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naM~ 
A number of different equivalent circuits are used to repre
eent the transistor and an understanding of theseie impera
tive to the circuit designer. The open-circuit-impedance 
representation, the equivalent-Trepresentation, and the 
hybrid representation are all commonly used.. -An important 
modification of the standard T-circuit was made by J.M .. Early. 
An-variation of this has proven useful for surface-barrier 
transistore .. 

1.O()pen~:ircuitImp!9danGe RepresentatiQn_!?!-!TranBistor 

SUppoee we consider the transistor as a four-terminal device 
as ehawn below in Fig .. 1.. The traneietor can be repreeented ae a 
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"black box~ with input and output currents and v~ltages ae specified& 
·&.general -representation of such a black box is given in Fig. 2 with the 
circuit equations written belowo 
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We can ~rel3s the coefficients of the currents by the followingderiva
iivee: 

\~V'1 = l dr, 12. CDt.JST 12/1" 
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These coefficients r .. are called the open-circuit impedancesof the 
transistor since theyJare the relations between current and voltage 
(i~eo impedance) in equations (1) and (2) if one current is made zero 
(ieee open-circuited)o If these impedances are known j then 'equations 
(1) and (2) specify the operation of the transistor and Fig .. 2 is an 
equivalent circuit.. There are" however" other more useful representa
tionso ' 

20 0 Equivalent'C'T Representation 

Perhaps the most common and generally useful representation 
of 41 transistor is the T-=equivalent circuito This is largely because 
it presents a picture readily related to the actual physical construc
tion of the transistore The equivalent-T circuit is drawn in Figo 3e 
"Here the subscriptsc and e are used for collector and emittero 
Equations (3) and (4) represent the circuito ' 
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If we now rewrite (1) and (2) with new subscripts we get: 

(la) 

(2a) 

Comparing the two sets of equations above gives the following relations 
between the equivalent-T impedances and the open-circuit irnpedancesg 

r ll = re" rb 

1"12 = 1"b 

1"21 = arc .. rb 

1"22 = 1"e ... 1"b 

These quantities can be expressed by the derivatives given before and" 
in particular" the base and collector resistances are given by: 

I const e 

Suppose we· consider equation (2a). and take derivatives: 

dVc = r2l0Ie! r 22 d1e o 

Now keep Vc constant and we get 

o = 1"21 dIe" r22 d Ic o 

or -[~i:] Ve = :: = 

Let us now def'ine this quantity as 

:a:rc·• rb 
1"c .. rb 0 

a ~ short-circuit current gaino 

. (5) 

The "short-circuit" part of' the definition arises from the requirement 
that V c be constant (or zero}o 

• "'" = t dl:cj •• w - 0 I 
e Vc const 
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It is now necessary to redesignate the previous a in the 'equivalent 
circuit by the symbol (t for "alpha, equivalent circuit"o e 

Then.? 
fLerc ... rb 

fL = 
rc ... rb ~ a.e , 

rb 
(1 =0;), ete = a. - -rc 

or, 

The two quantities (t' and " are very nearly equal and are quite often 
used indiscriminately, but It should be kept in mind that they are 
different 0 

It is possible to convert the current generator in the 
equivalent ... T to a voltage generator as shown in Figo 3ao 

300,Hybrid,Par~ter~ 

These are another set of transistor parameters which are used 
extenSively in small signal work and increasingly of late in specifica
tionso ,They are called hybrid because they make use of both current 
and voltage as independent and dependent variables. ,The equivalent 
circuit in terms of the hybrid parameters is shown in Figo 4. 
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FI6.4 - EQUI VALENT ClifCUIT US ItV(:" 
HYBRID PAItAhlE7'~S 

Ve = ~ Ie+ hl2Ve 

Ie = h21Ie + h22Vc 

From equation (6) we can see by making V c = 0 that ~ 

hll = shQrt-cireuit input impedance. 

i 
Vc. 

l 

(6) 

(7) 

Consider this in terms of open-cireuit impedances as shown below: 

-
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From the collector circuit9 

r21Ie 
-I'" .. 

c 1"22 

= -
r12r 2i 1e 

r 22 

Thus the short=eircuit input ~ impedance 9 

r 12r 21 . 
11n ... r ll -. r 22 0 

or I "n are" rb(J. -(I). I 
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(8) 

The short=eircuit input impedance is also often expressed as l/gll where 
gll is the short-circuit input conductancee 

By making.I = 0 in equation (6) we see that 9 e . 
h21 = Open=eircuit . feedback . parameter ,. 

In terms of open circliitimpedancESwe can calculate this as rollows~ 
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l"12 Ve 
,,".. the emitter generator;9 r12Ic lIS 0 

1"22 

ThuS,9 the open=eircuit feedback parameter ;9 
1"12 

~2 == r 22 

or r. ... 1" bc 
(9) 

This quantitY9 the fraction of the collector voltage appearing at the 
open-eireuited emitter9 is also referred to as J.l. 0 By setting V =0 0 
in equation (7) we find h2i .;. short~ireuit :tran!fe1":functiono 0 

From the open-circuit impedance representation we get9 

In the collector circuitlc = .. 0' 

t_ theshort=eircuit transfer function;9 

r 21 f.'erc'+ rb 
h21 "",.. -'= - ""'='(1 

1"22 1"0" rb 

{ h21 ha.l (10) 

By ~etting":Ie =.0 ,u;. equation (7.) we get h22 :open~ircuitoutpl1t 
admittance 0 ThJ.sJ.S just 1/r22o ' 

",,1 
,,, (11) r. ' .. r 

b' C 



Memorandum 6M<=>3796 Page 90f 13 

We can therefore redraw the circu:J,.t in Figo 4 representing the hybrid 
parameters as follows~ , 

~ ::p.. -cE :rc: 
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FIb, 5 - EQVIVAL,EtJT CI~CUII 'FOR 
HYBRID PAQAh\~TE'~S 
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4~ 'Early Modif'icatipn ,2fEc:tuivalent _ Circuit, 

The measured values of r were found to be 1 or 2 MQ $ which 
is considerably below the theoretiaal value predicted for the equivalent-T 
circuit 0 .Jg. Mo -Early o:f'BTL resolved this- difficulty by consiclering the 
change in collectorspace-charge width with collector voltage (now 
referred to as the tlEarly effectw);. ,If we consider the potential diagram 
in Figo 6 we see that as the collector voltage increases the effective 
base width decreaseso 
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SPAt.E CHARGe R£GI/()N 

FtG:,." - SPACE CI-lARGE WIOEAlIAlfr 
C.AVSI we, feASE WIOTH .,.-0 C)f:CR..f!ASIE. 

The effect at decreasing the base width is twofoldg a decrease in hole
current loss by recombination of holes and electrons, and a decrease in 
the base impedance to hole injection by the emi ttero Both of these 
factors tend to increase (J.g the current gaino Now:/ theopen-circuit 
collector,conductance9 

-, ~OIl ~\] , go =:1:' 1 '= ~.'-fC, ' ~. Ie ~'f" _ ~ 1 mieromhoo 
22 V c I \oJ ,ill ' I , e e-

Thus9 the low value of collector resistance is the direct result of space
cha.rge wideriing or 'Early effecto The decrease in base width also causes 
an increase in base resistance but this isnormaJ.ly smallo 



Memorandum 6M"'3796 Page II of 13 

The various effects mentioned above can be represented by the 
equivalent circuit belowo The space=charge variation produces the 
collector resistance l/g and the emitter voltage generator 0 0 

c " 

0< IE 

EARLY - Mool FI E.O EQ",VALf!N, 
elRc.u rr .. 

However$ it is "desirable to eliminate the voltage-dependent generator 
in the emittero Doing this gives the equivalent circuit of Figo 80 

FIG. 8 
;211 
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The parameters in Figo 8 are related to the previous parameters by the 
relations~' 

.n 
r' e 

u 
rb = spreading resistanceo 

kTOw 
The feedback parameter ~2 = q;- av; 
where w =- effective base widtho 

.Note that at low frequencies, 
9. 

~ =i'b'''' ~2rc 
n a 

'13Q. 
1:1' -y-o 

e 

25 Ow =-ov;o w c 

while at high frequencies rb.' is shunted by Cc and, . 
9 

\ = r b o 

Typical va1ues for the parameters shown in Fig. 8 are the following for a 
pnp audio transistor: 

l'~= 300.0. 0 

4 -4 
'~2=x 10 

r =1 MOet c 

Cc= 40~. 

g =098 

r~~= ~2rC ='4x10-4 x 106 == 400.Cl~ 

'. -At a.nyfrequency where «iJ '> g the effective base resistance is l"b 0 . For 
the above transistor thisfrgquency is 

. A'final equivalent circuit worthy ot note is a n-equivalent 
proposed by PhUcoas a characterization ot the . surface ... barrier 
transistor.. This is shown :in Figo9~ The parameter values are related 
to those previously given by the upres'sions below:!-
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e 

rs =~2 0 

The various parameters required for these equivalent circuits can be 
obtained~pm setso! characteristic ,c,u;oe which W,ill,' b,e d1,.scussed in 
the nextl:eetureo /J l' ~ /) 
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