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TNTRODUCTTON

The transistor was invenﬁed by selentists of the Bell |
‘Telephone Laboratories in 19&8 arid reported in the July 15,

_19L89 1ssue of the Fhysical Roview. According to Bardean and

Brattains the 1nventorsz RA threeeelemsnt.electrbnie~deﬁice
- which utiiizés a newly discovered prineiplé involving:aAsemi=,
conductor as basic slement is describeéo' It ma& befemployed
as . an empllxiergfeselllatOfg and fcr other purposes for
which- vaeuvm Eubes are ordinarily usedoWl

| With this anhouncement, new doors were ppened-iﬁ the
fiélé Qf a@pliedrelectrohiéso Neafly every leading comgény
in the countfy'dndértook‘résearoh'toward the development and -
 improvement of semi-conductor devices. o
' Slnce then maﬂy ‘new prope?tles of sem1=90ﬂduetor dev1ces
- have been dzsceveredﬁ-ana meny new eircuits have been de-
veloped, Although 1t is just a beginnings‘results are very
encduragingo Widespread stu&ies:sh0W1ﬁhat "the semi-
cOnduethvmaﬁerials‘héve ?efy‘proiising,prcpertieszin the
,fieia ufaeleétﬁohies'where vaeuum tubes are used.”

It has been said that the transistor might be the

1, J, Bardesn and W,H. Brattain, *Trensistor--A Semi-
conductor Triode,” The Physical Review, July 15, 1948,

2, Shea, "Transistor Circults.”



succesgor of the vacuum tube, This is noﬁ entirély justified
asAyou can see from the Tollowing summary of soms»properties”
- of tfans‘storsz

Lo ReTaleely large noise flﬁure

'20 Complete Lreedom:from shortaci?cu1u 1nsnablllzy
(in junction type only) :

3o High gain |
L, Very small power handling capacity and efficiéﬁey
5, lreedom from microphonics |
b, Buggedness and small size
7o Limited frequency response R
8 Operatlon With eyeeedlng 1y small power eoasumbtlonB  f;.7
Thig 1igt elearly shows the advantages and‘limitations of~'f
the tran31storo A study of %he listed properties shows that
"tran81Suors will have many advantages over bhe vacuum tubess
| especlally'W1ﬁh respect %0 hlgh gain, hlgh efficiency, and
xfuggednesso VacuumAuubes ‘are characterized by 11m1ted and
unpfedlctable life, 1nefflclenb power consumptlon and mechan=
ical balklness and fragility. Should we succeed in developf'
ing a good and -efficient tran31stor9 then we shall be free
 fromAsome of the dlsadvantanes of vacuum tubes, bhough tﬂ@
tran31stor ﬁlsadvantages will remain,
_ A aetalled qtudj of the charaoberistlos of tran31storg"f:

Lo
and thelr ‘associated circults has been made,

3. IRB, "Transistor Theory," July 1951, p. 9.

L. Shea, op. cit.



~ The ébjeet of this paper is_ﬁe study the effective
vtrénsc@nﬁueﬁance of traﬁsigtbf amplifiers in-%herpfésenae éf
_‘i’rf?eedmbaek9 This study has been dcne‘experimentaily as well
‘a5 theoretically. In addition, a brief introduction is pro-
vided t@ give the raé&er a reasonahble familiarity wiﬁh semi=
conductor physics and with the various types of transistors.

Transistors ésSumeAmany differentvphysieal forms and
types. The treatment hés been‘general rather than specifiecs
the disﬁinotion between p=ni=p and nep-n units'is avoidedo

The Tirst chapter deals with the physical and electrical
ehéracterisﬁies.of transistors.  The explanatiqns_are briel
in natureo | N |

The equ1valent chcult method is mﬁdely used in vaeuum’
tube @1rcuits and the resulus afe extremely satlsfactoyyo
This should hold for “the” o;rcuics.whefe tran51s%ors afeAusedo
Therefore the second. chapter has been devdtéa o the study
and developﬁent'of the electrical equivalent cireuits of the
transistors and their vacuum tube analogues.

In the third chapser, 1orleas for the effective trans-
egnductances of LranSIStOT ampllfiers are developed theo=
” reulcally for three different trensistor comnections:
gféunde& emitterg-grouhded baseg»and ground&d~colleétor
types. The formulas have beéxi dev'eloped for two ‘easesz one.
in the.presenee'of intefnal'feedébaekg'and the other in the
absenee of internal feed-back,

Experlmental data are included in ﬁhe last ehaﬁter to

detefmlne the aecuraey of the aﬂalytlcal.methode



. CHAPTER T

TRANSISTORS

'Transistcr is the name gﬁven to a erysbelline type of
amplifying'elzmsnt made of a séﬁi;eonauctor such as silieon
‘“Or germaniumo At présent the mbst @ommon trensistor is"
e@uivalent to a vacuum tube triédég Iﬁs physical sorvctura

,15 veﬁy small, alm@st as small as a peas but when used as an

",f‘amplifier ite ability to amplliy does not depeﬂd upon 1tsr‘

szzeo Lfansmﬁtors are made of sem1=eonduebor devzces such as =’
gefmanium S0 that a study of the charaeteflstlcs of semi=
con&uesor materiasls is neeessary to achleve an uﬁderSLandxng

Qf transistor aetion,

- Introduction to Semi-conductor Theory

‘Transistor theory represents a rad%eal deparbure from the

‘ vaedum:tub@ “theory. Therefore 1t is d931rable that the reaﬂef;,f.

have a general knowledg@ of the phy31oal proeesses involvedo,
They»are-notleeably'dlfferent from»vaeuum tube theorya AW@ ’

 cen best understand the operation of the transistor if we

- 1, John A, Doremus9 ”TransistoraaSuocessor to the Vacuum
;Tubepw- . : R '

2, Abraham Goblenz and Harrj J Owens, WTran51stor The-
oLy and Application,” ﬁlecsronlcbﬂ Eéreh 19539 Po 98,
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first revieW’somevof the characteristics of semi-conductors.
Some elements exhibit the properties of insulators under

certain conditions, While they behave like cdnducﬁors under |

other conditions. These elem@nts have been given the name of

semi-econductors. Semi-conductors are solid materials, bub

they are neither géoé insulators nér good conductors.

‘ In the molecu;af gbructure bf'a ﬁaterial_like diamond
. {see Figure 1), all valence bonds are satisfied end the ma=-
terial behéves like an insulatéro. If ﬁeat is apﬁlie@,ﬁo
crystal; the thermal energy can ca@se a #alanoe electron to
be knocked out of its inter-atomic bond, end this negatively
charged electfon is free to move around within the crystal.
The region'vaeaﬁed bj the electrén’has a net pssi%iﬁe‘chargeyf
and. this broken val@ﬁée~bond'is éaile& a Qg;g;;,The'diémona \
~can now conduct becaﬁsé thefe are fréé eharges"presento ,Thére
‘are some other elements iike silicon end germanium that re-
quire"less:eﬁergy %0 kﬂé@k éléetrons oﬁt of the valence bondp'

This can occur at room tempereture; these elemeunts are called

intrinsic gsemi-conductors. Figure R shows diagramatically the
structure of imtrinsic silicon. When an electric field is ap=
plied to an intrinsio'semi=cond@étor the electrons move iLo-
ward %he pogitive terminal and the holes move toward the nega=-
i_ti#e terminal, | | | ' ‘

The conductivity of a semi-conductor depends upon the

3.  Doremus, op. cit.
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imp?ritiés in the semiaeonducﬁorq ﬁhen.an'impuritylfrom the
'5th:eolumn of the periodic table isrpressnﬁp atoms of this
‘ imparity'replaoe atoms of the gemi-conductor in the orysﬁal'
strdetureo But elements that belong to 5th column in the
periodic table have 5 valance'elecﬁrons; the extra electron
is esasily freed from the pérent atom without the formation
of a hole. Conduction'is by electrons, and the senmi-
conductér is called an N=type {ﬁegative) semi-conductor,
- When there‘ié an impuritj present from the 3¥d column of the
periodic table, the im@urity atoms‘éimilarly replace atoms of
the original material in cryséal; Third column elements have
3 velance electrons, and therefbre on§1valanee bond is left
unsatisfied. Thus, "holes™ are férn@& ih‘the valance bond
-structure and these holes are free to ‘move within the crys-
'talc Here the conduction 1s by holes {p03151ve eharges) and
thv matevlal is called ?auzg semlaconduetera |

In Figures 3a and 3b the structure of & neutral atom and
tﬁe removal of one electron from a neutral atom are showno

There are two other 1mportant proPertles of semi-
eonducter3°_- _ .

1. Holes can be 1naeeted 1nto N-type materials and 6186m
trons can be injected into P=type sem1=conductors by
passing current through themb

2, Electrons travel much slower 1n-a semi-conductor than

“they do in a conductor, and holes travel even slower
than electrons, For germenium these velocities ars:

4o Doremus, op. ¢it.

Ot
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Electrons 3700 om/sec/volt/cm.
Holes 1700 ocm/sec/volt/cm,

Because "holes" play an important part in the theory of
transistors, it is important to know some of their charac-
teristics such asrﬁhaAmobility and life of injected holes in
germanium. The mobility éf a charged parﬁicle moving in an
electric field by definition is: |

. m=v/E,
where v is the velocity of the paﬁéieleg or
| v o= meter/sec,
and E is the electric. field intensity in volt/meter units.
After this gen@ralldefinitiong let us consider hole action,

The average velocity pf.the holes is equal to the dis-

tance between eolieetox and emitter divided bj the transit

time required to travel from emitter to collector. Therefore,

>,M'ﬁg.* ;
but - o
V=t» ‘ _an@ A,E'QLQ

where V is the applied voltage between emitter and collector.

When expreséed-iu perms of L, VSAts‘the mobility becomes

L1 1R
A=F YL ST

5, J.R., Haynes and W. Shockly, Phygical Review, July 15,
1948, : ' :
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The transit timegkdiétance betwéen emitter and @ollecters'
and ‘the applied voltage can be measured; therefore we can
calculate the mobility of a hole in germanium. |

‘The 1lifetime of a hole is the time between hole formation
and récémbination with’an‘elecircno Theweforéf unlike elece
trons, :holes have fiXed‘lifetiﬁesa The dlstance &a free hole
travels before it eombines w1th an eleetron is equ&l to the |
produet of its lifetime and its velocityo B

' The injected hples iﬁ N-type germanium réé@mbine with
electrqné according to the equation ' |

t/% -

, W= Ngs= . S .V
Hera_ﬁﬂgﬁ ig theﬁﬁmber'of’oxigingl no;és and‘N'is_the number
of the holes after they_fecombinelwith électﬁogsg,ﬁ is the
'time"gaésed for'reeambinatiéng and ¥ is the:lifetime,of a posie
tive ﬁcle; | |
e can}determine N anélﬁg easily by measuring ocurrents,
g anditheieurrénﬁs are pr0p@§tional to the numbers of N and Ng.

Therefore, knowing ﬁbose'relationshipsg we can celculate? .

6. TFor more detalled study consult th51ca1 Rev1ew,'
VOlo 819 po 8350




Some Gharaeteristicé gi;TransistorSf“*

Relatively low n01se flgur@* Mcst of the unlcs measured

.;;sc far have a n01me Ilgure beLWGen 10 and 20 db. at 1, 000 cps@‘_,,

CQMplete freedom from short Giicult 1nstab111ty° Lhe 1n={¥fl,

lput and output impedanees arv,always 9051t1ve9 whether ﬁhe
ufaH51StOT ig’ conneebad grounded emltter, grounded base» or K

z_’Agrouﬂded colleotoro Thls permlts a vreat aeal of freedam in

',elreult d931gn and makes 1t possible by chc051ng the approyrim

f.yate eoaneetlon uO Obb&lﬂ a oen51derable varlety OL 1nput and '1<¥f
'  0un9ut 1mpedanceso - _ . 4 S - | '; ’

Lk Hihh galn& Power galns of the order cf 40 to 5@ b per_   f
1stage have been oota1ned°>f’ ‘ ‘ Eh

rower handllng canaclty and ef:lcleney° The de31 gn can .5*‘¥‘

geadlly be varied to permit the pequired amount of power diSmf-vf
i’olpatlon up %o at least 2 wattsb »hurﬁhermore,_the static Oh&f° '
‘aeterlstlcs are 50 nearTy 1deal uhaﬁ Giass A.e;fielencias of

48 or 49 out of 5 per eent can be. reallzedo. The efflcleaoles

- for Glass B and olass ¢ are corr93pond1ngly hlgho

Euggedness and small smzeq The geﬁmanlam nart of Lhe

tran31ster is enclosed in a hard plastic head about 3/16 iaeh e
 1n Qlameter° IPSlde the head three connectlens are mechan»
~1cally as. well as eleetrlcally fasteaeﬁ te the germanlum and
*are brought out as p1g=tails through ‘the heaeo “This glves a . f 

“very sturdy unit,

.}' Freedcm.irom.mlcrophonlcs~ The vibraﬁion tes% 1r the’ audiOwZV

frequeﬂoy range 1ndlcates than these devlces afe relatlvely
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free from microphonic noise,

‘Limited frequency regponse: Collector capacitance

1imits the frequency response abt Tull gain to a few kiloey-
‘cles., By using a suitable impedence mismatch, it is posgible
t0o maintain the frequency response flat to at least 1 M.G,

while still obbaining & useful amount of gain.

Operabion with exesedingly smgll‘gpwer consumpbion: Pere
haps the most remarkable feature of these transistors is their
ability to operate With‘exeeedingiy'small power consumption.

" The best example of this 0 date,ié an audio oseillator which.
‘ééquires.only 6 misro-amperes at‘O@i'volt for a power supply.
 Tﬁis.repreSents 036 miomeWéttS-of pcwéfé which contrasts

 sharpl&'with'the million or more micro-watts required to heat

'yfhe cathode of an érdinary receliving-type vacuum tube.

The above chsracteristics show»ﬁhat they are very impor-
tant and many of bthem are wvery advantagsons over véeuum tubes,
If we can develop good transisﬁér-amélifiers or deviees using
fransistors, we shall be free f&om“many:diffieulties'with

which we are confronted in the ecircults where we use vacuum

tubes.
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CHAPTER II_."_

?LhGTRIGALZEUUTVALhNW CIRCUITS OF TRANSIST@Hn
AND THEIR VACUUM TUBE ANALOGUES

‘Derivation’gg Equivalént g;reuits

'VThose who studiéd eleetronies and vacuum tube cireults
appreciate the importance of working with equivaleﬂﬁ cireuiﬁs»
while analyzing the different eircui%sa This 1s t¥ue for
,traqsistov-oirouits 00, In this paper,. equlvalent eircults
¥'will be ased to analjze the dlfferent types of clreulﬁso
Thereforeg it has been thought that 1t would he very helpful
to éiseuss and derive necessary‘formulas for equivalént,eira
cuﬁbs apd to pQLﬂC out thelr vacuum. ube'ana1ogueé;ff

g Thﬂ procedure amployed is smmllar to bhaw uged in vacuum
tubes., First we shall regard the transistor as a black box
whose electrical performance is to be &eterminedAby meésurea
msﬁts at its terminals, A theorétiéal picture is shown in
?i ures Aa and Abo ,‘

Write the loop equationO for the eircu1ﬁ°

| iIKZg + z31) + 12222'= Vg
: ilzll-+ 12({z2n + 23) s 0

B

Input~imgédanea 411 B B © e

 Qutput impedance Zgp = Zoy &



lla‘

Network

< o

Fig. ha. Black box representation
: of a Lh-terminal metwork

Fig. 4b. Circuit diagram of a black box
representation of a Lf-=terminal
network :



'Th@re'are'four-variableéz ﬁwe currents and twe'voltagesg
at each of the two tex rminal pairs. Thus;'if-we know these
four quantities, we can describe the performance of the
black boxol We shell consider only‘tWo of the four factors
%0 be variables, and”ﬁhe-other two are assumed to be £ixed.
Then we can determine the two unknowns in teﬁms of The twé
that are known. 7 | | .

There are six ways of choosiﬁg'the pairs: théreforés
there are six different‘ways to~eharacterize the neﬁworko- To
mpke the methods more familiar, we shall use the Séme method
that is used in vaeuum - tubes.

In the case of triode vacuum bube, the grld and plate
‘ voltaues are usually chosen as independent variables, whiie
the grid and Dlate cufrents are taken as dep@ndent functlons '
of these two voltageso ‘Tubes are described in terms of ad-
miétanees;beeause regulated power supplies can be used to keep
VOltéges consténto We scannot use this:method.for transistors
. because fransistorm may oscillate vwhen ﬁhey‘ave,eonnectea td
low 1moedances° To avvld this dlfflculty9 we therefore con-

" nect the tran31stor to @ower supnlies with hlgh im@edances
-so bhan currents are independent variables in bf&ﬂSlSﬁO?S;A
‘Qonsequéﬁtlyg we describe tr&nsigtdrs‘in}ﬁérmg of impedaneeso’ 

At low frequencies it seems good enough to describe

equivalent circuits in terms of open cireult impedences as

O N

shown in Figure 5, but this is not always the best edmsuib,

1. I.G, Petezson wBquivalent Gireults of Linear Active
Networks, " Lhe Techni cal Journal, Qctober l?hgo _







 For other purposes‘énd at,high frequeneies another kind of
- description might be more céﬁvenienta | . | :
When thelséeond mesh is open-cireculted, zqy becomes the
ratio of input voltage to inpub current, This is the open
‘, eircult inputyimpedaneeg'zlz is the ratio of outpﬁt voltage

to input current, which is the open cireult Fforwerd trens

impedance.

' In similar way we can see bhat =29 is the open cireuit
output impedance and zgi the 6peﬁ circuib feed-back trams
;impedaneeo ' |

" We shall con51der only the low frequency case beecause at
 loW:frequene¢es we can assume ‘that thers is no contribution
Lrom.lnterele@tfode and wiring capacltanceS° %;herefore9 the
 1mpedanees beeome pure re51stangesoz |
After this firgt equivalent elreﬁit we shall discuss two
other kinds of equivalent direuitso The £irst one is the

i équivalen?inetworkg This equivalént eircuit eonsiéts of
a WP of resistor59 sach bf'whiehvia asséciated with one of
the transistor leads, and thére is a voltage generator con-
nected in series with collector lead. | _
| If we take "IV equivalent circult and convert the series

vélﬁage genéraﬁor'tb the equivalent shunt»@urrent generato:i?9

we shall oébtain another equivalent ceirecult, as shown in

2o RoM, Ryder and R, JQ Kercher, "Seme Circult Aspects
of Tramsmsuers»“ Bell Sjstem Eeemnloal Journal , Volo 28 1948,

3. Ibid.
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: ?igure'én' ﬁéﬁe the Iatlo of eqvlvalent curreno generator toA17

oo

uhe enattef eurrent LS a dlmen51onless number whlch 1s d831g=, -

}z:nated by the letter ”a "  -”wﬁ

It should be LﬁdeSDOOd that chese two cireumﬁs ar

equlvalenﬁ as lon as Lhelr electrLeaT performances are eona"“

cerned and they give exactly the same results as. the or1g1na1 f3;;

’unltso' - B ‘ _
A% hléh»fEGQuencles we can’ treab the effects o? capacle 1§t'
v‘tances as. shown in Flmure 70 ihls oan be shown to be a "TW B
' equlvalent 01reu1t by using Thevenin s ﬁhsoremo Th;g Will be,i“'

saown 1n APDGDGWX Ao
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- Yacuum Tube Aﬁalogues.gg,Transistor Amplifiers

Transigtor amplifiers.oag‘b@ built in three different
Waysé | | |
iqrérounded bas@
'2; Grotunded emitter
- 3. Grounded collector
Before discussing these and thgif'va@uué‘tube analogues;'let
ug make a.génaral aﬁalogy between #aeuum tubes‘and %raﬂsistorsar
 Figures 8a snd 8b will help in the discussion.
As we can see from the figures, thefevaré twovimécrtant
differences: | | |
. "1, 'The mQSt.imgortant difference eoneerns:the'qﬁantity
- Ra¥ oa earrent,amplifieation'faetof whiech Toxr the'transistor |
mayvbe?eéﬁsidefed'greéﬁer then unity for the point econtact
'tranéiéﬁor and soméwhét less than unity for the junction ﬁype§
a@prqadhes infiniﬁy in vacuum.tz?ioéeé9 tetroaess‘aﬁd pen-
todes., , | |
R -Anoﬁher differencekof less importance is the fact
that the %ﬁbe'quantities analogeué to vy and 1y are capaciba-
tive reactanées; thelr fatiog'howeverg is like the ratio of
e O rg.in'magnituﬁeo H
‘ Here the emitﬁer is analogous to the ecathode; the base
corresponds to the gfid;‘and the collector écrrespom&s ﬁo the -

plate,

Grounded base caze: A grounded base btransigtor ampli-

fier is similar %0 a ground grid triode. The firSt similarity
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zm¥*e

Fig* 7?7« flTMequivalent circuit of a transistor
showing the effects of interelectrode
capacitances at high frequencies

(TS Le
e >VW V- -zA zV W
aie
Fb

(a greater than 1
usually)

Fig. 8a. Current source "T”
equivalent circuit
of a transistor

i/rii

y2i/ynik

c22
uC 22

721
711

Vacuum tube
analogue of a
transistor
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was pointed out by Mro‘Shock;ey §f the Bell Telephone Labor-
atories, ‘The'grounded base amplifier is caaéﬁractéd.wiéh,
the emitter as input~electro&e-aﬁd theé collector as out?ut

- electrode, the basebbeing eommon to both input and outpud

cirouitso - | | | | |
EﬁgﬁesQag9bam1105mmrﬁﬁég%%wmwrwﬁﬂrﬂm"
- vacuum tabe analqgueo: |
Writing loo§ e guations we gét:_

’ilfR@ + P + Tp) + dorp = Vo o
i1{rp + @) + ip{wp +pr@ + Ry,) = 0

v of the cireuit is

‘ V%L{RG o e * I‘b)(R:r_, + Tg =§¥‘ ;r?-b} - f‘b(i‘b* Tp)

. For stability = V30

- Imput impedance » rb(rb T .

Rfl é'r e T
ll . © b 'RL &3 I"G %*Iﬁb
Qutput impedance ' 2y + )
Bop = Tg * Ty =
3 Rg v 15 + 7y

'In this case it is important to have a low value for the
base impedsnce, which is the feed-back impedance, because its

value determines the»gain stability of the amplifier,

Grounded emitterfeasez A'gféumded emitter transistor
amplifier ‘resembles a grounded cathode vacuum tube amplifier.
“When the current smplification factor is equal to unity, the

correspondence is very close; but when "a% is greater than 1,



Fig, 9a, Grounded base tran- Fig, 9b. Grounded grid
sistor amplifier vacuum tube
triode

Fig. 10. Equivalent circuit of a grounded base
transistor am plifier
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the corresnondenee is 1653 aecurateo When a = l ﬁhe tran¢ ;37'

'1A51st03 has a hlgh 1npun _mpedance and a high onﬁput 1mpedance
1phase mnverS1on of bhe 31gnal oceurs in Lransm1531ono"
e The exPre831ons Lor elfcuit ecu.atlons3 inguﬁ and output
”,1mpeﬁances are glven beloww the vacuum tube éﬂalogue and
equivalenb eireult are. shom in E‘lgso (lla.9 1.723 and 12),
For the loop equatwons we haveo |

of Lhe omrcuwt lS° ‘ o S :
R T W r +* w"+'r e )rr{r o1 ) =0,

aF@r stablllty . ,‘- 5‘_ . 0

Tx;inpﬁt impedance Ryy = Iy i+ r, *

° Grounded collector gcage: A grounded collector transistor

9isfanalogdus to a groﬁnﬁed @lateaeathode follswerb_ The p@Wer o

:@utgut in the grounded eollector case is lower ﬁhan that In

:the greunded base and " greun@ed am;bter easesov}" |
| The correspondence to eathode Iollomer aétlon When a =.lf«”
: ;13 very close, bub wnen & is greater than 1 the GOfreSpondeneev-'

inls.yoorero
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Fig, 11la, Grounded emitter Fig, 11b. Grounded cathode
transistor ampli- vacuum tube
fier am plifier

Fig. 12. Equivalent circuit of a grounded
emitter transistor amplifier
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The exnressiens f@r clrcult equations 1npﬁt éﬁd'cutput~?

 kffimpedances are ngen beloW° the vacuul . Lube anale ue and

o Leqnivalent cireuit are shown in Figso (lBag le and 14)0
The loop equations ares o B '< -
f 11‘% biey b rg) + (e - oxy) =T
+ 1 4R %1 +1p o ey
1lr -l (}L,” E ?c }rm)‘ -LYE |
~ of the eirdait’isﬁ;f ”:' . o o |
B B (R : b * re)(RL ?fe +r -r )
:;T?Q:E‘ Stabillty S T 0

'Input impedance,:'_yuif_ o rgley - rej,i

-rfﬁutygp>impeﬂanps'},ﬁ Tl o :e(fm;?:?e?'

ol
e

Ry * 7

Tupes are noi'cemﬁared with*ﬁraﬁsistcrs in*these eases;

‘We merely indicatea‘the-Similaritiesnbetweeh thenm,



Fig. 13a. Grounded col- Fig. 13b. Grounded plate
lector transistor vacuum tube
am plifier am plifier

Fig. 14. Equivalent circuit of a grounded
collector transistor amplifier



15

CHAPTER mi

THEGR&TECAL ﬁE”ERMIYAYEOk Qﬂ EFFECTIVE
TRANSGONDUCTANGﬁ%
~ The lmportance of feed-<back in tbe case of .a vacuum tube
ampllf¢ef is well underSuoooo The effect of feed=back on the
gain funetbtion of vacuum tube amplifiers is appreciable. e
can write this genersal gain function'af:é vacuum tube ampli-
Tier as: _
A= gnlny o
Here,‘gm isrthe transconductance of-tube-wiﬁhgaﬁ-feea=bagko
With feed-back, we can %rite the gain function as:
| AV = g %Zm o |
‘Here gmé‘is the effective trensconductance of vacuuﬁ.ﬁaﬁe‘in_
the pfeéence of feed=baek. Tor ﬁraﬁsis%Qr am@lifiers‘we shall
use the séms procedure, uSiﬁﬁ gf and gﬁ“ for the ﬁranéednduem
%ance of the tran51stor without feed=back and in the presence
of feed=oack9 respeeblvelyo Three cases will be dlscussed hereo
grounded emltuerg grouaded base and grounded collectgﬁo
First we. shall derlve an equatlon for gy when there is
no internal feed-back, and then we shall'derive an eqaaﬁion

for’gtﬂ when there is internal feed-back.
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Procedure to Caleulate Effective Transconductances

The procedure used is gulte simple, and the mathematics
involved is not difficult. The following steps will be taken:

1. Draw the volbage source equivai@at cireuit of the de-
- sired transistor amplifier

2, From the loop equation of thig circult caleulate an
expression for ¥lg" in terms of known parameters

3. Draw current source equivalent circuit as shown in
Fig. {15). This is the proposed eguivalent ecircuit,
in which g4 is the effectlve transconductance. ‘

b, From the loop equations, calculate an expression for
"ls" in terms of known parameters and gy.

5, Equate the two expressions and solve for gi.
'ﬁérivétian of g4 in transistor amplifier,withodﬁ intéfnal

X
feed:baokz

Case I Grounded grid case
We shall use the "T% sgquivalent circuit of a téaﬂsistor
amplifier, which vas deri%ed in Chapter IT. Fig. (lé) shows
equiﬁalent’circuit of a grounded grid transistor amplifierg
In this ease rg = 0. ILet us write the. loop equations for the
eguivalent'cirouits . | |
| e by =By leac 1)

i@{ZL"‘;”"Z@) 3 i@Zm = Q | | (GQO 2)

1. The method used in this chapter follows that of
Dr. Thomas L. Martin, Jr. in Blectroniec Circuits.




Fig. 15. Proposed equivalent circuit (current source
equivalent circuit)

Fig. 16. Equivalent circuit of a grounded
grid transistor amplifier, re = 0



ax
We need another equation. This ig obtained simply by
- writing Xirchhoff's current law at point C:
¢

iy =1, + 1 - (eQOVB}

Substitute Eq. {3) in Eq. {1); then we have:

(1 + 150y a‘éEi
={By + 4,74,) '
ie _ 1 e¢~b {eqo L)
o :
Substitute Eq. (&) in Bqo {2)s
; ’ - . ‘ - By b § 3
i@('Z}L'+ Z@,) * Zpy { 1 cx&b} 0
Tp
Multiply both sides by ry and we geb:
lerb{ZL * z@) = Zm‘Ei % ierb) = 0,
Collect the 1, terms together: A
i@[?E(ZL * 2yl = zmrg = EqZpy
ie[%bfZL *2g = Zmﬁ = 3%
And solve for ig.
i@ = (GQO 5)

rb(ZL %.zg=zm)
‘Now cousider the'”proposed circuit.” Here ngi is a cur-
rent generator; gy is the transconductance of proposed circulb.

| Te can Writéa,

g8y = 15 * 15 | {eqg. 6)
But = 3,, = ig —
T%0 ¢ Zs



Substitute this;equatioﬁlin

By

B

Solve “this for i, to obtain:

ig =

{6):

o .
~T.

c{n

lc 1o zﬁ
“e
%

. L

l@ l {“VW
g

] Zg * Ay,

.l@ g

Lo
gt%ize
ZG A Z’L

Now equate the two expressions for i,:

ﬁizé. _ gtgize
l“b(zei-zm""ez};) A Zfe%v ZL N
- And solve for gis | _
| . zmlze *+ Z1)
8g =, o

Eg. {10) is perfectly satisfactory to

22

(eqg. 7)

{eq. 8)

{eg. 9 -

(QQO 10)

caleculate gy, butb

Ain determining g We qaﬁally short circult ZLQV That means ZL

‘becomes zero in Egs {10). NQW'if we gubstitute zero for Zp

in Eq. {10) we get:

o5 - gz L By

e T2 lzg = Zp) rbizeu Bl
v _ T

% = *y %6

B
- I
g

(eq. il)_
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Zp - ' : : , -
Butb Eﬁ ‘is approximately squal to o= , the current amplifica-
. [« . o : : 2 ) .
<& : . - 8 : m o L
tion factor, If we substitute o= for . in Eg., {(11), then
: . , . Zeo o
the expression\beco&esa
:  (eqr 12)
& m = o eqolg )
PR TTe= o

'~ EBquation 12 gives the transconductance of a grounded emit- -
ter transistor amplifier in terms of ry and < , when there is

no internal feed-backe.

Q§§g §£3‘Grounded base case 7

‘Again we shall use the "I¥ equivalent ocircuit of a trans-
sistor amplifierc' Figo. {17) éhows the equivalent circult of a
groan@eé base amplifiefa, ' | o

For the grounded base4case

rb = 05,

write thé circult loop equations: '
1T = By . {eq. 13)
iglzg + %g) + iz, =0 (eq. 1k)

Solve EBq. {13) for ie, then substitute this in Eq, (1)

fg === o (eq. 15)

Te

‘Substituting this in Bq. (1k) givess

‘ . yiH S
ic(ze o Zl,)‘ = 1 = 0 | {eq. 16}‘
L Paln ‘
L IF we solve qu'{lél for 1a, welget:
=M% : : '
ig = i | {eq. 17)
re(ze * ZL) ' '



2

Kow letb usv00ﬁsider'£ha.”propese& cireult.”  Here gy

and {ggEi) have the same.meaning ag before, Writing the eurrént

‘ equations :
> B = 3 % i: o ) : ) L?' 8
gt i e AR o ' feq. 1 ?
7
’ ) o . I} ..
‘ ' ' Zq

gl = 1 + 1 S .
1 &) , o] ZG_ N

. R T ‘ .
BBy = 15 S L {eqs 19)
, Ze '
Solve this for i1g:
‘ (g B )z, .
fo= .ot ‘ (eqo 20)
' {z _ + ZL)l' : S
Now equate Bgs. (17 and 20}):
I (eg. 21)
) o 7 ’
re(ze P ZL) 2, AL
Solve Bg. {21} for g, ond we gobs
g, == (eq. 22)
b 5 |
e“e
But E§ 5.,
Zg
Subgtituting this in Hq. {22) gives us gt in terms of:
, . o : | |
&% = e _m~ oc'_ - ‘ {QQ9 23)

. .I“@



Fig.

Fig.

[?7. "T" equivalent circuit of a grounded base
transistor am plifier when 1% = 0

VAN
Nezm L

18. equivalent circuit of a grounded
collector transistor amplifier when
rc - 0
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“Eq. (23) gives the transeohduetance'of a grounded bhase

transistor amplifier.

Cese III: CGrounded collector case
 The same procedure is used here as injthe first aﬁé second
cases. The "I% squivelent circult of a transistor amplifier is
shown in Fig, (18)s -
 As we did beforeg'iet ug write the loop equations.

; + {3 = i = = - 8q. ;
CdgE, gle $'le)rb | g {eqo 24)

ide, + %) -iz = 0 - {eg. 25)
Rearrenging Bq. {(25) gives:
ie(re..a va";’-‘ ZL) = 0 o‘
Solve this for -ig: _ ‘
: o le =0, (eqs 26)
Substitute ig = 0 in Eq. {24):
O + (iG & O)rb = = Ei
or : igTp = = By o (eg. 27)
Solve Eqo. (27) Tor i,:
i = —x . (eqo 28)
To determine g, for the grounded colleéﬁdr case; let us
" consider the proposed circuit once more. ‘As'befores we ean
writes

gtﬁi = 1g - {eq. 293

Zg
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Solving Eq. {29) for i, we gets

g B z : i
ig=_t10 | - {eqo 30)

Now let us equate Hgs. (28 and 30):

;Ei gﬁﬂizc : L
=2 184 1)
| Ty Zo * Zd {eqs 3
Solve for g3
: Z e L : : - '
gy = o =  (eq. 32)

Eg. {32) is the transconductance of a grounded collector
transistor amplifier. But whén.making:measureméntss Zy dis
shert circuited. Then in Eq. (32}, Zy, becomes zero so thet

Bg. {32) reduces té:

N3 1
¢
Lpée )
and | ) . gﬁ. = za,b 7 .(QQc 33)

Therefore, in the grounded collector case, the transconduce

tance isveQual to the-recipféeal of Ty

Derivation of g4' in transistor amplifier with internal

faimminis | catmesiow  eR=s

Teed-back: In the previous section we developed formulas for
&l o ﬁhe_ﬁranééonductance of a transistér»amylifisr withsu@ ’
 internal feed-back. This was done for three cases: grounéed

. emitter, grounded base, and grounded collector. In every case
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the fee@=back reelstance was con31de ed zeros s0- that

S = 0°i‘rb = O;} r¢‘~ O T@S@GG@IVGlYo_‘ﬁ

. In uhlS sectlon we shall assume that ﬁhere 18 1nternal
jfeedwback and w1ll then deuermlne ﬁhe oorresponalng effectlve o
'>transconductanoes of %h@ various Glfculuso Essenoially we~ g
, shalT folleW'the same procedure as before exeept that ;

-re #* 9°' rb % 03 re # @ ’

end in Lhe proposed cmeult we shall sei ourrent generator
equal to gtgﬁ Vgtq belng the effegtlve,transeonductance in L

. ,the presenee Qf inﬁérﬁél feedébﬁck;';”

~daséiid Grounded emltter ease

Here agaln we shall use. the e equivalent eircuitg wWrite

L ;1ng the loop equations, we get

rb(i P i) 4 ,.ere =B o (eqs 3&)»
ic(zs + ZL).*'iezm“f leTe = 0o S (eqo 35) - -
Solve qu (35) fo ‘e ff,- " '

>'= 1;§gg°=:ié5

(7 )
e

(:éfw:gm?

. . Substitute this in Bq. (34)s

._:r . ~,ZG '*"ZL o L ZG ZL o
e e e b i+ le - Te = =By
; Te = Zp N Te = Zp

. And this can be put in the Torm of:



iOIbZ§Ze v Zg) v {reAa Zm37 $,icre(23:? ZL) = =By irg = 2,)
o . or
i Z%bize 4 ZL) vrplr, = z,) ¢ re(z@ + ZL}7= “By (g = 3m§

Selve for ie terobﬁaing‘

B f{r, = 7. | o
— i e' m} S S— TP 36)
(?e+rb)(zeézi) + rb(feﬁzm

g =

Now consider the‘proposed‘eireuitg which is‘jast-like,

the other ome but here gy’ is used instead of gto

As before,

838y = 1o — (eq. 37)

-t ZG
And - L | |

R By 1832 :
ic = t. - ° , o : o (eq. 38)
ZG %+ ZIJ ‘
Now equate Egs. (36 and 38): .
<E. {r, - z.) _ g4 181 2 '
AL -t (ego 39)

(re*rﬂ)(ze$zl) *’fbifé°zm) ) Az +2y)
'Solviﬁg Bq, {39) for gy', we gets

lr. = 2}z + Z)
= e n ¢ L {ec},o L}O‘)

€s g '
¢ zg [{reiry) (2g42g) + rylre-zy)

‘qu {LO) gives the effective $ransconduchance of a
gfoundedbemiﬁﬁer,tfahsistor amplifier in the presence of in-
ternal feedabacko‘ If we substitute

A» - Zy, =0
in Eq. {40) as;we}did>befofeg we getb
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= (B == i}g)zv

zg [lrgtrylzg + f%»_(re“zn;y

g =

or
Zo= T
- o m e _ : .
g.tg - T (Z Z) g (3_“ - ) o (eq_o l—bl)
: b e 'm‘_ o't % . :

By an epproximation, Eq. {41l) can be put in a better forino‘

Since : ,
Zm ) Tgy Then Zp = Te ¥ Zpy
zc D Tps Tp * 2 2 3y,
Then Eq. {41) becomess -
. o -

| Z;m; o
L rb(zcazm) * T % rpl{ze=-2y) |1+ _°©

Z _
G .
e == ‘]
. , rz(l-a..&)Ju
_ ‘boe Zg

r

)

or
8o = —— . (eqo £2)
o ryplzgezy) 1+ Te 1 D
p 1 - Zm
|  Zg
In Bq, {42)
| 7 Zyy . , , Z
WM =g, (in no feed-back case) and 1 _
rh(2e~Zy) Zg
Substiﬁuﬁing these in Eq. (L2), we get:
| & | ~ -

1%
Ty {l =2 |

Hg. (43) glves the effective transconductance of grounded

emitter gqmplifier in terms of g4 o
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Gase II: CGrounded base case .
' The equivalent cirouit for the grounded base amplifier
"is shown in Fig., {19). Here -
: .rb‘%.O .

For the loop equations we have:.

| ;Qrej$ ib.b_m B ,7' (eqo.&&E
: iglz, +'zL)'¢'iézm Ay =00 (eqo 45)
And for tﬁe eurr@ntsé" _ » 7
iy =i, v i,  (eq. 46)

Substitubing the value of iy in Ba. {46) in Egs. (kk and 45),
we gebt two equations in only two unknowns:
B (i, ¢ 1wy =B, | !éqa L7)
Aie{zc % AL} ¥ teZn *.(1ev+*1@)rb = O~.v {eqo 48)

Solving Eg. (47) for i@; thens

N .
Tt Ty

Substitute the value of ig in Bg. (48):

(%iaiefb)zm

ic{%qézl) -

{r@_# Tpl
Eqgo. {49) can be put in a better formz
iaiz¢%g£)(fé%rb) * Byzy - 1oTp2g * Ty lE
| oer | .
s [{w 4% e v ) = = of +x ) {eq. 50
1@[?405§E)(36¢rb}.v,rbgre Z@575 ﬁi‘?m fb) leq. 5 ).



Solve Bq. {50) for i, s
- o L {z ?rb) | o
ic = T T—— 0 (e:q-_or53.)

(2g42p ) (ze7y) + 7o (rg=zp)

Or, rearranging the denominator, we gets
: ) o 2
=‘;§Ji<zm = 3."‘70)

i1 = 7 v ' 2Go 5
‘33* :{r v ).{z =z $0 ) = g ’(‘r 4z ) (eQe 51)
: > m ‘b m
The proposed cmrcwt remains the same. Therefove, we -
heve the same SXPI‘SSST Oi‘l for i, as Eq. (38); bnat igs
. g Bz D
i 2'__2” %o : - leg. 52)
, Zg * 2L, o
-'pquatlng Eqso (51 and ;2) gives:
-8, ] . QIE (Z *r ) L ' .
b i e ¢ »
e T ( RS g )-Q~-(eq6 53)
+ G s <+ & N
% T 1, (f =N Ze oL T T '

Solving Eq, {53) for 8y We hav'ex
= {Z Ty )(Z AL) ( )
g = eao 5L

g s

Substituting Zy = 0 in E

q. (54) gives:

= (2 + 1p)
8y ’

B

. , : (eqe 55)
9(Z=2y) + Tolzgtry) e

Again using the assumptions as before:
Zm D Ty, therefore Zy + Ty =~ Zp
; Zg » Tp, therefore 3z, + X”b‘zé’- %
and . ~ o< - 5

‘we geb:



Fig. 19. "T" equivalent circuit of a grounded
base transistor amplifier when rb »~ 0

r-b XC
>W W L _>VZWWL
e
A
exm 2L
V>
Fig. 20. "T" equivalent circuit of a grounded

collector transistor amplifier when
zc M 0

3la



of @rounded base tran51stor~when there Lu no 1ﬂternal feeﬁ=

o »baak, 50, substltutlng thls in Bg. (56) we get°‘
g = L LIRS o {ew. 57)
S50 T - P : DA B
1l Pl

‘re

in -z_féms_ of _?g;g .

~'Gase lilbv Grounded eclleoﬁor oase i -

| The RUCE equlvalent 01rau1t of a grounded celleetor trana

,_31ster ampliflar is shown in Figo (20) _

Agal Writlmg the leop equatioas we haveg} ;5““ ce )
ot * ok »?*b?bi’"’”ff”?iﬁ e

: 18(21»$ rgl'? #czc = iesz*79'b _5  i (éqé 59):‘ 7



s

. Aﬁd for ﬁne current 7 N _ o ;
:ﬁ§go titvtlng qu (60) in quA(58)9 e get“' -_ ,‘<.*T_k
ie%m A.l zc, {i i )r _= éEi  (:> .'(gqckélj‘

-"géérrangé~3qowiﬁ9)'&nd sblveffor iéjz‘

igzg

B

,jSubstitﬁté;the}ébovégéélue df_ie iﬁrqu‘(SS):

LoZgZe . lgZgTy

SR D, S AN N . NN '“k=Ef'3
: “¢®e. T Tevb *
lrempzg) 00 (;r- ’*’ZL)

S er R | |
s 15'1?; m_% Z, (r -z +z£) E ?b(ref;m%22) #‘fbéé7:. 44 (re Z a?ﬁ) .
S AT R S S o fego 62)
.. $61#¢'3@§”(62}j£orAi¢§~"» o _ O

‘}i(r ~z 7. )

' e “m "L’ .
zZ, (r +ZL).+ ®, (re Z %ZL) T

i@ "'"’b (e‘J.e 63)

b
iy;? ”;};,u. For uhe praposed clrcult we wxll have the qam.e clreuit as

"Nﬂe did 19r twe cases befcre, 80 we can Writeo,f."

And . dgm BTEe T (eq, 65)



- ,_'N@eréﬁaﬁe Eqée'(63 5ﬁ@ﬁ65): V 3

B o - g E Z . - T ‘
— L : t e iec g :
e I F Tty B ¥ ey (B am - (eac 66)

=& (r =% +ZL)

- fSolve for gt: ﬁe obtamn*i- : ”
& U alm) (o en 02 ) e Emy e
,‘g.t. [G(I‘ -:-ZL) > rb(fe@zm*zL) 'b rsz {3(10 67)

SubSbltute uL'u 0 in qu {67} and rearrange Ene terMS°"

R N R

Aga;n using tie approximations made beiore that&h‘
%a‘» Tej“,‘_ zm‘etr = By S

:gojthat LR | ,:;}ig fzoe

we get -

-m

':jgt§t-rb?02§?g :c}+ﬁa(1 - “T);Z°  “'<eq°§%)‘:.

osimeet g i}»?rs;‘tthena-;~°fs 0.

"SQbéﬁituﬂingfﬁhis'ih,Eq; (69) givess .
SR A .

e e e




4 lf§§ff?3

“éBﬂtr“f "';' — %ngt '“fbf'grcund.adlleC§éf case;;fAj__ﬁ
| xfthéni_  I o mm ol

(71) is Lhe effeeulve uranscenéuctance of a grounded:73f
fveollector transistaf amplifler in- the bresemce 01 1nternal

‘:feedebaqko~-

'GOm@ariSOH'gg»TWé Gaseg' :

B In the flrst nart of thls chapuer we developed the effeem1  :
5t1ve transeonduetances of tran31stor ampllflers LGT three difa‘g; 
Lferent caseSOV In doing 809 e, flrst assumed that in the case ;
 of 1aternal feed=back the transeonductance Weuld be dlfferent -f'

‘-,than in the case Where there 1s no :ecdmbacko Our.mauhemabics?ﬁ;

: proved thls assumptlono ﬂor examp139 in the case. of a grounded

fampllflerﬁ 3:__ <  :1= 

" -t
B - — t~‘fi'
PN 1o e - T

'ffThls relatiOnShlp shows that hhe effectzve transconduc’canee9

.f%ygtq in thls caseg 1s certainly different than gto The term

.re_‘ 1 :
. - T
T (1 )

in the denominator makes the’differencéo
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: ?n’hether we use- "OO"IL’G contact type tranms“bows or junc*blon
,_tvpe trans:mtors,, I‘e is alWays less bhan Tpy- ‘but uhe value

of o< eha*;ges aeeo.cdlng to the 'ty_pe o:!:‘ trans:astore If We use B

/_'_a Junc*cmn type trans:.stors than o< 1s less uhaa ls so

-8 )
— 0
 Wo=
E, Tee
| ibevca‘tisé‘.(l_; oﬁ/ ,‘is,gréa“c’er :.than Q; therefo_reg”
R T A
”’l'%'éé” e ) 1 always;

'oons equenulm gt? is less ‘than gt° ‘But Ir we use ‘poin“s-eoné |
 tact ty*:)e traﬂsmtor "bhen . | |
cee)l, end 2 4 0, negabive

end w1
» . xe & g%
e, e e 7
b ke . 4

conéé@@eﬁtiiy v e
- . ¢ > g-g Lo

‘i’!’vecanuse the same argument for ‘%the other two cases. .
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. cHAPTER IV

e -mmmm@mmﬁm@m o
- EFFECTIVE TRANSOONDUGTANCES

The effecblve transeonductance of a’ srans;stor ampliw:_.
ifler wa s detesmlned the@retlcally lﬂ nrevieus chapterso ‘in
‘thls chaptef the exPeflmental data are presented aqd the - calallu
 :ﬁu1ated values for the elfectlve transcomductance of a. gfoundéd
base Lranslsbor am@11 *erc‘ It 1s shown that thls value is in :J
accord Wluh bheoretwcal valueso-:;' o | T

'”he experimental procedure is descrlbed belawo_ff"
'fPrécedﬁfe -

(a) A grounded base transistor amnlliler usiﬂg a pemnu

f{coacact type tranS1stor was congtrueted as shoWn in: ﬁlgo (21)@

- Two vdrlable resmuors9 one in: serles w;uh emvtfer to vary

emitt eT. currenb ana one An serles w1th colleetor to vary co1m,~“

Tf.lector voltage Were connecbed in‘tne eircuiuo Two supply

2 batteilas were used one 1n 3he callacuor clrcuit and ene 1n .
i uhe emltter 01rcu1t two milllammetefs were used co measufe
 the emltter anﬁ the collecter currentsor,~f-’ | |
| !hlle taklnu'readlnés “the- collecter current aid noﬁ :
”sxcced 5 MllllQMDereSo;,ThlﬁylS tne maximum rate& current éﬁd¥f*
’if more curreﬁt is arawn the transmsuor w1ll be éamagedo | |

For @ach flled value of emlttef current the changes 1n



21.

37a

Laboratory construction of a grounded
base transistor amplifier using a
point contact type transistor
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'emit er voltage and 1n collector current w1th varying cola‘-

"” lect®r VOTtaoe waze recordedov Readings were takean1th Ie ’,vg17m

71?{em1bter cmrrent) varying from 0, 4 moao Lo 1 1 moao The'détéhiaﬁ
’are glven in Lable ne;"_ '_. .'» |

o {b) Calculatlon of slope 3:nes:‘i.s13anc:es°'j Two sets of

‘tran31sﬁor GhﬁvactefiS?Lc curves ‘are dravn from ﬁhe daoa in

“'Table I, as follows,‘%

1. COllerOf voltaoe vso collector:curreﬂt,fcr fiXea
values of - Ie ' : S Y

2. Emitter voltage Vo collector current for flxed ,f
value of Ie R - ,

"}1063 of ohose curves'are shown in Flgso_(zz and 23)§ reg rb9
Tes Tme Bt ‘and’ ﬁtv are ealeulate& 1nd1reetly‘from these = |
‘,GuvaSO | , Y e -

| It is Ilrst necessary to calculate rlls 129 le and rzgoyﬁj

‘vThe eApr8531@ns whlch enable us te determlne rll, rlzg_r219f‘

2 rgg from the plots of the curves are as followsn‘

'_151511 |  ‘fﬂslope"of??§;»le‘onrvevféé'lc;éonstahﬁ“_

slope of Ve, To curve for Ie constant

 ”;g7r2i §Q*amg-<f slope of Va, Ie curve for Ic oénStaht‘f"

'v?f, r22j¥~+-*a "lePe of ch fc Cdrve‘fér*ia constent
. Us:;.ng the graphs of Flgso (22 and 23 ? th@ V‘alués.' for |

_rllg £129 er ané rzz are given9 as follews°7 
















Table I

e

- Tabulahed Data for Grounéed B se Conneetlon

Ve {emitter
- voltage])

Ie (émlftera
cuﬁﬂent}

V@ (eclleétor
voltage):

Ic (eollector
. current)

volts) .

031
73092?5'

" 0625
" 0,225

,?0;15?1 o
Oo.L2§ o

- 0,085,
0,05 -
- 0,01

0.36

0.20

Q.25
0.23
0,175

- 0613 -

- 0,08

) 0005 ’

030
0:26
0,23 -
00175
0,125
0.075
0,05

0435

@027T-

(mllllam@eres)

QEQ Q{U-vﬁfffﬁ

;nQé6;f . 

0.7 -

0.235

0,175

0.125
,Q§957'“1

0.30

0.265

04R25 -

0175
- 0,126
S 061

h_:n Q?g?;
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pa

O DODOOONDO
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o o O
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OWM O O N O

o
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O
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ge
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ozn&x
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o xe

o

15,00
20,00
. 25000

C 0,00
1,00 :
0 2.50 -
5,00

- 10.00

-~ 15,00
- 20600
23410

0600

. 1.00
2,50
5,00
10,00

- 15,00
2000

a0 0 GO, '
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17550
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2.5
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- Table I
oo Te

(Gonto) . .

ui.erL :

';fiIé”::;"r

6.9
100@ S

l@:;. '

0,000
o 1l00
' 205@ -
50,00
1@6@0

0. eof"

1,00

- 2650
5,00
- 16,00
13,00 -

. ':'-Q—oeo

2 59" S

5,00

”-_1@ 00

2.80 .

- 3.29

3.75 - -

R S
beo98 o

2,10
2s95
349
37T

L 60 -

ks

2360
- 3@13 L
3,68 ,
R




i

L Lt . - @F | -
- 0-@221 ; | | AR
S b ey 221 th
RS @ lxlo”B
R ;;L-QQQQéZ R
| Py = e = 88,4 Ohm - -
B ff O, 5x10=3. S A

391

I,ﬂ“-, R

R g(zl;OOéfahmé'ii"
-~ 0. lle°3” B L
L 375

R rf~3ér~wnw*-- '14 700 okm
«=22,»; 2055xle°3 LT

5}1  lhe ﬁsxt step LS to calcalate rbg Tes. rcs Tm» bt and gﬁﬁ"x
for a grounded base transistor amplifiero‘ ihe follOW1ng rela=':g
tlonshlps apply, », ~[' T s - '

fu T T

u
B

5'T'J.P:t;szjfb""

i
=
&
B

s ?gg;%’?ézf;ﬁb- | |
~3Thégjﬁsingj%he'abbvefrélatienships,*daléalété fg'g'ré}ife‘aﬂatvi

221 = 88 & 13? 6 ohms

'H
<;g‘.

=
@
.
e
;__!.
)

31 OGG = 88 h = 30 911 6 ths

3
B
'_s‘.i
i

K
"

= 14 790 - 88 4 = 1@,61106 ohms~v”

H
e
8

=
l



L2 .A

» Before we attemp% ﬁo ealquate gﬁ-&nd-gtés tﬁéﬁvf;_af ,;.
the tfaﬂSlStOr must be gncwne‘,Thls Is;determineavfégm the_i}
T curves of Fvgo 220 By def1n1ti¢nzj'u'r'j SR o

. “A-JIc”

‘oe . 79 Vo
e - ey 3 -
o g

nE

constent

‘0'( oo r. : = 207

A

" These éalehlaﬁicns shoW'that the value of o< Ghanges betweeni ”
12 7 ard 2o 8 Wlthln uhe operatlng regleno 7 |
. The evpr6331on for gt for 2 gwoundeé base transmsuor amP

fpllfler 1s.

e " Tozg . |
.‘Eérefzm and z 'are;rm and Tyo Substituting ﬁhg;caleulaﬁe&A
. values of fe and rpy We gets
. 30, 911 6 s I
g%-ﬁ = =1,59 x 10=2 mhos .
132 6 x 1@ G116 - rer?E AU mes

o Aﬁﬁ tae expr3551on for gtv 1se

RV

,;,t_ | Ty —
Sabstituting‘fér 2t s rb 5 re thelr calculated values an&
' -us1nﬁ 2 '79 bhe smaller of the two @alculat@d values9 1erc< N

We get°'-



K3

=1°59 x 10“2

o8yt =

8
. E l ..._8_,_,i’ ; 1‘1’20 7)
. .‘ 132 é ‘ . : ..
1,59 % 1@@2 - 91;59 2 1652"
o 1+ (-1, 131} -0.131

12015 x 1ow2 mhoso.”

A

Thu39 the value for gﬁ? is almost elg t mes th° value

of gs, and the szgn assooiated Wlth gt is pluss'whilé‘thé’”

731gn of gt is mlnu&n' Thls means that our 01rcu1t 13 “revenerm4f~*

‘Taulve" 1nstead of ”degeneraulvea“ We can - explaln 3his change,f:
- of sign ;frwe e;amlne'the»denom¢aator of the expression for - =

g

- | B
gt? z‘, L i
P R S o (l - oc )
Lol fe -

“f; ~In the'éenomiﬂaﬁor we'haVe'the tern {1 - oiv) : Fof a point .

' As a consequence, fie I + %1 2ac )

' épntéet7trénsistbf;' a£ lS always greater than 1. and there= -

.fore7the-ﬁé$m:'f3(i-

also becomes a negative quantltyo

"rb ' '5'711 R S R T

). can. be smaller and - . .
. S | To il ow nomEk T
o greater then zeroo~ If 1t ié‘sméiiergﬁhaﬁ\zefég theﬁ gﬁ”'be;_*

;:f»7eomas 9031t1ve° and 1f 1t is greater than zer09 gt? beoomes

Ll negat¢veo However9 for a Junctlon transistors &' 18 always.7

‘,negatlve because for a Junctlon tran81stor ‘oc 1s always

VSV‘fless uhan 1 ana the denomlnator oecomes always greater than

zero or positlveo e



R
'(6) Measurement Wlta different ”Q" peintsﬂ 1@ ebtaln;?
‘a dlfferant WQ" polnu '“100“ ohm r951stanee Was adéed in'_"iw

serles w1th regias shown in Tlgo (24) It has baen Qbservearf;}?

‘that bhe addlblon oz an extva lOO ohm IeSleanGe 1n serles

w1th re changes the Q‘901nh of grcunded base transzsﬁor amp11e1;3"

'fier° as a ccm:sequemcee,J che values of Ve eand Ig- fer the same'?"7‘:

fixed. values of Ie and V‘}ehan e corszderablyo T

| The data.zor thls measurement are ‘shown 1ﬁ Table II i5 "

'comparlson betweep Tables I and II shews that the addltzonal  "

100 ohm resistance in,s@rles with Teo 1s 31gnif;eant beeause'i
'V~of dizzerenees between two ets of readlﬁgso _ ‘. g ’
(d) Invesblgatlon of uhe effects -of Ty, on 8y and gt9°

The same clroult as n Flgo (2&) is used zo ma ke the measufewz, 

: mentsﬁ exceot that a variable resistsr 13 eonnectea in serlesf

- wzth rb so as o vary vbo Thls is shown in Flgg (?5}0

Several Eeasurements Were ma@e by u31ng dlffereﬁt values

of rb ana ﬁo observe sﬂe effecﬁs of- r=° When rb was ralsed_by-' "

' 15 ehms and by 25 ohms9 the sysnem is smable When Ib was

t‘f”fralsed by 50 ohms, the sySuem became~unstaoleo‘ ihe readlngs of

_'these measuremanto are shown in iables I 1T and ITI, resnecm T

‘ftlvelyo - e
- To see the changes 1n characverlstic curves, ’hb'éaﬁa
‘ ;rom,iables I and IL vere plotted for comparlson and %e invess

tigate whetner there 1s any ehange 1n oc 0



445

ohms

66 v

Fig* 24. Measurement with different "Q" points

100

ohms
VWVV__

66 v

Fig. 25*% Measurement with varying base resistance
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Teble IT
B Tabulated ﬁata for Ground Base Gonnection whex re ‘

(Emltter 3351stance) is ‘Raised by 100 Chms and rb
(Base Resistance) Remalns ahe Same T

V@ (emltﬁer I (em1tter T Ve (eollector IG (Pollecaor
voltage) .. current) = . voltage) ' eurrent)

(volbs)_‘j(mi11+amperes), — (volts) (milliamgeresT

0438 o~ 0,50, . 0,00 . . 1.18
06300 L T T 2,50 S 2640
C0.26 T S B00 2,90

0,20 ST T 106,000 3057
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0,123 . 20,00 L be60
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“0043‘ :‘;: ' 007_ R - AOOOQ
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Taole III

Tabulated ﬂata for Grouaded Base Connectien when Trs
(qmltter R831sbance) 1s Reised by 100 Ohms and rb
(Base Resistance) is halsed by 15 Ghms :

Ve (emltter : Ie (e&lnter "fVc}(éoilecth~ 'Id'(cbilébtof"
-;vvoltage) © . ourrent) voltage)j';ri eurrent) .

(valts} (mllllamne;es) » (volts3 3 {mllllamperes)

,.ﬂ‘.OOBA*- RN o 5 0,00 f‘;, 1. 21
o 06 28 N Lo Re30 ot 2639
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0 o
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~But g’ changes

f151§?  W

Ie Vs, Ve Curvéé’frbm.thé détavof Tables i and TI-éﬁe
lshown 1n ﬁlgso (22»éﬁd~?2a) ﬂhen Ty Was ralsed by 15 ohms 5
 ‘l:from the cufveg of ?igov(22b) we caleulate o
| R ' aﬁ-z 2759‘whlch.gives us -

IQE@:‘  Ty =30, 911 6 e
r.T , (13 aé % 100)(1@ 611 4) L

B eTe

=0, 905 x 10“2 mhos
o "%t~ ’

I

S ama gy ,
I+ _P{1 = e )

g

. =0.905 x 1072

o 8. T
1 (8824 ¢ 13) (1-2.275)
(13206 +7100)

S oo os x 10“2 mhos

A When rb 1S‘ralsed by 25 ohms from tne curves of Flgo (220}
we ealeulate e ~‘2 25 Slnee thefe is no caange in re,""”
fgb remains the same° that 15°»f | | *

;;gﬁ_a =o 905 X 1o=2 mhos.

0,905 x 107?

o

Co1e ST B (s 0s)
- 132 o 6'3* 100 T X

= =2,32 x 102 mhos,



The foregOLng calculations show us Bhat the effeeus of
f;caanglng the Q p01nﬁ and. varyln rb are 31gn1f10anto The 31ga -

_‘nlfleance of these resulus Wlll be dlseussed belowo

ﬁisé&ésidﬁ”g;fﬁ@Suits?

A study of exnerlmental data and calculated resulhs shows

jtnat our results are 1n very close accord Wlth ouf theoretleal‘;;f

' :valueso In iable VI Lhe calculaﬁeq and nhe aocepted values
: of Iy s re s To s am and . o< for a. 901nt contact tran31stor ‘
are taoulatedo3 If we compare the twe sets of values vie see

"that our expefimen ally calculated values are very clese uO

<‘7J-the accepted va1u859 and zhe error anolved 1s W1uhin the

l .expe£1mencal praceéureo“' : , , _
‘ ‘From the flrst set of calculutiens of £% and g#” (that is,
Av;when Te and xb wers kﬁpﬁ au thelr orﬁglnal valuas); we see %hati{i
1.€gt9 was not only almost elght ulmes that of gtg but it also 4
:changed 31gno The value obtained for g« is. ul 59 x 1@”2 mhosg
"~ and - uhe value for th 13 +12°15 x 10‘2 mhoso Ffom.these valuesli 
:‘%WG can see bhau Eh@ &f L@Gt @r internal feed=back 1s quite siga i
¢ﬂlflcanﬁ 7”‘  . B ;
B ?%en we changed ﬁpe Q p01nt (by chaﬁglng re) and varie&
‘_ Tho there Was: a dlstinct ehange in the characterlstlcs of zhe 'f?f
*?tran51stora lhls ean be seen from.the curvas of ﬁlgso (22a9 o
 ?;22b and 2?@) and Tables Li IIL and IV bor 1nstaneeg'when \
}irb Was ralsed by 15 ohmsg_ gy % mO 905 xK: 10 -2 mhos anﬁ gt”'~tm.;‘
:Tva2q98 x 1Q?g.mhoso But when rg was" ravsed by 25 ohms i,. §1*5f “



w9
2y = =0,905 x 107 “2 pnos and gy = -2, 32 x 10 “% mhos, This

v‘shews that ohung1n~ rb azfects the Lranﬁconduetanee of a

':>3}tfan~1stor ammlifierq

Tn more eompllcated cmrcu;tss dev1aulon of rb from 1ts B

f"theor@elcal or aceented value oceurs by means of ”internal

v‘*feedwback " As a resth we can sa that the ”inuernal Ieed=

'back" is verj Slgnlflcaﬂbs dependlng upon the amount of feedw
backs iQT thevvaluevofbtga effeetive transeonductance of a

" transistor amplifier,

“Univ. of Arizona Library



; Taﬁle Iv

"mabulated Daua for Grounaed Base Connection when fe
__(Emitter Resistance) is Raised bJ 100 Ohms and Ty
(Base Re81stance) is Ralsea by 25. GQms '

Vé“(emitﬁér o Ig (emltter (colleut0¢'j Ie {collector

“woltage) - - current) f:.‘ voltage) = eurrent)

e (Vo 1%s) (mllliampeves} (volts} {milliamneres)
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Table' V-

Tahuiatéd'ﬁata for rounded Base Connection when r@ -
(Emitbter Resistence) is Raised by 100 Ohms and 'z,
(Base 3651stanoe) is Ralsed by 50 Ohms

: (bolléetar"

' ve (emitter I, (emitber Vg (collegtor I I,
current)

“voltage) . Tourrent) . = . voltage)

;gvolts)r f(miliiamperes)i , }(voltsf',f (mllliamperes)
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Table VI

The Valves @f er r@; ? 5 rm_and oc far
2 Po;pu C@ntact Tran31star

‘hccepted . Galowlated
TVelves | values

| S 1) ~(omE T -

“"Tﬁ  Lj l>'f :32§GOC  f; "Y£1'ff3099ll¢§  o >
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APPENDIX

In Chapter II while deriving equivalent circult of a
transistor, éapasitdnce effecte are neglected, This is velid N
at léw’ffequeneies; but at high frequenciesgiinterelectrode',ff
‘eapacitanees becone importanﬁ5 especiaily in the eollector
braneh in parallel wifh the series combination cf T, and |
geﬁerator r@;@o |

In Fig, (26) the effect of this capacitance is shown,
We can replace the whole z, r 1  and G, combination by its
Thevenin's equivalent, Looking through the points ab, we can
write Thevenin's equivalent voltage source.

Redraw section through ab, as shown in Fig. {(27). The.

open circuit voltage is:

Ierm . L
4 T TWC 4
- © JWC o
or | :%Eﬁ - vl,
v*«eé’m@ . 1 JWGG
JWC s
or , ' rm;e




5k
This is exactly in the seme form s r I, , bubt we have

1w réG

“-fffinstead @f umy There;ore we can r@place rm by fi*I

l +f_' J'WI“ G,

S 1}1‘-
- and therefore our eqalvalent voltage source beeomes e

3.%VJWTQG

For the equlvalent 1mpedance, looklng through pGlan ab
‘ vie: have the narallel eemblnatlen of 0 and ras‘and 1f we

'*;i denot@ thls by rcv-iqj ”

I
. . ;'", -

R

;  9r"'. = c f‘f,:'l"1: l:%-j3W3cfe 

P g e n e e

{.l.%T;JWTGQG

. Therefore, our eguivalent cireuit becomes as shown in Fig. (28).




-A/WVVW WWWwW

re 1% T

Fig. 26. Equivalent "T" circuit showing the effect
of interelectrode capacitances

Fig. 27. Section of Fig. (26) looking
through ab

re
-AAAM - -ZWWI

H.JW eCO0 1+IW r0Cc

Fig. 28. Exact equivalent circuit showing
the effect of capacitance
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