Lectl

Bipolar Junction
Transistors

During the period 19041947, the vacuum tube was undoubtedly the
electronic device of interest and development. In 1904, the vacuum-tube
diode was introduced by J. A. Fleming

On December 23, 1947, however, the electronics industry was to
experience the advent of a completely new direction of interest and
development.

It was on the afternoon of this day that Walter H. Brattain and John
Bardeen demonstrated the amplifying action of the first transistor at the
Bell Telephone Laboratories.

The advantages of this three terminal solid-state device over the tube
were immediately obvious: It was smallern and lightweight; had no heater
requirement or heater loss; had rugged construction; and was more
efficient since less power was absorbed by the device itself; it was
instantly available for use, requiring no warm-up period; and lower
operating voltages were possible.

You will find that all amplifiers (devices that increase the voltage,
current, or power level) will have at least three terminals with
one controlling the flow between two other terminals.

TRANSISTOR CONSTRUCTION

The transistor is a three-layer semiconductor device consisting of either
two n- and one p-type layers of material or two p- and one n-type layers
of material. The former is called an npn transistor, while the latter is
called a pnp transistor. Both are shown in Fig. 3.2 with the proper dc
biasing. We will find in Chapter 4 that the dc biasing is necessary to
establish the proper region of operation for ac amplification.

The emitter layer is heavily doped, the base lightly doped, and the
collector only lightly doped.

The outer layers have widths much greater than the sandwiched p- or
n-type material. For the transistors shown in Fig. 3.2 the ratio of the total
width to that of the center
layer is 0.150/0.001 = 150:1.
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The doping of the sandwiched layer is also considerably
less than that of the outer layers (typically, 10:1 or less). This lower
doping level decreases the conductivity (increases the resistance) of this
material by limiting
the number of “free” carriers.

The term bipolar reflects the fact that holes and electrons participate
In the injection process into the oppositely polarized material. If only one
carrier is employed (electron or hole), it is considered a unipolar device.
The Schottky diode
of Chapter 20 is such a device.

COMMON-BASE CONFIGURATION

The common-base terminology is derived from the fact that the base is
common to both the input and output sides of the configuration.
In addition, the base is usually the terminal closest to, or at, ground

potential.

Alpha ()
In the dc mode the levels of Icand Ie due to the majority carriers are related by a
quantity called alpha and defined by the following equation:

alpha dc=I¢/le 0.90 to 0.998

where Icand Ig are the levels of current at the point of operation.

Alpha ac = delta Ic /delta Ig

The ac alpha is formally called the common-base, short-circuit, amplification factor



EXAMPLE 3.1 (a) Using the characteristics of Fig. 3.8, determine the resulting collector current if
Ir=3mAand Vo= 10 V.
(b) Using the characteristics of Fig. 3.8, determine the resulting collector current if
I remains at 3 mA but Vi is reduced to 2 V.
(c) Using the characteristics of Figs. 3.7 and 3.8, determine Vg if /- = 4 mA and
‘/("B =20V.

Solution
(a) The characteristics clearly indicate that I- = Ir = I mA.
i(b) The effect of changing Vg is negligible and /- continues to be 3 mA.

ic) From Fig. 3.8, Ir = I- = 4 mA. On Fig. 3.7 the resulting level of Vgg is about
0.74 V.

Alpha («)
called alpha and defined by the following equation:

| iy
g = ==

alpha typically extends from 0.90 to 0.998,

where I~ and [ are the levels of current at the point of operation.

ff = I’.I:’f}_' + f{g“ [3.6]’

For the characteristics of Fig. 3.8 when Ir = 0 mA, I is therefore equal to g,
but as mentioned earlier, the level of I-peo is usually so small that it is virtually un-
detectable on the graph of Fig. 3.8. In other words, when I = 0 mA on Fig. 3.8, I
also appears to be 0 mA for the range of Ve values.

tpe = Alc

ﬂ.f}; Vipy = constant

The ac alpha is formally called the common-base, short-circuit, amplification factor,
that a relatively small change in collector current is divided by the corresponding

change in IE with the coIIe%or-to-base voltage held constant. For most situations the
dc

magnitudes of @ac and
are quite close.

BIASING

Figure 3.11 Establishing the
proper biasing management for a
— common-base pnp transistor in
the active region.

TRANSISTOR AMPLIFYING ACTION

For the common-base configuration the ac input resistance determined by the
characteristics of Fig. 3.7 is quite small and typically varies from 10 to 100 ohm.



The output resistance as determined by the curves of Fig. 3.8 is quite high (the more
horizontal the curves the higher the resistance) and typically varies from 50 k ohm to
1 M ohm (100 k ohm for the transistor of Fig. 3.12). The difference in resistance is
due to the forward-biased junction at the input (base to emitter)

and the reverse-biased junction at the output (base to collector). Using a common

value of 20 ohm for the input resistance, we find that
7 - V. _ 200 mV
‘R, 200

= 10 mA

If we assume for the moment that a,. = 1 (I. = 1,),

I, =1,=10mA

and VL = ILR
= (10 mA)(5 kL))
=50V
I; pnp I
E C
+ +
Vi =200 mV e B S R&5kI Vi

| 2010 100 ki

Figure 3.12 Basic voltage amplification action of the common-base
configuration.

The voltage amplification is

Ay = V.  200mV 259

i

Typical values of voltage amplification for the common-base configuration vary
from 50 to 300. The current amplification (I/I¢) is always less than 1 for the com-
mon-base configuration. This latter characteristic should be obvious since I~ = alg
and « is always less than 1.

The basic amplifying action was produced by transferring a current / from a low-
to a high-resistance circuit. The combination of the two terms in italics results in the
label transistor; that is,

transfer + resistor - transistor

COMMON-EMITTER CONFIGURATION

It is called the common-emitter configuration since the emitter

Is common or reference to both the input and output terminals (in this
case common to both the base and collector terminals).

one for the input or base-emitter circuit and one for the output or
collector-emitter circuit. Both are shown in Fig. 3.14.



Ia ” ”»
e Rl \ . | - -
l{-—j— - L 1
L »
1 e i - e | S0A
F ‘ J 1 F
. : | )
Figure 3.13 Notation and sym- L L ) z
bols used with the common-emit- 7
ter configuration: (a) npn transis- e — ad
tor; (b) pnp transistor. s
——
B
R l
|
E
a (B
I (mA)
8
90 A : : -
7 77 s0pA T T
I A' | | b Iy (A Vep=1V
sl 4 |70 - 100 Vep =10V
L~ 60 pA : -
| | | 90 — Veg=20V
(Saturation region) 5 = 50 pA
//, | | | 80—
{ 40 |.|A | | T0 —
1 | - 30pA | e0r=
\ e g aEa RNy 50—
1 (Active region) 120 pA | 40
M 30—
21 . . . 0
10 pA
M 3 10—
f I [ [ [
; i : Iy =0pA 0 0.2 04 06 08 1.0 Ve (V)
0 10 15 20
Ve, _ Yoz (V)
sal (Cutoff region)
Iepo=} Icpo (b)

@)
Figure 3.14 Characteristics of a silicon transistor in the common-emitter configuration:
(a) collector characteristics; (b) base characteristics.

Consider also that the curves of IB are not as horizontal as those obtained for IE in the
common-base configuration, indicating that the collector-to-emitter voltage will
influence the magnitude of the collector current

The active region for the common-emitter configuration is that portion of the upper-
right quadrant that has the greatest linearity, that is, that region in which the curves for
IB are nearly straight and equally spaced. In Fig. 3.14a this region exists to the right of the
vertical dashed line a Vcgsat

and above the curve for Ig equal to zero. The region to the left of Vcesa
is called the saturation region

In the active region of a common-emitter amplifier the collector-base junction
is reverse-biased, while the base-emitter junction is forward-biased.

The active region of the common-emitter configuration can be employed for voltage, current,
or power amplification.



The cutoff region for the common-emitter configuration is not as well defined as
for the common-base configuration. Note on the collector characteristics of Fig. 3.14
that /- is not equal to zero when I is zero. For the common-base configuration, when
the input current [z was equal to zero, the collector current was equal only to the re-
verse saturation current /-, so that the curve I = 0 and the voltage axis were, for
all practical purposes, one.

The reason for this difference in collector characteristics can be derived through
the proper manipulation of Eqgs. (3.3) and (3.6). That is,

Eq. (3.6): I-= alg + lcpo
Substitution gives Eq. (3.3 I-=all-+ Ig) + Iepo

Rearranging yields Io= ]cfﬂa + lfc_“iri'x (3.8)

If we consider the case discussed above, where I, = 0 A, and substitute a typical
value of a such as 0.996, the resulting collector current is the following:

a0 A) 1 Icso
1 — a 1 — 0.996

I =

I
= —OT:BO = 2500 e
If o were 1 pA, the resulting collector current with [z, = 0A would be
25001 peA) = 0.25 mA., as reflected in the characteristics of Fig. 3.14.
For future reference. the collector current defined by the condition fz = 0 pA will
be assigned the notation indicated by Eq. (3.9).

_ teso
lcpe = 1 — o T (3.9)

In other words, the region below I, = 0 pA is to be avoided if an undistorted out-
put signal is required.

When employed as a switch in the logic circuitry of a computer, a transistor will
have two points of operation of interest: one in the cutoff and one in the saturation
region. The cutoff condition should ideally be [- = 0 mA for the chosen V- voltage.
Since I is typically low in magnitude for silicon materials, curoff will exist for
switching purposes when Iy = 0 pA or I = Iz for silicon transistors only. For ger-
manium transistors, however, cutoff for switching purposes will be defined as those
conditions that exist when I~ = I g, This condition can normally be obtained for
germanium transistors by reverse-biasing the base-to-emitter junction a few tenths of
a volt.

conclusion that for a transistor in the “on” or active region the base-to emitter
voltage is 0.7V. In this case the voltage is fixed for any level of base current.
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Figure 3.15 Circuit conditions equivalent for the diode character-
related to Ign 07V istics of Fig. 3.14b



(a) Using the characteristics of Fig. 3.14, determine /- at I = 30 uA and Ve EXAMPLE 3.2
10V
(b) Using the characteristics of Fig. 3.14, determine I~ at Vge = 0.7V and Vi

15V

Solution

(a) At the intersection of I; = 30 pA and Vi = 10V, I = 3.4 mA.
(b) Using Fig. 3.14b, I; = 20 pA at Vi = 0.7 V. From Fig. 3.14a we find that /-
2.5 mA at the intersection of I; = 20 pA and V. = 15V

BETA:

_ Al

ﬁfﬂ Vor = constant

ﬂﬂ [y

The formal name for 8, is common-emitter, forward-current, amplification factor
Since the collector current is usually the output current for a common-emitter con-
figuration and the base current the input current, the term amplification is included
in the nomenclature above.

Although not exactly equal, the levels of 8,. and 8. are usually reasonably close
and are often used interchangeably. That is, if 8,. is known, it is assumed to be about
the same magnitude as B,., and vice versa. Keep in mind that in the same lot, the

value of B, will vary somewhat from one transistor to the next even though each
transistor has the same number code. The variation may not be significant but for the
majority of applications, it is certainly sufficient to validate the approximate approach
above. Generally, the smaller the level of Iz, the closer the magnitude of the two
betas. Since the trend is toward lower and lower levels of I-x,. the validity of the
foregoing approximation is further substantiated.
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Figmre 3.17 Determming 8. and B from the colledior charactenstics.
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= 100
The solution above reveals that for an ac input at the base, the collector current will
be about 100 times the magnitude of the base current.
If we determine the de beta at the Q-point:
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Figure 3.18 Characteristics in which B, is the same everywhere and B8, = B,



If the characteristics had the appearance of those appearing in Fig. 3.18, the level
of B, would be the same in every region of the characteristics. Note that the step in
I is fixed at 10 wA and the vertical spacing between curves is the same at every point

in the characteristics—namely, 2 mA. Calculating the .. at the Q-point indicated will
result in

=‘M‘-" _ 9mA — 7TmA ZZmAl:
ﬂlfg Ve = constant 45 f.LA - 35 }LA 10 .I.LA

Determining the dc beta at the same Q-point will result in

8 _Ic_ 8mA _
T I 40 pA

Buc

200

200

A relationship can be developed between 8 and «a using the basic relationships

introduced thus far. Using 8 = I/l we have I = I/B, and from o = I /I we have
I = I /o, Substituting into

Ig=I-+ I
we have k:&,+%—”

and dividing both sides of the equation by I will result in

| 1
— = + -
¥ ! B
or B=af+a=(pB+ a
so that o= P (3.12a)
B+1
0
or B= - (3.12h)
In addition, recall that
I
Icgo = 1 Cfﬂ;

but using an equivalence of



1

—=B+1

| —

derived from the above, we find that

ar

Icko = (.8 + Dlcgo

Iego = Blego

(3.13)

as indicated on Fig. 3.14a. Beta is a particularly important parameter because it
provides a direct link between current levels of the input and output circuits for a
common-emitter configuration. That is,

and since

we have

Both of the equations above play a major role in the analysis in Chapter 4.

I-= Bly
Ie=1-+ 1y

= Bly + Iy
I = (.B"' DIy

3.7 COMMON-COLLECTOR

CONFIGURATION

(31.4)

(3.15)

The common-collector configuration is used primarily for impedance-matching purposes

since it has a high input impedance and low output impedance, opposite to that of the

common-bhase and common-emitter configurations.
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Figure 3.20
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Figure 3.21 Common-collector

configuration used for
impedance-matching purposes.

A common-collector circuit configuration is provided in Fig. 3.21 with the load
resistor connected from emitter to ground. Note that the collector is tied to ground
even though the transistor is connected in a manner similar to the common-emitter
configuration.

From a design viewpoint, there is no need for a set of commoncollector

characteristics to choose the parameters of the circuit of Fig. 3.21. It can

be designed using the common-emitter characteristics of Section 3.6. For all practical
purposes, the output characteristics of the common-collector configuration are the
same as for the common-emitter configuration. For the common-collector
configuration

the output characteristics are a plot of IE versus VEC for a range of values of IB.

The input current, therefore, is the same for both the common-emitter and
commoncollector
characteristics.

The horizontal voltage axis for the common-collector configuration

is obtained by simply changing the sign of the collector-to-emitter voltage

of the common-emitter characteristics. Finally, there is an almost unnoticeable change
in the vertical scale of IC of the common-emitter characteristics if IC is replaced by
IE for the common-collector characteristics (since alpha= 1). For the input circuit of
the

common-collector configuration the common-emitter base characteristics are
sufficient

for obtaining the required information.
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Figure 3.14 Characteristics of a silicon transistor in the common-emitter configuration:

a) collector characteristics; (b) base characteristics.
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Figure 3.14 Characteristics of a silicon transistor in the common-emitter configuration:

(a) collector characteristics; (b) base characteristics.
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Lect 2
DC Biasing—BJTs
INTRODUCTION

The analysis or design of a transistor amplifier requires a knowledge
of both the dc and ac response of the system.

Ve = 0.7V

Ir=B+ DIg= 1.

I = Bly

OPERATING POINT
quiescent point (abbreviated Q-point). By definition, quiescent means
quiet, still, inactive.

The maximum ratings are indicated on the characteristics of Fig. 4.1 by a horizontal
line for the maximum collector current | and a vertical line at the maximum collector-
to-emitter voltage VCEmax

. The maximum power constraint is defined by the curve Pcmax in the

same figure.

If no bias were used, the device would initially be completely off,
resulting in a Q-point at A—namely, zero current through the device (and
zero voltage across it).

the effect of temperature must also be taken into account.



Higher temperatures result in increased leakage currents in the
device,thereby changing the operating condition set by the biasing
network.

stability factor, S, which indicates the degree of change
In operating point due to a temperature variation.

For the BJT to be biased in its linear or active operating region the
following must
be true:
1. The base—emitter junction must be forward-biased (p-region voltage
more positive), with a resulting forward-bias voltage of about 0.6 to 0.7
V.
2. The base—collector junction must be reverse-biased (n-region more
positive), with the reverse-bias voltage being any value within the
maximum limits of the device.
[Note that for forward bias the voltage across the p-n junction is p-
positive, while for reverse bias it is opposite (reverse) with n-positive.

FIXED-BIAS CIRCUIT P
The fixed-bias circuit of Fig. 4.2 provides a relatively straightforward " g L’*
and simple introduction to transistor dc bias analysis. r-*.,é |
'|.1 _I/ ':I.lr
1:+ -~

1 -

aK

the base—emitter circuit loop applying Kirchhoff’s voltage
equation

+Vee — IgRy — Vge =0 r?
;. = Yec — Vee - ) —[‘
B !

Ry "%

Collector—Emitter Loop
Vee + IcRc - Vec =0
Vee= Vee - IcRc



Collector-Emitter Loop

It is interesting to note that since the base current is controlled by the
level of Rg and I¢ is related to Iz by a constant B, the magnitude of IC is
not a function of the resistance Rc. Change R¢ to any level and it will not
affect the level of Ig or I as long as we remain in the active region of the
device.

Ie= Bl

Applying Kirchhoff’s voltage law in the clockwise direction around the 1ndlcated
closed loop of Fig. 4.5 will result in the followin
p g. g: Pom—

Ve + IR — Ve =0 ", §-l,‘_
VC'E = Vﬁ'r_" - IL-'R{- {*\(‘) _-»H,
Vee = Ve — Ve | f ,L
Ver = Ve Figure 4.3 Collctor-emit
=
S
Vee = Ve — Vi e’ =5
( 2
I3
VBE VB I M Mea ! vl

Ex:

Determine the following for the fixed-bias configuration of Fig. 4.7.
(a) Ip_ and I .

(b) Vﬁ___ﬂ_

(c) Vgand V.

(d) Vge



Vor =+12V

g R'A
§g, 22k 5

240k

T+ _'( :ﬂlp\ll
C, : l Ia ‘ \ 10 uF
:-;m! ’I} > g Ver F=5
0p /

e Figure 4.7 dc fixed-bias cir-
v cuit for Example 4.1.

Solution

(a) Eq. 44): Iy, = Ve R, Vi .. 12 ;/40 }2‘)7 Y _ 4708 MA
Eq. (4.5): I, = Bls, = (50)(47.08 pA) = 2.35 mA
(b) Eq. (4.6): Vce, = Voo — IRc
=12V — (235 mA)(2.2 kQ)

=683V

(c) Vg =Vue=0T7V
Ve=Ve =683V
(d) Using double-subscript notation yields
Vec=Vg— V=07V —-683V
= —6.13V

with the negative sign revealing that the junction is reversed-biased, as it should be
for linear amplification.

Transistor Saturation

The term saturation is applied to any system where levels have reached
their maximum values.

Saturation conditions are normally avoided because the base—collector
junction is no longer reverse-biased and the output amplified signal will
be distorted.

Ver owv
R _ = =0 ﬂ “Vir G
CE 1. I it . K:_

=k

P Vg = Vo Rep =012
[ - . .
¥ =W, =
1 View g .l',_-‘:l

lcsa=Vece/Re ' B



Load-Line Analysis
called the load line since it is defined by the load resistor R. If the level of IB is
changed by varying the value of RB the Q-point moves up or down the load line as
shown in Fig. 4.13.

down the load line as shown in Fig. 4.13. If V- is held fixed and R changed. the
load line will shift as shown in Fig. 4.14. If I is held fixed, the Q-point will move
as shown in the same figure. If R is fixed and V- varied, the load line shifts as
shown in Fig. 4.15.

Al

=

Ry>R,>R,

Q-pount i [
Y

\wan ,\ "
Vo
\\0 Pty =
N
Yer

—
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cc r
Figure +.13 Movement of Q-point with increasing levels of I5. Figure 4.14 Effect of increasing levels of Rc on the load
line and Q-point

’(
Vee,
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Vee, > ‘l'(': >Veey

(=
Yeey
LT

o N N N Figure .15  Effect of lower

0 - v Ver values of V¢ on the load line
Veeu Ve, my " and Q-point
EXAMPLE +.3 Given the load line of Fig. 4.16 and the defined O-point, determine the required val-

ues of Ve Re. and Ry for a fixed-bias configuration.

Figure 4+.16 Example 4.3



Solution
From Fig. 4.16,
Vep = Vee =20V at I = 0 mA

I. = ‘;ff at Vep = 0V

{8y

Ve 20V

and RC:I_CZ lomAzzk.ﬂ.
IBZVCC‘_VBE
Ry
- - 20V —0.
and R,;:V‘T! Vie _ 0?5“?5’”;:?721‘(1
B =

4.4 EMITTER-STABILIZED BIAS CIRCUIT

The dc bias network of Fig. 4.17 contains an emitter resistor to improve
the stability level over that of the fixed-bias configuration.

Ver

Figure 4.17 BJT bias circuit
= with emitter resistor.

Base-Emitter Loop

Kirchhoff’s voltage law around the indicated loop in the clockwise direction

+VCC‘ - IBRB - VBE - IERE =0 {415)



Ig=(B+ Dl
Substituting for [z in Eq. (4.15) will result in
Vee = IgRg = Ve = (B + DIgRe = 0
Grouping terms will then provide the following:
—Ig(Rg + (B+ DRe) + Vee = Ve =0
Multiplying through by (—1) we have

IB(RB + (B + l)RE)—VCC + VBE =0
IB(RB + (B + I)RE) = Vcc - VBE

(4.16)

with

and solving for I, gives

p— VCC B VBE (4 17)
B - .
Ry + (B + DRg
! I
L R‘
Vi
s Voo T
§ e (>
Figure +.19 Network derived _T Figure 4.20 Reflected impedance

from Eq. (4.17). level of Rg.

Figure 4.18 Base—emitter loop.

equation obtained above. Note that aside from the base-to-emitter voltage Vg, the
resistor Ry is reflected back to the input base circuit by a factor (8 + 1). In other
words, the emitter resistor, which is part of the collector—emitter loop, “appears as™

(B + 1)Rg in the base—emitter loop. Since 8 is typically 50 or more,

the emitter re-

sistor appears to be a great deal larger in the base circuit. In general, therefore, for

the configuration of Fig. 4.20,

R;= (B + 1)Rg

Collector-Emitter Loop
Writing Kirchhoff’s voltage law
HRe + Ve + IR = Ve =0

Substituting [ = I~ and grouping terms gives

Vee = Voo + Ie(Re+ Rp) =0

ﬂ.nd VCE = VCC' - IC'(RC' - RE] (419)

The single-subscript voltage V is the voltage from emitter to ground and is de-
termined by

Vi = IRy

(4.20)

(4.18)

Figure .21 Collector—emitter
loop.



while the voltage from collector to ground can be determined from

Vee = Ve — Ve

and | Ve = Vep + Vi | (4.21)

or | Ve = Vee — IR | (4.22)

The voltage at the base with respect to ground can be determined from

| Ve = Voo — IgRp ‘ (4.23)

o | Vo= Vi + V. | (4.24)

For the emitter bias network of Fig. 4.22, determine: EXAMPLE +.4
@) Ip.
(b) Ic.
©) Veg
d) Ve
(e) Ve
() V.
(&) Vac.

1e0) =M A0 pF

Figure +.22 Emitter-stabilized
bias circuit for Example 4.4.

Solution

_ _ Vee— Ve _ 20V — 07V
(@) Ba. 317 Je = 5" 8+ DR, 430 kQ + (51)(1 k()
19.3 V
T agikq  0-tea

(b) I = Big
= (530)40.1 pA)
= 2.01 mA
(c) Eq. (4.19): Vee = Voo — Ic(Re + Rg)
=20W — (201 mAN2 k{2 + 1 k{2) = 20V — 6.03 V
= 1397 WV
(dy Ve = Vee — IR
=20V — (2.0]1 mAN2 k{}) =20V — 402V
= 1598 V
(e} Ve = Ve — Ve
= 1598V — 1397V
= 201V

or Vg= IRy = I-Rg
(2.01 mA)(1 k€)
=201V
(D) Vo= Var+ Vs
=07V +201V
=271V
(&) Vec= Ve — V¢
=271 V—-1598V
= —13.27 V  (reverse-biased as required)



Lect 3

EXAMPLE 4.5

Prepare a table and compare the bias voltage and currents of the circuits of Figs. 4.7
and Fig. 4.22 for the given value of 8 = 50 and for a new value of 8 = 100. Com-
pare the changes in I~ and V. for the same increase in 8.

Solution

Using the results calculated in Example 4.1 and then repeating for a value of 8 = 100
yields the following:

B I (nA) I- (mA) Ve (V)
50 47.08 2.35 6.83
100 47.08 4.71 1.64

The BIJT collector current is seen to change by 100% due to the 100% change in the
value of B. I is the same and Vg decreased by 76%.

Using the results calculated in Example 4.4 and then repeating for a value of
B = 100, we have the following:

B Is () Ic (mA) Vee (V)
50 40.1 2.01 13.97
100 36.3 3.63 9.11

Now the BJT collector current increases by about 81% due to the 100% increase in 5.
Notice that Iz decreased, helping maintain the value of [——or at least reducing the
overall change in /- due to the change in 3. The change in V-, has dropped to about
35%. The network of Fig. 4.22 is therefore more stable than that of Fig. 4.7 for the
same change in 3.

: Ve
Saturation Level
The collector saturation level or maximum collector current for an emitter-bias de- Re
sign can be determined using the same approach applied to the fixed-bias configura-
tion: Apply a short circuit between the collector—emitter terminals as shown in Fig. \ Ic
4.23 and calculate the resulting collector current. For Fig. 4.23: -

V. Yee=0V
I, =—%— (4.25)

The addition of the emitter resistor reduces the collector saturation level below that
obtained with a fixed-bias configuration using the same collector resistor. Re

Figure +.23 Determining Ic_ |
the emitter-stabilized bias circuit



EXAMPLE4.6 Determine the saturation current for the network of Example 4.4.

Solution _ Vee
Ie . =—"—
- R-+ Rg
_ 20V _ 20V
2k() +1Kk0D 3 k)
= 6.67 mA

which is about twice the level of I for Example 4.4.



Load-Line Analysis

The load-line analysis of the emitter-bias network is only slightly different from that
encountered for the fixed-bias configuration. The level of /; as determined by Eq.
(4.17) defines the level of I; on the characteristics of Fig. 4.24 (denoted I ).

b -

R+ K
5 Q-poun 1,0
\_ - Figure 4.24 Load line for the
of v Vow o -
o ‘ emitter-bias configuration.

The collector—emitter loop equation that defines the load line is the following:
Vee = Vee = Ic(Re + Rg)
Choosing I- = 0 mA gives

Ver = Vcc-| I.=0 mA (4.26)

as obtained for the fixed-bias configuration. Choosing Ve = 0V gives

Vee

B R-+ Rg|v_.=ov

I (4.27)

as shown in Fig. 4.24. Different levels of Iz will, of course, move the Q-point up or
down the load line.

4.5 VOLTAGE-DIVIDER BIAS

In the previous bias configurations the bias current I and voltage Vg were a func-
tion of the current gain (B) of the transistor. However, since B is temperature sensi-
tive, especially for silicon transistors, and the actual value of beta is usually not well
defined, it would be desirable to develop a bias circuit that is less dependent. or in

>
I3
e
v.o—H}
C
1 2
Y < :
q |
0] | Ve
"a(l
Figure +.25 Voltage-divider bias configuration. Figure .26 Defining the Q-point for the voltage-divider

bias configuration.



fact, independent of the transistor beta. The voltage-divider bias configuration of Fig.
4.25 is such a network. If analyzed on an exact basis the sensitivity to changes in beta
is quite small. If the circuit parameters are properly chosen, the resulting levels of /-
and Vg  can be almost totally independent of beta. Recall from previous discussions
that a Q-point is defined by a fixed level of I and V¢ as shown in Fig. 4.26. The
level of I will change with the change in beta, but the operating point on the char-
acteristics defined by I~ and Vg  can remain fixed if the proper circuit parameters
are employed.

As noted above, there are two methods that can be applied to analyze the voltage-
divider configuration. The reason for the choice of names for this configuration will
become obvious in the analysis to follow. The first to be demonstrated is the exact
method that can be applied to any voltage-divider configuration. The second is re-
ferred to as the approximate method and can be applied only if specific conditions
are satisfied. The approximate approach permits a more direct analysis with a savings
in time and energy. It is also particularly helpful in the design mode to be described
in a later section. All in all, the approximate approach can be applied to the majority
of situations and therefore should be examined with the same interest as the exact
method.

Exact Analysis

The input side of the network of Fig. 4.25 can be redrawn as shown in Fig. 4.27 for
the dc analysis. The Thévenin equivalent network for the network to the left of the
base terminal can then be found in the following manner:

A Figure 4.27 Redrawing the
mput side of the network of
Thévenin Fig. 4.25.

Rrp:  The voltage source is replaced by a short-circuit equivalent as shown in
Fig. 4.28. R,

Ry =—
Ry

RTh = R]“Rg (428)

Erp:  The voltage source Ve is returned to the network and the open-circuit = =
Thévenin voltage of Fig. 4.29 determined as follows:
Applying the voltage-divider rule:

Figure 4.28 Determining Ry,

- RyVee
G S AAA——y—o
R, + +
The Thévenin network is then redrawn as shown in Fig. 4.30, and I, can be de- Al R, S Ve Emy
termined by first applying Kirchhoff’s voltage law in the clockwise direction for the i .
loop indicated: —~: g
Ery — IgRty — Ve — (R =0 ._I__

Substituting I = (B + 1)I; and solving for I yields

Figure 4.29 Determining Eq,.

Eth — Vi

le= R+ B+ DR:

(4.30)



Although Eq. (4.30) initially appears different from those developed earlier, note
that the numerator is again a difference of two voltage levels and the denominator is B

the base resistance plus the emitter resistor reflected by (8 + 1)—certainly very sim- l m +
Iy

ilar to Eq. (4.17).
Once [p is known, the remaining quantities of the network can be found in the
same manner as developed for the emitter-bias configuration. That is,

Vee = Vee — Ic(Re + Rg) (4.31)

Figure 4.30 Inserting the

which is exactly the same as Eq. (4.19). The remaining equations for Vg, V., and Vp Thévenin equivalent circuit

are also the same as obtained for the emitter-bias configuration.

Determine the dc bias voltage V- and the current [ for the voltage-divider config- EXAMPLE +.7
uration of Fig. 4.31.

Figure +.31 Beta-stabilized
circuit for Example 4.7.




Solution

Eq. (4.28): Ry = RJJR

_ (39 k(3.9 kQ)
39 k() + 3.9 k()

RVee

__BIYRY) _, ¢
39 kQ + 3.9k

- ETh = VBE
RTh + (B + URE

_ 2V—-07V _ 13V
3.55 kQ + (141)(1.5kQ)  3.55 kQ + 211.5 kQ
= 6.05 uA
Ic = Blg
= (140)(6.05 pA)
= (.85 mA
Eq. (4.31): Ve = Vee — Ic(Re + Re)
=22V — (0.85 mA)(10 kQ + 1.5 k(1)
=22V —-978V
= 12.22V

= 3.55 k(1

Eq. 4.29): Ep, =

Eq. (4.30): I

Approximate Analysis

The input section of the voltage-divider configuration can be represented by the net-
work of Fig. 4.32. The resistance R; is the equivalent resistance between base and
ground for the transistor with an emitter resistor R.. Recall from Section 4.4 [Eq.
(4.18)] that the reflected resistance between base and emitter is defined by R; =
(B8 + )R If R; is much larger than the resistance R,, the current [; will be much
smaller than I, (current always seeks the path of least resistance) and I, will be ap-
proximately equal to [,. If we accept the approximation that [ is essentially zero am-
peres compared to [, or I, then I, = I, and R, and R, can be considered series ele-



+
I R: Tv RI»R;
' » U, sL)

.

"—

Figure +.32 Partial-bias circuit
for calculating the approximate
base voltage V.

v v

ments. The voltage across R,, which is actually the base voltage. can be determined
using the voltage-divider rule (hence the name for the configuration). That is,

VB — RZvC'C'

= 4.32

Since R; = (B + 1)Rz = BR the condition that will define whether the approxi-
mate approach can be applied will be the following:

BR: = 10R, (4.33)

In other words, if 8 times the value of R is at least 10 times the value of R,. the ap-
proximate approach can be applied with a high degree of accuracy.
Once Vj 1s determined, the level of Vi can be calculated from

VE = VB - VBE {4.34)
and the emitter current can be determined from
Vi
Ir=— 4.35
TR, (4.35)
and I, =1Ig (4.36)
The collector-to-emitter voltage is determined by
Veg = Voo — IcRe — IgRg
but since I. = I,
VC’Eu = Vee — Ic(Re + Rg) (4.37)

Note in the sequence of calculations from Eq. (4.33) through Eq. (4.37) that 8
does not appear and [z was not calculated. The (-point (as determined by /- and
Vg, ) 1s therefore independent of the value of .



Repeat the analysis of Fig. 4.31 using the approximate technique, and compare solu-

tions for I and Vi .

Solution
Testing:
BR; = 10R,
(140)(1.5 k€2) = 10(3.9 k(})
210 kQ = 39 k() (satisfied)

R:Vee
R, + R,

_ (39K 22V)
39 kQ + 3.9kQ

=2V

Eq. (4.32): Vp=

Note that the level of Vj is the same as Ey, determined in Example 4.7. Essen-
tially, therefore, the primary difference between the exact and approximate techniques
is the effect of Ry, in the exact analysis that separates Eyy, and V.

Eq. @.34): Ve=Vgy— Vg
=2V-07V
=13V

compared to 0.85 mA with the exact analysis. Finally,
VCEU = Vee — IARc + Rg)
=22V — (0.867 mA)(10 kV + 1.5 kQ2)
=22V -997V
= 1203V

versus 12.22 V obtained in Example 4.7.

The results for /- and V-, are certainly close, and considering the actual vari-
ation in parameter values one can certainly be considered as accurate as the other.
The larger the level of R; compared to R, the closer the approximate to the exact so-
lution. Example 4.10 will compare solutions at a level well below the condition es-
tablished by Eq. (4.33).



Determine the levels of /-, and V. for the voltage-divider configuration of Fig. 4.33
using the exact and approximate techniques and compare solutions. In this case, the
conditions of Eq. (4.33) will not be satisfied but the results will reveal the difference
in solution if the criterion of Eq. (4.33) is ignored.

Figure 4.33 Voltage-divider
configuration for Example 4.10.

Solution
Exact Analysis
Eq. (4.33): BR.= 10R,
(50)(1.2 k) = 1022 kQ)
60 k€2 # 220 k() (not satisfied)
Ry, = Ry|[R> = 82 kQ|22 kQ = 17.35 kQ
R.Vee _ 22kQ(18 V)

= = =381V
En R,+R, 82kO+ 22k

poe— B =Vop . 381V—-07V _ 31V

B Ry + (B+ DR, 1735kQ + (51)(1.2kQ) 7855 kQ

=39.6 uA
Ie, = Bl = (50)(39.6 pA) = 1.98 mA
Vee, = Vee — IdRc + Rp)
= 18V — (1.98 mA)(5.6 kQ1 + 1.2 k)
=454V

Approximate Analysis
Ve=En =381V
Ve=Ve—Vpe=381V-0T7V=311V

_ Ve _ 311V
R 12kQ

I =1, = 2.59 mA

o



VC’E‘. = Vee = Ic(Re + Rg)
= 18V — (2.59 mA)(5.6 k) + 1.2 k())
=388V

Tabulating the results, we have:

I, (mA) Ve, (V)
Exact 1.98 4.54
Approximate 2.59 3.88

The results reveal the difference between exact and approximate solutions. /-_ is about
30% greater with the approximate solution, while Vg is about 10% less. The results
are notably different in magnitude, but even though SR is only about three times
larger than R, the results are still relatively close to each other. For the future, how-

ever, our analysis will be dictated by Eq. (4.33) to ensure a close similarity between
exact and approximate solutions.

Transistor Saturation

The output collector—emitter circuit for the voltage-divider configuration has the same
appearance as the emitter-biased circuit analyzed in Section 4.4. The resulting equa-
tion for the saturation current (when V. is set to zero volts on the schematic) is there-
fore the same as obtained for the emitter-biased configuration. That is.

Ic =1 Ro+ R, (4.38)

Load-Line Analysis

The similarities with the output circuit of the emitter-biased configuration result in
the same intersections for the load line of the voltage-divider configuration. The load
line will therefore have the same appearance as that of Fig. 4.24, with

Vee
le=—"" 4.39
©  Re+ Re|Ver=0V (@
and Vee = Vee I-=0 mA (4.40)

The level of I is of course determined by a different equation for the voltage-divider
bias and the emitter-bias configurations.



4.6 DC BIAS WITH VOLTAGE FEEDBACK

An improved level of stability can also be obtained by introducing a feedback path
from collector to base as shown in Fig. 4.34. Although the Q-point is not totally in-
dependent of beta (even under approximate conditions), the sensitivity to changes in
beta or temperature variations is normally less than encountered for the fixed-bias or
emitter-biased configurations. The analysis will again be performed by first analyz-
ing the base—emitter loop with the results applied to the collector—emitter loop.

Base—Emitter Loop

Figure 4.35 shows the base—emitter loop for the voltage feedback configuration. Writ-
ing Kirchhoff’s voltage law around the indicated loop in the clockwise direction will

result in
Vee = IeRe — IgRp — Ve — IeR =0
Voo
Re
P
AN It o ¥y
Ry 4,:.: c
l Iy + - Vee =
11|
Vi 1 Vee
C] -
P
Rg
Figure 4.35 Base—emitter loop for the
Figure 4.34 dc bias circuit with voltage feedback. network of Fig. 4.34.

It is important to note that the current through R is not [ but [ (where [~ =
I~ + Iz). However, the level of - and [~ far exceeds the usual level of Iz and the ap-
proximation [ = [ is normally employed. Substituting I,-=I-= Bl and I = [~
will result in

Vee — BIgRe — IRy — Ve — BlgRe = 0
Gathering terms, we have
Vee = Ve — Blg(Re + Rp) — [xRs = 0

and solving for I yields

_ Vee = Vae
Ry + B(R- + Rp)

(4.41)

Iy

The result is quite interesting in that the format is very similar to equations for [
obtained for earlier configurations. The numerator is again the difference of available
voltage levels. while the denominator is the base resistance plus the collector and emit-
ter resistors reflected by beta. In general. therefore, the feedback path results in a re-
flection of the resistance R back to the input circuit, much like the reflection of K.

In general, the equation for [; has had the following format:



Collector-Emitter Loop

I
The collector—emitter loop for the network of Fig. 4.34 is provided in Fig. 4.36. Ap- C# *
plving Kirchhoff's voltage law around the indicated loop in the clockwise direction g‘qf
will result in

L=—
" R+ BR

with the absence of R’ for the fixed-bias configuration, R' = R, for the emitter-bias
setup (with (8 + 1) = B), and R" = R + Ry for the collector-feedback arrangement.
The voltage V' is the difference between two voltage levels.
Since I~ = B,
BV’
ley= 2+ 17
¢ Rz+ BR

In general. the larger SR’ is compared to Rj. the less the sensitivity of /- to varia-
tions in beta. Obviously, if SR’ = R, and R + BR' = BR’, then

. . .

Ca RB+ BRI- BRI R,

and I, is independent of the value of beta. Since R’ is typically larger for the voltage-
feedback configuration than for the emitter-bias configuration, the sensitivity to vari-
ations in beta is less. Of course, R’ is zero ohms for the fixed-bias configuration and
is therefore quite sensitive to variations in beta.

IERE + VCE + ff;_-'Rr_" - Vr_"c' = U

Since I;-=I-and I = I, we have

and

which is exactly as obtained for the emitter-bias and voltage-divider bias configura-

tions.

[c(Re+ Rp) + Ve = Ve =0

VC.E = vcc' - IC'{RE' -r RE] (4.42} RE

- o

Figure 4.36  Collector—emitter
loop for the network of Fig. 4.34.



EXAMPLE 4+.11 Determine the quiescent levels of i’cu and V‘_-Eu for the network of Fig. 4.37.

Solution

Vee — V.
_@4l): I, = cc — Vo
Eq. @441z I Ry + B(R- + Ry)
B 10V —-07V
v 250 k€2 + (90)(4.7 kQ + 1.2 k)
B 93V 93V
4.7 ki -

250 k2 + 531 kQ 781 kQ

{{ o Vo =11.91 pA
10 pF
|) . I, = Bz = (90)(11.91 pA)

|
1
10 puF = 1.07 mA
VCEG = Vee — Ic(Re + Rg)

1.2 ki
=10V — (1.07 mA)4.7 k) + 1.2 kf))
= =10V -631V
we +.37 Network for Example 4.11. =369V

Determine the dc level of /; and V- for the network of Fig. 4.38.
18V

10 uF

11

5100 S0 uF
| Figure 4.38 Network for

= = Example 4.13.

Solution

In this case, the base resistance for the dc analysis is composed of two resistors with
a capacitor connected from their junction to ground. For the dc mode, the capacitor
assumes the open-circuit equivalence and Rz = R, + R..

Solving for I gives

I;= Vee — Ve
Ry + B(R-+ Ry)
B 1I8V—-07V
T (91 kQ + 110 kQ) + (75)(3.3 kQ + 0.51 k)
173V 173V

201 k) + 285.75kQ)  486.75 kQ
= 355 pA



I = Big
= (73)35.5 pA)
= 2.66 mA

Ve= Ve —ILR-= Vo — IR~
= 18V — (2.66 mAN3.3 ki)
=18V — 8T8V
=922V

Saturation Conditions

Using the approximation I(- = I, the equation for the saturation current is the same
as obtained for the voltage-divider and emitter-bias configurations. That is,

VC‘C‘

I =1 = R+ R, (4.43)

Load-Line Analysis

Continuing with the approximation I = [~ will result in the same load line defined
for the voltage-divider and emitter-biased configurations. The level of I will be de-
fined by the chosen bias configuration.

Design of a Bias Circuit with an Emitter
Feedback Resistor

Consider first the design of the dc bias components of an amplifier circuit having
emitter-resistor bias stabilization as shown in Fig. 4.50. The supply voltage and op-
erating point were selected from the manufacturer’s information on the transistor used
in the amplifier.

‘-.1' =WV
?

&

> e, -JM‘ § Re 4

<
Ry 1: 2
< l .
* — wwtpul
C, 10uF
a
Ver, =10V
npust m’;}m Ve 2N&4D| ¢
' =150

A0 uF Figure +.50 Emitter-stabilized
bias circuit for design considera-
tion.



The selection of collector and emitter resistors cannot proceed directly from
the information just specified. The equation that relates the voltages around the
collector—emitter loop has two unknown quantities present—the resistors R and Rp.
At this point some engineering judgment must be made, such as the level of the emit-
ter voltage compared to the applied supply voltage. Recall that the need for includ-
ing a resistor from emitter to ground was to provide a means of dc bias stabilization
so that the change of collector current due to leakage currents in the transistor and
the transistor beta would not cause a large shift in the operating point. The emitter
resistor cannot be unreasonably large because the voltage across it limits the range of
voltage swing of the voltage from collector to emitter (to be noted when the ac re-

sponse is discussed). The examples examined in this chapter reveal that the voltage
from emitter to ground is typically around one-fourth to one-tenth of the supply volt-
age. Selecting the conservative case of one-tenth will permit calculating the emitter
resistor R and the resistor R in a manner similar to the examples just completed. In
the next example we perform a complete design of the network of Fig. 4.49 using the
criteria just introduced for the emitter voltage.

Determine the resistor values for the network of Fig. 4.50 for the indicated operating EXAMPLE +.22
point and supply voltage.

Solution

Ve=1%Vec=1(20V) =2V

Re=—Fft=—E£="_=1k0)
Y I de  EmA

. Ve, Vie—Veg—Ve_ 20V—10V—2V 8V

I I 2 mA S 2mA
= 4 k{)
I 2 mA
5B 150 £
R :VR”=VCC—VBE_VE:20V_0‘7V_2V
5 I I 13.33 nA
= 1.3 M)

Design of a Current-Gain-Stabilized
(Beta-Independent) Circuit

The circuit of Fig. 4.51 provides stabilization both for leakage and current gain (beta)
changes. The four resistor values shown must be obtained for the specified operating
point. Engineering judgment in selecting a value of emitter voltage, Vg, as in the pre-
vious design consideration, leads to a direct straightforward solution for all the re-
sistor values. The design steps are all demonstrated in the next example.



nput

Vie =20V

=3
- ]
|
R,
R, Cs
I -IOmA‘ ‘
. + “ :*P“'
1 Ve, * 8V fimin) =80
1o pk
R,

Figure 4.51 Current-gain-
stabilized circuit for design
considerations.

Determine the levels of R, Rz, R,. and R, for the network of Fig. 4.51 for the oper-
ating point indicated.

Solution

Ve=5Vec=5(20V) =2V

Vi  Vie—WVew—Ve  BGN—8V—3V _ 1OV

R..= - -
I T 10 mA 10 mA
= 1kQ

Ve=Vae+ V=07V +2V=27V

The equations for the calculation of the base resistors R, and R, will require a lit-
tle thought. Using the value of base voltage calculated above and the value of the sup-
ply voltage will provide one equation—but there are two unknowns, R, and R,. An
additional equation can be obtained from an understanding of the operation of these
two resistors in providing the necessary base voltage. For the circuit to operate effi-
ciently, it is assumed that the current through R, and R, should be approximately
equal and much larger than the base current (at least 10:1). This fact and the voltage-
divider equation for the base voltage provide the two relationships necessary to de-
termine the base resistors. That is,

Ry = 7658BRe
R
and Ve = m"’cc
Substitution wyields
R. = {5(80W0.2 k()
= 1.6 kil

(1.6 KOHW20 V)
R, + 1.6 k{2

Ve — 2.7V —
and 2.7R, + 4.32 k€2 — 32 k)
2.7R, — 27.68 k{2

R, = 10.25 ki) (use 10 kKO2)
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