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ProFACE

The object ot this paper is to presentthe derivation ot some

transistorequivalentcircuits and to show how the constantsot one

ot thesecircuits m81 be evaluated. The laboratorywork and a large

part ot the researchto writing this thesiswas done at the labora

tories ot the AdvancedDevelopmentGroup, RCA Victor Division,

Camden,New J'ersey, during the 1949 winter term. The wr1ter wishes

to expresshis thanks to those otticials ot RCA Victor Division and

more particularly to Mr. Harold Knapp, Mr. S. W. Cochran, Mr. Tom

Eaton and to :Mr. E. Eberhardwho made it possibletor him to work

With this group. He desiresto expresshis sincereappreciationto

Mr. Eberhardtor his kind assistanceand technicaladvice.
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arAPl'ER I

INTRODUCTION

The transistoris a three-electrodesemiconductoramplitier that

is a practical result ot tundamentalresearchon semiconductors

(Bardeen,2). EYen though this device may be used as an oscillator

and tor other purposestor which vacuum. tubes are ordinarily used,

it shOUld not be thought ot solely as a replacementtor vacuum tUbes

but rather as a new element in electronics. The transistoris not

availableat the presenttime tor commercialusagebut since the

announcement(7) ot the transistor, considerableinvestigationand

developmentwork has been done by various interestedcompanies.

Thesecompaniesare now making transistorstor experimentalpurposes

and it seemsthat it will only be a matter ot time betore they are

used commercially.

1. summary

This paperwill tirst presenta generaldiscussionon transistors

which will deal brietly with the physical and electricalpropertiesot

the transistor. This will be followed by a short discussionot

semiconductorand transistortheory. The derivation and discussion

ot two equivalentcircuits are given next, tollowed by a presentation

ot two methodsot obtaining the eqUivalent circuit constants. A

comparisonof constantsobtainedby these two methodsand a comparison

ot transistorconstantsof various units conclUde the paper.

2. Generaldiscussionof transistors.

In brief the transistor(type A - anothertype will be mentioned

later) consistsot a small block ot high back voltage germanium



crystal and three electrodesas shown in Fig. 1. The emitter end the

collector electrodesare ot the point-eontactrectitier type end are

placedclose togetherwith a separationot approximately.005 to

.025 cm on the upper surface. A large areacontact at the lower

surfaceof the block of germaniumtorms the third electrodeand is

known as the baseelectrode. Another more recent type of transistor

(Kock.5) is shown in Fig. 2. This transistoris known as the coaxial

type anahas, as shown, one contactpoint on each side of the germa

nium crystal water. The Circumferenceis the baseelectrode.

The constructionof the transistor is simple since it requires

no vacuum and has a minimum of parts. There is no filament, conse

quently there are no problemsof filament power supply, of filament

heat dissipation, or of war.m up time. Transistorsare smaller than

sUbminaturetubes (see sketchesin Fig. 3 of transistorsand subminature

tube at actual size) and with improved techniquesmay be mademuoh

stronger.

Among the disadvantagesof the presenttransistorthe most serious

seemsto be the variation of pertormancefrom one transistorto

anotherand the seemingly inherent noise. The characteristicsof

transistorsare not reproducibleto within the same limits as are

vacuumtube oharacteristics. The variations are not, however, so

large as to make interchangeof transistors(not obviously defective)

in some circuit applicationsimpractical. There is also evidencethat

transistorcharacteristicsdo changea l1ttle with time even though

they may not be in use. Measurementsmade by the writer ot voltage

gain over a period of severalweeks on one transistorare Shown

plotted in Fig. 4. The dateson which measurementswere made are

-2-
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indioated to the right of each curve. The WesternElectric transistor,

Number .AJm113, was not used betweenthe times thesemeasurementswere

taken. It has been suggestedthat the changemay be due to some

chemicalaction that takes place at the point contacts. The proper

metal and/or type impregnatemay, then, help to make the transistor

more stablewith respectto time.

Noise measurementshave beenmade to show that the major part

of the noise is at the collector. A plot of noise squaredversus log

of frequencyresults in a straight line which is similar to the results

obtainedwhen contact noise is measured. It is felt that some of the

noise may be eliminatedby bettercontactmaterialsand imProved

methodsof construction. Measurementsof noise have shown that collec

tor noise squaredia about forty db above emitter noise squared. ThUS,

the noise of the emitter is of little consequence.

The frequencylimit of the transistoris at presentabout 10

megacycles. This limitation is associatedwith transit time rather

than electrodecapacities. The influence of the emitter travels to

the collector in different paths each of which has a different transit

time. Therefor there is a drop in emplitudewith an increasein

frequencyrather than simply a phaseshift.

3. Brief theory of semiconductorsand transistors.

Investigationof semiconductorsbeganat least twenty five years

ago when their propertyof unilateralconductivity was used to make

rectifiers. During the war the use of theseSUbstancesas detectors

in microwave equipment led to the gatheringof a great deal of emperi

cal intomation on semiconductors(Torrey,8). This information includes

two things in particular. First, that the resistivitiesof semiconduc-



tors are determinedchiefly by impurities and second. that these

resistivitiescan be varied over a wide range by applying various

external influencessuch as temperaturein the caseot thermistors.

The mechanismot conduction can be understoodusing the detail

ed conceptot the constructionof matter as developedby modern

physioso In metals there are many tree electronsthat can be used

to carry ourrent. By free electronsis meant electronsso loosely

associatedwith their atoms that they can be easily induoed to move

to neighboringatoms. In metals there is approximatelyone free

electronfor every atom. In insulatorsthere are practically no free

electrons. In semiconductorsthere is only about one current carry

ing (free) electrontor every million atoms. The numberot current

carrying electronscan be greatly varied by changingthe physical

environmentof the material. This changein the numberof current

carrying electronsetfectively varies the resistivity of the material.

There are two distinct mechanismsoperatingseparatelyor

simultaneouslywhich make oonduction in semiconductorspossible. In .

the N type semiconductorthe electronsas usual move under the influ

enceof appliedvoltagesand thus provide current tlow. This is

similar to the manner in which free electronsin metals carry current.

In the P type semiconductorconductionappearsto take place as it

the carrierswere positive charges. Thesevirtual positive Charges

are actually empty places. "holes". trom which electronshave been

removed. The two types of conductionin the semiconductormaterial

are identified with lattice imperfectionsand more commonlyWith im-·

purities. In the caseot the N type (negative type) semiconductor

the few electroncarriersmay be assumedto be due to an impurity

-6-



having a valenceone greaterthan the crystalmaterial. Thus in a

semiconductorsuch as the silicon crystal the impurity may be

phosphorus. Since silicon has tour valenceelectronsand phosphorus

five the excessvalenceelectronpossessedby the occasionalphospho-

rus atom is not requiredfor the tetrahedralbinding to adjacent

silicon atoms in the crystal and hence is tree tor current carrying.

Becauseit donateselectronstor current carrying purposes,phospho-

rue may be thought ot as a donor impurity. .In the caseot the P type

(positive type) semiconductor,boron with a valenceot three may be

the impurity in a silicon crystal. There is one incompletebond

betweeneachboron atom and its neighboringsilicon atom leaVing a

"hole" in the structure. Theseholes may be consideredVirtual

positive chargesand the boron may be thought ot as an "acceptor"

impurity since it acceptselectronsinto bonds. Due to the tact that

the percentageot boron impurity is very low the ratio ot holes to

silicon atoms is very small. Under the influence of an external

electric tield the hole in the bond betweenone silicon atom and a

boron atom can be tilled with an electronfram an adjacentsilicon

atom. But in so doing the electron leavesa hole which may in turn

be filled by anotherelectron. This hole 1s thus tree to be passed

tram atom to atom and acts as a positive agent for carrying current.

Even though the electronsactually do the moving it is the presence

ot the holes that makessuchmovementpossible. The electronsmove

toward a positive region and consequentlythe holesmove toward a
I'

negativeregion. P type conductionmay thereforbe thought at as

conductionby holes.

The concentratedbasic researchprogramthat led to the dis-

-7-



covery ot the transistorbeganat the Bell TelephoneLaboratories800n

atterWorld War II. The group investigatingsemiconductorswas led by

William Shockley, one ot the countrys' leading solid statephysicists.

During the investigationan experimentwas performedthat brought to

light a discrepancyin the eXisting theory ot semiconductors. As

mentionedbefore it was known by empirical information that the resis

tivity of semiconductorscould be varied by applying various external

influences. In the experimentan externalelectric tield was applied

to a sheetof germaniumand the resistivity measuredas the tield was

changed. The resultswere not consistentwith the prevailing theory

so a theory of surfacestateswas devised (Brattain,4) that would

account for the measuredchangeas well as for older known effects

unexplainedby previous theories.

This new theory had to be refined when various other experiments

were performed. It was while ;rOhn Bardeenand W. H. Brattain were

follOWing up the consequencesof this refined theory ot surfacestates

that they invented the transistor. With it they discovereda surface

layer haVing peculiarcharacteristics.

The proposedtheory explaining thesepeculiarcharacteristicsand

the amplifying propertiesof the transistorconcernsa thin layer on

the surtaceot the semiconductorcrystal of germanium. The main bulk

ot the semiconductoris ottheN type but the thin layer on the surface

behavesas if it were of the P type or hole conducting type. This hole

conducting layer may be causedby an excessof impurities near the

surfaceor from a spacechargebarrier layer. The rectifying region

which was formerly thought to be at the surfacenow seemsto exist at

the P to N boundary.



When D.C. bias potentialsare applied to the electrodesof the

transistorthere is a mutual influence which makes it possibleto use

the device to empl1fy A.C. signals. There is a current of a few

milliamperes in the emitter due to a small forward (positive) bias.

A reverse(negative) bias is applied to the collector large enough to

make the collector current of the same order or greaterthan the

emitter current. The polarity of the collector is such as to attract

the holes which flow from the emitter so that a large part of the

emitter current flows to and entersthe collector. Wbl1e the collector

has a high impedancefor flow of electronsinto the semiconductor,it

offers little impedanceto flow of holes into the point from the semi

conductor. If the em1tter current is varied by a eignel voltags, there

w111 be a correspondingTBriation of current flow in the collector.

Without emitter bias a small amount of current flows in the collector

Circuit. The effect of hole conductionfrom the emitter to the collector

may alter the normal current flow from the baseto the collector in such

a way that the chenge in collector current is larger than the change in

emitter current. Due to biasingpolarities the input impedance1s

small and the output 1mPedancelarge. The h1gh output impedancemay be

matchedto a h1gh 1mPedanceloed. Since the currentsare of the seme

order a large ratio of output to input voltage is thus obtained. A

correspondingpower amplification 01' the input signal is obtained.



atAPl'ER II

EQ.UIVALENT CIRCUITS

1. Large signal operation.

The successfulapplicationot transistorsto new circuits depends

upon a meansot predicting to a reasonableapproximationthe behavior

o'f the transistor. This chapterwill 'first show how the prediction ot

large signal action may be obtainedtrom the transistor'scharacteristic

curves and then how equivalentcircuits may be derived tor use with

amall AC signals.

For large signals the operationot a transistormay be obtained

(Becker.3) trom its DC characteristicssuch as are shown in Fig. 5 and

Fig. 6. Load lines on thesecurves are drawn tor an emitter imPedance

ot 500 ohms and tor a collector load ot 20,000 ohms. The electromotive

force in the collectorcircuit 1s 60 volts and in the emitter circuit

the electromotivetorce is 0.75 volts. The operatingpoint is found on

the collector characteristiccurves by transferringthe emitter load

line to the collector curves. The intersectionot the two load lines

then becomesthe operatingpoint. An increasein the electromotive

torce - an increasein the signal - ot the emitter circuit causesa

changein the position ot the emitter load line. The new positionwill

be parallel to and above the original load line. A decreasein electro

motive torce - decreasein signal - results in a load line lying

parallel to and below the origional load line. Thesenew load lines

replottedon the collector characteristicsresult in �~�o�a�d lines lying

aboTe and below, respectively, the original replottedemitter load line.

In Fig. 6 the load line resulting from an emitter electromotiveforce

..10-
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01' 0.75 volts is labeled (1). A decreasein emitter electromotive

torce, 1). Ea , results in the load line labeled (2). The replots 01'

thesetwo load lines on the collector characteristics(Fig. 5) are

shownby broken lines and labeledappropriately. Projections from.

the load line intersectionsto the collector voltage axis shows the

changein collector load voltage, D. Eo. Thus large signal perform

ance can be deducedin a way analogousto that used for vacuumtUbes.

The laborious proceduresnecessaryfor prediction 01' large signal

operationis not necessaryfor small signals. For �a�~�l�l signalsan

equivalentcircuit with constantsdependingupon the biasing conditions

may be easily used.

2. Small AC signal equivalentcircuit derived fram DO equivalent

circuit.

The derivation of a small signal A.O. equivalentcircuit fran a

D.C. equivalentoircuit is done (Webster, 9) in the following manner.

In a crystal rect1t'ier the forward current is an exponential

function of some potential difference, E. Since the contactpoints

01' a transistortaken individually may act as a crystal rectifier it

is possibleto Write the relationshipbetweenthe current of the

emitter (which is biasedpositively so that current flows in the

torward direction) and the potentialdifference, E. The potential

differenceE may be expectedto be the applied voltage, Ee, less the

potential drop due to currentsflowing in the bulk of the crystal.

Fig. 7 is a representationof the transistorin Which the bulk resist

ance is shown to be a T section of resistors. Referring to Fig. 7,

it E is assignedto be the potential difference appearingacrossthe

-12-
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contact resistanceat the emitter, it is given by the equation

(1)

The relationshipbetweenIe and E as suggestedabove is

where k and 0< are oonstants. Using equations(1) and (2), Ie

may be calculatedas a funotion ot Ee and Eo it tirst it 1s assumed

. that Rb and Rs are oonstantsand values tor I o are obtainede.s a

tunction ot Ee and Eo trom experimentaldata.

The relationShipbetweenIe and the applied voltagesEe and Ec

may be obtainedby an analys1sot the observedvariation ot Ie with

respectto Ee and Ec as given by the static characteristics. It Ec

1s the applied voltage betweenthe collector and the base, and it

the contact resistance(reter to Fig. '1) plus the adjacentunlabeled

resistanoeis representedby a-b E the colleotor ourrent is given by

the equation

(5)

This equation, it has been found, is adequateto expressthe variation

of I c with the applied voltages.

A D.C. equivalentoirouit derived trom the reasoningabove is shawn

in Fig. 8. The ideal crystal rectitier with an exponentialeharaoter-

iatia in the forward direction representsthe emitter contact resistance.

Equations (1), (2) and (5) describethe relationshipsbetweenthe currents

and applied voltages. The constantsa, b, k, (x, Rb and Re dependon

-14-



the physical dimension and materialot the semiconductoras well as

size and location ot contactsand other tactors.

Fig. 9 shows a comparisonot calculatedand measuredvalues ot

current vs. applied voltage. The curves are drawn from. measured

valueswhile the points are obtainedfrom calculations. The values

ot 'the constantstor thesecalculationsare typical and are as

tollows:

a = 100 :x 103 ohms

b =250 x 103 ohms/volt

k : 2 :x 10-6 amperes

0': 14.4 l/volts

Rb : 70 ohms

Re = 30 ohms

An equivalentcircuit for small AC signalsmay be derived trom

the DC eqUivalent circuit by taking the total derivativesot equations

(1). (2) and (3). The total derivativesare respectively:

dE : dEe fa Rbdlc - (Rb .. Be) dIe

dIe =k ot. trEdE

dEe .. Rbdle =(Rb .. a-bE)dle - blcdE

Detining

dIe : 1 e

dIe : 1e
�~

(Q dE - e1-
dEe : ee

-15-
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dEc =-Sc

equation (4) becomes

el =ae + Bb i c - (Bb + Be) 1e

: ea + Bb( i c - ia) - Re 1e

equation (5) becomes

( 7)

_ 1

- OCle
(a)

and equation (6) becanes

( 9)

An equivalentAD circuit tor small signalsat low trequencies

(no reactive elementsincluded since derived trom the DC character-

istics) is shown in Fig. 10. This equivalentcircuit satisties

equation(7), (8) and (9) providing:

r e :....!.... + Be
ocIe

rc = a-bE

--

where Ie, Ie and E are DO values ot current and voltage as described

above. The etteetsot a small phasedisplacementhave been observed
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at trequenciesas low as tive kilocycles so a phaseangle should perhaps

be associatedwith the dimensionlessparameter�~ •

3. Impedanceand gain relationshipstor various inputs.

Amplitier circuits using transistorsand employing various input

and output connectionshave beendevised. Using the AC small signal

equivalentcircuit shown in Fig. 10 expressionstor input impedance,

output impedanceand gain may be obtained. These expressionswill be

given tor three amplifier Circuits, the conventionalemitter input

collector output circuit, the base input collector output and the base

input emitter output circuit. To simplity the algebra, approximations

valid over the operatingrange are made as tollows:

rc t l"1) :: rc

rc + r �~ r c_ e

fi �~ 1 =.#

The emitter input collector output amplitier circuit is described

in reterence(1) and shown in Fig. 11. The expressionstor input and

output impedanceand power gain have been derived trom the equiva.lent

circuit, Fig. 10, using tbe given approximationsand are as tollows:

Input impedance = re f' rb(l _ pre )
RL .. r c

output �~�e�d�a�n�c�e = rc [ 1.

where

M.ax1mUm a.vailablepower gain =

13: 1 - ,...urerb
rc(re to rb)

-18-
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For matchedconditions the available power gain is defined as

4
eiZ
s

, i L is the current flowing in the load 'RL* Near

match, RL' is of the order of r c and Ri , the emitter circuit

impedance,approachesr e•

The tem �~ in the expressiontor power gain is generallyless than

unity but always positive in the region under consideration. Power

gains up to 20 db have been obtainedusing this type circuit. The

stability of an emitter amplifier is usually qUite good.

As transistorsere now made,atypical unit might have the following

values:

Input impedanoe : 700 ohms

Output impedance= 30,000 ohms

Power gain = 16 db

With typical vacuumtube values ot input and output impedances

in mind, the abovevaluestor the transistormight seemdiscouraging

sinoe a matching devioe would be reqUired tor the most apparent

applications.

By using a base input, Fig. 12, this disadvantageis greatly

minimized. Using this base input collector output circuit the tollow-

ing equationsmay be derived:

Input impedance = rb .. r e

1- pre
RL ... r c

output impedance = r c [ 1 -
,ure ( Ri .. rb ))r c Ri of- 10 .. r e

-20-



Maxlnnun availablepower gain -- ft2r 2 �~�2
e

where�~�1 as betore= 1 _ Are r b
ro(ro �~ r b)

and

It is to be noted that �~�l 1s less �t�h�a�n�~ since r b

re • r b

is less than unity. Even though�~ is positive (,81)2 may be equal to

or less than zero.

Some interestingobservationsmey be made if {tor the base input

circuit} input impedanoeis plotted againstemitter bias voltage.

Such a plot is shown in Fig. 13. It is noted that there are values

ot emitter bias tor whioh the input imPedanceis very high - an attractive

condition when the device is to be used as an amplifier. The negative

resistanceregion appearingat low bias voltagessuggeststhe possibil-

�i�t�~�e�s ot using the transistoras an oscillator. In oscillator circUits

this negativeresistanceappearingbetweenthe base and ground 1s used

to supply the lossesot a resonantcircuit.

Impedanceend gain values for the base input collector output

amplifier are as follows:

Input impedance = 5,000 ohms

OUtput impedance=10,000 ohms

Power gain = 23 db

The above values representconditions in a stableregion. Somewhat

-21-
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higher values ot input impedancemay be obtainedbut emitter bias would

then be such as to place operationnear an unstable (osoillatory) region.

Fig. 14 is an illustration ot the base input emitter output circuit.

The tmpedanceand gain relationshipsare as tollows:

Output impedance=(Ri +rb)(rC-pre) + rcre
Ri + rC.

Maximum availablepower gain = fc

Near matoh, Ri will be ot the order ot r c and RL of the order ot Ie.

Practicalvalues are:

Input impedance

Output impedance = 500 ohms

Maxims available �p�~�e�r gain = 16 db

This circuit m8J best be used as a matchingdevice betweenemitter

input colleotor output or base input collector output stages. As such

it will turnish power gain but the limited amount ot output power is

the major disadvantage. Operation is best in the region where cc-pre

is ot the order of r e•

A comparisonof the three types ot circuits is given in Table I.

4. Another small signal AC equivalent circuit

Another meansot obtaining a small signal equivalentcircuit tor

the transistor (Becker, 3; Ryder, 6) is Considerednext. First it

should be noted that in reterence(3) the SUbscripts1 and 2 are used

to denoteemitter and collector circuits respectively. In this dis-

cussionthe subscriptse and c w11l be used as before. Referring to

-23-
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Figs. 5 and 6 and taking currentsas independentvariablesone may

write

Next a D.O. operatingpoint is selectedand about this point t l and t 2

are expandedin a Taylor series. Retaining only tirst order tems the

tollowing equationsare obtained:

and

3f. 1\ 'bf. A I
A Ee = aIe �~ Ie + arc �~ c

A E - �~�f�l J\ I Mi. J\ I
L.) c - aIeA e + �~ I t �~ C.

Since the partial derivativeshave the dimensionsot impedancesit is

possibleto write

�~�f�, _ oEe ::
ole - dIe R" , the input impedancetor

AC open-circuitedoutput

, the backwardtransterim-

pedancetor AC open-circuited

input

, the forward transter tm-

pedancetor AC open-circuited

output

, the output impedancetor AC

open circuited input

These terms may be interpretedas the slopesot appropriatecurves ot the

-26-



DO static characteristics. For instance,Rll is the slope ot the Ee

VB Ie curve tor any given value ot the parameterIe and R12 is the

slope ot the Ee vs I c curve tor any given value ot the parameterI ••

From linear network theory a number of equivalentcircuits con

taining resistancesand internal generatorsare possible. One such

circuit 1s shown in Fig. 15. This circuit is particularly usetul in

that it per.mits simple analysisot circuits in which transistorsare

used. The resistances r e' rc and rb identity themselvesby their

sUbscriptsas being associatedwith the emitter, collector and base

contactsrespectively. The resistance r m is the mutual transter

resistance. The product r m �~ Ie is representedas an internal

generatorand torms the active element of the network. The Bell lab

oratoriesconventiontor positive currentsand voltages is as shown by

the arrows in this figure. The changesin current .6. Ie and b. Ie

may be replacedby alternatingcurrents i e and ic. provided the peak

to peak values are small comparedWith the bias currentsIe and Ie.

The relation betweenthe input, output and transfer impedancesand

the equivalentnetwork resistancesmay be given by the following

equations:

Rll = re+rb .

R12 = rb

R21 =rm+ rb

R22 :: rc t rb

Canparingthe small signal equivalentcircuit developedby RCA

(Fig. 10) and the Bell Laboratoriesequivalentcircuit (F1g. 15) it is

seenthat the two are very similar even though theY were developedin



a different manner.

5. Impedanceand gain relationshipstor secondequivalentcircuit

Relationstor input and output impedancesand gain may easily be

derived tran the Bell Laboratoriesequivalentcircuit. Using Fig. 15,

tor emitter input:

Voltage gain, G =: ,Arc =_Ale RL
.a£e AEe

Solving tor A Ie and substituting

Usually r", and end re

Hence G ::::

For

'Rdrb+ re)+ rC(rb+re) - rbrtn

Rio» [rC{rbtre) - rbrm]

G - ...I!!L.- rb+ re

Input impedance, 'Ril'\ = A �r�~
l1 Ie

Obtaining �~ Ie and substituting

_ reo;' r o
- 1+ _ ria lr1t\ + rbl

RI.(r,, +reJ +rc(rb+ re} -rb(rm- re}

Since usually r",. Rt and

+ rn\ rb
Rdrb+fe)+rC(rb+ re) -rbfm

-28-



or in s1:mpler tom.

when RL approachesintinity

Rin approaches rb �~ re

and when Rx. = 0

,
OUtput �1�m�p�e�d�~�c�e�, Ro' is tound by using the equivalent

circuit arrangementshown in Fig. 16.

-- (ra+ rb)(rb+ re) -rb (rb+rm)
lrQ+ r,,)

r"(r,, + r",)

ra + rb

substitutingtor r a

As Ri approachesintini ty

The typical base input circuit is shown. in Fig. 17. The relationship

tor input 1:mpede.n.ce,Rin- is derived by using the circuit shawn in Fig. 18.

The resistance rE 1s equal to r e + r' e where

addedresistor in serieswith r e.

-29-
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,

Rin =�~ ::: tbHe)(rEHe -rm l-R) - rE(rf - rrn)
rE -rc -r"" + RL

and for the oondition

Rin 1s negative. When this negativeRin is greaterin absolute

value than the �~�e�s�i�s�t�e�n�c�e from baseto ground the conditions for

oscillation are met.

The specialcondition of inf1nite input impedancesimplifies

the circuit equationsconsiderably. For this condition the

following vOltage gain relationship

G_ "Rd1_ Rl.(rf-r",)
- ei - (rb+re}[-{rrn-rf)+('RI.+rC))-rf(rE-rrn)

becomesJ upon imposing thesecondlt ions

G __ R"
- rE

Power gain (including loss in Ri ) becomes

_ RL'Qi
-7

There are, ot course, other equivalent circuits that may be used

to describethe pertomanceat the transistor. Fig. 19 shows one such
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equivalentcircuit. In this circuit there are two generators,KL)I c

I K'and K AI e and two resistances,r e and r c • The constantsK and

have the dimensionsot resistanceand representtransfer impedances.

K is usually considerablysmaller than �K�~�.
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<H.APl'lm III

CO'f5TANTS or AN EQUIVALENT CIRCUIT

1. Solution by using AD measurements.

The values ot the elementswhich make up the equivalentcircuits

vary considerablytrom unit to unit. Also with one particularunit

thesevalues changeas the biasing currentschange. Figs. 20 to 23

inclusive show graphsmade by the writer ot equivalentcircuit

resistancesvs collector current. The reasontor using collector

current as the independentvaria.ble will be discussedlater. The

unit usedwas a type A WesternElectric transistor(n\D!lber Alml94).

The resistancesshown are tor the Bell LaboratorieseqUivalent circuit

shown in Fig. 15.

Oollector current is limited by the maximum collector power

dissipationrecommendedby the manufacturer. In the early type A Western

Electric transistorsthis recommendedmaximum 1s 200 milliwatts. With

each transistorthe manufactureralso turniShesdate. at an operating

point selected.by trial in the test circuit (Fig. 24) in order to give

optimum insertionpower gain tor reasonablevalues ot DC currentsand

bias voltages. For example, tor transistornumber AM. 2194 the recommend

ed operatingconditionsare given by the manufactureras tollows:

Designation

Number

AM 2194

Type

A

Ie

(ma)

ll.
(ohms)

20,000

Insertion

Ci oi n (db)

The constantscontainedin the Bell LaboratorieseqUivalentcircuit

may be solved tor by two methods. One method calls tor taking AC measure-

-34-
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ments using a low frequencysmall amplitude signal. The constants

shown in Figs. 20 to 23 inclusive were obtainedby this method. For

the othermethod the DC static characteristicsfor the transistorare

used.

The first methodcalls for measuringvalues of voltage gain and

input and output impedancesunder specialconditions. Input impedance

Rin is measuredfor the condition of RL approachingintin1ty. To

obtain a sUitable range ot collector currentvalues (thecindependent

variable in this discussion)under conditions of high load resistances.

requiresexcessivecollectorbias voltages. It was tound that tor these

measurementsthe load resistormay be consideredinfinite when it is ot

the order ot 200 Rllomns. Input impedancesare measuredby using the

circuit shown in Fig. 25(a). AD voltagesare representedby lower case

letters and DC currentsby capital letters. The input voltage, eb'

is kept small (.006 volts rl'\1S being a typical value1 and the trequency

low (5 k.c.l. Rjn is obtainedby using the algebrashown. in connection

with Fig. 25(b). Best measurementsare obtainedwhen the value ot R is

about the sameas Rill (usually 400 to 800 ohms). The voltage gain used

in the solution of the eqUivalent circuit constantsis measuredwith this

samecircuit. It is, ot course,merely the ratio of eo to eb.

The output impedanceis measuredin much the sameme.nner. The

circuit for this measurementis shown in Fig. 26(a). Here the signal

voltage, es ' may be higher - a typical value being 0.1 volts rms •

In samecasesit was found that signal voltagessomewhatlower than

0.1 volts could not successtullybe used becauseot the noise limit

ations. The value of R should be about 20 to 40 Rilolnns and the value

ot R.i was found to simulate an open circuit when it was ot the order
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ot 10 kilohms. The output impedance,Ro' is obtainedas shown in Fig.

26(b)•

The value ot r b may be derived trom DC characteristicsmeasured

by the circuit shown in Fig. 27. It can readily be seenthat if Ie

is held constantand Ie allowed to changeby �~ Ie that Ee w1l1

decreasean amount A Ee equal to the voltage drop �~ Icrb• r b, then,

is simply AEelA I c•

It has beenpreviously shown that tor conditions at infinite load

impedancethe input impedance,

Since

Also for

r b and Rin are now known, f e may be obtained.

it has been shovm that voltege gain.

whioh beccmes,when RL approachesintinity,

The values at voltage gain and input impedanceare thus used to obtain rm•

When Ri approaohesinfinity, the relationship

.may be used to tind r c. Since tor most operatingconditiona the values
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of r b are found to be much less than

equal to the output impedance.

2. Solution by using statio curves.

r c may be said to be

: 25,000

In the secondmethodfor finding the values of the resistanoesin

the Bell Laboratoriesequivalentcircuit the DC static curves are used.

These.curvesare used to obtain the slopesor the partial derivatives

of voltageswith respectto currents. �T�h�~ equationsused for these

calculationsare eas11ydeducedfran the open-cirouit input, the output

and the transfer impedances. They are as follows:

r b = �~ • Ie constant
() Ie.

re = aEe rb • Ic constant--aIe

rc :: dEc - rb , Ie constant
dIe

rm •
aCe - rb t I c constantare

Figs. 28 and 29 show static characteristicsfran which the open-

circuited transfer impedancesmay be obtained. The open-eircultedout-

put and input impedancesare obtainedfrom F1gs. 5 and 6 respectively.

Using thesefour setsof static characteristicsat the operatingpoint

Ie :: 0.5 mae and I c =-2.0 ma the following values are obtained:

Input impedancefor open-circuitedoutput (trom Fig.6)

Output impedancefor open-circuitedinput (from. Fig.5)
= 705

Backward transfer impedancefor open-circuitedinput (from Fig.28)= 2'15

Forward transfer impedancefor open-circuitedoutput (from Fig.29): 65,000

Using thesevalues the eqUivalent circuit resistancesbecome:
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rb =275 ohms

re :: (705) - (275) =430 ohms

rc =25,000 - 275 =25,000 ohms

rm= 65,000 - 275 �~ 65,000 ohms

A oomparisonot methodsused to measuretransistorequivalentcir-

cuit constantsis given in Table II. The agreementis good, the differ-

encesbetweenthe two methods is no larger than the error that may be

introduoedin determining the slopes.

In the graphs of DC static oharacteristics(Figs. 5, 6, 28 and 29)

end in Figs. 20 to 23 inclusive current has been ohosenas the independent

variable. This choice is made because(Becker, 3) it simplifies the

physical interpretationot the action 01' the transistor. Also the volt-

ages are single valued 1'unctionsot the ourrents, and in certain regions

01' their charaoteristics,transistorssometimesbecameunstablewhen the

externalter.minals are short-circuitedto alternatingcurrent.

3. Variation 01' constantstram transistorto transistor

As mentionedpreviously in this paper the constantstor the transistor

eqUivalent circuit not only vary With biaSing conditions but also vary trom

transistorto transistor. In order to obtain an idea 01' the degreeof

variancethe eqUivalent oircuit constants01' severaltransistorswere

obtainedtor comparison. The samebiasing conditionswere not used tor

each transistor. Rather the operatingpoint that gave best db gain was

chosenfor each transistor. The db gain was obtainedby using the

approximatefomula,

db gain - lo(Im..
... 4 re
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Where at • the current gain, is equal to r ml .r c

Plots of �~ and db gain vs Ie for the WesternElectric transistor

number.AM 2].g4 are shown in Figs. 30 and 31 respectively. Theseplots

are typical of the majority of the transistorsexamined.

Table In comparescurrent gains of transistorsmade by various

companies. Eight transistorsfrom manufacturerA gave an average 0<. of

2.1 as did two transistorsfrom manufacturerB. The three transistors

from manufacturerC averageda little less than one. The difference in

current gain observedhere is probably due to the fact that the transistors

from manufacturerC used in this comparisonwere not "fonned".

Forming is a treatment, the effect of which is to reduce the reverse

resistanceof the collector and to increasethe influence of the emitter

current on the collector characteristics. One method ot doing this is to

passa relatively largeourrentthrOUgh the collector point in the reverse

direction. When transistorsare not formed either ot the two points may

be used as the emitter.

The averagevaluesof the eqUivalent circuit constantsfor transistors

made by various manufacturesare shown in Table IV. Jla%imum plus and

minus deViations from the averagevalues are given in percentagesof the

averagevalues. These figures on deviation should not be interpretedas

an indication or the degreeot uniformity attainedby the :manufacturer.

Table IV does show that transistorcharacteristicsdo vary considerably

trom transistorto transistorend emphasizesthe need tor more development

work on manufacturingtechniquestor standardization.

It 1s not exactly clear just how the various eqUivalent circuit

constantsdependon the physical dimensionsof the transistorand the

characteristicsof the �~�e�r�m�a�n�i�u�m crystal but sCllle generalstatementsmay
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be made. One ot the most important parametersaffecting the pertormance

Qt the transistoris the spacingbetweenpoint contacts. Measurements

have beenmade (Bardeen, 1 ) to show that the emitter current has less

and less influence on the collector as the separationot the contactsis

increased. The value ot r m theretordecreasesas spacingot the point

contactsincrease. This decreaseot r m was shown in the above reterence

to be approximatelyexponentialtor separationstram 0.005 to 0.030 em.

The rate ot decreaseot r m is also dependenton. the bias currentsused

and on the germanium. The teed-backresistance r b decreaseswith

separationbut the input and output impedancesare but little influenced

by contactpoint separation. The constant r c is the back resistance

ot the collector and may, as mentionedpreviously, be decreasedby methods

of forming end to some extent by increasingcontact area.
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CHAPl'ER IV

CONCLUSIONS

The foregoing chaptershave servedto introduce the transistor, to

presentsome of the equivalentcircuits and to discussthe variations

that exist in transistors. In reading theseconclusionsit should be

kept in mind that progressin transistordevelopmentcontinuesto be made

and that the transistorsused and describedin this paperare some of the

first developmentaltype A transistors.

As in vacuum tube applicationsan equivalent circuit is desirablein

transistorwork. That this is so may be readily realizedWhen one uses

the laboriousprocessot predicting pertor.manceby load lines and static

characteristiccurves.

When emitter input and collector output is used in a transistor

amplifying circuit there is the disadvantageof low input impedanceand

high output impedance. This disadvantagemay be overcometo a great extent

by using base input and em.itter or collector output. Some sacrificesare

made in this arrangementbut usually satisfactorycompromisescan be made.

The developmentaltransistorsthat are being made at the time ot this

writing vary considerablyin characteristicsand performance.

In addition to the problem ot reproduciblecharacteristicsthere are

other problemsthat require solution. A reduction in noise and an in

creasein the frequency limit are perhapsthe most important of these

problem.s.

When the many advantagesof the transistorare weighed againstthe

disadvantagesit must be conceededthat the transistorwill surely find a

very definite place in electronics. This conclusionmust be reachedwhen
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one considersthat the transistoris a new device and that the dis

advantagesof noise and lack of un1fonnity will probably be eliminated

in the near future.
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