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ABSTRACT

Ths e-book ams at providing the students with the understanding of the basic
operating principles of Semiconductor Devices and at the same time illustrates how the
circuit have been derived from these principles. This e-book written based on the
polytechnic syllabus for the Semiconductor Devices course taken by Electrical and
Electronic Engineering students. The fundamental principles and applications of
semiconductors are explained in this e-book to enable students to gain a good
understanding of Semiconductor Devices and their applications.

The first chapter discusses the basic properties of semiconductors and introduces the
characteristics of P-N junction. Chapter 2 discusses the characteristic of diode as a
semiconductor device, the outiines of IV characteristics curve for siicon diode and the
applications of the diode in other electronic circuit. Chapter 3 discusses the basic of
Bipolar Junction Transistor (BIJT), the characteristics and operation of BIT
semiconductor, transistor configurations, DC operation, frequency response and their
characteristic and the dasses of ampilifier. Tutorials are provided for all chapters to
help students master the concepts covered by each topic. Answers are included at the
end of the e-book.
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LNIT 1

INTRODUCTION TO SEMICONDUCIOR

11 What Is Semiconductor?
A semiconductor device is an electronic component whose function is dependent on the electronic
properties of a semiconductor material (most often silicon, germanium, and gallium arsenide, as well
as organic semiconductors). Because of their dependability, compactness, and low cost, these
devices have a wide range of applications such as illustrates in Figure 1.1. Discrete components, like
as solid-state lasers, are employed in power devices, tiny optical sensors, and light emitters.

Semiconductor Devices

Opted deie m_m

wnu- h
Wll‘“ l.-ﬁ:du Wuy H—n-l-n m
Switching dicdes -Photodetectors trawiston: Acceleration memories
Zener diodes Photodiodes <ICs sermons “MPUs
TVS diodes Phototransistors Gofs ICs senmons +Logic ICs.
diodes hia
Phototrines ~Modules Accessing sereors s
+ Traredstors. Image soreors l.*:l-m_:hs
MOSFETs -Composite opical CMOS logic ICs
Junction FETs devices +Aralog ICs
Bipokar transistors Photocouplers Generah purpose
Photorekys near ICs
- Thyristors Photointerruptens. Power Supply ICs
- Modulles -Optical communication Op. Amps
devices Driver ICs
Mocod-signal ICs

Figure 1.1 Application of sermiconductor
12 Characteristicsand electrical
propertiesof seniconductors
» Semiconductors are materials that are neither conductors nor insulators. They have conductivity
that is somewhere in the center of that of conductors and insulators.

*  BExamples of semiconductors are Germanium, Silicon, Carbon, and Selenum.
»  Semiconductors have a resistivity range of 10-4 to 108 Q cm,whereas conductors have a

resistivity range of 108 to 104 Q am and insulators have a resistivity range of 108 to 1018 Q) am

010 E|§cfrim| Resistivity: flem 1018
Low Resistance High
~@@lER GG Semiconducir Insulator
Shicon il Class

Germanium Rubber
Aluminum Selenium Qil

efc GaAs Plastic

etc. Diamond

elc.

Figure 1.2 Residivity range for different materials



121 Review of Basic Atorric Model
« Atoms are comprised of electrons, neutrons, and protons. Their characteristics are shown in
Table 1.1.
» Electrons are found orbiting the nucleus of an atom at specific intervals, based upon their
energy levels asin Figure 1.3.
+ The outermost orbit is the valence orbit as shown in Figure 1.4. Valence band electrons are

the furthest from the nudeus and have higher energy levels than electrons in lower orbits.
» The region beyond the valence band is called the conduction band. Electrons in the

conduction band are easily made to be free electrons

Table 1.1 Characteristics of atom

Electron Proton Neutron
Sie Smallest and 1800 times bigger Same size as proton
lightest than electron P
particle
Charge Negative Positive No charge
Nucleus with
protons (+) and
neutrons
A Orbiting
@) @ =electran electrons (-)
o ® = proton
. : . = neutron (a)
e N e
B 3 Nucleus has
'.: . net positive Higher orbits
@ @ charge mean higher
H i : energy levels
©
Valence
electron
()
Fgure 1.3 Atom orhit Figure 1.4 Atomlayer



» Electron shells in an atom were formerly designated by letter rather than by number. Figure 1.5
llustrates multtiple numbers of electron shels.
»  The maximum number of electrons that any shell may hold is described by the equation 2n2,

where “n” is the principal quantumnumber.
» Thefirst shell (=1) was labeled K, the second shell (=2) Land so on as tabulated in Table 1.2.

Table 1.2 Electron shels notation
K L\ M\ N 0 Pl ©Q ) s Maximum
number of
. electrons
1 K 2
n= 1 2 3 4
wi= 2 8 18 3 2 L 8
observed fill = 2 8 18 R 8 18 2
3 M 18
Figure 1.5 orbit/shell
4 N 32
5 (0] 50
6 P 72
7 Q 98
‘ Banple 11

Determine number of atom for silicon, germanium and aluminium.
Solution :
layer®)=2 x1 =2

layer(L)
2x4=8

\ /L
2984 @

Layer (M)
2x9=18

Siicon

Gemanium

Layer (M) —Layer Valens=4 Layer (N)—Layer Valens=4

No. of atom (dlicon) =14

2 +8 +4 =14

No. of atom (Germanium) =32
2+8+18 +4 =32




Layer K= 2 electron

\ layer L = 8 electron

layer M = 3 electron

No. of atom (Aluminium) =13
2+8+3=13

122 Characteristicsof Hectron \dlens Number

» Theelectrons in the outer maost shell, or valence shell, are known as valence electrons.
» These valence electrons are responsible for the chemical properties of the chemical elements.
The properties is tabulated as in Table 1.3.

Table 1.3 Properties of electron Valens

1-3 Valens electrons 5-8 Valens electrons 4 Valens electrons
Conductor Insulator Semiconductor
Electrical
Conducts electricity Does not conduct electricity conductivity

intermediate
between insulator
and conductor

Low resistivity. Atoms High resistivity. Atoms Does not easily
tend to release tend to accept release or accept
valence electrons electrons. electrons
Examples : gold, Examples : glass, Examples : silicon,
copper, silver, plastics, germanium,
123 Madifainium ceramics carbon

a) Conductor

» Support a generous flow of charge when a voltage source of limited magnitude is applied
across its terminals. .
» Low resistance which permits electrons flow through easily. In other word, conductor allows

electrical current flow.



b) Semiconductor

» Has a conductivity level somewhere between the extremes of an insulator and a conductor.
» Can allow or suppresselectrical current flow.
+ Can be conditioned to act as good conductors, or good insulators, or any thing in between.

* Silicon is the best and most widely used semiconductor.

¢) Insulator

» Offers a very low level of conductivity under pressure from an applied voltage source.

* High resistance which suppresses electrical current flow so current does not flow in them .

124 Typesof

. Sermiconductor .y - -
Basicaily, semcniwrx?uctor can be classified in two types as indicated in Figure 1.6.

a) Intrindc Semiconductor

* pure smiconductors

»  Example: Germanium (Ge) and Silicon (S).
b Bdrindgc Semiconductor

* adding impurity to pure semiconductor through doping process to improve semiconductor
conductivity.
» Two categories of impurity :
a) Pentavalent impurity (N-type) —doped with extra electrons
- Negative charge
a) Trivalent impurity (P-type)—doped with material missing electrons that produce

locations called holes

- Positive charge
Semiconductor
Intrinsic Extrinsic
semiconductor semiconductor
Pure form of [ ]
Ge, Si
(n=n,=n) N -Type P -Type
Pentavalent impurity Trivalent impurity
P, As, Sb etc. Ga, B, In, Al
Donar impurity - N, Donar impurity - N
(n>>n, ) (n>>n,)

Figure 1.6 Clasdfication of semiconductor



124 Typesof

Basicajiy, gglrr]%ﬁt&rjctor can be classified in two types as indicated in Figure 1.6.

a) Intringc Semiconductor

* pure £miconductors
+  BExample: Germanium (Ge) and Silicon (S).

b Bdringc Semiconductor

+ adding impurity to pure semiconductor through doping process to improve semiconductor
conductivity.
+ Two categories of impurity :
a) Pentavalent impurity (N-type) —doped with extra electrons
- Negative charge
a) Trivalent impurity (P-type) —doped with material missing electrons that produce
locations called holes

- Posttive charge

Intrinsic Extrinsic
semiconductor semiconductor
Pure form of [ ]
Ge, Si
(n=n,=n,) N<Typo P -Type
Pentavalent impurity Trivalent impurity
P, As, Sb etc. a, B, In, Al
Donar impurity - N, Donar impurity - N
(n>>n,) (n>>n,)

Figure 1.6 Clasdfication of semiconductor



12.5 N-type Semiconductor

» An n-type semiconductor is an intrinsic semiconductor doped with phosphorus (P), arsenic (As), or
antimony (Sh) as an impurity.

+ Silicon of Group IV has four valence electrons and phosphorus of Group V has five valence
electrons as shown in Figure 1.7. If a small amount of phosphorus is added to a pure silicon
crystal, one of the valence electrons of phosphorus becomes free to move around (free

electron*) as a surplus electron. When this free electron is attracted to the “+” electrode and

moves, current flows.
Silicon (Si): > o <
four valence > O- <
electrons ©  Adding phosphorus to pure 4‘
silicon crystal results in a o
surplus electron. And it ) ° <
becomes a free electron. ;
Y ) O <
Phosphorus: (B) \
five valence o o :
elecirons > [ ] T
) O C
Y o y <
[ l
* This free electron is the carrier of an n-type semiconductor. free electron is attracted to

the “+" electrode and moves,
current flows.

Figure 1.7 N-type semmiconductor
12.6 P-type Semoonductor

* A p-type semiconductor is an intrinsic semiconductor doped with boron B) or indium (In).

+ Silicon of Group IV has four valence electrons and boron of Group Il has three valence
electrons as shown in Figure 1.8.

» If a small amount of boron is doped to a single crystal of silicon, valence electrons will be
insufficient at one position to bond silicon and boron, resuling in holes* that lack electrons.
When a voltage is applied in this state, the neighboring electrons move to the hole, so that the
place where an electron is present becomes a new hole, and the holes appear to move to the

"“"electrode in sequence.



. 0:0:0:

Silicon (Si): 5 o o <
Four valence
electrons 00 00 00

Adding boron to

pure silicon crystal ) o o <

results in lack of an ) @ o D) @ <

(&) electron. And it

becomes a hole. 00 o0 00
Boron (B: o /’\\
Three valence Q/ o | > > @ o @ o @ <
electrons > o o <

(+)
* This hole is the carrier of a p-type semiconductor

When a voltage is applied, the neighboring
electrons move to the hole, so that the
place where an electron is present becomes
a new hole, and the holes appear to move
to the "-" electrode in sequence

Fioure 1.8 Ptype semiconductor
1.3 Fomation of Junction

* In semiconductor, the contact surface between a p-type and an n-type semiconductor is called

a PN junction.

131 Hee HectronsMobiity

+ Thebasic concept of free electrons mobility is shown in Figure 1.9.

p-type n-type
POEEOOO POOOOOO
PECPEEO PEROOOO Applying voltage by connecting p-
PEOEEOOO OOOOOOO type to "+" and n-type to "-"
PO POOOOOO enables current to flow.
" [ Becten ]

WhenMype_andn-;, : fw’\/\/\f + ==-

:ype come into /— _W]llflll p-type n-type
PEEERLA[®FOOOO® EEEECEER|PICOOOOO
PEELERPEH|IPEHOOOOO AL POEEERE PO
ORI HOOOOO 5 PEEOEEOL|PCOCOOOE
PEEEEPE|EFOOOOO PEPEEOEHL|IPOOCOOOO

Figure 1.9 Free electrons mobility



132 Formation of depletion region
and its properties

» An electric field is set up, between the donor and acceptor ions in the depletion layer of the p-n
junction.

» The potential at the N-side is higher than the potential at P-side. Therefore electrons in the N-
side are prevented to go to the lower potential of P-side.

+ Similarty, holes in the P-side find themselves at a lower potential and are prevented to cross to
the N- side.

133 Existence of threshold voltage
and its values for silicon and
germanium

» Thereis a barrier at the junction which opposes the movement of the majority charge carriers.
+ Potential barrier is the difference of potential from one side of the barrier to the other side of the

barrier

* Insilicon, the potential is 0.6-0.7 V; in germanium, it is 0.2-0.3 V (Threshaold Voltage).
* Width of the barrier is the distance from one side of the barrier to the other side which depends

on the nature of the material.

14 Forward Biasand Reverse Bias

When a doped semiconductor has a voltage applied to it, current will flow from negative to
positive, regardless of whether it is p- or ntype material. The current flow is radically different for
the two types of material. There are namely forward bias and reverse bias.

141 Forward
Bias

* Positive siae of the voltage is coninected to the p-type material, and the negative side to the n-
type material.

» The 'holes' in the P-type region and the electrons in the N-type region are pushed towards the
junction. This reduces the width of the depletion zone. The positive charge applied to the P-type
block repels the holes, while the negative charge applied to the N-type block repels the
electrons. As electrons and holes are pushed towards the junction, the distance between them

decreases. This lowers the barrier in potential.



142

+ With increasing bias voltage, eventually the no conducting depletion zone becomes so thin that

the charge carriers can tunnel across the barrier, and the electrical resistance falls to a low
value. The electrons which pass the junction barrier enter the P-type region (moving leftwards
from one hole to the next, with reference to the above diagram).An electron starts flowing

around from the negative terminal to the positive terminal of the battery. The thin depletion zone

produces very little electrical resistance against the flow of electrons.

Depletion width during unbiased
condition |

\J
P-type ———  N-ype
5 RCC ER) ° )
(&) 1 '
Y 9 ' o0 '3\'3; Q o
9 " 19
O 99| DD,
9O 9 :OB @8 9O O
1=
Negative o positive ion
Depletion width when
forward voltage increases
P-type — N-type
o, vie|e o e o
..J ' ]
-+ — o © : 1 —
9 ; e © . .
Positive terminal Q ! Y Negative terminal
0 o 5} e o

Megative ion Positive ion

Figure 1.10 Forward Bias

Reverse
C@?‘?écﬁng the P-type region to the negative terminal of the battery and the N-type region to
the positive terminal.
Because the P-type region is now connected to the negative terminal of the power supply, the
'holes' in the P-type region are pulled away from the junction, causing the width of the no
conducting depletion zone to increase.
Similarly, because the N-type region is connected to the positive terminal, the electrons will also
be pulled away from the junction.
This effectively increases the potential barrier and greatly increases the electrical resistance

against the flow of charge carriers. For this reason, there will be minimal electric current across

the junction.

10



Wide depletion region

Holes «—— W @ —— Free electrons

P-type (—'L_'l N-type
RO ErD

9 2 - ®

o o [9000ns g

O ‘eee|sss!
VO igeeleva @ e

9

9

Negative ion Positive ion

— |+
1]

Battery

Figure 111 Reverse Bias

» When the voltage is further increased, the current is aimost independent of the reverse voltage
up to a certain critical value. This reverse current is known as the reverse saturation current or
leakage current. This current is due to the minority charge carriers, which depends on junction
temperature Ideally no current flow in reverse bias because the majority carrier ceases
However, there is very small current produced by minority carriers. The current typically in the

9 A or nA p-region are “pushed” toward the PN junction by the negative terminal of bias

voltage range.



OBECTMESQUESTIONS

“Materials which can conduct electricity better than insulator, but not aswell as conductors”.
Thisis the definition of :

a) Diode

b) Semiconductor

¢) Conductor

d) Insulator

Which of the following acts as a donor impurity in doping process ?
a) Arsenic
b) Indium
c) Gallium
d) Boron

Which of these is an Exanple of Conductors?
a) Wood

b) Copper

¢) Glass

d) Plastic

The forbidden energy gap for Germanium is of the order of:
a) 07ev
b) 03 eV
c) 1lev
d) 10 eV

The process of adding an impurity to an intrinsic semiconductor is called:
a) Doping
b) lonization
¢) Recombination

d) Atomic modification

12



TUTORIAL UNIT 1

The reverse saturation current in a PN Junction diode is only due to:
a) majority carriers
b) minority carriers

C) acceptor ions

Donor ions Majority carriers of Ptype materials
a) Neutrons

b) Electrons

¢) Protons

d) Holes

PN Junction diode formed

a) Special fabrication technique of combining Pand N -type material
b) Pushing Pand N- type material towards

¢) Welding of Pand N type material

Resistance developed in the depletion region is
10 Rorward >Reverse
11 Rorward <Reverse

12 Rorward =Reverse

10 The depletion region contains

a) Electrons
b) Holes

¢) Immobilized charge carriers

13



STRUICTURED QUESTIONS

10.

11.

12.

13.

14.

15.

With the aid of a diagram, sketch and label the atomic structure of copper (Cu) which has 29
atomic number.

Silicon has 14 electrons. Draw the atomic structure for silicon.

List down THREE(3) types of material that are classified in semiconductor’s family.

State TWO (2) semiconductor materials that are commonly used.

List THREE(3) types of electrical material classification.

State THREE (3) characteristicsof semiconductor.

BEplain how to produce N type semiconductor.

Explain TWO 92) types of doping materials which called an extrinsic semiconductor.

Differentiate TWO (2) between N-Type and P-Type material.

By using a suitable diagram, explain how p-type semiconductor can be constructed.

Describe TWO(2) of the differences between semiconductor and insulator.

State the value of the threshold voltage for germanium and Silicon.

State the process of adding to a pure semiconductor material, in order to increase its
conductivity.

With the aid of a diagram, state the condition of depletion region when P-N Junctionis in
reverse biased.

Define ssmiconductor. 14



16.

17.

18.

19.

20.

21.

23.

24,

25.

26.

27.

TUTORIAL UNIT1 2

With the aid of a diagram, illustrate the effect of reverse biasing on the width of depletion

region.

Discuss the operation of forward biased and the effect of depletion layer.

In semiconductor materials, atoms link together with one another sharing their outer electrons.
These links are called covalent bonds. Draw the covalent bonds for silicon atoms.

Forward bias is the condition that allows current through the PN junction. lllustrate the
connection of PN junction during forward bias and describe TWO (2) conditions that allow

forward bias to occur.

With the aid of a diagram, illustrate the meaning of forward biased voltage and state condition

of depletion region, junction resistance and current flow.

State TWO (2) semiconductor materials that are commonly used.

By using a suitable diagram, explain how P-type semiconductor can be constructed.

llustrate with suitable diagram, the condition of P-N junction in forward bias and reverse bias.

Using a suitable diagram, illustrate the meaning of forward biased voltage across a P-N
Junction.

With the aid of a diagram, illustrate the meaning of reverse biased voltage and state the

condition of depletion region, junction resistance and current flown.

For a P-N Junction that is supplied with forward biased voltage:
) Ptype material is connected to a terminal of the power supply
i) N-type material is connected to a terminal of the power supply

When a P-N Junction is supplied with reversed voltage:
) The resistances in the depletion region is

) The curent flow is 15
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Introduction

Diode is a semiconductor device that conducts current only in one direction. The combination of PN
junction creates a diode. Diodes come in a variety of sizes and shapes as shown in Figure 2.1. The
design and structure is determined by what type of circuit they will be used in. Diode can be used in
many application depending on their types as shown in Figure 22.

SIGNAL
DIODE >
(Normal
Diode)

REC DIODE
(Normal
Diode)

SCHOTTKY
DIODE

—f—

VARACTOR
DIODE

LIGHT EMITTING
DIODE’(LED)

Figure 2.2 Typesof diodes

16




2.2 Schematic diagramand physical
Sructure of a diode

Diode is a device that conducts current only in one direction. n-type material and p-type material
become extremely useful when joined together to form a p-n junction. before the p-n junction is
formed , no net charge (neutral) since number of proton and electron is equal in both n-type and p-
type. The physical structure and symbol of a diode is shown in Figure 2.3.

p region: holes (majority carriers), e- (minority carriers)
n region: e- [majority carriers), holes (minority carriers

Cathod Cathod
—= 4 1

N P |J

O N-type material is called Cathode (C)
O  P-ype material is called Anode (A)

Figure 2.3 Physical structure and symboal of a diode

2.3 Forward biasand revers bias

a) Forward bias

* Pjunction is connected to positive terminal and n junction is connected to negative terminal.
* Bias voltage >barrier potential (Ge=0.3V or S=0.7V).

» The depletion region narrows due to reduction in positive and negative ions.

PN-junction

N-region ‘ P-region L H
=+ 4+ +
T Current
Ly + +

— V= @

very small
depletion layer - +

o |l

I

Forward Bias

L o—o—o—0

Figure 2.4 Diode in forward bias

17



B Revers bias diode
+ Pjunction is connected to negative terminal and n junction is connected to positive terminal.

» The depletion region widens due to additional positive ions are created.

PN-junction
N-region ‘ P-region - +
- - | +  + ’l
- +
SN | +,*
=T s | + o+ NO Current
0 | s g =
= = | + o+ V e - C}
wider depletion +
| tayer |
e Reverse Bias
== F
- | +
DO NN

FHgure 2.5 Diode in reverse bias

24 |y characterigic curve for slicon
diode

Thecurrentand voltage characteristics of silicon diode isillustrate asin Figure 2.6 while the

description of the respective characterigtics is represented in Table 2.1

Iz (mA) (Forward Current)

<«— V,..,/ Burning Level
Breakdown Voltage (Vgr) @ (V2)
Forward
\ bias
(Reverse Voltage) b
Vg o iiond : Ve (Forward Voltage)
= /Knce ‘\ 0 0.7V
§ Leakage
q(,’ current Barrier / Built-in / Threshold / Knee
§ Voltage (V)
By (e - Silicon = 0.7V
Vnax/ < - Germanium = 0.3V
Burning
Lovel (Reverse Current) Ig (HA)

Figure 2.6 IV characteristics curve for silicon diode

18



Table 2.1 IV Characteristic curve for silicon diode

Knee Voltage * Voltage level where the increment of current happens.
(Threshold Voltage) * Whenthe applied forward biased voltage reaches the
barrier voltage.
* Knee voltage for S=0.7V and Ge=0.3V.
Forward current * Amount of current that can be handled safely when
(Id) (Miliampere) the forward voltage is supplied and measured in
miliampere (mA).
Reverse current » Very small current or leakage current when the diode is
(Microampere) reversed biased and measured in micro ampere.
Breakdown voltage » Voltage level where the increment of reverse current

happens (in microampere).
 Big current value exceeds the breakdown level can bum the
p-n junction and damage it.

Burning Level » Power (P) that exceeds the max power of the
(when Id, Vd diode during forward biased.
exceeds P max) °

P max is produced from Id and Vd. Vd is a

constant. Normally
» P isrepresented by maximum current (Id)

25 Diode inrectifiers

A rectifier is an electrical device that transforms alternating current to direct current
* ltonly allows for one-way electric charge passage (one direction only) by using a semiconductor

diode.

» Basically there are two types of rectifier : half-wave rectifier and full-wave rectifier.

251 Half-wave

rectifier
Half-wave rectifier use only one diode in the circuit to produce output voltage at one cycle only. The

operation and equation of half rectifier is tabulated in Table 2.2 and Table 2..3.
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Table 22 Half-wave rectifier operation

Half positive cycle Half negative cycle
creut = -}
Dl ON
Dl OFF |
‘ RL
b P ‘ P ?‘# h " ﬂ %
B
Input £ e
e [Toput & —ve
Terminal A | Positve Negative
Terminal B | Negative Positive
D1 Forward bias Reverse bias
Output Vo =V —0.7 Vo=0
voltage,
Vo

Table 2.3 Half-wave rectifier equations

Vout Vour = Vi — 0.7V
Average v _Vout v
voltage wg = g T ODC
Averag Ly
e Iavg - T
current
V.
RMS voltage Vims = v
2
L
RMS current L = \F
2
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252  Half-wave rectifier with
transformer- coupled input

voltage
Transformergcoupling allows the input voltage to be stepped up or down and to electrically isolated
the rectifier. The half-wave rectifier with transformer coupled circuit is shown in Figure 2.7.

VSCC = an’,

‘/'." Vm | | Vm R[

o>
O

n= =

N Ve ‘ -._Ll

to couple ac input V. .=V._ 07V
5 3 out— "sec -
pri VP" z to the rectifier
Figure 2.7 Half-wave rectifier with trandformer coupled
253 FRi-wave
rectifier

Figure 2.8 illustrates the fulllwave rectifier connected to a center tap transformer. Ful wave
rectifier use two diodes to produce output voltage at both positive and negative cycle. The
operation and equation of fulllwave rectifier is tabulated in Table 2.4 and Table 25..

:jl -
e *+
v D1
SHIETET
VAC 2
240v Vv 2 oo

50Hz

Figure 2.8 Ful-wave rectifier circuit
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Table 24 Half-wave rectifier operation

Positive half cycle Negative half cycle
Circuit
e o
Terminal A | Positive Negative
Terminal B | Negative Positive
D1 Forward bias Reverse bias
D2 Reverse bias Forward bias
Output Vo =Vag —0.7 Vo =Vpg —0.7
voltage,
Vo

Table 2.3 Fullllwave rectifier equations

Vout Vout = Vip — 0.7V
Avera 2V
e g Vavg = T =Vpc
voltage
Averag 2y
e lavg = T
current
RMS voltage V= ¥n

2
RMS current Loms = 1

2
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254  Bridge rectifier

Bridge rectifier consists four diodes as shown in Figure 2.9 while the operation of the circuit is as
indicated in Table 2.4 while the formula is tabuated in Tale 2.5.

240VAC
50Hz

ot

Input
voltage

Figure 2.9 Bridge rectifier

Table 2.4 Bridge rectifier circuit
Positive half cycle Negative half cycle
Circuit
A
++ A
?'ﬂo F s l" :
ITpuf . * gZFi(DA P‘—n g;ﬁoa
voltage _ 0 vﬁ?f:;:
8 t:puf B L I of: +
viltage & vo‘l“*:;e
{me °
Terminal A | Positive Negative
Terminal B | Negative Positive
D1, D3 Forward bias Reverse bias
D2, D4 Reverse bias Forward bias
Output Vo=Vpg— 1.4 Vo=Vpg— 1.4
voltage,
Vo
Output 2 x input frequency
frequenc
y
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Table 2.5 Bridge rectifier equations

Vout Vour = Vin — 1.4V

Averag 2y

e Vavg - T

voltage

Averag ; 2y

e wg T g

current

RMS voltage Vo= Yn
2

RMS current Lomg = 1
2

% Banple 21

An ac supply of 230 Vis applied to a half-wave rectifier circuit through
a transformer of tum ratio 10 : 1. Find the output d.c. voltage.

Solution :
Mo 10
N,
Vprimary=230Vrns
Vim (ma),
v, =V2xV, .
v, =V2x230
V= 325.3V
I
Iav = -
Ip Ve 3253
Vo= XR = =——=1036V
T T T



% Banple 22

Inthe center-tap circuit shown in Figure 2.10 below, the diodes are assumedto be
ideal i.e,, having zero internal resistance. Find : d.c. output voltage and average

current
5:1 IDEAL
gtk
50 *
l Vl é 100
. L
IDEAL
Figure 210
Solution':
Vprimary=230Vrms
Veecondary=230 X (1/5) 46\rns

Vin (secondanyj=46 X V2 =65V

Vim (acrass half secondary winding) =65/2 =325V

2V 2X32.5
TR} T X 100

=0.207A
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% Banple 23

Inthe bridge type circuit shown in Figure 2.11, the diodes are assumedto be
ideal. Find :

() d.c.output voltage

(i) peak inverse voltage, PV

(i) output frequency.

Assume primary to secondary tums to be 4.

230V
50 Hz

VM
%200 Q
A 4 -

Figure 211

Solution :

V primary =230Vrns
V secondary=230 (N, /N1)=230 X (1/4=57.5Vrms
Vm=575x /2 =813V

2V, 2X81.3

), = = ———— =0.26A
Olae mR;, mwX?200

@ PV=813V

(i fout =2 X fin =2 X 50 =100Hz



255 AC voltage and current in rectifier
circuits

» AC voltmeter is an instrument used to measure AC voltage.

» DC voltages are measured by the DC voltmeter through a rectifier-based AC voltmeter.
» Diode polarity can be determined using an Ohmmeter and the VDC measuring function in

mulimeter.

2.6 Application of diode in electroric
circut application.

Diode can be used in many electronic circuit application depending on the design requirement.

261
Clipper

* Clipper or limiter is a circuit which limits/clips the portion of signal voltage above or below

certain level by limits positive or negative amplitude, or both.
» Prevent either or both polarities of a wave form exceeding a specific amplitude level.

» The operation of series clipper and parallel clipper is shown in Table 2.6. and Table 2.7.

Table 2.6 Series clipper operation

Positive series clipper Negative series clipper
Circuit A D A S Sy
| T_{‘_ A + +V + T T Ve
Lf\\.; Vv, <R J :l=\1'E7', 0 Vi RL v OAE
' 1 “ ‘ l f o
B _ B
Positive * diode in reverse biased * diode in forward biased
amplitude | « open circuit » closed circuit
is clipped- | < Vout=0V * Vout=VRL
off
Negative * diode in forward biased + diode in reverse biased
amplitude | < closed circuit * open circuit
is clipped- | « Vout=VRL * Vout=0V
off
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Table 2.7 Parallel clipper operation

Positive parallel clipper Negative parallel clipper
Circuit
B wl — o Pl WL |
OAU Y $a “=l°v7\’ °Av# ‘K "'3=v OA=’-07VT
i - ‘7 | v Vs {7 ou!_ s
Positive + diode in foward biased + diode in reverse biased
amplitude | « open circuit » closed circuit
is clipped- | « Vout=0V * Vout=VRL
off
Negative + diode in reverse biased + diode in foward biased
amplitude | < closed circuit * open circuit
is clipped- | = Vout=VRL * Vout=0V
off
26.2
Clamper

* Clamper “camps” a signal to at a desired DC level.
» A diode clamper adds a DC level to an AC voltage sothe AC signal will be offset up

(positive) or down (negative).
» Capacitor and diode position will determine either it is positive clamper or negative

clamper. Figure 212 showsthe clamper voltage waveform

Positive Clamper - AC signal is offset abowe (positive level)
Megative Clamper - AC signal is offset below (negative leval)

¢l
o

o
gc \ > &
|

\/ 3
— >
— Time(t)—> I Time(t)
(a) A.C Signal (b) Positively Clamped (c) Negatively Clamped
A.C Signal A.C Signal

Figure 2.12 Clarrper voltage waveform
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2.7 Zenerdiode

Zener diode is a special kind of diode that is designed for operation in the reverse biased mode.

It permits current to flow in forward and reverse direction.
Itis placed in the circuit in reverse bias and operates in reverse breakdown.
It is used to produce a stabilized voltage output (voltage regulator) for usein power supply,

voltmeter and other equipment.
The physical structure and symbol of zener diode is shown in Figure 2.13.

-— Cathode ()

(@ Physical gructure

p region n region
———Cathode Anode—u-— Cathode
(+) )

Anode —
)
© Symbol

Anode (+)

(*)

(b) Schematic diagram
Figure 2..13 Physical structure and symbol of zener diode

Zener diode could operate in the reverse biased mode because of its low reverse breakdown

voltage (zener voltage).
* Whendiode reached reverse breakdown (V2), reverse voltage remains constant even though
reverse current increase drastically as shonnin Figure 2.14.

o1
Forward
Current

Forward
Bias
Region

Reverse Bias ol
B ——

Vi ¢

Leakage current 03-0.7v
“Zener” Breakdown
Region

Zener Current

I.;" max)
v Reverse

Constant Current
Zener Voltage -Ip

Figure 2..14 IV characteristics curve for zener diode
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2.8 Other type of diodes

Diode can be used in many applications depending on the type of diode itself as shown in Table 2.8.

operating at
low voltage (1
to 4V) and let
current 10mA
to 40mA flow.
Breakdown
voltage (3 to
5V).

The color of
light depends
on the
material of
LED

Table 2.8 Types of diode
Light Emitting Photodiode Laser diode
Diode
(LED)
Physical N 3
structur B N N
: & o
=
;m;ﬁnﬁ‘]
Schematic A’}‘Z‘,"*.. [{camods
7 4l
Syn"lbol Anode 7 Cathode Anode M Cathode Anod
s —| >|— o M “(2)9 Cat:n_;:de
Characteristics | = operates when * Able to convert * Produces coherent
receives light into current or radiation in the
forward bias voltage visible orinfrared
voltage. spectrum when

current passed
through it.

Application .

Lighting

Photoconduct
or,
photodetectors,
charge-couple
devices, etc.

Optical fibre
systems, compact
disc, laser printer,
etc.
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OBECTMESQUESTIONS

1. Ifa 12V supply connected in forward bias, using a silicon diode and 370Q resistor in sefies.
Calculate the value of voltage dropped across the diode.
a 03v
b) 09V
o 14v
d 07V

2. State the value of threshold voltage for slicon.
a 03V
b) 05V
c 0rv
d) 09V

3. Forasilicon atom, identify the number of electrons in the second orbit. (Atomic No. of siicon=14)
a) 2
b) 8
c) 10
d) 14

4. Name the type of voltage bias shown in figure below.

+
g
RZ
& VBias

+ —_—
{l

a) Zero biased

b) Depletion biased
9 Reverse biased

d) Forward biased
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A component X is a special kind of diode which permits current to flow in the forward direction

as nommal, but will also allow it to flow in the reverse direction when the voltage is above
certain value. What is component X?

a LED

b) Photodiode

c) Zener diode

d) Laserdiode

The depletion region in PN junction is caused by
a) Dirift of hole

b) Diffusion of charge carriers

¢) Migration of charge carriers

d) Drift of electron

Based to the figure below, the peak value of input to a half-wave rectifier is 10V. Calculate
approximate peak value of the output voltage if silicon diode is used.

“DN
Vlll 0 c VUH’
VAR
5V-mmmm

10K

a 93v
b) 10.7V
0 20V
d 193V

State the barrier potential for slicon.
a 01V
b) 03V
c 05V
d o7V
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9. State the barrier potential for slicon.
a) 01V
b) 03V
c) 05V
d 07V

ESSAY QUESTIONS

1. Sketch a center-tapped full-wave rectifier circuit with the direction of current flow. The load
resistor is 2kQ and the diode resistance is neglected. If the peak to peak voltage across the

secondary winding is 220V, calculate output voltage, average voltage and average current.

2. A fullwave rectifier (bridge) operates with a silicon diode. Draw the circuit and explain the

operation of the circuit.

3. With the aid of a diagram, explain the IV characteristic curve and properties of silicon diode

about the forward and reverse biased with respect to the current and voltage.
4.  The most popular application of diode is rectification. Rectifier is a circuit that converts the AC

voltage to DC voltage. Draw three types of rectifier circuits complete with input and output

waveform.
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UNIT 3

BIFOLARJNCTON TRANSSORS (BJN)

3.1 Introduction

» Transistor is a three terminal device whose output current, voltage and power are controlled its
input and commonly used in amplifiers, logic gates, microprocessors and etc.
» Two basic type of transgtor:
a) Bipolar Junction Trangstor (BIT)
b) Field Bfect Trandstor (FET)
» Typical packaging for BT is as shown in Figure 3.1.

Figure 3.1 Diodes Package

311 BIvsHT

Table 3.1 Comparison between BIT and FET

JET BIT

Unipolar device (current conduction
isonly due to one type of majority

carrier either electron or hole)

Bipolar device (current condition, by

both types of carriers)

The operation depends on the control of a
junction depletion width under

reverse bias

The operation depends on the injection of
minority carriers across a forward biased
junction.

Voltage driven device. The current
through the two terminals is controlled

by a voltage at the third terminal (gate).

Current driven device. The current

through the two terminals is

controlled by a current at the third

terminal (base)

w

AN



Table 3.1 Comparison between BIT and FET (cont)

JET BIT
Low noise level High noise level
High input impedance (due to reverse Low input impedance (due to forward
bias) bias)
Gain is characterised by Gain is characterized by voltage gain.
transconductance.
Better thermal stability. Less thermal stability.

312 Pyscal gructure and schematic
symbolsfor BT

»  The NPN and PNP transistor are shown in Figure 3.2.
» The collector and emitter are made of the same material and the base is made of the other.

+ Thearrow on the schematic symbol identifies the emitter terminal and the type of component

PNP NPN
Collector Collector

Emitter, n@ smgﬂ gﬂ“m«
Base Base
Emitter-Base Ban Collector-Base
Junction Junction
Emitter Emitter
P-n-P n-P-n

Fgure 3.2 Schematic and construction of trangstor

313 BIlschematic
representation

+ . The BJT schematic representation is shown in Figure 3.3..

collector

base o Correspondsto: [

emitter

collector

Figure 3.3 BJT schenatic representation
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314 BII dructure

+ BIThasthree layerswhich are:
a) Collector
b) Base
c) Emiter
» BIT can be clasdfied into two types:
a) PNP—operates with outgoing base current

b) NPN —operates with incoming base current

315 BIlteminal current

* Tranggor terminal current flow is shown

in Figure 35.

* I|eis normally has the greated value,

followed closely by Ic.
* The BJTis a curent controlled device.

The value of Ic is normally some multiple

of value IB.

¢ Tranggor terminal current :

4 N

Trangstor is a \

. current-controlled
The emitter current device : the value of
(Bis the sumof the collector and emitter
collector current (IC) curents are
and the base determined by the
current (IB) value of base current.

Ig
Base O—K

\ J K IB<IEor IC j

collector

collector

base
— e
i i
emitter emitter

Figure 34 PNPand NPN transstor

Collector

0
(o]

Emitter

Collector
0
e
Ig
Base O:K
L

o]
Emitter

Figure 35 Tranggdor terminal current

)

Anincrease or
decrease in value
of Iz causes amilar

change in values
of lc and Iz

N

~

Curent gain (3) >
factor by which
curent increases
frombase of
trangstor to its

K collector. J

|c :BDCIB
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+ Trandgtor terminal voltage:

ﬂ‘~§ g Ve R, "E v
| i S A S A
=t ’ AN} " ’ W { - [:]
'.3 . - - "1§ Vi ? l :j R, g .E]?
Vee VBB, and VEeare Vee, Vee and Ves are inter Ve. Ve and VE are terminal
power Spply vottages, terminal voltages, each voltages , each meastred
each connected (directly measured fromthe first from the identified terminal
or indirectly) to the identified terminal to the to ground
identified terminal. second. '
316 Basictrangdor
operation Emitter current = Collector current + Base current

Emitter Base Collector

A PNP transistor is typically connected as in Figure

3.6. The operation of the PNP transistor is as §
Reversed
Biased .|_+

below: = Biased

Figure 36 PNPtrandstor

(" ) (" )
The emitter-base junction of PNPis The emitter-base junction pushes the
connected in forward biased while majority charge carrier toward the

the collector-base junction is base, thus established the emitter
connected in reverse bias. current.

\ J \ J

(" N " Thehole in the ptype material )

combines with the ntype material
hence conditute the base current.
Thus complete emitter current flows The remaining hole reaches across
through the collector circuit. the negatively biased collector-base
region and collected by the collector
due to which collector curent

37

AN



A NPN fransistor is typically connected as in Figure 3.7. The operation of the NPN transistor is as

below:
Emitter current = Collector current + Base current
Emitter Base Collector
—f n n j
+
— e ™ i
q Forward Reversed ey
Biased Biased T
Figure 3.7 NPN trandstor
: The emitter-base ) : ) : The emitter-base A
: - The voltage of the junction is in forward
region of the trangstor o o .
is in forward biasi reverse bias is biasing due to which a
g congderably smaller large number of
and the collector base :
region is connected in as compared to the electronsis reached to
rever<e bias reversed biased. th(teh base. This develops
' e emitter current.
N J \ J \ J
4 N\ 4 ™\ /~ Theelectroninthe
base region combined
The remaining with the holes. But the
The entire emitter electronsreach across base is very thin and
current flows through the collector base lightly doped, thusonly
the collector circut. region and develop gmall holes combined
the collector current. with the electronsand
conditute the base
N J N J \_ current. J
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PNP transistor

3.1.7 Difference between NPN and

NPN and PNP has their own characteristics that difference from each other as indicated in

Table 32.
Table 3.2 Difference between NPN and PNP trangstor
Basis for comparison NPN Transistor PNP Transistor
Definition Transistor in which two Two blocks of p-
n- type layer are types
separated by ne P-type semiconductors
layer are separated by
one thin block of
n-type
c semic E
Symbol B 5
E C
Full form Negative Positive and Positive Negative and

Negative

Posii

Direction of current

Collector to Emitter

Emitter to Collector

Tum-on

When electrons enters
into the base

When holes enter into
the base

Inside current

Develop because of
varying position of
electrons

Originate because of
varying position of
holes

Outside current

Current develop
because of the flow of
holes

Current develop
because of the flow
of electrons

Majority charge carrier Electron Hole
Switching Time Faster Slower
Minority charge carrier Hole Electron

Positive voltage

Collector terminal

Emitter terminal

Forward biased

Emitter Based Junction

Emitter Base Junction

Reverse Biased

Collector Base Junction

Collector Base Junction

Small current

Flows from emitter-to-
base

Base to emitter

Ground signal

Low

High
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3.2 Characteristicsand operations of BJT

BJT is commonly used in electronic circuits as an amplifier or switching devices.

321 Blrasanamplifier

Amplification is the process of increasing the amplitude of an electrical signal. The circuits used
to provide the amplficaigiopn are referred to as ampilifiers as shown in Figure 3.8.

v,
RC JHI
v N
e =57
Re + 0 g
) V. Voo —
= V.
‘/fll
+
Vep —= l Vee
(a) Circuit with ac input voltage V;, and dc bias 0 =
voltage superimposed (b) Waveforms

Figure 38 Badc tranggor anplifier circuit

322 BIrasa switching devices

* If the base-emitter junction is not forward-biased, the BJTisin the cutoff (switched off) and
there is an open circuit between collector and emitter, as shown in Figure 3.9 (@).
+ If the base-emitter junction and base-collector junction are forward-biased, the BJTis in the

saturation (switched on). There isa short circuit between collector and emitter, as shown in
Figure 3.9 ().

(a) Cutoff — open switch (b) Saturation — closed switch

Figure 39 Badc tranggor anylifier circuit
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Table 3.3 Operation node of BIT

Operation mode

Biasing polarity B-E junction

Biasing polarity B-C junction

Active Forward Reverse
Saturation Forward Forward
Cut-off Reverse Reverse

3.3 Basic trangstor configurations

BJTcan be connected in three ways as suchasin Figure 3.10 while the characteristics isasin

Table3.4.

Common-Base (CB)

input = Vi & I

output = Vo & I

Common-Emitter (CE)

input = V. & I,

output = Vi & I

7
‘CB

Common-Collector (CC)

input= V&1,

output = Vo, & I

Figure 3.10 Basic transistor configurations

Table 3.4 Characteristics of the transistor configurations

Characteristic Common Base | Common Emitter |Common Collector
Input impedance Low Medium High
Output impedance Very high High Low
Phase shift 0 180° 0
Voltage gain High Medium Low
Current gain Low Medium High
Power gain Low Very high Medium
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34 BJAnalyss : Tranggor currents

According to Kirchhoffs current law, the current leaving a component must equal the current

entering the component. By formuia,

IE=IC+IB

Since lgis normally much less than I, I and Iz are approximately equal, expressed as follows:

3-2

The value of Ic is normally some multiple of the value of Ig. The factor by which current

increases from base to collector is referred to as dc current gain (Bpc) of a transistor.

le = lg(Ppc +1)

If we combine this Eg.3-3 with Eg.3-1, we get

IC:BDCIB

Bpc is usually designated as an equivalent hybrid parameter, he.

hFE :BDC

The ratio of the dc collector current (Io) to the dc emitter current () is a dc alpha (Och)

|

c

Gpe |
E

Using the relationships of Eg.3-1 and 3-6, we can calculate base current as

Iy = 1 (1- a)

The relationship between alpha and beta:

_ _Boc

C Boc +1

aDC

3-3

3-4

35

36

3-7

3-8

42



35 DC operationsof BJT

* Initially, BITwill operate when DC supply is given. The operation of BJTis influence by its

operating current, voltage and several characteridics.

351 DC Beta(Bpc)and DC Alpha (a pc)

» Theratio of the dc collector current (Ic) to the dc base current (I) is the dc beta (Bpc) =dc

current gain of tranggtor.

® Rangevalue: 20<Ppc<200. Itisusually designed asan equivalent hybrid (h)Parameter.

Theratio of the dc collector current (Ic) to the dc emitter current () is the dc alpha less used .

Boc = I—Q hFE:ﬁDC _ IC
B

352 Bl characterigicsand paramreters

» Thecurrentand voltage in Figure 3.11 can be identified as follow :
a) Current:
* dc base current, I
* dc base curent, I
* dc base current, I
b) Voltage
» dc voltage at base with respect to emitter, Vgg
» dc voltage at base with respect to base, Vg

» dc voltage at base with respect to emitter, Vg

reverse-biased the
—+ base-collector junction
Yee

forward-biased the
base-enitter junction x

Figure 3.11 Transistor current and voltage
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353  Curentand voltage analysis

When the BE junction is forward-biased, Vee = 0.7V
Since the emitter is at ground (OV), by Kirchhoff's voltage law, the voltage across Rg is:

VRB = Ves — Ve
Also, by Ohmislaw :

VRB = 15Rg
From equation (3-9) and (3-10).

VBB _VBE = IBRB
Therefore, the dc base curent is :

| = VBB B VBE

The voltage at the collector with respect to the grounded emitter is :

Vee =Vee — Vi c

Since the drop acrossR¢ s Vre = IcR¢,

The dc voltage at the collector with respect to the emitter is:
Vee =Vee —IcRe

Where, | =Byl

The dc voltage at the collector with respectto the base is:

VCB :VCE _VBE

39

3-10

311

3-12

3-13

3-14
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i) Biasing technique -Re

R2
1eéx

Cuput

R11K ¢
YAV b&ssas

R3
1K

[nput

Vand

Figure 3.12

i) Voltage divider calcuation

Figue 3.13

B Vee
P Rp+ (B+ 1)Rg

I

IC = B IB
Vee = Vee —IcRe + Rg )
Ve= V¢ —IcRe

VE= V¢ — Vg @IgRE

Ig =B+ Dlg

Vru = VgE

ls= (RTH + (B+1)Rp

Vee = Ve - Ic(Re + Rg)
Vg =Vry

Vg =Vg- Vg
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% Banple 31

Determine I, I, Ie, Ve @and Vg in the circuit in Figure 3.14. The transistor has a
Boc=150

— Ve
=— 10V

Figure 3.14

Solution:
When BE junction is FB, act as normal diode. So, V=07V

The base curent,

VBB-VBE _5-0.7

=430u3
RB 10kQ

IB=

Collector curert,

lc=BpClB=150(430p50=64.5mA

BEmitter current,
lgE=Ic+IB=64.5mA+430p3 =64.9mA

Solve for Ve and Vg,

Vce=Vcc-IcRc=10V—(64.5mA)(100Q0=3.55V
VcB=VCE-VBE=3.55-0.7=2.85V
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354  Trandgtor operating region

Transistor has three operating region which are saturation region, active region and cut-off

region as illugrated in Figure 3.15.

Ic

(mA) Saturation Region

When Vg =0 (transistar “fully-OMN)
_ Ve T

le= 5=

60

50

Q-point

active region
40 ( gion}

Cut-off Region

\ (transistor Fully-OFFT)
/

B
%m:o

30

Ve (V

0 e 2 3 4 5 g | ve=tv)
Megsa Whenlc=10
Ve =Veo

Figure 3.15 Trangstor operating region

355  Cut-off

Cutoff is a non-conducting state of a transistor. This occurs when the base lead opens, and the
base current is zero. There is only a very small amount of collector leakage current , lgo,(as
shown in Figure 3.16) caused by thermally produced carriers. However, it will usualy be
neglected so that Ve =V In the cutoff, neither the base-emitter nor the base-collector

junctions are forw gr¢* -~~~ R
C
A
—W—
Ieko
+
e =l
Figure 3.16 Trandgtor circut
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356

Saturation

Saturation is the state of a BITin which the collector current has reached a maximum and is

independent of the base current.

Note that saturation value of | can be determined by application of Ohm'’s law. When V&

reachesits saturation value (Veggy) =0, we obtain,

Vce
Csat  RC 3-15
Re
—AW-
I
Ry + +
M) Vee=Vec—IcRe ___ Vee
e T . -
Figure 3.17 Tranddtor circut
a) NPN transistor in cut-off mode (Figure 3.18).
» Theinput and Base are grounded QV)
» Base-Emitter voltage, ViEe <07V Wee Viee
 Based-Emitter junction is reverse biased R R
L L
» Based-Collector junction is reverse biased y y
out = ot
. . P g y _ . R
Tranggtor is “fully-O =’ (Cut-off region) i in Switch
* No Collector current flows (ic=0) E I “apen
o
*  Vour=Ves=Vo=T" e 0v
» Trandglor operates as an “open switch” Figure 3.18 Cu-off mode
b) NPN transistor in saturation mode (Figure 3.19).
 Theinput and Base are connected to \Vcc Vee Vee
+ Base-Hnitter voltage, Ve >0.7V .
L
 Based-Emitter junction is forward biased
Vot = W,
» Based-Collector junction is forward biased o o
Switch
» Transistor is “fully-ON” (saturation region) “open’
+ Max Collector curent flows (ideal LU”
saturation) Figure 3.19 Saturation mode
o VourVee=10’
» Tranggor operates as an “closed switch” 48




35.8

35.8

DC load line

DC load line graphically illustrates Ic(sat) and cutoff for a transistor as in Figure 3.20.
The bottom of the load line is at ideal cutoff where I =0 and Ve =V,
Thetop of the load line is at saturation where |¢ =lcsy and Ve =Vege-

Along the load line is the active region of the trandgtor’'s operation.

Ie I (mA)
Saturation point 60
50

03 Iy =400 A
404> B 4

DC load line

|
Gl 0 I =300 A

| | )
p & I CR g ¢ Iy =200 gA

I [

[

Cutoff point 10 : |
4 I I
| 1

lepo=0

1 23 45678 910 Vg(V)

Figure 3.20 DC load line

Q-Point (Static O peration Point)

Q point or the operating point of a device, also known as a bias point, or quiescent point
is the steady-state DC voltage or current at a specified terminal of an active device such as
a diode or transistor with no input signal applied.

359 DC biadng and AC dgnal

When an ac signal is applied to the base of the transistor, I and VWwill both vary around
their Q-point values.

When the Q-point is centered, |- and Vcan both make the maximum possible transitions
above and below their initial dc values.

Whenthe Q-point is above the center onthe load line, the input signal may cause the
transistor to saturate. WWhen this happens, a part of the output signal will be clipped off.
Whenthe Q-point is below midpoint on the load line, the input signal may cause the

transistor to cutoff. This can also cause a portion of the output signal to be clipped.
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Vesg

(8) Transistor is driven into saturation because (b) Transistor is driven into cut-off because the
the Q-point istoo close to saturation for Q-poaint is too close to cut-off for the given
the given input sgnal. input Sgnal.

(0 Transistor is driven into both saturation and
cut-off because the input signal is too
large.

Figure 3.21Transistor operating region
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3510 DC and AC equivalent circuits

Transistor can be represented as an equivalent circuit as shown in Figure 3.22.

1
RL
- 7
Via ' 1

. I 2 R,
L L L L 4 I = RC//RL

(d) Bias current (b) DC equivalent circuit (© AC equivalent circuit

Figure 3.22 Transistor equivalent circuit

3511 Q-Roint (Satic O peration Point)

* Q point or the operating point of a device, also known as a bias point, or quiescent point
is the steady-state DC voltage or current at a specified terminal of an active device such as
a diode or transistor with no input signal applied.

35.12 DC biasng and AC sgnal

» When an ac signal is applied to the base of the transistor, I and Vwill both vary around
their Q-point values.

*  When the Q-point is centered, | and Vcan both make the maximum possible transitions
above and below their initial dc values.

* Whenthe Q-point is above the center onthe load line, the input signal may cause the
transistor to saturate. When this happens, a part of the output signal will be clipped off.

»  Whenthe Q-point is below midpoint on the load line, the input signal may cause the
transistor to cutoff. This can also cause a portion of the output signal to be clipped.
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3513 AC load line

» Theac load line is used to tell you the maximum possible output voltage swing for a given
common-emitter amplifier.

* In other words, the ac load line will tell you the maximum possible peak-to-peak output
voltage (V,, ) froma given amplifier.

*  This maxdmum V,, is referred to as the compliance of the amplifier (AC Saturation Current
logy » AC Cutoff Voltage Vg )

» Theac load line of a given ampilifier will not follow the plot of the dc load line.

» Thisis due to the dc load of an amplifier is different from the ac load.
» Ac load line, saturation current and cut-off voltage are shown in Figure 3.23 and Figure

3.24.
leaty = Vec/(RetRe)

/

DC Load Line

Veepm™ Vee

Ve
A
leay = leg + (Veeo/te)
ac load line
IC /
Veeen = Veeg T lcolc
> Vee
A
ac load line
dc load line
~
™~ >
VCE

Figue 323 AC load line
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Veeom = Veea T lodlc

A —
leay = log + (Veed/0)
o e < ac load line
in Vee IC
RIR, \
r-=RJIR,

Figure 3.24 AC saturation current and AC cut-off voltage

3514 Anmplifier compliance

» The ac load line is used to tell the maximum possible output voltage swing for a given

common-emitter amplifier. In another words, the ac load line will tell the maximum possible

peak-to-peak output voltage (Vi) from a given amplifier. This maximum Vi is referred to

as the compliance of the amplifier.

+ The compliance of an amplifier is found by determine the maximum possible of Icand V¢

fromtheir respective values of | and Vg,

3515  Maximum undistorted output signal
amplitude

+  The maximum possible transition for Vi is equal to the difference between Vg, and

VCEQ'

* Since this transition is equal to If, the maximum peak output voltage from the amplifier

is equal to Igre.

+  Two times this value will give the maximum peak-to-peak transition of the output voltage:

Vee=the output compliance, in peak-to-peak voltage
lcq =the quiescent value of I

r. =the ac load resigance in the circut

Vpp = 2 ICQI'C

3-15
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* Whenl; =l Veeis ideally equal to OV. When g =leq, Ve s at Vg
* Note that when | makesits maximumpossible transition (from I t0 loy), the output
voltage changes by an amount equal to Vg,

+ Thus, the maximum peak-to-peak transition would be equal to twice this value:

Vip = 2Vgq 3-16

* Equation 3-15 sets the limit in terms of Vg, If the value obtained by this equation is
exceed, the output voltage will try to exceed Vg Which is not possible. This is called
cutoff clipping, because the output voltage is clipped off at the value of Vg,

* Equation 3-16 sets of the limit in terms of |y If the value obtained by this equation is
exceed, the output will experience saturation clipping.

log -

|
VCEtoft) AV \
CE {
| S —
|
1 I
0 Vcea Veea + leafe ce o V¢EQ Vee
| | aVeg = Veoed —- 0V = Vg
lcare —j lcare [ PP = 2Vgen

| (b}
PP = 2icarc |

(al

Figure 3.25 Maximum possble compliance
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3516 Cut-off and saturation clipping

'Cizan -
% I satt Q
Q -
o] 1 W)
z Voo e

Figure 3.26 Centered Q-Point for an ideal amplification

Ictsan AN ICtsat;
t s
i \
2l
Q
~leo
lcq
VCEt) VCELtf
Vcea
¥ i
L
v/
T
"'—-..\ - _ ,-’-"—T
-
) {
/
- \l““-l
._--—"’ S ——
Cutoff Clipping: Saturation Clipping:
— Caused by low Q-point — Causged by high Q-point
valus (Q-peint below midpoint) valug {Q-point above
— Note that Vg cuts off midpeint}
at Veeiotn — Nota that Vgg cuts
off at O V
Figure 3.27 Cutoff and saturation clipping
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3.6 FHequencyrepone

» Most amplifiers have a limited frequency range in which they can function.

+ Thebehavior of amplifiers also rely on the input signal frequency which is known as
frequency response.

» Thefrequency response is affected by the selection of components during designing stage

of amplifier.
+ A frequency response of an amplifier can be represented as frequency response as shown
in Figure 3.28.
_ Vout
Gain = Vin fC fC
“Stop Band ) G Pass Band Stop Band)
0dB : . '
-3dB <— -3dB (459
Frequency Response ‘
J
= _ 1 Slope =
g » Bandwidth ] -20dB/Decade
5] | e
\ Slope = J
+20dBDecade
l
1
4B !
fu feenter i Frequency (Hz)
(Legarithmic Scale)
’d\u(da;u
A
> ’
fez el
Low-pass filter High-pase filtar
Af(dB:l
A
foy e oy oz,
Band-pass filter Eand-stop (notch) fiter
Figure 3.28 Frequency response curve
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Thedecibel isa commonunit of measurementof voltage gain and frequency response. ltisa
logarithmic measurement of the ratio of one power to another or one voltage to ancther. The

formulas below are used for calculation of decibels for power gain and voltage gain.

Ap(db) =10 |Og Ap
A,(db) =20 |Og A, 3-16

'ih Barple 32

Expresseach of the following ratiosin dB:
P

@ Fout_ps 6 M ©AV=I0
in In
@ A =05 ®  Vau_g707
Vin
Solution:

(8) Ay =10 log(250) =24 dB
(0) Ayge =10 log(100) =20 dB
© Ay =20 log(10)=20 dB
@ Ags =10 log(0.5) =- 3 dB

© A =20 l0g(0.707) = 3 dB
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3.7 | Frequency response characteristicsof
an amplifier

» Characteristics of an amplifier can be identified by referring to the respective frequency

response curve.

1. The critical frequency

 The critical frequency also known as the cutoff frequency is the frequency at which the
output power drops by 3 dB, which represents one-half of its midrange value.

» An output voltage drop of 3 dB represents about a 70.7% drop from the midrange value.

Power is often measured in units of dBm

» Thisis decibels with reference to ImW of power. This means that O dBm =1mW.

Banple 33

A certain amplifier has a midrange s output voltage of 10 V. What is the rms
output voltage for each of the following dB gain reductions with a constant rms
input voltage?

@-3d8 (H)-6dB (©-12dB (d)—24dB

Solution:

Multiply the midrange output voltage by the voltage gain corresponding
to the ecified dB value in Table.

(@ At—3 dB, V,, =0.707(10 \) =7.07 V

(b) At—6 dB, V,, =05(10 )=5 V

© At—12 dB, Vi, =0.25(10 \) =25 V/

(@) At—24 dB, Vj,,, =0.0625(10 V) =0.625 V
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Low frequency amplifier response

» The roll-off is the decrease in voltage gain A, @B)

with frequency. A decade is defined as a

tenfold increase in frequency.

« The dB/decade is the attenuation measured

in decibels at each decade.

+ The relationship can be seen in Figure 329

of dB Av vs frequency. Roll-off is sometimes -A, (dB)

stated as dB/octave, which s frequency Figure 3.29 dB voltage gain versus frequency
doubling or halving. for the input RC circuit.

High frequency amplifier reponse

 Figure 3.30 shows a high-frequency ac equivalent circuit for the BITampilifier.

» The coupling and bypass capacitors are viewed as effective shortsin the equivalent

circut and do not show.

+ Theinternal capacitances, Cbe and Chbc, are shown in the diagram, but they are only

sgnificant at high frequencies.

Rc IR,

(a) Capacitively coupled amplifier (b) High-frequency equivalent circuit

Figure 3.30 Capacitively coupled ampilifier and its high-frequency equivalent circuit.
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4.

3.75

Total amplifier frequency regponse

» A generalized ideal response curve (Bode plot) for the BIT amplifier described in Figure

3.31 (8)is shown in Figure 3.31 (D).

The three low-frequency RC circuits established by the coupling and bypass capacitors
produce the three break points at the lower critical frequencies (fcl, fc2, and fc3). The
two high-frequency RC circuits established by the transistor's internal capacitances
produce the break points at the upper critical frequencies, fc4 and fcb.

A, (dB)

Ay (mid)

(a) (b)

Figure 3.31BJT amplifier circuit and response curve

Total amplifier frequency response-
Bandwidth

An amplifier normally operates with signal frequencies between f, and f,,. The range (band)
of frequencies lying between f,, and f, is defined asthe bandwidth of the amplifier, as

illustrated in Figure. The amplifier's bandwidth is expressed in units of hertz as:

BNV :fClJ _fd

3-17
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3.8 Clasdfication of amplifier

Amplifier can be classified to several class based with their own operating characteristics and

frequency response.

381 Ampifier types

* The amplifier conducts through the full 360 of the input.
*The Q-point is st near the middle of the load line.

« The amplifier conducts through 180°f the input.
*The Q-point is st at the cutoff point.

*This is a compromise between the class A and B amplifiers.
* The ampilifier conducts somewhere between 180°and 360°.
* The Q-point is located between the mid-point and cutoff.

* The amplifier conducts lessthan 180 of the input.
*The Q-point is located below the cutoff level.

Ic

N

/Class A
Class AB

“// Class B

Vce

+«—— Class C
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382 ClassA amplifier

+ The amplifier conducts through the full 360°%f the
input. The Q-point is et near the middle of the load
line.

+ The class A amplifier as in Figure 3.32 has the
characteristicsof good HDELITY and low BFHCIENCY.

®  Fdelity meansthat the output signal is just like the

input signal in all respects except amplitude. It has the
same shape and frequency. __
_ _ — VEE
» Since dass A amplifiers operate (have current flow) for —_|_
360° of input Sgnal, they are low in efficiency. =
» Application: e.g Small-signal stages or for low-power

Figure 3.32 Class A amplifier
applications (such as driving headphones).

383 ClassB amplifier

The Class Bamplifier is biased at cutoff, in other words
there is no bias. Theamplifier relies on the input signal to
bias the transistor. The first 0.7 volts of the signalin is lost
A dass B amplifier operates for 50%0f the input signal.
Amplifier is very efficient but provides ‘crossover
distortion’. Class B amplifiers are twice as efficient as class

A amplifiers. Application: eg., RFPower Amplifier where

the distortion levels are lessimportant.

Fgure 3.33 Class B amplifier
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384 ClassAB amplifier

385

Current flows in the device for 51%- 99%0f the input
signal. Class AB amplifiers have better efficiency and
poorer fidelity than class A amplifiers

Notice that the output signal in Figure 3.34 is distorted.
Any further increase in input signal will not cause an

increase in output signal voltage.

ClassC amplifier

The Class C amplifier has a negative voltage at the
base, and zero volts at the emitter. The Base-Emitter
junction is reverse biased.

Notice that only a amall portion of the input sgnal is
present in the output signal. It also has the worst
fidelity.

Thetransistor will turn on at a signal voltage of 4.7V.

The transistor will only conduct a small pulse through to

the collector output. Ampilifier is very efficient but has

very little usefulness.
Application: eg., RFTransmitters, where the distortion

can be vastly reduced by using tuned loads on the
amplifier stage.

T -

Fgure 3.34 Class AB amplifier

Fgure 3.35 Class B amplifier
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386 ClassC application

+ Collector resonant circuit responds to an impulse by ‘ringing’ at its resonant
frequency. Thisis like pushing someone on a swing.
* A gharp short push each trip allows the swing to oscillate back and forth at its

resonant frequency.
» Collector impulses occur by design at the resonant frequency of the tank circuit.

Resonant circuit continues to ring and restores the sine wave at the output.
» Class C Amplifier is usedin radio/RF applications and is also called a ‘tuned

amplifier.
12v
+V

Resonant (tank) circuit

c1
uH Positive alternations filled in by tank circuit ring

/

-5/5V

NPN

1uF

1.0kHz

-4V DC

Figure 3.36 Class C amplifier

Table 3.6 Summary of amplifier class

Class A AB B C
Conducti
on 360° 180 to 360° 180° Less than 90°
Angle
Position Centre Paint Forward Zero (at Cutoff) Reverse
of the Q- of theLoad | (Near (Beyond
point Line Cutoff) Cutoff)
Overall Better than
Efficien Poor, 25 to A butless Better, 70to | Higher than
c 30% than B 50 80% 80%
y to 70%
'Slgnal' Low Moderate High Extreme
Distortio
n
Practically all ﬁarﬁi?:(;altlg
smal_l _S|gnal High power High power radio frequency
amplifiers. A | stages in both stages- applications
Applications few moderate audio_and generally NO | Tuned circuits
power radio used_ln a_mudlo remove much
amplifiersin freauency applications of the 64
audio annlications. due to I
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3.9 Feedback

Feedback is a technique where a proportion of the output of a system (amplifier) is fed back
and recombined with input as in Figure 3.37. the various signal “X’ can be either current or

voltage.
Amplifier
02 Forward Gain
source X > A X |00d
—_>
/ CR —
- ve feedback < Elelole
+ve feedback —
Figure 3.37 Feedback block diagram

* Itis used mast commonly in an amplifier. Part of the output from the amplifier is fed back
to the input and this concept is called feedback.

»  Whenthe input signal of amplifier and part of the output are In-phase with each other, it
is called as Positive feedback.

»  Whenthe input signal of amplifier and part of the output are Out-phase with each other,
it is called as Negative feedback.

» The concept of positive feedback results in oscillations, so they are used to generate

oscillations of particular frequency as required. Such circuits are called as Oscillators.

391 Amplfier types

Feedback Amplifier
|
| |
Positive Feedback Negative Feedback
(Regenerative) (Degenerative)

» Pusitive feedback occurswhen the * Negative feedback occurswhen
feedback sgnal is in phase with the the feedback sgnal is out of phase
input sgnal. with the input Sgnal.

* Application —used in Oscillator circuits  Application - used in Amplifier

Circuits.
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392 Pogtive and negative
feedbadk
Negative feedback is when the output is subtracted from the input. In this case, the
feedback signal is out of phase with the input signal. This means that the feedback
signal will subtract from or "degenerate” the input signal. This results in a lower
amplitude output signal than would occur without the feedback.

Yy
Feedback network

Figure 3.38 Negative feedback

Positive feedback is the process when the output is added to the input, amplified again,
and this process continues. Notice that the feedback signal is in phase with the input
signal. This means that the feedback signal will add to or "regenerate” the input signal.

The result is a larger amplitude output signal than would occur without the feedback.

v

"
(\j Feedback netwark

Figure 3.39 Positive feedback
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393

394

Difference between positive
and negative feedback

Asindicated, each type of feedback has their own parameter and characteristic as

tabulated in Table 3.7.

Table 3.7 Difference between positive and negative feedback

Parameter

Positive Feedback

Negative Feedback

Overall Phase Shift

0 or 360° 180°

Input &Output Voltage, Increases due to Decreases due to
noise Feedback Feedback
Feedback Signal & In phase Out of phase
Input Signal

Stability Becomes poor Becomes better
Applications Oscillators Amplifiers
Advantage and

disadvantage of negative
feedback

Asindicated, each type of feedback has their own parameter and characteristic as

tabulated in Table 3.7.

Table 3.8 Negative feedback advantages and disadvantages

Advantages

Disadvantages

Desensitize the gain

make the value of the gain less
sensitive to variations in the values
of circuit components, such as
might be caused by changes in
temperature.

. Circuit Gain

- The overall amplifier gain,
with negative feedback, is
reduced compared to the basic
amplifier used in the circuit.

Bandwidth extension,

The bandwidth of a circuit that
incorporates negative feedback is
large than that of the basic
amplifier.

" Stability

- There is a possibility that the
feedback circuit may become
unstable (oscillate ) at high
frequencies

Noise sensitivity,

Negative feedback may reduce
the noise level in amplifier and
increase the single-to-noise ratio (SNR)

67



Table 3.8 Negative feedback advantages and disadvantages (cornt.)

Advantages

Disadvantages

Reduction of non-linear
distortion. since transistors

have nonlinear

characteristics, distortion may
appear in the output signals,
especially at large signal levels.
Negative feedback reduces this
distortion.

Control of impedance levels.

The input and output impedances can be
increased and decreased with
proper type of negative feedback
circuits.

68



T R

Describe physical gructure and symbolsfor BJT.

Describe basic transistor operation mode.

Compare their input Sgnal different A, B, AB and C classes Amplifiers
Bxpressthe following voltage gains in dB:

i. 12

ii. 50

iii. 100

iv. 2500

Bxpress the following voltage gains in dB as standard voltage gains:
i. 3dB

i. 6dB

iii. 10 dB

iv. 20 dB

v. 40 dB

Compare THREE (3) advantages and disadvantages of negative feedback
Explain THREE(3) characteristic negative and positive feedback
According to Figure 340 below :

Gain {

A Without feedback
v -

it (T S —

With feedback

Frequency

20MHz ~ 40MHz 980MHz  1000MHz
Hgure 340

i. Calculate the bandwidth for a frequency response without Feedback and with Feedback.
ii. If an electronic system produces a 24mV output voltage when a 12mV signal is applied,
calculate the decibel value of the system output voltage.
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TUTORIAL UNIT 3

9. Hgue 341 showsiranggor with  Ppc =120.

Figure 341

Determine:
i. Basecurent,
ii. Collector curent,
i Bmitter current,
. Base-to-emitter voltage,
v. Collector-to-emitter voltage,
vi. Collector-to-base voltage,

vii. Draw the DC load line

10. Refer to Figure 3.42. Given the value of $ =60 and Vg=0.7V.

+Vee
+15V

Figure 342
Determine:
i. Is, Icq, VcQ, saturation point, cut-off point, and

i. Draw the DC load line

2
.
‘??
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TUTORIAL UNIT 3

S T . I |w
@ ®
Fgure 343
11. For both circuits in Figure 3.43 (@) and (b), determine:
V/CE,
VBE,
\VCB, and

whether or not the transistors are saturated?

12. With reference to Figure 3.44, calcuate the value of:

Voo =+12V

FYyY

Figure 344

Saturation Pairt , and
Cut-off point



TUTORIAL UNIT 3

Hgure 345

13. Determine the following for the fixed-bias configuration of Figure 3.45.
i lgandl.,
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