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Module-1 BJT AC Analysis Class : III Sem
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Syllabus: BJT AC Analysis: BJT Transistor Modeling, The re transistor
model, Common emitter fixed bias, Voltage divider bias, Emitter follower
configuration. Darlington connection- DC bias; The Hybrid equivalent model,
Approximate Hybrid Equivalent Circuit- Fixed bias, Voltage divider, Emitter
follower configuration; Complete Hybrid equivalent model, Hybrid m Model.

Objectives:
e Become familiar with the r e , hybrid, and hybrid p models for the BJT
transistor.

e Learn to use the equivalent model to find the important ac parameters
for an amplifier.
e Understand the effects of a source resistance and load resistor on the
overall gain and
e characteristics of an amplifier.
e Become aware of the general ac characteristics of a variety of important
BJT configurations.
Referred Text: Electronic Devices and Circuit Theory by Robert Boylestad
and Louis Nashelsky

BJT Transistor Modeling: The key to transistor small-signal analysis is
the use of the equivalent circuits (models) to be introduced in this chapter.

A model is a combination of circuit elements, properly chosen, that best
approximates the actual behavior of a semiconductor device under
specific operating conditions.

Once the ac equivalent circuit is determined, the schematic symbol for the
device can be replaced by this equivalent circuit and the basic methods of
circuit analysis applied to determine the desired quantities of the network.

The r e model is really a reduced version of the hybrid p model used almost
exclusively for high-frequency analysis. This model also includes a connection
between output and input to include the feedback effect of the output voltage
and the input quantities.

The ac equivalent of a transistor network is obtained by:

1. Setting all dc sources to zero and replacing them by a short-circuit
equivalent

2. Replacing all capacitors by a short-circuit equivalent



3. Removing all elements bypassed by the short-circuit equivalents introduced

by steps 1 and 2

4. Redrawing the network in a more convenient and logical form

THE re TRANSISTOR MODEL

Common-Emitter Configuration
The equivalent circuit for the common-emitter configuration will be constructed
using the device characteristics and a number of approximations. Starting with
the input side, we find the applied voltage V iis equal to the voltage V be with
the input current being the base current Ib as shown in Fig. 5.8

FIG. 5.12
BIT equivalent circuit.

FIG. 5.13
Defining the level of Z;

FIG. 5.8
Finding the input equivalent circuit
for a BJT transistor. of a BIT transistor.

Eguivalent circuit for the input side

The equivalent model of Fig. 5.12 can be awkward to work with due to the direct con-
nection between input and output networks. It can be improved by first replacing the diode
by its equivalent resistance as determined by the level of [, as shown in Fig. 5.13. Recall
from Section 1.8 that the diode resistance 1s determined by rp = 26 mV/I}). Using the sub-
script e because the determining current is the emitter current will resultinr, = 26 mV/I.

Now, for the input side: Li=—=—

I
Solving for Vi Ve = Lr, = (I + Iy, = (Bly + Iphr,

= (B + Dy,

Vie (B + DIy,
and = e

Iy I;

zf = {B -|- ]}rf = ﬁrf

(3.1)



The result is that the impedance seen “looking into™ the base of the network is a resistor
equal to beta times the value of r., as shown in Fig. 5.14. The collector output current is
still linked to the input current by beta as shown in the same figure.
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FIG. 5.14
Improved BJT equivalent circuif.
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In any event, an output impedance can now be defined that will appear as a resistor in
parallel with the output as shown in the equivalent circuit of Fig. 5.16.
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FIG. 5.16
r, model for the common-emifier transistor confipurafion
including effects of r,.
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FIG. 5.17

(a) Common-base BJT transistor; (b) equivalent circuit for configuration of (a).



The output impedance r, will typically extend into the megohm range. Because the output
current is opposite to the defined [, direction. you will find in the analysis to follow that
there is no phase shift between the input and output voltages. For the common-emitter
configuration there is a 180° phase shift.
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FIG. 5.18
Common base r, equivalent circuit.

re- Common Emitter - Fixed bias configuration

e Small signal ac analysis includes determining the expressions for the
following parameters in terms of Zi, Zo and AV in terms of - (3, re, ro and- RB,
RC.Also, finding the phase relation between input and output . The values of {3,
ro are found in datasheet ¢ The value of re must be determined in dc condition
as re = 26mV /IE

FIG. 5.20 FIG. 5.21 FIG.522

Common-emitter fixed-bias configuration. Network of Fig. 5.20 following the removal o .
of the effects of Vg, Cy, and Cs. Substitufing the r, model into the network of Fig. 5.2/,

Note in Fig. 5.21 that the common ground of the dc supply and the transistor emitter
terminal permits the relocation of Ry and R in parallel with the input and output sections
of the transistor, respectively. In addition, note the placement of the important network
parameters £;, Z,. I;, and I, on the redrawn network. Substituting the r, model for the
common-emitter configuration of Fig. 5.21 results in the network of Fig. 5.22.

The small-signal ac analysis begins by removing the dc effects

of Vi and replacing the dc blocking capacitors € and €5 by short-circuit equivalents,
resulting in the network of Fig. 5.21.



I; Figure 5.22 clearly shows that

-

Z: = Ry|Br. | ohms (5.5)

For the majority of situations Ry 1s greater than fBr, by more than a factor of 10 (recall
from the analysis of parallel elements that the total resistance of two parallel resistors is
always less than the smallest and very close to the smallest if one is much larger than the
other), permitting the following approximation:

Z; = Pr, P ohms (5.6)

I, Recall that the output impedance of any system 15 defined as the impedance Z,
determined when V; = 0. For Fig. 5.22, when V; = 0, [; = I, = 0, resulting in an open-
circuit equivalence for the current source. The result is the configuration of Fig. 5.23.

We have

Z, = Relr, | ohms (5.7)

If r, = 10R. the approximation R¢|r, = R is frequently applied, and

Z,= Re (5.8)

ro=10R;

Ay The resistors r, and R are in parallel, and
Vo = _Bl"b(RC'"ﬁr}

but =~
' " Bre
Vi
so that Vo = —B| = JRcr,)
Bre
Vg I:RC” r&'] -
and A, = F, =— - (5.9)
If r, = 10R, so that the effect of r, can be ignored,
R -
Ay=—= (5.10)
Te .
r,=10R,

Note the explicit absence of B in Eqs. (5.9) and (5.10), although we recognize that B must
be utilized to determine r,.

l—
) Z,
S
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FIG. 5.23
Determining Z, for the network
of Fig. 5.22.



EXAMPLE 5.1 For the network of Fig. 5.25:

a. Determine r,.

b. Find Z; (with r, = =(}).

c. Calculate Z, (with r, = =(}).

d. Determine A, (with r, = ®(}).

e. Repeat parts (c) and (d) including r, = 50 k{} in all calculations and compare results.

FIG. 5.25
Example 5.1.
Solution:
a. DC analysis:
Vee—= Ve 12V =07V
Ip = = = 2404 uA
s Ry 470kQ) e
Iy = (B + DIg = (101)(24.04 pA) = 2.428 mA
26 mV 26 mV
i Gy T e

b. Br, = (100)(10.71 ©) = 1.071 kQ
Z; = RylBr, = 470kQ|1.071kQ = 1L07KkQ
¢. Z,=Re=3kQ
Re  3kQ)
. A' — — —_—
ol S e T

-280.11



5.6 VOLTAGE-DIVIDER BIAS

The next configuration to be analyvzed is the veliage-divider bias network of Fig. 5.26
Recall that the name of the configuration is a result of the voltage-divider bias at the inpui
side to determine the dc level of V.

Substituting the r, equivalent circuit results in the network of Fig. 5.27. Note the absence
of Rg due to the low-impedance shorting effect of the bypass capacitor, Cg. That is, at the
frequency (or frequencies) of operation, the reactance of the capacitor 1s so small compared
to Ry that it is treated as a short circuit across Rp. When V- is set to zero, it places one
end of R| and R at ground potential as shown in Fig. 5.27. In addition, note that R and
R; remain part of the input circuit, whereas R~ i1s part of the output circuit. The parallel
combination of R and K-> 1s defined by

RiR -
R'" = R||R; = ————— 5.11
1Rz R, + R ( ]
Zij From Fig. 5.27
Z; = R'|Br. (5.12)
Ve

FIG. 5.26
Voltage-divider bias configuration.
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FIG. 5.27

Substituting the r. equivalent circuil into the ac equivalent network of Fig. 5.26.



Iy From Fig. 5.27 with V; set to 0 V. resulting in f, = 0 g and Gy, = 0maA,

If r, = 108

Ay

and

50 Lhat

and

Because Ry and r; are

in parallel,

7. = Rellr, (5.13)
z, =R| (5.14)
» = —(BIM R o)
'I.-"E
= &
Vo = 8 g Joacl
e = Br. (Reilro)
a=Y=_ _‘"fl’ﬂ (5.15)

which you will note is an exact doplicate of the eguation obtained for the fixed-bias con-

figuration.
For rp, = 10,

(5.16)

o= 1R

Phase Relationship The negative sign of Eqg. (5.15) reveals a 180° phase shift betwean

WV, and V.

EXAMPLE
e
sy
T Mg =
Ay (g

5.2

fpEnTp

s A1,
= ool
The parameters of parts (b} throwgh (d) if r, = S50 ki and compares results.

For the network of Fig. 5.28, determmimne:

gllk_'u

1.5 kix

FIG. 5.18
Exampie 5 7



Salution:
a [ Testing BRp == 10R:,
(0W 15 k() == 1ME.2 kL)
135 k42 = B2 kA} {xarivied )
sing the approximate approach, we obtain
Ra B2 RONZZV)

Vi = Vo = =281V
BT R+ R C S6k0 + 82k0
VE= Vg — Vg =281V — 07V =211V
Ve 211V
Ip=—="—"""= 141 mA
E= R~ 15k0 "
26 mV 26 mW
= = = 15.44 11
e Ir 141 mA
b. &' = &||R: = (56 kO)|(E2 k) = 7.15 ki}
= R'|gr, = 705 k(W00 1844 0 = 7.15 k02| 166 ki
= 135 kil
c. Z, = R-= 68Kki}
Fr 6.8 ki
d A, = ——=——"'"= —368.7T6
¥ re 18.44 02
e. &= 1.35k1M)
Z, = Rellr, = 68k0 |30k} = 5.98 ki) vs. 6.8 ki}
Rr|lr,
a, = —2clfa _ _SOBKR o4 s vs —368.76

¥

Fe 1844 0}

There was a measurable difference in the results for &; and A,. becanse the condition
Fp = 1 was nof satisfied.

5.7 CEEMITTER-EIAS CONFIGURATION P

The networks examined in this section include an emitter resistor that may or may nod be
bypassed in the ac domain. We first consider the unbypassed situation and then modify the
resulting equations for the bypassed configuration.

Unbypassed

The most fundamental of unbypassed configurations appears in Fig. 5.29. The r, eguiva-
lent model is substituted in Fig. 5.30, but note the absence of the resistance r,. The effect
of r, is 0 make the analysis a great deal more complicated, and considering the fact that in

FIGC. 5.29 FIG. 5.30
CE emitter-bigs confiparation. Substitwling the r, equivalent circudl inte the ac equivalent astwork of Fig. 5.29.



measl sinafons ilx effeci con be ignomed, @ will pol be incioded in the presesl ol ysis.
Hirwewer, the efoct of s, will be disoussed laier in this secisomn
Apphang KirchhalT s voltaps law o the inpu side of Fig. 5.30 remalix in

FI = lll!ﬂrr - IIEJ"
o V, = LA, + (B + DR,
and the imput impedance loakang into e network Lo the nght of Ry is
¥
o= = A + (8 + IR

.

The result = displayed in Fig. 5.31 reveals that the inputl impedence of a transistor stk
an unbwpassed resisicr /) is determi ned

| 7o = e + (8 + DR | (5.17)
Becanse 8 is normally moch greater tham 1, the approximats squation is
Z, = fr, + ARy
and [ %% = pin. + Ro | (5.18)

Hecause Ry is ususlly greater thas r,, Fg (518} can be further reduced o

519
Iy Frmreing v Fig 5.3, we have

sam

Iy With ¥, ==t 1o zem, [ = [, and 84 can be replaced By an open-cincuil squivel=nl

Ther resull is
s2m
Ap
¥
fb = ?‘
and Ve = —Iafle = — Bl
- AR
. _¥. BR:
with A, = v 7 (3.22)
Substituting &, = Air, + F)gives
_Y.___ K 5.23
W e + Rer =20

and fior the spproxcimation &, = BF .

_ Y R
=, R, (5.24)

Note the shernce of 8 from the equation for A, demanstrating an independence in vanistion
al 8.

Piase Relationshlp The megafive sigmin BEg (5.22) again reveals a 15807 phase shifl
between W, mmd Vo



5.8 EMITTER-FOLLOWER CONFIGURATION @

When the output is taken from the emitter terminal of the transistor as shown in Fig. 5.36,
the network is referred to as an emitter-follower. The output voltage is always slightly less
than the input signal due to the drop from base to emitter, but the approximation 4, = |
is usually a good one. Unlike the collector voltage, the emitter voltage is in phase with the
signal V;. That is, both V, and V; attain their positive and negative peak values af the same
time. The fact that ¥, “follows™ the magnitude of V; with an in-phase relationship accounts
for the terminology emitter-follower.

FIG. 5.36
Emitter-follower confipuralion

The most common emitter-follower configuration appears in Fig. 5.36. In fact, because
the collector is grounded for ac analysis, it is actually a common-collector configuration.
Other variations of Fig. 5.36 that draw the output off the emitter with ¥V, = V; will appear
later in this section.

The emitter-follower configuration is frequently used for impedance-matching pur-
poses. It presents a high impedance at the input and a low impedance at the output, which
is the direct opposite of the standard fixed-bias configuration. The resulting effect is much
the same as that obtained with a transformer, where a load is matched to the source imped-
ance for maximum power transfer through the system.

Substituting the r, equivalent circuit into the network of Fig. 5.36 results in the network
of Fig. 3.37. The effect of r, will be examined later in the section.
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FIG. 5.38
Defining the oulpal impedance for
the emitier-follower configuration.

F
¢f.=iﬂ+ 1,

FIG. 5.37
Substitwting the r, eguivalent circuit inte the ac
eguivalent network of Fig. 5_36.

I; The input impedance is determined in the same manner as described in the preceding

section:

(5.31)
with | 2o = .+ 8+ DRe | (5.32)
or | 2, = pu. + Ry | (5.33)
and Fp = BRg (5.34)

Rg=s=r,

I, The output impedance is best described by first writing the equation for the current [,
V;
I, =—
3 Z,
and then multiplying by (2 + 1) to establish [,.. That is,
V;
Io=(@+ =B+ 1
g

Substituting for 7, pives

[ - g+ 1V
© Br.+(B+ DR
I Vi
or =
[Bre/(B8 + 1)] + Rg
bat B+1)=8
Bre _ Br.
and a:1- g =r,
so that J,Ei (5.35)
r. + Rg

If we now construct the network defined by Eq. (5.35), the configuration of Fig. 538
resulis.
To determine £, V; s set to zero and

30



Because Rg is typically much greater than r., the following approximation is often applied:

Z e (5.37)

A, Figure 538 can be used to determine the voltage gain through an application of the
voltage-divider rule:

RV,
V,=—££¢
Ry + r,
V. R n
and A‘,=—‘T=ﬁ (5.38)
i E e

Because Rg is usually much greater than r., Rg + r. = Rgand

v

A =Yooy (5.39)
Vi

Phase Relationship As revealed by Eq. (5.38) and earlier discussions of this section, V,,
and V; are in phase for the emitter-follower configuration.

Effectof r,
Z;

Z, = Br. + M (5.40)

If the condition r, = [0Rg is satisfied.
Zy = Br. + (B + DRg

which matches earlier conclusions with

Zy = Blre + R | , _1on, (5.41)
zZ,
= _Bre 5.42
zo s olIREl(B+ l) (3-4-)
Using B8 + 1 = B, we obtain
Z, = ro“RElrc

and because r, = r_,

- 549

A,
A, = B+ DRe/Zy (5.44)
Rg
1 + f_

If the condition r, = 10R is satisfied and we use the approximation g2 + |1 = B, we find
BRg

A, ==
v 7o

EMIT
C



5.9 COMMOMN-BASE CONFIGURATION

The common-base configuration is characterized as having a relatively low input and a hizh
output impedance and a current gain less than 1. The voltage gain, however, can be guite
large. The siandard configuration appears in Fig. 5.42, with the common-base r, equivalent
medel substituted in Fig. 5.43. The transistor output impedance r; is not included for the

L

I; Il I
— — —
+ E C T i
T o Re
: B + B —_
_— F&' r— 1-1:,_—
T- _ I+
FIG. 5.41
Common-fase configuration.

FIG. 543

Suhsiituting the r, eguivalent circuil inde the ac eguivaleal nefeork

of Fip. 5.44.

commeaon-hase configuration because it is typically in the megohm range and can be ignored
in parallel with the resistor By

L
Z = Rer, (5.46)
I
Z, = Rc (3.47)
Ay
Vy = —lhfly = —(—IRp = el R
with 1= 4
Te
Vi
50 that ¥V, = ﬂ'(r—).ﬁf
and B (5.48)
i Te e
A;  Assuming that Ry == r, vields
=1
and I, =—al, = —al;
. Iﬂ
with Ai=—==-a=-] (5.40)

Phase Relationship The fact that A, is a positive number shows that ¥, and V; are in
phase fior the common-base configuration.

Effect of £,  For the common-base configuration, r, = 1k, is typically in the megohm
range and sufficiently larger than the parallel resistance R to permit the approximation
r,|Re = Re



5.17 DARLINGTON CONNECTION 9

A very popular connection of tao bipolar junction transistors for operation as ong “super-
beta”™ transiztor is the Darlingion connection shown in Fig. 5.73. The main feature of the
Darlington connection is that the composite transistor acts s a single unit with a current
gain that is the product of the coment gains of the individoal transistors. If the connection
is made using two separate transistors having curment gains of #) and &, the Darlington
connaction provides a current gain of

Bp = Biba (5.101)

fc

FIG. 5.73
Darlinpton combination.
The configuration was first introduced by Dir. Sidney Darlington in 1953, A short biog-
raphy appears as Fig 5.74.
Emitter-Follower Configuration

A Darlington amplifier used in an emitter-follower configuration appears in Fig. 5.75. The
primary impact of using the Darlington configuration is an inpot impedance much larger than

g +¥er

o
e

iy
Ve il _: g
IE|| fa-l 'rq_ F!
i it
Vi — al
J'E:II E s
R
FIG. 5.75

Emilter-follower confipuration with a Darliagion amplifier.



that obtained with a single-transistor network. The corment gain is also larger. but the voltage
gain for a single-transistor or Darlington configuration remains slightly less than ome.

DC Bias The case current is determined using a modified version of Eq. 4.44. There are
now two base-to-emitter voltage drops to inclode and the beta of a single transistor is
replaced by the Darlington combination of Eg. 5.101.

Ie,

Voo — Vag, — Vag,

Fg + BoRg

The emitter current of {¥; is equal o the base current of & =0 that
Tg, = Bofp, = Balg, = BBilg) = BBzl

resulting in

|!'r:= = lg. = Bplp, |

The collector voltage of both transistors is

the emitter voltage of

the base voltage of

|'r"f.='r"fz='r"fc|

|VE|_=VE'E'_:B'-_|HE= V.EI+VB:EL+FEE=|

the collecior-emitier voltage of O

| Vﬂ'l = 1"'.#:1 = VL;: = ¥ — |-"E1

(5.102)

(5. 103)

(5.104)

(5.105)

(5.1046)

(5.107)

EXAMPLE 5.17 Calculate the dc bias voltages and currents for the Darlington configura-

tion of Fig. 5.76.

+1H W
=

FlG. 5.7

Circmit for Example 5. 17



Bp = BB = (S0M100) = S0

| Yoo — Veg, — Vee, 1BV —0TV —-07V
B Rg + BoRe 3.3 MO+ (SO00)390 01
18V — 14V 166V

~33MO + 1O5MO s2smn  iSeA
I, = Ig, = Bplp, = (S000)(3.16 mA) = 15.80 mA
Vi, = ¥, = 1IBY
Vi, = IpRe = (1550 mAN390 1) = 6.16 V
¥, = Vi, + Vg, + Ve, = 616V + 07V + 07V =756V
Vep, = Voe — Vg, = 18V — 616V = 1184V

AC lmpuf Impedance The ac input impedance can be determined using the ac equivalent
network of Fig. 5.77.

FIG. 5.77
Findiag Z;

As defined in Fig. 5.77:
Z;, = Balre, + Rp)
%, = Bilre, + )

50 that Z, = Byire, + Balre, + Rg)
Assuming Ry == 1,
and £y = Bilre, + FaRg)
Since BB =5 g
& = BifRE
and since 7 = Ryl
Z; = RglBB2Ry = Rl BpRe (5.108)

For the network of Fig. 5.76
Z; = Rg|BpEp
= 3.3 MI2|[{S000W 300 0 = 3.3 MR/ 1.95 M2
1.38 ML



5.19 THE HYERID EQUIVALENT MODEL ®

The hybrid equivalent model was mentioned in the earlier sections of this chapter as ona
that was used in the early years before the popularity of the r. model developed. Today
there is a mix of usage depending on the level and direction of the investigation.

The r, model has the advantage that the parameters are defined by the actual openating
corditions,

whereas

the parameters of the hvbrid equivalent circuil are defined in general terms for any
operaling condifions.

In other words, the hybrid parameters may not reflect the actual operating conditions
but simply provide an indication of the level of each parameter to expect for ceneral use.
The r, model suffers from the fact that parameters such as the cutput impedance and the
feedback elements are not available, whersas the hybrid parameters provide the entire set
on the specification sheel. In most cases, if the r, model is employed. the investigator will
simply examine the specification sheet to have some idea of what the additional elements
migzht be. This section will show how one can oo from one model to the other and how the
parameters are related. Because all specification sheets provide the hyvbrid parameters and
the model is still extensively wsed. it is important (o be aware of both models. The hybrid

The description of the hybrid eguivalent model will begin with the general two-pont
system of Fig. 5.93. The following set of eguations (3.131) and (5.132) is only one of
a number of ways in which the four variables of Fig. 593 can be related. It is the most
frequently employed in transistor circuit analysis, however, and therefore is discussed in
detail in this chapter.

| #————-@ G-———————a 1

+ +

! W

¥

- ] —

' I &
FIG. 5.53
Two-pert fyslem.

Vi = Il + IV,

fo = Bul; + hxnV,




Iy If we arbitrarily set V,, = 0 (short circuit the output terminals) and solve for fy; in
Eq. (3.133), we find

|=

g = ofims (5.135)

—

ilv,—o

The ratio indicates that the parameter fi;, is an impedance parameter with the units of ohms.
Because it is the ratio of the inpur voltage to the input current with the output terminals
shorted, it is called the short-circail inpui-impedance parameter. The subscript 11 of iy,
refers to the fact that the parameter is determined by a ratio of guantities measured at the
input terminals,

By, If [;is set equal to zero by opening the input leads, the following results for &,

'i,l".
iz = F‘ unitless (5.136)
o fa-n

The parameter fi;,, therefore, is the ratio of the input voltage to the output voliage with
the input current equal (o zero. It has mo units becawse it is a ratio of voltage levels and is
called the open-circiil reverse transfer vollage ratio parameter. The subscript 12 of 2
indicates that the parameter is a transfer guantity determined by a ratio of imput {17 to out-
put (2) measurements. The first integer of the subscript defines the measured guantity to
appear in the numerator; the second integer defines the source of the guantity to appear in
the denominator. The term reverse is included becanse the ratio is an input voltage over an
output voltage rather than the reverse ratio tvpically of interest.

By I in Eq. i5.134) V, is set equal to zero by again shorting the output terminals, the
fiollowing results for &4,

by = L unitless (5.137)
Il yv.—a

Mote that we now have the ratio of an output quantity to an input quantity. The term forward
will now be used rather than reverse as indicated for fiy;. The parameter A3, is the ratio of
the output current to the input current with the output terminals shorted. This parameter,
like Ayz. has no units because it is the ratio of current levels. It is formally called the short-
circuil forward transfer current ratio parameter. The subscript 21 again indicates that it
is a transfer parameter with the output quantity (2) in the numerator and the input guantity
{17 in the denominator,

B; The last parameter, fiy;, can be found by again opening the input leads to set I, = 0
and solving for iz in Eq. (5.134):

h = siemens i5.138)

I
Voli—o

Because it is the ratio of the output current to the cutput voltaee, it is the output conductance
parameter, and it is measured in siemens (3). It is called the open-circuit owlpul admillance
parameter. The subscript 22 indicates that it is determined by a ratio of output quantities.



FIG. 5.95
FIG. 5.94 Hyvbrid output equivalent circuit.
Hybrid input equivalen! circuit.
hyy — input resistance — i;
fi12 — reverse transfer voltage ratio — h,
fiz — ouiput conductance — b,

FIG. 5.96



Common Emitter Configuration - hybrid equivalent circuit

i /

". hn - S
Ea——a T P o
b + e

hy |l
fe b
hre Vee N\, Y ke
+ —_ -+

Voe - l,‘l _ Vie
<

(b)

* Essentially, the transistor model is a three terminal two — port system.

* The h —parameters, however, will change with each configuration.

* To distinguish which parameter has been used or which is available, a
second subscnipt has been added to the h — parameter notation.

» For the common — base configuration, the lowercase letter b is added. and for
common emitter and common collector configurations, the lefters e and ¢ are
used respectively.

Common Base configuration - hybrid equivalent circuit

{y h 1,
— (L3 Nl
ST AAN ~
b + 5
b 1y
RtV ’\' u k.,
+ — -
Vae V.
R—
[
(b)
Configuration I L [V ]Vo
Common emitter In LI [Vee [\ ce
Common base I I. Ve Vb
Common Collector Iy, L [Vee Vec




+ Nommally h, is a relatively small quantity, its removal is approximated by h, =

0 and bV, = 0. resulting in a short — circuit equivalent.
+ The resistance determined by 1/h, is often large enough to be ignored in
comparison to a parallel load, permutting its replacement by an open — circuit

equivalent.
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. . . . l
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b Y = v, ‘:
= A 7 3

Common-Base configurations - h-Parameters
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Fixed-Bias Configuration

For the fixed-bias configuration of Fig. 5.106, the small-signal ac equivalent network will
appear as shown in Fig, 5.107 using the approximate common-emitter hybrid equivalent
model. Compare the similarities in appearance with Fig. 5.22 and the r, model analysis.
The similarities suggest that the analyses will be quite similar, and the results of one can be
directly related to the other.

e —— -*_ o
o o
S B fr *
¥ n,§ by {, he b, S Uk, § Re Vv
-
_ | % -
FIG. 5.106 FIG. 5.107
Fixed-bias configuration. Substituting the approximate fvbrid eguivalent circuil into the ac

equivalent network of Fig. 5.106.

I; From Fig. 5.107,
Z; = Rglh, (5.143)

I, From Fig. 5.107,

| Z, = Rl /8, | (5.144)

A, Using B' = 1/h,.||Rr. we obtain
V, = —[,R" = —[R'

— _hf: ,b Rr
and Iy = Vi
h = h..
B L
with Vo = —he—R'
l’ir'a'

v B (R~ 1/h,)
5o that _4”:_“—_&

v = e (5.145)

A; Assuming that Ry == b, and 1/, = 108, we find f, = [; and [, = I, =
Iir_fe.;b = hff'rl" aﬂd S0

A= ;_« e he (5.146)




Voltage-Divider Configuration

For the voltage-divider bias configuration of Fig. 5,109, the resulting small-signal ac
equivalent network will have the same appearance as Fig., 5. 107, with Rp replaced by
R = RL IE:_

Lo
—_—
8
FIG. 5.109
Viollape-divider Bias corgfigarrafioen.
I; From Fig. 3.107 with By = R, APPRC
EQUN
Z = Ry Ralh;. (5.147)
I, From Fig. 5.107,
2’“ = Rr: {5.143}
A,
ReiRe|1/h,0)
A, = _helRe |1/ ho) (5.149)
;.
A;
Ry || Hz) _
;= R |RD) (5.150)
R|Ry + kg,

Unbypassed Emitter-Bias Configuration

For the CE unbypassed emitter-bias configuration of Fig. 5.110, the small-signal ac model
will be the same as Fig. 5.30, with @r, replaced by i and Bl by figls. The analysis will
procead in the same manner.

FIG. 5.110
CE wnbypassed emitter-bias configuralion



B T T T L ——

I
Zy = hpRg (5.151)
and Z, = RglZ, (5.152)
Z,
Z, = Re (5.153)
A,
_ hele — heRc
! Ly b R
and A=tc (5.154)
RE
A;
heRy
ST
_ a5
or A; = Avﬂc

Emitter-Follower Configuration

For the emitter-follower of Fig. 338, the small-signal ac model will match that of Fig.
5011, with Br_, = h,_and B = .f:l_r-r The resulting equations will therefore be quite similar.

FC\':
Ry
A h
e I -
% IL W
11} -
TR
FIG. 5.111

Emitte r-follower configuralion



I;

Iy = heRg (5.157)

Z. = RylZ, (5.158)

I, ForZ,. the output network defined by the resulling equations will appear as shown in
Fig. 5.112. Review the development of the equations in Section 5.8 and

[ ™
Z. =R
o E"l I ﬁ_,l'f
or, because | + fip = fg,
k; R
7, = Rglh_u (5.159)
e
i
L+ by
I VW '
+ +
| -
¥i ﬂu L7 “~
* —

FlG. 5.112
Defining £, for the emilter-follower configuration.

A, For the voltage gain, the voltage-divider rule can be applied to Fig. 5.112 as follows: AFP
EQ
. Re(¥y)
" R+ /(1 + Rg)
but, since | + e = hg,

.41, = FI = m {:".lﬁ[”‘
A;
fe Ry -
A=y (5.161)
A 5.162
or .4‘ = A”RE {:-lﬁ.ﬂ}




Common-Base Configuration

The last configuration to be examined with the approximate hybrid eguivalent circuit will be
the common-hase amplifier of Fig. 5.1 13, Substituting the approximate common-base hybrid
equivalent model results in the network of Fig. 5.114, which is very similar to Fig. 5.44.

, by iy ;
Iy - r
- : - .
+ |y 1'10 +
R B
+ —_—
= W = Voo
P B E
FIG. 5.113

Common-base configuration.

+ 5= _*-'; f.' +
— g—
FA £

: g R '™ + hol, g Re !
FIG. 5.114
Substituting the approximare ybreid eguivalent circwil into the ac eguivalent pefwork
of Fig. 5.113.

We have the following results from Fig. 3.114.

Z;
Z; = Rellha (5.163)
A
Z, = R (5.164)
A,
Vo = —IRe = — (Rl
- i"rl' . Ji
with .IrE = h—lb and i-"'ﬂ = frfbﬁ—jbﬁr_—
Va ﬁbeE
50 that A, = v. = ha
A;
I




5.21 COMPLETE HYERID EQUIVALENT MODEL

The analysis of Section 5.20 was limited to the approximate hybrid equivalent circuit with
some discussion about the output impedance. In this section, we employ the complete
equivalent circuit to show the effect of k- and define in more specific terms the effect of k.
It iz important to realize that becanse the hybrid equivalent model has the same appearance
for the common-base, common-emitter. and common-collector configurations. the equa-
tions developed in this section can be applied to each configuration. It is only necessary to

insert the parameters defined for each configuration. That is, for a common-base configu-
ration, R, g, and so on, are employed, whereas for a common-emitter configuration, A,
;.. and 50 on, are used. Racall that Appendix A permits a conversion from one set to the
other if one set is provided and the other is required.

Consider the ceneral configuration of Fig. 5.1 16 with the two-port parameters of particu-
lar interest. The complete hybrid equivalent model is then substituted in Fig. 5.117 using
parameters that do not specify the type of configuration. In other words, the solutions will
be in terms of h;, A, hy and A, Unlike the analysis of previous sections of this chapter,
here the current gain A; will be determined first becausa the equations developed will prove
useful in the determination of the other parameters.

N N -
- +
iy ' -
+ T;h- L Tramsistor ¥ N gfr
Vi (R, '
-
FlG. 5.116

Two-perrd svsiem.

+ &

5

FIG. 5.117
Substituting the complele fyvbrid equivalent circuit inte the two-prort system of Fig. 5.0 16



Current Gain, 4; = I/l
Applying Kirchhoff s current law to the output circuit yvields
W,
fo= help + 1 = By + —— = kel + BV,
1/h,

Substituting vV, = —I_ R, gives

I, = hely — B, R,
Rewriting the eguation above, we have

I, + h,Ryl, = hel;

and Il + h,Rp) = Ryl
Ia 'nf =
that A= —=—"""— 5.167
5 ST T L+ hoRe ! )
Note that the current gain reduces to the familiar result of A; = fiy if the factor kR is suf-

ficiently small compared to 1.

Voltage Gain, A, = V/V;
Applying Kirchhoff s voltage law to input circuit results in
Vi = Ly + RV,

Substituting ; = (1 + h R by from Egq. (5.167) and [, = —V, /Ry from above
results in
=l + B, R,
V; = #vﬂ + RV,
Solving for the ratio V,_/V; yvields
L —heR,
A, = == = (5.168)
L by + Chah, — B Ry
In this case, the familiar form of A, = —Frj,—R,_,-"h,— returns if the factor (M, — iR, is
sufficiently small compared to .
Input Impedance. Z; = W/}
For the input circuit,
Vi = bl + BV,
Substituting V, = —I,R;
we have Vi = Mgy — W Ryl
:D
Because A; = —
I;
fo = Ad;
50 that the eguation abowve becomes
V. = hd; — B R AT;
Solving for the ratio V; /I, we obtain
Vi
== M — B R A;
i
and substitating
M
‘ 1 + AaRy
Vi fach Ry
— ¥ . Orte (5.169)
e =7 T 1+ hoRL

The familiar form of Z; = &y is obtained if the second factor in the denominator (AR ) is
sufficiently smaller than one.

Output Impedance, I, = Vg /le
The output impedance of an amplifier is defined to be the ratio of the output voltage to the
output current with the signal Vv, set to zero. For the input circuwit with V; = O,
PR
R, + h;
Substituting this relationship into the equation from the output circuit yvields
I = heli + RV,

i W
_ MV v
R, + R;

oo

V. 1
and T, T R = O+ RO (5-17m

In this case, the output impedance is reduced to the familiar form 7, = 1 /k, for the transis-
tor when the second factor in the denominator is sufficiently smaller than the first.



5.22 HYBRID = MODEL

The last transistor model to be introduced is the hybrid = model of Fig. 5.123 which
includes parameters that do not appear in the other two models primarily to provide a more
accurate model for high-frequency effects.

oy

FIG. 5.123
Gigcolette (or fybrid ) high-frequency transistor small-signal ac equivalend circuit,

F. Fy Fy and ry

The resistors ry. . fp. and r, are the resistances between the indicated terminals of the
device when the device is in the active region. The resistance r (using the symbol = to agree
with the hybrid = terminology ) is simply S as introduced for the common-emitter r. model.

That is,
(5.171)

The output resistance r, is the output resistance normally appearing across an applied
load. Its value, which typically lies between 5 k€2 and 40 k£2, is determined from the hybrid
parameter b, the Early voltage, or the output characteristics.

The resistance ri, inclodes the base contact, base bulk, and base spreading resistance levels.
The firstis due to the actual connection to the base. The second includes the resistance from
the extemal terminal to the active region of the transistor, and the last is the actual resistance
within the active base region. It is typically a few ohms to tens of ohms.

The resistance r, (the subscript 4 refers to the anion it provides between collector and
base terminals) is a very large resistance and provides a feedback path from output to
input circuits in the equivalent model. It is tvpically larger than Br,. which places it in the
megohm range.

C.and

All the capacitors that appear in Fig. 5.123 are stray parasitic capacitors between the vari-
ous junctions of the device. They are all capacitive effects that really only come into play
at high frequencies. For low to mid-frequencies their reactance is very large, and they can
be considerad open circuits. The capacitor C across the input terminals can range from a
few pF to tens of pF. The capacitor C, from base to collector is usually limited to a few pF
but is magnified at the input and output by an effect called the Miller effect, to be intro-
duced in Chapter 9.

Bl OF G V.

It is important to note in Fig. 5.123 that the controlled source can be a voltage-controlled
current source (VCCS) or a current-controlled current source (CCCS), depending on the
parameters emploved.

Mote the following parameter equivalence in Fig. 5.123:

| =
Bm = (5.172)




|

and fp = — (5.173)
R

with e o fmop (5.174)
Fg + Iy .

Take particular note of the fact that the equivalent sources Bl and g,V are both con-
trolled current sources. One is controlled by a current at ancther place in the network and

the other by a voltage at the input side of the network. The equivalence between the two
is defined by

|
Blg = .F_ Bl = BmlbBre = 2allirs) = 2mVs



