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FOREWORID

Engimears are the backbone of any modern society, They are the anes sesponsible for the
imarvels as well as the improved qunlity of life across the world. Engineers have driven
hismsanity towards. greater heights inoa mane evalved asd nprecedented manner,

The All Inddin Council for Technical Education (AICTE), have spared no efforts lewards
the strengthening of the technical education in the country, AICTE is always committed
towards promoting quality Technical Education to make India o modern deveboped nation
emiphasizing on the overall welfare of mankind

An army of nitiatives has been taken by AICTE in last decade which have been
accelerated now by the Mofional Education Policy (MEP) 2020, The implemeniation of
HEF under the visionury leadership of Hon'be Prime Minister of India envisepes the
provisien for education in regional languages tooall, thereby ersuring that every aracuate
hecomes competent enough and i5 in & position 10 contribute towards the tional growth
ared development through imnovation & emtreprencurship.

O of the spheres where AICTE had been relentlessly warking since past couple of years
i5 prawiding high quality original technical coments al Under Graduate & Diploms kevel
prepared and translated by eminem edueators in variows Indian languages 10 its Rspimnts
For students puesuing 2™ vear of their Engineering education, AICTE has identified S8
books, which shall be ranslated inbe 12 bndian langeages - Hindi, Tamil, Gujsrati, Cslin,
Bengali, Kannada, Urdu, Punjabi, Telugw, Marathi, Assamese & Malayalam, In addition
te the English medivm, books in different [ndian Languages are gring to support e
students 1o understand the concepts in their sespectivie mather fongue,

O behal T of ANCTE, | express sincere gratitude 10 all distinguished authors, reviewers
and translaiors fram the renowned institations of high repute for their admirsble
contribution b a record span of tims,
ANCTE iz confident that thess cutcomes based original contems shall help aspimnis o
miaster the subject with comprehension and greater edse.
—
{me.' T. G. Sitharam)
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PREFACE

| take great pleasure in introducing the textbook "Basic of Electronics," which isthe culmination
of my extensive experience in teaching fundamental courses in electronics engineering. The
motivation behind writing this book is to provide engineering students with a comprehensive
understanding of the basic concepts and fundamental s of el ectronics engineering, allowing them
to gain insight into the subject. With a focus on broad coverage and essential supplementary
information, the book incorporates topics recommended by the All India Council for Technical
Education (AICTE) in a systematic and organized manner. Special effort has been made to
explain the fundamental conceptsin the simplest possible way.

Throughout the preparation process, | extensively referred to various standard textbooks and
developed sections such as critical questions, solved and supplementary problems, and more.
Emphasis has been placed on definitions, laws, and comprehensive synopses of formulas for
quick revision of the basic principles. The book addresses awide range of medium and advanced-
level problems, presented in a logical and systematic manner. These problem gradations have
been tested over many years of teaching, catering to diverse student backgrounds.

In addition to relevant illustrations and examples, the book is enriched with solved problemsin
each unit to facilitate a comprehensive understanding of the topics. Each chapter is accompanied
by solved examples, exercise questions, self-study questions, and multiple-choice questions.

| sincerely hope that this book will inspire students to delve into and discuss the underlying ideas
behind the basic principles of electronics engineering. It aims to establish a solid foundation in
the subject matter. | welcome and appreciate all valuable comments and suggestions that will
contribute to the enhancement of future editions of this book. It is my utmost pleasure to present
this book to both teachers and students. Working on the various aspects covered in this book has
been atruly gratifying experience.

Dr. Brijesh lyer
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OUTCOME BASED EDUCATION

For the implementation of an outcome-based education, the first requirement is to develop an outcome-
based curriculum and incorporate an outcome-based assessment in the education system. By going through
outcome-based assessments evaluators will be able to evaluate whether the students have achieved the
outlined standard, specific and measurable outcomes. With the proper incorporation of outcome-based
education, there will be a definite commitment to achieve a minimum standard for al learners without
giving up at any level. At the end of the program running with the aid of outcome-based education, a
student will be able to arrive at the following outcomes:

PO1.

PO2.

PO3.

POA4.

POS.

PO6.

PO7.

PO8.

PO9.

PO10.

PO11.

PO12.

Engineering knowledge: Apply the knowledge of mathematics, science, engineering
fundamentals, and an engineering specialization to the solution of complex engineering problems.

Problem analysis: ldentity, formulate, review research literature, and analyze complex
engineering problems reaching substantiated conclusions using the first principles of
mathematics, natural sciences, and engineering sciences.

Design/development of solutions: Design solutions for complex engineering problems and
design system components or processes that meet the specified needs with appropriate
consideration for public health and safety, and cultural, societal, and environmental
considerations.

Conduct investigations of complex problems: Use research-based knowledge and research
methods including design of experiments, analysis and interpretation of data, and synthesis of the
information to provide valid conclusions.

Modern tool usage: Create, select, and apply appropriate techniques, resources, and modern
engineering and IT tools including prediction and modeling to complex engineering activities
with an understanding of the limitations.

The engineer and society: Apply reasoning informed by the contextual knowledge to assess
societal, health, safety, legal and cultural issues and the consequent responsibilities relevant to the
professional engineering practice.

Environment and sustainability: Understand the impact of professional engineering solutions
in societal and environmental contexts, and demonstrate the knowledge of, and need for
sustainable devel opment.

Ethics: Apply ethical principles and commit to professional ethics and responsibilities and norms
of the engineering practice.

Individual and team work: Function effectively as an individual, and as a member or leader in
diverse teams, and in multidisciplinary settings.

Communication: Communicate effectively on complex engineering activities with the
engineering community and with society at large, such as being able to comprehend and write
effective reports and design documentation, make effective presentations, and give and receive
clear instructions.

Project management and finance: Demonstrate knowledge and understanding of the
engineering and management principles and apply these to one’s own work, as a member and
leader in ateam, to manage projects and in multidisciplinary environments.

Life-long lear ning: Recognize the need for, and have the preparation and ability to engagein
independent and life-long learning in the broadest context of technological change.

Vi



COURSE OUTCOMES

After completion of the course, the students will be able to:

CO-1: Apply basic ideas and principles of Electronics Engineering

CO-2: To study of PN Junction devices and its applications

CO-3: To study the construction, working of atransistor and apply its characteristics
CO-4: To understand the concept of feedback amplifiers and oscillators

CO-5: To know the the fundamentals of Op-Amp its applications

CO-6: To understand the working principles of various measuring instruments and transducers
CO-7: To acquire the fundamental concepts of digital electronics.

- Expected Mapping with Programme Outcomes
T (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
PO-1 | PO-2 | PO-3 PO-4 | PO-5 | PO-6 | PO-7 PO-8 | PO-9 | PO-10 | PO-11 | PO-12
Cco-1 3 3 2 1 - 1 - - - - - 1
CO-2 3 3 2 1 - - - - - - - -
Cco-3 3 3 2 1 = = = = = = = =
co-4 3 3 3 2 - - - - - = = =
CO-5 3 3 3 1 - - - - - - - -
Cco-6 3 3 2 2 - - - - - - - -
CO-7 3 3 3 1 - 1 = = = = = =

viii




GUIDELINES FOR TEACHERS

To implement Outcome Based Education (OBE) knowledge level and skill set of the students should be
enhanced. Teachers should take major responsibility for the proper implementation of OBE. Some of the
responsibilities (not limited to) for the teachers in the OBE system may be as follows:

Within reasonable constraints, they should manoeuvre the time to the best advantage of all
students.

They should assess the students only upon certain defined criteria without considering any other
potential ineligibility to discriminate against them.

They should try to grow the learning abilities of the students to a certain level before they leave
theingtitute.

They should try to ensure that all the students are equipped with quality knowledge as well as
competence after they finish their education.

They should always encourage the students to develop their ultimate performance capabilities.
They should facilitate and encourage group work and teamwork to consolidate newer approaches.
They should follow Blooms taxonomy in every part of the assessment.

Bloom’s Taxonomy

Level Teacher should Students should be Possible M ode of
Check ableto Assessment
Create Studer::trzgt()elllty t© Design or Create Mini project
Evaluate smde'}'ﬂ;ﬁk;“ty to Argue or Defend Assignment
Analyse Student's ahility to Differentiate or Project/Lab
y distinguish Distinguish Methodol ogy
Aol Student's ability to Operate or Technical Presentation/
pply use information Demonstrate Demonstration
Studer_lt S ab|_||ty to Explain or Classify Presentation/Seminar
explain the ideas
Student's ability to . ]
recall (or remember) Define or Recall Quiz

GUIDELINES FOR STUDENTS

Students should take equal responsibility for implementing the OBE. Some of the responsibilities (not
limited to) for the students in the OBE system are as follows:

Students should be well aware of each UO before the start of aunit in every course.

Students should be well aware of each CO before the start of the course.

Students should be well aware of each PO before the start of the program.

Students should think critically and reasonably with proper reflection and action.

The learning of the students should be connected and integrated with practical and real-life
consequences.

Students should be well aware of their competency at every level of OBE.



ABBREVIATIONS AND SYMBOLS

List of Abbreviations

General Terms

Abbreviations Full form Abbreviations Full form

AC Alternative Current HWR Half Wave Rectifier

ASIC Application-Specific Integrated | JFET Junction Field Effect Transistor
Circuits

BCD Binary Coded Decimal LED Light Emitting Diode

BJT Bipolar Junction Transistor LSB Least Significant Bit

CB Common Base Configuration LVDT Linear Variable Differentia

Transformer

CcC Common Collector MOSFET Metal Oxide Semiconductor
Configuration Field Effect Transistor

CD Diffusion Capacitance MSB Most Significant Bit

CE Common Emitter PIV Peek Inverse Voltage
Configuration

CMOS Complementary Metal Oxide PMMC Permanent Magnet Moving
Semiconductor Cail

CMRR Common Mode Rejection RAM Random Access Memory
Ratio

D- MOSFET Depletion Metal Oxide RMS Root Mean Square
Semiconductor Field Effect
Transistor

DC Direct Current ROM Read Only Memory

E- MOSFET Enhancement Metal Oxide SCR Silicon Controlled Rectifiers
Semiconductor Field Effect
Transistor

EEPROM Electrically Erasable SVRR Supply Voltage Rejection Ratio
Programmable Read Only
Memory

FET Field Effect Transistor VLS Very Large Scale Integration




List of Symbols

Symbols Description Symbols Description
Ry Static Resistance 0 Amplification Factor
Cr Transition Capacitance Iss Gate Cut-Off Current
Cp Diffusion or storage Rgs Input Resistance
Capacitance
n The Ratio or Efficiency Im Trans-Conductance
R, Zener Resistance Ar Feedback Amplifier
v, Zener Voltage |74 Signal Voltage
P;max Maximum Power Dissipation I Signal Current
Iy Zener Current I Input Offset Current
I; Collector Current Ig Input Bias Current
Ig Emitter Current A Large Signa Voltage Gain
S Stability Factor Vem Common Mode Voltage
S &S’ Thermal Stability Factor Voo Output Offset Voltage
Ipss Drainto Source Current Vio Input Offset Voltage
Ves Gate to Source Voltage Ry Resistance of the Thermistor
Rps Drain Source Resistance Gy Gauge Factors

Xi
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1 . Diode and Its Applications

RATIONALE

It is now more than 80 years since the first P-N junction was introduced. Since then, it becomes
an integral part of the mgjority of IC designs.

In this chapter, we will study the details of a semiconductor diode, the construction and working
principles of afew advanced and application-oriented diodes.

UNIT OUTCOMES

U1-O1: Unit-1 Learning Outcome-1

To know about the basic operation of aP-N junction diode, its breakdown mechanism, equivalent
circuits, and loadline analysis.

U1-O2: Unit-1 Learning Outcome-2

To know about the construction and operation of different types of rectifiers and different
breakdown mechanisms of the P-N junction diodes.

U1-0O3: Unit-1 Learning Outcome-3

To know the operation and applications of a Zener diode, opto-electronic devices such as LEDs
and photo-diode, and SCR.

LEARNING OBJECTIVES

L O1: Study of fundamentals of a P-N junction diode; ideal versus practical.
L O2: Importance of Diode equivalent circuits, their resistance levels, and load line analysis.
L O3: Working of a diode as a switch.

L O4: Study of construction and operation of half-wave and full-wave rectifiers; with and without
filters.

L O5: Importance of breakdown mechanism.

L O6: operation and applications of a Zener diode, various opto-electronic devices such as LEDs
and photo-diode, SCR.



MAPPING THE UNIT OUTCOMESWITH THE COURSE OUTCOMES

Unit EXPECTED MAPPING WITH COURSE OUTCOMES
Outcome (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Co-1 CO-2 CO-3 CO-4 CO-5 CO-6 CO-7
U1-01 3 3 - -- -- -- --
U1-02 3 3 -- -- -- -- --
U1-03 3 3 -- -- -- -- --

I nter esting Facts:

1

2.

In 1939, Russell Ohl of Bell Laboratories discoversthe P-N junction and photovoltaic
effectsin silicon that lead to the development of junction transistors and solar cells.

A semiconductor is made using materials such as silicon, germanium, and gallium
arsenide. These materials are also used to make P-N junction diodes. Silicon is used
over germanium when creating these junction diodes.

Photodiodes are special P-N junction diodes operated in reverse bias. They are mainly
designed for detecting optical signals.

Video Resour ces:

Sr | Title URL QR Code
1. | Semiconductor: P- | https://www.youtube.com/watch?v=6dU
Typeand N-Type, | pV2ovqog
Intrinsic and
Extrinsic
2. | PN Junction Diode | https://www.youtube.com/watch?v=0-
and V-l | Rya9KZYY4
Characteristics
3. | Rectifier Operation | https.//www.youtube.com/watch?v=5cb
QNfOOMwg
4. | What is a Zener | https://www.youtube.com/watch?v=Xh
Diode QqtdTIRus
5. | What is | https.//www.youtube.com/watch?v=8k9
Photodiode Ullwo7w4
6. | Light Emitting | https://www.youtube.com/watch?v=wl4
Diode (LED) | 5Rrt4j2U
Working Principle
7. | SCR https.//www.youtube.com/watchv=RJ4
3fnX-LsM




1.1 Review of a P-N junction

There are two types of extrinsic semiconductors. Extrinsic semiconductors with a more
significant electron concentration than hole concentration are known as N-type semiconductors.
The phrase 'N-type' comes from the negative charge of the electron. In N-type semiconductors,
electrons are the mgjority carriers, and holes are the minority carriers. N-type semiconductors are
created by doping an intrinsic semiconductor with donor impurities.

In an N-type semiconductor, the Fermi energy level is greater than that of the intrinsic
semiconductor and lies closer to the conduction band than the valence band. Arsenic has five
valence electrons; however, only 4 of them form part of covalent bonds. The 5" electron is then
free to take part in conduction. The electrons are said to be the majority carriers, and the holes
are the minority carriers.

The P-type semiconductors have a more significant hole concentration than electron
concentration. The phrase 'P-type' refers to the positive charge of the hole. In P-type
semiconductors, holes are the majority carriers, and electrons are the minority carriers. P-type
semiconductors are created by doping an intrinsic semiconductor with acceptor impurities. P-
type semiconductors have Fermi energy levels below the intrinsic Fermi energy level. The Fermi
energy level lies closer to the valence band than the conduction band in a P-type semiconductor.
For example, gallium has three valence electrons; however, there are four covalent bonds to fill.
The 4™ bond, therefore, remains vacant, producing a hole. The holes are said to be the majority
carriers, and the electrons are the minority carriers.

When P-type, and N-type materials comein close contact, el ectrons start diffusing from N-type
material into P-material. At the same time, holes also begin to diffuse from P-type material into
N-material. Every electron transfers a negative charge (-g) onto the P-side and leaves an
uncompensated (+q) charge of the donor on the N-side. Every hole creates one positive charge
(g) on the N-side and (-g) on the P-side.

A negative charge prevents electrons from further diffusion, and a Positive charge stops holes
from further diffusion. The diffusion forms a dipole charge layer at the P-N junction interface. It
is called a potential barrier, asshownin Fig 1.1. Thereis a"built-in" voltage at the P-N junction
interface that prevents penetration of electrons into the P-side and holes into the N-side.

+

I n-type

+

p-type

Fig. 1.1: P-N Junction with no bias condition
1.2 The V-l Characteristics

The polarity in Fig. 1.2 attracts the holes to the left and the electrons to the right. According to
the current continuity law, the current can only flow if all the charged particles form a closed
loop.

However, there are very few holesin the N-type material and few electronsin the P-type material.
Therefore, very few carriers are available to support the current through the junction plane. For
the voltage polarity shown, the current is nearly zero.
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Fig. 1.2: P-N Junction in reverse bias Fig.1.3: P-N Junction in forward bias

The polarity shownin Fig. 1.3 attracts el ectrons to the | eft and holesto theright. There are plenty
of electrons in the N-type material and plenty of holes in the P-type material. Therefore, there
are alot of carriers available to cross the junction. When the voltage applied is lower than the
built-in voltage, the current is approximately zero. When the voltage exceeds the built-in voltage,
the current can flow through the P-N junction.

The semiconductor diode consists of a P-N junction with two contacts attached to the p and n
sides. The complete current equation of the P-N junction diode is given bel ow-

I =1I [exp (ﬂ> - 1]
kT
k is Boltzmann constant
T isthe temperaturein K
At room temperature(T = 300K), (%T) ~ 0.026V
I is asaturation current, typically I isintherangeof Ig ~ 10717 to 10711 A

When the voltage V is negative ("reverse” polarity), the exponential term =~ —1; The diode
currentis= I (very small).

When the voltage V is positive ("forward" polarity), the exponential term increases rapidly with
V, and the current is high.

L

|

Forward J

R Compressed scale j
K

-
|

|

Brenkdown | Reversed

Expanded Scale

Fig. 1.4: Thediode V-I characteristics



1.3. Semiconductor band and Fermi energy levels

Fermi energy Er is the average energy of all the free carriers in a sample. In equilibrium, the
Fermi energy must be uniform over the semiconductor (compared to the temperature distribution
over any sample in equilibrium). Fig. 1.5 shows the basic structure of the energy band diagramin a
semiconductor.

o fj lect
E C = ? ccom Conductance band
|
""‘E'g “““ I Fermi Energy
|
E \' X Valence band

@free holes

Fig. 1.5: Basic structure of energy band diagram in semiconductor
1.3.1. Position of Fermi level in doped semiconductors

In an intrinsic semiconductor, the Fermi level lies precisely at the center of the band gap. While
in the extrinsic semiconductor Fermi level will not be in the center. It is close to the conduction
band in N-type and the valance band in P-type. Fig. 1.6 shows the Fermi level position in doped
semiconductors.

Ec E 9 Ec E g Ec E Jd
_____________ Er TR, Er
Ev Ev Eyimeocscoas
Intrinsic Semiconductor ~ Donor-doped semiconductor (N-type)  Acceptor doped semiconductor (P-type)
n=p=mn; n"p p'n
Ep~(Ec + Ey)/2 Ep~Ec Ep~Ey

Fig.1.6: Fermi level position in doped semiconductors

1.3.2. Energy Band Diagram for a P-N junction

The energy band diagram for the junction can be understood as shown in Fig. 1.7.

1. Two separate bits of semiconductor first is N-type, the other is P-type

Ec Eg Ec
Er
SVEESEEEEEEE Ev
2. When bits are joined together: not in equilibrium Ep(n) # Ep(p)
Ec t9 EJQ
Er F
SVECEEEEEES

Fig. 1.7: Band diagram befor e contact

3. This state is unstable regarding its energy (once n and p are in contact). On the N-side,
there are many electrons in the conduction band, and on the P-side, there are many holes
inthe valence band. Thus, dueto the concentration gradient, charge carrierswill flow from
higher to lower concentrations. One needs to consider the flow of both electrons and holes.



Electrons close to the interface flow from n to the p side, and holes close to the interface
flow from p to the n side. This flow continues until Fermi levels equilibrate.

The balance is achieved by electrons diffusing into a P-side (bringing an extra negative
charge) and by the holes diffusing into an N-side (carrying an additional negative charge).
These recombinations grow a layer on both sides of the barrier depleted of free carriers.
Thus, the band diagram after contact, i.e., after the achievement of the equilibrium, is
shown in the figure.

Fig. 1.8: Band diagram after contact ( Ideal case)
Fig. 1.9 depicts the energy band diagram for the P-N junction.

I | Ec

n - region <— l—> p- region !

I I
e .E. _____________ —E; Ec T_¢: _____________ _Eg
| Ey

}

I

}

Ey i

(@ (b)

Neutral Depletion Neutral

! E. n - region | layer | p-region
i < E
| I

Er i

(©) (d)
Fig.1.9: (a) and (b) Intermediate steps of constructing the energy band diagram of a P-N
junction, (c) and (d) The complete band diagram.

1.3.3. Built-in voltage of the P-N junction
Consider the practical energy band diagram of a P-N junction as shown in Fig. 1.10



n(x)
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E,
p n X
X,  Xp

Fig. 1.10: Practical energy band diagram for a P-N junction
Far from the junction, onthe N-side, n = Nj,, at any arbitrary point x inside the transition region
(between x,, and x,);

_9x®)
n(x) = Npe kT

where ¢ (x) isthe potential barrier at the point x

At the point located far in the p-region, the potential barrier flattens out and reaches ¢,;; at this
point:

From this, the built potential barrier, i.e., the energy barrier, in joules or eV

NpNy
b = kT.ln( 2 )

The voltage corresponding to the energy barrier

Vbi=%
q
kT NpN,
:Vbl__ ln( D2A>
n?
i

1.4. P-N Junction with external bias

To understand the behavior of a P-N junction under external bias, two conditions, namely
working under zero applied voltage and working with the application of the external bias, need
to be considered.

1.4.1. Zero bias voltage
Fig. 1.11 shows the band diagram under thermal equilibrium for a P-N junction.



eVy

000000000

n-type p-type
Fig. 1.11: Energy band diagram under thermal equilibrium

We know the n- side has electrons as the magjority of charge carriers, and the P-type has holes as
the majority of charge carriers. Thus, away from the depletion region, the N-side supplies free
electrons (n, large) (majority) and P-side supplies free holes (p,, large) (majority).

Asthe holes are minority charge carriers on the N-side and electrons are minority charge carriers
on the P-side, we get a small concentration n,,, of free electrons on the P-side (minority) and a
small concentration py,, of free holes on the N-side (minority).

Potential drop Vg across the junction (with zero applied bias) can be given as-

Tpo _ Pro _ o (_ %)
Nn,  Pp, kT
1.4.2. Forward bias condition

When the external bias voltage V,,.; is applied, equilibrium is disturbed, as shown in Fig. 1.12.

iy
i 3
i Fd eV
E._ o
" gy e £ R Vi=luncton Voltape
: [e".n
/
/ p
P
Ey, =
P
n-type petvpe

Fig. 1.12 Energy band diagram under external bias



1.4.2.1. Forward Bias:
Electronsin the P-type material, near the positive terminal of the supply, break their electron

pair bonds and enter the supply, thereby producing new holes. Electrons from the supply's
negative terminal enter the N-type material and migrate toward the junction.

Free electrons from the N-type material flow across the junction and move into the holes
migrated from the positive terminal. This current flow will continue as long as the external
bias is connected, known as the forward current flow. In forward bias, the potential drop
acrossthejunctionisreduced. Fig.1.13 showstheforward bias condition of the P-N junction

diode.
Ip—————>
- I

t+++ GO
++ ++ -———
+P A+ Qe'——n—
++ ++ Qc—-———

o+ J —o

)

N

Fig. 1.13 P-N Junction in forward bias

If V; isthe potential drop across the junction, then we can write

T _Pn_ (_e_VJ')
n, _pp - exp kT

We have that Vi =Vg = Vext

Hence

Ny  Pn ( eVJ) (eVext)
—=—=exp|—5=)exp

N, Pp

For zero applied bias-

By equations[1] and [2], we get-
o _ Do g (et

Ny Ny, kT
Pn _Pro, (eVeXt)
Pp  Pp, kT

where, n,, islarge - plenty of free electrons on N-side



pp islarge - plenty of free holes on P-side

They change marginally with the application f the bias voltage.

i.e Ny Ny Pp = Pp,
M Py (%)
Npy  Pn, kT

Thus, =1, [exp ( % — 1)]
1.4.2.2. ReverseBias:

When the polarity of the supply is reversed, the free electrons in the N-type are attracted
towards the positive terminal, away from the junction, while the electrons from the
negative terminal of the supply enter the P-type and migrate towards the junction. As a
result, the depletion layer becomes wider.

The current flow is minimal and is called reverse current. It is to be noted that minority
carriers produce this current, and the deviceis said to be reverse-biased. Fig. 1.14 shows
the reverse biased P-N junction.

Ip——>

-~
e QIO
++++ OQ - — - =
el 1 Janin
++ ++ Qe -— = -

—0 — Vr+c—

7
Fig. 1.14. P-N Junction with reverse bias

In reverse bias, the potential drop across the junction is increased. Here current equation is

given as-
[ eVoyxt
I=1, _1—exp<— k;f )]

Thus, in summary, the I-V characteristics of the P-N junction diode are-

[ eVext .
= I=1,|exp T 1 Forward bias

eVext

kT
Since the exponential term is minimal due to negative voltage, it is approximately equal to
Iy.

= I=[|1—-exp (— )] Reverse bias

10



1.4.3. Energy band diagramsfor P-N junctionswith external bias

Vi A\
-1+
H

[ [ s sy

Fig. 1.15: (a) A reverse-biased P-N junction, Fig. 1.16: (a) A forward-biased P-N junction,
(b) band diagram without bias, and (c) (b) band diagram without bias, and (c)
ener gy band under reversebias. energy band under forward bias.

1.5. Static and dynamic resistance of a P-N junction diode

It is always necessary to remember that no diode can act as an ideal diode. An actual diode does
not behave as a perfect conductor when forward-biased and an excellent insulator when reverse-
biased. It neither offers zero resi stance when forward-biased nor infinite resistance when reverse-
biased.

Generdly, in aP-N junction diode, there are two types of resistance that are considered as-

1. Staticresistance(Rp): Static resistance of aP-N junction diode is cal culated when the diode
is connected to a DC circuit. This resistance is also known as DC resistance or static
resistance. It is the ratio of DC voltage across the diode to the DC flowing through it. It is
denoted by Rj,.

=1

2. Dynamic resistance: Dynamic resistance of a P-N junction diode is defined as the
resistance offered by the diode to the AC signal. It is aso known as AC resistance. The

Rp

11



dynamic resistance of adiode is equal to the slope of V- I characteristics (Z—‘I/ or AA—‘I/) of the

diode. i.e.,
_ Change in voltage _dv AV
't = Resulted changein current dI Al

Consider the diode current equation

v
I = IO (enVT - 1)

Differentiating the equation to V, we get dynamic conductance as-

v
_dl lpem'r
I=av = v,
I+1,
=g=

nVr
— = nVr
I+,

For a ¢ reverse biased junction (i. e., -z g)
nvr

g isextremely small, and r is very large. On the other hand, for aforward-biased junction
I > I,,. So the equation of r becomes
T‘ ~ ﬁ
I
From the above expression, it is clear that dynamic resistance is inversely proportional to
the forward-biased junction current.

1.6. Diode capacitance
There are usually two types of diode capacitance as-
1. Depletion layer capacitance or transition capacitance (Cr):

The formation of aP-N junction gives rise to the formation of the depletion layer on either
side of the junction. Since this capacitance is formed in the junction area, it is also called
space charge capacitance. This capacitance arises due to immobile charges at the junction
varying with the applied voltage, called the junction capacitance. Fig. 1.17 shows the

formation of depletion layer capacitance.

12
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Fig. 1.17: Depletion layer capacitance
The capacitance of aparallel plate capacitor is given as-

_ €4
€= d
Where €,is the permittivity of dielectric (insulator) between the plate of area A separated
by adistance d. Since the depletion layer width (d) increases with the increase in reverse
bias voltage, the resulting depletion layer capacitance will decrease with the increased
reverse bias.

The depletion layer capacitance depends upon the nature of a P-N junction, semiconductor
material, and the magnitude of the applied reverse voltage and is given as -
Co

Cr =——
Vr n
(1 + V_T)
Where C, = Capacitance at zero bias condition
. = Applied reverse voltage

Vr = Volt equivalent of temperature

1
4(5 for a step or abrupt alloy junction
7711

l 3 for linear graded junction or diffused junction

It is evident from the above equations that the value of depletion layer capacitance (Cr)
can be controlled by varying the applied reverse voltage. This property of variable
capacitance, possessed by areverse biased P-N junction, is used in constructing a device
called varicap or varactor for FM circuits. The range of depletion layer capacitance is
approximately in nF (nanofarad).

. Diffusion or storage capacitance (Cp)

The capacitance in a forward-biased junction is called diffusion or storage capacitance. It
isdifferent from the depletion layer capacitance in areverse-biased junction. The diffusion
capacitance arises due to the arrangement of minority carrier density. The value of
diffusion capacitance is much larger than the depletion layer capacitance (i.e., Cp"Cr).
The following expression providesits value for abrupt junction:

T.1

_77- Vr
13

Cp



Where 71 = Lifetime of the carriers
I = Forward current

Vr = Volt equivalent of temperature

1 for Ge
2 for Si

It is clear from the equation that the diffusion capacitance is directly proportional to the
forward current (). Consider a forward-biased P-N junction carrying a current of (I)
amperes through it. Suppose the junction is suddenly reverse-biased. It caused the forward
current to reduce quickly to zero. But it leaves several mgjority charge carriers stored
within the depletion region. This charge represents a stored charge in the reverse biased
condition and must be removed from the space charge region.

n = constant = {

The removal of stored charge takes a finite time. It represents an effect similar to the
discharging of a capacitor. Thusthe quantity of the stored charge represents the magnitude
of diffusion capacitance. It noted that the impact of diffusion capacitance is negligible for
areverse-biased P-N junction.

1.7. Temperature Effect on Diode
Fig. 1.18 showsthe effect of temperature on diode characteristics.
100°C

25°C
soo°cy /

N\ <~—_75C

B

D

A

Fig. 1.18: Diode characteristicsfor different temperatures

A-B curve: Thiscurve showsdiode characteristicsfor different temperaturesin the forward bias.
It is evidenced from Fig.1.18 that the curve moves towards the left with the increase in the
temperature. It indicates that the conductivity of semiconductors increases with an increase in
temperature.

The intrinsic concentration (n;) of the semiconductors is dependent on temperature as given by:

2 —Eg
nf = KT3e KT

where Eg = the energy gap
K = avoltage man constant

T = aconstant independent of temperature
14



When the temperature is high, the electrons of the outermost shell take the thermal energy and
become free. So conductivity increases with temperature. Hence with an increase in temperature,
the A-B curve would shift towards the left, i.e., the curve would rise sharply, and the breakdown
voltage would also decrease with an increase in temperature.

A-C curve: This curve shows diode characteristics in the reverse biased region until the
breakdown voltage for different temperatures. We know n; concentration would increase with
an increase in temperature, and hence minority charges would increase with an increase in
temperature.

The minority charge carriers are also known as thermally generated carriers, and the reverse
current depends on minority carriers only. Hence as the number of minority charge carriers
increases, the reverse current would also increase with temperature, as shown in the figure.

The reverse saturation current gets doubles with every 10°C increase in temperature.

C-D curve: This curve shows the characteristics of a diode in areverse biased region from the
breakdown voltage point onwards. Aswith an increase in temperature, loosely bonded el ectrons
are already free, and freeing the other electrons would take more voltage than earlier. Hence
breakdown voltage increases with an increase in temperature, as depicted in Fig. 1.18.

1.8. Switching time of a Diode

The switching time of a diode is defined as the time it takes to change its state from a forward-
biased to a reverse-biased state. In other words, the forward current through the diode doesn't
reduce to reverse saturation current as the reverse voltage is applied. Instead, it takestime for the
current to reduce from forward to reverse saturation current. Thistime is also known as reverse
recovery time.

To discuss the switching time, let's analyze what would happen when we change the diode state
from forward bias to reverse bias. This state change takes time which is known as reverse
recovery time. First, consider the diode circuit to analyze the diode's switching time, as shownin
Fig. 1.19.

R

+
V; I

Fig. 1.19: A diodecircuit

Initially, when the voltage applied is +V, the diode is in a forward bias state. Hence, there are
many minority carriers near the junction. Then, there is an exponential decrease in the
concentration of minority carriers and a continuous flow of majority carriers across the junction.
Hence, let us assumethe current as| in the forward bias.

Later, the applied voltageis changed to -V at timet=t;, i.e., the diode is reverse biased. With the
instant change in the operation state to reverse bias, the minority carriers start moving in the
opposite direction. As a result, the current flow remains the same with a change in direction.
However, the high reverse current continues for a shorter duration. Asaresult, the concentration
of the stored minority carriers starts decreasing, and the current also starts decreasing
exponentialy, as shownin Fig. 1.20.

15



If tl t‘) ?3 t

-1+

Fig. 1.20: Switching timing of diode
Thetime gap t2- t1 in which the reverse current is high (i.e., equal to 1) isknown as storage time,
and the time gap from t; to ts i.e, the time reverse current becomes equivalent to reverse

saturation current, is known as transient time. The total time from t1 to tzis known as reverse
recovery time.

Storage time is the time required for majority charge carriers to return to their initial position
when the diode is suddenly reverse biased from the forward biased condition". Fig. 1.21
illustrates the concept of the storage time of the diode.

/|

+\/7111
\ / > Time
-V
V-0.7 /'-\
> Time

Fig. 1.21: Storage timing of diode

1.9. DC Power Supply

The DC power supply isamultipurpose circuit used in all electronic devices. The basic principle
of aDC power supply isto convert theinput AC supply into a DC output voltage. Fig. 1.22 shows
the block diagram of a DC power supply.

16



\ 4
\ 4
\ 4

DC
AC Transformer Rectifier Filter Voltage V, Output

Supply Step-down Circuit Circuit Regulator \l, Voltage

~ ~ ~
Cd rd rd

Fig. 1.22: Block diagram of DC power supply

It consists of a power transformer, rectifiers, filters, and voltage regulators. The power
transformer steps down the application's input to the desired voltage. The Rectifier converts the
ac voltage to a pulsating DC voltage. Finally, the regulator maintains a constant output voltage.

2. Diode as a Rectifier

The process of converting an AC signal into aDC signal is called rectification. A rectifier isan
electronic device that offers low resistance to current in one direction and high resistance to
current in the opposite direction. There are two types of rectifiers: (a) Half Wave rectifiers and
(b) Full wave rectifiers.

2.1. Half wave Rectifier

A halfwave rectifier isacircuit in which the positive or negative half of the AC waveis allowed
to pass while the other half is blocked. As aresult, the output voltage is low as only half of the
input waveform reaches the output. Fig. 1.23 shows a halfwave rectifier circuit and its output
waveform.

Vi
[«—V—s| Vi
Rl N | T
+ L1 2n ot
Vi Vi § Ry
i
— Idc
Ill]
|
n 2n a

Fig.1.23: Half Wave Rectifier circuit and its output waveform
Operation: Equivalent circuit of half wave rectifier for analysis
R%

R,
NA—AWV

Vi (S D RL§ T

In the positive half cycle of the input voltage, the diode conducts and current i flows through R; .

17



i=Ilysina; 0<a<m.......(1)

During the negative half cycle, the diodeisreverse biased, and no current flowsthrough the diode
or load R,

ci=0; T<a<2Muuiuninn . (2)
wherea = wt

Vim
Rf+RL

-~ Peak Valueload Current I,,, =

Where Ry = dynamic resistance of the diode.
R; = Load resistance.

(@) DC output current (Iz.): A DC ammeter indicates the average value of the current
passing through it. The average value of afunction is given by the area of one cycle of the

curve divided by the base.
1 s
“lge = P . irda.......(3)

For Half Wave Rectifier
1 (™ )i T

Idc=ﬁ ; Imsinada=%[—cosa]0 ......... 4)
L
Idcz?m

Limit Oto rt is considered as current flows in this period only.

(b) RMSCurrent acammeter (I,.,,5): An AC ammeter indicatesthe effective or rms current

passing through it. It can be calculated as-
1

1 21 2
Vs = _E i izda] N ) |
_ 1
I3, (™1 — cos2a ]2
=|—| —da
27 ), 2
_ 1 1
3 I,?,l[ sinZa]nz_ I,?,l()z
TNarl" T T2 | T e
I
Lims = 7’" R ()
Note: R.M.S. value of sinusoidal wave is'v—’"E

(c) DC Voltage: It indicates the average value of the voltage across its terminas. If the
voltmeter is connected across a diode and the diode is conducting, it has resistance R¢ and

the voltage acrossit is iRy. For anon-conducting diode, the current is zero, and voltage Vi
appears across the diode.

“ v =1Rf = xRy sina 0<acsm
v=Vpsina; TS a <20 i e (7)
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~ DC Voltmeter reading is given as-

1 s s
VdC:%(L Imesinada+j0Vmsinada>

Ly =

Vm
Rs + R,

InR¢Sina

T Vi

1
~ 2k iy +r)] -
5
Vae = == - (8) Y
I
As Iy, = ?’”
DC diode voltage = —I,4.R,,

\/Zﬂ “

(d) Reading of awattmeter: It indicates the average value of the product of the instantaneous
current through its current coil and the instantaneous voltage across its potential coil.

1 (" .
0

Now V; =i(R; +Ry,) foro<as<m

Ln\?
Pdc‘:IchRL:(?) R

1 ™
. Pi :EL lz (Rf+RL)da

1 nlz sin? « (Rs + R,)da
1

I

12, 1 (" 2 m
ZT(Rf-i_RL) now as EJ; 1% sin? a da =

Poe = P; = I2ps(Rr + RL) v v e e eee. (10)

(e) Peak InverseVoltage (PIV): It refersto the maximum voltage a diode can withstand in
the reverse-biased direction before breakdown.

PIV for HW.R. =V,
(f) Regulation: It isthe percentage change in the output voltage from no-load to full-load.

VNo Load — VFull Load

% regulation = e (11)
VNo Load
The variation of V. and I, for the Half wave rectifier is-
Iy Vn/m
lj. =—= wee e e e e e (12
“"m R +R, (12)
Vin
VdC == IdCRL == ? - IdCRf (13)
V
[ =]
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(9)

v
IacRy + Igc(Rr + R,) = ?’”

|4
~Vac = ?m — lacRs =V,

The Thevenin's equivalent circuit for Half Wave Rectifier is as shown below.

+ Ryt _
NN .
; I
Vi — D A%
p— dc

Fig. 1.24(a): Thevenin's equivalent of Half wave rectifier

Ideal power supply

________________________________ - Drop due to Ry

IL idc
Fig. 1.24(b): Variation in terminal voltagewith load current for ideal & practical power supply

Ripple Factor (r): A rectifier should convert AC into DC. However, the output of a
halfwave rectifier is not constant (pure DC). Instead, it has periodically fluctuating
components remaining in the output wave. The measure of the fluctuating componentsis

given by the ripple factor 'r.’
Theripplefactor isdefined astheratio of thermsvalue of the alternating signal component

to the average signal value.
the rms value of alternating components of a wave

the average value of a wave

r=
Ir,rms — Vr,rms (14)
Idc Vdc

Where I, ;s and V. ., denotes the rms value of DC components of the current and
voltage, respectively.
The instantaneous ac components of current

i:i_ldc

1 2T
N Ir,rms = %f (i- Idc)2 da
0
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1 21
= 5. (i% = 2ilg. + 12,) da
0

The first term of integral issimply 12, of the total wave. The second term is

2
(=2lg)ge = =21, [ %L ida = Idc]

~ R.M.S. ripple current

Ir,rms = \/Izms - 2150 + Iﬁc = \/IEms - I(%c

Iers B I‘%C Irms 2
r= = ( ) -1
Idc Idc

For half wave rectifier
Irms Im/z

Hence,

= = 1.57
Idc Im/”
~r=J157)2-1=121
r=121%

= rms ripple voltage exceeds DC output voltage.
~ A Halfwave rectifier isapoor circuit for rectification.

(h) Theratio of Rectification or Efficiency (i)

_ DCpower output Py (qc)

= Tac input power P40

I 2
m
Pocaey = IR = (2] Ry

1 2
Pitacy = ns(Rr + R,) = (7’") (Rs +Ry)

Iin
Cpemt A1 R¢ Il R
..n_lrzn—_ﬁ R; ormax 17, Rfll Ry
T(Rf+RL) 1+R_L

= Only 40.6% of ac power input is converted into DC power input.

(i) Transformer utilization Factor (TUF): The ratio of output DC power delivered to the
load to the ac rating of transformer secondary.

Poac)

TUF = ,
a. c.rating of the transformer secondary

_Vm  Im

Now, AC rating of transformer secondary = Vs * Lrms = %X
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12
= %(Rf + R, +Ry)

Where Rg = resistance of transformer secondary winding

I
_z'RL
T
I12(Rs + Ry + R,)
2\2
242 1
TUF = — R +R;
1+—=2-1

R;
T.U.F. will be maximum when R,, is very large compared to R + Ry and is given by,
TUFqx = 0.286
Disadvantages of Half wave rectifier
(i) Excessiveripple (1.21)
(ii) Very low efficiency (0.406)
(iii) LessT.U.F. (0.286)
(iv) Rectifies only half of the input

2.2. Full Wave Centre tapped rectifier

A full-waverectifier convertstheinput waveform to one of its output's constant polarity (positive
or negative). It converts both polarities of the input waveform to pulsating DC and yieldsahigher
average output voltage. Fig.1.25 shows the centertap full wave rectifier circuit.

D,
A N~
+ L1

Vi ;_DD RV
wo e :

! [~
C L1

Fig. 1.25: A Centertap Full Wave Rectifier Circuit

A full wave rectifier comprises two hafwave rectifiers. During the positive half cycle of input,
the upper transformer secondary winding is positive with respect to the center tap. Hence diode
D1 conducts. The lower transformer secondary winding is negative with respect to the center tap;
hence, D2 is off(open).

During a negative half cycle, reverse action takes place & diode D, conducts, and D is off (
open). Hence upper half of the transformer's secondary winding is disconnected from the load.
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id; = I, sin wt
. : < wt <
id, = 0 }, 0<wt<m......(])
and
idl =0
o ; < <
idz — Im sin (I)t} ) T<Wt< 2T e (2)

(a) Averagevalue:

1 T
Iavzldcsz ldt
0

T
L, T
==| I,sinada ="2[-
n_[o m Sina da n[ cosoz]0
21
e ==
2V,

.(3)

L.=1,6=—2™ @ ..
47 T n(Rs + Ry)

1
1 (T 2
Lms = [?L i? dt]
1

1 (" 2 [I2 (T1—cos2a |2
= [—f 12 sin? ada] = [ﬂf —da]
T Jg T Jy 2

(b) R.M.S. Value:

ey

I
T e ()

(c) Output DC voltage:
Vin

Ly=——""—
™ Rs+R+R,
Where R, = resistance of a secondary winding of the transformer
Ry = Forward resistance of adiode

R; = Load Resistance

21
“ Vac = lac"Ru=—"""R,
2y
v Vge = e (6
dc 1+R5+Rf ()
R
L

Thus practical DC voltage is less than the theoretical value due to a finite drop across
Rsand Ry. It can be approximated to theoretical vaue by keeping R. very large as
compared to Rg + Ry. It can be given as-

23



2V
L m_ Tm
de — s _RS+Rf+RL

2V
#Igc(Rs + Rp) + IgcR, = Tm

21
Ve = Tm — Iac(Rs + Ry)

(d) Efficiency: (i) Piacy = IZms(Rs + Rf + R,)
=I5, (Rs + Rf+R,)

(i) Po(dc) = Ic%c ‘R

412
=_’2"-RL
w
P 412, - R
3 %77=M><100=12 %100
iac) (R +Re + Ry)
= %n= R TR x 100
L

Maximum efficiency is achieved when R, is very large compared to (R, + Ry)

8
% Nmax = =) = 81.2%

(e) Ripplefactor:

(f) Transformer utilization factor (T.U.F.):
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AC rating secondary v
_ Vi I 4 Vn Im
s \/
2Vl
22 v
vz
Iin
= E(Rs +Rf+R,)
P
TUF = : oldo)
a. c.rating of Transformer secondary
412
_ n_rzn "Ry
I Ry + R+ R
ﬁ( st f + L)
4+/2
~ TUF = V2
R + Ry
2 (1 + R—)
L

T.U.F. ismaximum where R, is very large compared to Rs + Ry

o TUFmaxy = 0.579

(9) PIV: WhenV; isapplied, during the negative half cycle, D1 is OFF, and D, conducts. The
peak voltage that occurs across R, is V;,. At the same time peak voltage from B to A is

aso V,.

. PIV = sum of the two isthe voltage across D;

PV =2V
Advantages of a centertap full waverectifier
(i) Efficiency is high— 81.2%
(ii) Ripplefactorislow — 0.48
(iii) TUF increasesto 57.9%
(iv) Itrectifiesthefull cycle.

Disadvantages:

(i) It requiresacentre tap transformer.
(i) PIV is2Vn

25



2.3. Bridge Rectifier

Bridge Rectifier is a full-wave rectifier circuit that can be fed directly from the line. Therefore,
it does not require a high PIV rating of diodes compared to a centre-tapped full-wave rectifier.
Fig. 1.26 shows the circuit diagram for a bridge rectifier.

Q3¢

Fig. 1.26: Full Wave Bridge Rectifier circuit

During the positive half cycle of V;, diode D; and D, conduct, mounting an output voltage across
R, . Diodes D; and D, are reverse biased.

During the negative half cycle D; and D, are open, and D5 and D, conducts, i.e., forward biased.

S

+
(@) DC Output Current
2,
lae == i (1)
Vim

2Ry is used since two diodes are conducted at the same time. Ripple factor and efficiency
are the same as center-tapped fullwave rectifiers.

(b) PIV: Peak voltage across diode =V,
© Lms = ITWZI

(d) Output DC voltage V.
26



(e) Efficiency, n
0.812

T="""R, +2R;
1+ —p—
L

% n =812
(f) Ripplefactor, r =048
(g) T.U.F. AC rating of the transformer secondary-

Vn In _ 15 (Rs +2R; +R,) Y i
V22 2
412
Po(dc) =T[_72n'RL v
42
ﬂ_rzn'RL
Im
i (RS+R2f+RL)
TUF = 8
- R, + 2R
2 (1 +SR—f>
L

TUF (max) = 0.812 ( RGIR;)  Rg + 2RfIR;,

Advantages

(i) No center tap transformer is required

(ii) Efficiency is high — 81.2%

(iii) Ripplefactorislow — 0.48

(iv) PIV isonly V,

(v) TUF increasesto 81.2%
Disadvantages:

(i) It requiresfour diodes

2.4. Filters

The purpose of arectifier isto convert AC into DC. However, the output of the half wave and
full wave rectifier contains ripple componentsin addition to the DC, i.e., the output is a pul sating
DC. Hence filters are included between the Rectifier and load to attenuate these ripple
components.
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2.4.1 Inductor filter

Fig. 1.26(a) shows an inductor filter. It consists of a choke in series with the load. The
characteristic of an inductor isto oppose any change in current. Hence it has a smooth output, as
shown in Fig. 1.26(b).

i L=0
L#0
IH]
Full wave 2Ly
Retifier T
‘g‘ JT 27 3n
Fig. 1.26(a): Inductor filter circuit Fig. 1.26(b): Output of inductor filter
For an input voltage V, = 1}, sin wt
The output current is given as-
21 41 71
I = Tm - 3—;:cos(2a)ot —-¢)+ ﬁcos(ﬁl(uo + ¢)
Assuming that the third and fourth harmonic contribute little output, the output current is
2L, 4l
[ =——— 200t = @) v vev e (1
T — T cos 2wt — ¢) &)

Neglecting diode, choke and transfer resistance compared with R; for simplification.

|
~ The DC component of current [,, = Rﬂ
L
Where1;,, = no load peak voltage of V,

Now the impedance of L and R, in series with the AC component has a magnitude

7= /Rf + (2QwL)?
Z= /Rf + 422 . (2)

-~ For the AC component,
%4
I, = + R )|
VR} +4w?L?
The load current becomes,
2V, 4V,

TR, 3m\R? + 4w?I?

Where ¢ isthe angle by which load current lags behind the voltage

1 )

I =

cosCwt — ¢p) .. oo oo ... (4)

¢ = tan™
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. the rms value of the AC component [.,rms
Ripple Factor: r= =

DC value of the wave Igc
4V,
_ 3nV2yRE + 4w?l? ;
TR,
2 y 1 ®)
- 3ﬁ 4 2L2 EEs was wEs wws wEe wEe
1 4 207527
R}
272
I1f 22 1 then
57
V2R R
r=— Lt (9)
3wL 1600L

For f = 60Hz, L in henry and R;, in ohms

Equation (9) showsthat the ripple will be reduced for alarger value of L. Ripple will increase if
the load isreduced (R, increased)

~ Inductor Filter isused where R;, isvery small, where the load current ishigh. (Heavy Load)

Output Voltage: R
Vie = — v v v eee wee v e . (10)
i 2V,
(For a perfect inductor with no resistance) Tm RL§ Vde
However, an inductive filter is used when R; is low, the choke
resistance is significant.

. The DC output voltage V,, = —vm . _RL 11
= The DC output voltage V,;. = R +R ~ - (1)
Where R isthe total resistance of choke.
2V,

Equation (12) shows that Inductor with high resistance causes poor voltage regulation.

2V,
No Load Voltage = —

Experimental Determination of ripple factor
Suppose the output of a power supply is as shown below.

VR \fTPP

[
Vdc

ot

Fig. 1.27: Output wavefor m of an inductor filter
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V.pp = peak to peak value of ripple or AC component riding on DC level of V.

2.4.2. Capacitor Filter

This filter is used for light loads. The capacitor is directly connected across the load. Fig.1.28
shows the circuit diagram for atypical capacitor filter.

i

—

e iLl T
Full wav -
= 1 - v,
V. =V, sinwt Retifier R

Fig. 1.28: Capacitor filter circuit

The capacitor charges up to the peak value of input voltage V;,, and tries to maintain this value as
the full-wave input drops to zero. The capacitor discharges through R; until the input voltage
increasesto avalue greater than the capacitor voltage. At thisinstant, the diode isforward-biased,
and there will be a pulse of current through the diode, recharging the capacitor.

The output voltage remain V,,for light loads (large R;). The discharge of C will be more
significant, resulting in more ripple and lower DC output voltage as the load increases (R,
decreases).

Vi
\/m [T
D1 D2 D3
ON ON ON
ot
Ve
Vin TS T A-;;.“-“_“.:_wvlpp
Tl Tz ot
Fig. 1.29: Output of Capacitor filter
T=T,+T. ! L
= 1 2 = — = —
f2f
T,+T, =T .
1 2 =1 = -
2fo

f, = Frequency of AC input of Rectifier.
Ripple Factor:

From Fig. 1.29, the average value of load current I,. is the average value f, the capacitor
discharge current over an interval of T,. The amount of charge lost by the capacitor during this
interval (T5,),
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Qdischarge = I;c X Ty wo v v e e (1)

The capacitor isagain recharged by thisvalue during theinterval T;. During T; the voltage across
the capacitor changes by an amount equal to the peak-to-peak voltage of the ripple V;.,_p)-

Weknow, Q =VC

= The change in charge, Q charge = V,,_, X C ... ... ... 2)
But Q charge = Q discharge ... ... ... ... (3)
Vg XC=Ige XTy v e (4)
Ig
“Vrpop = TC X Ty e eee v ees eve e (5)

Let us assume the load is light, the ripple is small, and the recharging time is smaller than the
dischargetime. i.e.

T
T1|| TZ & T2 = E = F (6)
o
_ Idc
Then, Vrp—p = Zf_C e ean eee eee eee aee aees (7)
o

= Therippleistriangular with peak to peak value of V. ,,_,, and rms value of

Vp—p
V,rms=———.............(8
" 23 ®
. . max
(smce for triangular wave rms = f)
Now we know,
;= Vac
dc RL
Idc Vdc
~V,rms = = R ()
" 43f,C 43 f,CR, ©)
Now Sincer = Yrrms
Vac
- (10)
y = it i e s
43f, CRy,
24 %1073 _
. r=————Iif f, = 60HZ,R;, inQ ... ... ... (11D
CR,
Output voltage:
V,_
Vae =V, — r’; L i (13)
Idc Idc Vdc
Vie =V, — O A dl =—]
de =¥m Ty C [ rpop = 5p 7 Mlae =
4f,R, C
Y Ve = (—)V vre e e e (14
= \4f,R,c+1) ™ 14
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2.4.3. Zener Diode asa Voltage Regulator

The ability of the Zener diode to maintain a constant voltage on changing the current through it
serves the purpose. Therefore, it can be used to get constant voltage from an unregulated power
source. Fig.1.30 shows the circuit diagram for a Zener diode as a voltage regulator.

I, I
AARN -
R:‘\-

Ly

=
ks
e
i
=
L
AN

Fig.1.30: Zener diode as a voltage regulator

The unregulated power source, which provides the input voltage V,, is connected in parallel to
the Zener diode through a series resistance Rs Ry is the load resistor across which steady output
is preferred and is connected in parallel to the Zener diode. The total current (1) passing through
Rs isthe sum of diode current (1z) and load current (I.).

When the input voltage increases, the current through series resistance Rs and Zener diode
increases. However, asin the breakdown region, the voltage of the Zener diode remains constant
though the current may change. Hence the voltage drop across series resistance Rs increases; in
turn, a constant voltage across the load is maintained. Similarly, when the input voltage
decreases, the current through the Zener diode and Rs decreases.

It is noted that voltage drop decreases across Rsoccur without any change in voltage across the
Zener diode. As a result, the output voltage remains the same across the load. Hence, the load
voltageisregulated, and the Zener diode acts as a voltage regulator.

The current flow series resistance Rsis given by
Vi—=V;
Rs

IR=

The voltage drop across the Zener diodeis
VO = VZ + IZRZ
The current flow through load resistance is

Vo
I, = —
Hence, IS = IZ + IL
V -V
Iz(max) = %— Iy (min)
s

. Vinin —
Iz(min) = R—Z — I (max)
S

Based on the above relationships, the maximum and minimum current limiting resistance are
given asfollows:
V(max)— VZ

Rs(mim) =
SGmin) IZ(max) + IL(min)
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V(min)— VZ

R =
smax) IZ(min) + IL(max)

For proper operation of the Zener diode shunt regulator Rgnin) < Rs < Rs(max)

Disadvantages of Zener shunt regulators
1. High regulation factor
2. High output resistance

3. It hasahigh power dissipation in series resistance Rs and Zener diode compared to output
power.

2.5. Breakdown Mechanisms

Under normal circumstances, significantly less current flows through a reverse-biased P-N
junction diode. However, as the reverse voltage is increased gradually, a point is reached where
the breakdown of the junction occurs due to an excessive increase in the current. Breakdown
mechanisms in reverse biased diode are in two forms: (a) Zener breakdown and (b) Avalanche
Breakdown.

2.5.1. Zener Breakdown: The Zener breakdown occursin heavily doped P-N junctions, making
the depletion layer extremely thin of the nanometer order. Due to heavy doping, the
conduction band of N-type levels with the valence band of P-type

Thus large numbers of occupied states in the valence band of the P-side are brought to the
same energy level as several unoccupied states in the conduction band of the N-type. As
the barrier between them is very thin, quantum tunneling of electrons occurs with the
supply of small reverse voltage. Thus electrons travel from the valence band of P-type to
the conduction band of N-type, suddenly increasing the reverse current from nto p side.

Due to the drifting of electrons, there is a maximum current limit. This breakdown occurs
at low reverse voltages of 6 V or less. The breakdown voltage for a particular diode
decreases with an increase in temperature. Fig. 1.31 shows the band diagram of a Zener
breakdown.

Unbiased Reverse bias

Conduction

____________________ Electrons S
[eXele}
Valence | ~°°°°° Holes
~— band
Quantum
tunneling
n-type | p-type n-type | p-type

Fig. 1.31: Band diagram of Zener breakdown

2.5.2. Avalanche Breakdown: The diode with lesser doping undergoes avalanche breakdown
when a high reverse voltage is applied. The lesser doping means the depletion width is
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significant, and hence electric field within the depletion region is not so high. Therefore
the electric field will not be able to pull out electrons from the outer shell of atoms, and

breakdown doesn't occur in the depletion region. However, due to a significant depletion
region, the minority charge carriers moving through the depletion region get accelerated

by the electric field.
Hence, minority charge carriers acquire high velocity and kinetic energy. When these

charge carriers strike with atoms in the N-type and P-type regions, the high kinetic energy
gets converted to thermal energy. Hence, el ectrons from the outermost shell are pulled out
due to this energy, and a large current starts flowing. This type of breakdown is called

avalanche breakdown. However, the temperature rises due to the high thermal energy, and
the diode gets burned. As aresult, the simple diodes (where avalanche breakdown occurs)

are not commonly used. Instead, Zener diodes are preferred. Fig. 1.32 shows the I-V
characteristics of Zener and Avalanche Breakdown.

A

FORWARD
CURRENT

REVERSE BIAS

v

S

—_—

FORWARD BIAS

r 3

REVERSE CURRENT

\d

Fig. 1.32: |-V characteristics of Zener and Avalanche Breakdown.

AVALANCHE BREAK Down
ZENER BREAK Down

Table:1.1: Comparision of Zener and Avalanche Breakdown
Avalanche Breakdown

Zener Breakdown
It occursin alightly doped P-N junction diode.

It occursin aheavily doped P-N junction diode.
The depletion region is comparatively wider.

The depletion region is very thin (~10 nm).
Low reverse voltage must be applied across the | Requires high reverse voltage to be applied
junction (depending on the depletion layer's | acrossthejunction.

width).
The reverse field across the junction is such that

it exerts a strong force on the bound electron,
tearing it out from the covalent bond of the atoms.

The minority charge carriers (high K.E)
disrupt a covalent bond while colliding with
host atoms creating electron-hole pair.
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It occurs for breakdown voltages below 6 V. It occurs at higher voltages.

It has a negative temperature coefficient of | It has a positive temperature coefficient of
breakdown voltage. breakdown voltage.

As Zener breakdown voltage isless than that of avalanche breakdown voltage, Zener breakdown
is said to occur before the avalanche breakdown. Hence, if doping of a diode is increased, the
chances of Zener breakdown increases, and therefore breakdown voltage decreases.

Doping T Breakdown voltage (V) l
Doping | Breakdown voltage (V) T

2.6. Diode Equivalent Circuit

If the diodeis not operating in the breakdown region, the diode can be model ed asasimple circuit
element.

2.6.1. DC diode mod€

To define the DC diode model, the characteristics of an ideal diode need to be considered and
the modifications required due to practical considerations. To revise:

= |dedl diode: Von= 0, Ry = o0 and Rs = 0. In other words, the ideal diode is short in the
forward bias region and open in the reverse bias region.

» Practica diode (silicon): Von = 0.7V, Rr < o (typically several MQ), R = rq (typically <
50 Q).

The general representation for apractical diode under DC operating conditions are shownin Fig.
1.33. A diodeisatwo-terminal device. Hence, other circuit elements can be connected, as shown
in Fig. 1.33. Here, the terminal voltage V,,;, is the same as the voltage applied across the diode,
Vp.

a R¢

AN~

Var (= Vp)
Fig. 1.33: A practical diode under DC operating conditions

o
=z
=

o
QL

[¢°]
o

For the forward bias region (vp > 0.7 V for silicon), the ideal diode is short, and the terminal
characteristics of the model above reduce to the parallel combination of R, and Rs (Since R, >>
R:, Rr ”Rf ~ Rf).

Likewise, when the voltage applied to the diode islessthan Von (Vb < 0.7V for silicon), the ideal
diode is open, and the resistance between terminals a and b is R,. These two cases are shown in
Fig. 1.34
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i iD Rr
ae——"AAN—2b  a—"— AAAN—sb
- + -

+
Var (= Vp) > Vo Var (= Vp) < Vo
Fig. 1.34 (a): Forward biased DC diode Fig. 1.34 (b): Reverse biased DC diode
model model

2.6.2. AC diode mode€

Thediode model under AC conditionsiscomplicated as acapacitive effect is generated whenever
there is a charge separation. This charge separation of the diode is due to the depletion region,
dependent on the applied bias. For the reverse bias condition, a junction capacitance (C;) is
introduced in parallel with the reverse bias resistance (R,.) as shown in Fig. 1.35.

G

Ip R,
ae——L AAN——ob
+ -
Vap (= Vp) < Vo
Fig. 1.35: Reverse biased ac diode model
Under AC operation, the charges are moving in the semiconductor material due to the current
flow. However, the charges cannot move instantaneously. Hence, a charge storage effect leads
to a diffusion capacitance (CD). Furthermore, the forward bias resistance is a function of the
frequency. Therefore, the dynamic resistance, rq replaces the constant R; term. The AC diode
model under forward bias conditionsisillustrated in Fig. 1.36.
Cp
|
Gy
|
ip R,
ae—— AAN——2b
Vap (= Vp) > Vo
Fig. 1.36: Forward biased ac diode model

2.6.3. diode as a switch

Diodes are aso used in circuits that mix signalstogether (mixers), detect the presence of asignal
(detector), and act as a switch to open or close a circuit. Diodes used in such applications are
called signal diodes. The simplest application of a signal diode is a diode switch, as shown in
Fig. 1.37.

36



CR1

Fig. 1. 37: Diode as a switch

The diode is forward-biased when the input to this circuit is at zero potential. Thisis due to the
zero potential on the cathode and the positive voltage on the anode. In this condition, the diode
conducts and acts as a straight piece of the wire due to its very low forward resistance. As a
result, theinput isdirectly coupled to the output resulting in zero volts across the output terminals.
Therefore, the diode acts as a closed switch when its anode is positive to its cathode.

If apositive input voltage is applied (equal to or greater than the positive voltage supplied to the
anode) to the diode's cathode, the diode will be reverse-biased. In this situation, the diode is cut-
off mode and acts as an open switch between the input and output terminals. Consequently, with
no current flow in the circuit, the positive voltage on the diode's anode will be observed at the
output terminal. Therefore, the diode acts as an open switch when reverse-biased.

3. Special Purpose Diodes
3.1. Light Emitting Diode (LED):

Light emitting diode is a P-N junction that, under appropriate forward biased circumstances, can
serve as a light emitter. LED can emit spontaneous radiations in the electromagnetic spectrum's
ultraviolet, visible, and infrared regions. An eyeisonly sensitiveto light of energy hd > 1.6 eV.
This requires that the semiconductor used for LED. should have energy band gap larger than 1.6
eV. The LEDsfabricated on Gallium phosphide (GaP) of Eg = 2.25 eV substrates emit visiblelight.

Working Principle: Fig. 1.38 shows the symbol and circuit diagram of a LED. The LED isa
semiconductor device based on the principle of electro-luminescence. It emits light in forward
biased condition.

When energy is supplied to the semiconductor material the electrons are excited to higher energy
state E, and after 10°® seconds (mean lifetime) ultimately spontaneously fall back to E; state with
an emission of photon of energy E = E, - Ex. LED is mainly concerned with injection
electroluminescencei.e. sinceit isforward biased electrons are injected into the P-side and holes
are injected to N-side by the battery. Since in P-side holes are the mgjority charge carriers,
injected electrons are minority charge carriers and in n-region electrons are the mgjority carriers
obviously the injected holes are minority carriers. These minority charge carriers when
recombine with the majority charge carriers in the respective regions emit energy in the form of
photon of light.

Symbol /}7
ytff —{ v v} B
| In

+|I_ +II_

Fig. 1.38: Symbol and circuit diagram of aLED
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3.2. Zener Diode:

Zener diodeisaP-N junction diode connected in reverse bias condition. It ismainly operated
in the breakdown region of reverse bias. By varying the concentration of the dopants and
other factors, the breakdown voltage can be designed for specific applications. Zener
breakdown occurs when a P-N junction connected to a high reverse bias field, such that
bound electrons are torn apart from the covalent bonds. This creates a large number of
electron-hole pairs thus increasing the reverse current.

Diode 4
Current
Zener Forward
Voltage Vz Vgltagc
H el
-
+ — , ~—ImA
Anode Cathode
Region of Voltage
Regulation
T—V— ----------------------- - Iz(max)

Fig. 1.39: Symbol and |-V characteristics of a Zener diode.

Fig. 1.39 showsthe symbol of aZener diode and its |-V characteristics. Asthe reverse voltageis
increased, the reverse current remains constant till a certain value beyond which it increases
abruptly. The voltage at which the reverse current suddenly increases is called Zener voltage.
Zener diodes are operated at low voltages less than 6V. Contrary to ordinary diodes, the
breakdown phenomenon in Zener diodes is reversible and does not damage the diode. From
Fig.1.39 it can be deduced that in the Zener region, the voltage across it is constant though the
current changes depending on the supply voltage. Due to such inexplicable properties Zener
diodes are employed in voltage regul ators, reference diode, etc.

3.2.1. Characteristicsof Zener diodes

e Zener Voltage (Vz): The zener voltage depends upon the type of zener diode used. It
variesfrom 1.8 V to 2000V.

e Maximum Power Dissipation (Pz max): the power dissipation of zener diode is the
product of zener voltage and its maximum current.

Pzmax = Vz X Iz max

e Zener current (Iz max): it is the ratio of power dissipation to the zener voltage.
Generdly it varies from 150mw to 50W.

Pzmax=Vz X Izmax.

e Zener Resistance ( Rz): It varies from few ohms to 50 ohm. For most commonly used
zener diode 1N4370 , the resistance is 30ohm.

3.2.2. Application of Zener diode:
e Voltage regulator
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e Over voltage protection circuits
e Asalimitersin wave shaping circuits
e Intransistor biasing provides afixed reference voltage.

3.3. Photo Diode:
The diagrams shown below are the Construction, biasing, and symbol of Photo diode. The
construction details of atypical photodiode is as shown in Fig.1.40.

Construction Symbol
P N V4
. . >

<

P N
—
Anode (4] Cathode (-] Iy R

Fig. 1.40: The details of a photo diode

With light falls on reverse biased P-N photo junction, holes and electron pairs are liberated
which leads to current flow through the external load. Current will be zero only for a positive
voltage V;

-50 -40 -30 -20 -10 |0 |Vt

Dark current >V (Volts)
1000 fc 4200
2000 fc 4 400
3000 fc ! 600
4000 fc ] 800

fc - foot current lpA

y

Fig. 1.41: V-l characteristics of a photo diode

A photodiode is a type of photodetector capable of converting light into either current or
voltage, depending upon the mode of operation. A photodiode is a P-N junction or P.I.N.
structure. It is designed to operate in reverse bias. When a photon of sufficient energy strikes
the diode, it excites an electron, creating a free electron (and a positively charged electron
hole). This mechanism is also known as the inner photoelectric effect.
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If the absorption occursin the junction's depletion region or one diffusion length away, these
carriers are swept from the junction by the built-in field of the depletion region. Thus, holes
move toward the anode, and electrons toward the cathode, producing a photocurrent. This
photocurrent is the sum of the dark current (without light) and the light current, so the dark
current must be minimized to enhance the device's sensitivity.

3.3.1. Applications

Camera: Light Meters, Automatic Shutter Control

Medical : CAT Scanners, X ray Detection. Pulse Oximeters.
Safety Equipment: Smoke Detectors, Flame Monitors.
Automotive: Headlight Dimmers.

Communications; Fiber Optic Links

Industry: Bar Code Scanners.

3.4. Silicon Controlled Rectifiers

Within the family of pnpn devices, the silicon-controlled rectifier (SCR) was first introduced in
1956 by Bell Telephone Laboratories.

As the terminology indicates, the SCR is arectifier constructed of silicon materia with a third
terminal for control purposes. Silicon was chosen because of its high temperature and power
capabilities. The basic operation of the SCR is different from the fundamental two-layer
semiconductor diode in that athird terminal, called a gate, determines when the rectifier switches
from the open-circuit to short-circuit state. It is not enough to simply forward-bias the anode-to-
cathode region of the device. In the conduction region, the dynamic resistance of the SCR is
typically 0.01 to 0.1 Q. The reverse resistance is typically 100 k2 or more. The graphic symbol
for the SCR isshown in Fig. 1.42 with the corresponding connections to the four-layer semiconductor
structure.

Gate

1

% p n|p|n ~O
Cathode Anode Cathode

(@) (b)

\
Anode
+

Fig. 1.42. (a) SCR symbol; (b) basic construction.

Asindicated in Fig. 1.42(q), if forward conduction is to be established, the anode must be positive
with respect to the cathode. This is not, however, a sufficient criterion for turning the device on. A
pulse of sufficient magnitude must also be applied to the gate to establish a turn-on gate current,
represented symbolically by ler. Fig. 1.43 shows the two transistor terminology of a SCR. Here, one
transistor is an npn device while the other is a pnp transistor.
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Anode

Qi
pup

@ Q:

Cathode
Fig. 1.43. Two transistor terminology of a SCR

Let the signal shown in Fig. 1.44(a) will be applied to the gate of the circuit of Fig. 1.44(b). During
the interval 0—t1,Vgae= 0 V, the circuit of Fig. 1.43 will appear as shown in Fig. 1.44(b) (Vgae= 0 V
is equivalent to the gate terminal being grounded as shown in the figure). For Vee: = Vgae= 0 V, the
base current Ig.- 0 and Ic.will be approximately Ico. The base current of Q1, Ie:=lc. =lco, istoo small
to turn Q1 on. Both transistors are therefore in the “of f” state, resulting in a high impedance between
the collector and emitter of each transistor and the open-circuit representation for the controlled
rectifier as shown in Fig. 1.44(c).

Ny

I
| ] I High mpelmics

.y

w b i . i

Fig. 1.44. “Off” state of the SCR

At t= t1, a pulse of Ve volts will appear at the SCR gate. The circuit conditions established with this
input are shown in Fig. 1.45(a). The potential Ve was chosen sufficiently large to turn Q2 on (Vee.=
Va). The collector current of Qz2will then rise to avalue sufficiently large to turn Qion (le.= Ic.). As
Quturnson, lc:will increase, resulting in a corresponding increase in Is.. The increase in base current
for Qzwill result in a further increase in Ic.. The net result is a regenerative increase in the collector
current of each transistor. The resulting anode-to-cathode resistance (Rscr = V/1a) is then small
becauselaislarge, resulting in the short-circuit representation for the SCR asindicated in Fig. 1.45(b).
The regenerative action described above results in SCRs having typical turn-on times of 0.1 to 1us.
However, high-power devices in the range 100 to 400 A may have 10 to 25us turn-on times.
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Fig. 1.45. “On" state of the SCR

The next question of concern is how isturnoff accomplished? An SCR cannot be turned off by simply
removing the gate signal, and only a special few can be turned off by applying a negative pulse to the
gate terminal asshown in Fig. 1.44(a) at t = ta.

Forced commutation is the “forcing” of current through the SCR in the direction opposite to forward
conduction. In forced communication, the turn-off circuit consists of an npn transistor, a dc battery
VB, and a pulse generator. During SCR conduction, the transistor is in the “off” state, that is, Is= 0
and the collector-to-emitter impedance is very high (for al practical purposes an open circuit). This
high impedance will isolate the turn-off circuitry from affecting the operation of the SCR. For turn-
off conditions, a positive pulse is applied to the base of the transistor, turning it heavily on, resulting
in avery low impedance from collector to emitter (short-circuit representation). The battery potential
will then appear directly across the SCR, forcing current through it in the reverse direction for turn-
off. Turn-off times of SCRs are typically 5 to 30us.

3.4.1 SCR Characteristics and Ratings

The characteristics of an SCR are provided in Fig. 1.46 for various values of gate current. The currents
and voltages of usua interest are indicated on the characteristic.

Fig. 1.46. SCR characteristics

o Forward breakover voltage V(srr+ isthat voltage above which the SCR entersthe conduction
region. The asterisk (*) is aletter to be added that is dependent on the condition of the gate
terminal asfollows:
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O= open circuit from G to K
S= short circuit from G to K

R= resistor from G to K

V= fixed bias (voltage) from G to K

e Holding current (In) is that value of current below which the SCR switches from the
conduction state to the forward blocking region under stated conditions.

e Forward and reverse blocking regions are the regions corresponding to the opencircuit
condition for the controlled rectifier which block the flow of charge (current) from anode to
cathode.

e Reversebreakdown voltageis equivalent to the Zener or aval anche region of the fundamental
two-layer semiconductor diode.

Applications: The more common areas of application for SCRsinclude relay controls, time-delay
circuits, regulated power suppliers, static switches, motor controls, choppers, inverters,
cycloconverters, battery chargers, protective circuits, heater controls, and phase controls.
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Solved Examples

Ex. 1. Find the built-in voltage for aS P-N junction with N, = 10*°>cm™3 and N, = 107cm ™3

Solution: Assumen; = 10%¢m~3;
kT NpN,
Vbi=—.ln< D2A>

q n;

l
Important values to remember

At room temperature, T =~ 300K,

kT = 0.026eV
kT

(—) = 0.026V
q

1017 x 1015
1010

« Vi = 0.026 X 1n<

o Vyi = 0.718V

EX. 2. 1f Vpp 120V and V. is 200 V. Find ripple factor (% rippler).

Solution:
Vipp _ 20
|4 =——=—=10V
., max > >
v V., max 10 7 10V
,Tms = = —=/.
" Z V2
Ripple Factor (r) = 0™ = 719 _ g 4355
ipple Factor (r) = v 200 "
~ % Ripple = r x 100 = 0.0355 x 100
= 3.55%

Ex. 3. Determine the DC resistance levels for the curve shown bel ow-

@ Ilb=2mA In(md)
(b) Io =20 mA 30
(o) Vp=-10V
20
Solution:
10
(&) Atlo= 2 mA, Vb= 0.5V (from the curve) and a— 2 — e VuY)
1 lpA
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_Vp 05V

=—=——=250Q [Ans.
D=, T 2mA [Ans. ]
(b) At o= 20 mA, Vo= 0.8V (from the curve) and
_Vp 08V _ 409Q[4
D=1 = Joma . 100 [Ans ]
(c) AtVp=-10V, Ip=-Is=-1p A (from the curve) and
o OV omaa
PEL T AT [Ans.]

© g~ w D PR

10.
11.
12.

13.
14.
15.
16.

17.
18.
19.

Exercise Questions
Can an ordinary rectifier diode be used as a zener diode? Discuss and explain.
Define the term transition capacitance C of P-N junction diode.
Discusstheideal diode current—voltage relationship. Describe the meaning of 1, and V.
Distinguish between avalanche and zener mechanisms.
Explain the effect of the temperature of a diode.

Thereverse saturation current I, in agermanium diodeis6 uA. Calculatethe current flowing
through the diode when the applied bias voltage is 0.2, 0.3, and 0.4V at room temperature.
[Ans:13.15mA, 21mA, 28.8mA]

Explain the term diffusion capacitance €, of aforward-biased diode.
Define aload line in asimple diode circuit.

Determine the forward bias voltage applied to a silicon diode to cause a forward current of
10 mA and reverse saturation current, I, = 25 x 10~7 A at room temperature. [Ans.0.4V]

Discuss the working principle of a LED. State its applications.
Why is there a sudden increase in current in the Zener diode?

A half-wave rectifier has an input voltage of 240 V r.m.s. If the step-down transformer has
aturn ratio of 8:1, what is the peak load voltage? Ignore the diode drop.[Ans:42.5 V]

Discuss the working of a P-N junction diode as a switch.
With neat sketches, explain the breakdown mechanism in a P-N junction diode.
With suitable diagrams and equations, explain the working of a Zener diode as a regulator.

Define the term rectifier. List the classification of a rectifier. Explain the construction and
working principle of each.

Compare the halfwave, center-tapped full wave, and bridge rectifier.
Explain the construction and working of a photodiode.

Discuss the construction and working principle of an SCR.

45



Self Study Questions

Describe in your own words the conditions established by forward- and reverse-bias
conditions on a p-n junction diode and how the resulting current is affected.

Describe how you will remember the forward- and reverse-bias states of the p-n junction
diode. That is, how you will remember which potential (positive or negative) is applied
to which terminal?

list three materials that have a negative temperature coefficient and three that have a
positive temperature coefficient.

Sketch the atomic structure of copper and discuss why it is a good conductor and how
its structure is different from germanium and silicon.

What isthe important difference between the characteristics of asimple switch and those
of anideal diode?

Multiple Choise Questions
A crystal diode has forward resistance of theorder of ...............

a) kQ

b) Q

c) MQ

d) none of the above
If the arrow of the crystal diode symbol is positive concerning the bar, then the diode is
.............. biased.

a) forward
b) reverse
c) either forward or reverse
d) none of the above
Thereverse current in adiode isof theorder of ...................

a) kA
b) mA
c) WA
d A
The forward voltage drop acrossasilicon diodeisabout .....................
a 25V
by 3V
c 10V
d 0.7V
The DC resistance of acrystal diodeis............... its AC resistance
a) thesameas
b) morethan
c) lessthan
d) none of the above
The leakage current in acrystal diodeisdueto ................
a) minority carriers
b) majority carriers
C) junction capacitance
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10

11.

12.

13

14

15.

16.

d) none of the above
If the doping level of acrystal diode isincreased, the breakdown voltage.............
a) remainsthe same
b) isincreased
C) isdecreased
d) none of the above
If the temperature of acrystal diode increases, then leakage current ...........
a) remainsthe same
b) decreases
C) increases
d) becomeszero
The knee voltage of a crystal diodeis approximately equal to .............
a) applied voltage
b) breakdown voltage
c) forward voltage
d) barrier potentia

A P-N junctiondiodeisa............... device
a) non-linear
b) bilateral
c) linear
d) none of the above
When acrystal diodeis used as arectifier, the most important consideration is............
a) forward characteristic
b) doping level
C) reverse characteristic
d) PICrating

A Zener diodeisusedas ................
a) anamplifier
b) avoltage regulator
c) arectifier
d) amultivibrator
The doping level in azener diodeis............... that of a crystal diode
a) thesameas
b) lessthan
¢) morethan
d) none of the above
A zener diodeisaways............ connected.
a) reverse
b) forward
c) either reverse or forward
d) none of the above
The disadvantage of a half-waverectifier isthat the...................
a) components are expensive
b) diodes must have a higher power rating
c) output isdifficult tofilter
d) none of the above
If the AC input to a half-wave rectifier isan r.m.s value of 400/N2 volts, then the diode
PIV ralingis.............o..oeni.
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17.

18.

19.

20

21.

22

23

24,

25

a) 40012V
b) 400V
c) 400x\2V
d) none of the above
Theripple factor of a half-wave rectifieris.....................
a 2
by 121
c) 25
d) 048
Thereisaneed for atransformer for ....................
a) half-wave rectifier
b) center-tap full-wave rectifier
c) bridge full-wave rectifier
d) none of the above
The PIV rating of each diodein abridge rectifier is.......... that of the equivalent
center-tap rectifier
a) one-half
b) thesameas
c) twice
d) fourtimes
For the same secondary voltage, the output voltage from a center-tap rectifier is
............ than that of a bridge rectifier
a) twice
b) thrice
c) four-time
d) one-half
The........oooonn filter circuit results in the best voltage regulation
a) chokeinput
b) capacitor input
C) resistanceinput
d) none of the above
The maximum efficiency of a half-waverectifieris....................
a) 40.6%
b) 81.2%
c) 50%
d 25%
The most widely used rectifieris...................
a) half-wave rectifier
b) center-tap full-wave rectifier
c) bridge full-wave rectifier
d) none of the above
The color of emitted light from LED depends on
a) Construction of LED, that is physical dimensions
b) Number of available carriers
¢) Type of semiconductor material used
d) Number of recombinations taking place
Thetypical vaue of power consumption of LED is
a) Around 10 mwW
b) In between 15 mwW and 20 mwW
¢) Inbetween 30 mW and 40 mwW

48



d) In between 35 mW and 50 mW
26 A photodiode is used to detect
a) Visblelight
b) Invisiblelight
c) Nolight
d) Bothvisible and invisible light
27 Whenthereisno incident light, the reverse current in a photodiode is essentially non-
existent and is referred to as
a) Zener current
b) Dark current
¢) Photocurrent
d) PIN current
28 The photocurrent is directly proportional to
a) forward current
b) reverse current
C) intensity of light
d) none of these
29 If the gate current of an SCR isincreased, the forward breakdown voltage will.....
a) Increase
b) Decrease
c) Not affect
d) Becomeinfinite
30 After firing an SCR, the gate pulse is removed. The current in the SCR will...
a) Remain the same
b) Immediately fall to zero
¢ Riseup
d) Risealittle and then fall to zero

MCQ Answer key:

1 b 11 d 21 a
2 a 12 b 22 a
3 C 13 c 23 C
4 d 14 a 24 c
5 c 15 c 25 b
6 a 16 b 26 d
7 C 17 a 27 b
8 C 18 b 28 C
9 d 19 a 29 c
10 d 20 d 30 a

ATTAINMENT & GAPANALYSIS
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Attainment of the Programme Outcomes will be compiled in the table below to make a Gap Analysis
and work out remedial measures:

Course Attainment of the Programme Outcomes
outcome (1- Wesak Correlation; 2- Medium correlation; 3- Strong Correlation)
PO-1 | PO-2 PO- | PO- | PO- | PO- | PO- | PO- | PO- | PO- | PO- | PO-
3 4 5 6 7 8 9 10 |11 |12
Co-1
CO-2
CO-3

@QEE@EEPE@Q@@
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2. Transistor Characteristics

RATIONALE

It is now more than 70 years since the first transistor was introduced to thisworld. Since then, it
becomes an integral part of the majority of 1C designs and modern switching mechanisms.

In this chapter, we will study the details of a semiconductor diode, construction and working
principles of afew advanced and application-oriented diodes.

UNIT OUTCOMES

U2-O1: Unit-1 Learning Outcome-1
To know about the construction and basic operation of atransistor and its amplifying action.
U2-0O2: Unit-1 Learning Outcome-2

To know about the operational characteristics of a transistor and different types of biasing
mechanisms.

U2-0O3: Unit-1 Learning Outcome-3
To know the construction and operation of a FET and its types and CMOS circuits.

LEARNING OBJECTIVES

L O1: Study of fundamentals of atransistor and its operation.

LO2: Study of Transistor as an amplifier, different configurations of the transistors.
L O3: Study of the concept of operating point and voltage divider bias circuit.

L O4: Study of construction and operation of FETs and their types.

L O5: Introduction to CMOS circuits

MAPPING THE UNIT OUTCOMESWITH THE COURSE OUTCOMES

Unit EXPECTED MAPPING WITH COURSE OUTCOMES
Outcome (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Co-1 CO-2 CO-3 CO-4 CO-5 CO-6 CO-7
u2-01 2 1 3 - -- -- --
u2-02 2 1 3 - -- -- --
U2-03 2 1 3 -- -- -- --
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I nter esting Facts:

4.

10.

11.

12.

Bell Labs publicly announced the first transistor at a press conference in New Y ork on
June 30, 1948. The transistor went on to replace bulky vacuum tubes and mechanical
relays. The invention revolutionized the world of electronics and became the basic
building block upon which all modern computer technology rests.

A transistor is like a miniature on-off switch that allows a computer to process
information. A computer can't operate without an integrated circuit (chip), and a chip
can't operate without a transistor. Transistors have shrunk in size with a factor of 222
since the first Intel 4004 chip wasintroduced in 1971

A transistor is an abbreviated combination of the words " transfer”, and " varistor" .
The device logically belongs in the varistor family and has the transconductance or
transfer impedance of a device having gain, so this combination is descriptive.

The first transistor was about the size of the palm of a hand, with a depth of two
matchbooks stacked on top of each other. The first commercial device to use a
transistor wasthe Sonotone 1010 hearing aid, created in 1953.

As of 2022, the largest transistor count in a commercially available microprocessor is
114 billion transistors, in Apple's ARM-based dual-die M1 Ultra system on a chip,
which isfabricated using TSMC's 5 nm semiconductor manufacturing process.

The first FET device to be successfully built was the junction field-effect transistor
(JFET). A JFET was first patented by Heinrich Welker in 1945.

The invention of the MOSFET is credited to Mohamed Atalla and Dawon Kahng when
they successfully fabricated the first working sample at Bell Labsin November 1959.
The MOSFET is by far the most common transistor and the basic building block of most
modern electronics. The MOSFET accountsfor 99.9% of all transistorsin theworld.
Frank Wanlass invented the complementary metal oxide semiconductor (CMQOS), the
technology employed in most modern microchips, at Fairchild Semiconductor, USA in
1963.

Video Resour ces:

S Title URL

1. | Transistor https.//www.youtube.com/watch?v=J4007PT
Working _nzQ

2. | Transistor https://www.youtube.com/watchv=3jbTgOS
Characteristic | RUGQ
s

3. | Transistor https://www.youtube.com/watch?v=yXjKrlvZ
Configuration | dlo

4, | Transistor https.//www.youtube.com/watch?v=5T 84Jzcgj
Biasing and | 7M
Q-Point

5. | Transistor asa | https.//www.youtube.com/watch?v=UIEGKv
Switch CfDOA

6. | Transistor as | https.//www.youtube.com/watch?v=4U_dwuR
an Amplifier | u6SA
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7. | Construction | https.//www.youtube.com/watch?v=_DZ7baO
and working | hNFQ
of FET

8. | Working of a | https://www.youtube.com/watch?v=NgnWcv3
MOSFET KXSA

9. | Construction | https.//www.youtube.com/watch?v=4 nGFY7
and working | zgDM
of
Enhancement
type
MOSFET

10 | Construction | https://www.youtube.com/watch?v=XqGBNy
and working | himv4
of Depletion
type
MOSFET

2.1 Bipolar Junction Transistor (BJT)

Transistor means trans-resistor i.e. transfer of resistor. It is a device in which the same amount
of current is transferred from low resistance region to high resistance region. A transistor is a
sandwich of one type of semiconductor material (p or n) between two layers of the other type.
Fig 2.1 shows the construction of PNP and NPN transistors respectively.

P N P N P N
E — C E— C
| Emitter | Base |Collector :
EB. B cCB B
Junction Junction

Fig. 2.1: Construction of BJT- PNP & NPN

Transistor consists of three layers called Emitter, Base & Collector. Each layer has terminals
labeled E, B, and C respectively.

(a) Emitter: It generates large numbers of charge carriers for the conduction process. Asitis
a source of charge carriersit should be rich in the number of carriers and so it is heavily
doped. It ismoderatein area.

(b) Base: It controls the motion of charge carriers from emitter to collector. As the base is of
the opposite type of emitter, many of the charge carriers from the emitter may be
recombining in the base. Thusto avoid (minimizing) recombinationinthebase, itislightly
doped. It isnarrower than E & C so charge carriers should not spend more time in the

base.
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(c) Coallector: It collects charge carriers emitted by the emitter. It is moder ately doped. Due
to the collection of charge carriers, maximum power dissipation isin the collector region
and so to withstand this high power dissipation, it must have maximum ar ea compared to

E &B.
Symbols
1. NPN 2. PNP
C C
B —j< B—|
E E
Electronsarethe majority of carriers Holesarethe majority of carriers

Arrowhead shows the direction of conventional current from p to n-Type. Terminal with arrow
identifies the Emitter.

2.2 Modes (Regions) of operation of BJT
There are three modes

(a) Cutoff: Here both the junctions are reverse biased and so the output current is only due to
minority charge carriers, which is negligible. Thus output current is amost independent of
input in this region and hence it is aso caled the non-linear region. Here BJT acts as an
off switch (open circuit).

P N P

R.B.| R.B.

1| I
] |1
(b) Active Region: Here input junction is forward biased and the output junction is reversed

biased. Here output current is directly proportional to the input current and so it is also

called the linear region. It isaso caled the normal mode of operation. In thisregion, BJT
can be used as an amplifier and as a constant current source.

P N P

F.B. | R.B.

I I

I I

(c) Saturation Region: Here both the junctions are forward-biased. In this region output
current is almost constant (almost independent of input) and henceit is aso called a non-
linear region. Asboth junctions are forward-biased, BJT amost acts as a short circuit and
can be used as ashort switch.
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F.B. | F.B.

Depletion Region & Barrier Potential

The shaded portion shows a depletion region penetrating deeply into a lightly doped region. As
the base is lightly doped compared to the emitter & collector, the depletion layer penetrates
deeply into the base. Hence the distance between the emitter-base junction & collector-base
junction is reduced. Barrier potential is positive on the n- side and negative on the p- side.

1.NPN 2. PNP
N P_,N P N P

+_ j—

Fig. 2.2: Depletion Region and Barrier Potential
2.3 Transistor operation in linear mode
2.3.1 For NPN transistor

Theworking of BJT is studied in active regions. The emitter-base junction is forward-biased and
the collector-base junction is reverse-biased. The forward bias at the emitter-base junction
reduces barrier potential & causes electrons to flow from the emitter to the base. The electrons
are emitted into the base, hence the name emitter. Holes flow from base to emitter. However, as
the base is more lightly doped than the collector, amost all current flows across the emitter-base
junction consisting of electrons. The reverse bias at the collector-base junction widens the
depletion layer and penetrates deeply into the base.
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N P N

E— == N AN C
\N% 'T AN
B| I}z
Il ' |
VBB VCC
+ +
Barrier Potential Barrier Potential
Reduced [F.B.] Increse [R.B.]

Fig. 2.3: Transistor Operation (NPN)

The electrons arrive close to alarge positive electric field at the collector-base depletion region.
Electrons are negatively charged and are drawn across the collector-base junction and they are
collected in the collector.

Some of the charge carriers do not reach the collector but flow out via base connections around
the base-emitter bias circuit. The path of the collector-base depletion region is very much shorter
than the base terminal so only 2% of charge carriers flow out via the base. Also doping is light
inthe base so few holesin the base are available for recombination with el ectrons that are emitted
by the emitter. The reserves bias at the collector-base junction opposes the flow of mgjority
carriers and assists minority carrier flow. The mgjority of carriers are holes coming from the p-
side of ajunction and electrons from the n-side.

In the NPN configuration, electrons are charge carriers arriving at the collector-base junction,
and the reverse is biased to assist its flow. If the forward bias of the emitter-base junction
increases, barrier potential decreases, and more electrons flow to the base, hence current
increases. If forward bias is reduced, barrier potential increases and current decreases. Hence a
variation of the small forward bias voltage on the emitter-base junction controls the emitter and
collector currents.

IE = IC + IB
2.3.2 For PNP transistor

The operation is similar to the NPN configuration. Here the mgjority of charge carriers are holes.
Holes are emitted from the p-type emitter across the emitter-base junction into the base. The base
is lightly doped and so fewer electrons are available to recombine with some holes to flow out
viathe base, however, most of them are drawn across the collector-base junction. The forward-
biased emitter-base junction controls collector and emitter currents.

Although one type of charge carrier isin majority, two types of charge carriers are involved in
current flows. Hence, these devices are called Bipolar junction transistors.
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P N P

I \V/B////N\ Ic
é NN " 4 N g— e——— )
E Holes == N4 s AN /Zoles C
Emmited \% 7/////%&% Collected
B||!
[l i *, =
I I :
VBB VC C
+ +
Barrier Potential Barrier Potential
Reduced [F.B.] Increse [R.B.]

Fig. 2.4: Transistor Operation (PNP)
2.4.Transistor Configurations

A transistor can be used as atwo-port network. Two port networks have two input and two output
terminals. The BJT is used as a two-port network by grounding i.e. by making one of the
terminals common between input and output.

Since any terminal can be grounded in BJT to use it as atwo-port network it resultsin three types
of configuration namely: (a) Common Base configuration, (b) Common Emitter configuration,
and (c) Common Collector configuration.

24.1 Common Base Configuration (CB): Here base terminal is made common between
input and output by grounding it as shown in the figure. Vg is used to forward the bias
base to the emitter junction while V¢ is used to reverse the bias base to the collector

junction.
N P N
S
© 0O
Ves | QO ® ©0 ==V = VsB T]? = Vee
B

< L

Fig. 2.5: Common Base Configuration

Forward biasing of the emitter junction results in the emission of charge carriers for the
conduction process. When electrons travel from the emitter to the collector, free electrons
recombine with holes available in the base region, while the remaining electrons are
transferred to the collector.

ICOCIE = IC:aIE

_Ic Collector Current

a= = .
I Emitter Current
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Where a is proportionality constant and is called common base current amplification
factor. Even if the emitter terminal is open-circuited, a small amount of current flows
through the collector junction. This current is due to thermally generated charge carriers
known as base-to-collector junction leakage current, Icso. This current continues even
though the emitter junction is forward bias.

E B C
O0—O O
- =
P:@ © L.
N Ico N

Fig. 2.6: Iceoin CB Configuration
-~ The effective collector current is given by
IC = aIE + ICBO

2.4.2 Common Emitter Configuration (CE): In CE configuration emitter terminal is made
common between input and output by grounding it. DC supply Vgs is used to forward
bias base to emitter junction while V¢ reverse biases collector to base junction.

C
©OOO|N I
B C
—— V J—
PT B = Ve
Ig T
R EEEE T
BB CICICIC) BB lI
E E

Fig. 2.7: Common Emitter Configuration

The supply voltage Vge generates a few holes which in turn attract a large number of
electrons from the emitter. These electrons arrive in the base region, few electrons
recombine with holes while the remaining electrons are accelerated toward the collector
by Vcc Thus collector current is proportional to the base current i.e.

I o« Iy
A IC :ﬂIB
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where 3 is proportionality constant. It is called as common Emitter current gain factor.

Relation between o & B Complete Current Equation
Ig=1;+1Ig vle=alg+1lpge & Ig=1Ic+1I3
Divide by I

le _ 1+ I ~ e = a(lc +1g) +Icpo
IC IC IC(l_a):alB‘l‘IcBO
1 1
a= ' B o= —— Ig+ ! I
. 5 CT 1 g BT 1o CBO
0t=1_|_B Ie =B Iz + 1+ Blcpo

and B = 1 - Typicaly o =0.98 t0 0.998 and B = 100

— a

2.4.3. Common Collector Configuration (CC):. Here collector termina is made common
between input and output by grounding it. D.C. supply Vss is used to forward bias the
base to collector junction, while Vee is used to reverse bias base to the emitter junction.

I
B : —
= — Ve
I; T
Vpp == C
BB T
e

Fig. 2.8: Common Collector Configuration
Common collector current gain is-

Iy I+ I
= == =1
b I th

Practically above connections of supply are not used. Practically collector is grounded indirectly
for AC signal and biasing isimplemented only using a positive supply.

25DC Load Line

The DC bias point or quiescent point (Q-Point) is the point on the DC load line which represents
the current in atransistor and the voltage across it when no signal is applied i.e., it represents dc
bias conditions. Biasing means the selection of DC or Q-point. The Q-point is selected based on
the application. If aBJT isto be used as an amplifier or asaconstant current source, then Q-point
must be in the active region, while for switch or clipper applications the Q-point should be in the
non-linear region. To understand the concept, let us consider the circuit shown in Fig. 2.9.

14
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Ic

§RB =10KQ
Lli 2+ V..=20V

VCE

R
L
Fig. 2.9: Circuit under consideration

If this circuit is used as an amplifier, then input terminals are base and emitter and output
terminals are collector and emitter i.e. CE configuration. The base-emitter junction is forward-
biased and the collector-base junction is reverse-biased. From Fig. 2.9-

Vee = Vee-IcRc
If base voltage Vg is such that the transistor is not conductingi.e.

Ic =0, Vegp =Vee -[0 X 10K] = 20V

When I =0, Ve =20V [Letitbe the point A]

if Ic =2mA, Ve =0V [Letitbe the point B]

Similarly, If I = 0.5mA, Vep =15V [Letit be the point C]
Icr =1mA, V=10V [Letitbe the pointD]
Io =15mA, Vg =5V [Letitbe the point E]

Theline joining these pointsis straight and isthe DC load line for Rc = 10KQ. Fig. 2.10 depicts
atypical DC load line for the above illustrations.

I.(mA)
2 mA Point B

Fig. 2.10: DC Load Line
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DC Load line is a straight line superimposed on the output characteristics of the transistor. It
givesvoltage acrossthe transistor and current through the transistor. It can be plotted by drawing
astraight line between points A and B only.

At point A,
let,

lc=0mA and Vce =20V and
At point B,

Vece=0V and Ic=2mA

If apoint is plotted such that Ic = 1.5 mA and Vce = 10V, it will not appear on the load line.
Hence, the load line shows that such a combination of voltage and current does not exist in the
circuit. The load line shown in Fig. 2.10 is applicable for the conditions- Vcc = 20V and Re =
10K. If either of these conditions is changed, the load line will change. Hence, the load line is
sensitive to the variation in V¢ and Rc.

2.6 Transistor biasing

Biasing is atechnique using which DC operating conditions are adjusted to operate the transistor
in one of the three regions of output characteristics. Bipolar transistors must be properly biased
to operate correctly. The bias circuit stabilizes the operating point of the transistor for variations
in transistor characteristics and operating temperature. A bias network is selected to reduce the
effects of device variability, temperature, and voltage changes. A bias circuit may be composed
of only resistors or may include elements such as temperature-dependent resistors, diodes, or
additional voltage sources, depending on the range of operating conditions expected.

The following are the common types of biasing circuits-

Fixed bias

Collector-to-base hias

Emitter bias

Voltage divider bias or potential divider

Potential divider bias:

The voltage divider isformed using external resistors R1 and R2. The voltage across R2 forward
biases the emitter junction. By proper selection of resistors R1 and R2, the operating point of the
transistor can be made independent of B. In thiscircuit, the voltage divider holds the base voltage
fixed independent of the base current, provided the divider current islarge compared to the base
current. However, even with a fixed base voltage, collector current varies with temperature.
Hence, an emitter resistor is added to stabilize the Q-point.
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Fig. 2.11: Potential divider bias

The voltage divider configuration achieves the correct voltages through the use of resistors in
certain patterns. In this circuit, the base voltage is given by-

VeeR> and R. = RiR,
B=R, +R, BT R, +R,

Advantages:

e Theoperating point is ailmost independent of B variation.
e The operating point stabilized against a shift in temperature.

Disadvantages:

e Inthiscircuit, to keep I independent of B the following condition must be met:
%c
1
L 1+t R,
c Re

- Vbe

Thisis approximately the case if-

(B+ 1R, >» R, IR,
where R: || R denotes the equivalent resistance of R: and R, connected in parall€l.

e Asthe pB-vaue is fixed for a given transistor, this relation can be satisfied either by keeping

Re fairly large or making RuJ|R- very low.

o If Reisof large value, a high V.« is necessary. This increases cost as well as precautions
necessary while handling.

0 If Ri||R:islow, either Riislow, or R;islow, or both arelow. A low R raises Vb closer to
V., reducing the available swing in collector voltage, and limiting how large Rc can be made
without driving the transistor out of active mode. A low R. lowers V., reducing the allowed
collector current. Lowering both resistor values draws more current from the power supply
and lowers the input resistance of the amplifier as seen from the base.
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Usage:

The circuit's stability and merits as above make it widely used for linear circuits.

2.7. Thermal Stability

Transistor's characteristics are affected by temperature. The BE junction voltage Vge and the
collector to base saturation current Icgo are very sensitive to temperature. As BE and CB are PN
junctions the temperature effect is the same as the diode.

The temperature coefficient of Vg, AVee/At is—1.8mv/°C for Si transistor and —2.02mv/°C for
Ge. Icgo doubles after every 10°C rise in temperature. As lcgo increases, we know lc=PB
Ig+ (1+PB) lceo, and thus I ¢ increases. It results in an increased power dissipation at the collector
junction and a rise in the temperature of the CB junction. This generates more minority charge
carriers, and Iceo further increases. This effect is cumulative and Ic increases considerably.
Hence, the DC operating point i.e. Q-point will shift. As ¢ isincreasing continuously, the CB
junction overheats and burns out. This effect is called a Thermal runway.

Change in Ve may produce a significant change in Ic and change Q-point. Because of the
possibility of athermal runaway, the changesin lcgo are more important. The thermal stability
of acircuit is assessed by deriving a stability factor.

() Stability Factor (S): It is defined as the ratio of the change in collector current to the
change in the collector to base leakage current when Vge and 3 are constant.

AL

Al

(b) Thermal Stability factor (S'): It is defined as the ratio of the change in collector current
to the changein Ve when collector to base |eakage current and 3 are constant.

S

for constant Vg and 8

g=2tle ¢ tant I, and
= M, or constant I, and f8
(c) Thermal Stability factor (S)
Al
S = 25 for constant I, and Vgg

For better performance, the rate of change of Ic should be small concerning Alco, Ap & AVae.
So stability factor should be as small aspossible. The larger thevalueof S, S, S, the moreisthe
circuit thermally unstable.

2.7.1. Generalized Expression for S
Weknow that Ic = Ig + (1+p) Icso, Differentiating with respect to I, we get

L=Bop+ 1+
1+ p
=T oI,

o . a1 .
To evauate Sfor any circuit an expression for f must be derived.
C
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L VCCRZ and R. = R1R2
B = B —
g‘li, :-.f,["u %It R, +R, R, +R,
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;L f"-f__ ; Vg = IgRp + Vpg + (Ic + Ip)RE
" bi :
< i ifferentiate w. r. t. I
<R, 2R, %0 <R

i : a1
O= (RB+RE)_B+RE+O
al,

Fig. 2.12: Sdf bias circuit

aIB_ _RE
dlc R+ Rg
1+ R
S=—g where K=—B
_P E
I+1r%

For better stability, K = Rs/Re should be as small as possible. i.e. Rg should be small and Re
should be large. For example, Svariesfrom 7to 7.7. Among al biasing circuits, thiscircuit gives
the highest thermal stability and hence iswidely used in practical circuits.

2.7.2. Bias Compensation

Generally, the stabilization and compensation techniques are used to provide maximum bias and
thermal stabilization to the transistors. Diodes, thermistors, and sensistors can be used to
compensate for variationsin current.

2.7.2.1. Thermistor Compensation: Thermistor Ry having a negative temperature coefficient is
connected in parallel with R, An increase in temperature will decrease the resistance of
the thermistor will decrease Vgg, reducing Is and Ic. Thus compensation is achieved.

* Ve

I —V

Vi —| — I

§R2 §RT ;R —=Ce

E

Fig. 2.13: Thermistor biasCom_penwtion

2.7.2.2. Sensistor Compensation: Sensistor Rs having a positive temperature coefficient is
connected in parallel with Ri. Anincrease in temperature will increases the resistance of
the sensistor will decrease Vg, reducing Is and Ic. Thus compensation is achieved.
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%

Fig. 2.14: Sensistor bias Compeﬁgation

Ve
§R1 §RS ivo
Vi e—i
.
1

2.8. Transistor asan Amplifier

A transistor acts as an amplifier by raising the strength of a weak signal. The DC bias
voltage applied to the emitter-base junction makes it remain in a forward-biased
condition. This forward bias is maintained regardless of the polarity of the signal. Fig.
2.15 shows atransistor configuration when connected as an amplifier.

E 7 N\ ko

)
® L 3

| 11

Ves

Fig: 2.15: Transistor asan Amplifier

The low resistance in the input circuit lets any small change in the input signal result in
an appreciable change in the output. The emitter current caused by the input signal
contributes to the collector current, which then flows through the load resistor R,
resulting in a large voltage drop across it. Thus a small input voltage results in a large
output voltage, which shows that the transistor works as an amplifier.

L et there be a change of 0.1v in the input voltage being applied, which further produces
a change of 1mA in the emitter current. This emitter current will produce a change in
collector current, which would also be 1ImA.

A load resistance of 5kQ placed in the collector would produce a voltage of -
5kQ x 1 mA =5V

Hence, it isobserved that achange of 0.1v in theinput gives achange of 5V in the output,
which means the voltage level of the signal isamplified.
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2.9. TheField Effect Transistor (FET)

A FET is a three-termina unipolar semiconductor device that has very similar
characteristics to the Bipolar Transistor. The three terminals are namely Gate, Source,
and Drain. The FETs are constructed with no PN-junctions within the main current
carrying path between the Drain and the Source terminals (i.e. similar in function to the
collector and the emitter respectively of the BJT). The current path between these two
terminalsis called the channel. A typical channel may be made of either a P-type or an
N-type semiconductor material. The control of the current flowing in this channdl is
achieved by varying the voltage applied to the Gate.

BJTsare bipolar devices asthey can operate with both types of charge carriersi.e. holes
and electrons. The FETs can operate with only one type of charge carrier i.e. either
holes(P-channel) or electrons (N-channel). Hence, they are also known as unipolar
devices.

The FETSs use the voltage applied to the input terminal, known as the Gate terminal, to
control the current flowing through them. It results in an output current that is
proportional to the input voltage. As the FETs depend on an electric field generated by
the input Gate voltage, it isavoltage-controlled device. The input impedance of FETsis
very high compared to the BJTs. The very high input impedance makes them very
sensitive to input voltage signals.

The FETs are classified as the Junction Field Effect Transistor(JFET) and the Insulated-
gate Field Effect Transistor (IGFET). The IGFETs are also known as Metal Oxide
Semiconductor Field Effect Transistors (MOSFET).

2.9.1. Junction Field effect transistor S(JFET)

It consists of an n-type or p-type silicon bar which is lightly doped. Two terminals are
taken out from the two sides of the silicon bar, known as source ‘S and drain ‘D’. The
source and drain are identical and they can be interchanged. On the other two sides of
the silicon bar, two p-type or n-type regions are heavily doped. These two regions are
internally connected and form athird terminal of JFET known as Gate ‘G’. Due to these
p-regions, two p-n junctions are formed (Drain-Gate, Source-Gate).

The region between two p-n junctions is called as the channel which allows the flow of
the current. If the silicon bar is made of n-type materidl, it is called as n-channel JFET.
If the silicon bar is made of p-type material, then it is called as p-channel JFET.

The channel of the N-channel JFETs is doped with donor impurities. Hence, the flow of
current through this channel is due to the flow of electrons. Similarly, the channel of the
P-channel JFET is doped with acceptor impurities. Hence, the flow of current through
this channel is due to the flow of holes. Due to the higher mobility of electrons as
compared to the holes, an N-channel JFET has a better channel conductivity as compared
to the p-channel JFETSs. Fig. 2.16 shows the construction and symbol of an n-channel
and p-channel JFET.
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Fig. 2.16: Construction and symbol of an (a) n-channel and (b) p-channel JFET
2.9.2. Operation of a JFET (n-channel)

InFig. 2.17, atypical n-channel JFET is shown with applied voltage polarities. The supply Voo
providesdrain-source voltage Vps. Dueto thisapplied voltage, Drain current Ip flowsfrom drain
to source. Here, one needs to understand the behavior of drain current with gate to source and
drain to source voltage.

Fig. 2.17: N - Channel FET with applied drain voltage polarities.
JFET operation can be explained by different values of V¢ as-

When VGS = OV

When Vs = 0V and Vs = Possitive, the two p-n junctions (D-G, S-G) are reverse biased. As
Vps is positive, the electrons from the channel and near the two p-n junctions are attracted to the
drain terminal. Hence drain current Ip flows through the channel from drain to source
(conventional direction).
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Fig. 2.18: Therisein depletion width with applied Vps(Vpp)

Due to the motion of electronsto the drain, the channel region (n-type) gets positively biased and
the gate is zero-biased. Thus P*N junctions are reverse biased and hence depletion region is
created near the two p-n junctions as shown in Fig. 2.18.

As any semiconductor material (n type or p type) is resistive, Ip causes a voltage drop across the
channel. In the portion of the channel between the gate and the source, Ip causes a voltage drop
which biases the Gate concerning that part of the channel close to the gate. Hence, point A is
positive concerning the source. i.e. Source is negative concerning point A. Since the gate is
connected to the source, the gate region is negative concerning point A by avoltage Va.

Thus depletion region penetrates the channel at point A by an amount proportional to Va.
Between point B and the source voltage drop aong the channel is Vg, which is less than Va.
Therefore, at point B, thegateisat - V5 concerning channel, and depl etion region penetrates|ess
than point A. Similarly V. < Vz and penetration at point C is less than at point A and point B.
Hence penetration of the depletion region is maximum on the drain side than on source side as
shown in Fig 2.19.

VDD

V>V

Fig. 2.19: Depletion Region development dueto internal voltage drop

As Vps is further increased depletion region increases and channel size decreases and a stage is
reached at which the channel width becomes very small and the drain current 1p remains constant
because afixed number of electrons are attracted to the drain. It is called as a pinch-off region.

This constant current is called as a drain to source current (I55) When the gate and source are
shorted (Vs = 0). Iss isaso called drain to source saturation current. The characteristics curve
for Vs = 0 isshown below.
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IDSS

V= pinch off

VDS
When VGS = —ve (—1V)

When negative gate-source voltageisapplied it reverses biasesin both p-n junctions. Hence small
depletion region isformed in the channel dueto negative Vs AsVpsisincreased in the positive
direction more electrons are attracted to the drain terminal. Hence depl etion region al so increases,
and the drain current Ip increases. At one stage Ip becomes constant since the channel width
becomes very small through which constant numbers of electrons are attracted to the drain
terminal. In this case, the constant level of Ip is below that at Ves= 0. Since depletion regionis
formed initially due to the applied negative gate to source voltage and the remaining depletion

region is formed due to the motion of electrons to the drain terminal. The characteristics are
shown below
A

Ip
VGS:()
VGS: 'l V
Vos=-2V

v

v

DS
When Vgs = —ve (more negative or Vgs = Vp)

When negative Vgs is increased the depletion region aso increases in size and the drain current
Ip decreases. At one stage depletion region is completely formed across the channel and Ip
becomes zero in this case the depletion region is only due to negative Vgs which completely
blocks the channel. Hence electrons cannot move from source to drain. Hence Ip becomes zero.
It is called the pinch-off region as shown in Fig.2.20.
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Fig. 2.20: Pinch-off occursat Vgg = Vp

Pinch-off voltage: The negative gate to source voltage at which the depletion region is
completely formed across the channel and hence drain current Ip reducesto zero, is called pinch-
off voltage. Fig. 2.21 shows the output characteristics of a JFET.

Constant current region
( pinch off region) —

/VGS:O

Ip

f

Ohmic region

Constant current
=3 source

Vp-Vas Vi

Fig. 2.21: Output Characteristics
2.9.3. FET Parameters

a) Trans-conductance (gm): It isthe slope of the transfer characteristics

_ Al
AV

9m

Vps = constant
Itiscalled as AC gain of FET. Itismeasured in Siemens (s) or mhos (U).
Vos\*
Iy =1 (1——)
D DSS VP

Differentiate with respect to V¢

dlp  2lpgs [1 V(;s]

WVes  Vp Vp
: = [1 - @]
Where g,, = — 21;—55
P
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9mo — Maximum transconductance
b) Drain Source (ON) resistance (Rps) or Ro (on)

Rps isthe DC resistance of the channel when the depletion region is absent and when the device
is biased on in the ohmic region of characteristics.

Ip X RDS(on) = VDS(on)
Thisis similar to the Vce (sat) of BJT. FET can function as a Voltage Variable Resistor (VVR)
in the ohmic region of characteristics. Here resistance can be varied by varying Ves

¢) Drain resistance: In the constant current region the reciprocal of the slope of the
characteristics is the drain resistance rd.
_ AV

r, = ——
d Al | Vgs = Constant

AsVpsincreases by alarge value the changein Ip isvery small (ideally zero). Hence the
drain resistance rd is very high (ideally infinite)

d) Amplification Factor (u): Itisthe product of the transconductance and drain resistance
of the device.
AVpg
- AVgslIp = Constant
U=0m X7y
e) Gate cut-off current (Isss): The gate channel junction in a FET is a PN junction, it is

normally reverse biased, and current flows because of minority carriers. It isaso called a
Gate-Source cut-off current lgss or gate reverse current.

f) Input Resistance: (Res) It isthe resistance of the reverse biased gate channel junction and
isinversely proportional to lgss Itisvery high.

2.9.4. Comparison between BJT and FET

Parameter BJT JFET

Polarity Bipolar Unipolar

Carriers Holes and electrons Either holes or electrons
Nature of operation control Current controlled Voltage Controlled
Input Impedance Very low Very High

Gain Bandwidth product High Low

Thermal Stability Low High

Gain High Low

2.10. MOSFET (Metal oxide semiconductor field effect transistor)

It is adso caled as an insulated gate field effect transistor (IGFET). There are two types of
MOSFETs

1.  Depletion MOSFET (D- MOSFET)
2. Enhancement MOSFET (E- MOSFET)

71



2.10.1. D- MOSFET (n-channel)
Construction:

D D
810, Layer G |%SS G | SS
IN S S
p - type substrate n - channel 4 terminal (D-MOS) 3 terminal (D-MOS)

Construction Symbol
Fig. 2.22: Construction and symbol of a D-MOSFET

There is ap-type substrate. On the p-type substrate, two n-type regions are heavily doped, which
forms the source and drain terminals of the MOSFET. Source and drain terminals are internally
connected by lightly doped n-channel.

On the p-type substrate, Silicon dioxide (Si0,) layer is placed which acts as a dielectric or
insulator. Aluminum contacts are taken out for the source and drain. Aluminum metal is
deposited over the SiO, layer, which forms the gate. Hence we can say that aluminum is
deposited on oxide (Si0,) which is deposited over a semiconductor (P-type). Hence the name
metal oxide semiconductor field effect Transistor.

Operation:
When Vgs=0
A Ly I
| |
i + S,
) -i l 0 e
]::,"].; n_u |'|| 3 g i iy B [

Depletmg

B - type subsirale region

Fig.2.23: Operation of aD-MOSFET at Ves=0

[ s

Here the gate is insulated from conducting channel by (Si0,) layer. Hence it is called as an
insulated gate field effect Transistor. The operation of n-channel D-MOSFET is similar to n-
channel JFET when Vgs = 0. The drain terminal is connected to the positive terminal of the
battery. Gate and source are shorted. The substrate terminal is connected to the ground. As the
drain terminal is connected to the positive potential, electrons from the channel are attracted
toward the drain. Hence, positive donor ionsin the channel are uncovered and a small depletion
region isformed in the channel. The electronstravel to the drain terminal and then to the positive
terminal of the battery. From the negative terminal, they enter in the source terminal. Hence,
drain current flows from the drain to the source (conventional direction).
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As Vpp is increased, more electrons are attracted to the drain terminal, hence depletion region
also increases. At one balancing stage, the channel width becomes very small through which
fixed numbers of electrons are attracted to the drain, hence I remains constant. It is denoted by
Ipssi.e. drain to source current when gate and source are shorted.

N

Il)

II)SH 4

Vs = negative

i st 29|

L 1||'I.-:|r_| J b ""I.'\\ R linicitii
P - bype subsirate L |

ekelioninaid  Hides anp ifhmes]
dujriliod wray i the chanme]
| | 1roim o hasies

Fig. 2.24: Operation of a D-MOSFET at Ves= negative

When Vgsis negative, it attracts positive charges in the channel and repels the electrons from the
channel. Due to the recombination of the charge carriers, the number of electrons available for
conduction decreases. A small depletion region isformed in the channel due to negative Ves.

As Ves becomes more negative, the depletion region in the channel increases. Hence, Ip
decreases. At the point of operation under this condition, the channel is completely blocked, and
the drain current Ip becomes zero. This is caled as a pinch-off condition of the channel. The
negative Vs a which the channel is completely blocked and the drain current Ip becomes zero
is called pinch-off voltage (Vp).

Ves = possitive

5 i ] L16Fve)
[ | I *
Al |
- 3 Silly
[ | Lanver
| |:1'|—"'“'" 1n o B LD
Ht :zf' . 4
Ll - f
= Voo |
= type substmie
P = type substraie s
-[‘-"u- electmons are atiracied
] towards clannel

Fig. 2.25: Operation of a D-MOSFET at Ves= positive
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When Vgs is positive, the negative charges are attracted to the channel. The negative charges
attracted in the channel are minority carriers. Hence, the number of electrons in the channel
increases.

When positive Vgs is increased, these electrons along with the electrons from the channel are
attracted to the drain terminal. As aresult, the drain current Ip increases. In turn, the depletion
region also increases. At one point of operation under this condition, the channel width becomes
very narrow and Ip remains constant such that Ip > Ipss.

When Vs is positive, the channel is never completely blocked as the depletion region is entirely
due to the motion of electrons to the drain. Hence with positive Vs, conduction is enhanced and
D-MOSFET can work as E-MOSFET.

Drain source char acteristic:

Itisaplot of drain current Ip versus positive drain-source voltage for a fixed value of Vgs. As
Vs becomes more and more negative, Ip goes on decreasing. However, as Vs is made more
positive, drain current Ip goes on increasing. The drain-source characteristics and transfer
characteristics are shown in Fig. 2.36.

Ip $ I In>Ipss

V(i‘i: 2

E MOSFET
Mode Vas™ 1

D MOSFET
Mode V™ 0

DSS

/ Vis= -1

F Vos™ -2
_ V..=-3

\9 //,/’— as

[— -
+Vis

- Ves -3 -2 -1
Fig. 2.26: The drain-source characteristics and transfer characteristics
p-channel D-MOSFET :

The p-channel D-MOSFET operates on similar lines to an n-channel D-MOSFET. Fig. 2.37
shows the symbol of a p-channel D-MOSFET.
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D

D
G —|E:>ss c—B ss
S S

4 terminal (D-MOS) 3 terminal (D-MOS)
Fig. 2.27: Symbol fr a p-channel D-MOSFET

2.10.2. E-MOSFET (n-channel)
Construction:

It has alightly doped p-type substrate. On the p-type substrate, two n-regions are heavily doped.
There is no conducting channel between the source and drain when the device is constructed.
Channel is enhanced or formed with appropriate gate-source voltage. Hence, it is known as the
enhancement or E-MOSFET. Fig.2.38 shows the construction and symbol of an E-MOSFET.

Si0, Layer __I D
G K—SS
\ —
p - type substrate no channel S

when device
1s constructed

J’SS

Fig. 2.28: Construction and symbol of an E-MOSFET
Operation :
When Ves=0

When Vgs = 0 and the drain terminal is connected to the positive terminal of a battery,
the drain current Ip = 0 as there is no channel between the source and drain. Hence,
electrons from the source cannot travel to the drain terminal.

Vs = negative,

When Vs is negative, due to the capacitive effect, positive charges will be attracted to
the SIO2 layer. The drain current Ip is zero because there is no conducting channel (n-
type) between the n-type source and the drain. Therefore E-MOSFET cannot operate for
Vs = OV and V5- ve.

Ves = positive,
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3S n channel electrons are Holes are
of electrons  attracted repelled

When Vgs is made positive, the negative charges are attracted to the SiO2 layer and repel
the positive charges away from it. Hence, holes from a p-type substrate are repelled away
from the SIO2 layer and minority carriers( electrons) from a substrate are attracted to the
SiO2 layer. The negative acceptor ions in the p-type substrate are uncovered because holes
move away from the SiO2 layer. The minority carriers(electrons) will cover these negative
ions due to positive Ves. After one stage, a layer of electrons is formed from the source to
drain near the SiO2 layer. Thus n-channel is created or channel is enhanced. The electrons
travel from the source to the drain viathis channel. Hence, drain current Ip flows.

The positive gate-source voltage at which the n-channdl is created from the source to the
drain terminal is called as a threshold voltage V. Up to threshold voltage, I, = 0. The n-
channel of electronsisalso called as an inversion layer.

If Vps is made more positive, the constant level of Ip goes on increasing along with
increasing Ves.

Drain Source Characteristics:

The drain-source graph is a graph of IpVs, Vbos when Vgs = constant. As Ves is made more +ve,
Ip increases.

I
? Vgs= +8V

Vgs= 16V

Vgs=14V

Vbs (+ve)

Fig. 2.29: Drain Source Characteristics
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211 CMOS

The term CMOS stands for ‘Complementary Metal Oxide Semiconductor’. This is one of the
most popular technologies in the computer chip design industry and it is broadly used today to
form integrated circuits in numerous and varied applications. Today’s computer memories,
CPUs, and cell phones make use of this technology due to several key advantages. This
technology makes use of both p-channel and n-channel semiconductor devices. One of the most
popular MOSFET technologies available today is the Complementary MOS or CMOS
technology. Thisisthe dominant semiconductor technology for microprocessors, microcontroller
chips, memories like RAM, ROM, EEPROM, and application-specific integrated circuits
(ASICs).

The main advantage of CMOS over NMOS and BIPOL AR technology isthe much smaller power
dissipation. Unlike NMOS or BIPOLAR circuits, a Complementary MOS circuit has amost no
static power dissipation. Power is only dissipated in case the circuit switches. This allows the
integration of more CMOS gates on an IC than in NMOS or bipolar technology, resulting in
much better performance. Complementary Metal Oxide Semiconductor transistor consists of P-
channel MOS (PMOS) and N-channel MOS (NMOS). Fig.2.40 shows a basic CMOS

il% l%
T T

n- well

)

NMOS 9 PMOS |

p-substrate

-

Fig. 2.30: Basic CM OS configuration
NMOS

NMOS s built on a p-type substrate with an n-type source and drain diffused on it. In NMOS, the majority
of carriers are electrons. When a high voltage is applied to the gate, the NMOS will conduct. Similarly,
when alow voltage is applied to the gate, NMOS will not conduct. NMOS is considered to be faster than
PMOS, sincethe carriersin NMOS, which are electrons, travel twice as fast as the holes.

PMOS

p-channel MOSFET consists of P-type Source and Drain diffused on an N-type substrate. The magjority of
carriers are holes. When a high voltage is applied to the gate, the PMOS will not conduct. When a low
voltage is applied to the gate, the PMOS will conduct. PMOS devices are more immune to noise than
NMOS devices.

w SOurte
..:|||:I:||
I_ﬂn:-__":; "“!E--CI
Sl e i I-T"!a"-
nkOs pHOS

Fig. 2.31: Symbol of an NMOS and PMOStransistor
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CMOSWorking Principle:

In CMOS technology, both N-type and P-type transistors are used to design logic functions. The
same signal which turns ON atransistor of one type is used to turn OFF atransistor of the other
type. This characteristic allows the design of logic devices using only simple switches, without
the need for a pull-up resistor.

In CMOS logic gates a collection of n-type MOSFETS is arranged in a pull-down network
between the output and the low-voltage power supply rail (Vss or quite often ground). Instead of
the load resistor of NMOS logic gates, CMOS logic gates have a collection of p-type MOSFETs
in a pull-up network between the output and the higher-voltage rail (often named Vdd).

Thus, if both a p-type and n-type transistor has their gates connected to the same input, the p-
type MOSFET will be ON when the n-type MOSFET is OFF, and vice-versa. The networks are
arranged such that one is ON and the other OFF for any input pattern as shown in Fig. 2.32.

P-MOS
Pull Up
Network

R ———
Output

lo

N-MOS
Pull Down
Network

I

[

Fig.2.32: CMOS using Pull Up and Pull Down

CMOS offersrelatively high speed, low power dissipation, and high noise margins in both states, and will
operate over awide range of source and input voltages (provided the source voltage is fixed).

CMOSInverter:

Theinverter circuit is shownin Fig. 2.33. It consists of PMOS and NMOS FET. Input A serves asthe gate
voltage for both transistors. The NMOS transistor has input from Vss (ground) and the PMOS transistor
has input from Vdd. Terminal Y isthe output. When a high voltage (~ VVdd) is given at the input terminal
(A) of theinverter, the PMOS becomes an open circuit, and NMOS is switched OFF so the output will be
pulled down to Vss.
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Fig. 2.33: CMOS Inverter

When a low-level voltage (<Vdd, ~0v) is applied to the inverter, the NMOS switched OFF and PMOS
switched ON. Hence, the output becomes Vdd or the circuit is pulled up to Vdd.

INPUT LOGICINPUT | OUTPUT | LOGIC OUTPUT
Ov 0 Vdd 1
Vdd 1 Ov 0

Advantages:

The main benefits of CMOS over TTL are good noise margin as well as less power
consumption.

It uses a single power supply like + VDD

Input impedanceis high

CMOS logic uses less power whenever it isheld in a set state
Power dissipation is negligible

Fan out ishigh

TTL compatibility

Stability of temperature

Noise immunity is good

Compact in size

Disadvantages:

The cost will be increased once the processing steps increases, however, it can be
resolved.

The packing density of CMOS is low as compared with NMOS.

MOS chips should be secured from getting static charges by placing the leads shorted
otherwise; the static charges obtained within leads will damage the chip. This problem
can be solved by including protective circuits otherwise devices.

Another drawback of the CMOS inverter is that it utilizes two transistors as opposed to
one NMOS to build an inverter, which means that the CMOS uses more space over the
chip as compared with the NMOS.
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Solved Examples

1. Determine the dc bias voltage Vce and the current I for the voltage-divider configuration of
Fig. 2.34.
+22V

Fig. 2.34: Circuit diagram

Sol:

Rry =Ry I Ry
_ (B9KQ)(BI9KQ)

= 39Ka+39Kka oo Ko

Ry Ve
Eppy = ——5
™™ R, +R,
_ (BIKM)(22V)
T 39KO+39KQ

_ Ery — Vg
Rry + (B + DRg

Ig

_ 2V =07V _ 13V
"~ 3.55KQ+ (141)(1.5KQ) 3.55KQ+ 211.5KQ

= 6.05 A

Ic = Blg
= (140)(6.05 uA)
= 0.85m4

Vee = Vee — Ic(Re + Rg)
= 22V — (0.85mA)(10KQ + 1.5KQ)
=22V —9.78V = 12.22V [ANS]
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2. For potential divider bias circuit, estimate variation in Q-point when V.. =12V ,R; =
1.2KQ, Ry = 1 x 1030, R, = 10 x 103Q,R; = 42 x 103 Q, B = 100, 50, 150, Vgz = 0.7V
and also find the variation in Q point.

Sol.: Circuit Diagram

RiR,
Rppy = ———
TH™ R +R,

42 x 103 x 10 x 103

Ry = = 8.07 x 1030
TH™ 42 x 103 4+ 10 x 103
S VecR,  12x10 x 103 _ 5307
™M™ R +R, 42x103+10x103
For p=100
Ve =V, 2.30 — 0.7
I TH__BE = 14.66 X 10764

~ Rey + (L+B)R;  8.07x 103 + (101) x 1 x 103
Io = Bly = 100 x 14.66 x 1076 = 1.466 x 10734

Veg = Vee — Ic(Re + Rg) = 12 — 1466 X 1073 x (1.2 X 103 + 1 x 10%)
Veg = 8.772V

For =50

L 230 — 0.7

B1 7807 x 103 + 51 x 1 x 103
Ic1 = B1lg; = 50 X 27.08 X 107 =1.35x 10734

Veer = Vee — Iei(Re + Rg)

Vepr =12 —-135X% 10'3(1 x 103 + 1.2 x 103 = 9.020V

=27.08 X 107°A
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For =150
o 2.30 — 0.7
B2 7 807 %103+ 151 x 1 x 103

Iy = B215,=150x 10.05 X 107 = 1.50 x 10734
Veg2 = Vec — Ic2(Re + Rg) = 8.680V

=10.05 x 1074

Iy —1
% x 100 = 10.23%
C

%IC =

Vee, = Ve,

% Vep = X 100 = 3.86%

CE

3. For the biasing circuit shown below, determine the Q-point and locate it on output
characteristics

Sal.
Let Vop(std) = 0.2V and Vg = 0.7V
a) Appling KVL to the output-
Vec =IcRc +Veg + IgRg &

VCC - VCE
IC < IE’ IC = RCT
E
VCC - VCE(sat)
IC(Sat) = RC+—RE =9.67mA
From the input loop:
Vee =V,
€€__BE _ _ 0.0924mA &

I, =
BT Ry + (1 +PB)Rg
IC = ﬁIB = 924 mA = ICQ
To find the region of operation of the transistor-

If Igmin ZIC;T‘”E — BJT isin saturation otherwise isinactive

HereB IBmin < IC(sat)
Hence, the transistor isin the active region.

DC load line
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1
2.

IC
Vec
RoR;

Ic=9.24mA Q Pount

, i r
N B \CC :1 2\" VCE
Ver@aty=0-2V

Vg 0.73V

Exercise Questions
What is abipolar junction transistor? How are its terminals named?

Discuss the amplifying action of aBJT.

3. What isthe major difference between abipolar and a unipolar device?

4. How must the two transistor junctions be biased for proper transistor amplifier

operation?

5. What isthe source of the leakage current in atransistor?

6.
7.

8.
0.

Derive the relationship between a and .

Calculate the values of I and I for atransistor with ap. = 0.9 and I.go = 5uA. Ip is
measured as 19.90 uA.
[Ans.: I, = 249 mA, Iz = 2.5 mA]

Calculate the emitter current for ap. = 0.99 and I-5o = 20uA.
What is meant by Q point?

10.Discuss the importance of aDC load line in transistor operation.

11.What is biasing of atransistor? State its need in the operation of atransistor.

12.List the different biasing techniques? Describe the potential divider biasing scheme in

13.
14.
15.

16.
17.

18.
19.

detail.
What is athermal runaway? How can be avoided?
Define stability factor. Derive the expression for the stability factor.

A sdlf-biased silicon CE transistor amplifier operateswith V. = 10V,R,; = 10KQ, R, =
60, R = 2KQ, Ry = 3KQ and 8 = 100, find (i) the coordinates of the operating point,
and (ii) the stability factor.

Repeat Q. 11 for a germanium transistor.

Determine the operating point for the circuit of a potential divider bias arrangement with
R, = Rc = 10KQ, Ry = 2KQ and R, = 80KQ.

Compare BJT and FET.
Describe the construction and working of a JFET
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20. List the classification of a MOSFET. Describe each type in detail.

21. What is the significant difference between the construction of an enhancement-type
MOSFET and a depletion-type MOSFET?

Self Study Questions

1. What namesare applied to the two typesof BJT transistors? Sketch the basic construction
of each and label the various minority and majority carriers in each. Draw the graphic
symbol next to each. Is any of this information altered by changing from a silicon to a
germanium base?

Define a, Band y of atransistor. Show how they are related to each other.

3. Discussthe rationale of the stability factor. What would it seem more reasonable to call
this an instability factor?

Write a comparative note on the amplifying action of a BJT and FET.
Compare the different configurations of a BJT.

Which of the transistor currents is always the largest? Which is always the smallest?
Which two currents are relatively close in magnitude?

7. Inwhat waysisthe construction of a depletion-type MOSFET similar to that of a JFET?
In what waysisit different?

8. Explaininyour own words why the application of a positive voltage to the gate of an n-
channel depletion-type MOSFET will result in adrain current exceeding Ipss.

9. Research CMOS logic at your local or college library, and describe the range of
applications and basic advantages of the approach.

MCQs

1. In aPNP transistor, the current carriersare .............
a) acceptor ions
b) donor ions
c) freeelectrons
d) holes
2. The collector of atransistoris.............. doped
a) heavily
b) moderately
c) lightly
d) none of the above
3. A transistor isa............... operated device
a) current
b) voltage
c) both voltage and current
d) none of the above
4. The emitter of atransistor is....................... doped

a) lightly
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10.

11.

12.

b) heavily
C) moderately
d) none of the above
At the base-emitter junctions of atransistor, onefinds................
a) areversehias
b) awide depletion layer
c) low resistance
d) none of the above
Most of the majority carriers are from the emitter ....................
a) recombinein the base
b) recombine in the emitter
c) passthrough the base region to the collector
d) none of the above
The output impedance of atransistor is.................
a) high
b) zero
c) low
d) verylow
The most commonly used transistor arrangement is ...............
arrangement
a) common emitter
b) common base
c) common collector
d) none of the above
As the temperature of atransistor goes up, the base-emitter resistance

b) increases
c) remainsthe same
d) none of the above
In atransistor, the signal istransferred froma................ circuit
a) high resistance to low resistance
b) low resistanceto high resistance
c) high resistance to high resistance
d) low resistanceto low resistance
The arrow in the symbol of atransistor indicates the direction of ......
a) electron current in the emitter
b) electron current in the collector
c) holecurrent in the emitter
d) donor ion current
The most commonly used semiconductor in the manufacture of a
transistor is..............
a) germanium
b) silicon
c) carbon
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13.

14.

15.

16.

17.

18.

19.

20.

21.

d) none of the above
In atransistor, the collector current is controlled by ...........
a) collector voltage
b) base current
c) collector resistance
d) al of the above
A JFET hasthree terminas, namely ............
a) cathode, anode, grid
b) emitter, base, collector
C) source, gate, drain
d) none of the above
A JFET isasocdled ............... transistor
a) unipolar
b) bipolar
C) unijunction
d) none of the above
A JFET isa............ driven device
a) current
b) voltage
c) both current and voltage
d) none of the above
Thegateof aJFET is............ biased
a) reverse
b) forward
c) reverseaswell asforward
d) none of the above
Theinput impedanceof aJFET is.............. that of an ordinary
transistor
a) equa to
b) lessthan
c) morethan
d) none of the above
If the reverse bias on the gate of a JFET isincreased, then the width of
the conducting channdl ..............
a) isdecreased
b) isincreased
C) remainsthe same
d) none of the above
A MOSFET has................ terminas
a) two
b) five
c) four
d) three
A MOSFET can be operated with .................
a) negative gate voltage only
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22.

23.

24,

25.

26.

27.

28.

29.

b) positive gate voltage only
c) positive aswell as anegative gate voltage
d) none of the above
AJFET has............ power gain
a) smal
b) very high
c) very small
d) none of the above
The input control parameter of aJFET is................
a) gatevoltage
b) source voltage
c) drainvoltage
d) gate current
A JFET has high input impedance because ............
a) itismade of semiconductor material
b) inputisreverse biased
c) of impurity atoms
d) none of the above
The two important advantages of aJJFET are...............
a) high input impedance and square-law property
b) inexpensive and high output impedance
c) low input impedance and high output impedance
d) none of the above
A MOSFET issometimescalled .......... JFET
a) many gate
b) open gate
c) insulated gate
d) shorted gate
Which of the following devices has the highest input impedance?
a) JFET
b) MOSFET
c) Crystal diode
d) ordinary transistor
The pinch-off voltage of aJFET isabout ..........
a 5V
b) 0.6V
c) 15V
d 25V
The gate voltage in a JFET at which drain current becomes zero is
caled ........... voltage
a) saturation
b) pinch-off
c) active
d) cut-off
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30. Thefull form of CMOSis
a) Capacitive metal oxide semiconductor
b) Capacitive metallic oxide semiconductor
c) Complementary metal oxide semiconductor
d) Complemented metal oxide semiconductor
31. CMOStechnology isusedin
a) Inverter
b) Microprocessor
c) Digita logic
d) Both microprocessor and digital logic
32.  Two important characteristics of CMOS devices are
a) High noise immunity
b) Low static power consumption
c) High resistivity
d) Both high noise immunity and low static power consumption
33. CMOSbehavesasaan.......
a) Adder
b) Subtractor
C) Inverter
d) Comparator
34.  Animportant characteristic of aCMOS circuit is the
a) Noise immunity
b) Duality
c) Symmetricity
d) Noise Margin
35. CMOSIogic dissipates power than NMOS logic circuits.
a) More
b) Less
c) Equa
d) Very High
Answer Keys:
1 d 11. c 21. Cc 31 d
2. b 12. d 22. b 32. d
3. a 13. b 23. d 33. c
4, b 14. C 24. b 34. b
5. c 15. a 25. a 35. b
6. c 16. b 26. c
7. a 17. a 27. b
8. a 18. C 28. a
9. a 19. a 29. b
10.| b 20. d 30. c
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3. Feedback Amplifier and Oscillators

RATIONALE

The concept of feedback was originally introduced in 1934 by H. S. Black, an Electronics
Engineer, for building an amplifier with a gain that is insensitive to changes in the amplifier
parameters. Since then, this notion has played an important role in many areas of Engineering,
especially in the design and development of feedback amplifiers and oscillators. In this chapter,
we will study the details of feedback amplifiers and oscillators.

UNIT OUTCOMES

U1-O1: Unit-1 Learning Outcome-1
To know about the concept of feedback and its role in device operations
U1-0O2: Unit-1 Learning Outcome-2

To know about the classification and operational characteristics of different types of negative
feedback amplifiers

U1-03: Unit-1 Learning Outcome-3

To study the classification, construction, and operation of different types of oscillators

LEARNING OBJECTIVES

LO1: To understand the concept of feedback in amplifiers.

LO2: To study the feedback connection types

L O3: To study the input and output impedance of feedback amplifiers

L O4: To study the general characteristics of a negative feedback amplifier
L O5: To study different types of Oscillators

MAPPING THE UNIT OUTCOMESWITH THE COURSE OUTCOMES

Unit EXPECTED MAPPING WITH COURSE OUTCOMES
Outcome (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Co-1 CO-2 CO-3 CO-4 CO-5 CO-6 CO-7
U3-01 1 -- -- 3 - -- --
Us-02 1 -- -- 3 -- -- --
u3-03 1 -- -- 3 - -- --
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I nter esting Facts:

1.

The concept of feedback was originally introduced in 1934 by H. S. Black, an Electronics
Engineer, for building an amplifier with a gain that is insensitive to changes in the
amplifier parameters. Since then, this notion has played an important role in many areas
of Engineering.

Paul Voigt patented a negative feedback amplifier in January 1924, though his theory
lacked detail.

Harold Stephen Black independently invented the negative-feedback amplifier while he

was a passenger on the Lackawanna Ferry on his way to work at Bell Laboratories on
August 2, 1927 (US patent 2,102,671, issued in 1937).
The first practical oscillators were based on electric arcs, which were used for lighting
in the 19" century. The current through an arc light is unstable due to its negative
resistance and often breaks into spontaneous oscillations, causing the arc to make
hissing, humming, or howling sounds which had been noticed by Humphry Davy in
1821, Benjamin Silliman in 1822, Auguste Arthur delaRivein 1846, and David Edward
Hughes in 1878. Ernst Lecher in 1888 showed that the current through an electric arc
could be oscillatory.
An oscillator was built by Elihu Thomson in 1892 by placing an LC-tuned circuit in
parallel with an electric arc and included a magnetic blowout.
Mathematical conditions for feedback oscillations, now called the Barkhausen criterion,
were derived by Heinrich Georg Barkhausen in 1921.
Thefirst analysis of a nonlinear electronic oscillator model, the Van der Pol oscillator,
was done by Balthasar van der Pol in 1927. He showed that the stability of the
oscillations (limit cycles) in actual oscillators was due to the nonlinearity of the
amplifying device.

Video Resour ces:

Sr | Title URL

1. | Concept  of | https://www.youtube.com/watch?v=Qu0-
feedback in | QXvpZrA
the amplifiers
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2. | How does
Oscillator
work?

https.//www.youtube.com/watch?v=XV S8Puf4tiw

3.1. The concept of feedback

Feedback is the process of combining the output of a system with itsinput. In negative feedback
systems, the system’s output is subtracted from its input, and in the case of a positive feedback
system; the output is added to itsinput. Negative feedback stabilizes the system whereas positive
feedback can make the system unstable. The feedback mechanism plays a vital role in the
working of an amplifier. An amplifier is known as a feedback amplifier when its output
influencestheinput. Itisa so known asthe closed-loop amplifier asthe path throughthe ‘A’ and
‘B’ networks form aloop. Here, ‘A’ networks are the amplifiers and a ‘B’ network consists of
feedback elements. Figure 3.1 shows the block diagram of a single-loop feedback system.

—

Reverse transmission|

p

Signal Comparator + ]\3as1c Amplifier | T+ Sampling
S or forward transfer | V Network
ouree Mixer network - Gain A l =
|
Feedback network

Fig 3.1. A single-loop feedback system

IO: IL

Signal Source: Thisiseither asignal voltage V in serieswith aresister R, or asignal current I
in parallel with aresistor Ry.

Comparator or Mixer Network: Two types of mixer or comparator networks exists-

1. Series mixing (figure 3.2 a): The network in which the input voltage is compared with
feedback voltage by connecting the feedback network in series with the input is known as

aseries mixer.

2. Shunt mixing (figure 3.2 b): The network in which the input current is compared with the
feedback current by connecting the feedback network in the shunt across input is known
as ashunt mixer.
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Series Mixer Shunt Mixer

Vi A Ig ) ng A

+

d

Fig. 3.2. Mixer Networks: (a) Voltage Comparator (b) Current Compar ator
Sampling Networ k: The sampling networks are of two types:

1. Voltage sampling: The network in which the output voltage is sampled by connecting
the feedback network in shunt across the output is known as voltage sampling.

2. Current sampling: The network in which the output current is sampled by connecting the
feedback network in series with the output is known as current sampling.

Voltage Sampler | Current Sampler |
) [¢]
Basic Amplifier Ry 1 Basic Amplifier R,
_— A 1] A
Feedback Network Feedback Network
| B | p

Fig 3.3. Sampling Networks: (a) Voltage Sampling (b) Current Sampling

Feedback network: It is generally a two-port network composed of passive elements such as
resistors, capacitors, and inductors. Most often it is simply aresistive configuration.

Advantages of Negative Feedback:

Reduction in noise

Higher input impedance
Improved frequency response
L ower output impedance
Stabilized voltage gain

More linear operation

our~wWNE

Disadvantages:

Negative feedback results in reduced overal voltage gain as compared to the appliers without
feedback arrangements.
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3.2. Feedback connection types

There are four different ways by which afeedback signal can be connected such as-

a) Voltage-series feedback
b) Current- seriesfeedback
¢) Current-shunt feedback
d) Voltage-shunt feedback

Inthelist above, voltage refersto connecting the output voltage asinput to the feedback network;
current refers to tapping off some output current through the feedback network. Series refers to
connecting the feedback signal in series with the input signal voltage; shunt refers to connecting
the feedback signal in shunt (parallel) with an input current source.

Series feedback connections tend to increase the input resistance, while shunt feedback
connections tend to decrease the input resistance. Voltage feedback tends to decrease the output
impedance, while current feedback tends to increase the output impedance. Typicaly, higher
input and lower output impedances are desired for most cascade amplifiers. Both of these are
provided using the voltage-series feedback connection.

E— e
I-_Il' 1_+ "||l!|.|!.'|. i . -\I.::
% HT L
Agnpelilier -~
e la Tifd il o
ol LR
T
Vi i
HY|
— P
L.\I s ——
7 { wrrenl :
Illk T._-"r" Aumiplalicr " l}
I A _L]

w

r.":. b I ot o s 1 VO i ':I'
I"\.x.-" .'I.II.'|||||.|.||.-I 1 Ig
BN Js
LE™
".r |-I
T
(11}

o Iransrgaslanog > g |
if - ;
|,_H_‘__| s Amplifier Ry g v

—— 5 _L
I B
; e et
|3
L Ldl

Fig 3.4. Feedback amplifiers connection type: (a) Voltage seriesfeedback b) Current
seriesfeedback (c) Current-shunt feedback (d) Voltage-shunt feedback
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3.3. The gain with feedback

The gain of each of the feedback circuit connections of Fig. 3.4. is examined in this section.
The gain without feedback, A, isthat of the amplifier stage. With feedback B, the overall gain
of the circuit is reduced by afactor (1+pA), as given Table 3.1 provides the summary of the
gain, feedback factor, and gain with feedback of Fig. 3.4.

Voltage-Series feedback:

Figure 3.4a shows the voltage-series feedback connection with a part of the output voltage fed
back in series with the input signal, resulting in an overall gain reduction. If thereisno
feedback (Vf = 0), the voltage gain of the amplifier stageis-

Yo Vo

A = 75 = 7S (1)
It a teadback signal, F is connected m senss with the wrpur, then
b=T, - ¥,
Simee V, = AF, = A(V, — Fi = AV, — AFr= AV, — A(BV,)
then il + B, = AF,

Hence, the overall voltage gain with feedback is-

v, A
Ap = Ve 1+BA @

Equation (2) shows that the gain with feedback is the amplifier gain reduced by the factor (1+BA).
This factor will be seen also to affect input and output impedance among other circuit features.

Voltage-Shunt feedback:
The gain with feedback for the network of Fig. 3.4b is-
Ar=£= Al _ AL _ Al
L L+l L+pV, L+PAL
A
Ap = 1484 (3)

Table 3.1.: Summary of Gain, Feedback, and Gain with feedback from Fig. 3.4.

Par ameter Voltage-Series | Voltage-Shunt | Current-Series | Current-Shunt
Gain without Vo Vo Io Io
feedback (A) v I v I
Feedback(B) Z I Vi I
Vo Vo I I
Gain with Vo Vo Ip Ip
feedback( Ay) Vs I Vs I
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3.4.1nput impedance with feedback

Voltage seriesfeedback: A more detailed voltage series feedback connection is shown in
Fig. 3.5. Theinput impedance can be calculated as-
g Vi ViV V.- BV _ V.- B4V
L Z; Z; Z;
L,Z;=V, - B4V,
V_g = IjZ!' + _BAK = II-Z!- + _BAI;Z;

V.
L= 7" =Z; + (B4)Z; = Z{1 + B4)
1

4
The input impedance with series feedback is seen to be the value of the input impedance without
feedback multiplied by the factor (1 +BA) and applies to both voltage-series and current-series

configurations.

L
— —_—
+ —
I +

L/ i i
R of R'of

Ris

Fig. 3.5: Voltage series feedback connection

Voltage-Shunt feedback: A more detailed voltage-shunt feedback connection is shown in Fig.

3.6. The input impedance can be determined as-
Ii I0
+ T +

Ig T) — \/‘1 Ri; AIIi(T> §Ro RL %

+
A% I l
- R of Rr01’

Fig. 3.6. Voltage-shunt feedback connection
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Vo - B

=L TL+L Lrev
_ ¥
Il + VL,
s
E!r= - -

- - = (5)
This reduced input impedance applies to the voltage-series connection of Fig. 3.4a and the voltage-
shunt connection of Fig. 3.4b.

3.5. Output Impedance with feedback

The output impedance for the connections of Fig. 3.4 is dependent on whether voltage or current
feedback is used. For voltage feedback, the output impedance is decreased, while current feedback
increases the output impedance.

Voltage-Series Feedback: The voltage-series feedback circuit of Fig. 3.5 provides sufficient
circuit detail

to determine the output impedance with feedback. The output impedance is determined by applying
avoltage, V, resulting in a current, I, with Vsshorted out (Vs=0). The voltage V is then-

=02, + AV
Fea 1, = 0. Fr=—F¢
s it =&, — A= I, — A(gF)
Flewiatung the squation a3
F+ f4F = JI7.

[

allowes solving for ihe aufpuat resistanse wiih feedhnck

¥ e

S

E.,-|=_
I 1+84

(6)
Equation (6) shows that with voltage-series feedback the output impedance is reduced from that
without feedback by the factor (1+pA).

Current-Series Feedback: The output impedance with current-series feedback can be determined
by applying a signal V to the output with Vs shorted out, resulting in a current |, the ratio of V to |
being the output impedance. Fig. 3.7 shows a more detailed connection with current-series feedback.
For the output part of a current-series feedback connection shown in Fig. 3.7, the resulting output
impedance is determined as follows. With Vs= 0,
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V=¥
¥

¥ V

[ — — AV - — — ,-]l-':'.-'- — — AfAl

£

o

Z, z

L

Al + gdd =1

Lo = TT= A1 + A}

()

Table 3.2 summarizes the effect of feedback on input and output impedance.

Parameter Voltage-Series Current-series V oltage-Shunt Current-shunt
Zy Z,(1+ BA) 2,1+ BA) Z; Zi
(increased) (increased) (1+ pA) (1+ B4A)
(decreased) (decreased)
Zof _ 2o Zo(1+ BA) Z, Z,(1+ pA)
(1+ B4A) (increased) (1+ BA) (increased)
(decreased) (decreased)
+ . +
VS v, Z] § ;! 70 § Vo RL
. = .
Vr=Blo B

Fig. 3.7. Current-Series feedback connection
3.6. General characteristics of a negative feedback amplifier
1) Reduction in frequency distortion:

For anegative feedback amplifier, Ar ~ % for BA> 1

It is clear from the above relation that if the feedback network is purely resistive, the gain with
feedback is not dependent on its frequency even though the basic amplifier gain is frequency
dependent. The frequency distortion due to varying amplifier gain is considerably reduced in

negative voltage feedback amplifiers.

2) Reduction in nonlinear distortion and noise:
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Signal feedback tends to reduce the noise signal and nonlinear distortion. The factor (1 + BA)
reduces both input noise and resulting nonlinear distortion. However, thereis aso areduction in
the overall gain of the amplifier. If additional stages are used to bring the overall gain up to the
level without feedback, it should be noted that the extra stage(s) might introduce as much noise
back into the system as that reduced by the feedback amplifier. This problem can be somewhat
aleviated by readjusting the gain of the feedback-amplifier circuit to obtain a higher gain while
also providing areduced noise signal.

3) Effect of negative feedback on the gain and bandwidth :
The overall gain with negative feedback is-

4, = a4 _1 A> 1
r=1vag~ag- g5 P

Aslong asBA > 1, the overal gain is approximately % We should realize that for a practical

amplifier, the open-loop gain drops off at high frequencies due to the active device and circuit
capacitances. Gain may a so drop off at low frequenciesfor capacitively coupled amplifier stages.
Once the open-loop gain A drops low enough and the factor A is no longer much larger than 1,

the relation Ay = % no longer holds correct. Fig.3.8, shows that the amplifier with negative

feedback has more bandwidth (Br) than the amplifier without feedback (B). The feedback amplifier
has a higher upper 3-dB frequency and a smaller lower 3-dB frequency.

e
-
k|
F)

Fabaieay

=

Fig. 3.8. Effect of negative feedback on gain and bandwidth

The application of a feedback signal lowers the voltage gain and increases bandwidth B
(particularly in the upper 3-dB frequency). The product of gain and frequency remains the same
so that the gain—bandwidth product of the basic amplifier is the same value as the feedback
amplifier. However, since the feedback amplifier has alower gain, the net operation wasto trade
gain for bandwidth.

4) Gain stability with feedback:

In addition to the B factor setting a precise gain value, the stability of a feedback amplifier is
compared to an amplifier without feedback. The overall voltage gain with feedback is given by-

.

T 1+pA

Differentiating the above equation with respect to A, gives-
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T 1+ BAl +ﬁA|

dAf
|,3A|‘ for BA> 1

This shows that magnitude of the relative changein gain |%| is reduced by the factor
|BA| as compared to that without feedback (| |)
3.7. Oscillators

A circuit that generates AC voltageis known as an oscillator. To generate AC voltage, the circuit
is supplied from a DC source. Fig. 3.9 shows the basic difference between an amplifier and an
oscillator.

D.C. D.C.
ic llnpur l]npm 1C
AC | . ac
Iput ) pLIFIER L OSCILLATOR =28

Fig. 3.9. Difference between amplifier and oscillator

An amplifier is an electric circuit, which amplifies the input signal while preserving the shape of
the input waveform. A typical amplifier can have two inputsi.e. DC power input and AC signal
input. The amplifier acts as an energy converter, it takes DC power input from the supply V¢
and converts it into AC power at the signa frequency and gives it to the load, the energy
conversion is controlled by the input signal amplitude.

An oscillator is an electronic circuit that generatesits output waveform. It has only oneinput i.e.
DC power input. It converts the DC power into AC power at one signal frequency.

Principle of Oscillation:

Fig.3.10: Tank circuit (L C-tuned circuit)

Consider an LC-tuned circuit as shown in Fig. 3.10. Let us assume that initially thereis acharge
‘Q’ in the capacitor.

The voltage across capacitor V' = %
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Let us assume an ideal capacitor. Let the ideal coil having inductance ‘L’ is connected across a
capacitor at t = 0. The capacitor has got a discharge path through ‘L’. Since the inductor current
cannot change instantaneously, the capacitor discharges slowly. The inductor current builds up
and the voltage across the capacitor decreases. In that process, the electrostatic energy in the
capacitor is converted to magnetostatic energy and this is shown in Fig. 3.11 by concentric

magnetic lines of force.
+

C+ V%

Fig. 3.11: Charging of an Inductor

When the capacitor voltage decreases to zero the current through the inductor reaches maximum.
Since the capacitor cannot discharge further, the current should reduce to zero. However, the
inductor opposes that change by passing the current in the same direction as shown. At that time
the full electrostatic energy is converted to magneto-static energy.

AN

wre

Fig.3.12: Discharging of an Inductor

When the capacitor voltage goes to zero the magnetic field around the inductor collapses as
shown in Fig. 3.12 by anti-concentric lines. The capacitor with opposite polarity will charge as
shown in thefigure. In that process, magneto-static energy is converted into electrostatic energy.
Now the capacitor takes over by discharging through an inductor in opposite direction, charging
the inductor so that electrostatic energy is again converted to magneto-static energy. Later an
inductor allows the flow of current in the same direction charging the capacitor. Since the
inductors and capacitors are not ideal some energy will be dissipated in the series resistance of
the capacitance. Hence after each cycle, the voltage across the capacitor goes on decreasing and
if we observe the voltage waveform across the capacitor we get a damped sinusoidal waveform
having a frequency,

1
B 2mVLC
For un-damped oscillation following conditions should be satisfied;

fo

a) The amount of energy supplied should be sufficient to meet the losses in the tank circuit.
b) The applied energy should have some frequency.
¢) The applied energy should be in phase with oscillations set up in the tank circuit.
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Fig.3.13: Damped Sinusoidal waveform

Due to the leakage and winding resistance, the oscillation decay after some time. By external
means, the charge lost by the capacitor is supplied back. The purpose of the amplifier in the
oscillator isto give back the energy lost by the storage elements.

3.8. Block Diagram of Positive Feedback Amplifier:

Fig. 3.14 shows the block diagram of the positive feedback amplifier. The feedback of the
network is made up of reactive components (R, L, C). The feedback network introduces an
additional phase shift such that feedback isin phase with the source voltage.

Source \m Input _ Amplifier R Output -
- A - -
Vs ’\/\/ Vi ) Vo
Vi
Feedback | Feedback Network |

B)

Fig. 3.14: Block diagram of positive feedback amplifier

“ Vi = Vs + BV
Vo = A(Vs + BVp) = AV,

VA
“Ve 1-A4AB

:Af

When AB = 1; Af = o
i.e. gain of the amplifier with feedback isinfinity.

W
.. — =0
l.e Ve
Yo
or V5=;=0
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i.e. In the absence of an input signal there isan output signal. So an oscillator produces its output
waveform. The conditions that should be satisfied for a sustained oscillator are:

1. Theloop gain should be equal to unity. i.e.
AB =1
2. Theloop phase shift should be zero. i.e.
LAB =0, 2nm
wheren = 0,1,2,3, .....
The above two conditions are known as Barkhuasen Criterion.
3.9. Classification of Oscillator

Fig. 3.15 depicts the classification chart of oscillators. An oscillator circuit producing harmonic
frequencies is called a harmonic oscillator. The output of a harmonic oscillator is a pure
sinusoidal waveform. Hence these oscillators are also known as sinusoidal oscillators. They are
mainly classified into two types as-

1. RC oscillator
2. LC oscillator

Due to practical limitations of component ratings, RC oscillators are limited to low-frequency
applications; whereas L C oscillators are used for high-frequency applications. In RC oscillators,
the frequency-sel ective networks are made up of RC components. The RC oscillators are of two
types as-

1. RC Phase Shift Oscillator
2. Wien Bridge Oscillator

An oscillator generating a non-sinusoidal waveform such as square, triangular, etc is called a
relaxation oscillator. Here the circuit employs an active device operated in the non-linear region
of its characteristics. It works on the principle of charging and discharging the capacitor and
inductor. It ismainly divided into two types as-

1. Multi-vibrator
2. Sweep Generator

A circuit that employs devices exhibiting negative resistance properties is called a negative
resistance oscillator. These oscillators use devices like UJT or tunnel diode.
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Fig. 3.15: Oscillator classification chart

3.10. RC phase shift oscillator

Fig. 3.16 shows the circuit diagram of an RC phase shift oscillator. It consists of a common
emitter amplifier biased in the active region by using R;, R, and Rg. Usually, the Q point is
selected at the center of the DC load line. The output of the amplifier is given to a frequency
selective feedback network, made up of RC components that attenuate output signal and phase
shifted by 180°.

The RC network used is aphase lead network using asingle RC section, amaximum of 90° phase
shiftscan berealized if RC elements areideal . Therefore two RC sections can produce 180° phase
shifts.

Since R and C are not ideal, 90° phase shifts cannot be obtained by using a single RC network.
Hence, a minimum of three RC networks are used. The phase shift can be adjusted by adjusting
the value of R and C. We can assume that each section introduces a phase shift of 60°. Hence,
feedback produces 60 x 3 i.e. 180° phase shift. The amplifier introduces a phase shift of 180°.
Since it is acommon emitter type, therefore total loop phase shift = 360° or 248 = 0.

By classical circuit analysis,
1

fo= 2TRCV6
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Fig. 3.16: RC phase shift oscillator

By adjusting the gain of the amplifier, the condition A8 = 1 can be observed. Since the
Barkhausen criterion is satisfied, a sustained oscillation at the output can be observed. The
frequency of oscillation is given by

1

2nRC f6 + 4%

and the condition of oscillation is given sustained oscillation is hf e,,;, = 44.5 i.e. the transistor
selected should have a current gain greater than 44.5, then only oscillations build up.

fo=

The RC phase shift oscillator isused for low-frequency applicationsonly (1Hzto 100 KHz)
since fa( ) at high frequencies, the value of C isvery small so that it is comparable with the

internal capacitance of the transistor. Hence, effective capacitance changes, changing the total
phase shift around the close loop. Therefore, £AB # 0. Hence the oscillations cannot be
sustained. If R is decreased to zero, leakage is possible.

Even when oscillators are sustained, the output frequency will not be the same as that of the
desired value. The transit time effects inside the transistor are also higher. Hence CE transistor
cannot produce 180° phase shift, therefore oscillations cannot sustain. Hence RC phase shift
oscillator cannot be used for low-frequency applications.

Further, RC phase shift oscillators cannot be used for variable frequency operation as,
fa ( ) to vary the frequency and the values of R and C need to be varied. Since three resistors

and three capacitances are involved, gang tuning is not possible because three resistances and
three capacitances cannot be varied simultaneously. Therefore RC Phase Shift oscillator is used
for fixed-frequency applications.

Advantages:
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a) It doesnot require atransformer or inductor
b) It can be used to provide very low frequencies
¢) Thecircuit provides good frequency stability
Disadvantages:
a) Itisdifficult for the circuit to start oscillation as feedback is generally small.

b) Thecircuit gives small output.

3.11. Wien Bridge Oscillator:

The Wien bridge oscillator is a standard circuit for generating low frequencies in the range of
10Hz to IMHz. It is used in al commercia audio generators. This oscillator consists of two
stages of RC coupled amplifier and afeedback network. The practical circuit of the Wien bridge
oscillator is shownin Fig. 3.17.

[

Fig. 3.17: A Wien Bridge Oscillator

Block A represents an amplifier stage. The amplifiers may be BJT or FET. The output of the
amplifier goesto the feedback network. The voltage across the parallel combination R, C, isfed
into the input of the amplifier stage. Hence, the net phase shift through the amplifier is zero.
Therefore, it is evident that for oscillation to be maintained, phase shift through the coupling
network must be zero. This condition occurs at the frequency given by-

1

fo= 21 JRLC1R,C,

If R=R:=R,and C=C,=C,, then

The ratio of R; to R4 greater than 2 will provide sufficient loop gain for the circuit toscillate at
the frequency fo. The bridge can be balanced by pulling the potentials of terminals A and B to
some value. An ideal device for equating this potential of terminals A and B to the samevalueis
an amplifier with a very high input impedance. Hence, an operational amplifier can be used.
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Amplitude stabilization: Amplitude stability can be achieved by replacing the resistor R; with
athermistor. If the amplitude of oscillation increases, the current flowing through the thermistor
increases, thereby raising its temperature and varying its resistance value. This change in
resistance is used to bring down the voltage of the amplifier thereby reducing the amplitude of
oscillation to a specified value. If amplitude decreases reverse process takes place.

Advantages:

a) It provides constant output;

b) Theoveral gainis high because of transistors;

¢) Thefrequency of oscillations can be easily varied by using a potentiometer.
d) Amplitude stability can be achieved by using a thermistor.

Disadvantages:
» |t cannot generate very high frequencies.

3.12 LC Oscillators

LC oscillators or resonant oscillators are widely used for generating high frequencies. With
practical values of inductors and capacitors, it is possible to produce frequencies as high as
500MHz. The common applicationsarein RF generators, radio and TV receivers, high-frequency
heating, etc.

3.12.1 Hartley Oscillator

Ve
R1 RFC
Ce

7
A
7
ARA
vl

Fig. 3.18: Circuit diagram of Hartley oscillator

It consists of a positive feedback network formed by the inductance L, L, and capacitance C and
class A amplifier biased by R, R, resistors. The function of the output voltage across L, is fed
back to input through C.. The tapped coil produces a correct phase shift of 180° for the feedback
network. Resistors Ry, R, and Ry forms biasing circuit and RFC (Radio Frequency Choke)
prevents current from passing through the power supply. From the AC point of view, RFC acts
as an open circuit, and hence loading at the collector is avoided.

1
= where L=1L; +L
fo >V LC 1T L2
L
hfe > L—l hfe — current gain of the transistor
2

3.12.2 Colpitts Oscillator
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Fig. 3.19: Circuit diagram of Colpitts oscillator

When a switch is closed capacitors C; and C, are charged. These capacitors discharge through
coil L, setting up oscillations of frequency given by

1
" (2nVLO)

_ @6

fo

The oscillation across C, are applied to the base-emitter junction and appear in amplified form

in the collector circuit and supply losses to the tank circuit. The amount of feedback depends

upon the relative value of C;, C,. 180° phase shift is provided by the tank circuit and another 180°

by the amplifier and hence total phase shift is 360°. The condition imposed on the gain of the
transistor Cy, C, is

G

hfe > C_l

Here coupling capacitors are used to block DC produced at the collector to the tank circuit.

3.12.3 Crystal Oscillator

A Crystal oscillator is a tuned circuit oscillator using a piezoelectric crystal as a resonant tank
circuit. The crystal has greater stability in holding constant at whatever frequency the crystal is
originaly cut to operate. Crystal oscillators are widely used in communication transmitters and
receivers.

Electrical Equivalent circuit of crystal:

Fig. 3.20: Electrical equivalent circuit of crystal
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Here inductor L and Capacitor C represent electrical equivalents of crystal mass and compliance.
Risthe electrical equivalent of acrystal structure sinterna friction. C,, is capacitance dueto the
mechanical mounting of the crystal.

Crystal JT_
| |
[

Fig. 3.21: Transistorized crystal oscillator

In this circuit, the crystal operatesin series resonant mode as it offers alow impedance path for
feedback signal from output to input at this frequency. Hence oscillation builds up at this
frequency which isindeed f;.

1
-~ 2mVIC

fs

In Crystal Oscillators-

K
f= r where t = thickness and K = constant

For high frequency should be small and extremely thin crystals may break because of the
vibrations. Hence it cannot be used for high frequency. For low frequency ‘t" should be more
which increases the size and also affects capacitance, hence cannot be used for low frequencies.
fp is dways greater than f;. The actua frequency of operation lies between f,, and f;. Hence, a
crystal oscillator cannot be used for frequencies less than 15KHz and above 10MHz. The
frequency of oscillation can be controlled by any one of the following methods:

1. Inductive Tuning: In this case, tuning is performed by varying the inductance of the
tuning inductor.

2. Capacitive Tuning: In this case, tuning is performed by varying the capacitance of the
tuning capacitor.

3. Mixed tuning: In this case, tuning is performed by varying the inductance of the tuning
inductor at the low-frequency end and the capacitance of the tuning capacitor at the high-
frequency end.

Solved Examples
Ex. 1. Determine the voltage gain, input, and output impedance with feedback for
voltage series feedback having A=-100, Ri = 10 kQ, Ro = 20 kQ for feedback of (a)
=-0.1and (b) p =-0.5.
108



Solution:
e o —100 —100
s < & — _0.00
W ST I T 17 o100 1
Ze=Z (1 + Ad) = 10 k0 {11} = 110 kO

) By 103
Lo 2020 _ g k)

7=
T I 11

¥ — 141 —

i 1 100 _ g6

b A-= = =
! 1 + g4 1+ (0.5 194) 51
Zr=1Z (1 + BA} = 1014} (51) = 510 ki)
z 20 % 10°
L= = = 392,16 (1
o1+ pd 51
Ex. 2: If an amplifier with a gain of -1000 and feedback of f=-0.1 has a gain change of 20% due to
temperature, calculate the change in gain of the feedback amplifier.

Solution: -
|dde| _ | 1] [dd| !ér:u"ni = 0.2%

o |

4|~ [ga] 4]~ [=oai=1e00) =

The wnprovement 15 100 tmes. Thos, whale the amphfier gain changes from |4 =
1000 by 20%, the zam with feedback changes from 4 = 100 by only 0.2%

Ex. 3: Itisdesired to design a phase-shift oscillator using a FET having gm= 5000uS, rd= 40 kQ, and
feedback circuit value of R= 10 kQ. Calculate the value of C for oscillator operation at 1 kHz and Ro

for A> 29 to ensure oscillator action.

1 1
c=— = = 6.5 uF
2aRfFVe  (628)(10 X 10°)(1 X 10°)(2.43)

EXx. 4. Caculate the resonant frequency of the Wien bridge oscillator of Fig.3.22.

I
1
Ri—sik C, 0.001uF

R=s1KE Co- L Op-amp — V,

AR

Rs-s00k
Ry-100x

Fig. 3.22: Wien Bridge oscillator circuit
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Soluti

f;:

© © N o a b~ w NP

11.

12.

o o &~ w

on:

1 1
27RC 2 (51 X 10°)(0.001 X 10" %)

= 3120.7 Hz

Exercise Questions
With a suitable block diagram, explain different types of negative feedback circuits.
With neat diagrams explain different types of feedback and find their Ri, Ro, Av, and Al
Explain the various feedback topologies.
What are the advantages of negative feedback?
What are the effects of negative feedback on various parameters of an amplifier?
Explain the principle of operation of the oscillator.
Discuss the Barkhausen criteria for an oscillator.
Draw the circuit diagram of the RC phase shift BJT oscillator and explain the working.

Draw the diagram of the Wien bridge oscillator. Derive the expression for resonant
frequency.

Compare the LC and RC oscillators.

Draw the circuit diagram for the Hartley oscillator. Write down the expression for its
frequency of oscillations.

Draw and explain a Colpitts oscillator.

Self-Study Questions
Draw a current amplifier. State its characteristics and introduce negative feedback to it
and name the topology. Draw a transistorized circuit to implement the topology, what
will be the important characteristics of the circuit?

What are the advantages of crystal oscillators over other high and low-frequency
oscillators?

Compare the Hartley and Colpitts oscillator.

Differentiate between an oscillator and an amplifier.

Write a note on tuned oscillators.

Compare and contrast the positive and negative feedback systems.

Multiple Choice Questions
Which of the following improvementsis (are) aresult of the negative feedback in a
circuit?
a) Higher input impedance
b) Better stabilized voltage gain
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¢) Improved frequency response

d) all of above
What is the ratio of the input impedance with series feedback to that without
feedback?

a 1+pA

b) BA

c B

d 1
Determine the voltage gain with feedback for voltage-series feedback having A = —
100, R1 = 15kQ, Ro = 20 kQ, and afeedback of p =-0.25.

a 385

b) -3.85

c) —9.09

d) 9.09
At what phase shift is the magnitude of BA at its maximum in the Nyquist plot?

a 90°
b) 180°
c) 270°
d) 0°
Which of the following is required for oscillation?

a pA>1
b) The phase shift around the feedback network must be 180°.
c) Both BA > 1 and the phase shift around the feedback network must be 180°.
d) None of the above
Only the condition BA = must be satisfied for self-sustained oscillations to
result.

a o
b) -1
c 1
d) None of the above

In the RC phase-shift oscillator, what should the ratio of feedback resistor Rf to R1
be?

a) Zero
b) Greater than —29
¢) Lessthan29
d) Anyvaue
For a phase-shift oscillator, the gain of the amplifier stage must be greater than

a 19
b) 29
c) 30
d 1
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10.

11.

12.

13.

14.

15.

16.

In the Wien bridge oscillator, which of the following is (are) frequency-determining
components?

a) RlandR2
b) ClandC2
¢) R1,R2,C1, and C2
d) None of the above
Which of the following oscillatorsis (are) tuned oscillators?

a) Colpitts
b) Hartley
¢) Crysta
d) All of the above
Voltage shunt feedback amplifier forms.....
a) A negative feedback
b) A positive feedback
¢) Both positive and negative
d) None of the mentioned
Voltage shunt feedback amplifiers are also called as.....
a) Non-inverting amplifier with feedback
b) Non-inverting amplifier without feedback
¢) Inverting amplifier with feedback
d) Inverting amplifier without feedback
In anegative feedback amplifier, voltage sampling.....

a) Tends to decrease the output resistance

b) Tends to increase the output resistance

C) Does not alter the output resistance

d) Produces the same effect on output resistance as current sampling

In a negative feedback amplifier, shunt mixing:
a) Tendsto increase the input resistance

b) Tendsto decrease the input resistance
¢) Doesnot ater the input resistance
d) Producesthe same effect on input resistance as the series mixing

An amplifier with resistive negative feedback has two left-half plane polesin its open-
loop transfer junction. The amplifier will be:

a) Unstablefor all frequency
b) Stablefor al frequencies
c) stablefor selective frequencies
d) None of above

Barkhausen criteriais:
a) Positive feedback, Ap =1, 6 =0 or multiple 360
b) Negative feedback, Ap =1, 8 = 0 or multiple 360
c) Positive feedback, Ap =0, 6 =0 or multiple 360
d) Negative feedback, Ap =1, 6 =180
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MCQ Answer key:

13
14
15
16

10
11
12

Q@EEE@EEQ@
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4. operational Amplifier and
Applications

RATIONALE

The operational amplifier (Op-Amp) tracesits origin and name to analog computers, where they
were used to perform mathematical operations in linear, non-linear, and frequency-dependent
circuits. Op-Amps are used widely in electronic devices today, including a vast array of
consumer, industrial, and scientific devices. Considering thesefacts, in this chapter, wewill study
the fundamentals of Operational Amplifiers and their applications.

UNIT OUTCOMES

U1-O1: Unit-1 Learning Outcome-1

To know about the basic block diagram and characteristics of an operational amplifier.
U1-O2: Unit-1 Learning Outcome-2

To know about the symbol of Op-Amp, the pin configuration of 1C741, and the concept of virtua
ground.

U1-03: Unit-1 Learning Outcome-3
To study the different applications and their circuitry using Op-Amp.

LEARNING OBJECTIVES

L O1: To understand the concept of an Op-Amp.

L O2: To study the basic characteristics of an Op-Amp.

L O3: To study the concept of virtual ground.

L O4: To study the open loop configurations of an Op-Amp
L O5: To study the close loop configurations of an Op-Amp
L O6: To study the different applications of an Op-Amp.
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MAPPING THE UNIT OUTCOMESWITH THE COURSE OUTCOMES

Unit EXPECTED MAPPING WITH COURSE OUTCOMES
Outcome (1- Weak Corrédation; 2- Medium correlation; 3- Strong Correlation)
Co-1 CO-2 CO-3 CO-4 CO-5 CO-6 CO-7
u3-01 1 -- -- -- 3 -- --
u3-02 1 -- -- -- 3 -- --
U3-03 1 -- -- -- 3 -- --

I nteresting Facts:

1. In 1947, the operational amplifier was first formally defined and named by John R.
Ragazzini of Columbia University.

2. In 1953, vacuum tube op amps became commercialy available with the release of the
model K2-W from George A. Philbrick Researches, Incorporated.

3. By 1961, solid-state, discrete Op-Amp was being produced. These op amps were
effectively small circuit boards with packages such as edge connectors.

4. An operational amplifier (often Op-Amp) is a DC-coupled high-gain electronic voltage
amplifier with a differential input and, usually, a single-ended output. In this
configuration, an Op-Amp amp produces an output potential (relative to circuit ground)
that is typically 100,000 times larger than the potential difference between its input
terminals.

5. Op-Amps may be packaged as components or used as elements of more complex
integrated circuits.

Video Resour ces:

Sr | Title URL
1. | Introduction https://www.youtube.com/watch?v=kii A6
to Operational | WTCQnO& list=PLwjK_iyK4LLDBB1E9
Amplifier: MFbxGCEnmMMOAXOH
Characteristic
s of Ideal Op-
Amp
2. https.//www.youtube.com/watch?v=AuZ0
0cQOUrE
The Concept
of Virtual
Ground in Op
Amp
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3. https.//www.youtube.com/watch?v=hpCu
3HbAIWg

CMRR
(Common
Mode
Rejection
Ratio)

4, https.//www.youtube.com/watch?v=jsK Sf
aFQ4d4
Summing
Amplifier
(Inverting
and Non-
Inverting
Summing
Amplifiers)
5. https.//www.youtube.com/watch?v=al24
RWIgJVs

Op-Amp
Differentiato
r

4.1 General characteristics of an Op-Amp

An operational amplifier, or Op-Amp, is one of the basic building blocks of analog electronic
circuits. Operational amplifiers are linear devices used widely in signal conditioning, filtering,
and performing different arithmetic operations. It isadirect coupled high gain device that can
be used to amplify DC as well AC voltages. Due to its capacity to perform different arithmetic
operations, besides basic amplification, it is named an operational amplifier. Fig. 4.1 shows the
block diagram of an Op-Amp.

Operational Amplifier (OP - Amp)

Inverting
Input
Input Stage Inteéitnediate SLIEEZI[‘ Output Stage & Output
Stage -
Non-Inverting
Input
Dual I'P Dual I/P

Balanced O/P Unbalanced O/P
Fig. 4.1 Block diagram of Op-Amp

1. Input stage: It is dual input, balanced output differential amplifier. This stage provides a
voltage gain of the Op-Amp and decides the input impedance. Thus this stage is used to
provide high input impedance.

2. Intermediate stage: It is dual input unbalanced output differential amplifier. Due to high
input impedance requirements, voltage gain is compromised at the first stage. Hence, the
second stage must have a high voltage gain to make the overall voltage gain very high.

3. Level Shifter: In Op-Amp, the different stages are directly connected without using
coupling capacitors. Dueto it, the output DC voltage iswell above ground potential; which
is not desirable. The level shifter circuits help to bring the DC levels at the output to zero
voltage. The simplest form of alevel translator circuit is using an emitter follower with a
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voltage divider. By selecting the proper values of R; & R, the voltage at the junction of R,
& R, can be reduced to zero voltage.

4. Output stage: Thefina stageis usualy apush-pull complementary amplifier output stage.
The output stage increases the output voltage swing and raises the current-supplying
capability of the Op-Amp.

Fig. 4.2 showsthe symbol of Op-Amp. Anideal Operational amplifier isathree-terminal device.
It consists of two high-impedance input terminals.

Inverting Input

V, (Output)

Noninverting Input

-VEe
Fig. 4.2 Symbol of Op-Amp

The positive input terminal is known as the non-inverting input terminal. Any signal applied to
this input terminal (with other input grounded) produces in-phase output voltage. The negative
input terminal is known as the inverting input terminal as any signal applied to this input (with
other input grounded) produces a 180° phase shift or a signal of opposite polarity in the output
voltage.

Operational amplifiersare availablein IC packages of single, dual, or quad Op-Ampswithin one
single device. IC 741 isthe most commonly available Op-Amp of the industry standard. Fig. 4.3
shows the pin configuration of atypical IC 741 Op-Amp.

Input Offset n NC

Inverting Input

Non-inverting Input

—V..Supply Input Offset

Fig 4.3: Pin configuration of I1C 741 Op-Amp
Following are the few important characteristics of an ideal Op-Amp-

1. Infinite voltage gain.

2. Infinite input resistance(R;), so that any signal source can driveit and thereis no loading of
the preceding stage.

3. Zero output resistance(R,,), so that output can drive an infinite number of other devices.

Zero output voltage when the input voltage is zero.

5. Infinite bandwidth so that any free signal from O to co Hz can be amplified without
attenuation.

6. Infinite common mode rejection ratio (CMRR), so that common mode noise voltageis zero.
Infinite slew rate so that output voltage changes simultaneously with input voltage change.
8. Zero Supply voltage rejection ratio (SVRR).

e

~
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Fig. 4.4 showsthe equivalent circuit of OP-Amp. It has an input resistance, two ends of which
indicate the two terminals of Op-Amp. It acts as a voltage-dependent voltage source as
indicated in the output circuit. Fig. 4.5 shows an Op-Amp in an ideal case. Under ideal
conditions-

a) Theinputimpedanceisinfinite - i.e. no current ever flows into either input of the Op-
Amp.

b) The output impedanceis zero - i.e. the Op-Amp can drive any load impedance to any
voltage.

c) Theopen-loop gain (A) isinfinite.
d) The bandwidthisinfinite.

€) Theoutput voltage is zero when the input voltage differenceis zero.

+Vee

Inverting Input

Viq

1

Noninverting Input

Via=Vi-V,

- VEE

Fig.4.4: Op-Amp equivalent circuit

Fig.4.5: Op-Amp equivalent circuit for an ideal case

4.2.Important Specification of Op-Amp
1. Output offset voltage (V,,):

The voltage obtained at the output terminals of an Op-Amp without the application of any input
signal is known as output offset voltage. It isin the order of mV.

The input stage of an Op-Amp is dual input, balanced output differential amplifier. If the two
transistors of the input stage are not perfectly matched, then their DC collector currents will be
dightly different. Hence, between the two collectors, the output will not be zero. A DC voltage
exists there without any input signal applied, which is output offset voltage.
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2. Input offset Voltage (V;,):

The voltage that must be applied between the two input terminals to reduce the output offset
voltage to zero, is called Input offset voltage (V;,). The input offset voltage may be positive or
negative. The greater the matching between the inputsterminals of an Op-Amp, the lesser isinput
offset voltage.

Fig. 4.6: Circuit arrangement for calculation of offset voltage

3. Input offset current(l;,): The algebraic difference between the currents into the inverting
and non-inverting terminals of an Op-Amp is caled input offset current I;,. Typicaly,
;o is of order 200nA.

ie. lip = |Ip,~ I, |
Where g, = current into the non-inverting input
I, = current into the inverting input.

4. Input Bias Current (Ig): It is the average current that flows into the inverting and non-
inverting terminals of an Op-Amp. Typically Iy is 500 nA(maximum).

.1 _131+132
“lp =T

5. Common Mode Rejection Ratio (CMRR): Itisthe ability of an Op-Amp to reject undesired
disturbances that might be amplified with theinput signal. A typical value of CMMR is90dB.

CMRR = 144!
|Ac|

A, = Differential mode gain
A, = Common mode gain

6. Largesignal voltage Gain (A): It is defined as the ratio of the output voltage of an Op-
Amp to the difference between the input voltages. The typical value of A is2 x 10°.

Ao Output Voltage
" Differential Input Voltage

_ Y
Via

7. Maximum output range: It is defined as the range of the output voltage or the value of
voltages up to which the output voltage extends. For Op-Amp IC 741-

Supply voltage Vi = +15V, Vg = =15V
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~ Output voltage swing = —13V to + 13 V.
Vopp = 26 V.

8. Input Voltage Range: When the same voltage is applied to both input terminals, it is called
common Mode voltage(Vqy,).

.. Maximum range of Input = + 13V

Common mode configuration is used only to determine the degree of matching between inverting
and non-inverting input terminals.
9. Supply Voltage Rejection Ratio(SVRR): It isthe ratio of changein input offset voltage
V;, to change in supply voltage. SVRR is of the order of 150 %
WVip
AV

10. Slew Rate (SR): It is the maximum rate of change of output voltage per unit time of an Op-
Amp.

SVRR =

day,
SR=—
dat lma

N V/usec [Typicaly 0.5 /u sec ; ideally = oo].

11. Gain Bandwidth Product: It is defined as the product of the amplifier gain and bandwidth
of an amplifier. It is the bandwidth of the Op-Amp when the voltage gain is unity. It is also
called closed-loop Bandwidth, or unit gain Bandwidth. The typical value of GBPis1 MHz.

4.3.Concept of Virtual ground

A virtual ground (or virtual earth) is a node of acircuit that is maintained at a steady reference
potential, without being connected directly to the reference potential. An Op-Amp inverting input
(-) isat zero potentia (A virtual ground), even though it does not have a galvanic connection to
the ground.

Fig.4.7. Op-Amp inverting amplifier

Here non-inverting input is grounded and voltage is applied to the inverting input. According to
the virtual ground concept, the voltage at inverting node is zero.

o ‘/O = —A Vid
2 Vy=AVig = A(Vy = Vy)
orA =2 [Vig = V1 — V5]
Via

=>Vid=_
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Ideally A = oo (open loop gain)

“Vig=0
A Vl _VZ = O

BUt V1=0-'-V2=0

Hence whenever the non-inverting terminal is grounded, itsinverting terminal is at the virtual
ground signal.

Difference between ground and virtual ground: Ground always sinks the current and virtual
ground sinks the current as well as sources the current.

4.4, Open L oop configurations of an Op-Amp

In the case of an amplifier, the term open loop indicates that there is no connection exists between
output and input. When connected in an open loop configuration Op-Amp functions as a high-
gain amplifier. When the output reaches saturation level, it remains constant irrespective of
changes in input voltage. The output switches between positive and negative saturation in an
open-loop configuration. Hence, this configuration is less popular in linear applications.
Inverting amplifiers, non-inverting amplifiers, and differential amplifiers are some of the famous
open-loop Op-Amp configurations.

4.4.1.

4.4.2.

Inverting Amplifier: In this configuration, only inverting input terminal is active and
the non-inverting input terminal is grounded. The input is amplified by factor A (open
loop gain) and the output is 180° out of phase with theinput. The output voltageis either
positive or negatively saturated. Fig. 4.8 shows an inverting amplifier using Op-Amp.

Rin

Fig. 4.8: Open loop inverting amplifier

Non-Inverting Amplifier: In this configuration, only the non-inverting input terminal
is used and the inverting terminal is grounded. The input is amplified by the factor A
(open loop gain) and the output is in phase with the input. The output voltage is either
positive or negatively saturated. Fig. 4.9 shows the non-inverting amplifier using OP-
Amp.
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Fig. 4.9: Open-loop non-inverting amplifier

4.4.3. Differential Amplifier: In this application, Op-Amp amplifies the difference between
AC or DCinput signals. Fig. 4.10 shows the typical differential amplifier using OP-
Amp.

Fig. 4.10: Differential amplifier using OP-Amp
Polarity of I, depends on the polarity of V;;,, and V.
Vo % Vin, = Vin,
= Vy = AVig
The output voltage is either positive saturated or negative saturated depending on V.
Limitations of open loop configuration in OP-Amp:

1. The output levels are fixed at +V,,;. When the output attempts to exceed these levels,
clipping or distortion occurs. Hence very small signals having low amplitude can be
amplified properly.

2. The open loop gain is not constant. It varies with changes in temperature and supply (i.e.
unstable).

3. Dueto avery small bandwidth, an open-loop Op-Amp configuration cannot be used for AC
applications at high frequencies.

4.5. Closeloop configurations of an Op-Amp

To overcome the difficulties associated with the open loop configurations, feedback isused. The
resulting configuration is known as the close loop configuration of the Op-Amp. Following are
some famous close-loop configurations of Op-Amp.
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45.1.

Non— nverting Amplifier with Feedback [V oltage Series Feedback]

R;

Fig. 4.11: Non-Inverting Amplifier with Feedback

Here voltageto be amplified isapplied to non—inverting terminal. The output voltageisfeedback
in series with the input voltage. The voltage across R; is feedback to input.

V,R
Vf= o1
Ry + Ry
- Vr=B1
. h — Rl
W ereﬁ_R1+Rf
Where A = open loop gain
Ry
vV, =
27 °R + R,
AV,R,
V, = AV, —
o ' Ry +Rf
AR,
V,[1+ = AV, 1
Vv, A
Vi 1+A4p
_ A
T T 1+ 48
Also from equation (1)
Ry +R; + AR,
V, | ——L——| = 4V,
0[ Ry + Ry ] !
As Aisvery large

. ARy » Ry + R;
v ARy = AV
°|Ry+Re] T
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Af - = = —
_ Vi Ry B
Input impedance:
Ry =2
[ Z VO =0
V-7
=7

Apply KVL to input

Fig. 4.12: Equivalent circuit for input impedance calculation

Ring = 72

Iin

Now Vi =V, /A
Rif = R; X ﬁ A
if i V;,
Now, Ar =V, /Vin & A=V, /Viq

Rif = Ri Xm:Rl(1+Aﬁ)

~ R = R; (1+Ap)

Output Impedance:

124



AsR, =0, i,negligible

i, =14 { ipis negligible as compared to i, }
Vo —Av-Via
iy = e 1
I'O RO ( )
Vig=V1 =V,
and
Vig = —Vp 1
W TR +Rs
Via = =Vo.B
_ V(1 +4yB)
o RO
Substituting in equation
R Vo R,
F i, 1+ AP

45.2. Inverting Amplifier with feedback [V oltage Shunt Feedback]
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A 'V,

in

'VEE

Fig. 4.14: Inverting Amplifier with feedback
As V] isconnected to the ground and applying the virtual concept V, = 0V

I Yo BV,
f = ——=
Ry °
B =—1/Rs
Apply KCL at node V,
11 - If + IB
Iy =0, asR; = o
L=1I
Vin=Vo _V2—Vp
R, Ry
AsV, = 0 [by virtua ground concept]
Vi W
"R, Ry
Vo Rf
A = —= — —
"V Ry

45.3. Buffer Amplifier or Voltage follower

In this configuration non-inverting amplifier with unity gain is used. Therefore, the output
voltage is equal to the input voltage and is in phase. Output follows the input and hence, this
configuration is also called a voltage follower.

+Vee

Fig. 4.15: Voltage follower circuit
For VO = Vi1 Le[Rf = 0andR1 =

Therefore, shorting the input terminal to the output and removing resistance R, .
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Now, Vg =V; =V, = 0 (R; = )
BV = Vy = Vi

If V, isequa to V, then this circuit can be used as a voltage follower. Unlike a transistorized
voltage follower, the Op-Amp voltage follower provides output exactly equal to the input.
Further, almost al of the voltage from a previous source is dropped across the Op-Amp due to
its characteristics of high input impedance and low output impedance. As a result, an Op-Amp
can feed the rest of the circuit with the higher desired voltage.

45.4. Inverter (Sign Changer)

In this configuration, an Op-Amp is used as an inverting amplifier with feedback. The gain of
an amplifier is given by

R
Avf - —R—:
Therefore, the output voltage is
v _%
o R1 l

Let R = R, then V, = —V;. Hence, the sign is changed. Fig. 4.16 shows the practical circuit
of an Inverter using OP-Amp.

Fig. 4.16: Op-Amp asan Inverter
455. Current tovoltage converter
Ry

R, +Vee

V A \A
AV +
lin -Vig

in

Fig. 4.17: Op-Amp as Current to voltage converter
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Fig. 4.17 showsthe circuit arrangement for atypical current-to-voltage converter using Op-Amp.
If the combination of the voltage source V;,, and R, is replaced by the current source;,, the
output voltage 1, becomes proportional to I;,,.

Vi R,
Iin:R_l' Vo:_R_i-Vin
Vo = —lin-Ry

4.6. APPLICATIONS OF OP-AMP
4.6.1. Summing, Scaling, and Averaging Amplifiers.

a) Inverting configurations. Inthis configuration, Op-Amp isused ininverting amplifier mode.
There are three input V, , V,, and V, connected to inverting terminal. Depending on the
relationship between Rr and R, , R, , R, the circuit can be used as a summing, scaling, and
averaging amplifier. Fig. 4.18 shows an inverting summing amplifier using Op-Amp.

R a I a Rf
Vo —NN—7=

Rb Ib I f
Vb ._/\/\/\/i

R. 1, +Vee
VC /\/\/\/ V —_— —

2 I | A v,
Vl +
'VEE R L

Fig. 4.18: Inverting summing amplifier
By applying KCL at V,
Ia+1b+1c :If+lm
ln =0 [ R; = o]
Iy +1, +1. =1
Vo=V, VW=V, V.-V, V,=-V
a 2+ b 2+ [4 2 — 2 ()
R, Ry R, Ry

Now V, = 0 [Using virtual ground concept]
Vi Vo V. -V,

a

— 4+ —

R, R, R. Rf
Vp

V, = -R [V“+ +V”]
" VIR, "R, R,

R R R
f f f
V —_I:_V +_V +_V:|
© Ry * Ry b R, ¢
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= For Summing Amplifier: In a summing amplifier the output voltage is the sum of al the
input voltages. The output voltage is given by

R R R

f f f
|} - — _V +_V +_V:|
© R, * R, b R, ¢

IfRf:RaszzRC,then
I/oz_[Va-}'Vb-}'Vc]

= For Scaling Amplifier: In a scaling amplifier each signal is amplified by a different scale.
The output voltage is given by

R R R
gy Ry R

Re'® R, " R.©
If R, # R, # R, . Then, it can be used as a scaling amplifier

= For Averaging Amplifier: In averaging amplifiers, the output voltage is the average of all
the voltages applied to the input terminals. The output voltage 1, isthe average of the input
voltages.

1
Vo= =5 (WatVy+1)
IfR, =R, =R, =R
Ry
Ry

R n

Where n is the number of inputs.

b) Non-inverting configurations:

Rt
NN
R, +Vee
N ~
Jf— A \A
Va —"\AN g
R -VEe Ry
vV, — AN
b R L
Ve —\VWAN—
R

Fig. 4.19: Non-inverting summing amplifier
Applying superposition theorem-

i) Consider V, acting alone [ Ground others]
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Ry

. VuxR/2 TV,
Ri e e=R¥RZ"3
VW > +R/
= Vv A \fo Rf
v i v = [1 + —] A
! R Vg Ry Ry
V. R
S N
1
i) Considering V,, aone
Rf
NV
Ry +Vee v
YW > v =
) Vi +A o 3
Vo R R\ V,
-Veg R "o_ 1+_f) b
© R,/ 3
R R =

iii) Considering V. alone (Similarly)

RV,
" flYe
vy =1+ ]S
° + Ry13
sV, (total) =V, + V', + V"

_ [1 N R_f] (w)
R, 3

For summing Amplifier

_ . Re] _
Let Ry = 2R, - [1+R_1 ~3

oo I/;):Va+Vb+VC

For averaging Amplifier

Let [1+] =1 P
Ry Ry
+V,+V
oo 0 = T
4.6.2. OP-Amp as a Subtractor

Fig. 4.20 shows asubtractor circuit using OP-Amp. Here, an Op-Amp can be used as a subtractor,
if al the resistor values are equal. The circuit is analyzed using the superposition principle.
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R Vs
V._/\/\A/ =

a

Vi
Vb R R L
R

Fig. 4.20: Op-Amp asa Subtractor
a. Consider V, acting alone

Op-Amp works as inverting amplifier.

R
NV
R Ve Rf
Vv, =——V,
Va /\/\/\/ —A V' o R a
+ 3 R .
-VEE - R a
R R Vo ==V
b. Consider V, acting alone
Op-Amp works as a non-inverting amplifier.
R 12} Rf !
A w = (1+2),
R tVee 1 R\ 1y
—_— + —_—
W ~L g (1+5)2
B Vi + ° 2V v
v 2P
b R -VEE ! 14
R Vo=V +V
1 Vo=Vp =V,

4.6.3. Op-Amp asan Integrator

Fig. 4.21 shows an integrator circuit using Op-Amp. The circuit can perform the mathematical

operation called integration and produces a sine or cosine or ramp of output voltage. Thisisalso
called amiller integrator. The output of the integrator is given by:
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t

Vo = ~“RC Vin dt + Vin (0)
0
Where Vin(0) is the integration constant, and RC is called a time constant of an integrator.

C

——

i I Ve
R, 2 In| A \
+
M

-Vee Rp

Fig. 4.21: Op-Amp Integrator circuit
By applying KCL at the node V,,

11 = Iin + If
I; = If ['~' I, 20 asR; = 00]
Vin = Va d [ dV]
L =C—= W=V |v Ic=C—
R1 dt ( 2 0) Cc dt
Now we have V, = 0, by the virtual ground concept
Vin c d 1)
R, Tdt °
By integrating both sides, we get
Vin
fR—l dt =C.V,
1
Vo = _Rl_C Vin.dt
. o 1
~ Thegain of thecircuitisgivenby = — —
R.C

4.6.4 Op-Amp as Differentiator

Differentiator isacircuit in which the output voltage is proportional to the instantaneous rate of
change of the input voltage. In the differentiator circuit resistor and capacitor is used along with
the Op-Amp. Fig.4.22 givesthe circuit diagram of adifferentiator using Op-Amp. The output of

differentiator is given by:
dVin

dt

Vo=—RC

Thus, the output voltage of the differentiator is equal to RC time instantaneous rate of change of

input voltage to time.
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By applying KCL at the node V/, R

e AVAVAV
o=l If I, ¢ It Ve
We know that I;;, = 0 asR; = o, S0 —— —
V.
[ =1 2 Iin +A A
o Vi Y
Current through the capacitor is given by Ve Ry
dv
I =C— €L
c dt = = =
Fig. 4.22: Op-Amp differentiator circuit
d V2—V
cC—V
dat ™" Rs
d Vo .
C— V;, = —— [+ V, = 0 By the virtual ground concept |
dt R
d
. Vo = _RfCEVm

If a constantly varying signal such as a sine wave, square wave, or triangular wave to the input
of adifferentiator amplifier circuit, the final shape of the output signal is dependent upon the RC
time constant of the circuit. Fig. 4.23 shows the I/O waveforms of a differentiator circuit using
Op-Amp.

Input Signal Output Signal

-

Square wave

Spikes

/

Rectangular

Triangular wave

/N
-\

Sine wave

N/
I/

Cosine wave

Fig. 4.23: Input and Output waveform of a Differentiator
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4.7.Active Filtersusing Op-Amp

Active filters can be built using Op-Amp and passive components like resistors and capacitors.
An active filter circuit additionally uses an amplifier to provide voltage amplification, signal
isolation, or buffering of the signals.

A filter that provides a constant output from DC up to a cutoff frequency fy and then passes no
signal above that frequency is called an idea low-pass filter. The ideal response of a low-pass
filter is shown in Fig. 4.24a. A filter that provides or passes signals above a cutoff frequency f.
isahigh-passfilter, as shown in Fig. 4.24b. When the filter circuit passes signals that are above

oneideal cutoff frequency and below a second cutoff frequency, it is called a bandpass filter, as
shown in Fig. 4.24c.

I\ n
A Ideal A Ideal
1.0 \ | /
\<—St0p Band <S. B.—
0.707 0.707
<—Pass Band— Practical <—Pass Band—
fr £ £, f
(a) Low passfilter (b) High passfilter
A
1
0.707
£, f, f

(c) Band passfilter
Fig. 4.24: | deal filter responses
47.1. Low passfilter

R, R;
A
_L—/\/\/\ A
Vee 0707Af /Slope = -20dB/dacade
v /\/\/\11' Vi + — V% Pass Band stop Band
m R —]_ RL
TC Ve
il 1 g, I

Fig. 4.25: (a) A first-order low passfilter (b) Filter response
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A first-order, low-pass filter using a single resistor and capacitor asin Fig. 4.25a has a practica
slope of -20 dB per decade, as shown in Fig. 4.25b (rather than the ideal response of Fig. 4.24a).
The voltage gain below the cutoff frequency is constant at

Ay =1+ (4.1)

1

at a constant cut-off frequency of-

fu = 4.2)

Connecting two sections of afilter as in Fig. 4.26a results in a second-order low-pass filter with a
cutoff at -40 dB per decade; closer to the ided characteristic of Fig. 4.24a. The circuit voltage gain
and cutoff frequency are the same for the second-order circuit asfor thefirst-order filter circuit, except
that the filter response drops at a faster rate for a second-order filter circuit.

Rf Af
Ap \

Slope =-40dB/dacade

— v~
- v, V2 Stop Band
/\/\/\/ + ° le——Pass Band i
Ry
=C, i(‘s

Fig. 4.26 : (a) Second order Low passfilter (b) Filter response

4.7.2. High-passActive Filter

First- and second-order high-pass active filters can be built as shown in Fig. 4.27aand 4.28a. The
amplifier gainis calculated using Eq. (4.1).

R, R; A
_L—/\/\/\/ AVAVAY, As
- 2 2 cade
C v, ., 0dB/decade
i :
+ Ry
Vo L
- %R = Stop Band Pass Band

Fig. 4.27 :(a) First order High passfilter (b) Filter response
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“—-Slope = 40 dB/dacade

Stop Band ~ Pass Band
fp f

Fig. 4.28 : (a) Second order High passfilter (b) Filter response

The amplifier cutoff frequency is
1

fu= 21 JR,R3C,C

4.7.3. Bandpass Filter

Fig. 4.29 shows a bandpass filter using two stages, the first a high-pass filter and the second alow-
pass filter, the combined operation being the desired bandpass response.

— My AT g |
. l k. R
_.l'ul'l '-.""‘.l .'ff'l""\.'
- F, " "--._‘_\_.
— | -.-\-\.___\_h.
S, T,
i e Cip-amp :"_a kY
Chp-ammip T "'-\.-'t'.-'i'-\.l' ! 4 .-"'-f
-
- i e -
v, —j} - - -
L | o 5 -
H:T o= Lo Pass Section
-".3;
Hegh Fa== Sextinn TMaEna Haas Fari
B4t
S

Fimcn parny W e s

al-F]

=g

T Hmpw s
1 ZRASE soema

Fig. 4.29: A bandpass activefilter

Solved Examples

Ex. 1: Design an inverting amplifier with a closed-loop gain A, = —5. Assume, V; =
0.1 sin wt , and amaximum current i = 5 pA. The frequency effect can be neglected.
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Solution:

100kQ) R/
— VW T
- . =2 20k
™~ 5ud
20kQ N — V% Closed loop again
V1=O.lsinmt | __&
vV = R1
3 = L _i
20 kQ
Ry = 100 kQ
Designed circuit:
100kQ
. =AW
20kQ N — V5
V,=0.1 sin ot

Ex. 2: Calculatethe Ay, R;r, R, ¢ for the given inverting amplifiers.
10kQ

Solution:
i) Ayf
A - B 10ko
I~ R, 1k0
=—-10
ii) Rif



Where:

Ay =2 x 10°
R, =2MQ
=1kQ + 10kQ I ZMQ]
N 14+2x10°5
=1kQ + 0.049
= 1.049 kQ
Riy = 1.049 kQ
iii) Rof
R,
R,=—"°2
T [1+ AyB]
Where:
RO = 75 Q
Ay =2 x10°
Ry
=2 1R
1T iy
B 1kQ 1
T 1kQ+10kQ 11
R 75
of =
1+ (2 x 105) (%)
__ 5 412 mQ
~ 181828 o™
Ror = 4.12mQ

Ex. 3: Find the output voltage for the circuit showninthefigure. If R = 10 kQ, R; = 2 kQ

R
AvAvAY,
> .
R, R» + °

VO = _5V1 + (_ZVZ)

VO = _[5V1 + ZVZ]
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Ex. 4: Design anon-inverting amplifier with aclosed-loop gain Ay = 5. AssumeV; =
0.1 sin wt, amaximum current i = 5mA. The frequency effect is neglected.

Solution:

R,
NN
Ry
\fz +

V1=0.1 sinmt?

V; =V,  {by Virtual Ground Concept}

po_ Vi *01
LT L T 45m4A
Ry =20 kQ

Closed loop gain Ay,

5—(1+ R, )

B 20 kQ

R, = 4 x 20 kQ = 80 kQ
R, = 80 kQ

Ex. 5: Design an adder using OP-Amp to get output expression as. V, = —[0.2V; + V, +
20V5], where V4, V, and V5 are the inputs.

Solution:
R, R¢
Vi —\AN AVAVAY
R>
Vg '_/\/\/\/ —
L .V
R3 + o
Vi '_/\/\/\/_

For thisinverting adder circuit the expression for output voltage (V) is given by

R R R
f i f
Vo=—|=—V+=V,+=V.
0 R1 1 RZ 2 R3 3
Comparing with the given expression
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VO = _[02V1 + VZ + 20V3]
And let us assume Ry = 20kQ, Then
R, =100 kQ, R, = 20kQ, R; = 1kQ

100kQ 20kQ
Vi —"\\\, NVN—
20kQ
Vg '_/\/\/\/ —
1kQ + Vo
Vs
Ex. 6: Find V; for the adder—subtractor shown in the figure.
40kQ 50kQ
Vi=2V —"\AA—
25kQ
V,=3V '_/\/\/\/ >
L o \/:)
Vi=6V A\ >
10kQ
V=8V —"\AN\—

20kQ
%3 0kQ

Solution: The sum of inverting configuration-is obtained by puttingV; =1, =0

R R
) i i
v.=-v,2L-vy, L
0 1R1 ZRZ
_ soV 50V
T 40t 2572

Vi = —1.25V; — 2V,
Now for anon-inverting adder putV; =1, = 0
By applying the superposition theorem we have,

Consideringonly V; & V, =0
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50kQ
40kQ AN

50kQ
40kQ AN\
25kQ ™~ 25kQ
. L .V
+ Vo VM |+ °
v,
10kQ | 20kQ
20kQ 30k 10kQ 30kQ
vy = 12— 1oV -
M= ""10+12 " 20+ 75

Vi = 0.545V; + 0.273V,
The output voltage V,"" dueto V5 and V, is given by

50kQ
40kQ AN\

" Ry
25kQ

- 50
. v =[1+_ [
Vi

| [0.545V; +0.273V,]
= 2.38V, + 1.16V,

Total output voltage )

Vo = Vg + Vg

—1.25V, + 2V, + 2.38V; + 1.16V,

1.25(2) + (2 x 3) + (2.38 X 6) + (1.16 x 8)

=14.7
Vo =147V
Ex. 7: Determine the output for the integrator circuit shown in the figure. For R, C; = 1Sec and
theinput isastep signal.
Vi Ipf
11
IMQ "
4V Vj °_/\/\/\/_
_.,\/;)
=T 2 3 % t(3) -4
Solution: Theinput is constant value rangesfrom 0 < t < 4, therefore
4
Vo =— 4dt
° R.Cy -[o
1

4
= 4dt
1><10‘6><1><10+6J;
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4
[ 4
0

4[t]5
4[4]
Vy = —16V (Output will go from zero to -16V)

Ex. 8: Design an Op-Amp differentiator that will differentiate an input signal with f, = 200Hz
Solution:

fa=fo=200Hz
R, 1
Jo=52rC;
+
Vi
Let
C; = 0.1uf,we get
R — 1
S 7 2m x 200 x 0.1 x 10-°
= 795.77Q
Ry = 0.795kQ
Let
Ry = 0.7kQ
Since,
ReCr = R,Cy
R.Cy
Cr = R,
0.7 X 103 x 0.1 x 107°
- 0.7 X 103
=0.1x10"°
Cr = 0.1pf
b) Draw the output waveform for sine wave 2V peak at 200Hz applied.
Vo = —Rfclﬂ
dt

d
= —[0.7 x 103][0.1 x 10_6]E(2 sin 2 200t)
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= —[0.7 x 103][0.1 x 10~6](800 7 )(cos 27 200¢)
Vo = — 0.175 (cos 2 200t) V

Ex. 9: Design a non-inverting amplifier with specifications of closed-loop gain of 5, limited
output voltage of —5V < V,, < +5V and the maximum input current of 50uA.

Solution: The closed-loop gain of the non-inverting amplifier is given by

Vo Rz] _ .
Ay = v [1 + R 5 ()
Therefore
RZ .
R_1 =4 i (D)
The output voltage of the amplifier isV, = 5V, by substituting this in equation (i) we get
Vin =1V

The input current of the non-inverting amplifier is
.V
lin = Ri: = 50ud
Then R, = 20kQ
Substituting R, in equation (ii), we get R, as
R, = 20kQ x 4 = 80kQ
From this, we can find the output current i, as
Vo—Vin 5V—-1V
[ — — — 50 A
2= "p) 80kQ) K

Thus, the design of a non-inverting amplifier for the given specifications can be drawn as
shown in the figure.

R,=80kQ
N

é
R,=20kQ 1= 50pA

[ o>

Ex. 10: Consider the difference amplifier shown in the figure. Let Ry = R; = 10kQ, R, =
20kQ and R, = 22kQ. Determine V,, when (i) V,; = 2V, V;, = —2V; and

(ii) V;; = 2V, V;, = 2V, dso determine common mode gain and CMMR.
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S
?é
< |
v
|||+l
|_o<

Solution: Given: Ry = R; = 10kQ
R, = 20kQ
And R, = 22kQ

The output of the difference amplifier is given by

T S P P A

Ca%l V11 - 2V, VIZ = =2V

The output voltage,

= [zl [+ 3 - 55 @

33

v, = [‘g 4= —8A25V e (D)

Casell: V;; = 2V, V,, = 2V

The output voltage,

Vo= [m] |+ 10]@‘—(2)

33
Vo = [@] —4=0125V e s e (3)

The common mode input of the difference amplifier is given by

Via +Vpq

The common mode gain of the difference amplifier is given by
ey = 22— 0.062
CM — VCM - Y

The differential gain of the difference amplifier is given by

144



R, 20

Ag=—==""=2
7R, 10

The common mode rejection ratio of the difference amplifier is given by
CMMR = |A—d|
ACM
By substituting the values of differential mode gain and common mode gain values, we get

2
CMMR = 0062 32.25

In decibels, it can be expressed as
CMMR| 45 = 201log,o,(CMMR)
= 201log;((32.25) = 30.17dB
Ex.11: Determinethetime constant of theintegrator shown in the figure. Consider that the circuit

reaches the output voltage of 10V at t = 2m sec. Thestepinput of V; = —1V isappliedat t = 0
SEC.

— 11
[ )
R Ve
V.I VVV Vi —|—
IR +
VZ

Solution: Given: Output voltage integrator V, = 10V at t = 2m sec
Theinput VoltageV, = (-1)V att = 0 sec
The output voltage of an integrator is defined as

1 t
Vo=——] V; dt
1 2m sec
10 =—— —1)dt
RC ), (1)
10 = 1 [t]3msec = i(2m sec — 0)
RC™° RC
0= 2x 1073
~ RC
RC = 0.2m sec

The time constant of the given filter is RC = 0.2 m sec.
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Ex. 12: Design an integrator circuit that produces the output voltage of 20V at t = 1m sec with
the step input of V; = —1V (at t = Osec). Assume that the capacitor voltageisV, at t = 0 sec.

Solution: Given: Output voltage of integrator V,, = 20V at t = 1m sec
Theinput voltageV, = (—1)V att = 0 sec
The output voltage of an integrator is defined as

1 t
Vo=——=| V;dt
0 RC o I
1 1m sec

_RO

10 = 1 [t]gm sec = i(1m sec —0)
0 RC

20

(-1)dt

RC
10 = 107
RC
RC = 0.1m sec

Assumethat R = 1kQ, then,

_ 0.1 m sec _ 0.1m sec

R 1kQ
C =0.1uF
From these values, the design of the integrator can be drawn as shown in the figure below.
1c C
— 11
— ¢

R Ve

Y M=

IR +
A2

Ex. 11: Design an active low pass filter shown in the figure with a cut-off frequency of 10 KHz.

R2
NV
R
VW > v
pa—yy : °
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Solution: Given: The cut-off frequency of the low passfilter, fo = 10KHz
The cutoff frequency of the active low-pass filter is defined as

1
"~ 2mR5C

fe

Choose the capacitor C = 0.01uF.

Now the resistance R; can be calculated as

e 1
37 2mf.C

1
"~ 2m x (10KHz) x (0.01uF)

= 1.59kQ

The design of an active low-pass filter for a given specification is

R2
AVAVAY,
Ry
_|__—/\/\/\/ v ~
—= L.V
A — °
R3_1.59kﬂl
IC—O.OIHF

Ex.12.: Design afirst-order high pass filter with a cut-off frequency of 2KHz and avoltage gain
of 10.

Solution: Given Data: The cut-off frequency, f = 2KHz

R>
AAVAY
R,
W >ﬁv
V. Va + ©
in.—l

Rs

The cut-off frequency of the high-passfilter is
1
2nR5C
147

fc =



If R; = 2kQ, the capacitor C is (Alternately we can assume the value of C and find Rs)

1
C=Rir,

1
C = X 2kQ x 2K Mz
C = 25.13uF

The voltage gain of the high-passfilter is
Ap = [1 +§—j

If R, = 10kQ, the feedback resistor R, is
R, =R (Ap — 1)
R, = 10kQ(10 — 1)
R, = 90kQ

The design of the first-order high pass filter for the given specificationsis shown in the figure.
R,=90kQ

NV

_g/\/\/\/ Vi _
Vine—i} Vag b Vo

C=25.13uF

R;=2kQ

Ex.13: Design an active high passfilter shown in the figure with the cut-off frequency of 20 KHz
and the desired passband gain of 15.

R
NV
R,
_g/\/\/\/ v -
L .V
vV V2 > o
m |

R3

Solution: Given Data: The cut-off frequency high passfilter, f; = 20KHz,
The frequency of thefilter, f = 80kHz and

The desired passband gain Ap = 15

The cut-off frequency of the active high-pass filter is defined as
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1
fe = 2mR5C

Choose the capacitor C = 0.05 nf.

Now the resistance R; can be calculated as

R = 1
37 2mf.C
B 1
2m X (20KHz) x (0.05 nf)
= 159 kQ
The passband gain of the filter is given by
Ap =1 +§—j

Assume that the inverting terminal resistance, R; = 50K, then

R>
Ap =1 +R_1
Ry
15=1+ S0 k0
R, =700 kQ
The design of an active high pass filter for a given specification is shown in the figure below

R,=700kQ)

= K >——ovo
| Vi +
Vin I

R:=159kQ

Exercise Questions
Draw and explain the block diagram of atypical Op-Amp.
Discuss the different characteristics of Op-Amp.
Explain the working of the Op-Amp inverting amplifier.
Explain the working of the Op-Amp non-inverting amplifier.

o A w NP

Draw and explain the circuit of the basic integrator using Op-Amp.
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10.

11.

12.

13.

Design the Op-Amp circuit which can give the output as Vo = 2V1+4V5-V3

Design an ideal non-inverting amplifier with a closed-loop voltage gain of A, = 10. When
the input voltageis V;,, = 0.8V, the current in any resistor islimited to 100uA.

Design a summing amplifier that will produce an output voltage Vo = —(7 V;; + 15V, +
10 V3 + 3 V;,). Assume feedback resistance R, = 630kQ.

Design an Op-Amp circuit that produces V, = V, — 3V; with R;; = R}, = 100kQ.

For the difference amplifier shown in the figure determine the common mode rejection ratio
. RZ RZ

if ==10and = = 11.

R>
NV
R1 AVA
Vi, e ANA—2
R3 —V
\/‘I Vi +

|||—I

For the integrator circuit shown in the figure, determine the output voltage V,, for the input
frequency of 10Hz, 100Hz, and 1000Hz. Consider that the sinusoidal input peak voltage of
the integrator is 1V and the input resistance R = 150k}, and the feedback capacitance C =
1nF. Assume that the operational amplifier used in the integrator saturates at +30V.

ic C

—

-
R Ve

\]I ° /\/\/\/ V — > |~
G v
v, P

Determine the input voltage of an operational amplifier circuit shown in the figure, if the

output voltage V, = 2V, feedback resistance 1M}, and the input resistance R; = 20kQ.
R>

V,
Vin °_/\/\/\/ . —
— I
L Va |+ Yo

Design an active low passfilter shown in_fig. with the cut-off frequency of 15 KHz. Calculate
the desired passband gain of the filter.
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14. Design an active high pass filter shown irT the figure with a cut-off frequency of 10KHz.

R>
AVAVAY
R,
VN >_ov
V. Vi + °
in’_'

Self-Study Questions
1. Compare active and passive filters.
Draw acircuit diagram using Op-Ampsto realize Vo =5V1+ 7V - 3Vs.

3. Discussthe difference in the frequency response of integrator and Low-pass filter, High
passfilter, and bandpass filter.

4. Design a summing amplifier to produce the output V, = —(3V;, + 12V}, + 15V +
18 V,;). Assume the feedback resistance R, = 20k(Q.
5. List the disadvantages of abasic integrator circuit. How they can be overcome.

Multiple Choice Questions

1.  Determine the output from the following circuit
V2 = input
signal

O—q
Vi
Oo—

a) 180 in phase with input signa

b) 180° out of phase with input signal
c) Same as that of an input signal

d) Output signal cannot be determined
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Which of the following electrical characteristicsis not exhibited by an ideal Op-
Amp?

a) Infinite voltage gain

b) Infinite bandwidth

¢) Infinite output resistance

d) Infinite slew rate

Anidea Op-Amp requires infinite bandwidth because

a) Signals can be amplified without attenuation

b) Output common-mode noise voltage is zero

c) Output voltage occurs simultaneously with input voltage changes
d) Output can drive an infinite number of device

The ideal Op-Amp has infinite voltage gain because
a) To control the output voltage

b) To obtain afinite output voltage

c) To receive zero noise output voltage

d) None of the mentioned

Find the output voltage of an ideal Op-Amp. If V. and V. are the two input
voltages

a) Vo=V:i-V;

b) Vo= AX(V1'V2)

C) Vo= AX(V1+V5)

d) Vo= VixV,

How will be the output voltage obtained for an ideal Op-Amp?
a) Amplifies the difference between the two input voltages

b) Amplifiesindividua voltages input voltages

c) Amplifies products of two input voltage

d) None of the mentioned

Which is not the ideal characteristic of an Op-Amp?
a) Input Resistance> 0

b) Output impedance> 0

c) Bandwidth >«

d) Open loop voltage gain > «

Which factor determines the output voltage of an Op-Amp?
a) Positive saturation

b) Negative saturation

c) Both positive and negative saturation voltage

d) Supply voltage

Op-Ampisa type of amplifier.

a) Current
b) Voltage
c) Power
d) Resistance
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10.

11.

12.

13.

14.

15.

16.

17.

Op-Ampis coupled voltage type of amplifier.

a AC
b) DC
c) ADC
d) DAC

The potential output of Op-Amp is times greater than the potential
difference of input.

a) 100 times

b) 10000 times
c) 100,000 times
d) 210000000 times

Op-Amp is originated from computers.

a Anaog

b) Digita

c) Bothaandb

d) None of the above

Op-Amp performs which type of mathematical type operations.
a) Linear
b) Non-linear
c) Frequency-dependent
d) All the above
Op-Amp was invented by

a) Henry
b) Richard
c) KalD
d) David
In which configuration does the Op-Amp function as a high-gain amplifier?
a) Differential amplifier
b) Inverting amplifier
c) Non-inverting amplifier
d) All of the mentioned

How does the open loop Op-Amp configuration classify?
a) Based on the output obtained

b) Based on the input applied

c) Based on the amplification

d) Based on the feedback network

What will be the voltage drop across the source resistance of the differential
amplifier when connected in an open loop configuration?

a) Zero

b) Infinity

c) One

d) Greater than one
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18.

19.

20.

21.

22.

23.

24.

The output voltage of an open-loop differential amplifier is equal to

a) Double the difference between the two input voltages

b) Product of voltage gain and individual input voltages

c) Product of voltage gain and the difference between the two input voltages
d) Double the voltage gain and the difference between two input voltages

Find the output of the inverting amplifier.
a) Vo=AVi

b) V,=-AVi

C) V.= 'A(Vinl_VinZ)

d) None of the mentioned

What happensif any positive input signal is applied to an open-loop
configuration?

a) Output reaches saturation level

b) Output voltage swing's peak to peak

c¢) Output will be asine waveform

d) Output will be a non-sinusoidal waveform

Why open-loop Op-Amp configurations are not used in linear applications?
a) Output reaches positive saturation

b) Output reaches negative saturation

c) Output switches between positive and negative saturation

d) Output reaches both positive and negative saturation

An Op-Amp with negative feedback provides output parameter.

a) Gan
b) Bandwidth
C) Input-output impedance
d) All the above
A fully differential amplifier has outputs.
a) Similar
b) Differential

c) Zero
d) None of the above

An ideal Op-Amp has input voltage.
a 1V
b) 3V
c¢) Grounded
d) Infinite

Answer Keysto MCQ

1

b 7 a 13 (o 19 b

2

c 8 c 14 c 20 a
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9. Measuring Instruments &
Transducers

RATIONALE

Measuring instruments range from water meters to weighing machines. They are important for
trade, consumers, and industry as they ensure accuracy of measurement, transparency, and
fairness. Further, as electric flow can't be detected with the naked eye electronic measuring
instruments are used to check the flow of electricity. Transducers convert a physical force into
an electrical signal so that it can be easily handled and transmitted for measurement.

UNIT OUTCOMES

U5-01: Unit-5 Learning Outcome-1

To know about the concept of different measuring instruments and their applications.

U5-0O2: Unit-5 Learning Outcome-2

To know about the classification and operational characteristics of different types of transducers
LEARNING OBJECTIVES

LO1: To understand the classification and the concept of various measuring instruments.

LO2: To study the D’ Arsonval Movement and PMM C-type instruments

L O3: To study the Ohmmeter, Galvanometer, Potentiometers, and Frequency meters.

L O4: To study the characteristics and differences between a sensor and a transducer

L O5: To study different selection criteria of atransducer.

LO5: To study different types of transducers such as Strain gauges, thermistors, LVDT, Hall
Effect, and a capacitive transducer.

MAPPING THE UNIT OUTCOMESWITH THE COURSE OUTCOMES

EXPECTED MAPPING WITH COURSE OUTCOMES
Unit (1- Weak Corrédation; 2- Medium correlation; 3- Strong Correlation)
Outcome
COo-1 CO-2 CO-3 CO-4 CO-5 CO-6 CO-7
U5-01 1 -- -- -- -- 3 --
U5-02 1 -- -- -- -- 3 --
U5-03 1 -- -- -- -- 3 --
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I nter esting Facts:

1. The history of measurement systems in India begins in the early Indus Valley

civilization with the earliest surviving samples dated to the 5th millennium BCE.
Since early times the adoption of standard weights and measures has been
reflected in the country's architectural, folk, and metallurgical artifacts.

. The person most responsible for bringing sensor technology to the area was Art

Zias. Art was atechnical writer at Bell Labs while an engineering student in the
late fifties. The physics of piezoresistance in silicon and germanium was derived
from the work of Phann, Thurston, and Smith at Bell and was chronicled by Art.

. The first sensor was invented in 1833 by Michael Faraday. It was called the

"Faraday's Electromagnetic Sensor" and was used to measure the intensity of an
electric current. It worked by measuring the deflection of a compass needle
caused by the current flowing through awire. Thisinvention laid the foundation
for the devel opment of other types of sensors such asthe Hall Effect sensor which
was invented by Edwin Hall in 1879.

. The hydrophone was invented in 1916. This was the first transducer, which was

an electric oscillator that emitted and received a high-frequency signal to indicate
the presence of objectsin the water.

Video Resour ces:

Sr | Title URL
1. | Classification of | https.//www.youtube.com/wa
thetransducers | tchv=VeYMUjmPfy8
https://www.youtube.com/wa
tchv=QQ9y_T-r370
2. | Fundamentasof | https:.//www.youtube.com/wa
Measurements | tchv=pFM9K9JrsU4& list=P
Lm_MSClsnwm8QtyY pwm
QpXjplXnvuKcRk
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3. | Potentiometers

https://www.youtube.com/wa
tchv=gApJau-_ZVI

4. | Linear Variable
Differential
Transformers
(LVDT)

https.//www.youtube.com/wa
tch?v=aqTf195SGruU

5. | Introduction to
Thermistor

https://www.youtube.com/wa
tch?v=zFR385M 6ag0

6. | Introduction to
Capacitive
Transducers

https.//www.youtube.com/wa
tchv=rrnTdPJpw5A

The main aim of a measuring system is to present the data understandably to the user/observer.
The data presentation device is called an output device or terminating device. There are

three types of measuring instruments and they are:

1. Electrical measuring instruments

2. Mechanical measuring instruments.

3. Electronic measuring instruments.

On abroad scale, we can classify these instruments as:

(a) Absolute Measuring Instruments. These instruments provide output in terms of the
physical constant of the instruments. Rayleigh’s current balance and Tangent

galvanometer are absolute instruments.

(b) Secondary Measuring Instruments: These instruments are constructed with the help of
absolute instruments. Secondary instruments are caibrated against the absolute

instrument.

158




(c) Deflection Type Instruments: In these types of instruments, a pointer of the measuring
instrument deflects to measure the quantity under test. The value of the quantity can be
estimated by measuring the net deflection of the pointer from itsinitial position.

(d) Null Type Instruments: The null or zero type electrical measuring instruments tend to
maintain the position of the pointer stationary by producing an opposing effect.

(e) Recording Instruments: These instruments generally use paper to record the output. This
type of function is known as the recording function of the instruments.

5.1 D’ Arsonval Movement

The D’ Arsonval movement is a current sensing mechanism that is used in DC Ammeter,
ohm meter, and Voltmeter.

Principle of the D’ Arsonval M ovement

When an electric current is passed through acoil placed inamagneticfield, it experiences
aforce. This force causes atorque in the coil that is fixed to a spindle. The spindle can
rotate in fixed bearings.

Therotation of the spindleis proportional to the electric current passed through the coil.
This torque that is produced is balanced after a movement against the restoring torques
of springs. The torque that is produced that tends to rotate the spindle is termed as
D’ Arsonval Movement.

Pivot and jewel

bearing Poi
S~ oxlnter
Spring 2y
L . \
Balancing 7\
weight ] ¥
N S
Permanent
magnet — Core
\_  Coil and
~ former

Fig. 5.1: Construction of D’ Arsonval Instrument
Description of the D’ Arsonval M ovement

1. Thearrangement consists of a coil that is wound over an iron core (spindle).
2. Thisspindleis placed between the two poles of a horse shoe magnet.
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3. Thespindleisattached at its end to the bearings. Spiral and torsional springsare provided
for the restoration of the system when the extraction is removed.
4. A pointer is attached to the spindle that can sweep over the calibrated scale.

Operation of D’ Arsonval M ovement

1. Whenacurrent is passed through the cail, it produces aforce. Due to thisforce, atorque
is produced in the spindle which rotatesiit.

2. When the spindle rotates, it moves a pointer making it sweep over the calibrated scale.

3. The spring produces arestoring torque. When this restoring torque becomes equal to the
excitation torque, the pointer comesto rest.

4. Therotationa movement of the spindleis proportional to the supply (D.C) Current.

5.2 Permanent Magnet Moving Coil I nstrument

The instrument which uses the permanent magnet for creating the stationary magnetic field
between which the coil moves is known as the permanent magnet moving coil or PMMC
instrument. It operates on the principle that the torque is exerted on the moving coil placed in the
field of the permanent magnet. The PMMC instrument gives accurate results for DC
measurement.

Construction:

Fig 5.2 shows the basic construction of a PMMC-type instrument. The moving coil and
permanent magnet are the main part of the PMMC instrument. The parts of the PMMC
instruments are explained below in detail.

3

A

o
Pointer @;9\ Upper control
sprin
Aluminium A pring
former\
N (2] ) s

Soft Iron <«— Spindle

Permanent core
magnet C

— Lower control
?L/ spring

AL

Fig. 5.2: Instrument for Permanent Magnet Moving Coil (PMMC)

Moving Coil — The coil is the current-carrying part of the instruments which is freely moved
between the stationary fields of the permanent magnet. The current that passes through the coil
deflectsit due to which the magnitude of the current or voltage is determined. The coil is mounted
on the rectangular former which is made up of aluminum. The former increases the radial and
uniform magnetic field between the air gaps of the poles. The coil is wound with the silk cover
copper wire between the poles of a magnet.

The coil is mounted on the rectangular former which is made up of aluminum. The former
increases the radial and uniform magnetic field between the air gaps of the poles. The coail is
wound with the silk cover copper wire between the poles of a magnet.
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Magnet System — The PMMC instrument uses a permanent magnet for creating stationary
magnets. The Alcomax and Alnico materia is used for creating the permanent magnet because
this magnet has a high coercive force (The coercive force changes the magnetization property of
the magnet). The magnet also has high field intensities.

Control — Inthe PMMC instrument the controlling torque is because of the springs. The springs
are made up of phosphorous bronze and placed between the two jewel bearings. The spring also
providesthe path for thelead current to flow in and out of the moving coil. The controlling torque
is mainly because of the suspension of the ribbon.

Damping — The damping torque is used for keeping the movement of the coil at rest. This
damping torque is induced because of the movement of the aluminum core which is moving
between the poles of the permanent magnet.

Pointer and Scale— The pointer islinked with the moving coil. The pointer noticesthe deflection
of the coail, and the magnitude of their deviation is shown on the scale. The pointer is made of
lightweight material, and hence it is easily deflected with the movement of the coil. Sometimes
the parallax error occursin the instrument which is easily reduced by correctly aligning the blade
of the pointer.

Torque Equation:
In moving coil instruments the deflecting torque is given by the expression:
T, = NBIdI
where N =isnumber of turns,

B = magnetic flux density in the air gap,
[ =the length of the moving cail,
d =the width of the moving cail,
I =the electric current.

Now for a moving coil instrument deflecting torque should be proportional to current,
mathematically we can write T; = GI. Thuson comparingwesay G = NBIdl. At asteady state,
both the controlling and deflecting torques are equal. T, is controlling torque, on equating
controlling torque with deflection torque we have GI = K. x where x isdeflection thus current is
given by

I=—=x
Since the deflection is directly proportional to the current therefore we need a uniform scale on
the meter for the measurement of the current.
Errorsin Permanent Magnet Moving Cail Instruments:
There are three main types of errors:

1. Errorsdueto permanent magnets: Due to temperature effects and aging of the magnets
the magnet may lose their magnetism to some extent. The magnets are generally aged by
heat and vibration treatment.
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2. An error may appear in PMMC Instrument due to the aging of the spring. However, the
error caused by the aging of the spring and the errors caused due to the permanent magnet
is opposite to each other, hence both errors are compensated with each other.

3. Change in the resistance of the moving coil with the temperature: Generdly, the
temperature coefficient of the value of the coefficient of copper wire in a moving coil is
0.04 per degree Celsius rise in temperature. Due to the lower value of the temperature
coefficient, the temperature rises at afaster rate and hence the resistance increases. Due to
this significant amount of error is caused.

Advantages:

1. Thescae of the PMMC instrumentsis correctly divided.

2. The power consumption of the devicesis very less.

3. The PMMC instruments have high accuracy because of the high torque-weight ratio.
4

The single device measures the different ranges of voltage and current. This can be done by
the use of multipliers and shunts.

5. The PMMC instruments use a shelf shielding magnet which is useful for aerospace
applications.

Disadvantages:

1. The PMMC instruments are only used for the direct current. The alternating current varies
with time. The rapid variation of the current varies the torque of the coil. But the pointer
cannot follow the fast reversal and the deflection of the torque. Thus, it cannot use for AC.

2. The cost of the PMMC instruments is much higher as compared to the moving coil
instruments.

5.3 Ohmmeter

The meter which measures the resistance and the continuity of the electrical circuit and its
components such type of meter is known as the ohmmeter. It measures the resistance in ohms.
The micro-ohmmeter is used for measuring the low resistance and the mega-ohmmeter measures
the high resistance of the circuit. The ohmmeter isvery convenient to use but less accurate. There
are many types of ohmmeters available such as

1. Series ohmmeter.

2. Shunt ohmmeter.

3. Multi-range ohmmeter.
Working Principle:

The instrument is connected to a battery, a series of adjustable resistors, and an instrument that
gives the reading. The resistance to be measured is connected at terminal ab. When the circuit is
completed by connecting output resistance, the circuit current flows and so the deflection is
measured.

When the resistance to be measured is very high then the current in the circuit will be very small
and the reading of that instrument is assumed to be the maximum resistance to be measured.
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When the resistance to be measured is zero then the instrument reading is set to zero position
which gives zero resistance.

f
A
k]

b
O O

Fig. 5.3: Ohmmeter
5.3.1 Series Ohmmeter

In a series ohmmeter, the measuring resistance component or circuit is connected in series with
the meter. The value of resistance is measured through the D’ Arsonval movement connected in
parallel with the shunt resistor R,. The parallel resistance Rz is connected in series with the
resistance R1 and the battery. The component whose resistance is used to be measured is
connected in series with the terminal A and B. The circuit diagram of the series chmmeter is
shownin Fig. 5.4.

Adjustable
Resistor

Unknown
Hesistor

Basic
Weter

i M
| L=
r -

Battery

Fig. 5.4:A Seriesohmmeter

When the value of unknown resistance is zero the large current flow through the meter. In this
condition, the shunt resistance is adjusted until the meter indicates the full load current. For full
load current, the pointer deflects towards zero ohms. When the unknown resistance Ry has been
removed from the circuit the resistance of the circuit becomes infinite and no current flow
through the circuit.
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Fig. 5.5: Scale of a seriesohmmeter

The pointer of the meter deflectstowardsthe oo (infinity). The meter showstheinfinite resistance

at zero current and the zero resistance when full range current flows through it. When the
unknown resistance is connected in series with the circuit and if their resistance is high, then the
pointer of the meter deflects toward the left. If the resistance is low, then the pointer deflects
toward theright.

5.3.2 Shunt Ohmmeter

The meter in which the measuring resistance is connected in parallel with the battery is known
asthe shunt ohmmeter. It is mainly used for measuring low-value resistance. The circuit diagram
of the shunt ohmmeter is shown in Fig. 5.6.The battery (E), basic meter (Rn), and adjustable
resistance are the main components of the shunt ohmmeter. The unknown resistance is connected
across terminals A and B. When the value of unknown resistance is zero the meter current
becomes zero. And if the resistance becomes infinite (i.e., the terminals A and B are open) then
the current passes through the battery and the pointer shows the full-scale deflection toward the
left. The shunt-type ohmmeter has azero mark (no current) on the left of the scale and an infinity
mark on the right side.
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Fig. 5.6:(a) Shunt type ohmmeter (b) Scale of a shunt ohmmeter

5.3.3Multi range Ohmmeter

The range of this type of ohmmeter is very high. The meter has an adjuster which selects the
range according to need.
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Fig. 5.7: Multirange Ohmmeter

For example, consider we use the meter for measuring the resistance under 10 ohms. For
thisfirst, we have to set the range of 10 ohms. The resistance whose value is used to be
measured is connected in parallel with the meter. The magnitude of the resistance is
determined through the deflection of the pointer.

5.4 Galvanometer

An dectromechanical instrument that is used for noticing and signifying an electric current is
known as a galvanometer It works as an actuator by generating arotational deflection in reply to
the flow of current throughout a coil in a stable magnetic field. The construction of the
galvanometer is shown below. The main parts of thisinstrument mainly include the suspension,
moving coil, and stable magnet.

Current-carrying coil Soft Iron core

Fig. 5.8: Galvanometer

» Moving Coil: Thisis the current-carrying element in the galvanometer. This coil isin a
circular otherwise rectangular shape with the no. of twists of copper wire. This coil moves
freely between the stable magnet poles. The iron core gives the low reluctance flux lane
& therefore gives the tough magnetic field for the twist to movein.

» Suspension: The balancing of this coil can be done through a plane ribbon. This ribbon
supplies the flow of current toward the coil. The other coil which carries the current is
the lower suspension and the torque effect of this can be negligible. The designing of the
upper suspension coil can be done with a gold wire or copper wire in the ribbon form.
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However, the strength of this wire is not extremely tough so the galvanometer handles
cautiously without any pulls.

» Mirror: The suspension in the galvanometer includes a little mirror that throws the ray
of light, which islocated on the scale where the deflection can be measured.

» Torsion Head: This is used to control the location of the coil as well as to adjust the
setting of zero settings.

Working Principle of Galvanometer

The main function of the galvanometer is to decide the existence, direction, as well as electric
current strength in a conductor. This works on the rule of converting energy from electrical to
mechanical. Once the current is supplied in a magnetic field, a magnetic torque can be
experienced. If it is open to turning below a controlling torque, then it turns by an angle that is
proportional to the flow of current through it. Thisinstrument isakind of ammeter, used to detect
and measure electric current.

Whenever a galvanometer is allied to a circuit, then the flow of current will be there in the coil.
Asthe coil is delayed within a magnetic field, then a deflecting torque works upon it. Because of
thistorque, acail in the galvanometer will start revolving from its place.

When the coil spins, the springs for controlling will be twisted & a stretchy restoring torque can
be devel oped within them, after that it resists the revolving of the coil.

The coil’s rotation angle will be proportional to the torque. As the restoring torque turns into
equivalent to the deflecting torque, then the coil relaxes in a stable position. A galvanometer is
mainly used in various electrical circuits for detecting current aswell asin experimentsto decide
the null point.

If aheavy current flows through the coil in the galvanometer, then the pointer in this may strike
the stop pin because of avery large deflection. So the coil in the galvanometer may blaze because
of the extreme heat which is generated.

Hence, this can be protected from these possible harms by using a wide wire otherwise by
connecting a copper strip in parallel with its coil which is known as a shunt. When compared to
the cail’ s resistance, its resistance is extremely small. Thus, most of the current flow is supplied
through the shunt and some amount of current is supplied through the coil. Therefore, thereisno
chance of harm to the coil.

Advantages and Disadvantages
The advantages of the galvanometer include the following-

. They will not affect by a strong magnetic field
. Accurate & reliable
. Scales of thisare uniform

The disadvantages of the galvanometer include the following-

Overload can spoil any kind of galvanometer.

The temperature change will cause a change in restoring torque.
We cannot change the restoring torque easily.

These cannot be used for AC quantities measurement.

Applications
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> Itisusedto detect theflow of the current’ sdirection within the circuit and al so determines
the null point.

» To determine the voltage between two points.

> It can be used in control systems, laser engraving, laser TVs, laser sintering, laser
displays, etc.

» Itisusedin CD/DVD players & hard drives for controlling the position of head servos.

» They are used in a film camera to get the readings of photoresistors in the metering
mechanisms

5.5 Potentiometer

A potentiometer (also known as a pot or potmeter) is defined as a 3-terminal variable resistor in
which the resistance is manually varied to control the flow of electric current. A potentiometer
acts as an adjustable voltage divider.

Working:

A potentiometer is a passive electronic component. Potentiometers work by varying the position
of a dliding contact across a uniform resistance. In a potentiometer, the entire input voltage is
applied acrossthe whole length of the resistor, and the output voltage is the voltage drop between
the fixed and sliding contact as shown in Fig. 5.9.

< Input Voltage P

Sliding Contact

«—— Output Voltage—Pp»

Fig.5.9: Concept of a potentiometer

A potentiometer has two terminals of the input source fixed to the end of the resistor. To adjust
the output voltage the sliding contact gets moved along the resistor on the output side. Thisis
different from arheostat, where here one end is fixed and the sliding terminal is connected to the
circuit. The basic working principle of a potentiometer is quite smple. Suppose we have
connected two batteries in parallel through a galvanometer. The negative battery terminas are
connected and positive battery terminals are also connected through a galvanometer as shown in
Fig. 5.10.Here, if the electric potential of both battery cells is the same, there is no circulating
current in the circuit and hence the galvanometer shows null deflection. The working principle
of the potentiometer depends upon this phenomenon.
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Fig. 5.10: Potentiometer

Types of Potentiometer:
The followings are the main types of potentiometers:
Rotary Potentiometers:

The rotary type potentiometers are used mainly for obtaining adjustable supply voltage to a part
of electronic and electrical circuits. Thistype of potentiometer has two terminal contacts between
which a uniform resistance is placed in a semi-circular pattern. The device also has a middle
terminal which is connected to the resistance through a sliding contact attached to a rotary knob.
By rotating the knob one can move the sliding contact on the semi-circular resistance. The voltage
is taken between aresistance end contact and the diding contact. Fig. 5.11 shows arotary type of
potentiometer.

It is used in substation battery chargers to adjust the charging voltage of a battery. The volume
controller of aradio transistor is a popular example of a rotary potentiometer where the rotary
knob of the potentiometer controls the supply to the amplifier.

Pl Traci _\-\\
.

Tarmwral

Fig. 5.11: A rotary potentiometer
Linear Potentiometers:

In the linear potentiometers, instead of rotary movement, the sliding contact gets moved on the
resistor linearly. Here two ends of a straight resistor are connected across the source voltage. A
dliding contact can slide on the resistor through a track attached to the resistor. The terminal
connected to the siding is connected to one end of the output circuit and one of the terminals of
the resistor is connected to the other end of the output circuit.

Thistype of potentiometer is mainly used to measure the voltage across a branch of a circuit, for
measuring the internal resistance of a battery cell, for comparing a battery cell with a standard
cell, andinour daily life; it iscommonly used in the equalizer of music and sound mixing systems.
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5.6. Frequency Meters

Freguency meters are the indicating instruments that measure the frequency of electrical energy.
This electrical energy may be AC or DC or in aform of various signals or waves produced by
various circuits. The working principle of the moving coil frequency meter isthe variationsin an
electric current drawn by inductive and non-inductive circuits are connected in paralel. The
different types of frequency meters are:

e Moving Iron Frequency Meter
e Electrodynamic Frequency Meter
o Vibrating reed Frequency Meter

5.6.1. Moving Iron Frequency M eter
Moving iron frequency meters are the metersin which the two coils are fixed and a moving iron
is attached to the spindle. This meter depends on the variations in an electric current drawn

by inductive and non-inductive circuits connected in parallel. The current flows from these
circuits when the frequency changesits value.
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Construction:

This meter consists of two fixed coils A and B such that their magnetic axes are perpendicular to
each other. A long and soft iron needle in pivoted at their centers. This circuit remains balanced
at the supply freguency to be measured. Coil A consists of a seriesresistance Ra and areactance
La in paralel and coil B consists of a series resistance Rg and a reactance Lg in parallel. The
series inductance helps to suppress higher harmonics in the current waveform which helps to
minimize the waveform errors in the indication of the instruments.

Supply Volings
: y TO0IL

L LA

Fig. 5.12: Construction of a moving iron frequency meter

Working: When the supply is connected to the meter, the current pass through coils A and B
and these two coils produce opposing torques. When the supply frequency increases then the
current of coil A increases and decreases in coil B. The iron needle lies more nearly to the
magnetic axis of coil A. For low frequencies, the current of coil B increases and the current of
coil A decreases.

5.6.2. Electrodynamic Frequency Meter

Electrodynamic frequency meterssmoving coil frequency meters are radiometer types of
instruments. These meters are used to measure the frequency of high voltage ranges and too low
voltage ranges. These frequency meters provide accurate frequency readings. These frequency
meters consist of two moving coils and arectifier circuit.

Construction:

This frequency meter consists of two moving coils connected at right angles on a shaft and a
pointer is also connected to this shaft. These two moving coils are connected with their bridge
rectifiers. Thiscircuit consists of acapacitor which is connected in series with the bridge rectifier
of the first moving coil C; connected to the DC Supply. The direct current (rectified current)
flows through a series of resistance to the bridge rectifier and to the second coil C..
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Fig. 5.13: Construction of an Electrodynamic Frequency Meter
Working:

When the frequency is connected to the supply, the rectified currents |1 and I, pass through the moving
coils C; and C,. When these coils come to rest position, their torques become equal but in opposite
directions. These meters depend on the value of resistance and a capacitor. These frequency meters have
ranges of 40 to 60 Hz, 1200 to 2000 Hz, and 8000 to 12000 Hz.

5.6.3. Vibrating-reed Frequency Meter

A vibrating-reed frequency meter is a measuring instrument that is used to measure the frequency of
various electric circuits. It consists of 7 vibrating reeds and each vibrating reed has a specific value. These
reeds vibrate when this frequency meter is connected to the supply for the measurement of frequency. A
reed that vibrates more as compared to the other reeds, the more vibrating reed is considered as frequency
reading of a supply or electric circuit.

Construction:

Thisfrequency meter consists of thin flat steel reeds which are arranged alongside and these reeds are near
the electromagnet. The electromagnet consists of a laminated armature and a winding connected with a
resistancein series on it. Thiswinding is connected to the AC supply whose frequency is to be measured.
The metallic reeds are 4 mm wide and 0.5 mm thick. These metallic reeds are arranged in arow and consist
of aflexible base and these bases carry the armature of the electromagnet. These reeds are colored with
white color and are arranged in ascending order of frequency on a scale.

Working:

To measure the frequency of the circuit, it is compulsory to connect the frequency meter to a supply. The
electromagnet is connected to the supply for which frequency is to be measured. The magnetism of the
electromagnet alternates with the same frequency and the electro-magnet exerts the attracting force on
each reed once every half cycle. All reeds start vibrating but the reed whose frequency is double vibrates
with maximum amplitude due to mechanical resonance. The vibration of the other reeds is so small and
these are unobservant. These vibrating reed frequency meters consist of small readings from 47 Hz to 53
Hz and 57 Hz to 63 Hz.
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5.7. Sensorsand Transducers

During measurement, the physical quantity under test makes its first contact with a sensor. A
sensor isadevice that produces an output signal to sense aphysical phenomenon. In the broadest
definition, a sensor is a device, module, machine, or subsystem that detects events or changesin
its environment and sends the information to other electronics, frequently a computer processor.
Sensors are always used with other electronics.

A transducer is a device that converts energy from one form to another. Usually, a transducer
convertsasignal in one form of energy to asignal in another. Transducers are often employed at
the boundaries of automation, measurement, and control systems, where electrical signals are
converted to and from other physical quantities (energy, force, torgue, light, motion, position,
etc.). The process of converting one form of energy to another is known as transduction. Table

5.1 provides the difference between a sensor and a transducer.

Table5.1: Key difference between a sensor and a transducer

Sensor

Transducer

A sensor isadevice that detects achangein a
physical environment.

A transducer is a device that converts one
form of energy into another.

A sensor is not necessarily atransducer.

Every transducer includes a sensor as a
component.

A sensor itself is acomponent.

Transducer is made of a sensor and a signal
conditioning circuit.

A sensor converts physical quantities or
energy into anon-electrical signal.

A transducer converts physical quantity or
energy into an electrical signal.

A sensor requires an additional circuit to
processits output signal into areadable form.

A transducer does not require any processing
circuit. Its output is directly interfaced with a
device or display.

A sensor’s output is analog.

A transducer can generate analog as well as
digital output.

A sensor’s output cannot be directly applied
to any other system.

A transducer’s output can be directly
connected to another system.

A sensor does not require external power to
operate.

A passive transducer requires an externa
power source to operate.

A sensor cannot be bidirectiona i.e. it only
converts physical quantities into readable
form.

A transducer is bidirectional. It can aso
convert an electrical signal into physica
guantities called an inverse transducer.

A sensor isasimple device.

A transducer has a complicated electrical
circuit used for energy conversion.

Examples. Thermometer, pressure sensor,
ultrasonic sensor, light sensor, etc.

Examples: Thermistor, potentiometer,
piezoelectric  transducer, Hall  Effect
transducer, etc.

5.7.1. Electrical Transducers

Electrica transducers are defined as transducers that convert one form of energy to
electrical energy for measurement purposes. The gquantities which cannot be measured
directly, such as pressure, displacement, temperature, humidity, fluid flow, etc., are
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required to be sensed and changed into electrical signalsfirst for easy measurement. The
advantages of an electrical transducer are as-

1.

wnN

An electrical signal obtained from an electrical transducer can be easily processed
(mainly amplified) and brought to a level suitable for the output device which
may be an indicator or recorder.

The electrical systems can be controlled with avery small level of power

The electrical output can be easily used, transmitted, and processed for
measurement.

With the advent of IC technology, electronic systems have become extremely
small in size, requiring small space for their operation.

No moving mechanical parts are involved in the electrical systems. Therefore
thereisno question of mechanical wear and tear and no possibility of mechanical
failure.

5.7.2. Characteristics of a Transducer

Dynamic range: This is the ratio between the largest amplitude signal and the
smallest amplitude signal the transducer can effectively trandlate. Transducers
with larger dynamic ranges are more "sensitive" and precise.

Repeatability: Thisisthe ability of the transducer to produce an identical output
when stimulated by the same inpui.

Noise: All transducers add some random noise to their output. In electrical
transducers, this may be electrical noise due to the thermal motion of chargesin
circuits. Noise corrupts small signals more than large ones.

Hysteresis. Thisis a property in which the output of the transducer depends not
only on its current input but its past input.

5.7.3. Factorsinfluencing the choice of transducers:

Some of the factors to be taken into consideration in the selection of atransducer for a
particular application are,

1

Operating Principle: The first important factor for selecting a transducer is the
operating principle. Various transducers use different operating principles like
resistive, capacitive, piezoelectric, inductive, optoelectronic principle, etc.
Operating Range: The operating range is also one of the important factorsto be
considered because every instrument has its operating rating for satisfactory
operation. The input applied must lie within this operating range so that the
transducer can function with good resolution without any breakdown. The
operating range of atransducer can be determined by its capabilities and error in
the measurement.

Accuracy: The accuracy of atransducer is the degree of closeness of the output
obtained to the true or ideal value. A transducer with high sensitivity can produce
errors easily with other stimuli. The errors can be reduced using in-place system
calibration and monitoring so that corrections are made accordingly to have a
high degree of accuracy and repeatability.
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4. Senditivity: Itisalso adesirable selection factor of atransducer. Every transducer
should be sufficiently sensitive to the input applied to produce an output. The
sengitivity of a transducer is the output obtained per unit change in the input
guantity. The sensitivity should not also be either very high or low which leads
to errors.

5. Stability and Reliability: A transducer should have high stability and reliability.
It should be stable to external disturbances during its operation without deviating
from the output. The stability of the transducer also describes storage life.

6. Usage and Ruggedness: A transducer should be mechanically rugged depending
upon the application where it is used.

7. Transient Response and Frequency Response: The transducer should have
required time domain specifications such as settling time, rise time, peak
overshoot and small dynamic error, etc.

8. Loading Effects: The loading effect should be as minimum as possible so that
errors in the measurement will be low. A transducer should have high input
impedance and low output impedance for minimum loading effect.

9. Static Characteristics: The selected transducer should have low hysteresis, high
linearity, and high resolution.

10. Environmental Compatibility: The factors of selection also include the
consideration of environmental conditions. An incorrect choice of the transducer
at a location to be operated where it can be subjected to temperature variation,
vibration, and electromagnetic interference can affect the output.

5.7.4. Classification of Transducers:

The transducers can be classified based on:
(a) Transduction form used
(b) Primary and secondary transducers
(c) Passive and active transducers
(d) Analog and digital transducers
(e) Transducers and inverse transducers

(a) Classification based on the Principle of Transduction
The transducer is classified by the transduction medium. The transduction
medium may be resistive, inductive, or capacitive depending on the conversion
process that is how the input transducer converts the input signal into resistance,
inductance, and capacitance respectively.

(b) Primary and Secondary Transducer
Primary Transducer — The transducer consists the mechanical as well as
electrical devices. The mechanical devices of the transducer change the physical
input quantitiesinto amechanical signal. This mechanical deviceisknown asthe
primary transducer.
Secondary Transducer — The secondary transducer converts the mechanical
signal into an electrical signal. The magnitude of the output signal depends on the
input mechanical signal.
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(c) Passive and Active Transducer
Passive Transducer — The transducer which requires power from an external
supply source is known as the passive transducer. Capacitive, resistive, and
inductive transducers are an example of passive transducers.
Active Transducer — The transducer which does not require an external power
source is known as the active transducer. Such type of transducer develops
voltage or current on its own, hence known as a self-generating transducer. The
output signal is obtained from the physical input quantity. The physical quantity
like velocity, temperature, force, and intensity of light isinduced with the help of
the transducer. The piezoelectric crysta, photo-voltaic cell, tacho generator,
thermocouples, and photovoltaic cell are examples of active transducers.

(d) Analog and Digital Transducer
The transducer can also be classified by its output signals. The output signal of
the transducer may be continuous or discrete.
Analog Transducer — The Analog transducer changes the input quantity into a
continuous function. The strain gauges, L.V.D.T, thermocouple, and thermistor
are examples of analog transducers.
Digital Transducer — These transducers convert an input quantity into a digital
signal or in the form of a pulse. The digital signals work on high or low power.

(e) Transducer and I nverse Transducer
Transducer — The device which converts the non-electrical quantity into an
electric quantity is known as the transducer.
Inverse Transducer — The transducer which converts the el ectric quantity into a
physical quantity, such type of transducer is known astheinverse transducer. The
transducer has high electrical input and low non-€lectrical output.

5.8. Strain Gauges

If ametal conductor is stretched or compressed, its resistance changes due to the change
in its length and diameter. There is also a change in the value of resistivity of the
conductor when it isstrained. This property is called the piezoresistive effect. Therefore,
resistance strain gauges are also known as piezoresistive gauges. The strain gauges are
used for the measurement of strain and associated stress in experimental stress analysis.
Secondly, many other detectors and transducers, such as load cells, torque meters,
diaphragm-type pressure gauges, temperature sensors, accelerometers, and flow meters,
employ strain gauges as secondary transducers.

Theory of Strain Gauges

The change in the value of resistance by straining the gauge may be partly explained by
the normal dimensional behavior of elastic material. If a strip of elastic materia is
positively strained, itslongitudina dimension will increase with areduction in the lateral
dimension. Hence, when a gauge is subjected to a positive strain, its length increases
while its area of cross-section decreases. Since the resistance of a conductor is
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proportional to its length and inversely proportional to its area of cross-section, the
resistance of the gauge increases with positive strain. The change in the value resistance
of the strained conductor is more than what can be accounted for anincreasein resistance
due to dimensional changes. The extra change in the value of resistance is attributed to a
change in the value of resistivity of a conductor when strained. This property is known
asthe piezoresistive effect.

Let us consider a strain gauge made of circular wire with the dimensions as-

Length=L, area= A, diameter=D before being strained. The materia of the wire has a
resistivity p.

.. Resistance of unstrained gauge R= p L/A.

Let atensile stress s be applied to the wire. This produces a positive strain causing the
length to increase and the area to decrease. Thus when the wire is strained there are
changes in its dimensions. Let AL=change in length, AA =change in the area, AD =
change in diameter, and AR= change in resistance.

To find how AR depends upon the material physical quantities, the expression for Ris

differentiated to stress s.
dR _pOL_pLOA  LOp (q)
ds Ads A29S Ads

Dividing Eq. 1 by resistance R= p L/A
dR 1 10L 1 0A 10p
@k 195 aas Tpas D
It is evidenced from Eq. 2 that the per unit change in the resistance is due to-
a. per unit changein the length
b. per unit changein the area
C. per unit changein theresistivity
Now the Poisson’sratio is given as-
_ lateral strain _ aD/D (3)
" longitudinal strain aL/L

or/y = —vx 9L/, (4

de_laL 20L 10p
ds R Lds ULas+pas(5)

For asmall variation, the above equation can be written as-
AR

?=%+n%+%@
The gauge factor is defined astheratio of per unit change in resistance to per unit change
in length.

_ 2R/g
Gauge factor Gy = 47 / (7

L
AR AL

Or?= Gsz Gf X€(8)
Where € = strain = AL—L

The gauge factor can be written as-
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c;f=1+2v+Aﬂ 9)
&

Gr= resistance change dueto + resistance change due to the + resistance change due to
change in length changein the area piezo electric effect

The strain is generally expressed in terms of micro strain. 1 micro strain =1um/m. If the
changeinthevalueof resistivity of amaterial when strained is neglected, the gauge factor
IS

Gr=1+2v (10)

Eg. 10 isvalid only when the piezoresistive effect is almost negligible. Table 5.2 gives
the gauge factors for the various materials.

Table 5. 2 Gauge Factors

Material Gauge factors Material Gauge factors
Nickel -12.1 Platinum +4.8
Manganin + 0.47 Carbon + 20
Nichrome +2.0 Doped 100-5000
Constantan +21 Crystals

Soft iron +4.2

59. Thermistors

A thermistor is a semiconductor type of resistor whose resistance is strongly dependent
on temperature, more so than in standard resistors. Depending on the materials used,
thermistors are classified into two types:

e With NTC thermistors, resistance decreases as temperature rises; usually due to
an increase in conduction electrons bumped up by thermal agitation from the
valence band. An NTC is commonly used as a temperature sensor, or in series
with acircuit as an inrush current limiter.

e With PTC thermistors, resistance increases as temperature rises; usually due to
increased thermal lattice agitations particularly those of impurities and
imperfections. PTC thermistors are commonly installed in series with a circuit
and used to protect against overcurrent conditions, as resettable fuses.

Construction: Thermistors are composed of a sintered mixture of metallic oxides such
as manganese, nickel, Cobalt, copper, iron, and uranium. They are available in avariety
of sizes and shapes. The sensing element is covered with an insulating material before
enclosing it with the metal tube. Two leads are connected to the temperature-sensing
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element and are brought out of the metal tube. The other end of thetwo leadsis connected
to one of the arms of the bridge circuit (generally Wheatstone bridge is used) which
measures the resistance of the temperature-sensing element. The thermistors may be in
the form of beads, rods, or discs. Commercial forms are shown in Fig. 5.14.
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Fig.5.14: Typesof Thermistors
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Fig. 5.15: Resistance- Temperature Characteristics

The mathematical expression for the relationship between the resistance of a
thermistor and the absolute temperature of athermistor is

11
Rr1 = Rr; e[ﬁ(T_l_T_z)]

Where-

Ry, = resistance of the thermistor at absolute temperature T1; K

Ry ,=resistance of the thermistor at absolute temperature T»; K
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= a constant depending upon the material of the thermistor, typically 3500 to 4500
K.

The resistance temperature characteristics of Fig. 5.15 show that a thermistor has a
very high negative temperature co-efficient of resistance, making it an ideal
temperature transducer. The characteristics of thermistors are no doubt nonlinear but
a linear approximation of the resistance temperature curve can be obtained over a
small range of temperatures. Thus for alimited range of temperatures, the resistance
of athermistor varies as given by the equation-

Rg = Rgo[l + QQOAQ]

A thermistor exhibits a negative resistance temperature co-efficient, which is
typicaly 0.05Q/Q -°C. In place of linear approximation, an approximate
logarithmic relationship may be used for the resi stance-temperature relationship for
athermistor. Therelationship is given by the equation-

b
RT = aROeT

where

Re = resistance at ice point (L),
Ro = resistance at temperature T(K), and
a, b are constants.

Applications:

It isused for the measurement of high-frequency power.

The thermistor measures thermal conductivity.

The thermistor measures the pressure of the liquid.

It measures the composition of gases.

The thermistor measures the vacuum and provides the time delays.
It isused in temperature compensation applications

It isused for temperature measurement and control applications

NoorwdE

5.10. Linear variable differential transformer (LVDT)

Thelinear variable differential transformer (LVDT) (also called linear variable
displacement transformer isatype of electrical transformer used for measuring
linear displacement (position). It is the most widely used inductive transducer
that converts linear motion into an electrical signal. The output across the
secondary of thistransformer isthe differential thusit is called so.
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Construction:

Main Features of Construction

The transformer consists of a primary winding P and two secondary
windings S1 and S2 wound on a cylindrical former (which is hollow
and contains the core).

Both the secondary windings have an equal number of turns, and we
place them on either side of the primary winding

The primary winding is connected to an AC source which produces a
flux in the air gap and voltages are induced in secondary windings.

A movable soft iron core is placed inside the former and the
displacement to be measured is connected to the iron core.

Theiron coreis generally of high permeability which helpsin reducing
harmonics and high sensitivity of LVDT.

The LVDT is placed inside a stainless steel housing because it will
provide el ectrostatic and electromagnetic shielding.

Both the secondary windings are connected in such away that resulted
output is the difference between the voltages of the two windings.

A0 axcilation

Frimary
winding

Displacement

Secondary
windings

Fig. 5.16: The construction of LVDT

The Working:

As the primary is connected to an AC source so alternating current and voltages are
produced in the secondary of the LVDT. The output in secondary S is er and in
secondary Sz is e2. So the differential output is

Cout = €1 — €3

This equation explains the principle of operation of LVDT.
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Three cases arise according to the locations of the core which explains the working of
LVDT are discussed below as,

CASE | When the core is at null position (for no displacement):
When the core is at a null position then the flux linking with both the secondary
windings is equal so the induced emf is equal in both the windings. So for no
displacement, the value of output eout IS zero as er and e2 both are equal. So it
shows that no displacement took place.

CASE Il When the coreismoved to the upward of null position (For displacement
to the upward of reference point):

In this case, the flux linking with secondary winding St is more as compared to
flux linking with Sz. Due to this ex will be more than that e2. Due to this output
voltage, eout is positive.

CASE Il When the core is moved to the downward Null position (for
displacement to the downward of the reference point):

In this case, the magnitude of e2 will be more than that of e1. Due to this output
eout Will be negative and shows the output downward of the reference point.

The magnitude and sign of voltage induced in LVDT arerelated as-

The amount of change in voltage either negative or positive is proportional to the
amount of movement of the core and indicates the amount of linear motion.

By noting the output voltage increasing or decreasing the direction of motion can
be determined

The output voltage of an LVDT isalinear function of core displacement.

Advantagesof LVDT

High Range — The LVDTs have a very high range for the measurement of
displacement. They can be used for the measurement of displacements ranging
from 1.25 mm to 250 mm

No Frictional Losses — As the core moves inside a hollow former so thereis no
loss of displacement input as frictional loss so which makes LVDT a very
accurate device.

High Input and High Sensitivity — The output of LVDT is so high that it doesn’t
need any amplification. The transducer possesses a high sensitivity which is
typically about 40V/mm.

Low Hysteresis — LVDTs show a low hysteresis and hence repeatability is
excellent under all conditions

Low Power Consumption — The power is about 1W which is very less as
compared to other transducers.

Direct Conversion to Electrical Signals— They convert the linear displacement to
an electrical voltage which is easy to process
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Disadvantagesof LVDT

e LVDT issensitive to stray magnetic fields so it always requires a setup to protect them
from stray magnetic fields.
e LVDT gets affected by vibrations and temperature.

Applicationsof LVDT

1. LVDT can be used in applications where displacements to be measured are
ranging from afraction of millimetersto afew centimeters. The LVDT acting as
aprimary transducer converts the displacement to an electrical signal directly.

2. TheLVDT can also act as a secondary transducer. E.g. the Bourbon tube acts as
a primary transducer and it converts pressure into linear displacement and then
LVDT coverts this displacement into an electrical signal which after calibration
gives the readings of the pressure of the fluid.

5.11. Hall Effect Transducer

The Hall Effect element is a type of transducer used for measuring the magnetic
field by converting it into an emf. The direct measurement of the magnetic field
Isnot possible. Thus, the Hall Effect Transducer is used for indirect measurement
of the magnetic field. The transducer converts the magnetic field into an electric
quantity which is easily measured by the analog and digital metersand iscalled a
Hall Effect transducer.

The working principle of the Hall Effect Transducer is based on Hall Effect. It
was discovered by Edwin Hall in 1879. Hall Effect is the process of devel opment
of potential difference across the two faces of a current-carrying strip when the
strip is kept in amagnetic field.

The magnitude of voltage depends upon the current, strength of the magneticfield,
and the property of conducting material. The Hall Effect is found in conducting
material and semiconductors in varying amounts depending upon the density and
mobility of the current carrier. The Hall Effect elements are based on a thin film
of semiconducting material like indium arsenide.
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Working:

Fig. 5.17 shows the concept of the Hall Effect transducer and its working. The
current supply isthrough the lead 1 and 2 and the output is obtained from strips 3
and 4. Lead 3 and 4 are at the same potential when no field is applied across the
strip. When the magnetic field is applied to the strip, the output voltage develops
across the output leads 3 and 4. This devel oped voltage is directly proportional to

the strength of the material.
/J//‘ O
2

3 Hall Strip T
_../' 4
P> 1
Transverse / ;";.:\ T
Magnetic Field | 1 | I m'

Fig. 5.17: Hall Effect Element

Thevoltage is given by

Where- Kn = Hall effect coefficient

| = Current

B = magnetic flux density

t = thickness of the strip (hall element)

The emf produced is called hall voltage and depends upon the current, flux density, and
aproperty of the conductor known as the Hall Effect coefficient (Kn).
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Advantages.

e Ithasalong life because of no wear.
e They are highly reliable.

e It hasavery high-speed operation.

e They can be operated in awide temperature range.

Disadvantages:

e |t cannot measure a distance of more than 10cm.
e A stray magnetic field can cause an inaccurate reading.

Applications:

o TheHall Effect element is used for converting the magnetic flux into an electric
transducer.

o TheHall Effect element measures the displacement of the structural element.

e The Hall Effect transducer is also used for measuring the current without any
physical connection between the conductor circuit and the meter.

o TheHall Effect transducer is used for measuring the power of the conductor. The
current is applied across the conductor, which devel ops the magnetic field.

e Open/close of laptop flip screen. Hence conserve power while switching the
laptop to sleep.

e Used in encoded switches and rotary encoders.

5.12: Capacitive Transducer

The capacitive transducer is used for measuring displacement, pressure, and other
physical quantities. It is a passive transducer which means it requires external
power for operation. The capacitive transducer works on the principle of variable
capacitances. The capacitance of the capacitive transducer changes because of
many reasons like overlapping of plates, change in distance between the plates,
and dielectric constant.

The capacitive transducer contains two parallel metal plates. These plates are
separated by the dielectric medium which is either air, material, gas, or liquid. In
the normal capacitor, the distance between the platesisfixed, but in the capacitive
transducer, the distance between them is varied.

The capacitivetransducer usesthe electrical quantity of capacitancefor converting
the mechanical movement into an electrical signal. The input quantity causes the
change of the capacitance which isdirectly measured by the capacitive transducer.
The capacitors measure both static and dynamic changes. The displacement isalso
measured directly by connecting the measurable devices to the movable plate of
the capacitor. It works with both the contacting and non-contacting modes.
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Working:

The equations below express the capacitance between the plates of a capacitor
eA  ge,A

4 d

Where A=overlapping area of platesin m?

C

d=the distance between two plates in meter
e= permittivity of the medium in F/m
er=relative permittivity
€0 = the permittivity of free space
The schematic diagram of a parallel plate capacitive transducer is shown in Fig. 5.18.
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Fig. 5.18: Paralld plate capacitive transducer

The change in capacitance occurs because of physical variables like displacement, force,
pressure, etc. The capacitance of the transducer also changes by the variation in their
dielectric constant which is usually because of the measurement of liquid or gas level.
The capacitance of the transducer is measured with the bridge circuit. The output
Impedance of the transducer is given as

v - 1
C_anc

Where, C — capacitance; f — frequency of excitation in Hz.

The capacitance between two plates can be varied by any of the following methods.
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« By changing the distance between two plates (d)
« By changing the permittivity of the dielectric medium (¢)
« By changing the area of overlapping of plates (A)

By changing the distance between two plates: The capacitance can be varied by
changing the distance between two plates. From the equation for C, we can observe that
C and d are inversely proportional to each other. That is, the capacitance value will
decrease with increasing distance and vice-versa. This principle can be used in a
transducer by making the left plate fixed and the right plate movable by the displacement
that isto be measured as shown in Fig. 5.19.
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Fig. 5.19: Variation in the distance between two plates

By changing the permittivity of the dielectric medium

Another method to change the capacitance vaue is by changing the permittivity of the
dielectric material (€). The permittivity and capacitance values are directly proportional
to each other.
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In this arrangement, a dielectric materia is filled into the space between the two fixed
plates. It can be moved using the arm. This causes a variation in the dielectric constant
in the region. The change in dielectric constant will vary the capacitance of the
transducer.

By changing the area of overlapping plates

The capacitance can also be changed by varying the area of overlapping plates. Asshown
in Fig. 5.20, one plate is kept fixed, and the other is movable. When the plate is moved,
the area of overlapping of plates changes, and the capacitance also changes. The
capacitance value and area are directly proportional to each other. These types of
transducers are used to measure relatively large displacements.
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Fig.5.20: Capacitance between two plates

Advantages:

1

agkrwd

It requires an externa force for operation and is hence very useful for small
systems.

The capacitive transducer is very sensitive.

It gives agood frequency response which is used for the dynamic study.

The transducer has high input impedance hence they have asmall loading effect.
It requires small output power for operation.

Disadvantages:

=

The metallic parts of the transducers require insulation.

The frame of the capacitor requires earthling for reducing the effect of the stray
magnetic field.

Sometimes the transducer shows nonlinear behaviors because of the edge effect
which is controlled by using the guard ring.

The cable connecting across the transducer causes an error.
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Applications:

1. Thecapacitive transducer usesfor the measurement of both the linear and angular
displacement. It is extremely sensitive and used for the measurement of very
small distances.

2. Itisused for the measurement of force and pressure. Theforce or pressure, which
Isto be measured isfirst converted into adisplacement, and then the displacement
changes the capacitances of the transducer.

3. Itisused as apressure transducer in some cases, where the dielectric constant of
the transducer changes with the pressure.

4. The humidity in gasesis measured through the capacitive transducer.

5. Thetransducer uses the mechanical modifier for measuring the volume, density,
weight, etc.

5.13. Piezoelectric Transducer

A piezoelectric transducer isan instrument that appliesthe piezoel ectric effect to measure
variations in strain, temperature, acceleration, pressure, or force by transforming this
energy into an electrical load. The electric voltage generated by a piezoel ectric transducer
can be simply evaluated by the devices of voltage measuring. Thisvoltage isan operation
of the pressure or force influenced by it.

A piezoelectric transducer uses a piezoelectric material as a transduction element. A
piezoelectric material is one in which an electrical potential difference appears across a
certain surface of acrystal if the dimension of the crystal is changed by the application
of force. This potential difference appears due to displacement of charge. This effect is
known is Piezoelectric Effect. Rochelle Salt, Ammonium Dihydrogen Phosphate,
Lithium Suphate, dipotassium tartarate, quartz, and ceramic are some common examples
of piezoelectric material.

There are two types of piezoelectric materials: Natural and Synthetic. A natural
piezoelectric material occurs in nature and can be used as such. However, synthetic
piezoel ectric materials are those material s in which piezoel ectric properties are not found
in their original state but these properties are produced using specia techniques such as
polarizing treatment. Quartz and Ceramic are examples of natural piezoelectric materials
whereas materials like lithium sulphate, and ethylene diamine tartarate belong to the
synthetic group.

Working Principle:
The working principle of a Piezoelectric Transducer is based on the fact that when a
mechanical force is applied to a piezoelectric crystal, a voltage is produced across its

faces. Thus, mechanical phenomena are converted into electrical signals. No externa
supply isrequired for this transducer to work and hence it is an active transducer.
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Piezoelectric Transducer responds to the mechanical force/deformation and generates
voltage. There may be various modes of deformation to which these transducers can
respond. The modes can be thickness expansion, transverse expansion, thickness-shear,
and face shear.

In a piezoelectric transducer, a piezoelectric crystal is sandwiched between the two
electrodes. When amechanical deformation takes place, it generates charge and hence it
acts as a capacitor. A voltage is developed across the electrodes of the transducer which
can be measured and calibrated with the deforming force to directly measure the
mechanical deforming force. Fig.5.21 shows a simple piezoel ectric transducer.

Pressure Port
T Force
Summing
Y44 4 A7 — Member

——

Crystal— > Output
Voltage

Fig. 5.21: Piezoelectric Transducer

The piezoelectric effect is direction sensitive i.e. the polarity of charge will not be the
same for atensile and compressive force. The polarity of voltage induced dueto atensile
force will be opposite to the polarity of voltage produced due to a compressive force.
The magnitude and polarity of the induced charge on the electrodes are directly
proportional to the applied force and its direction.

Let the applied force be F, then the charge induced will be given as
Q=kF......... Q)

where Kk is the constant of proportionality. This constant is the charge sensitivity of the
piezoelectric material. It is constant for a given material and defined as the charge
generated per unit applied force. Its unit is (Columb / Newton)

Assuming the surface area of the electrode, and separation between the electrodes be A
and d respectively, the charge generated on each of the electrodes of the piezoelectric
transducer is given below.

Q=CV

where C is capacitance formed by the electrodes and the piezoel ectric material
C=¢A/d
Therefore,
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Q=€AV/d ..ccecu..... )
From (1) and (2),
kF=€AV /d

F = (€AV)/ (dk)

Where, €, A, d, and k are constant for a given piezoelectric transducer. This essentially
means that the magnitude of applied force is directly proportional to the output voltage
across the electrodes.

Thus, by measuring the value of voltage across the electrodes of a piezoelectric
transducer, the value of mechanical force can be calculated. Hence, mechanical forceis
converted into an electrical signal.

The applications of a piezoelectric material and transducer are listed below:

1. Quartz is commonly used for stabilizing electronic oscillators due to its high
stability.

2. Piezoelectric Transducer is mainly used in dynamic measurements. The voltage
developed by the application of strain is not held under static conditions.
Therefore, these transducers are used in the measurement of quantities such as
Surface Roughness, acceleration (called accelerometer), and vibrations.

3. The ultrasonic generator also uses Barium titanate which is a piezoelectric
material. Such materials are used in industrial cleansing apparatus and also in
underwater detection systems known as sonar.

5.14. Seismic Transducer

The seismic transducer is used for measuring the vibration of the ground. The spring-
mass damper element and the displacement transducer are the two main components of
the seismic transducer.

The mass that is connected to the damper element and spring without any other support
Is known as the spring mass damper element. And the displacement transducer converts
the displacement into the electrical quantity. The seismic transducer is used for
measuring the earth's vibration, volcanic eruption, and other vibrations, etc.

The systematic diagram of the seismic transducer is shown in Fig. 5.22. The mass is
connected with the help of the damper and spring to the housing. The housing frameis
connected to the source whose vibrations need to be measured.
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Fig. 5.22: Construction of a Seismic Transducer

The arrangement is kept in such away that the position of the mass remains the samein
the space. Such type of arrangement is kept for causing the relative motion between the
housing frame and the mass. The term relative motion means one of the objects remains
stationary, and the other is in motion concerning the first one. The displacement that
occurs between the two is sensed and represented by the transducer.

The seismic transducer works in two different modes.

e Displacement Mode
e Acceleration Mode

The selection of the mode depends on the combinations of the mass, spring, and damper
combinations. The large mass and soft spring are used for the displacement mode
measurement while the combination of the small mass and stiff spring is used for the
accel eration mode.

Types of Seismic Transducer
Vibrometer and the accelerometer are the two types of seismic transducers.

1. Vibrometer — The vibrometer or low-frequency meter is used for measuring the
displacement of the body. It also measures the high frequency of the vibrating body.
Their frequency range depends on the natural frequency and the damping system.

2. Accelerometer — The accel erometer measures the accel eration of the measuring body.
The acceleration shows the total force acting on the object.

*kkk*k
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Solved examples

Ex. 1. A resistance wire strain gauge uses a soft iron wire of a small diameter. The gauge factor is +4.2.
Neglecting the piezoresistive effects, calculate the Poisson's ratio.

Solution:
The gauge factor is calculated by-
Ap

Gr=1+2v+ Tp
Neglecting the piezoel ectric effect, the gauge factor can be written as-

Gr=1+2v

. . G- 2
Hence, Poisson’sratio v = fTI =820 _ ¢

2

Ex. 2. A compressive force is applied to a structural member. The strain is 5 micro-strain. Two separate
strain gauges are attached to the structural member, one isanickel wire strain gauge having a gauge factor
of —12.1 and the other is a Nichrome wire strain gauge having a gauge factor of 2. Calculate the value of
resistance of the gauges after they are strained. The resistance of strain gauges before being strained is
1200Q.
Solution:
According to our convention, the tensile strain is taken as positive while the compressive strain is taken as
negative.
Hence, strain & = - 5x 10 (1 micro strain= 1 um/m)
Now AR/p = Ge
Hence, the change in the resistance of the nickel wire strain gauge-
AR = Gre xR
=(—12.1) x (=5 % 1075) x 120
=726x%x10730 = 7.26m1N
Thusthereis an increase of 7.26mQ in the value of the resistance.
For Nicrome, the change in the value of the resistanceis-
AR = (2) x (-5 x 107%) x 120
=12x10730 =-1.2mnN
Thus with compressive strain, the value of resistance decreasesto 1.2mi.

Ex. 3. A thermistor has a resistance temperature coefficient of - 5 % over atemperature
range of 25 to 50 °C. If the resistance of the thermistor is 100Q at 25°C, what is the

resistance at 35°C?
Solution:

Resistance at atemperature of 35°C is:
Rg = RQO[I + GIQOAH]
Rss = 100[1-0.05(35-25)]

= 50Q
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Ex. 4. An automatic temperature control arrangement for an electric ovenishaving
athermistor with aresistance of 2100Q at 70°C. A potentiometer is used

for obtaining balance conditions. The temperature of the oven changes and
therefore the rheostat has to be set at 1900°C to obtain balanced conditions. Using
the linear approximation for the resistance temperature curve obtain the changein
the value of resistance. The resistance temperature coefficient can be assumed as
-0.04 Q/Q -°C.

Solution:

Using linear approximation equation:
1900=2100[1-0.04(6-70)]

0 =67°C

Ex. 5: The output voltage of an LVDT is 1.2 V at maximum displacement. At a
load of 0.4MQ, the deviation from linearity ismaximum and it is+0.006 VV from a
straight line through the origin. Find the linearity at the given load.

Solution:

% Linearity = + '12

6
x 100

=+ 0.5%

Ex. 6. The output of an LVDT is connected to a 5 V voltmeter through an amplifier
whose amplification factor is 250. An output of 2 mV appears across the terminals of
LVDT when the core moves through a distance of 0.5 mm. Calculate the sensitivity of
the LVDT and that of the whole setup. The millivolt meter scale has 100 divisions. The
scale can be read to 1/5 of adivision. Calculate the resolution of the instrument in mm.

Solution:

Sensitivity of LVDT = output voltage=2 X 1073 =4 x 1073V/ mm= 4 mV/mm
Displacement 0.5
Sensitivity of instrument = amplification factor x sensitivity of LVDT

=4 x 1073 x 250 =1 V/mm.=1000 mV/mm.

Scale division =5/100 V=50 mV.

Minimum voltage that can be read on the voltmeter :§ X 50=1mV.
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Resolution of instrument =1x Tloo =1 x 1073 mm.

Ex.7. A sted cantilever is 0.25 m long, 20 mm wide, and 4 mm thick.

(a) Calculate the value of deflection at the free end for the cantilever when aforce of 25
N is applied at this end. The modulus of elasticity for steel is 200 GN/m?2.

AnLVDT with asensitivity of 0.5V/mmisused. Thevoltageisread ona10V voltmeter
having 100 divisions. Two-tenths of a division can be read with certainty.

(b) Calculate the minimum and maximum value of force that can be measured with this
arrangement.

Solution:

(@ Moment of the area of cantilever | == bt?

=2 x (0.02)x (0.004)3=0.107x 10~m*

12

3 3
Deflection X= —— = —2XO2____ 408 % 1078 m = 6.08mm
3EI 3%X200%x107 X0.107X10
(b) Deflection per unit force% = % = 0.2432 mm/N

The overall sensitivity of the measurement system = 0.2432 % x 0.5 J—m =0.1216 V/IN

1 scaledivision = % =0.1V. Since two-tenths of ascale division can be read

With certainty, resolution = % x 0.1=0.02V.

0.02

0.1216
10

0.1216

=0.1645 N.
=82.2N.

The minimum force that can be measured =

The maximum force that can be measured =
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CoNoo AN E

EXERCISE QUESTIONS

With aneat diagram, explain the working principle of the PMMC device.
Describe different types of ohmmetersin detail.

Explain the working of a galvanometer.

Explain the working principle of a potentiometer in detail.

Discuss the principle of the D’ Arsonval movement

Discuss the classification of the measuring instruments.

List and explain different types of frequency meters.

What is atransducer? Discuss the classification of the transducers.

List and explain the factors influencing the choice of transducers.

. Explain the working principle of strain gauge.

. Discuss LVDT in detail.

. What is the working principle of a capacitive transducer?
. Explain the construction and working of thermistors.

. What is Hall Effect? Explain the construction and working of a Hall Effect transducer.
. Explain the piezoel ectric transducersin detail.

. What is a Seismic transducer? Explain its classification and working.
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Multiple Choice Questions

1 Which one of the following moving coil instrumentsis used only for DC?
(8 PMMC
(b) Dynamometer
(c) Bothaand b
(d) None of the above
2. Which one of the following is atype of indicating instrument?
(@ X-Y plotters
(b) Watt-hour meter
(c) Wattmeters and ammeters
(d) All of the above
3. The deflection torque in moving coil instrument is proportional to ?
(@ Current
(b) Voltage
(c) Square of the current
(d) None of the above
4, Which of the following is the most sensitive detector for single frequency
value?
() oscillator
(b) headphone
(c) tuned detector
(d) vibration galvanometer
5. The unknown capacitance value is obtained by
(a) using avibration galvanometer
(b) using the capacitance of other ratio arms
(c) comparison with standard
(d) using atuned detector
6. Which of the following device is used to measure power in A.C. circuits?
(@) ammeter
(b) wattmeter
(c) voltmeter
(d) ohmmeter
7. The function of atransducer isto convert
(a) Electrical signa into non-electrical quantity
(b) Nonelectrical quantity into an electrical signal
(c) Electrica signal into mechanical quantity
(d) All of these
8. Potentiometer transducers are used for the measurement of
(@) Pressure
(b) Displacement
() Humidity
(d) Both (a) and (b)
9. The strain gaugeisa
(a) Active device and converts mechanical displacement into a change of
resistance
(b) Passive device and converts electrical displacement into a change of
resistance
(c) Passive device and converts mechanical displacement into a change of
resistance
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10.

11.

12.

13.

14.

15.

16.

17.

(d) Active device and converts electrical displacement into a change of
resistance
For the measurement of pressure, the instruments used can be
(&) Mechanical
(b) Electro-mechanical
(c) Electronic
(d) All of these
The method/methods suitable for the measurement of low resistance is/are
(@) Ammeter-voltmeter method
(b) Kelvin's double bridge method
(c) Potentiometer method
(d) All of these
The readings of the two-wattmeter used for the measurement of power input to
a3-phaseinduction motor are 850 W and 250 W respectively. The power factor
of the motor is
(@ 0.73
(b) 0.76
(c) 0.79
(d) 0.85
The deflection 6 is related to the electric current | in a galvanometer by the
relation
@ 16
(b) 1 < tan6
() lxsin®
(d) 1 o< cos6
The deflection in moving coil galvanometer is
(@) Inversely proportional to the area of the coil
(b) Directly proportional to the torsional constant
(c) inversely proportional to the current flowing
(d) Directly proportional to the number of turns of the coil
Transducer isused for measurement of the magnetic field.

(@ Hall effect
(b) Inductive
(c) LVDT
(d) hygrometer
Which of the following is not a material used in the Hall Effect
sensor ?

(@) Caesium-Antimony
(b) Galium-Arsenide
(©) Indium-Antimonide
(d) Indium-Arsenide
Theforce exerted by the magnetic field in Hall Effect transducersis

(@) Lorentz force
(b) Hall Effect force
(c) Magneticforce
(d) Electricforce
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18.

19.

20.

21.

22.

23.

24,

Hall Effect transducer can measure current.

(@ AC
(b) DC
(c) ACorDC
(d) Eddy
The difference between a normal capacitor and a capacitive
transducer is------
(@ Area
(b) Intensity
(c) The distance between the plates
(d) Botha& b

How the platesin the capacitive transducer are connected?

(a) Both are fixed
(b) Oneisfixed and the other is movable
(c) Both are movable
(d) As per requirement
Sensitivity in capacitive transducersis ?

(@) Low
(b) High
(c) Constant
(d) Unaltered
Which of the following isa practical application of thermistors:

(a) Fireaarm

(b) Automotives

(c) Food handling and processing
(d) All of these

Which of thefollowing is correct for thermistors:

(a) A thermistor is aresistance thermometer

(b) Resistance of NTC thermistor increases with increasing
temperature

(c) Resistance of PTC thermistor decreases with increasing
temperature

(d)Both2 & 3

The temperature range of thermistor when compared to RTD is:
() Smaller
(b) SameasRTD

(c) Larger
(d) None of above
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25.

26.

27.

28.

29.

30.

31.

Thermistors can be consider ed as which type of Resistor:

(a) Laser resistor
(b) Photo resistor
(c) Thermal resistor
(d) None of these

The of astrain gauge varieswith applied strain.

(a) resistance
(b) capacitance
() inductance
(d) flux

The bonding element in a strain gauge must have

(a) zeroinsulation resistance
(b) low insulation resistance
(c) highinsulation resistance
(d) infinite insulation resistance

-------------- device can be used for measurement of frequency?

(@) Voltmeter
(b) Ammeter
(c) Stroboscope

(d) None of the mentioned

helps in current measurement by placing it in

with the circuit element.
() Voltmeter, Parallel

(b) Ammeter, series

(c) Voltmeter, series
(d) Ammeter, parallel

An ideal voltmeter functions as

(a) A short
(b) Anopen
(c) A power
(d) Aninfinite

Theaccuracy of D’ Arsonval movementsused in common laboratory

metersis about

(8) 10%
(b) 1%
(©) 0.1%
(d) 5%
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6. Introduction to Digital
Electronics

RATIONALE

Knowledge of digital electronics is essential as it is widely used in various applications
such as communications, embedded systems, computers, consumer and industrial
electronics, and military equipment. Digital systems have the advantages like ease of
design, higher accuracy, programmability, and noise immunity. Hence, it becomes

essential to study and understand the fundamentals of digital electronic devices.

UNIT OUTCOMES

U6-01: Unit-6 Learning Outcome-1

To know about the basic number systems and their interconversions
U6-02: Unit-6 Learning Outcome-2

To know about the basic building blocks of a digital logic circuit.
U6-03: Unit-6 Learning Outcome-3

To study the different binary codes and Boolean algebra rules
U6-03: Unit-6 Learning Outcome-4

To understand the basics of digital circuits such as combinational and sequential circuits.

LEARNING OBJECTIVES

LO1: To understand the number systems.

LO2: To study the number representation in the binary system.
LO3: To study the interconversions in the number system.

LO4: To study the operations of logic gates
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LOS5: To study the concept of the Universal gates
LOG6: To study the Boolean algebra

LO7: To study the combinational and sequential circuit basics.

MAPPING THE UNIT OUTCOMES WITH THE COURSE OUTCOMES

EXPECTED MAPPING WITH COURSE OUTCOMES
Unit (1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
Outcome
CO-1 CO-2 CO-3 COo-4 CO-5 CO-6 CO-7
U3-01 1 -- -- -- -- -- 3
U3-02 1 -- -- -- -- -- 3
U3-03 1 -- -- -- -- -- 3

Interesting Facts:

1. The Indian scholar Pingala (c. 2nd century BC) developed a binary system for describing
prosody. He used binary numbers in the form of short and long syllables (the latter
equal in length to two short syllables). They were known as laghu (light) and guru
(heavy) syllables.

2. Boolean algebra was introduced by George Boole in his first book “The Mathematical
Analysis of Logic” in 1847 and set forth more fully in his “An Investigation of the Laws
of Thought” in 1854.

3. Very-Large Scale Integration (VLSI) consists of thousands of gates or transistors and
performs computational operations such as processors, large memory arrays, and
programmable logic devices.

203



Video Resources:

Sr. Title URL
1. Introduction to | https://www.youtube.com/watch?v=MO0
Digital Signal mx8S05v60&list=PLBInK6fEyqRjMH3mWf
6kwqiTbT798eA0Om
2. Introductionto | https://www.youtube.com/watch?v=crS
the number GS1uBSNQ
systems
3. Introductionto | https://www.youtube.com/watch?v=WW
Boolean -
Algebra NPtIzHwk&list=PLBInK6fEyqRjMH3mWf6k
(Patland2) | wqiThT798eAOmM&index=8
https://www.youtube.com/watch?v=0jW
mMVCG8PLA&Iist=PLBINK6fEygRjMH3mWf
6kwqiTbT798e AOmM&index=9
4, Understanding | https://www.youtube.com/watch?v=INEt
logic gates YZqtjTo
5. The Universal hjctps://www.youtube.com/watch?v=cNF
Gates gilYDxuA

6.1. The number system

The study of number systems is essential to understand the representation of data
before it is processed in any digital system. The numerical values of any physical
guantities can be represented in two different formats i.e. analog and digital. In analog
format, the numerical value of any quantity is represented as a continuous range of
values between the two expected extreme values. On the other hand, in digital format,
the numerical value of the quantity is represented in the steps of discrete values i.e.

mostly represented using binary format.
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6.1.1. Decimal Number System

The decimal number system is a radix (base) 10 number system as the total number of
digits available in the decimal number system is 10 ( 0 to 9). It doesn’t imply that these
10 digits will represent only 10 quantities, but all the other digits can be expressed with
the help of these numbers. The place values or weights of different digits in a decimal
number system, starting from the decimal point, are 10° 10%, 10> and so on for the
integer part and 107, 1072, 107> and so on for the fractional part. The value or
magnitude of a given decimal number can be expressed as the sum of the various digits
multiplied by their place values or weights.

For example, for a decimal number 7791.917, the integer part can be represented as:
7791=7 x 103 + 7 x 10> + 9 x 101 + 1 x 10° = 7000 + 700 + 90 + 1 = 7791
and the fractional part can be represented as:

917 =9%x10"1+1x102+7%x103=0.9+0.01+0.007 = 0.917

It is seen that the place value of any digit is a function of the radix of the concerned
number system and the position of the digits. This concept is equally valid for the other
number systems also.

Complements are used in digital circuits because it is faster to subtract by adding
complements than by performing true subtraction. In the decimal number system, the
9’s and 10’s complements can be calculated.

The 9’s complement of a number can be obtained by subtracting every digit of a number
by 9. Consider the numbers such as 6, 27, 234, 672 and the 9’s complement of these
numbers can be obtained as:-

9-6 = 3, 99-27 = 72, 999-234 = 765, 999-672 = 327, thus 3, 72, 234, 672 are the 9’s
complement of the numbers described above.

Significance of 9’s Complement: The procedure of subtraction can be done in much
easier steps with the aid of 9’s complement. When we subtract two numbers then we
subtract the subtrahend from the minuend. However, with 9’s complement, we need
not do subtraction. In this procedure, we just need to add 9’s complement of the

subtrahend to the minuend.
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When we subtract the smaller number from the larger one, the 9’s complement of
subtrahend when added with minuend will result in the formation of carry. We need to
add this carry to the result. The resultant addition will be the final answer.

When we subtract a larger number from the smaller one, the result of the addition of
the subtrahend with minuend will not produce any carry. When the addition of 9’s
complement doesn’t generate any carry it indicates that the resultant product is

negative. The final answer can be obtained by again taking the 9’s complement of this

number.
When a senaller simbey 1 io be subirzeied from a larger ane
Hearguilar Subdrachon Subirachion umag s cormplement
ol s
PGS | <3 N3 s compdement of 230
TEE] AR
|
bid
When a larger number 13 10 be subiracted o 2 snaller one
Regular Subirsction Subiraction using 9's complemes
QTR P
-§a35 #0144 0% ¢ ||||:|1||'||||'||I ol 425
257 742 MNo oy mdicates =-ve e
SA5NYs complement of the resulil

Fig. 6.1: lllustration of 9’s complement arithmetic

The 10’s complement of any decimal number can be obtained by adding 1 to the 9’s
complement of the same number.

Consider some decimal numbers 7, 34, 566, and 3456. Let’s find 9’s complement of each
of these.

9-7 =2, 99-34 = 65, 999-566 = 433, 9999-3456 = 6543

Here, 2, 65, 433 & 6543 are the 9’s complement of the above-considered numbers.

Now, to find 10’s complement of these numbers let’s add 1 to each of these numbers.
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2+1 =3, 65+1 =66, 433+1 = 434, 6543+1 = 6544

Thus, 3, 66, 434 & 6544 are the 10’s complement of the numbers 7, 34, 566, and 3456
respectively.

Significance of 10’s complement: The 10’s complement of the decimal number is crucial
in subtracting one number from another. The subtraction can be achieved with the help
of the addition of 10’s complement of subtrahend with minuend.

(i) When a smaller number is to be subtracted from the larger number, a carry will be
generated. Ignore this carry and the rest of the digits of the addition will be the answer.
(ii) When a larger number is to be subtracted from a smaller number, the answer will
be negative. There will be no carry generation after the addition of the 10’s complement
of subtrahend with minuend. This indicates that the resultant answer is negative. The
final answer can be evaluated by taking the 10’s complement of the number which is

obtained after the addition of 10’s complement of subtrahend with minuend.

‘When a smaller number is to be subtracted from a larger one

Regular Subtraction Subtraction using 10’s complement
678 678
-934 +766 (10’s complement of 234)
444 @ 444 (Ignore the carry)
444

‘When a larger number is to be subtracted from a smaller one

Regular Subtraction Subtraction using 10’s complement
228 228
-485 +515 (10’s complement of 485)
-257 743 (No carry indicates -ve value)
-257(10’s complement of the result)

Fig. 6.2: lllustration of 10’s complement arithmetic
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6.1.2. Binary Number System

A binary number is a number expressed in the base-2 numeral system or binary numeral
system, a method of mathematical expression that uses only two symbols: typically "0"
(zero) and "1" (one). The base-2 numeral system is a positional notation with a radix of
2. Starting from the binary point, the place values of different digits in a mixed binary
number are 2°, 21, 2% and so on, for the integer part and 271, 272, 273, and so on for the
fractional part.

Here, each digit is referred to as a bit or binary digit. A byte is a string of eight bits. The
byte is the basic unit of data operated in computers. The word length or word size may
vary from computer to computer. The word length may equal one byte, two bytes, four
bytes, or be even larger.

1’s complement of a binary number is another binary number obtained by toggling all
bits in it, i.e., transforming the 0 bit to 1 and the 1 bit to 0.

Examples:

1's complement of "0111" is "1000"

1's complement of "1100" is "0011"

2’s complement of a binary number is 1, added to the 1’s complement of the binary
number. In the 2's complement representation of binary numbers, the MSB represents
the sign with a ‘0" used for plus sign and a ‘1’ used for a minus sign. the remaining bits
are used for representing magnitude. positive magnitudes are represented in the same
way as in the case of sign-bit or 1’s complement representation. Negative magnitudes
are represented by the 2’s complement of their positive counterparts.

Examples:
2's complement of "0111" is "1001"

2's complement of "1100" is "0100"

6.1.3. Octal Number System
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The octal number system has a radix of 8 and therefore has eight distinct digitsi.e. 0 to
7. The place values for the different digits in the octal number system are 8°, 8¢, 8> and
so on for the integer part and 871, 82,873 and so on for the fractional part.

6.1.4 Hexadecimal Number System

The hexadecimal number system has radix-16. Its 16 basic digits are 0 to 15. The digits
10 to 15 can also be represented with letters A, B, C, D, E, and F. Hence, this number
system is called an alphanumeric code. The place values or weights of different digits in
a mixed hexadecimal number are 16°, 16%, 16% and so on for the integer part and 167,
1672, 167> and so on for the fractional part. The hexadecimal number system provides

a compact way of representing large binary numbers to store and process in computers.

6.2 Number Representation in Binary system
The binary representation of a positive and negative decimal number can be carried out
by using different methods such as the sign-bit magnitude method, the 1’s complement,

and the 2’s complement method.

6.2.1 Sign-Bit Magnitude

In the sign-bit magnitude representation of positive and negative decimal numbers, the
MSB represents the sign-bit. Here, a ‘0O’ represents a plus sign, and a ‘1’ represents a
minus sign. The remaining bits represent the magnitude. For example, the eight-bit
representation of +5 would be 00000101, and -5 would be 10000101. An n-bit binary
representation can be used to represent decimal numbers in the range of —(2"1-1) to
+ (2"'-1). Hence, an eight-bit representation can be used to represent decimal
numbers in the range from -127 to +127 using the sign-bit magnitude format.

6.2.2 1’s Complement

1’s complement binary numbers are very useful in signed number representation.
Positive numbers are simply represented as Binary numbers. On the other hand, if the

number is negative, then it is represented using 1’s complement. First represent the
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number with a positive sign and then take 1's complement of that number. For example,

the representation of -5 and +5 will be as follows:

MSB LSB MSB LSB
1 1 0 1 0 1 0 0 1 0 1 +5
L J L
T T
Sign bit Magnitude Sign bit Magnitude

+5 is represented as it is represented in the sign-magnitude method. -5 is represented
using the following steps:

(i)+5=00101

(ii) Take 1’s complement of 0 0101 and that is 1 1010. MSB is 1 which indicates that the
number is negative. MSB is always 1 in case of negative numbers.

With n bits, the range of numbers that can be represented using the 1’s complement
form will be =(2"*-1) to + (2"*-1).

6.2.3 2’s Complement

In the 2’s complement representation of binary numbers, the MSB represents the sign,
with a ‘0’ used for a plus sign and a ‘1’ used for a minus sign. The remaining bits are
used for representing magnitude. Positive magnitudes are represented in the same way
as in the case of sign-bit or 1’s complement representation. Negative magnitudes are
represented by the 2’s complement of their positive counterparts.

For example, +5 would be represented as 00000101, and -5 would be written as
11111010. The n-bit notation of the 2’s complement format can be used to represent
all decimal numbers in the range from + (2"1-1) to - (2"1).

The 2’s complement format is very popular due to the ease of generation of 2’s
complement of a binary number. Further, arithmetic operations are relatively easy to

perform when the numbers are represented in the 2’s complement format.
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6.3. The Decimal Equivalent
The decimal equivalent of a given number in another number system is given by the
sum of all the digits multiplied by their respective weights or place values. The integer
and fractional parts of the given number should be treated separately.
6.3.1 Binary-to-Decimal Conversion
The decimal equivalent of the binary number (0101.1001); is calculated as follows:
= The integer part = 0101
* The decimal equivalent=0x23+1x22+0x2'+1%x2°=0+4+0+1=5
= The fractional part =.1001
» Therefore, the decimal equivalent=1x21+0x22+0x23+1x2%=05+0+
0 +0.0625 = 0.5625
= Therefore, the decimal equivalent of (0101.1001), =( 5.5625)10
6.3.2 Octal-to-Decimal Conversion
The decimal equivalent of the octal number is determined as follows:
® The integer part =517
* The decimal equivalent=5x82+1x8'+7x8°=320+8+7 =335
= The fractional part =.09
* The decimal equivalent=0x 8!+ 9 x 872 =0.1406
= Therefore, the decimal equivalent of (517.09)s = (335.1406)10
6.3.3 Hexadecimal-to-Decimal Conversion
The decimal equivalent of the hexadecimal number (9B1.20)4¢is calculated as-
= The integer part = 9B1
* The decimal equivalent=9x 162+ 11 x 161 + 1 x 16°= 2304+ 176 + 1 = 2481
® The fractional part = 20
* The decimal equivalent=2x 161+ 0x 1672 = 0.125+0=0.125
» Therefore, the decimal equivalent of (9B1.20)16=(2481.125)10
6.3.4 Decimal-to-Binary Conversion
Here, the integer and fractional parts are separately operated. For the integer part, the

binary equivalent can be found by successively dividing the number by 2 and recording
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the remainder until the quotient becomes 0. The remainders written in reverse order
constitute the binary equivalent for a given number. The fractional part can be
calculated by successively multiplying the fractional part of the decimal number by 2
and recording the carry until the result of the multiplication is ‘0’. The carry sequence
written in forward order constitutes the binary equivalent of the fractional part of the
decimal number.

In the case of the fractional part, if the result of multiplication does not seem to be
converging to zero, the process may be continued only until the requisite number of

equivalent bits has been obtained.

Ex. 6.1: Find the binary equivalent of (17.975)1,.

Solution: The integer part = 13

Divisor Dividend Remainder

2 17 --

N N NN
O = N b~

1
0
0
0
1

= The binary equivalent of (17)10 is therefore (10001),
= The fractional part =.975
= 0.975x2=0.95with acarry of 1
= 0.95x2=0.9withacarryofl
= 0.9x2=0.8withacarryofl
» The binary equivalent of (0.975)10=(.111)>
= Therefore, the binary equivalent of (17.975)10 = (10001.111);
6.3.5 Decimal-to-Octal Conversion
Here, the progressive division in the case of the integer part and the progressive

multiplication while working on the fractional part are carried out by the radix of the
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octal number system i.e.8. The integer and fractional parts of the decimal number are
treated separately.
Ex. 6.2: Find the octal equivalent of (72.17)10

Solution: The integer part = 73

Divisor Dividend Remainder

8 72 -
8 9 0
8 1 1
-- 0 1

* The octal equivalent of (72)10 = (110)s

= The fractional part =0.17

= 0.17x8=0.36 withacarryofl

= 0.36x8=0.88 with a carry of 2

= (.88 x 8=0.04 with a carry of 7

= The octal equivalent of (0.17)10=(.127)s

» Therefore, the octal equivalent of (72.17)10=(110.127)s
6.3.6 Decimal-to-Hexadecimal Conversion
Here, the progressive division in the case of the integer part and the progressive
multiplication while working on the fractional part are carried out by the radix of the
octal number system i.e.16. The integer and fractional parts of the decimal number are
treated separately.
Ex. 6.3: Determine the hexadecimal equivalent of (28.25)10

Solution: The integer part = 28

Divisor Dividend Remainder

16 28 --
16 1 12=C
-- 0 1

» The hexadecimal equivalent of (28)10= (1C)16

= The fractional part =0.25
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= 0.25x16=0with acarryof4
» Therefore, the hexadecimal equivalent of (28.25)10= (1C.4)16

6.3.7 Binary—Octal and Octal-Binary Conversions

The octal number system provides a convenient way of converting large binary
numbers into more compact and smaller groups. A binary number can be converted
into an octal number by using direct or indirect methods. With the Indirect method, a
binary number needs to be converted into another base system (e.g., into decimal, or
hexadecimal) and it is to be converted into its equivalent octal number.

Most Significant Bit (MSB) Octal Point Least Significant Bit (LSB)
82 81 80 81 82 83

Z 8 1111

8 64 512

The numbers are the type of positional number system. It means the weight of the
positions from right to left are as 8°, 8%, 82, 8% and so on for the integer part and weight
of the positions from left to right are 81, 82, 8-3and so on for the fractional part.

Ex. 6.4. Convert the binary number 10010110 into an octal number.

Solution: First convert this into a decimal number
=(10010110),

= Ix274+0x26+0x25+1x24+0x23+1x224+1x214+0x2°

= 128+0+0+16+0+4+2+0

=(150)4

Then, convert it into octal number

Divisor Dividend Remainder

8 150 --
8 18 6
8 2 2
8 0 2

=(226),
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However, there is also a direct method to convert a binary number into an octal
number, known as a grouping.

Using Grouping
There are only 8 digits (from O to 7) in an octal number system. Hence, we can

represent any digit of the octal number system using only 3 bits as given in Table 6.1
below.

Table 6.1: Octal to Binary Conversion

Octal Digit Value Binary Equivalent
0 000
1 001
2 010
3 011
4 100
5 101
6 110
7 111

Hence, if we make each group of 3 bits of binary input number, then replace each group
of binary number with its equivalent octal digits. That will be an octal number of the
given number. Note that you can add any number of 0’s in the leftmost bit (or in the
most significant bit) for the integer part and add any number of 0’s in the rightmost bit
(or in the least significant bit) for the fraction part for completing the group of 3 bit,
this does not change the value of input binary number.

Following are the steps to convert a binary number into an octal number-

e Take binary number

e Divide the binary digits into groups of three (starting from the right) for the
integer part and start from the left for the fraction part.

e Convert each group of three binary digits to one octal digit.

Ex. 6.5. Convert binary number 1010111100 into an octal number.

Solution: Since there is no binary point here and no fractional part.
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These two 0's are added
into MSB to complete group of 3 bits

q
001|010 | 111|100
I A
Sth position Oth position
(MSB) (LSB)

Therefore, Binary to octal is.
= (1010111100),

= (001 010 111 100).
= (1 27 4)8
= (1274).

Ex. 6.6. Convert binary number 0110 011.1011 into octal number.

Solution: Since there is the binary point here and a fractional part. Hence,

Single 0 at MSB Binary These two 0's are added
can be ignored point \\ into LSB to complete group of 3 bits

\ "
0 [110 |01 1T. 101 1;]\0
’\ \ {-4)th position

5th position  Oth position (LSB)

Therefore, Binary to octal is-

= (0110 011.1011),

= (0110011 . 101 1),
= (110011 . 101 100),
=(63.54),
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= (63.54).
Octal to Binary Number Conversion:

There are various direct or indirect methods to convert an octal number into a binary
number. In an indirect method, one needs to convert an octal number into another
number system (e.g., decimal or hexadecimal), then it can be converted into a binary
number by converting each digit into abinary number from the hexadecimal system and
using a conversion system from decimal to binary number.

Ex. 6.7. Convert the octal number 205 into a binary number.
Solution: First convert it into a decimal or hexadecimal number,

= (205)s = (2x8+0x8+5x8): or (010 000 101).

Because the base of octal and hexadecimal are 8 and 16 respectively.
= (133)0r (01000 0101).

= (133)w Or (85):s

Then convert it into a binary number by converting each digit.

= (Ix27+0x25+0x 25+0x 24+0x 25+ 1x 22+0x 21+ 1x29), or (1000 0101).

= (10000101).

However, there is a simple direct method to convert an octal number to a binary
number. Since there are only 8 symbols (i.e., 0, 1, 2, 3, 4, 5, 6, and 7) in the octal
representation system and its base (i.e., 8) is equivalent to 23=8. Hence, we can
represent each digit of an octal in a group of 3 bits in the binary number.

Octal Symbol Binary equivalent
0 000
1 001
2 010
3 011
4 100
5 101
6 110
7 111

217



This method is simple and also works as the reverse of Binary to Octal Conversion. The
algorithm is explained below.

e Take the Octal number as input
e Convert each digit of an octal into binary.

¢ That will be output as a binary number.

Ex.6.8. Convert the octal number 540 into a binary number.

Solution: According to the above algorithm, the equivalent binary number will be,
= (540)s

= (101 100 000).

= (101100000).

Ex. 6.9. Convert the octal number 352.563 into a binary number.

Solution: According to the above algorithm, the equivalent binary number will be,
= (352.563),

=(011101010.101 110 011),

=(011101010.101110011),

6.3.8 Binary—Hex and Hex—Binary Conversions

The hexadecimal number system provides a convenient way of converting large binary
numbers into more compact and smaller groups.

There are various ways to convert a binary number into a hexadecimal number. Y ou can
convert using direct methods or indirect methods. First, you need to convert a binary
into another base system (e.g., into decimal, or octal). Then you need to convert its
hexadecimal number.

Most Significant Bit (MSB) Hexadecimal Point Least Significant Bit (LSB)

162 16! 16° 16 162 163
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Most Significant Bit (MSB) Hexadecimal Point Least Significant Bit (LSB)

256 16 1 1 1 1

16 256 4096

Since numbers are a type of positional number system. That means the weight of the
positions from right to left are as 16°, 16%, 162, 16> and so on. For the integer part and
weight of the positionsfrom left toright areas 161, 162, 16> and so on for the fractional
part.

Ex. 6.10. Convert binary number 1101010 into a hexadecimal number.
Solution: First convert the given number into a decimal number:

= (1101010).

= IX26+1x25+0x 2+ 1x23+0x 224+ 1x 21+ 0x 2°

= 64+32+0+8+0+2+0

= (106)10

Then, convert it into a hexadecimal number

= (106)10

= 6x16'+10x16°

= (6A)s isthe answer.

However, there is also a direct method to convert a binary number into a hexadecimal
number — agrouping that is explained below.

Using Grouping

Sincethereareonly 16 digits (from Oto 7 and A to F) in the hexadecimal number system,
we can represent any digit of the hexadecimal number system using only 4 bits as
follows below.

Hexadecimal 0 1 2 3 4 5 6 7
Binary 0000 0001 0010 0011 0100 0101 0110 0111

Hexadecimal 8 9 A B C D E F
Binary 1000 1001 1010 1011 1100 1101 1110 1111
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If you make each group of 4 bits of binary input number, then replace each group of
binary number from its equivalent hexadecimal digits. That will be a hexadecimal
number of a given number. Note that you can add any number of O'sin the leftmost bit
(or in the most significant bit) for the integer part and add any number of O’s in the
rightmost bit (or in the least significant bit) for the fraction part for completing the group
of 4 bit, this does not change the value of input binary number.

Following are the steps to convert a binary number into a hexadecimal number:

e Take binary number

e Divide the binary digits into groups of four (starting from the right) for the integer part
and starting from the left for the fraction part.

e Convert each group of four binary digitsto one hexadecimal digit.

Ex. 6.11. Convert binary number 1010101101001 into a hexadecimal number.

Solution: Since thereis no binary point here and no fractional part, hence,

These three 0's are added
into M5B to complete group of 4 bits

0ocO01|0101(01 101001
A A

!

12th position Oth position
(MSB) (LSB)

Therefore, Binary to hexadecimal is,

=(1010101101001).

= (10101 0110 1001).

= (0001 0101 0110 1001).

=(1569)s

= (1569).

Ex.6.12. Convert binary number 001100101.110111 into a hexadecimal number.

Solution: The example consists of abinary point here and a fractional part. Hence,
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Extra 0 at MSB Binary These two O's are added
can be ignored point \ into LSB to complete group of 4 bits

L Y b9

Y

Y
0 (011001017 |1101(1100
=
\ . o (-6)th position
7th position  Oth position (LSB)

Therefore, Binary to hexadecimal is,
=(001100101.110111).
=(001100101 . 1101 1100).

= (01100101 . 1101 1100).
=(65.DC)s

= (65.DC)ss

Hexadecimal to binary conversion is done to obtain the equivalent binary number of
the hexadecimal. Converting hexadecimal to binary cannot be done directly. The
hexadecimal number has to be converted to a decimal number and then converted to
a binary number. One of the most important aspects to remember here is every
hexadecimal number will produce 4 binary digits. The hexadecimal to binary conversion
can be carried out in two ways, i.e. indirect and direct methods. In the indirect method,
first, the hexadecimal is converted to a decimal number and then by using the division
process the equivalent binary number can be obtained. In the direct method, we can
use the hexadecimal to decimal to the binary conversion table. Let us look at the steps
of both methods.

Steps for the indirect method:

This method requires both multiplication and division of numbers using the respective
base numbers. The hexadecimal base number is 16, the base number of a decimal

number is 10, and the base of a binary number is 2. Let us look at the steps:

» Step 1: Write the hexadecimal number and find its equivalent decimal number.
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» Step 2: To find the decimal equivalent, multiply each digit with 16", where the
digit is in its n'" position.
» Step 3: After multiplying the numbers, add the product of those numbers to
obtain the decimal number.
» Step 4: To convert decimal to binary, divide the decimal number by 2 and keep
the remainders aside, and divide the quotient by 2 until we arrive at zero.
» Step 5: Once the quotient is zero, arrange the remainder from bottom to top i.e.
reverse order to obtain the binary number.
Ex. 6.13: Convert hexadecimal (100) to binary.
Solution:
(100)16 =1 x 16+ 0 x 16* + 0 x 16°
=1x256+0+0 =256
Therefore, (100)16 = (256)10

Now convert, (256)10 to its binary equivalent as-

258 =

Hence, (100)16 = (100000000)2

In the direct method, just looking at the conversation table we can convert hexadecimal to
binary. Table 6.2 shows the hexadecimal to the binary conversion.

Table 6.2: Hexadecimal to Binary Conversion

Hexadecimal Digit | Decimal Digit | Binary Digit

0 0 0000
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1 1 0001
2 2 0010
3 3 0011
4 4 0100
5 5 0101
6 6 0110
7 7 0111
8 8 1000
9 9 1001
A 10 1010
B 11 1011
C 12 1100
D 13 1101
E 14 1110
F 15 1111

6.3.9. Hex—Octal and Octal-Hex Conversions

For hexadecimal—octal conversion, the given hex number is firstly converted into its
binary equivalent which is further converted into its octal equivalent. An alternative
approach is first to convert the given hexadecimal number into its decimal equivalent
and then convert the decimal number into an equivalent octal number. For octal-
hexadecimal conversion, the octal number may first be converted into an equivalent
binary number and then the binary number is transformed into its hex equivalent. The
other option is first to convert the given octal number into its decimal equivalent and

then convert the decimal number into its hex equivalent.

Ex. 6.14. Convert (2CD)16 to an Octal number
Solution: The given hex number = (2CD)16

2 - 0010, C 1100, D - 1101
Now you will be grouping them from right to left, each having 3 digits.
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001, 011, 001, 101

001->1, 011 -3,001->1, 101->5
Hence, (2CD).s = (1315)s

Ex. 6.15. Convert (536)s to a hexadecimal number

Solution: Converting (536)sinto its binary equivalent we get

5->101, 3-5011,6->110

=(101011110),

Now forming the group of 4 binary bits to obtain its hexadecimal equivalent,

(101011110),= (0001) (0101) (1110)

= (15E)16

Hence, the equivalent hexadecimal number of 536 is 15E.

6.4. Binary Codes

6.4.1 Binary Coded Decimal (BCD)

The binary-coded decimal (BCD) code is used to represent a given decimal number in
its equivalent binary form. The BCD equivalent of a decimal number can be written by

replacing each decimal digit in the integer and fractional parts with its four-bit binary

equivalent.

As an example, the BCD equivalent of (09.17)10is written as (0000 1001.0001 0111) gcp.
This representation of BCD code is known as the 8421 BCD code; 8, 4, 2, and 1 represent
the weights of different bits in the four-bit groups, starting from MSB and proceeding
towards LSB. The other weighted BCD codes include the 4221 BCD and 5421 BCD codes;

with each bit in the code representing the weights of the relevant bits. Table 6.3 shows

the 8421, 4221, and 5421 BCD codes.

Table 6.3: BCD code representations

Decimal 8421 BCD code 4221 BCD codes 5421 BCD codes
0 0000 0000 0000
1 0001 0001 0001
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2 0010 0010 0010
3 0011 0011 0011
4 0100 1000 0100
5 0101 0111 1000
6 0110 1100 1001
7 0111 1101 1010
8 1000 1110 1011
9 1001 1111 1100

BCD-to-Binary Conversion:
A given BCD number can be converted into an equivalent binary number by first writing
its decimal equivalent and then converting it into its binary equivalent.
Ex. 6.16. Convert (0001 0111.0000 0111)gcp to its equivalent binary number.
Solution:

e Corresponding decimal number: 17.07

e The binary equivalent of 17.07 can be determined to be 10001 for the integer

part and 0.0010 for the fractional part.

e Therefore, (0001 0111.0000 0111) gcp = (10001.0010),.
Binary-to-BCD Conversion:
The process of binary-to-BCD conversion is the same as the process of BCD-to-binary
conversion performed in the opposite order. A given binary number can be converted
into an equivalent BCD number by calculating its decimal equivalent and then writing
the corresponding BCD equivalent.
Ex. 6.17. Convert (10001111011000.0001); to its BCD equivalent number.
Solution:

» The decimal equivalent of this binary numberis 9176.07

= Using the decimal equivalent, the BCD equivalent can then be writtenas- 1001

0001 0111 0110.0000 0111

225



6.4.2. Excess-3 Code

The excess-3 code is also treated as XS-3 code. The excess-3 code is a non-weighted and
self-complementary BCD code used to represent decimal numbers. This code plays an
important role in arithmetic operations as it resolves deficiencies encountered when
we use the 8421 BCD code for adding two decimal digits whose sum is greater than 9.
The Excess-3 code uses a special type of algorithm, which differs from the binary

positional number system or normal non-biased BCD. We can find the excess-3 code of

the given binary number by using the following steps:

1. Find the decimal number of the given binary number.
2. Add 3 in each digit of the decimal number.

3. Find the 4-bit binary code of each digit of the newly generated decimal

number.

It is to be noted that, if the addition of 3 to a digit produces a carry (it may be in the
case with the digits 7, 8, and 9); that carry should not be taken forward. The result of

addition should be taken as a single entity and subsequently replaced with its excess-3

code equivalent. Table 6.4 lists the excess-3 code for the decimal numbers.

Table. 6.4 Excess-3 code for the decimal numbers

Decimal Excess-3 code Decimal Excess-3 code
0 0011 5 1000
1 0100 6 1001
2 0101 7 1010
3 0110 8 1011
4 0111 9 1100

Ex. 6.18. Calculate the excess-3 code for (917)10.

Solution:

® The addition of ‘3’ to each digit gives- 9+3=12, 1+3=4, 7+3=10
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= The corresponding four-bit binary equivalents for 12,1 and 10 are 1100, 0100, and

1010 respectively.

= The excess-3 code for (597)10= 11000100 1010 = (110001001010)¢x-3

6.4.3. Gray Code

The Gray code is a sequence of binary number systems, which is also known as reflected

binary code. The reason for calling this code a reflected binary code is the first g values

. N . . .
compared with those of the last 5 values in reverse order. In this code, two consecutive

values are differed by one bit of binary digits. Gray codes are used in the general

sequence of hardware-generated binary numbers. The gray code is a very light

weighted code because it doesn't depend on the value of the digit specified by the

position. This code is also called a cyclic variable code as the transition of one value to

its successive value carries a change of one bit only. Table 6.5 lists the binary and Gray

code equivalents of decimal numbers 0-15.

Table 6.5: Gray code

Decimal

Binary code | Gray codes Decimal Binary code | Gray codes
0 0000 0000 8 1000 1100
1 0001 0001 9 1001 1101
2 0010 0011 10 1010 1111
3 0011 0010 11 1011 1110
4 0100 0110 12 1100 1010
5 0101 0111 13 1101 1011
6 0110 0101 14 1110 1001
7 0111 0100 15 1111 1000

Binary—Gray Code Conversion:

The following steps are required to convert a binary number into its equivalent Gray

code:
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e Firstly, record the most significant bit or MSB or the leftmost bit of the given
binary data as it is, to have MSB of gray equivalent.

e Now, proceed towards adding the adjacent bits of the binary data starting from
MSB with its adjacent bit to LSB. While adding, put the summation obtained in
place of the next bit and ignore the carry.

e Repeat the same process for all the bits in the sequence till LSB.

Ex. 6.19. Convert (110101); to its equivalent Gray Code.

Solution: The first bit or MSB of the gray equivalent will be the same as the MSB of the
binary value. Thus

BinaryCode -1 1 0 1 0 1

Gray Code -1

Now add the two adjacent bits starting from MSB to LSB and write the result obtained
as the next bit.

Binary Code 41+ 11 0 1 0 1
:1
10

|

I

|

I
Gray Code -1 J
We know the addition of binary 1 and 1 will give 0 as the sum and 1 as the carry. And
we have already discussed that the carry bit must be ignored, while the sum bit
achieved will be put as the next bit in the gray value. Further, by repeating the same
process,
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Binary Code - 1 ET_i_-I
Gray Code -1 0O i
Binary Code - 1 1 .'+:T+I1': 0 1
Gray Code -1 0 1 :‘ 1
Binary Cade-1 1 0 1%
Gray Code -1 0 1 1

Binary Code-1 1 0 1 [0+

GrayCode -1 0 1 1 1

Hence, (110101); =(101111)cray

Gray Code-Binary Conversion:
The following steps are required to convert a Gray code to its equivalent binary number:

e Like in the case of binary to gray conversion, here also while writing binary code
from gray code, the MSB must remain the same. Hence, write the leftmost bit
of gray code as the MSB of binary code.

e Now, add the recently achieved binary digit with the next adjacent gray code
bit. The sum must be written as the next bit of binary equivalent, while the carry
must be neglected.

e The above-discussed step must be followed for all the bits present in the
sequence.

Ex. 6.20. Convert (101011)gray to its equivalent binary code.
Solution:
In the first step, write the MSB of gray value as the MSB of binary equivalent.

Graycode- 1 0 1 0 1 1
Binary code - 1
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Now on adding the achieved binary bit and the next adjacent gray bit till the LSB of the

sequence,

Gray code - 1 ,fT:I
,;‘+ |

Binary code - (1 EIJ'

; B e B

Graycode- 1 0,71 0 1 1
3
A !
s ¢
Binary code - 1 /0 1}
G
Graycode- 1 0 1011 1

Binarycode- 1 0 L.

Graycode- 1 0 1 0 _,‘Ti 1
% |
Binarycede - 1 0 1 g1 _ 0

Grayecode- 1 0 1 0 1.1

Binary code- 1 0 1 1;:-@__1]

Hence (101011)6ray =(101101),

6.5. The Digital Arithmetic
The basic rules for binary addition, subtraction, multiplication, and division are stated
as follows:

(a) 0+0=0.

(b) O+1=1.

(c) 1+0=1.

(d) 1+ 1 =0with acarry of ‘1’ to the next more significant bit.
The rules for binary subtraction are as follows:

(@) 0-0=0.

(b) 1-0=1.

(c) 1-1=0.

(d) 0-1 =1 with a borrow of 1 from the next more significant bit.
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Binary multiplication is the process of repeated addition. The basic rules of
multiplication are as follows:

(@) 0x0=0.

(b) 0x1=0.

() 1x0=0.

(d)1x1=1.
Binary Division
Binary division, similar to other binary arithmetic operations, is performed on binary
numbers. The algorithm for binary division is somewhat similar to decimal division; the
only difference here lies in the rules followed using the digits '0' and '1'. Binary
multiplication and binary subtraction are the two binary arithmetic operations that are
performed while performing a binary division. The use of only '0' and '1' makes binary
division quite simpler in comparison to decimal division. Other operations that are used
while performing binary division are binary multiplication and binary subtraction.

Following rules must be followed while doing a binary division-

Dividend Divisor Result
0 1 0
1 1 1
Division by a 0 is meaningless

Following are the steps to be followed in abinary division operation:

e Step 1: Compare the divisor with the dividend. If the divisor islarger, place O asthe
quotient, then bring the second bit of the dividend down. If the divisor is
smaller, multiply it by 1 and the result becomes the subtrahend. Then, subtract the
subtrahend from the minuend to get the remainder.

e Step 2: Then bring down the next number bit from the dividend portion and perform
step 1 again.

o Step 3: Repeat the same process until the remainder becomes zero or the whole
dividend is divided.

Ex. 6.21. Let A =(011010)2 and B = (0101). Perform division of A by B.

Solution: Given Dividend A= (011010), and the divisor, B = (0101),.
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Step 1: Since the zero in the most significant bit position doesn't change the value of the
number, let's remove it from both the dividend and divisor. So the dividend

becomes (11010)2, and the divisor becomes (101)2.

Step 2: Let us use the long-division method. In this step, compare the divisor 101 with
the first digit in the dividend 11010, since the divisor is smaller, it will be multiplied by
1 and the result will be the subtrahend. As per the binary multiplication rules: 101 x 1
=101 and this result is written below.

Step 3. Subtract the subtrahend 101 from the minuend 110. As per thebinary
subtraction rules: 110 - 101 = 001, this result is written below.

Step 4: As per the rules of division, the next least significant bit comes down, and the
divisor is multiplied by 1. Since the result, 101 is bigger than the minuend 0011, this
step cannot be completed. Then, we have to go to the next step.

Step 5: We write 0 as the next bit of the quotient and then, the least significant bit 0
comes down.

Step 6: Again the divisor is multiplied by 1 and the result is written as 101 x 1 =101

Step 7:As per the binary subtraction, subtracting 101 from 110, we
get, 110 - 101 = 001. The remainder is similar to Step 3, as all the
numbers are the same.

The binary division operation is completed now and we get-

e Quotient=101
e Remainder=001=1
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6.6. The Logic Gates

A logic gate is a device that acts as a building block for digital circuits. They perform
basic logical functions that are fundamental to digital circuits. In a circuit, logic gates
will make decisions based on a combination of digital signals coming from its inputs.
Most logic gates have two (or more) inputs and one output. Logic gates are based on
Boolean algebra. At any given moment, every terminal is in one of the two binary
conditions, false or true. False represents 0, and true represents 1. Depending on the
type of logic gate being used and the combination of inputs, the binary output will
differ. There are three basic logic gates, namely the OR gate, the AND gate, and the NOT
gate. The NAND gate, the NOR gate, the EXCLUSIVE-OR gate, and the EXCLUSIVE-NOR
gate are derived from the basic logic gates.

6.6.1: The OR Gate

An OR gate is a logic circuit with two or more inputs and one output. The OR operation
on two independent logic variables A and B is written as Y = A+B and treated as Y equals
A OR B. The output of an OR gate is LOW only when all of its inputs are LOW and for all
otherinput conditions, the output is HIGH. Fig. 6.3 shows the symbol and the truth table

of a two-input OR gate.

A B Y
0 0 0

A
Y=hA+H 0 1 1

B
1 0 1
1 1 1

Fig. 6.3: A Two-input OR gate and its truth table
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6.6.2. The AND Gate

An AND gate is a logic circuit having two or more inputs and one output. The AND
operation on two independent logic variables A and B is written as Y = A.B and treated
as Y equals A AND B. The output of an AND gate is HIGH only when all of its inputs are
in the HIGH state and all other cases, the output is LOW. Fig. 6.4 depicts the logic symbol

and truth table of a two-input AND gate.

A B Y
0 0 0

A -
} ¥=AB 0 1 0

B
1 0 0
1 1 1

Fig. 6.4: A Two-input AND gate and its truth table

6.6.3. The NOT Gate
A NOT gate is a one-input, one-output logic circuit whose output is always the
complement of the input. A LOW input produces a HIGH output and vice versa. It is also

known as an inverting circuit. Fig. 6.5 shows the logic symbol and truth table of a NOT
gate. The NOT operation on logic variable X is denoted as X . Let X be the input to a

NOT gate, then its output Y is given by Y = X and reads as Y equals NOT X.

X Y
X v = ¥=X
0 1

(a) (b) 1 0

Fig. 6.5: Symbol of a NOT gate and its truth table
6.6.4. The EXCLUSIVE-OR Gate
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The EXCLUSIVE-OR (Ex-OR) gate is a two-input, one-output gate. Fig. 6.6 shows the logic
symbol and truth table of a two-input Ex-OR gate. The output of an Ex-OR gate is a logic
‘1’ when the inputs are not similar and a logic ‘0’ when the inputs are similar. The output
of a two-input Ex-OR gate is given by -

Y = (A®B) = AB + AB

A B Y
0 0 0

A
) Y=AHH 0 1 1

B
1 0 1
1 1 0

Fig. 6.6: A two-input Ex-OR gate
6.6.5. The NAND Gate
An AND gate followed by a NOT gate gives rise to a NAND gate. Fig. 6.7(a,b) shows the
symbol and the truth table of a two-input NAND gate. The output of a NAND gate is a

logic ‘0’ when all its inputs are a logic ‘1’. For all other input combinations, the output

is a logic ‘1’. The output expression of a two-input NAND gate is given as-Y = A. B.

A B Y

A D A 0 0 1
.-I:>.._ :] v=AB

B B— | 0 1 1

(a) (b) 1 0 1

1 1 0

Fig. 6.7: A Two input NAND gate and its truth table
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6.6.6. The NOR Gate
An OR gate followed by a NOT gate gives rise to a NOR gate. The output of a NOR gate

is a logic ‘1’ when all its inputs are logic ‘0’. For all other input combinations, the output

is a logic ‘0’. The output of a two-input NOR gate is givenasY = A+ B

A B Y

A — D A - 0 0 1
D" ' | =R E!

B B D 0 1 0

(a) (b) 1 0 0

1 1 0

Fig. 6.8: A two-input NOR gate and its truth table
6.6.7. The EXCLUSIVE-NOR Gate
An EXCLUSIVE-NOR (Ex-NOR) gate can be realized by complementing the output of an
EX-OR gate. Fig 6.9 shows the symbol and the truth table of an Ex-NOR gate. The logic

expression for a two-input Ex-NOR gate can be given as Y = (A®B) = (A.B + A. E)

A B Y
0 0 1
.:l' e =
.) Y=A@E 0 1 0
B
1 0 0
1 1 1

Fig. 6.9: A two-input Ex-NOR gate and its truth table.
6.6.8. The Universal Gates
A universal gate is a logic gate that can implement any Boolean function without the

need to use any other type of logic gate. The NOR gate and NAND gate are universal
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gates. This means that we can create any logical Boolean expression using only NOR
gates or only NAND gates. In practice, this is advantageous since NOR and NAND gates
are economical and easier to fabricate than other logic gates. An AND gate is typically
implemented as a NAND gate followed by an inverter. Similarly, an OR gate is realized
as a NOR gate followed by an inverter. Fig. 6.10 and 6.11 shows NAND and NOR gate as

Universal gates, respectively.

] ¥ E A
T=h

(a) (a)
DD DD
B 1 B

(b) (b)

m =
[

- &
m 3=
ml
g
™ b
. *
; ;l
|m =
-

o
m

(c) (c)

Fig. 6.10: NAND gate as a Universal Fig. 6.11: NOR gate as a Universal gate.

gate.
6.7. The Boolean algebra
Boolean algebra is a division of mathematics that deals with operations on logical values
and incorporates binary variables. Most commonly Boolean variables are presented
with the possible values of 1 ("true") or 0 ("false"). Boolean algebra is different from
elementary algebra as the latter deals with numerical operations and the former deals
with logical operations. Elementary algebra is expressed using basic mathematical
functions, such as addition, subtraction, multiplication, and division, whereas Boolean
algebra deals with conjunction, disjunction, and negation.

Following are the important rules used in Boolean algebra.
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e A variable used can have only two values. Binary 1 for HIGH and Binary O for
LOW.

e The complement of a variable is represented by an overbar (-). Thus, the
complement of variable A is represented as A. Thus if A= 0thenA.=1and A=
1then A.=0.

e ORing of the variables is represented by a plus (+) sign between them. For
example, the ORing of A, B, and C are represented as A + B + C.

e Logical ANDing of the two or more variables is represented by writing a dot
between them such as A.B.C. Sometime the dot may be omitted like ABC.

Basic Boolean Laws:

Commutative law

Any binary operation which satisfies the following expression is referred to as a
commutative operation.

(i) AB=B.A (ii)A+B=B+A

Commutative law states that changing the sequence of the variables does not have any
effect on the output of alogic circuit.

Associative law

Thislaw states that the order in which the logic operations are performed isirrelevant as
their effect is the same.

e A+(B+C)=(A+B)+C=A+B+C (OR Associate Law)
e A(B.C)=(A.B)C=A.B.C (AND Associate Law)
e A+AB=A+B

Distributive law

Distributive law states the following condition.

e A(B+C)=A.B+A.C (ORDistributive Law)
e A+(B.C)=(A+B).(A+C) (AND Distributive Law)

Absorptive Law
This law enables a reduction in a complicated expression to a simpler one by absorbing
like terms.

e A+ (AB)=(A.1)+(A.B)=A(1+B)=A (OR Absorption Law)
e AA+B)=(A+0).(A+B)=A+(0.B)=A (AND Absorption Law)

Annulment Law
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A term AND‘ed with a “0” equals 0 or OR‘ed with a “1” will equal 1

e A.0=0 Avariable AND’ed with 0 is always equal to 0
e A+1=1 Avariable OR’ed with 1 is always equal to 1

Identity Law
A term OR‘ed with a “0” or AND‘ed with a “1” will always equal that term

e A+0=A Avariable OR’ed with 0 is always equal to the variable
e A.1=A Avariable AND’ed with 1 is always equal to the variable

Idempotent Law

An input that is AND‘ed or OR’ed with itself is equal to that input

e A+A=A Avariable OR’ed with itself is always equal to the variable
e A.A=A Avariable AND'ed with itself is always equal to the variable

Complement Law

A term AND‘ed with its complement equals “0” and a term OR’ed with its complement
equals “1”

A.A=0 Avariable AND’ed with its complement is always equal to 0
e A+A=1 Avariable OR’ed with its complement is always equal to 1

De-Morgan’s Theorems

(a) First Theorem: The complement of a product of variables is equal to the sum of
the complements of the variables: AB = A+ B
(b) Second Theorem: The complement of a sum of variables is equal to the product

of the complements of the variables: A + B = A.B

6.8. The Digital Circuits
Digital circuits are mainly classified into two type’s i.e. combinational and sequential
circuits.

6.8.1. The Combinational Circuits
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Combinational Logic Circuits are memoryless digital logic circuits whose output at any
instant depends only on the combination of its inputs. The outputs of combinational
logic circuits are only determined by the logical function of their current input state,
logic “0” or logic “1”, at any given instant in time. The result is that combinational logic
circuits have no feedback, and any changes to the signals being applied to their inputs
will immediately have an effect on the output. Hence, if one of the conditions of its
inputs changes state, from 0-1 or 1-0, so too will the resulting output as by default

combinational logic circuits have “no memory”, “timing” or “feedback loops” within

their design. Fig. 6.12 shows a typical combinational logic.

A EEEEE—
Miiitils Combinational Logic One or more
Inputs —5 Circuits outputs
>
C

Fig. 6.12. A combinational logic

Combinational logic circuits are made up of basic logic NAND, NOR, or NOT gates that
are “combined” or connected to produce more complicated switching circuits. These
logic gates are the building blocks of combinational logic circuits. Any combinational
circuit can be implemented with only NAND and NOR gates as these are classed as
“universal” gates. Common combinational circuits made up of individual logic gates that
carry out a desired application include Multiplexers, De-multiplexers, Encoders,
Decoders, Full, and Half Adders, etc. The three main ways of specifying the function of
a combinational logic circuit are:

1. Boolean Algebra — This forms the algebraic expression showing the operation of
the logic circuit for each input variable either True or False that results in a logic
“1” output.

2. Truth Table — A truth table defines the function of a logic gate by providing a
concise list that shows all the output states in tabular form for each possible
combination of input variables that the gate could encounter.

3. Logic Diagram — This is a graphical representation of a logic circuit that shows the
wiring and connections of each logic gate, represented by a specific graphical
symbol, which implements the logic circuit.
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Combinational Logic Circuit
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Arlhmetic £ Diata Coda
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Addarg Muhig i & | Binary
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Compatitod s Emcoders | T-sepment
PLDYs Drecodars

Fig. 6.13: Classification of Combinational Logic

6.8.2. The Sequential Circuits

Unlike combinational logic circuits that change state depending upon the actual signals
being applied to their inputs at that time, Sequential Logic circuits have some form of
inherent “Memory” built in. The output state of a “sequential logic circuit” is a function
of the following three states- the “present input”, the “past input” and/or the “past
output”. Sequential Logic circuits remember these conditions and stay fixed in their
current state until the next clock signal changes one of the states, giving sequential logic
circuits “Memory”.

Sequential logic circuits are generally termed as two-state or bistable devices which can
have their output or outputs set in one of two basic states, a logic level “1” or a logic
level “0” and will remain “latched” (hence the name latch) indefinitely in this current
state or condition until some other input trigger pulse or signal is applied which will
cause the bistable to change its state once again. Fig. 6.14 represents a sequential logic.
The word “Sequential” means that things happen in a “sequence”, one after another,
and in Sequential Logic circuits, the actual clock signal determines when things will

happen next.
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Fig. 6.14: Sequential logic.

Classification of Sequential Logic

As standard logic gates are the building blocks of combinational circuits, bistable |atches
and flip-flops are the basic building blocks of sequential logic circuits. Sequential logic
circuits can be constructed to produce either ssmple edge-triggered flip-flops or more
complex sequential circuits such as storage registers, shift registers, memory devices, or
counters. Table 6.6 provides the comparison between sequential and combinational logic
circuits. Either way, sequential logic circuits can be divided into the following threemain
categories:

1. Event Driven —asynchronous circuits that change state immediately when

enabled.

2. Clock Driven —synchronous circuits that are synchronized to a specific clock
signal.

3. Pulse Driven —which is a combination of the two that responds to triggering
pulses.
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Table 6.6 : Comparison between the Combinational and Sequential Logic Circuits

Parameters Combinational Circuit Sequential Circuit
Working A Combinational Circuit is a type | A Sequential circuit is a type
Principle of circuit in which the output is | of circuit where output not

independent of time and only
relies on the input present at that
particular instant.

only relies on the current
input but also depends on
the previous output.

Building blocks

The elementary building blocks of
a combinational circuit are its logic
gates.

The building blocks of a
sequential circuit are the
logic gates along with flip
flops.

Speed of
operation

As the input of current instant is
only required in the case of a
Combinational circuit, it is faster
and better in performance as
compared to that of a Sequential
circuit.

Sequential circuits are
comparatively slower and
have low performance as
compared to that
Combinational circuits.

Availability of
the feedback

Since output does not depend on
the time instant, no feedback is
required for its next output
generation.

The output relies on its
previous feedback so the
output of the previous input
is being transferred as
feedback used with input for
the next output generation.

Ease of
implementation

No implementation of feedback
makes the combinational circuit
less complex as compared to a
sequential circuit.

The implementation  of
feedback makes the
sequential  circuit more
complex as compared to a
combinational circuit.

Applications

Combinational circuits are mainly
used for arithmetic as well as
Boolean operations.

Sequential circuits are mainly
used for storing data.
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SOLVED EXAMPLES
Ex. 1: Find the decimal equivalent of the following binary numbers expressed in the
2’s complement format:
(a) 00001011
(b) 10001011
Solution:
(a) The MSB bit is ‘0’, which indicates a plus sign.
The magnitude bits are 0001011
The decimal equivalent = 0x26 +0x25+0x2% +1x23+0x22 +1x21+1x2°
= 0+0+0+8+0+2+1 =11
Therefore, 00001011 represents +11
(b) The MSB bit is ‘1’, which indicates a minus sign
The magnitude bits are therefore given by the 2’s complement of 0001011, i.e.
1110100
The decimal equivalent = 1x26+1x2°+1x2% +0x23+1x22 +0x2! +0x2°
=64+32+16+0+4+0+0=116
Therefore, 10001110 represents 116
Ex.2: Calculate (a) the excess-3 equivalent of (1707.717)10 and (b) the decimal
equivalent of the excess-3 number 110111101011.00110101.
Solution: (a) For integer part, the Ex-3 numberis1707+3333=4 10 3 10
Now replacing digits 4 10 3 10 with the four-bit binary equivalents, we get the
excess-3 code for (1707)10 as 0100 1010 0011 1010 = 0100101000111010
For fractional part, the excess-3 code for (.717)10 is 7+3=10; 1+3=4; 7+3=10. Now these
digits with the four-bit binary equivalents as — 1010 0100 1010= 101001001010
Hence the excess-3 code for (1707.717)10 =0100101000111010. 101001001010
(b) To obtain the decimal equivalent from the given excess-3 code, subtracting 0011
from each four-bit group-
For integer part-1101-0011=1010;1110-0011=1011;1011-0011=1000

For fractional part-0011-0011=0000; 0101-0011=0010
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The decimal equivalent for the integer part=10118
The decimal equivalent for fractional part=02
Hence, the decimal equivalent of (110111101011.00110101) gx-3= (10118.02)10.
Ex. 3: Perform the following addition operations:
(a) (AF1.B3)16 + (FFF.E)16
(b) (275.75)10 + (37.875)10
Solution:
(a) (AF1.B3)16=(101011110001.10110011), and (FFF.E)1s =(111111111111.1110)>.
To have the same number of bits in the integer and fractional parts,
(11121222121111.1110)3 can also be written as (111111111111.11100000);
The two numbers can now be added as-
0101011110001.10110011
0111111111111.11100000

1101011110001.10010011
The hexadecimal equivalent of (1101011110001.10010011); is (1AF1.93)16
(b) The given decimal numbers need to be converted into their equivalent binary
numbers.
(275.75)10 = (100010011.11); and (37.875)10 = (100101.111),
The two binary numbers can be rewritten as (100010011.110); and
(000100101.111); to have the same number of bits in their integer and fractional
parts. The addition of two numbers is performed as follows:
100010011.110
000100101.111

100111001.101

The decimal equivalent of (100111001.101); is (313.625)10.

Ex.4: Perform (185)10 —(8)10 using the excess-3 code.
Solution:
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= (185)10=(0001 1000 0101)gcp. The excess-3 equivalent of (0001 1000 0101)scp =
0100 1011 1000.
= (8)10=(008)10 = (0000 0000 1000)scp. The excess-3 equivalent of (0000 0000
1000)scp = 0011 0011 1011.
= Subtracting-
0100 1011 1000
- 0011 0011 1011

000101111101

Ex.5: Realize a four-input OR gate using two-input OR gates only.

B

(&) b}
Solution: Fig. (a) shows an arrangement of two-input OR gates to work as a four-input
OR gate. A, B, C, and D are logic inputs and Y3 is the output.
Fig. (b) shows another possible arrangement.
In the case of Fig. (a), the output of OR gate 1is Y1 = (A+B). The second OR gate produces
the output Y2 = (Y1+C) =(A+B+C). Similarly, the output of OR gate 3 is Y3 =(Y2+D)
=(A+B+C+D).
In the case of Fig.(b), the output of OR gate 1 is Y1 =(A+B). The second OR gate produces
the output Y2 =(C +D). Output Y3 of the third OR gate is given by(Y1+Y2) = (A+B+C +D).
Ex.6: Realize a four-input AND gate using two-input AND gates only.
Solution: Fig. below shows the implementation of a four-input AND gate using two-
input AND gates. The output of AND gate 1is Y1 = A.B. The second AND gate produces
an output Y2 given by Y2 = Y1.C = A.B.C. Similarly, the output of AND gate 3isY =Y2.D
= A.B.C.D.
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G 3 Y=AB.C.D
D

Ex. 7: Realize the followings-
(a) a four-input NAND gate using two-input AND gates and NOT gates;
(b) a three-input NAND gate using two-input NAND gates;
(c) a NOT circuit using a two-input NAND gate;
(d) a NOT circuit using a two-input NOR gate;
(e) a NOT circuit using a two-input EX-NOR gate.
Solution:
(a) The figure below shows the arrangement. The logic diagram is self-explanatory.
The first step is to get a four-input AND gate using two-input AND gates. The

output thus obtained is then complemented using a NOT circuit as shown.

A )7
c YA B.CD

]

(b) The first step is to acquire a two-input AND from a two-input NAND. The output
of the two-input AND gate and the third input then feed the inputs of another

two-input NAND to get the desired output.

5—] _}7*r iET

c

(c) Shorting the inputs of the NAND gives a one-input, one-output NOT circuit. This

is because, a NAND gate, a similar set of inputs produces a logic LOW(0) output.

(d) Shorting the inputs of a NOR gate gives a NOT circuit. For a NOR gate, when all

inputs are at logic zero, the output is HIGH(1) and vice-versa.
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(e) In a two-input EX-NOR gate, if one of the inputs is permanently tied to a logic ‘0’
level and the other input is treated as the input, then it behaves as a NOT circuit

between input and output.

EXERCISE QUESTIONS
1. What do you understand by the 1’s and 2’s complements of a binary number?
2. Show that:
(@) (13A7)16 = (5031)10;
(b) (3F2)16= (1111110010),.
3. Distinguish between weighted and unweighted codes. Give two examples of both
codes in brief.
4. What is an excess-3 BCD code? lllustrate with the help of an example, how the
shortcoming of the 8421 BCD code is overcome in the excess-3 BCD code.
5. Whatis a Gray code? Why it is also called a binary-reflected code? Briefly discuss
a few applications of a Gray code.
6. In 16-bit format, write the excess-3 equivalent codes for (5)10, (68)10, and (467)10.
7. Determine the Gray code equivalent of (10111), and the binary equivalent of the
Gray code number 1010010.
8. Perform the binary division up to two binary places:
(a) (100.0001); + (10.1),.
(b) (111001); + (1001)2.
(c) (111.001); x (1.11),.
9. Perform the following operations using 2’s complement arithmetic:

(a) (+43)10 - (-53)10.
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(b) (LABC)16 + (1DEF)1s.
(c) (3E91)16 - (1F93)16.

10. What is the concept of a Universal gate? With suitable examples, explain why
NAND and NOR gates are called universal gates.

11. Realize Ex-OR gate using NAND gate and NOR gates.

12. Draw the truth table of the logic circuit shown in the figure below-
A

3 :

C }75'

Self-Study Questions

1. How do you distinguish between positive and negative logic systems? Prove that
an OR gate in a positive logic system is an AND gate in a negative logic system.

2. Give brief statements that would help one remember the truth table of AND,
NAND, OR, NOR, EX-OR, and EX-NOR logic gate functions, irrespective of the
number of inputs used.

3. What is meant by the radix or base of a number system? Briefly describe why
hex representation is used for the addresses and the contents of the memory
locations in the main memory of a computer.

4. What will be the range of decimal numbers that can be represented using a 16-
bit 2’s complement format?

5. In a number system, what decides (a) the place value or weight of a given digit

and (b) the maximum numbers representable with a given number of digits?
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Multiple Choice Questions

What is Digital Electronics?

a) Field of electronics involving the study of digital signal

b) Engineering of devices that digital signal

c) Engineering of devices that produce a digital signal

d) All of the mentioned

Which of the following is correct for Digital Circuits?

a) Less susceptible to noise or degradation in quality

b) Use transistors to create logic gates to perform Boolean logic
c) Easier to perform error detection and correction with digital signal
d) All of the mentioned

Which of the following is a type of digital logic circuit?

a) Combinational logic circuits

b) Sequential logic circuits

c)Botha &b

d) None of the mentioned

Which of the following codes is a sequential code?

a) 8421 code

b) 2421 code

c) 5421 code

d) 2441 code

Which of the following options correctly represents the characteristic of the Excess —
3 code?

a) It is a reflexive as well as a sequential code

b) It is a reflexive code but not a sequential code

c) It is a sequential code but not a reflexive code

d) It is neither a reflexive code nor a sequential code

The result “X + XY = X” follows which of these laws?

a) Consensus law

b) Distributive law

c) Duality law

d) Absorption law

Which of the following points is not correct regarding an Ex-NOR gate in Digital
Electronics?

a) It is a one-bit comparator

b) It is a buffer

c) It is a one—bit inverter

d) It is a universal gate

Which gate is called the anti—coincidence and coincidence gate respectively?
a) XNOR and XOR

b) AND and OR

c) OR and AND

d) XOR and XNOR
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10.

11.

12.

13.

14.

15.

16.

17

Which of the following options represents the correct reduction of XYZ + XYZ?

a)o

b)YZ

c)X+X

b) 2YZ

What determines the output from the combinational logic circuit in Digital

Electronics?

a) Input signals from the past condition

b) Input signals at the present moment

c) Input signals from both past and present

d) Input signals expected in future

Any signed negative binary number is recognized by its

a) MSB

b) LSB

c) Byte

d) Nibble

If the decimal number is a fraction then its binary equivalent is obtained by
the number continuously by 2.

a) Dividing

b) Multiplying

c) Adding

d) Subtracting

The representation of an octal number (532.2)8 in decimal is

a) (346.25)10

b) (532.864)10

C) (340.67)10

d) (531.668)10

An important drawback of a binary system is

a) It requires a very large string of 1’s and 0’s to represent a decimal number
b) It requires a sparingly small string of 1’s and 0’s to represent a decimal number
c) It requires a large string of 1’s and a small string of 0’s to represent a decimal
number
d) It requires a small string of 1’s and a large string of 0’s to represent a decimal
number

On multiplication of (10.10) and (01.01), we get
a) 101.0010
b) 0010.101
c) 011.0010
d) 110.0011
In boolean algebra, the OR operation is performed by which properties?
a) Associative properties
b) Commutative properties
c) Distributive properties
d) All of the Mentioned
A(A+B)=?
a) AB
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18

19

20

21

22

23

24

25

26

b) 1

c) (1 +AB)

d)A

DeMorgan’s theorem states that

a) (AB) =A"+PB’

b) (A+B) =A"*B

c)A+B =AB

d) (AB)'=A"+B

The code where all successive numbers differ from their preceding number by a
single bit is

a) Alphanumeric Code

b) BCD

c) Excess 3

d) Gray

. How many AND gates are required to realize Y = CD + EF + G?

a)4

b) 5

c)3

d) 2

The NOR gate output will be high if the two inputs are

a) 00

b) 01

c) 10

d) 11

How many two-input AND and OR gates are required to realize Y = CD+EF+G?
a)2,2

b) 2,3

c)3,3

d) 3,2

How many two-input AND gates and two-input OR gates are required to realize Y =
BD + CE + AB?

a)3,2

b) 4,2

1,1

d)2,3

How many truth table entries are necessary for a four-input circuit?

a)4

b) 8

c)12

d) 16

Which input values will cause an AND logic gate to produce a HIGH output?
a) At least one input is HIGH

b) At least one input is LOW

c) All inputs are HIGH

d) All inputs are LOW

The AND function can be used to and the OR function can be used to
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a) Enable, disable
b) Disable, enable
c) Synchronize, energize
d) Detect, invert
27 If we use an AND gate to inhibit a signal from passing one of the inputs must be

a) LOW
b) HIGH
c) Inverted
d) Floating
28 Which of the following combinations of logic gates can decode binary 1101?
a) One 4-input AND gate
b) One 4-input AND gate, one inverter
c) One 4-input AND gate, one OR gate
d) One 4-input NAND gate, one inverter
29 CMOS technology used in?

a) Microprocessor

b) Inverter

c) Digital logic

d) Both optionsaandc

MCQ Answer key:
1 d 9 b 17 d 25 c
2 d 10 b 18 a 26 a
3 c 11 a 19 d 27 a
4 a 12 b 20 d 28 b
5 a 13 a 21 a 29 d
6 d 14 a 22 a
7 a 15 c 23 a
8 d 16 d 24 d
@EQ@E@@@Q@
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CO AND PO ATTAINMENT TABLE

Course outcomes (COs) for this course can be mapped with the programme outcomes (POs) after
the completion of the course and a correlation can be made for the attainment of POs to analyze
the gap. After proper analysis of the gap in the attainment of POs necessary measures can be
taken to overcome the gaps.

Table for CO and PO attainment

Course
Outcomes

Attainment of Programme Outcomes
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)

PO-1

PO-2 PO-3 PO-4 | PO-5 | PO-6 PO-7 PO-8 | PO-9 | PO-10 PO-11 PO-12

CO-1

CO-2

Co-3

CO-4

COo-5

CO-6

CO-7

The datafilled in the above table can be used for gap analysis.
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By changing the area of overlapping plates,186
By changing the permittivity of the dielectric medium,186

C

Capacitive Transducer,184

Capacitive Tuning,108

Capacitor Filter,29

Characteristics of a Transducers,172
Characteristics of Zener diodes,38
Classification of Oscillator,101
Classification of Transducer,173

Close loop Configurations of an Op-Amp,122
CMOS,75

Colpitts Oscillator,106

Common Base Configuration (CB),55
Common Collector Configuration(CC),57
Common Emitter Configuration(CE),56
Commutative law,237

Comparison between BJT and FET,70
Complement law,238

Concept of Virtual ground,120

Crystal Oscillator,107

Current to voltage converter,127
Current-Series Feedback,96

D

D’ Arsonval Movement,158

DC diode model,35

DC Load Line,58

DC Power Supply,16

Decimal Number System,203
Decimal-to-Binary Conversions,210
Decimal-to-Hexadecimal Conversions,212
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Decimal-to-Octal Conversions,211
Differential Amplifier,121

Diode as a Rectifier,17

Diode as a switch,36

Diode capacitance,12

Diode Equivalent Circuit,35
Distributive law,237

D-MOSFET (n-channel),70

E

Effect of negative feedback on the gain and bandwidth,97
Electrical Equivalence Osillator,107

Electrical Transducers,171

Electrodynamic Fregquency Meter,169

E-MOSFET (n-channel),73

Energy Band Diagram for a P-N junction,5

Energy band diagrams for P-N junction with external bias,11
Excess-3 Code, 225

F

Factor influencing the choice of transducers,172
Feedback connection types,92

FET Parameters,69

Filters,27

For NPN transistors,54

For PNP transistors,54

Forward bias condition,8

Forward Bias,9

Frequency Meters,168

Full Wave Centre tapped rectifier,22
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G

Galvanometer,164

General characteristics of a negative feedback amplifier,97
General characteristics of an Op-Amp,115

Generalized Expression for S61

Gray Code,226

Gray Code-Binary Conversion,228

H
Half wave Rectifier,17

Hall Effect Transducer,182

Hartley Oscillator,106

Hexadecimal Number System,207
Hexadecimal-to-Decimal Conversions,210
Hex-Octal and Octal-Hex Conversions,222
High pass Active filter,135

High pass Active filter,136

| dempotent law,238

| dentity law,238

Important Specification of Op-Amp,118
Induction filter,27

Inductive Tuning,108

Input |mpedance with feedback,94
Input impedance with feedback,94
Input offset Voltage(V/;,),118

Input stage, 116

Intermediate stage, 116

Inverter ( Sgn Changer),126

Inverting Amplifier with Feedback,125
Inverting Amplifier,121
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J
Junction Field effect transistors (JFET),64

L

LC Oscillator,105

Level Shifter,116

Light Emitting Diodes(LED),37\

Liner Potentiometers,168

Liner variable differential transformer (LVDT),179
Low passfilter,134

M

Maximum Power Dissipation (P; 4 ),38

Mixed tuning,108

Modes (Regions) of operation of BJT,52

MOSFET (Metal oxide semiconductor field effect transistor),70
Moving Iron Frequency Meter,168

Multi range Ohmmeter,164

N

Non-Inverting Amplifier with Feedback,122
Non-Inverting Amplifier,121

Number Representation in Binary System,208

O

Octal Number System,207
Octal-to-Decimal Conversions,210
Ohmmeter,162

OP-Amp as an Integrator,131
OP-Amp as a Subtractor,130
OP-Amp as Differentiator,132
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Open Loop configuration of an Op-Amp,120
Operation of a JFET (n-channel),65
Oscillators,98

Output Impedance with feedback,95

Output offset voltage(V,, ),118

Output stage,116

P

Permanent Magnet Moving Coil Instrument,159
Photo Diode,38

Piezoelectric Transducer,188

P-N Junction with external bias,7

Position of Fermi level in doped Semiconductors,5
Potentiometer,166

R

RC phase shift oscillator,103

Reduction in frequency distortion,97
Reduction in nonlinear distortion and noise,97
Reverse Bias, 10

Review of a P-N junction,3

Rotary Potentiometer,167

S

Seismic Transducer,190

Semiconductor band and Fermi energy levels,5
Sensistor Compensation,63

Sensors and Transducers,171

Series Ohmmeter,162

Shunt Ohmmeter,163

Sgn-Bit Magnitude,208

Slicon Controlled Rectifiers,40

Soecial Purpose Diodes, 37
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Soecification of Op-Amp,118

SRC Characteristics and Ratings,42

Satic and dynamic resistance of a P-N junction diode, 11
Strain Gauges,174

Summing, Scaling, and Averaging Amplifiers,127
Switching time of a Diode, 15

T
Temperature Effect on Diode, 14
The AND Gate,233

The Boolean algebra,236

The Combinational Circuits,238
The concept of feedback,90

The Decimal Equivalent,209
The Digital Arithmetic,229

The Digital Circuits,238

The EXCLUSVE-NOR Gate,235
The EXCLUSVE-OR Gate, 234
The Field Effect Transistor (FET),64
The gain with feedback,93

The Logic Gates,232

The NAND Gate,234

The NOR Gate,234

The NOT Gate, 233

The number system,203

The OR Gate,232

The Sequential Circuits,240

The Universal Gates,235

The V-1 Characteristics,3
Thermal Sability,61

Thermistor Compensation,62
Thermistors,176

Transistor as Amplifier,63
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Transistor biasing,59
Transistor Configuration,55
Transistor operation in linear mode,54

\

Vibrating-reed Frequency Meter,170
Vibrometer,191

Voltage-Series Feedback,96
Voltage-Shunt feedback,95

w
Wien Bridge Oscillator,104
Working Principal of Galvanometer,165

Z

Zener Breakdown,33

Zener Current(l, ),38

Zener Diode as a Voltage Regulator,31
Zener Diode,37

Zener Resistance (R, ),38

Zener Voltage(V, ),38

Zero bias voltage,7
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