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-& number of different equivalent circuits are used to repre-

sent the transistor and an understanding of these is impera-
tive to the circuit designer, -The open-circuit impedance
representation, the equivalent~T representation, and the
hybrid representation are all commonly used, An important
modification of the standard T-circuit was made by J, M. Early.
& m=variation of this has proven useful for surface=barrier
transistors,

1,0 Open-Circuit Impedance Representatiqn,g{{g'Transistor

'Suppose we consider the transistor as a four-terminal device

as shown below in Fig, 1.  The transistor can be represented as a
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"plack box®™ with input and ocutput currents and voltages as specified,
A general representation of such a black box is given in Fig. 2 with the
circuit equations written belows
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FIG.2 = FOUR TERMINAL NETWORK
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We can express the coefficients of the currents by the following deriva=-
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These coefficients r,. are called the open=circuit impedancesof the
transistor since they’are the relations between current and voltage
(ises impedance) in equations (1) and (2) if one current is made zero
(i.e. open-circuited), If these impedances are known, then equations
(1) and (2) specify the operation of the transistor and Fig. 2 is an
equivalent clrcul.t° There are, however, other more useful representa-
tlons°

2,0 Equivalent-T Representation

Perhaps the most common and generally useful representation
of a transistor is the T-equivalent circuit, This is largely because
it presents a picture readily related to the actual physical construc-
tion of the transistor, The equivalent=T circuit is drawn in Fig. 3.-
-Here the subscripts ¢ and e are used for collector and emitter,
Equations (3) and (L) represent the circuit,

™

e

(r +»r )I #r I (3)

Vv, = (e, + rb)xet* (rg, # 2,)I, (1)



Memorandum 6M=3796 Page L} of 13

If we now rewrite (1) and (2) with new subscripts we gets

v, = rqI, # 11, (12)
V, =TI # TooT, (2a)

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

H
]

r #T
e b

T1o %%
Top = 0, * Ty

L}

To2 " Te * Tp

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

oT,
"é—f; I, const
AV

Ty =T S | 1

c e const

Suppose we consider equation (2a) and take derivativess
O = 751 AT, * Tpp Lo
Now keep Vc constant and we get

0 =y OT, + 15 AL 0

r ar_ 4
or = 1‘21 = -—;E—;—I-;E ° : (5)
22 c b

- Let us now define this quantity as
a T short=circuit current gain,

The "short-circuit® part of the definition arises from the requirement
that V, be constant (or zero).

¢ const
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It is now necessary to redesignate the previous g in the equivalent
circuit by the symbol R for “alpha, equivalent circuit®,

ar #+nr
Then, o= s b .. a
A (o
T, ATy e,
T.
« b
or, a, =0 - (1 -a)
c

The two quantities g and a, are very nearly equal and are quite often
used indiscriminately, but It should be kept in mind that they are
different,

It is possible to convert the current generator in the
equivalent-T to a voltage generator as shown in Fig, 3a.

AN T,
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N

Fle. 3a
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36,0 Hybrid Parameters

These are another set of transistor parameters which are used
extensively in small signal work and increasingly of late in specifica-
tions, 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 Fig. L.
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FIG. 4 - EQUIVALENT CIRCUIT USING
HYBRID PARAMETERS

Vo = hyy I+ 1yoT, | (6)
I, =hy I #h,V, (7)

From equation (6) we can see by making ‘Vc = 0 that,

h]_'l. = short=~circuit input impedance

Consider this in terms of open=circuit impedances as shown belows '
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From the collector circuit,

-T r21]"e
© T22
ro ol
g, the emitter generator =r. . I = = 12 2l7e
127¢ r2 °
r..r
12721
-do v =D I o3 I
e 117e r22 e
Thus the short-circuit input_impedance,
hyy =ryq = fl?_x.'.g];., o
oo To2
or hll = re.é rb.(]_ =)o (8)

The short=circuit input impedance is also often expressed as 1/g11 where
811 is the short-circuit input conductance,

By making I = 0 in equation (6) we see that,

hyy = open-circuit. feedback parameter ,

In terms of open circuit impedanceswe can calculate this as followss
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.~ the emitter generator, r.,I = 12 ¢ .
12%¢c Tyo
T
S Ve = “‘Flﬁ Ve
22
Thus, the open=-circuit feedback parameter,
h o .
h‘l = 12
2 Ty
T
b - v
= A (9)
h12 T, T,

This quantity, the fraction of the collector voltage appearing at the
open=circuited emitter, is also referred to as p__o By setting V_ =0
in equation (7) we find h,; = short-circuit tranffer function, °
From the open=circuit impedance representation we get,

/ZZL

———+
I 4
ov /22,2 T
- ¢
pe-
’ r2".1.Ie
In the collector circuit I = o e——=
¢ Too

s the short-circuit transfer function,

T ar 4r
By == g -t =
22 c b
hy, = -a, \ (10)

By setting"tle = 0 in equation (7) we get h22 = open=circuit output
admittance, This is just 1/r22° '

1
Ty * Te

S| hgp =l/ry, = ' (z)
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‘We can therefore redraw the circuit in Fig, L representing the hybrid
parameters as followss '

75 t oI,

|

FIG. S - EQUIVALENT CIRCUIT FOR
| HYBRID PARAMETERS

’ﬁ'u = y@u ’Z‘ZI ==X
’Rlz = Mec /Kzz = %zz
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L0 Early Modification of Equivalent Circuit

The measured values of r were found to be 1 or 2 MQ) , which
is considerably below the theoretifal value predicted for the equivalent-T
circuit., J¢ M., Early of BTL resolved this difficulty by considering the
change in collector space-charge width with collector voltage {now
referred to as the "Early effect®), -If we consider the potential diagram
in Fig. 6 we see that as the collector voltage increases the effective
base width decreases.

EMITTER |BASE| COLLECTOR
I A f
e 1‘ | ! COLLECTOR VOLTAGE
 PoTENTIAL [ :
. ’ |
< —> ;
) | . v
. I
EFFECTIVE '
BASE wiDTH |

SPACE CHARGE REGION

FIG.6 - SPACE CHARGE WIDENING
CAUSING RASE WIDTH TO DECREASE.

The effect of decreasing the base width is twofolds a decrease in hole=
current loss by recombination of holes and electrons; and a decrease in
the base impedance to hole injection by the emitter., Both of these
factors tend to increase a, the current gain, Now, the open-circuit
collector conductance,

: I

R é c . é.a .

= = - e I == A2 1 micromho.
¢ Ta  |OV 1] °la 7; I

Thus, the low value of collector resistance is the direct result of space~-
charge widening or Early effect, The decrease in base width also causes
- an increase in base resistance but this is normally small,
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The various effects mentioned above can be represented by the
equivalent circuit below, The space=charge variation produces the
collector resistance 1/gc and the emitter voltage generator.
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FIG. T - EARLY-MODIFIED EQUIVALENT
CIRCU IT.

However, it is 'desirable to eliminate the voltage=dependent generator
in the emitter, Doing this gives the equivalent circuit of Fig. 8,
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The parameters in Fig, 8 are related to the previous parameters by the
relationss -

0.
I‘b = h12 I‘co

K | . X 130
: = - = ) ~o = :
Ty =7tq=(l-4a) P12 o N mqr- T °
r; = spreading resistance,

The feedback parameter h,, = a-k%u %%c- = —2-‘5; %-% o

Where w = effective base width,:

Note that at low frequencies,
K
B, =Ty # Byote
e
while at high frequencies Ty " is shunted by Gc and,
)
By =Ty

Typical values for the parameters shown in Fig., 8 are the following for a-
pnp audio transistors

ﬂ :
r, =300£2,
_ <l
b, =Lkx10
r =1 M Qo-‘
c
G, = LO pyf
& = .98 ‘
o6 |
g mh 0 t -m2,
At any frequency where «C D g _thé effective base resistance is 1"';;, For
‘the above transistor this fréquency is

10 x 2 £C = g
.gc .
= m” !.IOKC-

5.0 Equivalent Circuit for SBT

A final equivalent circuit worthy of note is a m-equivalent
proposed by Philco as a characterization of the surface-barrier
transistor, This is shown in Fig., 9: The parameter values are related
to those previously given by the expressions belows
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FIG.9 -~ 3SRT E®UIVALENT CIRCVIT
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The various parameters required for these equivalent circuits can be
obtained from sets of characteristic cuDs which will be discussed in

the next 'lectureo
il é M_
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