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FOREWORD 

Adapted from the TRAC and SPICE programs by BERNE ELECTRONICS, Inc., 

AITRAC: Aug~te_r.ac_tive Transient Radiation Analysis by Computer; per­

forms DC, Transient, and radiation analyses of electronic circuits. 

The program operates i,n conversational time-sharing mode on all large­

scale computers which can provide this interactive environment. 

This manual instructs. users on how to perform all AITRAC analyses. Specif­

ically, it describes program features, how to access the time-sharing system, how 

to prepare data, how to operate the program, and how to interpret the output 

results. 

Berne Electronics maintains and updates this program and is always available 

to users for help, technical questions, and consulting. Comments on how to im­

prove the documentation and the program are solicited, and will be welcomed. 

5-6 



CONTENTS 

1. Introduction 

2. Program Description 

2. 1 Standard Part Models 

2. 1. 1 
2. 1. 2 
2. 1. 3 
2. 1. 4 
2. 1. 5 
2. 1. 6 
2. 1. 7. 
2. 1. 8 
2. 1. 9 
2. 1. 10 
2. 1. 11 
2. 1. 12 
2. 1. 13 

Resistor 
Capacitor 
Inductor 
Grounded Voltage Source 
Floating Voltage Source 
Floating Current Source 
Junction Diode 
Bipolar .Junction Transistor (BJT) 
MOSF.ET D,evices 
S Model MOS. 
A Model MOS 
JFET Model 
Switch and Latch 

2. 2 Temperature 

2. 2. 1 Reverse Saturation Currents 

2. 3 Time Functions 

2. 4 Initial Cunulllon~ 

2. 5 Output 

2. 5. 1 
2.5.2 

Printed Output 
Plotted Output 

. 2. 6 Delta Time 

2. 6. 1 
2. 6. 2 
2. 6. 3 

Delta Time Input and .. Automatic Program Termination 
Program Delta Time Control 
User Delta Time Selection 

2. 7 Topology flestricti.ons 

2. 8 Problem Size 

Page 

1-1 

2-1 

2-1 

2-1 
2-2 
2-3 
?.-4 
2-4 
2-5 
2-6 
2-7 
2-12 
2-13 
2ft16 
2-22 
2-24 

2-26 

2-27 

2-27 

2-29 

2-30 

2-30 
2-30 

2-31 

2-31 
2-31 
2-31 

2-32 

2-32 

7 



8 

CONTENTS 
(continued) 

3. Program Operation 

3. 0 Access to the Time Sharing System 

3. o. 1 
3.0.2 
3.0.3 
3.0.4 
3.0.5 

Dialup 
Accessing AITRAC 
Terminating AITRAC 
Logging Off 
Errors in Typing 

3. 1 Using the Program 

3. 1. 1 Input from Disk Files 
3. 1. 2 Input from Terminal· 

3. 2 NEW Command 

3. 2. 1 
3.2.2 
3.2.3 
3.2.4 
3.2.5 
::1.2.0 
3.2.7 
3.2.8 
3.2.9 
3.2.10 
3. 2. 11 
3. 2. 12 
3.2.13 
::1.2.14 

OLD Comtnand 
Grounded Voltage Sources and Time Functions 
Floating Voltage and Current Sources 
Resistors · · 
Capacitors 
Inductors 
Junctjon Diodes 
Bipolar Junction Transistors (BJT) 
'Iransconcinr.tances 
IVh.1t\1al Tnciur.t :m ccs 
JFETs 
MOSFETs 
Switches 
Switched Element Specifi-cations 

3. 3 TIME Command 

3. 4 PRINT Command 

3. 5 PLOT r.nmmand 

3. 5. 1 
3. 5. 2 

Special Sorting of Data Points 
TITLE for Plots 

3. 6 T .TST Command 

3. 7 EXECUTE Command 

3.7.1 
3.7.2 
3.7.3 

The Execution Options 
The Initial Conditions Options 
Examples of EXECUTE Command Usage without 
User-Specified Initial Conditions 

3-1 

3-1 

. 3-1 
3-1 
3-2 
3-2 
3-2 

3-3 

3-6 
3-6 

3-7 

3-7 
3-7 
3-10 
3-12 
3.,12 
3-13 
3-14 
3-17 
3-19 
3-23 
3-24 
3-26 
3-29 
3-31 

3-32 

3-33 

3-:H 

3-37 
3-38 

3-38 

3-41 

3-41 
3-42 

3-44 



CONTENTS 
(continued) 

3.7.4 Examples of EXECUTE Command Usage with 
User-Specified Initial Conditions 

3.7.5 

3.7.6 

Examples of EXECUTE Commands with Initial 
Conditions for $tarting Interactions of 
de Solutions 
Diagnostic Messages for Hanging and 
Unconnected Nodes 

3. 8 TEMPERATURE Command 

3. 9 CHANGE Command 

3 • . 1 0 ADD Command 

3. 11 DELETE Command . · ... 

3. 12 DO Command 

3.13 MODIFY Corr~mai~d 

3. 13. 1 
3.13. 2 

MODIFY Command (:ExtEmsi~ns) . .. 
Modification:of ,D: Q~ i;''and ivi Param~t-ers 

3.14 SAVE.Commahd 

3 • .15 SUMMARY Command 

~· 16 BC, NV, and BP Commands 

3 •. 1 7 SCALE Command 

3. 18 MAKE Command 

3. 19 TOLERANCE Command 

3. 20 CRITERIA Command 

3. 20. 1 CRITERiA Parameter Settings· 

3-. 21 STEP Command 

3. 2 2 INFORM Command 

3 •· 2 3 On- Line Interrupt 

3. 24 Quit Command 

3-44 

3-45 

3-46 

3-4G 

3-47 

3-48 

. 3-48 

3-50 

3-50 

3-52 
3-53 

3-54 

3-54 

3-54 

3-54 

3-55 

3-56 

3-56 

3-.58 

'3-59 

3-60 

3-62 

. ::1-64 

9 



10 

CONTENTS 
(continued) 

4. Radiation Effects 

4. 1 Des cd.ption 
4. 2 Data Input 
4. 3 Improved Type 0 Response 

5. Special Equations 

5. 1 Description 
5. 2 Coding AuxiliAI'Y Equations 
5. 3 Coding Nonstandard Models 

5.3.1 
5.3.2 

AITRAC Program Variables 
Transmitting Parameters to the SPEQ Subroutine 

5. 4 Use of the SPEQ Subroutine with 5'parse Matrix Techniques 

5.4.1 
5.4.2 
5.4.3 
5.4.4 
5.4.5 
5.4.6 
5.4.7 

Pointer System Setup 
Modification of H Matrix and T Vector Terms 
Determination of Branch Voltages 
H Matrix and T Vector Terms 
Special Mpdel Convergence. Equations 
Special Solution Acceptance Equations 
Auxiliary Quantities and Functi.ons of Dependent Node 
Voltages and of Converged SolutionR · · · 

5. o Accessing the Special EquationR 

5. 6 Example of SPEQ Use 

5. 7 Sandia NOS AITRAC Special Equations 

o. MallH:!matical l<'ormuJation 

REFERENCES 

APPENDIX A - NONSTANDARD MODF:T .TNG 

APPENDIX B - DATA INPUT FROM FILES 

APPENDIX C - ERROR MESSAGES 

APPENDIX D- HINTS FOR PROORAM USAGE 

APPENDIX E - SAMPLE RUNS 

APPENDIX F - SEMICONDUCTOR LIBRARY 

4-1 

4-1 
4-3 
4-5 

5-1 

5-1 
5-1 
5-5 

5-6 
5-7 

5-8 

5-9 
5-10 
5-12 
5-13 
5-14 
5-14 

5-14 

5-15 

5-16 

5-19 

AA-1 

AB-1 

AC-1 

AD-1 

AE-1 

AF-1 



1. Introduction 

AITRAC is a program designed for on-line, interactive. DC. and transient 

analysis of electronic circuits. The program solves linear and nonlinear simulta­

neous equations which characterize the mathematical models used to predict circuit 

response. The program features: 

* 100 external node - 200 branch capability 

* Conversational. free-format input language 

* Built-in junction, FET. MOS and switch models 

~' Sparse matrix algorithm with extended-precision H 
matrix and T vector calculations, for fast and accurate 
execution 

* Linear transconductances: beta, GM. MU. ZM 

~' Accurate and fast radiation effP-cts analysis 

':' Special interface for user-defined equations 

'~ Selective control of multiple outputs 

to< Graphical outputs in wide and narrow formats 

* On-line parameter modification capability 

The user describes the problem by entering the circuit topology and part 

parameters as they are requested by the program .. The program then automatically 

generates and solves the circuit equations. providing the user wHh printed or plotted 

output. The circuit topology and/ or part values may then be changed by the user, 

and a new analysis requested. Circuit descriptions may be saved on disk files for 

storage and later use. 

The program contains built-in standard models for: resistors. voltage and 

current sources. capacitors, inductors including mutual couplings. switches. junction 

diodes and transistors. FE'tS, and MOS devices. Nonstandard models may be con­

structed from standard models or by using the spP.dal equations ;interface. Time 

functions may be described by straight-line segments or by sine, damped sine, and 

exponential functions. Initial conditions may be input by the user, calculated by the 

program, or input from data files stored on disk. 

Some of the internal models and algorithms used by AITRAC have been adapted 

from the TRAC and SPICE programs. References 1 and 2. 

1-1.2 



2. Program Description and Features 

2. 1 · Standard Part Models 

. The program contain.s standard mathematical models which may be used to 

construct an analog of the circuit under investigation. These models are recognized 

by the program, the corresponding equations are automatically written, and the so­

lution is computed. The various models are discussed and illustrated in the follow­

ing sections. 

2. 1. 1 Res is tor 

The resistor model is shown in Figure Il-l with current and voltage conven­

tions. The J:<' and T nuue ue:::;iguci.CiOl'lS o.rc arbitrary anrl rlPtP.rmine only the positive 

sign of the calculated branch current; they do not affect the solution process. Posi­

tive current flow is from the F node to the T node, 

'.• 

vF{t).~ vr{t) 

.. k- .:(1\ ~ 
• I 

. Figure n-1.· Resistor Model and 
Conv~ntions 

The resistor model is defined by the current equation: 

The instantaneous model branch current and branch power are calculated by the 

program and are available for output. 
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2. 1. 2 Capacitor 

The capacitor is shown in Figure II-2 with current and voltage conventions. 
' . 

Again, the F and T node designations are arbitrary and determine only the positive 

flow of the calculated branch current; they do not affect the solution process. Posi­

tive current flow is from the F node to the T node. 

ic(tl 

v {t) --II j vT(t) F 

l c 

vc{t) 

Figure II- 2. · Capacitor with 'Program Conventions· 
.: ' 

The capacitor model is shown in Figure II-3. and is defined by the following 

current equations: 

where RS is the equivalent series resistan~:e and RSH is the leakage resista.nce. 

The instantaneous model branch current and branch power are calculated and avail­

able for output. Note that the branch c:u rrPnt rln~;>.~ NOT include the l:u l.'l'!o'Ul ln RSH. 

RS c -

Figure Il-3. Capacitor Model 



2. 1. 3 Inductor 

The inductor is shown in Figure II-4 with the current and voltage conventions. 

The F and T node desig.nations ar~ arbitrary arid deter~ine 'oriiy the pos\tive flow of 

the calculated branch current; they do not affect the solution process. Posltive 

cu,rrent flow is from the F node to the T node. 

. . il(t) -----

Figure II- 4. Inductor with Program Conventions 

,· •, I·. 

The inductor model .is shown in Figure II-5, and is defined by the tollowl.ug 

current equations: 

:• -·· .... 

and 

J •· ... 

where RS is the series (DC) res_istance and RSH is the leakage resistance. The in­

stantaneous model branch current 'anci branch power are calculated and available for 

output. Note that the branch current does NOT include the current in RSH. 

:.:;:.· 

RS 

L-...-~- vT(t) ---' i l (t) . 

Figure II- 5. Inductor ModfO> 1 

. . ' 
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2. 1. 4 Grounded Voltage Source 

The grounded voltage source model is shown in Figure II-6 with program 

conventions. 

+ 

Figure II-6. 

Independent Node 

Grounded Voltage Source 
Model with· Ccinvention·s 

An independent node is a node which is either ground, v(t) = 0, or connected 

to a grounded voltage source, v(t) = e (t), whosp value is explicitly .;lefined. A 
~s . .. . . 

dependent node is a node which is not connected to ground or a grounded voltage 

source. 

2. 1. 5 Floating Voltage Source 

The floatiug voltage source model is shown in Fig11 re II -:-7 with r.n rr'ent and 

voltage conventions. The model is defined by the current equp.tion: 

The instantaneous model branch current and branch power are available for output. 

Due to the voltage source in the branch, care should be exercised when in­

teriJreting branch power outputs. 



2. 1. 6 Floating Current Source 
. . 

The cur.fenb:iource 'model is shown in Figure II-8 with curre.nt ·and voltage 

conventions. 

: .. 

Figure II-7. Floating Voltage 
Source, witJ1 
Conventions 

The model.is .defined by the current equation: 

branch power1 

Figure II- 8. Floating Current 
Source, with 
Conventions 

The instantaneous model branch current and branch·power are available for output. 

The branch current "BC" which is printed out does not include the independe~t 

CUrrent term 11i cs II • It dOeS hOwever inClUde. ~ny dependent CUrrentS' Which arise 

due to transconductance terms: GM, Beta~ etc. 

Caution is to be used when interpreting power output printouts,' due to the 

· current source in the model and the polarity conventions. 

NOTE: The sign conventions of floating sources are such 

that the voltage drop from F to T .is taken as 
. ...... . . ··~ ~ . ·. . .· : 

posit'1ve. 
· .. · .. · .. 
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2. 1. 7 Junction Diode 

The junction diode is shown in Figure II-9 with current and voltage conventions. 

i 
0

(t) 

Anode Cathode 
Figure II-9. Diode with Program 

Conventions 

The diode model is shoWll in Figure ll-10 and is defined by .the following r.ur~ 

r-ent equations: 

iDI(t) IS (exp [vD(t)/MD • 9)]- 1) 

CDO 

Voltages v A (t) and vC(t) are the voltages at the anode and cathode terminC~)s, 

respectively, and 

a k':'TEMP I q (R>. 02n volts at 300 Kelvin) 

k Boltzmann's constant. 1. 38054 E-23 erg/deg Kelvin 

q charge on electron. 1. 6021 E-19 coulomb 

TEMP = tempPrRt1.u::·e in Kelvin, T b. t + 27 3. 1 !:l 
an1 1en 

IS 

MD 

RDL 

CDO 

VDBI 

TD 

diorlP. rPm;>rifi Batura.tion curreul 

diode emission constant 

diode leakage .:resistanre 

diode junction capacita~ce at V b = 0 

diode intrinsic built-in voltage 

diode time constant 

diode junction capacitance 

diode steady-state primary photocurrent 

'' 

' ·,, 

IPPD and IPPD(t) are parameters provided only for compatibility with versions of 

the program intended for radiation analysis a.nd arc omitted from the diode model 

when radiation effects are not to be studied. 



.. , , 

v A (t) 

L 

Figure II.,.} 0. Junction Diode Model 

The instantaneous ·model branch current and·branch power. are c~lculated and 

arc available for output. The real diode power can be calculated by the expression: 
'I 

.. ( 

The model simulates the complete temperature ·effects,, but does 'not tnodel avalanche 

or bulk resistances, which can be added externally when required. 

2. 1. 8 Bipolar Junction Transistor (BJT) 

Bipolar transistol;'R arP. Rhown in Fi.2ure II-11 with current and voltage 

conventions. 

' . ' . ' " vc(t) 
Collector 

vc(t) C.ollector. 

-/ l ;c<•J / ! ;c<•J 
"'sc(t). v~dtl ., 

Bose 
+/ 

Base 
+/ 

----

~' ·0+'-iB(t) + v (t) 'B t vs~(t)'_ BE ! ;,<•J ! ;,<•1 -"' ~ 
Emitter Emitter 

VE (t) vF(t) 

(NPN) (PNP) 

Ftgure II-11. Transistors with Program Conventions 
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The transistor models are shown in Figures II -12 and II -13. The NPN tran­

sis tor model is defined by the following current equations: 

where 

iCI(t) = ICS(exp [vBC(t)/(MC • 6)]- 1) 

iEI(t) =.IES(exp [vBE(t)/(ME • B)]- 1) 

ceo 
c = -------~~ 
c [1 - VBC(t)/VCBI]

1
/

2 

CEO 
c = 

E 

IH'EN 
1 + HFEN 

HFEI 
01I 1 + HFEI 



- f 

~ cE 

-_!L.-____ ~.-__ ..._ _ ____.--'-....----......... -r_N_dr_i ~.~~:1 __ T 

Figure II-12. NPN Bipolar Junction Transistor Model 

v c(t) 

ic(tl 

:Gt cc ~ sr(t) . d[iCI(t)] 
' - ' Tl-d_t_ 

:t ~NiEI(t) 

i 
8

(t) 

v BE(t) 

-l d[iEI (t)] 
CE 

Tl--
dt 

i E (t) 

vE(t) 

~ 

Figure II-13. PNP Bipolar Junction Transistor Model 
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The transistor parameters are defined as follows: 

HFEN normal transistor beta 

HFEI inverted transistor beta 

llN = normal transistor alpha 

~ inverted transistor alpha 

TN emittel' junction time constant 

TI collector junction time constant 

ICS collector junction diode saturation current 

MC collector junction diode emission consta.nt 

~C = colledor ·junction diode capacitanct:: ( Lrat1sition) 

r:r.o ~ r.o!lector junction diout: t..:a(Jacltance at V BC = 0 

VCBI collector junction intrinsic built-in voltage 

RCL collector junction leakage resistance 

IES emitter junction diode saturation current 

ME emitter. junction diode emission constant 

cE emitter junction diode capacitance 

CEO emitter junction diode capacitance at V BE = 0 

VEBI emitter junction intrinsic built-in voltage 

REL emitter junction leakage resistance 

IPPC collector junction steady-state primary photocurrent 

lPPE emitter junction steady-state prim:=~ry photocurrent 

IPPC and IPPE are parameters provided only for compatibility w:i,th ver$ions of the 

program intended for radiation analysis and are omitted from the transistor models 

when radiation effects are not to be studierl. 

Voltages vB (t), v C(t), and v E(t) are the voltages at the base, collector, and 

emitter terminals of the transistor. Model branch current numbers are assig:ned to 

the Lat:>e and colfeclur currents only. The instantaneous model branch currents iB(t) 

and iC(t) are calculated and are available for output. The power may be calculated 

by the expression: 



The total power dissipated in each transistor is available for printout or plot­

ting by requesting ~he power in EITHER of the two branches assigned to any transistor. 

For convenience, either branch contains the TOTAL device dissipation. 

i; 
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2. 1. 9 MOSFET Devices 

Two different models of MOSFET devices are available, as well as a JFET 

model. Each can be specified either as an N-channel of P-channel device. 

The "S" model MOSFET is the well-known Schichman-Hodges Model (Refer­

ence 10) used in most circuit analysis programs (see Figure II-14). 

The "A" model MOSFET is useful for device manufacturers, as it allows the 

fabrication parameters and geometrical dimensions uf the devices to be ente.rt;!d 

directly as data. The electrical performance characteristics are similar to those 

of the "S" model. Geometrical details are shown in Figure II-15. The actual imple- · 

mentation is based on the FET diode describerl i.n Reference 17. The fo'ET diode 

concept allows a model to be developed which closely parallels· the operation of the 

Ebers-Moll BJT model for all re'gions of operation. It also provides a convenient 

method for performing nonlinear iterations and for convergence checks during 

analysis. 

TlH:: JFET model 1s also based on the Schichman-Hodges Model (see Figure 

II-1G). 

All models include the effect of substrate bias on threshold voltage ·and terms 

to model channel length modulation. 

NOTES 

l. Models for N -channel devices, with voltage polarities corresponding to oper­

ation in n.ouual uwcJe al:'e Shown. The user may specify both N and P channel 

ut:vit.:es, operatmg in either normal or inverted modes. AITRAC will auto­

matically adjust the signs of all voltages and currents to account for either·;;,: 

channel type and either mode of operation. The user need not be concerned 

about the necessary algebl"aic manipulations. 

2. Some users may have developed models which include additional refinements 

\ and require more parameters to be entered. AITRAC has additional provisions 

to take care of such requirements. Please consult Berne for special modeling 

requirements. 
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2. 1. 10 s Model Mos· 

The S Type MOS device is characterized by the following 12 parameters: 

NO. NAME PARAMETER DEFAULT UNITS 

1 VTO Threshold voltage 2.0 v 
2 BETA Transconductance parameter 1. OE-4 A/V

2 

3 GAMM Source-Substrate Threshold param •. o. 7 v 1/2 

4 PHI Source-Substrate Offset potential 0.7 v 
5 LAMB Channel Length modulation parar:n. 0.01 v -1 

6 CGS Gate-source capacitance 1. 0 pf 

7 CGD Gate-drain capacitance 1.0 pf 

8 CGB Gate-body cupacitnnoo 1' 0 pf. 
' 

9 CBD Body-drain capacitance 2. 5 pf 

. 10 ··'CBS·· Body-source capacitance 2. 5 pf 

. 11 · PHIB · · · Subs.trate junction potential 0.7 v 
12 IS Substrate junction saturtn. currnt • l.OE-14 A 

. 'J' 

D 

CGD 

r-1E 
-QBody 

G~ CGS 

.. IE 
----

CGB 

s 

Figure II-14. S Model MOSFET 
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The governing equations for an N-channel device are as follows: 

Forward Region: VDS > :0 

VTE = VTO + GAMM ~VSB + PHI)0 • 5 + (PHI)O. 5] 

Operating Conditions: 

Cutoff: 

Triode: 

VGST ~ 0 

VGST:!!: VD3 

VGST > VDS 

or VGS ~ VTE 

<:UJU VCilJ ~VTE 

br VGS > VDS + VTE 

Device Current: 

0 VGS ~ VTE 

ID = BETA[VGS - VTE] 2 (1 + LAMB':'VDS) VGS ~ VDS + VTE 

BETA':'VDS[2(VGS- VTE)- VDS] (1 + LAMB':'VDS) VGS > VDS + VTE 

In the .reverse region: VDS. < 0. VGD (Gate to Drain) is substituted for VGS 

(Gate to Source), VDB (Drain to Body) is substituted for VSB (Source;:: to Body). antl 

the ~;;ign of VDS (Drain to Source) is reversed in the al:;>ove equr:~t.inns. 

NOTBS 

1. Depending on the method of derivation or reference used, the abovP. equations 

can be written in equivalr.nt form as follows: 

ID = 



2. The parameter LAMB(DA) is used to model the finite output conductance of 

the device in the saturate<;i region: 

The output conduCtance is assumed to vary linearly with drain current. The 

parameter LAMB (Di\.) is analogous t~ the Early Voltage (VA) used in the 

GummehPoon model of the bipolar junction transistor. 

The two substrate (Body) junctions are normally reverse biased and are mod­

< ~led by ideal diodes. (Note: VSB and VDB are normally positive quantities.) 

l .• ; 

·.' 

The voltage-depend~nt depletion capacitances are defined by: 

· [ · VSB ]-1/ 2. 
CSB = CSBO 1 + PHffi IVSB I < PHIB 

[ 
VDB] -1 I 2 

CDB = CDBO 1 + PHIB IVDBI < PHIB 

.· 
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2. 1. 11 A Model MOS 

The A Type MOS device is characterized by the following 'sixteen (16) 

parameters: 

NO. NAME PARAMETER DEFAULT UNITS 

1 KP (= K') Device gain factor 1. OE-5 A/V
2 

2 VTH Threshold voltage at zero volts 0.5 v 

3 SEC Source-body coeffkiP.nt. 0.5 
. 1/2 
v· 

4 SEE Source-body exponent 0.5 

5 nw Prooooo induced incL·ea::;t! uf 
drawn device width . +0. 1 milst 

6 DL Process induced increase of 
drawn device length -0. 1 mils 

7 OL Actual gate-drain and gate-source 
overlap (after spreading) 0~05 mils 

8 SEP Average separation of twott 
connected devices 1.0 mils 

9 CGOX Capacitance of gate oxide 0.25 
. 2 
pf/mil 

10 CDIF Capacitance of diffused region o. 1 pf/ mil
2 

11 DCC Diffused capacitance coefficient 0.2 v1/2 

12 DCE Diffused capacitance exponent. 1.0 

l :~ WDRN Drawn device width 3.0 mils 

14 LDRN Drawn devke_length 0.3 mils 

15 RO Crimping resistor 100 . ohms 

16 ZED(PHI) Source-body offset 0. 7 v 

.. 

t Units: Units of "mils" and "pf/ mil2 " are .shown, HowevP.r, ;:my !':Plf,.. 

~.:(Ju::;i::;lt!ut ~:>et: of umts may be used, such as microns, and pf/ micron squared. or 
rnm unci pf I ~q n:au. 

tt SEP is the average separation of two connected devices. However, any 
length may be inserted for this parameter to provide the correct "pad" area. 



The governing equations .for an N -channel device are as follows: 

. SBE SBE VTE (effective) = VTH + SBC(CVS - VB+ ZED) - ZED ) 
(PHI) (PHI) 

VDS = VGS- VGD and VGST = VGS - VT 

Operating .Conditions: .. · 

Cutoff: 

Saturated: 

'J:'riode: 

VGST s: 0 or VGS s: VTE 

VGST s; VDS and VGD s: VTE 

VGST > VDS or VGS > VDS + VTE 

Device Characteristic .l:'aramete:rs: 

. · . . .. · '(WDHN + DW) 
KS = K~. (LURN + DL) and 

KS 
KU = 1 + KS • RO(VGD - VT) 

DevicE! Current:· 

Cutoff 

Saturated 

- VTE • Triode 

The device capacitances are voltage dependent, depending on the region 

of operation, and are defined as follows: 

CSB = SEP .• (WDRN + DW) · CDIF 

1 + DCC(V::iH)DC.E 

CDB = SEP · (WORN -1 DW) • CDIF 

1 + DCC'(VDB)DCE 
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The following capacitances are defined for notati.onal and computational 

convenience: 

CK1 = OL • (WDRN + DW) • CGOX 

CK2 = (LDRN + OL) • (WDRN + DW) • CGOX 

Capacitances CGB, CGS, and CGD depend on the state of the MOSFET, as 

folluwl::i: 

MOSFET 
STATE CGB CGS CGD 

Cutoff-Normal CK2 CK1 ' CK1 

Cutoff- Inverted -VGST(CK2) CK1 + O. 7(1 - VGST)CK2 Cl<l + O. 3(1 - VGST)CK2 

Saturated 0 CK1 + 0. 7CK2 CKl + 0. 3CK2 

Triode 0 CKl + 0. 5CK2 CKl + 0. 5CK2 

This model is implemented by using an FET diode, described in 

Reference II -11. 

The \l~e of this FE'l' rliorlA ::lllnws thP IVIOS devic~ to bo modolod for all 

regions of operation with a single set of P.l)118.ti.ons,· in a manner similar to the 
' . 

Ebers-Moll equations applied to the bipolar junction transistor (BJT). 

FET Diode Voltage-Current l{elationships: 

r Cutoff: i = v,n n- 12 

t I 
u .. 

. · (v2 . ) 
.:SZ iD Saturated: lD = KS 2 - VTE':'V for: ·V > VTE 

v +J.vt i = 0 for: V ~ VTE D 

l Triode: 
. v . ( 2 ) lD = KU 2 - VTE':'V 



The implementation for Newton-Raphson iteration is similar to that used for 

junction diodes: 

t y 

V, 

Diode 
Current 

. ·i 
.D 

'Diode 

E 

The following derivation is used for t4e FET diode model. for use in the 

nonlinear iterations: 

= K(V- VTE) 

E = V- i /Y ....... D 

Refer to the sketch above. 
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Figur~ Ih15B. · A Model MOSFET Implementation . . . 
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2. 1. 12 JFET Model 
I 

The JFET Model is similar to the MOSFET Model, and is also implemented 

using the FET Diode of Reference .II-11. 

The following parameters define the N -Chan!lel Model: 

NAME PARAMETER DEFAULT 

VTO Thresltolu Voltage 2. 0 

DB'l'A 'l'rans conductanr. P. 1.0 E-4 

LAivlH Channel Length Modulati01:1 Parameter 0.01 

CGS (0) Gate-Source Capacitance (Z~ro bia,s) 5.0 

CGD (0) Gate-Drain Capacitance (Ze:t:"o bias) ·1. 0 

PHIB Gate- Junction Potential 0.6 

IS Gate-Junction Saturation Current .1.·0 E-14. 

The governing equations for an N-Channel device, are as follows: 

Forward Region: VDS > 0 

Operating Conditions: 

Cutoff: 

Saturated: 

Triode: 

VGS s: VTO 

VGS s: VDS + VTO 

VGS > VDS + VTO 

Devir.P. Current: 

0 

::J,nd VGD ~ VTO 

ID "' n RTA · [vGS - VTO]?. ( 1 + LAMB ,;, V ~S) 

BETA ':' VDS · [ 2(VGS - VTO) - VDS] · (1 + LAMB ,;, VDS) 

UNITS 

v 
A/V

2 

v 
..,1 

pf 

pf 

v 
A 

·Cutoff 

Saturated 

Triode 

The notes in Section 2. 1. 10 regarding P-Channel reverse operations, as well 

as provisions for more complex modeling. apply to the JFET device as well. 



The gate junctions G-S and G-D are modeled by ideal diodes: 

The polarites of VGS and VGD are such that these diodes are normally 

nonconducting. 

The deplet.ion .cCJ.pacHances are defiped by: . . ~. . . . . . . . . . . . •. . . . 

. . . . . . [ . ·vcs]-:- 1 I 2. 
CGS = CGSO • ·t + PHIB . ·. 

·' '·! 

·c 
0....,_._-0 

lVGSl < PHIB 

lVDBl <: PHIB 

Figure II-16. JFET Model 
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2. 1. 13 Switch and Latch 

The switch, or switched element, allows the user to vary element values in 

a circuit based on some changing conditions which occur during the analysis. 

The elements which are allowed to be switched from one value to another 

upon switch actuation are: 

S - floating sourr.Ps, V or CU 
R - resistors 
C capacitors {switching of RS or }· .. 
L - inductors R3H il':l NOT allowed.· 
T - transconductances 

An element is switched from one value to another. up~n switch'a.-ctuation and 

returns to its initial value if the switch is deactuated due to c;ircuit conditions. The 

user must be careful in his specifications so that switches ·are not actu9-ted and then 

immediately deactuated, simulating a buzzer! 

For sueh cases, the latch option is used. : Latch operation is ~dentical to the 
: . ••. ,), I ,· 

switch except that, once actuated, the latch stays in its actuated position for the 

rest of the simulation .. regardless of circuit conditions. 

In general, a switched element is of the form: 

~F _____ )0>------1~1 l--N~ 
Actuating I 0 I. Av<~l 1: .. · ... _ 

Condition 6 

Bval value before switching 

Aval = value after switching 



The actuating condition can be any ·of the following: 

TFnn 

NVnn 

BC;nn 

RXrtn 

.,TIME 

Time function (voltage source) 

Node voltage nn 

Branch current nn 

Variable .. in SET command 

Time p6int in simulation' 

NOTE 

Switches (and latches) are NOT ;:tctivated in DC analysis. They are 

only activated in the TR an;:tlysis. 
, .. 

,. 

.·,: 

··-::-

. ',. 

:,· 
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2. 2 Temperature 

One temperature value is entered in degrees Celsius, (centi-grade) to simulate 

a change in ambient for all semiconductor devices. The models use this value of 

temperature to calculate e:;: kT/qM and for calculat~ng new values of saturation cur­

rents. Thus, COMPLETF. temperature effects are simulated by the program. 

NOTE 

Each diode and transistor may have an individual t~mperature speci­

fication, in order to vary its individual temperature, above or below 

the ambient temperature setting (see Section 3. 13. 1). 

The original versions of this program used a value of 9 (;1;3oltzmann/ 

Electron Charge) slightly different from the corrected .value in this 

version. Thus, the results fur circuits comprising diodes and tran­

Slstors will give slightly different results. In Order to compare cal­

culations, the temperature, in older versions should be set to: 

23. 4652 "C. This temperature will give results identical to those now 

calculated in AITRAC. 



• 2. 2. 1 Reverse Saturation Currents 

The reverse saturation currents for diodes (IS) and for transistors (ICS and 

IES) are strong functions of temperature, and must be accounted for if accurate 

temperature effects are to be simulated. In general: 

where 

IS(T) is' the saturation current at temperature = T
0 

+ ~T 

I3 ... i~ the 1"1?-0m ·tcmporo.turg vah1e 0f ~=:::~tnr::~tion c:urrent 
0 

(the value in the sem;conductor Library) 
,· .. 

EG is the ''Energy Gap'' voltage for the material being 
used· 

M is the diode emission constant (MD, MC, ME) • 

EG is defaulted to 1. 11 volts for silicon. The user may enter any other 

value (such as 0. 67 for germ~nium) by. using the MODIFY c.ommand (see Section 

3. 13. 1). 

2. 3 Time Functions 

Functions of time may be entered and used for transient analysis. These 

functi911s may be entered in thr~e ways:. 

a. As straight-line segment functions. An initial value at time 

t = 0 is entered, followed by up to 14 pairs of time and ampli­

tude values. This defines a waveform of up to 15 segments. 

b. As SINE waves. Three values are entered for peak amplitude, 

frequency, and initial phase. 

c. As DAmped sine waves. Four values are entered for peak 

amplitude, frequency, phase, and envelope ti.mP. constant 

(see Section 3. 2. 2). 
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d. As Double ~:>..'"Ponential function. Three values arc entered for 

magnitude and two time constants (see Section 3. 2. 2). 

e. By SPECIAL EQUATIONS (see Section 5). 

Some typical examples of time functions are shown in Figure II-17. 

tf 

E 

0,0 

Constant (DC) 

tf 

tf 

0,0. 

-E 
Square Wovfd 

~~--0 ~----'-'o . ... 
0,0 

Triangular Type 

Figure II-17. Examples of Straight-Line Tim,e Functions 

The function is described to the program by its coordinates. · The .time .func'- · 

tions may be cycled, or the last value may be held. Multivalued time functions are 

not allowed. 

• 



2. 4 Initial Conditions 

For a transient analysis, the user has the following options available for de­

scribing the initial conditions. 

a. The initial conditions are zero (the default if no other option is 

specified). 

b. The program c.alculates the DC solution (assuming one exists), 

and the DC solution will determine the initial conditions. 

c. The user enters his own initial conditions. The data re:quired 

for proper initialization are: 

(1) Voltages of nodes which have capacitors, inductors, 

diodes, and transistors connected to them, as well as: 

Capacitor and inductor branch currents. 

(2) Source values consistent with the above. 

(3) Use of the TRY option, in the EXECUTE command. 

Inconsistent initial conditions cause the initial transient behavior to be ab­

normal. The requirement for the initial conditions to be consistent is that the 

currents at·the nodes, which have capacitors, inductors, diodes, and transistors 

connected, satisfy Kirchhoff's current law. 

When the· zero initial conditions mode is used and when the source values at 

time zero are .not equal to zero, the initial conditions may be inconsistent when the 

sources are connected to models which are dependent on the past terminal voltage 

vahlP.R (e. g •• capacitor, inductor, diode, and transistor)• All source values must 

then be equal to zero at time zero (e. g.·, DC sources must be ramped from zero 

to their DC level). 
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2. 5 Output 

2. 5. 1 Printed Output 

The user may specify any combination of the following as printed output: 

a. Time functions c. Branch currents 

b. Node voltages d. Branch powers 

These may be printed in full or selectively. During a transient analysis, the 

time and cur·.rent d~lt::~ tim_e <tre :mtomutically pr!ult!Ll uut at each tlme solution. The 

frequency of printout (i.e., the ratio of printed to calculated points) may also be 

specified. The specified items are automatically printed out at the following 

solutions: 

a. The initial conditions 

b. The first time solution 

c. All time function coordinates 

d. 6t range end times 

e. The last time solution 

The printed out(Jut may be directed to the user's tP.rminal; the line printer, 

if available; or a disk file. 

?., !'i, ~ Plotted Output. 

The user rnay specify any combination of the following as plotted output 

a. Time functions r., Rranch currcntn 

b. Node voltages d. Branch powers 

All results are plotted as ::~. filnction of time. Four plots are allowed per 

grid, and multiple plots may be obtained without recalculating the solution. The 

plots are available in two formats for the Teletype terminal or in a format suitable 

for wide (120-character-width) terminals. The frequency of storing points for plot­

ting may be specified. Plotted output may be directed to the user's terminal; the 

line printer, if available; or a disk file. 



2. 6 Delta Time (Time Step) 

2. 6. 1 Delta Time Input and Automatic Program Termination 

Maximum values of delta time may be entered for ten different time ranges. 

Usually, not all ten time regions need be defined. The last time region defined 

determines the time for normal program termination (i.e., simulation complete). 

2, 6. 2 Program Delta Time Control 

Delta time is controlled first by user input. Second, (lt is constrained to less 

than one-tenth the distanc'e ·between the defined time coordinates for all straight-

line time functions. Third, (lt will be reduced, if necessary, so that a solution may 

be made on the time function coordinate (within a tolerance). Fourth, if convergence, 

based on the nonlinearities, is not achieved in 10 iterations, (lt will be reduced by a 

factor. of two. Fifth, the f:...t for the next solution will not be increased if the number 

of iterations for solution is greater than three, The projected t.t will otherwise be 

allowed to double (up to the maximum 6t). Should 6t ever fall below 1. E-20, the 

program will terminate, assuming that there is a gross error in the simulation. 

2. 6. 3 User Delta Time Selection 

The primary objective is to have 6t as large as possible to keep the compu­

tation time (i.e •• the number of time solutions) to .a minimum, and at the same time 

achieve good engineering accuracy. When the delta time is made indiscriminately 

too small, poor accuracy can actually result due to numerical errors (e. g., round­

off, etc. ). The program does not h::we ;:my clP.lta time control based on internal 

problem time constants. The maximum delta time input can be based on the 

smallest significant time constant in the problem. Usually, the diode and transistor 

time constants can be ignored in the delta time consideration, except for high­

frequency circuits where the period of the dominant harmonic approaches these 

time constants. From experience, it has been observed that a maximum delta time 

equal to one-tenth the smallest significant time constant yields good engineering 

accuracy. Should there be any doubt regarding the size of delta time, the problem 

can be :J;"erun with another delta time value, and a check can be made for result 

disparities. In many instances, the maximum delta time size can be determined by 

the minimum number of solutions desired, For many semiconductor circuits, -the 

delta time control discussed in the preceding section reduces the complications 

inherent in the delta time selection. 
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2. 7 Topology RestricLions 

No special topology restrictions exist in AITRAC. However, as a guide, each 

standard model should have only one terminal connected to ground or to an inde­

pendent node (grounded voltage source). This is a practical limitation.· For 

example, a diode connected between two voltage sources will produce a circuit 

which will not converge to a solution. Nodes must be numbered consecutively. 

2. 8 Problem Size 

The problem size, subject to machine restrictions and core availr,JhlP, i.s as 

follow::;: 

a. Node unknowns 

b. Branches 

(i.e., sum of resistors, 
capacitors, inductors, 
floating sour·ces, and 
linear trans conductances) 

c. Switched elements 

d. Junction diodes 
and/ or JFETS 

P, Junchon tr::msictoro 
and/ or MOS devices 

f. Time functions and 
grounded volt. sauces 

g. Radiation ionizing function 

h. Kat.io of max to min 
resistance at any node 

10.0 (plus ground) 

2UU 

200 

30 

30 

18 

1 



3. Program Operation 

3. 0 Access to the Time Sharing System 

The following procedures are used to access the computer system and AITRAC 

from an interactive terminal. 

3.0.1 Dialup 

From the terminal location, the user turns on terminal power and dials 

the appropriate telephone number. Upon connection as evidenced by the 

tone signal, the user places the telephone handset into the audio coupler, 

· observing the proper position of the telephone cord. 

The us_er strikes the RETURN keY:, to, which th~ computer. responds: 

6000 system up 

After the user again strikes the RETUfiN key, the computer prompts: 

77/07 I 11. 21. 36. 57. 
Sandia NOS SN53 ECS 
User number, password 

NOS.l. 1-430 

The user then enters an authorized user number and password followed 

by a RETURN. 

Following authentication by the computer, the following confirmation is 

LliS!Jlayed on the ten11inal. 

Tenninal: 35, TTY 
RECOVER/SYSTEM: 

If the user cannot reach this point, the user should check that the user 

number ano passwor·d are current and correct. 

The u::ier is also referred tq the Sandia NOS news notes. 

3.0.2 Accessing AITRAC 

AITRAC is most effectively accessed from the batch subsystem using the 

uocr-cntered command: 

BATCH 
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The user then enters the commands: 

ATTACH, AITRAC/UN=LIBRARY 

and 

L\ITRAC 

to which the computer responds with: 

SANDIA AITRAC-100 Version 1. 0 UPDATES=l 

The w:;er is now ready to use AITRAC by following thP. instructions givr:n 

iu Se<:l:i on ::1. 

3.0.3 Terminating AITRAC 

AITRAC may be terminated by typing "Q" and RETURN when in command 

mode. If AITRAC is in circuit input mode, a "Q" and RETURN in re­

sponse to a parameter prompt takes the program to command code. If · 

AITRAC is requesting a plot title .. a "QUTT" r~nrl :R BTURN takes the pro- .. 

gram to command mode. 

NOTE: Before logging offj the user should GAVE d.ny local 
files that might be needed in future work. 

3.0.4 Logging Off 

After returning from AITRAC to systems level, the command: 

BYE 

effects the loggine off function. 

After the computer prints the termination greeting and billing infor­

mation, the telephone should be cradled, and terminal power turned off. 

3.0.5 Errors in Typing 

The backspace key (CTRL H) is used to back the printhead to the point 

of error so LltaL <.:urreeted data may be typed over the bad data. The 

entire line can be deleted by simply depressing the ESC key before 

striking a RETURN key. 



'. 
3. 1 Using the Program 

This section d~scribes the steps required to use the program on-line. from a 

reJ:"D.O.te terminaL The program is controlled by simple commands, listed below: 

a. NEW - OLD: to read in a new circuit description from the 
user's terminal or retrieve a circuit description previously 
saved on disk file 

b. PRINT - PLOT: to specify the items to be printed or 
plotted at the terminal, system printer, or on a disk file 

c. TIME: to specify the different time steps over different 
time regions during the analysis 

d. LIST: . to list all or only some circuit elements currently 
stored in inemory 

e. EXECUTE: to execute the circuit currently in memory 

f. TEMPERATURE: to set the value of ambient temperature 

. g. MODIFY: .. to alter ,only the values, not the connections, of 
the circuit elements 

h. CHANGE: to alter the connections (as well as the values) 
of· the circuit elements 

i. DELETE - ADD: to delete unwanted circuit elements or to 
add new circuit elements 

j. DO: to read and execute commands from a disk file or to 
store; initial conditions to be used 

k. SAVE: to save the circuit description on a disk file 

1. ,MA:£5:E;: to create .private semiconductor data files and to 
convert parameters from model in other programs 

m. BC-NV -RP: t.o print out all currents, voltages, or branch 
powers after a DC execution 

n. SUMMARY: to print a table of elements and connections 

o. SCALE: to scale ·amplitudes of voltage and HP sources 

p. STEP: to inhibit time step increase during execution 

q. CRITERIA: to alter algorithm and convergence criler-ia 

r. INFORM: to print out internal matrices for debugging 
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Complete descriptions of these commands are given in the following sections. 

A user's pocket size "AITRAC Programming Aid" is also available. 

Every line read in by the program is divided into "fields." These fields are 

groups of characters, separated by at least one blank or by one comma. For 

example, the line: 

PLOT, NV23 -10. 20. 

consists of four fields: (1) PLOT (2) NV23 (3) -10. (4) ?.0, 

A field may be INTEGER, REAL, or ALPHAMERIC. 

INTEGER fields consist of an integer number, written without a decimal 

point, as follows: 

1 0 32 -5 +6 

REAL fields contain a real number, with either a decimal point or onP. of the expo­

nential multipliers: E, U, K, M, P, etc.: for example, 

-1. o. 3.28 -38. 473E-3 1. P.+fi 

whose values arc, respectively: 

-1. o. 3. 28 -0.038473 1 000000 ... 

The letter E (exponent) is used to multiply the number by the power of ten 

which follows. The engineering multipliers may also be used as follows, with their 

equivalenls: 

A 

E - 18 

F p 

E-15 E-12 

N u 
E-9 E-6 

L K M G T 

E - 3 E + 3 . E + 6 E + 9 E + 12 



Examples: 

2. 4K -5U 22. M 33P 1. 234N 3. 1416L 

are equivalent to: 

2. 3E3 -5.E-6 2. 2E7 3. 3E-11 1. 234E-9 3. 1416E-3 

NOTE: A decimal poi~t is ~ptional ·~hen specifying REAL numbers t in most 
instances. Thus, -15 is equivalent to -15,, and 0 is the same as 0. 
This gives the user extra.freedom on input, but he should always be 
careful to check his data entries by means of the LIST command be­
fore executing his problem. In particular, ambiguous entries such 
as EX VO 30 could mean that node 1 is initialized at 30. volts, or 
that node 30 is initialized at 0. volts (see Section 3. 7). To avoid am­
biguity, enter real numbers with decimal point during input, which is 
o.l~vo.ys tho oorroot format. 

ALPHAMERIC fields are neither integer nor real, and contain any sequence 

of characters; for example:. 

MY FILE NV12 2N654 BP3 SAVE 

A NULL LINE is a line which contains no fields, i.e., a blank line. It is 

entered by hitting the carriage return key only. 

Any line may contain up to 80 characters, but any line may be continued by a 

comma following the last field. Thus: 

PRINT NV1 BC2, TF3 BC34 RATIO 5 

is equivalent to the three lines: 

PRINT NV1, 
BC2 TF3 BC34 RATIO, 
3 

If a semicol<m character starts any field, then the rest of that line is ignored. 

Thus in the line: 

TIME lON 1U ; THIS IS A COMMENT 

the characters ;THIS IS A COMMENT will be disregarded. 

tscc Section 3, 7.1 for other restrictions. 
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3. 1. 1 Input from Disk Files 

Files may be prepared using the System's Text Editor, and saved on disk, 

for access by AITRAC. The following features will be of help to the user: 

A dollar sign ($) in column one will be treated as if the user entered a blank 

line; i.e., all information on that line is ignored. This feature is useful when 

entering data from paper tape, as it helps keep track of how many blank lines are 

entered when skipping over elements not used in thP. r. i -rcuit. 

A t.louLlt! t,;ewlculon (;;) encountered on inp11t causes all following information 

to be treated as comments, as for a single semicolon. Howr.vr.r, thP information 

after a double semicolon will be typed out at the terminal when the data are read in 

from a disk file. This allows additional comments to be stored on the filP. for 

special information and reminders. See Appendix B. 

3. 1. 2 Input from Terminal 

The sections which follow describe each of the program commands in detail. 

The following rules apply to the syntax description: 

a. Words in CAPITAL letters are to be typed in EXACTLY 

as shown. The underlined porliou uf the command indi­

cates the minimum abbreviation which is allowed. 

b. Words i.n lower case are used to represent something 

indefinite, For cxampl r., thtO' ·w•:•1·'-h:;: 

filename value 1 node2 

rcpre.scul, rt!t,;(Jet.:Llvely, the name of a disk file, the 

value to be ass1gned to a circuit component, and a node 

connection for a component. Each would be replaced by 

the actual name, actual value, and actual node number. 

c. Quantities in brackets represent options, which the user 

may, but need not, use. 



~. 2 NP.W Command 

The NEW Command is used to read in a new circuit description. Any circuit 

currently residing in memory is destroyed. The format for the NEW command is: 

NEW 

Upon entering the NEW command, the program will respond with 

NAME: 

The user may then type in a name to be given to the circuit. The name may be up 

to 40 characte~s long, including blanks. If no name is desired, the user should hit 

oarriag~ r~Dturn. 

This NAME will be used as the default TITLE for the plots, if no other title 

is entered (see Section 3. 5. 1). 

The circuit description for each element is then read in from the terminal. 

The program will request each parameter from the user, in turn.· The formats for 

entering each set of data are described below. 

3. 2. 1 OLD Command 

The OLD Command is used to read in a circuit description which was pre­

viously saved on a disk file. The format for the OLD Command is: 

OLD [[filename) [LIST J] 

The circuit description is read in from the file with the given "filename••. If the 

LIST option is also specified, the file is listed on the terminal, as it is read in. 

The reader is referred to Appendix B for information regarding the formats of the 

data stored on disk files. 

3. 2. 2 Grounded Voltage Sources and Time Functions 

After entering the circuit name, the program will respond with: 

V1, 
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The letter V is used to represent grounded voltage sources and straight-line time 

functions, and the number 1 is used to indicate that information is being requested 

for the first time function or source. The user may now respond with one of the 

following: 

a. A real number .. to indicate a r.onstant (DC) value for the source 

or time function. Thus, 

indicates a source or fllJ'lction with a r.onst.ant. v:=~'lnP nf fiO, 

b. A sequence of real numbers, to designate a straight-line segment 

time function. Example: 

V1, 50~ 1U 75. 2U .1K 

indicates a time function of 50. volts at time 0, 75 volts at 

t = 1 IJ.S, and 100 volts at t = 2 IJ.S· 

If the last value entered is not to be held, the option CYCLE may be added, at the 

end of the list, to make the waveform repeat, e. g., 

Vl.. 50. 1 U 75, 3U 100. CYCLE 

Multivalued functions are not permitted, i.e., each value of time entered must be 

greater than the previous value. Up to 14 time-amplitude pairs may be entered, 

after the initial specification of amplitude at time t = o. Thus, up to 15 segments 

may define a waveform. 

c. The designations SINE, DASINE, DEXP, followed by three or 

four real numbers, to describe the waveform as follows: 

Name Value2 Value3 Value4 

Sine wave 

Damped Sine 

Double Exp. 

Input 

SINE 

DASINE 

DEXP 

Value1 

Amplitude 

Amplitude 

Magnitude 

Frequency 

Frequency 

T. Canst. 1 

Phase 

Phase Time Canst. 

T. Canst. 2 



The defining equations are: 

SINE: A':'SIN(2TT(B':'T + C/360)) 

DASI: A':'SIN(2TT(B':'T + C/ 360)) (EXP(-T/ D)) 

DEXP: A[EXP(-T/B) - EXP (-T/C)] 

Example: V5. ·SINE 100. 500K 45. 

A 

c 

is the input required t'o specify a sinusoidal source of 100 volts 

peak of a frequency of 500 KHz and a phase of 45 degrees. 

,~ 
,. Decay Envelope 

'EXP C-T/ D) 

I 

I 
Damped Sine Wave 

PER= I 
1/ Freq-(>1 (B) 

EXP (-T /B) 

--- DEXP Function 

/ 
I 

"-... 

~ 
... -----­--=-----~0~--------~==~------------------~~--~~----~~~~Time 

-EXP (-T/ C) 

DEXP Function 

(Used to simulate lightning pulses 
and other similar phenomena) 
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After the value(s) for the first source, V1, is entered, the program will 

respond with: 

V2, 

and the user may enter the data for the second time function or source. When input 

for all sources is complete, the user enters a null line (carriage return) when infor­

mation for the next source is requested by the program. The program will then 

advance to the next item, i.e., floating sources (see below). 

3. 2. 3 Floating Voltage and Current Sources 

Floating voltage or current sources are indicated by the letter S. The program 

requests information for the first source by typing: 

(1) S1, 

Numbers in parentheses always denote the branch numbers assigned to each com­

ponent by the program. In the example above, floating source 1 is assigned branch 

number 1 in the circuit. 

where 

3-10 

The format for describing floating sources is:~ 

Node-f Node-t value [series or shunt res. ] [CUrrent J , 

a. Node-f designates the connection of the F terminal of the source, 

and is either: 

( 1) An unsigned integer to indicate the node number to which 
tho tormina.l ic oonnootod, 

(2) The letter G or integer 0 to indicate that the terminal 
is connected to grotmd. 

(3) The letter V followed by an integer, value n, to indicate 
that the terminal is connected to grounded voltage source n. 

b. Node-t designates the connection of the T terminal of the source. 



c. Value indicates the value of the source, and is either: 

.( 1) A real number to denote a constant DC value · 

(2) The words USE Vn to denote that the source is to 
use the values associated with time function n. 

d. Series-shunt-resistance is optional, and, if present, is a teal 

number indicating the value of a series resistance for voltage 

sources or shunt resistance for current sources. If omitted 

(or entered as zero), a value of 1 E9 will be used for shunt 

resistances and 0. 001 for series resistances. 

e. CURRENT is optional, ahd, if present, ·indicates that the 

source is a floating current source. Otherwise, the source is 

assumed to be a floating voltage source. 

Examples: 

(l)S1, 2 G • 1 1K CURRENT 

indicates that floating source 1 is a current source connected from node 2 to ground, 

with a value of 0. 1 ampere and a shunt resistance of 1 kilohm. 

(3)S3,. 1. V2 .USE V3 

indicates that floating source 3 i$ assigned branch ·number 3, is a floating voltage 

source connected from node 1 to grounded voltage source 2, and it is to assume the 

values associated with time function 3. A series resis.tance of 0. 1 ohm is assumed. 

(2)S2, 0 4 USE V1 CURRENT 

indicates that floating source 2 is a current source connected from ground to node 4, 

and it is to assume the values associated with time function 1. A shunt resistance 

of' 1E9 ohms is assumed.· 

The user terminates information on floating sources by entering a null line 

after describing the last source. 
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3.2.4 Resistors 

Resistors are denoted by the letter R. The program will request information 

for the first resistor by typing: 

(n)R1, 

where n is the branch number being ·assigned to resistor 1. The format for de­

scribing resistors is: 

where 

norlP.-f node=t value 

a. Node-f designates the connection of the F terminal of the 

resistor. 

b. Node-t designates the connection of .the T terminal of the resistor. 

c. Value is a real number indicating the resistance in ohms. 

Examples: 

(4)Hl, :5 G SK 

indicates resistor 1 is assigned branch number 4, is connected from norlP. ~ to 

ground, and has a resistance of 5 kilohms. 

(6)R3, Vl 2 6. 3K 

indicates resistor 3 is assigned branch number 6, is connected from grounded volt­

age source 1 to node 2. and has a resistance of 6. 3 kilohms. 

3. ::!. 5 Capacitors 

Capacitors are denoted by the letter C. ThP. progra.rn will·requect inform.<~t.i{)li 

for the first capacitor by typing: 

(n)C 1. .... 

where n is the branch number being assigned to capacitor 1. The format for de­

scribing capacitors is: 

node-f node-t value [series-rest.] [shunt rest. ] 



where 

a. Node-f designates the connection of the F terminal of the capacitor. 

b. Node-f designates the connection of the T terminal of the capacitor. 

c. Value is a real.number indicating the capacitance in farads. 

cl. Series-resistance is optional, and, if present, is a real number 

indicating the series resistance in ohms. If omitted, a value of 

0. 001 ohm is assumed. 

e. Shunt-resistance is optional, and, if present, is a real number 

indicating the shunt resistance in ohms. If shunt resistance is 
I o' • 

desired, then series resistance must also be entered (although the 

default value of 0. 001 can be used). If omitted, a value of 1E9 ohms 

is assumed. 

Example: 

(8)C1, 2 V3 1U 1E4 

indicates that capa~itor 1 is assigned branch number 8, is connected from node 2 

to grounded voltage source 3, has a capacitance of lE-6 farads, and a series re-
. ,, 

sistance of 10 kilohms. The shunt resistance is assumed to be 1E9. ohms. 

3. 2. 6 Inductors 

Inductors are denoted by the 'lP.ttP.r L. The program will request information 

for the first inductor by typing: 

(n)L1, 

where n is the branch number being assigned to inductor 1. The format for describ­

ing inductors is: 

node-f node-t value [ocries-R] [shunt-R] 

The parameters are analogous to those in the capacitor model. 

3-13 



3-14 

Example: 

(10)L1, 3 5 1 U 

indicates that inductor 1 is assigned branch number 10, is connected between nodes 

3 and 5, and has inductance of 1 E-6 henrys. The shunt resistance is assumed to be 

1 E9 ohms. The series resistance is assumed to be 0. OOJ.' ohm.· 

3. 2. 7 Junction Diodes 

Oiodes a.t"t: ueuuted by the letter D. The program will reque~t information on 

the first diode by typing: 

(n)Dl, 

where n is the branch number being assigned by ~he program to tpe first diode. The 
' 

format for describing diodes is: 

where 

node-a node-c 

[COPY Dn] 

· [ TJS E filename] 

[SEARCH diode-name] 

[ LIBR A.HY diode-name] 

a. Nuue- a and node-c deR i en Rtf' thP ?.nOdQ tormino.l o.nd. the (.c~,Lhul,h: 

terminal connections of the rliorl~7., This· convention must be 

observed to obtain propP.r polarity. 

b. COPY, USE, SEARCH, and LIBRARY r~ce optional, and are 

u..::o;<.:ribed below. 

In the absence of the COPY, USE, SEARCH, or L!BRAR.Y options, th~ pro= 

gram will type: 
·. ' 

PARAMS: 

indicating that it is requesting the seven diode parameters from the user. The 

uiuue parameters needed are: 

IS, MD, RDL, CDO, VDBI, TD, IPPD 



The meaning of these parameters is discussed in Section 2. 1. 8. (The param­

eter IPPD is included only for compatibility with versions of the program equipped 

to handle radiation analysis, and if radiation effects are not to be studied, a value 

of 0. should be entered for this parameter.) 

The user should type in seven real numbers to enter a value for each of the 

parameters. The program will continue to accept input data until all seven param-
: . . 

eters are entered. If a null line is entered, the program will type out the names of 

the parameters. The us~r should then enter a value for each parameter, in the 
;:• 

proper order, as, before. 
'· 

Instead of typing a value for each parameter, the user may utilize the COPY, 

USE, or SEARCH options: 

'\ 

a •.. COPY .Dn ,,..:... tells the program to copy the parameters associated 

with diode n and use them for the present diode. 

b. USE filename -- tells the program to read the diode parameters 

from a file with the ~pecified filename, rather than from the 

terminal. The file contains the parameter values just as they 

would be typed ip at the terminal. 

c. SEARCH diode-name - ... tells the program to search for the diode 

parameters in the system parameter bank. If the diode type is 

found, the parameters retrieved will be used. If the specified 
. . .. :... . '.e 

diode type is not in the library, the user will be so notified, and . . . ~ ' . 

mu~t try another option. 

d·. LIBRARY diode-name -- tells the program to search for the 

diode parameters in the user's private data bank library. This 

private library may contain data f,or any semiconductor device, 

and is stored on a disk file in the user's own private area. 

The instructions for creating this private library are given in 
. . . ' . . . 

Section 3. 18. 1. 
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Examples: 

(12)Dl, 2 3 

PARAMS: 

IS, MD, RDL, CDO, VDBI, TD, IPPD 

lN, 2., lG, lOP, O. 70, lON, O. 

(typed by pr;ogram) 

(user hits .car. return) 

(typed by program) 

(typed in by user) 

In the example above, diode 1 is assigned branch number 12 (by the program) 

and is connected hP.tween nodes 2 and 3, When the paramP.tPrR wPr'P rP.ques;tQd, tho 

user entered a null line and the program typed out the rlinrlP r::lr:Hl1.P.te.r hta:1dincr.. 

The seven dioue parameters were entered, using P.ngineering abbreviations. Refer 

to Section 2. 1. 7 for diode parameter details. 

(14)D3, 3 V2 COPY Dl 

In this case, diode 3 is connected b~twee·n no9e 3 and grounded voltage source 2. 

The parameters to be used lor this diode are to be co.pied from those· used for 

diode 1. 

(15)D4, 1 · 2 USE MYDIOD 

Diode 4 is connP.c:ted between nodes 1 and 2. Its parameter val:ues are to be 

relrieved from the user's file named "MYDIODi'. 

(13)D2, 55 77 SEARCH 1N914B. 

The user requests that the data be searched for in the system parameter 

library. If data for the diode type requested are found, the progran; \\'ill automati­

cally use these data. If the diode type is not found in the system library, a message 

will be printed out informing the user of this fact. The user must then enter data 

uoing another OfJLiuu. 

(173)D27, 43 86 LIBRARY 1N914R 

The user has requested that the data be searched for in hi~ privale library. 

The data must have been previously entered for this diode f)ame and saved on the 

user's disk area. If the diode name is not found in the user's library, a message 

will be printed out, and the data must be entered using another option. 



3. 2. 8 Bipolar Junction Transistors ci3JT) ' 

Transistors are denoted by the letter Q. The program will request infor­

mation for the first transistor by typing: 

(n)Ql, (E-B-C), 

where n is the branch number being assigned to the base of the transistor, and 

n + 1 is automatically assigned to the collector of the transistor. The format for 

describing transistors is: 

where 

[NPN] 

node-e node-b node-c [ PNP] 

[COPYQn] 

[ USE filename] 

[SEARCH transistor-name] 

[LIBRARY trans;i~tor~n01-me J 

a. Node 7 e node-b node-c designate the emitter, base, and 

collector terminals of the transistor. This connection se-. 

q~.e~c·e must be observed. 

b. NPN and PNP -- are optional; if omitted NPN is assumed. 

c. COPY, USE, SEARCH, and LIBRARY are optional, and are 

destribed ·belo·w. 

In the absence of a COPY, USE, SEARCH, ·or LIBRARY field, the program 

will type: 

PARAMS: 

indicating that it is requesting the 16 bipolar junction transistor parameters for the 

Ebers- Moll model. If a carriage return is hit, the parameter headings will be 

printed as follows: 

HFEN, HFEI, 'rN, TI, ICS, MC, CCO, VCBI, 
RCL, · IES,,. ME, .CEO, VEBI, :REL, IPPC, IPPE 

The meaning of these parameters is discussed in Section 2. 1. 8. (The param-
• ,. r ~ , I . . • ' 

eters IPPC and IPPE are included only for compatibility with versions of the pro-

gram equipped to handle radiation analysis, an'd if radiation effects' are not to be 

studi.Pf!, vrllnes of 0. Rhould be entered for these parameters.) 
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The user should type in 16 real number:s to enter a value for each of the 

parameters. The program will continue to accept input until all parameters have 

been entered. The user must enter the parameters in the correct order. 

If an error in parameter data is made during input, the incorrect parameter 

may be modified.to the correct value, using the MODIFY command (see Section 3.13). 

Instead of typing in a value for each of the required parameters the user has 

the options: COPY, SEARCH, USE, and LIBRARY at his disposal, which facilitate 

and speed up data entry. The usage is analogous to t.hat for diod~s. 

Example: 

(16)Ql. (E-D-C) 12 33 G PNP 
PARAMS: 

(typed by program) 
(user hits car. ret.) 

HFEN, HFEI, TN, TI, ICS, MC, CCO, VCBI 
RCL, IES, ME, CEO, VEBI, REL, IPPC, IPPE 

100., 1. lN 1 U lOU 1. lOP 
• 7 5 10M 1 P 1 • !1 R-1 1 
• 80 lOOM O. O. 

(typed by program) 

(entered 
by 

user) 

In the example a.bovc, transistor 1 is assigned branch numbers 16 and 17, 

and i~ connected between nodes 12, 33, and ground. The device is of type PNP. 

The 16 parameters are entered by the user. 

The connection sequence: E-B-C if'; printed out for the first transistor only, 

Lu prumpt the user for the correct connection sequence. 

NOTES 

It is not necessary to use a comma (, ) at the end of the line \n 
order to enter the diode or tr::msistor parameters on several 
lines. The program continues to expect, and accepts, real 
numbers from the input terminal, until the entire list of 7 .diode 
or 16 transistor parameters has been entered. 

When using a PNP transistor, the cipti~n "PNP;,· must be typed 
in before the COPY or SEARCH option; otherwise, an NPN 
transistor is assumed, having the same numeric<l:l parameter 
values. 



The program remembers diode and transistor USe and SEarch 
requests, and prints out this information when the List command 
is invoked. This allows the user to identify the source of his 
parameter data. 

The COPY option, when used on diode and transistor input, is 
remembered. For exam'ple, if on Q5 input, the option COPY Ql 
is used, then any subsequent changes to parameters in Ql will 
also change the appropriate parameters in Q5. In fact, the 
parameters in Q5 cannot be altered (via a MODIFY command), 
until the original "COPY Ql 11 is released; this can be done by 
typing: 

,;,CHANGE Q5 

(n)Q5, (same connections as before) COPY Q5 

Q5. parameters can now be changed by using the MODIFY command. 

During the input phase, when entering Q5, the option "COPY Ql" 
may be used, hut not: "COPY Q8, '' since Q8 does not yet exist 
iii merno:ty. After in[Jul has been completed, however, the option 
"Q5 (connections,· PNP) COPY Q8" is valid, as is: 
"Q8 ••.•• COPY Ql." 

3. 2. 9 Transconductances 

Trans conductances are denoted by the letter T. After requesting information 

on the last transistor, AITRAC will respond: 

<ri)Tl, 

If there are no transconductances in the circuit, the user should hit carriage 

return to terminate circuit· input. Otherwise, the user should type: 

where 

from-branch · to-branch· type value 

a. From-br;;mch is the branch number of the controlling branch 

("from-branch") of the transconductance. Note that the branch 

number :is obtained from AITRAC (it is the number typed .in 

parenthese's for each element). For example, 

(8)Cl, 

means capacitor 1 is ~ssigneu' b1;anch nurnbe!· 8 by AITRAC. 
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b. To-branch is the branch number of the controlled branch 

("to-branch") of the transconductance. 

c. Type is one of the following: 

(1) BETA for current controlled current sources 

(2) GM 

(3) MU 

(4) ZM 

for voltage controlled current sources 

for voltage controlled voltage sources 

for current controlled voltage sources 

d. Value is a real number, indicating the value .of the trat:~sconductance. 

(lO)Tl. 6 8 BETA 50. 

Transconductance 1: "from" branch is 6; "to" branch is 8; the value of BETA is 50. 

The values of all T' s in the circuit may be obtained· by the command: 

LIST T 

or to obtain information on specific T' s: 

LIST T2 T4 etc. 

RESTRICTIONS 

The use of Zm or Mu when the "to" branch is eiLher an induc­
tance or capacitance is NOT recommended. The user is 
advised to study the equivalent circuits of Figure III -1 and use 
alternate methods of modeling his circuit. 

Furthermore .. the user is warm~rl that rlifferent circuit analysis .. 
programs may define "branch current" in different ways, and 
comparisons of re~:;ults from different programs may require 
careful examination. 

n.~f,..l: to:;-. Fig"LI!"t: III .. 2. whluh ~.>howo a typical circuit branch, 
so.metimes referred to as a "Kron" Branch, after Gabriel Kron 
who did basic work on the properties and methods of solution for 
complex networks. 

The PRint BC command prints out the value of the current J 1 for 
all circuit elements (R. C, L, and float.ing voltage sources), and 
the current J'-I for all floating current sources. 

Thus, the printed current "BC" does NOT include the current I 
in the shunt branch of capacitors and inductors •. NOR does it in.? 
elude the independent current I in floallng current sources. 



A i~ ~ t I f(c. ,i. ) J.n J.n 
eout 

ein ----~ Z2 Zl 

Figure III-1 

The user wishing to use the linear t:ransconductances, should first acquaint 

himself with the relationships given below, which are used by AITRAC for network 

calculations. 

The basic definitions of the various transconductances are: 

BETA = i /i. ou 1n 

Gm = i t/ e. ou lP 

Mu e /e. ou 1n 

Zm = e t/ i. ou. 1n 

From the above, the following relationships can be derived: 

Beta = Gm':'z1 Gm = Beta/ Z1 Mu = Beta':'Z2/ Zl 

Beta = Mu':'Z1/:Z2 Gm ·=··MJ/ Z2 Mu = Zm/ Zl 

Beta = Zm/ Z2 Gm = Zm/ Z1':'Z2 Mu = Gm':'Z2 

The following relationships for voltage gain also hold: 

A = Mu 
v 

A = Gm':'z2 
v 

A = Zm/Z1 
v 

·".,: .A ·=.': Beta':'Z2/ Z1 . 
v 

Zm = Beta':'Z2 

Zm = Mu~'Z1 

Zm = Gm*Z1':'z2 
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1 
8 

RSH 1 I' or: I (t) 
V'v~~ r---[--l I 

s 

J' J 

e R. e m E ·11 

or: E ( t) 

., 
I 

~--------~~r---------------~ 

Figure III-2. Generalized AITRAC Circuit Branch. 
with Definitions 

Independent Voltage: E. or E(t) 

Branch Voltage (e') e - e m n 

Independent Curl;'ent: I, or I(t) 

Branch Current (i) = J 1 
- I 

Element Voltage (e) (e e ) + E Dependent Current i' 

. ·.;· 

m n GM:::e 
(from) 

Element Current 
inclu~ing .all 
transconductance 
terms 

Shunt Current 
(for C's and 
L's) 

(J') = J+ i' 

t The shunt current in the shunt resistance branches of capacitors and induc­
tors is NOT included in the printed output of the current· obtained with either the 
PRint BC, or PLot BC commands. 



\ 3, 2. 10 Mutual Inductances 

Mutual inductances and coefficient of coupling may be specified in a linear 

transconductan-ce element: T. 

Consider that a mutual inductance is a bilateral transconductance as opposed 

to the other transconductances: Beta, Mu, Gm, and Zm, which are only unilateral. 

Coupled indhctances are entered as follows: 

(nn) Tm, from-branch to-branch [~~] value 

The entry LM i~ used to specify the ~-qtual inductance in henrys. The entry LK is 

used to specify the coupling coefficient,_ wher~ 

LM LKJL L p s o. 0 ~ (LK I ~ 1. 0 

The polarity convention is as shown below: 

I 
p 

L 
p 

From-Branch 

··~M--

k 

I 
s 

To-Branch 

Multiwinding transformers may be modeled by using the appropriate coupling values 

between e~ch ,winding to every other winding. 
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3. 2. 11 JFETs 

JFETs are denoted by the letter J. The program will request information for 

the first JFET by typing: 

(n)J1, (G-S-D) , 

where n is the branch number being assigned by the program to the first JFET. The 

branch n+1 is assigned automatically to the JFET also. 

The format £or describing J'FETs is: 

where: 

node-g node-s node-d 

[NJ] 

[FJ] 

[COPY Jn] 

[USE filename J 

[SEARCH JFET-name) 

[LIBRARY JFET-name] 

a. Node-g node-s node-d designate the gate, source, and drain 

terminals of the JFET. This sequence must be observed. 

c. COPY, USE, SEARCH, or LIBRARY are optiono.:l, and are 

described below. 

When COPY, USE, SEARCH, or LIBRARY option is not used, the program 

will type: 

PARAMS: 

indicating that it is requesting seven JFET par~meters which must be e~tered by ti:ie > 

user. The parameters needed are: 

VTO, BETA, LAMB, CGS, CGD, PHIB, IS 

The description of these parameters is given in section 2. 1. 10. The user 

should type in s.even real numbers; The program will continue to accept input ·until 

the parameter list is satisfied. If the user types in a null line, the program will 



type out the list of names of the parameters required. The user can then enter the 

seven required parameter values. 

·Instead or"typing in a value for each parameter, the user may enter the COPY, 

USE. SEARCH. or LIBRARY. options: 

·Examples: 

a. COPY Jn --tells the·program to copy the parameters 

associated with JFET n and use them for the present 

JFET being entered. 

b. USE filename -- tells the program to read the JFET 

parameters from a file with the specified filename in 

the user's private disk area. The parameters are 

listed in the -rile just as they are entered on the terminal. 

c. SEARCH JFET-name -- tells the program lo search for 

the JFET parameters in the system parameter bank. 

If the JFET type is not in the system library. the user 

will be so notified, and he must try another option. 

d. LIBRARY JFET-name -- the program will search the 

user's private library of devices, and search for the 

particular JFET name. The private library of devices, 

prepared by the user, m·ust have the filename: FELIBRY 

(15)Jl, (G-S-D), 5 9 3 PJ 

VTO, BETA. LAMB, CGS, CGD, PHIB, IS 

2. 5, 3. 3E-'4, .. 1, 4P·. 2. 3P, 0. 75, 2. 5E-14 

In the above example, JFET 1 is assigned branches 15 and 16, with the device 

connected to nodes 5. 9, and 3. The nevice is of P-Channel construction. When the 

parameters were requested the user typed a blank line, and the program printed 

out th~ JFET parameter headings. The seven required values were then typed in 

by the user:. 
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(23)J3, 5 7 V2 COPY Jl 

JFET 3 is assigned branches 23 and 24, and is connected to nodes 5 and 7, and to 

voltage source V2. The parameters will be copied from those entered for JFET 1. 

(7 )J8, 7 8 2 USE MYFET 

JFET 8 will be assigned the parameters found in the user's private disk file called 

'MYFET'. An 'N-type' device is assumed. 

(13)J2, G 4 6 PJ SEARCH 3N160 

JFET 2 will be assigned values from the system parameter libra:ry. if the device is 

listed. A 'P-type' device will be modeled. 

(76)J27, 56 25 76 LIBRARY XFETZ 

The private library (file: FELIBRY) will be searched. and the parameters listed 

under the device 'XFETZ' will be used as data. 

3. 2.12 MOSFETs 

MOSFETs are denoted by the letter M. The program will request information 

for the first MOSFET by typing: 

(n)Ml. (G-S-D-B) , 

where n is the branch number being assigned to the device. The branch n+l is 

automatically af:>signed io the device also. 

The format for describing either the 'S' or 'A' model is: 

~N~p!~J node-g node-s node-d node-b ~ ~
OPY Mn ] .. 

USE filename 
EARCH MOSFET-name 

LIBRARY MOSFET-name 



where: 

a. node-g. node-s, node-d, node-b designate the con­

nections to the gate. source. ,drain. and body. of 

the device. This sequence must be observed. 

b. NA or· PA indicate either N-type or "P-type" for the 

A Model. 

c. NS or PS indicate either N-type or P-type for the 

S Model. 

NOTE: The default is NA. if this field is blank 

d. COPY, USE, SEARCH, or LIBRARY are optional~ 

and are described below. 

In the absence of a COPY, USE, SEARCH, or LIBRARY field, the program 

will type: 

PARAMS: 

indicating that it is requesting the appropriate parameters for the model. 

In the absence of an NA. PA. NS. or PS field, the default: NA is assumed by 

the program. 

For the A model. the following 16 parameters are needed: 

KP, VTH, SBC, SBE, DW, DL, OL, SEP, 

CGOX, CDIF, DCC, DCE, WDRN, LDRN, RO, PHI(ZED) 

The description of these parameters are given in section 2. J.. ll. 

The user should type in 16 real numbers, one each for the parameters in the 

model. The program will continue to accept input data until all 16 parameters have 

beeiJ ent~red. 

The user may enter a null line, in which case the program will print out the 

names of all the required parameters. The user must enter all parameters in 

their proper order. 
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If one of the parameters is entered in error, the MODIFY command may be 

used later to modify any single parameter which needs a correction. 

Instead of entering 16 parameters for each M.OSFET device, the user may 

take advantage of the COPY, USE, SEARCH, or LIBRARY options. The function of 

these options is identical to those described for the JFET Model, section 3. 2. 11. 

For the S model, the field NS or PS must be specified, and the 12 parameters 

needed are: 

VTO, BETA, GAMM, PHI, LAMB, CGS, 

CGD, CGB, CDB, CSB, PHIB, IS 

The description of these parameters is given in section 2. 1. 12. 

The user may enter the required 12 parameters directly, or enter a COPY, 

use search, or LIBRARY command. 

Examples: 

NOTE 

When using the COPY commgn,d, and an A type 
J~:::vit:t: i::; ueing used, an S type may NU'l' be 
copied, and vice-versa. The program will check 
for this, and will print a diagnostic message. 

An N type A model may copy~ P type A mnrlel, 
and an N type S model may copy a P type S model. 

(12)M1, (G-S-D-B), 4 7 11 8 

PARAMS: 

KP, VTH, SBC, SBE, DW, DL, OL, SEP, 

CGOX, CDIF, DCC, DCE, WDRN, LDRN, RO, PHI 

• 2E-5, 0. 75, • 5, • 6, • 1, -. 1, . 05, 0. 9, 0. 3, 0. 22, 

0.3, 1.1, 3., 0.5, 

125, 0.8 

(user hits 
. carriage return) 

(heading typed 
by program) 

(user enters 
16 parameters) 



In the example .above .• MOSFET 1 is assigned branches 12 and 13. 

The default A model is assumed, arid connected to nodes 4, 7. 11, and a·. The 

required 16 parameters are entered by the user, on as many lines as convenient. 

A comma at the end of the ·line is an automatic continuation, until the list is 

satisfied. 

(14)M2, 66 22 0 5 PS COPY M1 

ERROR; FIELD 7: SUPERFLUOUS OR INVALID FIELD 

The user tried to use an S type device, and copy data, previously entered for an A 

type device. 

(14)M2, 66 22 0 5 PS LIBRARY PMOSW 

The private library (file: FELIBRY) will be searched, and the parameters listed 

under the device 'PMOSW' will be used as data. 

3. 2.13 Switches 

Circuit elements may be switched from one val~e to another depending on the 

state of a switch (see section 3. 2. 14). A switch element is denoted by the letter: w. 

(The letter S is used for floating sources). 

Three types of switches ~re allowed: 

SWITCH, LATCH, and DOUBLE SWITCH. 

The switch will activate, if and when, a user determined parameter value is greater 

than· (or less than) a· preset value. The switch will deactivate (return to its original 

state) if the user determined parameter value now becomes less than (or greater than) 

the preset value during the course of the simulation. 

The latch will remain activated for the entire simulation once it has been 

activated. 

:.: ... ·.· 
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The double switch will activate if and when the first preset condition is reached, 

and will deactivate if and when the second preset condition is reached. 

The program will request information for the first switch by typing: 

(n) Wl , 

where n':' is the branch number automatically aRRigned by the program, the format 

for directing switches is: 

whe:re: 

sw 
LA 

DS 

NVn 

[~i] TFn 
TIME 
RXn 

[~i] BC:n 

SW is used to specify a switch. 

LA is used to specify a latch. 

Value 

Valuel 

DS is used to specify a double-switch. 

NVn 
TFn 
TIME 

[~i] RXn Value2 
HCn 

NVn, TFn, TIME, RXn, BCn, are respectively: 

A node voltage, a time-function (voltage source), 
the time (program independent variFI.hle ), a special 
parameter used in a SET command, or a branch 
r.nrrent. Th~ s1.1bs cript n indicates wh.i~h ::;peclflc 
parameter the user wishes t~ reference. 

The MODIFY command may be used to alter the switch type from LA to SW or 

SW to LA, and to modify the value specification for the switching action; 

All other fields must be altered by using the CHANGE command, 

··­.,. 
Switches do not actually use a branch location in the same sense· as a resistor 

does, for example. The branch number is only used for reference by the program. 



3. 2. 14 Switched Element Specifications 

The S, R, C, L, or T elements to be altered in value by switch actuation are 

specified during the language input phase, or by using the CHANGE command. 

The formats of the switched elements are: 

where: 

S: 

R: 

L 
c· 

node-f 

nbde-f 

node-f 

node-t (Bval Aval 

node t 

node-t 

Wn) [series R] 
[Shunt R CU] 

[series R Shunt R] 

T: branch-f branch-t BE (Bval Aval Wn) 
MU 
GM 
ZM 
LM 
LV 

node-f, node-t, branch:...f, hranch-t are the node terminals, 

or bra.Ilches of the pertinent circuit elements. 

Bval is the element value before switch actuation. 

Aval is the element value after switch actuation. 
~ : 

Wn is the pertinent switch which is controlling 

the switched element. 

The CHANGE command must be used to alter any switched element values. 

A particular switch may cohtrol.more than one branch at the same time. 

Series or shunt resistances may NOT be controlled by switches. 
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3. 3 TIME Command 

The TIME command specifies the time regions for a transient analysis. The 

format is: 

where 

TIME max-deltal finish-timel max-delta2 finish-time2 ..• 

a. Max-delta -- is the maximum value of delta time for the given 

time region. 

b. Finish-time --is the finish time for the given time region. 

Each finish time must be greater than thP. previo11s finish time. 

Up to ten time regions can be specified. The reader is referred to Section 2. 6 for 

a discussion of delta time selection and control. 

Examples: 

TIME lE-6 lE-4 

specifies that time is to go from 0 to lE-4 seconds, with a maximum ~t of lE-6 seconds. 

TIME lE-6 lE-4 lE-7 2E-4 

specifies time is to go from 0 to 2E-4 seconds, in two regions: 

a. 0 to lE-4, with a maximum At of lE-6 seconds. 

b. lE-4 to 2:E-4 seconds, with a maximum ~t of lE-7 seconds. 

NOTES 

A new Time entry overrides a previous Time specification. 

The command List Time will produce the following printed 
message: 

APPROX nnnn TIME POINTS REQUESTED 

Thi.."' will infonn th~ uEJcr of o.pproxiniately bow many calcu­
lations are to be performed. The number "nnnn" does NOT 
include any time step reductions during time function slope 
changes, or any time step reductions encountered during con­
vergence attempts which also require a time-step reduction. 

The message is meant to be informative, in case the user has 
specified inadvertently an excessive number of points to be 
calculated. 



:3. 4 PRINT Command 

The PRINT command is used to specify the items to be printed. The format 

is: 

PRINT outputl output2 ••• output4 [RATIO nl roN FIL~ filenamel - J t- PRINTER j 

where 

a. Output -- specifies what is to be printed and may be: 

( 1) NV for node voltages 

(?.) RC. for branch currents 

(3) TF for time functions (grounded voltage sources) 

(4) B~ for branch powers 

A selected output" may be specified by including its number after 

the output ind.ica):or, e. g •• ,NV3 indicates node voltage 3, BC9 

branch current 9, etc. Up to four selected outputs may be 

specified. 

h. RATIO n -- is optional and, if present, specifies the ratio of 

points stored for plotting to printed points (transient analysis 

only). If no plotting is specified, this will instead indicate the 

ratio of calculated points to printed points. If omitted, the 

ratio is assumed to be one. 

c. ON FILE filename -- is optional and indicates that the printed 

output is to go to the specified file rathP.r than the user's 

terminal. 

d. ON PRINTER -- is optional and indicates that the printed output 

is to go to the line printer, if available. 

PRINT NV BC RATIO 20 t 

"~"with th~ addi.ti.on of the special 11 sieve'' algorithm in the plotting routines, 
the option 1 RATIO' may no longer be necessary (see Section 3. 5, page 3-34 ). 
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specifies all node voltages and branch cur rents are to be printed at. the user's term­

inal. The ratio of plotted (or calculated. if no plotting) to printed points is 20. 

PRINT NV2 NV3 TF ON FILE ANS 

specifies node voltages 2 and 3, and all time functions are to be printed on the file 

ANS. Every point stored for plotting (or calculated. if no plotting) is printed. 

PRINT BC4 NV BC2 ON PRINTER 

specifies branCh currents 2 and 4. and all node voltaeP.R, r~.rf:' to be printed on the 

line printP.r., i.f available. 

3. 5 PLOT Command 

where 

The PLOT command specifies the items to be plotted. The format is: 

PLOT iteml [ item2 ••• item4] [option I option2 • ~ ·:] 

a. Iteml -- specifies the item to be plotted and may be: 

(1) any Node Voltage (NV) 

(2) any Branch Current (BC) 

(3) any Branch Power (BP) 

(4) any Time Function (TF) 

(5) the HP function (TF19) 

b. Item2 ••• item4 are optional. and specify up to three othP.r. 

items to be plotted. A maximum of four plots per grid is 
allow~>! d. 



c. The opfions allowed are: 

(1) 

( 2) 

(3) 

None -- outputs the plot in default format. The grid of 
5i x 101 points. with the time axis running horizontally. 
is split up into two sections. suitable for plotting on 
terminals having only 80-column carriages. The plot is 
output with enough overlap between the two sections to 
make it easy to join them and thus obtain a full page plot 
in wide format. 

ON FILE filename -- outputs the plot on the named file, 
rather than on the user's terminal. 
NOTE: Printed and plotted outputs must go to two different 

files and may not go to a single file. 

ON PRINTER -- outputs that plot to the system printer. if 
available. in wide format: 51 x 101 points. with horizontal 
time ax1s. 

(4) LPT -- outputs that plot on the terminal, in wide format. 
suitable for wide carriage (120 -13 2 characters) terminals. 
with horizontal time axis. 

(~) XTTY -- outputs the plot to the terminal. in narrow format 
(51 x 51 points) with the time axis running vertically down 
the page. 

( 6) RATIO n -- specifies the ra~io of stored points for plotting. 
to the points calculated. If omitted. the ratio is assurn.ed 
to be one. 

(7) NOW--'. specifies that the plot is to be output ''now." io c •• 
without recomputing the solution. but by using data stored 

.. on disk from the previous ·calculation. This option can be 
used only after a. plot has hP.P.n printed. The items to be 
plotted must be similar to any items plotted previously; 
e. g •• node voltages cannot be plotted if only branch currents 
were requested previously. This restriction saves disk 

... · space and reduces disk searches. 

( 8). TIME -- used to specify the limits on the time axis. See 
examples of usage which follow. 

(9~ O$U:tyi -- prints only a summary table of computed values. 
arid not the plot itself. It can be useful when used with the 
NOW option. to print a table of _computed values versus time, 
without having to recompute the solution. (Note, however, 
that a PLOT command must have been given on the original 
run.) 
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The program will scale the X andY axes automatically, by using the min and 

max values of the data as the limits. The program will then attempt to find "round" 

numbers, such as multiples of 1, 2, 5, etc., for the axes scales, based on the 

range of the data. 

The user may override the default scaling option in two ways. 

a. by specifying min and max values after any item, 

b. by ente:rirtg an asterisk ("'~'') after any item. This will cause 

the data to be plotted without any axi.s sealing. 

A new PLot specification overrides a previous entry. 

Example: 

PLOT NV2 

plots node voltage 2 at the user's terminal, in default format with time axis running 

horizontally. Every point calculated is stored for plotting. The axes are scaled 

automatically. 

PLOT BC 5 XTTY ON FILE TRP OSUM 

plots branch currertt 5 in narrow format with the time axis running vertically down 

lln:~ paper. The plot is stored on the file TRP, and a tahle of plotLed points is also 

included. Every point calculated is stored for plotting, and the axes are scaled 

automatically. 

PLOT NV1 NV3 1. 5. RATIO 8 

plots node voltages 1 and 3 at user's terminal in default format. Node voltage 1 is 

scaled automatically, but the node voltage 3 axis runs from 1. to 5. Every eighth 

puint cnlculated is :::; Lured for plotting. 

PLOT NV6 TF2 TIME l E-6 5E-6 LPT ON PRINTER 

plots node voltage 6 'and time function 2 on the line printer, if available. The hme 

axis runs from 1 E-6 to 5E-6 seconds (data points calculated outside this range are 

disregarded). The other axes are scaled automatically, with "round" numbers. 



PLOT NV 3 NV 4 NOW 

plots node voltages 3 and 4 without recalculating the solution. A plot of node volt­

ages must have been done previously. 

PLOT NVl l. 6. NV4 1. 9. TIME 0. 2E-3 

plots node voltages 1 and 4 with the limits for each item and the time axis, as 

indicated. 

PLOT NV 1 ::' RATIO 2 

plots node voltage 1, with no scaling ·used for the limits. Every other point calcu­

lated is plotted. 

PLOT NV3 BC5 OSUM NOW 

prints a table of calculated points for node voltage 3 and branch current 5 with9ut 

recomputing. 

NOTE 

Whenever the NOW option is used, any voltage may be printed 
or plotted w.ithout recalculation, similarly for BC, TF, or BP. 
However, if only node voltages were requested in the original 
Print or Plot request and the user then requests branch currents 
with the NOW option, the program will, of necessity, calculate 
the branch currents. 

3. 5. 1 Special Sorting of Data Points 

If more than 150 points are encountered when attempting to plot the data cal­

culated and stored bn disk, thP. plotting routine· will automatically enter a "sieve" 

routine, and a message will be printed out at the user's terminal. This proprietary 

routine will sort up to 1000 points and plot ONLY those which are within the plot 

grid tolerance, i.e., ±lo/o vertically and ±112% horizontally, for a 51 x 101 point 

gi'id. 

All peaks, valleys, and small perturbations (even smaller than these toler­

ances) will be ~etained l;>Y using another routine designed to cull these points from 

amid all ot:b.ers. Only if the routines fail to reduce the data points to 150 points or 

less will the user b~ required to select 1 I 2, 1 I 3, etc., .Points, from all those saved 

on the disk. 
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The user is always assured of obtaining all th.e pertinent information, without 

loss of detail. 

3. 5. 2 TITLE for Plots 

When the plotting routine is entered and the points to be plotted have been 

selected by the "sieve" routine, the message: 

ENTER PLOT TITLE: 

will be printed out. ThA nsr:>r may type in o. title; up to 40 c.ha1·ae:ters in leugLh, 

which will be printed as the first line of the plot. A new title may be entered for 

each plot. 

If a blank line (carriage return) is entered, the circuit NAME (Section 3. 2) 

will be used as the default title for the plot. 

The program will then print out: 

---- SET PAPER 3 HOLES ABOVE FOLD, THEN HIT CARRIAGE RETURN----

This will allow the user to line up his paper properly, before the plot is printed. 

If any nonblank character is entered, the message "ENTER PLOT TITLE" 

will be printed again, and the user may change his title. 

3. 6 LIST Command 

The LIST command is used to obtain information about the cil;'cuit currently 

being analyzed. The format for the LIST command is: 

whArP. 

LIST [option!] item 1 [option2} item2 ••• · 

a. The items to be listed may be: 

(1) The letter: V, S, R, C, L, D, Q, T, J, M, or W to obtain 

a listing, respectively, of grounded voltage sources, and of time 

functions, floating sources, resistors, capacitors, inductors, 

diodes, transistors, transconductances, FETS, MOS devices, 

and switches. Any of the above may be followed by an integer 

number to obtain a listing of a single item (see examples). 



(2) TEMPERATURE --.lists the present value of tempera­

ture, only if other than 25° Celsius. 

(3) PRINT -- lists the current print request, if any. 

( 4) PLOT -- lists the current plot request, if any. 

b. The options which may be used are: 

(l) CONNECTIONS -- lists only the nodal connections of the 

items which follow. 

(2) FULL -- lists all information on the items which follow 

(thP. r;lpf;:mlt); 

(3) ON PRINTER :--lists the items which follow on the system 

printer, if available. 

(4) ON FILE filename -- lists and saves the items which 

follow on the specified file. This is the standard way to 

save a circuit description -- after a circuit is LISTed on a 

file, it can be read in later using the OLD command (see 

Section 3. 2.1). 

If no items are specified, the entire circuit is listed. The format and order in which 

items are listed is the same as that in which they are entered. A new LIST speci­

fication ovcrridco a previous specification. 

Examples: 

LIST 

wi~l list the entire circuit description at the user's terminal. 

LIST R1 

will list only resistor 1 at the terminal. 

LIST CONNECTIONS R1 Q2 

will list the nodal connections of resistor 1 and transistor 2. 
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LIST C R2 L D PRINT 

will list all capacitors, inductors, and diodes, as well as resistor 2. The current 

PRINT request will also be listed. 

LIST ON FILE SAMP 

will list the entire circuit description on the file SAMP. The circuit will then be 

saved on that file, and may be restored at any later time by typing the command: 

OLD SAMP (see OLD Command, Section 3. 2. 1). 

LIST CONN Rl Q FULL C 

w1ll list the nodal connections of resistor 1 and all transistors, and all information 

on all capacitors. 

LIST TEMP ON PRINTER 

will list the current temperature, if other than 25 ° Celsius, on the line printer (if 

the system has a line printer available). 

LIST ON PRINTER 

will list the entire circuit data on the system printer. 

NOTE 

To delete a previous PRint, PLot, or Time comm;:mrl, 
the PR, f'L, or TI cornmand is entered without any 
arguments following it. Thus: 

PR (cur. ret.) deletes all previous PRint requests 

PL (car. ret.) deletes all previous PLot requests 

Tl (car. ret.) deletes all previous Time requests 

The current values in the CR.TTP.rir~ Cornmand are lictcd by: 

List CRITeria 

Refer to Section 3. 20. 



3. 7 EXECUTE Command 

The EXECUTE command is used to execute the circuit currently in memory. 

The allowable formats are: 

EXECUTE 

[
EXECUTIONl 

.. OPTIONS j 

None 

DC 

IDC 

( 
INITIAL ) 

CONDITIONS 

VOLTAGES node, value, nod2, val2 

CURRENTS bnch, value, brn2, val2, ••• 

TRY VOLTAGES •••• CURRENTS ••.• 

3. 7 • .1 The EXECUTION OPTIONS specify the type of analysis to be performed • 

. , Th~ vallu t:.ll.el:utiol1 optiono aro1 

a. None -- a TRansient analysis is performed, assuming that: 

(1) . All node voltages (not connected to grounded voltage sources) 

are zP.ro. 

(2) Ali branch currents (not including floating current sources) 

arP. zero. 

(3) All initial conditions (capacitor voltages and inductor currents) 

,are zero •. 

NOTE 

A DC analysis is performed if no TIME command 
has been specified. The same conditions, as 
·above, are assumed. 

b. IDC .--. ~alculate a TR9-nsient analysis, using program calculated 

DC initial conditions. This option is used on a transient analysis 

when it is desired to have the program calculate the DC solution, 

and these values are used for the initial conditions. Otherwise, 

all initial conditions are assumed to be zero. 
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c. DC -- to do a DC analysis only. This corresponds to the physi­

cal situation of the circuit having operated for an infinitely long 

period of time with DC sources, i.e., all initial turn-on transients 

have decayed out so that all voltages and current derivatives are 

zero. Capacitors are opened and inductors are shorted, i.e., the 

capacitor model is reduced to its shunt resistance, and the in­

ductor model is reduced t.o its series and shunt resistances. 

Diodes are reduced to diffusion current and leaka.gP. rP.sistance •. 

A DC analysis will be assumP.rl if no TIME command has b.:;:en ent.erP.rl, 

The INITIAL CONDITIONS OPTIONS specify the initial conditions for a 

DC solution iteration or for the initial conditions of a TRansient solution. 

"User-specified initial conditions options are useful for: 

provtding starting values for more rapid convergence of 
solutions; sometimes helpful in r.il:"'cuits with feedback loops. 

providing control of solution of symmetrical networks such 
as bistable multivibrators; initial conditions can RP.t. one or 
the other, side on or off. 

providing initial conditions of oscillator networks with long 
buildup t.imes and short oscillation IJeriods. 

providing initial conditions for transient analysis whi.ch 
differ from the steady-state (IDC option) conditions. 

The valid initial-conditions options are: 

a. None -- DC or TRansient analysis is fJerformed, depending on 

the EXECUTION OPTIONS Rpecified, with all voltages and 

initial conditionR ;:~t z.::t·u (~:::ee Section :J. 7,1, paragraph 1). 

b(l). VOLTAGES node numbers. voltage values -- Used to specify 

voltages for the nodes, in TRansient analysis. This option in­

serts the user-given voltages, instead uf the voltages which 

would be determined by a de solution prior to the TRansient 

analysis. 



• 

• 

b( 2). CURRENTS branch numbers, current values -- Used to specify 

currents for the branches, in TRansient analysis. This option 

uses the given currents instead of the currents which would be 

determined by a de solution prior to the TRansient analysis. 

Branch currents are a derived parameter in AITRAC, determined 

by finding the differences between node voltage and dividing by the 

branch resistance. Therefore, specifying initial values for 

branch currents is meaningful only for floating sources and in­

ductor currents. 

NOTE 

The VOLTAGE and/or CURRENT specification effectively 
override a DC solution or an initial condition solution 
prtor to a TRansient solution. 

Thus, the following two commands are equivalent: 

EXECUTE VO ••. 

EXECUTE IDC VO ••• 

In both cases, a TRansient solution will be performed using the 

values specified in the VO • • • entry for the initial values of node 

voltages (and/or CURRENTS). 

Furthermore, the entry: 

EXECUTE nr. vo .. 

will cause the voltages specified in the VO •.• entry to be printed 

out. In effect, the specification above states: "Use the given 

values as the DC solution. " It can be used as a. convenient way to 

print out a long list of initial conditions, prior to TRansient exe­

cutions. Actually, no computations are performed. 

c. TRY •••• -- This option may be used prior to, and in conjunction 

with, the VOLTAGE or CURRENT options, when used to specify 

initial conditions. The TRY option tells AITRAC to use the indi­

cated norle voltages as a starting point for the iterative process to 

deter•mine a DC solution or the DC initial conditions. 
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TRY may help in cases where convergence is otherwise diffi­

cult or ambiguous. For example, by using the TRY option, 

bistable circuits can easily be forced to start from a predefined 

state. Ordinarily, flip-flops will show both sides conducting 

equally, either hath on or both off. 

A DC analysis will be assumed if no TIME command has been entered. 

NOTE 

The use of the DO command (Section 3,12) is P.Sp~>.ci.ally 
useful when many initial conditions have to be entered. 

The reader is advised to refer to Section 2. 4 for advice 
on user-specified initial conditions. 

3. 7. 3 Examples of EXECUTE Command Usage Without User-Specified Initial Conditions 

EXECUTE 

The circuit currently stored in memory is executed. A transient 

analysis is done, with the initial conditions zero. However, if no 

TIME command has been entered, a DC analysis. is performed. 

EXECUTEIDC 

The circuit is executed, and the DC solution is used as the initial 

conditions of the transient solution. 

EXECUTE DC 

A DC solution is performed with initial conditions zero. 

3. 7. 4 Examples of EXECUTE \.omm::md UEage with User .. Specified Initial 
Conditions 

General form: 

Form 1: 

EXECUTE VOLTAGES • • . • CURRENTS 

EXECUTE VOLTAGES 5. 3 6. 2 3. 4 •.•• 

CUHH.ENTS 3. 4. 5 8. 9 10. 4 .•• , 

A TRansient execution is performed with the following initial conditions: 

Node Voltage 1: 
2: 
3: 

5. 3 volts 
6. 2 
3. 4 

Branch Current 1: 
2: 
3: 
4: 

All other voltages and currents are assumed zero. 

3. 0 amperes 
4. 5 
8. 9 

10.4 



NOTE 

If no node numbers specified explicitly, sequential node 
numbers are assumed, beginning with 11 1. 11 

Form 2: EXECUTE VOLTAGES 3 5. 6 2. 8 7. 4 8 1. 4 11 12. 2 13. 4 
CURRENTS 1 4. 9 2. 8 2. 4 7 8. 9 10 12.6 

A TRansient execution is performed with the following initial conditions: 

Node Voltage 3: 5. 6 volts Branch Current 1: 4. 9 amperes 
4: 2. 8 2: 2. 8 
5: 7.4 3: 2. 4 
8: 1.4 7: 8. 9 

11: 12. 2 10: 12. 6 
12: 13.4 

All other voltages and currents are assumed zero. 

NOTE 

Integer numbers must be used to denote node and branch 
numbers. Real numbers must Le used to enter voltage 
and current values for the initial conditions. 

3. 7. 5 Examples of EXECUTE Commands with Initial Conditions for Starting 
Iterations of de Solutions 

a. EXECUTEIDC 

EXECUTE ---

TRY VOLTAGES. 

TRY VOLTAGES 

CURRENTS 

CURRENTS 

The starting values, specified after VOLTAGES and CURRENTS, 

are used as a star-ting point for the iterations of a de solution, 

to determine the initial conditions for a TRansient analysis. 

These two commands will give identical results. 

b. EXECUTE DC TRY VOLTAGES , , , .• CURRENTS 

The initial values, specified after VO and CU, arc used a.o a. 

starting point for the iterations of a DC solution. 

NOTE 

Tile command: EXECUTE TRY VO .•. CU (withnnt the 
DC spec.) will NOT produce the same results as the 
command above. InstP.ad a TRansient analysis will be per­
formed. Refer to SP.r.tion 3. 7. 5. paragraph (a) above, and 
to paragraph c of Section 3. 7. 2. 
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3. 7.6 Diagnostic Messages for Hanging and Unconnected Nodes 

If the circuit contains hanging or unconnected nodes, a diagnostic message 

will be printed out, before execution, to warn the user of possible circuit specifi­

cation errors. 

A hanging node is one which has only one component connected to it. 

An unconnected node is one which has no components connected to it. 

Usually, an unconnected node results either from deletion of components from Rn 

original circuit, or wlr.I:!Il nudes are not numbered :;;equentially whPn inp\ltting ::t new 

circuit. 

The circuit will execute with HANGING nodes, but will NOT exe~utP. if 

UNCONNECTED nodes are detected. 

A simple remedy is to connect a dummy resistor from any unconnected 

node to ground and try to execute. Renumbering of the nodes can then be done if 

the circuit is otherwise correct. 

3. 8 TEMPERATURE Command 

The TEMPERL\. TURE command is used to r.h::1.nge the value of the ambient 

temperature for ALL semiconductor devices, as a global command. The format 

is: 

TEMPETIATURE value 

where 

value -- is the new value (expressed as a real number) of temperature. 

Example: 

The temperature need not be entered unless it is different 

from 25. °C (see Section 2. 2). 

TEMP -55. 

The ambient for all devices is now set at -55° Celsius. 



Individual device temperatures above or below this ambient temperature may 

be specified via the MODIFY Command (see Section 3. 13. 1 for details). 

NOTE 

COMPLETE temperature effects are simulated by the pro­
gram, i.e., the value of e, as well as the value of saturation 
currents, is altered by the TEmperature Command. Refer 
to Sections 2. 2 and 2. 2. 1. 

3. 9 CHANGE Command 

The CHANGE comm~nd is used to.change the node connections and value of 

any element in the circuit. The format is: 

where 

Example: 

CHANGE element-id 

element-i.rl -- identifies the element to be changed. The 

element may be V, S, R, C, L, D, Q, T, 

J, M, or W. The program will request 

new information for the element, and it is 

to be typed in ·with exactly the same format 

as when entering a n~w circuit description. 

CHANGE R2 

The program responds: 

(n)R2, 

where n is the branch number which is being assigned to the second resistor. The 

user then enters the new information for R2. 

NOTE 

Most" element values may be altered using the ·MODIFY 
command, if the·node connectiohs are ilot to be changed. 
If the node connections arc changed, however, the entire 
set of data for that element must be entered. 
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3. 10 ADD Command 

The ADD command is used to add a new element to the circuit. The format is: 

whe:rc 

Example: 

ADD element-id 

element-id -- identifies the t;Ype of element to be added (i.e •• 

either V. S. R. C. L. D. Q. T. J. M. or W). 

Information will be requested by the program on 

the new clement., Afll::'r ente:ring o. new clement. 

the branches in the 'circuit will be renumbered. 

The user should do a LIST command to obtain 

the new branch asR.ignments. 

ADD L 

The program responds: 

where m is the branch number being assigned to the new inductor rmrl n is the num­

uer of the new inductor. The user then enters the inductor information. 

3. 11 DELETE Command 

The Dl:!.:LETE .command is used to delete components 'from a circuit. The 

format is: 

where 

DElete component -id 

component-id -- identifies the component to be deleted: 

i.e .• S. R. C. L. D, Q. T. J. M. or W. 

NOT'E 

Grounded voltage sources and time functions cannot be 
deleted. They may be set to 0. 0 if not needed. 



The components specified in the DElete command are removed from the cir­

cuit. Caution must be used when deleting components, as some nodes may be left 

"hanging" (only one component connected to a node) or "unconnected" (nodes numbered 

out of sequence). 

After a branch or component is deleted, the program automatically renumbers 

all the subsequent branches. The user should List his ·circuit to obtain the new 

numbering. 

Transconductances which use branches which were NOT deleted, will have 

NEW branch numbers assigned to them automatically. 

Example: 

DELETE Q3 

Transistor Q3 is removed r'rom the circuit, and all subsequent branch numbers will 

be renumbered. Note that subsequent branches will differ by 11 2, 11 since two branches 

were actually removed when a transistor was deleted. Only one branch for all other 

components. 

NOTE 

If a branch which references a transconductance is deleted, 
a warning message will be printed out to inform the user 
For example: 

... r· (part of a 
(1) R1. 0 1 1K 
(2) R2. 6 9 330. 

circuit 

h~ 
description) 

T1, 1 2 BETA 100. 

The command: DELETE R2 will produce the following message: 

"WARNING REFERENCED BY ·Tl CONNECTION DATA NOT ADJUSTED FOR T1" 

R2 will be deleted, but if Tl is listed it will show that branch 2 is still referenced 

by Tl, and the user muot take appropriate action. 
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3. 12 DO Command 

The DO command executes a series of commands stored on a file. The 

format is: 

where 

DO filename [LIST] 

a. Filename -- identifies the file which contains the commands 

to be executed. Any command described in 

Section 3 may be otorcd on the fil~. P.x·r:P.pl. ll!l:' 

NEW and OLD commands 

b. If the LIST option is present, the commands will be listed as they 

are executed. 

Example: 

Assume the file COM contains: 

PRINT NV! 

EXECUTE VOLTAGES 1. 4. 6. CURRENTS 3. 9. 2. 4. 

The eot"l.1.t'l1.and; 

DO COM 

will execute those commands. 

This command 1s very useful when executing probl~m_s which have many initial con­

ditions which must be set prior to execution. 

3. 13 MOnTFY Command 

The MODIFY command allows users to alter element values selectively. It 

is used instead of the CHANGE Command whenever the nodal connections are not 

changed or if only a single semiconductor parameter needs to be altered. The 

format is: 

MOdify element-id [parameter] valu~ 



where 

a. Element-id -- designates the element whose value is to be mod­

ified and can be: S, R, C, L, D, Q, T, J, M, or W, followed by an 

integer; e. g., R5, C3, W125, etc. If the element to be modified 

is ·a semiconductor, then the PARAM field must be included ·to 

indicate the particular semiconductor parameter to be modified; 

e. g., HFEN, HFEI, IS, etc. Refer to Sections 3. 2. 7, 3. 2. 8, 

3. 2: 11, .and 3. 2. 12 for de.scriptions of the semiconductor parameters. 

b. Value -- is a real number, specifying the new value to be given to 

the element. 

Examples: 

MOdify R12 5. 1K 

changes the value of resistor 12 to 5. 1 kilohms. 

MO Q3 ME l. 22 

changes the value of ME in Q3 to 1. 22. 

The modified values remain in effect until they are again changed by another MOdify 

or CHange command. 

The MOdify command also accepts: Pl, P2, ••• P16 instead of the actual 

semiconductor pa:r:-ameter n::tmeR. The numbers correspond to the o:r:der in which 

the parameters are input normally. Thus, the following two commands are 

equivalent: 

MO Q3 ME 1. 22 or MO Q3 P14 1. 22 

NOTES 

1. Node connections and series and shunt resistors in capaci­
tors and inductors and in floating sources can NOT be altered 
with the MODIFY command. To change these, the CHANGE 
command must be used. 

2. Grounded voltage sources and time functions can only be 
changed by using the ~BANGE cornrnand. 
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3. 13. 1 MODIFY Command (Extensions) 

Additional parameter modifications may be made using the MODIFY 

Command. The format is: 

MODIFY device- id parameter [value] 

The devices may be: diodes (D), BJT's (Q), JFET's (J), or MOS {M). The param­

eters which may be modified are as follows: 

Initial 
states 

Temp. 
diff. 
from 
ambient 

Energy 
gap 
voltajle 

Type 

Examples: 

R.JT. JFET. MOS 

NOfiMAL 

INVERTED 

ZERO 

SATURATED 

BREAKDOWN 

TEMP value 

EG value 

NPN , PNP 

MODIFY D3 EG . 6 7 

MODIFY J4 !N 

MO Q13 TE -38. 5 

MO M7 SA 

lVlU ~u .l-'NP 

Alternate f,pe•: .• Diuuel:l 

ON NUHMAL 

Ul<'J:t'. HEVERSED iNVERTED 

(default state) 

t 

tt 

NOTE 

ZERO 

TEMP value 

EG value 

(Ge diode specification) 

(J4 initially inverted mode) 

(Q13 is -38. 5°C below 
ambient) 

(IV17 irut1ally saturated) 

(Qo changed from NPN to 
PNP) 

The EG, TE, and initial states (NOrmal, INverted. etc.) must 
all be specified before the NPN or PNP and the SEARCH or 
USE options are entered on the same line. 

t Default = 0. 0, i.e., Device temp = ambient temp (-273 ~ TE ~ 1000.) 

tt Default = 1. 11, i.e., Silicon Eg voltage. EG > 0. 0 



• 

When a COPY instruction is used, only the EG specification is copied for the 

device copying another device. Thus, if 

(27) Q1 3 4 7 SAT TE 125. EG • 75 PNP SE 2N3906 

(29) Q2 5 8 2 COPY Q1 

ONLY the EG value and the parameters entered from the device library will be used 

for Q2. Thus, Q2 will be at ZERO (the default), its temperature will be equal to 

that set in the TEmperature Command (Section 3. 8), and an NPN type will be assumed. 

The LIST command will print out all the semiconductor device parameters 

which are set by the MODIFY command. 

3. 13. 2 Muuifi~..:o.liou of D, Q, J, dHd M Fdi.'d.i.lle1.el·.s 

The use of the MODIFY command described in Section 3. 13 may be ambiguous 

when a semiconductor device is copying another device. Consider the following 

portion of a circ~it. 

(27) Q3 3 4 5 COPY Q1 

(29) Q4 7 6 2 COPY Q2 

':' MODIFY Q3 HFEN 75 . 
. : . 

uoes the user·· intend to IvlODIJ:<'Y HFEN of Q3 ONLY? Or does he want to modify 

ALL the devices which COPY each other? This ambiguity must be resolved, and 

the MODIFY command works as follows: 

a. When a device is copying another device, the message: 

"IGNORED- USE: CHANGE, INSERT CONNECTIONS 
THEN COPY Qn" (or Dn) .. 

The user must issue a CHANGE command, re-enter the 

node connections, and use the COPY command to make 

the device copy itself, i.e., Q nn N1 N2 N3 COPY Q nn. 

Refer to the last four paragraphs of Section 3. 2. 8. 

b.. When the first device used by subsequent devices in a COPY 

construction is modified, then ALL the devices which copy 

this first device are modified. 
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3. 14 SAVE Command 

The SAVE command has the format: 

SAVE filename 

It saves the circuit description on a disk file, with the "filename" given. This 

command is identical in function to the alternate command: 

LIST ON FILE filename 

3. 15 SUMMARY Command 

When the user types SUMMARY (abbreviation SU), AITRAC will type the num­

ber of nodes in the circuit, as well as the number of each of the different element 

types in the circuit (i.e., resistors, capacitors, transistors, etc.). 

3. 16 BC, NV, and BP Commands 

The commands, BC, NV, BP are used to obtain any branch currents, voltages, 

or powers after a solution has been obtained. The format is: 

BC 
NV [n] 
BP 

The commands type out the requested node voltages, bran~h ~ur.rents, or powers 

as of the last circuit execution. If the n is omitted, all of the items are typed out; 

otherwise, just the n'th item will be typed out. The command is quite useful during 

a lJC solution in typing out circuit values other than those requested during execution 

(via selective PRINT) without having to recompute the solution. 

3.17 SCALE Command 

The SCALE ·command IS used to scale voltage or HP sources. The format is: 

SCALE value 

In the first form, source Vn is scaled by the factor given. In the second form, all 

voltage sources are scaled by the value given. This includes HP sources if there 

are any in the circuit. In the third form, only the HP source is scaled. Only the 

AMPLITUDES are scaled; the time coordinates are NOT altered. 

.. 

, 



Examples: 

SCALE V3 3. 

SCALE V • 25 

SCALE HP 5E6 

Multiplies all amplitudes in V3 by 
the factor 3. 

All V sources and HP sources are 
multiplied by 1 I 4 

The HP function is multiplied by 
the factor: 5E6 

NOTE 

The S sources are NOT scaled by the SCALE command 
unless they were defined with a "USE Vn" option in the 
input. The SCALE command actually changes the values 
of the sources so that the scaled values will be saved 
and listed. 

3. 18 MAKE Command 

The command, MAKE, is used to create private diode and transistor param­

eter files. The format is: 

CIRCUS 
SCEPTRE 

MAKE [ D] filename SPICE 
Qn 
Dn 

If the second field is D, the user is creating a diode parameter file; otherwise, 

transistor is assumed. If the fourth field is omitted, the program responds by 

asking for the appropriate AITRAC parameters. After entering all the parameters, 

they are written on file with "filename" given. 

If the fourth field is CIRCUS, SCEPTRE, or SPICE, the program responds 

by asking for the appropriate diode or transistor CIRCUS, SCEPTRE, or SPICE 

parameters. The user should type in the parameters; they will then be automati­

cally converted to AITRAC parameters and written on the file with the given 

"filename". 

If the fourth field is Qn, then the parameters from the n 'th transistor of the 

circuit currently in memory are written on file. If the fourth field is Dn, then the 

n'th diode is used. 
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In all of the above cases, the generated file is intended to be used with the 

USE option on diode and transistor input. The MAKE command provides a conven­

ient way to generate private diode and transistor libraries without the use of 

external editing programs. 

NOTE 

The MAKE command can be aborted at any time by 
typing in the letter Q for any requested parameter. 

3. 19 TOLERANCE Command 

The TOLERANCE command is used to change the value of the DC convergence 

tolerance (TOLl), which is normally set at 1. E-5. The format is: 

TOLERANCE value 

The Command: List TOlerance will type out the current value ·or TOlerance, 

if other than the default value of 1. E- 5. 

If the DEFAult option is used in the CRITeria Command, the value of 

TOlerance is automatically reset to 1. E- 5. Refer to Section 3. 20 below. · 

3. 20 CRITERIA Command 

The CRITEHIA command is used to set various program control variables, in 

order to modify some modes of operation in certain calculation algorithms. 

NOTE 

Indiscriminate use of these parameter settings is to be 
avoided, especially by the inexperienced user •. The pro­
gram defaults these parameters to values which give·most 
accurate results, with the minimum computer time, for 
rnost drcuit.!S. 

Sometimes a particular circuit requires particular 
algorithm adjustments, but this is usually a rare occur­
rence. Extreme care should always be exercised 



Control 
Variable 

TOLl 

TOLD 

TOLT 

TOM! 

!TOT 

ITTA 

lAW 

IDC 

Default 
Value 

1. E-05 

o. 1 

o. 1 

1. E- 20 

3 

10 

iO 

200 

. I 

Description and Functions 

DC node voltage convergence tolerance. 

Diffusion curve current tolerance for DC analysis. 

Diffusion curve current tolerance for TR analysis. 

Minimum value of [lt. Program will terminate if !::.t 
s TOMI. 

6t is not increased if number of iterations at any 
time point is s ITOT • 

6t is reduced by a factor of 2 if number of iterations 
at any time is s ITTA. 

Max solution attempts at any time before solutlOri iS 

accepted and program continues. 

Max number of iterations for DC solution. 

ALGORITHM CONTROLS: 

MU 

TRAC 

SPCl 

SPC2 

DEFAult 

o. 5 

TRAC 

TRAC 

TRAC:: 

[ 
TRAC l 

. MU = 0. ~ 

Trapezoidal-rectangular integration control: 0. 5 s 
MU s 1. 0. MU = 1. 0 corresponds to rectangular. 

Original TRAC (current iteration) algorithm for 
diode curve solution. 

SPICE-I Program (voltage iteration) algorithm for 
diode curve solution. 

SPICE-It Program (voltage and current iteration) 
algorithm for diode curve solution. 

All control variables are reset to their DEFAULT 
values • 

NOTE 

·All specifications set in the CRITeria Command remain in 
e.ffeGt for all subsequent calculations, until they are reset, 
explicitly, by the user. The NEW and OLD commands do 
NOT reset any of the control variables; therefore, the 
PEFAult option should be used at the beginning of a new 
problem, if the .default variahi.P.s are desired~ 
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Most CRITERIA eommand control-variable subspecifications use FOUR 

LETTER abbreviations, except as noted below. The form of the command is: 

CRITERIA 

and the program will respond with: CRITERIA: 

The user may now enter any option listed, after which the progr.am will ask: 

VALUE: 

if a numerical value is necessary. 

To e:x.il frum the CRITeria Commancl, ::~ hlank line (carrio.gc return) il'; typP.d i!!. 

3. 20. 1 CRITERIA Parameter Setting 

The current values of the various CRITERIA Control-Variable Parameters 

may be obtained with the List Command. The format is: 

List CRITe.ria 

CAUTION 

The SPCl and SPC2 options were added to allow the user to 
have several convergence algorithms available, within the 
same program. To date, no single convergence algorithm 
has been found which always c:onverges or which giveo the 
minimum number of iterationR on all circuits. 

The original TRAC algorithm (current iteration on diode diffu­
sion curve) performs best, in general, when all diodes and 
transistors are initialized at ZERO; i.e., all junctions are 
started off wilh zero volts across them. 

In some cases, such as symmetrical flip-flops, one of the 
staglillD e:hould be initialized ON, to uhtain the correct solution. 

The r.:=~p8.hility of specifying the states of any, or all, l:leml­
conductor devir.P.R vi8. the MODIFY Commnncl eivP-1'1 th.:- US~L' 

full control over the method of solution for any particular 
circuit he wishes to analyze. 

Both the SPC 1 and the SPC2 options ALWAYS start the semi­
conductor r!P.vir.-es in their NORMAL (ON) stalt!S. The TOLl 
criterion is also automatically set at 1. E-:3, whereas TRAC 
uses 1. E-5. 

For both SPC 1 and SPC 2 specifications, the semiconductor 
states: NORM, SAT, INVE, OFF, etc., are IGNORED,· as 
these algorithms are designed for starting in the normal, on, 
condition. 



It is advisable for the user to experiment with a single circuit with which he 

is already familiar, in order to gage the effects of each option on the speed (number 

of iterations) and accuracy of the solutions obtained (see Section 3. 21, Inform 

Command). 

In general, each algorithm will produce slightly different results, especially 

for devices which are operating in an OFF state in the circuit; e. g •• diodes with 

reverse voltages. This is true, even if the TOLl criterion is adjusted to be 1. E- 5 

for each rneth<:?d of conv_ergence. 

3. 21 STEP Command 

The BTEP command is \.l~ed to prP1rPnt ;:~ timA-fitep reduction from occurring 

during a TRansient analysis. The format is: 

STEP 

A warning message: 

"NO PROGRAM REDUCTION OF TIME STEP" 

is printed out, when the calculation phase is entered. 

Automatic time-step reduction under program control is reset by again enter­

ing the command STEP. 

NOTE 

The STEP command remains in effect for all subsequent calculations, 
unless reset, explicitly, by the user. 

The STEP c.ommand is NOT reset by the DEFAult option in the CRITeria 
command (refer to Section 3. 20). 

The STEP command does not eliminate the time-step reductions which 
occur during a straight-line segment of each Time Function or of the 
HP Function. 

Preventing.the program from reducing.the time step will usually lead to 

NON CONVERGENCE problems, 
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The use of the STEP option is provided primarily as a tool to simulate other 

programs, for which smaller time steps must be used to obtain satisfac~ory results. 

The user should refer to Section 3. 20 and study the effect of the MU option 

under CRITERIA in order to obtain a different control over the integration algorithm 

used in this program. 

3. 22 INFORM Command 

The INFORM command is used mainly as a program debugging tool during 

program development. It is NOT meant to hP r~_ standard uecr feature, nor i::; Lhls 

command function maintained or guaranteed. The format is: 

INFORM 

The program will print out: WHICH? 

The user has the following options: 

COUNTS which will print out, after an execution: 

KONDCS "' nn, KONTRS "' mrn, KONSTP = jj 

showing the number of DC and TR iterations, as 
well as the number of time-step reductions 
during a DC and transient solution. 

The remaining commands are strictly for deb\.tgging purposes. 

SPARsity 

INTErnal 

EXTErior 

NODE 

DUMP 

will print out the sparsity of the original circuit 
matrix, and the sparsity after optimal re­
ordering. SPAR(after) SPAR(before) indicate a 
reduction of T-erco Lernu::, 

lnt:ernal Circuit node numbering. 

Bxterual (user input) node numbering. 

Nodal conversion vector, from user to internal 
node numbering •. 

To obtain a dump of the H matrix and T vector. 

The program will respond: PLACE, TIMES? 

The user enters a number between 1 and 13 for 
PLACE, and a number 1-N for the number of 
times he wishes to obtain a printout. · 



The following information is for reference only. It is not maintained or 

documented. 

The user should not use these options unless requested to do so specifically 

for tests and debugging purposes by Berne. 

Dump No. What Where 

1 HT (matrix and T vector) SEQSOL 

2 PT (pointers) SEQSOL 

3 HT SEQSOL 

4 P'l' EEQSOL 

5 HT SEQSOL 

6 PT SEQSOL 

7 HT TRAC 

8 Initial PT SPARSE 

9 PT SPARSE 

10 PT ·RENUMB 

11 PT INSERT 

12 PT BUILD 

13 PT FIND 
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3. 23 On-Line Interrupt 

The NOS Time Sharing System allows an external interrupt character to be 

recognized during execution. 

The execution of any circuit may be interrupted at any time by typin~ in the 

character "S" or "I", at the TTY terminal, during a transient simulation. 

Execution will be interrupted as soon as the contents of the output buffers. arP. 

cleared. 

The program will respond with: 

INT(E) ••• 

indicating an External interrupt. 

The user may then type in any of the following commands: 

a. A -- ABORT current execution, and return to the AITRAC input 

language. The circuit can then be modified, a new circuit can 

be run, etc. 

b. S -- SUPPRESS future typP.ont on the teJ;minal until printouL is 

restored by an R command. 

c. R -- RESTORE output at the terminal. 

d. X. option -- EXAMINE current status of the circuit, where the 

"nption" may he: 

(1) NV, BC, or TF to examine any node voltages, branch 

currents, or time functions. Example: X, BC will print 

out the current value of ALL branch currents. 

(2) NVn, RCn, TFn, to examine a parlit:ular node voltage, 

branch current, or time function. Example: X, NV5 will 

type out the current value of voltage at node 5. 



( 3) T -- TIM E. types out the current value of time in the 

simulation. 

The user can thus check the progress of the simulation if 

there seem to be convergence problems. 

(4) D -- DELTA time, types out the current value of the time 

step. again valuable if convergence problems are 

encountered. 

(5) N -- NUMBER of times the simultaneous equations for this 

circuit have been solved; e. g., X, N. 

e. C, option -- CONTINUE execution of the circuit, and the ''option" 

may be: 

(1) None. i.e., just the ~ommand "C, 11 to continue. 

(2) T = value -- continues execution of the circuit and automati­

ca,U,Y interrupts execution when the simulation time reaches the 

specified value. Example: C, T = 5E-6 continues the exe­

cution until time = 5 microseconds, or surpassP.s it. 

(3) P -- continues execution; unti(the riext regular printout of 

answer:,-s :is obtained. 

( 4) N + i ~- continue execution, until the s i mulataneous equations 

have been solved ''ill more times; e. g., C, N + 10 will per­

form 10 more iterations. 

(5) I -- continues execution until equations have been solved one 

wor.e time. ·Equivalent to: N + 1; e. g .• C. I (or C, N + 1.). 

Of course. after execution is resumed, AITRAC may be interrupted again at any 

time, by typing llsll or "Ill. 
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Whenever the interrupt routine is entered, the program types: 

IN T(letter) 

where "letter" indicates the cause of the interrupt, as follows: 

a. E -- Eternal interrupt caused by 

b. p -- Previous C, P request 

o. N -- Previous C, N requ~:iil 

d. T ,,_ Previous C, T .:.. value request 

e. I -- Previous C, I request 

3. 24 QUIT Command 

The QUIT command is used to exit from AITRAC and return the user to the 

System level. The format is: 

The user will be returned to System level, where he can log out or use the time­

sharing system for whatever purpose he wishes. 

NOTE 

For convenience, three temporary files are stored on the user's 
local area when a plot is performed; these files are named: 

TRACTMP- stores the data pointl'l for plot.t.ing 

TR A 1 Tl\I!P - s;tor~s tho COMMON o.t·cu while ploLL.iug 

TRA2 TMP - stores the number of points on disk 

These files may be retained on disk by using the "REPLACE, 
filename" command on each of the above three files. The user 
may come back later and make more plots, by using the "NOW" 
option, without recomputing, even after logging out. 

If the user is sure that no further plots are needed at a later 
time, these files should be deleted from his disk area. 

The system command to delete these files is: 

PURGE, TRACTMP, TRAl TMP, TRA2TMP 



4. Radiation Effects 

4. 1 Description 

AITRAC is equipped to perform radiation analysis accurately. To study the 

effects of radiation, one must define the hole-pair generating function. as well as 

the appropriate semiconductor parameters. 

a. iPPD = Diode primary photocurrent (diodes) 

b. iPPC = Collector junction diode primary photocurrent (transistors) 

c. iPPE = Emitter junction diode primary photocurrent (transistors) 

For a diode. the radiation induced photocurrent iPPD(t) can be calculated by 

one of the following expressions.: 

Type 0 -· First-order differential equation solution to arbitrary 
shape gamma-dot(t): 

d I iPPD(t) I 
i (t) + TD':' dt PPD .. 

IPPD':'[gamma-dot(t)] 

Type 1 - Error function (ERF) solution of iPPD(t) to unit-step 
changes of gamma-dot(t) . 

NU t- T. 
iPPD(t) _=- IPPD .:E gamma-r:lot(t)j U(t - Tj)ERF 2,:,Td 

J=l 

1/2 

where: NU = number of unit steps in gamma-dot(t) occurring at times T .• 
J 

For an il.lt:al rt::ctangular puloc NU - 2. 
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For a transistor, the radiation-induced photocurrents iPPE(t) and iPPC(t) 

can be calculated by one of the following: 

Type 0 - First-order differential equation solution to arbitrary 
shape gamma-dot(t): 

d I iPPC(t) I 
iPPC(t) + TI'~ dt = IPPC':'[gamma-dot(t)] 

Type 1 - Error function solution of ipp(t), to unit step changes of 
gamma-dot(t): 

· NU t - T. 
1

/
2 

J iPPC(t) = IPPC L gamma-dot(t) .U(t - T .)ERF 2,:,Tr 
J= 1 J J 

NU 
IPPE L gamma-dot(t).U(t 

' 1 J .J-

T.)ERF 
J 

t-Tl/2 
J 

2':'TN 

NU = number of unit steps in gamma-dot(t) occurring at times T .• 
J 

The hole-pair generating function is a time functl.on which represcn~s the 

iuuizing dose rate gamma-dot(t). Two types of semiconductor responses are pos­

::;llJle with the Al'l'HAC program. 

TypP. n - Tli\j g:Hnmo.- dot(t) t'unctiou i.::; treated exactly as the 

usual time functions. Each induced primary photo.,­

current is the solution of a first-order differential 

equation having gamma-dot(t) function as a driving 

function. It is described by a set of ramps. The 

coordinates of the straight line intersections of 

each ramp define the Type 0 function. 



Type 1 - The gamma-dot(t) function is described by discrete 

plateau changes. Each induced primary photocurrent 

will be the sum of error functions. It is described 

by a set of "plateaus." 

The coordinates at each discrete plateau level 

change define the Type 1 function. 

Figure IV -1 illustrates how a rectangular pulse would be input for each type. 

gamma-dot(t) 

~ 

g:,ww1a -uuL(t) 

fl. 
I 
I 
I 
I 

x--
1 i 1\ 

~-----~---------~--------x 
t 

i I I r----------------x---------x--

A •. Type 0 B. Type 1 

Figure IV -1. Input Description of Type 0 
and Type 1 gamma-dot(t) 

Gamma-dot (y) Transient Induced Dose Rate (rads/ sec) 

t 

The coordinates at the straight-line intersections define the type zero function. 

The coordinates at each discrete plateau level change define the Type 1 function. 

4. 2 Data Input 

The diode and transistor radiation parameters are entered with the normal 

diode and transistor parameter input. IPPD is the seventh diode parameter entered, 

while IPPC and IPPE are the 15th and 16th transistor parameters necessary. See 

Sections 2. 1. 7 and 2. 1. 8 for a complete description of how to input semiconductor 
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parameters. (NOTE: Radiation parameters are not currently stored in the public 

semiconductor parameter library; values of 0. will be automatically retrieved, so 

the user should issue a MODIFY command to change the radiation parameters to the 

values desired. ) 

The hole-pair generating function is input by use of the AITRAC command: HP. 

The format for the HP command is: 

where 

(0) 
llP ( ) ValueO, tlmel valuel, time2 va1Uf~2 •. , ti.rnen valuen 

(1) 

a. The second field is an integer 0 or 1 to denote either the 

Type 0 or Type 1 function. 

b. The third field is a real number denoting the value of the 

functiou at t = 0. 

c. The fourth and subsequent fields are pairs of real numhP.rf'; 

denoting the coordinates of the hole-pair generating function 

(time and value) as described above. The hole-pair genP.rating 

function may be Llescribed by up to 15 sfraight-line segments. 

Example: 

HP 0 0. 3E-9 0. 3, 1 E- 9 RE-9 ~- 6. 1 E-9 0. 

describes the following Type 0 function. 

Gamma-dot 
3.0 

2.0 

1.0 

3. 0 3. 1 6. 0 6. 1 



To list or verify the values of the HP functions, the LIST command may be 

used. The format.is: 

LIST HP 

This will list the type and the values of the HP function. 

NOTE 

The hole-pair generating function is stored internally 
as the 19th Time Function. 

The following commands must be used to print or 
plot the HP function. 

PRINT TF19 

or 

PLOT TF19 

4. 3 Improved Type 0 Response 

The Type 0 response was approximated originally by using a single time con­

stant exponential function to sirpulate the Error Function response t characteristic 

of radiation phenomena. 

This approximation is very coarse and produces large errors, especially 

when large time steps are used to save CPU time. 

A new, proprietary algorithm has been developed and incorporated which uses 

two exponential terms to approximate the theoretical error-function response. 

A 40-fold error reduction is obtained with minimal additional CPU time. 

Moreover, larger time steps may be used without incurring accuracy problems. 

The results obtained with the Type 0 response are now practically identical to 

those obtained with Type 1, with much less CPU time. 

-----.--- ···~ .· .. 

tsee: VOL-II, TRAC Manual, pages 27, ff. 
Harry Diamond Lahs DAAG~9-68-C:-0041 
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Moreover. the advantage of allowing a time function to be specified by a 

series of ramps. in the Type 0 description. instead of the plateaus. in the Type 1 

description. makes the modeling much more flexible. 

Technical Note RAD-5 "Improved Radiation Response Calculations" is avail­

able from Berne Electronics for those users who wish more detailed information. 



5. Special Equations 

AITRAC allows the experienced user to write FORTRAN equations and control 

statements in order to modify standard model parameters, create new models, and 

define auxiliary quantities (e. g., peak power, energy, etc.) to be printed or plotted. 

When standard models are nof sufficient to analyze the problem at hand, 

additional interaction with AITRAC is provided via the FORTRAN subroutine SPEQ. 

Some knowledge of FORTRAN'and familiarity with the System's Text Editor . . . 

are needed to make efficient use of this extremely versatile and powerful feature. 

However, many of the system operations required have been made "transparent" to 

the user in order to. keep the overall operation as simple and "foolproof" as possible. 

Thus, the mechanics of compiling, loading, etc., are done by a single procedure 

file. The guiding philosophy is to help the engineer analyze his problem and not 

force him to spend tim:e mastering computer system intricacie·s. 

Once the user has modified his SPEQ subroutine to include his model modi­

fications and additions, the command: 

MAKEQ (FN = fname) 

is required to compile, load, and modify the program's overlay structure to in.:. 

corporate the user's special equations. 

5. 1 Description 

Users proficient in FORTRAN may include special equations to supplement 

the capabilities and further extend the flexibility of the AITRAC program. There 

are three main applications for special equations: 

a. Definition of special time functions. 

b. Addition of auxiliary equations. 

c. Addition of nonstandard models. 

Special equations are added to a subroutine in the AITRAC program called SPEQ 

(see Figure V-1 ). The subroutme i.s divided into four main parts • 

• tl; 
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SUBROUTINE SPEQ(KK4) 

INTEGER KK4 
c 
C$ALPHA 
C---

* 
1 
2 
3 
4 
5 
6 
7 
8 
9 
A 
B 
c 
D 
E 
F 

2 

1 

DOUBLE PRECISION H,T,V,V1 
COMMON/ALPHA/ISETUP,IPOINT(618) ,H(901) ,TOLJD,~OLJT, 
II PAT ( 3 0) , R PAT ( 3 0) , A ( 1 ) , E ( 1 9 , 1 6 , 2) , 0 , T ( 1 0 9) , V ( 1 6 9) , 

l:lV ,C'l'( 11 ,2) ,DI(30) ,DM,DR(30) ,DV(30) ,EI(20) ,E2( 19), 
ST(19,2),TE,TI,TO,V1(169), 
V2( 169) ,ABC,BCI(30) ,BGR(30) ,BCV(30) ,BEI(30), 

EER(30) ,BEV(30) ,DIP(30) ,E04 ,EP1 (20) ,EP2(20) ,ERR,QCR(30, 16), 
SI1 ,TEX,TE1 ,T00(19) ,TOP,T01 ,BCDT,BCIP(30), 
BCUR(290) ,BEIP(30) ,COND(30) ,CONP(200) ,CONT(30) ,DTIM,GRSP, 

PPIC(30) ,PPID(30) ,PPIE(30) ,PWCR(30) ,PWTR(30) ,QTAN(30 ,28), 
RNAG,TE11 ,TOLl ,TOL2,TOT2,T011 ,VAL1(200) ,VAL2(200), 
V A L 3 ( 2 0 0 ) , E CD T 1 , B C U R 1 ( 2 9 0 ) , P P I C 1 ( 3 0 ) , P P I D 1 ( 3 0 ), , P P I E 1 ( 3 0 ) , 

S Y M B 1 , S Y M B2 , T 0 L P L , TOM IN , I A W, J S J , I DC , N CUT , 
KTOT,IBC,NAW,ITOT,KTOT1 ,NV,NG,JJ,N3B,NBRAN,NBLOCK, 
IT 0 T 1 , J U J , N 2 B , IS T R K , IS Y t-i 4 , N Z , N D , .N B B , NV M , N N N N 1 , I C P , 

IPRINT,NTPLP,NOPOUT(11) ,NA,NZ1 ,JJJ,KE, . 
IFGDTC,JV~IPX,NA1 ,NT,NB,N1B,JCAT,NCORE,JVJ,NP,IPLCON, 
ISYM3,JG(19) 
DIMENSION NOP(4) 
EQ U IV ALE N C E ( N D 1 , N 0 P 0 U T ( 1 ) ) , ( N 0 P ( 1 ) , N 0 P 0 U T ( 2 ) ) , 

2 
CALPHA$ 

( NCR , N 0 P 0 U T ( 6 ) )', ( NT R , N 0 P 0 U T ( 7 ) ) , ( NT S , N 0 P 0 U T ( 8 ) ) ,. 
(NJFET,NOPOUT(9)) ,(NMOSFT,NOPOUT(~O)) ,(NPSWI,NOPOUT(11)) 
COMMON/ALPHAB/NOCUST,ISPICE,ISENSE,IWORST,ITRAC,TWOPI,ROOT2, 
ABSZER,BAS~DG,BOLTZQ,BANDEG,VCRIT,UM,MENU,KKLPAR,VAL4(200), 
NOSWI(200) ,XMU( 11 ,2) 

c 

DIMENSION RX(25) ,IX(25) 
EQUIVALENCE (NRX,V(101)) ,(NIX,V(102)), 
( HX( 1), V ( 111)), (IX ( 1), V ( 136)) 

GO TO (9000,90.03,9002,9001), KK4 
9000 IF(ISETUP .EQ. 1) GOTO 9004 
C CALLS TO SUBROUTINE * BUILD * INSERTED HERE . 

RETURN 
9004 CONTINUE 
c PART 1 - MATRIX AND TIME FUNCTIONS HERE 

RETURN 
9003 CONTINUE 

r:: PART 2 
RETURN 

9002 CONTINUE 
c PART 3 

RETURN 
9001 CONTINUE 

c PART 4 - AUXILIARY EQUATIONS AFTER THIS CARD. 
RETURN 
END 

Figure V-1. User's Special Equations Interface: SPEQ 



Part 1 is used for the definition of special, forcing, and time functions and 

nonstandard model equations. Modifications of H matrix and T vector terms are 

also inserted in this first section. 

Part 2 is used for special convergence equations. The iteration procedure 

and convergence criteria for any nonlinear models generated by the user must be 

placed in this second section. 

Part 3 is used for special solution acceptance equations. Equations which do 

not affect the iteration directly, but which can affect the acceptance of an otherwise 

converged solution, are placed in this third section. 

In addition, Part 0 is entered only once, the first time that SPEQ is called 

by AITRAC. In .this section the user must define any nodes which are not defined in 

the standard language input. 

Since sparse matrix techniques are used to conserve core size, there is no 

simple relationship between an H matrix and T vector element and its node number(s). 

Thus, the pointer system used to keep track of each of these elements must be cor­

rectly initialized and proper core locations set up before the user can access the 

correct H and T terms. 

Entering nonstandard time functions: 

·Nonstandard time functions are enler'ed in Part 1 of the SPEQ subroutine. 

Time functions in the AITRAC program are stored in the FORTRAN array EI. Seet 

Table I, User's Table, for a complete identification of AITRAC program variables; 

these variables ·are kept in COMMON and are accessible from the SPEQ sub­

routine. Thus, for example, to code time function 3 as a nonstandard function, one 

might enter the FORTRAN statement 

EI(3) = 10. ':'[1. - EXP(-TE/7.1128)] 

where TE is the AITRAC variable for time. 

t Table I follows Section 5. 7. and will be expanded and updated periodically. 
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This represents an exponential voltage source, with a time constant of 7.1128 

seconds which reaches an asymptotic value of 10.0 volts. 

v 
10. 

.1/ 

...~---~· 

.· .... ~----

/ 
---+------------------------~t o. 

This statement is to be placed in Part 1 of the SPEQ subroutine prior to the = 
RETURN statement. When nonstandard time functions are used, the time function 

must first be defim~ci in the AITRAC input as existing; that is. dummy values of O. 

may be entered. For example, during AITRAC input, the statement 

V3. O. 

defines time function 3 as existent, and the corresponding equation fpr EI(3) may 

then be coded in SPEQ. Of course. any time function may be printed or plotted by 

use of the TF option, in the PRINT or PLOT statements. 

5. 2 Coding Auxiliary Equations 

Parameter values may be modified based on a dependent variable. The value 

generated will be used for the next time solution. Such auxiliary equations used to 

modify a parameter value are inserteci in Part 4 of the SPEQ oubroutine. 

Example: the value of rP.RiRtn.r?. (a~~ilj!ned. ilD brn.nr.h 4) i."~.t··· 1_, ... ~.:liaHgi::Jd from itO 

nominal value of 1 kilohm to 10 kilohms if node voltage 5 is greater than 20 volts. 

Then (by reference to Table I). the appropriate FORTRAN statement to be inserted 

in Part 4 would be: 

IF(V(5). GT. 20.) VAL2(4) = 10E3 

The reader should study the examples in Appendix E and run the problems shown to 

familiarize himself with the operation of AITRAC using auxiliary equations. 



5. 3 Coding Nonstandard Models 

When the standard models are not adequate to represent the problem at hand, 

nonstandard models may be included by writing the appropriate equations in Part 1 

of the SPEQ subroutine. The basic AITRAC program is designed to solve simul­

taneous linear node equations of the following form: 

w 1 h1 • 1 v 1 + hl • 2 v 2 + 

+ hNV, NV vNV 

or in matrix; form, 

where 

b 
m 

v. 
1 

NV 

wNV 

h .. 
l, J 

w. = f 
1 i 

• • • • • • h 1• NV 

* .. 

vNV 

= a known parameter value, Ruc:h as a resistance, source· voltage, 
transistor current gain, time, etc. 

dependent node voltage unknown 

number. of dependent nodes (1 ;;:: NV ;;:: 100) 

Since the equations nrc linearly indedendent, they Are Rolved by 

5-5 



5-6 

The h. . terms are admittances and have units cf mho. The w .terms are 
1, J 

currents and have units of amperes. 

In the program, linear differential/ integral equations are solved by a differ­

ence equation mechanization (e. g., capacitor and inductor standard model equations). 

Nonlinear equations are solved by iterative algorithms (e. g., diode anrl transistor 

standard model equations). 

The nlalrix equations are set up in the form that follows using the AITRAC 

notation as listed in Table I. If auxili;:~ry rn<1.trix equations are to be written in con­

junction with the standard models equation writer, see also Appendix F. 

T(l) H(l, 1) H(l, 2) • H(l, NV) V(l) 

* 

T(NV) H(NV, 1) H(NV, 2) •••••• H(NV, NV) V(NV) 

NOTE 

The elements of the matrix are NOT stored in a square 
array as shown above, since sparse matrix techniques 
are used. Pointers are set up so as to he able to store 
nonzero H matrix elements in a l.i.near array. The user 
has available special routines, BUILD, SHTADD. and 
BRAVOL, for use when he wishes to access these 
elements. 

Thus, by entering his own circuit's node numbers, the 
correct elements are accessed directly and transparently, 
regardless of the program's internal node renumbering. 

5. 3. 1 AITRAC Program Variables 

The SPEQ subroutine allows the user to interface directly with all the 

program variables which are in COMMON. The program variables and their de­

scription are given in Table I. 



A brief look at these tables of variables will show, for example, that the 

program's ''time" variable is stored in the variable "TE, " that the beta (forward) 

of a transistor is the variable QTAN(N, 1), where N is the transistor's number, and 

that the variable V(I) is the node voltage at node I. 

5. 3. 2 Transmitting Parameters to the SPEQ Subroutine 

It is frequently useful ~o be able to read in auxiliary parameter values by using 

the AITRAC input language for use in the SPEQ routine. This can be accomplished 

by using the SET RX and SET IX commands. The format is: 

SET RX value1 value 2 ••• value v 

SET IX numbr1 numbr 2 ..• numbr n 

The SET RX command loads real numbers: value1, value2, etc., into an 

array RX for use in the SPEQ routine. Likewise, the SET IX command loads the 

integer values: numbr1, numbr2, etc., into an array IX for use in the SPEQ 

routine. [The arrays RX(25) and IX(25) are stored in COMMON. ] Example: 

SET RX 1. 3. 14 2.718 

The values 1. , 3. 14 and 2. 718 are read into the array RX, so that 

RX(l) = 1. RX(2) = 3. 14 RX ( 3 ) = 2. 718 

An extended form of the SET command is: 

SET RX2 5. 

which will change only RX(2) to the value 5. 0. Up to 25 real and ~o integer auxili­

ary parameters may be stored. The values of the auxiliary variables can be checked 

at any time by typing the command: 

LIST SET 
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5. 4 Use of the SPEQ Subroutine with Sparse Matrix Techniques 

The use of sparse matrix techniques to save core space necessitates the use 

of pointers to keep track of the internal reordering of the node numbers during pro­

gram setup and execution. 

If, in the input language section, nodes 1 through 3 are interconnected in a 

circuit, then the pointers are all set up during the scanning of the input data. 

For example, consider the following r..i.rcuit. 

1 2 3 

Figure V-2 

Uata for this circuit may be entered in the standard mannP.r i.n the AITRAC inp11t 

language section. Suppose now that R4 is not a linear component, hut has a value 

which is a function of the branch voltage across it. Thus 

R
4 

= 1000, /(V..,- V )1 
"' 3 

or, in SPEQ program variables: 

VAL2(4) = 1000. I (V(2) - V(3))':":'4 

Several simple steps must be followed in order to implement this model in SPEQ: 

a. The pointers for nodes ~ and 3 must be set up in Part "O." 

b. A model suitable for iteration of nonlinearities t and for conver­

gence checks must be derived. 

t A typical method is detailed in Section 7, pp. 39-42, of Reference 1, 
Volume II. 



c. H matrix and T vector components must be added to incorporate 

the contribution of R4 to the network's operation in Part 1. 

d. Convergence criteria must be defined to check if the program 

may increase the value of time for its next iteration, in Part 2. 

e. The value of the branch current in R4 must be printed out to 

check if the current-voltage relationship is implemented cor­

rectly. This can be done in Part 4. 

5. 4. 1 Pointer System Setup 

If an element is to be connected between nodes Na and Nb, the following calls 

MUST be included in Part 0 of SPEQ: 

CALL BUILD (Na, Nb) 

CALL BUILD (Nb, N a) 

A similar pair of calls must be made for any other elements which the user may 

wish to connect between any other pairs of nodes. Subroutine BUILD in the AITRAC 

program sets up pointers and core locations for each OFF-DIAGONAL matrix term 

to be accessed. 

NOTE 

The node numbers Na arid Nb are the positive integer 
values of the actual node numbers between which the 
new element is connected. When one terminal of an 
element is connected to an INDEPENDENT node, i.e,, 
a fixed voltage source (time function) or to ground, 
then the "effective node number" is the NEGATIVE 
integer number corresponding to the fixed source. 
For GROUND (Node 0), the proper value to be used 
is: -20. 

For example: 

a. R.4 <":onm~<":tecl hetween V 3 anrl. Node 7, the <":n.ll fi 
would be: 

CALL BUILD(3, 7) 
CALL BUILD(7, 3) 

b. R4 connected between· Node 5 and ground: 

CALL BUILD (G, -20) 
CALL BUILD (-20, 5) 
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It is good practice to insert these calls in Part 0 of S.PEQ. even if a dummy 

element is inserted across the desired node pairs in the input language section. 

Then. if the dummy resistor is DELETED (in the language). the pointer system will 

still be set up correctly. Also. it is useful to insert a dummy element (a 100-

megohm resistor. for instance) across the nodes of a special element. so that the 

BRANCH CURRENT may be printed or plotted conveniently. via the PRINT and ,PLOT 

commands. See Section 5. 4. 5. 

These calls need to be made only once. on the very first pass through SPEQ. 

The program does this automatically by changing the variable !SETUP. The user 

must not alter the value of !SETUP in his own FORTRAN equations. 

5. 4. 2 Modification of H Matrix and T Vector Terms 

Any passive element between two dependent nodes obeys the following equations: 

v vb a .. Ckt. Element 
0 ... bo a 

iab i 
ba 

iab 6H v + t.Hab vb 6T 
a a a a 

iba = 6H V + 6~ V -bb b a a 6Tb 

6H .6H 6~b 6H t.T T 
a a a a 

mab = -t.H 6~a -t.H 6Tb -t.T 

If one of the nodes is an independent nod~. i. e.. a voltage source or g1·ound. 

the H matrix and T vector contributions will be different. The user is referred to 

Section 6 for the detailed mathematical model information. 

The most general case of a complete branch is shown below. The branch con­

tains: a series element. Y T• a shunt element. Y Ts• an independent voltage source. 

ET. an independent current source. II' and a dependent current. ID. introduced by 

a transconductance term. 



The general H matrix contributions are given by: 

Series and Shunt Element Transconductance Term 
Contributions Contributions 

lili + (YT + YTS) 6H +GM 
a a av 

6Hbb + (YT + YTS). 6H -GM 
aw 

6Hab ;:: - (YT + y TS) 6Hbv -GM 

6Hba - (YT + y TS) 6~w +GM 

The generalized T vector contributions are given by the sum of all the currents 

in the "to" branch. The internal independent voltage source ET (if present) is re­

placed by an equivalent current generator, using Norton's theorem: 

Then 

v 

GM (dep. source) J 
ID = GM':'V F 

---- I J • --..______________ D 
--l .. -

General Circuit Branches 
Including Transconductances 

a 

J 

b 

i 

- E 
+ T 

'TO' 
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The basic equations which also apply to the generalized "to" branch are: 

Kirchhoff's' Current Law: i J' - (I - I ) 
I s 

J' J + ID 

Kirchhoff's Voltage Law: v e + ET 

e e eb a 

If the dependent current ID is not caused by a transconductance GM between the 

"from" and "to" branches, the equivalent GM term can always be obtained by using 

the relationships given in Figure III. 2. 

Once the correct .6H and .6T terms have been determined, they must be added 

to the existing H and T terms; the procedure for doing this has been simplified as 

much as possible for the user, as described in the following sections. 

5. 4. 3 Determination of Branch Voltages 

To determine the voltage across an element, such as R4 in our example, we 

must evaluate the following expression: 

Branch Voltage ..:. XBV = V(2) - V(3) • 

However, when using sparse matrix techniques, the program's internal node num­

bering differs from the external (user input) numbering. Therefore, a special 

function, BRA VOL, is available to the user for obtaining the branch voltage across 

any pair of nodes, s1mply and directly. To obtain the voltage across any two nodes, 

the funotion ic uo cd a.o followo; · · 

where 

XBV BRA VOL (Nrl, Nh, V, EI) 

XBV is any variable name assigned by the user 

N is the "from" node of the new element rl 

Nb is the "to" node of the new element 

V is the array (in COMMON) which contains the present 
value of node voltages 

EI is the array (in COMMON) whic.h contains the present 
value of time functions or grounded voltage sources. 

.. 



When capacitors and other energy storing elements. are to be modeled, the 

PAST values of node voltages are required also. In this case, function BRAVOL is 

used as follows: 

where 

VPAST BRAVOL (Na, Nb, V1, EP1) 

V1 is the array (in COMMON) which contains the first past 

value of node voltages 

EP1 is the array (in COMMON) which contains the first past 

value of the time functions or grounded voltage sources. 

Again, the positive integer values of the node numbers are entered for N 
a 

and NV. when independent nodes are referenced. The n-egative integer value is 

entered when referring to dependent nodes, i.e., voltage sources. The value -20 

is entered for the ground node. 

The voltage across two independent nodes (voltage sources and I or ground) 

may NOT be obtained, since an element must NOT be connected between two inde­

pendent nodes. Therefore, check to see if either Na or Nb are entered as negative 

values, but not both. 

5. 4. 4 H Matrix and T Vector Terms 

The uprla.tine of the H matrix and T vector terms, in Part 1, is performed 

automatically for the user by means of subroutine SHTADD (~implified H and T 

Additions) in this manner: 

where 

CALL SHTADD (Na, Nb, HTERM, TTE.RM) 

N a' Nb are the nodes to which the element i~ <..:U11IH:!dt!tl. 

Negative values are entered for voltage sources, 

and -20 for ground. 

HTERM is the absolute value of the 6H component to be 

added to the I-I matrix terms. 
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TTERM is U1e absolute value of the 6 T terru to be added to 

the T vector. 

If either the 6H or 6T terms are zero, an argument of 0. 0 is entered for the appro­

riate term. 

Subroutine SHTADD performs the updating of the Haa• Hab' Hba' Hbb' T a• 

and Tb terms automatically with only one CALL, in Part 1 of SPEQ. 

5. 4. 5 Special Model Convergence Equations 

The iteratioll vrucedure convergence criteria and tests for any RpPC'i::!l non­

linear models introduced by the user are placed in Part 2. Such tests are required 

when special models are nonlinear and changing sufficiently fast to require iteration 

within a time step; for example, in the case of diodes which obey exponential r..e­
lationships. A practical example is given in the example at the end of this section. 

5. 4. 6 Special Solution Acceptance Equations 

Equations which do not affect the iteration directly, but which could affect the 

acceptance of an otherwise converged solution, are entered in Part 3. 

5. 4. 7 Auxiliary Quantities and Functions of Dependent Node Voltages 
and of Converged Solutions 

After each converged solution has been obtained, auxiliary quantities (such as 

branch current, branch powers. etc. ) can be obtained in Part 4. Such quantities 

cannot be obtained until convergence has been achieved, since they are all derived 

fr'om the dependent node voltages, a.nd until convergence has been uchi~verl, .:~J,Y 

values computed would be meaningless. 

As an example, if, in Figure V-2. the ratio of the voltage across Nodes 1 ami 

::l and the voltage across R
3 

is desired, the following equations could be used. 

XBV13 BRAVOL (1, 3, V. EI) 

EI(4) XBV13/V(3) 



These calculations would store the desired voltage ratio into Time Function 4. 

Then. the user could use either PRINT TF4 or PLOT TF4. with the standard print 

and plot commands in the AITRAC language. Note that. first. an entry 

V4. 0. 0 

must be incluped in the language section as detailed in Section 5. 1. 1. 

5. 5 Accessing the Special Equations 

To access the specially created AITRAC routine. the user must issue the 

command: 

'i"his. ·Al'l'RAC c'om.majld shou.ld be issu.ed iifter the NEW cqmrpand. and befor.e t-he 

EXE~UTE co~mand •.. 

. ·. AITRAC will:us_~ the 1.1ser's special SPEQ subroutine. and perform the calcu­

latiorts desired. 

The user may stop using the special equations feature at any time by issuing 

the command: 

SET SPECIAL OFF 
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5. 6 Example of SPEQ Use 

Refer to the circuit of Figure V-2. Assume that R4 has a resistance of: 

3 
R = 1000./e 

where "e" is the branch voltage (V 
2 

- V 
3

) across resistor ·R4. ·The current-voltage 

relationship is, mathematically 

4 
I=e /1000 

Figure V-3 shows this characteristic. 

1.0 
I 

0.8 
en 
Q) 

s... 

I 
V-

Q) 

0.6 0.. s I 
Cl1 ..... ..... 

0.4 ..... ..... 
s ··-· 

I 
I 

·' ...... o. 2 v 
0 v' .... 

0 0.2 0.4 0.6 0.8 1. 0 

e' (volts) 

Figure V-3. Diode Characteristic and Tangent Model 

A "tangent model" can now be used, in a manner similar to the diode model 

used m AlTH.AC. The following steps must be followed. 

a. A nonlinear resistor is replaced by a linearized model 

at each iteration.; Thus, 

3--------------~-------v 
a 

~--~~1~1 --------~0 
b 

EEE 



where GEE is the conductance at the tangent point; thus: 

GEE 
di 3 . 3 

= 4. ':'e I 1000. = e I 250 
de 

b. The voltage EEE is the difference between the branch 

voltage. XBV = V - Vb. and the voltage drop across EEE. 
a· 

Thus. 

EEE XBV- J(XBV)~' G~E 

The T vector component T = DELT. is given by 

DEL T = GEE':'EEE = XBV':'GEE - J (XBV) 

The current. J(XBV)~ is assumed to be equal to the fourth power ideal math­

ematical relationship which is desired at any branch voltage XBV. Thus. 

and 

in Part 1. 

c. 

J(XBV) = RGUR(XBV) = (XBV)
4 I 1000. 

DELT = XBV':'GEE ~ RCUR(XBV) 

The 6H and 6T term contributions from H
4 

must be added 

to the proper Hand T terms. This is done by calling 

subroutine SHT ADD: 

CALL SHTADD(l. 2. GEE. DELT) 

d. The actual branch current. XCUR. is then computed in 

Part 2: 

XCUR = (XBV-EEE)':'GEE 
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e. A check must be made at each iteration to see if the actual 

current. XCUR, obtained from the tangent model matches 

(within a given tole ranee set up by the user) the desired 

current obtained from the mathematical. fourth power re­

lationship. If the currents are within this set tolerance. 

the program will automatically stop iterating and continue 

with the next time step. because the nonlinear CONVERGENCE 

FLAG. ABC. will be set equal to -1 in the subroutines for 

nonlinear models (diodes. transistors. etc. ). 

The main section of the program thinks that there are no nonlinear models. 

since no diodes. transistors. etc •• have been included in the circuit.· 

Therefore. if the currents do not match within a set tolerance, the noncohver­

gence flat, ABC. must be set to a value of +1. Thus: 

IF(ABS((XCUR-DCUR)/XCUR). GT. TOL) ABC=!. 

When ABC is set to +1. it indicates that convergence is NOT achieved; there­

fore, the program will perform another iteration. without increasing the time step. 

f. If convergence is not achieved, then the tangent model must 

be re-linearized, with the new value of branch voltage, so 

that a better approximation can be achieved with the next 

iteration. 

g. All of these steps are followed and coded as shown in the 

listing in the Appendix. page AE-42 .. For added flexibility 
' 

some parameters are entereq with RX(1) for the resistance 

scale factor, and RX(2) for' the current tolerance, so they 

may be changed by the user at will. 

Note that in Part 4. the converged value of branch current in the nonlinear resis- . 

tor XCUR, is added to the branch current of the "dummy" 100 me·gohm resistor R4, so 

that the total current in Branch 5 can be printed or plotted with the PR or PL commands. 

5. 6. 1 Input Data 

The input data, printed results, plotted output and plot data tabulation for the 

nonlinear resistor problem are included in Appendix E. 
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5. 7 Sandia NOS AITRAC Special Equations 

The following steps are required to utilize the special equations feature with 

Sandia NOS AITRAC. 

a,. Obtain a copy of the special equati~ns subroutine SPEQ. 

(1) If equations are being inserted for the first time, 

the SPEQ routine may be obtained frorn the sys'tem 

library by typing: 

GET, ASPEQ/ UN= LIBRARY 

(2) lf the equationo have already been insel"ted iHlo ::;ub"' 

routine SPEQ and the routine has been previously 

saved (say, as permanent file TRAC), retrieve it by 

typing: 

GET, TRAC 

b. Insert the desired special equations into the SPEQ routine 

by using XEDIT. The user may desire to save these special 

equations as a permanent file for later use, as indicated in 

step a. (2) above. 

c. Run the procedure file by typing: 

GET, MAKEQ/ UN= LIBRARY 

d. Run the procedure file by typing: 

-MAKEQ(FN= fname) 

Where fname is a local or permanent file prepared accord­

ing to steps a and b above. This procedure file compiles the 

subroutine SPEQ and any other subprograms in fname, and 

loads them along wilh AITRAC into memory leading the user 

directly into the input phase of AITRAC. Compiler errors are 

directed to local files and terminal diagnostic messages are 

issued. 
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Error conditions: Should the user receive the message 

FORTRAN ERRORS IN FN- PLEASE CORRECT 

after typing -MAKEQ (FN=fname), this indicates that there was an error from the 

FORTRAN compiler in compiling the SPEQ routine. The user should re-examine his 

equations, correct his errors, and re-execute steps a through d. 



TABLE I 

User's Table of FORTRAN 
Variables Used in AITRAC 

This table provides a reference for the user who needs to access the AITRAC 

Program Vadables. when using the SPEQ (Special Equations) option. 

Periodic expansion and updatings to this table will be provided to allow 
' maximum flexibility of SPEQ use by the user. 
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AITRAC FORTRAN 
Notation 

NV 

H(I. J) 

T(I) 

V(I) 

Vl(I) 

TE 

'l'U 

TEll 

TOll 

TI 

TABLE I 

User's Table 
(Notation and Symbols - AITRAC) 

Description 

Number of dependent nodes 
0 ~ NV~ 100 

Element of the coefficient matrix 
(H matrix). I, J represents the row and 
coJ1.1mn n11mhP.rR of the matrix. 

l~I~NV 

l:>:J~NV 

(maximum matrix 
size 100 x 100) 

Element of the vector matrix (T matrix). 
I represents the row number of the 
matrix. 

l~I~NV 

Element of the unknown matrix (node 
voltage). -!"represents the row number 
(node number) of the V matrix. 

l~I~NV 

First past value of the unknown matrix. 
(node voltage) 1 ~ 1 ~ NV 

Present value of program time 

Pre~ent value of program delta timA 

Past value of time (TE-TU) 

Past value of delta time 

Present value of entered maximum 
delta time 

NV 

Text 
Symbols 

H .. 
l, J 

w. 
l 

v. (t ) 
1 n 

t. t 
n 

t 
n-1 
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AITRAC FORTRAN 
Notation 

NDl 

ND 

EI(K) 

EPl(K) 

EP2(K) 

NU.l-' (l) 

NOP (2) 

NOP (3) 

NOP (4) 

NTS 

NCR 

NTR 

NJFET 

NMOSFT 

TABLE I 
(continued) 

Description 

Number of time functions and grounded 
voltage sources. 0 ~ NDl ~ 18. 

Total number of time functions. 
NDl + hole-pair generatine; fun~ti.on. 
1 s: ND ~ 18 + 1 

.Present vnluc of a time fum.:liuu ur 
grounded voltage source K · 

First [Jast value of EI(K) 
The value of EI(K) at TEll 

Second past value of EI(K) 
The value of EPl (K) at TELL, 
(or EI(K), at TEll - TOll) 

where 1 ~ K s: 20 

K = 19 for hole -p·air generating 
function gamma-dot(t) 

K = 20 for ground 
(EI(20) = 0. volts) 

Number of flor1ting volta~e and current 
sources 

Number of resistors 

Number of r.Rp;;:~dtors 

Number of inductors 

Number of transconductances 

Number of diodes 

Number of transistors 

Number of JFETS 

Number of MOSFETS 

Text 
Symbols 

e (t), e (t ) 
vs · vs n 

e (t 
1

) 
vs n-

e (t ) · 
vli n= 2 



AITRAC FORTRAN 
Notation 

NPSWI 

NBRAN 

VALl (K) 

VAL2 (K) 

VAL3 (K) 

VAL4 (K) 

TABLE I 
(continued) 

Description 

Number of Parameter Switches 

4 

0 ~ L NOP(I) ~ 200 - NTS - NPSWI 

I= 1 

0 ~ NCR + NJFBT ~ 30 

0 ~ NTR + NMOSFT s: 30 

Number of assigned branches 

4 

NBRAN = L [ NOP(I)] + NCR + 2':' NTR 
I-1 

Text 
Symbols 

+ NTS + NJFET + 2':'NMOSFT + NPSWI 

Parameters of Branch K 

Floating 
Voltage Current 
Source Source Resistor Capacitor Inductor 

Voltage Current Not used Capacitance Inductance 

Series Shunt Res is- Series Series 
Resis- Res is- tance Resistance Resistance 
tance tance 

Power Power Power Shunt Shunt 
Resistance Resistance 

Switched value of branch K, controlled by a switch 

5-25 



5-26 

AITRAC FORTRAN 
Notation 

VALl (K) 

VAL2 (K) 

VAT .:1 (K) 

VAL4 (K) 

BCUR (K) 

BCURl (K) 

TABLE I 
(continued) 

Description 

Parameters of Transconductance Branch K 

Original Transconductance Value 

!
1st value for switching condition 

SWITCH (Par.kP.rl information) 
2nd value fo.t· swild1iug ~.:uuc..lillun 

(Packed information) 

Switched Transconductance Value 

Present value of the current in thP. as­
signed model branch K. (For the 
capacitor and inductor models, this 
value does not include the current 
through the shunt resistors.) 

First past value of the current in the 
assigned model branch K. The value of 
DCUR (K) aL TE11. 

Where the branch numbers are assigned 
as follows: 

1. Floating voltage and current sourr.P.s. 

K = Number of the source 

:2. Rooioto:r 

K = NOP (1) + Number of the resistor 

3. Onpacitor 

K = NOP (1) + NOP (2) + Number of 
capacitor 

4. Inrlur.tor 

K = NOP (1) + NOP (2) + NOP (3) + 
Number of the inductor 

Text 
Symbols 



AITRAC FORTRAN 
Notation 

5. Diode 

4 

TABLE I 
(continued) 

Description 

K = L (NOP(I)) + Number of the 
I= 1 diode 

6. Transistor 

J = Number of the transistor 

8.. R:u;P CnrrPnt 

4 

K = L (NOP (I))+ NCR+ 2J-l 
I= 1 

b. Collector Current 

4 

K = L (NOP(I)) +NCR+ 2J 
I= 1 

7. Transconductance 

4 
K = L (NOP (I))+ NCR+ 2':'NTR + 

I= 1 . Number of Transconductance 

NOTE: Even though Transconduc­
tances carry a branch 
number designation, no 
branch current or power 
can either be calculated 
or printed. 

8. JFET (Channel Current) 

4 

K = L (NOP (T)) +NCR.+ 2':'NTR. + 
I= 1 NTS + Number of J'FE'.f' 

Text 
Symbols 
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AITRAC FORTRAN 
Notation 

0 

BOLTZQ 

TABLE I 
(continued) 

Description 

9. MOSFET 

J = Number of MOSFET in question 

a. Channel Current: 

4 

K- L 
I= 1 

(NOP (I)) I NCR 1 

2'~NTR + NTS + N JFET 
+ 2J- 1 

b. Gate-Source FET Diode Current: 

4 

K= L 
I= 1 

(NOP (I)) + NCR + 
?.~•NTR + NTS + 
NJFET + 2J 

10. Parameter Switch 

4 

K- L (NOP(I)) +NCR+ 
I= 1 2':'NTR + NTS + NJFET + 

NMOSFT +Number of 
parameter switch 

NOTE: Even though Pararneter 
Switches carry a branch 
number designation, no 
branch current or power 
can either be calculated or 
printed for switches. 

k':'TEMP/ q (0, 026 at 300 deg. K) e 

BoJt7.monn's constant (1.38062E-23 J/K k 

Charge on electron (1.60219E-19 Coul) q 

k/q (8.61708E-5) 

Text 
Symbols 



AITRAC FORTRAN 
Notation 

A(l) 

ABSZER 

BASEDG 

BANDEG 

VCRIT 

TWO PI 

ROOT2 

UM 

XMU 

TABLE I 
(continued) 

Description 

Ambient temperature (deg. K) 
(temperature in deg. C + 273. 15) 

Device Temperature: 

Ambient + difference of element 
temperature from ambient specified 

Value of zero degree Celsius on the 
absolute temperature scale, i.e: 
-273. 15 deg. K. 

Programs •s reference temperature for 
device parameters 

Energy band Gap (volts) of device being 
analyzed 

Critical voltage of diode diffusion 
curve, often point of min. radius of 
curvature, sometimes set to: 10':'0 (8) 

2':'TT (6. 28318 •• •.) 

SQRT(2.) (1. 414 •••• ) 

Variable order of integration coefficient 
set in CRITERIA Command 

Time v::trying v::tluco of UM 
(reserved for use in the future) 

Text 
Symbols 

TEMP 

MU 
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AITRAC FORTRAN 
Notation 

QCR (N, 1) 

QCR (N, 2) 

QCR (N. 3) 

QCR (N, 4) 

QCR (N, 5) 

QCR (N, 6) 

QCR (N, 7) 

QCR (N, MDJUNC) 

QCR (N, MDDIFT) 

QCR (N, MDEG) 

QCR (N, MDISTE) 

QCR (N, MDCRIT) 

QCR (N, MDMOS) 

1-' we H. (N) 

PPID (N) 

PPIDl (N) 

DV (N) 

TABLE I 
(continued) 

Description 

JUNCTION DIODES 

Diode reverse saturation current 

Diode proportionality constant 
(usually 1 ::;; MD s :.:!) 

Diode leakage resistance 

Diode junction capacitance 

Diode junction capacitance at 
V D = 0. 0 

Diode intrinsic built-in voltage 

Diode time constant 

Diode steady state primary 
phot.or.u rrent. 

Initial diode state (on, off, etc. ) 

Diode working temperature 
Difference from ambient 

Energy bandgap for the diode 

Temperature corrected value of IS 

Critical voltage on diffusion curve 

Set to 0. 0, if device is a diode 

Instantaneous diode real power 

Diode primary photocurrent 

Pa.sl value of diode primary 
photoctirrent 

Diode voltage 

IS 

Text 
Symbols 

MD 

HDL 

CD 

CDO 

VDBI 

TD 

IPPD 

EG 

VCRIT 



AITRAC FORTRAN 
Notation 

DI (N) 

DIP (N) 

DR (N) 

TABLE I 
(continued) 

Description 

Ideal diode current 

Past value of ideal diode current 

Ideal diode tangt=mt conductance where 
N = number of the diode 

Text 
Symbols 
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TABLE I 
(continued) 

AITRAC FORTRAN Text 
Notation Description Symbols 

JUNCTION TRANSISTORS 

QTAN (N, 1) Normal transistor beta HFEN 

QTAN (N, 2) I11verted transistor beta HFEI 

Normal transistor nlpha aN 

Inverted transistor alpha a I 

QTAN (N, 3) Emitter junction time constant TN 

QTAN (N, 4) Collector junction time constant TI 

QTAN (N, 5) Collector junction diode saturation ICS 
current 

QTAN (N, 6) Collector junction diode proportionality MC 
cu11::;Laut (u!:mally 1 $ MC s: ~) 

Collec Lor junction diode capac: i t;:mr.P. cc 

QTAN (N, 7) Collector juncti.on diode capacitance at r.cn 
VBC = 0 

QTAN (N, 8) Collector junction intrinsic built- in VCBI 
voltage 

QTAN (N, 9) Collector junction leakage re$iStance R{;T, 

QTAN (N, 10) Emitter junction diode saturation IES 
current 

QTAN (N, 11) Emitter junction diode proportionality ME 
constant (usually 1 s: ME s: 2) 

Emitter junction diode capacitance CE 

QTAN (N, 12) Emitter junction diode capacitance at CEO -. 
VBE = 0 

QTAN(N, 13) Emitter junction intrinsic built-in VEBI 
voltage 
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AITRAC FORTRAN 
. Notation 

QTAN (N, 14) 

. QTAN (N, 15) 

QTAN (N, 16) 

QTAN (N, MQJUNC) 

QTAN {N, MQDIFT) 

QTAN (N, MQEG) 

QTAN (N, MQICST) 

QTAN (N, MQIEST) 

QTAN (N, MQCCRI) 

QTAN {N, MQECRI) 

QTAN (N, MQMOS) 

PWTR (N) 

PPIC (N) 

PPIC1 (N) 

BCV (N) 

BCI (N) 

BCIP (N) 

BCR (N) 

TABLE I 
(continued) 

_.Description 

Emitter junction leakage resistance 

Collector junction steady state primary 
photocurrent 

Emitter junction steady state primary 
photocurrent 

Initial transistor state (on, off, etc.) 

Tran.!istor working tct'l'l.peratu1·e, 
difference from ambient 

Energy bandgap for transistor 

Temperature corrected value of ICS 

Temperature corrected value of IES 

Critical voltage of collector diode 
diffusion curve 

Critical voltage of emitter diode 
diffusion curve 

Set to 0. 0 if device is bipolar 
transistor 

Instantaneous transistor real power 

Collector junction diode primary 
photocurrent 

Past value of collector junction diode 
primary photocurrP.nt 

Coll P.dor junc.tion diode voltage 

Collector junction ideal diode 
current 

Past value of collector junction 
ideal diode current 

Collector junction ideal diode 
tangent condut:'tant:'e 

Text 
Symbols 

REL 

IPPC 

IPPE 

EG 
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AITRAC FORTRAN 
Notation 

PPIE (N) 

PPIEl (N) 

BEV (N) 

BEl (N) 

BEIP (N) 

BER (N) 

TABLE; I 
(concluded) 

Description 

Emitter junction diode primary 
photocurrent 

Past value of emitter junction diode 
primary photor.11rrP.nt 

F.m i ttP.r j11nc:-tion diode voltage 

Emitter junction ideal diode current 

Past value of emitter junction ic..leal 
diode current 

Emitter junction ideal diode tangent 
conductance 

where N = Number of transistor 

Text 
Symbols 
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METHOD OF COMPUTATION IN MTRAC 

Tl11· basi r· •·omput.at. ion rnf't hod ust>d in t.ht· \ITHAC <'olnput.Pr pro,..:ran1. i ~; 

dt·sr·rillf'd first .. lt. will ht> shown that tht> unknown cirruit. t.irrrt• variahlr·:.; 

r·an h•• snlvt>d from t.hP mat.rix Pquation T] !Ill I']' whert~ rl and rl art• 

r·olurnn rnat.ri<'f'S of r·urrt•nt.s and nodal volt.il~f'S, rt•spt•r·t.iv,..ly, and[//] 1s a 

sq11ai'P conduct <Jnct• matrix. On t.lr f' bas i s o f t. h i s 111 f' t. hod , t.lr P con t. r i b 11 t. 1 orr s 

10 tht· !Ill arrd rl matrict•s will t.hl·n bP. df'rin·d f'or various cirt·uil t,l-

lllt'llts, such as a current. sourr·P, a r(•sist.or, a vnlt.a~f' sourr·p wit.lr int.t·l·rral 

st'l'tt•s rt~sist.i.lncP, a f'apaf'it.or, an inductor, a Zf'llf'l' diodt,, a diodt•, a 

t ransi st or·, and a squar<•-lonp 111Hf!,11Pt..ir· r·(lrf'. 

A. Basir· Comp11t.ation \!f'tlrod 

I. \latrix Equation T] !Ill 

(/, De r· i v a t i o n o f T I fIll :< VI 

Cnnsid,,,. a linear or nonlinear t.wo-tPrrninal circ11iL P.IPment. H. 

Tht• Plt•mPnt is r·nllnPrtPrl b.;>tlll.;><:>n t.wn nndf'l':, a·und h. who:H' 

,. n I t. a ~ f' s ( t n g r o 11 11 d ) a r c V n a n d I' 
1
, , r e s p c c t i v e I y . 1\ s w e s h a I I s lr n w I a t f' r . 

tl1f' r·11rrPnt. from Node fl to :'Jodl' /, i.ll a given ltrnt· stPp can be <!pproxirn<Jted 

b v t. h t' l i near f' x press 1 o rt 

Va 
o--...;•------1 E 

l a b \//(I'" - 1' 1,) - ,\T 

vb Va 1. 0 0 • 
'b 0 1ob 

( l) 

i =6.T -
::-1 vb 

(J 

R=6.H-I b 

( o) SCHEMATIC REPRESENTATION (b) APPROXIMATE EQUIVALENT 
ELEMENT 

TA-6408-1 

Figure 1 A TWO-TERMINAL CIRCUIT ELEMENT 



where 6H and 6T are constants representing conductance and current, respec-

tively. Thus, the approximate equivalence of a two-terminal element is a_ 

conductance 6H in parallel with a curren~ source 6T, as shown in Fig. l(b). 

In the case of a nonlinear circuit element, Eq. (l) is based on 

"linearization" of the element's operational (or dynamic) characteristics. 

Now sup~use that n two-terminal circuit elements are connected 
p 

1n parallel between Nodes a and b, as shown in Fig. 2. These elements 

may be represented .by an equivalent two-terminal circuit element, enclosed 

by t.he dashed line tn Fig. 2, whose current is 

n r 
i 

a b 
2.: i 

j 
j = 1 

Applying Eq. (l) to each jth current 111 Eq. (2) g1ves 

v 0 

0 iob 

Figure 2 

L a b 

n 
p 

2: 
j = 1 

6/f ( v 
J a 

n 
p 

·~ 
j = 1 

,------·l 
I I E, 

I I I I il 

I I 
E2 

I I 1 I 
i2 I 

I 
I I ;;P I Enp ~ I L _______ _j 

6T 
) 

b 

TA- 6408-2 

TWO-TERMINAL CIRCUIT ELEMENTS IN PARALLEL 

( 2) 
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If t• n c P . :\If a n d i\ T o f t h e e q u i v a I e n t c i r r 11 i t e I em e n t a r e 

n 
I' 

.·\If 
J ., I J 

and 

n 
I' 

.·,r<" l 
. I 

.\T 
J 

II tht· 11 t>lt>mcnt.s an• tdent.tcal, t.hen Eqs.·(:l) and !4)·art· rerlur·pd l.o 
I' 

. \// ( ) Jl, I 

and 

.'\T 
( /1' I) 

II . \II 
I' 

II /\T 
I' 

( s) 

( () ) 

wh<>rr· l.ht> :subscript IS added to· designate iriPIIt ical t>lemPnt.s and whPrr· 

. · .1/ a 11 d . \ T r · o r respond t u each i n J i v i d 11 a I e I em en t .. 

Considl"r now n identical t.wo-ter·minal circ·uit. ~lemPnt.s which 
" 

ill'f' ('OIIlll'('!.f'd in 'serit~S between :--;odes fl and b, as shown in Fig. :3. Tht· 

c·ur·rt•nl thrnuf;{h t•:u·h Plement. l:S tu
1
,. 

r•ar·l1 P!f'melll. we obtaiu 

Applying Eq. (I) t.o t.he currt·nt uf 

l .·.~// ( I' - I' I) - :\T 
u /, " 

L 
uiJ 

. \JI ( \'I I· 2) .\'f 

1 
a h 

.'\// ( I' 
n - I 

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

I I 
Va I ~ 

Vnli-1 I vb 
0 .. I Et E2 o-----o • En 5 

0 

0 lob I 2 "s-1 I 
b 

L _______________ ~ 
TA -6408-3 

Figure 3 IDENTICAL TWO-TERMINAL CIRCUIT ELEMENTS IN SERIES 



..\ddin~o: t ht•Sf' II ••qu at lOllS und di\·idin~o: by II jot I \' f' S 

. ·-.// 
I 

" h 
( r r > .·.r ( 7) ,, /, 

II 

ldPilt i h·in~o: Eq. (7) with Eq. (I) jotl\'f'S .·.//and .·.r of an o•quivalo·tJt o·lo'llll"lll 

o f II i dt•n t i ,. a I two- t o•rrn i 11 a I t•lo·rno•u t s 1 11 s1· r II' . .;· 

"II, I 
'• I 

. ./f II . 

·.r 
(\'I) 

Cornparilq! tho· o·qui,·alf'JII •·1r•·uits of ,.J ... nlf•nts •·oun•·•·to·d 111 

and 

(I) 

( ~) 

. . 
I II Sf' I" I 0' S. WI'. obsrrvt• t.ho· following: 

l'nlik•· tho· l"ast' of t•lrrnl'tlt.S in parallo·l. tho· •·urrt•ut 
1 ,, 

1
, t h r o 11 g h a 11 e q u i v a I e 11 t o· It• rn I'll t o f 11 , d 1 f f,. 1 ,., I 

'' lt'llll'llt.S 111 st•r i es 1·annnt l11• brought. i 111 o t.hc· form 
of Eq. (I). CoiiSt'lJllf'lltly wt• !"all repro·so•nt II, 

<•lo·rno·nts 111 s••rit•s by an "'l'livalt•nt. ... !t•lllf'llt onlv 
if tho·,·· ar•· id•·nt i<·al. 

Ph,. s i ,. a I I v. . . Eqs. 
I"Oildlll" I alii" I' 0 f II 

I' 

( S) and (B) 

i tl••n t. i ,_.a I 
simply statf' that tht· 

r•lt•nJf'lltS ill.Jl<ll"ailf'l IS 

11 tinii'S largt·t· than and tht• •·ondul"tan•·o· of II, ,. 
idt·nt.il"al t•lt•JIIf'llts in st·rit•s IS II, t.imo•s smallt·r 
than the •·ondu .. t.an•·£· of au individual f'if.'llll'llt 

l-:q11at.inns (h) 

r·urrr·nt::; Hdd 
a II d ( 9 ) il g l'f: (' w i t. h t h ("' r a (" I \. h a t 

1 11 a par a I I f' I r· o 11 11 r: r· t. i on. b 11 t a r ,. 

Sa Ill f' I II a S o• r I f' S r· 0 11 II f' I" t. i 0 II . 

t. ht· 

( H l 

('I) 

Consider now an entire network of 11 11odes, any on1· of which"'"'. 

b•: :'liode 11, 1. P., (/ II. Any jth element Of'tWf'f'll :'liodf' 11 and t.ht· ro·-

[113lllillg' II­

thcs1; 11 -

11 o d e s 1 s r e p r e s f' 11 t e d b y \ o d ,. h i 11 E q . ( I ) . 

elemt·nts, t·:q. (I) is written as 

For Pa<·h of 

If there 

!:IT ~ 0; 
m 

a) 
!\!/ ( v 

J a 
v ) 

) 
.t\T 

) 

LS no element between :'~lode 11 and, say, Node m, 

henc:e, ~ 0, as Pxpected. For referf"nce, 
a m 

( I 0 ) 

then 1\J/ 0 and 
m 

le,t us assume that. 

all the 11 ~ l cui"I't'IILi> lt"oiUr' Node a. An exumplc for the coar of a -

is shown schematically in Fig. 4. Applying Eq. ( 10) to ea!"h of the 
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TA-6408-4 

Figure 4 CIRCUIT ELEMENTS BETWEEN NODE a 
AND OTHER NETWORK NODES· 

n - I curr~>nt.s and summrrrg, wf' obtain 

.. I I' 
a 1 a 

Hut. following 1\ir!'hoff's !'llrrent law, 

T a 

wh~>re 

II 
a a 

II 
n 1 

and 

1/ I' 
U (J IJ 

::~ Nl 
1 

All 
1 

>. !:IT 
1 

. \II I' 
.r 1 

0. 
" 1 

If r· 11 c r· , 

If I" 
" 1 1 

Applying E4. (II) to each of then node::; (i.e .. letting a 

we obtain the following matrix equ<.~tion 

(I I) 

( I 2) 

( I J) 

( 14) 

I, 2, ... n) 



111 " 

II~ I II., 
. I 

II, -" 
I' 

T 
I 

II 
I 

II 
I 

II 
I I 

II 
I" 

-, ) I 

II 
"I 

II 
•• 1111 

I 

Cl I' . i ll b I' i f' f' . 

( I,, I 

h. Filling tht> ill] and T! \latr1c·c·s 

I II F i g . . ~ illl d 1': q . ( I I ) . I Ill' it I I ·,. II I I Cl II w it s f' Cl I. II s '. d Cl II Cl II '. II ' " I I. 

(\lldt· 11), and the· pf'f'c·c·t of all thc· c·irl'llit c·lc·rnt·IIIS llll this ,.,,.j,. w;,,, 

,. X a Ill i II I' d . In r i II i II g I t If. i Ill an d r l Ill it I I' i (' f. s . h Cl w ' .. \' '. I' • I' it (' I. I. i I' !Ill I '. I -

1'1111'111 is •·xamint·d st·p<HatPI\' bv c·omJlllling it.s c·ontrilnlllllll to tl11· II illld 

T •·lt!tnPnl.s that •·urrPspond t.o its t•·rminals. ln·itiall\' h·· •·l•·nr•·11ts ,.f 

th" ill! and r; mat.rif't'S <ll'f' Sl'l to /.!'I'll, ,\II thi· ··irc·llit t•lf'tlll'lll>' .. r il 

g I V P !1 t )' (l P ( P . g . , S 0 lJ f I' I' S ) a I' f' S C' <.!IIIII' d , a II d I. h f• I. ll II I I' i b II I. i ll II S Cl f I' <I I. h " f 

t.ht•St' Pll'ml'!nt.s to th~ matrix elf'ntPilts c·orrPsponding to its two node·,.; (,.r 

t.hreP. nodes in cast> of at ransistor) are c·omput.t!d. This c·omp111.at i<lll pro-

C'edul·e i:s repeated for the r<·maining c·irf'uit-elemP.Jtt 1.\'P''·"· If no c·irr·11it 

eler.tenl (~xists bP.t.we~n. ::;ay. Nodes 11 and m, thPn .:1//"' 0 a11d, following 

Eq. ( I 3) . II 
am 

0. On the other· hand. if \odt> cr 1 s c·omrnon I o c· i r I'll i I 

elements. then, following Eqs. (1~) and (I.~). lfuu is tltP sum of ,• .\If tt·r;ns 

and T ts the sum of 1. 67' terms. 
a 

ThP. .61/ and 67' terms rorresponding to each nod<-' wltost! \'olt ag•· 1 s 

to be solved will next be P.xamined separately for a two-t.P.rminal l'irc·uit 

P. I f' m P. n t. and f o r an a c l i v e l h r e e - t e r m i n a I c i r c u i t e 1 em en t ( I. r a 11 s i s 1. o r ) • 
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0 A Two-TPrminal Cirruit EIPmPnt 

Cnnsicit•r a two-terminal circuit element <Jr.ross :'-Judes u anc! h, Fi~. I. 

In fi II in~ the [//] and T] matrices, three cases art~ distinguished, as 

shown 1n F1p;. S: 

( I ) Hot h V a and V b are u n k 11 own 

is unknown and v - \' 
h ' h 

IS known 

( 3) \' 
II 

is known and 1' 1, is unknown. 

· In t: a sf' ( I ) , h o tIt nod t' s a r e I' I o n 1 i n g . In Case (2), :\ode b is t.i1·d 

to t·it.ftl'r a volt.at-:t' source (I'd,.;. 0) or ~round (.1", 1,­

\odf• 11 1s t.i<'d to either a volt.a~e source (1·.,
11 

i 0) 

l.t·l tts t·xamlnt' Pach casP sPparat.ely. 

0 ) . I n (:a sf! 

or ground ( \' 
'II 

( I ) Vo } 

vb 

Figure 5 

a. 

~sb 
a iob b 

( 2) V0 unknown 
unknown 

Vb ( = Vsb) known 

E .. 0 

a 

( 3) Vo ( = Vso ) known 

vb unknown 

TA-6408-5 

THREE CASES OF NODAL VOLTAGES OF A TWO-TERMINAL 
CIRCUIT ELEMENT 

Case (1): Va And Vb Are Unknown 

( :~ ) . 
. () ) . 

Let us first consider a current flow from \ode a to \ode b. 

Following Eqs. (12). (13), ano (14), the contributions of this cirr·uit 

element to the matrix elements /lao' Hob' and T are 
u 

D.H ( I 7) 
a a 

/::,If 
a b 

-.~H ( I 8) 

and 

.\T ( 1 ~) 



Thus, Eq. (1) may be written In the form 

t a b 6/f V + 6H V - 6T 
aa a ab b a 

(20). 

So far we have referred to a current flow from Node a to Node b. 

However, 1n order to completely.fill.thematrices, we also have to consider 

t.he current ibu from Node b to Node a. Since tba = -iab' Eq. (j) yields 

( 21) 

However, by interchanging a and b 1n Eq. (20) we also obtain 

t b a h!lbbvb + 611 bava. ( 22) 

Equating Eqs. (21) and (22), we find that 

6fl ( 2 3) 

6Hb a -6H ( 21) 

and 

-6T ( 2 5) 

\ote that .:::.f/ · a a 

b. Case (2): 

Substituting l'b ~ l',b into Eq. (1) g1vcs 

1 
a b ( 26) 

Since \'b is known. the matrix equation, Eq. (15), does not include Vb and 

its associated elements. The values of Hab' llbb' Hbu' and Tb are thereforP. 

not computed and Eq. (20) is modified to 

i 
u b ~H \' - f::..T a a a a ( 27) 

Hv Pquating Eqs. ( :? 11 ) and ( :?7) WP. find t. hilt 

.'.f/ .':f/ 
a a ( 2 B) 
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a 11 d 

t\T 
g 

f:..T + Nf· v I 
... .I 

Case (1): r < ... v 
u ... (J 

I s Know 11 ; V 1, I s ll11 k 11 ow 11 

V.,, into Eq. (21) givPs 

I h u :\1/ ( 1' 1, - I', " ) • .'\ T 

Tht• samt• arg11111P11ts for l"ode b 111 Casf• (2) now hold for \ndr· r1. 

E q . < ~ 2 ) i :• 111 o d i f i ~~ d t o 

I. b " 
I· T 

.' · .. ,, 

Hy f'quat.1ng Eqs. (30) and (31) WP. find. t.hat 

t~ll b b 

and 

.. ,\T + i\/1' V 

( 29) 

Th11 s. 

( 11 ) 

( 3 :l) 
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APPENDIX A 

NONSTANDARD MODELING 

Al. Zener Diode 

Zener diodes are shown in Figure A-1. 

· Cathode vcJt) Cathode 

•i. 

,-, OR 

' 
Anode 

.. 
v A (t) , Anode VA (t) 

Figure A-1. Zen.er Diodes 

The zener diode may be modeled by using the two diode-floating source com­

bination in Figure A-2. 

FVS 

02 + • v A (t) vc(t). 

I 
. , 

1: 
V\/V' . 

I RS 

. .. )· .. 
I 
01 

Figure A-2. Zener Diode Nonstandard Model 

Di.ode Dl represents the forward cha.ra.ctcristic of the zener diode. · Diode D2 and 

FVS represent the zener characteristic of the zener diode. EFVS is the voltage at 

the knee of the zener curve less V D
2

, and RS is the slope of the curve after breakdown. 
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A2. Integrated Circuit Transistor 

An NPN integrated transistor with PN junction isolation may be modeled by 

the PNP-NPN transistor combination shown in Figure A-3. 

AA-4 

Substrate 

~se.-~-+------------------------~ 

Emitter 

Figure A-3. Integrated Circuit Transistor 
Nonstandard Model 

Collector 

The following transistor parameter relationships are necessary. 

MEl =. MC2 ::. actual base- collector vaiue 

IESl = ICS2 = 112 actual value 

aNl = 2 x actual value (HFEN f. -1. ) 

a
12 

2 x actual value (HFEI 'f -1. ) 

VCBil = VCBI2 = actual value 

" ., I . 

The values below are recommended for the other parameters which must be modified. 

TNl = TI2 = actual value 

C~Ol = CC02 = 1 I 2 actual value 

RELl = RCL2 = 2 x actual value 

IPPEl = IPPC2. = 1 I 2 actual value · 



A3. Silicon Controlled Rectifier (SCR) 

The SCR is shown symbolically in Figure A-4. The SCR may be modeled with 

the standard models shown in Figure A-5. 

Anodt vA(t) 

Gate 

Cathode 

Figure A -4. SCR 

Anode 

R3 

Dl 

Cathode 

Figure A-5. SCR Nonstandard Model 
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The transistors provide for regenerative gain and switching action where 

their time constants define the turn on. turn off. and storage time of the SCR. The 

diode accounts for the variation of current gain with anode current. Rl. Cl de­

termine the gate impedance and the turn on delay time. R3 is the anode to cathode 

leakage resistance. and R2 is the small series resistance when the SCR is fully 

conducting. 

A4. Four-Layer Diode (PNPN Switch) 

AA-6 

The four-layer diode is shown symbolically in Figure A-6 . 

• • 
Anode Cathodo 

Figure A-6. Four-Layer Diode 

The four-layer diode may be modeled by combining the floating voltage source 

and diode standard models with the nonstandard SCR model :;~.s shown in Figure A-7. 

EFVS is the approximate forward breakover (switching) voltage. 

Anode 
Anode 

Cathode 

Gate 

FVS 

Figure A-7. Four-Layer Diode Nonstandard 
Model 



A5. Unijunction Transistor (UJT) 

The UJT is shown symbolically in Figure A-8. 

VB2{t) Base 2 

Emitter 

vE{t) 

v 81 {t) Base 1 

Figure A-8. UJT 

The UJT may be modeled by the standard model combination shown in 

Figure A-9. 

Base 2 

Emitter 
RB2 

RBl 

RBl » REBl 

REBl Base 1 

Figure A-9. UJT Nonstandard Model 

Resistors RBl + RB2 equals the interbase resistance and REBl is the small 

emitte.J;'-base 1 resiAtance when the UJT is fully on. The intrinsic stand-off ratio is 

defined by RBl/RBl + RB2). The transistors provide for the switching action of the 

UJT. 
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APPENDIX B 

DATA INPUT FROM FILES 

Users may prepare problem data· for input from files, rather than by program 

interaction. To make such a data file, the system text editor is entered, and the 

user lists the circuit components in the same order as they would normally be re­

quested by the program: .. 

V Grounded Voltage Sources 
and Time Functions 

s · Floating· Sources-

R Resistors 

C Capacitors 

L Inductors -

D Junction Diodes 

Q Transistors 

T Transconductances and 
Mutual Inductances 

J JFET's 

M MOS/FET's 

W Switches· 

A blank line, or a $ sign, mu!::Jt be used to terminate (or indicate none of) a 

particular component type. A $sign is preferable as it makes the file easier to 

read. When input is taken ·from a disk file, the first field of each lilie is ignored 

by AITRAC; this is done so that the user may insert parameter identifications 
~ . . . 

(such as: R1, C~3; L12; etc:). With this -one 'exception, each llne -contains the in-

f<;>rmation exactly as it would have been typed into the program if the user were 

entering the data on-line. Refer to Section 3.).1. 

As an example, assume the disk file BRIDGE contains the following data: 

BRIDGED TEE CIRCUIT 

$ 

S1 1 G ""• 02 1K CURRENT 

$ 

R1 3 0 1K 

$ 

C1 1 3 1U 

C2 2 0 1U 

C3 3 0 1U 

The circuit name must be included 

Blank line: no V sources 

A floating current source 

Blank: no mor'e floating sources 

A resistor 

Blank: no more resistors 

A- capacitor 

A capacitor 

A capacitor 
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AB-4 

$ Blank: no more capacitors 

L1 1 2 1. An inductor 

L2 2 3 1. An inductor 

$ Blank: no more inductors 

$ Blank: no diodes 

$ Blank: no transistors 

$ Blank: no transconductances 

$ Blank: no JFET's 

$ Bla.tl.k: 110 MOSFET' s · 

$ Blank: no switches 

This file contains data for the Bridged Tee circuit given in on~ of the examples in 

Appendix E. 

These data may be read into the program by th~ command: 

OLD BRIDGE 

NOTE 

When diode. transist~r. JFET. or MOSFET. parame­
te-rs a.re entered directly as data. and not by means of 
the SEan;h, USE. or Library oommarids, thP. letter;::~ D, 
Q. J, .or M must be entered in Column 1 of EACH line 
of data; for example, for a diode: 

and for a transistor: 

D12 17 22 ZERO TE=-55 

0 1N 2. .1EJO .llE--10 

D • 75 lON 0. 0 

Q3 4 2 3 PNP SATURATED TEMP=+l25 

Q 100. 1. lN .lU .lE-10 

Q 1.1 .lE-10 0.75 10M .lP 

Q 1.33 .5E-10 0.84 

Q .1E9 0.0 0~0 

The data may be entered on fewer lines. but EACH line must start with the letters 

D, Q. J, or M. as appropriate. 



The user should familiarize himself with the proper methods for entering 

paper tape files, as well as for storing and editing disk files, by referring to the 

proper sections of the NOS news notest. 

In particular refer to: 

Section 2: "Logging In and Out" 

Section 4: "XEDIT" Text Editqr 

Section 12: "Printing and Punching Files under NOS" 

t NOS News Notes, Sandia Laboratories, A,lbuquerque, NM. Division 2614. 
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APPENDIX C 

ERROR MESSAGES 

The following error messages may occur during input of data or commands. 

When applicable, the program will type: 

ERROR, FIELD nn: "error message" 

where nn is the number. of the field in which the error occurred. 

Error Message Meaning 

INVALID AITRAC COMMAND A command is unrecognized, and should 
be re-entered. See Section 3 for valid 
commands. 

REAL VALUE EXPECTED 

ODD NUMBER OF T~ME VALUE PAIRS 

MAX NO .. OF DEVICES EXCEEDED 

ILLEGAL NODE OR SOURCE NUMBER 

NOT CONSTANT VALUE OR USE 

SUPERFLUOUS OR INVALID FIELD. 

SUPERFLUOUS 

TWO CONNECTIONS TO SOURCE OR 
GROUND 

NONEXISTENT PARAMETER 

A real number was expected in the in­
dicated field. Check typing. 

A TIME command or time-function 
input; the last value entered was not 
paired with a value for "finish time" or 
amplitude. 

Too many of the device beirig entered 
are being specified, i.e., more than 
30 diodes, etc. See S.ection 2. 7. 

A referenced voltage source is not 
rlefinerl, or node number> 100. 

A value for a floating source has been 
specified incorrectly. 

Too many fields are specified, or 
typing error. 

Self-explanatory. 

Only one terrriinal of an element may 
be connected to ground or to a fixed 
voltage source. 

The parameter being referenced does 
not exist in the circuit. 
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Error Message 

INTEGER EXPECTED 

FILE NOT FOUND 

NO CffiCUIT IN MEMORY 

NO OUTPUT REQUESTED 

AC-4 

UNREALISTIC VALUE 

UNCONNECTED NODES 

WARNING HANGING NODES 

TIME VALUES Ml,JST INCREASE 

ILLEGAL HP FUNCTION TYPE 

INCORRECT DEVICE TYPE 

INCORRECT MATERIAL TYPE 

REFERENCED BRANCH NOT AN 
INDUCTOR 

SWITCH nn IS UNDEFINED 

Meaning 

A real value or alpha field was entered 
instead of an integer. 

The file named does not exist in the 
user's; directory. Check the oorreot 
spelling of the name. 

The command entered is meaningless 
as there is no circuit in memory at 
this time. 

EXECUTE command is ignored as no 
PRINT or PLOT cummand has been 
specified. 

The value specified is outside reason­
able range for computation. 

Execution is inhibited. and the list of 
unconnected nodes is printed. Can 
occur when components have been de­
leted from the circuit. Dummy 
elements may be connected between 
unconnected nodes and ground to force 
execution with 11 H A NGTNG NnnP.S 11 

message. 

A dependent node has only one element 
connected to it. Execution continues. 

A time function is specified with time 
points which do not increase from the 
value specified .in previnus.ti.me fields. 

HP Function must ,be type 110 11
, or 111. 11 

A transistor may not COPY a MOSFET. 
or other similar conflict. 

Tbe material specified for a semi­
conductor device is incorrect. 

Both branch numbers specified in a T 
(transconductance) specification using 
LK and LM must refer to branches con­
taining only inductors. 

An element was specified with two 
values. and a reference to switch '·'nn. 11 

but a 11W 11 (switch) specification for that 
switch number was not entered. 



Error 1Message 

RIGHT PARENTHESIS ERROR 

DEVICE IS NOT IN DATA BANK 

DEVICE NOT IN LIBRARY 

USER LIBRARY NOT FOUND 

NOT COPY, USE, SEARCH OR 
LIBRARY 

Meaning 

The right parenthesis was left out in a 
W (switch) specification. 

The device desired is not included in 
the standard AITRAC data bank. Use 
another option or enter data for each 
parameter. 

The device desired is not included in 
the user's private library. Use 
another option or enter data for each 
parameter. 

The user's private library does not 
exist on his private directory (see 
section :5. IU). 

A nonvalid option was specified for 
retrieving semiconductor data from 
disk storage. 

Other self-explanatory messages may,be printed occasionally to inform, 

warn, or guide the user during program operation. 

The following error messages can occur during execution of a problem. 

1. NONLINEAR MODELS WILL NOT CONVERGE 

After the limit number of iterations (200) for the DC solution, the u.iuue 

and/ or .transistor standard models have not converged. The convergence criterion 

is tha't the current through each junction calculated by using the ideal diode iteration 

parameters and the current calculated by using the model data and the ideal diode 

equation are within a 10% tolerance. 

2. >io:oroi•PROORAM WILL NOT CONVERGE 
PERCENT ERROR FOR NODE CALC. XX. XXXXX 

After the limit number of iterations (200) for the DC solution, the program 

has not converged. The node values are changing by the percent indicated between 

the last two iterations (i.e., !99th and 200th). (Note: This diagnostic will always 

follow the above error. ) 
./ 
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3. ':":":":'SINGULAR MATRIX X •. 
THE FOLLOWING ROWS ARE SINGULAR 

The matrix for the determination of the unknown node values cannot be 

solved: 

a. If the number X is positive. then there exists a diagonal 

matrix element whose value is zero. 

b. If X is negative. this diagonal value of zero was en­

countf!J•ed when the rual.dx was being reduced during the 

solution. 

Cases (a) and (b) can occur when a parameter has an improper value whereby the 

numerical accuracy of the equation solver and/ or machine accuracy are inadequate 

- (:roundoff error too large. mostly due to insufficient significance in the machine). 

AC-6 

In addition. case (a) can occur when there is incorrect parts connection (wrong 

number of nodes, i.e •• unconnected nodes. duplicate node numbers. one terminal 

of a part not connected, etc.). Case (b) can occur when a parameter h_as an im­

proper value or delta time is too small, which can result in numerical difficulties. 

4. ':'~":":'SYSTEM UNSTABLE 

This indication occurs when the program has made 10 attempts to reach an 

acceptable solution. Based on the nonlinear models. convergence has not been 

achieved; the program gives up on this solution in time. the delta time is reduced 

by a factor of two. and another solution attempt is made. In many instances. the 

program pulls through. and the above message has little or no effect on the analysis 

results. 
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APPENDIX D 

HINTS FOR PROGRAM USAGE 

The following suggestions may be useful in obtaining more effiCient program 

results. To reduce running time, the amount of calculations must be reduced. The 

running time is proportional to the number of iterations per time solution, the num­

ber of time solutions. the size of the unknown matrix (number of nodes) to solve. 

and the number of parts. Another consideration for improved usage is the ability to 

take full advantage of the program capabilities. The suggestions are general, and 

some will be directly applicable to many of the user's circuits. 

1. For larger circuits, determine if any nodes may be eliminated and the 

parts count reduced (assuming the analysis will not suffer). Similiar parts in 

series or parallel may often be combined, and series and shunt resistances can be 

incorporated into the standard models. 

2. Take advantage of the program's 6t control, when there are ·straight-line 

time functions involved (e. g .• square wave inputs, etc. ). Usually one defined t::,t 

region is sufficient. Sometimes two defined regions are useful, i.e •• 

3. Transistors can be conveniently used as diodes, when necessary. They 

may be employed as two diodes back-to-hack (HFEN = HFEI = 0) or as one diode. 

When used as one diode, it is best to connect the collector to the base and set 

ICS = IPPC = 0. 

4. Ratio of calculated points to plotted points ~ 5 unless the 6t is extremely 

small. in order that reasonable plots are made. 

5. Ratio of plotted points to printed points> 10 since printing is time con­

suming and plots are generally more convenient. 

AD-3 



6. Augment standard semiconductor models with bulk resistors only when 

essential to simulation results. 

AD-4 

7. Make the data as realistic (and practical) as possible. 

a. Time function switching times (e. g., rise and fall times) 

reasonable. For example, do not attempt to switch in a 

very small (say 1E-15) or zero time, as the program is 

not mecharuzed to accept such an unrealistic change. 

b. Due to numerical limitations, resistor value::; mu::;t be 

significant in comparison with an associated resistor 

value. For example, a 1E-4 ohm resistor in series with 

a 1E-6 ohm resistance may cause the nodal matrix to 

approach singularity and, in some instances, the node 

equations may fail to solve (one of these resistances may 

be contained within a model). 

c. Semiconductor data should be reasonable. Examples of 

some parameter ranges and typical values for silicon 

semiconductors are given below. 

Diode and Transistor 

1 s: MD s: 2 

1E-15 sIS s lE-6 

VDBI = • 75 

IPPC = 1. E-9 - 1. E-13 
amps/ rad/ sec 

IPPE = (. 1 - • 01 )'~lPPC 

Transistor 

o:N > ~ 

RCL > REL 

res> IES 

TI >TN 
CEO > CCO (for equal areas) 

ME ::s MC 

8. After any changes of node connections, parts additions, and deletions, it 

is good practice to issue the command: SAVE filename (the "filename" on which 

the problem is to be stored) and then the command: OLD, filename. In this way, 

a fresh copy of the problem is brought into memory, and all data will be properly 

initialized. 



9. Always perform a DC analysis prior to attempting a TR analysis. If the 

circuit does not operate correctly at steady state, much computer time and user 

time can be saved by correcting those problems first! 

One notable exception, however, is the analysis of oscillators which may not 

have a stable DC state. For these circuits, a transient analysis starting with all 

power supplies at zero (and ramping slowly to their required voltage) will probably 

produce a satisfactory simulation, whereas a DC analysis may not. 

10. Numerical instability can occur if the value of a time step 6t is larger 

than the time constant in any loop containing an energy-storing element at the time 

that this loop is undergoing a significant perturbation (such as a multivibrator 

switching between states). This instability appears as a damped oscillation with 

alternate values describing the upper and lower bounds of the oscillation. If such .. 

numerical instability is suspected, the value of 6 t should be reduced around the 

time that this oscillation occurs, and the simulation should be rerun. 

Another method is to INCREASE the value of MU (see CRITeria command, 

Section 3. 20) from 0. 5 (the default for trapezoidal integration) to 0. 75 or 1. 0 

(equivalent to rectangular integration). The time step should also be reduced by a 

factor of 2-5, and the simulation should be rerun. 
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One- Stage Amplifier 

··~--'r'Y'\ 

The following pages demonstrate some sample runs of the progra..L ... 

first run is of the one-stage amplifier shown in Figure E-1. 

. ;. 

1.: .· 

Vl 

Cl 

C = .• ' pfar~,d~ · 
. RS. = • 1 ohms 

. . ~.) ... 

R2 
lOOK ohll'!s 

Rl 

200K 

Nl 

L1 

V2 (+30 VDC) 

NS 

01 

L = 1 J.L henry 

R
5 

= .01 ohm 

C2 
C = • 1 ~farads 
Rs = • 1 ohms 

Vl is a 1 ,(]Second pulse of 20 volts 

Figure E-1. . One-Stage Amplifier 

R3 
lOK ohms 

N4 

R4 · 
JOK ohms 

'The 
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6000 system up 

77/05/27. 08.55.21. 
SANDIA NOS SN53 ECS 
USER NUMBER, PASSWORD 

TERMINAL: 37, TTY 

NOS .1.1-430 

RECOVER /SYSTEM: ATTACH,AITRAC/UN=LIBRARY 

AE-4 

READY. 
X,AITRAC 

SANDIA AITRAC-100 Vli:RSION 1~0 ·uPDATES - 1 

AITRAC-100 READY 77/05/27 08.56.01 

* ? NEW ------------------------------NEW command tells program that 
NAME: ? TEST 

v 1 ' ? 0 . 1 E-6 20 
V2, 'l 30 
V3, ? 

( 1 ) .') 1 • ? 

(1)R1, ? 5 
(2) R2, ? 1 
(3)R3, ? 5 
(4)R4, ? 4 
('3)R5, ? 1 
(6)R6, ? 

(6)C1, ? 1 
( 7 ) C2 , ? 4 
(8)C3, ? 

(R)r.1, ? V? 
( 9) L2, ? 

(9)01,? 4 
+PAHAMS: 
$$ 

1 .2E6 
G • 1 E6 
3 • 1 E5 
G • 1 E5 
2 10 

V1 • 1 u 
G . 1 u 

5 111 

. 9E-6 20 

. 01 

1E-6 
I 

0 

new circuit is to be entered. 
(The asterisk is -typed by the 
program~ and ~ndicates that it 
1::; we:tl Llu15 to: accep\ o. command.) 

? --~-------------------------------User hit carriage return here 
+IS, MD, RDL, CDO, VDBI, TD, IPPD 
$$ 

to obtain diode headings. 



? 1E-9 2 .1E10 .11E-10 .75 1E-8 0 
(10)D2,? 

( 1 0) Q 1 , ( E- B- C) ? 4 2 3 
+PARAMS: 
$$ 
? 
+HFEN, HFEI, TN, TI, ICS, MC, CCO, VCBI 

HCL, IES, ME, CEO, VEBI, REL, IPPC, IPPE 
$$ 
? 100 1 1E-9 .1E-6 .1E-10 1 
? .1E-10 .75 .1E8 .1E-12 1 .5E-10 .75 
? . 1 E9 0 0 

(12)02,? 

(12)T1,? 

(12)J1, (G-S-D) ? 

(12)M1, (G-S-D-B) ? 

(12)W1,? 
* ? LIST ------~------------------Circuit in9ut complete; user 

TEST types LIS'r to r;et !_:.•rintout 
v 1 
v 
v 
v 

V2 

( 1 ) R 1 
(2)R2 
{3)R3 
(4)R4 
(5)R5 

( 6) c 1 
(7)C2 

(8)L1 

(9)D1 
D 
I) 

( 10)Q1 
•'·Q 

Q 
Q 
Q 

5 
1 
5 
4 

1 
4 

V2 

4 

1 .OOOE-07 
9.000E-07 
1 .OOOE-06 

0 
3 
0 
2 

0. 0' 
2.000E+01, 
2.000E+01, 

0. 0' 

3.000E+01 

2.000E+05 
1 .OOOE+05 
1.000E+04 
1.000E+04 
1.000E+01 

of circuit description. 

v 1 1 .OOOE-07 1 .OOOE-03 1 .OOOE+09 
0 1 .OOOE-07 1 .OOOE-03 1 .OOOE+09 

5 1 .OOOE-06 1. OOOE-02 1 .OOOE+09 

1 TE 0. EG 1 • 1 1 
1 .OOOE-09 2.000E+00 1 .OOOE+09 1 .100E-11 
7.500E-01 1. OOOE-08 0. 

4 2 3 TE 0. EG 1 • 1 1 
1 .OOOE+02 1.000E+00 1 .OOOE-09 1 .OOOE-07 
1.000E-11 1.000E+00 1.000E-11 7.500E-01 
1 .OOOE+07 1.000E-13 1.000E+00 5.000E-11 
7.500E-01 1.000E+08 6. 0. 

AE-5 



* ? PRINT NV1 NV4 BC1 BC3 RATIO 10-4e---User specifies items to be 
* ? EXECUTE DC printed. 

DC SOLUTION -.----------Execute a de analysis only. 

NV - NV 4 BC BC 3 

9.4893E+00 8.9006E+00 1 .0255E-04 8.8242E-04 

AITRAC-100 READY 77/05/27 09.0~User specifi~s a time domain . 
.. ? - -· --

6 
"'E .,. ~--------Execute a transient analysis IDC 

• . TIME 1E- ~ -~~ . 
* ? EXECUTE IDC ~ · ~ean~ progra~ ~c to oaloulatc de 

~nit~al cond~t~ons. 

TIME DELTA NV NV 4 BC BC 3 

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

AE-6 

0 . 0 . 9 . 4 8 9 3 E + 0 0 8 . 9 0 0 6 E + 0 0 1. 0 2 5 5 E ·~ 0 IJ 8 . 8 2 4 2 E- 0 4 

*START TIME= O. *END TIME= 5.0000E-05 *MAX DELTA= 1 .OOOOE-06 

1.0000E-08 
1.0000E-07 
7.3000E-07 
9.0000E-07 
9.7000E-07 
1.0000E-06 
1.1150E-06 
1:1800E-06 
1.2500E-06 
3.5600E-06 
1.3560E-05 
2.3560E-05 
3.3560E-05 
4.3560E-05 
5.0000E-05 

1 .OOOOE-08 
1 .OOOOE-08. 
8.0000E-08 
1 .OOOOE-08 
1 .OOOOE-08 
1 .OOOOE-08 
2.0000E-08 
5.0000E-09 
1.0000E-08 
1 .OOOOE-06 
1 .OOOOE-06 
1 .OOOOE-06 
1 .OOOOE-06 
1 .OOOOE-06 
4.4000E-07 

1.1480E+01 
2.8566E+01 
2.2128E+01 
2.1392E+01 
1.1608E+01 
8.6021E+00 
9.0113E+00 
9.0677E+00 
9.1010E+00 
9.1544E+00 
9.1558E+00 
9.1572E+00 
9.1587E+00 
9.1601E+00 
9.1610E+00 

AITRAC-100 READY 77/05/27 09.03.07 

8.9101E+00 
9.8246E+00 
1.6263E+01 
1. 6998E+O 1 
1.2782E+01 
9.7881E+00 
9.3801E+00 
9.3245E+00 
9.2920E+00 
9.2339E+00 
9. 1421.E+00 
9.0512E+00 
8.9612E+00 
8.8721E+00 
8.8152E+00 

9. 1427E-05 . 
7.9898E-06 
4.0090E-05 
4.2349E-05 
9.2432E-05 
1 .0648E-04 
1.0531E-04 
1.0481E-04 
1 .0457E-04 
1.0431E-04 
1.0430E-04 
1 .0430E-04 
1 .0429E-04 
1 .0428E-04 
1.0411E-04 

2.0671E-03 
2.0198E-03 
1.3769E-03 
1.2751E-03 
1.7231E-03 
2.0036E-03 
2.0642E-03 
2.0906E-03 
2.1156E-03 
2.9169E-06 
2.1440E-06 

·2.143tlE-06 
2.1439E-06 
2.1504E-06 
2.0144E-06 

• ? LIST R1 ------------------List information on resistor 1. 
(1)R1 5 2.000E+05 o 

* ? CHANGE R1 -------~----------Change the value of resistor 1. 

(1)R1,? 51 3E5 
* ? LIST Rl -----------------verify the change. 
(1)R1 5 3.000E+05 



* ? EXECUTE DC 

DC SOLUTION 

NV NV 4 

Do a de analysis with changed 
parameter value. 

BC BC 3 

7.1349E+00 6.5541E+00 7.6217E-05 6.5056E-04 

AITRAC-100 READY 77/05/27 09.04.53 

* ? TEMPERATURE 30 --~-----Now change temperature. 
* ? LIST TEMP 

TEMPERATURE 3.000E+01 
* ? EXECUTE DC ----------Do another de analysis. 

DC SOLUTION 

NV NV 4 BC BC 3 

7.1341E+00 6.5635E+00 . 7.6220E-05 6.5149E-04 

AITRAC-100 READY 77/05/27 09.05.42 

* ? CHANGE R 1 ----Change the parameters back to their 

(1)R1,? 51 
* ? TEMP 25 
* ? I.IST ON 
• ? 0 

. READY. 
BYE 

original values. 
2~5 

FILE DC AMP _.,. ___ Save the circuit on the 
DCAMP .. A command exits 
the program and returns 
monitor level. 

09.06.50 77/05/27. 
OFF RGMOSTE 
TTY 037 6.409 SRU 

., 

file. 
from 
to 
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Bridged Tee Circuit 

The bridged-tee circuit. showri in Figure E-2. is analyzed in the following 

run. A plot of the transient response is obtained at the terminal. 

C 1 = 1 ..ufarad 

.-----~1-' ,_...,..,...------. 

N1 N3 

L1 L2 
· ;. ,-, ~· 1. henry . : 1 :henry 

• 02 amp RSH 
1 K ohms I

C2 

. l,ufa'ad I
C3 

.' ~fa,ad 

R1 
1 K ohms 

Figu~e E-.2. Bridged-tee Circuit 
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6000 system up 

77/05/27. 09.08.23 .. · 
SANDIA NOS SN53 ECS 
USER NUMBER, PASSWORD· 

TERMINAL: 5, TTY 

,. 

NOS 1 .1-430 

RECOVER /SYST£M: ATTACH,AITRAC/UN=LIBRARY 

nEADY. 
X,Al'fHAC 

SANDIA AITRAC-100 

AITRAC-100 READY 

• ? NEW 
NAME: ? BRIDGED 

v 1 ' ? 

( 1 ) s 1 ' ? G -.02 
( 2) S2, ? 

(2)H1, ? 3 0 .1 K 
( 3) R2, ? 

(3)C1, ? 1 3 1U 
(4)C2, ? 2 0 1 u 
(5)C3, ? 3 0 1U 
(b)C4, ? 

(6)L1, "t 1 2 
(7)L2 1 ? 2 3 1 
(8)L3, ? 

(8)01' ? 

(8)Q1, (E-B-C) 

(8)T1, ? 

(8)J1' (G-S-D) 

(8)M1, ( G-S-D-B) 

VERSION 1·. 0 UPDATES = 1 

77/05/27 ·o9. 09.03 

Start a new circ]..lit • 
TEE CIRCUIT 

1K C.:URRENT 

? 

? 

? 

.. · 



? 

(8)W1, ? 
• ? LIST 

BRIDGED TEE CIRCUIT 

(1)S1· 0 -2.000E-02 1 .OOOE+03 CURRENT 

( 2) R 1 3 0 1 .OOOE+03 

( 3) c 1 1 3 1.000E-06 1.000E-03 1.000E+09 
(4)C2 2 0 1.000E-06 1.000E-03 1. OOOE+09 
(5)C3 3 0 1.000E-06 1.000E-03 1 .OOOE+09 

(6)L1 1 2 1.000E+00 1.000E-03 1.000E+09 
(7)L2 2· 3 1.000E+00 1.000E-03 1. OOOE+09 

. : :· :·/· '·' ·Specify time domain. 
.·node voltages land 3 

* ? TIME 1 E·,.. 4 1 E- 2 . 

User des~res plot of 
(auto. scaling) 

* ? PLOT ~V1 ~V3 

* ? EXECUTE 

*START T·IME= 0. *END TIME: 1.0000E-02 *MAX DELTA~ 1 .OOOOE-04 

T= 9.0000E-04 
T= 1 .9000E-03 
T= 2.9000E-03 
T= 3.9000E-03 
T= 4,9000E-03 
T= 5.9000E-03 
T= 6.9000E-03 
T= 7.9000E-03 
T: 8.9000E-03 
T= 9.9000E ... 03 

The value pf time is printed out for.every tenth 
point stored for plotting, so that user is 
informed of so~ution progress. 

### NEW PLOT & StEV~ ROUTINE ENT£RED ### 

101 POlNTS TO BE PL01TED ... 

ENTER PLOT T~TLE: ? TEE 

SET PAPER 3 HOLES ABOVE ~Q4~, THEN HIT CARRIAGE RETURN 
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NODE VOLTAGE 
NODE VOLTAGE 

TEE 
1(*) LIN. SCALE MIN= 0. 
3(@) LIN. SCALE MIN= 0. 

AT X= 
Ar X= 

(.) 

2.00E+01+ 
I 

(@) I----:----I----:----I----:--~-I----:-~--1---

I 
I 
I 

1 .80E+01+ 
I 
I 
I 
I 

1 .GOE+Oh 
I 
I 
I 
I 

1.40E+01+ 
I 
I 
I 
I 

1 .20E+.01+ 
I 
I 
I 
I 

1.00E+01+ 
I 
I 
I 
T 

8.00E+00+ 
I 
I 
I 
I 

6.00E+00+ 
I 
I. 
I 
I 

4.00E+.00+ 
I 
I 
I 
I 

2.00E+00+ 
I 
I 
I 
I 

2.00E+01+ 
I 
I 
I 
I 

1.80E+01+ 
I 
I 
I 
I 

1.GOE•Oh· 
I 
I 
I 
I 

1.40E+.01+ 
I 
I 
I 
I 

1.20E+01+ 
I 
I 
I 
I 

1.00E+01+ 
I 
I 
I 
I 

8.00E+00+ 
I 
I * 
I 
I 

6.00E+00+ 
I 
I 
I * 
I 

4.00E+00+ 
.I 

I @ 
I 
I @ 

2.00E+00+ 
I * 
I 
I @ 
I 

• 

• 

•••• • •• 
•• ••• •• 

• • 

• .. 
•• 

• 

ii@ ~ 
@ @ @ 

@ @ 
@ @ 

@@ @ 
@ @@ 

@@@@@@' 

* • 

• •••••• 
•• .. .. 

'· . 
• • 
.. : . 

• 

0. + o. += 
I----:----I----:----I----:----I----:----I---

0. 1.00E-03 2.00E-03 3.0QE-03 4.00E-03 
.LIN. SC,A~E 



AT)!:= 0, 
AT X= 0. 

MAX= 1, 42~0E+0 1 AT X: 3. 2000E-03 
MAX= 1 .1631E+01 AT X= 7.4000E-03 

-:----1~---:----I----;----I---~:----I----:----I----:----I----:----I 

•• •• 
* • 

• 
• @@@@@@@@@@@@ 

@@@@ @@@@@@ 
• @@@ @@@@@@ 

• @@@. @@@@@@@@ 
• @@ ••••• 

• @@@@ ••••• 
@@;@@@@@ •••••••• 

@@@@@@ • • •••••••• 
@@@ • .. •• 

@ •• • ••• 

@ • • ·~I!· 
'***"*** 

-:----I----:----I---~:----I----:----1----:----I----.:----I----:----I 
4.00E-03 S.OOE-03 6.00E-03 7.00E-03 S.QOE-03 9.00E-03 1 .OOE-02 

LIN. SCALE TIME (SECONDS) 

AITRAC-100 READY 77/05/27 09.32.06 

• ? Q 
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Radiation Effects 

The simple circuit shpwn in Figure E-3 is used to show the effects of nuclear 

radiation on serp.iconductors. 

The IPPC and IPP;E paramet~rs for the transistor, as well as the specifications . . . 

for the HP Functions, must be ~pecified ~y the user. 

'j 

R2 

2k 

2 

':-' 

Vl +20 V • 

. ·;; 
Rl 

lk 

01 

Figure E-3 

----------~----------~---------------
Reference: 'Improvements in Tr~nsistor Mod~ls and. Circuit 
Hardening for TREE Appl~cations', Technical Report Number: 
AFWL-T~-67-71, December 1967, Air Force Weapons Laboratory, 
Kirtland Air Force ~ase, Albuquerque, New Mexico. 
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6000 system up. 

77/05/27. 09.43.12. 
SANDIA NOS SN53 ECS 
USER NUMBER, PASSWORD 

TERMINAL: 13, TTY 

NOS 1.1-430 

AI TRAG is obtained 
fro~ the library 

RECOVER /SYSTEM: ATTACH,AITRAC/UN=LIBRARY 

READY. 
X.AITRAC 

SANDIA AITRAC~100 VERSION 1.0 

AITRAC-100 READY 77/05/27 09.44.08 

• ? NEW 
NAME: ? RADIATION EFFECTS 

v 1 ' ? 20 
V2, ? 

(1)S1, ? 

(1)R1, ? 1 V1 1K 
(2)R2, ? 2 G 2K 
(3)R3, ? 

(3)C1, ? 

(3)L1, ? 

(3)D1' ? 

(3)Q1, (E-B-c)· ? 0 2 1 
+PARAM.S:. 
$$ 
? 6.4E1 7.5 1.227E-7 1.59E-7· 
? 3.65E:..6 1.025 1.16E-11 1.2 
? 1E7 3.11E-6 1.03 2.19E-11 
? 1 . 2 1 E7 1 E-1 0 1 E- 1 2 

(5)Q2, ? 

(5)T1, ? 

UPDATES = 1 

• .. 

- data fc;>r the circuit of 
- Figure V-3 is RntRrRrl 

- transistor Qarameters 
including IPPC and IPPE 

- ar·e entered 



? 

(5)J1, (G-S~D) ? 

(5)M1, (G-S-D-B) ? 

(5)W1, ? 
* ? HP 1 0 5E-8 1E8 2.5~-7 0 
* ? SAVE RADIATE 
* ? LI 

RADIATION EFF~CTS 

v 1 2.000E+01 

( 1 ) R 1 
(2)R2 

( 3) Q 1 
Q 
Q 
Q 
Q 

HP 

1 
2 

0 

v 1 
0 

1 .OOOE+03 
2.000E+03 

2 1 TE 
6.400E+01 7.500E+00 
3.650E-06 1. 025E+00 
1 .OOO!!;+U'/ 3.1HlE-06 
1. 200E+00 1.000E+07 

Q, Q 1 

0. 

1 
5.000E-08 
2.500E-07 

1. 000E+98 I 

Q • Q 1 

- Type ~ HP function.intered 
- data lS saved on !'1 e 

"RADIATE" 
- entire file is listed 
- for verification of input 

EG 1 . 1 1 
1.227E-07 1. 590E-07 
1.160E-11 1 . ?00 li:+OO 
1 .030E+00 2.190E-11 
1.000E-10 1. OOOE-12 

IMPROVED RAbiATION RESPONSE CALCULATIONS USED 

* ? PLOT NV1 0 20 TIME 0 1U 
*?TIME 1E-8 1U 
* ? EX IDC 

*START TIME= 0. *END TIME= 1 .OOOOE-06 *HAX DELTA= 1 .OOOOE-08 

T= 4.5000E-08 
T::: 5.5110E-08 
T= 1. 5023E-07 
T= 2. 5000E-07 
T= 2.6023E-07 
T= 3.6023E-07 
T= 4.6023E-07 
T= 5.6023E-07 
T= 6.6023E-07 
T= ;/. 6023E-07 
T:::; 8.6023E-07 
T: '),6023E-07 

-execution .... 

- time is printed out 
- for every 10 points 
- which are ~alriulated 

### NEW PLOT & SIEVE ROUTINE ENTERED ### 

# 

ENTER PLOr TITLE: ? RADIATION 

SET PAP~H 3 HOLES ABOVE FOLD, THEN HIT CARRIAGE RETURN 
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RADIATION 
NODE VOLTAGE 1{*) LIN. SCALE MIN= 1 .1841E-01 AT X= 

(*) I----:----I----:----I----:----I----:----I----:----I---
2.00.E+01+****** 

I * 
I 
I 
I 

1 .80E+01+ 
I 
I 
I 
I 

1 .nnF.+01+ 
I 
I 
I 
I 

1 .40E+01+ 

I 
I 
I 
I 

1 .20E+01+ 
I 
I 
I 
I 

1 .OOE+01"' 
I 
I 
I 
I 

8.00E+00+ 
I 
I 
I 
T 

6.00E+00+ 
I 
I 
1 
I 

4.on~ ... nn+ 
I 
1 
I 
I 

2.00E+OO+ 
I 
I 
I 
I 

0. + 

* 
* 
* 
* 
• 

• 

• 

• 

* 
• 

• 
* 

• 

• 
* 

• 
* ••••••••• 
• I II I I 

••• 
• ** 

* • 
• 
••••• 

I----:----I----:----I----:----I----:----I----i----I---
. 0. 1. OOE-07 2. OOE-07 3. OOE-07 4. OOE-07 5. OOE-07 

LIN. SCALE TIME 



AT X= 2.5127E-07 MAX= 1 .9994E+01 AT X= 0. 

-:----I----:----I----:----I----:----I----:----I----:----1 

II 

************** 
*********** 

************** 

till 

*************** 

-:----I----:----I----:----I----:----I----:----I----:----1 
5.00E-07 6.00E-07 . 7.00E-07 8.00E-07 9.00E-07 1 ,OOE-06 
TIME (SECONDS) 
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.I 
I 

I 

AITRAC-100 READY 77/05/27 10.03.13 

* ? HP 0 0 5E-8 0 5.5E-8 1E8 2.5E-7 1E8 2.55E-7 0 1U 0 
* ? LI HP 

HP 0 
5.000E-08 
5.500E-08 
2.500E-07 
2.550E-07 
1. OOOE-06 

0. 0, 
0. 0, 
1.000E+08, 
1. 000E+08, 
0. 0, . 
0. 0, 

IMPROVED RADIATION RESPONSE CALCULATIONS USED 

* ? EX IDC 

*START TIME= 0. *EN~ TIME= 1 .OOOOE-06 *MAX DELTA= 1 .OOOOE-08 

T= 4.5000E-08 
T= 5.4500E-08 
T- 1.1050E-07 
T= 2.1050E-07 
T= 2.5300E-07 
T= 2.8050E-07 
T= 3 . 8 0 50 E'- 0 7 
T= 4.8050E-07 
T= 5.8050E-07 
T= 6.8050E-07 
T= 7.8050E-07 
T= 8.8050E-07 
T= 9.8050E-07 

### NEW PLOT & SIEVE ROUTINE ENTERED ### 

ENTER PLOT TITL~; ? RADIATION 

SET PAPER 3 HOLES ABOVE FOLD, THEN HIT CARRIAGE RETURN 
? 
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RADIATION 
NODE VOLTAGE 1(*) LIN. SCALE MIN= 1.2665E-01 AT X= 

(*) I---~:----I----:----I----:----I----:----I----:----I---
2.00E+01+****** 

T * 
I * 
I 
I 

•• • 
1 .80E+01+ 

I 
I 
I 
I 

1 .601!:+01+ 
I 
I 
I 
I 

1.401:!:+01+ 
.I 
I 
I 
I 

1 .20E+01+ 
I 
I 
I 
T 

1 .OOE+01+ 
I 
I 
I 

I 
8.00E+00+ 

I 
I 
I 
I 

(o,00fo:+00+ 
I 
I 
I 
I 

4.00E+00+ 
I 
I 
I 
I 

2.00E+00+ 
T 
I 
I 
I 

0. + 

• 
• 

• 

• 

• 
• 

• 

• 
• 

• 
• 

It 

• 
II 

• 
• It 

It 

• •••• 

•• 
••••• 

••• 

•••••••• 
• ll!!t It It It 

I----:----I----:----I----:----I----:----I----:----I---
0. 1.00E-07 2.00E-07 3.00E-07 4.00E-07 5.00E-07 

LIN. SCALE TIME 



AT X= 2.5550E-07 MAX= 1 .9994E+01 AT X= 0. J 

-:----I----:----I----:----+----:----I----:----I----:----1 

•••••••••• 
** 

************ 
*************** 

*** 
*************** 

-:----I----:----1----:----I----:----I----:----I----:----I 
5.00~-07 6.00E~07 7.00E-07 B.OOE-07 9.00£-07 1 .OOE-06 
TIME (SECONDS) 
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t 
open 

lES 
ohms 

Switching Regulator 

Rl 8.6 D). lN4003 Ll 0.16 hy. 02 

3 4 5 

r 7.ohms · lN4003 

LATCH 
03 Cl R2 

closed lN4003 50 Uf 19. 

.OOl (219. 7 v.) 
ohms 

0 

= 
When NV5 exceeds 18.0 Volts, latch opens, after 15 msec. 
When NVS drops below 6.0 Volts, latch closes, after 15 msec. 

Initially latch is closed. V3 • 219.7 v. 7 VS • 9.5 v. 

Figure E-4 

SPEQ FORTRAN Variables 

C2 

soo tJf 

(9.5 V.) 

V(5) Node Voltage 5 

TE Present time 

SETOPN latch to open 

SETCLO latch to close 

TDO Time to open latch 

TDC Time to close latch 

OPEN 

VAL2 (1) Series resistance in floating voltage source(!) 

Latch open = 1. E8, Latch closed =. 001 Ohms. 

open or close latch 
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''SPEQ" Implementation for Switching Regulator 

The following fou:r logical tests are used to open and close the latch, with a 

fifteen millisecond delay, at the correct times: 

1. IF the latch is not set to open, and the controlling node voltage, 

V(5) is greater than 18.0 Volts: 

then set latch to open, and record the opening time, TDO. 

and proceed with test 3. 

pth:erwise, proceed with test 2. 

2. IF the latch is not set to close, and the controlling node voltage, 

V(b) is less thau o.o Volts: 

then, set latch to close, and record closing time, TDC, and 

proceed with test 3. 

otherwise, proceed with test 3. 

3. IF the latch is set to open, and the present time, TE. is greater 

than the opening time TDO: 

then, open latch and set latch not to open; proceed with program 

otherwise. proceed with test 4. 

4. IF latch is set to close, and present time TE, is greater than 

th~ t::l osing timP. TDC: 

then, close latch, and set lald1 not to close; proceed with program 

otherwise, proceed with program 

First, the logic and implementation of the FORTRAN equations must be thought 

out by the engineer. Then the actual coding of the SPEQ subroutine can be done. The 

steps outlined in Section 5. 5 should be followed. 

AE-26 

The SPEQ subroutine is obtained from the library. 

The SPEQ subroutine is edited using :XEDIT. 

SPEQ is saved under the user's chosen name, e. g., TR.HAIRY 
(the name was chosen since this could be a "hairy" problem!>~ 

The MAKEQ procedure file is obtained from the library. 

The MAKEQ procedure file is run, which ente.rR the user 
~irectly into AITRAC after subroutine completion. 

The user enters the topology data for the switching regulator 
circuit of Figure E-4 directly at the terminal or from a 
previously prepared file. In this case the circuit data file 
was prepared and saved with the name "HAIRY. " 

The user can now perform runs to check out his circuit. 
Listed first is only that portion of the file that contains the 
FORTRAN coding. ' 

,. 

• 



c 
LOGICAL OPEN, SETOPN, SETCLO 
DATA OPEN, SETOPN, SETCLO I.FALSE.,.FALSE., 
DATA TOLCUR I .001 I 
GO TO (9000,9003,9002,9001), KK4 

9000 IF(ISETUP .EQ. 1) GOTO 9004 
C CALLS TO SUBROUTINE * BUILD * INSERTED HERE 

RETURN 
9004 CONTINUE 
C PART 1 - MATRIX AND TIME FUNCTIONS HERE 

RETURN 
9003 CONTINUE 

C PART 2 

9002 
c 

RETURN 
CONTINUE 
PART 3 

c ZERO 'T' VECTOR FOR SUMMATION OF NODAL CURRENTS 
DO 1000 J=1 ,NV 
T(J)=O.O 

1000 CONTINUE 
RETURN 

9001 CONTINUE 

.FALSE. I 

c ~AHT q - AUXILIARY EQUATIONS AFTER THIS CARD. 
c 
c 

CHECK SUMMATION OF NODAL CURRENTS 

5000 
1001 
c 

DO 1001 J;1 ,NV. 
IF((ABS(T(J)) - TOLCUR 
FORMAT(" NODE (",I3,") 
CONTINUE 

C CODE FOR HAIRY SWITCH 
c 
c 

) .GT. 0.0) WRITE(8,5000)J,T(J) 
CURRENT= ",E12.5,"$$$$$$") 

IF(.NOT.(.NOT. SETOPN .AND. V(5) .GT. 18.)) GO TO 10 
SETOPN= .TRUE. 
TDO:TE + 15E-3 
GOTO 20 

10 CONTINUE 
IF(.NOT.(.NOT. SETCLO .AND. V(5) .LT. 6.)) GO TO 20 
SETCLO = .TRUE. 
TDC=TE + .015 

20 CONTINUE 
IF(.NOT.(SETOPN .AND. TE .GT. TOO)) GO TO 30 
OPEN= .TRUE. 
SETOPN= .FALSE. 
GOTO 40 

30 CONTINUE 
IF(.NOT.(SETCLO .AND. TE .GT. TDC)) GOTO 40 
OPEN= .FALSE. 
SETCL.O= .FALSE.· 

40 CONTINUE 
VAL2(1)= ;001 
IF(OPEN) VAL2(,): 1E8 

C DIAGNOSTIC PRINTOUTS •.•• PRINTS STATE OF SWITCHES 
WRITE(8,600)TE,SETOPN,SETCLO,OPEN,TDO,TDC 

600 FORMAT(1X,E11.4,3L1 ,2(E12.4)) 
c 

RETURN 
END 

END OF FILE 
>? 

FORTRAN Coding of SPEQ for 
Switching Regulator Simulation 
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GET,MAKEQ/UN=LIBRARY 
/-MAKEQ(FN:TRHAIRY) 

COMPILATION OF FN OK 
GETTING LIBRARY FILES 

ADDING USER'S EQUATIONS 
GENERATING SPECIAL AITRAC OVERLAYS 
LOADMAP AVAILABLE ON FILE 'LOADMAP' 
AITRAC OVERLAYS ON LOCAL FILE 'AITRAC' 

SANDIA AITRAC-100 VERSION 1 .0 UPDATES = 1 

AITRAC-100 READY 77/09/07 13.55.47 

* ? NEW HAIHY LI3T 
HAIRY SwiTCH 

v 1 0. 0 

( 1 ) s 1 0 2.260E+02 1.000E-03 

( 2) R 1 1 2 8.600E+00 
(3)R2 5 0 1 .900E+01 

(4)C1 3 0 5 .OOOE-05 1 .OOOE-03 1 .OOOE+09 
(5)C2 5 0 5 .OOOE-04 1 .OOOE-03 1 .OOOE+09 

( 6) L 1 3 4 1.600E-01 7 .OOOE+OO 1.000E+09 

( 7 ) D 1 2 J TIL 0. F.CJ 1 . 1 1 SE .1N4003 
;D 4.200E-09 1.770E+00 2.000E+10 2.300E-11 
; D 1 .OOOE+OO 6.830E-06 

(8)1)~ 4 5 TE 
(9)D3 0 3 TE 

PL NV5 0. 125. BC6 0. 10. 
SET SPECIAL ON 
TTME, 

1.000E-03 1.000E-01, 

* ? EX VO 3 219.7 5 9.5 
USING SPECIAL EQUATIONS 
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0. 
0. 

0. 
EG 1 . 1 1 COPY D1 
EG 1 . 1 I COPY D1 



*START TIME= 0. *END TIME= 1 .OOOOE-01 *MAX DELTA= 1 .OOOOE-03 

T= 9.0000E-03 
T= 1 .9000E-02 
T= 2.9000E-02 
T= 3.9000E-02 
T= 4.9000E-02 
T= 5.9000E-02 
T= 6.8500E-02 
T= 7.8500E-02 
T= 8.8500E-02 
T= 9.8500E-02 

### NEW PLOT & SIEVE ROUTINE ENTERED ### 

102 POINTS TO BE PLOTTED ... 
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NODE VOLTAGE 
BRANCH CRRNT 

(.) (@) 
1.25E+02+ 1.00E+01+ 

I I 
I I 
I I 
I I 

1 . 13E+02+ 9.00E+00+ 
I I 
T. r 
I I 
I I 

1.nnF.+02+ 8.00E+00+ 
I I 
I I 
I I 
I I 

8.75E+01+ 7.00E+00+ 
I I 
I I 
I I 
1 I 

7.50E+01+ 6.00E+00+ 
I I 
I I 
I I 
I I 

6.25E+01+ 5.00E+00+ 
I I 
T I 
I 1: 
I I 

5.00E+01+ ij.OOE+OU+ 
I I 
I I 
I I 
I I 

3.75E•01+ 3.00E+00+ 
I I 
I I 
I I 
I ·I 

2.50E+01+ 2.00E+00+ 
I I 
I I 
I I 
I I 

1.25E+01+ 1.00E+00+ 

HAIRY. SWITCH 
5(*) LIN. SCALE MIN= 1.3541E+00 AT X= 
6(@) LIN. SCALE MIN= 0. AT X= 

I----:----I----:----I----:----I----:----I---
~ 

•• • 
I 

• 
• • 

• • 
• 

• • 
@@@@@ 

@@ I tH~ 
@ @ • 

@ 
@ • 

• 
@ • 

@ @ • 
• 

@ • 
• 

@ • • 
• 

@ 

• • 
• 

@ • 
• 

• • 
• 

@ • • 
• 
• 

• • 
ti 

@ • 
• 

I I** 
I I @ 

I I 
I I 

0. + 0. +@ @L@L@L@L@L@L@L 
I----:----I----:----I----:----I----:----I---

0. l.OOE-02 2.00E-02 3.00E-02 4.00E-02 
LIN. SCALE 



i 
i • 

AT X= 7.0500E-02 
AT X: 0. 

MAX: 1.2491E+02 AT X= 9.3500E-02 
MAX: 8.1033E+00 AT X= 8.5500E-02 

-:----I----:----I----:----I----:----I----:----I----:----I----:----I 

• 
• 
• 
• 
• 
• 
• 
• • 
• 
• •• @ • 

• •• * ••• 
••• • •••• * @ 

••••••••••••• 
@L@L@L@L@L@L@L@L@L@L@@@@@@@@@@@@@@@L@ 

• 

• 

• 

* 
• 

@* 
@@ @@@ 

• 

••• • 
• • 

• 

• 

• 

@ • @@ • 
@ @ 

@ @ • 

• 
• 

• 

• @ 

• 

-:----I----:----I----:----I----:----I----:----I----:----I----:----I 
4.00E-02 5.00E~02 6.00E-02 ?.OOE-02 8.00E-02 9.00E-02 1.00E-01 

LIN. SCALE TIME (SECONDS) 
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AITRAC-100 READY 77/07/15 13.41.11 

1 ? PLOT NV 3 -200. 300. BC2 0. 10. NOW 
HAIRY SWITCH 

NODE VOLTAGE 3(*) LIN. SCALE MIN=-9.6226E-01 AT X= 
BRANCH CRRN 2(@) LIN. SCALE MIN= 0. AT X= 

(.) 

3.00E+02+ 
I 
I 
I 
I 

(@) I----:----I----:----I----:----I----:----I---
1.00£+01+ 

I 
I 
I 
I 

2.50E+02+ 9.00E+00+ 
I I 
I I 
I I** 
I 1 tt 

2.00E+02+ 8.00E+00+ * @@@@@ 
I I * @ @@ 
I I ** @ @ 

I I ** @ 
I I ************ 

1 .50E+02+ 7.00E+00+ 
I I 
I I 
I I 
I I 

1 .OOE+02+ 6.00E+00+ 
I I 
I 
I 
I 

I 
I 
I 

5.00E+01+ 5.00E+00+ 
I T 
I 1 
I I 
I I 

0. + 4.00E+00+ 
I I 
I I 
I I 
I I 

-5.00E+01+ 3.00E+00+ 
I I 
I I 
I I 
I T 

-1.00E+02+ 2.00E+00+ @ 
I I 
I 
I 
I 

-1.50E+0::!+ 
I 
I 
I 
I 

I 
I 
I 

1.00E+00+@ 
I 
I 
I 
I 

• 

•••••••••••••• 
•••••••• 

-2.00E+02+ 0. +@ @@@@@@@@@@@@@@@@@@@@@@@ 

0. 
I----:----I----:----I----:----I----:----I---

1.00E-02 2.00E-02 3.00E-02 4.00E-02 
LIN. SCALE 

.rF 



AT X: 2.3000E-02 
AT X= 0. 

MAX= 2.2499E+02 AT X= 7.2500E-02 
MAX= 8.0966E+00 AT X= 8.6500E-02 

-:----1----:----I----:----I----:----I----:----I----:----I----:----I 

••••••••••••••••••••••••••• 
•••••••••• 

H 

• 
• 
* @@@@@@@ 

• @ @@ 
•• @ 

•• 
=········••!! 

• @ 

@ • 

• ••••••• 

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @ @@@@@@@@@ 
-:----I----:----I----:----I----:----I----:----I----:----I----:---~1 

4.00E-02 5.00E-02 n.OOE-02 7.00E-02 8.0UE-02 9.00E-02 1.00E-01 
LIN. SCALE TIME (SECONDS) 
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AITRAC-100 READY 77/07/15 13.37.28 

* ? PLOT BC6 NV 3 OSUM NOW 

TABLE OF PLOTTED VALUES 

NO. 
1 
2 
3 
4 
5 
b 
7 
8 
9 

1 0 
1 1 
1 2 
13 
1 4 
1 5 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
?.6 
2'{ 
28 
29 
30 
3 1 
32 
33 
34 
35 
36 
37 
38 
39 
40 
4 1 
42 
43 
44 
45 
46 
47 
48 

X-AXIC 
0. 
1.00000E-03 
2.00000E-03 
3.00000E-03 
4.00000E-03 
~.UUOOOE-03 

6.00000E-O~ 
7.00000E-03 
8.UUOOOE-03 
9.00000E-03 
1.00000E-02 
1. 1 OOOOE-02 
1.20000E-02 
1.30000E-02 
1.40000E-02 
1.50000E-02 
1. 60000E-02 · 
1.70000E-02 
1.80000E-02 
1.90000E-02 
2.00000E-02 
2.10000E-02 
2.20000E-02 
2.30000E-02 
2.40000E-02 
2.5QOOOE-02 
2.60000E-02 
2.70000E ... 02 
2.80000E-02 
2.90000E-02 
3.00000E-02 
3.10000E-02 
3.20000E-02 
3.30000E-02 
3.40000E-02 
3.50000E-02 
3.60000E-02 
3.70000E-02 
3.80000E-02 
3.90000E-02 
4.00000E-02 
4.10000E-02 
4.20000E-02 
4.30000E-02 
4.40000E-02 
4.50000E-02 
4.60000E-02 
4.70000E-02 

* VALTIF. 
0. 
1 . 3 0 0.1 7 E + 0 0 
2.46788E+00 
3.50946E+00 
4.42027E+00 
S.20576E+00 
;i.87260E+00 
6.428731':+00 
G.88292E•00 
7.24449E+00 
7.52297E+00 
7.72788E+00 
7.86851E+00 
7.95380E+00 
7.99220E+00 
7.99158E+00 
7.95916E+00 
7.90152E+00 
7.82454E+00 
7.73342E+00 
7.63268E+00 
7.30216E+00 
6.48803E+00 
5.44256E+00 
4.45417E+00 
3.53063E+00 
2.67113E+00 
1,89919E+00 
1.20277E+00 
5.83186E-01 
6.34460E-02 

-4.57930E-04 
2.83255E-07 

-9.71701E-07 
1.95111E-02 

-1 .j2')80E-04 
1. 06490E-02 

-7.24573E-05 
1.35464E-02 

-9.20696E-0S 
6.33651E-03 

-4.33418E-05 
9.50604E-03 

-6.46414E-05 
3.62855E-03 

-2.62369E-05 
6.72110E-03 

-4.58170E-05 

@ VALUE 
2.19700E+02 
2. 16604E+02 
2.08324E+02 
1 .98704E+02 
1.90381E+02 
1.8315?F:+02 
1.76972E+02 
1,71776E+U2 
1. 6'{ !ig ., F:+02 
1.64038E+02 
1. 61336E+02 
1. 59302E+02 
1. 57856E+02 
1.56919E+02 
1.56418E+02 
1.56281E+02 
1.56444E+02 
1.56848E+02 
1.57441E+02 
1.58174£+02 
1.59006E+02 
8.64139E+01 

-9.50476E-01 
-9.62264E-01 
-9.27798E-01 
-9.49800E-01 
-8.884121!:-01 
-9.31430E-01 

9.7li489E-01 
-9.0229 9E-O 1 

8.71740E+00 
7.96881E+00 
7.97343E+00 
7.97348E+00 
7.77840E+00 
7.S8468E+00 
7.47954E+00 
7.37383E+00 
7.23912E+00 
'f • ·t 0 IJ 6 11 E + 0 0 
7.04223E+00 
6.97935E+00 
6.88476E+00 
6.79040E+00 
6.75480E+00 
6.71882E+00 
6.65191E+00. 
6.58521E+00 



49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
6 1 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
9 1 
92 
93 
94 
95 
96 
97 
98 
99 

100 
1 0 1 

4.80000E-02 
4.90000E-02 
5.00000E-02 
5.10000E-02 
5.20000E-02 
5.30000E-02 
5.40000E-02 
5.50000E-02 
5.60000E-02 
5.70000E-02 
5.80000E-02 
5.90000E-02 
6.00000E-02 
6.10000E-02 
6.20000E-02 
6.30000E-02 
6.40000E-02 
6.50000E-02 
6.60000E-02 
6.70000F:-.02 
6.80000E-02 
6.85000E-02 
6.95000E-02 
7.05000E-02 
7.15000E-02 
7.25000E-02 
7.35000E-02 
7.45000E-02 
7.55000E-02 
7.65000E-02 
7.75000E-02 
7.85000E-02 
7.95000E-02 
8.05000E-02 
8.15000E-02 
8.25000E-02 
8.35000E-02 
8.45000E-02 
8.55000E-02 
8,65000E-02 
8.75000E-02 
8.85000E-02 
8.95000E-02 
9.05000E-02 
9.15000E-02 
9.25000E-02 
9.35000E-02 
9.45000E-02 
9.55000E-02 
9.65000E-02 
9.75000E-02 
9.85000E-02 
9.95000E-02 

2.00460E-03 
-1.36818E-05 

4.71768E-03 
-3.25645E-05 

1.11131E-03 
-7.63374E-06 

3.22795E-03 
1.13110E-03 
2.619?7E-03 
6.72199E-03 
1.25045E-02 
1.89204E-02 
2.49189E-02 
2.95683E-02 
3.21479E-02 
3.22655E-02 
2.98809E-02 
2.52962E-02 
1.90997E-02 
1,?.07R9E:-02 
5.16177E-03 
2.03219E-03 

-1.42011E-05 
9.50898E-07 
3.58555E-01 
1.37860E+00 
2.60500E+00 
3.66768E+00 
4.59370E+00 
5.38787E+00 
6.05797E+00 
6.61284E+00 
7.06213E+00 
7.41594E+00 
7.68449E+00 
7.87790E+00 
8.00601E+00 
8.07820E+00 
8.10330E+00 
8.08950£+00 
8.04429E+00 
7.97443E+00 
7.88595E+00 
7.78417E+00 
7.67368E+00 
7.33328E+00 
6.51100E+00 
5.45996E+00 
4.46649E+00 
3.53837E+00 
2.68139E+00 
1.89929E+00 
1.19709E+00 

6.56566E+00 
6.54580E+00 
6.49879E+00 
6.45199E+00 
6.44125E+00 
6.43025E+00 
6.39809E+00 
6.35455E+00 
6.31709E+00 
6.22371E+00 
6.03149E+00 
5.71727E+00 
5.27892E+00 
4.73409E+00 
4.11697E+00 
3.47288E+00 
2.85146E+00 
2.29974E+00 
1.85583E+00 
1 • 5 IJII 0 ') E i· 0 0 
1.37174E+00 
1.33579E+00 
1.31566E+00 
1. 31584E+00 
1.19922E+02 
2.24988E+02 
2.06749E+02 
1.97451E+02 
1.88938E+02 
1.81615E+02 
1.75387E+02 
1.70185E+02 
1.65929E+02 
1.62533E+02 
1.59908E+02 
1.57968E+02 
1. 56626E+02 
1.55800E+02 
1. 55412E+02 
1.55389E+02 
1.55664E+02 
1.56176E+02 
1.56870E+02 
1.57698E+02 
1. 58618E+02 
8.57556E+01 

-9.51541E-01 
-9.62U62E-01 
-9.29382E-01 
-9.48991E-01 
-8.91768E-01 
-9.30118E-01 

8.60631E-02 
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Application of Switches 

This circuit demonstrates the use of switches and their operation. By using 

the switching elements many simulations can be performed without the use of special 

equations (SPEQ). 

WI switches when 
NVI . GT .. IS . Volts 

20 

10 20 
Sl WAVEFORM 

Figure E-5. Circuit with Switch Element 
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SANDIA AITRAC-100 VERSION 1.0. UPDATES= 

AITRAC-100 READY 17/07/18 14.28.03 

* ? NEw 
NAME: ? VP AND DOWN SWITCHING 

V1, '? 0,10 20,20 0 
v 2 ~ 7 

(1)S1, ? 0 USE V1 
(2)S2, ? 

(2)R1, ? 1 2 10 
(3)R2, ? 2 0 (10 20 W1) 
(4)R3, ? Q 
* ? ADD w 

(4)W1, ? Sw NV1 GT 15 
* ? PL NV1 NV2 BC1 BC2 XTTY 
* ? TI . 1 20 
* ? LIST 

UP AND DOWN SWITCHING 
v 1 
v 1.000£+01 

0. 0' 
.2.000E+01, 

V 2.000E+01 0 • 0 1 

( 1 ) s 1 

( 2) R 1 
(3)R2 2 

0 

2 
0 

USE V1 

1. OOOE+O 1 
( 1.000E+01 

1.000E-03 

2.000E+01 W1) 

(4)W1 Sw NV1 GT 1.5000000E+01 

PL NV1 NV2 BC1 BC2 XTTY 
TIME, 

1.000E-01 2.000E+01, 

APPROX. 200 TIME POINTS REQUESTED 

* ? EX 



UP AND DOWN SWITCHING 

TIME (SECONDS) X AXIS: LIN. SCALE 

NODE VOLTAGE (.) LIN. SCALE MIN= 0. AT X: 0 .. 
MAX= 1.9999E+01 AT X= 1. OOOOE+O 1 

NODE VOLTAGE 2 (@) LIN. SCALE MIN= 0. AT X= 0. 
MAX= 1. 3333E+0 1 AT X= 1.0000E+01 

BRANCH CRRNT (~) LIN. SCALE MIN:-7.4996E-01 AT X= 7.5000E+00 
MAX= 0. AT X: 0. 

BRANCH CRRNT 2 ( & ) LIN. SCALE MIN= 0. AT X= 0. 
MAX= 7 .11996E-O 1 AT X: 1. 2'i00E+O 1 

(I) 
(@) 

(%) 
( & ) 

0. 4.00E+00 B.OOE+OO 1.20E+01 1.60E+01 2.00E+01 
0. 

-8.00E-01 
0. 

4.00E+00 8.00E+00 1.20E+01 1.60E+01 2.00E+01 
-6.40E-01 -4.80E-01 -3.20E-01 -1.60E-01 0. 

1.60E-01 3.20£-01 4.80E-01 6.40E-01 8.00E-01 
I----:----I----:----I----t----I----:----I----:----I 

0. -== %% 
I @=*& ~ ~ 
I @ **& %% 
I @ •• & % ~ 
T (j *!! R.R. U 

2.00E+00+ @ ••& & %% 
I @ 11 && %% 
I @ **&& %% 
I @ 11 && U 
I @ •• &&'f.% 

4. UOE+OO- @ 11 ~=& 
I @ !I>* • & 
I @ '!>% 11 

I @ % $ •• 

& 
&& 

I =% ** 
6.00E+00+ % % @ •• 

I U @ 
I % ~ @ 

.... & 
&& 

•• •• 
& & 

&& 

I U @ •• 
I % %@ 

8.00E+00- %% 
I U 
I % 
I U 

@@ 
@ 

@@ 
@@ 

& 
&& 

&& 

••• 
•• 

& 
&& 

& & 

•• 

&& 
& 

•• 
•• 

I U 
!! 

@@ 
@ 

&& 
&& 

&& 

•• 
1.00E+01+ U 

I U 
I U 

@@ 
@@ 

I %~ @ 
H. 

&& 
&& 

•• 
I 1>% 

1.20E+01- U 
I % %@ 
I % % @ 

@@ 
@@ 

@ 
&& 
& 

I U @ •• 
I ,; :t e 

1.40E+01+ U @ 
I = % 
I ti U 
I @ 1> % u 

•• •• 
I @ •~$ && 

1.60E+01- @ •• % 
I I! ** && U 

•• 
Ill 

&& 
& & 

I @ •• && ~% 
I @ 11 && U 

& 

•• 

& 

I @ **&& %% 

•• 

&& 

1.80E+01+ @ •• && %% 

•• 
•• 

&& 
& & 

I @ **& & % % 
I @ **&& %% 

& 

•• 

& 

l !!•= & % % 

•• 

& 

I ==& ~% 

•• 

2.00E+01-=& 1>% 
I----:----I----:----I----:----I----:----I----:----I 

AITRAC-100 READY 77/07/18 14.39.49 
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Nonlinear Resistor 

Following are the terminal printouts of the SPEQ coding, the circuit topology, 

and the printouts and plots of the nonlinear resistor problem discussed in Section 5. 7. 
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c 

EQUIVALENCE (NRX,V(101)),(NIX,V(102)), 
( R X ( 1) , V ( 111)) , (IX ( 1 ) , V ( 1 3 6)) 

C FUNCTION DEFINITIONS; RX1 IS VALUE OF NON LIN RES. AT 1.0 V. 

c 

RCUR(XX) = XX**4/RX(1) 
GCOND(XX): XX**3/(RX(1)/4.) 

GO TO (9600,9003,9002,9001), KK4 
9000 IF(ISETUP .EQ. 1) GOTO 9004 
C CALLS TO SUBROUTINE. * BUILD * INSERTED HERE 

CALL BUILD(2,3) 
CALL BUILD(3.2) 

RI!:TUHN 
9004 CONTINUE 
C PART 1 - MATRIX AND TIME FUNCTIONS HERE 

XBV=BRAVOL(2,3,V,EI) 
C-- ADD SMALL CONDUCTANCE IN CASE GCOND = 0. 

c 

c 

GEE = GCOND(XBV) + 1E-12 
DELT = XBV * GEE -RCUR(XBV) 
EEE : XBV -RCUR(XBV)/GEE 

CALL SHTADD(2,3,GEE,DELT) 

RETURN 
9003 CONTINUE 

C PART 2 
C-- CONVEflCENCE TESTS 
C MODEL CURRENT = XCUR 

XBV = BRAVOL(2,3,V,£l) 
XCUR = (XBV-EEE)*GEE 

C DESinED CURRENT c DCUR 
DCUR * RCUR(XBV} 

C RX2 IS % TOL. ON CURRENTS FOR CONVERGENCE; NOMINALLY = 0.1% 
C ABC IS NON-CONVERGENCE FLAG; +1 FOR NON CONVERGED SOLUTION 

IF(RX(2).EQ.O.)RX(2):.001 
IF(ABS((XCUR-DCUR)/XCUR) .GT. RX(2)) ABC= 1. 

c 
C-- flELlNEAI!!Zt:; HUUt:;L 

GEE = GCOND(XBV) 
c 

9002 
c 

9001 
c 
C--­
C---

RETURN 
CONTINUE 
PART ~ 
RETURN 
CONTINUE 
PART 4 - AUXILIARY EQUATIONS AFTER THIS CARD. 
ADD MODEL CURRENT TO BRANCH 5 FOR PRINTOUT 
CAREFUL, BRANCH 1 IS S1, THEREFORE R4 IS BRANCH 5 (NOT 4) 

BCUR(S) = ·BCUR(5) t DCUR 
RETURN 
END 

Nonlinear Resistor SPEQ Coding 

' .j 



EQUATIONS TEST 
* ? LIST 
AITRAC SPECIAL 

v 1 
v 1. OOOE+OO 

0. 0' 
1.000E+05, 

( 1 ) s 1 0 

( 2) R 1 1 2 
( 3) R 2 2 0 
( 4) R 3 3 0 
(5)R4 2 3 

PR NV2 NV3 BC4 BC5 
SF:T SPECIAL ON 

USE v 1 

1. OOOE+OO 
1. OOOE-05 
1.000E-03 
1.000E+08 

SET RX 1.000E+03 1.000£-03 
TIME, 

1. OOOE-0 1 · 1. OOOE+OO, 

1. OOOE-05 

APPROX. 10 TIME POINTS REQUESTED 

* ? EXECUTE 
USING SPECIAL EQUATIONS 

TIME DELTA NV 2 NV 3 BC 4 BC 5 

0. 0. 0. 0. o. o. 

*START TIME= 0. *END TIME= 1 .OOOOE+OO *MAX DELTA= 1.0000E-01 

1.0000E-01 
2.0000E-01 
3.0000E-01 
4.0000E-01 
5.0000E-01 
6.0000E-01 
7.0000E-01 
8.0000E-01 
9.0000E-01 
1.0000E+00 

1.0000E-01 
1.0000E-01 
1. OOOOE-0 1 
1. OOOOE-0 1 
1. OOOOE-0 1 
1.0000E-01 
1.0000E-01. 
1. OOOOE-0 1 
1.0000E-01 
1. OOOOE-0 1 

9.9998E-02 
2.0000E-01 
2.9999E-01 
3.9999E-01 
4.9999E-01 
5.9999E-01 
6.9999E-01 
7.9998E-01 
8.9998E-01 
9.9998E-01 

AITRAC-100 READY 77/07/18 15.18.29 

• ? 

1.0099E-10 
1.6019£-09 
8. 1 024E-09 
2.5602E-08 
6.2500E-08 
1. 2960E-07 
2.4009E-07 
4.0957E-07 
6.5605E-07 
9.9993E-07 

1. 0099E-07 
1.6019E-06 
8. 1 024E-06 
2. 5602E-05' 
6.2500E-05 
1.2960E-04 
2.4009E-04 
4.0957E-04 
6.5605E-04 
9.9993E-04 

1.0099£-07 
1.6019E-06 
8.1024E-06 
2.5602E-05 
6.2500E-05 
.1.2960E-04 
2.4009E-04 
4.0957E-04 
6.5605E-04 
9.9993E-04 
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? 

PR 
* ? PL NV2 BC5 XTTY 
*? TI 2E-2 1. 
* ? EX 

USING SPECIAL EQUATIONS 

*START TIME= Q, 

T= 1. 8000E-O 1 
T= 3.8000E-01 
T: 5.8000E-01 
T: 7.8000E-U1 
T= 9.0UOOE•01 

*END TIME= 1.0000E+00 *MAX DELTA= 2.0000E-02 

### NEW PLOT & SIEVE ROUTINE ENTERED ### 

51 POINTS TO BE PLOTTED ... 

ENTER PLOT TITLE: ? NON LINEAR RESISTOR USING SPECIAL EQUATIONS 

----- SET PAPER 3 HOLES ABOVE FOLD, THEN HIT CARRIAGE RETURN 
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NON LINEAR RESISTOR USING SP. EQUATIONS 

TIME (SECONDS) X AXIS: LIN. SCALE 

NODE VOLTAGE 2 (.) LIN. SCALE MIN: 0. AT X= 0. 
MAX= 9.9998E-01 AT X: 1 .OOOOE+OO 

BRANCH CRRNT 5 (@) LIN. SCALE MIN: 0. AT X: 0. 
MAX= 9.9993E-04 AT X= 1. OOOOE+OO 

(*) 0. 2.00E-01 4.00E-01 6.00E-01 8.00E-01 1.00E+00 
(@) 0. 2.00E-04 4.00E-04 6.00E-04 8.00E-04 1.00E-03 

I----:----I----:----I----:----I----:----I----:----I 
o. -= 

I@* 
I@ • 
I@ • 
I@ • 

1 .OOE-01+@ • 
I@ • 
I@ • 
I@ • 
u • 

2.00E-01-@ • 
I@ • 
I@ • 
I@ • 
I@ • 

3.00E-01+@ • 
I @ • 
I @ • 
I @ • 
I @ • 

4.00E-01- @ • 
I @ • 
I @ • 
I @ • 
I @ • 

5.00E-01+ @ • 
I @ • 
I @ • 
I @ • 
I @ • 

6.00E-01- (j • 
I @ • 
I @ • 
I @ • 
I @ • 

7.00E-01+ @ .. 
I @ • 
I @ • 
I @ • 
T e • 

8.00E-01- @ • 
I @ • 
I @ • 
I @ • 
I @ • 

9.00E-01+ @ • 
I ~ • 
I @ • 
I @ • 
I @ • 

1,00E+00- = 
I----:----I----:----I----:----I----:----I----:----I 
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NON LINEAR RESISTOR USING SP. EQUATIONS 

TABLE OF PLOTTED VALUES 

NU. X-AXI3 • VJ\LUE @ VALUE 
1 0. 0. 0. 
2 2.00000E-02 1. 99996E-02 3.59983E-10 
3 4.00000E-02 3.99992E-02 2.95979E-09 
4 6.00000E-02 5.99988E-02 1.35590E-08 
5 8.00000E-02 7.99984E-02 4.17567E-08 
6 1. OOOOOE-U 1 9.99900£-02 1. 00992E:-07 
7 1.200001i:-01 1.1qqq8E-01 2.08543E-07 
8 1. 40000F..-O 1 1, 39997E-O 1 3.8'1'129E-07 
9 1. 60000E-U 1 1.59997£ ... 01 6 ' 5 6 ') 0 ~a:- 0 '{ 

1 0 1.80000E-01 1.79996E-01 1. 05148E-06 
1 1 2.00000E-01 1.99996E-01 1.60187E-06 
1 2 2.20000E-01 2.19996E-01 2.34457E-06 
1 3 2.40000E-01 2.39995E-01 3.31989E-06 
1 4 2.60000E-01 2.59995E-01 4.57199E-06 
1 5 2.80000E-01 2.79994E-01 6.14887E-06 
1 6 3.00000E-01 ~.99994E-01 8.10235E-06 
1 7 3.2oo·ooE-01 3.19994E-01 1.04881E-05 
1 8 3.40000E-01 3.39993E-01 1.33657E-05 
19 3. 60000E-O 1 . 3.59993E-01 1. 67984E-05 
20 3.80000E-01 3.79992E-01 2.08535E-05 
21 4.00000E-01 3.99992E-01 2.56019E-05 
22 4.20000E-01 4.19992E-01 3.11187E-05 
23 4.4UUOOE-01 4.39991E-01 3.748C3R-0'1 
24 4.60000E-01 4.59991E-01 4.47756E-05 
25 4.80000E-01 4.79990E-01 5.30847E-05 
::!6 5.ooonnr-:,..01 4.YY990E-01 6.25000E-05 
27 5.20000E-U1 5.19990£-0i 7 d 115511:-IJ:> 
21:l ,,400001!-01 ~-399B'iF:-01 8.5Q?91E-05 
29 5.60000E-Ol 5.59989E-01 9.83426E-05 
30 5.80000E-01 5.79988E-01 1 . 1 3 1 6 2 E- 0 II 
3 1 6.00000E-01 5.99988£-01 1.29596E-04 
32 6.20000£-01 6, 1 ')')88E:-O 1 1.47758E-04 
33 6,40000E-01 6.3998'(E-01 1.67765E-04 
34 6.6UUOOE-01 u • !) 9 9 8 'f 1::- 0 I 1 .09739F.-04 
1'} 6,80000E-01 6.79986E-01 2.13803E-04 
36 7.00000E-01 6.9991:lbE-Ul G:.40007E-04 
37 7.20000E-01 7.19986E-01 2.68724E-04 
38 ··1. 40000E-O 1 7.J':l985E-01 .2, 99R4qE-04 
39 7.60000E-01 7-59q85E-01 3.33602E-04 
40 7.80000E-01 7.79984E-01 j.70128E-04 
4 1 8.00000E-01 7.99984E-01 4.09574E-04 
42 8.20000E-01 8.19984£-01 4.52093E-04 
43 8.40000E-01 8.39983E-01 4.97839£-04 
44 8.60000E-01 8.59983E-01 5.46972E-04 
45 13.8000UJ::-OI 8.79982E-01 5.99655E~04 
46 9.00000E-01 8.99982£-01 6.56055E-04 
47 9.20000£-01 9.19982E-01 7.16343E-04 
48 9.40000E-01 9.39981E-01 7.80693E-04 
49 9.60000E-01 9.59981E-01 8.49285E-04 
50 9.80000E-01 9.79980E-01 9.22301E-04 
51 1.00000E+00 9.99980E-01 9.99926E-04 

AE-46 



APPENDIX F 

SEMICONDUCTOR LIBRARY 

• 
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S E ~ ~ C 0 N D 0 C T 0 R 

L 1 B R A n Y 

.............................. 
DAT~ ODTAJN~D FROM 

J:H:BNF, CIRCUS, DIClJR~·, 

NrT-1, SCEP'l'RI::, SY!JCA_P, 

anrl othAr sources. 

('t These Da t:a Will l3e Urda.ted Per iocica lly ) 

J·une 1972 

Updated Auqust 1974 

Copyright. 1972 

Berne Electronics, Inc. 
Whit.e Plains, N.Y., 10ou5 
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S E M I C 0 N D U C T 0 R 

L I B R A H Y 

••••••••••••••••••••••••• 

This 1 i.bra ry is offered as a convenience to AITRAC u~ers. 

Th~ r~y o.:i.J:~d d .ioll~ and tnu.s is tor par am et.ers h ilVe· been 
a bst.ra.cted from vario 11s sources, and are believed to be. the best 
data available to a~t~. 

Berne Electronics does not guarant~ t.he accuracy of these 
data, but stipulat.es tha.t it. bas done considerable research into 
t.he availabili.t.y of se~~iconductor data, and that it ha.s checked 
the parameters, t:o the hest of its i:l.bility. 

Tf serious errors are found, the URer is asked to report 
thelll to Berne Electronics, so that the data can be correcteiJ a.s 
soon as possible. Also, if usei:s have knowledge or access t.o 
other semiconductor data vhich can be 11C&de available to ot:hei: 
AITRAC users, Berne -w.ill 111ake all possible effort.s to incluoe 
such da.ta in this library, thereby increasing its scope and 
usefulness. 

N 0 T E 

All data can be taken -"S '<.\VcragP. 1 , j .e: 
the average parameters of any seaiconductor. 

as applicable to 

For clariry, device names are listed with blanks, such as: 
lt' 11"59 11 2M 174, or 2Jil 29J7A. Holl~wer, t.be user shoulo 
disr:e~·ard all. blanks when issuing the 'SJ::arch' command in AITRAC. 

Thus, t.he data for the above semiconductors are ret:tieved by 
t. be coam and s: 

or: 

SEarch 1NII5'f 
SE a174 

SE 2tt29u7 A 

without any blanks in the device naae. 



D I 0 D 1' s 
-----------

T y £'~, lll). I ~A 'l. IllS A bF: I WOhK'. Vl.TS I 1 I-'/V'D llhEV/VIHV I P.Fl'lA H:S 
______ l __ l ___ lftATF::D__!.b!21~.UVL!2_1 _ __l!!LYLTS I ____ 

1N 113 G.!:" GP-N v~ 12 ') .4/1 50/12~ N 
1li G3 GE GP-R VH .JQi) 15 (;/ .4 !'> 1 .. 3a/30 o N 

H 100 G~ c.r-R Vh 100 20/1 50/"lG N 
1N 14(j (;f' GP-S Vii 70 4G/1 300/~0 N 
1 :c 191 GF GP-S VR 9v ~/1 12'1/~0 N 

hl ::·to C'E GP.-S Vn 80 ~00/1 100/50 !l 
1N 273 GP. CP-S wv J(i 100/1 2C/30 c 
1-= 2731\ GE c,p-s W'o/ ]() 100/1 2C./JO c 
1 N 273H c;r:: f~P-S wv 3G .100/1 20/~;o c 
1 t. ' ::;;7JC: <:F r.p r W'V )0 100/1 i.U/ JU 

,. 
·' ... 

1" •' 2730 GE GP-S wv 30 100/1 2\i/JO c 
1'1 273.1-: <a: GI~-s wv ](; 100/1 2C/JO c 
1N L.73 f' G~ GP-S wv 30 10 0/1 2G/30 c 
1~ 276L l~ .f: GP-S VR 50 40/1 • 1/50 s CHFcRE~'l' < 2{10 A~F:>. 

1 1• 276 .GE «~P-.S · VR 50 40/1 .1/SO s CilRR.'P.HT. > 200 ll"lPS. 
lN 27'1 G f.~ GP-~ VH J(j 100/1 ::.o 0/~:0 N 

1N 4 ~,(; SJ l!CT.L wv 2'' LJv/1 ;?.5tl/L5 .B LOW I.J':A !'iAGF. 

1N 4 r.)6 PC S:I. HCLL wv 2'\ 40/1 251'/25 y LOW L F.A·KA (;E;, .. PJII RCH. 
1 ,. ,, 4 ')(,TJ Sl. HCLL wv 25 4G/1. l.S tV25 y LUW Lt,.A·KAt;;F, 'TF'1! .TN ~i'I. 
1 ,, ,. 4r:.,7 SI <~P-S VR 60 20/1 .02 ... /~0 s 
lN 4S9 si GP-S VH 11S 3/1 • 025/SG s 

,~ 4 fl1 SI ~l>-S 'iV 2'> " 1 ~)/1 .511/2!:1 y 
·'''· 

lN 4fJ2A Sl GP-S W'V 3b 100/1. 1 2~0"/36 y 

1N 64Ci Sl. GP-::-S •n· 22., 4.0 0/1' • 2/22 5 N Si:-F. 1N400] 
n 6 Ll !> f:. Sl. GP-S ,VR ?2~) 400/1 .0~/22c. c S'!'Y. 1r.4 00 3 
lN 6 46 ...... 

...) .. GP-S VTf 30(, lWli/1 -~J-~0 0 s CiJRRY.NT > 2t~O UT. 
H 6 llbL 51 GP-S . V·I< ]00 uo u/1 ~2/)00 s ClikREnT < 2ll0 UA 
11'1 6tn sr c,p-s VJl 400 400/1 -~/400 s Sf.'R 1Jl400~ 

lN 6~8 Sl GP-S VR ~,oo 400/1 .:t/~00 s S~E lN~ OOS 
1W . 6 (Jq Sl GP-S VR l>OO 400/1 • 2/600 N Sf~ W400S 

1N 6SR ST GP-S YR 100 100/1 .0~/100 s 
lt-1 f, ')q Sl GJ'-s. V.l\ so b/1 '5/50 c 

1N 660 Sl GP-S Vh 100 6/1 5/100 ·s 
lN 661 SI GP-S 'iiV 200 l•/1 10/200 N 
1~ . 662 SI EC~~S wv 8(J 1\J/1 20\V~O I I'll SPI'.R l 
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TYPE NO -I flAT-1 USAGE I WORK .VLTSI IF/VD II1:EY/YREV I REMARKS 
______ l_l ___ l B ATF.D J.ll~f J!f!b~ I_ !AfVLTS '-------------

1N 695 GE GP-S VR. 20 100/1 2/20. 5 

1N 903 SI GP-S VR 40 10/1 .1/40 s 
1N 908 SI GP-S VR. 40 10/1 .1/40 s 
1N 914 SI GP-F wv 20 10/1 5/20 N 
Hl 9111B SI GP-P · YH 75 10/1 5/15 s 
1N 917 SI GP-S VR 30 10/1 .050/30 
1N 970B SI z 400KW 24. 51 N ZP.Nlm 
1N 971 SI z 400JH 27- 20% c 2. P.lf f!R 

. 1 'N 995 GE s Yk 15 10/ .. 5 10/b N 

1N 1313A SI z 1501'!\l 9.1 5~ Zl'.N t:H ~EE lN 52 38~ 
1N 1315 SI z 15 OPl w 12. 5~ ZF.Nl'.R SEE 1N 52LJ3A 

1N 21qq ST R VR 400 6A/1.25 10Pl/40 0 N 

1tf 3064 SI GP-S VB 75 10/1 .10/75 B 
1N 3070 SI ncns wv 175 100/1 .lU/175 ! RI SPEED 
1N 3071 Sl GP-S VB 200 100/1 • 1/20 0 s 

1N JS95 ST neLL wv 125 20G/l lN/125 Y HI SPEED LO LEA &AGE 

1N 3600 Sl. HClJS llV 50 200/1 .1U/50 y ULT. .FAS1: 
1N 3605 Sl GP-S YR 40 20/.55 .05/40 N 
1N 3611 Sl GP-S VR 200 750/1 10/40 s 
1N 3669 SI GP-S Vk "/0 IIUU/1.1 .25/10 s 

1N 4001 SI B ifY 50 U/1.6 30/50 s 
1N '1003 S:I R VB :?.00 111/1.6 30/200 R~l. .. fOR 1N645/A/B 
l~ 4005 51 B wv 600 lA/1.6 .l0/50 RF~PL. POR 1ft6116-9 
1H 4006 sr R wv 800 lA/1. 6 30/50 s 

1N 4148 SI HC!JS wv 75 10/1 250N/20 y ULT.P'AST, IHlHATDR'E 
1H 4150 SI HCDS wv 50 200/1 1001'/50 y ULT .FAST, l'!l.NIATUt;.E 
1fl 4151 SI HCHS wv 50 50/1 50N/!i0 y ULT .FAST, I'!INU'l"URE 
1N 4152 SI fiCUS WY 30 20/.88 SON/30 y ULT.PAS'!' 
1Jf 4153 SI F!CRS . wv 50 2(J/ .a a 5011/50 y ULT.FAST 

1N lHUii SI GP-S wv 71i 1/.6 .lU/7~ y 
1fl 4306 SI. !'I PHS iV 50 50/1 50N/50 t !lATCHED PAIR, HI SPEED 
lN 4370 SI z 400ft w 2.4 101 ZENER 
1N 4371 sr. ~ 400!!\il 2 .. 7 101 ZENER 
1N 4372 SI z 4001'!11 3.0 10S znEB 

1N 4444 SI GP-S wv so 100/1 '5011/50 ! 
1N lJ446 SI HCJIS wv 70 20/1 25N/20 y OLT.FlST, !HlU:ATUBE 
1Jf 4447 51 HCBS ifY 70 2C./1 251f/20 y OLT.FlST, I'UH., LO CAP. 
1N 4448 SI HCHS vv 70 100/1 2511/20 Y OLT.FAST, P!TIIA!'URE 
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TYT'~· :H) • I :'l A '1'. I 0 SA CE I wORK .VLTSf 11'/VU I I J;EV /VR \'V I f.iE!'iARKS 
________ I __ I ____ IB.~J:1::D__!b!~l_!l.!:L!1TS l __ _t!U!bTS '---------------

11' 1.14":0 Sl IJCiES wv 3G 200/1 50'1'/30 y ULT.PAS'J, i"J fN n TUl!E 
H lj 4 ~-4 Sl nc ~:s wv 40 10/1 .1H/":o y ULT.FAST, ~lN., LO CAl'. 

lt.J ,, ~31 ST llCr'S wv 1~: 10/1 :t5 t-1/:LO y UI.T.fAST, !'!] N lA 1'0 RP. 
1 t: IJ') 12 SI P.Cl.'.S wv 1':- 10/1 -1 iJ/50 y Ul.T.PJ\.51', M 1 N., L(l CAP. 
1 :; <t533 Sl RCI:!S wv 40 2<)/.80 50?V40 y 
1N J+"d4 " ... .,. 

,J • HCI'S wv so 2 G/. 8 8 !'0 N/~·0 y 

lN 4t• Cb FC !.>r llC!'S wv 70 200/1 2~C1'/70 y UI.T.Fl\S'l', ~~~ .. LO \.A!· • 
HJ '16:1f..TI. 

,....., 
.:. .. l!CliS II'V 7·'.J 2:0 U/1 L50~/70 y Ul.T.fAST, M ::.N., LU CAP. 

H' ll6 G7 f'C S.! liCl~S wv 70 3~&/1 2~0ti/10 'f tJI.T .FJ\ST, !11 N TA 'J1J 1-: E 
1 N 4607Tl sr ~KHS wv 70 :150/1 2~·0~/10 y lJt.'l'.P'!.S'I', Mll'IH·ftHE 
1N :.j 6liLl Sl I!Cl!S iiV 70 JSv/1 2 ~ON/70 y Ul.T .FA.S'I', ~ ::·~y! II 'I'U R E: , .. 46 10 Sl P.CFS ~v 5~ 200/1 H;OtV~5 y 1Jl.T. f' AS 'r, !'UN., LO·CA':". 

h 47:.7 Sl I!Ci!S wv 20 10/.B'i 1 00~/20 y UL'l' .F 1\S T, :11 NH. TU~f; 

lN <i':l c,G Sl HC!'IS wv 2'l 300/1 100N/:t5 y lJ L 'I' • F' A 5 '1', M lNl ATURt; 

H S2U:.: !;1 Hens wv ~5 .JO 0/1 .10/55 y Ul.T.FIIS'l", !'liN., LO CA I-. 

1N "311 SJ. Hcr:s wv 5~ lOC/l .1\"U/~5 y DLT.PAS'l', !11N ., LO CA!''• 

1 "' 
~;) 16 $1 TlC:llS wv '>0 200/1 .lTJ/')0 y Ul.'l' .FAS'!', l'll.N ., I.O CAr·. 

1N c•4JO S~. .HC!lS wv .., .. , ::''00/1 • 10/50 y ULl".P'l\S'I', HAD:.R£SIS;. 
1t: r;4 :, 1 ST HC''S wv 5S 500/1.15 .11U/55 y tll.T .PAS 'I', kll D .R !~SJ.S. 
1N ')4. :·Q . .s J l!Cli.S wv 10 50/1.1 ")0~/10 y PlCOSf:C. S\1., HAD .• HF.SlS, 

1N1GOuC: GP TO l't ns Ei.J A!> -:, (;ENP.HAL PO RPOSE li'f'VTCF 

A = A~lPS U ::::: ~ICROA t!PS ~ = ~ILLlAl'iPS 

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

GP : GEM.PUFPOSE 
S ::. SlGN~L 

Jj - Bf"RNE LI3. 
N = Nl:'T-1 L TB. 

P' = P'J\ST 

Z - ZP.Nl'.h 

c = Cl.H CDS 

s = SCEf·'lRE 

1\ =- R F.C 'I'l P'l Elf 
HCJS - HI CO"DDC1'AHCY::, HT SP~I 

LI .o. 1 !!'!PACT l.lH. 
Ll.B • y = SYSCAP LIB. 

D = DJCUHT iU !HU,L, T~~4;t.-1-t.:, A HTOM~TlCS, A liG • , 1968 
K = SCE!'THE BOOK (BuW C:R S I; !';EOORE, PR l~IHI C'E HALL, 1971) 
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~ISCRLLAN~OUS DIODES 

TYPl: tm.t~A~'-IllSAGEI WORK.VL'l'SI IP/VD !IHF.V/VRUI !lP.f'iAnt;s 

------'-- l ___ l R n ·rvo _!LT 2L11l!.L!1:12 l__l!U'IL '!'S '--------------

., 
A 6?0 

PA :/008 
f' il ::.c 10 

.!."!) 100 Sl' 311' VH 50 10/1. • "HI r./Sf, s (fA li\CllTilJ) 
PD 200 S"I Srl V!< 150 100/1 • 1U 1•/ 1'l (; N 
PD 3(;0 SI Sl>l wv 12~> ~.00/1 .(.01/12~) N 
f'D b(;O Sl SW wv 5(1 200/1 .1/50 N 
FD 700 ST Slot wv 20 50/1.1 .OC.j:£:0 N 

1;' f•ll 630 
PD!'I1000 
Pr·6666 Sl. Sf/ wv 50 300/1.1 .o 1/~5 N 

F SD ::2 C 

II PA /0 G 1 

In3uSIGT G"E llS-SW' VR 6 i!O(VL .lt/3. N (JN'f. IJlOI·E) 

SL~ sco Sl R Vh 400 500/1.2 lOUJ./10 0 N (JN'l'.lll~C'r.J:::IH~LAND) 

,S(; ':i2::i0 SI GP-S VJ; !'>v "! 1.11.•/ "'4 2 ~N A/:l.~j 3 f'J'll AN !;!'J'R<HI) 
sc 5270 ST GP-S VR 100 100/.Y .1014/25 s ( 'J'IHN SI'l'hON) 

PS 760 c 
PS4750 
PS4 90 2 

T lX '.J27 y (1'E Y.A S 1 N ST :t.) 
TIXD28 't ('J'EXAS lRSTli.) 

uT 76;( Sl R VF. 200 900/1. 2U il/:0.00 s ( lJIHTRO DE) 

907b~ 1 
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T J.: A 1'1 S 1' S T II k S 

-,~. TYP~ NO. IM1,Tl~ I U!)I\GE I VCJ:: I RAT l~D I fiFE/lH I c"'l'ul'F' I S.E!'lAltKS 
_______ I.!_IT!::_ I ____ I VC!L_I_.J!IlTI§._I ____ I _ _!!i.:!W.l!_l ----------
~~ ~~· 174 GJ::-l• 1"1W /11 Bv 100. 30/'>A .1 N 

2r.: 315 GE-P sw 2C .1 2C/10li c:; .o N 
/.N 3 :.!<J A ST-T' I~P 30 .3 0 60/3 -~ s 
ll< :n& SJ-10 (;p 4~ .3'1 12 S/1 13. s 
:: !· 356 G !~-!~ Slf 20 .1 30/100 3 .o N 
2N 375 G F.-I> PW/A 81} ~)u. 50/lA .0 07 N 
2r' 384 Gl:'-P l'F 40 .1 ~ 'Hi/1-!.) lGO. N 
7 ,~ .. 3b5 Gl:.-1'1 SW 25 .15 50/5 4. N 

:l.N ]I~] {; y;c_ t' sw t) .OL~ 2C/50 ~:5- N 
2 ~; 3% GF-P Slf lOt:: .o";o 2U/~' L.O. N 

2N 4\:4 G"f.-P sw 2 <") .l'lG 30/12 4. N. 

2l• 414 GT:-P GP JG .1 ~0 40/10 4. N 
LN LiC,7 GT'.-1:' !'W/A 60 c;o- 50j5A .o 04 fii 

2N ~13!'1 GF:-p sw 25 .1:..: 2G/20 4. s 
2N C.,97 Gf:-P sw 45 .25G 100/100 3. M 
2 •. .. 5 ~;fi G£-P sw 35 .250 100/100 5.6 N 

2 ~., 61~5 GF-1' S\il 30 .12 ~0/10 :...o- c 
.211 6~') Gl!:- I• SWjrF 1Ci .075 25/ l(J 40 • y 

n 607 sr-N GP 60 2. 7S/1SG 50. N 
; 

~ ...... 
7(.~ G!''-P SW/1; P 15 .3uo 25/10 300- N .L t>: 

21'< 7 ()(i Sl-M S"'/HF 2~ .30 20/10 200- s 
21\ 706!. SI-~ S~/T!F 25 1. 75/150 ]{.0- N 
2~ 711l\. G'l':-l' Sll'/fF , .. 

.) .l~C 8{ij10 1~0. N 
2N 71B SI-N !JP 6G .40 80/lSC hO. s 
:.iN 1 18A SI-N (;p 7~; .so !Hi/150 &o. c 
21' 7 2.0 /, Sl-~ sw 12 {i -~0 Bv/15t M. s 
2N 722 SI-P HP 50 .40 60/150 70- s 
2N 743 SI-N SW/tlF 2G .30 40/10 3(0- s 
2t' 760 SI-N bP q~ .sc 7~'/10 ')0- s 
2~ 7G7 GF;-N S'-'/HI' 2(; .150 40/10 6 <..0- N 

2~ tH4 SI-N SW/'P.f ItO .3 (j 2~/10 4 OG. s 
2N 8J"i SI-ll SW/Rf 2", .30 2 0/10 300. s 
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·n·p J:' »O. IMATL I OSAGE I VCF: I b. AT f:I, I H F'l./1'! A I CllTOPF I HJ:::'JAHKS 
------ I!ITE 1 ___ 1 !.£LI _ _!.ATIL,I ______ l _ _fH.:1H.f_l __________ 

2~ 914 Sl-~ SW/HF 40 .3b 50/10 300- s 
:ZN ~ 1S SI-!'l IfF 70 .36 100/10 3GO. s -.. 
2 ~~ 916 SI-~ fU' 4~ .36 100/10 3\iO. s 
2N 91B SI-N HF 30 .• 20 20/3 ?SO. s 
2.N 9551\ GY.-N s•vnp 12 • 1'"i 3C/30 10 00 • s 
2N 964 Gr-P Sf.'/HF 15 • 1SO 4C/10 3\iO • N 
2N 976 GE-P SW/HF 15 .100 30/.::0 2 r,o- N 
2N 9 q~. 31-P. S~/RP 20 1.:1 f. 0/~'0 100- N 

2JI'. 10 lf)[, S J.-A SW/l'W 10 (l 1 "if I~ 1(,/r.,A - () 30 s 
:.::N 10 l(d:! ~I l' !JW/I'W 2sn 1~0 ;o 1C·/~A .0 JO s 
2N 10 :J7 SI-P CP !)(j .250 25/10 .150 N 
21>' 10 39 cr.:-r· PW/A bO 20. 40/lA .008 N 
2H 1099 GL-P T·W/A I:W 50- 50/SA .o 10 s 

211' 1131 SI-P (:;p so 2.0 26/15(; -,c. N 
211; 1132 ST-P' GP 50 2 .o 45/150 90. N 
2N 11S4 G!·:-'P Sw/1"W 4"i 7.5& IH .. /40C • SG s 

2li 1225 GE-P. t;P 40 .12 20/') 1(';0. s 
2N 1~28 SI-P. sw 15 .400 2U/10 1.2 IIi 
2N 12!~9 GE:-N SW/f:F 2{; • 07!'; lC (;/ 10 40 • c 

2tv 1301 GE-P' SW/l'F 13 .150 3(/10 ]5. H 
2N 13G4 G !1-" sw 2c; • 150 100/10 5 • }I 

2N 1306 GY.-l'f sw 2S • 1'>0 12C/10 10 • N 
21' 13C7 G }.~-J> sw 30 • 1 c;o 120/10 10 • 'N' 
2N 13 Co Gl'.-N sw 2 ~I • 150 OLI/10 1'i • " 2~ 'jj 4 :l SI-N HF/PV 15(· .eu Sf:/,'>C· '10. s 

2N 148~ SI-N 5W/PW 60 ;;;s. 30/150 1.2 ~, N 
21'1 14 btl 51-N Swj'PW 100 25. 75/75C 1.2~) s 
2N 1490 51-'N SW/l'W 100 7'\. !'lv/1.c.;A 1. N 
2N 14~Y GP.-~ SW/HP 20 .025 20/10 1 00- c 
2N 14 <J9 A GR-P 5W/HF 2C • 2CG 3 'v/10 5 • N 

2H 150b ST-N GP bO .Esc 5(,/lOC 140. c 
2r. 150611 51.-rl tli'' 8C .. so "Hi/100 1110 • 3 

2N' 1613 ST~N GP 1~) 3.0 8v/1SC f:O. !II 

2N 1'70Y $1-f; HP/I:'W "75 IS. 3~/350 175. s 
2N 1711 Sl-N c;p 75 3 .o 130/150 1 uO. N 
2N 1717 ST-fo' A/PW 1'i0 :.20- ?G/200 16. D 
2N 1722 SI-N 1'./P.W 120 ~,o. 5G/2A 10. c 
2tl 1724 SI-N ll/l'W 12 ti 50- 50/LA 10. N 

. 

AF-10 



1' y ~ 1': ~0- I~ ~.TL ll1SAf.;F: I VCf: I R I'Tl· D I lli'E/M 11 I C OTOF y:· I J·.EI',A!•KS 
_______ I !llL l _____ rvc IL I _ _R AT !L I ----- l __ fb. ~H L. '--------------· 

2N 1!:1~3 SI-N HP 12 (j .80 Bv/150 5(;- <" 
"' 

·r 
2'1.; 1900 SJ-~ P."P /f.•W 14G 125- 1 cv 10 .. ~·(i- s 

?N 2C48 c;r~P 5\\/H.P 20 -15 50/10 1 :.o- N 
:n :WhO SI-N (;'(l 100 -')() 80/10 f,O. c 
~N :c·oe7 Sl-W SW/V'P 120 • 6 00 B0/1"i0 1 c:;c • N 

2N 2.102 S 1-N Sii/!l'P 1:.:0 s- 4(1/10 f.G. N 
. :-' ~ :;'11:)7 SI-P SW/Cil :H: .1 ~(, 5C/1 f·O. s 

=~ ~~ :L.l Uf:l ca;-!" GP 4u • 1:.5 80/1-~~ bG • 
"' 

st:I: 2113323 
2N :~19:;. SI-N SW/Pl7 60 .H Cl ~·.o G/ 1!", u · ~G. s 

l··' :.:L111 SJ-ir! SW/I~.P 60 .8 (; 200/15v 2 '10. c St:E 2~221P. 

2K ~'.2 :£2 Sl-N SW/II.P 6 f; 1.8C 7.00/15[7 2~)0- N 
;-! ~) 7222A Sl:-li SW/llF 75 1.80 200/1Sv ](0. N 
2~i ..:223 SI-N C.:P 100 .50 100/10 "iO • s 
2N }2ll3A Sl.-N SW/HF 12 c. .80 BC/1"i0 ~-.(j • s 
2!-! 22Sb GE-l-' SW/1-'P' 7 .15 50/10 2 c.o- K 

;; N i368 SI.- t1 SW/HF 40 .36 40/10 4 r.o. s 
2N 23{19 SI-tJ sw 40 1.2 B0/10 6 ')0- !{ s-,;;E 2N3227 
2N 23n'H. Sl-1'! SW/I!P 4u .36 &CJ/10 ~)~JO- s 

2N :'411 ST-? s~:/fiF 25 .30 4fJ/10 140. s SF:E 2r.32SG 
:iN ?432 S1-N Si.'/CH ]0 .3l! S0/1 :;:;o. D 
2N :24 ~3 Sl-~ 1.r1 60 .sc 300/1 AO. K 
:.CN /.4 ·:.01 ST-N Slo'/RP' 4\i 1.2 75/10 3 r,o. s Sr:E 2lf2480 
2ll 24134 Sl-~ LL/U 60 1.2 430/10· 75. r. 

~N ::5 2fl SI-ll SW/H.P 60 .bO 200/1~0 2 ~,G. y S E:E 2'12537 

21' 26 5f. SJ-111 GP 2'; • 3 (l 1':J/ .1 7. ')0 - s 
2N 26C'l5 s J-J> SW 2'1 .3f> 7'1/liO 1 oo. s 

:tN ::7 08 SI-P HF 35 .20 75/2 700- s 
2?1 27Fi4 Sl-!i SW/P.F 1~ .2CO 40/30 10 00. N 

2N LBliO SI-P SW/'fP' 50 .sc 60/150 1 :.:u- y 

2N 2tHi1 SI-P Stl 5\l .so 150/150 1 L.G. s s r~E 2~:2500 

2N" 28G2 SI-P I~P 2') .25 10/.1 bO. y 

2N ~8(14 SI-P A/PW 25 .25 70/.1 oo. y 

21\' 2RC6 Sl-l'l l''P Ju .3 () L0/2 1000. s 
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'rYPE NO. II'HIT l. lll!:>H·k: IVCY I R l!T ~D I II JI'Ejl1 L I CWl'OPP I HF.~AiiKS 

-·------ i! YP li_l ____ l vc E_ I -.!!!!L I ----- 1_.-ff!~~~~ ~- '--------------

2!0 284~} SJ-iJ SW/ti.P 60 .36 7~/l~v 2 ~>0- s 
2N :.::a.r;7 Sl-N H 1-'/C:P 30 .20 10 0/1. 10 co • c ""I' 

2N .L.B£7 SI.-N ll f'/PW 10 () ~!). 50/25{} 140 • s 
2N 2R94 51-P. SWfiP 12 .3~ 100/JO qr,o- 1i 

2N 2905 Sl-P sw 6C 3 .o 200/15\i 200- l: 
2~ 29fi6 S I.-1' S W/1111' 6C 1.8 B0/150 200. y 

:'N 29G7 Sl-? 5W/PF 6G 1.6 20 0/150 200. ... 
·' :, l:E 2N290 4 

2N l~L711 s 1.- ~· SW/11.1" 6(! ·t.llt! 20 0/"150 2%. !) 

2111 291S Si-N A/I'! 45 .:Hi 300j10U b\). D 

2N 1013 Sl-lti S'i/HF 40 .36 75/30 35-0- c 
~N 30 14 Sl-N SW/T'.l." 4(J .3b 75/30 3 ~-C. I. 

2F ]017 SI-~ HP/PW 10 0 3.33 100/1A 2\;0. s 
2N .:.o 19 SI-N IW 140 5 .0 L00/150 100 • fi 
2N 30L.b Sl-f> l'!F/f)W b() 25. 100/U 1>0. K 
2N 3039 Sl-P l~P so .36 5(,/15(1 c,o- y 
2N 30~1 SI-P r-;p 2~ .25 70/.1 bO. y 

2N :~o ss ST-f\1" !>W/A 10 () 115- 40/4A .020 N 

2 i·~ :nvs sr-~ r: v 10 (. 5 .o 70/150 b~;. N 
2N 3117 SI-N LY/LN 60 1.2 4-00/l. bO. M 
2:~ 3119 SI-N SW/l'iF 1C 0 1- 100/10 G 2 so- N 

2N 3227 SI-N S~/I':F 40 .3b 200/10 500- 13 
2N 3244 Sl-.?. sw 40 1. Bfl/~00 175. s 
2;~ ]2':;1 Sl-P SW/PF 50 1 .2 200/10 ]{,0- N 
:.C:N" .12~2 SI-ll sw bO 1. b0/~00 200- s 
2N 32t3 G E-P F•F 25 .10 20/3. 2 ~.o. s 
2N 32B7 SJ-"l HF 4G .n 7C:./2 3':>0. s 

2N 33G9 SI-N HP/PW su 3.5 ~0/30 3GO. y 

2~ 337'> ST-N HF/Pif !-5 11.60 6G/.t::5(i 4 uo. s s F:.l:: :i:N3632 

2K 3486 SI-P SW/HF 60 ..., 
200/1~0 2 ou • c s I':f: 2tJ2904 ..... 

2N 349R 51-N A/IJF 10 (; 1. B0/150 1 ~G. s 
2r 3499 Sl-N l1F 100 1- 20u/15o l~iO. s 
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TYPr. NO. 111 ~·n. IU!:~l.G?. I VC!' I HIITf:D I Hf . .E/1111 I CnTOPF I fi l':i'l AH ll S 
________ I!YP.[:_ I_ _____ I VC.t_ I_-..S.l!!,2_l _____ l _ _fl-' .• r-1!~-~------------·-

2 7J }~)(:1 SI-~ nF 1') u 1. 200/1~0 1'>0. N 
..., l.~ ?502 Sl-P sw 4" 3 .o 200/10 2c·o. 

"' 4" 

2N ~~.03 Sl-~ SW 6C ] .o .t.00/10 2 ~)(i • N" 
:u· - , .. ,"l')lJ9 SJ-N 5~/Hf' 4 ~~ .• 4 () 200/10 S GO. c SfE LR3~06 
2!·• :,~ ~>3 51-N A/PW (l') 7. 80/;..~~() 400. c s Ji:I!; ~ili337 <.: 

£~' ."'i!>J2 Sl-N Vl:W 0~ 23. AO/;:So '2 ···u. c S l'E 2N337~ 
:: !: :,h'h Sl-Y'' EF 30 .2C 5()/'b n;o. s 
:.l!'j 36 ,j~ s :r-TJ nF 140 1. 200/SO 2f..O. N 

2" n:d SI-N Sl\/l;F 10 (J • Bu b li/ 10 (; 3 ()(j • c s J' F.; 2~~)7:L2 

2111 ?:7 '3:7 SI-t- S\o.'/BP 7'... .50 50/lA 2~0. !{ 

2 ·~' ."3 E; ~E 51-N t•t 40 • ] (j 1G G/12 J-..o. s 
2~ lti 39 51-~ "fPF 30 .20 30/3 lOGO. c s F:1>: 21"235 7 
~! N 38h6 51-H 1;/!'W 5 ,') C). 10C/~O 5 no. c 

2':¥ .~9\J4 s:r-N s W'/liP' ou .31 200/10 3LO. 'to 
:::~ 391·6 Sl-1' Slri'/'lf' . ij{] .31 :t.00/10 2~0- .. 
.... ~. .!'113 Sl-? SW/llF 60 .4C 9(;/1 4. K ..... 
2N 1915 SI-P SH/Hf 60 • 40 9i)/1 10 • K 
~~ 3y~q SI-~< S\.'/~~1" 20 .4 0 12G/10 1:! [,(). ~ 2 YH~ 260 co ~pI.. 
~N 39 (, 1 S!-N Hf/PW 6 ~' 10. ~/lA 4CO. c St-)e :l:N363? 

2t.: IJ207 Sl.-1· SW/Pl" {, .3Ci 8Ci/1v 6 ':0. c 
L ~~ 1~2(.·8 Sl-7" SW-ffF 1') .. • 30 7C/10 7\jO • c 
"'>: ,L, 42Gq SI-1-' SW/l'F 1C, .3(; 7!>/1G U !lC. c 
2N 42.')1 SI-ll S W/i~.f' lc; 2" . .. 100/10 13 (;0. c 

2N :t2 (,Q Sl-1> s w/l''F 1~ .2(i 25/lG 16 LO. N 2N39SG COMPL. 

n; 4420 Sl-14 sw 4C 2r.' . -' 7':;;]0 2 c,o. I 

2N 492.3 s "L-:'1 Pw/A 80 30. 50/SOO 3. N 

2N1COGv GP TO Bf. trSr:D AS A l:.EI'iEhAL Pll f/POS E NPro PEVI CE 
2N10(;()0 G '~ ·ro BR OSED AS A GEJi'~.3A L P\J~POSE P~P' DEVICF. 
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:~1 SC I::L LA ii'F.OUS 'I'f: AN Sl .STOH S 

'lYPf Nu. I~Nl'l, !HSAGE IVC!" I RATED I HF'E/MA I CUTOFF I hE~illH.KS 

______ I!YP E I_ ___ I !fL l_~!!!~-1 ----- l __ f)i. !'lll !:_ ~----------·-

,, :::10 N 

r· 
r. JE '.121 SI-~ SW/PW 40 40- 40/500 2.5 II ( ~OTQr,oLA) 

!1 :vs ~;:2~8 SJ-N sw 12 (i 1 • 3~/100 1 ~-G. N (1'\0TOJ10l,.A l 

:·'t!-'S 4 0'•· SJ-1: ~~ 2' .} .31 :H,/lf. 4.0 N ( MO'!"OliOI.A) 
M PS 4lJ4 ,., Sl-P sw 4 [, .31 :lG/10 4.0 .,. ( r.o·ro rw LA ) 

TC 229 fil 

IJ =· ~ICRlJAr.PS M = ~ILL IA r'1PS IU =- ~A NO 1\l'l P.S 

GP - bE. PU6POSE p·w - J-() iiP. H l\ = A l'IF·T.l Pl. ER 
S\oi -· SWITCH HF - 1ll.F'iEQU ~.NCY .HI" RJ\DlO FHEOUJ:o:NCY 
nv = !U.VOL'l'AGE CH - L1l0PPE.I:i LL LOii LY.V~L 

LN LOii tlOISF LV LOW VOLTAG f: , = ~ tJL Tl I'Ll' DEVICE 

tJ - Bl'RNE LH'I. c - Cl}(ClJS LlB. I = IMPACT LIB. 
N NPT-1 LIB. s = SCI;PTR!-: LIB. y = SYSCA P. LIB. 

K = DJClJF:T MANUAL, 'I'l'! 34 2-1-8, A iJ1' ONE'I'lCS, A I;G., 1968 
K = SCEPTHE HOOK' (BOll F:.R S & SEDO:iE, VR:!::NTICE HAl.L, 1971) 
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