN |

P_:A(,)
TF{A(K)=FrUIRTTRY

1967

UCLA2080
ucLAZz090
YCLA210D
uCLAz110
UCLAZL2D
UCLA213D
UCLAR140
UCLAR150
UCLAR160
UCLA2170
UCLA2180
UCLAZ2190
UCLAR2200
JCLAR21D
UcLaz220
JCLAR2230
UCLAZ240
UCLARZS0
UCLAZ260
UcLA2270
UCLAZ2280
UtLAZ290
UCLA2300
UcLAag310
UCLAZ2320
UCLAZ330
UCLAZ340
UCLA2350
UCLAR360
UCLAR370
UCLAZ38D
UCLAR2390
UCLAZ400
UcLazslo
JCLARAR20
UCLAR%30
UCLAZ 440
UCLAR450
UCLA2460
UCLAZ470
UCLAR48D
UCLA2%90
JCLAR500
UcLa2b1o
UCLARS20
UCLA2530
UCLAR540
UCLAZESO
UCLAPSS0
UCLA2S70
UCLARBRO
YCLARESD
UCLA2600



c

TFCA(K)+EQ+BLAMK IS TURN
IF ALK YSERAMIIETUSN
IF(A(K)YFCAKIRETULR
IF ALK ) sENSPIRETURY
IF(‘A(k) -EQ-S)PE TUR ¥
IF(ALK) «EGeAVIRETULS
1 IF{A(K) «EQeATITETURN
RETUCN ™
END
SUBRBUTINE CSCAN(B, I,J)
HoF « JKRENT ) JeCeliaAe 1947
CHMMAN/A/A(RD)
PEAlL LEFT,MINUS
CEAMBN/DATA/C, AT A~BD IR SESBMBD (R )8, CMED L 2), pNT» BLANKAPLUSSMINYS
DAk 1,80
J=K=1
BzA(K)
IFLA(K) sEQsPNTIRETHRN
IFLA(K) eERsEIRETUR Y
IF{A{K) rER+PLUSyRETURN
IF{A{K) +EQ#MINUSIRETURN
b IF{A{KD lEGaBLA"JK)RETURN
RETYSA
FND
FUNCTIONTISBRTTAT ™ ~
HeF « BKRENT UsCeleAr 1967
INTEGER FLAG -
CeMMaN/FLAG/FLAG
ceMqah/¥sa(10) 77
FLAG=0
pDel11=1s19
{S0RT=1=1
1 IF(ALENB(IYIRETURN ~
ISERT=Q
FLAG®1
RETU N
END
SUBRBUTINE MSG(AsI)
HeF ¢« JKRENT UeColoAs 1947
WRETE(6220G)10A

- - ¥

UCLAZA10
UCLAZ620
UCLA2430
UCLAZ6%0
UCLA2650
UCLA266D
JZLARE70
LCLAZERD
JCLARS9D
UCLAR2700
UCLAR71D
HCLAZT20
UCLAZ2730
UCLAZ74D
UCLA2750
UCLAR760
UCLAZ2770
UCLA2780
UCLAR790
UCLA2800
UCLA2810
UCLAZR20
UCLARB30
UCLA2840
UCLAZ2R50
UCLAZB60
UCLAR870D
UCLA2880
UCLAPR30
UCLA2900
ucLaz910
UCLA2920
UCLA2930
UCLAZ2S4%0
UCLAPSE0
UCL A2960
UcLA2970
UCLAZ980
UWCLAR29S0O
UCLA3000

200 FORMAT(10Xs "##%x CRARACTER',13,! WAS EXPECTED T8 BE A ',A2,', CARDUCLAZ010

1 IGNBRED.)
RETURM
Fad
SUBRALTINE NUMBER (vt,N2)
H+F + 3XRENT UeCulsAs 1947
CaMMeN/A/A{BO)
CeMMpN/DATA/AMAD (4),E2BMAD(11),PNTBLANKPLUS, HINUS,RIGHT, EQU
REAL MINUS -
INTESER TASJFLAG,E ¢FB,PBY
CgMM NFLAG/FLAG
CeMmah JCTRCIT/CHAD (8021 4 NE
CeMMaN/PATHE/LPATH(Z00, 27, VPATH{300),5{3200) s NPATH

UCLA30EO
UCLA3030
UCLA3040
UCLA3050
UCLA3D60
UCLA3070
UCLAZ080
UCLA3Z0S0
UCLAZ100
UCLAZ110
UCLAZ120
UCLA3130



200

O~ o ~J

201

veny UCLAR140
TAG=0' UCLAz150
VRPATHINE ) =(s YCLAZ160
Ppw=s UCLA3170
IF(«.LEsNZ)GE TR 1 UCLAZ180
1F¢V9A7u<\t> LT+1e5=30)VPATH(NE)}=100 UCLA3190
IF(TAG+ER+1IVPATH JE Y= VPATHINE) ucLaz200
URTTEL6s 2001, VPATR{NE) ucLaszio
FarmuAT(10x, teuxs VALUE CANNEBY BE CHMPLETELY DETERMINED DUEUCLA3220
1 T8 &N ERRIR IM CHAPACTER';Iafiox;'**** VALUE ASSUMED T8 BE'sE18+8UCLA3230D
1) UCLA3240
RETURN . . UCLA3250
I=X UCLA3260
CHECK F9Rr + AR . SIGNsS ucLaz270
IF(at)«EQMINUS)ITAG=t ~ — ~ UCLA3280
IF (0 () REGeMINUG ) B8R (A(D) «EQ,PLUS)I I I=]+1 UCLA3290
SCAN FBR ') - Es . BLANK UCLA3300
CaLL CSCan(8:1,0) L UCLA3310
IF{J:GTeNZ}J=NP - UCLA3320
IF{JWLT.I)GE T9 2 UCLA3330
INSERT NUMRERS  GREATER THAN 1e0 UCLA3340
pe3K. 1, ) UCLA3350
VPATHINE y s VPATHINE 1+ (SBRT(A(K) ) # (100 %# (JvK} )} UCLA33560
IFLFLAGWEQ.1IGE T8 4 oL UCLA3370
CONT INUE ) UCLA3380
CHECK FBR THE END  BF THE NUMBER FIELD UCLA3390
IF(J+CE+N2)GBE TE 5 UCLA3400
HAMDLE RUMBERS LESS  THAN 10 UCLA3410
IE(RWNEPNTIGE T8 5 UCLA3LRD
Tade? "ICLA3430
CaLL CSCAN{B,T.J) UCLAZ440
IF{ JsGTan2)J=NZ UELA3SSD
IF(JLT=1)GE T8 8 UCLA3LED
28 72.=1:9 UCLA3ZST70
VEAThH(ME ) s VPATH(VE 3+ (SBRT(A(K) )% (1D ¥ % (1-K=1)1) UCLAZ480
IF(FLAGCEQ+1YG2 TR 4 JCLAZ4SD
Cr T [NUE Tt T UCLA3500
IF{JGEaNz}GB TP 5 UCLA3S1D
IF{R.EN.E)J=d+1 uCLA3520
cVALUATE THE EXPBNENT UCLA3530
ExPr=0 YCLA3540
IF(Ad+1) EReMINUSIEXPD =] UCL.A355D
TF{ AL+ 1) «NESPLUS) « AND o (AL J+1) dNESMINUS) Y J=Juyq UCLA3560
1=J+2 YCLA3SZ7D
CALL BSCAN(R, I,%) UCLA3B20
IF(K+BTan2)K=N2 UCLA3ES0
IF(KelalEL1)52 TR - UCLA3600
WRITE(Ga201) UCLAR410
FERMAT{LIOX, "o x%x FxPBNENTS WITw MBRE TrAN 2 DIGITS ARE NBT ALLBRWEPRUCLA3620
1« 94LY THE LAST 2 WILL BE USED,.') UCLA3630
1=K UCLA3&40
Pa = [SPRT(A(K)) UCLA3650
IF(CLAGER-1)08 T8 & UCLA3660



13

100
200

IrtaeE"«b)38 T2 10
K=1
Pea=PEt + (12X IRWT (K1)
IF(FT AGWEG 1107 TA &
IF(TAPPsERe1IP M se2fy!
VRATH{ S 1 =VPAT {ME (10« x3P8A)
IF(T+G+ER.1IVPAT-HH{ WE)==VPATH{NE}
RETIEN
[’
SLeSUT NG SHIFT(AY

jeF o PKEEAT UeCal v As 1947
DIYehSTIaY A(RE)
CEMMrN/DATAZAMID(17) »BLANK, BMBE (7)., CoMMA
K=
IPrLI=1.80
JaleK
A{Jy=A(L)
TFIA(I)+FReBLANE I +1
TF(ALT) sER-COM¥A KK+
IF(¥eFDa()IK=1
AtR1-K)=BLARNK
RETJ N
EhD
FUNCTIBN 89RT(A)

LeF « SKRENT Uslal s Ae 1947 —

SART=I189PT (A}
RET3M
END
SUBRIUTINE *ASAR
HaF o SKRENT UeCalsAe
INTEGED TYPE,GEAER
INTEGER FLAGSEFRR,ARIFGIN TAPGET
CoMMRN/DATUS/LPATH 300,21 VPATH(300),5(300),FREG
ceMeeN/ZAZA(2Q)

1969

UCLA3670
UCLAZ680
UCLA2630
UCLA3700
UCLA3710
UCLA3720
UCLA3730
UCLA3740
UCLA3750
UCLA3760
UCLA3770
UCLA378D
UCLAZ790
UCLA3800
UCLA3810
UCLA3B20
UCLAR830
UCLA3840
UCLA3850
UCLA3R60
UCLA3870
UCLA3880
UCLA3890
UCLA3900
UCLA3910
UCLA3S20
UCLA3930
UCLA3940
UCLA3550
UCLA3960
UCLA3970
UCLA3980
UCLA3990
UCLA4000

CAMMBN/CTIPCIT/TARD (S0 12) s TYPE (50) s GENER(S0) ,8rIGIN(E0) , TARGET(S0IUCLA4OLO

1, T4oUT,ALTPUT,YE,S AXSSMIN
CaMurib /DATA/C, AT, A EDUPY EaBMBD L&) 2 AV, FHUBD(2)78,P,CM8D(2),
1RLAmKa

IRMIAN(4) 2 AV L AKGENSL(4) 2 Y

COYMMANZFLAG/FLALS
Cadt =N/ERR/ERR
CeMnN/RITS/N( 30001, DEP (50, 13), NNRDES, INBDE
NE=D

READ(ES10C)A
WRITE(%:8000A
FaR+aT(8041)
FaRrR-AT1x, ’0AL)

1=1

CALL ASTAN(ZRSI. )
IF(JsMFo1=135R TR
1=.+2

IF(1+CT=72168 Tt &
48 13 2

UCLA4QZE0
UCLALQ3D
UCLA4040
UCLA4050
UCLAL4O60
UCLA4070
UCLA4080
UCLA&090
UCLA4100
UCLA4LI0
UCLA4120
UcLA4130
UCLA4140
UCLA4150
UCLA4160
UCLA4170
UCLA4180
UCLA4190



19

14

i1

13
16

IFLACT)ERR)GH TH 17
IF(ALI)«EQe8)GP T 17

NEs=? 41

583¢=1412

L=laK=1

CARNINE K} =A{L)

TFLL"GTo J)CARDINE, <) =BLANK  * 7
CanNTINLE

I=Jdan

CALL, ASCat(Bal.d)

IFLgaNE-1-1)G8 T¢ 5

I=d+2

IFL1+GTa72)C0 TO g

GA TG 4

ARIGININEY=ISBRT(A(J))
IFIFLAGEQ11GB +3 &

TF{JeNEe 1Y ERTGININE ) =BRIGININE Y4 (ISBRTIACI) ) 41O)
IF(FLAGPEQ<1)GY T3 4

IsJ+s

CaLL ASCAN(B,s 1.0}

IF{JeNE«I=1)G8 TR 7

IxJap

IF(1+GTe72)G8 TP g

Ga T8 R

TARGET(NEI=TS8RTIA(J)} _—
IF(FLAGEQ-1)GE T8 ¢
IF(J,NE-I)TARGET(NE)=TARGET(NE)+(ISBRT(A(I))an)
IFIFLAGER«1}EY +8 ¢

I=J+2

CallL BSCAN(DaI,J)

IF(JeNFe]=2)GE TO 3

IF{1+GT«721G8 T8 g

I=.l+2

88 1€ 10

Ks7p

CALL NUMRER(I,J}

IFr(ReEQ«BLANKYGE Ta 1%
IF(RLEN)VPATHINE ) e VPATHINE } %1 4E&
TF(R.EQePIVPATHINE ) s VPATH(NE 11 .E-12
15(n . EQe AKYVRATHINS ) sVPATHINE ) #1.E3

IFC(RaEFAMYANDs (A {42} o NEH) JVPATH(NE Y= VPATH(NE ) #1+F§
TR (e AM) S AND W (A (2 ) s EQ.HY ) yPATH(NE ) =yPATH(NE ) w1 +E=3

I=J+3
IF({B+EQ.AV)BR.IB.EG.AI})GA Th 15
IF({1+6T-72)68 T8 12
Call BSCAN(B.T.0)

GB 7O 1%

CALL ASCAN{B,I.K}
1=K+2

TF{B.ES«BLANKIGE T3 12
IF({1.GT+72)66 T8 1.

5e TR 16

NE15I=1,13

UCLA4200
UCLAR210
UCLA4Z220
UCLA4230
UCLAL240
UCLA4250
UCLA4240
UCLA4270
UCLA4Z80
UCLA4290
UCLA4300
UCLA%310
UCLA4320
UCLA4330
UCLA%340
UCL.A4350
UCLA4360
UCLA4370
UCLAL380
UCLAL390
UCLAL400
UCLA4410
UCLA4420
UCLA4430
UCLAG 440
UCLAL 450
UCLALLED
UCLA4470
UCLA4480
UCLA4490
YCLA4S00
UCLA4510
UCLA4520
YELA4530
UCLALS4D
UCLA4550
UCLA4S60
UCLA4E70
LCLA4580
UCLA4590
UrtLA4E00
LUCLA4610
UCLAL620
UCLA4830
UCLA4G640
UCLA4650
UCLA4860
UCLA4670
UCLA448R0
UCLA%4E20
UCLA4700
UCLA4T710
UCLA4720



is

32

1s
20
28

21
22

35

“23

27

34
37

L=l+J
DEP(: Exl)=A(L)

IF(L-GTOK)DEP(NEJI):BLANK

CanT INUE

GENER({NE )Y =D

TYPE(NE)=O

iF( (f"ARD(ME’i).EG- \J"|BR|(CARD(NE’1)IEGCAI ! }GENER‘NE)SI
IF(CARD(NE2 1) «EQes JTYPE(NE) =1

MNBDESsMAXO(NNBDE » TARGET(NE),BRIGIN(NE))

INEDE=MINQ( INBOF . 4RGET(NE)#BRIGIN(NE))

S@ 16 18
npe3zl=INGpEsSNNBLI =
N(I) G

DA1g9I=1sNE
J=ARIGIN(I)
(JysNiJy+1
JsTARGET (1)
Nedy=h{Jdi+1 _

J=0

Dez2pl=INBDEsNR" 73
J=MAXCIJAN(T Yy
pERI=INSpEsNt TS
IF(JEQeN(IN}L TR 22
CenNTINUE
N{1).0

DpR3J=1aNE

IF (GEMER(JI*®TYPE(J)+EQep)GO TH 23
K=8RIGIN(J) ™ -
L=TARGET (J}
IF(N K} «GT«03GS TA 36
IFIN{L)«GTCIM=1
M{L)y==TABS{N(L)})
IF(NIL}YsGT0)IGS TB 23
IF{N(K)aGT=0)M=]
N{K)==TABS(N(K))
CaNTTNUE .ot Thr o T
IF{11+EQ-1)GB TO 22

Deged=1+NE
TF(GehNER(JIHTYPE(J s NELDIGB T8 26
K=ARIGIN(.J}

LL=TARGET (.J)

IF{K.NE«])GE T3 27 °
IF(NIL)LE-GIGS TO 27

N(L)y==M{L}

Gg To 34

IF{L+NE+1)GE8 TG 26

TF(MIK) oLE-D)GE TB 26

N(4%)=s=NIK) o -

TYPE(J)=1

Me0

DE3tJi=1,NE
IF(TYPE{J1I+GENER(J1)+NE.2)GB T8 31

A-10

UCLA4730
UCLALT740
UCLA4750
UCLA4760
UCLA4770
UCLA4780
UCLA4790
UCLA4 800
UCLAL81D
UCLALB20
UCLA4#830
UCLA4B40
UCL.A4850
UCLAL860D
UCLA4B70
UCLA4B80
UCLA4890
LUCLA4S00
UCLA%S10
UCLA4320
UCLA4930
UCLA4540
UCLA4850
UCLA4S60
UCLA4870
UCLA4380
UCLA4990
UCLASO00
ucLAs0lo
UCLAS020
UCLABO30
UCLABO40
UCLAS050
UCLAS060
UCLASO70
UCLAS0BO
UCLASOS0
UELABL100
UCLAS110
UCLAB120D
UCLAB130
UCLAB140
UCLAS150
UCLAS160
JCLAS170
UCLAB180
UCLAB130
UCLAB200
UCLAg210
UCLAS220
UCLAS230
UCLAS240
UCLAG250



D000

33

34
24
35

2o

0D

PuRIGTN(JL)
L=TAPGFT(J1}
TECHEY s (L) CTL )36 TE 931
IFiMeKY»3E01GH T8 33

IF(s (LYeSTa0 M=
Pty == TARS(NILY Y
IF{M(LIGESC)GN TH 31
IF{N(K) BT 0=
NEKYe=TATSINIK))
CoNT b e
CaNT IMUZ

=7
NReglsINCPEANMEDES
J=1aGldan D))
IFCJeES0) % T3 30

IF{Jeb Te=wiQ00)GR T 28
nraa = INaRD A RHENES

TR LT3 el TeGIM (T )=%( 1) w1000
CENTIRUE
e TR 3R

ARITE(Ar201 Y
FeeaT (1 INPUT CEDING gRRBR NEAR CBLUMN 1,13y
ERR=1
RETLRN
o)

SUIRBUTING SENSTT

Ge ZRANMDI UsCel aAy 1969
PrICESSFS SENSITIVITY REQUESTS

INTEGER TAG,SENS

DIMELSIIN SHIN(21,3MAX(2)

CaMmrN/AsA(RD)

CEMMAN /CIRCIT/CARD (S0, 12) 2 TYPE (50) 2 GENER(50),8RIBIN(50Y,
¥TARGET (3G s IMPUT FAUTPUT ) NE , SMAXSSMIN

UCLASR60
UCLAS270
UCLAS280
UCLAB2%0
UCLAS300
ucLag3io
UCLAB320
UCLAS330
UCLAS340
UCLAS350
UCLAS360
UCLAS370
WCLAS380
UCLAB320
UCLAS400
UCLA5410
UCLAS420
UCLAG430
YCLAS440
UCLAS450
UCLAS460
UCLAS470
UCLAS4E0
UCLAS4S0
UCLASEOO0
UCLAS510
UCLARS20
UCLASS30
UCLASS40
UCLASES0
UCLAS560
UCLASS70
UCL AB580
UCLABS30
UCLAS600

CaManM/DATAZAN 30 (4),E4BM9D (63, AS,CMAD(3) # ANSDYAD, BLANK,EMBD{3) L EQUUCLASSEL 0

CMeN/TAG/TAGL20) , NESENS SENS(50)
COMvIM/BETS/LRITS (300012 9EP (50,1312 NNODES, INGRE
NATA LIVITZ20/
INITIALIZE
ME1="
WARITC (A, 1060A
Fg*aT{'11,°04%)
“n oTr o4
IF MoxT CAPD IS ART SCNSITEVITY CARD, RETURYM
REFT(C 1 900A
Frv Taral)
cAaLL SPIRT(H)
TE (AL 1) o D251 ER (AL Y aNECE) o BRI LA(3 1o NE L AN 4B Re (A (&) WNELAS))

¥AETIN
CARIT-{erZ)A
Erle T 001

Lrht FFT Erua§ QIGN AFTER SENS

A-11

UCLASg20
UCLAS&30
JCLASS40
UCLABE50
UCLAS660
UCLAB&70
UCLAGSE80
UCLAG&D0
UCLAS700
UCLAS710
UCLAR720
HCLAS730
UCLAS7%0
UCLAS750
UCLAS760
JCLAS770
UCLAG780


http:IF(1(K)3E.OG

3

OO0

1 CALL ASCAN(B21,0)
IF (BeFR.pNGH TH 2
WRpITrl6a102}

102 FERMAT (/10X, '%x*% FQUALS SIGN NBT FBUND~«REQUEST IGNARED,')

Gg TO 2
FIND CIRCUIT ELEMENT
3 K=le+p
L=K+1l
Dp 4 I=lsnNE
Da 5 I1sk.L
12s11=d~1
IF (A{11)«NECARD(1,12})G0 T8 4
5 CeNTINUE
chECK FSR INVALID ELEMENT (INDEPENBENT SByURCE)
IF(GENER(I)¢EQeQyG3 TO 2@
IF(NEP{1,1)sNE«BLANKIGE TB 9
WRITE(62105)

108 FERMAT(/10Xs '#*%#% INVALID ELEMENT TYPE-~REGUEST IGNpREDs ') _

Go TH 2
CHECK FOR TOE MANY REQUESTS
9 NE1=shE1+1 i
IFtMELLE.LIMITIGE T8 10
WRITE{S+101) ~~ 7~

ucLAg790
UCLAS800
UCLAGS810
UCLAS820
UCLASSE30
UCLAS840
UCLAS850
UCLAB860D
UCLASR70
UCLAS880
UCLAS890
UCLASS00
UCLAS910
UCLABS20
UCLAG330
UCLASS40
UCL.AS950
UCLAS960
UCLASS70
UCLAB980
UCLABS990
UCLAS000
UCLAKOD3D

101 FBRMAT (/10Xs'#x#s T8 MANY SENSITIVITY REQUESTS~=REQUEST T3NBRED,UCLA6020

1) —
Gp 16 2
CHECK FBR DUPLICATE REQUESTS
10 IF(SENS(11+EQ.01GE TO 11
WRITE(6s104) .
104 FBRMAT(/10Xas '#¥s* DUPLICATE REQUEST«-REQUEST IGNOGRED.1)
Ge T8 2
IWSERT SENSITIVITY TAGS
11 NSENaNSFn+1
SINS 1) =TAGINSEN)
Ge TG 2
4 CaNTINUE
ELEMENT NOT FEUMD IN CIRCUIT
WRITE (62103}

UCLA6030
UCLAg04D
UCLA050
UCLA&060
UCLAGO7D
UCLAgOS8D
UCLAS09D
UCLAs10D
UCLA&110
UCLAB120
UCLAS130
UCLA&L40O
UCLA6150
UCLAsL60

103 FOGRMAT (/410X, t##¥» SENSITIVITY REQUEST FOR UNkNSWN ELEMENT==RF"UESUCLA4170

*T IGNGBRED.'}
Gg Te 2

END —
SUBRBUTINE WEBRST

Se GRANDI! Usloload 777 1962
PROCESSES WORST CASE REGUESTS

INTEGER TAGsSENS

DI¥pASTIAN SMIN(ST,eMAX(2)

CaMsNsA/ A (BD)
CEMMEN/CIRCIT/CARD (50,121, TYPE (B0) 2 GENER (S0} ,8RIGIN(S0),
sTARGFT{50) s INPUTLGUTPUTSNE

CaMMBN/GAG/TAG(20) ,NSEN,SENS (50)

A-12

UCLAg180
T UCLA&150
UCLA&200
T UCLAsZ210
UCLA&220
UCLA&230
UCLAS240
UCL A6250
UCLA&260
UCLA&270
UCLAg280
UCLAG290
UCLA&3CD
UCLA&310



100

3

CEMMEN/RITS/LBITS(3000) »DEP{50513)
CoMMaN/MBRSTL/NWERST,, VW (101, 2),TEL (50) .
COMMEN/DATAZ/AMED(2)sReALSESBMBD(6) 252 T2B2CMOD, ANS FMBED BLANK,
*DMBD [ 2)JEQUIEMBD (T ) W
CHMMBN/PATHS/LPATH(400) 2 VPATH (300}
DATA LIMIT/20/
INITIALIZE
NFLAGED
WRITE{£1100}A
FERMAT(Y1',80A1
INSERT SENSITIVITY TAGS FO8R ALL VALID ELEMENTS
ne 1 l=21,NE
IF{GENER(T}+EQ.0)GA TB 2
IF(DFP(1,1)sNE.BLANKIGR T 2
Gg 18 1
NSEN=NSEN+1
1F (NSEN«GTSLINITIGE TO 3
SENS(])=TAG(NSEN)
CBNT NUE
NWIRST=1
6e T8 11
TEE MANY ELEMENTS
NSENsNSEM=1
WRITr(5.1011}

ucLas32o
UCLAg330
UCLA&340
UCLA8350
UCLAG&360
UCLAg370
UCLAS320
UCLA&390
UCLAS400
UCLAg4lD
UCLAG4ZO
UCLABL30
UCLAG440
UCLAB4S0
UCLAg4&60
UCLAKLT O
UCLAG4B0
UCLA&420
UCLAg500
UCLAGSL10
UCLAsB20
UCLA&530
UCLAS540
UCL AR50

101 FGRMAT(/10Xs'*%%% Tge MANY ELEMENTS FgR A WERST CASE ANALYSIS==REQUCLA6560

10
103

113

102

*UEST IGNRRED')
NFLAG=1
68 18 10
SET ALL TBLERANCES T8 «1 DEFAULT
pe 4 I=1,NE
TeL(I)=ey
AL TELERANCE CARDS
READ;5s,10314
FOR4AT(BOAL)
CAlL SHIFT (A}
1F CARD N8BT TBLERANCE, RETURN
TF{(a(1)eNE?T)aERs A(2)+NEWB)+BRy (A(3)eNE4AL GO TB 12
MRITE(62113)A
FARMAT(! 1:80A1)
IF{NFLAG.EG+1)GE T4 10
CHECK FaR EQUALS SIGN
CALL ASCAN{B,1.))
TF{B+ERLEQUIGE T =
RAD CARD
URITE (s 102)
FERMATI/10Xs tex%* £RROR IN TBLERANCE CARD-<IGNBRED!)
Ge 18 10
K=Jd+2
8 TAINCIRCUIT eLEMENT
CALE ASCAN(BJKJJ)
TE(JeENKe1)GER T8 7
IFIRNF.EQUIGE T8 7
LzJ=K+1

A-13

UCLA&S70
UCLA&5B0
UCLABSO0
UCLASE0D
UCLAGS1D
UCLA&K20
UCLAS630
UCLAGEHQ
UCLAGE50
UCLA&KED
UCLAs670
UCLAs680
UCLABESD
UCL.Ag700
UCLAS710
UCLA&720
UCLAE730
UCLAg740
UCLASAT50
UCLAGY760
UCLAATZ70
UCLAg780
UCLAS790
UCLAGRDO
UCLAGS1Q
UCLA&820
UCLA£830
UCLAG8B4D



IF{L «GBT+123L=12 UCLAGB50

NE]1sNE UCLAGBED
DR g I=1,NE1L UCLABR70
De g Il=1,L UCLA&BSE0D
I11=71+K-1 UCLABRS0
IF(CARD{I,TI)WNFA{TIITI})IGO THB 8 UCLAg900

9 CeNTINUE UCLARS10
ABTAIN TEBLERANCE vALUc UCLAg220
NEsNE+] UCLAS930
Mz J+ 2 UCLA&S40
CALL ASCAM(BsF.N) LCLABIS0
Call NUMBER(MLN) UCLAGTED
TEL{I)=VPATH(RE) UCLA&STO
NE=ME=1 ' JCLAES80
Gg 78 10 HCLABIS0

8 C/NTINUE UCLA7000
Gg 18 7 UCLA7010
WFITE TOLERANCE TABLE UCLA7020

12 IF(MFLAGWEG«1)RETUIN UCLA7030
WRITE{&s 120} UCLA7040
120 FBRMAT(//1 ELEMENT NAME!, 10X, 'TBLERANCE!/) YCLA7050
DR 13 I=1.NE UCLA7060
IF(SENS({I)-EQ.G3G8 T8 13 HELA7070
WRITE(A, 121 (CARD T J) »d=1212), TOLL]) UCLA7080
121 FORMATIIX, 12A1, 11X, F 7+ 4) UCLA7090
13 CeNTINUE UCLAT7100
RETURN UCLA7110
END UcLA7120
SUBPBUTINE READ UCLA7130
H.F «AKPENT UsCalahe 1947 UCLA7140
ANALYSES FRgE F1eLDd CIRCIIT DESCRIPTIAN CARDS UCLA7150
CaMM8N/TREE/TREE UCLA7160
INTEGER TREE UCLA7170
INTEGER TYPE:GEMER UCLA7180
INTEGER ERIGIN, TARGET LUCLA7120
INTEGER TAGAEPR,FLAG,BUTPUT UCLA7200
REAL LEFT,MINUS . UCLA7210
CaMMAN/DATA/C, AT SR, ALIESAJSD,SLASHALEF T AV, F, A%, T29,P, AN, PNTLBLANKUCLAT7220
1o PLUS)MINUSSRIGHT, EOU» AM, Ha AK» CBMMA, Y5 AA UCLA7230
CsMMpN/AZ A (B0) UCLA7240
COMMBA/TAG/TAG ~ UCLA7250
CativaN/ERR/ERR UCLA7260
CaMpab/X/AC(LD) UCLA7270
CaMMeN/FLAG/FLAG UCLA?280
CaMMEN/g 1 TS/LOAP (20001, DEP (50, 13) 2 NNBDES, INGDE UCLA7290
CARMMBN/CIRCIT/CARD(50,12) 2 TYPE (502 GENER(5Q) ,8RIGINIS0I,TARGET(5 UCLA7300
10}, IRPUT,BUTPUT ,NF , SMAX,) SMIN UCLA7310
CaMMAN/PATHS/LPATH{300,2) 2 VPATH(300},5(300),FRER UCLA7320
NE=g UrLA7330
MR =g UCLA7340
ERR=0 UCLA7350
INPUT=0 UCLA736D
BUTPLT=C UCLA7370

A-14



C

48

224
%9
51

5p

11

loe
200

218

B4

217
50
221

23

45

TAS=0
IF{TREEWEQ.C)ICR T§ 2
TREE=1
c4TRACT CIRCUIT FREQUENCY
FRL3=1.2
CrlLL ASCAN(B,1,1)
IF(R+ESSLANKIGE Ta 2
IF(RETLEFTIGE TR 49 -
CaLL YS3(LEFT,I+1)
rEITE (R 2P0 )FRIE
FARMATILGX » toxes FPaEGUENCY ASSyUMED T8 BE 1sE14.8)
37 19 2
I=l+-
CsLL AGCAV{B:I:J) -
IF (R EW) e AN (BeNESMINUSIIGE TR 52

Call ASCAM(B, J+ma g ; .
Ge TE Bi

IF (B NEeRIFHTICALL 1SG(RIGHTsJw1)

NE=1

CALL NUMEER({I,J)
FRE%=VPATH(ME)

NE=q
JEGIN CIRCUTIT DATA  ANALYsIS
RCAD,S,1CNYA
{RITE(AIZ00)A
FeR (AT(SDA1) ~
FeRraT (1, 30A1) .

CALL SHIFT(A)

TFE(ACL) o NEBLANKIGA TH 44

WRITELE2218)

FrReaT(10oXs ' #xsx SLANK CARD IS IGNBRED.1')
Ge Te 11

IF tpND BF DATA 18 ENCBUNTERED, gND
IFC(F (LY =EQeEY e AMD L (AL2) s EQRu AN sAND L {A{3R) +ERsD ) IRETURM

TF{ALLYWNEWP) PR (A(R)«NEWALYIGA TR 50
NeITElAI P17}

FARAAT(10Xs "2xex PLET CARD IGNGRED 1)
38 TR 11

IFIvFLE. 491G T8 »3

wrtteileazal)d

UCLA7380
UCLA7390
UCLA7400
UCLA7410
UCLA7420
UCLA7430
UCLAZ 540
UCLA7450
UCLA7%60
UCLA7470
UCLA7480
UCLA7490
UCLA7500
UCLA?7510
UCLA7520
UCLA7530
UCLA7540
JCLA7550
HCLA7S60
UCLA7570
UCLA7880
UCLA7S90
UCLA7600
UCLA7610
UCLA7E20
UCLA7630
UCLA7640
ULLA7&B0
UCLAT7660
UCLA7870
UCLA7680
UCLA7&290
UCLA7700
uckLaz71o
UCLAZ720
UCLA7730
UCLA7740
UCLA7750
UCLA7760
UCLA7770
UCLA7780

FopAT{L10Xs '*¥%%+ MIRE THAN 50 ELEMENTS NOT AL[EWEDs 2NLY THE FIRSTUCLA7790

1 &0 YILL 8Z USEDWt)
DEP(NE+1,1)5BLANK
TYP(hE+1)=0
Gr & {*E+1)=0
Dakglz1,12
DEP(NE+1, T+1Y=L LANK
Crporghbiag, ) =BLANK
r.ECK FIrgT 1LETTER F8R ELMENT TYPE
IF (A1 YETEY DR fA(1)eEQeAJ)IGE T8 &4

UCLA7800
UCLA7810
UCLA7820
UCLA7830
UCLA7B%0
UCLA7850
UCLA7860
UCLA7870
UCLA78B0

TR/ 14) eF e aARu (AL L1 ED+ALY ¢OR e (A(1)aEQC)ERe (A1) =EQD ) IGRTEEUCLATAEDO

JECLATLY VAV NRLLA(LYSEGeATYIGE TE &

A-15

UcLA7300


http:RA(1).EQ

IF{A{1)+EQ.PIGE TH 53 ycLa7sio

WRITE(62220} UCLA7920
220 FaRYAT(10¥s 'sxss ELEMENT TYPE (FIRST CHARACTER) CANNGT BE IDENTIFIUCLA7930
1EDs DEFAULT VALLF 1S R.1) UCLATS40
A{1)sR UCLA7950
GO T8 B UCLA7960
& WRITE(E2203) UCLAT7970

203 FERMAT(10X, t=wx% ELEMENT TYPE CANNBT BE IDEMTIFIED. !''END BF DATATUCLA7980
11 CARD ASSUMED T8 BE MISSING.!'/14X, 'ABBVE CARD BeECHMES FIRST BUTPUUCLA7990

T REQUEST 1} UCLABQOO
TAG=z] Ucl.agolo
RETUPN UCLagoz20o
53 WRITE(6:223) UCLABD30
223 FARMATU1GX, '*x#x PLST REQUESTS MUST FELLBW THr CARRESPENDING SUTPUUCLARO40
1T ReaUEST. 710X, PLBT REGUEST IGNERED AND DeFAULT PLBT ASSUMEUCLAgOSO
2D 1) UCLABDEO
G8 16 11 UCLARO70
c UCLARDSO
4 IFCACL) »EQ+EN)TYPE (WE+1 ) =] UCLAZOS0
GENERINE+j1=1 UCLAB100
Gg T= 7 UCLAB110
5 IF(A{1)+EQ+sDIGENER(NE+1 )51 UCLAg120
IF(A(E2YFQ4EIGS TH B UCLAR130
IF{T-EF«EC.1}CG} T8 7 UCLASRL40
IF(ALR)+ECAUIGE T 7 UCLABLBO
WRITE{&s204) UCLARL160
204 FRR¥AT{ACK, "*%#» ELEMENT TYPE CANNBYT BE IDENTIFIcD AS SRANCH BR LIUCLAR170
INKe NEFAULT VALUE 18 J{LINK}«1) UCiLagisn
Ateyahd UCLARISO
Ga 18 7 UCLAB200
8 TYPEINE+1)=1 UCLABZ210
7 CaLL ASCAM(Bs1,1} UCLAg220

IF(I+GT»12)4YRITE (6,205} (A(N}2N=1212} UCLAR230
205 FoRYMAT{10x, '##xxx ELEMENT NAME 41TH MBRE THAN Tz CHARACTERS HAS REEUCLARZ40

IN TRUNCATED TB t»17A1L) UCLAR2E50
IF(A 1Y EQ«C)GE 79 9 UCLABR60
IF(R«FTLEFTIGE T/ 10 UCLABR70
CALL MSG(LEFT,I+1) UCLARZ80
68 19 11 UCLAZZ230

9 DEP(NE+1,1)=LEFT UCLASZ00
IF{a,EN«SLASH)IGS T8 10 UCLA8310
IF{REQ«LEFTIGA TR 12 UCLagseo
CALL MSG(SLASH,T+1) UCLAS330
G 1€ 11 UCLAB34D

12 WRITE(62206) UCLA8350

204 FORMAT(10Xs'#xx» ELEMENT HAS ILLEGAL DEPENDENCY. ASSUMED T8 BE SELUCLAR340

1F DEPENDENT« 1) UCLAB370
DEP(NE+1,1)=PNT VCLAB380
C IASERT NAME 1IN LIST AND PAD WITH BLLANKS UCLAS390

1o IF(1.5T«12)1=12 UCLA8400
D8i3J=1s1 UCLAZ410

13 CARDINE+L, D) =ALN UCLA8420

c 1s NAME Wit QuE UCLABK430

A-18



iy IF(NE«EQ.0)G8 TB 14 UCLAB440

DR17J=1aNE UCLABLSD
Pelgk=1s12 UCLA8460
TF(CARDILIK) o NECARD(NE+14K) }GB T 17 UCLA&S70

18 ConTINUE UCLABY480
NR="R¥1 UCLAB490
IF{NF+GT.10)ERRS UCLASS00
Delok=3s11 UCLASS10

i9 CARD(NC+12K)=CBMMA UCLASB20
CARD(NE+1,12)=AC ‘NR) UCLABS3D
WRITE A+ 207 ) {ICARD(WE+1sK)sK=1s12) * GUCLASSE0

207 FaRMAT(10Xs '#xx+ DUPLICATE NAME ENCBUNTERED. PREGRAY ASgIGNS THE NUCLABSS0
1AME Y212A1/10%s 1#xxx WARNING==RESULTS ARE UNRELIABLE.1) UCLASB&0

Go T6 16 UCLARS70

17 CenNTINUE UCLARSE0
lg IF(A1)eNED)GE TR 20 UCLABSS0
IF(DEPINE+121)+FQPNTIGH TO 20 UCLARGOD
INSERT DEPENDENCY NAME UCLARSLO

T=1+2 UCLABG20

CALL ASCANI(B,I, ) UCLABEZ0

Mel UCLARE4D
IF(B.ENLEFTIGE TO 21 UCLARES0

CALL MSG(LEFT,J+1) UCLABE6D

Ge T8 11 UCLABET7D

21 IF({ALI)WER+AV) BR.(A(1)4EQR.ALII}IGE TH 15 UCLABGBO
IFLA(PI+EQeEIDEPINT+1, 1) =AY UCLAR&20
TF{A(EY+EQeAJIDERP(E+1s 1) =AT UCLABZ700
WRITE(Gs212)DFP(NE+1+1) UCLAR71O

219 FERMAT(10Xs '»%xs DEPEMDENCY TYPE (FIRST LETTER BF DEPENDENCY NAME)UCLAR720
1 15 ILLEGAL+ PRAGRAM ASSIGNS ',Al1) ucLAg8730

Mz2 UCLABT40

15 IF(J=I+Me3T+13) J=13+1-M UCLABTS0
DeepK=Isd UCLAB7E0
Nz=Kwp+M - UCLABY770

22  DEP( E+1,MIZA{K) UCLARTZRO
24 I=J UCLAG790
20 I=1+2 UCLARROO
CALL ASCAN(B,I,J) UCLARS1O
IF(JelTeIjusI UCLABE20
£.TRACT @RIGIN  NODE UCLARR30
IF(J=T+LF.1)G8 T8 pg UCLARR4D

27  WRITE{&)208) UCLABSS0
208 FORMAT(10Xs "#%%% MARE THAN 99 NODES N8T ALLBWEDs CARD IGNABRED'!'}  UCLARRED
Ga TA 11 UCLABSR70

26 GRIGIN(NE+1)=ISART(A{J]) UCLARBRBD
IF(FLAGEQ.1}GE T8 29 UCLAg890
IF{JanE« T ORIGIMING+] ) =0RIGININE+1 Y+ (10 ISBRT(ALII ) UCLA8S00
IF(FLAG+EQ.D)GE T 22 UcLA8910

29 UrlTE (62209} UCLABS20
209 FHRMAT(L0OX, 'x%xx ILLEGAL CHARACTER IN SRIGIN NUMRER, CARD IGNBREDI1UCLAZ930D
1} UCLABS40

Ge TR 11 UCLARSS50

28 IF(BRPIGININE+1}.NE.Q)GB TB 44 UCLARSED

A-17


http:UNRELIABLE.tf

UriTE(&.222)

UCLAB970

2p7 FPRMAT(LCX, "#x%s NSDE O NBT ALLOBWEDs 99 SUBSTITUTED.!/10X, te*ss WAUCL.A8980

45

23

30
211

31
47

210
212

34

35

1RNING=~RESULTS ARE UNRELIABLE«!)
BRIGININE+1)=592
1F(BL.EQ.MINUSIGE TA 25
CallL MSG(MINUS,J +1)
6B T9 11

£ TRACT TARGET  MBDE
1=J+2
CALL ASCAN(BLIsJ)
IF{JeLTeI}u=1
1F(g~T+57+11G8 T8 27
TARGET(ME+1)=ISERT(A{J))
IF(FLAG.EQ.1)CE T8 390
IF(JeNE+ 1) TARGET(NE+1) s TARGET (NE+1}+( 10%xISBRT(A(1)))
IF(FLAG+EDN«0}GS T8 31
WRITE(&s211)

FIRMAT(1GX,s '*#%% [LLEGAL CHARACTER IN TARGET NUMBER. CARD IGN

1)

Ga 1O it
IF(TARGET(NE+1)«NE4,OIGE TH 47
WRITE(&s222)

TARGET (NE+1)=959
IF{g-NESRIGHTIWRITE (42210)

UCLABRS20
UCLA9000
UCLASCID
UCLASODZE0
UCLAS030
UCLAZO40
UCLAS050
UCLAS060
YCLASOT70
UCLAS080
UCLASO30
UCLAg100
UCLAZ110
UCLA9120
UCLAZ130
BREDtUCLAQL140
UcLA9150
UCLA9160
UcLA9170
UCLA9180
UCLA9190Q
UCLAS200

FARMAT( 10X s % %*% MISSING RIGHT PARENTHESIS INSFRTED BY PRBGRAM.t)} UCLA9210

IF({BeNEEQU) s AND o (ALJ+2) oNEJEQUIIWRITE (82212}

UCLA9E20

FORMAT (10X, T##ss 11=t1 FBLLAWING RIGHT PARENTHESIS IS MISSING BUT UCLAgZ230

$1HAS REEN INSERTEDR 3Y PROGRAM. ')
I=J+

IF(R+EQBLANKY TaJ+1
IF(A(J+2)ERFRU) I=J4+3

CARD IS MW  cUFFICIENTLY IN BRDER Far CONSIDERATISN

NEshEY]

NMSD:S:*AXO(BPIGIN(NE):TARGET(NE}:NNGDES)

INSDE=MINO(5RIGIN(NE);TARGET(NE):INSDE)
E TRACT MUMERTCAL VALUE

CALL BSCAN(B, 12,

CALL NUMBER(I,J}

Ka=n

IF¢ (B'ES‘-BLANK) IR, IBeEGQWAT) «BRe {BsEQ.B)IGE T8 33

IF(SNESPIGE TI 24

Kemiz

CALL UNITSIU'PF1)

58 T8 33

IF{B.-NE+AKIGE TB 25

¥=3

CaLL UNITS('K!)

58 70 33

BzA{JI+2)

1F{(B,NE.F)53 TS 36

Ko=g

CALL UNITSC('MF)

Ge 78 23

A-18

UCLAZ2A0
UcLAS25Q
UcLAg260
UCLA9270
UCLA9280
ucLA9230
UCLA9300
UcLA9310
UCLA9320
YCLA9330
UCLAZ34%0
UCLA9350
UCLA9360
UCLA9370
UCLA9380
UCLA9330
UCLA9400
UCLA9410
UCLAS420
YCLAF430
UCLAZ440
UCLAG450
UCLAY460
UCLA9470
UCLAS4E0
UCLASE30



3a

32

37

33

200

is

IF((BsNEW+BLANK)+AND, (B4NESAT o ANDe {BoNELB})BE TB 32

K=o
CALL UNITe(IM)
38 76 33
IF(R.NCeM3IGE TS 37
K:bj
CALL UNITS('Mut)
Ge TS 33
TF{p+hE«AMIGB TR 33
Q=ﬁ(d+?)
IF(s,NEoF)BS TO 33
Kz=12
CALL UNITS('MMF1}
G58 T8 33
IF{B.NESH)EB TR 33
Kamg
CALL UNTTS('MMHL)
VPATHINE Y = VPATH(NE ) # ( 10+ % %K}
GR T8 11
END
SUBRBUTINE UNITS(A)
HeF « 3KRENT UsCel s 1967
WRITE(&s208)A
FORMATILGX, '$338 UNITS ARE f,A4)

RETYN

FAD

SUIRBUTINE VHAT
HaF+OKRENT UeCol oA 18487
DFCRDES guUTPUT REQUESTS

INTEGER &

INTECER TYPE

INTEGER TAGsERR

CoYMAaN/TAG/TAG

CaM4=N/ERR/ERP

CaMMaN/A/A{EO)
CaMuaN/PATRS/ JSAVE (1201)
CoMMaN/CIRCIT/CARD (502 12) s VN(20EYSNE
RFEAL LFFT

CeMUaN/IATA/Ca AT IR, ALSES 8J7 D2 SLASHI LEF T, AV, AMaD(7) 2 BLANK

COMMBN/NTIMES /MTIMES

CaMMAN/BITS/LRITS (3000) s LPATH (3002215 VPATH (3007, S{300) s NPATH,

18M8D(92) s TYPE({30)

DIME.STan [SAVE(1201)

EQUIVALENCE (LPATH{1+1)21SAVE(1))
Do1gI=1.1201

ISAVE (L} =JSAVEL(])

SET STARTIG PRINTER

12

B=Ati}

UCLA9500
UCLASS1D
UCLAS520
UCLASE30
UCLASS4D
UCLA9S50
JCLA9S60
UCL.AS570
UCLAS580
UCL.AS520
UCLAS600
UCLAS610
UCLA9620
UCLA9E30
WCLA9E40
UCLA9&R0
UCLA9660
UCLASETO
UCLA9&B0O
UCLA9690
UCLA9700
UCLA9710
UCLA9720
UCLAS730
UCLAB740
UCLAS750
UCLA9760
WCLA9770
UCLAST780
UCLAS7S0
UCLASE0O
UCLAS810D
UCLAS8B20
UCLAS830
UCLAS840D
UCLA98SD
UCLA9860
YCLA9E70
UCLA9BED
UCLA98390
UCLAS900
UCLASS10
UCLAS920
UCLAS930
UCLASSLG
UCLA9950
UCLAZ96T
UCLAZ970
UCLAS980™

IF((BoEG-F)oBR-(B.rOnC)-aR-{B-EQ-AL)nBR.(B-EG.E),BR.(B-EQ.AJ)-BQ.(UCLABSBO

1B.F@.D))I=1
LagK FaR THE SLASH
CALL ASCAM{B, I,

A-19

UCL 10000
UCL10010
ucL 10020



IF{(BeET.SLASH) 4 AND. (J,GE.1))68 T8 1 ucL 10030

WRITF (As2qC) UCL 10040

200 FERYAT(10X, "#*»» ILLEGAL NAME N BUTPUT FIELD, CARD IGNBRED.") YCL 10050
3 ERR=l UCL10060
RETURN ucL10070

1 TF{JmTafiTall)d=T+11 UCL1Q080
NR2<C=1sNE - UCL10090

MoK UCL1Q100
opaL=lrd yucLiotlo
M=l~I+1 ucL 10120

IF (A, L)« MESCARD (K,~)y)GB T8 2 YcL10130

% CENTIFUE UCL101%0
G0 TE S UucL10150

2 CRNTIMNUE UCL10160
13 WRITE(E22CLY (A(K}a® =l ) UCL10170
201 FBRYMAT (10X, t#xs% 1,12A1) UCL 10180
WRITE(6,207) ycLioloo

202 FaSMAT(18X,"'IS AN UNDEFINED FLEMENT NAME« CARD IGNBREDs!) ucL10200
Go 19 3 uUcLio2io

5 IF{1.EQez)508 TH 6 ucLip220
8 LPATH{*PATH 1 }aNs (VEX(TYPE(N)«1)) UcL10230
B=Ay UCL 102540
IF{TYPE(N) «EQeL1)B=A] UcL 10250
WRITC{(Ar203)8 ucCL10260

203 FeRVAT(ioXs 's##%x BLUTPUT ELEMENT HAS ILLEGAL DEPENDENCY TYPE. PRBGRUCL1G270
1AM ASSIGNS 'sAls' o 1) uCL1o280

Gr 19 7 UCL10290

6 TFLALL) aEQAVILPATH(NPATY, 1) =NE+N YUCL10300
TECALLY EQALYLPATHINPATH, 1) sN UCL10310
TIF{LFATH{NPATH, 1)+£Q+0)GR TG 8 ucL10320

7 I=J+3 UCL10330
BsA(l-1) UCL 10340
IF((% +E2eRYsBR, (B.EG-C).&R. (B.EQ-AL).BR-(B-EQ.E) .BR.(B-E&oAJ).ﬁR.(UCLIOSSO
1REQeD)} Y I=J+2 UCL 10360
Ni= UcL10370
CALL ASCAN(B,I.U) UCL10380
TF((BeCRBLANKY+ANDS (JeGES1) )G TH 9 UCL10390
WRITC (a2204) ucL10400

204 FARMAT(10Xs "#x#x I{LEGAL NAME IN INPYUT FIELD. CARD IGNBREpD+'} UCL 10410
Gp TS 2 uct.10420

Q IF(J=T+5Te11)J=0+11 UCL 10430
DALlnK=1,NE UCL10440

. ek UCL 10450
DAtiL=1,J UcL 10460
MeL-1+1 UCL10470
IF(A(L)Y+NFCARD(K,™)IGE T8 10 UCL 10480

11 CpNTINUE UCL10490
G TH 172 uUcL10500

1n CeNTINIE UCcL 10810
G T9 13 UCL 10520

iz IF(T.EQ«N1+3)GA TH 14 UCL10530
14 LPATHINPATHs2) =K+ (HE*TYPE(N)) ucL10540
BzAy UCL 10550
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IF(TYPE{N)YEQen)Baal UCL10560

WRITE (6s205)8 ucL10570

205 FeRMAT{1gX. t*#*+x INPUT ELEMENT HAS ILLEGAL DEPENDENCY TYPEs PROBGRAUCL 10580
14 ASSIGNS a1, 1) UCL10590

Gg T 15 UCL10600

14 FF(A(I=13¢EQeAVILPATH(NPATH, 2) aN+NE UCL 10610
IF{ACI~1) sEQuATILPATHINPATH, 2)=N UCL 10620

IF (LPATH(NPATH,2) +EQ«0)G8 T8 1g UCL10630

15  RETURM UCL10640
END UCL 10650
SUBRBUTINE PLET UCL 10660

HeF « KRENT UsCel o As 1947 UCL 10670
INTEGER ERR™ ™ o UCL 10680
INTEGER SMAX,SMIN, 3AG,SMAXL,SMIN1,SENS,SMAX2, SMIN2»BMBD (8),S UcL.10630

REAL LEFT,MINUS UeL10700
DIMENSIAN SMIN(2),SHAX{2) ycL107to
CaMMEN/CIRCIT/CARD (50,1212 VN{101s 21 s NEsSHAXGMIN ucLi1p720
CeMMaM/GAG/GAG (£4) , NSENS SENS (50) UtL10730
CoMMaN/ABRET L /NWARGT YW (101, 2) , TOL{S0)SHAX2, gMIND UCL10740
CuMMah/DATAZACI AT Ry ALPES A Dy SLASHILEFT2AVIF, AS, ToRsPCMED(2) UCL 10750,
1BLANKs PLUS,MINUS, RIGHT,EqUs AMaHs AKs COMMAS Y3 AR, %a Us AR Y uct 10750
CeMMaN/SPEED/F2(2048) UcL10770
CAMMBN/PATHS/LPATH {4007 rYPATH{300),S(300),NPATH UcL10780
caMMBN/AZALRD) UCL10790
CoMMoN/POLY /VNSEN(101,2,20),VNQO (20200 ,8MAX1 (20),8MIN1({20) ucL10800
CaMMAN/BITS/FL{4n38) ucLipslo
SB1(50),C ({50, MXFR, AL{S0) ,NXT 1, 4MBD{ ), ucLiog2o
INUMFPSNUMTINF (11),NR{11) 2 MOR, MBRNUMNTAY, ISN, SCHAG, SCFREQ,SI1GMA, UCL10830
2T1sT22T3,0M8D(8) UCL108%0
CEMMEN/ERR/ERR UCL10850
FQUIVALENCE (AMAD(T),BMBD(1)) UCL 10850

I1=0 , UCL 10870

12=0 ) UCL10880
NE1cNE ucL10830
NE=PATH+ ucL10900
DA11=1+% UCLio310

1 BMAED (T ) ==l ycL10920
I=1 UCL10930

& CalLL ASCAN(B,I.I) UCL10940
4 IF(B«NFLEFTICALL “MSG(LEFT,1+1) UEL 10950
IF(R.EQ.BLANKIGA TA 2 UEL10S&0D
TF((BeEN-SLASYH) +BR. (R«EQ.LEFT) )50 TR 3 uCL10970

CALL ASCAN(B,I%2,1) UCL 10980

G5 T9 4 UCL10990

3 CALL ASCAN(B,I+2sJ) UCL 11000
IF{SNF«EQUICALL MSG(ERU,J+1) UcLi11010
IFE((B+LQBLANK) +5R.{B«EQ,RIGHT)IGA T 2 uth11020
IF(B.NESLASHIGA Tg 12 UcL 11030
1sd+2 ) ycL 11040

Ga 76 3 UCcL 11050

iz KzJ+2 } YCL11060
5 CALL ASCAM(BLK.L! ucL11070
IF(B«NE«MINUSIGE T 7 ucL.11080
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http:IF(TYPF(N).EO.0)B.AI

1

19

15

13

Kal32 "7 7 ycLi103%0

Ge T8 5 UCL11100
IF{(ACI+2) e NET)Y v BRe (A{1+3) o NE,Y}4GE TO 8 uclLi1110
IFCCATJ+E) sEQCAT ) aND s (A{J+3) +EQ.AM)1BMED(3) up ucLi1i20
IF((AtJ+2)+EQ1AS) e ANDO {A(J+3 )« EQeT ) }BMBD(3)at UCL.11130
IF((A(J+2)sEQE) s ANDA(J43) o EQux) _BMBD(3)a2 UCL 15140
IF((AtJd¥2) EQ.AS)-AND-(A(J+3) EQ+AIYIBMBD(3)azn ycL11150
IFC(AtJ+2) EQ.P) AND WAL J+3) .EQ,U) BMBDI(3)=4 . ycLiiieo
IE((A(J+2)+EQeF ) s ANDA{J+3) +EQ.R) BMBD(3)=6 UcL11i70
IFt(A{J+2)sEQeAS e AND e (A(J+3)«EQE) )BHOED(3) =7 utL111890
IF(CA(JF2) «EQel TS AND e (A(J+3)eEQeB))BMED(3) 23 UCt.111%0
IF(CACJ+2)IeEQeR JoAND LA J+3) EQR.E) IBMBD(B)rg UCL11195
Gg 19 9 UCL11200
IF{(ALI+2)+EQsE) +AND (A(I+3)sEQeAl))GB TE 20 ucLii21o
CALL NUMBER(J+2,LY ucLi1220
IFC(A(I+2) vERWAS) 4 AND W (A{T+3) ¢EQe T)IAMEBD (1) syPATHINE) UCL11230
IF((ALI+2)eEQ+T)«AND (A(T+3)+EQs AL} JAMEDIZ) 2yPATHINE) UCL1124%0
TF((AtI+2)eEQeAA) o ANDs (AL T+3)oEQeAM))IAMBD (4) 2yPATH(NE) UCL11250
IF((ACT+2)+EQiAB) sAND s {ATT+3)+EQ+AT) )AMBD (5) syPATH(NE) ycl.11260
IF((ACI+2)+EQsACY s AND o (A{I+3)sEQB)IANBD () =ypATHINE) - UtL11270
IFC(ACI+2)1aEQeAC) e ANDSTA{I+3)eEQeY) IAMED(6) syPATHINE) UCL11280
IF((ACL+2)oEQe FYoANDs (A{143)eEQs R} )AMBD(6)ayPATH(NE) uclk.11230
IFCCALI+2) eEQeT) o AND (A(I+3) «EQs B IAMBD (7 ) sVPATH (NE) UCL 14300
IF((ACT+2) oEQ W) sAnD o (A(1+3) sEQ4 AT JAMBD(7) = yPATH(NE) UCL13310
IFCACTI+21+EQL DI ANMDS (ATIF3YeEQ EYIBMBD(8) ayPATHINEY+0.5 ToycL11320
Tch ) UCcL11330
IF((B«ET.BLANK)BR{{BWEG,RIGHT}GE T8 2 ) UCL11340
Ge 73 3 UCL11350
IF(RMBD(3)+LTss368 7O {4—~ -~ ~—~~—— -~ ~ -7 ©°T T UCL11360
IF (RMBD (41 eEQs=114M8D(5) 214080 .. UCcL11370
TE(BMEDLT Y EQV=1)AMEDI7Ts1vES — 7 7 T T T T ouL1iRen
TF (BMBD(1)+EQe=1)AMBD (1) a (AMBD (7) /AMED(6) ) k#{ Er UcL113%0
g8 1o 15 B B ucL11400
I (BMOD (1) eNE,«1),8R« (BMBD (2} «NE~1))G8 T8 17 UCL1i1410
AMAD(1)=0.017 " - T - ) UCL11420
AMBR(2)=1+0 o _ L L ucL11430
IF (BMBD(T)EQe=1 TAFMBD (1T AMBOTZ 17100 - N - UCL 11440
IF(BMED(Z) «EQe=1}AMAD(2)=100+#AMBD (1) UCL 11450
IF(EMED(3).EQ3=11BMBD(3)20 — - UCL11460
IF(BMOD (4 ) +ENe=1)AMBD(4)=1e0 UCL11470
IF(AaMBD{5) e NE«=] YAMBD (§) FAMBD {3 JFAMBD(B) -~ = ~ T T T UCL11480
TE(RMOD{6) «EQe=1)AMBD(6)ati () UCL11480
IF(BMBDZ Y NE 1 1BMEDTI I TG N | ol B I 1+ Lo I
IF(BMER(8)+EQa=1)BMBD(8) =1 UCL11510
{F{RMED(3)+EQe7)GB TE T e Tt om e o = 77 @CLi11520
IF(sn8D(3)+EQ.8)68 TO 22 UCL11530
NSMINsMING(SMINCEY,SMINTEYY  ——  — — =77 - T 07 T T T TTUCL115%0
NSMAX=MAXO(SMAX [ 1) s SMAX(2)) YCL115580
I =NgMAX=NSHIR+T - TTTTT ToT T ITTTTTTTCLE1560
DE13J=1s1 ycL11570
K25+ NSUIN+J T T R § [+ I Y -1-1e
AL JI==VN(Ks2) UCL 11550
BL{JrsVNKIlY - IR TTTTT T T T UCCiie00”
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http:AND(A(+3).EQ
http:Iru(A(I+2).EO
http:I+3).EO.AM
http:1+2).EQ.T).A'D.CA(I+3).EQ.AI
http:IF((A(J+2).EO.W1
http:J+3).EQ.AM

11
25

20

39

31
29

J=I+1

De111=Js50

Al(1130+0

B1l1}1=20.D

NE="E1L

RETURN

Mal =1,

IF{"GTo12)M=12

Da 31 M2z1.NE1 T

Dg 35 Mi=1,M
IF(CARDG{M2M1 ) aNEsA (J+1+M1) )G TO 31
CaNTINUE
T1=M2

Go T8 35
CANTINUE
WRITE(6+100)

UCL11s610
UcL11620
UCL11630
UCL 11640
UCL 11650
UCL 11660
UCL 11670
uclL11680
UCL116%0
ycL11700
UcLi11710
UCL 11720
ych11730
UCL.11740
UCL11750
UCL11760

100 FBRMAT(/10Xs '#<xx [NVALID REQUEST FOR SENSITIVITY BR WEBRST CASE PLUCL11770

35
36

37
21

50

53

101

2z

40

&1
102

*#6Tew [GNIREDS 1)
ERRcz]
58 T8 25
IF(SENS(11)2NE-Q)GR T8 35
Ga 18 99
D@ 37 N={,NSENM
IF(SEMNSIT1)oNELGAGIN)IGE T8 37
l2=N
59 T8 9
CaNTINUE
IF(I2<£9.0)68 T8 99
T=SMaAX1 (12)~SMINL{I2}+1
ne 50 J=1,1
K=50+SMIN1(I2)+y
AL LIy =UNSEN(K,2,12)
Bl{Jl=VNSENIK,1,12)
J=1+1
ne 51 I=4,50C
AL1(11350e5
B1(11=0+0
NRITE(6,101Y(CARD(T1,1)21=1212)
FERMAT( V11, TSFNSTTIVITY WITH RgSPECT T8 ',12A1)
GH T8 25
IF¢ IORSTLEQe0)IGH TS 99
1=5aX2=-GMIN2+
DB 40 J=1,1
K=Sn+SMInp+d
AL (J)aVH (K, E) ’
Blldr=ve(Ks1}
NESE Y]
ne 41 I=,580
A1{11=0+0
Bi{7)=0s0
WRITE{6s10R2) .
FBR4AT('11,10X,'WBRST CASE TBLERANCE")
GH T8 25
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UcL11780
YcL11790
UCL11800
UCL11810
UCL 11820
ucL11830
UcL11840
UCL 11850
UCL£1860
UCL11870
UcL11880
ucL11890
uclL11900
ucLii191o
UcL11920
UCL11930
UCL 11940
YCL11850
UCL 11960
UcL11870
UCL11930
UcL1is90
UCL12000
ucLi2o010
UCLi2020
UCL12030
UCL12040
UCL {2050
UCL 12060
ucL12070
UcCL12080
UCL12090
UcL12100
utLi2110
ucL12120
ucL12139


http:3(11)=.O0

END UCL12140

SUBRBUTINE FINE uClL12150

c DAVID PALET?Z UsColsAe UcLi1z2160
INTEGER ﬁnIGIN;TARGET,BBRIGN,BTARGT,GDUM:BGEMER UCLiz170
INTESER TAGJERR,GENER UCh12180
INTEGER BLANK ucL12190
CeMMRpM/ERR/ERR h Utk 12200
CoMMUN/CIRCIT/CARD (50,123, TAGIS0)» GENER(50),8RIGINIS0), TARGET(S0 UCL1»210

1) INPUT»gUTPUTANE ucL12220
COMMBN/PATHS/BCARD (505 12)» VPATH({300)4Z(100) 87 (1001 ,88RIGNIS0)» UcL12230
18TARGT(30)»H UCL122%0

CAMMAN/BITS/LEBP (3000),DEP (50, 13),NNBDES, INBDE, LINE(132), INDIC(50)UCL 12250
1'BDUV(50) NUMB(S0) ., NINDIC(IOO):LJUNK(18J:BGENER(SOJ;JUNK(4SJtBVPATUCL12E60

1H{300) uCL 12270

Cn %EN/DATA/C,AI;R,AL;E:Ad;D;SLASH:LEFT,AV,F,AS,T:S,P,AN,PNTJBLANKUCL12280
1,PLUS,MINUSIRIGHT, EQU, AM, Hy AK, CBMMA UCL1p290
CaMMaN/X/BL10) ycL 12300
WRITE(G6295)W ycLiz3sio

99 FRRMAT(//2Xs "Wo1,E{2el) - ucL12320

C CALCULATING THF RESISTANCE, IM BHMS, BF THE ELEMENTS. UCL 12330
¢ 9e9%10%#30 STAYS FOR INFINITY. - UCL1234%0
J=1 ) UCL 12350

D { TI=1,NE UCL 12360
IF(CARDI{I,J)+EQWENZ (1) =0, - YCL 12370
IF(CARD{I,JI*EQsALIZ{]I)393E30 —_— UcL 12380
IF(CARD (I, JI0ERC)IZ(T)=1a/ (VPATH (1) ®i) ) UCL 12390
TF(CARDIT, ) oETeal ) Z (1) =VPATH{ T } *W uclL12400
IFICARDUE,)J)+EBaRIZ{1)=VPATHII ucL.12410
IF(CARD(I, J}«EQ.D)E TB 2 T WCL12420

Ge 1A 1t X e UCL 12430

2 J=2 Tt T ycL12440
IF{CARD{I,J) +EQeE)Z (1 )50, UCL 12450
IF(CARD(I,J)eEQeAIIZ{]1129e9E3D UCL 12460

Jal UCL12470

1 CeNTINUE - - . c T UCL.12480

C ARRANGING THE ELEMENTS IN A SEQUENCE ©OF INCREASING RESISTANCEUCLla#SO
C " VALUE, ™~ ~ - UcL 12500
Dg & Is1,NE UycL12510

Dg ; Jetl.NES } ucLi2520
IF(Z{1¥»Z(J) 013304 ucL12530

T3 DUMMY=EZ() ) i ’ - UCL 12540
Z(Jy=2(1) UCL12550

T T nysDUMMY”- T T T meees s mm T o UCL12560
RZ{JY2Z(J) UCL12570

- DUMeBRIGINYY ~— ~ - 7T T T Tt T I UCL 12580
SRIGIN(J)=6RIGIN(I} UCL 12590
BRIGIN(IY=DUM™ =TT - T UCL 12400
BBRIGN(J) =GRIGIN(J) . ucL 12610

T T GeMe TARBET (U o e - UCL 12620
TARGET (J)=TARGET (1) _ UcL {2630

T T TARGET (T} zDBM A T ’ UCL 12840
BTARGT (J)=TARGET (J)_ UCL12650

T T KBUMMY SBENER (J) T Tt ot T UCL 12660
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c

4

70

SENER(JI=GENER(])
SEMER{ I ) =KDUMMY
AGENER{J)=2GENER ()
ADUMMY =VPATH( W)
VPATH{J) =yPATH{])
VPATr( 1) sADUMMY
SVPATH(J) =VPATH(J)
DRUM=DEP (Js13) .
DERP(Jr13)=DEP (1,13}
DEF([+13)=DRUM

DA 4 N=ji,12
DRUM=DEPR{JaN}
DEP{JsN)=DEP(1,N)
DEP(T.MI=DRUM
NEEM=CARD (JaN)

CARD (JsN)=CARD(TI2N}
CARD¢I»NY=DEEM ~— ™ 7777
BCARD { Ja N1 =CARD (Js N}
CENTINUE oo o

D8 7n I=1,NE

VPATH( 1) =BVPATHTI} = =~ -

DETERMINING H?W_ régvmmﬁgoas THERE ARE IN THE

50
47

42

Ly
b1
45

46

NES)
Dg 40 1=2.50,2
Nelwi CoT
NINDIC(N)=88RIGN( )
NINDIC(T1§=8TARGTID) — " —
Jerdl
IF(J+GToNEYGB TTH &7 ~~
CONTINUE
NUMIMD =1
NUMB 1) =NINDIC(1}
NUMB(2)sNINDICI2)™ ~~ N

J=2
pe 41 I=3.NUuMIimp =~ - - )
MNTAG=1
De 44 N=1,J°7
IFININDICCI) EQWNUMB(N) INTAG=0
CAMTINUE
IF(NTAGEQ«1)GR T8 45
CoNTINUE
58 T9 46
J=J+?
NUMB (J) =NINDIC{])
GB TA 42
Ny aD=J

PETERMINING  THE ELEMENTS THAT FBRM TREE. [.E.

9

Dg 9 T331.450
IMBIC(T) =0
TAS(1)=0
INDIC(1)=ABRIGN[1)
ItDIC{2)=RTARGT(1}
Ta5(1)=1

A-25

CIRCUIT.

HAVING TAG

i

UCL 12670
UCL12680
UCL12630
UCL 12700
ucki1z2710
UcL12720
UcL12730
UCL12740
UCL 12750
ucL12760
UcL12770
UCcL12780
UcL12750
UCL 12800
UcL12810
ucL12820
UCL 12830
YCL12840
UCL. 12850
UCL12860
UCL12870
UCL 12880
UCL 128990
UcLiz2900
ucL123%10
ucL12920
UcL12930
UCL12940
UcL12%50
UCL12360
uCL12370
UEL12980
UtL129%0
YCL 13000
UCL13010
Uk 13020
UCL13030
UCL13040
YCL 13050
UCL 13060
ucl.13070
UZL 13080
UCL 13090
UCL13100
ucLi31i10
UCL13120
UCL413130
YClh13140
uCLi3iso
UCL13160
UCtL13170
UCL13180
ucL13190



15
16
17

20
10

ig
32

33
31
30
34

12
100

=3

T=2

J=1

IF{BBRIGN(I)EQ.INDIC(J))GA TE 10
IF(ETARST(I)+EDQ.INDIC(JIIGO TEH 11
NENES] .

IF({J-GT+50)G8 T8 20

66 T8 17

T=1+4

58 TH lé

ApJM{II=BTARGTI(I)

Ge 78 18

ADUMIEI)=BBRIGN(])
IF(T,6(1)+EQG+1)Ge THB 34
IF(INDIC(L)133,32,33
IF(L.GT+MUMNBDYCE TH 12
TAG(1Y=1

INDICIL )Y =8DUM(T)

Ge T8 13

De 31 NN=1s50
IF(INDIC(NN)EQ«D)S8 TO 30
CaNT INUF

G TO 34

L=y

Ga T8 32

I=14+1

38 TR 14

WRITE({62100)

FERMAT(//t THE TREE IS FB8RMED BY THE ELEMENTS THAT HAVE

36 11//)

WRITE(6,101)

UCL 13200
UcL13210
UCL 13220
UCL 13230
UCL13240
ycL 13250
UCL 13260
ucL13270
UCL. 13280
UCL 13290
UCL 13300
UCL 13310
UCL13320
UCL13330
UCL 13340
UClL 13350
UCL 13360
ucl.13370
UCL13380
UCL 13330
UClL 13400
UCL13410
UCL 13420
UCL 13430
UCL 13440
UCL13450
UCL. 13460
UCL 13470
TAUCL 13480
UCL13490
UCL 13500

101 FERMAT (' ELEMENT NUMBER!,S5X, 'ELEMENT NAME1,5x, t3RIGIN NBDE?',5Xs tUCL 13510

7
a
104

102
5

1TARGET NeDE'SX, 'WALUE(BHMS) '213Xs "TAGY, 12Xs 1GENER )

Dg 7 J=1,132
LINELT)=BLANK
Dg 8 I=1,120
LINE{1)=MINUS
WRITE(6s104)(LINE¢1YsI=1,120)
FRRMAT(120A1)
DO g I=31sNE

ucl13520
UCL. 13530
ycL13540
UCL 13550
UCL 13560
UCL 13570
UCL 13580
UCL 13590

WRITE(6,102) 1, (8CAD(L+d)rde1012) 2 BORIGNI I, BTARGT (1,082 (1) TAGII)UCL13600

1,8GEMER(T)

FRRMATL  7Xs12417%:12A106X012s15X2 12, 10X2E1548,13X0112156%5 1)
CaNTINUE
RETURN
END
SUBRABUTINE SCALER
HeF « BKRENT UCLA 1949

INTEGER FACTBR

C8MaN/ERR/ERR,FACTAR
CoMMaN/CIRCIT/CARD (50, 12),BMBD (2021 4NE
CoMMaN/PATHS/LPATH(500) » VPATH{300) »S{300) s NPATH
COMMEN/DATA/ACS AM3D(2) 1AL

A-26

UCL.13610
UCL 13620
UCL13630
UCL13640
UCL 13650
UCL 13660
UCL 13670
UCL 13680
UCL 13650
UCL 13700
ucL13710
UCL 13720



000

Mo~

FACTER=0 YCL 13730

D=0, UCL13740
DL=( UCL1375Q
DF =04 UCL 13760
De1l-1NE UcL13770
IF((CARD(1,1)«NEwAC)«AND, (CARD(I,1)+NEsAL)1Gg TB 1 ucL 13780
IF(YRATH{I ) «EQeQe}38 T8 1 UCcL13790
AzALAGLOCABS(VPATHIT Y)Y LC1L. 13800
D=+ ABSCALFLBAT(FALTER)) YCL13810
NL=pL+A3S (A+FLBAT(FACTYSR-1)) UCL 13820
DR=DR+HAIS(AFFLOATIFACTER+1)) UCL 13830
CeNTINLUE UCL13840
IF((CPLToA0r) ¢ AND o (FACTBR+EQe () )RETURN UCL13850
IF(DL+LTD)GE T8 3 UCL. 13860
IF(DR«LT«DIGE TB & UCL13870
IF{FACTIR.EQ«0IGA TB 5 UCL13880
DESTx1sNE UCL 13830
TF((CARD({Is1)«NEAL) oAND, (CARD (F41) vNE«AL)1GE T6 5 uCL.13900
VRATH{I ) s VPATH(I ) # {10+ *%FACTER) UCL13910
€aNT INUE UcL. 13920
RETURN ) UCL13830
ARITE{62200) UCL 13940

00 FERY4AT(10Xs'*#%% THE RANGE BF £LEMENT VALUES iS5 TOB LARGE T8 BE ScuUCL13°9B0
1ALED . '/ 10Xs ' #x %% ERRGNEBUS RESULTS DUE TB BYyERFLBW MAY BCCUR!) UCL 13960

Ge TE 7 UCL 13970
D=DL UCL 13980
FACTOR=FACTBRaf * UCL 13990
Ge T8 2 UCL 14000
D=JR YcL14010
FACTSR=FACTER+1 UCL 14020
Ge TE 8 UcL14030
END UCL 14040
SUBRBUTINE PBILSEN UCL 14050
UCL 14060

g+ GRANDI UsCelsAs 1969 UCL14070
CEMPUTE THE SeNSITIVITES OF THE PBLES BF THE TRANSFER FUNCTIBN UCL14080
UcL140%0

INTEGER SENS,GAG UCL14100
INTEGEP SMIN,SMAX,GMINY,SMAX1,SMINDL, SMAXD12SMINQO,SMAXO0,SMINTOs UCL14110
*SMAXTO UCLt4i20
CaMPLEX PaLE UCLi4130
CeMMaN/POLY/ VNG (101020) , YNOO(101220Y4 VNI (19T 220) 2SMAXDT L 20)) uCLi414%0
*SHMINC1(20),SMAXD0(20),SMINGO(20),8HMAX10(20),SMINLO(20) UCL 14150
CoMMAM/SPEED/PRLE (5002 NPELES ucL1s160
CeMHaN/CIPCIT/CARD (505 12) 2 VN(1012) #NE2SMAX, SMIN UCL 14170
COMEN/BAG/BAG (2 ) NSEN, SENS (5p) UCL14180
DIYEhETON SMIMN{2),5MAX(2) UCL14190
DIMERS 9w VDERIVI191)2A(50)4B(S0V»CI50),D(50) ucL14200
RETURN TF RSATS BR SENSITIVITY FCN N8T PRpyifUSLY FBUND UCL 14210

IF (MPRLES NF s 0, AND MSEHNEsD}G8 TB 1 UCL.14220
HRITE (60 100) ucL14230
100 FO AT (/10K Ve+xe RBETS AND/BR SENSITIVITY ReqUEST NBT PREVIBUSLY UCL1&240
#MAE L =PILE SENSITIVITY REQUEST IGNBRED«1) UCL 14250

A-2T



59

3
4
101

102

110

11

12
23

13
14
103

RETURN
TAKFE DERIV. =F 2ENGMINATBR oF TRANSFER FUNCTIINM
I11=gMI%{1}+51
IE:SMAX(1)+51
pe 5 I=11,12
VDERIV(I=1)=(I=58)+VN{1s1)
EVALUATE IT AT THE POLES
Dg 7 K=1,50
C{Ky=0N
NDiKY=00
D & L=1sNPBLES
A(Ly=REAL{PALF (L))
B(LYSAIMAGIPSLE(L))
pe ¢ K=I1,I2
IF{A(L)+ER«0)IGE TB &0
Cily=VEERIVIK=1) ,A(L)*#(K=52}+C{L)
IF(BIL)+FD«0)GA T3 &
N{LY=VDERIVIK-1)#B (L ) *#*(K=B21+D(L)
CONTINUYE
FIND SENSITIVITY FCNS FBR ALL SPECIFIED ELEMENTS
D9 2 I=1,NE
IF(SENS{I)EQ.0)G39 T8 2
D9 3 J=1,NSEN
IF{SENG{I}).EQn-GAG(J))GH TO &
CaNTINUE
WRITE (62101 (CARD(1,K}sKalr12)
FRRMAT(*1SENSITIVITY &F POBLES TO t1212A1///)
WRITE{4+102)

utlLt42860
UCL 14270
UClL. 14280
vek 14290
UCL14300
UcL14310
UCL14320
UCL 14330
UCL14340
UCL14350
UCL 14360
UCL14370
UCL 14380
UCL 14390
UCL 14400
UCL.14410
UclL t4420
UCL 14430
UCL 14440
UCL 14450
UCL14460
UcCL 14470
UCL 14480
UCL 14430
UCL14500
UCL 14510
UCL 14520
UCL 14530

FARMAT (15Xs 'PBLES1,24X, 1SENSITIVITY 1 //9%s '\REA{ 1, 10X, 1IMAG 12 14Xs 'REUCL 14540

*AL',1CXs 1IMAGY /)

cVALUATE NUMERATBR BF RBBT SENSITIVITY FCN AT THE PSBLES

DA 2 L=1,NPBLES
x=0
Yz0
Tt=sMIRig(J)+5L
12=5MAXiG(J}+51L
De 17 K=Iqsl2
IF(AL(L)+EQ+0)Ga T 110
X=4+VNID (Ko I*A(| ) ** (K51}
IF(B(L1+EG+C)GE TH 11
Y=Y4VNLIQ (KpJI®BlL)#%(Ka51)
CONTINUE

BBTAIN ANSWERS (PREVENTING 2ERBDIVIDE}
IF(C(LIsNE«O)GER T8 12
Paf)
G T8 23
PaXsCHLY ™
IF(D(L}«NE«CIGE T8 13
Q=0 e T
Gg T6 14
Q=Y /D{L)
WRITE(g+103)ALL)IBR(L)sPIG
FERMAT(BX s IPEL1 04, 3X21PE1 10428 1PE1 10 4a3Xs1PEL1 e #)
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UCL 14550
UCL 14560
UCL 14570
UcL 14580
UCL 14590
UCL 14600
UCL 14610
UCL 14620
UCL 14630
UCL 14640
UCL 14650
UCL 14660
UCL 14670
UCL14680
UCL 14620
UCL 14700
UCL14710
UCL14720
ucL 14730
UCL14740
yCcL 14750
UCL14760
UCL14770
UCL14780


http:KJlB(L)**(K.51
http:C(K)=.D9

2 ceNTINUE Uelis790

QETYRM UCL 14800
END i UCL 14810
SURRBUTINE EQUAL (T, JsN,NTIMES) LCL 14320

HoF o SKRENT UsCol.sAe 1967 UCL 14830
caMMaN/BITS/K (300010 UCL 14840
IFINTIMESGT0)GS T8 2 UCL 14850
TFCTaLTeG)T4=(IABS(F)=1) s JABS(NTIMES) YCL14860
IF(JelTe0)Ji=(1ABS(J}=1) # TABS(NTIMES) UCL 14870
IF(T«BT«C) 11300  +(NTIMES*]) UCL 14880
IF¢JsGT0)J1=3000+(NTIHES*)) UCL14850
58 18 3 UCL 14900
12z-1 UcL 14910
Jes=l UcL.14920
IF{1+LTe0) 12299 UCL 34930
TF(JsLTe0YJE=T2 UCL14940
11=NTIMES# (TARS(I+12) UCL 14950
J1=NTIMESs { IAES(J)+J2) ucLi4960
Nt1=TABS{NTIMES) UcL14970
DE1M=1N1 UCL 14980
Mi=114M UCL14220
Ma=z 1M UCL.15000
LaNK (ML, < (M2)) UCL.15010
RETURN ucL1i5020
END UCL15030
FuNcTIeN LaR(1,d) utLi5040

HeF «BLKRENT UeColehe 1967 UCL15050
LOGICAL Ki,bl UCL15060
EQUIVALENCE (K1,K),(L1.L) UCLAS070
LER=D UCL15080
Kal UCL15020
L=d UcL15100
Ki=K1«8R+L1 UCL15110
AETS UCL1512C
RETURN UCL1E1i30
END UCL15140
FUNCTIBN LAY{I1,J) ) UCL15150

H«F «9KRENT UsColispe 1947 UCL15160
LaGICAL KisL1,My UCL15170
EQUIVALENCE (K1,K),tLisLys (M12t9) ucL 15189
LaX=0 UCLA5190
K=l UcLi5200
L=d UCL15Z10
11=K1eANDWLY UEL 15220
Jzd=i UCL 15230
Taluh UcLis240
RETLIEN UCL 15250
END UCL 15260
FUNCTI®N LSTER(I,J) ucL 45270

HeF «KRENT UeColohe 1967 UCL 15280
LCTRR=0 ucL4s290
1=J UCL 15300
RETURMN ucL18310

A-29



a0

c

END UcLi5320
SUBRBUTINE UNPr (1 J.NN) . UCL18330

HoF eOXKRENT UsCileAs 1987 UCL15340
COMMAN/BITS/L( 2L ) . UCL 15350
CEMMEN/NTIMES, Tivgs — —~ — 7707 UCL15380
Keel - UCL. 18370
IFT1LYvQiK=99 UCL 15380
TIsNTIMES* (IABS(Iyeky . UCL15320
D83M=1,NTIMES UCL 15400
Nalg+i e UCL 15410
TIF(L(N)SNEeQIGE T 2 T UCL15420

3 CBNTINUE o UCL 15430
& Je0 UCL 15440
RETURN e e e UCL {5450

2 Nal UCL15460
Mel, e e e UEL 15470

Ni=g UCL. 18480

6  _IF(NsGT«NN)GB T8 4 —— UCL 15430
TIFINTLE.30)GE T8 § ucL1s5500
Hatel ] o UCL15510
Ni=N1=30 uCL 15520

§ | Mispi+M . . . UCL15530
Ja2##N1 UCL 15540
Kalex{l (M112d) . e UCL {5550
IFCJ.EQvE)EE T8 1 UCL 15560
NaN4+i e . ___ JCL1s5570
Ni=sN1+1 - UCL 15580

Go 78 6 UCL 15520

177 JsN{+(E0*(H=1T) - TTTTTT T UcL 15600
______RETURN 3 } o ucL 15610
“END UCL 15620
SUBRBUTINE CALC L UCL 15630

HeF « BKRENT UsToL A 1947 UCL 15640
EVALUATES CURRENT  EGQUATIGNS BY  BIT _ MANIPULATIGN UCL 15650

INTEGER "TARGET,BRIGIN; TYRPESBRANCH™ i . UCL 15660
INTEGER ERR UCL15670
CaRIsN/NTIRES/NTIFES T 0CL15680
EXTERNAL LBXsLER UCL15690
CeMMBN/ERR/ERR -t T T i UCL 18700
CBMMBN/CIRCIT/CARD(E(J:12):TYPE(50):GENER(SO);BRIGIN(50);TARGET(5 UCL15710

107 TRPUT,BUTPUTSNE.— UEL 18720
CBHHBN/BITS/LINKS(SOO}JBRANCH{EDQ?:NQ(100),NE:Lgioo),NBR{100):NS(10UCL15730

16) s AMED (19001 s DEF {502 131 » NNBDES» [REDE UCL15740
WRITE(62199) L e __\CLis780
1997 FBRMAT(IT) - el 15760
NTIMES={ (NE*1)/30}41 o UCL15770
“STTINITYALCTSE T — UcL15780
NQ(INBDE) et UCL18790
NS{TNBDE =1 - T UCL15800

NB=Q UtlLig810
NN=0 UCL 15820
D830 = INGDEsNNBDES Ucl.15830
NECTIT=0 T - " YEL 15840

A-~30



3n

29

3eo

202

265

204

NeR(1)=0 UCL 15850

Call 1WRIT(I,0sNTIMES) UCL.15860
CaLL INBIT(=1,0,"TIMES} UCL 15870
FERM EQUATII NS UCL 15880
neij=1sNE ucL158%90
J2IRIGIN(T) UCL 15500
K=TARGET (]} UCkL15910
NFL(J)=NEL(Ji+1 YL 15920
NEL (®ISNELIKI+1 UCLi5930
IF(TYPE(I)-EQ.1)G8 TB 29 UCL 15940
CaLL IN3ITI(JIaMTIMES) UCL 15950
CALL TMBIT{=K,I,ATINMES) UCL 15960
Gg 78 1 UCL16970
NER(JY=NBR(JI+1 UCL16980
NBR(K)=NBREIK) +1 UCL 15990
ME=NE+L UCL14000
CanTINUE UCL16010
FeRYAT(1X,10110) UCL 15020
ChECK TREE LEGALITY AND  ENTER BRANCHES UCL 18030
D2 =INARE S NNADES UCL15604%0
NSII+1}=nstII+NBRIT) UCL16050
NEtT+iY=a8(I+1) UCL16060
TF(NEL(T)MEL0IGE T8 3 UCL 16070
WRITE(6s202)0 1 UCcL 16080
FERMAT (10X, Ta#xx NODE',12,¢ 15 IS8LATED DUE Tp NON-CBNSECUTIVE NUMUCL14090
1BERINGe AARMNING--PREGRAM INEFFICIENCY HiLL RESULT ") ucL1s100
Gg 16 2 UcLisito
NMapNN+{ UcL14120
IE(SELCTI.NEL1IGD T8 % UCL 16130
ERR=1 UCL161%0
HRITE(6s20301 UCL16150
FARMAT{1GxXs "#%xn NADE', I3, IS CONNECTED T BNLY BNE ELEMENTs SBLUUCL16160
1Ti8N 1S I1MPOSSIRLE.!) UCL18170
IF{mBR{I)+NEsQIGy Tg 2 UCL156180
ERR=1 UcL16180
WRITE(62204 )] UCL16200
FERYAT ({gXs '**%% N2DE1,]3,1 HAS N8 BRANCH, THp TREE 1S ILLEGAL. S8UCL1s210
1LUTIAN IS IMPESSIBLE."') Uck1g220
CENTINUE UCL16230
IF(MBeEQNN=1)GE TR 5 UCL 162540
ERRz: UCL 16250
IF(NRGT ,MN=1) IRITE( s 205) UCL1g260
FgRAAT(LGXs "*##ex TuF TREE 1S gvER-DEFINED {THERE ARE Tep MANY BRANUCL 16270
1CHESy» SELUTION IS IMPESSIBLE.1) UCL 15280
IF(VBaLT.NN"1)YRITE(62206) UCL 16290
FRAMAT(LIOX, '#**% T..f TREE 16 UMDERSDEFINED (THERs ARE T8 FEW BRANUCL15300
1CKES)e SALUTIEN IS IMPOSSIBLE.t) UCL16310
IF(ERREQ. 1IRETURN UCL 16320
De71=1,sNE UCL 16330
IF(TYPF(1).EQ.01G9 T8 7 UCL 156340
J=anIGINITY UCL 16350
K=TASGLT (1) UCL 16360
LeMg i) UCL 16370
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25

22

207

208
24

13

23

RRANCH({L)==I
L=Ng{K)}
BrANCHIL)=T
NS({J)=NS(J)+1
NgiK)=NS(K}+1
CHNTTNUE
JNBDE=INBDE+1
K=0

J=0

SEARCH FER THE FIRST CUT-SET AND EQUATISN

D3221=JNGDEsNNGDES

TF((“eEQe0Q) s AND o (NSR(T) eEQe 1)) y=]
IF((KeEQaQ) + ANDS (NBR(I)+BTe1))IK=1I
IF({KeNEL,O)»ANDL (J.NEQ}IGE TO 24

CoNTINUE

IF NBNE IS F9UND, SBLUTIBN IS COMPLETE

IF{K.EQsp)GE T8 23
ERR=1
WRITE (64207)

UCL16380
UCL 15390
UCL16400
UCL.16410
UCL 16420
UCL 1430
HCL16440
UCL16450
UL 16460
"1CL16470
UCL 16480
UrL 16490
UCL 16500
Utk 1510
UCL 16520
UCl 16530
UCL 16540
UCL 14550
UCL16%60

FERMAT (10X 'wxws SOLUTIGN 1S IMPBSSIBLE DUE T A LGBP CONCERNING TUCL16570

1HE FOLLOWING NBDES-!)
Da6 1sJNADESNNODES
IF(NBRUI}NE«OIRITE(6,208) ]
FORMAT (85X»13)

RETURN

N3=nE{J)

D26 I=KsNNBLES
IF(MBR(IVJLEST)GB THB 26
L=NBR{I]

Ng=NQ{I)+L=1

DadM=1s1l

NezhplT)+M=1

IF (JABS (BRANCH(N3) ) «NE+IABS (3RANCH(N4) ))BB T8 8

Ni=%
N2=-1

IF{{pRANCH(N3) xBRANCH(N%) 3oL Te0)GE TB 13

Ni==1

NzZ=1

CaLL ERUAL (1.J=N1,LBRJNTIMES)
CALL ERQUAL (=I,J#Nz,LBR,NTIMES)
CALL EQUAL (1,-1,L8%,NTIMES)
BRANCH{NG } =BRANCH{NG )
NpR{I)=NgR(I)=1

Gg T8 286

CaNTINUE

CONTINUVE

NBR{J}Y=0 .

GA T 25

De1a]=JNBDE»NNBDES

IF{NGLI) «EQeNGQ(T+1)3GB T 10
J=Na(I)

gsNTIMES#(1=1)

MoNTIMES# (1+99)
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UCL 16580
UCL14£550
UCL14600
UCL 16610
UCL16620
UCL16630
UCL 16640
UCL 1465650
UCL 16660
UCL1s670
UCL1&680
UCL16620
UCL16700
YcLis710
UCL 16720
UCL 16730
UCL 16740
UCL 16750
UCL 18760
uctlL1677¢0
UCL 14780
UCL 18720
LUCL 14800
UCL 16810
UCL 16820
UCL 14830
UCL 16840
UCL 16850
UCL 16860
UCL 14870
UCL 16880
UCL1£850
UCL 16500



201
1o

WO

WRITE(62201) TsBRANCH (J) s (LINKS (K+L), LINKS (M+.y,L21,NTIMES)

FERMAT(1X,8110)

CaNT INUE

RETURN

END

SUBRBUTINE INBIT(]1,JsNTIMES)
HeF e BKRENT UsCol.sAe 1987

CoMMaN/BITS/K(3000)

Nowy

L=zJ

IF(I+LTepIN=93

Mz (NTIMES#* ( TABS(I)4N))+1 .

IF(NTIMES LT+ QIM=3001~( IABSINTIMES}#*]}

IF{J,ER.0)GB TB 3

IF{LsLEs30)G0 TB 1~

l.zL=30

H=M+1

G 10 2

KiMy=KtM) 4 (2#%L)

RETURN

H:! -?

Nz1ABS(NTINES)

Dakai;N

KM+ 1=0

Gg Te 5

END

SUBROBUTINE GRAPH
HeF s BKRENT UeCol.sAr 1947
CEMPILES FLEWGRAPH DATA

COMMBN/DATAZC, AL, RyAL,EsAJSDAMBD (2) 4 AV, BMBD {5 ) s PNT, BLANK

INTEGER SENS

INTEGER BRANCH.ADDR

INTEGER GENER,S

INTEGER TYPE,TYP

DIMENSIBN BRANCH(200),ADDR{100)

CBMMEN/GAG/GAG(20),NSEN, SENS(50)

CoMMBN/BITS/LBITS{3000)spEP (50,13} 4NNBDES, INBRE, XMBp [648) , TYP(50)
CHMMEN/CIRCIT /CARD (500 12) 2 TYPE (501 GENER(SO ), BRIGIN(50), TARGET (5

10} INPUT, BUTPUT,NE

CaMMEN/PATHS/LPATH({300,2), YPATH(300),S1(300) ,NPATH
EQUIVALENCE (LBITS(S01)sBRANCH(1)}s (LBITS(701),ADDRI1))
NPATH=0

DB 1,00 T=1sNE

TYP(I}=TYPE(I}

S(NPATH+1)=0

YPATH(NPATH+1) =yPATH(])

IF(DEP(T, 1) eNESBLANK)IGE T8 11

IF{GENER(I}+EQG+1)GH TR 100

INSERT PATHS DUE 10 IMPEpDANCES

NPATH=NPATH+1

LPATHINPATH21) =]

LPATHINPATHSZ) = [+NE

IF(TYPE(I})«FDei)G8 TH 12
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UCL 16910
UCL 14920
UCL16930
UCL16940
UCL 16350
UCL 16960
UCL16970
UCL 16980
UCL16990
UCL17000
pcLizolo
UCL17020
ucL 17030
UCL 17040
UtL17050
UCL17060
YCL17070
UCL17080
ycLiv090
ucL17100
ucL17110
ycLiz7120
UCL 17130
UCL17140
UeL17150
UCL17160
UCL17170
UCL17180
UCL17190
uck 17200
UeLi172490
UCL17220
UCL 17230
UCL17240
UCL17250
UCL17260
UCL17E70
UcL17280
ucLi72%0
UCL17300
yCL17310
ucL17320
UCL17330
UCL17340
UCL17350
UCL 17360
UCL17370
UCL17380
UCL17390
UcL17400
UCL17410
ucLi7420
UCL17430



1z

13

15
te
1y

11

18
17

200

19

10
100

LPATHINRPATHI 1) = 1 +NE
LPATH{(NPATHs2) =1
IF{CARDII,1) eNELR)GH TG 13
IF{TYPE(T)+EQs1)G8 T8 10

58 T8 14

S(NPATH) =1
IF(CARDIT,11+NEJALIGB TB 15
IF(TYPEL])+EQ.,1)G8 T8 10

Gg Te 16

IF(TYPE(TI)+EQeQ)G8 T8 10
S{NPATH) =«S(NPATH}
VPATHINPATH) =14 /YPATH{NPATH)

G 76 10

INSERT PATHS puUg T8
IFI(DEP(1,1)«EQ+PNTIGB TEB 10
DelyJ=1,NE
LeJd

Do18K=1,12 -
IF(CARD{J,K)Y«NEDEP(IsK+1)IGO T6 17
CENTINUE

Ga TB 19

CaNTINUE

WRITE{6:,200) {CARD{[)J) s dsls12)

DEPENDENT

ELEMENTS

UCL17440
UCL1{7450
UCL17460
UCLi7470
UCL17480
UCL17490
UCL17500
uct 17510
UCLL?520
UCL17530
UCL17540
UCL 47550
UCL17560
veL17570
UCL 317580
UCL17590
UCL {7600
ychi7610
UeL17620
ycL17630
UCL17640
UtL17650
UCL17660

FERMAT (10X t#xxx 1,12A1, 1 DEPENDS BN NEBN-EXISTENT ELEMENT, DEPENDEUCL17670

ANCY 1S I1GNBRED1T™

G Ta 10
NpATHENPATH+1
LPATH(NPATHs 1) =L -
IF(DEP({I, 1) vEReAVILPATHINPATH, 1) =L+NE
LPATH{NPATH,2) =1
IF(TYPE(1)}«EQe1)LPATH{NPATH, 2) = +NE
IF {SENS(I1)+EGe0)GS TG 100
S(NPATH] =S (NPATH)+SENS(])
CANTINUE

INSERT CURRENT AND veLTAGE
JNSDE=INBDE+]
D11 .JNSDE,NNBDES
M=0
X=1»

N=1

IF{ADDR(1)+EQ«ADDR(1+1))G6 T8 i
L=ADDR(1)
IF(BRANChH(L}+LTs0)Ne=1 77
K=1ABS{BRANCH({L))

MzM+] )
IF(MsGE3)GA T 1

CALL UNPAR(I%N,JsNE)
IF(UI302.3
NRATHaNPATHY2
LPATH(NPATH=1,2) 2K
LPATH{NPATHa 1) =K+NE .
LPATH{NPATH=1,1)=J
VPATHINFATH=1) X"

A-34

RELATIGNSHIPS

UCL 17680
UCL17690
uCL1772Q0
UCL17710
uCL17720
ycL17730
UCL17740
VeL17750
UCL17760
UCL17770
UCL 17780
UCL17780
UCL17800
ucL17810
uclL17820
UCL17830
Uclki7840
UCL 417850
uclL17860
UCL 17870
UCL 17880
ucL178%0
UCL17900
UCL17210
ucl.17920
ycL17330
UCL17940
UCL17950
uCL179s0



oy

500
300

lo

a9

LPATH(NPATH, 2) = J+NF UcL 17970
VRATHINPATH) =X UCL17%80
IF(GENCR () vEQeGENER (J) Y YPATH(NPATH ) a»X UCL17990
S{NPATH=-1}=0 UCL 18000
S(NPATH}=Q ucL 18010
GA TE & UCL 18020
Nz =N UCL 18030
Xzwys UCL 18040
%8 T8 6 UCL18050
CoNTIhUE UCL 318060
RETURN UCL18070
cND UCL18080
suUarAUTINE LBePs uCL 18090
HF «AKRENT JeCel oA 1947 UCL 18100
ABTAING THE SUM  BF gACH  ORDER uCL18110
LaG1cAL  LPGIC({3000G}sL8GICH UCL18120
INTEGER SMINSSMAX,SMINL,SMAX1,SMINOL, SHAX01,SMINQO.SMAX00,SMINIO, UCL18130
*SMAX1C . UCL18140
INTEGER GAG,CRUMT (T00)sFLAG,S, SENSBRDER UCL18150
UCL1&8160

EXTERNAL L3R,L5TBR UCLi8170
CEMMIN/GAG/GAG{2n) ,NSENLSENS{5g) _ UCL18180
CAMMEN/PELY/VNDIL(121.20),VNOO(101,20),VNID(101,20)5MAX01(20), UciL1g8190
*#SM1GL{20),SMAXO2(20),SMINDO(20) + SMAXLO(20),SMINLO({20) UcL 18200
CaMMON/CIRCIT/CARD (502121, N (10142} sNESSMAX, SMIN uck. 18210
ceMMah/SPEED/Y (1500 LS (1000) 2 NLEAP UCL18220
CAMMBRNT ITHES/NT [M7S UCL 18230
CRYMAN/IITS/LBarP (3n00) s LPATH (3002 2) s VPATH(300)+5{300) sNFATH,BRDER (UCL 18240
11007 aN8E(ICO) ucl. 18250
CaMMan/FLAG/FLAG UCL 18260
DIMENSTIN SHIN(2),5MAX(2) YEL 18270
DIMENS TN YMOL1(2020)2VM00(2020),VM10(2020) UCL 18280
DIMENSTIN VM(PD2) UCL 18290
ECUIVALENCE (VNOL(1,112YMDL1 (1)} UCL 18300
#{YNg _ (1510 VMpOL 13y {VNLIl1,1),VML0(5)) UCL 18310
EQUIVALENCE (L3B2(1),LBGIC(1)),(LBIICI,ML} UCL.18320
CQUIVALENCE {(BRDER¢1I2COUNT (L) )2 (VN(E,1)2VM1)) UCL 18330
WRITE(6, 300 LPATH(MPATH, 1} LPATH(NPATH, 2 ucL1834%0
FRRMAT(/1X, TTHE UNSNEWN TRANSMITTANCE GBES FRoM NODE1,13,t TH:,13)UCL18350
INITIALISE UcL18340
NN=2#NE uCL18370
0821=1,\N UCL1R380
NeDe t1)=0 UCIL18390
CauNT(IY=0 UCL 18400
neigl=1+202 ucL 18410
VM({],=Ce0 UcL18420
ng 99 1=1:202206 UCL 18430
V1 (T)=0.0 UCLig%40
Ve {Il=0e0 UCL18450
VEIn(11=0.0 UCL 18460
DA 3% I=1,29 UCL18470
guAy 1{1)=0 UCL18480
sMIngi{l)=C UCL18490

A-35



R8

98

SMAXQOLE
SMIrOOLE
SMAX10(T
SMINIO(]
M1=p
M2=0
M3=0

N 89P=D
DA 9x T=21,20
VM20(B1aT)="1»
Wh{S1s1)=1>
SHAX(11)=0
S™AX(2) =0
SHIn(1l=0
SMIN{Z}=D

1=C
1=0
1=0
1=0

FINg HEW MANY TRANSMITTANCES LEAVE

DRITL1ANPATH
K=L.PATH{T,2)

NEDE (K} =NADE(K)+1
J=LPATHI1,1)
CHUNT () =CBUNT (U1 +1t

ARTAIN THE FIRST NBDE WITH 8NE

TRANSMITTANCE
0PI 1INPATH
J=bLPATH(T,1)
IF(CAUNT{J)=1)3,4,3
FORM THE UNIGUE PATH
DAS. 12 NPATH
IF(LPATH(JsZ2) «NE«L2ATH(I,1))60 TO S
CALL EAUALIJ, I,LAR,=NTIMES)
VPATHIJY=VPATE (J) *yPATH(I)
S(S1=S{0y+S(1)
LPATH({Jaz2)sLPATH(T,2)
CaNTMNUE
LPATH{I, 1) =D
CaNTINUE
sTHRE ANY Laeps THAT MAY
FeRMED
DEAT=1)NPATH
IF{LFATH{Is1) «NELPATH(I,2))GH TB &
My ARRERLREP+]
CALL EQUAL(=NLBRP, [,L.5TOR,~NTIMES)
VENLBAP)Y cVPATHI )
LS{nLBOPY=S5(T)
JUsNTIMES (NLOEP«1 )
URITE (429990 (LBBP (1 T+JJ),11=1,NTIMES),LSINLBBP)
FarRMAT(1X,2120/1 421200
LPATHIT,1)=0
CaNT INUE
DB11I=1sNPATH
J=LPaTHI1, 1)
K=LPATH(1,2)
IF(UEQ 0GR T8 13

A-36

NBpE J

LEAVING

HAVE

BEEN

UCL18500
LCL18510
UCL 18520
UcL 18530
UCL 18540
UCL 18550
UCL 18560
WCL 18570
UCL 18580
UCL 18530
UCL18600
UCL 18610
UCL18620
UCL 18630
UCL184640
UCL 18650
UCL18660
UCL 18670
UCL 18480
uUCL18630
UctL18700
ucL18710
ycL18720
UCL 18730
UCL18740
ucL 18750
UCL 18760
UCL18770
UCL18780
UCL 18720
UCL18800
UCL18810
UCL 18820
UCL 18830
UCL18840
UCL 18850
UCL 18860
UCL 18870
YCL 18880
UCL 18890
UCL 18200
UCL 58910
UCL 18920
UCL 18930
UCL 18940
UcL 18950
UCL18360
UCcL 18970
UCL 18980
ucL 18990
UCL 19000
ucLigolo
uCL19020



13
11

19

iz

702

33

32

IF(NBDE(J)»EQ«C)LPATHI 14130
IE(K«EDe0)GB T8 11
IF{CBUNT(K) +EQeQILPATH(I, 1}20
CHANTINUE
CaLL CLEAR
IF (NPATH.EQeQIGA Tg 27 )

BrGIN  MATCHING UNIQUE PATHS
I=1
ARDER(1)=1 -
@RDER(I+1)=BRDER(1)
IF(BRDER(1)+GENPATH}GE TB 27
FRDER(T+1)=ORDER(I+1)+1
IF(BRDER{T+1)LETNPATH)GE T8 8
Iz1=-1
Gg T8 9
IF{1.LE+Q)GB TO 7
N=BRDER(])
M=gRDER(I+1)
L=NPATH+I
IF(1+GTa1)NsL=1
IF(LPATH(NJl) NEJLPATH{M,2}))G8 18 9
11=NTIMES#NLBBP
J123000- (NTIMES«M)
K1=3000~ (NTIMES*N)
D 702MMai,NTIMES
LSGIr(Ii+MH)=LﬁGIC£d1+HH)oANDcLGGIC(K1+HM)
Call UNPAK (NLBBP_1,N1sNN)
CALL UNPAK (N.BEP+1,N2sNN}Y
CallL UNPAK(NLBBP+1,N3,NN)
TF (L PATH(N2 2) «NESLPATH(M,1))GB T8 32
IF(N3+NELQIGB TB 5 ~

IF({LPATH(Ns1)+EQsN1) e AND o (LPATH{N2 2) sEDNZ) 1 GB T8 33
IF L (LPATH({NZ1)«EQeh2) +AND» (LPATH{N22) «EQeNL 1) GO T8 33

Gg 18 9

NLAgPR=NLOSP+1

CaLL EBYAL { =NLBBP,N,LSTOR. ~NTIMES)
CALL EAUAL{=NLEBP,M,;LEBRs =NTIMES)
V(NL_BOPIsVPATHIN) *yPATH(M)
LS{LBER ) =S {N)+5(M)

JUENTIMES* {NLEIP=1)

WRITE (50999 (LBBP {T1+JJ), ITa1,NTIMES), LE(NLBBR)
69 T8 9

IF{ {h3+NE20)-BR (N2sNEWD))GB TB 3
IF(N]sNELLPATH(N,13)68 T8 9

CALL EQUAL (L,N,LSTBR, -NTIMES)

carp EQUAL (LaMa BR,~NTIMES)
VPATHILY =yPATH (N #yPATH(M)
S{L)y=S(N}y+S(M}

LPAT L, 1) shPATHIM, 1)
LPATH{Ls2}=LPATH{N,2)

I=T14+14
Ga TO 12
eATER FIRST 8RDER LBoaP VALUES

A-37

ucl.19030
UCL 19040
UCL 190580
YCL 19060
UCL19070
JcL 19680
UCL 19090
ycL 19100
uti1eiio
ucL19120
UCL192130
UCL19140
UCt 19180
UCL 19160
uckL 19170
ycL19180
utlL19130
UclL19200
ucLigzlo
UCL.13220
UCL19230
uCL 19240
UCL 13250
UCL 19260
UCL 139270
UCt.19280
UcL 19220
UcL 19300
UCL19310
ycL.13320
UCL 19330
UCL19340
UCL 19360
UCL19360
UCL19370
UCL 19380
uCL 19390
UCL 15400
UCL 19410
UCL 19420
UCL 19430
UCL 19440
UCL 159450
UCL 19460
UCL 19470
UeL19480
UEL 19420
UCL 19500
ucLigslo
ycL 19520
UClL 19530
ucL 19540
UCL 19550



27

800

993

579
280

25

14

890

17

te

is

nBa5I=1,NLESP

IFINSEN+EG«Q}IGE T [~8O

J=Ls({I)

Kg=21-NSEN

Da 979 X9=K8.,2G;

LEC=21=Ky 3

IF(J+GT«GAG(LEBCY -500)G8 TR 998
CALL REDUCE(J, =sK3)

IF{£2+€0.2)68 T 850
YNOQ(K3+51,L8CI=VNIO{KI+51.LBC)+V(])
SMAXQO(LBL)SMA LT (SMAXOO (1 BCYsK3)
SMINDC(LOC) =M ‘0(SMINOO(LBCY,K3)

66 T8 3979

VNOL (K3+51sLBC) VN (K3+51,LBC =V (]}
SMAXCLILBCY=MAXDO(SMAXDL(LBC) +K3)
SMINDL(LBC)SMINO(SMINDL{|BC)aK3)

Go TB 979

JeJeGAG(L RC}

CALL REDUCE (J,X34K2)

IF{K2+EQ.2)GB T8 979
YN10(K3+51,LO8CaYN1Q(K3+54,LBC+VLD)
SMAX10(LBC)=MAXQ{SMAXIQ(LEC),K3)
SMINLO(LBC)IEMINO(S“INIQ(LBC),K3)
CaNTINUE

NEIR-TRS

CALL REDUCE(JsK9sK)

SMAX (K)=MAXO(SHMAX (K) 2K}
SMIN(KIsMINO(SMIN(K) 2K )
VNIKS+51,KI=YN(KI+512K) =y (1)

CaNTINUE }
8BTAIN HIGHER BRDER LaapP VALUES
grT Laep BRDER PBINTER

I=1

WRITE(6s99C)INLBBP

FgRMAT{! ngev aF FIRST gRDER lLagPSa',13}

BRDER(1)=1

BROER(I+1)=0RDER(T)

CHECK FOR MORE FIRST GRDER L.BaPs

IF{1+EQ+1}WRITE(6,999)BRDER{ 1}
IF{ARDER (1) +GE+NLBBP )RETURN
BROER{I+1)=ORDER{I+1)+1
IF(GRDER(I+1)+LEINLBBP)IGE T8 1g
I=1-1

Ge 16 16

IF(1.LE+D)G0 T8 24

N=BRDER{I)

MaGRDER{I+1)

L=NLBBP+]

IF([.GTe1NsL=1"
T1=NTIMESx(L=~1)

J1=NTIMES* (M=1)

K1=NTIMES# (N=1)
Da/GiMM=1,NTIMES

A-38

UCL 19560
UCL 19570
UCL 19580
UCL 19590
UCL 19600
UCL 19610
UCL 19620
UCL 15630
UCL12640
YCL 19650
UCL 19660
UCL19670
UCL 19680
UCL 19690
UCL 19700
UCL15710
UCL13720
UCL 19730
UCL15740Q
UCL 13750
UCL 19760
UCL18770
UCL19780
UCL19790
UCL19800
UCL19810
UCL 19820
UCL19830
UCL 19840
UCL15850
UCL19860
UCL19870
UCL 19880
UCL19890
UCL 19500
UCL19910
UCL 19920
UCL 19930
UCL§9940
UEL 19950
UCL 19960
UCL. 19970
UCL 19980
UCL.19990
UCL20000
UCL20010
UCL20020
UCL 20030
UCL 20040
UCL20050
UCL20060
UCL20070
UCL.20080



701

850

798

799
281

24

LeGIC1=LeGIC(J1+MM) L ANDLBGIC (K1 +MM)
IF(~1-NE.0)GH T§ 14

£ TER THE LBBP aF BRDER 1+1
LESICEI1+M=L3GIC(J14+MM)4BR.LBGIC (K] 4MM)
VL=V IN)=VIMY
LE(LI=LS{NI+LE (M)
IF(NSEN «EnNGIGH TO 231
J:LE;L)
Kg=p1~}SEN
D8 799 Kg=X8s20
LeC=21«¥9
TF(JaGT«GASIL3CY ~500)G% T 798
CaLL REDUCE{J,<3,K2)
IF(r2+E3,2188 TO 850
UNIN(KI+B1 2L AC=VNOO(K3+51 2L BCY= (VI %l (=1 us(I1+13))
SMAXDCILBC)Y=MAXCISYAXOO(ILBC ) »K3)
SHINOC(LBC Y=2MINO(SYINOO(LBC) JR3)
Gp TH 799
VDL (K2+S1aL8C = VNIL (K3 #5128+ (VL) #{ (=1 #1410
SHAXOL (LAC)=MAXO (SMAXOL1(1.BC)sK3)
SMINAL(LEGC)=MINQ(S4INQL(LBC)»K3)
Ga T8 739
J=J=GAG{LEBC)
CALL REDUCE (JaK3sK2}
IF(K2+EQ.2158 TH 71429
VRIQ(KI+51,LOC) sVNIO(K3+E1,LBC VL) #( (w1 )nu(I+1}))
SEAXIO(LAC)=MAXO(ISHAXIO0(LBL) SK3)
SMINSCILBC)=MIYD{S4INL10O(LEC) K3}
CANTINUE
J:LS(L)
Call, REDUCF(J,K3sK)
SMAX (K ) =MAXD(SMAX(¥)»KI)
SMIM(K)sMINC(SHMIN(L) K9}
VRAKSHH1, K1 ZVAHIKG+51 oK)+ (VILI#({rl)es{]+1)))
I=141
Ge 18 17
ExnD
SURRBUTINE CLEAR

1. F e BKRPENT UsCobloAs 19¢7
INTEGERS

CeMMaN/SITI/LERR (35000 s LPATH (300420 2 VPATH (3003 ,5(300) »NPATH

EXTeRNAL L&TBR
COMMBN/NTIVESANTIMES

N=D

DE11=1,NPATH
IF(LPATALT 1) oEDe0)1GE TO 1
N=AN41

LPATH{N» 1)=LPATHI(I,1)
LPATHMINS 21 =LPATH (1,2}

CALL ENUAL (MNsT,LSTAR,=NT[MES)
VRPATHIT Y=VPATHIT)
StN)=S(L1}

CanTIMUE

A -39

UCL.20030
UCL20100
ycLzotio
UCLzolz20
UCL20130
UCL 20140
UCL20150
UCL20160
UEL20170
ucLzolso
UCL201390
UCL 20200
ucL2oz10
ycLz0220
peLaoe3o
UCL 20240
UCL202850
uClL2o260
ucL20270
UCL20280
UCL202%0
uCL20300
ucLao3io
UCl 20320
UCL20330
UCL20340
UCL20350
UCL20360
uCL20370
UCL20380
UCL 20390
uCL 20400
UCL20410
UCL 20420
ucL20430
UCL.20440
uCL20450
UCL20460
UcL20470
UCL20480
UCL20490
ucL.20500
UcL20510
UCL20520
UCL 20530
UCL2054%0
UCL 20550
UCL 20560
UCL 20570
UCL 20580
ucL 20590
UCL 20600
ucLzo6t0



NpPaTH=M
RETURN
ENG
SUBRBUTINE REDUCE (T, JsK)
Se GRANDT UsCuloas 1949
INTEGER TAG
CBMA=N/GAG/TAG(201}, NSEN,SENS(50)
K=1
J=l
IF(NSEN+EQs0)GD T8 2
H:?i-hSEN
De 1 L=M,20 .
TF(JsGT+TAGIZ2L=1)~300)J=J~TAG(21 =L}
CBNTINUE
TF tJeLT2500IRETUPN
J=J«1G00
Keg
RETURN
END
SUBRBUTINE MULT (A,3,C, NMINA, NMAXA,NMTNB, NMAXR
Se GRANDI  UsCilLsa» 1969
“ULTIPLIES TS DBLYNBMIALS
DIMENSION AT101),8(101).C(101)
ZERB ANSWER
be 1 I=1,1cC1
Ctl}=0.0
LIMITS GF MULTIPLICATIGN
IMINA=MMINAYS]
IMAZA=NMAXA+S]
IMI BN INS+51
TMAxB=NMAXB+51
NuLTIPLY
DB 2 I=IM[ A, TMAXA
DE 2 J=IMINB, IMAXB
Ctl+J=513=C{I32=B11+A{1)%B(J)
RETURN
FND \
SUBRBUTINE SEMSC
g, GRAMDI U,CalsAs» 1369
FBRMS THE SENSITIVITY FUNCTIGNS
INTEGEP GACISENS

INTESER SMIN,SMAX,SMINL,SMAX1,5MINOL, SMAX01, SMINOOSSMAXQ0,SMINIO,

*SHAXTO
DIMENSIB SMIM(2),SMAX(2)
DIMpeSIAN GLL101) BL01)
CAMMBA/SAG/CAG (20}, MSENSSENS (5}

CoMMEN/RTTS/VNSEN (10122200, SMAX1(20)SMINI(20)
CaMMPN/RPRLY/VNGE (1012201, VNOO(101,20), VNID(10120) s SMANDL (20),
*SHIN0LL20) . BMAXOC(20 2 SMINOO(20) »SMAXLID(20) ) SMINIO(RO)

CaMvap /ZCIRCIT/CADIS0,12)2VN(10122) o NE2SHAXISHMIN

DR 3-5 I1slsNF
IF (SENS (11)2EG#0)GR TO 305
ng 356 11s1,NSEN

A-40

UCLz20620
UCL20630
UcCL 20640
UCL 20650
UCL 20660
UCL 20670
UCL20680
UCL 20490
UcLz0700
UcL 20710
UCcL20720
YCL20730
UcL20740
UcL2g750
UCL20760
Uck.20770
UcLz0780
YCL2Q730
UCL 20800
UCL 20810
UCL2p820
UCL20830
UCL20840
UCL 20850
UCL20860
UCL 20870
UCL 20880
UCL 20890
UCL20%00
ucLzp210
ucL209220
ucCL20930
UCL20840
UCL20S50
UCL 20960
ucL 20970
UCL20980
UcCL20920
UCL21000
UcL21010
uclk21020
ucLz2:1030
UCL240%0
YCLa1g80
ucL2i0e60
yCL.21070
ucL21080
UCL 21090
UCL21100
uth2i1io
ucLaglizo
UcL21130
UCL21140



IF({SENSTI{]+EGWGAG(TII ))GO T8 307
30e CENTINUE . )
CHECK FEBR "ZERE VND1
307 Do 701 1=1,101
IF(YNGL(I,I11eNE#Q.0)G3 TO 710
701 CoNTINUE
Gg TR 720
NeN ZERD VNO1 - - . - -
710 CALL MULT(YN(1,172vNO1(L, 112G, SMINC1}aSMAN (1) SMINGILID),
#*SMAXOL(TT)}
CALL MULTCYR(1,232yNOO(L,1112B,8MIN(R)aSMAX(2),SMINGOLTTY,
#SMAYOOULTI)}
06 702 I:z1:101
702 VNSEN(Is2.[10=6¢1)48(I) N
CALL MULT(VYN{151)aVN(1s2)0VNSEN{12141 1) SHIN(T)#SMAX (1), SHIN(R},
*SMAX(2)} ) o
SMINL(IT) =MINO(SMIN{L11+SMIN{2),SMIN(1}+SMINDL(II)48MIN(2)+
#SMINOCLITY) _ _
SMAX{11)=MAXQ(SMAX (1) +EMAX{2) ;SMAX (1) +SMAXO{{11)s8MAX(2)+
*SHAXO0{11})
GB T8 800
ZERE yNOL
720 DE 7G3 T=1.101
VNSEN{1:2, i1 ):VN(OO-(‘I)I*I,
703 VNSEN(I«1,11)=¥NTTLG)
SMINL(IT) =MINO(SMINGO{II)»SHIN{1))
SMAXELIT ) =MAXOISHMAXOO(TT Y 2SMAX (1))
200 CaALL AMSWER(VNSEN(1,1,11)25MAX1(11
305 CONTINUE

JaSMINL(IT};11)

RETURN
END
SUBROUTINE ANSWER (VN SMAX,SHIN, ITAG)
DAVID PALETZ UsColnAe 19¢7

DIMENSIAN VN(101+2)
CeMMEN/CIPCIT/CARD (50,12)

JCcL2:1150
UCL21160
UEL24370
ucL21180
UcL21130
ycLaiz2oo
ucL21210
yciL2ie20
ycLzi123p
ycLai24o
ycLaieso
yucLa1260
UCL21270
UcL21280
utL21290
UcL21300
ucL2i3s1o
uCL21320
UCL21330
LCLZ1340
yCL21350
UCL21360
YCLEL370
UcL21380
ucl.2y390
UCL21 400
UCL24410
UeL21 420
YCL21 %30
UCL21440
yCL21450
UCL 21460
UCL 21470
ucL21480
uCL21430

CRMMEN/SPEED/NEXPS (100s2) 7 AS (10028 #ASIGN( 100520 LINE(132) . NUM{50,UCL21500

131, JUNK (113}

INTEGER BLANK,SMAX,SMINsASIGN,PLUSsMINUSsAS, [ INE
COMMaN/DATAZAMID (112 NS, BMBG (5, BLANK, PLUS, MINUS
CaMMaN/X/ I1DEC(L0)

COMMEN/BITS/F1(4026)»VMI101,2)

Da11.1s1400

AS(I+1}=NS

AS(T1,2)=NS

La51+SMIN
K=SMaXuSMIN+]
skI® A PAGE AND WRITE HEADING
IF(ITAGCEQeQ)VWRITE (64201

201 FBRMAT( 111, 'TRANSFER FUNCTIGNt//)}
IF{ITAGER«=1)4RITE( 60 220)

2P0 FERMAT(111:1SQUARE 8F WEBRST CASE TBLERANCE)Y//)
TF(ITAG.GT Q) WRITE (6,210 (CARD{{TAG,J}ad=1412)

A-41

ucLzis10
ycLz21520
UECL21530
UcL 21540
uct215%50
UCL21560
ucL21570
UCLz21580
UcL21530
UCL21600
UCL21610
UCL 21620
ucL21630
uCL21640
UCL21650
ycL21660
ueLzie7o


http:BLANK,SMAX,SMINIASIGNPLUSMINUS.AS

210 FORMAT (111 'SENSITIVITY T8 1,12A1//)
SETTING THE NMUMERATBR IF  J=p AND THE DpNBMINATER WHEN J=1UCL21630

41

40

J=2

FAN 1S THE NUMERATBR FACTAR, FAD 1S THE DENOMINATBR FACTOR

KK=61+SMAY

IF(YNIKK; JYoNE Qe )50 T8 7
vK=LK=1

Ge 16 3

IF (e BEe 2)FAN=VNIKK, J)
IF(JED+1)FAD=VR KL, J)

De21=1.K

ASIGr (1,0)=PLUS

NEXPS(I,NsT=1

VML T Y=L J)

TF (W EQe 2 ANDLVMIT, ) o NEO)VM{ T, d) =aVHITsJ) /FAN
IF(JoESs2e AND e ITAGNE e CoAND e VM (T2 ) eNE«QIVMIE, JYe=VM{T s )
IF{ sEna I VM) gy sy{Ls ) /FAD
IF(yM{Is ) YHafas

VML, J}==yM{1,0)
ASIGN(T,J)=MINDS

58 78 5

NEXPO(L1ad) =0

AS (T, J)=BLANK

L=l +i

CENT INUE

IFCASTIGN{1s4J) vEQPLUSIASIGN{ 15 J)=BLANK
AS{1sJ)=BLARK

np  4C h=1sK

1F INEXPS(NsJ) +GEs 10) GB TO #1
LEXPS=MNEYPSINGJY 1

MUM N 3Y=TREC(LEXP3R)

16 (LFXPS JEGs 1 ,BRs LEXPS FQ, 2) NUM(Ns3)=BLANK
MM (N2} =BLANK

NUM{Ns 1) =BLANK

8o TE 42

IF(NEXPS(NsJ) «CEs 160 GB TH 42
TARG=REXFS (N, JY /1D
LEXPS=MNEXPS (N, J)=10%TARG
NUM(Ns3)cIDECILFPS+1)
NUM{Ms2)=IDEC{TARG+])
NUM(n 211 =8LANK

Go T8 4C

IARG NEXPS (NS JY /103
LEXPS=MEXPS (N, 1) =116¥ ARG
LEXPS1=LEXPE/10
LEXPS2=LEXPS=10%LExXPS]

NUM (e 3= 1DECILEXP22+1)

MUM N2 =T DECILEXPS]+1)

NUM{ 1) =IDECL{TARG+Y)

CaNTINUE

NBE3.1

8 NEND=NREG+7

TF(NADLGESKIGE TA 9

A-42

YcLa1680

ucL21700
ucLz21710
ucL21720
UCL21730
UCL21740
ucL21750
UCL21760
UCL21770
UcL21780
UCL21790
ucLz1800
ycL.z218l0
UcL21ga0
UCLZ21830
UCL21840
ucL21850
ucLz1860
ucCL21870
uCL21880
ucL21890
ucL21900
ucL21910
ucL21920
uCL21930
uCL21340
UCL21950
UCL21960
ucL21970
UcL21280
UCL21930
UCL22000
ucLzz0i0
ucCLezaoza
UCL 22030
UCL22040
UCL22050
UCL 22060
uCL2207¢
UCL22080
UCL22090
uCk.22100
utLzeile
uCLz2120
uCL22130
UCL2214¢
UCL2215¢0
UCL 22160
ucLzeizo
ucLz2180
ucL22150
uCLz2200



[aRalnlg!

13
14

15
16
203

L"R{TE‘élaoai((}'UM( ';I};I:ljs)JMSNBEGJNEND’
FARMAT{IHG»B{11¥1341))
WRITE(Z2208 ) { (ASTON(ESd) ,vM{Ta 2y AS(12J) 1, 1 2NBEG,NEND)
FERMATILH »B{AL,1PCi0e30A122X))
IRE3=MREGHS
S8 TO R
IFND K
ARITE (Ar202) ((HUMIM, 1)) 12123, M=NBEG, NEND)
ARITE (20l (LASIGNLIL I}, VMIT,0Y,A8(1,J) ), 1=NBEG, NEND )
TF{JeEQ+1)GB TO 10
WRITING THE DIyISIBN LINE
IF{K.GE«5)G8 T 13
LEND=K
36 TR 14
LEND.2
LToTAL=LEND*14
Da 15 I1=1,132
LINE{ I} =BLANK
D8 16 l=1,LTOTAL
LINE (1 )y=MEINUS
WRITE(Gs203)(LINE (112 I=1,LTBTAL)
FaRMAT(/132A1/)
L=51+8MIN
K=SMAX=SMIN+1
J=t
Gs T8 11
FACT IS THF FUNCTISBN FACTER
FACT=FAN/FAD
WRlTe {6220 FACT
FRAAT(//t THE FUNCTIBN FACTBR =1,3Xs1PEL10+3///)
ARITE 6,209 VN
FERAAT(1X, 1P10E13+5)
RETJ2N
D
SURRSUTINE HERSTC

G GQA‘\'DI U-CoL'A‘ 1969
CalCULATES WEKHST CASE TOLERANCE

INTEGER SENS,SHAXR,SMIN2, SMAX L, SMINY ,SMIN,SMAy

CoMwabl/AARST |/ WW RaT,V4(101,2),TAL(S50) 2 8MAX2, gMINE

CRMULE /GAG/GAGIR20) , NSEN,SENS(50)

CaMMIN/RITS/UNSE! (101522200, SMAXL (2612 SHINL (25)

oM N/CIRCIT/CARD (U2 12) s VN(1Q1 2o NESSMAX, SMIN

DIMERSTIN VHBRKN, §91 )0 VWL (101) 2 VH2(101 ), SMIN 2 ) 5MAK(2)
1* TTTALIZE

T3=5vIN(1)+51

[E=%%AX(1)+51

NpEv=0

MAX1=0

MINE=C

MAXE:G

MiNp=C

A-43

ycLz2210
ucL22220
UCLz22239
UCL22240
ucL.ze250
UCL22260
urkze270
UcL22280
JCL22290
UCcL22300
UCL22310
UCLzz320
UCL22330
UCL 22340
uCk22350
UCL 22360
uCL22370
UCL22380
ucL22390
UCL22400
UCL22410
ucL2a420
UCL22430
UCL22440
UCL.22450
UCiL22460
ucCLe2470
UCL 22480
UCL22490
ucLz2500
ucL2z510
YCL 22520
UCLz2530
ucLza540
UCL 22550
UcL 22560
uCL22570
UCL 22580
uCL 22590
UCL 22400
ucLezé10
UcL22420
uCL 22630
UCLzz2640
UCL 22650
UCL 22660
UCL22670
ucCL22680
UCL226%0
ycLz22700
UCL22710
ucCLga720
UCL22730



20

11

21

12

10

31

De 1 I=t,101
V'J\l(l)=0lo
VWZ(I1=3.0
Viu{la11=040
VL2200

BETAIN SENSITIVITY SENSITIVITY FCNS FOR ALL VALID ELEMENTS

NSENL=0
DA 16 K=1,NE
IF(SENS(K)EQ.0168 TR 10
SQUUARE THE TeLERANCE
THELL=TOL(RI*TOL(K)
HSEN]=NSEN]+1
SGUARE SENSITIVITY FUNCTIBN
Call MULT(VNSEN{ 1,2, NSEN, )2 WNSEN(1s2,NSENT ), YWBRKN,
*SMINTP SENTY,SYMAXL (NSENL ) »SHINY (NSEN1),SMAXY (NSEN1Y)
NAMT =SYMTNLONSENL ) +SMINT ENSENT )
NEMAx=SMAX1(NSENT Y +SMAKE (NSENT )
LSy +hRMIN
Mot shRMaY
FINT TYPE gF DEnagM
J1=YIMCISMINVI(NSENT ) +512T1)
JEsMAXC(SMAX] (NSENY)+B81,11)
DR 20 J=disd2
IF(Y (Ja1)«HE-VNSEN{Js12NSENT))GH TB 21
CaNTINUE
DENOM SAME AS TRANSFER FUNCTIGN
08 11 J=LM
VL EJ) 2Vul (JY+TRLLxVWERKN(J)
AL MAXD (MAX 1 NNMAY)
MIN =MINGIMINTANNMIN)
Ge T8 1D
DENSM NBT SAME AS TRANSFER FCN
IF (NDEMaNE«1)NDEM=
De 12 JeL,M
VW2 () =VW2 (JI+TRL1xVWBRKN( )
MAXR=MAXQ(MAX2 A NNMAYX )
MIN2zMING (AINZ, NNMIN)
CENTINUC
GET FLNCTIBN
IF(NDEMLED.0)GE T8 30
B3TH TYPES PRFSENT

CALE MULT(VMN{152)5uN(1,2) VUBRKNSMINI2)aSMAX 2}, SMIN(2), SHAX (2))

N1=gMIN(2)+SMIM(2) -
NE=GHMAX (2 )+8MAX (23

CALL MULT(VI1,VHAIRKNS VIR {520 sMIN s MAX N ND)
Da 31 I=1,101

VH{T,2) syl 2)4Vd2(1)

UCL22740
UCL22750
UCL.22760
UCL22770
ucL22780
ucLz2790
UCL 22800
uCL22810
yckLaz820
UCL22§30
UCL22840
UCL22850
UCL22860
UCL 22870
UcL22880
yCcL228390
UCL 22900
VCLZ2910
UCL22920
UCL22930
JcL22%40
uCL22950
UCL 22360
UcL2zevo
uCL.22280
UCL.2z2990
UCL23000
UcLz3pio
UCL23020
UCL23030
UcL22050
YCL 23050
UCL 23060
UCL23070
ucL22080
UCL23020
ucLzz100
ycLa3iio
ucLz3120
UEL2313¢0
ucLz3140
UCL23150
ucl.231é0
UCL 23170
UCL23180
UCL 23190
UCL 23200

CALL MULT(VMN(121)2VNE1,2),VWIRKN »SMIN(1),SMAX(1)2SMIN(2),SMAX(2))UCL23210

SHINZ=SMIN{1)+SHIN(2)
SMAX2ESMAX{1)+8MAX (2)

CALL MULT(VHBRKN, VABRKN, vW(1,1), SMIND, SMAx2,SMIN2s SMAX2)

SMINZ=SAIN,+SMINE
SMAX2=SMAX2+5MAX2

A-44

ucL23220
UCL23230
UCL 23240
UCL23250
ucL2326n


http:JMI:INO(SMI'I(NSEN2)+51.II

c

30
40

100
50
51

52
53

93

A

112
115
120

121

SR T8 100

FIRST TYPE oMLY
D8 45 I=t,1C1
YW(T1,2YsvH1CT)

uycLes27o
JCL23280
UCL2329%
UCL 23300

CALL MULT(VYNC1, 1) V012100 VW01, 1Y oSMINT1),SMAX(11sSMIN(1),SMAX (1) JUCL2331D

SHIN2=SMIN(1)+8MTN(1)
SHAX2=SMAX (1) +SMAX (1)

FIND MIN AND MAX PBWERS 8F vM

De s I=1,101
IF{yu{l,2)NEaBa0)36 T8 51
CeNTINUE

38 76 99

L=1-51

SHINEsMINGISMINDZL)

DB 52 J=1,1Ct

I=1p2=~J

IF(VI(T+2)eNESD.0)38 T3 53

CONTINUE

L=1-51

SMAX2sMAXD (SMAXZaL)
RETUIN

EnD

SUBROUTINE INVERT

» Re TYRRILL, UCLA,

6/21/768
CeMpLEX Z,CA(50),C0(80)2614Gp

DEACNSTen FCTN(E12),TEE(S512)sPH{512)

CEMMON/SPEER/F2(2048)

CaMvMaN/SITS/F1(4095)4B(50) s CI50)sNXFR,A(SD)aNXTI,STEP, TETEES
ANTYOR s AMP 1, AMP2,FREQL,FREG2,NPLBT, -
IMUAF RO NUMTTANF (113 NR(11) 2 MORS MBRNJIMGNTAY, 1SN, SCMAG, SCFREQSSIGMAS

ETi’T?’TBIDMED(é)IAESCJGQD

EGUIVALENCE (F2{1),FCTNU{ Y, {Fa(B13)JTEE(L ), (F2(1725)2CA(1) ),
LF2(1129),C3( 1)1 (F2(1225),PH(1))

DATA FREQ,AMAGYPHA, TIM/VFREQ ', 1MAG 1, PHA

FaR4AT (/77777 1nX,
FRRIAT (/7777 19%s
FaRveT (r/7/7 BXs
BTEXpe BF Sty &)Xy
Atevacerwnwty (X

FERMAT (p3Xs IR, 3%,

L ITIMEY/

twexes NBT RATIOWAL, CANNBT INyERT+!)
Taxx% TRD SIMPLE.
1THE TRANSF8RM AF THE RESPONgE S ===t s/ 203,
PNUMERS CABLEFFSe s 6Xs
L e A S
1P2E2G+5B)
12 FBRMATI'G1,82X, 1+ 1, 1P2E20.5)

DA BY MAND.T)

tDENBM, COEFFSet! s 20X,

l-----_--.-u—--|)

14 FARJAT(//710Xs Y#uxs THE PLOT IS SF THE NBN.cBNgTANT REMAINDFR TERM

116

#ANLY )

NFLAG=Q

IF (5TEP JLE. D.0) STEP = 1.0
ScFoEG = &TEP

NE({4y = 1

D3 116 I = 25 11

WMELT) = ExMFlen)

INTS = TETEE/STEP

IF ¢INTS LT« 19} INY¥S = 10
117 1 =5 1. 10

IF ¢(MF{Ey = INTSY 117, 118, 11B

A-45

UCL23320
UCL 23330
UCL 23340
UcL23350
UCLE23360
UCL23370
UCL 23380
uCL23320
ucL23400
UCL23410
UcL 23420
ucL23430
UCL23440
UCL23450
uCL 23460
UCL23470
UCL23480
UCL 23430
UCL 23500
UCLe3510
UCL23520
uCL23530
UCL23540
UCL 23550
UCL23560
uCL23570
UCL 23580
UCL23590
WCL23600
Ut 23610
UCL 23620
UCL23630
UCL23640
UCL 23650
UEL 23660
UCL23470
UrL23480
UCL 23630
ucL23700
UCL23710
UCL23720
UtL 23730
UCL2374D
UCL23750
UCL 23760
UCL23770
UCL23780
UCL 23790



122
123

124
129

110

10

1

111

13
113
127

CANTINJE

1 = 40

NXTI = 1 » 1

NYFR = 1 + 1

pe 119 1 = 1. NAF 3

NR{T) = NFINXFP + 1 = D)
NUMFR = 2a#NR{1})
NUMTI = NR{Z)

1F{NTYPE.LT+56}CALL INPUT

pe 122 1 = 1, 50

1F (B(51-1)} 123, 172+ 123
CeNTINIE

MR _ 51 = I

ne 12% I = ls 50

1F (AtS1-1)) 125, 124s 125

CONTINUE

MERNLUM = Bl = ]

MEMAX = TAXO(MIR, FBRNUAY
1IF (~BR-MgRNUMY110,10,111
IF(LTYPEL.GT#5)ER T 111
WRITEtS2142)

RETJRN

IF(NTYPE.AT5)G0 T9 111

CaMNgT=A(MBR) /B (MBR)
MgRYUN=MARNUM -1
DG 11 I=i,MBRNUM
ArT)=AC1)-CONST#B(T)
A(MOR)I=0.0
NFLAG=1
WRITE(6s120)
Dy 1p6 I = 1, MRMAX
J=1=1
WRITE (6, 121) Js All)s B
IF(NFLAG.NE«1) GB T8 13
dR1TE(6,12)CHNST
WRITE(G214)
IF(MTYPE«GT5182 T3 1
IF (MBR =~ 2! 113. 113, 127
WpITE (6, 115)
RETURN
ABSCITIM
ARD=AMAS
CALL SCALE
Cal.L RBUTH
CALL SAYPLE
CpLp FLIP
Call ADJUSTY
e TURM

HaF «BKRENT UeCuloAn 1969
IF(NTYPEWNEeSIG2 75 &
NUMT [={FREBZ=FREG1)/STEP
Z=CMELX{FREDL,0.C0)
ce TH 7

A-46

uCL.23800
ucL23810
ucL 23820
UCL 23830
UCL23840
UCLESSSO
uCL.22860
JCL23870
UCL23880
ycL 23820
uck23500
ycLa3gio
UCL23920
UCL 23230
ycL235840
utl239%50
UCL23960
UCkp3970
JCL23%80
ycL23920
yCL24000
UCL24010
UCL24020
UCL 24030
uCLz4040
ycCL24080
UCL24060
UcL24070
JCL24080
ucL24090
uCL24100
ucLzsilio
ycLzsizo
UCL24130
ucL 24140
UCL24150
YCL24160
ucL24170
uCL24180
UtLa4190
uCL24200
ycLa4210
UCL24220
UCL24230
ul.as2s0
UCL 24250
uCL 24260
UCL24270
UCL 24280
UCL 242858
UCLz2428¢
UCL24R287
UCL24288


http:IF(NFLAG.NE
http:IF(TYPE.GT

WMTI=ALEGIC(ARC(FREQ2/FREQL) ) #ALBS10(ABS({STEP)) ucCL24250

Z=CMFLX{0,E0, 6+ 2832%FREQ]) UCL 24295
IF(MEMTIGTD12NUMT 2512 ucL 24300
TR{r GMTILEEO)N 1MT =100 JcL24310
Dez2Js1s"RMAX UCL 24330
KephAX=J+4 UCL 24340
CALY=SCMPLXLAL Y2 D.ED) UCL24350
CELRY=CMPLX(B{ Y+ 0.EQ) UCL24360
DEsl=1aNUMTI uCL 24370
G1s(CrED,0-E0) UCL 24380
Gp=(0sFOL0+ED) ucL24380
Ka™RMAX=1 UCL24400
ne3d=1sK ucL24410
Gis(O1+CA(J) %2 UcL244290
Gp={o2+CR(J) =27 UCL'25430
S1=Gi+CA(MRMAX) UCL24440
G2=G2+C3 (MRMAX) UCL24450
f34s651/G2 UcL24460
IF(MTYPENE 39138 T3 8 UCL.24461
TEE( 1) =REAL{Z) UCL24462
FeTr tly=rEAL(CL) UCL24463
7=CHPLY (FREQ1+(STEP*1},0.ED} YCL2446k
Ge T3 & UCL24465
TEE{I)=AIMAG(7) /67832 ucL 244790
FeTM(I ) =00RTI(FREAL{GI) **2)+ (ATMAGIG1)**2)) YCL 24480
IF{NTYPE LE£Q+BIFCTN{ ] )sSARTUFCTN(I M) UCL24490
PhiTy=ATANZ(ATMAG{S1),REAL(GT) ) x57+2958 JeL24500
ZeCMPLX(GeEC) 6+ 2-324FREQ 1% {STEP#®#*1}) UcLz4510
CENTNUE UcLz4s1is
ApSC=FFEQ ucLz4520
ARD=AMAS UcLe24530
Call PRTFLT UCk24540
IF(HTYPEGE*BYRETURN UCL24550
R =PHA UCLZ24540
DAST=1sNpMTI UeL24570
FecToiqlv=FRH{ 1) UCL24580
Cabl PPTRLT UcL245%0
RETIRN UCL 24600
END - UCL 24610
SUBREUTINE INPUT UCL 24620
As Re TYRRILL, UCLA, &/21/68 - UCL24630
CHMEN/BITS/FL (4096} +B(S0),C{50)sNXFRAA(S0) S NXTI,STEPS TBTEE, UCL 24640
ANTYPE 2 AMP 1+ AMP2, rREQ1,FREQZ, NPLET s UCL24650
JUDME S P UM TTANF (11),BR(11) MR, MERNUM, NTAY, ISN; SCMAG, SCFREG, SIGMA, UCL24660
2T, s T2 73,0780 (6) 2 ARSC,8RD UCLz24670
10 FaR¥AT (1H1s 10X, 18PECIFIED INPUT [§ =e«t) UCL24&80
21& FRoaAT (20Xe YIMPULSE, STRENGTH = 'y IPEL1R+5) . - UCL24620
317 FORMAT (20%s'STEP, MAGNITUDE = 1: 1PEL1Z45) UCL247Q0
318 FRIVAT {zeXs VEXPONENTIAL, MAGNITUDE = t» 1PET2+5, 5X» ICBEFF, = wclas710
2y IPELZeH) . UcL24720
319 FaRvAT (204s TSINE, MAGNITUDE = 's 1PEI2¢5, 55X, 'FREQUENCY = ' uck.24730
2 OIPEICS, t HZet, uck.24740

321 FrRr AT (2n¥s 'FINITE PULSE, MAGNITUDE = ', 1PE1245r 5Xu TDURATIEGN UCL 24750

A -47


http:Z=CMPLy(FREQ1+(STEP*I).O.EC
http:62=(c#FOo.EO
http:PLX(B(J),O.EO
http:CA(K)=CMPLX(A(fJ),O.EO

c

3ez

311
31z
313
14

315
320

3C0
301
302

303

304

305
306

307

308
309

2= ',A%PEl2-5: ! SEC.') 4
Faav (20%2 'PLLSE TRAIns WAVELENGTH = ', {PE12+5s ' SECets 5Xs
E'PUL?E DURATIBN = 1, 1PE12+5s SEC. 1 /33X, FTATAL MAG. = ;: 1PE12.UCL24780
35, §, Xr 1BACKGRBUND = ty 1PE12.5)

WRITE(6s 310

GB T2 (311, 312+ 313, 314s 3153, NTYPE
WRITE (4, 316) AMP1

Gy T8O 320

HRITE (6 317) AMPY

58 T8 320

URITE (&, 318) AMPI, FRED1

G T8 320 _

WRITE (6, 319) AMPY, FREG1

68 19 320

WRITE (4, 321) AMP1, FREQ1

GB T2 320

MRITE (6, 322) FRER1s FREQR, AMP1s, AMP2
IsN = 1

NTAY = 1

SCYAG = aMP1

Ge T5 {3052 301, 303+ 305, 3053, NTYPE
RETHRN

nR 302 1 = 1, 28

B(50=1) = B(49=1) - B(50-1)«FREQ]
B(1) = =S(1)*FPEQL

RETURN

I (FREQ1 sLEs 0e0) FREQL1= 1ep
BMEGA = FREQ1x6+72831853

AMGSE = GMEGA##2

SCMAG = SCMAGGYEGA

DB 3C% I = 1, 48

B{51~1) = B(4#9-1) 4 B(51=-1)*BMGSQ
B(1) = B(1})*BMGSO

B8(2) = B(2)*GMGSQ

RETJRN

DR 3r6 I = 1, 48

B(5n-1) = B(43=1)y T

B{ly = 0.0

IF (FRERQL «LF. 0.0) FREQL=z 1.0
Tt = FPEQ1

IF (NTYPE-%) 3G8. 307 309

IsN = 2

RETURN

IsN = 3

T3 = AMP2/AMPY

IF (FREJ2 +LEs 0+0 +8Rs FREQp +GEs FREQL) FREOz = Q+S*FREQL
Tz = FREQZ

IF (T2 +LE« S5*x87EPY NTAY s 0
RETURN

END

SUBRBUTINE SAMPLE

As Re TYRRILLS UCLA, &/21/68

A-48

UCL25760
UCL24770

UCL24790
UCL24800
UCL24810
LCL24820
UCL24830
ucl.24840
UCL24850
uCL24860
UCL24870
UCL.24830
UcL 248380
UCL2490¢
ucL2491¢
ucL.2492a
UCL.2493¢C
UCL24940
UCL24950
UCL24560
UCLZz4970
UCL24280
UCL.24990
UCL 28000
UcL 25010
UCLZB020
UcL 28030
UCL 25040
UCL 25050
UcCL 25060
UcL2s5070
UCLZ5080
ucL2s090
UCL2s5100
UcL25110
ucL2s120
UcL25130
UCL25140
UeL2s150
UcL25160
UCcL2s170
UCL25180
UCL25130
uCLaszoo
ucL2s52190
UCL 25220
UCL 25230
UCL 25240
UCL 25250
UCL25260
ucL25270
UCL.25280



COMPLEY#5 RSPLS(2048), EXCMP(192%)s SPBW(S0), S, SUMNM, SUMDN UCL25290

Cr4pLEx*g IAWIC, 22, 21 UCL25300
NEJRLE PRECISION X, Y ycLz2s3io
CaMMBN /S I TS/RGPNS $BI501,CUS0)sNXFRS,A(S0) S NXTISTEP, TBTEES UcL25320
ANTYPL2 AP 1, AMP2,FREQ L FRED2, NPLAT, _ UCL 25330
INUMF 7o MUMTTaNF (1T ,08R{11) 5MBRA MBRNUM, NTAY, 1SN, SCMAR, SCFREQ,SIGMAS UCL253%0
2T1,T2sT3,DMAD(4) , ARSC,LBRD UCL 25350
CHMMEN/SPEED/EXCHMP UCL25360

X = 49283135307179586D+00/FLBAT (NUMFR) ucL25370

Y = 0«004+00 UCL 25380
SPAW(E) = (1404009 ucL25390

0o 136 I = 1, pUMFR UCL25400

5 = CMPLX(SIGMA, SVGL(Y)) ucLzs410

IF (1 = NR{1))} 133, 134, 133 ucL 25420

13% 7841E = CMPLX{J.0, SNGL{Y)) UCL25430
EXCMP(IY = CEXP{Z941E) UCL25440

133 Y = ¥ + Y uCL25450
SUMNME(0.0200) UCL25460
SUMON = (0+0s0.0} UCL25470

D8 131 J = 2, MER UCL2S480

131 SPOY(J) = SPBW({J=1)8 UCL25430
e 132 J = 1, MBR ucL.2s500
SUMPM = A(JISSPEW(J) + SUMNM uCL2s5510

132 SyMpn = B(J)*SPAW{J)} + SUMDN ucL 25520
IF (ISh=23} 135, 136s 137 UCL 25530

135 27 = (1+Gs 040} UcL 25540
Go T8 130 UCL25580

136 27 = 140 = CEXP{«T1+S/SCFREQ) UCL 25560
Ga T8 130 UCL 25570

137 71 = CEXP(~T1#S/SCFREQ) UCL 25580
Z7 = (1e0 + (T3-1.0)4CEXP(=T2#5/SCFREQ} = T3#21)}/(1.0 = Z1) UcL25590

130 RSPMS{1) = SUMMMLZ7/SUMDN uCL.25600
RSPNS(1) = RSPNE(1)/2+0 ucL2s6l0
RETURN uCL.256r0

£ND UCL 25630
SUBRPUTINE FLIP UCL 25640

o A+ Ev TYPRILL, UCLA, 6/21/68 UCL25650
CeMPLEX RSPNS({2058), EXCMP({1024)s Z UCL 25660
DaUalLE PRECISIan X, Y UCL25670
CEMMAN/ITTI/REPNS sB{S0)sC(SQ s NRFR,ALSO s Ny T, STEP, TOTEE, UCL25680
ANTYPF2AMP 1 AMP2,FREG1,FREQ2,NPLET, _ UCL25650
INUMFRAMUMTTaNF (173, MRO11) 2 MBR)MBRNUM, NTAY, 1SN, SCMAG, SCFREQ,SIGMA, UCL25700
2T1:T2:7T3,DMED{ ), A5SC,9RD UCL25710
CeMmuON/SREED/EXCMP ycL25720

136 FAR™AT (/77 20%2 'SIGMA =t, 1PELZ2+5) UCL25730
S15aCT = SIGMA/SCFREG UCLas740
WRITL (=, 128) SIGACT uCL2s7s0

102 nxXH = MXFR/Z UcL25760
D6 106 L o= 1, NYH UcL25770

NFR = MF(L) UCL28780
MRIF = NR(L) -~ NFB8 LCL2s790
MeFe = NFLL o+ 1) UCL25800

ne 106 K = 1, NFB UCL.25810

A -49



JUMP = {Ke1)*2*NR{|) ucl2s8zo0

105 DB 106 J = NF3, N2IF, NoFg UCL25830
Jl = J o+ JuMp ycLass4o

JF = JT + NDIF UCL 25850

D5 106 I = ts NFB UCL 25860

NN} RN X UCL25870

JUF = JF 4T UCL25880

Z = GSPNS(JJI) UELZ25830
RSPRS(JIIIY = RSPNS({JJIF) UCL.25500

106 RSPNSIJJF) = 2 _ UCL25910
NEG = NF(L) YCL25930

NRE = NR(L) UCL2BES40

D8 §1C K = 1, MRE UCL 25950

JI = (K=1)*NF(L+1) UCL 25960

JF =z JI + NFB uct.2s597¢

D8 11C J = 1, NFB UCL 25980

N] S ) G UCL25290

JIF = JF + J UCL 25000

7 = BESPNS{JJFI#EXCHP({(Jul}RNRE + 1)} UcL2g010
RSPNSEJJF} = RSPNS(JJEY = 2 UCL 26020

110 RSPNS(JJT) = RSPNS(UJI) + 2 UCL 26030
DB 108 K = 1, 2 UCL26040
NFE_= NF(3-K) _ UCl- 26050

DB 108 J = 1, NFB UCL26060

JI = (Je1)#NR{1) ) UcL26070
JEo= {Jd=1)ENR(2) UCL26080

DE 108 I = 1, NUMTI i UCL25090

JE = JI o+ 1 ) UCL26100

108 RSPNS{JF+1) = RSPNS(JJUI) + RSPNS(JJI+NUMTI)*EXCHP((I~1)#NFB + 1} UCL26110
RETURM UCL26120

END UCL26130
SUBREUTINE ADJyUsST =~ UCL26140

€  Ae Re TYRRILL, UCLA, 6/21/68 UCL26150
CoMPLEX RSPNS{2048) UCL 26160
DIMENSTay FNP{4) UCL26170
CEMMBN/BITS/RSPMS,FACTL(S0)» TERM(B0) s NXFR,PBW ({501 2 NXT 1 aSTEP, UCL26180
BTOTEEsNTYPESAMP Y, AMP2,FREQL,FREGRINPLET, UCL2&190
ENUMFRoNUMTIONF (11),NR{11)2MBRMERNUM,NTAY, [SN, SCMAG, SCFREQ,SIGMA, UCL26200
2T1,72,73,0M8D(g) » ABSC,BRD UCL24210
CeMMBN/SPEED/FCTN(S12) . TEE(B12) UCL26220

DLW ! 2.0#5CMAG/ SCFREQ#FLBAT (NUMFRY} UCL24230

pa {5C I = 13 NUMTI - bCL26240
TEE(I) = (FLBAT(1-1))}*SCFREQ UCL26250

150 FCTn(I) = DLW*(REAL(RSPNS(IJ3] UCl.ze260
IF (SIGMA) 151, 153, 151 UCLR&270

151 S6Q_= SIGMA/SCFREQ - UCL 26280
, DB 1.2 1 = 2, NUMTI UCL2s290
162 FCTN(IY S FOCTN(II#EXP(SGQ#TEE(])) UCL 26300
153 CALL TAYLBR UClL2e310
DLW = SCMAG/SCFREQ UCL 26320
FCTN(1) = TERM(2)+#DLM UCL26330
TIF (NTAYy T 156, 155, 1597 UCLR6340

A-50



182 FACTL(2) = 1.0 UcL 26350

D8 134 I = 3, 5O UCL26360

154 FACTLA(D) = FACTL(1-1)%{I=~21%0e25 UCL26370
Ds 1=E 1 = 2» 50 UCL26380

155 TERMUIT)Y = TERM(III/FACTL (I} UCL 24390
DB 157 I = i & JCL26400
FNP(1) = 00 ycLzesic
Pau{z) = 1.0 - UCL26420

Dp 1858 4 = 2, WO o UCL26430
ERPEL) = FNP(I) + TERM{J)*#PBW(J) UCL26440

IF (FNP(I) +GT» 1.2F403) 68 Tg 156 UCL26450

158 PeA(J+E) = PBR(J)*[*0e25 UCL26460
157 FCTh{I+1) = FNP{T) DLW - WEL26470
156 CALL PRTPLT h UCL26480
RETURA UCL 26430

EnD UCL 25500
SUBRBUTINE TAYLOR uCL2s510

C A+ 8 TYRRILLS UCLA, 6/21/68 UCL26520
CEMMEN/BTTS/CLSC ) AMBD( 4046)5B(50 1, TERM(50) ) NyFR,A{BO) S NXTILSTEP, UCL26530
XTOTeEE. UCL28540
ANTYPE s AMP 1, AMP2,FRoG1,FREQ2, NPLET» N UCL 26550
ANUAF R MUMT TaNF {171, MRUL 1) A MEBR, MERNUM, NTAY, 18N, SCMAG, SCFREQ, SIGMA, UCL 26560
2T1,T2:T3,0M8D (51, ARSC,ERD UCL2e570

DA 217 1 = 1, HOR UCL26580

217 C(ly = A(1} UCL26530
MERDIF = MAR - MPRWUM UCL 26600

210 De 214% I = 1; 5o ucL2e610
TER{(I) = 0.0 UCL26620

IF (mBPDIF~1) 213, 212s 212 UCLZ6630

213 TER4(1) = CI{MPR) B (M3IR) UCL 26640
IF (ABS{TERM(1}) «3T+ 1+0E+60) GB TH 218 UCL26650

0B 2le 3 = 1, MAR UCL2g660

216 CiJY = C(J) = TERM(I}*+B({U) UCL26670
212 bR 215 J = 1» MBR UCL26680
JJ = MR 4+ 1 - U - UCL26690

215 C{Ju+1l = CHUN) UcL 26700
214 Ctly = 00 UCL2&710
RETUPM UcL2s720

218 NTAY = O UCL 26730
RETURM uCLzs740

END UCL 26750
SUBRPUTINE PRTPLT UCL 25760

C A+ Re TYRRILL: UCLA, 6721768 UCLz&770
DIMEMSIAN 3YMRBEL (5) UCL26780
CeMMaN/SPEED/FCT (5121, TEE(5121.P(132)2DHL DL, DGP uCL26730
CEMMBM /ATTS/F1(409512B(55),C(5012NXFR,At50)aNyT1,STEP, TBTEE, UCL.26800
ANTYRE» AMP 1, AMF2,FREG1,FREQ2,NPLBT, UCL26810
ANUMERONUNT T ANF (13 ) ,AR{11) »MOR, MBRNUM,NTAY, 1SN, SCMAG,SCFREG,8IGMA, UCL26820
BT1,T22T3,0MBD (6}, ARSCIRD UCL24830
DATA SYMBEL/Y VT, tet, 1000111y UCL268%0

175 FARMAT {1PE10«3, 122A1) ) UCL26850
1R1 FERMAT (/////710%s 16HGREATEST vALUE =, 1PE13.5, 10X, 14HLBWEST VALUCL26860
PUE =, 1PE13+5, 10X, 10HINTERVAL =2 1PE13es5 /727 } UCL2g870
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183 FoRYAT (10X, 122413
191 FeIvAT (4[1PE16+.3, 1PE16.5))

194 FaRaAT(/z77/7 4110%, Atr 11X A4s3X0 /)
WRITE (651941 (ASSCaRDs 12104)
MFI=UMTI/4
N 19¢ 1 = 1, NFB
J = f\FS + 1
JJ = NFR &+ J

uCL 26880
UCL 26890
UCL26200
uCL26210
UCL 26920
UCL 26930
UCL26940
UCL 26950

190 WRITE (&, 121} TEE¢1)s FCTN(I), TEE(J}s» FCTN{I}, TEE(JJ), FCTN{JJIUCL2£960

2, TEE(NFE+J) s FCT(NFE+JJ)
IF (RPLOT +LE+ 0} RETURN
DHI = 0.0
nDLA = DHJ
DA 176 I = 1, NUMTI
IF(FCTN(I} «GT. DHI) DHI
IF(FCTA(L] +LT. pL=) DL8
176 CNTIAUVE
DGR = (DH] = DLBI/11S+0
K7zER® = 14+5 = (DLa/DGP}
I (<ZERB«11) 177, 177, 178
178 IF (132-KZERD)Y 177, 1774 172
177 KZEpB = 1
179 DB 12C 1 = 11, 132
180 P(1} = SYMBBL (2}
WRITE (6, 181) DHI, DL8. DGP
LL = €
ne 182 1 = 1, NUMTI, NPLBT
K = ({FCTN{I) - DLa)/DGP) + 14,5
189 P(X) = SYMBAL(3)
IF (L) 1712 1714 170
170 WRITE (4, 183) (P{J)s J = 11, 132}
L. s LL - 1
Gp TH 172
171 WRITE (B 1753 TEE{I)s (P{J)s J = 11, 132}
LL = 9
172 ba 184 J = 10, 132
185 P(J) = SYMBRSL (1)
IF (LLY 185+ tRS5s 188
185 78 1.¢& 1 = 14 3
Pr11+11y = SYMBe (p)
P(X7ERB+IT) = SYMBsL {2}
B(KZERB=]I} = SYVYBaL(2)
184 P(132-11) = SYMBal (2)
188 P(132) = SYMBE_(5)
P(KZERD) = S5YMBaL({p)
182 P11} = SYMB3L(3)
WRITc (62 183HISYMEAL(2)4,1511,132)
RETIIRN
END
SLUBROUTINE SCALE
As R« TYRRILL2 UCLA, &/21/68

FCTN(I)
FCTN(D)

(LI 1]

COMMBA/BITS/F1(4094)+BIS0)»C(B0YsNXFRIA(SO)2vXTI2STEPSTATEE,

ANTYPE»AMP 1, AMP2,-REQIIFREQ2,NPLET »

A~52

ucL 26970
UCL 26980
UCL26930
UCL27000
ucLe7olo
UClLaz0z2e
tCL27030
ucL27040
ucCL.27080
uCLz7060
ucL27070
ucLg27c8o
UCL270%0
ucLz7100
ucLa7ilo
ucLz7120
ucL27130
ucLz7140
ucLz7150
ucL27160
ucL27170
ycL2718¢0
UCL27190
UCL27200
ucLzzzio
ucLgz220
UcL27230
ucLz2724%0
uCL27250
UCL272s60
ycrLazazo
ucCLz7280
ucL2723s0
uCL27300
ucL2731o
UcL27320
UcL27330
UcL27340
UCL27350
ucL27360
ucL27370
UCL27380
UCL 27320
ucL27400



c

INGMFRANUMTIZNF (11),NR {11}, MOR, HORNUM,NTAY, 1SN, SCMAG, SCFREQSSIGMAS UCLE7410
2T12TpaT3,DMBD (6}, ARSC,BRD

231

MRLG =
IF (SC
De 233
Dg 233
A{MBR=

Mgr ~ 1

FREQ=1.0) 231, 232, 23%
I = 1, M. L8
o= 1.1 .

1) = A(MBR~T}*SCFREG

233 B(Mar~1) = B(MBR~1)#SCFREG

232

SCMAG
De 234

H 100/B(M8R,
I = 1, MOR

2345 STIY = B(l)*SCHAG ~
_SCMAG = SCMAG#A({MBRNUM)
Dy 235 ! = 1, MBRNUM

235

A(l) =
RETURN
END

sSysroU

A(I)Y/AHERNUM)

TINE RBUTH

Av Re TYRRILLs UCLA, 6/24/68
LeGICA

CopMMaN

L Let!
/BITS/BINH(50)5U}JD(E6!5OJJAHBD(296] _
2B(S0)sC{50)sNXFRIA(SO)aNYTI»STEP,TBTEE,

1
ANTYRE, AMP 1, AMPZ,FREQ14+FREQ2,NPLAT,

INUMFRANUMTTUNF (17) ,NR(11)2MBR,MERNUM,NTAY,; SN, SCMAG, SCFREGQASIGMA,

L2T1:T24T73,0MBD(6),ABSC, 6RD

D8 230 J = 1, MER
BINB{1sJ) =2 120
Dg 230 I = 2, MER
230 BINa{(I,J) = Q.0
DB 231 1 = 2, MER
De 231 J = 1, MER_
231 BINg(Llsd) = BINEG(IW1sJd=1) + BING(Isd=1)
SIGTeY = Q+005#NrF{13-NXFR}
SIGMA = 0.0

232 Cakl CALCR{LBGL)
IF (LBG1y GB Te 233

SI34a = SIGHA + SIZTRY
“Gp TE 232 7

233 SIGTRY = (=0+1)%SIgTRY

SHIFT = D+0035%NF(13»NXFR}
234 SIGMA = SIGMA + SIGTRY

Call CALCR(LBG1) ~

IF (SIGHMALSRIFTY 236, 236. 235
235 IF (LBG1) G& T8 234 -

SIGMA = SIGMA 4 SHIFT

RETURN o
236 SIGMA = 0+0

RETURN s

END

1

SUBRBUTINE CALCR (UBG{)~
A+ Rs TYRRILL: UCLA, 6/21/68

LeGICA
CaMMsN

L LB&t .
/BITS/BING(5G250)20(264+50):SIGPAN(S0)2AMBD (244)
sB(50) {50} sNKFRIA(S0) 4 NYTI»STEP,TBTEES
t
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UCL27420
UCL27430
UCL27440
UCL27450
UCL27460
UCL27470
ucL27480
UCL27480
ucL27500
ucL27510
uclL.27520
UCL27530
yCL27540
UCL27550
UCL27860
BUCL27570
UCL 27580
UCL 27520
ucLz7600
uCl27610
ucLz7é20
ucCL27630
UCL2754%0
yCL 27650
UCL27660
ucL27670
UCL27680
UCL27630
ucL27700
UcL27710
ucL27720
UCcL27730
UCLz27740
UCL27750
ucL27750
ucL2777¢
UcL27780
UcL27790
UcL27800
UYcL27810
UcL27820
UCL27830
UCL27840
UCL27850
UCL27860
UCL27870
UCL27880
UcL 27890
UCL27900
UCL27910
UCL27320
UCL.27%30



240

241

248

242

243

244

246
245
247

ANTYPE s AMP1+AMP2,FREQ1,FREQ2,NPLET

INUMFRNUMTIaNF {17) ,NR(11) s MBR, MBRNUM,NTAY, 1SN, SCMAG, SCFREQ, SIGMA,

BT1,T22T3,DMBD(4),ARSCABRD
L8G1 = «TRUE.

IF (SISMA LT+ 140504 +ANDy SIGMA «GTs =1+0E-04) SIGMA = 040

SIGPHW(1) = SIGHA
Dg 240 1 = 2, MaR
SIGPAYU(T) = SIGPAW(I~1)1%SIGPBW(1)
C(MaR) = B(MER)
MRLE = MBR = 1t
0g 248 1 = 1, MPLa
Cely = B(D)
11T =1+1
De 241 J = 11, MBR
T = BILJI*BINB(I,J)*SIGPBY(J=1)
Ctly = C(1Y + 7T B
IF (C{1)) 247+ 2475 248
CeNTINUE
MH = MBR/2 + 1
De pé4r I = 1, MH
Dg 242 J = 1, MpR
Dils g} = 00
MH = (MBR + 1)/2
DB 243 I = 1, MH
D{1,1} = C(MBR~2%(f=~1}}
MH = MARs2
DO 244 I = 1, MH
Del,2) = C(MBR+1-241)
Da 245 J = 3, MER
D 246 1 = 1, My
DI, = (DUl J=1)aD(I+1,U0=2)=D(1ad=2)#D ({141, J=11)/D(1sJe1)
IF (D(1sJ)) 247, 247s 245
CoNT INUE
RETURN
LeGy = FALSE .
ReTURN
END
SURRBUTINE RE8BTS
HaF « SXKRENT SVGBBDA PBLYNGMIAL REBTFINDER 1965
CEMPLEX*16 @
DIMENSIBN SMIN(2},SMAX(2)
INTEGER SMAX,SMIx
caMpLEX D{50.,2)
REAL A(BC) 2 CaYMA s YMIN, XMAX2 xMINSH(5),E
DIMENSIAN N1{5),NRT(50, 3,2}, IN(2}sJIN(2)
COMPLEX PuT,B(50),S5s5N,8SsSHSSELF2FN,FSsFESFUL VIS W(E)
REAL 5,6N#GS, 6, 4GE
caMeLEX PELE
CaYMaN/DATA/DATA{ 173 #BLANK
cCaMMaN/A/CHAR( 30)

WCL27940
UCL27550
UCL27960
UCL27970
uUCL27980
UCL27950
UCLZ28000
UCL28010
UCL23020
UCL, 28030
UCL2R040
ucL28050
UcL.2gosn
UCL28070
UCL28080D
UCL28090
UCL28100
ucLzgiio
UcLzgizo
UcL 28130
YUCL28140
UCL28150
ucLz28160
UCL 28170
UcLz8i80
UcL28180
UCL 28200
UcL28z210
UcCL 28220
UCL 28230
ucL28240
uCL28250
UcL2g8260
UCL28270
UCL 28280
UCL282320
UCL28300
ucL28310
uCL.28320
UCL28330
UCL 28340
uCL.283%50
UCL28360
UCL28370
UcL23380
uCL28390
UCL 28400
ucL.28410
UCL 28420
UCL28430

CaMMEk /SPEED/POLE (SO)sNPBLES,DUMS S SN SSsSWSE»F»FNSFSaFW,FES G BN, UCL2B 440

1GSsGNIGE ESD AN S NRT 2 TN, UNLCHB
CeMMAN/CIREIT/ CARD(G0Q),VN{10122)sNE,SMAX,SMIN

A-54

UCL 28450
UcL28460



EQUIVALENCE (GrHI1 ) o (Fav{1))a(SaWIL)) UCLZ8470

NPALL $=0 YCL28480
nge5M9=1.2 HCL284S0
NzSMAX (NS} =SMIN(NI)+] UCl.28500
NgagMIN{N2)+51 UCL28510
N7sGMAXING)+5] UCL 28520
DEAOT=NSINT UCL23530
IF(YN(INS)eNESOWEQ)GE TB 1 UCL28540

&0 CoNT INUE UCL 28550
Gg T 25 LUCL 28560

1 &x] UcL28570
paspl=Ngs N7 ucCL28580
JaN7+N6s1 ucL28590

IF (VN(JrN9)eNESQsED)68 T 53 UCL28600

2  CsNTINUE UcL28610
Ga T8 25 - UcL28620

B3 N7=J UCL28630
NzN7=N&+1 UcL 28640

1P {yeLF«1)GE T8 25 UCL28650
Mahag UCL28s60
WRITE (6,203 1M UCL28870

203 FERUAT(111s46X, t%%x SVOBADA POLYNBMIAL ROBTFINDER ###1,32X, tH.F+8KUCL28£620
1RENT ' /it gXs VJANY 19691//10Xs 'PELYNBMIAL BF DEGREE's14s' ==~!'/) UcL2ges0
JH1Y=0 uCL28700
JN(2)ED ucLzg71o

Ng=0 UCL.28720
InN(2)=0 UCL28730
IN(z2)=0 UCL 28740
NPASE=0 LUCL28750
JEih/6)+1 ucL287460

K=l ucLzg770
HLTERES N UCL28780
LaMiN0(MaK+5) HCL28790
WRITE(E:202) (NZsN2aK,L) UCL 23800

202 FeRMAT(IX,al22) UCL.2gsala
WRITE (62206 (VN{MO+NZ2 NI YsN2=KsL} UCL28820

206 FERJMAT(6(F20+10,1 1}/) UCL28830
41 Rallt+a UCL2R84%0
WRITE( 42204} UCLZ28850

204 FARMAT(/4Xs 'ACCURACY REQUESTED == 6 SIGNIFICANT FIGURES 1/ /45X, tREADCL 28860
1L PART IMAGINARY PART EXPANENT 1) UCLpas?o
WRITE(4s205) UCL 28880

205 FERMAT{4SXs45('=7)) UCL28890
C=0.EC UcLessoo
Dp2ar-1.4 UcL2g910
JeN7EL-T UCL28920
Arly=VR(J,NI) UCL p8930

z Belys CMPLXIA(L)20.£0) UCL28540
45 L=1 ucCL28%50
Clq-ol..-THE SCA\!\’ING ReJTINE..-.....oQQO-o!l-lo-c..-'g-loOn.l..v.lcrol!UCLEBSSi
3 XpIN==1+E0 UCL 28960
YMIN==5IRT (ABS(1+En=(XMIN*%21) ) =6+25E~2 UCL2R970
NRAgT=JN(3-L) UCL28980
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Krs=16 UCL 28990

8 Kl=yMIb®ibe UCL 23000
YMIN KI#g.28E«2 uClLzaoctio
YMAXEmYME UCL 29020

7 S= Cr PLX(XMIN, YMINY UcL22030
SN=S+ (G EQrEe25F =2} UcL29040
5582 (DvEQr64P5E~2) UCL 29050
Sw=S=(6¢25E=2,0.E0) UCL29060
SE=5+(6+25E=2,0+E0) UCL.23070
NTAG=INI(L} UCL 29080
N4=1 UCL29090

Croonnsse THE CALCULATIBN ROUTINE=~ UsING HQRNER'S TECHMIQUE"I.‘.I.I --Q.UCLESOSJ,

33  D52s1=N4,5 UCL29100

26  V(I1),(GeEQsQ-ED} UCLz9110Q
P=B(N) UcLz9120
pe31=1.M ycL29130
T=B¢1) UEL29140
DE3x 428 UCL2915%0

3 V) s (VIK)+T ) %A (K) UCL29160
DBa7I=N4s8 UCL 29170
V(I =V(1)+B(N) UCL29180
IF{NLTAGSELD)GR Ty 27 UCL29190¢
DE47 =120 TAG UCL 29200
T=W{I[)=D(K,L} _ UCL2g210
IF(CABS(T)sLEel4En 0}T=({1eEep0y1¢E=50} UctLzg220
PP /T JCl29230

47 velyavULsT UCL29240

27  H{ly= CABS(V(I)) UCL 23250

Coue END CALCULATIGN RBUTINE=~ RETURN T8 THE PRBPER PHINT. UCL 29251
GB Te (9,10)sN4 UCLz9260

201 FARMAT(LX,7EL1R«R) UCL.zg270

g K=0 UcL29280
DR4]=24% ucL292%0

Coas THE CRITERISN F3R FINDING A R806T=-- UCLpg291
Cona THE RESTBUAL AT THE CENTRAL PBINT MUST BE LESS THAN THAT 8F UCl.29292
Cone THE F8UR SUPRAUNDING PBINTS, UCLg9293
IF{H{I)LT+GIGE TO 46 UCL29300
IF{H{I)+EQ.GIF=K+1 UCL29310

4 CENTINUE ucL29320
Coae HBWEVER, IF ALL 5 PBIJTS ARE EQUAL, THIS PRINT MUST BE REJECTEDUCLp932i
IF{K.EQ:4)08 TH 46 UCL 23330
CoennosseaTHE HBME=IN RBUTINE......c..---n...o----o....qno-ooq.n..o-'-an.UCL29331
J=2 UCL29340
NEXR=0 UCL29350
Cxv372529029844191406P5E-8 UClLzg3en
NR=KR*18777216 UCLzs370
N1=K1*16777216 UCL2338¢

1 IF({HRNEW0)«BR+(NI«NE,Q}IGE TE 32 UCL29390
NEXP=NEXP-1 UCL29400
J=1 uCL29410
CsCx6425Eap utLas4zo

32 Mx=1e**{7-J) UCL29430

is Sh= CMPLX({ FLBAT(ND)*C, FLBATINI+NX)*C) UCL 29440
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http:SE=S+(6.a5E-2,O.EO
http:SW=S-(6.25E-2O,.EO

CI.-

392
1o

i1

303
17
Coae
Conn
13

17

20
21

&2
23

28
14

8S= CMPLx( FLEAT(NR)*C, FLOAT(NI=NX)«C)

Skz CMPLX( FLOAT(NE-NX}#*C, FLOATINI)*C)

SE= CMPLX({ FLBAT(NR+NX}*#C, FLBATINI)*C)
RRANCH T8 THE CALCULATISN RBUTINE.

Ny=p
Ge TO 33

FARMAT (1 X 4E203)

F=AMINLIHEL) A B(2) 2 H{3),HIU YL H(T))

ne111=1,5

IF(E-EQH{I})IGE TR 12

CRNT IMJE
WRITE {67303}

FeRMaT(' ERRORY)

GB T2 (13,17,20,22,23}),1

IF THE DESIPE

RSUTINE »

IF{J«GE+5)GO 79 15

NENES]

Ga T8 15
NT=NT+NY
Ga 16 21
MNI=NT=NX

ACCURACY HAS BEEN REACHED; EXIT THE HEBME-IN

IFLIeRES ) o AND W (MBD (NI/NX#16) ,EQeD) ) S=U~]

G3 TG 14
NR=hR=NX
GB TO 23
HRENR+NY

FFOtJeNE 01 ) s AND» (MDD (NRaNX#16) eEQe0) ) J5J=1

S=dA(I}
G=H{1)

IF( CABS(S)+GT+2+ED)IGB TH 46

GB 19 32

UclL29450
UCLzo460
uCL2s470
UCL23471
ucL29430
UCL29430
YCL23500
UcL2s510
UcL29520
UCL29530
UCL29540
UCL29550
UCL 235560
ucL29570
UCLa2s571
YCLass72
UCLZ23580
UCL239580
UCL29600
UcL23610
UCL29620
UCL29630
UCL22640
UCL29650
UCL29660
ucL29670
UCL29680
UCL29630
UCL23700
UCL29710
UCL29720
UCL25730

Cino-o-ovRﬁBT EXAMINATION RBUTINE sesanssveverstnsnnqqovesnesnsennnrseann s JCL29731
IF(STAGFEQ«DIGE TB 43

1s
Crae
C..l

50

43
43

29

CHECL THE LAST FEW STEPS, BUT THIS TIME WiTHOUT DIVIDING BUT

THE RBATS.
NTAG!O
Fa(p+EQrQ.EDQ)
DESHI=1aM
F={F+B(1})x5
F=F+B (M)

G= CaBS(F)
DR4gi=1.7
J=MAXO({7=122)

IF( (MOD(NRs 16% %1 )+ wEa D) +GRs (MBD(NI» 16%21 1eNE4G) }GE TB 32

CaNTINUE
NTAS. IM(L)

IF(G«GECABS({P)}/2+0E0)GR TR %6

K=L
N2=16

TFC{NRANZ %7 EQ«0) ¢ ANDS (NI /N2%27+EQe0) }GE TB 34
IF (Ma0 (NR,N2Y+GE«N2/2)NRSNR+NZ
IF{MEDINR, N2) LE+ {=h2/2) INR=NR-NZ
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UCL29740
uCLzo741
UCLz9742
UCL29750
uCL29760
uUcLe2g770
UcL29780
UCL29790
ucL2z9800
UcL29sll
ucL29820
UCL29830
UCL29840
UCL23850
UCL29860
UCL29870
YCL29880
UCL29830
UCL29300
UcL29910


http:IF(MfPD(RN2)LE.(.N2/2))NR=NR.N2
http:F=(o.Eoo.E0

IF(MOD (NI, N2) o SEWN2/2INT=NT#N2 UCL2gga0

IF(MBD(NRANEY s LEw (~N2/2) YNR=NR=N2 UcLz23930
NR=MR/ N2 UCL29940
NI=NI/NZ UCL29950
NEXP=MNEXP+1 UCL 29960

Gy Ta 23 YcL29970

34 IFik+EQe1)l T8 35 UcL 29380
C=(FLeAT(NQ)**E)+(FLBAT(NI)**2) YL 29930
5=(FLGAT(NR)/C)*0-7205759#037927936E1? UCL30000
Co(FLOATINIY/ZC) 0 72057594037927936E17 UCtL20010
NEX®==NE xP UtL 30020

Kz} - . UCL-30030

51 IF ((ABS{E) «LE+04268435455E3) s ANDe (ABS{C) vLE+Q.P653435456E9))60TR 42UCL 30040
E=E/18. UCL 20050
CzCr16a . UCL30060
NEXPNEXP+1 UCL30070

Ge T8 5% LUCL 30080

4p NR=E UCL 20090
NT=C UCL20100

Gg 78 29 ucL3qi1o
Ci'-c--.aTHE REUND=SFF RQ’UTINE'O!.vOQCl."..l-'.'l..‘UIOI!IOICQIl'Q.lI!lUcLaolil
35  IF(J.GE.7)58 T& 24 UCL30120
K=Npx*(7-4) ucL30130
IF(MaD(NR,K) +GE JK/2 Y NR=NR+K UCL 30140
IF(MBDINR, K} +LEW {«X/2) INR=NR=K yCL30150
IF(MBDINT,K) +GE /2 NI=NT 4K ucL3agléeo
IF{MBDINTIK) s LEW (=K /2) INTaNI =K UCL30170
MR=NR-MID(NR,K} ucL3clgo
Ny=sNE~-MBD(NILK) uUCL30i%0

Croee RETURN T8 THE PRSPER POINT. UctL30191
IF{deLTen)GE TR 37 UuCL30200

24 IF(NRBBT.EQ+DIGE TR 18 ucL30z10
K=3=i ucL30220

3s DA39[=1,NRBET UcL30230
IF(NRT{1,3,XK)+NE«NEXPIGH T8 39 UCL30240
Ki=]ABS{NR=NRT(1,1.K}}/{164%({7nd)}) ucClL 30250
Ka=1ABR{NTaNRT(1,2,K))/(1g*% (7)) UCL 30260
TE((K1eLTa2) s AND (<24LTe2))G8 T8 5 UCL30270

39 CHNTINUE UCL 30280
iz JN(Ly=JdNL)+1 UCL3QR90
K=Juil} UCL 30300
MRT{Ks14L)=NR UCL320310
NRTiKs2sL)=NI b ”“ N UCL 30320

NRT (Ka3sL) =NEXP UCL 30330

Cess P-RFORM THE CBNJERSIBN FRAM HEX T8 DECIMAL, UCL30331
N3=NI UCL30340
C=FLABATINRI®(1ae % (NEXP=7)) UcL30350
E=FLBATINI }*(15e 22 {NEXP=7)) UucL30360
“NEXP.ALFGLO(AMAL 1 (ABS(C)Y; ABS(EY) ) UCL30370
NR=C*{ 10 %% {7=NEXP) } UCL30380
NIzE# (10«w*{7=MEXP)) o UCL30390

M==M UCL30400
N2=10 oo T UcLaop410

A-58


http:IF(MOD(NRN2).LE,(-N2/2))NR=NR.N2

K=zi
Cogs BRANChH T8 THE RAUND=BFF RBUTINE AGAIM.
G 1@ 29
37 Ma=M
QzDCMPLY (DFLBAT{NR)#11D=g, DFLAATINI Y #1 D=4}
K= IEXP =1
WRITE(6:200)8,K
200 FeRYAT(40X»2F15.90111)
c INSERT PELES IN CHBMMBN BLRCK
IF{N9sNE.1)GB TE B
NPILES=NPOLES+]
PELE(APBLES) =0# (10, %#K)

5 IFLJ (LY JN{2)aLTowIGE T 44
36 ARITE (65205}
GE TO 25
by INCL)=INCL Y+
J=Ingl)
D{Js)=S .
Cosn CSNTINUE THE SCAN
e IF(YMINSE«YMAXIGR TR 6
KI=K1+1

YMINSKT%5.20E-2
IF({L-EQs1108 TO 7
IF(YMINCLTYMAXIGE TB 7
6 KPsKR+]

XMIMsKP*g25E-2
Yl d==8RT(ABS (14 Eq=(XMIN#%2)) ) =G 2BE=2
IF(xMINSLESL1+ED}GR TR 8

Clc- T""]g PASS IS FI\'ISHED-
NPAGEINPASS+1

Ceae CHECK IF Te2 MAnY PASSES HAVE BEEN PERFBRMED.
IF(MPASS«GT« 2% (MINA(N IN(1)+JIN(2))+1))GB TB 3g

UCL 30420
UCL 30421
UCL 30430
UCL30440
UCL30450
UCL30460
UCL30470
UCL 30480
UCL 30430
YCL30500
UCL30510
UCL 30520
UCL30530
UCL.30540
UCL 30550
UCL30560
UCL30570
UCL30580
UCL30581
UCL30590
UCL30600
ucL30610
CL30620
UCL30630
UCL30640
UCL30650
UCL30660
UCL30670
JCL30671
UCL30680
utL30681
UCL20690

CoaesnsssTHE INVERSIOEN RPUTINEwssesessvnevrstnsasnpssnsvenesasnsrncnreyp UCLI0E9L

L=3=L
Kbty
Ne3nl=1:K
T=03¢1)
JeN=T+1
By Bedy
35 2rJdy=T
Caso 5.C0K T8 THE SCASNING II[UTINE
IF{L+EQv2)GE TR 31
Gg 1O #5
25 CeNTINIE
DE9ai=z1+5
99  CraAR, [l)=BLANK
RETURN
Fah
*STaP* ¢

A-59

uCL 30700
UcL30710
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JCL30810
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A.2,1

A(T)

A(D
A(D)

A(D)
ABSC
ADDR(I)
AMOD(I)
AMP1
AMP2
AS(L, I)
ASIGN (I, J)
AL(D
B(D

B(D)

B(D)

BITS(I)
BINO(I)

B MOD(I)
B RANCH(D)

B 1D
C(D)

C(D
CA(D)

CB(D)
CARD(I, J)
CONST

COUNT(D)

A,2 NASAP-70 DICTIONARY
Dictionary of Variables

In Common A, An array of 80 elements contaiming the
80 characters of the most recently read
data card.

In Common BITS. An alias for A1(I).

In Subroutine ROOTS. The coefficients of the polynomaal
being evaluated.

In Subroutine POLSEN. The real part of the I'th pole.

In Common BITS. The abscissa label for Subrouiine PRTPLT.
In Common BITS. An alias for NQ(I) used in Subroutine GRAPI.
In Common BITS. The list of plot control variables STEP to
NPLOT,

In Common BITS. The positive portion of a pulse train,

In Common BITS., The negative portion of a pulse train,

In Subroutine ANSWER. Alphanumeric array of S!'s used in
printing Transfer and Sensitivity Functions,

In Subroutine ANSWER., Alphanumeric array of signs used 1n
prinmting Transfer and Sensitivity Functions,

In Common BITS. Numerator of function to be plotted. The
coefficient of 8171,

In Subroutine POLSEN. The mmagmary part of the I' th pole.

In Common BITS An alhias of Bi{D).

in Subroutine ROOTS, A Complex type array of the polynomlal
coefficients,

In Common BITS. Array of words used in logical bit mampulations.
In Common BITS. A list of Binomial Coefficients used in
Subroutines ROUTH and CALCR.

In Subroutine PLOT. An integer type alias for AMOD(I),

In Common BITS. The list of branches connected to each
circult node. Used 1n Subroutines CALC and GRAPH.

In Common BITS. Denomainator of function to be plotted.

The coefficient of SI-1,

In Subroutine POLSEN. The derivative of the Transfer Function
Denominator evaluated at the real part of the I' th pole.

In Common BITS. An alias for POW(I).

In Subroutine INVERT. A Complex type alias for A1(J) with
CA(1) the coefficient of the highest power of S.

In Subroutine INVERT., A Complex type alias for B 1(J) with
CB(1) the coefficient of the highest power of S,

In Common CIRCIT. Array contaiming the J characters of the
I' th element name,

In Subroutine INVERT., The quotient resuliting when the numerator
of the trangform 1s divided by the denominator.

In Subroutine LOOPS., The number of transmittances leaving
flowgraph node 1.

A-60



(D)

D(1, J)
D(L, .J)

D

DEP(I, J)
DGP
DHI

DL

DLO
DR

ERR

EXCMP(D

EXPO
FACT
FACT(D
FACTOR
FAD
FCTN(I)

FAN

F, FE, FN, FS, FW

FLAG
FNP(I)
FREQ

FREQ!

In Subroutine POLSEN, The derivative of the Transfer
Function Denominator evaluated at the imaginary part of
the I' th pole,

In Common BITS, The Routh Table built by Subroutine
CALCR.

In Subroutine ROOTS, List of roots used for forming
the reduced Polynomaial,

In Subroutine SCALER, The sum of the element value
exponents scaled by FACTOR.

In Common BITS. Array containming the J characters of
the name of the element controlling the I' th element.

In Subroutine PRTPLT. The ordinate interval,

In Subroutine PRTPLT. The maximum ordinate value.
In Subroutine SCALER. The sum of the element value
exponents scaled by FACTOR~1,

In Subroutine PRTPLT, The mimimum ordinate value.
In Subroutine SCALER. The sum of the element value
exponents scaled by FACTOR+1.

In Common ERR. = 1 when a serious error is detected, = 0
otherwise.

In Common SPEED. Contains the e(G+JW) points calculated
by Subroutine SAMPLE,

In Subroutine NUMBER. = 1 when the exponent is negative,
= 0 otherwise,

In Subroutine ANSWER., The normalizing factor of the
Transfer or Sensitivity Punction.

In Common BITS. Used in computing Taylor Series
coefficients,

In Common ERR. Containsg the Scaling Factor determined
by Subroutine SCALER,

In Subroutine ANSWER. The normalizing factor of the
function denomanator.

In Common SPEED, The ordinate powrts for Subrouiine
PRTPLT,.

In Subroutine ANSWER. The normalizing factor of the
function numerator,

In Subroutine ROOTS., The function values at the five
pownis of the five point test

In Common FLAG, = 1 when Funciion ISORT fails to
convert a numeric character its value, = 0 ctherwise.

In Subroutine ADJUST, Used in computing the Taylor
Series corrections to the first five plot points.

In Common PATHS. The frequency used by Subroutine
FINE to build a circuit tree,

In Common BITS. a ineat, fin Sin 2%, starting point
for frequency plots.
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FREQ2

GAG(D

GENER(I)

INDIC(I)
IN(T)

INODE
INP

ISN

ITAG

ITREE
IN(T)
KI
KR
KZERO
LIMIT
LINE(D
LINE(I)
LINKS(I)
 LOGIC(D)
LOGIC1
LOG1

LOOR(D)

LPATH(I, J)

LS(D)

MOR

MORNUM

In Common BITS. Pulse width in a pulse train, ending point
for frequency plots,

In Common GAG., Contains the list of values to be used as
Sensitivity Tags.

In Common CIRCIT, =0 if the I'th element 1s passive, =1
if the I' th element is active.

In Subroutine FINE. Used during circuit free building.

In Subroutine ROOTS. Number of discontinuities found on a
type I pass.

In Common BITS, The lowest node number in the circut.

In Main Program, = 1 when a Transfer Function Request has
been read. =0 otherwise

In Common BITS. = 2 for a pulse response. = 3 for a pulse
train response. = 1 otherwise,
In Subroutine ANSWER., = -~ 1 for a Worst Case Function, =0

for a Transfer Function, Else, Sensifivity Funciion for
element number ITAG. .

In Common TREE. = 1 when Subroutine FINE 1is to be called
to build a tree. = 0 otherwise.

In Subroutine ROOTS., Number of roots found on a type I pass.
In Subroutine ROOTS. Counter for the Imaginary axis.

In Subroutine ROOTS. Counter for the Real axis,

In Subroutine PRTPLT. The location of the zero axis on the
print line, . '

In Subroutine SENSIT, WORST. The maximum number of
Sensitivity Requests that can be handled.

In Subroutine FINE, TUsed for output formatting.

In Subroutine ANSWER. Used for printing the dividing line.
In Common BITS. Area for logical bit manipulations during
evaluation of current equations in Subroutine CALC.

In Common BITS. A Logical Type alias for LOOP(I}). Used 1n
Subroutine LOOPS.

In Subroutine LOOPS. A Logical type alias for M.

In Subroutines ROUTH and CALCR. = TRUE 1f the current
SIGMA value lies to the right of all poles in the complex plane,
= FALSE otherwise,

In Common BITS, Area for logical bit manipulations during
flowgraph loop evaluation.

In Common BITS, PATHS, LPATH(I, 1) 1s the origin node of
the I'th flowgraph transmittance. LPATH(I, 2) 1s the target
node of the I'th flowgraph transmaittance.

In Common SPEED, Contains the S value and tags of the I' th
loop in the flowgraph.

In Common BIT'S, Number of coefficients 1n the transform
denominator,

In Common BITS, Number of coefficients 1n the Transfrom
numerator,
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MPATH(I, J) Inthe Main Program. An alias for LPATH(I, J).
MRMAX In Subroutine INVERT. Number of coefficients in the transform.

M1 In Subroutine LLOOPS. Used during Higher Order Loop evaluation.

N(T) In Subroutine NASAP. Used during circuit tree building.

NB In Subroutine CALC. Number of branches in the circuit tree,

NBR(I) In Subroutine CALC. Number of branches at circuit node I,

NDEM In Subroutine WORST. = 0 if the stmplhified formula can be
used., = 1 for the standard formula.

NE In Common CIRCUIT. Number of elements 1n the circut.

NEL{1) In Subroutine CALC. Number of elements at circurt node I.

NEXP In Subroutine ROOTS. The magmfication factor for homing -in.

NEXPS(I, J) In Subroutine ANSWER. Array contaimng powers of S.

NEFLAG In Subroutine WORST., = 1 when Worst Case analysis has been
aborted, = 0 otherwise.

NFLAG In Subroutine INVERT. = 1 when the transform 1s not rational.

NI In Subroutine ROOTS. The hexadecimal imaginary part of the
root.

NINDIC(I) In Subroutine FINE. Used during circuit tree building.

NLOOP In Common SPEED, Number of loops in the flowgraph.

NN In Subroutine LOOPS. Number of nodes in the circuit,

NN In Subroutine CALC. Number of nodes in the eircuit.

NNODES In Cormrmon BITS, The highest node number in the circuit,

NODE(I) In Subroutine LOOPS. The number of flowgraph transmittances
arriving at flowgraph node L.

NPATH In Common PATHS. Number of transmittances in the flowgraph.

NPLOT In Common BITS. Number of calculated points per printed point.

NPOLES In Common SPEED. Number of poles in the Transfer Function.

NQ(I) In Common BITS. The beginning of the list of branches for node
I1n the BRANCH array. Used in Subroutine CALC, ,

NR In Subroutine ROOTS. The hexadecimal real part of the root,

NR In Subroutine READ. Number of duplicate elements names.

NRT(I, J, K} In Subroutine ROOTS. The hexadecimal list of roots, :

NS(I) In Subroutine CALC. Initially the same as NQ(I). Used during
the calculation of the current equations,

NSEN In Common GAG, Number of elements tagged for Sensitivity
Analysis,

NTAY In Common BITS. =1 1if a Taylor Series 1s to be used to compiite
the first five plot points, = 0 otherwise.

NTIMES In Common NTIMES., Number of words per block to be used in

logical bit manipulation 1in Common BITS,
NUM(L, J) In Subroutine ANSWER. Alphanumeric array of S exponents.
NUMB(L) In Subroutine FINE, Used during tree building.
NUMNOD In Subroutine FINE. Number of circuit nodes,

NUMFR In Common BITS. Number of points along the w axuis.

NUMTI In Common BITS., Number of calculated points in the plot,

NWORST In Common WORST1. = 11f a Worst Case analysis 1s to be
performed., = 0 otherwise.
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N1
N2

N3
OCARD(I, J)
OGENER(I)
OORIGIN(I)
ORD
ORDER(I)
ORIGIN(D)
OTARGT(I)
OVPATH(D
OZ(D)

(D)

P

PH(I)
POLE(D

POW
POW(D)

Q

RSPNS(I)

S, SE, SN, SS, SW

S(D
SCFREQ
SCMAG
SENS(I)
SIGMA

SIGPOW(I)

In Subroutine ROOTS. The step size of the Home-in
routine,

In Subroutine LOOPS. The first node 1n a Higher Order
Path. Detected by Subroutine UNPAK.

In Subroutine LOOPS The second node 1in a Higher Order
Path, Detected by Subroutine UNPAK.

In Subroutine LOOPS. The third node in a Higher Order
Path. Detected by Subroutine UNPAK.

In Subroutine FINE. The ordered CARD array.

In Subroutine FINE. The ordered GENER array.

In Subroutine FINE. The ordered ORIGIN array.

In Common BITS. The ordinate label for Subroutine
PRTPLT.

In Subroutine LOOPS. A pointer to the location of the
I'th order loop or transmittance in the LOOP area.

In Common CIRCIT. Origin circult node of the I' th
element,

In Subroutine FINE, The ordered TARGET array.

In Subroutine FINE, The ordered VPATH array.

In Subroutine FINE. The ordered Z array

In Subroutine PRTPLT. Used to format the print line
during plotting.

In Subroutine POLSEN. The Real part of the Pole
Sensitivity.

In Subroutine INVERT. Array of phase points in a
frequency plot.

In Common SPEED. The I'th pole of the Transfer
Function, a Complex number

In Subroutine NUMBER Used to hold the exponent value.
In Common BITS, Part of the Taylor Series computed by
Subroutine TAYLOR.

In Subroutine POLSEN. The Imaginary part of the Pole
Sensitivity.

In Common BITS. The points Flo+ijw) computed by
Subroutine SAMPLE. The work array for the Fast
Fourier Transform in Subroutine FLIP.

In Subroutine ROOTS, The five points of the five point test,
In Common BITS, PATHS., Contains the S value and tags
of the I' th flowgraph transmittance.

In Common BITS., The frequency scale factor.

In Common BITS. The amplitude scale factor.

In Common GAG. Numerical Sensitivity Tag for the

I'th element,

In Common BITS. The real part of S, the complex
frequency.

In Subroutine CALCR An array of powers of SIGMA oL
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SMAX(I)

SMAX00(.J)
SMAX01(J)
SMAXI(K)
SMAX10(J)
SMAX2

SMIN()

SMIN0O(J)
SMINO1(J)
SMINL(K)
SMIN10(J)
SMINZ
STEP
SPOW(D)
TAG

TAG
TARGET(I)
TAG()
TAG(D
TEE(D
TERM(I)

TOL(D)
TOTEE

TREE

TYP(D
TYPE(I)

In Common CIRCIT. SMAX(1). Highest s power in Transfer
function Denomunator, VIN(I, 1), SMAX(2) Highest s power
in Transfer Function Numerator, VN(I, 2). _ _

In Common POLY. Highest s power in -H(P,Q), VNOO(I, J),
for the J'th element. _

In Common POLY, Highest s power in H(P!',Q) VNOI(I, J),
for the J'th element.

In Common BITS, POLY, Hghest s power in Sensitivity
Function for K! th element, VNSEN(L, J,K). _

In Common POLY. Highest s power in -H(P,Q'), VN10(L, J),
for the J'th element.

In Common WORST1. Highest s power in Worst Case
Function, VW(I, J).

In Common CIRCIT. SMIN(1) Lowest s power in Transfer
Function Denominator, VN(I, 1). SMIN(2), Lowest s power in
Transfer Function Numerator, VN(I, 2). o

In Common POLY. Lowest s power in -H(P,Q), VNOO(I, J),
for the J'th element. _

In Common POLY. Lowest s power in H{(P',Q) VNOI(I,J),
for the J'th element.

In Common BITS, POLY. Lowest s power in Sensitivity
Function for K'th element, VNSEN(L, J, K), _

In Common POLY. Lowest s power in -H(P,Q'), VN10(I,J),
for the J!'th element,

In Common WORST1. Lowest s power in Worst Case Funciion,
VW(L, J).

In Common BITS., The interval between successive plot points.
In Subroutine SAMPLE. The value of §I-1 |

In Commmon TAG, A utility flag used by the Main Program.

In Subroutine NUMBER. = 1 when the number 15 negative.

= 0 otherwlse.

In Common CIRCIT. Target circuit node of the I'th element,
In Common GAG. An alias for GAG(I).

In Subroutine FINE, An alias for the TYPE array.

In Common SPEED., The abscigsa points for Subroutine
PRTPLT.

In Common BITS. The coefficients of the Taylor Series
computed by Subroutine TAYLOR.

In Common WORST1., Tolerance value for the I'th element.

In Common BITS. The interval between the first and last
points plotted..

In Common TREE, = 1 when Subroutine FINE 1s to be called
to build a circuit tree., = 0 otherwise,

In Subroutine GRAPH. An alias for TYPE(D.

In Common CIRCIT., = 0 if the I'th element 18 a Current
Source (Link), = 1 1if the I' th element 15 a Voltage Source (Branct
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T1, T2, T3 In Common BITS. Coefficients for the pulse response

Transforms,

V(D In Common SPEED. The value of the I' th loop in the
flowgraph.

VDER1V(D) In Subroutine POLSEN. The symbolic derivative of the
Transfer Function Denominator, I=51i+ power of s.

VM(L J) In Subroutine ANSWER The Function affer normalization.

VN(IL, J) In Common CIRCIT. VIN(I, 1) Transfer Function Denom -

mator. VN(I, 2) Negative Transfer Function Numerator,
I=51+ power of s.

VNSEN(L, J,K) In Common BITS, POLY. Sensitivity Function of K'th
element. J=1 for Denom:nator, J=2 for Numerator,
I=51 + power of =s.

VPATH(D) In Common BITS, PATHS. Value of the I'th flowgraph
transmitiance. o

VINO0O(I, J) In Common POLY. -H({P,Q) for the J'th element, I=51+
power of s, _

VNOLK(I, J) In Common POLY. IH(P!',Q) for the J'th element. I=51+
power of 5. _

VN10(I, J) In Common POLY. -H(P,Q') for the J'th element. I=51+
power of S.

VPATH(I) In Common PATHS. Value of the I' th flowgraph trans-
mattance,

VW(I, 3) In Common WORST1. Square of the Worst Case Function.
I=51+ power of s, J=1 for Denominator, J=2 for Numerator.

w In Subroutine FINE. An alias for FREQ.

X In Subroutine POLSEN. The Numerator of the Real part

of the Pole Sensitivity Function, -QH(P, Q) or VN10(I, J)
evaluated at a pole.

Y In Subroutine POLSEN. The Numerator of the Imaginary
part of the Pole Sensitivity Function, -QH(F, @) or
VN10(I, J) evaluated at a pole.

Z{1) In Subroutine FINE, The impedance of the I' th element.
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A.2.2
ADJUST

ANSWER

ASCAN

BLOCK DATA

BSCAN
CALC

CAICR

CLEAR

CSCAN

EQUAL

FINE

FLIP

GRAPH

INBIT

INPUT
INVERT
ISORT

LOOPS

LOR
LOX

Dictionary of Subprograms

In the Plotter. Re-evaluates the first 5 sample points
via a Taylor Series,

In the Transfer Function package. Prints Transfer and
Sensitivity Functions normalized and formatted.

A Card Scanning Utility. Scans for certain characters.

Part of the Main Program. Imtializes Common Blocks
DATA, X and GAG.

A Card Scanmng Utility, Scans for certain characters,

In the Transfer Funciion Package, Evaluates current
equations from the circuit tree.

In the Plotter. Uses the Routh Stability Criterion to
determine 1f the current SIGMA value 18 acceptable.

In the Transfer Function package. Removes trans-
maittances in the Flowgraph which have been marked
deleted, i

A Card Scanmng Utility. Secans for certain characters.

A Bit Mampulation Utility. Performs various operations
on blocks of word in Common Block BITS.

A Circuit Description Analysis routine. Builds a circuat
tree for a user-specified frequency.

In the Plotter. Computes the Fast Fourier Transform
coefficients.

In the Transfer Function package. Builds the Flowgraph
except for the unknown transmaittance,

A Bit Mampulation Utility. Sets bits in blocks of words
1n Comm.on Block BITS,

In the Plotter. Evaluates the transform of the response,
In the Plotter. Controls the execution of the Plot Request.

A Card Scanmng Utility., Converts numeric characters
to fixed binary values,

In the Transfer Function package. Computes Transfer
and Sensitivity Functions from the Flowgraph, via the
Shannon-Happ formula.

A Bit Mantpulation Utility, Performs ! OR! ing.

A Bit Mampulation Utility. Performs ' AND g and
subtracts the resulf from the arguments,.
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LSTOR
MAIN
MSG
MULT

NASAP

NUMBER

PLOT
POLSEN

PRTPLT
READ

REDUCE

ROOTS

ROUTH
SAMPLE

SCALE
SCALER

SENSC

SENSIT

SHIFT
SORT

TAYLOR
UNITS

A Bit Mampulation Utility. Coples one word into another,
The Main Program. Controls execution of NASAP-T0.
A Card Scanning Utility. Prints a diagnostic,

In the Sensitivities and Worst Case package,
polynomaials,

Multiplies

A Circuit Description Analysis Routine. Interprets the
standard form of circuit description data and builds a circuit
tree for minimum computation time,

A Card Scanning Utility., Converts alphanumeric repre-

sentation of numbers into floating pownt values.
In the Plotter. Interprets Plot Request Cards.

In the Sensitivities and Worst Case package.
Pole sensitivities.

In the Ploiter.

Computes

Prints and plots the calculated response points,

A Circuit Description Analysis routine.
form of circuit description data.

Interprets the special

In the Sensitivities and Worst Case package.
from the S or LS arrays.

The Rootfinder.
Function,

In the Plotter.

In the Plotter.,
points,

In the Plotter.

Decodes tags

Finds poles and zeroes of the Transfer

Finds an acceptable SIGMA value.

Computes the 1mtial Fast Fourier Transform

Scales the Fast Fourier Transform coefficients.

The Automatic Scaler. Re-adjusts, if necessary, circuit data
values to avold floating overflow.

In the Sensitivities and Worst Case package. Computes
Sensitivity Functions.
In the Sensativities and Worst Case package. Interprets

Sensitivity Request Cards.
A Card Scanmng Utility, Eliminates blanks and commas.

A Card Scanming Utility, Converts numeric characters to

floating binary values,
In the Plotter. Computes Taylor Series coefficients,

A Circuit Description Analysis routine. Prints a message.
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UNPAK A Bit Mampulation Ulility. Removes bits from blocks in
Common block BITS.

WHAT In the Transfer Function package. Inferprets Transfer
Function Request cards,

WORST In the Sensitivities and Worst Case package. Interprets
Tolerance Cards.

WORSTC In the Sensitivities and Worst Case Package. Computes
the Worst Case function,
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A.2.3
A
BITS

CIRCIT
DATA
ERR
FLAG
GAG
NTIMES
PATHS
POLY

SPEED
TAG
TREE

WORST'1
X

Dictionary of Common Blocks
The Card Buffer. Contains the last card read.

The area for bit manipulations, Also used to hold the Fast
Fourier Transform coefficients.

Contains data compled from the circuit description.
Contains alphameric characters,

Contains the Error flag and scaling factor,

Containg a utility flag,

Contains Sensitivity Tags.

Contains the number of words per block in BITS,
Contains the Flowgraph paths.

Contains polynomials used to compute Sensitivily and Worst
Case Functiions,

Contains Flowgraph loops, Also used by the plotter.
Contains a utility flag.

Contains the switch for building a tree for user-supplied
frequency.

Contains data for Worst Case Analysis,

Contains numeric characters,

In the interest of saving space, some Common Blocks (especially

BITS) are used for various purposes at different times,
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APPENDIX B
MODELS FOR COMPUTER AIDED CIRCUIT DESIGN/ANAIYSIS PROGRAMS:
PART I, COMMON TRANSISTOR MODELS, A SURVEY

By Donnamaie E. Meyerhoff'f

INTRODUCTION

The analysis of circuits by computer depends upon the ability of the
analyst to appropriately simulate device performance by a model consisting
of the recognized parameters of the CAD program being utilized. The analyst
must work with a lumped model of the device in question 1f he 1s to remain
within the limits of a CAD program, and he must also select appropriate
approximations to be made in the representation of the device behavior.

These approxamations must be such that they simplify analysis while main-

taining an acceptable level of validity in the results 1,2

A model 15 a mathematical entity with precise defimitions of its
variables and their relationships. It 1s never completely equvalent to the
physical device, rather, the behavior of the model approximates that of the
physical clevme.2 The development of a semiconductor model requires:

(1) formulation of the 1deal voltage -current equations and defimtion of the
topology of the model, (2) modification for actual device performance, (3) in-
vention of techmiques for measurement from which model parameters may

3
be extracted, (4) the extraction of those parameters

An 1deal model wall (1) incorporate parameters either measurable
or derwvable, as from a manufacturer! s data sheet,* (2) involve param-
eters acceptable to the given CAD program (facilitating analysis), (3) be
sufficiently simplified to be comprehensive, tc promote mnvention and design,
and to be economaical, |(4) be complex enough to assure a tolerable degree

of accuracy in the simulation of device performance over the operating

TNorthrop Corporate Laboratories, this work was prepared while the author
was with TRW Systems Group, Califorma

“‘Used with discretion



1,2,4,5

range desired.”” ™’ The less complicated the model, the more restricted

1its range of application

The primary concern of the circuit analyst 1s with the characterization
of the external behavior of the device (functional modeling) without detailed
simulation of internal processes (physical modeling) although an understanding

of the internal processes must be assumed.2

The selection of an appropriate model and its parameter values to
correspond to given device operating conditions (temperature, brasing, load,
etc.) for the circuit under consideration is the critical step in analysis, with
or without computer assistance as the model finally selected will be the

3

Limaiting factor in the degree of accuracy of the results

The following digcussion 18 concerned with transistor models and their
representation 1n present general purpose CAD programs. Diodes are more

easily represented and are omitted here for brevity

Transistors were selected to demonstrate CAD program modeling
because the majority of circwmt analysis i1s still primarily concerned with
them, and because their models are presently the primary bulldln'g block
of Integrated Circurt modeling. It should be emphasized that there 18 no
single transistor model capable of simulating all regions of operation for

all applications, a model this capable would be prohibitively complex

This descriptron of modeling 1s divided into two sections- (1) small
signal (linear, incremental) models, and (2) large signal (nonlmear)} models.
The models are not derived here, the reader 1s referred to the appropriate

references for the derivations.
SMALL SIGNAL MODELS

A small signal 1s defined as an AC signal significantly smaller in
peak to peak amplitude than the DC bias upon which 1t 18 superimposed.
Small signal transistor models are intended to sumulate the behavior of

a transistor at a specific operating point 1n the linear region of operation
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The transistor model 1s constructed of parameters that remain relatively
constant over the voltage and current swings encountered. These parameters

are then agssumed constant for the analy31s.7

The small signal models are not versatile, large signal swings may
not be accurately analyzed (due to the lack of parameter variation and the
linearity of the model), saturation and cut off are not represented. The
model 1s valid only in the active reg:.on.8 Although i1t 1s limted 1n 1ts appli~
catwon, the small signal model provides a straightforward method for sumu-
lating transistor performance when the operating restrictions have been

gatisfied,

A family of small signal models composed of h, y,z, and r param-
eters (see for examples References 7 to 10) exists for the user and the most
commonly applied models are given here. The input formats for the models
for the CAD programsg which accept them are also presented. The common

emitter configuration 1s used i most cases to facilitate comparison.

Low Frequency Models. The two commonly used configurations are the

Hybrid and the Tee using h and r parameters respectively.

¢
D 2% v
hfil
-~ —oF

!

Figure B1 Hybnd Model



The Hybrid Model 1s considered the best model for small signal representation
because (1) the h parameters are real numbers at low frequencies, (2) the
parameters may be easily obtamned by measurement when required or from the
device static characteristic curves, (3) if the h parameter of one config-
uration 1s available, the conversion to another configuration 18 relatively
simple The Hybrid Model 1s valad for any configuration at low frequencies,

for a device operating in the active region

Q

Figure B2 Tee Model Equivalent Alternate of the Hybrid Model

Program Models. SCEPTRE has a prestored hybrid model for small sig-

nal analysis, The program accepts the voltage generator (EA) described as a
functron of the voltage across ho (R2 in the diagram below) and the current

generator (JB) described as a functicn of the current through h (R1 below) .11

RI
Bo——AAN—— % —oC
+

— 58
+
R2
EA Cf JB
C; 1 K VR2

IRI
Eo 4 — J\ ‘JE
EA=F(VR2) \—JB=F(IRI)

Figure B3 SCEPTRE Representation — Hybrid Modet {Prestored)




If the Tee model 1s preferred, SCEPTRE will accept a user -description for
that model without requring modifications in the representation, ECATP,
however, will not accept a nonlinear dependency and requires the conversion
of the hybrid model voltage generator into a DC hias and some resistance
such that the branch™ resulting 1s a linear approximation of the performance
of the original generator. The current source 1s dependent linearly on the

current through R1 and 1t 1s not nfloch‘fled.12

1

.'. Bi 2 3
-4 -
e R ey \

\
B N
-....,,______CD §IKQ,
Bz§m B3
™ — /’/ Y
4

¢ \_I_=B-IBI

Figure B4 ECAP Representation — Hybrid Model

- .
branch — one impedance with or without a source between two nodes, ECAP

t
requires a 'dummy' impedance 1n parallel with an I source, and in series
with a V source, 1K 1s used.
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configurations are the Hybrid-P: (Figure B-5) and the Modified-Tee (Figure

High Frequency Models [F << :| The two most commonly used

B-6). Their parameters are not frequency dependent and most manufacturers

provide data for one of them.,

C B () Cbe C
—y———e —e— 9 |—» —e
My
e v am Vp'e

.-..—CT§ TCyie §fce CpeT grb.e Cb“”“b‘e’
. \w/ .

a Analytical Hybrd Pt b Reduced Hybnd Pi

—e - -

fme
me

Figure B5 Hybnd Pl

This circuit is known to give results in excellent agreement with experiment
w1 the range de to himiting frequency of the device, that frequency where the
gain 15 significantly reduced and operation is no longer validly assumed

linear

The reduced version of the circuil 1s justified when source or load
mmpedances or other factors or uncertainties swamp the effects of various
parameters Parameters LI and ¥ o are conmderedgapproxmlate opens 1in
Ingure B-5b, Cb' o Cb' o are lumped and include CT

The Modified Model 1s generally used for common base circmts, and
15 limited in transient response analysis in range of operating biases and
bandwidth 9,13 The Simplhified Tee uses one base resistance, and r,1san

approximate open



a Analytical Modified Tee b Simphfied Tee .

Figure B6 Modified Tee

Program Models ECAP will accept the Hybrid-Pi1 in either form, although

the reduced version 1s the most commonly used. The current dependency 1s

linear and the elements must be single valued,

99)
Y]
o
o]
LT\

S

Figure B7 ECAP —Hybnd PI5



SCEPTRE has no prestored Hybrid-P: but the user may enter a model

which describes the current generator as a function of Ir

bt &’ and which 18

not restricted to single valued elements

There are numerous other small signal models, the ones presented

above are the most commonly applied to small signal analysis. There are

more complex circuits for device simulation at higher operating frequencies

and for noise analysis

LARGE SIGNAL MODELS

A large signal 1s defined as an AC signal with a peak to peak amplitude

that exceeds the DC bias upon which 1t 1s superimposed Large signal tran-

sistor models are intended to symulate the behavior of a transistor when its

operation encompasses more than one region of operation, or when its

operation enters the nonlinear portion of the device characteristics

There are four regions of operation for a transistor (See References

13 - 17.) They are.

L.

III.

Cut -off Regiron Collector current cut-off or collector voltage

saturation, both junctions are reverse biased, only small reverse

saturation currents flow across the junctions

kT kT
<0 <L -2 V << -2
<% Vgg - q CB q

The transistor behaves as an open (nonconducting) switch

Normal Active Region Emztter junction forward biased, collector

I
junction reverse biased, 0 < Ie < -%
kT
A\ K - —
CB q

Saturation Hegion. Collector current saturation or collector

I
voltage cut off, both junctions carry a forward bias, Ie < - _&Q
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the voltages across the junctions are in the mallivolt range. The

transistor behaves as a closed (conducting) switch,

IV. Inverse Active Region, Emitter reverse biased, collector for-

ward biased, similar to normal active with emitter and collector

interchanged, low reverse current gain,

Large signal operation for transistors includes power applications and
switching (an extreme case where the device goes rapidly from Region III to
Region I and vice verssa, and generally includes the first three regions of

14
operation.

Small signal models dealt only with Region I The parameters were
assumed to remain constant and operation was approximately linear Large
signal modeling 1s complicated by the variation of parameter values with
changes in voltage and current, the thermal and power lirmitations that must

k]

be accounted for, and the nonlinear behavior of the device.

There are three primary models used for large signal analysis (1) the
Beaufoy-Sparkes Charge Control model; (2) the Ebers-Moll model, (3) the

Lanwvill~-Lumped model

In their paper "Comparison of Large Signal Models for Junction Tran-
sistors, nd Hamilton et al, had the following conclusions about the three

models,

First, the three models are all described by two first order ordinary
differential equations. The main difference 1n the equations is in the de-
pendent variables. The same four measurements provide the values for
parameters for Ebers-Moll and the Beaufoy-Sparkes models and determine
the characteristics equation of the Lumped model. (Table B-I shows parameter
conversion for #1 and #2, and Figure B-14 demonstrates equation stmilarity

for #2 and #3 )

Second, although each model 1s derived by means of approximationg

made at different stages of the theoretical development, the final overall
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degree of approximation 1s the same. The models have the same natural
frequencies and give the same results for transient problems. Therefore,

as far as numerical results are concerned, the three models are equivalent.

Last, the Charge Control model 18 considered more cumbersome 1n
application that the Ebers-Moll model, the Lumped model 1s considered the

most general in development approach.

The Ebers-Moll Model, The well-known Ebers-Moll equations for

device operation are given below. They are valid for any transistor in low
level injection, regardless of shape, which has negligible voltage drop every-

where but the junctions. They are also valid for a graded base region devme:.18

The Ebers-Moll model for Regions I, and II 1s based on these equations
of 1deal device operation, To more closely approximate actual device per-
must be added. The model is completed

be’ C:bc

Program Models: Two CAD programs have prestored versions of the

formance resistances r,, r r
b Tel’ el

for high frequency by adding C

Ebers-Moll model for the first three regions of operation, NET-1, and
SCEPTRE The Ebers-Moll based model 1s the only model available with
NET-1 for circuit analysis, and it requires all of 1ts parameters be pre-
stored for each device prior to its use 1n analysis, a requirement that has

been found to be too restriciive,

SCEPTRE uses a more flexible prestored Ebers-Moll model. The

user must have access to ICO’ IEO’ BN, 91, to describe Jl and J2 (current
generators) or may enter tables of laboratory measurement data, Rbb and

R may be omitted from separate representation when measurements are
cc

used since they are included i1n the values for Jl and J2' If ay ~ 0, JA

may be omitted.



a} IDEALIZED EQUATIONS
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2N IE o~ 9 IC o reciprocity requirement
A= n_Ig’i‘_ n=1 valid when the transition region has no effect
n~ 1 for germamum, n~ 2 for silicon, 1 £n =3
b) IDEALIZED MODELS
TERMINAL CURRENT CONTROL TERMINAY, VOLTAGE CONTROL
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Figure B8 Ebers— Moll Equations and ldealized Modets (PNP}
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Figure B 10 NET — 1 Transistor Model
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Y
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where 6= ;;_I%?

Charge Control Model,

Figure B 11 SCEPTRE Prestored Model

The concepts of charge control Tsay be briefly

summarized as (1) the base charge (gB) may be defined uniquely by the past

behavior of the base current, (2) the collector current 1s proportional to the

base charge, is controlled b;} the base charge.18 The active region model

and 1ts equations are given in Figure B-12

17,20, 21

The similarity of the charge control model and more farmiliar param -

eters 1s seen by the relations

TBE

o~
~

h

fe

W

T

1 "BE
== hfe R (Forward Injection)
B F



8 = "BF
d av o~
L - B +q, -C —\:e——c — -I.o F
= bl dt btc dt C
b 'TBF B e
av ‘
a
_ 9B c
e~ Ty *Choam Tleo
dv
1 1 e
1 =q — + ) + q + Cb' ""(E"
e B ( JF ‘TBF B e

Figure B 12 Charge Control Model and Equations (NPN Device)

The similarity of the charge control model and more familiar parametersg
1s seen by the relations

hre BF

1
Taw ® o S oo h, ~
T B g

BF W fe ™

Program Modelg: CIRCUS includes a radiation-~pulse current generator
in 1ts prestored charge control nr:.odel.22 CIRCUS requires that the user define
13 single valued parameters and 4 parameters that are single valued or tabled.

The program equations are
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_ 4
Cbe" N, N CN IN+Ies)

(el_vbe)
N
Che = N, *0: Ter (11”05)
(92 _Vbc)
(}%H) L -L L _=-I + (ET +1)1,
6.V

poorg (N ) geagg (o0 P 1)

By Tew =1 (IN) Bp Tep =15 )

Nl » N o 2re proportionality constants

These parameters may be converted to Ebers-Moll parameters

TABLE B-1
CHARGE CONTROL TO EBERS -MOLL CONVERSION RELATIONS

Charge-Control Ebers-Moll Charge -Control Ebers -Moll
g Lo I - 10 -9
1 - aeNafI CI 21Ta'1 I
o 1
I ¢cs g 38.9(298) __gq
1 - e N Me(T + 273) MeK’I‘
-9
1~ P 38 9(298) _ g
27 QNFN I Me(T + 273) MCK’I‘

Other parameters correspond direcily.
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E Ipp’ Ip;': = radiation

induced pulse-currents

Figure B 13 CIRCUS Prestored Charge Control Model — NPn22

The Linvill Lumped Model The Linvill model uses lumped elements

to represent paths through which charge will flow 1n a transistor, the rate

and amount of this charge-flow being governed by hole and electron concen-

trations and voltage
dimensions and eleclirical constants,

a transistor 1s given in Figure B-14

Ve

Eo——\
ey

Cbe

The lumped elements are given 1n terms of length

o

Figure B 14 Limnvill’s Two Lump Transistor Model
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Equations Showing Parallel to Ebers-Moll Model:

- M
. It (eVe/Me 9~1) e d Ieo (eve/ 89-1)
e 1—aNozI N dt 1—O_’NQ’I

a1 V /IVI 6
+——~—~——~11\I_ CO (e -1)+ (ce e)
Q*NQ'I 1

-ICO V /M 9_ 1) . d 1.C',O (evc/Mcg_ {

I = ——~— (e Idt |1 -
C l-ochvI T

+—QN—IE9— eV e 6-1) = (CJC C)

1 - cchzI
where:
- - +
Ino & -, (Gt Gp) Icod -P, (Gpp * oy Gy )
R T SN - B B
N = GFG 1= CgtG, “N:Grl+c;d 1= G TG,
e} d diffusion current generator
G ., G recombination centers
ri ra
Chl’ Ch2 storance V /M P
Pcc’ Pce excess holes in collector, emiiter, P A p ( —l)

Program Models A version of the Linvill model has been developed

for use as the prestored model for the TRAC pl:'ogram.26 The model and 1ts
parameters are shown in Figure B-15 The model 1s dependent on past values

j-1_ 1 3-1_ .1 th
of V _, Veb’ (Vcb =V, V = VE for the j step)

ch C’ "eb



apl Tp —CC
R*cc R dt
Q) ' (DO—
--:-—--RE VEf'_ IE ——
AV = @), .

Ee— @ b AAA ol oC
e T dIee —
i ayl 1
e dt N +ee c
—()—3— €D,

2 ! 2
. lppe(t) ! Ippc(t) —
b,
—~ VEB-——---—-——-—.= VCB -
B

mc6(1~a @)

_ N'R m (1l -a a)
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SUMMARY

The most commonly used small signal models, the Modified Tee and
the Hybrid-P1, have been presented with a description of the CAD programs
that accept them. The three large signal models have also been briefly pre-

sented with a discussion of the CAD programs that have incorporated them.

The Hybrid-P1 1s suitable for AC and small signal transient analysis
and 1s the most effectively used model for ECAP

Large signal analysis requires a degree of complexity ECAP cannot
accept without a loss of efficiency and accuracy. NET -1 attempted analysis
with only a complex Ebers-Moll model with extensive data requirements and
this has been found severely restrictive. TRAC has attempted analysis with
only a complex version of the Linvill model and has met the same restrictions.
CIRCUS attemptis analysis with a charge-controlled model with less stringent
requirements, 1s more effective but 1s also restricted. Some piece-wise
linear modeling may be effected but this 1s generally cumbersome, especially

without a dependent current source

SCEPTRE 1s the first major program to combine the features of the
prestored models and the flexibility of the user-derived models SCEPTRE

1s capable of both small and large signal analys:is with its prestored models

It should be reemphasized that there 18 no single model capable of all
analysis since such a model would be cumbersome and overly complex for
any given analysis just as there 1s no ideal CAD program to perform analysis.
The selections of the model and the program are both determined from con-
siderations of the application of the device, the availability of parameter data

and the accuracy requirements of the solution among others.

Table B-II presents a summary of some major CAD programs and the
models included in thig paper, Table B-IIl 1s a summary of symbols applied
throughout the text.
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TABLE B-iI
PROGRAM MODELING CAPABILITIES

Program NASAP ECAP SCEPTRE CIRCUS TRAC NET-1 PREDICT
Model:
Small Signal
Low Frequency
Hybrid B E P N N N E
Tee E B ., B N N N B
High Frequency
Hybrid-F1 E E E N N N BE
Modified Tee E E E N N N B
Large Signal
Charge Control D D E P N N B
Ebers -Moll D D P D N P E
Linwvill Lumped D D i D P N B

KeX

E Engineer Derived
P Prestored Model
D Inefficient, difficult
N Not acceptable




TABLE B-0I
KEY TO SYMBOLS USED IN TEXT

A manufacturer! s data sheet typically contains information on Ico’
vCE(sat)’ VBE(sat)’ hFE(Beta), Cob and fT’ as well as stress limts for
the device. Many also include the small signal parameters hre’ hie’ hoe’
hfe (AC amplification). Based on this information and the knowledge of what
load current 1s desired (small signal operating pomnt or large signal —maxmum
stress on the device) the designer/analyst must derive the parameter values

(or functions of values) for the selected device.

The following 1s a tabulation of the symbols used in this paper and their
defimitions Those parameters necessary for analysis include the generally

applied approximation for their computation,

B,B'; b, Base termainal,suffix-parameter related to base
characteristics
C, C,c, cl Collector termainal, suffix-parameter related to

collector characteristics

Corie Capacity from base internal point to collector,
generally labeled Cob on data sheet
Cb‘ e Capacity from base infernal pownt to ematter
1 ~ ~
b'e WTre 21rfT
Cc, Ce Collector, emtter capacity - large signal symbol
C orC Diffusion capacity of emitter, collector, corresponds
ge = de toC, , C
(C._orcC_) p'e’ “bte
sc dec
CT Transition capacity, CT<< Cb' o and .. generally
omitted
E,E!, e, e! Emitter terminal, suffix-parameter related to base
characteristics
fa’ Alpha cut off frequency, fam Bof Py fT
f Beta cut off frequency
fT Current gain - bandwidth product
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Transconductance = Q—N = —h-f-e— for
€m * &m r, + 8y 1+hfe ?
i >> ~
germanium, room temp. hfe IE mma, g
I
£ ma
20 , A Vm
h d ~
. Input 1mpedance, small signal, A AV -0
in out
hr Feedback voltage ration, small signal,
AV
n l
A Vout a l111 =0
Alout
h Current transfer ratio, small signal, l
{ Ay Vv ,=0
n out
B hfe A
h Qutput admattance, small signal, out =0
o] A At
A% in
out
Ico Collector to Basge saturation current when IE =0
IEo Ematter to Base saturation current when Ic =0
K Boltzmann! s Constant (8 6310_5 ev/°K
ME, Mc Ematter, collector proportionality constants (1 = MX = 3)

{(emaission congtant)
n Electron density
Hole density
Electron charge (1 6 x 107 coulomb)

Control charge in base region

95
1 ~ 0
Tirs Vi o0 ry Components of bt ? bage resistance generally Lpt R
compared to cirewit components (rbb‘ = hle - Ty e)
ry Small signal base resistance, Tee configuration,
h h
r o~ h - fr
b~ h
o}

B-22



blc

Resistance ~base internal point to collector, generally

very large, appears as an open to a CAD program ..
r

generally omaitted, _ble 1
“me h - g
re k'c
Resistance ~basge internal point to ematter, Tt N (B +1)re
Collector resistance w~ 1—1~1— , also appears ag an open
generally omitted ho
Emitter resistance, L P kT at 27°C, kT = 26 mv
h ql
o] e
Bage store
Absolute temperature - %Kelvin
Electron-volt equivalent of temperature, VT = 1—{%‘

Inverted current gain
Normal current gain

Low frequency o

N
%
Inverted Beta =
1-
I
o
Normal Beta = N
l -

N

Current gain at edge of saturation

49 =L
T symbol for simplification (also 8), A v

Parameter accounting for recombination of carriers

1n the junction transition region, dependent on material

1~ 1 for germanium

1=n=3
n s 2 for silicon
Junction voltages (Vb' o Vi c)

Alpha cut off frequency, radians
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W

_1_‘*;2 = ZﬂhT current gain bandwidth product

i~

Base charge time constant

Collector charge control time congtant

Typical Values of h parame“l:ers8
(commmon Emtter Configuration)

h 1, 100
ie 4
2,.5x 10
re
hfe 50
1/h 40K
oe

B-24



10.

11

12,

13.

14,

15.

16.
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PART II, TRANSISTOR MODELS FOR HOSTILE (WEAPON)
ENVIRONMENT EFFECTS

INTRODUCTION

The present concern of circuit specialists, both designers and analysts,
has been the degradation of systems upon exposure to nuclear radiation, spe-

cifically that resulting from the detonation of a weapon,

The wnability of system shielding to be effective for all radiations
makes 1t necessary to design and analyze for the generation of radiation-
induced transient and permanent effects in semiconductor devices. There
1s no laboratory procedure capable of providing erEher the mixture or the
mtensity of the radiations produced i1n a real weapon environment, which
may consist of any mixture of photons, charged particles or neutrons As
a result, i1t becomes necessary to turn to the computer. Several computer
circult analysis programs, such as SCEPTRE, CIRCUS, and TRAC, have
been developed specifically for the analysis of transient radiation effects on

circuits,

The purposes of this paper are (1) to describe the first order radiation
effects 1 semiconductor material 1n terms of the weapon environment, (2)
to describe the physical interactions which produce the altered device behavior,
and (3) to discuss the computer program models available for the analysis of
an exposed device. The discussion is priumarily in terms of bipolar tran-
s1stors. Because of the practical complexity of a discussion of a weapon or

space radiation environment, such a discussion 18 not attempted here.
THE FIRST ORDER EFFECTS

Radiations consist of high energy photons such as gamma rays and

energetic particles such as neutrons, electrons and fission fragments.

The effects initiated by the high energy photons are primarily iransient
1omzation and excitation of the absorbing material, The effects imtiated by
the energetic particles, specifically neutrons, are primarily localized bulk

PRECEDING PAGE BLANK NOT FILMED
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displacements, disruptions of the crystal lattice structure along the particle

path Because of the obvious complexity of a simultaneous discussion of

each radiation expected i1n an incident environment, the two classes of

radiation will be discussed separately.

IONIZATION

The 1omzation effects of a pure photon environment result from the

interaction of the photons and the atomic electrons of the absorbing material.

The photon-atomic eleciron interaction produces charged particles which in

turn produce tonmization through further interactions,

The three primary photon-atomic electron interaction processes are

The Photoelectric Effect The inelastic collision of a photon and an

atomic electron, the photon energy 1s absorbed by the electron which
1s ejected from the atom 1f the photon energy exceeds the binding
energy of the electron. The extent of the photoelectric interaciion
15 dependent on both the photon energy and the atomic number of the
absorbing material and 1s most important at low photon energies for

materials of high atomic number

The Compton Effect The elastic collision of a photon and an atomic

electron of the absorbing material in which part of the photon energy
18 transferred to the electron, both the electron and a reduced-energy
photon are scattered. The Compton effect 1s most important in an
energy range between 100 KeV and 4 MeV and 1s more sigmficant

for materials with a high atomic number

Pair -Production The interaction of the eleciric field of the atomaic

nucleus (or the field of an atomic electron) and a photon in which the
photon energy (when E 15 > 1 02 MeV) 18 absorbed in the formation of

an electron-positron pair The positron 1s rapidly anmiilated by an
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electron with the interaction resulting in the production of two
lower-energy photons. Pair-production 1s most mmportant for high
photon energies and 1s especially important for heavy elements I

18 the major reaction process for high energies

The result of each of thege three major interaction processes 1s the
production of one or more secondary electrons., The Boulomb interaction
of these electrons produces additional ionization and excitation. Successive
generation of the interactions ceases when low energy electrons are produced
which do not have sufficient energy to contirnue the production of 1onization
or excitation. These last-order electrons will lose energy by elastic scat-

terings until they are either captured or thermalized

tured
photon- secondary/ exc1tat10n/ low order captute
atom ——— electron —— — 7 electrons
1onization thermalized
interactions \productlon . (low energy)
4

Coulomb interaction and successively gen-
erated interactions

Interactions Produced in a Photon Environment

Tonization 1s also created by energetic particles. The iomization effects of
a primary beam of charged particles {electrons, positrons) are identical to
the 1omzation effects of the secondary electrons produced by photon irrad-
1ations. Heavy charged particles (protons, fission fragments) create 1oni-
zation along the primary particle path of such a high intensity that electron-
positron charge recombination occurs rapidly, The net effect of the heavy
particles 1s less than the effect of an equivalent, more umformly distributed

energy deposiiion 3

Neutrons are heavy uncharged particles that produce ionization only
through secondary processes., Neutron 1onization effects are a function of
neutron energy. The important neutron interaction processes are (1)

elastic scattering~ a collision of a neutron and a nucleus with transfer of
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kinetic energy, and (2) inelastic scattering - a collision of a high energy
neutron and a nucleus with conversion of some of the neutron kinetic energy
into excitation energy in the struck nucleus., The excited nucleus returns to

&

its stable state by emitting the excess energy as a photon

Iomzation produces primarily transient effects in the incident material,

displacement produces primarily permanent effects

DISPLACEMENT

For the typical energetic neutrons produced 1n nuclear reactions, the
production of atomic displacements ig the principal interaction process through
which neutron energy 1s dissipated. Displacement effects are the result of
defects in the crystal lattice structure that introduce additional energy states
in the energy band gap. These defects behave either as additional recombi-
nation centers, which can produce a reduction in minority carrier lifetime
or they can alter the mmpurity concentration of the affected material, which
can produce alterations in the physical properties of the material Large
defect clusters result from a neutron interaction in which a large amount

of the neutron kinetic energy 1s transferred fo a single a.tom.4

Iorization and displacement defects can produce sigmficant alterations

in the electrical behavior of the affected material.
MANIFESTATION OF THE EFFECTS

The most significant result of the three primary photon-interaction
processes 1s the production of free electron-hole pairs, The number of
electron-hole palirs created in semiconductor mater:al 1s proportional to
the amount of energy absorbed from the radiation environment The dif-
ferences between the exposure and absorbed radiation environments can be
a complex function of the equilibrium radiation environment at the specimen.
The complex prediction of carrier generation rate may be simplified by
considering the energy deposition to be uniform throughout the geometry
of the device if the 1ncident particle or photon energy exceeds 200 KeV
For photon or electron irradiation between 1 to 5 MeV, the absorbed dose

1s essentfially identical to the exposure dose
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Radiation induced carrier generation in the bulk semiconductor will

increase the minority and majority carrier densities,
An=Ap = g_ ¥{t) (B-1)

The change 1n majority and minority carriers i1s seen to be equal and there-
fore the relative effect on minority carrier density i1s greater The mainority
carrier density tncrease results in the junction photocurrents and secondary

photocurrents in diodes and transistors.

Displacement damage in the bulk semiconductor introduces a number
of recombination centers, which is generally assumed to be proportional to
the integrated neutron flux, The primary result 1s the reduction of minority

(4)

carrier hfetime,.

NS

L1y (B-2)
F "o

where 7. 18 the new lifetime
T 18 the 1mtial lifetime

K 1is the lifetime damage constant

¢ 1s the integrated neutron flux

In terms of device performance, the reduction in minority carrier life -
time produces a transient reduction in the forward gain of a transistor that 1s
not completely recovered. The damage value of Beta for a single radiation

pulse may be obtained from the Messenger-Spratt Equat10n-4

1 0.194 &

1
= —
BF Bo fcr K

(B-3)

The detailed analysis of displacement damage in transistors i1s complicated
by the variation of the common emitter current gain (8) with the injection

level.
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THE PHYSICAL DESCRIPTION

In semiconductor material, electrical currenis are the result of the
motion of either holes or electrons and are associated with two independent
mechanisms (1) Drift motion, the result of charged particles being acted
upon by an electric field, and (2) Diffusion, the result of the tendency of
carriers to diffuse from regrons of high charge concentration to regions of
low concentration. The net current density 1s the sum of the drift and dif-

2
fusion component currents.

Carrier density that is greater than the equilibrium carrier density
1s termed excess carrier density. Excess carriers can be mtroduced by
electrical, optical, thermal or radiation injection mechanisms BExcess
carriers are opposed by the recombination process (mutual anmhilation)
by which holes and electrons are removed from circulation as charge car-

riers. The net rate of recombination of excess holes and electrong 18

approximately
. P(X) - Po Pln(x)
n-~type Rate = = (B-4)
T T
p P
n .- n n!
p-type Rate = (X:_ ° = qux) (B-5)
n el

for one dimensional, conductive, extrinsic, homogeneous

material operating with a low injection rate.

The carrier generation rate by external mechanisms, g, has been
shown tobe g=g_ ¥(t) for 1omizing radiation, where ¥(t) 1s the exposure

in radians.

The continuity of current requires
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op _ -1 8113 (p .!a(X))
ot Taa Bx  r % v () (B-6)
n-type:
om 1 O (p ;'I(X)) (B-T)
— T —— - B"'7
5t gA ox T T g, )
p
The equations of current flow are,
J =qu_ pXE-qD_ 2 (B-8)
holeg P b rx
n-type
Jelec‘crons =qu n(x)E+qD on (B-9)
! n 1%, 9x
Drift Diffusion
= B-10
I1=4 (Jholes M J-elec‘cr'ons ) ( )

and the presence of the electric field requires the application of Gauss' Law:

o)

N - p(x) = % [N d(x) - Na(X) +p(x) - n(X):| (B-11)

The terminal relationships of a device may be deriwved from these equat10ns.5
To demonstrate briefly the relationship of the physical behavior and the
transistor models available for computer aided analysis, the equations of

an 1deal diode and an 1deal PNP transistor are included Because of the
complexity of the equations, worst case steady state conditions are primarily

discussed,
AN IDEAL DIODE

The current appearing at the terminals of this device will be related
to the internal redistribution of the carriers upon application of a bias po-
tential. The following analysis 1s based on an abrupt junction device composed
of homogeneous n-type and p-type material with a transition or space charge

layer surrounding the junction of width W.G
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For forward bias, assuming carrier flow by diffusion only

H
4D P (eQV/KT ) 1) § q ann(o)

n-type I (o) = T (B-12)

L
n

smme I =A (Jh(o) +J e(o)) , substituting Ln = '\/Dn'rn and including stmilar

expressions for the electrons

L p Ln
_ n* no P po qv /KT _ 1
Idlode forward Aq ( 'rn * Tp ) (e 1) (B-13)

=1 (qu/DT - 1) (B-14)

Adding the effects of the space charge region contribution to reverse current,

for reverse blas

anno Lpnpo Wnl
= B"l5
Idlode reverse Aq ( T + T + T ) ( )
o) o
=1

s
In a steady state 1omizing radiation environment where the carrier

(3)

generation is mcreased by g, ¥{t) the equation for reverse bias becomes-
P1r10 1’lpo nl
I, - Aq[Ln (—,;n— +g, ) +L( E T@) + W (g, "r(t))]

(B-186)

The equilibrium. diode photocurrent can be seen to be

= \ B'l?
Idp D Aq go(9) [Ln + Lp + W:l ( )

For pulsed transient photoresponse, the complexity of the equation is con-

(3)

siderably 1ncreased

A step function .

2
i
i} t B-18
response Idp p(t) Aq':Ln erf (Tn ) +W u(t)] ( )

Figure B-16 diagrams the minority-carrier concentrations for forward

and reverse bias, demonstrating the increase in minority carrier density
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as a result of 1omzing radiation absorption Figure B-16c diagrams the
alterations of a diode V-I characteristic A current generator i dpp(l‘:)
placed across the junction in parallel with the high frequency model of

the device has proven satisfactory as a first-order approximation model.
THE TRANSISTOR MODELS

There are three large signal nonlinear models (1) Ebers-Moll, (2)
the Beaufoy-Sparkes Charge Control, and (3) the Linvill Lumped Model, that

have been modified for radiation effect computer analysis
EBERS-MOLL

A reversed biased 1deal PNP transistor with abrupt junctions, W

base
Lbase that 1s extrinsic and homogeneous in all three regions and that 1s
operating with a low injection level 1s diagramed in Figure B-17 For the
KT KT
cut ~off mode VEB< - T , Vv CB << < bias condifions are
n W, bp no
co b “bo 1
I.=q [L + +x — (B-19)
C el e . 2 pr C Too .
n W. p n A
eo b “bo 1
= -+ + - -
IE qAJe [Le'r 2 T e i (B-20)
ne pb oe
electron hole space ~charge
region

= - Iy - I (B-21)

When 1omizing radiation effects are included the equation for equilibrium

effects (steady state) are

Wb Pho o
I =qA;|c[ —+g() —-—+g('y) +x —+g(1'f)J
c ( ) ob ) (TOC o}
=1 +1 (B-22)
c PPRC
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neo Wb Pb o
1 = _Eo Wo o) § 1
IE qAJel:Le(T +go('y)) + 5 (?__ +go('y)) +Xe(r +go(fy)ﬂ
ne pb oe
- (B-23)
Tg *+ Lope
L= -1 -I . (B-24)

Similar to the diode approximation, current generators representing lppe and
1 placed across the junctions of a transistor high frequency nonlinear model

ppc
provide a satisfactory first order approximation model,

A nonlinear model (capable of cutoff-active -saturation representation)
1s necessary because the photocurrents could be sufficient to turn on the device.
The photocurrent generators generally replace the 1 co’ R0 leakage current
generators in the nonlinear models The equations for active region operation
may be derived by assuming all current 15 from diffusion and neglecting the

space charge layer carrier generation and recombination, then

de' (o} d ne’ (o)
- - —_—— - —_— B"25
Ip=ah, [ D, & Do —ax } (B-25)
1 1
I mqa [+D de (W)-D clnC (o)—| B -26)
c ic b dx c dx |
qVEB/KT

Since P, ! (o), n' (o) n ! (o) Pt (w) are linearly dependent upon (e -1)

qVCB/KT
and (e - 1/ the form of the classic Ebers-Moll equations is readily
verified
Vgp Vep
KT KT
= - - - B-
L, =Igg \e 1 ap I \e 1 \ (B-27)
Vg Vep
KT KT
= - - + - -
IC o IES 1 ICS e 1 (B-28)
= - - -28
I L (B-29)



From. the cutoff condition

(1 - aF) Iog + Yope (B-30)

cutoff-

I e =~ (1 - o) Ieg * (B-31)

Using the same procedure, the equations for general operation under radi-

ation exposure may be developed

IEH/) = IE + 1ppe("") (B-32)

Ic('y) = IC + 1ppc('}') (B-33)

The photocurrent effects on the device and circuit are compounded by multy -
plication of the photocurrent, The secondary photocurrent so produced could

damage the device 1f it 1s sufficiently large.

Figure B-18a dragrams the Ebers-Moll PNP Transistor model and modi-
fications to mnclude the junctron capacitance, bulk resistance and the photo-
current generators, B-18b shows the version incorporated in the SCEPTRE

program
CHARGE CONTROL

The characterization of the 1deal transistor described above 1s in terms
of excess minority carriers An aliernate description is in terms of minority-
carriler charge density distribution Figure B-19 1s a diagram of charge
density distribution for the active region of operation The total distribution
for the four reglons of operation 18 also shown. This 18 a direct relationship

between this 1mternal charge distribution and the operating region

Agsuming the ideal device for simplicity and recombination processes
occur only in the base and are defined by a umformly constant lifetime "
for steady state conditions the stored excess minority carrier charge (+ qB)
and the equal majority carrier charge (- qB) are maintained by the base
current I_B IB 15 defined as a sustaining current which supplies majority
electrons at a rate equal to their loss due to recombination in the base. For

transient operation, the stored base charge changes with time
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{a) EBERS~MOLL DEVICE MODEL {NPN)
(TERMINAL VOLTAGE CONTROL )}

NOTE* tpp, (t)>> Ippe (T)generally

1 f-\
X
B rpp’ B J2_ oo
Ty _ ' JB ¢
CE=+ ¢ A\
s Joa Toy -
ICE . e e
E ICC
(- JA=Q_y
Iep=lI-agaplleg Fee F Y oy
()= : J1=1 ( NVBE )
lgo =t apliigg Te £0 \e -i
g - —Jd £ JE =T J2
N KT

( a_v )
= REB_
J2 Ico\e i

(b) SCEPTRE EBERS - MOLL MODEL {PNP)
(TERMINAL CURRENT CONTROL)

Figure B 18 The Ebers—Noll First-Order Approximation to v Effects
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Py {o)

Saturation

Actlvelor
Norma
Edge of emitter Py (W)
space charge
P g Edge of collector
region
Inverse space-charge region
Cutoff -
0] w X

(o) MINORITY CARRIER CONCENTRATIONS IN THE BASE
FOR THE FOUR REGIONS OF OPERATION

P | N P

I Pb-(O)
l .

E | P F ¢

. I Area = b P (W) A () WA

2
I qA P. R
I Area=ia-
| JAVAVAN:
0 wl ——

(b) MINORITY CARRIER CONCENTRATIONS IN THE SATURATION REGION

Figure B 19 Excess Minority Carrier Concentrations in the Base Region (PNP)
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‘TB + at (B-34)

maintaining charging

1B='(q_B "

The stored base charge 1s composed of forward and reverse components of

stored minority carrier charge as shown in Figure 4

dg = dp *dp (B-35)
Therefore
q dg dq
- i) F R
g7 Tam ) - ( P ) (B-36)

By assuming that the base charge 1s Iimited to relatively slow variationg,

1, and 1, may be defined. For DC steady state, forward injection only-

B_q q
PR iy
IC = - - = - ——T (B"37)
BF i

For slow variations in dps 1, ® IC and

c
dg
1 1 i
1 =-1 -1 =g - — )} +—= (B-38)
e ¢c b F ( Ry TE dt
9r
Similar equations can be written for reverse injection (IE= al ) and the

total expression for terminal currents of an 1deal device become

d
q 1 1 4
1,7k rap(o + 7 g (B-39)
F R BR
d q
1 1 Ap R
le = qF (—T -+ - ) + at "‘_'—T (B"‘40)
F BF R
1 =1 -1 (B-41)

(’I‘o include saturation, an increase in the base charge 1s represented by

! dq, dg
B3 and _B5 in parallel Wlth “E F )
TS dt
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Leakage currents 1_ ., 1 are included and space charge layer charge
EOQ CO av av
eb ch
storage 1s represented by the terms Chie gt and Cob I In the

complete model as shown in Figure B-20 CIRCUS 1ncorporates the charge
control model as its radiation model and represents the photocurrents by
current generators placed 1n parallel with e

160 exactly as repregented
in the Ebers-Moll mode18 The CIRCUS model and 1ts equations are shown

in Figure B-21,
THE LUMPED MODEL

The third approach to describing device behavior is the Linvill approach
of lumped modeling., The simplest model 15 the 2 ~lump model shown n Fig-
ure 7. The model 18 based on a description of excess minority carrier be-
havior similar tc the Ebers~Moll approach. The model shown has parameter
definitions that correspond to the charge-control model parameters Ter-

minal equations for the ideal device are

dp, . {w) dv

1 =-H_p ., (0)+|H +H p,, (w) + 8 b! CB _

c D Rt ( D CR) h! R___dt +Cvc: at ‘RO
dpb‘ ()] dVEB

1, = - Hy by, (w +(Hp HCF) P (o) + 8, —5— *C —&  ~ co
B c e

where the space charge layer charge storage is represented as well as the

1th

1)
1
]
1
-

leakage currents, The radiation version replaces 1., 1 W 1 , L
EO "CO ppe’ “ppc
as in the other models. TRAC employs the Linvill model tor analysis and

9
the TRAC representation is given in Figure B-22

CONCLUSIONS

The three program models discussed are first~order approximations
for representation of 1omzing radiation effects., The three models use i1den-

t1cal approaches to the representation of the junction photocurrents i

)

1
ppe’ “ppe
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nKT
dgp & Qpp -1
av,
nKT
dgp & Qpp 1
rE=0
VEhlBrb+V
Vc*lcr ~VC+V
1 -qu-l-q 1-§- 1 +dqR +C jd}—f-—-—-‘l
ST T dt cO
C T R TR 'TBR dat ob
ln =49 : + 1 +qu %B+C dVe -1
= - 1 t EO
E B 'J'BF TF dt ‘TR brte d

gt Tl lm

Figure B 20 PNP Charge-Control Madel for Normal and Inverse Operation
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Figure B 21 CIRCUS Model {Charge Control) and Parameters — PNP Device
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qF _ qR
TF TR
P, {0} - P W)
- — I o
dog | |2 v, (R 1 ddr
dt TF T dt
E e 8. 8 o5
ve qF — ppe lppe — 9 Ve
s H H Sr
o F CF CK P
s
B
Terminal Currents
dP! (w) av
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1y 0 = - Hp PLOW + (HrH ) PO+ Sy —g—  +Cyp g ppe
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Figure B 22 Ll Two-Lump Model — PNP Including Radiation Pulse Currents
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Figure B 23 TRAC Representation of the Linvil Two-Lump Model — PNP —
Including Radiation Photocurrents (prestored)



The variations of Beta with time, injection level and radiation exposure
for a given device 18 complex. A general approach has evolved because most
programs require the Beta be either single valued or expressed as a function
of current 1n a simple table Beta 1s first computed for the injection level
znd other ' normal' operating conditions. A degraded Beta for the giwven flux
level 1s computed from Equation (3) and then degraded by a factor of 2 or 3
to provide a worst-case analysis (The actual transient loss }nay be this
great or greater with a recovery of Beta to 1ts damage value BF dependent
upon the device and its exposure ) This approximate analysis 1s sufficient

to indicate the presence of difficulties in the circuit under analysis.

SCEPTRE allows the programming of Beta as a function (equation or
tabled expression) and CIRCUS allows a table (Beta N = F(In)) The more
elaborate expressions for Beta are justified when sufficient laboratory data

exists to warrant the increased computer computation time.
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A

c,C
jc  je

Cye, Cve

D,D_, pr

E

g’O

Heop Haog

Hp

Ico’ IEO

Tes 'ms

Is

J

K

K, k

L

Na (N d)

n{p)

7t (p')

nl

q

9B

e Yyc
I‘B, I‘E, T C
T

W

x, x!, <!

TABLE OF SYMBOLS

Junction area (AJC, AJe’ Abase)

incremental capacitance of the junction
nonlinear charge store of the junction ’
charge-carrier diffusion constant (e, p for electrons in

p-material, e, b, c for a transistor to dencte emiiter, base
or collector)

electric field

carrier generation rate at equilibirum

forward and reverse combination parameter of the Linvill model

the diffusance parameter of the Linvill model

the collector and emaitter junction saturation current (opposite
Junction open)

the collector and emaitter junction saturation current (opposite
junction shorted)

Saturation current of an ideal diode
electric current density

damage constant

Boltzmann' s Constant

Charge carrier diffusion length (see D)
accepter (donor impurity concentration
electron (hole) concentration

excess electron (hole) concentration
intringic carrier concentration
magnitude of the electronic charge

total excess minority carrier charge stored in the case
A5~ 9p + qR(forward and reverse components)

junction space charge layer charge (at Vg= 0)
large signal bulk resistances

absolute temperature

Width of the base region

longitudinal coordinate 1n one dimensional transistor model
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aF(aR)
BF(BR)

v(t)

m

T 3 v T O3

large signal forward (reverse) injection common base short
circult gain

large signal forward (reverse) injection common emitter short
circuit current gain

onizing radiation

neutron flux

dielectric permzittivity

base width modulation factor
charge carrier mobility

space charge concentration
hifetime of excess charge carriers

6 = q/nKT
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APPENDIX C
CURRENT CODING EXAMPLES

Example 1: (Taken from the report, '"The Application of NASAP to the

Design of Biomedical Instrumentation Circuits, "' written by M. L. Moe and

J.T. Schwartz, Denver Research Institute, University of Denver, January

1970).

Given: The Equivalent Circuit Diagram of a Telemetry Transmitter

100pf
4V

| 1
220() _I. 240pf —

12 ICS
50IR2 10 pf
o]
c4
47 pf

Frgure C 2 Equwalent Circunt of Telemetry Transmitter for NASAP Analysis

L1
025uh



Input Codes;

NASAP Input Code

NASAP PROBLEM TELEMETER

I1 1 2 1.0
Ci11i 2 100UF
R11 2 20K
Cz2 3 2UF
R22 3 100
R31 3 220
Li14 1 0.25
C32 4 2,0UF
C43 1 47UF
C53 4 10UF
12 4 3 0.3 1IR2
OUTPUT
WORST CASE
I11/111

PLOT(TY=FR/FR=80/T0=126)
PLOT(TY=RE/FR=0/TO=100)
ROOTS, POLES

END

PLOT(TY=SE/FR=80/T0O=126 /EL=DJ1)
PLOT(T'Y=SE/FR=80/T0=126/EL=CJ3)}
PLOT(TY=SE/FR=80/T0=126/EL=LE3)
PLOT(TY=SE/FR=80/T0=126/EL=KE3)

EXECUTE

TREE NASAP PROBLEM TELEMETER

J1(1-2)=1.0

CJ1(1~2)=100MF
RE1(1-2)=20K

CJ2(2-3)=2MF

RJ2(2-3)=100

RE3(1-3)=220

LE1(4-1)=0. 25
CJ3(1-4)=LOMF
CE4(3-1)=47TMF
CJ5(3~4)=10MF

DJ2 [IRJ2(4~3)=0. 3

END

WORST CASE

I11/111
PLOT(TY=FR/FR=80)/T0O=126)
PLOT(TY=RE/FR=0/TO=100)
ROOTS, POLES

END



PLOT{TY=SE/FR=80/T0=126/EL=DJ3)
PLOT{TY=SE/FR=80/TO=126/EL=CJ3)
PLOT(TY=SE/FR=80/T0=126/EL=LE3)
PLOT(TY=SE/FR=80/T0=1268/EL=KE3)
CIRC(1EB) NASAP PROBLEM TELEMETER
J1(1-2)=1.0

C1(1-2)=100MF

R1{1-=)=20K

C2(2-3)=2MF

R2(2-3)=100

R3(1-3)=220

L.1(4-1)=0, 25

C3(2-4)=2, OMF

C4(3-1)=4TMF

C5(3~4)=10MF

DJ2/IR2(4-3)=0 3

END

WORST CASE

IL1/111

PLOT(TY=FR/FR=80/T0=126)
PLOT(TY=RE/FR=0/TC=100)

ROOTS, POLES

END
PLOT(TY=SE/FR=80/T0O=126/EL=CJ1)
PLOT(TY=SE/FR=80/T0=126/EL=EJ3)
PLOT(TY=SE/FR=80/T0=126/EL=LE1)
PLOT(TY=SE/FR=80/T0=126/EL=KE3)
EXECUTE

STQP
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HRBUNASA Pk
NETWORK ANALYSIS AND SYSTEMS APPLICATICh PRECRAM

THIS VERSICN KAS DEVELCGPEEL AT UCLA ERGRe EEPT,

NASAP PRCBLEM TELEMETER

I1 1 2 1.C
Cl1 1 2 100UF
Rl 1 2 20K
€2 2 3 2UF
RZ2 2 3 10¢
R3 1 3 220
Ll 4 1 0025
€3 2 4 2.CUF
€4 3 1 4TUF
€5 3 4 10UF
12 4 2 (o3 IR2
ouTeuT
ELEMENT NUMBER ELEMENT WAME CEPENDENCY (IF AANY) CRIGIN NODE TARGET NODE VALUE TAG GENER
1 11 1 2 1, 006000000E QG 0 1
2 Cl 1 2 9. §9999320E-05 1 0
3 Rl 1 2 2,000000C0E 04 0 0
4 2 2 3 1,99995886E-G6 0 a
5 R2 2 3 1,00000000E 02 0 0
2 R3 1 3 20 200000C0E Q2 1 0
7 t1 4 1 2049999881E~0L 1 0
8 c3 2 4 1. 99995886E-C6 0 0
9 C4 3 1 4a 69999550E-05 o] 0
10 €5 3 4 S0 999994 29E-06 4] 0
11 i2 ir2 4 3 20999998%93E~-Cl 0 1
2 2 304 10
3 -] 1536 2056
4 -7 2(4¢ 1286¢



“

WORSTCASE
ELEMENT NAME TCLERANCE
c1 00 1000
R1_ o 01000 B
c2 001000
R2_ L go1000 _ _ __ _ _
23 001000
L1 o 001000 _
c3 0. 1000
C4 . _Dolgoo0
cs 001000
12 e 1000
FLOWGRAPH L . -
FROM T0 3 VALUE
2 13 -1 1. CGO0OC39E Q4 _
14 3 ¢ 4,6€9SS 8 T8E-C5
15 4 1 1,$595$886E~CH _
16 5 0 6o G55ECISIE-C3
) 17 0 2,200C0CCOE G2_
7 18 1 2,49959881E-01
1S B 1 1.8S9S%EE6E-CH_
20 9 1 4o 695 S ¢ E50E-C5
21 19 1 9.55959429E-06 _
5 11 0 2. 5S9CC8C3E~CL
4 2 0 1,000CGO0QE 00 _
13 15 0 ~1,000C0000E 00
- B 2 0 . . 1,GGQCA0GOE 00 _
13 16 0 -1, 00CC00G0E 00
8 2 0 _1,000C00Q00F 00
13 19 0 -1, 06CCGO0DE 00
1 2 0 =1,0008080C0CE 00 __
13 12 0 -1,0C0C00C0OE 00
3 2 _ 0 _  =1,0C0CQ000E_00 _
13 14 Q 1,000C0CC0E 00
9. &6 _ @ _ 1,000C00GOE 00__
17 20 0 ~1,G00COCCCE €O
10 6 D____ 1,000CQ0C0E 00
17 Z1 0 -1, CGCCOCGOE 00
4 6 0 =1,006C0000E 00 _
17 15 0 1, G00COOQDE 00
.- 6. . _ 0 _ _-1,CCGCGOGOE 00
17 16 0 1.CCOCO000E GO0
_ 11 L6 0 =1,GCOCO0GOE 00,
17 22 0 -1, CCGLOCGOOE 00
.8 1 0_ _1.C00C0C00E 00
18 19 ¢ -1.GCCGO0COCE GO
10 7. ___ 6 _1,0C0(GC00E 00 _
18 21 0 -1, 00CCO00CG0E 00
11 T 0 ~1,0C0C0000E 00
18 22 0 -1, CGOLO00GE 00


http:1.COOOOOOE.O0

IL1/II1

NTIMES= 1
THE UNKNCWN TRANSMITTANCE COES FRCM NGDE 7 TG 1
24588 5999
1180224 288001
2057108 746003
3089892 754002
786816 192002
31057168 146003
3089892 754002
3051640 1778002
236044 € _576002
2600180 . 1€58002
£62628 1234001
2559200 1€ 48002
1026548 1274002
239732 _ 1C£2000
2305254 15870006
15942 1042955
239862 1083000
198752 1672000
40580 10000
237684 58000
237684 58000
2270422 555001
73764 17999
2303206 5£3000
532740 130000
532870 121000
2229312 544001
163920 40001
196704 48000
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Ga 0 Ga0 N

00
0s 0
0.0
0.0
1o 3625%9E 02
0.0
0.0
0a0
Ga 0
0.0
0s0
0.0
0.0
0a0
To Q0T40E 02
3. 01L593E-24
0.0
00
0a 0
[Py



0e~-0

PLOT(TY=FR/FR=E0/T0=1261}

THE TRANSFCRM OF THE RESPONSE IS —--

FREQ

80 QQ0E
8o 036E
8o OT3E
8, 110E
8o 147E
80 184E
8o 221E
82 258E
Be 296E
8a 334E
80372E
80410E
80 448E
8o 487E
8o 525E
8a 564E
80 603E
8o E42E
80 682E
8o T21E
8o T61E
8. 801E
8o 841E
80 881E
80921E

Q%
a1
01
131
01
01
01
01
a1
o1
gl
01
0l
01
1131
o1
gl
o1
01
01
131
a1
cl
01
0l

EXPs OF S NUMERo CCEFFSe
4] ~3.00CCLE (1
1 -la2555TE~02
2 3.03555E-04
3 000
4 0.0
MAC FREQ
7011011E-02 805€ZE 01
To22272E-0C2 9.,003E Q1
T03404CE~-02 9o G44E 01
To#46347E-02 9o 0EEE 01
Tc59221E-C2 S0 12€E 01
Te12731E-02 9o 158E 01
10 868SCE-02 5. 210E 01
Bc01756E~-02 90 251E Cl
Bo 17384E-02 S0294E 01
£a 323828E-02 9.336E 01
8o E1154E-C2 9. 318E 01
8.69422E~02 90421E 01
Be EBTL1E~02 Go 4€4E 01
90 C9169E-C2 9 5(7E 01
S0 308C EE-G2 3. 550E €l
9.53TT4E=C2 Go §94E 01
Q. 78190E~02 9a637E 01
le 00419E-01 9. 681E Q1
1503192E-01 9o 725E 0Ol
1o06160E~01 9. 770E 01
1o GG33SE~0L Se E14E Ol
1.12782E-G1 SoE5GE 01
lo 164Z1E-0QL 9. 904E 01
1020402E~01 8. 949E 01
10247TG2E~0L 96 5S4E 01

CENCMo COEFFSe

1. 01930E 02
5021768E 00
1.38103E~02
1. 23138E-05
3645773E-C8

MAG

10 2%375E-01
le 34472E-01
124CC50E-01
1.46179E-01
1552549E-01
Lo 604€61E-01
1o 65845601
la TR2ELE-OL
1,88512E~01
20,01C55E-01
2015030E-01
2021279E~-01
20 504C2E-01
2073244E-01
3000554E-01
3o 3E421E-01
3019281E-01
4 3TC28E-02
50 16501E-01
6, 3Z2E03E~01L
80 1G243E-01
la1££45E 00
2404072E 00
8, 4(S56E 00
3.50501E 00

FREQ

1.0C4E
1,009E
la013E
1,018E
1,022E
1aD27E
1.032E
1,03 6E
lo 04 LE
1. 046E
1, 051€E
1.085E
1. 060E
1, 045E
L. 070E
1. 075E
1. 0BOE
1.085E
1. (89E
L, 094E
1,099E
1o 104E
1,1409E
1.115E
l.120E

g2
02
02
02
02
02
2
c2
Qz
g2
o2
02
02
02
02
a2
g2
1)
g2
02
a2
02
0z
0z
G2

MAG

lo 57465E 0C
9.82326E-01
T611794E-01
5. 5683¢E~0L
45 56448E~01
3086102E~01
3o34095E-01
2094064E-01
2,6231CE-01
2,346511&-01
2015134E-01
1,57132E~-0L
1o B1765E-QL
1. 68502E-01
1o56932E-C1
1.46751E-01
1,37725E-01
1a2G669E-01
1.224366~01
1015905E~01
1,09979E~01
1. 045T8E-QL
96 96354E~-02
9050964E-02
9.09121E~02

FREQ

1.125E
1,13Q0E
1.135E
1.140€E
1o145E
1.151€
lo156E
lolélE
la166E
1,172E
1.177E
1,182E
1,188E
lo193E
lo199E
la204E
1.209E
1.215E
10220E
l,22¢E
la232E
1,237E
la243E
10249E
1o 254E

02
02
02
02
02
02
0z
02
0z
Q2
02
02
02
02
02
02
02
a2
02
02
02
02
02
02
02

MAG

8 T0447E~02
Be 34591E~-02
8o01249E~02
Te TGLTSE-02
Ta4l151E-G2
7213971E-02
60 884T8E-G2
60 6450T7TE-02
6041941E-02
6o 20653E-G2
60 00545€-02
5,81514E-02
5963485E-02
5a46378E-02
5¢ 30L26E~-02
Se 14664E~02
4o 99940E-02
4s 85906E-02
40 T2508E~02
4,59T12E-02
404 T74T75E-02
40 35762E~02
40 24541E-C2
4o 13T83E-0Q2
%0 03457E-02
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rAASS

FREQ

80 8QCE
8. 036E
80 GT3E
8o 110E
Ba147E
80 184E
80221E
8, 258E
80 296E
8o 334E
8o 372E
8,4 10E
Bo 448E
Bo 487E
80 5258
Bo 564E
80 603E
80 642E
80 682EF
80 T21E
8o TE1E
86 801E
8e B41E
8. B8IE
8,92Z1E

i
ol
0l
ol
o1
0l
0l
0l
01
01
Cl1
01
0t
ol
01
01
i
01
01
01
01
a1
01
01
01

Pha

4o 17GSGE
4016588E
4015178E
40 13711E
40 123E5E
40 10cé1E
40 C956FE
4o (8159E
40C67¢1E
4o C53&5E
40 03S71E
40 C2579E
40 0)19CE
3059802
3.SEB417E
308TO34E
3o €56£2E
32%4273E
3.92856E
30G1EZEE
3090149E
20 88781E
I, E7413E
3. £6048E
30 E4686E

01
o1
0l
01
0l
ol
c1
01
ol
Ol
o1
c1
01
01
cl
ol
i
¢l
gl
1
01
0l
01
01
ol

FREQ

Bo<Sé2E
9. 002E
Ga G4 4E
9.CESE
Yo lZEE
90 LEE8E
9.210E
G0 2E1E
90 294E
Fo326E
90 378E
S.421E
Sa4E4E
9o 5(TE
90 SE0E
90 5G4E
Se€27E
So681F
9. T2ZEE
9 7TTQE
S0 814E
e 859
Go 9C4E
So949E
So9S4E

(13
01
o1
a1
01
Ql
01
o1
0l
o1
01
¢l
01
01
01
01
Q1
01
oL
01
01
0l
01
ol
01

PHA

3. E3326F
32 81668E
3.8C£13E8
3,75261E
3o TIS1ZE
35 16565E
3,75222E
3.73E82E
3o72E42E
30,71209E
3.6°ETEE
3. £6E549E
3.€7227E
3.65909E
30£4593E
3.632B6E
3.£1587E
3.6L653E
3, 8G418E
3.58161E
365694 2E
3.55813E
3.54S47E
3.56ET9E
-1,45068E

0l
0l
01
0l
0l
01
0l
ol
o1
0l
0l
01
o1
ol
01
01
e}
ol
a1
0l
01
01
01
ol
¥4

FREQ

1.004E
lo 009E
1.013E
1,C018E
1. 022E
1,027E
1o 032E
1,036E
1o 041E
1o 046E
1.051E
1, 055E
1o G60E
Lo O6SE
1o Q70E
1. 075E
1. 08QE
1. 085E
1,089E
12 094E
1,C99E
12104E
1.109E
1o115E
1,120E

02
o2
02
02
02
02
02
02
Q2
02
02
02
02
02
02
02
¢z
[V
g2
02
02
02
02z
02
02

PHA

-1.45079E
~lo451T9E
=1c45294E
—la45416E
~lo4553%E
=1s 45664E
—lo4578B9E
=10 45916E
—1o460G41E
~lo46167E
=10 46293E
~1la456419E
=1.46545E
=1lc 466T70E
—lo46795E
—~1o46921E
=10 4T045E
~1a47170E
—lo4T294E
~le4T7418E
~lo4T542E
~la47666E
~la47789E
=1, 47912E
~1o4B034E

02
02
cz
02
02
02
02
02
02
02
02
02
02
02
Q2
Q2
a2
0z

02
oz
02
g2
02
02

FREQ

1,125E
lol30E
1.135E
1ol 40E
1o145E
l.151E
1.156E
lol61E
lol&6E
1.172E
l.177E
la182€E
1-188E
1.193E
1.199€
1.204E
1. 2G%E
1.215E
1.220E
1.226E
l.232E
1,237E
1.243E
lo249E
1o254E

02
02
02
02
o2
0z
02
02
02
02
0z
o2
g2
02
02
02
a2
02
02
02
02
02
oz
114
02

PHA

=12 48157E
=1:48279E
~lo 48400E
-1a48522E
~lo48643E
=1o48764E
-1.48884E
~1a49005E
=1049125E
~1lo49244E
~lo49364E
—1la49483E
~1a49601E
=1o49720E
—1.49838E
~1049956E
=1a 50073E
-1, 50190E
-1 50307E
~1o50424E
~1o 50540
—1,50656F
=1.50771E
-1.50886E
=1.51001E

02
02
02
a2
a2
o2
02
02
02
0z
g2
G2
02
02
02
oz
02
02
02
02
02
02
02
02
02



SREATEST VALUE = 4417359E OL LGWEST VALUE = =1451001E€ 02 THTERVAL = 1.67653E Q0

sesnesssrensansons
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¥~

PLOT {TY=RE/FR=0/TC=1CC)

IHC210f IBCOM ~ PROGRAM INTERRUPT-— IMPRECISE

TRACEEACK FOLLCWS-

ENTRY POINT=

ROUTIMNE
FLCT
NAIN
c121C518

012

15N REGo 14

42Z21E494
00C149472

STANDARD FIXUP TAKEN , EXECUTIGN CONTINUING

THE TRANSFLRM OF THE RESPONSE 1§ ~-~—

FRZQ

0.0

la 047E
20 094E
30 141E
40 189E
S0 226E
&o 283E
To 330E
&0 3TTE
Ga 4 24E
1o D4TE
1o 152E
1o 257E
1o 361E
lo466E
1le 571E
1. 675E
1. T80E
1o EBBE
1. 990E
20 094E
Zo 199E
20304E

00

00
0o
[41¢]
Go
oc
0¢
00

01
0l
01
ol
al
al
[+31
o1
01
ol
01
01

EXPo OF 5

MAG

<20 $4219E-0CL
~20 79430E~-01
~20 £€39CSE-0OL
-20£3575E~01
—2042278E-01
~2031851E-01
~2022210E-01
~2013442E-(1
~20 052 14E-01
~1067555E-01
- 1o §04C9E-01
~1lo 83T726E-C1
=1.77462E-01
-1, 71578E=C1
~lo66C42E-0QL
=1l 6C823E-01
=1la55E8S4E-01
-lo512321E-01
~la46814E-01
-lo42£23E~CL
-1o38¢42E-01
~1o 34855€E-C1
-1031247E-01

NUMERs CGEFFSo
-3.000C0JE 01
-lo265S7E-02

3.035595€E~04
0s0
0,0

FREQ

22 4CEE
205132E
20€1EE
20723E
2,827E
20932E
3.037F
34 141E
3o 24 LE
3, 351E
3:45EE
3o 56CE
3, 665E
3.TTCE
3. ET4E
30ST9E
4o 08 4E
4o 186E
40 292E
4o 3SBE
4o 5C2E
G406CTE
%o T12E

oL
01
01
a1
0%
ol
01
0l
01
a1

a1
01

0l
2]
01
Gl
0l

01
gL
a1

CLU PSW IS FF45004002234AE6
REGe 15 REGe 0 REGe 1
00234010 945000900 0021C9A4
0121C5i8 ae600015 0023BFF8

DERCVo COEFFSe
1,0L930E 02
5.21768E 00
1o38103E-02
1.33138E-05
3.45773E-C8
HAG FREQ
=1a278C7E-0L 40 817E 01
=10 24523E-01 409228 01
=1lo21284E-01 5¢026E 01
—1018381E-01 5.131E 01
=1a15506E-01 Sc236E 01
-1212749€E~01 50340E 01
=1a 10104E-01 S50445E 0]
~1oC1565E~01 5.580E 01
-1oC5124E-01 50654E 01
=1402777E-01 5,759 01
=1oCO518E-01 50.864E 01
=95 £24126-02 50969E 01
=90 £2423E-02 60 073E Cl
—9o4Z1lcHE=02 6,178 01
-9 226€63E-02 6o 283E 01
~9503757E~02 6.387E 01
~8o E5562E-02 62492E 01
~Bo&T7530E~02 6e 597E 01
—8e S0849E-02 60702E 01
=80 24354E~C2 60 8Q6E 01
=80 183E84E-02 60911 01
-8o02E50E-12 ToOl6E 0Ol
~To B7BL5E-02 Tol20E C1

VAG

-T073230E-G2
=72 590756-02
=7045330E-02
-To319T7BE~02
-To 19002E-02
-Te06385E-02
—6s94113E-0D2
=60 82172E-D2
~60 TOS49E-02
-6259230E-02
=60 48204E-02
-6037460E-02
=60 26985E-02
—-6o16TT2E-D2
-6006809E-02
-5.9T708BE=02
=5.87599E~-02
~56 TA334E-02
=50 692B5E-02
-5060445E-02
-5, 51 EQ6E-02
=50433626-02
~5o35106E~D2

FREQ

To225E
To330E
To435E
To5398
Tob44E
ToT43E
7a853E
To958E
Ao 063E
8.168E
Ba272E
Ba3TTE
804B2E
8o 586E
Bo691E
Be TSEE
80901E
9.005E
Sal1QE
90215E
9e319E
GaH24E
G5 29E

01
01
ol
0l
£33
133
01
01
01
01
o1
al
01
g1
01
01
01
01
o1
01
01
0L
[*3}

MAG

~5027031E-02
-5019132E-02
—5.11403E-02
=50 03838E~02
~4096432E~02
=40 891 81E~02
=40 B20TBE~02
-4oT5120E-G2
~40 68303E~02
~4obL621E~02
—44 55071E-02
~4a4B649E-02
~45 42351€-02
—4e 361 THE-Q2
~4¢30114E-02
~4e24168E-02
~4018332E-02
~4a 12604F-02
=40 06980E-02
~4001458E-02
-3096035E-02
~3.9070G8€E-02
=3, 85474E-02



GREATEST VALUE = (a0 LLHEST VALUE = =2494319E-01 INTERVAL = 2455930E-C3
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9z-O

ROOT S POLES - —.

ok SVOBOEA POLYNOMIAL ROOTEINDER *3% — HoFeQKRENT

JANe 1969

POLYNCMIAL OF DEGREE 4 =-

0 1 2 3 %
__0,1019299927E 03 X 0.5217680S31E 01 X 021381032541E=-01 X 041331378280E-04 X 00 3457731168E-07 X

ACCURACY RECUESTED ~—- & SIGNIFICANT FIGURES i
REAL PARY IMAGINARY PART EXFONENT

_ —3.644150000 Qe 0 2
0.000L70000 64260090000 2

0,00007C000 ~6o 260080000 2

1

=24 064200000 0.0

. *k%_SYOBOCA POLYNOMIAL ROOTFINDER #%# Ho Fa OKRENT.
JANs 1969

POLYNCMIAL OF DEGREE i -
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ACCURACY REQUESTED -- &6 SIGNIFICANT FICURES
REAL PART IKAGINARY PART EXFONENTY

20936660000 Qa0 2
3.364850000 0.0 2
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REAL IvaC REAL i{MAG
—3.6441E C2 0sC -6o 8345E C1 G C
7. 0000E-C3 60 2601E 02 To00LEE-03 -5.14328E 01
1o COCOE-C3 -bo 2601E 02 T.00C£E-03 —&4o SBEZE 01
-2, 0642E €1 000 -105911E ¢l Co G
SENSITIVITY OF POLES TC R1
FOLES SENSITIVITY
REAL IMAG REAL IMAG
-3q 6441E (2 G0 —903773E-02 Go0
7o COCOE-03 60 ZE01E 02 1o 3254E-C4 -2, T129E~01
7. 00C0E-03 -6, 2601EF 02 1. 32E4E-C4 -1, 8254E~0CL
-2, 0842E (1 0.0 -3.8556E-C1 Qo G
SENSITIVITY OF POLES TO G2
FOLES SENSITIVITY
REAL IMAG REAL IMAG
-30£441E C2 0o O 1:8731E €1 0o €
7o 00COE~C3 602601E 02 90 T225E-0S -1,3£17E 01
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~2,0642E €1 0.C -3, 2%£8E 0Q 060
SENSITIVITY ©F POLES TO R3
POLES SENSITIVITY
REAL IMAG REAL INAG
-306441E (2 0oC 60.2044E 01 0.0
72 COCQOE-C3 6o ZEQ1E 02 1. 0021E~C4 —-30£429E 02
Te 0OO0E~Q2 =60 2601E 02 1o GO21E-C4 2,332Z29E Q2
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-&o2601E 02
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IMAC

0oC

60 2&601E 02
-602601E G2

QoG
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~2o,CE&42E (1
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~6e2601E 02
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PLOT(TY=8E/FR=80/TC=126/EL=C1)}
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SENSITIVITY WITH RESPECT TC C1

ThE TRANSFCRM OF T+E RESPONSE IS -—-

FREG

Bo 000E
8, 036E
8: 073E
B8,110E
80 L4TE
8o 184E
80 221E
80 258E
80 256E
80334E
Be 372E
804108
8. 448BE
8¢ 4B7E
8.525E
8c 5£4E
8¢ 6C3E
Bo 642E
8o 682E
8.T21E
8, 761E
8, 8C1E
8.,841E
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434
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ol
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EXPo OF S

MACT

8o ES2£2E-01
8, E5212E-01
Bo EEL44E~CL
8o £5056E-01
8o B4 G45E-01
Eo £4812E~01
8o E4€6E5E-C1
80 8447 3E-01
80 E42£2E~-C1
8084021E-01
BoB374EE-CL
8.8344CE~C1
80 B830G4E-01
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8o €2279E-QL
Ba 81B0CE~O1
80 812TCE-0L
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BoSEZE
90 0C3E
90 Q44E
9o CESE
90 126E
90 168E
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01
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a1
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01
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131
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COEFES.
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80 71585E-C1
84 65536E-01
80 68090E-01
8o 6&C1EE-O0L
8o 63683E~01
80 €1029E-01
8a 58C32E-01
8.54584E-01
8. 5C619E-0L
8045¢58E~01
84 40575E-01L
Bo34142E-0L
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To B9546E-01
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6o 2€2E3E-01
50 14543E-01
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20C4559SE 00
2030366E 00
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1. 004E
1,009E
1.012E
1,018E
1,022E
1.027E
10032E
1. 036E
1a041E
Lo046E
1.051E
1, 055E
1o 060E
1:065E
1. 0740E
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9268722E-01
9o 6T235E~0L
9. 65889E-01
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1ol25E
1.130E
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1o 140E
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1.151F
lo156E
1o161F
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Le172E
Lo.177E
1.182F
1.188E
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9. 52699E-01
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1€-0

FREQ

8o COOE
80 036K
80 C73E
80 110E
8o 147E
8o 184E
80221E
8o 258E
80 296E
80334E
80 372E
8.410E
80 448E
8. 487E
8o 525E
8o 564E
80 603E
Bo £42E
8o 682F
8a721E
8o TOLE
8, 801E
Bo 841LE
Bo 881E
80 921E

01
0l
0L
01
01
g1
01
c1
Cl
0l
01
01
0i
01
o1
(1)}
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01
ol
ol
01
01
el
ol
01
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~lo T2281E
~1o 72403E
=1a72425E
—1o 1244718
=1, 7247CE
=1, T2492E
~1o T2514E
—=le 12537E
-1o725E6E
=lo72582E
=1o726C5E
-1, 72&28E
~1o72&52E
-1la72€75E
~1o7269SE
=1lo72722E
=1 7274€E
-1 72771F
~lo72785E
~1le T282CE
~1o72845E
-1a72871E
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=10 72923E
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02
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-1o T4267E
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~lo15G943E

Lo T4SE2E

1o 21490E
—-1o71442E

0z
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a2
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G2
2
gz
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o2
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62
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g2
o2
01
02

FREQ

10 004E
1,009k
1.013¢&
l. 01 8E
1.022E
1.027E
1,032E
10 036E
Lo 041E
lo 046E
1:051E
1,055¢8
1. 060E
1la 065E
1. 070E
1. 075E
1, 0B0OE
1o, J85E
lo CB9E
1. 094E
1. 099E
1.104E
1o1G9E
1.115E
1. 120E
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oz
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0z
o2
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02
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02
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02

g2
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1,125E
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1o 135E
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lo145E
1l0151E
lol5¢€E
1c1¢1E
lo l6EE
1.172E
1.177E
1.182E
1,188E
1l,193E
1.199E
1.204E
1.209E
1.,215E
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1o22€E
lo232E
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lo249E
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02
02
02
02
02
a2
a2z
02
02
g2
02
02
Q2
0z
02
o2
02
02
02
02

PHA

-1, 73742E
=1a7T376TE
-1, 737S1E
~1.73B15€E
-1o 73839E
~1,73863E
~le 7T3887E
~leT3910E
=10 73933E
~1a73956E
=1 T3979E
=1o 74002E
~leT4024E
-1o T4047E
~1aT4069E
~Llo T4091)E
~loT4114E
=~1o74135E
—1lo74157E
-1lo T4179E
=le74201E
~1oT4222E
=l T4244E
—1a74265E
-1, 7T428B7E

02
02
02
0z
02
oz
02
02
g2
a2
0z
02
02
c2
0z
02
Q2
a2
G2
o2
02
02
a2
Q2
g2



Bo0H0E (lesraXosssssansananvores

Be3TZE €1

Ba761E 01

GREATEST VALUE »

B e R e e L e

1

T 9.16€E OlIsse

2RO I0 I M0 MO I I K I K X I R I MDD I  H

LaT4562E 02

- 1 — — ——
1
I — —— -
1
- l — A W e = — —— —
- 1
- - i e = - a i w oa - -
1
1 - — — i —
02 594E 01;...
- 1
- l —— - —— i -
I
I X - — .- — — e e e
- "I X b
- —I——-......... T ——— - — i e, —
- 1
Py —I X ——
L 0F4E €FTanax ~
—— I x_ - -
I x
— —-—l-—— x — —————
- T %
— - 1 x -
10X
1 x e
Pox
Pox
1+951E CZlass X
- =1 X% . .
T X
I X .
I X
—_ P J —--
177
I X,
I X
1 X_
1,099E 02IaaaX
——— - : X - —_—
1 X
I X —
I oz
. _ 1 x
Iox
—— ———-—t-—x- -
T X
1 x
1.151E C2leneX
—~ - 1 x -
1 x
e o -
1 X
.1 x
I X
|
I X%
SERUR S Y
TTu205E TileaeX
- T X%
1 x
— I x-
I x
e L X - e -
I T %
PRS- '— X o -
X
I X

IR R NN

+
saassen

-
.
.
-
.
.
.

LOWEST VALUE # =1,75943E G2

YT

C-32

.
.
.
.
.
.
-
-

-
T T L T Ty T P TP T T P R T R Y P I Y LT S LR L LY Y

IRTERVAL =

T * —— = -
.
- - p—
.
.
[ . —_—— - — — — ——
[T e
— - — - —— —— W S——— -~ —————
.
P —— - = - - -
.
e o e i
-
e e 4
.« X o
—— s L4 —_— s e r——
ceesiaw ca
- —
werenen e
e - P o sm—
.
. . -
-
L — -
.
- -
.
an - L1 1)
- —
.
-
.
. — —
-
- - - -
-
.
arneeen e
- - —
.
-
.
. - -
.
. -

2.05134E €0

.
-
-
.
-
H

s

“ae

.
.
.

“ne

et o Wt P g Bt e Bt Bt Bt et ot B4 e Btk e (e Bt etk PR B gy g = e Pt b bt Bt s P bt B g 80 e 3ng 3 0 ot B Dt I D bt B B ot 4 B o O B (g O 0 4 fd e ek Bl et o B ot d Bt Bl bl Bt g e bt ek B B o P et e B e



£€-D

PLOTITY=SE/FR=EQ/TE=126/EL=12)

SENSTITIVITY WITH RESPECT TC 12

ThE TRANSFCRM CF TIE RESFCNSE

FREG

8- CQOE
80 036E
8,C0T73E
B L10E
Bol4TE
8, 184E
80221E
Bo 258E
Bo 2S6E
Be 334E
Bo3T2E
804 10E
8o 44 BE
8., 4BTE
8o 525E
8o 564E
8o 603E
8,64 2E
Bo 6B2E
Bo721E
BoT6LE
80 BO1E
80 84 1E
B.BBI1E
Bo921E

01
01
al
01
a1
01
01
01
01
01
01
0l
a1
¢l
¢l
01
01
11
01
01
0l
0l
0l
01
0l

EXPo OF S

NN O

FAG

1a E40CZE
1. S3EEBE
1o 53774E
1o £367TCE
1o E35732E
1o, 534€5E
1. £34C5E
1o,533326E
1o 5327¢E
1, 23229E
1o53194E
1o E3173E
1653167E
1. 53178€
I, £22C1E
1o E3255E
1o 53327E
lo E3422E
1. 53546E
1, E366SE
le E3EESBE
1o 541C5E
1.24376E
Lo 546S(E
le 55058E

[+]4]
aa
00
a0
]
00
oc
00
00
Q0
0o
00
oo
[s]o]
00
00
ag
co
00
a0
Go
00
[elv]
00
a0

15 ——~

hUMERs CCEFFSa

S A . o o . i

-30C48B0CE 03

-lo6GEGIE C2

=1.954E5E Q0
-4669CT0E-03
~409858CE-06

-1,04167E~C8
00

FREQ

Bo962E 01
9. 003E 01
So 044E 01
9,GE5E 01
B0 12€E 01
90 168E 01
95 210E 01
%, 2E1E G1
90 254E 01
90 336E 01
Y9378 01
96 4Z1E 01
90 4E4E 01
9.5¢7E 01
S 550E {1
9o 5%54E 01
e E3ITE Q1
9. £E1E 01
9,725E 01
9, 77CE 01
9a 814E 01
€e83%9E 01
9. 904E 01
9. S49E Q1
GoGS4E 01

CEMCM; CQEFFSe
3o05790E 03
1.57855E 02
4051192E-01

-1,00514E-03
—2058241E~06
=3,E9256E-09
-1.04576E-11

¥AG

1, 58488E 00
1o 55983E 00
1.565¢3E 00
1.57233E QQ
1, 5€011E 00
1. 58915 00
1.58567E 00
1s612°7E 00
1, €2¢3%E 00
10£€4342E 00
1o £63E5E Q0
1o 6€751E 0O
1, 711730E Q0O
1. 753376 00
1o 7€838E 00
1, E5566E 00
1o €3044E 00
20 G3136E Q0
2o 17367E 00
203ET12E Q0
20 13791E QO
3. 4(TE2E 00
5o l36CLE 00
lo 7SE54E Q1
7.05C3%E 00

FREQ

1. 004E
1., 00%E
1.013E
L.018E
1.022E
1.027E
1.032E
1o 036E
1.041E
1. 046E
1la051E
1o, 055E
1o Q60E
1. 065E
1o 070E
1. 075E
1. 080E
1o 085E
1o GA%E
10 094E
1o 099E
1o 104E
1o 109E
1o 115E
1o120E

az
02
a2
a2
G2
02
02
Q2
0z
02
0z
¢z
a2
a2
02
g2
02
02
02
az
oz
az
02
02
02

NAG

2243963E (0
1.3898B8E Q0
1.02433E 00
2000277E-01L
Bo7TOTHLE~-OL
8. 76410601
80.93983E-01
90 l4457E-01
S034405E~01
9052633E-01
9. 68835E-0]
9683041601
9095413E-01
1. 00615E 040
1.01546E 00
1o 02351E €O
102045 GC
Lo03644E 00
1.04158E Q0
1.04598E (O
1,04972E 00
1. 05287E 00
1.05551E Q0
1. 05768E 00
1o 05944E 00

FREQ

lo125E
la130E
1o 135E
1o 140E
1,145E
1,151E
1.15¢F
1lo161E
1o 166E
1a172E
1. 177E
1o182E
1.188E
1,193E
16199E
1.204E
1. 20GE
1,215E
1o220E
1.22€E
lo232E
1,237€
1,243E
15 249E
lo 254F

0z
02
o0z
a2
Q2
02
0z
02
02
02
02
02
02
02
02
02
02
02
02
02
a2
oz
0z
02
02

MAG

1. 06082E
1, 06186E
1. 06260E
lo 063 06E
1,06327E
1. 06325E
1o 06302E
1o 06260E
1o 061 SSE
lo06123E
1.06031E
1o 05926E
1, 05807E
1o 05677E
1. 055358
1,05384¢€
1. 05222€
12 05052E
1,04873E
1. 04686E
1o 04462E
1. 04291E
1o 04084E
ls O3B70QE
1. 03651E

00
[y
00
0Q
00
00
0o
00
00
00
[]s]
[¢11]
0C
00
Q0
1]
g
oo
o
[i]¢
00
¢}
e
0o
a0



GREATEST VALUE = 1.T9854E 01 LGKEST VALUE = 0.0 INTERYAL = 1,56395E-01
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Ge-0

FREQ

8. COQE
8o 036E
8. CT3E
8. 110E
Bo L4TE
80 184E
8, 221E
8, 258E
82 296E
80 334E
8q372E
8:410E
80 448E
Ba48TE
80525E
Ba 564E
82 603E
8o642E
B, £B2E
8o T21E
8o T61E
80 BO1E
80 B41E
Bo8BlE
8,921E

01
01
a1
01
(15
o1
01
01
01
o1
¢l
o1
01
01
0l
o1
0l
01
o1
0l
o1
01
o1
gl
01

PHA

-90932E1E
=90 92117&
=96 9CSEIE
=9, ECTI3E
=90 EBS6CE
=9 £7219E
-0 E6044E
-9 E4T73TE
—G.£3393E
=9, 82010E
—50 ECBELE
-9 19117E
~So TT59SE
—Se16028E
=Se 14401E
-9 72713E
=90 TCS5TE
-9, 661 29E
-9, 6T7223E
~90€65228E
~90 6313%E
=92 6094EE
—%0 5B63EE
"90 SﬁZOZE
—90£3625E

]

Cl
01
o1
0l
ot
o1
01
ol
ol
a1
01
Qi
01
oL
Gl
01
ol
01
01
ol
oL
Gl
oL

FREQ

BaSE2E
9. 003E
So 044E
S, CESE
9, LZEE
9. 168E
90 210E
90 251E
G, 254E
Do 33EE
%o 378E
So4Z1E
90 464E
90 5(TE
Sq SEOE
o 5¢4E
Go £Z1E
9., 681E
SeT25E
9 T10E
SoB14E
90 EE9E
90 S04E
90 949E
0 §E4E

cl
01
01
01
a1
¢l
01
ol
a1
ol
a1
01
01
01
el
ol
Gl
gL
0l
ol
01
01
1L
01
01

PFA

=90 5(ESLE
=9.47981E
-90 4487 3E
=9:41544E
=90 2TSELE
=9« 34(STE
~Go 294C3E
~Ga ZEZ32E
~9« 20324E
=80 148CEE
—9. CEGETE
-9 01854E
~80c4169E
—Bo B5444E
=80 TE44€E
~8o G3BELEE
-8, SQ276E
—823241Q2E
—8o14533E
=72 €(C3S4E
~To59922E
=To 20476E
—60 6TTC5E
-5sG27C(5E

1030155E

01
oL
0l
1) 8
01
01
o1
01
01
ol
[+2}
0l
ol
0l
ol
(1}
ol
al
a1
01
01
oL
01
o1
Q2

FREQ

1. 004E
1.Q09E
1.013E
1. 018E
1l.G22E
1.027E
lc032¢€
1,036E
1c041E
1.046E
1.051E
1.055E
1.06&0E
L.G65E
1. 070E
L. 0T5E
1,080E
1, 085F
1,089%E
1, 094E
1o G99E
1,104E
1o 109E
1,115
1.120E

az
02
02
0z
02
0z
0z
02
02
02
02
ez
62
0z
02
02
02
1 F
G2
02
a2
02
02
02
0z

PHA

lo44277F

1o 62369E
-1,78023E
-1:60860E
~“le4T925E
~1o3B692E
-10o32083E
=1le2T227E
-1023554£
-1.20697E
-1218418E
=-1.16562E
-1015021E
=1a13722E
-l.12612€
-lollG51E
-1lo10811E
-1 16G07QE
~1a09411E
~1.08820E
-1.G828TE
—-1.07804E
-1,07362E
-1 06958E
~1006585E

Q2
02
q2
02
gz
0z
0z
02
02
a2
02
02
0z

02
cz
0z
gz
0z
0z
Q2
02
02
Q02
0z

FREQ

1.125E
1.130E
1,135E
1.140E
la145E
10151E
1a156E
1,161E
la166E
1.172E
1,177E
1,182E
1.188E
10193E
1,199E
1, 204E
1,209E
1.215E
1e220E
1,226E
1,232E
1,237E
1.243E
1,249E
lo254E

02
02
0z
02
02
02
02
02
b2
02
02
0z
02
02
02
02
02
G2
g2
Q2
02
02
0z
02

PHA

-1, 062408
-1, 05920E
-1, 05621E
-1, 05342E
-1.05081E
-1a 04834E
~1,046Q2E
-1004383E
-1.04175E
-1003978E
-1 037S0E
-1, 03611E
-1.03439E
-1a 032 76F
-1,03119E
-1-.02968E
-1.02823E
~1o02684F
-1, 02550E
-1. 024 20E
-1,02295E
-1, 021748
-1,02056F
-1,01942E
~1c 01832E

02
oz
c2
oz
02
Q2
Q2
c2
c2
oz
o2
c2
02
c2
0z
0z
1F4
a2
c2
02
02
02
02
Q2
0z
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LE-D

PLOT (TY=SE/FR=80/T0=12&6/£L=C3)

SENSITIVITY WITH RESPECT TC C3

THE TRANSFCRM GOF THE RESPONSE 15 -——

EXPe OF 5 KUMERo CCEFFSe DEMCMe CGEFFSa

0 0ol 3oC5790E 03

1 1o 0lEECE Gl 1,57855& 02

2 4o 4G036E-QL 40£1192E-01

3 2048142E-03 -1,00514E-03

4 4o TE£20SE-06 -2.98241E-06

5 50.40885E-09 -3 59256E-0%

3 6081784E~12 ~1,04976E-11

FREQ MAC FREQ MAG FREQ MAG FREQ MAG

8,000E 01 90 S2LETE~OL 8, €62E 01 1.44752E 00 1.004E 02 1o 15754E 01 1.125E Q2 30 840S1E-G1
8. 036E 01 1.00243E 60 Fo0G3E QL 1o 4EE84E QO 1. 0C0SE 02 Ta05730E 00 1o,130E 02 3, TO43TE-01
B.073E G1 1. 01205E 00 Qo044E 01 1,£293%E Q0 1. 013E 02 409%485E QG lo135E 02 32 59235E-01
8.110E 01 1,02207E 00 9. CEEE 01 1.57612E QO 1.018E 02 3.81481E 00 1.140E 02 3,50224E-01
Bo14TE 01 1.03252E GO 9c126E 01 1.£2768E 00 1. 022E Q2 3.05132E 00 lal45E 02 3a43154E~-C1
Bo184E 01 1o 042410 00 90 168E 01 1o 6E485E Q0 1.027E 02 2051739E 00 la151E 02 3, 37800E-C1
8. 221E 01 1le 0547%E 00 90 Z1CE C1 lo 7T4865E 00 1o 032E 02 2012368E 00 1o,156E Q2 3, 33950E-01
8s 258E 01 1. C666SE 00 90 251E 0} 1a€2026E €O 1o 036E G2 1o 82166E 00 lol6lE 02 3031406E-01
80296E 01 1o C7S15E 00 90 £S4E 01 1, 50125€ QO 1.041E 02 lo58307E 00 1o16¢E 02 30 29995E-G1
80334E 01 1o CS221C 00 903324E 01 1o 5%3256E 00 1.046E 02 1.39028E 00 1,172E G2 3,29552E-0Q1
8.,372E C1 1. 1C592E 0O 9. 378E 01 2o CSS80E 00 1,051 02 1, 23159E Q0 1l.177E 02 3,29936E-01
'Ba410E Q1 1o 12034E 00 9s4Z1E 01 20 223233E 00 1.055E 02 1.09904E 00 la182E 02 30,31020E-01
8o448E 01 1. 13522€ 00 G0 4E4E Q1 20 26E73E 00 1., 060E 02 9, 87030E~01 lo188E 02 3032689E-01
8o4B7TE 01 lo 1512ZE GO 9o5C7E 0Ol 20 E4243E Q0 l.065E 02 8, Gl470E-01 l.1493E 02 30 3484EE~CL
80525 01 1. 16844E 0O 9. 550E Q1 20 T£355E 00 1, 070E 02 8009341E-01 1a199€ 02 3037412E~01
8.564E 01 1o 18634E 60 9o 5¢4E 01 3.01558E 00 1. 075E 02 Te38331E-01 1o 204E 02 3, 40307E-01
8, 603E 01 1, 20522E ¢O 9.€6327E 01 35 34539E 00 1.080FE @2 60 T6691E-01 1.269E 02 3043469E-01
8o6042E 01 1l022548E 0Q Yo 681E Gl 3o 78919E €O 1o 085E€ 02 6023037E~Q1 1o215E 02 3046845E-01
8o 682E 01 lo24655E 00 90 725E Q1 403¢46GE Q0 1.C89E 02 5o 16277E-01 1.220E 02 3,50391E-01
8, 72Z1E 01 lo 265€5E 0C 9. 7T0E Cl1 50 Z8114E 00 lo094E 02 5035528E~0) 10226E 02 30 54067E-01
8.761E 01 1, 26434E €0 So8Ll4E 01 60 TCZ83E 0D 1.,099E 02 5,00068E-01 1,232 02 3,57839E-~01
80, 801E 01 1,32060E 00 e 85SE Q1 9032E157E 00 10.104E 02 40 69304E-01 1,237E 02 3061681E-01
8s841E 01 lo 348£2E 0Q 9o 5C4E C1 1o £C225E 0Ol 1, 109E 02 4042729E-01 1,243E 02 30 6556GE~01
8,88lE 01 1,37528E 00 9. 549E 01 6o 4£326E QL l.115€ 02 40 1991L5E-01 1.249E 02 36 69483E-01
809Z21E Q1 1041220E €0 9o 9G4E QL 20 G358CE 0L 1.120E 02 4o Q04T9E~0L 1.254E 02 30 T3409E-01



T T TEREATEST VALUE = 6e4£326E 01 T COWEST VALUE = 0,0 TINTERVAL »  5,62022E-01
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65-D

FREQ

8. 000€
85 036E
80 C13E
8o 110E
80 147E
8. 184E
80221E
8o 258E
80 296E
80 334E
80 372E
Bo 410E
8o 448E
8, 487E
80 525E
8o 564F
80 603E
85 642E
8o b82E
8o T21E
8o 761E
8o 801£
80 841E
8, 881E
80 921E

ol
gi
gl
01
01
0l
ol
01
0i
01
al
01
01
0l
01
0l
01
a1
o1
01
01
01
01
01
01

PHA

lo SEQ5RE
1o 56334E
lo 5661¢E
1. 56GC4E
15 5T194E
la 5T4BEE
1.577817E
1o, 58090E
1o 583%6E
10 5871GE
le 550 28E
10 55352€E
1055681k
1. 60016E
1o 60357¢
1. 607C5E
1o £€105SE
10 61421E
lo&17SCE
1.E2167E
1, 62582
1. €294¢5
1o 63349E
1o 63762E
1. £41E5E

0z
a2
G2
02
a2
c2
17
0z
02
c2
Q2
Q2
02
c2
cz
02
c2
2
c2
14
G2
g2
02
Q2
02

FREQ

80 G9EZE
9o 0G2E
90 044E
9, CEZE
9o LZ&E
90 L&BE
S0 210E
9. 251E
90 254E
90 33EE
9. 378E
90421E
Yo 4E4E
9. 5GTE
S0 GE0E
90 5S4E
90 £3TE
90 681E
9. TE5E
9o 7T10E
90 814E
9. 8E9E
90 904E
96 949E
90 9G4E

Gl
al
01
ol
o1
a1
o1
01
01
ol
0l
0l
01
0l
al
01
181
o1
0l
01

0l
(133
01l
ol

PHA

lo64€18E
1.650€63E
loEEB1SE
1,65588E
1o €E4T1E
lo 66SATE
lo €7478E
1.680C5E
1s £E54GE
Llo€51112E
lo6CESLE
le 70292E
1o7CS14E
1o 71559€
1o 72228E
lo 72%524E
loi3648E
1.74402E
lo7E189E
1o 76£C12E
1, 76876E
1. 77T86E
1o 71£76€E
—1o79928E

a2
az
02
02
02
0z
Q2
02
02
0z
a2
02
a2
02
02
V14
02
02
02
02
02
02
02
Q2

4o &6S3€64E~01

FREQ

1o 004E
10 GO9E
1.013E
1o, 018E
1,022E
1.027TE
1,032E
1o 036E
1.041E
1o 046E
1.051E
1. 055E
1a060E
1.065E
1. GT0E
L. 075E
1.080E
1o085E
1.089E
1. 094E
1, 099E
1o 104E
1o 1Q9E
1,115E
1.120E

Q2
o2
o2
Q2
a2
02
a2
02
02
0z
2
Q2
a2
02
c2
Q2
0Z
02
02
Q2
02
a2
(14
o2
02

PHA

1,67151E
2084100E
4o05537E
5032990E
6,67316E
8,09246E
9o 59361E
1a11846E
1,28723E
lo46637E
1.65667E
10,85893E
2.0738BE
2030235E
2¢54497TE
2, 80246E
3007523E
3,3&355E
3066T46E
3.98667E
4032047E
4066776E
5002698E
50 39604E
5077256E

Qo
(ele)
Go
0Q
0o
ale}
co

al.

ol
01
a1
¢l
ol
0l
o1
0l
al
ol
01
ol
42
a1

o1

FREQ

1.125E
1.130E
1o135E
1o140E
ls145E
lai51E
1.156E
lol61E
1,166F
10.172E
1.177E
1.182E
1. 188E
1,193E
lol99E
1,204E
10209E
1o215E
1,220E
1a226E
1,232E
1.237E
lo243E
1lo24%9E
1,254E

02
Q2
02
a2
tFs
az
o2
o2
114
02
a2
02
o2
02
02
oz
oz
02
02
02
02
02
02
o2
a2

PHA

60 15355E
G0 BIS0GE
€,91708E
To 29337E
T2 66230E
8o 02135E
8036835E
84 TOL95E
92 02080F
F0 32433E
9.61214E
90 88437E
1,01412¢
1. 03832E
1. 06109E
1. 08251E
1, 10264E
1a12157E
1o 1393BE
1o 15614E
1,17192E
1018679E
1. 20083E
1. 21408E
1o 22662E

1
0l
1
0l
a1
ol
0l
ol
o0l
ol
c1
a1
02
a2
a2
02
02
Q2
Q2
Qz
02
G2
02

Q2
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PLCT(TY=SE/FR=E0/TC=126/E1=L1)

SENSITIVITY WITH RESPECT TC L)

THE TRANSFCRM OF THE RESPFCNSE IS ~---

Iv-0O

80 GOQE
8. O36E
8. C73E
8c110E
80 147E
8o 1B4E
85 221E
8o 258BE
85 296E
Bo 334E
8. 372E
B0 410E
Bo 44 3E
8o 4BTE
8o 525E
8o 5&4E
8 6C3E
Bo £42F
8o 682E
8. T21E
8o TOLE
80 BCLE
8, 841E
80 881E
8o 92LE

FREQ

o1
a1
431
01
0l
01
Gl
¢1
o1
Q1
41
01
[s33
0l
01
01
ot
01
¢l
01
01
ol
01
(433
01

EXP, OF §

MAG

1. ECOEEE
1loB5412E
1o GC342E
1, 95495E
2a00883E
20 CEE23E
20 12433E
2018633E
20 25144E
2e31991E
20 39199E
2o46TC6E
20548178
20 £325EE
20 72272€
20 81TG2E
2:915C7E
3o G2&72E
30141E53E
3.26422E
30 35564E
3o Z2ET1E
30 6EELGE
30 E5248E
400298 2E

00
00
o¢
00
00
o¢
oo
00
0qQ
00
00
a0
[e]4]
Q0
a0
00
a0
a0
a0
00
090
Q0
00
[+10]
1]

NUMERe CCEFFSo

[Py

Yo 55837E-03

400387 2E~C4

Lo E1Z2€E-CE
~305925£E-09
—1lo04°76E-11

FREQ

Bo9€ZE Q1
9. GC3E 01
9. C44E 01
9. CEEE Q1
90 126E C1
9, 168E 01
9,210C C1
90251E €1
9o 294E 01
9.,336E 01
Se 378E 01
9a4Z1E 01
9o04¢4E O
9. 5C7E 01
90 5EGE Q1
90 564E 01
S &327E 01
So 6ELE Q1
9. 725E 01
S0 7TTOE Q1
90 814C 01
S0 £59E 01
96 IC4E QL
9,94SE 01
92 G%4E 0L

DENCMs COEFFSs
3,C5790E 03
1.57855E 02
4951192E-0]

=1o00514E-03
—205824)E-06
-3056256E-09
-1oG4976E~11

MAG

49 22268E 00
4043279E 00
4,C8267E 00
49 GLE23E 00
501%4G4C 0Q
5.E£0532E 00
So E4846E 0O
b0 22556E 00
60 £7418E QO
To 1723658 00
ToT4836E 00
8041649E QO
90 20245E 00
lo01415E 01
lo12821E 01
1.26%71E 01
lo44588E 01
lo 6ET14E 01
2.01362E 01
204¢135E 01
3.258717E 01
4o £EIIGE 0L
80 27423E 01
3.44344E 02
1o 61481E Q2

FREQ

lo004E
1, 0O9E
1,013E
1. 018E
1a022E
1e027E
1. 032E
1,036E
1lo041E
1o 046E
1,051E
1. 055E
1, 0608
1o 0&5E
1. 070E
1.075E
1. 080E
1.085E
1. C89E
1, 094E
1, 099E
1o 104E
1.109E
1.115E
1.120E

G2
02
02
174
G2
G2
gz
G2
az
0z
02
02
[+F4
02
02
2
ez
g2
[oF
02
a2
02
02
02
a2

MAG

6o 57436E
40 141 T8E
3003057E
203941 3E
1,98173E
1. 69275
1o47509E
1o 31463E
1o 1B414E
1o G7812E
Q0 90262E
S0 16272E
80 52110E
7.98563E
70 50985E
T009113E
6eT1S8BE
60 38844E
6o CI0TBE
5.82199E
5.578B05E
5035569E
501521 4E
40 S6520E
4o T928B1E

a1
al
0l
0l
gl
0t
01
01
01
ol
o0
oo
00
00
co
00
oG
a0
Q0
00
[+1¢}
0C
a0
o0
ao

.FREQ

tol25E
ls130E
1,135E
1o 140E
1lol45E
16151E
1.156E
lol61E
lo lGEE
1.172E
1. 177E
1.1B2E
1o188E
10 192E
1,199E
1o 204E
1, 209E
1a215E
1o 220E
1022¢E
10232E
1. 237C
1,243E
10249E
1a254E

02
02
02
02
02
0z
g2
02
02
oz
174
02
o2
02
c2
02
02
02
02
o2
o2
02
g2
02
a2z

MAG

%0 63346E
40 48566E
4034820
40220098
4010035€
3,988Z22E
30.883C2E
30 T8408E
30 99091E
3.60298E
3,51992E
3044129E
30 366T6E
3025603E
3, 22882E
3016485E
30 10292E
3004583¢E
20 99036E
2093736E
20 88666E
2, 838B11E
20 T9160E
20 T4698E
2. T0415E

0o
00
ag
a0
00
00
o0
00
00
a0
00
g
o0
a0
a0
a0
00
00
00
00
00
00
00
oo
a4
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£F-0

FREQ

8o 000E
80 036E
Be 073E
8: 110£
8, 147E
80 184E
8,2Z1E
80 258E
8, 296E
8, 334E
8, 372E
8- 410E
Beo 44 8E
Bo 487TE
80 525E
Bo 564E
8o 602K
8o 642E
80 682E
86 TZ1E
8, T6HLE
8, 801E
8. 841E
80 B81E
8.921E

01
0l
0l
al
0l
Ql
01
0l
(133
0l

01
Gl
0l
01
0l
434
Q1
0l
cl
0l
0l
0l
0l
01

PHA

lo758CEE
1. 768C8E
le 7$811E
1, 79813¢E
1, 79815E
1. 75817E
1lc 7T9815E
1.76821E
lc 7$B23E
1.75825E
1e TSE27TE
L. 7S829E
le 7$821E
1a 7S833E
1. 79835E
1o T9E3TE
1:75835E
1. 79841E
Lo 7584 2E
1. 79844E
1.79846E
1, 7584 8E
1. 76E5QE
1. 7T9EE2E
1 7SEG4E

G2
G2
02
Q2
02
02
02
G2
02
Gz
Q2
Q2
c2
G2
g2
gz
G2
Q2
cz
G2
02
ez
0z
a2
02

FREGQ

B8oGE2E
90 0C3E
9o 04 4E
9. 0E5E
9 12EE
9 168E
9, 210E
90 ZE1E
9o 26G4E
o 32LE
9 3TEE
90 421E
Jo 4€64E
90 SCTE
9.550E
96 5S4E
So637E
Yo 6E81E
G0 TZEE
9. 770E
So 814E
Se BESE
Qe 904E
90 949E
9696 4E

01
ol
ol
ol
¢l
o1
01
01
a1
01
Gl
o1
o1
01
01
01
01
ol
01
0l
01
Ccl
01
01
01

PHA

1o 7¢E56E Q2
1, 79858E 02
1o 7<860E 02
1.7S8€2E 02
lo7€€£3E 02
1, 7¢E€5E 02
loTSEETE 02
1, 7¢870E 02
1, 7CE72E 02
1o 7S8T4E 02
lo 7<E76E 02
lo 7€87BE 02
lo7€8E1E 02
1o 79883E 02
1.,7¢EEEE 02
ls 798390E 02
1o 758%3E Q2
1.75858E 02
10 7SSC3E 02
1, 76510 02
1,76%21E 02
1.79%%41E 02
1o 7€S87E Q2
-1, 7¢686E 02
~30 16724E~01

FREQ

1. 004E
1. 009E
1.013E
1l.018E
1o 022E
1.027E
l.022€F
l.036E
1l.041E
lo046E
1.051E
1. 055E
1.G60E
1. 065E
1,070E
1.075E
l.080E
1.085€E
1.089E
1. 094E
1L.09%E
lo 104E
L. 109E
1115E
1,120E

o2
02
02
02
c2
14
0z
02
02
0z
g2
0z
02
02
a2
02
02
0z
a2
02
a2
02
02
02
Gz

PHA

-1.98429E-C1
~1l:63555E-C1
=1l.48256E-01
-1,38999E~Q1
~1le,32524E-C1
~lo27€23E-C1
-1.23769E~01
~1.20480E-01
-1l 1740TE-01
=1.15117E-Cl
~1612834E-C1
=1l0.10650E-01
—1.08804E-01
=1006949E-01
~1.05274E~Cl
—1.03586E-Gl
-1,02031E-01
-1.00549E~01
~9,90711E-02
-9, 75906E~02
-9, 62T40E-02
=% 49544E-02
~%36335E~C2
-9,233576-02
-9.11362E-02

FREQ

lol25¢
1.130E
1.135E
1. 140F
lo145E
1.151E
1,15¢£E
1.161E
lol6éE
1.172E
1. 177E
1,182E
1,188E
1.193E
1l.199E
1. 204E
1,209E
1. 215E
1lo220E
lo22€EE
1,232E
1o.237E
10243E
1,24%E
la 254E

02
02
02
0z
02
02
o2
0z
0z
Q2
0z
02
02
02
02
02
02
02
02
02
a2
02
0z
02
02

PHA

~8099090E=~02
—-B.B87521E-02
-Bo 7T5768E~02
=8¢ 64330E-02
-8,53314E-02
—B042231E-02
-8031641E-02
-8020624E-02
-8,10410E~02
—80 00000E-02
-7.89902E-02
—To79770E-G2
—ToTQLl24E-02
~To60295E~02
-Te 50936E~C2
-To41185E-02
-70.32120E-02
~Ta23273E-02
=Tol4133E~02
-1, 05210E-02
-6096591E-02
=60 BTTOBE~-02
=60 79095E-02
—~60 TO9E9E-02
-6 62280£-02
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GF-0

PLCT{TY=SE/FR=EG/TC=126/EL=R3)

SENSITIVITY WITH RESPECT TQ R3

THE TRANSFCRM OF THE RESPCNSE IS -—-

FREQ

8, CCOE
Be 03 6E
8. C13E
80 110E
82 L4TE
8o 184E
80 221E
80 258E
Ee 296E
8, 334E
35 372E
8. 410E
80 44 BE
3, 487E
80 525E
8o 564K
8. 6C3E
8o 642E
8, 682E
3 721E
8o T61E
80 8C1E
8o B41E
8. 881E
8,921E

gl
01
1
01
01
c1
cl
01
Ol
01
01
ol
gl
13
01
1)
01
01
cl
0l
01
01
ol
01
ol

EXPe GF S

MAG

2035142E-C1
2034143E-C1
2033217EE~01
2032237E-01
Z031231E-01
20 304€1E-CL
202%628E-01
2028835E~01
20 28C€4E-Cl
202737SE-G1
2026T724E-01
2026L22E~0)
202557%E-01
20 ¢5CSEE-OL
20 2468TE-L1
202435CE-C1
20 240%6E-01
20,23922E-Q1
2023870E-01
2023%15E-01
202406 2E-01
2o 24404E~Cl
2024872E-C1
2025516E~01
20 263€1E-01

NUMER.

45 28554E 01
1,219€EE (2
3.17453E-01
3.41535E-C4
Bo2€87C3E-(T
2:52646E~10
0.0

FREQ

8, GEEE 01
9o CG2E 01
9o 044E Q1
9. CEEZE 01
9012€E 01
9o 1€E8E 01
90 210E 01
9-251E 01
95 294E 01
Sa336E 01
90 378E 01
9o4Z1E 01
Ja4€4E Q1
9. 5(7E 01
S0550E Cl
GabS4E 01
90 €37E 01
90 6€1E 01
9o T25E 01
S0 7T70E Q1
S0 Bl4E 01
€. EESE 01
GoSC4E 01
SoG4%GE 01
S.9SG4E 01

CCEFFSo

DENCMo COEFFSo
3o C5T90E 03
1. £7655E 02
4,E1192E-01

~1o00514E-03
-Zo98241E-C6
-3059256E~Q9
~1oC4976E-11

MAC

2021433E~01
20 28TE67E~01
2o 3C4L4E-0)
26 32351E~01
20 247ESC-CL
2037670E-01
d041128E-01
20 45276E-01
2o 5C2CZE-0L
20B€2T5E-01
20 €35£3E~0L
2o 12458E-01
24 E3410E-01
20C€T7054E-01
30 14285E~01
203€482E-01
3. 65T7C01E-01
40 C5283E-01
40 61521E-01
5o 456¢6E-01
60 £345QE-0L
S644290E-01
1o 6CSCOE Q0
bo48£21E Q0
2056041E 00

FREQ

1o QC4E
1o 009E
1o Ql3E
1. 018E
1. 022E
1,027E
1o 032E
1.036E
1o 041E
loG46E
1,051E
1, 055E
1. 060E
1.065E
1, 070E
1.075E
la080E
1o C85E
1.C89E
1o 0G4E
1o 099E
1s104E
1,109€
1o 115E
1.120E

02
02
[
cz
c2
02
[+F]
02
c2
G2
02
0z
02
02
G2
02
02
a2
cz
G2
g2
o0z
c2
g2
02

MAG

1017984E €O
7031661E—-01
5030090E~-01
421TO5TE-0QL
3.45718E-01
2097246E~01
2062628E-01
22 36961E-01
2017382E-01
20G2105E-01
1.89%47TE-CL
1. 80107E~01
1072021E-C1
lo65285E-01
1,59602E-01
1o 54T748E-01
1. 50558E~C1
1.46901E-01
1.43679E-01
1040812E~01
1. 3823%€E-01
1.35909E~01
1.33783E~01
1.31826€-01
1,30020E-01

FREQ

1. 125E
1,130E
1o 135E
Ltol40E
1o 145E
1.131E
1.156F
lol6lE
1o166E
1.,172E
1:177€E
1.182E
10.188E
1, 193E
1.199E
1, 204E
1o 209E
1a215E
1.220E
1o22€E
1,232E
1,237E
la243E
1.249E
1, 254E

02
02
o2
02
02
0z
0z
o2
oz
s 4
02
02

02
02
02z
02
02
02
02
02
02
02
02
02

MAG

1028336E-01
1,26757E-01
1o 25270E~C1
10 23862E~-01
1,22523E-01
1, 21243E~01
1,20017E-01
1,18837E-01
11 7699E-01
lo 16597E-01
1,15528E-01
1o 14488E-01
la13475€-G1
lo12485E-01
1.11518E-01
1o 10570E-01
1o 09641E-01
1,08729E-01
1, 07832E-01
1. 06949E-01
1s06080E-01
1, 05223E-C1
1. 04379E-01
1s03545E~01
1o 02721E~0C1



GREATEST VALUE =

&6a4E6Z1E 00

LONEST VALUE = (a0

INTERVAL =
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Lv=-D

FREG

8. Q00
8o U3&E
8o CT3E
82 110E
8a 147E
80 LB4E
80 221E
8o 258E
8, 296E
8o 334E
80 37T2E
8o 410E
80 44 8E
8, 487E
Bo 525E
8o 5H4E
8 603E
8o £42E
8o 6B2E
Ba721E
8o 761E
8, 801E
80 841F
8, 881E
80921E

01
0l
a1
01
ol
01
Q1
01
01
01
ol
a1l
01
01
01
ol
Gl
0L
al
01
01
01
01
g1
0l

Pha

-B8o 76558E
~900C115¢E
-9: 2427 5E
=9:49504E
~%o T5E59E
-1o00340E
=10 03221E
~1,06238E
—1.063S7E
-1012710E
—1o16184E
-1019833€
-1023¢&67E
=1 27699E
=1e31942E
-1,26412E
~lo4l128E
~104610Q5E
-1 £1366E
-1, 56%28E
-1 62B20E
=10 6°0&4E
~1lo 75£53E
-1, B8273EE
-190228E

00
o0
00
a0
90
0l
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01
¢l
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0L
0l
0L
01
€1
al
o1
Q1
01
al
01
0L
01

01

FREQ

80 G E2E
90 0C2E
So C4A4E
2. LB5E
9o 128E
90 1£8E
90 21CE
90 251E
90 264E
90 336E
S0 2TEE
9.421€E
Sa 4E4E
90 SCTE
9:550E
SaBS4E
96 €E21E
9 GB1E
9. 12EE
9o 7TTOE
90 814E
So EESE
9o GC4E
FoS4GE
9c 9S4E

Ccl
0l
ol
0k
13}

0l
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a1
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¢l
a1
ol
a1
¢l
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Q1
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a1
0l
0l
01
o1
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PtA

—1.9EZ11E
~20{6726E
-20 15820
~20 25546E
=20 359€1E
=20 47129E
-26BC124E
—-20 1202GE
—20E5G(EE
~3.0CET2E
—-3,17G28E
=30 34477E
-3053334E
-3, 727322E
—-3.¢57¢5E
—4a2 1%652E
—404E41%E
=46 TIAZ14E
—5.03114E
~56 2E1T4E
~5,£65377E
—60 (5613
~60435E4E
-60 ECS13E

1, 071E4E

0l
0l
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0l
01
01
¢l
ol
01
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01
o1
0l
(1
Ot
o1
oL
121
0l
o1
ol
0l
01
G2

FREQ

1. Q04E
1.G09E
1.CL3E
1,018E
1. G22E
1.C27E
1laG32E
1.036E
lo041E
1. 046E
1.051E
1, 055E
1. 0&0E
1o 045E
1.C070E
1.075E
1. 080E
1,085E
1.C89E
1. 094E
1, 0S$9E
1, 104E
1. 109E
1.115E
1.120E

02
0z
a2
02
02
Q2
(174
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02
gz
oz
g2
a2
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02
az
[t
g2
g2
g2
G2
oz
c2
ca
114

PHA

1.03004E
F0 8TQA59E
Se4282SE
9, 009 T2E
Bo58995E
8:18335E
1. T9355E
To42290E
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6015445E
5.86052E
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01
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lal30E
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1,193E
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0z
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g2
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0z
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02
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a2
Q2
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02
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3034525E
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20 63450E
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a1
o1
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o1
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0l
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0L
a1
o1
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ol
al
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ol

01
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6%-0

FARRN A S APk
NETWORK ANALYSIS ANC SYSTEMS 2PPLICATICMA PRCGRAM

THIS VERSIGN WAS DEVELOPED AT UCLA ENGR. [EPTe

TREE NASAP PROBLEM TELEMETER
J1{1-2)=1,0
€J1(1-2)=100MF

$8$% UNITS ARE MF
REL(1-21=2QK

$558 LNITS ARE K
CJZ{2=-3)=2MF

$68% UNITS ARE MF
RJZ(2-3}=1C0
RE3(1-31=220
LEL{4-1)=Co25
CJ3{2-4)=2,0MF

$558 UNITS ARE ¥F
CJ4(3-1)=4THF

$54% LNITS ARE MF
CJE(2-4)=]10MF

$55% UCNITS ARE MF
0J2/7IRJZ2{4=-3)=(o 3

END
ELEMENT NUMBER ELEMENT MNAME CEPENDENCY (IF ANY) GRIGIN NODE TARGET NODE VALUE TAG GENER
1 Ji 1 2 1. 040000000E 00 a 1
2 CJl 1 2 92 99999320E~-05 0 [¢]
3 REL 1 -2 24 00000000E 04 1 g
4 cJ2 2 3 1, 999998 B6E-C6 0 0
5 RJ2 2 3 1. 00000000E 02 o o
-] RE3 1 3 22 20000000E 02 1 0
T LE1 4 1 26 49999881E~01 1 0
8 cJz 2 4 1, 89959886E~-CH 0 0
9 CJ4 3 1 4o £9999650E-C5 0 0
10 CJs 3 4 52999994 29E~06 ¢ 4]
11 bJz IRJ2 4 3 : 20 $99998G3E-01 ¢ 1

2 3 c4 &
3 6 1236 2056
4 ~7 2048 1280



WORSTCASE

ELEMENT NAME TOLERANCE
cJl Go 1000
RE1 Co 1000
cJ2 001000
RJ2 001000
RE3 $. 1000
LE1 0610600
CJ3 0, 1000
CJ4 €. 1000
cJds 001000
D42 001000
FLOWGRAPH
FRCM 0 S VALUE
13 2 1 _ 96$95$9320E-05
3 14 0 2o COOCOOCOE G4
_15 4 1 105995% 886E-06
is 5 0 §,5S9S9TSLE-03
6 - 17 0 20 2GCCOOGOE €2
7 18 1 20499€<881E-C1
19 8 1 _ 155S9%¢8E6E-C6
20 9 1 4o ESGSSEEQE~CS
21 _ 10 1 9, $5959429E-06
5 11 0 2,$955SE$3E-0)
4 30 1,CC0COCCOE 00
14 15 i -1,000COCCOE 0O
5 3 ____ .0 _ 1. 0GGCOCODE 00
14 16 0 ~1,(GCCOCCO0E 00
8 3 0 1.00GCOCOCE 00
1« T 19° T T g -1 GCCCOCOOGE OO0
1 3 o -1,00CC0000E 00
14 12 G -1, 000C0000E 00
2 3 €. _—=1,000C0C00E 00
14 13 0 1, C00C0000E 00
9 6_ 0 1,00GCO000E €0
17 20 0 -1, 00CCOCOCE 00
10 - 0 1.CG0C00C00E 00
17 21 c ~10 COQCOGOOE 00
4 6 0 ~1,000C0CC0E 0D
17 15 0 1. COCGOQCOE 00
5 6 v ~1. COOCOCCOE 00
17 16 0 1o COOCOOCOE 00
i1 6 0 -1,000C00C0E Q0
17 22 0 —1oCO00COGCCOE QO
8 7 0 1. 00CCOCOOE 00
18 ~ 197 g -10 COOGOUGOE 00
10 7 Q 1o 0CGCOO0QOE 00
18 21 0 ~1.000CO000E QO
11 7 o -1 CCOCCO00E QO
18 22 0 -1.CCCCOCCOE 00

C-50



ILEL/TIJ1

NTIMES= 1
THE UNKNOWN TRANSMITTANCE GOES FRGM NODE
24588 6001
1180224 288001
3065304 148004
3098088 156003
786816 192002
2065304 148004
3058C88 156003
2100136 1780003
2260448 576002
2608376 1660003
£70824 1236002 _
2559260 1648002
1034744 1276003
247528 1084001
2313450 1589001
84138 1045000
248C58 1¢85001
198752 1¢72000
45176 12001
245880 £0001
245880 60001
2278618 557002
81560 20000
2211402 565001
540536 132001
£41066 123001
2229312 544001
163520 40001
1567C4 48000

C-51

T 10

=



NO. OF FIRST CROER LOCPS= 2§

TRANSFER FUNLTICA

z
= 1.C00CE Q0S5 4 GaG

Sa BE1E C4 + 4.282E (15 + 0ol

2 3 4
20 G48E CS + loECSE Q85 + 3aFG4E C58 + 3.E5CE 023 + 1.000£ 003

THE FUMCTICN FACTCR = —8.TBCE (3

Co0 CoO 0.0 Col Qall 0.0
004 0.0 0.0 [229¢] o0 [ P%0]
0a Qe 0 G000 Col 0o L 200
GO 0a 0 0o 0e0 00 0.9
00 0s 0 000 ol Qo 000
2, C3E60E 02 1004354E €1 Zo76Z(TE-02 Io662TIE-G5  H5291544E-08 00
Cal 0.0 0.0 Cod GeC 0.0
Cal 0.0 0.0 Ga0 Gal Co0
Col Ga0 D0 0.0 0aC Qa0
00 0.0 Ca0 0.0 Q.0 0.0
0.0 0,0 0,0 Col 0.0 [119¢]
G0 0a 0 0o 0 €0 0aC 0.0
Gal 0.0 Ce0 Cad 0.0 0a0
0 Q 0.9 Col L0 CoC 0.0
0 ¢ 00 00 o 0.0 0.0
0,0 G 0COGOE O1 2o595°EE-02 =£,CTL°SE~C4 GCol 0.0
e o o0 a 0ol 0.0
(1] 0.0 G0 LaG 0e0 0.0
00 a0 9.0 Cal 0a0 0.0
0.0 [+ PY:] 8.0 Ga0 0,0 0.0
0c0 0,0

52

Ca @
Oel
Ca0
O0a
00
0o
0.0
00
020
9.0
9.0
040
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Qe

GO
@0
0.0
Oe0
0.0
Ca 0
0.0
Te0
OG-0

0a0
9.0
0.0
0.0
0.0
0.0
a0
0.0
0.0
20

Ce
G0
040
0.0
0.0
Qa0
LELY]
00
0.0
0.0
Q.0
0.0
0.0
0.0
0.0
G0
0.0
Qa0
0q0
0.0

0.0
0.0
0.0
0.0
040
0.0
0.0
0.0
0.0
00
0.0
0.0
00
[P ]
00
0.0
0.0
0,0
0.0
Oe0



£6-O

SENSITIVITY TC CJl

2 2 4 5 2]
Co € - lol4lE 135 -~ ﬁnEBCé 10S + 6094TE 0TS + 2,766E 055 + 2.541E 02S + 1.000E 0GOS
2 3 4 5 [}
- 20913E 14 ~ leE04E 138 =~ 45298E 108 + SoSB75E O7S + Zo841E 058 + 3,422E G2S + 1,000 00¢
THE FUMCTIGON FACTCR = Se€T1E-C1
00 0a0 0o @ Co0 Co0 0a 0 060 0.0
0e0 . G0 0o 0 GCo0 Qa0 U0 [Py 0.0
0.0 0o 0 Co 0 Qo0 0a0 000 0a0 Qa0
0c0 0o 0 GoQ Coll 0.0 0a Q0 0a0 0o 0
000 G0 0a0 0.0 [Py 0.0 0.0 <P
1522216 04 60o31421E 02 1oEC4T77E 00 —4,02C57E=03 =1015296E=05 =1o4370LE-08 ~4019904E-11 0.0
00 0.0 0s0 Ga0 Qo0 Qa O Os0 0o 0
Cc O [¢PR1] 0,0 Cal Gal 0o 0 000 O0a
Qs € 0a0 000 Col JasC 0.0 020 0o ¢
0.0 0.0 000 Go0 0.G 0.0 000 Qo0
0,0 Co 0 0.0 Col CaC 0,0 0.0 0.0
Co 0 0.0 000 Cal 0e.¢C Qo @ Qo0 000
Qa0 000 000 Ca0 0.0 00 Go 0 000
s C 0a 0 0c0 Cal 0o0 0.0 0.0 God
0o 0 0.0 0o 0 Col 0s0 00 000 0o C
[P 0.0 4o63198E 02 1o75831E 00 -2.82103E-03 -1512337E~C5 ~1e03200E-08 —4006092E-11
CoC 0.0 0.0 Col 0.0 000 000 0.0
0, G 0.0 a0 Caol 000 Ca 0 0s0 Os 0
Go0 000 0.0 Col 000 00 0o @ 0,0
e 0 0c0 00 Cae0 0.0 0.0 Q.0 Qa0
020 0e0

Qa0
0,0
000
0.0
Cs0
050
Qe
QaC
Col
Co
0.0
0ol
000
0.0
0oC
000
0.0
0ol
Co0
Ce0

009
0o G
0.0
0a 0
a0
050
0.0
060
0a 0
Qe0
OQB
0.0
0s0
0.0
0o O
0o 0
0a0
000
0.0
0.0



76-0

SERSITIVITY TO RED

2 3
1. 154E 08 4+ 35882E 058 + 20S69E 025 + 1.0C0E 00f + 0,0

2 3 4
2,648E 0S + 1o50GE €8S + 3,554E 055 + 3,E50F 02§ + 1,0Q0E 00S

THE FUMTICN FACTOR = -4aE836E-C1
0o 0 T 0.0 0.0 ) 020" 020 000 0o 0 000 0a 0
0,0 _____ 0.0 0.0 _ T + LY 0.0 B0 Qo0 0 O 0.0 O G
O;G 0e O 0,0 [+PY3] Ga0 0.0 0a0 D00 0c0 0.0
Qs 0 0.0 _ 0.0 w Qo0 _ . . G0 — _ 000 000 000 00 Da0
(11 91] Go O Go 0 Go GaQ Go O Qo0 Go G Go0 Ge 0
2003860E 02 _ 1e04354E 01 _20T6Z07E-02 £Eo66273E~05 609]1544E-08 0ol . Qo0 0e G 00 G0
Ba O 0.0 0.0 Ga0 0.0 000 G0 Ge0 0.0 Qa0
CaO__ ... 00 __ 0.0 _ _ 0.0 0.0 _ . 000 __ 0s0 0a C 00 Go 0
0o 0 00 Ga0 G CeQ 000 Go0Q 020 0e0 Qo0
_Ooo — _________050 _0__9_0 - Ggﬁ_____ - _OUC_'___ 000 — 0.0 - 0o 0 0.0 090
(1P 0.0 Q.0 Cal 00 00 [¢P14] [«PY 0.0 00
0,0 . - ___-900__ - - ___Qoﬂ____ G0 e — Qa0 0.0 _go_g__ .- — 0.0 __000 N . 0.0
040 00 Qa0 0.0 0.0 0.0 0e0 000 0s0 0e 0
_ 060 _ __ Qe0_______ Qs 0 _LGo0 — B0 _ 0s 0 Qal . . _.0a0 R LY __ _Ges0
0.0 0.0 000 0,0 0s0 (o Q Oe0 0.0 Go0 Ol
0,0_ . ~3:8600CE_00 -lo25E00FE~02 —52925°8E-056 ~3034399E~08 0ol G0 _ _ 0,0 _ . . 0.0 ___ 0a0
0.0 0.0 000 0.0 0.0 000 0.0 0.0 060 0a0
Qa0 _ . 0.0 _ Oa0 0.0 0.0 00 _____ Ol __ _____ _0e0 o 0.0 060
8s 0 0.0 Ge 0 0.0 0.0 0.0 0e0 0o 0 0.0 00 0
0a O .. 0.0 0.0 Gel. . 0.0 ____ _ 00 ___ ._0s0 __ . 00 _ _ __ 0e0___ . _ 0.0

0.0 0.0



g6-D

SENSITIVITY TG CJ2

2 2 4 5 &
Co0 + 4o9C5E 115 + 20154F 105 + 2.2606E 088 + 4,656E 055 + 5,740E 025 + 1l0.0CQ0E 005
2 3 4 5 &
- 2,8513E 14 = 1lo804LC 138 - 4,2S8E 1CS 4+ 9o575E CTS + 2.841E 055 + 3,422E 025 + 1.0Q0E 00S
THE FUNCTIEN FACTLCR = ~10178E-(C1
0a 0 000 0s 0 0s0 000 G 0 0.0 Ga 0
000 Qo C 0a0Q God Qo0 0.0 Qa0 [P R0]
0.0 000 Ga 0 0.0 000 0o 0O 020 0.0
000 000 0s0 Cod 0.0 020 000 00
0,0 0.0 0a 0 Co0 0.0 00 000 0o 0
1o 2221 6E 04 6631421E 02 1oB80477E 00 =4,02057E-03 =1,152G6E-05 -1o43701E-08 =4019904k=1]1 0.0
0.0 0.0 Co O Cad Co 0 0o 0 000 000
090 000 000 Gcc UoG Ouc 000 000
00 0O Co O 00 000 000 (e e} [ Py Qo 0
0o 0 0.0 0,0 Lol Co 0o 0 0.0 0o 0
o0 0.0 0,0 00 000 0o 0 0:0 000
0o G 0o 0 00 Ga0 0.0 0o C 0.0 Co 0
1791} 0,0 0.0 Gol Qe C 0.0 0.0 0.0
Ga G 0.0 0a0 000 0.0 0s0 0.0 0s 0
0c 0 0.0 00 0s0 020 Qa0 0.0 0o 0
0.0 060 2o H52E62TE 00 1o086530E-01 1.12107E=03 2.320314E-06 2.,83914E-09 4,94632E-12
0.0 0o 0 0,0 0.0 0.0 Qa0 0c0 0,0
Co 0 0.0 0 @ Go0 47%4] 0.0 0.0 00
00 0:0 0} Coll 0a0 0o 0 0.0 000
0a O LIPR 0s0Q 0a0 0.0 Qa0 0.0 0o
0 C ¢ PR

0.0
000
000
o0
0.0
0o0
000
G0
0.0
060
Q0.0
000
0e0
Qo0
0.0
GoO
0.0
Go0
000
Go0

0a O
0@
0s 8
0s 0
000
0o 0
00 C
0.0
Qo0
0o 0
000
0.0
0.0
000
0s 0
000
0.0
0. G
0a0
Ja 0



96-D

SENSITIVITY TO RJ2

Z 3 4 5
3 S43E 09 + ToBSBE 085 + lo2(7E 08S + 40279%E 055 + 3.403E 025 + 1o,000E 005 + 0.0

2 3 4 5 6
- 25 S13E 14 ~ 1o504E 138 - 4oZ98E 10S + SoS5T75E 07S + Z2.84)E 055 + 3.422E 025 + 1.000E 005
THE FUNCTICN FACTOR = 4.032E (2
00 0o 0 000 ol 0.0 0c0 Q060 00 0.0 0.0
Co 0 0.0 060 0.0 0s0 0.0 30 000 0.0 000
0a 0.0 0.0 0c0 0.0 0s0 0s0 0.0 0.0 0o 0
0s0 Us O 0s0 a0 Qa0 0o 0 Jo 0 Qs 0 0,0 0.0
0s0 00 0.0 0o 0 0.0 0.0 0:0 0.0 0.0 0.0
1o 22216E 04 6531421E 02 1o8047TTE 00 —4o02057E—03 ~1,16296E~05 =1s43T0IE~0B =4,19904F-11 050 000 0o Q
0.0 0.0 Qo0 0,0 [$PY1] 0.0 0.0 [+PY} 0:0 000
G 0 0o C 000 0.0 Q.0 0s0 Q=0 0.0 o0 Qa0
Da0 [sPA] 0o 0 0a0 0a0 Qa0 0o0 0a 0 0.0 O 0
0s 0 0.0 0.0 Ba0 0.0 0.0 0.0 00 0.0 0.0
0.0 0.0 0.0 J.0 0.0 0.0 Go0 000 0.0 0s0
0o 0 0s0 0.0 a0 Co0 00 0a0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Dad Qo0
0s 0 0uc @ 0.0 Cs0 0.0 0.0 0.0 0.0 0.0 Qs 0
Qe 0 0.0 000 0o 0.0 00 G0 G0 0.0 0a0
00 -60 COO00E Ol -1o33759E B2 —Z0214C3E 00 -7024708E~03 —5,14366E-06 -1le65352F~08 0.0 0.0 0.0
0.0 00 00 Ca@ 0.0 0.0 0.0 0.0 0.0 0.0
0.0 000 000 Co0 0.0 G O 0.0 Co0 0e0 0.0
0.0 Us 0 000 (a0 0.0 0.0 000 0.0 00 Co 0
0c O Ds0 0.0 o0 Cal 0.0 0.0 000 0.0 0o O

020 Ca0



LG-D

SENSITIVITY TGO RE3

1, 658E 11

- 265132E 14

THE FURCTICN FACTCR =

0o 0
Ce 0
000
BQG
Qa0
1., 22216E 04
06 G
0o 0
[+
0,0
Qo0
000
000
000
0,0
0, C
0.0
000
0,0
0s0
0.0

+

2 3 % 5
4o828E 115 + 1o257E 098 + 1o352E 065 + 3,272E 035 + 1.000E 005 + 0,00
2 3 4 5
1o504E 138 - 4oE98E 108 1 9o575E 07S + ZoB41lE 055 + 3.422E 02§ + 1o.0Q00GE 00S
~204CTE G1

0o C Q000 0o0 0o 0 0.0 0.0 000
0.0 0o 0 Go0 0.0 0.0 0,0 0.0
Qs C o0 000 000 0.0 0.0 0o 0
(PR 00 o0 Cs0 0.0 0.0 0.0
Go 0 0.0 Col 0ol 0.0 0.0 00
6031421E U2 1.8047TE 00 —-4002057E-03 -101%5256E-05 —-1.43701E-08 -4019904E~11 0,0
Qo0 Ga O CoQ 000 0.0 0.0 0.0
0e0 0o 0 o0 Cal 000 0.0 000
0ol 000 Q000 Ja0 e 0 0.0 0.0
0.0 0.0 Ga0 0.0 0.9 0.0 Gu 0
0s0 000 Col 0.0 0.0 0.0 0.0
Oe 0 0a0 0.0 GoC 0.0 0.0 Qo
Q0o 0 0,0 Col 000 00 0.0 0.0
0.0 000 Gs0 Qo Qo0 e Q G 0
Qa0 0o0 0a0 000 Qa0 0.0 0.0
1o TLE02E 02 4o87541E 02 1026S€1E 00 1036613E-03 3.30681E~06 1.,01059€~09 0,0
0.0 000 o0 0.0 0.0 0.0 000
Ca0 0.0 Co0 0oC 0.0 0o 0 0.0
0.0 0.0 Col 0o C 0.0 0.0 0.0
0. 0 0.0 CaC 0.0 0.0 0a0 0.0

o0

0.0
Q0.0
00
00
a0
0.0
Qa0
OQO
000
0a0
000
0.0
0,0
Qa0
000
Qo0
000
o0
0.0
000

0.0
0s 0
0.0
0.0
050
0.0
0.0
QoG
000
0.0
0.0
0.0
00
0.0
0s0
0s0
0.0
0.0
0.0
00



86-D

SENSITIVITY TG tEL

2 3 4 s
0s 0 + 0ol ~ G5 l44E (G8S - 3.844E 075 -~ 1la060F 058 + 3,422E 025 + 1.000F 0QGS
H 3 4 5

- 2:913E 14 = 1o504E 138 = 40ZG80E 10S + 9.575E 075 + 20841E (055 + 3,422E 025 + 1l-000& 00S

THE FUNCTICN FACTOR = 1,000E CO
0.0 0.0 0.0 Ca G0 0o 0 0.0 0a0
0o 0 G 0 3,0 0o0 0.0 0e0 Co0 CoO
0.0 0o O 0o 0 [FYe) 00 0.0 0.0 000
0.0 0.0 000 Cod ol 0.0 0.0 0.0
0.0 0o 0 0.0 Qo0 0.0 0.0 Co0 0o 0
lo 22216E 04 6031421E 02 1o8C477E 00 —4002057F-03 -1,16296E-05 -1,43701E-08 ~4,19904E-11 0,0
Q.0 00 0c0 Co0 ol 0.0 e 0 000
0c 0 4794} 0.0 0.0 0.C O O 0a0 000
0cC 0.0 0.0 d.0 0.0 0.0 0.0 0.0
0c0 0.0 000 Co0 Q0.0 Qa0 00 0.0
0.0 0.0 0.0 Co0 0oC Qe 0 00,0 0.0
CaC 0.0 0.0 Cal 000 Qs 0 060 0s 0
00 0e 0 020 GoO 00 Go O 0a0 000
0a Q 000 000 0.0 060 G 0 0,0 000
00 0.0 0s0 8o 0 0.0 0c0 0.0 00
Go G 000 0.0 3,83959E-02 10€1428E-03 4045302E-06 —~1o43701E-08 —40 19504E-11
Co 0 0s0 00 a0 0.0 0a O 0.0 0.0
000 000 000 CoG 0c0 000 0.0 0c0
0o 0 0.0 0.0 0,0 0.0 0o 0 0aC 000
Go 0 0.0 0a 0 Cao0 0.0 00 0.0 00

000 000

000
0a0
Q.0
000
00
0.0
000
Lo
0.0
Do0
o0
0.0
000
0.0
0.0
o0
a0
0.0
DOO
0.0

0.0
0.0
000
0,0
0o 0
0s @
0o 0
GaQ
0.0
00
Q.0
00
0.0
0o Q
47500
0c0
0c 0
Ga 0
0.0
Qo O



6S-0

SENSITIVITY TO €43

z 3 4 5 6
0 0 + 1o4S4E 125 + 60454E 105 + 3.640E 085 + 6o %85E 055 + To934E 025 + 1.000E 00S
i E 4 5 &
- 2,913 14 - 1o,5C4F 1385 = 452C€BL 108 4+ So575E O7S + 2.B41E 058 + 3,422E 025 + 1.0CQCE 00S
THE FUNCTICN FACTCR = -£o4S4E-C1
0o O 0,0 000 Cal 0.0 0o 0 0.0 0o 0
0.0 Q.0 Co O CoC 0.0 000 000 00
00 0.0 Os0 Go O 0.0 0o 0 00 Go O
0 O Q00 Qa0 Ga0 000 0o 0 0o Q 0.0
0,0 0.0 0s0 QoG 00 6o 0 0.0 0.0
1o 22316E 04 6031421E 02 L1o8B047TE 00 —4.02057E~03 -1o16296E-05 =1o4370LE-08 =4019904E-11 (o0
000 00 0.0 Qo0 Qa0 000 0.0 0o 0
0o G [+ P) 0o 0 0.0 Col 0o 0 000 GCo0
0o O 000 000 0:0 0.0 [ 0.0 0,0
0,0 O C Qa0 da0 000 0a 0 0e0 0.0
0.0 0.0 0c0 0.0 Qo0 0o 0 0a0 0.0
0a 0 0o 0s0 0.0 0.0 0.0 Qo0 0.0
0o 0 000 Co 0 000 0.0 000 0.0 00
Go O 0.0 0,0 Go 0 Qs G 0.0 0.0 000
Go G 0.0 0.0 Co0 0.0 0.0 0.0 0o O
0o 0 0c0 40 CT40CE Q01 1oTHBCGL4E 00 $5G2565E-02 1o90483E-05 20,16353E-08 20,72701E-11
[ 0:0 0.0 Col 0o 0o O 00 0.0
0.0 Ga 000 Co0 0e0 Qs 0 060 0.0
Go O 000 Go 0 Jo0 000 G0 [#7°%4] Qa0
Qa0 0e0 050 [P} 0o 0 0:0 0e0 0.0
0o & 00

0.0
G0
0.0
0ol
0.0
0.0
GoC
0.0
0.0
0.0
Qo0
0.0
0.0
Qo0
0.0
Qo0
Qe
Ca0
000
060

Qo0
0.0
Gs0
000
Gs O
060
0a0
s 0
0,0
00
0a 0
Go0
00
0o 0
Dao
0.0
Qo
0.0
Go O
0.0



09-D

SENSITIVITY TC CJ4

00 ¢

- 20%13E 14

THE FUMCTICN FACTOR

Co 0
0.0
000
0.0
Cs0
1o 22321 6E 04
[¢ P4
000
00 Q
0.0
a0
Ce
0s0
Ga 0
0o 0
Ce O
s C
Qe G
[+ R
0.0
0o Q

+ 10658E 1158

+ 40,828E 115

2

ki

+ 1la257€ 098 + 1.352E 0685

= 1s504E 135§

= Z0o489E-~(1
0.0 0o 0 CoO 0.0 0.0 0a0 G0
000 0.0 Ge 0 000 00 O 0,0 0.0
Qe 0 0s0 060 JaC 0.0 0aQ 0.0
0.0 0a 0 G0 0.0 0.0 0.0 0.0
0.0 000 0.0 0o C 0o 0 00 0.0
6o31421E 02 1o8C477E 00 ~4,02C57TE-03 ~1619296E-05 —1o43701E—-08 ~4,19904E-11 0.0
0.0 0o 0 Cal 0.0 0.0 00 0e0
0,0 Col 000 Gal Co 0 G0 0.0
0o Q 000 000 0o0 0s0 Qe 0 0a0
0g0 00 0.0 0.0 Go 0 000 000
0.0 0c0 God CoC Co 0 0.0 0:9
0e0 Cod 0.0 0.0 00 00 0a 0
000 Qa0 Cs0 000 0.0 0.0 0s0
060 000 Go0 Go0 00 00 Qe O
0.0 0c0 0a0 0e0 0.0 Cs0 Ge0
0.0 =10 77417E 00 —-%c04530F 00 —102129BE-02 ~1.41258E-08 ~3c41923E~08 ~1c04494E-11
0.0 Qa0 Col 0.0 0.0 Jo0 0c0
0.0 Ca0 Ca0 0oC 0a 0 0e0 0a 0
0o Q Qo0 Ca 0 000 0o 0 0a0 000
GoQ 0.0 0.0 000 0.0 000 0s 0

Qs 0

- 40 2<8E 10% +

4

+ 3.272E 03§

5
+ 1o 000E 005

4

9.575E C7S + 2,841E 05§

+ 30422EF 02§

5
+ 10,000E 00§

Qa0
000
00
0.0
Qo0
0.0
0.0
000
Go0
000
0.0
0,0
0.0
0.0
0.0
000
0.0
Cal
0.0
00



19-2

SENSITIVITY TO CJS

0-0

- 5.021E 1235

= ZoS513E 14

THE FUMCTICN FACTOR =

0.0
0,0
Ja0
0.0
0.0
1. 22316E 04
0.0
Q0,6
0.0
000
0.0
[sPN 4]
0.0
0s G
0.0
0:0
0. 0
0°0
0.0
0.0
0.0

=~ 1o504E 135

000
CoG
0.0
000
00
6031421F 02
0.0
0.0
0.0
Co @
0.0
000
000
0z 0
Qs 0
000
00
0.0
0.0
000
000

= 2o 136E 115

- 4,2S8E 10¢S

50513E~Cl

0.0

Do 0

0.0

0.0

Do0

1. 8C477E 00 -
0.0

0s0

Ca0

00

0.0

0.0

040

0.0

0.0
lo16230E 02
Go 0

000

0.0

00

é 3 4 5

- 6oE3SE C8S - To576E 055 = 1.021E 035 + 1.000E 008§
2 3 4 5

+ Go575E 075 + 2,841E 055 + 30422F 025 + 1.0C0F 003
Ca0 Us0 0 0 000 0s0
Ca0 0.0 0.0 Gs0 0.0
000 0.0 0.0 0.0 0.0
000 Qo0 020 0.0 G0
Co0 Q00 0.0 Go O 0.0
400208TE-C3 =1:152946E-05 ~1o43T0LE~08 ~4,19904E-11 0.0
Go0 0.0 00 0o 0 0.0
Co0 0.0 0.0 0a0 0e0
0.0 0.0 0.0 0,0 0. ¢
000 0ol 0s0 Go® G0
0s0 000 Q00 0s0 0.0
Co0 0e0 00 0e0 0.0
0.0 0oC 0o O 0.0 0.0
0.0 0.C a0 000 0.0
Co0 0.0 0. C Q.0 0.0
40943<TE 00 1,51372E-02 1o75266E-05 2,36339£-08 ~2031482E~11
Cal 0a0 0e0 Qa0 020
Co0 0.0 0.0 Ce0 0.0
Ge0 0.0 Qo0 Qa0 0.0
Ca0 0.0 0c 0 060 Qo0

6

00
0.0
0.0
0.0
J.0
0.0
0.0
o0
0.0
0.0
Oﬂo
0.0
0.0
0.0
0.0
0,0
0.0
000
0.0
0.0

Qs 0
0.0
0a 0
00
Qo0
0.0
0.0
0o @
0.0
000
0o 0
Q.0
Qa0
0s 0
000
0.0
0s 0
0.0
0.0
Q.0



g9-2

SENSITIVITY TO CJ2

2 3 4 5
20G26F 11 + 1o59%E 10S + 1o E77E C8S + 4.5C3E 058 4+ 4o790E 02S + 1.000E 005 + 0.0

2 3 4 5 &
- 2:513E 14 - 1o5C4E 135S - 4oZS8E 10S 4 GoS575E 075 + 20841E 058 + 3.422E 028 + 1.C0C0E 00§
THE FUNCTION FACTCR = 9.923E 02
Ca 0 Go0 0.0 Go0 0,0 0.0 00 0o 0 0,0 0.0
000 0.0 Go 0 Co0 Go0 [179] 060 Qs 0 0q0 0.0
[L PR 0s 0O Qo0 Col 0.0 Co 0 0c0 0.0 040 00
0, 0 0c (O Qs 0 Co0 000 0.0 0.0 0o 0 0o 0 0a G
0o O 00 0.0 Co O 0.0 0.0 0.0 0c0 0.0 Qo O
1a22316E 04 6031421E 02 1.80477TE 00 —=4.02057E~03 -10152G56E-05 —-1c437T01E-08 —-4.19904E-11 00 Qa0 (eI ]
0.0 000 Go O Co0 0.0 0.0 0a0 0.0 0.0 Ca 0
0a C Qa0 Qe O 0.0 Qo0 De 0 0.0 0 0 000 (s 19
Qe 0 Gs 0 0s0 /PR 000 00 0.0 00 Co0 0.0
0e O 0.0 0.0 Cal 0.0 0.0 0,0 0o 0 000 0.0
0o O [IPE Y Qo0 Co0 0.0 000 0a0 00 00 0.0
0o O 0o C 00 Q.0 0.0 0.0 0.0 00 0.0 Go ©
Qa0 0.0 00 Go G 0e0 0.0 0a0 0.0 00 Do D
0u 0 000 0,0 Col 0.0 0.0 0o 0o 0 Q.0 0e0
0s 0 G O 0.0 Col Q.0 0.0 000 PN 4] Q.0 000
0o 0 ~1521920F 04 —6,66412E 02 ~To8L94CE 00 =1o67628E-02 —1,59550E-05 —40,16667TE-08 0,0 0.0 0 0
4P 1] Ge0 0.0 GaC 00 0o @ 0.0 000 000 00
0.0 0o 0 Go O o0 G0 0o 0 050 0.0 000 0.0
00 Co O 0:0 Qa0 0.0 0.0 000 0.0 000 00
Qa0 0.0 000 0.0 Q000 0a0 0.0 Go 0 [tPY0) 0.0

0 0 Ga 0



£9-DO

SQUARE OF WORST CASE TOLERANCE

2 3 4 5 -] i
3.Q82E 28 + 34406E Z7S + 20323E 265 + 30244E 2485 + 3,197TE 225 + 14376E 205 + 3.456E 178 + Ta276E 148
8 9 1¢ 11 12
+ 1-070E 125 + 9,990E 085 + 1,166E 068 4 5,655E 025 + 1,000E 00S e
e 2 3 4 5 [} e K e
8. 4€E8E 28 t BoTE1E 275 + 20512E 265 + 14237TE 245 [~ 1o0198E 215 = 1o6STE 195 = 2.813E 165 = 5,087E 125
] 9 0 12
+ 60029E 105 + 3. 860E C8E + 6oES3E (055 + 6eE£44E 028 + 1.,000E 00S
HE FUNCTICN FACTOR = 20137E-Q2 .
0.0 0o 0 00 0a0 0.0 0.0 0s0 0.0 00 0.0
G0 0o 0 0.0 0,0 0.0 0,0 00 000, 0.0 0o 8
0.0 0.0 0e0 J.0 0.0 Ga 0 1Y) 040 Go0 0,0
.00 . _ . Ge0 0s0 Q00 Ds0 Q.0 [« P+ 0aQ Dol Qe .
0.0 Qa0 0aD 0.0 Qe 0 0e0 Qa0 0a0 0a0 0.0
_ 1o4S612E 08 1054466E 07 _4042843E_05 _2,18C78E €63 —~2.11196E 00 =2 99292_5-02 4 60699E~D5 «By968TSE-09 . _ 1,06302E—=10_ 6.80511F=13
lo 20836E-15 1o20681E-18 1.7622CE~-21 (.0 Qe 0 0.0 Ce 0 e 000 Oa 0
o 0e0 o B0 . 00 .. £a0 0ol e 0s0 Qe 0 0q0 0e0 0a0
0.0 0e 0,0 0a0 0.0 00 [P o) Qa0 000 0.0
. 0.0 . 0o _ _0e0_ __ . _ . 0c0 0o 0 00 _ 0s0 Qa0 O0e0_ 0a 0 -
00 00 0.0 0.0 0e0 0.0 000 0,0 0.0 0.0
0.0 Co O 0e0 8.0 0aQ___ 00 000 QO ___ 050 . __ . 0s0 -
Qa0 Qo O Qa0 Qo0 Ca0 0sQ Je0 [+ PR [+F31) Ge 0
. 0e0 e 000 I ¢ 'Y . GeQ 00 __ __ . 0a0 0e0,______ _ Gl __ .. .. _0s0 0.0
0o 0 Co 0 Qa0 0.0 0.0 0s0 0.0 0.0 0o 0 Ge 0
_.00__ 1. 48731E €6 __1ob64337TE 05 1012118E 04 Loa56522E 02 1054292E 00 6004206E-03 1066755E-G5 _3.51099E~08 5,16418E-11
Go B2084E~14 5,62418E=1T7 2,E87348E~20 4, B2545E=23 0.0 0.0 0.0 0.0 0.0 0-0
_.0.0 Co0_ . _Ga0 o 0a0_ Ga0 . 0e0 0.0 _ . ... Qo0 __ 00 R .00 _
00 000 0a0 Ga 0 0a0Q 000 Oel [+ P14 0.0 OO
_.0e0 00 _0e0 . __ . 0,0 _ _0s0 _ _ . 0=0_ Je0 00_____ . 00 .00 —
0.0 CoQ


http:coo0o.00

¥9-0

PLOT{TY=FR/FR=80/T0=126)

THE TRANSFGRM OF THE RESPONSE IS --—

FREQ

Bo 0QQE
80 036E
80 0T3E
86 110E
80 147TE
80 184E
8o 221E
80 258E
80 296E
85 334E
Bo3T72E
8. 410E
E:448E
8o 487TE
80 525E
8o 564E
80o603E
80 €42E
Bo 682K
8o 721E
BaTH1E
80 801E
8o B41E
8. 8B81E
8,921E

Qa1
01
01
01
a1
131
a1
01
01
0l
01
0l
0l
01
a1
01
01
ol
Ql
al
01
01
ol
01
01

EXPo OF §

MAG

T011CC5E~C2
T4 2226 EE-02
To 34032E-02
To 4€240E-02
T089224E-0G2
T 72722E-02
To 86EB2E-02
80 0LT4TE-G2
Be 17375€-02
8, 33818E-02
8aE1145E-C2
8069422E-02
8, E873CE-Q2
9.09156E-(2
Qo 3QTS4E-C2
9, 53760E-02
S T8175E-02
1o 00417E-01
1,03192E-01
1o 06L58E-G1
1.09337F-€C1
lo12751E~01
lo16428E-01
1o 203%SE-01
10 247COE-01

NUMERo

—-60,000CCE 01
~2o596S6E~02
6o0TL59E-04
0.0
0.0

CBEFFS,.

DENCMo COEFFSe

2003860E 02
1204354 01
20 762CT7E-02
2066273E~05
6051544E~08

FREQ

8a9¢€ZE
9., 003E
9o 044E
9. C8EE
9alZéE
9.168E
S 210E
90 2E1E
90 294E
90 326E
90 3718E
9. 421E
S0 4€4E
90 5CTE
90 550F
9o SS4E
90 €37E
96 £B1E
9o TEZEE
9o TTOE
S 814E
S0 EBSE
9o 9CA4E
Sa S49E
9. 9S4E

01
01
¢l
01
Gl
01
ol
g1
o1
0l
01
ol
01
0l
Q1
01
ol
¢l
o1
01
01
o1
01
01
¢l

MAG

16 25373E~01
Lo 34465£~01
1o40C44E-0L
1o 4€176E-01
1o £2S45E~0)
1o €G456E~01
1o 6EE40E-01
1o 76256601
Lo 889C6E-01
20 G1C48E-OL
20 15022E-01
2,31270€-01
20 5C3$2E-01
2, 73230€-01
3o CLHBOE-01
30 35411E-01
30,75254E-CL
4o 36596E~0L
50 1E454E~01
60327326-01
8019125E6-01
1a 1£621E 00
2003SS5E 00
80 3S652E 00
30GCTE2E 00

FREQ

1. 00C4E
1o009¢E
1.0L13E
l.018¢E
1o 022€
1.027E
1-032E
1 036E
1,041E
lo046E
1o 051E
1,055E
1o 040QE
1o G65E
1o G70E
1. 075E
1,080E
1. 085E
1,C89E
1. 094E
1. 099E
1o 104E
1.109¢
1.115E
l.120E

02
02
02
a2
02
02
0z
gz
04
oz
G2
Qe
0z
02
(1
c2
173
oz
cz2
o2
02
c2
o2
02
02

MAG

1. 57508E 00
9082515E-01
T011886E-C1
5056501E-01
4056486E-01
3086130E-01
3034116601
2094081E-0Q1
2062323E-G1
2036522E~01
2015142E~01
Lo 57140E-01
1. 81775E~01
1,68507E-0L
lo58%37E~-01
1lo46755E=01
le 37729E-C1
1o 25ET3E-0)
1o 22439E-C1
1015907E=-01
1,08981iE~01
1. C45B0E~0Q)
9.5€3T6E-C2
90 50984E-02
9s CS138E-02

FREQ

lol25E
1.130E
1.135E
1. 140E
1o L45E
la151E
1,15¢E
1.1561E
Lo I66E
1.172E
1.177E
1.1 82E
1.188E
le192E
1:196E
1. 204E
1o 205E
12 215E
1.220E
1o 226E
1.23ZE
1o 23T7E
Lo243E
1.249E
1,254E

02
02
02
G2
a2
02
02
02
e
0z
02
2
02
0z
a2
02
02
02
0z
02
02
G2
02
o2
a2

MAG

8o T0464E-02
85 34607E~02
8,01263E-02
1. T0152E~0C2
To41163E-02
T 13983E-02
6o 88488E~Q2
6064518E-02
6041952E-G2
6o 20662E-02
60 00553E-02
50,81523E-02
S0 634G3E~02
50 46385E-02
5o 30134E~02
50 146T0E-G2
40 99946E~-02
40 B5912E-02
4o T2514E-02
40 59T17E~02
404 T480E~02
4o B576&E-02
40 24546E-02
4o 13787E-G2
4o03461E~02



8+ 000E

8.272€

BeW1E

G2 168BE

N
9e 594E

1 004E

Lle05LE

1.0598

14151

1a204E

GREAIEST VALUE = E.39652E Q0 LOHEST VALUE = 0.0 TATERVAL =  T430132E-02

OlesncXests tadosdd s saGOtaiIscEsacatttatosss TANASRSEES SASASSASRAIRRAPECENRNIONIANS SI0OEEPE0N & S0NRRaRbostairddibasens Sans

o
I

csslen »e

-]
-
Ly e e R P
v
"

L
1
I
1
i
I
1
I
I
I
1

ok 1
I
1
1
1
i
I
1
1
1
I
1

I

I
I
I
I

o
=1
-
.

v

E R

o
=

e

X

o
N
.
.
.
.
.
=

I
1

1

I

1

i

H

1

x i
I

1

1

i

i

1

1

-
k]
R R R R R R R R R N N I T A AR S S B Y
£

1
H
.
.
%
.

.
.
X .sa
..

a
N

=)
N
[ L L T e L L L L L L e L L ]
.

scelee .

1
i
1
I
1
1
1
I
I
I
I
1
1
1
I
I
t
I
1
1
1
I
1
1
{
I
I
I
1
I
I
I
1
1
1
1
1
1
1
1
1
I
1
I
I
1
1
I
I
1
1
I
E
.

B T T T T T T T Ty Y P T T T YT YY)

C-65



99-O

FREG

8o 000F
8o 036E
8o 073E
80 1108
Bo 147TE
8o 184E
80 221K
80 258E
£o 2G6E
8. 334E
8, 312E
8o 410E
Bo 448E
8o 487E
8o 525E
8o S64E
80 6 C32E
8o £42E
8o GB8Z2E
8o 721E
80 T6LE
80 8C1E
8. B41E
Bo BBLE
80, 921E

01
0l
0l
al
01
0L
01
01
Gl
01
0l
01
[15]
01
01
01
o1
0l
el
01
01
ol
gl
01
a1

PEA

40 18002E
40 16551E
4015181E
40137728
%0 LZ3ETE
4o 1056 4E
4oCSEE2E
4a CBLE3E
4o Q6TESLE
4o CB368E
40 03675E
4o CZEE3E
40 C1152E
30 6SEC5E
30E420E
3¢5TG37E
2095 ¢E56E
3054277E
3o 9290CE
3. G91E26E
3090154E
3. 8E785L
3o ET4L1EE
36 ECOBAE
30 E4691E

FREQ

8o GE2E
9. GC3E
9o 044E
9. (BEE
So LZEE
90 1&BE
9o 2 10E
9. 251K
So 294E
So 3 2EE
9« 378E
P42 1E
Go 4 E4E
9. 5C7E
So BE0E
90 5G4E
Soé 37E
9o LELE
SaT2EL
9. 770k
Se8B14E
S.EE9E
SoSC4E
ScS49E
Jo554E

ol
01
01
a1
01
¢l
01
0l
Gl
¢l
¢l
0l
Gl
01
GL
Gl
gl
01
01
Gi
0l
Gl
Ql
al
o1

PRA

30 E2Z31E
3.815T4E
3. ECEL9E
307C268E
3.77918E
3.T6572E
3, 7E229E
3.1388SE
3o TEEEZE
3o T1Z18E
30&CEBTE
3.6E5¢1E
3a€71229E
30€65GZ1E
3a€46(EE
3a63303E
3o€20C6E
30 6CT17E
30 8%444E
3. 5ELG6E
3o E6SETE
3,5587CE
3,55055E
34 ET72(7E
~1,45CE8F

01
01
01
01
o1
01
01
01
Gl
Gl
Q1
01
01
01
a1
0l
01
01
o1
01
01
Gl
Gl
01
gz

FREQ

la QO4E
1o 009E
1.012E
1o018E
1loG22E
1.027E
1, 032E
lo D36E
1:041E
1o G46E
10051E
1. 055E
1. G60E
1o 065E
1o OT0E
1o 075E
1. 080E
1o 085E
1. C89E
1. 094E
1o G99E
1, 104E
1,10C9E
1o 115E
Lo 120E

02
02
02
02
02
02
02
02
04
oz
[1F]
02
G2
02
02
g2
02
02
0z
02
02
02
02
0z
az

PHA

-1l045088E
~1045184E
-1,45298E
-1.45419E
—1045542E
~lo45666E
=1a45791E
-1 4591 7E
=1246043E
-lo46169E
~1046295E
=1la46420E
=lo465456E
-lo466T1E
~lo46T96E
~lo46921E
=1lo47046E
-1:47171E
-1 472958
-1o47419E
~lo4T543E
~lo4T066E
—l.47789E
=1.47912E
-1048035F

0z
Q2
o2
a2
02
a2
oz
02
02
02
62
02
Q2
02
a2
02
az
02
02
02
¢2
02
gz
0z
G2

FREQ

1. 125E
1.130E
1.135E
lol40E
1,145E
1,151E
lol5EE
1.161E
lcl6éE
1,172E
ls177E
1.182E
1,188E
1,193E
1.199LC
1o 204E
1. 209E
1, 215E
1,220E
Lo 22€E
1,232€
1,237E
1,243E
1249E
1. 254E

oz
02
02
Q2
02
02
02
oz
02
02
14
02
02
a2
02
02
g2
0z
02
02
o2
0z
oz
02
¢z

PHA

“1048157E
~1.48279E
-1a48401E
~lo4B8522E
~Llo 48644E
=la4BT64E
—1048885E
=10 49005E
-lo49125E
1o 49245E
=1l. 49364E
-1a49483E
~lo49602E
~lo 49T 20E
-1.49838E
~1lo49956E
=1, 50073E
-1o 50191E
-1.50307E
=16 50424E
-1 50540E
=1s 50656E
=1la 50771E
-1.50887E
~1lo 51002E

2
4F 4
02
a2
Q2
02
02
oz
¢z
02
44
02
a2
o2
gz
g2
G2
o2
o2
02
02
02
od

a2



GREATEST VALUE = 4,1BU02E 0] LCHEST VALUE = =1.51002E 02 INTERVAL = 1.67&54€ CO

BaO00E Oluscosrrenssssstos 0066008888808 tarsrtatsstnnisasssssssstssstedtitinitte annsacnans nosossessbasnbsutstbirbssstsssssssloce
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1 . x 1

L - . x

1 - X I

v N . _ . X 1
TTTTTT . X I
- 1 - —_ . x 1

1 . X i

1 . . . . - - . X 1

Be372E Ollesa DT Xeaal
T o - . . - X 1

- = T - x 1
.t . . - . X 1

1 - X 1

o I e . . X 1
1 . X 1
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1 - X 1
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8aT61E Ollese X veel
T — e e — - x 1

1 . X 1
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e - - . X i
1 . H i

E o _— . - . - - X 1

1 . H 1

__ P e e e - » X I
Fel68E Ollees X eeel
I - . - — e - I - - X 1
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89-0O

PLOT{1Y=RE/FR=0/TL=100)

IHCZ101 IBCOM — PROGRAM [ATERRUPT~ IMPRECISE

TRACEEACK FOLLCHS-

ENTRY PCINT=

STANCARD FIXUP TAKEN

ROUTIMNE
FLLT OLCS
HAIN
clz2icsis

ISN REGo 14

4221C49A

00015472

y EXECUTICN CCNTINUING

THE TRANSFCRM DOF THE RESFCNSE 1§ ---

EXPe OF § NUMERo C(CEFFSo
0 ~60CO00CCE QL
1 -2,56566E-02
2 65 07TLSGE~CH
3 0.0
4 0.0
FREQ MAG FREGQ
000 —2054319E-0Q1 20 4CBE 01
1o 047E 0C =2079430E-01 2,513E 01
26 G94E 00 -20 £59L5E~CL 2.€18E 01
3¢141E 00 -205835175E~¢C1 26722E 01
4o 18SE Q0 -2,42278E-01 20827E 01
5, 236E Q0 -2, 31862F-01 2.922E 01
60283€ 00 -2022310E-01 3,C27E QL
10 33CE 0C =-2013443E-(C1 3o 141E 01
3 3TIE QL -2005214E-C1 3o 24¢E O
% 424E 00 ~1067555E-C1 30351E Gl
L. 047E C1 -1, 904C9E-01 30456€ GL
lo 152E 01 -1, £3726E-C1 30 5EQE Gl
1o 257F Q1 -1, 77462E-01 30 66EE QL
1. 261E Q1 ~1o 715 T8E=C1 3,77CE (Ol
lo 466E 01 -1o 6604 2E-0L 3. 874E Q1
1o B71E ¢l -1.60823E-01 3.67SE 01
1o 675E 01 ~Lo55654E~01 40 QE84E 01
1o 780E 41 =1o51221E~0L 40 18%E 0L
1o 885E (1 ~1l046814E-01 40 293E Q1
1o $90E 01 -1le42622E~01 4o ISBE Gl
20094E 01 ~1,38¢642E-01 40 5C3E QL
2. 19%E 01 -1lo34858E-C1 4a6C7E 01
20 304E 01 ~1o31247E-C1 40 712€ Cl

CLC PSW 1§ FF45004002234AE8
REGo 15 REGa 0 REGe 1
0023401C ag0cioo0 00Z21C9 44
0l21CE1e 00000015 0023BFF8

CENCFs CQEFFS.
20C3860E 02
1.04854E 01
2.16207E-02
2066273E-C5
6051544E-08
VAC FREQ
=10 278C7E-0Q] 40 B1TE Q1
=1o24523E-01 40 922E 01
-loZ12840-01 50026E 01
=lo 1EZ81E-01 50 131E Q1
~lo155C6E~01 50 236K (1
=-1.12749E-01 5.340F 01
-1lo 10104E-01 50445E (1
—loGTEGSE-Ol SQSSOE 01
=leCE124E—01 5a654E 0L
~1.02777E-01 527598 01
=1,00518€-01 5,864E 01
=90 £3412E-02 5 969E 01
-9062433E-02 60073E 01
“9.4E21G646E~02 60 1T78E 01
=90 2266 32E~02 60 283E 01
~9,C3757E-02 60387E 01
—~Bo £55¢3E-02 6e492E 01
-8,67920E-02 60597E 01
-8o35C670L~02 60702E Q1
-8034353E-02 60 806E 01
=8¢ 18354E-02 60911E 01
“8.G2E4GE~02 7-016E 01
-To87815E-02 To126E Gl

VAG

-ToT2230E-02
~7:59075E-02
-To45330E-02
=To3197TEE-02
=T019601E-02
—-T.06385E-02
-bo94113E-02
~60821T2E-~02
=00 TOB49E-0Q2
~6059230E~02
-b0482056-02
-503T460E-02
-bo26%86E~02
—be 16T TIE=02
~&o 06809E=-Q2
-5 $7T0B8E-D2
-5487599E-02
-5e T8334E=-Q2
-5066285E-02
-5060445E-02
-5, 51806E-G2
~Hs43L2E~02
=5035106E=-02

FREQ

ToZ25E
T+330£
1o %35E
To539E
Tob44E
ToT4SE
T0,853E
T.958E
8o D43E
Bo16BE
802 TZE
Bo3TTE
8,482E
8,58¢EE
805691E
8o 7SEE
Bo?0L1E
9. 005E
o L10E
9215E
9.319E
S 424E
9.529E

ol
ol
[+
0l
0l
ol
al
01
gt
ol
¢l
o1
01
al
0l
01
ol
0l
01
01
£33
01
0L

MAG

~5.27031E-02
~5,19132E-02
~5,11403F-0Q2
-5, G3838E~02
~4096432E-02
-4 8GLBLE-Q2
-4, 82078E-02
=40 T5L20E-02
—4o 6B303E~02
=4o61621E~02
-4 550 71E~C2
—4e 4 B64IE-02
~4442352E-02
=45 36) 74E=C2
~4g30114E-02
—4a 24168E~02
—40183326~02
-4:12604E-02
—40 D69BOE-02
—4501458E-02
~3096035E~02
~3,907C8E-C2
-3, 854 756-02



GREATEST VALUE = Qa0 LEREST VALUE = -2,943198-0} IKTERVAL = Z.55930E-C3

0 Xe 80000000 8at0eBA0000000AYAST AASECEIINOEEALEGELAE0RE004E O Kosenuen e
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04-D

ROCGTS,POLES

k. SVOBOGLA POLYNOMIAL ROCTFINDER *#%

HoFe OKRENT
JAN. 1969
FCLYNCMIAL CF CDEGREE 4 =
0 1 2 3 4
00 203859¢€3%¢E 03 X 0c1043525SS5E 02 X 0.2762C65CE3E-01 X 0026627341B7E~04 X 0069LE43955SE-07 X
ACCURACY REQUESTED -~ & SICNIFICANT FICURES
REAL PART INAGINARY PART EXFCNENT
-30644140000 0s0 2
0.000C80000 60260100000 2
0. 00CC80000 =64 260100600 2
-200£4200000 Co0 1
*%% SVOBOCA FOLYNGMIAL ROOTFINDER =%x He Fo OKRENT
JANa 1969

POLYNOMIAL QF DEGREE i -

0 1 2
0o 569599542¢E 02 X Co25956G€C566E-01 X «0o 60119 E56G9E~03 X

ACCURACY REGUESTED -- 6 SIGMFICANT FICURES

REAL PART INAGINARY PART EXFCONENT

-209266&6000C 0,0 2
F03E4E5GC0C Go 2




SENSITIVITY OF PCLES TC CJ1

FOLES

REAL

~30 £441E (2
8, 0CCOE-G3
80 O0O0E-G3

-2, 0€42E (1

IMAG

Go G

€0 2601E 02
-602601E 02

0.0

SENSITIVITY OF POLES TG RE1

FLCLES

REAL

~306441E C2
8. 00C0E-C3
8, 000CE-03
~2:0642E Q1

IMAC

0.0
602601E 02

-602601E 02
o0

SENSITIVITY OF POLES TGO CJ2

FOLES

REAL

~30 £441E C2
8, 0000E~03
8, 0C00E-C3
-2, 0642E ¢l

IMAG

ol

60 2601E Q2
-65260LE 02

0o C

SENSITIVITY OF POLES TG RJ2

FCLES

REAL

~30&441E (2
8: QOCOE-C3
80 0000E-C3

~20.0€42E (1

IMAG

0a0

60 2601E Q2
-602601E 02

Gc0

SENSTITIVITY OF POLES TO REZ

POLES

REAL

-3: £441F C2
800000E-C3
8o COCOE-C3

-2:0€42E (1

IVMAG

Ce 0

60 2601E 02
~6s 26C1E 02
GaG

c-71

SENSITIVITY

REAL IMAG
6a8342E OF Ga @
-5, G61l€zE-03 -2, CS11E Q2
-5, 9182E-03 lo7£52E 02
1.5G17E C1 Ge 0
SENSITIVITY
REAL IMAG
Se 2617E~C2 G- 0
-1.S173€ 01 -204G5%E 02
-129172E C1 lo41E4E Q2
3.,85EQE-C1 0s0
SENSITIVITY
REAL IMAG
1, E8731E Q1 0-C
~32 1010E-C5 -Bo 21E6E 00
~301010E-G5 1,7644E ¢l
205€15E-C2 Qe G
SENSITIVITY
REAL IMAG
~Z09972E (2 0o @
—1sS445E 01 ~7.4025E 01
=10 G445 01 =1 8GS2E Q2
~3025¢&8E 0O 0.0
SENSITIVITY
REAL IMaG
602044 G} 0o G
—Z208(46E-0C1 —~201EC3E €2
—20 8046E-01 10 E059E 02
1o6571E (1 Go G



SENSITIVITY OF POLES TO LEL

17
01

o2
02

02
th

0oa
01

ECLES SENSITIVITY
REAL IMAG REAL IVAG
-30 E441E (2 CaC 1, 27€4E CC 0o 0
8o 0000E-03 6o 2€01E 02 —3:925£E-C9 -1. 2CTGE
80, 00C0E-03 ~502601E 02 =30 92E5EE-CS To1477E
-2 0642E G1 G0 =5:4T71CE-C3 Go 0
SENSITIVITY OF POLES 70 CJ2
FCLES SENSITIVITY
REAL IMAG REAL IMAG
=30 £441lE (2 0.0 1.8455E ¢¢C 0.0
80 COCOE—C3 60 2601E G2 —1. 1E27E-C4 -2 EEETE
8o 00Q0E-03 -6, 2601E 02 —1.1837E-C4 1. 7046E
-200642E (1 0o 0 3. 167ZE-01 0sC
SENSITIVITY OF POLES T6 CJ4
PCLES SENSITIVITY
REAL INAG REAL IKACG
-3.£441E (2 Go O 20337GE G2 (P 5]
80 0000E-(3 602601E 02 —1:.5GZ4E-03 ~lo4712E
8o COCOE-03 -6, 2€01E Q2 —1.5934E-C3 20 E368E
~200642E (1 Co0Q 3o 622c¢E CC Go 0
SENSITIVITY OF POLES TO CJE
PCLES SENSITIVITY
REAL IMAG REAL IHAG
-30 £441F (2 0o QO 40042EE Q1 0.0
8, 0000 E-03 6. 2€01E 02 —3.39CZE-C4 -1.141QE
80, 0CGOE-03 -602601lE C2 =-3,3902E-GC4 80 8S46E
-2, 0£42E ¢l o0 T 6547E~C1 0.0
SENSITIVITY OF POLES TO DJ2
FCLES SENSITIVITY
REAL IVAG REAL IraG
—30 £441E (2 Qo0 —402TZ32E 01 0.¢C
80 GOCOE-G3 6o 26Q1E 02 -6 427EE~Q2 -705835E
8. 000E-03 -6 2€601E 02 —6.42TEE-C2 -1, 75SSE
=20 Q642E C1 GoO 2.5CEEE CC a0

C-72



€L-D

PLOTITY=SE/FR=EC/TO=126/EL=CJ1)

SENSITIVITY WITH RESPECT TC CJl

THE TRANSFCRM OF TH+E RESPONSE IS ——-

FREQ

8, 000E
8o 036E
80073E
8. 110E
80 147E
80 184E
8o 221E
Bo 258E
860 296E
Bo 334E
84 372E
Bo 410E
£o 44 BE
80 487E
80 525E
Bo 564F
8o 603E
Bo £42E
80682E
8o TE1E
8o TOLE
80 801E
8c841E
B2 881E
Bo W2LE

01
01
a1
01
el
13
01
01
01
cl
01
138
ot
al
Gl
01
01
ol
a1
¢l
al
¢l
Gl
al
0l

EXPe OF $§

(LR RCE L)

MAC

8, £E5258E-C1L
80 ES2GBE-G1
8. EE14CE-CL
80, €5052E-01L
80 E4942E~01
8o E4BGOE-01
BoB4G6ECE-CL
Bo £4465E-01
€0 84259E-01
80 £4C17€E-01
80 E3744E~C)
80 E343¢€E~01
8, E3CAGE-01
B, 827G032E-01
8, 82273E~Q1
8o ELTSEE-QL
90 812&4E-~01
8. 8C&77E~CL
8, 80027E-01
80 T93CGEE-01
8o TES512E~C1
80 776332E6-01
8. T6659E~G1
86 75581E-C1
8, 74385€6-01

NUMERe CCEFFSo

000
4.631¢8E 02
1. 7EEZ1E 0%
-2.82102E-03
=1.12337E-05
=1o03200E-CE
=4o06C52E~11

CENEMa COEFFSe

-t P = o o e et

1, Z2316E 04
€03l421E 02
1.80477€ 00
—4002057E~03
-10192%€E-05
-10.43701E-08
“4a219904E-11

FREQ

809€2E
9o GC2E
9o CA4E
9 LEEE
9o 1ZEE
90 1E8E
90210k
9, 25 1E
90 2C4E
94 33&E
90 378E
Fe421E
9. 46 4E
9. 5C1E
9o55CE
90 BG4E
S 637E
9o 6E1E
Se T2EE
9o T70E
90 BL4E
ScESSE
9o 904E
S0S45E
905 S4E

01
01
(139
oL
1
ol
al
0l
0ol
Gl
ol
0l
Gl
ol
cl
oL
ol
ol
(113
01
oL
ol
ol
clL
o1

VAG

86 73CETE-OL
8o, 71578E~0L
80 €SS2¢SE-01
8o 68CH3E-01
B0 6&C12E-01
Bo £3&TTE~01
8,€1032E~01
8o SEC2EE-01
8054579E~0CL
8, 506CBE-01
82 45585E-01
8o4C568E-01
80 34134E-~01
802€638EE-CL
8o 16912E-01
80 (5CB0E-01
T2 89626E-01
Ta 6S8G0E-0]
Te422G1E-01
T2 015€61E-01
69 JE254E-C1
50 14571E-Cl
2510Q0826E-01
2. C421GE 00
203C47SE GO

FREQ

1o 004E
L, 009E
1,013E
1l.018E
1.022E
l.027E
1,032€
1o 036E
1.G41E
1.046E
1,051E
1,055E
1.060E
1. 065E
1.070E
1,075E
1,080E
1,085€
1o GBIE
1.G94E
1.099E
1.1 04E
1. 109E
1,115
La 120E

02
0z
¢z
02
02
02
02
02
02
02
62
02
0z

G2
02
02
62
4
02
02
02
02
0z
02

MAG

1a48177E 00
1.27297E 00
1. 17780E 00
1o 12239E @0
1. 08827E 00
1o 06373E QO
1. 04567E 00
1,03183E 0C
1, C2090E 00
1.01208E 00
1o 00481E 00
90 58736E-01
909358BE-01
9. 8%1B1E~01
9: 85367TE-01
9 82040E-01
9, 79121E-01
90 76539E-01
94 T4252E~01
9o T220TE-QL
e TO3TBE-0L
9.68731E-01
9e67241E-01
94 65896E-01
Q0 64673E-CQL

FREQ

lol25E
1, 130E
1s135E
12140E
lo 145E
lalb5iE
lo156E
1.161E
lo16EE
la172E
loe177E
lo182E
1a188E
1o193E
1o 199E
1o 204E
10209E
la 215E
10220E
1,22¢4E
lo232E
1o 237E
lo243E
1o 249E
1o 254E

02
02
02
0z
02
02
Gz
034
02
g2
02
02
Gge
o2
02
02
02
02
02
[eF
o2
0z
0z
02
o2

MAG

90 63559E-01
90 62545E=-01
90 61616E~0Q1
9. 60T7T6TE-OL
S. 59990E-Q1
9059274E~0QL
90 5861 8E-01
9, 58015E-01
9o 5T460E-01
S0 56947E-01
90 564T4E-01
9. 56039E-01
90 55638E-0L
9. 55268E-01
9. 54927E-01
90 54612E-01
9.54321E-01
9. 54054E-C1
95 53807E-01
90 53580E-01
%9 53373E-01
90 53182E~01
9, 53008E-01
92 52849E-01
9. 52702E-01
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GL-D

FREQ

80 00CE
80 036E
8. C73E
Bo L10E
85 147E
8o 184E
80 221E
80 258E
8o 296E
Bo 334E
8 372E
80 410E
Bo 44 8E
86487E
8c 525E
8o 564E
80 603E
8o 642E
Bs £82E
8o 721E
8c T41E
8o 801E
80 841E
8o 881E
80 921E

Ccl
c1
al
01
01
01
01
01
g1
al
Gl
cl
ClL
01
01
Ccl
0l
01
01
01
01
ol
01
431
01

PEA

10 €1846E
1. 55053E
12 5T450E
To 5524 5E
T E2027E
To SUTCEL
To4E555E
1 463G(E
To 44034E
To4LTEEE
To 3¢ 4€0E
T.37152E
7. 34824E
10 22482E
To3Q120E
Te 2T738E
1.25325C
To 2290CE
To 2044 EE
To lL7<60E
70 15441E
7o 128S5E
70 10301E
ToCTEG4E
7o C4GEEE

FREQ

80 9€2E
9, 003E
90 044E
9 CEEE
90 126E
90 1€EE
9. 210E
90 251E
S0 2G4E
9. 32&E
90 378E
S04 2lE
9o 4E4E
86 5(7E
9, 5Z0E
S0 SS4E
90 €Z7E
S« 6E1E
9. T25E
90 TICE
90 B14E
S0 ESSE
Q0 SC4E
90 949E
9o FG4E

Gl
01
0l
Gl
o1
01
01
Ccl
01
(131
al
cl
ol
Qal
0l
01
Cl
g1
Gl
Ccl
01
01
a1
01
(131

Pr A

ToQzZ42E
60 5944CE
6o SESELE
60 $3558E
65054 5E
6o £7375E
6o B4CTLE
6o EC6CSE
6o 16°47E
6073C57E
6o EEESIE
G £4252E
60 592Z1E
60 E3E41E
6o 46 B8E
6o 391S0E
6o E95E3E
£9170€5E
5065127
5, 721C6E
Sa24777E
40 04BGOE
-54 CTS8CE
=l.67772E
8. 548CEE

go
00
00
06
00
00
o0
Q0
00
0o
oo
00
00
00
o
00
00
00
00
00
00
00
00
02
00

FREQ

1, 404K
1.009E
1.013E
1.018E
1.022E
1. 027E
1,032E
1o 036E
lo04lE
1o 046E
L1o051E
1.Q55E
1. 060E
1. 065E
1/G70E
1.075E
1-080E
1.,085E
1,089¢&
1, 094E
1.G99E
1c104E
1,109E
1.115E
1.120¢

0z
Qa2
02
02
g2
02
02
02
02
02
02
Gz
02
02
G2
c2
02
02
G2
0z
0z
0z
0z
02
62

PHA

To88587E
To 54265E
Te32122E
TalB594E
7o 07748E
6. 99101LE
6092006E
£.85921E
60 80586E
60 75791E
6oT71432E
6067391E
00 63639E
60,60091E
60 56TL4E
6o 534 7T6E
6050382E
6247383E
bo444THE
bo 41 643E
6038B8TE
503C198E
6033B44E
6930950E
6028390E

FREQ

1a125E
1o 1308
1o 135E
loL4GE
lo145E
1.151E
lol5&E
1.161E
lol66E
1s172E
1. 177E
1,182E
1.,188E
10.193E
1.199¢
1, 204E
1,209E
l-215E
1,220E
1,22¢€E
1.232E
1o 237E
lo.243E
1e 245E
1a254E

02
o2
oz
02
02
02
02
02
02
02
02
o2
02
02
02
02
02
02
02
02
02
02
02
02
02

PHA

60 25863E
60233 76E
€0 2091 5E
&0 18487E
60 16081E
60 137G2E
6011348E
6o 09006E
6o 066 9CE
6o 04386E
62 C2054E
5:99826E
50,97569E
5095327E
5093094E
5.90874E
5.88666E
50 86469E
50 84279E
5. 82102E
50 719938E
52 TT775E
50 T5629E
50 T3489E
56 T1350E

6o
00
co
]
00
Q0
Q0
00
Q0
00
co
co
oo
Q0
00
Qo
00
00
ols)
00
00
GQ
a0
a0
co



8+000F

P 23
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G 16EE

Fa594E

1o 004E

LaDZ1E

1.C55E

1.121E

1+204E

GREMTEST VALUE = 8,549C8E 04 LCWEST VALUE = —1.567T72E G2 INTERVAL = 1,53322E CO
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LL-D

PLCT (TY=SE/FR=EC/TC=12€6/EL=CJ2)

SENSITIVITY WwITH RESPLCT TC DJ2

THE TRANSFCRM OF THE RESPCNSE IS —--

FREA

8, 000E
8o 036E
8o C13E
Bo 110E
8, 147E
By LB4E
8o 221E
€. 258E
8o 296E
8o 334E
8o 372E
Be 41GE
8, 44 8E
Bo 4B87E
80 E25E
Bo 564E
Bo 6C3E
80 642E
B, 682E
80 T21E
Bs TH1E
Bo 801LE
8o B4 1E
8. 8B1E
B, 921E

01
a1
Gl
0l
01
Q1
o1
ol
0l
ol
¢l
133
43
01
61
0l
0l
()
a1
01
01
0L
ol
01
ol

EXPs OF 8

[+ IRV S )

MAG

1o 54CC4E
1o £3886E
le E3TTEE
lo63671E
1o E2574E
1o B34E5E
la534C&LC
1o S333£EE
1 832%7E
1,5323(E
1, E2195E
1. 53174E
lo53168E
1o 53178E
lo £32C1E
la 2225¢€E
lo £3328E
1o 53424E
lo E3E46E
1o 536GSE
1, 53886E
1a£4110E
1o 5437T7E
1o B4€S1E
le 505 EE

3y
00
[
1]
00
G0
00
[1¢]
[F14]
00
0C
o0
00
oo
60
co
00
G0
a0
00
00
00
00
a0
[ e]

NUMERs COEFFSae

-1.2192CE CA4
~bob€41ZE 02
=7.8194CE 00

—laE7€ZEE-C2
~1lo$95%CE-C5
=40 1666TE-0E
00

FREC

8o9€ZE C1
9o C03E 01
9¢ 044E Q1L
9. CEEE C1
90 LZ6E 01
90 168E 01
9, 21CE 01
92 2E1E Ol
90 2°4E C1
923368 01
9+ 378E 01
90421E 01
9o 4E4E 01
90 5CTE €1
9. 58CE Gl
So5C4E 01
9o €27E C1
S.681E 01
9o TEEE 01
90 T1CE C1
9o 814E 01
S0 E8GE (Gl
9.9C4E 01
%2a949E 01
9. GC4E Q1L

CEMCMe COEFFSe
1022316E 04
€021421E 02
1. 8CATTE 00

—4oC2C57E-03
~1lal92%6E-(5
-1043701E-08
=4019904E-11

KaC

1o EE4E7E OC
10 55%85€ 00
lo5€564E 00
1o E7234E Q0
1. 5E012E 00
1o EE916E 00
la5SSEEE QO
l.61158E 00
1. £ 2¢£4CE 0O
1c€4243E 00
la €€3EEE 00
1, 6E7S2E 0O
1o 7173CE 00
Lo 752338E 00
1.7%838E 00
lo £€5566E 00
1, 93041E 00
2002133E Q0
202 17264E 00
24 2ET02E 00
20 13773E Q0
304C735E 00
501344EE 00
lo75582€ 01
To 0BECSTE 00

FREQ

1o, 004EC
1o O09E
loUL3E
1.018E
1.022E
L. 027E
1o 022E
1.03¢&E
1. 0418
lo046E
1.081E
lo055E
1o 060E
loQG5E
1lo0O70E
lo075E
1,C80E
1-085E
1. CB9E
1o 0G4E
1,092
1o 104E
la 1G9E
1o 115E
1. L20E

g2
o0z
g2
02
¢2
c2
02
02
az2
02
c2
G2
g2
0z
c2
c2
a2
c2
c2
[+73
o2
G2
o2
Qa2
02

MAG

2044042E 00
1, 39009k 0C
1202435E Q¢
S, 00334E-0L
8o707T00E-01
BuT6356E-01
8, 63%534E-01
90 1440BE-01
9034367E-0L
9052597E~01
9. 68804E-01
90 83009E-01
90 95384E~C1
loGOELIE 0OC
1:01544E 00
Lo02249E 00
1.03043E Q0
1. 03642E QO
1. 04157 Q0
1.04596E Q0
1. C497T0E 00
1,05286E €0
1. C5550E 00
1.05767E 00
1.05943E 00

FREG

lol25E
1o130€
1.135E
1. 140E
lo145E
1.151E

JLol5EE

1.161E
lol656E
1.172E
10177E
lel82L
1,188E
la192E
1,199E
1o 204E
1.209E
1o 215E
1,220E
1lo22€E
lo.232E
1.237E
1.243E
l.249E
1.254E

a2
G2
02
02
02
02
02
02
o2
cz
02
02
0z
o2
02
02
a2
02
02

oz
02
02
02
02

MAG

1, 06081E
1o 06185E
1o 06259E
1. 06305E
12 06326E
1o 06324E
Lo G630LE
1o 04259E
Lo 06199E
lo06122E
lo 0603GE
10 05925E
1o O5807E
1o 056 THE
1o 05525E
1. 05383E
1o 05221E
1. 05051E
1, 04872E
1o 04685E
lo 044SLE
1o C4250E
1. 04083E
1o 03B7TCE
lo 03650E

00
00
aa
00
ao
00
[+]0]
co
00
00
GO
Q0
Q0
oo
Qo
ce
00
00
Cco
H9)
Go
co
co
Gao
Go



02000E

Bo?72E

8a761E

Fe168E

Qe 594E

1.C04E

lag528

1. G998

1.161£

Eo 204E

GREATEST VALUE =

1=7G5E2E 01

LOMEST VALUE =

0.0

INTERYAL =

1.56158E~C1
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6L-D

FREQ

80 QCOE
85 0368
80 CT3E
8, 110E
86 147E
8o 184E
8o221E
8, 258E
80 296E
8o 334E
80 372E
80410E
8o 448E
8o 487E
Be E25E
8o SE4E
80 603E
8a £42E
80 682E
8. 721F
Be T€1E
80 BOLE
80 B41E
8, BBI1E
80 921E

01l
01
Gl
0l
Ql
o1
01
qgl
01
ol
158
01
o1
0l
0l
0l
01
01
Gl
0l
a1
0l
ol
01
ol

PHA

~9053250E
~90 52116E
=92 SCSSTE
-G ECTT2E
=9, EBEECE
-9, ET218E
~Co EO0Q44E
-9.,84736E
-9, £E3353E
-9 82010E
-9, 8C5ESE
=90 TS116E
—90 1755 8E
-9 T6028E
~90 T44GCE
-9 72712E
=90 1CG57E
-9,66125E
-9, 67222E
-9, 65228E
-9, 631329E
~94 60645E
~90 56637k
=3, EEZCIE
—Go §3624E

01
o1
gL
01
cl
01
01
Gl
0l
ol
01
0l
Q1
0l
o1
Qa1
Gl
Gl
cl
g1
cl
01
01

o1
A

FREQ

8, % ¢LZE
S 0C2E
So C44E
9, CESE
9o LZEE
9. 168E
9. 21GE
90 25 1E
Go £94E
903 36E
9. 37EE
S,421E
Go 4E4E
90 BLIE
S 5E50E
Go5C4E
Go £37E
9. &81E
Go125E
9. 7TTCE
So 814K
Co EESE
9, 904E
SoS49E
9o SS4E

ci
0l
Q1
0l
01
01
01
01
01
al
GlL
01
0l
Gl
01
01
a1
al
01
oL
(¢F}
Gl
61
0l
01

FEA

~Go5(8S0OE
-3, 4798CE
~9.44E873E
-9 41E544E
-90 21GE4E
—99 34087E
-90 2S5C3E
-9, 2£232E
~95 20224%
-9¢ 148C5E
~So CEEEGE
~3,018E55E
-80€4168E
~8o 85444E
-BaT1E2446E
~Bo 63862E
=80 SC2TEE
-8034102E
~80 1453£E
-TeGC353F
=Te56S21E
-7a 204€1E
-606T7665E
-5052356E

1.30125€

al
ol
Cl
01
o1
0l
a1
01
al
0L
01
al
0l
0l
01
01
al
0l
QL
01
)
0L
01
a1
g2

FREQ

1o OC4E
1.009E
1,013E
1.018E
la022E
1,027E
1.022E
1.036E
lo 04 1E
Lo 048E
1.051E
lo 055E
1. 060E
10 065E
1.070E
1. 075E
loC8CE
1. 085E
1.C89E
1. 094E
1,099E
1o 104E
1, 1C9E
16115E
1. 120E

02
02
Gz
G2
02
02
a2
02
02
02
02
02
02
02
62
02
02
02
g2
2
02
Q2
G2
a2
0z

PHA

lo44258E

Lo 62350E
~-1078038E
~1l.6CB71E
—~1lo47933E
-1lo 3B698E
-1 32086E
-1a27230E
~1023556E
-1, 20&99E
~1:18420E
—~lo16563E
=-1.15022E
~1le13723E
-1o128612E
~1511&51E
-1.10811E
=10 LO070E
«1le09411E
-1o(8821E
_10082885
-1.07804E
-1,07363E
-1006958E
~leQE585E

c2
c2
od
02
az
o2
02
02
a2
Q2
02
02
02
0z
02
Q2
02
a2
0z
02
gz
02
6z
02
o2

FREQ

1.125E
1a130E
1,135E
1.140CE
1,145E
1.151E
1al5€E
lol61E
1,16&E
1l.172E
1.177E
lol82E
1.188E
1.193E
la18GE
1. 204E
1.209E
1.215E
1,220E
1.22€E
1232E
1a237E
1.243E
1,248E
lo254E

PHA

=1.06240E
~1lo05920E
=12 05621E
-1, 05342E
-1, 05081E
-1, 04835E
-1.04603E
-1,04383E
=1 04175E
-1,03978E
~1.03750E
-1.03611E
~1,03439E
~1a03276E
-1.03119E
~1o02968E
=1,02823E
~1lc02684E
=-1.02550E
~1,02420E
-1.02255E
~1.02174E
~Le 02056E
-1, 01943E
~1.01832E

2
02
a2
02
a2
oz
02
c2
g2

02z
c2
¢z
a2
az2
g2
cz2
a2
2
c2
g2
az
c2
c2
a2



GREATEST VALLE = Lo£2350E C2 LCREST VALUE = «1.78028E 62 INTERVAL = 2.5595CE 6D
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PLOT{TY=SE/FR=80/TL=1Z26/EL=CJ2)

SENSITIVITY WITH RESPECT TC CJ3

THE TRANSFLRM OF THE RESFCNSE IS ---

8-O

Bo OQ0E
B0 036E
8o CT3E
8o L10E
86 147E
8o 184E
84 221F
B, 258E
8, 296F
Bo 334E
8o 272E
Bo410E
8o 448E
80 497E
80525E
8o 564E
8. 602E
8o 642E
8o 682E
8o 7T21E
80 T61E
Bo BO1E
8o 841E
8. 881E
80921E

FREQ

ol
01
cl
0l
a1
0l
at
cl
01
0l
[+
ot
ol
Gl
0l
al
01
133
G1
01
01
01
¢l
cl
01

EXPo OF §

VAG

90 9315BE-C1
1, 00242E 00
10 012C4E €C
1cQ22CEE 0O
la 03251E GO
1. 0434CE GO
1o 0547EE 00
1, C6668E 00
1a CT914E 0O
loCG22CE 00
1o 1CES1E CG
1,12033C 00
la13551E Q0
1o LE182E GO
la 16842E GO
lo18£33E 00
1o 2GE30E 00
1o 2254¢E 00
1o 24€52E 0Q
1o 26583E 00
1o 29432E 00
lo 3205EE GO
1o 34881E QO
1o 37928E 00
Lo 412LFE 0Q

NUMERs CGELEFFSo

0.0

4o CT4CCE C1
1.76C14E 0OQ
90 G2565E-03
lo9C4E2E-C5
201€353E-C8
2072701E-11

FREQ

8o GEZE 01
9,0G3E 01
90044k 01
S 0ESE CF
S0126C 01
Fo LEEE C1
S. 210E 01
9o 251E 01
S0 2G4E 01
S.336E 01
Go378E 01
Yo 421E 01
9o 464E Cl
9. 5CTE 01
$oBE0E Cl
9e554E O1
G0 €21 01
9:681E Ol
9. TZEE 01
92 77CE Cl
9. 814E 01
S0 E59E (1
95 SC4E 0L
S.949E 01
9aG94E 01

CEN(¥Mo CUEFFSe

1o22316E 04
£031421E Q2
1. 8047T7E Q0
-40G2057E-Q3
“10192¢¢E-05
-1.43701E~08
~4,19904E~11

MAG

1o 4478%E
104E681E
1o E2936E
lo 57&(8E
lo E2TE4E
1o 6E48B1E
1o T4EEGE
la E2C21E
1o €Cl18E
1a©5249E
2006572E
20 22324E
20 268E3E
20 54231E
20 1£34CE
32 C154CE
30 34513E
3. 7884ASE
4o 2G42TE
50 2E0Z2E
60 TCLE4E
Yo 34557E
1. €01463E
604E251E
20 <37S50E

00
00
00
00
20
a0
00
[4]¢]
oo
0d
co
00
o
00
00
00
00
a0
00
00
00
00
0l
ol
[+3

FREQ

1. 004E
1o 0Q9E
LoD13E
1. 0L8E
1.022E
1.027E
1.,032E
LoC36E
1.041E
lo046E
1.051E
1o 055E
1, 060E
1o 065E
1.070E
l.075E
1.080E
1.0E5E
1.089E
1. 0%4E
1.0G9E
la104E
1.109€
le1158E
1,120E

a2
02
02
G2
c2
02
g2
0z
02
g2
02
02
c2
02
2
c2
02
(¢4
c2
02
02
02
o2
c2
02

VAG

1lo,15788E 0l
To05857€ Q0
4o $9556E GO
3.81518E 00
3405155E C¢
2051755E Q6
2012381E Q0
1, 82174E Q0
1.58314E 00
1. 39033E GO
1,23163E 00
1209906E 00
9o 8TC51E-0L
8091485E~01
8009354E-01
To38338E-0L
60 T6694E-0L
6023040E-01
50 76280E-C1
50,35528E-01
5,00C69E~0L
4069302801
45 42T725E-0L
4o 19912E-0L
4000476E-CL

FREQ

lol25E
ls130E
lo135E
lol40E
1o 145E
1.151E
lo156E
1.161E
lol&€E
1o 172E
1:177E
1,182E
1,188E
1o 192E
1.19%E
1.204E
lo2GGE
lo215E
1.220E
lo22&E
1.232E
1o237E
1o 243E
1o 24SE
1. 254E

o2
02
o2
oz
02
02

o2
02
02
0z
02
02
02
oz
02

02
02
02
0z
02
0z
02
02

MAG

3. 84085E-01
30 T0435E-01
30 59231E-C1
36 50220E-01
3043151E-CL
30 3TT96E-C1L
3033946E~0L
30 314026-01
3,29991E-01
3029549E~01
32 29933E~01
3,21017E-01
30 32688E-01
30 34846E-01
3037409E-01
3040305E~01
3043468E~01}
30 46844E-01
3, 50361E-01
305406 7E-01
3. 57838E-01
3. 61681E-01
36 6556GE-01
3,69484E-01
30 73408E-01



B4 00CE

Be3T2E

8aT61E

9e 168E

9o 594E

1.0C4E

1,051

1.C9%E

le151E

1, 204E

GREATEST VALUE = 604%251E 01 LCHEST VALUE = 0.0 INTERVAL = 5.£1123£-01
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£8-0

FREQ

8- 000F
8, 034E
8¢ CT3E
B, 110E
8. 147E
8o 1B4E
8o 221E
8, 258E
8¢ Z90E
Bo 334E
B0 272E
80410E
8e 448E
80 487E
8o 525E
8o BHGE
80 £C3E
Bo £42E
80 682E
85T21E
8o TE1E
8, BO1E
80 841E
80 881E
80921F

c1
01
01l
01
cl
0l
c1
01
01
01
01
(038
0l
g1
0l
01
01
cl
Gl
¢l
cl
0l
1
cl
01

PHA

16 56058E
1o 563326E
1o E6E1EE
10 56SC4E
1, 5716 4E
1o 5748¢8E
le57786E
1o 68CSCE
1o BE3STE
1,5871CE
1o 5902EE
1,593E2E
1o 0SEELE
1,6001&E
1o &6C357E
1, 667C5E
1o £1GESE
1o614Z1E
1. €17C0E
1o 62167E
lo6255EE
10£2546E
1o 6334SE
1a £2762E
1o €418EE

c2
c2
4
62
c2
0z
62
ce
g2
0z
cz2
c2
c2
c2
c2
o
62
g2
G?
02
c2
02
0z
G2
az

FREG

8a G €2E
9. CCZE
So 044E
9. CBEE
9o L26E
90 LEEE
o 21CE
9. 2E1E
90 294E
9o 320E
9, 378E
9edZ1E
Soal4E
G0 5CTE
%o 5EQE
9. 56 4E
Se £ 27E
S 681E
90 72%E
%0 77CF
S 814E
SaEESE
96 9C4E
Se G 4SE
96 GG4E

01
0l
0l
al
ol
01
0l
0t
o1
gl
ci
o1
0L
01
Ci
01
cl
0L
cl
gl
0l
CclL
01
a1
01

PFA

1o€4€18E
1o65C&3E
14 ¢E518E
1o65988E
Lo 6E4T1E
1o 665&TE
Lo ET4TEE
1o, 68CC5E
lo €ES4SE
1,66111E
1o 6CESLE
lo 762G2E
1o 7C914E
1o 7155SE
1o 72228E
1o, 72525E
1o T3£4SE
lo144C4E
1.7E5181E
lo7¢C15E
1o 76ETSE
lo11751E
la7E77EE
=lo7¢BE6E

4o 4BESSE~

g2
02
02
42
02
02
oz
a2
0z
02
2
02
02
02
02
ne
02
02
02
02
a2
0z
c2
02
¢l

FREQ

1. O04E
1, 009E
1,013E
1.C18E
1,022E
1o 027E
1.032E
1o O36E
loQ4lE
1o O4EE
1,051E
1,055E
1.G60E
1o 065E
1.G70E
1.075E
1o C80E
1.085E
L1.G39E
1, 094E
1,C99E
10 104E
1, 1C9E
lo115E
1o120E

0z
c2
02
02
c2
Q2
G2
02
17

G2
o2
cz
02
Gz
Q2
02
G2
14
02
02
02
0z
G2
g2

PHA

1a66334E
20 83499E
4065106E
50 32634E
6o 6TO0O5E
Bo0B932E
95591 04E
1o11822E
le28701lE
lo46615E
1065647
1.85872E
20 G7370E
203021 BE
205448LE
2.80229E
3.07506E
3036240€
3066732E
30566538
4032036E
4066T66E
50 02&B9E
5039597
5077251F

¢ea
00
¢0
Ga
Ce
co
00
0l
o1
01
01
o1
Gl
0l
01
c1
01
0l
133
43§
a1
01
cl
o1
01

FREGC

1.125E
1o 13CGE
1.135E
1. 140E
lo148E
1.151E
1o156E
lolé&lE
lol6EE
1o172E
1,177E
1.182E
1. 18EE
1.192E
1.1G%E
1, 204E
1,209k
1., 215E
1.22CE
1.22£E
1,232E
1,237E
1o 243E
1,245E
1o 254E

PHA

6015347E
60 53602E
6e91TG4E
Ta29336E
To 6622EE
8:02134E
80 36836E
84 701GSE
90 02080E
9.32435E
9. 61215E
90 88440E
1o 01 413E
1. 03832E
1lc06109E
1, 08251E
1o 10265E
1,12158E
1,13939E
1:15614E
1.17152E
1,18680€
1a 20083E
1.21409E
1.22062E

01
01
G1
ol
CclL
01
cl
cl
a1
0l
01

cz2
02
02

Q2
02
02
02
gz
0z
G2
174
02



GREATEST VALUE = 1.TEVISE 02 LEREST VALUE = -1.75886E 02 EINTERVAL = 3241187SE G
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68-O

PLCT{TY=SE/FR=8G/TC=126/EL=LE1}

SENSETIVITY WITH RESPECT TEL LEL

THE THRANSFCRM OF ThE RESPCNSE IS -—-

FREQ

8- 000E
Bo 03 6E
8. C73F
80 110E
Bol4aTE
8o L84FE
80 221E
Eo 258E
8o 296E
Bo 334E
8,372E
8o 410E
8o 448E
80 48TE
Bo525E
8o 564E
Bo 603E
80 £42E
8o, 68B2E
8o T21E
B 761E
8o 801E
8, B41E
80 8B1E
Bo921E

01
[}
cl
01
gl
ail
01
a1
01
01
01
01
0l
al
[¢h ]
0l
01
a1
01
0l
01
ol
01
ol
0l

EXPo OF 5

rWMbRwR=O

MAG

1. 8Q0686F
1o 854CGE
1, 5034CE
1,55492k
20 00BECE
2. 0652CF
2012430E
20 18625E
2025141E
2o 31987E
20 391C5E
2046752E
2054813k
20632%1E
20 72267E
20 E1TETE
2051902E
3. 0266€E
30 14147E
30 26416EE
3036557E
3.536€63E
3. 68E48E
30 EE24(E
4o 02584E

-

00
00
00
00
a0
a0
00
g0
a0
00
0¢
[+]0]
00
Q0
00
a9
Q0
00
00
00
a0
00
00
a0
00

NUMER. CEEFFSo

0,0
3.8395%E-02
lo614ZEE-Q3
404E202E-C6
-1.437C1lE-C8
-4519SC4E~L1

FREQ

BoGEZE (1
9s002E 01
9. 044E 01
9,CE5E Q1L
9, 12€E 01
9. 1£8E 01
90210 01
9. 251E 01
90 2¢4E 01
F.326E 01
9. 378E Cl
9o421E €1
Go464E 01
9o 507TE 01
9o 550E 01
90 5%4E 01
90 627E 01
90, 6ELE Q1
9. T7EZ5E 01
90 T7CE 01
90814E 01
$e EESE 01
9o5C4E 01
S0949E 01
9. 9%4E 01

DENCNMs COEFFSe
1a223216E 04
6031421E 02
1.80477E 00

-4,02057E-03
=1019256E-05
~1.6437C¢LlE-08
=4019904E~11

¥ AG

40 22258E 00
4o 43268E 00
4o E€255E 0C
4,51510E QO
5016350 00
5. 80216E 0O
S50 84E27E 00
60 23576E 00
60 673%4E 00
TolT338E QG
12 148(7E 00
Bo41€13E 00
90 20223E 00
1o C141CE 0l
1,12814E 01
1o 269€3E 01
1o44<16E Q1
1 6E7COE 01
20 01343E 01
20 451C6E Q1
3, 25669E Q1
4o €E240F 0L
8. 27105E 0L
30437S4E 02
lo £1567E 02

FREQ

1, 004E
1, 0C9E
1.013E
1.018E
l.022E
1.027E
1.0322E
1.C36E
1,041E
lo046E
1,051E
1. 055E
1. 060E
1. 065E
1. 0708
1, 075E
1.080€
1.0B5€E
L. 089E
1: 094E
1. 099E
1. 104E
1o 1C9E
1c.115E
1lo120E

02
02
02
02
a2
02
02
Q2
02
02
a2
G2
az2
02

G2
Q2
02
gz
Q2
02
02
Q2
c2
02

MAG

4o 5TE33E
4o 14254E
3002101E
2039437TE
1,58190E
1. 69287E
1. 47S19E
1lo31469E
1, 18420E
1. 07817E
9.90303E
90 1€303E
8,53138E
To98588E
7. 91008E
To09132E
60 T2003E
60 38859E
&0 09093E
5682210E
5, 57817E
5035580E
5s1522¢€E
4296 529E
40 T9290E

Gl
al
gl
0l
al
01
01
01
01
ol
00
Qa0
Qo
ag
00
a0
Q0
00
00
00
oc
00
00
00
o¢

FREQ

1,125E
1, 130E
10135E
1o140E
1. 145E
1-151E
1.15&E
lol61E
lolééE
1.172E
1s177E
1.182E
1.188E
1.192E
16199E
1c204E
1o20%E
1o 2158
1. 220E
1:.224E
10 232E
1.237E
le243E
1, 249E
1a254E

0z
02
02
0z
a2
02
02
0z
Q2

oz
Q2
0z

02
a2
a2
[1F4
G2
02
02
02
02
02
02

MAG

49 63352F
ho 4B5THE
40 34826E
452201 4E
4o 1004 1E
3.98827E
3088307E
30 T8412E
3. 690S5E
30,60302E
3051985E
3044L131E
36 366T9E
30 29606E
30 22885E
3o 16487E
30 103G4E
3o 04585E
20 9903 8E
2093 738E
2. BB66BE
20 83813E
20 79161E
20 T4TOCE
20 TO416E

o
o
00
ao
00
[e]4]
00
o
g0
00
44]
00
o

00
co
00
a0
0G
Qo
00
00
00
ce
00



GREATEST YALLE = 3.43754E 02 LGHEST VALUE = 0.9 INTERVAL = 2,$8951E €0
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http:SIT...2X

28-D

FREQ

8, GOOE
8o 036E
8 C13E
8, 1108
86 147E
8o 184E
B4 Z21E
8, 258E
8, 296E
8o 334E
B53T72E
8, 410F
8o 44 8E
8, 487E
Bo 525E
Bo 564E
8. 6G3E
8. £42E
8. 682E
8s T21E
By 16 1E
8, 8Q1lE
Bo 841E
8, 881E
8o921E

ol
ol
CL
01
al
01
cl
01
al
ol
cl
01
ot
ol
cl
01
01
ol
01
ol
al
Gl
01
ol
01

PhA

1,758CTE
1, 798CSE
1,79811¢E
1o 79813E
1, 79815E
1o 79817E
1,75815E
1,79821E
1.79822E
1,79825E
1o 75827E
1, 79829E
1,79821E
1o, 796323E
1o 7983EE
1, 75837€E
1,75839E
1.79841E
1, 75843E
1. 79845E
1o 7SE4TE
lo TSE4SE
1, 7GE51E
1. 798E32E
1o 7T9E55E

g2
oz
a2
02
02
o2
02
G2
az
02
6z
Q2
02
02
14
Q2
02
02
(174
e2
02
02
62

g2

FREQ

BoSEZE
9. 0CG3E
9o 044E
9 CEEE
9e LZ€E
90 16EE
Se210E
9 221K
90 294E
Se 3IELE
Sa378E
904 21E
So4E4E
9 5C1E
So5580E
So E94E
9o £37E
Se681E
9. 72EE
90 77CE
9o B14E
So EB9E
Qa2 9C4E
90 G45E
9o 9G4E

PHA

1o 7G5EE6E C2
1o, 75858E 02
lo758&60E 02
1.768&2E 02
1o 7CE£4E Q2
1.75866E 02
lo7<848E 02
1, 76670E 02
1. 75873k 02
lo TS8T5E 02
1o 7SETTE 02
1. 79880E Q2
lo 7E8ZE 02
lo 7€ 8E5E 02
1o 7¢€B8E @2
1o 7S8S1E 02
1, 7S855E 02
1. 79900E 02
1o 769CEE 02
1la79514E 02
1o 79925€ 02
1o 79947E 02
Lo 799$7E 02
=lo TS€44E 02
=30 36 544E-01

FREQ

1.004E
1., 009E
lo013E
1,018E
l.022E
1.027E
1.022E
1.036E
5041€E
1l.046E
1.051E
1. 055E
1o 060E
1o 065E
1,070E
1o 075E
1.080E
1,085E
1. G89E
1. 0G4E
1., 099E
lo 104E
1.109€
lo118E
1.,120E

02
02
02
02
02
a2
o2
1¥4
G2
02
G2
02
g2
02
Q2
cz
02
a2
c2
02
0z
02
g2
02
02

PHA

~2002724E-C1
-1,68681E~Q]
~1l.51€51E-0C1
—le¢41631E-01
=1034740E~01
=1 25TT6E~0)
=1e25441E-0Q1
-1.2196%E-01
-lo18838E-01
-le163217E-01
-1,13863E-01
=1, 11750E-01
-1,G9711E-01
=10 G7730E-01
~1,05946E-01
-lo04348E-01
~1o02695E-01
-1,01147E-01
-9.56634E£~02
-9, 82193E-02
=9.67665E-02
-9, 53704E-02
-9.40755E-02
—8.2768TE-02
=90 14843E-02

FREQ

lo22EE
1.130E
lo135E
lol4agE
1. 145E
lol51E
lol5¢€E
1.161E
lalees
lol72E
1.177E
1.182E
1,188E
1,193E
1. 199E
1o 204E
1.209€
1,215E
1l.220E
1,22¢E
1.232E
1.237E
1.243E
lo249E
1.254E

02
02
g2
o2
0z
G2
02
02
oz
02
02
oz
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02
02
02
o2
02
oz
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Q2
02
02
02
oz

PHA

~9,03177E-02
-8:90664E-02
-8,79326E~-G2
-8, 67897E-02
—8o56667TE-02
~B8o4557T4E-02
~Bo 34391E-02
—8023924E-02
-84 13072E~C2
~8, 02982E-02
~Te92832E-02
~7282904E-02
=TeT2662E-02
-7.63029E-G2
~T053452E-C2
~Ta44328E-02
—T235039E-02
-To 258058-0C2
-To16563E-02
~To07533E-02
~60 98642E-02
~6090120E-02
-6o81387E-G2
-6072821£-02
~Bo 64654E-C2
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68-D

PLCTITY=SE/FR=EC/TC=126/EL=RE2D)

SENSITIVITY WITH RESPECT TU RE3

THE TRANSFCRM OF ThE RESPCNSE 1§ —-—-

FREQ

Bo COQE
80 036E
80 C73E
80 110E
80 147E
80 LB4E
8. 221E
Bo 258E
8o 296E
8o 334E
80 372E
80 410E
8o 44 8E
80 48TE
80 525E
80 564E
80603E
8o 642E
8, 682E
80 T21E
8o T61E
8o 801E
8o B41E
8o 881E
8o 92 1E

01
13}
0t
01
1
Q1
01
01
ol
cl
c1
01
0l
0l
01
13
01
01
¢l
0l
0l
o1
0l
01
0l

EXP. OF S

MAG

Z035141E-01
2034143801
2033174E-C1
2 3223¢E-01
2031230E-0C1
203046GE-0]
202562T7E~C1
22 28834F-01
2028082E-01
2027378E-01
2026722E-C1
2026122E~CL
2025578E-01
20 25CSTE-G1
20 246E86E-Q1
20 24249E~0C1
20 24CSSE-01
2023932E-Cl
20 238ESF~(1
20 233718E-01
2024CS1F-01
2024403E-01
2024871E-Cl
20 2551EE-01
20 263558-C1

NUMERo CCEFFSo

1o 71€C2E G2
40 8TS41E G2
1o26581E Q0
lo 36 £12E-63
3.30481lE-CéE
le OLC5SE~CY
0.0

BENCMs COEFF S,

1022316E 04
Eo21421E 02
1,8C477E 00
-4,02057E-03
“1a19256E~-06
=10,43701E-08
=40 19904E~11

FREC

80 9L ZE
9.C0G3E
So O44E
90 (ESE
95 LZ6E
9o 1EEE
90 210E
Go 281E
9o 254E
9. 336E
9, 3T8E
Se421E
So4E4E
Sc 5C7E
9o 5ECE
Go 554E
S.€37E
Su681E
S. 725E
Sa T7CE
SoBLl4E
Sa £5SE
90 GC4E
S054SE
92 5% 4E

¢l
01
01
g1
0l
0l
ol
o1
01
0l
ol
Gl
o1
01
a1
01
(1)1
01
01
0l
ol
Gl
01
0l
01

MAG

20 27422E~Q1
2228766E~01
20 3{4C2E-Q])
20 32385E-01
20 24TETE-0L
20 3THEBE-01
2041126E~C1
20 4E274E-01
20 EC259E~QL
20 B€271E~01
20 £3555E-01
20 12454E~CL
20E3405£-01
25°1048E-0L
3014288E-01
30 36473E-01
36 65685E-01
4o CE264E-01
46 6145TE-DL
£0 45£54E-C1
6o £3379E-01
9o 44123601
1o.60845E 00
60476L3E 00
Zo C6266E 00

FREQ

1o GC4E
1o QG9E
1o 013E
1. 018E
la022E
1.027E
1,032E
1a0306E
1o 041E
la046E
laD51E
1c G55E
Lo 060E
1c065E
1o 070E
1. 075E
1. 080E
1, 085E
1.089E
10094E
1. 099E
1o 104E
1le 109E
1, 115E
1.120E

Q2
Q2
a2
02
02
02
0z
02
02
02
g2
G2
o2
a2
G2
G2
G2
02
02
o2
az
02
02
g2
c2

MAG

1.18025E QO
T031829E-01
5¢30190E~01
4al7117E-0QL
3045760E-01
2097278E-01
2e62654E-C1
2236980E-01
2.1 7400E-01
20,02120&-01
1.69960E-01
1,80117E-0L
1o T2030E~CL
1,65293E~C1
1.55€05E~C1
lo54755E~C1
1050563E-01
1o46507E-0L
1lo43684E-01
1o40817E~01
1038243E-01
1a35912E-01
1.33786E-C1
l.31832E~CL
1.30023E-Cl

FREQ

1.,125E
1, 130E
1,135E
1,140E
1o 145E
1.151E
1o156E
la1&1E
lol6EE
1.172E
1.177E
1.182E
lo18EE
1,193E
Lo 19SE
1, 204E
1,209E
12158
1, 220E
Lla22¢€E
1.232E
1.237€
la24&43E
10 249E
1,254E

o2
02
02
0z
0z
a2
02
02
02
02
02
02
[+F:4
a2
02
02
02
02
02
02
o2
02
02
02
02

MAG

1.28338E~01
1lo26760E-01
10 25272E-G)
1.23864E-01
le 2252 5E~C1
1.21246E-C1
1020019E-01
1. 18839E~01
1o17701E-01
1., 16598E~-01L
1o 15529E-01
1la14489E-01
1o 13476E-0Q1
1o 12487E-01
1.11520E-01
la 10572E-C1
1lo 09642E-01
1, 08730£-01
1. 07833€E~01
1o 06950E-0C1
la 06081E-0L
1le 052258-01
1, 04380E-01
1o 03546E-01
1o 02722E-01
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16-2

FREGQ

8o 0QOE
8o G36E
8, C73E
80 110C
8. 147F
Be LB4E
R E21E
8, 258E
By 298&E
8, 334E
80 372E
8. 410E
8. 448E
8.487E
Be 525E
8. 544E
80 603E
8. £42E
80, 682E
8. T21E
8. T61E
8, 801E
80 B41E
8, 881k
8.921E

423
ol
c1
0l
0l
0l
01
01
cl
01
01
cl
01
Gl
0l
01
a1
c1
01
01
¢l
0L
o1
01
01

PHA

-8, TOSTBE
-9, 001l34E
=90 242C¢6E
-9049521E
—So T5ETEE
-1.00342F
~1.03224E
=10 C&24CE
-lo (S36SE
-1.127312E
-1c16187E
-1019835E
—-1,2366¢E
-1, 2TTGOE
=10 Z1944E
=1-36415F
-1o4L131E
-}o461CTE
~loE1367E
-10,54921E
-1c62822E
-1c65065E
—lo 7569 4E
-1c B2737E
-10S022%GE

00
00
00
]
00
a1
c1
0L
a1
o1
0l
01
Q1
cl
ci
a1
a1
01
a1
01
¢l
01
01
Q1
01

FREQ

805 €2k
90 O0ZE
9u Q4 4E
90 CESE
90 12€E
9. 168E
9. 210F
90 2£1E
90 25 4E
90 334E
90 378E
9042 1E
90 4€4E
90 5CTE
%o 5508
G0 5G4E
9o €2 T7E
9068 1E
92 7T25E
S0 7T70E
Se B14E
S0 EBSE
90 F04E
S0 S49E
90 9S4

133
0L
01
ol
cl
0l
01
cl
01
Q1
a1
0l
01
Q1
Cl
01
a1
Q1
o1
01
1
Gl
01
ol
0l

P4

-1oSEZ12E
-2 LET26E
-2015820¢8
~2a258E45E
—-2035G¢1¢E
-2647129E
~-208%123E
-20 T2018E
-208ESC4E
~3.LCETCE
-35 176Z4E
-3034471E
~3.8233CE
-3, T3725E
-20%57E5E
=4a 1S€41E
—40454(8C
40 T3157E
~50,C30G4E
~503E143E
-50£C340F
-6oG8557E
~6o43487E
=60 BCOE4E

1.07134E

¢l
01
01
0l
ol
a1
01
o1
Gl
0l
o1
01
01
al
01
01
01
Ol
Q1
01
0l
0l
01
01
02

FREQ

LoQC4E
1. 009€
1.013E
La0O1lBE
1l.022E
1.027E
1.032E
1o 036E
lo041E
l.044E
1.0Q51E
1o 055E
1. 060E
le C65E
1. 0T0E
l1s0O15E
1o C80OE
1.085E
1o C8%E
1.094E
loCSYE
1o 104E
1,109%E
lo115E
1.120E

a2
02
02
Q2
02
g2
02
02
02
c2
G2
02
02
02
(174
a2
g2
02
gz
c2
02
02
0
0z
Q2

PHA

1, 02G97E
9. 87T016E
Y0 43805E
90 00957E
8o 58987E
8. 18328E
7. 7T9353E
T042291E
ToCT31TE
6.T4521E
6043513E
6015450E
5o BSC60E
50 64631E
504 2049E
5.2117BF
5., 01895E
40840T4E
406 7594E
45 52343E
493BZ15E
4025113E
401 2947E
4001638E
3, 9111LE

02
0l
ci
GL
01
ol
¢l
o1
0L
01
ol
01
a1
Gl
01
01
01
Gi
1
01
01
oL
01
01
a1

FREQ

la125E
1. 120E
1.135€
1o 140E
lo1l45E
1.151E
1156E
lelélE
lol6EE
Lo172E
1.177E
1.182E
1,188E
1,192¢
1.19GE
14204E
lo 209E
1, 215E
1.220E
1, 22¢F
1,222E
1.,2327E
1o 243F
10249E
lo284E

cz2
02
0z
02
02
02
02
02
02
02
02
02
02
oz
02
oz
02
G2
o2
02
02
gz
02
0z
a2

PHA

35 81304E
30 72155E
30 63607E
30 55613E
304B8129E
3041113E
3, 34532C
30 28348E
3.22536E
3. 170648
3:11913€
3. 07056E
3, 02475E
20 98149E
20 94053E
2, 901 39E
22 B6545E
20 B3087E
20 T79812F
2o T6TLLE
20 T3771E
20 TO9B4E
20 68341E
20 65834E
20 63454E

CL
0l
al
oL
Q01
ol
cl

Ql
al
ol
Cl
01
al
al
01
01
al
al
0l
Gt
o1
Cl
ol
cl



GREATEST YALUE =

L,CT124E 02

LCHEST VALUME = -6.80084E OF

INVERVAL =

1.52258E QG
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Example 2: Illustration of the (TYPE=REAL) Option (Taken from the
Report, "Designed Manual for Computer~Aided Design of Communication
Circuits, "' written by K. N. Haag, BE.W. Weber, Illinois Institute of Tech-
nology, Chicago, Illinois.

NASAP TEMPERATURE STABILITY FIXED BlAags 2
vl 20 VRl

va 1 _VR9 i1 CD ? R
1 A

RY 1
R2 510K
IK

R3
R4 Lok
5K R2 R5 .
:S 8 vi <>
R& 8 9 +25
R9 8 10 IUR vz R4
R10 10 11 1 R3 ﬁ//\\ 12 13

RIT 1T 13 1+923N N\ — < ) § b—

R1iZ2 10 13 «+8037
R13 10 12 +0U70343
C2 10 13 +00/783 14 7 R7
Lt 7 8 02 L1

29 10 «1002 8
L3 12 13 013154 RS

IT1 21 15 9 RO
12 8 5 1 VYR7 L2

1365 I IRID 12
14 8 3 50 IR3

RS
R6

Lad 4 O L] == P U1 O
~1 0 QY & W e

5710 31 VRl
16 13 10 50 VR1 11

SUTPUT 16 T~ C2 R12 12
IRB/II1 c1
PLOT{TYPERREALZFRAMFS57THaS575TEPST T RN L3
RBBTS

) 13

ENU
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Gk NASA PRk

NETWORK ANALYSIS AND_SYSTEMS £PPLICATICN PRLGRANM

THIS VERSICN WAS DEVELCEER AT UCLA ENNGRo LEET,

NASAP TEMPERATURE STABILITY FIXEL BIAS

vi 1 2C VR1
V2 5 4 1 VRG
R 2 11

Re 1 3 510K
R32 2 4 1K

R4 6 £ 40K —
R5 1 & 5K

Ré 3 7 o5

R7 3 8 10K

R8 8.5 o025

R9 8 10 10K
R10 1C 11 1

R11 11 12 10922M
R1Z 10 13 -, 8037 .
R13 1€ 12 oCC50349
Cl 11 13 ,02yF

€2 10 13 ,0077€3
Ll 7 8 002

Ltz 9 1C -oG02

L3 12 13 5019154
11121

12 6 5 1 VR?

13 6 5 1 IRLO

14 8 3 50 IR3

15 10 & 1 VR1

16 13 10 50 VR1
ouUTPLT

L3 WL N
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G6-O

1

E}EMENT NUMBER _ FI ENENT MAME  CEPENDENCY [TF ANY)  CRIGIN NODE . TARGET MOOE ... .. VALUF - - TAG GENER._ -

- s - - — PR - —

L V1 VR1 5 1 20 GCOGOOCOE 0l i 1

2 A4 VRY 5 4 1,0G0CCOQ0E €O 1 - 1 -
3 Rl 2 1 1.00000000E 00 1 0

4 R2 1 3 5.1000000G0E C5 . 1 - JO s
5 R3 3 4 1. 00000000E €3 0 0

) B4 £ 5 4. 000GCO00DE. Q4 [N + R v EE—
7 RS 1 & 50 00000C00E 03 1 0

8 R& 3 7 4,99999821£-01 4] [ ¢ I
9 RY 3 8 1, 0000C000E C4& i 0
10 RE 21 2] 2549955R8BLE=-CL.. 4] - 0
11 RS 8 10 1, 00000000E 04 1 1]
12 R14 10 11 1..00000300E 00 . I R « M
13 R1L 11 13 1.92259800E G6 [} 8]
14 R12 10 13 —Ba03A994TZE~GL. 1 . [
15 R13 1¢ 12 Se 0248906BE-03 1 0
16 Cl 11 13 1,99969839E-L8 .. . O©O._ RN o [
17 cz2 10 13 To78295198E-03 0 0
18 L1 i 8 1., 59999958FE=02 —— 1 4]
19 L2 g9 10 ~1055995586E-G3 1 Q
20 13 12 i3 1.31539861E=02 ———— 0 - - 0
2t Il 1 2 1o 000CO00CE €O 0 1
22 12 VRT & ) 1,00060000E 40 ———- 1] s we .
23 13 IR10 6 5 1, 00GCI000E 00 0 1
24 14 I1R3 8 3 52 GO0CGOOCOE_Q1 t] 1
25 15 VR1 10 8 1.,00000000E 0O 0 1
26 16 YR 13 10 BPa00000000E 01, __ .. _ 0. . .1l. .
2 -3 4] 2057152

3 4 a2 0 ——

4 2 0 az

5 -1 0 _J2%E30C8 - —_— — m r—
6 T 1258257¢ 0

i -18 Q 25¢ - o r———— = e
8 g 16777216 25¢&

g =19 0 1024
10 11 33£E4422 1C24
11 12 133728 Q

12 15 1C04E576 0

13 14 ¢11CEBES 12633748




FLCWCRAPF

FRCH TG 5
_ 28 27 c
37 28 0
3. 29 0
4 20 ¢
31 5 s
32 6 q
.7 33 c
34 8 o
g 35 0
36 10 c
11 37 0
i2 38 ]
L139 13 c
14 40 0
15 43 0
42 16 1
43 . 17 1
¢ 18 44 1
s _ ... .45 1
46 20 -1
35 _ £2 c
1z 23 ¢
5 24 . ¢
29 25 o
_29_ . __26 .0
21 3 ¢
29 41 ¢
5 4 0
a0 a1 c
5 2 c
.28 31 0
5 1 0
27 21 9
& 1 a
27 a2 0
22 1 o
27 48 G
23 1 o
27 43 0
6 7 ¢
33 32 6
22 7 c
_ 33 .48 0
23 7 c
33 49 0
8 18 o
44 34 o
24 g o
35 50 0
8 9 g
35 34 0
16 19 o
45 26 e
25 11 0
37 __51 0
10 il C
37 _ 36 c
13 12 0
28 3g <
16 12 8
38 42 c
20 15 0
41, .46 o
26 14 e
&40_ . _ 52 0
13 14 0
RO .29 . .0
16 14 c
40 42 a
17 14 g
40 43 0.
20 14 0
a0 46 _ g,

C-986

VALUE
20CCCCOCCOE C1
1l CCCCOCCCE CO
1. CGOCOCGOE CC
So1C(CGLCOE €5
G0 6C569521E-C4
20495G9EEEE-CD
EoCOCCICCOE C3
2, CL{CCCCCCE Q0
1oCCCCOCGCOE C4
40 CLOCCLISLIE CO
1,CCGCCCCRE C4
1o CLOCCCGCE Q0
£02CCc1331E-C7

-80036$€T2E-01
GeC34ECCEBE-G3
1a€69G9E2SE-CS
T1oTE25G1¢8E-Q3
1,6¢9€¢CC58E-(C2

—1loCCCCCCELE-C3
50 22(E4EC3E 01
1o CCOCOCCCE GO
1o CCCCCCCCE GO
SoCCCCACCOE 01
1o CCCCBCCCE GO
5o CCCCGGGOE 01
1.0CO0C00CCE 00
Lo CCCCO0GOE 00
1,CCOCA0CCE Q0

-1:CCOCO000E OO

~1o GCGCOCGOE €O
~1o CCCCCCCCE OC
1. GCOCOOOCE GO
1o CCGLCCCCE QO
1oCCGCGCCCCOE 0O
1,GCOC0GCOE CO
loCCOoCCCCCE 00

—1oCCCCOCCOE CO
1le CCCCSCGOE GO

-1, CCCCQCLOE GO
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