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ABSTRACT

SLIC is a computer program which simnlafes and analyses linear
integrated circuits. SLIC performs the following four types of
analyses: nonlinear dc analysis, linear small-signal analysis,
noise analysis,‘and sensitivity analysis. The dc analysis éomputes
the dc node voitages and the transistor éperating points. The small-
signal analysis first generates 1inearized small-signal transistor
models and then computes the poles and zeros and/or frequency re-
sponse of a specified transfer function. The noise analysis computes
the the equivalent thermal and shot noise sources and at five fre-
quencies computes the noise at the output port. 'The sensitivity
analysis computes the sensitivities (partial derivétives) of the
transistor operating points and the specified transfer function
(at five frequencies) with respect to specifiedvpassive circuit
elements. In addition SLIC allows the temperature and a single dc
source to be varied and also allows analyses of altered versions

of the original circuit.
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I. INTRODUCTION

The SLIC (simulator for linear integrated circuits) program
has undergone a number of modifications and additions since the
original work of Idleman [1] [é] was completed. Larger circuits
(up to 100 nodes) can be simulated and simulation times have been
reduced with the implementation of sparse matrix techniques.
Voltage-controlled current sources, mutual inductors, and junction and
MOS field-effect tranéistor models have been added. The option to
plot a specified dc voltage as a single source is varied (dc transfer
curve) has been added. The provision to bypass the dc analysis and
proceed directly into a gmall-signal analysis h§§ also been included.
The implemquation of Muller's method which is used to compute poles
and zeros has been modified to reduce pole~zero computation times.
The optional noise analysis now computes the rms output port noise
generated by each eguivalent thermal and shot noise source at up to
five user specified frequencies. Previously, only the total rms
output noise was computed. An optional’sensitivity analysis has
been added which computes the sensitivities (partial derivatives)
of the transistor junction voltages with respect to certain user
specified passive circuit elements. At up to five user specified
frequencies, the sensitivities of a defined transfer function with
respect to tﬁe transistor small—signal parameters and the selected
passive elements are also computed. The input data format has been

modified to allow the use of keywords in the description of tramsistor



modgls."of the above modifications and additions, William McCalla
was responsible for implementing sparse matrix téchniques, adding
© mutual induétors, modifying the implementation of Muller's method,
. and adding the sensitivity analysis. :

The bipolar transistor model used in SLIC is described by g
McCalla [3]. The dc model is a nonlinear hybrid-pi equivalent of -
the Ebers and Moll transport model [4]. Incorpoiated in this model
are.basewiAth modulatioﬁ effects, a éurrent-depghdgnt short-circuit
dc current gain BF’ high level injection effects, and tempe:aiure-
dependent effects. A linear, small-signal hyBrid-pi mbdel is used
for the small-signal analyses. The junction and Moé field-effect
transistor modeis used are based on the insuléted—gate field-efféct
' transistor model of Shichman and Hodges [5] [11];

SLIC consists of approximately 5100 Forﬁran statements and has
: a fieid length of 41000 decimal words. It is capable of simulating
and analyzing circuits of up to 100 nodes with. the following
limitatidné: 40 resistors, 20 capacitors, 20 inductors, 20 voltage-
controlled éurrenf sources, 10 mutual inductors, 30 bipolar and
field-effect tfansi#tors, 10 bipolar trané;stor_models, 10 field-
effect transistor models, iO currént sources, and 10 grounded voltage .;
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II. USER'S GUIDE

This section contains the SLIC user's guide which describes
the inpuf data language and the various analysis.options. An
example is also included to illustrate circuit and analysis

descriptions.
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GENERAL PRCGRAM DESCRIPT ION

e mmer e - —n  ——— e e ——— = Y > ———

SLIC SOLVES FOR THZ DC NOCE-TI-DATUM VOLTAGES, TFANSISTCR OPERATING PCINTS,
SMALL-SIGHNAL PCLZS, ZEROS, AND FRIEQUENCY RISPONSE, NCISE PEFFCRMANCE, AND :
SENSITIVITY OF CIRCU'TTS COMNTAINING PESISTORS, CAPACITORS, INDUCTORS, VOLTAGE-
COMTRCLLED CHRRENT SOUFCES, MUTUAL IMDUCTCRS, BIPOLAR TFANSISTORS, JUNCTICON

END MOS FI CLD-EFFCCT TRANSISTORS, CURRENT SOURCES, AND GAOUNDED VCLTAGE A

. SOURCES. SLIC ALLCWS THZ 1SZR T3 CHNOSE A COVBIMATION CF THE ZBOVE TYPSS CF -

ANALYSES. AMALYSES MAY RE REPTEATED FOR SEVERAL DIFFEFENT TEMPERATURES AND/OR
FOR SEVERAL DIFFERENT VALUES OF ANY DC SCURCE.

THZ NONLINEAR BIPNLAR TPANSISTOR MCDEL IS =QUIVALENT TO _THAT GF EBZRS_AND_

MGLL WITH BASEWIDTH MOOULASTON CFFSCTS AND -A CURFZNT-DEPFNDEMT St TA INCCPPORATED

CAND THE SMALL-SIGMNAL MOD=L IS THS EXTRINSIC PYBRIN-P!. THE MDOZLS FOR BOTH

JUMCTIGHY AND MGS FISLD-EFFICT TRANSISTCRS ARZ BASZC CN THE INSULATED-GATE
FIELD-EFFECT TRAMSISTOR MODCL CF SHICHMAN ANT FODGZS.

PRCGRAM LIMITATIONS

100 NODZS + DATUM NODE (MUMSERED 0) ' . :
40 RESISTNRS . T ' .o
20 CAPACITORS ' '

20 INCUCTTRS . —
20 VCL7AGE-CONTROLLED CURSENT SCURCES ‘ . | -

10 MYTUAL TRDLCTORS - : , , . ~
10 DIPCLAR TRANSISTOR MODELS ~ -
10 FIZLN-ZFEZCT TRAMSISTIR MLQELS : A ,

30 TRANSISTORS IF THE FILLOWING TYPES - - e

BIPOLAK TFANSTSTORS (NoN CT PMP)
JUNC TICN FIELD-EFFECT TRANSISTCKS (N DR P CHANNEL)
" MNS FISLD-LFRECT TRANSISTORS (N CR P CHANNEL)
10 CUPRENT SOURCES
10 GRCUNDED VCLTAGE SOURCES
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WHEFZ T IS THe TiPTRATURE NF INTEREST AND TCLl AMD TC2 ARE “IRQT— _AND SECOND-
ORUEE TEMPTIATUK: COZFFRICITNIS, FESP-CTIVELY.  BIPCLAR TRANSISTCR JUNCTTOM
SATURATION CURRENTS, NUTPUT CONDYCTANCE, TRANSIT TIMi, AND JUNCTICN CAPACTTANCES
ARE VARIED FOR BOTH LARGT AND SMALL~SIGMAL AMALYS:'S ACCMROING TC THE
THEQRETICALLY DERIVED RELATIONSHIPS FOR SILICCN TRANSISTORS.,
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___IMPUT CATA FORVMAT.
: THe INPUT DATA FRRMAT OF SLIC 1S CF THZ FRIE FORMAT TYPE. FIFLOS ON A
CARD ARY SEPARATZD BY OME Gk MCRE NILIMITERS. SLANKS, COMMAS, EQUAL SIGNS, LEFY
, PAPENTHZSES, AND RIGHT PARZNTHESEIS #RE ALL DELIMITERS.

ALU CAEDS MUST 4rnlM WITH A NAME FICLD STARTING IN CCLUMN 1, WITH THE
EXCEPTION OF TITLT CA2DS, COMMENT CARDS, AND CCNTINUATION CARDS.

A NAMZ FITLD MuUST CONTAIN FFOM CNE TO FRUR CHARACTERS. ANY TRAILING
CHAPACTEFS 2R IGNOR.D. THS FIRST CHARACTER OF A NAMEZ FIELD MUST BT A LETTER
AMD NMLY CERTAIN LFTT<RS WHICH ARE CESCRISED 87LD0W YN THS -GUIDE MAY BT USED.

THE KEMATNTNG (UP 7.1 THREC) CHALACT 2R § MAY BE COHPCSED OF ANY COMEINATION OF
ALPHANUMERIC CHARACTIRS IXCZPT DELIMITERS,

A NMUMSRIC FISLD MAY SE AM IMTS6ER FIZLD (12, —44), A FLOATING POINT FIELD
(3.14159), EITHER AM INTZGER OR A FLOATING POINT KUMBFR FRLLOWFED BY AN INTEGER
EXPAISMT {1E-14, 2.65F0), NR EITHEZ AN INTEGER CR A FLCATING PCINT NUMBER

FOLUAWLD BY INE OF 1HE FOLLIWING SCALE FACTORS -

1.0E5+9
EG 1.0S+6
1.0c+3
1.02-3

1. OE-6
1.08-12 o Y o

VEZCIZTRITO

ANY LFETTIRS IMMCSDIATEILY FOLLOWING A NUMBER THAT ARE NOT SCALE FACTORS ARE
IGMORED, AND AMY LITITRS IMMEDIATELY FCLLOWING A SCALE FACTOR ARE IGNOR=D,

TTTTHENCE 10, LoV, LTOVRLTS,; AMD 1DHI ALL RCPRES=NT TH: SAME NUMSIR, AND M, MA, MSEC,

AND "MHTIS ALL SKEPRESTHT THT SCALE FACTOR M. NOTE THAT 1000, 1000.0, 10CCHZ,
123, 1.0%3, 1XHZ, AND 1K ALL RZPRESENT THE SAMS NUMBER. VALUES IN HUMSRIC
FILLDS MAY 8F DEFAULTED BY A SLASH, /, AND DELIMITVFRS NEED NOT RE USED RETWEEN
SUCCESSTVE SLASHTIS. FOR EXAMPLE, THE GRCUP CF NUMREK FIZLDS ( 10K//9.6VU ) IS

EQUIVALENT 70 ( 10K 0.0 2.0 9.6U ).

COMTINUATION CARDS ARE SEGUN WITH A PLUS, +, IN CCLUMN 1 AND MAY BE USED
IN DESCRIBING TRANSISTOR MNDELS, VARIABLE CURRENT SGURCES, AND VARIABLE GRCUNDED
VOLTAGE SAURCES.

THE FI2ST CARD rF AM INOYT NECK MUST BES A TITLE CAFD AMD THE LAST CARD AN

PR

FIID CAKD, THE ORDZR OF ALL OTHZR CARDS TS AFBITRARY.
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CCNTRAL CARDS

———— e — e e -

1) TITLE CARC -=
GF LACH SECTION OF

’

\

A CARD WHOISE COMTENTS ARE PRINTED CULT
NUTPUT. - .

VERBATIM AT THZ HEAD

TXAVPLE -

SOLOMON AND WILSON

SZRIZS—-SCRIES TRIPLS BRCADEAND AMPLIFIER

O 4

2) COMMENT
WHEMN PEAD.

C ARDS

EXAMPLE -

* CPEN LOJP -- NO

=— CARDS (CFTICKAL) WHOSE CCNTTNTS bR‘ PRINTED QUT VERPRATIN

-

FZEDBACK - ’ .

CCLUMN 1 MUST
COMMENTS .

CCNTAIN AN ASTERISK, %, THE FZST OF THE CARD MAY CCONTAIN ANY

3) PRINT CARE —-

_ANALYSIS DESIRED.

GENZRAL FORY -

A CARD WAICF SPECIFIES THE ?‘E OF CC ARND/OR SMALL-SIGNAL
.

VAR(OTS, FMIN, FMAX) OUTPUT(NO4+,NO—-] TNPUT(NI+,NI-)

PRINT BCMDCE ACMODE

EXAMPLES -

PRINT CC PZ FLOG(10

y IHZ, LOOMS GhZ) vouT(7,0) 1IN(1,C)

IF ACMODE IS P
LETTERS °Z,
AND THC SECON
LIMITS ARE SPECIFIE
THE NUMSEIRTO (75

PRINT ~ AC  FLIN 10 95KHZ 105KHZ ~ VOUT 15 6 VIN 2 C
PRINT DC '
DCMODE IS THE LZTTERS DC IF A OC ZNALYSIS IS CESIRED OR BLANK IF NINE 1S
_DESIRED. , _
ACMODE IS THZ LETTERS PZ IF POLES AND 2EROS. (WITH CR WITHCUT A FREQUENCY
FSSPONSI) £2% DESIRZND, THE LSTTEPS AC IF ONLY A FREZQUENCY RISPCNSE IS DISIREC,
0% BLANK TF WEITHER TS DESIRED. :

Z TwC GPTIONAL NUMERIC FIZLECS MY IMM=DIATELY FOLLGW THE

THES FIRST NUMZRIC.-FIFLNG IS THE UPPEP FREQUENCY LIMIT FOR PIALZES
NUMCRIC FIELD IS THE

Yrsse FREQUINCY LIMIT FOR ZERDS. THESE

D IN Hc?TZ, TF EITHZR NO PGLTS _OR NO ZLFPS ARE DSSIRFD,

SHEJUD 8T SOACTFIELT THE SPECIFICATION OF A/ (SLASH)

WILL CAUSE ALL POLES OR ZZRJS 70 BT FOUMNC.

TH? VAR SPSCIF
ANC A FREZQUENCY FES
PRESTENT, TWJ TYPTS

ICATTINS "MYST BY PRESENT IF ACMODE IS AC. 'IF ACMODE IS PZ
PONSY IS ALSO DESIRSED, THEN THE VAR SPECIFICATIONS SHCULD BE
OF FULUTMCY VARTATICON ARE ALLAGWEN. VAR 1S THT LETTERS

FLOS FCR A LSGASITHVIC VARYATTICON AHD PTS IS TRE KUMSER OF FREQUENCY PCINTS PER
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TUENENT CARDS

—— ot e o o

.
-

1) RESTISTIR, CAPACITCP, AND INDUCTOR CARCS

OEMZRAL FCEM -
EXXX N1 N2 VALUZ TCL TC2 var
CXXX N1 N2 VALLE TC€1 TC2 VAR
LXXX N1 N2 VALUZ TC1l TC2 VAR

EXAMPLES ~ :
P1 0Ol 21 300K 2.07-3 *
Cl o1 00 12.0Pp // V
LZRO 02 110 (©.000001

TH: F1957 FIELD MUST CONTAIN Al SLEFENT NAME THAT BZGINS WITH THE LETTER
& FOR RZSISTOR CARDS, C S0R CAFACITOR CAKCS, AND L FCP INDUCTOR CARDS.
NL AND N2 APE THE NODES OF THE SLEMEMT. VALUE IS THE NGMINAL RESISTANCE IN
OHMS FOR RESISTOR CARDS, NCAINAL CAPACITANCE IN FARADS S0 CAPACITOR CARDS,
AND NOMINAL THDUCTAMCT IN KEMRIES FOR INCUCTOR CAPDS. VALUS CAMNCT AE 2ERD
A% MEGATIVE.  TCL AMD T2 ARE THE FIRST— AMD SICCND-CRDER TEMPERATURS

£ ]

S

COEFFICTENTS, PEZSPICTIVELY. UNSOCCTIFIZD TEMPERATUFE CCEFFICIENTS ARE ASSUMED
70 3C 0.0. VAR IS AN IPTIDNAL FICLD USED TO SPECIFY A SENSITIVITY AMALYSIS
VARIABLE. IF VAR IS THE LETTER V AMND A #§ENS CARD# IS INCLUCED IN THI DATA
DECK, SENSITIVITISS (PARTIAL DERTVATIVES). HITH RESPECT TO THE SPECIFIED
SLEMENT WILL BE PEREORNED,

N

2) VOLTAGE-COMTROLLEC CURRENT:SGURCE CARDS

GENERAL FORM - ’

GXXX N+ N- NC+ NC- VALUZ TCLl. TC2 VAP

EXAMPLE -

GM2 7 030 3M 2:3-3

GXXYX IS THEZ chyAc-—cruThrLLfn CURHEZNT SLURC:S MAME WHICH NUST BFGIN WITH
THE LETTER G. N+ AND N- A2F THE PISITIVD AND MIGATIVE MMNDES, FESPICTIVELY, OF
THZ CONTRCLLED SOUPCIe A POSITIVE CURRSMT ELGWS FROM N+ THEQUGH THC SNURCE T0
N-. NMC+ AND MNC— ARZ TH: PGSITIVE AN NEGATIVS COMTRCLLING MNODES, RESPECTIVELY.
VALIIE IS THS NCMINAL TRAHSCDMDUCTANCE IN MFIOS. TCLl AND TC2 ARE THE FIRST= AMD
SECOMD-0KD IR TEMPERATURY COZFFICITNTS, PESPECTIVILY. UNSOSCIFIED TEMPEPATURE
TCOSFFICYZNTS TARE TASSUME 7O BRE 0. 0.' TVAE 1S ANTCPTIONEAL FIEiD USZ0 "0 SORCIFY
A SENSITIVITY ANALYS!S VrRIASLF. IF vAR IS THZ LETTER V AND A #SENS CARD= IS
TNCLUDED IN THZ DATA DECK, SENSITVIVITISS (PA°TIAL DERIVATIVES) NITH RESPECT TO
THE SPECIFICD FLEMENT WILL B8:5 PEURFCOPMEL,
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BIPOLAR TRANSISTOR MNDEL CARDS

- —— - — - - Sy o G - ——— - s W™ =

’

TH: SE CARELS DNESCRIBE THE OIC0LAR TRANSISTOR MEOELS YSEN IM THT CIRCUIT.
THE MOO(L PARAMETERS APE ENTEPELD AS GRCUPS IF NUMEFIC FICLDS PRECESDEC BY
SPECIFTIC KEYWORNS WHICH ARE RESCPIRED RFLIW. THS CROER IN WHICH GRCUPS CF
PARAMETERS ARE EMTER/D IS ARAITZARY AND ANY GRCUP MAY RS CMITTED, IN WHICH

TCASETTHC TDEFAOLT VELUES aa;'?ﬁ%iﬁﬁb?f'ﬁithﬁ"k GRJUP STASHES MAY BE U)SED TO

DTFAULT LEADING MUMARIC FICLDS AND ANY OMITTID TFAILING NUMERIC FIZLDS TAKE N
DEFALLT VALUES.  AS MARNY CqNTIhUATIPk CARDS (SPEC'FI&C BY A PLUS, +, IN COLUMN
1) AS NCCHESSARY MAY BE USED. .

GENERAL FQQM - ‘ .

BXXX TYOE BF=BF4AX,ICMAX,BFLCW, ICLCW,VCE,TC1,TC2 BR=VALUE

+ RO=VALUS,IC,VBE,YCE RB=VALUT,TC1,TC2 RC=VALUE,TC1,TC2
FT=VALUZ ICWCEHZLE/WB,ICO TSAT=VALUE CJF=VALUEZ,VRE,PHIE,NE
CJC=VALUE,VBC,PHIC,NC,RATIO CSUB=VALUE TEMP=VALUZ [ISS=VALUE
TF=VALUE VA=VALUT ) . )

+ + +

EXAMPLES— - , _— L . : N
BNPHN=NPY - BF=100,1. ouAt4o.1 OUA, 3.0V, 6.667%,-36.0U) BR=1  15S=2,05-14
+  RB=150.(2.0M9.6J) RC=100.0(1.5M,7.0U) PC=50K,2M8
+  CJI=3. 0°F,0 65V _CJC=1.09F,—5.0V CSUB=2.0PF

FT=6C00vSGHZ(1.0%A,5.0V)

BNS NPN BF 290 BR 1 ISS 1.265-15 RB 67C RCL300 RO 180K 1M -
+ FT 703MZG 1M CJt .65P CJC .36P CSUS 3.2P VA 50.0V -

BPNP RB=100 CSYR=3,2PF BF=110" PNP P . .

1) NAME

BXXX 1S THE BIPOLAR TRANSISTO° WOUEL NAME WPICH PUST BLGIN WITH THE
LETTER 8.

2) TYPE - - KEYWORD  NFH CR PHP - -

TYPZ 1S EITHER THE KEYWIORC NPN GR PMP DSPENDING CN WHETHER THE BIPOLAR
MODEL TYPE IS NPN NR PNP, RISPZCTIVILY. IF CNMITTEDy APN IS ASSUMED.

3)  FCIWARD BETA -~ KZYWORD : BF

BFMAX IS THZ NOMINAL FORWARD BETA, FCR A CURRENT-DEPENCENT FORWARN
BETAy REMAX IS THEZ MAXIMUM VALU® CF TEE FOPWARE AZTA, ICMAX 1S THE CCLLSCTOR

T CORRENT AT WHICH BFUIX GCCURS, B¢(0W 1S & VALUZ OF THE FGPWAKD B=TA AT A CUPRENT

BILOW IC»aX, AND ICLCW IS THS COLLSCTOR CURRENT AT WHICH BFLOW CCCURS. VCE 1S
THE CONSTANT VALUZ (OF THE CILLECTCF-SMITTER VOLTAGS AT WHICH BCTH 9FMAX ANO
BFLOW CCrUR., TCL AND TC2 ARZ THE FIRST- AND SICONC-CROFR TEMPERATURE
COCFFICICNTS, PSSPECTIVELY, FCR BOTH THE FCRWARD AND FTVERSE BETAS.




S X ]

4) REVEPSE BETA KEYWIED .2 BR - |

VALUZ 1S THE NOMIMNAL REVERSZT BETA., NOTZ THAT THE TEMPERATURE COSFFICIENTS
FOR THE PEVERSE BETA ARE THI SAM™ AS THOSc FOR THIZ ECRPWARD BETA AND ARE

n

—ee e e = e o — e

T SPECIFIFD IN THE BF GRCUP. THE PEVIRSE BETA IS MOT COLLCCTCR CURRENT DEPENRINT.

S) OUTPUT RESISTANCE KEYWIRC : RO

VALUS IS THE QuiPut RFSIST&bC’ IC, vB=, aMD VCE_ARE THE VALUES 0F

-~

CCLLECT0R CUFRENT, BrSE-EMITTER VbLTAG‘ AND COLLECTOR-EMPTTT SR VCLTARE, RES-
PECTIVELY, AT WHICH THT QUTPUT RFSISTAMCE IS MEASURED. [F THE EARLY VILTAGE

S MOT SPECIFIED, TH: RO DATA IS OSED TO COMPUTE THR: EARLY VOLTAGE (SEE 2EARLY
VOLTAGSE2 DESCRIPTICHM BILOW). .NOTE THAT VBE AMLC VCZ ARE OPTIONAL. [IF SPECIFIED,
THZ DATA IS USED TO CCMPUTE THE PEVSRSE SATURATION CURQENT AS DESCRIBED BELOW
UNNDER #REVERSE SATURATICH CUFREMT#, [F CMITTSC, A-DEFAULT GR EXPLICITLY

T SPICTIFIED VELUT FUR ~“HE KEVERST SATURATION CURREFT IS ASSUMED.

6) BASE RESISTANCE KZYVWORD : RB

VALUE IS THii NOMINAL COHMIC 3ASE RESISTANCE. TC1l AND TC2 ARE THE FIRST-

AMD SECOMC-DEDER TEMPERATURE CCE?FICISNTS: RZSPECT IVELY.

- .
>

7)  COLLECTOR RESISTAKCE . KEYWORD :

VALYS IS THZI KOMINAL CGHMIC CCLLZCTCR c;SISTA\!CF “TC1 AND TC2 ARE THE

ETRST— AMD SEZCCMD-OFRER TEMPERATURE CUPFFICI NTS, R-=SPSCTIVELY.

8) SMALL-SIGNAL UNITY GAIN FREQUENCY - KEc YMORD ¢ FT
VALUE IS THZ FFEQUZNCY AT WHICH THE SMALL-SIGAAL SHCRT-CIRCUIT CCMMCN-

FMITTER CURRENT GAItl IS UNITY. TC AMD VCE A®: TH- COLLECTOR CURRENT AND
COLLECTOR-cMiTTEF VILTAGE, RESPZCTIVILY, AT WHICH FT IS MUASURED. FT, IC, AND
VCE ARZ USE TC- COMPUTE THZ FCRWARD TRANSIT TIMz, TF. L:E/WE AND ICO ARE USED
TO MIDSL HIGH-CUPREMT FT RCLL-CFF, LF/WR.IS THI RATIC OF THF LATERAL SMITTER
DIMSNMSION TN THE BASSWIDTH AND. ICC IS THE CUSRENT AT WHICH FT STARTS T3 PCLL-

JFF, TO ACCOUNT FO2 HIGH CURZENT FT RCLL—CFF, THE COMPJTCC VALUE OF TF IS

TRHLTIPUTSO BY TH= FACTCA

(1 +0.25 % (LE/MB)*#&2 # (IC/ICC - 1)%#2 )

) SATURATION TIME CCNSTANT KEYKGRD 3 TSAT

VALUE IS THZ SATURATION TIME CONSTANT WHICH 1S PPESENTLY NOT USED IN SLIC.

10) EMITTER JUNCTIUM CAPACITANCE KIYWORD : CJE

VALUE TS THS £FTVTER JURICTY N CAPACITEANCE AND VBE T3 THZ EASE-EMITTCR
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15) FCRWARD TPANSIT TIMS v KEYWNRD : TF

.

: :
VALUE IS THE FN-WARD TRANSIYT TIUE. IF UNSPECIFIEDR, TF IS COMPUTED FROM THC

FT DATA. IF FT IS WUNSPECIFIED, THIN TF IS SZT TO 0.0. IF TF IS SPECIFIED,

THIS VALUZ RZPLACES ANMY FT DERIVD VALUS,

16) EAFLY VOLTAGE KEYWCRD @ VA

- VALUZ 1S THE E£°LY VOLTAGEZ., IF UNSPZCIFIED, VA IS COMPUT%D FROM THE RO
DATA BY THE FORMULA

a

Ty

VA = RO * iC

IF RO IS UNSPECIFISD, THEN VA IS SET TO INFINITY. IF VA IS SPECIFLED, THIS
VALUE REPLACES ANY 0 CERIVEC VALUEG. ‘ ‘

LY
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SAUPCE JUNCTION CAPACITANGCE WHICH VAPIES AS THE -1/2 POWER OF THE CATS-SOU
VOLTAGE, FOR MNS FIJLD-SFFECT, TFANSISTOR MONELS, VALS IS THI LINEAR GATE-

6)  BULK THEESHCLD PAPAMETZP KEYWORC = GAMMA
THIS PALAM-TER IS FNR MCS FIELD-EFFECT TRAMS ISTCR MODELS CNLY. VAL4 IS TH®
RULK (SUBSTRATE) THRESHOLD PARAMSTER,. BOTH THE SURFACS POTENTIAL AND THE BULK
__THRSSHCLN PARAMETIR NETZIMINZ THI VARIATION DF THE THRESHOLOD VCLTAGE WITH
“SUBSTRAT- VOLTAGE.
7)  CHANMIL LENGTH MCDULATION PARAMS TER KEYWORD : LAMBDA
VALS TS THE CHEMNZL LENGTH MCOULATION papnvcrea WHICH DETERMINES THE OUTPUT
CONBUCTANCE,
8) DRAIN RESISTANCE KEYWORD : RD
VAL6 IS THE OHAIC DRAIN RESISTANCE. -
9)  SOURCE RESISTAMCE KEYWORD : RS.
VAL7 IS THE OHMIC SOUSCE PESISTANCE. B
10) GATE-SOURCE CAPACITANCE _KEYWORD : CGS |
) FOR JUNCTION FI:LD-SFEECT TRANSISTCR'MOCELS, VALS8 IS THE ZZFQ BTAS GATE-

’CE

" S0URCE CAPACITAMCE:.

11) GATE-DRAIN CAPACITANCE KEYWIRD : CGD

FOR_ JVNCTIOM FILD-SFFECT TRANSISTOR MODZLS, VALY IS THE Z&Rn 8I1AS GA

TE-

“DRATN JINCTTAN CEPACITATCE WHICH VEFIES AS THE —1/2 POWER DOF THS GATE—=DRAI

VOLTAGE. FOR PGS FIILD-ZFFECT TRAMSISTER MONELS, VAL9 IS, THe LIMEAR GATE-
CAPACITANCE. -

12) GAT"-BULK CAPACITAMCE KEYWCRD : CGB

N
CRAIN

THIS PARAMETER IS F3Q MOS FTELO-EFFFCT TRAMSISTOR MGODELS CNLY. VALLO IS

THEC LTIMEAR GATE-BULK CAPACITVAMCE.

13) BULK-CRAIN CAPACITANCE - KEYWNRD : CARD

THIS PAFAMITER IS5 FUOR MOS FIELD-EZFFLCT TRANSISTCR MODELS CNLY. VALY
THE ZERJ BIAS 8ULK-CRAIM JUWCT'GN CAOPACITAMCS WHICH VARIZS AS THE -1/2 POH
NF THE BULK-DRAIN VILTAGE.

1S
&P

147 BJLK=SOURCE CAPACITANCE KEY¥WCRD : CBS
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,

\

. THE SET OF PATA CARDS BELCW DSSCPISE A BRCACIAND AMPLIFIZR AND ITLLUSTRATE
THE CTCING FORMAT FOR SLIC. ANALYSES ARE PERFCRMEN FOR TWD TEMPERATURES AND A

NOTSE AMALYSIS IS PEAFAAMTIN FOR THIEE FRIQUENCIES.

SCLOMON AND WILSOM SSRIES-SERIES TRIPLE BRCACEBAND AMPLIFICER
PRIMT DC AC FL"G(10,1MSGHZ,100¥%GHZ) VCUT 14 0 VIN 1 0
TaMP 300 300 305 :

NDISE IMEGHZ 10MEGHZ 1C0MEGHZ

* . .
BNPN=NPN BF=100,1.0MA(40,1.0UA,3.0V,6.667M,-356.0U) .RR=1
+  RB=150.(2.0M,9.6U) RC=100.0(1.54,7.0U) ED=50K,2MA
+ CJE 3. 0PF 0.065V CJC 1.0FF ~5,0V CSuB 2.0PF

+ FT=600MZCHZ{1.0M8,5.0V) .

L " . .

1SS=2.0E-14

V5(1,01=0.0

RS 1 2 50.0
CCSL2,3) =1.0UF
QL S 3 4 BNPN

RE1(4,0)=100.0
RA 13 5 9K

02 6 5 0 BNPN
C® 6 5 3PF

9R(13,6)=5.0K < L CoL | -

23 8 6 7 8SNPN
R=2{740)=100.0
PF(7,4)=1.0K

£C 13 & 600 . . o
94 13 8 9 BUPN

PG(9,10)=3.0K

RX(12,11)=6.0K

Q5(13 13 12)=8BNPM

06 10 11 0 8NPKN

€3¥P 10 0 10UF

0T (11,11,0) BNPN 1.0
Q8 9 11 0O BMPN

092(9,11,0) BMPN

Q10 9 11 0 3NPN

€CU 9 14 10F
2L (14,0)=50.0 :
VCC(13,0)=6.0VCLTS
IND :
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III. PROGRAM DESCRIPTION

The fqllowing sections describe the operation of the SLIC - .
program. The total program consists of a main program and thirty-
five subroutines. A written description and a flowchart of the
execution éequence are provided for the main program gnd each -
subroutine. A description of the function of each common block

variable is also included.

Main program: | SLIC
Data rea&—in sﬁbroutines: READ
. ELEMNT
BMODEL
VJCT
FIT
FMODEL
INLIST
CHECK .
CLKST
Matrix set-up subroutines: SETUP" .
' | NCODE
OPTORD

NUMSET
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DC subroutines: : C DCMOﬁ,
DCTRAN
PLOT

DCANAL

¢
iy

BJTDC

‘e | ' : | JFET
MDSFET
UPDATE
-DCSOLV

| DCADJ
AC subroutines: | ' ACMOD
- ACANAL
ACSOLV

- | , ACADJ
Pole-zero subroutines: PZANAL
MULLER

CDET

LOG2

SORT

Other subroutines: SENSE

s

NOISE

. . ' : CLOCK
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MAIN PROGRAM SLIC

SLIC controls the overall program execution sequence. The
first step is the reading of input data describing the circuit and
the the types of analyses. Subroutine READ reads and.checks the
input data‘and subroutine CHECK prints transistor model parameters
and processes transistors. If fatal errors are discovered in the
input data, the job is aborted and a new job is begun. If no fatal
errors are found, the specified analyses are performed.

For the dc analysis, subroutine SETUP sets up the dc sparse
matrices and subroutine DCMOD computes the dc circuit models. If
a dc transfer curve is requested, subroutine DCTRAN computes and
plots the transfer curve. Next, subroutine DCANAL computes and
prints the dc node vdltages and transistor operating ﬁoints. If a
frequency response or pole-zero analysis is not also requested,
subroutine ACMOD computes and prints the small-signal tramsistor
parameters. If one of these analyses ié also ieqqested, ACMOD will
be called later. |

SLIC performs two types of small-signal analyses: a frequency
response Or a pole-zero.analysis with an optional frequency response.
Only one of these two analyses can be requested for a job.

For the fréquency response, subroutine SETUP sets up the ac
sparse matrices and subroutine ACMOD computes and prints the small-
signal transistor parameters. Subroutine ACANAL then computes the

magnitude, phase, real part, and imaginary part of the transfer



W

function directly from the complex nodal admittance equations and
prints these values. |

For the pole-zero analysis, subroutine ACMOD first computes
and prints the smail—signal transistor parameters. Next, sub-
routine PZANAL computes and prints the poles and zeros of the
transfgr function. If a frequency response is also requested,
PZANAL computes and prints the magnitude, phase, real part, and
imaginary~part of a pole-zero derived transfer function.

For the noise analysis, subroutine NOISE computes and prints
the equivalent noise sources and at each requested frequency the
rms noise at the output port. For the sensitivity analysis,
subroutine SENSE computes and prints the sensitivities (partial
derivatives).

If a variable source and/or température variations are spec-
ified, the requested analyses are repeated for each source and/or
temperature value. |

Throughout the execﬁtion of a job, subroutine CLKRD computes
and prints the elapsed job time. The elapsed time is printed at
the end of each type -of analysis. Also, if a fatal error is

encountered during the execution, the job is aborted.

27



MAIN PROGRAM SLIC
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INITIALIZE
k 1
READ CIRCUIT DESCRIPTION
"AND CONTROL CARDS AND  jsg———————3 CALL READ
CHECK FOR ERRORS
PRINT TRANSISTOR MODEL — ;
PARAMETERS AND PROCESS TRANSISTORS CALL CHECK
PRINT THE ELAPSED TIME j¢——————3 CALL CLKRD
Y
FATAL ERROR ? YES >
) Y NO
A ¥
NO
- DC. TRANSFER CURVE
] OR DC ANALYSIS ?
| ¥Bs
Y .
SET UP SPARSE MATRICES jé——————p CALL SETUP
Y YES
FATAL ERROR ? g
NO
Y
COMPUTE THE DC MODELS pé——————34 CALL DCMOD
FATAL ERROR 7 |—— >
NO
NO Y
<1 DC TRANSFER CURVE ?
YES
Y
COMPUTE AND PLOT THE
DC TRANSFER CURVE j&———————1 CALL DCTRAN
<.
3 g
A B : c D




™

pe§—————1 DC ANALYSIS ?

C

l

NO

[ s

COMPUTE AND PRINT THE DC

NODE VOLTAGES AND TRANSISTOR

OPERATING POINTS

34 CALL DCANAL

4
7

Y YES FREQUENCY RESPONSE OR

Y

3

FATAL ERROR ?

PRINT THE ELAPSED TIME p¢——>= CALL CLKRD

29

—_—

T

POLE-ZERO ANALYSIS ?

NO

4

COMPUTE AND PRINT THE

SMALL~SIGNAL TRANSISTOR p¢——4 CALL ACMQD

PARAMETERS

!

X

PRINT THE ELAPSED TIME j&——>4 CALL CLKRD

NO

Y

L 3

FREQUENCY RESPONSE ?

J 1BS

SET UP SPARSE MATRICES p

» CALL SETUP

4
FATAL ERROR ?

YES

lno

F

y




Lt

.F

l

COMPUTE AND PRINT THE

SMALL-SIGNAL TRANSISTOR pé———>-

PARAMETERS

Y

YES

PRINT THE ELAPSED TIME |[¢——~

'GALL ACMOD

CALL CLKRD

Y

30

>

FATAL ERROR ?

- v NO

COMPUTE AND  PRINT THE
TRANSFER FUNCTION

Y

J

YES

GAIN AND PHASE OF THE [<——p=

PRINT THE ELAPSED TIME j&—

CALL ACANAL

CALL CLKRD

FATAL ERROR ?

NO

p¢——— POLE-ZERO ANALYSIS ?

,_ino

YES
Y

COMPUTE AND PRINT THE
SMALL~SIGNAL TRANSISTOR
PARAMETERS

9y

!

YES

PRINT THE ELAPSED TIME peé—>

CALL ACMOD

CALL CLKRD

A 4

A 4

FATAL ERROR ?

lno

I

Y

B 4

2
—df:




(4,

= >

I

l

COMPUTE AND PRINT THE
POLES AND ZEROS OF THE
TRANSFER FUNCTION, IF
A FREQUENCY RESPONSE IS
ALSO REQUESTED, COMPUTE
AND PRINT THE GAIN AND
PHASE OF THE TRANSFER
FUNCTION,

!

PRINT THE ELAPSED TIME

re—>

CALL PZANAL

A

!

YES

r o

CALL CLKRD

3

FATAL ERROR ?

NO
Y

A 4

L g

Y

'NOISE ANALYSIS ?

NO

l YES

COMPUTE AND PRINT THE
EQUIVALENT SHOT AND
THERMAL NOISE SOURCES
AND AT EACH REQUESTED
FREQUENCY THE NOISE
AT THE OUTPUT PORT

!

PRINT THE ELAPSED TIME

Y

NO

Y

SENSITIVITY ANALYSIS ?

)
-

lms

K

CALL NOISE

CALL CLKRD




> >

K

'

COMPUTE AND PRINT THE
SENSITIVITIES OF THE DC
JUNCTION VOLTAGES TO THE

VARIABLES AND OF THE SMALL-~
SIGNAL PARAMETERS TO THE DC
JUNCTION VOLTAGES AND TO THE
VARIABLES AND AT EACH
REQUESTED FREQUENCY THE
SENSITIVITIES OF THE TRANSFER
FUNCTION TO THE SMALL-SIGNAL
PARAMETERS AND TO THE
VARIABLES

CALL SENSE

!

.Y
Y

YES

VARY TEMPERATURE ?

lno

YES NO

PRINT THE ELAPSED TIME |e——p

CALL CLKRD

VARY A SOURCE ?

2

ol ~
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SUBROUTINE READ

This subroutine controls the reading and processing of input

data. Subroutine INLIST reads an input data card and if recog-

nizable, control-is transferred to a section of READ that handles

the particulaf type of card. If unrecognizable, an error message E
is printeq. The PRINT, TEMP, NOISE, SENS, and DC cards are read ’
and processed within READ. _Subroutine ELEMNT reads and processes :
resistor, voltage-controlled current source, capacitor, inductor,
mﬁtual inductor, tfansistor, voltage source, and current source
cards. Subroutine BMODEL reads and processes bipolar transistor
model cards while subroutine FMODEL reads and processes field-

effect transistor model cards. The reading and processing of input

data continueg until an ALTER or END card is read.



SUBROUTINE READ

NEW CIRCUIT ?

, ‘ Iuo
K

T

READ A CARD
AND CHECK CARD
TYPE

INLIST-

{

BRANCH TO TYPE

(TITLE CARD)

INITIALIZE

SET UP AND

'| PRINT HEADING

INLIST

L

> -



CARD TYPESs

(PRINT CARD)

INITIALIZE
Fe

35

-

DETERMINE FIELD TYPE
AND BRANCH TO TYPE INLIST

 DC

> SET DC ANALYSIS FLAG

>+ SET FREQUENCY RESPONSE FLAG

[—>{ SET POLE-ZERO ANALYSIS FLAG

{

OBTAIN POLE AND ZERO

Y

UPPER FREQUENCY LIMITS [ INLIST
l
VIN
IIN
N OBTAIN INPUT TYPE (VOLTAGE
* OR CURRENT) AND TnpUT Nopes [+ TisT
VOUT I
. I0UT
A =< »! OBTAIN OUTPUT TYPE (VOLTAGE |, INLIST
(END OF CARD) OR CURRENT) AND OUTPUT NODES
I
FLIN
JFLOG
OBTAIN FREQUENCY VARIATION, NUMBER
OF FREQUENCY POINTS, AND MINIMUM pe——>= INLIST

AND MAXIMUM FREQUENCIES

}




(TEMPERATURE CARD)

INITIALIZE

!

OBTAIN TEMPERATURES

INLIST

|

A

~ (NOISE CARD)

INITIALIZE

|

OBTAIN FREQUENCIES

e

INLIST

l

A

(SENSITIVITY CARD)

INITIALIZE

|

OBTAIN FREQUENCIES

INLIST

!

A

36
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e

| (DC CARD)

INITIALIZE

!

OBTAIN INPUT SOURCE NAME j¢—> INLIST

’

OBTAIN MINIMUM VALUE,

SIZE OF INPUT SOURCE

\

OBTAIN OUTPUT VOLTAGE
NAME AND NODES

T

A

MAXIMUM VALUE, AND STEP ps——= INLIST

INLIST

(RESISTOR, VOLTAGE-CONTROLLED CURRENT SOURCE,
CAPACITOR, INDUCTOR, AND MUTUAL INDUCTOR CARDS)

OBTAIN ELEMENT NAME, NODES
'VALUE, AND TEMPERATURE COEFFICIENTS

<——»= CALL, ELEMNT

¥

A

(TRANSISTOR CARDS)

OBTAIN TRANSISTOR NAME, NODES,
MODEL NAME, AREA FACTOR, vC.E

OR V.9 IC OR ID’ AND TEMPERATURE

DS
A

46— CALL ELEMNT




(VOLTAGE SOURCE AND CURRENT SOURCE CARDS)

OBTAIN SOURCE NAME, ¢ N

NODES, AND VALUE(S)

CALL ELEMNT

l

A

(BIPOLAR TRANSISTOR MODEL CARDS)

OBTAIN BIPOLAR TRANSISTOR |, |

MODEL PARAMETERS

CALL BMODEL

Y
A

(FIELD-EFFECT TRANSISTOR MODEL CARDS) '

OBTAIN FIELD-EFFECT TRANSISTOR |_
'MODEL PARAMETERS

CALL FHODEL

T

A

(ALTER CARD) (END CARD)

CIEAR ALTER FLAG

K]
A

RETURN

38

'it‘

i



SUBROUTINE ELEMNT

This subroutine reads and processes data on resistor, voltage-
controlled current source, capacitor, inductor, mutual inductor,
transistor, voltage source, and current source cards. A different
set of arguments is passed from subroutine READ for each type of
card. Subroutine INLIST is called each.time a new data record is
needed.

Exegut;on 1s started by cﬁecking if the element has previously
been read. If so, the new data replaces old stored data. Next,
the element nodes are ébtained and if a transistor card is being
processed, the transistor model name is also obtained. Then the
element values are obtained. Finally any additional values are

obtained for voltage and current sources; and resistor,voltage-

N

controlled current source, capacitor, and inductor cards are checked

for sensitivity analysis variable designation.

39



SUBROUTINE ELEMNT

4o

o |SET NEW ELEMENT TO

NEW ELEMENT ? »| PREVIOUS ELEMENT'S
POINTER
l YES
SET ELEMENT POINTER
AND STORE ELEMENT NAME
OBTAIN ELEMENT NODES ] INLIST
Y
«—2° | 1S ELEMENT A TRANSISTOR ?
YES
,
OBTAIN TRANSISTOR MODEL NAME pe———2 INLIST

&
r 4

y

,

OBTAIN ELENMENT VALUES

rIINLIST

Y

INLIST

<2 OB M 1o BVENT TYPE ? b——CRi-pd CHECK IF SOURCE IS |
VARTABLE AND OBTAIN jee—>
R, G, C, ANY ADDITIONAL VALUES
OR L
¥
CHECK IF ELEMENT
INLIST IS VARIABLE

RETURN




SUBROUTINE BMODEL

This subroutine reads and processes data on bipolar tran-
sistor model cards. Subroutine INLIST is called each time a new
data record is needed. If the model has previously been read,
the new data replaces old stored data. The model parameters are
first read, stored, and checked for negative values. Next a
number of additional model parameters are cohputed from the user
specified parameters. The thermal voltage (VT = %Z), basewidth
modulation factor (n), reverse saturation current (IBL current-
dependent BF coefficients, zero bias junction capacitances
(Cjeo and Cjco)’ agd forward base transit time (TF) are computed
for each model. Subroutines VJCT and FIT are called during these

calculations.

Lo}
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SUBROUTINE BMODEL
NO SET NEW MODEL TO
NEW MODEL ? j————>»4 PREVIOUS MODEL'S
POINTER
l YES
SET MODEL POINTER

(X7

AND STORE MODEL NAME

p—————p=y INLIST

OBTAIN MODEL PARAMETERS

!

COMPUTE C jeo’

!

RETURN

CHECK FOR NEGATIVE
MODEL PARAMETERS
cqmum V., yt AND I
VJICT p—————3>1 COMPUTE 51-‘ COEFFICIENTS FIT




bt

43

SUBROUTINE VJCT

This function subroutine computes the base-eﬁitter junction
voltage of a bipolar transistor from supplied values of collector
current and collector-emitter voltage. A modified Newton-Raphson
method similar to that of the BIAS-3 program [4] is used. VJCT is

called from the subroutines BMODEL and CHECK.

<4



SUBROUTINE VJCT

INITIALIZE

Y

SOLVE FOR VBE BY

USING A MODIFIED
NEWTON~RAPHSON METHOD

!

RETURN |.

CX)



~%r °
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SUBROUTINE FIT

This function subroutine computes the three current-dependent

.BF coefficients from two sets of BF and Ic specifications. The

linear equations are first assembled [3] by a method of least
squares. Next the equations are solved by the Gauss-Jordan elim-

ination method. Finally a check is made for any negative coefficients.

If any are found, FIT is set to -1.0.



SUBROUTINE FIT

ASSEMBLE LINEAR EQUATIONS

Y

SOLVE EQUATIONS BY
GAUSS-JORDON ELIMINATION

LR

K4

y

TEST FOR NEGATIVE
COEFFICIENTS

Y

RETURN




Y
t s

SUBROUTINE FMODEL

This'subroutine reads and processes data on field-effect
transistor model cards. Subroutine INLIST is éalled each time a
new data record is needed. If the model has previously been read,
the new data replaces old stored data. The model parameters are
first read, stored, and checked for neggtive values. Finally any

unspecified parameters are set to default values.
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SUBROUTINE FMODEL

NO

NEW MODEL ?
YES

N

SET NEW MODEL TO
PREVIOUS MODEL'S
POINTER

SET MODEL POINTER
AND STORE MODEL NAME

l o

2

OBTAIN MODEL PARAMETERS

o34 INLIST

i

CHECK FOR NEGATIVE
MODEL PARAMETERS

!

SET DEFAULT VALUES

!

RETURN
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SUBROUTINE INLIST

This function subroutine reads and interprets the free-format
input data. INLIST is called each time a new data record is needed.
Before reading a new dat; card, any error messages from the
previous card are printed. The first record of the card is then
read, the type éf card identified, and the card printed. For
element cards, the element name is also obtained. Control is then
returned to the calling subroutine. |

INLIST interprets a single data record as fdllcws: first, a
slash (/) indicating a default value is checked for. If found,
control is returned to the calling subroutine. 'For a numeric data
record, the value is obtained. Four forms of numeric data can be
interpreted. A number m;y be an integer, a floating point number,
either an integer or floating point number followed by an integer
exponent (e.g., 1E-14 or 2.65E3), or either an integer or a floating
point number followed by an engineering scale factor (G,MEG,K,M,U,N,
or P). For a name data record, the type of keyword is determined.
After interpretation of the data record, INLIST is set to -1 if no
data was found, to O is a number was found, or to +1 if a name was

found. Control is then returned to the calling subroutine.



SUBROUTINE INLIST

INITIALIZE

4

MESSAGES FROM
PREVIOUS CARD

PRINT ANY ERROR

Y

READ NEW CARD,
CHECK CARD TYPE,
AND PRINT CARD

’
OBTAIN NAME

NEW CARD ?

YES

\

SKIP DELIMITERS

]

OBTAIN NUMBER

—>te¢

DEFAULT VALUE ? —»| RETURN
{ Yo
NUMBER ? |-
| YES |

OBTAIN KEYWORD

Y

SKIP TO DELIMITER

RETURN

50

¢



SUBROUTINE CHECK

This subroutine begins by printing a summary of the transistor
models. Bipolar transistor model parameters and then field-effect
transistor model parameters are printed. Next transistors are
checked for the presence of required models. Finally, initial
values of bipolar and field-effect transistor junction voltéges are

determined.

5



SUBROUTINE CHECK

PRINT PARAMETERS OF ANY
BIPOLAR TRANSISTOR MODELS

T

PRINT PARAMETERS OF ANY
FIELD-EFFECT TRANSISTOR MODELS

Y

'CHECK TRANSISTORS FOR THE
PRESENCE OF REQUIRED MODELS

W

PROCESS INITIAL
VALUES OF TRANSISTORS

v

RETURN

. ‘ °




LY —(.

SUBROUTINE CLKST/CLKRD

This subroutine computes and prints the elapsed job time. A
system library subroutine SECOND is called to obtain the time.
At the beginning of each new job CLKST calls SECOND to obtain the
initial job time. Entry CLKRD calls SECOND to obtain the present
job time and then computes and prints the elapsed job time (the

difference between the present job time and the initial job time).
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SUBROUTINE CLKST/CLKRD

OBTAIN INITIAL
TIME OF JOB

!

RETURN

Entry CLKRD

!

OBTAIN PRESENT TIME

CALL SECOND

;

CALL SECOND

COMPUTE AND PRINT
ELAPSED TIME

N

RETURN
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SUBROUTINE SETUP

This subroutine controls the generation of pointers used in
a sparse matrix solution of a system of linear equations or in a
sparse-matrix determinant evaluation. A square integer matrix
called an indicator matrix is used here. This indicator matrix
records the non-zero structure of the indefinite nodal admittance
matrix.

First, the indicator matrix is zeroed and the circuit topology
checked for missing and single branch nodes. Next, subroutine
NCODE loads element positions into the indicator matrix. Subroutine
OPTORD then optimally reordérs the nodes and_subroutine NUMSET
numbers the non-zero entries of the indicatof matrix and establishes
arrays which store the singly dimensioned admittance ﬁatrix locations

where the element values are later loaded.



SUBROUTINE SETUP

CLEAR INDICATOR MATRIX AND
CHECK FOR.-MISSING AND
SINGLE BRANCH NODES

!

LOAD INDICATOR MATRIX

WITH ELEMENTS

Y

!

NUMBER NON-ZERO LOCATIONS

AND SET UP INDIRECT SEm——

REFERENCE POINTERS

NCODE

OPTIMALLY REORDER NODES e~

CALL OPTORD

CALL NUMSET

INTERPRET INDICATOR MATRIX

DCODE

RETURN
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SUBROUTINE NCODE/DCODE

This subroutine loads and interprets the indicafor matrix.
Element nodes are received as arguments from fhe calling subroutine
SETUP. For each element, NCODE loads non-zero values intb four
indicator ﬁatrix locations corresponding to locations in a square
indefinite admittance matrix. Entry DCODE interprets the reordered
indicator matrix by storing four locations of the singly dimensioned

matrix where the element value is later loaded.



SUBROUTINE NCODE/DCODE

LOAD 1°'S IN FOUR INDICATOR
MATRIX POSITIONS CORRESPONDING
TO THE ELEMENT NODES

RETURN

Entry DCODE

l

STORE ELEMENT TYPE

!

STORE FOUR SINGLY DIMENSIONED
MATRIX LOCATIONS WHERE ELEMENT
VALUE IS LATER LOADED

Y
RETURN
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SUBROUTINE OPTORD

This subroutiné optimally reorders the nodes to minimize the
number of operations required in a Qpafse matrix solution of a
system of linear equations or iﬁ a sparse matrix determinant
evaluation. The method used is equivalent to that described by
Berry [6]. A pseudo Gaussian elimination is performed on the indi-
cator matrix to establish the optimal order. The node reordering
process is conducted as follows: nodes incident with voltage sources
are chosen first. Next selected are all nodes which as the pivot
node in a Gaussian elimination create no new non-zero entries calied
fill-ins. Finally, the ;emaining nodes are reordered choosing at
each step the node which creates the least number of f111-ins. In
case of ties, nodes haviné‘the greatest number of off-diagonal

entries are chosen first.

59



SUBROUTINE OPTORD

INITIALIZE

¥
NUN = NUMBER OF NODES
Y
F——————-——-— == DO N=1,NUN
‘ ' ¥

YES

INCIDENT VOLTAGE SOURCE ?

NO

F————- -»| DO KK=N,NUN
¥
LOCATE NON-ZERO TERMS IN PRESENT ROW

e~ "

¥

NO

ANY NON-ZERO TERMS FOUND ?
l 1Es

)

NO

ANY FILL-INS ?

YES

«

TEST FOR PIVOT SUITABILITY

¥
e — e —— CONTINUE

Y
INCORPORATE FILL-INS

Y=

I

I

l

I

| | DETERMINE POTENTIAL FILL-INS
| .

|

l

I

|

INTERCHANGE NODES
+
———————— — CONTINUE
¥
RETURN

r_____________f_-;.._.__.._._...
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SUBROUTINE NUMSET

This subroutine first numbers the non-zero entries of the
{ndicator matrix and then establishes the indirect reference pointers
used in a sparse matrix solution of a system of linear equations or
in a sparse ﬁatrix determinant evaluation. First, current vector
entries are numbered. Next, entries on or above the matrix diag-
onal are numbered by rows from top to bottom and entries below the
diagonal are numbered by columns from left to right. Finally,
voltage source and datum node entries are numbered.

| The indirect reference pointers are established in the fol-
lowing order: first, pointers for voltage source reduction, then
pointers for the LU decomposition, followed by pointers for the
forward substitution, and finally pointers for the backward sub-
stitution. For a small-signal analysis additional pointers are
established for the forward substitution with the U transpose and
the backward substitution with the L transpose. These additional

pointers are used in computing the complex adjoint node voltages.

<



SUBROUTINE NUMSET

INITIALIZE

!

NUMBER CURRENT VECTOR ENTRIES

I

NUMBER UPPER-TRIANGULAR
{ ENTRIES BY ROWS

A

NUMBER LOWER-TRIANGULAR
ENTRIES BY COLUMNS

!

NUMBER VOLTAGE SOURCE
AND DATUM NODE ENTRIES

!

POLES ZEROS

FOR VOLTAGE SOURCE REDUCTION

r— ANALYSIS TYPE ? )
DC l
AC
SET UP INDIRECT REFERENCE 4—“—0—- FLOATING OUTPUT ?

} yes

SET UP INDIRECT
REFERENCE FOR FLOATING
OUTPUT REDUCTION

— -

SET UP INDIRECT REFERENCE
FOR LU DECOMPOSITION

l

A
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DC’

1

AC

ANALYSIS TYPE ?

POLES

SET UP INDIRECT REFERENCE
FOR FORWARD AND BACKWARD

SUBSTITUTION

l

ZEROS

RESTORE INPUT COLUMN

\

AC ANALYSIS ?

NO

lms

SET UP INDIRECT REFERENCE
FOR FORWARD SUBSTITUTION WITH
U TRANSPOSE AND FOR BACKWARD
SUBSTITUTION WITH L TRANSPOSE

Y

RETURN
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SUBROUTINE DCMOD

This subroutine computes the dc circuit models at the‘present
analysis temperature. First, the saturation current, dc current
gain B, basewidth modulation féctor n, and the base and collector
ohmic resistances are computed for each bipolar transistor. The
thermal voltage and the drain and source ohmic resistances are
computed for each field-effect transistor. Next, the resistor and
voltage-controlled current source values are computed from the
nominal value#, first- and second—ordef temperature coefficients,
and the present analysis temperature. Inductors and mutual induct-
ance windings are modeled as 1 ohm resistances for the dc analysis.
These element values are then stored for later ioading into the
singly dimensioned admitﬁénce matrix. Finally, the node voltage
vector is zeroed and voltage source values are loadea into this

vector.

L
‘a




SUBROUTINE DCMOD

COMPUTE AND STORE
TRANSISTOR MODEL PARAMETERS
AT THE PRESENT ANALYSIS
TEMPERATURE

Y

NO

lms

PRINT ERROR MESSAGE
Ye

NEGATIVE p ? p——

Y

COMPUTE AND STORE
ELEMENT VALUES AT THE
PRESENT ANALYSIS TEMPERATURE

N

ZERO NODE VOLTAGE VECTOR

|

LOAD VOLTAGE SOURCES
INTO NODE VOLTAGE VECTOR

)

RETURN
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SUBROUTINE DCTRAN

This subroutine controls the calculation and plotting of a

LAY

dc transfer curve. A single voltage or current source is stepped
over a specified range. .A maximum of 101 values is allowed. For
each of these source values, a dc analysis is perfofmed by calling
subroutine DCANAL and a specified voltage between two nodes is
stored. Next, subroutine PLOT plots this voltage as a function of
the varied source. Finally, the dc circuit values are restored

for the operating point dc analysis.



SUBROUTINE DCTRAN

INITIALIZE

!

LOOP THROUGH SOURCE
VALUES AND COMPUTE AND
STORE OUTPUT VOLTAGE

CALL DCANAL

i

PLOT DC TRANSFER CURVE

CALL PLOT

f

RESTORE VALUES FOR
THE DC ANALYSIS

RETURN
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SUBROUTINE PLOT

This subroutine plots the dc transfer curve. Two arrays
containing the source and output voltage values are passed from
the callipg subroutine DCTRAN. The minimum and maximum values of
output voltage are first determined. Next, a scaling operation is
performed to determine the output voltage coordinates. These co-
ordinates are then printed. Finally, each point of the dc transfer

curve is printed along with the source and output voltage values.
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SUBROUTINE PLOT

INITIALIZE

A

DETERMINE MINIMUM AND
MAXIMUM VALUES OF YVAL

'

SCALING

\

DETERMINE AND PRINT COORDINATES

Y
PIOT YVAL VS. XVAL

!

RETURN
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SUBROUTINE DCANAL ‘ .

This subroutine controls the nonlinear dc analysis which .
computes the node voltages, transistor operating points, and
power disgipation. The approach used is a modified Newton-Raphson
procedure of BIAS-3 [4] in which changes in forward biased junction
voltages ére limited to values of less than 2VT between iterations
[7]. This method involves repeating a number of steps until node
and transistor junction voltages agree with their previous values.

" First, trial transistor operating points are computed from the
present set of node voltages, the nonlinear transistor models are
linearized about these operating points, and a set of linear alge-
braic equations is assembled in terms of unknown nodg voltages.
Next, a new set of node voltages is obtained by solving these
equations and the new and old node voltage sets are comﬁared. If
there is no agreemeat to within 10 uV, the new node voltage'set is
used to generate new trial operating points and the process is
repeated. This isecative process concludeé when each node voltage -
agrees with two praviou# values and each junction voltage agrees
with one previous value to within 10 uV.

The operatien ef DCANAL is now described. The singly dimen-
sioned admittance matrix is first zeroed. Next, the tramnsistor
models are updated and linearized by calling subroutine BJTDC for
bipolar transistors, subroutine JFET for junction field;effect

transistors, and subreutine MOSFET for field-effect transistors.



n

The resistors, inductors (modeled as 1 ohm resistors), and
linearized transistor model elements are then loaded into the
admittance matrix and subroutine DCSOLV computes a new set of node
voltages. For circuits with no transistors, only one iteration is
needed to obtain the dc solution. For circuits containing tran-
éistors, three iterations are performed before circuit convergence
is checked. At each iteration the present node voltage set and
the previous two sets are stored. During the fourth and all fol-
lowing iterations circuit convergence is checked. If the present
node voltage fails to agree with the previous two sets to within
10 uV, a new iteration is started. If agreement is reached, thé
present set of transistor junction voltages is compared with the
previous set. If no agreement to within 10 uV, a new iteration is
started., If agreement is reached, the iterative process is com-
plete and the node voltages are printed. The transistor operating

points and the circuit power dissipation are also printed for cir-

cuits containing transistors.



SUBROUTINE DCANAL

>——-.—--——-——-—--—;——————-————->,

INITIALIZE

|

— — « = = — =p DO ITER=1,100

!

ZERO ADMITTANCE MATRIX

— No ANY TRANSISTORS ?

| ¥es

1

UPDATE BIPOLAR TRANSISTORS fe———

CALL BJTDC

| UPDATE JUNCTION FIELD-EFFECT TRANSISTORS

CALL JFET

B!

UPDATE MO8 FIELD-EFFECT TRANSISTORS &

CALL MOSFET

o

LOAD ADMITTANCE MATRIX

|

SOLVE FOR NODE VOLTAGES

l

B

CALL DCSOLV
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B
NO
ANY TRANSISTORS ? -
! Es
YES l1s 1mER< 3 7
NO
NO | DO LAST THREE SETS OF
¢———1 NODE VOLTAGES AGREE ?
l YES
DO THE PRESENT TRANSISTOR YES ‘
JUNCTION VOLTAGES AGREE WITH -]
THE PREVIOUS JUNCTION VOLTAGES ? y
J NO PRINT NODE VOLTAGES
y
STORE THE PRESENT SET | o
AND THE PREVIOUS TWO
SETS OF NODE VOLTAGES ANY TRANSISTORS ?
l l YES
_______ _ PRINT TRANSISTOR
‘con'rinum OPERATING POINTS
PRINT ggsgggmncsucs | pree————
' POWER DISSIPATION
y

RETURN
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SUBROUTINE BJTDC

This subroutiné computes the incremental bipolar transistor
models used in the nonlinear dc analysis. Based on the present
set of node voltages, new base-emitter and base-collector junction
voltages are first determined by subroutine UPDATE. UPDATE limits
a new forward biased junction voltage to changes of less than sz
from the previous value [7]. Next, eight incremental model ele-

ments (gmf’gnf’gmr’gur’ICCN’ICBN’IECN’ and IEBN) [3] are computed.

The incremental model is shown on the next page. Finally, the
model elements are stored for later loading into the singly dimen-
sioned admittance matrix and current vector.

| The following equgtions are used to compute the incremgntal

model elements (refer fo McCalla [3] for details):

N
Vo
\
X=1-n VEE
T
1/2
6 [calss]
1 c
1
Lo lss ; evBE/vT
cc V.. /2V
1 + 6Ge BE T
v . /V
I =XI_ e sc’'r
EC ss

Iop = Ige + Xlgg
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BC
VWA
Exr
r TgBN - Collector
Base b /,—\\
o - VW\—0
\_/ , T,
4+ LeaN Igen
=3 O @ @
Exs Teen Enr'BC
‘ &nrVBE
Enitter

Incremental Bipolar Transistor Model



c, +¢,1. Y

1 2°CT 3ICT

RO

-g'rrfg—gmf

mr

cCl V. _/2V (e

EC1

coN = X~ Enf'BE

CBN

Tien = X V. 'BC

.



T

where: VA
C13C55C4

Iss

Bro

=‘Early voltage

= coefficients of the curremt dependeﬁt forward 8

= reverse saturation current

= reverse f.
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 SUBROUTINE BJ TDC

INITIALIZE

!

COMPUTE NEW BASE

{

JUNCTION VOLTAGES jé—————p-

CALL UPDATE

COMPUTE AND STORE
THE INCREMENTAL BIPOLAR
TRANSISTOR MODEL ELEMENTS

!

RETURN
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SUBROUTINE JFET

'This subroutine computes the incremental models of junction
field-effect transistors for the nonlinear dc analysis. .The model
used is based on the insulated-gate field-effect transistor model
of Shichman and Hodges [5] [1l]. Based on the present set of node
voltages, new gate-drain and gate-source junction voltages are
first determined by calling subroutine UPDATE. Next, the gate
junction model elements (gGQ’ 8GS’IEQGD; and IEQGS).are computed.
The drain current and derivatives (gM and GDS) are then computed
for either the normal mode or inverse mode depending on the polarity
of.the drain-source voltage. Next, an equivalent drain current
source (;DREQ) is computed. Finally, the model elements are stored
for later loading into the singly dimensioned admittance matrix and
current vector. |

The following equations are used to compute the incremgntal

model elements:

I. Gate Junction Models

V.. /V
I = Is(e GS"'T

Gs -1

. - Ig + I
GS Vo

Teqes = Tes ~ 8esVes



/vT

elr_ 4y

e = (e

Ltip

g
GD | VT

Tpaep = Tep ~ Bep'ed

II. Drain Curremt and Derivatives

A. Normal Mode [V, o > 0]
1. Cutoff region (Vgs~Vpo) < O
Ip=8y=¢gg= 0
2. Saturation region 0 < (VGS TO) < V

I )+AVD]'

D" B(VGS;VTO);(VGS 7O
By = BI2(Vg5Vpg) * Apg]
gps = BAVgg Vo)

3. Linear region : (VGS-VTO) > VDS

Ip = B¥pgl (2 (VgsVag) = Vps!
gy = B(2H)Vpg |
gps = BL(ZN) (Vcs"v'm? - 2Vpgl

B. Inverse Mode I&VDS < 0]

1. Cutoff region (VGS VDS VTO) <0

80



2.

- 3.

ID = 8y = 8pg = 0

Saturation region

I = = BVgg Vs ~Vod [ (Vos—Vps

gy = = BI2(Vgg-V DS~ Vo) =

gps = BA(VggVpg=Vng)

Linear :egion

02 (VesVps~Vro

Vo)
AVpsl

" By

(Ves™Vps~Vro) 2 - Y,

Iy = BV [(2HA) (Vg VeV + Vpgl

- gy = BVpg (2+13)

gps = BL(ZHN) (Vog=Vpg=Vuy

) + 2V S].- By

III. Equivalent Drain Current Source

I

where:

prREQ ~ Ip ~ BM'es ~ Eps'ps

VTo = threshold voltage

- ..

B = transconductance parameter

~ A = channel lengfh modulation facter

I. = gate junction saturation current

) =

- AV

DS

|

DS

vDS
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SUBROUTINE JFET

INITIALIZE

Y

COMPUTE NEW GATE
JUNCTION VOLTAGES |3 CALL UPDATE

!

COMPUTE GATE JUNCTION MODELS

R

NO
S

VDS<0?

YES

l

COMPUTE THE DRAIN
CURRENT AND DERIVATIVES
FOR THE NORMAL MODE

—]

COMPUTE THE DRAIN
CURRENT AND DERIVATIVES
FOR THE INVERSE MODE

o] COMPUTE THE EQUIVALENT ,’ |
DRAIN CURRENT SOURCE | .

!

STORE THE INCREMENTAL
JUNCTION FIELD-EFFECT
TRANSISTOR MODEL ELEMENTS

{

RETURN
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SUBROUTINE MOSFET

This subroutine computes the incrementgl models of MOS field-
effect transistors for the nonlinear dc analysis. The model used
is based on the insulated-gate field-effect transistor model of
Shichman and Hodges [5] [11]. Based on the presént set of node
voltages, new substrate-drain and substrate-source jﬁnction volt-
ages a?e first deﬁermined by calling subroutine U?DATE. Next,
the substrate (bulk) junction model elements (gBD’gBS’IEQBD’ and
IEQBS) are}computed. The drain current and derivatives (gM,gDs,
and gMBS) are then computed for either the nﬁrmal mode or inverse
mode depending on the polarity of the drain-squrée voltage. Next,
an equivalent drain current source (IDREQ) is comppteq. Finally,
the model elements are stored for later loading into the singly
dimensioned admittance matrix and current vector.

The following equations are used to compute the incremental

model elements:

I. Substrate Junction Models

V.../V
BD''T
IBD = Is(e -1)

Ig + Iy
8p ° T v
T

I V.

Trgep © Isp ~ 8mp'ED
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V..V
‘BS
IBS IS(e 1)
. I + Ing
B? VT
\'J

Tgess = IBs ~ Bps'Bs

1I. 'Drain‘Current and Derivatives

A. Normal Mode [VDS > 0]

- v (/2 _ /2
Vg = Vpo * YI($-Vgs) $° 71
1. Cutoff region (VGS-VT) <0 -

I, = 8 = 8ps = Byps = °
2. Saturation region 0 < (VGS T DS
L) = BV V) [(VggVp) + AVpg)

GS T

gy = B[2(VGS VT) + AVDS]

gps = BA(VgsVp)

3. Linear region w es™ T) > VDS
I = BUpg[(2H) (Vgg~Vy) = Vsl
gy = B(2+A) Vg

gpg = BI(2HN) Vg V) ~ 2Vps]
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Evps ~ i‘!‘;. ”'Vns]-l/z
B. Inverse Mode [VDS < 0]
Vg = Vg + YLV 0 2= ¢1/2)
1. Cutoff reéion ‘(VGS pS" T) <0

Ip = 8y = 8pg = Bypg = 0

< -V

2. Saturation region 0< ( es™ DS T) DS.

Ip = =85 Vps~Vp) [ (Vgs~Vpg~Vp) = AVps]
gy = ~BI2(Vgg—Vpe=Vp) = AVpgl
gps = BAVggVpsVo)

K ngl + l(‘"" Vps~ 33)1/2] |

ByY -1/2
Byps = "2 [4tVps~Vps!

-V,

3. Linear region (VesVpsVr) 2 Vps

Ip = BVpgl(242) (Vg —Vpg~Vy) f" Vps!
8y = BVpg(2+1)

Bpg = BI(2H) (Vog-VpoVo) + 2Vp]

-1/2
- gyll - J(HV - BS) 1

By

-1/2
Bvps = "3 [#*VpgVpsl
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III. Equivalent Drain Current Source

- IprEQ ©

where! VTO =
¢=
Bl:

I - 2wVes ~ 8ps'ps ~ BumsVms

threshold voltage

surface fdtential
transconductance parameter
substrate threshold parametef
channel length modulation factor

substrate junction saturation current
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SUBROUTINE MOSFET

INITIALIZE

N

COMPUTE NEW SUBSTRATE
JUNCTION VOLTAGES  jetee———3m

{

COMPUTE SUBSTRATE JUNCTION MODELS

M |y <02} B 1

CALL UPDATE

~¢ DS

«

COMPUTE THE DRAIN COMPUTE THE DRAIN
CURRENT AND DERIVATIVES CURRENT AND DERIVATIVES
FOR THE NORMAL MODE FOR THE INVERSE MODE

_ » COMPUTE THE EQUIVALENT | o
DRAIN CURRENT SOURCE

!

STORE THE INCREMENTAL
MOS FIELD-EFFECT
TRANSISTOR MODEL ELEMENTS

RETURN




SUBRQUTINE UPDATE

This subroutinevdetermines a new transistor junction voitage
from the previous value and the new node voltages. A forward
biased.junction voltage is liﬁited to changes of lgss than ZVT
from the previous value. The difference between the previous
junction voltage and the junction voltage obtained from the new
node voltéges is first computed. If the magnitude of this dif-
ference is less than or equal to ZVT, the new junction voltage is
the value obtained from the node voltages. If the magnitudé is
greater than ZVT, the polarity of this difference is checked. For
a negative difference and a previous junction vgltage less than or
equal to IOVT, the new jugction voltage is the value obtained from
the node voltage#. For ; negative difference and a previous junc-
tion voltage greater than IOVT, the new junction voltage is the
previous value decreased by 2VT. For a positive difference and a
value from the node voltages of less thanror equal to 10VT,<the
new junction voltage is this value. For a positive difference and
a value from the node voltages of greater than 1OVT’ the new junc-
tion voltage is the previous value increased by 2VT or 10VT, which-
ever is,grgater. The above method is equivalent to that described

by Nagel [7][11].
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SUBROUTINE UPDATE

91

RETURN

K___r_:_c_)_ FIRST ITERATION ?
| YES
|
vnew = vold
Y
Y
DELTA = V -V 14
YES
1 |DELTA| £ 2V, 7
NO
] YES
DELTA2 0 ? f————~ VoS 10Vg ? —YEE—’-
| o [
Y YES
el V. & 10V,
old & V't View = Vora + &V
l NO l
V =V -2V NO
new old T , vnewé 10VT ?
4 YES
vnew = 10VT
1 )
A 4
Vold = vnew
Y




SUBROUTINE DCSOLV

This subroutine solves the sparse system of linear nodal
admittance equations for the dc node voltages. First; the admit-
tance mat;ix elements of the column corresponding to a voltage
source node are multiplied by the value of the source and subtracted
from the current vector. This is called voltage source reduction
and is done for each voltage source. Next, an Lﬁ decomposition is
performed on the singly dimensioned admittance matrix. This is
equivalent to ﬁartitioning a square admittance matrix into upper
and lower triangular matrices. Forward substitution is then per-
‘formed which effectively transfers the lower triangular matrix into
the current vector. Finally, backward substitution is performed

resulting in the dc node voltages and voltage source currents.

e



SUBROUTINE DCSOLV

REDUCE VOLTAGE SOURCES

Y
LU DECOMPOSITION

FORWARD SUBSTITUTION

|

BACKWARD SUBSTITUTION

|

RETURN
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SUBROUTINE DCADJ

This subroutine computes the sensitivity (partial derivative)
of each bipolar transistor junction voltage with respect to each
sensitivity designated resisﬁor. The adjoint method of Direétor
and Rohrer '[8] is used. Thé admittance matrix is first zeroed and
loaded and then an LU decomposition is performed. Finally, for
each bipolar tranéistor junction the following steps are performed:
adjoint excitation vector cpmputation, forward substitution with U
transpose, backward substitution with L transpose, and storage of

'. the partial derivatives.

i
[ 3



SUBROUTINE DCADJ

CLEAR AND LOAD
ADMITTANCE MATRIX

r

LU DECOMPOSITION

4

> CYCLE THROUGH EACH
BIPOLAR TRANSISTOR JUNCTION

)

r
|

|

I FORWARD SUBSTITUTION
I WITH U TRANSPOSE
|

|

|

|

I

|

|

|

I

!

BACKWARD SUBSTITUTION
WITH L TRANSPOSE

r

-STORE PARTIAL DERIVATIVES

!

e — = — — — CONTINUE

RETURN
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SUBROUTINE ACMOD

This subroutine computes the smgll-signalhcircuit models at
the present analysis temperature. First, the'small-signal bipolar
transisto; model parameters and their seﬁsitivities (partial.
derivatives) with respect to the dc junction voltage are computed
[3]. Next, the small-signal model p#rameters for the junction
and MOS field-effect transistors are computed. These small-signal
model parameters are computed based on the operating point of each
transistor and are stored for later admittance matrix loading. The
small-gignal models for the three types of transistors are shown
on the following pages. These small-signal transistor modei para-
meters are then printed. Next, the values at the present analysis
temperatﬁre of the resistors, voltage-controlled current sources,
capacitors, inductors, and mutual inductors are computed and stored
for later admittance matrix loading. Finally, the complex node

. 3
voltage vector is zeroed.

<o
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SUBROUTINE ACMOD

NO_! ANY TRANSISTORS ?

JYES

COMPUTE THE SMALL-SIGNAL |
TRANSISTOR PARAMETERS

l

PRINT THE SMALL-SIGNAL
TRANSISTORS PARAMETERS

STORE THE PASSIVE ELEMENTS

!

ZERO NODE VOLTAGE VECTOR

!

RETURN
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SUBROUTINE ACANAL

This subroutine controls the frequency response apalysis in
which the magnitude, phase, and real and imaginary parts of a
specified transfer function is computed. The frequency response
is obtained from a direct solution of the complex nodal admittance
equations. For each frequency in the analjsis, the following steps
are performed: the complex admittance matrix is first zeroed and
loaded with inductors, capacitors, and resistors; subroutine ACSOLV

then solves the complex nodal equations; and finally the magnitude

101

gain, db gain, phase, real part, and imaginary part of the transfer

function are computed and printed.



SUBROUTINE ACANAL

INITIALIZE
oY

i
UPDATE FREQUENCY

\

ZERO COMPLEX ADMITTANCE MATRIX

!

LOAD COMPLEX ADMITTANCE MATRIX

9

SOLVE COMPLEX NODAL EQUATIONS

!

CALL ACSOLV

COMPUTE AND PRINT MAGNITUDE
GAIN, DB GAIN, PHASE, REAL

PART, AND IMAGINARY PART
OF TRANSFER FUNCTION -

NO

olmmmrm——q FINAL FREQUENCY ?

!

l YES
RETURN
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SUBROUTINE ACSOLV

This subroutine soive the sparse system of complex nodal
admittance equations. The method used is identical to tﬁat of
subroutine DCSOLV except that.the admittance matrix and node volt-
age vector are complex. The complex nodal equations are solved
in four steps: voltage source reduction, LU decomposition, forward

substitution, and backward substitution.



SUBROUTINE ACSOLV

REDUCE VOLTAGE SOURCES

Y

LU DECOMPOSITION

Y

FORWARD SUBSTITUTION

!

BACKWARD SUBSTITUTION

!

RETURN
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SUBROUTINE ACADJ

This subroutine solves for the set of complex adjoint node
voltagés in two steps. First, a forward substitution with the

U transponse is performed, and second, a backward substitution with

the L transpose is performed.

4



SUBROUTINE ACADJ

FORWARD SUBSTITUTION
WITH U TRANSPOSE

!

BACKWARD SUBSTITUTION
WITH L TRANSPOSE

!

RETURN

.« te
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SUBROUTINE PZANAL

This subroutine controls the calculation of}the poles and
zeros of a épecified transfer function and 1f requested, computes
a frequency response from a pdle-zero derived transfer function.
The poles are first computed. Subroutine SETUP sets up the sparse
determinant, subroutine MULLER compuies'the poles, and subroutine
SORT rearranges the stored poles in an ascending order in terms of
the magnitudes of the real parts. The zeros are then computed in
a similar ﬁanner by calling sﬁbroutines SETUP, MULLER, and SORT.
Next the poles and zeros are printed. If a frequéncy response is
also requested, the following two steps are performed for each
frequency: the specifiéd transfer function is ;omputed from the
poles and zeros; and theﬁ'the magnitude gain, db gain, phase, real
part, and imaginary part of the transfer function are computed and

printed.




SUBROUTINE PZANAL

INITIALIZE

4

SET UP SPARSE DETERMINANT
FOR POLES COMPUTATION

CALL SETUP

»4 CALL MULLER

COMPUTE POLES <

-»4 CALL SORT

SORT POLES p<-

s

SET UP SPARSE DETERMINANT
FOR ZEROS COMPUTATION

el CALL, SETUP.

!

»4 CALL MULLER

COMPUTE ZEROS f—

[

SORT ZEROS e

y

PRINT POLES AND ZEROS

I

A

»4 CALL SORT

.08

LY



A
NO
FREQUENCY RESPONSE ? p———————m

YES

UPDATE FREQUENCY

Y

COMPUTE AND PRINT MAGNITUDE
GAIN, DB GAIN, PHASE, REAL
PART, AND IMAGINARY PART

OF TRANSFER FUNCTION

!

4———&' FINAL FREQUENCY ?

YES

RETURN
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SUBROUTINE MULLER

This subroqtine solves for the zeros of a complex determinant
using Muller's method [9]. First, three initial trial points are
set up. The three initial points are presently chosen to be
1.0 x 10%, -1.0 x 10°, and -1.0 x 10%. Next, subroutine CDET
evaluates the complex determinant at each of these three trial
points. Throughout MULLER, determinant values are scaled in terms
of their integer logarithm to the base two. A quadratic inter-
polation polynomial is constructed through the determinant values
of the three trial points. This polynomial is then solved for two
zeros. The smaller zero replaces the oldest of the three previous
trial points and the above process is repeated until the magnitudes
of two successive trial points agree to within 5.0 x 10-7. This
smaller zero is then checked'for a negligible real or imaginary
part. The real part is considered negligible if its magnitude is
six orders of magnitude smaller than the magnitude of the imaginary
part, and likewise the imaginary part is negligible if it is six
orders of magnitude smaller than the real part. If a negligible
part is fouﬁd, it is set to zero. The zero is then stored and its
imaginary part is checked. If non-zero, a conjugate zero exists
and the entire process is repeated using the conjugates of the
three trial points. If zero, the two oldest trial points generate

a third trial point by Newton-Raphson approximation and the entire

process is repeated. All zeros of the complex determinant are

110
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‘0

assumed found when the magnitudes of three successive determinant

values agree'to within 5.0 x 1077.
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SUBROUTINE MULLER

INITIALIZE TRIAL POINTS

N

X

EVALUATE DETERMINANT
AT TRIAL POINTS

p

Y

ALL ZEROS FOUND 7 |

lno

112

YES

RETURN

CONSTRUCT THE COEFFICIENTS OF THE
QUADRATIC INTERPOLATION POLYNOMIAL

1

SOLVE FOR THE SMALLEST ZERO
OF THE INTERPOLATION POLYNOMIAL

—

YES

CONVERGENCE 7

lno

EVALUATE DETERMINANT
AT NEW POINT

|

<—»{ CALL, CDET STORE ZERO

Y

UPDATE TRIAL POINTS

IS THE IMAGINARY | YES
| PART OF ZERO = 0 ?

lno

SET UP TRIAL POINTS

" FOR CONJUGATE ROOT

SET UP TRIAL POINTS FOR
A NEWTON-RAPHSON STEP
TO THE NEXT ROOT

“
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SUBROUTINE CDET

This subroutine evaluates a complex determinant using sparse

matrix techniques. The complex admittance matrix is first zeroed

and then loaded with inductors, capacitors, and resistors. If the

output port is not referenced to the datum (ground) node, a floating
output reduction is performed. Next, an LU decomposition is per-.
formed and a determinant value is obtained. If any previously

calculated zeros of the determinant exist, the determinant value is

divided by the difference between each previoﬁs zero and the trial

point.



SUBROUTINE CDET

ZERO COMPLEX ADMITTANCE MATRIX

|

LOAD COMPLEX ADMITTANCE MATRIX

¥

<« ] FLOATING OUTPUT ?
| s

FLOATING OUTPUT REDUCTION

LU DECOMPOSITION

i

DIVIDE OUT PREVIOUS ROOTS

!

RETURN
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SUBROUTINE LOG2

This function subroutine computes the integer logarithm to

the base two of the passed argument. If the argument is zero a
value of -128 is returned. Tﬁe process is initialized by setting
the argument to its absolute value aﬁd setting the integer loga-
rithm to 1. If the argument is less than 1, it is doubled and the
. integer logarithm is decreased by 1. This is.repeated until the
argument is greater than or equal to 1. The presént value of the
integer loéarithm is returned. If the argument is between 1 and
two, thevinitial integer logarithm value of 1 is returned. If the
argument is greatef than 2, it is halved and the integer logarithm
is increased by 1. This ;s repeated until the argument is less
than or equal to 2. The'present value of the integer logarithm is

then returned.



SUBROUTINE 10G2

116

X 7 f—2———>f 10G2 = -128
£0 :
Y = |x|
L2 =1
'[4——119"1>2?'YES T ‘
Yt 22, Y = Y/2,0
£ x| '
Y=Y+Y X
12 =12 - 1 > 2 7 —
- YES
' O
 YES Y <17 NO e Y

10G2 = 12

RETURN

S
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SUBROUTINE SORT

This subroﬁtine rearranges a set of stored complex roots so
fhat the magnitudes of the real parts are in an ascending order.
The root with the smallest reai part magnitude is first found.
This root becomes.first in order. Of the remaining roots, the
root with the smallest real part magnitude is again found. This

root becomes second in order. The process continues until all the

roots have been rearranged.



SUBROUTINE SORT

f..........._.-._....---_.--:-..-....__.-........._..............._.__.‘......_._.

YES

y YO

NRT = NUMBER OF ROOTS
NRTMiI = NRT - 1

«

________ DO N=1 ,NRTM1

[

- 15
nin = 140 X 10
NEXT = N

,
r-‘-———--p DO NN=1,NRT

Y

R, = |REAL PART OF ROOT X|
Y

Bpin > Baps ?

y YES

min © Rabs

NEXT = N

NO

pe.
o

R

S

ONLY ONE ROOT ? p—————>~

RETURN

YES
NEXT = N ? p—

y No

INTERCHANGE ROOT N AND ROOT NEXT

I

————————— ~ CONTINUE

Y

RETURN

e 4

.
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SUBROUTINE SENSE

This subroutine controls the sensifivity analysis in which
sensitivities (partial derivatives) with fespect to selected pas-
sive elements called variables are computed by the adjoint method
[8]. A nonlinear dc analysis is first performed with calls to sub-
routines SETUP, DCMOD, and DCANAL. Then a dc adjoint analysis ié
performed by calling subroutines SETUP, ACMOD, and DCADJ. Next
the following three types of sensitivities are computed and printed
for the bipolar transistors: sensitivities of dc junction voltages
to the variables, sensitivities of small-signal parameters to the
dc junction voltages, and sensitivities of small-signal parameters
to the variables. Finally for each of the up to five specified
sensitivity frequencies, the following steps are conducted: sub-
routine ACANAL performs an ac analysis, subroutine ACADJ computes
the complex adjoint node voltages, and the sensitivities of the
transfer function to the bipolar transistor small-signal parameters

and to the variables are computed and printed.
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SUBROUTINE SENSE

INITIALIZE
‘l CALL SETUP -
PERFORM DC ANALYSIS f—e——————s{ CALL DCMOD )
CALL DCANAL F
Y
CALL SETUP :
PERFORM DC ADJOINT ANALYSIS e———— CALL ACMOD
: CALL DCADJ
3

FOR BIPOLAR TRANSISTORS, COMPUTE AND PRINT
SENSITIVITIES OF DC JUNCTION VOLTAGES TO
VARIABLES & SENSITIVITIES OF SMALL-SIGNAL

PARAMETERS TO DC JUNCTION VOLTAGES AND
TO VARIABLES

CYCLE THROUGH SENSITIVITY FREQUENCIES

!

PERFORM AC ANALYSIS j¢——————>- CALL ACANAL

!

PERFORM AC ADJOINT ANALYSIS |é——»= CALL ACADJ

!

COMPUTE AND PRINT SENSITIVITIES OF THE
TRANSFER FUNCTION TO THE BIPOLAR TRANSISTOR
SMALL-SIGNAL PARAMETERS AND TO THE VARIABLES

! | ='

CONTINUE

3

RETURN

g
|
|
Y

. |
fe




SUBROUTINE NOISE

This subroutine uses the adjoint method and computes the
hoise at the output port from each thermal and sho; noise source
in the‘circuit [10]. First, fhe equivalent noise current sources
are computed and printed. These nolse sources are of two types:
thermal noise sources due to the circuit resistors, bipolar tran-
sistor ohmic base and collector resistances, and field-effect
transistor ohmic drain and source resistances; and shot noise
sources due to the dc base and collector currents of bipolar tran-
sistors and the dc drain currents of field-effect transistors.
Then for each of the up to five specified noise frequencies, the
following steps are conducted: subroutine ACANAL performs an ac
analysis; subroutine ACADJ computes the complex adjoint node volt-

ages; and the rms output noise contribution from each noise source,

the total rms output noise, and the total rms noise referred to the

input are computed and printed.
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SUBROUTINE NOISE

INITIALIZE

Y

COMPUTE AND PRINT THE EQUIVALENT THERMAL
NOISE CURRENTS OF THE RESISTORS

Y.

COMPUTE AND PRINT THE EQUIVALENT THERMAL
AND SHOT NOISE CURRENTS OF TRANSISTORS

!

CYCLE THROUGH NOISE FREQUENCIES

>
I
|
Y

Y

!

\

COMPUTE AND PRINT THE OUTPUT RMS NOISE
CONTRIBUTION FROM EACH EQUIVALENT
NOISE SOURCE

!

SET UP AC SPARSE MATRICES pet—————P~

CALL SETUP

PERFORM AC ANALYSIS je———————»{ CALL ACANAL

PERFORM AC ADJOINT ANALYSIS je€————3

CALL ACADJ

COMPUTE AND PRINT THE TOTAL RMS OUTPUT
NOISE AND THE TOTAL RMS NOISE REFERRED
TO THE INPUT

!

CONTINUE

!

RETURN
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f
!
|
|
|
|
|
!
|
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SUBROUTINE CLOCK

This subroutine is written in Control Data COMPASS assembly
language and obtains the time and date of job executlon,

Due to
its special nature, no descrip{ion or flowchart is included for
this subroutine,
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COMMON BLOCK VARIABLES

This section lists and describes the common block variables.

UNLABELLED COMMON BLOCK

NPOS (2000)

COMMON/NAM/

TITLE(20)

COMMON/RES/
KR
RNAM(40)
NR(40,2)

R(40,3)

COMMON/GM/

KG

GNAM(20)

R Y

(3

storage for the pointers to the terms
of the sparse Y-matrix and current
vector that are modified during a sparse

matrix solution

"Title card" image

the total number of resisfors

names of the resistors

nodes of the resistors

nominal resistances and first-order and
second-order temperature coefficients,

respectively, of the resistors . 0

the total number of voltage-controlled
current sources
names of the voltage-controlled current

sources .



NG(20,4)

= | 6(20,3)

COMMON/CAP/
KC
CNAM(20)
NC(20,2)

€(20,2)

COMMON/IND/ .
KL
ALNAM(20)
NL(20,2)

RS AL(20,3)

COMMON/MUL/
KML

AMLNAM(IOj

125

positive and negative current source
nodes and positive and negative control-
ling nodes, respectively, of the voltage-
controlled current sources

nominal transconductances and first-
order and second-order temperature coef-
ficients, respectively, of the voltage-

controlled current sources

the total number of capacitors

names of the capacitors

nodes of ;he capacitors

nominal capacitances and first-order

and second-order temperature coefficients,

respectively, of the capacitors

the total number of the inductors

- names of the inductors

- nodes of the inductors

nominal inductances and first-order and
second-order temperature coefficients,

respectively, of the inductors

the total number of mutual inductors

-names of the mutual inductors



NML (10, 4)

AML (10, 5)

COMMON/CUR/
KCs
CSNAM(10)

NCS(10,2)

€s(10)

COMMON/VOL/
KVS
VSNAM(10)

Nvs(10,2)

VS(IO)
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primary winding and secondary winding
nodes, respectively, of the mutual
inductors

nominal primary self-inductances,
nominal mutual inductances between the
primary and secondary windings, nominal
secondary self-inductances, and first-
order and second-order temperature coef-
ficients, respectively, of the mutual

inductors

the total number of current sources

names of the current sources

positive and negative nodes, respectively,
of the current sources

values of the current sources

the total number of voltage sources

names of the voltage sources

‘ positive and negative nodes, respectively,

of the voltage sources

values of the voltage sources

.y
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COMMON/TRN/ -

KQ

T, QNAM(30)

A NQ(30,6)

QMOD (30)

QARF (30)
QCUR(30)
QVOL(30)
: QTEMP (30)

NQTYP (30)

IBJT
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the total number of bipolar and field-
effect transistors

names of the transistors

external collector, external base,
emitter, internal collector, and internal
base'nodes, respectively, for the bipolar
transistors or external drain, gate,
external source, internal drain, internal

source, and substrate (MOSFET's only)

nodes, respectively, for the field-effect

transistors

names of the referenced transistor mbdels
area factors in relation to the referenced
transistor models

initial collector currents for'the bipolar
transistors

initial collector-emitter voltages for

the bipolar transistors

temperatures at which the transistors

are to be maintained

indicators denoting the types of the tran-
sistors (1 for bipolar transistors, 2 for
junction field-effect transistors, or 3
for MOS field-effect transistors)

the total number of bipolar tramnsistors



IJFET

IMFET

COMMON/VAR/
- .
VNAM(20)
VSCAL(20)
NPE(20)

NTV (20)

COMMON/BJT/

NENOD (30)
VBE (30)
VBC(30)
cc(30)

- CB(30)

COMMON/FET/

NFMOD (30)

128

the total number of junction field—
effect transistors
the total number of MOS field-effect

transistors

the total number of variable elements

names of the variable elements

values of the variable elements

pointers to the variable elements

indicators denoting the type of variable
element (1 for resistors, 2 for voltage-
controlled current sources, 3 for capacitors,

or 4 for inductors)

names of the referenced Biﬁolar transistor
models

base-emitter voltages of the bipolar
transistors

base-collector voltages of the bipolar
transistors

collector currents of the bipolar

transistors

base currents of the bipolar tramsistors

names of the referenced field-effect

transistor models

s ey



ITC

TCVAL1
TCVAL2
TCDEL
TCNAMO
NICl
NTC2
KNTC

IVS

COMMON/CNTRL/
KDC
KAC
KPZ

KALTR

COMMON/LIST/

KTEMP1

indicator denoting the type of input
source (0 for a voltage source or 1
for a current source)

initial value of the input source
final value of the input source
increment of the input source

name of the output voltage

positive node of thevoutput voltage
negative node of the output voltage

pointer to the input source

pointer to the input voltage source in

the sparse matrix

dc analysis indicator (0 for no &c
analysis or 1 for a dc analysis)
frequency response only indicator (4]
for no frequency response or 1 for a

frequency response)

pole~zero analysis indicator (0 for no

131

pole-zero analysis or 1 for a pole-zero

analysis)

altered analysis indicator (0 for no

altered analysis or 1 for an altered

analysis)

indicator to denote which temperature

value is presently being used



KTEMP2
TNOM
TEMP (5)
KVARS1

' KVARS2
VARNAM
VARVAL (20)
KNOIS1
KNOIS2
FNOIS(5)
KSENS1

KSENS2

FSENS(5)

COMMON/TRFN/

NOUT

NOP
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the total numbef éf temperature values
the nominal temperature

the temperature values at which tﬁe
circuit is to be analyzed

indicator to denote which variable
source value is presently being used

the total number of variable source
values

the name of the variable source.

the variable source values

indicator to denote which noise analysis
frequency is presently being used

the total number of noise analysis
frequencies

the noise analysis frequencies

indicator to denote which sensitivity
analysis frequency is presently being
used

the total number of sensitivity analysis
frequencies .

the sensitivity analysis frequencies

indicator to denote the type of small-
signal output (1 for voltage output or
2 for current output)

the positive output node

'y
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NOM -~ the negative output node
NINP - dindicator to denote the type of small-
signal input (1 for voltage input or

2 for current input)

NIP . - the positive input node

NIM | - the negative input node

PLIM -~ the upper frequency limit for poles

ZLIM - the upper frequency limit for 2zeros
KFREQ - indicator to denote the type of frequency

variation (1 for no frequency response,
2 for logarithmic variatiom, or 3 for
linear variation)
GOUT - the conductance across the output nodes
DIV = the number of points per decade for a
logarithmic frequency variatiom, or the
number of frequency points for a linear

frequency variation

FMIN - the initial frequency
FMAX - the final frequency
GSCAL - the small-signal analysis scale factor

for conductances

CSCAL -~ the small-signal analysis scale factor
for capacitances

ALSCAil - the small-signal analysis scale factor
for inductances

FSCAL | - the small-sjignal analysis scale factor

for frequencies
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COMMON/CRKT
VALU(500) - . - temporary storage for the values of.
all elements (including transistor
model elements)
KODE (500) - indicators denoting each element type
LOC1(500)
L0C2 (500) temporary storage for the nodes of
L0C3(500) all elements
LOC4 (500)
NELT - the total number of elements
COMMON/NODE/
vDC(101) ~ dc node voltages
VAC(101) " .- complex ac node voltages
PSIDC(101) - dc adjoint node voltages
PSIAC(101) - complex ac adjoint node voltages
NINC(101) - number of incident branches to each
circuit node
.NORD (101) ~ the user specified nodes
NLOC(101) - the optimally ordered nodes
NMAX - the maximum user specified node number
NDMR - maximum number of rows in the indicator
matrix
NDMC ' - maximum number of columns in the indicator
matrix |
COMMON/SPARSE/

NMOD - maximum number of user specified nodes

C



NLT
NTOT
NADJ
NFO
NVC(10)
NUR(101)
NLC(101)
NFS (101)

NBS(101)

- COMMON/FILE/

CARD (80)
COL(80)

FNUM
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number of elements in the upper-triangular
maérix |

number of elements in the lower-triangular
matrix

total number of elements in the singly
dimensioned admittance matrix and current
vector

starting pointer for ac adjoint analysis
number of extra elements due to.f1§at1ng
output

number of non-zero entries in the rows
with voltage sources

number of non-zero entries in each row

of the upper-triangular matrix

number of non-zero entries in each column

of the lower-triangular matrix

number of entries per column used in forward

substitution
number entries per row used in backward

substitution

temporary storage for eighty column data
card
error pointers for an eighty column data
card

floating point free-format value



INUM

IPT

ISTRT
ISET
NERR
KERR (80)

IPARAM

COMMON/BJTMOD/

KBMOD

BNAM(10)

BMOD (40, 10)

136

integer free-format value or keyword
code

data card column that is being processed
starting column of free-format field that
is being processed

indicator to denote continuation card

(0 for non-continuation cards and 1 for
continuation cards)

number of errors on a card

indicators denoting the types of card
errors

indicator to denote the type of card for
keyword interpretation (1 for bipolar
transistor model cards,.z for PRINT cards,
and 3 for field-effect trgnsistor model

cards)

the total number of bipolar trnasistor
models

names of the bipolar transistor models
bipolar transistor model pafameters
(both user~defined and computed):

1. type (+1.0 for NPN or -1.0 for PNP)

2. BF : BFMAX
3e Tomax
4. B

o



5.

6.
7.
8.
9.
10. r

o

11.
12, .

13.

4. r
15.
16.

17.

18.
19.
20. £

- 21,

22, '

23,
24,

25. ¢t

26. cjie

27.
28.
29.

30, C, "t

h [

“SAT.
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BCC(10,3)

CS0(19)

ETA(10)

€J0(10,2)

TAUO (10)
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32. VBC
33. ¢C
34. ratio
3s. CSUB

36. temperature

37. Is
38. TF
39. VA

three coefficients that model F V8- Ic

reverse saturation currents at their

- defined temperatures

basewidth modulation factors at their
defined temperatures

zero bias values of Cje and cjc’
respectively ’

forward transit times at their defined

temperatures

7
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Iv. CLOSING NOTES

SLIC has undergone a number of changes which provide for more
versatile use, However,’fhere are two areas where improvement could
be made, First, a considerable amount of core storage could be reduced

by eliminating the use of a square indicator matrix in the sparse matrix

set up, With the 100 node capability, a 101 by 101 square matrix or

; 3
approximately 10,000 words of core storage is needed. Assuming that

circuits will contain no more than.10 incident brancﬁes to each node,
then only 1,000 (100 nodes times 10 off-diagonal terms) words of core
storage will be needed. The time required to set up the sparse matrix
would also be reduced since the sparse square indicator matrix woﬁld
not have to be searched for non-zerc terms. Changes to subroutines
SETUP, NCODE, OPTORD, and KUMSET would be required. The second area
concerns the way transistér data Ei stored., Presently, all types
(bipolar, junction field-effect, and MOS field-éffect) of tranmsistor
data are stored together in one storage area, Since each transistor
type has a different model, a search is required to find the transis-
tors of each type. This searching could easily be eliminated by

creating a separate storage area for each transistor type.
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