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PREFACE

The book titled “Analog Electronic Circuits: Theory and Practical” is an outcome of the rich
experience of our teaching of analog circuit courses. The initiation of writing this book is to expose the
basic of the analog electronic circuit to the engineering student. The book covers all the basic electronic
devices typically employed in electronic circuits starting from a simple diode to complex op-amps
devices. The book also presents the fundamental aspects of solving analog circuits using simple circuit
analysis techniques. Keeping in mind the purpose of wide coverage as well as to provide essential
supplementary information, we have included the topics recommended by AICTE, in a very systematic
and orderly manner throughout the book. Efforts have been made to explain the fundamentahconcepts
of the subject in the simplest possible way.

During the process of preparation of the book, we have considered simple circuitiy:approach for
solving various analog circuits. The books have the complex derivation of the analeg circuitry using
the basic equivalent circuit of the devices. The book starts with the elementary diode, and its frequently
employed application in rectifier, clipper and clamper ciréuit. The chapter preséntshe’detailed steps
in solving the analog circuits employing the diodes using basic circuitry analysis Which_can be easily
grasped by the students. Complex analysis using theéxact equivdlent mode! forithe diodewas avoided.
While preparing the different sections emphasis h@s also been laid ofvmaking'the analysis simple and
accurate. Students will be able to solve any complex analog circuitry using diodevbased on the steps
given in the chapter. The same is applicablesto the other chapters of -BJTs, MOSFETs and op-amps.
Similarly, book also covers different dapplications of theselectronic devices in various signal
conditioning circuits. The chapters on the linear and non-linearapplications of the op-amps cover
complete design details and illustrations. Theanalysis given isusing equivalent electrical circuit model
of the op-amp. The usage of equivalent electrical circuit model of.the op-amp makes the complex op-
amp circuitry very simple.

Thus, the book covers all types of meditm’and~advanced level derivations for the given analog
circuitry. Using the given book, the engineering students:will be able to design various analog circuits
using semiconductor devices like diodes, BJTs,MOSEETs, op-amps etc. Using this book and knowledge
of analog electronics students will beyableto-tackle 2st century and onward engineering challenges
and address the related aroused guestions.\T'he sutbject matters are presented in a constructive manner
so that an engineering degree prepares. students'to work in different sectors or in national laboratories
at the very forefront of technology.

We sincerely hope.that the bookwill inspire the students to learn and discuss the ideas behind
basic principles analogrelectronics and will surely contribute to the development of a solid foundation
of the subject. We wouldbethankful to all beneficial comments and suggestions which will contribute
to the improvenient of the future editions of the book. It gives us immense pleasure to place this book
in the hands of the teachers and students. It was indeed a big pleasure to work on different aspects
covering in the book.

Dr. Venu Sonti
Dr. Sachin Jain
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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 all learners without giving up at any level. At the end of
the programme running with the aid of outcome based education, a student will‘be*able to
arrive at the following outcomes:

POI1.

PO2.

PO3.

POA4.

POSsS.

PO6.

PO7.

POS.

Engineering knowledge: Apply the knowledge of mathematics, science,.engineering
fundamentals, and an engineering specializationfto the solution of compléx engineering
problems.

Problem analysis: Identify, formulate, réview resedreh literature, and analyze complex
engineering problems reaching substantiated conclusiens using «first principles of
mathematics, natural sciences, and engineering sciehces.

Design / development of solutions: Designysolutions fOr® complex engineering
problems and design system‘€omponents etprocésses that, meet the specified needs
with appropriate consideration for the ‘public “healthiand safety, and the cultural,
societal, and environmental considerations.

Conduct investigations of complex problems:“Use research-based knowledge and
research methods including design of‘€xperiménts, analysis and interpretation of data,
and synthesis of the information t0 provide valid conclusions.

Modern tool usage:.Créate, select, and apply appropriate techniques, resources, and
modern engineering,‘and<EF tools” including prediction and modeling to complex
engineering activities with anrunderstanding of the limitations.

The engineer-and society:\Apply reasoning informed by the contextual knowledge to
assess societaly “health; safety, legal and cultural issues and the consequent
respofisibilifies relevant to the professional engineering practice.

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

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

(vii)



PO9.

PO10.

POL11.

PO12.

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 w@&, a

AN

s a
member and leader in a team, to manage projects and in mult{&jscg‘l“igary
O

environments. & O
Life-long learning: Recognize the need for, and have the prepar@n ang ability to
e broadest C(@gxké@

engage in independent and life-long learnin
change.

echnological
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COURSE OUTCOMES

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

CO-1: Analyze and evaluate the analog electronic circuits with diodes, BJTs, MOSFETs or

op-amps.

CO-2: Analyze and design the analog electronic circuits for various signal conditioning like
clipping, clamping and regulation and waveform generation like square wave, sine

wave triangular wave etc.

CO-3: Analyze and design the analog electronic circuits for given gain and attemiations of
input signal.

CO-4: Analyze and design various amplifier circuits like differential amplifiers and”power
amplifiers.

CO-5: Analyze and design the analog electronic circuits having op-amps for.their linear and
non-linear application

Course
Outcomes

Expected Ma
(1- Weak Correlation;

PO-2

om

on

N

E)

N

relation)

-10

with f@b‘bt@ es’
corre ;3
PO-6 | PO-7. -
v

PO-11

PO-12

CO-1

CO-2

Co-3

CO-4

CO-5

Wlw|lw|lw|lw]| o
v
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ABBREVIATIONS AND SYMBOLS

List of Abbreviations

General Terms

Abbreviations Full form Abbreviations Full form
ADC Analog to Digital Converter MOSFET Metal Oxide Semiconductor
Field Effect Transist({
o o o o ® 57
BIT Bipolar Junction Transistor Op-amp Operational Amp&)ﬁ&
<
LN
CMRR Common Mode Rejection Ratio PSSR Power Supply %&\mn g;g’()
SN

List of Symbols

Symbols Description
q Charge of an electron
aq Ideality factor the diode
K3 Boltzmann constan
Io Reverse saturation ¢
Vr Thermal volta;
Current ga
a
B Current gain 1
Current gain i mo ‘\(‘ > Q
’ collectorco ati &\Q Yo
I 0 t\l}@msto@ 4
e co \
af thy sistor
hrb‘ @ gm
\ co ation
gail e transistor
hys % . Aor
ba& nfiguration
h ittance of the transistor in R
o8 mon base configuration "
I t impedance of the transistor in R
i common emitter configuration °
h Reverse voltage gain of the transistor y
- in common emitter configuration ¢
A Forward current gain of the transistor
5 A

in common emitter configuration

Qnsmtor n

escg\
tpug‘r1 ittal

éﬂ 1tter‘ guration

e transistor in

or conﬁguratlon
gain of the transistor
collector configuration
oltage gain of the transistor
mmon emitter configuration
ard current gain of the transistor
3 in common emitter configuration

Input impedance of the amplifier
Voltage gain of the amplifier
Output admittance of the amplifier
Current gain of the amplifier
Transconductance
Open loop gain of the op-amp
Input resistance of the op-amp
Output resistance of the op-amp
Differential gain

commonmode gain




GUIDELINES FOR TEACHERS

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

Within reasonable constraint, they should manoeuvre time to the best advantage of all

students.

e They should assess the students only upon certain defined criterion witho
any other potential ineligibility to discriminate them.
e They should try to grow the learning abilities of the students to a {{Qﬂ@%l before
they leave the institute. C}
e They should try to ensure that all the stude W «;\ gknowledge
as well as competence after they finish thiei ' \§>
e They should always encourage the \ th\ uh{@te performance
capabilities. & O
e They should facilitate and en cgndtéﬁl \@k to consolidate newer
approach. \'*:‘at
e They should follow Blo {\ﬁ:e assessment.
ax o 6’3
Level achex@ould \,Student should be Possible Mode of
é{ able to Assessment
N
Create Qjé Qsﬁ;f eg\& Design or Create Mini project
Evaluate \ Q'\o X z@ktiﬁghw to Argue or Defend Assignment
io\smdents ability to Differentiate or Project/Lab
P distinguish Distinguish Methodology
Students ability to Operate or Technical Presentation/
use information Demonstrate Demonstration
Set)?;z?ltls ;l;iliigzatso Explain or Classify Presentation/Seminar
Students ability to Define or Recall Quiz

recall (or remember)

(oxi)
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GUIDELINES FOR STUDENTS

Students should take equal responsibility for implementing the OBE. Some of the

responsibilities (not limited to) for the students in OBE system are as follows:

Students should be well aware of each UO before the start of a unit in each and 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 programme. 'b\
Students should think critically and reasonably with proper reflection and@'io L
Learning of the students should be connected and integrated with practi ar&é«ﬂ life

consequences. ()
Students should be well aware of their compe at every leVQl}@f%@
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PN Junction Diode

UNIT SPECIFICS

Through this unit we have discussed the following aspects:

e [Introduction to PN junction diode;

e Operation of an unbiased PN junction diode;
o Operation of a biased PN junction diode;

o [V characteristics of PN junction diode;

o [V characteristics equation of a RN Junction diode;
o Operating point calculation in PN Junction diode;
e Application of the PN junction diodes,

e  Rectifier;

o Zener diode;

o Clipping circuit;
o Clamping circuit;

RATIONALE

This fundamental unit on the PNgunttion diode hielps students to get a primary idea about the operation
of the PN junction diode undei~both unbiased.and biased operating conditions. Once the operation of
the PN junction diode is clear, thensthe I\Vicharacteristics of the PN junction diode are discussed to
understand the electrical béhayviour ofthe PN junction diode. Then the I-V characteristic equation of
the PN junction diodes explained towdetermine the relationship between the current and voltage in the
PN junction diodeN\This, eharactefistics equation is necessary to identify the behaviour of the various
operating conditions. 4l these concepts are required for obtaining the operating point of the PN
Jjunction diode.> The‘operating point will always ensure that the diode always operates in stable and
desired operatingyconditions. Next, the practical applications of the PN junction diode are discussed
to identify its real-time applications like rectifiers, clipping circuits and clamping circuits. The unit
also explains the construction, working and characteristics of the zener diode All these concepts are
essential to in understanding the operation of various electronic circuits. The laboratory experiments
related to the I-V characteristics of the PN junction diode, zener diode, clipping and clamping circuits,
and design of the rectifiers were presented in the appendix of the book.



PN Junction Diode | 2

PRE-REQUISITES
Physics: Semiconductor (Class XII)

UNIT OUTCOMES

List of outcomes of this unit is as follows:

Ul-01:
Ul-02:
Ul-03:
Ul-04:
Ul-05:

Understand the basics of PN junction diode

Identify the I-V characteristics of the PN junction diode ‘\Q}
Identify the operating point of the PN junction diode Q;&(’ \é‘“‘
Realize the applications of the PN junction diode & 0(}
Understand the basics of zener diode along with the I—Vcharacteristic.é& 630

Unit-1 EXPECTED MAPPI

Outcomes

. "CO-5
U1-01 o

U1-02

U1-03

U1-04

1
1
1
1
1

U1-05




3 | Analog Electronic Circuits: Theory and Practical

UNIT-I
PN Junction Diode

1.1 PN Junction Diode

A PN junction diode is a semiconductor device that is formed

by a combination of P-type and N-type semiconductor materials. ?0165 E/lectmns
In P-type semiconductor material, the holes are the majority O IO
P-type -types ¢

charge carriers whereas the electrons are the minority charge —Anode®™ = o ioauctor| Sermicananeior [ Carrode
carriers. Similarly, in the N-type semiconductor material, the ceooolantes
electrons are the majority charge carriers whereas the holes are Fig. 1.1.1 BN junction diode.
the minority charge carriers. Fig. 1.1.1 shows the PN junction.

diode. The PN junction diode generally has two terminalgt anode

and cathode. The anode is always connected withs@, metallic

contact on the P-type semiconductor material whilé the cathode

terminal is always connected with a metallic contact on the N- A“°de.—[>‘—-cath°de
type semiconductor material. Here, the anode.is denoted by the A ®
term A and the cathode is denoted by the tefm' K. Fig. 1.1.2'shows Fig1.1.2:Symbol of PN junction
the symbol of the PN junction diode. As the diode is one of the diode.
fundamental elements that is used indlarge number of el¢etronic

circuits, it is always essential to study the,operation ofithe‘diodes:

1.2 Operation of an Unbiased)PN dunction Diode

A PN junction diode without any biasing or a’battery4s.called a PN junction diode under equilibrium. In
an unbiased PN junction diode, due totthe difference in the charge carrier concentrations, the charge carriers
will transfer from the higher concentration‘side to the lower concentration side. The process of transfer of
charge carriers from the higher concentration side to the lower concentration side is called diffusion. In the
PN junction diode because of the diffusion, the holes which are the majority charge carriers in the P-type
semiconductor will trangfer-fromsthe P4ype semiconductor (higher concentration side) to the N-type
semiconductor (lower concentration side). Similarly, the electrons which are the majority charge carriers in
the N-type semiconduetor will'transfer*from the N-type semiconductor (higher concentration side) to the P-
type semiconductor (lowerconcentration side). Fig. 1.2.1 shows the process of diffusion in the PN junction
diode.

The holes'that.dre crossing the junction and entering the N-type semiconductor due to diffusion combine
with the electrons in the N-type semiconductor. Similarly, the electrons that are crossing the junction and
entering the P-type semiconductor due to diffusion combine with the holes in the P-type semiconductor.
Due to this combination of electrons and holes, a layer is formed in the PN junction diode which is depleted
of free charges. This layer is called the depletion layer or depletion region or
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H()]esN 7\E1€Ct1'01’1S
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Fig. 1.2.1 Diffusion in PN junction diode.

space charge region. The width of the depletion layer will increase and this widening of the depletionregion
will stop at a point beyond which there is no diffusion of holes and electrons. Therefore,this deplétion region
will act as a barrier for the crossing of electrons and holes in the equilibrium conditiof, Fig.,1.2¢2 shows the
operation of an unbiased PN junction diode. If the P-type anddN-type semiconductors hayeithe same charge
concentration, then the width of the depletion layer will be€qualdnboth P-typgand N-type semiconductors.
If the charge concentration of the P-type semiconducter is more compared to the/N=type semiconductor,
then the width of the depletion layer is more ingdthe N-type ‘semiconductor“compared to the P-type
semiconductor.

Depletion Layer
Electfons ., 'J e qu.es

. N—_t_y}.)Ee: : —a K

0000060000

Direction.of junction
eleetric field (E)

Fig. 1.2:2 Operation of unbiased PN junction diode.

Due to the presence ot holes.in.the N*type semiconductor and electrons in the P-type semiconductor, there
exists an electric field (E)«at.the junction of the PN junction diode. This electric field at the junction leads to
the formation gfibarrierspotential. The barrier potential is approximately 0.7 V for Si made PN junction
diode and 0.3V for the’ Germanium-made PN junction diode.

1.3 Operation of a Biased PN Junction Diode

A PN junction diode for which the biasing or the battery is connected is called the biased PN junction
diode. Based on the direction of the biasing, the PN junction diode operates in two regions: forward-biased
and reverse-biased. In the forward-biased condition, the positive of the power supply or battery is connected
to the anode terminal while the negative of the power supply or battery is connected to the cathode terminal.



5 | Analog Electronic Circuits: Theory and Practical

In the reverse-biased condition, the negative of the power supply or battery is connected to the anode
terminal while the positive of the power supply or battery is connected to the cathode terminal. Fig. 1.3.1
shows the forward-biased and reverse-biased PN junction diode. A current limiting resistor is always
connected in series with the diode to limit the starting current.

Depletion Layer Depletion Layer
o Electrons _ | _, Holes o Electrons ¢ _» Holes
Current limiting u Current limiting o o)
resistor resistor

R R (R ]
- N-type £ - P-type : *

y

P-type

N-type

0000000006
0000000000
0.00.0.00.0°00.0
0000000000

0.0 00000000
Q000000000

+

-

s s

(a) Forward biased condition (b) Reyerse biasedicondition

Fig. 1.3.1 Forward-biased and reverse-biased;PN junction diode.

1.3.1 Operation of PN Junction Diode-in the Forward-Biased Condition

In the forward-biased condition, if the applied voltage to the“diode is less than or equal to the barrier
potential voltage, the diode current Ip will beszero.-Wheneyer the applied voltage is greater than the barrier
potential voltage, the holes present in P-type ‘semiconductor will move into the depletion region due to the
repulsion from the positive of the power Supplys Similarly, the electrons present in N-type semiconductor
will move into the depletion region due to the repulsion from the negative of the power supply. As a result,
the width of the depletion region'will decrease in the forward-biased condition. The holes from the P-type
semiconductor cross the junction and‘entersghe N-type semiconductor and move towards the negative of
the voltage source or battery, Similatly, theelectrons from the N-type semiconductor cross the junction and
enters the P-type semiconductor’and movetowards the positive of the voltage source or battery. This results
in flow of diode curtent Ip. The'direction of this conventional positive current is always in the direction of
positive charges (holes). Therefotenthe direction of forward current Ip will be in the direction of holes. Fig.
1.3.1.1 shows the operation of PN junction diode in the forward-biased condition. Majority charge carriers
are responsible*for the.flow of current in forward bias condition.
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Fig. 1.3.1.1 Operation of PN junction diode in theforward-biased condition,

1.3.2 Operation of PN Junction Diode inthe Reverse-Biased Condition

In the reverse-biased condition of the PN junetion diode, the heles in«the” P:type” semiconductor are
attracted toward the positive terminal of they, power supply..Similaplyy”the €lectrons in the N-type
semiconductor are attracted toward the negative terminal of thé\power supply./This results in an increase in
the width of the depletion region. The polarity of the applied voltage.and the\batrier potential voltage is the
same so that the effective barrier potential voltage increascs. This incréase’ in effective barrier potential
voltage restricts the transfer of holes fromP-type semiconductorfo N«type semiconductor and the electrons
from N-type semiconductor toR=type semiconducter The.minority,charge carriers in both P-type and N-
type semiconductors will cross the junetion due t0 the applied.yoltage. These minority charge carriers will

<——==Direetion of reverse current

Wide
depletion layer
Current limiting )
resiston g
Holes R of Electrons
® | P-type | N-type|::©
[ ofe—
(] (o}
§ . o |
l [ ] Q [ ]
(] O
: |
| !
0202002020 | :I —0—0c—0c0
-

s

Fig. 1.3.2.1 Operation of PN junction diode in the reverse-biased condition.

constitute the anode current Ip. As this current is due to the minority charge carriers, the magnitude of anode
Ip is in very small. In the reverse-biased condition, the diode acts as an insulator. Fig. 1.3.2.1 shows the
operation of PN junction diode in the reverse-biased condition.
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1.4 |-V Characteristics of a PN Junction Diode

Before studying the I-V characteristics of a PN junction diode, it is important to identify the difference
between the ideal and the practical PN junction diodes. An ideal PN junction diode, when forward-biased,
acts as a short circuit (offers zero resistance) and can flow infinite current through it. Similarly, when
reversed-biased, an ideal PN junction diode acts as an open circuit (offers infinite resistance) and can block
infinite voltage across it. Fig.1.4.1 shows the operation of the ideal PN junction diode in the forward and
reverse biased conditions without the current limiting resistors. The terms Vp, Ip and Rp denotes the voltage
across the diode, the current flowing through the diode and the internal resistance of the diode. Thexforward-
biased ideal PN junction diode acts as a closed switch so that the magnitude of Vp and Rp are zeto and the
current Ip flowing through the diode is infinite. Similarly, the reverse-biased ideal PN junction'diode:acts as
an open switch so that the magnitude of Vp and Rp are zero and the current Ip flowing throtgh the'diode is
infinite. The I-V characteristic of the ideal diode is shown in Fig. 1.4.2. Since for theaeverse-biased ideal
PN junction diode, the voltage applied is negative, the I-V characteristics will be in.abserved in the second
quadrant.

Closed switch Openeswitch
Anode - -~ o - Cathode Anode k. /I o - Cathode
(A) V=0 (K) (A) YA (K)
Rp=0 Rp=
Ip=o Ipb=0

(a) Forward-biased ideal PN junction diode (b) Reyerse-biased ideal PN junction diode

Fig. 1.4.1 Operation of the ideal PN junctiondiede in,the forward and reverse biased conditions.

T
Ip
Second First
Quadrant Quadrant
<<V Vp—>
Third Fourth
Quadrant Quadrant
-1
N2

Fig. 1.4.2 |-V characteristics of the ideal PN junction diode.
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However, for the practical PN junction diode, there exist a voltage drop exists across the diode when
forward-biased (offer non-zero resistance) and can flow finite current through it. Similarly, a practical PN
junction diode when reversed biased a very small current (leakage or reversed saturation current) flows
through it (offers very high impedance) and can block finite voltage across it. Fig. 1.4.3 shows the I-V
characteristics of a practical PN junction diode. In the practical PN junction diode, during the forward-biased
condition, as the forward voltage Vp is increasing up to the knee voltage or cut in voltage, the current Ip
flowing through the diode is zero. The knee voltage is the voltage at which the forward-biased PN junction
diode starts conducting. This happens because the applied voltage is less than or equal to the barrier potential
voltage and the charge carriers cannot cross the junction. Once the applied voltage is greater than the barrier
potential voltage, the current flowing through the diode increases exponentially. The I-V characteristics of
the practical PN junction diode during the forward-biased condition will exist in the first quadrant. During
the reverse-biased condition of the practical PN junction diode, the reverse current Ip will'dlow due to the
minority charge carriers. The direction of the reverse current will be in the direction opposite to the forward
current. As the applied voltage to the PN junction diode is negative and the current.Ip flowingrthrough the
diode is negative, the I-V characteristics of the practical PN janetion diode will eXist in the-third quadrant.
During the reverse-biased condition of the practical PN jun€tiondiode, as the applied veltage increases, the
current Ip will increase initially and remains constant to,the value Lg‘after.aCertaingvoltage.(This current Io
is called reverse saturation current. If the applied volfage increasés further, then'the avalanche breakdown
will happen, leading to the puncture of the depletion junction and thedarge reverse ettrent will be flowing
through the diode. The large applied voltage and large teverse current'willsdeliver alarge power. The large
power will be dissipated in the form of heat.Due to this heat, the temperature of the'device will get increased
beyond the safe limits. This voltage at which this breakdown happensiiSygenerally referred as the breakdown
voltage.

Second Ip First
Quadrant Quadrant
Breakdown
YVoltage
£<-Vp ¢ Vp—
{ Knee
Voltage
Third Fourth
Quadrant -Ip Quadrant

\)

Fig. 1.4.3 |-V characteristics of the practical PN junction diode.
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1.5 |-V Characteristics Equation of a PN Junction Diode

The I-V characteristic equation of the PN junction diode in the forward-biased and reverse-biased conditions
is given by the Shockley equation as given below:

qV,

D

o, KT 1

where Ip is the PN junction diode current; Vp is the voltage drop across the PN junction diedejq is the
electronic charge having a value of value 1.6x10" Coulombs; a4 is the ideality factor having a value
between 1 and 2; Kg is the Boltzmann constant having a value 1.3x10%m?kgs?K""; T is th€/témperature in
Kelvin and Io is the reverse saturation current.

Further, the value

KT
Vp=— (1.5.2)
q
where V7, is the thermal voltage drop. And its valu€ increaseswith thexincreasewof thetemperature. Thus,
the Shockley equation can be re-written as,

14

D

Ip = [, -1 (1.5.3)

In forward-biased condition, thelexponential term will-be mich higherthan 1. Thus, the voltage drop can be
approximated as,
Upy= Insdec 1 (1.5.4)
Thus, as temperature increases, the‘thermal voltage drop Vr increases, which decreases the PN junction
diode voltage drop for the same valte of theé\diode etnrent or diode has a negative temperature coefficient.
As the temperature increases, typically, the PN junetion diode voltage drop decreases. Another critical thing
to be noted is PN junction diode stafts*conducting when the voltage across the diode is higher than the
thermal voltage drop V1. The same can beyconcluded from the Shockley equation where the PN junction
diode current Ip will rise\exponéntiallyswhen the power term in the exponential has a value greater than 1.
Or in other words, the¢'current through'the PN junction diode is nearly zero when the forward-biased voltage
across it is less than'the thesmal voltage drop Vr. This current would increase exponentially if the applied
forward-biased/voltagé\becomes more than thermal voltage drop Vr.

Similarly, the PIN' junction diode voltage Vp becomes negative in the reverse-biased condition. Thus, the
power term in the exponent becomes negative and leads to a very small current flow. The PN junction diode
will keep blocking the externally applied reverse-biased voltage until the voltage reaches the value of the
avalanche break down voltage or maximum blocking voltage capability of the PN junction diode. Further,
as the applied reverse-biased voltage is increased, PN junction length of the depletion region increases to
block the applied voltage. Further, the electric field strength remains nearly constant till the depletion region
length keeps on increasing. However, depletion region length becomes fixed when the voltage reaches near
break down voltage of the diode. Thus, a further increase in the applied reverse voltage will increase the
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electric field in the depletion region. When the electric field in the depletion region is sufficiently high, it
leads to the high velocity of the minority carriers entering the depletion region. The velocity of the minority
carriers is sufficient to break covalent bonds from the crystal atoms or ions in the depletion region. Breaking
of the covalent bond results in the release of electron —hole pairs which again break covalent bonds from the
other crystal atoms or ions in the depletion region forming a cumulative chain reaction. Thus, results in a
very high current in the reverse direction with a nearly constant diode voltage drop. Thus, when the voltage
across the diode is higher than the reverse break down voltage, it will lead to a very high negative current
flow through the PN junction diode, damaging it completely. Thus, the PN junction diode in faulty condition
will act as short-circuit and may be harmful to the circuit where short circuit condition is not allowgd.

>
Example 1: Calculate the thermal voltage drop on the diode which is operating at tempera \3 .C, 50°
C and 70° C. Comment on the voltage drop across the diode for the current =2 d =
20u A. Assume an ideality factor of 1.1. & O

A
an be computed@%%

Solution: Temperature in Kelvin; For 30°C, the thermal volt

>
Voltage drop for the diode is gi &
&
(}\ Qb’sl@l.l(.ozé)
\\9 §§@.789V
O A2 s
Q& ?&) @ 20%10°°
N ~13.81-1.1(.028)
SR
?s\"% Q\Q =13.779 V
A 2
o =0 = 11(029)

=13.81-1.1(.029)
=13.778 V
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1.6 Operating Point Calculation in PN Junction Diode

Till now we have discussed I-V characteristics of the PN junction diode. It was also noted that the [-V
characteristics of the PN junction diode is non-linear, due to the presence of the exponential term. So, in a
circuit having a PN junction diode, one needs to compute the operating point of the PN junction diode using
its I-V characteristics. To determine the operating point of the PN junction diode, one needs to compute the
point of intersection of the load and the PN junction diode I-V characteristics. Thus, the PN junction diode
when forward-biased conducts with a small drop across it. And in the reverse-biased condition, it blocks the
applied voltage with a little current (in pA or still lesser) flowing through it. Below gives a simpleiexample
of the PN junction diode circuit with a series resistive load and input source of Vix.

Vb

I N

b, + N

a L1 b

_|_
+
Vin;__ Ve

c d

Fig. 1.6.1 PN junction diode eircuit with'a series resistivelload‘and input source of Vin.

As the input voltage Vi, is greateémthan PN junctien,diode‘threshdld voltage, the PN junction diode being
forward-biased leading to voltage dropief Vp for-current Ip thfoungh it. From Shockley equation as given
below:

ad
[y - 1 g(eéaxT —1) (1.6.1)

As there are two variables Vp anddp;-$o0 another equation is required. Applying KVL in loop abcd we have,

VsV, —1,R=0
=V, +I,R
V,=V, —I,R (1.6.2)
V-,
I, = R D

Substituting Ip wethave,

V. aVa
in D :[a (eaKT _IJ (163)
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The above equation is non-linear and can be solved using the Newton Raphson method. Another graphical
method would be plotting graphs for both the I-V characteristics of the PN junction diode and load line. The
load line of the PN junction diode network can be obtained by using

Vv, =V, +I,R (1.6.4)

The above equation is linear with Vp and Ip as variables. Substituting Vp=0 gives the interaction of the load
line in the current (I) axis,

V,=V,+I,R

0=V, +1,R (1.6.5)
v

I, ==

Substituting Ip=0 gives the interaction of the load line in the voltage (V) axis,

V. =V, +I,R
V, =V, +0R (1.6.6)
I/in = VD

Using graph paper and drawing the load line and 14V characteristics ofthe PNejunctionidiode to obtain the
operating point of the PN junction diode. Thé point of the interSectionof thesload line and the I-V
characteristics of the PN junction diode represent-the operating point of the'PN junction diode.

Vin/R

Load line

V3l eharacteristics

I oo fen 2D -
Operating point

Fig. 1.6.2 Load\line and |-V characteristics of the PN junction diode.

1.6.1 Piecewise Linearization of the PN Junction Diode Characteristics

Based on above example it is clear that solving non-linear equation is cumbersome. Further, analysis
becomes more complex when the load also has non-linear characteristics. For load like resistive load, the I-
V characteristic is the straight line and the operating point can be computed easily by estimating or
approximating the diode voltage drop. Also, here one can see that PN junction diode I-V characteristics can
be divided into two parts as shown in Fig. 1.6.1.1. One part is fixed voltage drop and
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N
Ip Piece-wise I-V
characteristics

vac VD

AN
é’\’b
S (3&*

O

Fig. 1.6.1.1 Piecewise linearization of the PN junction diode characteristic's&@

in the PN gqctlo

the other is resistive drop. The PN junction diode I-V characteristic can be diVid@O preglons (i)
horizontal line representing threshold voltage or fixed volta in the PN junctie dﬁe haracteristics,
and (ii) the other is inclined straight line representing a resi e characteristics.
The partition of I-V characteristics of the PN juncti s i i
linearization of the PN junction diode characteristic

diode operating point becomes simple linear e i ial term. Thus, it
simplifies the computation involved for solvin electrlcal equlvalent
circuit model of the PN junction diode c ;ﬁ op ‘Vs' with a series
resistance ‘R’ during the forward-biased s, the voltage drop across
the PN junction diode can be represented

Thus, volta \;5 Xs the PN junction diode can be represented as,
o

V, =V, +1,R, (1.6.1.1)
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Now substituting above equation in

V. »—1pR=0

~I,R -I,R=0 (1.6.12)

.=V

in I/ﬁ.r
— V:’n - I/ﬁ.r

R +R

D

Once Ip is computed, Vp can be calculated.

The given solution has nearly the same accuracy as that for the exact operating point computed by
solving non-linear equation. Thus, the operating point of the PN junction diode in the forwardsbiased
condition can be easily computed using piecewise linearization. The accuracy of the solufion dépends on
the preciseness in the value of fixed voltage drop Visyx and series resistance Rs. The value of ¥sxand series
resistance R can be derived using the I-V characteristics of the PN junction diode atthe given temperature.
Thus, series resistance Rs needs to be evaluated based on the@perating point of the PN junction diode. The
operating point can be fixed or vary with time. For a fixed@perating point, the/RN junctien diode resistance
can be simply computed using the ratio of the PN junction diode drep by the'currentflowing through it. The
measured resistance is also termed static resistance Rizatic and 18 given by,

4
Rgtatic = 1_: (1.6.1.3)

If the operating point varies with timej then theaesistance ©f the PNYyunction diode can be measured by
computing the ratio of the change in the operating voltage toithe change in‘theoperating current. Fig. 1.6.1.3
shows the operating characteristics®of the PN junctien diodeywith .atihe-varying voltage source. The
measured resistance is also termed as dynamic or ac resistance'in suchicase is given by,

AV,
Raydantic =31 (1.6.1.4)

Ipa

7

Fig. 1.6.1.3 Operating characteristics of the PN junction diode with a time-varying voltage source

The dynamic resistance can also be measured using a derivate of the I-V characteristics for a given
operating current. The expression for the dynamic resistance based on the operating point is derived as
follows,
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1

Rdynamic = E (1615)
avy
Va
dly _ d(ly(e*VT-1)
. av, (1.6.1.6)
dlg Ya oy
—L = aV R
av, = lo(e™ ) - (1.6.1.7)
dld _ (Io+1d) _ I_d
W, aw - av (1.6.1.8)
%
Raynamic = ‘j—dT (1.6.1.9)

At room temperature, the thermal drop in the PN junction diode'is given by,

0.26

Rdynamic =

(1.6.1.10)
lq

1.7 Application of the PN Junction 'Diodes

The PN junction diodes mainly find their applicationsin:

1. Rectifiers
2. Voltage multipliers
3. Clipper and clampers

1.8 Rectifier

The voltage rectifier is another.jmportant application of the diode where the AC input voltage is
converted into a DC voltage. The/PN junétion diode normally acts as closed in forward-biased conditions
and acts as an open switch in reverse-biased conditions. When an AC voltage is applied to the PN junction
diode, the PN junction diodgiwill be invthe forward-biased condition during the positive half cycle of the AC
voltage and the PN junction“diode will.be'in the reverse biased condition during the negative half cycle of
the AC voltage. If a loadis coimected atithe output of the PN junction diode, then the voltage across the load
will be only a positive half.cyele ofthe AC voltage. During the negative half cycle of the AC signal, the PN
junction diode will act assan open switch and zero voltage will be applied across the load. Fig. 1.8.1 shows
the operationofithe PN junction diode for an AC input signal. The output voltage will appear across the load
during the positiye“half cycle only. Therefore, the output voltage across the load is unidirectional. The
converter used for’converting the alternating input signal into a unidirectional output signal is called a
rectifier. There are two types of rectifiers: half wave and full wave rectifiers.
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A NN] K
L1
AC Load
Signal
A K A K
Closed switch Open switch ﬂ]
Load Iﬁ—> Load I—)
(a) For positive half cycle of AC signal (b) For negative half cycle of AC signal

Fig. 1.8.1 Operation of the PN junctionfdiode‘for an AC input'signal.

1.8.1 Half Wave Rectifier

Half wave rectifiers, as the name indicates, allow.enly one-half cycleé\(say pésitive cycle) of the AC input
voltage and blocks the other half (say negative cycle) of the.AC input,voltage. Fig. 1.8.1.1 shows the circuit
diagram of a half wave rectifier couneeted to asresistive;load Ry’ The* AC ‘input signal is applied to the
primary winding of the step-down transformer having'a.turns tatio ofNy:N». If Vpp is the peak value of the
primary voltage of the step-down,transformer havinig turns ratiosof Ni:N» then the peak value of the
secondary voltage Vps of the transformenis given.by:

AN, K

i

AC
Signal ,\D Ry

VWW

Step-down transformer
having turns ratio N;:N,

Fig. 1.8.1.1 Circuit diagram of a half wave rectifier connected to a resistive load Ru.

VepNo
M

Vps = (1.8.1.1)

One end of the second winding of the step-down transformer is connected to the anode terminal of the PN
junction diode. The cathode terminal of the PN junction diode is connected to one end of the resistive load.
The other end of the resistive load is connected to the other end of the secondary winding of step-down
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transformer. Fig. 1.8.1.2 shows the operation with the half wave rectifier connected to a resistive load Rr.
During the positive half cycle of the AC input voltage, the PN junction diode is in forward-biased condition.
In the forward-biased condition, the PN junction diode acts as a closed switch so that the entire applied
voltage to the PN junction diode will appear across the load resistance Rr and a load current I will flow
through the resistive load Rr. Vo is the output voltage across the resistive load. During the negative half
cycle of the AC input voltage, the PN junction diode is in reverse-biased condition. In the reverse-biased
condition, the PN junction diode acts as an open switch so that no voltage appears across the load resistance
Ry. The waveforms of a half wave rectifier are shown in Fig. 1.8.1.3. From the waveforms of the half wave
rectifier, it can be observed that for the positive half cycle of the AC input voltage, the PN junction diode is
forward biased and the output voltage Vo will appear across the load resistance Rr. During the negative half
cycle of the AC input voltage, the output voltage Vo will across the load resistance Ry is zero'since the PN
junction diode is reverse biased.

Postive half cycle
of the AC b oLo & 1
L

Signal Closed switchT v
%1“-(’9 VSR, |af_, 7

!

Step-down transformer
having turns ratio N:N;

(a) For pesitive half.cycle of AC. signal

Negative half
A
cycle of thetAC /‘ S

Signal Open switch +

|-T€7*® \% RLI—Q

Step-down transformer
having turns ratio N;:N,

(b) For negative half cycle of AC signal

Fig. 1.8.1.2 Operation of a half wave rectifier connected to a resistive load RL..
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Voltage across N
primary windin %/ :
of step down /\
> ot

transformer
Voltage across Ir\/: U

secondary  Ves=VeeNo { | | | I
winding of step Ni | /\ | \
down transformer —— ‘\’Q
Current flowing U U Q‘\(’ b
through the load ™M, } | | | & O
|

resistance R,

Voltage across e\, 1
the load
resistance R,

Voltage acros
the diode

Fig. 1.8.1.3 Waveforms If wa

|f|enQ ne%ﬁ%o a resistive load RL.
ﬂ@rer@alue G&utput voltage Vo avg for the resistive load

Q;
Vourg f Viesin(wt) dt (1.8.1.2)
& Q
ﬁ\/" O, agg Ves (1.8.1.3)
From the waveforms of 1& av qﬁ \gé RMS value of output voltage Vo, rus for the resistive load
can be computed as, O *(\
> ~x‘~

From the waveforms of half
can be computed as,

Q\% \0 Vo rus :\/%}(:(VPS sincot)2 dot (1.8.1.4)
Vo, RMS =V%S (1.8.1.5)

The DC output power Ppc of half wave rectifier can be computed as,
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2 2
VO,an Vs
Ppc = VO,angL,avg = R = 7 (1.8.1.6)
L TRy

The AC input power Pac of half wave rectifier can be computed as
2 2
Pyo=—"—=—"> (1.8.1.7)

The efficiency %mn.s of the half wave rectifier can be computed as

P 4
Yollor = PDC x100 = — = 40.6% (1.8.1.8)
AC T

Example 2: A single-phase AC supply having a voltage and frequency of 220 V4.50 Hzus connected to a
half wave rectifier using the stepdown transformer having the tuthsratio of 5:1. The value of
load resistance is 1K Q. Calculate the averdge value ofthe outputvoltage, RMS value of output
voltage, DC output power and AC inpuf power for half wave,rectifier:

Solution: The magnitude of voltage across the primary winding of trafnsforiner Vep=220 V.

The magnitude of voltage across the secondary winding of trafsformer\Ves= 220%(1/5) =44 V.

The average value of output voltage ¥y, = P nq/34n = 144)

T

The RMS value of output voltage Wiy = V’% D 4_24 =22

. V3 442
The DC output power Ppc of half wave rectifier== 2P S 5 =0.196 W
AR 3.14%x1000
. e VR a4?
The AC input power Pac ofihalf wave, rectifier,= —2- = =048 W
4R, 4x1000

1.8.2 Full Wave ‘Rectifier

Full wave rectifiers'asthe name indicate allow both cycles (positive and negative cycles) of the AC input
voltage to give the gutput voltage. Fig. 1.8.2.1 shows the circuit diagram of a full wave rectifier connected
to a resistive load‘Ry. The full wave rectifier consists of a step-down centre tapped transformer. One end of
the centre tapped step down transformer is connected to the anode of PN junction diode Di. The other end
of a centre tapped step down transformer is connected to the anode of PN junction diode D». The cathode
terminal of PN junction diodes D1 and D; are connected to one end of load resistance Rr. The other end of
the load resistance Ry is connected centre terminal of the centre tapped step down transformer.
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D,
4 N K
L1
Ry
AC
Signal ,\D .
AN K
J L1
Center tapped step down  D»

transformer

Fig. 1.8.2.1 Circuit diagram of a full wave rectifier connected to a resistive loadvR..

Fig. 1.8.2.2 shows the operation of a full wave rectifier conngeted to a resistive loddiR 1 dufing the positive
and negative half cycles of the AC input voltage During thegositive half cycle of AC ifput voltage, the PN
junction diode D1 is forward-biased so that it acts as a clesed.switch4As a result, thépositiye half cycle of
AC input voltage is applied across the load resistanceRy. Due todhis, acurrent I \lowséthrough the load
resistance Ry, and a voltage Vi will appear across the load resistance Ry, )During.the positive half cycle of
AC input voltage, the PN junction diode D; is reverse-biased so thatit-acts:assan open’switch and will not
conduct. During the negative half cycle of ACdnput voltagepthe PN.junction’diode;D- is forward-biased so
that it acts as a closed switch.

Postive half €ycle

of the AC PN\ A
Signal Closed switch R Y I
T Vo
|1°->® VoSSR s
l

Step-down'transfermer
having\turns ratio N :N,

(a)&or positive half cycle of AC signal

Negative half
A
cycle of the AC ./' K
Signal Open switch T YI=0

Vo

I‘%ﬁ@ \1 RLI-L\)

Step-down transformer
having turns ratio N:N,

(b) For negative half cycle of AC signal

Fig. 1.8.2.2 Operation of a full wave rectifier connected to a resistive load RL.
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As a result, the negative half cycle of AC input voltage is applied across the load resistance Ry in the
reverse direction so that a positive voltage will appear across the load resistance Ry.. Due to this, a current I
flows through the load resistance Ry and a voltage Vi will appear across the load resistance Ry.. During the
negative half cycle of AC input voltage, the PN junction diode D is reverse biased so that it acts as an open
switch and will not conduct. Therefore, a full wave rectifier allows both half cycles of the AC input voltage
and also a unidirectional output voltage will also appear across the load resistance Ry.

The waveforms of a full wave rectifier are shown in Fig. 1.8.2.3. From the waveforms of the full wave
rectifier, it can be observed that for the positive half cycle of the AC input voltage, the PN junction diode
D is forward biased and the output voltage Vo will across the load resistance Rr. During the ne@ative half
cycle of the AC input voltage, the PN junction diode D> is forward biased and the positive output yoltage
Vo will across the load resistance Rr.

Voltage across
secondary &

winding of step VesT
down transformer <
Current flowing

through the load(\[o {
resistance Ry

<
i

> ot
Voltage across &, 1
the load N
resistafice.R; i i | | > ot
| | [ |
1 1 L 3 t
Voltage acros \/‘ 7
the diode Dy, Vp 1 : : : :
Vot I I I I
Voltage acros§ | | m |
the diode D, ot

N
Fig:. 1.8.2.3 Wavefarms of a full wave rectifier connected to a resistive load Ru.

From the wayeformsoffull wave rectifier, the average value of output voltage Vo ave for the resistive load
can be computed as,

V;),avg = %foﬂ VPS Sil’l((,()t) dt (182 1)

V) g = 28 (1.8.2.2)

0,avg .
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From the waveforms of full wave rectifier, the RMS value of output voltage Vo, rums for the resistive load
can be computed as,

Vs

VoRMS :\/lI(VPS sina)t)2 dowt (1.8.2.3)
; 70

Vps
Ve =—= 1.8.24
0,RMS \/E ( )
X
The DC output power Ppc of full wave rectifier can be computed as, QC’\
g _ 3 &S
Poc =Vo.ave L.avg =~ == 1.8.2.5
DC O,avg! L,avg R, 2RL O&‘ %0 ( )

The AC input power Pac of full wave rectifier can be co

2
Vo.r

’ OQ ~{Q\ (1.8.2.6)

Pyc =

The efficiency %mes of the full wave rectifier can

"
&
ompute& \Q\\

%o y&é\skgﬁe (’\\é (1.8.2.7)
N

Example 3: A full wave rect 0 &pped@p-down transformer. The peak value of
voltage at the sec winf% of @ ra er is 30 V. The load resistance is 1K Q.
Calculate the avera alu%@ ea&@pu@ ge, RMS value of output voltage, DC output

i

power and AC input pov&%} r av& fier.

Solution: The magnitude of Volt@cr&@e ch}idary winding of transformer Vps=30 V.
The average value of outpu ge @vg\Q}TS =2x30/3.14=19.10 V

W e 30
The RMS value of ou@é‘&@%,@ % =5 " 2121V

avhs  4x30

The DC outp e of half wave rectifier= = =036 W
oo 2R, 3.14%x1000
¥
2 2
The AC input power Pac of half wave rectifier = Yes _ 307 _ 045w
2R, 2x1000

From the above, it can be observed that the efficiency of full wave rectifier is double the efficiency of half
wave rectifier. The above-discussed full wave rectifier circuit is simple with minimum PN junction diodes;
however, the above circuit suffers from the following disadvantages:
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(1) Requirement of centre tapped transformer
(i) Diode of twice blocking voltage

(iii) Transformer with higher rating VA due its underutilization of half winding in each cycle of output
voltage.

In order to overcome the above-discussed drawbacks, the full wave bridge rectifier is used. Fig. 1.8.2.4
shows the circuit diagram of a full wave bridge rectifier connected to a resistive load Ry.

AC
Signal ’\D %

- €losed
Positive half D, switch
cycle of the AC Q !
Signal Y

*, switch
EIQ')C’\D é Closed
switch Open AU 41

T $witch 0

Negative half
cycle of the AC

Signal
©

(b) For negative half cycle of AC signal

Fig. 1.8.2.5 Operation of a full wave bridge rectifier connected to a resistive load RL.
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The full wave bridge rectifier consists of a stepdown transformer and four PN junction diodes connected
in the form of a bridge as shown in Fig. 1.8.2.4. The secondary winding of the stepdown transformer is
connected to one diagonal of the bridge and the load resistance Ry is connected in the other diagonal of the
bridge. Fig. 1.8.2.5 shows the operation of a full wave bridge rectifier connected to a resistive load Ry.
During the positive half cycle of AC input voltage, the PN junction diodes D; and D3 are forward-biased so
that they act as a closed switch. As a result, the positive half cycle of AC input voltage is applied across the
load resistance Rr. Due to this, a current I flows through the load resistance Rr and a voltage Vi will appear
across the load resistance Rr. During the positive half cycle of AC input voltage, the PN junction diodes D>
and Dy are reverse-biased so that it acts as an open switch and will not conduct. During the negative half
cycle of AC input voltage, the PN junction diodes D, and D4 are forward-biased so that it acts,asa closed
switch. As a result, the negative half cycle of AC input voltage is applied across the load resistance Ry in
the reverse direction so that a positive voltage will appear across the load resistance Rr. Dug 10 thisya current
I flows through the load resistance Ry and a voltage Vi will appear across the load reistanceRi.. During
the negative half cycle of AC input voltage, the PN junction diodes D; and D3 are reverse-biased so that it
acts as an open switch and will not conduct. The expressionsdor'the average valug of output'voltage, RMS
value of output voltage, DC output power, AC input power@nd efficiency will be.the same as that of the full
wave rectifier. As the full wave bridge rectifier uses four diodes, thé total voltage drop will be double the
full wave rectifier.

1.9 Zener Diode

A special type of diode that is typically operatedfin reverse biased'zener break down region. Such diodes
are typically used for voltage protection and are connectédvin parallel to‘the load. The symbol for zener
diode is given in Fig. 1.9.1. It is the sameas the diode ¢xeept forletterziinstead of the horizontal line in the
cathode of the diode. The voltage regulatiomcapabilitys of the zeéner.diode typically

Anode Cathode
A) (K)

Fig."1.9:1°Symbol of zener diode.

depends on the doping level of th€ p-n junction diode. So, for manufacturing zener diode doping of the p-n

junction needs to be done in anvaceurat€'and controlled manner. These are heavily doped diodes which result
two breakdown regions dusing'their operation’The first one is zener breakdown region occurring at the low
operating voltage. During,operation’of the zener breakdown region intense electric field is generated in the
small depletion regionleading'to"the-funnelling out of electrons from the valance band. This results in the
flow of current in the'reverse’bias€dicondition while maintaining the low zener breakdown voltage across
it. Zener diode basically/exploits the I-V characteristics of the diode in the reverse biased condition. It can
be noted in the,tevers€ biased condition that diodes maintain the voltage across with the flow of high current.
The given property: isutilized with the flow of controlled current depending on the doping level in the zener
diode. Thus, the voltage protection feature of zener diode can be supported by the fact that during the
operation in the zener break down region, it regulates the voltage across it with the flow controlled current
through it. Zener diode with 5V zener break down voltage are easily available. However, zener diode with
zener break down voltage between 1V to 200V are commercially available. The I-V characteristics of the
zener diode is given in Fig. 1.9.2.
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Fig. 1.9.2 |-V characteristics of the zener diode:

It can be noted from the I-V characteristics thatin reverse biased'eondition zener diode enters into break
down region when the current through'it is-higher than ¢%,:.. Fufther,, /z,Mn I-V characteristics represents
the recommended or typical current through zener diode durihg operation in the zener break down region.
And the last L. in -V charact@ristics represents,the. maximum valug of current through zener diode which
it can withstand during operation in theyzener break down region. For the design of the zener diode with
voltage protection, it should be notéd that current threugh the zener diode should be maintained around /- .
Further, the zener diode is connected in paraliel withvthe lead across which voltage should not exceed zener
break down voltage value. Further, circuit zener current limiter resistor R. which limits the current through
the zener diode below Lnq.. The circuit wsing.zener diode for voltage protection can have the following cases:

(1) Input voltage and load resistance at.output is fixed.
(i) Input voltage has@ariatioi'with load resistance at output is fixed.
(ii1) Input voltage is‘fixed while the\load resistance varies.

Typically, the zener.circuit has theiseries resistance which needs to be designed to maintain the zener
diode to operate neatythe zener break down region. The circuit schematic for the typical zener diode used
for voltage protection issgiven in Fig. 1.9.3. The given circuit consists of input voltage source vi.(?), current
limiter resistor R-, zenersdiode and output load resistance R;.

Case I: Take a case when input voltage source Vin and output load resistance Ry are fixed. It is required to
operate the zener diode near zener breakdown region. Thus, it is required to obtain the minimum, maximum
and typical value of the current limiter resistor R,. For the minimum value of current limiter resistor R, min,
the current through the zener diode should not exceed Izmax. Assuming the zener diode
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IZ Y IL

Vin —___ VZ % RL

2

Fig. 1.9.3 Circuit schematic for the typical zener diode used for voltage protection. (}

maintains the zener break down voltage of V- across it, the current through load resistan@g'giv@y,

Therefore, input current I, is given by,

(1.9.2)

" R/
Similarly, for the maximum Valaf c li stﬁ‘ Rzimax , the current through the zener diode
should not be less than exceed Lmin. Asstmi e enQdiode maintains the zener break down voltage of
V. across it, the current through lo 156 is g® by,
NKe) éV
O @ QﬁL 2 (1.9.3)
SIS

R, == (1.9.4)
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Thus, the value of the current limiter resistor R, should lie between R, minand R, max to operate zener diode
in zener breakdown region. For zener diode to operate in typical operating value of current limiter resistor
R, is given by,

(1.9.5)

Now when the current limiter resistor R, is fixed, then it is required to compute whether zener diode is
operating zener breakdown region or not?

Or in other words the voltage across the load resistor Ry should be greater than or equal to zenerbreak down
voltage V,. Using the voltage divider rule, the output voltage across the load resistor is givetr by,
V

== 1.9.6
° R,+R (196)

For the zener diode operating in zener breakdown region the output voltage should be %>V z

Vo= >y (1.9.7)

Case II: Take a case when input voltage source Vi, is variable.and output lodd resistance Ry is fixed as
shown in Fig. 1.9.4. It is required to operate zenerdiode near zener.breakdowniregion.

Fig. 1.9.4 Circuit schematic for theftypical zener diode used for voltage protection with variable input voltage.

Let input varies between Vin_imand Viimax. Fordixed Ry, it is required to obtain the minimum, maximum
and typical value of currentlimiter resistor. R For the zener diode operating zener break down region, the
voltage across the load resistor Ry, should be greater than or equal to zener break down voltage V,. Using
the voltage divider rule,‘the output voltage across the load resistor is given by,

14

y, =t >y (1.9.8)
R +R

Assuming the above condition is satisfied then the minimum, maximum and typical value of current limiter
resistor R, taking into account input voltage variation.

For the minimum value of the current limiter resistor R, min, the current through the zener diode should not
exceed Imax. Assuming the zener diode maintains the zener break down voltage of V, across it, the current
through load resistance is given by,
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V.
;=L 1.9.9
TR (1.9.9)
Therefore, input current Iin with Viy maxis given by,
Iin = Izmax + IL
Iln = Izmax + L
RL
: -V,

= _fnomax Tz ‘\'{)\(1.9.10)

¥
The designed value of the current limiter resistor R, min computed above.
Similarly, for a maximum value of current limiter resis ez diode should
not be less than exceed Imin. Assuming the zener di i wn voltage of V,across

(1.9.11)

(1.9.12)

4

Thus, the value of th enﬂ«l’@i‘cer istor R, should lie between R, min and R, max to operate the zener
diode in zener bre Wp.@ OI}.{QI’ zener diode to operate in typical operating value of current limiter
resistor R, is giV@%by, 0\ N

N
?"@9 R =% (1.9.13)
I +=

Case III: Take a case when input voltage source Vi, is fixed and output load resistance Ry is variable as
shown in Fig. 1.9.5. It is required to operate the zener diode near the zener breakdown region. Let output
load resistance Ry varies between Rr minand Rr max. For input voltage source Vi, it is required to obtain the
minimum, maximum and typical value of current limiter resistor R..
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Fig. 1.9.5 Circuit schematic for the typical zener diode used for voltage protection with variable load resustance

For the zener diode operating zener break down region, the voltage across the load resistor R‘\?‘ uld be
greater than or equal to the zener break down voltage V.. Using the voltage divider rule, the @ltage
across the load resistor is given by, &

v :RL {{\ (1.9.14)

L _min z

ent limiter

ter resistor
n@de maintains the

Assuming the above condition is satisfied then the mini
resistor R taking into account input voltage variatio
R; min, the current through the zener diode should
zener break down voltage of V, across it, the ¢

V.

‘Q (1.9.15)

Therefore, input current Ii, with Ry | (}\?}’}
(1.9.16)

& Q‘ \% RL min
The desi gned value of mlzgi‘e\lstor R; should not be less than R, mincomputed above. Similarly,
for the maximum v, nt er resistor R, max, the current through the zener diode should not be
less than exceed ing ‘the zener diode maintains the zener break down voltage of V,across it, the
current thrm& ance is given by,
V.

I, = 2 = (1.9.17)

L _max

Therefore input current I;, with a minimum value of the input voltage Vin min is given by,
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_ [nimin_ z (1918)

Z_max Ji

R _ I/:'r17111i11 - I/z
Z_max vV

Iz min + R

L_max

Thus, the value of the current limiter resistor R, should lie between R, min and R, max to operate the.zener
diode in zener breakdown region. For zener diode to operate in typical operating valuefof‘current limiter
resistor R, is given by,
V. =V
R =—1—2 1.9.19
7 ( )

z_op
lzap + R

L

1.10 Clipping Circuit

One of the important applications of the PN junaction diodeis the clipping; or clipper circuit. Clipper
circuit as its name implies clips or chops the portion of the signal ‘Waveferm without changing the other
portion. Basically, there are two typés of clippercircuitsseries and parallel type clipper circuits. The term
series and parallel comes from the positiomof the PN.junction‘diode, with respect to the load. When the PN
junction diode is in series with the load, then the, given elipper éircuit represents the series type clipper
circuit. Similarly, when the PN junction,diode.is /in parallel with the load, then the given clipper circuit
represents the parallel type clippetfeircuit. DG supply+or battery in the clipper circuit is typically connected
in series with the PN junction diode.

For analyzing the clipper circuits below are.the steps:to be followed while solving the circuits having a
PN junction diode and battery which/elips the'portionsof the input signal waveform as follows:

(i) First obtain the Thevenin gquivalent circuitjacross two terminals of the PN junction diode. In other
words, remove the PN junction diode or ‘@pen the terminals in the circuit across the PN junction diode.

(i1) Then find the Thevenin'woltage,across.the PN junction diode assuming the anode and cathode terminal
of the diode as pogitive and'negatiyve'respectively.

(ii1) As the input signal waveform waries with time, derive the condition for the Thevenin voltage greater
than and less than zete.”Here\assume zero current through the resistor resulting in zero voltage drops
across it,

(iv) For the positive.or greater than zero Thevenin voltage across the PN junction diode is considered
forward-biased. Thus, the PN junction diode can be replaced by a short circuit or a drop of 0.7V in the
circuit. The circuit then can be solved for determining the output voltage using Kirchoff’s voltage or
current law.

(v) Forthe negative or less than zero Thevenin voltage, the PN junction diode is considered reversed-biased.
Thus, the PN junction diode can be replaced by an open circuit. The circuit then can be solved for
determining the output voltage using Kirchoft’s voltage or current law.
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1.10.1 Series Type Clipper Circuit

Fig. 1.10.1.1 shows the circuit of a series type clipper. The series type clipper circuit consists of an AC
supply Vin(t), PN junction diode Dy, voltage source V4. and a load resistance Ry.. The voltage across the load
resistance is Vo and the current flowing through the diode D; is Ip.

Vdc
ID Dl +1|,—- "
? b . I_d N
<
20 R, § Vo Q} {:}%‘
f

Fig. 1.10.1.2 Circuit of a series t@llpp@?
WS

(i1) Carry out second step b lyi h gl}n theorem across terminal ‘b’ and ‘c’ as shown in Fig.
1.10.1.3. Applying K lalg f we have,

\},((b \\0 ~§‘ V.-V, =0 (1.10.1.1)
\
Q‘% \°

re@ln the PN junction diode by open circuit (Step-I).
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D,
+ Va —

I_/\
a

Vin(t) ’9 m RL § Vo

f bl .4 ‘\Q}

Fig. 1.10.1.3 Circuit of a series type clipper by applying Thevenin voltage across the PN junctloé;ode p-11).

(ii1) Assuming voltage across resistor Ry to be zero (step-11I)
zero. Thus, terminal ‘d’ and ‘e’ are having same pote
the PN junction diode.

the current throug z o 0 that Vo is
e can comput condition for

& é} (1.10.1.2)

&Q

(1.10.1.3)

»
tion when above condition is satisfied. Thus,

rd-
Q@Ifc@ diode is in forward-biased condition the clipper
S sy
O

&
\\9 @ (‘\zfi‘ Va T+ |~

Thus, the PN junction diode wil
assuming the given condition is satisfi
circuit becomes,

%,
é’o
4

f el ¥

Fig. 1.10.1.4 Series type clipper in which the PN junction diode is replaced the closed switch (Step-1V).

Applying KVL in the loop abcdef, to solve for the output voltage we have,
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(1.10.1.3)

(v) During the reverse biased condition of PN junction diode, the PN junction diode is replaced by an open
switch. This results in zero voltage across the load resistance Ry.

V=0 (1.10.1.4)
Dl Vdc
+ A - + - N
a b ¢ I_d
Vial®) f\) R, §V0=0
f € v

Fig. 1.10.1.5 Series type clipper in which the'PN junction diode is‘teplaced epen swiich (Step-V).

Fig. 1.10.1.6 shows the waveforms of the series type clipper. -Whéneyer the applied input signal
magnitude is greater than the voltage Vg4 the diodé is forward biaged and theoutput voltage will appear
across the load resistance Ry which is.a,part of the input voltage. Wheneversthe applied input voltage is less
than the voltage V., the diode is reverse biased and th¢«output veoltage'will have zero value. In this way, the
series clipping circuit clips the part of inputisignal.

N
Vin(t)

JARNIR SN

SN T 7!
| |\/| I\/

| | | I

|/\| |/\<{?Vo: Vin-Va-Vie

> ot

Fig. 1.10.1.6 Waveforms of the series type clipper.

1.10.2 Parallel Type Clipper Circuit

Fig. 1.10.2.1 shows the circuit of a parallel type clipper. The parallel type clipper circuit consists of an
AC supply Via(t), PN junction diode Dy, resistance R, voltage source Vqc. The voltage across the branch ¢
and e is Vo and the current flowing through the diode D; is Ip.
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Fig. 1.10.2.1 Circuit of a parallel type clipper. «K

(1) Carry out first step by applying Thevenin theorem across terminal ‘c’ and ‘d’. @ym&’ L in the
loop abcdef we have,

0 QQ}‘ (1.10.2.1)

@Qf a@llelé&
‘\\

(i) Assuming voltage across resi %ng’ he current through it is zero. Thus, terminal ‘a’ and
‘b’ are havmg same pote e the biasing condition for the diode. For the dlode to

operate in forward blas nd:lt@!/ ;@uld be greater than zero.

Fig. 1.1 clipper used in Step-l.

Q’ v, >0
\)Q& ’5&) ‘3‘:‘ Vo ~Vi=Vy =0
0\ oQ in c_
‘% 0\ \ I/m Va'c_I/th 11022
?s\«:&\ Ve~V =V, 20 (1.10.2.2)
< V¥, 20
>

Va

s
8
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v
a b °©| __T__ 7 —+
SIS
m@ﬂg dl | ¥
.
f e _T_ d ‘\’b\
Fig. 1.10.2.3 Circuit of a parallel type clipper used in Step-II. Q} 6&“‘

O
(ii1) Thus, diode will be in forward biased condition when aboye condition is satiz@ hgéﬁi suming the
o . I 7,

comes,
8) ) ng
g§§.<§& (1.10.2.3)

Fig. 1.10. pa@ type clipper used in Step-III.

O

(iv) Thus, diode will be in se b@d c (1?10n when condition is satisfied. Thus, assuming the given
condition is satisﬁe@ diode.is in

ard biased condition the clipper circuit becomes,

solve for output voltage we have,

Applying KVL 1&@ O%ch

‘:g\}' SR
S Ry
A v, =V,

o in

(I=0) (1.10.2.4)
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Vin®) f\) dl | v,

e

Fig. 1.10.2.5 Circuit of a parallel type clipper used in Step-IV.

Fig. 1.10.2.6 shows the waveforms of the parallel type clipper. Whenever the<applied input signal
magnitude is greater than the voltage Ve, the diode is forward biased and the output yoltagetwill be clamped
to DC bus voltage. Whenever, the applied input voltage isdess_than the voltage 'V «,;therdiode is reverse
biased and the output voltage will have the same magnitude as the input voltage. In‘this way, the parallel
clipping circuit clips the part of the input signal.

N
Vin(t)

A
T
—

| /i

Fig. 1.10:2)6 Waveformssof the parallel type clipper.

= = T

1.11 Clamping Circuit

Clamper circuit as its namie implies clamps the AC signal with DC offset. During the clamping process,
the nature of the AC sigiial’is net,changéd but only there is change in the offset of the signal. The clamper
circuit normally uses{avcapaéitor to elamp the output voltage. In general there are two types of clamper
circuits: positive clamperand negative clamper

1.11.1 Positive Clamper Circuit

In the positive clamper circuit, the DC offset is provided such that the input is shifted above 0 V. The
schematic of the positive clamper circuit is shown in Fig. 1.11.1.1. The circuit consists of an AC input signal
Vin(t), capacitor C, PN junction diode D and the load resistance Ri. During the first positive half cycle of
the input signal, the PN junction diode D is reverse-biased such that the input voltage will appear across
the output load resistance. In the first negative half cycle of the input signal, the PN junction diode D will
get forward-biased and the capacitor will get charged to the peak reverse voltage. In the second positive half
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cycle of the input signal, the capacitor voltage will get added up with the input voltage and the signal will
get level shifted to double the peak voltage of the input signal. Fig. 1.11.1.2 shows the waveforms of the
positive clamper circuit. From the waveforms, it can be observed that the dc offset is added to the input
signal such that the output voltage Vo(t) is shifted above 0 V.

+
Vi@ DN SRVo0

Fig. 1.11.1.1 Circuit of a positive clamper circuit.

N
Vit Vin(®)
VA 7
2Vt Vo(t)
Vi
0 > ot
A4

Fig. 1.11.1.2 Waveforms of the positive clamper circuit.

1.11.2 Negative Clamper-Circuit

In the negative clamper citcuit, the:DC offset is provided such that the input is shifted below 0 V. The
schematic of the negative clamper circuit is shown in Fig. 1.11.2.1. The circuit consists of an AC input signal
Vin(t), capacitor €5 PN junetion diode D and the load resistance Ri. During the first positive half cycle of
the input signalpthe PNYyunction diode D1 is forward-biased such that the capacitor will get charged to the
peak positive voltage: In the first negative half cycle of the input signal, the PN junction diode D1 will get
reverse-biased and’the capacitor will get charged to the peak reverse voltage. In the second positive half
cycle of the input signal, the capacitor voltage will get added up with the input voltage and the signal will
get level shifted to double the peak voltage of the input signal. Fig. 1.11.2.2 shows the waveforms of the
negative clamper circuit. From the waveforms, it can be observed that the dc offset is added to the input
signal such that the output voltage Vo(t) is shifted below 0 V.
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Fig. 1.11.2.1 Circuit of a negative clamper circuit.
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The chapter presents the detai @% Suncﬁ@dlode and zener diode. The complete analysis of the
PN junction diode which inclu & s 1 rlstlcs and biasing modes are discussed in the chapter.
Different applications like &@ l@p rectlﬁer are also discussed in detail. iV is given., tunnel
diode helps students to geta,pr ea éout the operation of the PN junction diode under both unbiased
and biased operatmg c@lon nce‘t@ operation of the PN junction diode is clear, then the of the PN
junction diode are se ndel’&%nd the electrical behaviour of the PN junction diode. Then the I-V
characteristic e of th PN@nctlon diode is explained to determine the relationship between the
current and v q% 11\@6 PN junction diode. This characteristics equation is necessary to identify the
behaviour o s operating conditions. All these concepts are required for obtaining the operatmg
point of the PN J&On diode. The operating point will always ensure that the diode always operates in
stable and desired operating conditions. Next, the practical applications of the PN junction diode are
discussed to identify its real-time applications like rectifiers, clipping circuits and clamping circuits. The unit
also explains the construction, working and characteristics of the zener diode All these concepts are essential
to in understanding the operation of various electronic circuits.
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The laboratory experiments related to the I-V characteristics of the PN junction diode, zener diode,
clipping and clamping circuits, and design of the rectifiers were presented in the appendix of the book.

EXERCISES
Multiple Choice Questions \
D
1.1 When PN junction is in forward bias, by increasing the battery voltage &(:\ \%“‘
a. Circuit resistance increases &Q‘ O

Current through P-N junction increases

b
c. Current through P-N junction decreases
d

None of the above happen

1.2 When a PN junction is reverse-biased

a. Holes and electrons tend to concentrate towar Junc
b. The barrier tends to break down
c. Holes and electrons tend to mov the t10
d. None of the above \

1.3 Zener diodes are also kno

&\ o O

a. Voltage regulators

Forward bias diode

b

c. Breakdown diode <

d. None of the above q'& €> O&
N

&
1.4 For the output in be@}ﬁ ‘@(»?the V1 and V2 is
Vi Q
o 0{\'@ o
AN ’\/\/\/
+ —
IR
Si

R

+0
5
\\Z

<
S -

Si >
o\
+ i Vo b ewenas 7
73V [

53V +
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(a) 6,8
(b) 8,6
©) 9.9
(d) 8,6

Answers for Multiple Choice Questions

1.1 (b), 1.2 (c), 1.3 (a), 1.4 (a)

Short Answer Type Questions (,0 .\03
1.1 Give details of the formation of p-n junction with p a rials? ‘(\‘ 6\ 6‘
1.2 Explain the P-N junction diode operation in fo ia 10 Q . 3\?‘

)

gative lo ‘Qnd(’:@al %&orkmg"
6\0’ \\o
OQ‘ Q}Q

at v( VRL being maintained at 10 V.
e Z er (@de in below figure:

1.3 Give the circuit diagram using diode for, Ga

1.4 Explain two types of breakdown in Zen:

Long Answer Type Questions
1.1 For the network, determineghe ran an
Also, determine the max atb th
L . Fas
Q' A &
Q;& Q’b
ST ¢

V.=10V
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1.2 For the network determine the range of V; that will maintain V; at 8V and not exceed the maximum
power rating of the Zener diode.

91Q
WY
Vi Pana—io0m Y z RL?zzog &(}&
S Q&
(Q O

° &

1.3 Design a clamper circuit for the given input and outpu .

OQ
/}O

Vi Silico

&
& O

n di N ’0 )
& I PN
N
Y S
\ ‘6\
% -17.3V

4 10V

+
Vi

i si|

—~+Y

-10v

Vi Vi

0 I_l :t

-10v

4+ 20v
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2 Bipolar Junction Transistor

UNIT SPECIFICS
Through this unit we have discussed the following aspects:

o [ntroduction to the BJT;

o Operation of the transistor;

o Various configurations of the transistor;

o Biasing of the transistor;,

e  Quiescent point (Q-Point) of the transistor;

o Selection of quiescent point (Q-Point) of the transistor;

e Biasing stabilization;

e Biasing circuits for the transistors;

o BJT as a switch;

o BJT as an amplifier;

o Hybrid parameter model of the.transistor,

o Small signal analysis of the amplifier usin@the h¥parameters,
o Small signal analysis of the amplifier using thé.simplified h-parameters;
o Current mirror,

o High-frequency responséof thelamplifiers.
RATIONALE

This fundamental unit envthe, bipolar junction transistor helps students to get a primary idea about the
operation of the bipolav junction transistor under both unbiased and biased operating conditions. Next
various configurations of.the transistor like common base, common emitter and common collector were
discussed. Afterobtaining a good knowledge on these topics, next the crucial aspect that decides the
operation ofdipolaryunction transistor in the electronic circuit needs to be studied. Biasing of the
bipolar junction'@ransistor is a crucial aspect that decides the operation of the bipolar junction
transistor in any electronic circuit. Next, the operating point of the Q-point of the bipolar junction
transistor is discussed. The operating point will ensure that the bipolar junction transistor always
operates in stable and desired operating conditions. The various biasing circuits of the bipolar junction
transistor are discussed next. After the biasing, the operation of BJT as a switch and amplifier is
discussed. This includes the operation of BJT as closed switch and open switch. Along with this, the
amplifier configurations like common base configuration, common emitter configuration and common
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collector configuration with their input and output characteristics are discussed. The parameters of
the amplifiers like input impedance, voltage gain, current gain and output admittance need to be
obtained. For which a small signal analysis is required. This small signal analysis uses the h-parameter
model of the bipolar junction transistor. The detailed steps for obtaining the amplifier parameters like
input impedance, voltage gain, current gain and output admittance using the small signal analysis is
presented. To minimize the complexity in obtaining the amplifier parameters the small signal analysis
using a simplified h-parameter model is also presented. Next the high-frequency response of the
amplifier is presented to analyze the variation of the amplifier gain with frequency. All these concepts
are essential to in understanding the operation of various electronic circuits. The laboratory
experiment related to input and output characteristics of the bipolar junction transistor<in“common
emitter configuration is presented in the appendix of the book.

PRE-REQUISITES
Physics: Semiconductor (Class XII)

UNIT OUTCOMES

List of outcomes of this unit is as follows:
U2-0O1: Understand the basics of bipolat junction transistor alongwith its‘operation

U2-02: Realize various biasing circuits, required the_ bipolar. junction transistor along with the
selection of the operatingipoint

U2-03: Realize various operations of the bipolar'jumction‘transistor in the electronic circuits
U2-0O4: Determine the amplifier parameters by tising the small’signal analysis

U2-05: Understand the high-fréequency résponse of thexamplifier

Unit2 m&& \MAQRING WITH COURSE OUTCOMES

Outcomes (1- e g@t/om Medium correlation; 3- Strong Correlation)
€01 47 co=2 CO-3 CO-4 CO-5

u2-01 3 1 2 1 ]

u2-02 ~0 3 1 2 1 -

u2-03> < 3 1 2 1 -

Lu2:04 0 3 1 3 1 i

Yu2.05-° 3 1 3 1 -
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UNIT-II
Bipolar Junction Transistor

2.1 Introduction to the BJT

The transistor is a basically three terminal devices. In general,
there are many types of transistors. The bipolar junction N
transistor (BJT) is one of the transistors. In the BJT both the Es— NP AN KOEC
majority and minority charge carriers (both electrons and holes) Ay )
will contribute to the current conduction. Fig. 2.1.1 shows the 1-
construction of BJT. The BJT is a three-terminal two junCtion:
device that has emitter (E), base (B) and collector (C) tefminals. Fig. 2001 Canstruction of BJT.
The BJT is generally used for amplification anddswitching
applications in electronic circuit.

B

The BJT is commonly referred as bi-polar transistor. Based«ofy the.construction, there are two types of
BJTs: (a) N-P-N type and (b) P-N-P type. The N<P-N type BJT is‘constructed by sandwiching a P-type
semiconductor between two N-typegsemiconductors. Similarlythe P<N<P; type BJT is constructed by
sandwiching an N-type semiconducton, between two “P-type semiiconductors. Fig. 2.1.2 shows the
construction of N-P-N and P-NP. transistors:

E N N_;555+—-C E-—* P N P C
B
(a)N-P-N'type (b) P-N-P type

Fig:2:1.2 Canstruction of N-P-N type and P-N-P type transistors.

The middle region~of the transistor is normally called the base (B). The base region will be generally
very narrow in argarand lightly doped. While the other two regions are normally called emitter (E) and
collector (C). The emitter region is heavily doped and the collector region is moderately doped. The collector
region is normally made wide to dissipate a larger amount of power while the emitter region is moderately
wide. With the sand-witch arrangement and presence of three semi-conductor material, it results in the
formation of two junctions in the device. Due to these three regions with semiconductor material, there are
two junctions in the transistor. The first junction is between the emitter and the base which is normally called
as emitter junction (Jg). The second region is between the collector and the base which is normally called as
collector junction (Jc). Fig. 2.1.3 shows the symbol of the N-P-N and P-N-P transistors. The direction of the
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arrow mark is always in the direction of conventional current which is opposite to the flow of electrons
between the emitter to the base. In the case of N-P-N type transistor, the electrons will flow from the emitter
to the base so that the direction of the arrow mark is towards the emitter terminal. In case of P-N-P type
transistor, the electrons will flow from the base to the emitter so that the director of arrow mark is towards
the base terminal.

B B
(a) N-P-N type (b) P-N-P type

Fig. 2.1.3 Symbol of N-P-N type and P-N<P type transistors.

2.2 Operation of the Transistor

As discussed above the transistor has two_junctions:‘theyemittet, junction'(Jr) and the collector junction
(Jc). Presence of junctions results in the formation of the depletion layers,;betweenithe emitter-base terminals
and the collector-base terminals as shown in Fig. 2:2.1. The formation’of the depletion layers is due to the
diffusion process, where the charge cafriers in the depletiofiregion'will pengtrate more into the lightly doped
region compared to the heavily dopedregions. The deplétion layer formedbetween the emitter-base junction
will penetrate more into the basegegion compared tothe emitter region. Similarly, the depletion layer formed
between the collector-base junction 'will penetrate“more ‘into the base region compared to the collector
region. As a result, the effective area of the base region will reduce as shown in Fig. 2.2.1. Due to these
depletion regions, there will be a barrier potential acress thése’junctions which is called as barrier potential.
It should be noted that for the current cénductionthroughthe transistor, a voltage greater than the barrier
voltage must be applied. For typical practical‘dopingiconditions, the barrier voltage will be approximately
0.7V for the silicon transistor whereasfor the germanium transistor, the barrier voltage will be approximately
0.3V.

2.2.1 Operation.of the'Biased Transistor

During the biasing, the,external*voltages are applied to the transistor. Due to these external voltages, the
emitter junction (Jx) and“the collector junction (Jc) can be forward or reverse-biased. Depending on the
nature of theSe jurctions the transistor can be operated in different regions. The four possible bias
combinations of the transistor along with the region and application is shown in Table 2.2.1.1

For amplifier applications, the transistor must be operated in the active region. In order to operate the
transistor in the active region, the emitter junction must be forward biased and the collector junction must
be reverse biased. The biasing for the transistor to operate in the active region is shown in Fig. 2.2.1.1. The
emitter junction is forward-biased by using an external power supply Vge. Similarly, the collector junction
is reverse-biased by using the external power supply Vcc.
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Depletion Depletion
Layer of Jg Layer of Jc

— Em1tter+ Base+ Collector

0000 00'0'0'0

| B! &
Effect_i\)/é BlagArea && 00

(a) N-P-N type

Depletion
Layer of Jg

Fig. 2.2.1 N&R‘t xgd P- l\ﬁ type transistors at equilibrium condition.

v\> o(v {(\ Table 2.2.1.1

Emitter J unct@ oll%:)? Junction Region Application
(JEX\‘% \0 3 Jo)
Forwar?&as& Reverse-Biased Active Amplifier
Forward—Blased Forward-Biased Saturation Closed Switch
Reverse-Biased Reverse-Biased Cut-off Open Switch
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—E—lNPNl—Cﬂ: E—lPNP+—§—

B B
il il Il il
|l |l - k-
VEE VCC VEE VCC
(a) N-P-N type (b) P-N-P type

Fig. 2.2.1.1 Biasing for the transistor to operate in the active region.

In order to operate the transistor as a closed switch, the transistor must operate in the,saturation region.
For operation in the saturation region, the emitter junction and the collector junction piust be forward-biased.
The biasing for the transistor to operate in the saturation regionis’ shown in Fig. 2.271:2. The.emitter junction
and the collector junction are forward-biased by using the external power supplies Vge'and Vec.

];:—lNPN+—CI: ];:—lP:?I‘fIQfP+—CI:

B B
| | lilh lilt ihl
_-|||Jr ik Al _'|||Jr
VEe Ve Vir Ve
(a) N-P-N type (b) P-N-P type

Fig. 2.2.1.2 Biasing for the fransistor'to operate in the saturation region.

In order to operate the transistor ag*an opénrswitech, the transistor must be in the cutoff region. For the
cut-off region, the emitter junction and the eollector*junction must be reverse-biased. The biasing for the
transistor to operate in the cut-effiregionjis shown in Fig. 2.2.1.3. The emitter junction and the collector
junction are reverse-biased by using the extethal power supplies Veg and Vcc.

E X NN C E C
—— N P N 55+—~ =—}] 7 N P ———
B B
i il il n
- il H|Il- Il
Ve Vee Vg Vee
(a) N-P-N type (b) P-N-P type

Fig. 2.2.1.3 Biasing for the transistor to operate in the cut-off region.
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2.2.1.1 Operation of the Transistor in the Active Region

For the N-P-N transistor to operate in the active region, the emitter junction must be forward-biased and
the collector junction must be reverse-biased. The emitter junction is forward-biased by using an external
power supply Vee as shown in Fig. 2.2.2.1.1. Similarly, the collector junction is reverse-biased by using the
external power supply Vccas shown in Fig. 2.2.2.1.1. The resistors Rg and Rc at the emitter and collector
terminals respectively are normally used to limit the current and also biasing the transistors. As the emitter
junction is forward-biased, the width of the depletion at the emitter junction reduces. Similarly, the collector
junction is reverse-biased so that the width of the depletion at the collector junction increases. Due to the
external power supply Ve, the electrons in the emitter region crosses the junction Jg and enter the base
region. Since the base region is lightly doped, only some of the electrons coming from the emitter region
combine with the holes in the base region. Due to this

Depletion Depletion

Layer of Jg  Layer of J¢
«— Emitter—s%— Base—x——Collecfor
S
ol
Rg g ; Re
— W N Bh N oS AMW—
— o T

le ol

ol

Fig. 2.2.2.1.4"Operation of N-R-N transistor in the active region.

recombination, there will be a ciicrent Igtin the base region. Base current also has a part when carriers from
the base region are also injeeted into ‘the emitter region due to forward bias. The remaining electrons in the
base region cross the junction Jc and‘enterinto the collector region to the positive of the power supply Vcc.
This results in the colléctor current Igiand this current is due to the majority charge carriers (electrons).
Therefore, the emittégs eurteat)lf: is given by

I =1; +1
(2.2.2.1.1)

Similarly, because of the reverse-biased collector junction, a reverse leakage current Ico due to minority
charge carriers (holes) will flow in the collector region. Therefore, the collector current Ic is given by

I = IC(majority) +1 (2.2.2.1.2)

Same strategy holds true for P-N-P transistor for its operation in the active region.
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2.3 Various Configurations of the Transistor

In general, most of electronic circuits are two-port networks which means there are two input terminals
and two output terminals. The transistor is basically a three-terminal device. In order to construct an
electronic circuit using the transistor, one terminal of the transistor needs to be common for the input and
output terminals. This leads to a common base, common emitter and common collector configuration. Fig.
2.3.1.1 shows the common base, common emitter and common collector configurations. In the common
base configuration, the base terminal is common to both the input and output terminals of the circuit. In the
common emitter configuration, the emitter terminal is common to both the input and output terminals of the
circuit. Similarly, in the common collector configuration, the collector terminal is common to beth'the input
and output terminals of the circuit.

Output
terminal

Output
terminal

Input Output Input [nput
terminal terminal  terminal i terrimal i
2& 8 B C
(a) ComElgnon Base (b) Common Emitter. (b) Common Collector
Configuration Configuration Configuration

Fig. 2.3.1.1 Common basé;;eommon emitter and'‘common collector configurations of the transistor.

2.3.1 Common Base Configuration

In the case of the common base configuration;’the base terminal is kept common for both the input and
output terminals of the circuit. Fig.2.3"1.11 \shows‘the common base configuration of the transistor. The
resistors Rc and Rk are placed to limit the.current.‘The voltage sources Vxx and Vcc are given for the biasing
of the transistor. The emitter andbase t€rminals act as input terminals and the collector  and base terminals
act as output terminals. The woltage Vg is.the‘input voltage to the transistor and the

—1

Vxx Vee

Fig. 2.3.1.1.1 Common base configuration of the transistor.
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current Ig is the input current of the transistor. The voltage Vg is the output voltage to the transistor and the
current Ic is the output current of the transistor.

In the common base configuration, I is the input current of the transistor and I¢ is the output current of the
transistor. The current gain o in the common base configuration is given by

— IC
“=1 2.3.1.1.1)
E
The collector current I¢ is again equal to
I. = IC(majority) +Iepo (2.3.1.1.2)

where Ic(majority) 18 the current injected due to the majority charge carriers and Icgo is the, reverse’ current
flowing due to minority charge carriers between collector and base with emitter open{ This eurrent is very
negligible when compared to I¢(majority)- Therefore, the collectomcurrent I¢ is almost@gual,teilcmajority)-

Te =T majoriyy =2 (2.3.1.1.3)
The emitter current I is almost equal
I, = I
g (2.3.1.1.4)
Again, the emitter current I is given by
I =1+ 1 (2.3.1.1.5)
Iy=1, <I¢ =Ip> ol & (1- o, (2.3.1.1.6)

The collector current Ic is always less than the émitter €usrent Ig. Therefore, the current gain a in the
common base configuration is always lesstthan unity. Thetypical values of current gain o will be from 0.95
to 0.995.

Next, the input characteristics need to be plotted\The input characteristics are plotted between the input
voltage Vep and the input currént g af 'a” conStant output voltage Vcg. Fig. 2.3.1.1.2 shows the input
characteristics of the commenibase cotfiguration. After the barrier potential voltage (i.e., 0.7V for the silicon
and 0.3V for germanium)sthe emitter curfént increases rapidly with the increase in the input voltage Ves.
This results in very low’dynamic input resistance. With the increase in the voltage Vg, the width of the
depletion layer of collector junction J& increases, as a result, the effective base area reduces. This slightly
increases the emittet’ curtent [g. This effect is called early effect. The output characteristics are plotted
between the output voltage Vg and the output current I¢at a constant input current Ig. Fig. 2.3.1.1.3 shows
the output characteristics of the common base configuration. There are three regions in the output
characteristics: active, saturation and cut-off region. During the active region, the emitter junction is
forward-biased and the collector junction is reverse- biased. In this region, the collector current I¢ is almost
constant for various values of Vg and approximately equal to the emitter current [g. The collector current Ic
increases with the increase in emitter current Ig. The dynamic output
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Fig. 2.3.1.1.2 Input characteristics of common base configuration.
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Fig. 2.3.1.1.3 Outputicharacteristics.of common base configuration.

resistance is very high due to thesconstant collector current Ic. In the saturation region, both the emitter
junction and the collector junctions dre forward-biased. In the saturation region, with the decrease in the
negative value of Vcg, theswadth ofithe depletion layer increases, the results in an increase in the collector
current Ic. In the cut-off'region, both the emitter junction and the collector junctions are reverse-biased. This
results in the zero-collector current I¢c for various values of Vg for a finite value of Ig.

2.3.2 Common Emitter Configuration

In the case of the’common emitter configuration, the emitter terminal is kept common for both the input
and output terminals of the circuit. Fig. 2.3.1.2.1 shows the common emitter configuration of the transistor.
The resistors Rc and Rg are placed to limit the current. The voltage sources Vxx and V¢ are given for the
biasing of the transistor. The base and emitter terminals act as input terminals and the collector and emitter
terminals act as output terminals. The voltage Ve is the input voltage to the transistor and the current Ip is
the input current of the transistor. The voltage Vcg is the output voltage to the transistor and the current ¢ is
the output current of the transistor.
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th@u‘c current of

In the common emitter configuration, g is the input n 1
the transistor. The current gain § in the common e confi A\
&
c
T O (2.3.1.2.1)
The emitter current I is given by N\
o N\ (23.1.2.2)
S 2
. ’\":7 (2.3.1.2.3)

Substituting equation (2.3.1.2.3)"in equati %3'3’2‘(?) i )
a %3 e

R
{,&éoegx\g% (2.3.1.2.4)

Now dividing RHS terms w%% on S&lerq@ and denominator gives
S

=

JRS
P&
O A I
«%\)b {}{\'@ $ B:—EIC (2.3.1.2.5)
|-t 3.1.2.
v z
The term I¢/Is is %ual to the current gain o in the common base configuration

o

p= Ta (2.3.1.2.6)

From the equation (2.3.1.1.2) and (2.3.1.1.3),

Io =alg +1cp (2.3.1.2.7)



Bipolar Junction Transistor | 54

Substituting (2.3.1.2.2) in (2.3.1.2.7) gives

Ie=o(Te +1;) + oo (2.3.1.2.8)
The above equation can be rewritten as
l-a) Igo
Ic {—a J === (2.3.1.2.9)
a I
I.=1,| — |[+—2%
c B{I—O(.J —o (2.3.1.2.10)
Substituting (2.3.1.2.5) in (2.3.1.2.10) gives
I =T;B+(1+B) g (2.3.1.2.11)
and
(1+B) g™ oo (2.3.1.2.12)

where Icko is the reverse leakage current between collectoriand emitter while'base.is open. The current I¢cgo
cannot be ignored because it is amplifiedgby a factor 1+f. The’current’ gaint3“in the common emitter
configuration is very high. Next, the input charactefistics need.to be{plotted. The input characteristics are
plotted between the input voltage Vrand the input currentTs at a_eonstant eutput voltage Vce. Fig. 2.3.1.2.2
shows the input characteristics of the common emitter configuration. After the barrier potential voltage (i.e.,
0.7V for the silicon and 0.3V for germanium), the base current*l inéreases rapidly with the increase in the
input voltage Vge. This results'in very.low dynamicinput tesistance. The output characteristics are plotted
between the output voltage Vcganddthe output Currentdeat a constant input current Ig. Fig. 2.3.1.2.3 shows
the output characteristics of the common«emitter, configuration. There are three regions in the output
characteristics: active region, saturationsrégion 4and cutzoff region. During the active region, the emitter
junction is forward-biased and the collector gunction.is reverse-biased. In this region, the collector current
I¢ slightly increases with the increaselim Vge, The dynamic output resistance is high. In the saturation region,
both the emitter junction and the€ollectof junctionsare forward-biased. In the saturation region, the collector
current I¢ is independent of input current I, It*the cut-off region, both the emitter junction and the collector
junctions are reverse-biasedwThe region bélow I equal to zero is the cut-off region.
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Fig. 2.3.1.2.2 Input characteristics of commonmitter configuration.
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Fig. 2:3:1.2.30utput.characteristics of common emitter configuration.

2.3.3 Comman-Collector.Configuration

In the case ‘of the €ommon collector configuration, the collector terminal is kept common for both the
input and output terminals of the circuit. Fig. 2.3.1.3.1 shows the common collector configuration of the
transistor. The resistors Rg and Rp are placed to limit the current. The voltage sources Vxx and V¢ are given
for the biasing of the transistor. The base and collector terminals act as input terminals and the emitter and
collector terminals act as output terminals. The voltage Vgc is the input voltage to the transistor and the
current g is the input current of the transistor. The voltage Vic is the output voltage to the transistor and the
current I is the output current of the transistor. In the common collector configuration, Ig is the input current
of the transistor and Ig is the output current of the transistor. The current gain y in the common collector
configuration is given by
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(2.3.1.3.1)
The emitter current Ig is given by

(2.3.1.3.2)

(2.3.1.3.3)
(2.3.1.3.4)

(2.3.1.3.5)

Neglecting Icgo we get

(2.3.1.3.6)

N (2.3.1.3.7)
O x0T ’

Next, the in u%char stics hided to be plotted. The input characteristics are plotted between the input
voltage Vs %t euput current Ig at a constant output voltage Vce. Fig. 2.3.1.3.2 shows the input
characteristic 0% ommon collector configuration. The input resistance of the common collector
configuration is high. The output characteristics are plotted between the output voltage Vce and the
output current Ig at a constant input current Ig. Fig. 2.3.1.3.3 shows the output characteristics of the common
collector configuration. The output characteristics of the common collector configuration is almost the same
as that of the common emitter configuration since the value of the collector current ¢ is almost equal to the
emitter current Ig. That is why the common collector configuration is also called as emitter follower.
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Fig. 2.3.1.3.2 Input characteristics of common collector configuration.
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Fig. 2.3.1.3.3 Output charaeteristics of common collector configuration.

Among the three configurations of the transistor, the common base configuration has the current gain
less than 1 and a high voltage gain. The cominon emitter configuration has high current gain and voltage
gain. The common collector-configuration has high current gain and a voltage gain of less than 1. For the
amplifier application common.eémitter,configuration is preferred over common base and common collector
configurations. The commoncollector configuration is normally used for impedance matching applications.
The common base configuration‘is®used in the input stage of multistage amplifier because of low input
impedance.

2.4 Biasing of the Transistor

The biasing of the transistor is generally required for two purposes:

1. As discussed earlier, the transistor will normally operate in the active region, saturation region, cut-off
region and inverse active region. The region of operation of the transistor is selected by biasing the
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transistor. By biasing the transistor, the emitter junction and the collector junction can be forward-biased
or reverse-biased so that desired operating region will be selected.

2. One of the major applications of the transistor is amplification. During amplification, the weak input
signal is transformed into the strong output signal. The biasing of the transistor will normally provide the
additional power to convert the weak input signal is transformed to the strong output signal.

The biasing of the transistor can be of four types: fixed bias circuit, collector-to-base bias, voltage divider
bias and emitter stabilized bias.

2.5 Quiescent Point (Q-Point) of the Transistor

In order to explain the Q-point or operating point of the transistor, the circuit showh.in Fig..2.5.1 is
considered. The circuit shown in Fig. 2.5.1 consists of one external power supply Ve, ofie transistor and two
biasing resistors Rg and R¢. The circuit shown in Fig. 2.5.1 is acommon emitter coffiguration. The biasing
resistor Rg is connected between the positive terminal of Vcgfo theibase terminal of-the transistor. Similarly,
the biasing resistor R¢ is connected between the positive termiinal of Ve toéthe collector terminal of the
transistor. Ip is the current flowing into the base termiinal and Icds the ctrrent flowing, into the collector
terminal.

Applying the KVL on the collector network

Voo —IeR o = V=0 (2.5.1)

Vgé

Fig. 2.5.1 Circuit considered for explaining the Q-point of transistor.

L = _VCE + Vcc
cTTT R (2.5.2)

C
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The expression (2.5.2) is a straight line where 1/Rc is the slope of the line and V¢c/Rc is the y-intercept.
The above straight line is called the DC load line. Plotting the DC load line on the output characteristics of
the common emitter configuration as shown in Fig. 2.5.2 results in the intersection points between the output
characteristics and the DC load line. These intersection points are called as the Q-point of the transistors.
One X-coordinate of the DC load line is (Vcc, 0) and the Y-coordinate of the DC load line is (0, Vcc/Rc).

IC mA)
(0, VeolRe) c
Active Region
Ips
Saturation Ip4
«1 I
B3

Region /

Cut-off Region

>Vee(V)

Veab)

Fig. 2.5.2 DC load line and output charaeteristics of the comimon emitter configuration.

2.6 Selection of Quiescent Point (Q-Point) of the Transistor

The selection of the Q-pdint depends on the\application, of,the transistor whether to be used as an
amplifier or switch. Let us consider the Q-points P, Qéand R as'shown in Fig. 2.5.2. The Q-point P is near
to the saturation region, Q-point Q 1s at the‘center. of the DCMoad line and Q-point R is near to the cut-off
region.

Case-1: If the Q-point is at P

Let us consider that the Q-pointis atdocation*P: Now at this location, if an input signal is applied to the
transistor for the amplificationy”The part of the input signal is in the saturation region. This results in the
clipping in the collector curtent Igrand theoutput voltage Vg of the corresponding input part that is in the
saturation as shown in Fig:"2.6, 1, This_clipping results in the distortion in the output voltage and current.

Case-2: If the Q-pointis at'Q

Let us consider thatithe Q-point is at location Q. Now at this location, if an input signal is applied to the
transistor for the amplification, Then the complete input signal is in the active region. This results in the
complete output signal without clipping in the collector current I¢ and the output voltage Vcg as shown in
Fig. 2.6.2. Thus, there no distortion of the input signals by clipping for transistor operating in active region
for Q-point at location Q.
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Fig. 2.6.2 Q-point is at the center of the DC load line.
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Case-3: If the Q-point is at R

Let us consider that the Q-point is at location R. Now at this location, if an input signal is applied to the
transistor for the amplification, The part of the input signal is in the cut-off region. This results in the clipping
in the collector current I¢c and the output voltage Vg of the corresponding input part that is in the cut-off as
shown in Fig. 2.6.3. This clipping results in the distortion in the output voltage and current.

IC mA)

""%I'C"'&f}"_'_'/'/

Fig. 2.6.3 Q-point is:near to the,ecut-off region.

From the three cases, it can be observéd that whenever the Q-point is at the center of the DC load line, then
the output current and output voltage, are aiotvdistorted and the amplification will happen to the complete
input signal. So, the Q-point must,bé¢ always at.the center of the DC load line. The biasing circuit must be
designed in such a way that thé Q-point should bé always at the center of the DC load line.

2.7 Biasing Stabilization

The Q-point should béalways«atthe center of the DC load line. But in the real time scenario, the reverse
leakage currentIe¢orduéte’ minority charge carriers, base to emitter voltage Vg and the current gain § will
vary with theiteémperature. The collector current that is a function of Ico, Ve and B will also change due to
the variation in the¢stemperature. Due to a change in the collector current I¢, the Q-point will shift either
toward the saturation region or toward to cut-off region. The biasing circuit should be designed in such a
way that the variation of I¢o, Ve and B with the variation in the temperature should not affect the Q-point
location. This process of stabilizing the Q-point with the biasing circuit is called biasing stabilization.
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The biasing circuits should be designed in such a way that the change in the collector current Ic due to
changes in the Ico, Ve and 3 with the variation in temperature should be nullified. The biasing stabilization
can be identified from the stability factors S, S', S". These stability factors are nothing but the partial
derivatives of the collector current I¢ with the Ico, Ve and . The values of these stability factors should be
as minimum as possible. The stability factors normally indicate the deviation in the Q-point because of the
variation in the Ico, Vge and . The minimum value or low value of the stability factors indicates that the
deviation in the Q-point is very less.

o ol
Stability factor S = P CCO (2.7.1)
. , Ol
Stability factor S'= —— (2.7.2)
BE
Stability f: S = o
tability factordS’ = 5_[3 (2.7.3)

2.8 Biasing Circuits for the Transistors

The biasing of the transistor can be of four, types: fixed‘bias eireuit, collector-to-base bias and voltage
divider bias.

2.8.1 Fixed Bias Circuit

The fixed bias circuit is very simpleicompared to thevother biasing circuits. The fixed biasing circuit
generally requires one external power supply\Vcc and two biasing resistors Rg and R¢ as shown in Fig.
2.8.1.1. The biasing resistor Rg is_eonnected,between the positive terminal of V¢ to the base terminal of the
transistor. Similarly, the biasingtesiston Re is connected between the positive terminal of Vcc to the collector
terminal of the transistor. Igds,the current flowing into the base terminal and Ic is the current flowing into
the collector terminal.

Applying KVL on the base fietwork,
Vee —IgRp = Vi =0 (2.8.1.1)

I = Vcc _VBE
BT o (2.8.1.2)
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Vee

(2.8.1.3)

(2.8.1.4)
(2.8.1.5)
. (2.8.1.6)
S °
The stability%&@g equal to

ol B

§=—"=—
V. R, (2.8.1.7)

The stability factor S" is equal to
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— aI_c — Vcc — VCE
P R.p

"

(2.8.1.8)

The value of B is very large, so the values of the stability factors are also high. The Q-point will change due
to the changes in the Ico, Ve and  with the variation in temperature. Therefore, the fixed bias circuit doesn’t
have the bias stabilization.

2.8.2 Collector-to-Base Bias Circuit . Q}

The collector-to-base bias circuit is shown in Fig. 2.8.2.1. In the case of collector-to- Q}bia@ ere is
feedback between the input base and output collector terminals. The collector-to-base bi m@generally

requires one external power supply Vec and two biasing resistors Rg and R as shown'in Fig2.8.2.1. The
biasing resistor Rp is connected between the collector to th e terminals of t g@f@r. The biasing
resistor Rc is connected between the positive terminal of ollector termina e transistor. Ip is
the current flowing into the base terminal and the sum g i ﬂm&ul h t&@%is‘cor Re.
S o &
»ov .o
¥®

Applying K&@@?e network,
<

Vee _(Ic +IB)RC — IRy = Vi =0 (2.8.1.1)

Vee = (Ic + IB)RC + IRy + Vi, (2.8.1.2)
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Vee =(Rc +RB)IB FI R+ Ve = Ve = (Rc +RB)IB +PBIR: + Vi (2.8.1.3)
Vee Z(RC (1+B)+RB)IB + Vi (2.8.1.4)
L = VCC _VBE
=R, +R(14) (2.8.1.5)
X
Applying KVL on the collector network, O
Q} q
& 2.8.1.6)
o&. °
G ,\\? (2.8.1.7)
O Q,é'
& .~
*(\\ (2.8.1.8)
O
The collector current Ic and the bas
(1+B)Ieo
The stability factor S is equal to
Qf
&('v bé R (2.8.1.10)
0 & 0 1+B o
& Q& QQ\ RC + RB
The stability factor @ @0 ‘$
(\\% g e B
zég. oV, R,+(+PR, (2.8.1.11)

The stability factor S" is equal to
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. 1o 1

B B (2.8.1.12)
b P 1+B _Re
R.+R;,

SH —_

Compared to the fixed bias circuit, in the collector-to-base bias circuit, the values of the stability factors S,
S', S" are less. So, the collector-to-base bias will provide more bias stabilization compared to the fixed bias
circuit.

2.8.3 Voltage Divider Bias Circuit

The voltage divider bias circuit is shown in Fig. 2.8.3.1 The voltage divider bias circuit generally requires
one external power supply Vcc and four biasing resistors RifRz, Rr and R¢ as shown imFig. 2.8.3.1. The
biasing resistor R1 is connected between the positive of the power supply Ve¢'to the. base terminals of the
transistor. The biasing resistor Rz is connected betweenithe base tefminals,of the tfansistos te the negative
terminal of the power supply Vcc. The biasing resistor Rc is connected bétween the positive terminal of Ve
to the collector terminal of the transistor. The biasing resistor Re'is connectedbetweenithe emitter terminal
of the transistor to the negative terminal of the.power supply, Vcc. Jh order. toranalyze this circuit, the circuit
needs to be simplified using Thevenin’s theorem. The Thevenin’s equivalent-of the voltage divider bias
circuit is shown in Fig. 2.8.3.2. The term Vi denotes the Thevenin’swvoltage and the term Ry denotes the
Thevenin’s resistance.

Vec
Rl RC
C
B
E
R2 RE

Fig. 2.8.3.1 Voltage divider bias circuit.
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(2.8.3.1)

(2.83.2)

(2.8.3.3)

(2.8.3.4)

(2.8.3.5)

(2.8.3.6)

Applying KVL on the collector network,

Vee IR =V —L,R =0 (2.8.3.7)
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1

Vee =IeRe + Ve + +E)REIC (2.8.3.8)
L= Vee = Vee
¢ 1 (2.8.3.9)
R;|[1+— [+R
E B C
The collector current I¢ and the base current Ip are related as ) Q}
&

Io =PI +(1+B)Ie

The stability factor S is equal to

The stability factor S' is equal to

The stability factors S, S' and
base bias circuit. Hence the b 1lizati
collector-to-base bias and fixed 1r0{

2.9 BJT as a Switch ,,3; {\\
&

oo
e
29.1BJT a }?oaé?smﬁ?ch

For the ogr'atloﬁ&BJ T in the cut-off region, both the emitter junction and collector junction need to be
reverse biased. FOF reverse biasing the emitter junction, a voltage of OV needs to be applied at the base
terminals. Because of this 0V at the base terminal, the value of Is and Ic will be equal to OA. Thus, BJT is
acting like a open switch. Fig. 2.9.1.1 shows the operation of BJT as an open switch.

(2.8.3.12)

&de ias 01 is very less compared to the collector-to-
or, voltage divider bias circuit is good compared to
en e Vd@ e divider bias circuit is preferred.

\

K or closed switch depending upon the reglon of opera‘uon

it acts as an open switch. When the BJT is operating in the
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ovV—/

Fig. 2.9.

2.9.2 BJT as a Closed Swi X
F e
For the operation of BJT i at botlﬁle e:ngj?t%r junction and collector junction need

to be forward biased. Normall {@urat Vroltag& etween the collector terminal and emitter
at). E{'gsa Z@OWS the operation of BJT as a closed switch.
D &

The collector current I¢(sar) is equal to \<}
\45'6 SN
S
0 cc CE(sat)
> <\\ Ic\c% R (2.9.2.1)

N ) c
\) @ \«(\ Ty = Bl (2.9.2.2)

For operatinyﬁch@ratlon region, the current flowing through the base terminal must be greater than
the I(sat).
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VCC VCC

RC l IC(sat) 1{C 1, IC(sat)

C C
Ip> Ip(saty —>
B > v
RB CE(sat) VCE(sat)
Vxx sE RE

Fig. 2.9.2.1 BJT as a closed switch,

2.10 BJT as an Amplifier

Three amplifier configurations agé'possibleyusing the.BJT: common“base amplifier, common emitter
amplifier and common collector amplifier:

2.10.1 Common Base Amplifier

The circuit schematic of the common base¢ amplifier is shown in Fig. 2.10.1.1. The common base
amplifier consists of an input signal ¥s'which'is'to beé.amplified. The term Rs denoted resistance of the input
signal. The amplifier consists of tworbiasingresistors, Re and Rc. The load resistance is denoted by the term
RL. The voltage across and thecurrentflowing through the load resistance is denoted by the terms Vi, and I..
The capacitors C; and C, ate,used as coupling capacitors. The capacitor C; is used to block the dc value
entering from Vs. Similatly; the €518 use€dito block DC reaching to the load.

Ci Co
i = [ A
I
RS RE RC
B %RL \%9
V. Ve -|— Vee

Fig. 2.10.1.1 Common base amplifier
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For amplification application, the emitter junction needs to be forward-biased. The external dc source Vg is
connected to forward bias the emitter junction. Similarly, the collector junction needs to reverse biased. The
external dc source Vcc is connected to reverse bias the collector junction. During the positive half cycle of
the input voltage, the voltage at the emitter terminal increases. This increase in the voltage reduces the
forward biased emitter terminal. This reduction in the forward biased emitter terminal reduces the emitter
current Ig. The reduction in the emitter current reduces the collector current Ic. The output voltage Vi is
equal to

VL =Vee —1IcR¢ (2.10.1.1)

The reduction Ic increases the output voltage in positive direction. In this way for the paSitive half'cycle of
the input voltage, the output voltage follows the positive half of the input voltage. Similarly, for,the negative
half cycle of the input voltage, the output voltage follows the n€gative half cycle of the inputvoltage. Thus,
the input voltage and output voltage are in phase for the commontbase amplifier.

2.10.2 Common Emitter Amplifier

The circuit schematic of the common emitter amplifieryis shown, in Figsa2:10.2X13The common emitter
amplifier consists of an input signal Vs which is to be amplified”The texm Rs denotes resistance in series
with input signal source. The amplifier consists of feur biasing fesistor§'R1, Ry, Re'and Re. The load resistance
is denoted by the term Ri. The voltagesacross and the currefit,flowilig throughithe load resistance is denoted
by the terms Vi, and I1.. The capacitor§'Cj and C, are used«as.coupling.capacitors to block the dc value entering
the transistor. Ce is the bypass capacitance across the@mitter resistance Re.

VCC

Fig. 2.10.2.1 Common emitter amplifier

The bypass capacitance Ce is connected to avoid the drop in emitter resistance Rg.
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During the positive half cycle of the input voltage, the base current I increases. This increase in the base
current increases the collector current Ic. The output voltage Vi, is equal to

VL =Vee —1cR¢ (2.10.2.1)

The increase in collector current /¢ decreases the output voltage in positive direction. In this way for the
positive half cycle of the input voltage, the output voltage will be in negative half cycle. Similarly, for the
negative half cycle of the input voltage, the output voltage will be positive half cycle. Thus, the input voltage
and output voltage are in out of phase for the common emitter amplifier.

2.10.3 Common Collector Amplifier

The circuit schematic of the common collector amplifier is. shown in Fig. 2.10.3¢1*The common collector
amplifier consists of an input signal Vs which is to be amplified. The term Rs,denotes.resistance in series
with input signal source. The amplifier consists of three,biasing resistors R1¢R> and-Re. Thetlodd resistance
is denoted by the term Ri. The voltage across and theurrent flowing threugh thedoad resistance is denoted
by the terms Vi and ... The capacitors C;j and C, aredised as coupling capacitors, tobloekithe dc value entering
the transistor.

Vee

Fig. 2.10.3.1 Common collector amplifier.

During the positive half cycle of the input voltage, the voltage at base terminal increases. For a fixed
Vs, the increase in base voltage increases the voltage at the emitter terminal. Since the load is connected at
emitter terminal, the output voltage will follow the input voltage. Thus, the input voltage and output voltage
are in phase for the common collector amplifier.
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2.11 Hybrid Parameter Model of the Transistor

The hybrid parameter (h-parameter) model of the transistor is normally used to calculate the input
impedance, voltage gain, current gain and output admittance of the amplifier. In the case of two port
networks, if Vi is the input voltage of the network, 11 is the input current, V is the output voltage of the
network and I, is the output current. Using the h-parameters, the variables V1, V2, I1 and I are related by

Vi=h, L, +h,V,
I,=h,L, +h,V,

where .&(3\

N e ot
T gives the information of input impedance of the network in o@ )
1 ly,=0 & 0
O ‘\c,,
h, = 71 gives the information of reverse in of the ‘%work’{?
2|20 \(} 6‘
\'
L . . . \
h, =—= gives the information current @of t%g &
Llv,=0
1, ?
hy, == gives the infor n o put mitta ork in mhos
211,=0

In the case of transistor, if Vi is the inp

ta ge of t&;&}
the input current of the transi [, ut

{for \ ﬁ\he output voltage of transistor, I; is
f traﬁslstor then

\'«
h Vs
é&i Aoy 2.11.2)
where (?‘,Q‘ &

h; = _i @ gﬁ‘@on of input impedance of the transistor in ohms
\° &

ﬁ @’es thé&'ormatlon of reverse voltage gain of the transistor

h; = I;T gives the information of forward current gain of the transistor
ilv,=0

gives the information of output admittance of the transistor in mhos
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Using the equation 2.11.2, the equivalent circuit of the transistor using the h-parameters is given in Fig.
2.11.1.

0
Vi
<

—
é?

T
Vo

O
Fig. 2.11.1 h-parameter equivalent circuit of the transistor

hV,

-

D) Ohg %ho

o— <

In the case of common base configuration, the input voltage to the transistor is Vggypthe input current to
the transistor is Ig, the output voltage of the transistor is Vg afidrthe output current'is I¢, The h-parameters
for the transistor in the common base configuration is given'by

Vig = hiBIE + hrBVCB

2.11.3
I. = htBIE + haBVCB ( )

where hig, hrs, hss and hop are the h-parameters of the transistor inthe commmon base configuration. Using
the equation 2.11.3, the equivalent circuit of the'transistor in the ‘comnion’base configuration using the h-
parameters is given in Fig. 2.11.2.

IE hiB 1
Eo—>SAAN EoC
| g [
Ves ha¥es (D0 @ hle %1013 Ves
BL °B

Fig. 2.11.2 h-parametef‘equivalent circuit of the transistor in the common base configuration.

In the case of common emiifter configuration, the input voltage to the transistor is Vs, the input current to
the transistomis\g, thesoutput voltage of the transistor is Vce and the output current is Ic. The h-parameters
for the transistor in‘the'common emitter configuration is given by
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Vie = hiEIB + hrEVCE

2.11.4
I. = htEIB + haEVCE ( )

where hig, hrg, hie and hog are the h-parameters of the transistor in the common emitter configuration. Using
the equation 2.11.4, the equivalent circuit of the transistor in the common emitter configuration using the h-
parameters is given in Fig. 2.11.3.

+
Vis hrEVCE<> @') hglp %hoE Vs

|

Eo OF

Fig. 2.11.3 h-parameter equivalent circuit of the transistorin the commonemitter.configuration.

In the case of common collector configuration, thednput voltage to thetransistor'is Vee/the input current
to the transistor is I, the output voltage of the transitor.is Vic and the output current isdgsThe h-parameters
for the transistor in the common collector configliration iygiven by

Vie =h;cly +h, Vi

2.11.5
I = thIB + haCVEC ( )

where hic, hic, hic and hoc are the h-parameters of the transistor inithe conimon collector configuration. Using
the equation 2.11.5, the equivalent circuit of the trangistor in the common collector configuration using the
h-parameters is given in Fig. 2¢11.4

I hiC

Bo—3 AN Eok
+
Vic heVec@) @ hels %hoc Vec

co o C

Fig. 2.11.4 h«parametenrequivalent circuit of the transistor in the common collector configuration.

Most of theth-parameters for the transistor were given only for common emitter configuration. The h-
parameters for the common base configuration and common collector configuration can be calculated from
the h-parameters for'the common emitter configuration by using the below relations:
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_ hiE
_1+hm
_ hiEhaE
B _m
LI
1+hg
_ haE
_1+hm

iB

—-h

rE

h, = c=—(1+hy) (2.11.6)

oB

2.12 Small Signal Analysis of the Amplifier Using the h-parameters

The small signal analysis is required for the amplifier to obtain the parameters lik¢'the input impedance
of the amplifier, voltage gain of the amplifier, current gain of the,amplifier and the.outputadmittance of the
amplifier. The small signal analysis gives the linear modelof thefamplifier in the active tegion. This linear
model helps in minimizing the complex computations. The following'steps ate. required forperforming the
small signal analysis of the amplifier.

Step-1: In the first step replace all the coupling capacitors and the bypass’capacitors-with a short circuit.
Step-2: In the second step, replace the external.dc power supplies. ised for'the biasing with a short circuit.
Step-3: Replace the transistor with its h-parameter model.

Step-4: Calculate the current gain (Apyof the amplifier.

Step-5: Calculate the input resistance (Rp)of the'amplifiet”

Step-6: Calculate the voltage gaini(Ay) of theramplifier.

Step 7: Calculate the output admittance (Yo) of the amplifier.

For performing the small signal analysis_let*us consider a CE amplifier shown in Fig. 2.12.1. The
amplifier consists of coupling capacitors Ci‘and'C,, bypass capacitors Cg, biasing resistors Ry, Rz, Rg and Re,
the dc power supply Vcc for biasingithe transistor:

Step-1: In the step-1, replace all the coupling capacitors and the bypass capacitors with a short circuit. The
Fig. 2.12.2 shows th¢«circuit of CE amplifier replacing all the coupling capacitors and the bypass
capacitors with a shost cireuit.

Step-2: In the'Step:2,weplace the external dc power supplies used for the biasing with a ground potential.
The Figi¢2:12.3 shows the circuit of after replacing the external dc power supplies used for the
biasing with a short circuit.



77 | Analog Electronic Circuits: Theory and Practical

VCC

Fig. 2.12.2 CE amplifier replacing all the coupling capacitors and the bypass capacitors with a short circuit.
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¢ R

Fig. 2.12.3 Replacing the external dc power supplies uséd for the biasing with.a short{circuit.

Step-3: In the step-3, replace the transistor with its h-parameter model. The Fig. 2.12,4 shows'the circuit of
after replacing the transistor with its h-parameter model.

B Iz hg I C,
~ ;( l IL /N
Rs .
VaE hrEVCEC> GD hgls % hoe VCEERC % RV,
Vi g

Fig. 2.12.4/Replacing.the transistor with its h-parameter model.

Step-4: Calculate the current'gain (A1), of thelamplifier.

The current gain of the amplifierAs'is equal'to

| I I.R
A =L=Llo___cC 2.12.1)
IS IB (RL + RC)IB
From the h-parameters’equations for the CE amplifier
Ie =hgIy +h Ve, (2.12.2)
— _ ICI{CI{L
But Vee =LLR = TR+R, (2.12.3)

Substituting (2.12.3) in (2.12.2), we get
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h I.R.R,

- B e i
I.=hgl, - R. TR, (2.12.4)
hoEICRCR
I+ RooR =h,I, (2.12.5)
I, R.+R
I, "“|R.+R, +h_R.R, \(2 12.6)
0
Multiplyin e on both sides, we get \(’\
Plying (g ) e e & N
O
IR _, NS
I (R f O &
+R,) R.+R R ) ,Q\
WS
Therefore, the current gain 4 is equal to : é\ Q‘é‘
L LR ) é\
A LT R R (s(\\ (2.12.8)
Step-5: Calculate the input resistance (Ri) amplifier.
The input impedance R; is given by \'*%
0(’
(2.12.9)
From the h-parameters equatio 0\6‘7
Q (2.12.10)
and =AIR, (2.12.11)

+ L
substituting (2.12.11) in (2 ) gl\@
& \00 h el +h A LR, (2.12.12)
Therefore, the in2§$ e.d%@e Q

?’ Q\ R, :h oy thy A LR,

Step-6: Calculate the voltage gain (Av) of the amplifier.

=h; +hAR, (2.12.13)

B

The voltage gain Av is given by

_ VCE
Av=y (2.12.14)

BE
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Substituting (2.12.9) and (2.12.11) in (2.12.14) gives

A, =DbR AR, 2.12.15
\
VBE RI ( ' ) )
By including the source resistance Rs, the voltage gain Ays will be
— AVRI
WIR AR, (2.12.16)
Step-7: Calculate the output admittance (Yo) of the amplifier. (‘)\'b\
The output admittance Yo is given by Q} (3%‘
e & 00
Yo =7 0‘("\‘ 0" @1217)
o o
From the h-parameters equations for the CE amplifier {}(\‘ 6\)\" é"
Io =hg é\?‘ (2.12.18)
Substituting (2.12.18) in (2.12.17) gives
(2.12.19)
(2.12.20)
(2.12.21)
(2.12.22)
(2.12.23)

2.13 Small Signal Analysis of the Amplifier Using the Simplified
h-parameters

The computation of the amplifier parameters like the input impedance, voltage gain, current gain and the
output admittance using h-parameters involves complex computations. In order to minimize these
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computations, simplified h-parameter model can be used. In the simplified h-parameter model, the
parameters like hr and h, can be neglected. Neglecting these parameters, the transistor equations will be

V.= hiIi

I =h,I, (2.13.1)

Using the equation (2.13.1), the simplified h-parameter equivalent circuit will be

1.
> b

h; % @ hd;

06— <—0

06— <—0

Fig. 2.13.1 Simplified h-parameter equivalentircuit of the transistor.

Using the above equivalent circuit, the analysis of amplifier parameters, can be simplifieds The condition for
choosing between the exact analysis and the simplified analysis is hoR1>0«NIf this'condition is satisfied
then exact analysis needs to be used. If the abeve conditionfailed, then the.simplified analysis needs to be
used.

The following steps are required for performing the simplified small signal'analysis of the amplifier.
Step-1: Compute whether h,R1<0.1 or not. [fthis conditien satisfied thew proceed for simplified analysis
Step-2: In the first step replacedllthe coupling capacitors,and the bypass capacitors with a short circuit.
Step-3: In the second step, relace the external de.powen suppliesiised for the biasing with a short circuit.
Step-4: Replace the transistor with its h-par@meter'model.

Step-5: Calculate the current gain (Ar), ofithe amplifier:

Step-6: Calculate the input resistance (R:) of the amplifier.

Step-7: Calculate the voltage gain\(Ri) of the amplifier.

Step-8: Calculate the output@dmittanec (Rp)0f the amplifier.

2.14 Current Mirror

Current migror 1s, the realization current dependent current source circuit. Thus, the output current at the
load point is function”of particular current at a given point in the network circuit. The output current at the
load point is the function of the current at the particular point in the network circuit. The output current
increases or decreases as the current at the particular point in the network circuit. In order to fabricate current
mirror circuit one need two identical transistors with same 8 value. The two transistors are connected back-
to-back as shown in Fig. 2.14.1
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R;

V4

2

Ip;

L

Fig. 2.14.1 Current mirror circuit schematic for the using transistar.

As two transistors are identical, it results in same base to.emitterdrop Vggfor thecqual.yalué of base currents
(Ig1 and I for transistor 1 and 2 respectively) 4wo flowing through them« For the eircuit shown in Fig.
2.14.1, collector terminal of the transistor 1 isqeonnected to variablewresistory whil€ the collector terminal of
the transistor 2 is connected to load. The c¢urrent in.the load resistor is\contralled by the variable resistor.
The control current Icon in the variable resistor is given by,
Applying KVL in loop abcd we havé,

Vee —TconRe = Vit =0

I alec — Vi

coN &
R

(2.14.1)

As drop Vgg is typically constant (diode‘drop of 0)7V),sovincrease and decrease of control resistor Re will
define the control current I.on assuming Veéis Constant” As identical transistors are used so the control
current gets equally shared betweefi two transistors and is given by,

I
Iblzllﬁ:?b (2.14.2)

Transistor operating in.active ¥egion and considering ($>>2) we have,

Icon = Icl + Ib
L =1 +1y,
I, =1, (2.14.3)

Icon = Icl + 2Ib1
Lo =Bl + 2L, =(B+2)L, =B,

Now the output load current I is given by,
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I, =B,

I, =B,

ICZ = Icon (2 144)
I :I — Vcc VBE

L c2

Thus, current in the output load is controlled by control resistor Rcor current in the output load is the mirror
image of the current through control resistor Re.

2.15 High-Frequency Response of the Amplifiers

Before starting the study of the high-frequency response of the BJT circuit, let us understand sétne basic
terms employed in the computation of the audio levels in the amplifier circuits. The unit “belis typically
employed to measure audio levels. The unit “bel” is derived from the surname of Adeéxander Graham Bell.
Alexander Graham Bell discovered that the audio level of any circuit is related to power ofi a logarithmic
basis. Thus, audio levels of any circuit is given by,

G= 10g10& bel (2.15.1)
Pl

Where P; is the output power (power absorbed.by the amplifier) and P1,i§ the reference power associated
with the standard audio levels. The referencé power P; has the typical value’of limW with a resistor of 600€.
The resistance 600Q2 is the standard characteriStics impedance +0f” the ‘audio transmission line. The
logarithmic scale of the amplifier simiplifies the.computation. Fory€.g. thevincrease in power from 4W to
16W will result in a change in audio level by two times, ot four times.*Thus, if one needs to increase the
audio level by three times with seference power, P is given by, (P)*,mot3P. Hence, using a logarithmic scale
simplifies the computation. Thus, the'legarithmie'scale in decibels (dB) is used as given below,

P
G, =10%og,, Fz dB (2.15.2)
1
Apart from the given computation is‘also given on{the basis of voltage and current in the audio circuit.
Assuming the impedance employed iS the §ame as that for the reference power in the audio circuit, the gain
equation becomes,

P
Gy =10log,, —— dB 2.15.3
an Lo ImW ( )

Where P is the powér in mWy Further, the given eq (2.15.3) is also applied to the circuit with an impedance
not equal to or other than.600Q2. Ina circuit with an impedance not equal to or other than 600Q, the effect
of the resistance ‘oh pewer is neglected. The voltage or current values typically define the power. So, the
gain in terms of voltage or current can be computed as,
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P
G =1010g10?2 dB

1
(V,)’
R
G = 1010g10ﬁ dB

1

Rl
G =10lo ﬂdBR R, their effect is i d 2.15.4
B = 25 ) (R, #R,, their effect is ignored) (2.15.4)

2
1

Vv

G, =20log,, (V) dB
V)

Gy =20log,, Q dB
@)

Thus, the gain for the given audio circuit can be computed(in terms of voltagecor'current ratio while
neglecting the effect of the resistance. Further, the given value of gain variés'with ffequency-of the source
signal. Thus, it is necessary to compute the gain and 1its variation with\change ‘in fréquency. Thus, it is
necessary to study the frequency response of the gfansistor circuit. The, frequeney response of the transistor
circuit has three bands based on the frequency_value. The theee frequency bands are'defined as follows:

(i) Low-frequency band
(i) Medium frequency band
(ii1) High-frequency band

The frequency range between L0Hz to"100Hz comes ,imder the low-frequency band. The next frequency
range between 100Hz to 100 kHz comes under the:medium frequency band. And the frequency band greater
than 100 kHz comes under high\frequeney. Ftitther, astypical\ransistor circuit can be divided into three
categories based on input source coupling with the‘transistoricircuit. They are:

(i) RC coupled
(i) Transformer coupled
(ii1) Direct coupled

The response of the circuit intthe different frequency band depends on the circuit category or the type of
elements in the circuit. Letas discuss oneby: one the effect of the each frequency band on each categories
of the circuit. Typical regpense of the given three categories of the transistor circuit is given in Fig. 2.15.1.

In the case of the low>frequency band, the input and output coupling parameters like coupling capacitors
and transformers have sighificant effect in the response of the system. At low frequency coupling capacitor
offers infinite impedance”and it results in complete attenuation of the signal across the coupling capacitor.
As the frequency inéreases, the coupling capacitor impedance decreases, thus the attenuation of input source
signal decreases. Tn other words, amplitude of the signal increases. Thus, the coupling capacitors which
typically come in series with input signal acts as a high pass filter as can be observed in Fig. 2.15.1 (a).
Direct coupled does not have any effect on the signal as can be observed in Fig. 2.15.1(c). While, transformer
coupled provides zero impedance for zero frequency and its value increases proportionally with the
frequency. The transformer provides the galvanic isolation
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Avmax_mid — —
0.707 - — — — — — — — -
Avmax_mid RC coupled (a)
10
Avmax_mid 100 10,000 100,000 — (Hz)
o707 ———— — — — — — — — — T
. (b)
Avmax_mid Transformer coupled
Avmax_midE 100 10'09_ - > (Hz)
0707 —r» — — — — — — — — — -
Avmax_mid Direct coupled (€)
10 100 >
10,000 (Hz)

Fig. 2.15.1 Frequency response for (a) RC coupled; (b) Transformeér coupled; (c) Direct’coupled amplifier

Fig. 2.15.2 Parasitic ‘capacitance within the transistor device.

between input signal and tgansistor cireuit apart from transferring the signal information. At low frequency
the transformer magnetizing indiictaneesbetween input source and ground offers zero impedance and it
results in complete attenuationvof the signal across the magnetizing inductance as can be observed in Fig.
2.15.1(b). As the freguency; increases, the magnetizing inductance impedance increases, thus the attenuation
of the input source signal decreases. In other words, the amplitude of the signal increases. Thus, the
magnetizingdnductante*which typically comes in parallel with output acts as a high pass filter. Therefore,
the signal's amplitiide *depends upon the transformer magnetizing inductance between input source and
ground. Thus, the given coupling (both transformer and coupling capacitor coupled) acts as a high pass filter
where signal amplitude increases as the frequency of the input source increases. The impedance of the
coupling capacitors is nearly comparable for the frequency greater than low frequency band. Thus, for the
frequency above the low frequency band, the impedance offered by coupling capacitor and transformer does
not attenuate the input signal and the frequency band comes under mid frequency band region. In this zone,
there is no attenuation of the input source signal and gain is almost same for all the three categories. In this
zone of mid frequency region input signal has maximum amplitude. However, when source frequency
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reaches near high frequency region the amplitude of the input signal again starts attenuating in all the three
types of transistor coupling circuit. This high frequency zone starts at the frequency of 10 kHz, slightly less
than 10kHz and 100kHZ for the direct, transformer and RC coupled transistor circuit respectively. High
frequency region comes into existence due to the presence of parasitic capacitance within the transistor
device as shown in Fig. 2.15.2, apart from the parasitic resistance in the circuit due wiring in the input and
output circuit. The given parasitic capacitance exist typically between ground and terminal forms a low pass
filter. Thus, signal starts attenuating when frequency enters high frequency zone due to dominant effect of
the parasitic capacitance. Fig. 2.15.2 shows different parasitic capacitances which exist in the transistor
circuitry by dotted lines. The various parasitic capacitance are Cpc (transistor parasitic capacitancebetween
base and collector), Cgg (transistor parasitic capacitance between base and emitter), Cce (transistoryparasitic
capacitance between collector and emitter), Cw; (parasitic capacitance between ground and ‘input .wiring
circuit), and Cw, (parasitic capacitance between ground and output wiring circuit). It can.benotedsthat the
parasitic capacitance Cpc exists between input base and output collector terminal. Thus,‘if*has, the effect on
both input and output capacitance. The Miller theorem is employed to get effective cdpacitancerat input and
output. Before discussing the response of the transistor circuitdn the high frequency region'let us understand
the effect in low frequency region. Take a simple case of voltage divider transistor “circuit having input
source v; and is couple to the transistor circuit by a coupling capaciforC; as'shown¢in*Fig,.2.35.3. The ac
equivalent of the given transistor circuit is given in Eig,2.15.3. The input.circuit/with couipling capacitor C;
forms high pass filter as shown in Fig. 2.15.3 (b).4The actual input volfage Vi’ given t0\the transistor circuit
is given by,

XC. +Z.
4 (2.15.5)

1
XC, = 2.5 R, [FRY|BR]

where, Vi is input signal with angular frequency.w;, Ri.and R, are voltage divider resistor as shown in Fig.
2.15.3. Thus, near zero frequency magnitude’ of the.input §ignal to transistor circuit V;' is near to zero, as
impedance of the coupling capacitor is neéar'to infinite.

Now as the frequency input signalMncreases, theé.magnitude of the input signal to transistor circuit Vy'
also increases as shown in Fig. 2.45.1 (a),and'(c), Thus, in low frequency range the transistor circuit behaves
as high pass filter and the amplitude of the signalincreases from zero to maximum value. The magnitude of
the input signal can be normalized based on\fréquency of the input source as,
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Fig. 2.15.3 Circuit schematic show nc;éés%on;&(‘éﬁglysis at input side for resistor divider transistor
circuit.

&
M

(2.15.6)

1

\'A S where f, = ——
2nz,C,

The above expression clearly shows that for input source frequency f >> f;, there is no attenuation of the
input signal and region of frequency operation is defined as medium frequency region. The frequency value
at which signal amplitude is 0.707 times of its maximum value is the starting frequency value for the range
of medium frequency response. In medium frequency range the signal maintains its maximum strength for
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all transistor circuit. The medium frequency response range ends at frequency the where gain is 0.707 times
of its maximum value as shown in Fig. 2.15.1. High frequency response region starts from the end frequency
value medium frequency range. In high frequency region signal strength starts attenuating and transistor
circuit acts as a low pass filter as shown in Fig. 2.15.1. In high frequency region, the transistor device
parasitic capacitance has the comparative impedance. Or in other words, high frequency region corresponds
to the frequency zone where transistor device parasitic capacitance as shown in Fig. 2.15.2 comes into
picture. Before starting analysis for the response of the transistor circuit in high frequency region let us
understand Miller’s effect which applies to the parasitic capacitor connecting input and output terminal i.e.
capacitance are Cpc (transistor parasitic capacitance between base and collector). This capacitor has,its effect
on the performance of the transistor both at input and output. Thus, it becomes necessary to detérmine the
input and the output capacitance i.e. Millers capacitance at input and output respectively. Letaisunderstand
the Millers effects at input and output capacitance Cv (Xm=1/(wCwm ), ® angular frequency of the input
source)as shown in Fig. 2.15.4. Assume the gain between the input voltage (V;) and output yoltage (Vo) is
given by Ay as shown in Fig. 2.15.4. The effective Millers capacitance at the input.of.the transistor circuit
can be computed as,

=1, + 1y,
LV MY,

=14
Zleq Z; Xm

4 \\]/
= RN A (2.15.7)
Zieq Zi Xm

I 1 1-4,
Zieq Zi Xm
L A i+L where X . = X,
Zieq Zi Xmi 1_IAV

Where, z; and zieq are the equivalent’inpiit résistance at transistor terminals and over-all equivalent input
resistance at input source termindls as shewn in Fig. 2.15.3. Thus, the over-all equivalent input resistance at
input source terminals zieq is pdtallel gombination of z; and effective input Miller capacitance Xmi as shown
in Fig. 2.154 .

Similarly, for the output'circuit{the over-all equivalent output impedance at output source terminals Zoeq iS
given by,
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Fig. 2.15.4 Circuit schemat rMiIIercg
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(2.15.8)

where, z, and Z.eq are the equivalent output resistance at transistor terminals and over-all equivalent output
resistance at output terminals as shown in Fig. 2.15.4. Thus, the over-all equivalent output resistance at
output terminals Zeeq is parallel combination of z, and effective input Miller capacitance Xmo as shown in
Fig. 2.15.4. Let us now analyze the effect of the parasitic capacitance on the transistor, having operation in
high frequency region. As discussed earlier the parasitic capacitance Cpc (transistor parasitic capacitance
between base and collector), Cge (transistor parasitic capacitance between base and emitter), Ccg (transistor
parasitic capacitance between collector and emitter), Cwi (parasitic capacitance between ground and input
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wiring circuit), and Cwo (parasitic capacitance between ground and output wiring circuit) has effect on the
operation of transistor circuit. The parasitic capacitance Cgc connects the input and output terminal of the
transistor circuit with the voltage gain of Ay. Thus, Miller capacitance can be applied to the transistor circuit
and results in input and output Miller capacitance and is given by,

Xmo = é
®
8e X X (2.15.9)
= = ;Chomi = Cac(1—A
mi O)CBC (1 A ) O)CBCMl BCM;i BC( V) \

Now taking a simple case of voltage divider transistor circuit having input source v; and i Qg\\ple to the
transistor circuit by an equlvalent parasitic capacitor Cieq as shown in Fig. 2.15.5. The ac equival f the
given transistor circuit is given in Fig. 2.15.3. The input circuit with parasitic capamtan@ orre W pass
filter as shown in Fig. 2.15.5. The actual 1nput Voltage Vi' given to the transistor 01rc g \A

0

X \\
<§\ &€>
) {3)(\ {Q\ (2.15.10)
I BRY

e(l=A,)+C \\<" ‘*

1 a%?h ar@ta Q%lder resistor as shown in Fig.
istor circuit Vi' is unchanged, as
0 1nf - Now as the frequency input signal

or 01 decreases as shown in Fig. 2.15.1 (a)
e tr. @st ul:é :be ve as low pass filter and the amplitude of

%x*

where, Vi is input signal with angula
2.15.5. Thus, near zero frequency
impedance of the equivalent pagasitic ¢ or C
increases, the magnitude of t i
and (c). Thus, in high frequen
i hitude of the input signal can be normalized
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f
Vi 1
V=—2L __ where fr = (2.15.11)

(1)2 + (%)2 27-[:Zi(:ieq

High
freqency
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| i circuit
LV, l> Rq

equivalent K
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7= R+ Ro| | R} BR;

Vi Ci eq

Fig. 2.14.5 Circuit'schematic’ showing high frequency response analysis at input side for resistor divider transistor
GirCuit.

The above expression clearly shows that for input source frequency f << f;, there is no attenuation of the
input signal and region of frequency operation is defined as medium frequency region. And for the frequency
f > f,, magnitude of the attenuates and diminishes to zero. The cut-OFF frequency f; is the corner frequency
and depends on the transistor circuit parameters.
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UNIT SUMMARY

The operation of the bipolar junction transistor under both biased and unbiased working circumstances
is covered in this basic unit on the transistor. The discussion of different transistor configurations, such as
common base, common emitter, and common collector, followed. Once one has a solid understanding of
these subjects, it is necessary to study the critical factor that determines how a bipolar junction transistor
functions in an electrical circuit. In every electronic circuit, the bipolar junction transistor's biasing is a
critical factor that determines how the transistor operates. The bipolar junction transistor's Q-poift operating
point is then covered. The next section discusses the several biasing circuits of the bipolar ju@}o&%&@mm.

oth €losed- and

, common emitter, co n collector

Following biasing, the BJT's function as an amplifier and switch is examined. This cov,

open-switch BJT functioning. Also included are common bas
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Multiple Choice Questiong O ,é\

&
2.1 The relation bet h(dop'\%@\omentration of emitter (E), base (B) and collector (C) in BJT is
a. B> C > Q
>

b. ‘\\.
C. >
d. ??6&»@

2.2 When a pnp transistor is operated in saturated region, then its base-emitter junction
and base- collector is

D
&

a. Forward Biased, Reverse Biased
b. Reverse Biased, Reverse Biased

c. Forward Biased, Forward Biased
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d. Reverse Biased, Forward Biased
2.3 The BJT is

a. Current Controlled Device

b. Voltage Controlled Device

2.4 The condition for choosing between the exact analysis and the simplified analysis is

a. hoRI.<0.1

b. hfR[<0.1 \
‘\’b

c. hrR1I<0.1 (’

d. é‘é&‘

hiRL<0.1 &

Answers for Multiple Choi

2.1 (d), 2.2 (c), 2.3 (b), 2.4 (a)

Short Answer Type Questions

2.1 Explain the input and output
2.2 Explain the input and output
2.3 Explain the input and t cha is

2.4 Explain the h-parame

n emitter configuration?

the.eqnm
S 0 tral

c&fthe smtdél\ common collector configuration?

St@
2.5 Explain the operation o as a \\"

2>
2.6 Explain the operation of BJT 6‘0&05@(@tch?Q
& &

G
Long Answer Type Questhé @

2.1 Explain the cons ion and wor@g of BJT?
2.2 Explain the Q@pox&&c coupled, direct coupled and transformer coupled amplifier?
23 Explain\ge 111@60:@9

2.4 Expla@ s&equency response and high-frequency response of CE amplifier?

é&

mon base configuration?
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3 MOSFET

UNIT SPECIFICS

Through this unit we have discussed the following aspects

o [ntroduction to the MOSFET,

o  MOSFET Transfer and Drain Characteristics;
o JVarious Configurations of the MOSFET;

o Analysis of MOSFET’s in Ohmic Region;

o Biasing of the MOSFET's;

e Fixed Biased Circuit;

o Self Biased Circuit;

o JVoltage Divider Circuit,

o  Common Gate Circuit;

e  Common Drain Circuit.

RATIONALE

This fundamental unit on the MOSFE Thelps students to get a primary idea about the operation of the
MOSFET under both unbiased and‘biasedroperating conditions. Next various configurations of the
MOSFET like common gqte, common source and common drain were discussed. After obtaining a good
knowledge on these topics, .néxt the 'crucial aspect that decides the operation of MOSFET in the
electronic circuit néeds tosbe studied. Biasing of the MOSFET is a crucial aspect that decides the
operation of the MOSEET-in any electronic circuit. Next, the operating point of the Q-point of the
MOSFET is discussedsThe operating point will ensure that the MOSFET always operates in stable and
desired operating éonditions. The various biasing circuits of the MOSFET are discussed next. After the
biasing, the operation of MOSFET as a switch and amplifier is discussed. This includes the operation
of MOSFET as closed switch and open switch. The parameters of the amplifiers like input impedance,
voltage gain, current gain and output admittance need to be obtained. For which a small signal analysis
is required. The detailed steps for obtaining the amplifier parameters like input impedance, voltage
gain, current gain and output admittance using the small signal analysis is presented. All these concepts
are essential to in understanding the operation of various electronic circuits. The laboratory
experiment related to characteristics of the MOSFET is presented in the appendix of the book.
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PRE-REQUISITES

Basic electrical circuit analysis

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U3-0O1: Understand the basics of MOSFET along with its operation
U3-02: Realize various biasing circuits required the MOSFET along with the select@‘ of the
operating point (,\

U3-03: Realize various operations of the MOSFET in the electronic circuits QJ&
U3-0O4: Determine the amplifier parameters by using the small signal analysis ,&'&

U3-05: Determine the design of common gate and com

Unit-3
Outcomes

U3-01
U3-02
U3-03
U3-04
U3-05
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UNIT-III
MOSFET

3.1 Introduction to the MOSFET’s

The Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is the majority carrier.dévice with
three terminals. The three terminals of the MOSFET’s are the gate, drain and source. MOSFETSs are
categorized into two types P and N-channel MOSFET based on the type of channel they usedin its
construction. In case of NPN or N-channel MOSFET, the N—Doped silicon (forming ‘Drain@nd source
terminal as shown in Fig. 3.1.1) with N-channel (connected to Gate terminal as shown in ‘Eig. 3.1.1) is
embedded within the P-doped silicon substrate as shown in Eig)3.1.1. The same-helds tru€ for P-channel
MOSFET where “N” is replaced by “P”. Further, in an n-channeldMOSFET (NMOS), the\channel is formed
by n-doped material (usually silicon), and a positive voltage applied to the gate'relative,to the'source attracts
electrons, creating a conducting channel between theSourceanddrain. Thus, a small veltage at which the
conducting channel is formed is called threshold gate seurce voltage. The gate source voltage controls the
current flowing between drain and source terminals of the MOSFET¢ "Based ot thespresence and absence of
the channel between drain and source MOSEETS)are categorized s~ Enhdncement.and Depletion type. The
structure of Enhancement and Depletion type MOSEET’s are different-assshown in Fig. 3.1.1. It can be noted
the n-channel is present in the depletion type while the same is absent in“the enhancement type between
drain and source terminal. Further, the applied gate-soutce voltage Vgsis'should be positive in case of an
enhancement type, while for depletion type,it resembles’ JFET\whichrequires a negative voltage less than
zero. The drain current is directly proportional to the difference between the applied gate source voltage and
threshold gate source voltage for enhancement type of MOSFET’s? The same is not applicable for Depletion
type MOSFET’s.

Substrate SS
N-Channe, N—Dog,ﬁid Silicon
N—Dopedsili{ AN »f-:P-D(')p:ed Silicon :
Insulator (Si0,) -——‘——"————777
AN = rp i W~

Gate  Source

Fig. 3.1.1 Construction of N-channel MOSFET’s.

In this chapter, we will discuss the depletion type MOSFET’s, which is equally applicable to the JFETs.
Further, same treatment is applicable to enhancement type MOSFETSs and difference exist with respect to
relation between the drain current and gate source voltage. Thus, with the inclusion of the required
relationship between gate-source voltage Vgs and drain current Ip, the circuits having enhancement or
depletion type MOSFET’s can be analyzed as given in this chapter.
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The depletion type MOSFET’s is a three-terminal device named gate, drain and source. Further, an
additional fourth terminal named substrate represented by ‘SS’ is also terminated as shown in Fig. 3.1.1.
The additional terminal SS is shorted to the source terminal externally. Typically, the fourth terminal is
internally shorted to source and MOSFET’s device has three terminals. The MOSFET’s are the majority
carrier device i.e. conduction between drain and source is due to the electrons in the case of N-channel
MOSFET’s and holes in the case of P-channel MOSFET’s. The MOSFET’s are classified based on the
channel between the drain and the source. If N-channel is employed between drain and source it comes
under N-type MOSFET’s. Similarly, if P-channel is employed between drain and source it comes under
P-type MOSFET’s. For the construction of the N-type MOSFET’s slab silicon is doped with P-type material
and is referred as substrate SS. In the given P-type slab, N-channel and N-doped regions are embedded as
shown in Fig. 3.1.1. A layer of SiO> insulator is induced between the metal gate terminal andthe' N-channel
apart from metal terminals of drain and source as can be seen in Fig. 3.1.1.

The MOSFET’s are generally used for amplification and switching applications ifwelectronic circuits.
Further, based on the construction or type of channel added the, categorization of MOSFEZ’s can be done
i.e. N-type and P-type. The drain and the source terminals are.connected to thermetallic contact to the
n-doped region as shown. The N-doped region of the soutce afid drain termidal‘is linked by N-channel in
depletion N-type MOSFET’s while the same is absefit, in. enhanéement«N-type MOSEET’s. The metal
contact of the gate terminal is added over the thin layer of insulator SiQ»as shown inFig. 3.1.1. The thin
layer of the insulator is kept over the N-channel £0 restrict the flow ‘ofielectrons between the gate terminal
and N-channel apart from adding a high input.impedance ¢haractéristics. The symbols used for the P and
N-type depletion MOSFET’s are given in Fig.3:1.2.

Se * D Se + D

Ge Ge
(a) N-P-N type (b) P-N-P type
N * aD Sm * aD
G. Ge
(c))N-P-N type (d) P-N-P type

Fig. 3.1.2 Symbolof (a).N-P-N depletion type; (b) P-N-P depletion type; (c) N-P-N enhancement type, and (d) P-
N- enhancement type MOSFET’s.

3.2 Depletion mode MOSFET Transfer and Drain Characteristics

The operation of the MOSFET is explained by considering an unbiased MOSFET which means no
external dc voltage supply is connected to the MOSFET. Normally in the MOSFET, the N-channel between
the drain and source restricts the flow of electrons between the drain and source terminal due to absence of
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charge carriers. Thus, ideally zero current flows between the drain and source terminals when no external
dc voltage supply is connected or during zero biased conditions with. Thus, MOSFET’s behave as an
insulator with zero current through it apart from zero voltage across the drain and source.

N-Channel MOSFET N-Channel MOSFET
[

[suueyd-4
[PUBYD-d

SS eyeIsqng
SS eyeIsqng
C w4

SS orensqng
)

=

S

S

_/- B VDD VGS

L
@ - ®) 4 (© =

Fig. 3.2.1 Depletion mode MOSFET’s circuit with (a) no biasing, (b).biasing with+variable‘drain(to"source voltage
Vpp and shorted gate to source terminal, and (e) biasing with variable,drain to source voltage Vop and

gate to source voltage Vas .

Now let us connect a variable DC supply veltage betweendrainte.source terminals Vpp, which is initially
kept zero and is gradually increased' Fusther, let the gate and source tetminal be shorted as shown in Fig.
3.2.1(b). Now as the voltage Vpp is increased from zero to some small value same is reflected in the drain
current Ip. The free electrons e in the,N-channel gétsattracted towards the positive drain terminal as shown
in Fig. 3.2.1(b). This results in the flow of the(cufrent frem the drain to the source. The magnitude of the
drain current Ip keeps on increasing as the drain veltage Vppincreases. The region of operation where the
drain current Ip keeps on increasingas théddrain soltage. Vpp increases is termed an ohmic region similar to
the active region in BJT. At particulardgain voltage Vpp,the drain current Ip reaches its maximum saturation
value Ipss. Once the drain current Ip ¥eachés its maximum saturation value Ipss, there is no more increase in
its value even with the increase dmits drainvoltage Vpp. The region of operation where there is no increase
in the drain current Ip or it reaches itsémaximum saturation value Ipss is termed as saturation region.

Now let us introduce a‘yariablefix supply voltage across gate and source Vs with magnitude as shown
in Fig. 3.2.1(c) Taking\Viec >0% now repeat the same process as discussed above for the fixed value of gate
and source voltage Vgs® Now:as thewvoltage Vpp is increased from zero to some small value same is reflected
in the drain current Ip. The'free electrons e- in the N-channel get attracted towards the positive drain terminal
as shown in Fig»3.2.1(¢). This results in the flow of the current from the drain to the source. The magnitude
of the drain current'Iprkeeps on increasing as the drain voltage Vpp increases. The region of operation where
the drain current Ip’keeps on increasing as the drain voltage Vpp increases is termed an ohmic region similar
to active region in BJT. At particular drain voltage Vpp, the drain current Ip reaches its maximum saturation
value Ipss. The obtained value of the Ipss is higher than what obtained for shorted gate to source terminal.
Further, applied drain voltage Vpp corresponding to maximum saturation value Ipss is also higher when
compared with the short-circuit case as can be seen in Fig. 3.1.2. Once the drain current Ip reaches its
maximum saturation value Ipss, there is no more increase in its value even with the increase in its drain
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voltage Vpp. The region of operation where there is no increase in the drain current Ip or it reaches its
maximum saturation value Ipss is termed as saturation region.

Now taking Ve <0 or a negative small value (say (-1V)) repeat the same process as discussed above for the
fixed value of gate and source voltage Vgs. Now as the voltage Vpp is increased from zero to some small
value same is reflected in the drain current Ip. The free electrons e- in the N-channel get attracted towards
the positive drain terminal as shown in Fig. 3.2.1. This results in the flow of the current from drain to source.
The magnitude of the drain current Ip keeps on increasing as the drain voltage Vpp increases. The region of
operation where the drain current Ip keeps on increasing as the drain voltage Vpp increases is termed as
ohmic region. At particular drain voltage Vpp, the drain current Ip reaches its maximum saturation value
Ipss. The obtained value of the Ipss is lower than what is obtained for shorted gate to the source'terminal.
Further, applied drain voltage Vpp corresponding to maximum saturation value Ipss is alse lowet-when
compared with short-circuit case as can be seen in Fig. 3.2.2. Once the drain current Ip reaches itsamaximum
saturation value Ipss, there is no more increase in its value even with the increase invits-drain yoltage Vpp.
The region of operation where there is no increase in the drain cudsrent Ip or it reachesfifs maximum saturation
value Ipss is termed as saturation region. Now if we still make gate and source voltage'Ves more negative
(say -2V), the same characteristics repeat with the lower value®f the maximum saturation value Ipss. Thus,
the maximum saturation value Ipss with correspondingdrain voltage Vipp kecps'on decreasingas Ves becomes
more and more negative. This continues till the gaté and source voltagé\Vgs reaches theithreshold voltage
of —Vi. Once the gate and source voltage Vs redches theithreshold Meltage 0f—V . thiere is no or zero flow
of current between drain to source even with thetincrease of drain ¥oltage ¥pp. The given region of operation
when there is no or zero flow of current between drain to source is téxmed aSicut-OFF region. The three
regions of operation — ohmic, saturation and cut-OFF region, for the MOSEET’s 1s shown in Fig. 3.2.2. Once
completed, the obtained graph betweén'drain currént Ip, and'drain'to sourcewoltage (Vpp) can be plotted and
is termed as drain characteristics as showmin Fig. 3.2.2, The draih characteristics when extended to get plot

between gate and source voltagesVss and drain cutrent Inygives the transfer characteristics as shown in
Fig. 3.2.2.

Ip(MA) T (mA)

1T ”.thic
| @[ B8gMan &8 V=1V
/ 60T / Saturation V=0V
N VNS Region
7 VGSZ-IV
VGSZ-3V
Cut-OFF
Region Vas=5V
p2 sz:-6V
N 1 T 7
10 15 20

Fig. 3.2.2 Transfer and drain characteristics of the MOSFET.
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To derive the transfer characteristics between gate to source voltage Vs and drain current Ip apart from
drain characteristics between drain to source voltage Vps and drain current Ip it is required to have a variable
DC voltage source between gate to source Vg and drain to source terminals Vpp. For drain characteristics,
initially gate to source terminal is shorted as shown in Fig 3.2.2.

The DC supply voltage between drain to source terminals Vpp, is initially kept zero and is gradually increased
and readings are taken for the drain current Ip. and drain to source voltage Vps for the given gate to source
voltage Vs. It can be noted that in ohmic region of operation, the MOSFET acts a voltage controlled variable
resistor as depicted in Fig. 3.2.3(a). The resistance value between drain and source terminal is controlled by
the voltage across gate and source Vgs. It can be noted from Fig. 3.2.2 drain characteristics that.the.slope of
the drain characteristics line in ohmic region keeps on decreasing as the gate to source voltage®Vis becomes
more and more negative. It becomes near to infinite for voltage lesser than (more negatiye) the threshold
voltage Vi. This property of the variable drain to source resistor is exploited in the circuif where.gain control
is required. The variable resistor between the drain and source terminal as the functionvof the gate to source
voltage Vgs is given by,
r()
Iy =——2— (3.2.1)
AR
v

4%

where, 1, is the resistance between drain and source terminal with“gate\te,Sougeewoltage Vgs equal to zero,
while , 1p is the resistance between drain and source terminal for the'given gate to source voltage Vgs. It can
be noted that in the given expressiongolds for gate to source voltage Vgs lying between -V < Vs <0 apart
from condition of MOSFETs drain to souree voltage, Vps <V \Further,'in cut-OFF region where Vgs <-Vi,
the resistance rp between drainfandsource terminal is infidite or néar to the open circuit. Thus, MOSFET’s
show a very high resistance or open citeuit betweensdrain to Source terminal in the cut-OFF region as
depicted in Fig. 3.2.3 (b). Now for the regionof operation in'the saturation region, the device offers minimal
resistance between drain to the source terminal. Thiss, itdcts as a switch with fix minimal resistance for the
operation in saturation region as depicted in £ig:"3.2.3,(¢).

— D 5
i ] | g
%Output P Output Q;S Output
>tetminal & terminal I terminal
Input u“‘_f G e A
terminal % S ~
2 % I &
(a) Ohmige region (b) Cut-OFF region (c) Saturation region

Fig. 3.2.3 MOSFET’s resistance between drain and source terminal for, (a) ohmic region operating; (b) cut-OFF
region operating, and (c) saturation region operating.
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3.3 Various configurations of the MOSFET

In general, most of electronic circuits are two-port networks which means there are two input terminals
and two output terminals. The MOSFET is basically a three-terminal device. In order to construct an
electronic circuit using the MOSFET, one terminal of the MOSFET needs to be common for the input and
output terminals. This leads to a common gate, common source and common drain configuration as shown
in Fig. 3.3.1. In the common gate configuration, the gate terminal is common to both the input and output
terminals of the circuit. In the common source configuration, the source terminal is common to both the
input and output terminals of the circuit. Similarly, in the common drain configuration, the drain terminal is
common to both the input and output terminals of the circuit.

¥ 1

S . D o Qutput Output
termmal
termmal
Input —_— Output Input G Input
terminal G terminal  terminal ter inal
(a) Common gate (b) Common sour:ce (¢)Common drain
Configuration Configuration Configuration

Fig. 3.3.1 Common gate, common soufcexand common drainconfigirationsrofithe MOSFET.

3.4 Analysis of MOSFET’s)in Ohmic'Region

MOSFET’s devices are more popular compared t0 BJT"due to high voltage gain and input impedance
and low leakage current. Further, they.ate voltage-confrolled devices which makes them more efficient
when compared with BJT which are ctinrent€entrolled. Tn MOSFET’Ss the current in the drain terminal Ip
is controlled by the gate to source ¥gs/ Thedrain current is the function of the gate to source voltage Vs and
is given by,

v,
Iy =[DSS(1_% ’ (3.4.1)

v

Where, Ipss représents-the'satucation current for the gate to source voltage Vgsequal to zero; Vi represents
the peak threshold; voltage of the MOSFET’s. The above eq(3.4.1) is the non-linear equation. Thus, one
needs to compute the'gate to source voltage Vgs and solve the FET circuits. From eq(3.4.1) it dictates that
there is the relatioty between the input gate to source voltage Vgs and output drain current Ip. Thus, if the
derivative of the (3.4.1) is taken with respect to the input gate to source voltage Vs, it simplifies to the linear
equation and is given by,
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dl d V
2 :—([Dss(l_ﬂ)z)
dVss)  dVgs) Vi
dl y e %)
P = 2L s (1= =) (——"—
d(Vs) Ve dVss) (3.4.2)
dl V. 1
—2—= 2([DSS (1_ﬂ)) —
d(Vs) Ve = Va
dl, _ 2l Vs,
d(VGS) I/zv I/zv

The (3.4.2) represents a linear equation of the straight line which relates the slope of (3#4:1) forthe given
the gate to source voltage Vgs. Further, LHS quantity in eq (3.4.2) i.e. represents the, “transconductance”
(dIp/d(Ves)) and denoted by ‘gm’. The word “trans” refers toythe relation between change in input and
output, while conductance refers to the ratio of the currentdy voltage or change in oufput drain current to
the change in input gate to source voltage Vgs. It can be noteddhat gq4is the finction‘of the dperating input
gate to source voltage Vgs. Thus,

__dlg 321 (1_Q) (3.4.3)
d(VGS) Vtv V

5y

gm

To ensure positive value of gm eq (3.4.3) is rewritten'as,

21
gn =B

AT ) (3.4.4)

Where | Vi | represents a absoluteyvalue or ouly positive value of the Vi is considered. Now, for
Ves= Vi, substituting in (3.4.4) we have, g,<0. Similarly, fonVgs= 0, substituting in (3.4.4) we have,
gm=2Ipss/ | Vi | , which is its maximum valiie‘and‘is\wepresented by gmo. Now, for Vgs= Vi /2, substituting
in (3.4.4) we have, gn= =Ipss/ | Vi | = g /2. This, the relation between gmand input gate to source voltage
Vs is a straight line and is given by,

2[DSS VGS VGS
gm ¥ (1__):gmo(l__
L v, Ve
(3.4.5)
2[DSS
where g, == ”

Thus, 3.4.5 actually “copresents.’a straight line equation, which simplifies the computation of the
transconductance, “gm’ \Further, its value increases from zero at Vgs= Vi to the maximum of gmo at Vgs= 0.
Transconductatice is actually the slope of the operating in the Vgs— Ip characteristics. The slope for the Vgs
- Ip characteristic§’at the given operating point can be determined:

(i) Graphically

For graphical computation, one needs to compute the change in the drain current to the given small
change in gate to source voltage Vgs about the operating point. Thus, transconductance ‘gn’ is given by,
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Al (3.4.6)

AV

8w =

Thus, using the graph of Vgs— Ip characteristics one can determine the change in input gate to source voltage
AVgs and its corresponding change in output drain current to Alp to compute g

ID (mA)

N

Fig. 3.4.1 Graphica
(i1) Analytically.
For analytical one need to der thy ervat\gaof the drain current Ip wrt gate to source

voltage Vgs will result in,
éﬂ @%Q%) (3.4.7)
A S

The slope of the straight 11ne g1V 2 Q Vtv . Its intercept on the y-axis (gm) represents the
maximum value of the tran@x cta X0 ed by putting Vgs= 0 in (3.4.7) and is given by,
0
\}9@ ,&\ "?‘ gl 0= g (3:4.8)
RN .1

?‘ Q}*"Q At Ves= Vi, gn=0
At Vos= Vi /2, gn=gmo/2
At Vos= Vi /4, gn=32mo/4

At Vos= 0, gn= Zmo
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I/

Emo'2 ]

3Gmo’H

N

[u——

Vi Vuf2 Vil
VGS

Fig. 3.4.2 Analytical computation of transconducta r the

voltage Vas

9,

S
NI .
f the sconduc cengm’ Q% of Vgs. The magnitude of
ed ent iQ' rom eq (3.4.1),

Qx
DSS ei_)zﬂ§ 6\

Till we have learnt about the expre551
the transconductance ‘gm’ can also b

\5:, (3.4.9)
0@ 2
*3' > &
O &8 o8
Now, .q?f & ‘\Q
N 0&(1 Yos
o et
N &L
WO &l
Q7 O ‘$g v
DAY S ; " , (3.4.10)
Q O Y Eolyiag ey
Q \ 8o ]DSS Vtv
o\ o
< g, =g,,w([—D)2

DSS

Thus, as the value of the drain current Ip increases, the corresponding value of the gn also increases. The
maximum value (saturated value) of the drain current is obtained when gy, is maximum at Vgs =0.

For, Ip=Ibss ; gn= gmo
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At, ID:IDSS/4; gm=— gmo/2
At, ID:IDSS/2 5 Em— gmo/\/2

In other way if gm is known then, Ip can be determined directly using,

I = Ly (B2 (3.4.11)

mo

Thus, once drain current Ip is determined, it actually defines define the gain and operating point of the
MOSFET circuit. Then, using the small signal model MOSFET one can determine the output of the
MOSFET circuit. Now, as MOSFET devices have high input impedance device and ideally*it is infinite
between gate and source. This feature further helps in preventing the input signal distortion,“Practically the
impedance has the value more than 1000MQ. While the output impedance betweén'drainyand source
typically varies between 20 kQ to 100 kQ. In the datasheet tgpically the admittahiee parameter of Y is
provided having the value between 1/50 pS to 1/10 puS. Thedvaluefof the drain to source impedance is given

by,

z, A— (3.4.12)

In the small ac equivalent circuit for the MOSFET, the outpufimpedahce repeesents the equivalent source
to drain resistance of the MOSFET device. It also actually represents the slope of the output characteristics
between the drain current Ip and the drain to soutrce voltage. Vps.Near to'zero slope of drain characteristics
represents the infinite resistance. It can be observed 'that forithe lower value of the input gate to source
voltage near to threshold voltagesV,, the'drain characteristies haszero slope or has infinite drain source
resistance. Same is depicted in Fig: 3.2.3:

Further, it can be seen from the transfer euitput charactesistics (plot of gate to source voltage versus drain
current) shown in Fig. 3.4.2 the transconductance “gn*<has the maximum value when the gate to source
voltage is maximum or has zero valie» Thé:transconduetance ‘gn’ value decreases as the gate to source
voltage decreases from zero to negative value of V' The transconductance ‘gn’ value equal to zero for the
gate to source voltage of -Vi, . As\the transconduetance ‘g’ relates the gate to source voltage with the in the
drain current and is the variable value whichus’the function of gate to source voltage. For the given value of
the gate to source voltageithe transcondgetance ‘gn’ is a fix value and is given by ratio of drain current to
gate to source voltage{In‘othek wordsyit represents the slope of the transfer characteristics and for very small
changes in gate to,source-veltage(AV s tends to zero), the slope transconductance ‘gn’ is given by,

D
g, =—= (3.4.13)
VGS
Thus, for the small signal model,
I, =g,Vs (3.4.14)

For AC equivalent small signal model for the drain source region can be represented by a current source
with magnitude given by transconductance ‘gn’ times the gate to source voltage. Thus, MOSFET when
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working in ohmic region ideally have the fixed drain current given by (3.4.14). Thus, characteristics should
be a straight line parallel to drain to source voltage axis. However, practically this is not true. The drain
characteristics of the MOSFET device is having a slope which is represents the presence of resistance
between drain to source terminal represented by 7’ as shown in Fig. 3.4.3. This resistance has high value
and near to infinite for gate to source voltage ‘ Vs’ tending to negative of peak threshold voltage -V,,. For
this reason, the output characteristics of the MOSFET device is nearly parallel to voltage axis (drain to
source voltage ‘Vps’). Thus, using the current gain and MOSFET drain to source resistance, the ac
equivalent circuit for the three terminal MOSFET device can be drawn and is shown in Fig. 3.4.4. The given
ac equivalent circuit can be used to replace the MOSFET terminals in the MOSFET network ciretit:

ID(mA)
1-.Ohmic 7 Ideal V=1V
Z//Practlcal//
w.// Saturatign ——_A&=—<¥
Region
GS:'lV
VGs:-3V
Cut-OFE
Region Vas=-5V
T \'I[ T JGSZ-6V
5 10 1’5 20

Fig. 3.4.3 Drain characteristics for the for idéal and practical MOSFET operating in saturation region.

MOSFETs lesy o

D
equwalen /
@ VoD <

S

Fig. 3.4.4 AC equivalent circuit for the three terminal MOSFET device operating in ohmic region.

3.5 Biasing of the MOSFET’s

From above, it is clear that to solve the MOSFET problem, it is required to compute the gate to source
voltage ‘Vgs’. The gate to source voltage ‘Vgs’ can be determined by using DC analysis for computing
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operating point. Using DC analysis determine the gate to source voltage ‘ Vs ’. Once gate to source voltage
‘Vgs’ is computed, then determine the transconductance ‘gy’. Using the information of the transconductance
‘gn’ and gate to source voltage ‘ Vs’ derive the ac equivalent circuit for the given MOSFET circuit.

Step involved in DC analysis of the MOSFET circuit is as follows:

(1) Open circuit the coupling capacitors Cy, C,, and Ck, if exist in the circuit.

(i1) Short the input AC signal source.

(ii1) Solve the obtained MOSFET circuit for gate to source voltage ‘Vgs’.

(iv) As gate terminal is insulated by SiO», the gate current /gsis considered to be zero.

(v) Determine the transconductance ‘gm’.

(vi) Determine the drain current /p using transconductance ‘g’

(vii) Using the drain current /p determine, determine drain to source voltage Vpsby applying KVI in the
outer loop having drain and source terminals.

Once the drain current Ip is determined, then the ac equivalent.ircuit for the given®™MOSFET network can
be derived using following steps:

(i) Short circuit all the coupling capacitors C;, C,, and Cg, it€xist inithe circuit.

(i1) Short all the input DC sources defining the operating regionifot the MOSFET’s:

(ii1) Replace the three terminal MOSFET device with its equivalent ac'signalmoedelsas given in Fig. 3.4.4
(MOSFET ac equivalent).

(iv) Solve the obtained circuit for the outputevoltage.

As in transistor circuits, MOSFET circuits are alsof€ategorized*based'on the<DC biasing circuit as:

(1) Fixed biased circuit
(i) Self biased circuit

(ii1) Voltage divider circuit
(iv) Common gate circuit
(v) Common drain circuit

3.6 Fixed Biased Circuit

The circuit diagram for the fixed biased circuit is given in Fig. 3.6.1. The given circuit has the fixed input
gate voltage Ve as given in Fig.3°6+1. The fixeddnput gate voltage Vs connected to the gate terminal “G”
via gate resistor Rg. The gate gesistor RS employed to limit the gate current and protect MOSFET device.
To analyze the given circuitts first necessary to determine the voltage across gate and source “Vgs”. As
MOSFET device has infinite inputresistance, so current in the gate circuit Igs is approximately equal to zero
(= 0). As gate circuit Isgts zero, the vdltage across gate and source “Vgs” is equal to the DC supply voltage
“Veg” as depicted in Fig.,3.6.2.

—Ves Ve =0

(3.6.1)
Vos = Vs
Once the voltage across gate and source “Vgs” is computed then the DC operating point of the given
circuit can be computed. In other words, drain to source current “Ip”" and transconductance ‘g, * can be
computed using via a DC supply voltage “Vgg”.



109 | Analog Electronic Circuits: Theory and Practical

v,
I, =1 (1_% :
(3.6.2)

1
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Fig. 3.6.2 The equivalent circuit diagram for DC analysis of the fixed biased circuit using DEPLETION MOSFET.
Now the other voltages can be determined by applying KVL at output circuit having loop at a-D-S-g-a.
Vip —IpR, —Vpe =0

(3.6.3)
Vs =Vop—I,R,
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Thus, MOSFET operating drain to source voltage can be determined. Further, again using drain to source
current “Ip” for the analysis of the AC equivalent circuit to determine the voltage gain for the input signal
of the given MOSFET circuit. To derive the AC equivalent circuit one need to follow the steps given in
above section. Using the AC equivalent circuit as shown in Fig. the equivalent input resistance is given by,

z,=R; (3.6.4)
¢ le¢e D
Z; RG Z, \70
Vi® = ngGS<4\> I'p R?

N

Fig. 3.6.3 The equivalent circuit diagram for AC analysis ofthe fixed biased\circuit Using depletion MOSFET.

For equivalent output resistance is obtained‘by shorting input Source,insthe equivalent AC circuit. The

obtained equivalent output resistance is given by,
ZO = TD ” RD (3.6.5)

The voltage gain in the equivalent AC ¢eireuit 1S given'by,
V

AN 3.6.6
7 (3.6.6)
Where,
I/i = VAE
(3.6.7)
Vo N _gvaczo
Therefore,
A‘, — z — _gvacZnI/n
v v, (3.6.8)
A\' = _gmza

The negative sign in the gain indicate output signal is 180° phase shifted with reference to the input signal.

3.7 Self Biased Circuit

The circuit diagram for the self biased circuit is given in Fig. 3.7.1. As the name indicates the given
circuit does not have any fixed input gate voltage Vsg. However, the drain terminal of the MOSFET circuit
is connected to the ground via a resistor Rs as given in Fig. 3.7.1. To analyze the DC operating point of the
given MOSFET circuit the given circuit is reduced to its DC equivalent using conditions given above. The
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DC equivalent circuit for the MOSFET circuit is given in Fig. 3.7.2. Using the DC equivalent circuit and
applying KVL in the loop g-S-G-g we have,

Vs —IpRg, =Rl 55 =0
Vos =—IpRg, —Rilgs (L5 =0) (3.7.1)
Vos ==IpRs,

Using Shockley equations we have,

\{\\

)
Fig. 3.7.1 The it using depletion MOSFET.

C
\\9 o
(&o
DN .a\(é
?.Q‘% Q\o Vo
a7 Ve G

Fig. 3.7.2 The equivalent circuit diagram for DC analysis of the self biased circuit using depletion MOSFET.



MOSFET | 112

I =1 (1_&)2

v

I.R
1, =1 (1+DV—S")2

N 3.7.2
by R (3.7.2)
DSS I/tv
(IDRSO)2+21DRSO _I_D+1=0

v,

tv I/tv IDSS ‘\0\

Solving the above quadratic equation (3.7.2) one can determine the drain current /p and is @en b&{w‘

O
2 RSo 2 2RSo _ 1 _ 0
1oV Q7 + 1y =410 ‘5‘\.:;,

N N

¢ O
ine the vol s ga@nd source “Vgs” using,
N \> x\”’s
Further, the drain to source voltage a h Slé}?\can by applying KVL in the loop a-
D-S-g-a we have, (;v
e Ds€9

Vs Q;QD {Q@) + ]%?p
% %@e Q determined. Further, again usmg drain to source
ent’ 1t to determine the voltage gain for the input signal

Once the drain current /p is computed one

(3.7.4)

Thus, MOSFET operating drain t
current “Ips” for the analysis of th

of the given MOSFET circuit. er1 qulvalent circuit one need to follow the steps given in
above section. The equ:lvalew aan}s given by,
O z,=R; (3.7.5)
For equivalent outpu ned by shorting input source in the equivalent ac circuit. The
obtained equlvalen ta glven by,
=1, IIRp (3.7.6)
The voltage &m in %@equlvalent ac circuit is given by,
V
A = 3.7.7
=Y (3.7.7)
where,
V; = vAc

V; = _gvaCZU
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Fig. 3.7.3 The equivalent circuit diagram for AC analysis of the iased circuit usm&ep@ MOSFET.
XS ) 0
Therefore, QQ QO ’{\g‘
Ve 7, VOO

o

4= N
& &7 <O (3.7.8)
PR

R
The negative sign in the gain i <\18 ase q&’ted with reference to the input
signal. < & \‘s
O

. ‘i?
3.8 Voltage Divider Ci < {I) \}
The circuit diagram for the vo d1 &r 1r¢é\8'1s 1n Fig. 3.8.1. The given circuit has two resistors
R; and R connected between Vpp an r&l nin Fig 3.8.1. However, the drain terminal of the
MOSFET circuit is connected to gro ‘d ia,a SlStOI' Ry as glven in Fig. 3.8.1. To analyze the DC
operating point of the given E”l{)lrcul given circuit is reduced to its DC equivalent using

conditions given above. Th equ@ circuit for the MOSFET circuit is given in Fig. 3.8.2. Using the
DC equivalent circuit and lyi Léhe loop g-S-G-g we have,

O v
<> Q s$ Vas —IpRg, + Vi =0

V., R
.‘% where, Vi, =—22— (3.8.1)
Q R +R,
ViV,
ID — RIR GS

So

Using Shockley equations we have,
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V.

I, =1I,(1 _%)2
VRl — VGS — (1 _ Q)z

IDSSRSO Vtv (3 8 2)
_VRI — _VGS =1= 2& + (&)2
IDSS RSO IDSS RSo Vtv v
(&)2_2&+£_L+1=0 \

Vtv I/tv IDSS RSo IDSS RSO * 0

Fig. 3.8.1 The circuit

Fig. 3.8.2 The equivalent circuit diagram for DC analysis of the voltage divider biased circuit using depletion
MOSFET.

Solving the above quadratic equation one can determine the drain current /p and is given by,
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1 Vil

1 -2
Vi) (=) + Vo (—+ - +1=0
( GS) (I/tv) GS(I/tV IDSSRSG) IDSSRSG
e )i\/( L (383)
V _ lytv IDSS RSO I/tv IDSS RSO tv IDSS RSO
GS —

2(*)

tv
Once the voltage across gate and source “Vgs” is computed one can determine the drain current Ip{sing,
— Vin =Vos
R

So

1

D

>
N
&(, (3.84)

Further, the drain to source voltage across the MOSFET can be computed by applyi & %@e loop a-
D-S-g-a we have, &

V., —1,R, —I R, —
(3.8.5)

DS - VDD

. \\
<§\ '\ D
Thus, MOSFET operating drain to source volta be de g draln to source
current “/ps” for the analysis of the AC equivale 0 deter or the 1nput 51gna1
of the given MOSFET circuit. To derive the equl 01r

ow the steps given in
above section. The equivalent input resist given by,

(3.8.6)

%
//.

R

Fig. 3.8.3 The g aI r@kcwt i ra m for AC analysis of the voltage divider biased circuit using depletion

For equivalent output resistance is obtained by shorting input source in the equivalent ac circuit. The
obtained equivalent output resistance is given by,

ZO = TD " RD (3.8.7)

The voltage gain in the equivalent ac circuit is given by,
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Ak
Vi
Where,
Vi=v,
Vo ==8uVacZ,
Therefore,
4 = v, _ —8uVacZ,V, A\
Vi Ve é’\'b (3.8.8)
A =g,z S 6&‘

The negative sign in the gain indicate output signal is 180° phase shifted with referen&h 91‘[ signal.
Q" -
@ ¥
. (}Q‘ ‘\& O
%rcu(gias input source

1. The gi
Ig;e .9.&& %}Erminal is shorted

to the ground. The given circuit has zero phase di \% g{&t si%k o analyze the DC
i i d DC equivalent using

T@it is @Jtﬂen in Fig. 3.9.2. Using the

3.9 Common Gate Circuit

conditions given above. The DC equivale
DC equivalent circuit and applying KYL

(3.9.1)

Fig. 3.9.1 The circuit diagram for the common gate circuit using depletion MOSFET.
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Vob
a
Rp
C,

D
Igs
o2 AN
G°_|§ “;T_ G (.’\fz,
Vs __APS &

Fig. 3.9.2 The equivalent circuit diagram for DC analy; MOSFET.

Using Shockely equations we have,

(3.9.2)
P &
o) i >
g ‘\ ID So IDSS RSO
Solving the above quadratlc equa% ne @ det ?&e the drain current Ip and is given by,
V.
V _ s
Ves)’ ( O'GS(VN 7 IDSS x
'Qf-QL %7( A D (3.9.3)
Q V@ DS: ‘g I/tv IDSS tv IDSSR
PN 2Ly

AN
‘3 .:,9\0 "
Once the voltage Heross gate and source “Vgs” is computed one can determine the drain current /p using,
Vss - VGS
RS

[ =

D

Further, the drain to source voltage across the MOSFET can be computed by applying KVL in the loop a-
D-S-g-a we have,
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Vop =IpRp —IpRg, =V + Vs =0
Vs =Vop +Vss _ID(RD +RS{))

(3.9.4)

Thus, MOSFET operating drain to source operating voltage can be determined. Further, again using drain
to source current “Ips” for the analysis of the AC equivalent circuit to determine the voltage gain for the
input signal of the given MOSFET circuit. To derive the AC equivalent circuit one need to follow the steps
given in above section leads to the equivalent circuit as shown in Fig. 3.9.3. The equivalent input resistance
is computed using circuit shown in Fig. 3.9.4 and is given by,

G,
D
I% .
Vs Ao °
RSo Vl®
V.
> g 4

V.
z, = — (3:9.5)
lin
i. s 2m Y65 :
:> R AN D —
Shaaee -
S il
Z . Ry W+ - Z, V,
Vi<\>ﬁ Vi Zﬁl Ve L R? |
GS
+ —

Fig. 3.9.3 The equivalent circuit diagram for ACfanalysis of the eommon gate circuit using depletion MOSFET.

iy S g YGs
AV © N
Zi 3 Rg \Y
Vi@ﬁ Ry, *
ks Vv

Fig. 3.9.4 The AC equivalent circuit diagram for determining input impedance z for the common gate circuit using

depletion MOSFET.

Applying KVL in loop G-S-D-G,
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V-V, -V =
oo (3.9.6)
Via=V.=V,

Iy

Applying KCL at node ‘S,

Applying KCL at node ‘D’,

(3.9.8)

Substituting V, from (3.9.8) to .9.~,
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O %

w1 @

+ tA= g —

@ ‘% {\%o RSo
| Lofo) z& O (3.9.9)

( m) °, o

. . SR . . .
For equivalent output resistanc al ed@e ov@ np urce in the equivalent ac circuit as shown in
Fig. 3.9.5. The obtained equival utp st is gi

é{‘@‘é& ” by,

ol (3.9.10)
2 O ,
NSO 00 L 2
Q & ° =
O &P
S, & V.
0\\' 0\ RD
& O
v Qj&

+ >
|G
Fig. 3.9.5 The AC equivalent circuit diagram for determining output impedance z, for the common gate circuit
using depletion MOSFET.

The voltage gain in the equivalent ac circuit is given by,
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A
v
Where,
N
2
O
(3.9.11)
Therefore,
(3.9.12)
S oo Dire
O O !
Thus, gain of the co Q& g rcuih&he function of both trans-conductance and drain resistance. Further,
output signal is i&&e @'\ t signal.

& A0
3.10 Co m&ﬁ%rain Circuit

The circuit diagram for the common drain circuit is given in Fig. 3.10.1. The given circuit has input
source connected to the gate terminal via coupling capacitor as shown in Fig. 3.10.1. The drain terminal is
connected to dc supply directly. The given circuit has zero phase displacement in the output signal. The DC
equivalent is same as self biased where output is shifted to the source terminal ‘S’ instead of drain terminal
’D’ and drain terminal is directly connected to the source ‘Vpp’. To analyze the DC operating point of the
given MOSFET circuit the given circuit is reduced to its DC equivalent using conditions given above. The
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DC equivalent circuit for the MOSFET circuit is given in Fig. 3.10.2. Using the DC equivalent circuit and
applying KVL in the loop g-S-G-g we have,

VDD

on drain c%&%i%&ﬁaﬁon MOSFET.
‘ {\(3
&

Fig. 3.10.2 The equivalent circuit diagram for DC analysis of the common drain circuit using depletion MOSFET.
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Vos =—IpRg, =Rglgs  (Igs =0)
Vs =—IpRs, (3.10.1)
I, = _VGS
RSa
Using Shockley equations we have,
V.
Iy = I (l_ﬁ)z
w \
Iy = Iy (14222 &o\’b
" < a§?10.2)
Iok, &
T &9
DSS I/tv O . %
(IDRSO )2 + 2 IDRSO (’ Q\
v, v, ~

v v

Solving the above quadratic equation one can determi

(3.10.3)

Once the drain current Ip is co a & the Volf%e across GATE and source “Vgs” using,
xﬁ&&, N (3.10.4)

Further, the drain to source volta an be computed by applying KVL in the loop a-

D-S-g-a we have, @Qf e?\ d\
S -

Thus, MOSFET o to, ce operating voltage can be determined. Further, agaln using drain
to source current “/, rt al of the AC equivalent circuit to determine the voltage gain for the 1nput
51gnal of the g1V circuit. To derive the AC equivalent circuit one need to follow the steps given

in above sec@ @v the equivalent circuit as shown in Fig. 3.10.3. The equivalent input resistance is
computed usi hown in Fig. 3.10.4 and is given by,
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Fig. 3.10.4 The AC equivalent circuit dia

depletion MOSFET. o\ &
V LY ’\%
' o (3.10.6)
S
. (,@:
For equivalent output resistance is e&?\ho@ input source in the equivalent ac circuit as shown in
istance is obtained by applying KVL in loop G-S-D-G,

Fig. 3.9.5. The obtained equival%@utpg&

& Q& )
\0 \@_VGS_V(;_O
& 00‘ QOVGS:V;_V;

(3.10.7)

2 N\ ,‘&\
Applying KCL at n >
pplying @é@ &
O Q\
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V V
Lo gy 42 —i =0
gm GS R o

rD So

=g, (V)47 (V,=0)
r,

D So
[, =—=-g,(FV,)+—=
D So
iL—i+g + !
0 p ! RSa ‘\0\
<
»
g ¢ ot
0 .
- ngGS+ _lo—O & 0
7 R, 0& Q

(3.10.8)

The voltage gain in the equival circ%@%w%@, 6“
RV Q
e .fé&.@
A/ '
Where, N\ ®) OQ

&Q Vi =linz;

L Vo = gm(Vi = V) (rp Il Rsp)
z"r

Vo(1+ gm( Il Rso)) = gmVi(p | Rso)

v, Im(TDplRso)
A =22 _ /- 207 1 .
V7V (1+gm(rpliRso)) (3.10.9)
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e, Y

s | ]‘
Z R Rs | rp <Zo V,
o )

Fig. 3.10.5 The AC equivalent circuit diagram for determining output impedance z, for the common,drain circuit
using depletion MOSFET.

Therefore,
A = E — gm(rD ” RSO) ). ngSo
v VL (1 + gm(rD ” RSO)) (1 + ngSo)

A, =L n dmBso (3.10.10)

4

Vi (A+gmRso)

Thus, gain of the common gate circuit is the fufiction of both transéconductance and.drain resistance. Further,
output signal is in phase with the input signal.
Table\l Summary MOSFETS

S. Configuration Diagram Expressionfor Drain | Expression for z;, z,,
soureg voltage (Vps) | Ay

1 | Fixed Biased Vs =Vop — IR, z =R
Circuit l ¢
z,=7p I Rp
AV = _ngo
2 | Self Biased Vs =Von z, =R,
C. .t 1
freut -1 D (RD +RS{))

z,=1plRp

Av = ~—9mZ,
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3 | Voltage Divider Vis =Vop z; = Ry I R,
Circuit —1,(R, +R,) z, =1p I Rp
Ay = —gmZ,
Vi
N
4 | Common  Gate Voo Vis =Vop + Vs z; =£§

Circuit I +1p).

+é£’§m)

& Zy Q"D Il Rp

SRy(+g,1)

A\
5 | Common Drain 7z =R
Circuit i G
Zo =Tp I — Il Rg,
m
4,
— Im (TD I RSo)
(1 + gm(TD I RSo))
&
O w27 .o UNIT SUMMARY
\0\ -
The opetation bipolar junction transistor under both biased and unbiased working circumstances

is covered in this®asic unit on the transistor. The discussion of different transistor configurations, such as
common base, common emitter, and common collector, followed. Once one has a solid understanding of
these subjects, it is necessary to study the critical factor that determines how a bipolar junction transistor
functions in an electrical circuit. In every electronic circuit, the bipolar junction transistor's biasing is a
critical factor that determines how the transistor operates. The bipolar junction transistor's Q-point operating
point is then covered. The next section discusses the several biasing circuits of the bipolar junction transistor.
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Following biasing, the BJT's function as an amplifier and switch is examined. This covers both closed- and
open-switch BJT functioning. Also included are common base, common emitter, and common collector
amplifier topologies along with their input and output characteristics. It is necessary to acquire the
amplifiers' parameters, such as input impedance, voltage gain, current gain, and output admittance. It
necessitates a brief signal analysis. The bipolar junction transistor's h-parameter model is used in this small
signal analysis. The processes for using the small signal analysis to derive the amplifier parameters, such as
input impedance, voltage gain, current gain, and output admittance, are described in depth. A reduced h-
parameter model is also used for the tiny signal analysis in order to reduce the complexity of determining
the amplifier parameters. The amplifier's high-frequency response is then shown in order to @mjne how
the gain of the amplifier changes with frequency. Each of these ideas is necessary to re "how
different electronic circuits work. The book's appendix contains a laboratory experi ertaining to the
input and output characteristics of a bipolar junction transistor i @%n

a common emitte ﬁg

\S

/}}

Multiple Choice Questions

3.1 What are the voltages acros

Vesan = 5 V
ID(on) =3 mA at
VGs = 10 I.LS

?‘Q\% Q\Q\
¥

a. 0V,0V

b. 5V,5V

c. 10V, 10V

d 20V,20V
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3.2 Calculate the value of RD.

18V

10 MQ

a. 2kQ
b. 3kQ
c. 3.5kQ
. 4 \) \
I, N
3.3 The slope of the dc in -b nfiguration {<controlled by .
a. VDD :\%
b. Rp xQ;Q '§ {b'é' \
¢ Rg é ‘{‘\\Q} " Q
3.4 The dc load line of c&'ﬂo@b% Fé;lQonﬁguration is controlled by .
a. VDD an@? 0\

"
b. Rp nd ‘$

QVR; N
ER

3.1 (a), 3.2 (d), 3.3 (d), 3.4 (d)

Answers for Multiple Choice Questions

Short Answer Type Questions
3.1 Give the derivation of the Z;, Z, and voltage gain for the fixed biased JFET configuration?
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3.2 Give the derivation of the Zi, Z, and voltage gain for the voltage divider JFET configuration?

3.3 Give the derivation of the Z;, Z, and A, for self- biased common source JFET configuration with
un-bypassed capacitor taking into account drain resistance rq?

3.4 Give the derivation of the Z;, Z, and Av for common gate FET configuration taking into account
drain resistance rq?

Long Answer Type Questions

3.1 Determine the following for the circuit in below figure (i) Vgso (ii) Ipg (iii) Vps (iv) \@)\
(v) Vg (vi) Vs Q}

20V «& O

3.2 Determine the followin

(vi) Vs

2k0

Ipss = 10 mA
Vp=-8V
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3.3 Derive the expressions for the input and output impedance for voltage shunt feedback. (FET
— Amplifier)

3.4 Give the derivation of the Z;, Z, and A, for self- biased common gate JFET configuration
with bypassed capacitor

KNOW MORE

For Addit
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‘K\V
and cuit Theory, Prentice Hall Upper

1. Robert Boylestad, Louis trgb ev
Saddle River, New Jers

io
2. Donald L. Schilling, Charl E@‘m rcu Dzscrete and Integrated, McGraw-Hill Book
0 ndon Sydney.

3. Integrated Electronics Analog zts, Millman and D. Halkias, McGraw Hill.



UNIT SPECIFICS 006\ 0;0

Through this unit we have discussed the following aspec,

o [Introduction to Power Amplifier;
o Classification of Power Amplifiers;
o Differential Amplifiers.

RATIONALE

the operation of the power, j ] lf eo lrsﬁ& the need for power amplifiers is

explained. Next, the various 1 ers are discussed. This classification is

required for the identification ] ious factors like efficiency, distortion etc.
&tfzon and analysis is explained.

PRE-REQUISITES

NIL LS
Q@) 0“&*0
UNIT OUTCOMES' .,& &

List of outcol@ t nit is as follows:

U4-0O1: Under. the basics of power amplifiers

U4-02: Understand various power amplifier configurations
U4-0O3: Realize the various applications of the power amplifiers

U4-0O4: Understand the basics of differential amplifiers
U4-05: Realize the operation of the differential amplifier
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Unit-4
Outcomes

EXPECTED MAPPING WITH COURSE OUTCOMES

(71- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)

CO-1

CO-2

CO-3

CO-4

CO-5

U4-01

1

1

U4-02

1

1

U4-03

1

1

U4-04

U4-05

1

1

W | W W|Ww|w

7"




Power Amplifier and Differential Amplifier | 134

UNIT-IV
Power Amplifier and Differential Amplifier

4.1 Introduction to Power Amplifiers

Power amplifiers play a crucial role in various electronic systems by amplifying low-powersignals to
higher power levels. They are widely used in audio systems, wireless communication systems, broadcasting
equipment, and other applications. Linear power amplifiers are favoured when the goal.is'to amplify the
input signal while maintaining its fidelity and minimizing distortion. They operate by vatying thé.voltage or
current of the input signal in proportion to the input signal itself. Selecting the appropriate power amplifier
involves considering factors such as power requirements, load‘impedance, efficiericy, distortion levels, and
the intended application. Different amplifier topologies and designs exist to address specific needs, such as
audio fidelity, efficiency, or linearity. The choice of amplifier depénds onthe speeific requirements and
constraints of the system or device being designed. The small'sighal analysis using h-parameters cannot be
used for the power amplifiers due to the large signal natuse at the'input{The analysis efithe power amplifiers
is carried out by using the output characteristics and Q-point.

4.2 Classification of Power Amplifiers

Based on the position of the Q-point, the power amplifiers areclassified as:

4.2.1 Class A Power Amplifiers

The power amplifiers in which the Q-pointilies-exactly at.the centre of the DC load line are called class
A power amplifiers. Due to the location.éf:the Q=point at'the centre of the DC load line, the output signal
of the amplifier will be available for the*complete input signal as shown in Fig. 4.2.1.1. As a result, the
output signal is available from 0° to360°. The outputsignal will have less distortion. The efficiency of the
class A power amplifiers is verycomparatively which is around 25% to 50%.

4.2.2 Class B Power.Amplifiers

The power amplifiers in which th& Q-point lies exactly on the X-axis of the output characteristics are
called class B power amplifierss\Due to the location of the Q-point on the X-axis of the output
characteristics, the.output'signal of'the amplifier will be available for half cycle of the input signal as shown
in Fig. 4.2.2¢1.0As aftesult, the output signal is available from 0° to 180°. The output signal will have
distortion higher tham class A. The peak efficiency of the class B power amplifiers is higher than class A
which is 78.5%. For obtaining two half cycles from the class B power amplifiers amplifier, two for each half
cycle need to be used.



135 | Analog Electronic Circuits: Theory and Practical

Fig. 4.2.2.1 Q-point for class B amplifier.



Power Amplifier and Differential Amplifier | 136

4.2.3 Class C Power Amplifiers

The power amplifiers in which the Q-point lies below the X-axis of the output characteristics are called
class C power amplifiers. Due to the location of the Q-point below the X-axis of the output characteristics,
the output signal of the amplifier will be available for less than half cycle of the input signal as shown in
Fig. 4.2.3.1. As a result, the output signal is available below 180°. The output signal will have distortion
higher than class B. The efficiency of the class C power amplifiers is very high almost around 100%.

IC l’l’lA)

2n

Fig. 4.2:3.1 Q-point for class C amplifier.

4.2.4 Class AB‘Power Amplifiers

The power amiplifiers.in which the Q-point is above the X-axis but below the center of the DC load line
is called class”AB power amplifiers. Due to the location of the Q-point above the X-axis but below the
center of the DC foad line, the output signal of the amplifier will be available for more than 180° but less
than 360° of the input signal as shown in Fig. 4.2.4.1. The output signal will have distortion higher than class
B but less than class A. The efficiency of the class AB power amplifiers is higher than class A but less than
class B.
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IC mA)

VCE

)
[}
|
L}
1
)
|
[}
Fig. 4.2.44 Q-point for class ABamplifier.

4.3 Differential Amplifiers

Differential amplifier circdit is thébasic unit for the operational amplifier. It consists of the two common
emitter transistor circuits having a common emiitter resistor shared between their emitter terminal as shown
in Fig. 4.3.1. The other end of the common-€mitter ‘sesistoriis*connected to the negative supply —Vgr as can
be seen from Fig. 4.3.1. The circuit diagtam for‘the differential amplifier is given in Fig. 4.3.1. There are
two inputs and outputs terminal for the differential amplifier circuits as shown in Fig. 4.3.1. For DC analysis
of the differential amplifier, the inputAC signals are\grounded and the operating voltage and current for the
two transistors are computed, ds“shown’in Fig;*4.3.2. As the two transistors are identical, so below

assumptions can be applied:

o e L

IBI_IBZ_ B - B 2B
Applying KVL at.the outerloop of'the transistor we have,
~Vge — LRy =(=Vie) =0
I, - Vee = Vee _ Vi =07
RE RE
Ve =Io R = Vi LR = (=Vg) =0

C

C

1
Verr = Ve = Ve _TERC —I;Ry + Vi

(4.3.1)

(4.3.2)
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Thus, the operating voltage (Vce1 and Vcgz) of both the transistor can be computed. Now, for AC
analysis, it is required to have AC equivalent of the differential amplifier circuit. For getting AC equivalent
circuit one need to ground the DC supply as shown in Fig. 4.3.3 and replace the transistor with its ac
equivalent as shown in Fig. 4.3.3. Now for analysis ac equivalent circuit for transistor we

VCC

Fig. 4.3.1 Circuit

assume,

(4.3.3)
Applying KVL at two output v@ﬁ?vf
pplying at two outputs e
S
F o 8
QQ &\0 ‘$ Vo +ic1Rc _(Voz +ic2Rc) =0 (4'3'4)
‘%QQ\\'Q ‘\ Vor =V + (i =i, )R =0
Applying K%‘& no 1’ and ‘C2’ we have
Qx& i, =Piy,

i =pi (4.3.5)

Substituting (6.3.5) and (6.3.3) in (6.3.4) we have,
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=1 < Re
&000‘ Qo ) i
F|& 3@%}%2%% schematic of differen
' z.s,se

tial amplifier for AC analysis.
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Vor = Voo + (i —ic;)Re =0

Vor = Voo + (Bl —Piy,)R =0

Vo =V (ibl _ibz )BRC =0

Vl _Vz

R. (4.3.6)

1

(ibl - ibz) =

V=V 2 = V=Vasr, =0

PR¢

i

Voo~ Vo2 =

current can be derived by applying KCL at ‘E’ we have,
i Iy — Bibl _ib2 - Bi
ip = (1, +i,)(B+1

This unit on power amplifiers and dif’
these amplifiers work. The necessit
classes are then covered. This cla551
number of variables, such as
discussed, along with its anal

basic understanding of how

@escr . The several power amplifier
order ntlfy the application based on a

nec y of a differential amplifier is then

9,

N xv 1’\ 0&
&
Multiple Choice Questm@ \
4.1 In Class A power a@ﬁer@?og\current flows for
a. the full cy%ﬁ?tr@n
b. halfth le 1npu&ignal
c. 3/4 &% of the input signal
d. less than hdlf the cycle of the input signal

4.2 Class power amplifier has the highest collector efficiency
a. C

b. A
c. B
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d. None of these
4.3 In Class A power amplifier, the output current flows for
a. the full cycle of the input signal
b. halfthe cycle of the input signal
c. 3/4 of the cycle of the input signal
d. less than half the cycle of the input signal

4.4 The collector current in a Class-C amplifier

collctr crrentn o 2D
a. is notrich in harmonics (’\
b. flows for 120° or less of the ac input cycle S \io.‘
& O
c. in sinusoidal «& 8)
d. flows for 240° or more of the ac input signal O&‘ 5’0
O\
| A
Answers for Multiple Cho ) 6\ {}‘
4.1 (a), 4.2 (a), 4.3 (b), 4.4 (b) ‘\.Q‘

Short Answer Type Questions &
4.1 Explain in detail about class A p am| rs? 6 \so "%Q
4.2 Explain in detail about clas e sg)'(\‘ %Q ) (}'\
4.3 Explain in detail about class er am s? &§ 6\
4.4 Explain in detail ab ersr’ ’\%5’)
L \O {\o‘
ong Answer Type Question \.

4.1 Explain in detail about Varlol@ow gg
4.2 Explain in detail about tl\ fe ial amp ifiers?
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5 Operational Amplifiers

UNIT SPECIFICS

Through this unit we have discussed the following aspects:

e [ntroduction to op-amp;

e Basics of the op-amp;

o [C 741 op-amp;

o [Internal structure of an op-amp;

o Ideal op-amp;

o Characteristics of ideal op-amp;

e  Practical op-amp;

o Characteristics of praetical op-amp

e Negative feedback in op-amp

o Procedure for analyzing the op-amp.circuits.

RATIONALE

This fundamental unit on op-amp, helps Students te*get a primary idea about the basics of operational
amplifiers. First, the history ofithe op-amp is explained. Next, the basics of the op-amp-like symbol, its
terminals along the popular’packages dre explained. Thereafter, a popular op-amp IC 741 is
introduced to the students, Wext,the.internal structure of the op-amp is discussed. The internal structure
of the op-amp describesrvariqQus stages-in the op-amp which is responsible for the working of the op-
amp. After obtaining a good knowledge on these topics, then the ideal op-amp along with its
characteristics was diseusSed. Next, the practical op-amp along with its characteristics is explained.
The limitations\of the\practical op-amp can be avoided by incorporating the negative feedback in the
op-amp. So, the negative feedback in the op-amp is discussed. All these basic aspects are relevant to
start designing the electronic circuits using op-amp. In addition to the above, the procedure for
analyzing the op-amp circuits is also discussed. This analysis helps in the identifying the operation of
various op-amp circuits. The laboratory experiment related to measurement of op-amp electrical
parameters is presented in the appendix of the book
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PRE-REQUISITES

NIL

UNIT OUTCOMES

List of outcomes of this unit is as follows:

U5-01:
U5-02:
U5-03:
U5-04:
U5-05:

Understand the basics of op-amps

Realize the internal structure of the op-amp , Q}
Understand the characteristics of the ideal op-amp versus the practical op-amp' \é‘“‘
Realize the necessity of the negative feedback in the practical op-amp & 0(}

Realize the procedure for analyzing the op-amp circuits

Unit-5
Outcomes

U5-01

U5-02

U5-03

U5-04

U5-05
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UNIT-V
Operational Amplifiers

5.1 Introduction

Operational amplifiers, or op-amps, have found extensive applications in various fields, including
communication systems and medical applications. The term "operational amplifier" originated from the
early days when these devices were designed using vacuum tubes for performing mathematical operations.
However, with the advancement of semiconductor technology, integrated circuit (IC) op-amps were
developed. These IC op-amps were much more cost-effective and compact compared to theinvacuum tube
counterparts. The integration of multiple transistors and other components onto a single silicon chip-allowed
for the creation of op-amps that were inexpensive, small in size, and consumed less powics. Theidevelopment
of IC op-amps revolutionized the field of linear integrated circuits, making them motejaccessible and widely
used in various applications. These compact and economicaldevices played a crucial rol&inthe proliferation
of electronic systems, enabling advancements in areas suc¢h asfelecommunications, medicaldevices, audio
equipment, control systems, and more.

5.2 Basics of the Op-amp
5.2.1 Symbol of Op-amp

The symbol of the op-amp is shown inFig. 5.201. The 6p-amp-basically consists of one inverting terminal,
one non-inverting terminal, one output terminal, one positive,power stipply terminal and one negative power
supply terminal. The inverting input terminal issnormally“denoted’by the notation (-). The non-inverting
input terminal is denoted by the notationi(s#). Thepositive powerSupply terminal is denoted by the term V*
and the negative power supply terminal 1s deneted by the term.V-.

Positive supply
terhinal (V')
[ ]

Inverting \
. S A& -
input.terminal Output
Non-inverting : terminal
) S —+
inpotterminal /

(]
Negative supply
terminal (V")

Fig. 5.2.1 Symbol of op-amp.
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5.2.2 Popular Packages of Op-amp

The op-amps are basically available in these three packages
i) Metal can (TO) package

ii) Dual-in-line package (DIP)

iii) Flat package

Fig. 5.2.2.1 shows various popular packages of the op-amp. In the metal can (TO) package, the chip is

No

connection
Offset |
null
Inverting >4 . A
input terminal . . T 1 —{ 16 Output
Non-inverting YA -— [ 15 Offset null
input terminal

\Cp(b) 8-pin dual-in-line
package

[]10No connection

19 No connection

\ Inverting input .

Q terminal 30 18V

Non-inverting

input terminal
V5O 16 Offset null

17 Output

(¢) 10 lead flat package

Fig. 5.2.2.1 Various packages of the op-amp.
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enclosed in a metal or plastic case as shown in Fig. 5.2.2.1(a). The op-amps with metal can (TO) package
are normally available 8, 10 and 13 pins. In the dual-in-line packages, the chip is enclosed in a plastic or
ceramic case as shown in Fig. 5.2.2.1(b). The 8-pin dual-in-line package is more popular compared to the
other packages. The flat package contains the chip enclosed in a rectangular ceramic case with the leads
coming from either end as shown in Fig. 5.2.2.1(c). The flat package normally comes with 8, 10, 14 pins.

5.2.3 Power Supply Requirement for Op-amp

The op-amp normally requires two power supplies. The positive supply terminal of the op-amp is
connected to the positive terminal of one power supply. Similarly, the negative supply terminal,of.the op-
amp is connected to the negative terminal of the other supply. Fig. 5.2.3.1 shows the arrangement for the
power supply of the op-amp. Normally the common point of the two power supplies must\be grounded.
Otherwise, double the input voltage will appear across the supply terminals of the op-amp which may
damage the op-amp. The two power supplies required for the op-amp can be balanced ‘ot unbalanced. Fig.
5.2.3.2 shows the balanced and unbalanced power suppliesaequired for the op-amp. But in practical
applications, the balanced power supplies are used for the op-amp:, The power supply tafnge for the op-amp
will be from +5V to £22V. The popular balanced power supplies forthe op-amp aré+15V Jlnstead of two
independent power supplies, the balanced power supply for the op-amp cainbe obtained byusing the circuit
shown in Fig. 5.2.3.3. The circuit shown in Fig. 5.23.3(a) consists of two resistors of.equal value and two
capacitors of equal value. The value of the resistor will be,generally/inkQ so that ne etirrent is drawn from
the supply. The two capacitors whose value issnermally between,0:01 to AOpF will provide the decoupling
from the source. The circuit shown in Fig. 5.2.3:3(b) uses the zénet digdes Tor gbtaining the balanced power
supply for the op-amp. The value of the series resistance Rs will be‘chosef in*such a way that the Zener
diode will operate in the breakdownnode.'Sometimes, thewreversal of power supplies will damage the op-
amp. In order to avoid damage of the op-amp, the protection nicchanism needs to be included in the power
supply arrangement. The circuitShown inFigy5.2.3 8(¢) have.the protection mechanism in the power supply
arrangement of the op-amp. The diodes,D; and [ are used‘to.protect the op-amp due to the reversal of the
power supply.

— 15V

Fig. 5.2.3.1 Power supply connections of op-amp.
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(a) Balanced power (b) Unbalanced power
supply for op-amp supply for op-amp

Fig. 5.2.3.2 Balanced and unbalanced power supply connections of the op-amp.

] +VCC

+V7

-C

(a)

(c)

Fig. 5.2.3.3 Cireuits for obtaining the balanced power supply for the op-amp from the single power supply.

5.3 I1C 741 Op-amp

The IC 741 is a more popularly available op-amp. Different manufacturers like Fairchild
Semiconductors, Motorola, and National Semiconductor manufacture the IC 741 by adding some prefixes
to 741 like pA, MC, and LM. The IC 741 op-amp is normally an 8-pin IC and is available in the dual-in-
line package. The pin configuration of IC 741 is shown in Fig. 5.3.1. The pins 2 and 3 are inverting and
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non-inverting input terminals of the op-amp. The pin 6 is the output pin of the op-amp. The pins 4 and 7 are
used for the negative power supply and positive power supply terminals of the op-amp. The pins 1 and 5 are
used to nullify the offset voltage. So, these are called offset null pins. The pin 8 does not have any connection.

|\
Offset null 1 [ 18 No connection
Inverting input N
terminal 2 o T 17V
Non-inverting 30 + 16 Output
input terminal
V4 15 Offset null

Fig. 5.3.1 Pin configuration ofdC"744, op-amp.

5.4 Internal Structure of an Op-amp
The op-amp is basically a multistage amplifiér that is obtainedtby cascading four blocks as shown in Fig.
5.4.1. The four cascaded blocks are:
(1) Input stage
(i) Intermediate stage
(iii) Level-shifting stage
(iv) Output stage.

Inverting input

ter.minal. Input Intermediate Sﬁi‘}::;g Output OutPut
Non-inverting Stage Stage Stage Stage terminal
input terminal
Dual input Dual input Emitter Complementary
balanced‘\output $sunbalanced output follower push pull
differential differential amplifier
amplifier amplifier

Fig. 5.4.1 Block diagram of op-amp.

5.4.1 Input Stage

The dual-input balanced output differential amplifier is commonly used as the input stage in op-amps for
several reasons, including its ability to provide high gain and high input resistance. The input stage of an
op-amp is responsible for amplifying the small input signals and providing the majority of the overall gain
of the amplifier. By using a dual-input differential amplifier as the input stage, the op-amp can achieve a
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high voltage gain, typically in the range of tens of thousands to hundreds of thousands. Additionally, the
dual-input differential amplifier offers a high input resistance, which is desirable to minimize the loading
effect on the signal source. High input resistance means that the input stage draws very little current from
the source, ensuring that the signal source is not significantly affected or distorted by the connection to the
op-amp input. Overall, the dual-input balanced output differential amplifier meets the requirements of high
gain and high input resistance, making it an ideal choice for the input stage of op-amps.

5.4.2 Intermediate stage

In order to have a high gain in op-amp, an additional stage i.e., the intermediate stage needs to be
cascaded with the input stage. Since the intermediate stage has two input terminals and one ouatput terminal,
a dual input unbalanced differential amplifier is normally used as the intermediate stage inthe op4amp.

5.4.3 Level-shifting Stage

The level-shifting stage is used in op-amp to eliminat€ thedDC offset at the.output of the intermediate
stage and provide the desired output level. The levelsshifting, stage is _responsible forgshifting the DC
operating point of the output signal to the desired lével. One commonlysiised.configuration for the level-
shifting stage is the emitter follower, also knowfi as'a cemmon’ collector armplifier\The emitter follower
provides a high input resistance, allowing it.te.effectivelyyisolaté,the previous stages and avoid loading
effects. By using an emitter follower as the level-shifting stage;” thesoutputefithe intermediate stage is
connected to the emitter of the transistor. The tranSistor acts as‘a buffer, providing a low output resistance
while maintaining a high input resistafice. Thisiconfiguration allews the sutput of the intermediate stage to
be coupled to the load or subsequent stages without¢signifieantly affecting the signal. Furthermore, the
emitter follower stage also helpsyto eliminate,the DC.offset‘present.at-the output of the intermediate stage.
The transistor's biasing arrangementivand voltageydivider~network in the emitter follower configuration
ensures that the output voltage'is shifted to the ‘desiredilevel, typically ground or another reference voltage,
effectively cancelling out any DC offset.

5.4.4 Output Stage

The output stage in an op-afnp is a«complementary push-pull amplifier. The purpose of output stage is to
handle high output voltage:swings, and high current capability of op-amp. In addition to the above, the
output stage also needs t0-have low outputresistance so that the complete output voltage will appear across
the load.

5.5 Ideal Op-amp

The ideal op-amp resembles same like a differential amplifier. If V| and V, are two inputs to the ideal
op-amp, then the output voltage V, is given by

Vo =AVi+AV, (5.5.1)
where Aq is the differential gain

Acis the common mode gain
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Vg is the differential voltage which is the difference between two input voltages Vi and Va.
V. is the common mode voltage which is the average of two input voltages V| and V.

In the case of the ideal op-amp, the common mode gain is zero. Therefore, the expression for the output
voltage V, of the ideal op-amp is given by

Vo :AdVd :Ad (Vl _Vz) (5-5-2)

The common mode rejection ratio (CMRR) of the op-amp is the ratio of the differential gain Aq to the
common mode gain A.. In the case of the ideal op-amp, the common mode gain A. is zero so the CMRR is
infinite.

Using the expression (5.5.2), the equivalent circuit of the op-amp can be obtained as shown in Fig. 5.5.1.
In the case of the ideal op-amp, the input resistance Ri, is equal to infinity and the output fésistafice Ro is
equal to zero. Due to infinite input resistance, the op-amp will not draw any input curtent. Therefore, the
input currents [; and I, of the op-amp are zero. The open loop, voltage gain of the«ideal op-amp (Aovr) is
infinite so for a finite value of output voltage, the differencefofthe input voltages Vq isszero. If a graph is
plotted between the difference of the input voltages Vg4 yérsusdhe output voltage of op-amp Vo, then the
transfer curve of the op-amp can be obtained. The transfer curve ofhe ideal.op-amp'is shown'in Fig. 5.5.2.

Inverting
input terminal =
Va
Vd . Output
Vo

Non-inverting
input terminal
Vi

Fig. 5.5¢1 Equivalent circuit of the ideal op-amp.

5.6 Characteristics of Ideal QOp-amp

The characteristics of,ideal 6p-amp.are:

(1) The open loop-gain,of‘the ideal op-amp (Aor) is infinite.
(i1) The inputresistanee of the ideal op-amp (Rin) is infinite.
(iii) The output resistance of the ideal op-amp (Ro) is zero.

(iv) The ideal op-amp will have zero output voltage for the zero differential voltage. There is no input offset
voltage (Vies) in the output of the ideal op-amp.
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AOLZOO

v

-Vo
Fig. 5.6.1 Transfer cu f th

(v) The ideal op-amp has infinite bandwidth, ideal p ce’év lt}ﬁ"l (ﬁ t signals that have a
frequency between 0 to infinity.

(vi) The ideal op-amp is having infinite co n-m reje ion rati M@S} because of the zero common-
mode gain.
(vii) The ideal op-amp is having.an infi
with the change in the i

W rat \Th 0$tpu }e op-amp will change immediately
s ot b

te oﬁle 0% p can be calculated by

‘ 'é‘ Lo (5.6.1)
e

(viii) The ideal op-amp is having zer é}ue ly rejection ratio (PSSR). This means the variation
in the input offset voltage f&l A% 1;%0n in one power supply while keeplng the other power
supply constant is zero. élﬁ he pﬁ}ler supply sensitivity of ideal op-amp is zero. The PSSR
can be calculated by \

\%s

AV”*

AV

108

AV~

=0 (5.6.2)

V7= Constant V"= Constant

\§‘

(ix) The tempe@ \x@bt chatﬁe the characteristics of the ideal op-amp.

5.7 Practi m@kamp

In the case of the practical op-amp, the open loop voltage gain (Aor) is finite. Due to this finite value of
the Aoz, the output voltage will vary linearly for a small range of differential voltage V4. To explain this, let
us consider op-amp which is having a power supply of £15V. For IC 741 op-amp, the open loop gain Aoy is
200000. Therefore, using the expression (5.5.2), the range of differential voltage will be
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V, =15

A, 200000

d

= £T5uV (5.7.1)

If the differential voltage V4 is in between £75u1V, then the output voltage will vary linearly with the
differential voltage Vq. If the differential voltage Vg is greater than or equal to +75uV, then the output
voltage Vo will saturate at +15V. Similarly, if the differential voltage V4 is less than or equal to -75uV, then
the output voltage Vo will saturate at -15V. Due to this, the transfer curve of the practical op-amp will
deviate from the ideal op-amp. The transfer curve of the practical op-amp is shown in Fig. 5.7.1. The
equivalent circuit of the practical op-amp is shown in Fig. 5.7.2. In the practical op-amp, the open loop
voltage gain (Aor) is finite and there exist a high value of input resistance Ri, and low value of output
resistance Ro.

N

\ ¢
-Vo
Fig. 5.7:1 Transfer Curve of the practical op-amp.

5.8 Characteristics of PracticalOp-amp

The characteristics @fithe, practicaldop-amp are:

(1) The open loop, gain‘of.the practical op-amp (Aor) is finite. Its value is in several thousands.

(i1) The inputiresistance of the ideal op-amp (Rin) is finite. Its value is typically greater than 1MQ.

(ii1) The output resistance of the ideal op-amp (Ro) is not zero. Its value is typically around 1 or 2 ohms.
(iv) In the practical op-amp, there exist some output voltage for the zero differential voltage Vs Therefore,

in order to make the output voltage zero, a small input voltage of order millivolts needs to be applied at
the input terminals such that the output voltage is zero. This voltage is called input offset voltage.
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Inverting
input terminal
Vs

-
I T

Vy4 Output

Vo

Non-inverting
input terminal
v +

Fig. 5.8.1 Equivalent circuit of the practical op-amp.

(v) The bandwidth of the practical op-amp is very sarrow. So, the practieal opfamp in'the¢ open loop can
handle low-frequency input signals.

(vi) In the practical op-amp, there exists somednput bias cusrent. Jfls; andds» arerthe bias currents flowing
the input terminals of the op-amp as shown in Fig. 5.8.1. Then the input bias current I is nothing but
the average of the two input currents. In Fig. 5:8.1, both the¢’op-amp terminals are grounded. The power
supply terminals of the op-amp afénecessarysto bias.the op-amp. Thérefore, the input bias current Iy, is
given by

Ibl + Ib2

'S (5.8.1)

Fig. 5.8.2 Op-amp input bias currents.

The input bias currents I and Iy, are the base bias currents in the input stage of the op-amp. The magnitude
of these currents is not the same because of the nonidealities of the transistors in the differential amplifier.
The magnitude of the input bias current is very small typically in the order of nano amperes.
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(vii) In the practical op-amp, apart from the input bias current, the input offset current also exists. The input
offset current is the current which is the algebraic difference of two input bias currents Ip1 and Iy2.
Therefore, the input bias current is equal to

I, :|Ibl _Ib2| (5.8.2)

(viii) The slew rate is defined as the maximum rate of change in the output voltage per time. The unit of the
slew rate is volt per microsecond. Slew rate is a measure of how quickly an op-amp can change its
output voltage in response to a step input signal.

Slew rate S= Vo

(5.8.3)

(ix) The gain-bandwidth product (GBW) of an operational amplifier (op-amp) is the frequency atswhich the

open-loop voltage gain of the op-amp is unity. In other words, when the op-amp’s,gain is,set to one (0

dB), the frequency at which the output signal magnitude gquals the input signal.magnitude is the gain-

bandwidth product. For example, if an op-amp has a gain-bandwidth product’of 1. MHz, it means that

when the op-amp is configured for unity gain, the bandwidth of the opzamp is"l MHz, Beyond this

frequency, the gain is less than unity. The gain-bandwidth product is‘an important,figure of merit for

op-amps as it helps to determine the maximua usable bandwidth.in/different applications. It is worth

noting that the actual open-loop gain of thé op-ampidecreases as'the fiequengy increases beyond the
gain-bandwidth product.

5.9 Negative Feedback in Op-amp

Normally, the op-amp have high opemiloop gain. Bue to this-high¢voltage gain, the linear region in the
output of op-amp will obtain forthe small range of differential veltage V4 and will saturate to the supply
voltage if the differential voltage Va istout of thistrange as showntin Fig. 5.7.1. This limits the usage of open
loop op-amp in practical applicatiofis. In'addition to this,'the bandwidth of the practical op-amp is very less.
Due to this, the op-amp will work only withunputisighals,of.a”particular band of low frequency.

For the usage of op-amp in practi¢al appli¢ations, the voltage gain of op-amp needs to be reduced. In
addition to this, the bandwidth of the practieal op-aimp also needs to be increased. For obtaining these two
objectives, negative feedback is inttoduced-in the op-amp. Fig. 5.9.1 shows the implementation of negative
feedback in the op-amp. Vs is thie inputsignalapplied at the non-inverting input terminal of the op-amp. The
load resistance Ry is connected at, the*output terminal and Vo is the voltage across the load resistance. In
order to have negative feedback-the resistors Rr and R are used. The resistor Rr is connected between the
negative input termindland the output terminal of the op-amp. The resistor R; is connected between the
negative input terniinal of‘the opzamp and the ground. By making this arrangement, a part of the output
voltage is fed back to the input in the opposite phase. Let Aov is the open loop gain of an op-amp, A is the
gain of an opzamp with feedback, Vi be the voltage at the non-inverting terminal, V, be the voltage at
inverting terminakand Vg be the differential voltage. The gain of the op-amp with feedback is given by

VO

A=—9
. (5.9.1)
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Fig. 5.9.1 Op-amp with ne (\% L\
O LS
and the out i in gi W K \‘Q‘
put voltage Vo is again given by Q . 0‘(\ ‘Q\
v, =A SR
o ) > o (5.9.2)
Substituting (5.9.2) in (5.9.1) gives &c’ ~<>\\<’ é
WS
X\ 5.9.3
- R .0 (593)
WO
The expressions for the v t thi in eésfg il@t tern@%’l V1 and the inverting input terminal
V. is given by O '\53

< \g,@' NGy (5.9.4)
AR
substituting (5.9.4) in (5.9.3) giVQX ®) o«
s(\o & N RV,
S & e rw)
((é' i v, (5.9.5)
simplifying (5.9 glvet;\\' &
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A A
=A= oL — oL
1 AaR, | (1+AgB) (5.9.6)
R, +R;
where B is called the feedback factor and its value is equal to
— Rl
b= R, +R, (5.9.7)

Therefore, the voltage gain op-amp with the negative feedback is given by "\
A &
_ oL
(1+ A, B) \ \&5‘9 8)
From the equation (5.9.8), it can be observed that the op- amp with negatlve feedb ¢a Quced gain

compared to the open loop gain of the op-amp. This results in t f d@gen‘ual voltage
Vg4 making it suitable for practical applications.

Let for be the cut-off frequency of the open loop o
the negative feedback. The gain bandwidth produc
feedback will be equal. Therefore

fr@l nc op-amp with

@mp with negative

(5.9.9)
substituting (5.9.8) in (5.9.9) gives

(5.9.10)

From (5.9.10), it can be obs that t@&u‘[- e I.Q’ﬁéy of op-amp with negative feedback is high
compared to the cutoff frequenc 0 e&%op mpgé&refore, the op-amp with negative feedback can
work with the input signals of wide Qer r@s

Let Ri» be the input resistanc the an open loop and R;,r be the input resistance of the op-
amp with negative feedback. IfJ;, is L@n ent then the input resistances R;, and R, of the op-amp in
an open loop and with op 1ve ack are given by

V, V,
@Q Q m =Td and Rinf =I_S (5911)
\ mn mn

The Riyycan %@f\%

V, V,
R =—S_R-=S
inf Vd Vd (5912)
R

substituting (5.9.1) and (5.9.2) in (5.9.12), we get
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VO
= ﬁ_ X — R oL

Rinf—Rvd =R v, =R= (5.9.13)

AOL
substituting (5.9.8) in (5.9.13), we get
A
Ry =R—8—=R I+ A0.p) (5.9.14)
(1+AqB)

From (5.9.14), it can be observed that the input resistance of op-amp with negative feedback is high
compared to the input resistance of open loop op-amp.

Similarly, if Ro be the output resistance of the op-amp in an open loop and Ror be the output-resistance
of the op-amp with negative feedback. Then the expression for the output resistanee of the op-amp with
negative feedback is given by
— RO

L#A B

(5.9.15)

of

5.10 Procedure for Analysing the Op-amp Circuits

The op-amp circuits are analysed by considering the followinig assumptions:
(i) The input current drawn by the op-amp is zero.
(i) Virtual ground

Due to the very high value ‘of the input resistance, the input current drawn op-amp is very low and can
be neglected. This is the first assumption used forsolving,the*op-amp circuit. The second assumption is the
concept for virtual ground. As said earlier; in the*open'loop configuration of the op-amp, the differential
voltage Vg across the input terminals, 0fthe,op=aimp iSwery small and can be considered as zero. Therefore,

Vigh -V, =0 (5.10.1)
therefore
v, =V, (5.10.2)

So, using (5.10.2)uf the noninveérting input terminal of the op-amp is grounded, then the inverting input
terminal of the gpsamp is\also zero. Though there is no physical connection, a virtual connection between
the noninverting anddnverting input terminal because of which the inverting input terminal of the op-amp
is grounded. Using 'these two assumptions, any op-amp circuit can be analysed.
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UNIT SUMMARY

The chapter started with the history of the op-amp. Next, the basics of the op-amp-like symbol, its
terminals along the popular packages are explained. Thereafter, a popular op-amp IC 741 is introduced. Next,
the internal structure of the op-amp is discussed. The internal structure of the op-amp describes various
stages in the op-amp which is responsible for the working of the op-amp. After obtaining a good knowledge
on these topics, then the ideal op-amp along with its characteristics was discussed. Next, the practical op-amp
along with its characteristics is explained. By adding negative feedback to the op-amp, the practical'op-amp's
limits can be circumvented. So, the negative feedback in the op-amp is discussed. All of these&?aamental
elements are necessary to begin creating electronic circuits with an op-amp. Along with the i&em&iﬁned,
the process for examining the op-amp circuits is also covered. This analysis aids i g how
different op-amp circuits function. The book's appendix contains the laboratory exper@nt p&lm’ng to the
measuring of op-amp electrical parameters.

EX

Multiple Choice Questions
5.1 For an ideal op - amp, w ng
. Zero input impedanc in 1n1te
e baridw

a
b. Infinite inp
c

a

d. Zero input imp ce {1@; ro&}dwidé
5.2 In order for an output to s&@g a §$’ﬁn,d¢gl a zero reference, the op-amp circuit requires
a. Zero offset

Vo
b. A resistivi géév two

c. Awid w1@
d. ive \Y}%OS@&: supply
53 In an a p, Qp pedance is and the output impedance is
igh
éﬁo
C. low, high

d. high; low
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5.4 CMRR for an op-amp should be
a. As large as possible
b. close to zero
c. close to unity

d. Assmall as possible

Answers for Multiple Choice Questions
5.1 (b), 5.2 (d), 5.3(d), 5.4 (a)

Short Answer Type Questions
5.1 Explain the pin diagram of IC 741?
5.2 Explain the power supply requirements of op-amp?

5.3 Explain the negative feedback in the op-amp?

Long Answer Type Questions
5.1 Explain in detail the block diagram of op-amp?
5.2 Explain in detail the ideal characteristics of op-amp?
5.3 Explain in detail the practical characteristics of'an op-amp?

5.4 Explain in detail the id€aland practical voltage transfer cutve of op-amp?

KNOW MORE

For Additional Info Scan Me
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Linear Applications of
Operational Amplifiers

UNIT SPECIFICS

Through this unit we have discussed the following aspects:

o Assumptions for op-amp Analysis;
o Op-amp as inverting amplifier;

o Non-inverting amplifier;

o Joltage follower (unity follower);
o Summing amplifier circuit;

e [ntegrator circuit;

o Differentiator circuit;

o [nstrumentation amplifier,

o Op-amp as low pass filter,

o Op-amp as high pass filter;

o Op-amp as band pass filter,

e Proportional controller;

e Proportional integral cdntrollers
o Proportional integrdl derivative controller,
o Analog to digital.converter,

o Joltage regulator,

o Phase shiftoscillator,

o Wien bridge oscillator,

e Laglead compensator.

RATIONALE

This chapter deals with the application of the operational amplifier in various signals processing
circuits. The chapter starts with the basic inverting and the non-inverting operational amplifiers which
represents the fundamental circuits for the op-amp. Further, details of the ideal operational amplifier
circuit are also given. The given ideal operational amplifier circuit is again used in the analysis of the
op-amps application. The chapter gives the details of various op-amp based electronic circuits like
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adder, integrator, differentiator, filter circuits, analogue to digital converter, instrumentation amplifier
circuit etc. The student will not only learn how to analyze the op-amps circuits but can design new
applications of op-amps with the given details in the chapter. Using the given approach for analysis of
op-amps circuit student will be able investigate new op-amps circuits. Further, additional experiments
based on the op-amps are added in the appendix to enhance the practical knowledge of the students..

PRE-REQUISITES

Nil

UNIT OUTCOMES

List of outcomes of this unit is as follows:
U6-01:
U6-02:
U6-03:
U6-04:
U6-05:

Understand and design the op-amps as invertingdnd non-inverting amplifier.

Understand and design the op-amps for sumnter, integrator and differentiator.circuit.

Understand and design the op-amps for iniplementation of filter’ circuit application.

Understand and design the op-amps for implementation-of.PID.controlléricircuit.

Understand and design the op-amps forhimplémentation APC, compensator

instrumentation amplifier circuit.

Unit-6 & E OUTCOMES
Outcomes t’o"%{ eduq; o A Og 03-4 Strong Cogrglat/on)
7 ~ ‘ & -5
U6-01 3 1 N ) 3
U6-02 3 3 1 _ 3
U6-03 3 2 1 _ 3
U6-04 3 2 1 : 3
U6-05 3 9 1 _ 3

and
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UNIT-VI

Linear Applications of Operational Amplifiers

6.1 Assumptions for Op-amp Analysis

Operational amplifier (op-amp) typically employed in most of the signal conditioning¢Circuits. For
analysis of the complex circuits having op-amp is typically done considering the ideal their/characteristics.
Ideal op-amp have infinite input resistance between its input terminals, zero output resistafiee andsas infinite
gain as shown in Fig. 6.1.1(a). However, practical op-amp have high input resistancg (in M) between its
input terminals, zero output resistance and has finite gain as_shewn in Fig. 6.1.1(b). To ‘analyse basic op-
amp circuits both ideal and practical circuit equivalent can‘be uSed. Typically, idealsequivalent circuit is
employed as it simplifies the analysis of the op-amp circuit. While deing the.analysis ef the op-amp circuits
below are assumptions taken:

(1) Open loop gain of the op-amp circuit in opendoopyis infinite.

(i) The resistance R; between the input termindl 1s infinite.

(ii1) The resistance Ro at the output terminaléi§'zero.

(iv) Current in the input terminals of the gp-amp iszero.

(v) The resistance R; between the input terminal is infinite,

(vi) As the currents in the input terniinals are zero, so potential.efinputiterminals of the op-amp is equal as
shown in Fig. 6.1.2.

Inverting

input
Non-inverting l

input

(2)
BT Mo
(K SR S A SR

(b) (c)

Fig. 6.1.1 Op-amp (a) symbol, (b) practical equivalent circuit schematic, and (c) ideal equivalent circuit schematic

<
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Ry

Wy
Vl—’\%}\, - -

rh

<

Rf Rf

. WA AW
Vv, A 3 & AN, k)

. R
Vl § AVl @ Vo Vi
+ ¥

i
(b) ©

Fig. 6.1.2 Inverting op-amp (a) circuit schematic, (b) practical equivalenticircuit schematic for inverting op-amp,
and (c) ideal equivalent circuit schematic for‘inverting op-amp:

=<

Typically, op-amp circuits can be classified inte two broad:categories based on the input applied at the
inverting or non-inverting terminal;
(1) Inverting amplifier
(i) Non-inverting amplifier

6.2 Op-amp as Inverting. Amplifier

The circuit configufation eofithe inyerting amplifier is shown in Fig. 6.2.1. It consists of two resistors at
the inverting terminal feedbaek’and.input connected to output and input source respectively as shown in Fig.
6.2.1. The non-inverting.terminals\¢onnected to ground. Thus the, input signal is applied at the inverting
terminal via resistor Rqwith non-inverting terminal grounded as shown Fig. 6.2.1 The output of the op-amp
is amplified ifiput signal which is 180° out of phase with input. The amplification in the input signal can be
computed using thé KCL at node ‘a’ as can be seen in Fig. 6.2.1. Using the concept of virtual ground or
equating the potential both the input terminals and applying KCL at node ‘a’ we have,
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S 0V
R R
h_r (6.2.1)
R R,
Vo R,
o oR

It can be noted that there is a negative sign in the expression (6.2.1) which supports the fact that the output
voltage is 180° phase shifted from the input voltage.

=2
—

=

I AV 0O

5

(b)

Fig. 6.2.1 Inverting op-amp (@)-circuit,Schematic, (b) ideal equivalent circuit schematic for inverting op-amp.

6.3 Non-inverting Amplifier

The circuit configuration of the inverting amplifier is shown in Fig. 6.3.1. It consists of two resistors at
the inverting terminal feedback and an input connected to output and ground respectively as shown in Fig.
6.3.1. The non-inverting terminal is connected to input source. Thus, the input signal is applied at the non-
inverting terminal as shown Fig. 6.3.1. The output of the op-amp is an amplified input signal which is in
phase with input. The amplification in the input signal can be computed using the KCL at node ‘a’ as can
be seen in Fig. 6.3.1. Using the concept of virtual ground or equating the potential both the input terminals
and applying KCL at node ‘a’ we have,
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Ry
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-[= ] ;fl\ ;)p -amp "V,
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S & &
equwgl\&h\& 0
6\0’ «
R
‘3‘ <\<’

(6.3.1)

It can be noted that there is no ne the ression (6.3.1) which supports the fact that the output
voltage is in exact phase with th( ut

6.4 Voltage FoIIo;g& l@@ower)

The circuit sch tage or unity follower is shown in Fig. 6.4.1. The inverting terminal
connected to ou t W n()n nverting terminal is connected to input source. The output of the op-
amp is 1nput 1s in phase with it. The gain in the input signal can be computed using the KCL at
node ‘a’ as c in Fig. 6.4.1. Using the concept of virtual ground or equating the potential both the
input terminals al@applymg KVL in loop a- b-g, we have,
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V.
Vi 'él‘ o
(a)

Vi

Vo
Vi C; g
) I

Fig. 6.4.1 Voltage follower using op-amp (a) €ircuit schematic,.(b) ideal, equivalent circuit schematic.

K —Vo<0

6.4.1
V =Ko ( )

Thus, given circuit gives output which is{Same s an inptt~The given circuit is typically used as a buffer
circuit which has high input impedance low’output resistance.

6.5 Summing Amplifier;Circuit

The circuit schematic forthe’summing amplifier is shown in Fig. 6.5.1. It consists of input resistors with
input voltage signal and féedbackiresistor'as shown in Fig. 6.5.1. The non-inverting terminal connected to
ground. Thus the, input'signals.te'be summed are applied at the inverting terminal via three resistors Ri, Ro,
Rz as shown Fig. 6.5 The/output.ef the op-amp is sum of the input signals amplified by ratio of feedback
resistor and input.resistor. The amplification in the input signal can be computed using the KCL at node ‘a’
as can be seen'in Fig«6.5.1. Using the concept of virtual ground or equating the potential both the input
terminals and‘applying' KCL at node ‘a’ we have,

Vo T 0T

—L 4 =0
R, R, R, R,
A A

R R R R

1 2 3
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Op-amp .V,

R, R N

bs%){ Ko u(e&!nt circuit schematic.
6\3 (}
ifR=R,=R; =R
Y
‘ (6.5.1)
A

(}\
\2:

Fig. 6.5.1 Summer circuits using op-amp

. 4v
& @0

The circuit configuration fhe 1n@g amplifier is shown in Fig. 6.6.1. It consists of a resistor and the
n

6.6 Integrator Circ

feedback capacitor
and the feedbac pa01

t& erting terminal as shown in Fig. 6.6.1. The other end of the resistor
nneéted to input signal and output respectively. The input signal is applied at
the invertin resistor R; with non-inverting terminal grounded as shown Fig. 6.6.1. The output
of the op-a& ini ted input signal which is 180° out of phase with input with amplification defined by
the input resistor feedback capacitor value. The amplification in the input signal can be computed using
the KCL atnode ‘a’ as can be seen in Fig. 6.6.1. Using the concept of virtual ground or equating the potential
both the input terminals and applying KCL at node ‘a’ using Laplace domain representation we have,
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sC,
ﬁz_TVO (6.6.1)
Vo= 4

- sC/R, ,b\

. : . o )
In the time domain the expression of the output voltage is given by, &(3

Vo:%j‘Vldt (\,\

RN (b)
Fig. 6.6.1 Integrator@g Lu& p p (a) circuit schematic, (b) ideal equivalent circuit schematic.

6.7 D|ffer?$a.§& Circuit

The circuit configuration of the inverting amplifier is shown in Fig. 6.7.1. It consists of a capacitor C;
and the feedback resistor Rr connected at the inverting terminal as shown in Fig. 6.7.1. The other end of the
capacitor C; and the feedback resistor Ry is connected to input signal and output respectively. The input
signal is applied at the inverting terminal via capacitor C; with non-inverting terminal grounded as shown
Fig. 6.7.1. The output of the op-amp is differentiated input signal which is 180° out of phase with input with
amplification defined by the capacitor C; and the feedback resistor Rr value. The amplification in the input
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signal can be computed using the KCL at node ‘a’ as can be seen in Fig. 6.7.1. Using the concept of virtual
ground or equating the potential both the input terminals and applying KCL at node ‘a’ we have,

-V, 0-Vo
—L+

=0
1R,
sC,
- (6.7.1)
LR
o >
Vo=-V,(sCR,) &(’\

O &
R S
&
Fig. 6.7.1 Differentiator circuit using &®§p @}huit&ematic, (b) ideal equivalent circuit schematic.

In time domain the express&gf the@plé)\@tage is given by,
(‘Q}\}' ;0()(‘ ~§$\ Vo = —(clRf)% (6.7.2)
6.8 Instru me@%i@s\%m’ ier
RPN

The inst eg\gx amplifier circuit given in Fig. 6.8.1 is typically used in the multimeter for the
measurement of the voltage between two points. Using the op-amp equivalent circuit and applying KCL we
have node co,

Vi =2V,

Applying KCL we have node a2,
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(6.8.1)

&

b -

Fig. 6.8.1 Instrumentation ampilifier circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic.

Applying KCL we have node al,
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Vl_Vol_i_Vl_Vz

=0
Rl Ra
(6.8.2)

Applying KCL we have node ao,

Substituting V,; and V,> we have,

(6.8.4)

Thus, output voltage V, is pr

{\\(:
6.9 Op-amp as Low Pas%?ilte&

The first order low passQQ usm p- is given in Fig. 6.9.1. The input signal is passed through the
low pass RC filter. The @l asses the signal as it is with frequency less than the cut-OFF
frequency. While th 'égna{6 ency greater than cut-OFF frequency are attenuated with -

20db/decade as sh \En e signal ‘Vif amplitude at the non-inverting terminal and cut-OFF

frequency of the.L%w pagyiiter czﬁs e computed as,
1
Q nel
’?’ oF HGe)
1/ 1
— 4+ R 9.1
< (6.9.1)

v,
v, =—1!
Y1+ sCR
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)
® € 1
D WO NN : Signal attenuation
QQ.\’«"S . <\~$ | @-20Db/decade
Q‘% ‘A\(}\ Cut-OFF Freqency\‘i
o 7 é@( . — (H2)

Fig. 6.9.2 Plot of frequency versus gain for low pass filter circuit.

The cut-OFF frequency f. is computed by,
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14sCR=0
-1
CR
1
" CR

(6.9.2)

S =

J.

Magnitude of the is defined by the,

(6.9.4)

Thus, the non-inverting @};} Vg&e V]()gmains same as input signal V; for the frequency of the

signal. For input signal fre
given by, Q

%,
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V= % = % (6.9.5)
/.

Thus, the non-inverting terminal voltage Vir attenuates for the frequency of the signal greater than cut-
OFF frequency with -20db/decade . The signal at non-inverting terminal voltage Vir get amplified by the
gain given by,

6.10 Op-amp as High Pass Filter

The first order high pass filter using op-
the high pass RC filter. The RC high pass
OFF frequency. While the signal with
20db/decade as shown in Fig. 6.10.
frequency of the low pass filter can be

& o oS
;gﬁlgnal is passed through
r&s 1 %th ency greater than the cut-

%uency are attenuated with -
a ud he @klnvenlng terminal and cut-OFF

(6.10.1)
&
ac &
The cut-off frequency f: is corgﬁb é) s)
&(‘ o \QfHCR 0
\}(& @‘,90 ‘3’1(\ s=;—;‘ (6.10.2)
.z\\' .\~Q
N © e
N3N " 2xCR

Magnitude of the g’deﬁned by the,
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WA

= Vi Op-amp

\\
(}'b
Fig. 6.10.1 Active high pass filter cwc@n é mp@\:lrcun schematic, (b) ideal equivalent circuit schematic.
o“\
<\‘ \

‘%Eg /debﬁ
Q;&éut OFF Freqéncy
10 100 fe —» (Hz)

Fig. 6.10.2 Plot of frequency versus gain for high pass filter circuit.
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_ sCRV,
Y 14+ sCR
14

—
[ —
(sCRY?

W ¥

v, = (6.10.3)

Y CR., £
\/l+(s) \/1+(f) ‘\fb\

(6.10.4)

Thus, the non-inverting termi 01 &?'lf & or the frequency of the signal greater than cut-
OFF frequency with -20db/decade . gn% uency f much greater than f. (f>>f,), the non-

inverting terminal voltage Viris gléloy, bsi <

'

"\\'
(\“% O %»1 (6.10.5)

Thus, the non-inverting terminal voltage Vir remains same as input signal V; for the frequency of the
signal. The signal at non-inverting terminal voltage Vi get amplified by the gain given by,
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6.11 Op-amp as Band Pass Filter ., N
P P I \@,

It is combination of low pass and high pass filter. The output of the high pass filter be@%g.gs input
for the low pass filter. The high pass filter is cascaded with low pass filter. The lower cu@? F ency of
given band pass filter is defined by the high pass filter. While the higher cut-OFF fr ncyﬁ)given band
pass filter is defined by the low pass filter. The same is depict Fig. 6.11.1. Th e cuf“OFF frequency
of the high pass filter is lower than the cut-OFF frequency Th dea@t of the band pass
filter is actually the design of design of high and lo E. fteque fen and foo

respectively. The required gain in the input signal ca i ﬁf i and feedback
i f\ components for

6.11.1)

Th 11 gain A of the band Iter wi a§3‘ \53 iven b

€ over-all gamn [0) € oan 1ter ca [0) p 1S given by,
\&é}’;\z AQ’?gw (6.11.2)
O

&
o 0€>\ N

o

Signal attenuation

@-20Db/ decade%} .\0 § \\(Signal attenuation
(@-20Db/decade
Cut-OFF Freq @ 0\' 0 + Cut-OFF Freqency

Py

10 19&\% \) N e (M) 10 100 fu — (Hz)

\C
Signal atgl:atio Q

@-20Db/deca. Signal attenuation
(@-20Db/decade
Cut-OFF Freqency Cut-OFF Freqency

10 100 fen fa (Hz) —»

Fig. 6.11.1 Plot of frequency versus gain for band pass filter circuit.
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Where, An and Ar are the defined gains of the high and low pass filter respectively. The chosen design
values of the input and feedback resistors at inverting terminal of the op-amp for low (Rr,Rq) and
high(Ry,Rs) pass filter are computed considering,

R
A4, =1+

R”’ (6.11.3)
A, =(1+R—fL

1L

= Op- Vo
| Vi p-amp 1
+
|
Cu
Cp Low pass
Vi H filter
High pass
filter +
RfH RfL
Ry Wy o Ry, ] MWy R,
Vlf- 1 | 4 Vlf-
Vo

—<—

| Vi + \Z +
| AN
Cx
- C
A\ Ry M

Fig. 6.11.2 Active band,pass filter'circuitiusing op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic.

6.12 Proportional Controller

The proportional controller gives output which proportional to its input signal. The op-amp having input
at inverting terminal gives the output which proportional to its input. However, obtained output is 180
degrees out of phase with the input. The obtained output when again given inverting amplifier with unity
gain forms the proportional controller as shown in Fig. 6.12.1. The required proportional gain ‘k’ can be

obtained using proper design value of input and feedback resistors at inverting terminal of the op-amp and
is given by,
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k i (6.12.1)
[z 12
The output of the P controller circuit is given by,
Vo=FkV, (6.12.2)

Ry

L,
< 7 §

i| Op-amp
ﬁ /

Vi

(b)

Fig. 6.12.1 Proportional controller €ircdit using’op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic.

6.13 Proportional integral Controller

The proportionaldntegral{(RI) controller gives output which is sum of both proportional and integral gain
of its input signals The op=amip having input at inverting terminal gives the output which proportional to its
input. The sam@unput’signal is also given to integrator circuit of the op-amp for its integral output. The
obtained two'outputs are then given to summer circuit with unity gain (R1=Ry) for the required PI output as
shown in Fig. 6.13.1" It can be noted that input passes through two inverting stages, thus the phase shift of
180° is nullified.

The design of op-amp circuit with given proportional gain ‘k’ is same as discussed above. For the design
of op-amp circuit with given integral gain ‘k;’ is given by,
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1
k =|—— (6.13.1)
C/R
The output of the PI controller circuit is given by,
Vo=kV,+K,[Vdt (6.13.2)

Fig. 6.13.1 Proportional integral controller circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit
schematic.



183 | Analog Electronic Circuits: Theory and Practical

6.14 Proportional Integral Derivative Controller

Proportional Integral Derivative (PID) controller is the extension of proportional integral (PI) controller
where a derivative block is added. The PID controller gives output which is sum of proportional, integral
and derivative of its input signal. The op-amp having input at inverting terminal gives the output which
proportional to its input. The same input signal is also given to integrator and derivative circuit of the op-
amp for its integral and derivative output. The obtained three outputs are then given to summer circuit with
unity gain (Ri=R¢) for the required PID output as shown in Fig. 6.14.1. It can be noted that input passes
through two inverting stages, thus the phase shift of 180° is nullified. The design of op-amp circuit with
given proportional and integral gain ‘k’ and ‘k;’ respectively is same as discussed above. For the,design of
op-amp circuit with given derivative gain ‘kp’ is given by,

ky =|CR,| (6.14.1)
The output of the PI controller circuit is given by,

v
Vo=kV, +k,.ledt+kD% (6.14.2)

6.15 Analog to Digital Converter

Before starting the analog to digital circuit using op-amp let us‘understarid the\Jadder network and its
usage in digital to analog conversion. Laddef network is the arzangemeiit'of R and 2R resistors in a specific
manner as shown in Fig. 6.15.1. The given arrangément discretizes'the given'woltage ‘Vif into different
levels based on number of digits in thedbinary output. For examplein-casexof.4 bit binary number the voltage
level is divided into 2*(16) discrete levels. Thus, each discrete. Goltagedevel corresponds to,

&
I/d[sin - 2nf

S (6.15.1)
I/d[s74 (N 24

Where, Vs n1s minimum resolution voltagecorresponding to a bit value. The voltage corresponding to the
1101 is given by,
D, x 204D, x 23 D, x2* + D, x2°

I/0 X ref
fof
1%2° 40%2' +1x2% +1x2° (6.15.2)
X % %
V;: V XI/ref=13V

ref

The laddermetyorkiconverts the binary input to its analogue output equivalent voltage. A simple 4-bit
binary numbepwas considered. However, same is true for any n-bit binary number. As the number of bits
increases the voltdge resolution of binary bit decreases or accuracy increases. Thus, a ladder network is
typically used for digital to analogue conversion. The same ladder network is also employed in analogue to
digital converter (ADC) for converting input analogue voltage to its equivalent digital value. The ADC IC
typically consists ladder network, op-amp as a comparator, clock, control logic and
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Fig. 6.15.1 Proportional integral derivative controller circuit using op-amp (a) circuit schematic, (b) ideal equivalent
circuit schematic.
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Rl Rl R1 R1

2R; 2R, 2R; 2R; 2R;

= Vref Vref = Vref
D() =1 Dl =1 D2 =0 D3 =1

Digital Input

Fig. 6.15.2 Ladder network using resistor network for converting'digital value.to its analog equivalent.

a digital counter as shown in Fig. 6.15.3. The cemparator output is given tothe cofitrol logic which controls
the digital counter output. The digital counter output is given’tosthe ladder cirenit which gives the analog
voltage output ;. corresponding to the digital inpuf'from the counter xFhe output voltage of the ladder circuit
is given to the positive input of comparator op-amp. The eutputivoltage'of the ladder circuit increases in
steps as shown in Fig. 6.15.4 with the inerement in the.Countet/valuex, When the ladder voltage becomes
equal to or greater than the analoginput veltage, the comparator outputbecomes high and control logic stops
the digital counter. The obtained digitalwalue from the digital counter corresponds to the digital equivalent
of the given analog input.

Digital ouput
com || -] |]
Analog input pulse
" Control
Logic Digital counter
Reset
1Tl L
Clock
Ladder
Network

Fig. 6.15.3 Typical ADC IC using op-amp.
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adder output
voltage

Analog input voltage

‘D_igital equivalent

Fig. 6.15.4 Ladder output voltage corresponding todigital input from colnter:

6.16 Voltage Regulator

The voltage regulator circuit is employed for the regulation of the\wvoltageracross load. It consists of
transistor which operates in active region apast from zener diode and‘op-amip. The output regulated with the
help of BJT operating in active regionumaintaifing the{tequired wvoltage,'drop across its emitter collector
terminal. The employed zener diode with break downweltage 0f V. regulates the output voltage to the value
as derived. The circuit diagram(is'shown m Fig. 6.16:1. Applying vattual ground concept,

v, Q __V,
R,
Rl L £ z
i) v,
; Op-amp
V. - R2§

Fig. 6.16.1 Voltage regulator circuit using op-amp.
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V.=V,

V — V0R2

" R,+R
_ VR, (6.16.1)

R +R

v - V.(R, +R)

o R2

oee >
6.17 Phase Shift Oscillator

o
The positive feedback amplifier circuits satisfying phase conditions and having the gain gr “than
unity forms an oscillator. If the output voltage varies in sinusoidal manner forms a sin al oseillator. If
the output voltage has step change in magnitude from positive to negative or vice a f&ling square
wave, it represents square wave oscillator. A simple circuit o se shift oscillator‘usin amp is shown
in Fig. 6.17.1. The inverting input of the op-amp gets its i stage r&&or capacitor RC
network as shown in Fig. 6.17.1. The RC network is so ft 80° 6‘

&
S
N

——ww
=~

(b)

Fig. 6.17.1 Phase shift oscillator circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic.
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is added to op-amp output voltage, which is again to the inverting input as shown in Fig. 6.17.1. The
attenuation of the op-amp output voltage due three stage RC network by 1/29 is taken care by having the
ration of R¢/R; greater than 29. Thus, the gain of the feedback is maintained greater than unity forming forms
an phase shift oscillator. The frequency and the attenuation of the op-amp output voltage in the oscillatory
circuit is computed as,

B 1
QTR (6.17.1)
1
" 29
The op-amp gain is given by,
4 = & (6.17.2)
Rl

Where Rrand R are so chosen that the op-amp gain A, is gfeatemthan 29 to maintain over-all gain greater
than unity.

6.18 Wien Bridge Oscillator

Wien bridge oscillator is most practicallygemployed op-ampbased oscillator{circuit. The circuit uses
resistor and capacitor components in series and parallel combination"to form oscillator network. The
oscillator network is connected to op-amp output via bridge.node,‘a’» Theéwother nodes of the bridge circuit
‘b’ and ‘d’ are connected to inverting and non-inverting terminal of the‘op-amp respectively. The left node
‘c’ of the wien bridge circuit is grounded asisshown.ifi Fig. 5.18.1. [The resistors R; and Ry defines the gain
of the op-amp circuit which i$ given by,

(6.18.1)

.| Op-amp =y,
Ci 7 =R SR /

d «/\/\,9 I a j @

Fig. 6.18.1 Wien bridge oscillator circuit using op-amp.
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For balance Wien bridge condition, the relation that holds is,

R
=7 (6.18.2)

+ —_
Rl

(eIl
==

6.19 Lag Lead Compensator

Lag lead compensators are typically employed for the adjustment of the phase delay or lead in @VOltage
waveform. The circuit for the lead-lag compensator is shown in Fig. 6.19.1. It consiste} parallel
combination of resistor and capacitor components at input inverting terminal and feedbacksleop wn
in Fig. 6.19.1. The values of resistor and capacitor components are so chosen to obtain t@ 0(}

&

(’O

Vi

+

I

Fig. 6.19.1 Lag lead comp@r c'guit usirg%o%—amp (a) circuit schematic, (b) ideal equivalent circuit schematic.

required lead or lag iqw Volt@e waveform. The equivalent impedance for resistor and capacitor
g n;

components at ill\i»z al'.@} feedback loop is given by,
& O 1
L ol 1 1 tescr, Clor ™
@ _ yl = —+ SCI = 11 = 171
z, R R 1
: (6.19.1)
Cz (7 + S)
1 1 1+5C,R, C,R,

_ y2 = —+4 SC2 = =
z, R, R, 1
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The voltage gain of the op-amp is given by,

0¥ 0=V, _,
Z Zy
1

C,( +5)
I/olzlz Csz
I/1 ZZ C L_'_s

I(CIRI ) "&(6192)
V, —k(a+s) \

Thus, by adjusting the values of resistor and capacito é@)f the output can
be adjusted with respect to input voltage. In other wor i ’) and zeros
(‘a’) the phase of the output voltage can be made to sFor l»% mpensator the

‘b’. The gain or

attenuation due value of k, can be adjusted with th part from 180° phase

displacement. @

e>°°

«W@”

The chapter presents the a%?ﬂtlo \f th atlonal amplifier for various signals conditioning
circuits. The chapter glvew 1l nalyﬁk of the basic inverting and the non-inverting operational
d

(6.19.3)

\

0

amplifiers which represe funi me circuits for the op-amp. Then, various important signal
conditioning circuits li Q e we , differentiator, filter circuits, analogue to digital converter,
instrumentation amplifier ci rtg?etc discussed in detail. Using the given concept, the student will not

applications. F g the given approaches for analysis of op-amps circuit the student will be able
investigate a Lﬁhe output expressions for new op-amps circuits. Thus, the chapter gives complete
details for differefitlinear applications of the op-amps circuits.

only learn how t ly e o ps circuits but can also design the new op-amps circuit for given
Sler
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EXERCISES

Multiple Choice Questions

6.1 Ideal op-amps has
a. Infinite open loop gain of the op-amp circuit in open loop is.

b. Infinite input resistance Ri . \fb\

¢. Zero output resistance Ro &(} \{”‘.

d. All the above &Q‘ 00
6.2 The value of resistance between input terminals of op-amps is 0&, gyv

a. Zero ¢

b. 1kQForward bias diode

c. 10kQ Breakdown diode

d. 100MQ

6.3 Give the output of the below op-a

N
NES
" K
a. é}t\lz‘f‘\k
b. Vi+2Vy+2V;
c. Vi
d. None of above
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6.4 Given below circuit of op-amps circuit is for

Ry

C:
s

differentiator, high pass filter
high pass filter
differentiator

/ao op

none of the above

Answers for le Cho
6.1 (d), 6.2 (d), 6.3 (¢), 6.4 (a)

6.1 Compare properties o op- ‘7 \6:7
6.2 Give the situation for the usage O%Qtage\‘fé.}?ow@-amps circuit in a system?
6.3 Explain the working of phase oscillator?

%‘t&u‘c of voltages V1,Vz and V3. Gives the

6.4 Design an circuit using opiﬁzps V@c
output Vi+Va- V3?

.g\
‘@ O\Q’:

Long Answer Type Q}gﬁ' io
6.1 Designalo wi h‘& off frequency of 10kHz and gain of 11?
6.2 Design a8 bit Ifi 1n}$voltage is of 5V, find voltage resolution of the designed ADC?

6.3 De andQ\%Ss filter which passes the signals between the frequency range of 30Hz to 100Hz?

6.4 Design a?Op-Amp circuit having triangular wave output using input of square wave of SkHz?
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Nonlinear Applications of
Operational Amplifiers

UNIT SPECIFICS

Through this unit we have discussed the following aspectsa

o [ntroduction to nonlinear applications of operational amplifiers,
e Hysteresis comparators;

o Zero crossing detector;

e Square-wave and triangular-wave generators;

e Precision rectifier,

e Peak detector;

e Monostable multivibrator.

RATIONALE

This fundamental unit discussesdéthe nonliear applications of the op-amp. Firstly, the operation of
hysteresis comparators is discussed. This helps'the students in designing the electronic circuits whose
input signal is signal high noise or«flustuations. Next; the operation of the zero crossing detector is
discussed. This helps students in using thezero crdssing detector in applications where synchronization
of AC signal is necessary. Next stthe operation of square wave and triangular wave generators is
discussed. The precision rectifiers, peak detectors and monostable multivibrators are also discussed in
the unit. The laboratoryvexperiments related execution of astable and monostable multivibrators,
execution of precision gectifier-and péak detector circuits, square waveform, and triangular waveform
generators are preseuted in the appendix of the book.

PRE-REQUISITES
Nil

UNIT OUTCOMES

List of outcomes of this unit is as follows:
U7-O1: Understand the operation of the hysteresis comparators and zero crossing detectors

U7-02: Understand the working of square wave and triangular wave generators
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U7-03: Understand the working of precision rectifiers
U7-O4: Understand the working of peak detector
U7-05: Understand the working of monostable multivibrator

Unit-7 EXPECTED MAPPING WITH COURSE OUTCOMES
Outcomes (71- Weak Correlation; 2- Medium correlation; 3- Strong Correlation)
CO-1 CO-2 CO-3 CO-4 CO-5
u7-01 3 3
u7-02 3 3
u7-03 3 3
U7-04 3 2
U7-05 3 2
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UNIT-VI1

Nonlinear Applications of Operational
Amplifiers

7.1 Introduction

The linear behaviour of an op-amp is typically achieved by using negative feedback, wher€ a portion of
the output signal is fed back to the input in a way that stabilizes and controls the amplifier's@yerall.gain and
response. When op-amps are used with positive feedback or operated in an open-loop configuration (without
feedback), their behaviour becomes nonlinear. In this mode, the op-amp amplifies th€‘input signal without
any stabilizing feedback, and the output can exhibit charaeteristics such as satwratioh, “distortion, and
oscillation. However, it is also possible to achieve non-lingar behaviour while using negative feedback by
incorporating additional components, such as diodes or bipolatjunctiontransisters (BJTs), into,the feedback
network. These elements introduce non-linearities inito’ the ‘systém, allowing for the .ctéation of various
specialized circuits and functions. Some examples(f applications thatdeverage the nofizlinear behaviour of
op-amps include hysteresis comparators, zero'crossing, detectofs) Square-wavesand triangular-wave
generators, precision rectifiers, Peak detector§ and monostable multivibrators. In‘'summary, while negative
feedback is primarily used to achieve linear behavieur in op-amp citeuits, incerporating positive feedback
or non-linear components like diodes.and BITs can enable, the creation ‘ef'specialized circuits with non-
linear characteristics for various applications.

7.2 Hysteresis Comparators

These circuits use positive feedback and exploitithe op<amp's non-linear response to create a two-level
output that toggles between high and lowsstates based ontheinput voltage crossing predetermined thresholds
(upper threshold limit and lower threshold dimit). Hysteresis comparators, such as Schmitt triggers, are
commonly used in applications requiring noise rejection. The hysteresis comparators can be of two types,
as described below:

7.2.1 Noninverting Hysteresis Comparators

The circuit of théynoninvertingshysteresis comparator is shown in Fig. 7.2.1.1. The input signal Vs is
applied to the noninverting terminal of the op-amp through a resistance R;. The feedback resistance Rr is
connected between the.honinverting terminal and the output terminal of the op-amp. The inverting terminal
of the op-amp is grounded.

The expression for the current Is is given by

V.,
I8 =R—0 (7.2.1.1)
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Rl RF

A4

Ii— I—

V,® VAL
V,

B
v, /V_.

Fig. 7.2.1.1 Circuit of the noninverting hysteresis comparator.

The output voltage Vo can saturate at two values: the positive,supply voltage V' @nd thethegative supply
voltage V™ based on the input voltage Vs crossing predetermified thiresholds (upper threshold limit and lower
threshold limit). Let us assume the positive supply voltagelV-1is equalst V., and'the regativeisupply voltage
V- is equal to -Vsa. The thresholds are computed with Vs=0-Now 40 calculate the upper thteshold limit, the
output voltage saturates at the positive supply voltage V" During this case, theaipper threshold limit Vyris
given by the voltage across the resistor R; i.e.,

RV

Vir =LR, :R—:n (7.2.1.2)
Now to calculate the lower thresholdilimit, the'outputvoltage,saturates at the negative supply voltage V-
. During this case, the lower threshold limit,V t is given by the,voltage across the resistor R i.e.,
RV
Vir SR, = (7.2.1.3)

B
The hysteresis range Vr is obtained by subtracting the upper and lower threshold limits. Therefore,
R,V

Vs Vor Vi = 2R—Sat (7.2.1.4)
F

The input and output waveforms 0fithe non-inverting hysteresis comparator are shown in Fig. 7.2.1.2.
Let the input voltage Vs be.a sinuseidal svaveform. The voltages Vur and Virr are the upper and lower
threshold limits of the non-inyerting hystéresis comparator. Whenever the magnitude of the input voltage
V; is greater than the.upper threshold limit Vur, the output voltage Vo saturates around the value +Vg. The
magnitude of the output voltage Vo will saturate around +V,: even if the magnitude of the input voltage
becomes less than VypsThis will continue until the magnitude of the input voltage becomes less than Vir.
Once the magnitudetofithe input voltage becomes less than Vi, the magnitude of the output voltage Vo will
change to -V The magnitude of the output voltage Vo is maintained around -V, until the magnitude of

the input voltage becomes greater than Vur. Let T be the period of the output voltage.
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'Vsat 2 D T

P
The transfer characteristics of the noninverting hyste ) i & 7@? The transfer
characteristics are plotted between the input volta d the > ,@
: : $ A\
7.2.2 Inverting Hysteresis Com . 03\' \\Q: “0

ors
The circuit of the inverting hysteresis ara shown %@2.2.1 input signal Vs is applied
to the inverting terminal of the op-ampsT re?‘,@?ce Q c&iﬁe ed between the
9, ‘% o
\}
O

ﬁ\
%

0\%
<+ Vi
&7 LR
‘xé"é\&\ ‘<\\ S
-V (‘\ Vig, g“}& 5 Vur >4V,

Y
Y

v
ol Vo
ig. 7.2.1.3 Transfer characteristics of noninverting hysteresis comparator.

noninverting terminal and the output terminal of the op-amp and a resistance R is connected between the
noninverting terminal and ground.

The voltage V1 can be obtained by

VoR,

V =
TR AR (7.2.2.1)
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R,

Vi

Fig. 7.2.2.1 Circuit of the inverting hysteresis comparator.

The output voltage Vo can saturate at two values: the positiVesupply voltage V* and the.negative supply
voltage V- based on the input voltage Vs crossing predeterminedthresholds (upper threshold limit and lower
threshold limit). Let us assume the positive supply voltage V' is equal + V., and thenegativelsupply voltage
V- is equal -V During this case, the upper threshold limit Vyzis‘given by

- RIVsat

ur < R, +R, (7.2.2.2)

Now to calculate the lower threshold limit, the elitput voltage satiizates at the positive supply voltage V.
During this case, the lower threshold limit Vig,is given by

RWV.

V - _ sat
04 RE (7.2.2.3)

The hysteresis range Vr is obtained(by subtraeting theupper and lower threshold limits. Therefore,
R}V,

Vi = Vi <V = 2RITT£F (7.2.2.4)
The input and output waveforats of thefnverting hysteresis comparator are shown in Fig. 7.2.2.2. Let the
input voltage V; be a sinusoidal'waveform. The/voltages Vur and Vir are the upper and lower threshold
limits of the non-inverting Hysteresis compdratéor. Whenever the magnitude of the input voltage Vs is greater
than the upper threshold limit Vg, the qutput voltage Vo saturates around the value -V The magnitude of
the output voltage Vomwill saturate around -V, even if the magnitude of the input voltage becomes less than
Vur. This will continue untilithe magnitude of the input voltage becomes less than V1. Once the magnitude
of the input voltage becomes less than Vir, the magnitude of the output voltage Vo will change to +Vsa.
The magnitude of thesoutput voltage Vo is maintained around +V, until the magnitude of the input voltage
becomes greater than Vyr. Let T be the period of the output voltage. The transfer characteristics of the
inverting hysteresis comparator are shown in Fig. 7.2.2.3. The transfer characteristics are plotted between
the input voltage V; and the output voltage Vo.
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‘Vsat N R
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Fig. 7.2.2.2 Input and output waveforms of inverting hysteresis comparatars
+Vo

+Vsat > 7

VLT VUT

-V, +V4

< < < 'Vsat

4

“¥O

Fig. 7.2.1.3 Transfer charactéristics of inverting hysteresis comparator.

7.3 Zero Crossing Detector

By utilizing positive dgedback, ‘op-anip’ circuits can detect when an input signal crosses zero. These
detectors are frequently“used:in-applications like phase control, frequency measurement, and AC power
control. The zero cressing detectors‘ean also be called zero crossing comparators. The zero crossing detector
can be of two types:

7.3.1 Noninverting Zero Crossing Detector

The circuit of the noninverting zero crossing detector is shown in Fig. 7.3.1.1. The input signal Vs is
applied to the noninverting terminal of the op-amp. The inverting terminal of the op-amp is grounded due
to which the inverting terminal of the op-amp is at zero potential. For the positive half-cycle of the input
voltage, the potential of V is greater than or equal to zero. This results in the clamping of the output voltage
of the op-amp to the positive supply voltage V. Similarly, during the negative half-cycle of the input
voltage, the potential of V; is less than zero. This results in the clamping of the output voltage of the op-
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amp to the negative supply voltage V". The input and output waveforms of the noninverting zero crossing
detector are shown in Fig. 7.3.1.2.

I

Vi

N
, ©

Fig. 7.3.1.1 Circuit of the noninverting zero crossing detector. ®@

P Vs

, 4 .
Fig. 7.3.1.2 Inp ﬁowpﬁmng zero crossing detector.
3 \

>
7.3.2 Inverting Zero Cross%égan‘éﬁ%f?

The circuit of the inverting zgr erossi detg;':or is shown in Fig. 7.3.2.1. The input signal Vs is applied
to the inverting terminal of the(op-a e verting terminal of the op-amp is grounded due to which
the noninverting terminal op-ar %&ro potential. For the positive

Fig. 7.3.2.1 Circuit of the noninverting zero crossing detector.
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half-cycle of the input voltage, the potential of V3 is greater than or equal to zero. This results in the
clamping of the output voltage of the op-amp to the negative supply voltage V°. Similarly, during the
negative half-cycle of the input voltage, the potential of V3 is less than zero. This results in the clamping of
the output voltage of the op-amp to the positive supply voltage V*. The input and output waveforms of the
inverting zero crossing detector are shown in Fig. 7.3.2.2.

7~ \/g

>t

Vi T
& T S

Fig. 7.3.2.2 Input and output:waveforms of invertingizero crossing detector.

7.4 Square-Wave and Triangular;:Wave Generators

Non-linear op-amp circuits can: generate ,square ontriangular waveforms by adjusting the feedback
network appropriately. These waveforms findyapplications in‘warious fields, including signal processing and
communications.

7.4.1 Square-Wave Generator

The circuit diagram of the square-waye generator is shown in Fig. 7.4.1.1. The noninverting terminal of
the op-amp is connected to'the output termimal of the op-amp using the feedback resistors R; and Rs.
Similarly, the inverting tepminal of the#op-amp is connected to the output terminal using the feedback
resistance Rr. The capagitor €\is’contieeted between the inverting terminal of the op-amp and the ground.
The output voltageVo can Saturat€‘at two values: the positive supply voltage V* and the negative supply
voltage V" depending on'the upper'threshold and lower threshold limits. Let us assume the positive supply
voltage V* isrequal +Viat and the negative supply voltage V- is equal -Vsa. The value of the upper threshold
limit Vyr is obtaingd'by

RV
V — 1 "sat
TTRAR (7.4.1.1)
Similarly, the value of the lower threshold limit Vit is obtained by
R,V
Vip=———2— (7.4.1.2)

R, +R,
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Fig. 7.4.1.1 Circuit of the square-wave generator. oé: . g’,

P

pg&?rf{q\f\ rer generat;r when Vo=+Vsat.

A
o

3
>

N v,
QQ'?\&.Q&Q -
SO Y [

Fig. 7.4.1.3 Operation of square wave generator when Vo=-Vsat.

Initially let us assume that the output voltage of the square-wave generator is saturated to +V,. During
this, condition, the capacitor C connected between the inverting terminal and ground, charges through the
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feedback resistance Rr as shown in Fig. 7.4.1.2. Once the capacitor C is charged to the upper threshold limit
Vur, the output voltage of the square-wave generator is changed from +Va to -V Due to this capacitor C
now discharges through the feedback resistor Rr as shown in Fig. 7.4.1.3. The capacitor C will discharge up
to the lower threshold limit V1. Once the capacitor voltage reaches the lower threshold limit Vir, the output
voltage of the square-wave generator is changed from -Va to +Vsa. In this way, a periodic square waveform
is obtained in the output voltage Vo. Fig. 7.4.1.4 shows the waveforms of the output voltage Vo along with
the waveform of the voltage across capacitor C.

V,
Vg L0

P N

-V

Fig. 7.4.1.4 Waveforms of the output voltage Vo@nd waveform of the’voltageiaeross the,capacitor Ve in the
sguare-wave generator,

The expression for the frequency of the output voltage Vo is.given by
1

f =
_ (7.4.1.3)
2RFC ]Il +Vsa1 VLT
+Vsal Py VUT

7.4.2 Triangular-Wave Generator

For obtaining the triangular-wavey, the oufput of the square-wave is connected to the input of the
integrator. The circuit of the triangular*waye is shown in Fig. 7.4.2.1. Fig. 7.4.2.2 shows the output voltage
waveforms of the triangular-wavegenerator. Thetriangular waveform will oscillate between the upper limit
and lower limit.

Vi

Fig. 7.4.2.1 Circuit of the triangular-wave generator.
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Fig. 7.4.2.2 Waveforms of triangular-wave generator.

7.5 Precision Rectifier

Op-amp circuits with diodes in the feedbackpathycan rectify, A€ signals with\minimal distortion,
allowing for precise signal processing and measurement. Conventional diederectifier has the drawback of
distortion in the output rectified signal duedto diode drop. Theptesencerof theddiode drop voltage results
negative -0.6 or -0.7V in the positive rectified outpuit voltage instead{of*'the zero voltage. The distortion in
rectifier signal due to diode drop is taken careiin the precisiomrectifier. Precision rectifier takes care for the
distortion by including the diode in“the feedback part.orkeepinngidiodevoltage drop a part of open loop
circuit. Rectifiers are basically of two types:

(i) Half wave rectifier
(i1)Full wave rectifier

7.5.1 Half wave rectifier

In this type of circuit, only one’half*either positive or negative half cycle of the ac input, is given as
output. The circuit diagram for the half*'waveyprecision rectifier is given in Fig. 7.5.1.1. It consists of two
diodes D and D, with input.and feedback sesistor connected, as shown in Fig. 7.5.1.1. The diode D; is kept
in feedback loop diode Dopreyents saturation of output voltage during the positive cycle. The feedback and
input resistors take cate'of the'gain in‘the circuit. During a positive half-cycle, when the input voltage at the
non-inverting terminal is«positive, then the output voltage of Op-Amps is negative, making the diode D;
reverse biased and' D, forward biased as shown in Fig. 7.5.1.2(a). Further, due to virtual ground, the inverting
terminal of the*Op-Auips is grounded. Thus, there is no current in the feed-back resistor leading to zero
voltage at node ‘a?or output. Now for the negative half cycle or when the input voltage is less than zero, the
diode D gets forward biased while the diode D, gets reverse biased as shown in Fig. 7.5.1.2(b). Thus, the
output of is positive voltage with a gain defined by the ratio of the feedback resistor to the input resistor
(R#R1). The circuit has the benefit of avoiding the saturation condition due to the presence of diode D,. The
output impedance of the Op-Amps is low when diode D; is conducting or in the negative half cycle of the
input voltage. In a positive half cycle, the output impedance is infinite. To solve this issue the output of the
rectifier is typically given to the voltage follower or unity gain buffer circuit, as shown in Fig. 7.5.1.3.
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F - D1
Vo

Vi |+

Fig. 7.5.1.1 Circuit schematic of the half wave precision rectifier.

D2 D2

[\ < v,|Op-amp = N
fur I_\L

(@) (b)
Fig. 7.5.1.2 Circuit schematic ofghe half wave precisionrectifier-during\(a) positive half cycle of ac input
voltage; (b) negative half cycle of aclinput voltage.

R,
Vi— Wy,

R,

Fig.7.5.1.3Circuit schematic of the half wave precision rectifier with zero output impedance.

7.5.2 Full wave rectifier

The circuit diagram for the full wave rectifier is given in Fig. 7.5.2.1. It is the same circuit as the half
wave rectifier where both cycles of the input voltage are utilized for output voltage. In the given circuit, the
assumption is there that load or output resistance Ry is much higher than resistor 2R employed in full wave
circuitry, as shown in Fig. 7.5.2.1. The resistor Ry, is introduced, which prevents the grounding of the
feedback resistor the positive half cycle of the input voltage and results in the output voltage with an
attenuation of half of its input value. During a positive half-cycle, when the input voltage at the non-inverting
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terminal is positive, as shown in Fig. 7.5.2.2(a), then the output voltage of Op-Amps is negative, making the
diode D; reverse biased and D, forward biased. Further, due to the virtual ground concept, the inverting
terminal of the Op-Amps is grounded.

Applying KCL at node ‘b’ we have,

2R 2R 2R (7.5.2.1)

e 3
Now for the negative half cycle or when the input voltage is less than zero, the diode géts rward

biased while the diode D, gets reverse biased as seen from Fig. 7.5.2.2(b). Thus, the outp Gfthe Q}» Amps
is positive voltage with a gain defined by the ratio of feedback to input resistor (R¢#R; s,é) by,

Vi

>
XY

%ésision rectifier.

D2
D1
= . - VO
L a
+
L Q ‘Q R_>>>2R 1 %RL>>>2R
\<> ~$ (b) 1
Fig. 7.5.2.2 C|rc of théﬁl wave precision rectifier during (a) positive half cycle of ac input voltage;
(b n@a cycle of ac input voltage.

v oMV (7.5.2.2)

° 2R72 2

Thus, one gets the rectified output voltage from the employed full wave precision circuit.
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7.6 Peak Detector

By employing diodes and capacitors in the feedback network, op-amp peak detectors capture and hold
the maximum amplitude of an input signal until reset. These circuits are useful for applications like signal
analysis and amplitude measurement. The circuit diagram of the basic peak detector is shown in Fig. 7.6.1.
The circuit shown in Fig. 7.6.1 is a positive peak detector. The circuit consists of an op-amp, diode D,
capacitor C and a MOSFET reset switch. The input signal Vi, for which the peak needs to be detected is
connected to the non-inverting input terminal via diode D. The inverting input terminal is directly connected
to the output of the op-amp. The diode D has a small internal resistance Rr. The time constant of the Rr and
C should be as low as possible. Such a low time constant is required for the immediate chatrging of the
capacitor to the peak value. Whenever the input signal reaches to the peak value, the capacitoriC charges to
the peak value with a small delay. Thereafter with the decrease in the magnitude of the, ifput signal, the
diode D will be reverse biased and the capacitor C maintained at the peak value of the input ¥oltage Vin.
Because of the virtual ground concept, the output voltage Vo now will remain at the peak value-of the input
voltage Vs. In the next cycle, if the peak of input voltage Vid(is»increased. Thencagain, the‘capacitor C is
charged to the increased peak value and the output voltagefis changed to the,.increaseds peak value. Fig.
7.6.2 shows the waveform of the input voltage and the

¥
o | MOSEET

reset
switch

Fig. 7.6:1'Basic‘positiveypeak detector.
1 Vo

V4 N '

Fig. 7.6.2 Waveforms of basic positive peak detector.

output voltage. For detecting the peak value in the negative half cycle, diode D needs to be reverse-biased.
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7.7 Monostable Multivibrator

Non-linear op-amp circuits can generate a pulse of a specific duration in response to a triggering event.
Monostable circuits find applications in timing, control, and pulse generation. The circuit diagram of the
monostable multivibrator is shown in Fig. 7.7.1. The input trigger V: is applied to the non-inverting terminal
of op-amp using the reverse biased diode D>. A capacitor C is connected between the inverting terminal of
the op-amp and the ground. A clamping diode D; is connected across the capacitor C. The resistor R3 is
connected at the output terminal of the op-amp as shown in Fig. 7.7.1. A feedback connection is provided
between the non-inverting terminal of the op-amp and the output terminal using the resistors R; and R» as
shown in Fig. 7.7.1. A resistor R is connected between the inverting terminal and the output. An/nti-series
connected zener diode are connected between the output and ground. Initially let us assume tHat the output
voltage is saturated to the positive supply voltage +Vsa. Due to this, the diode D; will getforwardbiased
and a voltage of 0.7V will appear across the capacitor C and even at the inverting terminal of the op-amp.
Similarly, the voltage at the non-inverting terminal (V) of the op-amp will be equal to

P‘Z p V4 AV4
= —
Rl +R2 sat B sat (771)

Vv

Whenever a negative trigger is applied at the non-inverting teriminal of'the opsamp, the effective voltage
i.e., (BVsa-Vi) will be less than 0.7V. due to this, thé output of the op-amip Will'change-its state to the negative
supply voltage -Vq. Due to this negative supply voltage -Vs.: at the,outputterminal;>the diode D1 will get
reverse biased. Due to this negative supplygvoltage - V., the capacitor«C.now dyill charge in the negative
direction. In addition to this, the voltage at the non-ifiverting técminal’of'the op-amp will be equal to -BVat.
Once the capacitor charges to a negative voltage -BV.., thén the otitput voltage of the op-amp will change
to the positive supply voltage +V,{ Due to this transition, the’diode, Dy will get forward-biased and the
capacitor C will be charged to a voltage 0f'0.7V. This,process will eontinue until the next negative trigger
happens. Fig. 7.7.2 shows thefwaveforms of the iriput trigger V;, output voltage Vo and the voltage across
the capacitor Vc.

R
N\
+
D, C ::_Vc W
%I R;
g AW v
]
\'A R, § vV,
A4
. N
D,

Vz
R, %

Fig. 7.7.1 Monostable multivibrator.
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IVt

1 Vo
+Vaar ' AL
1

B Ve ===~ —T--——-—---fF---------
0.7V Ve P e—t
|
-BVsat '_——————:——x/__ ______ \
'Vsat | : ("\0
[ ] *
- QJ‘ O\i“
Fig. 7.7.2 Waveforms of monostable multivibrator «&

The nonlinear uses of the op-amp are i 0nakeﬁz st toplc
covered is how hysteresis comparators ion is then
covered. This facilitates the use of th ts @1 uations when
AC signal synchronization is req . Qan 1 d square wave
generators is then covered. The dhit 1@% tivi rs, peak detectors,
and precision rectifiers. The bo la eriments pertaining to
the operation of astable a u1t1 remséectlﬁer and peak detector
circuits, square wavefor i orm Qer

V2P NN
& o
Multiple Choice Question (}

7.1 In hysteresis @t; e@steresﬁg\loltage isequalto__ upper & lower

threshold vol
a. s @
b x&@? ence bem§
?‘ pr Qct of

d. @Vlsmn of

7.2 Which among the following circuits is also regarded/known as ' Threshold Detector '?
a. window detector

b. over voltage indicator
c. level detector
d. zero crossing detector
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7.3 Zero crossing detector circuit plays a crucial role in conversion of input sine wave into a perfect
at its output.

a. triangular wave
b. square wave

c. saw-tooth wave
d. pulse wave

7.4 The Schmitt trigger can be used as which of the following? \
1. square-wave generator 2. comparator 3. astable multivibrator 2

Select the correct answer

a. 1and3 only
b. 1and2 only
c. 2and 3 only
d 1,2and3

Answers for Multi

7.1 (b), 7.2 (c), 7.3 (b), 7.4 (d)

™

Short Answer and Long Answer ions’™ 4

&ator‘oﬂ 6:9%

tor?{) (\‘* N
wave é§ul l@we r@é}f&s"

t§ figllar v&e generators?
Q@TOSS& etec

WW

7.1 Explain the working
7.2 Explain the working
7.3 Explain the working of

7.4 Explain the working of s

p-.g

7.5 Explain the working of z

7.6 Explain the working of hyst
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KNOW MORE

Q) )
. Ramakanth A (;a‘yakw,vaciy “OP_ampS andLln @ P‘P\@%u@lﬂon, 20]0

. Adel S. Sedra , Kenneth C. Smith , Arun_N. , ‘@me &fon' Circuits:
Theory And Applications”, Oxford Uni Press, ve&ﬁ&dit‘ 1 ‘egg 017).
. Dr. Sanjay Sharma, “OP-AMPs & Li Integrated Circuits \&Q
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. Realization of A/D and D/A converters
. To study square waveform, and tri

List of Experiments
Study and verification of V-I characteristics of a p-n junction diode.

Study and verification of V-I characteristics of zener diode.

To study the diode clipper and clamper circuits.

To study the design of half wave, full wave and bridge rectifier circuits with and without filters.
To study the characteristics of BJT in CE configuration.

To study the characteristics of MOSFET. ’ ’b\

e characteristcs of M X
To study differential amplifier using BJT. Q} \%“‘
To determine frequency response of negative feedback amplifier using BJT. ,& 00
Measurement of op-amp electrical parameters using simulation. «& 0
Implementation of inverting and non-inverting ampli (,O &63
Implementation of comparator, integrator and di f\)\» 6‘
Execution of astable and monostable multivi 0 i &g,
Execution of precision rectifier and peak a.nga(\ ,@
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EXPERIMENT NO. 1
AIM: Study and verification of V-I characteristics of a P-N junction diode.
APPARATUS REQUIRED: P-N junction diode, RPS, rheostat, voltmeter, and ammeter.

THEORY: A P-N junction diode is a two terminal junction device. It conducts only in onesdirection
(only on forward biasing).

Forward Bias: On forward biasing, initially no current flows due to barrier potential. As the applied potential
exceeds the barrier potential the charge carriers gain sufficient energy to cross the\potential barrier
and enter the other region. The holes, which are majority carriers in the P-region, beecome minority
carriers on entering the N-regions, and electrons, which, are the majority carriers in,the N-region,
become minority carriers on entering the P-region. This 1njection of Minority cartiers results in the
current flow, opposite to the direction of electron movemeént.

Reverse Bias: On reverse biasing, the majority of chafge carriersare attracted toward thelferminals due to
the applied potential resulting in the widening of the depletion x8gion. Since the\charge carriers are
pushed towards the terminals, no current flows'in the device:due¢ to,the majority of charge carriers.
The device will have some current duestosthe thermally generated‘minority carriers. The generation
of such carriers is independent of thelapplied poetential; henee, the'currentis‘constant for all increasing
reverse potential. This current is referred to as Reverse, Satugation Cutrent (I0) and it increases with
temperature. When the applied teverse wvoltage, is“increased beyond the certain limit, it results in
breakdown. During breakdown, the'diode current.increases tremendously.

CIRCUIT DIAGRAM:

K " (0,100mA)
P ®
f\ﬁ
Y
+ -
Vin | % le
(0-12\)

Fig. 1. Forward bias operation
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0-100p A
A gk Y
@
Y
ns - %le
(0-12V)

Fig. 2. Reverse bias operation

PROCEDURE:

(a) Forward Bias:

1. The circuit connections are made as per the circuit diagrafmgiven in Fig.1.

2.  For the diode forward bias, the RPS positive terminaldis coninected to the.anode of the diode and RPS
negative is connected to the cathode of the diode.

3. Now switch on the power supply (RPS) and increase the mput supply woltage«in regulafvoltage interval
of 0.1V.

4. Note down the corresponding current flowing through,the diode ‘and yoltage across the diode for each
and every step of the supply input voltage.

5. The recorded reading of voltage and current areitabulated, in the tabular form given below.

6. Graph is plotted between voltage,(Vr) on X-axis and gurrent (Ig)’on Y<axis.

(b) Reverse Bias:

1. The circuit connections ate made asiper the\eircuitdiagraii’given in Fig. 2.

2. For the diode reverse bias, the RPS negative is{connected to the anode of the diode and RPS positive
is connected the cathode of theidiode!

3. Now switch on the power supply (RES).and inceease the supply input voltage in regular voltage
intervals of 1V.

4. Note down the correspondiig eurrent'flowing through the diode and voltage across the diode for each
and every step of the supply‘input, voltage.

5. The recorded readingofivoltage and eutrent are tabulated in the tabular form given below.

6. Graph is plotted between voltage (Vi) on X-axis and current (Ir) on Y-axis.
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IDEAL WAVEFORMS:
y E{nA) Forward Bias
Barrier
Breakdown voltage voltage
Vo o« R A >
- 5 >
Ve(v) Y — — —— Ve(V)
c}\&
»
S &
MY '& ,00
Reverse Bias 0& %
Fig. 3. VI characteristics of P
OBSERVATION TABLE:
S.No
RESULT:
S
NS
Ny
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EXPERIMENT NO. 2

AIM: Study and verification of V-I characteristics of Zener diode.

APPARATUS REQUIRED: Power supply, voltmeter, ammeter, Zener diode and resistor.

THEORY: A Zener diode is a heavily doped P-N junction diode specifically designed to operate in the
breakdown region. In a normal P-N junction diode, there is minimal conduction when it'ds reverse
biased. However, when the reverse bias voltage reaches a certain threshold, the Zener diede begins to
conduct heavily. This threshold voltage is known as the breakdown voltage. It's impottant tomote that
when a Zener diode is conducting heavily, there is a risk of high current flowing thfough it{potentially
causing permanent damage. To prevent this, a resistor is often connected in‘series with the Zener
diode. This resistor limits the current flowing throughfthe diode, protecting”it fromr’ damage. One
significant characteristic of a Zener diode is its ability to nfaintain a neatly constant voltage across its
terminals, regardless of the current passing through it: Thisdis»duge to ‘its lews dynamic resistance.
Consequently, Zener diodes are commonly used in voltagefegulation circuits, wheré+ stable voltage
output is required.

CIRCUIT DIAGRAM: -
(0-109mA)
A
A o K N
()
U= S
Vin < 1kQ
(0-12V)
Fig. 1. Static.characteristics
Potential (0-500)mA
Divider Ry "
w—E)
220 ohm
Zener diode +
+ <+
Vo = o6V @; rs  QO1V)
(0-30V)

Fig. 2. Regulation characteristics
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PROCEDURE:
(a) Static characteristics:

1. Follow the circuit diagram provided in Fig. 1.

2. Gradually increase the regulated power supply voltage in steps.

3. Observe and note down the forward current (Ir) and forward voltage (V) in a tabular form.

4. Plot a graph with the forward current (Ir) on the X-axis and the forward voltage (V) on the Y-axis.

(b) Regulation characteristics:

1. Set up the circuit as shown in Fig. 2. (,\

2. Place the load in full load condition and measure the Zener voltage (Vz), Zener current é}, a d
current (Ip). (8)

3. Repeat the above step by decreasing the value of the load in steps. .& 0

4. Tabulate all the readings obtained. S)

5. Calculate the percentage regulation using the followin,

Percentage Regulation = (
6. Voltage regulation is typically expressed as a pe
the load voltage.

-7
X

—

*

IDEAL WAVEFORMS:

Zener diode V-I characteri

Normal o

Reverse breakdo
Region i; w

re
For zeneQ:&"
diode

Fig. 3. VI characteristics of Zener diode.
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OBSERVATION TABLE:

S. No Ammeter(A) Voltmeter(V)

1
2
3

RESULT:
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EXPERIMENT NO. 3
AIM: To design and construct Clipper and Clamper circuits.

APPARATUS REQUIRED: Regulated power supply, Voltmeter, Ammeters, Resistor, Capacitor,
DSO.

THEORY: Clipping circuits are utilized to remove portions of a signal that exceed or fall below:@ specific
reference level. We previously examined an example of a clipper in the context of a half=wave rectifier
circuit. In that circuit, the signal was cut off at the reference level of zero, allowing,only the'positive
portion of the input waveform to pass through. On the other hand, clamping circuits, also_known as
dc restorers or damped capacitors, shift an input signal by a predetermined.amount defined by an
independent voltage source. While clippers restrict the' portion of the input signal\that reaches the
output based on a reference level, a clamping circuitdllows the entire input,signalto reach the output.
However, the signal is shifted so that the maximum-or minimium valdie of the,input is)'clamped" to
the voltage level set by the independent sourcefIn essence,clamping.circuits modifythe DC level of
the input signal without altering its shape ot waveform. This, eanbe useful in'‘various applications,
such as in television and video systems, where clamping cireuits helpimaintain‘a consistent reference
voltage level for synchronization purposes. By employing‘clamping circuits, it becomes possible to
shift and anchor the input signal to a desired séference 1ével , enSuring,aceurate signal processing and
maintaining compatibility with subsequent stages ofithe circit

CIRCUIT DIAGRAM:
D1 (1N914) D1 (1N914)

R1 310kQ R1 310kQ

Vin '9 Vin '9
DC DC

5V(p- -
(p-p 4y SVOD) 3v)
I 1
(b) Positive Clipper (a) Negative Clipper

Fig.1. Connection diagram for clipper circuit
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@ QU
(0.1 pF) (0.1 pF)
S Vin () RI 3
Vo) R2 3 M0 D2 ¥) 1 MQ
5V(p-p) 5V(p-p
T Gnd L Gnd

Positive Clamper Negative Clamper

Fig.2. Connection diagram for clamper circuit

D1

Voltage (V)

Voltage (V)

Time (t)——

f negative clipper circuit

Voltage (V) —>

Time t ——

Fig. 5. Waveform of positive clamper circuit
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S
H
2
Vout___
Time () ———>
Fig. 6. Waveform of negative clamper circuit
PROCEDURE:

(a) For Clipper Circuit

To perform the experiment as described:

L.
2.
3.

4.

Set up the circuit according to the circuit diagram given inFig. 1.

Connect the diode with the reference voltage for thé positive clipper, as'shown in‘Fig, 1{a).

For the negative clipper, reverse the direction of the diode‘and the.tefereneewoltage, as shown in Fig.
1(b).

Apply a sinusoidal input of 5V peak-to-peaku(p-p) at a frequency-of 1kHz to tHeypositive clipper and the
negative clipper.

. Observe the corresponding output waveforms on a Cathode Ray\Oscilloscope (CRO) connected to the

output of each clipper. By followifigithese steps, you will be able to analyze the effect of the positive and
negative clippers on the input signal and observe the resulting’ waveforms on the CRO.

. Regenerate response Fig. 34nd Fig. 4 shows the.model-wavefatny for the positive and negative clipper

circuit.

(b) For Clamper Circuit

L.
2.

3.
4.

w

Set up the circuit according to the gircuit didagram given in Figure 2.

Use a function generator to genefate an input sighal voltage of 5V peak-to-peak (p-p) at a frequency of
1kHz. Connect the function génetator's outpuf to the input of the circuit.

Connect an oscilloscope (CRO) tosthe output™of the circuit to observe the waveform.

Adjust the settings of the\oscilloscopetosproperly view the waveform, such as adjusting the time base
and voltage scales.

Observe the output waveférm on the*oscilloscope and note its shape and characteristics.

Sketch the observed waveformna graph with time (horizontal axis) and voltage (vertical axis). Care to
accurately represent the waveform's shape, amplitude, and other relevant details.

. By following these steps, you will be able to generate and observe the output waveform of the circuit on

the oscilloscope,and then sketch it on a graph to visually represent its characteristics. Figs. 5 and 6 show
the model waveform for the positive and negative clamper circuit.
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OBSERVATION TABLE:
(a) Tabular column for clipper:
Vm = Vmax= f=1000Hz Vmin=
Vo
POSTIVE CLIPPER DC Voltage(V) Vmax Vmin
2V
4V \
6V oo
Vo AQ;&V A\
NEGATIVE CLIPPER ) %4
DC Voltage(V) Vmax P VQ@
2V :

4V
6V

(b) Tabular column of clamper:
Vm=

f=1000Hz

POSITIVE CLAMPE

NEGATIVE CLAMPER

RESULT :
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EXPERIMENT NO. 4

AIM: To study the characteristics of half wave, full wave and bridge rectifier with and without filter.

APPARATUS REQUIRED: Diodes, Resistor, Transformer, Voltmeter, Ammeter, Breadboard and
CRO

THEORY: The rectifier changes ac supply to dc supply and it is an essential part of power stpply. The
unique property of a diode, permitting the current to flow in one direction, is utilized in‘tectifiers.

Half Wave Rectifier: The mains power supply is applied at the primary of the step-down\ransformer. All
the positive half cycles of the stepped down ac supply pass through the diode and‘all themegative half
cycles get eliminated. The peak value of the output voltage is less than the peak yalue of the input
voltage by 0.6V because of the voltage drop across th€ diode. For a half wave rectifier, Vims = Vin/2
and Vg = V/n: where Vims = RMS value of input, ¥4c =Average value©f input and Vi, = peak value
of output.

Full Wave Rectifier: During the positive half cycle of the transformer's’ secondarysyveltage, diode D1 is
forward biased and diode D2 gets reverse biased (mark D1 and D2 in Fig:). Sesascurrent flow through
the diode, load resistor and upper halfiofithe transformergwinding. Puring the negative half cycle,
diode D2 is forward biased and diode D1 getsaeverse biased (matk D14nd D2 in Fig.).. The current
then flows through the diode, load resistor, and lower half of the transformer winding. Current flows
through the load resistor in the'same direction during both'half cycles. The peak value of the output
voltage is less than the peak value ofithe input yoltage by, 0.6 V. beeause of the voltage drop across the
diode.

For a full waye rectifier, VrmS:V_m , Vdc = ZV—m
V2 pi

Bridge Rectifier: During the positive half’¢yclesof-the s€éeondary voltage, diodes D; and D, are forward
biased, and diodes D3 and D4 are reyerse biaseds Therefore, current flows through the secondary
winding, diode D1, load resisfor Ry ‘and diode 'D>. During the negative half cycle, D3 and D4 are
forward biased and diodes, D1 and“D, ate reverse biased. Therefore, current flows through the
secondary winding, diode Ds.d'0ad resistor R; and D4. During both half cycles, the current flows
through the load resistor inthe samendirection. The peak value of the output voltage is less than the
peak value of thesnput yoltage by, P.2V due to the voltage drop across two diodes. The ripple factor
of the bridge rectifier is\the same as that of the full wave rectifier.

Rectifiers withsFilter:sRectifiers convert AC supply signals into DC supply, but they often produce an
undesitable armount of ripple along with the desired DC component. To remove this ripple and
eliminate A€ components, a filter is connected to the output of the rectifier. There are several types
of filters commonly used, including capacitor input filters, choke input filters, RC filters, CRC filters,
LC filters, and CLC filters. Among them, the capacitor input filter is the simplest and most cost-
effective option. It involves connecting a high-value capacitor (C) in parallel with the load resistor
(RL).

During the half cycle of the input waveform, the capacitor charges to the peak voltage (Vm) at the
output. As the peak value is exceeded, the capacitor gradually discharges through the load resistor.
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This slow discharge occurs because the diode becomes reverse biased due to the voltage across the
capacitor. Before the capacitor voltage drops significantly, the next output cycle arrives, causing the
capacitor to recharge to the peak voltage.To calculate the RMS value of the filtered output, an
approximation is made by assuming the output waveform resembles a triangular wave. The formula
used is based on this assumption, where the RMS value is calculated as:

Vrrms=Vrpp/2VJ3 ,
where V. is the peak-to-peak value of the ripple voltage.
Vac=Vm— Vrmp2), Ripple factor r =Vr, rms/Vgc

For a half wave rectifier, the ripple factor is also expressed as a function of capacitanc¢’and load

resistance, r = 1/ 23 fR.C. For a full wave rectifier, it is given by the expression, s =1/ 4BfR.C,
where f is the mains supply frequency 50 Hz.

PROCEDURE: To perform the experiment as described:

1. Set up the circuit according to the circuit diagram provideddn Figal for the half-wave regtifier.

2. Connect all the components of the half-wave reetifier circuit withgutwthe capacitory Ensure all the
connections are secure.

3. Switch on the main power supply. Using a Gathode Ray Oscillgscope (CRO), simultaneously observe

the waveform of the transformer secondary.voltage and the output voltage across'the load resistor. Take

note of the peak voltage (Vm) from theftransformer secondary waveform,Calculate the peak rectified

output voltage (Vims) and the DC component voltage (Vc).

Calculate the ripple factor, rectifieflefficiency@nd perCentageregulation using the following formulas:

Ripple factor = (Vims- Vac) / Ve

Rectifier efficiency = (Vqc /V¥m) * 100

Percentage regulation = ((Vm = Vdei V) * 100

V:ms 1s the root mean square valie of the rectified.output voltage, V. is the DC component voltage, and

Vn is the peak voltage from the transformer seeondary, waveform.

Connect the capacitor filter to the circuit’and.observethe waveforms using the CRO. Note down the peak

voltage (Vm) and the peak-to-peakiripplefveltage/(Vpp). Calculate the ripple factor, rectifier efficiency,

and percentage regulation using the same' formulas as in step 4. Repeat these calculations for different

capacitor values.

10.Repeat the above steps ot full-wave and’bridge rectifiers, following the respective circuit diagrams.
Make the necessary connectiofis,obsetve the waveforms, calculate the required parameters (Vim, Vipp,
Vms, Vdc), and determing,the ripple factor, rectifier efficiency, and percentage regulation for each
rectifier type.

PN B

o

By following these steps; ‘'you will be able to perform the experiments and calculations to analyze the
characteristiésyof half~wave, full-wave, and bridge rectifiers with and without capacitor filters.
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S8

230V
AC

Bridge rectifier with filter:

100uF

Fig. 1 Half wave rectifier with filter

D

g

U

Cg
100yF

R4
1kQ

A

230V
AC

ElE

D

P

Fig. 2'Full wave rectifier with filter

1
1kQ

Fig. 3 Bridge rectifier with filter
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DESIGN
Select 230V/6V-0-6V, 100 mA center-tapped transformer and diodes IN4001.

DESIGN OF LOAD RESISTOR RL:

Load resistor Ry, should be high enough to make the capacitor discharge slowly. Same time it should limit
the current through the diodes. Assume a current of SmA to flow through the diodes.

6V2-1.4

Then Ry = 5005

Q. Because the voltage drop across the two diodes together are 1.4V. Select R = 1kQ.

DESIGN OF CAPACITANCE C:

The required ripple factor of capacitor input filter is 3%. Theoretical value of r= 143 fR.CPewer supply
frequency f= 50 Hz. Assume R, =1 kQ. Then C =~ 100pE,

TABULAR COLUMN
Table 1: Rectifier without filter

Vi Vims =Vm /2 Vac=Va/m rz\/(vrms/vdc)z -1
HWR

Vi Vems =Vim/VZ Vac=2Vn 1=y Vrms/Var)® — 1
FWR

Vm Vrms =Wm/2 Viae=2 Vo /it r=WVyms/Vacr)>— 1

BR

Table 2: Rectifiersswith capacitor filter

Vr,rms:
Type V V. Vac=Vm—Vipp/2 =Vrrms/Va
m PP V,m,/z \/§ c m PP rms c
HWR
FWR

BR
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WAVEFORMS: Typical waveforms of half wave rectifier without filter and with filter are shown in
the figure below.

Fig. 4 Half wave rectifier without filter

RESULT:
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EXPERIMENT NO. 5

AIM: To draw the input and output characteristics of common emitter configuration of BJT.

APPARATUS REQUIRED: Two voltmeters, two ammeters, multimeter, connecting wires and
transistor (n-p-n)

THEORY: When a transistor is connected in a circuit, there are three possible configurations? common
base, common emitter, and common collector. In this experiment, our focus will be on‘th¢ common
emitter configuration. To understand the behavior of a transistor, we can analyzefits’ DC~cutrent-
voltage (I-V) curves, which are known as the static characteristic curves of the déyice. These curves
provide valuable insights into the transistor's operation and performance.

There are two important characteristics of a transistor that wefwill be studying:
i. Input Characteristics:
ii. Output Characteristics:

Input Characteristics: The input characteristics ©f a transistor depict the relationship’between the input
current and the input voltage. In the common emitter eonfiguration, the input.characteristics show the
variation of the base current (Ig) with respect to the base-emitter voltage, (Vee), while keeping the
collector-emitter voltage (VCE) fixed

Input Dynamic Resistance (r;):This i§ defined asithe ratio,of change inbase ‘emitter voltage (AVgE) to the
resulting change in base current (Alg) at constant-collectot- emitter voltage (Vce). This is dynamic
and it can be seen fromdthe, input characteristic, its\value yaries with the operating current in the
transistor:

AV,
| =ik at constant Vcg

The value of r; can be anything from axfew hundred to a\few thousand ohms.

Output Characteristics: The output,eharactésistics of'a‘transistor illustrate the relationship between the output
current and the output voltage. Inthe commion emitter configuration, the output characteristics show
the variation of the collector current (I) with respect to the collector-emitter voltage (Vce), while
keeping the base current (Ig)'constant) These characteristics give us insights into the transistor's output
behavior, such as?eutput Tesistance, saturation region, and cutoff region. By studying the input and
output characteristicssof-a transistor in the common emitter configuration, we can gain a deeper
understandingof its\performance and use that knowledge in various electronic applications.

Output Dynami¢ Resistance (ro):

This is defined asgthe ratio of change in collector- emitter voltage (AVcg) to the change in collector current
(Alc) at a constant base current I.
_ AVCE

T, = at constant I

The high magnitude of the output resistance (of the order of 100 kW) is due to the reverse-biased state
of this diode.
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CIRCUIT DIAGRAM: -

(50 mA)
Ver/ R p .
+ C —
VBB :| Rh E@ =|\/CC
! (0-10
Fig. 1. Common emitter configuration of BJT
PROCEDURE: -

(a) Input Characteristics:

To perform the experiment as described:

L.

2.

PN

Set up the circuit according to the circuit didgram provided in<Fig. 1{for the common emitter
configuration.

Set the collector-emitter voltage (Vce) to 1V by adjusting the appropriate voltage source. Keep Vg
constant throughout the experiment.

Vary the base current (Ig) by adjustingthe voltage Vgs. Measure the corresponding base-emitter voltage
(VgE) using a voltmeter or multimeter.

Repeat the above step for different values of I, enstiring to.fecord thecorresponding Vgg measurements
each time.

Change the Ve to 2V by ddjusting the voltagé.seurce.

Repeat steps 3 and 4, varying Igwith Vgg afid meastring Vegfor the new Vg value.

Record all the measured values of Vg foreach’corresponding Ig and Vce combination.

Plot graph of Ig v/s VgE.

(b) Output Characteristics:
To perform the experiment as déscribed:

L.

2.

Nk

Set the base current (Ig) t0ra’constant values such as 15 pA, by adjusting the appropriate current source.
Keep I constant throughout this step.

Vary the collector>emitter;voltages«(Vice) by adjusting the voltage source. Measure and note down the
corresponding colector. €urfent(lc) using a current measuring instrument, such as an ammeter.

Repeat the aboye step-for different values of Vcg, ensuring to record the corresponding Ic measurements
each time:

Change the I to'a-new constant value, such as 30 pA, by adjusting the current source.

Repeat step 2, varying Vce and measuring Ic for the new Ig value.

Record all the measured values of IC for each corresponding Vcg and Ig combination.

Plot graph of Ig v/s Vck.
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OBSERVATION TABLE:

Input Characteristic:

VcE VcE VcE
VBE Is VBE Is VBE Is

S. No

Output Characteristic:

Vee(V)

Fig. 2. Input characteristics CE configuration



Saturation
Region

RESULT:
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Ic Active
(URA) Region
= I;=120uA
[ I,=100uA
IR=6OU.A
IB=40]J,A s, \
N
15=20pA ‘0
S &
L=0pA .{Q 00
=i 10 12 14 VEE(V)& A\ &)
v (,° &
N

0 2 4 6 8
Cut-o::llg'
Fig. 3. Output chara s O‘I{g@ﬁ(’é\’ &6‘
N
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EXPERIMENT NO. 6

AIM: Study and verification of drain characteristics and transfer characteristics of a MOSFET.

APPARATUS REQUIRED: DC power supply, multimeter, resistors, MOSFET.

CIRCUIT DIAGRAM:

1sv(@) 200 S CVB

{0-15V)

)

(0-10mA)
©

O

—>

(0-503)

$5500 d_Dsov
1

Fig. 1. Circuit Diagram of MOSEET.

THEORY: MOSFET form family of FET?s (Field Effect Transistor)s MOSFET derives its name from the
fact that its metal gate i§ insulated by a vegy\thin oXide layer“from semiconductor channel. It is also

known as insulated gate FET or IGFET,

MOSFET’s are of two types: -‘depletion_type and enhancémient type. Each of them may be n- channel

MOSFET or p-channel MOSFET:
Depletion Mode:

In a depletion mode n-channel” D-MOSFET\ (Depletion Metal-Oxide-Semiconductor Field-Effect
Transistor), the behaviof is suchthat the gate voltage is negative, causing a depletion of electrons in
the channel. This depletion occurs because the negative charge on the gate repels the free electrons in
the channel, creatitg’a region with positive ions. By depleting the n-channel of some of its electrons,
the number of availablé, free electrons for current conduction is reduced. This results in an increased
resistance in‘the channel, as\there are fewer carriers available to carry the current. As a result, the
current flewing from the source to the drain is affected by the resistance of the n-channel. By changing
the negative voltage on the gate, we can control the resistance of the n-channel and, consequently, the
current flowpfrom source to drain. This is due to the depletion of the channel and the resulting change
in the available carriers for conduction. The operation of a depletion mode n-channel D-MOSFET
with a negative gate voltage is referred to as depletion mode, as it involves depleting the channel of

free electrons and influencing the resistance and current characteristics of the device.
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Enhancement Mode:

In an enhancement mode n-channel MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor), the
behavior is such that the gate voltage is positive. In this case, the gate acts as a capacitor and induces
a negative charge in the n-channel. Due to the positive gate voltage, additional free electrons are
attracted to the n-channel. These electrons combine with the existing electrons in the channel,
increasing the overall number of electrons available for conduction. This increase in the number of
electrons enhances or increases the conductivity of the channel. As the positive gate voltage increases,
the induced negative charge and the number of electrons in the channel also increase. Consequently,
the conductivity of the channel increases, allowing for a greater flow of current from the souree to the
drain. Therefore, in enhancement mode operation, the positive gate voltage enhances or increases the
conductivity of the n-channel, leading to a higher current flow from the source to the drain:"The greater
the positive voltage on the gate, the greater the enhancement and the resulting,.cenduction in the

channel.
Dielectric
Layer
P
. D
Drain O NE
Gate N SS
Substract

Source N
N«Channel
Fig. 2. A Typical N-€hannel MOSFET

PROCEDURE:

(a) Drain Characteristics:

Drain characteristics is drawn between I'and Vns'keeping Vgs as constant.

1. Connect the circuit as shown in figure 1%
2. Let for Vps= (0, 5, 10515, 20,25) V. and measure Ip respectively for different values of Vgs
3. Plot the drain characteristics in thesgraph.

(b) Transfer Characteristics:

Transfer characteristics is drawn between Ip and Vgs keeping Vps as constant.

1. Let for Vgs =4, -3 ,-2,-1,0, 1, 2, 3, 4, 5)V and measure Ip respectively for different values of Vps .
2. Plot the transfer characteristics in the graph.
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OBSERVATION TABLE:

Drain Characteristic:

Vs Vas Vas

S. No
Vbs In Vbs In Vbs In

Transfer Characteristic:

Vbs
S. No
Vas
1
2
3
IDEAL CHARACTERISTI

C_ N> Y psy4
N

#, .2 N
\}f} {\{b VRQ(Q\ VGS=VP=(;V o

Fi@&)gsand transfer characteristics for an n-channel depletion type MOSFET.
RESULT: © Q}*"
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EXPERIMENT NO. 7

AIM: To study Differential amplifier using BJT

APPARATUS REQUIRED: CRO, Power Supply, resistance, bread-board, capacitor, connecting

wires

THEORY:

Differential Amplifier: - A differential amplifier is most widely used circuit building bleck in fanalog

integrated circuit. For instance, input stage of every op-amp amplifier is a differential*amplifier. BJIT
differential amplifier is the basis of a very high-speed logic circuit family called gmitterseoupled logic
(ECL). The differential amplifier as the name suggests amplifies the difference between two input
signal vinl and vin2. BJT differential pair configuration censists of two matched/transistors Q1 and
Q2, whose emitters are formed together and biased(by afconstant curreht‘soutce™. Latter is usually
implemented by a transistor circuit. The two colléctors may be connected to anotherstransistor rather
than to resistive loads. It is essential thoughdthat the collector cirouits bésuch that Q1 and Q2 can
never enter saturation.

Gain of differential amplifier Ad = V¢/V4 whetéV4 = Vint = Vin2

Non-Ideal Characteristics:

L.

Finite Gain: In real operational amplifiers, the open-loop gain iswiet infinife as it is in the ideal differential
amplifier. This finite gain becomes significant whemthe closed-loop gain is very high, resulting in a low
feedback gain and low loopgain. Consequently, the"differential‘amplifier deviates from ideal behavior
in such cases.

. Finite Input Impedance: The input impedanice of a’differentidl amplifier is the impedance between its

two inputs, rather than the impedance freth eachsinput to ground. In high-gain applications with negative
feedback, the input impedance is'typically high.

Non-Zero Output Impedance: Real, amplifiérs have a non-zero output impedance, which becomes
important when driving low teststance loads, The voltage drop across the output impedance of the
amplifier can be significant and affects the maximum power that can be delivered to the load.

Input Offset Voltage: Input offset<oltagedefers to the voltage required across the differential amplifier's
input terminals to drivethe output voltdge'to zero. It arises from mismatches in input bias currents. In an
ideal amplifier, there¢’would be no input offset voltage.

Common Mode Gain: While'an ideal differential amplifier amplifies only the voltage difference between
its inputs and tejeécts ‘any voltage that is common to both inputs, the differential input stage of a real
differential<amplifier~s not perfect. As a result, there is some amplification of these common-mode
voltages to'd certain degree.
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CIRCUIT DIAGRAM:
g 22kQ
22kQ 3
+
6V=—
1
, 3 10kQ
10k 3 (inv)
+
V=
1

I GNDI

Fig. 1. Differential amplifier

PROCEDURE:

To connect the circuit and measure the output voltage, follow the stepSybelow:

L.

Obtain the circuit diagram shown in, Fig. 1.

2. Gather the necessary components mentioned in the:eircuit diagram:
3.
4. Connect the 12V power Supply te, the circuit.“Ensure/the ,positive terminal of the power supply is

Place the components on a beeadboard onany suitable cifcuit prototyping platform.

connected to the appropriate point in the cifchit and the negative terminal is connected to the ground or
common reference point.

Connect the Vi1 and Vin2 voltages ta theeir réspectivepoints in the circuit as indicated in the diagram.
Use suitable wires or connections toyestablish’ the.conmections securely.

PRECAUTIONS:

L.

2.

Once all the connections are made, ensure that there are no loose connections or short circuits in the
circuit.

Use a voltmeter or‘multimeter to measure the output voltage. Set the voltmeter to the appropriate voltage
range, typically highetthan the expected output voltage.

. Place the veltmeter'prebes across the output points of the circuit, as indicated in the diagram, to measure

the voltage'accurately.
Turn on the pawer supply and observe the output voltage reading on the voltmeter.

. Note down the measured output voltage for further analysis or use.
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RESULT: The gain of a differential amplifier can be calculated using the following formula:
Gain = Ad X (Vinp - Vinn) and is .................
Gain: The voltage gain of the differential amplifier.
Aq: The differential voltage gain of the amplifier.
Vinp: The input voltage at the non-inverting terminal.
Vinn: The input voltage at the inverting terminal.
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EXPERIMENT NO. 8

AIM: 1. To design a small signal voltage amplifier.
2. To plot its frequency response and to obtain bandwidth.

APPARATUS REQUIRED: CRO, Power Supply, resistance, bread-board, capacitor. BJT

THEORY: Amplifiers are classified as small signal amplifiers and large signal amplifiers depending on the
shift in operating point, from the quiescent condition caused by the input signal. If the{shift is small,
amplifiers are referred to as small signal amplifiers and if the shift is large, they are‘knowf as large
signal amplifiers. In small signal amplifiers, voltage swing and current swing aressmallsLarge signal
amplifiers have large voltage swing and current swing and the signal pewer handled by such
amplifiers remain large. Voltage amplifiers come undef small signal amplifiers. Power amplifiers are
one in which the output power of the signal is incteased. They are called large signal amplifiers.
Figure shows the circuit diagram of a common eritter amplifier.

CIRCUIT DIAGRAM:
$- O V&RV
R1
47%Q 32‘&
——0—
Cei It
10uFye.
1€ oS
I e
+ q $ R CRO
v, — R, Rg S 8200
T L Ok 5600 CE
22}1F/[
4 O¢

Fig. 1. Circuit diagram

DESIGN: From the transistor datasheet, for BC107,
hee = B =110, I, gy = 100mA, Vg max = 45V

Let V.. = 12V, I, = 2mA, Since the quiescent point is in the middle of the laod line for the amplifier, V.5 =
50% of V.. = 6V.
Vre=10% of Vee=1.2V

Assuming Ic=Tg, VrRe=IcRe=IgRg
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1.2=2x10"3xRg
1.2 .
Ry = ——— = = 600Q Select standard value of resistance 560Q.
2x1073
Voltage across collector resistance, Vrc=Vcc-Vee-Vre

Vrce=12-6-1.2=4.8V

Re="Re__*8 oo s
c=E—=——"7"7"—75=2. elect standard value of 2.2k}

I 2x1073 \
Base Current, Iz = IEE = 2><1110 = 18.2uA é’\'b
Take 1,=1015 then [;=10Tp+Ip=111p Q;\ 6&‘
Base voltage, Vg=VretVpe = 1.2 + 0.6 = 1.8V & 00

R, =28 - 18 = 9.9k t stand dv@@g@&
25, T1ox182x10-6 ecsanar‘ ‘\
VCC - VB 12 - 18 Q
= = 1 KO
R = TTix182x 10 K f\tis}da{\ R

Design of Ry:

Gain of the common emitter amplifier is gi

25mV

Where re=Rc || Rr and 1=

For a gain of 50, substltutlon it in the
Select standard value of 820

Design of coupling capacitors

L5
>
s1 (S 8& Q \qs\

Xc1 should be less than the inpui edan@f tl;gﬁeansmgn\ﬁere Rin is the series impedance.
RlTL

Then X, < o é. g\\(‘

Here, Ry = Ry | Ry Il heete = {Q?L) I ‘&}1 @10 x 12.5Q0 = 1.7kQ

We get Ri=1.17kQ. Then XQQ 170" @

1
For a lower cut offfreqyséy @P@@o TR = Zmaeodn = 6.8uF
cl

Select standard Val@ 1Q@Z\for le

\0 Slmllarly, Xcz <22 where Ryye = Re. Then X¢p < 2200

qf@" Comr— = ———— = 3.64F

2mfXe, | 2mX200%220
Select standard value of 3.3uF for Cc

Design of bypass capacitors Cg:

To bypass the lowest frequency (say 200Hz), Xck should be much less than or equal to the resistance Re.



241 | Analog Electronic Circuits: Theory and Practical

Rg
Xeg S —

560 .
XCE < H 1€. XCE < 56

Apply value of f such that the amplifier has good gain at a lower cutoff frequency of 200Hz

1 1
Ce 2 2nfXcp | 2mX200X56 14.2uF

Select standard value of 22uF for Cg

FREQUENCY RESPONSE: In an actual CE (Common Emitter) amplifier, the frequency response curve
will deviate from a straight line due to various factors. These factors include the coupling capacitors,
emitter bypass capacitor, internal capacitance of the transistor, and stray capacitance due.to wiring.
As a result, the gain of the amplifier will vary with different frequencies. Fig.,2 tepresents the typical
frequency response characteristics of a CE amplifier, sHowing a curve that {sflat.in th¢ middle range
of frequencies. The curve deviates from this flat gégionfat’low and high. frequencies, indicating a
decrease in gain.

Low Frequency (fi): At low frequencies, the gain of the CE amplifier deereases. This«can be attributed to
the coupling capacitors and the emitter bypass capacitor acting\as high-pass filters, causing a roll-off
in gain as the frequency decreases. Thesecapacitors ténd to.block or attenuate low-frequency signals,
resulting in a reduced gain at lower frequencies.

High Frequency (fu): At high frequencies, the gain of the«CE amplifier ‘also decreases. This reduction is
mainly due to the internal capacitance of the trafisistor and stray ,capacitance in the circuit. These
capacitances introduce a low-pass filtering effect, causingia, decrease in gain as the frequency
increases. The internal @nd'stray capacitances create; impedance that becomes significant at higher
frequencies, resulting in a loss ofysignal.amplifications Fig. 2 The curve is flat for middle range
frequencies. There is only one Low Fréquency (ft) and High Frequency (fu) beyond which the gains,

Ar and Ap are % times the gain Ap{maximim gain) at the middle frequencies. The two frequencies
are lower and higher cutoff frequencies\The difference between them is called as the bandwidth.

20log10A

Fig. 2. Frequency response
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PROCEDURE: To perform the experiment the circuit is to be connected as shown in Fig. 1. The frequency

L.

2.

response is measured by following the instructions below:

Connect the input signal Vs from a signal generator to the appropriate input point of the circuit. Ensure
that the signal generator is set to produce a sinusoidal signal.

Use a CRO (Cathode Ray Oscilloscope) to measure the magnitude (peak to peak) of the input signal.
Connect the probe of the CRO to the input side of the circuit and adjust the settings of the CRO to
accurately measure the input signal.

Connect the CRO probe to the output side of the circuit to observe the amplified output. Adjust the
settings of the CRO to display the output waveform clearly.

Start with a specific frequency and increase it in steps. For each frequency step, observe theumagnitude
of the output voltage (Vo) on the CRO. Note down the corresponding frequency and the. magnitude of
the output voltage for each step.

Continue increasing the frequency and recording the corresponding magnitude of the:outputweltage until
you reach the desired frequency range or until the response deviates significantly«from the flat region.

6. Plot the frequency response on a semi-log sheet.
OBSERVATIONS:
Readings are to be taken till Vo decreases,appreciably atthigh’frequencies
Vin=............. (p-p)(mV)
Frequency f(Hz) Vo(p-p) (mV) Vo/Vin Gain'in db =20log Vo/Vin

RESULT: The common emitter amplifier is“designedy,and its frequency response is plotted.

Voltage gain = Vo/Vin =

Lower cutoff frequency =
Upper cutoff frequency =
Bandwidth =
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EXPERIMENT NO. 9

AIM:

1. To study the pin configurations, specifications & functioning of IC 741 Op-Amp.
2. To measure the Op-Amp parameters and compare them with ideal characteristics.

APPARATUS REQUIRED:
1. IC pA 741 OP-Amp. ‘\'b\
2. CRO. &(’ %‘
3. Dual Regulated Power Supply < ()
4. Voltmeter 0-10mV - 2 Nos. '& 0
5. Ammeters 0-10 pA - 2 Nos. O&‘ %0
6. Connecting Wires. < ,Q\
N
PINOUT AND CIRCUIT DIAGRAMS: (;\ &g‘b"

SN \
CIRCUIT DIAGRAMS: Q’ é’

a) Input bias current and i %@ OHM
Q\
'OQ 0 ~§‘ +Vee
$\Ib1 @ +
220k 1C741 Vo
b2 = A—_
1 220k Vee

Fig. 2. Input bias current and input offset current

Input Bias current: (Ip1 + Ip2) / 2
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Input offset current: [Ip; - Ivo|

b) Input offset voltage

100k
ANV
+Vce
N
" &
100k 1C741 —vo & &
V2 AN N + && 00
< 100k O @
o
Fig. 3. Input offs QO f\\ 6
O O :
Vior= The input voltage for which the output Vo is . Othe @} ouégbw%ﬁgfor input zero
with unit gain amplification. ~{Q Q X
S
¢) CMRR (Common Mode Rejection R
0% i
(&\3 ;00 ‘&:‘(\ Fig. 4. CMRR
CMRR = Aq4/ A@ere& inp@oltage is given between V| and V; and common mode voltage is
both.the inputs.

given as common
L
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d) Slew rate and Bandwidth

1kQ L

71
Ve |

|

|

I

-14v 1uF | I |

Output signal as I | I

= = seen on O-scope | | |

10kQ
Fig. 5. Slew rate and bandwidth

R,

Fig. 6, Bandwidth

THEORY: Operational amplifiers, commonly known as?ep-amps, are versatile electronic devices widely
used in various applications due to théir high“gain, differential input, and externally controlled
response characteristics. Herefaré some'key points related to op-amps:

High Gain: Op-amps have very.high ¥oltage gain, typically in the range of tens of thousands to hundreds of
thousands. This high\gain allows gp-amps to amplify small input signals to a much larger output
signal.

Differential Amplifier: Op-amps are designed as differential amplifiers, which means they amplify the
voltage differencebetween two input terminals. The output of an op-amp is directly related to the
difference between its two inputs.

Negative Feedback: 'The response characteristics of op-amps are controlled by negative feedback, where a
portion of the output signal is fed back to the input in a way that reduces any difference between the
input and desired output. Negative feedback stabilizes the op-amp's behavior, making it less sensitive
to variations in its internal characteristics.

High Input Impedance: Op-amps have very high input impedance, typically in the megaohm range. This
high input impedance ensures that the op-amp draws minimal current from the source connected to
its inputs, minimizing any loading effect on the source.
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Low Output Impedance: Op-amps have low output impedance, typically less than 100 ohms. This low output
impedance allows the op-amp to drive loads without significant signal degradation.

Mathematical Operations: Due to their versatile nature, op-amps can be configured to perform mathematical
operations such as summation, integration, differentiation, logarithm, anti-logarithm, etc. These
configurations are achieved by connecting external resistors, capacitors, and other components in
specific ways.

Application Areas: Op-amps find extensive use in various fields, including communication electronics,
instrumentation and control systems, medical electronics, audio and video amplification, oscillators,
filters, signal conditioning, and more. Their flexibility and performance characteristics.smake them
suitable for a wide range of applications.

Op-Amp characteristics: An ideal op-amp draws no current from the source and its response is also
independent of temperature. However, a real op-amp does not work this way. €urrent\i§itaken from
the source into op-amp inputs. Also, the two inputs respond differently to cutrent andyvoltage due to
mismatch in transistors. A real op-amp also shifts it§ opetation with temperature:»These non-ideal
characteristics are:

Input bias current

Input offset current

Input offset voltage

Thermal drift

Slew rate

Input and output voltage ranges

NhA WD =

PROCEDURE:

1. Connect the IC 741 with supply voltages ona bread*beard.
Connect the CRO as per the requirement-for voltage andfor current measurement.
. Measure the parameters of Op-Amp andscompare thefawith ideal one.

W

—_—

. Input bias current and input offsetécurrent:

—

. Connect the circuit as shown in Figh2“for Input bias current and input offset current.
2. Measure the current at iftverting and non=inverting terminals of op-amp as IB" and IB.

3. Average these values\to findjeut thesinput Bias current. Also, find the difference between these two
currents to know the'‘input:offset clirrent.
IB" 1B Input Bias Current Input Offset Current

2. Input offset voltage:

1. Connect the circuit as shown in Fig. 3. for Input offset voltage measurement.
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2. Give zero volts as input and measure the output.

Output Voltage Input Voltage at Inverting Terminal Input Voltage at Non-Inverting Terminal

(Vou) Vi(V) Va(V)
.\Q}
3. CMRR Measurement: Q"\(’ (3%,

,, S

Q" -
ode operationQE sh

00

in Fig. 4. Give

Configure the Op-Amp in unit gain configuration, in differ

1V as differential input and observe the output as 1V. K ferenu@m 1V, increase
the common mode voltage from OV to 10V insteps of 4V, a atlonﬁh he ut. Calculate
Adand A and CMRR. NIRRT
SN
4. Slew Rate: 6’3 (}lb
1. Connect the circuit dia h i 6\ \\
. gram as shown
2. Apply A square wave of low frequency. ati W-
3. The input amplitude of square w funtil 0 volts peak to peak.
4. The frequency is then to be adj the out s tri ular
5. The rising edge slope of't wabla(en ta.b th&s?@w rate that was being sought.

Input Voltage at Invertin, mlnaé‘QV) \§) ‘Bﬁtput Slope V/u Sec Frequency (Hz)

O
s(so ‘@ \Q’:
5. Bandwidth: Connect }&%p. §gam configuration as shown in Fig. 6. Apply 1V sinusoidal input
¢

at 10Hz and observgyo ¢ Iner the frequency in steps (semi-logarithmic scale) and note the output
voltage values Iiigl ify t dB’@off point, which gives the band width.

RESULT: "&é’ pm?&nﬁguratlon specifications & functioning of different integrated circuits used in
the practical applications have been studied.
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EXPERIMENT NO. 10

AIM: To design an inverting and non-inverting amplifier using op-amp.

APPARATUS REQUIRED: Signal generator, IC 741, DSO, patch cards, multimeters, R; =1K, Rp=0.22K.

PIN DIAGRAM:
Offset Null| 1 8 [Not Connected
(NO)
Inverting (-) 2 7 |V+ Power
Non-inverting(+) | 3 6 | Output
Power (V)-| 4 5%'OffsetNull
Fig. 1. Pin Configuration of 1C 741 Op-amp
CIRCUIT DIAGRAM:
Virtual earth

Summing point

LGNDI
Fig. 2.\(a) Inverting Fig. 2. (b) Non- Inverting

THEORY: An op-amp can be used for number of applications like amplifier, Subtractor, rectifier, multi
vibrators, analogue computer, etc; IC741 is used as inverting and non-inverting amplifier.

When the input is applied to the inverting input terminal (negative terminal) of Op- Amp then Op-
Amp is said to be operated in inverting amplifier mode. Whereas when the input is applied to the non-
inverting input terminal (positive terminal) of Op-Amp then Op-Amp is said to be operated in non-
inverting amplifier mode. The amplified as well as the inverted output signal is obtained from output
pin 6 of Op- Amp. This output signal is applied to inverting input via feedback resistor Rr. It forms
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negative feedback because any increase in the output signal results in a feedback signal into inverting
causing a decrease in output signal.

Note that non-inverting terminal is grounded, Feedback circuit used any one resistor Rr and
however an extra resistor R; is connected in series with the input signal Vin. It is also known as
voltage shunt feedback amplifier.

In case of non-inverting amplifier, inverting terminal is connected with O/P V, through Feedback
resistor Ry.

CLOSED LOOP VOLTAGE GAIN (For Inverting Amplifier):

Fig. 3. D1

<Ly,
3’3@«?4@- :
o z K ‘{S; § V2 VO‘U.:
0«&’ eséﬁéﬁﬂ—; Re
<7 Some

b

1 1 Vout
V2|4 —| — ==
Rin Rg Rp

Q ‘sxand as. i= Vin—0 _ 0-Vout
, =

Rin RF

\0\ Rp _ 0—Vout
"i& Rin_ Vin—0
Vout _ _ Re

The closed%oop gain (Av) is given as, Vin Rin
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CLOSED LOOP VOLTAGE GAIN (For Non- Inverting Amplifier):

PROCEDURE:
For ac input

SNk L=

7.

8
9.

Potential
Divider
Network

Vout

Study the circuit provided on
Make the circuit as shown above Fig.2(a &
Switch on the power supply. Q‘& \{\ QQ

Select desired Ry and Rr. N €>

Connect dual trace CRO a ﬂsut e to observe Vin and Vo respectively.

Apply 100Hz, sine wa ut V1 &gnal generator. Adjust its amplitude so that Op-Amp should

not enter in saturatlo
Observe and note t Vq@npl and output Vo amplitude on CRO, calculate its gain using AF =
Vo/Vin.

\.

. Calculate t t1c l@ of Oﬁmp using selected Ry and R values.
Compar abo%sults

10. Vary the i pu@q ency, observe change in output.

11.Draw the waveform on graph.
12.Repeat the above procedure for different combinations of R; and Rg.

For dc input

1.
2.
3.

To observe output at DC input the amplitude of function generator at zero.

ON the offset and apply output of function generator i.e. DC output to the DC input of the kit.

Adjust the DC offset above and below the zero level (this procedure is applicable if we are giving DC
input by function generator).
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For applying DC input from power supply

1. Adjust the power supply so that the output of power supply in mV or <1V.

2. In this operating condition apply the power supply to the DC input of the kit and observe the output by
connecting DC voltmeter (above no. of procedure is applicable to different input devices to avoid the
saturation condition of amplifier).

OBSERVATION TABLE (FOR INVERTING AMPLIFIER):

Theoretical gain Practical gain
S.no Vin Vo % Error
AF = -Rr/Ry AF =-Vo/Vi
1
2
3

OBSERVATION TABLE (FOR NON - INVERTING AMPLIFIER):

Theoretical gain Practical.gain
Sr.no Vin Vo . % Error
AF = 1+R¢/Ry AF = Vo/Vin
1
2
3

RESULT: Thus, IC741 Op-amp can work.as’a bothiinverting’and non-inverting mode.
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EXPERIMENT NO. 11
AIM: To design and set up an integrator and differentiator circuit using op-amp.

APPARATUS REQUIRED: Power supply, CRO, function generator, bread board, op-amp, capacitor and
resistors

THEORY:

INTEGRATOR: Refer to the figure 1. This circuit performs the integration of the input waveformasThe
output voltage Vo can be expressed as Vo=— % [ Vidt + k where k is the congfant of/integration
which depends upon the value of Vo at t=0. The peak of the ouput waveform\VT is‘given by the
expression VT=%, where T is the time period of thednput square wave. Int€graters“are commonly
used in analog computers and wave shaping netwouks.

DIFFERENTIATOR: If the input resistor of the invefting amplifieris replaced by'a capdcitor, it forms an
inverting differentiator. The output of thefeircuit is ‘the derivativesof thesinput. Gain of the
differentiator increases with increase in ‘frequency, which ahakes, the circuit unstable. This is a

drawback of the circuit. The output yoltage Vo can'be expressed.as Vo=~ RFCi%. Differentiator

functions are high pass filter. At high frequenéy it becomes unstable and breaks into oscillations. Input
impedance decreases with increase'in frequency which makes the circuit very susceptible to high
frequency noise. Both stability. and high frequency noiseproblemi can be reduced significantly by
additional circuit elements,

DESIGN AND CIRCUIT DIAGRAMS:
DESIGN OF INTEGRATOR: Let the inputArequéncy be lkHz. The frequency at which the integrator gives
unity gain output is given by, fi= .

7 27R,6
Let C=0.01uF, then R; = 15.9kQN\Use 15Kk() std:
(470K
R2
(0.01 uF)
] 15 kQ
i A
Cl1 R2
1sk0 +12V 0.01pF 12v
v-i—'vw— Vi—"_
Rl Vo Vo
C2
-12v -12v

NDI1
1 GNDI

Fig. 1. Circuit diagram of Integrator Fig. 2. Circuit diagram of Differentiator
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The resistor R» in the integrator is provided to attenuate low frequency signals, particularly input dc offset
voltage that may be present. Typically, the value of R is selected as 10 times R; or more. Select the
value of R as 470k.

DESIGN OF DIFFERENTIATOR

1
We have f = Py
Let C=0.01uF, then R = 15.9kQ. Use 15kQ std.

N

PROCEDURE: KX

INTEGRATOR

S N
1. Set up the integrator circuit as shown in Fig.1 Give a rectangular wave of £5V ( pp)eg 1 kHz
frequency at the input and observe the input and output simultaneously on CRO. ¢ ()
2. Vary the dc offset of the square wave input and observe theddifference in the Oﬁﬂﬁl waveform.
3. Repeat the experiment by feeding triangular wave and si at the input a o@e the output.
R
DIFFERENTIATOR . (}Q 6\ O

1. Set up the differentiator circuit as shown in Fig. ula§h\/e S5V (@ pp) and 1 kHz
i 0

frequency at the input and observe the input a CR .~’Q
2. Repeat the experiment by feeding triangular h(e;@t a&@bsewe the output.

)

*

WAVEFORMS

RESULT: Inte&%or a@lfferer}lator have been studied using op-amp.
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EXPERIMENT NO. 12

AIM: Study the operation of Monostable and astable Multivibrator.

APPARATUS REQUIRED: CRO, Resistors, Capacitors, IC 555, Diode

THEORY: The IC 555 is one of the most popular and most widely used IC’s. It is a versatile and extremely
robust integrated circuit that is used in many applications like timers, wave generators:(pulse) and
oscillators.

The IC555, popularly known as the 555 Timer, was developed by Hans Camenzind of Sighetic Corporation
in the year 1971.

Some of the important features of the 555 timer are:

e The 555 timer can be operated at a wide range of power supplies ranging from 5®Vsto 18 V.
e ltis available in 3 different packages: 8-pin Metal Can package, 8-pinDIP and14-pin DIP.
e Timing can be anywhere from microseconds to'hours.

e [t can operate in both astable and monostable modes.

e High output current.

o It has an adjustable duty cycle.

e Itis TTL compatible due to its high output ciitrent.

e The output can source or sink afeurrent of 200mA toithe load.

o [t has a temperature stability of'0.005% per °C.

Different Modes of Operation: Generally, the” 555\timer ‘can be operated in three modes: Astable,
Monostable (or one- shot) and Bistable,

Astable Mode: In this mode, the §55 wotk-as a.ftee running mode. The output of astable multivibrator will
continuously toggle between low andéhigh, .there by generating a train of pulse, which is why it is
known as pulse generator.,Itlis“a bestiexample for a perfect square wave generator. They are used as
an inverter and also used.jn many of the internal part of the radio. Selecting a Thermistor as a timing
resistor allows the use/ofthe 555*1n atemperature sensor.

Monostable Mode: In the monostable mode, as the name suggests, it stays in its stable state until and unless
an external trigger'is applied. {fi'this mode, the 555 functions as a “one-shot” pulse generator. The
best application of, a: monogtable is to introduce a time delay in to a system. Applications comprise
many things,viz., fimers, missing pulse detection also included bounce free switches, touch switches
as wellas'frequéncy divider, capacitance measurement and pulse-width modulation (PWM) and many
more.

Bistable Mode: In the bistable mode, the IC 555 acts as a flip-flop as it has two stable states. It can be used
to store 1-bit of data. It is not a great choice for implementing a flip-flop.

Pin Configuration of 555 Timer: The 555 Timer is available in 8-pin Metal Can Package, 8-pin Mini Dual
in-line Package (DIP) and 14-pin DIP. The 14-pin DIP is IC 556 which consists of two 555 timers.
The pin out diagrams of 555 Timer in both the 8-pin packages is shown below. The names and
numbers of all the pins along with their descriptions are tabulated below.
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CIRCUIT DIAGRAM:
GND E E Vee
TRIGGER | 2 j DISCHARGE
555
outrut [ 3 Zl THRESHOLD
Reser [ 4 VOLTAGE N
.\fb
8 — Pin DIP ‘(’ (:;é“s
Pin '&’& ~:§>
/0 'S)
S. NO. NAME
1. GND 0O >
2. Trigger I ition of € -]
o \)
3. Output 0 % S
4 Reset nega; 1\;t &\%‘ et@l disable or
n@ th.o(}fe output pulse by
5. Contro\ll o t& ﬁ}he threshold and
s tﬁg er 1&%‘
ﬁ{:) C es Yg‘g voltage applied at the
6. Threshol Q;Q \O ‘tinal with a reference voltage of
J&Y .
> o{\\v .@&n cted to open collector of a transistor
7. Discharge'(?v ‘e} \ 4 which discharges a capacitor
N -\<> ” O between intervals.
N \4
8. pl 0. 6‘ Supply voltage
S

\\)
QQ \é\' &

@%
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Vee=+5to +15V

A

8

R=47K

555

TRIGGER \

S
PULSEIN  vji 3 <
111 2 ] ;ﬁ&o"
5 p

C1=0.01pF =|= C,=0.01pF

Fig. 2. Astable multi vibrator
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PROCEDURE:

Monostable Multivibrator:
1. Connect the circuit as shown in the circuit diagram Fig 1.
2. Apply Negative triggering pulses of frequency 1 KHz at pin 2.
3. Observe the output waveform at pin 3 and measure capacitor voltage across it at pin 6.
4. Theoretically calculate the pulse duration as T = 1.1R;C1.
5. Compare it with experimental values.
6. Plot the graph for the input and output waveforms.

Astable Multivibrator: ’b\
1. Connect the circuit as shown in the circuit diagram Fig 2. (’\
2. Observe the output waveform at pin 3 and measure capacitor voltage across it at p%%
3. Theoretically calculate the Time period as T = 0.69 RgC + 0.69 (Ra + Rg)C.
4. Compare it with experimental values. ,&
5. Plot the graph for the input and output waveforms. O

MODEL WAVE FORMS:

Triggering
Pulse

\ o\Q Triggering Pulse
\<> Fig. 3. Monostable multivibrator
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Capacitor

2/3 Ve |

RESULT: Designed and verified

using 555 Timer.
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EXPERIMENT NO. 13
AIM: To study Precision Rectifier Circuit using Op-amp.

APPARATUS REQUIRED: Dual power supply, CRO, function generator, bread board, op- amp,
diodes, and resistors.

THEORY: In a normal diode rectifier, the cut in voltage across the diode will reduce output-yoltage and
inaccuracy of rectification. If an ideal rectifier is needed in an application, a precision.rectifier, as
shown Fig. 1, may be used. In the circuit, when the input is greater than zero, D1 willi¢onduet'and D>
is OFF, so the output is zero because the other end of R» is connected to the virtual'groundjand there
is no current through Ro. When the input is less than zero, D, is ON, D; is QFF, and'the output is
similar to an inverting amplifier with gain = Ro/R;.

R,=10kQ
N

v

D,

P

+12V¢

\> >i v
s

-2V

Fig. 1.Circuit\Diagram of Precision Rectifier

The value of R; and R; are selected sosthat the éircuit has reasonable level of input impedance and the gain
is unity. Diode D1 and D ar¢'signal diodes:

PROCEDURE:

1. Set up the circuit'as shewn in‘Eig.1. Give a sine wave of £5V peak magnitude and 1 kHz frequency at
the input and‘ebserve'the input and output simultaneously on CRO.

2. Put the CRO'inte' XY mode and connect the input signal to X and the output signal to Y. Select a suitable
volt per divisiofvin both channels and observe the characteristics. The display should look similar to Fig
3.
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WAVEFORMS:

Vo

-Ro/R,

Fig. 2. Input and output waveforms
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EXPERIMENT NO. 14

AIM: To study D/A and A/D converter using Op-Amp

APPARATUS REQUIRED: Patch chord, Digital Multimeter, DAC Trainer kit, ADC Kit,

THEORY:
D/A Converter:

A D/A converter, also known as a digital-to-analog converter, transforms a digital cede*into
an analog signal. It takes a binary input and generates an analog output that représents the-original
digital information. There are two types D/A converter

a) weighted resistor D/A converter
b) D/A converter with ladder N/W.

a) Weighted Resistor D/A Converter:

In a weighted resistor D/A converter, the binarygweighted ‘currents «ate” sunimed ,using an operational
amplifier (op-amp). Each bit of the digitaldnput ishassociated with a specific z8sistor that determines
the weight of that bit. By combining these.weighted cusrents, the converter preduces an output voltage
proportional to the digital input valué. The weighted resistor D/A eonverter typically requires a wide
range of resistor values for better resolution:

b) D/A Converter with Ladder Network:

In a D/A converter with a ladder, network; the reference*voltage®is applied to one position of a switch, while
the other switch positions areyconneected o ground. The, ladder network consists of resistors with
values of R and 2R (R-2R ladder networkis commenly used). By selectively closing switches based
on the binary input, the ladder network‘generates an analog output voltage. This type of D/A converter
can be expanded by adding more ladder sections todncrease the number of bits.

A/D Converter:

An A/D converter, also known 2§ ‘an analog-to-digital converter, converts an analog signal into a digital
representation. It involves two miain stepsquantization and coding.

Quantization: Quantization‘isithe process ofidividing the continuous range of analog signal values into a set
of discrete levelsgThe input analogsignal is sampled and rounded to the nearest quantization level.
The resolutionof'the A/D converter determines the number of possible quantization levels.

Coding: After quantization,” the discrete levels are assigned digital codes. The digital output of the A/D
converter, represents the quantized levels and is typically in binary form. The number of bits in the
digital output'détermines the resolution of the A/D converter and the range of possible output values.
The quantutw (Q) represents the smallest step or increment in the digital output. It is calculated as the
full-scale range (FSR) divided by 2n, where n is the number of bits in the A/D converter.

Q =FSR/N = Full Scale Range/2n
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CIRCUIT DIAGRAM:

PROCEDURE: (D/A converter)

Functional verification of a weighted

Nk wbh =

A/D SIGNAL CONVER
1.

nbkhw

o

+5V
A

L GND3

Make the connection as shown in
Connect the power supply t
Connect the logic switche
Set the switches So — S3 t
Connect the Vref socket to

dj@cks " B5f the converter.
Connect a multimeter as a vo

O
& {:§\ N
@ut VO of the converter.
Switch the logic switches in blnaryép e( 8 ure & record the output voltage in correspondence
\)

of every Combination of the 1nj§)cod%

(z
\$\

Make the connectio

a) Connect the bl su; to the Vi of the converters.

b) Keep the Déva ter-clockwise position.

c) Place ount switch in reset position.

Connect pply to the board.

Connect a mu@% er in a DC voltage measurement mode, to the input Vi of the converter.

Set the Reset / Count switch to count position

Rotate the pot connected to +5V DC from initial position i.e. ; 0V in clockwise direction to max. voltage
ie. +5V.

Read and measure and record the output analog voltage display on.
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Vad
Analog [
Signal. —
input ADC | Binary
— output
I GND1
4__ GNB2
Fig. 2. A/D«Converter
OBSERVATION TABLE: [D/A Converter]
S.No. S3 S2 S1 S0 Vo(volts)
1. 0 0 0 0
2 0 0 0 1
3 0 0 1 0
4. 0 0 1 1
5 0 1 0 0
6 0 1 0 1
OBSERVATION TABLE:[A/D Converter]
S.No. Practical Yalues S3 S2 S1 S0
1. 0
2. 0.30
3. 0.45
4. 0.88
5. 1.14
6. 1.6
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2.6
3.0

3.5

4.0

10.
11.
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EXPERIMENT NO. 15

AIM: - To study square waveform, and triangular waveform generator using Op-Amp.

APPARATUS REQUIRED: D.C. supply, IC741, resister, multimeter and connecting wires.

THEORY:

Square wave oscillator: The basic square wave oscillator is based on the charging and dischafging of a
capacitor. Op-amps inverting input is the capacitor voltage and the non-inverting inputiis-a portien of
the output fed back through resistors R; and Ro. When the circuit is first turned ony the capacitor is
uncharged, and thus the inverting input is at 0V. This makes the output a positiye.maximuim, and the
capacitor begins to charge towards voltage at Vo through resistor R. Whenythe capacitor voltage
reaches a value equal to the feedback voltage (Vr) on the non-inverting input,sthe«op-amp switches to
the maximum negative state. At this point, the capa€itorbegins to discharge from +Vs towards —Vr.
When the capacitor voltage reaches —Vy, the opsamp switch€s back, to’the maximumpositive state.
This action repeats and a square wave outputyoltage is obtained.

Expression for period is

T = 2REIHEE where B = &2
1-8 R{+R;
If Ri = Ry, the equation for period reduces to T=2RCIn3
The frequency of oscillation, f=2RClln3

Triangular wave oscillator: Thisycircuit (Figh2) uses'‘two operational\amplifiers. Op-amp A; functions as a
comparator, and the op-amp A, as an integrator. €omparator compares the voltage at point ‘P’
continuously with respect to.the voltage atthe inverting input, which is at ground potential. When the
voltage at P goes slightly below zero,‘the output of Aj will switch to negative saturation. Suppose the
output of A is at positive sattration™ V' Sinceghis voltage is the input of the integrator, the output
of A, will be a negative going tamp, Thiis, one,end of the voltage divider Ri-Ry is at +Vs, and the
other at the negative going,ramp. Atiime t=t1,"when the negative going ramp attains a value of —Vramp
the effective voltage at point ‘P’.becomes slightly less than OV. This switches the output of Al from
positive saturation tosnegative‘saturation level —Vg,.. During the time when the output of Al is at —
Vs, the output of, As incréases in‘a’positive direction. At the instant t=t2, the voltage at point P
becomes just above 0V, thereby,switching the output of A from —Va to + V. The cycle repeats and
generates a triangularwaveform.

At t=t;

~Vramp +Vsat - R,
= e Veamp = — 2 (HVsar)

Similarly, at t=t;
R,
+Vramp =- R_ (_Vsat)
1

The peak-to-peak output of the triangular wave is



APPENDIX | 266

R,
Vowp) = +Vramp = (~Vramp) = ZR_l(Vsat)
During the period 0-t;, The integrator functions as below.
1 L Vear\ (T
VO(pp) = Efoz(_vsat)dt = (R_Ct) (E)f
Then
T=2RC (222)

sat

Substituting for Vo, &(’\
T_tRCR, <

Then, frequency of oscillation,

DESIGN AND CIRCUIT DIAGRAMS:

Design of square wave generator

Let the frequency of oscillation be 1kHz
Take f = 0.5 and R1 = R2 =10kQ

Frequency, f = Assume C

Then,

2RCIn3

Select standard value of 4.7kQ

Vsat

Vo ‘
'Vs at|

Fig. 1. Square wave generator and waveforms
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0.1pF Vsa
II Vo
C2 t t,
+12V +12V Vi
h |

|
Vol |5 | |
|

|
|
= 5y ramp =7 -
i = -2V \ I ' '
! | |
| |
|

Ri=4.7kQ
R, 21kQ

I
|
|
|
'Vramp_ - - T
|

Design of triangular wave generator

Let the frequency of oscillation be 1kHz
R R
We have f=m and Vo,,y = 2 R_i Vat

Since supply voltage is +12V, V,,, will be
Let Vo(ppy be SV, Assume R, = 1kQ
Then

Select standard value, R; = 4.
Assume C=0.1uF

<,

D 2
<
é=§§mé_‘§ﬁ7?mw = 11.7kQ)
Select standard value, R=12kf0<\ @0 O
oo
) AN

];{‘:

PROCEDURE: >

1. Set up the circu&; t@n g the.components.

2. Set up the square \x@e gene?a or as shown in Fig. 1, observe the output waveform, and note their
amplitud ﬁ@encies.

3. Setupthe ia%&h wave generator as shown in Fig. 2 and observe the variation in frequencies of output
waveform by varying the values of resistances Ry, R, and Rs.

4. Move the wiper of the potentiometer in both directions and observe the changes taking place in the

waveform.

RESULT: Circuits of square wave generator and triangular wave generator are designed, setup and

waveforms observed.
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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

Attainment of Programme Qutcomes
Course (1- Weak Correlation; 2- Medium correlation, 3- Strong Correlati

Outcomes | po- | PO- | PO- | PO- | PO- | PO- | PO- | PO- | PO- | PO-
1 2 3 4 5 6 7 8 9 10
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Co-5 N
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The data filled in the above table can be u; or ga analysmé\
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