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CHAPTER

1.1 Introduction

Currently, we people live in an era of developed engineering
and technology mainly Electrical and Electronics Engineering. In
today’s world, people cannot think of their lives without mobile
phone, television, computer and other devices that have made
our lives easy and enjoyable. These devices are the gift of
Electrical and Electronics Engineering. All of them work based
on the flow of charges. As this souvenir is made for non
electrical engineers, before going to the main topics, it is
necessary to explain some terms related to electrical and
electronic circuits. A circuit is a complete path through which
charge flows. Professionals of different fields study electronics.
The prerequisites to study electronics are DC/AC circuit courses,
Electricity and magnetism, algebra, and some trigonometry.
Basic Electronics provides understanding of construction,
operation, testing of semiconductor devices and the circuits in
which they are used. As the targeted readers of this Manual are
not directly from electrical fields, we will discuss some
important concepts necessary to understand electronics.

1.2 Symbols Used m Electronics

The electronic circuits are constructed using semiconductor
devices, power sources, switches etc. In schematic diagrams of
circuits, all these components are represented by their
symbols. Some very common symbols are given in Fig.1-1.
Although, we do not require memorizing all of them, we can
use them if required for further studies/applications.



Common Symbols Used in Electrical and Electronics Circuits
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Fig.1-1: Symbols of some common components used in electronics

Basic




1.3 Electric Potential and Current

Any materials are made of atoms and atoms are made of electrons (negative charge), proton
(positive charge) and neutron (chargeless). Normally, atoms possess equal number of electrons and

protons. For this reason, any
materials, like gold (Au), silver
(Ag) copper (Cu), aluminum (Al)
etc.,, have equal amount of
positive charge and negative
charge. As a result, normally
each material is electrically
neutral and has no potential
difference. The situation s
depicted in Fig.1-2 using water
tank analogy. In Fig.1-2(a), there

Tank ‘A’ Tank ‘B’ Metal A
hy=h,

kY kY
hy
X

+Q=-Q
Both metals have equal +ve and —ve
charge. So, there is no potential
difference and no current flow.

(a) (b)

) +Q=-Q
Water level is same. So

no potential difference
and no water flow.

Fig.1-2: Concept of potential (a) Mechanical potential,
and (b) Electrical potential

are two water tanks connected
by a pipe.

As the water levels are same in both the tanks, there is no potential (mechanical) difference, and
hence, no flow of water. Similarly, in Fig.1-2(b), there are two metals, connected by a conducting
wire. As the metals have equal number of positive and negative charges, so, there is no potential
difference between them. Hence, there is no flow of charges or current.

But as shown in Fig.1-3(a), the water level in tank ‘A’ is higher than that in tank ‘B’. So, there will
have a mechanical potential difference, and hence, water will flow from tank ‘A’ to tank ‘B’
(higher potential to lower potential). Similarly, by any mechanism, if the positive charges and
negative charges of metal ‘A’ and ‘B’ of Fig.1-3(b) are separated, there exists a potential
difference. As shown in Fig.1-3(b), metal ‘A’ is at higher potential (higher positive charges)
compared to metal ‘B’. Therefore, positive charges will flow from metal ‘A’ to metal ‘B’ (actually
electrons flow in opposite direction).

Potential difference tells us how much electrical energy is available to push electric charges
through a circuit. The unit to measure electric potential difference is volt (V). Electric potential
difference is also referred to

as simply voltage. Potential hy> h, Conventional
difference (or voltage) is Tank ‘A’ Tank ‘B’ Metal ‘A’ current ()  Metal ‘B’
measured by an instrument T

called Voltmeter. It is always hy v

connected in parallel to the L h,

points  where potential Different water levels + *Q>-Q *Q<-Q

Metal ‘A’ has more +ve charge and metal ‘B’
has more —ve charge. So, there is potential
difference and current flow.

produce potential
difference and water flow.

As shown in Fig.1-3(a), due (@) (b)

to the potential difference Fig.1-3: Concept of potential (a) Mechanical
between tank ‘A’ and ‘B, potential, and (b) Electrical potential

difference is to be measured
as given in Fig.1-21(a).
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water will flow through the pipe connecting them. Similarly, due to the potential difference
between metals ‘A’ and ‘B’, electric charge will flow from ‘A’ to ‘B’. As positive charge cannot
move, electrons will flow from metal ‘B’ to metal ‘A’ [Fig.1-3(b)]. The flow of charge will stop
when the potential difference is zero. This flow of charge is called the current. Actually the rate
at which the electric charges flow through a device is called current. The unit used to measure
the current is called Ampere (A). 1 ampere is equivalent to a flow of 1 Coulomb per second
through the cross-section of a conductor or device. Although current was originally thought to
be a flow of positive charge, we now know that in most cases it is the flow of electrons. The
direction of conventional current is just opposite to the direction of electrons flow. The
instrument used to measure the current is ammeter. Unlike the voltmeter, ammeter is
connected in series, so that, the full current can flow through the meter as shown in Fig.1-21(b).

Metal ‘A’

+ + + Switch

% + + +

+ + +
¢ Water Current

K
0
N Battery/ —

+Q>-Q
Tank ‘B’ Generator T

Current

(a) Continuous water +Q<-Q
flow using pump (b) Continuous current flow

using battery or generator
Fig.1-4: Continuous flow of water and current with the help of external energy source

As shown in Fig.1-4(a), if we want continuous flow of water, we have to use a pump that will
maintain the potential difference. Similarly, to get continuous current, we must use some source
of electrical energy (battery or generator). The friction of the pipe that opposes the flow of water
is analogous to the resistance in electrical circuit that opposes the flow of current.

1.4 AC and DC Currents

There are two types of voltage and current. These are: 1) DC voltage and current, 2) AC voltage
and current. The examples of DC voltage sources are dry cell batteries, lead-acid batteries, DC
power supply etc. The main property of these sources is that the voltage and current do not
change with time (do not alternate). Fig.1-5(a) shows the graphs of DC voltage and DC current.
The voltage produced by a generator is
AC. The power coming from grid-line in

JDC voltage DC current vl AC voItageAC current
our house is the example of AC voltage V/ " K
m
and current. The main property of / 0

t
these sources is that the voltage and . -/m‘___v v

V,I V,i

current change with time (alternate). Vi

Fig.1-5(b) shows the graphs of AC (a) DC voltage and current (b) ACvoltage and current
voltage and AC current. The DC voltage
and current is represented by their

Fig.1-5: AC and DC voltage and current
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values only, whereas, the AC voltage and current are represented by their RMS (root-mean-
square) values and frequency. In Bangladesh, the grid power used in households has 220 V (RMS)
and 50 Hz.

1.5 Three Elements of Circuits (RLC)

A circuit is a complete path through which electric charge travels on. A simple circuit contains
three components necessary to have electric activity, namely, sources of voltage, conductive
paths, and resistors. In addition to resistors, electrical circuits may use two more components,
these are capacitors and inductors. A brief discussion on these elements is given here.

Resistors

Although any conducting wire of circuits produces unwanted resistance to the flow of current,
we always add some resistance in circuits to control the current. The component that produces
this resistance is called a resistor. A resistor is a passive two-terminal electrical component that
provides resistance (opposition) to the flow of charges. The ability of a resistor to resist the
current is called resistance and is denoted by R.

In electronic circuits, resistors are used to reduce current flow, adjust signal levels, to divide
voltages, and bias active elements (like diodes and transistors). Resistance of a conducting wire is
given by
l
R=p-— 1-1
P (11)

where, p is the resistivity of the material of the wire, [ is the length of the wire, and A is its cross-
sectional area. Different materials have different values of p. Silver has the lowest value of p.

To construct circuits, resistors of different values and shapes are used. Different resistors have
different resistance and power rating. Some of the resistors commercially available in the market

are shown in Fig.1-6.
Gk -y q@f

Variable resistors (vertical presets)

Fixed value resistors

Varistors

Variable resistors (presets)

Fig.1-6: Photographs of different fixed and variable resistors

Color Code Marking of Leaded Resistors

The value of resistance of a resistor is written on it using different colors called color code.
The resistance color code consists of three or four color bands and is followed by a
band representing the tolerance (variation of resistance). Another color is sometimes used
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which is the temperature coefficient band. If provided, it is to the right of the tolerance
band.

In the resistance color codes, the first two or

three colors give the significant figures of the 4 bands m 21kQ, +5%

resistance value (in ohms), followed by a L\ |

multiplier color. This is a factor by which the WS%
significant figure must be multiplied (i.e. the ¢ bands
number of zeros to be added after the
significant figures) to find the actual

resistance value. The next color is the Silver
tolerance of the resistance. The tolerance of Gold
a resistor is the maximum difference Black
between its actual value and the written Brown
value. For example, the actual value of a Red
1kQ + 20% resistor may have any value Orange
velow [_4 [ 4 ][4 [ 20k | [25 ]|

between 800 ) to 1200 Q). The color to the

right of tolerance band (if any) is the :lrue:n
temperature coefficient of resistance (TCR). Violet
TCR tells how much resistance changes as its Grey
temperature changes. It is usually expressed White
in ppm/°C (parts per million per degree ST Multipler  Temperature

i i Coefficient
Celsius) units. oefficien

Fig.1-17: Process to read color codes of resistors
As shown in Fig.1-7, the colors on a resistor

represent a number (decimal digit). We can
remember these numbers using a popular
sentence: “B B ROY Good Boy Very Good B BRI Good Boy Very Good ' orker

Worker” (Fig.1-8). First “B” is black and its 012345 6 7 8 9
value is “0” and the second “B” is brown = Fig.1-8.: Process to memorize values of colors
lllll.

Example 1.1 Zﬂm[[m:

Determine the resistance value of the resistor shown in Fig.1-9. Fig.1-9: Resistor for Example 1.1

Solution:

Here, the first three colors are Red(2)-Violet(7)-Yellow(4). So the significant figure will be 274.
The multiplier color is Gold=0.1, and the tolerance is Brown=1%. Therefore, the value of this
resistor will be 274 X 0.1 + 1% = 27.4 Q + 1%. Moreover, the Red color on the rightmost
position represents 50 ppm/°C TCR.

Comments: 50 ppm/°C TCR means, its resistance will not change more than 0.00005 ohms

(50/1,000,000) per ohm per degree Celsius temperature change (within the rated temperature
range of -55 to +145°C, measured from 25°C room temperature.)
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1.6 Capacitors and Capacitance

A capacitor (originally called condenser) is a passive two-terminal electrical component used to
store electrostatic energy. Though the shapes and sizes of practical capacitors vary widely

(Fig.1-14), but all capacitors contain
two electrical conducting plates
separated by a dielectric (i.e.,,
insulator). The conductors can be
thin films of metal, aluminum foil
(rolled cylindrically) or disks, etc.
(Fig.1-10 and 11). Capacitors are
widely used as parts of electrical
circuits in many common electrical
devices. Unlike a resistor, a
capacitor does not dissipate energy.
Instead, a capacitor stores energy in
the form of electrostatic field
between its plates.

When potential difference is
applied across a capacitor,
negative charge accumulates on
one palate and positive charge
on the other plate as shown in
Fig.1-11. Due to these opposite
charges between the dielectric
film, an electric field is
developed. The ability of a
capacitor to store charge is
called capacitance and s
denoted by C. The SI unit of
capacitance is Farad (F), which is
equal to one coulomb per volt (1
C/V). The capacitance of a
capacitor will be 1F, if the
capacitor can store 1 Coulomb
charge for 1V potential
difference applied to its plates.
Farad is a very large unit, so the
practical unit of capacitance is
microfarad (1uF = 107°F).

Connecting lead—>|

Electric field —>
(E)

Anode aluminum foil

‘ Al,O; dielectric
I. Separating paper

Inner aluminum
connection

Aluminum can Electrolyte

Cathode aluminum foil

Rubber sealing
Paddle tab

Lead wire (terminals)

Fig.1-10: Construction of electrolytic capacitors

Plate area (A)

Q | eV
g Ik d
>+ 4 4+ 4
¥
*Q  Pplate

separation (d)

(b)

(a) L

Fig.1-11: Components of a parallel plate capacitor with charge

and field: (a) 3-D view, and (b) 2-D view

s+ve terminal

i |

ﬂ |f- )

[ -ve terminal
£

Code represents
value (0.2 pF)

Color represents
value (0.3 uF)

-ve sign indicates
—ve terminal

Capacitance
(10 puF)

Tolerance voltage
(400 V)
(b) Ceramic (nonpolar) capacitor

(a) Electrolyte (polar) capacitor

Fig.1-12: Values are written in different ways on capacitors

In practice, the dielectric between the plates has an electric field strength limit, known as the
breakdown voltage. This voltage is called the tolerance voltage of the capacitor. In some
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capacitors (e.g. electrolytic capacitors), the tolerance voltage is written on the capacitor [Fig.1-
12(a)]. The applied voltage to a capacitor must be equal or less than the tolerance voltage.

In non-polar capacitors (ceramic, miller, tantalum etc.) the value of the capacitance is either
written as a code number (Fig.1-12) or using colors. In coding system, the first 2 digits give the
value and the 3™ digit is the multiplier, that is used as a power of 10 and the value will be in pico-
Farad (pF). For example, the code number written on a ceramic capacitor is 203 [Fig.1-12(b)]. Its
value will be 20 x 103 pF = 20000 pF = 0.02 puF or 20 nF.

Capacitors are widely used in electronic circuits for blocking direct current while allowing
alternating current to pass. In analog filter networks, they smooth the output of power supplies.
In resonant circuits they tune radios to particular frequencies. In electric power transmission
systems they stabilize voltage and power flow.

Already we have discussed that a capacitor can store charge. In DC (direct current) circuits
capacitors store charges, but in AC circuits capacitors work just like a resistor. The opposition
produced by a capacitor to the AC current is called capacitive reactance and is denoted by X.
The reactance of a capacitor is inversely proportional to its capacitance and the frequency of the
AC current. Mathematically,
1 1
Xe=0e ™ 2mfC

where, f is the frequency of AC current and C is the capacitance of the capacitor.

(1-2)

For AC voltage, the capacitor behaves as a linear device, i.e., if the frequency and the capacitance
are constant, the capacitor current will increase linearly with the increase in AC voltage.

Example 1-2

Determine the value of capacitance of the capacitor shown in Fig.1-
13. Calculate the value of reactance (X.) if the capacitor is used for
50 Hz AC voltage.

Solution: Fig.1-13: Ceramic capacitor

forE le1-2
The code number written on the capacitor is 104. So, the value of or Exampie

capacitance will be 10 x 10* pF = 100000 pF = 0.1 uF or 100 nF. The reactance can be
calculated using Equ.(1-2).
1 1

X = =
¢ 7 2nfCc ™ 2m(50 Hz)(0.1 x 10~°)

~ 32 kQ [Ans. ]

Comments: In Bangladesh, the frequency of AC supply voltage is 50 Hz. Hence, here we have
considered f = 50 Hz.

The shapes and sizes of practical capacitors vary widely according to their applications. A number
of capacitors are available in markets. Some of the common capacitors are shown in Fig.1-14.
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‘a -t ‘ ; $ -
T 1
| ‘ | b q
I - v
Nonpolar (fixed) Preset (variable)

Electrolyte (polar)

fely % WS Jee

Preset (varlable)
Nonpo|ar Gang (varlable) MD

Fig.1-14: Photographs of various fixed value and variable capacitors available in market

1.7 Inductors

Inductor (also called coil, choke, or reactor) is a passive two-terminal electrical component that
stores energy in magnetic field when electric current flows through them. An inductor typically
consists of an insulated wire, wound into a coil around a core (Fig.1-15). When current flows
through an inductor magnetic field is produced inside the coil as shown in Fig.1-16(a). If the
current flowing through the inductor changes with time,

magnetic field also varies with time, and this time-varying  Core Coil  |nsulated wire
magnetic field induces an electromotive force or voltage

(e = —Ndi/dt) across the inductor as described by Faraday's

law of electromagnetic induction [Fig.1-16(c)]. According to

Lenz's law, the induced voltage has such a polarity (direction) Fig.1-15: Inductor

that it opposes the change in current that produces it. As a

result, inductors oppose any change in current (AC current) through them by inducing a voltage
(in opposite direction). The ability of an inductor to oppose the AC current is measured by a
parameter called inductance and is denoted by L. Inductance is defined as the ratio of the
induced voltage to the rate of change of current (L = e/(di/dt). In the Sl system, the unit of
inductance is Henry (H). Along with capacitor and resistor, inductor is one of the three passive
linear circuit elements that make up electrical and electronic circuits.

\ Induced voltage
_ /opposing the current

Symbol of
inductor

(b)

Fig.1-16: Inductor: (a) Coil with magnetic field, (b) Symbol of inductor, and (c)
Inductors with induced voltage
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Inductors are widely used in alternating current (AC),
electronic equipment, particularly in radio
equipment. They are used to block AC while allowing
DC to pass. Unlike the capacitors, inductors oppose
the AC current flowing through them. The opposing
parameter of an inductor to AC current is called
inductive reactance (X;) and is given by,

X, = wL =2xnfL (1-3)

The value of inductance is written directly on the
device or using color code. Although, there is
variation in number of colors, a 4-band color code
system is shown in Fig.1-17.

There are various types of inductors available in the
market with different values, sizes and shapes. To be
familiar with them, photographs of some common
inductors are given in Fig.1-18.

Inductors without value on them

)

IFT (intermediate
frequency transformer)

Inductors with
toroidal core

Inductors with value
written on them as code

Solenoid inductors

27x10=270 pH+20%

= —

Silver
Gold

Y o | o [ 1 |
erown 1 [NEWNN [ IECH
Red 2 nnm Tolerance
orenge 3 [N (NN ITH
Yellow 4[4 ][ 4 ][0k |
Green 5 --
s ¢ [
Violet 7
Gcrey 8[[8 |8 |
white 99 ][ 9 |
| S —

Number
Fig.1-17: Process to read color codes of
inductor

Multiplier

"

;_Y_)
Resistor and capacitor
like inductors

SMD inductors

Fig.1-18: Photographs of various inductors available in market

1.8 Use of Multimeter

A multimeter is an electronic (or electrical) instrument that is used to measure voltage, current,
resistance etc. Actually a multimeter is a combination of voltmeter, ammeter, and ohmmeter
and so on. Being a versatile instrument, it is most commonly used for measuring different
components (resistors, inductors, capacitors, diodes, transistors etc.) and parameters (voltage,
current, power etc.) of electronic (and electrical) circuits. It is also used for continuity testing
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Scale I ~ 88 < Display

Indicator
needle
+ve, -ve
robes
Selector p
-ve . - +ve
terminal L. terminal MULTIMETER =

Analog multimeter Digital multimeter

Fig.1-19: Analog and digital multimeters

purpose in servicing electrical and electronic circuits. There are mainly two types of multimeters:
(1) Analog multimeter, and (2) Digital multimeter. The photographs of an analog and a digital
multimeter are shown in Fig.1-19.

The main difference between them is,
the analog multimeter has an
indicating needle that moves on a =) lg
scale to indicate the value of the Measured L
measured parameter. On the other voltage is
. . 219V
hand, the digital multimeter has a
display unit, that directly shows the  Selector—C
. placed on
value (numerically) of the measured 750V AC
parameter. Both multimeters have a
selector that has to be set to
appropriate  position  (type  of
parameter and values) before using.
We have to be careful to use these
meters. The selector has to be set
such a range that is greater than the
value to be measured. For example if we want to measure line voltage using digital multimeter,
the selector has to be set in the voltage range 750 V AC. Fig.1-20 shows how to measure the
supply voltage in our house using a digital multimeter. As there is risk of shock, we must not
touch the metallic portion of the meter probes.

Don’t touch.
Risk of shock!!

DIGITAL
MULTIMETER =

Fig.1-20: Digital multimeter measuring line voltage

Measuring process of different parameters and elements are shown in Fig.1-21. To measure
voltage the voltmeter has to be connected across two points or across the components [Fig.1-
21(a)]. To measure current the meter has to be connected in series, that is, the current
measuring point has to be opened and then connect the ammeter [Fig.1-21(b)]. Moreover, to
measure resistance, capacitance, inductance etc. the meter has to be connected in parallel to
those components [as shown in Fig.1-21(c)]. As human body has a finite resistance, we should
not hold the components’ both terminals by hand (holding one terminal is OK) while measuring
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these components. If we hold both terminals, our body resistance will work in parallel to the
measured components, so the reading may not be accurate.

Ry _
Don’t touch both
leads while &)
measuring 4
components

(a) Voltmeter connected in (b) Ammeter connected in (c) Ohmmeter connected in
parallel series parallel with the components

+ R —

~ +

Fig.1-21: Meter connection methods: (a) Voltage measurement, (b) Current measurement,
and (c) Components measurement

1.9 Different Laws used mn Electronics
Ohm'’s Law

Ohm’s law gives the relationship between electric current and potential difference. The current
that flows through a conductor (or resistor) is directly proportional to the potential difference
(voltage) applied to it. Georg Simon Ohm, a German physicist was the first to state this law.

Ohm expressed his discovery in the form of a simple equation, describing how voltage, current,
and resistance are interrelated:

Ohm’s law equation

V =IR (1-4)
In this algebraic expression, voltage (V) is equal to current (/) multiplied by resistance (R). Using
algebra, we can manipulate this equation into two other variations to measure current (/) and
resistance (R) as:

I=V/R (1-5)

R=V/I (1-6)
Using these equations we can calculate the value of any one parameter if the other two are
known.

Let’s see how these equations are used to analyze simple — )
circuits. S current + .

In the circuit of Fig.1-22, there is only one source of voltage Z flow <2000
(the battery) and only one source of resistance (R) to current. ‘ - |

The value of current can easily be calculated using Ohm’s Law.

Let the applied voltage be 12 V and the resistance be 200 Q. Fig.1-22: Ohm's law applied

. R to a simple circuit
Therefore, the current flowing through this circuit will be,
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Vv 12V

I:§2m2006A:60mA
If we know the values of V, and / we can determine the value of the resistance as
V 12V 12V
= =200Q

~ 7 60mA 60mAx10-3

If we know the values of /, and R, we can determine the

voltage of the battery as, L

2A ’/7

V=IR=60mAx1073x2000=12V. N 4A
Any junction/
Kirchhoff's Laws system / complex
network |
Kirchhoff's laws quantify how current flows through a \
circuit and how voltage varies around a loop in a circuit. h 3A
Kirchhoff's current law (KCL) states that the algebraic SA

sum of the currents entering and leaving an area, system,  Fig.1-23: KCL applied to a simple circuit
or junction is zero. In other words, the sum of the

currents entering an area, system, or junction must equal the sum of the currents leaving the
area, system, or junction.

In Fig.1-23, for instance, the shaded area can enclose an entire system, a complex network, or
simply a junction of two or more electrical paths. In each case, the current entering must equal
the current leaving. That is,

L+L+(-)+(-1,)=0
or, L+L=L+1,
or, 2A+5A=4A+3A
Kirchhoff's voltage law (KVL) states that the algebraic sum of the potential rises and drops

around a closed loop (or path) is zero. A closed loop is any continuous electrical path that leaves
a point in one direction and returns to that same

point from another direction without leaving the R1=1kQ B
circuit. In Fig.1-24, by following the current, we can r—» + oy -
trace a continuous path that leaves point ‘A’ through DL i _____
R, and returns to the same point through E without 1+ _ [
leaving the circuit. Therefore, ABCDA is a closed loop 12€L YCI?_COKQ"")'Se; VZ% giﬂ
or path. We can apply KVL considering the loop in I_ i

______ N

clockwise direction or counterclockwise direction. 5

The result will be exactly same. To apply KVL o e
properly, we must know the polarities of voltage -
drops. The terminal of a resistor into which the
conventional current enter will be positive (+) and the terminal from where the conventional
current leaves will be negative (-). ‘+' means higher potential and ‘-* means lower potential. So,
there must have a potential difference across the resistor (between ‘+’ and ‘-* sign). In applying
KVL around a loop, if we move from ‘+’ to ‘-‘, the potential difference will be negative, and if we
move from ‘-* to ‘+’, the potential difference will be positive.

>

Fig.1-24: KVL applied to a simple circuit



So, applying KVL in the loop of Fig.1-24, we can write,

+V,+V,—E=0

Or using Ohm’s law, +IR, +IR{ —E =0

Voltage Divider Rule

Voltage divider rule is a method by which a voltage in a series
circuit can be determined without calculating the current in
the circuit. The voltage divider rule states that the voltage
across a resistor in a series circuit is equal to the value of that
resistor times the total applied voltage across the series
elements divided by the sum of the series resistances.

Applying voltage divider rule we can easily calculate the
voltage across the resistors of Fig.1-25 as,

R, 1k
Ver = EXp—rp = 12V X =4V
R, 2k
and, VR2=EXm=12VXm=8V

The Current Divider Rule

Current divider rule is used in parallel circuits (or elements).
For parallel elements of different values, the current will split
with a ratio equal to the inverse of their resistance values.

Fig.1-25: Voltage divider rule
applied to a simple circuit

—
I=3A 11¢ Izt
+ +
R R
3a 1k(12§V1 2k5§_

Fig.1-26: Current divider rule
applied to a simple circuit

For the parallel resistors of Fig.1-26, the current flowing through the resistors (R, and R,) can be

calculated using current divider rule as,

I =1 x —2 3A 2k

=/ X X =

! R, +R, 1k+2k

and, Ry 1k
L=1x 3AX —— =
z R, +R, 1k+2k

Note: The laws and the rules, discussed so far, are also
applicable for AC voltage. For circuits constructed using only
resistors, the laws and the rules can be directly used as
described above. However, if the circuit contains capacitor
and/or inductor then we have to use the reactances of these
components. Moreover, there will have a phase difference
between the voltage and current due to the effect of
capacitors and inductors.

Fig.1-27 shows the use of voltage divider rule for AC voltage.
Here, 20 V (p-p) AC supply has been proportionately divided
across the resistors R; and R, according to the voltage divider rule.

Fig.1-27: Voltage divider rule
used for AC voltage



CHAPTER

2.1 Introduction

In Basic Electronics course, various types of devices and
circuits are discussed. In the past, electronic circuits were
constructed using vacuum tubes. The simplest vacuum tube,
the diode, was invented in 1904. In 1947, Bardeen and Brattain
at Bell Laboratories in the US invented the point-contact
transistor, and in 1948 Shockley invented the junction
transistor. Since then, new semiconductor devices have been
invented and used in constructing electronic circuits. Already
we know that a complete conducting path of charge flow is
called a circuit. There are two types of circuits - electrical
circuits and electronic circuits.

Electrical Circuits: An electrical circuit is a complete path in
which, charge (i.e. electrons) flows from a voltage or current
source. This type of circuit consists of three elements —
resistors, capacitors and inductors but no semiconductor
device or vacuum tube (Fig.2-1). They have no processing
capability of signals.

Electronic Circuits: An electronic circuit is also a complete path
in which charge (i.e. electrons) flows from a voltage or current
source, but here, they have processing capability of signals.
That is, electronic circuits can amplify, rectify or attenuate a
signal and so on. Electronic circuits are also consisting of
resistor, capacitor and inductor, but they must have at least
one vacuum tube or semiconductor device- like a diode, a
transistor etc.
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Fig.2-1: Electrical and Electronic circuits

2.2 Insulator Conductor and Semiconductor

In any materials the maximum energy of an electron may be that of the valence electrons. That
is, electrons can exist at most in the valence band (outermost bands). The difference between
the conduction band (energy band of free electrons) and the valence band is called Energy gap
(Eg). Current carrying capacity of a material depends on the value of E,. Depending on the current
carrying capacity materials are divided into three categories as described below.

Insulators

The materials that cannot carry electricity (flow of charge) are called insulators. The energy gaps
(Eg) of these materials are very high so no electrons can get sufficient energy from external
sources to go to the conduction band [Fig.2-2(a)]. Generally, the values of E; of insulators are
greater than 5 eV (electron-volt). Examples of insulators are rubbers, plastic, wood, cloths etc.
Rubbers and plastics are used as insulating cover of electrical wire.

Conductors

The materials that can carry electrical current easily are called conductors. In these materials,
there is no energy gap between the conduction band and the valence band. In fact, there is an
overlap between the conduction band and the valence band [Fig.2-2(b)]. For the overlap of the
bands, some electrons of the valence band also possess the energy of the conduction band.
These electrons behave as free electrons and can carry electrical current easily. Examples of
conductors are silver, gold, copper, aluminum etc. The conductivity order of some common
materials are: silver (Ag) > copper (Cu) > gold (Au) > aluminum (Al) > zinc (Zn) > nickel (Ni) > brass
> bronze > iron (Fe).

Semiconductor

In between conductors and insulators, there are some materials called semiconductors. They are
neither good conductor nor insulator. The materials with E; <5 eV are called semiconductors [Fig.2-
2(c)]. At absolute zero temperature, the conduction bands of these materials are completely
empty, i.e., they have no free electrons. But at room temperature, some electrons of valence band
can gain sufficient energy to jump to the conduction band. Thus, at room temperature they can
carry electricity, but their resistivity is high compared to that of conductors. Examples of
semiconductors are: silicon (Si), germanium (Ge), boron (B), phosphorus (P) etc. At room
temperature, the values of energy gaps of some common semiconductors are given in Fig.2-2(c).
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Fig.2-2: Energy band diagrams of different materials

Semiconductor materials are divided into two categories. These are intrinsic semiconductor and
extrinsic semiconductor.

2.3 Intrinsic Semiconductor

Semiconductor in its purest form is called intrinsic semiconductor. Semiconductors used for
different purpose have different purity levels. Metallurgical-grade semiconductor has the purity
level of 98-99%, whereas the purity level of electronic-grade semiconductor is as high as
99.9999%. At room temperature some electrons can absorb sufficient amount of thermal energy
to move to the conduction band leaving behind a vacancies of electrons in the valence band
which are called holes. So, an intrinsic semiconductor has some free electrons in the conduction
band and an equal number of holes in the valence band. At room temperature (300 K), the
intrinsic carrier concentration (electrons, n; and holes p;) per cubic centimeter is 1.5x10" for
silicon, 2.4x10" for germanium and 2.1x10°for gallium-arsenide. On the other hand, Cu contains
8.4x10* free charge carriers (electrons) per cubic centimeter. For intrinsic semiconductor n; = p;.

2.4 Extrinsic semiconductor

A semiconductor when mixed with some impurity is called extrinsic semiconductor. The process
of mixing impurity is called doping and the impurity itself is called dopant atom. The order of
mixed impurity is 1 to 100 ppm (part per million). These mixed impurity atoms produce some
additional energy levels in the energy gap of the semiconductor and hence decrease the energy
gap. Now, at room temperature, more electrons can go to the conduction band from the added
impurity bands. Thus the conductivity of the extrinsic semiconductor increases. Extrinsic
semiconductors are of two types- N-type semiconductor and P-type semiconductor.

N-type or Negative-type Semiconductor

Both the N-type and P-type semiconductor materials are formed by adding suitable impurity atoms
into a pure semiconductor (Si, Ge, etc.). The N-type semiconductor is created by introducing
elements that have five valence electrons (pentavalent elements), such as phosphorus, arsenic,
antimony etc. The effect of the added impurity elements (phosphorus in silicon crystal) is depicted
in Fig.2-3(a). There are five valence electrons at the outer most shell of phosphorus atoms. But four
valence electrons form four covalent bonds with four adjacent silicon atoms. The fifth electron of
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phosphorus atom remains unused. Every phosphorus atom added to the Si crystal has such an
unused electron. These electrons are loosely bound to the parent atoms and can jump to the
conduction band at room temperature and behave as free electrons. In this way, by adding suitable
amount of pentavalent impurity atoms, the number of free electrons can be increased to a desired
level. Now, as the crystal has many free electrons (negative charge), it is called N-type
semiconductor (N for negative). The impurities with five valence electrons are called donor atoms.

e?’ are-er@?’ @ @°
'@ 0" g &

*° @ O @ i
Fifth electron ¢ @ @ o Sior Ge crystal
of phosphorus @'@' ®° @‘@’ o
phosp @ & s 3-D view
Covalent bond @° @°®,®' ®° @‘6.6’

e o & o 2-D view

Phosphorus

e @ g e
impurity @° @° @° Majority carrier electrons

o' e @?'e'@’@'@' ¥ «——Minority carrier holes

%e. @é. @é'e' “Z?—Locahzed positive
@° donor ions

(a) Effect of adding
phosphorous in Si crystal

(b) 3-D and 2-D view of N-type semiconductors

Fig.2-3: Preparation of N-type semiconductor doping with pentavalent impurities

Note that a discrete energy level, called the
donor level (E,;) is developed closed to the f*é’;n uctlon ban ’:-:?
conduction band. E, (energy gap of donor A,
level) is significantly less than that of the +.,__.__.__._$‘:\
intrinsic material (E,) as shown in Fig.2-3(c) el Fg=0.05eV (Si)
g o a Egas Donor level =0.01eV (Ge)
Those unused electrons of the added impurity before
L ST R R T T,
atoms can absorb sufficient thermal energy to &\(alencgbandh\“‘ﬁ:
move into the conduction band at room
temperature. The result is that at room Fig.2-3(c) Energy band diagram of
temperature, there are a large number of N-type semiconductor

charge carriers (electrons) in the conduction

band. So, the conductivity of the material increases significantly. Although, electrons are the
majority charge carriers in N-type semiconductor, at room temperature some electrons move
from the valence band to the conduction band and produce some holes in the valence band.
These holes are called minority carries in N-type semiconductor.

In summary, we can say, an N-type semiconductor has electrons as majority carriers, and holes as
minority carriers as shown in Fig.2-3(b). As every donor atom donates one electron, electrically it
becomes positive. They cannot move and remain as localized positive ions in the crystal.

P-type or Positive-type Semiconductor

The P-type semiconductor material is developed in the same process. A pure germanium or
silicon crystal is doped with impurity atoms having three valence electrons (i.e., trivalent
impurities). Examples of such impurities are: boron (B), gallium (Ga), and indium (In) etc.
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Fig.2-4: Preparation of P-type semiconductor doping with trivalent impurities

The effect of adding boron atoms in silicon is

indicated in Fig.2-4(a). Three electrons of the outer ?;ﬂﬁ%ﬁﬁ?ffﬁ{a?
B Conduction ban
most shgll of bor.on form three covalent bor\ds W|th e
three adjacent Si atoms. But the fourth adjacent Si
atom cannot form a complete covalent bond due to A1 Acceptor level
- . .. . Egas” |ee--e--eote ol Eg
an electron deficiency. This deficiency of electron is before
called a hole and is represented by a circle or a plus R ‘ﬁfg}‘;‘g‘%‘;}‘g‘@
sign. The holes behave like positive charge because [HRRARARAsAna

they can capture electrons. Since, the trivalent
impurities capture (accept) electrons, they are called
acceptor. Every acceptor added in the silicon crystal
introduces an energy state in the energy band diagram. This energy level is called acceptor level.
The acceptor level is produced in between the conduction band and the valence band, close to
the valence band [Fig.2-4(c)]. The energy difference between the valence band and the acceptor
level (E4,) is very small. At room temperature, electrons can easily absorb sufficient heat energy
and jump from the valence band to the acceptor level. The electrons that move to the acceptor
level, leave behind holes in the valence band. Thus many holes are developed in the valence
band. The holes are the majority charge carriers in P-type semiconductor. As in the case of
intrinsic semiconductors, some electrons will absorb sufficient thermal energy and will jump
from valence band to the conduction band. These electrons are called minority charge carriers.

Fig.2-4(c): Energy band diagram of
P-type semiconductor

In summary, we can say, a P-type semiconductor has holes as majority carriers, electrons as
minority carriers and negatively charged localized acceptor ions as shown in Fig.2-4(b).

2.5 PN Junction Diode

If one half of a semiconductor slab is made P-type and the other half is made N-type or some
portion of a semiconductor is made P-type and the rest of it is made N-type, a PN junction will be
developed (Fig.2-5). Some changes take place at the interface of P-type and N-type material and
a depletion layer and a barrier voltage (V;) is developed.
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As shown in Fig.2-5 there are
majority of holes in the P-type
semiconductor and majority of
electrons in the N-type
semiconductor. Due to this
concentration variation electrons
diffuse from N-type to P-type and
holes diffuse to N-type. If an
electron comes to P-type material it
will neutralize a hole, similarly if a
hole moves to N-type it will
neutralize an electron. In this way,
a region will be developed that has
no free carrier as shown in Fig.2-6.
This region, at the interface of P-
type and N-type materials, is called
depletion region or depletion layer

Majority holes
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Minority electrons

Direction of hole diffusion
P-type > N-type
e & o oo o
e €2 DD D"
eee” Z-éoe' ep'g'e.
oo @
e
o °®°®.é®-.
@. O
@ o @
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Direction of electron diffusion

2-D view
P-type  N-type /—

®° @ @* @*<— Majority electrons

e e
o e09;‘_/-Donor atoms
@ &% @~ Minority holes

3-D view

Fig.2-5: PN-junction before equilibrium

as the region has been depleted off free charge carriers.

Note that there are localized
acceptor ions in the depletion layer
of P-type and donor ions in the N-
type material. Since, acceptor ions
are negative and the donor ions are
positive, an electric field will be
developed in the depletion layer
and its direction will be from
positive to negative, i.e., from N-
type to P-type as shown in Fig.2-6.
The direction of the electric field
will be such that it will oppose the
diffusion of majority carriers. With
the diffusion of more and more
majority carriers, the strength of
the electric field will gradually
increase. At a certain value of
electric field strength the diffusion
of the majority carriers will stop and
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Fig.2-6: PN-junction at equilibrium (Barrier voltage and
depletion layer formed by diffusion of carriers)

we say that the PN junction has reached to equilibrium. In other way, we can say that, the
negative ions in the P-type and the positive ions in the N-type will produce a potential
difference. Actually this potential difference will produce the aforesaid electric field. As this
potential difference opposes the flow of majority carriers, it is called barrier voltage Vg. For
silicon PN junction, the typical value of the barrier voltage is = 0.7 V and for germanium PN

junction its value is = 0.3 V.
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When metal contacts are made to the P-type and N- P-type N-type

type semiconductor, as shown in Fig.2-7, a PN o o e®® T oe
junction diode or simply a semiconductor diode is éﬁfe" % o | e
produced. The electrical symbol of a diode is shown e%eéo@ ee @9 g‘.e(_;%.
in the same figure. The terminal connected to P- S L.|J

Vs

type material is called anode and that connected to

N-type material terminal is called cathode. The

arrow head indicates the direction of the Jnode N Cathode
conventional current flow as will be described later. Electrical symbol of PN junction diode

Barrier voltage

2.6 Current in PN Junction at Equilibrium Fig.2-7: PN junction diode

When the barrier voltage V; of a PN junction becomes 0.7 V (for Si) or 0.3 V (for Ge) the diffusion
of majority carriers stops and the junction comes to an electrical equilibrium condition. However,
at room temperature, both the majority and minority carriers produce random motions. Hence,
if a minority carrier electron of P-type semiconductor

L . . Directi f electric field
comes within the depletion region (where the rection ot electric fie

P-type = _N-type

electric field exists), the electric field will push it to WG o
the N-side, called drift current. Similarly, the e°e° S lo|e @.e &

- , o oedlole |grer
minority carriers of N-type material drift to the P- .S S| o gerge
side. In this way, two drift currents will be produced © Sx© @ | gr e
(Fig.2-8). The two drift currents will add up and will Minority lelec Ihote  Minority
produce a resultant drift current as shown in the electron drift hole drift
figure. l arie <= Resultant drift

current
As, due to the drift of minority carriers, the number Majority hole /hote letec  Majority elec-
of majority carriers has increased (both in P-side and diffusion tron diffusion
N-side) than that without drift, hence, majority  Resultant s> /o500
. . . . diffusion current

carrier hole will diffuse from P-type material to the
N-type material and the majority carrier electrons Fig.2-8: Current components of PN
will diffuse from N-type to P-type material. The two junction at equilibrium

diffusion currents will also add up and will produce a

resultant current which is called diffusion current. As shown in Fig.2-8, at equilibrium condition,
the magnitudes of the drift current and the diffusion current will be same, and the net resultant
current through the PN-junction will be zero at equilibrium.

2.7 I-V Characteristic of a PN Junction Diode

Biasing is the process of applying an external potential (voltage) to a device. The voltage applied
for biasing is called bias voltage. A PN junction can be biased in forward direction or in reverse
direction.

Characteristics in Reverse Biased Condition

When an external potential (i.e., a battery) is connected across a PN junction diode with the
positive terminal of the battery connected to the N-type material and the negative terminal
connected to the P-type material as shown in Fig.2-9, the situation is called reverse bias. The
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depletion region will increase. This widening of the depletion region will establish a greater
barrier for the majority carriers reducing the majority carrier flow. The drift of the minority
carriers, however, will continue. This results in a very small current from N-side to P-side.

ID(mA)
Forward characteristic
10
8
o1 Ge p Ip (MA)
4
50 -40 -30 -20 -10 0
2 -Vp (V) 5> Vo (V)
) .
-Vp (V) 0 ! 1 nee point vV /D = —/S 5
S 4 3 2 1LjJo o040k 08 10 o BR
- -1 Reverse -10
Ip=-Is
Si -2.....Knee voltage Characteristic 15
b6k 0.7 V (Si)
-3 -20
i 0.3V (Ge)
Reverse characteristic " -Ip
Fig.2-11: Breakdown voltage of

~Ip (LA)
Fig.2-10: I-V Characteristic curve of a PN junction diode

reverse characteristic of a diode

The current that exists under reverse-bias condition is called the reverse saturation current (or
dark saturation current) and is represented by I (Fig.2-10). The value of /; depends on the
temperature. At 25 °C the value of I of a low power diode is typically 1 pA or less. For a very
large value of reverse voltage, the reverse current increases suddenly and if the current is not
controlled, the diode may be destroyed. The value of the reverse bias voltage for which the
reverse current increases rapidly is called reverse breakdown voltage Vg as shown in Fig.1-11.

Characteristics in Forward Biased Condition

A forward bias is established by connecting the positive terminal of a battery to the P-type
material and the negative terminal to the N-type material as shown in Fig.2-12. The application
of a forward bias (V) will pressure electrons in the N-type material and holes in the P-type
material to recombine with the ions near the boundary and reduce the width of the depletion



region as shown in Fig.2-12.
The applied voltage will
almost completely drop
across the depletion layer.
This forward voltage will
produce an electric field
which is in the opposite
direction of original electric
field of the barrier voltage.

Thus, the resultant electric
field will decrease and the
current due to minority
carriers (minority drift
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Fig.2-12: Forward biased PN junction diode

current) will decrease and the majority current (diffuse current) will increase. If the applied
forward bias voltage is equal to the barrier voltage (Vz), the resultant field in the depletion layer
will be zero. Now, the minority carrier current will be zero and the majority carrier current will be
high. In the forward bias condition, therefore, the forward current increases rapidly when the
applied voltage is near about the barrier voltage V. The point of the /-V curve where the forward
current increases rapidly is called knee point (Fig.2-10). After the knee point the current will
increase rapidly with a very small increase in the forward voltage.

From the theory of solid-state physics, the general characteristics of a semiconductor diode can
be defined by the following equation (Equ.2-1). This equation is referred to as Shockley’s

equation.

or,

aVp
Ip = I (enkT - 1)

Vb
ID = IS (e”VT - 1>

(2-1)

(2-2)

where, I = reverse saturation current
g = magnitude of charge of an electron = 1.6 x 10719 C
V;, = applied forward bias voltage to the diode

n = diode ideality factor, which is
a function of the operating
physical
construction; its value has the

conditions and

range between 1 and

depending on a wide variety of
factors (for simplicity, we will

consider n =
stated).

k = Boltzmann’s
1.38 x 10723 J/K
T = Absolute temperature

constant

1 unless otherwise J
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Fig.2-13: (a) DC resistance, and (b) AC resistance from /-V
characteristics of PN junction



Ve = I‘;—T. Vris called thermal voltage. At 27° C or 300 K the value of V;is 26 mV.

The DC resistance at any point of the input characteristics can be calculated using the following
equation.

v
Rp =— (2-3)
Ip
And, the AC resistance at any point can be calculated by using the following equation.
26 mV
Tg = + 13 (2-4)
Ip

Here, rp is the bulk resistance of the PN junction which is very low and can be neglected.

2.8 Ideal Diode

In electronic circuits a PN junction diode is used as a switch that allows current only in one
direction (forward direction). Although, a PN junction can behave as a one-way switch, in
addition to switching property it has barrier voltage Vj, reverse saturation current /s, junction
capacitance (Cp) and some resistances (Rp). Actually these additional parameters are unwanted.
An ideal diode is such a diode that provides only the one-way switching property, but will have
no barrier voltage, reverse current, junction capacitance, and any resistance. Moreover, an ideal
diode will have no limitation like — reverse breakdown, forward current limitation etc. The /-V
characteristic curve of an ideal diode is given in Fig.2-14(a).

Ip (mA)
10
Characteristic of Forward biased Reverse biased
8 /an ideal diode 4 Vo L Vo 4
V=0 Ip Is

lS =0 2 RD =ry= 0 —_ -
Vg 266 C,=Cr=0

2 o—oﬁ—)o—o O—X o0—o

-Vp (V) 0 Vp (V) ON switch OFF switch
-15 -10 -5.0 0.0 0.2 04 0.6 (b)
(a)

Fig.2-14: (a) Characteristics of an ideal diode, (b): Switch and ideal diode analogy

The operation of an ideal diode can be compared with that of a mechanical switch. If the diode is
forward-biased, it works like a closed (ON) switch and if it is reverse-biased the diode works like
an open (OFF) switch as shown in Fig.2-14(b). Though a mechanical switch can conducts current
in both directions, a diode conducts current only in the forward direction.

2.9 Diode Equivalent Circuit

Neglecting the non-linearity of the characteristic curve, we can represent it by three straight lines
[Fig.2-15(a)]. The equivalent circuit of the diode will be as shown in Fig.2-15(c). For this



characteristic, the equivalent circuit can be represented by a barrier voltage Vj;, a resistance r,,
and an ideal diode D connected in series as shown in Fig.2-15(c). Here, r,, is the average
resistance of the portion of the characteristic curve after the knee point.

Ip !
Actual Ideal
Ch.ar.act— Linear T m ) = Vg r diode
eristic - X
N ch.ar:act —) I |
\/, eristic -l ,
Shhhbh v v
1 B b (b) (c)

Fig.2-15: (a) Actual and linearized characteristics, (b) Actual diodes, and (c) Equivalent
circuit of a diode

We know that the value of r,, is very
small, typically less than 100 Q.
Hence in some operations, we can
neglect this resistance. In that case,
the equivalent circuit of the diode
will consist of a barrier voltage Vj,
and an ideal diode D connected in
series as shown in Fig.2-16(b). The
characteristic of this approximation
will be as shown in Fig.2-16(a).

Even in some situations, where the
external resistance is very high and the
circuit operating voltage level is also
very high compared to V4 the
operation of a practical diode can
approximate to that of an ideal diode.
Here, we neglect both r,, and V5. The
characteristic curve and the equivalent
circuit are shown in Fig.2-17(a) and (b),
respectively.
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Fig.2-17: (a) Actual and linearized characteristics,

and (b) Equivalent circuit of a diode

In these three equivalent circuits, the capacitance effect of the diode has not been considered.
That is, these three equivalent circuits are considered DC equivalent circuits.

Equivalent Circuit with Capacitance

Every PN junction shows some capacitance effect (Cp). The capacitance of a PN junction is so
small that in normal operation we can neglect it. But the capacitance becomes effective in very
high frequency operation. Considering the junction capacitance, the equivalent circuit will be as

shown in Fig.2-18.

Basic



2.10 Zener Diode

For a very large reverse bias voltage . Ideal
of a diode, the reverse current Ve 1, [ diode

rapidly increases from reverse t—m—? —||||—’W\'—[>|—
saturation current (breakdown). — I

This phenomenon is used to :-l: e,
produce a constant voltage device,
called Zener diode. There are two

mechanisms that cause breakdown
in reverse biased PN junction.

Fig. 2-18: AC equivalent circuit of a diode considering r,
and Vg

Zener Breakdown Mechanism

This type of breakdown takes place in the PN junction where the doping concentration is very
high. Due to the high doping concentration, the width of the depletion layer will be
comparatively small. So, for a particular reverse bias voltage, the electric field strength
[Vo/(width of the depletion layer)] in the depletion layer, will be high enough to break away
electrons from their atoms. With the breakdown of many such electrons insulating depletion
layer converts into a conductor. This ionization by electric field is called Zener breakdown
according to the name of its inventor. The Zener breakdown occurs usually with reverse bias
voltage less than 5 V.

Avalanche Breakdown Mechanism

If the doping concentration

. . . Vz ID(mA) L
of the PN junction is low the Arrowhead indicates
. . -4 3 -2 1 0 current direction
w!dth of the depletion layer I S 5> Ve(V) when forward biased
will be very large. So, when f ™\ /
. 5 T Ix Anode Cathode
the reverse saturation 2, = AV,)Al
: z = AVz/Alz + -
current flows, th<.e carriers : 10 positive N Negative
travel a comparatively long ™A termina|\«+ /terminal
distance and achieve large 1 15 I
kinetic energies. If these NV ] »{ —Ell—
energetic carriers collide with (a) (b)
the electrons of covalent Io (mA)

bonds of the crystal, the
electrons become free. The
newly developed free
electrons also collide with other atoms and produce more free electrons. In this way, the carrier
concentration in the depletion layer increases and the reverse current increases rapidly resulting
in the junction breakdown. This breakdown mechanism is called avalanche breakdown.

Fig.2-19: (a) Zener diode characteristics, (b) Symbol and
practical diodes.

Characteristics of Zener Diode

Zener diode has almost the same characteristic as the normal low power rectifier diode except
the lower value of reverse breakdown voltage. The typical characteristics of a Zener diode are
shown in Fig.2-19(a) and the symbol of a Zener diode is shown in Fig.2-19(b).
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In the reverse bias condition Emitted visible light
very small amount of reverse
current flows. But after the
Zener breakdown voltage V,,
the reverse current increases

Solid epoxy cover
Connecting

wire PN junction

Reflector
or

rapidly. The operating point of %
a Zener diode may lie at any Anode| | Cathode
point of the reverse LED symbols
characteristic  curve  after Metalcontact Metal contact

(anode) (a) (cathode) (b) (c)

breakdown. The Zener diode is
used in circuit to produce a Fig.2-20: (a) Construction of LED using PN junction (b) Typical

constant voltage (V;) and its physical construction of LED (c) Symbols of LED
V4

performance depends on the shape of the reverse characteristics. The variation of this constant
voltage with current depends on dynamic impedance of Zener diode (Z;) calculated as,

AV,
Ze =5 (2-5)

As illustrated in Fig.2-19(a) Z, defines how V;, changes with the change of reverse current. The
Zener diode current may be of any value between Iy and I5,. Here, Iy is the reverse current at
the knee point of the reverse characteristic and I, is the maximum Zener diode current which is
limited by the power of a Zener diode.

2.11 Light Emitting Diode

Light emitting diode (LED) is a very common optoelectronic device used as an indicating device,
nowadays as light source (LED tube lights, LED bulbs etc.). LEDs are also used to manufacture
today’s very high quality televisions, computer monitors and mobile phone displays. LED is
nothing but a PN junction of suitable (direct band-gap) semiconductor materials. In a forward
biased PN junction, light is emitted when the free electrons recombine with holes.

A cross-sectional view of an LED junction is shown in Fig.2-20(a). Instead of using a single
semiconductor, alloys like gallium arsenide (GaAs), gallium phosphide (GaP), gallium arsenide
phosphide (GaAsP) etc. are used

for LED manufacturing. 7\5;--~-f
Combinations of different

LED ON Reverse biased

Forward biased p LED OFF

materials and ratio of different LED LED
components produce different
colors. To make an LED an N- 470Q 470Q

+ |
type epitaxial layer is grown m_?
upon a substrate, and the P-
region is created by diffusion

S +
method. The substrate is placed
in a cup-type reflector that also Battery Battery
works as the cathode connection
as shown in Fig.2-20(b). The Fig.2-21: LED produces light when forward biased
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positive (anode) lead is connected to P-type material by a very narrow wire. The whole
arrangement is encapsulated in an epoxy lens (plastic cover).

Operation

When an LED is forward biased with a suitable voltage (about 1.5 V or more), a forward current
flows through it. Electrons flow from N-side to the P-side and recombine with holes which are
the majority carriers of P-type materials. When the free electrons come back to valence band
from conduction band they emit their extra energy which is equal to band-gap energy (£;). The
extra energy is emitted as photons. By selecting suitable materials and changing their
combination ration, band-gap energy (E,) is changed and light of different color is produced.

55

-

“

Metal body high i
current diodes Plastic body Zener diodes
diodes Bridge rectifier

H S@‘

MD diodes

Fig.2-22: Photographs of different types of diodes

2.12 Applications of PN Junction Diodes

PN junction diodes are mainly used as rectifier, clipper circuits, clamper circuits etc. There are
different types of rectifier circuits. Here, only two full wave rectifiers are described.

Full-Wave Rectifier

R NI .
In half-wave rectifier, the load gets power only ; lD/ll +
for one half-cycle of the input AC power. That’s o— v, RS vo
why it has low DC and RMS value. But in a full- 220V § ecr -
. 50 Hz e

wave rectifier, the load gets power for full-cycle o— Vg
of the input power. A full-wave rectifier with a

. L [ o N
centre-tapped transformer is shown in Fig.2.23. It 1
uses two rectifier diodes and its input voltage is (a) D2
supplied from a transformer (T;). The Fig.2-23: Two-diode full-wave rectifier

transformer must have a tape at the centre (CT).

The function of the transformer is to step down 220 V AC power into required voltage, like 12 V,
or 16 V etc. As shown in Fig.2-24(a), for the positive half cycle of input, the top-most terminal of
centre-tapped transformer will be positive w.r.t. centre-tape, and the bottom-most terminal will
be negative w.r.t. the centre-tape (at the secondary coil). For the negative half-cycle, the polarity
will be just opposite [Fig.2-24(b)]. Both the secondary coils will produce same amount of AC
voltage, vy =V}, sin (wt).
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(b)

Fig.2-24: (a) Circuit status for the positive half-cycle (b) Circuit status for the negative half-cycle

During the positive half-cycle (t = 0 to T /2 ), the transformer output voltage is positive at the top.
This positive terminal is connected to the anode of D,, and the negative centre-tape is connected to
the cathode of D, via R,. Consequently, D, is forward biased, and load current, /,, flows from top of
the transformer secondary through D;, through R, (downward), and back to the transformer
centre-tap. During this time, the polarity of the voltage from the bottom half of the transformer
secondary causes diode D, to be reverse biased. Thus, D, behaves as short-circuit (ON) and D,
behaves as open circuit (OFF) as shown in Fig.2-25(a). If the diode voltage drop is neglected the
whole input voltage (transformer output voltage) will be developed across the load R,.

During the negative half-cycle of the input (t = T/2toT ), the bottom-most terminal of the
transformer secondary will be positive and the centre-tape will be negative. So, D, will be
forward biased and behaves as short circuit as illustrated in Fig.2-25(a). Now, the load current
flows from bottom of the transformer secondary through D,, through R, (from top to bottom),
and back to the transformer Vi
centre-tape. As the polarity of v D: ON D: OFF

70\/D2 OFF A\ D, ON Vil 7
the voltage of the upper half /\ / / Vol fme\ ot ,
of the secondary has just 0 ‘E\/T 3_§v o7 b \/ ..... \/
reversed, diode D; will now be Vi Vb --41

3

. . : Conducting diod
reverse biased and it will y A onducting diodes Vo
m

behave as open circuit. o\/D,\/D:\/ D\ /D, /\ /\_7\ /\ /

t t
irecti i o I T 0
The direction of load cu.rrent is > T 35 2T Diode\oltage drop
always downward, that is, load (a) (b)
is getting full-wave DC voltage. Fig.2-25: (a) Full-wave rectified output neglecting diode’s barrier
But the output is not pure DC, voltage Vp, and (b) Full-wave rectified output considering V,

it is pulsating DC. If we neglect

the voltage drop of the diodes the output waveform will be as shown in Fig.2-25(a). But, if we
consider the voltage drop of the diodes the output wave form will be as shown in Fig.2-25(b). For
both the positive and negative half-cycles, the voltage dropped across the reverse biased diode
will be 2V,,. So, the PIV (peak inverse voltage) rating of the diodes must be greater than 2V,,,.

The average DC output voltage of the full-wave rectifier will be,



Vac = Vavg =

And the RMS output voltage will be,

Vn (G —VWp)
=0 or 227 2-5
Vrms V2 o V2 23)

- @®
Vi sin(wt)
Full-Wave Bridge Rectifier

If the transformer does not have centre-tape then we
have to use bridge rectifier circuit to get full-wave output. Fig.2-26: Full-wave bridge rectifier

The circuit diagram of a bridge rectifier is
shown in Fig.2-26.

The bridge rectifier consists of four diodes \ Vm
connected with their arrowhead symbols all Tt
pointing toward the positive output terminal 2

of the circuit. Among the four corners of a
bridge rectifier two are AC input terminals
and two are DC output terminal. The points
at which anode of one diode and the cathode
of one diode are connected are AC input terminals (marked by ‘~’). The terminal where the
cathodes of two diodes are connected is the positive terminal of DC output (marked by ‘+’), and
the point at which the anodes of two
diodes are connected is the negative
output terminal (*-').

Fig.2-27: Circuit status for the positive
half-cycle of input AC voltage

During the positive half-cycle of input
voltage, diodes D, and D, become
forward bias and conducts current (Fig.2-
27). During the negative half-cycle of the
input, diodes D, and D; are forward
biased and conducts current (Fig.2-28). Fig.2-28: Circuit status for the negative

The output waveforms will be exactly half-cycle of input voltage

same as the first rectifier and the same

equations can be used. But the voltage drop will be double (2V, = 1.4 V) as the current passes

through two diodes. Hence, Vy. = Vopg = 2(, — 2Vp) /m, and Vs = (G, — 2Vp) V2.

2.13 Filters

In general a filter is a circuit that blocks a particular range of frequencies and passes other range
of frequencies. In case of rectifier, the function of the filter circuit is to block the AC voltage and
to pass the DC voltage to the load. There are different types of filter circuits. Here, the shunt
capacitor filter is discussed.



As shown in Fig.2-29(a), a capacitor (C) connected at the output terminal across the load resistor (R,)
works as a good filter. For the positive half-cycle diode D; is forward biased and the capacitor is
charged quickly to the peak value of input voltage, V,,. When the output voltage of the rectifier
decreases from the peak value, the stored peak voltage of the capacitor reverse biases the diode, D;.
Now, the capacitor discharges through the load resistance R;. Hence, the voltage decreases gradually.
During the negative half-cycle, D, becomes forward biased and charges the capacitor to V,, voltage
again. The process is continued and the output voltage across the load becomes smoother than the
pulsating waveform. The output waveforms are shown in Fig.2-29(b).

v
. Charging  Discharging

V-
\ \ \ \
\ \ \ \
—O M S * \,l \,l \,l \ ¢
D J_ Capacjtor voltage
Tl 1 C RL VO Vo p g
220V § ‘ ol ’F\ - ' /,' l
50 Hz ) t
o—— &, \ i Current pulse/ .
Capacitor Vo Vie Ripples
filter = _--:-__"t/_:".' < -
—O r7- "~~~ ~~~=7/"7==°=°7=°7"7% f -T-
D, : : : >t
0 T 21 3n 4r

(a) (b)

Fig.2-29: (a) Full-wave rectifier with capacitor filter, (b) Output waveform with capacitor filter

With the filter capacitor, the DC output voltage of this full-wave rectifier circuit will be,

2fCRy, )
1+ 2fCR,

Vie = V. X ( (2-6)

2.14 Voltage Regulator Using Zener Diode

The output voltage of the power supplies described above (consisting of a transformer, a rectifier
circuit, and a filter circuit) may vary due to the change of AC supply voltage and the load
resistance. This variation can be reduced by using a regulator at the final stage (in between filter
and the load). Although a lot of complicated circuits are employed as voltage regulator (discussed
in Chapter 9), for a low power
application Zener diode s
commonly used. A simple
regulator consists of a Zener

Vo
Constant voltage

diode and a series resistor as Vi

shown in Fig.2-30. The Unregulated L sy
unregulated voltage (Vs) s input voltage Regulated output
applied to the input of the ' voltage
circuit and the regulated Fig.2-30: Application of Zener diode as voltage regulator

output voltage (V,) is taken



across the Zener diode. The regulated output voltage will be equal to the Zener breakdown
voltage V. The circuit will work properly if V; > V,,. Resistor R limits the Zener diode current to
the desired level and also drops the extra voltage (Vp =V, — V).

If the value of Vs increases the value of I, increases and the voltage drop across R (Vz) increases, but V,
remains constant. Similarly, if Vs decreases, I; decreases and the voltage drop Vi decreases and V,
remains constant again. On the other hand, if a load resistance is connected across the Zener diode,
some current will be diverted from the Zener diode to the load. But the current through the resistor
and hence voltage drop V; will remain unchanged and so does the V,. The value of I, has to be set to a
suitable level [in between I and /5, as shown in Fig.2-19(a)].

2.15 Chpper Circuits

Clippers are one kind of electronic networks or circuits that clip off a portion of an input signal
without distorting the remaining part of the signal. Clipper circuits are made using diodes and
resistors and sometimes a voltage source. Depending on the orientation of the diode, the
positive or negative portion of the applied signal is clipped off. So, there are two types of
clippers: positive and negative clipper circuits. Positive clippers remove the positive portion of
the applied signal and pass the negative portion. On the other hand, the negative clipper clips
the negative portion of the applied waveform and keeps the remaining region as original one.
Although, an unbiased clipper clips a complete half-cycle, by using suitable bias to the diodes,
less than or more that one half-cycle can be clipped off.

Depending on the position of the diode, clippers are also called either series clipper or parallel
clipper. In series clipper, the diode is placed in series with the load resistance. But in parallel
clipper, the diode is connected in parallel with the load.

Fig.2-31 shows a biased series positive
clipper and a biased series negative
clipper circuit. Here, we will consider
0 <V <V, and an ideal diode. Look at
the polarity of the bias voltage (V). In
the first circuit, it makes the diode
forward biased, [Fig.2-31(a)]. Hence,
even for no input voltage, that is, if the
input terminals are short, the diode is
still forward biased and —V amount of

voltage will be available at the output. (b)
That’s why the output waveform starts Fig.2-31: (a) Biased series positive clipper circuit,
from -V volt. For the positive half-cycle (b) Biased series negative clipper circuit

of v, the forward bias voltage of the

diode (that was effective for V voltage) will gradually decrease. It will be clear if we look at the
polarity of the positive half-cycle and the polarity of bias voltage (they oppose each other). For
this reason, the output negative voltage will gradually decrease. When the value of v; is equal to
bias voltage V, the resultant voltage across the diode will be zero, and hence the diode will not
conduct any current through the load, and hence, the output voltage will be zero as shown in



Fig.2-31(a). If the value of v; exceeds V, the diode will be reverse biased by (v; — V) volts, and no
output again. Thus, the output will be zero as long as v; > V. During the falling edge of the
positive half-cycle when v; = V the diode starts to conduct again, so we will get negative output
voltage. During the negative half-cycle of the input, v; will be added with V and forward bias the
diode. Thus negative output will be available across the load from v; =V up to v; = —1,. For
this reason the negative peak will be -V,,, = V = —(V},, + V), which is shown in output waveform
of Fig.2-31(a).

In the 2™ circuit, the direction of the diode is just opposite. So the bias voltage (V) will reverse
biases the diode. The diode will block the negative voltage and pass the positive voltage. But due
to the reverse bias voltage, V, the full positive half-cycle will not be found at the output. The
maximum output voltage will be only V,,, — V as shown in Fig.2-31(b).

2.16 Clamper Circuits

A clamper circuit, constructed of a diode, a resistor, and a capacitor, shifts a waveform to a
different DC level without changing the shape of the signal. That is, a clamper circuit adds a DC
level in the output signal. Depending on the direction of shifting, clamper circuits are classified
as: positive clampers and negative clampers. Both of them may be either biased or unbiased.
Thus, there are four types of

clampers: Vi
1. Simple negative clamper Vin
2. Simple positive clamper of— t
T T
3. Biased negative clamper 2
-Vm———

4. Biased positive clamper

Simple Negative Clamper

The circuit diagram of a
simple negative clamper is ¢
shown in Fig.2-32(a). To easily 0 I
understand the operation of .y,}--L-4J
any clamper circuits, first we

have to consider the half-cycle

that forward biases the diode. s

Here, for the positive half- Vin -1

cycle of the input signal 0 T' !
T T

(0—>§), the diode will be _VL__Z

forward biased and the
capacitor will be charged by
V,, with +ve on the left side as
shown in Fig.2-32(b). As the
diode is short (neglecting barrier voltage), the voltage across the load resistance will be zero.

Fig.2-32: (a) Negative clamper circuit (unbiased), (b) Operation for
positive half-cycle, and (c) Operation for negative half-cycle

However, during the negative half-cycle G - T), the diode is reverse biased. So it will behave as



an open circuit as shown in Fig2-32(c). For this situation, the value of output voltage can be
obtained using KVL as,

Vi —"Vn+tv,=0 v, =2V,
That is, the output voltage will be the sum of the capacitor voltage and source voltage with
positive at the bottom. Thus, we will get v, = —2V;,,. Observe that, the input signal has been
shifted to negative direction by a value of V},,. Or we can say a DC value of —V,,, has been added
to the output waveform.

2.17 Testing Diode Using Multimeter

Sometimes it is necessary to test a diode to confirm whether it is OK or not. Using multimeter,
we can do that. There are two ways to test a diode. We can use ‘Diode Test’ mode (shown by a
diode symbol on the meter) of the multimeter, or if the multimeter has no ‘Diode Test’ option,
we can use ‘Resistance Test’ option (shown by the ohm symbol). Here only the first method is
discussed.

If we want to test a diode that is already connected in a circuit, we have to disconnect it, or
disconnect at least one terminal of the diode from the circuit. For safety, the power supply of the
circuit must be switched OFF. Moreover, we have to be careful about the high voltage stored in
the capacitors or inductors!

As shown in Fig.2-33, the selector knob of the multimeter has to be set on ‘Diode Test’ position
(indicated by a diode symbol). A good forward-based diode displays a voltage ranging from 500
mV to 800 mV for Si diode. But for germanium diodes the voltage range should be 200 mV to
300 mV. On the other hand, a reverse biased diode will show ‘OL’ reading. If the diode is not OK,
it may be short or open. An open diode will also give ‘OL’ reading for both forward bias and
reverse bias conditions. On the other hand, a short diode may give 0 V or very small voltage (300
mV for Si) in both directions.

Reverse biased
diode

Forward biased
diode

+ve -ve
probe probe

(a) (b)

Fig.2-33: (a) Forward bias testing, and (b) Reverse bias testing using multimeter
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CHAPTER

3.1 Introduction

In electronics, transistor is the most widely used device. The
transistor was invented on December 23, 1947 at Bell
Laboratories by William Shockley, John Bardeen and Walter
Brattain'”. Since then the applications of transistors are
gradually increasing either in discrete form or in IC (Integrated
Circuit) form. This chapter will discuss the construction and
operations of transistors.

3.2 Construction of a Transistor

A bipolar junction transistor (simply called transistor) consists of
two back-to-back PN junctions manufactured in a single piece of
semiconductor material. It is constructed by sandwiching a P layer
in between two N-layers as shown in Fig.3-1. This type of
transistor is called an NPN transistor. Alternately, a transistor can
be manufactured by sandwiching an N-layer in between two P-
layers as in Fig.3-2. This configuration is called a PNP transistor.

The middle layer is called the base (B), of the remaining two
layers one is called the emitter (E) and the other is called the
collector (C). Terminal leads are attached to each layer of the
transistor. The emitter and collecter layers are heavily doped
(concentration of impurity atoms is high), but the base layer is
lightly doped (concentration of impurity atoms is low). The
outer layers have widths much greater than the sandwiched P
or N-type layer. The actual dimension of transistor may vary
from 10 to several 10s of microns. The doping of the
sandwiched layer is also considerably less than that of the
outer layers (typically, 1:10 or less).



Emitter Base Collector
P

——
E . N .. P * N® . C
Depletion layer Depletion layer

of B-E junction B of B-C junction

(b) )

Fig.3-1: Construction of NPN transistors, (a) Three-dimensional block, (b) Two-
dimensional block, and (c) Symbol of an NPN transistor

Emitter Base Collector
A

oo o o
o % ||° o
o
Eo—4q, P ofNl- P, c
.
o o
° _°4 x o °

N

of B-E junction of B-C junction
C
(a) (b) (©
Fig.3-2: Construction of PNP transistor, (a) Three-dimensional block, (b) Two-
dimensional block, and (c) Symbol of a PNP transistor

Depletion layer 1— Depletion layer
B

Fig.3-1 and Fig.3-2 show the block diagrams and symbols of NPN, and PNP transistors,
respectively. Look at the symbols of the transistors. The base terminal is in the middle and the
collector and the emitter are connected to the base. Emitter is differentiated from the collector
by an arrow. In NPN transistor the arrow direction is outward from the base and in PNP transistor
the direction of the arrow is towards to base. This arrow direction indicates the direction of
conventional current in the emitter terminal.

3.3 Operation of a

! Narrow depletion layer  Wide depletion layer
Transistor

Here, the operation of an
NPN transistor is described
[Fig.3-3(a)]. For proper
functioning of a transistor,
the base-emitter junction
(B-E junction) must be
forward biased and the

Ve = Ve
base-collector junction (B-C (@)
junction) must be reverse a
biased as shown in Fig.3-3. Fig.3-3: Operation of an NPN transistor, (a) Circuit with transistor
So, the negative voltage to block, and (b) Circuit with transistor symbol

the emitter and the positive
voltage to the collector have been supplied with respect to the base. The base is common to
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both the input circuit (B-E circuit) and the output circuit (B-C circuit), hence this configuration is
called common base configuration (CBC).

Due to the forward bias, the depletion layer of B-E junction is reduced, that results in a heavy
flow of majority carriers electrons from N-type emitter to P-type base material. These injected
electrons are the minority carriers in P-type base. Due to the reverse bias, the depletion layer of
the B-C junction is widened. The electric field of reverse biased B-C junction attracts the electrons
injected by the emitter (which are the minority carriers in base region) and most of them manage
to reach the collector layer. As the base is lightly doped and its width is very small, only a few of
the electrons recombine with the majority holes in the base. For example, if 100 electrons are
injected by the emitter per second, less than 2 electrons will recombine in the base and more
than 98 will move to the collector. The direction of conventional current is just opposite to the
direction of electrons flow. So, a current will be produced from emitter to battery which is called
emitter current Iz. Due to the recombination of 2 holes (with 2 electrons) a small base current
(Ig) will flow into the base. On the other hand, 98 electrons
that move to the collector, constitute the injected collector
current Icqyy) and its direction is from the battery to the
collector as shown in Fig.3-3. Now, if we apply KCL at point G,
we have

Ig =lIcanp + 1 (3-1)

From this operation it is now clear that more that 98% of the
emitter current is transferred to the collector and only less
than 2% is lost in the base. This current transfer action is called
the transistor action. Due to the forward bias, B-E circuit has very low resistance and due to the
reverse bias the B-C circuit has very high resistance. But the transistor has transferred the current
from the low resistance circuit to the high resistance circuit. That is why, this device is called
“transfer-resistor” or “transistor”. The ratio of the injected collector current to the emitter
current is called the current gain (a) of a transistor in common base configuration (CBC). That is,

Fig.3-4: Collector leakage
current with emitter open

I
o = -CUND (3-2)
Ig

or, Ieany = alg (3-3)

The value of a is less than unity and ranges from 0.95 to 0.997.

The I¢(n )y is not only the current component in the collector. In the reverse bias B-C junction a
leakage current flows due to the thermally generated minority carriers even if the emitter
terminal is open (shown in Fig.3-4.). This current is denoted as I.po, Collector to Base current
with emitter Open. Thus, the collector current I will have two components as,

Ic = Icany * Icgo (3-4)

or, Ieanyy = Ic = Icpo

o= IC(IN]) — IC - ICBO
Ig Ig

(3-5)




But as the value of I;pp is very small it can be  narrow depletion layer
neglected, that is IC = IC(IN])'

Wide depletion layer

Therefore we can write
I I
Ig Ig

Using Equ.(3-4) and (3-6) , we can also write,

IC = (ZIE + ICBO (3‘7) |y I<E— (li |14
|1

e

Again, if we apply KCL at point G, we get, Ve = Ve

(3-8)

Operation of a PNP transistor is exactly same, except
here holes move from emitter to collector through
base, instead of electrons. The biasing voltages of the
PNP transistor will also be in reverse direction as
shown in Fig.3-5.

3.4 Amplifying Action of a Transistor

The capacity of a transistor to transfer a signal from a

low resistance circuit to a high resistance circuit is the E o &
ificati in Fig.3- le=6mA le= y
key fact(?r for voltage ampllflcatlc.)n. As shown in Fig.3 E 588 m‘ﬂ —?
6, even if we connect a large resistor, R, (say 2 k) at B RS v,=1176V
the collector circuit, transistor action will not be 2k |
hampered, i.e., more than 98% of the emitter current 1l =|||_'
. '
will be transferred to the collector. Now let us V=1V —= Vee

consider that the emitter bias voltage Vg =1V and
the forward resistance of the B-E junction is  Fig.3-6: Amplifying action of transistor
Tin = 50 Q. So in the emitter circuit Iz will be,

(VEE_VBE) +Tin = (1V_07V)—SOQ= 6mA
Due to the transistor action 98% of this current will be transferred to the collector. So, I will be 5.88

maA. If we take the output voltage (V) across the external resistor R, according to Ohm'’s law its value
will be 588 mA X 2kQ =

! i i Vi(V)
11.7§ V! By'applymg 1Vin (li c .k o
the input circuit we have c 0 VAV
found 11.76V at the W 0.1V {--- t
Vo (V)

Vo =
11.76+3.92V 3.92V {x---

| JA A
. VAAVA
VEE =1V - VCC =20V -3.92vH----

Fig.3-7: AC amplification using transistor

output. In this way, a v, ,\D
transistor  increases the 1y pp
input voltage level at the

output. Here, DC voltage

has been amplified.
Transistor is mostly used for

AC voltage amplification.
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As shown in Fig.3-7, if N P N

we connect an AC E 0.
source of very small -
voltage, say V;=

0.1 sinwt, in series

with the biasing voltage -

Ver, an AC current will

EE Ve = Vee =

Fig.3-8: Circuit for determining transistor characteristics in CBC

also flow in the emitter
circuit. In this case the
peak value of the AC current will be (0.1V = 50 )) = 2 mA. So, the peak value of the AC current in
the collector circuit will be 1.96 mA (2mA X 98%). The AC peak voltage across the resistor will be
3.92 V (1.96 mA x 2k() as shown in the figure. The output will have a DC voltage level which will
not pass through the capacitor. In this way, a transistor can amplify AC voltage also.

Although, a transistor in CB configuration (as in Fig.3-6 and 3-7) provides voltage amplification, it
cannot produce current amplification as the output current I is less than the input current I.
However, there are some other configurations (CEC, CCC) that can produce current amplification.

3.5 Characteristics of a Transistor

For any device, I-V characteristics are very important to understand the operation of that device.
As a transistor has three terminals, keeping any one terminal common to the input and output

circuits three configurations are possible. These are I (MA)

a) Common Base Configuration (CBC) 12

b) Common Emitter Configuration (CEC) and 10

c¢) Common Collector Configuration (CCC) . vc3=20v/

- Lo N . L ) V=10V VE=2V
3.6 Characteristics of a Transistor in CBC 6| o
In common base configuration (CBC), the base is ML
common to the input and output circuits. The 2 /:

. . : . 0 S M= 05V Ve (V)
emitter-base constitutes the input circuit, and the

) oo 0 02 04 06 08 1.0 1.2

base-collector constitutes the output circuit. The

base-emitter voltage (Vze) is the input voltage and the Fig.3-9: Common-base input

emitter current (Ig) is the input current. Similarly, the characteristic (NPN)
base-collector voltage (V) is the output voltage and the collector current (I;) is the output
current. We have to study the characteristics of both input and output circuits. Here, we will
discuss them for an NPN transistor. The characteristics of PNP transistor will exactly be same but
the polarity of bias voltage and the current directions will be just opposite.

Input Characteristics

To draw the input characteristic curve, the value of Vg is gradually changed and the value of I
is measured keeping Vg constant, using the circuit of Fig.3-8. By plotting the data on a Vg — I
coordinate system an input characteristic curve is found. The process is repeated for different
values of Vp.
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A family of input characteristic curves for an NPN transistor is shown in Fig.3-9. Since the input is
across the forward biased base-emitter junction, the input characteristics have exactly the same
shape as that of a forward biased PN junction. For a silicon transistor the value of I is almost
zero up to Vgp = 0.5V. After that voltage, Ip stats to increase and has a knee point at
Vgg = 0.7 V. For a germanium transistor the value of knee voltage will be 0.3 V.

The shape of these Iy — Vg curves also depends on the output voltage V5. As shown in the
figures, I increases with the increase of Vg.

Ie (mA)

Example 3-1: 8

Calculate the DC resistance and AC resistance for 6

Vge = 0.75V on the input characteristics of a 4

transistor in CB configuration shown in Fig.3-10. |
Assume, 13 = 2 (). 2 Vee =0.73V [

’ 0 )AE Ve (V)

Solution: 0 02 04 06 08

. . . Fig.3-10: | t hs for E le 3-1.
First, we have to draw a vertical line on Vg = 0.75V (as '8 nPUT graphs for Example

shown on the figure). Then we have to find the intersecting point of this vertical line with the graph.
Now, if we draw a horizontal line through this point it will intersect the y-axis. This intersecting point
gives the value of I, which is = 6.4 mA.

Now, using Equ.(2-3), the value of DC resistance can be calculated as,
Vp Vg 075V

Rp=—=—— ~ 117 Q (Ans.
D= T, 64mA (Ans.)
Using Eq.(2-4), the value of AC resistance is,
26 mV 26 mV 26 mV
ry = . + 15 = I +TB:6.4mA+ZQz6Q(Ans.)

Comments: The formulas for PN junction diode have been used here, as the B-E junction of a
transistor has a forward biased PN junction.

Output Characteristics e (mA)
Log

The output characteristics can be determined 101 &9.50 1210 (MA)
using the same schematic diagram of Fig.3-8. El
For this purpose, the collector (output) current, 8 % le=8{mA)
I;, is measured as the output voltage V.p is 6 g le=6 (mA)
adjusted with a fixed value of input (emitter) v o ]
current Ip. When the measured data are 41 | e=4(mA) CCVETRERT
plotted on an I versus Vg coordinate system, ] ’ . le=2 (mA) e BV
we get output characteristic curve. By repeating E DA leso
the process for different fixed values of I we 0 - 4

. o -1 [0 s 10 154 204 25 Vg (V)
can draw a family of output characteristic Cutoff region
curves as shown in Fig.3-11. Fig.3-11: Common-base output

characteristics (NPN)
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From Fig.3-11, it is clear that each curve stats from the left side of Vg = 0 line (y-axis) and
increases rapidly just as Vg increases slightly from its negative value. At Vg = 0, I becomes
almost equal to I and the ratio I / Iy is called the current gain, «, in CBC. Afterwards, the
curves become almost parallel to x —axis which means that I, becomes constant.

This family of output characteristic curves has three regions. These are: saturation region, cutoff
region, and active region.

The region where the value of I increases with the increase in Vg, is called the saturation
region. Certainly, this region is to the left of V.5 = 0 line (or y-axis). In this region both the B-E
and the B-C junctions are forward biased.

As we know, when the emitter terminal is open, i.e., when Iy = 0, a very small current I.p, flows
through the collector. On the output characteristic curve this line passes almost along the x-axis.
The region below this curve is called the cutoff region. In this cutoff region both the junctions are
reverse biased. The cutoff and saturation regions are used when a transistor works as a switch.

The region in between the saturation and the cutoff regions is called the active region. In this region,
the B-E junction is forward biased (as I; > 0) and the B-C junction is reverse biased by V5. This is the
region where a transistor works as an amplifier. In this region, with a very large change in the output
voltage, Vg, practically no change is found in I. This ensures a very large output resistance of the
transistor in active region (r, = ).

In addition to these three regions, there is another region called breakdown region, were we
should not operate a transistor because in this region the transistor breaks down (burns out).

3.7 Characteristics of a Transistor in CEC

In common emitter configuration (CEC), the emitter is common to both input circuit and output
circuit as shown in Fig.3-12. The base-emitter voltage Vg is the input voltage and the base
current I is the input current. On the other hand, collector-emitter voltage, Vg, is the output
voltage and the collector current I is the output current. For proper understanding of this
configuration we have to describe
some parameters and expressions.

Current Gain Beta (f8)

Unlike the CB configuration CE
configuration gives high current
gain which is defined as the ratio of
the output current, I, to the input
current, I, and is denoted by beta Fig.3-12: Common emitter configuration circuits
(B). It can be measured for both DC (a) NPN (b) PNP

current and AC current as,

= (b

DC output current I,

ﬁdc (3'9)

The value of ;. is much greater than unity and depends on the value of a .

~ DCinputcurrent Iy




_ Changein /¢ Al

ﬁac _AIB

" Change in I (3-10)

Vcg(constant) Vcg(constant)

Bac is also called common-emitter forward-current amplification factor. On datasheets [, is
normally referred to as hpg and B, is referred as hg,.

Relation Between a and f
From transistor action, we find

Ig = Icanyy +Icgo + 1Ig = Ic + Ig [ Icanyy + Iepo = Ic]
Dividing both side of this equation by I, we get

Ie ;. I
I Ic
1 1+ 1
or, =
Ic/1Ig Ic/1g
I I Open
[+ S~ aand < =p]
E Ip
1 1 1
—=14+- or, ——1=-—
@ a B Fig.3-13: Leakage current in CEC (a) NPN,
l—a 1 and (b) PNP transistor.
or, =—=
a B
S (3-11)
p= l1—a

Leakage Current in CEC ( I ko)

Like the CB configuration, CE configuration also produces a leakage current due to the thermally
generated minority carriers. Fig.3-13 shows CE circuits where the base-emitter circuits are open
but the reverse biasing voltage sources (V) remain connected. The only current that can flow is
the minority carriers reverse current through the C-B junction. It is designated as I-go; Collector
to Emitter current with the base Open. Although, it is called ‘reverse’ current it flows in the same
direction as the majority carriers collector current. -5 is directly related to I-5o- The relation is,

| Icpo = (B + 1)ICBO| (3-12)
And the expression of the collector current will be,
| Ic = Bl + Icgo] (3-13)

Example 4:

Applying appropriate biasing voltage in a PNP germanium transistor, two ammeters are connected
to the collector and base. The readings of the meters are 61 mA and 0.4 mA, respectively. If the
value of § of the transistor is 150, calculate the leakage currents, I-ro and I¢pe.
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Solution:
Since the reading of the two ammeters are 61 mA and 0.4 mA, the value of I = 61 mA and
Iz = 0.4 mA.

We know that [Equ.(3-13)],
Ic = Blg + Icko
or, Icpo =Ic — Blp
or, Icpo = 61 mA — 150 X 0.4 mA = 1 mA [Ans. ]

Again we know that [Equ.(3-12)],

Icgo = (B + Dlcpo
| g 1mA
B0 B 4+1 150+1
Comments: The value of leackage current (I-gp) is larger in CEC than that in CBC (I¢p0)-

or, ~ 6.62 pA [Ans. |

Input Characteristics

The input characteristic shows the relation between the input current, Iz, and the input voltage,
VgE, for a fixed value of collector-emitter voltage, V5. The arrangement is shown in Fig.3-14. Vg
is gradually changed and Iy is measured for a constant value of Vg using the variable source
Vgp. By plotting the data on a Vg — Iz coordinate system an input characteristic curve is found.
The process is repeated for different values of V5. The family of input characteristic curves are
shown in Fig.3-15.

Vs

Fig.3-14: Circuit for determining transistor characteristics in CEC

The shape of the input characteristic curves resembles that of the CB configuration. The only
difference is, input current Iz decreases with the increase of output voltage V.

Output Characteristics

The output characteristics can be determined using the same circuit of Fig.3-14. For determining
this characteristics, the output voltage, V., is gradually changed and the output current, I, is
measured for different fixed values of input current, Iz. When the measured data are plotted on
an I versus V. coordinate system, we get a family of output characteristic curves (Fig.3-16).
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Ig (WA) Ic (mA)

12 9 Saturation 60 LA
8 .
10 r/gglon _—
— 50
V=2 § "0
80 N 6T~ 40 pA
Ve=10V ”vcfzzov sl ——
60 « . ~Active region O M
"""""""" ] P Q 15=20pA ) !
40 ________________ o 3 i
................ ’ 2 ls=10 A/
20 i ; 1
! 1{ |-Cutoff region -~ ceo-Ig= 0+ BVceo
0 /E,’VBE Ve 0 i J' ;
0 02 04 06 08 10 12 0 5 10 A15 20 25y, (v)
Fig.3-15: Common-emitter input Fig.3-16: Common-emitter output
characteristic (NPN) characteristics (NPN)

Here, also the graph has three regions. The region where I increases with Vg is called the
saturation region. In the saturation region, both the junctions of the transistor are forward
biased. The region below the Iz = 0 line is called the cutoff region where, both the junctions are
reverse biased. The area in between the saturation region and cutoff region, where the curves
are more or less parallel to the x-axis is called the active region.

3.8 Transistor Biasing Circuits
DC Load Line and Operating Point

As discussed before, a transistor can work at different points (regions) of its characteristic curve.
Operating point is the values of output current and voltage actually a transistor works on. For a
fixed value of bias voltage and output resistance (or load resistance) operating point can be at
any location within a line on the output characteristics. This line is called the load line. Or, the
line, drawn on the transistor output characteristics, that gives all possible positions of the
operating point is called the load line.

To draw a load line we will consider a
common-emitter (CE) circuit as shown in
Fig.3-17. We need an expression that
relates I and V. This can easily be found
from the C-E circuit of Fig.3-17. By applying
KVL to C-E loop of this circuit we get,

VCC - ICRL - VCE = 0 (3'14)

or, | Veg = Ve — IcRy | (3-15)

Fig.3-17: Transistor Circuit for determining load line.

Equ.(3-15) is an equation of straight line,
and the line represented by this equation
is called the load line, as defined before. To draw this line on the output characteristics of the
transistor we have to determine two points. Let’s do that.



Point A (V, 0): Ic (mA)
When, I = 0 from Equ.(3-15) we get, 10 (0 h)
B < "Ri/ jp=a0pn
Vee = Ve 8 ﬁ
Point B (0, Vc/R): ol N =3ou 1
— __—Slope =R,
When, Vg = 0, again from the same equation we get, A \(/ Is =20
| Vee , DC load Iinff\\ Is=10 pA
c= N Vee, 0
RL IB=O\ /( cc, 0)
Now, if we put these points on the output 0 5 10 15 20 A25y_(y)
characterlstlc.s of the transtlsto.r and connect them we Fig.3-18: Load line drawn on the
get the load line as shown in Fig.3-18. output characteristic curves
Equation (3-14) can be written as,
le = = -Veg + -5 (316
c= R, CE R,

Now, equation (3-16) is comparable with a standard equation of straight line,

y=mx+c (3-17)
Comparing equations (3-16) and (3-17) we find that, the slope of the load line is —1/R; and
Ve /R, is the y-intercept. Thus, the shape of the load-line completely depends on the values of
Vcc and R;.

If the values of V¢ and R;, are fixed the operating point of the transistor can change only along
this load line depending on the values of Iz. For example, if the value of Iz increases (with
constant values of V.- and R;) the operating point

. . . Ic (mA)
will move toward the point B and if Iz decreases the 10 ‘
operating point will move to point A. But, for a fixed Vee
value of Ig, the operating point also be fixed as 8 L
shown in Fig.3-19 Operating point

g. . 6 ‘\ or Q-point

Thus, the intersecting point of the DC load line and L \/ =
the output characteristic curve of a transistor is ‘I\\leoad line

called the operating point. It is also called the
quiescent point or simply Q-point. Therefore, a Q-
point gives a fixed value of output voltage and output
current which are represented as Vg and I¢q.

1
;ch Vee
0 5 10 15 20 25 Ve (V)

Fig.3-19: Operating point (intersection
of load line and a fixed output
characteristic curve).

3.9 Transistor Biasing Circuits
In Fig.3-17 we have seen how a transistor can be biased properly using a single voltage source
(battery or power supply). This is the simplest form of biasing circuit. To achieve the fixed
operating point, there are many other biasing circuits. The names of different biasing circuits are:

a) Fixed bias or base bias
b) Base bias with emitter feedback or emitter bias



c) Collector-to-base bias
d) Voltage divider bias

3.10 Fixed Bias Circuit

The simplest biasing circuit for
transistor is the fixed bias

which is shown in Fig.3-20(a). S

The collector resistor used in a (b)

transistor circuit is also called Fig.3-20: Fixed bias circuit, (a) Complete circuit, (b) B-E loop,
the load resistance. For biasing and (c) C-E loop

only a fixed resistance is used

in the base circuit. That’s why, this circuit is called fixed bias or base bias. The value of the supply
voltage and Ry sets a base current, Iz. Depending on the [ of the transistor a collector current is
developed. V- is determined by I, R and V... The target of the biasing circuit is to set a DC
operating point or bias point.

Applying KVL in the base-emitter circuit [Fig.3-20(b)] we get,
Vee =IgRp = Vg =0

or, IgRpg = Vee — Vig

Vee — Ve
Iy = Ipg = 2% (3-18)
B

Using this equation we can easily calculate the value of I. As, this value determines the position
of Q-point, it is also represented by Ig.

If we know the value of  of the transistor, the collector current can be calculated as,

Ic =lcqg = Bl + Icpo
But we know, I = (B + Dicpo = 0.

|Ic =lcg = Blpg+ (B + Dlcpo = :BIB| (3-19)
Now, applying KVL in the collector-emitter circuit [Fig.3-20(c)] we get,
Vee =IcRc = Veg =0

|VCE = Vego = Vee — ICRC| (3-20)

Using the equations (3-18) to (3-20), we can calculate the value of Ig, I and Vg corresponding
the operating point of the base bias circuit.

Example 3-2:

Assuming Vo =12V, Rp =180k, R =1kQ and a silicon transistor with £ = 100,
determine the operating point of the circuit of Fig.3-20(a). Sketch the load line and show the Q-
point. Also calculate the saturation current considering Veg(sar) = 0.5 V.
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Solution:

Using Equ.(3-18), the base current of the bias point is,
Vee =V 12V —-0.7V

Igp = ~ 62.8 uA
BQ Ry 180 kQ "
Using Equ.(3-19), collector current at the bias point is, Ic (mA)
Ieq = Bl + (B + Dlcgo ~ Bl = 100 X (62.8 pA) 12 Load line
~ 6.28 mA [Ans. ] . Q-point
Us!ng .Equ.(3.20), collector-emitter voltage at the operating e ' =T
point s, 4 Efs.zs mA!
Veeg = Vee — IcgRe = 12V — (6.28 mA) x (1 kQ) 2| Vs 72y 5
= 5.72 V [Ans. | 0 :
0 2 4 6 8 10 12 V (V)
The calculated operating point and the load line is drawn in
Fig.3-21. Fig.3-21: Load line and Q-point

. of example 3-2.
The saturation current can be calculated from Equ.(3-20)

as,
Vegg =Vee — IcRe o, 0.5V=12V -1 x1kQ
12V- 05V
le="Tka
Comments: The load line and the operating point have been drawn using the method described
in Section 3.8.

= 11.5 mA [Ans.]

3.11 Fixed Bias with Emitter Feedback

This biasing circuit (also called emitter bias) is exactly same as fixed bias, but an additional
resistor (Rg) is used in the emitter terminal as shown in Fig.3-22(a). The function of Ry is to
provide better stability of the DC operating point. The emitter resistor applies a voltage to the
input circuit which is proportional to the output current. This mechanism is called feedback. For
this reason Ry is called emitter feedback resistor.

Calculation of Operating Point:
From the forward biased B-E circuit, using KVL [Fig.3-22(b)] we get,
Vec = IgRp = Vpg = Vg =0

or, VCC_IBRB_VBE_IEREzo
or, Vec = 1gRg — Vg — (B + DIgRg = 0 [~ Iz = (B + D]

or, Ig[Rp + (B + DRg] = Vee — Vg



_ Vee — Vae
Rg + (B + 1Rg

(3-21)

8

Y | —

() = (c)
Fig.3-22: Fixed bias with emitter resistor, (a) Complete circuit, (b) B-E loop, and (c) C-E loop.

Once, I is found, the collector current can be calculated as,
Ic = Blg + Icko

As the value of I-go is small, sometimes we neglect this leakage current. Then we can write,

22
Now, applying KVL, in the C-E loop of Fig.3-22(c) we get,
Vec —IcRc = Veg — IgRg = 0
or, Vee =IcRe = Veg —IcRg = 0 [+ Ig = I¢]

\Vee = Vee — Ic(Re + Rg)| (3-23)

Using equations (3-21), (3-22) and (3-23), the operating point of the circuit can easily be
calculated.

Stabilization Mechanism:
From the forward biased B-E circuit we have found,

Vec = IgRp = Vpg = Vg =0

Vee — Ve — Rgl
Iy = cc ~ VBE E'E (3-24)
Rp

For fixed values of V¢, Vg, and R the value of Iy will be fixed. Now, if due to the increase in
temperature collector current I increases, Iy will also increase. Hence, according to Equ.(3-24),
I will decrease. With this decrease in I, collector current I, will decrease. In this way any
attempt to increase I will automatically be adjusted. On the other hand, if I decrease from the
DC bias point due to decrease in temperature, Iz Rg will decrease, Iy will increase and I will also
increase.



Thevenin’s™—=
Theorem (b)

Thevenin's =
(c) Theorem

Fig.3-23: (a) Voltage divider bias circuit, (b) Location of Thevenin’s theorem, (c) Fig. b is redrawn.

3.12 Voltage Divider Bias

Voltage divider biasing circuit, shown in Fig.3-23(a), is
the best among all the biasing circuits. Here, V¢ is
divided using a voltage divider network (R; — R;) and
then applied to base. For this reason, it is called voltage
divider bias. It is also called self bias. By changing the
ratio of R; and R, any value of voltage (Vg) can be set
for the base circuit.

Calculation of the Operating point

The circuit can be analyzed in two methods: exact
method and approximate method. Exact method can
be used for all voltage divider biasing circuit but not the
approximate method. We will see the exact analysis
method here.

First, we have to determine the Thevenin’s equivalent
circuit of the voltage divider portion, i.e., at the base-
emitter terminals as shown in Fig.3-23(b) and 3-23(c).

Vee=0 R:iZ €= _RiR

Fig.3.24: (a) Circuit for Ey, calculation,
(b) Circuit for Ry, calculation.

Epp Calculation: Thevenin’s voltage will be the open circuit voltage across R, [see Fig.3-24(a)].

Applying voltage divider rule we get,

Eth =Vgy =

VecR,
Ri + R,

(3-25)

Ry, Calculation: To calculate Ry, first we have to replace the voltage source by short circuit as
shown in Fig.3-24(b). Looking at the B and G terminals we find that R; and R, are in parallel.

Therefore the Thevenin’s resistance will be,

RTh = R1” Rz =

RiR;
R +R,

(3-26)




Now, if we redraw the biasing circuit using the Thevenin’s equivalent, we get the circuit of Fig.3-
25 (only the input loop is shown).

To calculate the value of Iz (which is also Igg), let us apply KVL in the base-emitter circuit of
Fig.3-25.
Ety = IpRth — Vpg — IgRg = 0 (3-27)
or, Erp — IgRry — Vgg — (B + DIgRg = 0 [+ Iy = (B + 1)Ig]
or, Ig[Rry + (B + DRg] = Ern — Vg

- Eth — Ve
PO Ren + (B + DR

Iy = (3-28)

Therefore, the value of collector current will be,

~__ B(Eth—Vsp) )
le=log=bs=p S GrorR, %

The collector-emitter loop will be exactly same as in the Fig.3-  Fig-3-25: Base-emitter loop with
22(c). Applying KVL to that loop, Thevenin’s equivalent circuit.

Vee —IcRc = Veg —IgRg = 0
or, Vec —IcRe —Veg — IcRg = 0 [+ [g = I¢]
or, VCC - IC(RC + RE) - VCE =0

or, \Vee = Vepg = Vec = Ic(Re + Rp))| (3-30)

Using Equ.(3-28) to (3-30) the exact position of the operating point of voltage divider bias circuit
can be calculated.

Example 3-3

For the voltage divider biasing circuit of Fig.3-26, calculate
the following using exact analysis. (i) Igq, (ii) I¢q, (i) Vcgg,
(iv) Vg, and (v) Vge.

Solution:

Values of Epy, and Ry, can be calculated using Equ.(3-25)
and Equ.(3-26) as,
VeeR 12V (4.7 kQ
Erp = —=2 = ( ) L211v , R
Ri+R, (224+4.7)kQ Fig.3-26: Voltage divider bias
R.R (4.7 kQ) (22 kQ) circuit for Example 3-3.
112 :
R = =
™™R, +R, (22+47)kQ

~ 3.87 kQ

The biasing base current can be calculated using Equ.(3-28),
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o Bm—Ver 211V =107V
BC ™ Rin + (B+ DR~ 3.87kQ+ (100 + 1)1.5 kQ

Now the quiescent collector current will be,

Ico = Bls = 100 X (9.08 pA) = 0.908 mA [Ans. |

~ 9.08 pA [Ans. ]

Using Equ.(3-30), we can calculate Vg,
Verg = Vee —Ic(Re + Rg) =12V —0.909 mA X (5.6 k2 + 1.5kQ) ~ 5.55V [Ans.]
Vg and Vi can be calculated multiplying R and R by the current flowing through them.
Vg =Vgg = Rg XIg = Rg XIgg = 1.5kQ X 0.908mA =~ 1.36 V [Ans. ]
Vee = Rc X Igg = 5.6k X 0.908 mA ~ 5.1V [Ans. |

Comments: As Vg = Vi the operating point of the transistor will be at the middle of the load
line which is a good design approach.

3.13 Transistor Modeling

To analyze transistor circuits, it is convenient to represent the transistor by its equivalent circuit.
The process of representing a transistor by an equivalent circuit is called modeling. There are
different types of transistor modeling or equivalent circuits. Here, we will discuss only the 7,
modeling. An NPN transistor circuit in common-emitter configuration is shown in Fig.3-27(a).
Assume that the transistor is biased in the active region. We may consider this circuit as a four-
terminal or a two-port network, keeping the emitter common to both the input and output port.
Therefore, B and E will be in the input port, and the C and E will be in the output port. In a four-
terminal network the
directions of currents
(i, and J,) and the
polarities of voltages
(v;, and v,) are always
as shown in this figure.
Here, the parameters
are  written  using
lower-case letters to
represent the AC
values (e.g. i, ip).

In a CE circuit, the
input current  (ip)
flows through a Fig.3-27:(a) NPN transistor in CEC, (b) Diode equivalent circuit, (c) Diode is
forward biased B-E replaced by 1, and (d) r, equivalent circuit

junction, and due to

the transistor action a large current flows through the collector terminal. The value of the

o =



collector current is Bij. We can consider the input side as a forward biased diode and the output
side as a dependent current source whose value is i, = fi,. Thus, the transistor can be
represented by a diode and a current source as in Fig.3-27(b). A forward biased diode after the
knee point behaves like a resistor. So, the diode can be replaced by a resistor, which results in
the circuit of Fig.3-27(c). Generally, these equivalent circuits are used for AC analysis. So, 1, is the
AC resistance (or dynamic resistance) of the forward biased B-E junction and given by,

26 mV 26 mV
T = +1rg =
Ig Ig

Here, rg is the base spreading resistance. As the value of 1y is very small, it can be neglected. In
calculating the value of 7, the quiescent emitter current (/) is used.

(3-31)

Now, for the simplicity of calculation, we want to separate the input circuit from the output
circuit. From the Fig.3-27(c), we can write,

v = ol = ip(B + D1 = i BT (3-32)
From Equ.(3-32), we find that the emitter resistance 7, is reflected to the base circuit being
multiplied by a factor (8 + 1). With this concept the circuit of Fig.3-27(c) can be drawn as in
Fig.3-27(d). At the output circuit, we have to consider the output impedance (or resistance) that
can be calculated as,
_AVeg
o = AL
So by connecting 1, is parallel with the current source, the final equivalent circuit of a transistor
in CE configuration is as shown in Fig.3-27(d).

(3-33)

3.14 Single-Stage Common-Emitter Amplifier

Common-emitter (CE) amplifier is mostly used in electronic circuits. CE amplifier has reasonably
high voltage gain, moderate current gain, medium input impedance, and high output impedance.
In addition to voltage amplification this amplifier produces 180° phase difference between the
input and output signals. If we do not need phase-shift, we can eliminate it by cascading even
number of CE amplifier stages.

A CE amplifier is shown in Fig.3-28 that shows the changes of voltage levels at different points of
the amplifier. The input signal (vg) is considered as a sinusoidal AC signal with very small peak-to-
peak value. When this signal passes through the input-coupling capacitor (C;.), it is superimposed
with the base-voltage V. So the base-voltage changes in-phase with the input signal. When the
input signal increases, the base-voltage also increases, and hence, the base current increases.
Because of the increase in base-current, collector-current also increases (~ i, = fi,). When the
collector-current increases, the voltage-drop across the collector-resistor (R.) increases.
Therefore, the voltage level at the collector terminal (that was initially V) decreases. As the
output is taken from the collector, the output voltage decreases. The reverse process occurs
when the input signal decreases. A small change in base current produces a very large change in
collector current, and an amplified voltage is produced at the collector. The collector-voltage
swings in the same frequency and shape of the input signal but 180° out off phase.
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Fig.3-28: Waveforms of current and voltage swings at different points of CE amplifier

The amplified signal at the collector terminal has a DC voltage level as shown in Fig.3-28. When
this signal passes through the output-coupling capacitor (C,.), the capacitor blocks the DC
voltage and the load resistor gets the pure amplified AC signal.

The voltage gain of this amplifier is given by

v 7, Il Rc I R
Ay=_0=_(0" C” L) (3_34)
Vin Te
where, 7, =is the emitter resistance given by Equ.(3-31).
Generally, 7, (output resistance of the transistor) is very large and can be neglected.

_(Rc IRy
re

w A, ~ (3-35)

R
If R} is not connected, i.e., considering Ry = o0 = [A4, = —r—C (3-36)
e

Frequency Response of an Amplifier

The frequency response of any electronic device or system is the variation (if any) in the level of
its output signal when the frequency of the input signal is changed. In other words, frequency
response is the manner in which the device or the system responds to the change of frequency of
input signal. The output voltage and, hence, the gain of an amplifier decreases for very low and
for very high frequency of input signal, even, if the amplitude of the input remains same. This
situation is illustrated in Fig.3-29. In this figure, the amplitude of the input signal is same for
three cases, but the frequency has been changed. In the first case [Fig.3-29 (a)], the frequency of
the input signal is very low and hence the amplitude of the output signal is lower than that of
input signal. It means that the input signal has been attenuated at the output, due to its very low
frequency. Similarly, the input signal has been attenuated at the output due to very high



frequency as shown in Fig.3-29(c). v, v,

On the other hand, in Fig.3-29(b) —{Amblifier —°
) ) ’ - ¢ plifier
the input signal has medium % ol 4, | = >t
frequency and, therefore, has Very low frequency () Attenuated
been properly amplified at the Vin Vo
output. ol -
QVAVAVAV—’I‘ Amplifier t
Although here the cases of three — A [
. . Medium frequency Amplified
discrete frequencies have been (b)
explained, the gain of the Vin Vo
amplifier increases gradually with MMMWM ¢ S |amplifien| ’,,,m,,,” ;
the increase in frequency. At the — A -
medium frequency range the Very high frequency © Attenuated

amplifier gives the maximum gain.
Again for higher frequencies, the
gain of the amplifier falls
gradually. This  situation is

Fig.3-29: Response of an amplifier to different
frequency-inputs

illustrated in Fig.3-30. The graph A ANNNNNAND AN DD 0 js £

shows the change of gain of the Vin VVVVVVVVYTVEE

amplifier with the change in - AAAAAAAA— ¢

frequency. This graph is called the A |z

frequency response of an v i
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The phase response of any

. . . response ! response '
electronic device or system is the e ———
variation phase angle of its output 10 {‘lo 10 10 10 ’;” 10" f(logscale)
signal when the frequency of the Lower cut-off Higher cut-off
input signal is changed. Variation frequency frequency
of the level (amplitude, or RMS Fig.3-30: Frequency response of a typical amplifier

value) of the output signal is
usually accomplished by a variation in the phase angle of the output relative to the input signal.
Due to the page limitation, the phase response has not been discussed here.

3.15 Transistor as a Switch

BJT may be used as an amplifier or as a switch. To use the transistors as amplifier the operating
point is set in the active region. But to use as a switch, the transistor is biased in such a way that
it can operate either in the cutoff region (OFF switch) or in the saturation region (ON switch).
Fig.3-31 shows how a transistor can be used as a switch. The controlling voltage V; will drive the
switch ON/OFF. Here, the collector resistor, R, works as the load for the switch. In our home,
we use manual switch, but the transistor is a voltage controlled switch. Hence, it can be drived by
some other controlling circuits (such as a microcontroller based circuit).
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Fig.3-31: Switching action of transistor (a) Switching circuit, (b) Transistor
is open (OFF). and (c) Transistor is closed (ON).

When the driving voltage is high (greater that 1 V), the B-E
junction will be forward biased and current will flow
through the load. The transistor will be saturated, i.e., the
value of Vg will be minimum (Veg(sar) = 0.2 V) and the
transistor will work as an ON switch. Almost the full supply
voltage (Vo) will be dropped across the load. But if the
driving system provides low voltage (less than 0.5 V), the B-
E junction will not be forward biased, and hence, the
transistor will work as OFF switch and only the leakage
current Icgo will flow through the load. Almost the full
supply voltage will be dropped across the transistor, i.e.,
Veg = Vee. As the current is almost zero, the load will not
get power. When used as switch, the transistor operates
either in saturation or cutoff region as shown in Fig.3-32.

3.16 Practical Transistors

In the market a lot of transistors are available with different
sizes and shapes. All of them have different specifications.

=
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(@) Vee (V)
Ic (mA)

Q-point
L&~ (ON switch)

Load line

Q-point
(OIFF switch)
\ AN 4

leeo

VCE(sat) Ve (V)

(b)
Fig.3-32: Load line of transistor
switch (a) Ideal transistor, and (b)
Practical transistor
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\ 3- emitter 1
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TIP50, 2N6107
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TIP137, 2SC2331
TIP120, NTE2312 2
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bl""i F’Iower High power 2N4401, ZTX453 12 TIp3055, Ccsa1301F
etal case Metal case PN100, ZTX449 BUS08C, MJW21195

Fig.3-33: Photographs of different transistors
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Fig.3-34 : Pin diagrams of some common transistors



Some are for low power and some are for high power. Some transistors have large bandwidth
and some have low bandwidth. Though, the detailed discussion of them is out of scope of this
souvenir, the photographs of some very common transistors are shown in Fig.3-33. On the other
hand, Fig.3-34 shows the terminal names of some common transistors.

3.17 Transistor Testing Using Multimeter

Transistor can be tested (whether good or damaged)
using a multimeter by measuring hgg (= ). The transistor
has to be removed from the circuit and placed on the hpg
measuring slot as shown in Fig.3-35. The multimeter has
eight connecting holes for this purpose. Four holes are for
NPN transistor, and four holes for PNP transistor. The
transistor has to be inserted into the appropriate holes,
i.e., the B,E,C terminals of the transistor must be
inserted into the B,E,C holes of the multimeter,
respectively. The multimeter must show the value of DAL e
B (or hgg) of the transistor if it is OK. If the multimeter
displays ‘OL’, instead of showing the value of B (hpg),  Fi8-3-35: Transistor testing
then the transistor is not operational. using multimeter

Transistor in hge
measuring slots

\ |
V= 1000 BEF 150 .
e\

, v

On the other hand, if the multimeter has no f (hrg) measuring facility, a transistor can be
tested by measuring the PN junctions between E-B and B-C terminals. If the transistor is OK, the
forward biased PN junction should give the reading of the barrier voltage as shown in Fig.3-36(a).
On the other hand, the reverse biased PN junction should give high resistance (‘OL’) reading as
shown in Fig.3-36(b). A damaged (internally opened) transistor may show ‘OL’ in both forward
biased and reverse biased conditions (not shown in the figure). A damaged (internally shorted)
transistor may show ‘0 V' in both forward biased and reverse biased conditions.

S _Reading of S _Recading of
B v forward NPN k. 8‘..% reverse NPN
. . . biased PN Transistor i N . biased PN Transistor

oo 2| junction orfiso - junction

.......
P

MULTIMETER =

Gl
MULTIMETER =

(a) E-B and C-B PN junctions (b) E-B and C-B PN junctions are
are forward biased reverse biased

Fig.3-36: Transistor testing using multimeter
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CHAPTER

4.1 Introduction

The main problem of BJTs is their low input resistance. The
solution of this problem is another device called Field-Effect
Transistor or FET. While BJT is a current-controlled device, FET
is a voltage-controlled device. The controlling voltage (input
voltage) does not produce any current but an electric field to
control the output current. As the output current is controlled
by the electric field, the device is called the Field-Effect
Transistor (FET).

4.2 Comparison of FE'T with B]'T

Both BJTs and FETs can be employed as amplifiers and
switches. The comparisons of BJTs and FETs are given in Table
4.1.

Table: 4.1 Comparison of FET and BJT

FET BJT
e FET is a unipolar | ¢ BIT is a bipolar
semiconductor device semiconductor  device
because its operation because both the
depends upon the flow majority carriers and
of only majority carriers, minority carriers of the
i.e.,, either holes or device constitute the
electrons. current.
e The input impedance of | ¢ The input impedance of
FET is much larger than BJT is very lower than
that of BJT. that of FET.




FET is a voltage-controlled device.

BJT is a current-controlled device.

FET has higher frequency response, i.e., it
can work with higher frequencies.

BJT has comparatively lower frequency
response, i.e., it cannot work with higher
frequencies.

FET provides better thermal stability
because of the absence of minority
carriers.

Due to the minority carriers BJT provides
less thermal stability: if not properly
controlled, thermal damage may occur.

The relationship between input and
output quantities is nonlinear.

The relationship between input and
output quantities is almost linear.

FET has small gain-bandwidth product.

BJT has higher gain-bandwidth product.

Switching speed of FET is high.

Switching speed of BJT is low.

FET is generally costlier than BJT.

BJT is relatively cheaper than FET.

4.3 Classification of FET

Although there are many types of Field-Effect Transistors, two of them are most commonly used.
These are Junction Field-Effect Transistors (JFET) and Metal-Oxide-Semiconductor Field-Effect
Transistor (MOSFET). According to their construction and types of semiconductor materials used
for fabrication, they are further classified into different types. The classification of Field-Effect
Transistors with their names and symbols is given in the following tree (Fig.4-1).

The Field-Effect
Transistor (FET)
¥
Junction FET

N channel P channel

7
Metal-Oxide-
Semiconductor FET

Enhancement
MOSFET

LR
€6

Fig.4-1: Different types of field-effect transistors

Y
Depletion
MOSFET

N channel P channel

4.4 Construction of Junction Field-Effect Transistor (JFET)

Like the BITs, field-effect transistors are also three-terminal device. The names of the terminals
are: Drain (D), Source (S) and Gate (G). As shown in Fig.4-2, the construction of a FET may starts
from an N-type or a P-type semiconductor bar. Let us start with an N-type semiconductor bar. On
both opposite sides of the N-type materials, two P-type semiconductors are embedded. Metal



contacts are given to these P-type materials and are internally shorted together. This common
terminal behaves as the Gate(G) of the device. Similarly, two metal contacts are produced on the

T Drain (D) Drain (D) T Drain (D) T Drain (D)
N P
] P
T T :| ] T % T §:|
— § £ LIy —Lfi £ el ER
Gate (G S Gate (G) Gate (G) S Gate (G) 2
h R h— RS “ zh‘-
N Kl I, p
ISOUI’CE (S) lSOUFCE (S) [Source (S) J>Source (S)
(a) (b) (c) (d)

Fig.4-2: Construction of JFET: (a), (b) N-channel and (c), (d) P-channel.

two opposite ends of the N-type semiconductor.
One of them is called the Drain (D) and the other is Source‘f Gate

Source

called the Source (S). The region of N-type material _—

between the two P-type regions is called the '_',_ i
channel. Since, the channel is N-type semi- I Gats
conductor, this type of structure is called N-

channel Junction Field-Effect Transistor. On the ® Drain

other hand, if the starting semiconductor is P-type J,Drain

and two N-type semiconductors are embedded in
the opposite faces, the resultant device is called
the P-channel JFET [Fig.4-2(a and c)].

Fig.4-3: Water-tap analogy of FET

An analogy called water-tap
analogy helps to understand D
the function of the terminals

of a FET. As shown in Fig.4-3,
) =
water falls to the drain from G B B Vo Z Voo
=N
N

source. The flow of water can
be controlled by the key of vi=0

the tap, which is equivalent “{;
to the gate of the FET. In a —+- =
FET, electrons flow from the = (@)

Fig.4-4: Biasing circuit of an N-channel JFET: (a) Block diagram,
and (b) Schematic diagram

source to the drain. The flow
of electrons can be controlled
by the gate.

4.5 Operation of Junction Field-Effect Transistor (JFET)

Here, the operation of an N-channel JFET is explained. The operation process of the P-channel
JFET will be same but the polarity of the biasing voltage, and the direction of current will be

Basic



opposite. The drain of an N-channel JFET has to be connected to higher potential and the source
to the lower potential as in Fig.4-4 (i.e., Vps > 0V). The

gate terminal is never forward biased. It is either reverse Vo
biased (Vg < 0V) or connected to ground (Vg =0V). Di
Therefore, the operation of JFET will be explained for two N
conditions.

VGSZOVandVD5>0V G

For proper biasing of N-channel JFET, a potential difference
Vps is established by connecting the positive terminal of an
external voltage source (Vpp) to drain, and the negative {
terminal to ground. The source terminal (S) is connected to —1-
ground. To make Vg =0, gate terminal (G) is also ) =
connected to ground as shown in Fig.4-4. As there exists a Fig:4-5: Vps is distributed along

. . the resistance of channel
continuous N-type channel between the drain and source,
electrons flow from source to drain, and the conventional
current flows from drain to source and is limited by the resistance of the channel. This current is
denoted as Ip. The junctions between the P-type gates and the N-type channel will be reverse
biased as P-type gates are connected to ground. To understand this, let us represent the
continuous resistance of the channel by three equal discrete resistors as shown in Fig.4-5. The

VGS=O

AL
S

potential at point A will be positive with respect to ground and its value will be %VDS. As the

1 . . . .
gates are connected to ground, the gVDS voltage will reverse biase the PN junction between the

P-type gates and N-type channel. As the N-channel is lightly doped and P-type gates are highly
doped, the width of the depletion layer will increase more in the channel than in the gates. The

potential at point B will be %VDS. Therefore, the PN junction at pint B will be reverse biased by

%VDS. In this way, the reverse bias voltage will gradually increase from source to drain. So, the
width of the depletion layer will be higher at the

drain side than the source side. Thus, the depletion Io (mA)
layer in the channel will achieve a shave called

R Ipss 12
wedge shape, as shown in Fig.4-5. 0 Ves=0V
Now if the value of Vpg is increased gradually, the 8 /
reverse bias of the PN junctions increase and the 6 /
width of the .depletion layers also increase. Thus, ‘21 / ' pinch-off voltage
the cross-sectional area of the channel decreases.

0

With the decrease of cross-sectional area, the 02 4 6 8 10 14 16 18 v, (V)
resistance of the channel increases. Therefore, with
the increase in Vpg, Ip increases, but the rate of
change will decrease due to the increase of
resistance.

Fig.4-6: Variation of Ip with Vs (Output
characteristics)

If we go on increasing Vs, the width of the depletion regions in the channel will be so large that,
they will almost touch each other at a point near the drain end. This situation is called pinch-off,



as shown in Fig.4-7. The value of Vps for which pinch-off occurs is called the pinch-off voltage,
Vp. If the value of Vs is increased further beyond |Vp|, drain current I, does not increase. The
maximum drain current produced at Vpg = |Vp| with Vg =0 is called Drain-to-Source
Saturation current and is denoted as I pgs.

Therefore, keeping Vs = 0, if we gradually increase Vpg, Ip
increases up to Vpg = |Vp|. At this point the drain current is D9 Vos= | V5l
maximum which is Ipgs. If Vg is increased further the drain

current remains constant at Igs. The variation of I, with V¢
is shown in the graph of Fig.4-6.

V65<0vandVD5>0V

If a small negative voltage is applied between the gate and Vas=0

source, say Vg = —1V, the gate-channel PN junction will be
initially reverse biased and the channel width will reduce. 1

Now, if Vs is gradually increased, I will also increase. But, as Fig.4-7: Pinch-off occurs when
the width of the channel is lower than that for V; =0V, Vps =Vp.

pinch-off will occur for lower values of Vg and the maximum

drain current will be lower than Igs. In fact, now, pinch-off will occur at Vpg = |Vp| — 1V. If Vg
is increased further (beyond |Vp| — 1 V), drain current will remain constant as before. The output
characteristic curve for this situation is shown in Fig.4-8.

D{{/_D + Ip (mA)
14

12
10
G — VDS iVDD IDSS _8- T VG = -1 V
T 6 /' '
4 i
Ves Vs / |
¢ (2) E‘Pinch-off voltage
+ - 02 4 6 8 10 14 16 18 V4 (V)
(a) (b)
Fig.4-8: Operation of JFET for Vg < OV: (a) Biasing circuit, and (b) Output
characteristic curve
If the procedure, we have just described, is repeated with Vg = —2V, and V5 = —3 V etc., we

will find the graphs of same shape but lower values of drain current. Now pinch-off will occur at
Vps = |Vp| — 2V and Vs = |Vp| — 3V, respectively. Finally, if we set Vg = —Vp, pinch-off will
occur at Vpg = |Vp| — Vp = 0 V. Due to this pinch-off at Vg = 0V, the device will be completely
OFF and no drain current will flow. This value of gate-source voltage for which the device is cut-
off, is called gate-to-source cutoff voltage and denoted by V¢s(cusors)- In fact, Visccutorr) = V-

If the pinch-off points of different output curves are joined together, we will get a parabola as
shown by the dashed line in the output characteristic curves. The values of Vs on this parabola
are called drain-source saturation voltage, Vpg(sqr). At any value of Vg, the corresponding



value of Vpgsqr) is the difference between V5 and Vp, i.e., Vpgisar) = IVpl — [Vgsl. The shape of
the parabola is determined by the constants Ipss and Vp and is given by the following equation:

Vps(san)\’ Vos\* ]
Ip = Ipss (V—:a) = Ipss (1 - —) (4-1)

4.5.1 Output Characteristics

In any field-effect transistor (for common-source configuration), the drain current, I is the
output current and the drain-source voltage Vs is the output voltage. The gate-source voltage,
Vs is the input voltage. Being the voltage-controlled device, the input current of FET is negligibly
small. Therefore, the I, — Vps characteristic curves described in the operation of JFET are the
output characteristics. A set of output characteristic curves is shown in Fig.4-9(b). The region
between the y-axis and the parabola is called the voltage-controlled resistance region or ohmic
region. In this region, the channel-resistance is controlled by Vs as we have found before. Here,
the output current, I, increases with the increase in output voltage (V) for a fixed value of
Ves < 0 V. The intersecting point of any output curve with the parabola is called the saturation
voltage Vpg(sar)- The region on the right of the parabola is called the active region or pinch-off
region. In this region, Ip remains almost constant though the output voltage Vs is increased.
This is the region where a FET works as an amplifier.

14 14 Volt7ge-controlled resistance
Vos=OV |}
12 loss12 / e,
s [l >
Transfer characteristics 10 10 1! parabola: joining points ! Breakdown
¥ where pinch-off occurs region
Al 8 8 1 N Vgs= =1V i
= U
Im = Wes 6 6 |-ffotL-Active region
4 4 // ’II Q \/. =-\/
Vigs==2V
/ Aly
L 1
VGS\:VP// AVs 0 ol YesmrdVaVez Vo= 3V
Ves(V) 5 4 -3 2 -1 o 0 2/ 6 8 10 14 16 18

(a) (b)

Fig.4-9: (a) Transfer characteristic curve, and (b) Set of output characteristic curves

If Vps is increased beyond the tolerance level of the device, channel breakdown occurs and I,
increases abruptly. In JFET, breakdown is caused by the avalanche mechanism, described in PN
junction chapter. Note that the larger the magnitude of |V;g|, the smaller the value of Vg at
which breakdown occurs [shown in Fig.4-9(b)].

The relation between the input voltage and output current is given by

2 2
I =] VDS(sat) -7 1— VGS (4_2)
D DSS VP DSS VP



4.5.2 Transfer Characteristic

In JFET the output current (Ip) is controlled by the input voltage. The relationship between the
input voltage, Vs and the output current, I, (for common source configuration) for a fixed value
of Vpg > |Vp| is called the transfer characteristic curve. The shape of transfer characteristic
curve is also determined by the values of Vp and Ipgs.

Ip (mA)
Fig.4-10 shows a transfer characteristic curve of an N- 14
channel JFET that has Vp = —4V and Ipss = 12 mA. 412 s
From this graph, it is clear that, by increasing the reverse Transfer characteristics 10
bias voltage of the gate the output current can be /
decreased. When V;s =0V, the drain current is 8
maximum (Ipss) and when Vg = Vp, the output current g _ A 6
becomes zero. The relationship between the input " AVGS/ Al
voltage and the output current is not liner, and this / b )
relationship is given by an empirical formula called V=4V - 0
Shockley’s equation. In fact, this equation is same as the Ves 5 -4 -3 -2 -1 |0

(a)

equation of the parabola of output characteristics. The ) o
Fig.4-10: Transfer characteristic curve

Shockley’s equation is,
V 2
Ip = Ipss (1 - ﬁ) (4-3)
Vp
Here, Ipss and Vp are constants for a particular JFET, output current I is the controlled variable
and the input voltage Vs is the controlling voltage.
The slope of the curve at any point is called trans-conductance, g,, and can be measured as,
vgs AVGS

(SorvU) (4-4)

Vps=constant

Im =

The value of g,, is high at the upper portion of the curve and its value is less at the lower portion
of the curve.

4.6 JFET Biasing Circuits

Like the BJT biasing circuits, there are many biasing
circuits for FETs. Here, only self-biasing circuit is
discussed. This biasing circuit is comparatively better
than fixed-bias circuit. The self-bias circuit for
common-source configuration of N-channel JFET is
shown in Fig.4-11. The drain is connected to the
positive terminal via the load resistance Rp, and
source is connected to ground through Rs. The gate
is connected to ground with a resistor R;. The gate
resistor R has no effect in the biasing condition, but
this resistor helps the input signal to be applied at
the gate terminal. The reverse bias of the gate

Fig.4-11: Self-bias for common-source JFET



terminal is established by the voltage drop across the source resistor R;.
Calculation of Operating Point:
Applying KVL in the input circuit (gate-source of Fig.4-12(a)) we get,
+IcR; — Vs —IgRs =0
+IgRg — Vgs — IpRs = 0 [+ Ip = I]

But for any FET the value of gate current is approximately zero. That is I; = 0. Therefore,

VGS = _IDRS (4'5)
Now putting this value into the Shockley’s equation we get,
Ves\” |IpRs|\*
Ip = Ipss (1 - V_P> = Ipss (1 - Vol ) (4-6)

Equ.(4-6) contains only one variable I, and
some constants. So, solving this equation we
can find the value of Ip. Being a quadratic
equation, it will be little difficult to solve this
equation. In that case we can use the
graphical method to solve this equation.

VDD

Again, applying KVL in the output (drain-
source) circuit, we get,

Vpop —IpRp = Vps —IsRs = 0
v Ip =1Is, ~Vps =Vpp —Ip(Rp + Rs) (4-7) Fig.4-12: Input and output loops of self-bias circuit

Using Equ.(4-7) and Equ.(4-6), the DC
operating point of a fixed bias circuit can be determined. The last equation is also used to draw
the load line.

Determination of Operating Point Using Graphical Method

Without solving the equations

[Equ.(4-6)], we can determine lo(mA)— Ip (mA)

the position of operating point 14 14 (o Vbp )
graphically. For this purpose, 12/, 12 "Rp + R
we have to draw the transfer VR 10 10 /DC load line
characteristics using Equ.(4-3). Fines 8 8 .
_— ) Ipg Q-point
On the transfer characteristic 6 6
curve, we have to draw the 4 4 ;
bias line given by Eq.(4-5) as é (2) VDS\E (Vop, 0)
shown in  Fig4-13. The \ ~<05%—3"3 5 1 o 0 2 4 6 8 10 12 14y, ()

intersecting point of this bias
line  with the transfer
characteristic curve will give Fig.4-13: Determination of operating point using graphical method

(a) Bias line on transfer characteristics  (b) Operating point on load line



the value of quiescent drain current Ip,. After determining the value of I, the value of Vg, can
be calculated using Equ.(4-7) or using the graph. We have to draw the load line and a horizontal
line through the intersecting point on the transfer characteristics. This horizontal line will intersect
the load line and the abscissa of this point is the value of Vjgq. In fact, this point is the DC biasing

point of the FET circuit.

(3) Drain
D
4.7 FET Pin-Diagrams
(2) Gate
Like the BIJTs, FETs are G
manufactured  with  different (1)50‘3rce

packages. The pin diagrams vary
from package to package. Some
very common packages of FETs
with their pin-diagrams are shown

o/

in Fig.4-14.
] ) 123 1,
4.8 Testing Procedure of FET's - "3
. . TO72 package
Like BJTs and diodes, we can JFET
check field-effect  transistors

(FETs) using multimeter. As shown
in Fig.4-2, there are two PN junctions between gate-
drain, and gate-source terminals. In section 2-17, we
discussed how a PN junction can be tested using
multimeter. We can apply the same process to test the
PN junctions of a JFET. As shown in Fig.4-15, the selector
of the multimeter has to be set on ‘Diode Testing
Position’. If the junctions are forward biased, the meter
reads the barrier voltage [Fig.4-15(a)]. But if the
junctions are reverse biased, the meter will show ‘Ol
(over load) [Fig.4-15(b)]. These are the indications of a
good JFET. A faulty JFET will give different readings.

Using the diode testing process, we cannot test a
MOSFET, because the gate (G) is completely isolated
from channel (discussed later). However, using
resistance measurement, we can test if the gate
terminal is short or if the drain and source terminals are
open or short. For resistance measurement, the selector
has to be placed on ‘100 kQ’ position. The resistance
between G-S, and G-D should very high. If the meter
shows low resistance (0 or few ohms), the gate terminal
is shorted. A good DMOSFET will show finite resistance
between drain and source, and a good EMOSFET should
show very high resistance between drain and source.

Basic

(2) Drain
D
(1) Gate
G
S
(3) Source

Q N\

\0
W1
Case

123 DPAK Case
JO220FP DPAK
—— <
MOSFET

Fig.4-14: Pin-diagrams of some common FETs

Reading of
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B B SL biased PN

i
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MULTIMETER -

(@) G-Sand G-D PN junctions are
forward biased

B OU
s 200/ \OFF|f750 V
ﬁ/ L

Reading of
reverse
biased PN
junction

/i

(b) G-Sand G-D PN junctions are
reverse biased

Fig.4-15: JFET testing using multimeter



4.9 Single Stage Common Source Amplifier

Like the BJT CE amplifiers, FET common-source (CS) amplifiers are mostly used. CS amplifier has
voltage gain (though less than BJT amplifiers), high current gain, high input impedance, and high
output impedance. Due to its high
input impedance, CS amplifiers are
generally used at the first stage of

electronic systems. Like a CE AC signal swings

amplifier CS  amplifier also v around O level.
produces 180° phase difference Vin Vo

between the input and output rs Ry ¢
signals. Ve Load-voltage swings
Fig.4-16 shows a CS amplifier using around 0 level.

voltage divider bias. The changes
of voltage and current levels at
different points (as shown in Fig.4-
17) of this amplifier will be exactly same as for CE amplifier. The input AC signal (vg) has a very
small peak-to-peak value. When this signal passes through the input-coupling capacitor (C;.), it
superimposes with the DC gate-voltage ;. So the gate-voltage changes in-phase with the input

lg
NN
Drain-current swings around
Voa i - uiescent current (Ip,) Voa\ /N7
0 t quiescs be’ 0 t

Gate-voltage swings Drain-voltage swings

around quiescent around quiescent drain-
voltage (Vgo)- ..

Fig. 4-16: FET Common source amplifier circuit

voltage (Vpq).

Vs

, L 0 ‘ A ¢
0 | ~ ~ ¢ R, <o E

AC signal swings .. Load-voltage swings
e around 0 level.
around 0 level.

Fig.4-17: Waveforms of current and voltage swings at different points of CS amplifier

signal. When the input signal increases, the drain-current also increases (' I = gmVys)- When
drain-current increases, the voltage-drop across the drain-resistor (Rp) increases. Therefore, the
voltage level at the drain terminal (that was initially V) decreases. As the output is taken from
the drain, the output voltage decreases. The reverse process occurs when the input signal
decreases (negative half-cycles). A small change in input voltage produces a large change in drain
current that flow through a large resistor, Rp. So, an amplified voltage is produced at the
collector. The drain-voltage swings with the same frequency and shape of the input signal but
180° out off phase.



The amplified signal at the drain terminal has a DC voltage level as shown in Fig.4-17. When this
signal passes through the output-coupling capacitor (C,.), the capacitor blocks the DC voltage
and the load resistor gets the pure amplified AC signal.

4.10 Metal-Oxide-Semiconductor FET (MOSFET)

Metal-oxide-semiconductor FET (MOSFET) s Drain _
similar, in many respects, to JFET. Both of them (D)
have drain, source, gate and channel and both of
them work by controlling the channel resistance
applying a gate-to-source voltage. The main feature

No channel

Gate

Substrate
(G) o, O

Substrate

that distinguishes a MOSFET from a JFET is that the Metal (SS)
gate terminal in a MOSFET is insulated from its contacts

channel region. So, they provide very large input (a)
impedance. There are two types of MOFSFETSs: Source Si0

Depletion MOSFET or DMOSFET and Enhancement (5). ’

MOSFET or EMOSFET. D[g')” N-channel
4.11 Construction of MOSFET

Like the JFETs, there are two types of MOSFETs: N- Gate *E Substrate
channel MOSFET and  P-channel ~MOSFET. (6o o |_(§’5)
Construction of N-channel MOSFET starts from a Z)ittzlcts 3

block of lightly doped (low conductivity) P-type (o)

semiconductor called substrate. Into the substrate, Source
two heavily doped N-type regions are constructed (%) 510,

(diffused) as shown in Fig.4-18. One of them works  Fig.4-18: Construction of N-channel MOSFET:
as drain and the other as source. A thin (not more (a) Enhancement, and (b) Depletion

than 1000 A) layer of silicon dioxide (SiO,) is
deposited along the surface where the N-type drain
and source have been made. Using photo-
lithography and etching, two holes are made
through the oxide layer over the drain and source.
Through these holes, two metal contacts are given
to the N-type materials, that work as the drain and
source terminals. Now metal (aluminum) is
deposited on SiO, layer in between the drain and
source. This contact is the gate terminal of the

Drain
device. Another metal contact is also made to the region
substrate on the opposite surface. In most of the Fig.4-19: Construction of N-channel
devices, this substrate terminal is internally enhancement MOSFET (3-D view)

connected to source terminal.



The MOSFET structure constructed so far [Fig.4-18(a)] has P-type material in between the drain and
source, that is, there is no continuous path between the drain and source. This type of MOSFET is
called the enhancement MOSFET. However, if an N-type channel is made between drain and

source during the diffusion process, the structure is
called depletion MOSFET [Fig.4-18(b)]. Depletion
MOSFET has a ready channel from drain to source
but in enhancement MOSFET there is no ready
channel between the drain and source. The
construction of MOSFET transistor is further
illustrated in a three-dimensional structure in Fig.4-
19.

Construction of P-channel MOSFETSs is same (Fig.4-
20). Here, construction starts from a lightly doped
N-type material on which highly doped P-type drain,
source and channel (for enhancement device) are
made.

Operation of MOSFET (N-channel)

The operation of MOSFET transistors is same as the
JFET. The main difference is, due to the oxide layer
between the gate and channel, we can apply both
positive and negative voltage to the gate, but
current will not flow through the the gate. The
output  characteristics, and the transfer
characteristics of a depletion MOSFET is shown in

Drain

(D) No channel

Gate
(G)o
Metal
contacts

Substrate

(SS)

o ]

F]

(a)

Source

(s) ©

Drain

P-channel
(D)

Substrate
(S5)

(b)

Gate
(G)o
Metal
contacts

Substrate

Source

()

Si0,

Fig.4-20: Construction of P-channel MOSFET:

(a) Enhancement, and (b) Depletion

Fig.4-21. Here, the the transistor works for both positive and negative voltage of Vs, called
Enhancement Mode and, Depletion Mode, respectively.

On the other hand, enhancement MOSFET works only when positive voltage is applied at the

Gate termianl.

Ip (mA) Ip (MA)
Voltage-controlled resistance region
16/ 16 / 1 :
14 14 lL/ 1 Ves=+1V
Transfer . " / /
characteristics - Ioss 1 1 N Ves=0V
i 10 7 e
;| Active region » Breakdown
8 8 ; { region
. / / 1 & VG$= -1V
(_Depletlon, 6 Enhance- - 6 2
mode . ment mode /// /
N 4 / Ves=-2V ',
V / 2
Ves(V) S o 2 ves SAVEVe Va=3Vi o v(v)
5 4 3 -2 -1 0 +1 +2 0o 2 4 6 8 10 14 16 18

Fig.4-21: Characteristic curves of depletion MOSFET: (a) Transfer characteristics, and (b)
Output characteristics.



CHAPTER

5.1 Feedback Theory

The general structure of a feedback amplifier may be depicted
by the signal flow diagram of Fig.5-1. Here x may be a voltage
or current signal.

x.
+/2\ : A Xo

Error signal Output

Xso
Input signal  §

Xf

Feedback

Fig.5-1: General feedback circuit

The amplifier (to which the feedback is applied) has a gain (A)
without feedback, called open-loop gain. This amplifier
amplifies the input signal, so the output will be x, = Ax;.

The feedback unit () may vary from a simple direct
connection to a complex circuit. This block is connected
between input and output and produces a feedback path.
When feedback is applied to an amplifier, it is called closed-
loop amplifier. The feedback unit produces a feedback signal
Xs (either voltage, vs, or current, ir) which is proportional to
output signal x,, such that x; = Bx,. The fraction f = x¢/x, is
called feedback factor. The feedback signal (xf) has been
applied to a summing unit, that combines the feedback signal,
Xf, with the input signal, xs. Depending on the polarity of x,
the summing unit may add or subtract x; from the input signal
Xs. Thus the summing unit produces a resultant signal



X; = Xg + Xy which is called the error signal. This error signal (x;) is applied to the amplifier. So
the output of the amplifier will be,
Xo = Ax; = A(xs + x5)

But we know x¢ = Bx,. Putting this value into the above equation we get,

Xo = A(xs + Bx,)

or, x, = Ax; + ABx,
or, Xo ¥ ABx, = Ax;
or, xo(1 ¥+ AB) = Axg
Therefore, the gain of the amplifier with feedback (denoted by A¢) will be,
g =e A (5-1)
xs 1+AB
or, Ap = 4 (for negative feedback) (5-2)
1+ AB
or, Ar = 1= A8 (for positive feedback) (5-3)

Here, Ay is the gain of the amplifier with feedback. This gain is also called closed-loop gain. The
product of amplifier’s gain (A) and feedback factor (f) is called loop-gain.

Depending on the polarity (or phase) of x¢ there are two types of feedback. If x; is positive (xf
adds with x;), it is called positive feedback, and if x; is negative (xs is subtracted from xg) it is
called negative feedback. The closed-loop gains of these amplifiers are given by Equ.(5-2) & (5-
3).

Example 5-1

An amplifier has a voltage gain of 100. If negative feedback is applied to this amplifier, the overall
gain (closed-loop gain) falls to 10. (i) Calculate the feedback factor (). (ii) If the value of § is
maintained, calculate the required gain of the amplifier to make the overall gain 11.

Solution:

(i) In the first case, A = 100, and Ay = 10.

100
Using Equ.(5-2) Ar = 1+ 48 or, 10 = 1+ 1008
or 10 + 10008 = 100
90
or, B ==—==0.09 [Ans. |

~ 1000

Basic



(ii) For the second case, f = 0.09, and A = 11.

Using Equ.(5-2) Ar = 1 _:1,4[; or, 11 = 1+Ax0.09
or, 114+0994=A4
or, 0.014=11
or, A= 1 = 1100 [Ans.]
0.01

Comments: Here a large negative feedback is used. So open loop gain 100 falls to only 10. For
this large negative feedback A; has been very stable. So for a small change in Af (1) a large
change in A (1000) is required.

5.2 Types of Feedback Amplifiers

Already we have mentioned that depending on the phase (or polarity) of feedback signal, there
are two types of feedback. These are: Negative Feedback, and Positive Feedback.

Positive Feedback Amplifier

If the feedback signal (xs) is mixed with the input signal (x) in such a way that the overall input
to the amplifier increases, then it is called positive feedback. As the input signal is increased,
positive feedback increases the gain of the amplifier as shown in Fig.5-2(a). Positive feedback is

e Ay
x5y o—a( 3 XLl 4

_)xo > xo
E
'f‘PUt + sir:;rl Output Output
signal | € signal signal
[
B
Feedback Xf Feedback Xf
signal signal
Fig.5-2 (a): Positive feedback Fig.5-2 (b): Negative feedback

also called direct feedback. As positive feedback has a lot of disadvantages. Generally it is not
often used in amplifiers. But, it amplifies power of the original signal and can be used in oscillator
circuits. The main disadvantages of positive feedback are given below:

Lower input impedance

Unstabilized voltage gain

Increased output impedance

Increased noise, and

Increased nonlinear distortion

VVVVY



Negative Feedback Amplifier

If the feedback signal is mixed with the input signal in such a way that the overall input to the
amplifier decreases, then it is called negative feedback. As the input signal is decreased, negative
feedback decreases the gain of the amplifier as shown in Fig.5-2(b). Negative feedback is also
called inverse feedback. Negative feedback provides many advantages, and hence it is regularly
used in amplifiers. The main advantages of
negative feedback are given below:

R

+ !
ol $+

Il

S

S

» Better stabilized voltage gain _f

» Higher input impedance

» Improved frequency response <

> Lower OUtpl_Jt impedance (a) Voltage series Feedback

» Reduced noise i,

» More linear operation ;. > | At R ;r — Al

lin oy
5.3 Feedback Amplifier Topologies | _[
. . | a=k [

The feedback signal may be proportional to the Yo
output voltage or output current. Similarly the (b) Voltage shunt Feedback
feedback signal itself may be either a voltage signal =1
or a current signal. The combinations of these R% i-rszi
variations result in four types of topologies of :I
designing feedback amplifiers. These are: N

> Voltage Series Feedback Amplifier

» Voltage Shunt Feedback Amplifier (c) Current series Feedback

> Current Series Feedback Amplifier s =1

. g -> i - +

» Current Shunt Feedback Amplifier i | A= R% ip = Ay,
In these names of topologies, the first term (either | :|
voltage or current) indicates what type of l.L> P U
parameter (voltage/current) the feedback signal ! e
(vf or if) is proportional to. The second term (d) Current shunt Feedback
(series or shunt) means how the feedback signal is Fig.5-3: Four topologies of feedback
connected to the source signal. For example, amplifier circuits

voltage series feedback means the feedback signal

is proportional to output voltage and it is connected in series with source signal [Fig.5-3(a)]. In
the same way, current shunt feedback means the feedback signal is proportional to output
current and it is connected in parallel to the source signal [Fig.5-3(d)]. To generate a feedback
signal proportional to output voltage, the whole output voltage has to be applied to the input of
feedback network, that is, the two input terminals of the feedback network have to be
connected in parallel with load resistance, R; [as shown in Fig.5-3(a, b)].

Similarly, To generate a feedback signal proportional to output current, the whole output
current has to be applied to the feedback network, that is, the input side of feedback network
has to be connected in series with load resistance, R} [as shown in Fig.5-3(c, d)].
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6.1 Introduction

In electronics, the most important and common analog
integrated circuit (IC) is the operational amplifier or shortly
op-amp. An operational amplifier is a high-gain amplifier
circuit with two high-impedance input terminals and one low-
impedance output terminal as shown in Fig.6-1. As operational
amplifiers are built in IC, they posses many advantages like:
small size, low cost, high reliability, low offset voltage and
current, temperature tracking properties etc.

Noninverting Noninverting
. v +Vee . Vi
input 1 input
Output . Output
Inverting Inverting o
i 2
input v2 Vi input

Fig.6-1: Electrical symbol of operational amplifier

6.2 Op-amp Symbol and Equivalent Circuit

The operational amplifier is represented by a symbol as shown
in Fig.6-1. The symbol of an op-amp has two inputs: one is
inverting input denoted by ‘- sign and the other is
noninverting input

denoted by ‘+’ sign.  Noninverting ,

input © Y
The symbol has one A Output
output. Power Vid °
Inverting *

supply  connection
may be shown in the
symbol or not. A

. o———0—
input Vs

Fig.6-2: Equivalent circuit of operational



signal (AC or DC voltage) applied to noninverting input, produces an in-phase (or same polarity)
signal at the output. On the other hand, a signal applied to inverting input, produces an out of
phase (or opposite polarity) signal at the output.

The equivalent circuit of an operational amplifier is shown in Fig.6-2. The input circuit is
represented by a very large impedance, Z; and the output circuit is represented by a dependant
voltage source (A,v;4) and a series output impedance, Z,. The voltage level of the dependant
voltage source is the product of the gain of the op-amp (4) and the difference of two voltages
(viqg = v1 — v,) applied to the inputs, that is, Av;g.

This IC is mainly manufactured in three forms: 8-pin SOIC package, 8-pin Dual-in-line package,
and TO5-8 metal can form as shown in Fig.6-4.

@
[ ]
Offset Null [1 | 741 0p-Amp | 8]NC

Input (-) E E V+ (Power) , “

Input (+) E E Output (@) Sl

(b) (c)

V- (Power) E 5] offset Null Fig.6-4: Op-amp IC package: (a) 8-pin DIP, (b)
8-pin SOIC, and (c) TO5-8 metal can

Fig.6-3: Pin diagram of 741 op-amp

6.3 Characteristics of Ideal and Practical Op-Amp

Although we cannot fabricate an ideal op-amp, we can imagine an op-amp with ideal
characteristics. Generally the characteristics of practical op-amp are compared with those of an
ideal op-amp. The flowing table gives a comparison between the ideal and practical operational
amplifiers.

Table 5-1-: Characteristics of an ideal and practical op-amp

Parameters Ideal Op-amp Practical Op-amp
Open-loop gain (A) Infinite Very high (>10000)
Bandwidth (BW) Infinite High (~ 10 MHz)
CMRR Infinite High (> 60 dB)
Input impedance (Z;,) Infinite Very high (>1 MQ)
Output impedance (Z,) Zero Very low (< 100 Q)
Input bias currents (/) Zero Very low (< 50 nA)
Input offset voltage (V) Zero Low (<10 mV)
Input offset current (/;,) Zero Low (< 50 nA)
Slew rate (SR) Infinite High ( few V/us)
Drift Zero Low

Basic



6.4 Applications of Op-Amps

The op-amp has very high voltage gain but very small bandwidth. Therefore, to increase the
bandwidth and gain stability, negative feedback is used in op-amp amplifiers. For the comparator
and oscillator circuits, positive feedback is used. Some of the op-amp circuits (applications) are
described below.

6.5 Noninverting Amplifier

Fig.6-5 shows the circuit diagram of a noninverting amplifier. The feedback network is
constructed using the resistors Ry and Ry. As the input signal (v;) is applied to the noninverting
terminal, this circuit is called closed-loop noninverting amplifier or simply noninverting
amplifier. Here, the feedback signal (vy) is applied to inverting terminal. As shown in the circuit,
the overall input voltage to the op-amp will be v;; = v; — V¢ that ensure negative feedback. The
feedback factor is the ratio of feedback voltage
and output voltage, that is,

v
f
p=-"L
Vo +
Using voltage divider rule, Ri vo=Avjy
Ry -
Ve =V, X —m— _
Vr R1 v R f Feedback
or, v_o = m _f ! network
K 6-1 Flg.6-5: Nom lf
_ i i 6-5: inverti .
B R, + Rf (6-1) ig oninverting amplifier
The voltage gain (with feedback) of this amplifier will be inverse of the feedback factor,
A=t X (6-2)
"B R,
The input impedance, and the output impedance of the circuit will be,
|Zis = Zi(1 + AB)] (6-3)
7, =20 (6-4)
°F 71+ AB )

Here, Z;, and Z, are the input impedance and output impedance, respectively of the op-amp
without feedback.

The bandwidth of an amplifier is the difference between the higher cutoff frequency and the
lower cutoff frequency. As op-amps can amplify DC signal, its lower cutoff frequency is 0. So, the
bandwidth of an op-amp will be simply its higher cutoff frequency (f,). If the bandwidth of the
op-amp is f, the increased bandwidth due to the negative feedback will be,

\fr = o1+ pA)| (6-5)




From this equation, we find that the closed-loop bandwidth has been increased by a factor of
(1 + pA).

Example 6-1

For the noninverting amplifier of Fig.6-5, assume A = 2 X 10°, fo=5Hz, Z; =1MQ, Z, =
75Q, Ry =510k, and Ry = 10 k. Determine closed-loop gain, closed-loop input impedance,
closed-loop output impedance, and bandwidth.

Solution:
R, 10Kk
" Ry+Rr 10k+510k

Using Equ.(6-1), B ~ 0.0192

Closed-loop gain:
Using Equ.(6-2), Ap =1+ & =1+ ﬂ( = 52 [Ans. ]
Ry 10 k
Closed-loop input impedance:
Using Equ.(6-3), Zip =Z;(1+ AB) = 1MQ(1 + 2 x 10° x 0.0192)
Zif = 3.84 GQ [Ans. ]
Closed-loop output impedance:
_Z B 75
(1+A4B8) (1+2x10°x0.0192)

Zof = 0.02 Q [Ans. ]

Using Equ.(6-4), Zof

Closed-loop bandwidth:
Using Equ.(6-5), fr = fo(1 4+ BA) = 5Hz(1 + 2 X 10° X 0.0192)
fr = 19.2 kHz [Ans.]

Comments: Due to the negative feedback, the gain has been decreased, but other parameters
have been improved.

Inverting Amplifier

Fig.6-6 shows the circuit diagram of a closed-loop inverting amplifier. In this circuit, the feedback
network is constructed using the resistors Ry and Ry. As the input signal is applied to the
inverting terminal and feedback is used, this circuit is called closed-loop inverting amplifier or
simply inverting amplifier. Here, the full output voltage is applied to the feedback network, and
the feedback current (i) is connected in parallel with the input signal. Here, the type of the
feedback is negative feedback. The input signal will be amplified by the op-amp and the output
will be 180° out of phase with respect to the input.

Basic



= Feedback network = = -

(a)

Fig.6-6: Closed-loop inverting amplifier: (a) Circuit with feedback concept, (b) Circuit with

amplifier concept

Although this circuit uses voltage shunt feedback, the feedback factor is calculated as f§ =

vf/vo = Rl/(Rf + Rl)

The voltage gain, input impedance, and output impedance expressions are given below,

R
_ K
&_—E
Zo
7 .=
°f "1+ 4B

(6-6)

(6-7)

(6-8)

Example 6-2

For the inverting amplifier of Fig.6-6, assume A = 2 X 10°, UGB = 1 MHz, Z; = 1MQ,
Zo=75Q, R =470k, and R; = 10k. Determine closed-loop gain, closed-loop input

impedance, and closed-loop output impedance.
Solution:

Closed-loop gain:

_&_ _470k

Using Equ.(6-6), =——
sing Equ.(6-6) R, 10k

Af = = —47 [Ans.]

Closed-loop input impedance:

Using Equ.(6-7), Zif =Ry =10k [Ans.]

The value of feedback factor will be 8 = R, /(Rs + R;) = 10k/(470 k + 10 k) = 0.021.

Closed-loop output impedance:

) Z, 75
Using Equ.(6-8),

Zor = 0.018 Q [Ans. ]

Basic
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°f T (14+4B8)  (1+2x105x0.021)



Comments: Inverting amplifier gives less gain, lower input impedance and lower output
impedance.

6.6 Virtual Ground in Inverting Amplifier

As shown in Fig.6-7, the noninverting terminal is directly connected to ground, and the signal is
applied to the inverting terminal via resistor R;. As long as the circuit works linearly, the
potential at the inverting terminal is zero. We also know that the potential of ground terminal is
also zero. For this reason, the inverting terminal can be considered as ground. However, a true
ground can source or sink infinite amount of current. But, the inverting terminal cannot source or
sink large current, due to the high input impedance of op-amp. For this reason the inverting
terminal of the closed-loop inverting amplifier is called virtual ground. For the op-amp, we can
write
vy = Avig = A(vy — ;)

vO
V=V = —
As, the open-loop gain of an op-amp (4) is very large (ideally infinity), we can write,
VL —VUy = 1= 0
1.72 = v1

But, v; = 0, because the noninverting terminal is directly connected to ground. Therefore,
UZ = 1.71 = 0
In this circuit the noninverting terminal is true ground and the inverting terminal is virtually
ground. If the negative feedback is removed from this circuit, it will not work linearly and then,
the inverting terminal will no longer be virtual ground.
R¢

Virtual

%round \

4 +
| R, Vo R, Vo
) -Vee — 1 -
Fig.6-7: Virtual ground in inverting amplifier Fig.6-8: Inverting summing amplifier

Summing Amplifier

We can use Op-Amp as a summing amplifier as shown in Fig.6-8. The output of this amplifier will
be the sum of input voltages and can be calculated as,

R R R
1 1 1

Yo = _(R_U“ TR, +R_UC)
a C
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7.1 Introduction

In general, a practical amplifying system consists of several
stages that amplify weak signal (received at the input stage)
until sufficient power is available to drive the output devices.
In audio amplifier system, the output device is mainly a
loudspeaker while in a control system it may be a motor or
some other output loads. As shown in Fig.7-1, the first stage of
an amplifier system is a voltage amplifier that amplifies the
voltage levels of very weak signals.

Input Voltage Intermed- Power LoaI:i
source g amplifier = iate stage —>) amplifier =D (S'\;jlei e)r/
otor

Fig.7-1: Block diagram of an amplifier system

As the name implies, a power amplifier is one that amplifies
the power (or current) levels of signals and delivers that large
amount of power to a load. Generally, power amplifiers
increase only the current level of the signals which are already
amplified by voltage amplifiers. So the signals operated by
power amplifiers have large voltage swings (large amplitudes)
and the device operates over the entire range of its output
characteristics (load line). For this reason, power amplifiers are
also called large signal amplifiers.

7.2 Classification of Power Amplifiers

The main operating characteristics of an amplifier are linearity,
signal gain, efficiency and power output. Generally, power



amplifiers are used to drive a loudspeaker load.
A typical loudspeaker has an impedance of 4 () DYOT Efficiency
to 16 ), thus a power amplifier must be able to 100%
supply the high peak current required to drive
the low impedance loads.

Amplifier classes
AB 75%
One method used to distinguish the electrical
characteristics of different types of amplifiers is -
by class. /\

50%

- —125%

The most commonly constructed amplifier

. . ) A AB B C
classes which are mainly used as audio | ! : : %
amplifiers are: class-A (360° conduction), B 360°  270°  180° 90° 0°
(90° conduction), AB (more than 90° but less Conduction angle (°)
than 360° conduction)and C (less than 90° Fig.7-2: Waveforms (conduction angles) of
conduction) amplifiers. As shown in Fig.7-2, the different amplifier classes

efficiency of power amplifiers increases from
class-A to class-C.

7.3 Push-Pull Amplifier with Output Transformer

A push-pull power amplifier is shown in Fig.7-
3. It consists of a transformer and two NPN /\Vu
power transistors. The primary winding of the N °
transformer is connected to the transistor

collectors, and its center tap is connected to

supply voltage, +V .. The center tap is an

electrical connection made at the center of the ,_A
winding, so there are equal number of turns W
between each end of the winding and the
center tap. To drive this amplifier a
preamplifier is necessary that produces two out-of-phase signals (v;1, and v;;) on the bases of Q4
and Q. Notice that the transistor bases are grounded via resistors Rg; and Rg, and hence both
transistors are biased at cut-off. So, this is a class-B amplifier.

\

R

Fig.7-3: Push-pull amplifier with transformer

le
AC Load
{ § Vi1 A/Iinefor Q.
Input
Positive signal-
half-cycle j >/ N
Y R U, : \\\\\
, ° /\ : ,’Q-point
! v - .
\ i2 q V.
N o ! Output CE
180 phase (a) (b) Ve signal

shifted
Fig.7-4: Operation of push-pull amplifier for positive half-cycle
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Fig.7-4, and Fig.7-5 illustrate how current flows through the amplifier during a positive half-cycle
and a negative half-cycle of input. In Fig.7-4(a), the input to Q, is positive half-cycle, and since
the input to @, is out-of-phase, Q, is driven by a negative half-cycle. Consequently, the positive
base voltage on Q4 turns it ON and conducts current in counterclockwise direction as shown in
the figure. The negative base voltage on @, keeps this transistor cut-off (open circuit). Current
flowing in the upper half of the transformer's primary induces current in the secondary winding,
and current flows through the load.

Positive
half-cycle

(a) lineforQ, |,

Fig.7-5: Operation of push-pull amplifier for negative half-cycle

Fig.7-5 shows the situation when the input signal
on the base of Q; is negative, and on the base of le AcLoad
Q, is positive. Therefore, Q, conducts current in line for @,
clockwise direction but @, is cut-off. Current
induced in the secondary winding is in opposite
direction than that shown in Fig.7-4(a). The overall

Unused

result is that current flows through the load in one area ommon. X R

direction for positive input signal, and in opposite Q-point — L :
direction for negative input signal. The output Vee s il _
characteristics of the transistors with the load line ' Unused

and operating points are shown in Fig.7-4(b) and g;‘f;ft ‘
Fig.7-5(b). The combine response of these two

transistors can be shown as in Fig.7-6. Note that ‘
the characteristics of transistor Q, have been ACLoad/ B
drawn upside down, to draw a continuous load lineforQ, e

line. In response to the input signal, the Q-point
will swing over the entire load line from point A to
B. The swing of Q-point will produce swings in
output voltage and output current.

Fig.7-6: Combined AC load line of a class-B
amplifier drawn on the composite BJT
characteristics

7.3.1 Cross-Over Distortion

Although class-B amplifier provides high efficiency, they suffer from cross-over distortion. Cross-
over distortion is a type of distortion caused by switching of current from one transistor to
another. The term cross-over signifies the crossing over of the signal between transistors Q4 and
@, and vice versa. In the amplifier circuit of Fig.7-3, both the transistors are biased at the cut-off
point (zero base voltage at no signal condition) and therefore transistors are not conducting for



DC condition. Consider a positive-going swing.
As long as the input is less than the required
forward Vgg drop (= 0.65 V) of transistor Q1,
it will remain off or conduct very little current-
same as a diode operation. In fact, due to the
nonlinear behavior of the input characteristics
of the transistor, the base current does not
increase in proportion to the input signal. This
nonlinearity is prominent at the low voltage
region (0 to 0.5V). At this region, the input
current becomes distorted (shape change).
Being an amplified version of base current,
the output current (hence output voltage)

Cross-over
distortion

Biasing at:
cut-off

Output
waveform

Q, ON

Input
waveform

Fig.7-7: Cross-over distortion in Class-B amplifier

also becomes distorted as shown in Fig.7-7.
The same thing happens for the transistor Q,, for the negative half-cycles of input.

7.4 Class-AB Amplifier

Cross-over distortion in a push-pull amplifier can be eliminated by biasing each transistor slightly
into conduction, that is, setting the operating points just slightly above the cut-off point.
Therefore, the transistors conduct current for a little more than 180° (one half-cycle = 180°). A
small forward biasing voltage is applied across each base-emitter junction that causes a small
base current even in no-signal conditions (DC condition). Now, it is not necessary for the input
signal to overcome the junction barrier voltage and to start conduction of the transistors. Thus,
the cross-over distortion is eliminated. The amplifiers with the transistors biased in such a way, is
called a class-AB amplifier. Fig.7-8 shows a class-AB amplifier.

Input /

transformer

Output
transformer

Fig.7-8: Class-AB push-pull amplifier with input and output transformers

In this circuit, a simple voltage-divider biasing network, consisting of Rg; and Rp,, is used to
produce the biasing voltage, Vg, which is applied to the bases of Q;, and Q, via the secondary
coil of the transformer. As the DC resistance of the transformer windings is very small, the
biasing voltage will be applied to the bases of the transistors, without any significant drop.

When a transistor is biased slightly into conduction, output current will flow during more than
one-half cycle of a sine-wave input, as illustrated in Fig.7-9. While class-AB operation reduces
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cross-over distortion in a push-pull
amplifier, it has the disadvantage of
reducing amplifier efficiency.

le ACLoad
line for Q;

7.5 The TDA203 i Output
current

The TDA2030 is a monolithic integrated — ?_, - —______
circuit in Pentawatt package (zigzag

4+ 14V or 28V supply voltage. The
guaranteed output power is 12 W on a
40 load and 8 W on an 8 Q load. The Fig.7-9: Class-AB operation: output current flows
TDA2030 provides high output current more than 180°, but less than 360° of input signal
and has very low harmonic and cross-

over distortion. Further, the device incorporates an original short-circuit protection system
comprising an arrangement for automatically limiting the dissipated power so as to keep the
working point of the output transistors within their safe operating area. A conventional thermal
shut-down system is also included. The TDA2030 is a 5-pin IC and available in TO220 package. A
photograph and the pin-diagram of this IC are shown in Fig.7-10.

package), intended for use as a low to o\ Beslevel T LN
medium frequency class-AB amplifier. i‘ﬂﬁ’): e . Vee
Typically it provides 14 W output power ! | Output
(with 0.5% distortion) to a 4 () load with More than 180° | voltage

Y

A 14 W Amplifier Circuit Using TDA2030

The TDA2030 IC subwoofer (mid-range frequency) Metal Tab

circuit using 28 V single power supply is shown in Fig.7-
11. The input signal is applied to a 22 k potentiometer
to control the volume of the amplifier. From this
potentiometer the input signal is applied to the
noninverting terminal (pin1) through a 2.2 puF capacitor
(C;). This input capacitor and the input resistor % 5 P e
R, = 100k set the lower cut-off frequency of the _|/pj_VEEkQ/P
amplifier. The R, resistor, which is connected between Fig.7-10: Photograph and pin

pins 2 & 4, is known as feedback resistor. This resistor diagram of TDA2030 IC

and R; determine the AC closed-loop gain of the

amplifier. Capacitor C, is short for AC signal and open for DC signal. Thus, for DC signal the
amplifier will work as buffer which reduces offset voltage at the output.

The output of the IC is connected to the loudspeaker through the 2000 pF series capacitor (Cy)
which isolates the DC voltage from the load. This circuit uses 4 Q to 6 Q-ohm speakers to
generate 12 W output. The heat (high temperature) developed in this IC should be removed by
using a heat sink. The combination of the output resistor Rs and capacitor C5 are used to balance
the load impedance. They help in avoiding the surplus noises within the speaker. The diodes
(IN4001) connected from the output terminal (pin 4) to the supply rails protect the internal
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power transistors from any high

voltage gerTerated by inductive c3_L T 1;/8\/
load. Capacitors C3 and Cg are %Rl 0 1“FI 100 pF
power supply decoupling capacitors 'é‘ 100k — =
that provides surge current to the R, Ciy, 2.2 WF \5':5);
load. 22k R\ 1 T"I') o zci(iEF
Although the device incorporates a 100 k 2| : ¢

Sn _ 1 |~ 3] 1n4001
short circuit protection system and = e
a conventional thermal shut-down AA—
system, a heat sink must be used R, 150k RS10 RLK
for the TDA2030 IC. If the junction - 5; — fé()k il.n i 40Q
temperature increases up to 150°C, G
the thermal shut-down mechanism TZZ W -P.zz l
simply  reduces the power =
dissipation and the current Fig.7-11: A 14 W power amplifier using TDA2030 IC

consumption of the IC.

A 35 W Bridge Amplifier Using TDA2030

Typically TDA2030 provides 14 W output power at + 14V or 28V as shown in Fig.7-11.
However, with a split
supply voltage of +15V
it is possible to design
35 W amplifier using the o,
TDA2030 in a bridge ©
connection as shown in
Fig.7-12. This type of
amplifier is also called
Bridge Tied Load (BTL)
amplifier. =

Ve =+15 Y

In this circuit there are
two TDA2030 ICs that
are connected together.
The components connec-
tion to each IC is almost
similar to that of Fig.7-
11. Only the IC #2 is
connected in slightly different way. As shown in the Fig.7-12, the noninverting terminal of this IC
is grounded through a 22k resistor and the output from TDA2030 #1 is connected to the
inverting input of TDA2030 #2 via Cq. Thus, the output of this IC (IC #2) will be 180° outoff
phase from that of IC #1. Therefore, both the output voltages will be added across the load (loud
speaker) and a highly amplified signal will be developed.

Fig.7-12: A 35 W bridge power amplifier using TDA2030 IC
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CHAPTER

8.1 Introduction

An oscillator is a circuit that generates an AC output signal
without any input signal or an oscillator is a circuit that
converts DC energy into AC energy at very high frequency.
Generally an oscillator is made by using an amplifier and a
positive feedback network. Although amplifiers use negative
feedback to provide stability, oscillators use positive feedback
to generate undamped continuous oscillations. When there is
no input signal to an amplifier, there is no output signal. On
the other hand, an oscillator does not require any external
signal as input. Without any input signal it can produce output
signal so long as the DC power supply is connected. The output
of the oscillators may be sinusoidal or non-sinusoidal. Among
the non-sinusoidal the most common waveforms are: square
wave, triangular wave, saw-tooth wave, etc.

8.2 Classifications of Oscillators

Oscillators are classified into several types based on various
factors: like the shape of waveform, range of frequency, etc.
The followings are the broad classification of oscillators.

According to the Generated Waveform
Based on the output waveforms, oscillators are classified as,

Sinusoidal Oscillators: This type of oscillator generates
sinusoidal outputs. They are most commonly used in
electronics. Examples of some sinusoidal oscillators are



e Tuned-circuits or LC feedback oscillators such as Hartley, Colpitts and Clapp oscillator etc.

* RC phase-shift, Wien-bridge oscillators etc.

¢ Negative-resistance oscillators such as tunnel diode oscillator.

e Crystal oscillators such as Pierce oscillator.

e Heterodyne or beat-frequency oscillator (BFO).

Non-sinusoidal Oscillators: This type of oscillators generates non-sinusoidal output. Among

various non-sinusoidal oscillators, the most common waveforms are triangular wave, square
wave, rectangular wave, saw tooth wave etc.

8.3 Oscillator Theory i 0° phase shift ’Qv

The main statement of the oscillator (¥ + | Non-inverting +°_
is that the oscillation is achieved vS@_ U | Amplifier (4,)| |77 Yo =Avr
through positive feedback which e "Pﬁ > °
generates the output signal without  Feedback signal A
input signal. actsasinput | | + Feedback | + _J

170

Ur =_Bv° network ()

Let us consider a non-inverting
amplifier with a voltage gain A, and a IQV 0° pha:a]ift
positive feedback network with
feedback factor of f as shown in
Fig.8-1.

Fig.8-1: Amplifier with positive feedback

Since the amplifier is non-inverting, the output signal v, is in phase with input v,. A feedback
network feeds a part of v, to the input and the amount fed back (vf) depends on the feedback

network gain (also called feedback factor) f (= v /v,). Here, the amplifier produces 0° phase
shift, and the feedback network also produces 0° phase shift. Therefore, the total phase shift
around the loop is 0° that ensures positive feedback.

The gain of an amplifier with positive feedback is,

— Av
1-A4,8

Where, A, (called loop-gain) is the product of open-loop gain (A,,) and the feedback factor (f3).

If the value of loop-gain is unity, that is, if A, = 1, from Equ.(8-1) we find that the gain of the

amplifier with feedback will be infinity, that is Ar = A,,/(1 — 1) = . So, if the signal source is
disconnected (vg = 0), the amplifier will produce a finite output.

As (8-1)

When an oscillator is powered ON some sort of noise, like transient noise, is produced. Though
noise has a wide frequency range, only a particular frequency, for which the oscillator is designed,
will fulfill the condition of oscillation (described in Section 8-4). At first the gain of the amplifier will
a little larger than 1/ (or A,B > 1). So, that particular frequency will gradually be amplified as
shown in Fig.8-2. Due to the saturation of the amplifier (and some other energy loss) the output
will be fixed to a certain value, and the gain of the amplifier will be adjusted to A, = 1/8.
Sometimes automatic gain control (AGC) circuit is used to limit the amplitude of the oscillators.



8.4 Barkhausen Criteria ected Amplitude limited
. " se e.cte r‘?f*“e”c‘/ sustaineg/oscillation
We have already discussed that an amplifier can work as is amplified

an oscillator if we add positive feedback to it. An .m'm'm""""
amplifier will work as an oscillator under some """'A'l‘wl t
conditions. These conditions are called Barkhausen Initial noise

criteria. In fact, Barkhausen criteria are nothing but

formal representation of the theory of oscillator. Fig.8-2: Development of output signal

in an oscillator
The Barkhausen criteria state the following:

1. The value of the loop-gain (|A,B|) of the
amplifier must be 1. In fact, at first (during the
buildup of output signal) A, should be slightly
greater than 1 and when the output signal is
established, A, should be unity.

oV,

2. The phase shift around the loop should be zero
or an integer multiple of 360°, that is 24,5 =
n X 360°, wheren = 0,1, 2 etc.

8.5 RC Phase Shift Oscillator

The RC phase shift oscillator is used to generate a wide
range of frequencies, from few Hz to 200 kHz. Fig.8-3
shows the circuit diagram of an RC phase shift
oscillator. The common emitter amplifier is biased
using a voltage divider network (Rg1, Rg,). Ry is used
to stabilize the DC operating point and R is the load resistance of the amplifier. C,. is the output
coupling capacitor and Cf is the emitter bypass capacitor. This CE amplifier provides necessary gain
and 180° phase shift. The frequency selecting network is made using three RC circuits that produces
another 180° phase shift. Each RC network produces 60° phase shift as shown in Fig.8-4(a).

Fig.8-3: RC phase shift oscillator

With a proper choice of R and C, total 180° phase shift is achieved for the desired frequency.

Input Output Yo 1 I I vr
—] — 1 ] °

= ez N S R
60° 0° 60° 120° 180°

o \d A g A g 0

v utput Vo Uy

Input . 4

yd .“ \\.
|/ ¢ T t
—| |[«——
60°|(_ W 180°

(a) Single stage RC network (b) Three-stage RC network

Fig.8-4: Phase shift mechanism in RC networks
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Circuit Operation:

At first the gain of the amplifier (4,,) will be greater than 1/, that is A, > 1. When the power
is applied to the circuit, electrical noise in the circuit or the turn-ON transients provide an initial
signal to start oscillation. The noise has many frequencies. But only a particular frequency, for
which the oscillator has been designed, will be 180° phase shifted by the RC networks and will
be applied to amplifier’s input and will be amplified by the amplifier. Now RC network will get an
amplified signal, so it will feed a larger signal at the input. Due to this larger input signal, the
amplifier will produce more amplified signal at the output. As A, > 1/f, a positive regenerative
process will continue. When the generated signal attains a substantial amplitude, due to the little
nonlinearity of the BJT, A, will decrease. Thus, a signal of desired frequency with constant
amplitude is produced in the circuit. The frequency of oscillation of this oscillator is given by,

1
 2mRCV6

fo (8-2)

To satisfy the condition A, > 1, the voltage gain of the amplifier should be,

14,1 > 29 (8-3)

Example 8-1

Assume Cl = CZ = C3 =420 pF, R1 = R2 = R3 - R31||R32”Zi = 3.9 kﬂ, and RC = 3 kQ for the
phase shift oscillator of Fig.8-3. Calculate the frequency of oscillation and the gain of the
amplifier.

Solution:
Here, R; — Rp1||Rp211Z; = 3.9 kQ means that the effective resistance of the third stage is 3.9 kQ.
1 1

"~ 27RCV6 21 x 3.9k X 420 pF x V6

Using Equ.(8-2), fo = 26 kHz [Ans. ]

Using Equ.(8-3), A, = 29 [Ans.]

8.6 Phase Shift Oscillator Using Operational Amplifier

Phase shift oscillator can be made using operational amplifier. Fig.8-5 shows a phase shift
oscillator using inverting operational amplifier. The inverting amplifier produces amplification
and 180° phase shift and another 180° phase shift is produced by 3-RC stages as described for
BJT phase shift oscillator. R is the input impedance of the amplifier as well as the resistance of
the third RC stage. For simplicity of analysis, we will assume Ry = R, = R; =R,and C; = (C, =
C; = C. Then, the frequency of oscillation can be calculated using Equ.(8-2),

1
B 2nRCV6

fo

Basic



By rearranging the above equation, we get

X. = +V6R. This is a condition to achieve 180° - Amplifier Ry
phase reversal in the phase shift network.

The value of feedback factor will be,

E % i Op-amp —o
1 : ! +
B=— (8-4) BT Vee

Therefore, the gain of the inverting amplifier E _| I_f :
should be, ! f G G G !
| Vr R, R1 Vo |
R 1 | |
A,=—-L>>=-29 : a2 i:
R3 .8 'Phase shift network = !

Rf = 29R; (8-5) Fig.8-5: RC phase shift oscillator using op-amp

Example 15-2

Design a phase shift oscillator using operational amplifier to generate a 5 KHz signal. Assume the
supply voltage is +12 V.

Solution:

Let us consider C = 10 nF. Therefore, using Equ.(8-2),
R 1 _ 1
2nf,CN6 2m x 5kHz x 1 nFvV6
Ry = 29R3 = 29R = 29 X 13 k = 377 k, use standard 390 k [Ans. |

= 13 k [Ans. |

Comments: Values of all the resistors will be same, that is, Ry = R, = R; = R = 13 k(), but
Ry =390k.

8.7 Colpitts and Hartley Oscillator

Colpitts and Hartley oscillators are LC oscillators that generate medium to high frequencies.
The frequency range is 20 KHz to 300 MHz. Fig.8-6 shows the circuit diagram of a Colpitts
oscillator. This circuit consists of a CE amplifier with voltage divider bias. The frequency
selecting network is made of an inductor L and capacitors C; and C,. This parallel combination
of capacitors and inductor is called a tank circuit. The amplifier amplifies the signal and
produces 180° phase shift and the frequency selecting network produces another 180° phase
shift. C;;, and C,. are the coupling capacitors and Cg is the emitter bypass capacitor. For the
frequency of oscillation these capacitors will be short. The coil used in collector is called RFC
(Radio Frequency Choke). It provides the necessary DC load resistance (internal resistance) for
collector and also prevents AC signal from being short through the voltage source (V¢). As the
DC resistance of RFC is small, it provides a wide range to set the operating point and reduces
DC power loss.
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Circuit Operation:

To understand the operation of an LC oscillator, first we will discuss the operation of an LC tank
circuit. An LC tank circuit is a parallel combination of L and C. If a supply voltage is connected

momentarily to this tank circuit, the capacitor
will immediate be fully charged. If the power
supply is disconnected from the tank circuit, a
damped oscillation will be produced. The
mechanism is illustrated in Fig.8-7. The stored
energy in the capacitor will oscillate from
capacitor to inductor and vice versa. If there
were no loss of energy, this energy conversion
process would have been continued infinitely
and a pure sinusoidal oscillation was
produced. But, due to the resistive loss, mainly
in the internal resistance of the inductor, the
amplitude of the oscillation gradually
decreases, and a damped sinusoidal waveform
(voltage and current) is produced.

+ VCC

v,

H I— Coc
Cic
R B2
Ce
A CZ C1 Vo

Vf ——

Ue Us
Ur U
Fig.8-7: Oscillation mechanism of an LC tank circuit

UE UB

When the supply voltage of the Colpitts oscillator is switched ON, collector current stars to flow
and capacitors C;, and C, are charged up. These capacitors and the inductor L work as a tank



circuit and a damped oscillation is produced. But the amplifier compensates the losses and an
undamped oscillation is found.

The amount of feedback depends on the ratio of C, and C; (that is C;/C,). Total phase shift
around the loop is 360°. The feedback circuit produces 180° phase shift and the amplifier
produces another 180° phase shift.

The frequency of oscillation will be the resonant frequency of the parallel LC circuit and is given
by,

1
or, fo=—"FT— (8-6)

2m/CrL

Where, CT = C1”C2 = C1C2/(C1 + Cz)
The minimum value of hy, for the sustained oscillations is given by,

C; Capcitance connected to collector

he, = — =
Te C, Capcitance connected to base

(8-7)

8.8 Hartley Oscillator

Hartley oscillator is another common LC oscillator.
As shown in Fig.8-8, Hartley oscillator is same as
Colpitts oscillator. The only difference is two
inductors and one capacitor have been used in the
frequency selecting network (tank circuit). The
operation process is same as that of Colpitts
oscillator. The amount of feedback depends on the
values of Ly and L, (that is L,/L;). If L, increases,
its impedance will also increase, hence feedback
voltage will increase and vise versa.

Here also the feedback network will produce 180° 1
I

phase shift, and the CE amplifier will produce c

another 180° phase shift. Thus total phase shift Fig.8-8: Hartley oscillator using BJT
around the loop will be 360° which is a

requirement for oscillation. The frequency of

oscillation will be,

1
fo= 21m\[(Ly + L, + 2M)C (&3
Here, M is the mutual inductance.
The minimum value of h¢, to get the continuous oscillations from the oscillator is
L, +M  Inductane connected to base (8-9)

fe L, + M  Inductane connected to collector



8.9 The Crystal

Some crystals like- quartz, Rochelle salt, tourmaline, corundum etc. show piezoelectric effect.
When mechanical stress is applied to a piece of crystal, electric charges are accumulated on the
faces of this crystal. This phenomenon is called piezoelectric effect. As shown in Fig.8-9, due to
the applied stress the crystal structure is deformed, and net positive and negative charges are
produced in two opposite faces.

On the contrary, if an alternating voltage is applied to two opposite faces of a piece of crystal, it
mechanically vibrates. The vibration of crystal with applied voltage is called reverse piezoelectric
effect. The vibration is the so-called thickness-shear or face-shear vibration, in which both
surfaces of the crystal plate shift w.r.t. each other as shown in Fig.8-10.

Force
' Net + Force
8+ g Net-
—————
! I = = + +
Norma +
& net- Force et
structure Force

Fig.8-9: Piezoelectric effect

Force ¢= + Force ==
V=0 = +V —_ -V
Normal Force m=p - Force 4= +
shape

Fig.8-10: Reverse piezoelectric effect (thickness shear)

Quartz is mostly used as a piezoelectric material. Quartz is a hard, crystalline mineral composed
of silicon and oxygen atoms (SiO,). As natural quartz is costly to mine, most of the quartz used
for crystal fabrication today is of the cultured or synthetic variety. To make the device
(resonator), quartz crystal is cut in different orientations and thickness as shown in Fig.8-11.
After cutting, the piece of crystal is placed between two conducting plates that work as the

E 4

(d)

Fig.8-11: (a) Different cutting angles of quartz crystal (b) Crystals used in watch, (c) Small crystal
used in microprocessor, and (d) Big crystals used in microprocessor or other purposes
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external electrodes of the crystal. The assembly is placed in a metal case. The frequency of
oscillation is determined by the type of cut, cutting angle, dimensions of the crystal piece, and
construction of the electrodes.

8.10 Quartz Crystal Equivalent Model and Response

A mechanically vibrating crystal can be represented by an equivalent electrical circuit consisting
of a low value motional resistance Ry, (10 Qto 150 (), a large motional inductance L
(few mH to H) and small motional capacitance Cs (2 fF to 50 fF ) as shown in Fig.8-12(b). As the
crystal is placed in between two metal plates, they form a capacitance which is represented by
C,,, and is called mounting capacitance. lts value ranges from 0.5 pF to 10 pF. When a crystal
vibrates, its inertia is equivalent to L, stiffness is equivalent to Cy and frictional loss is equivalent
to R,. The quality factor (Q) of an inductor is defined as 2L /R. The value of R in a crystal is so
small that it can give quality factor in the range of 10* to 10°, while the quality factor of a very
good inductor is 103. For the very high value of quality factor the stability of a crystal oscillator is
very high.

The impedance vs. frequency graph of a typical crystal is shown in Fig.8-12(c).

Zp

Capacitive :Inductive: Capacitive
Ls | 1

X-tal = Z,= ==C, T=Cn

(a)

(b)
Fig.8-12: (a) Symbol of crystal, (b) Equivalent circuit, and (c) Characteristics

From the equivalent model of the crystal [Fig.8-12(b)], its impedance can be represented as,

: 2

wL,C, —1

Z, - (1_ ) o (LG —1)

w/)  Cs+ Cp — w?LCsChpy
From this equation we find that Z,, depends on frequency (w). Z,, = 0, when w?L,Cs— 1 =0.
This is the condition of series resonance. Therefore, at series resonance,

w?L,C,—1=0
1

or, fg—m

Series resonance occurs at lower frequency at which the mounting capacitance has negligible
effect.

or, (8-10)

(8-11)

In case of parallel resonance, Z,, = © when Cs + Cp, — w?LiCsC,, = 0. Therefore, at parallel
resonance,



Cs + Cpp — WZLgCsCpp = 0
Co+Cp 1

2 —
Ls Cs Cm Ls CT

or, w;

where, Cr = CsCrn /(Cs + C) = Cs||Copp.
f 1
or, =
P 2n/LCr

Quality Factor or Q-factor:

(8-12)

Quiality factor or Q-factor (Q) of a crystal or (coil) is defined as the ratio of the maximum energy
stored to the maximum energy dissipated per cycle of the resonant frequency. It can be shown

that

maximum energy stored X}  2mfLg

Q = 2nf (8-13)

maximum energy dissipated R R

Since the value L of a crystal is very large and R is very small, the quality factor of a crystal is
very large.

8.11 Colpitts Oscillator with Crystal

In Colpitts oscillator, the capacitors and the inductor jointly determine the frequency of
oscillation. As the Q-factor of a coil is low, the frequency of Colpitts oscillator drifts due the
variation of temperature or external magnetic fields. In place of inductor, if a crystal is used more
stable frequency is obtained. In this case, the equivalent inductance of the crystal forms the tank
circuit and determines the frequency of oscillation. We can replace the inductor of Fig.8-6 by a
crystal of desired frequency. However, generally Colpitts crystal oscillators are designed using a
common collector amplifier as shown in Fig.8-13(a). In this circuit, the crystal works as an
inductor and produces a frequency little greater than its series resonant frequency (f;). A
damped oscillation is produced in the tank circuit consisting of the crystal’s inductance and the
capacitors C; and C,. The output voltage is applied across C, and the feedback voltage is taken
from across capacitors C; + C,. Look, the polarity of the output voltage and the feedback voltage
are same. The CC amplifier produces no phase shift, so the total phase shift of the oscillator is 0°.

+Vip
s ” A i, =0
Vr §R1
1
G
e |

X-tal = VD_L‘" M IH Vo

G, R, Re Coc

- (a) =

Fig.8-13: (a) Crystal Colpitts oscillator using CC amplifier, (b) Current direction in the tank circuit



The gain of the CC amplifier is less than unity. So the value of the feedback factor () should be
greater than unity. From Fig.8-13(b), the voltage across, C; and C; is the feedback voltage, vy.
Similarly the voltage across C, is the output voltage, v,. Here, C; and C, forms a voltage divider
network. According to voltage divider rule we can write,

= 17207
° jXc1+jXca
v X1+ X X, C
ﬁ:_f:u:1+ﬂ:1+_2 (8-14)
Vo Xc2 Xc2 ¢y

From this expression, we find that §§ increases with the increase of C, and decrease of C;.
8.12 Pierce Crystal Oscillator

Pierce crystal oscillator is a modification of Colpitts oscillator. Here the inductor of Colpitts
oscillator has been replaced by a crystal (a frequency generating device made of quartz crystal).
The pierce crystal oscillator is shown in Fig.8-14(a). The feedback process is illustrated in Fig.8-
14(b).

(a) (b)

Fig.8-14: Pierce crystal oscillator (a) Normal circuit, and (b) Circuit with FET junction capacitances

The gate-source capacitance (Cys) and the drain-source capacitance (Cy5) come across the
crystal. A crystal can work either in series or in parallel resonance mode. In this circuit, the crystal
works in series resonance mode. In series resonance the crystal is equivalent to an inductor. This
inductance of the crystal, and the parasitic capacitances of the FET from a tank circuit. Rest of the
operation is same as the Colpitts oscillator.

8.13 Multivibrator

A multivibrator is an electronic circuit that produces a non-sinusoidal (square) waveforms as its
output. There are three types of multivibrators:

>  Astable Multivibrator
» Monostable Multivibrator
>  Bistable Multivibrator



8.14 Astable Multivibrator

The Astable Multivibrator is one type of cross-coupled transistor switching circuit that has NO
stable output state, as it changes from one state to another (HIGH and LOW) by its own. That is,
the output of this circuit (taken from the collector terminal of any transistor) freely oscillates
between HIGH and LOW state [as shown in Fig.8-15(b)]. The astable multivibrator is also called
free running multivibrator.

As shown in Fig.8-15(a), an astable multivibrator is consisted of two transistors, two capacitors
and four resistors.

(a)

Fig.8-15: Astable multivibrator: (a) Schematic diagram, and (b) Output waveforms

The HIGH and LOW time depends on the values of R,, Rs, C;, and C, as given by the following
expressions:

HIGH Time : t; =0.69 C; R;

LOW Time : t,=0.69 G, R,

Time period : T=t, +t,=0.69 C; R;+ 0.69 G, R,

IfR,=R3=R,and G, =C;=C

Then, T=1.38 RC. Therefore, the frequency of oscillation will be,

1 1
" 0.69(C; R; +C,R,) 1.38RC

f

8.15 Monostable Multivibrator

The circuit diagram of a monostable multivibrator is shown in Fig.8-16(a). As shown in Fig.8-
16(b), the output of this multivibrator has a stable state and a quasi-stable state. The output goes
to quasi-stable state when a trigger pulse is applied to the base of any transistor. The duration of
the quasi-stable state will be: T = 0.693R;C. After this time the output backs to the stable
stage, and stays there until the next trigger pulse is applied.



R1 RT éRZ QUaSl-
“ igiig! stable Stable
———O state
R3 Output Q —)IT I*— state
2 HIGH
Q . K/—Qz Collector H
\_’\ voltage — -lov
G D1 Trigger ~ }\ ____________ _ - HIGH
= °_| LI_L[ = pulses - -0V
Tuuut R (b)
3
Trigger pulses (a)
Fig.8-16: Monostable multivibrator: (a) Schematic diagram, and (b) Output waveforms
8.16 Bistable Multivibrator Stable states
HIGH
A bitable multivibrator has 2 stable states. The output Output
goes to HIGH state at one trigger pulse, and goes to e Al ov
LOW state at another trigger pulse and so on [as Trigger [' - ]' ————— i —————— HIGH
shown in Fig.8-12]. pulses - - A—_D— N oV

8.17 The Timer IC: 555 Fig.8-17: Output of bistable multivibrator

The 555 timer is a commonly used IC, designed to produce a variety of output waveforms with
the addition of an external RC network. Using this IC, different types of multivibrators can be
designed.

Driver

Fig.8-18: The 555 (timer) IC: (a) Photographs, and (b) Internal block diagram

8.18 Astable Multivibrator using 555 1C

The circuit diagram of an astable multivibrator using 555 timer is shown in Fig.8-19. The
durations of HIGH and LOW times are controlled by two resistors R;, R, and one capacitor C;.

HIGH time: t; = 0.69 (R; + R,)C;
LOW time: t; = 0.69 R,C,

Basic



Time period :T= tl + tz =0.69 (Rl + Rz)Cl +0.69 R2C1 =0.69 (R1 + 2R2)C1

Therefore, the frequency of oscillation will be,

f 1
T
0
VCC
8
R, Al
Vee  Reset
Discharge
Sk, 555 |,
Output ——o
2 T Vo
rigger
6 Threshold
GND

(a)

" 0.69(R; + 2R,)C,

LOW ['rHIGH

{

e | >
ot
e— T —>1

(b)

Fig.8-19: Astable multivibrator using 555 IC: (a) Schematic diagram, and (b) Output waveforms

8.19 Monostable Multivibrator

The output of this multivibrator has a stable state and a quasi-stable state. As shown in Fig.8-
20(b), the stable state is LOW and the quasi-stable state is HIGH. The output goes to the quasi-
stable state when a trigger pulse is applied. After some time the output comes back to the stable
stage, and stay there until the next trigger pulse is applied. Unlike the BJT monostable
multivibrators, here a negative trigger pulse (less than 1/3 of Vi) is used. Monostable
multivibrator is used to turn-ON a load (like a microwave oven) for a predefined amount of time

and let it turn-OFF automatically.

o
VCC
8
Ri ol .
§R2 Vee  Reset
Discharge
6 Threshold 3
Output —o
555 Putpu v,
) 4k 2 Trigger
Negative GND
trigger |© ~ J
—I ==, 5J_C2 1
[ . & ()
nE

VTrigger 1 1

VC 1 1

I 2
"“§Vcc

! J——Quasi-stable state

Ve HIGH

(b)

LOW

* —Stable state

Fig.8-20: Monostable multivibrator using 555: (a) Schematic diagram, and (b) Output waveforms



CHAPTER

9.1 Power Supply Characteristics

A power supply is a circuit that converts AC power into DC at a
desired voltage level (5V, 6 V, 12 V, etc.). In many electronic
systems, like mobile, TV, sound system etc. we use power
supply. Fig.9-1 shows an unregulated power supply that
consists of a step-down transformer (T;), a bridge rectifier
(consists of D; to D,) and a capacitor filter (C;). A problem of
this power supply is due to the variation of supply voltage or
the load current, the output voltage changes. Due to the
internal voltage drop, an increase in load current always
decreases the load voltage. Therefore, voltage regulators are
used to regulate (keep constant) the output voltage. The
performance of a voltage regulator is determined by two
parameters: load regulation and line regulation.

Ti D,

=

220V
50 Hz

G

+
)

Fig.9-1: Unregulated power supply with capacitor filter

Load Regulation

When the amount of current through a load changes due to
variations in load resistance, the voltage regulator must
maintain a nearly constant output voltage across the load, as
illustrated in Fig.9-2.



Vln

V:/" Voltage

Voltage
regulator

regulator

Vo
OifES

% R. No change
in VOut

I, increase

_*_ (or decrease)

Fig.9-2: Load regulation. A change in load current has practically no effect on the
output voltage of a regulator (within certain limits)

Load regulation can be defined as the percentage change in output voltage for a given change in
load current with all other factors held constant. One way to express load regulation is as a
percentage change in output voltage from no-load (NL) to full-load (FL). Mathematically,

Vi =V
u) x 100% (9-1)
VEL

Alternately, the load regulation can be expressed as a percentage change in output voltage for
each mA change in load current. For example, a load regulation of 0.01%/mA means that the
output voltage changes (increase or decrease) by 0.01% when the load current increases or
decreases by 1 mA.

Load regulation = (

Example 9-1

A certain voltage regulator has 12 V output when there is no load (I, = 0). When the full-load
current of 200 mA is drawn from the regulator, the output voltage falls to 11.8 V. Calculate the
voltage regulation as a percentage change from no-load to full-load and also as a percentage
change for each mA change in load current.

Solution:

Here, the no-load voltage is Vi, = 12V, and the full-load voltage is Vy;, = 11.8 V. The voltage
regulation (load regulation) can be calculated using Equ.(9-1) as,

12V -11.8V

Vne — VeL )
NL T FL x 1009
118V %

Load regulation = ( ) X 100% = (

FL

Load regulation = 1.7% [Ans. ]

The load regulation can also be calculated as a percentage change per mA of output current as,

7%

200 mA
Comments: The smaller the load regulation, the better the power supply.

Load regulation = ~ 0.0085%/mA [Ans. ]

Line Regulation

The ability of a regulator to maintain a constant voltage irrespective of the input (supply) voltage
change is measured by line regulation. Line regulation can be defined as the percentage change

Basic



in the output voltage for a given change in the input voltage (generally 10%) with all other
factors held constant. It is also expressed as a percentage by the following formula:

AVOut

Line regulation = ( ) x 100% (9-2)

in

i,

Voltage
V), decrease regulator

Voltage
Normal V,, regulator

O Vout

. No change
R, Normal Vou (orincrease) _L R 8

Fig.9-3: Line regulation. A change in input (line) voltage does not significantly affect the output
voltage of a regulator (within certain limits)

Line regulation can also be expressed in units of %/V. For example, a line regulation of 0.05%/V
means that the output voltage changes by 0.05% when the input voltage increases or decreases
by one volt. Line regulation can also be calculated using the following formula
(A means a change):

AVout /Voue

0 9-3
i )><100/o (9-3)

Line regulation = (

Example 9-2

Due to the decrease in the AC input voltage of a certain power supply, the DC input to the
voltage regulator decreases by 5V, and the output of the regulator decreases by 0.25 V. The
nominal output is 12 V. Determine the line regulation in %/V.

Solution:
AV, V
Using Equ.(9-3), Line regulation = (%) X 100%
_ _ 0.25V/12V\
or, Line regulation = (T) X 100% =~ 0.42%/V [Ans. ]

Comments: The lower the value of line regulation the better the regulator quality.

9.2 Types of Voltage Regulator

There are mainly two types of voltage regulators: linear voltage regulator and switching or
switch mode voltage regulator. Though both types regulate a system’s voltage, but linear
regulators operate with lower efficiency and switching regulators operate with higher efficiency.
In high-efficiency switching regulators, most of the input power is transferred to the output
without losses.
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9.2.1 Linear Regulators

A linear voltage regulator utilizes an active pass device (or controlling device) (such as BJTs or
MOSFETs), which is controlled by a high-gain (BJT or op-amp) amplifier. To maintain a constant
output voltage, the linear regulator

adjusts voltage dropped in the pass . Control o
device by comparing the internal voltage + element
reference to the sampled output voltage, T 1 +
and then adjusts the error to zero. Linear Reference Error sampling| § v

n voltage detector circuit LS Yout
regulators are step-down converters, so l _
the output voltage is always lower the y
. 9 2
input voltage. ¢ =

Linear regulator ICs, such as the 78xx, Fig.9-4: Block diagram of a series type voltage regulator

only require an input and output
capacitor to operate (see Fig.9-11).
Their simplicity and reliability make

N
O
!

Error PR Control

o
+
them very simple devices for T detector element +
engineers, and are often highly cost- Vin Ré Vour
effective. Reference Sar'npli'ng _
voltage circuit
Two basic types of linear regulators are y .
O " 9 L

the series regulator and the shunt —

regulator. If the controlling device Fig.9-5: Block diagram of a shunt type voltage regulator
(BJTs or MOSFETSs) is connected in series with the load, then it is called a series regulator, but if
the controlling device is connected in parallel (shunt) with the load then it is called shunt
regulator. The block diagram of a series and a shunt regulator is given in Fig.9-4 and Fig.9-5,
respectively.

9.2.2 A Switching Regulator

A switching regulator circuit is generally more complicated than a linear regulator, and requires
many electronic components. Switching regulators can be step-down converters, step-up
converters, or a combination of the two, which makes them more versatile than a linear
regulator. The block diagram of a

switching regulator is shown in High freq. Rectifier &

Fig.9-6. The unregulated voltage is switch Transformer Filter

chopped with high frequency and oC | 7 :élé: Dir- DC
then transferred to a higher or  'MPUt = Output
lower voltage using transformer. At Feedback

the output, this AC voltage is - g
rectified and filtered and the T e Sampling
output voltage is produced. The Generator

output voltage is kept constant by Reference

changing the width (PWM: Pulse
Width Modulation) of the chopping Fig.9-6: Block diagram of a switching type voltage regulator



signal. Advantages of switching regulators are: they are highly efficient (greater than 95%), have
better thermal stability, and can support higher current and wider V;/V, applications. The HF920
is an example of a switching regulator that offers high reliability and efficient power regulation. A
complete power supply with switching regulator is called switch mode power supply or SMPS.

Basic Circuit of Linear Series Regulator

In Chapter 2, we have discussed a basic voltage
regulator (shunt type) using Zener diode. In that type
of regulator, the load current is limited by the
maximum Zener diode current capacity. Vin

The current capacity can be increased by using a
series-pass transistor as shown in Fig.9-7. This circuit
is a series voltage regulator. Transistor Q, is reffered
to a series-pass transistor.

Fig.9-7: Block diagram of a series
type voltage regulator
The output voltage (Vp,:) of this regulator is

(Vz — Vgg), and the maximum load current I} iqy), can be the maximum emitter current of Q.
For a 2N3055 transistor, I; can be as much as 15 A.

9.3 Regulator With Error Amplifier

A series regulator with an error amplifier is shown in Fig.9-8. The error amplifier improves the
line regulation and load regulation. The amplifier also makes it possible to have an output
voltage greater than the Zener diode voltage. Resistor R, and Zener dicde D; produce the
reference voltage (V;). Transistor Q, and R; constitute the error amplifier, that controls the
series-pass transistor Q. The output voltage is divided by R3, and R, resistors and compared to
the reference voltage. C; is a large value capacitor, usually 50 pF to 100 pF, used to suppress

any oscillations at the output. Control element sampling

When the circuit output voltage changes, S oYout
the change is amplified by transistor Q, + Ly

and fed back to the base of Q; to correct
the output voltage level. Suppose that the
circuit is designed for Vo, = 12 V. The v,
supply voltage (V;,,) should be greater

<A
i< s

amplifier

— — E
than Vs, say V,, = 18 V. Let, V, = 6 V. reteredB voltage R

The base voltage of @, must be, voltage

VBZ = VZ + VBEZ = 67 V Resistors R3 ° 1 = o—

and R, will divide Vjy,;(=12V) and
produce Vg, = 6.7 V. The voltage at the
base Of Q1 iS, VBl = VOut + VBEl =12.7 V. AISO, VRl = VITL - VBI = 53 V.

Fig.9-8: Block diagram of a series type voltage regulator

Now suppose (for any reason) the output voltage drops slightly. When Vy,,; drops, Vg, also
drops. As the emitter voltage of @, is held at V, any decrease in Vg,, appears across the base-
emitter of Q5. A reduction in Vgg, causes I, to be reduced. When I, falls, the voltage drop
across Ry also drops. So the voltage at the base of @, rises (Vg1 = V},, — Vgq) causing the output



voltage to increase. Thus, a decrease in V,; produces a feedback effect which causes Vj,; to
increase back to its normal level. In the same process, a rise in Vj,; above its normal level
produces a feedback effect which pushes V,,,; down again to its normal level.

9.4 Three-Terminal Voltage Regulator 1Cs

The 78xx is a family of self-contained voltage regulator integrated circuits (ICs) used for positive
voltage. On the other hand, 79xx series are used for negative output voltage. As shown in Fig.9-9
and Fig.9-10, the ICs have three terminals. For both the series, xx is a two digit number that
represents the value of constant output regulated voltage. For example, 7805 is a voltage
regulator IC that produces constant +5 V, and 7905 is the complementary ICs that gives constant
-5 V (negative 5 Volts) output. They are capable of providing 1 A output current. They have
internal short-circuit protection and thermal protection. As they produce a high power loss, they
must be placed in heat-sinks.

+ve voltage -ve voltage 2
(=
10— 78X [—03 20— 79 | —o03 \
Input Output  Input Output
<L2 J>1 N
Common Common TO-220 BLR D
(Ground) (Ground) \‘-1'2 3
Fig.9-9: 78xx and 79xx IC pin-outs Fig.9-10: Pin-out of 78xx IC

Using these ICs, we can design DC power supply for constant output voltage. Fig.9-11 shows how
to use a 7812 IC to produce constant 12 V output. The purpose of the capacitors is to filter any
spike voltages. The input voltage should be at least 1 V greater than the output voltage. The
output will be constant 12 V. The additional voltage will be dropped across the IC.

o——¢—0— LM7812 [-o——o0
+ 1 3 +
1 2 A
Vin LG = V,
0.33uF 0.1uF[ °
Unregulated i i Regulated
input voltage ° 1T ° output voltage

Fig.9-11: Voltage regulator circuit using LM7812 IC for 12 V output

b, IN1N603
+ve voltage Vi 228V 1 3 i V, = 1.2V-25V

o LM317 [o—¢4—e °

10— LM317T : A
Vin

(Input l v,

2

Adj i

(Adjust) °

Fig.9-12: Variable voltage IC: LM 317 T Fig.9-13: Variable voltage regulator circuit
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Power Electronics

/|

10.1 Introduction

Power electronics is the

branch of electrical 0 c
engineering that deals G

with the processing of G

high and S E

voltages
currents to  deliver Power IGBT
power to different MOSFET

output loads. Some 3 M 2
examples of power
electronic systems are: G G G
Cc MT, Cc
SCR GTO

» DC/DC converters

» Light dimmer / Fan
regulator circuits

> Inverter circuits etc.

Triac

Fig.10-1: Symbols of some common
power devices

10.2 Devices Used in Power Electronics

Power electronic circuits are designed using different power
devices, depending on the power requirements and some other
parameters. Some common
components used in power
electronics are:

» Power BJT
» Power MOSFET
» IGBT (insulated-gate

bipolar transistor) Fig.10-2: Photographs of typical SCRs




»  SCR (Silicon-controlled rectifier) +o A K
» Triac
»  GTO (gate turn-off thyristor)

Forward conduction mode
(ON state)

Latching current
Holding current

Reverse leakage

. . current
10.3 SCR (Silicon Controlled Rectifier)
'Via Vg
SCR is a high power silicon device. It is a pf f : §
four layer PNPN device. As it is made using Revefse b?;\c'\l'(?r:g Forward leakage
Si, and the device controls power, so it is blocking mode |~ 4e current
called silicon controlled rectifier (SCR). Q Vgo = Forward break-over voltage

-, Vg = Reverse break-over voltage

The |-V characteristics of an SCR ae given in I, = Gate current

Fig.10-3. If an SCR is reverse biased, it will
behave as an open switch and will flow a Fig.10-3: Characteristics of SCR

very small reverse leakage current. If the

reverse bias voltage exceeds Vyz (reverse +

ON state conduction

break down voltage), the device will be leakage

damaged and unlimited current will flow C”"e“t Fire on Quadrant |

through it. If the SCR is forward biased and gate tr,gger ____________ 70

the applied voltage is equal to Vg, the SCR v VBo Y "2/ w
VBO

Fire on leakage

switch). When turns ON its internal gate trigger current

resistance decreases, and hence the voltage
drop decreases as well. As shown in Fig.10-
3, if a gate current is applied, SCR turns ON
with lower forward bias voltage. Fig.10-4: Characteristics of Triac

Quadrant Ill

turns ON and starts to conduct current (ON m ______ j
n

ON state conductio

10.4 The Traic

The characteristics of a triac is shown in Fig.10-4. Triac is also a power device that is used for AC
power controlling. Its characteristics are similar to those of SCR. The only difference is, it works in
both directions: forward bias and reverse bias. So it can be used for AC power controlling.

10.5 The IGBT

IGBT is the short form of Insulated Gate Bipolar Transistor, combination of Bipolar Junction
Transistor (BJT) and Metal Oxide Semiconductor Field Effect

Transistor (MOSFET). As shown in Fig.10-6(a), it is the combination of ¢

a MOSFET and a BJT. It is a semiconductor device used as very high G

power switch.

MOSFET has advantages of high switching speed with high input- E
impedance and on the other side BJT has advantage of high gain and Fig.10-5: Symbol of IGBT
low voltage drop. As IGBT is a combination of MOSFET and BJT, it

has advantages of both of them. Although, BJT is current controlled device but the control for
the IGBT depends on the MOSFET, thus it can be considered as a voltage controlled device. The



input characteristic is same as that of EMOSFET and the output characteristics are same as that
of BJT [as shown in Fig.10-6(b) and (c)].

Collector
Drift le le Increasing Vg
MQSFET resistance BITin 12 12 1 :
in input output 10 10 ! !
! .
8 8 ? ;
Gate 6 6 / ;
° Parasitic Body 4 4 £ i
Transistor resistance 2 Vem) 2 Z el
o] Vem 01/ ! !
l 05 10 15 20 25 Vg r 0 5 10 15 20 2530 Vg
(a) Emitter o (b) (©)

Fig.10-6: (a) Equivalent circuit of IGBT, (b) Input characteristics, and (c) Output characteristics

10.6 Power MOSFET

There are various types of Power MOSFET. The most common types are: VMOS, and UMOS. The
construction of a VMOS is shown in Fig.10-7. Here, the

channel length can be controlled by diffusion process and ~ Sourcey  Gate

can be made very thin to carry large current.

The structure is same as an N-channel enhancement
MOSFET. Therefore, its operation and characteristic curves
are similar to that of N-channel enhancement MOSFET. The
only difference is now the devices can carry a very large
current.

N Substrate Mnel

lDrain
10.7 DC-to-DC Converter Fig.10-7: Construction of V-MOS

DC-to-DC converters are used to convert a DC input voltage into a higher or lower DC output
voltage. There are three types of DC-to-DC converters:

> Buck converter : Output voltage is less than input voltage.

> Boost converter : Output voltage is greater than input voltage.

>  Buck-Boost converter : Output voltage may be less than or greater than input voltage.
DC-to-DC Converter Circuit

The circuit diagram of a buck-boost converter is shown in Fig.10-8. The output is controlled by
changing the duty cycle of a PWM (pulse width modulation) signal. The definition of duty-cycle is
given in Fig.10-9. If the duty-cycle of the controlling pulses is changed to increase or decrease the
output voltage, it is called PWM. When the PWM signal is HIGH, the MOSFET is ON and energy is
stored in the inductor L;. At this time, the load is separated from the source by the diode D; but
the capacitor C; supplies power to the load. When PWM goes LOW, the MOSFET is OFF, the



Vin o /\

! -Cycl :
+ 1Al A%L N T . Duty-Cycle (DC)
1 1

Duty-cycle of a pulse is defined as:
n rerdeofap
_ HIGH time % 100 = w % 100
PWM " Period T
generator
- W o~
1 T 1
Fig.10-8: Schematic diagram of a DC-to-DC converter Fig.10-9: Duty-cycle of a pulse train

energy stored in the inductor charges up the capacitor as well as supplies power to the load. By
changing the duty cycle, the output voltage can be
increased or decreased as given by the following
equation.

DC
DC-to-DC converters are so widely used in electronics
that they are readily available in market as modular

froms. Fig.10-10 shows such a DC-to-DC converter
module.

(10-1)

) ) Fig.10-10: DC-to-DC converter
10.8 Phase Control Using Triac (Fan Regulator)

It is possible to control the power supplied to a load, using triac and diac. This type of circuit is
called phase-controlling circuit. They are widely used as fan-regulators and light-dimmers in our
homes. A typical circuit diagram of a fan- regulator (and light-dimmer) circuit is shown in Fig.10-
11. The power, supplied to the load, is controlled by changing the firing position (also called
triggering angle, a) of the diac and triac on each cycle of the AC input power as shown in Fig.10-
12. The triggering angle () can be changed by changing the value of the resistance VR;. The
higher the value of ¢, the lower is the power supplied to the load.

Light/Fan Load During this time load

voltage does not get power o
During this time

(\ \/y load gets power

AC ' i
N R, > al:__)l\\\/—v-‘ﬂ—"\\u Time
o0— Triac M2 §R2 o
VR, Diac Triac a = Trigger angle
/—\ G voltage 6 = Conduction angle
\H/ =—=c “ N
== M A ‘ A Time
T al:—_)N //I ‘ //I

Fig.10-11: Phase control circuit using diac and triac Fig.10-12: The load and triac voltages
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CHAPTER

11.1 Introduction

Our universe is analog in nature. Maximum parameters
(measureable quantities) surrounding us are analog, for
example, time, temperature, wind speed, pressure, force and
so on. These analog quantities have an important
characteristic: they can vary over a continuous range of values.
If we measure room temperature, it may have any value
between 0°C to say 40°C, or if we measure wind speed it may
have any value between 0 to 200 km/hour.

In digital systems, these
analog  quantities are
represented by digital
signals. Digital signals are
not continuous rather Analog signal
discrete and these discrete M—U_L
values are represented by - =

binary numbers. Binary Digital signal

numbers are the Fig.11-1: Analog and digital signals
combination of ‘0" and 1".

A circuit that processes digital signal is called digital circuit.
The branch of electronics in which digital circuits are studied is
called digital electronics. In digital circuits ‘0’ and ‘1’ are
represented by high voltage and low voltage, respectively. The
major difference between analog and digital quantities, then,
can be simply stated as follows: analog = continuous and
digital = discrete (step by step).



Because of the discrete nature of digital representation, it is more immune to noise, whereas the
analog quantity is noise prone.

11.2 Logic Gates

Analog circuits are constructed using discrete components and ICs, but the building blocks of
digital circuits are logic gates. They perform basic logical functions that are fundamental to
digital circuits.

In a digital circuit, logic gates will make decisions based on a combination of digital signals
applied to its inputs. Though logic gates may have more than two inputs, most of them have
two inputs and one output. Logic gates work based on Boolean algebra (the algebra where the
variables have values either 0 or 1). At any given time, every terminal of logic gates is in one of
the two binary conditions, FALSE (0) or TRUE (1). FALSE represents 0, and TRUE represents 1. A
logic gate can be thought of like a switch, where one position of the output is OFF (‘0’), and the
other position is ON (‘1’). Logic gates are commonly used in integrated circuits (IC). In fact,
logic gates are constructed using analog devices, like resistors, diodes, transistors etc. There
are three fundamental logic gates and combining these gates some other logic gates are made.
Sometimes to describe the function of a logic gate or a digital circuit, truth table is used. A
truth table is a means for describing how a logic gate’s (or circuit’s) output depends on the
input logic levels.

Ao— A
X=AB X=A+B
B o— B

AND gate OR gate

Truth table of AND gate Truth table of OR gate

Input Output Input Output
A B X=A-B A B X=A+B
0 0 0 0 0 0
0 1 0 0 1 1
1 0 0 1 0 1
1 1 1 1 1 1

Fig.11-2: Symbol and truth table of an AND gate Fig.11-3: Symbol and truth table of an OR gate

The AND Gate

The AND gate acts in the same way as the logical "and" operation. The symbol of a two-input
AND gate and its truth table are shown in Fig.11-2. The output of an AND gate will be ‘1’ if both
the inputs are ‘1’. If the value of any input is ‘0’, the output will be ‘0’. In Boolean algebra the
AND operation is denoted by . (dot). So the output of the AND gate can be represented as
X = A+ B. Sometimes, the ‘dot’ is not used and the operation is simply denoted as X = AB.



The OR Gate

The OR gate acts in the same way as the logical AO—I>O_O X=4a
"or" operation. The symbol of a two-input OR

gate and its truth table are shown in Fig.11-3. NOT gate

The output of an OR gate will be ‘1" if any one of Truth table of NOT gate
the inputs is ‘1’. If the values of all inputs are ‘0, Input | Output

the output will be ‘0’. In Boolean algebra the OR —
operation is denoted by + (plus) sign as shown in A X=4
Fig.11-3. So the output of the OR gate can be 0 1
representedas X = A + B. 1 0

Fig.11-4: Symbol and truth table of a NOT gate
The NOT Gate g v g

A NOT gate, also called a logical inverter, has only one input. It produces reverse of the input. If
the input is ‘1’, then the output is ‘0’. If the input is ‘0’, then the output is ‘1’. The symbol and the
truth table of a NOT gate are shown in Fig.11-4. In Boolean algebra, the NOT operation is
denoted by ~ (over bar) symbol. So the output of the NOT gate can be represented as X = 4

All digital circuits can be constructed using the above mentioned three logic gates. For this
reason they are called fundamental logic gates. Combining the NOT gate with the AND and OR
gates, two more gates are produced. These are NAND and NOR gates.

NOT gate NOT gate
Ao—] / A / S
X=A'B —oX=A+B
Bo— B
NAND gate NOR gate
Truth table of NAND gate Truth table of NOR gate
Input Output Input Output
A B X=A'B A B X=A+B
0 0 1 0 0 1
0 1 1 0 1 0
1 0 1 1 0 0
1 1 0 1 1 0

Fig.11-5: Symbol and truth table of a NAND gate Fig.11-6: Symbol and truth table of a NOR gate

The NAND Gate

The NAND gate is the combination of AND gate and NOT gate. The symbol and the truth table
of a two-input NAND gate are shown in Fig.11-5. Look at the circle at the output of NAND gate.
This circle represents a NOT gate. Thus, the output of a NAND gate will be just opposite of AND
gate. The output of a NAND gate will be ‘1’ if any one of the inputs is ‘0’. The output will be ‘0’,
only when all inputs are ‘1’. In Boolean algebra the NAND operation is denoted by = (dot with
over bar) symbol. So the output of the NAND gate can be representedas X = 4 - B.



The NOR Gate

The NOR gate is the combination of OR gate
and NOT gate. The symbol and the truth
table of a two-input NOR gate are shown in
Fig.11-6. Here also the circle at the output
indicates a NOT gate. The output of a NOR
gate will be just opposite of OR gate. The
output will be ‘0’ if any one of the inputs is
‘1’. The output will be ‘1’, only when all
inputs are ‘0’. The NOR operation is denoted
by + (plus with over bar) symbol. So the
output of the NOR gate willbe X = A + B.

The NAND gates and NOR gates are called
universal gates, as they can be used to build
any logical gates or logic circuits.

There are two more logic gates used in digital
electronics. These are: Exclusive-OR (Ex-OR)
gate and its complement (inverted) the
Exclusive-NOR (Ex-NOR) Gate. Although they
are used as a single building block, they can
be constructed using the fundamental gates.

The Exclusive-OR Gate

A
} X=A®B
B

(a) XOR gate

Truth table of XOR gate

Input Output
A B X=A®B
0 0 0
0 1 1
1 0 1
1 1 0
(b)
A O
B o— —
B
A
(c)

Fig.11-7: XOR gate: (a) Symbol, (b) truth table, and
(c) equivalent circuit of a XOR gate

XOR (Exclusive-OR) gate acts in the same way as the logical "either/or." The output is ‘1’ if
either, but not both, of the inputs are ‘1’. The output is ‘0’ if both inputs are same either ‘0’ or
‘1’. The symbol and truth table of a two-input XOR gate is given in Fig.11-7. As shown in this
figure, the XOR gate can be constructed using the fundamental gates. The XOR operation is
denoted by @ (circled plus) symbol. So the output of the XOR gate is represented as X =

AD®B.
NOT gate

)

(a) XNOR gate

Truth table of XNOR gate

Input Output
A B X
0 0 1
0 1 0
1 0 0
(b) 1 1 1

X =AB+ AB

Fig.11-8: XNOR gate: (a) Symbol, (b) truth table,

and (c) equivalent circuit of an XNOR gate



The Exclusive-NOR Gate

XNOR (Exclusive-NOR) gate acts just in the opposite way
of XOR gate. Actually this gate is the combination of XOR
gate and a NOT gate at the output. The symbol and its
truth table are given in Fig.11-8. The output is ‘0’ if either, ﬂ_°—>C|—K
but not both, of the inputs are ‘1’. The output is ‘1’ if both o—k al—o
inputs are same either ‘0’ or ‘1’. The XNOR operation is
denoted by @ (XOR operation with an over-bar) symbol.
So the output of a two-input XNOR gate is represented as
X = A@®B. Like the XOR gate, the XNOR gate can be

o— Qf—o

(a) J-K Flip-Flop

Truth table of NOR gate

constructed using fundamental gates as shown in Fig.11-8. Input Output
Flip-Flops VK| aK a
o . : — o| o | f | QN
Digital electronic systems are made using combinational Change)
circuits and sequential circuits. The circuits that have no 0] 1 }_ 0 (Clear)
memory effect, that is, the output depends only on the 1] 0| | 1sey
present values of inputs are called combinational logic T | 1 }_ o}
circuits. On the other hand, the circuits that have memory (Toggle)
effect, that is, the output depends on the present values of (b)
inputs as well as previous values of inputs are called Fig.11-9: J-K flip-flop: (a)
sequential logic circuits. Although a logic gate, by itself, Symbol, and (b) truth table

has no storage (memory) capability, several gates can be

connected together to have storage capability. The most important memory element is the Flip-
Flop, which is made up of an assembly of logic gates. A Flip-Flop (FF) is an electronic circuit with
two stable states (‘0’ or ‘1’) that can be used to store binary data. The stored data can be
changed by applying various inputs. Flip-Flops and latches (Flip-Flop with level trigger) are
fundamental building blocks of digital electronic systems used in computers, communications,
and many other types of systems. Both are used as data storage elements. It is the basic storage
element in sequential logic systems.

The difference between a latch and a Flip-Flop is that a latch is level-triggered (outputs can
change as soon as the inputs change) and Flip-Flop is edge-triggered that changes state only
when a control signal goes from high to low or low
to high). This control signal is called the clock signal

1 1
(CLK). There are many types of latches and Flip- A |:

Flops that are used to design digital systems. But

here only the most commonly used J-K Flip-Flop is kL
described. 0 : :
1
Fig.11-9 shows the symbol and truth table of a J-K CLK J | { | } | } | }
Flip-Flop that is triggered by the positive-going o i€ 3 4 A
1 ‘ ! ‘
transition (PGT) of the CLK signal (when CLK goes Qo I | |
HIGH from LOW). The J and K inputs control the Set  Clear ch’a\ulr?ge Toggle Toggle

output state of the FF. The upward arrows (T) in Fig.11-10: Operation process of J-K flip-flop



the truth table indicate positive-going edge of the CLK or active clock. Although a FF has two
outputs (Q, and Q), normally Q is used. When J=0, and K=0, the output state will not change.
When J=1, and K=0, the output will be ‘1’ with an active clock. Similarly, when J=0, and K=1, the
output will be ‘0’ with an active clock. If J=K=1, the output will toggle on each active clock. Here
toggle means, the output will go just opposite to the state it was before the active CLK. The
operation of a J-K FF is further illustrated in Fig.11-10. The changes of J, and K with time are
shown (violet and blue) in graphs. The active clock pulses (positive going transitions) are shown
in red color (1 to 5) and the output of the J-K FF is shown in black color. The initial output was
LOW (0). At the first CLK, J=1 and K=0. So the output has been SET (SET means HIGH, CLEAR
means LOW). At the 2" clock pulse, J=0, K=1, so the output has been cleared (goes to LOW). At
3" clock J=K=0, so the output has not been changed (remains unchanged). At the 4™ and 5%
clocks J=K=1, so the output has toggled (goes to opposite state it was before the clock).

Pin Diagrams of Digital ICs

The pin diagrams of fundamental logic gate ICs are given in Fig.11-11. These are 14 pin ICs and
are found as 54 series (for military applications) and 7400 series (for normal applications).
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Fig.11-11: Pin diagram of different digital logic gates ICs
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