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‘ 1. Introduction

During the period 1904 to1947, the vacuum tube was the electronic device of interest and
development. In 1904, the vacuum-tube diode was introduced by J. A, Fleming. Shortly
thereafter, in 1906, Lee De Forest added a third element, called the control grid, to the
vacuum diode, resulting in the first amplifier, the triode. In the following years, radio
and television provided great stimulation to the tube industry. Production rose from
about | million tubes in 1922 to about 100 million in 1937, In the early 1930s the four-
element tetrode and the five-element pentode gained prominence in the electron-tube
industry. In the years to follow, the industry became one of primary importance, and rapid
advances were made in design, manufacturing techniques, high-power and high-frequency
applications, and miniaturization.

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 aftemnoon of this

The advantages of this three-terminal solid-state device over the tube were immediately obvious:

It was smaller and hghtweight; it had no heater requirement or heater loss; it had a rugged
construction; it 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. Note that this chapter is our first discussion of devices with three or more
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2. Transistor Construction

The transistor i1s a three-layer semiconductor device consisting of either two n- and one

p-type layers of matenal or two p- and one n-type layers of material. The former 1s called
an npn transistor, and the latter is called a pnp transistor.

C (collector) 5

Metalized contacts Oxide I]

/ l \ l Base-Collector p

— -~ junction
B =l » |
Base-Emitter

junction £

aubstrate ﬂ

E (emitter) E

(a) Basic epitaxial planar structure (b) npn (c) pnp

The base is a thin lightly doped region compared to the heawped emitter
and moderately doped collector regions.
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3. Basic Transistor Operation

In normal operation (properly as an amplifier), the bas&temjunction is
forward-biased and the base-collector junction is revbrased.

BC reverse- § BC reverse- §
biased

biased
\\ : + - "
- e [ + e
w—( = w—F) =

+ — - = +
s P = +
ki BE forward- —— BE forward-
I biased + biased

———a e
—— r—
- S -

(a) npn (b) pnp

We mainly use thenpn transistor for illustration. The operation of th@p
transistor as for thapn transistor except that the roles of the electrons and holes,

the bias voltage polarities, and the current direction@lmeversed.
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{a) npn (b} pnp

The direction of conventional current is in the direction tbé arrow on the
emitter terminal. The emitter current is the sum of the @ddde current and the
small base current. That ig;, = I + | 5.
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DC Beta DC) and DC AlphadDC)

The dc currenpain of a transistor is the ration of the dc collector currei)(to
the dc base current) and is designated d=ta (BDC)

I
Hh UL )
lBDC _hFE _I_
B

The ration of the dc collector currentd) to the dc emitter current) is the dc
alpha (aDC)

|
e
pc =

| e
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- 4. BJT characteristics and parameters

Transistor dc bias circuits.

(a) npn (b) pnp

Transistor DC Model

Iy Ic
Base o o Collector
+ +
VBE A\ 4 Bpcls VeE
o ® o
Emitter
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BJT Circuit Analysis

| ; : dc base current

| £ : dc emitter current
| . : dc collector current

V! dc voltage at base with respect to emitter
Vs: dc voltage at collector with respect to base

Ve: dc voltage al collectol with respec to emitte!

V.. CO.V

Since the emitter is at ground (0 V), by
Kirchhoff’s voltage law, the voltage Vi
acrossRs is

Vi, =Vas Vi

Dr. Nidal ZAIDAN Electronic Circuits /1/




Also, by Ohm'slaw V. =1;Rg

Substituting for VRB yields | ;R; =Vgg —Vae

The voltage at the collector with respect to the ground emist
Ve =V ~Vk,
Since the drop acro$RC is
Ve, =1cRe
The voltage at the collector with respect to the emitter cawhbtten as
Vee =Vee —1cRe
Where |, =Bl

The voltage across the reverse-biased collector —bastgone Vg =V —Vge
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Example 1

Determinel g, l. 1z Vg, Vg.and Vg

The transistor has@DC = 150
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Collector Characteristic Curves

Using a circuit like that shown in Figure below . a set of collector characteristic curves
can be generated that show how the collector current, [c. varies with the collector-to-

emitter voltage, Vg, for specified values of base current, Ig. Notice in the circuit diagram
that both Vpp and V¢ are variable sources of voltage.

- I
Vin é

= VE‘E‘
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A family of collector charactenstic curves i1s produced when I versus Vg is plotted for
several values of Iy, as illustrated in Figure below . When Iy = 0, the transistor 1s in the
cutoff region although there i1s a very small collector leakage current as indicated. Cutofl
is the nonconducting state of a transistor. The amount of collector leakage current for
Iz = 01s exaggerated on the graph for illustration.
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'_'I}gh.l‘l.

oy

Iy=0pA
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~ 5. Maximum Transistor Ratings

A BIT. like any other electronic device, has limitations on its operation. These limitations
arg stated in the form of maximum ratings and are normally specified on the manufac-
turer's datasheet. Typically. maximum ratings are given for collector-to-base voltage,
collector-to-emitter voltage, emitter-to-base voltage, collector current, and power dissipation.
The product of Vg and /- must not exceed the maximum power dissipation. Both Vi
and I~ cannot be maximum at the same time. If Vg 1s maximum, f- can be calculated as

-"E _ Pl'.'h[rnﬂ.t]

Vee
If I 1s maximum, Vg can be calculated by rearranging the previous equation as follows:

P[!u:m:u:l

Vo =
CE Ic

For the device of below Figthe collector power dissipation was specified as 300 mW.
The question then arises of how to plot the collector power dissipation curve specified by
the fact that

Pr_“m — FE'EIL'_ == 3'[}[' I'I'I‘I:IIIr
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300 mW
Veop=——— =6V
CE  SpmA
(20 V)i = 300 mW
Lo 300mW
ST
o
Vepl25 mA) = 300 mW
300 mW
Veig =——— =12V
CE 25 mA
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Early Voltage

Early m 1932, As the base current increases the slope of the line increases. resulting in an
increase in output impedance with increase in base and collector current. For a particular
collector and base current as shown in Fig. 5,15, the output impedance can be found using

the following equation:

imAd
&F l"llr.-t + VEE@ o
ru = o -
Al Ic,
N |
rﬂ 5 f_ -
CIE" -
- ] =L i = i L ]
__..e.f_-'“"i_" e AR e _ .—
FA | I FEEQ HEE v
|
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6. Common Circuit Configuration

o
£l E
C
T " -
n e
—-.; +, i — Ve
B — "cc . + n 4
) + n - Vg =_ =
“‘5_— B LE T T!L‘
= -

’ fgl
E
8
Ip s +
_4& = . y = Vg
J_ 1 n =V B Tt
_ + =
Vo= P Vip F
B 3 +T C *_:C
A
- -

B

Common base configuration Common emitter configurationCommon collector configuration
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3 Collector

| Emitter 2 Ermtter | Emitter

_3 :,II_ |

{a) TO-92 (b) SOT-23 {c} TO-18. Emitter is closest o tab.

Plastic and metal cases for general-purpose/small-signal fransistors. Pin configurations may vary.
Always check the datasheet (http://fairchildsemiconductor.com/).

-

o L el el ==
:ﬂrll‘gﬂwﬂ'l
OO

= e ]

Emilter 3 5 Emitter
{a) Dual metal can. Emitters are closest o Lab. (b Quad dual in-line (D1P) and quad (e Quad small catline (30} packape for
Aat-pack. Dot indicates pin 1. surface-mount technology

Examples of multiple-transistor packages.

Dr. Nidal ZAIDAN Electronic Circuits /1/

= e L i L £

19



(b T-225 {c) D-Pack

te) Greatly enlarged cutaway view of Hny transistor chip mounted in the
encapsulated package

Examples of power transistors and packages.
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- 8. The DC Operating Point

DC Bias

Bias establishes the dc operating point (J-point) for proper linear operation of an ampli-
fier. If an amplifier is not biased with correct dc voltages on the input and output, it can go

into saturation or cutoff when an input signal is applied.

Amplifier symbol

| N
1.'!'” | 4&\\7'7 Ii.l'"' fonrid

{a) Linear operation: larger outpui has same shape as inpul (b} Monhnear operation: output voltage
except that it 1s inverted limited {chipped) by cutoff

_&v_ D—D & U/\
{c} Nonlinear operation: cutput voltage limited
{clipped) by saturation

Examples of linear and nonlinear operation of an inverting amplifier (the triangle symbol).

Dr. Nidal ZAIDAN Electronic Circuits /1/

21



Graphical Analysis The transistor in Figure 5-2(a) is biased with V¢ and Vg to obtain
certain values of Iy, Ip, Iy, and Vg, The collector charactenstic curves for this particular
transistor are shown in Figure 5-2(b); we will use these curves to graphically illustrate the

effects of dc bias.

(a) DC based circunt

FIGURE 5-2

Dr. Nidal ZAIDAN Electronic Circuits /1/

Ii- (mA)

mj 600 A
sol [ ————500pA
404 — 400 A
30 300 A
30)- 200 u A
10 100 u A
0 1 23423567 &9 =¥

(b} Collector charactenstic curves
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In Figure 5-3, we assign three values to Iy and observe what happens to J- and Vg,
First, Vg 1s adjusted to produce an Jg of 200 uA, as shown in Figure 5-3(a). Since
I = Bpe . the collector current 1s 20 mA, as indicated, and

Ver = Voo — IcRe = 10V — 20mAXN220 Q) = 10V — 44V =56V

I (mA)
&

i)
il
40
30
20

th
_‘.__?_,_,—-—'_'_' .F]] = Eﬂﬂ',u-ﬂt
|
Iﬂ"/_/7 I
: T I T —= V[:E{‘l?.l

0" 1 2 2 4 5 6 7 8 9 10

This Q-point 1s shown on the graph of Figure 5-3(a) as 0.
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Next, as shown in Figure 5-3(b), Vgg 15 increased to produce an /g of 300 uA and an /-
of 30 mA.

Vep = 10V — (30mA)220()) = 10V — 66V = 34V

I (mA

&

G-
50
A0}-

-
13

Iy = 3004 A

30

20

10+

A

0

Fet

(b) Increase I to 300 g A by increasing Vig

The Q-point for this condition is indicated by (%, on the graph.
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Finally, as in Figure 5-3(c), Vgg 1s increased to give an fg of 400 uA and an I of
40 mA.

Vep = 10V — (40mA)(2200)) = 10V — 88V = 1.2V

(37 1s the corresponding Q-point on the graph.

I (mA)
| [
ﬁu._
_'-'Eﬂﬂg 401 mA
50
400 u A i + i - 4 fg =400 uA
t —wm—) v = |
: " 10 ki i - 300 I
Vi —= Bre= 100 20 |
= |
e |
10 :
=3 = = D |I T T T T T T T T T L E"Eqi'r.l

{c) Increase Iy 1o 400 & A by increasing Vg
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DC Load Line The dc operation of a transistor circuit can be described graphically
using a de load line. This 1s a straight line drawn on the charactenistic curves from the
saturation value where Ic = [y on the y-axis to the cutoff value where Vg = Ve
on the x-axis, as shown in Figure 5—4(a). The load line is determined by the external
circuit (Ve and Rc). not the transistor itself, which 1s described by the charactenstic
curves. the equation for I 15

VYee—VYee Voo Ve Ve Voo | Vo
-fl:' = == == =T s = —|\ — FEE +
R¢ R¢ R R Re R R¢
I I (mA)
L Saturation point Eﬂ!

[ load line

\/ Cutoff pomnl
- LEE

Voo

La)

FIGURE 5-4
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Linear Operation The region along the load line including all points between saturation
and cutoff 1s generally known as the linear region of the transistor’s operation. As long as
the transistor 15 operated in this region, the output voltage 15 ideally a linear reproduction
of the input.

v

Vag—07V 37V_07V
o= g ="~ LA

|
Visg= Yoo —logRe= 10 V- (30 mA)220 ) =34V '

FIGURE 5-5
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Waveform Distortion As previously mentioned, under certain input signal conditions
the location of the Q-point on the load line can cause one peak of the V.., waveform to be
limited or clipped. as shown in parts (a) and (b) of Figure 5-6.

{a) Transistor is driven into saturation because the Q-point 1s (b} Transistor is driven inte cutoff because the Q-point is
oo close o saturation for the given inpat signal. too close to cutoff for the given mput signal.
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Saturaton

£
=]

=
=

1
|
|
Saturation :
|

| /i?/ j Cutoff

{c) Transistor 1s dnven into both saturation nm:l cutoff because the
input signal 1s too large.

n----n-n.

FIGURE 5-6
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Example 3

Determine the Q-point for the circuit in below Fig. and draw the dc load line. Find the

maximum peak value of base current for linear operation. Assume Spe = 200.

R
330102

=
w

|+

I

-

=
Il
=
_.d:l_.l

LIFBB ——
10V 2=
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~ 9. Transistor Bias Circuits
9.1. voltage Divider Bias

You will now study a method of biasing a transistor for linear operation using a single-
source resistive voltage divider. Thas 1s the most widely used biasing method.

To analyze a voltage-divider circuit in which I 15 small compared to I, I+ 1y +Vee

o)
It
N
I

|

Vee = Vo — Vi
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Example 4

Determine Vi and I in the stuff voltage-divider biased transistor circuit of below Fig.
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Thevenin’s Theorem Applied to Voltage-Divider Bias

To analyze a voltage-divider biased transistor circuit for base current loading effects, we
will apply Thevenin’s theorem to evaluate the circuit.

+Vee +Veo +Vee
f o o
SR R 2 Re
A R "
Vi ‘—‘@> Ppe +Veo + ¥
_F i
Iy Ve —
K5 § R fr—.l § Ry
(a) (h) ic)
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and the resistance 1s

P Rk
™™ R + R,

Applying Kirchhoff’s voltage law around the equivalent base-emitter loop giuvﬂs
Vein—V¥p_ —VYag— Vg =0
Substituting, using Ohm’s law, and solving for V.
Vi = lpfmy + Ve + [eRg
Substituting {:/Bpc for Iy,
Vin = Ie(Rg + Rmy/Boc) + Vee

Then solving for I,

Viu — Vie

IE =
Ry + Rru/Ppc
Dr. Nidal ZAIDAN Electronic Circuits /1/
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Voliage-Divider Biased PNP Transistor As you know, a pap transistor requires bias
polanties opposite to the npn. This can be accomplished with a negative collector supply
voltage, as in Figure 5—14{a), or with a positive emitter supply voltage, as in Figure 5—14(b).

-V o

{a) Negative collector
supply voltage, Vo

FIGURE 5-14

Dr. Nidal ZAIDAN

g R, R

+VEg

(b) Positive emitter
supply voltage, Vg

Electronic Circuits /1/

+Veg

o Sk

(c) The circuit in
(b) redrawn
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The analysis procedure 1s the same as for an apn transistor circuit using Thevenin’s the-
orem and Kirchhoff's voltage law, applying Kirchhoff’s voltage law around the base-emit-

ter circuit gives

Viu + IpRyg — Ve + IgRg = 0

Ve
By Thevenin's theorem,
Vi = ( Ry )v
™= \R, +Ry) € g R, R
RiR;
Ry =
7R + R
The base current is
Iy = =&
B =
Ppc § Ry § Ry
The equation for Iy is —_ —_

=V + Vig
Ry + Ryy/PBoc

Iy
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Example 5

Find /- and V- for the pnp transistor circuit
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~ 9.2. Fixed Bias Configuration

[
|
I
R.:_'_' L JI.C
Ry B
- H ) ﬂ.ut]'rult
. c signa
g +
ac
input © H % Ver
signal .n;_'._ B + _
Vgge — 7 E

Forward Bias of Base-Emitter

Consider first the base—emutter circuit loop

+i-"?f_"|:-_" == JIERE — FEE == I}

Voo — V,
Iy = CCRE = I = Bl
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Collector-Emitter Loop

Applying Kirchhotf’s voltage law in the clockwise direction around the indicated closed

Vee +IcRe— Voo =10

Vee = Yoo — IcRe

FCEZFC_VE VE=D‘F

Vee Ve
4
Ver = Ve 2 {P_
.n""-.d-'l,.-'x .I |
C iTE > I,-'I
. ‘xﬁ A {
Ve = Vg — Vi \ o f
. || + = |
T A
and Vi = 0 V. then st o
: -
Vop = Vi

Dr. Nidal ZAIDAN Electronic Circuits /1/
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Example 6

i z ¥ : Ve =+12V
For the following circuit, determine - 7
dl. IEE‘ and ff@‘ =
b. Ve, § Re
c. Vpand V. gﬂs .f 42410 C,
240k0 € :
d. FBE* : T mHF ﬂ;:tput
C, [ i \ K
‘Solutior e o e

Dr. Nidal ZAIDAN
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9.3. Emitter Bias Configuration

Emitter bias provides excellent bias stability in spite of changes in 5 or temperature.

Base-Emitter Loop

,:'-:_-..-

Writing Kirchhoff's voltage law around the indicated loop in the clockwise direction
results in the following equation:

+V.r_";_" = fﬂRﬂ = FHE == IERE =0 fE = {B T ”".H
Vee — IyRp — Ve — (B + DigRg = 0
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and solving for [y gives

Collector-Emitter Loop

+
L : . : Re +I c
Writing Kirchhoff’'s voltage law for the indicated loop results in
+flr._'R[._' + V{'E i g .I..-E'RE' = L‘lr._-—;_" =0 N

Substituting I = I~ and grouping terms gives

R ift
and VE’E = Vc{' = Ic{Rf_" = RE} -
Ve = IR Ve = Voo — IgRy
Fc S li"'rcf' — II:"RI:' FH — FE.E i F.E

Dr. Nidal ZAIDAN Electronic Circuits /1/
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For the following circuit, determine

. 1
s I

a

b

C. 1l-"lll'_"L
d. Ve
.
f.
g

Dr. Nidal ZAIDAN
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§1 k€2
430 kL2 10 uF

10 uF
1l

1
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a. Draw the load line for the network of figure (a) on the characteristics for the transistor
appearing in figure (b).

. For a O-point at the intersection of the load line with a base current of 15 pA. find the
values of I~ and FCEQ.

. Determine Lﬁe dc beta at the (-point.

. Using the beta for the network determined in part c. calculate the required value of Ry
and suggest a possible standard value.

Vie=18V
é
Ry
_—— B
G N
figure (a)

Dr. Nidal ZAIDAN Electronic Circuits /1/

& I imA)
30 pA

25 pA

20 pA
15 pA
10 uA

SpA
Ig=0pA
| | | | .
5 10 15 20 Vg

figur

gure (b) »



Dr. Nidal ZAIDAN Electronic Circuits /1/ 47



Dr. Nidal ZAIDAN Electronic Circuits /1/ 48



—1 NN

9.4. Collector Feedback Configuration
An improved level of stability can also be obtained by introducing a feedback path from

collector to base UTs Vee
Base-Emitter Loop Re
] *IE‘ 1L
AN : it o Vo
s R 4 I [
| 1y s
C[ =
ol |
Ve = Rg
Vee — IcRe — IgRp — Vg — IgRg = 0
w

(where I- = I~ + I).

Dr. Nidal ZAIDAN Electronic Circuits /1/ 49



Substituting [~ = I = Blgand Iz = I results in

Voo — BIgRe — IgRy — Vgp — BlgRg = 0

Gathering terms, we have

Vec — Vae — Blg(Re + Rp) — IgRp = 0

and solving for I yields

f — FE'E = VBE
"7 Ry + B(R- + Rp)

Collector-Emitter Loop

4
, _ = Vee
IEEE + FE'E - IC'R.[' == ]-"rfc' = i
Because I- = I-and I = I, we have
IciRe + Rp) + Vep — Ve =10
and 'I-"rl'_"E == ]r"rc'f = :'tc{Rc' -+ RE} -

Dr. Nidal ZAIDAN Electronic Circuits /1/ 50



Example 9

Determine the quiescent levels of [ and Vi for the network below

10V
4.7 kL)
250 kL2
— AN I oV,
10 pF
Ve } ﬂ:m
10 pF
1.2 k&2
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Example 10

Given the network of Fig. (@) and the BJT characteristics of Fig. (b).

Draw the load line for the network on the charactenstics.

Determine the dc beta in the center region of the characteristics. Define the chosen
point as the (J-point.
Using the dc beta calculated in part b, find the dc value of [,
d. Find .lrE'E and IEEE"

al

b.

6V
2.7 k2
150 kQ 360 kO mIF'iF
] 1"'_-_\
EF RF: o
' 10uF
10 uF I
1l
1
|
33002 S0 uF
Fig. (a) I

Dr. Nidal ZAIDAN
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S0 pA
e 40 1A
30 uA
0 pA
10 pA
OpA
| [,
30 40 50 Vep (V)
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10. Emitter Follower Configuration

The previous sections introduced configurations in which the output wﬂ_ltage 1s typically

taken off the collector terminal of the BIT.
The dc equivalent of the network

C,
. il- =

In e ! e

o i

+ i IL

i FE'.F:' e 4 B I‘- ‘.:r'l-"p
SN
I
Vg —Ver
Applying Kirchhoff’s voltage rule to the input circuit will result in Ve — Vi

—{gRp — Vg — IR + Ve = 0

B= R + (B+ DR,

For the output network, an application of Kirchhoff' s voltage law will result in

Dr. Nidal ZAIDAN

—]-"'rf_"E == IERE + FEE =51}

Ver = Ve — IgRg
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Example 11
Determine "“'CE@ and '."EE! for the network

Pfﬂ

Dr. Nidal ZAIDAN

C, +
| p— Ver, B=90
1 uF - c
-2
Rg & 240 k02 I
1}
10 uF
= R @ 2 k2
JIJI.['.:-
Veg .L . RY
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11. Common-Base Configuration

The common-base configuration 1s unigue in that the applied signal 1s connected to the
emitter terminal and the base 1s at, or just above, ground potential.

.II:
+f_ ; 'S_/_ Vi o ) . . I o,
i R . + Cy u Ca
h:;r (—) :
o

w {— Voo =

Input dc equivalent

Applying Kirchhoff's voltage law will result in
— Ve + IgRg + Ve = 0

Ver — Ver
R

I =

Dr. Nidal ZAIDAN Electronic Circuits /1/ 57



Ver — Vcc- —_—

o

=
Applying Kirchhoff's voltage law to the entire outside perimeter of the network of Fig.
abovewill result 1n

_VEE - !ERE + V-L_E + I['R(_' = V{T =0
and Sﬂl‘n’iﬂg for i-"';_—E: L’FEE = Ilr"'EE i ll-"rc._*— = IERE LR IE'R[_'
Because I = Ip

1-"'1-'_"}'._' = l_,-’E. = 2 FL"E' = IE[RL" = = RE)

The voltage Vo can be found by applying Kirchhoffs voltage law to the output loop

Veg + IcRe — Ve =0

Ver = Voo — IcRe
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Example 11

Determine the currents [ and Iy and the voltages Vi and V- for the common-base confisuration of |

below Fig. B=60

TN

Ry 1.2 kL2 R & 24 k02

——
Eiin

oV,

Ver — Ver _— 1y
i T
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