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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 fundamental concepts 
of the subject in the simplest possible way. 
      During the process of preparation of the book, we have considered simple circuitry approach for 
solving various analog circuits. The books have the complex derivation of the analog 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 circuit. The chapter presents the 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 the exact equivalent model for the diode was avoided. 
While preparing the different sections emphasis has also been laid on making the analysis simple and 
accurate. Students will be able to solve any complex analog circuitry using diode based on the steps 
given in the chapter. The same is applicable to the other chapters of BJTs, MOSFETs and op-amps.  
Similarly, book also covers different applications of the electronic devices in various signal 
conditioning circuits. The chapters on the linear and non-linear applications of the op-amps cover 
complete design details and illustrations. The analysis given is using 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 medium 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, MOSFETs, op-amps etc. Using this book and knowledge 
of analog electronics students will be able to tackle 21st century and onward engineering challenges 
and address the related aroused questions. The subject 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 book will inspire the students to learn and discuss the ideas behind 
basic principles analog electronics and will surely contribute to the development of a solid foundation 
of the subject. We would be thankful to all beneficial comments and suggestions which will contribute 
to the improvement 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: 

PO1. Engineering knowledge: Apply the knowledge of mathematics, science, engineering 
fundamentals, and an engineering specialization to the solution of complex engineering 
problems. 

PO2. Problem analysis: Identify, formulate, review research literature, and analyze complex 
engineering problems reaching substantiated conclusions using first principles of 
mathematics, natural sciences, and engineering sciences. 

PO3. Design / development of solutions: Design solutions for complex engineering 
problems and design system components or processes that meet the specified needs 
with appropriate consideration for the public health and safety, and the cultural, 
societal, and environmental considerations. 

PO4. Conduct investigations of complex problems: Use research-based knowledge and 
research methods including design of experiments, analysis and interpretation of data, 
and synthesis of the information to provide valid conclusions. 

PO5. Modern tool usage: Create, select, and apply appropriate techniques, resources, and 
modern engineering and IT tools including prediction and modeling to complex 
engineering activities with an understanding of the limitations. 

PO6. The engineer and society: Apply reasoning informed by the contextual knowledge to 
assess societal, health, safety, legal and cultural issues and the consequent 
responsibilities relevant to the professional engineering practice. 

PO7. 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. 

PO8. Ethics: Apply ethical principles and commit to professional ethics and responsibilities 
and norms of the engineering practice. 
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PO9. Individual and team work: Function effectively as an individual, and as a member or 
leader in diverse teams, and in multidisciplinary settings. 

PO10. 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. 

PO11. Project management and finance: Demonstrate knowledge and understanding of the 
engineering and management principles and apply these to one’s own work, as a 
member and leader in a team, to manage projects and in multidisciplinary 
environments. 

PO12. Life-long learning: Recognize the need for, and have the preparation and ability to 
engage in independent and life-long learning in the broadest context of technological 
change. 
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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 attenuations 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 Mapping with Programme Outcomes 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

PO-1 PO-2 PO-3 PO-4 PO-5 PO-6 PO-7 PO-8 PO-9 PO-10 PO-11 PO-12 

CO-1 3 3 3 3 1 - - - - - - - 
CO-2 3 3 3 2 1 - - - - - - - 
CO-3 3 3 3 1 1 - - - - - - - 
CO-4 3 3 3 1 1 - - - - - - - 
CO-5 3 3 3 1 1 - - - - - - - 
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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 Transistor 

BJT Bipolar Junction Transistor Op-amp Operational Amplifier 

CMRR Common Mode Rejection Ratio  PSSR Power Supply Rejection Ratio 
 

 List of Symbols 
 

Symbols Description Symbols Description 

q Charge of an electron hoE
 Output admittance of the transistor in 

common emitter configuration 

αd Ideality factor the diode hiC
 Input impedance of the transistor in 

common collector configuration 

KB Boltzmann constant hrC
 Reverse voltage gain of the transistor 

in common collector configuration 

IO Reverse saturation current of diode hrC
 Reverse voltage gain of the transistor 

in common emitter configuration 

VT Thermal voltage drop of the diode hfC
 Forward current gain of the transistor 

in common emitter configuration 

α Current gain in common base 
configuration RI Input impedance of the amplifier 

β Current gain in common emitter 
configuration AV Voltage gain of the amplifier 

γ 
Current gain in common 
collectorconfiguration YO

 Output admittance of the amplifier 

hiB
 Input impedance of the transistor in 

common base configuration AI Current gain of the amplifier 

hrB
 Reverse voltage gain of the transistor 

in common base configuration gm Transconductance  

hfB
 Forward current gain of the transistor 

in common base configuration AOL Open loop gain of the op-amp 

hoB
 Output admittance of the transistor in 

common base configuration Rin
 Input resistance of the op-amp 

hiE
 Input impedance of the transistor in 

common emitter configuration Ro
 Output resistance of the op-amp  

hrE
 Reverse voltage gain of the transistor 

in common emitter configuration Ad Differential gain 

hfE
 Forward current gain of the transistor 

in common emitter configuration Ac commonmode gain 

 
  



(xi) 

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. 

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

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

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

 They should always encourage the students to develop their ultimate performance 
capabilities.   

 They should facilitate and encourage group work and team work to consolidate newer 
approach.   

 They should follow Blooms taxonomy in every part of the assessment. 
 

Bloom’s Taxonomy 
 

Level Teacher should 
Check 

Student should be 
able to 

Possible Mode of 
Assessment 

 Create  Students ability to 
create Design or Create Mini project 

 Evaluate  Students ability to 
justify Argue or Defend Assignment 

 Analyse  Students ability to 
distinguish 

Differentiate or 
Distinguish 

Project/Lab 
Methodology 

 Apply  Students ability to 
use information 

Operate or 
Demonstrate 

Technical Presentation/ 
Demonstration 

 Understand  Students ability to 
explain the ideas Explain or Classify Presentation/Seminar 

Remember Students ability to 
recall (or remember) Define or Recall Quiz 
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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. 
 Students should think critically and reasonably with proper reflection and action. 
 Learning of the students should be connected and integrated with practical and real life 

consequences. 
 Students should be well aware of their competency at every level of OBE. 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Introduction to PN junction diode;  
 Operation of an unbiased PN junction diode;  
 Operation of a biased PN junction diode;  
 I-V characteristics of PN junction diode;  
 I-V characteristics equation of a PN Junction diode;  
 Operating point calculation in PN Junction diode; 
 Application of the PN junction diodes; 
 Rectifier; 
 Zener diode; 
 Clipping circuit; 
 Clamping circuit; 

RATIONALE  

This fundamental unit on the PN junction diode helps students to get a primary idea about the operation 
of the PN junction diode under both unbiased and biased operating conditions. Once the operation of 
the PN junction diode is clear, then the I-V characteristics of the PN junction diode are discussed to 
understand the electrical behaviour of the PN junction diode. Then the I-V characteristic equation of 
the PN junction diode is explained to determine the relationship between the current and voltage in the 
PN junction diode. This characteristics equation is necessary to identify the behaviour of the various 
operating conditions. All these concepts are required for obtaining the operating point of the PN 
junction 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. 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. 
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PRE-REQUISITES  

Physics: Semiconductor (Class XII) 

UNIT OUTCOMES  

List of outcomes of this unit is as follows: 
U1-O1: Understand the basics of PN junction diode 
U1-O2:  Identify the I-V characteristics of the PN junction diode  
U1-O3:  Identify the operating point of the PN junction diode 
U1-O4: Realize the applications of the PN junction diode 
U1-O5:  Understand the basics of zener diode along with the I-V characteristics 
 

Unit-1 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U1-O1 3 3 - - 1 
U1-O2 3 3 - - 1 
U1-O3 3 3 - - 1 
U1-O4 3 3 - - 1 
U1-O5 3 3 - - 1 
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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. 
In P-type semiconductor material, the holes are the majority 
charge carriers whereas the electrons are the minority charge 
carriers. Similarly, in the N-type semiconductor material, the 
electrons are the majority charge carriers whereas the holes are 
the minority charge carriers. Fig. 1.1.1 shows the PN junction 
diode. The PN junction diode generally has two terminals: anode 
and cathode. The anode is always connected with a metallic 
contact on the P-type semiconductor material while the cathode 
terminal is always connected with a metallic contact on the N-
type semiconductor material. Here, the anode is denoted by the 
term A and the cathode is denoted by the term K. Fig. 1.1.2 shows 
the symbol of the PN junction diode. As the diode is one of the 
fundamental elements that is used in a large number of electronic 
circuits, it is always essential to study the operation of the diodes. 
 

 

P-type 
Semiconductor 

N-type 
Semiconductor 

Anode Cathode

Holes Electrons

 
Fig. 1.1.1 PN junction diode. 

 

 

Cathode
(K)

Anode
(A)  

Fig. 1.1.2 Symbol of PN junction 
diode. 

 

1.2 Operation of an Unbiased PN Junction Diode 

A PN junction diode without any biasing or a battery is called a PN junction diode under equilibrium. In 
an unbiased PN junction diode, due to the 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 transfer from the P-type 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 semiconductor will transfer from the N-type semiconductor (higher concentration side) to the P-
type semiconductor (lower concentration side).  Fig. 1.2.1 shows the process of diffusion in the PN junction 
diode. 

The holes that are 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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P-type 
Semiconductor 

N-type 
Semiconductor KA

ElectronsHoles

 

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 depletion region 
will stop at a point beyond which there is no diffusion of holes and electrons. Therefore, this depletion region 
will act as a barrier for the crossing of electrons and holes in the equilibrium condition. Fig. 1.2.2 shows the 
operation of an unbiased PN junction diode. If the P-type and N-type semiconductors have the same charge 
concentration, then the width of the depletion layer will be equal in both P-type and N-type semiconductors. 
If the charge concentration of the P-type semiconductor is more compared to the N-type semiconductor, 
then the width of the depletion layer is more in the N-type semiconductor compared to the P-type 
semiconductor.  

P-type N-type KA

Depletion Layer

+-

Direction of junction 
electric field (E)

Electrons Holes

 

Fig. 1.2.2 Operation of unbiased PN junction diode. 

Due to the presence of 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 of barrier potential. The barrier potential is approximately 0.7 V for Si made PN junction 
diode and 0.3 V 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. 
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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.  

 

P-type N-type KA

Depletion Layer
Electrons Holes

+ -
Vs

Current limiting 
resistor 

R
P-type N-type KA

Depletion Layer
Electrons Holes

- +
Vs

Current limiting 
resistor 

R

(a) Forward biased condition (b) Reverse biased condition
 

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 ID will be zero. Whenever 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 supply. 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 enters the N-type semiconductor and move towards the negative of 
the voltage source or battery. Similarly, the electrons from the N-type semiconductor cross the junction and 
enters the P-type semiconductor and move towards the positive of the voltage source or battery. This results 
in flow of diode current ID. The direction of this conventional positive current is always in the direction of 
positive charges (holes). Therefore, the direction of forward current ID 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 the forward-biased condition. 

 

1.3.2 Operation of PN Junction Diode in the Reverse-Biased Condition 

In the reverse-biased condition of the PN junction diode, the holes in the P-type semiconductor are 
attracted toward the positive terminal of the power supply. Similarly, the electrons in the N-type 
semiconductor are attracted toward the negative terminal of the power supply. This results in an increase in 
the width of the depletion region. The polarity of the applied voltage and the barrier potential voltage is the 
same so that the effective barrier potential voltage increases. This increase in effective barrier potential 
voltage restricts the transfer of holes from P-type semiconductor to N-type semiconductor and the electrons 
from N-type semiconductor to P-type semiconductor. The minority charge carriers in both P-type and N-
type semiconductors will cross the junction due to the applied voltage.  These minority charge carriers will  

P-type N-type KA

Wide 
depletion layer

- +
Vs

Current limiting 
resistor 

R

Direction of reverse current

ElectronsHoles

 

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

constitute the anode current ID. As this current is due to the minority charge carriers, the magnitude of anode 
ID 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 I-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 VD, ID and RD denotes the voltage 
across the diode, the current flowing through the diode and the internal resistance of the diode. The forward-
biased ideal PN junction diode acts as a closed switch so that the magnitude of VD and RD are zero and the 
current ID flowing through the diode is infinite. Similarly, the reverse-biased ideal PN junction diode acts as 
an open switch so that the magnitude of VD and RD are zero and the current ID flowing through the diode is 
infinite. The I-V characteristic of the ideal diode is shown in Fig. 1.4.2. Since for the reverse-biased ideal 
PN junction diode, the voltage applied is negative, the I-V characteristics will be in observed in the second 
quadrant. 
 

Cathode
(K)

Anode
(A) VD = 0

RD = 0
ID = ∞ 

Closed switch

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

Cathode
(K)

Anode
(A) VD = ∞

RD = ∞
ID = 0 

Open switch

 

Fig. 1.4.1 Operation of the ideal PN junction diode in the forward and reverse biased conditions. 

VD

ID

-VD

-ID
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Quadrant
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Quadrant
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Quadrant

Fourth 
Quadrant

 
Fig. 1.4.2 I-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 VD is increasing up to the knee voltage or cut in voltage, the current ID 
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 ID will flow 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 ID flowing through the 
diode is negative, the I-V characteristics of the practical PN junction diode will exist in the third quadrant. 
During the reverse-biased condition of the practical PN junction diode, as the applied voltage increases, the 
current ID will increase initially and remains constant to the value IO after a certain voltage. This current IO 
is called reverse saturation current. If the applied voltage increases further, then the avalanche breakdown 
will happen, leading to the puncture of the depletion junction and the large reverse current will be flowing 
through the diode. The large applied voltage and large reverse current will deliver a large 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 happens is generally referred as the breakdown 
voltage.   

VD

ID

-VD

-ID

First 
Quadrant

Second 
Quadrant

Third 
Quadrant

Fourth 
Quadrant

Knee 
Voltage

Breakdown 
Voltage

 

Fig. 1.4.3 I-V characteristics of the practical PN junction diode. 
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1.5 I-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: 

                                                         1
 
   
 
 

D

d B

qV
K T

D OI I e                                                            (1.5.1) 

where ID is the PN junction diode current; VD is the voltage drop across the PN junction diode; q is the 
electronic charge having a value of value 1.6×10-19 Coulombs; αd is the ideality factor having a value 
between 1 and 2; KB is the Boltzmann constant having a value 1.3×10-23m2kgs-2K-1;  T is the temperature in 
Kelvin and IO is the reverse saturation current. 
Further, the value  

                                                                      T
KTV
q

                                                                               (1.5.2) 

where VT , is the thermal voltage drop. And its value increases with the increase of the temperature. Thus, 
the Shockley equation can be re-written as, 

                                                           1
 
    
 

D

T

V
V

D OI I e                                                                       (1.5.3) 

In forward-biased condition, the exponential term will be much higher than 1. Thus, the voltage drop can be 
approximated as, 

                                                                        ஽ܸ = ln ூ೏
ூ೚
−∝ ்ܸ                                                                          (1.5.4) 

Thus, as temperature increases, the thermal voltage drop VT   increases, which decreases the PN junction 
diode voltage drop for the same value of the diode current or diode has a negative temperature coefficient. 
As the temperature increases, typically, the PN junction diode voltage drop decreases. Another critical thing 
to be noted is PN junction diode starts conducting when the voltage across the diode is higher than the 
thermal voltage drop VT. The same can be concluded from the Shockley equation where the PN junction 
diode current ID will rise exponentially when 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 thermal voltage drop VT. This current would increase exponentially if the applied 
forward-biased voltage becomes more than thermal voltage drop VT. 

Similarly, the PN junction diode voltage VD 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 allowed.  

Example 1: Calculate the thermal voltage drop on the diode which is operating at temperatures 30o C, 50o 

C and 70o C. Comment on the voltage drop across the diode for the current of ID =2 A and Io= 
20u A. Assume an ideality factor of 1.1. 

Solution: Temperature in Kelvin; For 30oC, the thermal voltage can be computed using: 

்ܸ =
ܶܭ
ݍ  

     

23

@30 19

23

@50 19

23

@30 19

1.3 10 323 0.026 
1.6 10

1.3 10 323 0.028 
1.6 10

1.3 10 343 0.029 
1.6 10


















 




 










T

T

T

V V

V V

V V

 

Voltage drop for the diode is given by, 

                                  

   

@30 6

ln

2ln 1.1(.026)
20 10

         13.81 1.1(.026)
          =13.789 V



  

 


 

d
D T

o

D

I
V V

I

V   

                                  
@50 6

2ln 1.1(.028)
20 10

         13.81 1.1(.028)
          =13.779 V


 


 

DV

  

                                           
@70 6

2ln 1.1(.029)
20 10

         13.81 1.1(.029)
          =13.778 V


 


 

DV
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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 I-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 µA or still lesser) flowing through it. Below gives a simple example 
of the PN junction diode circuit with a series resistive load and input source of Vin.  

Vin

VD

VR

ID

a b

c d  

Fig. 1.6.1 PN junction diode circuit with a series resistive load and input source of Vin. 

As the input voltage Vin is greater than PN junction diode threshold voltage, the PN junction diode being 
forward-biased leading to voltage drop of VD for current ID through it. From Shockley equation as given 
below: 

݁)௢ܫ ஽ ୀܫ                                                          
೜ೇ೏
ഀ಼೅ − 1)                                                                   (1.6.1) 

As there are two variables VD and ID, so another equation is required. Applying KVL in loop abcd we have, 

                                                                       

0  

 
 




in D D

in D D

D in D

in D
D

V V I R
V V I R
V V I R

V V
I

R

                                                                        (1.6.2) 

Substituting ID we have, 

                                       1
 

   
 

dqV
in D KT

o
V V I e

R
                                                             (1.6.3) 
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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  

                                                            D in DV V I R                                                                        (1.6.4) 
The above equation is linear with VD and ID as variables. Substituting VD=0 gives the interaction of the load 
line in the current (I) axis, 

                                             0
 

 



in D D

in D

in
D

V V I R
V I R

V
I

R

                                                              (1.6.5) 

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

                                                             0
 

 



in D D

in D

in D

V V I R
V V R
V V

                                                                              (1.6.6) 

Using graph paper and drawing the load line and I-V characteristics of the PN junction diode to obtain the 
operating point of the PN junction diode. The point of the intersection of the load line and the I-V 
characteristics of the PN junction diode represent the operating point of the PN junction diode.  

V-I characteristics

Load line

Vin

Vin / R

Operating point

VD

ID

Slope=-1/R

   

Fig. 1.6.2 Load line and I-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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Piece-wise I-V 
characteristics

VD

ID

Vfix
 

Fig. 1.6.1.1 Piecewise linearization of the PN junction diode characteristics. 

the other is resistive drop. The PN junction diode I-V characteristic can be divided into two regions: (i) 
horizontal line representing threshold voltage or fixed voltage drop in the PN junction diode characteristics, 
and (ii) the other is inclined straight line representing a resistive drop in the PN junction diode characteristics. 
The partition of I-V characteristics of the PN junction diode into two parts is also termed as piecewise 
linearization of the PN junction diode characteristics. With the given simplification the computation of the 
diode operating point becomes simple linear equation without any non-linear exponential term. Thus, it 
simplifies the computation involved for solving the circuits having diode. Thus, the electrical equivalent 
circuit model of the PN junction diode can be represented as a fixed voltage drop ‘Vfix’ with a series 
resistance ‘Rs’ during the forward-biased condition as shown in Fig. 1.6.1.2. Thus, the voltage drop across 
the PN junction diode can be represented as, 

VD

Vfix

Rs

ID

A K

VD

ID

 

Fig. 1.6.1.2 Electrical equivalent circuit model of the PN junction diode. 

Thus, voltage drop across the PN junction diode can be represented as, 

                                               D fix D sV V I R                                                           (1.6.1.1) 
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Now substituting above equation in  

                                                             
0

0
  
   






in D D

in fix D s D

in fix
D

s

V V I R
V V I R I R

V V
I

R R

                                          (1.6.1.2) 

Once ID is computed, VD 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 forward-biased 
condition can be easily computed using piecewise linearization. The accuracy of the solution depends on 
the preciseness in the value of fixed voltage drop Vfix and series resistance Rs. The value of Vfix and series 
resistance Rs can be derived using the I-V characteristics of the PN junction diode at the given temperature. 
Thus, series resistance Rs needs to be evaluated based on the operating point of the PN junction diode.  The 
operating point can be fixed or vary with time. For a fixed operating point, the PN junction diode resistance 
can be simply computed using the ratio of the PN junction diode drop by the current flowing through it. The 
measured resistance is also termed static resistance Rstatic and is given by, 

                                                                            ܴ௦௧௔௧௜௖ = ௏೏
ூ೏

                                                                         (1.6.1.3) 

If the operating point varies with time, then the resistance of the PN junction diode can be measured by 
computing the ratio of the change in the operating voltage to the change in the operating current. Fig. 1.6.1.3 
shows the operating characteristics of the PN junction diode with a time-varying voltage source. The 
measured resistance is also termed as dynamic or ac resistance in such case is given by, 

                                                                          ܴௗ௬௡௔௠௜௖ = ୼௏೏
୼ூ೏

                                                                     (1.6.1.4)          

ID

ΔV

ΔI

Vfix

Rdynamic =(ΔV)/(ΔI)

 

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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                                                                   ܴௗ௬௡௔௠௜௖ = ଵ
೏಺೏
೏ೇ೏

                                                                           (1.6.1.5) 

                                                                            ௗூ೏
ௗ௏೏

= ௗ(ூ೚(௘
ೇ೏
ഀೇ೅ିଵ)

ௗ௏೏
                                                                (1.6.1.6) 

                                                                   ௗூ೏
ௗ௏೏

= ݁)௢ܫ
ೇ೏
ഀೇ೅) ଵ

ఈ௏೅
                                                               (1.6.1.7) 

                                                                           ௗூ೏
ௗ௏೏

= (ூ೚ାூ೏)
ఈ௏೅

= ூ೏
ఈ௏೅

                                                               (1.6.1.8) 

                                                                      ܴௗ௬௡௔௠௜௖ = ఈ௏೅
ூ೏

                                                                   (1.6.1.9) 

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

                                                                                 ܴௗ௬௡௔௠௜௖ = ଴.ଶ଺
ூ೏

                                                                        (1.6.1.10) 

1.7 Application of the PN Junction Diodes 

The PN junction diodes mainly find their application in: 
1. Rectifiers 
2. Voltage multipliers 
3. Clipper and clampers 

 

1.8 Rectifier 

The voltage rectifier is another important application of the diode where the AC input voltage is 
converted into a DC voltage. The PN junction 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 diode will be in the 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 load is connected at the output of the PN junction diode, then the voltage across the load 
will be only a positive half cycle of the AC voltage. During the negative half cycle of the AC signal, the PN 
junction diode will act as an open switch and zero voltage will be applied across the load. Fig. 1.8.1 shows 
the operation of the PN junction diode for an AC input signal. The output voltage will appear across the load 
during the positive 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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KA

LoadAC
Signal

KA

Load
Closed switch

KA

Load
Open switch

(a) For positive half cycle of AC signal (b) For negative half cycle of AC signal
 

Fig. 1.8.1 Operation of the PN junction diode for an AC input signal. 

 

1.8.1 Half Wave Rectifier 

Half wave rectifiers, as the name indicates, allow only one-half cycle (say positive 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 connected to a resistive load RL. The AC input signal is applied to the 
primary winding of the step-down transformer having a turns ratio of N1:N2. If VPP is the peak value of the 
primary voltage of the step-down transformer having turns ratio of N1:N2 then the peak value of the 
secondary voltage VPS of the transformer is given by:                                                 

KA

AC
Signal RL

Step-down transformer 
having turns ratio N1:N2  

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

 

                                                                                 2

1
 PP

PS
V N

V
N

                                                            (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 RL. 
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 RL and a load current IL will flow 
through the resistive load RL. 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 
RL. 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 RL. During the negative half 
cycle of the AC input voltage, the output voltage VO will across the load resistance RL is zero since the PN 
junction diode is reverse biased. 

KA

RL

Step-down transformer 
having turns ratio N1:N2

Postive half cycle 
of the AC

Signal Closed switch IL

VO

+

-

VO

(a) For positive half cycle of AC signal
 

KA

RL

Step-down transformer 
having turns ratio N1:N2

Negative half 
cycle of the AC

Signal Open switch IL=0+

-

VO

VO

(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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Fig. 1.8.1.3 Waveforms of a half wave rectifier connected to a resistive load RL. 

From the waveforms of half wave rectifier, the average value of output voltage VO,avg for the resistive load 
can be computed as, 

                                                                  ௢ܸ,௔௩௚ = ଵ
ଶగ
∫ ௉ܸௌ sin(߱ݐ) గݐ݀
଴                                                       (1.8.1.2) 

                                                                                         ௢ܸ,௔௩௚ = ௏ುೄ
గ

                                                                       (1.8.1.3) 

From the waveforms of half wave rectifier, the RMS value of output voltage VO, RMS for the resistive load 
can be computed as, 

                                                                 2,
0

1 sin
2

 o RMS PSV V t d t


 


                                                  (1.8.1.4) 

                                                                              , 2
 PS

o RMS
V

V                                                                     (1.8.1.5)           

The DC output power PDC of half wave rectifier can be computed as, 
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2 2
,

, , 2  O avg PS
DC O avg L avg

L L

V V
P V I

R R
                                                (1.8.1.6) 

The AC input power PAC of half wave rectifier can be computed as 

                                                                      
2 2
,

4
 O RMS PS

AC
L L

V V
P

R R
                                                                 (1.8.1.7) 

The efficiency %ηeff of the half wave rectifier can be computed as 

                                                                2
4% 100 40.6%   DC

eff
AC

P
P




                                                 (1.8.1.8) 

Example 2: A single-phase AC supply having a voltage and frequency of 220 V, 50 Hz is connected to a 
half wave rectifier using the stepdown transformer having the turns ratio of 5:1. The value of 
load resistance is 1K Ω. Calculate the average value of the output voltage, RMS value of output 
voltage, DC output power and AC input power for half wave rectifier. 

Solution:  The magnitude of voltage across the primary winding of transformer VPP= 220 V. 

The magnitude of voltage across the secondary winding of transformer VPS= 220×(1/5) = 44 V. 

The average value of output voltage  ௢ܸ,௔௩௚ = ௏ುೄ
గ

 = 44/3.14 = 14 V 

The RMS value of output voltage ,
44 22

2 2
  PS

o RMS
V

V  V  

The DC output power PDC of half wave rectifier=
2 2

2 2
44 0.196

3.14 1000
  


PS

L

V
 W

R
 

The AC input power PAC of half wave rectifier = 
2 244 0.48

4 4 1000
 


PS

L

V
 W

R
 

1.8.2 Full Wave Rectifier 

Full wave rectifiers as the name indicate allow both cycles (positive and negative cycles) of the AC input 
voltage to give the output voltage. Fig. 1.8.2.1 shows the circuit diagram of a full wave rectifier connected 
to a resistive load RL. 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 D1. The other end 
of a centre tapped step down transformer is connected to the anode of PN junction diode D2. The cathode 
terminal of PN junction diodes D1 and D2 are connected to one end of load resistance RL. The other end of 
the load resistance RL is connected centre terminal of the centre tapped step down transformer. 
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Fig. 1.8.2.1 Circuit diagram of a full wave rectifier connected to a resistive load RL. 

Fig. 1.8.2.2 shows the operation of a full wave rectifier connected to a resistive load RL during the positive 
and negative half cycles of the AC input voltage During the positive half cycle of AC input voltage, the PN 
junction diode D1 is forward-biased so that it acts as a closed switch. As a result, the positive half cycle of 
AC input voltage is applied across the load resistance RL. Due to this, a current IL flows through the load 
resistance RL and a voltage VL will appear across the load resistance RL. During the positive half cycle of 
AC input voltage, the PN junction diode D2 is 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 diode D2 is forward-biased so 
that it acts as a closed switch.  

KA

RL

Step-down transformer 
having turns ratio N1:N2

Postive half cycle 
of the AC

Signal Closed switch IL

VO

+

-

VO

(a) For positive half cycle of AC signal
 

KA

RL

Step-down transformer 
having turns ratio N1:N2

Negative half 
cycle of the AC

Signal Open switch IL=0+

-

VO

VO

(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 RL in the 
reverse direction so that a positive voltage will appear across the load resistance RL. Due to this, a current IL 
flows through the load resistance RL and a voltage VL will appear across the load resistance RL. During the 
negative half cycle of AC input voltage, the PN junction diode D1 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 RL. 

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 
D1 is forward biased and the output voltage VO will across the load resistance RL. During the negative half 
cycle of the AC input voltage, the PN junction diode D2 is forward biased and the positive output voltage 
VO will across the load resistance RL. 

VPS

IO

VO

VD

Voltage across 
secondary 

winding of step 
down transformer

Current flowing 
through the load 

resistance RL

Voltage across 
the load 

resistance RL

Voltage across 
the diode D1

ωt

ωt

ωt

ωt

VDVoltage across 
the diode D2 ωt

 
Fig. 1.8.2.3 Waveforms of a full wave rectifier connected to a resistive load RL. 

From the waveforms of full wave rectifier, the average value of output voltage VO,avg for the resistive load 
can be computed as, 

                                                                                 ௢ܸ,௔௩௚ = ଵ
గ
∫ ௉ܸௌ sin(߱ݐ) గݐ݀
଴                                                     (1.8.2.1) 

                                                                                  ௢ܸ,௔௩௚ = ଶ௏ುೄ
గ

                                                                (1.8.2.2) 
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From the waveforms of full wave rectifier, the RMS value of output voltage VO, RMS for the resistive load 
can be computed as, 

                                                          2,
0

1 sin o RMS PSV V t d t


 


                                                        (1.8.2.3)  

                                                                       , 2
 PS

o RMS
V

V                                                                          (1.8.2.4) 

The DC output power PDC of full wave rectifier can be computed as, 

                                                       
2 2
,

, , 2
4

  O avg PS
DC O avg L avg

L L

V V
P V I

R R
                                                   (1.8.2.5) 

The AC input power PAC of full wave rectifier can be computed as 

                                                                
2 2
,

2
 O RMS PS

AC
L L

V V
P

R R
                                                                   (1.8.2.6) 

The efficiency %ηeff of the full wave rectifier can be computed as 

                                                        2
8% 100 81.2%   DC

eff
AC

P
P




                                                            (1.8.2.7) 

Example 3: A full wave rectifier is fed from a centre-tapped step-down transformer. The peak value of 
voltage at the secondary winding of the transformer is 30 V. The load resistance is 1K Ω. 
Calculate the average value of the output voltage, RMS value of output voltage, DC output 
power and AC input power for full wave rectifier. 

Solution:  The magnitude of voltage across the secondary winding of transformer VPS= 30 V. 

The average value of output voltage  ௢ܸ,௔௩௚ = ଶ௏ುೄ
గ

 = 2×30/3.14 = 19.10 V 

The RMS value of output voltage ,
30 21.21

2 2
  PS

o RMS
V

V  V  

The DC output power PDC of half wave rectifier=
2 2

2 2
4 4 30 0.36

3.14 1000


 


PS

L

V
 W

R
 

The AC input power PAC of half wave rectifier = 
2 230 0.45

2 2 1000
 


PS

L

V
 W

R
 

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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(i) Requirement of centre tapped transformer  
(ii) 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 RL.  

RL

AC
Signal

 
Fig. 1.8.2.4 Circuit diagram of a full wave bridge rectifier connected to a resistive load RL. 
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Open 
switch

Closed 
switch

Closed 
switch

Closed 
switch

Closed 
switch

Open 
switch

Open 
switch

(a) For positive half cycle of 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 RL 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 RL. 
During the positive half cycle of AC input voltage, the PN junction diodes D1 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 RL. Due to this, a current IL flows through the load resistance RL and a voltage VL will appear 
across the load resistance RL. During the positive half cycle of AC input voltage, the PN junction diodes D2 
and D4 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 D2 and D4 are forward-biased so that it acts as a closed 
switch. As a result, the negative half cycle of AC input voltage is applied across the load resistance RL in 
the reverse direction so that a positive voltage will appear across the load resistance RL. Due to this, a current 
IL flows through the load resistance RL and a voltage VL will appear across the load resistance RL. During 
the negative half cycle of AC input voltage, the PN junction diodes D1 and D3 are reverse-biased so that it 
acts as an open switch and will not conduct. The expressions for the average value of output voltage, RMS 
value of output voltage, DC output power, AC input power and efficiency will be the same as that of the full 
wave rectifier. As the full wave bridge rectifier uses four diodes, the total voltage drop will be double the 
full wave rectifier. 

1.9 Zener Diode 

A special type of diode that is typically operated in reverse biased zener break down region. Such diodes 
are typically used for voltage protection and are connected in parallel to the load. The symbol for zener 
diode is given in Fig. 1.9.1. It is the same as the diode except for letter z instead of the horizontal line in the 
cathode of the diode. The voltage regulation capability of the zener diode typically 

Cathode
(K)

Anode
(A)

 

Fig. 1.9.1 Symbol of zener diode. 

depends on the doping level of the p-n junction diode. So, for manufacturing zener diode doping of the p-n 
junction needs to be done in an accurate and controlled manner. These are heavily doped diodes which result 
two breakdown regions during 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 region leading to the tunnelling out of electrons from the valance band. This results in the 
flow of current in the reverse biased condition 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 reverse biased condition that diodes maintain the voltage across with the flow of high current. 
The given property is utilized 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 I-V characteristics of the zener diode. 

It can be noted from the I-V characteristics that in reverse biased condition zener diode enters into break 
down region when the current through it is higher than Izmin. Further, Izop  in I-V characteristics represents 
the recommended or typical current through zener diode during operation in the zener break down region. 
And the last Izmax in I-V characteristics represents the maximum value of current through zener diode which 
it can withstand during operation in the zener break down region. For the design of the zener diode with 
voltage protection, it should be noted that current through the zener diode should be maintained around Iz_op. 
Further, the zener diode is connected in parallel with the load across which voltage should not exceed zener 
break down voltage value. Further, circuit zener current limiter resistor Rz which limits the current through 
the zener diode below Izmax.The circuit using zener diode for voltage protection can have the following cases: 

(i) Input voltage and load resistance at output is fixed. 
(ii) Input voltage has variation with load resistance at output is fixed. 
(iii) Input voltage is fixed while the load resistance varies. 

Typically, the zener circuit has the series resistance which needs to be designed to maintain the zener 
diode to operate near the zener break down region. The circuit schematic for the typical zener diode used 
for voltage protection is given in Fig. 1.9.3. The given circuit consists of input voltage source vin(t), current 
limiter resistor Rz, zener diode and output load resistance RL.  
 
Case I: Take a case when input voltage source VIN and output load resistance RL 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 Rz. For the minimum value of current limiter resistor Rz_min , 
the current through the zener diode should not exceed Izmax. Assuming the zener diode 
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Fig. 1.9.3 Circuit schematic for the typical zener diode used for voltage protection. 

maintains the zener break down voltage of Vz across it, the current through load resistance is given by, 

                                                            z
L
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V
I

R
                                                                                       (1.9.1)       

Therefore, input current Iin is given by, 
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                                                          (1.9.2) 

Similarly, for the maximum value of current limiter resistor Rz_max , the current through the zener diode 
should not be less than exceed Izmin.  Assuming the zener diode maintains the zener break down voltage of 
Vz across it, the current through load resistance is given by, 

                                                z
L

L

V
I

R
                                                                      (1.9.3) 

Therefore, input current Iin is given by, 
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                                                        (1.9.4) 
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Thus, the value of the current limiter resistor Rz should lie between Rz_min and Rz_max  to operate zener diode 
in zener breakdown region. For zener diode to operate in typical operating value of current limiter resistor 
Rz is given by, 

                                                            _






in z
z op

z
zop

L

V V
R

V
I

R

                                                           (1.9.5) 

Now when the current limiter resistor Rz 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 RL should be greater than or equal to zener break down 
voltage Vz. Using the voltage divider rule, the output voltage across the load resistor is given by, 

                                                                       

in

o
L z

V
V

R R
                                                                (1.9.6) 

For the zener diode operating in zener breakdown region the output voltage should be Vo≥VZ  

                                                                         

in

o
L z

V
V Vz

R R
                                                                       (1.9.7) 

Case II: Take a case when input voltage source Vin is variable and output load resistance RL is fixed as 
shown in Fig. 1.9.4.  It is required to operate zener diode near zener breakdown region.  

+

-
Vin RL

ILIZ

VZ

RZIin

 

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

Let input varies between Vin_min and Vin_max. For fixed RL, it is required to obtain the minimum, maximum 
and typical value of current limiter resistor Rz. For the zener diode operating zener break down region, the 
voltage across the load resistor RL should be greater than or equal to zener break down voltage Vz. Using 
the voltage divider rule, the output voltage across the load resistor is given by, 

_ min 


in
o

L z

V
V Vz

R R
     (1.9.8) 

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

For the minimum value of the current limiter resistor Rz_min , the current through the zener diode should not 
exceed Izmax. Assuming the zener diode maintains the zener break down voltage of Vz across it, the current 
through load resistance is given by, 
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Therefore, input current Iin with Vin_max is given by, 
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                                                               (1.9.10) 

The designed value of the current limiter resistor Rz should not be less than Rz_min computed above.  
Similarly, for a maximum value of current limiter resistor Rz_max, the current through the zener diode should 
not be less than exceed Izmin.  Assuming the zener diode maintains the zener break down voltage of Vz across 
it, the current through load resistance is given by, 

                                                          z
L

L

V
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R
                                                                       (1.9.11) 

Therefore input current Iin with a minimum value of the input voltage Vin_min  is given by, 
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                                                             (1.9.12) 

Thus, the value of the current limiter resistor Rz should lie between Rz_min  and Rz_max  to operate the zener 
diode in zener breakdown region. For zener diode to operate in typical operating value of current limiter 
resistor Rz is given by, 
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                                                                  (1.9.13) 

Case III: Take a case when input voltage source Vin is fixed and output load resistance RL 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 RL varies between RL_min and RL_max. For input voltage source Vin, it is required to obtain the 
minimum, maximum and typical value of current limiter resistor Rz.  
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Fig. 1.9.5 Circuit schematic for the typical zener diode used for voltage protection with variable load resistance. 

For the zener diode operating zener break down region, the voltage across the load resistor RL should be 
greater than or equal to the zener break down voltage Vz. Using the voltage divider rule, the output voltage 
across the load resistor is given by, 
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                                                          (1.9.14) 

Assuming the above condition is satisfied then the minimum, maximum and typical value of current limiter 
resistor Rz taking into account input voltage variation. For the minimum value of current limiter resistor 
Rz_min , the current through the zener diode should not exceed Izmax. Assuming the zener diode maintains the 
zener break down voltage of Vz across it, the current through load resistance is given by, 
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Therefore, input current Iin with RL_min is given by, 
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The designed value of the current limiter resistor Rz should not be less than Rz_min computed above. Similarly, 
for the maximum value of current limiter resistor Rz_max, the current through the zener diode should not be 
less than exceed Izmin.  Assuming the zener diode maintains the zener break down voltage of Vz across it, the 
current through load resistance is given by, 
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                                                                     (1.9.17) 

Therefore input current Iin with a minimum value of the input voltage Vin_min  is given by, 
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                                                     (1.9.18) 

Thus, the value of the current limiter resistor Rz should lie between Rz_min  and Rz_max  to operate the zener 
diode in zener breakdown region. For zener diode to operate in typical operating value of current limiter 
resistor Rz is given by, 
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                                                            (1.9.19) 

 
1.10 Clipping Circuit 

One of the important applications of the PN junction diode is the clipping or clipper circuit. Clipper 
circuit as its name implies clips or chops the portion of the signal waveform without changing the other 
portion. Basically, there are two types of clipper circuit-series and parallel type clipper circuits. The term 
series and parallel comes from the position of the PN junction diode with respect to the load. When the PN 
junction diode is in series with the load, then the given clipper circuit 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 clipper circuit. DC 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 clips the portion of the input signal waveform as follows: 
(i) First obtain the Thevenin equivalent circuit across two terminals of the PN junction diode. In other 

words, remove the PN junction diode or open the terminals in the circuit across the PN junction diode. 
(ii) Then find the Thevenin voltage across the PN junction diode assuming the anode and cathode terminal 

of the diode as positive and negative respectively.  
(iii) As the input signal waveform varies with time, derive the condition for the Thevenin voltage greater 

than and less than zero. 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) For the 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 Kirchoff’s voltage or current law.  



31 | Analog Electronic Circuits: Theory and Practical 

 

 

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 D1, voltage source Vdc and a load resistance RL. The voltage across the load 
resistance is VO and the current flowing through the diode D1 is ID.   

D1

Vo

ID

Vin(t)

Vdc

RL

a b c d

f e
 

Fig. 1.10.1.1 Circuit of a series type clipper. 

(i) For the analyzing the above circuit, the steps discussed previously must be used.  Define the Thevenin 
circuit by removing diode in the given clipper circuit as shown in Fig. 1.10.1.2. 

D1

Vo

ID

Vin(t)

Vdc

RL

a b c d

f e
 

Fig. 1.10.1.2 Circuit of a series type clipper by replacing the PN junction diode by open circuit (Step-I). 

 

(ii) Carry out second step by applying Thevenin theorem across terminal ‘b’ and ‘c’ as shown in Fig. 
1.10.1.3. Applying KVL in the loop abcdef we have, 

  0   in dc th OV V V V                                                            (1.10.1.1) 
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Fig. 1.10.1.3 Circuit of a series type clipper by applying Thevenin voltage across the PN junction diode (Step-II).                     

                                                          
(iii) Assuming voltage across resistor RL to be zero (step-III) as the current through it is zero so that VO is 

zero. Thus, terminal ‘d’ and ‘e’ are having same potential one can compute the biasing condition for 
the PN junction diode. 

                                                 0  in dc thV V V                                                               (1.10.1.2) 

(iv) For PN junction diode to operate in forward-biased condition Vth should be greater than zero.  
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                                                            (1.10.1.3) 

Thus, the PN junction diode will be in a forward-biased condition when above condition is satisfied. Thus, 
assuming the given condition is satisfied and PN junction diode is in forward-biased condition the clipper 
circuit becomes, 

             

D1

Vo=Vin-Vd-VdcVin(t)

Vdc

RL

a b c d

f e

Vd

ID

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

 
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 RL.  

                                                                              0oV                                                                             (1.10.1.4)                 
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Fig. 1.10.1.5 Series type clipper in which the PN junction diode is replaced open switch (Step-V). 

Fig. 1.10.1.6 shows the waveforms of the series type clipper. Whenever the applied input signal 
magnitude is greater than the voltage Vdc, the diode is forward biased and the output voltage will appear 
across the load resistance RL which is a part of the input voltage. Whenever, the applied input voltage is less 
than the voltage Vdc, the diode is reverse biased and the output voltage will have zero value. In this way, the 
series clipping circuit clips the part of input signal. 

         

ωt

ωt

Vin(t)
Vdc

VO= Vin-Vd-Vdc

 
           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 Vin(t), PN junction diode D1, resistance Rs, voltage source Vdc. The voltage across the branch c 
and e is VO and the current flowing through the diode D1 is ID.   
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Fig. 1.10.2.1 Circuit of a parallel type clipper. 

 
(i) Carry out first step by applying Thevenin theorem across terminal ‘c’ and ‘d’. Applying KVL in the 

loop abcdef we have, 

                                                      0   in dc th rV V V V                                                      (1.10.2.1) 
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Fig. 1.10.2.2 Circuit of a parallel type clipper used in Step-I. 

 
(ii) Assuming voltage across resistor ‘R’ to be zero as the current through it is zero. Thus, terminal  ‘a’ and 

‘b’ are having same potential one can compute the biasing condition for the diode. For the diode to 
operate in forward biased condition Vth should be greater than zero.  
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Fig. 1.10.2.3 Circuit of a parallel type clipper used in Step-II. 

 
(iii)  Thus, diode will be in forward biased condition when above condition is satisfied. Thus, assuming the 

given condition is satisfied and diode is in forward biased condition the clipper circuit becomes, 

        Applying KVL in the loop abcdef, to solve for output voltage we have, 
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                                                                  (1.10.2.3) 

 
Fig. 1.10.2.4 Circuit of a parallel type clipper used in Step-III. 

 
(iv) Thus, diode will be in reverse biased condition when condition is satisfied. Thus, assuming the given 

condition is satisfied and diode is in forward biased condition the clipper circuit becomes, 
        Applying KVL in the loop abcdef, to solve for output voltage we have, 

                                                          
0
0      ( 0)
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                                               (1.10.2.4) 
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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 Vdc, the diode is forward biased and the output voltage will be clamped 
to DC bus voltage. Whenever, the applied input voltage is less than the voltage Vdc, the diode 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. 

 
Fig. 1.10.2.6 Waveforms of the parallel type clipper. 

1.11 Clamping Circuit 
Clamper circuit as its name implies clamps the AC signal with DC offset. During the clamping process, 

the nature of the AC signal is not changed but only there is change in the offset of the signal. The clamper 
circuit normally uses a capacitor to clamp the output voltage. In general there are two types of clamper 
circuits: positive clamper and 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 D1 and the load resistance RL. During the first positive half cycle of 
the input signal, the PN junction diode D1 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 D1 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.  
 

RLD1

C

Vin(t) VO(t)

 
Fig. 1.11.1.1 Circuit of a positive clamper circuit. 

 

ωt

ωt

Vin(t)Vm

2Vm

Vm

0

VO(t)

 
Fig. 1.11.1.2 Waveforms of the positive clamper circuit. 

 

1.11.2 Negative Clamper Circuit 
In the negative clamper circuit, 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 C, PN junction diode D1 and the load resistance RL. During the first positive half cycle of 
the input signal, the PN junction 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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Fig. 1.11.2.2 Waveforms of the negative clamper circuit. 

 

 

UNIT SUMMARY 
 

The chapter presents the detail of the PN junction diode and zener diode. The complete analysis of the 
PN junction diode which includes its I-V characteristics and biasing modes are discussed in the chapter. 
Different applications like clipper, clamper and rectifier are also discussed in detail. iV is given., tunnel 
diode helps students to get a primary idea about the operation of the PN junction diode under both unbiased 
and biased operating conditions. Once the operation of the PN junction diode is clear, then the of the PN 
junction diode are discussed to understand the electrical behaviour of the PN junction diode. Then the I-V 
characteristic equation of the PN junction diode is explained to determine the relationship between the 
current and voltage in the PN junction diode. This characteristics equation is necessary to identify the 
behaviour of the various operating conditions. All these concepts are required for obtaining the operating 
point of the PN junction 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 

1.1 When PN junction is in forward bias, by increasing the battery voltage 
a. Circuit resistance increases 
b. Current through P-N junction increases 
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 towards the junction 
b. The barrier tends to break down 
c. Holes and electrons tend to move away from the junction 
d. None of the above 

 
1.3 Zener diodes are also known as 

a. Voltage regulators 
b. Forward bias diode 
c. Breakdown diode 
d. None of the above 

 
1.4 For the output in below figure Value of the V1 and V2 is 
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(a) 6,8 

(b) 8,6 

(c) 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 

1.1 Give details of the formation of p-n junction with p and n type materials? 

1.2 Explain the P-N junction diode operation in forward biased condition. 

1.3 Give the circuit diagram using diode for, Gate using negative logic, and explain its working? 

1.4 Explain two types of breakdown in Zener diode. 

 
Long Answer Type Questions 

1.1 For the network, determine the range of RL and IL that will result in VRL being maintained at 10 V. 
Also, determine the maximum wattage rating of the zener diode in below figure: 
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1.2 For the network determine the range of Vi that will maintain VL at 8V and not exceed the maximum 
power rating of the Zener diode. 

 
 

1.3 Design a clamper circuit for the given input and output waveform. 

 

 
 

 
1.4 Design a clamper to perform the function indicated in 

 
 

 

 

  



PN Junction Diode | 42 
 

 

KNOW MORE 
 

 
 

 

REFERENCES 
 

1. Robert Boylestad, Louis Nashelsky- Electronic Devices and Circuit Theory, Prentice Hall Upper 
Saddle River, New Jersey Columbus, Ohio 

2. Donald L. Schilling, Charles Belove -Electronic Circuits: Discrete and Integrated, McGraw-Hill Book 
Company New York St. Louis San Francisco Toronto London Sydney. 

3. Integrated Electronics Analog Digital Circuits, Jacob Millman and D. Halkias, McGraw Hill. 
 

 

 

 

 

 

 

 

 

 

For Additional Info Scan Me 



 

 

 

 

 

 

 

UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Introduction to the BJT;  
 Operation of the transistor;  
 Various configurations of the transistor;  
 Biasing of the transistor;  
 Quiescent point (Q-Point) of the transistor;  
 Selection of quiescent point (Q-Point) of the transistor; 
 Biasing stabilization; 
 Biasing circuits for the transistors; 
 BJT as a switch; 
 BJT as an amplifier; 
 Hybrid parameter model of the transistor; 
 Small signal analysis of the amplifier using the h-parameters; 
 Small signal analysis of the amplifier using the simplified h-parameters; 
 Current mirror; 
 High-frequency response of the amplifiers. 

RATIONALE  

This fundamental unit on the bipolar junction transistor helps students to get a primary idea about the 
operation of the bipolar 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. After obtaining a good knowledge on these topics, next the crucial aspect that decides the 
operation of bipolar junction transistor in the electronic circuit needs to be studied. Biasing of the 
bipolar junction transistor 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 

2 Bipolar Junction Transistor 
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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-O1: Understand the basics of bipolar junction transistor along with its operation 
U2-O2:  Realize various biasing circuits required the bipolar junction transistor along with the 

selection of the operating point 
U2-O3:  Realize various operations of the bipolar junction transistor in the electronic circuits 
U2-O4: Determine the amplifier parameters by using the small signal analysis 
U2-O5:  Understand the high-frequency response of the amplifier 
 

Unit-2 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U2-O1 3 1 2 1 - 
U2-O2 3 1 2 1 - 
U2-O3 3 1 2 1 - 
U2-O4 3 1 3 1 - 
U2-O5 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 
transistor (BJT) is one of the transistors.  In the BJT both the 
majority and minority charge carriers (both electrons and holes) 
will contribute to the current conduction. Fig. 2.1.1 shows the 
construction of BJT. The BJT is a three-terminal two junction 
device that has emitter (E), base (B) and collector (C) terminals. 
The BJT is generally used for amplification and switching 
applications in electronic circuit. 
 

 

N P N CE

B  
Fig. 2.1.1 Construction of BJT. 

 

The BJT is commonly referred as bi-polar transistor. Based on 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-type semiconductors. Similarly, the P-N-P type BJT is constructed by 
sandwiching an N-type semiconductor between two P-type semiconductors. Fig. 2.1.2 shows the 
construction of N-P-N and P-N-P transistors.  

 

N P N CE

B

P N P CE

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

 

Fig. 2.1.2 Construction 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 area and 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 (JE). 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. 

E

B

C E

B

C

(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: the emitter junction (JE) and the collector junction 

(JC). Presence of junctions results in the formation of the depletion layers, between the 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 carriers in the depletion region will penetrate more into the lightly doped 
region compared to the heavily doped regions. The depletion layer formed between the emitter-base junction 
will penetrate more into the base region compared to the 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 across these junctions which is called as barrier potential. 
It should be noted that for the current conduction through the transistor, a voltage greater than the barrier 
voltage must be applied. For typical practical doping conditions, the barrier voltage will be approximately 
0.7V for the silicon transistor whereas for 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 (JE) and the collector junction (JC) can be forward or reverse-biased. Depending on the 
nature of these junctions 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 VEE. Similarly, the collector junction 
is reverse-biased by using the external power supply VCC. 
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N P NE
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C

Emitter Base Collector

Effective Base Area

Depletion 
Layer of JE

Depletion 
Layer of JC

P N PE

B

C

Emitter Base Collector

Effective Base Area

Depletion 
Layer of JE

Depletion 
Layer of JC

(a) N-P-N type

(b) P-N-P type
 

Fig. 2.2.1 N-P-N type and P-N-P type transistors at equilibrium condition. 
 

Table 2.2.1.1 

Emitter Junction 
(JE) 

Collector Junction 
(JC) 

Region Application 

Forward-Biased Reverse-Biased Active Amplifier 

Forward-Biased Forward-Biased Saturation Closed Switch 

Reverse-Biased Reverse-Biased Cut-off Open Switch 
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(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 must be forward-biased. 
The biasing for the transistor to operate in the saturation region is shown in Fig. 2.2.1.2. The emitter junction 
and the collector junction are forward-biased by using the external power supplies VEE and VCC. 

N P N
CE

B

+-
VEE

P N P
CE

B
+ -

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

+ -

VCC
+-

VCC

 
Fig. 2.2.1.2 Biasing for the transistor to operate in the saturation region. 

In order to operate the transistor as an open switch, the transistor must be in the cutoff region. For the 
cut-off region, the emitter junction and the collector junction must be reverse-biased. The biasing for the 
transistor to operate in the cut-off region is shown in Fig. 2.2.1.3. The emitter junction and the collector 
junction are reverse-biased by using the external power supplies VEE and VCC. 

N P N
CE

B

+-
VCC

P N P
CE

B

+ -

VCC

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

+ -

VEE
+-
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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 VCC as shown in Fig. 2.2.2.1.1. The resistors RE 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 VEE, the electrons in the emitter region crosses the junction JE 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  

N P NE

B

C

Emitter Base Collector

Depletion 
Layer of JE

Depletion 
Layer of JC

+-
VEE

+-
VCC

RE RC

IE
IC

IB

 
Fig. 2.2.2.1.1 Operation of N-P-N transistor in the active region. 

recombination, there will be a current IB in the base region. Base current also has a part when carriers from 
the base region are also injected into the emitter region due to forward bias. The remaining electrons in the 
base region cross the junction JC and enter into the collector region to the positive of the power supply VCC. 
This results in the collector current IC and this current is due to the majority charge carriers (electrons). 
Therefore, the emitter current IE is given by  

                                                                       E B CI I I                                                                          
(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  

                                                               C C(majority) COI I I                                                                (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 both the input 
and output terminals of the circuit. 

 

 
Fig. 2.3.1.1 Common base, common 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. 2.3.1.1.1 shows the common base configuration of the transistor. The 
resistors RC and RE are placed to limit the current. The voltage sources VXX and VCC are given for the biasing 
of the transistor. The emitter and base terminals act as input terminals and the collector       and base terminals 
act as output terminals. The voltage VEB is the input voltage to the transistor and the  

 
Fig. 2.3.1.1.1 Common base configuration of the transistor. 
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current IE is the input current of the transistor. The voltage VCB is the output voltage to the transistor and the 
current IC is the output current of the transistor. 
In the common base configuration, IE is the input current of the transistor and IC is the output current of the 
transistor. The current gain α in the common base configuration is given by 

                                                                          
C

E

I
I

                                                                               (2.3.1.1.1) 

The collector current IC is again equal to 

                                                               C C(majority) CBOI I I                                                                (2.3.1.1.2) 

where IC(majority) is the current injected due to the majority charge carriers and ICBO is the reverse current 
flowing due to minority charge carriers between collector and base with emitter open. This current is very 
negligible when compared to IC(majority). Therefore, the collector current IC is almost equal to IC(majority). 

                                                                 C C(majority) EI I I                                                                       (2.3.1.1.3) 

The emitter current IE is almost equal  

                                                                        
C

E
I

I 
                                                                                   (2.3.1.1.4) 

Again, the emitter current IE is given by 

                                                                                    E C BI I I                                                                               (2.3.1.1.5) 

                                                                  B E C E E EI I I I I 1 I                                                         (2.3.1.1.6) 

The collector current IC is always less than the emitter current IE. Therefore, the current gain α in the 
common base configuration is always less than unity. The typical values of current gain α 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 VEB and the input current IE at a constant output voltage VCB. Fig. 2.3.1.1.2 shows the input 
characteristics of the common base configuration. After the barrier potential voltage (i.e., 0.7V for the silicon 
and 0.3V for germanium), the emitter current increases rapidly with the increase in the input voltage VEB. 
This results in very low dynamic input resistance. With the increase in the voltage VCB, the width of the 
depletion layer of collector junction JC increases, as a result, the effective base area reduces. This slightly 
increases the emitter current IE. This effect is called early effect. The output characteristics are plotted 
between the output voltage VCB and the output current IC at a constant input current IE. 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 IC is almost 
constant for various values of VCB and approximately equal to the emitter current IE. The collector current IC 
increases with the increase in emitter current IE. The dynamic output  
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Fig. 2.3.1.1.2 Input characteristics of common base configuration. 

 

 
Fig. 2.3.1.1.3 Output characteristics of common base configuration. 

 

resistance is very high due to the constant collector current IC. In the saturation region, both the emitter 
junction and the collector junctions are forward-biased. In the saturation region, with the decrease in the 
negative value of VCB, the width of the 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 IC for various values of VCB for a finite value of IE. 

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 RB are placed to limit the current. The voltage sources VXX and VCC 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 VBE is the input voltage to the transistor and the current IB is 
the input current of the transistor. The voltage VCE is the output voltage to the transistor and the current IC is 
the output current of the transistor. 
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Fig. 2.3.1.2.1 Common emitter configuration of the transistor. 

 

In the common emitter configuration, IB is the input current of the transistor and IC is the output current of 
the transistor. The current gain β in the common emitter configuration is given by 

                                                                        
C

B

I
I

                                                                                         (2.3.1.2.1) 

The emitter current IE is given by 

                                                                                   E C BI I I                                                                              (2.3.1.2.2) 

                                                                                   B E CI I I                                                                              (2.3.1.2.3) 

Substituting equation (2.3.1.2.3) in equation (2.3.1.2.1) gives 

                                                                        
C

E C

I
I I

 
                                                                                (2.3.1.2.4) 

Now dividing RHS terms with IE on numerator and denominator gives 

                                                                        

C

E

C

E

I
I

I1
I

 
                                                                                 (2.3.1.2.5) 

The term IC/IB is equal to the current gain α in the common base configuration 

                                                                       1


 
                                                                                   (2.3.1.2.6) 

From the equation (2.3.1.1.2) and (2.3.1.1.3), 

                                                                   C E CBOI I I                                                                                 (2.3.1.2.7) 
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Substituting (2.3.1.2.2) in (2.3.1.2.7) gives 

                                                              C C B CBOI I I I                                                                          (2.3.1.2.8) 

The above equation can be rewritten as 

                                                                    
CBO

C B
I1I I  

                                                                         (2.3.1.2.9) 

                                                            
CBO

C B
II I

1 1
 

                                                                      (2.3.1.2.10) 

Substituting (2.3.1.2.5) in (2.3.1.2.10) gives 

                                                                            C B CBOI I 1 I                                                                   (2.3.1.2.11) 

and  

                                                                               CBO CEO1 I I                                                                       (2.3.1.2.12) 

where ICEO is the reverse leakage current between collector and emitter while base is open. The current ICBO 
cannot be ignored because it is amplified by a factor 1+β. The current gain β in the common emitter 
configuration is very high. Next, the input characteristics need to be plotted. The input characteristics are 
plotted between the input voltage VBE and the input current IB at a constant output 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 IB increases rapidly with the increase in the 
input voltage VBE. This results in very low dynamic input resistance. The output characteristics are plotted 
between the output voltage VCE and the output current IC at a constant input current IB. 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, saturation region 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 
IC slightly increases with the increase in VCE. The dynamic output resistance is high. In the saturation region, 
both the emitter junction and the collector junctions are forward-biased. In the saturation region, the collector 
current IC is independent of input current IB. In the cut-off region, both the emitter junction and the collector 
junctions are reverse-biased. The region below IB equal to zero is the cut-off region. 
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Fig. 2.3.1.2.2 Input characteristics of common emitter configuration. 
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Fig. 2.3.1.2.3 Output characteristics of common emitter configuration. 

2.3.3 Common Collector Configuration 
In the case of the common 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 RE and RB are placed to limit the current. The voltage sources VXX and VCC 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 VBC is the input voltage to the transistor and the 
current IB is the input current of the transistor. The voltage VEC is the output voltage to the transistor and the 
current IE is the output current of the transistor. In the common collector configuration, IB is the input current 
of the transistor and IE is the output current of the transistor. The current gain γ in the common collector 
configuration is given by 
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Fig. 2.3.1.3.1 Common collector configuration of the transistor. 

                                                                             
E

B

I
I

                                                                                         (2.3.1.3.1) 

The emitter current IE is given by 

                                                                                          E C BI I I                                                               (2.3.1.3.2) 

                                                                         E B E CBOI I I I                                                        (2.3.1.3.3) 

                                                                          
CBOB

E
II

I
1 1

 
                                                           (2.3.1.3.4) 

                                                                      E B CBOI I 1 I 1                                                  (2.3.1.3.5) 

Neglecting ICBO we get 

                                                                         E BI I 1                                                                 (2.3.1.3.6) 

                                                                             E

B

I1
I

                                                               (2.3.1.3.7) 

Next, the input characteristics need to be plotted. The input characteristics are plotted between the input 
voltage VCB and the input current IB at a constant output voltage VCE. Fig. 2.3.1.3.2 shows the input 
characteristics of the common collector configuration. The input resistance of the common collector 
configuration is very high. The output characteristics are plotted between the output voltage VCE and the 
output current IE at a constant input current IB. 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 IC is almost equal to the 
emitter current IE. 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 characteristics 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 common 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 emitter configuration is preferred over common base and common collector 
configurations. The common collector 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 shown in Fig. 2.5.1 is 
considered. The circuit shown in Fig. 2.5.1 consists of one external power supply VCC, one transistor and two 
biasing resistors RB and RC. The circuit shown in Fig. 2.5.1 is a common emitter configuration. The biasing 
resistor RB is connected between the positive terminal of VCC to the base terminal of the transistor. Similarly, 
the biasing resistor RC is connected between the positive terminal of VCC to the collector terminal of the 
transistor. IB is the current flowing into the base terminal and IC is the current flowing into the collector 
terminal. 

Applying the KVL on the collector network 

                                                                  CC C C CEV I R V 0                                                     (2.5.1) 

 
Fig. 2.5.1 Circuit considered for explaining the Q-point of transistor. 
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The expression (2.5.2) is a straight line where 1/RC is the slope of the line and VCC/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).  
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Fig. 2.5.2 DC load line and output characteristics of the common emitter configuration. 

2.6  Selection of Quiescent Point (Q-Point) of the Transistor 
The selection of the Q-point depends on the application of the transistor whether to be used as an 

amplifier or switch. Let us consider the Q-points P, Q and R as shown in Fig. 2.5.2. The Q-point P is near 
to the saturation region, Q-point Q is at the center of the DC load 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-point is at location P. 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 saturation region. This results in the 
clipping in the collector current IC and the output voltage VCE 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-point is at Q 
Let us consider that the 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 IC and the output voltage VCE 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. 2.6.1 Q-point is near to the saturation region. 
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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 IC and the output voltage VCE 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. 
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Fig. 2.6.3 Q-point is near to the cut-off region. 

From the three cases, it can be observed that whenever the Q-point is at the center of the DC load line, then 
the output current and output voltage are not distorted and the amplification will happen to the complete 
input signal. So, the Q-point must be always at the center of the DC load line. The biasing circuit must be 
designed in such a way that the Q-point should be always at the center of the DC load line.  

2.7  Biasing Stabilization 

The Q-point should be always at the center of the DC load line. But in the real time scenario, the reverse 
leakage current ICO due to minority charge carriers, base to emitter voltage VBE and the current gain β will 
vary with the temperature. The collector current that is a function of ICO, VBE and β will also change due to 
the variation in the temperature. Due to a change in the collector current IC, 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 ICO, VBE and β 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, VBE and β 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 IC with the ICO, VBE and β. 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, VBE and β. The minimum value or low value of the stability factors indicates that the 
deviation in the Q-point is very less.  

                                                                     
C

CO

IStability factor  S = 
I

                                                         (2.7.1) 

                                                                   
C

BE

IStability factor  S  = 
V

                                                         (2.7.2) 

                                                                  CIStability factor  S  = 
                                                            (2.7.3) 

2.8  Biasing Circuits for the Transistors 
The biasing of the transistor can be of four types: fixed bias circuit, collector-to-base bias and voltage 

divider bias.            

2.8.1 Fixed Bias Circuit 

The fixed bias circuit is very simple compared to the other biasing circuits. The fixed biasing circuit 
generally requires one external power supply VCC and two biasing resistors RB and RC as shown in Fig. 
2.8.1.1. The biasing resistor RB is connected between the positive terminal of VCC to the base terminal of the 
transistor. Similarly, the biasing resistor RC is connected between the positive terminal of VCC to the collector 
terminal of the transistor. IB is the current flowing into the base terminal and IC is the current flowing into 
the collector terminal. 

Applying KVL on the base network, 

                                                                        CC B B BEV I R V 0                                                               (2.8.1.1) 

                                                                            
CC BE

B
B

V VI
R


                                                                  (2.8.1.2) 
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Fig. 2.8.1.1 Fixed bias circuit. 

Similarly, applying the KVL on the collector network 

                                                                        CC C C CEV I R V 0                                                                  (2.8.1.3) 

                                                                          
CC CE

C
C

V V
I

R


                                                                     (2.8.1.4) 

The collector current IC and the base current IB are related as  

                                                                        C B COI I 1 I                                                                    (2.8.1.5)                     

The stability factor S is equal to 

                                                                      
C

CO

IS = 1
I


 
                                                                   (2.8.1.6) 

The stability factor S' is equal to 

                                                                         
C

BE B

IS  = 
V R
  
                                                                     (2.8.1.7) 

The stability factor S'' is equal to 
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C CC CE

C

I V VS  = 
R

  
                                                               (2.8.1.8) 

The value of β 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, VBE and β with the variation in temperature. Therefore, the fixed bias circuit doesn’t 
have the bias stabilization. 

2.8.2 Collector-to-Base Bias Circuit 

The collector-to-base bias circuit is shown in Fig. 2.8.2.1. In the case of collector-to-base bias, there is 
feedback between the input base and output collector terminals. The collector-to-base bias circuit generally 
requires one external power supply VCC and two biasing resistors RB and RC as shown in Fig. 2.8.2.1. The 
biasing resistor RB is connected between the collector to the base terminals of the transistor. The biasing 
resistor RC is connected between the positive terminal of VCC to the collector terminal of the transistor. IB is 
the current flowing into the base terminal and the sum of IC and IB is the flowing through the resistor RC. 
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IB
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VCE

 
Fig. 2.8.2.1 Collector-to-base bias circuit. 

Applying KVL on the base network, 

                                                                CC C B C B B BEV I I R I R V 0                                                                 (2.8.1.1) 

                                                                     CC C B C B B BEV I I R I R V                                                                      (2.8.1.2) 
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                              CC C B B C C BE CC C B B B C BEV R R I I R V V R R I I R V                                         (2.8.1.3) 

                                                                         CC C B B BEV R 1 R I V                                                               (2.8.1.4) 

                                                                                    
CC BE

B
B C

V V
I

R R 1



                                                                    (2.8.1.5) 

Applying KVL on the collector network, 

                                                                               CC C B C CEV I I R V 0                                                               (2.8.1.6) 

                                                                              C
CC C C CE

IV I R V 0
 

    
 

                                                          (2.8.1.7) 

                                                                        
CC CE

C

C

V V
I

1R 1




 
  

                                                                             (2.8.1.8) 

The collector current IC and the base current IB are related as  

                                                                                     C B COI I 1 I                                                          
(2.8.1.9) 

The stability factor S is equal to 

                                                               
C

CO C

C B

I 1S = 
I R1

R R

 


  
    

                                                        (2.8.1.10) 

The stability factor S' is equal to 

                                                                 
C

BE B C

IS  = 
V R (1 )R
  
                                                            (2.8.1.11) 

The stability factor S'' is equal to 
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C C

C

C B

I I 1S  = 
R1

R R

 
 

               

                                                              (2.8.1.12) 

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 R1, R2, RE and RC as shown in Fig. 2.8.3.1. The 
biasing resistor R1 is connected between the positive of the power supply VCC to the base terminals of the 
transistor. The biasing resistor R2 is connected between the base terminals of the transistor to the negative 
terminal of the power supply VCC. The biasing resistor RC is connected between the positive terminal of VCC 
to the collector terminal of the transistor. The biasing resistor RE is connected between the emitter terminal 
of the transistor to the negative terminal of the power supply VCC. In order to analyze 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 Vth denotes the Thevenin’s voltage and the term Rth denotes the 
Thevenin’s resistance.   
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Fig. 2.8.3.1 Voltage divider bias circuit. 
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Fig. 2.8.3.2 Thevenin’s equivalent circuit for the voltage divider bias circuit. 

                                                                     
CC 2

th
1 2

V RV
R R


                                                                                         (2.8.3.1) 

                                                                                    
1 2

th
1 2

R RR
R R


                                                                                  (2.8.3.2) 

Applying KVL on the base network, 

                                                            th B th BE E EV I R V I R 0                                                              (2.8.3.3) 

                                                                        th B th BE B EV I R V (1 )I R                                                          (2.8.3.4) 

                                                                           th th E B BEV R 1 R I V                                                           (2.8.3.5) 

                                                                                
th BE

B
th E

V V
I

R R 1



                                                                   (2.8.3.6) 

Applying KVL on the collector network, 

                                                                          CC C C CE E EV I R V I R 0                                                                       (2.8.3.7) 
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                                                                     CC C C CE E C
1V I R V (1 )R I   
                                                         (2.8.3.8) 

                                                                            
CC CE

C

E C

V V
I

1R 1 R




 
   

                                                                 (2.8.3.9) 

The collector current IC and the base current IB are related as  

                                                                    C B COI I 1 I                                                                            (2.8.3.10) 

The stability factor S is equal to 

                                                           
C

CO E

E th

I 1S = 
I R1

R R

 


  
   

                                                          (2.8.3.11) 

The stability factor S' is equal to 

                                                                       
C

BE th E

IS  = 
V R (1 )R
  
                                                                       (2.8.3.12) 

The stability factors S, S' and S'' for the voltage divider bias circuit is very less compared to the collector-to-
base bias circuit. Hence the bias stabilization for the voltage divider bias circuit is good compared to 
collector-to-base bias and fixed bias circuit. Hence the voltage divider bias circuit is preferred. 

2.9  BJT as a Switch 

The BJT can be operated as an open switch or closed switch depending upon the region of operation. 
When the BJT is operating the cut-off region, it acts as an open switch. When the BJT is operating in the 
saturation region, it acts as closed switch. 

2.9.1 BJT as an Open Switch 

For the operation of BJT in the cut-off region, both the emitter junction and collector junction need to be 
reverse biased. For reverse biasing the emitter junction, a voltage of 0V needs to be applied at the base 
terminals. Because of this 0V at the base terminal, the value of IB and IC will be equal to 0A. Thus, BJT is 
acting like a open switch. Fig. 2.9.1.1 shows the operation of BJT as an open switch. 
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Fig. 2.9.1.1 BJT as an open switch. 

2.9.2 BJT as a Closed Switch 

For the operation of BJT in the saturation region, both the emitter junction and collector junction need 
to be forward biased. Normally, there will be a saturation voltage between the collector terminal and emitter 
terminal which is denoted by the term the VCE(sat). Fig. 2.9.2.1 shows the operation of BJT as a closed switch. 

The collector current IC(sat) is equal to 

                                                                   
CC CE(sat)

C(sat )
C

V V
I

R


                                                                             (2.9.2.1) 

                                                                                      B(sat) C(sat)I I                                                                                (2.9.2.2) 

For operating in the saturation region, the current flowing through the base terminal must be greater than 
the IB(sat).         
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Fig. 2.9.2.1 BJT as a closed switch. 

2.10  BJT as an Amplifier 
Three amplifier configurations are possible using 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 VS which is to be amplified. The term RS denoted resistance of the input 
signal. The amplifier consists of two biasing resistors, RE and RC. The load resistance is denoted by the term 
RL. The voltage across and the current flowing through the load resistance is denoted by the terms VL and IL. 
The capacitors Ci and Co are used as coupling capacitors. The capacitor Ci is used to block the dc value 
entering from Vs. Similarly, the Co is used to block DC reaching to the load. 

C

B

E

VEE

RE

VCC

RC RL

Vs

RS

Ci Co

VL

IL

 
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 VEE 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 IE. The reduction in the emitter current reduces the collector current IC. The output voltage VL is 
equal to 
 

                                                                                      L CC C CV V I R                                                                          (2.10.1.1) 

 
The reduction IC increases the output voltage in positive direction. In this way for the positive 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 negative half cycle of the input voltage. Thus, 
the input voltage and output voltage are in phase for the common base amplifier. 

2.10.2 Common Emitter Amplifier 

The circuit schematic of the common emitter amplifier is shown in Fig. 2.10.2.1. The common emitter 
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 four biasing resistors R1, R2, RE and RC. The load resistance 
is denoted by the term RL. The voltage across and the current flowing through the load resistance is denoted 
by the terms VL and IL. The capacitors Ci and Co are used as coupling capacitors to block the dc value entering 
the transistor. Ce is the bypass capacitance across the emitter resistance RE. 

C

B

E

R1 RC

VCC

R2 RE CE

RL

IL

VL

Co

Ci

Vs

RS

 
Fig. 2.10.2.1 Common emitter amplifier 

The bypass capacitance Ce is connected to avoid the drop in emitter resistance RE.  
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During the positive half cycle of the input voltage, the base current IB increases. This increase in the base 
current increases the collector current IC. The output voltage VL is equal to 

                                                                     L CC C CV V I R                                                                            (2.10.2.1) 

The increase in collector current IC 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, R2 and RE. The load resistance 
is denoted by the term RL. The voltage across and the current flowing through the load resistance is denoted 
by the terms VL and IL. The capacitors Ci and Co are used as coupling capacitors to block the dc value entering 
the transistor.  

C

B

E

R1

VCC

R2 RE RL
IL VL

Co

Ci

Vs

RS

 
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 

VBE, 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 V1 is the input voltage of the network, I1 is the input current, V2 is the output voltage of the 
network and I2 is the output current.  Using the h-parameters, the variables V1, V2, I1 and I2 are related by 

                                                                     
1 11 1 12 2

2 21 1 22 2

V h I h V
 I h I h V

 
                                                                     (2.11.1) 

where 

                      
2

1
11

1 V 0

Vh
I



  gives the information of input impedance of the network in ohms 

                     
1

1
12

2 I 0

Vh
V



  gives the information of reverse voltage gain of the network 

                      
2

2
21

1 V 0

Ih
I



  gives the information of forward current gain of the network 

                     
1

2
22

2 I 0

Ih
V



  gives the information of output admittance of the network in mhos 

In the case of transistor, if Vi is the input voltage of the transistor, Vo is the output voltage of transistor, Ii is 
the input current of the transistor and Io us the output current of transistor then 
   

                                                                      
i i i r o

o f i o o

V h I h V
 I h I h V

 
                                                                               (2.11.2) 

where 

                        
o

i
i

i V 0

Vh
I



  gives the information of input impedance of the transistor in ohms 

                       
i

i
r

o I 0

Vh
V



  gives the information of reverse voltage gain of the transistor 

                       
o

o
f

i V 0

Ih
I



  gives the information of forward current gain of the transistor 

                     
i

o
o

o I 0

Ih
V



  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. 

Vi Vo

Ii Io
hi

hohrVo

+

-
hfIi

 
Fig. 2.11.1 h-parameter equivalent circuit of the transistor 

In the case of common base configuration, the input voltage to the transistor is VEB, the input current to 
the transistor is IE, the output voltage of the transistor is VCB and the output current is IC. The h-parameters 
for the transistor in the common base configuration is given by 

 

                                                                             
EB iB E rB CB

C fB E oB CB

V h I h V
 I h I h V

 
                                                                              (2.11.3) 

 
where hIB, hrB, hfB and hoB are the h-parameters of the transistor in the common base configuration. Using 
the equation 2.11.3, the equivalent circuit of the transistor in the common base configuration using the h-
parameters is given in Fig. 2.11.2. 

VEB VCB

IE IC
hiB

hoBhrBVCB

+

-
hfBIE

E

B

C

B  
Fig. 2.11.2 h-parameter equivalent circuit of the transistor in the common base configuration. 

 

In the case of common emitter configuration, the input voltage to the transistor is VBE, the input current to 
the transistor is IB, the output 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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BE iE B rE CE

C fE B oE CE

V h I h V
 I h I h V

 
                                                                      (2.11.4) 

where hiE, hrE, hfE and hoE 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. 

VEB VCB

IB IC
hiE

hoEhrEVCE

+

-
hfEIB

B

E

C

E  
Fig. 2.11.3 h-parameter equivalent circuit of the transistor in the common emitter configuration. 

In the case of common collector configuration, the input voltage to the transistor is VBC, the input current 
to the transistor is IB, the output voltage of the transistor is VEC and the output current is IE. The h-parameters 
for the transistor in the common collector configuration is given by 

                                                                   
BC iC B rC EC

E fC B oC EC

V h I h V
 I h I h V

 
                                                                            (2.11.5) 

where hiC, hrC, hfC and hoC are the h-parameters of the transistor in the common collector configuration. Using 
the equation 2.11.5, the equivalent circuit of the transistor in the common collector configuration using the 
h-parameters is given in Fig. 2.11.4. 

VBC VEC

IB IE
hiC

hoChrCVEC

+

-
hfCIB

B

C

E

C  
Fig. 2.11.4 h-parameter equivalent circuit of the transistor in the common collector configuration. 

Most of the h-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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h 1 h
h h


 

  



                                                       (2.11.6) 

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 like the input impedance 

of the amplifier, voltage gain of the amplifier, current gain of the amplifier and the output admittance of the 
amplifier. The small signal analysis gives the linear model of the amplifier in the active region. This linear 
model helps in minimizing the complex computations. The following steps are required for performing 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 used for the biasing with a short circuit. 
Step-3: Replace the transistor with its h-parameter model. 
Step-4: Calculate the current gain (AI) of the amplifier. 
Step-5: Calculate the input resistance (RI) of the amplifier. 
Step-6: Calculate the voltage gain (AV) of the amplifier. 
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 Co, bypass capacitors CE, biasing resistors R1, R2, RE and RC, 
the dc power supply VCC for biasing the 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 the circuit of CE amplifier replacing all the coupling capacitors and the bypass 
capacitors with a short circuit. 

 
Step-2: In the step-2, replace the external dc power supplies used for the biasing with a ground potential. 

The Fig. 2.12.3 shows the circuit of after replacing the external dc power supplies used for the 
biasing with a short circuit. 
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Fig. 2.12.1 CE amplifier. 
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Fig. 2.12.2 CE amplifier replacing all the coupling capacitors and the bypass capacitors with a short circuit.  
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Fig. 2.12.3 Replacing the external dc power supplies used 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. 

RC RL

IL

VL
Vs

RS

B C

E

hrEVCE

+

-
hfEIB hoE

hiE ICIB

IS

VBE VCE

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

Step-4: Calculate the current gain (AI) of the amplifier. 
The current gain of the amplifier AI is equal to  

                                                           
C CL L

I
S B L C B

I RI IA
I I (R R )I

   
                                                                (2.12.1) 

From the h-parameters equations for the CE amplifier 

                                                               C fE B oE CE I h I h V                                                                              (2.12.2) 

But                                                       
C C L

CE L L
C L

I R RV I R
R R

  
                                                                          (2.12.3) 

Substituting (2.12.3) in (2.12.2), we get 
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oE C C L

C fE B
C L

h I R R I h I
R R

 
                                                                        (2.12.4) 

                                                                           
oE C C L

C fE B
C L

h I R R I h I
R R

 
                                                                     (2.12.5) 

                                                                  
C C L

fE
B C L oE C L

I R R h
I R R h R R

 
     

                                                               (2.12.6) 

Multiplying  
C

C L

R
R R on both sides, we get 

                                                            
C C C

fE
B C L C L oE C L

 I R Rh
I R R R R h R R

 
      

                                                       (2.12.7) 

Therefore, the current gain AI is equal to 

                                                 
C C CL

I fE
B L C B C L oE C L

I R RIA h
I (R R )I R R h R R

 
          

                                        (2.12.8) 

Step-5: Calculate the input resistance (RI) of the amplifier. 
The input impedance RI is given by 

                                                                          
BE

I
B

VR
I

                                                                                       (2.12.9) 

From the h-parameters equations for the CE amplifier 

                                                                 BE iE B rE CEV h I h V                                                                                (2.12.10) 

and                                                   
C C L

CE L L I B L
C L

I R RV I R A I R
R R

   
                                                             (2.12.11) 

substituting (2.12.11) in (2.12.10) gives 

                                                             BE iE B rE I B LV h I h A I R                                                                          (2.12.12) 

Therefore, the input impedance 

                                                            
iE B rE I B L

I iE rE I L
B

h I h A I RR h h A R
I


                                                      (2.12.13) 

Step-6: Calculate the voltage gain (AV) of the amplifier. 
The voltage gain AV is given by 

                                                                                      
CE

V
BE

V
A

V
                                                                                           (2.12.14) 
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Substituting (2.12.9) and (2.12.11) in (2.12.14) gives 

                                                                         
I B L I L

V
BE I

A I R A RA
V R

                                                                               (2.12.15) 

By including the source resistance RS, the voltage gain AVS will be 

                                                                   
V I

VS
I S

A R
A

R R


                                                                                   (2.12.16) 

Step-7: Calculate the output admittance (YO) of the amplifier. 
The output admittance YO is given by 

                                                                       
S

C
O

CE V 0

IY
V



                                                                                (2.12.17) 

From the h-parameters equations for the CE amplifier 

                                                                   C fE B oE CE I h I h V                                                                                 (2.12.18) 

 
Substituting (2.12.18) in (2.12.17) gives 

                                                                                 
fE B

O oE
CE

h IY h
V

                                                                                     (2.12.19) 

Applying KVL in the input loop we get 

                                                            S iE B rE CE S(R h )I h V V                                                                  (2.12.20) 

But for calculating YO, VS needs to be taken as 0. Therefore, 

                                                                          S iE B rE CE(R h )I h V 0                                                                      (2.12.21) 

Simplifying (2.12.20), we get 

                                                                
B rE

CE S iE

I h
V (R h )

 
                                                                                      (2.12.22) 

Substituting (2.12.21) in (2.12.19), we get 

                                                                         
rE fE

O oE
S iE

h hY h
(R h )

  
                                                                          (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 ho can be neglected. Neglecting these parameters, the transistor equations will be 

                                                                            
i i i

o f i

V h I
 I h I


                                                                                       (2.13.1) 

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

Vi Vo

Ii Io

hi hfIi

 
Fig. 2.13.1 Simplified h-parameter equivalent circuit of the transistor. 

 

Using the above equivalent circuit, the analysis of amplifier parameters can be simplified. The condition for 
choosing between the exact analysis and the simplified analysis is hoRL≥0.1. If this condition is satisfied 
then exact analysis needs to be used. If the above condition failed, 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 hoRL<0.1 or not. If this condition satisfied then proceed for simplified  analysis 
Step-2: In the first step replace all the coupling capacitors and the bypass capacitors with a short circuit. 
Step-3: In the second step, relace the external dc power supplies used for the biasing with a short circuit. 
Step-4: Replace the transistor with its h-parameter model. 
Step-5: Calculate the current gain (AI) of the amplifier. 
Step-6: Calculate the input resistance (RI) of the amplifier. 
Step-7: Calculate the voltage gain (RI) of the amplifier. 
Step-8: Calculate the output admittance (RO) of the amplifier. 
 

2.14 Current Mirror 
Current mirror is 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 β value. The two transistors are connected back-
to-back as shown in Fig. 2.14.1  
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Fig. 2.14.1 Current mirror circuit schematic for the using transistor. 

As two transistors are identical, it results in same base to emitter drop VBE for the equal value of base currents 
(IB1 and IB2 for transistor 1 and 2 respectively) two flowing through them. For the circuit shown in Fig. 
2.14.1, collector terminal of the transistor 1 is connected to variable resistor, while the collector terminal of 
the transistor 2 is connected to load. The current in the load resistor is controlled by the variable resistor. 
The control current Icon in the variable resistor is given by, 
Applying KVL in loop abcd we have, 

                                                                                
CC CON C BE

CC BE
CON

C

V I R V 0
V VI

R

  




                                                                                    (2.14.1) 

As drop VBE is typically constant (diode drop of 0.7V), so increase and decrease of control resistor RC will 
define the control current Icon assuming VCC is constant.  As identical transistors are used so the control 
current gets equally shared between two transistors and is given by, 

                                                                          b
b1 b2

I
I =I =

2
                                               (2.14.2) 

Transistor operating in active region and considering (β>>2) we have, 
 

                                                                              

con c1 b

b b1 b2

b2 b1

con c1 b1

con b1 b1 b1 b1

I I I
I I I
I I
I I 2I
I I 2I ( 2)I I

 
 


 
       

                                                           (2.14.3) 

 
Now the output load current Ic2 is given by, 
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c2 b2

c2 b1

c2 con

cc BE
L c2

c

I I
I I
I I

V VI I
R

 
 



 

                       (2.14.4) 

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

2.15 High-Frequency Response of the Amplifiers 
Before starting the study of the high-frequency response of the BJT circuit, let us understand some basic 

terms employed in the computation of the audio levels in the amplifier circuits. The unit “bel” is typically 
employed to measure audio levels. The unit “bel” is derived from the surname of Alexander Graham Bell. 
Alexander Graham Bell discovered that the audio level of any circuit is related to power on a logarithmic 
basis. Thus, audio levels of any circuit is given by, 

                                                                     2
10

1

P
G log     bel

P
                                                                                (2.15.1) 

Where P2 is the output power (power absorbed by the amplifier) and P1 is the reference power associated 
with the standard audio levels. The reference power P1 has the typical value of 1mW with a resistor of 600Ω. 
The resistance 600Ω is the standard characteristics impedance of the audio transmission line. The 
logarithmic scale of the amplifier simplifies the computation. For e.g. the increase in power from 4W to 
16W will result in a change in audio level by two times not four times. Thus, if one needs to increase the 
audio level by three times with reference power, P is given by (P)3, not 3P. Hence, using a logarithmic scale 
simplifies the computation. Thus, the logarithmic scale in decibels (dB) is used as given below, 

                                                                    2
dB 10

1

P
G 10 log     dB

P
                                                                    (2.15.2) 

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 same as that for the reference power in the audio circuit, the gain 
equation becomes, 

                                                                2
dB 10

PG 10log     dB
1mW

                                                                 (2.15.3) 

Where P2 is the power in mW. Further, the given eq (2.15.3) is also applied to the circuit with an impedance 
not equal to or other than 600Ω. In a circuit with an impedance not equal to or other than 600Ω, the effect 
of the resistance on power 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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

                         (2.15.4) 

Thus, the gain for the given audio circuit can be computed in terms of voltage or current ratio while 
neglecting the effect of the resistance. Further, the given value of gain varies with frequency of the source 
signal. Thus, it is necessary to compute the gain and its variation with change in frequency. Thus, it is 
necessary to study the frequency response of the transistor circuit. The frequency response of the transistor 
circuit has three bands based on the frequency value. The three frequency bands are defined as follows: 

(i) Low-frequency band  
(ii) Medium frequency band 
(iii) High-frequency band 
The frequency range between 10Hz to 100Hz comes under 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 frequency. Further, a typical transistor circuit can be divided into three 
categories based on input source coupling with the transistor circuit. They are: 

(i) RC coupled 
(ii) Transformer coupled  
(iii) Direct coupled 
The response of the circuit in the different frequency band depends on the circuit category or the type of 
elements in the circuit. Let us discuss one by one the effect of the each frequency band on each categories 
of the circuit. Typical response 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 significant 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 increases, the coupling capacitor impedance decreases, thus the attenuation of input source 
signal decreases. In 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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Fig. 2.15.1 Frequency response for (a) RC coupled; (b) Transformer coupled; (c) Direct coupled amplifier 

 
Fig. 2.15.2 Parasitic capacitance within the transistor device. 

 
between input signal and transistor circuit apart from transferring the signal information. At low frequency 
the transformer magnetizing inductance between input source and ground offers zero impedance and it 
results in complete attenuation of the signal across the magnetizing inductance as can be observed in Fig. 
2.15.1(b). As the frequency 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 
magnetizing inductance which typically comes in parallel with output acts as a high pass filter. Therefore, 
the signal's amplitude 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 CBC (transistor parasitic capacitance between 
base and collector), CBE (transistor parasitic capacitance between base and emitter), CCE (transistor parasitic 
capacitance between collector and emitter), CWi (parasitic capacitance between ground and input wiring 
circuit), and CWo (parasitic capacitance between ground and output wiring circuit). It can be noted that the 
parasitic capacitance CBC exists between input base and output collector terminal. Thus, it has the effect on 
both input and output capacitance. The Miller theorem is employed to get effective capacitance at input and 
output. Before discussing the response of the transistor circuit in 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 vi and is couple to the transistor circuit by a coupling capacitor Ci as shown in Fig. 2.15.3.   The ac 
equivalent of the given transistor circuit is given in Fig. 2.15.3. The input circuit with coupling capacitor Ci 
forms high pass filter as shown in Fig. 2.15.3 (b). The actual input voltage Vi' given to the transistor circuit 
is given by, 
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where, Vi is input signal with angular frequency ωi, R1 and R2 are voltage divider resistor as shown in Fig. 
2.15.3. Thus, near zero frequency magnitude of the input signal to transistor circuit Vi' is near to zero, as 
impedance of the coupling capacitor is near to infinite. 

Now as the frequency input signal increases, the magnitude of the input signal to transistor circuit Vi' 
also increases as shown in Fig. 2.15.1 (a) and (c).  Thus, in low frequency range the transistor circuit behaves 
as high pass filter and the amplitude of the signal increases from zero to maximum value. The magnitude of 
the input signal can be normalized based on frequency of the input source as, 
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C BC

 
Fig. 2.15.3 Circuit schematic showing low frequency response analysis at input side for resistor divider transistor 

circuit.   
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                                                             (2.15.6) 

The above expression clearly shows that for input source frequency f >> fr, 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 CBC (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 determine the 
input and the output capacitance i.e. Millers capacitance at input and output respectively. Let us understand 
the Millers effects at input and output capacitance CM (Xm=1/(ωCM ), ω angular frequency of the input 
source)as shown in Fig. 2.15.4. Assume the gain between the input voltage (Vi) and output voltage (Vo) is 
given by Av as shown in Fig. 2.15.4. The effective Millers capacitance at the input of the transistor circuit 
can be computed as, 
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Where, zi and zieq are the equivalent input resistance at transistor terminals and over-all equivalent input 
resistance at input source terminals as shown in Fig. 2.15.3. Thus, the over-all equivalent input resistance at 
input source terminals zieq is parallel combination of zi and effective input Miller capacitance Xmi  as shown 
in Fig. 2.15.4  . 
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 schematic for Miller capacitance derivation. 
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where, zo and zoeq 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 zoeq is parallel combination of zo 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 CBC (transistor parasitic capacitance 
between base and collector), CBE (transistor parasitic capacitance between base and emitter), CCE (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 CBC connects the input and output terminal of the 
transistor circuit with the voltage gain of Av. Thus, Miller capacitance can be applied to the transistor circuit 
and results in input and output Miller capacitance and is given by, 
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                                        (2.15.9) 

Now taking a simple case of voltage divider transistor circuit having input source vi and is couple to the 
transistor circuit by an equivalent parasitic capacitor Cieq as shown in Fig. 2.15.5. The ac equivalent of the 
given transistor circuit is given in Fig. 2.15.3. The input circuit with parasitic capacitances forms low pass 
filter as shown in Fig. 2.15.5. The actual input voltage Vi' given to the transistor circuit is given by, 

                                                             

i ieq'
i

ieq i

ieq
1 ieq

i 2 1 i

ieq BC V BE wi

V xc
V

xc z
1xc
C

z R R R
C C (1 A ) C C







 
    
 

                                                              (2.15.10) 

where, Vi is input signal with angular frequency ωi, R1 and R2 are voltage divider resistor as shown in Fig. 
2.15.5. Thus, near zero frequency magnitude of the input signal to transistor circuit Vi' is unchanged, as 
impedance of the equivalent parasitic capacitor Cieq is near to infinite. Now as the frequency input signal 
increases, the magnitude of the input signal to transistor circuit Vi' also decreases as shown in Fig. 2.15.1 (a) 
and (c).  Thus, in high frequency range the transistor circuit behave as low pass filter and the amplitude of 
the signal decreases from maximum to zero value. The magnitude of the input signal can be normalized 
based on frequency of the input source as, 
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Fig. 2.14.5 Circuit schematic showing high frequency response analysis at input side for resistor divider transistor 
circuit.  

The above expression clearly shows that for input source frequency f << fr, there is no attenuation of the 
input signal and region of frequency operation is defined as medium frequency region. And for the frequency 
f > fr, magnitude of the attenuates and diminishes to zero. The cut-OFF frequency fr 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-point operating 
point is then covered. The next section discusses the several biasing circuits of the bipolar junction transistor. 
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 examine how 
the gain of the amplifier changes with frequency. Each of these ideas is necessary to comprehend how 
different electronic circuits work. The book's appendix contains a laboratory experiment pertaining to the 
input and output characteristics of a bipolar junction transistor in a common emitter configuration. 
 
 

EXERCISES 
 

 
Multiple Choice Questions 

2.1 The relation between the doping concentration of emitter (E), base (B) and collector (C) in BJT is 
a. B > C > E 
b. C > E > B 
c. B > E > C 
d. E > C > B 

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

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



93 | Analog Electronic Circuits: Theory and Practical 
 

 

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. hoRL<0.1 
b. hfRL<0.1 
c. hrRL<0.1 
d. hiRL<0.1 

 
 
Answers for Multiple Choice Questions 

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

 
Short Answer Type Questions 

2.1 Explain the input and output characteristics of the transistor in common emitter configuration? 
2.2 Explain the input and output characteristics of the transistor in common base configuration? 
2.3 Explain the input and output characteristics of the transistor in common collector configuration? 
2.4 Explain the h-parameter model of the transistor? 
2.5 Explain the operation of BJT as a open switch? 
2.6 Explain the operation of BJT as closed switch? 

 
Long Answer Type Questions 

2.1 Explain the construction and working of BJT? 
2.2 Explain the frequency response RC coupled, direct coupled and transformer coupled amplifier? 
2.3 Explain the Millers theorem? 
2.4 Explain the low-frequency response and high-frequency response of CE amplifier? 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Introduction to the MOSFET;  
 MOSFET Transfer and Drain Characteristics;  
 Various Configurations of the MOSFET;  
 Analysis of MOSFET’s in Ohmic Region;  
 Biasing of the MOSFET’s;  
 Fixed Biased Circuit; 
 Self Biased Circuit; 
 Voltage Divider Circuit; 
 Common Gate Circuit; 
 Common Drain Circuit. 

RATIONALE  

This fundamental unit on the MOSFET helps students to get a primary idea about the operation of the 
MOSFET under both unbiased and biased operating conditions. Next various configurations of the 
MOSFET like common gate, common source and common drain were discussed. After obtaining a good 
knowledge on these topics, next the crucial aspect that decides the operation of MOSFET in the 
electronic circuit needs to be studied. Biasing of the MOSFET is a crucial aspect that decides the 
operation of the MOSFET in any electronic circuit. Next, the operating point of the Q-point of the 
MOSFET is discussed. The operating point will ensure that the MOSFET always operates in stable and 
desired operating conditions. 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. 

 

3 
           

          MOSFET 
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PRE-REQUISITES  

Basic electrical circuit analysis  

UNIT OUTCOMES  

List of outcomes of this unit is as follows: 
U3-O1: Understand the basics of MOSFET along with its operation 
U3-O2:  Realize various biasing circuits required the MOSFET along with the selection of the 

operating point 
U3-O3:  Realize various operations of the MOSFET in the electronic circuits 
U3-O4: Determine the amplifier parameters by using the small signal analysis 
U3-O5: Determine the design of common gate and common source configurations.  
 

Unit-3 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U3-O1 3 1 2 1 - 

U3-O2 3 1 2 1 - 

U3-O3 3 1 2 1 - 

U3-O4 3 1 3 1 - 

U3-O5 3 1 3 1 - 

 

 
 

  



97 | Analog Electronic Circuits: Theory and Practical 
 

 

UNIT-III 
MOSFET 

 
3.1 Introduction to the MOSFET’s 

The Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is the majority carrier device with 
three terminals. The three terminals of the MOSFET’s are the gate, drain and source. MOSFETs are 
categorized into two types P and N-channel MOSFET based on the type of channel they used in its 
construction. In case of NPN or N-channel MOSFET, the N—Doped silicon (forming Drain and source 
terminal as shown in Fig. 3.1.1) with N-channel (connected to Gate terminal as shown in Fig. 3.1.1) is 
embedded within the P-doped silicon substrate as shown in Fig. 3.1.1.  The same holds true for P-channel 
MOSFET where “N” is replaced by “P”. Further, in an n-channel MOSFET (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 the source and drain. Thus, a small voltage at which the 
conducting channel is formed is called threshold gate source voltage. The gate source voltage controls the 
current flowing between drain and source terminals of the MOSFET.  Based on the presence and absence of 
the channel between drain and source MOSFETs are categorized as– Enhancement and Depletion type. The 
structure of Enhancement and Depletion type MOSFET’s are different as shown 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-source voltage VGS is should be positive in case of an 
enhancement type, while for depletion type it resembles JFET which requires 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.  

 
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 MOSFETs 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 ID, the circuits having enhancement or 
depletion type MOSFET’s can be analyzed as given in this chapter.  



MOSFET | 98 
 

 

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 SiO2 insulator is induced between the metal gate terminal and the 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 in electronic circuits. 
Further, based on the construction or type of channel added the categorization of MOSFET’s can be done 
i.e. N-type and P-type.  The drain and the source terminals are connected to the metallic contact to the  
n-doped region as shown. The N-doped region of the source and drain terminal is linked by N-channel in 
depletion N-type MOSFET’s while the same is absent in enhancement N-type MOSFET’s. The metal 
contact of the gate terminal is added over the thin layer of insulator SiO2 as shown in Fig. 3.1.1. The thin 
layer of the insulator is kept over the N-channel to restrict the flow of electrons between the gate terminal 
and N-channel apart from adding a high input impedance characteristics. The symbols used for the P and  
N-type depletion MOSFET’s are given in Fig. 3.1.2. 

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

S

G

D S

G

D

(c) N-P-N type (d) P-N-P type

S

G

D S

G

D

 
Fig. 3.1.2 Symbol of (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.  

 

 
Fig. 3.2.1 Depletion mode MOSFET’s circuit with (a) no biasing, (b) biasing with variable drain to source voltage 

VDD and shorted gate to source  terminal, and (c) biasing with variable drain to source voltage VDD and 

gate to source  voltage VGS . 

 

Now let us connect a variable DC supply voltage between drain to source terminals VDD, which is initially 
kept zero and is gradually increased. Further, let the gate and source terminal be shorted as shown in Fig. 
3.2.1(b). Now as the voltage VDD is increased from zero to some small value same is reflected in the drain 
current ID. The free electrons e- in the N-channel gets attracted towards the positive drain terminal as shown 
in Fig. 3.2.1(b). This results in the flow of the current from the drain to the source. The magnitude of the 
drain current ID keeps on increasing as the drain voltage VDD increases. The region of operation where the 
drain current ID keeps on increasing as the drain voltage VDD increases is termed an ohmic region similar to 
the active region in BJT. At particular drain voltage VDD, the drain current ID reaches its maximum saturation 
value IDSS. Once the drain current ID reaches its maximum saturation value IDSS, there is no more increase in 
its value even with the increase in its drain voltage VDD. The region of operation where there is no increase 
in the drain current ID or it reaches its maximum saturation value IDSS is termed as saturation region.   

Now let us introduce a variable fix supply voltage across gate and source VGS with magnitude as shown 
in Fig. 3.2.1(c) Taking VGG >0 , now repeat the same process as discussed above for the fixed value of gate 
and source voltage VGS. Now as the voltage VDD is increased from zero to some small value same is reflected 
in the drain current ID. The free electrons e- in the N-channel get attracted towards the positive drain terminal 
as shown in Fig. 3.2.1(c). This results in the flow of the current from the drain to the source. The magnitude 
of the drain current ID keeps on increasing as the drain voltage VDD increases. The region of operation where 
the drain current ID keeps on increasing as the drain voltage VDD increases is termed an ohmic region similar 
to active region in BJT. At particular drain voltage VDD, the drain current ID reaches its maximum saturation 
value IDSS. The obtained value of the IDSS is higher than what obtained for shorted gate to source  terminal. 
Further, applied drain voltage VDD corresponding to maximum saturation value IDSS is also higher when 
compared with the short-circuit case as can be seen in Fig. 3.1.2. Once the drain current ID reaches its 
maximum saturation value IDSS, there is no more increase in its value even with the increase in its drain 
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voltage VDD. The region of operation where there is no increase in the drain current ID or it reaches its 
maximum saturation value IDSS is termed as saturation region.   
Now taking VGG <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 VDD is increased from zero to some small 
value same is reflected in the drain current ID. 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 ID keeps on increasing as the drain voltage VDD increases. The region of 
operation where the drain current ID keeps on increasing as the drain voltage VDD increases is termed as 
ohmic region. At particular drain voltage VDD, the drain current ID reaches its maximum saturation value 
IDSS. The obtained value of the IDSS is lower than what is obtained for shorted gate to the source terminal. 
Further, applied drain voltage VDD corresponding to maximum saturation value IDSS is also lower when 
compared with short-circuit case as can be seen in Fig. 3.2.2. Once the drain current ID reaches its maximum 
saturation value IDSS, there is no more increase in its value even with the increase in its drain voltage VDD. 
The region of operation where there is no increase in the drain current ID or it reaches its maximum saturation 
value IDSS is termed as saturation region.  Now if we still make gate and source voltage VGS more negative 
(say -2V), the same characteristics repeat with the lower value of the maximum saturation value IDSS. Thus, 
the maximum saturation value IDSS with corresponding drain voltage VDD keeps on decreasing as VGS becomes 
more and more negative. This continues till the gate and source voltage VGS reaches the threshold voltage 
of –Vtv. Once the gate and source voltage VGS reaches the threshold voltage of –Vtv there is no or zero flow 
of current between drain to source even with the increase of drain voltage VDD. The given region of operation 
when there is no or zero flow of current between drain to source is termed as cut-OFF region. The three 
regions of operation – ohmic, saturation and cut-OFF region for the MOSFET’s is shown in Fig. 3.2.2. Once 
completed, the obtained graph between drain current ID and drain to source voltage (VDD) can be plotted and 
is termed as drain characteristics as shown in Fig. 3.2.2. The drain characteristics when extended to get plot 
between gate and source voltage VGS and drain current ID gives the transfer characteristics as shown in  
Fig. 3.2.2.   

 
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 VGS and drain current ID apart from 
drain characteristics between drain to source voltage VDS and drain current ID it is required to have a variable 
DC voltage source between gate to source VGG and drain to source terminals VDD. 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 VDD, is initially kept zero and is gradually increased 
and readings are taken for the drain current ID. and drain to source voltage VDS for the given gate to source 
voltage VGS. 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 VGS becomes 
more and more negative. It becomes near to infinite for voltage lesser than (more negative) the threshold 
voltage Vtv. This property of the variable drain to source resistor is exploited in the circuit where gain control 
is required. The variable resistor between the drain and source terminal as the function of the gate to source 
voltage VGS is given by, 

                                                                                
2(1 )

o
D

GS

tv

rr
V
V




                                                (3.2.1) 

where, ro is the resistance between drain and source terminal with gate to source voltage VGS  equal to zero, 
while , rD is the resistance between drain and source terminal for the given gate to source voltage VGS. It can 
be noted that in the given expression holds for gate to source voltage VGS  lying between -Vtv ≤ VGS ≤0 apart 
from condition of MOSFETs drain to source voltage VDS ≤Vtv.  Further, in cut-OFF region where VGS ≤-Vtv, 
the resistance rD between drain and source terminal is infinite or near to the open circuit. Thus, MOSFET’s 
show a very high resistance or open circuit between drain to source terminal in the cut-OFF region as 
depicted in Fig. 3.2.3 (b). Now for the region of operation in the saturation region, the device offers minimal 
resistance between drain to the source terminal. Thus, it acts as a switch with fix minimal resistance for the 
operation in saturation region as depicted in Fig. 3.2.3 (c).  

 
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. 

 
Fig. 3.3.1 Common gate, common source and common drain configurations of the MOSFET. 

 

3.4  Analysis of MOSFET’s in Ohmic Region 

MOSFET’s devices are more popular compared to BJT due to high voltage gain and input impedance 
and low leakage current.  Further, they are voltage-controlled devices which makes them more efficient 
when compared with BJT which are current controlled. In MOSFET’Ss the current in the drain terminal ID 
is controlled by the gate to source VGS. The drain current is the function of the gate to source voltage VGS and 
is given by, 

                                               2(1 )  GS
D DSS

tv

V
I I

V
           (3.4.1) 

Where, IDSS represents the saturation current for the gate to source voltage VGS equal to zero; Vtv 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 relation between the input gate to source voltage VGS  and output drain current ID.  Thus, if the 
derivative of the (3.4.1) is taken with respect to the input gate to source voltage VGS, it simplifies to the linear 
equation and is given by, 
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The (3.4.2) represents a linear equation of the straight line which relates the slope of (3.4.1) for the given 
the gate to source voltage VGS. Further, LHS quantity in eq (3.4.2) i.e. represents the “transconductance” 
(dID/d(VGS)) and denoted by ‘gm’. The word “trans” refers to the relation between change in input and 
output, while conductance refers to the ratio of the current by voltage or change in output drain current to 
the change in input gate to source voltage VGS. It can be noted that gm is the function of the operating input 
gate to source voltage VGS. Thus,  

                                            2
(1 )

( )
   DSS GSD

m
GS tv tv

I VdI
g

d V V V
                                                                (3.4.3) 

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

                                                                                   2
(1 ) DSS GS

m
tv tv

I V
g

V V
                                         (3.4.4) 

Where │Vtv│ represents a absolute value or only positive value of the Vtv is considered. Now, for  
VGS= Vtv , substituting in (3.4.4) we have, gm=0. Similarly, for VGS= 0 , substituting in (3.4.4) we have,  
gm=2IDSS/│Vtv │, which is its maximum value and is represented by gmo. Now, for VGS= Vtv /2, substituting 
in (3.4.4) we have, gm= =IDSS/│Vtv │= gmo /2. Thus, the relation between gm and input gate to source voltage 
VGS is a straight line and is given by, 
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   (3.4.5) 

Thus, 3.4.5 actually represents a straight line equation, which simplifies the computation of the 
transconductance ‘gm’.  Further, its value increases from zero at VGS= Vtv to the maximum of gmo at VGS= 0. 
Transconductance is actually the slope of the operating in the VGS – ID characteristics. The slope for the VGS 
– ID characteristics 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 ‘gm’ is given by, 
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Thus, using the graph of VGS – ID characteristics one can determine the change in input gate to source voltage 
ΔVGS and its corresponding change in output drain current to ΔID to compute gm.  

 
Fig. 3.4.1 Graphical computation of transconductance ‘gm’ for the MOSFET 

(ii) Analytically. 
For analytical one need to derive the expression for the derivative of the drain current ID wrt gate to source  
voltage VGS will result in, 

                                                                      2
(1 ) DSS GS

m
tv tv

I V
g

V V
                                                             (3.4.7) 

The slope of the straight line is given by 2IDSS/│Vtv │2 . Its intercept on the y-axis (gm) represents the 
maximum value of the transconductance obtained by putting VGS= 0 in (3.4.7) and is given by, 
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                                                           (3.4.8) 

 
At VGS= Vtv; gm=0 

At VGS= Vtv /2; gm=gmo/2 
At VGS= Vtv /4; gm=3gmo/4 

At VGS= 0; gm= gmo 
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Fig. 3.4.2 Analytical computation of transconductance ‘gm’ for the MOSFET and its variation with gate to source 

voltage VGS 

 

Till we have learnt about the expression of the transconductance ‘gm’ in terms of VGS. The magnitude of 
the transconductance ‘gm’ can also be determined based on drain current ID . From eq (3.4.1),  
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Thus, as the value of the drain current ID increases, the corresponding value of the gm also increases. The 
maximum value (saturated value) of the drain current is obtained when gm is maximum at VGS =0.  
For, ID=IDSS ; gm= gmo 
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At, ID=IDSS/4 ; gm= gmo/2 
At, ID=IDSS/2 ; gm= gmo/√2 

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

                                                    2( ) m
D DSS

mo

g
I I

g
                                                                         (3.4.11) 

Thus, once drain current ID 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 1000MΩ. While the output impedance between drain and source 
typically varies between 20 kΩ  to 100 kΩ. In the datasheet typically the admittance parameter of Yds is 
provided having the value between 1/50 µS to 1/10 µS. The value of the drain to source impedance is given 
by, 

                                                       1
ds

ds

z
Y

                                                                        (3.4.12) 

In the small ac equivalent circuit for the MOSFET, the output impedance represents the equivalent source 
to drain resistance of the MOSFET device. It also actually represents the slope of the output characteristics 
between the drain current ID and the drain to source voltage VDS. Near to zero slope of drain characteristics 
represents the infinite resistance. It can be observed that for the lower value of the input gate to source 
voltage near to threshold voltage Vtv the drain characteristics has zero slope or has infinite drain source 
resistance. Same is depicted in Fig. 3.2.3.  

Further, it can be seen from the transfer output characteristics (plot of gate to source voltage versus drain 
current) shown in Fig. 3.4.2 the transconductance ‘gm’ has the maximum value when the gate to source 
voltage is maximum or has zero value. The transconductance ‘gm’ value decreases as the gate to source 
voltage decreases from zero to negative value of Vtv . The transconductance ‘gm’ value equal to zero for the 
gate to source voltage of -Vtv . As the transconductance ‘gm’ relates the gate to source voltage with the in the 
drain current and is the variable value which is the function of gate to source voltage. For the given value of 
the gate to source voltage the transconductance ‘gm’ is a fix value and is given by ratio of drain current to 
gate to source voltage. In other words, it represents the slope of the transfer characteristics and for very small 
changes in gate to source voltage (ΔVGS tends to zero), the slope transconductance ‘gm’ is given by,  

                                                             D
m

GS

I
g

V
                                                                     (3.4.13) 

Thus, for the small signal model, 
                                                         D m GSI g V                                                                      (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 ‘gm’ 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 ‘rd’ as shown in Fig. 3.4.3. This resistance has high value 
and near to infinite for gate to source voltage ‘VGS’ tending to negative of peak threshold voltage -Vtv. For 
this reason, the output characteristics of the MOSFET device is nearly parallel to voltage axis (drain to 
source voltage ‘VDS’).  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 circuit. 

 

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

 

 
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 ‘VGS’. Once gate to source voltage 
‘VGS’ is computed, then determine the transconductance ‘gm’. Using the information of the transconductance 
‘gm’ and gate to source voltage ‘VGS’ derive the ac equivalent circuit for the given MOSFET circuit. 
Step involved in DC analysis of the MOSFET circuit is as follows:  
(i) Open circuit the coupling capacitors Cs, Co, and CE, if exist in the circuit. 
(ii) Short the input AC signal source. 
(iii) Solve the obtained MOSFET circuit for gate to source voltage ‘VGS’. 
(iv) As gate terminal is insulated by SiO2, the gate current IGS is considered to be zero. 
(v) Determine the transconductance ‘gm’. 
(vi) Determine the drain current ID using transconductance ‘gm’. 
(vii) Using the drain current ID determine, determine drain to source voltage VDS by applying KVL in the 

outer loop having drain and source terminals.  

Once the drain current ID is determined, then the ac equivalent circuit for the given MOSFET network  can 
be derived using following steps: 
(i) Short circuit all the coupling capacitors Cs, Co, and CE , if exist in the circuit. 
(ii) Short all the input DC sources defining the operating region for the MOSFET’s. 
(iii) Replace the three terminal MOSFET device with its equivalent ac signal model as given in Fig. 3.4.4 

(MOSFET ac equivalent). 
(iv) Solve the obtained circuit for the output voltage. 

As in transistor circuits, MOSFET circuits are also categorized based on the DC biasing circuit as: 
(i) Fixed biased circuit 
(ii) Self biased circuit 
(iii) 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 VGG as given in Fig. 3.6.1. The fixed input gate voltage VGG connected to the gate terminal “G” 
via gate resistor RG. The gate resistor RG is employed to limit the gate current and protect MOSFET device. 
To analyze the given circuit it is first necessary to determine the voltage across gate and source “VGS”. As 
MOSFET device has infinite input resistance, so current in the gate circuit IGS is approximately equal to zero 
(≈ 0). As gate circuit IGS is zero, the voltage across gate and source “VGS” is equal to the DC supply voltage 
“VGG” as depicted in Fig. 3.6.2.   

                                                                          
0  

 
GS GG

GS GG

V V
V V

                                          (3.6.1) 

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 “ID” and transconductance ‘gm ‘ can be 
computed using via a DC supply voltage “VGG”.  
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Fig. 3.6.1 The circuit diagram for the fixed biased circuit using depletion MOSFET. 

 
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.  
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Thus, MOSFET operating drain to source voltage can be determined. Further, again using drain to source 
current “ID” 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, 

                                                                             i Gz R                                                                             (3.6.4) 

 

 
Fig. 3.6.3 The equivalent circuit diagram for AC analysis of the fixed biased circuit using depletion MOSFET.  
 
For equivalent output resistance is obtained by shorting input source in the equivalent AC circuit. The 
obtained equivalent output resistance is given by, 
௢ݖ                                                                            = ஽ݎ ∥ ܴ஽                                                                      (3.6.5) 

The voltage gain in the equivalent AC circuit is given by, 

                                                                             o
v

i

V
A

V
                                                                            (3.6.6) 

Where, 
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Therefore,  
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The negative sign in the gain indicate output signal is 180o 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 VGG. 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, 
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Using Shockley equations we have, 

 
Fig. 3.7.1 The circuit diagram for the self-biased circuit using depletion MOSFET. 

 

 
Fig. 3.7.2 The equivalent circuit diagram for DC analysis of the self biased circuit using depletion MOSFET.  
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Solving the above quadratic equation (3.7.2) one can determine the drain current ID and is given by, 
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Once the drain current ID is computed one can determine the voltage across gate and source “VGS” using, 
 GS D SoV I R  

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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Thus, MOSFET operating drain to source voltage can be determined. Further, again using drain to source 
current “IDS” 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. The equivalent input resistance is given by, 
                                                                               i Gz R                                                                        (3.7.5) 
For equivalent output resistance is obtained by shorting input source in the equivalent ac circuit. The 
obtained equivalent output resistance is given by, 
௢ݖ                                                                          = ஽ݎ ∥ ܴ஽                                                                     (3.7.6) 

The voltage gain in the equivalent ac circuit is given by, 
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Fig. 3.7.3 The equivalent circuit diagram for AC analysis of the self biased circuit using depletion MOSFET.  

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

 
3.8  Voltage Divider Circuit  

The circuit diagram for the voltage divider circuit is given in Fig. 3.8.1. The given circuit has two resistors 
R1 and R2 connected between VDD and ground ‘g’ as shown in Fig 3.8.1. However, the drain terminal of the 
MOSFET circuit is connected to the ground via a resistor Rs as given in Fig. 3.8.1. 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 DC equivalent circuit for the MOSFET circuit is given in Fig. 3.8.2. Using the 
DC equivalent circuit and applying KVL in the loop g-S-G-g we have, 
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Using Shockley equations we have, 
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Fig. 3.8.1 The circuit diagram for the voltage divider biased circuit using depletion MOSFET. 

 
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 ID and is given by, 
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Once the voltage across gate and source “VGS” is computed one can determine the drain current ID using, 
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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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Thus, MOSFET operating drain to source voltage can be determined. Further, again using drain to source 
current “IDS” 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. The equivalent input resistance is given by, 

௜ݖ                                                                           = ܴଵ ∥ ܴଶ                 (3.8.6) 

 
Fig. 3.8.3 The equivalent circuit diagram for AC analysis of the voltage divider biased circuit using depletion 

MOSFET.  

 

For equivalent output resistance is obtained by shorting input source in the equivalent ac circuit. The 
obtained equivalent output resistance is given by, 
௢ݖ                                                                                 = ஽ݎ ∥ ܴ஽     (3.8.7) 

The voltage gain in the equivalent ac circuit is given by, 
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Where, 

                                                                              

 

i Ac

o m Ac o

V v
V g v z

  

Therefore,  
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v m o

V g v z VA
V v

A g z
  (3.8.8) 

The negative sign in the gain indicate output signal is 180o phase shifted with reference to the input signal. 
 
3.9  Common Gate Circuit  

The circuit diagram for the common gate circuit is given in Fig. 3.9.1. The given circuit has input source 
connected to the source terminal via coupling capacitor as shown in Fig. 3.9.1. The gate terminal is shorted 
to the ground. The given circuit has zero phase displacement in the output signal. 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 DC equivalent circuit for the MOSFET circuit is given in Fig. 3.9.2. Using the 
DC equivalent circuit and applying KVL in the loop g-S-G-g we have, 

                                                                     
0   




GS D So SS

SS GS
D

So

V I R V
V VI

R
             (3.9.1) 

 
Fig. 3.9.1 The circuit diagram for the common gate circuit using depletion MOSFET. 
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Fig. 3.9.2 The equivalent circuit diagram for DC analysis of the common gate circuit using depletion MOSFET.  

Using Shockely equations we have, 
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Solving the above quadratic equation one can determine the drain current ID and is given by, 
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          (3.9.3) 

Once the voltage across gate and source “VGS” is computed one can determine the drain current ID using, 

                                                                        
 SS GS

D
S

V V
I

R
  

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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DS DD SS D D So
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                                               (3.9.4)

  

Thus, MOSFET operating drain to source operating voltage can be determined. Further, again using drain 
to source current “IDS” 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, 

                                                                                      i
i

in

Vz
i

                (3.9.5) 

 
Fig. 3.9.3 The equivalent circuit diagram for AC analysis of the common gate circuit using depletion MOSFET.  

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

depletion MOSFET.  
 
Applying KVL in loop G-S-D-G, 
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Applying KCL at node ‘S’, 
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Applying KCL at node ‘D’, 
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Substituting Vo from (3.9.8) to (3.9.7) we have, 
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                                                   (3.9.9) 

For equivalent output resistance is obtained by shorting input source in the equivalent ac circuit as shown in 
Fig. 3.9.5. The obtained equivalent output resistance is given by, 
௢ݖ                                                                          = ஽ݎ ∥ ܴ஽                                                                     (3.9.10) 

           
Fig. 3.9.5 The AC equivalent circuit diagram for determining output impedance zo for the common gate circuit  

using depletion MOSFET.  

 

The voltage gain in the equivalent ac circuit is given by, 
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Therefore,  
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Thus, gain of the common gate circuit is the function of both trans-conductance and drain resistance. Further, 
output signal is in phase with the input signal.  
 
3.10 Common Drain 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 ‘VDD’. 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, 

 

 
Fig. 3.10.1 The circuit diagram for the common drain circuit using depletion MOSFET. 

 

 
Fig. 3.10.2 The equivalent circuit diagram for DC analysis of the common drain circuit using depletion MOSFET.  
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Using Shockley equations we have, 
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Solving the above quadratic equation one can determine the drain current ID and is given by, 
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Once the drain current ID is computed one can determine the voltage across GATE and source “VGS” using, 
                                                                        GS D SoV I R                          (3.10.4) 

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, 

                                                                    
0
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                 (3.10.5) 

Thus, MOSFET operating drain to source operating voltage can be determined. Further, again using drain 
to source current “ID” 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. 3.10.3. The equivalent input resistance is 
computed using circuit shown in Fig. 3.10.4 and is given by, 
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Fig. 3.10.3 The equivalent circuit diagram for AC analysis of the common drain circuit using depletion MOSFET.  

         
Fig. 3.10.4 The AC equivalent circuit diagram for determining input impedance zi for the common drain circuit using 

depletion MOSFET.  
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For equivalent output resistance is obtained by shorting input source in the equivalent ac circuit as shown in 
Fig. 3.9.5. The obtained equivalent output resistance is obtained by applying KVL in loop G-S-D-G, 
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Applying KCL at node ‘S’, 
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The voltage gain in the equivalent ac circuit is given by, 
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Fig. 3.10.5 The AC equivalent circuit diagram for determining output impedance zo for the common drain circuit 

using depletion MOSFET.  
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௩ܣ = ௢ܸ

௜ܸ
=

݃௠(ݎ஽ ∥ ܴௌ௢)
(1 + ݃௠(ݎ஽ ∥ ܴௌ௢)) ≈

݃௠ܴௌ௢
(1 + ݃௠ ௌܴ௢) 

௩ܣ                                                          = ௏೚
௏೔
≈ ௚೘ோೄ೚

(ଵା௚೘ோೄ೚)
                                               (3.10.10) 

Thus, gain of the common gate circuit is the function of both trans-conductance and drain resistance. Further, 
output signal is in phase with the input signal.  

Table I Summary MOSFETs 

S. Configuration Diagram Expression for Drain 
source voltage (VDS) 

Expression for zi, zo, 
AV  

1 Fixed Biased 
Circuit 

 

 DS DD D DV V I R  
i Gz R  
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v m oA g z  

2 Self Biased 
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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-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 examine how 
the gain of the amplifier changes with frequency. Each of these ideas is necessary to comprehend how 
different electronic circuits work. The book's appendix contains a laboratory experiment pertaining to the 
input and output characteristics of a bipolar junction transistor in a common emitter configuration. 
 

 

EXERCISES 
 

 
Multiple Choice Questions 

3.1 What are the voltages across RD (3kΩ) and RS (0.82 kΩ)? 

      40 V 
 
 

 
                    3 kΩ 

          220 MΩ 
 

 
 

        18 MΩ                                        0.82 kΩ 

 

 
a. 0 V, 0 V 
b. 5 V, 5 V 
c. 10 V, 10 V 
d. 20 V, 20 V 

VGS(Th) = 5 V 
ID(on) = 3 mA at 
VGs = 10 μS 
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3.2 Calculate the value of RD. 
 
 
 
 
 
 
 
 
 
 

      10 MΩ 
 
 
 
 
 
 

a. 2 kΩ 
b. 3 kΩ 
c. 3.5 kΩ 
d. 4.13 kΩ 

3.3 The slope of the dc load line in a self-bias configuration is controlled by  . 
a. VDD 
b. RD 
c. RG 
d. RS 

3.4 The dc load line of common base FET configuration is controlled by  . 
a. VDD and RS 
b. RD, RS and VSS 
c. RS and VSS 
d. RS 

Answers for Multiple Choice Questions 

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

 
Short Answer Type Questions 

3.1 Give the derivation of the Zi, Zo and voltage gain for the fixed biased JFET configuration? 

18 V 

 

ID(on) = 3 mA 
VGS(on) = 6 V 
VGS(Th) = 3 V 
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3.2 Give the derivation of the Zi, Zo and voltage gain for the voltage divider JFET configuration? 
3.3 Give the derivation of the Zi, Zo and Av for self- biased common source JFET configuration with 

un-bypassed capacitor taking into account drain resistance rd? 
3.4 Give the derivation of the Zi, Zo and AV for common gate FET configuration taking into account 

drain resistance rd? 
 
Long Answer Type Questions 

3.1 Determine the following for the circuit in below figure (i) VGSQ (ii) IDQ (iii) VDS (iv) VD 
(v) VG (vi) VS 

 

 
 

3.2 Determine the following for the circuit in the below figure (i)VGSQ (ii) IDQ (iii) VDS (iv) VD (v) VG 
(vi) VS 
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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 Zi, Zo and Av for self- biased common gate JFET configuration 
with bypassed capacitor 

 

 
KNOW MORE 

 

 

 
 

REFERENCES 
 

1. Robert Boylestad, Louis Nashelsky- Electronic Devices and Circuit Theory, Prentice Hall Upper 
Saddle River, New Jersey Columbus, Ohio 

2. Donald L. Schilling, Charles Belove -Electronic Circuits: Discrete and Integrated, McGraw-Hill Book 
Company New York St. Louis San Francisco Toronto London Sydney. 

3. Integrated Electronics Analog Digital Circuits, Jacob Millman and D. Halkias, McGraw Hill. 

 

 
 

For Additional Info Scan Me 



 

 

 

 

 

 

 

 

 

UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Introduction to Power Amplifier;  
 Classification of Power Amplifiers;  
 Differential Amplifiers.  

 

RATIONALE  

This unit on the power amplifiers and differential amplifiers helps students to get a primary idea about 
the operation of the power and differential amplifiers. Firstly, the need for power amplifiers is 
explained. Next, the various classifications of the power amplifiers are discussed. This classification is 
required for the identification of the application based on various factors like efficiency, distortion etc.  
Next the need for differential amplifier along with the operation and analysis is explained. 

 

PRE-REQUISITES  

NIL 

UNIT OUTCOMES  

List of outcomes of this unit is as follows: 
U4-O1: Understand the basics of power amplifiers 
U4-O2:   Understand various power amplifier configurations 
U4-O3:  Realize the various applications of the power amplifiers 
U4-O4: Understand the basics of differential amplifiers 
U4-O5:  Realize the operation of the differential amplifier 
 

 

4           Power Amplifier and 
Differential Amplifier 
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Unit-4 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U4-O1 1 - 1 3 - 
U4-O2 1 - 1 3 - 
U4-O3 1 - 1 3 - 
U4-O4 - - - 3 - 
U4-O5 1 - 1 3 - 
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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-power signals 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 varying the 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, efficiency, 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 depends on the specific requirements and 
constraints of the system or device being designed. The small signal analysis using h-parameters cannot be 
used for the power amplifiers due to the large signal nature at the input. The analysis of the 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 are classified as: 

4.2.1 Class A Power Amplifiers 
The power amplifiers in which the Q-point lies exactly at the centre of the DC load line are called class 

A power amplifiers.  Due to the location of 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 00 to 3600. The output signal will have less distortion. The efficiency of the 
class A power amplifiers is very comparatively which is around 25% to 50%.  

4.2.2 Class B Power Amplifiers 
The power amplifiers in which the Q-point lies exactly on the X-axis of the output characteristics are 

called class B power amplifiers.  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. As a result, the output signal is available from 00 to 1800. The output signal will have 
distortion higher than 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. 
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Fig. 4.2.1.1 Q-point for class A amplifier. 
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Fig. 4.2.2.1 Q-point for class B amplifier. 
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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 1800. The output signal will have distortion 
higher than class B. The efficiency of the class C power amplifiers is very high almost around 100%.  
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Fig. 4.2.3.1 Q-point for class C amplifier. 

4.2.4 Class AB Power Amplifiers 
The power amplifiers 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 load line, the output signal of the amplifier will be available for more than 1800 but less 
than 3600 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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Fig. 4.2.4.1 Q-point for class AB amplifier. 

 

4.3 Differential Amplifiers 
Differential amplifier circuit is the basic unit for the operational amplifier. It consists of the two common 

emitter transistor circuits having a common emitter resistor shared between their emitter terminal as shown 
in Fig. 4.3.1. The other end of the common emitter resistor is connected to the negative supply –VEE as can 
be seen from Fig. 4.3.1. The circuit diagram 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 input AC signals are grounded and the operating voltage and current for the 
two transistors are computed as shown in Fig. 4.3.2. As the two transistors are identical, so below 
assumptions can be applied.  

                                            C1 C2 E
B1 B2

I I II I
2

   
  

                                                               (4.3.1) 

Applying KVL at the outer loop of the transistor we have, 

                                                               

BE E E EE

EE BE EE
E

E E

cc C1 c CE1 E E EE

E
CE1 CE2 cc c E E EE

V I R ( V ) 0
V V V 0.7

I
R R

V I R V I R ( V ) 0
I

V V V R I R V
2

    
 

 

     

    

                                           (4.3.2) 
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Thus, the operating voltage (VCE1 and VCE2) 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 

 
Fig. 4.3.1 Circuit schematic of differential amplifier using CE transistor. 

                

assume, 

                                                                      
1 E E b1 i

2 E E b2 i

1 2 b1 b2 i

V i R i R 0  
V i R i R 0
V V (i i )R

  

  

  
                                                                (4.3.3) 

Applying KVL at two outputs we have 

                                                                  

01 C1 C

02 C2 C

01 C1 C 02 C2 C

01 02 C1 C2 C

v i R 0  
v i R 0 
v i R (v i R ) 0
v v (i i )R 0

 
 

   
   

                                                     (4.3.4) 

Applying KCL at node ‘C1 ’ and ‘C2’ we have 

                                                                             C1 b1

C2 b2

i i
i i

 


                                                                              (4.3.5) 

Substituting (6.3.5) and (6.3.3) in (6.3.4) we have, 
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Fig. 4.3.2 Equivalent circuit schematic of differential amplifier for DC analysis. 

 

 
Fig. 4.3.3 Equivalent circuit schematic of differential amplifier for AC analysis. 



Power Amplifier and Differential Amplifier | 140 
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R

V Vv v ( ) R 0
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R
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
 


   


   

                                                             (4.3.6) 

Thus, difference of the output voltage is proportional to the difference in the input voltage. The emitter 
current can be derived by applying KCL at ‘E’ we have, 

                                          E b1 b1 b2 b2

E b1 b2

i i i i i 0 
i (i i )( 1)
    
  

                                                        (4.3.7) 

 
 

UNIT SUMMARY 
 

This unit on power amplifiers and differential amplifiers have discussed the basic understanding of how 
these amplifiers work. The necessity of power amplifiers is first described. The several power amplifier 
classes are then covered. This classification is necessary in order to identify the application based on a 
number of variables, such as distortion and efficiency. The necessity of a differential amplifier is then 
discussed, along with its analysis and functioning. 
 
 

EXERCISES 
 

 
Multiple Choice Questions 

4.1 In Class A power amplifier, the output current flows for 
a. the full cycle of the input signal 
b. half the 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 

4.2 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. half the 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 
a. is not rich in harmonics 
b. flows for 120° or less of the ac input cycle 
c. in sinusoidal 
d. flows for 240° or more of the ac input signal 

 
Answers for Multiple Choice Questions 

4.1 (a), 4.2 (a), 4.3 (b), 4.4 (b) 
 

Short Answer Type Questions 
4.1 Explain in detail about class A power amplifiers? 
4.2 Explain in detail about class B power amplifiers? 
4.3 Explain in detail about class AB power amplifiers? 
4.4 Explain in detail about class C power amplifiers? 

 
Long Answer Type Questions 

4.1 Explain in detail about various power amplifiers? 
4.2 Explain in detail about the differential amplifiers? 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Introduction to op-amp;  
 Basics of the op-amp;  
 IC 741 op-amp;  
 Internal structure of an op-amp;  
 Ideal op-amp;  
 Characteristics of ideal op-amp; 
 Practical op-amp; 
 Characteristics of practical op-amp 
 Negative feedback in op-amp 
 Procedure for analyzing the op-amp circuits. 

RATIONALE  

This fundamental unit on op-amp helps students to get a primary idea about the basics of operational 
amplifiers. First, the history of the op-amp is explained. 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 to the students. 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. 
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 

 

 

5           Operational Amplifiers  
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PRE-REQUISITES  

NIL 

UNIT OUTCOMES  

List of outcomes of this unit is as follows: 
U5-O1: Understand the basics of op-amps 
U5-O2:  Realize the internal structure of the op-amp 
U5-O3:  Understand the characteristics of the ideal op-amp versus the practical op-amp 
U5-O4: Realize the necessity of the negative feedback in the practical op-amp 
U5-O5:  Realize the procedure for analyzing the op-amp circuits 
 

Unit-5 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U5-O1 3 - 1 - 2 
U5-O2 3 - 1 - 1 
U5-O3 3 - 1 - 1 
U5-O4 3 - 1 - 2 
U5-O5 3 - 1 - 2 
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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 their vacuum 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 power. The development 
of IC op-amps revolutionized the field of linear integrated circuits, making them more accessible and widely 
used in various applications. These compact and economical devices played a crucial role in the proliferation 
of electronic systems, enabling advancements in areas such as telecommunications, medical devices, 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 in Fig. 5.2.1. The op-amp basically consists of one inverting terminal, 

one non-inverting terminal, one output terminal, one positive power supply terminal and one negative power 
supply terminal. The inverting input terminal is normally denoted by the notation (-). The non-inverting 
input terminal is denoted by the notation (+). The positive power supply terminal is denoted by the term V+ 
and the negative power supply terminal is denoted by the term V-.   

-

+

Inverting 
input terminal

Non-inverting 
input terminal

Output 
terminal

Positive supply 
terminal (V+)

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 
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Output
Inverting 
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Non-inverting 
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null
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No 
connection
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-
+

Offset null
Inverting input 

terminal
Non-inverting 
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V- Offset null
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No connection

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

1

2

3

4

6

7

8

9

-
+

Offset null
Inverting input 

terminal
Non-inverting 
input terminal

V- Offset null

Output

V+

No connection

5

10No connectionNo connection

(c) 10 lead flat package 
 

Fig. 5.2.2.1 Various packages of the op-amp. 



147 | Analog Electronic Circuits: Theory and Practical 
 

 

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 or unbalanced. Fig. 
5.2.3.2 shows the balanced and unbalanced power supplies required for the op-amp. But in practical 
applications, the balanced power supplies are used for the op-amp. The power supply range for the op-amp 
will be from ±5V to ±22V. The popular balanced power supplies for the op-amp are ±15V. Instead of two 
independent power supplies, the balanced power supply for the op-amp can be obtained by using the circuit 
shown in Fig. 5.2.3.3. The circuit shown in Fig. 5.2.3.3(a) consists of two resistors of equal value and two 
capacitors of equal value. The value of the resistor will be generally in kΩ so that no current is drawn from 
the supply. The two capacitors whose value is normally between 0.01 to 10µF will provide the decoupling 
from the source. The circuit shown in Fig. 5.2.3.3(b) uses the zener diodes for obtaining the balanced power 
supply for the op-amp. The value of the series resistance Rs will be chosen in such a way that the Zener 
diode will operate in the breakdown mode. Sometimes, the reversal of power supplies will damage the op-
amp. In order to avoid damage of the op-amp, the protection mechanism needs to be included  in the power 
supply arrangement. The circuit shown in Fig. 5.2.3.3(c) have the protection mechanism in the power supply 
arrangement of the op-amp. The diodes D1 and D2 are used to protect the op-amp due to the reversal of the 
power supply. 
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+

-
15V
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Fig. 5.2.3.1 Power supply connections of op-amp. 
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(a) Balanced power 
supply for op-amp 

(b) Unbalanced power 
supply for op-amp  

Fig. 5.2.3.2 Balanced and unbalanced power supply connections of the op-amp. 
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Fig. 5.2.3.3 Circuits for obtaining the balanced power supply for the op-amp from the single power supply. 
 

5.3 IC 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 µA, 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. 
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6

7

8

-
+

Offset null
Inverting input 

terminal
Non-inverting 
input terminal

V- Offset null

Output

V+

No connection

 
Fig. 5.3.1 Pin configuration of IC 741 op-amp. 

  

5.4 Internal Structure of an Op-amp 
The op-amp is basically a multistage amplifier that is obtained by cascading four blocks as shown in Fig. 

5.4.1. The four cascaded blocks are:  
(i) Input stage 
(ii) Intermediate stage  
(iii) Level-shifting stage  
(iv) Output stage.  

Input 
Stage

Intermediate
Stage

Level 
Shifting 

Stage

Output
 Stage

Dual input 
balanced output 

differential 
amplifier

Dual input 
unbalanced output 

differential 
amplifier

Emitter 
follower

Complementary 
push pull 
amplifier

Inverting input 
terminal

Non-inverting 
input terminal

Output 
terminal

 
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 output terminal, 
a dual input unbalanced differential amplifier is normally used as the intermediate stage in the op-amp. 

5.4.3 Level-shifting Stage 

The level-shifting stage is used in op-amp to eliminate the DC offset at the output of the intermediate 
stage and provide the desired output level. The level-shifting stage is responsible for shifting the DC 
operating point of the output signal to the desired level. One commonly used configuration for the level-
shifting stage is the emitter follower, also known as a common collector amplifier. The emitter follower 
provides a high input resistance, allowing it to effectively isolate the previous stages and avoid loading 
effects. By using an emitter follower as the level-shifting stage, the output of the 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 resistance. This configuration allows the output of the intermediate stage to 
be coupled to the load or subsequent stages without significantly affecting the signal. Furthermore, the 
emitter follower stage also helps to eliminate the DC offset present at the output of the intermediate stage. 
The transistor's biasing arrangement and voltage divider network in the emitter follower configuration 
ensures that the output voltage is shifted to the desired level, typically ground or another reference voltage, 
effectively cancelling out any DC offset. 

5.4.4 Output Stage 
The output stage in an op-amp 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 to have low output resistance 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 V1 and V2 are two inputs to the ideal 

op-amp, then the output voltage Vo is given by 

                                                                     O d d c cV A V A V                                                              (5.5.1) 

where Ad is the differential gain  
           Ac is the common mode gain 
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           Vd is the differential voltage which is the difference between two input voltages V1 and   V2. 
           Vc is the common mode voltage which is the average of two input voltages V1 and V2. 

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

                                                                   O d d d 1 2V A V A V V                                                      (5.5.2) 

The common mode rejection ratio (CMRR) of the op-amp is the ratio of the differential gain Ad to the 
common mode gain Ac.  In the case of the ideal op-amp, the common mode gain Ac 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 Rin is equal to infinity and the output resistance RO is 
equal to zero. Due to infinite input resistance, the op-amp will not draw any input current. Therefore, the 
input currents I1 and I2 of the op-amp are zero. The open loop voltage gain of the ideal op-amp (AOL) is 
infinite so for a finite value of output voltage, the difference of the input voltages Vd is zero. If a graph is 
plotted between the difference of the input voltages Vd versus the output voltage of op-amp VO, then the 
transfer curve of the op-amp can be obtained. The transfer curve of the ideal op-amp is shown in Fig. 5.5.2.  
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Inverting 
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Fig. 5.5.1 Equivalent circuit of the ideal op-amp. 

5.6 Characteristics of Ideal Op-amp 
The characteristics of ideal op-amp are: 
(i) The open loop gain of the ideal op-amp (AOL) is infinite.   
(ii) The input resistance 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 (Vios) in the output of the ideal op-amp. 
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Fig. 5.6.1 Transfer curve of the ideal op-amp. 

 

(v) The ideal op-amp has infinite bandwidth. The ideal op-amp can work with the input signals that have a 
frequency between 0 to infinity. 

(vi) The ideal op-amp is having infinite common-mode rejection ratio (CMRR) because of the zero common-
mode gain. 

(vii) The ideal op-amp is having an infinite slew rate (S). The output of the op-amp will change immediately 
with the change in the input voltage. The slew rate of the op-amp can be calculated by 

                                                               
O

maximum

dV
Slew rate S

dt
                                                           (5.6.1) 

(viii) The ideal op-amp is having zero value of power supply rejection ratio (PSSR). This means the variation 
in the input offset voltage Vios due to the variation in one power supply while keeping the other power 
supply constant is zero. Therefore, the power supply sensitivity of ideal op-amp is zero. The PSSR 
can be calculated by s 

                                                     
- +

ios ios

V = Constant V = Constant

V V
PSSR 0

V V 

 
  
                                                (5.6.2) 

(ix) The temperature will not change the characteristics of the ideal op-amp. 

5.7 Practical Op-amp 

In the case of the practical op-amp, the open loop voltage gain (AOL) is finite. Due to this finite value of 
the AOL, the output voltage will vary linearly for a small range of differential voltage Vd. 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 AOL is 
200000. Therefore, using the expression (5.5.2), the range of differential voltage will be 
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                                                                O
d
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                                                              (5.7.1) 

If the differential voltage Vd is in between ±75µV, then the output voltage will vary linearly with the 
differential voltage Vd. If the differential voltage Vd is greater than or equal to +75µV, then the output 
voltage VO will saturate at +15V. Similarly, if the differential voltage Vd is less than or equal to -75µV, 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 (AOL) is finite and there exist a high value of input resistance Rin and low value of output 
resistance RO.  

+Vd-Vd

+VO

-VO

V+

V-

 
Fig. 5.7.1 Transfer curve of the practical op-amp. 

5.8 Characteristics of Practical Op-amp 

The characteristics of the practical op-amp are: 
(i) The open loop gain of the practical op-amp (AOL) is finite. Its value is in several thousands. 
(ii) The input resistance of the ideal op-amp (Rin) is finite. Its value is typically greater than 1MΩ. 
(iii) 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 Vd. 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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Fig. 5.8.1 Equivalent circuit of the practical op-amp. 

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

(vi) In the practical op-amp, there exists some input bias current. If Ib1 and Ib2 are the bias currents flowing 
the input terminals of the op-amp as shown in Fig. 5.8.1. Then the input bias current Ib 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 are necessary to bias the op-amp. Therefore, the input bias current Ib is 
given by 

                                                                               
b1 b2

b

I I
I

2


                                                             (5.8.1) 

-

+

Ib2

Ib1

V+

V-

Output

 
Fig. 5.8.2 Op-amp input bias currents. 

The input bias currents Ib1 and Ib2 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 Ib1 and Ib2. 
Therefore, the input bias current is equal to 

                                                                               b b1 b2I I I                                                                        (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. 

                                                                         O

maximum

dVSlew rate S
dt

                                                          (5.8.3) 

(ix) The gain-bandwidth product (GBW) of an operational amplifier (op-amp) is the frequency at which 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 equals 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 op-amp is 1 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 maximum usable bandwidth in different applications. It is worth 
noting that the actual open-loop gain of the op-amp decreases as the frequency increases beyond the 
gain-bandwidth product. 

5.9 Negative Feedback in Op-amp 

Normally, the op-amp have high open loop gain. Due to this high voltage gain, the linear region in the 
output of op-amp will obtain for the small range of differential voltage Vd and will saturate to the supply 
voltage if the differential voltage Vd is out of this range as shown in Fig. 5.7.1. This limits the usage of open 
loop op-amp in practical applications. In addition to this, the bandwidth of the practical op-amp is very less. 
Due to this, the op-amp will work only with input signals of a particular band of low frequency.   

For the usage of op-amp in practical applications, the voltage gain of op-amp needs to be reduced. In 
addition to this, the bandwidth of the practical op-amp also needs to be increased. For obtaining these two 
objectives, negative feedback is introduced in the op-amp. Fig. 5.9.1 shows the implementation of negative 
feedback in the op-amp. VS is the input signal applied at the non-inverting input terminal of the op-amp. The 
load resistance RL is connected at the output terminal and VO is the voltage across the load resistance. In 
order to have negative feedback the resistors RF and R1 are used. The resistor RF is connected between the 
negative input terminal and the output terminal of the op-amp. The resistor R1 is connected between the 
negative input terminal of the op-amp and the ground.  By making this arrangement, a part of the output 
voltage is fed back to the input in the opposite phase. Let AOL is the open loop gain of an op-amp, A is the 
gain of an op-amp with feedback, V1 be the voltage at the non-inverting terminal, V2 be the voltage at 
inverting terminal and Vd be the differential voltage. The gain of the op-amp with feedback is given by 

                                                                O

S

VA
V

                                                                           (5.9.1) 
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Fig. 5.9.1 Op-amp with negative feedback. 

 
and the output voltage VO is again given by 

                                                               O OL d OL 1 2V A V A (V V )                                                                    (5.9.2) 

Substituting (5.9.2) in (5.9.1) gives 

                                                                    OL 1 2

S

A (V V )A
V


                                                                      (5.9.3) 

The expressions for the voltages at the noninverting input terminal V1 and the inverting input terminal 
V2 is given by 

                                                                            
1 S

1 O
2

1 F

   V V
R V

V
R R






                                                                       (5.9.4) 

substituting (5.9.4) in (5.9.3) gives 

                                                                   

1 O
OL S

1 F

S

R VA (V )
R RA

V




                                                                  (5.9.5) 

simplifying (5.9.5) gives 
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A R
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 
     

    

                                                       



157 | Analog Electronic Circuits: Theory and Practical 
 

 

                                                        
OL OL

OLOL 1

1 F

A A       A
1 AA R1

R R

  
  

 
 

                                                   (5.9.6) 

where β is called the feedback factor and its value is equal to  

                                                                             1

1 F

R
R R

 
                                                                        (5.9.7) 

Therefore, the voltage gain op-amp with the negative feedback is given by 

                                                                           
OL

OL

AA
1 A


                                                                     (5.9.8) 

From the equation (5.9.8), it can be observed that the op-amp with negative feedback have reduced gain 
compared to the open loop gain of the op-amp. This results in the increase in the range of differential voltage 
Vd making it suitable for practical applications. 

Let fOL be the cut-off frequency of the open loop op-amp and f be the cutoff frequency of op-amp with 
the negative feedback. The gain bandwidth product of the open loop op-amp and the op-amp with negative 
feedback will be equal. Therefore 

                                                                            OL OLA f Af                                                                      (5.9.9) 

substituting (5.9.8) in (5.9.9) gives 

                                                                      
 
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A  A f f
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
 

   
                                                          (5.9.10) 

From (5.9.10), it can be observed that the cut-off frequency of op-amp with negative feedback is high 
compared to the cutoff frequency of open loop op-amp. Therefore, the op-amp with negative feedback can 
work with the input signals of wide range of frequencies. 

Let Rin be the input resistance of the op-amp in an open loop and Rinf be the input resistance of the op-
amp with negative feedback. If Iin is the input current then the input resistances Rin and Rinf of the op-amp in 
an open loop and with open with negative feedback are given by 

                                                                      d S
in inf

in in

V VR  and R
I I

                                                             (5.9.11) 

The Rinf can be written as  

                                                                       
S S

inf
d d

V V R R
V V
R

                                                                (5.9.12) 

substituting (5.9.1) and (5.9.2) in (5.9.12), we get 
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substituting (5.9.8) in (5.9.13), we get 
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                                                 (5.9.14) 

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 ROf be the output resistance 
of the op-amp with negative feedback. Then the expression for the output resistance of the op-amp with 
negative feedback is given by 

                                                                       O
Of

OL

R R
1 A


                                                                    (5.9.15) 

 

5.10 Procedure for Analysing the Op-amp Circuits 

The op-amp circuits are analysed by considering the following assumptions: 
(i) The input current drawn by the op-amp is zero.  
(ii) 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 for solving 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 Vd across the input terminals of the op-amp is very small and can be considered as zero. Therefore,  

                                                                         d 1 2 V V V 0                                                                         (5.10.1) 

therefore 

                                                                            1 2 V V                                                                               (5.10.2) 

So, using (5.10.2) if the noninverting input terminal of the op-amp is grounded, then the inverting input 
terminal of the op-amp is also zero. Though there is no physical connection, a virtual connection between 
the noninverting and inverting 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 fundamental 
elements are necessary to begin creating electronic circuits with an op-amp. Along with the aforementioned, 
the process for examining the op-amp circuits is also covered. This analysis aids in determining how 
different op-amp circuits function. The book's appendix contains the laboratory experiment pertaining to the 
measuring of op-amp electrical parameters. 
 
 

EXERCISES 
 

 
Multiple Choice Questions 

5.1 For an ideal op - amp, which of the following is correct? 
a. Zero input impedance and infinite bandwidth 
b. Infinite input impedance and infinite bandwidth 
c. Infinite input impedance and zero bandwidth 
d. Zero input impedance and zero bandwidth 

5.2 In order for an output to swing above and below a zero reference, the op-amp circuit requires 
a. Zero offset 
b. A resistive feedback network 
c. A wide bandwidth 
d. A negative and positive supply 

5.3 In an op-amp, the input impedance is  and the output impedance is  . 
a. high; high 
b. low; low 
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. As small 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 ideal and practical voltage transfer curve of op-amp? 

 

 

KNOW MORE 
 
 

 

 
 

 
  

For Additional Info Scan Me 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Assumptions for op-amp Analysis;  
 Op-amp as inverting amplifier;  
 Non-inverting amplifier;  
 Voltage follower (unity follower);  
 Summing amplifier circuit;  
 Integrator circuit; 
 Differentiator circuit; 
 Instrumentation amplifier; 
 Op-amp as low pass filter; 
 Op-amp as high pass filter; 
 Op-amp as band pass filter; 
 Proportional controller; 
 Proportional integral controller; 
 Proportional integral derivative controller; 
 Analog to digital converter; 
 Voltage regulator; 
 Phase shift oscillator; 
 Wien bridge oscillator; 
 Lag lead 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 

 

6           Linear Applications of 
Operational Amplifiers 
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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-O1: Understand and design the op-amps as inverting and non-inverting amplifier.  
U6-O2:  Understand and design the op-amps for summer, integrator and differentiator circuit. 
U6-O3:  Understand and design the op-amps for implementation of filter circuit application. 
U6-O4: Understand and design the op-amps for implementation of PID controller circuit. 
U6-O5:  Understand and design the op-amps for implementation ADC, compensator and 

instrumentation amplifier circuit. 
 

Unit-6 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U6-O1 3 1 3 - 3 
U6-O2 3 3 1 - 3 
U6-O3 3 2 1 - 3 
U6-O4 3 2 1 - 3 
U6-O5 3 2 1 - 3 
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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 resistance and has infinite 
gain as shown in Fig. 6.1.1(a). However, practical op-amp have high input resistance (in MΩ) between its 
input terminals, zero output resistance and has finite gain as shown in Fig. 6.1.1(b). To analyse basic op-
amp circuits both ideal and practical circuit equivalent can be used. Typically, ideal equivalent circuit is 
employed as it simplifies the analysis of the op-amp circuit. While doing the analysis of the op-amp circuits 
below are assumptions taken: 
(i) Open loop gain of the op-amp circuit in open loop is infinite. 
(ii) The resistance Ri between the input terminal is infinite. 
(iii) The resistance Ro at the output terminal is zero. 
(iv) Current in the input terminals of the op-amp is zero. 
(v) The resistance Ri between the input terminal is infinite.  
(vi) As the currents in the input terminals are zero, so potential of input terminals of the op-amp is equal as 

shown in Fig. 6.1.2. 

 
Fig. 6.1.1 Op-amp (a) symbol, (b) practical equivalent circuit schematic, and (c) ideal equivalent circuit schematic 
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     Fig. 6.1.2 Inverting op-amp (a) circuit schematic, (b) practical equivalent circuit schematic for inverting op-amp, 

and (c) ideal equivalent circuit schematic for inverting op-amp. 

 

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

 

6.2 Op-amp as Inverting Amplifier 
The circuit configuration of the inverting amplifier is shown in Fig. 6.2.1. It consists of two resistors at 

the inverting terminal feedback and input connected to output and input source respectively as shown in Fig. 
6.2.1. The non-inverting terminal connected to ground. Thus the, input signal is applied at the inverting 
terminal via resistor R1 with non-inverting terminal grounded as shown Fig. 6.2.1 The output of the op-amp 
is amplified input signal which is 180o out of phase with input. The amplification in the input signal can be 
computed using the KCL at node ‘a’ as can be seen in Fig. 6.2.1. 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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                                                                     (6.2.1) 

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 180o phase shifted from the input voltage.  

 
Fig. 6.2.1 Inverting op-amp (a) 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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Fig. 6.3.1 Non-inverting op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic for non-inverting op-

amp. 
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                           (6.3.1) 

It can be noted that there is no negative sign in the expression (6.3.1) which supports the fact that the output 
voltage is in exact phase with the input voltage.  
 

6.4 Voltage Follower (Unity Follower) 
The circuit schematic of the voltage or unity follower is shown in Fig. 6.4.1. The inverting terminal 

connected to output, while the non-inverting terminal is connected to input source. The output of the op-
amp is input signal which is in phase with it. The gain in the input signal can be computed using the KCL at 
node ‘a’ as can be seen in Fig. 6.4.1. Using the concept of virtual ground or equating the potential both the 
input terminals and applying KVL in loop a- b-g, we have, 
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Fig. 6.4.1 Voltage follower using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 
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Thus, given circuit gives output which is same as an input. 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 for the summing amplifier is shown in Fig. 6.5.1. It consists of input resistors with 

input voltage signal and feedback resistor as shown in Fig. 6.5.1. The non-inverting terminal connected to 
ground. Thus the, input signals to be summed are applied at the inverting terminal via three resistors R1, R2, 
R3 as shown Fig. 6.5.1. The output of 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, 
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Fig. 6.5.1 Summer circuits using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 
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6.6 Integrator Circuit 

The circuit configuration of the inverting amplifier is shown in Fig. 6.6.1. It consists of a resistor and the 
feedback capacitor connected at the inverting terminal as shown in Fig. 6.6.1. The other end of the resistor 
and the feedback capacitor connected to input signal and output respectively.  The input signal is applied at 
the inverting terminal via resistor R1 with non-inverting terminal grounded as shown Fig. 6.6.1. The output 
of the op-amp is integrated input signal which is 180o out of phase with input with amplification defined by 
the input resistor and feedback capacitor value.  The amplification in the input signal can be computed using 
the KCL at node ‘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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In the time domain the expression of the output voltage is given by, 

1
1

1
 

f

Vo V dt
C R

              (6.6.2) 

 

 
Fig. 6.6.1 Integrator circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

 

6.7 Differentiator Circuit 
The circuit configuration of the inverting amplifier is shown in Fig. 6.7.1. It consists of a capacitor C1 

and the feedback resistor Rf connected at the inverting terminal as shown in Fig. 6.7.1. The other end of the 
capacitor C1 and the feedback resistor Rf is connected to input signal and output respectively.  The input 
signal is applied at the inverting terminal via capacitor C1 with non-inverting terminal grounded as shown 
Fig. 6.7.1. The output of the op-amp is differentiated input signal which is 180o out of phase with input with 
amplification defined by the capacitor C1 and the feedback resistor Rf 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, 
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             (6.7.1) 

 

Fig. 6.7.1 Differentiator circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

 

In time domain the expression of the output voltage is given by, 

1
1( )


  f

V
Vo C R
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              (6.7.2) 

6.8 Instrumentation Amplifier 

The instrumentation 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,  

2 2o vV V  

Applying KCL we have node a2, 
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Fig. 6.8.1 Instrumentation amplifier circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

 

Applying KCL we have node a1, 
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Applying KCL we have node ao, 
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Substituting Vo1 and Vo2 we have, 
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Thus, output voltage Vo  is proportional to difference of voltage between input terminals. Or, 
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6.9 Op-amp as Low Pass Filter 

The first order low pass filter using op-amp is given in Fig. 6.9.1. The input signal is passed through the 
low pass RC filter. The RC low pass filter passes the signal as it is with frequency less than the cut-OFF 
frequency. While the signal with frequency greater than cut-OFF frequency are attenuated with -
20db/decade as shown in Fig. 6.9.2. The signal ‘Vlf’ amplitude at the non-inverting terminal and cut-OFF 
frequency of the low pass filter can be computed as, 
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Fig. 6.9.1 Active low pass filter circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

 

  
Fig. 6.9.2 Plot of frequency versus gain for low pass filter circuit. 

 

The cut-OFF frequency fc is computed by,  
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Magnitude of the is defined by the, 
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For input signal frequency f much less than fc  (f<<fc,), the non-inverting terminal voltage Vlf is given by, 
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Thus, the non-inverting terminal voltage Vlf  remains same as input signal  V1 for the frequency of the 
signal. For input signal frequency f much greater than fc  (f>>fc,), the non-inverting terminal voltage Vlf is 
given by, 
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Thus, the non-inverting terminal voltage Vlf  attenuates for the frequency of the signal greater than cut-
OFF frequency with -20db/decade . The signal at non-inverting terminal voltage Vlf  get amplified by the 
gain given by, 
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6.10 Op-amp as High Pass Filter 

The first order high pass filter using op-amp is given in Fig. 6.10.1. The input signal is passed through 
the high pass RC filter. The RC high pass filter passes the signal as it is with frequency greater than the cut-
OFF frequency. While the signal with frequency less than cut-OFF frequency are attenuated with -
20db/decade as shown in Fig. 6.10.2. The signal ‘Vlf’ amplitude at the non-inverting terminal and cut-OFF 
frequency of the low pass filter can be computed as, 
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The cut-off frequency fc is computed by,  
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Magnitude of the is defined by the, 
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Fig. 6.10.1 Active high pass filter circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

 

                                 

 
Fig. 6.10.2 Plot of frequency versus gain for high pass filter circuit. 
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For input signal frequency f much less than fc  (f<<fc,), the non-inverting terminal voltage Vlf is given by, 
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Thus, the non-inverting terminal voltage Vlf  attenuates for the frequency of the signal greater than cut-
OFF frequency with -20db/decade . For input signal frequency f much greater than fc  (f>>fc,), the non-
inverting terminal voltage Vlf is given by, 
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Thus, the non-inverting terminal voltage Vlf  remains same as input signal  V1 for the frequency of the 
signal. The signal at non-inverting terminal voltage Vlf  get amplified by the gain given by, 
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6.11 Op-amp as Band Pass Filter 

It is combination of low pass and high pass filter. The output of the high pass filter becomes the input 
for the low pass filter. The high pass filter is cascaded with low pass filter. The lower cut-OFF frequency of 
given band pass filter is defined by the high pass filter. While the higher cut-OFF frequency of given band 
pass filter is defined by the low pass filter. The same is depicted in Fig. 6.11.1. Thus, the cut-OFF frequency 
of the high pass filter is lower than the cut-OFF frequency of the low pass filter. The design of the band pass 
filter is actually the design of design of high and low pass filter with cut-OFF frequency fcH and fcL 
respectively. The required gain in the input signal can be of adjusted by proper design of input and feedback 
resistor in the inverting terminal. The same is depicted in Fig. 6.11.2. The design for RC components for 
low and high pass filter is given by, 
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                                                     (6.11.1) 

 

The over-all gain A of the band-pass filter with cascaded op-amp is given by, 

                                                                  H LA A A                                                                         (6.11.2) 

 

 
Fig. 6.11.1 Plot of frequency versus gain for band pass filter circuit. 
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Where, AH  and AL 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 (RL,RfL) and 
high(RH,RfH) pass filter are computed considering, 
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Fig. 6.11.2 Active band pass filter circuit using 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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The output of the P controller circuit is given by, 
                                                                                  1Vo kV                                       (6.12.2) 

 

 
Fig. 6.12.1 Proportional controller circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

 

6.13 Proportional Integral Controller 
The proportional integral (PI) controller gives output which is sum of both proportional and integral gain 

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 circuit of the op-amp for its integral output. The 
obtained two outputs are then given to summer circuit with unity gain (R1=Rf) 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 
180o 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 ‘ki’ is given by, 
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The output of the PI controller circuit is given by, 
                                                                          1 1  iVo kV K V dt                          (6.13.2) 

 
Fig. 6.13.1 Proportional integral controller circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit 

schematic. 
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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 (R1=Rf) 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 180o is nullified. The design of op-amp circuit with 
given proportional and integral gain ‘k’ and ‘ki’ respectively is same as discussed above. For the design of 
op-amp circuit with given derivative gain ‘kD’ is given by, 

 
                                                                       1D fk C R    (6.14.1) 

The output of the PI controller circuit is given by, 
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                          (6.14.2) 

6.15 Analog to Digital Converter 
Before starting the analog to digital circuit using op-amp let us understand the ladder network and its 

usage in digital to analog conversion. Ladder network is the arrangement of R and 2R resistors in a specific 
manner as shown in Fig. 6.15.1. The given arrangement discretizes the given voltage ‘Vref’ into different 
levels based on number of digits in the binary output. For example in case of 4 bit binary number the voltage 
level is divided into 24 (16) discrete levels. Thus, each discrete voltage level corresponds to, 
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Where, Vdis_n is minimum resolution voltage corresponding to a bit value. The voltage corresponding to the 
1101 is given by, 
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               (6.15.2) 

The ladder network converts the binary input to its analogue output equivalent voltage. A simple 4-bit 
binary number was considered. However, same is true for any n-bit binary number. As the number of bits 
increases the voltage 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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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 comparator output is given to the control logic which controls 
the digital counter output. The digital counter output is given to the ladder circuit which gives the analog 
voltage output VL corresponding to the digital input from the counter. The output voltage of the ladder circuit 
is given to the positive input of comparator op-amp. The output voltage of the ladder circuit increases in 
steps as shown in Fig. 6.15.4 with the increment in the counter value. When the ladder voltage becomes 
equal to or greater than the analog input voltage, the comparator output becomes high and control logic stops 
the digital counter. The obtained digital value from the digital counter corresponds to the digital equivalent 
of the given analog input. 
  

 
Fig. 6.15.3 Typical ADC IC using op-amp. 
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Ladder output 
voltage

Analog input voltage

Digital equivalent  
Fig. 6.15.4 Ladder output voltage corresponding to digital input from counter. 

 

6.16 Voltage Regulator 
The voltage regulator circuit is employed for the regulation of the voltage across load. It consists of 

transistor which operates in active region apart from zener diode and op-amp. The output regulated with the 
help of BJT operating in active region maintaining the required voltage drop across its emitter collector 
terminal. The employed zener diode with break down voltage of Vz. regulates the output voltage to the value 
as derived. The circuit diagram is shown in Fig. 6.16.1. Applying virtual ground concept, 

R
L

 
Fig. 6.16.1 Voltage regulator circuit using op-amp. 
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6.17 Phase Shift Oscillator 
The positive feedback amplifier circuits satisfying phase conditions and having the gain greater than 

unity forms an oscillator. If the output voltage varies in sinusoidal manner forms a sinusoidal oscillator. If 
the output voltage has step change in magnitude from positive to negative or vice versa forming square 
wave, it represents square wave oscillator. A simple circuit of phase shift oscillator using op-amp is shown 
in Fig. 6.17.1. The inverting input of the op-amp gets its input from the three stage resistor capacitor RC 
network as shown in Fig. 6.17.1. The RC network is so chosen that the phase shift of 180o  

 

 
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 Rf/R1 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, 
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The op-amp gain is given by,  
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Where Rf and R1 are so chosen that the op-amp gain Av is greater than 29 to maintain over-all gain greater 
than unity.  
 

6.18 Wien Bridge Oscillator 
Wien bridge oscillator is most practically employed op-amp based 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’. The other 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 as shown in Fig. 5.18.1.  The resistors R1 and Rf defines the gain 
of the op-amp circuit which is given by, 
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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, 
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6.19 Lag Lead Compensator 
Lag lead compensators are typically employed for the adjustment of the phase delay or lead in the voltage 

waveform. The circuit for the lead–lag compensator is shown in Fig. 6.19.1. It consists of parallel 
combination of resistor and capacitor components at input inverting terminal and feedback loop as shown 
in Fig. 6.19.1. The values of resistor and capacitor components are so chosen to obtain the  

 
Fig. 6.19.1 Lag lead compensator circuit using op-amp (a) circuit schematic, (b) ideal equivalent circuit schematic. 

required lead or lag in the input voltage waveform. The equivalent impedance for resistor and capacitor 
components at inverting terminal and feedback loop is given by, 
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The voltage gain of the op-amp is given by, 
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Thus, by adjusting the values of resistor and capacitor components the phase voltage of the output can 
be adjusted with respect to input voltage. In other words, by adjusting the values of the pole (‘b’) and zeros 
(‘a’) the phase of the output voltage can be made to lag or lead the input voltage. For lag compensator the 
value of ‘a’ should be greater than ‘b’ and for lead the value of ‘a’ should be lesser than ‘b’. The gain or 
attenuation due value of ka can be adjusted with the R1 and Rf in the cascading op-amp apart from 180o phase 
displacement.  
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UNIT SUMMARY 
 

The chapter presents the application of the operational amplifier for various signals conditioning 
circuits. The chapter gives the details for analysis of the basic inverting and the non-inverting operational 
amplifiers which represents the fundamental circuits for the op-amp. Then, various important signal 
conditioning circuits like adder, integrator, differentiator, filter circuits, analogue to digital converter, 
instrumentation amplifier circuit etc are discussed in detail. Using the given concept, the student will not 
only learn how to analyze the op-amps circuits but can also design the new op-amps circuit for given 
applications. Further, using the given approaches for analysis of op-amps circuit the student will be able 
investigate and derive the output expressions for new op-amps circuits. Thus, the chapter gives complete 
details for different linear applications of the op-amps circuits. 
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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 
c. Zero output resistance Ro 
d. All the above 

6.2 The value of resistance between input terminals of op-amps is 
a. Zero 
b. 1kΩForward bias diode 
c. 10kΩ Breakdown diode 
d. 100MΩ 

6.3 Give the output of the below op-amps circuit. Assume 
 

 
 

a. V1+V2+V3 
b. V1+2V2+2V3 
c. V1 
d. None of above 
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6.4 Given below circuit of op-amps circuit is for 

 

 
a. differentiator, high pass filter 
b. high pass filter 
c. differentiator 
d. none of the above 

 
Answers for Multiple Choice Questions 

6.1 (d), 6.2 (d), 6.3 (c), 6.4 (a) 

 
Short Answer Type Questions 

6.1 Compare properties of ideal and practical op-amps? 
6.2 Give the situation for the usage of voltage follower op-amps circuit in a system? 
6.3 Explain the working of phase shift oscillator? 
6.4 Design an circuit using op-amps which has input of voltages V1,V2 and V3. Gives the 

output V1+V2- V3? 
 
Long Answer Type Questions 

6.1 Design a low pass filter with cut-off frequency of 10kHz and gain of 11? 
6.2 Design a 8 bit ADC. If input voltage is of 5V, find voltage resolution of the designed ADC? 
6.3 Design band pass filter which passes the signals between the frequency range of 30Hz to 100Hz? 
6.4 Design an Op-Amp circuit having triangular wave output using input of square wave of 5kHz? 
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UNIT SPECIFICS  

Through this unit we have discussed the following aspects: 

 Introduction to nonlinear applications of operational amplifiers;  
 Hysteresis comparators;  
 Zero crossing detector;  
 Square-wave and triangular-wave generators;  
 Precision rectifier;  
 Peak detector; 
 Monostable multivibrator. 

RATIONALE  

This fundamental unit discusses the nonlinear 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 fluctuations. Next, the operation of the zero crossing detector is 
discussed. This helps students in using the zero crossing detector in applications where synchronization 
of AC signal is necessary. Next, the 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 laboratory experiments related execution of astable and monostable multivibrators, 
execution of precision rectifier and peak detector circuits, square waveform, and triangular waveform 
generators are presented 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-O2:  Understand the working of square wave and triangular wave generators 
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U7-O3:  Understand the working of precision rectifiers 
U7-O4: Understand the working of peak detector 
U7-O5:  Understand the working of monostable multivibrator 
 

Unit-7 
Outcomes 

EXPECTED MAPPING WITH COURSE OUTCOMES 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

CO-1 CO-2 CO-3 CO-4 CO-5 
U7-O1 3 3 1 - 3 
U7-O2 3 3 1 - 3 
U7-O3 3 3 1 - 3 
U7-O4 3 2 1 - 3 
U7-O5 3 2 1 - 3 
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UNIT-VII 
Nonlinear Applications of Operational 

Amplifiers 
 

7.1 Introduction 
The linear behaviour of an op-amp is typically achieved by using negative feedback, where a portion of 

the output signal is fed back to the input in a way that stabilizes and controls the amplifier's overall 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 the input signal without 
any stabilizing feedback, and the output can exhibit characteristics such as saturation, distortion, and 
oscillation. However, it is also possible to achieve non-linear behaviour while using negative feedback by 
incorporating additional components, such as diodes or bipolar junction transistors (BJTs), into the feedback 
network. These elements introduce non-linearities into the system, allowing for the creation of various 
specialized circuits and functions. Some examples of applications that leverage the non-linear behaviour of 
op-amps include hysteresis comparators, zero crossing detectors, Square-wave and triangular-wave 
generators, precision rectifiers, Peak detectors and monostable multivibrators. In summary, while negative 
feedback is primarily used to achieve linear behaviour in op-amp circuits, incorporating positive feedback 
or non-linear components like diodes and BJTs can enable the creation of specialized circuits with non-
linear characteristics for various applications. 

 
7.2 Hysteresis Comparators 

These circuits use positive feedback and exploit the op-amp's non-linear response to create a two-level 
output that toggles between high and low states based on the input voltage crossing predetermined thresholds 
(upper threshold limit and lower threshold limit). 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 the noninverting hysteresis 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 R1. The feedback resistance RF is 
connected between the noninverting 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 

                                                                           O
S

F

VI
R

                                                                             (7.2.1.1) 
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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+ and the negative supply 
voltage V- based on the input voltage VS crossing predetermined thresholds (upper threshold limit and lower 
threshold limit). Let us assume the positive supply voltage V+ is equal +Vsat and the negative supply voltage 
V- is equal to -Vsat. The thresholds are computed with Vs=0. Now to calculate the upper threshold limit, the 
output voltage saturates at the positive supply voltage V+. During this case, the upper threshold limit VUT is 
given by the voltage across the resistor R1 i.e., 

                                                                         1 sat
UT S 1

F

R VV I R
R

                                                                 (7.2.1.2) 

Now to calculate the lower threshold limit, the output voltage saturates at the negative supply voltage V-

. During this case, the lower threshold limit VLT is given by the voltage across the resistor R1 i.e., 

                                                                        1 sat
LT S 1

F

R VV I R
R

                                                               (7.2.1.3) 

The hysteresis range VT is obtained by subtracting the upper and lower threshold limits. Therefore,  

                                                                    1 sat
H UT LT

F

R VV V V 2
R

                                                           (7.2.1.4) 

The input and output waveforms of the non-inverting hysteresis comparator are shown in Fig. 7.2.1.2. 
Let the input voltage Vs be a sinusoidal waveform. The voltages VUT and VLT are the upper and lower 
threshold limits of the non-inverting hysteresis comparator. Whenever the magnitude of the input voltage 
Vs is greater than the upper threshold limit VUT, the output voltage VO saturates around the value +Vsat. The 
magnitude of the output voltage VO will saturate around +Vsat even if the magnitude of the input voltage 
becomes less than VUT. This will continue until the magnitude of the input voltage becomes less than VLT. 
Once the magnitude of the input voltage becomes less than VLT, the magnitude of the output voltage VO will 
change to -Vsat. The magnitude of the output voltage VO is maintained around -Vsat until the magnitude of 
the input voltage becomes greater than VUT. Let T be the period of the output voltage.  
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VUT

VLT

+Vsat

-Vsat

Vs

VO

t

t

VH

T  
Fig. 7.2.1.2 Input and output waveforms of noninverting hysteresis comparator. 

 

The transfer characteristics of the noninverting hysteresis comparator are shown in Fig. 7.2.1.3. The transfer 
characteristics are plotted between the input voltage Vs and the output voltage VO.  

7.2.2 Inverting Hysteresis Comparators 
The circuit of the inverting hysteresis comparator is shown in Fig. 7.2.2.1. The input signal VS is applied 

to the inverting terminal of the op-amp. The feedback resistance RF is connected between the 
 

+Vs-Vs

+VO

-VO

+Vsat

-Vsat

VLT VUT

0

 
Fig. 7.2.1.3 Transfer characteristics of noninverting hysteresis comparator. 

noninverting terminal and the output terminal of the op-amp and a resistance R1 is connected between the 
noninverting terminal and ground.  
The voltage V1 can be obtained by 

                                                                        O 1
1

1 F

V RV
R R


                                                                                  (7.2.2.1) 
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Fig. 7.2.2.1 Circuit of the inverting hysteresis comparator. 

The output voltage VO can saturate at two values: the positive supply voltage V+ and the negative supply 
voltage V- based on the input voltage VS crossing predetermined thresholds (upper threshold limit and lower 
threshold limit). Let us assume the positive supply voltage V+ is equal +Vsat and the negative supply voltage 
V- is equal -Vsat. During this case, the upper threshold limit VUT is given by  

                                                                           1 sat
UT

1 F

R VV
R R


                                                                    (7.2.2.2) 

Now to calculate the lower threshold limit, the output voltage saturates at the positive supply voltage V. 
During this case, the lower threshold limit VLT is given by  

                                                                       1 sat
LT

1 F

R VV
R R

 
                                                                  (7.2.2.3) 

The hysteresis range VT is obtained by subtracting the upper and lower threshold limits. Therefore,  

                                                                  1 sat
H UT LT

1 F

R VV V V 2
R R

  
                                                          (7.2.2.4) 

The input and output waveforms of the inverting hysteresis comparator are shown in Fig. 7.2.2.2. Let the 
input voltage Vs be a sinusoidal waveform. The voltages VUT and VLT are the upper and lower threshold 
limits of the non-inverting hysteresis comparator. Whenever the magnitude of the input voltage Vs is greater 
than the upper threshold limit VUT, the output voltage VO saturates around the value -Vsat. The magnitude of 
the output voltage VO will saturate around -Vsat even if the magnitude of the input voltage becomes less than 
VUT. This will continue until the magnitude of the input voltage becomes less than VLT. Once the magnitude 
of the input voltage becomes less than VLT, the magnitude of the output voltage VO will change to +Vsat. 
The magnitude of the output voltage VO is maintained around +Vsat until the magnitude of the input voltage 
becomes greater than VUT. 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 Vs and the output voltage VO.  
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Fig. 7.2.2.2 Input and output waveforms of inverting hysteresis comparator. 
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Fig. 7.2.1.3 Transfer characteristics of inverting hysteresis comparator. 

 

7.3 Zero Crossing Detector 
By utilizing positive feedback, op-amp 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 crossing detectors can 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 V1 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 V1 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. 

-

+

V+

V-
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VO

V1

V2

 
Fig. 7.3.1.1 Circuit of the noninverting zero crossing detector. 

V+

V-

Vs

VO

t

t

T  
Fig. 7.3.1.2 Input and output waveforms of noninverting zero crossing detector. 

 
7.3.2 Inverting Zero Crossing Detector 

The circuit of the inverting zero crossing detector is shown in Fig. 7.3.2.1. The input signal VS is applied 
to the inverting terminal of the op-amp. The noninverting terminal of the op-amp is grounded due to which 
the noninverting terminal of the op-amp is at zero potential. For the positive  

+

-

V+

V-
Vs

VO

V2

V1

 
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 V2 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 V2 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. 

 

V+

V-

Vs

VO

t

t

T  
Fig. 7.3.2.2 Input and output waveforms of inverting zero crossing detector. 

7.4 Square-Wave and Triangular-Wave Generators 
Non-linear op-amp circuits can generate square or triangular waveforms by adjusting the feedback 

network appropriately. These waveforms find applications in various fields, including signal processing and 
communications. 

7.4.1 Square-Wave Generator 
The circuit diagram of the square-wave generator is shown in Fig. 7.4.1.1. The noninverting terminal of 

the op-amp is connected to the output terminal of the op-amp using the feedback resistors R1 and R2. 
Similarly, the inverting terminal of the op-amp is connected to the output terminal using the feedback 
resistance RF. The capacitor C is connected between the inverting terminal of the op-amp and the ground. 
The output voltage VO can saturate 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+ is equal +Vsat and the negative supply voltage V- is equal -Vsat. The value of the upper threshold 
limit VUT is obtained by 

                                                                           1 sat
UT

1 2

R VV
R R


                                                                      (7.4.1.1) 

Similarly, the value of the lower threshold limit VLT is obtained by 

                                                                          1 sat
LT

1 2

R VV
R R

 
                                                                   (7.4.1.2) 
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Fig. 7.4.1.1 Circuit of the square-wave generator. 
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Fig. 7.4.1.2 Operation of square wave generator when VO=+Vsat. 
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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 +Vsat. During 
this, condition, the capacitor C connected between the inverting terminal and ground, charges through the 
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feedback resistance RF as shown in Fig. 7.4.1.2.  Once the capacitor C is charged to the upper threshold limit 
VUT, the output voltage of the square-wave generator is changed from +Vsat to -Vsat. Due to this capacitor C 
now discharges through the feedback resistor RF as shown in Fig. 7.4.1.3. The capacitor C will discharge up 
to the lower threshold limit VLT. Once the capacitor voltage reaches the lower threshold limit VLT, the output 
voltage of the square-wave generator is changed from -Vsat to +Vsat. 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. 

VUT

VLT

+Vsat

-Vsat

VO

VC

t

 
Fig. 7.4.1.4 Waveforms of the output voltage VO and waveform of the voltage across the capacitor VC in the 

square-wave generator. 

 

The expression for the frequency of the output voltage VO is given by 

                                                                  
sat LT

F
sat UT

1f
V V2R Cln
V V


  
    

                                                            (7.4.1.3) 

7.4.2 Triangular-Wave Generator 
For obtaining the triangular-wave, the output of the square-wave is connected to the input of the 

integrator. The circuit of the triangular-wave is shown in Fig. 7.4.2.1.  Fig. 7.4.2.2 shows the output voltage 
waveforms of the triangular-wave generator. The triangular waveform will oscillate between the upper limit 
and lower limit. 
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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 feedback path can rectify AC signals with minimal distortion, 

allowing for precise signal processing and measurement. Conventional diode rectifier has the drawback of 
distortion in the output rectified signal due to diode drop. The presence of the diode drop voltage results 
negative -0.6 or -0.7V in the positive rectified output voltage instead of the zero voltage. The distortion in 
rectifier signal due to diode drop is taken care in the precision rectifier. Precision rectifier takes care for the 
distortion by including the diode in the feedback part or keeping diode voltage drop a part of open loop 
circuit. Rectifiers are basically of two types: 
(i) Half wave rectifier 
(ii) 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 wave precision rectifier is given in Fig. 7.5.1.1. It consists of two 
diodes D1 and D2 with input and feedback resistor connected, as shown in Fig. 7.5.1.1. The diode D1 is kept 
in feedback loop diode D2 prevents saturation of output voltage during the positive cycle. The feedback and 
input resistors take care 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 D1 
reverse biased and D2 forward biased as shown in Fig. 7.5.1.2(a). Further, due to virtual ground, the inverting 
terminal of the Op-Amps 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 D1 gets forward biased while the diode D2 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 
(Rf/R1). The circuit has the benefit of avoiding the saturation condition due to the presence of diode D2.  The 
output impedance of the Op-Amps is low when diode D1 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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Fig. 7.5.1.1 Circuit schematic of the half wave precision rectifier. 

 

 
Fig. 7.5.1.2 Circuit schematic of the half wave precision rectifier during (a) positive half cycle of ac input 
voltage; (b) negative half cycle of ac input voltage. 

 

 
Fig. 7.5.1.3 Circuit 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 RL is much higher than resistor 2R employed in full wave 
circuitry, as shown in Fig. 7.5.2.1. The resistor R1a 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 D1 reverse biased and D2 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, 

                                             

1 1
1 o

1

1
o

V VV ( V )V2 2 0
2R 2R 2R

VV
2

 
  



                                                     (7.5.2.1) 

Now for the negative half cycle or when the input voltage is less than zero, the diode D1 gets forward 
biased while the diode D2 gets reverse biased as seen from Fig. 7.5.2.2(b). Thus, the output of the Op-Amps 
is positive voltage with a gain defined by the ratio of feedback to input resistor (Rf/R1) and is given by,                          

 
Fig. 7.5.2.1 Circuit schematic of the full wave precision rectifier. 

 
Fig. 7.5.2.2 Circuit schematic of the full wave precision rectifier during (a) positive half cycle of ac input voltage; 

(b) negative half cycle of ac input voltage. 

                                                             1 1
o

V V2RV ( )
2R 2 2

                                                                    (7.5.2.2) 

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 Vin 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 RF. The time constant of the RF and 
C should be as low as possible. Such a low time constant is required for the immediate charging of the 
capacitor to the peak value. Whenever the input signal reaches to the peak value, the capacitor C charges to 
the peak value with a small delay. Thereafter with the decrease in the magnitude of the input signal, the 
diode D will be reverse biased and the capacitor C maintained at the peak value of the input voltage 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 Vin is increased. Then again, the capacitor C is 
charged to the increased peak value and the output voltage is changed  to  the  increased  peak  value. Fig. 
7.6.2  shows the waveform of the input voltage and the  
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Fig. 7.6.1 Basic positive peak detector. 
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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 Vt is applied to the non-inverting terminal 
of op-amp using the reverse biased diode D2. A capacitor C is connected between the inverting terminal of 
the op-amp and the ground. A clamping diode D1 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 R1 and R2 as 
shown in Fig. 7.7.1. A resistor R is connected between the inverting terminal and the output. An anti-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 +Vsat. Due to this, the diode D1 will get forward biased 
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 (V1) of the op-amp will be equal to 

                                                                          2
1 sat sat

1 2

RV V V
R R

 
                                             (7.7.1) 

Whenever a negative trigger is applied at the non-inverting terminal of the op-amp, the effective voltage 
i.e., (βVsat-Vt) will be less than 0.7V. due to this, the output of the op-amp will change its state to the negative 
supply voltage -Vsat. Due to this negative supply voltage -Vsat at the output terminal, the diode D1 will get 
reverse biased. Due to this negative supply voltage -Vsat, the capacitor C now will charge in the negative 
direction. In addition to this, the voltage at the non-inverting terminal of the op-amp will be equal to -βVsat. 
Once the capacitor charges to a negative voltage -βVsat, then the output voltage of the op-amp will change 
to the positive supply voltage +Vsat. Due to this transition, the diode D1 will get forward-biased and the 
capacitor C will be charged to a voltage of 0.7V. This process will continue until the next negative trigger 
happens. Fig. 7.7.2 shows the waveforms of the input trigger Vt, output voltage VO and the voltage across 
the capacitor VC. 
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Fig. 7.7.1 Monostable multivibrator. 
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Fig. 7.7.2 Waveforms of monostable multivibrator. 

 
 

UNIT SUMMARY 
 

The nonlinear uses of the op-amp are covered in this foundational unit. The first topic 
covered is how hysteresis comparators work. The zero crossing detector's operation is then 
covered. This facilitates the use of the zero crossing detector by students in situations when 
AC signal synchronization is required. The functioning of triangle and square wave 
generators is then covered. The unit also covers monostable multivibrators, peak detectors, 
and precision rectifiers. The book's appendix contains laboratory experiments pertaining to 
the operation of astable and monostable multivibrators, precision rectifier and peak detector 
circuits, square waveform, and triangular waveform generators. 

 
 

EXERCISES 
 

 
Multiple Choice Questions 

7.1 In hysteresis width, the hysteresis voltage is equal to  upper & lower 
threshold voltages (VUT & VLT) 

a. sum of 
b. difference between 
c. product of 
d. division 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 



211 | Analog Electronic Circuits: Theory and Practical 
 

 

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  

Select the correct answer 
a. 1 and 3 only 
b. 1 and 2 only 
c. 2 and 3 only 
d. 1, 2 and 3 

 
Answers for Multiple Choice Questions 

7.1 (b), 7.2 (c), 7.3 (b), 7.4 (d) 

 
Short Answer and Long Answer Type Questions 

7.1 Explain the working of monostable multivibrator? 
7.2 Explain the working of peak detector? 
7.3 Explain the working of halfwave and full wave rectifiers? 
7.4 Explain the working of square and triangular wave generators? 
7.5 Explain the working of zero crossing detectors? 
7.6 Explain the working of hysteresis compartors? 

 
 

  



Nonlinear Applications of Operational Amplifiers | 212 
 

 

KNOW MORE 
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APPENDIX 

List of Experiments 
1. Study and verification of V-I characteristics of a p-n junction diode. 
2. Study and verification of V-I characteristics of zener diode. 
3. To study the diode clipper and clamper circuits. 
4. To study the design of half wave, full wave and bridge rectifier circuits with and without filters. 
5. To study the characteristics of BJT in CE configuration. 
6. To study the characteristics of MOSFET. 
7. To study differential amplifier using BJT. 
8. To determine frequency response of negative feedback amplifier using BJT. 
9. Measurement of op-amp electrical parameters using simulation. 
10. Implementation of inverting and non-inverting amplifier using op-amp. 
11. Implementation of comparator, integrator and differentiator using op-amp. 
12. Execution of astable and monostable multivibrators using 555 timers. 
13. Execution of precision rectifier and peak detector circuits using op-amp. 
14. Realization of A/D and D/A converters using op-amp. 
15. To study square waveform, and triangular waveform generator using op-amp. 
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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 one direction    

         (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, become 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 injection of Minority carriers results in the 
current flow, opposite to the direction of electron movement. 

Reverse Bias: On reverse biasing, the majority of charge carriers are attracted toward the terminals due to 
the applied potential resulting in the widening of the depletion region. 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 due to the thermally generated minority carriers. The generation 
of such carriers is independent of the applied potential; hence, the current is constant for all increasing 
reverse potential. This current is referred to as Reverse Saturation Current (IO) and it increases with 
temperature. When the applied reverse voltage is increased beyond the certain limit, it results in 
breakdown. During breakdown, the diode current increases tremendously. 

CIRCUIT DIAGRAM: 

V

                  A             K
(0-100mA)

1kΩ 
(0-12V)

Vin
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Fig. 1. Forward bias operation 
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Fig. 2. Reverse bias operation 

PROCEDURE: 
(a) Forward Bias: 
1. The circuit connections are made as per the circuit diagram given in Fig.1. 
2. For the diode forward bias, the RPS positive terminal is connected 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 input supply voltage in regular voltage interval 

of 0.1V. 
4. Note down the corresponding current flowing through the diode and voltage across the diode for each 

and every step of the supply input voltage. 
5. The recorded reading of voltage and current are tabulated in the tabular form given below. 
6. Graph is plotted between voltage (Vf) on X-axis and current (If) on Y-axis. 

 
(b) Reverse Bias: 
1. The circuit connections are made as per the circuit diagram 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 the diode. 
3. Now switch on the power supply (RPS) and increase the supply input voltage in regular voltage 

intervals of 1V. 
4. Note down the corresponding current flowing through the diode and voltage across the diode for each 

and every step of the supply input voltage. 
5. The recorded reading of voltage and current are tabulated in the tabular form given below. 
6. Graph is plotted between voltage (VR) on X-axis and current (IR) on Y-axis. 
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IDEAL WAVEFORMS: 

Barrier 
voltageBreakdown voltage
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V
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Fig. 3. VI characteristics of PN junction diode. 

OBSERVATION TABLE: 

S.No Ammeter(A) Voltmeter(V) 

   

   

   

 
RESULT: 
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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 is reverse 
biased. However, when the reverse bias voltage reaches a certain threshold, the Zener diode begins to 
conduct heavily. This threshold voltage is known as the breakdown voltage. It's important to note that 
when a Zener diode is conducting heavily, there is a risk of high current flowing through 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 through the diode, protecting it from damage. One 
significant characteristic of a Zener diode is its ability to maintain a nearly constant voltage across its 
terminals, regardless of the current passing through it. This is due to its low dynamic resistance. 
Consequently, Zener diodes are commonly used in voltage regulation circuits, where a stable voltage 
output is required. 

CIRCUIT DIAGRAM: - 

V

(0-100mA)

1kΩ 
(0-12V)

Vin

A
A K

 
Fig. 1. Static characteristics 
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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 (IF) and forward voltage (VF) in a tabular form. 
4. Plot a graph with the forward current (IF) on the X-axis and the forward voltage (VF) 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 (IZ), and load 

current (IL). 
3. Repeat the above step by decreasing the value of the load in steps. 
4. Tabulate all the readings obtained. 
5. Calculate the percentage regulation using the following formula: 

Percentage Regulation = ((VZ - Vload) / Vload) ×100. 
6. Voltage regulation is typically expressed as a percentage. Where VZ is the Zener voltage, and Vload is 

the load voltage.  
 
IDEAL WAVEFORMS: 
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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 a 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 circuit allows the entire input signal to reach the output. 
However, the signal is shifted so that the maximum or minimum value of the input is "clamped" to 
the voltage level set by the independent source. In essence, clamping circuits modify the DC level of 
the input signal without altering its shape or waveform. This can be useful in various applications, 
such as in television and video systems, where clamping circuits help maintain 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 reference level , ensuring accurate signal processing and 
maintaining compatibility with subsequent stages of the circuit. 

 
CIRCUIT DIAGRAM: 

R1
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Vin

D1 (1N914)
10kΩ 

3V
5V(p-p)

(b) Positive Clipper

R1

Vin

D1 (1N914)

10kΩ 

(3V)5V(p-p) DC

(a) Negative Clipper  
Fig.1. Connection diagram for clipper circuit 
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Fig.2. Connection diagram for clamper circuit 

 

Time (t)

V
ol

ta
ge

 (V
)

Vin

Vout

 
Fig. 3. Waveform of positive clipper circuit 
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Fig. 4. Waveform of negative clipper circuit 
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Fig. 5. Waveform of positive clamper circuit 
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Fig. 6. Waveform of negative clamper circuit 

PROCEDURE: 
(a) For Clipper Circuit 
To perform the experiment as described: 
1. Set up the circuit according to the circuit diagram given in Fig. 1. 
2. Connect the diode with the reference voltage for the positive clipper, as shown in Fig. 1(a). 
3. For the negative clipper, reverse the direction of the diode and the reference voltage, as shown in Fig. 

1(b). 
4. Apply a sinusoidal input of 5V peak-to-peak (p-p) at a frequency of 1kHz to the positive clipper and the 

negative clipper. 
5. Observe the corresponding output waveforms on a Cathode Ray Oscilloscope (CRO) connected to the 

output of each clipper. By following these 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. 

6. Regenerate response Fig. 3 and Fig. 4 shows the model waveform for the positive and negative clipper 
circuit. 

 
(b) For Clamper Circuit 
1. Set up the circuit according to the circuit diagram given in Figure 2. 
2. Use a function generator to generate an input signal voltage of 5V peak-to-peak (p-p) at a frequency of 

1kHz. Connect the function generator's output to the input of the circuit. 
3. Connect an oscilloscope (CRO) to the output of the circuit to observe the waveform. 
4. Adjust the settings of the oscilloscope to properly view the waveform, such as adjusting the time base 

and voltage scales. 
5. Observe the output waveform on the oscilloscope and note its shape and characteristics. 
6. Sketch the observed waveform on a graph with time (horizontal axis) and voltage (vertical axis). Care to 

accurately represent the waveform's shape, amplitude, and other relevant details. 
7. 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= 

 
POSTIVE   CLIPPER 

 
DC Voltage(V) 

VO 
Vmax Vmin 

 
2V 
4V 
6V 

  

NEGATIVE CLIPPER 
 

DC Voltage(V) 

VO 

Vmax Vmin 

 
2V 
4V 
6V 

  

 
(b) Tabular column of clamper: 

Vm=  f = 1000Hz 

 
INPUT OUTPUT 

Vmax Vmin Vmax Vmin 

POSITIVE CLAMPER     

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 supply. The 

unique property of a diode, permitting the current to flow in one direction, is utilized in rectifiers. 
Half Wave Rectifier: The mains power supply is applied at the primary of the step-down transformer. All 

the positive half cycles of the stepped down ac supply pass through the diode and all the negative half 
cycles get eliminated. The peak value of the output voltage is less than the peak value of the input 
voltage by 0.6V because of the voltage drop across the diode. For a half wave rectifier, Vrms = Vm/2 
and Vdc = Vm/π: where Vrms = RMS value of input, Vdc = Average value of input and Vm = peak value 
of output. 

Full Wave Rectifier: During the positive half cycle of the transformer's secondary voltage, diode D1 is 
forward biased and diode D2 gets reverse biased (mark D1 and D2 in Fig.). So, a current flow through 
the diode, load resistor and upper half of the transformer winding. During the negative half cycle, 
diode D2 is forward biased and diode D1 gets reverse biased (mark D1 and 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 of the input voltage by 0.6V because of the voltage drop across the 
diode. 

                               For a full wave rectifier, Vrms=
௏௠
√ଶ

 , Vdc = ଶ௏௠
௣௜

 

Bridge Rectifier: During the positive half cycle of the secondary voltage, diodes 1ܦ and 2ܦ are forward 
biased, and diodes 3ܦ and 4ܦ are reverse biased. Therefore, current flows through the secondary 
winding, diode 1ܦ, load resistor ܴܮ, and diode 2ܦ. During the negative half cycle, 3ܦ and 4ܦ are 
forward biased and diodes 1ܦ and 2ܦ are reverse biased. Therefore, current flows through the 
secondary winding, diode 3ܦ. Load resistor ܴܮ and 4ܦ. During both half cycles, the current flows 
through the load resistor in the same direction. The peak value of the output voltage is less than the 
peak value of the input voltage by 1.2V 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 with Filter: Rectifiers convert AC supply signals into DC supply, but they often produce an 
undesirable amount of ripple along with the desired DC component. To remove this ripple and 
eliminate AC 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. 



225 | Analog Electronic Circuits: Theory and Practical 
 

 

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: 

 ,  3√2/݌݌ݎܸ = ݏ݉ݎ,ݎܸ    
where ܸ݌݌ݎ is the peak-to-peak value of the ripple voltage. 

 ܸܿ݀ ⁄ ݏ݉ݎ ,ݎܸ = Ripple factor r ,(2⁄݌݌ݎܸ) − ܸ݉ = ܸܿ݀
For a half wave rectifier, the ripple factor is also expressed as a function of capacitance and load 

resistance, r = 1/2√3 f ܴܥܮ. For a full wave rectifier, it is given by the expression, r =1/4√3fܴܥܮ, 
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 provided in Fig. 1 for the half-wave rectifier. 
2. Connect all the components of the half-wave rectifier circuit without the capacitor. Ensure all the 

connections are secure. 
3. Switch on the main power supply. Using a Cathode Ray Oscilloscope (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 the transformer secondary waveform. Calculate the peak rectified 
output voltage (Vrms) and the DC component voltage (Vdc). 

4. Calculate the ripple factor, rectifier efficiency, and percentage regulation using the following formulas: 
5. Ripple factor = (Vrms - Vdc) / Vdc 
6. Rectifier efficiency = (Vdc / Vm) * 100 
7. Percentage regulation = ((Vm - Vdc) / Vdc) * 100 
8. Vrms is the root mean square value of the rectified output voltage, Vdc is the DC component voltage, and 

Vm is the peak voltage from the transformer secondary waveform. 
9. Connect the capacitor filter to the circuit and observe the waveforms using the CRO. Note down the peak 

voltage (Vm) and the peak-to-peak ripple voltage (Vrpp). 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 for full-wave and bridge rectifiers, following the respective circuit diagrams. 
Make the necessary connections, observe the waveforms, calculate the required parameters (Vm, Vrpp, 
Vrms, Vdc), and determine the ripple factor, rectifier efficiency, and percentage regulation for each 
rectifier type. 

By following these steps, you will be able to perform the experiments and calculations to analyze the 
characteristics of half-wave, full-wave, and bridge rectifiers with and without capacitor filters. 
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CIRCUIT DIAGRAMS 
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Fig. 1 Half wave rectifier with filter 
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Fig. 2 Full wave rectifier with filter 

 
Bridge rectifier with filter: 
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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 ܴܮ: 
Load resistor ܴܮ should be high enough to make the capacitor discharge slowly. Same time it should limit 

the current through the diodes. Assume a current of 5mA to flow through the diodes. 

Then RL = ଺√ଶିଵ.ସ
଴.଴଴ହ

Ω. Because the voltage drop across the two diodes together are 1.4V. Select RL = 1kΩ. 

 
DESIGN OF CAPACITANCE C: 
The required ripple factor of capacitor input filter is 3%. Theoretical value of r=1⁄4√3ƒܴܥܮ.Power supply 

frequency f = 50 Hz. Assume ܴ1= ܮ kΩ. Then C ≈ 100μF. 
 
TABULAR COLUMN 

Table 1: Rectifier without filter 

 
HWR 

૛(ࢉࢊࢂ/࢙࢓࢘ࢂ)r = ඥ ߨ ⁄ ܸ݉ = ܸܿ݀ 2 / ܸ݉ = ݏ݉ݎܸ ܸ݉ − ૚ 
    

 
FWR 

૛(ࢉࢊࢂ/࢙࢓࢘ࢂ)r = ඥ ߨ⁄  ૛ ܸ݀ܿ=2ܸ݉√ ⁄ ܸ݉ = ݏ݉ݎܸ ܸ݉ − ૚ 
    

 
B R 

૛(ࢉࢊࢂ/࢙࢓࢘ࢂ)r = ඥ ߨ⁄  ܸ݉ ૛ ܸ݀ܿ = 2√ ⁄ ܸ݉ = ݏmݎܸ ܸ݉ − ૚ 
    

 

Table 2: Rectifiers with capacitor filter 

Type ܸ݉ ܸ݌݌ݎ 
 =ݏ݉ݎ,ݎܸ

 ૜√2 ⁄ ݌݌ݎܸ
 ܸܿ݀ ⁄ ݏ݉ݎ,ݎܸ =ݎ 2 ⁄ ݌݌ݎܸ – ܸ݉ = ܸܿ݀

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. 

V
i

Vo

t

V
i

Vo

t

VDC

Vrpp

 
Fig. 4 Half wave rectifier without filter                Fig. 5 Half wave rectifier with 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 the common 
emitter configuration. To understand the behavior of a transistor, we can analyze its DC current-
voltage (I-V) curves, which are known as the static characteristic curves of the device. These curves 
provide valuable insights into the transistor's operation and performance. 

There are two important characteristics of a transistor that we will be studying: 
i. Input Characteristics:  
ii. Output Characteristics:  
Input Characteristics: The input characteristics of a transistor depict the relationship between the input 

current and the input voltage. In the common emitter configuration, the input characteristics show the 
variation of the base current (IB) with respect to the base-emitter voltage (VBE), while keeping the 
collector-emitter voltage (VCE) fixed 

Input Dynamic Resistance (ri):This is defined as the ratio of change in base emitter voltage (∆VBE) to the 
resulting change in base current (∆IB) at constant collector- emitter voltage (VCE). This is dynamic 
and it can be seen from the input characteristic, its value varies with the operating current in the 
transistor: 

௜ݎ                                                                        = ∆௏ಳಶ
∆ூಳ

           at constant VCE 

The value of ri can be anything from a few hundred to a few thousand ohms. 
Output Characteristics: The output characteristics of a transistor illustrate the relationship between the output 

current and the output voltage. In the common emitter configuration, the output characteristics show 
the variation of the collector current (IC) with respect to the collector-emitter voltage (VCE), while 
keeping the base current (IB) constant. These characteristics give us insights into the transistor's output 
behavior, such as output resistance, saturation region, and cutoff region. By studying the input and 
output characteristics of a transistor in the common emitter configuration, we can gain a deeper 
understanding of its performance and use that knowledge in various electronic applications. 

Output Dynamic Resistance (ro):  
This is defined as the ratio of change in collector- emitter voltage (∆VCE) to the change in collector current 

(∆IC) at a constant base current IB. 

௢ݎ                                                              = ∆௏಴ಶ
∆ூ಴

           at constant IB 

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: - 

V  BB  Rh 1  V  BE  
(0  -  5V) 

(500 µA) 

I  B  

B  

C  

E  

I  C  

(50 mA) 

V  CE  

(0 -  10) 

I  E  

V  CC  

 
Fig. 1. Common emitter configuration of BJT 

 
PROCEDURE: - 
(a) Input Characteristics: 
To perform the experiment as described: 
1. Set up the circuit according to the circuit diagram provided in Fig. 1 for the common emitter 

configuration. 
2. Set the collector-emitter voltage (VCE) to 1V by adjusting the appropriate voltage source. Keep VCE 

constant throughout the experiment. 
3. Vary the base current (IB) by adjusting the voltage VBB. Measure the corresponding base-emitter voltage 

(VBE) using a voltmeter or multimeter. 
4. Repeat the above step for different values of IB, ensuring to record the corresponding VBE measurements 

each time. 
5. Change the VCE to 2V by adjusting the voltage source. 
6. Repeat steps 3 and 4, varying IB with VBB and measuring VBE for the new VCE value. 
7. Record all the measured values of VBE for each corresponding IB and VCE combination. 
8. Plot graph of IB v/s VBE. 

 
(b) Output Characteristics: 
To perform the experiment as described: 
1. Set the base current (IB) to a constant value, such as 15 μA, by adjusting the appropriate current source. 

Keep IB constant throughout this step. 
2. Vary the collector-emitter voltage (VCE) by adjusting the voltage source. Measure and note down the 

corresponding collector current (IC) using a current measuring instrument, such as an ammeter. 
3. Repeat the above step for different values of VCE, ensuring to record the corresponding IC measurements 

each time. 
4. Change the IB to a new constant value, such as 30 μA, by adjusting the current source. 
5. Repeat step 2, varying VCE and measuring IC for the new IB value. 
6. Record all the measured values of IC for each corresponding VCE and IB combination. 
7. Plot graph of IB v/s VCE. 

 
  



231 | Analog Electronic Circuits: Theory and Practical 
 

 

OBSERVATION TABLE: 
 
Input Characteristic: 

 

 

 

 

 

Output Characteristic: 

VCE=2V

VCE=6V

VCE=10v70

60

50

40

30

20

10

 IB

VBE

P

IB (µ A)

0 0.5 1.0 VBE(V)  
Fig. 2. Input characteristics CE configuration 

S. No 
VCE VCE VCE 

VBE IB VBE IB VBE IB 

1       

2       

3       

S. No 
IB IB IB 

VCE IC VCE IC VCE IC 

1       

2       

3       
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IB=120µA

IB=100µA

IB=80µA

IB=60µA

IB=40µA

IB=20µA

IB=0µA

VCE (V)0 2 4 6 8 10 12 14-1
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6
8

10

12

 
Fig. 3. Output characteristics CE configuration 

RESULT: 
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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: 

220Ω 15V V
V

A

550Ω 

(0-10mA)

D

S
G

(0-50V)
(0-15V)

30V

 
Fig. 1. Circuit Diagram of MOSFET. 

 
THEORY: MOSFET form family of FET’s (Field Effect Transistor). MOSFET derives its name from the 

fact that its metal gate is insulated by a very 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 enhancement 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 behavior is such that 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, creating a region with positive ions. By depleting the n-channel of some of its electrons, 
the number of available 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 flowing 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 flow from 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 source 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 conduction in the 
channel. 

N+

N+

N

Drain

Gate

Source
S

G

D

SS 
Substract

N Channel 

Dielectric 
Layer

 
Fig. 2. A Typical N-Channel MOSFET 

 
PROCEDURE: 
(a) Drain Characteristics: 
Drain characteristics is drawn between ID and VDS keeping VGS as constant. 

1. Connect the circuit as shown in figure 1. 
2. Let for VDS= (0, 5, 10, 15, 20, 25) V and measure ID respectively for different values of VGS 
3. Plot the drain characteristics in the graph. 

 
(b) Transfer Characteristics: 
Transfer characteristics is drawn between ID and VGS keeping VDS as constant. 
1. Let for VGS = (-4, -3 ,-2, -1, 0, 1, 2, 3, 4, 5)V and measure ID respectively for different values of VDS . 
2. Plot the transfer characteristics in the graph. 
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OBSERVATION TABLE: 

Drain Characteristic: 

 

Transfer Characteristic: 

 
IDEAL CHARACTERISTICS: 

-6    -5      -4     -3      -2     -1    0      1       VGS
Vp Vp/2 

Enhancement 
Mode

IB (mA)
VGS = +1V

VGS=0V

VGS=-5V

IDSS

10.9
ID

IDSS/2

IDSS/4

VDS0

VDS Constant

VGS=VP=-6V  
Fig. 3. Drain and transfer characteristics for an n-channel depletion type MOSFET. 

RESULT: 
 
 
 

  

S. No 
VGS VGS VGS 

VDS ID VDS ID VDS ID 

1       

2       

3       

S. No 
VDS VDS VDS 

VGS ID VGS ID VGS ID 

1       

2       

3       
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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 block in analog 

integrated circuit. For instance, input stage of every op-amp amplifier is a differential amplifier. BJT 
differential amplifier is the basis of a very high-speed logic circuit family called emitter-coupled logic 
(ECL). The differential amplifier as the name suggests amplifies the difference between two input 
signal vin1 and vin2. BJT differential pair configuration consists of two matched transistors Q1 and 
Q2, whose emitters are formed together and biased by a constant current source I. Latter is usually 
implemented by a transistor circuit. The two collectors may be connected to another transistor rather 
than to resistive loads. It is essential though that the collector circuits be such that Q1 and Q2 can 
never enter saturation. 

Gain of differential amplifier Ad = V0/Vd where Vd = Vin1 – Vin2 
Non-Ideal Characteristics: 
1. Finite Gain: In real operational amplifiers, the open-loop gain is not infinite as it is in the ideal differential 

amplifier. This finite gain becomes significant when the closed-loop gain is very high, resulting in a low 
feedback gain and low loop gain. Consequently, the differential amplifier deviates from ideal behavior 
in such cases. 

2. Finite Input Impedance: The input impedance of a differential amplifier is the impedance between its 
two inputs, rather than the impedance from each input to ground. In high-gain applications with negative 
feedback, the input impedance is typically high. 

3. Non-Zero Output Impedance: Real amplifiers have a non-zero output impedance, which becomes 
important when driving low resistance 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. 

4. Input Offset Voltage: Input offset voltage refers to the voltage required across the differential amplifier's 
input terminals to drive the output voltage to zero. It arises from mismatches in input bias currents. In an 
ideal amplifier, there would be no input offset voltage. 

5. Common Mode Gain: While an ideal differential amplifier amplifies only the voltage difference between 
its inputs and rejects any voltage that is common to both inputs, the differential input stage of a real 
differential amplifier is not perfect. As a result, there is some amplification of these common-mode 
voltages to a certain degree. 
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CIRCUIT DIAGRAM: 

6V

6V

10kΩ

22kΩ

10kΩ 

100kΩ

10kΩ 10kΩ
(inv)

22kΩ

1.5kΩ 

GND1

Vout

Q1
Q2

 
Fig. 1. Differential amplifier 

 
PROCEDURE: 
To connect the circuit and measure the output voltage, follow the steps below: 
1. Obtain the circuit diagram shown in Fig. 1. 
2. Gather the necessary components mentioned in the circuit diagram. 
3. Place the components on a breadboard or any suitable circuit prototyping platform. 
4. Connect the 12V power supply to the circuit. Ensure the positive terminal of the power supply is 

connected to the appropriate point in the circuit and the negative terminal is connected to the ground or 
common reference point. 

5. Connect the Vin1 and Vin2 voltages to their respective points in the circuit as indicated in the diagram. 
Use suitable wires or connections to establish the connections securely. 

 
PRECAUTIONS: 
1. Once all the connections are made, ensure that there are no loose connections or short circuits in the 

circuit. 
2. Use a voltmeter or multimeter to measure the output voltage. Set the voltmeter to the appropriate voltage 

range, typically higher than the expected output voltage. 
3. Place the voltmeter probes across the output points of the circuit, as indicated in the diagram, to measure 

the voltage accurately. 
4. Turn on the power supply and observe the output voltage reading on the voltmeter. 
5. 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 × (Vinp - Vinn) and is …………….. 

Gain: The voltage gain of the differential amplifier. 
Ad: The differential voltage gain of the amplifier. 
Vinp: The input voltage at the non-inverting terminal. 
Vinn: The input voltage at the inverting terminal. 

  



239 | Analog Electronic Circuits: Theory and Practical 
 

 

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 known as large 
signal amplifiers. In small signal amplifiers, voltage swing and current swing are small. Large signal 
amplifiers have large voltage swing and current swing and the signal power handled by such 
amplifiers remain large. Voltage amplifiers come under small signal amplifiers. Power amplifiers are 
one in which the output power of the signal is increased. They are called large signal amplifiers. 
Figure shows the circuit diagram of a common emitter amplifier. 

 
CIRCUIT DIAGRAM: 

Vin
10kΩ

R1
47kΩ 

BC 107

R2

Rc
2.2kΩ 

  

RL

820Ω 
CRO

CC2 
3.3µF

VCC=12V

CC1 
10µF

RE

560Ω CE
22µF

IC

IB
IE

I1

I2

 
Fig. 1. Circuit diagram 

 
DESIGN: From the transistor datasheet, for BC107, 

ℎ௙௘ = ߚ = 110, ௖ ௠௔௫ܫ = ,ܣ100݉ ஼ܸா ௠௔௫ = 45ܸ 
Let ௖ܸ௖ = 12ܸ, ௖ܫ = Since the quiescent point is in the middle of the laod line for the amplifier, ஼ܸா ,ܣ2݉ =

௖ܸ௖ ݂݋ 50% = 6ܸ. 
VRE=10% of Vcc=1.2V 
 
Assuming IC=IE, VRE=ICRE=IERE 
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                 1.2 =  2 × 10ିଷ × ܴா 

ܴா =
1.2

2 × 10ିଷ = 600Ω         Select standard value of resistance 560Ω. 

Voltage across collector resistance, VRC=VCC-VCE-VRE 
             VRC=12-6-1.2=4.8V 

ܴ஼ = ோܸ஼

஼ܫ
=

4.8
2 × 10ିଷ = 2.4݇Ω         Select standard value of 2.2kΩ 

Base Current, ܫ஻ = ூ೎
ఉ

= ଶ×ଵ଴షయ

ଵଵ଴
=  Aߤ18.2

Take I2=10IB then I1=10IB+IB=11IB 
Base voltage, VB=VRE+VBE = 1.2 + 0.6 = 1.8V 

ܴଶ = ஻ܸ

ଶܫ
=

1.8
10 × 18.2 × 10ି଺ = 9.9݇Ω         Select standard value of 10kΩ 

ܴଵ = ஼ܸ஼ − ஻ܸ

ଵܫ
=

12 − 1.8
11 × 18.2 × 10ି଺ = 51݇Ω         Select standard value of 47kΩ 

Design of RL: 

 Gain of the common emitter amplifier is given by the expression Av =−ቀ௥೎
௥೐
ቁ 

Where rc=RC || RL and re= ଶହ௠௏
ଶ௠஺

= 12.5Ω 

For a gain of 50, substitution it in the expression we get, RL= 873Ω 
Select standard value of 820Ω for RL. 
Design of coupling capacitors CC1 and CC2: 
XC1 should be less than the input impedance of the transistor. Here, Rin is the series impedance. 

Then ௖ܺଵ ≤
ோ೔೙
ଵ଴

 

Here, ܴ௜௡ = ܴଵ ∥ ܴଶ ∥ ℎ௙௘ݎ௘ = 47݇Ω ∥ 10kΩ ∥ 110 × 12.5Ω = 1.7kΩ 
We get Rin=1.17݇Ω. Then Xେଵ ≤ 117Ω 

For a lower cut off frequency of 200Hz,  CC1=
ଵ

ଶగ௙௑೎భ
= ଵ

ଶగ×ଶ଴଴×ଵଵ଻
=  ܨߤ6.8

Select standard value of 10ܨߤ for CC1 

Similarly, ܺ஼ଶ ≤
ோ೚ೠ೟
ଵ଴

 where ܴ௢௨௧ = ܴܿ. Then ܺ஼ா ≤ 220Ω 

CC2=
ଵ

ଶగ௙௑೎మ
= ଵ

ଶగ×ଶ଴଴×ଶଶ଴
=  ܨߤ3.6

Select standard value of 3.3ܨߤ for CC2 
 
 
Design of bypass capacitors CE: 
To bypass the lowest frequency (say 200Hz), XCE should be much less than or equal to the resistance RE. 
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ܺ஼ா ≤
ܴா
10 

ܺ஼ா ≤
ହ଺଴
ଵ଴

    ie. ܺ஼ா ≤ 56 

Apply value of f such that the amplifier has good gain at a lower cutoff frequency of 200Hz 

CE ≥ ଵ
ଶగ௙௑಴ಶ

= ଵ
ଶగ×ଶ଴଴×ହ଺

=  ܨߤ14.2

Select standard value of 22ܨߤ for C୉ 
 
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 represents the typical 
frequency response characteristics of a CE amplifier, showing a curve that is flat in the middle range 
of frequencies. The curve deviates from this flat region at low and high frequencies, indicating a 
decrease in gain. 

Low Frequency (fL): At low frequencies, the gain of the CE amplifier decreases. 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. These capacitors tend to block or attenuate low-frequency signals, 
resulting in a reduced gain at lower frequencies. 

High Frequency (fH): At high frequencies, the gain of the CE amplifier also decreases. This reduction is 
mainly due to the internal capacitance of the transistor and stray capacitance in the circuit. These 
capacitances introduce a low-pass filtering effect, causing a decrease in gain as the frequency 
increases. The internal and stray capacitances create impedance that becomes significant at higher 
frequencies, resulting in a loss of signal amplification. Fig. 2 The curve is flat for middle range 
frequencies. There is only one Low Frequency (fL) and High Frequency (fH) beyond which the gains, 
AL and AH are ଵ

√ଶ
 times the gain AM (maximum gain) at the middle frequencies. The two frequencies 

are lower and higher cutoff frequencies. The difference between them is called as the bandwidth. 

Bandwidth

20log10A

fL fH

3 db

 
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 
response is measured by following the instructions below: 

1. 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. 

2. 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. 

3. 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. 

4. Start with a specific frequency and increase it in steps. For each frequency step, observe the magnitude 
of the output voltage (Vo) on the CRO. Note down the corresponding frequency and the magnitude of 
the output voltage for each step. 

5. Continue increasing the frequency and recording the corresponding magnitude of the output voltage 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 at high 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 designed, 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 µA 741 OP-Amp. 
2. CRO. 
3. Dual Regulated Power Supply   
4. Voltmeter 0-10mV - 2 Nos. 
5. Ammeters 0-10 µA - 2 Nos. 
6. Connecting Wires. 

PINOUT AND CIRCUIT DIAGRAMS: 

Non-inverting(+)

1

2

3

4

8

7

6

5

741 Op. AmpOffset Null

Inverting (-)

Power (V)-

Not Connected 
(NC)

V+ Power

Output

Offset Null
 

Fig. 1. Pin Configuration of IC 741 Op-amp 
 
CIRCUIT DIAGRAMS: 
a) Input bias current and input offset current 

IC741

220k

A

+Vcc

-Vcc
A

Vo

Ib1

Ib2
220k

 
Fig. 2. Input bias current and input offset current 

Input Bias current: (Ib1 + Ib2) / 2 
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Input offset current: |Ib1 - Ib2| 
 
b) Input offset voltage 

IC741

100k

+Vcc

-Vcc

Vo100k
V1

V2

100k

 
Fig. 3. Input offset voltage  

Viof = The input voltage for which the output Vo is zero. Otherwise, it is the output voltage for input zero 
with unit gain amplification. 

c) CMRR (Common Mode Rejection Ratio) 

IC741

R2

VoR1
V1

V2

RF

Rg

Vdiff

Vcm

GND4

 
Fig. 4. CMRR 

CMRR = Ad / Ac, Differential input voltage is given between V1 and V2 and common mode voltage is 
given as common to both the inputs. 
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d) Slew rate and Bandwidth 

IC741

1kΩ 

Vo

10kΩ 

14V

Vcc

7 1 5
3

2
4

-14V

VEE

6

1µF

1µF
Output signal as 
seen on O-scope

 
Fig. 5. Slew rate and bandwidth 

 

IC741

R2

VoR1
V1

V2

RF

Rg

 
Fig. 6. Bandwidth 

 
THEORY: Operational amplifiers, commonly known as op-amps, are versatile electronic devices widely 

used in various applications due to their high gain, differential input, and externally controlled 
response characteristics. Here are some key points related to op-amps: 

High Gain: Op-amps have very high voltage gain, typically in the range of tens of thousands to hundreds of 
thousands. This high gain allows op-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 difference between 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 make 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. Current is taken from 
the source into op-amp inputs. Also, the two inputs respond differently to current and voltage due to 
mismatch in transistors. A real op-amp also shifts its operation with temperature. These non-ideal 
characteristics are: 
1. Input bias current 
2. Input offset current 
3. Input offset voltage 
a. Thermal drift 
4. Slew rate 
5. Input and output voltage ranges 

 

PROCEDURE: 

1. Connect the IC 741 with supply voltages on a bread board. 
2. Connect the CRO as per the requirement for voltage and for current measurement. 
3. Measure the parameters of Op-Amp and compare them with ideal one. 

1. Input bias current and input offset current: 

1. Connect the circuit as shown in Fig. 2 for Input bias current and input offset current. 
2. Measure the current at inverting and non-inverting terminals of op-amp as IB+ and IB. 
3. Average these values to find out the input Bias current. Also, find the difference between these two 

currents to know the input offset current. 

IB+ IB- 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 
(Vout) 

Input Voltage at Inverting Terminal 
V1(V) 

Input Voltage at Non-Inverting Terminal 
V2(V) 

 
 
 

  

 
3. CMRR Measurement: 

Ad= ௏೚
௏೏

 

Configure the Op-Amp in unit gain configuration, in differential mode operation as shown in Fig. 4. Give 
1V as differential input and observe the output as 1V. Keeping the differential input same as 1V, increase 
the common mode voltage from 0V to 10V insteps of 1V and observe the variation in the output. Calculate 
Ad and Ac and CMRR. 

4. Slew Rate: 

1. Connect the circuit diagram as shown in Fig. 5. 
2. Apply A square wave of low frequency at inverting terminal of op-amp. 
3. The input amplitude of square wave is to be adjusted until the output is 20 volts peak to peak. 
4. The frequency is then to be adjusted until the output becomes triangular. 
5. The rising edge slope of the triangle-wave was taken to be the slew rate that was being sought. 

Input Voltage at Inverting Terminal V(V) Output Slope V/µ Sec Frequency (Hz) 

 
 
 

  

5. Bandwidth: Connect the op-amp in unit gain configuration as shown in Fig. 6. Apply 1V sinusoidal input 
at 10Hz and observe the output. Increase the frequency in steps (semi-logarithmic scale) and note the output 
voltage values. Identify the -3dB cut-off point, which gives the band width. 

RESULT: The pin configuration, 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, R1 =1K, RF=0.22K. 

 

PIN DIAGRAM: 

Non-inverting(+)

1

2

3

4

8

7

6

5

741 Op. AmpOffset Null

Inverting (-)

Power (V)-

Not Connected 
(NC)

V+ Power

Output

Offset Null
 

Fig. 1. Pin Configuration of IC 741 Op-amp 

 

CIRCUIT DIAGRAM: 

Vin

Iin

GND1

Vout

Iout

RF
R2

Vin

IF

V1

V2

RF

Vout

IF

Iout

V1

Ii

n

Virtual earth
Summing point

GND1

x

Rin

V
D

IFF

V
D

IFF

 
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 RF. 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 RF and 
however an extra resistor R1 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 Vout through Feedback 
resistor RF. 

 

 

CLOSED LOOP VOLTAGE GAIN (For Inverting Amplifier): 

RFRin

A

Vin

V2=0
Vout

i

GND1
 

Fig. 3.  Diagram of an Inverting Op-Amp Circuit 

iൌ
୚୧୬ି୚୭୳୲
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therefore, iൌ
୚୧୬ି୚ଶ
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ൌ

௏ଶି௏௢௨௧

ୖూ
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െ
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ൌ
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ଵ

ோ௜௡
൅

ଵ
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and as, i= 
୚୧୬ି଴

ୖ୧୬
ൌ

଴ି௏௢௨௧

ୖూ
 

R୊
Rin

ൌ
0െ 𝑉𝑜𝑢𝑡
Vinെ 0

 

 The closed Loop gain (Av) is given as, 
௏௢௨௧

୚୧୬
ൌ െ

ୖూ
ୖ୧୬
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CLOSED LOOP VOLTAGE GAIN (For Non- Inverting Amplifier): 

RF

R2

GND3

A

V1 Vin

Vout

0V

Potential
Divider
Network

 
Fig. 4.  Diagram of an Non-Inverting Op-Amp Circuit 

V1 V  

Ideal Summing Point: V1= VIN 

Voltage Gain, A(V) is equal to   

Then,   A(V) =   =  

Transpose to give:    A(V) =   =1  

PROCEDURE: 

For ac input 
1. Study the circuit provided on front panel of the kit. 
2. Make the circuit as shown above Fig. 2(a) 
3. Switch on the power supply. 
4. Select desired R1 and RF. 
5. Connect dual trace CRO at input and output side to observe Vin and Vo respectively. 
6. Apply 100Hz, sine wave input Vin from signal generator. Adjust its amplitude so that Op-Amp should 

not enter in saturation. 
7. Observe and note input Vin amplitude and output Vo amplitude on CRO, calculate its gain using AF = 

Vo/Vin. 
8. Calculate theoretical gain of Op-Amp using selected R1 and RF values. 
9. Compare the above results. 
10. Vary the input frequency, observe change in output. 
11. Draw the waveform on graph. 
12. Repeat the above procedure for different combinations of R1 and RF. 

For dc input 
1. To observe output at DC input the amplitude of function generator at zero. 
2. ON the offset and apply output of function generator i.e. DC output to the DC input of the kit. 
3. 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): 

S.no Vin Vo 
Theoretical gain 

AF = -RF/R1 

Practical gain 

AF = -Vo/Vi 
% Error 

1      

2      

3      
 
OBSERVATION TABLE (FOR NON - INVERTING AMPLIFIER): 

Sr.no Vin Vo 
Theoretical gain 

AF = 1+RF/R1 
Practical gain 
AF = Vo/Vin 

% Error 

1      

2      

3      

 
RESULT: Thus, IC741 Op-amp can work as a both inverting 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 waveform. The 

output voltage Vo can be expressed as Vo=− ૚
࢚ࢊ࢏ࢂ∫࡯ࡾ + ࢑ where k is the constant 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= ࢀࢂ

૝࡯ࡾ
, where T is the time period of the input square wave. Integrators are commonly 

used in analog computers and wave shaping networks. 
DIFFERENTIATOR: If the input resistor of the inverting amplifier is replaced by a capacitor, it forms an 

inverting differentiator. The output of the circuit is the derivative of the input. Gain of the 
differentiator increases with increase in frequency, which makes the circuit unstable. This is a 
drawback of the circuit. The output voltage Vo can be expressed as Vo= - RFCi

࢏ࢂࢊ
࢚ࢊ

. Differentiator 
functions are high pass filter. At high frequency 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 noise problem can be reduced significantly by 
additional circuit elements. 

 
DESIGN AND CIRCUIT DIAGRAMS: 
DESIGN OF INTEGRATOR: Let the input frequency be 1kHz. The frequency at which the integrator gives 

unity gain output is given by, ࢌ = ૚
૛࣊ࡾ૚࡯

 

Let C=0.01ߤF, then ܴଵ = 15.9݇Ω. Use 15kΩ std. 

R1

GND1

C1

R2

(470kΩ )

(0.01µF)

15kΩ 
Vi Vo

+12V

-12V

Fig. 1. Circuit diagram of Integrator

GND1

R2

15 kΩ

0.01µF

Vi
Vo

+12V

-12V

Fig. 2. Circuit diagram of Differentiator

C2
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The resistor R2 in the integrator is provided to attenuate low frequency signals, particularly input dc offset 
voltage that may be present. Typically, the value of R2 is selected as 10 times R1 or more. Select the 
value of R2 as 470k. 

DESIGN OF DIFFERENTIATOR 

We have ݂ = ଵ
ଶగோ஼

 

Let C=0.01ܨߤ, then R = 15.9kΩ. Use 15kΩ std. 
 
PROCEDURE: 
INTEGRATOR 
1. Set up the integrator circuit as shown in Fig.1 Give a rectangular wave of ±5V (10Vpp) and 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 the difference in the output waveform. 
3. Repeat the experiment by feeding triangular wave and sine wave at the input and observe the output. 
DIFFERENTIATOR 
1. Set up the differentiator circuit as shown in Fig. 2. Give a rectangular wave of ±5V (10V pp) and 1 kHz 

frequency at the input and observe the input and output simultaneously on CRO. 
2. Repeat the experiment by feeding triangular wave and sine wave at the input and observe the output. 

 
WAVEFORMS 

Fig. 3.  Integrator Output Fig. 4. Differentiator Output

Vi

Vo

Vi

Vo

tt

 
 
RESULT: Integrator and Differentiator 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 Signetic Corporation 
in the year 1971. 

Some of the important features of the 555 timer are: 
 The 555 timer can be operated at a wide range of power supplies ranging from 5 V to 18 V. 
 It is available in 3 different packages: 8-pin Metal Can package, 8-pin DIP and 14-pin DIP. 
 Timing can be anywhere from microseconds to hours. 
 It can operate in both astable and monostable modes. 
 High output current. 
 It has an adjustable duty cycle. 
 It is TTL compatible due to its high output current. 
 The output can source or sink a current of 200mA to the load. 
 It has a temperature stability of 0.005% per ºC. 

 
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 555 work as a free running mode. The output of astable multivibrator will 

continuously toggle between low and high, there by generating a train of pulse, which is why it is 
known as pulse generator. It is a best example for a perfect square wave generator. They are used as 
an inverter and also used in many of the internal part of the radio. Selecting a Thermistor as a timing 
resistor allows the use of the 555 in a temperature 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. In this mode, the 555 functions as a “one-shot” pulse generator. The 
best application of a monostable is to introduce a time delay in to a system. Applications comprise 
many things viz., timers, missing pulse detection also included bounce free switches, touch switches 
as well as frequency 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: 

555

1

2

3

4

8

7

6

5

GND

TRIGGER

OUTPUT

RESET

VCC

DISCHARGE

THRESHOLD

CONTROL
VOLTAGE

8 – Pin DIP  

Pin 
I//O DESCRIPTION 

S. NO. NAME 

1. GND O Ground Reference Voltage 
2. Trigger I Responsible for transition of SR flip-flop 

3. Output O Output driven waveform 

4. Reset I A negative pulse on reset will disable or 
reset the timer 

5. Control 
Voltage I 

Controls the width of the output pulse by 
controlling the threshold and 
trigger levels 

6. Threshold I 
Compares the voltage applied at the 

terminal with a reference voltage of 
2/3 

7. Discharge  I 
Connected to open collector of a transistor 

which discharges a capacitor 
between intervals. 

8. Vcc supply I Supply voltage 
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555

R1=47K

C1=0.01µF C2=0.01µF

GND1

VCC=+5 to +15V

RESET

V
OVi

MONOSTABLE
PULSE OUT

8

4

3

15

2

6

7

TRIGGER 
PULSE IN

 
Fig. 1. Monostable multi vibrators 

                    

555

RA

RB

0.1µF

6V

Scope

2.2k

10K

Scope

0.01µF

 
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 = 1.1R1C1. 
5. Compare it with experimental values. 
6. Plot the graph for the input and output waveforms. 

Astable Multivibrator: 
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 pin 6. 
3. Theoretically calculate the Time period as T = 0.69 RBC + 0.69 (RA + RB)C. 
4. Compare it with experimental values. 
5. Plot the graph for the input and output waveforms. 

 
MODEL WAVE FORMS: 

Triggering
Pulse

t

t

Vc

Vo
+Vsat

-Vsat tp

Triggering Pulse

-VT

t

VD

 
Fig. 3. Monostable multivibrator 
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1/3 VCC

2/3 VCC

VC

t

               
Capacitor 
Voltage

Vout

t0

Output
Voltage

1

t1 t2        
T  

Fig. 4. Astable multivibrator 
 

RESULT: Designed and verified the waveforms of monostable multivibrator and astable multivibrator 
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 voltage 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 will conduct and D2 
is OFF, so the output is zero because the other end of R2 is connected to the virtual ground and there 
is no current through R2. When the input is less than zero, D2 is ON, D1 is OFF, and the output is 
similar to an inverting amplifier with gain = R2/R1. 

R1

R2=10kΩ 

D1

D2

V0

-12V

+12V
10kΩ Vi

 
Fig. 1. Circuit Diagram of Precision Rectifier 

The value of R1 and R2 are selected so that the circuit has reasonable level of input impedance and the gain 
is unity. Diode D1 and D2 are signal diodes. 
 
PROCEDURE: 
1. Set up the circuit as shown in Fig.1.  Give a sine wave of ±5V peak magnitude and 1 kHz frequency at 

the input and observe the input and output simultaneously on CRO. 
2. Put the CRO into X-Y mode and connect the input signal to X and the output signal to Y. Select a suitable 

volt per division in both channels and observe the characteristics. The display should look similar to Fig 
3. 
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WAVEFORMS: 
Vo

Vi

-R2/R1Vi

Vo

Fig. 2. Input and output waveforms Fig. 3. Transfer characteristics  
 
RESULT: Designed and verified the waveforms of Precision Rectifier. 
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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 code into 
an analog signal. It takes a binary input and generates an analog output that represents 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 binary weighted currents are summed using an operational 

amplifier (op-amp). Each bit of the digital input is associated with a specific resistor that determines 
the weight of that bit. By combining these weighted currents, the converter produces an output voltage 
proportional to the digital input value. The weighted resistor D/A converter 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 are connected to ground. The ladder network consists of resistors with 
values of R and 2R (R-2R ladder network is commonly 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 to increase the number of bits. 

A/D Converter: 
An A/D converter, also known as an analog-to-digital converter, converts an analog signal into a digital 

representation. It involves two main steps: quantization and coding. 
Quantization: Quantization is the process of dividing the continuous range of analog signal values into a set 

of discrete levels. The input analog signal is sampled and rounded to the nearest quantization level. 
The resolution of 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 determines the resolution of the A/D converter and the range of possible output values. 
The quantum (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: 

GND2

RF  1kΩ

351

+15V

-15V
Vo=-0.5VVid=0

IB=0
(0.5 mA)

V2
(0.5 mA)R

R/2

R/4

R/8

10kΩ 

5kΩ

2.5 kΩ

1.25kΩ

GND3

bo

b1

b2

b3

+ 5V

 
Fig. 1. D/A converter 

 
PROCEDURE: (D/A converter) 
Functional verification of a weighted resistor D/A converter. 
1. Make the connection as shown in circuit diagram of Fig. 1. 
2. Connect the power supply to the board. 
3. Connect the logic switches to the corresponding jacks B0 — B3 of the converter. 
4. Set the switches So — S3 to logic level 0. 
5. Connect the Vref socket to +5 volts. 
6. Connect a multimeter as a voltmeter for DC, to the output V0 of the converter. 
7. Switch the logic switches in binary progression & measure & record the output voltage in correspondence 

of every Combination of the input code. 
 
A/D SIGNAL CONVERTER: 
1. Make the connection as shown in Fig.2. 

a) Connect the variable DC supply to the Vi of the converters. 
b) Keep the DC variable in counter-clockwise position. 
c) Place the Reset / Count switch in reset position.  

2. Connect the power supply to the board. 
3. Connect a multimeter in a DC voltage measurement mode, to the input Vi of the converter. 
4. Set the Reset / Count switch to count position 
5. Rotate the pot connected to +5V DC from initial position i.e. ; 0V in clockwise direction to max. voltage 

i.e. +5V. 
6. Read and measure and record the output analog voltage display on. 
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ADC

GND1

GND2

Binary 
output

Vdd

Analog
Signal
input

 
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 Values 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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7. 2.     

8. 2.6     

9. 3.0     

10. 3.5     

11. 4.0     

12. 4.5     

 
RESULT: The D/A and A/D converter is studied and observations are recorded in observation table. 
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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 discharging of a 

capacitor. Op-amps inverting input is the capacitor voltage and the non-inverting input is a portion of 
the output fed back through resistors R1 and R2. When the circuit is first turned on, the capacitor is 
uncharged, and thus the inverting input is at 0V. This makes the output a positive maximum, and the 
capacitor begins to charge towards voltage at Vo through resistor R. When the capacitor voltage 
reaches a value equal to the feedback voltage (Vf) on the non-inverting input, the op-amp switches to 
the maximum negative state. At this point, the capacitor begins to discharge from +Vf towards –Vf. 
When the capacitor voltage reaches –Vf, the op-amp switches back to the maximum positive state. 
This action repeats and a square wave output voltage is obtained. 

Expression for period is 

ܶ = lnܥ2ܴ ଵାஒ
ଵିஒ

 where ߚ = ோమ
ோభାோమ

 

If R1 = R2, the equation   for period reduces to T=2RCln3 
The frequency of oscillation, f= ଵ

ଶோ஼୪୬ଷ
 

Triangular wave oscillator: This circuit (Fig. 2) uses two operational amplifiers. Op-amp A1 functions as a 
comparator, and the op-amp A2 as an integrator. Comparator compares the voltage at point ‘P’ 
continuously with respect to the voltage at the inverting input, which is at ground potential. When the 
voltage at P goes slightly below zero, the output of A1 will switch to negative saturation. Suppose the 
output of A1 is at positive saturation +Vsat. Since this voltage is the input of the integrator, the output 
of A2 will be a negative going ramp. Thus, one end of the voltage divider R1-R2 is at +Vsat and the 
other at the negative going ramp. At time t=t1, when the negative going ramp attains a value of –Vramp 
the effective voltage at point ‘P’ becomes slightly less than 0V. This switches the output of A1 from 
positive saturation to negative saturation level –Vsat. During the time when the output of A1 is at –
Vsat, the output of A2 increases in a positive direction. At the instant t=t2, the voltage at point P 
becomes just above 0V, thereby switching the output of A1 from –Vsat to +Vsat. The cycle repeats and 
generates a triangular waveform. 

At t=t1  

ି௏ೝೌ೘೛

ோమ
= − ା௏ೞೌ೟

ோభ
 ie. – ௥ܸ௔௠௣ = − ோమ

ோభ
(+ ௦ܸ௔௧) 

 
Similarly, at t=t2  

+ ௥ܸ௔௠௣ = −
ܴଶ
ܴଵ

(− ௦ܸ௔௧) 

The peak-to-peak output of the triangular wave is  
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(௣௣)݋ܸ = + ௥ܸ௔௠௣ − ൫− ௥ܸ௔௠௣൯ = 2
ܴଶ
ܴଵ

( ௦ܸ௔௧) 

During the period 0-t1, The integrator functions as below.  

(௣௣)݋ܸ = ଵ
ோ஼ ∫ (− ௦ܸ௔௧)݀ݐ = ቀ௏ೞೌ೟

ோ஼
ቁቀ்

ଶ
ቁ

೅
మ
଴ f 

Then  

T=2ܴܥ ቀ௏௢(೛೛)

௏ೞೌ೟
ቁ 

Substituting for ܸ݋(௣௣)   

T=ସோ஼ோమ
ோభ

 

Then, frequency of oscillation,  

f= ோభ
ସோ஼ோమ

 

 
DESIGN AND CIRCUIT DIAGRAMS: 
Design of square wave generator 
Let the frequency of oscillation be 1kHz 
Take ߚ = 0.5 and R1 = R2 =10kΩ 

Frequency, ݂ = ଵ
ଶோ஼୪୬ଷ

 Assume C=0.1ߤF 

Then, 

R= ଵ
ଶ஼௙୪୬ଷ

= ଵ
ଶ×଴.ଵ×ଵ଴షల×ଵ଴଴଴×୪୬ଷ

= 4.55݇Ω 

Select standard value of 4.7݇Ω for R. 

R

R1

R2

Vo

4.7kΩ 

Vc

(0.1µF)
Vf

10kΩ 

10kΩ 

+12V

-12 V

V1=βVSAT
V=-βVSAT

Vo

Vsat

-Vsat

V1

V2

Vc

t1 t2

C1

 
Fig. 1. Square wave generator and waveforms 
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R2

VO2

Vo
t1 t2

1kΩ 
R1=4.7kΩ 

C2

VO1

+12V

-12 V

+12V

-12 V

0.1µF
Vsat

-Vsat

+ Vramp

-Vramp

VO2

 
Fig. 2. Triangular wave generator and waveforms 

 
Design of triangular wave generator 
Let the frequency of oscillation be 1kHz 

We have f= ோభ
ସோ஼ோమ

 and ܸ݋(௣௣) = 2 ோమ
ோభ ௦ܸ௔௧ 

Since supply voltage is ±12ܸ, ௦ܸ௔௧  will be approximately 10V 
Let ܸ݋(௣௣) be 5V; Assume ܴଶ = 1݇Ω 
Then 

ܴଵ =
2 ௦ܸ௔௧

(௣௣)݋ܸ
ܴଶ =

2 × 10
5 × 1 × 10ଷ = 4݇Ω 

Select standard value, ܴଵ = 4.7݇Ω 
Assume C=0.1ߤF 

R= ோభ
ସ௙஼ோమ

= ସ.଻×ଵ଴య

ସ×ଵ଴଴଴×଴.ଵ×ଵ଴షల×ଵ×ଵ଴య
= 11.7݇Ω 

Select standard value, R=12kΩ 
 
PROCEDURE: 
1. Set up the circuit after testing the components. 
2. Set up the square wave generator as shown in Fig. 1, observe the output waveform, and note their 

amplitudes and frequencies. 
3. Set up the triangular wave generator as shown in Fig. 2 and observe the variation in frequencies of output 

waveform by varying the values of resistances R1, R2, and R3. 
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. 



 

 

CO AND PO ATTAINMENT TABLE 

Course outcomes (COs) for this course can be mapped with the programme outcomes (POs) after the 
completion of the course and a correlation can be made for the attainment of POs to analyze the gap. After 
proper analysis of the gap in the attainment of POs necessary measures can be taken to overcome the gaps. 

Table for CO and PO attainment 

Course 
Outcomes 

Attainment of Programme Outcomes 
(1- Weak Correlation; 2- Medium correlation; 3- Strong Correlation) 

PO-
1 

PO-
2 

PO-
3 

PO-
4 

PO-
5 

PO-
6 

PO-
7 

PO-
8 

PO-
9 

PO-
10 

PO-
11 

PO-
12 

CO-1             

CO-2             

CO-3             

CO-4             

CO-5             

The data filled in the above table can be used for gap analysis. 
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