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ABSTRACT - ;. ) -

¢ ’ : '
Computer circuit analysis programs requite models ol'the

active devices used and the accuracy. of the solution usually hinges

on the accuracy of the model. The circuit desi grer has a number

of models to choose rrom but for mrc‘.uts where the operatxon of
. L -

. the device is non-lmear the accuracy meroves thh the comple*n.:y o
or the model. However this, xmproved accuracy is a.chxeved at the B _"
expense of mcrea.sed computmg time. For som<e~ef the jmore R '

'complex models, the determ:.na.tlon of theu- pa.ramete rs is sometu’nes

' djlfﬁcult. In th].S thesm ! b).polar trans;stor model based on the .’

Ebers-Moll tran5port model modxﬂed by a smmphﬁed charged

control relat:.on, 18 d.eveloped The base width mc::clula.tmn1 the low |
lcurrent fall - oﬂ? of 'g! and the ava.la.nche mult:.phcatn.on effects a.re

| -mcorporated in the model in such a ma.nner that the termmal Trrent
equa.tmns are convement for computa.tlon. The- m,‘.fnns:.c model requires
26 parameters but these are easxly obtamed Irom fewer measurements.
The model ;.s used m con_]unctmn with the NANSIM program v1a a

' separate subroutme. Several examples are g:.ven to ﬂlustrate the

application of the model t

alyse the d.c., a.c. and the trans1ent

- P

values, and in sop

Rl

..

© Moll model. (

< -idie s o
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Critical feld for avalanche

Total émitter capacitor
- : o b

jl'.otal collector capacitor
Emitter jun.ct‘ion_ capacitance-
Collector junction c_apac'it_ance.‘ .
Emitter difmsion-"c'ap‘acitancc "
Colle‘ctior di:f'lfus_idn ca.pa.c-:ita.nc;é::-

Electron diffusion coefficient

Hole diffusion cbef_ﬁcient

Electric field

n x 1 vector of node voltages s

Unity current gain cut -off frequency
. " . o -

-y ——— PR R

Admittance matrix- - - s

Tr_anscondi:.cta.nce of the small'-signal model )

L]

Transconductance in the forward mode

Transconductance in'the reverse mode

terminal is shorted to the base

'Reverse saturation current of collector diode when the emitter
terminal is shorted to the base
Reverse sa.tura.tzon current of the emitter dlode when’ the collector ;

ih open circuited ( I'C = 0) )

C

. R

Reverse saturation current of emitter diode when the colleétor'
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o Reverse saturation current ol the collector diode when the

. cmitter 1s open circutted 1. =0
‘ b Ul

o)

T I - Saturation curfent { function of base doping)
- b = LY B _'4
IN : Trans#orted'cqrrcnt component in normal mode
. II T.ransported current component in .inverse mode
e Dominant cgl‘leﬁ:tor current, component
. . . . i . I‘ . - .-
e Avalanéhe multiplication current component voe e
S TR TR | poner .
1 [ "Forward current component of 1 o
. i ' . :
I Reverse current component of I S ” -
r , oR o cc v,
| 4 .
e ) -t !
et ldeal base current component | .
lhe2 Non-ideal base current component - |
I-bc Recombination current in collector regitéi’;"
Ik‘\I ‘ Knee current in the forward mode : J F.
. . : . : A .
. . . i
IEI' Knee current in the inverse mode
. : . : \
. o
I1 . ° Low current paﬁmter, for ¢ BN L
. P o :
I, Corner current, infjforward mode -
" ’ . .
R Low current parameter  for ! By '
?4 ‘ "Corr-z'er current in inverse mode
IE Emitter terminal C}:er‘tant"
1_.. s Base términal current
B » . .
Ic Collector terminal current
I n x 1 vector representing the d.c. current sources

.




3

3

be

"Electron charge |

. Ratio of max. capacitance to zero bias capacitance of the

collector jq.nction

"Base . to emitter resistancein the small signal‘mo_del

Electron current density
Iote current denstty -
Boltzman's constant

Slope of loig BN vs log. IC at low current
Slopc' oflog '91 vs log IE at low current
nx 1vector of non-lineér fanctions -

Excess electron charge density at the edge of'emitter ‘junc‘tio‘n

" Equilibrium minority carrier density in the base

Excess hole charge density at the edge of collector junction
Gradient coefficient of emitter junction
Gradient coefficient of collector junction . -

.

4_I‘-Iole _dén sity

»'I‘ot'é.l stored charge in the base-
Total equilibrium stored charge in the base .
. . B . IR . : re ’ . . : ot ’

Emitter.junction stored charge

s

Collector junction storpd charge - |

Output resistance in the small signal model

emitter junction ‘ e ' : S L_/

Ratio of max. capacitance to zero bids capacitance of the

-

*

.-




~ Emitter to c,oilector voltage

-y -

Extrinsie base resistance >

Extrinsic emitter resistance

Extrinsic collector resistance

-

Emitter to base voltage ]

- - - S

Collector to base vQltage -

 Collector to emitter voltage

Base node voltage . S

Collector node voltage
Nt . .

Emitter ':%Jde voltage . | o L

-

v olta.ge across diode

Breakdown voltage .

. el

Eiarly volfa'.é,e in the normal mode

Ea.rly voltage in the inverse mode

_‘Volta.ge across.-base- en‘ntter Junctz.on at the previous time step.

Voltage .across ,collector' ba.se junction at the prex'r"}pus time step

.

Saturation .\_reiocity . ' )
Base width. ' : E

7

" .Common base_current gain in the forwa.rd d:.rectxon._ _

Comumeon base current gain-in the reverse dlrectlon

Common emxtter current ga.m in normal mode’

Corrirmon emxtter current ga.m in the inverse mode

»

‘Maximum current gain in normal mode -
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CHAPTER 1

INTRODUCTION

-

.Co,mputcr Aided Design ('CAD } covers a broad‘spectrum

H
s

of.activities in which the computer is used as a design tool to

Help in designing circuits , prepar'ing' masks , testing.etc., Computer -

- Aided Circuit Design { CACD ) can be considered as a subset of "

0 ‘ .
computer aided design.”"There are a number of circuit analysis
. ' ' ' 4 '

. - L]
programs available.: Their"use‘allows the designer to vary some

of the parameters at W111 ’ m search of the appropriate performance o
desired of the circuit. This is most 1mportant with mtegrated

circuits , and rnay lead to an appreerable eeonomy of tu'ne and money

in the design stage.

-
*

‘The srmulatmn procedure requ1res models of the components

of the circuit , and esPecrally of the actwe devices. 'I'he success of
the simulation depends crrtrcally on the model chosen to represent -

the behavw.our of the devu:es. A model of msu.ffrc'rent accuracy
/

can lead to maccurate or meamngless results. On the other hand""“ o

the use of accurate or more complex models increases the CPU

time , increases the cha.nces of numerical errors and limit the

" size of the circuits that the simulation program can accomodate.

Moreover the more complex the model the more t1me and effort LT

must be spent in determmmg the model parameters. Thus

simplicity and accuracy are the rmportant factors and for a

practical model a comprormse has to be reached{

In- computer aided deszgn , the most important Arequiremen'.ts“

of 2 practical model are:

-~




4

[

1. The muodel should predict the behaviour of the device ovar

¢

a wide range of operating conditions.

I~ -

The model parameters should be easily obtainable.

(WS ]

The n‘quel cquati.‘ons or comp}ments should be compatible
wi_ﬁh the numerical techniques used in the 'circu}f‘-\analy'sis
program and sheuid be efficient. -

? |
The.re are a number of models' of bipolaf tfansitors available.

. For dnrrerent applxcatlonb different models ma.y be needed There

are t\\o mam apphcattons ol modelmg of active devxces

1. Modeling for the purpose or t'md'erstanding the phy.sicall .
“ phenomena taking: place Wlthln the device.

2. Modehng Yor the purpose of cxrcu:.t analyms and de51gn.

It is the second appl;catxon which is consr.de red here. In tfxis ‘_
thEb is 2 model of tbe bxpolar transxstor suxtable for CAD is developed.
The model ta.kes ‘into ad¢count a number or non-linear errects e. g . -
low current rall off of g4, ba.se conductnh.ty modulation,’ ‘the Ea.rly

effect ind avalanche multxphcanon.

-

The mod.el equafions are simple enOu'gh‘ so that the'edmpﬁtation )
time is not excesswe and the process of deterrmmng the parameters
is not over].g,r mvolved This is obviously ‘a comp_romxse s1tua.t1.on‘;
the usefulness of the model Thas been verified by its inclusion ina _
E:ir'cﬁit analysi.slbrdgra.m and the results obtained indicate that the model
- gives sansfactory results. ' | o
The model is %: with NANSIM (Non-Linear Active Network _
Sim.ula.tion). de}reioped t Bell Nortbern_Res_ea.rch Lab., via a.
se;’:a,'rai:e subrduﬁne,' ' o

-

. - .




In chapter 2, a brief review of the Ebers-Moll and the

Gummel - Poon model is given. In Chapter 3, thé model is developed
: € ) |4 - P

and its pa.ré.mg:tér determination is described. Chapter 4 describes
the use of the model with NANSIM, and a few examples are given,

. and Chaptier‘srgives the Conclusions drawn from this work. '
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CHAPTER 2

AhGE‘HGV&leDQLA“‘“ RANSISTOR MODELS ol

ey )(,,

Iy

This Chapter presents a briet historical background of transistor
models. The Ebers-Moll and Gumumel=Poon model are Qesc ribcd as
Modnls form the necessary background for the model developc '

in the next chapter.

2.1 Historical Background

‘ One of the earlu, st large s1gna1 model of bxpolar transistor was
- ‘formulated bv Eberb and Moll in 1954 [1'_] If is. based dxrectly on
device phvsms a.nd covers all operating regunes. that, 15, .actwe sa.t.u-
ration and cut-off operton. A number or approxunatmns hmrt the.

accuracy of the model.

In 57 Bea foy an. arkes {27 anal zed the bipolar transistor
In 1957 u a-"‘-‘**ﬁ&’ ; [ y pc 1 i B
from a charge control pomt‘@g'xev.. The basis of the charge control model
Ny
Tor b;polar fran51stors is that the collector current is proportzona.l to thf"
charge stored in the base and in o:&br to change the collector current the
charge stored in the base must alsa be changed This model‘characterizes

' the dynamic behav:.our of the transistor in terms of 1nternally stored cha.rges.

The L:.nvxll mode (31, developed in 1958 is obtained by solving
the ccntmur.ty equatxons for current carriers at finite intervals in the base.
The form of the solution leads to a set of lumped elem'_ents. which ca.'.n
‘be treated as pefts ofa network. The accuracy of fh_e monel depends on

" the number of section’s into which the base is divid_ed.‘

- Hamilton et al [4] have developed a companson of the above
three models and have found them to be basically equwa.lent Murphy [5]

and Ohtsuki and Kani [ 6 ha.v proposed transzstor models which are

very complex and are not; found a.dva.nta.geous in cu‘cmt analysis programs.

. Steele [7] bas proposed a computer model for n-p-n transistors in ‘an

-




inteprated circuit \‘Ltl}.l'. ing n junction itselatiens. Various workers
P

r—

(83 - 7113 have uwd the Ebers-Moll model with some mod:ﬁcatxons to

characterisze the transistor. Y.

Gummel and Poon 127 h:\\"e(\;e\'el-oocd an Inteural chalrge eontrol
Model (ICM) which is based on a charge control‘relation developed by
Gummel [137 . The relation describes the operational charactemstxcs
of the ‘mpolar transistor a.nd is obtained from the basxc one -dlmensxonal
carncr.transport equatlons. Ir_1 its slmplest form, the Gu.rm‘nel Poon

_ 'rnodel reduces to Eibers-Mol}. rnoqlel under low level injection .con'diti.ons.

. The model includes mahy"efrects' in the transistor r'mt.. included in the.

previous models. . ' v | T o
e Recently, Fossum [14'] has descrioed modeling tecl}niques_'whieh
‘are applicable to computer aided a.'ha.lly-si.s-.a,nc.i des_i'gn_. The modeling
"approach is to sepa.ra.te'the terminal currents intd various s?.gniﬁcé.nt
components. These components take into account 'd.i.'fferent e‘ffectsa.nd'

depending upon the comple\nty and the users requi rement they may be

~added or deleted. ‘ ‘ ' _

' In the following sections the Ebers -Moll model in its transport form
5] and thé Gummel-Poon model will be developed as these form the

' /ba.sis of the mode? developed in the next chapter.

2.2 Ebers\M.oll Model

In thrs\sectzon the Ebers-Moll modeI is developed so as to be

us\eful for the circuit de51gn purposes. The Ebers-Moll model is ba.sed
AN

\ ' upon the concept of supenmposmg normal and 1nverse tra.n51stors in
Wthh the collector base and emitter base _]u.nctxons are represented by
L4

diodes shunted with capacitors. Following is a brief description of the

model .




L= Consider a N-P-N transistor shown in Fig. 2. i with-its
cross-section, in which the base is so thin that the difmsion‘llength
of the electrons - is much greater than the base of the transistor.
In the transistor operation the excess minority carriers ‘:iré Iinjected |
.or e\tracted by applyxn a \"oitage ;o either iunctidn The e%ccé-:.é
carrxer concantra.txon at the edge of each space charge layer is gwen

'by Boltzman's relation. Thus the excess concentratxon at the edge of the

\ emitter space charge layer is given by o
T _- . ’ ‘ . ’ HqVEB R N . ) ) .
' ‘ KT, o ‘ e
nt (o). = 1 (.e -1) A . (2.1
) P Tpel o - . S

o whe re . npé is the ethbnmn mmonty carrier densxty m the ba.se

L
k is Boltzmann s constant;q 15 electron charge a.nd VEB is the

mstanta.neous ermtter to base volta.ge. In a similar manner, the exces s_3

.

minority carner concentrat:.on at the edge of ba.se-collector Junctxon is

;) _ _
. KT :
nt (wy = n__ (e -ty S (2.2
p po b o ol
where VCB is the iﬁsta.ntaneoﬁs collettor to base voltage and  w is’

the ba.se wxdth As shown in FJ.g 2.2, the positive concentration of
excess electrons indicates tha.t each Junctxon is forwa.rci b:.a.sed The
slope is linear, as the assumptions of low -levei injection, uniform
base doping and no recombination have been made. This excess
charge may be resolved mto two c’omponents, on:ward and reverse
Since the current flow in the transistor is due to the excess mmonty
.carriers, we can represent the currents as the sum of forward and

reverse currents. The forward c{u"rer}t component IF' if given by'
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-q\V
Vep . - &
I = - "k : . .3
E IES (e T 1) o ' (2.3)
-and the reverse current comporent h ‘_ o , )
B ~Vc¢p . . _ : |
1. = 1. KT Uiy . L
D T

Now thr_ total emltter current is given by the sum of the forward
current component and the reverse current component transported

" . across the base to th.e emxtter Thus
o i - S LooWe L
< - S T kT g 2 KT _ “ . £
| Ig = Tgs te LI 1) ¥ °R cﬁ‘a V_,i) G

. . . . - .
. . . . ' ., . L AN
f . . : : o -

In a sm‘nlar manner the collector current consxsts of the reverse. current ‘

e

_component and the part of the Iorwa.rd com;:onent transported to ‘the collector

_ L gy -qv-CB; w,
- v e ET O _ oy KT _ 'y - (2.6
Io = eplggle N -0 Iggle IR R

J

The. above relations are derived by ass'uming that there is negligible

voltage drop a.cross emitter and c:ollector regmns due to flow of ma;orlty

.ul-ca.rners and also that yvel injection co::;:ht:.o:;s prevail. - . \
We can relate the saturation current of drodes 1 'a.nd I': + to the

ES
.. leakage. currents of the transistor, by '

ny

1. = (I-a u')i' e (2,7)
eo. F R ES P | :

_ L ' ‘ o - : . ' ,:2.8'
Ico- (1_ °F aR_)‘ICS ‘ ‘ S o ¢ )

Thus rewrxtmg {2. 5) and (2 6) imthe ma.truc i'orm usmg (2. 7)

“and (2.8) | L R - -




=10~

4
L - ’
i r _‘ - -av h
IEW X leo a4 Ico \ _Lb
i-a_a { ~a_ a ¢ KT -1
R F R
3 - ._qv
I a I -1 CB
C F_ eo co . KT 1
N 1l -a.@ ' . 1-a_a_ N B
= S : (2.9)
The parameters. Ieo". Io® % ,o.'R etc. are not":iﬁd'epondent _— (/
%‘%ﬁd"are re]:ated 35". - . : o . ‘- ] - g . ‘\ ’ o ) L i u:.‘_-‘
co I‘EIS: ’F - R cS ) Is -
thus, = .
‘ Ieo_ IS . ) ) . . K ' ) R ;
_ . —_— = e = 1 {1+ —) PR -0 X'+) B
1- : o ‘ ! : : Ul
J “r°Rr ‘r - % S e
Ic:o . Is i ' 1 S
==L v 22— (L) e {241
1= . : . s IR . .
 iTeEOR | °R s B1 :
o _ -
RN C . . - -
where = = E e o : e (2 fz')
e LT ' a-. . ._ - . .n
s . R . | s ' L
B T-o | RN C 0 (2013)
: R o |
L | CANREE Lo
and I is the- saturation current which dep'e'nois ‘on the base doping .

We now deﬁne IN ‘as the component of the current in the norma.l mode

transported across the base from emxtter to collector [15] and II “as

the component of the current in the inverse mode tra.nsported across the base

.-

J




) :—ﬁ’*~<;_
. p
from collector to emitter. Thus we can write g
_q\r . . -
Yep -
_ . kT
IN = Is ( e ¢~ 1) (2.14)
-av
q CB. 3 ‘
- 1 Lo . o (2
I.I Is (e = 1 ) | | _ 7 | (2.15)
from (2.9), using (2. 10) to (2. 15) then we get ‘

R e s
1. | a1+ = SRR EPU T R
E -4 " SN PR D N ‘ -.\ N | ‘

= o AU o N TR
I I EENTIFEC T .| o
c e A ‘Bi . i-
o A S N SN L - .J
whith may be written as . |
‘ Y T o : o '
R TR I, . \ 2.17
IE- + A ) Iyt I o e (&-17)
. N " S
I o= 1. ‘ (1 g 2.18)
We- aiso' .h.a’;u"e. T ) )
e = . L : (2.19)

Thus equations (2. 17) 16 (2. 19) represent the non-linear
equatlons for the tra.ns:.stor model. The equivalent circuit is given in

Figre 2.3. g8 g I'S andh -L ‘are the pafamete.‘rs‘ of thg

N’ 1"
- above model o

The model developed above descnbes the behavior of a transistor
at-its electrical termma.ls for a.rb:.tra.ry blas voltages. That is, either

Ju.nctmn can be forward or reverse bmsed In the follﬁwmg section,

-
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i Fig: 2,.' 3 Circuit represenﬁ.tiop of the Ebers-Moll model

N

Al

-1

Ld




“13-

the dynamic behaviour of th"e model is described.

-
1 . . B [ . '\ 2
.

'2.2.1 Dynamic Behavior

For the dynamic behavior of the _.transistor. various charge stora'ge'
erfeet's‘ha.'ve to-be taken into .ac<_:o_ulnt.- 'fhere are two types of charge
storage in the transxstor . ' Co - ) }

1. ‘Fixed charge in the deplet:.on region. T is charge s~
voltage dependent | |
- 2. ‘Mobile charges in the base r‘eéib'n which are current -
dependent = - '_ | L o
’ In order to mclude the chargmg currene;wh:.ch ﬂ.ow under dynamu:
condxt:.ons beca.use of a.bove stored charges,’ two capacz.ta.nces have to be
S 1nc1uded across each Junctxon This is shown in F1g 2.4. C.}'E and CJC

are volta.ge dependent Ju.nctu.on ca.pa.c:.tances repre sentmg the emitter a.nd

‘__',_C_ollector depletion regions. They are given by [16] .

e T EL—— L C(2.20)
(Von = og) S o i
EB E
: .= ; ‘ L : . . - (2.21
Cre = e o 2
Ve - 80
CB C :
where C 6E- end COC are t]jle'-zero bies’ capacitancee, ¢E a.nd B

are built‘-‘m potentials _end N and n c are the grading co'efﬁcients.
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Fig. 2.4 Circuit representation of Ebers-Moll model

f?i'; dynamic operation.
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CDE and CDC are the current dependent c:'—lpacxt'\. es and‘

represent the mmom{\ CCLI‘I‘U;‘I.‘ charge stored due to current fdow.
According to charge control theory [ 27 . the charges are directly

proportional to the reference currents such that the capacitances,

-

which are the incremental change of charge with junction voltage,

[

then become . oo _ ) .
.“ ' ’ | _‘ L E ‘ .‘ . ' .‘ L ' -. .7-- . . . :
- “pE kT T Ut ,Is 2 B ,

DC- kT - R 1 sl .

where = F. and < R are the transit times in-the forward and ;:ever'.se‘
_direction. respectively. | o

The model deécribed a.box}e do‘esf. nOt include many non-'linea.r

effects in the tra:nsxstor because of the Several assumptions ma.de tn
the derivatioh. These effects are, for e\a.rnple collector current

dependent outpu;: conductance due to ba.se w1dth medulation (Ea.rlyr effect)
| T177, space charge 1a.yer—gé’1era.t10n and recombmatmn (Sah-Noyce-
Shockley- elfect) [18] conduct1v1ty modula.tzon in the base (Webster
effect) ) [19], base push-out (Kirk effect) [20'_1 ‘and emz.tte.r crowdmg
rzi1,223 . Many of these effects were not” xdent:.ﬁed at the tu‘ne the .~

Eb'ers-—Moll model-was rormula.ted.

Some of these effects-have been mc:].uded into the Ebers-Moll
model in various wa.ys. The cormon approach his been to specify som.e
pa.rameters of the model. as mnctxon of bias and to descnbe this bias
dependence in ta.bula.r form or through parametric expressxons. :

For example in the NET-1 prdgrarﬁ .[23] the common-emitter current -
gain is given by a series expansion in the e.m1tter-ba.se voltage. In the '

CIRCUS program [24] forward and reverse current gams and forward

. B
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and reverse transit times are specified as functions of collector current
in tabular form. Such *curve-fitting® modeling tends to require 2 large

number of parameters or table entries for an accurate dcs'cript,,ion.

A more complete model \\hxch takes into account, some of the
effects ment1oned above, developed by Gmnmel and Poon, is descnbed

in the. ne.\t, section. - . R A

2.3 Gummel Poon Model a : B 7

In this section, a more elaborate model developed by Gummel and -
Poon and known as the Integral Charge-control Model ICM) 121, is
descnbed Flrst. the descnptxon of the static. non-linear model is gwen

'I‘hen the small sxgnal -model derwed from the non—lmear model is gwen.

The ICM takes mto a,ccount ma.ny effects in the b:.polar tran51stor
Tnot mcluded in the prevxously descnbed Ebers-Mo'L'L model. The model
includes conductivity modulat:on in the ba.se and collector regxons. space
charge layer recombination, base push out ahd avalanche multi-

- plication.

The ICM zs based onla charge control rela.txon denved by .
Gummel [13] ’I'h:.s relatl.or; is the result of mtegratmg the .current |
transport -equation Trom the emitter contact to the collec:tor conta.ct
under the assumption tha.t the'recombz.natxon in the transxstclr is negllxgible.'

The re su.lt shows that the dominant component I of the‘colléctér current

~
. (1.e R electron current . for -an n-p-n transxstor) § given by [Appendxx T ]”
. . exP(qV )-- exp (qV ) : -
I . = Const.x EB/ CB/RI — - (2:26)
. - "CC 0 ‘ _
. b ’
where VEIIé isthe emitter ba.se Junctxon voltage, 'VCI‘B i.s'-the collector

*hase juﬁction voltage and Qb is the total majority carrier cha.rge stored

. 4in Ehe base. ‘ ";'\_ . - -




»

(2.26) reduces to the basic Eberb-Moll relation when Q 1s set to Q

i.e., the total amount of charge stored at Lqullxbrxunﬁ I" 8]

2.3.1. ICM Model Equations .'=r \

'I'he intrinsic part or the tra.n-.-.wtor is descnbed by three basic .

equatians that e.\prese. (), collector current. {ii) total storcd )charile
in the base and (iii) the ‘bas‘e curre_nt .
These three equations are, = - S ) R « o ‘ .;
!'. . l.‘ '-.. [ ; . .
.' Tz -1 ’ RS . : L2
| Ic ,.Icc Il.?c + IA (__\ | | ”(2 Ta)
) - I \.' . + . ! l . .‘ - ' l ‘ -
Qb Qbo +,Qe+Qc + B -rf‘If ._.-rr,Lr ‘ . o (; 27b)
) Ib = Ibe + 'IBE'. - IA. ‘+_l1bc -, ‘ (2. ZIl‘c)-
: 1 2 . - o
Following is'the explanation'of"eac_h equation.
(A) . The meaning of the terms m the frst equ&hon (2. ZTa) i's e\pla.l.ned ‘

with reference to Fig-. 2. 5 whlch shows a schematxc szde view of an
n-p-n transxstor and the ﬂow of hole and electron pa.rt:.cle currents.
The solid lines represent the flow of electrons and the dashed lines the |
flow of holes. Icc is the dominant current through the transzstor and its

bias dependence is g;ven by . ' .« L l '

2 - ! . l.
. ) - . l
T T te WVep Ve
cc —_— exp"(-v ) [exp (——) - exp(
Qb

where Ik' Ty and A are the model pa.ra.meters and. Qb is'the total -

majonty carrier charge .

n (2-28)

be
collector region a.nd is given by

I is a sma.ll current component that is due to recombirm tion in the




-18-

m.

£

)

L

}I]
IIrh:I'h
|b02|bg
:ll
. Y '
o y o
_______________ A0
[}
n
P

Fig. 2.5 Cross-section of a transistor showing the direction of
flow of elettron and hole current in the ICM,
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N . : '
. I -1 i, expi-v,_ 7 ) DexpigV ) b - 1] (2.29)
. “be Kk 3 P R""n - p CB/HCKT . 4 ‘ L= J
¢
where i, and ' n\ are model parameters.
Ia is the-current component generated by impact lonization.

. where ¢ is the dielectric constant, a is the avalanche’coefficient,

Electrons generated by impact ionization flow into the collector and
cause an additional current compenent to the collector current. L s

given by [25) ,

Vs
I “(bun)l'.kTv'c S Ry '
A Ty C’l—-_qq-_.'”rc:e,‘\"'“+ — - -)
=== &V __ 1
. Odoq CB
.exp{=~b . ) {2,307
n ‘ .
sRl-tp Vo 0"
where -
.. 2kT N_ Vv Lo o 1/2.
1o =S 3
. - . A . '
T ey AN
. v q I . om,
_,_CB! v - | A
S E [ (=21 [t oYy ]
. k'.l"voc ‘ : .7 s e o
and . : ’
no= IeR) T TN v
. . 0O

oc

L3

: s : . B, A and v ‘are model
electrons (n P-o tranSLSto?). N B Pa e Voc. ,

parameters.

)

.~

» N

-

bn'is the critical field for avalznche, and {rs. is the saturation veldcity for..
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(B) " The second equation (2. 27b) describes the stored charge in the
base. The base charge. Qb s modelled according to the-charge control
soncept L...T and is given b\

: = ) 4 T o S 2.3
Qb—f 'Qbo+Qe*gc+$Tt‘ If+ T .Ir (&.31)

where Q “is thc equmhbnum total stored gharge in the ba.sc.,Qe the
capacxtwulx stored charge of the emxtter 1unctxon and Q that o[thc |
c.ollector junction. B T ‘._[f and T Ir L reprebent ror\'..ard and
reverse difruaxon capacmtance stored charge resPectwely T e and - |
are the forward and m\.erbe tra.nsxt tl,mc.s B' is a fac:tor debcnbmg the -
base push-out effect whxch is a q:'ncmot«:mm.c:a.ll:,r mcreasmg functmn or | ICI
‘and a decreasing ch.ntxo-n of.. l'VCBl"-' " The current I and I :.are ‘
component§ of the.dor‘ni.nant ,colle-ctor current Icc . All the a.bove quantxtxeb

are expressed as tollows.

~

Qo T ke T o - ‘:'_':Q 
Q, = - @ TR @V gp: et P) |
Q; = -0 ) R W g, Lo/ P

where: o lp, _-1 C -
I {.(19‘94’132 s E‘—- 1)+p 12 b &

: Pe and P.c are defined in terms of four pa.ra.meter's' describing the emitt

and collector junction capacitances [ 267,

n 2
2 P - bt .
: ' ( ‘4 -}-"rpi 1.4] ' :
B = 1+ r > — (2.33)
' w
. . : — + : .
' I R T - rpz). _ . .

L]




1 ; AY
. _ < (_‘\ o q Ci! ll\T
1 = - +
1 I ' ’
K \
rp
V_r;p' T r?l' rp?. and né are model parameter
* push cut cflects. '
L7 - . ‘ . |
1 . =L exp |-V ) cwﬁ; (qV ) (2.35)
= b - b, T&e
{ Qb 4 ' lEB,‘ ER.T
2 ‘
1 - =1 exp ( - v ) e§:p (qV Yy - (2 3-6j ‘
(C) _ The third equation (2.27c) describes the base current and is
given by T '
N S T B | | (2.37) :
b "r:_nae1 3 _bez » .-bc A ) \ Y 2
. __. .- : . '.:'. | :.
chc and IA— are ngen#}?y.(.z.%%).‘?ng__{%..aO)
T | L= 16, exp(-vy) [expla—pe) =1l . (2.38)
' be1 T S k 3 kT . ) ' ' o
. '.V. ‘
: : . ' ‘ EB! . ‘
= - e - -1 2. 3
Ibez Ik i, xp ( vk/n) (exp (9 ) ] o (2.39)
e - . o : .

i'1. i, and n are model parameters .
e o .

Thus the ICM is described by three main equations (2. Z%E.L),
(2.27b) and (2. 27¢c) ' o K

The defination of the parameters can be found in thé references
quoted in the preceding text, and have not been repeated .here".'

- : .
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2.3.2 Iterative Scheme for the ICM :.

In order to use the above model in the circuit analysis
' /

program , one has to solve non-linear equations. it has been

, found that a s1mp1e iterative scheme tends to be veny slow or

.._..g-. .

may lead to an osmllatory solutxon [Appendw II] -E‘hus better

-
-

iterative scMes are: roquxred to solve the equa.txons. A fast
R

' algortthm has been developed and is descnbed in detail in

Appendix II.

>. 4. Small Signal Gummel-Poon Model = .

In this section, a small signal model derived from the '_IC_M is

given. In the following derivation, the avalaoche eﬁeo?'svare not included

in order to su'nphfy the calculations.

v .

In order 5 denve the small s1gna1 model the collector Ju.nctmn

ISR
is Zssumed to be reverse bxased. . The ICM equatmns in. the active mode -

(assurfing I I = 0) may"be obtained frém [2?] as .

. . . . 7 < ,7
'.Ic = AL ' - - ' (2-40)
IE = ‘-X\L_i §o_— LN ST . (2-4.1)'_
\ - BN . o (2.42)
. . N
‘where S XQS, T ‘ o g:"
n, =1, [e T . - 1] o o (2.43)
| ) : { A g
. . I I I-N .-n-— . . . ' ‘.
_7t_,=.1—-+-1-1-[(1+1—).e-_1] L (244
Bn s ' N s AR
N o= —— ‘ I 7 (2.45)
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equwalents of the current sources are denved Ir

<
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g.' .}-‘ - -‘ =
L. .
, :
k = 1+ q + .9 .. S (2.48)7
© < A S T .
. . } ‘ ] =
. N 'v -1 ' - ; ; . -
SPRLER * FRERNC
i ’ (1+p,) ~ v 2 P2, :
& — _ i -
ye L e
* . 2 2. 2 .
- CR” RS +I‘1)_ .+12 - (I +1,)7 I
: ; 2 2 ' I
‘ i (r_ + I2 ) =
i - ' .
' v o =aV) L
_ oc -CB .
I, = A, . (2-é9)
| . o . .\
’ The circuit representatxon of equa.tmns (2. 40) to {2 "421 is show'n in ‘ .
\ ST
F:.g 2 6. The mcremental behav:.or of the two current sources in. oo

' Fxg 2 6 has to be eva.lua.ted to gwe the small 51gna.l model The lmear :

o

om the followmg equatxons\ ’

- al, S a' o
Lok — B - . B .. |
sl N gvL v =B eVip v (2.50)
T 2 a1 s
&1 . = §V_ . v . % §V o L - (2.51) .
- . BE_N\?VsE CE . 3Veg - S
The above equations may be ekptes sed as
& 1. = vV /T .. .
slg § Vo /e o (2.52)
g g L . S | '
= L . v /T 2.
81, % 8Vgp - BT OlcE O (e-32

1.
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CE
_‘\‘“ . =25%
-t =
-
- . where . _ _
. - V ‘ . ) R - " a
] i} 3 BE | S . .
be .aIB LT . .
, alr ‘ . : : T
L™ 3*VRE o
‘ AL 0 CE . . - « o
and T .= ‘ \ .
. e) .al -
- - <

t 5' sxgmﬁes an mcrementa.l cha.nge -The second term on right hand

51de of equatlon F2. 50) is ml when I_I = 0. . , B . B

The small sxgnal model deﬁned by (2 S2) and (2 5:) is shown in ’

a

L]

_The ﬁgure also shows the deplet:.on la.yer capacxtances CJ’E CVJ'C'

th.e dl.ﬁ_'u_smn .ca-paf_-‘ltance CD_E am.i the e\ctlr'msxc."{esxstances RB R‘E ‘
AR . e :

e Fe ,_ et |

2.4.1 C.aicul'ation of T
: ' -be

" In the following the expressions for T e g . and r will be’
. ‘ © i be "m .o

" derived. .

L AV | | | . |
T T 3T Y e (2-54).
e . 3lg L ovee =° S o
From (2.42) and (2.44) T o
a1, I, L e -y 7 5
B - — 4 — (1+_-?'.—-),e - -I-—- . L . (2.55)
. aIN . I's' _ Be - y 5 - L s ' Lo
From (2.43) B '
Rl . : L
) aV = = . ' S (2.56)

v_ ..
BE ST

LY
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2.4.2 C.aléulatioh of g'r.‘
N _ - m e

o __3%;
-~ 7 BE,

. ‘ G-fc'e-‘ =--.(.>
From  (2.40)
. . AV . . ‘-".BAI . l"
e ‘ - N __ RN

BE.

we m.a.y 'Wl'ité also. . o
y 3l ] o
N _ ra+l

el . .
' : -

g~ = - :
_ \'i N
= 3Vge . ¥y
Since N is function of B and B is functio
ah - ‘aa . 3x o 3B
. ‘,-" BIN ‘ : BIN,' . 3B . -.BIN
~ . : aI- ' .
and &—_'= .ai- <
' ‘ I
_ . BIN 3 Ic ely
P . + ' 3
From (2.45) RS E N B
aI,N 2-K M Ik
. ‘ e ‘
, . ‘ , 3
i 3B 2-k A1

1
>
A+
-

A

o
._3__..}__.,

a of IC,"t.herefore,

: "(2.61,)




3l

. B i
From. (2.48) L= = - 4 jﬁ( fﬁ-t) 0 _-_—1——-—-— 1o L

. . . ) . * . .I

. Using (2.61) to (2.65) we obtain,

- .3 - 30 1., -
2 - ';-m ‘-IB = 2):}:7\.. II\ Y ) -:1
aIN - - ; " k _"!. A k -: ’ N _C-

From: which

.ll‘ N K_-' . i B

N . ‘ 2
- IN } }\.3 In 3B
' S 2-kN . I 3l

__Thus__using j(Z..S'() ‘and (2._56) in .(2. 6_0), we get .
. & . "'?\.-‘.7\3‘:. -IN- '

B <

T A N 2B | L~

3 L L I 2-kX\ IK BI-C‘." ‘ ,.‘- | /l.,

\ ‘ ‘where —%I&' is given‘by‘ '(2.66)_. | o /

“2.4.3 Calculationof 'T ! _. ' ' B TN .
. . . o ’ . \ .

. a'I . ; aI S .\ L . . .. 4" .
. L - < = c for V <<V SR
r - aVv av .

- CE e'cs _EB cB (
. From (2.40) . - - N

2Ven _ ~°'cB L -

L T T A
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. [
- d
. - 2Bl . : (2:71)
av -3 SN o -
8 £ %cs L -
' From (2.45) tQ.(3~-fg}"\\'e‘ha\"e, }
* o 2 . e
. i ; : (2.72)
ak AN R
4 . . . b 1 A .
~ 2B . L 4B (B " (2.73)
Lo D COI41) +1,°
RN L c Tt T2 ]
31 A o -
- | | (2.74)
CB ® Ve ; L ;
. . - . , é 2
o : - C —= - 1)
ak._' : . pC3 .. {1 _( PC i E PCZ }
2V . BRI ' P v . . ,
o 1@"1”—-c -.1)_J2+,P 4'1°2 . -('_5_-1,2+ L
. . . C Pci M C‘ : o P ‘ : PCZ ¢
. ) " '. .. 'l ) . ‘ -(2‘7&);
From, (2.69) to(2.74) we obtain, )
' - A | -afB(yB-1). | . [2-
t oL {}? - In e '/_(‘[_ Yo A 3k }
-. o C L Kk c | o g
o - . ] ;(Ic-hli). +12} | ]
T - -(2.76)
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.4.4 Depletion Laver a.nd/Dltfusxon Ca.pa.cu nces .
The dcpleti_on laver éa.pacitanc‘es‘ C.p and C o are obtained
-a's {36].. T o ) '_ _ . ‘- . - ’
. - .‘ dq - .- . ‘, . s
: . He - } . ‘
Oy = : _ : : - (277
. . , .
S @ | o o
- \3. B dqc ; SR ." T, : ) o
G S T - T (2.78)
G e QN . . x
.J A‘f’.f-: e --. '\a CB ) i ‘ . . - . ‘ o . . -
s ‘f:_.\._,. L | - R

where q a.nd qc are the stored cha.rges assocxated with em1tter-base

- -

‘ and callector -base Junctlon capamtances respeetwelv and are gwen by (2 47).
- . ‘ . ‘ i-b' "

-

The/ diffusion capacitance C ‘is obta.med from the base charge

associated with the component I “of the domma.nt current [27]

- ' - . »
. . -~

A11 the elements of the small signal model a.re obta.med rrom the .;,-,'

w

non-lmear static equa.t:.ons and ‘thus no a.ddxt:.q;nal parameters a.re reqmred

—fc_:-r the sma.ll_ sighal analysis us;ng the Gummel-Poon Model.
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CHAPTER 3

\

PROPOSED BIPOL AR TRANSISTOR I\‘[ODEL AND ITS
.
PAR:\I\{ETER DETERMIN-\TIO‘Q

In'this Chapter, a bipolar transistor model based on the Ebers-

Moll transport modeI'modified by a simplified charge control relation

s de'seloped. The base wi.dth modulation, . the low current fall-off of

' ' and the avalanche multxplxcatxon effects are mcorporated in the
rnodel in such a manner that the terminal current equatxons are conve-

nient for computatx.on 291.

The model is

n'modified for transient analysi'sf As:nall

si gnal model is also

from the non-liﬁea: model..

model described in Ch.apter 2 will be used. The transport model for

n-p-n tra.n51stors is represented by the f.ollowmg equatl.ons )

1 S ,
Ic S ‘T "(1-+' B S e
P 1. S
R S S 39,

o= -1 . N : . 3.3)
¢ clo o ls e




Jl,"
/ -
‘ / .
where : ’ ' o -
- r ! - -
- = X IR -1 1
‘ .lﬁ'/, 1 exp (@ EB ) {3.:H)
/ = . 23 a Vv - t) . .5
f1poE _ts exp (& V.o ,) | \ (3.5)

i 8 and 8 1 are the current game An the forward and reverse

diréction respectively and § is equalto —lil{‘— . In Fig. 3.1 the circuit

- represéntation of-the above model is shew . Fig. 3.2, shows the
v L)
. components or the currents in the transxstor.

o - The above model does not include hxgh mJectlon effects, ! §°
Ia.ll off at 1ow current the Early ef.t'ect etc. . Means of mcorporatmg"fﬁ@;

effects in the«-.a.’o ve equa.tlons w111 be developed in the rollowmg sectxons.

3. 1. I—hgh Current Effects & Base com:iucthty modulatxon whmch 1s

in pa.rt responmble for the fall -6 ff of t gtat hzgh current, is 1ncorpora.ted

by using the Gummel charge control rela.tlon [13] 'I'he Gu.mmel o

-

_expressxon rela.tes the dormna.nt carrent in the transistor, w:th the base

charge, whlch is dependent on injected carners into the base a.nd the junction

-

voltages. Since no a.ssumptmns of low level mJectLon is made , the h].gh

level effects are taken into account a.utoma.tl.cally The cl:_a.jée control _

T

relation is givén by L .

' o bo - ‘EB CB | . -
= - Ty 3.7
fcc PN S 1, . e
using (3.4) and l{3.5')' we'can:‘fye M _ ) o
Jee L S T
T, : Qb L : - o
where A NF - o . Qbo ' being the fixed charge in the base

b

”
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'~Fig. 3.2 Current components in the transistor.
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i
L)
(V1]

1

region and ! Qb 1 is the base charge under bias condition.

Rewriting (3.1) and (3.2) - . .
' 1
= 1..-1T - L 3.9)
le Uy YT ' (3
LT ‘
.nN‘ - ' . . . !
1 = -—— - I ~1 . . .
. E - e U I) , | . (3 10)

In {(3.9) and {3 10), the dbmina.nt tompoﬁerit is (I - rI).

Comparmg w:.th (a 8). th‘e hxgh current errects are mcorporated by

‘.chan'gm._g (IN.'_/ ) in (3 9} and (3 10) to. 7\ (I ! I R ;o
' Thus - the model eqm;ions become
e 3 ?\(iN y II) e S L : (:)._11).
"1 S — -
I %= L em— o e - B S : . ]
E . N IN II 13 | D {3 12.)
- N . . : .
_ | ] ~
N S (3. 130

: Now the ex.presszon for A wxll be denved Accordmg to
the cha.rge control theory [‘30] the tota.l charge- Q. in ‘the base may

' be expressed R R TR
Qb .=-. Qbo +,Tf(KI'N)f 1"1_(71\11) | - (3.14)

where 't . and . are the transit times in the forward and reverse
Tr . .

direction respectivgiy..
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Defining,
. I' hate B Qbo ' ’ ) 3. 14:
KN T T ¥ a - '(J. !
f - : .
. L Qe L . o s
L, A | (3. 14b)
. 'r‘ . ) ’ '
. ~{3.14) may be expressed as- .
| - \
| 1 . g
s-l- = 1+ )\ -—-'-- ' N """I'_"

o \ N IkN | her

from which,

RO 2 — = S L

| ) TR | |
S R PSP o )
. IR =T Tor .
kN - :

It may be seen thaf under low mJectmn condm.on i.e. IN<< Iﬂandl < < I

h)
N is equal to unity. Ik'N and Lk are the parameters mdxcatmg the

sta.rt of hxg‘n m_]ectnon cond:.tmn

3.1.2 Base W1dth Modulatmn C

The shght mcrease in collector current ‘'with the increase of callector
to emitter voltage can be incorporated in equatmns (3 11) and (3.12) by '
"~ using Lmdholm and Hamilton' s (31] a.pproa.ch Since the dominant
component of the collector current x (IN -1 ) can be assumed to be
larger than the other components, the vanatmn of IC wr.th VCE in the

normal and inverted mode may be taken into account by two more pa.ra.meters

‘ VAN and 'VAi , which are the Early volta.ges in the normal a.nd inverted
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o

. V
mode respectively. Modifying X I\, by A I\1 {1+ \YCE ) and P
) ’ AN
o | ‘e
B NT by NI )y i (w 11} and (3.12), we get
) Al '
& v ; . \ :
E . ! X - .
. IC = it o+ ‘VC- ]IT\"I-.\SI_-F = + VEC ] II(S_lb)
' d AN A S S _ :
. R ' \ )
: vV Ay
. . 1 . .
.. = AL+ VCE o gty [+ VEC 11 (S 17) .
. V ' AN N Al ‘,
& I, I | . D
IB = T N = {3.18)
N - s I N | ,
3.1.3 Low Cutrent Effects - S L T ( |

.A.t low ;urrent recombmanon in the depIetxon layers m‘av not -
_ ’ be neglected 51£e :.t causes the i a ' of the tra.ns1st'or to de—erea.se As
< shown in Fxg 3. 3, 1og g N varies approximately hnearly with log IC -
at low currents. Using Bode's plot anzlogy [32 1. B can be modeled

.tq t;ké into account the variation of - "B N w1th I by the followmg

© expression . K ‘ - e e
) . . . I ) . B - . ‘ . 7 . .
o . 2 _m/,. : ) ‘

V 1 A
T Bwo [1- ()] |
g = . N
N — ' - {3.19),
. I . : -
. . Z m/ .
[+ (——--) T2 -
N
where, as-shown in Eig. 3.3, BNO is the maximum current gain, . IZ' is

the corner cu:;_rept value and m. is the slope Ii is take'n,,go be é.ny

value less than .12' in the linear region . Ina similar manner,

e
~
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©3,1.4 Avalanche Multiplice.tion o v T

 for V T <tV

lu —-3?" ;,’T-
“r _ 1'.3 . n/s
a . < om 1 9
‘e !’ 0. 85t II) ] . (3.20)
1 T ,
' 4.2 V2 -
b+, (=) ]
[ II

with I, I

30 Ly Byo and n defined as abovesbut with the transistor

".opera;ted‘r in the inverse mode.

T L]

4

If the reverse-bias voltage of the collector base Junction"is made

"Su,ffi‘c‘:rently large, - sxgmﬁcant avalanche mu1t1p11cat10n of the eollector |

"current carriers m take place as they travel through the spa.ce charge

'la_y'er'.‘ v

-

Avala.nche multxphcauon of current carners in the eollecto‘r base

-

' Junctlon is mcorporated by usm a fa.ctor M as gwnen by Fossum [14]

M = Yyt ex'p‘ [-,A‘G(V'ChB' - VM )-.] S (3 21}

. ‘ B .- . . ‘r"
I . . .- - . . . .. "

| , "M=1
.CB ) M

‘.

where AC' and. VM are para?neters and are positive constants.

The mode} is then represented by the followmg termmal current equations, ‘

‘. * " V

. _ : SR v
RERERRN ¢ = AN[i+ ]M. 1 --x'[1-+ _‘+ ] (3. 22)
v . oo ".‘." v ___‘_ -.
i o= Dt VCE;'r-—kie ]1N+x[1+————§C]1 (3.23)
. : AN ' N . AL '
. : _ o o .' s E t 3-.24
I_B .. IE : IG - ST < ( )
where, . . T " ’ .
| = 1 D (8 V-1 Y St e (3,28
Iy 1. , ©XP (8 Veq ) T (3 )
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Y - J -
- II = I exp( ‘VCB.” 1) I (3.20)
. . ;
N 1 m/) \ .
=3 " P L
. ottt UTTT -
] . = . hY .
N i 3 (3.27)
2 2_m/ .
. L1+ -I——) T 2
N N e~
R - T
o 3 2.0 -
k e [L + (=) 1.2.:
) g s 07 I _ ) Low -
IREEEE s SRR — — R €21
& [ ()12 .
T o * I ‘\ T
O — R - ¥ L
. 1 g ;
- 1 =) o
| N ) ; . :}
and ‘ . T , | .
ST M ‘-1_+ A R T A L) N
R e‘p L Vgt V)1 0 330
The intr.insic'mpdel ba.r_é.meters are Is, g, : o o
W ‘ ) . . L c, : ) .
. - R '-.-'. , V > . I y v . » "
ReroiVan 0 Tar, L Iy Iyt
'VM “and Al The circuit repr:e'"senta.t'ion of the njiodél is shown -
.. in Fig.. 3..4.‘.\§ e ' S . § L )
“The effec:ts of the reéi sﬁvity of the bulk material in the base,emitter and colledc
. ' ' o
regzons are taken into a.ccount by addmg the resistances RB’ ‘RE and RC. .
_ to the mtn:nsu: model of Fig. 3- 4 as shown in Fzg 3. 4a, ' - ..

3.2 'I':,-a.ns:.ent Operanon

A

As d1scussed in section 2 1.2, two types of charge storage in the .

. * P
transistor need w be_ta.ken into account for trans;eﬁt analyms "Fhese are

* ' j’i . r g
. ‘ a-r‘f.'




#3927 \ ' DRSS

N
Fed
AN+ _CE 1 AN+ — EC
1 v + x5 ] L )\51 + v ]I .
. AN TN <P Al
< >
/. E O—w— —e—Oc¢
———C-
L4 . .. VEC ; . | PR - v . .
A (e =) g M 1+ _CEym
T Al . AN
' Al
. B Y :
Fxg 3.4 Circuit representation. of the intrinsic model. o \ . ‘
- - . - * * . ' .. T - . \ ‘:
- T Jp——
- - > ». . . _
R[H-VC-E Lo | ety JEE] -
V + Y ]IN - {1+ —+ v B ¢ ) o
. RE. E . . . . iC - RC
o N o : T
' \_I - B ' u
- " : v
‘ Ec * ‘ ’ ° CE. . S - ° ’ B
My ET ) L AU E Mo S
T AY ' . -R_“\" AN |
B - . '
. A

F ig. 3. 4& Circuit representatmn of the model mcludmg ,
para.sutm resistances. : ' '
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.
1. Fixed charges; in the depletic'm region
- . — ‘ . e
20 Mobile charges in the base region.
R i Ft\ed gharges in the deplenon Tegion are represented by CJE
_ and CJC as shawn in F;g 3. 5. CJE is the emxtter-base deplenon
iayer-éapacit ce ., The se capa,cxta.nces are guen by the follo\nmg
, expr’es_éion [2'61) j N ' l
. o . n . ..b . . '
C = T4 == -——] - - (3. 31)
T - ¥p 4.t A
: (asb)™ o tmn . adh R ,
.where,a.:.[-l;--.i] - TN & -2 I
_ b = U S L {3.33)
. _.[{1‘_11’;] . o . e
Co * zero bias capacitance .
n = ig:é.diﬁg coefficient

/ o - =- builtin potential S :
. L\ K B ' max. juﬁcﬁon @ténces imforward bias

T - .
i - o0
- v -: Voltage acro sS _]unctmn
’I’he'adva.ntage of using (3.31) over (2. 20} is that at the bur.lt
in potentxa.l the. capacxta.nce does not approach mfmxty as in (2 20).
The mobile chaxges in the. base reg10n are represented by\emo
- calpacita.n'ces '.CDE and,_C C7 as shown in F1g 3.5.
These capacitances are given by [33 y
. .
. )

Fat™

My o
,,i!
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 Fig. 3.5 Transistor model under dyné.mic operation.r e
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d 21 : >
< =3IV = Tos S ¥R (334
\‘ . T =
DE d Vg Food Vg FfmF -
- t_ dQB —-"' ) dIC. ) .
DC- d Vv - r av = T. Smr (D-_J-)

CB ‘ . cB . N

Where | v and T are the transit txmes in the forward and in

F

the, rever se mode respectively. Similarly, a.nd g ré the :

& mF- “mr<

L]

‘‘transconductances in the forward and inverse mode

J- -

.The expressions for g mF and g'\_ " ‘aré de\jved as ga.anw4

respectwelv in the next chapter in sectxon‘4 3 v

A tota.l of ten addxtmonal_ parameters | @E. ¢ C nE :t;
C. _ < - .
.rC, | ?05, - COC’ - Tr .are requxred for tlransxent operatmn

analysis.

‘3 3 Sma.l'l ﬂl Model ‘

In thxs sectzon, a sma.ll s1gna1 hybnd mode w:.ll be denved 'I'he

hybrzd -t type of rnodel is parncularly cho sen here because it can
read1lv ‘be der:.Ved from the non-lmear model gwen in F1g 3 5. ) "
The model is the ihcremental version of the non-linear model and so once

the. chara.cterlzatmn of the non-hnea.r sta.t:Lc model is* achxeved :he ~

‘. cor%plete info;_'rr;atiop for small signal analysis is also available.

In the active regmn, the collector Junction is assumed to be

rever se b:aéed and from (3. 26) and (3. 34) we have N

~

=0 . = _ oy
I R |
| oo =-0 .
P CDC ‘ :
At low, frequency, the curreats are,
o V.
; CE : ' : '
I = N[t -v——-]I _ | - (3.35) 1
o . AN o ' . ‘




- --'1»3-\ :
L] '
] o %
v M
{ .
R £ 10 (3. 36)
A_fHQK\AN“ N |
| § / v .
- N (‘ : 1 am
IB“.f — 4+ l—hl t v 1\1 , (;.m)

\

"N AN

———

- Fig. 3.5 can bhe simplified and redrnawn t6 ‘satisf\_rl (3. 35 to (3. 37,
- 1;ersu1t is given in Fig. 3,_&. ) /,'
. “As dxscusSed in section 2.4, the mcremental behawour of the
two current scmrces of Fig. 3.6 has to -be evalua.ted in order to obtam

-

the small, 51gna1 model parameters The hnea.r equwalents ‘of the

current sources are obta.med from (2. 50) and {2.51) ‘as

. o 7 L
. ' 5IB = ) VBE/ o, , '..( 3. 38)
| ) (\ - be
& : . - . .
. 3 .
) VBE
where ko =
o be 3l g )
g - 'a¥g;
, . m B 3 VBE
‘a.nd. | r .= 'avéE :

ST g s1gn1f1es an. mcremental cha.nge '
‘ Fig. 3 7 shows the small signal model repre ented by eqns. (3. 38)

- and (3. 39) It may be noted that the extrmsm ba.se spread1 g res1sta.nce
R-b is 'a.l'so added in the circuit. Now the expressmns for the hnear :

elements . , £ and r will be denved.
be_, m ) o .
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‘Fig. 3.6 Non-linear transistor model in.the active mode.’
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Fig. 3.7 Small sigtal hybrid-m model.
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3.3.14 Derivationof T . VAN
. he. . i .
RY : )
rb = 3 IEB . {3,420}
¢ B
21 21 al,
L = — ‘ (3.41)
The. e Vgp N *VEB . '
" from (3.25) T T e e Tt
BIN _ . I\. -
2Ven N-. .
from. _('3: 37y . .
1, - Nowaw Bn ()
. By SN AN
... 0 <« 38, - v S
B Lo I;\:z. N e By
T CE -
cow(-M L (L) TG ]
k - ‘ S' N _VAN - {2 k) 'L*FN_
= .3 52 ST + (3 -M) () D-Té_-_l)— ]
, (3. 42)
from (3.27) L ,
- a'."q . "m 8 { 1.2 - 1.%) .
-g—ﬁ o N_LNZ 2 1 43
- g 2
N (1,7 * 1,5 g+ 1)

11
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| N 22 2 | o
. ] ) ) .om 1‘;\’ \IZ - 11 ) | o \‘CE
o ‘N ERE 2, 22,2 Sleantts
e i 1 ?N \I'N + ][1 )(.:\_ ?[3 3 AN
G
g ™
™\ - ——-—'———-—7} T3 49)
S b .-
y ARRIENN
L3, 3.2 Calculationof .\ g ' ’
‘ “m
‘ from (3. 35) : o | o : \ |
I. = M: [1+_—\-r—C£],rN ' (3. 45)
| AN T .
31 | Ve 5L C Vg ax
B SV MR[ +V__ * M IN( b+ v ] vV
B EB AN ga EB
L L v (5.46}
From (3.29) o,
o - a1 Lo 3. .
ax_ . o ON . [_l:__'] (3. a7)
AV AT BV NN Ry
Lo -e A3 1 2
g =Mt Eyler, re- 1
m . Von | IN EENEA.
2 .Tf": -
- A N
= 1 _6[1- 3.48
B ST T Ty (3.2
©.3.3.3. Calculationof r
R . e
——.= 3 : . S S (3.49)
from (3.45) and (3.30)
C A AV __ -V ) . V. |
, . CE -
. = {1+e C _CB ,M }oarn {1+ }.  (3.50)
e . : L : - SN ' VAN '
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If It is assu::}ied thgt for % CB > > \EB
\ \ )
ce 7 CE
= .
1 AV -V
C C{ Cb - M) - \C‘
CE o AN .
. MN I ‘
N + N _
] Vv
AN

' 1 '_\‘l M-1 AI + M IN '

Thus all the elements of the small signal low freq;h.en'cy

equ

. R B . . E Y
model . . , -
. ° ' N T R .
. .
T '
‘l\l‘:“
.
-~ .
1 .:
‘. ]
3 ) % .
1 -
. . .
.
A
»
L

(3.51)

ivaleat circuit may be obtained from the non-linear large signal




A

3.4 Paramecter Determination .
It is important that the model parameters be easily obtained

from measurements. There are many ways of obtammg the model

para.metcrs. Rohrer et al. [34] have déscribed an automated parameter

determination approach in which the p;xrameters are obtained by least

square it of expenmental data utxhzmg adjomt network techmques ) :

',Zanxolo et al. [95] have described a sxmple on-lme interactive compu-

tmg methodology for determmmg statxc pararneters ol large szgnal

N

models using optimization techmques ‘Poon” [36] has given a method

of extraction of parameters for the GummeI—Poon Model [12].where. .

the pa.ra.meters are obtamed by least square=~fit in the region where L '
those para.rneters are of u:nportance. Agarwal [3'?] has also descnhed some
techniques. for detennmatlon of the. Gum.rnel Poon meodel pa.ra.m-eters. : F.or the
present model however much sxmpler technxques are usecpand the model

para.meters are easily obtamed froma aumber’ ofcharactenstms of the devmeb

as described below:

1. * I oo
e

£
, The transfer characteristic of the transistor in the forward active
region, i.e- - Ic- vs VBE Yor a..constant vah?e of VCB is plotted.

The c:.rcmt configuration used 15 shown in Fig. 3. 8. & is the slope of '

the curve, and IKN the knee pomt as shown in Fl.g 3.10. 'Is is

- . obtained from the linea.r portion of the curve, e. g. ,

'e . . . ' -' P
e .vi . . . * . '

I
s

where v“aﬁd I, are shown in Fig- 3.10 .

o




Fig. 3.9 Output'chafacteri'stic of the tramsistor. .
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E\’r\lv the eame measurerm,nts as above are made but in tﬁu:

o
R case the Lranwkm\qur‘s opera.ted in the inverted mode. IE VS, VB.C
N is plotted and the Bfiee bint of the curve gives I K -
) hd ‘ N L"\'Q‘:.’. ‘o - : l‘ ‘
- V , A , v - i . ‘- ‘ A . .
| AN C' M N : ‘ . > -

'Io, obtam these parameters the output c-ha.ra.ctenstzc.s of the

transxstor are plotted AS shown in Fig. 3.9, the Early voltage VAN '
is obta.med by e\trapolatmg the characterzstxcs. This measurement can s

.be made on a curve tracex. ‘AC and VMI are calculated so as to fit ° "

. -~ Y
'the curve in the avalanche multxphcatxon region wu:h equatzon (3:22). -

- w2 e : o
B v R . ' o . T . . o 1 N -
Al - T e , A - . -
’ - The output charactéristics of the transistor izthe'-i.nve rted niode"are
‘plotted and the Early valtage, VAI is extrapolated m the- charactenstzcs
. . . ) * - R ’ RO * : -. . . ’ : ) -‘-‘ "ﬁ A N
. . ‘ ¢ ’ '
. . , I , - ) } L . R . . . ) :
. I1 2 B NO o L R T
5 ° R e ' s

. .o~ . - N .
the Io'::wa‘r‘a active region for -

-The.-‘d_.‘c. 1g' of the tranei.s.tor_i

difrefent values of IC is measu'red ;c:1rcu1t Shown.in Fxg T, may

o

'_/gf used here also ' From the plot-of log,.:gN vs "log” IC,__the four para-

meters are eas:.ly obta:.ned as shown in F:.g 3.3,

-

foa

+ -~ The s_ameproced‘ure as above is used butéwith the transistor
", operated in t;he inverted mode. B
R i . L ,

. 'RB 'is calcula.ted from the transfer eharactenstxc Ln the forward .

- mode as described by Bowers and Sedore [38] O .
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1 Rep B¢ : | R
» |
R_. and R are obtained by ploiting 1 vs ¥V [sa n th
E c by plottiog 1y vs Vg [saf)inthe
forward mode and II.‘ vs VEC (sat) in the!inverted mode. /" The slope
. A - : ) )
of.these curves gives RE and RC rcspectivcly L391 8
K o Cop g e TE ) : o
: ) »

These para.meters are obt‘amed lrtm the mea rement of the

D -

n- a. ca.pacx,ta.nc e

en’ntter base Junctr.on tapac:.tance uncler reverse bxas

..br‘xdge The paramete rs are.chosén to fit the measu ed: \.“ es [38] .
: : h ~ ‘

. o ) il K
- Coc Bc e io L

»

The same procedure as above Ls followed tor. the collector base :

Junctlon. The para.meters are chosen to fit the measure_d va.lues..
. h i ) . i ., .‘.H' . .\- .

. EE ' - - o S . . .' e P .
S SLE) T ST T
. . '-", . . L Lo . .:.l‘ ” . ‘

L S _‘ Ty may be ob-ta.med from the ca.lculabtlon of f .usmg tst pa.ra.meters

‘ T
G measﬁrements ,[40] e is gwen by

-

Also Te may a.lso be 'obtamed from pulse measurements a.nd calculated

from the rise time. T is obtamed from the mea.surement of the
< T

.’
-

° r . ® » . .
547 saturation time- [ 38 .~ so T, may be ca_.lcdated as,

»?

J 1 .
i 2 ) ) I N
' Ty Tr* o1 . \
. KN e ‘ \
- AT . ] ’ P
from eqns. (3.14a) and (3.14b) . J e

A . - .

-

[
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5 ,Results

The paraméters of the mod'el described in the previous- section

were determmed for the 71,\7 118 tranbzbtor and are gwen in Table 3.1.

*»

The model was then used to eva.lua.te ana.lyttcally the characteristics of

the déevice, and compare them to those obtained by measurements.
A . . . -

LAt shows the tra.nsfer cha.ra.ctensttcs o!’ the tra.nsxstor
12+ the current gam a‘ AN the normal and inverted mode

Fxg 3 13 and 3. 14 show the output charactemsttcs and Fig. 3. 15 and

-

3.16 the em:.tter and collector Junct:.on capaCtta.nce respectwely In th

3 1‘? the da.ta used to measure RE‘ a.nd RC are shown

. 1 . . . -

be seen in th 3 11 tha.t the transrer charactenstlcs

~

.. It may
gwe a very- clcle match.  In E‘Lg 3 1 the curﬁe.ut gain Lg! gwe a good
match at low and medium current leV" but the. model ﬁes ‘not see:;n
"to fit the htgh current level as well ‘and needs unprovement in this.
d.arect:.on. The output charactenstms ‘also match relatweily well. The o

curves for-the- -junction ca.pa.CLta.nces are a.lso well matchefl

. . -
-

The model developed takes into account umber I<:of effects in - | .
the transmtor and gwes a reasona.bly accura.te Za;eresenta.ti'on of
the transistor charactenstlcs.. “The model equatmns are Smele enOugh
.that the computatton time 1s not excessive, a.nd the parart'teter determ.mattou
are npt overly mvol‘ved ThlS is obvxously a comproml.sle situation ; .

e usefu.lness of the model ‘has been venﬁ.ed by its mclusmn in a

circuit a.nalysts -progr_a.m. This is dzscussed. in jhe next Chapter

¢

e

G
i
.
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TABLE 3.1 ~ | o ..

De:v,ic:'c Parameters for a .2ZN3118

14 : ~.

Is' = 2.3 x 10~ : amps
6 = ~ 39.0625 o volt”
I .

.':' 0.15 O o amps

. 1, = 107 - amps ©
. I2 = '1'3.-4'::10’3: amps .
~ ‘ T 13 L= 10_'7 - S ' . a_mps' S "' -
Y . = oam30 B s oot

. m .-,.= - 0. 132 - '.' -., . . .' . ‘-\ - '. .
‘n ., & 0.1079 o
C= ot T T

-

< 27 . e

w
I

= 70.0 . volts
= 5 . .' '._ ohm_sl
= 1.9 o ohms

- 0.8 . ohms .
'C = 30:9x 10_-12 o ' ”'r';‘alrads' o
= 11.35x 1074 ' © . Farads T
=7 0.3894. o
p. 2 0.3545
B 0.65 . . . vollts
= . 0.6 ' ' . volts
A— Tf. = 3.19x 10-10 . | secs.
e tE 4.19x 10-9l . : o secs.

2.0

"
ok e M
| n 1
g
wn
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Fig. 3,11 Tra.ndp; chara.ctengtwa .of the tyamsistor
) ' in the normal and mver‘ted mode.
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Fig. 3.16° Collectdr base junction capacitor.
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CHAPTER. 4

SINMULATION OF CIRCUITS USING THE PROPOSED MODEL

R

1n this chapter, the model developed in chapter 3 is used ina

cireuit analysis program. First, the use of a nodal analysis technique for

. norx-hnear circuits, using the Newton-Raphson iteration scheme is dis-

. cussed Then the use of the model in a network analysis preram is
‘.describ.ed [41]. Fmall) several e\amples are’'given to, 1llustr1te the
applica;tion'of the model to analvse the d. c. . a.c. and tran.s:.ent opera.tmn

of selecteﬁ,c.iroults:

4.1 Circuit Ana.lysi‘s“PrOg_r'a.ms'

From the tim the first general purpose computer mrcmt analyms

program ECAP [4 7 Wwas released, there ‘have been 2 large number of

" circuit prOgrams ‘developed. Recently an zr.rncle pubhshed by Greenbaum
M43] summerizes bnefly the state of the art of the cxrcmt programs.’
D:.fferent prOgrams have dlfferent features. Table 4.1 gwes a companson
of 'the'capabrhues of the programs. The table glves the genera.l data of
the program size, the d1fferent typep of computers on which each program
is operatu.onal its core requ:.rements network size limits, - the ava.rla.brlrty
. and a few words about unique features This lrstmg does not cover many
programs which’ ha.ve been developed to solve specu‘.xc problems e.g.., see.
pecxal issue of IEEE on computer .aided circuit design ° [44] One such
program is NANSIM (Noo-hnear Actrve Network S1mulat10n) [45 1.

developed at Bell Northern Resea.rch. Lab. Ottawa. ; -i .

_ NANSIM is intera.ctwe thh termma.l modrfymg facility so.that
the designer can’ modify the circuit pa.rameters thhout mterruptmg the
0peratxon of the'program and get the desxred results in seconds.

Another advantage of NANSIM is the input language which is in a simple -

free format and is very easy to use. The _most spectacular feature

P hl_ ) ' ' *
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of NANSIM is thxt the models of the de,\'ic.es can be repleced without

" k |
; d1sruptma the re st of the "proc,r'u‘n Because of this, feature '\I~\'\’§I\1 ]
\ ‘
has been \Lised here to te st the model de\eloped in the previous Lhapter -
- . . Cem # o’-\
: j . by analyzing a number of circuits.

4.1 1" Simdlati‘on Procedure

e The 51mu1at10n in I\i\NSI\ri is performed using the nodal admxttance

e

1 formulatwn £3T circuit analybzs The d.c. and transient mmulahou of non- hnear -

f

circuits is carrzed out using the Ne‘\xtOn-RaphSOn method of succe ssive Lot

LAN

- a.pproxxmatmns In tlns method the solut1on is reca.lculated a number

- ‘of txmes. startmg from an m1t1a1 guess, unt11 the accuracy of the solut;.Lon
| is W1thm SpEleled hrmts. In the smalﬁblgnal ana.lyms. the non lmear
' 'dew.ces are treated as hnear devmes and the small s:.gna'l ‘admu.ttances ;"

: needed are. calcula;ed automatlcally by the progr’am for eac:h of the non—

E¥y
11near dence using the parncular bias coud:.h.gn already determmed in

‘xhe d.'c. analysis. Followmg is a brxef descr:.ptmn of the ana.lys:,s . -

- 3

ke - ’-\ " /‘ .
I. e nb%.é.l,'équ;%‘n abp‘ro h . '

@ .'The d.c. solution is obtained by

> 42 b c. ?ode Equations

’

m45, 4{] The node, eq_uatmns for determmmg the d. t, solutlon re“'-¥

: obtamed by Openmg all capamtors, shoi-tmg all mductors nulli g all

i 2]

K the forn;} - ' . ‘§ . . ' . .- . . _\v,("'u
T o e be S+ -',I—\I(;)';‘T. :'! ‘. '
.-,

where ‘e ‘is the ax ! vector of node voltages, G 13 an’ B %[0 cc'mducta.nce

DL E 'matnx due to the lmear res1stors in the networg\;\_( e )

vector of non-lmear functions of € represenn g the’ dzogie Puncnon '

S :’i and I.is'an nx 1 vector repr&senting the d. ¢, curreﬁ sjources s
' | | - o | g

- -
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‘E‘mntxon {4. 1) 1s obtained by apDI\ bns; Kirchhoff's Lurrent law at
each node, This gives a set of non- ~linear ezmultane@s algebraic

(qumons in € which can be solved b\ using the Newton- Raphson itera-

tlon suheme guen g.s

»
’ ’ : G _e“ + ::( e. ) - _I“ -~ ~-
- - k
~ = e - X (4.2)
k+1 k -
N ' T T ’ a N( ek) ‘ - .
‘. ‘ - . . th . . . __- ‘ A‘ } . ' ‘ . . ) *
where ek is the .k iterationof e .. Equafion (%:2) can be re-—

written as .

r -

:5

example as show%‘m Fig. 4\1 a for a- dmde, 1ts linear equ1va.1ent can

be represented by a resistor a.nd a d. ¢« sSurce gz.ven by the tangent line -

at the value of the volta.ge/a.cross the dmde, ‘vk .

it representatmn is showv{ in F1g 4 1b . By repla.cz

at (4. 3) du-ectly' The G' s wh1ch repre sent daode condugtagces will be

entered mto one large adrnv.ttance matnx Y along w and in the same

\ manner as for lmea.r remstors These.. are -of’course the same term&

' repre sented by

, a______N( &) . that are added to G in (4 3). }'he"'i
e e ' ’ o

sources of the digdes will bé a.dded to the I veotor.. These terms can
L ,

be 1d’en‘uf1ed1rr(4 3), as . ot Y
o 3 N (e Y T
i -k 4.4
-J - = ia T . ..'( )
.. o e -
.. . >
A o - .
4 '.- I“
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Therefare at eacﬂﬂeratmn, the node equation for the \e\\ to#—

Raphson. Iteratxon is ea.s5F to obtzun From (4. 3). and (4. 4)

-
Yie )&, = 1(%:. T-) (4.5)
wherz_e ) - ) i-ITI { ;k) '
P Yie ) = G+ o (4. 6)
’ N - l"
and ‘ . b
cdley 1 ).‘ = 1.7 R (4.7)

.

x4 Equanon (4 5)-is the node equanon of the 11neanzed czrcuxt for

5) 15 e ot A new. lmear (7 :

“af his po:.nt and the new r?k.cuxts is

‘ '1ut10n of -

v fhe kh. :teratxon The

model;:ﬁor the c1rcu1t 1s obtairn
 solveq for, _k+2 " This procedure is continued unnl QOnvergence 15
EObta.med Note r.hat this procedure does not require one to write the

full node equatxon of - (4 1) However, it is.necessary. to know the error

X esspcmted with (4. 1) defmed as 5 SR :,
F(e) = Gee +‘1_\r(€-) - T , S '('4.3).
. M : (9
e ¥ (;?:-) xs the funcnon of that must be set to zero to fmd
Lo - ]

the d. c. solution, F(") .can be used to determme a convergence cntenon
.for_tlne Nev@ton ite_ganon. ‘ F ( e k) can bc calculated ns‘ follows.
“From (4.2), (4.6) and {4.7) ) .

- o : o . ‘ o
e )] [F(epl. - (4.9)

) e, STl (4,10
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4.2.1 Damping Scheme

-

There is a severe problem associateﬁ with the Newton method '.
as applied to tr;':msistor circuits and that is the problem-of overflow
[48] Smce we are dealmg with e\pOnent1a.l. fungtions, it does not take
a very 1arge forwa.rd Jjunction voltage to cause the jdnction current to

‘exceed the overflow limits of ‘the. cpmputer, Even if overflow does not

-

. occur, the Lterauon may iver‘ge-away“fro‘m the solution. In order to ¢

avmd this problem a dafnped’ convergmg scheme xs used 'It'.is des~

- cr:.be,d m_Appendng AT

.4, 3.D. C. Analysis

[

- ;As‘.‘discussed in section 4. Z',' in order to use the N_e\_.vton-Ra:phsdn_

iteration technique, one has to define a linear model of the transistor

and the nodal admittapce matrix Y of the circuit. Following i the
descnptmn of how this is done. . - s . o
' The non-linear nodal equatz.ons for the bipolar tranststor model

\ 26)

are given by (eqns. 3.22-3

: : . : v L
o - S EC _
W = M [1.+- oG- A1+ - o 14 (&1
N . . N .1 - ) CE -, .
. I gt E L1-M [ V—-—]?\IN O (4.12)
. T . . . I ' AN : .

‘. ' . .\'

R SV - Voo
Lo s =<SE sl g aaq+ EST10 (313

£ Van. MO N NV LT

‘ | e . 2

The non-linear ;:nodel'rer:n:e sen-ting the above e-quaitiOnsJis' ‘shown .
in Fig. 42 vil; Vv, and V, ‘are the base, collector and emsitter node
voltages respectively. The lmea.nzed model of the tranmstor of Fig. 4, 2
is shown in Fi’g). '4. 3. By inspection, the nodal admittance matruc

formulation is given by
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. o PR €\ 5 )nf(lﬂf /\11
N VMM - CE‘{/ _ ‘ * 1 EC AI

1N/-B‘h§;+ (‘1+\‘rcE/‘_
b YadwM

——

- -
A

'Fig. 4.2 Non-lipear model of tﬁe‘tr_a.nsistor..




. Fig. 4.3 Linear model of the transistor of Fig. 4.2. S
. T . ‘ - L
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- ar 1T -
1 T8 " & &y Yy -1 1,
-l i ) 7 '
85~ {8y * ) 827 %4 T8 Val T et
. + - . - T ¥
8, - lgy * 83 84 TR V3 prly vl
| (4.14)
where _ B ) o e ot ‘
. N = > ‘
P N = (4.15)
| N . AN 3
»'. B ’.‘.. A . V . N | . - -.‘ . .
LI = TuMN [+ VCE. ] IN=, (4. 17)
: i .. ,‘ VEC ) . . - -
I, = X[t+ £ 1.7 R (4.18) -
4 | War 1"] S %
'_The cd:iductances are calculated as,. B
| | o 2 2 2 -
r =9 '
. 3Vpp e (]’N-i-I )(1 +1 ) A
L | o (1-M)(1+VC) }
S PR VaN 2N Ty M,LkN
'Y . (4.19)
31 I, . a1l (1% -1 -
2 e ) I I- 4 3
gZ o= 3V = 0 E—-- i - > > 5 5 - (4.20)
. °VBc S R S A A
' 2
A2 1
CE ., ~ °N o
»._] 1 [1 - BN T 1 (4.21) -
Vaw N TV Ly



2
3 I3 \’ AT II
= - r - 2D
g, v N g ]I [ RV, T (4.22)
BE \I kI

R \Vhere '111 the pnrmmeters have bcen prew.ouslv defmed m

.Chapter 3 e

P

4,4 s'r'n'an. Signal Analysis

o

For the small 51gna1 ana.lysxs thg _]uncnon and d1ffus10n gapacztances

_ have to be added to the lmea.rzzed model 'l'he equwalent small signal

modgl is shown in F1g 4. 4 The equua;'lent g matn\ reqmred for, the :

small sxgnal analysm is then gwen bY, -

L‘ ‘ . v ’ . ' . : -
N g, t¢g +J'4<~‘('C +cy - '+‘-'ij) - g, - juC, ‘|
1t %2 TN TES TC - ¢ - T8 E- | -
. . .- -. . : l. ‘ ' l\ . ' . d ‘- h . ".. ' -
o _ -+ N C + +'_. S ol ‘ ) / )
. - s e ‘ o e 4
- Lg4_ €3 78 " 9Cgy " 84 | BTGy T B 4

4.5 Transieat Analysis .

In the tra.ns-r.ent analysm the gurrents are calculated after ea.ch :
spemﬁed time’ mterva.l {AT). The currents due to the capamtances in

the transistor dunqg the tra.nsu.ent/:rfo es are calculated as follows, .

i o= G Av__=%N_h T (429

Ic cc” ''BE O |
' L -\& B ,
S v V)4 | -V - (4.25
B See YEe Voc! _GCE'( e~ Jop) (+%2
i = G (Vo < V) - (4.26)
where - CE . L o | .
| - E_ o - . (4.27
CGee c TE | R
oo ' c . ‘
&  Scc = . (4. 28)
‘ AT _ : . . _ ‘
L ¥
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\'OE .= . Voltage across base-emitter at the prei-ious

time step
VOC =" Voltage across base-collector at the previous

time step.

The terminal cu¥fents are then given by,

e = I i l (a.29)
IE: = 1£+1E _f_.i. | ‘ ‘- o . .l(.‘_,'i_‘:,:i)
‘Where'. I (‘:, [ £5 and I'E are the cgl'le(:tor.,' base aAd. bgr;-xi"tfer‘&:gf_r"e_rit '

‘zeéspéctively obtained from the d.c. analysis. .

-

4.6 U-se~of the Model with NANS:M? |
The 1mp1ementat10n of the model in the NANSIfM cu-cmt analys1s‘
; prOgram for d.c., small signal a.nd transwnt analysis is achxeved by the
subrounne gwen in Appendix IV:. “The- model is used in NANSIM with

the followmg- command [491
. DO_NANSIM £ BITT \
where f.n is the .dé.-ta.‘file i'_xaime‘.' . - '

4.6, 1 Model 1:"‘I:a.ra,rr'ze‘‘f:er Enfries

/j:..

The anut para.meters to the transmtor are given in three lines as -
'follows, .

-




I line

'II  line

111 line

where .

& TNPNn

or
& TPNPn NB.chN
n )
COEI . E! ¢E) rEI
! H(I’ I 1’ \1'3’

E’ I
Cocv‘ ncs @C
g " '59'

’ » !'—‘=l \
8N B I_s : .

base, .collector and emitter node numbers re sp_é'ctively.

4.6, 2. Defaul'i Values .

-

.V

V.

=
W

3

-

C

.:VM

AN
AL

‘IN

.""—'-'

0
e

0

0

~

iELQ

{E10 .. .

{E10°

1E10

1

-1

‘1"

'1310

<4

n is the element numll:;‘_er (Transitor) and I\;B. NC and N

. -the parameters is not known, a default value must be given.

.;E

aze

It 1s zmportant ‘that all ‘the pa.rameters be speczﬁed If amy.r one of

The defa.ult

e

value for some of the parameters ‘has been chosen as follows when needed

These values are choaen such that they do not a.ffect the numerical

computation of the model in the ‘_a.na.lys:s.

i

«




v - V-J:.h. !

N 2O

~1
~1

4.7 Simulation Examples

For the purpose of dc.mon‘-,t".it'mg thée use of the model

a few examples are dcscrxbcd below.

4Tl Exe’.mple | (d.c. analysis )

The da.rhngton a.mphfu,r circuit shown in Fxg. 4. 5.
has been ana.lysed with NANSIM. The data i‘:les for the cxrcuxt |
using the Ebers-MolI model and the model dev eloped in Chapter 3,

as well as _the output node voltages are gwen in’ Lxsts 4:land4.2

respectwelv. 'I‘able 4. 2'gives the model pa.rameters for the 2N3118,

transmstor used in the s1rnulatmn. In ta.bl‘e 4.3, the results‘hta.med'_;
w1th the two models are compa.red w1th the e\penmental results.
It cdn be seen tha.t the node voltages obta.med with' the proposed
model ma.tch closely the expertmental results. The computa.txon
t:me usmg the Ebers-Moll model 1s 1. 85 secs. , whﬂe with the

proposed model is 3.53 secg

1
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List 4.1 Data file of the circuit of Fig. 4.5 using the Ebers-Moll
' model.. 2. ' '

;;‘
n \;f}\\ .
$'DARLINGTON AMPLIFIFR CIRCUIT 4 _ R
snc | , - | ~
'.nc: ANALYSIS
- SDATUM - - S - : . _ o B
1 e T T
 SELEMENTS £ S BEERY o R :
&R1 3 1 1E4 C _ | o
&R2 3 2°1ES - . , .
3R3 3 4 8,2Eh S o >
&RL 6 4 1€3 . ' - RN g
&RS 7 1 1E2. I
ATNPNS 22 44 ss 110 2 7 2.3€- 1u 39.0625 S
" ATNPNT 'S 66 77 110 2.7 2. 3E -1k 39 0625 T L
AC8 3 7 1E-§ ) S S T
xC9 2 22 1E-6 . . ' - o | _
%C10 6 9- 1E-6
AR11 2 22 5
C&R12 & ub 1.9 . )
AR13 5 55 5.8 - o
AR14 6 66 1.9 -
AR15 7 77 .8
SFIXED . , . S
NODE & AT 24 | . o £ R
SINITIAL - R
2 2.5 -. . o . . ". . - :
5 1.9 o | LT 7
6 12 : :
7 1.2 | R a e
22 2.5 S
55 1.9 ° . : -
66 12
77 1.2 .-,
b 2% . ) B U . o L
SANALYSIS ¥ : ST <.
ASTER. - = - -
ARUN.
$OUTPUT .
&NV.2 5 6 7 | ‘
CREC 1 2 4 ¢ s s .
. $EXECUTE . | Zee t
TIME= ~ 0.0 . - N . |
Ny . 2 5 6 7 0- 2.500171D.00°  1.928805D 00 1.1833610 01 1.227
EC 1 2.4 0 O 2.5098150~04  9.964288D-07  -1.216640D-02
END OF ANALYS!1S. RUN TIME REACHED . ' - .
_ SMODIFY e

' . . ~ . . . .
+ v
N LY . .
4 .

I ! ) .

o t . L

. ~ - Y

.
. ' . . . .

~ . P . . .
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Mata file of the circuit of Fig. 4. 5 using he proposed

1.  List 4.2 _
' o " - model.
N
\:\
N IR . .
SEXECUTION REGINS... L SN
TDARLINGTORAMPLI FIER CIRCUIT. : : C

SE-1°] SR .
. . . ‘,\‘ i ",\ N N
. DCO ANALYSIS

&RL 6 b 1E3 O\
aRS 7 1 1E2 AN

R ng 22 4k 55 110 2.7 2)3E~1§ 3930625 278 .15 3.8E-3 .1%
'30.8E-12, .65 .389% 2 11J3E-12°.

;3545 2.5. 4.19E-10"8.19E~
15 .015 1E-7 1E-7 2E-3 .1079\5 3Q - | ¥ “

ATNPNT § 66 77 110 2.7 2.3E=1n3S. £252278 .15 S;uég;\\%ézx\:
S\2:5 4. 19E-10 3, 10E~9
e N ‘ . : ._"

N )

30.8E-12 ,65 .389% 2 11.3E-12 .& .33
15 .015 1E-7 1E-7 2€-3 .1079 .5
&C8 3°7.1E=B .o

N

age 2 22 1E-6.  *
. AC10 6 9 -1E-6- =~
&R11 2 227§

z
&R12 4 4b
&R13 5

6

4t 24 .
SANALYSIS -
~&4STEP -
%RUN -
$OUTPUT L .
NV 2 5 67 : -
%EC 1 2 b S .
$EXECUTE -~ - .~ -
TIME= 0.0 | L5 N
Ny 25 6°7 0 . 2.4u9611D
fc 12 & 0 0 : 2.595675D-04% - %
~ END-OF ANALYS!IS. RUN TIME REACHED |

“$MODIFY . . | . AN
. N N

u¥>\' N " .
oq- - 1.230800n0 01 .~ 1.18
. [ ~-1.169199D~02 S
) ' o .
D | N .

N
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. BEABLE 4,2

N N N ®
N b N ~

~ S g " N2

AN Device Parameters for 2N3118

N . “

NN '
’

= 2,3.x 10 . 2
g 0

8. ‘\ .
- = 0.15
T FNL04 15
N .

R A N

<218
Vn© 278

%

39.0625

Pl ||

.
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: Cbmparison of Node Voltages in Fig. 4.5 \
o , j _ .
.. o ‘\‘
Node No. Ebers-MSll ' Proposed Model Expenmental
Y o ‘\model (volts , (volts) I Node voltages ™~
‘ \ ‘ C . - (vglts)
© NN, 4496 2.43
.\\‘ . N e A . ‘ . |
o N 18805 1. 88
12.308 12.2 7
1.21
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AN
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AN
: 4\"\2 Example 2 {‘Traﬁsient_ a.n'alys'is ) ‘_-' o o e b
: In this’ e\ample . ‘a fmple gate shown in Fig. 4.6 is

lsxmula.ted to demonstrate trans;eﬂt analvsm. The trahsistor is a
2N41’4 a.nd 1ts parameters are gwen m Table 4. 4. The data lees
- for the cxrcu:.t usmg the Ebers-Moll model and the proposed model
are gwen in Lxsts 4.3 and 4 4 respectwely. “The calqu.a.ted input.
~and output voltage. waveforms usmg the Ebers—Moll meodel a:nd
the proposed model-are shown in F1g. 4.7 and 4.8 respectwely
Fig. 4.9 shows the waveforms of the mpth* a.nd cutput pulses
Table 4.5 gwes a compa.mson of the delay t1me,rmse _
t1me,,fa11 time and saturation tu‘ne obtained by usmg the Ebers-
\Moll model and the proposed model with the e:.penmental results
It ma.y be noted that, the results obtainéd frorn the proposed model
a.tc‘n closely with the e\cperr.menta.l results except for th aturaflon
N .

Thls is not’ surprrsmg , since the model is ba.sed on the

stored in the active regmn of the base only. An extension

c:ollector regmn has not been attempted. The’ computa.txon tn'ne s
: 11. 01 secs. in the case of the proposed model and 7.05 secs.. Jh

\ " ., - . ) . ) ) . . . ' -- . . - "- - LT
\ the Ebers- Moll model is used. = .

LI
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Model pardmeters for a 2N4124 transistor

fNO

fo 710
1 = 1.6E-14

g = 38.911 .
v, =176 .
v, =45
LkN ;"-QZI:?‘_Z‘ -

Cha T EET
L1, =B
1.y = 8E-3-

LVH)
L)
Q

.-  | 2 ""t, ' .
<1, . = lUSE-3, %
4. e &"‘L_A":ﬁ
mn = 0:260g' TR,
T c = 5.4

= 5.1E-12
M = 0.3319,
:.t.-0,3‘
= .0.65

¢

mc = 0.6
lr-E = 2.0 .7 e
= 5

¢ 2.

= 6.4E—10

= 5, TE-9.

j‘;;:" -

amps.

' v‘:ﬂ.'t:s‘-1

volts

“volts ..

amps

amps -

amps -

amps

‘amps

amps

volts
farads

farads

volts -

volts

' secs.

secs.




-B6H-
. ?3( 4.3 Data file of the circuit of Fig. 4. 6 using the Ebers-
. } Moll model. ’ _
\ Co SR ‘
' ""\1. ) . s . . . " .
~ . 7ospaLE L L
g gf“HRAusIbuT ANALYSIS' T e
. $DA"U.1 R <o L
) . .[‘53 . R
v . spLEMENT . IR

SR1 4 5 33 _
\--\2 2 lJ 50 : )

S eIPh3 2.8 3 332 10 1 EE-T& 3u.91 N

L Lop0TE 2 3 .7.79E=12 €5 3319 2.0 0

S . §CT5 R4 3E-12 .6 .3 2.

tCpE 2 3 1.CE-14"6, 0= “ 38.91

- gChY 2 ¥ 1.CE- 1% 5.80-10 36. 91
-“FI“ D . .

. . JJOLE S5“AT ¢

© CSTIWITIAL

. u 3 .

, 2.8
S S0UT .

“grc 12 . : . o D -
SATALYSIS o : : : -
,bs\Ua: 04.:"8' ' ) [

LSTLP .5E~-10 .
SDRIVEN ' :

. ; 6 5C%9 1E-8 LE-Y 1.58-8 0‘.83 3L g
SOUYL - . ’

§OUT 50 T
ERIME T - .
EFLO® g A

Ww s e o r
SCIAR ¥ K . e .
GRANGE 0 4 0 2. T o8& 7 R
S RHECUTE . . el - ) . e
SEHD. : . ‘ - : ‘

0 -




List 4.4 Data {ile of the circuit of Fig. .6 using the proposed

] _ . *model.

*“ILF ' v .
CSWRAIS TR Anauysxq ‘ :
SOATIL |
-
, 3 |
~,::$bLEnLNT _ .
&RT 4 5 300 .

- SR2 2 650 o C
GT'PNS 2.4 3 330 10 1. 6n-14.38.91 17.6 2i-2 CE-3 16749
7.79E-12 .65 .3319 2 5E-12 .6 .3 2.5 6.4E=-T0 5. 7E-9
4.5 2. 2E-3 1L=0. E-6 V.58-3 22606 5.4 25
SFIXED | . | . S

, oDL. 5 AR 3 , S ' :

L IRIDIAL o

It -

..

r I

v oL
.
-

S0UY _ : : : : . :
N, Gav & 6 2 : : e ;
\ﬁyrlc 127 " o

SANALYCIS
5--.5“: ﬁl:—g N .5 .
§STEP .SE-10
gmumm — : .
"6 55-9.1L-% LL—G 1.53—3 9:.85 SL-8
- sout ' e ‘ N
SOU 59 T . o . o ) o
£LOIME - ' ' ' . SR
EPLOT
v 46 o o . o :
'GCAR F K . y - - . . _
STLALIGIL 0 b 0 2 - , o . o L]
SLNECUYE : . » L . - ' ’
LD

A
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Fig.

TRALSIENT ANALYSIS

HAE 1

nu

2.500D-09 -

5.230D-09

7.500D=09

©1.000D-08

1-.250D-03"

© . 1.,57000-008
© 1.7500-08

2.0730D-08"

2..250D-08

2.5300-08

2.750D=08

7.090D-08 .
7 7.250D-08"
'"7.500D-08"
7.759D-08 .

“BHD
UEND

IO

3.0000-08
3.2500-00
3.5000-08
3.759D~08

4.Qo0D~08"

4 .250D-08
4.5000-03
4.750D-08

5.000D=-08 °

5.250D=-CC

3.5300-08 .

5.750D=C3
G.300D-03

G.5000-08
G.750D-08

3.0J330D-03

OF AIALYSIS. R

QF JOb
002I STOP

88~

4.7 Simulated srandicent response with the Ebers-Moll

_rnodél.

d
0

3.000 -

3,000

3.062-
3.072

. 3.067

2,140

L4290
1.110D=-02
1.193D-02
1.103D-02
1.103D-02
1.103D~02

1.103D-02

1.193D-02
1.103D-02

1.103D-02

©.1.103p-02 -

1.1030-02
1.103D=-02
1.193n=-02
1.1330-02
2.9G63D-02
.3180
1.964

- 2.823

2.931
2.947 .

2.992. .

2.999
3.000
3.000

22

ASD 400 DETACHED ]
r; T=7.05/7.C4 19256:20

JIT TIME

=

mmHHHmeqﬁmmmmmmdwmanHHHHH

WA R

4,00000 "
2..90009

K

E\

"

L R, 00003D=02/1MC
o*m*****a*&************#***$*****¢¢*m$

mmhﬁxwmwmxmmﬂmﬁﬁm

.
-
r

.

F
-
3

F

F
F

'0**$****%*************ﬁ**$***ﬁ*%¢$$ﬂ*
K ' ’

P

8.07030)=-02/IUC. -

-

SRR kR RT

v 53 1

op RNk kR ROk T
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Fig. +. 8§ Sinnﬂatqdtransientfesponse with the proposed
model.
TRANSILHT AALYSIS : :
RANGE 1= .0. - 14.92930 ~ '£.02070D-02/TMC.
2 = .0 2.00090 - o @.00900D-02/11C.

RAUSRL
oo Q\k*sn\*\ atﬂ***‘h‘t k***mk*\‘:# \uiu U FIMRRNE bR g \*"t*#*n Mok RN T

:0*****mﬂ¥**¢**¥**é*m*¢

##******#**ﬁ****m*w*******¢vI

2.5000-09

, . 3.000 RO agT
5.000D-09 3,000 K- ' o : s
7.500D-09  3.062 I . K~ 8 F.
C1.0009-08"  3.07%2 I . X - F' -
1:232D-p8  3.065 I K . P
.. 1.5%20-08 2,515 I R » . —_——
S 1.7590-0S 1.2C3 I e K )
2.000D0=-0€ - L3447 ‘I F K
2.233D0-08  G.L00u-02° I X
2.597D-08 . G.3L7D-02 'IF - K
4..._1..1\)1) g< ] 5. 3“9[]"02 iTr K v
3.92080-08  4.752D-02 Ir K _
3.2500-06 " "&.342Dp-02 1IF K -
3.5000=08 4.060D-02° IF (firx
3.750D-08  3.862D-02 T (4 K
4,Q39u-08 - 3. 71z2u-02 F - K
4.253D-08  3.599D-02 F : K. g .
4.500D-08¢  3.513D-02 F - XK ..
5.7500-68° 3.&47D-02 F . K
5.070D-08 . ©3.335D=02 T B X - .
5.2500-08 - 3.355D-02 F ‘K
2 500D-0C  3.3200-02 ). K
5.750D-08. 3.100D-02 I , K- - .=
6.000D-68  3.056D-02 : F K -
6.250D-08  3.503D-02 F . K N
6.500D-08  .1226 L IF K -
6.750D-08  2.349 I K > F '
7.000D-08  2.670 . K : F
7.250p-08 2.983 . K F
7.500D-03  2.998 K F %
7.750p-08 3,000 K F
8,000D-08  3.009 K T F .
. LID ‘OF. ANALYSIS. RUN TIME 'REACHED.
TID OF JOB SR
1100021 SUOP 22 : : , -
3ASD 400 DETACHED — © o SN

r; T=11. 01/13 21 19:50: 50
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Table 4.5 Comparison of the switching times.

 ‘switching.

“times

i Ef)er 8 -Moll-

ndodel],.

_ Proposed

model

resuits

Experimental] .

delay time

- 7.5 nsecs. |-

7.5 nsecs

6 nsecs. |

R t
. . ' -d
5 - .. | risetime | 7.5 nsecs. 10'nsecs. | .10 nsécs.
’ N . ‘ t‘ . - . : .
r
‘ Qnsecs. 7.5 nsecs. 8 nsecs.
’ - - R RN . ‘ .
saturation 4 2.5 nsecs. 10 nsecs, 23 nsecs,
time, t § cot . o~
_ s .
r’\-
! N
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- 4.7.3 .._F.‘xa.'mple 3 { Small signal analv\sis ) - " C
' T'ms e\ample gives the small s\uznal a.nalysts o:E an
a.rriphfter . The a.mphfrer cxrcmt 1s showrx in Frg. 4. 10 'I‘he
transistor used,is 2N3118 whose parameters are given in Table ‘ -
-3, 1 Here also the’ Ebers—Moll and the proposed motdel have been
-used to obtain the £requency response of the - amphfu:r.\
. ~ . Fig. 4.11 shows the frequency respohse obtained
: //_ with the Ebers-Mou model and 'Fig. 4.12 shows the frequenc" >

. 'response_wd:h the proposed model.. E:g 4.13 gwes the measur
o _freguency response of the amphfrer. In Table 4 6 , &hpanson _
T of the band wrdth and the garn of the amphﬁer is ma.de. It 1s noted

that tHe results, obtamed from the proposed model match more
\ closely- with the experrmenta.l results as compa.red to t‘nat obtamed

'\h-\om the Ebers-Moll model. - The cornputatxon trme is 2.1 secs.

- in the case of Ebers-—Moll model a.nd<35 secs. in the case of the
proposed model. . : “

.‘ ) ".. ) a

. KR )
: N - )
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Fig. 4 11 E‘requency responsc of the amplifier of Flg 4 10

L wu.th the Ebers- M\oll model
“\. ' : . \\\ \\ = N _ , .
- ’ R v ~ - o ‘
BNR REMOTE’ TERHINAL SUPPORT svsrsn .>\\§.. " & -
RANGE 1 = @.¢ . . . {,50800 O\ 2\90Q09BD.G2/!NC
RANGE, 2 = -133 aaa 82,00 - . L 7.208e02 ~  /INCe .
. \ o @*hﬂn*a%ttttntttttt******t\\t*t*titi*t*wg\t**ttttil
: Freq. (Hz) Volts -,**ti*tiitittt**iti*\t\*ii\tt@*tt hnntunht *+i**t\n*1_
50,00 ..  8,08230-82 -1 M NP NN
68,37 2.1118 oM NP N
™~ 93459 80,1532 1. M P .
2 127,9 @,2780 1 N N N
S\ 74,8 @.,2791° 1 - MRS L .
W 2301 0.3677 % I COP M NN
L N327.0 8.4716 34 P N -
- 447.1 - -.0,5822, t P TN
- 81t.4 @,6864. . 1 P N
836,4 2,77089 I . co >
\\1143 N o 0,8314° 1
1564, . 8,8702 1
. . 2138, . 2,8933 ) A
‘ 2624, ° 0.9065 1
3999, 9138 1
5268, . 177 M
‘ \ 747%. - NS - M
9225D 24 0,9218° R
9830\04 .8,9216 Mo
1.9010 B¢ 28,9220 M
2.6038D° 0 0.9221 M
57588 24 \2.9222 N\ M
\u,.sgau 24 ™ 9222 PN f M
| 6.6868D 04 8,822 . AN N M
9 128D BN\ 2.92¢% SONNO M
,2584p 25 \%;922} : . . Mo
. _1 .71000°@5 39217 %4 a | o
RN 2.3384D O B 9Q12 N AN M
N\, 3.1977p ©5° a qa ' NN M
\\\4 .3728D 95 O M
5497970 05 a\.\ 13 Lo
: '\\\ ~1772D.905 . @, \323\\\ .
3 182D @6 3.393§\\u I .
S ' 22620 B6 @.8783 D N\
- goND 86 8.8317 . I
2. 285960 @6 0.7561 I N o
TN3.94040N\86  @,6843° 1\
5D 06 - 0,5744: 1
7 3tagn. 06> 8.4738 1
.9,9999D :5\50 3623 - 1o~
\-\\ A:'\\ ‘-. \ ' .
N : Input voltag = 0.0l volts
SR N,
NS N



Fxg 4.12 Frequency reSp
~ with the pro'posed

HNR REMOTE TERHI?\AL SUPPURT SYSTtM

.,

g Input vc;ltag’e = 0,01 volts

.

.

~,
Y

RANGE { = R,0 .

RANGE 2 :‘---1an.aaa .

Freq (Hz) Volts
50,20 8,0336D~02 -
68,37 Ry
. .sa - Q,1522

12,9 - @,2066 -
1740 . 28,2769,

" 239,00\, . B8,3645
327.2 -\ 04667
447 o\ '3.5749
611,4 - 80,6759
"836,1 . 7573 .
1143, 152
1564, . 9,805
2138, , 8.874
2924, 9.8873

3999, 2,8943
‘5468, 2..8980

. 7477, , 09001

1,2225D B4 9,9012
1,3983p @4 98,9817 .
1.91210 04 - 0,9@20
2,6148D 24 .. 8,9¢21

_'3,5758D @4 0,9221

4.88980 4 @,9019
6.6868D @4. 08,9216
9.1441D 94 0.9008
1.25240 85 00,8994

'1.719“0\05 80,8968 .

- 2,3384D 05, 0,8918
3.19770 ©5°.9,8821
4.3728D0 45 18,8634
5.9797D-05 08,8248
8.1772D 05 ©8,7346

"1,1182p @6 90,5352
1,5292D 26 -0.6226g\
2.8911D0 06 90,4489
2.8596D B6 @,4562

. 3,9104D 86 +9,3542

. §,3475D @6 ©,2867

-7,3126D0 86 '8,2277,
g, 99990 g6 @,1787

{.50080
182,000

se of the amphfu Ol\Flb 4.10 .
odel.

\‘ .
. \v\‘
ﬁ*ttttt*** AR AN RR RN *s**cttntw**t***tattf**tttI
.f\**ttt**tttt***tttti**tl

20008 7INC,
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N . N
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' '_Tablg 4.6 .Compa\ri.s;on of Gain andftut-off frequencies

" of the alm'plif.ier of Fig. 4. 10. -

. ‘ . ' : RN
' Ebers-Moll|f Proposed | Measured "
mod’él‘ ~ model - results
"1 - Gain Cfoz | 021 8850 .
t - 1600 Hz 600 Hz' 600 Hz _ -
. .. ‘ N . . . ' . : 6 .
: fz’_ 4. 0_x1_06 Hz| 1. 2:‘:106 Hz | 0.8x10 H=z’
¥ ’ - “
- 7
oo
’ i s
}
| A




\ , ' 4. 7.4 Examgle 4
i ‘ R - In the prevmus e\amples , the use of the model is

1:' ‘ o illustrated with sxmple cxrcmts. n thv.s e\ample the model has

__' been used to analyse the a.mphfxer shown in Fu: 4.14. This

| amphﬁer is. the mam amphfxer of the 274 Mb!s dxgxtal repeater S
[50] used to provxde a.mphfxcatxon to compensa.te ca.ble equahser ~

and ALBO losses in the LD 4 digital transmxs sion system. The

amphher is a thick film ‘nybrld circuit, shown in Fxg 4. 15. I; .

4
i

‘H

8

A

." - .

prov1des 22. 5+l 5.db of ga.m in the frequency ra.nge 100 K.Hz
to 300 MHz._

N~ ’ .
* The circuit is basr.cally a ser1es -seriés triple ( Q1-Q3 )

with dual output.. A diode at the mput sta.b1hzes the opera.tmg
< point of the fu-st transxstor wrth temperature.A splrt voltage feedback
bias scheme sta.bxhzes the current through Q1 against changes | - .

- in supply volta.ge Followmg is t‘ne simulation procedure.

o

A) Simulation Procedure
" The frrst step is to obtain the parameters of the

trans1stors. The a.mphﬁer consists of two types of tran51stors,

low power { Q1 and Q2 )} on one chrp . and medium power ( Q3 and Q4 )

‘.The parameters were obtained by the measuring procedure outlined-

in Cha.pter 3 Table 4.7 summa.mzes all the pa.ra.meters for the

four transrstors Ta.ble 4.8 giyes the stra.y components
=]

Py S i

Tue next step is 1::; build the data £11e for the circuit.
As mdrca.ted before , the file is wnttenln the rr(a.nner requu-ed
for NANSIM "The da.ta. f11e is printed out in List 4. 5.

1 o — _ *‘" Fmally the c1rcu1t is analysed to gwe the d.c. node -

voltages a.nd the frequency response of the a.mp11£1er Volta.ge ' /




o e T L A o 1

v
’ , -00a-

\\ /-—

riation and tempefrature cffects have also been predicted. The

perature dependem:e &f currents-can be evaluated by caleculating’

‘the dependenoe of_ ['s y &S gwen by Loga.n [l S]

L SR - . " ce ' . . N

Table 4. 9 compares the s1mu1ated collector node voltages '

‘wrth the mgasured volta.ges. t may be noted tha.t the maxzmum
'error is 3%. 'I‘able 4.10 provxdes the collector ‘node voltage
change with tHe eha.nge of supply volta.ge. Table 4.11 gwes the eha.nge
in" collector node volta.ge with the’ temperature increased to 80 C frorn
' room tempera.ture. ‘Also in Table 4.10 and 4. 11 the percentage o
cha.nge is compared with the measured cha.nge. ' L
The frequency response with the normal supply voltage
of 14 'S volts is gwen in Fig. 4. 16. Fig. 4.17 and 4.18 give the
frequency response with supply voltages of 13. 7:and 15.3 volrs '
. respectwely. It is noted tha.t there is negligible cha.nge in the
frequency response. The ca.lculated power gain vs frequency is
~shown in Prg. 4, 19. The calculated power gain is 23.8 db and the
band width is 350 MHz. 'I'hese results are very close to the a.mphﬁer
‘specﬁu::atron of 22. 5+1 5 ab gam in the frequency ra.nge of 100 KHz
to 300 MHz. o
~ The szmulatron of a practical circuit in thr.s exa.mple shows
that the results obtained with the proposed mode’l match closely

with the measured results. The computer time for obta.unng the

frequency responée_is of the order of 6 secs. - ‘ '

y

‘B) Results . A o T % . . .. .

—— "
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) 2
« X . Fig. 4. 15 Phptograph of the hybrid circuit of the-
‘ amplifier . ' B
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Table 4. 7 Transistors Parameters.
Parameter _ Q!' . Qz Q3 Q4
- . T
2 38,376 | 38.37¢0 38.376 38. 376
I 5.3E-16 4.‘“51-'_‘.--_16 2E-15 2E-15
fno 1100 108 95 T
. Bo \‘3.’3" 4.2 6.8 6.8
. Tk 9E-3 8.5E-3 3.5E-2 | 3.5E-2
L TE-4 TE-4 TE-4 | 75_}4
VN 47 9 .ésl_ 68
Vo 21 258 4 4
, N 2E-6 | 2BE-6 | 2E-6 2E-6
. 1, | 2E-4 | 1E-4 4E-5 4E-5
VU ol ol [ocissT 0.06214 | 0.1409 | O 1409
) - R I: | e Y ) 1.53-6_ '33-6-_ 3E-6
1, | 6E-d '9E-4. SE=3". | .SE-3
. ‘n 0.1153 0.4132 | 0.1473  ]0.1473 .
- | - ‘CO'E"_ ¥ .\995:-‘?2 -'.1."1'45E-1z C3E-12 3E-12
Coc 1ESI2 | 1E-12 | 2E-12 | 2E-12
ng | 0-26 0.224 | 0.28 o.28
n. | 0.33 0.33 0.35 0.35 |
b - | 065 - 0.65 - | 0.65 - | 065 | a
s c 0.65 . 0.65 0.65 = | 0.65\ -
o s |- 3 e ' 4
e 4 .4 5 o g 5
e 3.42E-11 |- 3.42E-11| 4.582E-1]| 4.582E-11
T 5.51E-10| 5.51E-10| 3.5E-10 | 3.5E-10
15 | .15 12 12
A 3 3| 1 | 1
- / a‘! ~
!
'
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Table 4.8 "List of strays

-

stray-

v

value

1.5 ‘pf
1.3 pf
1.3 pf
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List 4.5 Data file of the circuit of Fig. 4. 14

SPILE . -

. §pC | -
S,V 1S S T

1 ' o .

SLLLMUUTS . : :

gR1 5.6 51.8 - s

§R2 7 6 72, L s “

ER3 -5 10 510 . - e
C8RU 1913 390 - - RN
'§RS. 9. 19200, ¢ . o

CBRE S T MG Sl e

grR7 15 t 176.2° - y L .

5% 1Y 38 340 o L - I

"gR9 15 T 337 - M. R

JBR10 15 1 661 . . SRR
gR11 12 13 560 - - e : \

6312 11 1 390 ' o -
§R13-15 1.1305 . , y T
§R14 14 1 20 a ? . L
515 13 24 715 : : P - AP
ER16 27 1 620 _ S SV

C§R17 26 1.1 : e L. .
£rR19 1713 81.2 S o
§R20 1S 23-20° - e -
gr21 25 13.,63.3 ..
£R24 13 20 498§ s

eR25 23 191 . oo T
§R27 20 1 55.1
g228 2 3 50
§R29 20 1 59 | . - .
GR32 22 1 75 .- | N

T §R22 22 1 75, e L IR
gER35 5 55 15| , :

- gR3€6 9 99 3 - | o

gr37 9 3115 . o {’
“BR32 12 32 3 S . -

"§R39 12 33 12 e

§RG0 17 34 1 . , S
ER65 24 35 12 C P ,
6RG7 25 36 1 o :
£§L31.3 4 1.5E-9 . o
§L32° 21 22 3E-9 \ . s
£1.33 2& 29 CE-9 , : ‘ -
£L,34 & 38 3E-9
§Ck1 4 5 1E-7

. tCh2 6 1 1E=7

sCc43 & 15 1E-7

-t
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L

ata file of Fig. .14 { contd. )

aCLd 3¢ 1L hu-130 0 ‘ A
sCH3 11 1 1L=77
saNC 11 186 4, 7E-120 .
£CH7 2% 26 1L=0__ (
eCty 17 12-1L-8 ,
230 19 21 1L-7 - "
J251 186 23 3. 3i- 12
032 25 28 1E-7
053 9 1 1.3E-12 R : , o S |
So54 12 1 1.3k-12 0 . - S R ot
SCHH 18 1-1.488-12 . S o :
SCH6 .23 1 1.8E-12 v
58537 5.1 1.58=-12 REEL S .
TLTIPNGT 55 99787108 #.2 4,53-16 38. 76& 49 s 5E=3 15=4 . o 9c21J 3 u23-11 5. 5E-1¢
tT.1420-12 JC5 4224 2 TL-12 (U5 .33 4 3,82B-11 5.510-13 .
ta. s =t -6 T.50-€ JE-L 2. 113ﬁ31977 R . -
S 5599 1E~12 .€57.33 4 IR ‘ . - -

5 8.1.1450-12 .65 .224 3. e :

31 32 11 110 3.8 5. -L—16 35 276u 47 9E-3 2C-4 1;375 3 §2E-11 5 51L-10

LS9sy-12 .qu.ﬁb 2 1E-12 .€5 .33 L 3. 2L-11 5. bH3JL-10 - :

271 fn<n 28=6 2Ez6 GL=4 0. 11,393u

A 31 32- 1L-1% .65 .33 & : L

281 31 .11 .995L-12 .65 .2¢ 3 . '

COUEG3 33 34 13 36 . °'~1 =15 3u. 2764 68 3.51-
Y3012 LG5 .20 % 2L=12 .65 .35 5 £:532L-11 3,43
Py 7ost 2u-6 3E-G-5L-3 0. 1&73195

52UWI4 35 36ZLS12 L€5 W35 5
£CU95 33 34 26=12 (65 .35 5.
SCR9G6 33 10 33-12_.55,;ﬁo
cCe97 35 233E-12- .28 : ' B . .
$TiiFnGs 35 36 23 JG c g .2E-15, 38 zfsu ¢E 3. Jz 2 4r-5°n.1409 4.332C~-11 3.5E-19
130-12 .G5 .28 4 2L-12 .65 .35 5 4.552E-11 .433:-10 y o

-.- -c“-'c;.n"\
i

.1409 u.JuL-11- .56L=-10

=4

Vi 7o 2m-€ 3L=6 SE-3 0.1873195 - |

S071:7 1 28-15 38,2764 ; _ | -
£572 24 27 2:-15 3£.27CL. . S

gl 7 1 50-12 .65 .28 2 ;

sUweZ 24 27 SL=-12 65 .25 2
GCDU... 71 ‘71“—13 6. 91L-11 38. 27CL _ : : _ o o
6CDGE 24 27 2B-15 6.91L-11 38.2761 - o L
STIXLD - . : . ‘ . S
opE 13 A.L 14.5 -~

LIUEIAL - , | o

«375 :

6 .94 - | v

7 .76 _ . ‘ ‘
& 456 . : A 4
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Data file of Fig. 4. 14 { contd. ) - R

B

C12-.7.12 R
17 11065 =T R
1y 6.3. SRS S
23 5,55 o -
2% GJu2
25 12.77
27 5.66 . 5 o L
55 1.376 % . el e
99 k. 66 - L : ' -
\31 “.bb ; . o : “ :
32 7.12 -0 . . . e
33 7.12 . oo . .
35 t1.65 - - A o S
3% .2 - - ST .
3¢ 12.77 At R L
"SRIALYSIS T e LT )
CTOUTRYR L -
CaV'5 67 39 10 11 12, 17 12 2L ~3-25 27 -
6LC. 12 356 1112 19 .20 ﬂs 15 16 21 36 3b 40 67
SENECSTL T . .
$1ODITY - o .
‘SSSIG : , .‘ .
3SDRIVE L RN
uPOnAQ 2 1E-20 . o :
$SSOURPUL |
guv 2% 29 22 12 17 9 -
. §PLOT

WV 29, v e o

§POLAR ~ - . . , T .

SLELGTH 3U ) - - '

s;mc,n 0 .‘2 -138 130 - -
SFRLQ .

SCILAR .1 P L . ‘ ‘ -o-
$AJALYSIS : S .

. ELOGFREQUENCY 1000 "3£9 uo T

CUEAECUTE . . . .- e
5nIODIFY . . oL C . , .
SLEND ‘ T \ . ‘ ‘ .

-

[
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N .'I‘able.j 4.9 Si‘mula%d and n'\‘ea.sur'ed

X ‘ . ‘--_:\ N \qol'_t\a es.\ _
‘!‘ \ - .\\ I‘ . o . ‘\\

‘ ‘ . . \. o S ‘\,\\ . ‘ -
001{\ -ti?r node

N N N

. 8

. NS ~ -
<= | simdulated )
. : NN PN .
sistor| collector, : I 1
. ' N e

. N
T réﬁp.
N voltag

'yolt s'- )




A

. - 4 N
. \\ .
& -tes- o NN .
.. —- o N .
N . N
- 1)
\l . ~ :\A
\\\ N
RN "'T‘g\ble 4. 10 C‘oL_ cctor node volfa.ge change with change
o AN S, .
| NN \ q_\{ skpi?l.}:\voltage.
N : 5
A SN
. 3.7 14.5 |\ 15.3 % change | % chang
Transistor 1‘13 7 | 4 5 _ \\_5. 3 | c change | % change
(volts) {volts) ‘(Vblt\'\)\_ (computed)| (measured)
' . N : :
X \
~
5.3475 | 5.6053 :
N
. ' BN - -":\_. ’ .
7.5542 | 7.9469 . |-5.207,5.1 5.\,4;9-\Q§§
’ N St . ! \"-\‘ ) \\ ~
| -10.7545 | 11.3355 |-5.39,5.4 [-7.6,7.8
\m&\\ \

\11. 5390\

\12§¢7&3\

\\1\\ .
-5 525,49
. ’ \'\
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Table 4 !1‘

\\

‘\

109-

N RN

N ‘\ N

N

™, ~

U oftE perature.
c \\ L

llector rbde V\lbage change \nth ch g

-.\‘- .

Y

P

- 'Coileci:or

voltage at
room temp.

(28.7 Q) - .

Conec\cu-

voltage a. \
80 C

A charigé .

\Qompute_d)\

i

% change
-

(measur‘-\gd)‘

@

._.3;42

\

Qi 10.7545- | 10.7066 " _4.453 -5.0
Q4 11.539 - 11.5025 -3. 163
-;-- -~

e g —

Ly am e
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Fig. 4. 16 Frequence response of the amplifier of Fxg. 4, 14

with supply voltage of 14. 5 volts. )

SMALL smum‘.’ ALALYSIS

RALGE 1 = SO0 -.hooaoo 4. oqoooo-oa/xzc. U
1'6;;33.2 = -1530.000. - 180,200 S 7.700909 0 /IUC, N

_ o ‘ 0************-H-at*wt******v#********\"***v**t»*v***#*I' 

,Frf;q. (T;I-Z) ' Vplts ' ‘ *‘*****m*H*******aun«m**t;ngx**v***w***w*;***ﬂx*l
'1000. 1.852D-04 P : o S S e
1466, . 4.13gp=0% MP - T \ AT ' N
. 9.119p-04" " Coe ce e P

' '2,108D-03  IM . . ' T ‘ P

4.996D-03 TIM o : Co P

p-SN
-
e

. 1.39GD+0

2.57D+33

3.920D+09

"MODIFY

L fend

™min Or JOB °

7"
.161D~04

Input. voItaEq '

3.32¢(b-03
D24D-04

5 - 1.079D-02* I : .
9919, . 2.201D-02 . I M o R
3.604D-02 & - . ~ P
31D+0 3.053D-02 I . oM, P
24D+08 NG.344D~-02 "I EARCNEAE P
579D+04 I ‘ M P
G\7120+04 I B M. P
9. SQﬁﬁ+34‘ I - M P
1.4842p+05 I . M P
2.1120405 T i M P ,
3.099D305 I ‘M P -
i §.582D+05% ¢ 9.251D-02 L - R O 3
€.€50D+05 $&.279p=02 - IN . | M P
"9.70dU+05. © 2221D-02 I N Y M P
1.431D+36  2.297D-02 I . B b
2.097D+36  9.3031p-02 I N T P
3.074D426  9.392D=02 T AN S & 38 ‘
4.530¢D+06 9,303D-02 T N e
6.GILD+0E  9.3040-02 E | N M P
9.¢e1B+0€  9.299pD-02 XL . .. - . ILE.
T1.819D+07 - 9.305D-02 I F : P
2.000D+07  9.307p-C2 I ) SR
3.749D+07  9.311D=02 I -
.- B.EGODHO7 9.322D-02 . I
o . 6.351D+07  9.341D-02 I
\.  9.603p+d7 - 9.376D-02 I
. 1.408D+08  9.419D-02 I
~2.0u3u+dC - 9.332p-02 I
2X024D+08 .xi\ssaa 02 I
L. W433D+08 5% 9000 -02 I
C.LIdR+0s 2.8247D-02 I P
0,.525D%93  1.999D-02 I P -
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C Fig.4.17 Frgﬁuency respoﬂse of the

. . w

i

~

amplifier of Fig. 4. 14

supply voltage of 13.7 volts.
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Frequency response of the amplifier of Fig. 14

with supply voltage of 15.3 volts.
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CHAPTER. 5

CONCLUSIONS

f’-lx’i this thesis , .a modei of the bipolar transistor has be¢n
.developed for the‘ anaiysis and design of transistorize;i circuits) |
'.wrth the use of a- computer. Whﬂ.st it was recoszmsed }t the begimmHg—

. f this work tha% Gummel - Poon model gave a farrly accurate |
representa.tron of tue brpolar ‘transistor » %S comple\tty is such
that it is-a- deterrent for general usage. Both the’ determrnatron
of its para_meters . ‘and. its inclusion in a‘computerprogram ,
require an apprecia.ble amount of-workl‘," fiot to mention' the' |

" <computer tn’ne requrred for the a.nalysxs. 'I'he model develbped
includes some non-—lmear effects in the transistor: base width- ‘
modulation-, low current fall-off of ' g’ base conducthty modulatron

. and the avalanche multrphcatron. The rz;pdel is more comple\ o
‘than the Ebers-Moll model , but much less mvolved than the
‘Gurnmel Poon model. In pa.rtmular , most of. 1ts parameters
can be determined by simple measurements.

After.a bnef descnptr.on of the Ebers—Moll ‘model a.nd
(_g_‘ ._ | the Gummel. - Poon model the latﬁer is extended for the small
) "-,.. | srgnal ana.ly51s. A fast algonthm has been develbped for solving

. the non-linear equations in this model. Then the proposed '
model is developed. ‘It is based on the Ebers-Moll transport rnodel
modrfred by a sunphﬁed ‘charge control relatron. The model equations

" are ina form that is convement for the NANSIM program. This )
program , developed and made available by Bell Northern Resea.rch

Lab. of Otta.wa , 2llows the mciusron of a vanety of models into
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\ :

the program ‘This is the main featur b des its ready .
. | avaﬂabxhty that led to 1ts ‘selection over a numbér of other | .
fprograms which could have been ased. - - ‘
' The mtrmsm model requxres 26 pa.rameters and
_these are obta.med from a few sets of mt,a.surements Detaxls ‘
| of how each parameter is obtamed . is gwen. Several charactomstxcs'_,
of the tra.nsxstors usmg the mea.sured . parameters "'ar‘e
. obtained using the model,and the results are compared with the
B o e\permm;ntal chara.ctenst:mS to vp{dy the accuracy of the. model. ._.
‘ l “The use of the model with- NA\TSIM is descrxbed . and
four etamples are, gwen to 111ustrate the apphcatzon of the model
Lo- . indic. ,a.c. and transient: analysrs In eac¢h case ' the results
are compared with the e\cperxmenta.l results ,‘ and found to match
" closely. A companson is also made thh with the re‘sults obta.med _
with the Ebers-Moll model in the first three examples. Although a .
the answers are very similar ., for such simple e\amples » those,
obtained with the-proposed mode]: show a degree of n’;xprovement.

5. 1 Suggestion for F'urther Work _

. Although the model 1nc1udes a number of non-lmear
- effects in the b1pola.r transistor , some have not been mcluded '
in order to limit the complexity of the model. Not all the known -
non-hnear effects appear, m a gwen mode of Operatwn , and

‘the model may be modified to ‘suit the apphcatmn at hand. What

ot

is needed though . 15 a memns to add sorne of the effects not -

consuiered in this 'E'Ees1s For instant, the base push-out effect at high
current can be mcluﬁed by making the forward- trans1t time and

the base charge-argunctxon of current %nd voltqge. It is less




oy’

.

i
]

. evident how the excess charges stored in'the remote region of

sthe base. under saturation can be included. If the model is to

be used in switching ctrcuit design, this storage effect should '

be m eled.

The Base resmstanoe RB and the collector reqiétance

'RC have been assumed tc be constant but they are knowh to

‘be current dependent. The mtent of this work was to obtam a

\model that lends Ltsclf to computer aided desmn tec‘nmques

thhout bemg of such compleutv as to deter posslbie uses. A

number af a.ssumptxons had to be made s and this has lead to |

gL comprormse situation. Some of the wor.k mentmned above

could have been done | » but t‘ms would have mcreased the--

- complexity of the model. It is felt that further development of )

{helrﬁ'odel sHould be made with spetific application in mind.

-

=N
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APPENDIX I
Derivation of Charge Coﬁtrol ‘Relation
e
The electron and hole current density equations for a one-
. dimensional analysis are given by ' _[';501", . ' AN
". Lo . . . . ‘ .. dn .
ot e - = —_— _ ‘ , Al-1
3 e e o ang e
. - :/ ) ’ . ’ . # L “ o . ) - , . -
e ~ _ . EE . _ ‘ ) . o -
. J. .~ =" D ‘ + q : €. Al-2
) p T % ax YRy e A
where  the ‘syrnbols have their usuél méﬂng - - ,‘ 
. For a n~-p-n tf‘a.nsistoi-,‘if' it is assum'ed‘ hat there is no recombihatidd '
‘in‘theaba'se r_egion, ' ‘ . * o o .« -
w3 =0
‘and from. (A1-2), the electric field is given by : S R
. " . . : BESER AT ]
_ '..‘=-1_.D ap . . L - :
O Ty = B A
' Using the Einstein relationship, -’ ' LD
D D C
0 - _E . (A1-3)
"\‘:n ' . i'lp | .
we,. get - A i‘
: 1 (A1-4)
£ . = - - : ;
_ P .
.Substituﬁué (A1 74) in (Al-1) 2 _.‘usir_lg (Ai-g) we get
e . . . o . . .
C dn -1 dp .- '
= - — + = ? - {Al-5)
5 J.n‘ q;D’n ax - p dx P] S : o
dn J, P :
' , 4o a S n_ (A1-6)
- * = :
or P ax n ax 3 Dn 3 -




e

[ il

?

e

—

Integrating the above from 0 to- w, -where w is the base width,

.we get
w .Tn LW o _ ,
flap 1 s — . {= ) dx C L (AL-T)
a . Q. o %, A o § '

from this,

-q fﬁ('d) plo) - n{w) plw) L ' R
. - _ _ {A1-8)

. w . o .
{7 (E—) ax o
,'5‘: .,.‘._\..‘_‘f.

Assuming constant or avera;e‘valu_e for Dn

. . | ) | o |
. fDn‘q [nto) ple) = n(w) p(.w)-] o
W Ty b
~where Qg = 7 q plx) ax (A1-10)
ot e .
i.e. total majority charge in-t’h_elba.se'of ‘n-p-'n transi s_tor‘
"~ Now from the Shockley boundary conditien we have,
B . - qV. . =
- ; 2 EB
ale) plo) = e ¥ (At-11).
e |
: 2 1'cB o ,

" whete -VE]IB is Emitter -base junction‘ bias and VCB is collector base

junction bias. ' .
S.ubsﬁfuting {(Al1-11) aﬁd(Ai-iZ} in (Al1-9), we get
' | T aVeg . ¥goB
. -D-q'n, [e kT - e -kT ] .
7o e, =22 : : © (A1-13)
T @p - -
' 8
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I = - ¥ 7 ) .
Thus | ce | A n _

'..where A is the area of the junction,
o, - Yes - VB

o A Dn_.q" ni“ [ e kT - e kT - .,

Tor I o= - — : Al-14
o el T T — et

This is the dommant component of the collector current

(electron). 'I‘he expressmn(Al-M)xs kno%vn as charge control

. ) - - . !
P
.~ .
. - 7- | ’ "
.
.

. relation.

R ot Ll s d e -
- oo - -
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. new predmfed values of 'B' " and *IC‘ are obtained by linear.

APPENDIX I1
%

Foat

A Fast Algorithm for Solving ICM Equations |

This ‘lppendne descmbes an algomthm \\hlch is a.ppll.ca.ble to

solve the ICM equa:tmns r 51] A.s pomted out in sectxon 2. 3 .?. the

c' (‘the base push out’ fa.ctor ‘B

)co}:lector current i1 s a functm
(equa.txons ‘2\ a‘;.nd 2:31) a.nd LB

"is ‘a Iunctxon of ’I ' (equa.txon 2 *83)

ThlS relatronshxp ma.y be e\pres sed as

‘C)‘ S - C(A2-t)

—
11

o EE L wey

E’qua.txons (A2-{) and (AZ 2) are non-hnear equatzons and these

m-.‘-‘

ere'to be solved for T IC ? and TB. Thé‘”curves for I (B) &nd

B (I } are plotted for a typical hlgh anectron condxtmn‘;n rg AZ 1 :

As shown by the dotted hnes the simple 1tera.tn-e scheme tends to T

’

LY .
dwerge or~ may leadto oSc:.llatory- solutions.. Thxs is because the magni-’ '

tude of the sloPe of B. (I ) at the mtersectmg pomt is greater than that e

ef I (B). In cases where the slope of B( I ) is not greater tha.n tha.t .

of I (B) and. the iteration process converges *a 1a.rge number of

~

1terat:.ons 'i‘ha.y be. requ;red In order to avoid these shortcommgs, : \

. »d new. xtera.tw\_scheme has been developed It is descr:.bed below

AN

\\

: The key feature of thx.s new scheme is that in ogcier to obté-m the \

;...,-;:S» »

va.lue of 1 (B) the ‘B! used 15 ‘not the prevmus value, as was&the case

inthe prev:.ous xtera.twe sc}‘eme but r.a.ther 2 new, pred:.cted *B ' is

used S:.m1la.r1y for B(I ), C L is a new preci::.cted value . These\_'

u:rterpola.txon._ L




N ' Prediction of néiv B _ ) ' _ )

\ . ‘ . ;‘\\ \\\ R : . .

% . \ ' In order to dg\scribe th predicu\c(n fnew 'B,. let as assume . RN

] AN th .at'we have a.lreacly predicted a ndwy I ' AN

N S .

h ~ kS

i Lo proc;sa)\ This is denotcd a\s IC_‘1 (p ‘._\\
grae prechctxon\assum.e tha.t the va.'lu\e\s ﬁ '
;

pp

- - r . .
s %..,._..T,,,_z:.‘_._!%,/m, e am e
T s '
" = ra

\_\\

F\:m the a.bove pred1cted new -"}denoted a.s\B 1, ICC .is \"'\\ :
a ' rﬁ \_. .
calcul ed a.r:d fromﬁ .o B2 !.s ca.lcula.ted ’\shown m Fxg AZ2-1. =

N
N

'I'he new N.' 19 obta.med by Jommg .1 to, Iy a.nd BZ\! to BB.
- . \L\ " CC CZ\ Cy .
\; "'_n of these twa lines g:.ves new 'IC' a.nd 1s denoted< 1 .Ic'lt' .
- "‘ \ ' ‘,\. . .
N
=N

P e r—r—— % A8 3 g




N ' Lo . Te , . ‘ !
N R e
SN R cC -

., froth (A2-6)and (A2-7)

h

<

. ".'u . \
N\, . \

- This gives the new.'.IC‘ ST T o 1

. \/-_\ P \\ . ‘ S : o \‘ S
ORI T e
©_This converging scheme"is described by solid lines in Fig. A2-1.

T ~

ant t 15 is the -predicted new ¢ 'I'C t, point '2 ' is the predicted new
and agaimpoint 131 'is the predicted new ! IC'
TN , » .

+ : Lt . 3 - - '
orit used in the computer for the above converging

tart with B =  5 (say) - . ‘dencte as- B1
lculate I (‘B)‘ o . denote af.s ICC
) : . “denote as B2

.IC ‘ denote as IC'i ' . o~

=y <. denote a;s.-‘ BB .

' Sféfn 4 . Predict
~

. N
Step' 5. . ~ Calculate

i . .

t 'st.ep 6 | Calculate ~ I(} ‘denote 'as I‘C} - o
. Step 7 Predict new B denote as B 1" = '

: . . . ) . \“\\ C
- quations (A2-8) and (A2-5)

i o

A . not converge within the




N
N

. . prescribed error. [t may be noted that in the first run the prediction of

\Rew | IC ' cannot be done for. step & because BB, a.nd ICE‘ are \not A
- \ . ~ )

- Known, so it is calculated as - IC(B). For subsequent Tuns the above N '.

‘'scheme bllpws,automa.tica'.lly. L R . N

~

the' BFY 90t nsistor'. 'Ihe estxmated 21 Gummel Poon parameters

3 90 transx tor are gwen m table A2-1. Fig. A2-2 shows the
'-semxlch plot of IC v ‘.VBE. (transrer characte”;ca) faor VCB =0
1, 2, 3 volts. The number or Lterat:.ons req_mred is only 3 to 4 in hzgh

~
v \ RN 1eve1 condxtxons (VBE s 0. 85) T .  ‘_ |
‘ . . o ' ] o :

T
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diverging -’soiuri'on -
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AN

1
e
2.
i

1

10

‘I » amps

o

065 = - O7T5 - 085 . 095
. — V ,volts |
Flg. A2. 2 Transfcr charactensttcs o£ the BFY90 transistor

usmg the convergmg scheme of F1g AZ.
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‘ . . .
' Table A2-1 Estimated ICM parameters for a BFY?0 transistor

L . ' ~

W
N
. !
(O .
. . -
P 3
T .
. ~ ‘
- .
D e
-
AR .
-~ = -~ -
it
}

P .= 27.0 -
el g ..
' = 0.2 ,
. PeZ' 0 )
& P _ = 0.419
oo el | . 4
P = 3.0E-3 ,
L] o e4 ’

_ 1 ='27.d? e
R | , B = 0.15
R - 2.84E-2
= 1.0E-3

bv.d
n
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APPE‘\IDI\ II1

Damped C'onvlerging cheme for E\ponennal Funcnon:,
. . ) ‘ ¢ .

In this .a.ppench\ a damped scheme to achxeve Lonvergence of
.the solutxon in the case of etponentxal functions [48] is deschbed
n “the. NANSIM subroutme for bipolar trans-xstors [ Append:.\ Vi,

the mput quantxtxes are the voltage of each node and the outputs are

- the termma.l ;.urren.ts calculated for the model As shown in Flg A3 i _ '
‘ if the tm..‘txa.l vol.tage is V1 then the current 1s given by '
. ! . .
Lo AV . o L | o
',‘I1 s I's [ e T tr o ‘ - {A3-1)

In the second 1terat1on, assume that the voltage 15 Vz As-
can be- seen from Fxg.A;-l if the current is calculated usmg equatlon (A: 1'}
for VZ, it will give an uqreah stlca.ll; Ia.rge value for I arxd may 1ead '
oo to overﬂow.' So, as shown in Fxg.A3 -L instead of VZ 12 is predxcted from

the current solution, i.e.

1, =L eV (83-2)

S ——
[}

where g is the slope. of the characteristic at V = v,

' Usmg (1), we obtain, o : ‘ - 1
- o k’r -2 ‘ ' oL :
Ve ¢ log. (7 * 1') , : . : (A3-3)
: 4 I - . | _
,Thi.s' value of V is used mstead of VZ for the next. 1terat10n T

This scheme may not be requxr%d every time but only when the
~r .
voltage of the next 1tera.te is greater than the prewous ‘one. If the
. volta.ge is 1ess than the prevmus value then the 1teratxon is done on the .

~ voltage using eqn. (A3-1) . |
. 2

-
’
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APPENDIY IV -

‘Subroutiné For The Proposed Bipolar Transi's;t".or Model

, SUgnOUTINB'BJT' o
S HODIFILD TRALSISWOR NODIL T,
C TRIRLE LINE INPUT PARAWTLRS : . LT
' DIPLICIT REAL®S(A=l;0-%) ' o
.. COLol /LLI/VALUR(10), VOLT {4}, PJV(Q) PCUR (h),?REQ,DBFVRL;DﬂLTAT
' 3,%YPL,LREAD JLSSIG,LDC, LA,&VAL(TO) UVOL(u) . R
COMPLENSS OY (4,8)- . o , Lo
LOGICAL 'LRLAD,LSSIG,LDC,LX .- S PR C
 DIMSHSION ¥ (4, u) V(u) Lbh( ,x(10) R

i

® . -

p -'FRL’ uON&AIh'
PU st PRQGaA? 'FRLENA

coMoy, /TRE/C NXIU(RO), L:T(BO) DSI LOW“RL(SO) LLTID

"TUTLGER¥2. LBT, hOu;RL ‘ Ch L 7 _

' INTIGER DSI, LL2ID . - S : 7' .

' SUDFRLY : ' T .
\L*’ Iu II Litt, IC, Ih,IL " : e S el

T ODATA WWPR/TT U P i vy - Xfﬁ\“\. :

S TA A/1p1u 1E10,3%9. ,1.,1.,1E10, 2*0 / : A\ .
CDATM COE/30,9E-12/,PHIN/. 65/,L8E/.3894/, CRTf“‘],COL/1T\3L 12/
DAL P*‘L\_/ L/ L..(./ 3"".)/,,\...3\./....,1/,;131.}?/11 11..-:40/, AU T{/Q.ZL—9/

ui_l.. :\RR.\ES USIZD BY Tiik FRE:..

)}

@]

IF (. 50T LREAD) GO 70 99 T e ;A .'éQ/"
IF (IR.LQ.1)GOTO 98 . .- : S e
: con=xIn(1) - L . .
- . : ‘PHIL=XLi(2) I o i Tl
© T DuL=XINe3) . SR S !
CRU=AT2(4) : T N oo T . .
COC=XTi(35) - R : S |
PHIC=XIII(€} - oL _ Lo
_ EIIC=XIN(7) e Lo
CRC=xI1(8) - :
PAUF=XIW (9} o T
. TAUR=XIN(10) ' | |
In=1
- RETUORI |
9. DO 91 K=1,8 \ . \ ‘ o
91 (h)—AIﬂ(h) o . Lo _ e
- Ip.:z ' : . . ' - - . ;
. RLTURH - C : | ' B
99 -  IR=3. . : : '
. CONTINUE = : o
> IF (LSSIG) GO TO 1 R ) T
VBR=VOLT (-3)~VOLT (1) : . S
VCB=vVOLY (2) -VOL% (1) - S BT
VCi=VCB-VLB
VLC=VLB-VCB .
VLdZ‘PJV(3)—PJV(1)
. VCB2=PNV (2)~PNV (1)
VL3 1=EVOL(2)
. VC31=~EVOL(1)
¢ . "IF PHP VOLTAGLS ARE  NEGETIVE
e VDR 1o IPINGO TO 122




“
~130- ‘
1 ,// ( :
s . ';{',‘:, :’“ ’
- ¢ yCn=-vCE
T ViB=-VLD
. v Ci==VCL
Do . VuL“—VIC . - ' ‘ . N
. V.L.an-' —"Vhbz B T ] L Foa e
VOB 2==-VCB2 ‘ ' -
Vmﬂ——V:.B'I . ‘ . et

- R c. SI .LI:\LISATION OF. BIAS I}IG POIN
I 122 IF (Vi 1Q. VLBZJCO TO 2
1 PV=VER-VEB1
[ S S IR (DV.GE.0.) 60 20 2 .
C . IT(VEB.GL:0.)GO TO-2 -
Ti1=3&AL {7) =VAL(3) *DV/IVA L(10)+V‘\LUJ...(3)

- VLu=~DLOS (I“XVALLL( 1. )/V\*UL(Q) I R
- C CALCULATION OF IW AMD II S SR -
2 SWORE= (-VALUL (4} ¥Vi3B) ' ERC

BTy rp—————

O IP (STONE.5T.17%.) FRINT <1oo'vr$ o S,
110 FORMAT(' IGI- VLB (!, GL)G,'MPJTRAJW o

IF (STORE.GT.174.)8T 'ORL=174.
IN=VALUE (3) * (DULXF (STORE) =1.)

©IF(VCD.EQ.VCB2)GO TO *o

DV=VC3-VCE1l ” T o S
. IP({DV.G£.0.)G0 10 20 N ‘- . : SR
Lo  IF(VCL.GE.0.) GO 10 20 S
: rII—uVAL(Q)_AVAL(J)*DV/XV\L(C)+VALUL(3) :

VCB=-DLOG (TL/VALUL (3) +1. )/anuL(u)

20 STORL=(=VALUL (4) ¥VCB) o _
I (STORE.GELT Y PRINT 101,VCB SR
101  FORMT(' :IGH VCB(',C15. 6,')ON TRAL') . - = :

Ir (‘3""0?13.’5?.174 ) STORL=174.
II=VALUL(3) * (DLAP (S.LORL) -1. )

C B .
B n—I;&/VALUE(G)'!‘II/X(Z) i
Cot AA=T.+4.*A : o
- LLH=2./(1.#DSQRT(AA))
o
IF (VEB.GL.0.)GO TO

: E=VALUL (1) *( ((m*Im— (3) ¥%(3) )/(II’*I‘HVALU" (7)*VAubL(7) )

L. 1**(\"\LUL(8)/2 bR _
. GO TO 11
10 Bu—VALUL(1) : - f
11 “IF (VCB.GT.0.)GO TO 12°
‘ 1 (I1:£0.0.0)GOT0 12
pI=VALUE (2)*((II*II+ (ﬂ)*x(u})/(II*II+K(S)*Y(5)))**(X(G)/Z .)
. GO0 T 13 .

Ce 12 BI=VALUL (2)
~ C

13 IF (VCE.LB.0)VCE=0

c. % IP(VCL.GT. O)VEC—

- XM=1. +DLXP(h(7)*(VCB-X(8))) =
=1, .

. AJ-LLH*{T +VCL/VALUL(5))*YM

f’,




e

TIXL e

e L sk e &

_.-x--!r

o coaah s

: GO 70 63

A2=LLad* (1, +1./(LL*BI) +VLC/N(1)) .
=AT*IN-A2¥II ' -
Il~-LLJ“(1 +VL1XV\LL~(J)+1 7 (LEM¥BH) ) FITHLLIT (1 4VEC/R (1) ) 1T
Lm=-To-1L . )
CALCULATIONS OF ARIITTANCES
AA-(IJ“¢H+A(3)*\(3))*(Id*Id+VALUb(7)*VAL vE(7))

L IF (.20 0.)G0 TO 64

A—VnLuu(B)*IN*Iu*(VRMDu(:)*V\LUL(7)-\(J}*u(J))/\A

- -GO.TO 6‘
A=0.

u1—vapuh(u)*(11+VALUL(3))*(1 -A)de+(1¢~XMh*(1+VCEZVALDR(5))*II
S3¥VALUL (4) * (LUM=LiHPLIMRLLIN I/ (2., = LK) ¥YALUE(8) ) | o
'An~(II*II+A(P)**(u))*(II*II+A(J)*\{J)) L

IF (AA.DQ.0.)GO 20 61 .
A‘"(G)*II*II*("C:)*\(S)—Y(“)* (9))/AA .

s .

- GZ—V\LDL(Q)*(II+V\LLL(3))*( .=A /

A3=VALUE (4) *LII1* (1.4VCL/VALUL (5) ) ¥ (I :¥vaduh(31)*(1 -(Lrw*an*Ia)/(
4 (2,-Li) SVALUL (6) ) ) %1 .

D Gl= V\LLL(4)*LEH*(1.+VEC/A(1))*(II+V\LLL(3))*(1 -(LLH*LLM*II)/(( .-

1LY *2(2))) ' \\\\:;_;;
S QALCULATIONS OF CAEALIT\JCES ;

VI=VOLT (1) =VOLT(3) . - o . e
VC=VOLT (1) -voLr(2) . . ] S

* VOu=PHV (1) -PuV (3)

| VOCSPUV(1)~PAV(2) -, ' R
IF (TYPL.EQ." upx)co T0 82 . h g
VE=-VE . : . ]
VC=-VC ' * - ; !
VOE==-VOE ) S S
VOC=-VQOC e

B=1./((1.-LIlE) *cm.)**(z /LNE) ‘-
A=(ViL/PHIEZ-1.).* (VI;/PKIE-1.) '
CTE=COC* (1. +(LJL/(1 -LLD))*3/(A+B})/(A+B)**(EIE/2 )
BE=1./((1. -LJL)¥CR9)**(2 LEEC) :
ana= (VC/PHIC-1.) *(VC/PHIC=-1.)

CTC=COC* (1.+(EIC/ (1. —LNC))*uB/(AA+pL))/(AA+BB)**(BWL/2 )
CALCULATION:OF DIFFUSIOU CAPACITAJchs ‘ -
CDE=TAUF*G3 o oL - -

CDC=TAUR*GY ' L - : R :

s

CL‘CLb+CDE
CC-C C+CDC
F(LDC)GO WO 15

GCu'—-'Cb/DIbL TAT
GCC=CC/DLELYAT '
IB=GCC* {(VC~VOC) +GCE* (VL—VOE) '
'AI”-"CL*(VLJVOL)

%IC=GCC* (VC-VOC)

IR=IB+XIB .
IC=IC-XIC

Iu=IE-XIE ..




\

=

aoaaonn0nn

‘L I

T VALUL (2)=G2

. 33=VALUZ(3)

C.132-

GO TO 3&

GCL=0.

GCil=0.
S CUR(1)=IB

cun{2)=1C
- CUR(3) =IE

v{1)=-VCB

(-)}"‘VMB ’

SV {3) VOL"(?}-VOL”(T)

I* {TYPL.EQ.WIRL)GO TO 3

_FOR DUP CURRENTS ARE NEGETIVES : =

DQ\R 1,3
CUR(I —-CDR(I)

V{I)=-V({I)

VALUL.(1)=G1

VALUE (3)=G3 _ : .
VALUZ (4)=CE = . -
VALUL (5) =G4.. :
‘VALUL(6)=A2

VALUE(7) =IN

VALUL (8)=CC

VATLUES(3) =IX

VALUE(10)
I""‘\ ol I" PN{A:" RS
Y (1, 1)_+P1+rz+GLL+GLC o

X (1, 7)—"‘\1_—l:L(.

Y(1f3)~—G -GCLE )

Y (2,1)==-62-Gi+G3~GCC

¥ (2, 2)=+G2434+GCC

v(2,3)=-G3.

Y(3 1)—-G3+CL-P1 -GCE-

_ (3 '\)__r-p
" (3, 3){6 146cE ¢

CAL-L LANET I-L(\. \,\:ALUB,Y'CY)
RLTUR

-

G1=VALUL (1)
G2=VALUE(2)

GU=VALUL (5) o e
CL=VALUE (4) -
CC=VALUL (8}

CC _ CALCULATION. OF DISTOR.LIOJ

{

N=VALUE (7}
- LLII=VALUL (6)
" CLR(2)=IN*VALUE (10):

A?—G3*G3/CLR(2)+G3*VALUL(u)—CUR(z)*VALUE(u)*VALuE(u)

A—-Z ""LLJ ,

- B=LEM*LCM*LEM
AA=LIII*B* (4, -LLM) /(A*Z\*A)
AT=AA*CUR(2) #*I{*VALUE (8) *VALU;.. (&
D2= (A2+A1)/(l+ *G3) :

*

1) #1i1/ (VALUE (6) *VALUZ (G} )




"-133-— | 1,3‘7’/

A3=2.%G3% (A2+A1) /CUR(2) ~G3*G3*G3/CUR(2) ¥*CLR(2)

AA3=(A2+A1) ¥VALUL (4) =G3*VALUL (&) ¥VALGL (&)

AU=G3*NL @R (2)+2. ¥ATIVALUL (1) i

) RLINH2 RLENFLEM) /A

LUL (6} ) ‘ '
A7=CHIY LR TURVALUL (4) *A6* As*anu“(u)/(VALbh(()*VATLL(G))
D3“(A3+RA3+KH+A7)/(24 *G3) . |

PRILT 202,D2,D3 \ - , o
FORIT (' D2=" $B10 iu,3xﬂtn3=',313;u)

-

noonoO0nn
%
<oy
9

O -. ‘
SR .

o - CMTRX(COL,ROW) =~

N S S 1)—nLJpL“(+P1+w2,+Fan*(cu+CC))‘

. - C¥X (1, 2) =pCMPLR (~G2,-FREQ*CC) B .- .
. CY (1, 3)-DCA?L0(—Gl,-FDLQ*CL) ' o e

| S \-_'CY(Z 1)“DLJ°LV(—’2+Ga—u4 -FREQ®CC) . 7

JPSE o CY (2, 73) =DCHPLI(+G2+GY rRLO*bc) o o '

' . T3} =nCTIPLY (=73, 0. nY)- .
= LnPth—G3+Gu—q1 LFRLQ¥*CE) e

CY(3 2) =DCHPLX (=G4 ,0, ODO) : ) _

CY(3 3) =DCHPLX(+G1+3 3, FRLQ™CL)

@ﬂ?lu (\ CUR, \ALUu Y,CY )

3}
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