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Preface

In recent years, electronic systems play an important role in human life. The
importance of electronics is well known in various fields of engineering. It is
therefore necessary for an electronic and electrical engineer to know the funda-
mentals of electronic system or network.

The overwhelming response to our books on Fundamental of Electronic Devices
and Circuits, written according to the syllabus of electronics systems offered by
various Indian universities as well as universities abroad, inspired us to write this
book.

This book has been prepared carefully, and the background of each topic is given;
suitable practical illustrations, numerical examples, and detailed explanation of each
step given make it easy for students to understand the complicated derivations.

In every section of each chapter, the important basic concepts are highlighted by
Key Points, which is the feature of this book. A large number of solved problems
are given in each chapter, which help the students to understand the theory in great
depth. The whole book has been divided into seven chapters:

Chapter 1 explains crystal properties and charge carriers in semiconductors and
magnetic material.
Chapter 2 explains special diodes and linear wave shaping.
Chapter 3 discusses transistor amplifier frequency response.
Chapter 4 introduces feedback system.
Chapter 5 introduces oscillators.
Chapter 6 discusses OP-AMP applications, timer, voltage regulator, and converter.
Chapter 7 explains multistage and tuned amplifiers.

The authors hope that this book will prove to be very useful not only to the
students but also to the subject faculties. The students have to omit nothing and
possibly have to cover nothing more, and we welcome any suggestions toward the
improvement of this book.

Tehri Garhwal, India Prof. (Dr.) G. S. Tomar
Dehradun, India Dr. Ashish Bagwari
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About This Book

This book has a broad concept and basic conceptual inputs. This book contains
seven chapters, and each and every chapter carries suitable block diagrams, circuit
diagram, easy and understandable language, valuable and interesting solved
examples, and important test questions as well.

This book is suitable for various Indian universities as well as universities abroad
and also targeting the basic concepts, which are at par with the inputs needed for
competitive exams and GATE, etc. This book is helpful for engineering groups like
B.Tech./B.E./B.S., M.Tech./M.E./M.S. (electronics and communication and elec-
trical engineering). Both the students and teachers will find this book stimulating as
it contains around 100+ well-annotated examples. It also includes 75+ numerical
problems to test the students’ understanding of the concepts discussed.

In competition point of view, it will be very relevant because it contains worked
examples, case studies, solutions to problems, and others as well, which are ben-
eficial to the readers.

It is suitable for professionals related to electronics/electrical background. It will
be helpful to understand the basics of electronic circuitry, basic concepts of feed-
back, amplifier, oscillator, applications of OP-AMP, and other relevant topics as
well.

• This book offers an introductory study of the conceptual development of the
subject.

• It provides a simple and lucid presentation of the essential principles, formulae,
and definitions of electronic devices and circuits.

• It presents several new illustrations, examples, and exercises, and further
readings have been specially designed in the text throughout.

• It gives a large number of worked-out examples to illustrate the theory and to
demonstrate their use in practical designs.

• It provides short questions with answers at the end of each chapter.
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Chapter 1
Crystal Properties and Charge Carriers
in Semiconductors and Magnetic
Material

Learning Objectives

• Define semiconductor material, various bands like conduction band, valence
band, and energy band gap.

• Discuss classification of semiconductor materials, such as element material
and compound material, and their types.

• Introduce crystal lattice with their classifications.
• Discuss types of solids.
• Discuss various types of magnetization.

1.1 Introduction

Basically, crystal is a solid in which regular pattern repeats itself, while semicon-
ductors are those materials whose conductivities are greater than insulator but lesser
than conductors.

In this chapter, we discuss the semiconductor introduction, energy bands, types
of crystals, and classifications of magnetization.

1.1.1 Semiconductor

Semiconductors are those materials whose conductivities exist between conductors
and insulators. They have poor conductivity than conductors and higher than insula-
tors. When the temperature of a semiconductor is increased, its resistivity decreases
or conductivity increases; therefore, the semiconductor has negative temperature

© Springer Nature Singapore Pte Ltd. 2020
G. S. Tomar and A. Bagwari, Fundamentals of Electronic Devices and Circuits,
Algorithms for Intelligent Systems, https://doi.org/10.1007/978-981-15-0267-5_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0267-5_1&domain=pdf
https://doi.org/10.1007/978-981-15-0267-5_1


2 1 Crystal Properties and Charge Carriers …

coefficient of resistance. It is significant that the conductivity of these materials can
be varied over orders of magnitude by changes in temperature optical excitation and
impurity content.

There are different types of semiconductor materials such as gallium nitride
(GaN), gallium phosphide (GaP), gallium aronide (GaAs), zinc sulfide (ZnS), and
indium antimonide (InSb).

1.1.2 Energy Band

The range of energies possessed by electrons of the same orbit in a solid is called
energy band.

1.1.3 Valence Band

The energy band which possesses the valence electrons is called valence band. This
band may be partially or completely filled with electrons, i.e., band does not remain
empty.

1.1.4 Conduction Band

The energy band which possesses the free electrons is called conduction band. An
electron in this band takes place in conducting region.

1.1.5 Energy Band Gap

Between the valence band and the conduction band, there is an energy gap “Eg.”
This is called energy band gap or forbidden energy gap. Electrons are not found in
this band for semiconductors: Eg < 3 eV; for germanium: Eg = 0.72 eV; and for
silicon: Eg = 1.12 eV.

1.2 Elemental and Compound Semiconductor Materials

Elemental semiconductors are single-element semiconductors. They belong to the
IV group of the periodic table, e.g., Si, Ge, C, Sn.
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Compound semiconductors are formed by using two or more elements. They
are synthesized using elements from group II to group VI of the periodic table, e.g.,
from group III and group V (III–V compounds) or II and VI (II–VI compounds), e.g.,
III–V semiconductors: GaAs, GaP, GaN, GaAlAs, InP, InSb, etc., II–VI semicon-
ductors: CdSe, CdTe, CdHgTe, and ZnS. A compound semiconductor elements can
also form binary (two elements, e.g., gallium (III) arsenide (GaAs)], ternary [three
elements, e.g., indium gallium arsenide (InGaAs)] and quaternary [four elements,
e.g., aluminum gallium indium phosphide (AlInGaP)] alloys.

1.2.1 Semiconductor Material

The magic word semiconductor is composed of two words—semi and conductor.
Semi means not complete, while conductor means something which can conduct
electricity. In other words, semiconductors are a group of material has electrical
conductivity which lies between or exits between metal (conductor and insulator).
The conductivity of material can be varied over the order of magnitude by changing
temperature and adding impurity.

1.2.2 Classification of Semiconductor Materials

There are two types of semiconductor materials—one is elemental material and other
is compound material as shown in Fig. 1.1.

1.2.2.1 Elemental Material

Elemental material contains single element which means it does not have any com-
bination of elements and these are available in natural form.

Example: Silicon (Si), Germanium (Ge).

Fig. 1.1 Types of
semiconductor materials

Element Material Compound Material

Semiconductor
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1.2.2.2 Compound Material

This kind of material contains more than one element material or we can say that it
is having composed element to make a compound material.

Example: GaN, Gap, GaAs, InP, ZnS, InSb, Cds, Sic, SiGe.

1.2.3 Types of Compound Materials

From the types of compound materials, we further dividing compound materials into
three categories:

1.2.3.1 Binary compound material.
1.2.3.2 Ternary compound material.
1.2.3.3 Quaternary compound material.

1.2.3.1 Binary Compound Material: These materials are the combination or com-
position of two elements. Gallium arsenide (GaAs) is an example of such kind of
compound material.

1.2.3.2 Ternary CompoundMaterial: These materials are the combination or com-
position of three elemental materials. Gallium arsenide phosphide (GaAsP) is an
example of such kind of compound material.

1.2.3.3 Quaternary Compound Material: These materials are the combination of
four elemental materials. Example is indium gallium arsenide phosphide (InGaAsP).

1.3 Crystal Lattice Structure

Crystal is solid in which regular pattern is repeating itself. The atoms in a crystal
are in a regular repeating pattern called the crystalline lattice. By using scanning
tunneling microscope (STM), individual can be observed. Graphite and diamond are
made of same carbon atom. The difference is how those atoms are arranged, and to
describe crystal structure, we must distinguish between the patterns of repetition.

1.3.1 Crystal Lattice

The crystal lattice is an arrangement of atoms in various solid. The atoms are com-
bination of electron, proton, and neutron. The proton and neutron makeup the center
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of the atom called nucleus, and the electron flies around above the nucleus in a small
cloud. The electron carries the negative charge particles, and protons carry positive
charge carrier. In normal atom, the no of electrons and protons is equal. The negative
electrons are attached to positive nucleus by the same electric force which causes
magnets to work that is why atoms are together.

1.3.1.1 Classifications of Crystal Lattice

Crystal lattice can be classified into seven ways.

1.3.1.1.1 Cubic lattice structure: This is a simple cubic system that has one lattice
point on each corner of the cube with each lattice point shared equal between eight
adjacent cubes.

(i) In body-centered cubic system, there are eight corner points and one lattice
point in the center of the unit cell.

(ii) In face-centered cubic system, lattice points are on the face of the cube.

1.3.1.1.2 Tetragonal lattice structure: It is similar to cubic crystals but longer along
one axis than the other as shown in Fig. 1.2.

1.3.1.1.3 Orthorhombic lattice structure: It likes tetragonal crystal, except their
cross section is not square. They form rhombic prism or di-pyramids (two pyramids
stucked together) as shown in Fig. 1.3.

1.3.1.1.4Hexagonal cubic lattice structure: Figure 1.4 shows the structure of hexag-
onal cubic, there is six-sided prism when you look at the crystal on one end, and the
cross section is hexagon.

1.3.1.1.5 Trigonal lattice structure: Trigonal structure has a single threefold axis
of rotation instead of the sixfold axis of the hexagonal division.

Fig. 1.2 Tetragonal
structure
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Fig. 1.3 Orthorhombic
structure

Fig. 1.4 Hexagonal cubic
structure

1.3.1.1.6 Triclinic lattice structure: Triclinic structure is usually not symmetrical
from one side to the other, which can lead to some fairly strange shapes.

1.3.1.1.7 Monoclinic lattice structure: These are like skewed tetragonal (structure)
crystal of a forming prism and double pyramids.

1.3.2 Types of Solids

There are basically three types of solids such as crystalline, amorphous, and poly-
crystalline.

1.3.2.1 Crystalline: A crystalline form of solid has periodically repeated arrange-
ments of atoms as shown in Fig. 1.5.

1.3.2.2 Amorphous: This kind of solid has non-period structure, means it contains
non-periodic structure as shown in Fig. 1.6.
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Fig. 1.5 Crystalline structure

Fig. 1.6 Amorphous structure

1.3.2.3 Polycrystalline: The polycrystalline solids are composed of many small
regions of single crystal material as shown in Fig. 1.7.

1.4 Origin of Magnetic Dipoles in Solids

Themagnetic dipole shows ametal having two poles named as south and north poles,
and it carries the property of magnet called magnetic dipole. The magnetic dipoles
coming from a magnetic dipole moment and which is generated by flow of current
in a closed circuit/loop now, the magnetic moment.
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Fig. 1.7 Polycrystalline structure

m = I × A (1.1)

where I represents the flow of current.A is area of closed circuit. According to Bohr’s
model for an atom, if an electron rotation around the nucleus at a distance “r” having
angular frequency “v” and carried a current “I,” then the value of carried current “I”
will be

I = e × v (1.2)

where v is angular frequency, where v = w
2π

Now the value of

I = e × w

2π
(1.3)

Now the area of circle is πr2 so we can say that the magnetic moment “morb” of the
electrons is

morb = e × w

2π
× π × r2 (1.4)

morb = 1

2
× e × w × r2 (1.5)

where r is the distance between electron and nucleus. Now, the angular momentum
is the quantity of rotation of body, which is the product of mass, angular frequency,
and square of the distance of the particle from nucleus.

Angular momentum (L)
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L = me × w × r2 (1.6)

Using Eqs. (1.5) and (1.6), we can say that

w × r2 = L

me
(1.7)

morb = 1

2
× e × L

me
(1.8)

In Eq. (1.8),morb is magnetic dipolemoment, L is angularmoment / Angularmomen-
tum, e is electron particle, and me is mass of electron. As we know that the direction
of magnetic moment and angular moment is anti-parallel. Then,

morb = −1

2
× e × L

me
(1.9)

Minus (−) sign because mechanical angular momentum “L” and magnetic moment
“morb” are anti-parallel, morb and L both are vector”.

1.5 Magnetic Material

Materials may be classified by this response to external applied magnetic fields that
is called magnetization of a material.

Magnetization of a material can be expressed in terms of density of net magnetic
dipole moment “m” in a material. We define a vector quantity called the magnetiza-
tion “M” by m = μtotal

v then the total magnetic field “B” in the material is given by
B = (B0 +μM). Where B0 is externally applied magnetic field and μ0 is magnetic
permeability of free space. When magnetic field inside of materials is calculated
using ampere law, then μ0 is replaced by μ, where μ = Km, where μ is the rela-
tive permeability. The material does not respond to the external magnetic field by
producing any magnetization then Km = 1.

Another commonly usedmagnetic quantity ismagnetic susceptibility which spec-
ifies how much the relative permeability differs from one magnetic susceptibility
(Xm), Xm = Km – 1.

Magnetic moment Magnetic moment of a magnet is a quantitative that determines
the force that the magnet can exert on electric current and the torque that a magnetic
field exerts on it.

Diamagnetic, paramagnetic, ferromagnetic, etc., are basically the magnetic
responses that differ greatly in strength. Diamagnetism is a property of all mate-
rial and opposes applied magnetic field, but it is very weak.
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1.5.1 Types of Magnetization/Magnetism

There are basically five types of magnetism given as

1.5.1.1 Paramagnetic.
1.5.1.2 Diamagnetism.
1.5.1.3 Ferromagnetism.
1.5.1.4 Anti-ferromagnetism.
1.5.1.5 Ferrimagnetism.

1.5.1.1 Paramagnetic

In paramagnetic, in the absence of an external magnetic field, the orientations of
magnetic dipoles are random as shown in Fig. 1.8. While applying an external mag-
netic field, the direction of dipoles is in the same direction or in the parallel with
external magnetic field.

For some solid materials, each atom possesses a permanent dipole moment by
virtue of incomplete cancellation of e− spin and/or orbital magnetic moments. In
the absence of an external magnetic field, the orientations of these atomic magnetic
moments are random, such that a piece of material possesses no net macroscopic
magnetization; these atomic dipoles are “free to rotate,” and paramagnetism results
when they preferentially align, by rotation, with an external field as shown in Fig. 1.9.

These magnetic dipoles are acted on individually with no mutual interaction
between adjacent dipoles. In as much as the dipoles align support with the exter-
nal field, they enhance it, and μr > 1.

Example: Al, Cr (chromium), Mn (manganese), etc.

Fig. 1.8 Paramagnetic structure
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Fig. 1.9 A hydrogen molecule with atoms of different spins

For paramagnetic and diamagnetic materials, the relative permeability is very
close to 1, and the magnetic susceptibility is very close to 0. For ferromagnetic
material, these quantities may be very large.

• Some materials like Al and Pt exhibit a magnetization which is proportional to the
applied magnetic field in which the material is placed.

• These materials are set to be paramagnetic.
• All atoms have inherent source of magnetism because electron spin contributes
a magnetic moment and electron orbit acts as current loops which produce a
magnetic field.

• In most materials, the magnetic moment of the electrons is cancelled, but in mate-
rials which are classified as paramagnetic, the cancellation is incomplete.

1.5.1.2 Diamagnetism

Diamagnetism is a very weak form ofmagnetism. In this magnetism, we do not apply
any external field or absence of an external field. No dipole exits. While an external
field is being applied, then the dipoles are introduced and showed dipole direction is
opposite to the external magnetic field direction as shown in Fig. 1.10a. This change
in direction between dipole and external field introduces by a change in the orbital
motion of electrons due to applied magnetic field. That is why dipole direction is
opposite to that of the applied field.

• The orbital motion of electrons creates tiny atomic current loops which produce
magnetic fields as shown in Fig. 1.11.

• When an external magnetic field is applied to a material, these current loops will
tend to align such a way as to oppose the applied field.

• This may be viewed as an atomic version of Lenz’s law (induced magnetic field
tends to oppose the change which created them).
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Fig. 1.10 a Atomic dipole configuration for a diamagnetic material with and without a magnetic
field. In the absence of an external field, no dipole exists; in the presence of a field, dipoles are
induced that are aligned opposite to the field direction. b Atomic dipole configuration with and
without an external magnetic field for a paramagnetic material

Fig. 1.11 Forces acting on
an e−

• Materials inwhich this effect is the onlymagnetic responses are called diamagnetic
materials.

• All materials are inherently diamagnetic, but if the atoms have some net magnetic
moment as in paramagnetic material or if there is a long range ordering of atomic
magnetic moments as in ferromagnetic material, then these stronger effects are
always dominant.

• Diamagnetism is the residual magnetic behavior; then materials are like a param-
agnetic and non-ferromagnetic.

• Any conductor which shows strong effect is called diamagnetic effect in the pres-
ence of changing magnetic field because circulating current will be generated in
the conductor to oppose the magnetic field changes. A superconductor will be a
perfect diamagnetic since there is no resistance to the forming of the current.
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1.5.1.3 Ferromagnetism

Figure 1.12 depicts the structure of ferromagnetism. In ferromagnetism, it holds a
permanent magnetic moment in the absence of external magnetic field as shown in
Fig. 1.13. The atomic moments in these materials show very strong interactions.
These interactions are produced by electronic exchange forces and result in a par-
allel alignment of atomic moment. While applying an external magnetic field, the
directions of dipoles are in the same directions of a magnetic field strongly.

Certain metallic materials possess/hold a permanent magnetic moment in the
absence of an external field, and manifest very large and permanent magnetizations.
These are the characteristics of ferromagnetism, and they are displayed by the tran-
sition metal iron, cobalt, Ni.

The atomic moments in these materials exhibit very strong interaction. These
interactions are produced by electronic exchange forces and result in parallel or anti-
parallel alignment of atomicmoments, and exchange forces are very large, equivalent
to a field on the order of 1000 T, or approximately a 100 million times the strength
of the earth’s field.

Fig. 1.12 Ferromagnetism structure

Fig. 1.13 Schematic
illustration of the mutual
alignment of atomic dipoles
for a ferromagnetic material
which will exist even in the
absence of an external
magnetic field

H = 0 
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Fig. 1.14 Schematic
illustration of the mutual
alignment of atomic dipoles
for a ferromagnetic material

Ferromagnetic materials exhibit parallel alignment of moments resulting in large
net magnetization even in the absence of a magnetic field as shown in Fig. 1.14.

Figure 1.14 shows the mutual alignment of atomic dipoles for a ferromagnetic
material, which will exist even in the absence of an external magnetic field.

1.5.1.4 Anti-ferromagnetism

Figure 1.15 depicts the structure of anti-ferromagnetism. In this anti-ferromagnetic,
the magnetic moment coupled between adjacent atoms or ions occurs in metals. The
coupling results are an anti-parallel alignment; the alignment of the spin moment
of atoms or ions is exactly in opposite direction because sublattices A and B are in
opposite direction having same equal magnitude. Thus, the net magnetic moment is
0 (zero).

This type of magnetic ordering is known as anti-ferromagnetism. For example,
manganese oxide (MnO) is onematerial that displays this behavior.MnO is a ceramic
material that is ionic in character having both Mn2+ and O2− ions.

If the A and B sublattice moments are exactly equal but opposite, the net moment
is zero “0”; this type of magnetic ordering is called “anti-ferromagnetism.” This
phenomenon of magnetic moment coupling between adjacent atoms or ions occurs

Fig. 1.15 Anti-ferromagnetism structure
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in materials other than those that are ferromagnetic. In one such group, this coupling
results in an anti-parallel alignment, and the alignment of the spin moments of neigh-
boring atoms or ions in exactly opposite directions is termed “anti-ferromagnetism”.

Example: Manganese oxide (MnO).

1.5.1.5 Ferrimagnetism

In ferrimagnetism, it is an ionic compound such as oxides, more complex form of
magnetic ordering can occur as a result of the crystal structure. Themagnetic structure
is composed of two magnetic sublattices (called A and B) separated by oxygen (O2).
In ferrimagnetism, the magnetic moment of A and B sublattices is not equal, i.e.,
opposite direction of each other with a different amount as shown in Fig. 1.16.

In ionic compounds, such as oxides, more complex forms of magnetic ordering
can occur as a result of the crystal structure. One type of magnetic ordering is called
ferrimagnetism, and a simple representation of the magnetic spins in a ferromagnetic
oxide is shown here.

The magnetic structure is composed of two magnetic sublattices (called A and B)
separated by oxygen “(O2).”

The exchange interactions mediated the oxygen anions; when this happens, the
interactions are called indirect or superexchange interactions.

In ferrimagnetism, the magnetic moments of the A and B sublattices are not
equal and result in a net magnetic moment. Ferrimagnetism is therefore similar to
ferromagnetism.

Example: Fe3O4.

Fig. 1.16 Ferrimagnetism structure
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Summary

• This chapter included introduction of semiconductormaterials and discussed
various band gaps.

• Classify semiconductor materials and discuss them.
• Different types of compound materials.
• Discuss crystal lattice structure and their classifications.
• Derive mathematical expression for origin of magnetic dipoles in solids.
• Magnetic materials and magnetization.
• Discuss various magnetizations like paramagnetic, diamagnetism, ferromag-
netism, anti-ferromagnetism, and ferrimagnetism.

Numerical Problems

Question 1: Describe semiconductor material and its classifications.
Question 2: State and prove the derivation of origin of magnetic dipoles in solids.
Question 3: Explain magnetic properties of materials.
Question 4: What is magnetization? Write down about paramagnetism and ferro-
magnetism.
Question 5: What are the types of solids? Explain.



Chapter 2
Special Diodes and Linear Wave Shaping

Learning Objectives

• Discuss various diodes like LED, varactor diode, photodiode, Schottky diode,
and tunnel diode with their working operation.

• Discuss advantages and disadvantages of various diodes with their applica-
tions.

• Introduce various filters, LPF, PF, BPF, and BSF.
• Define integrator and differentiator.
• Explain compensated attenuator.

2.1 Introduction

Number of diodes having single P–N junction but having different modes of opera-
tion, different methods of construction, different characteristics, and special areas of
application are available. Such diodes are called special diodes. Some of such spe-
cial diodes are zener diode, varactor diode, Schottky diode, tunnel diode, photodiode,
light emitting diode, and so on.

In this chapter, we discuss various kinds of diodes, their working operations,
merits, demerits, and applications.

© Springer Nature Singapore Pte Ltd. 2020
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2.2 Light Emitting Diode (LED)

The light emitting diode (LED) is an optical diode which emits light when forward
biased and introduced in 1962. The symbol of LED which is similar to P–N junction
diode apart from the two-arrows indicating that the device emits the lights energy as
shown in Fig. 2.1.

2.2.1 Basic Operation of LED

Whenever the P–N junction is forward biased, the electrons (e−) across the P–N
junction form the N-type semiconductor material and recombine with the holes in
the P-type semiconductormaterial. In Fig. 2.2, the free electrons are in the conduction
band while the holes are present in the valance band. Thus, the free electrons are at
higher energy level with respect to the holes. When the free electrons with holes fall
from conduction band to valance band. Therefore, the energy level associated with it
changes from higher value to lower value. The energy corresponding to the difference

Cathode Anode

Fig. 2.1 Illustrates symbol of LED

Fig. 2.2 Process of electroluminescence
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between higher level and lower level is released by an electron while traveling from
the conduction band to the valance band.

In LED, the energy is released in the form of photons which emit the light energy.
Hence, such diodes are called light emitting diode (LED) and process is called elec-
troluminescence. Between P-type and N-type, there exists an “active region.” This
active region emits lights when an e− and hole recombine during the diode is forward
biased. Holes form P-type and e− form N-type, both get driven into the active region
and when recombine, the light is emitted.

Where λ = c
ν
, and h = 6.67 × 10−34 Js.

2.2.2 Material Used by LED

LEDs use the material like gallium arsenide (GaAs), or gallium arsenide phosphide
(GaAsP), or gallium phosphide (GaP).

1. GaAs—No color or colorless (invisible color).
2. GaAs—Red or yellow (visible color).
3. Gap—Red or green.

2.2.3 LED Voltage Versus Current Graph

In the given circuit, resistor (RS) is the current-limiting resistor. Due to this resistor,
the current through the circuit is limited and prevents from exceeding the maximum
current rating of the diode.

2.2.3.1 Forward Biased

In Fig. 2.3, the voltage (V) drop across conducting LED is about 2–3 V which is
considerably greater than that across a normal silicon (Si) or (Ge) diode. The current
range of commercially available LEDs is 10–80 mA. Unless and otherwise specified
while analysis the LED circuits, the drop across LED is considered as

VD = 2V, for P − N junction diode it is 0.7V.

− VS + RS IS + VD = 0

Current through LED used in circuit is

IS = VS − VD

RS
(2.1)
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Fig. 2.3 Simple circuitry of LED operation

The reverse breakdown voltage of LED varies 3–10 V. While P–N junction diode
>50 V.

2.2.3.2 Output of LED

Figure 2.4 shows the output power versus forward current graph, here the output
light proportional to forward current, i.e., more numbers of recombination of P-type
and N-type (electrons and holes) recombine generates or emitted more output light.

Fig. 2.4 Output power
versus forward current graph



2.2 Light Emitting Diode (LED) 21

2.2.4 Advantages of LED

1. Light emitting diode is light in weight
2. LED has long life.
3. LED is cheap and reliable.
4. It is easy interface with varies other electronic circuits.
5. LEDs are available in varies colors.
6. Small size.
7. The brightness of LED depends on the current flow, that is why brightness of

LED can be controlled via varying current.
8. It is fast operating devices, on–off or switching time is <1 μs.

2.2.5 Disadvantages of LED

1. Temperature affects its characteristics like power, voltage, and current, etc.
2. Need large power for operation compressed to P–N diode.
3. Draws considerable current from battery, i.e., more current draws.

Example 1: Considering Fig. 2.5, compute the current through LED used in circuit.
Answer: Let voltage drop across the LED is 2 V,

Given: VS = 15 V.
RS = 22 k�.

IS = VS − VD

RS
⇒ 15V − 2V

2.2 k�

IS = 5.91mA.

Fig. 2.5 Given circuitry
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2.2.6 Application of LED

1. All kinds of visual displays, i.e., seven-segment displays, alphanumeric displays,
watch, and calculators.

2. Use in optical devices like OFC for data sending in the form of optical light (LED
as a light source).

3. On–off indicator in varies electronics circuits.
4. LEDs are useful in remote controls and applications for visible aswell as invisible

light transmitted or emission.

2.3 Varactor Diode

Figure 2.6 shows the symbolic representation of the varactor diode. When a diode is
reverse biased, the width of the depletion region increases. So there are more positive
and negative charges present in the depletion region.

Due to this, the P-region and N-region act like the plates of CAPACITOR “C”
while the depletion region acts like “di-electric (insulator).” Thus, there exists a
capacitor at the P–N junction called transition capacitor, junction capacitor, space
charge capacitor, barrier capacitor, or depletion region capacitor denoted by “CT” as
shown in Fig. 2.7.

2.3.1 Mathematical Expression

CT = E A
W

(2.2)

where E = Permittivity of semiconductor.
E0 = 8.849 × 10−12 Ferrod/m.
Er = Relative permittivity of semiconductor (dimensionless).

Fig. 2.6 Symbol of varactor diode
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Fig. 2.7 Process of reverse
bias forming varactor diode

A = Areas of cross section.
W = Width of depletion region.

After analyzed Eq. (2.2), we can say that depletion region is directly proportional
to reverse bias voltage and inversely proportional to transition capacitance.

As the reverse biased voltage increases, thewidth of the depletion region increases.
Thus, the transition capacitance decreases. In short, the transition capacitance (CT)
can be controlled by applied voltage.

2.3.2 Graph Between the Variations of Transition
Capacitance (CT) Versus Applied Reverse Bias Voltage
(VR)

In Fig. 2.8, the CT(0) shows capacitor zero bias condition = 80 pF, and negative or
(−)ve shows reverse bias. As the reverse voltage is negative, the graph is shown in
second quadrant. For a particular diode shown, CT varies from 80 pF to less than 5
pF as reverse voltage (VR) changes from 2 to 15 V.

As the transition capacitor varies with the applied voltage, it can be used as
a “voltage variable capacitance” in many applications. In practice, special types
of diodes are manufactured which shows the transition capacitance property more
predominantly as compared to the normal diodes. Such diodes are called varactor
diodes or varicap or voltage variable capacitance (VVC) or tuning diodes.
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Fig. 2.8 Variation of transition capacitance versus applied reverse bias voltage

Fig. 2.9 Symbol and equivalent circuit of varactor diode

2.3.3 Symbol and Equivalent Circuit

In the given Fig. 2.9, RR shows reverse resistor having very large value.

RS is geometric resistor of diode having very small.
LS is inductance (High-frequency limit associated).
f (v) represents the functions of voltage.

2.3.4 Expression for Transition Capacitance

For varactor diode, the transition capacitance in terms of applied reverse bias voltage
is given by
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CT = K

(VJ + VR)n
(2.3)

where K shows constant for diode.
V J shows junction potential.
VR shows reverse bias voltage.
n shows diffused junction (n = 1/2 for alloy junction, n = 1/3 for diffused junction).

Now, under zero biased condition, the capacitance is C(0). Then the transition
capacitance can be computed as

CT = C(0)(
1 +

∣∣∣ VR
VJ

∣∣∣
)n (2.4)

2.3.5 Applications of Varactor Diode

1. Varactor diode used in LC tuned circuit as shown in Fig. 2.10.

fr = 1

2π
√
LC

(2.5)

& standard, fr = 1

2π
√
L(C1 + C2)

(2.6)

where fr is resonance frequency of parallel LC tuned circuit, which is that frequency
where we have maximum amplitude.

Fig. 2.10 LC tuned circuit
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Now, CR = C1‖C2.
and, C = C1 + C2

C2 = Transition capacitance of varactor diode.

The C2 value can be changed by controlling the applied voltage. Hence, circuit
can be tuned by changing applied voltage at a resonance frequency, this is called
electrical tuning.

2. FM modulation.
3. Television receiver.
4. Automatic frequency control device.
5. Adjustable BPF.
6. Parametric Amplifier.

Example 1: Compute transition capacitance of a diffused junction varactor diode
at reverse bias voltage of 4.2 V, if C(0) = 80 pF, junction potential of 0.7 V. Also
calculate constant “K” for diode.
Answer: (i) The formula for transition capacitance is

CT = C(0)[
1 +

∣∣∣ VR
VJ

∣∣∣
]n VR = 4.2V, and VJ = 0.7V.

n = 1/3 as diffused junction.

CT = 80 × 10−12

[
1 + ∣∣ 4.2

0.7

∣∣]1/3
CT = 41.82 pF.

(ii) CT = K
(VR+VJ)

n

41.82 × 10−12 = K

(4.2 + 0.7)1/3

and, K = 71.03 × 10−12.

2.4 Photodiode

The photodiode is a semiconductor P–N junction diode whose region of operation is
limited to the reverse biased region. Photodiode is also known as a variable resistance
diode.
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Fig. 2.11 Equivalent circuit
of photodiode

2.4.1 Working Principle of Photodiode

In Fig. 2.11, the photodiode is connected in reverse biased condition. The depletion
region width is large. Under normal condition, it carries small reverse current due to
minority charge carriers. When light is incident through glass window on the P–N
junction, photons in the light bombard the P–N junction and some energy is imported
to the valence electrons.Due to this, valence electrons are dislodged from the covalent
bonds and become for electron. Thus, more electron–hole pairs are generated. Thus,
the total number of minority charge carriers increases, and hence, the reverse current
increases. This is the basic principle of operation of photodiode.

2.4.2 Characteristics of Photodiode

The photodiode is designed such that it is sensitive to the light.When there is no light,
the reverse biased photodiode carries a current which is very small and is called dark
current, denoted as (Iλ) in Fig. 2.12a. It is purely due to thermally generated minority
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Fig. 2.12 a Reverse current versus light intensity curve. b Reverse voltage versus reverse current
curve

carriers.When light is allowed to full onP–N junction through smallwindow, photons
(hν) transfer energy to valence electron to make them free. Hence, reverse current
increases, and it is proportional to light intensity.

Using Fig. 2.12b, we can say that reverse current is “not depended” on reverse
voltage and totally depends on light intensity.

2.4.2.1 Use of Photodiode as Variable R-Device

Using graphs, taking Iλ = 20 μA at VR = −2 V (after that value is changing).

(i) For 0 lumens/m or (Lm/m2).

Dark Resistance = VR

Dark − I (Iλ)
⇒ −2

20μA

R ⇒ 100 k�. (2.7)

(ii) For 25,000 Lm/m2.

Up to VR = −2 V, Iλ = 350 μA.
Then Illuminated R = 2

350A

R ⇒ 5.714 k�. (2.8)

After analyzed Eqs. (2.7) and (2.8), we can say that photodiode can be used as a
“variable-R device” controlled by light intensity. It is also called “Photo Conductive
Device.” The response of photodiode is very fast; hence, change in resistance from
light to low or otherwise is also very fast. So, it works as a “variable-R.”
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2.4.2.2 Why to Be Used in Reverse Biased (Photodiode)

The reverse current without light in diode is in the range of microampere (μA) like
20 μA to 0 Lm/m2. The charge in this current due to the light is also in the range of
μA. Thus, such a change can be significantly observed in the reverse current. If the
photodiode is forward biased, the current flowing through it is in milliampere (mA).
The applied forward biased voltage takes the control of the current instead of the
light. The change in forward current due to light is negligible and cannot be noticed.
The resistance of forward biased diode is not affected by the light. Hence, to have
significant effect of light on the current and to operate photodiode as a “Rvariable”
device, it is always connected in reverse biased condition.

2.4.3 Advantages of Photodiode

1. Photodiode can be used as variable resistor device.
2. It is highly sensitive to the light.
3. The speed of operation is very high. The switching of current and hence the

resistance value from high to low or otherwise is very fast.

2.4.4 Disadvantages of Photodiode

1. Dark current (Iλ) is temperature dependent.
2. Overall characteristics are temperature dependent, hence have poor temperature

stability.
3. To derive other circuits, we require amplifier due to the low range of current in

(μA).

2.4.5 Application of Photodiode

1. Alarm system: The reverse current “IR” continues to flow as long as light beam
is incident on the photodiode, and when the light is interrupted, the current IR
drops to the dark current level. This initiated the alarm system sending the alarm
as shown in Fig. 2.13.

2. Counting System: In Fig. 2.14, each item passes the light beam is broken. Thus,
reverse current IR drops to the dark current (Id) level. This activates the counting
mechanism and counter is increased by one.
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Fig. 2.13 Alarm system

Fig. 2.14 Counting system

2.5 Schottky Diode

Figure 2.15a shows the symbolic representation of Schottky diode. The Schottky
diode, (named after German Physicist) “Walter H. Schottky,” is a semiconductor
device with a low forward voltage drop and a very fast switching action; when current
flows through a diode, there is a small voltage drop across the diode terminals. A
normal silicon diode has a voltage drop between (0.6 and 1.7 V). While a Schottky
diode voltage drop is between (0.15 and 0.45 V). The lower voltage drop can provide
higher switching speed and better system efficiency.

Consider Fig. 2.15b, a metal-semiconductor junction is formed between a metal
and a semiconductor, creating a Schottky diode (instead of semiconductor—semi-
conductor junction as in conventional diodes). Usually, N-type silicon is used as a
semiconductor. Different metals, such as molybdenum, platinum, chrome, or tung-
sten, are used with different construction techniques to get different set of character-
istics such as increased frequency range, lower forward bias, etc.

In both the materials metal as well as N-type semiconductor, the electrons (e−)
are the majority carriers. In the metal, the minority carriers (holes) are very less
in number. When the contact is made between the two materials, the e− from the
N-type semiconductor material immediately flows into the adjoining metal. This is
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Fig. 2.15 a Symbol of Schottky diode. b Basic structure of Schottky diode

because the KE (kinetic energy =1/2 mv2) level of the majority carriers, i.e., e− in
the N-region is higher than the e− in the metal.

Hence, a heavy flow of majority carriers is established fromN-region to the metal.
Due to high KE, the injected carriers are called “Hot-carriers.”

In conventional diode, the minority carriers get injected into adjoining region
while in Schottky diode, majority carriers get injected into metal.

The heavy flow of e− into the metal creates a region near the junction surface
depleted of carriers in the silicon material. This is similar to depletion region in a
conventional diode. The additional carriers in the metal establish a negative wall in
the metal at the boundary between the two materials. This results in further current.
So, there exists a carrier-free region and a negative wall at the surface of the metal.

At the low frequency, the conventional diode can be easily “turn-off” by changing
its bias from forward to reverse bias. But at high frequency, conventional diode shows
a tendency to store the charge and there is noticeable current in reverse half cycle.
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During forward biased, it is not possible for all the carriers in depletion region to
recombine. Some carriers exist in depletion region which is not recombined. Now,
if the diode is suddenly reverse biased, the carriers existing in depletion region can
flow in the reverse direction for some time. But for large lifetime of these carriers,
longer is the flows of current in reverse half cycle. Hence, there is a limitation on the
frequency range for which a conventional diode can be used.

The time taken by a diode to “turn-off” from its forward biased state is called
“Reverse recovery time.” For frequency upto 10 MHz, it is very small but above
10 MHz, it is large and put a limit on the use of conventional diode in such high-
frequency applications.

The diodeswhich are speciallymanufactured to solve this problemof “fast switch-
ing” are called “Schottky diodes.” Its construction is different than the conven-
tional P–N junction diode. The construction diagram of Schottky diodes is given
in Fig. 2.16. These diodes are also called Schottky barrier diodes, surface barrier
diodes, or hat carrier diodes.

2.5.1 Characteristics of Schottky Diode

Due to the minority carrier-free region, Schottky diode cannot store the charge.
Hence, due to lack of charge storage, it can switch off very fast than a conventional
diode. It can be easily “switched-off” for the frequencies above 300MHz. The barrier
at the junction for a Schottky diode is less than that of normal P–N junction diode, in
both forward and reverse bias region. The barrier potential and break down voltage
in forward bias and reverse bias region, respectively, are also less than P–N junction
diode.

The barrier potential of Schottky diode is 0.25 V as compared to 0.7 V for normal
diode as shown in Fig. 2.17.

2.5.2 Reverse Recovery Time

The reverse recovery time is the time when the diode switches from non-conducting
to conducting state and vice versa. Where in a P–N diode, the reverse recovery time
can be in the order of hundreds of nanoseconds and less than 100 nanoseconds for fast
diodes. Schottky diodes do not have a recovery time as there is nothing to recover
from (i.e., no charge carrier depletion region at the junction). The switching time
is approximately 100 picoseconds (10−12 s) for the small signal diodes and up to
tens of nanoseconds for special high capacity power diodes. While in P–N junction
switching, there is also a reverse recovery current which is high power semiconductor
bring increased EMI noise.With Schottky diodes switching essentially instantly with
only slight capacitive lording, this is much less of a concern.
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Fig. 2.16 Construction of Schottky diode

2.5.3 Schottky Diodes Are Useful in Switching

The high speed of the diode means that the circuit can operate at frequencies in the
range 200 kHz–2 MHz. Allowing the use of small inductor (L) and capacitor (C)
with greater efficiency than would be possible with other diode types. Small area
Schottky diodes are the heart of “RF detectors and Mixers” which often operate up
to 50 GHz.
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Fig. 2.17 Diode current versus diode voltage graph

2.5.4 Applications of Schottky Diode

Due to the fast switching characteristics, the Schottky diodes are very useful for

1. High-frequency applications such as digital computer.
2. High speed TTL.
3. Radar system.
4. Mixers.
5. Detectors in communication equipments.
6. Analog to digital convertor.

2.6 Tunnel Diode

The tunnel diode first developed or reported in 1958 by Japanese scientist “Leo
Esaki.” Tunnel diode or Esaki diode is a type of semiconductor diode which is
capable of very fast operation, well into the microwave frequency region by using
“quantum mechanical effects.” The symbol of tunnel diode is given in Fig. 2.18.

Quantum mechanical effects, the term is used to describe the manner in which
the electrical charges move through the device. Such motion takes place with the
speed of light in contrast to the relatively slow motion of electrical charge carriers
in transmitter.
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Fig. 2.18 Symbol of tunnel
diode

These diodes have a heavily doped P–N junction only some 10 nm (100A) wide.
The heavy doping results in a broken band gap, where conduction band e− states on
the N-sides are more or less aligned with valence band hole states on the P-side.

Tunnel diodes are heavily doped and have an extremely narrow depletion or space
charge layer of less than 5–10 nanometers thick, only a few atoms deep as shown in
Fig. 2.19. In the case of P–N junction diode, the impurity concentration of about 1 part
in 108 atoms, widthW = 5× 10−6 m.While tunnel diode has impurity concentration
of about 1 part in 103 atoms, width W = (5–10) × 10−9 m. Similarly, they are in
breakdown when reverse biased, however, unlike the other two devices, they remain
in breakdown for a small initial region of forward biasing with the breakdown current
superimposed on the normal diode forward current.

Normally, we would not expect breakdown current to flow in the positive region
because the electric field is insufficient to overcome the energy gap necessary to
release electron into the conduction band; however, the phenomenon is explained by
the electron acting as wave rather than as particles.

A certain number of electrons will have more than enough energy to jump an
energy gap that would normally be too wide. Effectively, tunneling through a barrier
which we would normally expect bar them.

Fig. 2.19 Basic structure of
tunnel diode
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2.6.1 Materials Used for Tunnel Diode

The tunnel diodes are usually made from

1. Germanium (Ge).
2. Germanium arsenide (GgAs).
3. Silicon (Si).

2.6.2 Operation of Tunnel Diode

2.6.2.1 Forward Bias Operation

As the voltage beings to increase, electron at first tunnel through the very narrow
P–N junction barrier because filled electron states in the conduction band on the
N-side become aligned with empty valence band hole states on the P-side of the P–N
junction. As voltage increases further, these states become more misaligned and the
current drops, this is called “negative resistance” as shown in Fig. 2.20. Because
reduction with increasing voltage, as voltage increasing yet further, the diode beings
to operate as a normal diode, where electron travels by conduction across the P–N

Fig. 2.20 Forward current versus voltage graph
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junction, and no larger by tunneling through the P–N junction barrier. Thus, most
important operating region for a tunnel diode is “negative resistance region.”

2.6.2.2 Reverse Bias Operation

Using in the reverse direction, they are called “Back Diodes”and can act as fast
“rectifiers” with zero offset voltage and extreme linearity for power signal (they
have on accurate square law characteristics in the reverse direction).

Under reverse biasing, the filled states on the P-side become increasingly aligned,
and the empty states on the N-side, the electron move to the tunnel through the P–N
junction barrier in the reverse direction, this is the zener effect that also occurs in
“Zener Diodes.”

2.6.3 Conventional Diode

For small forward voltage (up to 50 mV for Ge), the “R” remains small, of the order
5 � and current increases. The current attains a peak value (IP) corresponding to
VP which is about (600 mV). The IP can vary from few microamperes to several
hundred amperes. At the peak point, the slop (dI/dv) of characteristics becomes
zero. If now forward voltage is increasing, thus the dynamic conductance (dI/dv)
is negative and it shows negative resistance characteristics. This negative resistance
continues till a voltage “vv” called as “volley voltage.” At the valley voltage V v, the
Iv and slope (dI/dv) = 0. After “V v,” if V v is increased, the current again increased.
Thus, resistance again because positiveV v and remains positive thereafter. After that,
we get again “Ip” (Peak Current).

2.6.4 Construction of Tunnel Diode

The most common commercially available tunnel diodes are made from the Ge
or GeAs. The basic construction of an advanced design tunnel diode is shown in
Fig. 2.21.

2.6.5 Advantages of Tunnel Diode

1. Tunnel diode has low cost.
2. In tunnel diode, the peak value or point (V p and Ip) is not a sensitive function of

temperature.
3. Tunnel diode has low noise.
4. It has low power consumption.
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Fig. 2.21 Construction of tunnel diode

5. It has high speed, i.e., the tunneling takes place at the speed of light; hence, the
switching times of the order of nanoseconds are easily obtained and switching
times as low as 50 picoseconds also can be obtained.

2.6.6 Applications of Tunnel Diode

1. High speed computer.
2. Television sets.
3. Communication equipments.
4. Nuclear controls.
5. Satellite and space vehicles.
6. Electronics industries for making electronic equipments (Oscillator, amplifier,

frequency converter, and detectors).
7. In pulse and digital circuits.
8. Negative resistance and high-frequency (μ-wave) oscillator
9. Switching networks.
10. In timing and computer logic circuitry.

2.7 Filters

Filter is an electronic device used to remove the unwanted signal from the useful or
original signal. It is used to remove or reduce unwanted or noise signal. The oldest
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Fig. 2.22 Frequency response of LPF

forms of electronic filters are passive analog linear filter, constructed using resistor
(R) and capacitor (C) or resistor (R) and inductor (L), known as RC or RL filter,
respectively.

2.7.1 Uses for Filters

Filters are widely used to give circuits such as an amplifier, oscillators, and power
supply circuits.

2.7.2 Type of Filters

There are mainly four types of basic filters.

2.7.2.1 Low Pass Filter (LPF).
2.7.2.2 High Pass Filter (HPF).
2.7.2.3 Band Pass Filter (BPF).
2.7.2.4 Band Stop Filter (BSF).

2.7.2.1 Low Pass Filter (LPF)

Low pass filter passes low-frequency signals and blocks other one, i.e., high-
frequency signal. Figure 2.22 illustrates frequency response of LPF.

2.7.2.2 High Pass Filter (HPF)

High pass filter passes high-frequency signals and blocks other one, i.e., low-
frequency signal. Figure 2.23 illustrates frequency response of HPF.
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Fig. 2.23 Frequency response of HPF

Fig. 2.24 Frequency response of BPF

2.7.2.3 Band Pass Filter (BPF)

Band pass filter passes a particular band of frequencies and blocks others, i.e., beyond
the selected band. Figure 2.24 illustrates frequency response of BPF.

2.7.2.4 Band Stop Filter (BSF)

Band pass filter blocks a particular band of frequencies and passes others, i.e., beyond
the selected frequency bands. Figure 2.25 illustrates frequency response of BSF.

Fig. 2.25 Frequency response of BSF
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2.7.3 RC Low Pass Filter and Response to Sine and Square
Wave Inputs

2.7.3.1 Low Pass Filter (LPF) with Sine Wave Input

Low pass filter removes or attenuates the higher frequencies signal in circuits such
as audio amplifier or we can say it passes the low-frequency signal and stops the
high-frequency signals. Figure 2.26 shows the circuit diagram of a low pass filter.

A first under LPF is simply a RC series circuit across the input, with output
taken across the capacitor “C.” We assume that the output of circuit is getting across
capacitor C.

As we know that at the output Xc = 1
2π f c (w = 2π f )

at input = (R + j XC)

Then the Gain = Vout

Vin
= I ∗ Xc

I ∗ (R + j Xc)

= 1/wc

(R + j ∗ 1/wc)

= 1/wc√
R2 + (1/wc)

= 1/wc√{(Rwc)2 + (1)}/wc

The overall gain of LPF is gain = 1√
(Rwc)2+1

.

The phase of LPF can be written as

θ = tan−1

(
VR

VC

)

= tan−1(RwC).

Figure 2.27 depicts the waveforms of low pass filter in terms of gain and phase
with respect to frequency, respectively.

Fig. 2.26 Low pass filter
(LPF)
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Fig. 2.27 Gain and phase
curve of low pass filter

2.7.3.2 Low Pass Filter (LPF) with Square Wave Input/RC Circuit
as a Differentiator

When a high pass filter is used with a sine wave input, the output is also a sine wave.
The output will be reduced in amplitude and phase shifted when the frequency is low.
But it is still a sinewave. This is not the case for squarewave input. For non-sinusoidal
inputs, the circuit diagram is called differentiator as shown in Fig. 2.28.

Working: Applying square wave as an input to high pass filter (HPF), HPF acts as
a differentiator.

Case I: When (RC� T ).

In Fig. 2.29, the output wave is now nothing likes the input wave, but consists of
narrow (+)ve spikes and (−)ve spikes. The (+) spikes coincide in time with the rising
edge of the input square wave. The (−)ve spikes of the output wave coincide with
the falling edge of the input square wave. The circuit called differentiator because
its effect is very similar to the mathematical function of differentiation (finding a
value that depends on the rate of change of quantity). The differentiator output is
effectively a graph of the “rate of change” of the input. Whenever input changing
rapidly, a large voltage is produced at the output, and the polarization of output wave
depends whether the input is changing in (+)ve and (−)ve spikes coinciding with the
rising and falling edges of the input wave.

Vin = I ∗ Z ⇒
√
R2 + (1/wc)2, Let assuming that (R � 1/wc)

Fig. 2.28 Differentiator
having non-sinusoidal signal
as an input signal
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Fig. 2.29 Output waveform
of differentiator

So,

Vin
∼= I/wC

for w � 1
RC , (T � RC)

Vin
∼= VC.

Vout = VR = I ∗ R ⇒ R
d

dt
q ⇒ d

dt
C ∗ VC

Finally, the output voltage of a differentiator can be calculated as

Vout = RC
d

dt
Vin (2.9)

2.7.4 RC High Pass Filter and Response to Sine and Square
Wave Inputs

2.7.4.1 High Pass Filter (HPF) with Sine Wave Input

In Fig. 2.30, the high pass filter removes or attenuates the lower frequency signals
or we can say it passes the high and stop the low-frequency signals. HPF is the
combination of C and R. Capacitor “C” is attached at the input side while R at output
side. We are taking the output voltage across resistor R.

The overall gain of HPF is gain = I R
I (R+ j Xc)

⇒ RwC√
1+(RwC)2

.

The phase of HPF can be written as θ = tan−1
(
VC
VR

)
⇒ tan−1

(
1

RwC

)
.



44 2 Special Diodes and Linear Wave Shaping

Fig. 2.30 High pass filter
(HPF)

Fig. 2.31 Gain and phase
curve of high pass filter

Figure 2.31 depicts the waveforms of high pass filter in terms of gain and phase
with respect to frequency, respectively.

2.7.4.2 High Pass Filter (HPF) with Square Wave Input/RC Circuit
as an Integrator

In Fig. 2.32, when a LPF is used with a sine wave input, the output is also a sine
wave. The output decreases in amplitude and phase shift increases. While for non-
sinusoidal input, the circuit is called integrator. The output voltage of an integrator
can be calculated as

Vout = 1

RC

∫
Vin dt (2.10)

Working: Applying square wave as an input to low pass filter (LPF), LPF acts as
an integrator. Integrator has opposite effect to the differentiator. For square wave,
output is triangular wave.

Fig. 2.32 Integrator having
non-sinusoidal signal as an
input signal
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Fig. 2.33 Output waveform
of integrator

Case I: When (T � RC).

Considered the Low pass filter (LPF), analyzed Fig. 2.33, there are two outputs
(1) at low frequency and (2) at high frequency. As we know that LPF passes the
low-frequency signal that’s why the output of LPF under the low frequency is same
or similar as the input signal (only the amplitude changes/affected).

But for high-frequency signal, the output wave is total or not similar to input
signal (changing in phase or amplitude).

2.8 Compensated Attenuator

A compensated attenuator is a simple two-port network providing fixed voltage
attenuation over a wide frequency band. Such networks are used where precision
measurements voltage is required, particularly when the signal is not sinusoidal.

The simplest voltage attenuator is a purely resistive voltage divider with transfer
function

H( jw) = V2

V1
(2.11)

H( jw) = R2

(R1 + R2)
(2.12)

The transfer function of a resistive voltage divider is independent of frequency
only if the resistors exhibit ideal behavior and if parasitic capacitances are negli-
gible. Unfortunately, at high frequencies, a resistor can exhibit substantial parasitic
inductance. This series inductance makes the attenuation factor dependent upon the
frequency. Another problem evident at higher frequencies is that stray (parasitic)
capacitance interferes with the function of a resistive voltage attenuator. A simple
way to alleviate this problem is to introduce capacitance in parallel to the resistors.
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Fig. 2.34 Compensated
attenuator

Examine the circuit in Fig. 2.34. It should be obvious that this circuit, known as
a compensated attenuator, works like a resistive voltage divider at low frequencies
and like a capacitive voltage divider at high frequencies. In essence, the capacitors
C1 and C2 provide a shunt path for most of the current flow at high frequency, thus
overwhelming any series inductance in the resistors as well as any stray capacitance
due to the circuit layout, probe configuration, etc.

Summary

• This chapter included various diodes.
• Discuss working operation of LED, features, drawbacks, and applications.
• Discuss LED voltage versus current graph.
• Working of Varactor diode and applications.
• Expression for transition capacitance for varactor diode.
• Discuss Photodiode, its characteristics, and applications.
• Schottky diode working, its characteristics, and applications.
• Tunnel diode working, operations like forward bias, and reverse bias, and
their application.

• Graph between forward current and voltage for tunnel diode.
• Introduce and discuss various types of filters, LPF, HPF, BPF, and BSF.
• Integrator and differentiator circuits.
• Compensated attenuator.

Numerical Problems

Question 1: Explain light emitting diode (LED) with its working operation.
Question 2: Write down the difference between LED, varactor diode, and photodi-
ode.
Question 3: What is the explain LED with its working operation.
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Question 4: How differentiator is different from high pass filter (HPF).
Question 5: Explain compensated attenuator.
Question 6: Explain negative resistance region in tunnel diode.
Question 7: Draw and explain an integrator circuit.
Question 8: Why a photodiode is used in reverse biased condition.
Question 9: Write down the features of varactor diode.
Question 10: Draw and explain the characteristics of a Schottky diode.
Question 11: What is dark current of photodiode.



Chapter 3
Transistor Amplifier Frequency
Response

Learning Objectives

• Define Bipolar transistor and its application i.e. working as an amplifier.
• Discuss Eber’s mole model with mathematical expression.
• Introduce Miller’s theorem and it’s use in amplifier.
• Analyze high and low frequency response of common emitter & common
source amplifier configuration.

• Discuss h-parameters for transistors.
• Analyze CE, CC, CB amplifier configuration using hybrid model and define
their respective h-parameters.

3.1 Introduction

Amplifiers are widely used electronic circuits that have the properties of amplifica-
tion, hence their names. Amplifiers produce gain of an electrical signal with respect
to its frequency. As these amplifiers use resistor, inductor, or capacitor (RLC) net-
works within their design, there is an important relationship between the use of these
reactive components and the circuit’s frequency response characteristics. Frequency
response of an electric or electronics circuit allows us to see exactly how the output
gain (known as themagnitude response) and the phase (known as the phase response)
change at a particular single frequency, or over a whole range of different frequencies
from 0 Hz (DC) to many thousands of megahertz (MHz), depending upon the design
characteristics of the circuit.

Generally, the frequency response analysis of a transistor amplifier system is
shown by plotting its gain that is the size of its output signal to its input signal.
The frequency response of a given frequency-dependent circuit can be displayed as a

© Springer Nature Singapore Pte Ltd. 2020
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graphical sketch ofmagnitude (gain) against frequency (ƒ). In this chapter, we discuss
the characteristics of an amplifier, how transistor works as an amplifier, frequency
response, Miller’s theorem, frequency responses of amplifiers, as well as various
amplifiers, uses of coupling with their types, and hybrid parameters.

3.2 Bipolar Transistor as an Amplifier

An amplifier is used to increase the single level, i.e., the amplifier is used to get a large
output signal from a small input signal.Wewill assume a sinusoidal signal at the input
of amplifier, at which the output signal must remain sinusoidal in waveform same as
that of the input. The only difference between the input and output signal is that the
output signal has high amplitude level with out of phase signal then the input signal.
To make the transistor work as an amplifier it is to be biased to operate in the active
region i.e. Base emitter junction is forward biased, while base collector junction is
Reverse Biased. A transistor may be used to perform a number of functions, but
many transistors are used in amplifying electric signal.

Figure 3.1 shows NPN transistor connected in CB configuration. The emitter is
input terminal, and the collector is output terminal. Figure 3.2 shows that the low

Fig. 3.1 Generalized CB
configuration

Fig. 3.2 CB configuration
when low input signal is
applied
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input signal is applied between emitter base junction and the output is taken across
load resistance RL, which is connected in the collector circuit. As we know that
transistor will work as an amplifier only if it operates in active region. In active
region, VEE is forward biased and Vcc is reverse biased.

Let us consider that an AC signal source Vs is connected in input circuit and
load RL = 5 k�where Vs = 20mV and input resistance Rin = 40�. The input
base junction is forward biased so it offers very low resistance to the input signal Vs

(Rin = 40�), while the output junction, B junction, is reverse biased so that output
resistance is very high (RL = 5 k�). The input current is:

IE = Vin

Rin
= 20mV

40
= 0.5mA.

As we know that IE = Ic + IB and the value of IB is negligible now, IE ∼= Ic =
0.5mA

The voltage across the load is:

V0 = Ic × Rc

V0 = 5 × 103 × 0.5 × 103

V0 = 2.5V.

Now the voltage gain/voltage amplifier gain is:

A = output

input
= V0

Vin
= 2.5V

20mV

A = 2.5 × 103

20
A = 125

A = V0

Vin
= 125

V0 = 125Vin.

Output voltage is 125 times greater than the input voltage. This shows amplifica-
tion.

3.3 Ebers–Moll Model

Ebers–Moll model was developed by Ebers and Moll in 1954. This model is also
known as coupled diode model. This model involves two ideal current sources and
two ideal diodes. As shown in figure, the PNP transistor is used in Ebers–Moll model.
The diodes are placed back to back with reverse saturation current (−IEo is reverse
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Fig. 3.3 Common base
configuration (CB
configuration) PNP
configuration/coupled diode
model

saturation emitter current and −ICo is reverse saturation collector current), and two
dependent current controlled current sources shunting the ideal diodes.

In the given Fig. 3.3, αI is inverted common base current gain, αN is normal
common base I gain, IE is emitter current base current gain, IC is collector current
base current gain, −IEo is reverse saturation emitter current, and −ICo is reverse
saturation collector current.

For a PNP transistor, both ICo and IEo are negative, so that the magnitude of the
reverse saturation current of the diodes becomes positive.

Let us see the equation Ic and IE from Ebers–Moll model.
Applying KCL to the collector node at Point 1 in figure, now the mathematical

expression becomes

αN IE + Ic − I = 0 (3.1)

Ic = −αN IE + I (3.2)

where

I = I0
(
e

Vc
VT − 1

)
and I0 = −ICo (3.3)

Then,

I = −ICo
(
e

Vc
VT − 1

)
(3.4)

Now,

IC = −αN IE − ICo
(
e

Vc
VT − 1

)
(3.5)

Similarly, the emitter current will be at Point 2

IE = −αI Ic − ICo
(
e

Vc
VT − 1

)
(3.6)

Now using Eqs. (3.5) and (3.6), putting the value of IE into Ic
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Ic = −αN

{
−αI IC − IEo

(
e

Vc
VT − 1

)}
− ICo

(
e

Vc
VT − 1

)
(3.7)

Ic = αNαI Ic + αN IEo
(
e

Vc
VT − 1

)
− ICo

(
e

Vc
VT − 1

)
(3.8)

Ic − αNαI Ic = αN IEo
(
e

Vc
VT − 1

)
− ICo

(
e

Vc
VT − 1

)
(3.9)

Ic(1 − αIαN) = αN IEo
(
e

Vc
VT − 1

)
− ICo

(
e

Vc
VT − 1

)
(3.10)

Ic =
αN IEo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

ICo
(
e

Vc
VT − 1

)

(1 − αIαN)
(3.11)

Now we can say that the value of IE will be

IE =
αI ICo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

IEo
(
e

Vc
VT − 1

)

(1 − αIαN)
(3.12)

According to the physical principles,

Ic = a11
(
e

Vc
VT − 1

)
+ a12

(
e

Vc
VT − 1

)
(3.13)

IE = a21
(
e

Vc
VT − 1

)
+ a22

(
e

Vc
VT − 1

)
(3.14)

If Eqs. (3.13) and (3.14) are satisfied, then

a11 = a21 (3.15)

Now

a11 = α1 ICo
(1 − αIαN)

and a21 = αN IEo
(1 − αIαN)

(3.16)

Using Eq. (3.16), we can say that

α1 ICo
(1 − αIαN)

= αN IEo
(1 − αIαN)

(3.17)

αI ICo = αN IEo (3.18)

αI

αN
= IEo

ICo
(3.19)

In Ebers–Moll model, voltage (V ) is the function of current (I), as we know that
the emitter current IE is
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IE =
αI ICo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

IEo
(
e

Vc
VT − 1

)

(1 − αIαN)
(3.20)

Now multiply by αN in Eq. (3.20)

αN IE =
αNαI ICo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

αN IEo
(
e

Vc
VT − 1

)

(1 − αIαN)
(3.21)

We know that the collector (IC) is

IC =
αN IEo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

ICo
(
e

Vc
VT − 1

)

(1 − αIαN)
(3.22)

Adding Eqs. (3.21) and (3.22)

IC + αN IE =
αNαI ICo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

αN IEo
(
e

Vc
VT − 1

)

(1 − αIαN)
+

αN IEo
(
e

Vc
VT − 1

)

(1 − αIαN)

−
ICo

(
e

Vc
VT − 1

)

(1 − αIαN)
(3.23)

IC + αN IE =
αNαI ICo

(
e

Vc
VT − 1

)

(1 − αIαN)
−

ICo
(
e

Vc
VT − 1

)

(1 − αIαN)
(3.24)

IC + αN IE =
⎛
⎝

(
e

Vc
VT − 1

)

(1 − αIαN)

⎞
⎠ICo[αIαN − 1] (3.25)

IC + αN IE = −
(
e

Vc
VT − 1

)

(1 − αIαN)
ICo[αIαN − 1] (3.26)

IC + αN IE =
[
e

Vc
VT − 1

]
ICo (3.27)

IC + αN IE
ICo

= 1 − e
Vc
VT (3.28)

e
Vc
VT = 1 − IC + αN IE

ICo
(3.29)

Taking log in both sides

loge e
Vc
VT = loge

[
1 −

(
IC + αN IE

ICo

)]
(3.30)
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(
VC

VT

)
loge e = loge

[
1 −

(
IC + αN IE

ICo

)]
(3.31)

(
VC

VT

)
= loge

[
1 −

(
IC + αN IE

ICo

)]
(3.32)

Now the collector voltage will be

Vc = VT loge

[
1 −

(
IC + αN IE

ICo

)]
(3.33)

Similarly

VE = VT loge

[
1 −

(
IC + αN IE

ICo

)]
(3.34)

Question 3.1: Determine the emitter voltage (VE) for PNP transistor, if VT (threshold
voltage) = 0.026 V and αI = 0.78, Ic = 20mA, and IEO = 50mA, IE = 10mA.

Solution: The mathematical formula to calculate emitter voltage is given as

VE = VT × log

[
1 − IE + αI Ic

IEO

]

VE = 0.026 × log

[
1 − 10 × 10−3 + 0.78 × 20 × 10−3

50 × 10−3

]

VE = 0.026 × loge[1 − 0.512]

VE = 0.026 × loge(0.488)

VE = 0.026 × (−0.717439)

VE = −0.018653V

VE = −18.653mV

3.4 Miller’s Theorem

For the analysis purpose in transistor amplifier, it is necessary to split the capacitor
between input (base/gate) and the output (collector/drain); this can be achieved using
Miller’s theorem.

As shown in Fig. 3.4, AV represents absolute voltage gain of the amplifier at
midrange frequencies and “C” represents either Cbc or Cgd in case of BJT and FET,
respectively.
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Fig. 3.4 Splitting of capacitor “C” using miller’s Theorem

3.5 Low- and High-Frequency Response of Common
Emitter Amplifier

3.5.1 High-Frequency Response of Common Emitter
Amplifier

Figure 3.5a shows the circuit diagram of common emitter amplifier at high frequency.
In this circuit, we have three capacitors, named asC1 (direct capacitor),Cc (coupling
capacitor), and CE (bypass Capacitor). When we apply high frequency, Cc, CE, and
C1 acts as a short circuit and do not affect the amplifier frequency response as shown
in Fig. 3.5b. Now in Fig. 3.5c, all the capacitor acts a short circuit, and CE and RE

show a short circuit.
We further find the resultant of R1 and R2 which is R1 || R2 as shown in Fig. 3.5d.

Now Fig. 3.5e shows high-frequency AC equivalent circuit, where R1 || R2 and at
the output RC || RL. However, at higher frequencies, the internal capacitance plays
an important role in case of high frequency for the given amplifier circuit.

Using Miller’s theorem, the high-frequency AC equivalent circuit can be simpli-
fied as above. Now we are applying Miller’s theorem to simplify the given circuit.

The internal capacitance CBC can be split up into Cin (miller) and Cout (miller),
where

Cin(miller) = CBC(1 + AV), (3.35)

And,Cout(miller) = CBC

(
1 + AV

AV

)
, (3.36)

As shown in Fig. 3.5h, there are two RC networks which affect the high-frequency
response of the amplifier; these are

1. Input RC network.
2. Output RC network.
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Fig. 3.5 a Common emitter. b “C” becomes short circuit amplifier at high frequency. c Short
circuit. d Resultant Resistance. e High-frequency AC equivalent circuit. f Miller’s theorem applied
in Fig. 3.5e. g Miller’s theorem output. h Simplified form of Fig. 3.5a

1. Input RC Network

This network is further reduced as shown in Fig. 3.6a. In high frequency, capacitive
reactance becomes smaller. If we apply voltage divider theorem, then voltage is
reduced with increase in frequency above midrange. This reduction in the signal
reduces the circuit gain and hence output voltage. The f C (cut-off frequency) can
be calculated at Cout capacitive reactance which is equal to resistor Ri/p as shown in
Fig. 3.6b, i.e.,

Ri/p= XC1= RS || R1 || R2 || hie
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Fig. 3.5 (continued)

Fig. 3.6 a Input RC network. b Simplified form of Fig. 3.6a. c Output RC network
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and, fC(i/p) = 1

2πRi/pCi/p
(3.37)

where Ci/p = (CBE + Cin), and then the overall cut-off frequency will be

fC(i/p) = 1

2π [ Rs‖( R1‖R2)‖hie ](CBE + Cin)
(3.38)

2. Output RC Network (Output Frequency Response)

As we know that both networks have cut-off frequencies, then it is not necessary
that these frequencies should be equal. Now, the network which has lower cut-off
frequency than other network is known as dominant network.

Considering Fig. 3.6c, the frequency response of output

fC(o/p) = 1

2πRo/pCo/p
(3.39)

fC(o/p) = 1

2π(Rc||RL)Cout(miller)
(3.40)

where

Cin(miller) = (AV + 1)CBC, andCout(miller) = (AV + 1)CBC

AV
⇒ Cin(miller)

AV
(3.41)

AV = −hfe
Rout

Rin
(3.42)

where

Rin = hie‖ R1‖R2, and Rout = RC‖RL (3.43)

Using Eqs. (3.42) and (3.43), we get

AV = −hfe[ RC‖RL]

( R1‖ R2‖hie) (3.44)

We have seen that both the networks have cut-off frequencies. It is not neces-
sary that these frequencies should be equal. The network which has lower cut-off
frequency than other network is called dominant network.

Now, the phase shift in high-frequency output RC network is

θ = tan−1

(
R0

XCout(miller)

)
(3.45)
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Fig. 3.7 RC network

Question 3.4: Determine the high-frequency response of the amplifier circuit shown
in Fig. 3.7.
Solution: AV = − hfeRout

Rin

Rin = hie‖ R1‖R2

Rout = RC‖RL

and AV = −hfe( RC ‖RL)

(hie‖ R1‖R2)

= −100(2.2 k�‖10 k�)

(1100‖68 k�‖22 k�)

= −100(1.8 k�)

1.032 k�
⇒ −174.4,

Negative sign shows 180° phase shift between input and output,

Cin(miller) = Cbc(AV + 1) ⇒ 4 pF(174.4 + 1) ⇒ 0.7016 nF.

Cout(miller) = Cbc(AV + 1)

(AV)
⇒ 4 pF(174.4 + 1)

(174.4)
⇒ 4 pF.

(a)

fC(i/p) = 1

2π × [ Rs‖ R1‖ R2‖hie][Cbe + Cin(miller)]

= 1

2π × [(680‖68 k�)‖22 k�‖ 1100] × [20PF + 0.7016 nF]

= 537.947KHz.

(b)
fC(o/p) = 1

2π × ( RC‖RL) × Cout(miller)
= 1

2π × (2.2 k�‖10 k�) × 4 pF

= 22.1MHz.
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3.5.2 Low-Frequency Response of Common Emitter
Amplifier

Let us consider a typical common emitter amplifier as shown in Fig. 3.8a. The
amplifier shown inFig. 3.8b has threeRCnetworks that affect its gain as the frequency
is decreased below midrange.

These are:

1. RC network formed by the input clamped capacitor C1 and the input impedance
of the amplifier.

2. RC network formed by the output coupling capacitor C2. The resistance looking
in at the collector and the load resistor RL.

3. RC network formed by emitter bypass capacitor CE and the resistance looking
in at the emitter.

1. Input RC Network

Figure 3.8b shows input RC network formed by C1 and input impedance (Z in) of
the amplifier. Note that V out shown in Fig. 3.8b is the V out of the network.

Applying “voltage divider theorem,” we can write

Vout =
⎡
⎣ Rin√(

R2
in + X2

C1

)

⎤
⎦ × Vin (3.46)

We know that a critical point in the amplitude response is generally accepted to
occur when the output voltage is 70.7% of the input.

Vout = 0.707 × Vin (3.47)

Thus, using Eqs. (3.46) and (3.47), we can write, at critical point,

Fig. 3.8 a Typical RC coupled common emitter amplifier. b Input RC network
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Rin√(
R2
in + X2

C1

) = 0.707 = 1√
2

At this condition, Rin = XC1

At this condition, the overall gain is reduced due to the attenuation provided by
the input RC network.

The reduction in overall gain is given by

Av = 20 × log10

(
Vout

Vin

)
⇒ 20 × log10(0.707)

∼= −3 db. (3.48)

The fC at this condition is called “lower critical frequency” and is given by

fC = 1

2πRinC1
(3.49)

where Rin = R1‖ R2‖hie
The “R” input source is taken into account in the above equation because

fC(i/p)= 1
2π(Rs+Rin)C1

(3.50)

where Rin = R1‖ R2‖hie
The phase angle in an input RC circuit is expressed as

θ = tan−1

(
Xc1
Rin

)
(3.51)

2. Output RC Network

Figure 3.9a shows that output RC network formed by capacitorC2 is the resistance
looking in at the collector and the load “RL”.

The cut-off frequency “f C” for this RC network is given by

fC(o/p)= 1
2×π×(RC+RL)×C2

(3.52)

The phase angle in the output RC circuit is expressed by

θ = tan−1

(
Xc2

RC + RL

)
(3.53)

3. Bypass Network

Figure 3.9b shows the RC network formed by emitter bypass capacitor “CE” and
the resistance is looking in at the emitter.
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Fig. 3.9 a Output RC network. b Bypass RC network. c Simplified form of Fig. 3.9a

Here,
(
hie+RTH

β

)
is the resistance looking in at the emitter. It is derived as follows:

R =
(
Ve

Ie
+ hie

β

)
‖RE

∼=
(

Vb

β Ib
+ hie

β

)
‖RE . (3.54)

R ∼=
(
IbRTH

β Ib
+ hie

β

)
‖RE ⇒

(
RTH + hie

β

)
‖RE . (3.55)

Where,

RTH = ( R1‖ R2‖R3), (3.56)

(RTH represents the Thevenin’s equivalent resistance).
The cut-off frequency (f C) for bypass network is

fC = 1

2πRCE
(3.57)

Using Eqs. (3.55) and (3.57), we get
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Fig. 3.10 RC network

fC = 1

2π
[(

hie+RTH
β

)
‖RE

]
CE

, (3.58)

The network which has higher cut-off frequency than other second network is
called “dominant network.” The dominant network determines the frequency at
which the overall gain of the amplifier begins to drop at −20 dB/decade.

Question 3.5: Determine the low-frequency response of the amplifier circuit shown
in Fig. 3.10, if hie is 1.1 k�.
Solution

(a) I/P RC network:

fC(i/p) = 1

2π [ Rs‖( R1‖R2)‖hie ](C1)

fC(i/p) = 1

2π [680 + (68 k�||22 k�||1.1 k�)]0.1 × 10−6
⇒ 929.8Hz.

(b) Output RC network:

fC(o/p) = 1

2π(RC + RL)C2
=

[
1

2π(2.2 k� + 10 k�)0.1 × 10−6

]
⇒ 130.45Hz.
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Fig. 3.11 Frequency response curve

(c) Bypass RC network:

fC(by pass) = 1

2π
[(

RTH+hie
β

)∥∥∥RE

]
CE

⇒ 1

2π
[ (

653.28+1100
100

)∥∥1 k�] × 10 × 10−6

RTH = R1‖ R2‖R5 ⇒ (68 k�‖22 k�‖680) ⇒ 653.28�.

fC(by pass) = 1

2π(17.23)1010−6
⇒ 923.7Hz.

Considering input RC network, output RC network, and bypass network, the
frequency response curve is drawn in Fig. 3.11.

3.6 Low- and High-Frequency Response of Common
Source Amplifier

3.6.1 High-Frequency Response of Common Source
Amplifier

In the given Fig. 3.12a at high frequencies, coupling and bypass capacitors act as
short circuits and do not affect the amplifier high-frequency response. The equivalent
circuit shows internal capacitance which affects the high-frequency response.

Using “Miller’s theorem,” this high-frequency equivalent circuit can be further
simplified as follows in Fig. 3.12b.

The internal capacitance (Cgd) can be split into Cin(miller) and Cout (miller) as
shown in Fig. 3.12c.
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Fig. 3.12 a Typical RC coupled common source amplifier. b High-frequency equivalent circuit.
c Simplified high-frequency equivalent circuit
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where

Cin(miller) = Cgd(AV + 1). (3.59)

and,

Cout(miller) = Cgd

(
AV + 1

AV

)
. (3.60)

FET data sheets do not directly provide values for Cgs and Cgd. The data sheet
normally provides values for input capacitance “Ciss” and the reverse transfer capac-
itance “Crss”. From Ciss and Crss, the value for Cgd and Cgs can be calculated as
follows:

Cgd = Crss (3.61)

Cgs = (Ciss − Crss) (3.62)

Figure 3.12c shows that there are two RC networks which affect the high-
frequency response of the amplifier; these are

(1) Input RC network.
(2) Output RC network.

1. Input RC Network

Figure 3.13a shows input RC network. This network is further reduced as shown in
Fig. 3.13b. Since (RS � RG)

fC(i/p) = 1

2πRSCT
(3.63)

As we know that,

CT = Cgs + Cin(miller). (3.64)

Using Eqs. (3.63) and (3.64), we get

fC(i/p) = 1

2πRs
[
Cgs + Cin(miller)

] (3.65)

The phase shift in high-frequency input RC network is

θ = tan−1

(
Rs

XCT

)
. (3.66)
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Fig. 3.13 a Input RC network. b Reduced input RC network

2. Output RC Network

Figure 3.14a shows the current source, circuit and Fig. 3.14b shows the voltage source
circuit. Then the frequency response of the overall circuitry becomes

fC = 1

2π( RD‖RL)Cout(miller)
(3.67)

Fig. 3.14 a Output network with current source. b Output network with voltage source
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Fig. 3.15 RC network

We have seen that both the networks have critical frequencies. It is not neces-
sary that these frequencies should be “equal.” The network which has lower cut-off
frequency than other network is called “dominant network.”

The phase shift in high-frequency output RC network is “θ”

θ = tan−1

(
R0

XCout(miller)

)
. (3.68)

Question 3.6: Determine the high-frequency response of the amplifier circuit as
shown in Fig. 3.15.
Solution: AV = − gmRD.

In the above equation, RD should be replaced by (RD || RL). Then

AV = −gm(RD||RL)

= −6ms(2.2 k�||22 k�)

= −6ms(2 k)

= −12.

Cin(miller) = Cgd(AV + 1)

= Crss(AV + 1) ⇒ 2 pF(12 + 1) ⇒ 26 pF.

Cout(miller) = Cgd
(AV + 1)

AV
= Crss

(AV + 1)

AV
= 2pF(12 + 1)

(12)
= 2.166 pF.

Cgs = Ciss−Crss ⇒ (6 − 2)pF ⇒ 4 Pf.

(a) fC(i/p) = 1
2πRSCT

⇒ 1
2πRS[Cgs+Cin(miller)] ⇒ 1

2π(100)[4 pF+26 pF] ⇒ 53MHz.
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Fig. 3.16 Frequency
response curve

(b) fC(o/p) = 1
2π( RD‖RL)×Cout (miller)

⇒ 1
2π[ 2.2 k�‖22 k�]×2.166 pF ⇒ 36.74MHz.

The value of the input frequency response and the output frequency response is
considered, thus drawn the frequency response curve as shown in Fig. 3.16.

3.6.2 Low-Frequency Response of Common Source Amplifier

The amplifier shown in Fig. 3.17 have two RC networks that affect its gain as the
frequency is reduced below midrange.

These are:

1. RC network formed by the input coupling capacitor C1 and input impedance,
and

2. RC network formed by the output coupling capacitor and the output impedance
looking in at drain.

Fig. 3.17 Typical RC
coupled common source
amplifier
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Fig. 3.18 Input RC network

1. Input RC Network

Figure 3.18 shows the input RC network formed by input impedance of the amplifier.
The low cut-off frequency of this network can be given as

fC = 1

2πRinC1
. (3.69)

where

Rin = RC‖Rin (Gate) (3.70)

and

Rin(Gate) =
∣∣∣∣
VGS

IGSS

∣∣∣∣ (3.71)

where IGSS indicates Gate reverse current.
Hence, the phase shift in the low-frequency RC circuit is

θ = tan−1

(
XC1

Rin

)
. (3.72)

2. Output RC Network

Figure 3.19 shows the output RC network formed by C2 and the output impedance
looking at the drain.

The lower cut-off frequency (f C) for this network can be given as

fC = 1

2π(RD + RL)C2
(3.73)
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Fig. 3.19 Output RC
network

The FET amplifier circuit shown in Fig. 3.17 has two critical frequencies for
two networks, and network having higher critical frequency is called “dominant
network.”

The phase shift in low-frequency output RC circuit is

θ = tan−1

(
XC2

RD + RL

)
. (3.74)

Question 3.6: Determine the low f response of the amplifier circuit shown Fig. 3.20.
Solution: It is necessary to analyze each network to determine

(a) Input RC network,

fC = 1

2πRinC1

Rin = RG‖Rin(Gate) ⇒ RG‖
∣∣∣∣
VGS

IGSS

∣∣∣∣

Rin = 100M�‖ 8

8010−9
⇒ 100M�| |100M� ⇒ 50M�.

fc = 1

2π ∗ 50M� ∗ 0.001 × 10−6
⇒ 3.18Hz.

(b) Output RC network,

fC = 1

2π(RD + RL)C2
⇒ 1

2π(2.2 k� + 22 k�)1 × 10−6
⇒ 6.577Hz.

The value of the input RC network and the output RC network is considered, thus
drawn the frequency response curve as shown in Fig. 3.21.
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Fig. 3.20 RC network

Fig. 3.21 Frequency response curve



74 3 Transistor Amplifier Frequency Response

3.7 Hybrid Parameters (h-Parameters)

As a matter of fact, if we carry out the analysis of the transistor amplifier, to study
its behavior, with the help of β and the values of resistances used in the circuit, then
this type of analysis is not found so accurate. In fact, the more accurate method to
analyze the transistor amplifier is hybrid parameters or h-parameters method. We
can study h-parameters at low frequency and at high frequency.

Hybrid parameters are also called as h-parameters. Characteristics of amplifier
can be specified usually in terms of h-parameters. The hybrid or h-parameters are
very popular and widely used because they give accurate result and can be measured
very easily.

We know that the transistor is a three-terminal device. If one terminal is made
common to input and output, then the transistor can be represented as a two-port
network as shown in Fig. 3.22.

There are two ports, input port and output port. For each port, there are two
variables, currents and voltages. Figure 3.22 shows the standard directions of currents
and polarities of voltages for a two-port network. For a two-port network, the four
variables are related in terms of h-parameters as

V1 = h11 I1 + h12V2 (3.75)

I2 = h21 I1 + h22V2 (3.76)

The parameters h11, h12, h21, and h22 are called hybrid parameters or h-parameters.

3.7.1 Determination of h-Parameters

We can derive the expressions for different h-parameters as under:

(i) Value of h11 and h21

If we short-circuit the output terminals, then V2 = 0.

Fig. 3.22 Transistor as a two-port network
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Putting this value V2 = 0 in Eq. (3.75), we get

V1 = h11 I1 + h12V2 => h11 I1 + 0

h11 = V1

I1

Since h11 is the ratio of input voltage and current, it is called input impedance
with output short circuit.

Now putting V2 = 0 in Eq. (3.76), we obtain I2 = h21 I1 + h22V2 = h21 I1 + 0

h21 = I2
I1

Since h21 is the ratio of output and input currents, it is called forward current
gain with output short circuit.

(ii) Value of h12 and h22

If we open the input terminals, then I1 = 0.
Putting I1 = 0 in Eq. (3.75), we get

V1 = h11 I1 + h12V2 ⇒ 0 + h12V2

h12 = V1/V2

Since h12 is the ratio of input and output voltages, it is called reverse voltage
gain with input open-circuited.

Now putting I1 = 0 in Eq. (3.76), we get

I2 = h21 I1 + h22V2 ⇒ 0 + h22V2

h22 = I2/V2

Since h22 is the ratio of output current and output voltage, it is called output
admittance with input open-circuited.

In short, h-parameters can be summarized as

1. h11 = V1/I1 = input impedance with output shorted and unit is ohm.
This is also represented as hi

h11 = hi .

2. h21 = I2/I1 = forward current gain with output shorted and unit is none.
This is also represented as h f

h21 = h f .
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Table 3.1 h-Parameters and
their meaning

S. No. h-Parameter Meaning Condition

1 h11 Input impedance Output is shorted

2 h21 Forward current
gain

Output is shorted

3 h12 Reverse voltage
gain

Input open

4 h22 Output
admittance

Input open

3. h12 = V1/V2 = reverse voltage gain with input open-circuited and has no unit.
This is also represented as hr

h12 = hr .

4. h22 = I2/V2 = output admittance with input open-circuited and has unit ohm−1

or mho. This is also represented as ho.

h22 = ho.

After analyzed above, it is clear that all the four parameters have different units,
and thus, the parameters are hybrid (mixed) in nature. Therefore, they are called
hybrid or h-parameters as shown in Table 3.1.

3.8 h-Parameter Representation for Transistor

The h-parameter representation for transistor depends upon the type of configuration
(CE, CB, or CC) as shown in Table 3.2. Therefore, each h-parameter is assigned
a second subscript letter e, b, or c depending upon the type of configuration. The
letter “e” is used when the configuration is common emitter, the letter “b” is used if
the configuration is common base, and the letter “c” is used if the configuration is
common collector.

Table 3.2 h-Parameter representation for three types of configuration

S. No h-Parameter Types of configuration

Common emitter Common base Common collector

1 h11 hie hib hic

2 h21 hfe hfb hfc

3 h12 hre hrb hrc

4 h22 hoe hob hoc
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3.9 General Hybrid Equivalent Circuit

There are three transistor configurations: CB, CE, and CC. Each configuration will
have its separate hybrid or h-parameter equivalent circuit. But, first we develop a
general h-parameter equivalent circuit which can be applied for any of the three
configurations. The equivalent circuit thus obtained for any type of configuration is
also called as small-signal, low-frequency hybrid model of a transistor.

Thus, h-parameter equations are

V1 = h11 I1 + h12V2

I2 = h21 I1 + h22V2

or

V1 = hi I1 + hrV2 (3.77)

I2 = h f I1 + hoV2 (3.78)

Since each term of Eq. (3.77) has the units of volts, we can use Kirchhoff’s voltage
law to find a circuit that fits this equation. Figure 3.23 shows the circuit.

Similarly, each term of Eq. (3.78) has the units of currents; we can use Kirchhoff’s
current law to find a circuit that fits this equation. Figure 3.24 shows this circuit.

CombiningFigs. 3.23 and 3.24,we get the general hybrid (h-parameter) equivalent
circuit as shown in Fig. 3.25.

Fig. 3.23 Simple circuitry of low-frequency hybrid model of a transistor
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Fig. 3.24 Current source circuit

Fig. 3.25 General h-parameter equivalent circuit

3.10 Analysis Using Simplified Hybrid Model

So far we have seen the exact calculations of current gain, voltage gain, and input
and output impedances of transistor amplifier circuits. In most practical cases, it is
appropriate to obtain approximate values of current gain, voltage gain, and input
and output impedances rather than to carry and put more lengthy exact calculations.
We can justify this statement with the fact that h-parameter themselves usually vary
widely for the same type of transistor. But now the question is when to use approxi-
mate analysis? To solve this question, there is a generalized rule; this rule says that
if hoeRL < 0.1, then we can proceed for the approximation analysis, otherwise do
the exact analysis. In this section, we see how to analyze transistor with approximate
model.
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3.10.1 Analysis of Common Emitter Circuit Using Simplified
Hybrid Model

Let us consider the h-parameter equivalent circuit for the amplifier as shown in
Fig. 3.26.

Now, see how can wemodify this model so as to make the analysis simple without
greatly sacrificing accuracy? Since 1/hoe is in parallel with RL and Rc if 1/hoe �
RL‖RC, then hoe may be neglected. If we neglect hoe, the collector current IC is given
by IC = hfe Ib. Under these conditions, the magnitude of the voltage of the generator
in the emitter circuit is

hre × |Vce| = hre × IC × ( R1‖RC) = hre × hfe × Ib × ( RL‖RC)

Since hrehfe ≈ 0.01, this voltage may be neglected in comparison with the hie Ib
drop across hie, provided that RL‖RC is not too large. We, therefore, conclude that
if the load resistance RL‖RC is small, it is possible to neglect the parameters hre
and hoe in the h-parameter equivalent circuit. Figure 3.27 shows the approximate
h-parameter equivalent circuit.

(i) Current Gain: The common emitter (CE) current gain is given as

Ai = −Ic
Ib

⇒ −hfe
1 + hoeRL

(3.79)

By neglecting hoe, we have Ai = −hfe
(ii) Input Impedance: The common emitter (CE) input impedance is given as

Ri = hie + hreAiRL (3.80)

Fig. 3.26 h-Parameter equivalent circuit for the amplifier
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Fig. 3.27 Approximate common emitter model

By neglecting hre, we have Ri ≈ hie
(iii) Voltage Gain: The common emitter (CE) voltage gain is given as

Av = AiRL

Ri
⇒ AiRL

hie
(3.81)

(iv) Output Impedance: The common emitter (CE) output impedance is given as

Yo = hoe − hfehre
hie + Rs

By neglecting hoe and hre

Yo = 0

Ro = 1

Yo
= ∞ (3.82)

R
′
o = Ro‖RL ⇒ ∞‖RL ⇒ RL (3.83)

Example 3.4: Consider a single-stage CE amplifier with Rs = 1K, R1 = 50K,
R2 = 2K, RC = 2K, RL = 2K, hfe = 50, hie = 1.1K, hoe = 25μA/V, and
hre = 2.5 × 10−4, as shown in Fig. 3.28.
Find Ai, Ri, Av, and Ro.

Solution Since hoe R
′
L = 25× 10−6 × 2K‖2K ⇒ 0.025, which is less than 0.1, we

use approximate analysis.
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Fig. 3.28 Approximate common emitter model

Figure 3.29a shows the simplified hybrid model for the given circuit.

(a) Current Gain: (Ai) = −hfe ⇒ −50
(b) Input Impedance: (Ri) = hfe ⇒ 1.1K

R
′
i = hie‖ R1‖R2 ⇒ 1.1K‖50K‖2K ⇒ 700�.

(c) Voltage Gain: (Av) = AiRL
Ri

⇒ −50×( 2K‖2K)

1.1K ⇒ −45.45,

(d) Output Impedance: (Ro) = 1
Yo

= ∞

R
′
o = Ro‖R ′

L ⇒ ∞‖2K‖2K ⇒ 1K�.

(e) Overall Voltage Gain: (Avs) = Vo
Vs

⇒
(
Vo
Vb

)
×

(
Vb
Vs

)

where Vo
Vb

= Av, and
Vb
Vs

= R
′
i

R
′
i+Rs

Avs = AvR
′
i

R
′
i + Rs

⇒ −45.45 × 700

700 + 1K
⇒ −18.71,
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Fig. 3.29 a Simplified hybrid model. b Circuit using Is and Ie. c Circuit using Ic and IL

(f) Overall Current Gain: Ai = IL
IS

⇒ IL
IC

× IC
IB

× IB
IS

IL
IC

= −RC

RC + RL
⇒ −1K

1K + 1K
⇒ −0.5,

IC
IB

= hfe ⇒ 50.

Looking at Fig. 3.29c, IB
IS

= RB
RB+Ri

⇒ 50‖2
( 50‖2)+1.1 ⇒ 0.636,

Ai(for circuit) = IL
Is

⇒ −0.5 × 50 × 0.636 ⇒ −15.9.
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3.10.2 Analysis of Common Collector Circuit Using
Simplified Hybrid Model

We have seen the simplified CE model, in which input is applied to base, and output
is taken from collector, and emitter is common between input and output. The same
simplified model can be modified to get simplified CC model. For simplified CC
model, we have to make collector common and take the output from emitter, as
shown in Fig. 3.30. The hfe Ib is now exactly opposite of CE model because the
current hfe Ib always points toward emitter.

(i) Current Gain: It is defined as the ratio of output-to-input currents

Ai = Io
Ib

⇒ −Ie
Ib

⇒ (1 + hfe) (3.84)

(ii) Input Resistance: From Fig. 3.30, we obtain Ri = Vb/Ib

Applying KVL, we have Vb − Ibhie − IoRL = 0

Vb = Ibhie + IoRL

Vb

Ib
= hie + Io

Ib
× RL

Ri = Vb

Ib
= hie + (1 + hfe) × RL

Io
Ib

= − Ie
Ib

= 1 + hfe

The above equation shows that the input impedance of CC is higher than the CE
configuration.

Fig. 3.30 Simplified common collector model
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(iii) Voltage Gain (Av): It is given as Av = Vo
Vb

⇒ IoRL
IbRi

⇒ AiRL
Ri

We know that Ai = I0
Ib

⇒ − Ie
Ib

Substituting value of Ai and Ri, we get
Av = (1+hfe)RL

hie+(1+hfe)RL

∼= 1 but always less than 1, .̈(1 + hfe)RL � hie

(iv) Output Resistance (Ro):

It is the ratio of output voltage Vo to output current Ie with Vs = 0.

Ro = Vo

Ie
when Vs = 0

Applying KVL, we have

Vs − IbRs − Ibhie − Vo = 0

Vo = −IbRs − Ibhie .̈Vo = 0 = −Ib(Rs + hie)

Ie = −(1 + hfe)Ib
Vo

Ie
= −Ib × (Rs + hie)

−(1 + hfe) × Ib

Ro = Vo

Ie

Ro = Rs + hie
1 + hfe

The output resistance R
′
o of the stage, taking the load into account, is given as

R
′
o = Ro‖RL

Example 3.5: A common collector circuit as shown in Fig. 3.31 has the following
components: R1 = 27K�, R2 = 27K�, RE = 5.6K�, RL = 47K�, Rs = 600 �.
The transistor parameters are hie = 1K�, hfe = 85, and hoe = 2 μA/V. Calculate
Ai, Ri, Av, Ro, Avs, Ai.
Solution: Here, hoe × R

′
L = 2× 10−6 × (5.6‖47K) ⇒ 0.01, which is less than 0.1.

Thus, we analyze the circuit with approximate model.

Figure 3.32a shows the simplified hybrid model of the given circuit.

(a) Current Gain: (Ai) = (1 + hfe) ⇒ 1 + 85 ⇒ 86.
(b) Input Resistance:

(Ri) = hie + (1 + hfe) × R′
L ⇒ hie + (1 + hfe) × RE‖RL

= 1K × (1 + 85) × (5.6K‖47K) ⇒ 431.33K�.

R′
i = Ri‖ R1‖R2 ⇒ 431.33K‖27K‖27K�.

= 13.09K�.



3.10 Analysis Using Simplified Hybrid Model 85

Fig. 3.31 Simplified common collector model

(c) Voltage Gain:

(Av) = (1 + hfe) × R′
L

hie + (1 + hfe) × R′
L

= (1 + 85) × (5.6K‖47K�)

1K� + (1 + 85) × (5.6‖47K�)
⇒ 0.997.

(d) Output Resistance:
Looking Fig. 3.32a the output resistance

Ro = R
′
s + hie
1 + hfe

⇒ ( R1‖ R2‖Rs) + hie
1 + hfe

= (27K‖27K‖600) + 1K

1 + 85
⇒ 18.3�.

R
′
o = Ro‖ RE‖RL ⇒ 18.3K‖5.6K‖47K ⇒ 18.23�,
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Fig. 3.32 a Simplified hybrid model. b Circuit using Ib and Is

(e) Overall Voltage Gain:

Avs = Vo/Vs = Vo

Vb
× Vb

Vs
,

where Vo
Vb

= Av and
Vb
Vs

= R
′
i

R
′
i +Rs

Avs = AvR
′
i

R
′
i + Rs

⇒ 0.977 × 13.09K

13.09K + 600
⇒ 0.953,

(f) Overall Current Gain:

Ai = Io
Is

=>
Io
Ie

× Ie
Ib

× Ib
Is

where

Io
Ie

= −RE

RE + RL
⇒ −5.6K

5.6K + 47K
⇒ −0.106,

Ie
Ib

= −(1 + hfe) ⇒ −86
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Looking at Fig. 3.32b

Ib
Is

= RB

RB + Ri
⇒ (27K‖27K)

(27K‖27K) + 431.33K
⇒ 0.03.

Ai(for circuit) = Io
Is

⇒ (−0.106) × (−86) × (0.03) ⇒ 0.273.

3.10.3 Analysis of Common Base Circuit Using Simplified
Model

The approximate CB model can be drawn by giving input to emitter, taking output
from collector and making base common. Figure 3.33 shows the approximate CB
model.

Current Gain (Ai): It is defined as the ratio of output to input currents

Ai = Io
Ie

= −Ic
Ie

⇒ −hfe Ib
−(1 + hfe)Ib

, .̈Ic = hfe Ib, and Ie = −(1 + hfe)Ib

Ai = hfe
1 + hfe

(3.85)

The above equation of CB shows that its current gain is always less than one.

Fig. 3.33 Simplified common base model
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Input Resistance (Ri): It is defined as the ratio of the input voltage to input current.

Ri = Ve

Ie
⇒ −hie Ib

−(1 + hfe)Ib
.̈Ve = hie Ib, and Ie = −(1 + hfe)Ib

= hie
1 + hfe

(3.86)

The above equation of CB shows that its input resistance is very low as compared
to CE and CC configurations.

Voltage Gain (Av): It is defined as the ratio of output voltage to input voltages.

Av = Vo

Ve
⇒ IoRL

IeRi
⇒ AiRL

Ri

Substituting value of Ai and Ri, we get

Av =
hfe

1+hfe
× RL

hie
1+hfe

⇒ hfeRL

hie
(3.87)

Output Resistance (Ro): It is the ratio of output voltage to output current at

Vs = 0

Ro = Vo

Ic

When V s = 0, the current through the input loop Ib = 0, hence Ic = 0, and
Ro = ∞. The output resistance R

′
o of the stage taking the load into account is given

as

R
′
o = Ro‖RL ⇒ ∞‖RL ⇒ RL (3.88)

Example 3.6: A common base amplifier, as shown in Fig. 3.34, has the following
components: Rs = 600�, Rc = 5.6K, RE = 5.6K, RL = 39K. The transistor
parameters are hie = 1K, hfe = 85, and hoe = 2μA/V. Calculate Ri, Ro, Av, Avs.
Solution: Since hoe × ( RC‖RL) ⇒ 2 × 10−6 × (5.6K‖39K�) ⇒ 9.79 × 10−3,
which is less than 0.1, we use approximate analysis method. Figure 3.35 shows the
simplified hybrid model for the given circuit.
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Fig. 3.34 Common base amplifier

Fig. 3.35 Simplified hybrid model

Current Gain: (Ai) = hfe
1+hfe

⇒ 85
1+85 => 0.988.

Input Resistance:

(Ri) = hie
1 + hfe

⇒ 1000

1 + 85
⇒ 11.627

R
′
i = Ri‖RE ⇒ 11.627‖5.6K ⇒ 11.6�

Voltage Gain: (Av) = hfeRL
h i e

⇒ 85×( 5.6K‖39K)

1K ⇒ 416.23
Output Resistance: (Ro) = ∞

R
′
o = Ro‖R ′

L ⇒ Ro‖ RC‖RL ⇒ ∞‖5.6K‖39K ⇒ 4.89K

Avs = Vo

Vs
⇒ Vo

Ve
× Ve

Vs
⇒ Av × Ve

Vs
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where Ve
Vs

= R
′
i

R
′
i +Rs

Avs = Av × R
′
i

R
′
i + Rs

⇒ 416.23 × 11.6

11.6 + 600
⇒ 7.89.

Summary

• This chapter included introduction of bipolar transistor, as its application
like transistor works as an amplifier.

• Ebers–Moll model, computed emitter voltage, and collector voltage.
• Describe Miller’s theorem.
• Analyze low- and high-frequency response of common emitter and common
source amplifier configuration.

• Hybrid parameters, discuss transistor as a two-port network.
• Compute the value of h11, h12, h21, and h22.
• Show the h-parameter representation for three types of configuration.
• General hybrid equivalent circuit.
• Analysis of common emitter circuit using simplified hybrid model.
• Analysis of common collector circuit using simplified hybrid model.
• Analysis of common base circuit using simplified hybrid model.

Numerical Problems

Question 1: Explain how transistor works as an amplifier.
Question 2: Discuss low-frequency response of common emitter amplifier configu-
ration.
Question 3: Determine the high-frequency response of the amplifier circuit shown
in Fig. 3.36.
Question 4: What are the hybrid parameters.
Question 5: Draw and discuss hybridmodel of commonbase amplifier configuration.
Question 6: Discuss the high-frequency response of common source amplifier con-
figuration.
Question 7: Determine the low-frequency response of the amplifier circuit as shown
in Fig. 3.37.
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Fig. 3.36 RC network

Fig. 3.37 RC network
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Fig. 3.38 RC network

Question 8: Explain Miller’s theorem.
Question 9: Draw and explain Ebers–Moll model.
Question 10: For the circuit shown in Fig. 3.38, determine the low-frequency
response.



Chapter 4
Feedback

Learning Objectives

• Introduction to feedback and their types.
• Discuss positive andnegative feedbackwith their properties like transfer gain,
stability, etc.

• Discuss feedback topologies like series-shunt, series-series, shunt-shunt, and
shunt-series.

• Analyze voltage shunt, voltage series, current shunt, and current series feed-
backs with mathematical expression.

4.1 Introduction

Feedback makes a significant role in all electronic circuits. It is almost regularly used
in the amplifier circuit to optimize its working performance and enhance its quality
to make it more ideal. In feedback technique, we use two input signals: one is simply
an incoming input signal and other is a part of the output which is feedback to the
input terminal. Both these signals may be in phase or out of phase. When incoming
input signal and a part of feeded output signal are in phase, the feedback is known
as positive feedback. On the other side, when they both signals are in out of phase,
the feedback is known as negative feedback. The application of positive feedback is
oscillations, while amplifier is the example of negative feedback system.

In this chapter, we discuss the feedback introduction, concept of feedback and
show feedback topologies, and showhow tomodify the characteristics of an amplifier
by combining a part of the output signal with the incoming input signal.
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A

B
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signal output

Feedback 
circuit

Comparators 
mices

Fig. 4.1 Feedback or closed-loop structure

4.2 Concept of Feedback

Feedback is a mechanism or process in which output signal is looped back to control
a systemwithin itself. It may be defined as the process of injecting some energy from
the output to the input. In system containing an input and output feeding back, part
of the output in such a way to increase the input is positive feedback (Regeneration).

Feeding back part of the output in such a way as to oppose the input is negative
feedback (Degeneration).A feedback amplifier basically consists of twoparts namely
an amplifier circuit and feedback circuit/network. The function of feedback circuit
is to return the output energy (may be voltage “V” or current “I”) to the input signal
of the circuit.

Figure 4.1 shows the feedback structure, whereA is forward gain andβ is feedback
gain or feedback factor. At input side, incoming input signal and loop-backed output
signal aremixingwith each other with the help of comparator mixer. This comparator
mixer can be positive or negative depending on the value of feedback factor (β). This
comparator will be either summer or separator, so there are two cases given as

✓ Feedback is negative, if (β < 0).
✓ Feedback is positive, if (β > 0).

4.3 Application of Feedback

There are several applications of feedback system as mention below

1. Control theory.
2. Electronic Engineering.
3. Mechanical Engineering.
4. Climate science.
5. Software engineering and computing system.
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4.4 Classification of Feedback

There are two types of feedback.

4.4.1. Positive feedback (Oscillator).
4.4.2. Negative feedback (Amplifiers).

4.4.1 Positive Feedback

➢ A positive or in-phase feedback signal, where a positive-going wave on the input
leads to a positive-going change on the output will amplify the input signal. This is
known as positive feedback.
➢ If the feedback signal (i.e., V or I) is applied in such a way that it is in phase with
the input signal and thus increases it, then it is called a positive feedback.
➢ Figure 4.2 shows the structure of positive feedback system, where comparator is
working as a summer circuit and adding both the incoming and loop-back signals.

4.4.1.1 Concept of Positive Feedback

This subheading depicts the logic behind developing positive feedback terminology
and its advantages.

➢ It is also known as regenerative feedback or direct feedback positive feedback
increases noise and distortion.
➢ However, because of its capability of increasing the power of the original signal,
it is used in oscillator circuits.
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+

+

-

180 phase shi

180 phase shi

t t

t

V
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I/P

Fig. 4.2 Positive feedback structure
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4.4.2 Negative Feedback

➢ A negative or out of-phase feedback signal, where a positive-going wave on the
input leads to a negative-going change on the output will reduce the amplitude level
of the input signal. This is known as negative feedback.
➢ Figure 4.3 shows the structure of negative feedback system, where comparator
is working as a separator circuit and subtracting both the incoming and loop-back
signals.

4.4.2.1 Concept of Negative Feedback

➢ If the feedback signal (i.e., V or I) is applied in such a way that it is out of phase
with the input signal and thus decreases its input signal, then it is called negative
feedback.
➢ It is also called as degenerative feedback or inverse feedback.
➢ It has the following advantages.
Gain stability.
Reduction in non-linear distortion.
Reduction in noise.
Increases bandwidth (that is why most widely used in amplitude).

4.4.2.2 Properties of Negative Feedback

There are four basic properties of negative feedback system given as.

4.4.2.2.1 Transfer Gain.
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Fig. 4.3 Negative feedback structure
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Fig. 4.4 Feedback structure

4.4.2.2.2 Stability in Gain.
4.4.2.2.3 Reduce Noise.
4.4.2.2.4 Reduced Distortion or Interference.

4.4.2.2.1 Transfer Gain

Transfer gain shows the ratio between output value and input value. Transfer function
is denoted by Af. There is a mathematical expression to find out gain of any kind of
feedback system is given as,

Af = Output

Input
= y

x
(4.1)

X → Source signal (may be V or I ) Y → Output Signal (V or I )
E → Input signal (may be V or I ) H → feedback signal (V or I )

Case I: Let assuming the comparator has positive feedback topology in Fig. 4.4, now
the transfer gain will be

A = Y

E
(4.2)

Y = AE (4.3)

As, E = X + H (considering positive feedback) (4.4)

Using Eqs. (4.3) and (4.4), we get

Y = A(X + H) (4.5)

where, feedback factor isβ = H

Y
(4.6)
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H = βY (4.7)

Using Eqs. (4.5) and (4.7), we get

Y = A(X + βY ) (4.8)

Y (1 − Aβ) = AX (4.9)

Y

X
= A

1 − Aβ
(4.10)

Using Eqs. (4.1) and (4.10), we can say that

Af = Y

X
= A

1 − Aβ
(4.11)

Af = A

1 − Aβ
(4.12)

Case II: Let assuming the comparator has negative feedback topology in Fig. 4.4,
now the transfer gain will be

A = Y

E
(4.13)

As, E = X − H (considering negative feedback) (4.14)

Using Eqs. (4.13) and (4.14), we get

Y = A(X − H) (4.15)

Using Eqs. (4.7) and (4.15), we get

Y = A(X − βY ) (4.16)

Y = AX − AβY (4.17)

Y (1 + Aβ) = AX (4.18)

Y

X
= A

1 + Aβ
(4.19)

Similarly, using Eqs. (4.1) and (4.19), we can say that
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Af = Y

X
= A

1 + Aβ
(4.20)

Af = A

1 + Aβ
(4.21)

Where Af is the gain of system with feedback (also called closed-loop gain), A
is the open-loop (forward/Amplitude) gain of system without feedback, and β is
feedback gain or feedback ratio.

From Eqs. (4.12) and (4.21), we can say that value of Af is depending upon
(1 ∓ Aβ). If (1 − Aβ) increases, the value of Af decreases and vice versa. Aβ is
feedback factor and (1 ∓ Aβ) is loop gain.

4.4.2.2.2 Stability in Gain

Stability of gain shows the feedback system stability. It should be as much as
possible. This is one of the key properties of negative feedback system makes an
important role.

➢ The transfer function gain of amplifier is not constant as depends on the factors
such as operating point, temperature.
➢ This lack of stability in amplifier can be reduced by introducing negative feedback
(important advantage of negative feedback).

As we know that

Af = A

1 + Aβ

Differentiating Eq. (4.21) with respect to “A,” we get

dAf

dA
= d

dA

(
A

1 + Aβ

)
(4.22)

dAf

dA
= (1 + Aβ) dAdA − A d

dA (1 + Aβ)

(1 + Aβ)2
(4.23)

dAf

dA
= (1 + Aβ) − A(0 + β)

(1 + Aβ)2
(4.24)

dAf

dA
= 1 + Aβ − Aβ

(1 + Aβ)2
(4.25)

dAf

dA
= 1

(1 + Aβ)2
(4.26)

Further, multiplying and dividing Eq. (4.26) by Af, we get

dAf

dA
= 1

(1 + Aβ)2
× Af

Af
(4.27)
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dAf

A f
= 1

(1 + Aβ)2
× dA

Af
(4.28)

Put the value of Af from Eqs. (4.21) to (4.28), we get

dAf

Af
= 1

(1 + Aβ)2
× dA

A
(1+Aβ)

(4.29)

dAf

Af
= 1

1 + Aβ
× dA

A
(4.30)

Where dAf
Af

is fractional change in amplification with feedback.
dA
A is factional change in amplification without feedback.

• The fractional change in amplification with feedback divided by fractional change
in amplifier without feedback is known as sensitivity.

dAf
Af

dA
A

= Sensitivity = 1

(1 + Aβ)
(4.31)

The reciprocal of sensitivity is called de-sensitivity which is

(1 + Aβ) = 1

sensitivity
= Desensitivity (4.32)

Thus, stability increases as de-sensitivity (1 + Aβ) increases.

4.4.2.2.3 Reduce Noise

There are always noise voltages in amplifier which is reduced by a factor (1+ Aβ)

when negative feedback is applied.

4.4.2.2.4 Reduced Distortion or Interference

To reduce distortion applies negative feedback a factor, (1 + Aβ) is responsible.

4.4.2.3 Drawbacks of Negative Feedback

1. Reduction in input resistance, i.e., “Rin” in case of voltage shunt and current
shunt feedback amplifier.

2. Increases the output resistance, i.e., “Rout” in case of current shunt and current
series feedback amplifiers.

3. It reduces gain.
4. More numbers of amplifiers stages are required to obtain the required gain.
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Fig. 4.5 a Series connection, b Shunt connection

4.5 Basic Feedback Connections

There are mainly two connection exists in feedback systems.

4.5.1. Series connection.
4.5.2. Shunt connection.

4.5.1 Series Connection

In this connection, terminals are connected to each other in series manner. It shows
the current flow from one terminal to another will same but the voltage will different.
Figure 4.5a shows the series connection, where loop-backed signal and input signal
are connected in series to each other.

4.5.2 Shunt Connection

In this connection, terminals are connected to each other in shunt (parallel) manner.
It shows the voltage across one terminal and another terminal remains same but
there is change in flow of current. Figure 4.5b shows the shunt connection, where
loop-backed signal and input signal are connected in parallel to each other.
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• Basic Concept

This concept will provide a direction and helpful to readers to make desired connec-
tions. As we know that in any electronics system, we use either voltage or current as
an input supply.

• If voltage exists at input terminal or voltage as an input supply, then input terminal
will be connected with feedback terminal in series manner.

• If voltage exists in output side, then output terminal will be connected with feed-
back terminal in shunt manner.

• If current exists at input terminal or current as an input supply, then input terminal
will be connected with feedback terminal in shunt manner.

• If current exists in output side, thenoutput terminalwill be connectedwith feedback
terminal in series manner.

4.6 Basic Feedback Topologies

Feedback voltage (Vf) can be proportional to either load voltage or load current. Due
to this, Vf can be connected either in series or in shunt with the signal voltage Vs.
There are basically four types of feedback systems.

4.6.1 Voltage Series Feedback.
4.6.2 Voltage Shunt Feedback.
4.6.3 Current Series Feedback.
4.6.4 Current Shunt Feedback.

4.6.1 Voltage Series Feedback

Figure 4.6 shows the diagram of voltage series feedback. Using basic concept, we can
design it easily. In “voltage series feedback,” the notable thing is that the “voltage”
will exist in output side and “series”will exist in input side; due to this and considering
basic concept table, the supply should be voltage because voltage exists in series
manner at input terminal as an input supply. So the input-side connection between
input terminal and feedback terminal is series manner with voltage supply, while
voltage exists output side and using Table 4.1, if voltage exists in output side, the
connection between output terminal and feedback terminal will be in shunt manner.
Therefore, input and output side will be in series and parallel manner, respectively.
This is the easiest method to design any kind of feedback topology. Further, this
circuit is called voltage amplifier because forward gain equals to output voltage
divided by input voltage.
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Fig. 4.6 Series shunt feedback topology or Voltage amplifier

Table 4.1 Shows basic
concept tables

Input Output

Voltage (V ) Series Shunt

Current (I) Shunt Series

Av = Output Voltage(V0)

Input Voltage(Vi)
(4.33)

It means circuit is amplifying voltage from input side to output side.

• Voltage Amplifier/Voltage series feedback/Series–shunt feedback topology

Using Fig. 4.6, we can design its respective amplifier as shown in Fig. 4.7. Voltage
is as an input supply connected in series with feedback terminal. So the connection
between source voltage (VS) and input voltage (V i) is in series manner with each
other. RS and Ri are the internal source resistance and input resistance, respectively.
Similarly, at output side, output terminal and feedback terminal are in shunt manner.
So, the gain voltage (AvVi) will be connected in parallel manner with output voltage.
We have to calculate the output voltage (VO) and voltage always taken across any load

DC

DC

Ri

Rs
Rl

Vs

AVi

R

VVi

Ampli es
R <<RL

Fig. 4.7 Thevenin’s equivalent circuit of an amplifier
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so the load resistance (RL) will be in shunt manner. Now, the Thevenin’s equivalent
circuit of a two-port between which represents an amplifier

If the amplifier input resistance Ri � Rs shows Ri is open circuit and RS is short
circuit, where RS is supply source resistance then we have

Vs
∼= Vi. (4.34)

If external load RL � Ro(output resistance) of the amplifier, RL is open circuit
and RO is short circuit then,

AvVi = Vo (4.35)

Av = V0

Vi
(4.36)

Using Eqs. (4.34) and (4.36), we get

Av = V0

VS
(4.37)

Where

Av is voltage gain.

So, we can say that an amplifier produces an output voltage (V 0) proportional to
source voltage (VS) and it does not depend upon source load Rs such circuits are
called voltage amplifier circuit.

Note: An ideal voltage amplifier input resistance Ri = ∞, output resistance R0 =
0, while practically Ri should be large and R0 should be small.

4.6.2 Voltage Shunt Feedback

Figure 4.8 shows the diagram of voltage shunt feedback. Using basic concept, we can
design it easily. In “voltage shunt feedback,” the notable thing is that the “voltage”
will exist in output side and “shunt” will exist in input side; due to this and con-
sidering basic concept table, the supply should be current. According to Table 4.1,
current exists in shunt manner at input terminal as an input supply. So the input-side
connection between input terminal and feedback terminal is shunt manner with cur-
rent supply, while voltage exists output side and using Table 4.1, if voltage exists in
output side, the connection between output terminal and feedback terminal will be in
shunt manner. Therefore, input and output sides will be in series manner respectively.



4.6 Basic Feedback Topologies 105

A

B

In

If

Vo

AR=Vo/Iin Vo=AR*Iin

Fig. 4.8 Shunt–shunt feedback topology or Trans-resistance amplifier

• Trans-resistance amplifier/Voltage shunt feedback/Shunt-shunt feedback
topology

Using Fig. 4.8, we can design its respective amplifier as shown in Fig. 4.9. Current is
as an input supply, connected in parallel with feedback terminal. So the connection
between source current (IS) and input current (I i) is in parallel manner with each
other. RS and Ri are the internal source resistance and input resistance, respectively.
Similarly, at output side, output terminal and feedback terminal are in shunt manner.
So the gain voltage (AR Iin) will be connected in parallel manner with output voltage.
We have to calculate the output voltage (VO) and voltage always taken across any
load so the load resistance (RL) will be in shunt manner. Now, Norton’s equivalent
circuit of a two-port between which represents an amplifier.

Trans-resistance amplifier is one which provides output voltage (V 0) proportional
to supply current (Is) without depending on Rs and RL. Norton’s equivalent circuit
of Trans-resistance amplifier.

For practical Trans-resistance amplifier, we must haveRs � Rin and R0 � RL

Rs Rl
R

V

Ampli es

R  <<RL

+
-

+

-

Is

Rs>>Rin

Rin

Iin

Fig. 4.9 Norton’s equivalent circuit of an amplifier
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If Rs � Rin, Is = Iin (where Rs in O.C.) (4.38)

If R0 � RL, V0 = AR Iin (Where R0 is S.C.) (4.39)

Using Eqs. (4.38) and (4.39), we get

V0 = AR Is (4.40)

AR = V0

Is
(4.41)

Equation (4.41) means output voltage is depending upon supply current or Is.
The common emitters circuit may be considered as Trans-resistance amplifier if
RL � R0.

4.6.3 Current Shunt Feedback

Figure 4.10 shows the diagram of current shunt feedback. Using basic concept,
we can design it easily. In “current shunt feedback,” the notable thing is that the
“current” will exist in output side and “shunt” will exist in input side; due to this
and considering basic concept table, the supply should be current. According to
Table 4.1, current exists in shunt manner at input terminal as an input supply. So the
input-side connection between input terminal and feedback terminal is shunt manner
with current supply, while current exists output side and using Table 4.1, if current
exists in output side, the connection between output terminal and feedback terminal
will be in series manner. Therefore, input and output sides will be in shunt and series
manner respectively.

• Current amplifier/Current shunt feedback/Shunt-series feedback topology

Ai

B

IRsIs

Iin

If

Ai=I  /Iin I  =Ai Iin

Fig. 4.10 Shunt-series feedback topology or Current amplifier
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Fig. 4.11 Norton’s equivalent of a current amplifier

Using Fig. 4.10, we can design its respective amplifier as shown in Fig. 4.11. Current
is as an input supply, connected in parallel with feedback terminal. So the connection
between source current (IS) and input current (I i) is in parallel manner with each
other. RS and Ri are the internal source resistance and input resistance, respectively.
Similarly, at output side, output terminal and feedback terminal are in series manner.
So the gain current (AiIin) will be connected in series manner with output current.
We have to calculate the output current (IO) and current always taken in series so the
load resistance (RL) will be in series manner. Now, Norton’s equivalent circuit of a
two-port between which represents an amplifier

The ideal current amplifier produces an output current (I0) proportional to the
input current (I in) and proportional factor does not depends on Rs or RL.

For practical current amplifier, we must have Rs � Rin,

Is = Iin (as Rs is open circuit) (4.42)

If R0 � RL,

I0 = Ai Iin (as R0 is O.C.) (4.43)

Using Eqs. (4.42) and (4.43), we get

I0 = Ai Is (4.44)

Ai = I0
Is

(4.45)

Equation (4.45) shows output current (Io) proportional to input current.

Note: An ideal current amplifier must have Rin = 0 and R0 = ∞ practically, the
input resistance should be as small as possible and the output resistance must be
as large as possible.
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4.6.4 Current Series Feedback

Figure 4.12a shows the diagram of current series feedback. Using basic concept,
we can design it easily. In “current series feedback,” the notable thing is that the
“current” will exist in output side and “series” will exist in input side; due to this
and considering basic concept table, the supply should be voltage. According to
Table 4.1, voltage exists in series manner at input terminal as an input supply. So the
input-side connection between input terminal and feedback terminal is series manner
with voltage supply, while current exists output side and using Table 4.1, if current
exists in output side, the connection between output terminal and feedback terminal
will be in series manner. Therefore, input and output sides will be in series and series
manners, respectively.

• Series-series feedback or trans-conductance amplifier

Using Fig. 4.12a, we can design its respective amplifier as shown in Fig. 4.12b.
Voltage is as an input supply, connected in series with feedback terminal. So the
connection between source voltage (VS) and input voltage (V i) is in series manner
with each other. RS and Ri are the internal source resistance and input resistance,
respectively. Similarly, at output side, output terminal and feedback terminal are in

Fig. 4.12 a Series-series feedback topology or Trans-conductance amplifier, b Thevenin’s equiv-
alent of Trans-conductance amplifier



4.6 Basic Feedback Topologies 109

series manner. So the gain current (AGVin) will be connected in series manner with
output current. We have to calculate the output current (IO) and current always taken
in series so the load resistance (RL) will be in series manner. Now, the Thevenin’s
equivalent circuit of a two-port between which represents an amplifier.

An ideal Trans-conductance amplifier produces an output current (I0) which is
proportional to input voltage (Vin) and independent of the magnitude of Rs and RL.

• Thevenin’s equivalent of trans-conductance amplifier

Ideally, this amplifier must have an infinite input resistance (Rin = ∞) and infinite
output resistance (R0 = ∞), i.e., Rin = R0 = ∞ but practically, both these values
should be as high as possible

If Rs � Ri, Vs = Vin(as Rs is open circuit) (4.46)

If R0 � RL, IL = AGVin (as R0is open circuit) (4.47)

Using Eqs. (4.46) and (4.47), we get

IL = AGVs (4.48)

AG = IL
Vs

(4.49)

Equation (4.49) shows load current (IL) depends on supply voltage (VS).

Question 4.1: An amplifier with voltage gain of 60 dB uses 1/20 of its output in
negative feedback. Determine the gain with feedback in dB.
Solution: A = 60dB

20 log10 A = 60

log10 A = 60/20

Now,

log10 A = 3

A = 103

A = 1000.

And,

β = 1

20

Af = A

1 + Aβ
= 1000

1 + 1000 × 1
20

Af = 1000

51
Af = 19.60.

Af = 20 log10 19.60

Af = 25.84 dB
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Question 4.2: The voltage gain of an amplifier without feedback is 60 dB; it reduces
to 40 dB with feedback. Determine feedback factor.
Solution: A = 60 dB and Af = 40 dB.

20 log10 A = 60 and 20 log10 Af = 40

log10 A = 3 log10 Af = 2

A = 103 Af = 102

A = 1000. Af = 100.

As we know,

Af = A

1 + Aβ

100 = 100

1 + 1000β

100 + 100000 β = 1000

β = 900

100000
β = 0.009.

Now,
β = 20 log10 0.009

β = −40.91 dB.

Question 4.3: A single stage transistor amplifier has voltage gain without feedback
600 and 50 with feedback. Find out output voltage of output which is feedback to
input side.
Solution: A = 600 and Af = 50

Now,

Af = A
1+Aβ

50 = 600
1+600β

50 + 3000β = 600
β = 550

3000
β = 0.01833
β in percentage = 0.01833 × 100

= 1.833%.

Question 4.4: An amplifier with a negative feedback provides an output voltage of
5 V with an input of 0.2 V, removing feedback it requires only 0.1 V input supply to
provide the same output. Calculate:

1. Gain with feedback.
2. Gain without feedback.
3. Feedback ratio.

Solution: V0 = 5V, and Vi = 0.2V
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(i) Gain with feedback “Af”

Af = V0

Vi

Af = 5.0

0.2
Af = 25.

(ii) Gain without feedback “A”

A = output

input

A = 50

0.1
A = 50.

(iii) Feedback ratio “β”

Af = A

1 + Aβ

25 = 50

1 + 50β

25 + 1250β = 50

β = 25

1250
β = 0.02.

Question 4.5: Negative feedback of β = 0.002 is applied to an amplifier of gain
1000. Calculate the change in overall gain of the feedback amplifier. If the internal
amplifier is subjected to a gain reduce to 15%.

Solution: β = 0.002, and A = 1000

Af = A

1 + Aβ
= 1000

1 + 1000 × 0.002

Af = 1000

3
Af = 333.33.

Anew = (A − A × 15%)

Anew = A − A × 15

100

Anew = 1000 − 1000 × 15

100
Anew = 1000 − 150

Anew = 850.
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Now,

Afnew = Anew

1 + βAnew
⇒ 850

1 + 0.002 × 850

A f new = 850

2.5
Afnew = 314.81.

Percentage change in overall gain of feedback

amplifier

A′
f = Af − Afnew

Af
= 333.33 − 314.81

333.33

A
′
f = 18.51

333.33
A

′
f = 0.0555

A
′
f = 5.55%.

4.7 Determination of Loop Gain

Loop gain shows the gain within the closed loop, used to analyze and measure the
feedback system performance. Figure 4.13 depicts the feedback amplifier configu-
ration.

➢ It is denoted by “T” which is the product of Aβ, where A is the forward gain and
β is feedback factor or feedback gain.
➢ It is an important parameter in the stability of feedback circuit.

• Approach or procedure to finding the loop gain

➢ In Fig. 4.14, the loop has been broken at the input of the amplifier and a test signal
is applied at this input.
➢ Now the amplifier output is given by,

S0 = ASt (4.50)

S

SE

Sfb

A

B

I/P

Si

O/P(+)

(-)

Fig. 4.13 Ideal feedback amplifier configuration
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+=o

S

Fig. 4.14 Same configuration with the loop broken after amplifier input

And,

(
A = S0

St

)
(4.51)

Now the feedback signal is given by,

As, β = Sfb
S0

(4.52)

Sfb = βS0 (4.53)

Using Eqs. (4.50) and (4.53), we get

Sfb = βASt (4.54)

➢ The signal Sr is called return signal, earlier it is said error signal SE.
➢ Now, we have

Sr = Si − Sfb (4.55)

Let Si = 0+ = 0(if there is no signal)
So we can say that

Sr = −Sfb (4.56)

Where, negative symbol indicates that the type of feedback is negative feedback.

➢ Now from Eqs. (4.54) and (4.56), we can say that

Sr = −AβSt (4.57)
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S

Sfb
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B

Si

Vt

V

Fig. 4.15 Same configuration with the loop broken in terms of impedance

Sr
St

= −Aβ (4.58)

Aβ = − Sr
St

= T (4.59)

➢ This shows that the ratio of return signal Sr and test signal St is equal to negative
of the loop gain factor (Aβ)
➢ When we break the loop, the conditions exiting before breaking the loop should
remain unchanged.

• Now, in terms of impedance

Consider Fig. 4.15, after applying the test voltage ‘V t’, the return voltage ‘V r’ is
measured and the loop gain (T ) is applied as under

Aβ = T = −Vr

Vt
(4.60)

Case I: If resistance (R) is constant, then loop gain will be

Aβ = T = − Ir
It

(4.61)

Case II: If current (I) is constant, then loop gain will be

Aβ = T = − Rr

Rt
. (4.62)
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4.8 Stability Problem

➢ Using negative feedback, our system becomes stable and works as an amplifier
while applying negative feedback to positive feedback, our system becomes unstable
and works as an oscillator.
➢ We know that for a basic feedback configuration, the ideal closed-loop transfer
function (gain) is given by

Af = A

1 + Aβ
(4.63)

➢ The open-loop gain “A” is not constant. It is a function of individual transistor
parameter (L and C), so it is a function of frequency.
➢ Hence, the closed-loop gain Af also becomes a function of frequency and mathe-
matical expression is

Af(s) = A(s)

1 + βA(s)
(4.64)

Where βA(s) is loop gain denoted by = T (s).
And, s is frequency denoted by = jω.

➢ Now

Af(s) = A(s)

1 + T (s)
(4.65)

Hence, the loop gain T (s) may be represented as T (s) = T ( jω) and expressed as
under

Af( jω) = A( jω)

1 + T ( jω)
(4.66)

T ( jω) = |T ( jω)| × ∠φ (4.67)

Because

a + jb =
√
a2 + b2 × tan−1

(
b

a

)
(4.68)

= |a + jb| × ∠φ (4.69)

➢ Observations

1. For insuring stability, the value of closed-loop gain which is Af( jω) at a given
frequency should be small enough so that the Barkhausen criteria should not
be satisfied and the oscillation should not begin.
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2. The stability of feedback circuit is a functionof loopgainT ( jω) if |T ( jω)| = 1
and ∠φ = 180◦, then T ( jω) = −1 and according to equation, the value of
Af( jω) becomes infinite and the system loss its stability as shown in Fig. 4.16.

3. If |T ( jω)| > 1 and∠φ = 180◦, then T ( jω) = negative and system becomes
unstable as shown in Fig. 4.17

4. If |T ( jω)| < 1 and∠φ = 180◦, then T ( jω) = positive and system becomes
stable as shown in Fig. 4.18.

Questions 4.6: An amplifier gain changes by ±10% using negative feedback, the
amplifier is to be modified to provide a gain of 100 with ±0.1% variation obtain the
required open-loop gain of amplifier and the amount of negative feedback.

Solution: Af = 100, dAf
Af

= ±0.1%, and dA
A = ±10%.

Now,

V

t

Fig. 4.16 Sustained oscillations

V

t

Fig. 4.17 Growing oscillations
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V

t

Fig. 4.18 Damped or die out oscillation

dAf

Af
= 1

1 + Aβ
× dA

A

0.1% = 1

1 + Aβ
× 10%

0.1

1000
= 1

1 + Aβ
× 10

100

1 + Aβ = 100

Aβ = 99.

(i)

Af = A

1 + Aβ

100 = A

1 + 99

100 = A

100
A = 104.

(ii)

Amount of negative feedback = Af

A

= 100

104

= 10−2

= 0.01.

Question 4.7: An open-loop gain A = 400 β = 0.1 open-loop gain change d A
A =

20%, compute d Af
Af

.
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Solution: A = 400, β = 0.1, and dA
A = 20%.

dAf

Af
= 1

1 + Aβ
× dA

A
dAf

Af
= 1

1 + (400) × (0.1)
× 20

100
dAf

Af
= 20

41
× 1

100
dAf

Af
= 0.4878

100
dAf

Af in percentage
= 0.0048 × 100

dAf

Af
= 0.48%.

Summary

• This chapter included introduction of feedback.
• Positive feedback and negative feedback.
• Discuss various properties such as transfer gain and stability, etc.
• Relationship between forward gain A, closed-loop gain Af , and feedback fac-
tor β.

• Discuss basic feedback connection, series and shunt.
• Basic feedback topologies like voltage series, voltage shunt, current series,
and current shunt.

• Discuss voltage amplifier, current amplifier, Trans-conductance, Trans-
resistance amplifiers.

• Calculate loop gain.
• Discuss stability problem in feedback system.

Numerical Problems

Question 1: What is feedback shown the relationship between Af, A and β where
Af is gain with feedback, A is forward gain, and β is feedback ratio.
Question 2: An amplifier with negative feedback providers; an output voltage of 5 V
with an input voltage of 0.2 V; on removing feedback, it requires only 0.1 V input
to provide the same output, calculate

1. Gain without feedback.
2. Gain with feedback.
3. Feedback ratio.
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Question 3: The negative feedback of β = 0.002 us applied to an amplifier of gain
1000; calculate the change in overall gain of the feedback amplifier if the internal
amplifier is subjected to a gain reduce to 15%.
Question 4: Explain shunt-series feedback and show the current amplifier circuit
also.
Question 5: Explain stability in gain, how stability depending on de-sensitivity. Show
the mathematical relationship.
Question 7: What is feedback and explain positive feedback and negative feedback.
Question 8: What it voltage amplifier and draw its equivalent circuit?
Question 9: Explain current series feedback. Draw circuit diagram?
Question 10: What is loop gain?
Questions 11: Amplifier gain ±10% using negative feedback and A = 1000, d Af

Af
=

±.1%, Compute dA
A =? and β =?



Chapter 5
Oscillators

Learning Objectives

• Introduction to oscillator, mathematical expression, and applications.
• Derive and discuss Barkhausen criterion for oscillation.
• Discuss sinusoidal and non-sinusoidal oscillators, and their classifications.
• Introduce and derive frequency response of various oscillators such asWien-
bridge, RC Phase shift, Lumped oscillator, Hartley oscillator, Colpitts oscil-
lator, Clapp oscillator, and Crystal oscillator.

• Discuss quality of factor with mathematical expression.

5.1 Introduction

Oscillator is one of the useful and important devices which is used in electronic and
electrical engineering systems. Oscillator is used to generate AC voltage without
applying an AC input signal. To generate AC voltage, the circuit is supplied input
signal from a DC source. There are various applications of oscillator such as in
amplitude and frequency modulation scheme. Local oscillators are used to provide
high frequency radio frequency carrier signal. The oscillator circuits are also used in
the transmitter to produce the radio frequency (RF) carrier signal. Other applications
are used in the form of clocks in digital systems such as microcomputers and in the
sweep circuits used in TV sets and oscilloscopes. The frequency range of oscillator
varies from few Hz to several GHz.

Generally, it is said that an oscillator creates a sinusoidal signal, though, it does not
generate energy but simply works as an energy converter. It basically converts unidi-
rectional current drawn from a DC source of supply into AC of preferred frequency.
Sometimes, it is known as an inverter; because, oscillator is just doing reverse work
of a rectifier. In this chapter, we will discuss about oscillator introduction, concepts

© Springer Nature Singapore Pte Ltd. 2020
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and conditions of oscillation, Barkhausen criterion, its applications, and classifica-
tion of oscillator. Finally, we will show the frequency response of each and every
oscillator.

5.2 Concept of Oscillators

• Any circuit which is used to generate alternate current (AC) voltage without AC
input is called oscillator.

• In Fig. 5.1a, at input side instead of AC voltage, we applied direct current (DC)
voltage.

• In oscillator, we use positive feedback signal; due to this, it makes or increases
distortion and instability. It covers the frequency range of server Hz to GHz.

Oscillator

Input wave
(D.C. Supply)

Output wave
(A.C. Supply)

Oscillators

Sinusoidal 
oscillator

Non-sinusoidal 
oscillator

Lumped Oscillator Crystal oscillator RC Oscillator

Wein-bridge oscillator

RC-Phase shift oscillator

Clapp oscillator 

Colpitt oscillator

Hartley oscillator 

(a)

(b)

Fig. 5.1 a Oscillator structure. b Classifications of oscillator
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5.3 Barkhausen Criterion

• An oscillator is basically an amplifier which does not have any AC input, but it
operates on the principle of positive feedback to generate anAC signal at its output.

• Thus, it is clear that an amplifier can work as an oscillator if positive feedback is
made to exit, however, positive feedback not always guarantee oscillator.

• An amplifier will work as an oscillator if and only if it satisfies a set of conditions
called Barkhausen criterion.

• Barkhausen criterion states that the frequency of sinusoidal oscillator determined
by the condition that the loop phase shift is hence Aβ = 1(where, Aβ is loop gain)
the overall gain of the system with feedback

Af = 1

1 − Aβ
(for oscillator with positive feedback)

5.3.1 Conditions of Oscillation

• According to Barkhausen criteria, the condition for oscillator is that

1. Aβ = 1,∠φ = 180◦.
2. Aβ > 1,∠φ = 180◦.

So, we can say that conditions for oscillation are Aβ ≥ 1 and ∠φ = 180◦.
Note: If Aβ < 1 and ∠φ = 180◦, oscillator will work as an amplifier.

5.4 Application of Oscillator

1. Used in microcomputer.
2. Used in oscilloscope.
3. Used in the form of clock in digital system.
4. Used to generate a carrier wave.
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5.5 Classification of Oscillator

5.5.1 Sinusoidal or Harmonic Oscillator

This kind of oscillator provides an output having sine wave the output frequency
range varies from 20 Hz to 1 GHz.

5.5.2 Non-sinusoidal or Relaxation Oscillator

The output waveform having a square, rectangular, and saw-tooth waveform. Such
oscillator can provide output at frequency ranging from 0 Hz to 20MHz. Figure 5.1b
depicts the classification of oscillator.

5.6 Types of Sinusoidal Oscillator

5.6.1. RC Oscillator: This oscillator consists of R and C to generate low-frequency
signal, and hence it is also known as audio frequency (AF) oscillator. Such oscillators
are Wien-bridge and RC phase shift oscillators.
5.6.2. Lumped oscillator (Tuned circuit oscillator): This oscillator consists of L
and C which are used to generate high-frequency signal, and hence it is also known
as radio frequency (RF) oscillator. Such oscillators are Hartley, Colpitts, and Clapp
oscillators.
5.6.3. Crystal Oscillator: Here, we use Quartz crystal and generate high stability
output signal with frequency up to 10 MHz, for example, Pierce Oscillator.
5.6.4. Negative Resistance Oscillator: Oscillator which uses negative resistance
characteristic of the device, for example, tunnel diode oscillator.

5.6.1 RC Oscillator

• In RC oscillator, it is generally used for generating audio frequency signal as they
provide good frequency stability and waveform.

• Further with the advent of IC technology, RC network is only feasible solution as
it is very difficult to make too high value inductance in an IC.

• Two commonly used RC networks are:

5.6.1.1. Wien-bridge Oscillator.
5.6.1.2. RC Phase shift Oscillator.
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5.6.1.1 Wien-bridge Oscillator

• Generally in an oscillator, amplifier stage introduces 180° phase shift and feedback
network introduces again 180° phase shift to obtain a phase of 360° around a loop.

• But Wien-bridge oscillator uses a non-negative amplifier and hence does not pro-
vide any phase shift during amplifier stage as total phase shift required is 0° or
2πn radian.
where n = 1, 2, 3, 4, ….

• In Fig. 5.2a, the output of amplifier is applied between the terminal 1 and 3 which
is input to the feedback network.

• While the amplifier input is supplied from diagonal terminal 2 and 4, this is output
from the feedback network.

R1

R2 R4

R3

C1

C2
3

2

1

4Vout
Amplifier 

R1

R2

C1

C2

Vin = Vo

V f

z1

z2

(a)

(b)

Fig. 5.2 a Basic circuit of Wien-Bridge oscillator. b Feedback network of Wien-bridge
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• Thus, the amplifier get the supplied input signal through the output of the Wein
Bridge network as a feedback.

• The two arms of bridge R1 and C1 are in series and R2 and C2 are in parallel and
known as frequency-sensitive arms.

• Expression or derivation for frequency of oscillation:

Using Fig. 5.2b, we can calculate the values of Z1 and Z2 given as

Case I: R1 and XC1 both are connected in series, then the resultant value will be

Z1 = R1 + XC1 = R1 + 1

jwc1
(5.1)

Z1 = 1 + jwR1C1

jwc1
(5.2)

Case II: R2 and XC2 both are connected in parallel, then the resultant value will be

Z2 = R2‖XC2 ⇒ R2‖ 1

jwc2
(5.3)

Z2 = R2

1 + jwR2C2
(5.4)

Now applying KCL in Fig. 5.2b, we get

Vin = Z1 I + Z2 I ⇒ I (Z1 + Z2) (5.5)

I = Vin

Z1 + Z2
(5.6)

We can compute the feedback voltage V f across Z2, which is

Vf = Z2 × I (5.7)

Using Eqs. (5.6) and (5.7), we can say that

Vf = Z2 ×
(

Vin

Z1 + Z2

)
(5.8)

Vf

Vin
= Z2

Z1 + Z2
(5.9)

Using Fig. 5.2b, we know that V in is equal to V o, then
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Vf

Vin
= Vf

V0
= β (5.10)

and,

β = Z2

Z1 + Z2
(5.11)

Put the value of Z1 from Eq. (5.2) and value of Z2 from Eqs. (5.4) to (5.11), we
get

β =
(

R2
1+ jwc2R2

)
(
1+ jwR1C1

jwc1

)
+

(
R2

1+ jwc2R2

) (5.12)

β =
(

R2
1+ jwc2R2

)
(1+ jwR1C1)(1+ jwc2R2)+R2 jwC1

( jwc1)×(1+ jwR2C2)

(5.13)

β = R2 jwc1
(1 + jwC1R1)(1 + jwC2R2) + R2 jwC1

(5.14)

β = R2 jwC1

1 + jwC2R2 + jwC1R1 + j2w2CR1C2R2 + R2 jwC1
(5.15)

β = R2 jwC1

1 + jwC1R1 + jwC2R2 − w2C1R1C2R2 + R2 jwC1
(5.16)

β = jwR2C1(
1 − w2C1R1C2R2

) + jw(R1C1 + R2C2 + R2C1)
(5.17)

Multiplying and dividing Eq. (5.17) by

(a − jb), where a = (
1 − w2C1R1C2R2

)
, and b = (R1C1 + R2c2 + R2C1)w

Now,

β = jwC1R2
[(
1 − w2R1C1R2C2

) − jw(R1C1 + R2C2 + R2C1)
]

[(
1 − w2R1C1R2C2

) + jw(R1C1 + R2C2 + R2C1)
] × [(

1 − w2R1C1C2
) − jw(R1C1 + R2C2 + R2C1)

] (5.18)

β =
(
jwC1R2

(
1 − w2R1C1R2C2

) − j2w2C1R2(R1C1 + R2C2 + R2C1)
)

(
1 − w2R1C1R2C2

)2 − j2w2(R1C1 + R2C2 + R2C2)
2

(5.19)

β = jwC1R2
(
1 − w2R1C1R2C2

) + w2C1R2(R1C1 + R2C2 + R2C1)(
1 − w2R1C1R2C2

)2 + w2(R1C1 + R2C2 + R2C1)
2

(5.20)
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Let real part of Eq. (5.20) is A = w2C1R2(R1C1 + R2C2 + R2C1) & and imagi-
nary part of Eq. (5.20) is j B = jwC1R2

(
1 − w2R1C1R2C2

)
.

Then, β = j B + A(
1 − w2R1C1R2C2

)2 + w2(R1C1 + R2C2 + R2C1)
2

(5.21)

Now, assuming that imaginary part of Eq. (5.21) is zero, i.e., jB = 0 or negligible.

jwC1R2
(
1 − w2R1C1R2C2

) = 0 (5.22)

1 − w2R1C1R2C2 = 0 (5.23)

w2R1C1R2C2 = 1 (5.24)

w =
√

1

R1R2C1C2
(5.25)

As we know that w = 2π f , then using Eq. (5.25), we get

2π f =
√

1

R1R2C1C2
(5.26)

f = 1

2π
√
R1R2C1C2

(5.27)

Equation (5.27) shows the standard frequency response ofWien-bridge oscillator,
where R1, R2 are the arms resistors and C1, C2 are the capacitors.

• Special case, if R1 = R2 = R and C1 = C2 = C, using Eq. (5.27), the
oscillator frequency response will be

f = 1

2π
√
R.R.C.C

(5.28)

f = 1

2πRC
(5.29)

Using Eq. (5.20) at R1 = R2 = R and C1 = C2 = C , the gain of feedback
network becomes

β = jwRC
(
1 − w2R2C2

) + w2RC(3RC)(
1 − w2R2C2

)2 + w2(3RC)2
(5.30)
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Putting w = 1
RC in Eq. (5.30), we get

β =
j × 1

RC × RC
(
1 − R2C2

(RC)2

)
+ 1

(RC)2
RC(3RC)(

1 − 1
R2C2 × R2C2

) + 1
R2C2 (3RC)2

(5.31)

β = 0 + 3

9
(5.32)

β = 1

3
(5.33)

Conditions for Wien-bridge Oscillation

According to Barkhausen criteria, an oscillator will oscillate if and only if Aβ ≥ 1,
putting the value of β, we get

A × 1

3
≥ 1 (5.34)

A ≥ 3 (5.35)

It implies that for Wien-bridge oscillator circuit, the amplifier gain (A) should be
greater than or equal to 3 in order to provide oscillation.

Advantage of Wien-Bridge Oscillator

• By varying the two capacitor values simultaneously, different frequency ranges
can be obtained.

Question 5.1 For the output amplifier-based Wien-bridge R = 5.1 k�, C = 1 nF,
Rf = 12K�, R1 = 5.1K�. Determine whether the circuit will oscillate or not.
Obtain the output frequency.

Solution

(i) Rf = R2 = 12K�, as we know that the gain formula for non-inverting terminal
is

A = V0

Vin
=

(
1 + Rf

R1

)

A = 1 + 120

51

A = 57

17
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A = 3.35.

Condition for oscillator in case of Wien-bridge is A ≥ 3 (in this question value
of A is greater than 3) so the circuit will oscillate.

(ii) Now the oscillator frequency will be

f = 1

2πRC

f = 1

2π
(
5.1 × 103

)(
1 × 10−9

)
f = 31206.85Hz

f = 31.20KHz.

Question 5.2 The frequency-sensitive arm of Wien-bridge oscillator uses C1 =
C2 = 0.001µf, R1 = 10K�, frequency varies from 10 to 50 KHz. Compute the
value of R2.

Solution The formula for frequency response of Wien-bridge oscillator is

f = 1

2πRC

f = 1

2π
√
R1R2C1C2

(2π f )2 = 1

R1R2C1C2

R2 = 1

(2π f )2R1C1C2

(i) When f = 10 kHz.

R2 = 1

(2π10)210 × 10
(
0.001 × 10−6

)2
R2 = 25.33K�.
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(ii) When f = 50 kHz.

R2 = 1(
2π × 50 × 103

)2 × 10 × 103 × (
0.001 × 10−6

)2
R2 = 1.013K�.

5.6.1.2 RC Phase Shift Oscillator

RC phase shift oscillator basically consists of an amplifier and a feedback network
consisting of resistors and capacitors arranged in ladder fashion. Hence, such an
oscillator is also known as ladder-type RC phase shift oscillator. Figure 5.3a shows
FET-based phase shift oscillator with feedback network.

In RC-based oscillator, we use three RC elements. There is 60° phase shifting
between each and every RC elements as shown in Fig. 5.3b.

Figure 5.3c shows the system design of RC phase shift oscillator. In this circuit,
FET-based amplifier is used which converts input signal to 180° phase shift output
signal. The output loop-backed signal goes to input terminal through three RC net-
works which provides total 180° phase-shifted output signal to input terminal. Here,
each RC network is responsible for providing 60° phase shifting and the net resultant
change in the phase is 180° due to the use of three RC networks.

Figure 5.3d is the extended version of Fig. 5.3a, inwhichwe use current dependent
source (gm × VGS) as a supply to feedback network. rD, RD, and R′ all are internal
resistance in the given circuit.

After solving Fig. 5.3a, we get Fig. 5.3e, which is updated form. Here, all internal
resistances are replaced by R0. Where R0 = (rD || RD || R′), and the source supply
is voltage source denoted by V 0. The value of V 0 is depending on current dependent
source (gm × VGS) and output resistance (R0), i.e. V 0 = gm × VGS × R0.

Now, applying Thevenin’s Equivalent theorem in Fig. 5.3f, if R0
∼= 0 (means

short circuit), then applying KCL inside the circuit

V0 = I1 × XC + (I1 − I2) × R (5.36)

V0 = I × (R + XC) − R × I2 (5.37)

0 = I2 × XC + (I2 − I3) × R + (I2 − I1) × R (5.38)

0 = I2 × (2R + XC) − R × I3 − R × I1 (5.39)

0 = XC × I3 + R × I3 + R × (I3 − I2) (5.40)

0 = −R × I2 + I3 × (2R + XC) (5.41)
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R D

RC3

C

Vf
R

C

R

C

R2R3
D

G

+

-

VD.D

R

C

R

C

R

C

60∞ 60∞60∞

60∞ 60∞60∞

180∞

180∞

I/P O/P

(a)

(b)

(c)

Fig. 5.3 a FET-based phase shift oscillator with feedback network. b Phase shift network. c Archi-
tecture of RC phase shift oscillator. d Simplified form of Fig. 5.3 (c). e Simplified form after
combined the internal resistances. f Applying KCL
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R
Vf

RRR`R DN D

CC C

G

gm Vas

D
+

-

R o = ND //RD //R`

RRR

Ro

CC C

Vo

Vo = gm Vas Ro

(d)

(e)

(f)

Fig. 5.3 (continued)

Representing Eqs. (5.37), (5.39), and (5.41) in matrix form, we get

⎡
⎣ (R + XC) −R 0

−R 2R + XC −R
0 −R (2R + XC)

⎤
⎦

⎡
⎣ I1
I2
I3

⎤
⎦ =

⎡
⎣V0

0
0

⎤
⎦ (5.42)

Let assuming that XC
R = iα

Now,

D = R3

⎡
⎣1 + iα −1 0

−1 2 + iα −1
0 −1 2 + iα

⎤
⎦ (5.43)
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D = R3[(1 + αi){(22 + iα(2 + iα)(2 + iα) + 1)} − 1[0 − {−(2 + iα) + 0)}
(5.44)

D = R3
[(
1 − 5α2

) + i
(
6α − α3

)]
(5.45)

Therefore, the feedback voltage will be taken across load resistor “R” as

Vf = I3 × R (5.46)

And , I3 = N3

D
(5.47)

N3 = R2

⎡
⎣1 + iα −1 V0

−1 2 + iα 0
0 −1 0

⎤
⎦ (5.48)

N3 = R2[0 − 0 + V0(1 − 0)] (5.49)

N3 = R2V0 (5.50)

Now putting Eqs. (5.45) and (5.50) in Eq. (5.47), we get

I3 = V0R2

R3
[(
1 − 5α2

) + i
(
6α − α3

)] (5.51)

I3 = V0

R
[(
1 − 5α2

) + i
(
6α − α3

)] (5.52)

Now using Eq. (5.46), we can say that Vf = I3 × R, thus I3 will be

I3 = Vf

R
= V0

R
[(
1 − 5α2

) + i
(
6α − α3

)] (5.53)

Vf

V0
= 1[(

1 − 5α2
) + i

(
6α − α3

)] (5.54)

As we know that the feedback factor (β) is ratio of feedback voltage (V f) to output
voltage (V 0), so we can write it as

β = Vf

V0
= 1[(

1 − 5α2
) + i

(
6α − α3

)] (5.55)

Multiplying and dividing by (A − i B) to Eq. (5.55), where A = (
i − 5α2

)
, B =(

6α − α3
)
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β = 1 × [(
1 − 5α2

) − i
(
6α − α3

)]
[(
1 − 5α2

) + i
(
6α − α3

)] × [(
1 − 5α2

) − i
(
6α − α3

)] (5.56)

β =
(
i − 5α2

) − i
(
6α − α3

)
[(
1 − 5α2

)2 − i2
(
6α − α3

)2] (5.57)

β =
(
1 − 5α2

) − i
(
6α − α3

)
(
1 − 5α2

)2 + (
6α − α3

)2 (5.58)

In order to find out the frequency of oscillator, we assume that the imaginary terms
are equal to zero, i.e., iB = 0.

i
(
6α − α3

) = 0 (5.59)

6α = α3 (5.60)

α = √
6 (5.61)

Now, therefore

α = XC

R
(5.62)

1

wCR
= √

6 (5.63)

w = 1√
6RC

(5.64)

Putting w = 2π f in Eq. (5.64), we get

2π f = 1√
6RC

(5.65)

f = 1

2π
√
6RC

(5.66)

• Value of feedback factor (β):

Using Eq. (5.61), put α = √
6 in Eq. (5.58)

β =

(
1 − 5

(√
6
)2

)
− i

(
6
(√

6
)

−
(√

6
)3

)
(
1 − 5

(√
6
)2

)2

+
(
6
(√

6
)

−
(√

6
)3

)2 ⇒ 1 − 5 × 6

(1 − 5 × 6)2
(5.67)
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β = − 29

(−29 × −29)
(5.68)

β = − 1

29
(taking Mode at both sides) (5.69)

|β| = 1

29
(5.70)

Conditions for RC Phase Shift Oscillation

According to Barkhausen criteria, an oscillator will oscillate if and only if Aβ ≥ 1,
putting the value of β from Eq. (5.70), we get

A × 1

29
≥ 1 (5.71)

A ≥ 29 (5.72)

It implies that for RC phase shift oscillator circuit, the amplifier gain (A) should
be greater than or equal to 29 in order to provide oscillation.

Question 5.3 In a RC phase shift oscillator, the phase shift network used resistance
R = 4.7 K�, and each capacitor c = 0.47 µF. Find out the frequency of oscillator.

Solution R = 4.7 K�, and C = 0.47 µF.

R = 4.7 × 103 �C = 0.47 × 10−6 F.

Now, the frequency response of the given oscillator is

f = 1

2π
√
6RC

= 1

2π
√
6
(
4.7 × 103

)(
0.47 × 10−6

)
f = 29.41364Hz.

5.6.2 Lumped or Tuned Oscillator

• An LC circuit is also called a resonant circuit or tuned circuit consists of inductor
and capacitor. Figure 5.4a shows the standard circuitry of tuned circuit where Z1,
Z2, and Z3 may be L or C.

• When we connected L and C together, it acts as an electrical resonator.
• LC circuits are used for generating signals at a very high frequency.
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Fig. 5.4 a Tuned or Lumped oscillator circuit. b Equivalent circuit where Z1, Z2, and Z3 may be
L and C

• The examples of tuned oscillators are Hartley oscillator, Colpitts oscillator, and
Clapp oscillator, all of these works over high or very high frequency signal.

Figure 5.4b is an equivalent circuit of the tuned circuit in which amplifier is
replaced by voltage source and resistor. In Fig. 5.4b, input supply is voltage (VB)
with internal input resistor (Ri) while output terminal carries output voltage (V 0)
with internal output resistor (R0).

Following steps are used to calculate the frequency response of an oscillator.

• Step 1: Calculating Load Impedance (ZL)

Considering Fig. 5.4b, we can say that the load impedance will be

ZL = (Z2 + Z3)‖Z1 (5.73)
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ZL = (Z2 + Z3) × Z1

Z2 + Z3 + Z1
(5.74)

ZL = Z1Z2 + Z1Z3

Z1 + Z2 + Z3
(5.75)

• Step 2: Calculate the output voltage (V 0)

Themathematical formula for calculating the output voltage of the inverting terminal
is

V0 = − Rf

R1
Vin (5.76)

With the help of Fig. 5.4b, the input voltage V in is equal to VBAv, Rf is equal to
ZL, and R1 is equal to (Z1 + R0).

V0 = − ZL

Z1 + R0
VBAv (5.77)

• Step 3: The forward gain of oscillator (A)

Forward gain is the ratio of output voltage to input voltage, whereV 0 is output voltage
and VB is input voltage. Using Eq. (5.77), the gain will be

A = output

input
= − V0

VB
= − ZLAV

ZL + R0
(5.78)

• Step 4: The feedback factor of oscillator (β)

The value of feedback ratio we can calculate as

β = − Z3

Z2 + Z3
(5.79)

• Step 5: The loop gain of oscillator (A β)

The loop gain is the product of forward gain (A) and feedback ratio (β), multiplying
Eqs. (5.78) and (5.79), we can calculate the value of loop gain (Aβ) which is given
as

Aβ = ZLAV

(ZL + R0)
× Z3

(Z2 + Z3)
(5.80)

Aβ =
(Z1Z2+Z1Z3)AV

Z1+Z2+Z3(
Z1Z2+Z1Z3
Z1+Z2+Z3

+ R0

) × Z3

Z2 + Z3
(5.81)

Using Eq. (5.75), put ZL value in Eq. (5.81), we get
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Aβ =
(Z1Z2+Z1Z3)AV

Z1+Z2+Z3

Z1Z2+Z1Z3+Ro(Z1+Z2+Z3)

Z1+Z2+Z3

× Z3

Z2 + Z3
(5.82)

Aβ = (Z1Z2 + Z1Z3)AV

(Z1Z2 + Z1Z3) + (Z1 + Z2 + Z3)R0
× Z3

Z2 + Z3
(5.83)

Now, assuming Z1, Z2, and Z3 are jX1, jX2, and jX3, respectively, then

Z1 = j X1, Z2 = j X2, and Z3 = j X3 (5.84)

Using Eqs. (5.83) and (5.84), we get

Aβ = ( j X1. j X2 + j X1. j X3)Av

[( j X1. j X2) + ( j X1. j X3)] + ( j X1 + j X2 + j X3)R0
× j X3

j X2 + j X3

(5.85)

Aβ =
(
j2X1X2 + j2X1X3

)
AV(

j2X1X2 + j2X1X2
) + j(X1 + X2 + X3)R0

× X3

X2 + X3
(5.86)

Aβ = j2(X1X2 + X1X3)AV

j2(X1X2 + X1X2) + j(X1 + X2 + X3)R0
× X3

X2 + X3
(5.87)

Aβ = −(X1X2 + X1X3)AV

−(X1X2 + X1X2) + j(X1 + X2 + X3)R0
× X3

X2 + X3
(5.88)

Multiplying and dividing by Eq. (5.88) by (A − jB) where A = X1X2 + X1X3,
and B = X1 + X2 + X3.

Aβ = −(X1X2 + X1X3)AV × [−(X1X2 + X1X2) − j(X1 + X2 + X3)R0]

[−(X1X2 + X1X2) + j(X1 + X2 + X3)R0] × [−(X1X2 + X1X2) − j(X1 + X2 + X3)R0]

× X3

X2 + X3
(5.89)

Aβ = (−X1X2 + X1X3)AV × (−(X1X2 + X1X3) − j(X1 + X2 + X3)R0)

(−(X1X2 + X1X3) + j(X1 + X2 + X3)R0) × (−(X1X2 + X1X3) − j(X1 + X2 + X3)R0)

× X3

X2 + X3
(5.90)

Aβ = [(−X1X2 + X1X3)AV] × (−(X1X2 + X1X3) − j(X1 + X2 + X3)R0)(−(X1X2 + X1X3)
2+) × (

(X1 + X2 + X3)
2R2

0

) × X3

X2 + X3
(5.91)

In order to find out frequency response of the oscillator, we put imaginary part of
the Eq. (5.91) equal to zero, i.e., jB = 0.

j(X1 + X2 + X3)R0 = 0 (5.92)

X1 + X2 + X3 = 0 (5.93)
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Equation (5.93) shows the standard mathematical expression of tuned circuit
oscillator to calculate frequency response. Using Eq. (5.93), we can calculate the
frequency response of the any kind of tuned oscillator such as Hartley, Colpitts, and
Clapp oscillator.

5.6.2.1 Hartley Oscillator

The Hartley oscillator is an electronic oscillator that uses an L or C in parallel
to determine the frequency. This oscillator is inverted by Ralph Hartley in 1915
(American Scientist). Figure 5.5 shows the circuit diagram of Hartley oscillator.

• Frequency Response of Hartley Oscillator:

Using standard frequency response of tuned circuit oscillator from Eq. (5.93), we
can say that

X1 + X2 + X3 = 0

Comparing Figs. 5.5 to 5.4b, X1 is equal to XC1, X2 is equal to XL1, and X3 is
equal to XL2, thus replace X1, X2, and X3 by above-mentioned factors, we get

1

jwC1
+ jwL1 + jwL2 = 0 (5.94)

Fig. 5.5 Circuit diagram of Hartley oscillator
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− j

wC1
+ jwL1 + jwL2 = 0 (5.95)

jw(L1 + L2) = j

wC1
(5.96)

w2 = 1

C1(L1 + L2)
(5.97)

w =
√

1

C1(L1 + L2)
(5.98)

2π f = 1√
C1(L1 + L2)

(5.99)

f = 1

2π
√
C1(L1 + L2)

(5.100)

Now assuming that L1 + L2 = Leq, where is Leq equivalent inductance.

Let, L1 + L2 = Leq (5.101)

f = 1

2π
√
C1Leq

(5.102)

Equation (5.102) shows the final expression of frequency response for Hartley
oscillator.

5.6.2.2 Colpitts Oscillator

• Colpitts oscillator is invented in 1920 by Edurn H. Colpitt.
• It is combination of L and C for frequency determination. Thus, it is also known
as LC oscillator.

• The distinguished feature of Colpitts circuit is that the feedback signal is taken
from a voltage divider made by two capacitors in series.

• One of the advantages of this circuit is that its implementation is simple and need
only a single inductor. Figure 5.6 Circuit diagram of Colpitts oscillator.

• Frequency Response of Hartley Oscillator:

Using standard frequency response of tuned circuit oscillator from Eq. (5.93), we
can say that

X1 + X2 + X3 = 0 (5.93)
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Fig. 5.6 Circuit diagram of Colpitts oscillator

Comparing Figs. 5.6 to 5.4b, X1 is equal to XL1, X2 is equal to XC1, and X3 is
equal to XC2, thus replace X1, X2, and X3 by above-mentioned factors, we get

jwL1 + 1

jwC1
+ 1

jwC2
= 0 (5.103)

jwL1 − j

wC1
− j

wC2
= 0 (5.104)

jwL1 = j

wC1
+ j

wC2
(5.105)

w2L1 = 1

C1
+ 1

C2
(5.106)

w2 = 1

L1

(
C1 + C2

C1C2

)
(5.107)

w =
√

(C1 + C2)

L1(C1C2)
(5.108)

2π f =
√

(C1 + C2)

L1(C1C2)
(5.109)
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f = 1

2π

√
(C1 + C2)

L1(C1C2)
(5.100)

Now assuming that (C1C2)

(C1+C2)
= Ceq, where is Ceq equivalent capacitance.

Let,
(C1C2)

(C1 + C2)
= Ceq (5.111)

f = 1

2π
√
LCeq

(5.112)

Equation (5.112) shows the final expression of frequency response for Colpitts
oscillator.

5.6.2.3 Clapp Oscillator

• It is a modified version of Colpitts oscillator.
• The drawback of Colpitts oscillator is that the transistor internal capacitance CB

and Cc come in parallel with the external capacitance C1 and C2, respectively
• Since the internal capacitance CB and Cc change due to variation in fixing of
Q-point, due to this output frequency of oscillators shows drift to overcome this
problem.

• The Colpitts oscillator is modified by Clapp oscillation by adding another capac-
itance C0 in series with the inductor L1 the value of C1 and C2 are chosen to be
much higher that C0. Figure 5.7 Circuit diagram of Clapp oscillator.

• Frequency Response of Hartley Oscillator:

Using standard frequency response of tuned circuit oscillator from Eq. (5.93), we
can say that

X1 + X2 + X3 = 0 (5.93)

Comparing Fig. 5.7 to 5.4b, X1 is equal to (XL1 + XC0), X2 is equal to XC1, and
X3 is equal to XC2, thus replace X1, X2, and X3 by above-mentioned factors, we get

(
jwL1 + 1

jwC0

)
+ 1

jwC1
+ 1

jwC2
= 0 (5.113)

jwL1 − j

wC0
− j

wC1
− j

wC2
= 0 (5.114)

wL1 = j

wC0
+ j

wC1
+ j

wC2
(5.115)
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Fig. 5.7 Circuit diagram of Clapp oscillator

wL1 = 1

w

(
1

C0
+ 1

C1
+ 1

C2

)
(5.116)

w2 = 1

L1

(
1

C0
+ 1

C1
+ 1

C2

)
(5.117)

w2 = 1

L1

(
C1C2 + C0C2 + C0C1

C0C1C2

)
(5.118)

w =
√

1

L1

(
C1C2 + C0C2 + C0C1

C0C1C2

)
(5.119)

2π f =
√

1

L1

(
C1C2 + C0C2 + C0C1

C0C1C2

)
(5.120)

Now assuming that C0C1C2
C1C2+C0C2+C0C1

= Ceq, where is Ceq equivalent capacitance.

Let,Ceq = C0C1C2

C1C2 + C0C2 + C0C1
(5.121)

f = 1

2π
√
L1Ceq

(5.122)

Equation (5.122) shows the final expression of frequency response for Clapp
oscillator.



5.6 Types of Sinusoidal Oscillator 145

Fig. 5.8 Circuit diagram of crystal oscillator

5.6.3 Crystal Oscillator

• The crystal oscillator is an electronic oscillator that uses the mechanical resonance
of a vibrating crystal of piezoelectric material to create an electrical signal with a
very precise (particular) frequency.

• This frequency is commonly used to provide a stable clock signal to digital inte-
grated circuit and to stabilize frequencies for radio transmitter and receiver.

• The most common type of piezoelectric resonator used in Quartz crystal, so oscil-
lator circuit designed around them becomes known as crystal oscillator. Figure 5.8
Circuit diagram of crystal oscillator.

• Using Fig. 5.8, the resultant impedance (Z) of given circuit is

Z = Z1‖Z2 (5.123)

where, Z1 = R + jwL + 1
jwC , and Z2 = XC.

Put the value of Z1 and Z2 in Eq. (5.123), we get

Z =
(
R + jwL + 1

jwC

)
|| 1

jwC0
(5.124)

Z = R + jwL + 1
jwC × 1

jwC0

R + jwL + 1
jwC + 1

jwC0

(5.125)

• There are two special cases to calculate frequency response of crystal oscilla-
tor:

Under this subheading, we will discuss about the characteristics of resistor (R),
i.e., the values of resistor (R) are real or imaginary, and analyze what happen if R is
real or imaginary. Now consider first case when R has real value.
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Case I: when R = 0,
Put R = 0 in Eq. (5.125), then

Z = 0 + jwL + 1
jwC × 1

jwC0

0 + jwL + 1
jwC + 1

jwC0

(5.126)

Z =
(
jwL − j

wC

)
× − j

wC0(
jwL − j

wC

)
+ − j

wC0

(5.127)

Z =
(
jwL − j

wC

)
× − j

wC0(
jwL − j

wC

)
+ − j

wC0

(5.128)

Z = j
(
wL − 1

wC

) × −1
wC0(

wL − 1
wC − 1

wC0

) (5.129)

Z = − j
wC0

(
wL − 1

wC

)
(
wL − 1

w

(
1
C + 1

C0

)) (5.130)

Now we multiply and divide by (w/L) to Eq. (5.130), we get

Z =
(
− j

wC0

)(
w
L

)(
wL − 1

wC

)
(
w
L

)[
wL − 1

w

(
1
C + 1

C0

)] (5.131)

Z = − j
wC0

(
w2 − 1

LC

)
(
w2 − 1

L

(
1
C + 1

C0

)) (5.132)

Z = − j
wC0

(
w2 − 1

LC

)
(
w2 − 1

L

(
1
C + 1

C0

)) (5.133)

Hence, assuming that

w2
S = 1

LC
(5.134)

and

w2
P = 1

L

{
1

C
+ 1

C0

}
(5.135)

• w2
S is series resonant frequency.
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• w2
P is parallel resonant frequency.

Using Eqs. (5.133), (5.134), and (5.135), we get

Z = − j
wC0

(
w2 − w2

S

)
(
w2 − w2

P

) (5.1365)

Now using Eq. (5.134), we can say that

ws = 1√
LC

(5.137)

fs = 1

2π
√
LC

(5.138)

And, similarly using Eq. (5.135), we can say that

wp =
√

1

L

{
1

C
+ 1

C0

}
(5.139)

Let,Ceq = 1

C
+ 1

C0
(5.140)

wp =
√

1

LCeq
(5.141)

wp = 1√
LCeq

(5.142)

fp = 1

2π
√
LCeq

(5.143)

Equations (5.138) and (5.143), both show the frequency response formula for
crystal oscillation when resistance is zero, i.e., R = 0 in terms of serial resonant
frequency and parallel resonant frequency, respectively.

Case II: when R = jwL,
Put R = jwL in Eq. (5.125), then

Z =
(
jwL + jwL + 1

jwC

)
× 1

jwC0

jwL + jwL + 1
jwC + 1

jwC0

(5.144)

Z =
(
2 jwL + 1

jwC

)
× − j

wC0(
2 jwL + 1

jwC

)
+ − j

wC0

(5.145)
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Z =
(
2 jwL − j

wC

)
× − j

wC0(
2 jwL − j

wC − j
wC0

) (5.146)

Z = j
(
2wL − 1

wC

) × −1
wC0(

2wL − 1
w

(
1
C + 1

C0

)) (5.147)

Z =
(
− j

wC0

)(
2wL − 1

wC

)
(
2wL − 1

w

(
1
C + 1

C0

)) (5.148)

Taking (2L/w) common from numerator and denominator in Eq. (5.148), now the
expression will be

Z =
(
− j

wC0

)(
2L
w

)(
w2 − 1

wC( 2L
w )

)
(
2L
w

)(
w2 − 1

2L

(
1
C + 1

C0

)) (5.149)

Z =
(
− j

wC0

)(
w2 − 1

2LC

)
(
w2 − 1

2L

(
1
C + 1

C0

)) (5.150)

Hence, assuming that

w2
S = 1

2LC
(5.151)

and

w2
P = 1

2L
(

1
C + 1

C0

) (5.152)

Using Eqs. (5.150), (5.151), and (5.152), we get

Z =
(
− j

wC0

)(
w2 − w2

S

)
(
w2 − w2

P

) (5.153)

Using Eq. (5.151), we can say that

ws =
√

1

2LC
(5.154)

ws = 1√
2LC

(5.155)
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fs = 1

2π
√
2LC

(5.156)

Similarly, using Eq. (5.152), we can say that

wp =
√

1

2L

(
1

C
+ 1

C0

)
(5.157)

wp =
√√√√ 1

2L
(

C ·C0
C+C0

) (5.158)

Let Ceq = C · C0

C + C0
(5.159)

wp = 1√
2LCeq

(5.160)

So, fp = 1

2π
√
2LCeq

(5.161)

Equations (5.156) and (5.161), both show the frequency response formula for
crystal oscillation when resistance is zero, i.e., R = jwL in terms of serial resonant
frequency and parallel resonant frequency, respectively.

5.7 Quality of Factor

• Due to high quality of factor of a resonant frequency, it provides very good fre-
quency stability.

• It is denoted by “Q”.
• The quality of factor “Q” is very high, typically 20,000 and up to 106 can be
achieved.

• There is a mathematical formula to calculate quality of factor given as

Q = wL

R
(5.162)

In Eq. (5.162),Q shows quality of factor, it should be as large as possible.w shows
angular frequency, and w = 2π f where f is frequency components, L is inductor,
and R is resistor of the given circuit.

Question 5.4 In a crystal oscillator L = 0.4 H, C = 0.085 pF and C0 = 1 pF with
R = 5 K� Calculate

(i) Series resonant frequency (WS).
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(ii) Parallel resonant frequency (WP).
(iii) Quality factor (Q).
(iv) By what percentage quality factor will improve.

Solution L = 0.4 H, C = 0.85 pF, C0 = 1 pF, and R = 5 K�.

(i) The series resonant frequency will be

fs = 1

2π
√
LC

fs = 1

2π
√
0.4 × 0.85 × 10−12

fs = 0.863138MHz.

(ii) The parallel resonant frequency will be

fp = 1

2π
√
LCeq

Ceq = c · c0
c + c0

= 0.085 × 10−12 × 1 × 10−12

0.085 × 10−12 + 1 × 10−12

= 7.834101 × 10−14F

⇒ fp1

2π
√
0.4 × 7.834101 × 10−14

⇒ 0.899074MHz.

(iii) The quality factor will be

Q = WL

R

= 2π × fs × 0.4

5 × 103

= 2π0.863138 × 106 × 0.4

5 × 103

= 433.860.

(iv) The percentage of quality factor improving is

Q = fp − fs
fp

× 100

= 0.89974 × 106 − 0.86138 × 106

0.899074 × 103
× 100



5.7 Quality of Factor 151

= 3.997%.

Question 5.5 In crystal oscillator L = 50 mH, R = 500 �, C = 0.02 pF, and
C0 = 12 pF, Compute serial resonant frequency ( fs) and parallel resonant frequency
( fp). If the external capacitance across the crystal changes from 5 to 6 pF. Calculate
the change in frequency of oscillators.

Solution L = 50mH ⇒ 50 × 10−3 H, R = 500�,C = 0.02 pF ⇒ 0.02 ×
10−12 F,C0 = 12 pF,

(i) Serial resonant frequency

fs = 1

2π
√
LC

fs = 1

2π
√
50 × 10−3 × 0.2 × 10−12

fs = 5.0329MHz.

(ii) Parallel resonant frequency

fp = 1

2π
√
LCeq

Ceq = c.c0
c + c0

⇒ 0.02 × 10−12 × 12 × 10−12

0.02 × 10−12 + 12 × 10−12

Ceq = 0.0199667 × 10−12 F

fp = 1

2π
√
50 × 10−3 × 0.0199667 × 10−12

fp = 5.037116MHz.

(iii) If capacitor varies 5 to 6 pF, then case I ifC ′ = 5 pF, parallel resonant frequency

y = C0 + C ′

y′ = 12 × 10−12 + 5 × 10−12

y′ = 17 × 10−12 F

Ceq = c · y
c + y

= 0.02 × 10−12 × 17 × 10−12

0.02 × 10−12 + 17 × 10−12

Ceq = 0.019976498 × 10−12 f,

And, f ′
p = 1

2π
√
LCeq

⇒ 1

2π
√
50 × 10−3 × 0.019976498 × 10−12

f ′
p = 5.03588MHz.

(iv) Case II if C ′ = 6 pF, parallel resonant frequency
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y′ = C0 + C ′′

y′ = 12 × 10−12 + 6 × 10−12

y′ = 18 × 10−12F

Ceq = c · y′

c + y′ = 0.02 × 10−12 × 18 × 10−12

0.02 × 10−12 + 18 × 10−12

Ceq = 0.19977802 × 10−12

f ′′
p = 1

2π
√
LCeq

⇒ 1

2π
√
50 × 10−3 × 0.019977802 × 10−12

f ′′
p = 5.035716MHz.

(v) Finally, the change in frequency of oscillators

fchange = f ′
p − f ′′

p ⇒ 5.03588 − 5.03716

fchange = 1.64 ×10−4
MHz

fchange = 1.64 × 10−4 × 106

fchange = 164Hz.

Question 5.6 L = 0.1 H, C = 0.1 pF, R = 10K�, and C0 = 1 pF. Calculate fs and
Q.

Solutions L = 0.1H,C = 0.1 pF ⇒ 0.01 × 10−12 F, R = 10K� ⇒ 10 ×
103�,C0 = 1 pF ⇒ 1 × 10−12 F,

(i) The serial resonant frequency will be

fs = 1

2π
√
LC

⇒ 1

2π
√
0.1 × 0.01 × 10−12

fs = 5.032921MHz.

(ii) The quality factor will be

Q = wL

R
⇒ 2π fs × L

R

Q = 2π × 5.032921 × 0.1

10 × 103

Q = 0.31622 × 103

Q = 316.22.
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Questions 5.7 In Colpitts oscillator C1 = 150 pF, C2 = 1.5 nF, and L = 50µH.
Calculate frequency of the system.

Solution C1 = 150 pF ⇒ 150 × 10−12,C2 = 1.5 nF ⇒ 1.5 × 10−9 F, L =
50µH ⇒ 50 × 10−6 H,

(i) Frequency of Colpitts oscillator is

f = 1

2π
√
LCeq

Ceq = c1c2
c1 + c2

⇒ 150 × 10−12 × 1.5 × 10−9

150 × 10−12 + 1.5 × 10−9

Ceq = 2.25 × 10−19

1.65 × 10−9

Ceq = 136.36364 × 10−12 F.

f = 1

2π
(√

50 × 10−6 × 136.36364 × 10−12
)

f = 1.927462MHz.

Question 5.8 In a Clapp oscillator value of C1 = C2 = 0.001µF, L = 15µH, and
C3 = 50 pF. Compute the oscillator frequency.

Solution C1 = C2 = 0.001µF ⇒ 0.001 × 10−6,C3 = 50 pF ⇒ 50 ×
10−12,F, L = 15µH ⇒ 15 × 10−6 H,

(i) Frequency of Clapp oscillator is

f = 1

2π
√
LCeq

Ceq = C0C1C2

C1C2 + C0C2 + C0C1

Ceq =
(
0.001 × 10−6

)(
50 × 10−12

)
(
0.001 × 10−6

)2 + 0.001 × 10−6 × 50 × 10−12 + (
50 × 10−12 × 0.001 × 10−6

)

Ceq =
(
5 × 10−23

)
1.1 × 10−12 ⇒ 4.545454 × 10−11

Ceq = 45.4545 × 10−12 F.

f = 1

2π
√
LCeq

⇒ 1

2π
√
15 × 10−6 × 45.4545 × 10−12

f = 6.095173MHz.
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Question 5.9 If 63 pF capacitor is connected in series with 5µH inductor. Find out
frequency of Clapp oscillator.

Solution C3 = 63 pF,Ceq = C3 = 63 × 1012 F, L = 5µH ⇒ 5 × 10−6.

(i) Frequency of Clapp oscillator is

f = 1

2π
√
LCeq

⇒ 1

2π
(√

63 × 10−12 × 10−6
)

f = 8.967365MHz.

Question 5.10 In the given Hartley oscillator, calculate L2 if L1 = 15mH, c =
50 pF, mutual inductance = 5µF, and f = 168KHz.

Solution L1 = 15mH ⇒ 15 × 103,C = 50 pF ⇒ 50 × 10−12, M = 5µF ⇒
5 × 10−6 F, f = 168KHz ⇒ 168 × 103 Hz,

(i) In Hartley oscillator, the value of L2 will be,

f = 1

2π
√
LeqC

here Leq = L1 + L2 + 2M

Leq = 15 × 103 + L2 + 2 × 5 × 10−6

Leq = 0.1501 + L2

168 × 103 = 1

2π
√

(0.1501 + L2)
(
50 × 10−12

)
(
168 × 103

)2 = 1

(2π)2(0.1501 + L2)
(
50 × 10−12

)
0.1501 + L2 = 1

4πr2 × (
168 × 103

)2 × (
50 × 10−12

)
0.1501 + L2 = 0.017949472

L2 = 0.017949472 − 0.01501

L2 = 2.9394 × 10−3 H.

Question 5.11 In Hartley oscillator, two inductor L1 = L2 = 2mH and frequency
varies from 950 to 2050 kHz. Find the range of capacitor.

Solution L1 = L2 = 2mH ⇒ 2 × 10−3 H,

(i) In Hartley oscillator, the range of capacitor will be
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f = 1

2π
(√

LeqC
)

Leq = L1 + L2 = (
2 × 10−3

) + (
2 × 10−3

)
H ⇒ 4 × 10−3 H.

(a) At f = 950 kHz,

950 × 103 = 1

2π
√
4 × 10−3 × C

C = 1

(2π)2
(
950 × 103

)2(
4 × 10−3

)
C = (

7.024 × 10−12
)
F.

(b) At f =2050 kHz,

2050 × 103 = 1

2π
√
4 × 10−3 × C

C = 1

(2π)2
(
2050 × 103

)2(
4 × 10−3

)
C = (

1.508 × 10−12) F.

Summary

• This chapter included introduction of oscillator.
• Barkhausen criteria for oscillation.
• Classification of oscillator.
• Analyze the frequency response of Wien-bridge, and RC phase shift.
• Discuss lumped oscillators, i.e., Hartley, Clapp, and Colpitts.
• Define crystal oscillator.
• Define quality of factor (QoS) of the system.

Numerical Problems

Question 1: Explain Barkhausen criterion and stability problem.
Question 2: Discuss the Hartley oscillator and show its frequency response formula.
Question 3: In Hartley oscillator two inductor L1 = 10mH, L2 = 5mH and fre-
quency is 1850 kHz. Compute the value of capacitor.
Question 4: Explain crystal oscillator.
Question 5: Explain Wien-bridge oscillator with frequency response formula.
Question 6: In crystal oscillator R = 100�,C = 0.6 pF, L = 15mH, andC0 = 8 pF.
Compute serial resonant frequency ( fs). If the external capacitance across the crystal
changes and becomes 4 pF. Calculate the new frequency of oscillators.
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Question 7: C1 = 150 pF,C2 = 1.5 nF, L = 50µH. Calculate the frequency for
Colpitts oscillator.
Question 8: In Wien-bridge oscillator R = 5.1K�C = 1 nF R3 = 12K�, R4 =
5.1K�

(a) Whether this oscillator oscillates or not.
(b) Calculate oscillator output frequency.



Chapter 6
OP-AMP Applications, Timer, Voltage
Regulator, and Converter

Learning Objectives

• Introduce multivibrator and their classifications.
• Discuss A-stable, Mono-stable, and Bi-stable multivibrators.
• Define Schmitt trigger, VCO, and PLL.
• Discuss filters with their frequency response.
• Define voltage regulator and its types.
• Discuss fixed and adjustable voltage regulator.
• Introduce sample and hold circuit, A to D, and D to A converter.

6.1 Multivibrator

Multivibrator is an electronic circuit which can have one or two stable states of
operation. Depending on the number of stable, we can classify the multivibrator as
shown below.

6.2 Classifications of Multivibrator

1. A-stable multivibrator.
2. Mono-stable multivibrator.
3. Bi-stable multivibrator.
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(Multivibrator) 

6.2.1 A-stable Multivibrator

A multivibrator is an electronic circuit used to implement a variety of simple two-
state systems such as oscillators, timers, and flip-flop. As A-stable multivibrator has
two states neither one stable. The circuit, therefore, behaves as an oscillator with the
time spent in each state controlled by the charging or discharging of a capacitor “C”
through a resistor.

The A-stable multivibrator may be created directly with transistor or with use of
(IC) such as OP-AMP or the 555 timer.

Most OP-AMP are powered by positive and negative rail voltage; the output never
able to exceed these rail voltages. Depending upon initial conditions, the OP-AMP
outputwill drive to either positive or negative rail. Upon this occurrence, the capacitor
will either charge or discharge through the resistor “R2”, i.e., voltage slowly rising
or falling.

As soon as the voltage at the OP-AMP inverting terminal reaches that at the non-
inverting terminal (theOP-AMPoutput voltage divided byR1 andR2), the output will
drive to the opposing rail and this process will repeat with the capacitor discharging
if it had previously charged and vice versa. Once the inverting terminal reaches the
voltage of the non-inverting terminal, the output again drives to the opposing rail
voltage and the cycle beings again. Thus, the A-stable multivibrator creates a square
wave with no inputs.

In A-stable multivibrator, output does not have any stable state. Its output changes
its state from high to low and low to high repeatedly. A-stable multivibrator has two
quasi-stable states and no-stable state. Its output changes its state from one quasi-
state to the other. It does not require any external trigger input to change its state.
Hence, it is also called a “free-running multivibrator”. The output voltage waveform
of an A-stable multivibrator is shown in Fig. 6.1. It is a rectangular waveform. Period
of A-stable multivibrator displayed in Fig. 6.2, T = 0.693 C.

T = 2 × C1 × R3 × loge

[
1 + 2 × R2

R1

]
(6.1)



6.2 Classifications of Multivibrator 159

C1 741

(-)

(+)

R1

R2

R3

0

/0 p

0

(1/P )

Fig. 6.1 A-stable multivibrator

T ON T OFF

First state

Second state

Fig. 6.2 Output of A-stable multivibrator

6.2.1.1 Application of A-stable Multivibrator

(i) Toobtain a perfectly squarewaveformat the output of anA-stablemultivibrator,
total time period of one cycle of the output is given by.

T = TON + TOFF (6.2)

f = 1

T
(6.3)

(ii) To generate rectangular wave.
(iii) As a square wave generator.
(iv) In the ramp generator.
(v) In the flasher circuit.
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6.2.2 Mono-stable Multivibrator

Mono-stable multivibrator has one stable state and another quasi-stable state. It
requires an external trigger input to change its state from stable to quasi-stable.
After some time, it will automatically return back to the stable state. The duration
for which output remains in the quasi-stable state is called “pulse-width”.

Figure 6.3 illustrates amono-stablemultivibrator circuit that employs a singleOP-
AMP. The main component of the circuit is the 741, a general purpose operational
amplifier. A mono-stable multivibrator is a timing circuit that changes its state once
triggered but returns to its original state after a certain time delay. It got its name from
the fact that only one of its output states is “stable”, and it is known as “one-shot”.

A negative trigger pulse at the input forces the output to the OP-AMP to logic
“high”. This charges up capacitor “C2” which keeps the non-inverting input of the
OP-AMP temporarily higher than the inverting input, maintaining the output high for
a certain period of time, eventually capacitor “C2” discharges to grand and the OP-
AMP output swings back to logic “low”. The duration of the pulse is defined by R2

and C2. The one-shot has several applications which include dividing the frequency
of input signal and converting an irregular input pulse to a uniform output pulse. The
formula to calculate the period width of mono-stable multivibrator can be written as

Pulse width (T ) = 0.69 RC

T

741
(-)

(+)

+ V

- V

2

3

7

4

6

R3 = 10 K

C2 = 
(0.001-1) f

 (O/P pulse )

R2 = 50 K

R1 = 22 K

C1

- ve

( Trigger pulse )

.

.

.

Fig. 6.3 Mono-stable multivibrator
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6.2.2.1 Application of Mono-stable Multivibrator

1. As a delay generator.
2. Used to gate another circuit.
3. As a timer.

6.2.2.2 Drawback of Mono-stable Multivibrator

1. Tolerance of the value of resistor “R” and capacitor “C”.
2. Temperature change.
3. Change in the transmitter parameters (external pulse needed to change the stable

state of the circuit).

6.2.3 Bi-stable Multivibrator

A bi-stable multivibrator has two stable states. It needs external trigger input to
change the existing stage. Bi-stable multivibrator is basically a flip-flop. The bi-
stable multivibrator has no quasi-stable state. Figure 6.4 shows the output waveform
of bi-stable multivibrator.

Working of bi-stable multivibrator: In the given Fig. 6.4, assuming that both trans-
mitters (Q1 andQ2) are identical. When transistorQ1 is conducting

(
ON

)
, its respec-

tive output Q becomes high and Q becomes low and the transistor Q2 is OFF.

To make Q low, we apply negative trigger pulse. Q1 will be out of conduction
(OFF). Its collector voltage increases to (+VCC). Due to cut-off, the collector voltage
of Q1 will increase to +VCC and Q2 will be conducted (ON). Output of Q is low and
Q will be high.

6.3 Comparative Study between All Multivibrators

Comparative Study between all Multivibrators

S. No. A-stable Mono-stable Bi-stable

1. There are no-stable states
of output

There is only one stable
state of the output

There are two stable states
of the output

2. Trigger input is not
necessary for changing the
state of the output

Trigger pulse is required
for changing the state of
output

Trigger input is required
for charging the state of
output

(continued)
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(continued)

S. No. A-stable Mono-stable Bi-stable

3. Number of quasi-stable
state is two

Number of quasi-stable
states is one

No quasi-stable states

4. Used as rectangular,
square wave, or ramp
generator

Used as a timer Used as flip-flop

5. Time for the two
quasi-stable states depends
on RC-time constant. The
two quasi-stable states can
have different intervals
T = 0.693 RC

Time for the quasi-stable
state depends on RC-time
constant
T = 0.69 RC

No quasi-stable states

6.4 Schmitt Trigger

This circuit is a fast operating voltage level detector. When the V in arrives at the
upper or lower trigger level, the output charges rapidly and the circuit operates with
almost any type of input wave form, and gives a “pulse-type output”. The circuit of
an OP-AMP Schmitt-trigger circuit is shown in Fig. 6.5.

The V in is applied to the inverting input terminal, and the feedback voltage goes to
the non-inverting terminal. This means that the circuit uses positive voltage feedback
instead of negative feedback, i.e., in this circuit, feedback voltage aids the V in rather
than opposing it, for instance, assume the inverting V in to be slightly positive. This
will produce a negativeV out. The divider feeds a negative voltage to the non-inverting
input, which results a large negative voltage. This feedback shows more negative
voltage until the circuit is driven into negative saturation. If the V in were slightly
negative instead of positive, the circuit would be driven into the positive saturation.
This is the reason why the circuit is also referred to as “regenerative comparator”.

When the circuit is positively saturated, a positive voltage is feedback to the non-
inverting input. This positive input holds the output in the high state. Similarly, when
the output voltage V out is negatively saturated, a negative “Voltage” is fed to the non-
inverting input which holding the output in the low state. In either case, the positive
feedback reinforces the existing output state.

The feedback fraction β =
(
R2

R1
+ R2

)
(6.4)

1. When output is positively saturated, the reference voltage applied to the non-
inverting input is

Vref = +β × Vsaturation (6.5)
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Fig. 6.4 Bi-stable multivibrator
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Fig. 6.5 Schmitt trigger

2. When output is negatively saturated, the

Vref = −β × Vsaturation (6.6)
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6.5 VCO and PLL

6.5.1 VCO or Voltage Control Oscillator (Voltage
to Frequency Converter)

VCO is a circuit which produces oscillationwhere frequency is controlled by voltage.
Hence, it is named as “voltage control oscillator”. Most frequently used VCO is
NE/SE 566. Figure 6.6 shows the circuitry of voltage control oscillator (VCO),
whereas Fig. 6.7 depicts the IC configuration of VCO.

6.5.1.1 Working of VCO

Considering Fig. 6.8, the frequency of oscillation depends upon external resistance
(R1),C1, and VC applied at input terminal (5). The output of VCO can be a triangular
wave and a square wave. The triangular wave generated by alternatively charging
“C1” via current source & linearly discharging then. The charging and discharging
level of “C” is determined by “Schmitt trigger”.

As Schmitt trigger generates a “square wave”, its output can be direct taken by
pin no. (3). Both waveforms are buffered so that output impedance of each is 50 �.
The amplitude of triangular wave should be “2.4 V” (peak-peak) for triangular wave
and “5.4 V” (peak-peak) for square wave.

I
Source

Schmi
trigger

Bu er
amp

Bu er
amp

R1

+Vcc

6

C1

2

7 1

4

3

8

5
Vc

P/P
Modula on

Fig. 6.6 Voltage control oscillator
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+ V
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Ground

Modulater

Ground
( MC)

clock

O / P

O / P

 ( = + vcc )

/p

Fig. 6.7 IC configuration of VCO

Fig. 6.8 External circuit diagram of VCO
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In a circuit (R1, C1) determine free-running frequency, at potential “VC” at ter-
minal (5), which is formed by voltage divider arrangement R1 and R3. Also help
in setting-up oscillating frequency, voltage “VC” at Pin-5 should be in range of
[3/4(+v) ≤ VC ≤ (+v)].

Where (+)V is positive supply voltage. Now, the resonance frequency of oscilla-
tion is

f0 = 2 × [+V − VC]

R1 × C1 × (+V )
(6.7)

In the equation (6.7), R1 lies between (2 kW to 20 kW), input modulated signal
is applied through capacitor “C”, small capacitor “C2” is connected between (Pin 5
& 6), and the maximum frequency at the output of VCO is 1 MHz.

6.5.1.2 Application of VCO

VCO is commonly used for converting low frequency signals into Audio-frequency
signal. The low frequency signals are electro cardiogram (ECG) or electro encepel-
ogram (EEG). These low-frequency signals can be transmitted by a transmitter line
for digenesis purpose or can be stored in magnetic disk or tape only when they are
converted into audio-frequency range.

6.5.2 Phase Locked Loop (PLL)

It is used to trace the incoming signal with respect to its phase angle and frequency.
Figure 6.9 shows the block diagram PLL, which consists of

1. Phase detector.
2. Low pass filter (LPF).
3. Amplifier.
4. VCO

Phase 
Detetor

L. P . F Amp

VCO

VoutVe

F in

F & or

fout

Fig. 6.9 Phase locked loop
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“PLL” is available in single package or series of signet ices [SE/NE 5 60}, that
is, (560, 561, 562, 564, 565, and 567).

6.5.2.1 Phase Detector Block

Phase locked loop has phase detector comparator which compares the “f in” or “f s”
with the feedback frequency “f out”. The output of phase detector is proportional to
the phase difference between “f in” and “f out”. A phase detector is DC voltage and is
referred to as error voltage V e.

6.5.2.2 Low Pass Filter

The output of phase detector is applied to low pass filter which removes the “high
frequency” and produces the DC level, which is applied to the input of amplifier or
directly to the VCO.

LPF is also used to establish the dynamic characteristics of the PLL circuit. Filter
can be designed by using simple RC network. The dynamic characteristics that are
being controlled by filter are known as capture & Lock range. The relationship
between the band width & transient response are as filter bandwidth decreases its
transient response time increases.

6.5.2.3 Voltage Control Oscillator

It generates input frequency which is directly proportional to the input voltage. Most
commonly used VCO IC is SE/NE 566.

PLL works on three possible stages

1. Free running multivibrator.
2. Capture range.
3. Phase look or pull-in time.

(i) Free running multivibrator:

When no input signal is applied, then “PLL” is said to be running in free-stage.When
input signal is applied, then signal is compared by phase detector and PLL is said
to be “in capture range”. When output of phase detector is zero, i.e., error signal is
zero, by phase detector, then PLL is said to be phase lock with incoming signal.

Lock in range: Once PLL is locked, it can trace the frequency changes in the
incoming signal range of frequency, in which PLL can maintain lock with incoming
signal is known as “lock in” or “trace range”. Usually, it is expressed as a “% of
output frequency”, i.e., frequency of VCO.

frequencylock in time/range > frequencycapture range.
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(ii) Capture Range:

The range of frequency over which the PLL can acquire lock with an input signal is
called “capture range”. It is also expressed as a “% of output frequency”.

(iii) Phase Look or Pull-in time:

Total time taken by “PLL” to established lock is called “pull-in time”. It depends
on, initially, phase and frequency difference between two signals as well as on the
overall gain and loop filter characteristics.

6.6 Filter

6.6.1 Simple Active Filters (LP, HP, BP, and Notch Type)

Filters are those circuits which are used to block or attenuate certain band of fre-
quencies or may pass certain band of frequencies. Filters are frequency selective
network.

6.6.1.1 Active Filters and Passive Filters

“Active filters” are those which make use of active elements such as “(BJT of OP-
AMP)” in their circuit designed.

“Passive filters” are those which make use of passive elements in their circuit
passive elements are (RLC).

First-Order Low Pass Filter (Butterworth Filter)

First-order “low pass butterworth filter” uses a “RC network” for filtering OP-AMP
which is used in non-inverting configuration as shown in Fig. 6.10. Hence, it does
not load down the RC network resistor (R1) and Rf. Determine the gain of the filter.

Vout

V1
=

[
1 + Rf

R1

]
(6.8)

V1 = Vin[− j XC]

(R − j XC)
= Vin[− j/wc]

(R − j/wc)
= jvin

(Rwc − j)
(6.9)

V1 = +Vin

(Rwc j + 1)
(6.10)

Since OP-AMP is working in “non-inverting mode”, their output voltage will be
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-VEE
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R1

+VCC

Rf

RL

V2

V1
Vout

Fig. 6.10 First-order low pass filter

V0 =
[
1 + Rf

R1

]
V1. (6.11)

Placing the value of “V 1” by using Eqs. (6.8) and (6.10), we get

Vout =
[
1 + Rf

R1

][
Vin

1 + j Rwc

]
(6.12)

As

(w = 2π f ) (6.13)

Vout

Vin
= Af

1 + j2π f RC
(6.14)

If
(
fH = 1

2πRC

)
(6.15)

&

Af =
(
1 + Rf

R1

)
(6.16)

Using Eqs. (6.14) and (6.15), now

Vout

Vin
= Af

1 + j
(

f
fH

) (6.17)
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Fig. 6.11 Frequency
response curve of first-order
low pass filter

Pass Band
Stop Band

0.707 Af
Af

Gain

f0

where,

f represents input frequency.
Af is maximum gain.
fH is higher cut-off frequency.

Magnitude of the gain is given by

Ad = Af

1 + ( f/ f m)2
= |Vout|

|Vin| . (6.18)

And, phase angle is given by

θ = tan−1

(
f

fH

)
. (6.19)

Figure 6.11 shows the frequency response curve of the first-order low pass filter.

Question 6.1: Design a “LPF” at a cut-off frequency (f H = 1 kHz) and pass band
gain = 2.
Solution: Let C = 0.1 μf,

fH = 1 × 103 Hz.

fH = 1

2πRC
⇒ 1

2π ∗ R ∗ 10−6
⇒ 1000 Hz.

R = 1.59 k�.

2 = Af = 1 + Rf

R1
.

Rf = R1 = 10 k�.
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-VEE
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+

Vin
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Vout

RF

Fig. 6.12 First-order high pass filter

First-Order High Pass Filter (“Butterworth Filter”)

HPF is formal (by interchanging frequency determining “R” and “C”) in LPF. HPF
passes all the frequency greater than lower “cut-off frequency” (f L), “f L” is the
frequency at which magnitude of the gain is 0.707 times the value of the gain in pass
band. Figure 6.12 shows the circuit diagram of high pass filter.

All the frequencies [f > f L] are “pass band frequency” with the highest frequency
determine by close loop bandwidth of the “OP-AMP”.

Gain = Vout

Vin
(6.20)

Vout =
[
1 + Rf

R1

]
V1 ⇒

[
1 + Rf

R1

][
Rf

R + 1/jwc

]
Vin (6.21)

Vout

Vin
= Gain = Ad =

[
1 + Rf

R1

][
jwcR

1 + jwRC

]
(6.22)

Ad =
[
1 + Rf

R1

][
(1 − jwRC)(Rwcj)

1 + R2W 2C2

]
(6.23)

Ad =
(
1 + R f

R1

)[
R2W 2C2 + j Rwc

1 + R2W 2C2

]
(6.24)

Figure 6.13 shows the frequency response curve of the first-order high pass filter.
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Fig. 6.13 Frequency response of first-order high pass filter

Placing w = 2π f.

Ad =
(
1 + Rf

R1

)√{
R2(2π f )2C2

} + {RC2π f }2
1 + R2C2(2π f )2

(6.25)

& Ad =
(
1 + Rf

R1

)[
2π f RC√

1 + (2π f RC)2

]
(6.26)

Ad = Af
(2π f RC)√
1 + (2π f C)2

. (6.27)

If, fL = 1

2π f RC
= lower cut-off frequency.

Then,
Case 1: fL/ f > 1,& fL > f

Ad = Af√
1 +

(
1

2π f RC

)2
(6.28)

where,

Ad < Af.

Case 2: fL/ f < 1,& fL < f
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Ad = Af√
1 +

(
fL
f

)2
(6.29)

where,

Ad > Af.

Case 3: fL/ f = 1, & fL > f

Ad = Af( f/ fL)√
1 + ( f/ fL)

2
(6.30)

where,

Ad = Af√
2
. (6.31)

Question 6.2: Design a high pass filter at a “cut-off frequency” of 1 kHz with a pass
band gain of “2”.

Solution:

fL = 1

2πRC
, & C = 0.01 × 10−6.

1 × 103 = 1

2π × 0.01 × 10−6R
R = 15.9 k�.

Af =
(
1 + Rf

R1

)
⇒ 2 = 1 + Rf

R1
⇒ Rf = R1

Let, Rf = R1 = 10 k�.

Band Pass Filter

It passes frequency between “cut-off frequencies”, i.e., (f H & f L) where (f H> f L),
any frequency outside this band is attenuated.

There are two types of BPF given as

1. Wide band pass filter.
2. Narrow band pass filter.

They are distinguished by figure of merits, i.e., “Q”. For wide band pass filter,
quality factor (Q < 10), while for narrow BPF (Q > 10). Thus, “Q” is measure of
selectivity, i.e., higher the value of “Q” more selectivity will be the filter and its
bandwidth will be narrow.
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Fig. 6.15 Frequency response curve of wide band pass filter

• Relationship between “Bandwidth” and “Q” and “fC”

Q = fCenter
BW

=
√

( fH ∗ fL)

( fH − fL)
(6.32)

where, ( fC = center frequency) = √
( fH ∗ fL).

Wide Band Pass Filter

This can be formed by simply cascading a high pass filter and low pass section. These
high pass and low pass sections can be of first order in which gain is ±20 dB/decay
or second order in which gain is ±40 dB/decay. In the given Fig. 6.14, first-order
high pass filter connected with first-order low pass filter.

Figure 6.15 shows the frequency response curve of the wide band pass filter.
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Fig. 6.16 Narrow band pass filter

Question 6.3: Design a “Band Pass Filter” with f L= 200 Hz, f H = 1 kHz, and a
pass band gain = 4, C1 = 0.01 × 10−6 Pf. Draw the frequency response of the filter.
Calculate the value of “Q”.
Solution: Ad = (1+Rf/R1)√

[1+( fL/ f )2]
× (1+Rf/R1)√

[1+( f/ fH)2]

1. Low Pass Filter: fH = 1
2πR1C1

⇒ R1 = R1 = 1
2πC1 fH

, where, C1 = 0.01 × 10−6

Pf.

R1 = 15.9 k�.

2. Q =
√

fH× fL
( fH− fL)

=
√
200.1103

(103−200)
= 0.56.

3. High Pass Filter: fL = 1
2π R1C1

⇒ R1 = 1
2π f C1

R1 = 15.9 k�.

Narrow Band Pass Filter

This filter makes use of multiple feedbacks for narrowing its bandwidth. This narrow
band pass filter is unique from the other filters as shown in Fig. 6.16 and consists of:

1. It has two-feedback path, hence it is named as “multiple feedback filter”.
2. The “OP-AMP” is used in “Inverting Mode”.
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Fig. 6.17 Frequency
response curve of narrow
band pass filter

Narrow band pass filter is designed for very specific values of center frequency
“(f C)” and “Q”, and bandwidth of this filter is very specific.

Value of (C1 = C2 = C < 1 μf) or can be taken as (0.01 μF). If “Q” is the quality
factor, “f C” is centre frequency, and “Af” is the gain. The value of

R3

2Af
= R1 = Q

2π fCCAf

[
Af = R3

2R1

]
(6.33)

R3

2
[
2Q2 − Af

] = R2 = Q

2π fC
[
2Q2 − Af

] (
Af < 2Q2) (6.34)

R3 = Q

π fCC
. (6.35)

Narrow band pass filter resistance (R1) is connected with supply voltage (V in) for
higher values of frequency. In Narrow-Band Pass Filter, resistance (R1) is connected
with supply voltage (V in) for higher values of frequency. For low value of frequency
“V in” can be directly connected with the inverting terminal of the OP-AMP in the
narrow-band filter.

Figure 6.17 shows the frequency response curve of the narrow band pass filter.

Question 6.4: Design a narrow band pass filter and show that f C = 1 kHz, Q = 3,
and Af = 10.

Solution:

1.
R1 = 3

2π × 103 × 0.01 × 10−6 × 10
R1 = 4.77 k�.

2. R2 = 3
2×3.14×103×0.01×10−6(2×9−10) ⇒ 5.97 k�.

3. R3 = 3
3.14×103×0.01×10−6 => 95.5 k�.
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Fig. 6.18 Wide band reject filter

Band Rejection/Band Stop/Band Elimination Filter

Filter frequencies are attenuated in the stop band while they are passed outside the
band.

There are two types.

1. Wide band rejection filter.
2. Narrow band rejection filter or notch filter.

Wide Band Rejection Filter

1. It makes use of low pass filter, high pass filter, and summing amplifier as shown
in Fig. 6.18.

2. In wide band rejection, lower cut-off frequency is of high pass filter, i.e., (f L)
must be larger than the high cut-off frequency “(f H)” of LPF.

3. The “pass band gain” of both high pass and low pass section must be equal.
4. Centre frequency “(f C)” is given by fC = √

( fH × fL).
5. The output frequency of two first-order low pass and high pass is applied through

the inverting terminal of summing amplifier “A3” whose gain is “unity”.

Figure 6.19 shows the frequency response curve of the wide band reject filter.
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Fig. 6.19 Frequency response curve of wide band reject filter

Question 6.5: Design a wideband rejection filter f H = 200 Hz, f L= 1 kHz.
Solution:

1. Low pass: fH = 1
2RC , Let C = 0.05 × 10−6 F.

R = 1

200 × 2 × 3.14 × 0.05 × 10−6

R′ = R = 15.9 k�.

2. High pass: fL = 1
2πRC ⇒ R = 15.9 k�. (C = 0.01 × 10−6 F)

Af =
(
1 + Rf

Rf

)
⇒ 2 =

(
1 + Rf

Rf

)
⇒ (Rf = R1).

R1 = Rf = 10 k� = R
′
1 = R

′
f.

Narrow Band Rejection Filter or Notch Filter

1. In narrow band pass filter, the quality of factor (Q) is greater than 10, and band
width is much narrow as compare to the wide Band Pass Filter.

2. Narrow band rejection filter is also known as “notch filter”.
3. It is used for rejection of signal frequency such as 60 kHz.
4. Most commonly used notch filter is “Twin–T network” which consists of passive

filter composed of “Two-Twin-T-network”.

fN = 1

2πRC
(6.36)



6.6 Filter 179

RR

C C

2CR/2

RL

Vout

Vin

-VEE

+VCC

(Twin – T – N/W)

Fig. 6.20 Narrow band reject filter

0

Gain ( db ) 

Af
0.707 Af

fH fc fL
f

Fig. 6.21 Frequency response curve of narrow band reject filter

First T network consists of “2-R” and “1-C”, and second T network consists of “2-
C” and “1-R”, which are connected through the non-inverting terminal of OP-AMP
as shown in Fig. 6.20.

Narrow BRF is used to reject the single or specific frequency from a given band
of frequencies.

Figure 6.21 shows the frequency response curve of the narrow band rejection
filter.

All Pass Filter

It passes all the frequency components of the input signal without “attenuation”while
providing predictable “phase-shift” for different frequencies of the input signal, when
signals are transmitted over transmission lines such as “telephone wire”. The under
frequencies change in-phase, in order to compensate to this phase change, all pass
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Fig. 6.23 Frequency response curve of all pass filter

filters are used. All pass filters make use of “superimposition” of two signals applied
at “inverting” and “non-inverting” terminals of “OP-AMP” as shown in Fig. 6.22.

Figure 6.23 shows the frequency response curve of the all pass filter.
Gain of all pass filter is

1. Ad = Vout

Vin
=

(
1 − j2π f RC

1 + j2π f RC

)
. (6.37)

The phase of all pass filter is

2. φ = −2 × tan−1(w × R × C). (6.38)
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6.7 IC 555 Timer and Its Applications

In Fig. 6.24, the integrated circuit 5 K�-resistor connected in series. IC 555 is a
monolithic which is used as a “delay circuit”. It was first developed by Signatic Cor-
poration as “SE/NE-555”. It can be used in mono-stable and A-stable multivibrator,
digital logic, proper waveform generator, analog frequency meter, tachometer, and
AC-DC converter, etc.

1. It is used to produce time delay or oscillations. It is available in metal tank.
2. It has 14 Pin “DIP” (dual input package).
3. “SE-555” is defined for temperature range, i.e., (−55 to +125 °C), and any 555

operates over a voltage range of (+5 to +18 V).
4. Its duty cycle is adjustable from μsec to hours. It can source or sink current up

to 200 mA.

6.7.1 Application of IC 555

1. Used in timer circuit.
2. Used in pulse generator,
3. Used in oscillator, and frequency divider.
4. Used in PWM, missing pulse detection, capacitance measurement, and so on.

1
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Fig. 6.24 IC 555 timer
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6.8 Voltage Regulator Introduction

Voltage regulator is used to provide stable DC voltage of power in electronic circuit.
Voltage regulator should be capable of providing large output current.

6.8.1 Types of Voltage Regulator

There are three types of voltage regulators named as

1. Series regulator.
2. Shunt regulator.
3. Switching regulator.

6.8.1.1 Series Regulator

It makes use of power transistor connected in series with unregulated DC input and
the load. The output voltage is controlled continuous voltage drop taking place across
series power transistor.

Since the transistor conducts in “active region” or “linear region”, those regula-
tions are also called “linear regulation”. Linear regulation may have fixed or variable
output and can be positive or negative. They are providedwith series of 78XX, 79XX,
and 723-ICC.

“Series regulator” is an electronic circuit that provides stable DC voltage inde-
pendent of load current, temperature, AC line variations. It consists of four parts

(i) Reference voltage circuit.
(ii) Error amplifier.
(iii) Series power transistor.
(iv) Feedback network.

1. In the above Fig. 6.25, a power transistor Q1 is in series with unregulated DC
voltage input voltage (V in) and regulated output (V out). So, itmust be observed the
difference between their two voltages, whenever any fluctuation in V out occurs.

2. The transistor Q1 is also connected as voltage follower. Therefore, its output is
proportional to the input. It also provides self-current gain to drive the load.

3. The fluctuation of output is feedback to the inverting terminal of error amplifier
OP-AMP.

4. Non-inverting terminal of error amplifier is connected with zener diode of con-
stant voltage providing “VRef”.

5. The sampled voltage is compared to the VRef, the output of error amplifier V
′
0

drive power transistor Q.
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Fig. 6.25 Series regulator

6. The V out increases due to variation in load current and then sample voltage also
increases which is given by βV 0 where, β = R2/ (R1+ R2).

7. If feedback voltage is greater than VRef, then the V out is 180° out of phase and
also decreases.

8. Hence, the increment in V out is nullified or reduced. Similarly, output reduction
also gets regulated. Therefore, the V out is regulated by voltage regulator.

6.8.1.2 Shunt Regulator

The schematic, shown in Fig. 6.26, is that of a shunt-voltage regulator. Notice that
Q1 is in parallel with the load. Components of this circuit are identical with these
of the series voltage regulator except for the addition of fixed RS. As you study the
schematic, you will see that this R is connected in series with the output load R.
The current limiting resistor R1 and zener diode (CR1) provide a constant reference
voltage for the base-collector junction ofQ1. Notice that the bias ofQ1 is determined
by the voltage drop across RS and R1. As you should know, the amount of forward
bias across a transistor affects its total resistance. In this case, the voltage drop across
RS is the key to the total circuit operation.
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6.8.1.3 Switching Regulator

It is used to provide output in switching mode. Its overall efficiency is higher as
compared to fixed regulator or adjustable regulator. Since, it operates for the finite
time period interval depending upon pulse width applied to switch.

Vout = tON
T

× Vin (6.39)

where,

T shows total time (ON-OFF time).
tON is ON time.

Let assuming that if V in and T both are constant, then

Vout ∝ tON (6.40)

In Fig. 6.27, when the input voltage V in applied to the switch, i.e., (BJT or FET),
and this switch is attached with pulse regulator by which we can control the switch,
i.e., ON and OFF time. If the width of pulse regulator is high, then switch takes more
time, otherwise vice versa.

Further, this AC signal goes on the filter, i.e., (combination of R-L-C), and capac-
itor blocks DC signal and passes the AC signal. Finally, we get the AC supply at the
output terminal V out.
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Fig. 6.27 Switching regulator

6.9 OP-AMP-Based IC Regulator

6.9.1 Fixed Voltage Regulator

The fixed voltage regulator has an unregulated DC input voltage V i, applied to one
input terminal, a regulated output DC voltage V 0 from a second terminal and third
terminal connected to ground.

6.9.1.1 Fixed Positive Voltage Regulator

In Fig. 6.28, the series 78 regulators provide fixed regulators voltage from 5 to 24 V.
An unregulated input voltage Vi is filtered by capacitor C1 and connected IC’s IN
terminal. The ICs OUT terminal provides a regulated +12 V, which is flittered by
capacitorC2. The third IC terminal is connected to ground, whereas the input voltage
may vary over some permissible voltage range, and the output load may vary over
some acceptable range, and the output voltage remains constant within specified
voltage variation limits.

Vi Vo

7812
ND

C1 C2

Fig. 6.28 Positive fixed voltage IC regulator
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6.9.1.2 Fixed Negative Voltage Regulator

The series 7900 ICs provide negative regulation, similarly to those providing positive
voltages.

6.9.2 Adjustable Voltage Regulator

Voltage regulators are also provided in circuit configuration that allows the users to
set the output voltage regulated value. In Fig. 6.29, resistors R1 and R2 set the output
at any desired voltage over the adjustment range (1.2–37 V).

The output voltage desired can be regulated using

[
V0 = Vref

(
1 + R2

R1

)
+ IadjR2

]
(6.41)

with IC values of Vref = 1.25V, & Iadj = 100μA.

6.10 Sample and Hold Circuit

In sample and hold circuit, firstly, we sample the input signals & hold-on it’s last
sample value until the previous input signal get sampled. Sampler used in sample
and hold circuit is “E-type MOSFET”.

Working of sample and hold circuit:

(i) In the Fig. 6.30, the output voltage of E-MOSFET is controlled by sample &
hold voltage VS, and the capacitor is used as storage elements.

(ii) When the input analog signal, which is to be sampled, is applied to the E-
MOSFET, whose gate terminal is supplied with S/H voltage during positive
portion of VS, E-MOSFET conducts and acts as a close switch.
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Fig. 6.30 Sample and hold circuit

(iii) V in has charge the capacitor “C”, i.e., V in appears across C and provides the
output.

(iv) When VS= 0, or negative E-MOSFET is OFF, i.e., non-conducting, and acts
as an open switch. The only discharge path for capacitor “C” is through OP-
AMP.

(v) Since, the Rin of OP-AMP voltage follower is very high. The time period
of sample and controlled voltage VS during which the voltage across the
capacitor “C” is equal to input voltage, i.e., VC = V in, is called sample
period.

(vi) The tH (time period) of VS during which the voltage across the C is constant
are called hold period.

(vii) The output of OP-AMP is observed during voltage period, to obtain output
of the input waveform. The frequency of sample and hold circuit (f sh) control
voltage must be higher than that of the input (f in). (f sh> f in).

(viii) The low-leakage capacitance such as “telephone” is generally chosen in some
applications.

(ix) Precision or high-speed OP-AMP is used.

Figure 6.31 depicts the output waveform of sample and hold circuit. “V p” is the
input signal waveform, “V in” is the clock pulse generated by E-MOSFET. Finally, the
output of sample and hold circuit is denoted as by “V out” which is the combination
of V p and V in.
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Fig. 6.31 Output waveform of sample and hold circuit

6.11 Analog-to-Digital “A/D” Converter

This method uses ladder network along with counter and comparator circuits as
shown in Fig. 6.32. A digital counter advances from a zero count while a ladder
network driven by counter output a staircase voltage, which increases one voltage
increment for each count step. A comparator circuit, receiving both staircase voltage

conparator

stop
Control 

Logic

clock

Digital
courtes

Digital o l p

count

Count
pulse

Reset
pulse

N/w

I/p

Fig. 6.32 A/D converter using OP-AMP
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Fig. 6.33 D/A converter using OP-AMP as summing amplifier

and along input voltage, provides a signal to stop the count when the staircase voltage
rises above the input voltage. The counter value at that time is the digital output.

The amount of voltage charge stepped by staircase signal depends on the number
of count bits used. A converter using fewer count stages would carry conversion per
second. The conversion accuracy depends on the accuracy of comparator.

6.12 Digital-to-Analog “D/A” Converter

The basic circuit of an OP-AMP used as an inverter is shown in Fig. 6.33. The input
signal is applied to the inverting terminal of OP-AMP. The input impedance is almost
infinity and almost no current can enter the input terminals. The input voltage is fixed
to almost zero at its input terminals. The upper terminal is at nearly the same pot as
the ground terminal. Therefore, the upper terminal is called a virtual ground.

The difference between virtual ground and normal ground is zero while sinking
any amount of current. Virtual ground is for voltage, not for current. Therefore,
virtual ground point is at 0 V, i.e., it sinks current

As

Iin = Vin

Rin
, where, Iin ∼= IF (6.42)
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Because, no current can enter the virtual ground (because of ∞ impedance), all
the current has to go through RF with respect to virtual ground. Vout is measured with
respect to normal ground.

Summary

• This chapter included introduction ofmultivibrators and their classifications.
• Describe A-stable, Mono and Bi-stable multivibrators along with applica-
tions.

• Comparative study between all multivibrators.
• Schmitt trigger and its working.
• Introduce phase locked loop and VCO with block diagrams.
• Introduce filters like LPF, HPF, BPF, BRF, and all pass filter with their gain
and phase angle mathematical expression.

• Wide band and narrow band BPF or BSF filter.
• IC 555 with PIN configuration and applications.
• Discuss voltage regulator and their classification as series, shunt, and switch-
ing voltage regulator.

• OP-AMP-based voltage regulators, fixed voltage regulator, and adjustable
voltage regulator.

• Define S/H system with operational working.
• A/D and D/A converter using OP-AMP.

Numerical Problems

Question 1:Write down the differences betweenA-stable,mono-stable, and bi-stable
multivibrators.
Question 2: Draw and explain phase locked loop.
Question 3: Designed a high pass filter (HPF) at a “cut-off frequency” of 10 kHz
with a pass band gain of “4”.
Question 4: Explain and draw circuit diagram of IC-555.
Question 5: What is switching voltage regulator? Explain it.
Question 6: Designed by “Band Pass Filter” with f L= 100 Hz, f H = 20 kHz, and a
pass band gain = 4, C1 = 0.001 × 10−3 nf. Compute the value of “Q”.
Question 7: Explain sample and hold circuit with its waveform.
Question 8: Explain first-order low pass filter (LPF), and derive the mathematical
expression of gain and phase response for LPF.
Question 9: What is adjustable and fixed voltage regulator?
Question 10: Draw and explain analog-to-digital converter circuitry.
Question 11: Explain voltage control oscillator.



Chapter 7
Multistage and Tuned Amplifiers

Learning Objectives

• Introduction to multistage amplifiers with applications.
• Calculate the gain of amplifiers, and draw frequency response curve.
• Introduce coupling and their classifications.
• Analyze darling ton amplifier.
• Discuss and drive bootstrapping amplifier.
• Discuss tuned and double-tuned voltage amplifiers.

7.1 Introduction to Multistage Amplifiers

In multistage amplifier, we feed the output of stage to the input of the next stage as
shown in Fig. 7.1. This arrangement of amplifier is known as “cascade.” Amultistage
amplifier using two or more single-stage common emitter amplifier is known as
“cascaded” amplifier. Figure 7.2 shows the n-stage cascaded amplifier.

Fig. 7.1 Two-stage cascaded amplifier
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Fig. 7.2 n-Stage cascaded amplifier

7.1.1 Applications of Multistage Amplifier

Amplifier used in radio and TV receiver is usually multistage amplifier.

7.1.2 Calculation of Amplifier Gain

Output gain of amplifier first stage

Gain = A1 = output

input
= Vout

Vin
⇒ Vout = A1Vin. (7.1)

Output of amplifier second stage = A1A2Vin.

...

Output of amplifier nth stage = (A1A2A3A4 . . . An)Vin. (7.2)

As we know that gain of any system is the ratio of output to input, i.e.,

Gain = Output

Input
= Vo

Vi
(7.3)

Gain = (A1A2A3 . . . An)Vi

Vi
(7.4)

Finally, the mathematical expression for amplifier gain is given as

Gain = A1A2A3 . . . An (7.5)

Further, in terms of decibel, power gain of amplifier can be computed as

AP = Gain|dB = log10

(
Po
Pi

)
dB (7.6)



7.1 Introduction to Multistage Amplifiers 193

• Special Case:

1. Voltage gain of amplifier in terms of dB

AV = Gain|dB = 20 log10

(
Vo

Vi

)
dB (7.7)

2. Current gain of amplifier in terms of dB

AI = Gain|dB = 20 log10

(
Io
Ii

)
dB (7.8)

• Gain of Multistage amplifier in dB:
The gain of multiple stage is

Gain = A1A2A3 . . . An

Now, the overall gain of themultistage amplifier will be computed in (dB) as under

20 log10 A = 20 log10 A1 + 20 log10 A2 + 20 log10 A3 + · · · + 20 log10 An

(7.9)

A|dB = A1|dB + A2|dB + A3|dB + · · · + An|dB (7.10)

7.1.3 Frequency Response of an Amplifier

The frequency response of an amplifier is the graph of amplifier gain in dB plotted
against the frequency. It shows the variation in amplifier gain with respect to fre-
quency. In other words, frequency response of an amplifier shows the ratio between
frequency and gain of the amplifier. The bandwidth of an amplifier is the 3 dB down
frequency range of the maximum gain of the amplifier. Hence, the fall in voltage
gain form maximum gain will be

=> 20 log10

(
AV

0.707 × AV

)
=> 3 db.

7.1.3.1 Ideal Frequency Response

In ideal frequency response, the gain should be flat (constant) over the entire fre-
quency range.
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7.1.3.2 Practical Frequency Response

In practical response, the gain of amplifier does not flat over the entire frequency
range.

7.1.3.3 Midband Gain

We define the midband of an amplifier as the band of frequencies between
10 f1 and 0.1 f2 as frequency shown in Fig. 7.3. In the midband, the voltage gain
of the amplifier is approximately maximum. It is denoted as midband gain or amid
gain. Although an amplifier normally operates in the midband, there are times when
we want to know what the voltage gain is outside of the midband.

The voltage gain of amplifier outside the midband or gain for midfrequency range
approximately is given by

A = output

input
(7.11)

A = Amid[√[
1 +

(
f1
f2

)2
]

×
[
1 +

(
f
f2

)2
]] . (7.12)

Fig. 7.3 Frequency response of an amplifier
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(i) Midband Gain: In the midband gain, f1
f = 0, and f

f2
= 0, now

A = Amid. (7.13)

(ii) Below Midband Gain: The condition for low-frequency range is f
f2

= 0, and
the voltage gain of amplifier for low-frequency range approximately is given
by

A = Amid√
1 +

(
f1
f

)2
. (7.14)

(iii) Above Midband Gain: The condition for low-frequency range is f1
f = 0, and

the voltage gain of amplifier for high-frequency range approximately is given
by

A = Amid√
1 +

(
f
f2

)2
. (7.15)

Question 7.1 For an amplifier midband Gain = 100 and lower cut-off frequency =
1 kHz, find the gain of amplifier at 20 Hz.

Solution Amid = 100, f1(LCF) = 1KHz, f = 20Hz.
Now, the gain of amplifier will be

A = Amid√
1 +

(
f1
f

)2

A = 100√
1 +

(
1×103
20

)2

A = 100√
1 + 2500

A = 100

50.009999
A = 1.9996 ∼= 2

A = 2.

Question 7.2 For an amplifier, 3 dB gain is 200 and higher cut-off, f = 20 kHz, find
gain of amplifier at, f = 100 kHz.

Solution Gain at 3 dB = 200 (without dB).
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f2 = 20 kHz, f = 100 kHz,

Amid = 200

0.707
Amid = 282.88.

A = Amid√
1 +

(
f
f2

)2

A = Amid√
1 +

(
100×103
20×103

)2

A = 282.88√
1 + 25

A = 282.88

5.0999
A = 55.4773.

7.2 Cascade Amplifiers

As a matter of fact, a cascade amplifier has one transistor on the top of (in series
with) another. This is illustrated in Fig. 7.4, in this figure, transistor “Q1” and its
associated components operate as a common emitter input stage, whereas the circuit
of transistor “Q2” operates as a common base output stage. This type of arrangement
is designed to provide a high Z in with low voltage gain to ensure that the input
Miller capacitance is at a minimum with the common base stage providing good
high-frequency operation.

For DC conditions of this circuit, it may be observed that the IE for transistor Q1

is set by VE1 and R4. Also, the collector current IC1 is approximately equal to IE1
and IE2 equals IC2. This means that the current IC2 is approximately equal to IE1,
and this current IC2 will remain constant irrespective of the value of voltage VB2, as
long as VCE1 remains large enough for correct operation of the transistor Q1.

Further, the Z in to the emitter of transistor Q2 constitutes the AC load in the
collector circuit of transistor Q1. For stage 1, the voltage gain will be

AV1 = −hfe
hie

∗ (Z in to Q2) (7.16)

= −hfe
hie

∗
[

hie
1 + hfe

]
(7.17)
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Fig. 7.4 Cascade amplifier

∼= −1 (7.18)

Thus, with a stage gain of only 1, no Miller effect occurs at transistor Q1. Now,
voltage gain for stage 2 is given by,

AV2 = hfb ∗
[
R3||RL

hib

]
(7.19)

Converting to common emitter parameters, the overall voltage gain for the cascade
amplifier will be same as that for a common emitter amplifier. Thus, the overall
voltage gain

AV = −hfe ∗
[
R3||RL

hie

]
(7.20)

This means that a cascade amplifier has high Z in, the same voltage gain as a
common emitter amplifier but very low input capacitance.
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7.3 Coupling of Amplifiers

All amplifiers need some kind of coupling network. The multistage amplifier needs
coupling between their individual stages. This type of coupling is known as “inter-
stage coupling.” It serves two purposes as under

1. It transfers AC output of one stage to the input of the next stage.
2. It isolates the DC conditions of one stage to the next stage.

7.4 Types of Coupling of Amplifiers

There are four types of coupling schemes.

7.4.1 Resistance coupling “RC” coupling.
7.4.2 Impedance coupling.
7.4.3 Transfer coupling.
7.4.4 Direct coupling or DC amplifier coupling.

7.4.1 Resistance Coupling “R-C” Coupling

In this method, the signal develops across the collector resistor of each stage is
coupled through the capacitor “C” into the base of the next stage.

The cascaded stages amplify the signal, and the overall gain is equal to the product
of individual stage gains as shown in Fig. 7.5. The amplifiers using this coupling
scheme are known as “R-C coupled amplifiers.”

• Advantages

1. By using RC amplifier, we are able to achieve high amplifier gain.
2. Losses are less.

7.4.2 Impedance Coupling

In this Fig. 7.6, it can be noted that the collector resistance RC is replaced by inductor
L, and as frequency increases, the inductive reactance XL also increase. Due to this,
inductor passes DC current and blocks alternate current (AC). The amplifier is using
this type of scheme known as impedance coupling.

In the given figure, it can be noted that the collector resistor (RC) is replaced
by an inductor (L1). As the frequency increases, the inductive reactance XL (≈wL)
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1st Amplifier 2nd Amplifier

Fig. 7.5 RC coupled amplifier

1st Amplifier 2nd Amplifier 

Fig. 7.6 Impedance coupled amplifier

approaches to infinity (∞), i.e., if frequency increase, then XL tends to infinity and
each inductor “L” appears Vin “open.” We can say that inductor passes direct current
and block AC one. The amplifier using this coupling scheme is known as “impedance
coupling amplifier,” and this is useful for high-frequency signal.
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1st Amplifier 2nd Amplifier 

Fig. 7.7 Transformer coupled amplifier

7.4.3 Transformer Coupling

In transfer coupling scheme, the primarywinding of the transformer acts as a collector
load and the secondary winding conveys the AC output signal directly to the base
of the next stage. It can be noted that there is no need of coupling capacitor in
the transformer coupling. The amplifiers using this coupling scheme are known as
“transformer coupled amplifier” as shown in Fig. 7.7.

7.4.4 Direct Coupling or DC Amplifier Coupling

In this method, the AC output signal is fed directly to the next stage. This type
of coupling is used where low-frequency signals are to be amplified. The coupling
devices such as capacitors “C,” inductors “L,” and transformers cannot be used at
low frequencies because their sizes become very large. The amplifiers, using this
coupling scheme, are known as “direct coupled amplifier or DC amplifier” as shown
in Fig. 7.8.



7.5 Darlington Amplifier and Its Analysis 201

1stamplifier 2nd Amplifier

Fig. 7.8 Direct coupled amplifier

7.5 Darlington Amplifier and Its Analysis

7.5.1 Darlington Amplifier

Figure 7.9 illustrates the cascaded emitter followers: NPN Darlington amplifier
amplifies an input AC signal. The circuit consists of two cascade emitter follow-
ers where the output of first stage transistor (Q1) goes to input of second transistor
(Q2). This configuration improves amplifier characteristics.

The Darlington amplifier has a high input resistance (Rin) and low output resis-
tance (Rout), and due to this, the output current across Darlington amplifier increases
and the overall current gain also increases. These characteristics make it very useful
as a current amplifier, now the current gain can be computed as

Current Gain(β) = Output Current

Input Current
(7.21)
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Fig. 7.9 Cascaded emitter followers: NPN Darlington amplifier

These days the semiconductor device manufactures are supplying a pair of iden-
tical transistor connected suitably in a single package. It is called Darlington pair.

The two transistors are connected in such a way that the emitter of one transistor
connected to the base of the other as shown in Fig. 7.9. The Darlington pairs shown
in Fig. 7.10a, b are known as “NPN and PNP Darlington pair,” respectively. A Dar-
lington pair is a three-terminal device, namely base (B), emitter (E), and collector
(C). It acts like a transistor with an extremely high current gain (β). The Darlington
pairs are available for both NPN and PNP transistors.

(i) Voltage Gain: The voltage gain of a Darlington amplifier is less than unity, i.e.,
“1.”

AV < 1 (7.22)

where AV represents the voltage gain of Darlington amplifier.

1. Z in of Darlington pair is (β2 RE).
2. Current gain of Darlington pair is (β2).
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Fig. 7.10 a NPN transistor Darlington pair, b PNP transistor Darlington pair

3. Voltage in gain of Darlington pair is unity, i.e., (1).

Ib1 = Base current of first stage transistor (Q1).
Ie1 = Emitter current of first stage transistor (Q1).
β1 = Current gain of first stage transistor (Q1).
Ib2 =Base current of second transistor (Q2), its value is Ie1 of first stage transistor
(Q1), i.e., (Ib2 ∼= Ie1)
Ie2 = Emitter current of second transistor (Q2).
β2 = Current gain of second transistor (Q2).

(ii) Current Gain: We know that the emitter current of the first stage transistor
(Q1) is given as

Ie1 = β1 × Ib1 (7.23)

and emitter current (Ie) of second transistor (Q2) is given by

Ie2 = β2 × Ib2. (7.24)

As we know that (Ib2 = Ie1)
Then,

Ie2 = β2 × Ie1. (7.25)

7.5.2 Analysis/Characteristics of a Darlington Amplifier

In Fig. 7.9, Ib1 shows base current of transistor Q1, Ie1 shows emitter current of
transistor Q1, β1 shows current gain of transistor Q1, Ib2 shows base current of
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transistor Q2, its value is equal to IE of Q1, i.e., (Ib2 ∼= IE1), Ie2 shows emitter
current of transistor Q2, and β2 show current gain of transistor Q2.

(i) Current Gain: We know that the emitter current of transistor Q2 is given as

Ie1 = β1 Ib1 (7.26)

and emitter current of transistor Q2 is given as

Ie2 = β2 Ib2 = β2 Ie1, where, (Ib2 = Ie1) (7.27)

Or Ie2 = β2 Ie1
Then,

Ie2 = β2(β1 Ib1), using Eq. (7.26)

Therefore, Ie2 = β2 Ib1, where β1 = β2, and both are constant.
Now, let both the transistors are identical. Then, current gain β1 andβ2 will be

equal. In that case, the emitter current of Q2 transistor will be

Ie2 = β2 Ib1 (7.28)

Therefore, the overall gain will be

Ai = output

input
= Ie2

Ib1
= > β2 (7.29)

The above Eq. (7.29) shows that Darlington amplifier behaves like a single tran-
sistor having current gain equal to β2.

(ii) Input Resistance: We know that input resistance of second stage is given by
the expression

Ri2 = β2
(
r ′
e1 + RE

) ∼= β2RE

Let assuming that RE 	 r ′
e1

Then,

Ri2 = β2RE (7.30)

It is the value of resistor R seen by emitter of Q1 transistor and is given by the
expression

R′
i1 = β1

(
r ′
e1 + Ri2

)
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If (Ri2 	 r ′
e1)

Then,

R′
i1 = β1Ri2 (7.31)

As Ri2 = β2RE, hence, putting value of Ri2 in Eq. (7.31), we get
Then,

R′
i1 = β1(β2RE) (7.32)

For identical transistor,we know that current gainsβ1 andβ2 are also equal.Hence,
input resistance will be

R′
i1 = β2 ¨RE .β1 = β2 = constant (7.33)

and

Ri1 = (R1‖R2)‖
(
R′
i1

)

Using Eq. (7.33), we get

Ri1 = (R1‖R2)‖
(
β2RE

)
, if (R1‖R2) 	 β2RE

Ri1 = (R1‖R2) (7.34)

(iii) Output Resistance: The output R of the first stage is given by the expression
RO1 = re, + R1‖R2

β2
, and output resistance “RO2” of the second stage will be

RO2 = r ′
e2 + r ′

e1 + R1‖R2

β2

β1

RO2 = r ′
e2 + r ′

e1

β2
+ R1‖R2

β1 . β2

(
if r ′

e2 + r ′
e1

β2
+ (R1‖R2)

β1 . β2
are regligible

)
.

or,

RO2 = r ′
e2 (7.35)

(iv) Voltage Gain: The voltage gain of Darlington amplifier is given by the expres-
sion Av = V0

Vin

The value of output voltage V0 of a Darlington amplifier will be

V0 = Ie2 . RE (7.36)

and input voltage will be.
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Vin = Ie1 . r ′
e1 + Ie2

(
r ′
e2 + RE

)
(7.37)

The above expression is obtained by applying Kirchhoff’s voltage law “(KVL)”

to the input circuit of the Darlington amplifier, substituting the value of Ie1
[
Ie1 ≈ Ie2

β2

]
in last equation. We get

Vin = Ie2
β2

r ′
e1 + Ie2

(
r ′
e2 + RE

)
(7.38)

Therefore, voltage gain will be

Av = Ie2 . RE
Ie2
β2

. r ′
e1 + Ie2

(
r ′
e2 + RE

) (7.39)

Av = RE
r ′
e1
β2

. + (
r ′
e2 + RE

) =>

(
RE

RE

)
, if

[
RE 	 r ′

e2 &
r ′
e1

β2

]
(7.40)

and,

AV = 1. (7.41)

7.5.3 Analysis of Darlington Amplifier Using h-Parameters

Let us again consider the circuit of Darlington amplifier with voltage divider bias as
shown in Fig. 7.11.

7.5.3.1 Characteristics of a Darlington Amplifier

(i) Current Gain: For the second stage of Darlington amplifier, we have input
impedance

Z in2
∼= hfe2 RE (7.42)

and current gain,

Ai2 = o/p

i/p
= I0

I2
=>

Ie2
Ib2

=> hfe2 (7.43)

Based upon a good approximation, we cannot apply the equations to the first
stage. The obvious reason is to determine which Z in2 compresses with 1

hfe1
; we have
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Fig. 7.11 Darlington amplifier circuit in its small signal AC form

observed that 1/hoe could be eliminated in the majority of the cases since the load
impedance (ZL � 1/hoe).

For the Darlington circuit under consideration, the input impedance Z in2 is close

energy in magnitude to
(

1
hoe1

)
to necessitate considering the effects of hoe1 . We have

that for a single-stage grounded emitter TX amp, with 1
hoe

taken into consideration.

Ai = hfe
1 + hoeZL

(7.44)

Applying the above equation to this situation, we have.

ZL = Zin2
∼= h f e2 RE (7.45)

and Ai1 = I2
I1

= Ie1
Ib1

∼= hfe1
1 + hoe1

(
hfe2 RE

) (7.46)

Therefore, the mathematical expression for the current gain is

Ai = I0
I1

=> Ai1 × Ai2
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Using Eqs. (7.43), (7.44), and (7.45), thus

Ai = hfe1 × hfe2
1 + hoe1 × (

hfe2 × RE
) (7.47)

for hfe1 = hfe2 = hfe,
and hoe1 = hoe,
The current gain Ai will be

Ai = h2fe
1 + hoehfeRE

(7.48)

Let assuming that hoehfeRE ≤ 0.1,we can have a very good approximation (within
10%) as under

Ai
∼= h2f e = β2 (using Eq. (7.29)) (7.49)

Alternatively, we can obtain the current gain as under,
Emitter current,

IE2 = (1 + β2) × IB2 = (1 + β2) × IE1 (IB2 = IE1) (7.50)

IE2 = (1 + β2) × IE1 (7.51)

As, IB2 = IE1, then IE1 = (1 + β2) × IB2 (7.52)

Therefore,

IE2 = (1 + β2) × (1 + β1) × IB1 (7.53)

Hence, current gain, Ai will be,

Z in1 = IE2
IB1

= (1 + β2) × (1 + β1) (7.54)

Ai
∼= β1 × β2

∼= β2 (ifβ1 = β2) (7.55)

(ii) Input Impedance: Because Z in2
∼= hfe2RE is the emitter resistance of the first

stage. Therefore, the input impedance to the first stage will be

Z in1
∼= hfe1

(
Z in2‖ 1

hoe1

)
(7.56)
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Since Z in2
∼= hfe2RE, and 1

hoe1
would appear in parallel in the small signal equiv-

alent circuit. Therefore, Z in1 = hfe1
(
hfe2RE‖ 1

hoe1

)

Z in1 =
[

hfe1hfe2
RE
hoe1

hfe2RE + 1
hoe1

]
(7.57)

Or

Z in1 = hfe1hfe2RE

hoe1hfe2RE + 1
(7.58)

Now, if hfe1 = hfe2 and hoe1 = hoe, then the input impedance will be

Z in1 = h2feRE

1 + hoehfeRE
(7.59)

Let assuming that hoehfeRE ≤ 0.1, then

Z in1
∼= h2feRE = β2RE, (using Eq. (7.49)) (7.60)

Alternatively, we can obtain the input impedance as under,
Input impedance of second stage is given by,

Z in2 = β2
(
RE + r ′

e2

)
(7.61)

where r ′
e2 is the AC emitter resistance of the second transistor, if RE 	 r ′

e2
Then, we have,

Z in2 = β2RE (7.62)

Z in2 is also the output impedance while looking into the emitter of the first tran-
sistor. Hence, the input impedance looking into the base of the first transistor will
be,

Z in1 = β1
(
r ′
e1 + Z in2

) => β1
(
r ′
e1 + β2RE

)
(7.63)

or,

Z in1
∼= β1β2RE

∼= β2RE if, β1 = β2 = β (7.64)

This input impedance is very high because of the product of two gains, and
therefore input impedance, Z in = R1‖R2‖Z in1

∼= R1‖R2 where (Z in1 	 R1‖R2)

Also, if there is a load resistance (RL) coupled to the transistor of the second
transistor, then we have,
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Z in1 = β2(RE‖RL)

Z in1
∼= β2RE (7.65)

(iii) Output Impedance: The output impedance can be determined directly from
the emitter equivalent circuits as under,

Zo1 = RS + hie1
hfe1

and, Zo2 =
[
Zo1‖ 1

hoe1
+ hie2

]
hfe2

(7.66)

Alternatively, we can be determined the output impedance as under, the AC
Thevenin’s impedance at the input will be

rth = RS‖R1‖R2

Since, by shorting all voltage source R1 and RS come in parallel with R2. Thus,
output impedance of the first stage is,

Zo1 = r ′
e1 + rth

β1

Output impedance of second stage is,

Zo2 = r ′
e2 + Zo1

β
=> r ′

e2 +
[
r ′
e1 + rth

β1

β2

]
(7.67)

Zo is quite smaller than Zo1, i.e., (Zo � Zo1), i.e., Zo is lowered. Due to this, Dar-
lington amplifier can be used to isolate high impedance source from low impedance
load. If high impedance is directly connected to a low impedance load, most of
the signal voltage will be dropped across the high impedance of the source and the
remaining source signal available may not be able to drive the load.

(iv) Voltage Gain: Applying “KVL” to the circuit shown in Fig. 7.12, we have
V0 = (

Vi − Vbe1 − Vbe2

)
. This means that the output potential is the input

potential less than the base-to-emitter potential of each transistor. This clearly
indicates that (V0 < Vin), and voltage gain is closer in magnitude to one than
to zero.

Further, on an approximate basis, it is given as,

Av
∼=

⎡
⎣ 1

1 + hie2
hfe2×RE

⎤
⎦ (7.68)

Also, which is on an approximate basis, the v-gain can be determined from the
following relation.
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Fig. 7.12 Small signal AC for Darlington amplifier

AV
∼= RE

r ′
e + RE

=>
1

1 + r ′
e

RE

, if

(
r ′
e

RE
� 1

)
(7.69)

Then,

AV
∼= 1 (7.70)

Which is slightly less than “unity,” as in case of “emitter follower.”

Question 7.3 Determine the gain of the given values

1. If voltage gain = 40 dB.
2. If power gain = 44.772 dB.

Solution

(1) Voltage Gain|dB = 20 × log10
(

V0
Vin

)

40|dB = 20 × log10(Gain|without dB)

102 = Gain|without dB

and, Gain|without dB = 100.
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(2) Power Gain|without dB = 10 log10
(

P0
Pin

)

44.772|dB = 10 × log10(Gain|without dB)

Gain|without dB = 104.4772

Gain|without dB = 30005.44002

Question 7.4 A multistage amplifier consists of four stages each of which has a
voltage gain of 40

1. What is the overall gain of the amplifier?
2. If one stage of the four stages having negative feedback, then what will be the

resultant gain.
3. If fifth stage gives negative feedback of 10 dB, find out the overall gain.

Solution Total number of stages n = 4, each gain is 40 dB,
So, Voltage Gain A1 = A2 = A3 = A4 = 40.

(1)
Voltage Gain|in dB = 20 log10(40)

= 32.04

Overall gain = A1 × A2 × A3 × A4

= (32.04 + 32.04 + 32.04 + 32.04)

Overall gain = 128.16 dB.

(2) If one stage of four stages having negative feedback, then

Overall gain will be = (32.04 + 32.04 + 32.04 − 32.04)

= 64.08 dB.

(3) If fifth stage gives negative gain of 10 dB, then

Overall gain = (32.04 + 32.04 + 32.04 + 32.04 − 10)dB

= 128.16 − 10

= 118.16 dB.

7.6 Bootstrapping Amplifier

As amatter of fact, the maximum Rin of a Darlington circuit is limited to 1
hob

∼= 2m�

as 1
heo

is the resistance between the base and the collector.
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However, the input resistance can be largely increased by bootstrapping the Dar-
lington circuit through the addition of capacitor “C” between the first collector ter-
minal C1 and the second emitter terminal E2 as shown in Fig. 7.13, and it may be
noted that the resistor RC is essential because of the absence of RC, resistor RE will
be shorted to ground. If the input signal changes by Vin, then E2 changes by (AvVin).
Assuming that reactance of C′ is negligible and the collector changes by the same
amount. This means that 1

hob
is now effectively increased to 1

hob(1−Av)
∼= 400M� for

a voltage gain of 0.995.
Wecanobtain an expression for the input resistance of the bootstrappedDarlington

circuit by using the equivalent circuit shown in Fig. 7.14. The effective resistance
Reff between terminal E2 and ground will be RE‖RC.

If (hoeReff ≤ 0.1), then the transistor Q2 can be represented by approximate hybrid
model, but we must use exact hybrid model for transistor Q2 as shown in Fig. 7.14
because 1

hoe1
	 hie2; therefore, hoe1 can be omitted from Fig. 7.13.

Thus, solving for Vin
Ib1
, we get,

Rin = hfe1 × hfe2 × Reff (7.71)

Equation (7.71) shows that input resistance of the bootstrapped Darlington circuit
is essentially equal to the product of the short circuit current gain and the effective

Fig. 7.13 Bootstrapped Darlington amplifier
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Fig. 7.14 Equivalent circuit for a bootstrapped Darlington amplifier

emitter resistance. If the transistor with current gain of order of magnitude of 100 is
used and effective resistance as 5 K�, then the Rin obtained will be of the order of
50 M�.

7.7 Tuned and Double-Tuned Voltage Amplifiers

To amplify the selective range of frequencies, the resistive load, RC, is replaced by a
tuned circuit. The tuned circuit is capable of amplifying a signal over a narrowband
of frequencies centered at f r. The amplifier with such a tuned circuit as a load is
known as tuned amplifier.

Figure 7.15 shows the tuned parallel LC circuit which resonates at a particular
frequency. The resonance frequency and impedance of tuned circuit are given as

fr = 1

2π
√
LC

(7.72)

Zr = L

CR
(7.73)

The response of tuned amplifiers is maximum at resonant frequency, and it
falls sharply for frequencies below and above the resonant frequency, as shown
in Fig. 7.16.

As shown in Fig. 7.16, 3 dB bandwidth is denoted as B and 30 dB bandwidth is
denoted as S. The ratio of the 30 dB bandwidth (S) to the 3 dB bandwidth (B) is
known as skirt selectivity.
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Fig. 7.15 Tuned circuit

Fig. 7.16 Frequency response of a tuned amplifier

7.7.1 Classification of Tuned Amplifier

The cascaded stages ofmultistage tuned amplifiers can be categorized as given below

1. Single-tuned amplifier.
2. Double-tuned amplifier.
3. Stagger-tuned amplifier.
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7.7.1.1 Single-Tuned Amplifier

Acommon emitter amplifier can be converted into a single-tuned amplifier by includ-
ing a parallel tuned circuit as shown in Fig. 7.17. The biasing components are not
shown for simplicity.

Before going to study the analysis of this amplifier, we see the several practical
assumptions to simplify the analysis.

Assumptions:

1. RL � RC.
2. rbb′ = 0.

With these assumptions, the simplified equivalent circuit for a single-tuned ampli-
fier is as shown in Fig. 7.18.

Where

Ceq = C ′ + Cb′e + (1 + gmRL)Cb′c. (7.74)

C′ is external capacitance used to tune the circuit.
(1 + gmRL)Cb′c is the miller capacitance.
rs represents the losses in the coil.

Fig. 7.17 Single-tuned transistor amplifier
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Fig. 7.18 Equivalent circuit of a single-tuned amplifier

Fig. 7.19 Equivalent circuits

The series RL circuit in Fig. 7.19 is replaced by the equivalent RL circuit in
Fig. 7.18, assuming coil losses are low over the frequency band of interest, i.e., the
coil Q high.

QC = wL

rC
	 1 (7.75)

The conditions for equivalence are most easily established by equating the admit-
tance of the two circuits which are shown in Fig. 7.19.

Y1 = 1

rC + jwL
=>

rC − jwL

r2C + w2L2
(7.76)

Y1 = rC
r2C + w2L2

− jwL

r2C + w2L2
(7.77)

From Eq. (7.77), wL 	 rC, then

Y1 = rC
w2L2

− j

wL
(7.78)
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Y1 = rC
w2L2

+ 1

jwL
(7.79)

Y2 = 1

RP
+ 1

jwL
(7.80)

Therefore, equating Y 1 and Y 2, we get

rC
w2L2

+ 1

jwL
= 1

RP
+ 1

jwL
(7.81)

1

RP
= rC

w2L2
(7.82)

Using Eq. (7.82), we get

1

RP
= r2C

rCw2L2
(7.83)

1

RP
= 1

rCQ2
C

(7.84)

RP = rCQ
2
C => wLQC (7.85)

Looking at Fig. 7.18, we get

R = ri‖RP‖rb′e (7.86)

Then, the current gain of the amplifier will be

Ai = −gmR

1 + j(wRC − R/wL)
(7.87)

Ai = −gm R

1 + jw0RC
(

w
w0

− w0
w

) (7.88)

where w2
0 = 1

LC
We define the Q of the tuned circuit at the resonant frequency w0 to be

Qi = R

w0L
=> w0RC (7.89)

Ai = −gm R

1 + j Qi

(
w
w0

− w0
w

) (7.90)



7.7 Tuned and Double-Tuned Voltage Amplifiers 219
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Fig. 7.20 Gain versus frequency for single-tuned amplifier

At w = w0, gain is maximum and it is given as

Ai(maxi) = −gmR (7.91)

Figure 7.20 shows the gain vs frequency plot for single-tuned amplifier. It shows
the variation of the magnitude of the gain as a function of frequency.

At 3 dB frequency,

|Ai| = gmR√
2

(7.92)

We can write it as

1 + j Qi

(
w

w0
− w0

w

)
= √

2 (7.93)

1 + Q2
i

(
w

w0
− w0

w

)2

= 2 (7.94)

This equation is quadratic in w2 and has two positive solutions, wH and wL. Now,
we get 3 dB bandwidth as given below

BW = fH − fL ⇒
(

w0

2πQi

)
= 1

2πRC
(7.95)

BW = 1

2πRC
(7.96)
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7.7.1.2 Double-Tuned Amplifier

A double-tuned amplifier is a tuned amplifier with transformer coupling between
the amplifier stages in which the inductances of both the primary and secondary
windings are tuned separately with a capacitor across each. The scheme results in a
wider bandwidth and steeper skirts than a single-tuned circuit would achieve.

There is a critical value of transformer coupling coefficient at which the frequency
response of the amplifier is maximally flat in the pass band and the gain is maximum
at the resonant frequency. Designs frequently use a coupling greater than this (over-
coupling) in order to achieve an even wider bandwidth at the expense of a small loss
of gain in the center of the pass band.

Cascading multiple stages of double-tuned amplifiers results in a reduction in the
bandwidth of the overall amplifier. Two stages of double-tuned amplifier have 80%
of the bandwidth of a single stage. An alternative to double tuning that avoids this
loss of bandwidth is staggered tuning. Stagger-tuned amplifiers can be designed to a
prescribed bandwidth that is greater than the bandwidth of any single stage. However,
staggered tuning requires more stages and has lower gain than double tuning.

In Fig. 7.21, the circuitry consists of two stages of amplifier in common emitter
topology. The bias resistors all serve their usual functions. The input of the first stage
is coupled in the conventional way with a series capacitor to avoid affecting the bias.
However, the collector load consists of a transformer which serves as the inter-stage
coupling instead of capacitors. The windings of the transformer have inductance.
Capacitors placed across the transformer windings form resonant circuits which
provide the tuning of the amplifier.

A further detail that may be seen in this kind of amplifier is the presence of taps
on the transformer windings. These are used for the input and output connections
of the transformer rather than the top of the windings. This is done for impedance

Cs2
Ls2

M2

Lp2Cp2

2

1

Cs1Ls1Lp1Cp1

M1

+Vcc

Fig. 7.21 Typical two-stage double-tuned amplifier
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2=100

Vcc=+10V

1

2

Fig. 7.22 Typical two-stage double-tuned amplifier

matching purposes, and bipolar junction transistor amplifiers (the kind shown in the
circuit) have a quite high output impedance and quite low input impedance. This
problem can be avoided by using MOSFETs which have very high input impedance.

The capacitors connected between the bottom of the transformer secondary wind-
ings and ground do not form part of the tuning. Rather, their purpose is to decouple
the transistor bias resistors from the AC circuit.

Question 7.5 Figure 7.22 shows the circuit diagram of a Darlington amplifier,
Compute:

(1) The overall gain.
(2) The AC emitter diode resistance for each transistor.
(3) Total input resistance.
(4) Overall voltage gain.

Solution Given that,

VCC = 10, R1 = 30K�, R2 = 20K�, RE = 1.5K�, β1 = 150, and β2 = 100.

(1) We know that overall current gain is given as,

Ai = β1 × β2

Ai = 150 × 100 ⇒ 15,000.

(2) Voltage drop across RL will be,

VR2 = Vcc × R2

R1 + R2
⇒ 10 × 20

30 + 20
⇒ 4V.

And the voltage at the base of Q2 (or emitter of Q1) will be



222 7 Multistage and Tuned Amplifiers

VB2 = VR2 − VBE1 ⇒ (4 − 0.7) ⇒ 3.3V.

Similarly, voltage at the emitter of Q2 will be,

VE2 = VB2 − VBE2 ⇒ 3.3 − 0.7 ⇒ 2.6V.

And the value of emitter current of Q2 will be,

IE2 = VE2

RE
⇒ 2.6

1.5 × 103
⇒ 1.73mA.

Hence, AC emitter diode resistance of transistor Q2 will be,

r ′
e2 = 25

IE2(mA)
⇒ 25

1.73
⇒ 14.5�.

Now, base current of Q2 will be,

Ib2 = IE2
β2

⇒ 1.73

100
⇒ 0.0173mA.

And the emitter current of Q1 will be,

IE1 = Ib2 = 0.0173mA.

Hence, AC emitter diode resistance of Q1 will be,

r ′
e1 = 25

IE1mA
⇒ 25

0.0173
⇒ 1445�.

(3) We know that total input resistance Rin (i.e., input resistance of the amplifier
stage will be given by),

Ri1 = R1‖R2 ⇒ 30‖20 ⇒ 12K�.

(4) We also know that overall voltage gain is expressed as,

Av = RE

r ′
e1
β2

+ (
r ′
e2 + RE

) ⇒ 1.5 × 103

1445
100 + [

14.4 + (1.5 × 103)
]

Av = 0.98.

Summary

• This chapter included introduction of multistage amplifier.
• Applications of multistage amplifier and calculated overall gain.
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• Frequency response of an amplifier.
• Define cascade amplifier.
• Coupling techniques like resistance, direct, impedance, and transfer coupling.
• Discuss Darlington amplifier and its analysis.
• Characteristics of a Darlington amplifier.
• Define Bootstrapping amplifier.
• Tuned and double-tuned voltage amplifiers.

Numerical Problems

Question 1: What is coupling, draw and explain direct coupling technique.
Question 2: Explain n = 4 multistage amplifiers, where “n” is number of stages.
Question 3: For an amplifier midband gain is 50 and lower cut-off frequency is
500 Hz, compute the gain of amplifier at 20 Hz.
Question 4: In the circuit given in Fig. 7.23, has the following components R1 =
21 K, R2 = 12 K, RC = 11 K, RE = 5.5 K, RS = 1.2 K, and RL = 10 K. The transistor
parameters are hfb= −0.99, hob = 0.5 µA/V, and hib = 20 �. Compute Ri, Ri

′, R0,
R0

′, Ai, Av, and AVS.
Question 5: Explain and draw cascade amplifier.
Question 6: Explain double-tuned voltage amplifier.
Question 7: A transistor amplifier shown in Fig. 7.24 uses a transistor whose h-
parameters are as follows hie = 1.2 k, hfe = 75, hre = 2.4 × 10−4, hoe = 25 × 10−6

A/V. compute I0/I i, AV, AVS, R0
′, and Ri

′.
Question 8: Determine the gain of the given values, if voltage gain is 10 dB, and
power gain is 20 dB.
Question 9: What is Darlington amplifier, drive and discuss its analysis also.
Question 10: Explain and analyze bootstrapping amplifier.

Vo

RE=1.5K

     R1=
30

    R2=
    20

Vin

C
1=150

2=100

Vcc=+10V

1

2

Fig. 7.23 RC Network
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Vs

Rs=10K Cs

I
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Ri’ Ri

Vo

Ro’

R1=110K         6K

+Vcc

         Io

Fig. 7.24 Transistor amplifier

Question 11: Draw the two-stage RC coupled CE-CE cascade amplifier.
Question 12: In the given Fig. 7.25, a transistor with hie = 1.2 k�, hfe = 75, hre =
200× 10−4, hoe = 20 µA/V is connected in CE configuration given below. Compute
I0/I i, I0/IS, AV, AVS, R0

′, and Ri
′.

Vs

Rs=1.2K Cs

Ii

                      37K

Ri’

+Vcc

CE

Cc

      2.5K

Io

Vo

  Ro

Ri

320

    3.5K

                 12K

          37K

C1

Fig. 7.25 RC Transistor network
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