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Preface

Basic Electronics and Devices is designed specifically to cater to the needs of second year students of
B.Tech. (Electrical and Electronics Engineering) of JNTU. The book has a perfect blend of focused
content and complete coverage. Simple, easy-to-understand and difficult-jargon-free text elucidates the
fundamentals of electronics. Several solved examples, circuit diagrams and adequate questions further
help students understand and apply the concepts.

The book will also serve the purpose of a text to the engineering students of degree, diploma, AIME
and graduate IETE courses and as a useful reference for those preparing for competitive examinations.
Additionally, it will meet the pressing needs of interested readers who wish to gain a sound knowledge
and understanding of the principles of electronic devices. Practicing engineers will find the content of
significant relevance in their day-to-day functioning.

The book contains six chapters. Chapter I gives a Review of Semiconductor Physics, Chapter 2 is
devoted to Junction Diode Characteristics and Special Diodes, Chapter 3 explains Rectifiers and
Regulators, Chapter 4 deals with Transistors, Chapter 5 covers Power Semiconductor Devices and
Field Effect Transistor, and Chapter 6 describes Amplifiers and Oscillators.

All the topics have been profusely illustrated with diagrams for better understanding. Equal emphasis
has been laid on mathematical derivations as well as their physical interpretations. Illustrative examples
are discussed to emphasize the concepts and typical applications. Review questions and Objective-type
questions have been given at the end of each chapter with a view to help the readers increase their
understanding of the subject and to encourage further reading.

We are highly indebted to the management of our institutions for encouraging us from time to time
and providing all the necessary facilities. Thanks are due to our colleagues, especially Mr. S. Karthie,
Assistant Professor, Department of ECE, SSNCE, for their valuable suggestions and useful comments
in the preparation of the manuscript. Our thanks are also due to Mr. R. Gopalakrishnan, Mr. K. Rajan
and Mr. S. Sankar Kumar for efficiently word processing the manuscript.

We are thankful to McGraw Hill Education (India) for stimulating interest in this project and bringing
out this book in a short span of time.

Further, we would like to extend the warmest thanks to our family members for their enormous patience
and cooperation.

Constructive suggestions and corrections for the improvement of the book would be most welcome and
highly appreciated.

S. SALIVAHANAN

N. SuresH Kumar
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Review of
Semiconductor Physics

"1.1 INTRODUCTION

Electronics is the branch of science and engineering which relates to the conduction of electricity either
through vacuum by electrons or through gases by electrons and ions. Basically, it is a study of electronic
devices and their utilisation. An electron device is that in which electrons flow through vacuum or gas or
semiconductor. In the beginning of 20th century, electrons began to take technological shape and they
have enjoyed an explosive development in the last few decades.

Electronics has a wide range of applications, such as rectification, amplification, power generation,
industrial control, photo-electricity, communications and so on. The electronic industry turns out a
variety of items in the range of consumer electronics, control and industrial electronics, communication
and broadcasting equipment, biomedical equipment, calculators, computers, microprocessors, aerospace
and defence equipment and components.

A semiconductor is a material that has a resistivity value in between that of a conductor and an insulator.
The conductivity of a semiconductor material can be varied under an external electric field. Devices
made from semiconductor materials are the foundation of modern electronics which include radio,
computers, telephones, and many other devices. Semiconductor devices include transistor, many kinds
of diodes including the light emitting diode, the silicon controlled rectifier, and digital and analog
integrated circuits.

This chapter deals with the classification of semiconductors based on energy band diagram. It also
discusses the doping in semiconductors, Hall effect and Fermi level in semiconductors.

INSULATORS, SEMICONDUCTOR AND METAL CLASSIFICATION USING
ENERGY BAND DIAGRAMS

A very poor conductor of electricity is called an insulator; an excellent conductor is a metal; and a
material whose conductivity lies between these two extremes is a semiconductor. A material may be
classified as one of these three depending upon its energy-band structure.

1.2.1 Insulator

An insulator is a material having extremely poor electrical conductivity. The energy-band structure at
the normal lattice spacing is indicated schematically in Fig. 1.1(a). The forbidden energy gap is large;
for diamond, the energy gap is about 6 eV. If additional energy is given to an electron in the upper level
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of valence band, this electron attempts to cross the forbidden energy gap and enter the conduction band.
However, in an insulator, the additional energy which may ordinarily be given to an electron is, in general,
much smaller than this high value of forbidden energy gap. Hence, no electrical conduction is possible. The
number of free electrons in an insulator is very small, roughly about 10" electrons/m”.

y Conduction
band

Free
electrons

band Eg=1eV

(a)

Fig. 1.1 Energy-band gap in (a) insulators, (b) semiconductors, and (c) metals

1.2.2 Metal

Conduction in metals is only due to the electrons. A metal has overlapping valence and conduction bands.
The valence band is only partially filled and the conduction band extends beyond the upper end of filled
valence band. The outer electrons of an atom are as much associated with one ion as with another, so that the
electron attachment to any individual atom is almost zero. The band occupied by the valence electrons may
not be completely filled and that there are no forbidden levels at higher energies. Depending upon the metal,
at least one, and sometimes two or three, electrons per atom are free to move throughout the interior of the
metal under the action of applied fields. When an electric field is applied, few electrons may acquire enough
additional energy and move to higher energy levels within the conduction band. Thus, the electrons become
mobile. Since the additional energy required for transfer of electrons from valence band to conduction band
is extremely small, the conductivity of a metal is excellent.

In electron-gas theory description of a metal, the metal is visualized as a region containing a periodic three-
dimensional array of heavy, tightly bound ions permeated with a swarm of electrons that may move about
quite freely. According to this theory, the electrons in a metal are continuously moving and the direction of
motion changes whenever the electron collides with other electrons. The average distance travelled by an
electron between successive collisions is called mean-free-path of an electron. In the absence of any applied
potential, the average current in a metal is zero because the number of electrons passing through unit area in
any direction is almost same as the number of electrons passing through the same unit area in the opposite
direction. This can be attributed to the random nature of motion of electrons.

When a constant electric field £ (volt per metre) is applied to a metal, the electrons would be accelerated and its
velocity would increase indefinitely with time. However, because of collision of electrons, electrons lose energy
and a steady-state condition is reached where a finite value of drift velocity v, is attained. The drift velocity, v4
is in the direction opposite to that of the electric field and its magnitude is proportional to E. Thus,



........................................................................ RewewOfSemlw"dwafPhysws@

vy = UE (1.1)

where [ = mobility of the electron, m?*/volt-second. Due to the applied field, a steady-state drift velocity
has been superimposed upon the random thermal motion of the electrons. Such a directed flow of electrons
constitutes a current. If the concentration of free electrons is n (electrons per cubic meter), the current density
J (ampere per square metre) is

J =nqvqy =nquUE = oE (1.2)
where o=nqu (1.3)

ois the conductivity of the metal in (ohm-metre)'. For a good conductor, n is very large, approximately, 10%
electrons/m”. Equation (1.2) can be recognized as Ohm’s law which states that the conduction current density
is proportional to the applied electric field. The energy acquired by the electrons from the applied field is
given to the lattice ions as a result of collisions. Hence, power is dissipated within the metal by the electrons,
and the power density (joule heat) is given by

JE = oE? watt/metre’ (1.4)

1.3 CLASSIFICATION OF SEMICONDUCTORS

Semiconductors are classified as (i) intrinsic (pure), and (ii) extrinsic (impure) types. The extrinsic
semiconductors are of N-type and P-type.

» Intrinsic Semiconductor A pure semiconductor is called an intrinsic semiconductor. As already
explained in the first chapter, even at room temperature, some of the valence electrons may acquire sufficient
energy to enter the conduction band to form free electrons. Under the influence of an electric field, these
electrons constitute electric current. A missing electron in the valence band leaves a vacant space, which is
known as hole, as shown in Fig. 1.2. Holes also contribute to electric current.

In an intrinsic semiconductor, even at room temperature, electron-hole pairs are created. When an electric
field is applied across an intrinsic semiconductor, the current conduction takes place due to free electrons
and holes. Under the influence of an electric field, the total current through the semiconductor is the sum of
currents due to free electrons and holes.

-<—— Holes

X <0 =<0 =0 Y <«—
Free electron
Energy 7 T e e
ineV -~ | CB (Conduction Band)
—> Free electrons
Hole
4
VB (Valence Band)
- 1 | +
U
Fig. 1.2 Creation of electron-hole pair in a semiconductor Fig. 1.3  Current conduction in semiconductor

Though the total current inside the semiconductor is due to free electrons and holes, the current in the external
wire is only by electrons. In Fig. 1.3, holes being positively charged move towards the negative terminal of
the battery.
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As the holes reach the negative terminal of the battery, electrons enter the semiconductor near the terminal
(X) and combine with the holes. At the same time, the loosely held electrons near the positive terminal (Y)
are attracted towards the positive terminal. This creates new holes near the positive terminal which again drift
towards the negative terminal.

» Extrinsic Semiconductor Due to the poor conduction at room temperature, the intrinsic
semiconductor as such, is not useful in the electronic devices. Hence, the current conduction capability of
the intrinsic semiconductor should be increased. This can be achieved by adding a small amount of impurity
to the intrinsic semiconductor, so that it becomes impure or extrinsic semiconductor. This process of adding
impurity is known as doping.

The amount of impurity added is extremely small, say 1 to 2 atoms of impurity in 10 intrinsic atoms.

» N-type Semiconductor A small amount of pentavalent impurity such as arsenic, antimony,
or phosphorus is added to the pure semiconductor (germanium or silicon crystal) to get an N-type
semiconductor.

The germanium atom has four valence electrons and antimony has five valence electrons. As shown in
Fig. 1.4, each antimony atom forms a covalent bond with surrounding four germanium atoms. Thus, four
valence electrons of the antimony atom form a covalent bond with four valence electrons of an individual
germanium atom and the fifth valence electron is left free which is loosely bound to the antimony atom.

N-type
= = = = Free electron
@ @ @ @ (mobile charge
carrier)
Free electron - — — —
@ @ @ @ - Donor ion

(immobile charge)

(a) (b)
Fig. 1.4  N-type semiconductor: (a) Formation of covalent bonds (b) Charged carriers

This loosely bound electron can be easily excited from the valence band to the conduction band by the
application of electric field or increasing the thermal energy. Thus, every antimony atom contributes one
conduction electron without creating a hole. Such a pentavalent impurity is called a donor impurity because
it donates one electron for conduction. On giving an electron for conduction, the donor atom becomes a
positively charged ion because it loses one electron. But it cannot take part in conduction because it is firmly
fixed in the crystal lattice.
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Thus, the addition of a pentavalent impurity (antimony) increases the number of electrons in the conduction
band, thereby increasing the conductivity of an N-type semiconductor. As a result of doping, the number of
free electrons far exceeds the number of holes in an N-type semiconductor. So electrons are called majority
carriers and holes are called minority carriers.

» P-type Semiconductor A small amount of trivalent impurity such as aluminium or boron is added
to the pure semiconductor to get the P-type semiconductor. The germanium (Ge) atom has four valence
electrons and boron has three valence electrons as shown in Fig. 1.5. Three valence electrons in boron form
a covalent bond with four surrounding atoms of Ge leaving one bond incomplete which gives rise to a hole.
Thus, the trivalent impurity (boron) when added to the intrinsic semiconductor (germanium) introduces a
large number of holes in the valence band. These positively charged holes increase the conductivity of the
P-type semiconductor. A trivalent impurity such as boron is called acceptor impurity because it accepts free
electrons in the place of holes. As each boron atom donates a hole for conduction, it becomes a negatively
charged ion. As the number of holes is very much greater than the number of free electrons in a P-type
material, holes are termed majority carriers and electrons minority carriers.

P-type

- Hole

+ + + +
@ @ @ @ (mobile charge)

\

(69 ™ o o o O+

(a) (b)

Acceptor
(immobile charge)

Fig. 1.5 P-type semiconductor: (a) Formation of covalent bonds (b) Charged carriers

"1.4 MOBILITY AND CONDUCTIVITY

The conductivity of a material is proportional to the concentration of free electrons. The number of
free electrons in a semiconductor lies between 107 and 10°® electrons/m”. Thus, a semiconductor has
conductivity much greater than that of an insulator but much smaller than that of a metal. Typically,
a semiconductor has a forbidden energy gap of about 1 eV. The most important practical semiconductor
materials are germanium and silicon, which have values of Eg of 0.785 and 1.21 eV, respectively, at O degree
Kelvin. Energies of this magnitude normally cannot be acquired from an applied field. At low temperatures the
valence band remains full, the conduction band empty, and these materials are insulators at low temperatures.
The conductivity of these materials increases with temperature and hence, these materials are called as
intrinsic semiconductors. As the temperature is increased, some of the electrons in the valence band acquire
thermal energy greater than the gap energy and move into the conduction band. These electrons are now free
to move about under the influence of even a small applied field. These free electrons, also called conduction
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electrons, constitute for conduction and the material becomes slightly conducting. The current density due to
the motion of electrons is given by

J, =nu,qE = c,E (1.5)
where, U, is the electron mobility, and the suffix ‘n’ represents that the respective terms are due to motion of
electrons. The absence of an electron in the valence band is represented by a small circle and is called a hole.

The hole may serve as a carrier of electricity whose effectiveness is comparable with the free electron. The
hole conduction current density is given by

J,=pu,qE=0,E (1.6)
where 1, is the hole mobility and p is the hole concentration.
Hence, the total current density J in a semiconductor is given by
J = (npt, + pi,)gE = oF (1.7)
where o = (ni, + pi,)q is the total conductivity of a semiconductor. For a pure semiconductor (intrinsic

semiconductor), the number of free electrons is exactly same as the number of holes. Thus, the total current
density is

J=nu, + /.tp) qE (1.8)
where n;= n = p is the intrinsic concentration of a semiconductor.

The conductivity of an intrinsic semiconductor can be increased by introducing certain impurity atoms into the
crystal. This results in allowable energy states which lie in the forbidden energy gap and these impurity levels
also contribute to the conduction. Such a semiconductor material is called an extrinsic semiconductor.

» Effective Mass An electron travelling through a crystal under the influence of an externally applied
field hardly notices the electrostatic field of the ions making up the lattice, i.e., it behaves as if the applied
field were the only one present. This is the basis of the electron-gas approximation and the assumption
will now be looked at a little more closely. If the electrons were to experience only the applied field, E,
then immediately after a collision it would accelerate in the direction of the field with an acceleration a,
proportional to the applied force, i.e.,

qE =ma (1.9
where the constant of proportionality is the electron mass, m. When quantum theory is applied to the problem
of an electron moving through a crystal lattice, it predicts that under the action of an applied field, the electron

acceleration will indeed be proportional to the field, but that the constant of proportionality will be different
from the normal mass of an electron:

qE =m,a (1.10)
The field due to the lattice ions can, therefore, be ignored providing we treat the electrons inside the crystal as
if they had a slightly different mass to the real electron mass or, to put it another way, the effect of the lattice
ions on an electron is to make it behave as if it had a different mass. This new mass is called the effective
mass of the electron, m,,, and the effective mass of a hole, m,, can be similarly defined. In general, m, and
m,, are not the same. Usually, m, is of the same order as m; in germanium, for instance, m, = 0.2 m and in
silicon, m, = 0.4 m.
The value of effective mass is an important parameter for any semiconductor, especially from the device point
of view. Certain semiconductors, for instance, have low electron effective mass and hence, high electron
mobility. This makes them very suitable for high-frequency devices. The III-V semiconductor GaAs comes
into this category and some of the best microwave transistors are made from this material.
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In a pure semiconductor, the number of holes is equal to the number of electrons. Thermal agitation continues
to produce new electron-hole pairs and the electron-hole pair disappears because of recombination. With
each electron-hole pair created, two charge-carrying particles are formed. One is negative which is the free
electron with mobility 4,. The other is positive, i.e., the hole with mobility (. The electrons and holes move
in opposite directions in an electric field E, but since they are of opposite sign, the current due to each is in
the same direction. Hence, the total current density J within the intrinsic semiconductor is given by

J=J,+J,
=qnp, E+qpp, E
= (ni, + pi,)gE
=oF (1.11)
where J,, = electron-drift current density

J,, = hole-drift current density

n = number of electrons per unit volume, i.e., magnitude of free-electron (negative) concentration
p =number of holes per unit volume, i.e., magnitude of hole (positive) concentration

E = applied electric field strength, V/m

q = charge of electron or hole, coulomb

Hence, o is the conductivity of a semiconductor which is equal to (n t, + p 11,)q. The resistivity (p) of a
. . . e 1
semiconductor is the reciprocal of conductivity, i.e., p=—.
o]
It is evident from the above equation that current density within a semiconductor is directly proportional to
the applied electric field.

For a pure (intrinsic) semiconductor, n = p = n;, where n, is the intrinsic carrier concentration.
Therefore, J=n; (W, + 1,) gE

and conductivity of an intrinsic semiconductor is o; = gn;(1, + H,). Hence, it is clear that conductivity of an
intrinsic semiconductor depends upon its intrinsic concentration (r;) and the mobility of electrons (i) and
holes (t,). The intrinsic conductivity of germanium and silicon increase by approximately 5 percent per °C
and 7 percent per °C rise in temperature respectively due to the influence of n,.

» Conductivities of N- and P-type Semiconductors The conductivity of an intrinsic
semiconductor,

O-i:q'ni(‘un-'-‘up):q' (n :un+p:u'p) (1.12)
For an N-type semiconductor, as n>>p, then the conductivity, c=¢q - n - l,,.

For a P-type semiconductor, as p>>n, the conductivity, 6=q - p - [L,,.

EXAMPLE 1.1 @

The mobility of free electrons and holes in pure germanium are 3,800 and 1,800 cm? /V-s, respectively.
The corresponding values for pure silicon are 1,300 and 500 cm?/V-s, respectively. Determine the values
of intrinsic conductivity for both germanium and silicon. Assume n; = 2.5 x 10" em™ for germanium and
n;=15x 10" em™ for silicon at room temperature.
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Solution

The intrinsic conductivity for germanium,
O-i = qni(lun + lup)
=(1.602 x 107'%) (2.5 x 10'%) (3800 + 1800)
=0.0224 S/cm
The intrinsic conductivity for silicon,
O-i =qn; (»un + nup)
=(1.602 x 107'%) (1.5 x 10'%) (1300 + 500)
=4.32x10°S/ecm

"1.5 DRIFT AND DIFFUSION CURRENTS

The flow of charge, i.e., current, through a semiconductor material is of two types, namely, drift and diffusion.
The net current that flows through a PN junction diode also has two components, viz., (i) drift current, and
(i1) diffusion current.

»  Drift Current When an electric field is applied across the semiconductor material, the charge carriers
attain a certain drift velocity v, which is equal to the product of the mobility of the charge carriers and the
applied electric field intensity, £. The holes move towards the negative terminal of the battery and electrons
move towards the positive terminal. This combined effect of movement of the charge carriers constitutes a
current known as drift current. Thus, drift current is defined as the flow of electric current due to the motion
of the charge carriers under the influence of an external electric field.

= Drift current density Figure 1.6 shows that a conducting wire of length / cm contains N electrons.
If an electron travels a distance of / cm in the conductor in time T sec, the total number of electrons passing

. . . N
through any cross section of wire per second is T
N electrons
S ol -
AO )

| ! |

Fig. 1.6  Conducting wire to determine drift current density

The total current flowing through the wire with area of cross-section A is given by

I_M_qud
T l

l

where v, is the drift velocity and time 7 =—. The drift current density J is defined as the current per unit
Va

area of the conducting medium.
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. . . N
Here, [A is the volume containing N electrons and the electron concentration, n = i

Therefore, J=nqv;=pv,
where p = ngq is the charge density, in coulomb per cubic centimeter. Generally, the above current density
can also be written as
J =nqv,;=nquUE = oE
where E is the applied electric field intensity in V/cm, u is the mobility of electrons in cm?’/V-s, the drift

velocity, v, = UE in cm/s, and the conductivity, 0= ngi in S -m™". The equation J = oF is also called Ohm’s
law.

The drift current density due to the charge carriers such as free electrons and holes are the current passing
through a square centimeter perpendicular to the direction of flow. The equation for the drift current density,
J,, due to free electrons is given by

J, =qnu,E Alcm?
and the drift current density, Jp, due to holes is given by
_ 2
J, =qpu,E  Alcm

where n = number of free electrons per cubic centimetre
p =number of holes per cubic centimetre
U, = mobility of electrons in cm?/V-s
M, = mobility of holes in cm?’/V-s
E = applied electric field intensity in V/cm
q = charge of an electron = 1.602 x 107" coulomb

» Diffusion Current Tt is possible for an electric current to flow in a semiconductor even in the
absence of the applied voltage, provided a concentration gradient exists in the material. A concentration
gradient exists if the number of either electrons or holes is greater in one region of a semiconductor as
compared to the rest of the region. In a semiconductor material, the charge carriers have the tendency
to move from the region of higher concentration to that of lower concentration of the same type of
charge carriers. Thus, the movement of charge carriers takes place resulting in a current called diffusion
current. The diffusion current depends on the material of the semiconductor, type of charge carriers,
and the concentration gradient.

As indicated in Fig. 1.7(a), the hole concentration p(x) in a semiconductor bar varies from a high value to a
low value along the x-axis and is constant in the y- and z-directions.

Diffusion current density due to holes, J,, is given by

dp 2
J, = —quEA/cm (1.13)
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Hole

N-type material
\ Area, A
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Fig. 1.7  (a) Excess hole concentration varying along the axis in an N-type semiconductor bar
(b) The resulting diffusion current

Since the hole density p(x) decreases with increasing x as shown in Fig. 1.7(b), dp/dx is negative and the
minus sign in the above equation is needed in order that J, has a positive sign in the positive x-direction.

Diffusion current density due to the free electrons, J,, is given by

J,= gD, M g jem?
dx

where dn/dx and dp/dx are the concentration gradients for electrons and holes respectively, in the x-direction,
and D, and D), are the diffusion coefficients expressed in cm?/s for electrons and holes, respectively.

» Total Current The total current in a semiconductor is the sum of drift current and diffusion current.
Therefore, for a P-type semiconductor, the total current per unit area, i.e., the total current density is given
by
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dp
J, = apu,E—4qD, I

Similarly, the total current density for an N-type semiconductor is given by
dn

J, = qn,unE+anE

Einstein Relationship for a Semiconductor

There exists a definite relationship between the mobility and diffusion coefficient of a particular type of
charge carrier in the same semiconductor. The higher the value of mobility of a charge carrier, the greater will
be its tendency to diffuse. The equation which relates the mobility u and the diffusion coefficient D is known
as the Einstein relationship. The Einstein relationship is expressed as

D, D, kr _

n

‘uP nu’n q

The importance of the Einstein relationship is that it can be used to determine D, (or D,), if the mobility of
holes (or electrons) is measured experimentally. For an intrinsic silicon, D, = 13 cm?/s and D,=34 cm?/s.
For an intrinsic germanium, D, = 47 cm?/s and D, =99 cm?/s.

A (1.14)

» Diffusion Length (L) Asshown in Fig. 1.6, the excess hole or electron densities fall off exponentially
with distance as a result of the recombination of these excess minority carriers with the majority carriers of
the semiconductor. Here, the excess charge carriers have a finite lifetime, 7, before they are totally destroyed
by recombination. The average distance that an excess charge carrier can diffuse during its lifetime is called
the diffusion length L, which is given by

L=+Dr
where D is the diffusion coefficient that may be related to the drift mobility, i, through the Einstein relation
as
kT
D= Uu—
q

If the transverse length of the semiconductor is greater than the diffusion length L then the terminal currents
are the recombination currents arising out of the recombination, as every electron lost by recombination is
supplanted by the terminal electrode to maintain the charge neutrality.

E GENERATION AND RECOMBINATION OF CHARGES

Ifapuresemiconductorisdopedwith N-typeimpurities,thenumberofelectronsintheconductionbandincreases
above alevel and the number of holes in the valence band decreases below a level, which would be available
in the intrinsic (pure) semiconductor. Similarly, the addition of P-type impurities to a pure semiconductor
increases the number of holes in the valence band above a level and decreases the number of electrons in
the conduction band below a level, which would have been available in the intrinsic semiconductor. This
is because the rate of recombination increases due to the presence of large number of free electrons (or
holes).
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Further, the experimental results state that under thermal equilibrium for any semiconductor, the product of
the number of holes and the number of electrons is constant and is independent of the amount of donor and
acceptor impurity doping. This relation is known as mass-action law and is given by

n-p=nt (1.15)
where n is the number of free electrons per unit volume, p is the number of holes per unit volume, and n; is
the intrinsic concentration.

While considering the conductivity of the doped semiconductors, only the dominant majority charge carriers
have to be considered.

» Charge Densities in N-type and P-type Semiconductors The law of mass-action provides the
relationship between free-electron concentration and hole concentration. These concentrations are further
related by the law of electrical neutrality as given below.

Let N/, be the concentration of donor atoms in an N-type semiconductor. In order to maintain the electric
neutrality of the crystal, we have

ny=Np+py
=N,
where ny and p), are the electron and hole concentrations in the N-type semiconductor. The value of p), is
obtained from the relations of mass-action law as
2
PNn=—

i

i . .
——,whichis<<ny or Np
D

Similarly, in a P-type semiconductor, we have
pp=Ny+np
=N,
where N,, pp, and np are the concentrations of acceptor impurities, holes, and electrons respectively in a
P-type semiconductor.

2
. n;
From the mass-action law, np = —
Pp
n?
_ i . .
Therefore, np = ——, which is << ppor N,
A

» Extrinsic Conductivity The conductivity of an N-type semiconductor is given by
Oy = qny M, = gNp H,,, since ny =~ Ny,

The conductivity of a P-type semiconductor is given by
Op = qpp Mp = gNy Hp, SinCE pp = Ny

The doping of intrinsic semiconductor considerably increases its conductivity.

If the concentration of donor atoms added to a P-type semiconductor exceeds the concentration of acceptor
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atoms, i.e., N, >> N, then the semiconductor is converted from P-type to N-type. Similarly, a large number
of acceptor atoms added to an N-type semiconductor can convert it to a P-type semiconductor if Ny >> N,
This concept is precisely used in the fabrication of a PN junction, which is an essential part of semiconductor
devices and integrated circuits.

EXAMPLE 1.2 ®

Consider a silicon PN junction at 7= 300 K so that n; = 1.5 x 10" cm™. The N type doping is 1 x 10" cm™
and a forward bias of 0.6 V is applied to the PN junction. Calculate the minority hole concentration at the
edge of the space charge region.

SN Given 7=300K, ;= 1.5x 10" cm™, n=1x 10" cm™ and V. = 0.6 V

From mass action law,

2
n-p=n;
Therefore, the concentration of holes is

2 1042
; 1.5x1

p= 12%22‘25 %10 ¢cm™3
n 1x10

EXAMPLE 1.3 o

Find the conductivity of silicon (a) in intrinsic condition at a room temperature of 300 K, (b) with donor
impurity of 1 in 108, (c) with acceptorimpurity of 1 in 5 x 107, and (d) with both the above impurities
present simultaneously. Given that n; for silicon at 300 K is 1.5 x 10" cm™, u, = 1300 cm?/V-s,
M, =500 cm?/V-s, number of Si atoms per em® =5 x 107,

(a) Inintrinsic condition,n=p =n;

Hence, o; = qn; (U, + 1)
=(1.602 x 107%) (1.5 x 10'%) (1300 + 500)
=432 % 10°S/cm

(b) Number of silicon atoms/cm’ = 5 x 10?2

22
Hence, Np = >x107 =5x10" cm™
10°

Further, n =Np

2 2 1042
Therefore, p= a_m o A5x107)7 0.46 x10% cm™

n N, 5x 10
Thus, p << n. Hence, p may be neglected while calculating the conductivity.
HCHCC, O = ’WIJn = Nunn

= (5% 10" (1.602 x 107" (1300) = 0.104 S/cm.
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N 5x10% 1055 e
5%107
Further, p =Ny
2 2 10,2
Hence, n=1 M _ M:Z.% x10% cm™

p N, 107
Thus, p >> n. Hence, n may be neglected while calculating the conductivity.
Hence, O = pqhp = Naghip

= (10" x 1.602 x 107" x 500) = 0.08 S/cm.
With both types of impurities present simultaneously, the net acceptor impurity density is,

N, =N,—N,=10"-5x10" =5%x 10" cm™
Hence, 0 =N} qu,
= (5 x 10" (1.602 x 107'%) (500) = 0.04 S/cm.

EXAMPLE 1.4 ®

Determine the resistivity of germanium (a) in intrinsic condition at 300 K, (b) with donor impurity of 1 in 107,
(c) with acceptor impurity of 1 in 108, and (d) with both the above impurities simultaneously. Given that for
germanium at room temperature, n; = 2.5 x 1013/cm3, u, =3,800 cm2/V-Vs, u,= 1,800 cmZ/V-Vs, and number
of germanium atoms/cm® = 4.4 x 10%.

Solution

(a)

(b)

n=p=n;=25x 10" em™

Therefore, conductivity, o = gn(u, + 11,)
=(1.602 x 107%)(2.5 x 10"*)(3800 + 1800)

=0.0224 S/cm
Hence, resistivity, p= i = ! =44.64 Q-cm
o 0.02254
22
N, = W= 4410 cm™
10
Also, n =Ny

2 2 13,2
; ; 25x%x1

Therefore, p=li_ M - % =1.42x10'"" holes/cm’
n  Np 4.4x10

Here, as n >> p, p can be neglected.

Therefore, conductivity, o = nqu, = Nyql,
= (4.4 x 10"%) (1.602 x 107") (3800) = 2.675 S/cm
1 1

Hence, resistivity, p=—=—-=0374 Q-cm
o 2.675
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Also, p =Ny

22 @25x10%)
M _ 1’\;_’ = % =1.42 x 10" electron/cm?
p 4 4 x

Here, as p >> n, n may be neglected. Then

Therefore, n=

Conductivity, O =pgl, = Nyqu,
= (4.4 x 10'*) (1.602 x 107") (1800) = 0.1267 S/cm
Hence, resistivity, p= l: ! =7.89 Q-cm
o 0.1267

(d) With both P- and N-type impurities present,
Np=44x10"cmand N, =4.4 x 10" cm™
Therefore, the net donor density N is
N, =(Np—N,) =(44x10"-44x10" =396 x 10" cm™

Therefore, effective n = Nj, = 3.96 x 10 em™

o (25%10%)

i

p=—t = = 1578 10" em™
Nj,  3.96x10Y

2
Here again, p| = i, J is very small compared with N}) and may be neglected in calculating the effective

D
conductivity.
Therefore, o =N} qu,

=(3.96 x 10”) (1.6 x 10™'%) (3800) = 2.408 S/cm
Hence, resistivity p= 1 = L =0.415Q-cm
o 2408

EXAMPLE 1.5 o

A sample of silicon at a given temperature 7 in intrinsic condition has a resistivity of 25 X 10* Q-cm.
The sample is now doped to the extent of 4 x 10" donor atoms/cm® and 10" acceptor atoms/cm?. Find
the total conduction current density if an electric field of 4 V/cm is applied across the sample. Given
that 1, = 1,250 cm?/V-s, M, =475 cm?/V-s at the given temperature.

o =gn (U, +u,)=—--—FS/cm
R R AP
Therefore, n; = il = 2 1 5 =145x% 1010 CIIl_3
q(u, +,Ll,,) (25%x107)(1.602 x 107°7) (1250 + 475)
Net donor density Np(=n) =(4x 10" - 10'0) =3x10"°cm™
2 102
Hence, p= i M =0.7x10"%cm™

Nj 3% 10"
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Hence, 0 =q(ni, + piL,)
=(1.602 x 107"%) 3 x 10" x 1250 + 0.7 x 10'° x 475)
=6.532 x 107 S/cm
Therefore, total conduction current density,
J=0E=6.532x10°x4 =26.128 x 10 A/cm’

EXAMPLE 1.6 @

Find the concentration (densities) of holes and electrons in N-type silicon at 300 K, if the conductivity is
300 S/cm. Also find these values for P-type silicon. Given that for silicon at 300 K, n; = 1.5 x 1010/cm3,
1, = 1,300 cm’/V-s and 1, = 500 cm?/V-s.

(a) Concentration in N-type silicon
The conductivity of N-type silicon is ¢ = gnp,

o _ 300
qu,  (1.602 x 107'%)(1300)

Concentration of electrons, n= =1.442 x10"® cm™

n _(1.5x10")

L

no 1.442x10'

Hence, concentration of holes, p =1.56 x10* cm™

(b) Concentration in P-type silicon
The conductivity of P-type silicon is 0= gpp,

o _ 300
qu,  (1.602 x 107'?)(500)

Hence, concentration of holes p =3.75%10"® cm™

ﬁ_ (1.5x10'0)?

» W =0.6 X 102 CI1173

and concentration of electrons, n

1.7 HALL EFFECT

When a transverse magnetic field B is applied to a specimen (thin strip of metal or semiconductor) carrying
current /, an electric field E is induced in the direction perpendicular to both 7 and B. This phenomenon is
known as the Hall effect.

A Hall-effect measurement experimentally confirms the validity of the concept that it is possible for two
independent types of charge carriers, electrons and holes, to exist in a semiconductor.

The schematic arrangement of the semiconductor, the magnetic field and the current flow pertaining to the
Hall effect are shown in Fig. 1.8. Under the equilibrium condition, the electric field intensity, E, due to the
Hall effect must exert a force on the carrier of charge, ¢, which just balances the magnetic force, i.e.,

qE = Bgv,

where v, is the drift velocity. Also, the electric field intensity due to Hall effect is
A
d
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where d is the distance between surfaces 1 and 2, and V}, is the Hall voltage appearing between surfaces
1 and 2. In an N-type semiconductor, the current is carried by electrons and these electrons will be forced

downward towards side 1 which becomes negatively charged with respect to side 2.

y

|
. It

Q

w

X

Fig. 1.8 Schematic arrangement to observe the Hall effect

The current density (J) is related to charge density (p) by

J= pvd
Further, the current density (/) is related to current (/) by
1 1
J = = —
Area wd

where w is the width of the specimen in the direction of magnetic field (B).
Combining the above relations, we get

VH:Ed:Bvdd: B_szﬂ

P pw
The Hall coefficient, Ry, is defined by

Ry=—
p

so that v, = Ry BI . A measurement of the Hall coefficient R;; determines not only the sign of the charge
w

carriers but also their concentration. The Hall coefficient for a P-type semiconductor is positive, whereas it
is a negative for an N-type semiconductor. This is true because the Hall voltage in a P-type semiconductor is

of opposite polarity to that in an N-type semiconductor.

The advantage of Hall-effect transducers is that they are non-contact devices with high resolution and small

size.

» Applications The Hall effect is used to find whether a semiconductor is N- or P-type and to
determine the carrier concentration. If the terminal 2 becomes positively charged with respect to terminal 1,
the semiconductor must be N-type and p = ng, where n is the electron concentration. On the other hand, if the
polarity of V}, is positive at terminal 1 with respect to terminal 2, the semiconductor must be P-type and p =

pq, where p is the hole concentration.
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The mobility (i) can also be calculated with simultaneous measurement of the conductivity (o). The
conductivity and the mobility are related by the equation o = pit or L= O Ry.

Therefore, the conductivity for N-type semiconductor is ¢ = nqgi,, and for P-type semiconductor, 0 = pgi,,
where p,, is the electron mobility and y,, is the hole mobility.

Thus, if the conductivity of a semiconductor is measured along with Ry, then mobility can be determined
from the following relations.

. o
For N-type semiconductor, u,=—=0Ry

ng
and for P-type semiconductor, U, = —=0Ry
prq

Since V; is proportional to B for a given current /, Hall effect can be used to measure the ac power and the
strength of magnetic field and sense the angular position of static magnetic fields in a magnetic field meter. It
is also used in an instrument called Hall-effect multiplier which gives the output proportional to the product

of two input signals. If / is made proportional to one of the inputs and B is made proportional to the second

signal, then from the equation, V,, = ﬂ, V,; will be proportional to the product of two inputs. Hall devices
pw

for such applications are made from a thin wafer or film of indium antimonide (InSb) or indium arsenide. As
the material has a very high electron mobility, it has high Hall coefficient and high sensitivity.

An electrical current can be controlled by a magnetic field because the magnetic field changes the resistances
of some elements with which it comes in contact. In the magnetic bubble memory, while read-out, the Hall
effect element is passed over the bubble. Hence, a change in current of the circuit will create, say, a one. If
there is no bubble, there will be a zero and there will be no current change in the output circuit. The read-in
device would have an opposite effect, wherein the Hall device creates a magnetic field when supplied with a
pulse of current. This, in turn, creates a little domain and then a magnetic bubble is created.

Some of the other applications are in measurement of velocity, rpm, sorting, limit sensing, and non-contact
current measurements.

EXAMPLE 1.7 o

An N-type semiconductor has a Hall coefficient of 200 cm®/C and its conductivity is 10 S/m. Find its electron
mobility.

Given R, = 200 cm’/C and o= 10 S/m.
Therefore, the electron mobility, 1, = oRy = 10 x 200 = 2000 cm?/V-s

EXAMPLE 1.8 o

The conductivity of an N-type semiconductor is 10 S/m and its electron mobility is 50 x 10™* m%/V-s.
Determine the electron concentration.

Solution Given 6= 10 s/m and g, = 50 x 10~ m*/V-s,

We know that the electron mobility, i, = o
nq
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Therefore, the electron concentration,
o 10
n=-——= Y T
tg 50x107" x1.6x10

EXAMPLE 1.9 @

A current of 20 A is passed through a thin metal strip, which is subjected to a magnetic flux density of
1.2 Wb/m>. The magnetic field is directed perpendicular to the current. The thickness of the strip in the
direction of the magnetic field is 0.5 mm. The Hall voltage is 60 V. Find the electron density.

Given: [ =20 A, B=1.2 Wb/m®, V;;= 60 V and w = 0.5 mm
We know that the number of conduction electrons, i.e., electron density,

Bl 1.2x20
Vygw  60x1.6x107"° x0.5x107°

=125% 10> m™>

=5%10*' m*

1.8 CONTINUITY EQUATION

The fundamental law governing the flow of charge is called the continuity equation. The continuity equation
as applied to semiconductors describes how the carrier concentration in a given elemental volume of the
crystal varies with time and distance. The variation in density is attributable to two basic causes, viz., (i) the
rate of generation and loss by recombination of carriers within the element, and (ii) drift of carriers into or
out of the element. The continuity equations enable us to calculate the excess density of electrons or holes in
time and space.

p holes/m’

As shown Fig. 1.9, consider an infinitesimal
N-type semiconductor bar of volume of area A and
length dx and the average minority carrier (hole)
concentration p, which is very small compared to
the density of majority carriers. At time ¢, if
minority carriers (holes) are injected, the minority
current entering the volume at x is /, and leaving at
x + dx is I, + dI, which is predominantly due to
diffusion. The minority carrier concentration
injected into one end of the semiconductor bar
decreases exponentially, with distance into the
specimen, asaresultofdiffusionandrecombination.
Here, de is the decrease in number of coulomb

per second within the volume. Fig. 1.9 Relating to continuity equation

di
Since the magnitude of the carrier charge is ¢, then —Z equals the decrease in the number of holes per

1
second within the elemental volume A o x. As the current density Jp =2 we have
1 dl, 1 4dJ, A

—_——= = decrease in hole concentration per second, due to current /,
Ag dx g dx
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We know that an increase in number of holes per unit volume per second is given by G = p,/7, due to
thermal generation. Further, there is a decrease of holes per unit volume per second given by R = p/7, due to
recombination but charge can neither be created nor destroyed. Hence, increase in holes per unit volume per
second, dp/dt, must equal the algebraic sum of all the increases in hole concentration. Thus,

w_ pn 1Y,

ot 7, q ox
dp
where J, == ng.,. apit, E
_ 2
Therefore, a_p - _P~p +D d’p —u d(pE)
ot 7, P P dx

This is the continuity equation or equation of conservation of charge for holes stating the condition of
dynamic equilibrium for the density of mobile carrier holes. Here, partial derivatives have been used since
both p and J,, are functions of both 7 and x.

Similarly, the continuity equation for electrons states the condition of dynamic equilibrium for the density of
mobile carrier electrons and is given by

an n, —n la.]

o n

o T q ox

n

where Jn = _an ﬂ +qn ‘un E
dx
_ 2
Therefore, a_n __nTn +D, ﬂ —-u, M
ot T, dx? dx

We now consider three special cases of the continuity equation.

» Concentration Independent of Distance with Zero Electric Field For this special case, the
continuity equation can be changed into

P _ r-n
ot 7,

Solving the above equation, we get

— / .
p-p,= Ale "Tr where A is a constant

» Concentration Independent of Time with Zero Electric Field For this special case, the
continuity equation can be changed into

_ d?
0=-2 p"+Dp 12)
7, dx
2
d_ - P—P,
dx® . D
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Solving this equation, we get

L, x/L

pP—P,= Ale_X/ +A,e ?

where A| and A, are constants.

L,= D, 7, =diffusion length for holes

» Concentration varies Sinusoidally with Time and with Zero Electric Field
Let P(x, 1) = P (x) &/’

For this special case, the continuity equation can be changed into

2
joP() = - P& +D, P gx)
7, dx

£p _Urior)

2 2
dx L,

2

Atw= O, d—f = i

dx Li

The above equation is the same as that of the second special case.

» Minority Carrier Injection in Homogeneous Semiconductors Consider the semiconductor bar
shown in Fig. 1.7(a). This bar is uniformly doped with donor atoms so that the charge concentration n = N,
is uniform throughout the bar on which radiation falls on one end of the bar at x = 0. Near the illuminated
surface, the bound electrons in the covalent bonds capture some of the photons. This energy transfer results
in breaking of covalent bonds and generation of hole-electron pairs.

The minority carrier (hole) concentration P is very small compared with the doping level, i.e., P << n. The
condition p = P + p, << n which states that the minority concentration is much smaller than the majority
concentration is called the low-level injection. The controlling differential equation for p is

&p _pr-p

2
dx D,z,

The diffusion length for holes L, is given by

L, = \]DPTP

The differential equation for the injected concentration P = p — p, becomes

d’p _ P
P
The solution of the equation is
Py = Aje M 4 Ay e

when x — o0, A, = 0. At x = 0, the injected concentration P(0) to satisfy this boundary condition, A; = P(0).
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Therefore,
P(x) = P(0) ¢ = p(x) - p,

Here, the hole concentration decreases exponentially with distance as shown in Fig. 1.7(b).

» Diffusion Current The minority (hole) diffusion current is 1, = AJ,, where A is the area of cross
section of the bar. Therefore,

AqD, P©O) _,1 AgD —x/L
()= —L—¢ " = —L(pO)-p,e "

P
Lp Lp

This current decreases exponentially with distance x as that of minority carrier concentration.
The majority (electron) diffusion current is

dn d__Dy

AgD, — = AgD 1
dx

n P
dx D,
where I, =—AgD, d_z The magnitude of ratio of majority to minority diffusion current is D,/D,, = 3 for

Si and 2 for Ge.

» Drift Current For an open-circuit semiconductor bar, the sum of the hole and electron currents
should be zero everywhere. Therefore, a majority (electron) drift current /,; exists such that

D I
I +|1,——=2]_
P("d DP]O

Therefore, L= D, —-1|1
Dp b

The hole drift current /,, is given by

_ _P‘up D
Ipd = quﬂpE—;u—[Fn-—lJ Ip

n P

1 D
where the electric field, E = 1|1
Agn u, \ D, P

Here as p << n, we have [, << I, i.e., the hole-drift current is negligible compared to the hole-diffusion
current.

1.9 LAW OF JUNCTION

Let us now derive the expression for the total current as a function of applied voltage assuming that the
width of the depletion region is zero. When a forward bias is applied to a diode, holes are injected from the
P-side into the N-side. Due to this, the concentration of holes in the N-side (p,,) is increased from its thermal
equilibrium value (p,,) and injected hole concentration [P,(x)] decreases exponentially with respect to the
distance (x).

—x/L
Pn(x)=pn_pnO=Pn(0)e ’
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where L, is the diffusion length for holes in the N-material.
D) = pro + By (0)e " (1.16)
Injected hole concentration at x = 0 is

P (0)=p,(0)—p, (1.17)

The several components of hole concentration in the N-side of a forward-biased diode are shown in Fig. 1.6,
in which the density p,(x) decreases exponentially with the distance (x).

Let p, and p, be the hole concentrations at the edges of the space charge in the P- and N-sides, respectively.
Let Vi (= V,,— V) be the effective barrier potential across the depletion layer. Then

p,= P e (1.18)
where V. is the volt-equivalent of temperature.

This is the Boltzmann’s relation of kinetic gas theory. This equation is valid as long as the hole current is
small compared to diffusion or drift currents. This condition is called low-level-injection.

Under open-circuit condition (i.e., V.= 0), p, = p,, p, = P, and Vg = V,,. Equation (1.18) can be changed
into

Ppo= Pag T (1.19)
Under forward-bias condition, let V be the applied voltage; then the effective barrier voltage
Vp=Vy,-V

The hole concentration throughout the P-side is constant and equal to the thermal equilibrium value
(P, = Ppo)- The hole concentration varies exponentially with distance into the N-side.

Atx=0, Pn =1,0)

Equation (1.18) can be changed into

Ppo = (007" (1.20)
Comparing Eqgs (1.19) and (1.20),
VIV,
pn(o) =Pno € r
This boundary condition is called the law of the junction. Substituting this into Eq. (1.17), we get
P,(0) = Py =1 (1.21)
The diffusion-hole current in the N-side is
dp, (x)
1,,(x) = -AgD, i
d —x/L
=—-AgD — +P (0)e 7
ab, [Pno ,(0) J

AquPn (0) efx/Lp

LP
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From this equation, it is evident that the injected hole current decreases exponentially with distance.

» Forward Currents The hole current crossing the junction into the N-side with x = 0 is
AgD, P, (0) B AgD,p,

P LP

The electron current crossing the junction into the P-side with x = 0 is
AgD, N,(0) AgD, n,,
L

n n

""" —1)

1,,(0) =

1,,(0) = "' ~1

The total diode current,

I=1,,0)+1,0)=1,""-1

Aqu Do N AgD, 0

L, L,

where [, = = reverse saturation current.

If we consider carrier generation and recombination in the space-charge region, the general equation of the
diode current is approximately given by

I=1, [¢V/mvr) _1]

where V = external voltage applied to the diode and 1) = a constant, 1 for germanium and 2 for silicon.

2 2
» Reverse Saturation Current 'We know that p = 2 and n,= T Applying these relationships
" N

D A
in the above equation of reverse saturation current, /,, we get

s Loo

D D
ID:Aq[ Py _—n 1;1,.2

P

where nl2 =A, T3 ¢ EeolkT — A, T° eiVGo/VT, where V;;, is a voltage which is numerically equal to the
forbidden-gap energy E;, in electronvolt.

For a germanium diode, the diffusion constants D, and D,, vary approximately inversely proportional to 7.
Hence, the temperature dependence of I, is

V6o
I,= K T*e 'T
where K is a constant independent of temperature.
For a silicon diode, 1, is proportional to n; instead of nl2 Hence,
3 Voo

I,=K,T?e?r

where K, is a constant independent of temperature.
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7110 FERMI DIRAC FUNCTION

An electron inside the metal must possess an energy level that is at least greater than the surface barrier
energy Ej, so as to escape to a higher level. It is, therefore, important to know about the energies possessed
by the electrons in a metal. This is given by the energy-distribution function.

» Energy Density The distribution in energy of the free electrons in a metal is given by

dn = pdE
where dn is the number of electrons per cubic metre whose energies lie in the energy interval dE, and p is the
density of electrons in a given energy interval.

It is assumed that there are no potential variations within the metal, since only free electrons are considered.
Hence, there must be the same number of electrons in each cubic metre of the metal. That is, the density in
space (electrons per cubic metre) is a constant. However, there will be electrons having all possible energies
within each unit volume of the metal. This distribution in energy is expressed by

p =f(E) N(E)
where N(E) is the density of states in the conductance band, and f(E) is the probability that a quantum state
with energy ‘E’ is occupied by an electron. Therefore,
1
N(E) = YE?
Here, 7 is a constant defined by

3 3
= %(Zm)z (1.602 x107%)2 = 6.82 x 10

3
where the dimensions of y are (m’3) (eV) 2, m is the mass of the electron in kg, and 4 is the Planck’s
constant in joule-second.

» Fermi-Dirac Function The Fermi—Dirac probability function f(E) specifies the fraction of all
states at energy E (in eV) occupied under conditions of thermal equilibrium. From quantum physics,

1
f(B)= 1+ o E-Er)IKT

where kis the Boltzmann constant in eV/K, T'is the temperature in K, and E is the Fermi level or characteristic
energy for the crystal in eV.

The Fermi level represents the energy state with 50 percent probability of being filled if no forbidden band

1
exists. That is, if E = Ej, then f(E)= ) for any value of temperature.

The plots of f(E) vs (E — Ep) and (E — Ej) vs f(E) are shown in Fig. 1.10(a) and (b) respectively for
T =0 K and larger values of temperature.
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f(E) /T=0K : T=2500 K
1.0 '
‘/Tz 300 K . T=300K
0.8f T=0K
| T-2500K e
06 NG )
0a] 5
0.2+ |
0 L L ~1.0 1 L 1
-10-06-02002 06 1.0 0 02 04 06 08 1.0 f(E)
E-EseV

(a) (b)
Fig. 1.10  Fermi-Dirac distribution function f(E) gives the probability that a state of energy E is occupied

At T =0 K, the following conditions exist:
(i) If E> E, the exponential term becomes infinite and f(E) = 0. Consequently, there is no probability
of finding an occupied quantum state of energy greater than E at absolute zero temperature.
(i) If E < Ep, the exponential becomes zero and f(E) = 1. All quantum levels with energies less than E.
will be occupied at 7= 0 K.

From these equations, we get at absolute zero temperature,

1

p= YE?; for E<Eg
0 for E>E,

It implies that there are no electrons at 0 K which have energies in excess of Ej. Therefore, the Fermi energy
is the maximum energy that any electron may possess at absolute zero temperature.

The relationship given by the above equation is called the completely degenerate energy distribution function.
In fact, all particles should have zero energy at 0 K. Based on Pauli’s exclusion principle, it is also to be
mentioned that since no two electrons have the same set of quantum numbers, not all the electrons can have
the same energy even at 0 K.

» Fermi Level An expression for E, may be obtained on the basis of the completely degenerate
function. The total number of free electrons is given by

Ep 1 ) 3
n= j YE? dE=§}/EI§
0
2
ie., Ep= (;—’;T , where y = 6.82 x 10*

2
Therefore, Ep = 3.64x 1079 53
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Since the density of free electrons, n, varies from metal to metal, E, will also vary among metals. Generally,
the numerical value of Ej is less than 10 eV.

1:[.1 FERMI LEVEL IN INTRINSIC AND EXTRINSIC SEMICONDUCTORS

To calculate the conductivity of a semiconductor, the concentration of free electrons n and the concentration
of free holes p must be known.

dn = N(E) (E) dE

where dn represents the number of conduction electrons per cubic metre whose energies lie between E and
E + dE, and N(E) is the density of states. In a semiconductor, the lowest energy in the conduction band is E-
and hence,

N(E) = y(E-E¢)"”
The Fermi—Dirac probability function f(E) is given by

1
JE) = | 4 o EEr VAT

where E is the Fermi level or characteristic energy for the crystal in eV.

The concentration of electrons in the conduction band is,

n= [ NE)f(E)E
Ec
ForE> E., E— Ep>> kT,
E) = o (E~Ep/KT

1

and n= J' Y(E - E,. )2 o~ E-ERVAT 4

Ec
Substitute (E-Ep) =x",ie., E=x"+ E-and dE = 2xdx
Atx=0, E=E,
At x = oo, E =0

X +Ec—Ep
oo kT

Therefore, n= -[0 Y xe [2xdx]

Ec-Efp e

= Zye_( kT )_[:xze_"_de

* o -x*ld® 2n!( a el
We know that, Io x"e dx = g —'(E)
n!

Here,n=1 and a =~kT
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B EC—EF)] 3
Therefore, n=2ye ( NN [_“I;T]

3 3
Substituting y = 4—7;(2mn)2 (1.602 x 107")2 , we have
h

3
3 3 > Ec-Ep
n= 2xh—f(2mn)2(1.602><10‘19)2 x—“”(f)m 3

3
3 3 Ec—Ep Ec-Ep
B et (e
- 2(’";—2] X (1.602x107%)2¢ 47 oy e\ M

3
27m, kt
h2

2 3
where N = 2( jz (1.602 x 1()*19)E , where m,, is the effective mass of an electron.

When the maximum energy in the valence band is E, the density of states is given by
N(E) = y(Ey - E)""
The Fermi function of a hole is [1 — f(E)] and is given by
SE~Ep)IKT

1 —f(E) - — ef(EFfE)/kT
1+ e(E—EF)/kT

where Ep — E >> kT for E<Ej,.

The concentration of holes in the valence band is,
Ey
p= J’ J/(Ev _E)1/2 e—(EF —E)/kT dE

—oo

This integral evaluates to
p= NVE—(EF—EV)/kT

2mm kT Y 193 . :
where Ny, = 2 h—z (1.602 x1077)™" , where m,, is the effective mass of a hole.

» Fermi Level in an Intrinsic Semiconductor In the case of an intrinsic material, the crystal must
be electrically neutral.

n; =p;
Therefore, Nce_(EC ~ER)IKT Nye Er ~Ey)IKT
Taking logarithm on both sides,
& _ E.+E, -2E,
Ny kT

In
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E. = _C
g 2 2 N,
If the effective masses of a free electron and hole are the same,
Ne=Ny
Then, E F= %

From the above equation, Fermi level is present at the centre of the forbidden energy band.

» Donor and Acceptor Impurities If a pentavalent substance (antimony, phosphorous, or arsenic) is
added as an impurity to pure germanium, four of the five valence electrons of the impurity atoms will occupy
covalent bonds and the fifth electron will be available as a carrier of current. These impurities donate excess
electron carriers and are, hence, called donor or N-type impurities.

If a trivalent impurity (boron, gallium, or indium) is added to an intrinsic semiconductor, only three covalent

bonds are filled, and the vacancy in the fourth bond constitutes a hole. These impurities are known as acceptor
or P-type impurities.

» Fermi Level in a Semiconductor having Impurities The Fermi level in an N-type material is
given by
N,
Ep= E. — kT In—%
D
where N, = N, Ce‘(EC ~Ep)/KT the concentration of donor atoms.
The Fermi level in a P-type material is given by

NV
Ep= E, +kT In =~
NA

where N, = Nve_(EF “Ev)RT the concentration of acceptor atoms. The change in the position of Fermi level
in N- and P-type semiconductors is shown in Fig. 1.11.
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Energy ——>
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Fig. 1.11  Positions of Fermi level in (a) N-type, and (b) P-type semiconductors
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» Movement of Eg with Temperature 1In an N-type semiconductor, as the temperature T increases,
more of electron-hole pairs are formed. At a very high temperature 7, the concentration of thermally generated
electrons in the conduction band will be far greater than the concentration of donor electrons. In such a case,
as concentration of electrons and holes become equal, the semiconductor becomes essentially intrinsic and
E, returns to the middle of the forbidden energy gap. Hence, it is concluded that as the temperature of the
P-type and N-type semiconductor increases, E progressively moves towards the middle of the forbidden

energy gap.

EXAMPLE 1.10 ®

In an N-type semiconductor, the Fermi level is 0.3 eV below the conduction level at a room temperature of
300 K. If the temperature is increased to 360 K, determine the new position of the Fermi level.

The Fermi level in an N-type material is given by

N
Ep= E. — kT lnN—C

D
NC
Therefore, (Ec—Ep) = kT In —
ND
N,
At T=300K, 0.3 = 300k In— (D)
ND
Similarly, E-—Ep =360k ln& 2)
D

Equation (2) divided by Eq. (1) gives

Ec—Ep _ @
0.3 300
Therefore, E-—Ep = % x0.3=0.36eV

Hence, the new position of the Fermi level lies 0.36 eV below the conduction level.

EXAMPLE 1.11 ®

In a P-type semiconductor, the Fermi level is 0.3 eV above the valence band at a room temperature of 300 K.
Determine the new position of the Fermi level for temperatures of (a) 350 K, and (b) 400 K.

The Fermi level in a P-type material is given by

N
Ep=E, + kT In—-

A
Ny
Therefore, (Ep—Ey) = kT In—-
Ny
Ny
At T=300K, 0.3 =300k lnN—

A
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N.
(@) AtT=350K, (Er —Ey) =350k 1nN—V
A

Hence, from the above equation

Ep - Ey _ 350

0.3 300
Therefore, Ep-E, = % x0.3=0.35eV

N
(b) AtT=400K, (Ep —Ey) = 400 k In—~

A
Hence, from the above equation,
Ep, —E, _ 400
0.3 300
Therefore, Ep—-Ey = % x0.3=04¢eV

EXAMPLE 1.12

In an N-type semiconductor, the Fermi level lies 0.2 eV below the conduction band. Find the new
position of the Fermi level if the concentration of donor atoms is increased by a factor of (a) 4, and

(b) 8. Assume kT =0.025 eV.

In an N-type material, the concentration of donor atoms is given by

Np= N o (Ec—Ep)IKT
Let initially, Np = Npg, Ep = Eppand E- — Epp=0.2eV
Therefore, Npo =N¢ e 020025 - Ne e?

(a) When Nj =4N), and E . = E; then

4Npo = N, e—(EC—EF,)/O.ozs =N, 64‘0(EC*EF|)

Therefore, 4xNoe® =N, o ~40(Ec—Ep))

Therefore 4 = ¢ W0Ec—Ep)+8

Taking natural logarithm on both sides, we get
In4 =—40(E.—Ep)) +8
1.386 =—40 (E.—Ep) + 8
Therefore, E-—Ep =0.165eV
(b) When Nj, =8Ny, and E, = Ej, then
In8 =—40(E.—E,) + 8
2.08 =-40(E.—Ep,) +8
Therefore, E--Ep =0.148 eV
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EXAMPLE 1.13 ®

In a P-type semiconductor, the Fermi level lies 0.4 eV above the valence band. Determine the new position
of the Fermi level if the concentration of acceptor atoms is multiplied by a factor of (a) 0.5, and (b). Assume
kT =0.025¢V.

In a P-type material, the concentration of acceptor atoms is given by
N, = N, o~ (Er=Ey)IkT
=
Let initially, Ny = Ny, Ep = Epp and Eg, — E;,=0.4 eV
Therefore, Ny =Ny e 040025 Ny et
(a) When N, =0.5, Nyyand E, = Ep; then

0.5N,o = Ny, o Er1=Ey)/0.025 _ N, o~ HOEF~Ey)

Therefore, 0.5x Ny, e '® = N, e Er~E)

Therefore, 0.5 = ¢ W0 Er+EITI6
Taking natural logarithm on both sides, we get
In (0.5) =-40(E;, — Ey) + 16
Therefore, Ep —E,=0417eV
(b) When N, =4N,, and E = E, then
In4 =-40(Er, —Ey) + 16
Therefore, Ep,—E, =0.365¢eV

REVIEW QUESTIONS

Describe the energy-band structures of an insulator, a metal, and a semiconductor.
What are the three commonly used semiconductors?

What is meant by intrinsic semiconductor?

Explain the differences between intrinsic and extrinsic semiconductors.

What is meant by hole? How do the holes move in an intrinsic semiconductor?
What is meant by doping in a semiconductor?

Discuss the following with respect to semiconductor: (i) doping (ii) dopant (iii) donor (iv) acceptor.
Explain “majority and minority carriers” in a semiconductor.

What is meant by N-type impurity in a semiconductor?

What is meant by P-type impurity in a semiconductor?

. Define the terms conductivity and mobility in a semiconductor.

. Derive the conductivity equation for N-type and P-type semiconductors.

. Prove that the conductivity of a semiconductor is given by, 6= g(P 1, + n i,).

. Describe the phenomenon of diffusion of charge carriers in semiconductors.
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. In an N-type semiconductor, the Fermi level lies 0.4 eV below the conduction band at 300 K. Determine the new

position of the Fermi level if (i) the temperature is increased to 400 K, and (ii) the concentration of donor atoms is
increased by a factor of 6. Assume k7' = 0.03 eV.
(Ans.: (1) 0.533 eV (ii) 0.3463 eV below the conduction band)
In a P-type semiconductor, the Fermi level lies 0.4 eV above the valence band at 300 K. Determine the new
position of the Fermi level (i) at 450 K, and (ii) if the concentration of acceptor atoms is multiplied by a factor of
2. Assume kT =0.03 eV. (Ans.: (1) 0.6 eV and (i) 0.38 eV above the valence band)
The mobilies of electrons and holes in a sample of intrinsic germanium at room temperature are
0.36 m*V-s and 0.17 m*V-s, respectively. If the electron and hole densities are each equal to 2.5 x 10"/m?,
calculate the conductivity. (Ans.: 0;=2.12 S/m)
Compute the conductivity of a silicon semiconductor which is doped with acceptor impurity to a density of
10° atoms/m”. Given that n, = 1.4 x 10'%/m”, 1, = 0.145 m*/V-s and 1, = 0.05 m*/V-s.
(Ans.: 80 S/m)
The conductivity of pure silicon at room temperature is 5 x 10™* S/m. How many aluminium atoms per m® are
required so that a saturation conductivity of 200 S/m could be achieved in silicon using aluminium as an impurity?
Given that the mobility of holes in silicon is 0.05 m%V-s and the mobility of electrons is 0.13 m*/V-s. (Ans.: 2.5
X 1022/m3)
Calculate the conductivity of pure silicon at room temperature of 300 K. Given that n = 1.5 x 10"%m’,
u,=0.13 m*/V-s, M, =0.05 m?/V-s and qg=1. 602 x 107" C. Now the silicon is doped 2 in 108 of a donor impurity.
Calculate its conductivity if there are 5 x 10% silicon atoms/m”. By what factor has the conductivity increased?
(Ans.: 4.32 x 107 S/m; 20.8 S/m; ~ 48,000)
The mobilies of free electrons and holes in pure silicon are 0.13 and 0.05 m%V-s and the corresponding
values for pure germanium are 0.38 and 0.18 m*/V-s respectively. Determine the values of intrinsic
conductivity for both silicon and germanium. Given that n; = 2.5 x 10%/m?®  for germanium and
n;=15x 10'®/m? for silicon at room temperature. (Ans.: 0.43 S/m; 2.24 S/m).
(1) A crystal of pure germanium has sufficient antimony (N-type or donor impurities) added to produce 1.5 x 102
antimony atoms/m’. The electron and hole mobility are 0.38 m?/V-s and 0.18 m*/V-s respectively, and the
intrinsic charge carrier density is 2.5 x 10'°/m?. Calculate (a) the density of electrons and holes in the crystal,
and (b) the conductivity.

(i) A second germanium crystal is produced which is doped with 2.5 x 10* indium (P-types or acceptor

impurities) atoms/m°. Repeat the calculations listed in part (i).

(iii) A PN junction is made by joining the two crystals described above. Calculate its barrier voltage at

300 K.
(Ans.: () n = 1.5 x 102/m?, p = 4.167 x 10"%m?>, 6=912/Q-m

(i) n = 2.5 x 10'%/m?, p = 2.5 x 10% /m>, 6= 720/Q-m (iii) 0.335 V
Explain the drift and diffusion currents for a semiconductor.
State and explain mass-action law.
What is Einstein relationship in a PN junction?
Derive the continuity equation from the first principle.
Show that in an intrinsic semiconductor, the Fermi level is located at the middle of the unallowable energy gap.
Explain Hall effect. How can Hall effect be used to determine some of the properties of a semiconductor?
Describe the applications of Hall effect.
A sample of N-type semiconductor has a Hall coefficient of 150 cm®/coulomb. If its resistivity is 0.15 Q-cm,
estimate the electron mobility in the sample. [Ans: 1000 cm?/V -s]
The conductivity of a pure silicon bar is 5 x 107%/Q-m. The magnetic flux density is 0.1 Whb/m? and the thickness
of the bar in the direction of the magnetic field is 3 mm. The measured values of Hall voltage and current are 50
mV and 10 pA, respectively. Find the hole mobility. [Ans: 0.075m?/V-s]
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10.

11.

12.

13.

14.

OBJECTIVE-TYPE QUESTIONS

. One of the following is not a semiconductor:
(a) Gallium arsenide (b) Indium (¢) Germanium (d) Silicon
. Referring to energy-level diagram of semiconductor materials, the width of the forbidden band-gap is about
(a) 10eV (b) 100eV () lev (d 0.1eV
. The electron mobility of the following semiconductor material is higher:
(a) Germanium (b) Silicon (¢) Gallium arsenide (d) Indium
. The energy required for relegating an electron from the valence bond for germanium is
(a) 0.66eV (b) 1.08 eV (c) 1.58eV (d 1.88eV
. The unit of mobility is
(@ m’V's™! (b) mv's! () Vsm™ (d Vms™'
. The conductivity of a semiconductor crystal due to any current carrier is NOT proportional to
(a) mobility of the carrier (b) effective density of state in conduction band
(c) electronic charge (d) surface states in the semiconductor
. A long specimen of P-type semiconductor
(a) is positively charged (b) is electrically neutral
(c) has an electric field along its length (d) acts as a dipole

. With increasing temperature, the resistivity of an intrinsic semiconductor decreases. This is because, with the

increase of temperature,

(a) both the carrier concentration and mobility of carriers decrease

(b) the carrier concentration increases but the mobility of carriers decreases

(c) the carrier concentration decreases but the mobility of carriers increases

(d) the carrier concentration remains the same but the mobility of carriers decreases

. If an intrinsic semiconductor is doped with a very small amount of boron, then in the extrinsic semiconductor so

formed, the number of electrons and holes will
(a) decrease. (b) increase and decrease
(c) increase (d) decrease and increase
In an N-type semiconductor, the concentration of minority carriers mainly depends upon the
(a) doping technique (b) temperature of material
(¢) number of donor atoms (d) quality of the intrinsic semiconductor material
Consider the following statements for an N-type semiconductor:
1. Eglies below E, at a room temperature (')
2. Eplies above EyatT — 0
3. Ep=Ej at some intermediate temperature
4. Egisinvariant with temperature
where E, is Fermi energy and Ej, is donor level energy.
Which of these statement is/are correct?
(a) land?2 (b) 2and 3 (c) 4 only (d) 1,2and3
The intrinsic carrier concentration of a silicon sample at 300 K is 1.5 x 10" /m®. If after doping, the number of
majority carriers is 5 x 10%° /m?, the minority carrier density is
(@) 4.50x 10" /m’ (b) 3.33x10*/m’
(¢) 5.00 x 10* /m’ (d) 3.00x 107 /m’
For intrinsic GaAs, the room-temperature electrical conductivity is 10’6(0hm—m)’l, the electron and hole mobilities
are, respectively, 0.85 and 0.04 m?%/V—s. What is the intrinsic carrier concentration n; at the room temperature?
@@ 10%'m™ (b) 10 m™ © 7.0x10"m” d 7.0x10*m™
Drift current in semiconductors depends upon
(a) only the electric field
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(b) only the carrier concentration gradient
(c) both the electric field and the carrier concentration
(d) both electric field and the carrier concentration gradient

15. Diffusion current of holes in a semiconductor is proportional to (with p = concentration of holes/unit volume)

dp dp
(@) 12 (b) i

v a’p
© @ dx?

16. Consider two energy levels; E|, E eV above the Fermi level and E,, E eV below the Fermi level. P, and P, are
respectively the probabilities of E| being occupied by an electron and E, being empty. Then
(a) P,>P, (b) P,=P, (c) P <P,
(d) P, and P, depend on number of free electrons
17. In an intrinsic semiconductor, the free electron concentration depends on
(a) effective mass of electrons only
(b) effective mass of holes only
(c) temperature of the semiconductor
(d) width of the forbidden energy band of the semiconductor
18. Which of the following quantities cannot be measured/determined using Hall effect?

(a) Type of semiconductor (P or N) (b) Mobility of charge carriers
(¢) Diffusion constant (d) Carrier concentration
19. What does a Hall-effect sensor sense?
(a) Temperature (b) Moisture
(c) Magnetic fields (d) Pressure

20. A current of 20 A is passed through a thin metal strip which is subjected to a magnetic flux density of 1.2 Wb/
m?. The magnetic field is directed perpendicular to the current. The thickness of the strip in the direction of the
magnetic field is 0.5 mm. The Hall voltage is 60 V. Find the electron density.

(@) 0.5x10' m® ®) 5x10* m?
(¢) 0.05% 10*' m? (d 5.5%10%m’
21. The current density as per Hall effect is to charge density.
(a) directly proportional (b) inversely proportional
(c) not proportional (d) none of the above

22. In an extrinsic semiconductor, the Hall coefficient R,
(a) increases with increase of temperature
(b) decreases with increase of temperature
(c) is independent of the change of temperature
(d) changes with the change of magnetic field






Junction Diode Characteristics
and Special Diodes

"2.1 INTRODUCTION

The PN junction diode is one of the semiconductor devices with two semiconductor materials in physical
contact, one with excess of holes (P-type) and other with excess of electrons (N-type). A PN junction
diode may be formed from a single crystal intrinsic semiconductor by doping part of it with acceptor
impurities and the remaining with donors. Such junctions can form the basis of very efficient rectifiers.
The most important characteristic of a PN junction is its ability to allow the flow of current in only one
direction. In the opposite direction, it offers very high resistance. The high vacuum diode has largely been
replaced by silicon and selenium rectifiers. Semiconductor diodes find wide applications in all phases of
electronics, viz. radio and TV, optoelectronics, power supplies, industrial electronics, instrumentation,
computers, etc. The chapter deals with the working of PN junction diode and its characteristics.

In addition to the PN junction diode, other types of diodes like Zener diode, varactor diode, tunnel diode,
LED, PIN diode and PIN Photodiode are also discussed in this chapter and they are manufactured for
specific applications. These special diodes are two terminal devices with their doping levels carefully
selected to give the desired characteristics.

2.2 OPERATION AND CHARACTERISTICS OF PN JUNCTION DIODE

2.2.1 PN Junction Diode in Equilibrium with no Applied Voltage

In a piece of semiconductor material, if one half is doped by P-type impurity and the other half is doped
by N-type impurity, a PN junction is formed. The plane dividing the two halves or zones is called the
PN junction. As shown in Fig. 2.1, the N-type material has high concentration of free electrons, while
the P-type material has high concentration of holes. Therefore, at the junction there is a tendency for
the free electrons to diffuse over to the P-side and holes to the N-side. This process is called diffusion.
As the free electrons move across the junction from N-type to P-type, the donor ions become positively
charged. Hence, a positive charge is built on the N-side of the junction. The free electrons that cross the
junction uncover the negative acceptor ions by filling in the holes. Therefore, a net negative charge is
established on the P-side of the junction. This net negative charge on the P-side prevents further diffusion
of electrons into the P-side. Similarly, the net positive charge on the N-side repels the hole crossing from
P-side to N-side. Thus, a barrier is set up near the junction which prevents further movement of charge
carriers, i.e., electrons and holes. As a consequence of the induced electric field across the depletion
layer, an electrostatic potential difference is established between P- and N-regions, which is called the
potential barrier, junction barrier, diffusion potential, or contact potential, V,. The magnitude of the
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contact potential V, varies with doping levels and temperature. V, is 0.3 V for germanium and 0.72 V for
silicon.
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Fig. 2.1 Formation of PN junction
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The electrostatic field across the junction caused by the positively charged N-type region tends to drive the
holes away from the junction and negatively charged P-type region tends to drive the electrons away from
the junction. The majority holes diffusing out of the P-region leave behind negatively charged acceptor atoms
bound to the lattice, thus exposing negative space charge in a previously neutral region. Similarly, electrons
diffusing from the N-region expose positively ionized donor atoms, and a double-space-charge layer builds
up at the junction as shown in Figs 2.1(a) and (c).

It is noticed that the space-charge layers are of opposite sign to the majority carriers diffusing into them,
which tends to reduce the diffusion rate. Thus, the double space of the layer causes an electric field to be
set up across the junction directed from N- to P-regions, which is in such a direction to inhibit diffusion of
majority electrons and holes, as illustrated in Figs 2.1(a) and (d). The shape of the charge density, p, depends
upon how the diode is doped, Thus, the junction regionis depleted of mobile charge carriers. Hence, it is
called the depletion region (layer), the space-charge region, or the transition region. The depletion region is
of order 0.5 um thick. There are no mobile carriers in this very narrow depletion layer. Hence, no current
flows across the junction and the system is in equilibrium. To the left of this depletion layer, the carrier
concentration is p = N, and to its right, it is n = Np,.

» Calculation of Depletion Width Let us now consider the width of the depletion region in the
junction of Fig. 2.1. The region contains space charge due to the fact that donors on the N-side and acceptors
on the P-side have lost their accompanying electrons and holes. Hence, an electric field is established which,
in turn, causes a difference in potential energy, gV, between the two parts of the specimen. Thus, a potential
is built up across the junction and Fig. 2.1(e) represents the variation in potential. Here, the P-side of the
junction is at a lower potential than the N-side which means that the electrons on the P-side have a great
potential energy.

In this analysis, let us consider an alloy junction in which there is an abrupt change from acceptor ions on
P-side to donor ions on N-side. Assume that the concentration of electrons and holes in the depletion region
is negligible and that all of the donors and acceptors are ionized. Hence, the regions of space charge may be
described as
p=—qN,,0>x>X,
p=4gNp, X, >x>0
p =0, elsewhere
where p is the space-charge density, as indicated in Fig. 2.1(c)(i). The axes have been chosen in Fig. 2.1(e)
in such a way that V; and X, have negative values. The potential variation in the space-charge region can be
calculated by using Poisson’s equation, which is given by
V2y= P&y, 2
&€
where &, is the relative permittivity. The relevant equation for the required one-dimensional problem is
avo__p
dx? £ €,
Applying the above equation to the P-side of the junction, we get
d*v _ 4GN,
dx* g€,
Integrating twice, we get

r
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N 2
v=224" x4
2¢, €,

where C and D are the constants of integration.

From Fig. 2.1(e), we have V = 0 at x = 0, and, hence, D = 0. When x < X, on the P-side, the potential is

constant, so that d_V =( atx=X,. Hence,

dx v
c=-14
£, €,
2
Therefore, V= ANy X" Ny X, - x
2e,€, €€,
2
ie., v=Nal Xy,
g€\ 2
As V=V, atx=X,, we have
_ aN 2
: 2¢, €, :

If we apply the same procedure to the N-side, we get

N
Va= 261 2 'Xz2
£, E,

Therefore, the total built-in potential or the contact potential is V,, where

V,=V, -V, =—L (N, X} + N, X2)
o Sr
We know the fact that the positive charge on the N-side must be equal in magnitude to the negative charge
on the P-side for the neutral specimen. Hence,

NyXy == NpX,

and substituting this relationship in the above equation and using the fact that X, is a negative quantity, we

get
172

2¢,¢,V,
SR A
gN (1 +—4 J
ND
1/2
2¢ ¢,V
Similarly, X, = s I °

N
Np| 1+—2
! D[ NAJ

The total depletion width, W = X, — X, and, hence, W2 = Xf + Xg —2X, X,, and then substituting for X, and
X, from the above equations, we find
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1/2
we | 268 [NA +NDJ
q Ny Np

Here, in an alloy junction, the depletion width W is proportional to (V,)

12

In a grown junction, the charge density (p) varies linearly with distance (x) as shown in Fig. 2.1(c)(ii). If a
similar analysis is carried for this junction, it is found that W varies as (V{,)“ % instead of (V{,)“ 2,

2.2.2 Under Forward-Bias Condition

When the positive terminal of the battery is connected to the P-type and negative terminal to the N-type of the
PN junction diode, the bias applied is known as forward bias.

» Operation As shown in Fig. 2.2, the applied potential with external battery acts in opposition to the
internal potential barrier and disturbs the equilibrium. As soon as equilibrium is disturbed by the application
of an external voltage, the Fermi level is no longer continuous across the junction. Under the forward-bias
condition, the applied positive potential repels the holes in the P-type region so that the holes move towards
the junction and the applied negative potential repels the electrons in the N-type region and the electrons
move towards the junction. Eventually, when the applied potential is more than the internal barrier potential,
the depletion region and internal potential barrier disappear.

» V-1 Characteristics of a Diode under Forward Bias Under forward-bias condition, the V-I
characteristics of a PN junction diode are shown in Fig. 2.3. As the forward voltage (V) is increased, for
Vi <V, the forward current I, is almost zero (region OA) because the potential barrier prevents the holes
from P-region and electrons from N-region to flow across the depletion region in the opposite direction.

— |—| —> Holes flow
N

P | | I{mA)
+ * * | T = = =
© ©6 © 6/, 6 6 6 Ge §;
+ + + | | B
© © © 10| ® @
| |
68 bicjloie e o
——— =— Electrons flow
+|W— A
— | ol 03V 07V VeV)
Fig.2.2 PN junction under forward bias Fig.2.3 V-l characteristics of a diode under forward-

bias condition

For Vi > V,, the potential barrier at the junction completely disappears and, hence, the holes cross the
junction from P-type to N-type and the electrons cross the junction in the opposite direction, resulting in
relatively large current flow in the external circuit.

A feature worth to be noted in the forward characteristics shown in Fig. 2.3 is the cut in or threshold voltage
(V,) below which the current is very small. It is 0.3 V and 0.7 V for germanium and silicon, respectively. At
the cut-in voltage, the potential barrier is overcome and the current through the junction starts to increase
rapidly.
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2.2.3 Under Reverse-Bias Condition

When the negative terminal of the battery is connected to the P-type and positive terminal of the battery is
connected to the N-type of the PN junction, the bias applied is known as reverse bias.

» Operation Under applied reverse bias as shown in Fig. 2.4, holes which form the majority carriers of
the P-side move towards the negative terminal of the battery and electrons which form the majority carrier
of the N-side are attracted towards the positive terminal of the battery. Hence, the width of the depletion
region which is depleted of mobile charge carriers increases. Thus, the electric field produced by applied
reverse bias, is in the same direction as the electric field of the potential barrier. Hence, the resultant potential
barrier is increased which prevents the flow of majority carriers in both directions; the depletion width, W,
is proportional to [V, under reverse bias. Therefore, theoretically, no current should flow in the external
circuit. But in practice, a very small current of the order of a few microampere flows under reverse bias as
shown in Fig. 2.5. Electrons forming covalent bonds of the semiconductor atoms in the P- and N-type regions
may absorb sufficient energy from heat and light to cause breaking of some covalent bonds. Hence, electron-
hole pairs are continually produced in both the regions. Under the reverse-bias condition, the thermally
generated holes in the P-region are attracted towards the negative terminal of the battery and the electrons in
the N-region are attracted towards the positive terminal of the battery. Consequently, the minority carriers,
electrons in the P-region and holes in the N-region, wander over to the junction and flow towards their majority
carrier side giving rise to a small reverse current. This current is known as reverse saturation current, I,. The
magnitude of the reverse saturation current mainly depends upon junction temperature because the major
source of minority carriers is thermally broken covalent bonds.

IF A
P N
+ + 10 6/ @ - - v, v,
+ + |0 6| & - - 0
+ + 16 |l | - - Break-
( ) down
Hloles w Electrons voltage
— o+
o \ Ir(pA)
Fig.2.4 PN junction under reverse bias Fig.2.5 V-l characteristics under reverse bias

For large applied reverse bias, the free electrons from the N-type moving towards the positive terminal of the
battery acquire sufficient energy to move with high velocity to dislodge valence electrons from semiconductor
atoms in the crystal. These newly liberated electrons, in turn, acquire sufficient energy to dislodge other
parent electrons. Thus, a large number of free electrons are formed which is commonly called an avalanche
of free electrons. This leads to the breakdown of the junction leading to very large reverse current. The
reverse voltage at which the junction breakdown occurs is known as breakdown voltage, Vg,

2.2.4 PN Junction as a Diode

Figure 2.6 shows the current-voltage characteristics of PN junction. The characteristics of the PN junction
vary enormously depending upon the polarity of the applied voltage. For a forward-bias voltage, the current
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increases exponentially with the increase of voltage. A small change in the forward-bias voltage increases
the corresponding forward-bias current by orders of magnitude and, hence, the forward-bias PN junction
will have a very small resistance. The level of current flowing across a forward-biased PN junction largely
depends upon the junction area. In the reverse-bias direction, the current remains small, i.e., almost zero,
irrespective of the magnitude of the applied voltage and hence the reverse-bias PN junction will have a high
resistance. The reverse-bias current depends on the area, temperature and type of semiconductor material.

\
l¢ (MA)

l
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21
11
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Fig. 2.6 Ideal I-V characteristics of a PN junction diode

The semiconductor device that displays these /-V characteristics is called a PN junction diode. Figure 2.7
shows the PN junction diode with forward-bias and reverse-bias and their circuit symbols. The metal contacts
are indicated with which the homogeneous P-type and N-type materials are provided. Thus, two metal-
semiconductor junctions, one at each end of the diode, are introduced. The contact potential across these
junctions is approximately independent of the direction and magnitude of the current. A contact of this type
is called an ohmic contact, which has low resistance. In the forward bias, a relatively large current is produced
by a fairly small applied voltage. In the reverse bias, only a very small current, ranging from nanoamps to
microamps is produced. The diode can be used as a voltage controlled switch, i.e., OFF for a reverse-bias
voltage and ON for a forward-bias voltage.

Metal contacts Metal ohmic
) < contacts )
/ /
P|w == Pl w SN
+II_ il _|I+ —, Lt
| I 1 1 | 1}
"4 Vv v Y

(a) (b)

Fig. 2.7 (a) Forward-biased PN junction diode and its circuit symbol
(b) Reverse-biased PN junction diode and its circuit symbol

When a diode is reverse-biased by at least 0.1 V, the diode current is I, =—1,. As the current is in the reverse
direction and is a constant, it is called the diode reverse saturation current. Real diodes exhibit reverse-bias
current that are considerably larger than /. This additional current is called a generation current which is due
to electrons and holes being generated within the space-charge region. A typical value of I, may be 107 A
and a typical value of reverse-bias current may be 107% A.
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2.2.5 PN Junction Diode as a Rectifier

A PN junction diode is a two-terminal device that is polarity sensitive. When the diode is forward biased, the
diode conducts and allows current to flow through it without any resistance, i.e., the diode is ON. When the
diode is reverse biased, the diode does not conduct and no current flows through it, i.e., the diode is OFF, or
providing a blocking function. Thus, an ideal diode acts as a switch, either open or closed, depending upon
the polarity of the voltage placed across it. The ideal diode has zero resistance under forward bias and infinite
resistance under reverse bias.

2.2.6 Diode Ratings or Limiting Values of PN Junction Diode

The PN junction diode will perform satisfactorily only if it is operated within certain limiting values. They
are the following:

= Maximum Forward Current It is the highest instantaneous current under forward-bias condition that
can flow through the junction.

= Peak Inverse Voltage (PIV) Itis the maximum reverse voltage that can be applied to the PN junction.
If the voltage across the junction exceeds PIV under reverse-bias condition, the junction gets damaged.

= Maximum Power Rating It is the maximum power that can be dissipated at the junction without
damaging the junction. Power dissipation is the product of voltage across the junction and current through
the junction.

= Maximum Average Forward Current It is given at a special temperature, usually 25°C, (77°F) and
refers to the maximum amount of average current that can be permitted to flow in the forward direction. If
this rating exceeds its limit then the structure breakdown can occur.

= Repetitive Peak Forward Current It is the maximum peak current that can be permitted to flow in
the forward direction in the form of recurring pulses. The limiting value of this current is 450 mA.

= Maximum Surge Current It is the maximum current permitted to flow in the forward direction in the
form of non-recurring pulses. The current should not equal this value for more than a few milliseconds.

The above diode ratings are subject to change with temperature variations. If the operating temperature is
more than that stated for the rating then the ratings must be decreased.

E CURRENT COMPONENTS IN PN JUNCTION DIODE

Let us now derive the expression for the total current as a function of applied voltage assuming that the width of
the depletion region is zero. When a forward bias is applied to a diode, holes are injected from the P-side into
the N-side. Due to this, the concentration of holes in the N-side (p,) is increased from its thermal equilibrium
value (p,) and injected hole concentration [P,(x)] decreases exponentially with respect to the distance (x).

—x/L
Pn(x):pn_pn0=Pn(0)e i
where L, is the diffusion length for holes in the N-material.

PuX) = pyo + P,(0)e @2.1)
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Injected hole concentration at x = 0 is
Pn(o) :pn (O) _pn() (2'2)
Let p, and p, be the hole concentrations at the edges of the space charge in the P- and N-sides, respectively.
Let V (= V- V) be the effective barrier potential across the depletion layer. Then
p,= P, VBV 2.3)
where V. is the volt-equivalent of temperature.

This is the Boltzmann’s relation of kinetic gas theory. This equation is valid as long as the hole current is
small compared with diffusion or drift currents. This condition is called low-level-injection.

Under open-circuit condition (i.e., V = 0), p, = p,, P, = Py and V= V,,. Equation (2.3) can be changed into

Ppo = Puoe®’'T 2.4)
Under forward-bias condition, let V be the applied voltage; then the effective barrier voltage
Ve=Vy-V

The hole concentration throughout the P-side is constant and equal to the thermal equilibrium value
(P, = Ppo)- The hole concentration varies exponentially with distance into the N-side.

Atx=0, P, =p,0)

Equation (2.3) can be changed into

Ppo = P, (0)e'07T 2.5)
Comparing Eqs (2.4) and (2.5),
Pu0) = P

This boundary condition is called the law of the junction. Substituting this into Eq. (2.2), we get

P,(0) = (e’ = 1) 2.6)
The diffusion-hole current in the N-side is
dp, (x)
1,,(x)=—-AqD, ;x
d —x/L
= —AqD, E[pno + B0y " |

AGDFO) o,

L,

From this equation, it is evident that the injected hole current decreases exponentially with distance.
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» Forward Currents The hole current crossing the junction into the N-side with x = 0 is
AgD, P,(0) B AgD,p,

p Lp

1,,(0) = (""" -1

The electron current crossing the junction into the P-side with x =0 is
AgD, N,(0) AgD, n,,
L

n n

1,,(0) = " ~1

The total diode current,
I=1,,0)+1,,0)=1,""-1

pn

= reverse saturation current.

Aqu Do N AgD, My

L, L,

where [, =

If we consider carrier generation and recombination in the space-charge region, the general equation of the
diode current is approximately given by

I=1, [¢V/mvr) _1]

where V = external voltage applied to the diode and 1) = a constant, 1 for germanium and 2 for silicon.
2 2

» Reverse Saturation Current 'We know that p = 2 and n,= T Applying these relationships
" Np Ny

in the above equation of reverse saturation current, /,, we get

s Loo

DP Dn 2
I,= Aq + n;
L,N, L,N,

n

where nl2 =A, T3 ¢ EeolkT — A, T° eiVGo/VT, where V;;, is a voltage which is numerically equal to the
forbidden-gap energy E;, in electronvolt.

For a germanium diode, the diffusion constants D, and D,, vary approximately inversely proportional to T.
Hence, the temperature dependence of I, is

V6o
I,= K T*e 'T
where K is a constant independent of temperature.
For a silicon diode, 1, is proportional to n; instead of nl2 Hence,
3 Voo

I,=K,T?e?r

where K, is a constant independent of temperature.
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2.4 DIODE EQUATION

The diode-current equation relating the voltage V and current / is given by

I=1,[Y" -1
4

where I = diode current
I, = diode reverse saturation current at room temperature
V = external voltage applied to the diode
a constant, 1 for germanium and 2 for silicon
kT/q = T/11600, volt-equivalent of temperature, i.e., thermal voltage,

n
Now, V;

where k= Boltzmann’s constant (1.38 x 107> J/K)
q = charge of the electron (1.602 x 1079 C)
T = temperature of the diode junction (K) = (°C + 273)
At room temperature (7'= 300 K), V;, =26 mV. Substituting this value in the current equation, we get
[=1[%Vm _1)

Therefore, for a germaniumdiode, /=1, [e40v— 1], since n=1for germanium. For asilicondiode, /=1 [e
since 1 = 2 for silicon.

20V_q,

If the value of applied voltage is greater than unity then the equation of diode current for germanium,
I=1, s

and for silicon, =1,

When the diode is reverse biased, its current equation may be obtained by changing the sign of the applied
voltage V. Thus, the diode current with reverse bias is

I=1,[7VM) )
o

If V>> V then the term VMV 1 ; therefore, / = — I , termed as reverse saturation current, which is valid
as long as the external voltage is below the breakdown value.

EXAMPLE 2.1 ®

When a reverse bias is applied to a germanium PN junction diode, the reverse saturation current at room
temperature is 0.3 LA. Determine the current flowing in the diode when 0.15 V forward bias is applied at
room temperature.

Given, I,=03 x 10° A and V,=0.15V
The current flowing through the PN diode under forward bias is

I=1,("" -1

=03x107° (> 1)
=120.73 uA
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EXAMPLE 2.2 ®

The reverse saturation current of a silicon PN junction diode is 10 pA. Calculate the diode current for the
forward-bias voltage of 0.6 V at 25 °C.

Given  V,=0.6V,T=273+25=298K
I,=10uA =1 x 10~ A and 1 = 2 for silicon
The volt-equivalent of the temperature (7') is
o T __ 2%
11,600 11,600

=257x107°V

Therefore, the diode current,

Ve
I=171 ™ 1

0.6
1o [6“5710 _J ~1174A

EXAMPLE 2.3 @

The diode current is 0.6 mA when the applied voltage is 400 mV, and 20 mA when the applied voltage is
kT
500mV. Determine 7. Assume — =25 mV.

q
v
The diode current, =1, (enkT _ 1]
av av
Therefore, 0.6x107 =71 (e”kT - 1) =1, e™"
400 16
=1, e =1, e (1
500 20
Also, 20%x107 =1, ¢ =1, " )
Dividing Eq. (2) by Eq. (1), we get
20
20x107° 1 oM
06x10° 18
I,-e"
4
Therefore, @ = eH
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Taking natural logarithms on both sides, we get

100 4
log, — = —
3 n
3.507 = i
n
4
Therefore, n=——=1.14
3.507

EXAMPLE 2.4

Find the voltage at which the reverse current in a germanium PN junction diode attains a value of 90 percent

of its saturation value at room temperature.

We know that the current of a PN junction diode is

v
I=1\e'm -1

4
Therefore, -0901,=1, (eVT - 1)
T
where Vp = =26 mV
11,600
v
—09 = 0026 _ 1
v
0.1 = £0026
Therefore, V=-0.06V

EXAMPLE 2.5

Determine the ideal reverse saturation current density in a silicon PN junction at 7 = 300 K. Consider the

following parameters in the silicon PN junction:

Ny=Np=10"cm™, n;=1.5x 10" ecm™, D, =25 cm’s, T,,=T,,=5x 10" s, D, = 10 cm’/s, £, = 11.7.

Comment on the result.

Given, T=300 K, Ny = N, = 10" em™, ;= 1.5 x 10'° cm™, D, = 25 ems,

T,,=T,,=5x% 107, D,=10 cm?/s

The reverse saturation current is given by

D D
ID: Aq{ d + 1 1”?
A

L,-N, L, N
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1
We know that, J, = 7"

Therefore, reverse saturation current density is,

D D
]0 =q L + i nlz
L, N, L,N,

where L,= D, T, =y10x10* x5x 107 =2.236x10°
and L,= (D, T, =25x10% x5x107 =3.535x 107
—4 —4
Hence, g, = 1602x107° | XN BXWT gty
2236 X107 x 10 3.535x 107 x 10

=0.416 HA/s

EB TEMPERATURE DEPENDENCE ON V-1 CHARACTERISTICS

The reverse saturation current /, is temperature dependent while voltage equivalent of temperature V. is also
temperature dependent. Hence, the diode current involving 7, and V/ is temperature dependent. Therefore,
the overall diode characteristics depend on the temperature.

The dependence of /, on temperature 7 is given by
I,=KT"e Vo1 2.7
where K = constant independent of temperature (not the Boltzmann’s constant)

m =2 for Ge and 1.5 for Si
and V,;, = forbidden energy gap = 0.785 V for Ge and 1.21 V for Si.

As temperature increases, the value of I, increases and, hence, the diode current increases. To keep diode
current constant, it is necessary to reduce the applied voltage V of the diode.

Let us calculate, the rate of change of the applied voltage to keep the diode current constant. For a constant

diode current, a = (. Hence, the change in voltage has to be calculated.
T

A diode current equation is given by
I=1,(""r-1)

Since [ >> I, for a forward characteristics, we have
I[=1,¢"Mr (2.8)

Substituting Eq. (2.7) into Eq. (2.8), we get
I=KT™ e_VGa/r’VT . eV/nVT
=KT" Vo s (2.9)

Since V= kT, where k is Boltzmann’s constant,
1 =KT™ V~Va ke
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For a constant diode current, dI/dT = 0. Hence, differentiating the above equation with respect to 7, we get

ar _ K| w1 oV Vel ke | pm JV=VG)/miy 'i(V_VGa H

dar ) dT \ nkT
av
™ T——-(V-V,)x1
= K VYoo nkr | pm=1 +— dr ;
n T
. (mT™ T (av
- kv [A Ty )
T nkT dT

Note that V;, is forbidden energy gap at 0 K and, hence, it is a constant from differentiation point of view.

Taking T™ outside and rearranging the above equation, we get

mnkT + (TZ‘T/ -V - VGO))

ar = KoV Vo) nkr o pm
dr nkT
= ke Vo T > | mnkT + (Td—v - (V- VGo)j
nkT- | dTr
Replacing kT with V, we get
7 ~ Tm—l B
A g Voo o T mnVy + Td—V—(V—VGD)
dT nvr | dT

dl . . .
Now, T = 0 for constant diode current. Hence, equating the above equation to zero, we get

dv
m’l]VT +Td—T—(V—VG0) =0

dv
T— =V-V,. —mnV.
AT Go nvr

av. V-V, —mnVy)

dT T

This is the required change in voltage necessary to keep diode current constant.

Hence, for germanium, at cut-in voltage, V = Vy= 02Vand withm=2,1=1,T=30K, and V;,=0.785 V
in the above equation, we get

_ -3
d_V _ 02—-(0.785+2x1x26x%x10 ):—2.12mV/°Cf0rGe
dT 300

The negative sign indicates that the voltage must be reduced at a rate of 2.12 mV per degree change in
temperature to keep diode current constant.

Similarly, Z_¥ —-23mV/°C for Si.
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. dv . . .
Practically, the value of ra is assumed to be —2.5 mV/°C for either Ge or Si at room temperature.

Thus, W 5 smvrc (2.10)
dT

The negative sign indicates that dV/dT decreases with increase in temperature.

2.5.1 Effect of Temperature on Reverse Saturation Current

To study by what rate /, changes with respect to temperature, consider Eq. (2.7) again. That is,
I, =KT" e VGoMVT
Taking logarithm on both sides, we get
In (1) = In (KT™ ¢~ VGo/MVD

\%
=InK+InT" - S
nvr

V,
=InK+mInT - —52
nvr
Substituting V, = kT, we get

v,
In(l)=InK+mlInT - -
nkT

Differentiating this equation with respect to 7, we get
din,) o .m_ Ve [-_1) m Ve,

ar T nk
Replacing kT with V we have
V,
d [111 1 0] _ ﬂ " Go

T2

dar T 0TV,
For germanium, substituting the values of various terms at room temperature, we get
2 0.785
dinf,] _ 2 | =0.11 per °C

dr 300 1x300%26x107
This indicates that /, increases by 11 percent per °C rise in temperature. For silicon, we get

dlinl,]
dT

This indicates that /, increases by 8 percent per °C rise in temperature.

=0.08 per °C

Practically, itis found that the reverse saturation current /,, increases by 7 percent per °C change in temperature
for both silicon and germanium diodes. If at 7°C is 1 uA then at (7' + 1) °C, it becomes 1.07 WA, and so on.
From this, it can be concluded that reverse saturation current approximately doubles, i.e., 1.07' for every
10°C rise in temperature.
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The above result can be mathematically represented as,

)1, -3
102= 2 10 101= 210 101

where [, is the reverse saturation current at 7, and I, is the reverse saturation current at 7.

2.5.2 Temperature Dependence of V-I Characteristics

The rise in temperature increases the generation of electron-hole pairs in semiconductors and increases their
conductivity. As a result, the current through the PN junction diode increases with temperature as given by
the diode-current equation,

1=1,["MD 1]

The reverse saturation current /, of the diode increases approximately 7 percent/°C for both germanium and
silicon. Since (1.07)'° =2, reverse saturation current approximately doubles for every 10°C rise in temperature.
Hence, if the temperature is increased at fixed voltage, the current [ increases. To bring the current / to its
original value, the voltage V has to be reduced. It is found that at room temperature, for either germanium or

.. dav . ..
silicon, d_T = —2.5mV/°C in order to maintain the current / to a constant value.

At room temperature, i.e., at 300 K, the value of A Ir(mA)
barrier voltage or cut-in voltage is about 0.3 V
for germanium and 0.7 V for silicon. The barrier
voltage is temperature dependent and it decreases 75° G 25° G
by 2 mV/°C for both germanium and silicon.
This fact may be expressed in mathematical

form, which is given by
VR (volt) VF (volt)

I,=1, 20 -
0. o

where [, = saturation current of the diode at the
temperature (7), and [, = saturation current of
the diode at the temperature (7).

Figure 2.8 shows the effect of increased

temperature on the characteristic curve of a PN 25°C 75°C
junction diode. A germanium diode can be used

up to a maximum of 75°C and a silicon diode, to V15 (LA)
a maximum of 175°C.

Fig. 2.8 Effect of temperature on diode characteristics

EXAMPLE 2.6 ®

The voltage across a silicon diode at room temperature (300 K) is 0.7 volt when 2 mA current flows through
it. If the voltage increases to 0.75 V, calculate the diode current (assume V=26 mV).

Given, room temperature = 300 K

Voltage across a silicon diode, V;,; =0.7 V
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Current through the diode, Ij,; =2 mA
When the voltage increases to 0.75 V, V), then

I I (eVp2/Vrn _q 0.75/26x107 x2 _ 4
ID—2 - D(ev Ven - = =2615
D1 I,(e"PVT — 1) 07/26x107 x2 ¢
Therefore, I, =2.615%1, =2615x2x 107> =523 mA

EXAMPLE 2.7  J

A silicon diode has a saturation current of 7.5 LA at room temperature of 300 K. Calculate the saturation
current at 400 K.

Solution Given, 1, =7.5 x 107° A at T,=300K=27°Cand T, =400 K = 127°C

Therefore, the saturation current at 400 K is
I,=1I,x A(Ty=T))/10
0. o

=7 5 X 10—6 x 2(127—27)/10
=75x10"°%x2'=7.68 mA

EXAMPLE 2.8 @

The reverse saturation current of the Ge transistor is 2 LA at room temperature of 25°C and increases by a
factor of 2 for each temperature increase of 10°C. Find the reverse saturation current of the transistor at a
temperature of 75°C.

Given, I, =2 uA at T, = 25°C, T, = 75°C

Therefore, the reverse saturation current of the transistor at 7, = 75°C is

(75—25]
Ip =1, x 2570 =25 1070 x 2\ 10

=2x10"°x2° =64 pA

‘6 DIODE RESISTANCE LEVELS (STATIC AND DYNAMIC)

An ideal diode should offer zero resistance in forward bias and infinite resistance in the reverse bias. But in
practice, no diode can act as an ideal diode, i.e., an actual diode
does not behave as a perfect conductor when forward biased and
as a perfect insulator when reverse biased. Let us consider four
resistances of the diode (i) dc or static resistance, (ii) ac or dynamic
resistance, (iii) average ac resistance, and (iv) reverse resistance.

I (mA) 4

» dc or Static Resistance (Rp) It is defined as the
ratio of the voltage to the current, V/I, in the forward-bias
characteristics of the PN junction diode. In the forward-bias
characteristics of the diode as shown in Fig. 2.9, the dc or static
resistance (R) at the operating point can be determined by using

Fig.2.9 Forward biasing of a diode
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. . % . ..
the corresponding levels of the voltage V and current /, i.e., Ry = 7 . Here, the dc resistance is independent

of the shape of the characteristics in the region surrounding the point of interest. The dc resistance levels at
the knee and below will be greater than the resistance levels obtained for the characteristics above the knee.
Hence, the dc resistance will be low when the diode current is high. As the static resistance varies widely with
V and [, it is not a useful parameter.

» ac or Dynamic Resistance (rg) 1t is defined as the reciprocal of the slope of the volt-ampere
characteristics.

change in voltage _AV

Ve =
f resulting change in current A/

A straight line drawn tangent to the curve through the quiescent point (Q-point) as shown in Fig. 2.10(a) will
define a specific change in voltage and current which may be used to determine the ac or dynamic resistance
for this region of the diode characteristics. As shown in Fig. 2.10(b), for a small change in voltage, there will
be a corresponding change in current, which is equidistant to either side of the Q-point. Hence, the ac or

. . . . AV
dynamic resistance is determined as r, = AL

The derivative of a function at a point is equal to I (MA)
the slope of the tangent line drawn at the point.
The Schockley’s equation for the forward and

. . . 30f------mmmmmmmm oo
reverse-bias regions is defined by

I =1 (eV/HVT -1 Al
Taking the derivative of the above equation w.r.t.
the applied voltage, V, we get av
— = —[ (T -1
av. . dv L, ( )
_ 1 Vi Q-point Al
‘| nv; 5 }>AI
| | | | 1 Yy o |
—~ 0.10.20.30.40.50.60.70.80.9 1
I Vinvy AV ~——
_ 20 e AV
nvy (a) (b)
I+, Fig.2.10 Dynamic resistance
nvr
Generally, / >> I in the vertical-slope section of the characteristics. Therefore,
a1
v v,
av V.
Therefore, — =1 = "
dl

1
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V,
The dynamic resistance varies inversely with current, i.e., rp= TITT , where V; = 7/1600, the volt equivalent
of temperature (7) of the diode junction (K) and 1) is a constant whose value is equal to 1 for germanium and
2 for silicon diodes. At room temperature V=26 mV.

The ac resistance of a diode is the sum of bulk resistance r,, and junction resistance r;. Bulk resistance (r;,) is
the sum of ohmic resistance of the P- and N-type semiconductors.

¢ (mA) » Average ac Resistance It is the resistance
20} associated with the device for the region if the input signal
is sufficiently large to produce a wide range of the
i ettt characteristics as shown in Fig. 2.11. Therefore,
151 AV
Fav = =7
Al point to point
AI10F . .
As with the dc and ac resistance levels, the lower the level
of currents used to determine the average, the higher is the
5l resistance level.
€ - » Reverse Resistance 1t is the resistance offered
o 0' ] 0' > 0' 30405 OI G*OI; 0' 3 0' 9 '1 v by the PN junction diode under reverse-bias condition. It
o T F g very large compared to the forward resistance, which is

AV in the range of several MQ.

Fig.2.11 Average ac resistance

EXAMPLE 2.9 ®

Determine the forward resistance of a PN junction diode when the forward current is 5 mA at 7'= 300 K.
Assume silicon diode.

Given, for a silicon diode, the forward current, /=5 mA, 7T =300 K
. o nVy T .
Forward resistance of a PN junction diode, rp= T , where Vy = m and 1 = 2 for silicon
2% 200 2 %300
Therefore, re= 11, = X =10.34 Q

5%107°  11,600x5x107

EXAMPLE 2.10 ®

Find the value of dc resistance and ac resistance of a germanium junction diode at 25°C with I, =25 nA and
at an applied voltage of 0.2 V across the diode.

Given, I, =25uA, T=25°C =298 K and V =0.2 volt
v 02
I=1]e™ —1|=25x107 | 2197 _1|=54.79 mA
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dc resistance Rp = v = 02 =3.65Q
I 5479%107
. KT
For germanium, n=1V,=—=2571mV
q
V, 2571x107
ac resistance re= "r _ X =047 Q

I 5479x107

EXAMPLE 2.11 @

Calculate the dynamic forward and reverse resistances of a PN junction diode when the applied voltage is
0.25 Vat T=300K given I, =2 HA.

Given, V=025V,T=300K,I,=2pA
AtT=300K, V=26 mV.

Assuming it to be a silicon diode, n =2

v 0.25
Therefore, =1, (enVT - 1) =2x107° (e2X26X103 - 1) =0.24 mA

V —3
o= nvr _2x26x10 —916.670

1 0.24 %1073

For a germanium diode, 1 = 1

v 0.25
I=1, [enVT —1)=2><1o—6 107 _1)=0.03 A

V, 26x107
ry= n_T=u=0.867Q
1 0.03
\% 2
Reverse resistance, — = 0—56 =125kQ
I, 2x10"

EXAMPLE 2.12 ®

A PN junction diode has a reverse saturation current of 30 LA at a temperature, of 125°C. At the same
temperature, find the dynamic resistance for 0.2 V bias in forward and reverse directions.

Given, the reverse saturation current, /, = 30 x 10°Aand V=02V

We know that, the dynamic resistance, r,= M
’ IoeV/nVT
Here, n =1 for germanium and V. = T = 125+273 =343mV
11,600 11,600
43x107
Therefore, forward dynamic resistance, r, = 34.3%10 =3.356 Q

-3
30 x 1076(60.2/34.3><10 )
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-3
Reverse dynamic resistance, r, = 7‘;7 = 343 %10 —— =389.5kQ
106 nvr 30 x 10—6 (6_0'2/34'3X10 )

EXAMPLE 2.13 @

If two similar germanium diodes are connected back to back and the voltage V is impressed upon, calculate
the voltage across each diode and current through each diode. Assume similar value of /, = 1 QA for both the
diodes and n = 1.

The arrangement is shown in Fig. 2.12.

D. D,
As D, is reverse biased, the total current flowing in the circuit is /, = 1 pHA. ||<}1 |'>2'|
The diode D, is forward biased and its forward current is equal to the reverse I, Vp, Vo,
current /, = 1 pA, which can flow as D is reverse biased.
For the diode D,, I =1, =1 LA and voltage across D, is V. .
B

Therefore, I=1[""-1] v
or I=I[e™"r 1] Fig. 2.12
Hence, P =1 41=2

V

%2 —In2
nvr

Vp,=nVrxIn2=1x26x10 % 0.6931 =0.01802 V
Therefore, Vp,=V-Vp,=V-0.01802V
The current through the diodes Dy and D, is I =1,=1 UA

EXAMPLE 2.14 @

Determine the forward resistance of a PN junction diode, when the forward current is 5 mA at 7 = 300 K.
Assume silicon diode.

Given, for a silicon diode, the forward current, / =5 mA. T =300 K

V. T
Forward resistance of a PN junction diode, r; = T'TT where V, = TLe00 and 7 = 2 for silicon
2% 11 €OO 2 % 300
Therefore, rp= : = =10.34 Q

5%107°  11,600x5x107

' 2.7 DIFFUSION CAPACITANCE (Cp)

The capacitance that exists in a forward-biased junction is called a diffusion or storage capacitance (Cp),
whose value is usually much larger than C;, which exists in a reverse-biased junction. This is also defined as

aQ

the rate of change of injected charge with applied voltage, i.e., C), = = where dQ represents the change
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in the number of minority carriers stored outside the depletion region when a change in voltage across the
diode, dV, is applied.

» Calculation of Cp Let us assume that the P-material in one side of the diode is heavily doped in
comparison with the N-side. Since the holes move from the P- to the N-side, the hole current / = 1,,,(0).
The excess minority charge Q existing on the N-side is given by

AgP,(0)e "7

0= [Aqp, )¢ "7 dx =[ } =L,AqP,(0)
0 0

-1/L,
Differentiating the above equation, we get
dQ d[P,(0)]
Cp=—=AqL, —2—= 2.11
T T 1D
We know that the diffusion hole current in the N-side is /,,,(x) =AgD,P,(0)/L, eI, The hole current crossing
o o . AgD, P, (0)
the junction into the N-side withx =01is / o 0)= -
P
AgD, P,(0)
Therefore, I = qp—
L
P
IL
P,(0) = ——
AqD,
Differentiating the above equation w.r.t. V, we get
d[P,(0)] dl L,
dv dV AgD,
Upon substituting in Eq. (2.11), we have
_do dIL,
P av avp,
dl L
Therefore, Cj, = g7, where g = W is the diode conductance and T =—2 is the mean lifetime of holes in
the N-region. !
1
From the diode-current equation, g = ——
T
Therefore, Cp= l
nvr

where 71is the mean lifetime for holes and electrons.

Diffusion capacitance Cj, increases exponentially with forward bias or, alternatively, that it is proportional to
diode forward current, I. The values of Cj, range from 10 to 1,000 pF, the larger values being associated with
the diode carrying a larger anode current, /.



Basic Electronics and Devices

The effect of C}, is negligible for a reverse-biased PN junction. As the value of Cj, is inversely proportional
to frequency, it is high at low frequencies and it decreases with the increase in frequency.

72.8 ENERGY-BAND DIAGRAM OF PN JUNCTION DIODE

Consider that a PN junction has P-type and N-type materials in close physical contact at the junction on an
atomic scale. Hence, the energy-band diagrams of these two regions undergo relative shift to equalise the
Fermi level. The Fermi level E; should be constant throughout the specimen at equilibrium. The distribution
of electrons or holes in allowed energy states is dependent on the position of the Fermi level. If this is not so,
electrons on one side of the junction would have an average energy higher than those on the other side, and
this causes transfer of electrons and energy until the Fermi levels on the two sides get equalized. However,
such a shift does not disturb the relative position of the conduction band, valence band, and Fermi level in
any region. Equalization of Fermi levels in the P and N materials of a PN junction is similar to equalization
of levels of water in two containers on being joined together.

The energy-band diagram for a PN junction is shown in Fig. 2.13, where the Fermi level E; is closer to the
conduction-band edge E,, in the N-type material while it is closer to the valence-band edge E,, in the P-type
material. It is clear that the conduction-band edge E, in the P-type material is higher than the conduction
band edge E, in the N-type material. Similarly, the valence-band edge E,, in the P-type material is higher
than the valence-band edge E,, in the N-type material. As illustrated in Fig. 2.13, E| and E, indicate the shifts
in the Fermi level from the intrinsic conditions in the P and N materials respectively. Then the total shift in
the energy level E is given by

E0=E1+E2=Ecp_Ecn=Evp_Evn

This energy E,, (in €V) is the potential energy of the electrons at the PN junction, and is equal to gV,,, where
V,, is the contact potential (in volt) or contact difference of potential or the barrier potential.

Space-
~——— P-region > charge | <«——— N-region——>
iy
E:;’szG ///// /
R 2N X P
1/2%5G E- & \\T // ///fc"
E, \ N

=

Fig.2.13  Energy-band structure
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» Contact Difference of Potential A contact difference of potential exists across an open-circuited

PN junction. We now proceed to obtain an expression for E. From Fig. 2.13, we find that

1
Ep-FE,=—Es—F

E.,—-Ep= %EG -E,
Combining Eqs (2.12) and (2.13), we get
Ey=E +E,=E;-(E, - Ep)—(Ep—E,)
We know that
= Ng Ny o EGIKT
and np = nl2 (Mass-action law)

From the above equations, we get

NN
Eg= kT In—-"
n;

N
We know that for an N-type material, E, = E. — kT lnN—C . Therefore, from this equation, we get
D

N, N,
E, —Ep= kT In—%=kT In—%
n, Np

N
Similarly, for a P-type material, E, = Ey, + kT In—~ . Therefore, from this equation, we get

A
N N
Ez—E,, = kT In—-=kT In—-
Py Ny
Substituting from Eqs (2.15), (2.16), and (2.17) into Eq. (2.14), we get
N- N N, N
Ey= kT|In—*—-In—%-In—*
n; Ny N,
N~ N N N
= kT In| S5 x —2x—4
n; N. Ny
N, N
= kT ln—D2 A
n:

1

As E, = qV,, the contact difference of potential or barrier voltage is given by
q "12

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

2.17)

(2.18)

In the above equations, E is in electronvolt and k is in electronvolt per degree Kelvin. The contact difference
of potential V|, is expressed in volt and is numerically equal to E,,. From Eq. (2.18), we note that E, (hence,
V,)) depends upon the equilibrium concentrations and not on the charge density in the transition region.
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An alternative expression for E, may be obtained by substituting the equations of n, = Np, p, = ;—i,
) D
n:
n,p,= nl.z, pp=Nyand n, = N_l into Eq. (2.18). Then we get
A
14
E, = kT In“2% = k7 1n 220 (2.19)

Pno n p0O
where the subscript 0 represents the thermal equilibrium condition.

EXAMPLE 2.15 @

(a) The resistivities of the P-region and N-region of a germanium diode are 6 Q-cm and 4 Q-cm, respectively.
Calculate the contact potential V|, and potential energy barrier E,. (b) If the doping densities of both P
and N-regions are doubled, determine V,, and E,,. Given that g = 1.602 X 107" C,on=25x 1013/cm3,
1, = 1800 cm’/V-s, 11, = 3800 cm’ /V-s, and V; = 0.026 V at 300 K.

(a) Resistivity, p= i = ! =6 Q-cm
o Nyqu,
1 1 15,3
Therefore, N, = = 5 =0.579 x10"° /cm
6gUp  6x1.602x107" x 1800
Similarly, Np = L ! =0.411x10" /em®
4qu,  4x1.602x107" x 3800
N, N ) ) 30
Therefore, Vo = Vo in 2 a 0006 1n 222 X0AIXI0T 4 1545y
n (2.5%x10")
Hence, E, =0.1545eV
2x0.579x 10" x 2% 0.411x 10"
(b) V, = 0.026 1n 22X 037 X107 % S ~0.1906 V
(2.5%10")
Therefore, E, =0.1906 eV
2.9 ZENER CHARACTERISTICS
When the reverse voltage reaches breakdown voltage in a normal PN I(mA)

junction diode, the current through the junction and the power dissipated at
the junction will be high. Such an operation is destructive and the diode gets
damaged. Whereas diodes can be designed with adequate power dissipation

capabilities to operate in the breakdown region. One such diode is known as i |Vz Ve
the Zener diode. The Zener diode is heavily doped than the ordinary diode. O
From the V-I characteristics of the Zener diode, shown in Fig. 2.14, it is B

found that the operation of the Zener diode is same as that of an ordinary
PN diode under forward-biased condition. Whereas under reverse-baised Y Ig(uA)
condition, breakdown of the junction occurs. The breakdown voltage Fig. 2.14 V- characteristics of

a Zener diode
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depends upon the amount of doping. If the diode is heavily doped, the depletion layer will be thin and,
consequently, breakdown occurs at lower reverse voltage and further, the breakdown voltage is sharp.
Whereas a lightly doped diode has a higher breakdown voltage. Thus, breakdown voltage can be selected
with the amount of doping.

The sharp increasing currents under breakdown conditions are due to the following two mechanisms.
1. Avalanche breakdown
2. Zener breakdown

ilO AVALANCHE AND ZENER BREAKDOWN

» Avalanche breakdown

As the applied reverse bias increases, the field across the junction increases correspondingly. Thermally
generated carriers, while traversing the junction, acquire a large amount of kinetic energy from this field.
As a result, the velocity of these carriers increases. These electrons disrupt covalent bond by colliding with
immobile ions and create new electron-hole pairs. These new carriers again acquire sufficient energy from
the field and collide with other immobile ions thereby generating further electron-hole pairs. This process
is cumulative in nature and results in generation of avalanche of charge carriers within a short time. This
mechanism of carrier generation is known as avalanche multiplication. This process results in flow of large
amount of current at the same value of reverse bias.

» Zener Breakdown

When the P- and N-regions are heavily doped, direct rupture of covalent bonds takes place because of the
strong electric fields, at the junction of the PN diode. The new electron-hole pairs so created increase the
reverse current in a reverse-biased PN diode. The increase in current takes place at a constant value of
reverse bias typically below 6 V for heavily doped diodes. As a result of heavy doping of P- and N-regions,
the depletion-region width becomes very small and for an applied voltage of 6 V or less, the field across the
depletion region becomes very high, of the order of 107 V/m, making conditions suitable for Zener breakdown.
For lightly doped diodes, Zener breakdown voltage becomes high and breakdown is then predominantly
by avalanche multiplication. Though Zener breakdown occurs for lower breakdown voltage and avalanche
breakdown occurs for higher breakdown voltage, such diodes are normally called Zener diodes.

241 ZENER DIODE APPLICATIONS

From the Zener characteristics shown in Fig. 2.14, under the reverse-bias condition, the voltage across the
diode remains almost constant although the current through the diode increases as shown in region AB. Thus,
the voltage across the Zener diode serves as a reference

voltage. Hence, the diode can be used as a voltage + 4 b —
regulator. T I T
In Fig. 2.15, it is required to provide constant voltage % v, v, R Y
across load resistance R;, whereas the input voltage (a) ¢ l
may be varying over a range. As shown, Zener diode is -0 -
reverse biased and as long as the input voltage does not (b)

fall below V, (Zener breakdown voltage), the voltage
across the diode will be constant and hence the load
voltage will also be constant.

Fig. 2.15 Zener diode: (a) Circuit symbol
(b) As a voltage regulator
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1212 TUNNEL DIODE CHARACTERISTICS WITH THE HELP OF ENERGY BAND DIAGRAMS

The tunnel diode, or Esaki diode, is a thin-junction diode which exhibits negative resistance under low
forward-bias conditions.

An ordinary PN junction diode has an impurity concentration of about 1 part in 10%. With this amount of
doping, the width of the depletion layer is of the order of 5 microns. This potential barrier restrains the flow
of carriers from the majority carrier side to the minority carrier side. If the concentration of impurity atoms
is greatly increased to the level of 1 part in 10°, the device characteristics are completely changed. The width
of the junction barrier varies inversely as the square root of the impurity concentration and, therefore, is
reduced from 5 microns to less than 100 A (107 m). This thickness is only about 1/50th of the wavelength of
visible light. For such thin potential-energy barriers, the electrons will penetrate through the junction rather
than surmounting them. This quantum mechanical behavior is referred to as tunneling and hence, these high-
impurity-density PN junction devices are called tunnel diodes.

The V-I characteristic for a typical germanium tunnel diode is shown in Fig. 2.16. It is seen that at first
forward current rises sharply as applied voltage is increased, where it would have risen slowly for an ordinary
PN junction diode (which is shown as dashed line for comparison). Also, reverse current is much larger for
comparable back bias than in other diodes due to the thinness of the junction. The interesting portion of the
characteristic starts at the point A on the curve, i.e., the peak voltage. As the forward bias is increased beyond
this point, the forward current drops and continues to drop until point B is reached. This is the valley voltage.
At B, the current starts to increase once again and does so very rapidly as bias is increased further. Beyond
this point, the characteristic resembles that of an ordinary diode. Apart from the peak voltage and valley
voltage, the other two parameters normally used to specify the diode behaviour are the peak current and the
peak-to-valley current ratio, which are 2 mA and 10 respectively, as shown.

i A
2MA F——————— | Negative /
| resistance /
/
I
| J
! /
I
| Tunnel ,/
| diode /
I /
| /3
I 7
| B /7
R SR S T P (R P S v
0.2 mA —} P
-v P : %
~~~~~ -~ /o 50 mV 300 mV

Ordinary
diode

-1

e S ——

Fig. 2.16 VI characteristic of a tunnel diode
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The V-I characteristic of the tunnel diode illustrates that it exhibits dynamic resistance between A and B.
Figure 2.17 shows energy level diagrams of the tunnel diode for three interesting bias levels. The shaded
areas show the energy states occupied by electrons in the valence band, whereas the cross hatched regions
represent energy states in the conduction band occupied by the electrons. The levels to which the energy
states are occupied by electrons on either side of the junctions are shown by dotted lines. When the bias is
zero, these lines are at the same height. Unless energy is imparted to the electrons from some external source,
the energy possessed by the electrons on the N-side of the junction is insufficient to permit to climb over the
junction barrier to reach the P-side. However, quantum mechanics show that there is a finite probability for
the electrons to tunnel through the junction to reach the other side, provided there are allowed empty energy
states in the P-side of the junction at the same energy level. Hence, the forward current is zero.

Electrons in conduction
band

Empty energy Ievel

XXX 7 777 7777 7777 7
’o‘o‘0‘o’0’o’o’0’0’o‘o‘o’o’o’o’o‘o’o’o’o0’0’0’0‘0’0’0’0"
o
EI i AR
ec rons in RS
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valance band

/

(a) Zero bias voltage (b) Peak voltage

onommmommmnmw
0‘0,o:0:o:0:o:0:o:o:o:o:o:o:o:0:o:0:0‘0’{0:0:0:020}‘0’0’
QKRR — —

h

(c) Valley voltage

Fig. 2.17  Energy level diagrams of tunnel diode

When a small forward bias is applied to the junction, the energy level of the P-side is lower as compared
with the N-side. As shown in Fig. 2.17(b), electrons in the conduction band of the N-side see an empty energy
level on the P-side. Hence, tunnelling from N-side to P-side takes place. Tunnelling in other directions is not
possible because the valence band electrons on the P-side are now opposite to the forbidden energy gap on
the N-side. The energy band diagram shown in Fig. 2.17(b), is for the peak of the diode characteristic.

When the forward bias is raised beyond this point, tunnelling will decrease as shown in Fig. 2.17(c). The
energy of the P-side is now depressed further, with the result that fewer conduction band electrons on the
N-side are opposite to the unoccupied P-side energy levels. As the bias is raised, forward current drops. This
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corresponds to the negative resistance region of the diode characteristic. As forward bias is raised still further,
tunneling stops altogether and it behaves as a normal PN junction diode.

2.12.1 Equivalent Circuit

The equivalent circuit of the tunnel diode, when biased in the negative resistance region, is as shown in
Fig. 2.18(a). In the circuit, R, is the series resistance and L, is the series inductance which may be ignored
except at highest frequencies. The resulting diode equivalent circuit is thus reduced to parallel combination
of the junction capacitance C; and the negative resistance —R,,. Typical values of the circuit components are
R;=6Q,L;=0.1nH, C;=0.6 pFand R, =75 Q.

(b)

Fig.2.18 (a) Equivalent circuit of a tunnel diode (b) Symbol of a tunnel diode

» Applications Tunnel diode is used as:

1. Anultra-high speed switch with switching speed of the order of ns or ps
2. Logic memory storage device
3. Microwave oscillator
4. A relaxation oscillator circuit
5.  An amplifier
» Advantages
1. Low noise
2. Ease of operation
3. High speed
4.  Low power

» Disadvantages
1. Voltage range over which it can be operated is 1 V or less.
2. Being a two-terminal device, there is no isolation between the input and output circuits.

2.13 VARACTOR DIODE

The varactor, also called a varicap, tuning or voltage variable capacitor diode, is a junction diode with a small
impurity dose at its junction, which has the useful property that its junction or transition capacitance is easily
varied electronically.

When any diode is reverse biased, a depletion region is formed, as seen in Fig. 2.19. The larger the reverse
bias applied across the diode, the width of the depletion layer W becomes wider. Conversely, by decreasing
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the reverse bias voltage, the depletion region width W becomes narrower. This depletion region is devoid of
majority carriers and acts like an insulator preventing conduction between the N- and P-regions of the diode,
just like a dielectric, which separates the two plates of a capacitor. The varactor diode with its symbol is
shown in Fig. 2.20(a).

P N V
. +]oole @f - D
—+ + |0 0l@ ®|- - @
+ +|loole @ - C(oF)
" )
Holes Electrons R_everse P ; ;
_/='J|1+ b|aS’V -15 -10 -5 0
v (b)
Fig. 2.19 Depletion region in a reverse-biased Fig. 2.20 (a) Circuit symbol of a varactor diode
PN junction (b) Characteristics of a varactor diode

As the capacitance is inversely proportional to the distance between the plates (Cy o< 1/W), the transition
capacitance Cj varies inversely with the reverse voltage as shown in Fig. 2.20(b). Consequently, an increase
in reverse-bias voltage will result in an increase in the depletion region width and a subsequent decrease in
transition capacitance C;. At zero volt, the varactor depletion region W is small and the capacitance is large at
approximately 600 pF. When the reverse-bias voltage across the varactor is 15V, the capacitance is 30 pF.

The varactor diodes are used in FM radio, TV receivers, AFC circuits, self-adjusting bridge circuits and
adjustable bandpass filters. With improvement in the type of materials used and construction, varactor diodes
find application in tuning of LC resonant circuit in microwave frequency multipliers and in very low noise
microwave parametric amplifiers.

' 2.14 LIGHT EMITTING DIODE (LED)

The Light Emitting Diode (LED) is a PN junction device which emits light when forward biased, by a
phenomenon called electroluminescence. In all semiconductor PN junctions, some of the energy will be
radiated as heat and some in the form of photons. In silicon and germanium, greater percentage of energy
is given out in the form of heat and the emitted light is insignificant. In other materials such as gallium
phosphide (GaP) or gallium arsenide phosphide (GaAsP), the number of photons of light energy emitted is
sufficient to create a visible light source. Here, the charge carrier recombination takes place when electrons
from the N-side cross the junction and recombine with the holes on the P-side.

LED under forward bias and its symbol are shown in Figs 2.21(a) and (b), respectively. When an LED is
forward biased, the electrons and holes move towards the junction and recombination takes place. As a result
of recombination, the electrons lying in the conduction bands of N-region fall into the holes lying in the
valence band of a P-region. The difference of energy between the conduction band and the valence band is
radiated in the form of light energy. Each recombination causes radiation of light energy. Light is generated
by recombination of electrons and holes whereby their excess energy is transferred to an emitted photon. The
brightness of the emitted light is directly proportional to the forward-bias current.
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Figure 2.21(c) shows the basic structure of an ﬂ
LED showing recombination of carriers and | {PIN]} | )

emission of light. Here, an N-type layer is grown = " -
on a substrate and a P-type is deposited on it by (a) ()

diffusion. Since carrier recombination takes

place in the P-layer, it is kept uppermost. The T T T T T — Metal

metal anode connections are made at the outer contact (+)
edges of the P-layer so as to allow more central P ? ? $ ? $__ Charge carrier
surface area for the light to escape. LEDs are combination
manufactured with domed lenses in order to N .| l l .| |.

reduce the reabsorption problem. A metal (gold) Metal

film is applied to the bottom of the substrate for : Eloelztsrons ¢— contact (-)
reflecting as much light as possible to the surface (©

of the device and also to provide cathode .
connection. LEDs are always encased to protect ~ Fig.2.21  LED (a) LED under forward bias (b) Symbol
their delicate wires. (c) Recombinations and emission of light

The efficiency of generation of light increases with the increases in injected current and with a decrease in
temperature. The light is concentrated near the junction as the carriers are available within a diffusion length
of the junction.

LEDs radiate different colours such as red, green, yellow, orange, blue and white. Some of the LEDs emit
infrared (invisible) light also. The wavelength of emitted light depends on the energy gap of the material.
Hence, the colour of the emitted light depends on the type of material used is given as follows.

Gallium arsenide (GaAs) — infrared radiation (invisible)
Gallium phosphide (GaP) — red or green
Gallium arsenide phosphide (GaAsP) — red or yellow

In order to protect LEDs, resistance of 1 kQ or 1.5 kQ must be connected in series with the LED. LEDs emit
no light when reverse biased. LEDs operate at voltage levels from 1.5 to 3.3 V, with the current of some tens
of milliamperes. The power requirement is typically from 10 to 150 mW with a lifetime of 1,00,000 + hours.
LEDs can be switched ON and OFF at a very fast speed of 1 ns.

They are used in burglar alarm systems, picture phones, multimeters, calculators, digital meters,
microprocessors, digital computers, electronic telephone exchange, intercoms, electronic panels, digital
watches, solid state video displays, and optical communication systems. Also, there are two-lead LED lamps
which contain two LEDs, so that a reversal in biasing will change the colour from green to red, or vice-
versa.

When the emitted light is coherent, i.e., essentially monocromatic, then such a diode is referred to as an
Injection Laser Diode (ILD). The LED and ILD are the two main types used as optical sources. ILD has
a shorter rise time than LED, which makes the ILD more suitable for wide-bandwidth and high-data-rate
applications. In addition, more optical power can be coupled into a fibre with an ILD, which is important for
long distance transmission. A disadvantage of the ILD is the strong temperature dependence of the output
characteristic curve.
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2145 PIN DIODE

It is composed of three regions. In addition to the usual N- and P-regions, an intrinsic layer (I-region) is
sandwiched between them, to form the PIN structure as shown in Fig. 2.22. Being intrinsic, the intermediate
layer offers relatively high resistance which gives it two advantages
compared to an ordinary PN diode. They are (i) decrease in capacitance
between P and N regions as it is inversely proportional to the
separation between these regions. It allows a faster response time for
the diode. Hence, PIN diodes are used at high frequencies (more than  Fig.2.22  Structure of PIN diode
300 MHz), and (ii) possibility of greater

electric field between the P- and N-junctions, 100}
so that the charge carriers drift towards their
majority carrier side. This enhances faster
response of the diode.

o— P / N +—o

RF(Q)
It offers a variable resistance under forward-
bias condition as shown in Fig. 2.23.
Forward resistance offered is given by
7, o< S0/1, where [ is the dc current in mA.

10

Hence, for large dc currents, the diode will
look like a short circuit. In reverse-biased
condition, it looks like an open circuit, i.e., it 0 ; ; _
offers an infinite resistance. 1 10 100

It is used as a switching diode for signal Iz (mA)
frequencies up to GHz range and as an AM

modulator of very high frequency signals. Fig.2.23  Variation of forward resistance in a PIN diode

7216 PIN PHOTODIODE

It is used for the detection of light at the receiving end in optical communication. It is a three-region reverse-
biased junction diode. A layer of intrinsic silicon is sandwitched between heavily doped P and N-type
semiconductor materials. As shown in Fig. 2.24, the depletion region extends almost to the entire intrinsic
layer where most of the absorption of light photons take place. The width of the intrinsic layer is large
compared to the width of the other two layers. This ensures large absorption of light photons in the depletion
region which also forms the absorption region. Light photons incident on the PIN photodiode are absorbed in
the absorption region which leads to the generation of electron-hole pairs. These charge carriers present in the
depletion region drift under the influence of the existing electric field that is set up due to the applied reverse
bias. The reverse current flowing in the external circuit increases linearly with the level of illumination.

As the process of drifting is quicker than diffusion, the transit time of the charge carriers is small so that
the response time is considerably reduced. The large width of the depletion region results in achieving high
quantum efficiency.
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Fig. 2.24 Structure of PIN photodiode

REVIEW QUESTIONS

. What is a PN junction? How is it formed?
. Explain the formation of depletion region in a PN junction.

Draw the energy-band diagram of a PN junction and explain the working of a diode.

. Sketch the conduction and valence bands before and after diffusion of carriers in a PN junction.

. Explain how a barrier potential is developed at the PN junction.

. Describe the action of PN junction diode under forward bias and reverse bias.

. Show that the PN diode works as a rectifier.

. Explain how unidirectional current flow is possible through a PN junction diode.

. Explain V-I characteristics of a PN junction diode.

. Indicate the differences between the characteristics of silicon and germanium diodes and state

approximately their cut-in voltages.

. Explain the following terms in a PN junction diode:

(i) Maximum forward current
(i) Peak inverse voltage

(iii) Maximum power rating

Explain the terms (i) static resistance, (ii) dynamic resistance, (iii) junction resistance, and (iv) reverse
resistance of a diode.
Write the volt—ampere equation for a PN diode. Give the meaning of each symbol.
What are the factors governing the reverse saturation current in a PN junction diode?
Determine the forward-bias voltage applied to a silicon diode to cause a forward current of 10 mA and
reverse saturation current, /, = 25 X 107”7 A at room temperature. (Ans.: 0.4 V)
The reverse saturation current /, in a germanium diode is 6 A. Calculate the current flowing through
the diode when the applied forward bias voltages are 0.2, 0.3 and 0.4 V at room temperature.

(Ans.: 13.15 mA, 21.5 mA, 28.8 mA)
Define the term transition capacitance C of a PN diode.
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18. Explain the term diffusion capacitance Cj, of a forward biased diode.

19. Explain the effect of temperature of a diode.

20. Explain avalanche breakdown and Zener breakdown.

21. Draw the V-I characteristic of Zener diode and explain its operation.

22. Show that the Zener diode can be used as a voltage regulator.

23. Show that a reverse biased PN junction can be used as a variable capacitor.

24. Explain the principle behind the varactor diode and list out its applications.

25. What is tunnelling?

26. From the energy-band diagram, explain the V- characteristic of a tunnel diode.

27. Draw the equivalent circuit of a tunnel diode and explain it.

28. List the applications of tunnel diode and mention its advantages and disadvantages.
29. Explain the construction of a PIN diode and give its two advantages over a PN diode.
30. What are the applications of a PIN diode?

31. Explain in brief the working of a PIN photodiode as an optical detector.

32. Describe with the help of a relevant diagram, the construction of an LED and explain its working.
33. List the applications of an LED.

34. In what respect is an LED different from an ordinary PN junction diode?

OBJECTIVE-TYPE QUESTIONS

1. Ina PN junction, the barrier potential offers opposition to only
(a) holes in P-region (b) free electrons in N-region
(c) majority carriers in both regions (d) minority carriers in both regions
2. In a forward-biased PN junction diode, the sequence of events that best describes the mechanism of current flow
is
(a) injection and subsequent diffusion and recombination of minority carriers
(b) injection and subsequent drift and generation of minority carriers
(c) extraction and subsequent diffusion and generation of minority carriers
(d) extraction and subsequent drift and recombination of minority carriers
3. Which of the following is not associated with a PN junction?
(a) Junction capacitance (b) Charge storage capacitance
(c) Depletion (d) Channel-length modulation
4. The diffusion capacitance of a PN junction
(a) decreases with increasing current and increasing temperature
(b) decreases with decreasing current and increasing temperature
(c) increases with increasing current and increasing temperature
(d) does not depend on current and temperature
5. In an abrupt PN junction, the doping concentrations on the P-side and N-side are N, = 9 x 10" /em® and
Np=1x 10" jem® respectively. The PN junction is reverse biased and the total depletion width is 3 um. The
depletion width on the P-side is
(a) 2.7 um (b) 0.3 um (¢c) 2.25um (d) 0.75 um
6. A PN junction has a built-in potential of 0.8 V. The depletion layer width at a reverse bias of 1.2 V is 2 um . For
areverse bias of 7.2 V, the depletion layer width will be

(a) 4 um (b) 4.9 um (¢) 8um (d) 12 um
7. A tunnel diode is
(a) ahigh resistivity PN junction diode (b) aslow switching device

(c) an amplifying device (d) avery heavily doped PN junction diode.
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. Consider a Ge diode operation at 27°C and just beyond the threshold voltage of Ge. What is the value of dv/dt?

(a) -1.9mV/°C (b)y 2.0 mV/°C (¢) -2.1mV/°C (d) -2.3mV/°C
. For a PN junction, match the type of breakdown with phenomenon
1. Avalanche breakdown
2. Zener breakdown
3. Collision of carriers with crystal ions
A. Collision of carriers with crystal ions
B. Early effect
C. Rupture of covalent bond due to strong electric field
(a) 1-B,2-A,3-C (b) 1-c,2-A,3-B (¢) 1-A,2-B,3-C (d 1-A,2-C,3-B

. A Zener diode works on the principle of
(a) tunnelling of charge carriers across the junction
(b) thermionic emission
(c) diffusion of charge carriers across the junction
(d) doping of charge carriers across the junction

. Zener diodes have breakdown voltage which

(a) has positive temperature coefficient (b) has negative temperature coefficient
(c) is independent of temperature (d) none of these
. In a tunnel diode, impurity concentration is of the order of
() 1in10° (b) 1in 10’ (©) 1in10’ (d) 1in10’
. In a Zener diode,
(a) only the P-region is heavily doped (b) only the N-region is heavily doped

(c) both P and N-regions are heavily doped  (d) both P and N-regions are lightly doped
. A Zener diode, when used in voltage stabilization circuits, is biased in

(a) reverse-bias region below the breakdown voltage

(b) reverse breakdown region

(c) forward-bias region

(d) forward-bias constant current mode
. In a tunnel diode, the width of the depletion layer is of the order of

(a) 0.1 micron (b) 1.0 micron

(¢) 0.1 armstrong (d) 100 armstrong
. A PIN diode is frequently used as a

(a) peak clipper (b) voltage regulator

(c) harmonic generator (d) switching diode for frequencies up to GHz range
. The following is not an application of varactor diode

(a) Parametric amplifier (b) Frequency tuner

(c) Voltage-controlled oscillator (d) Phase shifter

. The light emitting diode (LED) emits light of a particular colour because
(a) itis fabricated from a fluorescent material
(b) transition between energy levels of the carriers takes place while crossing the p-n junction
(c) heat generated in the diode is converted into light
(d) the bandgap of the semiconductor material used in the fabrication of the diode is equal to the energy h,, of the
light photon
. The photoconductive cell most popularly used for visible light spectrum uses
(a) Ge (b) Si (¢) GaAs (d) cadmium sulphide
. The colour of the emitted light while using gallium phosphide GaP in a light emitting diode is
(a) invisible (b) red or green (c) red or yellow (d) green or yellow
. LEDs operate at voltage levels from
(@) 10to 150V (b) 1to 15V () 1.5t033V (d 15t033V



Rectifiers and Regulators

'3 INTRODUCTION

All electronic circuits need dc power supply either from battery or power-pack units. Transformer,
rectifier, filters and regulators form the basic building blocks of a linear mode power supply. A transformer
supplies ac voltage at the required level. This bidirectional ac voltage is converted into a unidirectional
pulsating dc using a rectifier. The unwanted ripple contents of this pulsating dc are removed by a filter
to get pure dc voltage. The output of the filter is fed to a regulator which gives a steady dc output
independent of load variations and input supply fluctuations. This chapter mainly discusses the operation
and characteristics of different types of rectifiers, filters and regulators.

3.2 LINEAR MODE POWER SUPPLY

The basic building blocks of the linear power supply are shown in Fig. 3.1. A transformer supplies ac
voltage at the required level. This bidirectional ac voltage is converted into a unidirectional pulsating dc
using a rectifier. The unwanted ripple contents of this pulsating dc are removed by a filter to get pure dc
voltage. The output of the filter is fed to a regulator which gives a steady dc output independent of load
variations and input supply fluctuations.

A A
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0 t o0 t 0 t 0 >t 0 > t
Y
O~ Stepdown [ ) > =0
230V, 50 Hz Bridge ;
Mains Trans- Rectifier Filter Regulator | dc Output
former Y

Fig. 3.1 Basic building block of linear-mode power supply

3.2.1 Requirements of Linear-Mode Power Supply

1. The most important consideration in designing a power supply is the dc voltage at the output.
It should be able to give minimum operable dc voltage at the rated current.
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2. It should be able to furnish the maximum current needed for the unit, maintaining the voltage
constant. In other words, the regulation of the power supply should be good.

The ac ripple should be low.

The power supply should be protected in the event of short-circuit on the load side.

Overvoltage (spike and surges) protection must be incorporated.

The response of the power supply to temperature changes should be minimum.

3.3 RECTIFIERS

Rectifier is defined as an electronic device used for converting ac voltage into unidirectional voltage. A
rectifier utilizes unidirectional conduction device like a vacuum diode or PN junction diode. Rectifiers are
classified depending upon the period of conduction as half-wave rectifier and full-wave rectifier.

AN S

3.3.1 Half-wave Rectifier

It converts an ac voltage into a pulsating dc voltage using only one half of the applied ac voltage. The rectifying
diode conducts during one half of the ac cycle only. Figure 3.2 shows the basic circuit and waveforms of a
half-wave rectifier (HWR).

v, A
V, F—=
0 7 ¥ > ot
| I
= RN | | S I
Vin ] I
> s | I
| I
1 - T V, A : |
v = R, V,= Pulsating y : :
b & dcoutput Ym == l |
l voltage | |
' > ot

(@) (b)

Fig. 3.2 (a) Basic structure of a half-wave rectifier (b) Input output waveforms of half-wave rectifier

Let v, be the voltage to the primary of the transformer and given by the equation

vi=V,sino vV, >>V,

where V., is the cut-in voltage of the diode. During the positive half cycle of the input signal, the anode of the
diode becomes more positive with respect to the cathode and hence, the diode D conducts. For an ideal diode,
the forward voltage drop is zero. So, the whole input voltage will appear across the load resistance, R; .

During negative half cycle of the input signal, the anode of the diode becomes negative with respect to the
cathode and hence, diode D does not conduct. For an ideal diode, the impedance offered by the diode is
infinity. So the whole input voltage appears across diode D. Hence, the voltage drop across R; is zero.
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» Ripple Factor (I') The ratio of rms value of ac component to the
dc component in the output is known as ripple factor (I").

rms value of ac component V.. ms

I'=
dc value of component Vie
where V, o= V2 — V2.
2
(R
Therefore, = 1
Vdc

The rms value of a continuous-time periodic waveform is the square root of the ratio of the square of that
waveform function to the time period 7, as given by

ms —

1
= /? jOT[x(r)fdt

The average or the dc content of the voltage across the load is given by

V.o = Square of the area under the curve for one cycle
Time period

1 T 2r
Vi = Ve =~ [V, sinwwd (@) + [ 0.d (o)
0 T

Vm [ C()t] T Vm
—[—cos =—
2r 0 T

Vv \% 1
Therefore, Iy, = de _ _‘m _‘m

° R, 7R, &

If the values of diode forward resistance (r,) and the transformer secondary winding resistance (r,) are also
taken into account, then

\%
Vie = 7m_ldc(rs +75)

v, 4

C m

B (7, +rf)+RL B 7 (7, +ry +R;)

Idc

The rms voltage at the load resistance can be calculated as
1

17 2
Voo=|— jv,ﬁ sin? wrd (or)
2 o

1
1 x 2

=V, —j(l—coszwt)d(m =
47r0

[\S} |§<
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v 12
Therefore, r= ||2=| 1= (Ej —1=121
V.IT 2

From this expression, it is clear that the amount of ac present in the output is 121% of the dc voltage. So the
half-wave rectifier is not practically useful in converting ac into dc.

» Efficiency () The ratio of dc output power to ac input power is known as rectifier efficiency (7).
_ dc output power _ Py,

ac input power P,

(Vg )’ (Vm )2
R
LN =i2=o.406=40.6%
V) (Vm) 3

R, 2

The maximum efficiency of a half-wave rectifier is 40.6%.

» Peak Inverse Voltage (PIV) I1tis defined as the maximum reverse voltage that a diode can withstand
without destroying the junction. The peak inverse voltage across a diode is the peak of the negative half
cycle. For half-wave rectifier, PIVis V, .

n

» Transformer Utilization Factor (TUF) 1In the design of any power supply, the rating of the
transformer should be determined. This can be done with a knowledge of the dc power delivered to the load
and the type of rectifying circuit used.

TUF = dc power delivered to the load

ac rating of the transformer secondary
— F dc
P, rated
In the half-wave rectifying circuit, the rated voltage of the transformer secondary is V| /\/5 , but the actual

rms current flowing through the winding is only %” not 7, /\/5 .

2 V2ol
P A W)
TUF = - = L — =0.287
Vo dn Vo V@
N 2 2R,
The TUF for a half-wave rectifier is 0.287.
= Form Factor
1 v 12
Form factor = rms vaue  _ Yw'2 T _ 1.57

average value V. m 2



............................................................................. Recfv‘lersandRegulawrS@

= Peak Factor
peak value 'V,

m

Peak factor =

rms value V.12 -

EXAMPLE 3.1 ®

A half-wave rectifier, having a resistive load of 1000 Q, rectifies an alternating voltage of 325 V peak value
and the diode has a forward resistance of 100 Q. Calculate (a) peak, average and rms values of current (b) dc
power output (c) ac input power and (d) efficiency of the rectifier.

V, 325

(a) Peak value of current, [, = = =29545mA
rp+ R, 10041000
I, 2954
Average current, I, == 9345 mA =94.046 mA
T b2
I 2954
RMS value of current, [, = ?m _ 2545 147.725 mA

(b) The dc power output, Py, = Iﬁc xR,
=(94.046 x 107)% x 1000 = 8.845 W

(c) The ac input power, P, =(I, ) x (re+Ry)

ac rms

= (147.725 x 107%)* (1100) = 24 W

P .84
(d) Efficiency of rectification, 1 = PLC = % =36.85%.

ac

EXAMPLE 3.2 @

A half-wave rectifier is used to supply 24 V dc to a resistive load of 500 Q and the diode has a forward
resistance of 50 Q. Calculate the maximum value of the ac voltage required at the input.

Average value of load current,
1% 24
I,= % =""=48mA
R, 500

Maximum value of load current, /,, = 7 x I, = 7 x 48 mA = 150.8 mA
Therefore, maximum ac voltage required at the input,
Vi =1L, x (ry;+ Rp) = 150.8 x 1072 x 550 = 82.94 V

m

EXAMPLE 3.3 ®

An ac supply of 230V is applied to a half-wave rectifier circuit through transformer of turns ratio 5:1. Assume
the diode is an ideal one. The load resistance is 300 Q. Find (a) dc output voltage, (b) PIV, (c) maximum, and
(d) average values of power delivered to the load.
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Solution

(a) The transformer secondary voltage = ﬁso =46V

Maximum value of secondary voltage, V,, = \/5 X46=65V
V, 65

Therefore, dc output voltage, Vie = 2£=—=207V
T T
(b) PIV of a diode V, =65V
, V.65
(¢) Maximum value of load current, I,=—-=-—=0217TA
R, 300

Therefore, maximum value of power delivered to the load,
P, =P xR, =(0217)* x300 = 14.1 W
Vie 207

(d) The average value of load current, Iy = =——=0.069 A
R, 300

Therefore, average value of power delivered to the load,
Py =L xR, =(0.069)" x 300 = 1.43 W

EXAMPLE 3.4 ®

An HWR has a load of 3.5 kQ. If the diode resistance and secondary coil resistance together have a resistance
of 800 Q and the input voltage has a signal voltage of peak value 240 V. Calculate

(a) peak, average and rms values of current flowing

(b) dc power output

(c) ac power input

(d) efficiency of the rectifier

Load resistance in an HWR, R, = 3,500 Q

Diode resistance and secondary coil resistance, r;+ r, = 800 €2

Peak value of input voltage = 240 V

(a) Peak value of current, I,= Vi = 240 =55.81mA
r,+rp+ R, 4300
I, 5581x107°
Average value of current, [, = *+=————=17.77mA
n /4
I : -
The rms value of current, [ = -2= M =27.905 mA

rms 2
(b) The dc power output is

Py = ()" R, = (17.77 x 107%)? x 3500 = 1.105 W

C
(c) The ac power input is

Py = e X (rp+ R) = (27.905 x 107%)* x 4300 = 3.348 W

ms.



(d)

EXAMPLE 3.5

Rectifiers and Regulators

Efficiency of the rectifier is

n:i:

ac

1.105
P 3.348

x 100 =33%

An HWR circuit supplies 100 mA dc to a 250 Q load. Find the dc output voltage, PIV rating of a diode and
the rms voltage for the transformer supplying the rectifier.

Given I,,= 100 mA, R, =250 Q

(a)

(b)

(©)
(d

The dc output voltage,

Vi =1 xR, =100 x 1073 x 250 =25 V

The maximum value of secondary voltage,

V,=nxVi=nx25=7854V

PIV rating of a diode, V,, =78.54V

The rms voltage for the transformer supplying the rectifier,

V,

v, 7854

rms

m

— =3927TV
2

EXAMPLE 3.6

A voltage of 200 cos ar is applied to HWR with load resistance of 5 kQ. Find (a) the maximum dc current
component, (b) rms current, (c¢) ripple factor, (d) TUF and (e) rectifier efficiency.

Given applied voltage = 200 cosot, V,, =200 V, R, = 5 kQ

(a) To find dc current:

Im
Therefore, Iy
(b) To find rms current:
Irms
(c) Ripple factor: r
(d) To determine TUF:
TUF

C

v
A 2003 =40 mA

RL 5x10

I -3

Lw _30X107 1) 73 mA
T T

I -3

Ly _40x107 0
2 2

I\ 20x10° )
ms | = | ST =121
1, 12.73 %10

P

ac(rated)

=P.R =(1273x 1073’ x 5x 10> = 0.81 W
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Vi o Am _ 200 40x107°

Py rared) = —'; X 7’" 7 =2.828
P .
Therefore, TUF = —4 = 081 =0.2863
ac (rated) 2.828
. . Pdc
(e) Rectifier efficiency: n= P
Py =081W
P,.=P R =20x107*x5x10°=2W
P .
Therefore, n=-%x100= % %100 = 40.5%

ac

EXAMPLE 3.7 @

A diode has an internal resistance of 20 € and 1000 Q load from a 110 V rms source of supply. Calculate
(a) the efficiency of rectification and (b) the percentage regulation from no load to full load.

Given  r;=20Q, R, = 1000 Q and V,,,, (secondary) = 110 V

(a) The half-wave rectifier uses a single diode.

Therefore, V, = N2V, (secondary) =~/2 X110 =155.56 V
o= 19536 _ 5050
r,+R,  20+1000
1, o.
fo= D 201525 6 o4esan
T T

Vi = IR, = 0.04854 x 1000 = 48.54 V
Py =V, =48.54 x 0.04854 = 2.36 W

2
1 1
P.=12, (rp +Rp)= (7’”) (ry + Rp) (since L= 7’" for half—wave)

2
152
_ (0 > 5) (20+1000) = 5.93 W
P 2.
Efficiency, n= de %100 = 5—32 x 100 =39.7346%
Vm
. R A P
(b) Percentage of line regulation= —¥__"FL » 100=-2 %100
VFL Vdc
15556 _ 0,
x 100 =2%

48.54
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EXAMPLE 3.8 @

Show that maximum dc output power Py, = V. X I;.in a half-wave single-phase circuit occurs when the load
resistance equals diode resistance ry.

For a half-wave rectifier,

"ot R,
Im Vm
le=—=—"—"—F—
T ﬂ(rf +R;)
and Vie =14 X R},
Vo R
Therefore, Py=Vy xI =I1R, = m L

m(ry + R,
For this power to be maximum,

dpy.

E =

d { V2R, ]_ V2 {(rf+RL)2—RL><2(rf+RL) »

dRy | * (r; + R,) n? (r; + R
(rp+ R’ = 2R, (r;+ R,) =0
ry+20R, + R} —2r,R, — 2R) =0
3o =0

R =7

Thus, the power output is maximum if R, = r;

EXAMPLE 3.9 @

The transformer of a half-wave rectifier has a secondary voltage of 30 V. with a winding resistance of 10 Q.
The semiconductor diode in the circuit has a forward resistance of 100 Q. Calculate (a) no load dc voltage
(b) dc output voltage at /; =25 mA (c) % regulation at /; = 25 mA (d) ripple voltage across the load (e) ripple
frequency (f) ripple factor (g) dc power output and (h) PIV of the semiconductor diode.

Vims (secondary) =30V, r, =10 Q, r,= 100 Q

V=2 xV, =2 x30=42.4264 V
V, 424264
(a) Vy = —-=———=13.5047V
T T
(b) I, =1,=25mA
Im Vm
Vie = LR = Ry, xR,

T _ﬂ(rf +r +R;)



....................................... Bosic Ectronics and Devics

\%
Here, R, g

Idc

|4 Vv

Therefore, Vie = = x —de

T (r +r + Vdc) Lac

RS
Idc
o 42,426 V,, L]
de =
Vv -3
7100410+~ | 25x10
25 %107

Vo (110 +40V,) = 540.1897 V,,
540.1897 — 110

Ve = ————=10.7547V
40
\% -V 1 _
(c) Percentage of regulation = —deND) D) 100 = 3.5047-10.7547 x 100 =25.569%
Vae(rr) 10.7547
\% \% .
(d) I, = —"— where R, =% = 107—5473 =430.188 V
e+ + R, Iy, 25x10°
42.4264
Therefore, I, = 6 =0.07854 A
100 + 10 + 430.188
1
L= 7’” =0.03927 A

2 2
1 .
TR e Y
Idc 25% 107

Ripple voltage ~ T'x V. = 1.21 x 10.7547 = 13.02791 V

(e) Ripple frequency, f=50Hz

®) I' =ripple factor = 1.21

(2 Py = Vylyo = 10.7547 x 25 x 1072 = 0.2688 W
(h) PIV =V, =424264V

3.3.2 Full-wave Rectifier

It converts an ac voltage into a pulsating dc voltage using both half cycles of the applied ac voltage. It uses
two diodes of which one conducts during one half-cycle while the other diode conducts during the other half-
cycle of the applied ac voltage. There are two types of full-wave rectifiers, viz., (i), full-wave rectifier with
centre tapped transformer, and (ii) full-wave rectifier without transformer (bridge rectifier).
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> ot
ﬂ\-/ZTE
| |
I I L |

Centre-tapped
transformer

Fig. 3.3  Full-wave rectifier

Figure 3.3 shows the basic circuit and waveforms of full-wave rectifier with a center tap transformer. During
positive half of the input signal, the anode of the diode D, becomes positive and at the same time, the anode
of diode D, becomes negative. Hence, D, conducts and D, does not conduct. The load current flows through
D, and the voltage drop across R; will be equal to the input voltage.

During the negative half-cycle of the input, the anode of D, becomes negative and the anode of D, becomes
positive. Hence, D, does not conduct and D, conducts. The load current flows through D, and the voltage
drop across R; will be equal to the input voltage.

2
\%
r= ( rmsj -1
Vdc

The average voltage or dc voltage available across the load resistance is

» Ripple Factor (I')

1 V1
Ve=— j V. sin ot d(or)
T 0

\% 2
= " [—cos o] =—™
P T

Ve 2V, 21, m
—= =—=and [ =—"+
R, 7R, T ) \/5

If the diode forward resistance (r;) and the transformer secondary winding resistance (r,) are included in the
analysis, then

Id:

C

v,
Vie = T_Idc (1, +14)
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Idc

)+ R, w1, +R))

The rms value of the voltage at the load resistance is

V.o o= lIjrvzsinzwtcl((m) _ Y
rms — 77:0 m \/5

Therefore,

» Efficiency () The ratio of dc output power to ac input power is known as rectifier efficiency (7).
_ dc output power _ Py,

ac input power P,

2]
VIR, | m
VPR, v T
%)
=8 _0812=812%

71'2

The maximum efficiency of a full-wave rectifier is 81.2%.

» Transformer Utilization Factor (TUF) The average TUF in a full-wave rectifying circuit is
determined by considering the primary and secondary windings separately and it gives a value of 0.693.

= Form Factor
rms value of the output voltage V), 2 T

= = =1.11
average value of the output voltage 2V, /« 2\/5

Form factor =

= Peak Factor

Peak factor = peak value of the output voltage V), . _ \/5

rms value of the output voltage a v, /\/_

Peak inverse voltage for full-wave rectifier is 2V,, because the entire secondary voltage appears across the
non-conducting diode.

EXAMPLE 3.10 ®

A 230V, 60 Hz voltage is applied to the primary of a 5:1 step-down, centre-tap transformer use in a full-wave
rectifier having a load of 900 Q. If the diode resistance and secondary coil resistance together has a resistance
of 100 Q, determine (a) dc voltage across the load, (b) dc current flowing through the load, (c¢) dc power
delivered to the load, (d) PIV across each diode, (e) ripple voltage and its frequency and (f) rectification
efficiency.
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230
The voltage across the two ends of secondary = = =46V

4
Voltage from centre tapping to one end, V= 76 =23V
2V
(a) The dc voltage across the load, Vie = —%= 2x23%+2 =207V
T T
V. .
(b) The dc current flowing through the load, 1, de _ 207 =20.7mA

T G, +r,+R,) 1000
(¢) The dc power delivered to the load,
Py =(I)* x R, = (20.7 x 107 x 900 = 0.386 W

(d) PIV across each diode =2V, =2x23xy2=65V
(e) Ripple voltage, Vyms = (Vi) = (Vi)
= 4J(23)* = (20.7)* =10.05V
Frequency of ripple voltage =2x60=120Hz

P V. )? IR Vi )?
(f) Rectification efficiency, = —de - Vao) /Ry, _ Vo)

Pe (Vo) /R, (Vo)

rms

_(20.7)* 42849
(23)? 529

Therefore, percentage of rectification efficiency = 81%

EXAMPLE 3.11 ®

A full-wave rectifier has a centre-tap transformer of 100-0-100 V and each one of the diodes is rated at
I,.x =400 mA and 7, = 150 mA. Neglecting the voltage drop across the diodes, determine (a) the value of load
resistor that gives the largest dc power output, (b) dc load voltage and current, and (c) PIV of each diode.

(a) We know that the maximum value of current flowing through the diode for normal operation should
not exceed 80% of its rated current.
Therefore, I« =0.8x400=320 mA
The maximum value of the secondary voltage,

V, =~2x100=1414V

Therefore, the value of load resistor that gives the largest dc power output

=0.81

Vv .
R, = "= 14143:4429
I 320x10°
2V .
(b) The dc (load) voltage, V,, = —’"=w= MV

T /4
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1%
The dc load current, [, = de — 20 =0.204 A
R, 442

(c) PIVofeachdiode =2V, =2x141.4=2828V

EXAMPLE 3.12 @

A full-wave rectifier delivers 50 W to a load of 200 Q. If the ripple factor is 1%, calculate the ac ripple
voltage across the load.

The dc power delivered to the load,

2
p Ve
de — R
L
Therefore, Vae = [Pic X R, =/50 X200 =100 V
V.
The ripple factor, r=-=
Vdc
V.
ie., 0.01 = ==
100

Therefore, the ac ripple voltage across the load, V,.=1V

EXAMPLE 3.13 ®

In a full-wave rectifier, the transformer rms secondary voltage from centre tap to each end of the secondary
is 50 V. The load resistance is 900 €. If the diode resistance and transformer secondary winding resistance
together has a resistance of 100 €, determine the average load current and rms value of load current?

Voltage from centre tapping to one end, V. =50 V
v, Vs XN2 707

Maximum load current, I, = = = =70.7 mA
rs+rf+RL rx+rf+RL 1000
21, 2x70.7x107°
Average load current, Ij, = "+ =—"T——=45mA
T T
I ) -
RMS value of load current, [ . =-—2= 70.7x10 =50mA

LN AN
EXAMPLE 3.14 ®

A full-wave rectifier circuit uses two silicon diodes with a forward resistance of 20 Q each. A dc voltmeter
connected across the load of 1 kQ reads 55.4 volt. Calculate

(a) Irms

(b) average voltage across each diode

(c) ripple factor and

(d) transformer secondary voltage rating.
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Solution Given Ve =554 Vand R, = 1 kQ
Ve 55.4

(a) Iy = - =5431mA
(ry +R,)  20+1000
We know that Iy = 2w anag, = In
€ Know tnal = ——an =—
de T rms \/5
I, =1, x%:54.31><10‘3 x§:85.31mA

I, 8531x107

[ = m

rms \/5 \/E
(b) The average voltage across each silicon diode will be 0.72 V.
(¢) To find ripple factor I

2
1
r- [ij .
Idc

-3
= 2220 o833
54.31x 10"
To find transformer secondary voltage rating

2V,
We know that, Vie = =2 =1y (ry +17)
T

=60.32 mA

C

where r;is the diode forward resistance and r; is the transformer secondary winding resistance.

2V, B 2V,

554 = 2 _5431x107 x 20 ="~ 1,086
T T

2V,
T

56.49

Therefore, V, = 56.49 x % -88.73V

Vv .
Vims = —= —M:62.74V

R

Hence, transformer secondary voltage rating is 65 V.

3.3.3 Bridge Rectifier

The need for a centre-tapped transformer in a full-wave rectifier is eliminated in the bridge rectifier. As
shown in Fig. 3.4, the bridge rectifier has four diodes connected to form a bridge. The ac input voltage is
applied to the diagonally opposite ends of the bridge. The load resistance is connected between the other two
ends of the bridge.
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Fig. 3.4 Bridge rectifier

For the positive half-cycle of the input ac voltage, diodes D, and D, conduct, whereas diodes D, and D, do
not conduct. The conducting diodes will be in series through the load resistance R;. So the load current flows
throughR;.

During the negative half-cycle of the input ac voltage, diodes D, and D, conduct, whereas diodes D, and D5
do not conduct. The conducting diode D, and D, will be in series through the load R, and the current flows
through R; in the same direction as in the previous half-cycle. Thus, a bidirectional wave is converted into
an unidirectional one.

The average values of output voltage and load current for bridge rectifier are the same as for a centre-tapped
full-wave rectifier. Hence,

1% 2v, 21
Vi=—" and [, =-%="m_-"m
T R, 7R, /4

If the values of the transformer secondary winding resistance (r,) and diode forward resistance (rf) are
considered in the analysis, then

2,
Vie = T_Idc (ry +7¢)

L2, 2,
CT o mG+r +R)

The maximum efficiency of a bridge rectifier is 81.2% and the ripple factor is 0.48. The PIVis V,,.

= Advantages of the Bridge Rectifier In the bridge rectifier, the ripple factor and efficiency of the
rectification are the same as for the full-wave rectifier. The PIV across either of the non-conducting diodes
is equal to the peak value of the transformer secondary voltage, V,,. The bulky centre-tapped transformer is
not required. Transformer utilization factor is considerably high. Since the current flowing in the transformer
secondary is purely alternating, the TUF increases to 0.812, which is the main reason for the popularity of
a bridge rectifier. The bridge rectifiers are used in applications allowing floating output terminals, i.e., no
output terminal is grounded.

The bridge rectifier has only one disadvantage that it requires four diodes as compared to two diodes for
centre-tapped full-wave rectifier. But the diodes are readily available at cheaper rate in the market. Apart
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from this, the PIV rating required for the diodes in a bridge rectifier is only half of that for a centre tapped
full-wave rectifier. This is a great advantage, which offsets the disadvantage of using extra two diodes in a
bridge rectifier.

» Comparison of Rectifiers The comparison of rectifiers is given in Table 3.1.

Table 3.1 A comparison of rectifiers

Type of rectifier

Particulars
Half-wave Full-wave

No. of diodes 1 2 4
Maximum efficiency 40.6% 81.2% 81.2%
V4 (no load) V. IT 2V, Ir 2V, Im
Average current/diode Iy 1,/2 1,2
Ripple factor 1.21 0.48 0.48
Peak inverse voltage Vi 2v, V.
Output frequency f 2f 2f
Transformer utilisation factor 0.287 0.693 0.812
Form factor 1.57 1.11 1.11
Peak factor 2 \/5 \/5

EXAMPLE 3.15 @

A 230V, 50 Hz voltage is applied to the primary of a 4:1 step-down transformer used in a bridge rectifier
having a load resistance of 600 €. Assuming the diodes to be ideal, determine (a) dc output voltage,
(b) dc power delivered to the load, (c) PIV, and (d) output frequency.

(a) The rms value of the transformer secondary voltage,

Vs orime
v w=@=57.5

rms (secondary) = Turns ratio 4
The maximum value of the secondary voltage

V, =2x575=813V

Therefore, dc output voltage,

2V 2 x 8l1.
v, = Dn _2X8L3 4y
T T
(b) The dc power delivered to the load,
V2 2
— _dc _ & =2704 W

©T R, 600
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(c) PIV across each diode=V,,=81.3V
(d) Output frequency =2 x 50 = 100 Hz

EXAMPLE 3.16 @

In a bridge rectifier, the transformer is connected to 200 V, 60 Hz mains and the turns ratio of the step down
transformer is 11:1. Assuming the diode is ideal, find (a) V. (b) /. and (c) PIV.

Given in a bridge rectifier, input voltage = 200 V, 60 Hz and turns ratio = 11:1
(@)  To find the voltage across load, V.

2v,
Vdc =
i
where Vm = \/Evrms(secondary)
Vems(pri 200
v, = i) _ 27 1818 V
mms(secondary) T pyeng ratio . 11
Therefore, V, =18.18x+2=257V
2x25.7
Hence, Vie = “X2 0 1636V
b
(b) Tofind I,
Assuming that R; = 600 €, then
V. 16.36
I = % =—"—=2726mA
R, 600

(¢) To find PIV
PIV=V, =257V

EXAMPLE 3.17 ®

A bridge rectifier uses four identical diodes having forward resistance of 5  and the secondary voltage is
30 V(rms). Determine the dc output voltage for /;,= 200 mA and value of the output ripple voltage.

Given, transformer secondary resistance = 5 Q
Secondary voltage Vims =30V, 1;. =200 mA

Since only two diodes of the bridge rectifier circuit will conduct during positive of negative half cycle of the
input signal, the diode forward resistance, r,=2 x5 Q =10 Q.

We know that,

2,
Vae= =2 = Iy (p +7,) where V, =\2v,. =2x30V

_ 2x42x30

C

Therefore, Vq —200%x1073 (10+5)=24V

/4



Ripple factor = rms value of ripple at the output

average value of output voltage

rms value of ripple at the output

24
Hence, rms value of ripple at the output = 0.48 x 24 =11.52 V

EXAMPLE 3.18 D

In a full-wave rectifier, the required dc voltage is 9 V and the diode drop is 0.8 V. Calculate ac rms input
voltage required in centre-tapped full-wave rectifier and bridge rectifier circuits.

(a) The dc voltage across the load of the center tapped full-wave rectifier circuit,

2v 22 XV
Vdczgz_m_().gzg_
b1 T

Therefore, 0.48 =

0.8

where V. is the rms input voltage from centre tapping to on end. That is,

0.5 = Y2 Vons
/1

987w
Vrms =
242

Hence, the voltage across the two ends of the secondary =2 x 10.885 =21.77 V

Therefore, =10.885V

242V
(b) In the bridge rectifier, V4. =9 = Q -2x%x0.8
T
10.6 T
Therefore, the voltage across two ends of secondary, V_ = =11.77V

rms 2 \/5

iﬁ- HARMONIC COMPONENTS IN A RECTIFIER CIRCUIT

The term harmonic is defined as “a sinusoidal component of a periodic waveform or quantity possessing a
frequency, which is an integral multiple of the fundamental frequency.” By definition, a perfect sine wave has
no harmonics, except fundamental component at one frequency. Harmonics are present in waveforms that are
not perfect sine waves due to distortion from nonlinear loads. The French mathematician Fourier discovered
that a distorted waveform can be represented as a series of sine waves, with each being an integer multiple of
the fundamental frequency and each with a specific magnitude.

That is, the harmonic frequencies are integer multiples [2, 3, 4,....] of the fundamental frequency. For
example, the second harmonic on a 50 Hz system is 2 x 50 or 100 Hz. The sixth harmonic in a 50 Hz system,
or the fifth harmonic in a 60 Hz system is 300 Hz. There are a number of different types of equipment that
may experience faulty operations or failures due to high harmonic voltage and/ or current levels. The amount
of the harmonic voltage and current levels that a system can tolerate is dependent on the equipment and the
source.

The sum of the fundamental and all the harmonics is called the Fourier series. This series can be viewed as
a spectrum analysis where the fundamental frequency and the harmonic component are identified.
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The result of such an analysis for the current waveform of a half-wave rectifier circuit using a single diode
is given by

. 1 1. 2 cos kot
i=1,|—+—=sinwt—— Z _—
T 2 T ae (k+D(k=1)

The angular frequency of the power supply is the lowest angular frequency present in the above expression.
All the other terms are the even harmonics of the power frequency.

The full-wave rectifier consists of two half-wave rectifier circuits, arranged in such a way that one circuit
conducts during one half cycle and the second circuit operates during the second half cycle. Therefore, the
currents are functionally related by the expression i, (&) = i, (& + 7). Thus, the total current of the full-wave
rectifier is i = i, + i, as expressed by

2 4 cos kwt
)y

i=7 | =2 Tttt S
"l m, (k+1D (k-1

=even
k#0

From the above equation, it can be seen that the fundamental angular frequency is eliminated and the lowest
frequency is the second harmonic term 2®. This is the advantage that the full-wave rectifier presents in
filtering of the output. Additionally, the current pulses in the two halves of the transformer winding are in
such directions that the magnetic cycles formed through the iron core is essentially that of the alternating
current. This avoids any dc saturation of the transformer core that could give rise to additional harmonics at
the output.

'35 FILTERS

The output of a rectifier contains dc component as well as ac component. Filters are used to minimise the
undesirable ac, i.e., ripple leaving only the dc component to appear at the output.

The ripple in the rectified wave being very high, the factor being 48% in the full-wave rectifier; majority of
the applications which cannot tolerate this, will need an output which has been further processed.

Figure 3.5 shows the concept of a filter, where the full-wave rectified output voltage is applied at its input.
The output of a filter is not exactly a constant dc level. But it also contains a small amount of ac component.
Some important filters are
(i) Inductor filter
(i) Capacitor filter
(iii) LC or L-section filter
(iv) CLC or m-type filter

Filter output

V, A ¢
N\ ™\ ac
T I X7 2= component
Full-wave T
rectified output v
*— —e de
V, Filter Vi
L —e
0 > wt
> ot

(a) (b) (c)
Fig. 3.5 Concept of a filter



3.6 INDUCTOR FILTER

Figure 3.6 shows the inductor filter. When the output of the rectifier passes L
through an inductor, it blocks the ac component and allows only the dc
component to reach the load.

T
The ripple factor of the inductor filter is givenby Vi
i

R
T = L
3\/5 oL
It shows that the ripple factor will decrease when L is increased and R; is Fig. 3.6 Inductor filter
decreased. Clearly, the inductor filter is more effective only when the load

current is high (small R;). The larger value of the inductor can reduce the ripple and at the same time the
output dc voltage will be lowered as the inductor has a higher dc resistance.

The operation of the inductor filter depends on its well known fundamental property to oppose any change
of current passing through it.

To analyse this filter for a full-wave, the Fourier series can be written as
2y, 4V,
T T

V.

o

1 1 1
[ECOSZa)t+—cos4wt+—500s6wt+--}

2V
The dc component is —* .
T

Assuming the third and higher terms contribute little output, the output voltage is

2V 4V
= —" T cos2 wt
21 3r

o

The diode, choke and transformer resistances can be neglected since they are very small as compared with
v . . L

R,. Therefore, the dc component of current I, =—"-. The impedance of series combination of L and R,

. L
at 2w is

Z= R +QoL) =R} +40” I’
Therefore, for the ac component,

Vm
I —

"R 4407 1

Therefore, the resulting current i is given by,

A B 4V, cos (2 ot — @)

m

TR, 3n R? 4 40° [*

i=

2wL
where ¢ = tan™! ( I(: )

L
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The ripple factor, which can be defined as the ratio of the rms value of the ripple to the dc value of the wave,
is

4v,
o 37[«/5\/R£ +40” I 2 1
2v, 32 » 40° 12
TR, Rz
40212
It @ >—>>1, then a simplified expression for I is
R

L

R
r=—°L
32 0L
In case, the load resistance is infinity, i.e., the output is an open circuit, then the ripple factor is

= L=0.471

342

This is slightly less than the value of 0.482. The difference being attributable to the omission of higher
harmonics as mentioned. It is clear that the inductor filter should only be used where R; is consistently
small.

EXAMPLE 3.19 @

Calculate the value of inductance to use in the inductor filter connected to a full-wave rectifier operating at
60 Hz to provide a dc output with 4% ripple for a 100 Q load.

R
We know that the ripple factor for inductor filter is I = —t
32 oL

Therefore, 0.04 = 100 _0.0625
3V2 2rx60xL) L
_ 00625 ) s6rs5

3.7 CAPACITOR FILTER

An inexpensive filter for light loads is found in the capacitor filter which is connected directly across the
load, as shown in Fig. 3.7(a). The property of a capacitor is that it allows ac component and blocks the dc
component. The operation of a capacitor filter is to short the ripple to ground but leave the dc to appear at the
output when it is connected across a pulsating dc voltage.

During the positive half-cycle, the capacitor charges up to the peak value of the transformer secondary
voltage, V,,, and will try to maintain this value as the full-wave input drops to zero. The capacitor will
discharge through R; slowly until the transformer secondary voltage again increases to a value greater than
the capacitor voltage (equal to the load voltage). The diode conducts for a period which depends on the
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capacitor voltage. The diode will conduct when the transformer secondary voltage becomes more than the
‘cut-in’ voltage of the diode. The diode stops conducting when the transformer voltage becomes less than the
diode voltage. This is called cut-out voltage.

£

Full-wave ——c
rectified input
V.

P

(a)

Voltage A
dc output with
ripple

Cut-out point
Y

Ivr, p-p

\  Full-wave
\\ rectified input

\
\
\
\

T, <T>

Fig. 3.7 (a) Capacitor filter (b) Ripple voltage triangular waveform

Referring to Fig. 3.7(b) with slight approximation, the ripple voltage waveform can be assumed as triangular.
From the cut-in point to the cut-out point, whatever charge the capacitor acquires is equal to the charge the
capacitor has lost during the period of non-conduction, i.e., from cut-out point to the next cut-in point.

The charge it has acquired =V xC

rpp
The charge it has lost =1 xT,
Therefore, Vepp X C=1xT,

If the value of the capacitor is fairly large, or the value of the load resistance is very large, then it can be
assumed that the time 7, is equal to half the periodic time of the waveform,

T 1 1
ie., Ty=—=—, then V,_ = de

2 2f P2 fC
With the assumptions made above, the ripple waveform will be triangular in nature and the rms value of the
ripple is given by
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Therefore, from this equation, we have
1
Vr rms = dC
43 fe

Vv
dc : dc
= ——<since [, =
43 fCR, “OR,

r 1
Therefore, ripple factor T'= —"~ =
Vie 43 fCR,

The ripple may be decreased by increasing C or R, (or both) with a resulting increase in dc output voltage.
2890

Iff=50Hz, CinuFand R, inQ, I'= .
CR,

EXAMPLE 3.20 @

Calculate the value of capacitance to use in a capacitor filter connected to a full-wave rectifier operating at a
standard aircraft power frequency of 400 Hz, if the ripple factor is 10% for a load of 500 Q.

We know that the ripple factor for capacitor filter is
1

43 fCR,
—6
Therefore, 0.01 = 1 _0.722x10
4/3 x 400 x C x 500 C
-6
_ 0722007 _ o) 5 uF
0.01

EXAMPLE 3.21 ®

A15-0-15 volt (rms) 50 Hz ideal transformer is used with a full-wave rectifier circuit with diodes having
forward drop of 1 volt. The load is a resistance of 100 2 and a capacitor of 10,000 UF is used as a filter across
the load resistance. Calculate the dc load current and voltage.

Given transformer secondary voltage = 15-0-15 V (rms);

Diode forward drop = 1 V; R, = 100 Q; C = 10,000 uF

V- I

We know that, V=V, — % =V, - ‘tfl?
V. V.

Therefore, V=V, ——9% Isince I, =%

R 4fC R,

4fR,C
Simplifying, we get Ve = _MRC v,
4fR,C+1

‘We know that V,=V X\/§=15><\/5

rms
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| 4x50x100x 10000 x 10~
4% 50 %100 x 10000 x 107 +1

Considering the given voltage drop of 1 volt due to diodes,
Vi =21.105-1=20.105V

I, = Yoo _ 20105 =0.20105 A
d 100

C RL

x15x+/2 =21.105V

Therefore, Ve

EXAMPLE 3.22 ®

A full-wave rectified voltage of 18 V peak is applied across a 500 UF filter capacitor. Calculate the ripple and
dc voltages if the load takes a current of 100 mA.

Given V, =18V, C =500 uF and I,,= 100 mA
I _3
Vie=Vy e mgg—— 10X _ygy
4fC 4x50x500% 10
I 100 x 1073
s = —— = 0010 —=0577V
' 43FC 43 x50 %500 x 10”
Vems 0.577
Therefore, ripple, = ——=—+-—x%x100=3.39%
Vi 17

EXAMPLE 3.23 ®

A bridge rectifier with capacitor filter is fed from 220 V to 40 V step down transformer. If average dc current
in load is 1 A and capacitor filter of 800 UF, calculate the load regulation and ripple factor. Assume power
line frequency of 50 Hz. Neglect diode forward resistance and dc resistance of secondary of transformer.

\%

Tl

ms (secondary) — 40V, Idc =1A, C=800 MF, andf: 50 Hz
Vm = \/Evrms = \/5 X 40 =56.5685V

I 1
Vaerry = V,, — % = 56.5685 — —=50.3185V
4fC 4x50x800x 10~
On no load, I,,=0
Hence, Viewry = Vi = 56.5685V

Vaeavr) = Vae (v

Therefore, percentage of regulation = x 100

Idc(NL)

_56.5685-50.3185
B 50.1385

x 100 =12.42%
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= Yoo 501385 _ 5 1385
Iy 1

1 1
F: =
43 fCR, 43 x50x 800 % 107 x 50.3185

=0.0717,i.e.,7.17%

3.8 L-SECTION FILTER (LC FILTER)

We know that the ripple factor is directly proportional to the load resistance R; in the inductor filter and
inversely proportional to R; in the capacitor filter. Therefore, if these two filters are combined as LC filter or
L-section filter as shown in Fig. 3.8, the ripple factor will be independent of R; .

If the value of the inductance is increased, it will increase the time of conduction. At some critical value of
inductance, one diode, either D, or D, in full-wave rectifier, will always be conducting.

From Fourier series, the output voltage can be expressed as

L

v, 4V, OO0
V,= —% ——" cos 2 wt o
n  3n 1 T
2V FuIIjv_vavt_a Ct RL Vo

The dc output voltage, V, = —=* rectified input

n D !
©: o

4V, 1 2V
Therefore, L= m_ . = £ . de
S 3m \/5 X, 3 X,

This current flowing through X~ creates the ripple voltage (V,

r, rms

Fig.3.8 LCfilter

) in the output.

Therefore, Vies=1._ X =—.V, . —&
5 1] rms C 3 dc XL
Vr rms 2 X

The ripple factor, ) QAL a0

Vie 3 X,

2 1 1

= £~T,since X, =——and X; =20L
3 40°C, 20C
. . . 1.194

If f=50 Hz, Cis in uF and L is in Henry, ripple factor I" = I

» Bleeder Resistor Tt was assumed in the analysis given above that for a critical value of inductor,
either of the diodes is always conducting, i.e., current does not fall to zero. The incoming current consists of
two components:

m

V
() Iy, = ﬁ, and (ii) a sinusoidal varying components with peak value of . The negative peak of the
L XL
< Vdc .

R

ac current must always be less than dc, i.e., 2 s
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We know that for LC filter, I, sz

Hence, ZVi < &

2
, le, X; 2—R;
L L 3

. R . e
Le, Lo = —L  where L is the critical inductance.
20

2
It should be noted that the condition X, = 3 R, cannot be satisfied for all load requirements. At no load, i.e.,

when the load resistance is infinity, the value of the inductance L
will also tend to be infinity. To overcome this problem, a bleeder
resistor Ry, is connected in parallel with the load resistance as ~ Full-wave an
rectified input C— Ry R,

shown in Fig. 3.9. Therefore, a minimum current will always be v
present for optimum operation of the inductor. It improves voltage !'
regulation of the supply by acting as the pre-load on the supply.
Also, it provides safety by acting as a discharging path for Fig, 3.9 Bleeder resistor connected at the
capacitor. filter output

EXAMPLE 3.24 ®

Design a filter for full-wave circuit with LC filter to provide an output voltage of 10 V with a load current of
200 mA and the ripple is limited to 2%.

The effective load resistance, R, = L =50Q
200 %107

We know that the ripple factor,
1.194

- LC
1194

ie., 0.02 = ———
LC

ie., LC= 1.194 =59.7
0.02

50

Critical value of [ = R—L =——=53mH
3w 3X2rnf

Taking L = 60 mH (about 20% higher), C will be about 1000 pF.

EXAMPLE 3.25 ®

A full-wave rectifier (FWR) supplies a load requiring 300 V at 200 mA. Calculate the transformer secondary
voltage for (a) a capacitor input filter using a capacitor of 10 mF, and (b) a choke input filter using a choke of
10 H and a capacitance of 10 UF. Neglect the resistance of choke.
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Given V=300 V; I, =200 mA
(a) For the capacitor filter with C = 10 uF,

Idc
Vdc = Vm s
4 fC
-3
300 = v, - X109 _y 9
4(50) (10 x107°)
Therefore, vV, =400 V(p -p)
\%
Vims = 2 =282.84V
NG
(b) For the choke, i.e., LC filter with L = 10 H; C = 10 uF
2V,
Vdc =
T
2V
300 = —2
T
Therefore, V =47123V

%4
Vins = —==33321V

rms \/E
EXAMPLE 3.26 o

Determine the ripple factor of a L-type choke input filter comprising a 10 H choke and 8 uF capacitor used
with a FWR. Compare with a simple 8 UF capacitor input filter at a load current of 50 mA and also at 150 mA.
Assume the dc voltage of 50 V.

Vee=50V,L=10H, C=8uF
Assume =50 Hz, i.e., @=2xf=100rrad/sec.
For LC filter, the ripple factor is

1 1
T = =
620°LC 642 x(1007)* x 10x 8 x 107

=0.01492 ie., 1.492%

For the simple capacitor filter, C = 8 UF.
(a) At I, =50 mA,
Voo . 30
I, 50x107
o 1 _ 1

4B3fCR,  4~/3x50x8%107° %1000

R, = = 1000 Q

=0.3608, i.e., 36.08%

(b) At I, = 150 mA,

R, = N _313330

I,  150x1073
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=1.082, i.e., 108.2%

r= =
4\BfCR, 43 x50x8x107° x333.33

Thus, it is inferred that the LC choke input filter is more effective than capacitor input filter and the ripple
factor of LC choke input filter does not depend on the load resistance.

EXAMPLE 3.27 o

In a full-wave rectifier using an LC filter, L = 10 H, C = 100 uF, and R; = 500 Q. Calculate /;,V,. and ripple
factor for an input of v; = 30 sin (100 w1)V.

Comparing the input with v;=V,, sin @t
V., (secondary) =V, =30V

2V, 2x30

Ve =19.0985 V
T T
Vi 19.0985
I = %= 190985 _ ) 03819 A = 38.19 mA
R, 500
Ripple factor = —1
6+2 w’LC

1
642 X (1007)% X 10 x 100 x 107

=1.194x 1073

» Multiple L-section Filter The filtering level can be improved by using two of more L-section filters
in series, as shown in Fig. 3.10. It is assumed that the reactance of all the inductances are much larger than
the reactance of the capacitors and the reactance of the last capacitor is small compared with the resistance of
the load. Under these conditions, the impedance between 3 and 3’ is X, the impedance between 2 and 2’ is
X, and the impedance between 1 and 1”is X ;. The alternating current /, through L, is, given by

o V2V, 1 L, 5 L 3
1= 7% v 10— TTTT0——o—TI0T0—
Xy T f
The ac voltage across C, is given by vl , 2 lc, 2R v
T T [
Vay =6X¢ l_
The alternating current /, through L, is given by Ve 1T 3
I = Yo ) . . .
2= X, Fig. 3.10 A multiple (two-section) L-section filter

The ac voltage across C, and hence, across the load is given by

XCZXCI — \/Evd.c. XCZXCI

Viy =hLXe= 1,
X1 3 XX
The ripple factor is obtained by dividing the above equation by V.. Hence,
= ﬁ Xe1Xea

3 XLIXLZ
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The generalized expression for any number of sections can be obtained by comparing the above equation
with that of a single L-section. For example, the ripple factor of a multiple L-section filter (I, is given by

_V2 (XY 2
"3 X, 3 16x* f2LC)Y"

where n is the number of similar L-sections.

3.9 mSECTION FILTER

Figure 3.11 shows the CLC or z-type filter which basically consists of a capacitor filter followed by an LC
section. This filter provided a fairly smooth output, and is characterized by a highly peaked diode currents and
poor regulation.

The action of a 7m-section filter can best be understood by o me%;m o
considering the inductor and the second capacitor as an L-section Full-tvave T
filter that acts upon the triangular output-voltage wave from the rectified input ==C, =C, 2R, V,
first capacitor. The output voltage is then approximately that M l
from the input capacitor, decreased by the dc voltage drop in the i S

inductor. The ripple contained in this output is reduced by the

L-section filter. Fig.3.11  CLC or m-type filter

The ripple voltage can be calculated by analyzing the triangular wave into a Fourier series and then multiplying
each component by X,/X; ; for this harmonic. The Fourier analysis of this waveform is given by

V.. sin 2wt sin 6wt
v=VdC——’(sm2a)t— + -
T

2 3
We know that

Vr — / dc
2fG
The rms second-harmonic voltage is
v, 1 dc

V. =V =t = -1, x
rms 2 ﬂ\/z 27l'fcl\/§ dc“*+Cl1

where X, is the reactance of C at the second-harmonic frequency.

The voltage V7 is impressed on an L-section, and the output ripple is VX /X ;.
Hence, the ripple factor is

v _ ‘/Eldcxa Xeo -2 Xe1 Xeo

1—* — ms
Vd Vd XLI RL XLI

C C
where all reactance are calculated at the second-harmonic frequency.
For f= 60 Hz, the above equation reduces to

3,300

- CICZLIRL



ilO MULTIPLE L-SECTION AND 7-SECTION FILTERS

In order to obtain pure dc at the output, more number of 7-sections may be used in series. Such a filter using
more than one 7-section, as shown in Fig. 3.12, is called a multiple 7-section filter.

1 L1 L2 1
; : L TOHT i ---w0
Full-wave ! ) T
rectified input ! ==C, =G, =G, =C; ! RV,
Vi : |

+ 1 1
o -=-=--0

1€ Section > Section———>

1 ' I
Fig.3.12  Multiple 7-section filter
The ripple factor for multiple 7-section filler is given by
Xer Xeo Xz Xo
R, X X Xppo

I =

where n is the number of 7-sections.

EXAMPLE 3.28 D

Design a CLC or z-section filter for V4. =10V, I; =200 mA, and I' = 2%.

1
R, = —03 =50Q
200 x 10~
0.02 = 5700 114

LC,C, x50 LC,C,

If we assume L = 10 Hand C, = C, = C, we have

1414

et ¢

Cc’= 570; therefore, C = \/% =~ 24 uF

EXAMPLE 3.29 ©

A full-wave single-phase rectifier employs a 7-section filter consisting of two 4 UF capacitances and a 20 H
choke. The transformer voltage to the centre tap is 300 V rms. The load current is 500 mA. Calculate the dc
output voltage and the ripple voltage. The resistance of the choke is 200 Q.

0.02 =

1, =500 mA, R, =200 Q
Maximum value of secondary voltage,

Vimay = V2 X300=4242V

s(max
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Vv 270.19
;= —de _ ————=540Q
I, 500x%x10”
Vr
Vdc = Vs(max) - 7 - Ichx
. I 500 x 1073
Ripple voltage, V=% :
2fC  2x50x4x10"
1.25%107°
The dc output voltage, Vg, = 424.2 - XD

=125mV

— (500 X 107 x 200) = 324.19 V

» R-C Filters Consider the CLC filter with the inductor L replaced by a resistor R. This type of filter
called RC filter is shown in Fig. 3.13. The expression for the

ripple factor can be obtained by replacing X; by R. Then,
X X
=42 2cL. 2e2
R, R

Therefore, if resistor R is chosen equal to the reactance of the

inductor which it replaces, the ripple remains unchanged.

e

R

i

Full-wave
rectified input

é i

AW

C, —

The resistance R will increase the voltage drop and hence,
the regulation will be poor. This type of filters are often used for economic reasons, as well as the space and
weight requirement of the iron-cored choke for the LC filter. Such RC filters are often used only for low

current power supplies.

Fig.3.13 R-Cfilter

[3.11 COMPARISON OF VARIOUS FILTER CIRCUITS

Table 3.2 shows the comparison of various types of filters, when used with full-wave circuits. In all these
filters, the resistances of diodes, transformer and filter elements are considered negligible and a 60 Hz power

line is assumed.

Table 3.2 Comparison of various types of filters

Particulars

Type of Filter

L-Section

m-Section

V4 at no load 0.636 'V,  0.636V, V., Vo Vo
41701 41701,
V. atload I, 0636V, 0636V,  V,-—C de 0.636 V,, V= de
) Ry 2410 0.83 3330
Ripple factor I' 0.48 16000 L CR, Ic TCCR, CiCoR,
Peak inverse voltage (PIV) 2V, 2V, 2V, 2V, 2V,




312 VOLTAGE REGULATORS

In an unregulated power supply, the output voltage changes whenever the input voltage or load changes. An
ideal regulated power supply is an electronic circuit designed to provide a predetermined dc voltage V, which
is independent of the load current and variations in the input voltage. A voltage regulator is an electronic
circuit that provides a stable dc voltage independent of the load current, temperature and ac line voltage
variations.

» Factors Determining the Stability The output dc voltage V, depends on the input unregulated dc
voltage V,, load current /, and temperature 7. Hence, the change in output voltage of power supply can be
expressed as follows:

aV, A% A%
AV, = —2 AV, + —% Al, + =% AT
v, ol oT
or AV, =S, AV, + R, Al, + S; AT

where the three coefficients are defined as

AV,
Input regulation factor, Sy = AVO [AI;, =0; AT =0

1

AV

Output resistance, R, = Z1AV, =0, AT =0
Al
. AV

Temperature coefficient, S, = A7(‘) AV, =0;AI, =0

Smaller the value of the three coefficients, better the regulation of the power supply.

» Line Regulation Line regulation is defined as the change in output voltage for a change in line
supply voltage, keeping the load current and temperature constant. Line regulation is given by

Change in output voltage AV,

Line regulation = —
Change in input voltage AV,

» Load Regulation Load regulation is defined as a change in regulated output voltage as the load
current changes from no load to full load. It is expressed as a percentage of no-load voltage or full-load
voltage.

V,
Viotoad ~ Vaullload Y
% Load regulation = ——————< % 100 2v 1
Vnoload
Viotoad ~ Vaullload T
or % Load regulation = —————— % 100
Vfullload
where V.. 1S the output voltage at zero load current and > g

Viull 10aq 1S the output voltage at rated load current. This is usually

denoted in percentage. The plot of the output voltage V, versus  Fig.3.14  Load regulation characteristics
the load current /; for a full-wave rectifier is given in Fig. 3.14. The drop in the characteristics is a measure
of the internal resistance of the power supply.
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3.43 SHUNT VOLTAGE REGULATOR

A Zener diode, under reverse bias breakdown condition, can be used to regulate the voltage across a load,
irrespective of the supply voltage or load current variations. A simple Zener voltage regulator circuit is shown
in Fig. 3.15. The Zener diode is selected with V, equal to the voltage desired across the load. The Zener diode
has a characteristic that under reverse bias condition, the voltage across it practically remains constant, even
if the current through it changes by a large extent. Under normal conditions, the input current /; = I, + I, flows
through resistor R. The input voltage V; can be written as V,;=LLR+ V,=(; +I,) R+ V.

When the input voltage V; increases (say due to

supply voltage variations), as the voltage across

Zener diode remains constant, the drop across
resistor R will increase with a corresponding
increase in I; + I,. As V, is a constant, the voltage
across the load will also remain constant and
hence, /; will be a constant. Therefore, an increase

O < —>»0

LR =1+,
MWW + > +
T

i IZ¢?§\ VZ v

in I; + I, will result in an increase in I, which will
not alter the voltage across the load.

Fig.3.15 Zener voltage regulator

It must be ensured that the reverse voltage applied to the Zener diode never exceeds PIV of the diode and at
the same time, the applied input voltage must be greater than the breakdown voltage of the Zener diode for
its operation. The Zener diodes can be used as ‘stand-alone’ regulator circuits and also as reference voltage

sources.

EXAMPLE 3.30

Design a Zener shunt voltage regulator with the following specifications: V, = 10 V; V;, = 20-30 V;

I, = (30-50) mA; I, = (20-40) mA

Refer Fig. 3.15.

Selection of Zener diode
V,=V, =10V
IZ (max) = 40 mA

Py=Vyx Iy =10x40x 107 =04 W

Hence, a 0.5 WZ 10 Zener can be selected
Value of load resistance, R;
\% 10

R —— g = =200 Q
L (min) IL(max) 50 x 1073
Vv 10

o

Ry () = =333Q

L 30x107

Value of input resistance, R
Vi %

R _ in(max) ~ Yo

max

IL (min) + IZ(max)
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30-10

= =286Q
(30 + 40) x 107

R = Vin(min) _Vo

min

I} max) 12 min)

20-10

- —143Q
(50 +20)x 107

R + R _.
Therefore, R = w =215Q

EXAMPLE 3.31 @

In a Zener regulator, the dc input is 10V + 20%. The output requirements are 5 V, 20 mA. Assume I, and
I )as 5 mA and 80 mA. Design the Zener regulator.

Z(max

The minimum Zener current is I7;,) = 5 mA when the input voltage is minimum. Here the
input voltage varies between 10 V +20%, i.e., 8 V and 12 V.
=8V

Given load current /; = 20 mA and the voltage across the load, V, =5 V.

Therefore, the input voltage V;

(min

Therefore,
V.
M L SR
I, 20x107° A f=20mA
. . Vi(min) - Vo + 1208 ]
Hence, the series resistance R = ————— 10V “V,=5V 2R, =250Q
Tz miny *+11) +20% — ’ i
8-5
= (—)_3 =120Q
(5+20)x10 Fig. 3.16

The various values are given in the Zener regulator shown in Fig. 3.16.

EXAMPLE 3.32 ®

If dc unregulated input is 20 V, V,, = 10 V and load current is 0-20 mA, design the Zener voltage regulator.
Assume for the Zener, I,y = 10 mA and I,,,,,, = 100 mA.

Given input voltage, V; =20V

Output voltage V=10V
Load current varies from 0 to 20 mA ]
Lyminy = 10 MA, Ly = 100 mA ol T
A z
Here, V,=V, =10V (constant) 2(‘)/’\/ _g /sg’(RL 10V
Applying KVL to a closed-loop circuit, V,=IR + V,

Hence, 20=1IR+ 10 Fig. 3.17
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or IR =10

Therefore, R = ? Q, where [ is the loop current in ampere

(i) For I; = Iyginy = 10mA and 1, =0
The total current I=I+1,=10mA
\%
Therefore, R = z 10 =1000 Q

max

IZ(min) 10 % 1073

(i)  For I = I, = 100 mA and /; = 20 mA
I =1 + Iy, =20 x 107 + 100 x 107 = 120 mA

Therefore, R . =

min

14 1
—”=—073= 83.33Q
I 12010

(iii) The range of R varies from 83.33 Q to 1000 €.

EXAMPLE 3.33 @

Design a Zener voltage regulator to meet the following specifications: Output voltage = 5 V, Load
current = 10 mA, Zener wattage = 400 mW and input voltage =10 V+2 V.

Given V,=5V,I,=10mA

. . 1% 5
Here, load resistance is R, = %= ——==500Q
I; 10x10”
. 400 mW
Maximum Zener current Lymax) = % =80 mA

The minimum input voltage required will be when I, = 0. Under this condition,

I = IL =10 mA R / I

Minimum input voltage Viminy =V, + IR ¥ T
fz
Hence, Vimim =10-2=8V Vi=10Vz2V Rz y=5v
v
or 8§=5+(10x 10" R L ‘ L
Therefore, R = ;3 =300 Q Fig. 3.18
10x10™
Now, maximum input voltage, V;.x) = V, + le(max) +1 LJR =5+[(80+10)10 R
or 12=5+90x% 10)R
7
i = = 7777 Q
™ 90x107

The value of R is chosen between 77.77 Q and 300 Q.
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EXAMPLE 3.34 ®

A 24V, 600 mW Zener diode is used for providing a 24 V stabilized supply to a variable load. If the input
voltage is 32 V, calculate (a) the value of series resistance required and (b) diode current when the load is
1200 Q.

Solution Given V,=24V,V;=32V, P,=600 mW and R; = 1200 Q

V 24
The load current, [ =—2%=——=20mA

R, 1200 B
Maximum Zener current, I, = 5 = % =25mA

S}

\%
V-,
R =—°

R min) T 1 Z(max)
32-24 8

= = =177.78 Q
(20+25) %107 45%x107°

EXAMPLE 3.35 @

A Zener voltage regulator circuit is to maintain constant voltage at 60 V, over a current range from 5 to
50 mA. The input supply voltage is 200 V. Determine the value of the resistance R to be connected in the
circuit, for voltage regulation from load current /, = 0 mA to /;, max, the maximum possible value of /;. What
is the value of /; max?

Given V, =V, =60 V and V, =200 V

(a) To find the value of resistance (R):

ViV,

R=—— ——
IZ(max) + IL(min)

_200-60 140
©50%10° 50107
(b) To find the value of I,y
If 1oy = SO0 mA, I} =0 mA
If Iy = 5 MA, I (max) = 45 mA

=2.8kQ

Therefore, I (max) = 45 mA

EXAMPLE 3.36 ®

For the Zener voltage regulation shown, determine the range of R; and /, that gives the stabilizer voltage of
10 V.

From the circuit, I=I,+1;

V.=V, 40-10
R 1x10°

But from R, 1 =30mA
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When /; is minimum, I, is maximum and vice versa. 1kQ
I = Iymax) + T (min) R I, I,
30 mA =24 mA + I i V,=40V 7\XVz=10V ZR, V,=10V
Therefore, I} (miny = 6 MA (Y _______
v Lymaxy = 24 MA
But I mimy = ——
(i Ry (max) Fig. 3.19
V. 10
Ry (nay) = T =1.667 kQ

I} (min) T 6x107

and 1= IZ(mm) +1 L(max)
30mA =5mA +1,,
I (max) = 25 mA

(max)

Vo
But IL(max) = —R
L (min)
\%4 10
Riyuminy = —2 =400 Q

Imay  25%107
Hence, the range of /; is 6 mA to 25 mA and that of R; is 400 W to 1.667 kW.

EXAMPLE 3.37 ®

Determine the range of input voltage that maintains the output voltage of 10 V, for the regulator circuit
shown.

As V, =10V constant and R; = 10 kQ constant, we have

V. 10 1 kQ
[[=—=—"7%=1mA o—— MM
R, 10x10 T R
When Vi = Vimaxy 12 = Lz (max) v
Now I=0+1 &
Therefore, Limax) = Iz(max) + I =24 mA + 1 mA =2 mA.
V -V
i(max) Z
=25mA
R m
Therefore, Viamas) —10 = 1 x 10°(25 x 1077
Vimax) = 35 V.
When Vi = Viminy 1z = Izmin) = 5 MA
Therefore, Lin = Lyminy + 1, = 5 mA + 1 mA = 6 mA
Vi(min) - VZ — 6% 10_3

R



Vigming =10 = 1 x 10°(6 x 107%)
Viminy = 16 V

1

Thus, range of input voltage is 16 V to 35 V for which the output voltage will be of 10 V.

314 SERIES VOLTAGE REGULATOR

In the Zener voltage regulator, the Zener current varies over a wide range as the input voltage and load current
vary. As a result, the output voltage which is equal to V_ also changes by a small amount. This change in the
output voltage can be minimized by reducing the change in the Zener current with the help of a circuit called
emitter-follower type regulator as shown in Fig. 3.21.

O
v W T zA
N v,

l

Fig. 3.21  Emitter-follower type regulator

>0

Here, the load resistance, R;, is not connected across the Zener directly as in the Zener regulator, but is
connected through an amplifier/buffer circuit. The transistor is connected as an emitter-follower. As can be
seen, the output voltage, V, = (V,— Vpp).

However, the load current /; is supplied by the transistor from the input voltage V,, deriving its base current
I
B
far as the Zener circuit is concerned, it is supplying only the base current. Any change in the load current is

reduced by S times, i.e., change in the Zener current.

from the Zener circuit. The base current I is equal to , where f3 is the current-gain of the transistor. As

345 OVERLOAD VOLTAGE PROTECTION

Figure 3.22(a) shows overload protection circuit in which a small sensing resistance Rg. is added in series
with the load resistance and two diodes are connected from the base of the transistor to the output.

The emitter voltage is equal to (V, — V). The voltage drop across the sensing resistance R is equal to
(I; X Rgc). As long as the voltage drop across R is less than twice the cut-in voltage of the diode, the diodes
are effectively as good as not connected in the circuit. If the voltage drop across Ry increases suddenly due
to overcurrent in the load, then the diodes will be forward biased and will start conducting. This will divert a
part of the base current, which will be directly led to the output, thus restricting the base current and hence,
the transistor current. With proper design, the transistor can be turned off in the case of a short circuit.

The protective diodes can be replaced by another transistor O, as shown in Fig. 3.22(b). In this case, the
voltage across Ry is used in turning ON transistor Q,, giving the same effect as before.
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Fig. 3.22 (a) and (b) Overload protection circuits

REVIEW QUESTIONS

What is a rectifier?
Show that a PN diode works as rectifier.
Define the following terms:
(1) ripple factor (ii) peak inverse voltage (iii) efficiency (iv) transformer utilization factor (v) form factor (vi) peak
factor.
Draw the circuit diagram of an half-wave rectifier, and explain its operation.
Derive expressions for rectification efficiency, ripple factor, transformer utilization factor, form factor, and peak
factor of an half-wave rectifier with resistive load.
A half-wave rectifier has a load of 3.5 kQ. If the diode resistance and secondary coil resistance together have a
resistance of 800 € and the input voltage has a signal voltage of peak value 240 V, calculate
(i) Peak, average and rms value of current flowing
(ii) dc power output
(iii) ac power input
(iv) Efficiency of the rectifier
[Ans. (1) 55.81 mA, 17.78 mA and 27.9 mA (ii) 1.1 W (iii) 3.35 W (iv) 32.9%]
Explain the action of a full-wave rectifier and give waveforms of input and output voltages.
Derive expressions of dc or average value of voltage and rms value of voltage of a full-wave rectifier with resistive
load.

Derive an expression for a ripple factor in a full-wave rectifier with resistive load.
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. Determine the value of ripple factor in the full-wave rectifier operating at 50 Hz with a 100 UF capacitor filter and

100 € load. [Ans. 29%]
Show that a full-wave rectifier is twice as efficient as a half-wave rectifier.

Describe the action of a full-wave bridge rectifier.

What are the advantages of a bridge rectifier?

Compare half-wave, full-wave and bridge rectifiers.

What is the need for filters in power supplies?

Explain the various types of filters used in power supplies.

Obtain the ripple factor of a full-wave rectifier with shunt capacitor filter.

Derive an expression for the ripple factor in a full-wave rectifier using inductor filter.

Compare the performance of inductive, L-section and 7-section filters.

An L-C filter is to be used to provide a dc output with 1% ripple from a full-wave rectifier operating at 50 Hz.

Assuming L/ C = 0.01, determine the required values of L and C. [Ans. 1.093 H, 109.27 uF]
In a full-wave rectifier using an L—C filter, it is known that L = 10 H, C = 100 uF, and R, = 500 Q. Calculate I,
Vier Lnes Voo if V,, =30 V and f= 50 Hz. [Ans. 38.2 mA, 19.1 V, 1.43 mA, 22.7 mV]

The turns ratio of the transformer used in a half-wave rectifier is 2:1 and the primary is connected to
230 V, 50 Hz power mains. Assuming the diodes to be ideal, determine (i) dc voltage across the load, (ii) PIV of
each diode, and (iii) medium and average values of power delivered to the load having a resistance of 200 Q. Also
find the efficiency of the rectifier and output ripple frequency.
[Ans. 51.7V,162.2V, 1322 W, 13.5 W, 10.21%, 50 Hz]
In a full-wave rectifier, the voltage applied to each diode is 240 sin 377¢, the load resistance is R, = 2000 Q and
each diode has a forward resistance of 400 €. Determine the (i) peak value of current, (ii) dc value of current, (iii)
rms value of current, (iv) rectifier efficiency, (v) ripple factor, and (vi) output ripple frequency.  [Ans. 100 mA,
63.8 mA, 70.7 mA, 67.6%, 0.482, 120 Hz]
In a bridge rectifier, the transformer is connected to 220 V, 60 Hz mains and the turns ratio of the step down
transformer is 11:1. Assuming the diodes to be ideal, find (i) the voltage across the load, (ii) 1, and (iii) PIV.[Ans.
18 V, 18 mA, 28.28 V]
In a full-wave rectifier, the transformer rms secondary voltage from centre tap to each end of secondary is 50 V.
The load resistance is 900 €. If the diode resistance and transformer secondary winding resistance together has a
resistance of 100 Q. Determine the average load current and rms value of load current. [Ans. 45 mA, 50 mA]
A Zener diode shunt regulator circuit is to be designed to maintain a constant load current of 400 mA and voltage
of 40 V. The input voltage is 90 + 5 V. The Zener diode voltage is 40 V and its dynamic resistance is 2.5 Q. Find
the following quantities for the regulator: (i) the series dropping resistance, (ii) Zener power dissipation, and (iii)
load resistance. Assume the Zener current to be 10% of load current.
[Ans. 112.5 Q, 3.6 Q, 100 Q]
In a half-wave rectifier, an ac voltage of peak value 24 V is connected in series with a silicon diode and load
resistance of 480 €. If the forward resistance of the diode is 20 €2, find the peak current flowing through the diode.
[Ans. 46.6 mA]
A Zener diode voltage regulator shown in Fig. 3.18 has the following specifications:
V=15V, Ly =2 LA, P,= 120 W, R, =40 Q, R, =5kQand V; = 18-24 V.
Determine the minimum and maximum value of series dropping resistance R. [Ans. 158 Q, 1 kQ]
Design a Zener regulator for the following specifications: Output voltage, V, = 5 V, Load current, /; = 20 mA,
Input voltage, V; =12 V = 3V, Zener wattage, P, = 500 mW.
[Ans. R, =250 Q, R =83.33 Q to 200 Q]
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OBJECTIVE-TYPE QUESTIONS

. A rectifier is used to

(a) convert ac voltage to dc voltage
(c) both ((a) and (b)

(a) 40.6% (b) 81.2%

(a) whole cycle of the input signal
(c) more than half-cycle of the input signal

(b) convert dc voltage to ac voltage
(d) convert voltage to current

. The maximum efficiency of a half-wave rectifier is

© 1.12% (d) 48.2%

. In a full-wave rectifier, the current in each diode flows for

(b) half-cycle of the input signal
(d) none of the above

. In a full-wave bridge rectifier, if V,, is the peak voltage across the secondary of the transformer, the maximum

voltage coming across each reverse-biased diode is

@ V, (b) 2V,
. The rectifier efficiency is
) Py ®) rmsvalue
average value

ac

(a) no centre-tap transformer is required

© Ly,
2

Peak value

rms value

. The major advantages of a bridge rectifier is that

(b) the required peak inverse voltage of each diode is double that for a full-wave rectifier
(c) peak inverse voltage of each diode is half that for a full-wave rectifier

(d) the output is more smooth

. The ripple factor decreases with

(a) decrease in C
(c) increase in frequency

. The primary function of a rectifier filter is to

(a) suppress odd harmonics
(c) stabilize the output dc level

. The diode used in voltage regulator is

(a) PN-junction diode
(c) Zener diode

(b) increase in C
(d) decrease in frequency

(b) remove ripples
(d) minimize the input ac variations

(b) varactor diode
(d) GUNN diode

A bleeder resistor is used in a dc power supply because it

(a) keeps the supply OFF
(c) improves filtering action

The ripple factor of a power supply is given by

2
(@) Lt (b) (’&] 1
ac I dc
For constructing a full-wave rectifier,
(a) atleast two diodes are needed
(c) atleast four diodes are needed
Ripple factor of an ideal rectifier is

(a) 1 (b) 0

The bridge rectifier is preferable to a full-wave rectifier with centre-tap connections because it uses four diodes

(a) its transformer has no centre tap
(c) it has higher safety factor

(b) keeps the supply ON
(d) improves voltage regulation

1 I
© [LJ -1 @ T

Irms rms

(b) more than two diodes are needed
(d) none of the above

(c) infinity (d) none of the above

(b) it needs much small transformer for the same output
(d) both (b) and (c)
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. In arectifier, larger the value of shunt capacitor filter,

(a) larger the peak current in the rectifying diode
(b) smaller the dc voltage across the load
(c) longer the time that current pulse flows through the diode
(d) all of the above
In an LC filter, the ripple factor
(a) increases with the load current (b) increases with the load resistance
(c) remains constant with the load current (d) has the lowest value
Consider the following rectifier circuits:
1. Half-wave rectifier without filter
2. Full-wave rectifier without filter
3. Full-wave rectifier with series inductance filter
4. Full-wave rectifier with capacitance filter.
The sequence of these rectifier circuits in decreasing order of their ripple factor is

(@) 1,2,3,4 () 3,4,1,2 () 1,4,3,2 (d 3,2, 1,4
Zener breakdown is observed in a Zener diode having V,, less than

(@ 5V (b) 8V () 50V (d 100V
The RMS value of a half-wave rectified symmetrical square-wave current of 2 A is

@ 2A ) 1A (© 1/:24 () 34

A constant current signal across a parallel RLC circuit gives an output of 1.4 V at the signal frequency of 3.89 kHz.
At a frequency of 4 kHz, the output voltage will be
(@ 1V (b) 2V () 14V d 28V
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"4 INTRODUCTION

A Bipolar Junction Transistor (BJT) is a three terminal semiconductor device in which the operation
depends on the interaction of both majority and minority carriers and hence the name bipolar. The BJT
is analogous to a vacuum triode and is comparatively smaller in size. It is used in amplifier and oscillator
circuits, and as a switch in digital circuits. It has wide applications in computers, satellites and other
modern communication systems.

The quiescent operating point of a transistor amplifier should be established in the active region of its
characteristics. Since the transistor parameters such as 8, I and Vg are functions of temperature,
the operating point shifts with changes in temperature. The stability of different methods of biasing
transistor circuits and compensation techniques for stabilizing the operating point are discussed in this
chapter.

4.2 BIPOLAR JUNCTION TRANSISTOR

4.2.1 Construction

The BJT consists of a silicon (or germanium) crystal in which a thin layer of N-type silicon is sandwiched
between two layers of P-type silicon. This transistor is referred to as PNP. Alternatively, in an NPN
transistor, a layer of P-type material is sandwiched between two layers of N-type material. The two types

of the BIT are represented in Fig. 4.1.
B B
The symbolic representation of the two types ’ ?

of the BJT is shown in Fig. 4.2. The three
portions of the transistor are emitter, base,and E e~ N [/P/) N | —eC Ee®&— P [/N/J P —eC
collector, shown as E, B, and C, respectively.
The arrow on the emitter specifies the (@) (b)
direction of current flow when the EB junction
is forward biased.

Fig. 4.1 Transistor: (a) NPN (b) PNP

The emitter is heavily doped so that it can inject a large number of charge carriers into the base. The
base is lightly doped and very thin. It passes most of the injected charge carriers from the emitter into
the collector. The collector is moderately doped.
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7
;
|;/

®

(a) (b)

Fig. 4.2  Circuit symbol: (a) NPN transistor (b) PNP transistor

4.2.2 Transistor Biasing

As shown in Fig. 4.3, usually the emitter-base junction is forward biased and the collector-base junction is
reverse biased. Due to the forward bias on the emitter-base junction, an emitter current flows through the base
into the collector. Though the collector-base junction is reverse biased, almost the entire emitter current flows
through the collector circuit.

E B C E B C

N P N P N P
EB R.B FB R.B
S I = Y-
VBE VCB VEB VBC

(a) (b)

Fig. 4.3 Transistor biasing: (a) NPN transistor (b) PNP transistor

4.2.3 Operation of an NPN Transistor

As shown in Fig. 4.4, the forward bias applied N P N

to the emitter base junction of an NPN transistor >0 > o> | o> 0>

causes a lot of electrons from the emitter region to >0 > | o> | o> 6>

cross over to the base region. As the base is lightly >0 > |06 > | >0 >

doped with P-type impurity, the number of holes o> > | o> | o> o>

in the base region is very small and, hence, the %_ e >0 | &> | o> 0> <l_‘
number of electrons that combine with holes in £ o> o> Mol o> e ¢

the P-type base region is also very small. Hence, T’B
a few electrons recombine with holes to constitute

a base current /. The remaining electrons (more
than 95 percent) cross over into the collector region - -t
to constitute a collector current /.. Thus, the base " "
and collector current summed up gives the emitter
current, i.e., Iy =— + I).

Fig. 4.4 Current in an NPN transistor
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In the external circuit of the NPN bipolar junction transistor, the magnitudes of the emitter current I, the base
current I, and the collector current /- are related by I = I~ + I.

4.2.4 Operation of a PNP Transistor

As shown in Fig. 4.5, the forward bias applied P N P
to the emitter-base junction of a PNP transistor > > P
causes a lot of holes from the emitter region to cross
over to the base region as the base is lightly doped
with N-type impurity. The number of electrons e &= *—>
in the base region is very small and, hence, the ﬂ: > \O *—> Tl
number of holes combined with electrons in the
N-type base region is also very small. Hence, a
few holes combined with electrons to constitute
a base current /. The remaining holes (more than

-
o

95 percent) cross over into the collector region £ )= =
to constitute a collector current /.. Thus, the B K
collector and base current when summed up gives Fig. 4.5 Current in a PNP transistor

the emitter current, i.e., [p = — (I + Ip).

In the external circuit of the PNP bipolar junction transistor, the magnitudes of the emitter current I, the base
current I and the collector current /- are related by

=lc+1y @.1)

This equation gives the fundamental relationship between the currents in a bipolar transistor circuit. Also, this
fundamental equation shows that there are current amplification factors ¢ and 8 in common-base transistor
configuration and common-emitter transistor configuration respectively for the static (dc) currents, and for
small changes in the currents.

!3 TRANSISTOR CURRENT COMPONENTS

4.3.1 Current Amplification Factor

In a transistor amplifier with ac input signal, the ratio of change in output current to the change in input
current is known as the current amplification factor.

In the CB configuration, the current amplification factor, ¢ = % “4.2)
E
Al
In the CE configuration, the current amplification factor, = AI—C “4.3)
B
Al
In the CC configuration, the current amplification factor, y = EE— 4.4)
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4.3.2 Relationship between o and 3
We know that Al =Al- + Al

By definition, Al-=aAlg
Therefore, Al = 0Al; + Al
ie., Al =AI:(1-0)

Dividing both sides by A, we get
Al Al

=—Eft(l-a
Al Al (-
1 1
Therefore, — =—0-0o)
B«
o
= i—a
. B 1 1
Rearranging, we also get o = ,or ———=1 4.5)
a+p oa B

From this relationship, it is clear that as o approaches unity, 8 approaches infinity. The CE configuration is
used for almost all transistor applications because of its high current gain, .

4.3.3 Relation among o, 3, and y

In the CC transistor amplifier circuit, I is the input current and / is the output current.

Al
From Eq. (4.2), = £
q. (4.2) Y Al
Substituting Al =AIl—Al,
Al
we get Y= —————
Al — Al
Dividing the numerator and denominator on RHS by Alj, we get
Al
ye Al 1
Alp Al 1-«
Al Al
1
Therefore, Y= T o =(B+1) (4.6)
-«

4.3.4 Large-Signal Current Gain ()

The large-signal current gain of a common-base transistor is defined as the ratio of the negative of the
collector-current increment to the emitter-current change from cut-off (/= 0) to I, i.e.,
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I -1
o = Uc ~Leso) 4.7
I; -0
where I -5, (or I-,) is the reverse saturation current flowing through the reverse-biased collector-base junction,
i.e., the collector-to-base leakage current with the emitter open. As the magnitude of I, is negligible when

compared to I, the above expression can be written as

o= -5 (4.8)

Since I and I are flowing in opposite directions, ¢ is always positive. The typical value of o ranges
from 0.90 to 0.995. Also, ¢ is not a constant but varies with emitter current /, collector voltage V5, and
temperature.

4.3.5 General Transistor Equation

In the active region of the transistor, the emitter-base junction is forward biased and the collector-base junction
is reverse biased. The generalized expression for collector current /. for collector junction voltage V. and
emitter current /;is given by

Io=—oly+1pg(1— ") (4.9)
If V- is negative and |Vl is very large compared with V., then the above equation reduces to
Io=—oalg+ 1, (4.10)

If Vi, ie., Vg, is a few volts, then /- is independent of V.. Hence, the collector current /- is determined only
by the fraction o of the current /, flowing in the emitter.

4.3.6 Relation Among I, Iz, and Iz,
From Eq. (4.10), we have
Ie=—alg+1cp,
Since /- and I are flowing in opposite directions,
Ip=—Uc+1p)
Therefore, Ie=—oa[-U-+1Ip) + 1o
Ic—oalo=olg+ 1,
I-(l-)=alz+ 150

a Iego
I Iy + ——

=1—oc l-o

Since p=-2%, @.11)
-«
the above expression becomes

Ie=(+PB) Icpo+ By (4.12)



Basic Electronics and Devices

4.3.7 Relation Among I, Iz, and I

In the common-emitter (CE) transistor circuit, / is the input current and /- is the output current. If the base
circuit is open, i.e., Iz = 0, then a small collector current flows from the collector to emitter. This is denoted
as I 5o, the collector-emitter current with base open. This current /-, is also called the collector-to-emitter
leakage current.

In this CE configuration of the transistor, the emitter-base junction is forward-biased and collector-base
junction is reverse-biased and, hence, the collector current /- is the sum of the part of the emitter current
Iz that reaches the collector, and the collector-emitter leakage current /5. Therefore, the part of I, which
reaches collector is equal to (/- — I -5().

Hence, the large-signal current gain (P) is defined as,

1. -1
p = Uc=lcro) @.13)
Iy
From the equation, we have
Ic=Blg+1cgo (4.14)

4.3.8 Relation Between Iz, and Iz

Comparing Eqs (4.12) and (4.14), we get the relationship between the leakage currents of transistor common-
base (CB) and common-emitter (CE) configurations as

Iego = (1+ B) I (4.15)

From this equation, it is evident that the collector-emitter leakage current (/5,) in CE configuration is
(1 + P) times larger than that in CB configuration. As I, is temperature-dependent, /5, varies by large
amount when temperature of the junctions changes.

= Expression for Emitter Current The magnitude of emitter current is
Ip=1-+1,

Substituting Eq. (4.12) in the above equation, we get

Ie=(1+P) Icgo+ (1 + P Iy (4.16)
Substituting Eq. (4.11) into Eq. (4.16), we have
1 1

4.3.9 dc Current Gain (f3,, or hgg)

The dc current gain is defined as the ratio of the collector current /.- to the base current /. That is,
Bac = hpp =—= (4.18)

As I is large compared with I, the large-signal current gain (f§) and the dc current gain (hgy;) are
approximately equal.
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144 CHARACTERISTICS OF TRANSISTOR (CE, CB AND CC CONFIGURATIONS)

When a transistor is to be connected in a circuit, one terminal is used as an input terminal, the other terminal
is used as an output terminal, and the third terminal is common to the input and output. Depending upon
the input, output, and common terminals, a transistor can be connected in three configurations. They are
(1) Common Base (CB) configuration, (ii) Common Emitter (CE) configuration, and (iii) Common Collector
(CC) configuration.

= CB Configuration This is also called grounded-base configuration. In this configuration, the emitter
is the input terminal, the collector is the output terminal, and the base is the common terminal.

= CE Configuration This is also called grounded-emitter configuration. In this configuration, the base
is the input terminal, the collector is the output terminal, and the emitter is the common terminal.

= CC Configuration This is also called grounded-collector configuration. In this configuration, the
base is the input terminal, the emitter is the output terminal, and the collector is the common terminal.

The supply voltage connections for normal operation of an NPN transistor in the three configurations are
shown in Fig. 4.6.

IC
/ /
C_l+ f E ; ¢ <
E B
+ L - plll
-T + -
151 Alg
=+

a

A
ey

(b)

Fig. 4.6 Transistor configuration: (a) Common emitter (b) Common base (c) Common collector

4.4.1 CB Configuration

The circuit diagram for determining the static characteristics curves of an NPN transistor in the common-base
configuration is shown in Fig. 4.7.

le
-~

E/ N\C l -
+ Bi
IB
=

Fig. 4.7 Circuit to determine CB static characteristics
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» Input Characteristics To determine the input characteristics, the collector-base voltage V- is kept
constant at zero volt and the emitter current /; is increased from zero in suitable equal steps by increasing
V- This is repeated for higher fixed values of Vg, 1(mA)

A curve is drawn between emitter current /; and Veg> 1V Vig= 0V
emitter-base voltage V., at constant collector-base 35 T
voltage Vp. The input characteristics thus obtained 5 |
are shown in Fig. 4.8.

25 T
When V; is equal to zero and the emitter-

base junction is forward biased as shown in the 2
characteristics, the junction behaves as a forward- {5 |
biased diode so that emitter current /; increases
rapidly with small increase in emitter-base voltage
Vg When Vp is increased keeping Vi constant, g5 |
the width of the base region will decrease. This
effect results in an increase of I, Therefore, the
curves shift towards the left as V5 is increased.

1 1

| ! | | L | b

0.1 02 0.3 04 05 0.6 0.7 0.8 Vg(V)

L. ) Fig. 4.8 (B input characteristics
» Output Characteristics To determine the

output characteristics, the emitter current I, is kept constant at a suitable value by adjusting the emitter-base
voltage Vgp. Then V4 is increased in suitable equal steps and the collector current /- is noted for each value
of I,. This is repeated for different fixed values of 7. Now the curves of /- versus V- are plotted for constant
values of I and the output characteristics thus obtained is shown in Fig. 4.9.

Io(mA)
— Saturation__,A¢ Active region
region
50 IE = 50 mA
40 40 mA
_30 30 mA
20 20 mA
10 10 mA
, e ™, () X
0250 1 2 3 4 5 ”

Cut off region

Fig. 4.9 (B output characteristics

From the characteristics, it is seen that for a constant value of I, I~ is independent of V5 and the curves are
parallel to the axis of V. Further, /- flows even when V- is equal to zero. As the emitter-base junction is
forward biased, the majority carriers, i.e., electrons, from the emitter are injected into the base region. Due
to the action of the internal potential barrier at the reverse-biased collector-base junction, they flow to the
collector region and give rise to /- even when V; is equal to zero.

» Early Effect or Base Width Modulation As the collector voltage V- ismade to increase the
reverse bias, the space charge width between collector and base tends to increase, with the result that the
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effective width of the base decreases. This dependency of base width on collector-to-base voltage is known
as the Early effect. This decrease in effective base width has three consequences:
(1) There is less chance for recombination within the base region. Hence, o increases with increasing
Vgl
(i) The charge gradient is increased within the base, and consequently, the current of minority carriers
injected across the emitter junction increases.
(iii) For extremely large voltages, the effective base width may be reduced to zero, causing voltage
breakdown in the transistor. This phenomenon is called the punch-through.

For higher values of V5, due to Early effect, the value of «rincreases. For example, o changes, say from 0.98
to 0.985. Hence, there is a very small positive slope in the CB output characteristics and, hence, the output
resistance is not zero.

» Transistor Parameters The slope of the CB characteristics will give the following four transistor
parameters. Since these parameters have different dimensions, they are commonly known as common-base
hybrid parameters or h-parameters.

= Input Impedance (h;,) Itis defined as the ratio of the change in (input) emitter voltage to the change
in (input) emitter current with the (output) collector voltage V- kept constant. Therefore,

AV,
hy, = AIEB , Vp constant (4.19)

E

It is the slope of CB input characteristics I versus Vp; as shown in Fig. 4.8. The typical value of h;, ranges
from 20 Q to 50 Q.

= Output Admittance (h,,) It is defined as the ratio of change in the (output) collector current to
the corresponding change in the (output) collector voltage with the (input) emitter current /,; kept constant.
Therefore,

Al
h,, = —<—, I, constant (4.20)
AVep
It is the slope of CB output characteristics I~ versus V5 as shown in Fig. 4.9. The typical value of this
parameter is of the order of 0.1 to 10 u mhos.

= Forward Current Gain (hg) It is defined as a ratio of the change in the (output) collector current to
the corresponding change in the (input) emitter current keeping the (output) collector voltage V-, constant.
Hence,

Al
hy, = AI_C’ Vi constant (4.21)
E
It is the slope of I versus I curve. Its typical value varies from 0.9 to 1.0.

= Reverse Voltage Gain (h,,) It is defined as the ratio of the change in the (input) emitter voltage and
the corresponding change in (output) collector voltage with constant (input) emitter current, /. Hence,
AV

AV

hy,, , I'; constant (4.22)

It is the slope of V5 versus V- curve. Its typical value is of the order of 107 t0 1074,
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4.4.2 CE Configuration

» Input Characteristics To determine the input characteristics, the collector-to-emitter voltage is
kept constant at zero volt, and the base current is increased from zero in equal steps by increasing Vpp in the

circuit shown in Fig. 4.10.

+
_g VCC
Ve
Fig. 4.10  Circuit to determine CE static characteristics

Th . . . g (uA)

e value of V; is noted for each setting of 1. This 250 |
procedure is repeated for higher fixed values of V-, Voe=0V Ve>0V
and the curves of I V.. Vj, are drawn. The input
characteristics thus obtained are shown in Fig. 4.11. 2001
When V- = 0, the emitter-base junction is forward
biased and the junction behaves as a forward biased 1507
diode. Hence, the input characteristic for Vz = 0 is
similar to that of a forward-biased diode. When V- 1001
is increased, the width of the depletion region at the
reverse-biased collector-base junction will increase. 50 1
Hence, the effective width of the base will decrease.
This effect causes a decrease in the base current /. 0

Hence, to get the same value of I as that for V=0,
Vi should be increased. Therefore, the curve shifts
to the right as V- increases.

t + + +—> V_(V
0.2 04 06 0.8 elV)

Fig. 4.11 CE input characteristics

Saturation region

» Qutput Characteristics To determine the output
characteristics, the base current /, is kept constant at a suitable
value by adjusting the base-emitter voltage, V. The magnitude
of the collector-emitter voltage V., is increased in suitable equal
steps from zero and the collector current /- is noted for each
setting V. Now, the curves of I versus V. are plotted for
different constant values of I;. The output characteristics thus
obtained are shown in Fig. 4.12.

From Eqgs. (4.11) and (4.12), we have

a
ﬁzﬁ and IC=(1+ﬂ)ICBO+ﬂIB

Fig. 4.12

CE output characteristics
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For larger values of V-, due to Early effect, a very small change in ¢ is reflected as a very large change in

ﬁ. I or eXElIIlp]C, When o = 0.98, ﬁ - = 49 . If o/ Increases to 0.985, then ﬁ = = 66. IIeIe,
a Shght Increase n o b} abcut C'f Felcent IESUltS 1n an mcerease n ‘E t) th out E I F ercent. IIEH: c, thf :thFL t

characteristics of CE configuration show a larger slope when compared with CB configuration.

The output characteristics have three regions, namely, saturation region, cut-off region, and active region.
The region of curves to the left of the line OA is called the saturation region (hatched), and the line OA is
called the saturation line. In this region, both junctions are forward biased and an increase in the base current
does not cause a corresponding large change in /.. The ratio of Vg, to I in this region is called saturation
resistance.

The region below the curve for I; = 0 is called the cut-off region (hatched). In this region, both junctions are
reverse biased. When the operating point for the transistor enters the cut-off region, the transistor is OFF.
Hence, the collector current becomes almost zero and the collector voltage almost equals V-, the collector-
supply voltage. The transistor is virtually an open circuit between collector and emitter.

The central region where the curves are uniform in spacing and slope is called the active region (unhatched).
In this region, emitter-base junction is forward biased and the collector-base junction is reverse biased. If the
transistor is to be used as a linear amplifier, it should be operated in the active region.

If the base current is subsequently driven large and positive, the transistor switches into the saturation region
via the active region, which is traversed at a rate that is dependent on factors such as gain and frequency
response. In this ON condition, large collector current flows and collector voltage falls to a very low value,
called Vg, typically around 0.2 V for a silicon transistor. The transistor is virtually a short circuit in this
state.

High-speed switching circuits are designed in such a way that transistors are not allowed to saturate, thus
reducing switching times between ON and OFF times.

» Transistor Parameters

The slope of the CE characteristics will give the following four transistor parameters. Since these
parameters have different dimensions, they are commonly known as common-emitter hybrid parameters or
h-parameters.

= Input Impedance (h;;) Itis defined as the ratio of the change in (input) base voltage to the change in
(input) base current with the (output) collector voltage V- kept constant. Therefore,
. AVgp
Al
It is the slope of CE input characteristics I versus Vg as shown in Fig. 4.11. The typical value of £,, ranges
from 500 to 2000 Q.

, Ve constant (4.23)

= Qutput Admittance (h,,) It is defined as the ratio of change in the (output) collector current to
the corresponding change in the (output) collector voltage with the (input) base current /; kept constant.

Therefore,
Al I tant (4.24)
= , I 5 constan .
oe AVCE B
It is the slope of CE output characteristic /- versus V- as shown in Fig. 4.12. The typical value of this
parameter is of the order of 0.1 to 10 L mhos.
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= Forward Current Gain (hs,) It is defined as a ratio of the change in the (output) collector current to
the corresponding change in the (input) base current keeping the (output) collector voltage V- constant.
Hence,
h, = —<, V... constant 4.25
fe= A I CE (4.25)
It is the slope of I versus I curve. Its typical value varies from 20 to 200.

= Reverse Voltage Gain (h,,) Itis defined as the ratio of the change in the (input) base voltage and the
corresponding change in (output) collector voltage with constant (input) base current, /5. Hence,

AV,
h,, = —2E I, constant (4.26)
AVep

It is the slope of Vg versus V- curve. Its typical value is of the order of 10°t0 107,

» Derivation of analytical expression for CE output characteristics of BJT

We know that, for a PNP transistor, the collector-emitter voltage V- is given by

Vee=Ve=Ve
Onlp+1 ol +1
where V. =V, In| 1-—£ € | and V, =V, In| 1 - £ |,
Ico I'o

Here, oy is the current gain when the transistor is in the normal operation and ¢ is the current gain when the
transistor is in the inverted operation.

Therefore,
« I, +1, ol +1,
Vep =VpIn| 1--X ] [ d J
EO
Ioop—oyIp—1, I.,—o,1-—1
=VT1n CcO N ] VTln( EO 1°C E]
Ieo EO
—V.In ICO_aNIE_ICJ(IEOJ
sVpn) ————————— | 7
Tpo—oyle =1 )\ Ico
We know that, Ip=—(Ug+1,)
Hence,

— 1 o
Ve = Vy In Ieptoylgtoyle —1Ic [ o [sinceﬂ:—lj
Ipo—0ylo+1g+1. N oy Ieo Oty
Vo ln Ico +oylp+(oy —DI 78
! Ip+1g+(-o)l. )\ oy

o I-+oyl,—1-(1-o
=VT1n—’+VT1n co w1 = 1c( v)
N Ipgo +Ig+1-(1-0)
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Ico
If Iy >> I, and 15 >> o We have
N

Voo—vd [alj oyl —Ic(1-ay)
ce = Vpinj | ——
Lay Ip+1c(1-0;)
I -
IB—[ lec
_ N )
Iy f170r ),
| % a )¢

=V;In

Ve =V.1n
cE = Vr A
o o )l
_ LI
By Ip (since ﬂ:Lj
=V.In| ——————
TN e I-o
o Bl
11
1
or Vep ==Viln o Pl
_ LI
By 1

1
Here, if I-=0, Vo ==V, In [—] This shows that V. is not equal to zero even if /. becomes zero and
o

hence, the common emitter characteristic curves do not pass through the origin.

4.4.3 CC Configuration

The circuit diagram for determining the static characteristics of an NPN transistor in the common collector
configuration is shown in Fig. 4.13.

Vg =

Fig. 4.13  Circuit to determine CC static characteristics
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» Input Characteristics To determine the input characteristics, V- is kept at a suitable fixed value.
The base-collector voltage V- is increased in equal steps and the corresponding increase in /j is noted.
This is repeated for different fixed values of V. Plots of V- versus I for different values of V. shown in
Fig. 4.14 are the input characteristics.

» Output Characteristics To determine the output characteristics, the base current, I, is kept
constant at a suitable value by adjusting the base-collector voltage, V.. The magnitude of the emitter-
collector voltage, V., is increased in suitable equal steps from zero and the emitter current, I, is noted for
each setting V. Now, the curves of I, versus V- are plotted for different constant values of I;. The output
characteristics thus obtained are shown in Fig. 4.15. These output characteristics are the same as those of the
common emitter configuration.

I(mA)
A
6
5 I = 100 pA
4 Ig =80 uA
3 lg =60 pA
5 Ig = 40 uA
I =20 pA
1
Ig =0 pA
> Ve (V)
0o 1 2 3 4 5 6
Fig. 4.14 CCinput characteristics Fig. 4.15 CC output characteristics
4.4.4 Comparison of Different Configurations
Table 4.1 A comparison of CB, CE, and CC configurations
Property CB CE CC
Input resistance Low (about 100 Q) Moderate (about 750Q) High (about 750 k)
Output resistance High (about 450k€Q) Moderate (about 45 kQ) Low (about 25 Q)
Current gain 1 High High
Voltage gain About 150 About 500 Less than 1
Phase shift between input and 0 or 360° 180° 0 or 360°
output voltages
Applications for high frequency circuits for audio frequency circuits for impedance matching

45 TRANSISTOR AS AN AMPLIFIER

» CE Transistor as an Amplifier Figure 4.16(a) shows an amplifier circuit using CE transistor
configuration. In this circuit, an NPN transistor is used in CE configuration. Here, Vyj supply will forward
bias the emitter-base junction and V. supply will reverse bias the collector-base junction. This biasing
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arrangement makes the transistor to operate in the active region. The magnitude of the input ac signal v;
always forward bias the emitter-base junction regardless of the polarity of the signal.

~—
ic | N
()
R, Vo
Re g | L
WY
—_—
ig E
Vi
1t
— Vce
+ —
Vg —

Fig. 4.16(a) CE transistor as an amplifier

During the positive half cycle of the input signal v;, the forward bias across the emitter-base junction is
increased. As a result, more electrons are injected into the base and reaches the collector, resulting in an
increase in collector current i,.. This increase in collector current produces a greater voltage drop across the
load resistance R;.

However, during the negative half cycle of the input signal v;, the forward bias across the emitter-base
junction is decreased, resulting in a decrease in collector current i.. This decrease in collector current produces
a smaller voltage drop across the load resistance R;. Hence, it is clear that a small change in the input ac
signal in CE transistor amplifier produces a large change at the output with a voltage gain of around 500 and
a phase shift of 180°. Here, the voltage gain is the ratio of output voltage to input voltage. Comparing to CB
and CC transistor configurations, this CE transistor configuration is widely used in amplifier circuits due to
its high voltage gain.

» CB Transistor as an Amplifier A load resistor R, is connected in series with the collector supply
voltage V. of the CB transistor configuration as shown in Fig. 4.16(b).

Rs E C
—~— —~—
i ; ————o
I Ic §,
, R V,
Vi(~ L ()
® B -t
- 1+
Vee — — Vec
+

Fig. 4.16(b) CB transistor as an amplifier
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A small change in the input voltage between emitter and base, say AV, causes a relatively larger change in
the emitter current, say Al;. A fraction of this change in current is collected and passed through R; and is
denoted by the symbol ¢’. Therefore, the corresponding change in voltage across the load resistor R; due to
this current is AV, = o’ R, Al.

. . AV, . . . .
Here, the voltage amplification A, =——— is around 150 without any phase shift and thus, the transistor acts
as an amplifier. AV;

lG LARGE SIGNAL, dc AND SMALL-SIGNAL CE VALUES OF CURRENT GAIN

L . e . o
We know from the characteristics of CE configuration, the current amplification factor is [ 51—7
-o

and I-= (1 + B) I 5o + Bl
The above equation can be expressed as
Ic=1Icgo = Blepo + Blp
B= Ie —Icpo
Iy = (=Icpo)
The output characteristics of CE configuration show that in the cut-off region, the values Iy = 0, Ir = I ¢
and [z = — I 5. Therefore, the above equation gives the ratio of the collector-current increment to the base-

current change from cut-off to I, and, hence, 8 is called the large-signal current gain of common-emitter
transistor.

Therefore,

The dc current gain of the transistor is given by
I
— _1c
Bac = hpp =—=
Ip
Based on this &y value, we can determine whether the transistor is in saturation or not. For any transistor, in
general, I is large compared to /-, Under this condition, the value of iy, = .

The small-signal CE forward short-circuit gain 8’ is defined as the ratio of a collector-current increment A/~
for a small base-current change Alp, at a fixed collector-to-emitter voltage V.

o

ie., B = T

Blveg

If B is independent of currents then B° = B = hg. However, f is a function of current, then

)
B’=B+Ucpo+1p) aTﬁ . By using 8" = h;, and 8= hpp. Therefore, the above equation becomes
B

In Fig. 4.17, the hpy versus I shows a maximum and, hence, hy, > hpy for smaller currents, and Ay, < hyy for
larger currents. Therefore, the above equation is valid only for the active region.
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Fig. 4.17  Characteristic curves of dc current gain h (at V. = —0.25 V) versus collector current
for low, medium, and high beta values

EXAMPLE 4.1 o

In a common-base transistor circuit, the emitter current I is 10 mA and the collector current /- is 9.8 mA.
Find the value of the base current /.

Solution Given Iy =10mA and I, =9.8 mA

We know that emitter current is

Ip=1Iy+1,
ie., 10107 =1, +9.8x 107
Therefore, I =0.2 mA

EXAMPLE 4.2 o

In a common-base connection, the emitter current I is 6.28 mA and the collector current /- is 6.20 mA.
Determine the common-base dc current gain.
Given, I, =628 mA and I =620 mA

We know that common-base dc current gain,

I _620x107

= =0.987
I, 628x107°
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EXAMPLE 4.3 o

The common-base dc current gain of a transistor is 0.967. If the emitter current is 10 mA, what is the value
of base current?

Solution Given 0o=0.967 and I = 10 mA

The common-base dc current gain () is

a=0.967= j—z = 10:#
Therefore, I-=0.967 x 10 x 107 = 9.67 mA
The emitter current Ip=Ig+1-
ie., 10x 107 =I5 +9.67x 107
Therefore, Iz =0.33 mA

EXAMPLE 4.4 o

The transistor has /p = 10 mA and o= 0.98. Determine the values of /- and /.

Solution Given, Ir;=10mA and or=0.98

The common-base dc current gain, ¢ = I—C
E

e
ie., 0.98 = 10x10-
Therefore, I-=098x10x 107 =9.8 mA
The emitter current Ip=I+1.
ie., 10x107° =13 +9.8x 107
Therefore, Iz =02 mA

EXAMPLE 4.5 o

If a transistor has a & of 0.97, find the value of . If =200, find the value of c.

=097, p= —2— =097 _333
I-a 1-097

o= B 200
B+1 200+1

EXAMPLE 4.6 o

A transistor has = 100. If the collector current is 40 mA, find the value of the emitter current.

Given,  B=100and I.=40 mA

If 8= 200, =0.995
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I. 40x107
B=100= S=—"—+—
IB IB
Therefore, I, =40 x 107100 = 0.4 mA and

Iy =1l +1-= (0.4 +40)x 107° =40.4 mA

EXAMPLE 4.7 o
A transistor has 8= 150. Find the collector and base currents, if I; = 10 mA.
Given, B=150and/,=10mA
1
The common-base current gain, ¢ = L = i =0.993
B+1 150+1
I
Also, a=--5
I
1
ie., 0993 =-%
10
Therefore, 1-=0.993 x 10 x 10~ =9.93 mA
The emitter current Ip=Iz+1.
ie., 10x107° =1, +9.93x 1073
Therefore, I, =(10-9.93) x 107 = 0.07 mA
EXAMPLE 4.8 o
Determine the values of I; and I; for the transistor circuit if /. = 80 mA and 3= 170.
Given,  B=170and I.=80 mA
I -3
We know that (B), B=170=1c _80x107
Iy Iy
-3
Therefore, Iy = M =0.47 mA
170
and Ig=1Ig+1-=(047 + 80) mA = 80.47 mA
EXAMPLE 4.9 o

Determine the values of /- and I, for the transistor circuit of 8= 200 and I = 0.125 mA.

Given, I, =0.125 mA and =200

1 1
Therefore, B=200= = —03

I, 0.125x10”
Therefore, I-=200x%0.125 x 1073 =25mA

and Iy=I;+1.=(0.125+25)x 10 =25.125 mA
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EXAMPLE 4.10 o

Determine the values of I and I, for the transistor circuit of I; = 12 mA and 3 = 100.

Given,  I,=12mA and =100

I 12%107°
We know that base current, [, = E_— x10 =0.1188 mA
1+ 1+100
and collector current, Io=1;-1;=(12-0.1188) x 1077 = 11.8812 mA

EXAMPLE 4.11 o

A transistor has Iy = 100 A and - = 2 pA. Find (a) 8 of the transistor, (b) ¢ of the transistor, (c) emitter
current I, and (d) if I changes by + 25 HA and I changes by + 0.6 mA, find the new value of S3.

Given, I;=100pA=100x10"°Aand/.=2mA=2x10">A.

(a) To find B of the transistor

5o Io _ 2x107°
Iy 100x107°
(b) To find o of the transistor
o= —B = 20 =0.952
B+1 1+20

(c) To find emitter current, /,

Ip=Iz+1-=100x10°+2x 107 A

=(0.01+2)x1073=2.01 x 10> A =2.01 mA

(d) To find the new value of B when Al =25 uA and Al = 0.6 mA
Therefore, Iz = (100 + 25) pA = 125 pA

I-=2+0.6) mA=2.6mA
New value of S of the transistor,

g le_ 2.6><10:Z _

Iy 125x10

°
For a transistor circuit having ot = 0.98, I35 = I =5 UA, and I = 100 A, find /- and I.

Solution Given, =098, Igo=1-o=5UA and I = 100 pA

The collector current is

20.8

a1y I _0.98x100x10™°  5x10°°

+ =5.15mA
l-aa l1-o 1-0.98 1-0.98

Ic=

The emitter current is
Ip=Iy+1-=100x 107°+5.15x 107 = 5.25 mA
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EXAMPLE 4.13 '

A germanium transistor used in a complementary symmetry amplifier has /3, = 10 UA at 27°C and A = 50.
(a) Find I~ when I = 0.25 mA, and (b) assuming & does not increase with temperature, find the value of
new collector current, if the transistor’s temperature rises to 50°C.

Solution Given, Iqgo=10pA and hy (= B) =50
(a) To find the value of collector current when /; = 0.25 mA
Ie=PIg+ 1+ P)Icpo
=50x(0.25x 107 + (1 +50) x (10 x 10°) A = 13.01 mA
(b) To find the value of new collector current if the temperature rises to 50°C
We know that /-, doubles for every 10°C rise in temperature. Therefore,
I gpo (B=50) = I x 2727 T/0 2 1 5 2(0-21/10 ) o
=10x2> nA =492 pA
Therefore, the collector current at 50°C is
Ie=P-Ig+ 1+ P I'cpo
=50%(0.25% 1072 + (1 + 50) x 49.2 x 10"® = 15.01 mA

EXAMPLE 4.14 o

When the emitter current of a transistor is changed by 1 mA, there is a change in collector current by 0.99 mA.
Find the current gain of the transistor.

Al 0.99%107
Al,  1x1073

EXAMPLE 4.15 @

The dc current gain of a transistor in CE mode is 100. Determine its dc current gain in CB mode.

Solution The current gain of the transistor is ¢ = =0.99

The dc current gain of the transistor in CB mode is

Oy = Boc 100 =0.99
€T 4B, 14100

EXAMPLE 4.16 o

When I;; of a transistor is changed by 1 mA, its /- changes by 0.995 mA. Find its common-base current gain
o, and common-emitter current gain f3.

Al. 0. 107
Common-base current gainis o = —< = 0995 x ? =0.995

Al 1x10”
Common-emitter current gain is B = o _ 09% =199

l-a 1-0995
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EXAMPLE 4.17 o

The current gain of a transistor in CE mode is 49. Calculate its common-base current gain. Find the base
current when the emitter current is 3 mA.

Solution Given, B =49

‘We know that o= B

1+

.. 49
Therefore, the common-base current gain is ¢ = 1549 =0.98
+

1
We also know that o=-X

I
Therefore, Io=al;=098x3x 107> =2.94 mA

EXAMPLE 4.18 ®

Determine /., I, and o for a transistor circuit having I = 15 pA and = 150.
The collector current, /- = Bl =150 x 15 X 10°°=2.25mA

The emitter current, I =1-+1y

=225x107° +15x107°

=2.265 mA
Common-base current gain, o= L = 15—0 =0.9934
1+p 151

EXAMPLE 4.19 o

Determine the base, collector, and emitter currents and V- for the CE circuit shown in Fig. 4.18. For
Vee =10V, Vg =4V, Ry =200 kQ, Rc=2kQ, Vg (,y = 0.7V, B=200.

Voo =10V
Jo
Ry =2kQ
Rg =200 kQ
Vg =4V 0 AW
s

Fig. 4.18
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Referring to Fig. 4.18, the base current is
Vg =V, —
58~ YBEQn) _ 4 0'73 =16.5uA
Ry 200 x 10
The collector currentis I = Iz =200 x 16.5x 107°=3.3 mA

Iy =

The emitter currentis [, =I-+ 1, =33x 1077+ 16.5x 107°=3.3165 mA
Therefore, Vep=Vee—IcRe=10-33x 107 x2x 10° =34V

EXAMPLE 4.20 o

Calculate the values of I~ and I} for a transistor with o, = 0.99 and 15, = 5 LA. I is measured as 20 HA.

Solution Given, 0y, =0.99, Ic5o=5 1A and Iz =20 uA

0yl n Lepo

L.=
¢ -0y, 1-oy

_ 0.99x20 x 10°% 5%x107°

+
1-0.99 1-0.99
Therefore, Ip=l+1,=20x107°+2.48 x 107 =25 mA

EXAMPLE 4.21 o

The reverse leakage current of the transistor when connected in CB configuration is 0.2 pA and it is 18 HA
when the same transistor is connected in CE configuration. Calculate o, and ;. of the transistor.

The leakage current /-5, =0.2 A

=2.48mA

Icpo = 18 MA
Assume that Iz =30 mA
Ip=1Ig+1,

Ie=1g—1Ig=Plg+(1+P) Icpo

We know that Icgo = 11C30 =1+ B) g
I
B= ﬂ_lzﬂ_lzgg
o 0.
Ic=Blg+ 1+ Plcpo
=89 (30x 107} + (1 +89) (02x 1074 =2.67A

=1 leso _ 02x107° 0,988
Icgo 18%x107°

1o — o 2.67-02x107°
ﬁdc = _ — _3 B _6 = 89
IB ICEO 30 x10 18 x10
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EXAMPLE 4.22 o

If oy, = 0.99 and I = 50 UA, find emitter current.

Solution Given oy, =0.99 and /-5, =50 UA,

Assume that Iz =1mA
;- %aely | lepo _099(1x107) 50 107
CTleay, 1-ay 1-0.99 1-0.99

_ 0.99x107  50x107°
- 001 0.01
Iy=Ic+1;=104 mA + 1 mA = 105 mA

EXAMPLE 4.23 ®

For the CE amplifier circuit shown in Fig. 4.19, find the percentage change in the collector current if the
transistor with i, = 50 is replaced by another transistor with A, = 150. Assume Vg = 0.6.

o
R +12V

=99 mA + 5mA =104 mA

5%10°
V= — 2 X Vo = ——a ~x12=2V R, Re
R +R, 5x107 +25x10 25 kQ 1 kQ
Vp=Vg—Vpge=2-06=14V
Ve L
Here, I,=—-£t= 14 14 mA R, Re
R; 100 5 kQ 100 Q
I _3
For B=s50,1, = _14X107 o0y sua = =
1+ 51 .
Fig. 4.19
Therefore, Iey = Bly=50x274.5x 107 = 13.725 mA
I _3
For B=150,1, =2 - 14X107 _ o5 715 maA
1+ 151
Therefore, Iy = Bl =150 %x92.715 x 107°=13.907 mA

Hence, the percentage change in the collector current is calculated as

I, —1 - -3
Tea =lep | 10 _ 13907 X107 —13725 x10x 107 0 0

Ie, 13.725x 1073

EXAMPLE 4.24 o

Given an NPN transistor for which a=0.98, I, =2 UA, and I, = 16 LA. A common-emitter connection
is used as shown in Fig. 4.20 with V- =12 V and R = 4 k€. What is the minimum base current required in
order for the transistor to enter into saturation region?
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Given, o= 0.98, Iy =2 PA, Iegp = 1.6 BA, Vee= 12V and R = 4 kQ.

V, 12
Te(sany =%:4x103 =3mA - R:Z4kQ
c 5
S5
p=—2 -8 _4 Lt A
l-a 1-098 BB~ 12v = Vee
IC(sat) -|- T_
Ipminy = B =
3% 1073 Fig. 4.20

== " 61.224 x107% = 61.224 pA

EXAMPLE 4.25 ®

A transistor operating in CB configuration has /- =2.98 mA, I, = 3 mA, and /-, = 0.01 mA . What current
will flow in the collector circuit of this transistor when connected in CE configuration with a base current of
30 pA?

Given  I.=298mA, I, =3mA, I, =0.01 mA and I, = 30 uA.

For CB configuration,  I-=odg+ I,

Ic—Icp  (298-0.01)x 107
Ip 3x107°
__o 0.99 —99
-0 1-0.99

Therefore, o= =0.99

B

For CE configuration,  I.=flz+ (1 +PB) I
=99 x30x 107+ (1 +99) x 0.01 x 107> =3.97 mA.

4.7 TRANSISTOR BIASING

The quiescent operating point of a transistor amplifier should be established in the active region of its
characteristics. Since the transistor parameters such as f3, I, and Vg are functions of temperature, the
operating point shifts with changes in temperature. The stability of different methods of biasing transistor
(BJT, FET, and MOSFET) circuits and compensation techniques for stabilizing the operating point are
discussed in this chapter.

4.71 Need for Biasing

In order to produce distortion-free output in amplifier circuits, the supply voltages and resistances in the
circuit must be suitably chosen. These voltages and resistances establish a set of dc voltage V., and current
I to operate the transistor in the active region. These voltages and currents are called quiescent values which
determine the operating point or Q-point for the transistor. The process of giving proper supply voltages and
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resistances for obtaining the desired Q-point is called biasing. The circuits used for getting the desired and
proper operating point are known as biasing circuits.

The collector current for a common-emitter amplifier is expressed by

Ie=Blg+1Icpgo=Blp+ 1+ By

Here, the three variables hipy, i.e., B, I, and I, are found to increase with temperature. For every 10°C rise
in temperature, /-, doubles itself. When /-, increases, /- increases significantly. This causes power dissipation
to increase and hence, to make I, increase. This will cause I to increase further and the process becomes
cumulative which will lead to thermal runaway that
will destroy the transistor. In addition, the quiescent
operating point can shift due to temperature changes
and the transistor can be driven into the region of
saturation. The effect of 8 on the Q-point is shown
in Fig. 4.21. One more source of bias instability to
be considered is due to the variation of Vy, with
temperature. Vy, is about 0.6 V for a silicon
transistor and 0.2 V for a germanium transistor at
room temperature. As the temperature increases,
IVl decreases at the rate of 2.5 mV/°C for both
silicon and germanium transistors. The transfer-
characteristic curve shifts to the left at the rate of
2.5 mV/°C (at constant [-) for increasing
temperature and, hence, the operating point shifts
accordingly. To establish the operating point in the
active region, compensation techniques are
needed.

Fig. 4.21 Effect of S on Q-point

» dc Load Line Referring to the biasing circuit of Fig. 4.22(a), the values of V- and R are fixed and
I-and V;; are dependent on Rj.

Applying Kirchhoff’s voltage law to the collector circuit in Fig. 4.22(a), we get Voo = IR+ V5.
The straight line represented by AB in Fig. 4.22(b) is called the dc load line. The coordinates of the end point

V,
A are obtained by substituting V-, = 0 in the above equation. Then /. = % Therefore, the coordinates of

V. c
Aare Vop=0and I, =<,
Re

The coordinates of B are obtained by substituting /- = 0 in the above equation. Then V., = V. Therefore,
the coordinates of B are V-, = V- and I~ = 0. Thus, the dc load line AB can be drawn if the values of R and
Ve are known.

As shown in Fig. 4.22(b), the optimum Q-point is located at the midpoint of the dc load line AB between the
saturation and cut-off regions, i.e., Q is exactly midway between A and B. In order to get faithful amplification,
the Q-point must be well within the active region of the transistor.

Even though the Q-point is fixed properly, it is very important to ensure that the operating point remains
stable where it is originally fixed. If the Q-point shifts nearer to either A or B, the output voltage and current
get clipped, thereby output signal is distorted.
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Ic
3.5mAeC
+Vee
3mA¢
le
Rg Rc
15mMAF————
Ce. LV

» Vee
(0] 12V 21V 24V

(a) (b)

Fig. 4.22 (a) Biasing circuit (b) CE output characteristics and load line

In practice, the Q-point tends to shift its position due to any or all of the following three main factors:
(i) Reverse saturation current, /-, which doubles for every 10 °C increase in temperature.
(i) Base-emitter voltage, Vj, which decreases by 2.5 mV per °C.
(iii)  Transistor current gain, B, i.e., iy wWhich increases with temperature.

Referring to Fig. 4.22(a), the base current [ is kept constant since [ is approximately equal to V/Rp. If
the transistor is replaced by another one of the same type, one cannot ensure that the new transistor will
have identical parameters as that of the first one. Parameters such as f§ vary over a range. This results in the
variation of collector current /- for a given /. Hence, in the output characteristics, the spacing between the
curves might increase or decrease which leads to the shifting of the Q-point to a location which might be
completely unsatisfactory.

» ac lLoad Line After drawing the dc load line, the operating point Q is properly located at the center
of the dc load line. This operating point is chosen under zero input signal condition of the circuit. Hence,
the ac load line should also pass through the operating point Q. The effective ac load resistance, R,, is the

1
combination of R parallel to R;, i.e., R,. = R.IIR;. So the slope of the ac load line COD will be | ———

a.c.
To draw an ac load line, two end points, viz., maximum V; and maximum /- when the signal is applied are
required.

Maximum Ve = Viegg + I g R,» Which locates the point D (OD) on the V¢ axis.

Vero

Maximum /. = Ieg + , which locates the point C (OC) on the I axis.

a.c.
By joining points C and D, ac load line CD is constructed. As R > R,., the dc load line is less steep than the
ac load line.

When the signal is zero, we have the exact dc conditions. From Fig. 4.22(b), it is clear that the intersection of
dc and ac load lines is the operating point Q.
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» \Voltage Swing Limitations In a linear amplifier, symmetrical sinusoidal signals at the input gets
amplified as sinusoidal signal at the output, without any clipping. The maximum output symmetrical swing
provided by the amplifier can be obtained from the ac load line. The output signal will be clipped if it exceeds
this limit, resulting in signal distortion.

EXAMPLE 4.26 o

Determine the maximum voltage swing at the output of common emitter amplifier in which the quiescent
point is Iy = 0.9 mA and Vg, = 9 V. The ac resistance seen at the output terminal is R,. = (Rc Il R))
=2kQ.

Solution The maximum symmetrical peak to peak ac collector current is
Aic=21p=2x09mA=18mA

The maximum symmetrical peak to peak output voltage is

|Ave|=|Aic| R, =1.8x107 x2x107 =3.6V

EXAMPLE 4.27 o

In the transistor amplifier shown in Fig. 4.22(a), R = 8 k2, R; = 24 kQ and V=24 V. Draw the dc load
line and determine the optimum operating point. Also draw the ac load line.

(a) dc load line: Referring to Fig. 4.22(a), we have Vo= Vg + IR
For drawing the dc load line, the two end points, viz., maximum V,; point (at /- = 0) and maximum
I point (at V- = 0) are required.

Maximum Veg =Vee=24V

Vee _ 24 _
R- 8x10°
Therefore, the dc load line AB is drawn with the point B (OB =24 V) on the V; axis and the point

A (OA =3 mA) on the /- axis, as shown in Fig. 4.22(b).
(b) Forfixing the optimum operating point O, mark the middle of the dc load line AB and the corresponding
Vzg and I values can be found.

Maximum I = 3 mA

v,
Here, Verg = % =12V and Ip=15mA

(¢) ac load line: To draw an ac load line, two end points, viz., maximum V- and maximum /- when the
signal is applied, are required.

2
Theacload, R, =Rl R, = S22 _ 6 k@
8+ 24

Maximum Vee =Verg +1co Rac

=12+15x10°x6x10°=21V
This locates the point D (OD =21 V) on the V- axis.
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1%
CEO _15%x107% + ~=35mA
R, 6x10

This locates the point C(OC = 3.5 mA) on the /- axis. By joining points C and D, the ac load line
CD is constructed.

EXAMPLE 4.28 o

For the transistor amplifier shown in Fig. 4.23(a), Vo =12 V, R =8 kQ, R, =4 kQ, R-=1kQ, Ry =1kQ
and R; = 1.5 kQ. Assume V,; = 0.7 V. (a) Draw the dc load line, (b) determine the operating point, and
(c) draw the ac load line.

(a) dc load line: Referring to Fig. 4.23(a), we have Voo = Vop + 1o (R + Rp).
To draw the dc load line, we need two end points, viz., maximum V; point (at /= 0) and maximum
I point (at V= 0).

Maximum V= V= 12 V, which locates the point B(OB = 12 V) of the dc load line.

Maximum collector current = I, +

V.
Maximum I- = €« - 12 > =6mA
R-+Rz (1+1)x10
This locates the point A (OA = 6 mA) of the dc load line. Figure 4.23(b) shows the dc load line AB,
with (12 V, 6 mA).

Io(MA)

8 kQ

(5.4,3.3)

Q
4 kQ c
£ B
0 7.38 12
Vee (V) >
(a) (b)
Fig. 4.23
(b)  Operating point Q
R
The voltage across R, is V, = m cc
4x10°
Therefore, Vy= ——=x12=4V

12x10°
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vV, -V -0.

2~ Ver _ 4 OZ=3.3mA
Ry 1x10

Io=1; =33 mA
Vee =Vee—1c(Re + Rp)

Therefore, I =

=12-33%x103%x2x10°=54V

Therefore, the operating point Q is at 5.4 V and 3.3 mA, which is shown on the dc load line.

(c) acload line: To draw the ac load line, we need two end points, viz., maximum V,; and maximum /.
when signal is applied.

ac load, R, =R. IR, = % = 0.6 kQ

Therefore, maximum Ver = Vero + Ico Rac

=54+33x107°x06x10°=7.38V
This locates the point C(OC = 7.38 V) on the V- axis.

VCEQ

Maximum Ie=1cg +
ac

=33x107 + i3 =12.3mA
0.6 x10

This locates the point D (OD = 12.3 mA) on the /- axis. By joining points C and D, the ac load line
CD is constructed.

EXAMPLE 4.29 o

Design the circuit shown in Fig. 4.24, given Q-point values are to be I, = 1 mA and Vg, =6 V. Assume
that Ve =10V, f=100 and Vg ,y = 0.7 V.

The collector resistance is
Vee =Verp ~ 10-6
Ieo 1x107

R¢ =4kQ Vee

The base current is

I 1x1073 Rs 3 Rc
2 = =10 MA 0 Vout
Cez

Tno = B 100

The base resistance is

=~

[)

O
|||—’7_

Vee =V, -
cc~ Tpron _ 19297 _ 93 M0

R .
B IBQ 10x10°° Fig. 4.24



EXAMPLE 4.30 @

Determine the characteristics of a circuit shown in Fig. 4.25. Assume that =100 and Vg (,,,, = 0.7 V.

Referring to Fig. 4.25, Kirchhoff’s voltage law equation is

Vs = IgRg + Vg om + LeRE Vec =10V
We know that
R-=0.4 kQ
Iy =T+ 1o=Iy+ Bly=(1+ By ¢
Vg =V, Rg =20 kQ
The base current I = —__—on Vo =5Vo °
Ry +(1+ PR = L
= 53" 0.7 =53.34 pA
20 x 10* +101 x 600 Re=0.6kQ
Therefore, I = Bl =100 x 53.34 x 10°° -
=5334mA Fig. 4.25
Iy =1+ 1;=5334%x 107" +5334x 107°
=5.38734 mA

Vee =Vee—IcRe— IgRg

=10 -5.334 x 107* x 400 — 5.38734 x 107> x 600
=4.634V

The Q point is at Vg, =4.634 V and I, = 5.334 mA

4.8 THERMAL RUNAWAY

The collector current for the CE circuit of Fig. 4.22 is given by I-= Blg + (1 + §) I,. The three variables
in the equation, f3, I, and I, increase with rise in temperature. In particular, the reverse saturation current
or leakage current I, changes greatly with temperature. Specifically, it doubles for every 10°C rise in
temperature. The collector current /. causes the collector-base junction temperature to rise which, in turn,
increase /-, as a result /- will increase still further, which will further raise the temperature at the collector-
base junction. This process will become cumulative leading to thermal runaway. Consequently, the ratings
of the transistor are exceeded which may destroy the transistor itself.

The collector is normally made larger in size than the emitter in order to help dissipate the heat developed at
the collector junction.

However, if the circuit is designed such that the base current /; is made to decrease automatically with rise
in temperature then the decrease in 31, will compensate for the increase in (1 + B)I, keeping I almost
constant.

In power transistors, the heat developed at the collector junction may be removed by the use of a heat sink,
which is a metal sheet fitted to the collector and whose surface radiates heat quickly.
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4.9 STABILITY FACTOR

The extent to which the collector current /- is stabilized with varying /-, is measured by a stability factor S.
It is defined as the rate of change of collector current /- with respect to the collector-base leakage current /-,
keeping both the current I and the current gain [ constant.
al dl Al
§=—E = —€C . —C B and I, constant 4.27)
Ao dlcg co

The collector current for a CE amplifier is given by
Io=BI;+ (B+ Dl (4.28)

Differentiating the above equation with respect to /-, we get

di dl
1= ﬂ_B+(ﬁ+1) co
dlc dl
dl 1
Therefore, [l—ﬂﬁ) _ (ﬂ;‘ )
1+ p

(4.29)

From this equation, it is clear that this factor S should be as small as possible to have better thermal
stability.

» Stability Factors S”and S” The stability factor S’ is defined as the rate of change of I with Vg,
keeping /-, and 3 constant.

§ ol _ Al
oV AV
The stability factor S is defined as the rate of change of /- with respect to f3, keeping /-, and Vj constant.
»_ 9 Al
Y

E.O THERMAL STABILIZATION (TO FIXED BIAS, COLLECTOR TO BASE BIAS, SELF BIAS)

The stability factors for some commonly used biasing circuits are discussed here.

. . . ®V,

4.10.1 Fixed Bias or Base Resistor Method ce
A common-emitter amplifier using a fixed-bias circuit is shown Ry Rc

in Fig. 4.26. The dc analysis of the circuit yields the following E’ Ylc

- oV,
equation. v - 1o Vou
Vee = IRy +V 4300 @ % :
cc =1php+ Vpg (4.30) l Ve
Vee =V,
Therefore, Iy = ~—CC  BE, =
Ry

Fig. 4.26 Fixed bias circuit
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Since this equation is independent of the current I, dI/dl- = 0 and the stability factor given in Eq. (4.29)
reduces to

S=1+p
Since fis a large quantity, this is a very poor bias stable circuit. Therefore, in practice, this circuit is not used
for biasing the base.
The advantages of this method are (i) simplicity, (ii) small number of components required, and (iii) if the

supply voltage is very large as compared to Vjj of the transistor, then the base current becomes largely
independent of the voltage V.

EXAMPLE 4.31 ®

In the fixed-bias compensation method shown in Fig. 4.27, a silicon transistor with f = 100 is used.
Vee =6V, R- =3 kQ, Rz = 530 kQ. Draw the dc load line and determine the operating point. What is the
stability factor?

(a) de load line
Ic (MA)

Vee =Vee—1cRe \
When /=0, Veg =Vee=6V
2
V 6
When V. =0, Io= 5= -=2mA
R 3x10
(b) Operating point Q 1p------2 3
For a silicon transistor, Vp,=0.7V |
Vee =1pRp + Vg E
V. (V)
0 3 6 CE
Vee =V, 6-0.7
Therefore, Iy = cc BE _ T = 10 mA .
Ry 530 x10° Fig. 4.27
Therefore, Io=Pl=100x10x10°°=1mA

Vep=Vee—IcRe=6-1x107x3x10°=3V
Therefore operating point is Vgy =3 Vand I, = 1 mA.
(¢) Stability factor S=1+p=1+100=101

EXAMPLE 4.32 o

Find the collector current and collector-to-emitter voltage for the given
circuit as shown in Fig. 4.28.

For a silicon transistor, Vz, =0.7V
Vee =V, 9-0.7
Base current Ip= < BE 5 =27.67TuA
Rp 300 x 10

Collector current Ip=PBly=50x27.67x10"°=138 mA
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Collector-to-emitter voltage
Vee=Vee—1cRc
=9-138x107°x2x10°=624V

EXAMPLE 4.33 o

A germanium transistor having 8 = 100 and V= 0.2 V is used in a fixed-bias amplifier circuit where
Vee=16V, R-=5kQ and Ry = 790 kQ. Determine its operating point.

For a germanium transistor, V, =02V

Voe=16V

Applying KVL to the base circuit, we have

Vee—IgRg— Vg =0 Rg=790 kQ
Vo =V -0.
Therefore, Iy = cc BE _ 16-0 23 =20 uA
Ry 790 x 10

I =l =100 x 20 A = 2 mA

Ry=5kQ

B =100
Vge=02V

Applying KVL to the collector circuit, we have
Vee—IcRc=Veg =0
Vep=Vee—IRe=16-2x 107 x5x 10° =6V

Hence, the operating pointis /-=2mA and V ;=6 V.

EXAMPLE 4.34 o

The circuit as shown in Fig. 4.30 has fixed bias using an NPN transistor. Determine the value of base current,
collector current, and collector-to-emitter voltage.

Applying KVL to the base circuit, we have Vee=25V
Vee—1gRg = Ve =0 Rg= R, =820 Q
Vee =V, 25-0. 180 kQ
Therefore, Ip= - BE - >0 73 =135pA F—oVou
Ry 180 x10 Cer
Vino— B=80
Ic =Bl =80 x 135 x 107 = 10.8 mA Cer

Applying KVL to the collector circuit, we have
Vee—IcRc=Veg =0
Therefore, Vegp =Vee— IR

=25-10.8x 10> x 820=16.144V

EXAMPLE 4.35 o

For a fixed-bias configuration shown in Fig. 4.26, determine I, R, Rp, and V; using the following
specifications: V=12V, V=6V, f=180, and I, = 40 uA.
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Assume Vy; = 0.7 V for a silicon transistor.
I-=pl;=80x40 uA =3.2 mA
Vee = Ve 12-6

Rc= = > =1.875kQ
Ic 3.2x10™
Vee =V, -0.
Ry= —< B - 12 076 =282.5kQ
Ip 40x10
Since the emitter is grounded, V= 0.

4.10.2 Emitter-Feedback Bias

The emitter-feedback bias network shown in Fig. 4.31 contains T Vee
an emitter resistor for improving the stability level over that of

the fixed-bias configuration. The analysis will be performed Yio
by first examining the base-emitter loop and then using the
results to investigate the collector-emitter loop. I

. / ( VOUt
» Base-emitter Loop Applying Kirchhoff’s voltage VinO—¢ Ceo
law for the base-feedback emitter loop, we get ol

Vee—1gRg = Vg — IR =0 (4.31) Re
Vee—IgRg = Vpp— U+ 1) R =0

Vee—1Ig (Rg+ Rp) — Vg —I-R; =0
Vee—Vae =13 R+ Rp) + IR

Fig. 4.31 Emitter-feedback bias circuit

Ve =V R
Therefore, Ip= << _BE _ E I (4.32)
R, + Ry R, + Ry

Here, Vp is independent of /..

Hence, Ay - [ Re (4.33)
dIC RE + RB

Substituting Eq. (4.32) in Eq. (4.29), we get the stability factor as
1B

S= (4.34)
R
1+ —FE—
R + Ry
R
Since 1+ Rﬁ+ >1,8 < (1+ B). Note that the value of the stability factor S is always lower in emitter-
E T g

feedback bias circuit than that of the fixed-bias circuit. Hence, it is clear that a better thermal stability can be
achieved in an emitter-feedback bias circuit than the fixed-bias circuit.
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» Collector-Emitter Loop Applying Kirchhoff’s voltage law for the collector-emitter loop, we get

IpRp+Vep+ 1R~ V=0

Substituting /I, = I -, we have

Ve = Vee+1Ic (Re+Rp) =0

and Ver =Vee—1c R+ Ry) (4.35)
V is the voltage from emitter to ground and is determined by

Vi =1R; (4.36)
The voltage from collector to ground can be determined from

Vee=Ve=Ve

and Ve=Vep+ Vg 4.37)
or Ve=Vee— IR, (4.38)
The voltage at the base with respect to ground can be determined from

Vi =Vee—IzRE (4.39)
or Ve=Vppe+ Vg (4.40)
°

For the emitter-feedback bias circuit, Vo= 10V, R-= 1.5kQ, R =270 kQ, and R = 1 kQ. Assuming =50,
determine (a) stability factor, S (b) I, (¢) I, (d) Vg, (€) Vi, () Vi, (2) Vg, and (h) Vi

(a) The stability factor is

(b)
(©)
(d)

(e)
()

1+ 1+50
S: = 3
N BRg L (50x1x10%)
(Rg + Rp) 1x10° +270x 10°
B L T
1+0.185 1.185
Vo =V -0. )
[p=—CC B~ 10-07 =2=28.97uA

Ry +(B+DR, 27x10° +(51)(1x10%) 321
I = Bz =(50) (28.97 x 107 = 1.45 mA
Veg =Vee—1c (Re+ Rp)
=10-145x 107 (1.5x 10°+1x 10°) =10-3.62=6.38V
Ve=Vee—IcR-=10-1.45x 107 (1.5x 10°) = 7.825 V
Ve=Ve—Vep=7.825-638=1445V
or Vp=IR,=I-R;=145x107x1x10°=1.45V
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(2) Ve=Vp+Vp=07+145=2.15V
(h) Vec=Vp—V=2.15-7.825=15.675IV (reverse bias as required)

EXAMPLE 4.37 o

Calculate dc bias voltage and currents in the circuit in Fig. 4.32. Neglect V. of the transistor.
Given,  Vee=20V;R,=400kQ, B=100, R, =1 kQ; R.=2kQ

IgRg + Ve + IgRp = Ve

Vee=20V

I
FCRB +0+ (I +15)R; =20

Rs= 400 kQ Ro=2kQ
R R _
IC{—B+RE+—E} =20 B=100
B B
Therefore, S —4mA Re=1kQ
{400“0 +1x10° +10}
1 -3
1=t 2210 oA
B 100
Vg = Vpp+ IRy

=0+4x107 x 1 x 10’ =4V, since I = I

4.10.3 Collector-to-Base Bias or Collector-Feedback Bias

A common-emitter amplifier using collector-to-base bias circuit is shown in Fig. 4.33. This circuit is the
simplest way to provide some degree of stabilization to the amplifier operating point.

If the collector current /- tends to increase due to either increase in
temperature or the transistor has been replaced by the one with a
higher f3, the voltage drop across R increases, thereby reducing the
value or V. Therefore, Iy decreases which, in turn, compensates
the increase in /. Thus, greater stability is obtained.

The loop equation for this circuit is

Vee =Ug+10) Ro+ IgRp + Vg (4.41)
Vee = Vge — IR
ie., = B _CC (4.42)
R + R,
dI —R Fig. 4.33  Collector-to-base bias circuit
Therefore, £ =< (4.43)

dl., ~ R.+R,
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Substituting Eq. (4.43) into Eq. (4.29), we get
__ 4B
R
1+ B(C J
R- + Ry

As can be seen, this value of the stability factor is smaller than the value obtained by fixed-bias circuit. Also,
S can be made small and the stability can be improved by making R small or R large.

S= (4.44)

If R is very small, then S = (B + 1), i.e., stability is very poor. Hence, the value of R must be quite large
for good stabilization. Thus, collector-to-base bias arrangement is not satisfactory for the amplifier circuits
like transformer-coupled amplifier where the dc load resistance in the collector circuit is very small. For such
amplifiers, emitter bias or self-bias will be the most satisfactory transistor biasing for stabilization.

EXAMPLE 4.38 o

In the biasing with feedback resistor method, a silicon transistor with feedback resistor is used. The operating
pointisat7 V, 1 mA and V--= 12 V. Assume 3= 100. Determine (a) the value of R, (b) stability factor, and
(c) what will be the new operating point if = 50 with all other circuit values are same?

Refer to Fig. 4.26. We know that for a silicon transistor, Vg, = 0.7 V.

(a) To determine Ry

The operating pointis at Vo; =7V and I =1 mA

Vee =Vep  12-7
I 1x1073

Here, Rq-= =5kQ

= fo JIXI0T oA
BT 100 H

Using the relation,
Vee = Vg —IcRe  12-0.7—-1x107 x5x10°
Iy 10x10°°

Ry = =630 kQ

i
(b) Stability factor s *B 1+100 =565

R 5%10°
1+ B C} 1+100| —22—+
[Rc + Ry (5 +630) x 10>

(¢c) To determine new operating point when 3 = 50

Vee = BlgRe + IgRp + Vi
=I5 (BR-+ Rp) + Vi
ie., 12 =1,(50 x 5 x 10° + 630 x 10%) + 0.7

11.3

-2 _1284uA
P 880 %10° "
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Therefore, Io =Pl =50x12.84 x 107°=0.642 mA
Vep=Vee—IcRe=12-0.642x 107 x 5% 10° =8.79 V

Therefore, the coordinates of the new operating point are Vz, = 8.79 V and I, = 0.642 mA.

EXAMPLE 4.39 o

In an NPN transistor, if =50 is used in common-emitter circuit with V=10V and R = 2 kQ. The bias is
obtained by connecting 100 k€2 resistor from collector to base. Find the quiescent point and stability factor.

Given, Vee=10V,Rp=2kQ,
B =50 and collector to base resistor Rz = 100 kQ

To determine the quiescent point: We know that for the collector-to-base bias-transistor circuit,

Vee = PIgRe + IzRp + Vi

Vee =V,
Therefore, Iy = —c¢ BE
Ry +B-R-
10-0.7
= : 0-0 T =46.51A
100x10° +50x 2 x 10
Hence, Ip=PB-Iz;=50x46.5x 107 =2.325 mA

Vep=Vee—I-Re=10-2325x 107 x2x 10° =535V
Therefore, the coordinates of the new operating point are
Vepo =535V and Iy = 2.325 mA

To find the stability factor S

5= 1+p _ 1+50 —9575

R 3
1+B8]—"C | 1450 fxm .
Rc +Ry 2% 10° +100 x 10

EXAMPLE 4.40 ®

In the collector-to-base CE amplifier circuit of Fig. 4.26 having V- =12 V, R = 250 kQ, I = 0.25 mA,
B =100, and Vpo = 8 V, calculate Ry and stability factor.

V
B

0.25x 1073

Stability factor, S= 1+5 - 101 =56.9

Y L Y - U
Rc + Ry 32+250
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EXAMPLE 4.41 o

Calculate the quiescent current and voltage of a collector-to-base bias arrangement using the following data:
Vee=10V, Ry =100 kQ, R- =2 kQ, =50, and also specify a value of Ry so that Vz =7 V.

(a) Applying KVL to the base circuit, we have
Vee—1g(1+ ) R~ IgRp—Vgp =0
Vee = Vee 10-0.7

Therefore, Iy = = =46 HA
Ry +(1+B)R.  100x10° + (1+50)x 2 x 10>
Io=Bl; =50 x 46 pA = 2.3 mA
Applying KVL to the collector circuit, as shown in figure 4.34, we have Veo=10V
Vee—Up+1c) Re=Vep=0 \ Ro=2kQ

Therefore, Vep=Vee—Ug+10) Re Rg=100kQlc+ g

=10-(46x107%+23x107%) x 2 x 10’

=5.308V B=50
Quiescent current, ICQ =2.3 mA and

Quiescent voltage, Vepg =5308 V
(b) Given, Vep =TV
Ug+I) Re=Vee—Ver
(L+P) IgRe=Vee— Ve
Vee = Veg 10-7

Iy = = =29.41 uA
PT U+ PR (1+50)x2x10° .
We have,
Vee =1gRg + Vg
Ve =V -0.
Ry=Yee~Vor o T207 514540

Iy 29.41x107°

4.10.4 Collector-Emitter Feedback Bias

Figure 4.35 shows the collector-emitter feedback-bias circuit that can be obtained by applying both the
collector feedback and emitter feedback. Here, collector feedback is provided by connecting a resistance Ry
from the collector to the base and emitter feedback is provided by connecting an emitter resistance Ry, from
the emitter to ground. Both the feedbacks are used to control the collector current /- and the base current I
in the opposite direction to increase the stability as compared to the previous biasing circuits.

Applying Kirchhoff’s voltage law to the current, we get
Upg+ 1) Rp+ Vg + IR+ Ug+ 1) Re— Ve =0
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I = Vec =Ver [ Re+Rc. |, +Vee
B” R, +R-+R; \R,+R.+Ry) € 7

Therefore,

Since Vpp is independent of /.,

dry, ( R, + R, ]

dr. R, +R. +R,
Substituting the above equation in Eq. (4.29), we get
1+
S = (4.45)
1+ B(R; +R.)
R, +Rq +R,

From this, it is clear that the stability of the collector-emitter
feedback bias circuit is always better than that of the collector-

Fig. 4. Collector-emitt dback circuit
feedback and emitter-feedback circuits. ig. 435 Collector-emitter feedback circui

4.10.5 Voltage-Divider Bias, Self-Bias, or Emitter Bias

A simple circuit used to establish a stable operating point is the self-biasing configuration. The self-bias,
also called emitter bias, or emitter resistor, and potential divider circuit, that can be used for low collector
resistance, is shown in Fig. 4.36. The current in the emitter resistor Ry causes a voltage drop which is in the
direction to reverse bias the emitter junction. For the transistor to remain in the active region, the base-emitter
junction has to be forward biased. The required base bias is obtained from the power supply through the
potential divider network of the resistances R; and R,.

+ Vee

(b)

Fig. 4.36 (a) Self-bias circuit (b) Thevenin’s equivalent circuit

» Use of Self-bias Circuit as a Constant Current Circuit 1If I tends to increase, say, due to
increase in /-, with temperature, the current in R increases. Hence, the voltage drop across Ry increases
thereby decreasing the base current. As a result, /- is maintained almost constant.
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4.10.6 Stabilization Factors

» To Determine Stability Factor, S Applying Thevenin’s theorem to the circuit of Fig. 4.36, for
finding the base current, we have,

RV, RR
T:—2 €€ and Ry = L2
R +R, R +R,
The loop equation around the base circuit can be written as
Vip=1IgRg+ Vpp + g+ 1) R

Differentiating this equation with respect to /-, we get

dly, Ry
dl.  Ry+Ry
Substituting this equation in Eq. (4.35), we get
1+
s=—1¥F
R
1+ (E ]
R; + Ry
R
R
Therefore, S=1+p) —LE— (4.46)
1+B8+-L
B R,

As can be seen, the value of S is equal to one if the ratio Ry/R; is very small as compared to 1. As this ratio
becomes comparable to unity, and beyond towards infinity, the value of the stability factor goes on increasing
tillS=1+p.

This improvement in the stability up to a factor equal to 1 is achieved at the cost of power dissipation. To
improve the stability, the equivalent resistance Ry must be decreased, forcing more current in the voltage
divider network of R, and R,.

Often, to prevent the loss of gain due to the negative feedback, R is shunted by a capacitor Cj. The capacitive
reactance X; must be equal to about one-tenth of the value of the resistance Ry at the lowest operating
frequency.

» To Determine the Stability Factor S° The stability factor S’ is defined as the rate of change of 1,
with Vg, keeping I, and 3 constant.

o, Al

SOV AV,

4

From Fig. 4.36 (b),
Vi =1IgRg + Vg + [;Ry

= I;[Ry + Rl + IRy + Vg since [I; = Iy + 1] (4.47)
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We have
I- -1+ p)]I
Iy = %ﬁ)c@ (4.48)

Substituting Eq. (4.47) in Eq. (4.48), we get

I I
V= fC(RB+ Rp)+ Ve + IRy, + %(1 + B){Rg + Ry} (4.49)

Differentiating the above equation w.r.t. Vg, we get

dl R, +R dl,
0=—¢< MJ+I+RE € 10
dVBE ﬁ BE

di. | Ry +R
1= R, +—2 E}

dVBE L ﬂ
| dle "R, +(1+ﬁ)RE}
dVBE L ﬁ
dl —
Therefore, S’ C p (4.50)

T AV Ry +(L+ PR,

» To Determine the Stability of S” The stability factor S” is defined as the rate of change of I w.r.t.
B, keeping I, and Vg constant.

Rearranging Eq. (4.49), we have

1+
ﬁ(ﬁ] Ioo (R + R)
- B V) AP 4.51)
CT Ry +(1+PR, Ry +(1+B)R,
Since 3>> 1, the numerator of the second term can be written as
1+
(Rp + Rg) (TﬁJ Ieo =(Rg+Rp) Ico (4.52)
Substituting Eq. (4.52) in Eq. (4.51), we have
_ BV = Vi) + BRs + Rp)lco
TR, +(0+P)R, Ry+(+P)R,
Vi =V +(Rg + Rp) 1
Therefore, I-= BlVr = Vi + Ry £)lco]
Ry +(1+ PR,
Let, V' =Rz +Rp I
Vi = Vg +V7
Therefore, Io= By — Ve | (4.53)

Ry +(1+ PR,
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Differentiating Eq. (4.53) w.r.t. 8 and simplifying, we obtain

dl 1 SI
§'=—X= < £ (4.54)

dp R, | BU+H)
el

EXAMPLE 4.42 o

In a CE germanium transistor-amplifier circuit, the bias is provided by self-bias, i.e., emitter resistor and
potential-divider arrangement (refer to Fig. 4.27). The various parameters are V.- = 16 V, R = 3 kQ,
Ry =2KkQ, R, =56kQ, R, =20 kQ, and o= 0.985. Determine (a) the coordinates of the operating point, and
(b) the stability factor S.

For a germanium transistor, V; =0.3 V. As or= 0.985,

o 0.985

== =727 66
p -0 1-0.985

(a) To find the coordinates of the operating point
Referring to Fig. 4.36, we have

R, 20 x 10°

= = x16=421V
R1 + R2 e 76 X 103

Thevenin’s voltage, Vr

RR, 20x10° x56x10°

3 = 14.737 kQ
R +R, 76 x10

Thevenin’s resistance, Rj =

The loop equation around the base circuit is

Vip=IgRg+ Ve + g+ 1) Ry

ICR +V +[IC+1 JR
X ‘B BE T C E
B B

421_I—C><14737x103+03+1 L+1 x 2 % 10°
' 66 T 66

391 =1,[0.223 + 2.03] x 10°

391
Therefore, I-= —93 =1.73 mA
2.253x10
Since I is very small, I =1I;=1.73 mA
Therefore, Veg =Vee— IR — IgRE

=Vee—1c[Rc+ Rg]
=16-1.73x 107 x 5% 10° =735V
Therefore, the coordinates of the operating point are /- =1.73 mA and Vz=7.35V.
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(b) To find the stability factor S,

1+ Rs |4 14737
R
S= (1+,B)—ER=(1+66)—124737 = 67X 8.3685 =7.537
1+B8+-EL 1+66+'T 74.3685
E

EXAMPLE 4.43 o

Consider the self-bias circuit where Vo =22.5 Volt, R = 5.6 kQ, R, = 10 kQ, and R, = 90 kQ, hy, = 55,
Vgr = 0.6 V. The transistor operates in active region. Determine (a) operating point, and (b) stability factor.
For the given circuit, Vg =0.6 V, h;, =55

(a) To determine the operating point

. R 10x10°
Thevenin’s voltage, V= 2 Vo= 3
R1 + R2 100 x 10

xX225=225V

RR, 10x10°x90x10°
R +R,  100x10°
The loop equation around the base circuit is
V= LRy + Vi + (g +10) Ry,

=9kQ

Thevenin’s resistance, Rj =

IC IC
= C R+ Ve +| S +1. |R,
hy, hy,

Ic 3 1 3
225=—=x9x10°+0.6 +| —+1 |1, x1x10
55 55

2.25=1%0.16x10° + 0.6 + 1.01 x I~ x 10’
225=1-x1.17x10° + 0.6

;22506

= =1.41mA
T 117x103

Therefore,

Since I is very small,  I.=I;=141 mA

Therefore, Vee=Vee—IcRe—IgRp=Vee— 10 (Re + Ry)
=225-141x 107 x6.6x 10°=13.19V

Operating point coordinates are V= 13.19 V and /.= 1.41 mA

(b) To find the stability factor, S

3
H%B H?Xll((; 56x10 560
_ E_ _ X _206Xx10 _
S=(ap =1+ ox10° 65 65 O
1+p+-L 1455+

E 1x10°
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EXAMPLE 4.44 o

Figure 4.37 shows the dc bias circuit of a common-emitter transistor amplifier. Find the percentage change in
the collector current, if the transistor with A, = 50 is replaced by another transistor with /;, = 150. It is given
that the base-emitter drop Vg =0.6 V.

(a) For the given circuit, Vg = 0.6 V, hy, = 50

+12V

R-=1kQ
R, 5%10° ¢

- - x12=2V
R+R “ 30x10°

Thevenin’s voltage, Vr

RR, 25x10°x5x10°
iy _25x10 53 O _416k0
R +R, 30x10 R.=100Q
The loop equation around the base circuit is

Thevenin’s resistance, Rp =

Vi=Ve=IRy+ Vpp+ U+ 1) R

IC IC
= C R+ Ve +| S +1. |R,
hy, hy,

I
2= 2 46%10° 406+ 41 x 1o x0.1x10°
50 50

2-0.6 =1-x (0.08 +0.102) x 10°

~ 14
0.182 x10°

(b) For the given circuit,Vpp = 0.6 V, hy, = 150

Therefore, I =7.69 mA

The loop equation around the base circuit is

Ve=IgRp+ Vyp+ U+ 1) Ry

IC IC
= —C Ry +Vyp +| S +1. |R,
hye hye

1
2= 10 46x10° +0.6 4 = +1 x I x0.1x10°
50 50

2-0.6=1,%(0.028 +0.1) x 10°

Therefore, Ir= % =10.93mA
0.128 x 10
Change in collector current = W =042, ie., 42%

There is 42% change in /- when Ay, changes from 50 to 150.



.......................................................................................... T m”SlSt‘”S
EXAMPLE 4.45 '

If the various parameters of a CE amplifier which uses the self-bias method are V- =12V, R; = 10 kQ,
R, =5kQ, R-=1kQ, Ry =2kQ, and =100, find (a) the coordinates of the operating point, and (b) the
stability factor, assuming the transistor to be silicon.

(a) To find the coordinates of the operating point
Refer Fig. 4.36.

R, 5% 10°

= = x12=4V
R +R, € 15x10°

Thevenin’s voltage, Vy

3 3
Thevenin’s resistance, Ry = RiR, = 5 x10° x10x10

= =3.33kQ
(R +Ry)) 15x10°

The loop equation around the basic circuit is
Vip=IgRp+ Vgp + U+ )Ry

I I
= SRy + Ve +[7C+ICJRE

p

IC 3 1 3
4= x333x10° +0.7+ 1 | —+1|x2x10

100 100

3.3 =(33.3 +2020) I.

Io= =3 _161mA
2053.3

Since Iz is very small,  I.=1;=1.61 mA

Therefore, Vee=Vee—IcRe— IgRE
=Vee—1c[Rc+ Rg]
=12-1.61x107°x3x10°=7.17V

Therefore, the coordinates of the operating point are /.= 1.61 mA and Vo =7.17 V.
(b) To find the stability factor S

3
H%B 1+3.33><130
S=(1+p) —E _ —(1+100) 23107 55
B 3.33%10°
1+ p+—= 1+100 + 22—
R 2x10°

EXAMPLE 4.46 o

Determine the quiescent current and collector-to-emitter voltage for a germanium transistor with = 50
in self-biasing arrangement. Draw the circuit with a given component value with V- =20 V, R, = 2 k€,
R;=100Q, R, =100 k€, and R, = 5 kQ. Also find the stability factor.
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For a germanium transistor, Vg =0.3 V and =50
To find the coordinates of the operating point

R 3
Thevenin’s voltage, Vi= 2 Ve = 510 Tx20=095V
R, +R, 105 x 10
R R 100 x 10° 10°
Thevenin’s resistance, Rj = 2 - 00107 x 5;( 0 =4.76 kQ
R1 + R2 105 %10

The loop equation around the base circuit is
Vie=IgRp+ Vgp+ Uz + )Ry

—ICR +V +[IC+1 JR
= "5 B BE T C E
B B

1
0.95 = S x4.76x10° + 03+ 1, 2100
50 50

0.65=19721-
Therefore, I-= 0—65 =3.296 mA
197.2
Since I is very small, I =1I;=3.296 mA
Therefore, Vee =Vee—IcRe —IgRp= Ve — 10 (Re + Rg)

=20-3.296x 1072 x2.01 x 10°=13.375V

Therefore, the coordinates of the operating point are /- = 3.296 mA and V= 13.375 V.

To find the stability factor S

R 3
1+ Ri 1+ 476 x 10
S=(1+f)——E—=(1+50) 41‘7)2 =258
1+B8+-L 14504 10V
Rg 100
EXAMPLE 4.47

A germanium transistor is used in a self-biasing circuit 0 Vee=16V
configuration as shown below with V=16V, R-=1.5kQ
and 8 = 50. The operating point desired is Vz = 8 V and Re=1.5kQ
I-=4 mA. If a stability factor S = 10 is desired, calculate the
values of R, and R, and R, of the circuit (Fig. 4.38).

(a) To determine Ry,

We know that, Vee=Vep+ 1o (Re+ Rp)
16=8+4x107°(1.5x 10° + Ry
Therefore, Ry =500 Q
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(b) To determine Ry
Given, S=10
Stability factor S = I+ l; _ 1+50
1+B—L— jys50) 20
Ry + R Ry +500

Upon solving, we get Ry =5.58 kQ
(c) To determine R,

R, =0.1 BR;=27.98 kQ
(d) To determine R,

R R
We know that, Ry = RIR, =—12
R, +R,
R, X27.98 x10°
5.58 x 10° = 1—3
R, +27.98 x10
Therefore, R, =697 kQ

EXAMPLE 4.48

A CE transistor amplifier with the voltage-divider bias circuit of Fig. 4.36 is designed to establish the quiescent
point at Vp =12 V, I =2 mA and stability factor <5.1. If V=24 V, V. =0.7V, =50, and R = 4.7 kQ,

determine the values of resistors R, R, and R,.

(a) To determine Ry,
Vee=Vee = IcRe = IERg
=Vee—1c[R-+ Rg), since I = I;
12=24-2x107° [4.7 x 10° + R,]
Therefore, Rp=13kQ

(b) To determine R; and R,

Stability factor, S= ¢, where R = _RiRy
Ry (R +Ry))
1+ 8| —=—
Ry + Ry
5.1= Sl

3
1450 1.3 ><310
1.3x10° + Ry

3
ie. 1450 % -2l
13x10° +R, | 5.1
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50x1.3x10°
13x10° + R,

Therefore, [

3
13%10°+ R, = w:7.2k9

Ry=59kQ

Also, we know that for a good voltage divider, the value of the resistance R, = 0.1 R
Therefore, Ry=0.1x50x%1.3x%x10°=6.5kQ
RiR,
BT 5 o
R +R,
R x65x10°

5.9 x 10° ;
R, +6.5x10

Simplifying, we get R, = 64 kQ

EXAMPLE 4.49 o

In the circuit shown in Fig. 4.39, if I =2 mA and V; = 3V, calculate R, and R;.

Given, B= 100, I.=2mA, Voy =3V, Vg =0.6 V, R, = 10 kQ and R, = 500 Q

1
We know that B=-*C +Vge=15V
I
-3
Hence, Iy = I—C:ﬂ:2OuA
B 100

Vee=1cR3 + Vg + IR,

Ip=1o+1=20x10"°+2x 1077 =2.02 mA

Substituting the values, we get
15=2x 107 x Ry + 3 +2.02 x 107 x 500

Therefore, Ry =5.495 kQ
V=V + IR, =0.6+2.02x 107 x 500 = 1.61

RV,
From the circuit, Vy= —2CC
R +R,
3
61 = 10x10° 15
R, +10x10°

Therefore, R, =83.17kQ
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EXAMPLE 4.50 '

In an NPN transistor, = 50 is used in common-emitter circuit with V- =10 V and R = 2 kQ. The bias
is obtained by connecting the 100 k€2 resistor from collector to base. Find the quiescent point and stability
factor.

Given, V.-=10V,R,=2kQ, =750 and collector to base resistor, R = 100 kQ

To determine the quiescent point

We know that the collector-to-base bias-transistor circuit

Vee = PIgRe + IzRp + Vi

Vee = Var 10-0.7

Therefore, Iy = = 3 3
Ry +B-R.  100x10° +50x2x10"

=46.5 1A

Hence, I =Bl =50 x46.5x 107 =2.325 mA
Vep=Vee—IRe=10-2325x 107 x2x 10° =535V

Therefore, the coordinates of the new operating point are
Vg =535V and Iy = 2.325 mA

To find the stability factor S

g= 1+p _ 1+50 — 2575

R 3
1+B[C} 1450 2x10°
R: + Ry 2x10° +100 x 10

EXAMPLE 4.51 ®

Design a voltage-divider bias network using a supply of 24 V, =110 and /., = 4 mA, Vg, =8 V. Choose
V= Vel 8.

Given:  Iep=4mA, Verp=8V, Vp=Vee/8, Vee =24V, B=110

(a) To determine Iy, I; and Vi,

I 4x%10°
I=-2 =220 _3636uA
B 110
Iy =1+ 1-=3636x10"° + 4 x 107° = 403636 mA
8§ 8
(b) To determine Ry and R,
v 3

= T —743244Q

Ry=-£
I,  4.03636x107
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Applying KVL to the collector circuit,
Vee=1cRc=Vep=Vg=0

Vee =Vep — Vg 24-8-3
I, C 4x107

Therefore, R-= =325kQ

(c) To determine R; and R,
Vp=Vp+Vpgp=3+07=37V
Referring to Fig. 4.36, consider the current through R, to be I + I and that through R, to be I. Resistors R,

and R, form the potential divider. For proper operation of the potential divider, the current / should be atleast
ten times the Iy, i.e., I = 10 I;. Therefore,

I1=1015=10x36.36 x 10~ °=363.6 pA
V, 37
T 3636x10°0
Vee =V _ 24 -3.7
I+1;  (363.6+36.36)x 107

EXAMPLE 4.52 o

Determine the stability factor for the circuit shown in Fig. 4.40.

)= =10.176 kQ

R, = =50.755 kQ

_ Ve +Ue+ 1R,

I, K,
L=ly+1,
Therefore, I =1+ Vg +Uc +1p) Ry
R,
IRy + Ve + U +1p) R
= R,

Applying KVL to the collector base-emitter loop, we have
Vee=Uc+ 1) Rc—L|R, = Vg — U+ 1p) R
=Uo+ )R-+ 1R\ + Vyp+ U+ 1p) Ry
=I-Rc+1|R-+ LR, + Vg + IR+ IzR,
=1 (Rc+Rp)+ 1, (Ro+R)) + Vg + R,

Substituting the value of /; from the equation determined above, we get
IgRy + Vgp + (U + I5) Ry
R,

R- + R R, +R,)(R-+R R-+R
=1, RC+RE+—( c*R) +1, RE+( et R)Re ARy Be R Vg
R2 RZ R2

Vee= 1o (Re + Rp) +

(Re + R) + Vg + IgRg
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We know that 1=l + (1 + ) I,

Io-(A+p)I
Therefore, Iy= %ﬁ)co

Substituting the value of I;, we get

R.(R-+R I-—1+pB)]I
Vcc=lc|:Rc+RE+ E(Ig 1)}+ ¢ (,Bﬁ) €O «
2

{RE , Re + Ry)(Re +R1)]{1+ (Re +R1)} v,
R2 R2

dl . .. . .
We know that § = —<_ . Hence, differentiating the above equation and assuming Vp constant, we get

dl
ol Ry (R. +R ol R, +R,)(R. +R
o e {RNRN £ (Re n} c l{RE+( £+ Ry)(Re o}
aICO R2 aICO ﬁ RZ
_(1+p) {R +(RE+R2)(RC+RI)}
E
B R,
0l [RZRC +RyR, + R, R, +RERI}r A 1
aICO RZ aICO B
R,R; + R,R. + R,R, + R,R + R R, _1+ﬁ{R2(RC+R1)+RE(R1+R2+RC)}
R, B R,
A {RZRC+RE (R1+RZ+RC)}r A 1 {RZ(RC+R1)+RE (R1+R2+RC)}
aICO R2 aICO B R2
_1+ﬁ{R2(RC+R1)+RE (R1+R2+RC)}
B R,
ol {RzRC +R; (R, +R, +RC)}+[R2(RC +R)+R,(R +R, +RC)}
aICO R2 ﬁRZ
1+
p [R, (Re + R))+ Ry (R, + Ry + R.)]
al . B
lco Ry(Ro +R)+ Ry (R +R, +R
Ilco RyRc + Ry (R + Ry + Ro) + 2(Re + R,) ﬁE(l 2+ Re)
1+
—ﬂ[Rz(RC+Rl)+(RE(R1+R2+RC)]

B
B ﬁ(RzRC + R (R +Ry +R-)+ Ry (R + R)+ R (R + R, +R)

B
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_ ol - _da + BIR,(Re + R)+ Rg (R, + R, + R.)]
oy RR,+(B+1[R,R-+R; (R +R, +R)I

Stability factor,

4.10.7 Common Base Stability

In a common-base amplifier circuit, the equation for the collector current /- is given by

Ie=olg+1g
dl
§S~—5=1

dl

Since this is highly stable, the common-base amplifier circuit is not in need of bias stabilization.

4.10.8 Advantage of Self-bias (Voltage-Divider Bias) Over Other Types of Biasing
In the fixed-bias method discussed in Section 4.10.1, the stability factor is given by
S=1+p
Since 8 is normally a large quantity, this circuit provides very poor stability. Therefore, the fixed biasing
technique is not preferred for biasing the base.

In the collector-to-base bias method, when R is very small, S = 1 + 3, which is equal to that of fixed bias.
Hence, the collector-to-base bias method is also not preferable. In the self-bias method discussed in Section

R
4.10.5, when R_B is very small, S = 1, which provides good stability. Hence, the self-bias method is the best
E
method over other types of ‘biasing’.

11 COMPENSATION AGAINST VARIATION IN BASE EMITTER VOLTAGE
AND COLLECTOR CURRENT

» Compensation for Vg

= Diode Compensation in Emitter Circuit Figure 4.41 shows
the Thevenin’s equivalent circuit of the voltage-divider bias with
bias-compensation technique.

Here, V), is separately used to keep the diode in the forward-biased
condition. If the diode is of same material and type as the transistor,
then the voltage across the diode V, will have the same temperature
coefficient (2.5 m V/°C) as the base-to-emitter voltage V. If Vi,
changes by a small amount with change in temperature, then V/,
also changes by the same amount and, therefore, the changes cancel
each other.

We k that, I
¢ xnow tha Fig. 4.41 Stabilization by voltage-

[Rg +(1+ B)R;] I (Rp + Rp)(1+ P) divider bias compensation
B cTt B Ieo

Vee=Vr =
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Rearranging, we have

[Ry+(1+PB)R

Ele = Vp = Vg +{—(RE F)d +ﬁ)}1co
Blc

B
_ BlVy = Vgel+ (Re + Rg)(1+ B
Ry +(1+B)R,
From KVL equation of the base circuit of Fig. 4.41, the above equation can be written as
BlViy = Ve = Vpl+ (R + Rp)(1+ B
Ry +(1+PB)R,

Since variation of V, is same as Vpy, the collector current /- will be insensitive to variation in V.

Hence, I

I =

= Diode Compensation in Voltage-Divider Circuit Figure 4.42 shows the diode compensation
technique used in voltage-divider bias. Here, the diode is connected in series with the resistance R, and it is
in forward-biased condition. Therefore,

f= Ve Vo=V 2"
R R
RC
and I =1
Vi
When Vg changes with temperature, /- also changes. To cancel the Voo

change in /-, adiode is used at the base terminal to compensate the change
in Vy as shown in Fig. 4.42. The voltage at the base, Vj, becomes

Ve=Vr+Vp

‘4—5—»‘4—5 -»‘

VE
Substituting in the above equation for /., we get Y g_
I~ Veo + Vb = Ve Fig. 4.42 Diode compensation in
¢ R, voltage-divider bias circuit

If the diode is of the same material and type as the transistor, then the voltage across the diode will have the
same temperature coefficient (2.5 mV/°C) as the base-to-emitter voltage Vpz. When Vg, changes by a small
amount with change in temperature, V}, also changes by the same amount and thus, they cancel each other
and the collector current remains constant. Therefore,

Vra

I-=
C RE

The change in V; due to temperature is compensated by a change in the diode voltage that keeps I stable
at the Q point.

v,
» Diode Compensation Against Variation in g, Figure 4.43 T e

shows a transistor amplifier with a diode D connected across the base-
emitter junction for compensation of change in the collector saturation
current /. The diode is of the same material as the transistor and it is
reverse biased by the base-emitter junction voltage Vjp, allowing the
diode reverse saturation current /, to flow through the diode D. The base
current [p=1-1,.

Fig. 4.43 Diode-bias compensation
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As long as temperature is constant, the diode D operates as a resistor. As the temperature increases, I, of the
transistor increases. Hence, to compensate for this, the base current /; should be decreased.

The increase in temperature will also cause the leakage current /,, through D to increase and thereby decreasing
the base current /. This is the required action to keep /-~ constant.

This method of bias compensation does not need a change in /- to effect the change in I, as both /, and I,
can track almost equally according to the change in temperature.

412 HYBRID MODEL OF TRANSISTOR

Based on the definition of hybrid parameters, the mathematical model for two-port networks known as
h-parameter model can be developed. The following equations can be written

vi=hii, +hyv, (4.55)
i2 = hfll + hovZ (4.56)
The proposed model shown in Fig. 4.44 should satisfy these two equations and it can be readily verified by
writing Kirchhoff’s voltage law equation in the input loop and Kirchhoff’s current law equation for the output

node. It is to be noted that the input circuit has a dependent voltage generator and the output circuit contains
a dependent current generator.

i iy
10>—MWW——— —~—0 2
(R ((®)) *

+
v, hv, () Q} o) v
- hd
\ A _
10 0o

Fig. 4.44 Hybrid model for a two-port network

Transistor Hybrid Model

On extending the hybrid model for a two-port network to a transistor, it is assumed that the signal excursion
about the Q-point is small so that the transistor parameters may be considered constant over the signal
excursion.

Use of h-parameters to describe a transistor has the following advantages:
(i) h-parameters are real numbers up to radio frequencies.
(i) They are easy to measure.
(iii)) They can be determined from the transistor static characteristics curves.
(iv) They are convenient to use in circuit analysis and design.
(v) They are easily convertible from one configuration to other.
(vi) They are readily supplied by manufacturers.



In order to derive a hybrid model for a transistor, consider the CE circuit of Fig. 4.45. The variables are iy, i

v, (= v,,) and v, (= v,,). i, and v, are considered
independent variables.

Then, (4.57)

vy =fi(iy V)
ic =f2(ib’ vc)

Making a Taylor’s series expansion around the
quiescent point /,, V. and neglecting higher order
terms, the following two equations are obtained:

Av,,=(a—fl] Aib+[%j Av,  (459)
1A I,

(4.58)

oi, v,
Ai, = (%] Ai,,+(aﬁJ Av,  (4.60)
di,, v, v, I

The partial derivatives are taken keeping the

Transistors

c

A~

c

Bo b 7 v,
N 1+
— VCC
A -
Eo A

Fig. 4.45 CE transistor circuit

collector voltage or base current constant as indicated by the subscript attached to the derivative. Av,, Av,,
Ai,, and Ai, represent the small-signal (incremental) base and collector voltages and currents. They are
represented by symbols v,, v, iy, and i, respectively. Hence, Eqs (4.59) and (4.60) may be written as

Vp = hielb + hrevc
.= hfelb + hoevc

where

c

o, di
h, = |22 | =|Z=<
fe ai,,)

h:% :aﬁ
" avib v

c VL‘

of, di
h = — = ¢
¢ v ] v j
lb lb

c

PR T I (R
i, ) i, )

Ve c

Av | [ %
[ - j _ [ : ] @si)
- ﬂ) :(V_J (4.62)
v. ). v. ).
lb lb
Al I
= ¢ =< 4.63
) - o
Al i
- c | | e 4.64
8vcj, (vcj_ (4.64)
p p

The above equations define the h-parameters of the transistor in CE configuration. The same theory can be

extended to transistors in other configurations.

The hybrid models and equations given in Table 4.2 are valid for NPN as well as PNP transistors and hold
good for all types of loads and methods of biasing. Table 4.3 gives the typical h-parameter values for a
transistor and Table 4.4 gives the conversion formulae to find the s-parameters for CC and CB configurations

given the h-parameters for CE configuration.
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Vb =hie' ih +hre' Ve
i, =hg iy th, v,

v, = hy i, Ry v,

.= hﬂ?' A + huh' Ve

Vp = hiz*' ih + hrc' Ve
L, = hfc' Iy + hac' Ve

Table 4.3  Typical h-parameter values for a transistor

Parameter CE CC CB
h; 1100 Q 1100 Q 22Q
h, 25%x 107 1 3x107*
hy 50 =51 -0.98
h, 25 uA/V 25 uA/V 0.49 uA/V




Transistors

cC CB
e = o = lfihfe
hye=1 hrb=%— re
hoe = by, hyp = - ftoe

113 ANALYSIS OF TRANSISTOR AMPLIFIER CIRCUIT USING h-PARAMETERS

A transistor amplifier can be constructed by connecting an external load and signal source as indicated in
Fig. 4.46 and biasing the transistor properly.

/ /
'WV,\?/fN\/* 1 : 2" 2
—/ —% — yL
+ Two port
Y active
y C) Vi network V2 zZ
- l (transistor) l
o o 2’
| v |
Z Yo

Fig. 4.46 Basic amplifier circuit

The two-port active network of Fig. 4.47 represents a transistor in any one of its configurations. The hybrid
equivalent circuit is valid for any type of load whether it is pure resistance or impedance or another transistor.
It is assumed that h-parameters remain constant over the operating range. Further, the input is sinusoidal and
1,, V,,1,, and V, are phasor quantities.
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AAAAAAAAAAAAAA

<
/4R
o/
<
=
NS
2R
N
o
A\
03
RS
N

1 o

Fig. 4.47  Circuit of Fig. 4.46 with transistor replaced by its hybrid model

4.13.1 Current Gain or Current Amplification, A,

For a transistor amplifier, the current gain A, is defined as the ratio of output current to input current, i.e.,
I, _ -1

A =—==—= 4.65
I 1, I, (4.65)
From the circuit of Fig. 4.47,
I, = hfI1 +h,V, (4.66)
Substituting Vo=1Z, =-1,7,,

12 = hfII — I2ZLh0
L+ L,Zgh, = by,
L1 +Z,h,) = hyl,

1 —-h
A=—2t=— 1 (4.67)
I, 1+h,Z,
Therefore,
—h.
A= —1—
1+h,Z;

4.13.2 Input Impedance, Z;

In the circuit of Fig. 4.47, R, is the signal source resistance. The impedance seen when looking into the
amplifier terminals (1,1”) is the amplifier input impedance Z,, i.e.,
V

Z = I—l (4.68)
1

From the input circuit of Fig. 4.47, V, =h,}1, + h,V,



Transistors

hil, +hV.
Hence, = = L r2
I
2
= hi + hr T
Substituting

Vo=-LZ, =A1,Z,

AlLZ
Z, = h +h —L1L
1
resulting in
Z=h;+hAZ (4.69)
Substituting for A,
h
Zi =n - ! hrZL
1+h,Z,
h:h
= ;= # ZL
Z, _E +h,
Z
Taking the load admittance as Y, = L
Z
h:h
Z=h ——L"— (4.70)
Y, +h,

Note that the input impedance is a function of load impedance.

4.13.3 Voltage Gain or Voltage Amplification Factor, A,

The ratio of output voltage V, to input voltage V, gives the voltage gain of the transistor, i.e.,

V.,
A= 2 471
T (4.71)
Substituting Vo=-LZ, =A1,Z;

A _ AIIIZL _AIZL
YTy
3 .

1

4.72)

4.13.4 Output Admittance, Y,
By definition, Y, is obtained by setting V, to zero, Z; to infinity and by driving the output terminals from a

I
generator V,. If the current drawn from V, is I,, then Y, = 2 with V,=0and R, = .

From the circuit of Fig. 4.47, 2
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I, =he, + h,V,
Dividing by V,,

I 1
= =h;—+h, 4.73)
v, v,
With V=0, by KVL in the input circuit,
RI,+hil +hV,=0 (4.74)
I, (Rg+h)+hV,=0
Il _hr
Hence, — =
V, R, +h

Substituting Eq. (4.74) in Eq. (4.73), we get

I -h
= =k L |+h,
V, R, +h;

hyh,
Yo = hn -
h; + R,

(4.75)

From Eq. (4.75), the output admittance is a function of the source resistance. If the source impedance is
resistive, then Y, is real.

4.13.5 Voltage Amplification (A,) taking into account the Source Resistance (R,)

This overall voltage gain Ay, is given by
Vi Wi,V

= 4.76 R
Vlvx v ( ) 1

‘} AAAAAAA _
vvvvvvvv

N

AVA‘ = v

N

>
+

From the equivalent input circuit using Thevenin’s equivalent for
the source shown in Fig. 4.48,

V.Z, V.
V== @77 () 43y,
Z.+R

i __ 4
V., Z +R, I-
A Z, %
Then, Ay = Z, +R, (4.78) Fig. 4.48 Equivalent input circuit
AZ
Substituting A, = L
Z;
AZ
Ay = —L (4.79)

' Z +R
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Note that if R, =0, then A, = Az,

= A, Hence, Ay is the voltage gain with an ideal voltage source (with
i

R, =0). In practice, Ay, is more meaningful than A, because the source resistance has an appreciable effect

on the overall amplification.

4.13.6 Current Amplification (A,) taking into account the Source Resistance (R,)

The modified input circuit using Norton’s equivalent circuit for the source for the calculation of A, is shown
in Fig. 4.49.

Overall current gain, A, = = = L 4 = A I © e +
I, I, I I
(4.80)
From Fig. 4.49, I, =1, S (4.81) Q)’s Rq %Zf i
R, +2Z,
L R
I, R +Z . -
R Fig. 4.49 Modified input equivalent circuit

and hence, A, = A R, J: Z (4.82)

If R, = oo, then A}, = A,. Hence, A, is the current gain with an ideal current source (one with infinite source
resistance).

From Eq. (4.79),

_ AIZL Rs
e Zi + Rs Rs
AZ
Then, Ay = % (4.83)

s

4.13.7 Operating Power Gain, Ap

From Fig. 4.47, average power delivered to the load is P, = |V, | II; Icos 6, where O1is the phase angle between
V, and [;. Assume that Z; is resistive, i.e., Z; = R,. Since h-parameters are real at low frequencies, the power
delivered to the load is P, = V,I; =—V,I,. Since the input power P, = V1|, the operating power gain A, of the
transistor is defined as

P, -V, R
AP:_2= 22=AVA1=A1A1_L
LI R;
R
Ap= A] (?LJ (4.84)

The important relations derived above are summarized in Table 4.5.
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Table 4.5 Small signal analysis of a transistor amplifier

Y —h; A _AZ,
= V=T
1+h,Z; i
heh AyZ; AZ Z
1 __Av4i AL L
Z.=h +hAZ =h ——L " Ay =—YZL = TI7L A ZL
i =hi etz =hy Y, +h, " Z,+R, Z+R, SR,
hsh 1 AR R
YozhO_Lz— AIS= L s = Vs_s
h+R, Z, Z; + R, zZ,

EXAMPLE 4.53 o

A CE amplifier has the h-parameters given by A;, = 1000 Q, h,, = 2 X 1074, hy, = 50, and h,,, = 25 i mho.
If both the load and source resistances are 1 k€2, determine the (a) current gain, and (b) voltage gain.

Given R, =1kQ and R; = 1 kQ
. hy,
(a) Current gain, A= — —
1+h, XR;
= 52 T = 48.78
1+25x107 x1x10
. _hfe
(b) Voltage gain, Ay=— T
1
[hoe + RL] Zin
hrehfe
Here, Z, = . — :
h,, +—
R,
2x107
= 1000- —1 X0 _g95540
25107 +1x10
Therefore, -0 = _ 4926

YT (25107 +1x107) x 990.24

The output voltage is 180° out of phase to the input signal with a gain of 49.26.

EXAMPLE 4.54 o

A transistor amplifier circuit R; = 100kQ, R, = 50kQ, R. = 10kQ and R; = 40kQ has the h-parameters as
follows: h;, = 1100 €2, hy, = 100, h,, = 10 x 1074, h,, =4 x 10~* mho. Determine the (a) ac input impedance

4 re

of the amplifier, and (b) the voltage gain.
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Solution At load resistance of the amplifier,

10 x10* x 40 x 10°

R, =RIIR =8 kQ =8000 Q
L7 10%x10° +40 x 10°
hrehfe
(a) Input impedance, Z, = h, - I
hoe + ’
RL
4
- 1100_M=1024Q
4x107 +——
8000

The ac input resistance of the entire stage R, is
R.=Z,IIR/IIR,
=1024 11100 x 1000 1 50 x 1000 = 993.4 Q

—h _
(b) Voltage gain, Ay = fe - 1001 —_186.34
1 4
A 4x10™* +— |1024
[hoe TR ]Zm ( soooj

The output is 180° out of phase to the input with a gain of 186.34.

4.13.8 Comparison of Transistor Amplifier Configurations

The characteristics of three configurations are summarized in Table 4.6. Here, the quantities A;, Ay, R;, R, and
Ap, are calculated for a typical transistor whose h-parameters are given in Table 4.3. The values of R; and R,
are taken as 3 kQ.

Table 4.6  Performance schedule of three-transistor configurations

Quantity CB CC CE
A, 0.98 47.5 -46.5
Ay 131 0.989 - 131
Ap 128.38 46.98 6091.5

; 22.6 Q 144 kQ 1065 Q
R, 1.72 MQ 80.5 Q 45.5kQ

The values of current gain, voltage gain, input impedance, and output impedance calculated as a function of
load and source impedances can be shown graphically as in Fig. 4.50.
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Ay, (CB) or
Av (CC) —AV(CE)
51 A;(CC) or 3300
A (CB) /CC — A, (CE) L
S=== 50 / 8000
N cs C’RC'C\ cB 10 2500
0.8 -0.98 40 /&
0.8 2000
0.6 30 /
\ \ 0.6 1500
0.4 20 0.4 /CBchE1000
" l0.31 /
0.2 10 0.2 500
0.20 %
0 -
10 10° 10* 10* 10° 10° 10'R,Q 10 10% 10° 10* 10° 10° 10°R. Q
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Fig. 4.50 Comparison of transistor amplifier configurations: (a) Current gain as a function on R, (b) Voltage gain as
a function of R, (c) Input impedance as a function of R, (d) Output impedance as a function of R,

From Table 4.6 and Fig. 4.50, the performance of the CB, CC, and CE amplifiers can be summarized as
follows:

» Characteristics of Common-Base Amplifiers

(i) Current gain is less than unity and its magnitude decreases with the increase of load resistance R;.
(i) Voltage gain Ay is high for normal values of R; .
(iii) The input resistance R; is the lowest of all the three configurations.
(iv) The output resistance R, is the highest of all the three configurations.

= Applications The CB amplifier is not commonly used for amplification purpose. It is used for

(1) matching a very low impedance source
(i) as a non-inverting amplifier with voltage gain exceeding unity
(iii) for driving a high impedance load

as a constant current source

(iv)
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» Characteristics of Common-Collector Amplifiers
(i) For low value of R, (< 10 kQ), the current gain A, is high and almost equal to that of a CE amplifier.
(i) The voltage gain Ay, is less than unity.
(iii)) The input resistance is the highest of all the three configurations.
(iv) The output resistance is the lowest of all the three configurations.

= Applications The CC amplifier is widely used as a buffer stage between a high-impedance source
and a low-impedance load. The CC amplifier is called the emitter follower.

» Characteristics of Common-Emitter Amplifiers
(i) The current gain A, is high for R; < 10 kQ.
(i) The voltage gain is high for normal values of load resistance R, .
(iii)  The input resistance R; is medium.
(iv) The output resistance R, is moderately high.

= Applications Of the three configurations, the CE amplifier alone is capable of providing both voltage
gain and current gain. Further, the input resistance R; and the output resistance R, are moderately high.
Hence, the CE amplifier is widely used for amplification purpose.

REVIEW QUESTIONS

What is a bipolar junction transistor? How are its terminals named?

Explain the operations of NPN and PNP transistors.

What are the different configurations of BJT?

Explain the input and output characteristics of a transistor in CB configuration.

Explain the Early effect and its consequences.

Derive the relationship between o and S.

Why does the CE configuration provide large current amplification while the CB configuration does not?

e S e

Draw the circuit diagram of an NPN junction transistor CE configuration and describe the static input and output
characteristics. Also, define active, saturation and cut-off regions, and saturation resistance of a CE transistor.
9. How will you determine h-parameters from the characteristics of CE configuration?
10. Determine the s-parameters from the characteristics of CB configuration.
11. What is the relation between Iy, I and I~ in CB configuration?
12. Explain the laboratory setup for obtaining the CC characteristics.
13. Compare the performance of a transistor in different configurations.
14. Define o, 3, and ¥ of a transistor. Show how they are related to each other.
15. Explain how a transistor is used as an amplifier.
16. From the characteristics of CE configuration, explain the large signal, dc, and small signal CE values of current
gain.
17. Calculate the values of /- and I for a transistor with oz, = 0.99 and I3, =5 HA. I is measured as 20 HA. [Ans.
I-=248 mA, I;=2.5 mA]

18. If oy, = 0.99 and I -5, = 50 WA, find emitter current. [Ans. I- =104 mA, I, = 105 mA]
19. If I-is 100 times larger than I, find the value of f3.. [Ans. 100]
20. Find the value of ¢, if B is equal to 100. [Ans. 0.99]
21. Find the voltage gain of a transistor amplifier if its output is 5 V rms and the input is 100 mV rms. [Ans. 50]

22. Find the value of ¢, when /- =8.2 mA and I = 8.7 mA. [Ans. 0.943]
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. If 0. is 0.96 and I, = 9.35 mA, determine /. [Ans. 8.98 mA]
. Describe the two types of breakdown in transistors.

. Draw the Ebers—Moll model for a PNP transistor and give the equations for emitter current and collector current.
. What is meant by Q-point?

. What is the need for biasing a transistor?

. What factors are to be considered for selecting the operating point Q for an amplifier?

. Distinguish between dc and ac load lines with suitable diagrams.

. Briefly explain the reasons for keeping the operating point of a transistor fixed.

. What is thermal runaway? How can it be avoided?

. What three factors contribute to thermal instability?

. Define ‘stability factor.” Why would it seem more reasonable to call this an instability factor?

. Draw a fixed-bias circuit and derive an expression for the stability factor.

. If the coordinates of the operating point of a CE amplifier using fixed bias or base-resistor method of biasing are

Vep=6V and I-=1 mA, determine the value of R and Rj. [Ans. R-=3kQ, Rz =300 kQ]
Consider a common emitter NPN transistor with fixed bias as shown in Fig. 4.26. If $=80, R;=390kQ, R-=1.5
kQ, and V=30V, find the coordinates of the Q-point. [Ans. 21 V, 6 mA]

A germanium transistor having 8= 100 and V= 0.2 V is used in a fixed-bias amplifier circuit where V.-= 16V,
R-=5kQ and Rz = 790 kQ. Determine its operating point.
Derive an expression for the stability factor of a collector-to-base bias circuit.
Mention the disadvantages of collector-to-base bias. Can they be overcome?
In a germanium transistor CE amplifier biased by feedback resistor method, V=20V, V. =0.2V, =100 and
the operating point is chosen such that V- = 10.4 V and /- = 9.9 mA. Determine the values of Rz and R.. [Ans.
100 kQ, 1 kQ]
Draw a circuit diagram of CE transistor amplifier using emitter biasing. Describe qualitatively the stability action
of the circuit.
Draw a voltage-divider bias circuit and derive an expression for its stability factor.
Why does the potential divider method of biasing become universal?
If the various parameters of a CE amplifier which uses the self-bias method are V=12V, R; = 10 kQ, R, =5 kQ,
R-=1kQ, Ry =2 kQ and f = 100, find (i) the coordinates of the operating point, and (ii) the stability factor,
assuming the transistor to be of silicon. [Ans. Vep=7.05V,1.=1.65mA, §=2.62]
In a CE germanium transistor amplifier using self-bias circuit, R, = 2.2 kQ, =150, V-=9 V and the operating
point is required to be set at /- =2 mA and V; = 3V. Determine the values of R}, R, and R

[Ans. Ry =17.75kQ, R, =4.75kQ, R; =800 Q]
Determine the operating point for the circuit of a potential-divider bias arrangement with R, = R- =5k, Ry =1
kQ and R = 40 kQ. [Ans. Vep=6V,I-=1mA]
Calculate the values of R and R in the voltage-divider bias circuit so that Q-pointis at V=6 V and /- =2 mA.
Assume the transistor parameters are: &= 0.985, 5o =4 WA and Vz; =02 V.

[Ans. Ro-=3kQ, Ry =5.54 kQ]

Determine the stability factor for a CB amplifier circuit.
Draw a circuit which uses a diode to compensate for changes in /. Explain how stabilization is achieved in the
circuit.
How will you provide temperature compensation for the variations of Vj, and stabilization of the operating
point?
Why are hybrid parameters called so? Define them.
What are the salient features of hybrid parameters?
Derive the equations for voltage gain, current gain, input impedance, and output admittance for a BJT using low
frequency h-parameter model for (i) CE configuration (ii) CB configuration, and (iii) CC configuration.
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A CE amplifier is drawn by a voltage source of internal resistance R, = 1000 € and the load impedance is a

resistance R; = 1200 Q. The h-parameters are h;, = 1.2 kQ, h,, =2 x 1074, hy, = 60 and h,, = 25 pA/V. Compute

the current gain A;, input resistance R;, voltage gain A, and output resistance R, using exact analysis and using

approximate analysis.

[Ans. Exact analysis: A;=-58.25, R; = 1.186 kQ, A, = -58.937, R, = 51.162 kQ,

Approximate analysis: A;=—-60, R;= 1.2kQ, A}, =60, Z, = o]

A CE amplifier uses a load resistor R~ = 2.5 kQ in the collector circuit and is given by the voltage

source V, of internal resistance 600 Q. The h-parametersof the transistor are /;, = 1300 Q, h,, = 2 x 107,

hy, = 55 and h,, = 22 | mhos. Neglecting the biasing resistors across the Vi supply, compute the current

gain A;, input resistance R;, voltage gain Ay, output resistance R, and output terminal resistance R, for the

following values of emitter resistor Ry inserted in the emitter circuit: (i) 200 €, (ii) 400 €, and (iii) 1000 Q.
Use the approximate model for the transistor if permissible.

[Ans. 1) A;=-55,R;=12.5kQ, A, =—11, R, =0, R ;= 2.5 kQ

(i) A;=-55,R;=23.7kQ, Ay =-58,R, =, R ; =2.5kQ

(iii)) A;=-55,R; =573 kQ, Ay, =-2.399, R,= o,R ;= 2.5kQ.]

OBJECTIVE-TYPE QUESTIONS

. Which of the following statements is correct for basic transistor amplifier configurations?

(a) CB amplifier has low input impedance and a low current gain.
(b) CC amplifier has low output impedance and a low current gain.
(c) CE amplifier has very poor voltage gain but very high input impedance

. For a BJT, the common-base current gain ¢ = 0.98 and the collector-base junction reverse-bias saturation current

I-o = 0.6 HA. This BJT is connected in the common-emitter mode and operated in the active region with a base
drive current /; = 20 wA. The collector current /.- for this mode of operation is

(a) 0.98 mA (b) 0.99 mA (c) 1.0mA (d) 1.01 mA
. In most transistors, the collector region is made physically larger than the emitter region

(a) for dissipating heat (b) to distinguish it from other regions

(c) asitis sensitive to ultraviolet rays (d) to reduce resistance in the path of flow of electrons
. As temperature is increased, the h-parameters h;,, h,,, iy, and h,,, of a transistor

(a) decrease (b) increase (c) remain constant (d) none
. The biasing method which is considered independent of transistor f3,. is

(a) fixed biasing (b) collector feedback bias

(c) voltage-divider bias (d) base bias with collector feedback
. The power gain of a CB amplifier is approximately equal to

(a) current gain (b) voltage gain (c) both (a) and (b) (d) none of the above
. The following is a non-inverting amplifier with voltage gain exceeding unity.

(a) CE amplifier (b) CB amplifier (¢) CC amplifier (d) None of the above
. The voltage gain of a CB amplifier has the same magnitude as that of

(a) CE amplifier (b) CC amplifier

(c) both CE and CC amplifiers (d) none of the above
. An amplifier has good voltage, current, and power gains and the input resistance is low. It is

(a) common-base (b) common-emitter

(c) common-collector (d) none

The transistor configuration which provides highest output impedance is
(a) common base (b) common emitter
(c) common collector (d) none of the above
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When a healthy NPN transistor is connected to an onmmeter such that the base terminal is connected to the red lead
of the meter and the emitter terminal to the black lead, then the meter shows

(a) an open circuit (b) some medium resistance

(c) avery small resistance (d) none of the above

For o= 0.9, the value of is

(a) 9.9 (b) 49 (©) 99 (d) 100

A BJT is said to be operating in the saturation region, if

(a) both junctions are reverse biased

(b) base-emitter junction is reverse biased and base collector junction is forward biased
(c) base-emitter junction is forward biased and base-collector junction reverse biased
(d) both the junctions are forward biased

For an NPN bipolar transistor, what is the main stream of current in the base region?

(a) Drift of holes (b) Diffusion of holes

(c) Drift of electrons (d) Diffusion of electrons

In saturation region in an NPN transistor,

(a) Vepis—veand Vypis +ve (b) Vipis+ve and Vi is —ve

(c) both Vpand Vg, are +ve (d) both V5 and Vg are —ve

The internal resistance of a current source used in the model of a BJT while analyzing a circuit using BJT is
(a) very high (b) very low

(c) zero (d) of the order of a few mega-ohms

The common-emitter short-circuit current gain 8 of a transistor

(a) is a monotonically increasing function of the collector current /..
(b) is a monotonically decreasing function of /.

(c) increases with I, for low I, reaches a maximum and then decreases with further increase in /.
(d) is not a function of /.

The resistance of thermistor

(a) decreases exponentially with increase of temperature

(b) decreases exponentially with decrease of temperature

(c) increases exponentially with increase of temperature

(d) increases exponentially with decrease of temperature

The Ebers—Moll model is applicable to

(a) bipolar junction transistors (b) NMOS transistors

(c) unipolar junction transistors (d) junction field-effect

The Early effect in a bipolar junction transistor is caused by

(a) fast-turn-on (b) fast-turn-off

(c) large collector-bass reverse bias (d) large emitter-base forward bias

If the base resistor is shorted in the fixed-bias circuit, then
(a) the transistor may get damaged

(b) the base voltage will be zero

(c) the collector voltage will be equal to the supply voltage
(d) the collector current is zero

The parameter 4, has the dimension of

(a) Q (b) O (c) V (d) dimensionless
The amplifier that gives unity voltage gain is

(a) common emitter (b) common collector (¢) common base (d) all the above
The amplifier that gives 180° voltage phase shift is

(a) common emitter (b) common collector (¢) common base (d) all the above
The amplifier that gives power gain approximately equal to current gain is
(a) common emitter (b) common collector (¢) common base (d) all the above
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26. In a common-emitter amplifier having a small unbypassed emitter resistance (Rj), the input resistance is
approximately equal to
(@) Rg (d) hy, (¢) hyRg (d) Rglhy,

27. Which of the following transistor amplifiers has the highest voltage gain?
(a) Common-base (b) Common-collector (c¢) Common-emitter (d) all of them

28. If the internal resistance of the ac signal source in an ac amplifier is larger, then its

(a) overall voltage gain is greater (b) input impedance is greater
(c) current gain is smaller (d) circuit voltage gain is smaller
29. In a single-stage amplifier, the voltage gain is increased when
(a) its ac load is decreased (b) the load resistance is increased
(c) the emitter resistance R is increased (d) the resistance of signal source is increased

30. The h-parameter is called hybrid parameter because it is
(a) different from y- and z-parameters
(b) mixed with other parameters
(c) applied to circuits contained in a box
(d) defined by using both open-circuit and short-circuit terminations
31. The input impedance i, of a network with output shorted is expressed by
(@) v /i, (b) vi/v, (©) iy d) v,
32. If the spacing between the curves of the output characteristics of a transistor is larger, then
(a) the value of &, is smaller
(b) the value of A, is larger
(¢) hy is independent of the spacing
(d) hy, can increase or decrease depending upon the circuit configuration
33. Choose the correct match for input resistance of various amplifier configurations shown below:

Configuration Input resistance
CB: Common Base LO: low
CC: Common Collector MO: Moderate
CE: Common Emitter HI: High
(a) CB-LO, CC-MO, CE-Hi (b) CB-LO, CC-HI, CE-MO

(c) CB-MO, CC-HI, CE-LO (d) CB-HI, CC-LO, CE-MO






Power Semiconductor Devices
and Field Effect Transistor

5.1 INTRODUCTION

In general, a thyristor is a power semiconductor device having three or more junctions. Such a device
acts as a switch without any bias and can be fabricated to have voltage ratings of several hundred volts
and current ratings from a few amperes to almost thousand amperes. Physical transistors have certain
limitations in terms of maximum current, voltage and power. These limitations are not considered
for normal transistors, because it was assumed that the transistors which are capable of handling the
current, voltage and power dissipation within a transistor does not cause any damage to the circuit.
But in the design of power amplifiers, it is necessary to consider the limitations of a transistor. The
limitations are maximum rated current (amp), maximum rated voltage (volts) and maximum rated power
(watts). As power amplifiers use BJTs and MOSFETs, the limitation effect is considered on these two
transistors. The maximum power limitation is related to maximum allowed temperature of a transistor
(BJTs or MOSFETSs) which in turn is a function of the rate at which heat is removed. The operation and
characteristics of thyristors, silicon controlled rectifier, power BJT and power MOSFET are discussed
in this chapter.

A Field Effect Transistor (FET) is a device in which the flow of current through the conducting region
is controlled by an electric field. As current conduction is only by majority carriers, FET is said to be
a unipolar device. Based on the construction, the FET can be classified into two types as Junction FET
(JFET) and Metal Oxide Semiconductor FET (MOSFET). The construction, operation, characteristics
and applications of both FET and MOSFET are discussed in this chapter.

5.2 PRINCIPLE OF OPERATION AND CHARACTERISTICS OF THYRISTORS

Conventional thyristors are used as ideal switches in power electronic applications. They have the
capability of blocking several thousand volt in the OFF-state and conducting several thousand ampere
in the ON-state with only small ON-state voltage drop.

The only disadvantage of a conventional thyristor is that when the gate turns into ON-state, the gate
loses its control on the device and hence, its use in switch-mode applications is prevented. The only way
to bring the device back to OFF-state is by reducing the anode forward current to a level below that of
the holding current.

In order to speed up turn-OFF capability, the thyristor requires structural modifications and the
performance compromises. This section discusses the structure and operation of Gate Turn-OFF Thyristor
(GTO) that has turn-OFF capability. GTOs can be turned OFF by applying a negative gate current.
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5.2.1 Basic Structure of the GTO

The GTO is a three-terminal device with anode, cathode, and Anode
gate terminals. The GTO has the same four layer structure as
the conventional thyristor, but special modifications are made
to the structure to enable the gate to turn-OFF the device.

The operation of a GTO is very simple. Stopping the current
through the gate can turn OFF the GTO. Injecting current
into the gate as in the conventional thyristor can turn it ON. P
The GTO has a complex structure that enables such simpler
operation of turning ON and OFF. Figure 5.1 gives the N+ N+ N+
structure of a GTO.

The GTO has highly doped N-regions in the P-layer at the
anode, the ‘+’ sign indicates a higher concentration of N- or
P-type materials. The major modifications include a highly Gate o o Cathode
interdigited gate cathode structure with small cathode and gate
widths, the use of anode shorts, and a shorter carrier lifetime
in the drift region than that in a conventional thyristor.

Fig. 5.1 Gate turn-OFF thyristor

In the GTO, during the absence of the gate current, a positive voltage at the anode with respect to the cathode,
will reverse bias the N-P junction at the center of the device and as a result, no conduction occurs. A negative
voltage at the anode and a positive voltage at the cathode will break down the anode junction at a low level.

The interdigitated nature of the gate (i.e., the cathode and gate electrodes are arranged alternatively in a large
number of closely located narrow channels) results in a very rapid spread of conduction in the silicon, but it
is necessary to maintain the gate current at a high level for a longer time to ensure that latching takes place.
To minimize the anode—cathode voltage drop, it is advantageous to maintain a low level of gate current
throughout conduction, otherwise the ON-state voltage and hence, conduction losses will be slightly higher.
Applying a single positive current pulse at the gate can turn ON a GTO thyristor, and a pulse of negative gate
current can turn it OFF. The gate current, therefore, controls both ON-state and OFF-state operation of the
device. Gate turn-OFF thyristor should be protected against over currents because the gate turn OFF current
cannot exceed a specified maximum value.

The symbols of GTO are shown in Fig. 5.2. The two-transistor analogy of GTO is shown in Fig. 5.3.

When a positive pulse is applied Anode
to the base of an NPN transistor,

the GTO switches regeneratively oA oA oA

into the ON-state. This pronounced PNP
regenerative latching effect enables
the thyristor not to stay in the ON-

state at the gat.e. In GTO, internal GO_)Z G O_’*/SZ G 0_7(32 Gcate l/NPN
regeneration is reduced by a
reduction in the current gain of the
PNP transistor, while by drawing oK °K oK
sufficient current from the gate, (0 (i (i) Cathode ©
turn-OFF can be achieved. Fig. 5.2  Circuit symbols Fig. 5.3 Two-transistor analogy of GTO

When a negative pulse is applied to the gate, excess carriers are drawn from the base region of NPN transistor
and the collector current of the PNP transistor is diverted into the external gate circuit. Thus, the base drive
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of the NPN transistor is removed, and which in turn removes the base drive of the PNP transistor and stops
conduction.

The reduction in gain of the PNP transistor can be achieved by either of the following two techniques or
by the combination of both. One technique involves the diffusion of gold or other heavy metal to reduce
minority carrier lifetime. The other technique is introduction of anode to N-base short-circuiting spots. Device
characteristics depend on the technique used. The gold-doped GTO
retains its reverse blocking capacity, and has a high ON-state voltage
drop. On the other hand, the shorted anode emitter construction has a
lower ON-state voltage, but it loses the ability to block reverse voltage. |+

5.2.2 Switching Characteristics B 7 GTO

A simplified gate-drive circuit for a GTO with separate dc supplies
for turn-ON and turn-OFF is shown in Fig. 5.4. The GTO is gated into
conduction by transistor 7 in the turn-ON circuit.

o}

+
The switching device in the turn-OFF circuit should have a high peak %_Edc L
current achieved by an auxiliary thyristor (TH, ) in the circuit. Thyristor
initiates the turn-OFF programme. The inductor L will enhance the TH,

turn-OFF performance. The energy required to turn OFF the GTO is
much less than that needed to turn OFF a conventional thyristor.

Fig. 5.4 A simplified gate-drive
5.2.3 Gate Turn-ON circuit for a GTO

The turn-ON process of a GTO is similar to that of the 90%
conventional thyristor. The device is turned ON by a steep
fronted pulse of gate current, and the gate drive can be
removed without the loss of conduction when the anode
current exceeds the latching current level. The anode
current of the GTO does not respond immediately to the
applied gate signal. As shown in Fig. 5.5, the turn-ON
response of the anode current is characterized by a turn- 10%

ON time, T,,, which consists of a delay time, #,, and a rise |

time f,. < T >

«—t, —>le—1t

Anode current

Time?t)

The GTO has a faster turn-ON time than conventional Gate applied
thyristors because of its narrow emitter width. The delay
time decreases as the gate current increases. The rise time
does not vary as long as the gate current is smaller than the
anode current in the ON-state. It is observed that since the
delay time is reduced and rise time rate is faster, the turn-ON time becomes shorter.

Fig. 5.5 The turn-ON response of the anode
current characterized by turn-ON time
consisting of delay and rise times

5.2.4 Gate Turn-OFF

The conducting electron-hole plasma occupies the central region of the GTO crystal in the conducting state.
In order to turn OFF the device, a negative pulse is applied to the gate and thereby, the excess holes in the
P region are removed. During the storage phase of the turn-OFF process, the negative gate current extracts
the excess holes in the P-base through the gate terminal. As a result, the anode current path is pinched into a
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narrow filament under each cathode finger. In this non-regenerative three-layer section of the crystal, current
cannot sustain itself and, thus, the current filaments quickly collapse during the full period. Thus, there is a
small but slowly decaying tail of anode current due to residual charges in the remote regions of the crystal.

5.2.5 Current-Voltage Characteristics

The peak value of OFF-gate current, Ig[, is a function of the anode current, /,, prior to turn-OFF. The

turn-OFF gain, f3;expressed as f3 I—d L typically between 3 and 5. The turn-OFF gain

ot I, o +o,—1

must be very large while converting a conventional thyristor into a GTO so that large values of negative gate
current can be avoided. Here, ¢, should be near unity and ¢; should be small. The controllable current is the
maximum anode current that can be interrupted by gate turn-off. This is dependent on the device structure and
gate-drive conditions. The GTO will get damaged if an attempt is made to turn-OFF an anode current that is

greater than the maximum controllable current.

The [-V characteristic of GTO is shown in Fig. 5.6. In the forward direction, the /-V characteristics are
identical to that of a conventional thyristor. In the reverse direction, the GTO has virtually no blocking
capability because of the anode short structure. The latching current is about 400 mA for conventional
thyristor and 2 A for GTO.

1A
10A

lea > la2 > lg1

2ARG - >,

r/ 0 /a3 lez lor V

ON—OFF if negative
Reverse I4  ON gate voltage applied A
breakdown OFF—ON if positive

ON-state
voltage ate voltage applied ) F\
9 Age applie / OFF OFF-state

o) > )
Reverse T 4 Reverse Forward 4
blocking blocking | blocking
Forward
breakdown
Real voltage Ideal

(b) (c)
Fig. 5.6 |-V characteristics of GTO

Large-power GTOs require several ampere of latching current as compared to conventional thyristors of the
same rating. If the gate current is insufficient to turn on the GTO, it behaves like a high voltage, low-gain
transistor with considerable anode current. This leads to a noticeable power loss under such conditions. The
ON-state voltage is 3.4 V for a typical 550 A, 1200 V GTO. GTOs are available to handle thousands of
voltage and current up to the frequency of 10 kHz.
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Advantages of GTO

The GTO has the following advantages compared to conventional thyristor:

)
(i)
(iii)
(iv)
v)

5.2.7
(1)

(i)
(iii)

5.2.8

Since the GTO is a faster turn-OFF device, it is used for high frequency switching applications.

It has high blocking voltage and large current capability.

It eliminates commutating components in forced commutation and hence, GTO inverter has
60 percent of size and weight of the conventional thyristor unit and has a higher efficiency.

It is used as a switching element and its use in inverter is growing rapidly.

It reduces acoustic and electromagnetic noises.

Disadvantages of GTO

Latching and holding current values are high.

The ON-state voltage drop and the associated loss are more.

The triggering gate current of GTO is higher due to multi-cathode structure as compared to
conventional thyristor.

Applications of GTO

The GTO has a higher blocking voltage capability and higher ON-state gain. In high-power applications, the
GTO eliminates the conventional thyristor in various applications like dc-ac inverters and dc-dc choppers.

5.3 SILICON-CONTROLLED RECTIFIERS

The basic structure and circuit symbol of an SCR is shown in Fig. 5.7. It is a four-layer three-terminal device
in which the end P-layer acts as anode, the end N-layer acts as cathode, and the P-layer nearer to cathode
acts as gate. As leakage current in silicon is very small compared to germanium, SCRs are made of silicon
and not germanium.

I Anode (A)

A
P1
Y
N1
J
Gate (G) o—I P,
JS
N2

G K
Cathode (K)

(a) (b)
Fig. 5.7 SCR (a) Basic Structure and (b) Circuit symbol
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» Characteristics of SCR The characteristics of the SCR are shown in Fig. 5.8. SCR acts as a switch
when it is forward biased. When the gate is kept open, i.e., gate current /; = 0, operation of SCR is similar to
the PNPN diode. When I; < 0, the amount of reverse bias applied to J, is increased. So the breakover voltage

Vo 1s increased. When /; > 0, the amount of reverse
bias applied to J, is decreased, thereby decreasing
the breakover voltage. With very large positive gate
current, breakover may occur at a very low voltage
such that the characteristics of SCR is similar to that
of the ordinary PN diode. As the voltage at which the
SCR is switched ‘ON’ can be controlled by varying
the gate current /;, it is commonly called as controlled
switch. Once the SCR is turned ON, the gate loses
control, i.e., the gate cannot be used to switch the
device OFF. One way to turn the device OFF is by
lowering the anode current below the holding current
I;; by reducing the supply voltage below the holding
voltage V,;, keeping the gate open.

Forward current |

Is>0
/ Ig=0
HO TS Ig<0
| ~
lso
With large  le —p/ |2~
Reverse V, Vg, Forward voltage
voltage
Avalanche
breakdown
| Y Reverse current
Fig. 5.8 Characteristics of SCR

» Application of SCR The SCR is used in relay control, motor control, phase control, heater control,

battery chargers, inverters, regulated power supplies, and as static switches.

» Two-transistor Version of SCR The operation of an SCR can be explained in a very simple way
by considering it in terms of two transistors, called the two-transistor version of SCR. As shown in Fig. 5.9,
an SCR can be split into two parts and displaced mechanically from one another but connected electrically.
Thus, the device may be considered to be constituted by two transistors 7, (PNP) and 7, (NPN) connected

back to back.
T,
E B C
T ] o]
N1 P2
Py

len
—_— ¢ Ig
Y e
| T, > Iy
—
lp1 = Iz l/k
K

Fig. 5.9 Two-transistor version of SCR

Assuming the leakage current of 7 to be negligibly small, we obtain
Ly=L-1,=1,-ol,=1-0) 14

(&

6.
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Also, from Fig. 5.9, it is clear that

Iy =1¢y 5.2)

and Iy = ol (5.3)
Substituting the values given in Eqgs (5.2) and (5.3) in Eq. (5.1), we get

(I—a) I, = ol (5.4)

We know that Ig=1,+1, (5.5)

Substituting Eq. (5.5) in Eq. (5.4), we obtain
d-aply=0,U,+ Ig)

ie., (I -0y -l =l

I
ie., I, = [&} (5.6)

I1-(a; +ay)

Equation (5.6) indicates that if (¢t; + &) = 1, then I, = o, i.e., the anode current /, suddenly reaches a very
high value approaching infinity. Therefore, the device suddenly triggers into ON state from the original OFF
state. This characteristic of the device is known as its regenerative action.

The value of (¢ + o) can be made almost equal to unity by giving a proper value of positive current /, for a
short duration. This signal /, applied at the gate which is the base of 7, will cause a flow of collector current
I, by transferring T, to its ON state. As I, = I,;, the transistor 7 will also be switched ON. Now, the action
is regenerative since each of the transistors would supply base current to the other. At this point even if the
gate signal is removed, the device keeps on conducting, till the current level is maintained to a minimum
value of holding current.

5.4 THYRISTOR RATINGS

» Latching Current (I;) Latching current is the minimum current required to latch or trigger the device
from its OFF-state to its ON-state.

» Holding Current (I;) Holding current is the minimum value of current to hold the device in the ON-
state. For turning the device OFF, the anode current should be lowered below /,; by increasing the external
circuit resistance.

» Gate Current (lg) Gate current is the current applied to the gate of the device for control purposes.
The minimum gate current is the minimum value of current required at the gate for triggering the device. The
maximum gate current is the maximum value of current applied to the device without damaging the gate.
More the gate current, earlier is the triggering of the device and vice versa.

» Voltage Safety Factor (V;) Voltage safety factor V,is a ratio which is related to the PIV, the RMS
value of the normal operating voltage as,

peak inverse voltage (PIV)

V.=
/ \/E x rms value of the operating voltage
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The value of V; normally lies between 2 and 2.7. For a safe operation, the normal working voltage of the
device is much below its PIV.

5.5 POWER BJT

» Construction

The structure of a vertically oriented NPN power transistor with the doping levels and thickness of the layers
is shown in Fig. 5.10. This type of configuration has a large cross sectional area to handle large currents and
minimize the thermal resistance of the transistor. Here, the collector terminal is at the bottom.

The primary collector N~ region, called drift region, has a low-doped impurity concentration 10* m™ in

such a way that the voltage can be applied across base-collector terminals without initiating breakdown.
This region has a thickness of about 50-200 pum. The thickness of the drift region determines the breakdown
voltage of the transistor.

Another N* region has a higher doping concentration (typically 10* m™) which reduces the collector
resistance and makes contact with the external terminal. This region has a thickness of around 250 um.
The doping in the emitter layer is large (typically 10 m™), whereas the base doping is comparatively less
(102 m™).

Base Emitter
N* ~1025 m—3
Base 5-20 um P ~1022 m-3
Collector
drift region
(decides 50-200 um N- ~1020 m-3
breakdown
voltage)
~250 um Nt ~1025 m—3
Collector

Fig. 5.10  Cross section of a vertical NPN power BT

A sufficient base width is required to prevent punch-through breakdown. Since the small base thickness of
about 5-20 um reduces the breakdown voltage, the amplification capabilities and the breakdown voltages are
to be compromised in power transistors. A large base-collector voltage implies a relatively large space-charge
width induced in the collector and base regions.
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» V-l Characteristics

Power transistors are generally large area devices. The properties of power transistors vary from small-signal
devices in terms of differences in geometry and doping concentrations. Table 5.1 compares the various
parameters of small-signal BJT to those of two-power BJTs. The current gain of power transistors is in the
range of 5 to 20 which is smaller to that of small-signal BJTs. But the current gain is a strong function of
collector current and temperature. The current gain versus collector current characteristics of 2N3055 power
BIJT at various temperatures is shown in Fig. 5.11. The current gain drops off for high current levels. The
parasitic resistances in the base and collector regions may become significant by affecting the transistor
terminal characteristics.

Table 5.1
Parameter Small-Signal BJT Power BJT Power BJT
(2N2222A) (2N3055) (2N6078)
VeE (maxy 11V 40 60 250
I¢ (max) INA 0.8 15 7
Pp(max) in W (at T =25°C) 1.2 115 45
b 35-100 5-20 12-70
frin MHz 300 0.8 1
1000 — A
Common emitter ]
500 Voe=4V .
300 To=100°C
— = N ™
—T | 25 T
w
& k\‘
g = T g N
S 50 -55 NSO
= N
o 30
g N
\\\
10 AN
5
3
0.01 0.03 0.1 0.3 1 3 10 20

Collector current I (A)

Fig. 5.11  DC characteristics of Bvs I,
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The maximum rated collector current [, .q) i8 related to the maximum current that the wires connecting
the semiconductor to the external terminals can handle or the collector current at which the current gain
falls below a minimum specified value or the current that leads to the maximum power dissipation when the
transistor is in saturation.

In BJTs, the maximum voltage limitation is associated with avalanche breakdown in the reverse-biased
base-collector junction. In common-emitter configuration, the breakdown voltage mechanism involves the
transistor gain and breakdown phenomenon on the PN junction. Typical I~ versus V- characteristics curve
of BJT is shown in Fig. 5.12. When the base terminal is open circuited, i.e., I/ = 0, the breakdown voltage is
Vg and from Fig. 5.12, its value is 130 V.

10 -
9 —
8 +
73 Ig=75
E 7+
S]
€ 6 60
e
3 5
5 45
8 4
8 3 30
2 15
1 =
. I‘?:ase curr.ent Ig= O. uA . |

0 20 40 60 80 100 120 140
Collector-to-emitter voltage Vi (V)

Fig. 5.12 |- versus V characteristics

When the transistor is biased in the active region, the collector current begins to increase significantly before
breakdown voltage V- is reached. Once the breakdown has occurred, all the curves tend to merge to the
same collector-emitter voltage. The curves merging voltage is denoted as Vg ) and it is the minimum
voltage necessary to sustain the transistor in breakdown and from Fig. 5.12, the approximate value of Vi s
is115V.

When operating BJT at high voltage and at high current, another breakdown effect will occur and it is
called second breakdown. Slight non-uniformities in the current density produce an increased heating of local
region. The resistance level of the semiconductor material is decreased because of increased heating in the
local region.

The effect results in positive feedback, and the current continues to increase, which further increases the
temperature, until the semiconductor material may actually be melt.
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The instantaneous power dissipation in a BJT is given by
Py =Veple + Vpplp (5.7)

where the base current I is generally much smaller than the collector current /.. Therefore, the instantaneous
power dissipation is approximated to

Py =Vegle (5.8)
By integrating Eq. (5.8) over one cycle, the average power is given by
1 J'T
P, == |Veglodt (5.9)
0 T+

The average power dissipated in BJT must be kept below a specified maximum value, to ensure that the
temperature of the device remains below the maximum value. If the collector current and collector-emitter
voltage are DC quantities, then maximum rated power P for BJT can be written as

P =Veple (5.10)
The average power limitation Py is a hyperbola as per the above equation.

The maximum current, voltage and power limitations are illustrated on the /- versus V- characteristics as
shown in Fig. 5.13(a). Safe Operating Area (SoA) is the region where a transistor can be operated safely and
is bounded by /45> Veg(susy Prand transistor’s second breakdown characteristics. Figure 5.13(b) shows
the safe operating area in linear scale and in logarithmic scale. The I — V-, operating point may move
momentarily outside the safe operating area without damaging the transistor. But this depends on how far and
how long the Q-point moves outside the area.

Io (A4 le® A
Maximum
1.0 pgs lg, max 10 current limit
7 Pr
%
P Vv, Second
CE(sus)
i 7 Second sue 0.10 F breakdown
VCE(sus)
. 0.01 ' : >
oo 1 10 100 Ve (V)

(b)
Fig. 5.13 (a) I versus V characteristics (b) S0A

Power transistors which are designed to handle large current require large emitter areas to maintain reasonable
current densities. These transistors are usually designed with narrow emitter widths to minimize the parasitic
base resistance and fabricated as an interdigitated structure as shown in Fig. 5.14. In each emitter leg, small
resistors are incorporated which helps to maintain equal current in each B-E junction.
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Fig. 5.14 Interdigitated structure for power transistor (a) Top view and (b) Cross-sectional view

5.6 POWER MOSFET

Two N-channel power MOSFETSs with parameters are listed in Table 5.2. The drain currents are in ampere
range and breakdown voltages are in the hundreds of volt range. Like BJT, a MOSFET has also to be operated
in safe region.

Table 5.2
Parameter 2N6757 2N6792
Vps(max) in V 150 400
| Iymax (at 7 =25°C) 8 2 |
| P,in W 75 20 |

Power MOSFETS are different from bipolar power transistor in terms of operating principles and performance.
The performance characteristics of power MOSFETsS include faster switching time, no second breakdown,
stable gain and response time over a wide temperature range. Transconductance versus drain current
curves for different temperatures is shown in Fig. 5.15(a). The variation with temperature of the MOSFET
transconductance is less.
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Fig. 5.15 (a) Transconductance vs drain current characteristics
(b) I, versus Vi characteristics for different temperatures

The MOSFET has high input impedance and it is a voltage-controlled device like JFET. Unlike the driver
circuit of BJT, a MOSFET driver circuit is simple. The gate of a 10 A power MOSFET may be driven by the
output of a standard logic circuit. The MOSFET is a majority carrier device and any increase in temperature
of the device affects the mobility of the majority carriers, which results in increase of resistivity of the
semiconductor. From this, it is clear that MOSFETSs are more immune to the thermal runaway effects and
second breakdown phenomena experienced in BJTs. Figure 5.15(b) shows typical I}, versus V¢ characteristics
at several temperatures. From the characteristics curve, for the given gate-to-source voltage at high current
level, the current actually decreases with increase in temperature.

Compared to BJT, typical MOSFET power-handling level is much less. This disadvantage of a MOSFET is
compensated by changing the construction mode from planar structure to a vertical one. So, power MOSFETs
have different structures comparing to lateral MOSFETSs by having a double diffused or vertical diffused
process called DMOS or VMOS respectively.

5.7 DMOS

DMOS is an FET structure created specifically for high power applications and it is a planar transistor whose
name is derived from the double-diffusion process used to construct it. DMOS is also used in switching
applications with high-voltage and high-frequency behaviour, like inkjet printhead power supplies and
automobile control electronics.

The cross-sectional view of a DMOS structure is shown in Fig. 5.16. The P-substrate region and the
N' source contact are diffused through a common window defined by the edge of the gate. The P-substrate
region is diffused deeper than the N* source. The surface channel length is defined as the lateral diffusion
distance between the P-substrate and the N* source.
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Electrons outside the source terminal flow laterally Source Gate

through the inversion layer under the gate to the N-drift /771' /77|i/ Source
region. Then, electrons flow vertically through the N-drift —‘&M \—V></<t
region to the drain terminal. The conventional current m P N
direction is from the drain to the source. The most

important characteristics of DMOS device is their Channel

breakdown voltage and on-resistance. DMOS is similar
to a BJT, due to the high-voltage and high-frequency
characteristics. A lightly doped drift region between the
drain contact and the channel region helps to ensure a
very high breakdown voltage. Moreover, the N-drift
region must be moderately doped so that the drain
breakdown voltage is sufficiently large. The thickness of N*
the N-drift region should be as small as possible to
minimize drain resistance.

N-drift region

Drain

Fig.5.16  Cross section of the DMOS structure

5.8 VMOS

Elements of the planar MOSFET are present in the vertical metal-oxide-silicon FET (VMOS) as shown in
Fig. 5.17. The terminals of the device are connected to the metallic surface. The SiO, layer is placed between
the gate and the P-type region and between the drain and source for the growth of the induced N-channel
(enhancement-mode operation). The term vertical in VMOS is because of the fact that the channel is formed
in the vertical direction rather than horizontal direction in the planar device. Moreover, the channel has the
appearance of a “V” cut in the semiconductor base, which is also an important characteristic of the device.
The construction of VMOS is simple by leaving out some of the transition levels of doping.

Source Gate Source
1 V.
il J |
\e Y/
V v
N* / N*
Channel

N-drift region

N*

Drain

Fig.5.17 VMOS structure
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The N-channel is induced or enhanced in the narrow P-type region of the device if a positive voltage is
applied to the drain, negative voltage to the source and 0 V or same positive voltage level to the gate.
The vertical height of the P-region defines the length of the channel and this length on a horizontal plane is
limited to 1 um to 2 um. Diffusion layers such as P-region of the device can be controlled to small fraction
of um.

Resistance levels and the power dissipation levels of the device at operating current will be reduced because
of reduced channel length. Also, the contact area between the channel and the N' region is much increased by
the vertical mode construction, which contributes to a further reduction in the resistance level and increased
area between doping layers for current flow. Two conduction paths exist between drain and source. This
conduction path further contributes to a higher current rating. The final result is that VMOS is a device
with drain currents that can reach the ampere levels with power levels exceeding low. The VMOS FETs
have reduced channel resistance levels, higher current rating and higher power rating when compared to
planar MOSFET. Due to its high current-handling capability, VMOS transistors are useful in power amplifier
applications.

Another important characteristic of vertical construction in VMOS FET is to have positive temperature
coefficient which overcomes the possibility of thermal runaway. The resistance level of a device increases
with increase in temperature of the device because of surrounding medium and current. This causes a reduction
in drain current of the device, whereas for conventional devices, the drain current will increase. Negative
temperature coefficient results in decreased levels of resistance with increase in temperature, which increases
the current level, which in turn results in temperature stability and thermal runaway.

The reduced charge storage level in VMOS results in faster switching time when compared to conventional
planar construction. The switching time of VMOS device is less than one-half that encountered in conventional
BJT transistors.

5.9 JFET CONSTRUCTION

It consists of an N-type bar which is made of silicon. Ohmic contacts (terminals), made at the two ends of the
bar, are called source and drain.

= Source (S) This terminal is connected to the negative pole of the battery. Electrons which are the
majority carriers in the N-type bar enter the bar through this terminal.

= Drain (D) This terminal is connected to the positive pole of the battery. The majority carriers leave
the bar through this terminal.

= Gate (G) Heavily doped P-type silicon is diffused on both sides of the N-type silicon bar by which
PN junctions are formed. These layers are joined together and called the gate G.

= Channel Theregion BC of the N-type bar between the depletion region is called the channel. Majority
carriers move from the source to drain when a potential difference V¢ is applied between the source and
drain.
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ii_to OPERATION AND CHARACTERISTICS OF JFET

» When Vg =0 and Vpg =0 When no voltage is applied between drain and source, and gate and
source, the thickness of the depletion regions around the PN junction is uniform as shown in Fig. 5.18.

» When Vg =0 and Vg is Decreased from Zero In this case, the PN junctions are reverse biased
and, hence, the thickness of the depletion region increases. As V¢ is decreased from zero, the reverse-
bias voltage across the PN junction is increased and, hence, the thickness of the depletion region in the
channel also increases until the two depletion regions make contact with each other. In this condition, the
channel is said to be cut-off. The value of V¢ which is required to cut off the channel is called the cut off
voltage V.

» When Vg = 0 and Vg is Increased from Zero  Drain is positive with respect to the source with
Vs = 0. Now the majority carriers (electrons) flow through the N-channel from source to drain. Therefore,
the conventional current /;, flows from drain to source. The magnitude of the current will depend upon the
following factors:
1. The number of majority carriers (electrons) Depletion region
available in the channel, i.e., the conductivity

of the channel. v | %P
2. The length L of the channel.
3. The cross-sectional area A of the channel at g c B D
B. . ‘ N N
4. The magnitude of the applied voltage Vpy.
Thus, the channel acts as a resistor of resistance P l
R given by
I Fig. 5.18 JFET construction
rR=P= (5.11)
A
V, AV,
I=-2%=—"20 (5.12)
R pL

where p is the resistivity of the channel. Because of the
resistance of the channel and the applied voltage V), there
is a gradual increase of positive potential along the channel
from source to drain. Thus, the reverse voltage across the PN
junctions increases and hence the thickness of the depletion
regions also increases. Therefore, the channel is wedge-shaped
as shown in Fig. 5.19.

As Vs is increased, the cross-sectional area of the channel will y
DD

be reduced. At a certain value V, of Vj, the cross-sectional
area at B becomes minimum. At this voltage, the channel is Fig.5.19 JFET under applied bias
said to be pinched off and the drain voltage V, is called the

pinch-off voltage.
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As aresult of the decreasing cross section of the channel with the increase of Vjyq, the following results are
obtained.

(i) As Vpgis increased from zero, I, increases | (ma) A Ohmic  Pinch-off Break down
along OP, and the rate of increase of I, with region region voltage
Vps decreases as shown in Fig. 5.20. The S S
region from V=0 V to V¢ =V, is called :
the ohmic region. In the ohmic region, the : c
drain-to-source resistance Yos is related ——Igsi— I,D Yes=0 i B
D ) I
to the gate voltage V, in an almost linear ./ ,’: Ves=-1V :
manner. This is useful as a Voltage Variable /1 Vgg=—2V I
Resistor (VVR) or Voltage Dependent /7 :
Resistor (VDR). 1 Vge=-8V :
(i) When Vg = Vp, I, becomes maximum. BV | |
When V), is increased beyond V,, the /’ : :
length of the pinch-off or saturation region 1) v, BVpeo Vos (V)
increases. Hence, there is no further increase
of I, Fig. 5.20 Drain characteristics

(iii)) At a certain voltage corresponding to the
point B, I}, suddenly increases. This effect is due to the avalanche multiplication of electrons caused
by breaking of covalent bonds of silicon atoms in the depletion region between the gate and the
drain. The drain voltage at which the breakdown occurs is denoted by BV},;,. The variation of I,
with Vg when Vg = 0 is shown in Fig. 5.20 by the curve OPBC.

= When Vg is Negative and V¢ is Increased When the gate is maintained at a negative voltage less
than the negative cut-off voltage, the reverse voltage across the junction is further increased. Hence, for a
negative value of Vg, the curve of I, versus Vg is similar to that for V;¢ = 0, but the values of V, and BV,
are lower, as shown in Fig. 5.20.

From the curves, it is seen that above the pinch-off voltage, at a constant value of V), I}, increases with an
increase of V. Hence, a JFET is suitable for use as a voltage amplifier, similar to a transistor amplifier.

It can be seen from the curve that for voltage Vg = V), the drain current is not reduced to zero. If the drain
current is to be reduced to zero, then the ohmic voltage drop along the channel should also be reduced to
zero. Further, the reverse biasing to the gate-source PN junction essential for pinching off the channel would
also be absent.

The drain current [, is controlled by the electric field that extends into the channel due to reverse-biased
voltage applied to the gate; hence, this device has been given the name Field Effect Transistor.

In a bar of P-type semiconductor, the gate is formed due to N-type semiconductor. The working of the
P-channel JFET will be similar to that of N-channel JFET with proper alterations in the biasing circuits;
in this case, holes will be the current carriers instead of electrons. The circuit symbols for N-channel and
P-channel JFETs are shown in Fig. 5.21. It should be noted that the direction of the arrow points in the
direction of conventional current which would flow into the gate if the PN junction was forward biased.
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Fig. 5.21  Circuit symbols for (a) N-channel JFET and (b) P-channel JFET

541 JFET PARAMETERS

In a JFET, the drain current /;, depends upon the drain voltage V¢ and the gate voltage V ;. Any one of these
variables may be fixed and the relation between the other two are determined. These relations are determined
by the three parameters which are defined below.

» Mutual Conductance or Transconductance, g,, It is the slope of the transfer characteristic
curves, and is defined by
Al

ol J D
8m= =—=, Vp5 held constant
(aVGS AVis

Vps

It is the ratio of a small change in the drain current to the corresponding small change in the gate voltage
at a constant drain voltage. The change in [, and Vg should be taken on the straight part of the transfer
characteristics. It has the unit of conductance in mho.

» Drain Resistance, ry It is the reciprocal of the slope of the drain characteristics and is defined by

aV, AV,
ry=| =2 =—2D5 'y held constant
o, Al

Vs
It is the ratio of a small change in the drain voltage to the corresponding small change in the drain current at
a constant gate voltage. It has the unit of resistance in ohms.

The drain resistance at V=0V, i.e., when the depletion regions of the channel are absent, is called as drain-
source ON resistance, represented as Rpg or Rpg o)

The reciprocal of r, is called the drain conductance. It is denoted by g, or g .

» Ampilification Factor, i 1t is defined by

aV, AV,
u=| 25 I, = S I}, held constant
Ves AVgs

It is the ratio of a small change in the drain voltage to the corresponding small change in the gate voltage at
a constant drain current. Here, the negative sign shows that when V is increased, V¢ must be decreased
for I, to remain constant.
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» Relationship among FET Parameters As I, depends on V¢ and Vg, the functional equation
can be expressed as

Ip =f(Vps,Vis)

If the drain voltage is changed by a small amount from Vg to (Vg + AVpy) and the gate voltage is changed
by a small amount from Vg to (Vg + AV;4) then the corresponding small change in /, may be obtained by
applying Taylor’s theorem with neglecting higher order terms. Thus, the small change Alj, is given by

Al ol
Al = [ L ] AV + [—D] AV
v aV,

GS Jvps

Dividing both the sides of this equation by AV, we obtain

e (), () ()
Wos  \Vps )y, \AVgs ) | Vs
AID
AVgs

0= al, AV N ol
Vs AVgs IVes

Substituting the values of the partial differential coefficients, we get

0= (ij w+g,
p

Vps

If I, is constant, then =0

Therefore, we have

Ves Ip Vps

d
Hence, U=g,r,

Therefore, amplification factor (1) is the product of drain resistance (r,) and transconductance (g,,,)-
» Power Dissipation, P, The FET’s continuous power dissipation, Pp, is the product of I, and V.

» Pinch-off Voltage, Vp A single-ended-geometry junction FET is shown in Fig. 5.22 in which the
diffusion is done from one side only. The substrate is of P-type material which is epitaxially grown on an
N-type channel. A P-type gate is then diffused into the N-type channel. The substrate functions as a second
gate which is of relatively low-resistivity material. The
diffused gate is also of very low-resistivity material, allowing
the depletion region to spread mostly into the N-type channel.
A slab of N-type semiconductor is sandwiched between two
layers of P-type material forming two PN junction in this
device.

Drain

Gate

it

(Substrate)

Source Source

Channel

The gate-reverse voltage that removes all the free charge from
the channel is called the pinch-off voltage V,. We consider
that the P-type region is doped with N, acceptor atoms, the

N-type region is doped with N}, donor atoms and the junction
formed is abrupt. Fig. 5.22 Single-ended-geometry junction FET
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Moreover, if the acceptor impurity density is assumed to be much larger than the donor density, then the
depletion region width in the P-region will be much smaller than the depletion width of the N-region, i.e.,
N, >> Np, then Wp << Wy, and Wp = W. We know that, the relationship between potential and charge density
is given by

’V. —gN,
dx* £
Integrating the above equation subject to boundary conditions, we get
dv. —gN
LoD (o mwy
dx £
Integrating again, we get
—gN
v="2TD (2 oy
2¢e
Atx =W, V=V which is the junction or barrier potential. Thus,
gN,W?
VB =
2¢e

As the barrier potential represents a reverse voltage, it is lowered by an applied forward voltage V(x) at x and
itis expressed as V; = Vp — V(x). Now, the space-charge width, W, (x) = W(x) at a distance x along the channel
in Fig. 5.23 becomes

P* type gate Depletion region

2 2
W(x) = a— h(x) = {qNgD v - V(x)]}

where ¢ is the dielectric constant of channel
material, ¢ is the magnitude of electronic charge
. 45 £ . AIES source LT drain
V,, is the junction contact potential at x, V(x) is the N m
. . _ . _type
appl%ed potenpal across space chz{rge region a.t X hannel ._‘
and is a negative value for an applied reverse bias,
a is the metallurgical channel thickness between P* type gate
the substrate and P* gate region, a — h(x) is the

penetration W(x) of depletion region into channel at
a point x along channel as shown in Fig. 5.23 and Wp,, is the depletion region width at pinch-off.

So— 2a  2h(x) ——op

Fig. 5.23 Detailed structure of N-channel JFET

If the drain current is zero, h(x) and V(x) are independent of x and hence h(x) = h. If we substitute
h(x) = h =0 in the previous equation and solve for V with the assumption that |Vl << IV, the pinch-off voltage
Vp can be obtained as

N
ol = L0 2
2¢e
Here, at pinch-off, the depletion width Wy, = a when IV,| = |Vl and hence,
1
2¢e 2
Wro = (_VGSJ
gNp

To study the effect of V4, given Vg = V) — V(x) in the space charge width equation, we get
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N . .
9p a* in the above equation, we get

1

2 2
a
a-h=|—V

Substituting V, =

1

- 2
ie., a=h _[Ves

a Ve

2

h
Therefore, (1——) = h

a v,

Hence, the gate-source voltage is

2
h
VGS = (1 ——) VP
a

For a reverse-biased P N junction, V;, must be a negative voltage across the gate junction and is independent
of distance along the channel if 7, = 0.

EXAMPLE 5.1 ®

When a reverse gate voltage of 12 V is applied to JFET, the gate current is 1 nA. Determine the resistance
between gate and source.

Given Vos =12V, 1;=107 A.
Therefore, gate-to-source resistance = I_ = 10_’9 =12,000 MQ
G

EXAMPLE 5.2 ®

When the reverse gate voltage of JFET changes from 4.0 to 3.9 V, the drain current changes from 1.3 to
1.6 mA. Find the value of transconductance.

AVgg=40-39=0.1V
Al,=16-13=03mA

Al, 03x107
AV 0.1

Therefore, transconductance, g, = =3 m mho



@ Basic Electronics and Devices

5.11.1 Expression for Saturation Drain Current

For the transfer characteristics, Vg is maintained constant at a suitable value greater than the pinch-off
voltage V. The gate voltage V¢ is decreased from zero till I}, is reduced to zero. The transfer characteristics
I, versus Vi is shown in Fig. 5.24. The shape of the transfer characteristic is very nearly a parabola. It is
found that the characteristic is approximately represented by the parabola,

2

v

Ips= ,DSS[ _%] (5.13)
P

where I is the saturation drain current, Iz is the value of I¢ when Vg = 0, and V) is the pinch-off
voltage.

Differentiating Eq. (5.13) with respect to Vg, we
can obtain an expression for g,,,.

ol v — 15
DS Ipgg X 2| 1--55 _1
IV Vb Ve Ipss
_ Ol . L 10
We know that, &, = , Vps is constant.
6V
21 V, /
Therefore, = DSy __GS 5.14 9
&=y v, (>-19) 4 —5
Now from Eq. (5.13), we have
S Vas Ip (MA)
1-Yes | o Ibs (545 YO /
Vo ) ATy | | |
S . . -6 -4 -2
Substituting this value in Eq. (5.14), we get Vas(V)
~— ~Ws
2 Ipslpss . .
8m = 7 Fig. 5.24 Transfer characteristics of JFET
P
Suppose g, = &,,,» When V¢ =0, then from Eq. (5.15),
2 pgs
= ——= 5.16
gmo VP ( )
Therefore, from Eqs (5.14) and (5.16),
Ves
= __GS 5.17
Em gmu( v, j G.17)

Equation (5.15) shows that g,, varies as the square root of the saturation drain current I, and Eq. (5.17)
shows that g,, decreases linearly with increase of V.

5.11.2 Slope of the Transfer Characteristic at I g5
From Eq. (5.17), we have

_ _2\j IDSIDSS

Em =
VP
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or A ps _ 2Ipsspss

IWVos Vp

Substituting I, = I g,

IMps _ 2Ips _Ipgs
Vs Ve —Vp
2

. . . . -V
This equation shows that the tangent to the curve at I = I, Vg = 0, will have an intercept at TP on

the axis of Vg as shown in Fig. 5.22. Therefore, the value of V) can be found by drawing the tangent at

Ips = Ipss: Vs = 0.
The gate-source cut-off voltage, Vg fr) On the transfer characteristic is equal to the pinch-off voltage, Vp, on
the drain characteristics, i.e., Vp = Vggpp)-

VGS

Therefore, In=Ipe|1-
Vst

5.11.3 Biasing for Zero Current Drift

Figure 5.25 shows the transfer characteristics of N channel JEET for different values of temperature. Here, the
drain current varies due to change in temperature. The two factors which make drain current to change with
temperature are the mobility of majority carriers and the depletion region width.

The mobility of majority carriers decreases with
increase in temperature. As the temperature increases,
the lattice ions vibrate more vigorously and hence,
the carriers cannot move freely in the crystalline
structure. For the given gate-source voltage Vg,
their velocity is decreased and this reduces the drain
current. The reduction in [, is 0.7 percent for 1°C
increase in the temperature.

Ip (MA)

The width of the depletion region (increase in channel
width) decreases with increase in temperature.
This allows I}, to increase and the increase in I, is  Vas
equivalent to a change of 2.2 mV/1°C in |Vl. This

is a similar phenomenon to the change of Vgl of
2.5 mV/°C in bipolar transistor. Fig. 5.25 Transfer characteristics for an N channel FET

as a function of temperature T

Hence, it is required to design a biasing circuit which
compensates for these two factors, so that there is no change of drain current with temperature. Such a biasing
is called Biasing for zero current drift.

Due to the change in I}, and change in V; for 1°C, the condition for zero current drift can be obtained as

0.007|7,|=0.0022,,
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ie., — =0314V

Em

2
\% 21 \%
We know that, I = Ipgs|1--%| and g, =— 25 1--¢ |
e know that, DSS|: V, and &, v, v,

; (lvj
L2 e 2 A\ 7 120

Hence, = =0.314V
8m  2pg 1_@ =2
VP VP
Therefore, V|~ |Ves| = —0.628V = —0.63V

From the above equation, it is seen that, if the value of V} is known, the value of V for zero drift current
can be obtained.

When V4 is adjusted for zero drift current, the drain current /;, and the transconductance g,, are given by

2 2
VvV, +0.63 0.63
Iy :IDSS|:1_P—:| :IDSS|: }

A A
. { Y +O.63} 0.63
an En = 8mo|ll— [T 8mo| T T
v, vl

EXAMPLE 5.3 ®

A FET has a drain current of 4 mA. If /¢ =8 mA and V) = —6 V. Find the values of V¢ and V.

y 2
Ip= IDSS|:1_ = }

VGS (off)

2
4=23 14 VoS
6

v,
1+ = \/E=L=0.7o7
6 8 2

Therefore, Ves=—1.76V
Vp = |VGS(off)| =6V

EXAMPLE 5.4 ®

An N-channel JFET has I,4¢ = 8 mA and V, = -5 V. Determine the minimum value of V)¢ for pinch-off
region and the drain current /g, for V55 =— 2V in the pinch-off region.
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The minimum value of V)¢ for pinch-off to occur for V;o=—2 V is
Vosmin=Ves—Vp=-2-(=5)=3V

2
v,
Ips=1 -
DS DSS |: VP :|
=8x 107 [1 = (<2)/(=5)]* = 2.88 mA

EXAMPLE 5.5 ®

Determine the pinch-off voltage for an N-channel silicon FET with a channel width of 5.6 x 10~ ¢cm and a
donor concentration of 10" /ecm®. Given, the dielectric constant of Siis 12.

Given Np=10"/cm®=10*"/m’, e=¢,¢6,= 12 ¢,

a=56x10*cm=56x10%m

The pinch-off voltage, 1V, = Cliv D 2
€

where €= dielectric constant of channel material (Si) = €,
g = magnitude of electronic charge
a = in metres and N, is in electrons/m’

1.602 x 107" x10?!
2 %12 % 8.854 x 10712

EXAMPLE 5.6 ®

For a P-channel silicon FET, with an effective channel width, a = 2 x 10* c¢m and channel resistively
p =20 Q-cm, find the pinch-off voltage.

€

0

=12¢,

IVl = x(5.6x107°)2 =236V

We know that the pinch-off voltage for P-channel FET, Vv, = q;VA xa’.
£

For silicon, €= 12¢, and g1, = 500 cm’/V-s

1
6=;=pup><q=NAup><q

| 1
ie., gN = —=————=1x10""
pu, 203500
N 1x107
Therefore, v, = 24 5 g2 x 10 X(2x104)? =1.89 V

a” =
2¢ 2x12x8.854 x107"
5.11.4 Comparison of JFET and BJT

1. FET operation depends only on the flow of majority carriers—holes for P-channel FETs and
electrons for N-channel FETs. Therefore, they are called unipolar devices. Bipolar transistor (BJT)
operation depends on both minority and majority current carriers.
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As FET has no junctions and the conduction is through an N-type or P-type semiconductor material,
FET is less noisy than BJT.

As the input circuit of FET is reverse biased, FET exhibits a much higher input impedance (in
the order of 100 M) and lower output impedance and there will be a high degree of isolation
between input and output. So, FET can act as an excellent buffer amplifier but the BJT has low input
impedance because its input circuit is forward biased.

FET is a voltage controlled device, i.e., voltage at the input terminal controls the output current,
whereas BJT is a current controlled device, i.e., the input current controls the output current.

FETs are much easier to fabricate and are particularly suitable for ICs because they occupy less
space than BJTs.

The performance of a BJT is degraded by neutron radiation because of the reduction in minority-
carrier lifetime, whereas FETSs can tolerate a much higher level of radiation since they do not rely on
minority carriers for their operation.

The performance of an FET is relatively unaffected by ambient temperature changes. As it has a
negative temperature coefficient at high current levels, it prevents the FET from thermal breakdown.
The BJThasapositive temperature co-efficientathigh currentlevels which leads to thermal breakdown.
Since the FET does not suffer from minority carrier storage effects, it has higher switching speeds
and cut-off frequencies. BJT suffers from minority carrier storage effects and, therefore, has lower
switching speed and cut-off frequencies.

FET amplifiers have low gain-bandwidth product due to the junction capacitive effects and produce
more signal distortion except for small-signal operation.

BJTs are cheaper to produce than FETs.

5.11.5 Applications of JFET

1.

2.

FETs are used as a buffer in measuring instruments and receivers since they have high input
impedance and low output impedance.

FETs are used in RF amplifiers in FM tuners, and in communication equipment for its low noise
level.

Since the input capacitance is low, FETs are used in cascade amplifiers in measuring and test
equipments.

Since the device is voltage controlled, FETs are used as a voltage variable resistors in operational
amplifiers and tone controls.

FETs are used in mixer circuits in FM and TV receivers, and in communication equipment because
their intermodulation distortion is low.

They are used in oscillator circuits because frequency drift is low.

As the coupling capacitor is small, FETs are used in low-frequency amplifiers in hearing aids and in
inductive transducers.

FETs are used in digital circuits in computers, LSD, and memory circuits because of their small size.

1.2 MOSFET - TYPES AND CONSTRUCTION

MOSEFET is the common term for the Insulated Gate Field Effect Transistor (IGFET). There are two basic
forms of MOSFET: (i) Enhancement MOSFET, and (ii) Depletion MOSFET.
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» Principle By applying a transverse electric field across an insulator deposited on the semiconducting
material, the thickness and, hence, the resistance of a conducting channel of a semiconducting material can
be controlled.

In a depletion MOSFET, the controlling electric field reduces the number of majority carriers available for
conduction, whereas in the enhancement MOSFET, application of electric field causes an increase in the
majority carrier density in the conducting regions of the transistor.

543 ENHANCEMENT MOSFET

» Construction The construction of an N-channel enhancement MOSFET is shown in Fig. 5.26(a),
and the circuit symbols for an N-channel and a P-channel enhancement MOSFET are shown in Figs 5.26(b)
and (c), respectively. As there is no continuous channel in an enhancement MOSFET, this condition is
represented by the broken line in the symbols.

Do Do
Substrate = Substrate
B B
G — G —
oS oS
_ VGGI+ (or) (or)
1|11}
Do Do
S D
sio G|A
2| [F++ + +]
N[ FFFFF )
[ G G
Induced <
N-channel
P-type substrate
]
T °s s
(a) (b) N-Channel (c) P-Channel

Fig. 5.26 (a) N-channel enhancement MOSFET, (b) and (c) Circuit symbols for enhancement MOSFET

Two highly doped N* regions are diffused in a lightly doped substrate of P-type silicon substrate. One N*
region is called the source S and the other one is called the drain D. They are separated by 1 mil (107 inch).
A thin insulating layer of SiO, is grown over the surface of the structure and holes are cut into the oxide
layer, allowing contact with source and drain. Then a thin layer of metal aluminium is formed over the layer
of SiO,. This metal layer covers the entire channel region and it forms the gate G.

The metal area of the gate, in conjunction with the insulating oxide layer of SiO, and the semiconductor
channel forms a parallel-plate capacitor. This device is called the insulated gate FET because of the insulating
layer of SiO,. This layer gives an extremely high input impedance for the MOSFET.
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» Operation 1If the substrate is grounded and a positive voltage is applied at the gate, the positive
charge on G induces an equal negative charge on the substrate side between the source and drain regions.
Thus, an electric field is produced
between the source and drain regions.
The direction of the electric field is Vgs=+3V —
perpendicular to the plates of the capacitor
through the oxide. The negative charge of
electrons which are minority carriers in
the P-type substrate forms an inversion
layer. As the positive voltage on the gate
increases, the induced negative charge in
the semiconductor increases. Hence, the
conductivity increases and current flows
from source to drain through the induced
channel. Thus, the drain current is
enhanced by the positive gate voltage as Vps(V) —>
shown in Fig. 5.27.

—— Enhancement

— Depletion

Fig. 5.27 Volt-ampere characteristics of MOSFET

514 DEPLETION MOSFET

The construction of an N-channel depletion MOSFET is shown in Fig. 5.28(a) where an N-channel is diffused
between the source and drain to the basic structure of MOSFET. The circuit symbols for an N-channel and a
P-channel depletion MOSFET are shown in Figs 5.28(b) and (c), respectively.

With Vg = 0 and the drain D at a positive potential with respect to the source, the electrons (majority
carriers) flow through the N-channel from S to D. Therefore, the conventional current /,, flows through the
channel D to S. If the gate voltage is made negative, positive charge consisting of holes is induced in the
channel through SiO, of the gate-channel capacitor. The introduction of the positive charge causes depletion
of mobile electrons in the channel. Thus, a depletion region is produced in the channel. The shape of the
depletion region depends on V¢ and V. Hence, the channel will be wedge shaped as shown in Fig. 5.28(a).
When V) is increased, I, increases and it becomes practically constant at a certain value of Vi, called the
pinch-off voltage. The drain current I, almost gets saturated beyond the pinch-off voltage.

Since the current in an FET is due to majority carriers (electrons for an N-type material), the induced positive
charges make the channel less conductive, and I, drops as V¢ is made negative.

The depletion MOSFET may also be operated in an enhancement mode. It is only necessary to apply a
positive gate voltage so that negative charges are induced into the N-type channel. Hence, the conductivity of
the channel increases and [, increases. As the depletion MOSFET can be operated with bipolar input signals
irrespective of doping of the channel, it is also called dual-mode MOSFET. The volt-ampere characteristics
are indicated in Fig. 5.27.
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/
NTE—/—_* N b

—
T |+_
Voo °s
(a) (b) N-channel

Fig. 5.28 (a) N-channel depletion MOSFET, (b) and (c) Circuit symbols for depletion MOSFETs

N-Channel é’_‘ I: °—|I:
P-type substrate G

%8
or

Do

i)

(c) P-channel

The curve of I}, versus V¢ for constant V) is called the transfer characteristics of the MOSFET and is shown

in Fig. 5.29.
Ip(mA)

Depletion <—4— Enhancement
6 -+

/ DSS

4, :

-4 -3 -2 - 0 1 2 3 4 5

Vs (off) Yas(V) =

Fig. 5.29 Transfer characteristics of MOSFET

515 COMPARISON OF MOSFET WITH JFET

1. In enhancement and depletion types of MOSFETsS, the transverse electric field induced across an
insulating layer deposited on the semiconductor material controls the conductivity of the channel. In
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the JFET, the transverse electric field across the reverse-biased PN junction controls the conductivity
of the channel.

2. The gate-leakage current in a MOSFET is of the order of 107> A. Hence, the input resistance of a
MOSFET is very high in the order of 10' to 10'° Q. The gate-leakage current of a JFET is of the
order of 10 A and its input resistance is of the order of 10°Q.

3. The output characteristics of the JFET are flatter than those of the MOSFET and, hence, the drain
resistance of a JFET (0.1 to 1 MQ) is much higher than that of a MOSFET (1 to 50 kQ).

4. JFETs are operated only in the depletion mode. The depletion-type MOSFET may be operated in
both depletion and enhancement mode.

5. Comparing to JFET, MOSFETs are easier to fabricate.

6. A MOSFET is very susceptible to overload voltage and needs special handling during installation.
It gets damaged easily if it is not properly handled.

7. A MOSFET has zero offset voltage. As it is a symmetrical device, the source and drain can be
interchanged. These two properties are very useful in analog signal switching.

8. Special digital CMOS circuits are available which involve near-zero power dissipation and very low
voltage and current requirements. This makes them most suitable for portable systems.

MOSFETs are widely used in digital VLSI circuits than JFETSs because of their advantages.

516 COMPARISON OF N-CHANNEL WITH P-CHANNEL MOSFETs

1. The P-channel enhancement MOSFET is very popular because it is much easier and cheaper to
produce than the N-channel device.

2. The hole mobility is nearly 2.5 times lower than the electron mobility. Thus, a P-channel MOSFET
occupies a larger area than an N-channel MOSFET having the same /, rating.

3. The drain resistance of P-channel MOSFET is three times higher than that for an identical N-channel
MOSFET.

4. The N-channel MOSFET has the higher packing density which makes it faster in switching

applications due to the smaller junction areas and lower inherent capacitances.

The N-channel MOSFET is smaller for the same complexity than P-channel device.

6. Due to the positively charged contaminants, the N-channel MOSFET may turn ON prematurely,
whereas the P-channel device will not be affected.

hd

547 LOW FREQUENCY MODEL OF FET

The cross section of an N-channel JFET is shown in Fig. 5.30, which includes the series resistances of source
and drain terminal. The substrate used is a P* type Si substrate. The corresponding small-signal equivalent
circuit for the JFET is shown in Fig. 5.31. The internal gate-source voltage is denoted by V.- that controls the
drain current. The gate-source diffusion resistance and junction capacitance are represented by parameters
rs and C, respectively. The gate-source junction is reverse biased for depletion-mode devices and forward
biased for enhancement-mode devices, so that normally r,; is large. The parameters r,, and C,, are the gate-
drain resistance and capacitance respectively. The resistance ry is the finite drain source resistance, which
is a function of the channel-length modulation effect. The capacitance C,;; mainly a drain-source parasitic
capacitance and C, is the drain-substrate capacitance.
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|
Active ‘
N-channel |

[

Substrate

Fig. 5.30 Cross section of JFET with source and drain series resistance

Cya

Fig. 5.31 Small-signal equivalent circuit of JFET

The ideal small-signal equivalent circuit at low frequency is shown in Fig. 5.32(a). All diffusion resistances
are infinite, the series resistances are zero and the capacitances become open circuits. The small-signal drain
current is given by

Ids =8 ngs
which is a function of transconductance and input signal voltage. Figure 5.32(b) shows the equivalent circuit
of JFET which includes the series source resistance. From Fig. 5.32(b), we know that,

Idx =8m Vg"v’
lds
GS_)—S_) — oD
[}
<i Vys Im Vs
Go— 0 D ~
+ Vgs
v, 9m Vgs rg

e w
Fo

Fig. 5.32  Small-signal equivalent circuit (a) without r,, (b) with r,
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The relation between V,; and V. can be obtained from
Vgs = Vg's' + (gmvg's') ry= (1+ Em rs)Vg's'

Then, the drain current can be written as

8 ,
Is: s Vs: mVs
¢ [1+gmrsj o= 8m

where g, is the transconductance without r, and g’, is the transconductance with r,. The effect of the source
resistance is to reduce the effective transconductance or
transistor gain. As g, is a function of V,, g/, will also be a
function of V, as shown in Fig. 5.33.

0.25

There are two frequency limitation factors in a JFET. The 0-20

first is the channel transit time 7,. For a channel length L

of 1 um and assuming the carriers are travelling at their 0.15 £
saturation velocity cm/s, the transit time is of the order of b%’
5
L 1x10™ 010 =
T,= —= — = 10 ps =

v, 1x10

The channel transit time is, normally, not the limiting factor 0.05

except in very high frequency devices.

The second frequency limitation factor is the capacitance
charging time. Figure 5.34 is a simplified equivalent circuit
at high frequency that includes the primary capacitances and
ignores the diffusion resistances. The output current will
be the short-circuit current. As the frequency of the input
signal voltage V,, increases, the impedance of C,,; and C,,
decreases and the current through C,, will increase. For a constant g, V,, the current /,, will then decrease.
The output current then becomes a function of frequency.

-4 -3 -2 —1
Vgs (volt)
Fig. 5.33 JFET transconductance versus Vgs
(without r, and with r,)

Ii ng / ds
— 5 -
Go | ¢ oD
+
Vs T Cos I Vs
so- os

Fig.5.34  Small-signal equivalent circuit at high frequency including Cy and Cy

518 FET AS AN AMPLIFIER

The small-signal models for the common source FET can be used for analyzing the three basic FET amplifier
configurations: (i) Common source (CS), (i) Common drain (CD) or source-follower, and (iii) Common gate
(CG). The CS amplifier which provides good voltage amplification is most frequently used. The CD amplifier
with high input impedance and near-unity voltage gain is used as a buffer amplifier and the CG amplifier is
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used as a high-frequency amplifier. The small-signal current-source model for the FET in CS configuration
is redrawn in Fig. 5.35(a) and the voltage-source model shown in Fig. 5.35(b) can be derived by finding
the Thevenin’s equivalent for the output part of Fig. 5.35(a). i, r, and g,, are the amplification factor, drain
resistance, and mutual conductance of the FET.

Field Effect Transistor (FET) amplifiers provide an excellent voltage gain with the added feature of high input
impedance. They have low power consumption with a good frequency range, and minimal size and weight.
The noise output level is low. This feature makes them very useful in the amplifier circuits meant for very
small-signal amplifications. JFETs, depletion MOSFETSs and enhancement MOSFETs are used in the design
of amplifiers having comparable voltage gains. However, the depletion MOSFET circuit realizes much higher
input impedance than the equivalent JFET configuration. Because of the high input impedance characteristic
of FETs, the ac equivalent model is somewhat simpler than that employed for BJTs. The common-source
configuration is the most popular one, providing an inverted and amplified signal. However, one also finds
the common drain (source follower) circuits providing unity gain with no inversion and common gate circuits
providing gain with no inversion. Due to very high input impedance, the input current is generally assumed to
be negligible, and it is of the order of few microamperes and the current gain is an undefined quantity. Output
impedance values are comparable for both the BJT and FET circuits

G Iy D G Fa Iy D
+ ~— o+ + T—o ~— o+
Vgs Im Vgs Ty Vds VgS u Vgs vds
l l 4{ + £
S S

(a) (b)

Fig. 5.35 (a) Small-signal current-source model for FET in CS configuration
(b) Voltage-source model for FET in CS configuration

5.18.1 Common-Source (CS) Amplifier

A simple common-source amplifier is shown in Fig. 5.36(a), and the associated small-signal equivalent circuit
using the voltage-source model of FET is shown in Fig. 5.36(b).

» \Voltage Gain Source resistor (R,) is used to set the Q-point but is bypassed by C for mid-frequency
operation. From the small-signal equivalent circuit, the output voltage,

-R
V,= —2—uv, 5.18
¢ Ry +1; HVes ( )
where V,, = V,, the input voltage.
Hence, the voltage gain,
V, —URp

(5.19)
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() (b)

Fig. 5.36 (a) Common source amplifier (b) Small-signal equivalent circuit of CS amplifier

» Input Impedance From Fig. 5.36(b), the input impedance is given by
Zi = RG
For voltage divider bias as in CE amplifiers of BJT,
R;=R|IIR,

» Output Impedance Output impedance is the impedance measured at the output terminals with the
input voltage V; = 0.

From Fig. 5.36(b), when V,; =0, Vgs = (0 and hence, °
1V =0 J J

Then the equivalent circuit for calculating output impedance is = = o

given in Fig. 5.36(c).

Output impedance Z,=r;IRp —

(©
Normally, r, will be far greater than R,

Hence, Z,=Rp,

EXAMPLE 5.7 o

In the CS amplifier of Fig. 5.36(a), let Rj, = 5 kQ, R; =10 MQ, p =50, and r, = 35 kQ. Evaluate the voltage
gain Ay, input impedance Z;, and output impedance Z,,.

The voltage gain,

V, —URp

o

V. _RD+rd

l

Fig.5.36 (c) Calculation of output impedance

v=
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. -50x5x%10°
5x10° +35x10°

_ 3
_ 250 x 10 =625

40 x 10°

The minus sign indicates a 180° phase shift between V; and V.
Input impedance Z;=R;=10MQ
Output impedance Z, =R,=5kQ

EXAMPLE 5.8 o

A FET amplifier in the common-source configuration uses a load resistance of 500 k€. The ac drain resistance
of the device is 100 kQ and the transconductance is 0.8 mAV~". Calculate the voltage gain of the amplifier.

Given load resistance, R; =R, =500kQ, r,=100Q, g, =0.8 mAV™!

The transconductance u=g,r;=08x 1073 % 100 x 10° = 80

R _ 3 6
The voltage gain, Ay = - o 80> 500 x 10 =- 4010 =—-66.67
Ry +r;  500%x10° +100x 10 600 x 10°

5.18.2 Common-Drain (CD) Amplifier

A simple common-drain amplifier is shown in Fig. 5.37(a) and the associated small-signal equivalent circuit
using the voltage-source model of FET is shown in Fig. 5.37(b). Since voltage V,, is more easily determined

than V,, the voltage source in the output circuit is expressed in terms of V,, using Thevenin’s theorem. The
output voltage,
VDD
D la
S ®
G
\ 4 @ G Iy
+ S + ? 1 pt 1 L+
v, CD Rs  Rq ! N ‘L R.2v,
_ i () P Voo ( ettes i
s : -~

(a) (b)

Fig. 5.37 (a) Common drain amplifier (b) Small-signal equivalent circuit of a CD amplifier
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R RV
g % u v UK, gd

V, = = g = (5.20)
R+ hooop+1l % (UW+DR 4y
Toou+1
where V,, = V,, the input voltage.
Hence, the voltage gain,
V R
Ay= 2= H% (5.21)
V. (U+DR +r,

» Input Impedance From Fig. 5.37(b), input impedance Z; = R;

» Output Impedance From Fig. 5.37(c), output impedance measured at the output terminals with
input voltage V; = 0 can be simply calculated from the following equivalent circuit.

AsV,=0;V, =O;LV =0
& ,Ll+1 gd ry

+1
Yy !
u+1

AAAA
VW

Output impedance Z, =

0

when i>>1 (typical value of 11 = 50) Fig. 5.37 (c) Calculation of output impedance

I, 1
Z,=~LIR =—IIR
s

H &n

EXAMPLE 5.9 o

In the CD amplifier of Fig. 5.37(b), let R, =4 kQ, R; = 10 MQ, n = 50, and r; = 35 kQ. Evaluate the voltage
gain Ay, input impedance Z; and output impedance Z,,.

The voltage gain,

v, UR;

V. (U+DR, +r,

l

v =

B 50 x 4 x10°
(50 +1)x 4x10° +35x10°
The positive value indicates that V,, and V; are in-phase and further note that Ay, < 1 for CD amplifier.
Input impedance Z;=R;=10MQ
1

Output impedance Z,=—IR,
Em

{5

~35x10°

=0.836

Z 14 %x10° =595.7Q

0
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5.18.3 Common-Gate (CG) Amplifier

A simple common-gate amplifier is shown in Fig. 5.38(a) and the associated small-signal equivalent circuit
using the current-source model of FET is shown in Fig. 5.38(b).

CC
+O—l la ir
— AW
id
4_
Vi ] @ D
RZ + - Im Vgs +
V() Rs2 v, R,2V,
- + -_—
"o ° o
ha :
(a) G (b

Fig. 5.38 (a) Common-gate amplifier (b) Small-signal equivalent circuit of a CG amplifier

» Voltage Gain From the small-signal equivalent circuit by applying KCL, i, = i, - g,, V,,- Applying
KVL around the outer loop gives

V(; = (ld - nggs) Ta— Vgx

-V
But Vi=-V,, and i;=—%
: R,
_Vo
Thus’ V;)Z +gm‘/i rd+‘/i
D
Hence, the voltage gain,
\% +1)R
A= 2= @ula +DRp (5.22)
1Z Rp +1y

» Input Impedance Figure 5.38(b) is modified for calculation of input impedance as shown in

Fig. 5.38(c). Iy
Current through r,is given by s —N>Wl\,d Jd_
I =1,- nggs I Vos

+
where I, = YizVo Vi g) Rs% Ao % Yo

Qe

Hence, L =1 —FfD_g vV, z z, ©)

Fig. 5.38 () Modified equivalent circuit
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Vi=_Vgs
V.—I,,R
Il 1 RD D m‘/l
]
V. I,,R
_ Vi _trop g, V.
] ]
I., R .
Il+ S =_l+gmvi
Ty d
From Fig. 5.38(c),
Iy =1Ipp
+R
Therefore, I, a D=y i+ 8
i‘d ¢ rd
V. +R
=477 _ g

i
1, 1+g,7
From Fig. 5.38(c),

Z, =R Z
+R
= R I747D
1+g,7%

In practice, v, >>R, and g, r;>> 1.

ta
Therefore, Z;= R
EmTa
1
Therefore, Z =R I—
Em

» Outputimpedance Itis the impedance seen from
the output, terminals with input short-circuited.

From Fig. 5.38(c), when V; = 0, ng = 0, the resultant

equivalent circuit is shown in Fig. 5.38(d).

ZO = rd“ RD
as r;>>R)
Z,=Rp

(d)

Fig. 5.38 (d) Equivalent circuit for output
impedance

EXAMPLE 5.10

In the CG amplifier of Fig. 5.38(b), let R;, =2 kQ, R, = 1 kQ, g,, = 1.43 x 10~ mho, and r, = 35 kQ. Evaluate
the voltage gain Ay, input impedance Z;, and output impedance Z,,.
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The voltage gain,

=Yoo _@uratDRy _ (1.43x107° x35%10° +1)2 x 10 275
"V Ry +r 2x10° +35x 10° '
. 1 5. 10°
Input impedance Z;=R Il— =1x10 IIH =0.41kQ
gm .
Output impedance Z,=Rp=2kQ

REVIEW QUESTIONS

What is a thyristor? Mention some of them.

Describe the working principle of an SCR with V-I characteristics

Draw the two-transistor model of an SCR and explain its breakdown operation.

Once the SCR is triggered, the gate loses its control. Explain.

Explain the two transistor analogy of an SCR.

What is the disadvantage of conventional thyristor? Explain how GTO will overcome this disadvantage.
Draw the basic structure of GTO and explain its operation.

Draw the symbols of GTO.

Draw the two-transistor analogy of GTO and explain its functions.

A A Sl

i
S

Explain the operation of a simplified gate drive circuit for a GTO.
. Explain the turn-ON and turn-OFF processes of GTO.

. Explain the operation of GTO with its neat /-V characteristics.

. What are the advantages and disadvantages of a GTO?

What are the applications of GTO?

. Describe briefly about power BJT and power MOSFET.

. Explain in detail DMOS structure.

Write briefly about VMOS structure and its characteristics.

. Why is a Field Effect Transistor called so?

. Explain the construction of N channel JFET.

[ I N T e e e
SO XAV R W=

. With the help of neat sketches and characteristic curves, explain the operation of the junction FET.

. What are the relative merits of an N-channel and P-channel FET?

. Compare JFET with BJT.

. Explain why BJTs are called bipolar devices while FETs are called unipolar devices.

. Briefly describe some applications of JFET.

. What is a MOSFET? How many types of MOSFETs are there?

. With the help of suitable diagrams, explain the working of different types of MOSFET.

. How does the constructional feature of a MOSFET differ from that of a JFET?

. Why are N-channel MOSFETS preferred over P-channel MOSFETSs?

. Describe briefly about the small signal equivalent circuit of JFET and its associated parameters with necessary
diagrams.

. Draw the small-signal equivalent circuit of FET amplifier in CS connection and derive the equations for voltage
gain, input impedance, and output impedance.

NN NN NNN =
o XTI E W=

W
=3
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In the CS amplifier of Fig. 5.34(a), let R, = 4 kQ, R; = 50 MQ, u =40, r, = 40 kQ. Evaluate Ay, Z; and Z,,.

[Ans. Ay =-3.64,Z,= SOMQ Z, =4 kQ]
Draw the small-signal equivalent circuit of FET amplifier in CD connection and derive the equation for voltage
gain, input impedance, and output impedance.
In the CD amplifier of Fig. 5.35(a), let R, =2 kQ, R; = 10 MQ, n =40, r, = 40 kQ. Calculate A, Z;, and Z,.[Ans.
Ay=0.66,Z=10MQ Z,=0.67 kQ]
Draw the small-signal equivalent circuit of a FET amplifier in CG connection and derive the equation for voltage
gain, input impedance and output impedance.
In the CG amplifier of Fig. 5.36(b), let R;, = 4 kQ, R, =2 kQ, g,, = 2 x 10~ mho, r, = 40 kQ. Calculate A, Z; and
Z [Ans. Ay =7.36,Z;=0.4kQ, Z,=4kQ]

0

OBJECTIVE-TYPE QUESTIONS

1. In the forward blocking region of a silicon-controlled rectifier, the SCR is
(a) in the OFF-state (b) in the ON-state
(¢) reverse biased (d) at the point of breakdown
2. The di/dt protection for an SCR is achieved through the use of
(a) R in series with SCR (b) RL in series with SCR
(c) RL across SCR (d) L in series with SCR.
3. After firing an SCR, if the gate pulse is removed, the SCR current
(a) remains the same (b) reduces to zero
(c) rises up (d) rises a little and then falls to zero
4. A thyristor turned on by light irradiation is known as
(a) gate turn ON thyristor (b) LASCR
(c) DIACT (d) RIAC
5. The thyristors with slow turn OFF time are called
(a) converter-grade SCR (b) inverter-grade SCR
(c) chopper-grade SCR (d) all the above
6. The thyristors with fast turn OFF time are called
(a) converter-grade SCR (b) inverter-grade SCR
(c) chopper-grade SCR (d) all the above
7. ____ isused for protection of SCR against turn ON dv/dt and reverse recovery transients.
(a) Circuit breakers (b) Fast-acting current limiting fuses
(c) Snubber circuits (d) None of the above
8. GTO can be turned OFF by
(a) removing the supply (b) reverse bias
(c) applying negative gate current (d) reducing latching current
9. Which of the following statements is true?
(a) FET and BJT, both are unipolar (b) FET and BJT, both are bipolar
(c) FET is bipolar and BJT is unipolar (d) FET is unipolar and BJT is bipolar
10. An FET has
(a) very high input resistance (b) very low input resistance
(c) high connection emitter junction (d) forward-biased PN junction
11. The drain source voltage at which drain current becomes nearly constant is called

(a) Dbarrier voltage (b) breakdown voltage
(c) pick-off-voltage (d) pinch-off-voltage
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12. The main factor which makes a MOSFET likely to breakdown during normal handling is its

(a) very low gate capacitance (b) high leakage current
(c) high input resistance (d) both (a) and (c)
13. In an N-channel JFET,
(a) the current carriers are holes (b) the current carriers are electrons
(c) Vggis positive (d) the input resistance is very low
14. The magnitude of the current source in the ac equivalent circuit of an FET depends on
(a) the dc supply voltage (b) Vps
(c) externally drain resistance (d) transconductance and gate to source voltage

15. A CMOS amplifier, when compared to an N-channel MOSFET, has the advantage of
(a) higher cut-off frequency
(b) higher voltage gain
(c) higher current gain
(d) lower current drain from the power supply, thereby less dissipation.
16. A junction FET can be used as a voltage variable resistor

(a) at pinch-off condition (b) beyond pinch-off voltage
(c) well below pinch-off condition (d) for any value of Vg
17. Which of the following devices is used in the microprocessors?
(a) JEET (b) BIT (¢) MOSFET (d) CMOS
18. The MOSFET switch in its ON-state may be considered as equivalent to
(a) resistor (b) inductor (c) capacitor (d) battery
19. The pinch-off voltage for a N-channel JFET is 4 V. When V=1V, the [V, (min)| at which the pinch-off occurs is
equal to
(@ 3V (b) 5V (c) 4V @ 1v

20. In an N-channel JFET, V; is held constant. Vi is less than the breakdown voltage. As Vi is increased,
(a) conducting cross-sectional area of the channel
(b) S’ decreases and ‘J’ decreases; ‘S” and the channel current density ‘J’ both increase
(c) *S’ decreases and ‘J’ increase
(d) S’ increases and ‘J’ decreases
21. In MOSFET devices, the N-channel type is better than the P-channel in the following respects:

(a) It has better noise immunity (b) Itis faster

(c) Itis TTL compatible (d) It has better drive capability
22. The ‘pinch-oft” voltage of a JFET is 5.0 volt, its ‘cut-off’ voltage is

1 2

() (5.0)2V (b) 2.5V ) 50V @ G033V
23. Which of the following effects can be caused by a rise in the temperature?

(a) Increase in MOSFET current (/)¢) (b) Increase in BJT current (/)

(c) Decrease in MOSFET current (/}5) (d) Decrease in BJT current (/)

24. An N-channel JFET has Ijs = 2 mA and V), = —4V. Its transconductance g,,(in mA/V) for an applied GATE to
source voltage Vg of -2V is

(a) 0.25 (b) 0.5 (¢) 0.75 (d 1.0
25. MOSFET can be used as a

(a) current-controlled capacitor (b) voltage-controlled capacitor

(c) current-controlled inductor (d) voltage-controlled inductor

26. The effective channel length of a MOSFET in saturation decreases with increase in
(a) gate voltage (b) drain voltage (c) source voltage (d) body voltage

27. The drain of an N-channel MOSFET is shorted to the gate so that Vg = V)5 The threshold voltage (V;) of
MOSFET is 1 V. If the drain current 7}, is 1 mA for Vg =2V, then for V=3V, I is
(2) 2mA (b) 3mA (c) 9mA (d) 4mA
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30.

31.

. In a CS amplifier with diode connected load, the input-output characteristics is relatively

(a) zero (b) constant (¢) non linear (d) linear
. The voltage gain of the CS amplifier if R, =4 kQ, tt =40 and r, =40 kQ is

(a) -3.64 (b) 0.66 (¢) -0.66 (d) 1.66

The voltage gain of a given common-source JFET amplifier does not depend on its

(a) input impedance (b) amplification factor

(c) dynamic drain resistance (d) drain load resistance

The voltage gain in CD amplifier depends on
(@) g,and Ry, (b) g, and R, © &n (d Rp
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6.4 INTRODUCTION

Feedback plays a very important role in electronic circuits and the basic parameters such as input
impedance, current or voltage gains, and bandwidth may be altered considerably by the use of feedback
for a given amplifier. In large-signal amplifiers and electronic measuring instruments, the major problem
of distortion should be avoided as far as possible. Again, the gain must be independent of external factors
such as variation in the voltage of the dc supply and the values of the circuit components. All this can be
achieved by means of feedback. A portion of the output signal is taken from the output of the amplifier
and is combined with the normal input signal and thereby, the feedback is accomplished.

Any circuit which is used to generate a periodic voltage without an ac input signal is called an oscillator.
To generate the periodic voltage, the circuit is supplied with energy from a dc source. If the output
voltage is a sine wave function of time, the oscillator is called a “sinusoidal” or “harmonic” oscillator.
Positive feedback and negative resistance oscillators belong to this category. There is another category
of oscillators which generate non-sinusoidal waveforms such as square, rectangular, triangular, or
sawtooth waves. This chapter surveys methods of generating the sinusoidal waveforms.

6.2 CLASSIFICATION OF BASIC AMPLIFIERS

The basic amplifiers are normally classified into four broad categories, as voltage, current,
transconductance, and transresistance, amplifiers based on the magnitudes of the input and output
impedances of an amplifier, with respect to the source and load impedances. These basic amplifiers are
used in feedback amplifiers.

» \Voltage Amplifier Figure 6.1 shows a Thevenin’s R;>> R,
equivalent circuit of a voltage amplifier. If the amplifier input R,<< R, KRR
resistance R; is large when compared to the source resistance R,

_____>|
+

R, then V; = V. If the external load resistance R, is large when
compared to the output resistance R, of the amplifier, then
V,=A,V,=A )V, where A, represents the open-circuit voltage
gain with R; = eo. Such an amplifier provides a voltage output
proportional to the voltage input, and the proportionality
factor does not depend on the magnitudes of the source and

load resistances. Such a circuit is called a voltage amplifier.

+<>Avvf % RLVo

oo
|

I}

Fig. 6.1 Voltage amplifier V, = AV,
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An ideal voltage amplifier must have infinite input resistance R; and zero output resistance R,. But for a
practical voltage amplifier, R, >> R, and R, << R;.

» Current Amplifier Figure 6.2 shows a Norton’s equivalent R;<<R,
circuit of current amplifier, in which A; = I,/1,, with R, = 0, represents I, Ro>>R,
the short-circuit current gain. An ideal current amplifier is defined as > w'o

an amplifier which provides an output current proportional to the signal
current and the proportionality factor is independent of R; and R;. An Al

ideal current amplifier must have zero input resistance R; and infinite s (D %Rs %Hi (D %HO %HL
output resistance R,. In practice, the amplifier has low input resistance,
and high output resistance, i.e., R; << R and R, >> R;.

1
» Transconductance Amplifier Figure 6.3 shows the equiva- =

lent circuit of a transconductance amplifier, in which the input circuitis  fig, 6.2 Current amplifier I, = Al
Thevenin and the output circuit is Norton. In an ideal transconductance

amplifier, the output current is proportional to the signal voltage, independent of the magnitudes of R, and R; .
An ideal amplifier must have an infinite input resistance R; and infinite output resistance R,,. But a practical
transconductance amplifier has a large input resistance R; >> R, and high output resistance R, >> R;.

» Transresistance Amplifier Figure 6.4 shows the equivalent circuit of a transresistance amplifier, in
which the input circuit is Norton and the output circuit is Thevenin and the output voltage V, is proportional
to the signal current /, independent of the magnitudes of R, and R;. Here, if R, >>R;, [;= [ and if R, << R,
V,=R,I; = R,I. Note that R, = V /I, with R; = > where R,, is the open-circuit transfer resistance. This

amplifier is called a transresistance amplifier. For a practical transresistance amplifier, R; << R;and R, << R;.

R;>> R R;<< R,
R,>> R, I R,<<A
wlNGmVs - W .
o 1
R, +
%F{, (D % %RL I, (‘D %Rs %R, () R,I, %RL 'V, =R,
G, T T - |
-
Fig. 6.3  Transconductance amplifier Fig. 6.4 Transresistance amplifier

The characteristics of the four ideal amplifier types are summarized in Table 6.1.

Table 6.1  Characteristics of ideal basic amplifiers

Properties of Voltage amplifier Current amplifier Transconductance Transresistance

amplifier amplifier amplifier

Transfer gain V,=A)V
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6.3 BASIC CONCEPT OF FEEDBACK

A block diagram of an amplifier with feedback is shown in Fig. 6.5. The output quantity (either voltage or
current) is sampled by a suitable sampler which is of two types, namely, voltage sampler and current sampler,
and fed to the feedback network. The output of feedback network, which has a fraction of the output signal, is
combined with external source signal V through of a mixer and fed to the basic amplifier. Mixers, also known
as comparators, are of two types, namely, series mixer and shunt mixer.

/ I,

— — —
Signal Mixer |, 4 |Basicamplifier| A | Sampling |, 424
source network | 'y gain A vy | network | oy =t
vl
Series Voltage
or or
shunt X Feedback current
V; network
Y gain B

Fig. 6.5 Block diagram of an amplifier with feedback

o

\%
A = gain of the basic amplifier = v
. Vi
B = feedback ratio = ——
VO
V

A, = gain of the feedback amplifier = 7”
V, = ac signal in the input side (current or voltage)
V; = feedback signal (current or voltage)

There are two types of feedback: (i) positive feedback, and (ii) negative
feedback.

» Positive Feedback If the feedback signal V;is in phase with the input signal V,, then the net V;=V;
+ V; Hence, the input voltage applied to the basic amplifier is increased, thereby increasing V, exponentially.
This type of feedback is said to be positive or regenerative feedback. Gain of the amplifier with positive
feedback is

\% \%
Af:—{): 2
Vv, V-V,
_ 1 _ 1 _ A
v, 'V l_ﬂ 1-AB
VO Vﬂ A

Here, | A;I>1 A |. The product of the open gain and the feedback factor is called the loop gain, i.e., loop gain
=AB. If 1 AB 1= 1, then A, = . Hence, the gain of the amplifier with positive feedback is infinite and the
amplifier gives an ac output without an ac input signal. Thus, the amplifier acts as an oscillator.
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The positive feedback increases the instability of an amplifier, reduces the bandwidth and increases the
distortion and noise. The property of the positive feedback is utilized in oscillators.

» Negative Feedback 1f the feedback signal V; is out of phase with the input signal V;, then
V; = V=V, So the input voltage applied to the basic amplifier is decreased and correspondingly the output
is decreased. Hence, the voltage gain is reduced. This type of feedback is known as negative or degenerative
feedback. Gain of the amplifier with negative feedback is

P A 1 A
f___ -_— = =
V. V,+V v. V 1 1+A
‘ oY Lipg 1+4P
VU V() A

Here, A/l <IAI If IABI >> 1, then A;= 1/, where f3is a feedback ratio. Hence, the gain depends less on the
operating potentials and the characteristics of the transistor or vacuum tube. The gain may be made to depend
entirely on the feedback network. If the feedback network contains only stable passive elements, the gain of
the amplifier using negative feedback is also stable.

The stabilization of the dc operating point of a transistor amplifier is accomplished by the use of negative
feedback as far the dc potential is concerned and the operating point is kept constant in the case of change in
temperature or a change in the A, or  of a transistor. Negative feedback is used to improve the performance
of an electronic amplifier. Negative feedback always helps to increase the bandwidth, decrease distortion and
noise, modify input and output resistances as desired. All the above advantages are obtained at the expense
of reduction in voltage gain.

» Sampling Network There are two ways of sampling the signal at the output which is shown in
Fig. 6.6(a) and (b). In Fig. 6.6(a), the output voltage is sampled by connecting the feedback network in shunt
across the output. This type of connection at the output is referred to as voltage or node sampling. Another
feedback connection which samples the output current is shown in Fig. 6.6(b), where the feedback network is
connected in series with the output. This type of connection is referred to as current or loop sampling.

Voltage Current
sampler A sampler A

— Basic T " —&'.,. — Basic : :
amplifier | ! %Fﬁ amplifier | ! R,
- A : ! Y- A ; !

— Feedback — Feedback
network network
_ B — B
(a) Voltage or node sampling (b) Current or loop sampling

Fig. 6.6 Feedback connections at the output of a basic amplifier

» Feedback Network The block diagram of a feedback network shown in Fig. 6.5 is usually a passive
two-port network which may contain resistors, capacitors, and inductors. Most often, it is simply a resistive
configuration in amplifier circuits. It provides a reduced portion of the output as feedback signal to the input
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mixer network and it is given as V= BV, where f3is a feedback factor or feedback ratio which always lies
between 0 and 1.

» Mixer Network Like sampling, there are two ways of mixing the feedback signal with the input
signal. The two mixing blocks are shown in Fig. 6.7(a) and (b) at the input side of the amplifier. Figure 6.7(a)
shows the series (loop) connection and Fig. 6.7(b) shows the shunt (node) connection at the input.

I ! 1 o B
’ : Lo
R, | |
+ il A ® =R | A
Series I ‘| Shunt
__mixer | mixer .
\‘> , - Iy , L
f
Y L L
(a) Series comparison (b) Shunt mixing

Fig. 6.7 Feedback connections at the input of a basic amplifier

» Transfer Ratio or Gain The symbol A shown in Fig. 6.5 represents the ratio of the output signal to
the input signal of the basic amplifier. The transfer ratio V/V; is the voltage amplification, or the voltage gain,
Ay. Similarly, the transfer ratio //I; is the current amplification, or current gain, A, for the amplifier. The ratio
1/V; of the basic amplifier is the transconductance G, and V/I, is the transresistance R,,.

Although G,, or R), does not represent an amplification in the usual sense of the word, as the ratio of two
signals shows one of these is a current and the other is a voltage signal. But it is convenient to refer to each of
the four quantities Ay, A;, G, and Ry, as a transfer gain of the basic amplifier without feedback and to use the
common symbol A to represent any one of these quantities. The symbol A,is defined as the ratio of the output
signal to the input signal of the amplifier and is called the transfer gain of the amplifier with feedback. Hence,
Ayis used to represent any one of the four ratios V,/V, = Ay, /I, = A I,/V = Gypand V, /1= Ry

Figure 6.8 shows the signal-flow diagram of a feedback amplifier in which quantity “X” represents either
voltage or current signals. When the feedback signal X, and the input signal X; are out of phase, then the
feedback is called negative feedback. In a negative feedback structure, the signal fedback to the input is out
of phase with the input signal of the amplifier.

Xs +/Z\Xizxs_xf

Amplifier o i
Source (Z) A

Load

Feedback
network |-

B

Fig. 6.8 General structure of a single-loop feedback amplifier
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6.4 TRANSFER GAIN WITH FEEDBACK

Based on the type of sampling at the output side and the type of mixing to the input side, feedback amplifiers
shown in Fig. 6.9, are classified into four topologies as

(1) voltage-series feedback or series shunt feedback

(2) current-series feedback or series series feedback

(3) current-shunt feedback or shunt series feedback

(4) voltage-shunt feedback or shunt shunt feedback

In Fig. 6.8, the source resistance R, is considered to be part of the amplifier and the transfer gain A(A, G, A,
R,,) includes the effect of the loading of the 3 network (as well as R;) upon the amplifier. The input signal X|,
the output signal X, the feedback signal X, and the difference signal X, represent either a voltage or a current
signal. These signals and the corresponding ratios A and 3 are summarized in Table 6.2.

Table 6.2 Voltage and current signals in a feedback amplifier

Signal or ratio Voltage-series Current-series Current-shunt Voltage-shunt
feedback feedback feedback feedback
X, Voltage Current Current Voltage
X, Xf, X, Voltage Voltage Current Current
A Ay Gy Ay Ry
; Y 173 Iy I
VO IO IO VO

Trans- 2
| Voltage R —VI+ h conduc- R
Jil amplifier " tance '
; - amplifier
B B
(a) (b)
[I /0 = IL II
Current Jrans- L%
I e R I t R
s@ | amplifier L s@ , rgﬂ%ﬁf?gre ; % L.io—
=B !
B B

(c) (d)
Fig. 6.9 Feedback amplifier topologies: (a) Voltage amplifier with voltage-series feedback
(b) Transconductance amplifier with current-series feedback (c) Current amplifier with
current-shunt feedback (d) Transresistance amplifier with voltage-shunt feedback
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From Fig. 6.8, we know that
Xi=X,- Xf =X;

where X, represents the difference between the applied input signal X; and feedback signal X, and it is called
the error signal or comparison signal. The reverse transmission factor or feedback factor 3 is defined by

b X
XU

where the symbol X, is the output voltage or the output current.

The transfer gain without feedback A is defined by

X
A=—-2
X;
and the gain with feedback A;is defined by
X X X X

o o o o

TTX, X +X, X, +BX,  X,(I+BX,/X,)

s

Ap= 4
1+ BA

Here, the symbol A represents open-loop gain or the transfer gain of the amplifier without feedback, which
includes the loading of the B-network, R,, R, and Ayrepresents the closed-loop gain or gain with feedback. If
|A/ <I1Al, the feedback is termed as negative, or degenerative and if |A;| > |Al, the feedback is termed positive,
or regenerative. In the case of negative feedback, the gain of the basic amplifier with feedback is equal to the
open-loop gain divided by the factor (1 + SA).

ﬁ GENERAL CHARACTERISTICS OF NEGATIVE FEEDBACK AMPLIFIERS

The positive feedback in an amplifier circuit results in oscillations as in various types of oscillators circuits.
The negative feedback in amplifier circuit results in decreased voltage gain, noise, and distortion, but there
will be an increase in bandwidth. In addition to these characteristics, input and output impedances get varied
according to feedback connections.

Although there is a reduction in overall voltage gain, there are some improvements in using negative feedback
in amplifier circuits as listed below:
1. Better stabilized voltage gain
Enhanced frequency response
Higher input impedance
Lower output impedance
Reduction in noise
6. Increase in linearity

A e

The effects of negative feedback on amplifier characteristics according to the type of feedback connections
can be found in Table 6.3.
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The characteristics of negative feedback are discussed below in detail.

6.5.1 Desensitization or Stabilization of Gain

The variation due to aging, temperature, replacement, etc., of the circuit components and transistor or FET
characteristics results in unstable amplifier transfer gain. The closed-loop gain of the amplifier with negative
feedback is given by

Ap= A
1+ BA
Differentiating the above equation with respect to A, we have
A | _a+payi-pa_ 1
| dA | (1+BA?  (1+BAP
et
1+ BA)
Dividing both sides by Af, we get
dy A 1 dA  (+BA)_dA 1
Ap 1+ BAY A (1+ BAY A A (1+BA)
dA;  dAIA
Ap 1+ BA)

dA dA
The term —L- represents the fractional change in amplifier voltage gain with feedback and 4 denotes the

fractional change in voltage gain without feedback. The term 1/1 + A is called sensitivity.

Therefore, the sensitivity is defined as the ratio of percentage change in voltage gain with feedback to the
percentage change in voltage gain without feedback.

)
Ay 1
GG

Sensitivity =

For example, if the sensitivity is 0.1, then the percentage change in gain with feedback is one-tenth the
percentage change in gain without feedback.

The reciprocal of the term sensitivity is called desensitivity D, or desensitivity D = (1 + SA).
Hence, the transfer gain divided by desensitivity is called the closed-loop gain and it can be written as
A A
1+BA D
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In particular, if I3Al >> 1, then

A A 1
T 1+BA BA B
Hence, the gain depends entirely on the feedback network. If the feedback network contains only stable
passive elements, the improvement in stability may be high. Increase in stability shows that the gain is made
insensitive to changes in transistor parameters. Since A represents either Ay, G, A, or R;,, then Afrepresents
the corresponding transfer gains with feedback: either Ay, Gy AjpOr Ry

For voltage-series feedback, Ay, = 1/J3 shows that the voltage gain is stabilized. For current-series feedback,
Gy = 1/B Gy = 1/B, shows that the transconductance gain is desensitized. Similarly, the current gain is
desensitized for current-shunt feedback (A = 1/B) and the transresistance gain is stabilized or desensitized
for voltage-shunt feedback (R, = 1/[).

EXAMPLE 6.1 o

An amplifier has an open-loop gain of 1000 and a feedback ratio of 0.04. If the open-loop gain changes by
10% due to temperature, find the percentage change in gain of the amplifier with feedback.

Solution Given A =1000, 8=0.04 and % =10

We know that the percentage change in gain of the amplifier with feedback is

dA; g 1 1

== o 10x—
A, A 1+Ap) 1+1000 x 0.04

EXAMPLE 6.2 o

An amplifier has voltage gain with feedback of 100. If the gain without feedback changes by 20% and the
gain with feedback should not vary more than 2%, determine the values of open-loop gain A and feedback
ratio f3.

=0.25%

dA, dA
Given  A;=100, —=2%=002and —==20%=0.2

f
dA
We know that L d—A !
As A (1+Ap)
1
0.02 = 0.2 x
1+AB
0.2
Therefore, 1+AB)=—=10
( P 0.02
Also, we know that the gain with feedback is
A= A
71+ AB

ie., 100 = 4
10
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Therefore, A =1000
1+AB=10; ie,AB=9

Therefore, B= . 0.009
1000

6.5.2 Extension of Bandwidth

We know that the gain with feedback for an amplifier is given by

A
A=
71+ BA
Using the above equation, we can write
_ A
Af mia =
1+ BAniq
A

low

A = —
Jlow 1+ﬁAlow
Afh' W= ﬂ
e 1+ﬁAhigh

The effect of negative feedback on lower cut-off and upper cut-off frequencies of the amplifier is analyzed
here.

and

» Lower Cut-off Frequency We know that the relation between gain at lower cut-off frequency and
gain at mid frequency for an amplifier is given as

Alow — 1
Amld 1— ] ( fiL ]
f
Therefore, Algw = Ania

}i;(?j

Substituting Ay, in the Ay, equation, we get

Ang
. fLJ
1— il 2L
Afiow = j( f _ Anid _ Anid
gt 1—j(ij+AmidB <1+Amidﬁ>—j(ﬁj
) f

Dividing numerator and denominator by (1 + A, ;4. ), we have
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Ania
_1 + AP

T g
1_ - JLE 00000
/ _<1+Amidﬁ>f}

A, .
d . i
- _ f mi , since Afmid — A

i —— T AP
A+ AP f

Aflow 1

A mia - ,(fo]
1-j|—
f

where the lower cut-off frequency with feedback is given as

J,
fu=13a 3
1+ A8
From the above equation, we can say that lower cut-off frequency with feedback is less than the lower
cut-off frequency without feedback by factor (1 + A4 B). Therefore, by introducing negative feedback,

low-frequency response of the amplifier is improved.

Therefore,

» Upper Cut-off Frequency We know that the relation between gain at upper cut-off frequency and
gain at mid frequency for an amplifier is given as

Ahigh B 1
A
mid 1+J(f)
fu
Anid

Ahigh:—
A f

1 v

”[fﬂ)

Substituting Ay, in the Ay, equation, we have

Amid
I+ (fj
A — fH _ Ania
fhigh = =
A [ f
1+ B —md 1+J(j+Amidﬁ
1+ [fj T
H
Dividing numerator and denominator by (1 + A, ;4 ), we get
Ani
1+ A8

Afhigh = f
1+j [}
I+ AyiaB) fu
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A .
Afpigh = Jmid ,since Ag i n Anig
1+ [ S } + AniaB
I+ AyiaB) fu
Appi 1

Therefore, Afh gh = 7

f mid 1+j J

Sy

where the upper cut-off frequency with feedback is given as

= +Ana B fu
From the above equation, we can say that upper cut-off frequency with feedback is greater than upper cut-
off frequency without feedback by factor (1 + A4 ). Therefore, by introducing negative feedback, high-
frequency response of the amplifier is improved.

The bandwidth of the amplifier without feedback is given as

BW=fy,—~f1
Therefore, the bandwidth of the amplifier with feedback can be written. or
Ji
BW.=fy—fr = A1+ A_. -
r=tu=tis = O+ Ao o =)

or, it can also be written as
BW;=BW(l + A4 B)

From the frequency-response graph shown in Fig. 6.10, it is very clear that (f— f;) > (fy — f;) and hence,
the bandwidth of the amplifier with feedback is greater than the bandwidth of the amplifier without feedback.
As the voltage gain of a feedback amplifier reduces by the factor (1 + Af), its bandwidth increases by
(1 + AP). This shows that the product of voltage gain and bandwidth of an amplifier with feedback and
without feedback remains the same, i.e., Af X BWf= A x BW.

Gain
Without feedback
Arnid """"""" ¢
0-707 Amid ---------------------------
With feedback
Afmid r- ; ¢ :
0.707 Asmia[ / "":L ---------------- :-----\I\\
: ' ‘ : Frequency
fis fi fy ! fos
I BW | :
| BW,; >!

Fig. 6.10 Effect of negative feedback on gain and bandwidth
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EXAMPLE 6.3 @

An amplifier has a midband gain of 125 and a bandwidth of 250 kHz. (a) If 4% negative feedback is introduced,
find the new bandwidth and gain. (b) If the bandwidth is to restricted to 1 MHz, find the feedback ratio.

Given A =125, BW = 250 kHz, and 8 = 4% = 0.04

(a) We know that BW,=(1+Ap) BW
= (1 + 125 x 0.04) x 250 x 10°
=1.5 MHz
Gain with feedback, Af = A = 125 = E =20.83
1+AB 1+125x0.04 6
(b) BW, = (1+AB’) BW
1x10° =(1+125 ") x 250 x 10°
6
Therefore, (1 + 125 ') = Lof 4
250 x 10
. , 3
ie., B’ = ——=0.024=2.4%
125

EXAMPLE 6.4 @

An RC coupled amplifier has a mid-frequency gain of 200 and a frequency response from 100 Hz to 20 kHz.
A negative feedback network with 8 = 0.02 is incorporated into the amplifier circuit. Determine the new
system performance.

A= A _ 200 40
1+AB 1+4200x0.02

f 100
1+AB  1+200x0.02
fup=Fux (1 +AB) =20 x 107 x (1 +200 x 0.02) = 100 kHz
BW, = fy— f,= 100 x 10° = 20 = 100 kHz
Apx BW, =40 x 100 x 10° = 4000 kHz
BW =f,,— f, =20 x 10° - 100 =~ 20 kHz
A x BW =200 x 20 x 10” = 4000 kHz

=20Hz

Jir

This shows that the gain-bandwidth product of the amplifier with negative feedback is same as that of the
gain-bandwidth product of the amplifier without feedback.

6.5.3 Noise Reduction

Negative feedback reduces the noise or interference in an amplifier, more precisely, by increasing the ratio
of signal to noise, which is possible only under certain conditions. Consider the amplifier block shown in



Basic Electronics and Devices

Fig. 6.11(a) with input signal V, noise signal V, and gain A,. Assume that the noise is introduced at the input
of the amplifier and the signal-to-noise ratio for this amplifier is given by SIN=V//V,.

In Fig. 6.11(b), another amplifier stage with gain A,, which does not suffer from the noise problem, is
connected before the main amplifier A; and by applying negative feedback around the overall cascaded
block, the overall gain is maintained constant. The output voltage of the circuit shown in Fig. 6.11(b) can be
obtained by superposition and it is given by
_ Ady A
T U1+ AAB "1+ AAB
Thus, the signal-to-noise ratio at the output becomes

A1A2
S C1+AAB V,
_— = —:_AZ
N, A v,
"1+ AAB

which is A, times higher than the original case. Hence, there is an improvement in signal-to-noise ratio
(SNR), by connecting a noise-free amplifier before the noisy stage, with the application of negative feedback.
Improvement in SNR results in reduction of noise.

Vn
—O—Q— o+
v, A, A, v,
v, = pv,t SN o=
z—( ] ——o +
Vs A1 Vo F
(a) g

(b)

Fig. 6.11  Noise reduction due to negative feedback

6.5.4 Reduction in Nonlinear Distortion

The transfer characteristics of an amplifier shown in Fig. 6.12 indicates that it is piecewise linear, with the
voltage gain changing from 1000 to 100 and then to 0. This nonlinear transfer characteristics of an amplifier
generates a large amount of nonlinear distortion at the output.

This transfer characteristics can be considerably linearized (i.e., made less nonlinear) by applying negative
feedback to the amplifier. As it is known that, negative feedback reduces the dependence of the overall
closed-loop gain on the open-loop gain of the basic amplifier. Thus, large changes in open-loop gain
(1000 to 100 in this case) results in much smaller changes in closed-loop gain.

The transfer characteristics of the closed-loop amplifier is shown in Fig. 6.12 as curve (b) in which a negative
feedback with 8 =0.01 is applied to the amplifier whose open-loop voltage transfer characteristic is indicated
in Fig. 6.12 as curve (a). Here, the slope of the steepest segment is given by

1000

= ————————= 90.9
1+1000 x 0.01
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(a) (b)

T S N N R S B T S N N R S B
-0.08 -0.06 -0.04 -0.02 0.02 0.04 0.06 0.08 V,

-2+
-3+

Fig. 6.12 Transfer characteristics of feedback amplifier

And the slope of the next segment is given by

1
P
14100 % 0.01
Thus, the order-of-magnitude change in slope with feedback as shown in (a) has been considerably reduced
compared to the change in slope without feedback as shown in (b). This has been achieved at the expense of

reduction in voltage gain. Thus, if the overall gain has to be restored, then a preamplifier should be added. This
preamplifier should not present a severe nonlinear-distortion problem, since it deals with smaller signals.

Consider an amplifier with an open-loop voltage gain (A) and a total harmonic distortion without feedback
(D). Then, due to introduction of negative feedback, with the feedback ratio (), the distortion (D) is reduced
by a factor of 1 + Af and the distortion with feedback (Dy) is given by

D
Df=
1+ AB

EXAMPLE 6.5 o

An amplifier has a voltage gain of 400, f; = 50 Hz, f, = 200 kHz and a distortion of 10% without feedback.
Determine the amplifier voltage gain fy, f,5 and D, when a negative feedback is applied with feedback ratio
of 0.01.
Given A = 400, f, = 50 Hz, f, = 200 kHz, D = 10%, and 8= 0.01
We know that voltage gain with feedback
A 400
Ap= = =80
71+ AB  1+400x0.01

New lower 3 dB frequency,
h 50
fr=

= = =10Hz
1+AB 1+400x0.01
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New upper 3 dB frequency,
for=(+APB) xf, =(1+400x 0.01) x 200 x 10° = 1 MHz

Distortion with feedback,

16 EFFECT OF NEGATIVE FEEDBACK ON INPUT RESISTANCE

When the negative feedback signal is fed back to the input in series with the applied voltage, the input
resistance is increased. Since the feedback voltage V, opposes V,, the input current /; becomes less and the
input resistance with feedback R;-= V,/I; is greater than the input resistance without feedback R;. Hence, for
voltage-series feedback and current-series feedback, R;;= R; (1 + fA) = R,D.

When the negative feedback signal is fed back to the input in shunt with the applied signal, the input resistance
is decreased. Since I; = I; + I, then the source current / is increased and the input resistance with feedback
Ry = V;/I is smaller than the input resistance without feedback R;. Hence, for voltage-shunt feedback and
current-shunt feedback, R, = R;/(1 + fA) = R,/D.

In other words, we can say that, in feedback amplifiers, series mixing at the input tends to increase the input
resistance and shunt mixing tends to decrease the input resistance.

» \Voltage-series Feedback The voltage-series feedback topology is shown in Fig. 6.13, with the
amplifier input and output circuit replaced by its Thevenin’s model. In this circuit, A, represents the open-
circuit voltage gain taking R, into account. We have considered R, to be part of the amplifier throughout the
discussion of feedback amplifier. Here, the input impedance with feedback is given by R;-= V//I;.

——————————————————————

VWWW

=y
VW
AN

Fig. 6.13  Voltage-series feedback circuit used for calculation of input and output resistances

Applying KVL to the input side, we get
Vi=IR;+V,=IR;+ Bv,

The output voltage is written as

AVR,
V= = Ay,
R, + R,

V AR
where A, = Vozﬁ
i Kot R
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Substituting the value of V, in the above KVL equation, we get

Vi=IR; + PALR;
Vi
Therefore, Rif = I_ =R, (1+ BA,)

1
where A, represents the open-circuit voltage gain without feedback and Ay indicates the voltage gain without
feedback taking the load R, into account. Therefore,
A,= lim A
v Ry —e 1%

» Current-series Feedback The current-series feedback topology is shown in Fig. 6.14, with the
amplifier input circuit represented by Thevenin’s model and the output circuit by Norton’s equivalent circuit.
Here, the input impedance with feedback is given by R;-= V(/I,.

/

o

—> i Lo
TA 1 <I—
+ 1 1
(v v %R, (A GnY, %Ro ! A,
szﬁlo E E
-Y 1
— Vs T L T
V.
Rif=__s
1

Fig. 6.14 Current-series feedback circuit used for calculation of input and output resistances

Applying KVL to the input side, we get
Vi=IR, +Vy=1LR; + B,

The output current is written as

G,V.R
[ =m0 —G,V,
R, +R;
1 G, R
V. R, +R,

Substituting the value of /, in the above KVL equation, we get
Vi =IR; + BG\IR;

V,
Ry= I—S:Rl. 1+ BG,)
i
where G,, represents the short-circuit transconductance without feedback and G, indicates the transconduc-
tance without feedback taking the load R; into account.

Therefore, G

= lim G,,

R; —0
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» Current-shunt Feedback The current-shunt feedback topology is shown in Fig. 6.15, with the
amplifier input and output circuits, replaced by its Norton’s model.

—>> | 1
w = -
I, | Ail; E
(A) Vi %Fi, (,D %Fiu*:— HL% - VY,
le= B, | |
Rey=Villy "~ ToTTTTTTTTm T R Ry

Fig. 6.15 Current-shunt feedback circuit used for calculation of input and output resistances

Applying KCL to the input side, we get
L=L+1=1+fl,

The output current is written as

AiIiRo
0= o o Al
R, +R;

i

o

AiRo
where A= +-=—""—
I, R, +R,
Substituting the value of 7, in the above KCL equation, we get

=1+ PAL=(1+PA) I

The input resistance with feedback is given as
V. V. R

— 1 i i

Rif_ = =
I, (1+BA)I, 1+ BA,

N

where A; represents the short-circuit current gain without feedback and A, is the current gain without feedback
taking the load R, into account. Therefore,
A= lim A,
R; —0
» Voltage-shunt Feedback The voltage-shunt feedback topology is shown in Fig. 6.16, with the
amplifier input circuit represented by Norton’s model and the output circuit by Thevenin’s equivalent.

oo T R

= — MVWW—————— T
- \ +

LK) (Y)h=8Y, v, ER, (2) R %RL v,

¥

R=ot Mmoo -

s

Fig. 6.16 \Voltage-shunt feedback circuit used for calculation of input and output resistances
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Applying KCL to the input side, we get
I=Li+1=1;+ BV,

The output voltage is written as
R I.R

m-i~‘o __

= = I.
° R, +R, M
R R

m- "o

\%
WherCRMZ I_Dzﬁ
0+ L

Substituting the value of V, in the above KCL equation, we get
I=1L+BRy,;=0+PRy I

The input resistance with feedback is given as

Y V, R

i i i

Rif_ = =
I, (A+BR,))I; 1+pPRy

s

where R, represents the open-circuit transresistance without feedback and R, is the transresistance without
feedback taking the load R, into account. Therefore,
R,= lim R,

m
Ry —eo

6.7 EFFECT OF NEGATIVE FEEDBACK ON OUTPUT RESISTANCE

The negative feedback, which samples the output voltage, irrespective of how it is fed back to the input,
decreases the output resistance. For example, if R; increases, V, increases. The effect of feeding this voltage
to the input in the degenerative manner (negative feedback) causes V, to increase. This increase in V, is less
than that of when there is no feedback and the output voltage tends to remain constant, as R, changes, which
means that R ;<< R;. Hence, sampling the output voltage reduces the output resistance.

Similarly, negative feedback, which samples the output current, will tend to hold this current constant. Hence,
an output current source is created (R,,>> R;), and it can be concluded that this type of current sampling
increases the output resistance.

In other words, we can say that, in feedback amplifiers, voltage sampling at the output tends to decrease the
output resistance (R, < R,) and current sampling tends to increase the output resistance (R,;> R,,).

» \Voltage-series Feedback In voltage-series feedback topology shown in Fig. 6.13, the resistance
with feedback R, looking into the output terminals is obtained by disconnecting R;, (i.e., R = ) and by
making the external source signal to zero (i.e., set V; = 0). To find R, impress a voltage V across the output
terminals and calculate the current / delivered by V. Then, R,= V/I. In Fig. 6.13, V, is replaced with V.

Applying KVL to the output side, we get
v-AY,
[=F—F—

R

The input voltage is written as
V,=-V,=-pV (with V,=0)
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Substituting V;in the above KVL equation, we get

,_VHPAV _V+pA)
- R - R

o [

The output resistance with feedback is given as
Vv R,

7T T 1+ BA,

where A, represents the open-circuit voltage gain without taking the load R; into account.

The output resistance with feedback R;fincluding R, as part of the amplifier is given by
RyRy R,R, _ R,R,
R R, + R, + BAR
Y L +BAR,

1+ BA,
Dividing numerator and denominator by (R, + R, ), we get

, R,R, /(R, +R;)

T 1+ [BARL IR, + R,)]

Therefore, R, =

"Ry +R, (1+BAV)[

R R R
where R, = —2—L—and A, _ AR
, TR, R, +R;

YR
771+ A,

where Ay, indicates the open-circuit voltage gain taking the load R; into account.

» \Voltage-shunt Feedback The voltage-shunt feedback topology is shown in Fig. 6.16. For finding
R, Ry isdisconnected (i.e., R, =), the external source signal is made zero (i.e., set /;=0) and V,, is replaced
with V.
Applying KVL to the output side, we get
S VR,
R

o
The input current is written as

l;=~I,=- BV (with;=0)
Substituting /;in the above KVL equation, we get
I= V+BR,V _ V({d+pBR,)
R R

4 4

The output resistance with feedback is given as
V__R,

R.——=_— "0
71 1+PR,

where R, represents the open-circuit transresistance without taking the load R; into account.
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The output resistance with feedback R:,f including R, as part of the amplifier is given by

R
RyR,  1+BR, "
Therefore, R, = G PR,,
R, +R, R, R
1+BR, “
R,R,

R, +R, + BR,R,
Dividing numerator and denominator by (R, + R;), we get
, R,R, /(R, +R;)
7 1+[BR,R, /R, +R,)]

R R R, R
where R, = —2—% and R, = —2—%—
R,R; R, +R;
Rl
Rjy= —2—
1+ BRy,

where R,, indicates the open-circuit transresistance taking the load R; into account.

» Current-shunt Feedback The current-shunt feedback topology is shown in Fig. 6.15. For finding
Rof, R, is disconnected (i.e., R; = o), the external source signal is made zero (i.e., set /= 0) and V/,, is replaced
with V.

Applying KCL to the output node, we get

1= _ar
R

4
The input current is written as

I=-I=—PBl,=+pl (withl;=0and =1,

Substituting /;in the above KCL equation, we get

Vv
I=—-PAI
B

Vv

I+ pA) = —

(1+pBA) R

4

The output resistance with feedback is given as
14
Ry= 7= R,(1+ BA)

where A, represents the short-circuit current gain without taking the load R, into account.
The output resistance with feedback R}y including R; as part of the amplifier is given by
Ry=R,IR,
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o BoRi _ R(+PAIR, _ R,R (1+BA)
Y7 Ry+R, R,(1+BA)+R, R, +R, +PAR,

Therefore,

Dividing numerator and denominator by (R, + R;), we get
R,R, (1+ BA)

R BotR , 1+ B4
T PAR. 1 BA,
R, + R,
R,R AR
where R, = —2—%-—and A, = —2—
, TR, R, +R;

» Current-series Feedback

The current-series feedback topology is shown in Fig. 6.14. For finding R, R, is disconnected (i.e., R; = o),
the external source signal is made zero (i.e., set V, = 0) and V/, is replaced with V.

Applying KCL to the output node, we get

I=~-G,,
R

0

The input voltage is written as
Vi=V,==Bly=pl (withV,=0andI=-1))

Substituting V; in the above KCL equation, we get

14
I=—-fG,I
=~ PG

4

\%
11+ BG,)=—
( ﬁ ﬂl) R

0
The output resistance with feedback is given as

Ry = ;: R,(1+ BG,)
where G, represents the short-circuit transconductance without taking the load R; into account.
The output resistance with feedback R/;including R; as part of the amplifier is given by
o = Rop Il Ry

, RyR,  R,(1+pBG,)R,  R,R (1+pG,)

Therefore, R, = = =
o R,+R,~ (1+BG,)+R, R,+R, +pG,R,

Dividing numerator and denominator by (R, + R;), we get

R,R, 1+ BG,)
R/ _ RO +RL Y 1+ﬁGm
L BGuR, 714Gy

R, +R;
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Gm RD

R,R
where R, = —>—£—and G, = iR
o+ L

+R;

o

The characteristics of the four feedback topologies are summarized in Table 6.3.

Table 6.3  Effect of negative feedback on amplifier characteristics

Characteristic Current-series Voltage -series Voltage-shunt Current-shunt

Input resistance Increases Increases Decreases Decreases
Output resistance Increases Decreases Decreases Increases
Voltage gain Decreases Decreases Decreases Decreases
Bandwidth Increases Increases Increases Increases
Nonlinear distortion Decreases Decreases Decreases Decreases
Noise Decreases Decreases Decreases Decreases

EXAMPLE 6.6 @

A voltage-series negative feedback amplifier has a voltage gain without feedback of A = 500, input resistance
R; = 3 k€, output resistance R, = 20 k€, and feedback ratio § = 0.01. Calculate the voltage gain A, input
resistance R, and output resistance R, of the amplifier with feedback.

Given A =500,R,=3kQ,R,=20kQ, and f=0.01
A 500 500

Voltage gain, Ar= = =——=283.33
1+AB 1+500x0.01 6
Input resistance, Ry=(1 +AB)R;=(1+500x%0.01) x 3 x 10 =18 kQ
R 3
Output resistance Ry= —"—= 2010 =3.33kQ
> 1+ AB  (1+500x%0.01)

Q METHOD OF ANALYSIS OF FEEDBACK AMPLIFIERS

For analyzing the feedback amplifier, it is necessary to go through the following steps.

» Step 1: Identify Topology (Type of Feedback)

= To find the type of sampling network
(i) By shorting the output if feedback signal becomes zero, it is called “voltage sampling”.
(i) By opening the output loop if feedback signal becomes zero, it is called “current sampling”.

= To find the type of mixing network
(i)  If the feedback signal is subtracted from the externally applied signal as a voltage in the input
loop, it is called “series mixing”.
(i) If the feedback signal is subtracted from the externally applied signal as a current in the loop,
it is called “shunt mixing”.
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Thus, by finding the type of sampling network and mixing network, type of feedback amplifier can be
determined. For example, if amplifier uses a voltage sampling and series mixing, then it is called a voltage-
series amplifier.

» Step 2: To Find the Input Circuit
(a) For voltage sampling, the output voltage is made zero by shorting the output.
(b) For current sampling, the output current is made zero by opening the output loop.

» Step 3: To Find the Output Circuit
(a) For series mixing, the input current is made zero by opening the input loop.
(b) For shunt mixing, the input voltage is made zero by shorting the input.

= Step 2 and Step 3 Ensure that the feedback is reduced to zero without altering the loading on the
basic amplifier.

» Step 4: Optional. Replace each active device by its s-parameter model at low frequency.
» Step 5: Find, A, the open-loop gain (gain without feedback) of the amplifier.

» Step 6: Indicate X, (feedback voltage or feedback current) and X, (output voltage or output current)
on the circuit and evaluate § = X,/X,,.

» Step 7@ From A and f, find D, Ap Ry, R,p, and R’Df.

ig VOLTAGE-SERIES FEEDBACK AMPLIFIER

Three examples of the voltage-series topology, viz., (i) BJT common-collector amplifier (emitter follower),
(i) FET common-drain amplifier (source follower), and (iii) voltage-series feedback pair are discussed in
this section.

6.9.1 Emitter Follower

Figure 6.17(a) shows the BJT emitter follower circuit. The feedback signal is the voltage V; across Ry and
the sampled signal is V, across Rj. This configuration conforms to voltage-series feedback topology, as the
sampled signal is taken directly from the output node and the feedback signal is applied in series with the
external excitation. Using the analysis steps, approximate expressions for voltage gain, input resistance and
output resistance with feedback are obtained.

Now the basic amplifier without feedback is drawn.

» To Find the Input Circuit Set V,= 0, and Hence, V, in series with R, appears between base B and
emitter E.

» To Find the Output Circuit Set I, =1, =0 (i.e., the input loop is opened), and hence, R, appears
only in the output loop.

Following the above rules, the circuit shown in Fig. 6.17(b) is obtained. Figure 6.17(c) shows the equivalent
circuit after replacing the transistor by its low-frequency approximate s-parameter model. In the Fig. 6.17(c),
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Viand V, are equal and hence, B= VIV, = 1. This topology stabilizes the voltage gain. Since R, is considered
as part of the amplifier, then V; = V,, and the voltage gain without feedback is given by

V, hl,Ry Ry
AV= = =

=|

V. R, + I,

s

where V=1, (R, + h;,).

Fig. 6.17 (a) BJT emitter follower (b) Amplifier without feedback (c) Low-frequency equivalent circuit

The desensitivity is given by
hfeRE _ Rs + hie + hfeRE

D=1+pA, =1+ =
Py R, +h, R, +h,

Vv
where f§ = —L _1. Then, the voltage gain with feedback can be written as
V

o
a A MR
= P o N
" D R +h,+h,R;
If hy,Rp>> R, + h;,, then Ay, = 1. This unity gain shows that it is an emitter-follower circuit.
From Fig. 6.17(c), the input resistance without feedback is given by
R, =R, +h,,
Hence, for voltage-series feedback amplifier, the input resistance with feedback increases due to series mixing
at the input and it is given by
Ry +hy, +hy R

R;=RD= (R +h, )X
if i ( s le) (R5+hie)

=R, +h, +h,Rg
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From Fig. 6.17(c), the output resistance of the amplifier with feedback, without considering the external load
resistance (R; = Rj) is given by
R oo

[

R .= =
T 14+ BA, oo

where R, = and A, = lim Ay = c. This indeterminacy can be resolved by first evaluating R and then
Ry —e0 ’

apply the limit R; — oo.
The output resistance of the amplifier with feedback by considering the external load, can be written as
, R Ry (R, + 1)
Rjy=—0=——f—s e
D R +h, +hfeRE
where R, =R, = R

) R +h
R, = lim R;f =3
Ry —oo hfe
Hence, the feedback desensitizes voltage gain with respect to changes in £, and it increases the input resistance

and decreases the output resistance for voltage-series feedback topology.

EXAMPLE 6.7 ®

In the BJT emitter follower circuit shown in Fig. 6.17(a), the circuit-component values are R, = 600 €,
Rc=47KQ, Rp=2KQ, hy, =80, h;, =5 kQ. Calculate Ay, Ry, R, and Ry

> e
Solution

=28.57

A= leRe _ 80x2x10°
"TR +h,  600+5x10°
The desensitivity is given by

Ry +h, +hp Ry 600+5x10° +80x2x 10’

D=1+ pPA, =
Ay R, +h, 600 +5x 10>

=29.57

Vi
where f=—"=1.

Then, the voltage gain with feedback can be written as

A, 28
Ay= Av 2857 9661
D 2957

This unity gain shows that it is an emitter-follower circuit.
From Fig. 6.17 (c), the input resistance without feedback is given by
R, =R +h;, =600 +5x 10’ =5.6 kQ
Hence, for voltage-series feedback amplifier, the input resistance with feedback increases due to series mixing
at the input and it is given by
Ry=RD=56x10"x29.57 = 165.59 kQ

From Fig. 6.17(c), the output resistance of the amplifier with feedback, without considering the external load
resistance (R; = Rj) is given by
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R

o

R .= =
7 1+ BA,

(e o]
(o)

where R, = e and A, = lim Ay = c. This indeterminacy can be resolved by first evaluating R/, and then
Ry —eo '

apply the limit R; — oo,

The output resistance of the amplifier with feedback by considering the external load, can be written as

R, ’
Ry=Re 22X G610
D 2957

where R)= R, = Rp.
This shows that the output resistance decreases due to voltage sampling at the output.

3
lim R’ _600+5x10

R
R ! 80

6.9.2 FET Source Follower

Figure 6.18(a) shows the FET source follower circuit. The feedback signal is the voltage V,across R and the
sampled signal is the output voltage V, across R,. This configuration corresponds to voltage-series feedback
topology, as the sampled signal is taken directly from the output node and the feedback signal is applied in
series with the external excitation. Using the analysis steps, approximate expressions for voltage gain, input
resistance, and output resistance with feedback are obtained.

Now the basic amplifier without feedback is drawn.

» To Find the Input Circuit Set V, = 0 and hence, V, appears directly between G and S at the input
side.

» To Find the Output Circuit Set I, =0 (i.e., the input loop is opened), and hence, R appears only in
output loop.

Figure 6.18(b) shows the basic amplifier without feedback and Fig. 6.18(c) shows equivalent circuit after
replacing the FET by its low-frequency model. In Fig. 6.18(c), Vyand V| are equal and Hence, B= VilV,=1.
This topology stabilizes the voltage gain.

From Fig. 6.18(c), the voltage gain without feedback is given by
V_ _ gmvgsrdRs _ /JRS

o

V., (r,;+R)V, r,+R,

l

v =

where =g, xr and V, =V,
MR, ry+ 1+ R
r; + R r; + R,

s

The desensitivity is givenby D=1+ A, = 1+

where 8= 1. Then, the voltage gain with feedback can be written as

AV AURs

A= —=— "5
T D, +(+ R,
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Fig. 6.18 (a) FET source follower (b) Amplifier without feedback (c) Low-frequency equivalent circuit

The input impedance of FET is infinite, i.e., R; = oo, and hence, R,-f: R;D = . From Fig. 6.18(c), the output
resistance of the amplifier with feedback without considering the external load resistance (R; = R;) is given
by

Ra _ rd

Ry= =
1+BA, 1+pu

where R,=r and A, = lim A, =u
Ry —eo

The output resistance of the amplifier with feedback by considering the external load, can be written as
’ Ro’ Rsrd Td + Rs Rsrd
Ie(7 f = —= X =

D R +r, ry+u+DHR, r,+(U+DR;

4 —_—
where R\, =R Il r,.

. . . . , T,
Note that the output resistance without load can also be obtained by, R,, = lim R), = 1 4,
Ry —oo +u

EXAMPLE 6.8 @

For voltage-series feedback amplifier shown in Fig. 6.18 (a), R, = 5 kQ, r, = 40 kQ, u = 40. Determine
Ayp Ry, R,pand Ry

The voltage gain without feedback is given by

1% R 4 10°
A= o= HS 0><35>< 0 =444
Vi 1 +R 40x10° +5%10°
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The desensitivity is given by
D=1+PA,=1+444=544

where f=1.
Then, the voltage gain with feedback can be written as
A, 444
= —=——=0816
D 544

The input impedance of FET is infinite, i.e., R; = oo, and hence, Rif =R,D =oo.
The output resistance of the amplifier with feedback, without considering the external load resistance (R; =R,)
is given by
e R _40x10°
TN+ BA, 1+ 1+4

=975 Q

where R,=ry and A, = lim A, = pu.
Ry —e

The output resistance of the amplifier with feedback, by considering the external load, can be written as

o B _ Ry 1 5x10°x40x10° 1 4.44x10°

=816.2Q

of = T = 3 3 X =
D R +r, D 5x10°+40x10° 544 5.44
where R’ =R Il r,.

6.9.3 Voltage-Series Feedback Pair

Figure 6.19 (a) shows two CE stages connected in cascade with voltage gains Ay, and Ay, respectively, in
which the output of the second stage is returned through the feedback network R; — R, in opposition to the
input signal V. As the sampled signal is taken directly from the output node and the feedback signal is applied
in series with the external excitation, this is another case of voltage-series feedback topology.

Now, the basic amplifier without feedback is drawn.

» To Find the Input Circuit Set V, =0 and hence, R, appears in parallel with R, between the emitter
of first transistor and ground.

» To Find the Output Circuit Set I, =0 and hence, R, is placed in series with R, between the collector
of second transistor and ground.

Figure 6.19(b) shows equivalent circuit without external feedback, including the loading of R,. This topology
stabilizes the voltage gain.

From Fig. 6.19(b), the feedback factor is given by

V, R +R,

o

ﬁzv_f L

The circuit of Fig. 6.19(c) shows a two-stage CE amplifier, with voltage-series feedback, by connecting the
second transistor collector to the first transistor emitter through the voltage divider resistors, R; and R,. For
this amplifier, the voltage gain Ay, is given approximately by 1/B, and is thus, stabilized against changes in
temperature and replacement of transistors.
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Fig. 6.19 (a) Voltage-series feedback pair (b) Equivalent circuit, without feedback
(c) Two-stage CE amplifier with voltage-series feedback

EXAMPLE 6.9 @

Find the voltage gain, feedback factor, input resistance and output resistance of a series-shunt pair type two
stage feedback amplifier using transistors with i, = 90 and h;, = 2 k€2, shown in Fig. 6.20.

o+ Ve
22 kQ C, Z220kQs47kQ GCs v

| | i~
C1 [ 1
V.
o] A o
22 kQ%
R,
Ae Cs 100 kQ IC‘*

Fig. 6.20
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MGl Given  fy =y =y =99, by =y = 2kQ, Re =22 kQ

(a)

(b)

()

(d)

(e)

k4 e L

R, =100 Q, R, =220kQ, R, = 22 kQ, R-= 4.7 kQ and R, = 7.8 kQ.

To determine voltage gain:
hfg X R,
h,

e

Ay = -

Ay =22x10° 11220 x 10° 1122 x 10°) 12 x 10°

=1.67kQ
1.67 x10°
Therefore, Ay = —w=—82.7
2x10°
h, xR
fe 02
AV2 = _h—

ie

where R, = R- | (Ry + R,) = 4.7 x 10* 1| (7.8 x 10° + 100) = 2.95 kQ

- 99%2.95x10°

2x10°
Overall gain of the cascaded amplifier without feedback

Ay =Ay, X Ay, = (-82.7) x (~146) = 13,155

Therefore, Ay, = =-146

Feedback factor:
B = R, 100 _ 1
Ry +R, 7.8x10°+100 79

Input resistance with feedback:

Ry =R; (1 + BAy), where R; = h;,; =2 kQ
Therefore, Rif =2x10° (1 + % X 13,155] =335kQ
Output resistance with feedback:
Ry
Ry = ;
1+ BA,
where R, = R/ Il (R, + R) = 4.7 x 10* 1| (7.8 x 10 + 100) = 2.95 kQ
3
Therefore, Ry=—29X10 17610
1+ (1 X 13,155)
79
Voltage gain with feedback:
Ay, 13,155

=78.53

AVf = =
I+Bay (719 x 13,155)
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1610 CURRENT-SERIES FEEDBACK AMPLIFIER

Two examples of current-series feedback topology: (i) common emitter amplifier with a resistor Ry in the
emitter terminal, and (ii) FET common-source amplifier with a resistor R, in the source lead are discussed in
this section.

6.10.1 BJT CE Amplifier with Emitter Resistor R

Figure 6.21(a) shows a CE amplifier with emitter resistor Ry. The feedback signal is the voltage V; across
R and the sampled signal is the load current /,. This configuration corresponds to current-series feedback
topology, as the sampled signal is taken from the output loop and the feedback signal is applied in series with
the external excitation.

To draw the basic amplifier without feedback as shown in Fig. 6.21(b), the input circuit of the amplifier is
obtained by opening the output loop. Hence, R, appears in the input side. Similarly, the output circuit is
obtained by opening the input loop, and this place R again in the output side.

The resultant equivalent circuit is given in Fig.6.21(c) after replacing the transistor by its low-frequency
h-parameter model. No ground can be indicated in this circuit because by doing so, would again couple the
input to the output via Ry, i.e., it would reintroduce feedback, but taking the loading of the B network into
account. This topology stabilizes the transconductance gain G,,. Since the feedback voltage V appears across
R}, in the output circuit, then, from Fig. 6.21(c),

e

C —
oY T*
hlel b HL ‘10

E | Be

=

ViR,

(©)

Fig. 6.21 (a) CE amplifier with unbypassed emitter resistor R (b) Amplifier without feedback
and (c) Low-frequency equivalent circuit

_ Vf __IORE _
peL=Tlfe__p,
Ia Io

Since the input signal V, without feedback is equal to V, then the transconductance without feedback is given
by

G = I, _ —hg I, _ —hy,
MUV v, R +hy, + R,

1 N

where Vi=1I,(R,+ h;, + Rp)
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The desensitivity is given by

h. R R +h, +(1+h.)R
D=1+ﬁGM=1+ fe ' E __s ie fe/ E
R, +h, + Ry R, +h, + Ry
Then, the transconductance with feedback can be written as
Gy _hfe

Gup=—"=
D R+h, +(+hy)Rg

Note that if (1 + &) R >> R, + hy,, and since hy, >> 1, then Gy, = —1/R; = 1/B. If Ry is a stable resistor, the

e’

transconductance gain with feedback is stabilized (desensitized). The load current is given by

-h,V. vV
fe's s

Io = GMfVS = = —
Ry +hy, +(1+h,)Rg Ry

Under the conditions, (1 + hy,) Rg >> R, + h;, and hy, >> 1, the load current is directly proportional to the
input voltage, and this current depends only upon R and not upon any other circuit or transistor parameter.
The voltage gain is given by
I R —h.R
o"'L — GMfRL = fe L
R+ hy, + A+ h)Rg
From Fig. 6.21(c), the input resistance without feedback is given by
R, =R+ h;,+ Ry

Ay =

A

Hence, for current-series feedback amplifier, the input resistance with feedback increases due to series mixing
at the input and it is given by

R,f =RD=R,+h,+(1+ hfe) Ry
Since R is considered to be part of the amplifier, it appears as a part of the input resistance. From Fig. 6.21(c),

R, = o and the output resistance of the amplifier with feedback, without considering the external load
resistance is given by

Ry=R,(1+ BG,) =
The output resistance of the amplifier with feedback, by considering the external load, can be written as
Ry=R IR,=R,
Alternatively, it can also be written as
1+ [5G
R),= R, 145G,
1+ BG,,
Since G,, represents the short-circuit transconductance, then G,, = lim0 G,, . However, G, is independent of
R
R, and hence, G,, = Gy and Rj;= R, = R;. L

EXAMPLE 6.10 @

For current series feedback amplifier using BJT shown in Fig. 6.21(a), Ry = 1.2 kQ, R, = 1 kQ,
R, =2.2KQ, h;, = 1.1 k€, hy, = 50. Determine Gy, Ay, Ry, R, and R’of.

? e L
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The transconductance without feedback is given by
~hy, -50

G = = =-0.015
M™ R +h, +R; 33x10°

The desensitivity is given by
D=1+pG,=1+(-12x% 10%) x (-0.015) = 19

Vi
where f= —=—-R,.
IO

Then, the transconductance with feedback can be written as

Gy 20015 2691073
D 19

GMf =

The voltage gain is given by

I,R
L =GR, =-0.789x107 x22x10° =173

N

AVf =

The input resistance without feedback is given by

R, =R+ h;, + Ry =3.3kQ
For current-series feedback amplifier, the input resistance with feedback increases due to series mixing at the
input and it is given by

Ry=RD=33x10"x19=62.7kQ

For BJT, we know that, the output resistance, R = oe.
The output resistance of the amplifier with feedback, without considering the external load resistance is given
by

R,=R,(1+ G

m) =00

The output resistance of the amplifier with feedback by considering the external load, can be written as
Ry=R, IR, = 122x10°=22kQ

0
Alternatively, it can also be written as
1+ BG,
R,=R; A: 2.2kQ
1+ BG,,
Since G, represents the short-circuit transconductance, then G, = lim G,, - However, G, is independent

R; —0
of R; and hence, G,, = G);and R);= R, = R;.

6.10.2 FET CS Amplifier with Source Resistor R,

Figure 6.22(a) shows a CS amplifier with source resistor R,. Following the same procedure as we did for the
BIJT amplifier, the basic amplifier without feedback is drawn as shown in Fig. 6.22(b) and then the FET by its
low-frequency model is replaced as shown in Fig. 6.22(c).
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+
- S
Rs Rs -
VW
(b)
G D
° A+
+ R
gmvgs %rd lo¢§ L Vo
RS Rs 4—‘ —
AW
S <—V,—>|| |
R, R,

o

(©

Fig. 6.22 (a) FET amplifier with source resistor R; (b) Amplifier without feedback
(c) Low-frequency equivalent circuit

Without feedback, V; = V and the transconductance without feedback is given by

I, I, —8mVeslu y 1 _ -u

V.V, r,+R +R V, r,+R, +R,

s

M

where i=g,, xrjand V=V,
The desensitivity is given by
UR, g+ R +(W+DR,

D=1+pGy,=1+
PGy r, +R, +R, r,+ R, +R,

'

Y
where f3= ;= R

o

Then, the transconductance with feedback can be written as

G _ Ou _ —H
L)) ry+ R, +(U+ DR,

Since R; = e, then Ry = R; X D = eo.

From Fig. 6.22(c), we see that, R, =r,; + R,.

To calculate R, we need G, and it is obtained by, G,, = lim G,,. Since fis independent of R;, then
R; —0

+WU+1DR
1+BG, = lim D=M
RLA)O rd+Rs
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The output resistance of the amplifier with feedback, without considering the external load resistance is given
by
r;+(U+ DR,

=r;+(U+DR
r; + R at DR,

Ry=R,(1+ BG,) = (ry + R))

The output resistance of the amplifier with feedback, by considering the external load, can be written as
R, x(r; +(U+1R,)
R, +r;+(U+DR,

Ry=R,IR, =

The same result can also be obtained with R =R, Il R, = (r,+ R,) I| R;. Thus,
1+ BG,,

Ry = R;
(r; +R)OR; er+(,u+1)Rs « ry+ R, + R,
r;+ R, + R, I+ R, r;+ R, +(U+DR;

_ Ry X(ry+(U+DR))
o+ R, +(U+DR,

which is equivalent to R; in parallel with R,,.

EXAMPLE 6.11 ®

For current-series feedback amplifier using FET shown in Fig. 6.22(a), R, =1 kQ, R, =4.7kQ, r,=40k€,
p=50. Determine Gy, Ayy, Rip, R,pand Ry,

The transconductance without feedback is given by
—u =50

= - =-1.09x107°
r,+ R, +R, 457x10

Gy =

The desensitivity is given by

D=1+pG,=1+(-1x10%)x(-1.09x 107 =2.09
where 8 =-R,.
Then, the transconductance with feedback can be written as

Gy _ —1.09x107

Gyp= "M -""""""" __052%x10"
L)) 2.09
The voltage gain is given by
I R
Ay= == GyRy == 052 107 x4.7x10° = -2.44

s
For FET, we know that, input resistance, R; = o, then Rif =R, xD =co.
The output resistance, R, =r;+ R,=41kQ

To calculate R, we need G, and it is obtained by, G,, = lim G, . Since is independent of R;, then
R; —0

+(U+1DR
146G, = lim p="dTHTDR
Ry —0 Ty +Rs
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The outputresistance of the amplifier with feedback, without considering the external load resistance is given by,
R.=R,(1+fG,)
of 0 m

+(U+ DR,

ta
= (r; +R)) =r,+(U+ DR

r; + R
=40x 10°+ (1 +50) x 1 x 10* =91 kQ

The output resistance of the amplifier with feedback, by considering the external load, can be written as
R =R IR, =91 kQ 11 4.7 kQ = 4.47 kQ.

(611 CURRENT-SHUNT FEEDBACK AMPLIFIER

Figure 6.23(a) shows two CE amplifiers in cascade with feedback taken from the second transistor emitter to
the first transistor base through the feedback resistor R’.

The output voltage of Q, (V,, = V},) is much larger than V;; because of its high-voltage gain and it is 180°
out of phase with V;;. Due to emitter-follower action, the voltage across emitter of Q, (V,,) is only slightly
smaller than V,, and these voltages are in phase. Hence, V,, is larger in magnitude than V;; and is 180° out of
phase with V;;. This configuration corresponds to y

current-shunt topology, as the sampled signal is g

taken from the output loop and the feedback signal

is connected directly to the input node. Using Fer Flee
the analys'is s.teps, approximate expressi.ons for R ) )\ IV 2,
current gain, input resistance, output resistance, Y D Q Q

. . N + A kl\, 1 2
and the voltage gain with feedback are obtained. . v v

. . . Vi == v A+ ’

» To Draw the Basic Amplifier Without > I R R.ZVv. Ry l

. . . . E 2 o
Feedback In Fig. 6.23(b), the input circuit of - I—> -y *e - Y-
the amplifier is obtained by opening the output F[?’,, =

loop at the emitter of Q,. This places R’ in series
with Ry from base to emitter of Q. The output  Fig.6.23(a) Second transistor emitter to first transistor
circuit is obtained by shorting the input node (the base feedback pair

base of Q,). This places R’ in parallel with R. In
the circuit shown in Fig. 6.23(b), as the feedback
signal is a current, the source is represented by a
Norton’s equivalent circuit with I, = V/R,.

From Fig. 6.23(a), neglecting the base current
of Q, compared with the collector current and
V., >>V;;, the feedback current is given by

ViV Vi U, =I)Rg

] = ¢ = =
f Rr Rr Rr
R.1
Therefore, = —Eo =B,
R+ Ry
where B = R /(R" + Rp). Since the feedback Fig. 6.23 (b) Amplifier circuit without feedback

current is proportional to the output current, this
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circuit is an example of a current-shunt feedback amplifier. This topology stabilizes the transfer (current)
gain. After replacing Q, and Q, by its low-frequency approximate h-parameter model, the transfer current
gain without feedback is given by

_Ic2 _IC2 Ib2 Icl Ibl

A[ = = P —_
Is Ib2 Icl [bl Is
-1 1 1 R 1 R
where —¢2 =—hfe,L1=+hfe,£ - b=
b2 I, I, R, +R;, Iy R+h,
in which Ry =hy+(1+hy) R IR)

R=R,]I (R +Rp)
The desensitivity is given by

D=1+ A,
where =R /(R + Rp).
The current gain with feedback is given by

AI
S

The voltage gain with feedback is written as

Ay, = E: “LoaRe = Alchz ~ R,
iITy IR, R BR,

N s

where A =% which shows the transfer current gain is stabilized. The input impedance without feedback

seen by the current source is given by
R, =Rl h,,

Hence, for a current-shunt feedback amplifier, the input resistance with feedback decreases due to shunt
mixing at the input, as seen by the current source and it is given by

Riy= 3’

The output resistance with feedback, without considering the load resistance R, increases due to current
sampling and it is given by

R,;=R,(1+BA)=co. (Sinceh,, =0,thenR,=co.)
From the A, expression, we find that, it is independent of the load (R, = R,,).

Hence,A;= lim A; = A;.

R.,—0

From Fig. 6.23(b), R, =R, I R, = R,,. The output resistance with feedback, by considering the load resistance,
can be written as

4 /1+ﬁA ’
R0f= Ral_i_ﬁAl:Ro:RcZ‘
1
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EXAMPLE 6.12 @

The circuit of Fig. 6.23(a) has the following parameters: R, = 3 kQ, R, = 500 Q, R, = 50 Q,
R =R;=12kQ, h;, =50, h;, = 1.1kQ, and h,, = h,, = 0. Find A, Ay R, R, and R}

2 e

Referring to Fig. 6.23(a), the current gain without feedback is given by

4= Tl Tl Iy Ta Iy

Ix Ib2 Icl Ibl Ix
-1 I
where —2=_p, =-50, —<L=+h, =+50
Iy Iy
Riy =i+ (1 +hy) (R IR
1.2x10°
_ 1144 (51| 20X 12x107 ><30 —355kQ
1.25% 10
1 -R —
o TRa S gy
I, R,+R, 34355
R=R,I (R +Ry)
3 3
_ (1.2x10 )(1.25><13o ) 061 KO
(1.2 +1.25)x 10
I , 3
I, R 061x10° .o

I, R+h, (061+1.1)x10°
Substituting all the above current ratio numerical values in A; equation results in
A;=(-50) (-0.458) (50) (0.358) =410
The feedback factor is given by

B=
The desensitivity is given by
D=1+ pA,=1+(0.040) (410)=174

Current gain and voltage gain with feedback is given by

R
_Re 50 _oa
R'+R, 1250

A, 410
Ay= L =-_—— =236
; D 174
V, —I,R, AyRo (23.6)(0.5
A= e=Tara DuRe (BO03) g g
V, IR, R, 1.2
The approximate expression for voltage gain results in

R, 0.5
AVf = = =
BR, ~ (0.04)(1.2)

which is in error by 6 percent with the actual value.

The input resistance without feedback, seen by the current source is

3 3
R =Rilp = QOXIONAIXION o0 o

1.71x10°
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and the resistance Rif with feedback, seen by the current source is

R, 394
R,= —L="2"-226Q
TV p 174

If R, is considered as an external load, then R, is the resistance seen looking into the collector of Q,.
Since h,, = 0, then R, = «. The output resistance with feedback, without considering the load, is written as
Ry=R,(1+fA)=co.

We know that, for current-shunt feedback, A, is independent of the load (R; = R,,).

Hence, A, = lim A, =A,. Since R, =R, Il R, = R_,, the output resistance with feedback, by considering
i R0 1 1 4 o c2 c2
c2

1+ BA,
1+ BA,

the load, R, = R; =R/ =R/,=500Q.

76.12 VOLTAGE-SHUNT FEEDBACK AMPLIFIER

Figure 6.24(a) shows a common-emitter stage with a resistor R’ connected from the output to the input. This
configuration corresponds to voltage-shunt topology, as the sampled signal is taken directly from the output
node and the feedback signal is connected directly to the input node. Using the analysis steps, approximate
expressions for transresistance gain, input resistance, output resistance and the voltage gain with feedback
are obtained.

Fig. 6.24 (a) Voltage-shunt feedback (b) The amplifier without feedback and
(c) Low-frequency equivalent circuit model
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In Fig. 6.24(a), the output voltage V, is much greater than the input voltage V; and is 180° out of phase with
V.. Hence,

1 1
f
where f= —=—-—.
B TR
As the feedback current is proportional to the output voltage, this circuit is an example of a voltage-shunt
feedback amplifier. This topology stabilizes the transresistance gain R),.

» To Draw the Basic Amplifier without Feedback The basic amplifier without feedback is shown
in Fig. 6.24(b) and the input circuit of the amplifier without feedback is obtained by shorting the output node
(V,=0). This results in R’ connected between base and emitter of the transistor. The output circuit is found by
shorting the input node (V; = 0), thus, connecting R’ from collector to emitter. The resultant equivalent circuit
is given in Fig. 6.24(c) after replacing the transistor by its low frequency A-parameter model. As the feedback
signal is current, the source is represented by a Norton’s equivalent with I, = V/R,. The feedback signal is the
current /, flowing in the resistor R’ which is in the output circuit. From Fig. 6.24(b),

Vo R’
The transresistance for the amplifier without feedback is given by

v, Y _ ~I.R! _ —hgI,R; B —h;,R/R

ML I, R+h,

I R RR’ R'R
where —£ = ,R=RIR"=—"——and R/ =R.IR"=——=¢
. R+n, R, +R R’ +R,

The desensitivity is given by

hoRIR - R'(R+Mh,)+h, RIR

D=1+pR,=1+

R'(R+h,)  R(R+h,)
The transresistance with feedback is given by
Ry ~hyRIRR
YT D U R'(R+h,)+h,RR

The voltage gain with feedback can be written as

\% \% _ RMf

= -9 = 9o =
"IV TIR R
From Fig. 6.24(c), R, =Rl h;, = Rh,
R+h,

Hence, for voltage-shunt feedback amplifier, the input resistance with feedback decreases due to shunt mixing
at the input and it is given by

_Rlik,
D

Riyp=

|
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. R _ ~h,R'R
Since R, =R’, then R,, =———— where R, = lim Ry =———
1+ BR,, Rp—e R+h,
h,R'R R+hy, +h,R Iy, +R(1+h,)
Therefore, 1+pBR,=1+ = =
R (R+h,) R+h, R+h,

The output resistance with feedback, without considering the load resistance, decreases due to voltage
sampling and it is given by
R,  R'(R+H,)

R .= =
YT 1+ BR, By +R(+hg,)

From Fig. 6.24(c), R\, =R, Il R, = R’ | R, = R... The output resistance with feedback, by considering the load
resistance, can be written as

, R R, R'R'(R+h,,)

Y7 D 1+BR, R (R+h,)+h,RR
Alternatively, it can also be written as

EXAMPLE 6.13 o

The circuit of Fig. 6.24(a) has the following parameters: R, = 4 kQ, R* =40 kQ, R, = 10 kQ, h;, = 1.1 kQ,
hy, =50, and h,, = 0. Find Ry, Ay, R, and R’of.

Referring to Fig. 6.24, the transresistance gain without feedback is given by

v, _ ~I.R! _ —hI,R,  —h,RR

R =_0 =
M I, R+h,
3 3
where R.=R IR = 210 X40xX107 _ 50016
44 x10°
3 3
and R=R.IR = 10x10 ><403><10 ~3kO
50 x 10

Substituting the above values in R;; equation, we get

_ TheRER(=50)3.64) (8) _

Ry, = —-160 kQ
R+h, 8+1.1
The feedback factor is given by
1 1
p=-—=-——7=-0025mA/NV
R 40 x10

The desensitivity is given by
D=1+pR,=1+0.025x10"x160x10°=5
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The transresistance gain and voltage gain with feedback are given by

R _ 3
Ryy= _M:M:_:;Zkg
’ D 5

_E_ Yo _RMf

"“v. IR R

N

_ 3
32><1(1 —_32
10x10

The input resistance without feedback is written as

vF =

Rh,  (8x10%)(1.1x10%)

e

= =968 Q
" R+h, 9.1x10°

The input resistance with feedback is given by

R 68
Ry= i =2% 1930
D 5
If R, is an external load resistance, then the output resistance of the amplifier, without considering the load,

is given by R, = R” = 40 kQ and the transresistance without load resistance is obtained by

. ~h, R'R
R,= lim Ry, =———
R > R+h,
_ 3 3
_ (=50)(40x10 )(83><10 ):—1760kQ
@8+1.1H)x10
The output resistance with feedback is given by
o R _ d0x10"
Y7 14+ BR,  1+(0.025)(1760)
and Ry =Ry IR,
_ (890)(4000) _ 728 O
4890
Alternatively, R:,f can also be calculated as
R,=R,IIR"=R/=3.64 kQ
R’ ) 3
and Ry= R 36005000
D 5
EXAMPLE 6.14 @
Find R, and R, using feedback principle for the circuit shown in Fig. 6.25. Assume and h;, = 50 and

hy, = 1.1kQ.
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?V

cc

RyZ23 kO Ry, =500 Q

R.=50 Q

Ry =hjpy + (1 + hyo) R,y
=1.1x 10° + 51 x 50 = 3.65 kQ

We know that R =—0—_0 b2 Zc bl

V, b, (R, IR)

Iy, I,
-50(0.5x10°111.2x10°)=-17.6 x 10°

Lo h, =50
Ibl fe
1 -R — 3
D _ ol _ 33X10 - =-0.451
I,  R,+R, 3x10°+3.65x10
Iy _ _(RIR)
I, (RIR)+R,
3 3
(1.2x10° 112 x10°) 0353

B (1.2x10°111.2x10%) +1.1x 10°
where R;; = h;, = 1.1 kQ.
R, =-17.6 x 10° x (<0.451) x 50 x 0.353 = 139.79 kQ
I, 1 1

B=L=—=—"-=0833x10"
V, R 12x10°

R, 139.79 x 10°

R, = = : - =1.19kQ
1+BR, 1+139.79x10° x 0.833 x 10~

Lo 1 sk

or, Rm = —
7B 0.833x107°
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6.13 CLASSIFICATION OF OSCILLATORS

Oscillators are classified in the following different ways.

1.

According to the waveforms generated:
(a)  Sinusoidal oscillator
(b) Relaxation oscillator

» Sinusoidal Oscillator This generates sinusoidal voltages or currents as shown in Fig. 6.26(a).

» Relaxation Oscillator This generates voltages or currents which vary abruptly one or more times in
a cycle of oscillation as shown in Fig. 6.26(b) to 6.26(d).

I~ A _lnono.

‘ \/(a) ‘ (b)

V NA
LV

Fig. 6.26  Waveforms generated by oscillators: (a) Sinusoidal
(b) Square (c) Sawtooth (d) Triangular

Of

© d

According to the fundamental mechanisms involved:
(a) Negative resistance oscillators
(b) Feedback oscillators

» Negative Resistance Oscillator This uses negative resistance of the amplifying device to
neutralize the positive resistance of the oscillator.

» Feedback Oscillator This uses positive feedback in the feedback amplifier to satisfy the Barkhausen
criterion.

3.

4.

According to the frequency generated:

(a)  Audio Frequency Oscillator (AFO): up to 20 kHz

(b) Radio Frequency Oscillator (RFO): 20 kHz to 30 MHz

(c)  Very High Frequency (VHF) oscillator: 30 MHz to 300 MHz

(d) Ultra High Frequency (UHF) oscillator: 300 MHz to 3 GHz

(e) Microwave frequency oscillator: above 3 GHz

According to the type of circuit used, sine-wave oscillators may be classified as
(a) LC tuned oscillator

(b)  RC phase-shift oscillator
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'6.14 CONDITIONS FOR OSCILLATION

Mechanism for Start of Oscillations

The oscillator circuit is set into oscillations by a random variation caused in the base current due to noise
component or a small variation in the dc power supply. The noise components, i.e., extremely small random
electrical voltages and currents are always present in any conductor, tube or transistor. Even when no external
signal is applied, the ever-present noise will cause some small signal at the output of the amplifier. When the
amplifier is tuned at a particular frequency f,, the output signal caused by noise signals will be predominantly
atf,. If a small fraction ( 8) of the output signal is fed back to the input with proper phase relation, then this
feedback signal will be amplified by the amplifier. If the amplifier has a gain of more than 1/, then the output
increases and thereby the feed back signal becomes larger. This process continues and the output goes on
increasing. But as the signal level increases, the gain of the amplifier decreases and at a particular value of
output, the gain of the amplifier is reduced exactly equal to 1/B. Then the output voltage remains constant at
frequency f,, called frequency of oscillation.

The essential conditions for maintaining oscillations are
1. 1ABlI=1,1i.e., the magnitude of loop gain must be unity.
2. The total phase-shift around the closed loop is zero or 360 degrees.

» Amplitude Stability of Oscillators As soon as the oscillations are initiated, they quickly grow in
size till the amplitude becomes great enough to introduce nonlinear effects which reduce the amplification
of the system. Then the equilibrium is established at an amplitude where the amplification of the loop from
base to collector and back to base has dropped to exactly unity. If there was no such amplitude limiting,
the amplitude of oscillation would build up to infinity. Thus, nonlinear action establishes the equilibrium
amplitude in an oscillator.

» Practical Considerations The condition |Af| = 1 gives a single and precise value of A which

should be set throughout the operation of the Vy,

oscillator circuit. But in practice, as transistor bvc»
characteristics and performance of other circuit Basic & Amplitude | , 4 Sustained
components change with time, |Af| will become amplifier Yo limiter Y _oscillation

greater or less than unity. Hence, in all practical
circuits A1 should be set greater than unity so
that the amplitude of oscillation will continue to

increase without limit but such an increase in Positive Yo
amplitude is limited by the onset of the fee;jbackk
nonlinearity of operation in the active devices networ .t

associated with the amplifier as shown in
Fig. 6.27. In this circuit, Af is larger than unity
for positive feedback. This onset of nonlinearity
is an essential feature of all practical oscillators. Fig. 6.27  Block diagram of an oscillator
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6.15 RC PHASE SHIFT OSCILLATOR

6.15.1 RC Oscillators

All the oscillators using tuned LC circuits operate well at high frequencies. At low frequencies, as the inductors
and capacitors required for the time circuit would be very bulky, RC oscillators are found to be more suitable.
Two important RC oscillators are (i) RC phase-shift oscillator, and (ii) Wien-bridge oscillator.

» RC Phase-Shift Oscillator using BJT with Cascade Connection of High-Pass Filter (Phase-
lead RC Network) In a BJT-based RC phase-shift oscillator using phase-lead RC network shown in Fig.
6.28(a), BJT is used as an active element of the amplifier. Here, the output of the feedback network is loaded
appreciably by the relatively low resistance of the transistor. Thus, the resistance R of the feedback network
is in parallel with the low input resistance 4,, of the transistor, which reduces the effective value of R in the
last section of the feedback network. The feedback signal

is coupled through the feedback resistor R; in series with Vee

the amplifier stage input resistor. In order to make the three

sections identical, R; is chosen as R; = R — R; where R, is

the input impedance of the circuit. R, Rc

The BJT amplifier provides a phase-shift of 180° and the Ry _lﬁ _lﬁ

feedback RC network provides the remaining 180° phase- A B, Q

shift to obtain a total phase-shift of 360° around the loop. A

Hence, each RC section is designed so as to provide a 2% A
phase-shift of 60° at the desired frequency of oscillation. e j'CE
The small-signal ac equivalent model is shown in

Fig. 6.28(b). Simplifying this circuit by replacing the =

current source to voltage source, the simplified small-

signal ac equivalent model is obtained as shown in  Fig 6,28 (a) BJT-based RC phase-shift oscillator
Fig. 6.28(c).

B, C c c
> I T | /
A A} 1 Y Iy B; _b>
Ry L
R,
heZ hely %Rc %Ft‘ %R B, 3
< < B B, R=R,+h,
Ri(= hy)
o . hie
= o &
Fig. 6.28(b) Small-signal ac equivalent model using Fig. 6.28(c) Simplified small-signal ac equiva-
h-parameters lent model

Applying KVL, we get

I (R +R+—J—12R =~ hyRcl,
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1
-I,R+ 1, (ZR +—) =0

joC
Re
Let ax= and k =—
WRC R
Upon solving the above equations, we get
L=L2-jo
and I, =1, (3 - of — j40)

Substituting the above /, and I, equations in the first KVL equation, we get loop gain I5/1;, as
Lo ~hk
I, 1+43k-(G+ka® - jl6+4k) o—a’]
Since the loop gain is a real quantity, we have
6+4k)o—o’ =0

of =6+4k
The frequency of oscillation f,, is given by
B 1
° 27RC.[6 + 4k

At this frequency, the loop gain /5/1, becomes
I, hgk

e

I, 4k +23k+29
We know that for sustained oscillation, I3/}, > 1.

2

Therefore, hfg >4k +23 + 79 6.1)
= To Determine the Value of k with Minimum hg,
dh
ey Py
dk k?
12
=(2) <20
4
29

Therefore, (Mmin = 4(2.7)+23 + - 44.5 (6.2)

Hence, it is understood that the value of hﬁ? for a transistor must be at least 45 for the circuit to oscillate.

EXAMPLE 6.15 @

In an RC phase-shift oscillator, if R) = R, = R; =200 kQ and C; = C, = C; = 100 pF. Find the frequency of
oscillations.
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The frequency of an RC phase-shift oscillator is given by
1

fom e
27RCAJ6
_ 1
27 %200 x 10° x 100 x 1072 /6

EXAMPLE 6.16 o

Determine the frequency of oscillations when a RC phase-shift oscillator has R = 10 kQ, C = 0.01 uF and
R-=2.2KkQ. Also, find the minimum current gain needed for this purpose.

The frequency of oscillations of a RC phase-shift oscillator is
1
Jo= "
R
2nRC \/6 + (C )
R

Substituting the given values, we get

=3.248 kHz

0= ! =607 Hz

3
2% 3.142x 10X 107 x 0.01 x 1076 |6+ 1322 X107
10 x 10

For sustained oscillations, the minimum value of current gain hfe is

4R
hfe > 23+§+4k, where k = —&
k R

R 4R
hy, > 23429 —+ —C<
R. R

= 23+29><£+4x£:155.6
2.2 10

EXAMPLE 6.17 ®

Find the capacitor C and Ay, for the transistor to provide a resonating frequency of 10 kHz of a transistorized
phase-shift oscillator. Assume R, =25 kQ, R, = 60 kQ, R-=40kQ, R=7.1 kQ and h;, = 1.8 kQ.

For a phase-shift oscillator,
f,=10kHz, R, =25 kQ, R, =60 kQ, R-=40kQ, R =7.1 kQ, h;, = 1.8 kQ

> "le

(i) To find capacitance, C
Frequency of oscillation is
1 R
= —————— where k =<
2RC (6 + 5k R

1

[ 4R
27 f,R 6+TC

C=
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2 x10x10° X 7.1x10° |6 + .
7.1x10

(it) To find hy,

R R
We know that he > 23+29 —+4—5
R R
3 3
S 23499 7.1><1o% Cax 40><1o3
40 x 10° 7.1x10
> 23 +5.1475 + 22.53 = 50.67

Therefore, hfe >50.67

4% 40x 10°

=0.41nF

» RC Phase-Shift Oscillator using Cascade Connection of Low-Pass Filter (Phase-Lag RC
Network) Figure 6.29(a) shows the RC phase-shift oscillator using cascade connection of low-pass filters.
There are three RC networks with the output of the last section returned to the input. In this oscillator, the
required phase-shift of 180° is obtained by using RC network. In practice, the resistor R of the last section is
adjusted in such a way that the total phase-shift produced by the cascade connection of RC network is exactly
equal to 180°. The transistor in the amplifier circuit gives a phase-shift of another 180°. Hence, the total

phase-shift around the circuit is 360°, i.e., 0°.

From Fig. 6.29(b), we can write the following three equations.

1 1
—,]+(R+2j12—.3 =0
J

joC joC oC
_;IZ-'-(R-’-.LJ 13— 1 14 =0
jo jo joC
1
_ja)_CI3 +| R+—— 14 =0

From Eq. (6.5), the value of I; becomes
Li=1,(1+jwRC)
Substituting Eq. (6.6) into Eq. (6.4), we get
—;Iz +(1+ joRC) R+.L 1, —;L‘ =0
joC joC joC

—L + (3joRC + 1 - ®*R*CH 1, =0
Therefore,
I, =(3joRC + 1 — ®°R*CH I,

(6.3)

(6.4)

(6.5)

(6.6)

6.7)
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VCC
7
i 4200 R R
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iR, Re __|_ c, I T
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By]

(b)

Fig. 6.29 (a) RC phase-shift oscillator circuit using cascade connection of low-pass filters (b) Its equivalent circuit

By substituting the values of 1, and I into Eq. (6.3), we get

1 1
I, (6R - 0*R*C? F+S ijsz =1 -0

jo joC -
Therefore,
I, = dl
' 1-50*R*C? + joRC (6 — 0* R>C?)
I
= — > where oo = WRC

-5 + jo(6—a”)

1 1
Hence, B= 4

I, " 1-502 +joc(6—oc2)

To determine the frequency of oscillation, the imaginary part is equated to zero, i.e.,

o(6— ocz) =0

(6.8)
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Therefore, o= \E ; WCR = \/8

Hence, the frequency of oscillation is

N3

o

2nRC
By substituting the values of f, into Eq. (6.8), we get
B= : -
1-30-jJ6(6-6) 29
1
or 1Bl = —
P 29

Thus, sustained oscillation is obtained by having the gain of transistor amplifier greater than 29 and frequency
of oscillation may be varied by changing the value of impedance element in the phase-shifting network.

» Analysis of Oscillator using Cascade Connection of One RC and One CR Filters A two
stage oscillator uses the phase-shifting network is shown in Fig. 6.30.

R V,

| "

Fig. 6.30 Cascade connection of one RC and one CR filters

\ L

=~
:> 2
I
9]
AMAAN
VVVVVY
—_

From Fig. 6.30, we can write the following three equations using Kirchhoff’s voltage law,

1 1
LRt —— |- —— =V,
joC joC

2 1
Li|—+R|-1,—— =0
joC joC
LR=V’
Solving the above simultaneous equations, we get the feedback factor () of the network given by
p=t= 1

Vi 3+j(a)RC— ! )
ORC

1
=0.
Wy RC

Here the oscillator oscillates when @,RC —

1

ie., w,RC =
o,RC
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1
2rf,RC =
2rf,RC
1
°" 2mRC
Therefore, the frequency of oscillation is f = o .
2wRC

o

%
At frequency of oscillation, 18l = v =

1
A

As IABI should not be less than unity, it is necessary that the amplifier gain |Al must be greater than three for
the operation of the oscillator.

EXAMPLE 6.18 @

Find the value of Cin a RC phase-shift oscillator using a BJT designed for a frequency of 1 kHz having value
of Ris 10 kQ.

The frequency of the RC phase-shift oscillator is given by
1
Hence, f,=———=
2nRC6
1 1 1

= = = =65nF
2rf,RN6 2 x1x10° x10x10° x+/6 15386 x 107

EXAMPLE 6.19 ®

Design an RC phase-shift oscillator to generate a 5 kHz sine wave with 20 V peak to peak amplitude. Draw
the designed circuit. Assume /;, = 150.

Refer to Fig. 6.31.

Given f, =5kHz, Vee =20V, hy, = 150,
R, =1kQ, and Cy = 100 UF.

v, v,
Let VCE=%=10VandVE=%=2V
le=lp=~E=—2 _oma
Ry 1x10°
o= Yoc=Ver _20-10 __
¢ I, 2%107 .
Io 2x107° i
I=-C="2"" _1333pA Fig. 6.31
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Vee — 0.6 - 0.
Ry = <€ _ 20706 4s5m0

I,  1333x107°
Ryl

=
I

Y oV 2x26x107
Y Iy 6.67x107°
R; =1.45MQI17.79 kQ = 7.75 kQ

R ~R;=7.75kQ

=7.79 kQ

R 3
kz_C=LO3=o,65
R 775x10
1
foz—
2TRC 4k + 6
5x10° = - !
21 % 7.75x10° X C x /4 X 0.65+6
1
Therefore, C =1.4nF

T2 x5x10° x7.75x10° x 2.93

6.15.2 RC PHASE-SHIFT OSCILLATOR USING FET

In this oscillator, the required phase shift of 180° in the feedback loop from output to input is obtained by
using R and C components instead of tank circuit.

Figure 6.32(a) shows the circuit of a FET-based RC phase-shift oscillator using cascade connection of high-
pass filter, i.e., phase-lead RC network. The FET amplifier is self-biased with a capacitor-bypassed source
resistor and a drain resistor. The feedback network consists of three cascaded RC sections. Here, a common-
source amplifier is followed by three sections of phase-lead
network and the feedback voltage V,available at the output of the
last RC section of the feedback network is fed to the gate as the
mput.

VDD

Rp

| || ||
The phase-shift, @, given by each RC sectionis ® = tan™! (L) . | H H "
wCR
If R is made zero, then ® will become 90°. But making R = 0 is
impracticable because if R is zero, then the voltage across it will Rg
become zero. Therefore, in practice, the value of R is adjusted j
such that @ becomes 60°.

If the values of R and C are so chosen, for the given frequency f,,
the phase-shift of each RC section is 60°. Thus, such a RC ladder
network produces a total phase-shift of 180° between its input and
output voltages for the given frequency. Therefore, at the specific

Fig. 6.32(a) RC phase-shift oscillator
using FET
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frequency f,, the total phase-shift from the base of the transistor around the circuit and back to the base will
be exactly 360° or 0°, thereby satisfying Barkhausen condition for oscillation.

The loop gain A3 can be computed using the ac equivalent circuit shown in Fig. 6.32(b). Here, let us assume
that the input impedance of the FET amplifier stage is infinite.

Figure 6.32(b) is further simplified. Here, the current source is replaced by the equivalent voltage source
&.RpV:s where R7, = r, Il Rjy. Also, it is assumed that the feedback network does not load the amplifier as
R >> R}, and hence, R}, is neglected in Fig. 6.32(c).

G e e ¢ G A A A

I I | 1N I |
P |

I
D

V, V.
l fo) l gmHDVl ; /2 /3 Y
S S

Rp
Fig. 6.32 (c) Simplified small-signal ac

Fig. 6.32 (b) Small-signal ac equivalent equivalent model

Applying KVL, we have

1 4
I [R + _ja)CJ ~LR =—g R,V

1
-[R+1,|2R+——|-LtR =0
1 2( ij) 3

1
-LR+ 1, (ZR + —J -LR =0
joC

Substituting o = and writing I, in terms of /5, we get

L =L2-jo

Substituting the above expression in the second KVL equation and writing /, in terms of 15, we get
I, =1, (3 - 4jo— o)

Substituting the above /, and I, equations in the first KVL equation, we get

/ H . B mR’Vi
LI3B -4jo— o) (1 —jay] - 15 (2 — jor) = gTD
L = _ngf)Vz
37 2 .3
R[A=50")+ j(o" —61x)]
—-g RV
We know that Vf= LR= EmDVi

(1-50*)+ j(o® —601)
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Therefore, the loop gain Af3 can be written as

Vv -2 R’
AB=-L= —Enp
Vi (A-5a")+j(o’ —6a)
1
where o= ——
wRC
Since the loop gain is a real quantity, we have
o —-60=0
=6
202 1
WRC =—
6
Therefore, the frequency of oscillation becomes
1
fo= o
2nRC 6
and the loop gain IA Bl becomes
8uRp
ABl = —=—
P 29
We know that for sustained oscillation, Al > 1 and, hence,
gnRp >29
The voltage gain of the FET amplifier is given by
IAl > g, R}
Therefore, IAl>29 and = %

Hence, the gain of the FET amplifier gate must be at least 29 to sustain oscillations.

The RC phase-shift oscillator is suitable for audio frequencies only. Its main drawbacks are that the three
capacitors or resistors should be changed simultaneously to change the frequency of oscillation and it is
difficult to control the amplitude of oscillation without affecting the frequency of oscillation.

6.16 WIEN-BRIDGE OSCILLATOR

Figure 6.33(a) shows the circuit of a Wien-bridge oscillator. The circuit consists of a two-stage RC coupled
amplifier which provides a phase-shift of 360° or 0°. A balanced bridge is used as the feedback network
which has no need to provide any additional phase-shift. The feedback network consists of a lead-lag network
(R,—C, and R, — C,) and a voltage divider (R; — R,). The lead-lag network provides a positive feedback to the
input of the first stage and the voltage divider provides a negative feedback to the emitter of Q.

R .
If the bridge is balanced, —> = RI—{XCI 6.9)
R, {Rz (—JXCQ)}
Ry — jX¢,

where X and X, are the reactances of the capacitors.
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VOUt

V(f) R 1/sC

o AW { } o

V(s) V()
R = 1/sC

Feedback signal =

(@) (b)

Fig. 6.33  (a) Wien-bridge oscillator and (b) Feedback circuit

Simplifying Eq. (6.9) and equating the real and imaginary parts on both sides, we get the frequency of
oscillation as,
1

Jo= S JRRC,G,

1 )
zmalleszzRandCIZCZZC.

The ratio of R; to R, being greater than 2 will provide a sufficient gain for the circuit to oscillate at the desired
frequency. This oscillator is used in commercial audio-signal generators.

» To Determine the Gain of a Wien-Bridge Oscillator using a BJT Amplifier
Assume that Ri=R,=R and C,=C,=C
Then the feedback circuit is as shown in Fig. 6.34(b).

Rl L
Therefore, Vf(s) =V, (s) —Scl
R+—+RI—
sC sC
R
Vf(s) — V() 1+ sRC
1 R
R+—+
sC 1+ sRC
—V.(5) SRC

sR*C? +3sRC +1
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Hence, the feedback factor is
Vf (s) _ SRC

B= —
V.(s) s*R*C*+3sRC+1

We know that AB=1

Therefore, the gain of the amplifier,

R s’R*C?* +3sRC +1
B sRC

1
Substituting s = jw,, where the frequency of oscillation f =———,ie., 0,
2nRC

and simplifying, we get A = 3. Hence, the gain of the Wien-bridge oscillator using a BJT amplifier is at least

1
=—— in the above equation
RC

equal to 3 for oscillations to occur.

EXAMPLE 6.20 @

In a Wien-bridge oscillator, if the value of R is 100 k€2, and frequency of oscillation is 10 kHz, find the value
of the capacitor C.

The operating frequency of a Wien-bridge oscillator is given by
1
°~ 2zRC
1 1

Therefore,

= = 3 3 :159 pF
27Rf, 27mx100x10° x10x10

EXAMPLE 6.21 o

Design an oscillator with network in the feedback path of the amplifier shown in Fig. 6.34(a) to generate a
sine wave of 2 kHz.

() R
Refer to Fig. 6.34(b). v,.oﬁ(—ﬂwvlvo

Applying KVL to the loop-1, we get

J A
L{R-2c]-LR =V, T

IR ( - ﬁ) ~LR =V, Fig. 6.34(a)
. 1 c R
Letting o = W , we get + H +
L -joy—1, = 4 ()
R

Applying KVL to the loop-2, we get

- < —9
NV
I
|1
Al
(9]
CE——R—>0

—11R+12(2R—Lj ) B
C Fig. 6.34(b)
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I =52 -jo)

Substituting Eq. (2) in Eq. (1), we get

L2 —jo) (1 —jo) -1,

x| < x|<

L(2-2jo—jo—of — 1)

=S

The loop gain is given by

B

1
RI(1-o?) - j3a]

]
wC

—J _ —jo
oCR[(1-0*)- j3a] (1-0a*)—- j3o

1 1

Dividing both numerator and denominator by jo, we get

062

(04

B jal(l-o*) - j3o] B 300+ j(1—a?)

At frequency of oscillation, (1 — A)=0

Therefore, ox=1

Hence, ! = ! =1
o,RC 2rnf,RC
1
Jo= 27RC

Equating the imaginary part of 3 to zero, we get

1
P=3
To obtain sustained oscillations, IAfl > 1

Therefore, |Al > % >3

Given, f,=2kHz
Here [, = !
’ °" 27RC
Let C=0.01 uF
2x10° = ;8
27TR x 10~
Therefore, R =7.957 kQ
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As the feedback network shown in Fig. 6.34(a) is a lead-lag network which introduces 0° phase-shift, the
amplifier in the forward path should be a two-stage amplifier as shown in Fig. 6.34(c) to obtain overall phase-

shift of 0°.

Feedback
network
0° phase shift

Stage 1
180°

Stage 2
180°

Total phase shift 360°

Fig. 6.34(c)

6.17 CRYSTAL OSCILLATORS

Figure 6.35 shows a crystal-controlled oscillator circuit. Here, it is a Colpitts crystal oscillator in which the
inductor is replaced by the crystal. In this type, a piezoelectric crystal, usually quartz, is used as a resonant

circuit replacing an LC circuit.

+VCC

= Crystal

Fig. 6.35 Colpitts crystal oscillator

The crystal is a thin slice of piezoelectric material,
such as quartz, tourmaline, and rochelle salt, which
exhibit a property called piezoelectric effect. The
piezoelectric effect represents the characteristics
that the crystal reacts to any mechanical stress by
producing an electric charge; in the reverse effect, an
electric field results in mechanical strain.

» Quartz Crystal Construction 1In order to
obtain high degree of frequency stability, crystal
oscillators are essentially used. Generally, the crystal
is a ground wafer of translucent quartz or tourmaline
stone placed between two metal plates and housed
in a stamp-sized package. There are two different
methods of cutting this crystal wafer from the crude
quartz. The method of cutting determines the natural
resonant frequency and temperature coefficient of
the crystal. When the wafer is cut in such a way that
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its flat surfaces are perpendicular to its electrical axis (X-axis), it is called an X-cut crystal as shown in Fig.
6.36(b). When the wafer is cut in such a way that its flat surfaces are perpendicular to its mechanical axis
(Y-axis), it is called Y-cut crystal as shown in Fig. 6.36(c).

X, Y, X

: Optic axis
— LA Yi
|
|
|
| X X,
— LS
|
|
| Y-axis
X-axis
(a) Quartz crystal (b) X-cut (c) Y-cut

Fig. 6.36 Piezoelectric crystal

If an alternating voltage is applied, then the crystal wafer is set into vibration. The frequency of vibration
equal to the resonant frequency of the crystal is determined by its structural characteristics. If the frequency of
the applied ac voltage is equal to the natural resonant frequency of the crystal, then the maximum amplitude
of vibration will be obtained. In general, the frequency of vibration is inversely proportional to the thickness
(D) of the crystal.

The frequency of vibration is f = % \/z
p

where Y is the Young’s modulus, p is the density of the material and, P =1, 2, 3,. ..

The crystal is suitably cut and polished to vibrate at a certain frequency and mounted between two metal
plates as shown in Fig.6.37(a). The equivalentcircuit of the crystal is shown in Fig. 6.37(b). The ratio
of C, to C; may be several hundred or more so that series resonance frequency is very close to parallel
resonant frequency. The resonant frequency is inversely proportional to the thickness of the crystal. Resonant
frequencies from 0.5 MHz to 30 MHz can be obtained.

The reactance function shown in Fig. 6.37(c) is

1 o -o

JX ==
joC, o - o

SIS RS

. I . .
neglecting R. Here, ®? =—— is the series resonant frequency and
' LC

is the parallel resonant frequency. Since C, >> C, @, = @,. For o, < ® < ®,, the reactance is inductive and
for  out of the above range, it is capacitive.
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XL
< |
© i Frequency
£ : (f) ——>
S X
& Bk
o s
(a) |
Xc

(b) (c)

Fig. 6.37 A Piezoelectric crystal: (a) Symbol (b) Electrical equivalent circuit (c) The reactance function when R = 0

For a crystal Hartley oscillator, the capacitors C; and C, shown in Fig. 6.35 are replaced with inductors
L, and L, respectively, so that the reactance of the crystal is capacitive. Hence, its oscillation frequency

1
S——F.
2r (L, +L,)C

The advantage of the crystal is its very high Q as a resonant circuit, which results in good frequency stability
for the oscillator. However, since the resonant frequencies of the crystals are temperature dependent, it is
necessary to enclose the crystal in a temperature-controlled oven to achieve the frequency stability of the
order of 1 part in 10'°,

EXAMPLE 6.22 o

A crystal has the following parameters: L =0.5 H, C;=0.06 pF, Cp = 1pF, and R = 5 kQ. Find the series and
parallel resonant frequencies and Q-factor of the crystal.

(a) The series resonant frequency of the crystal is
1 1

i

fi= = =918.9 kHz
27LC,  27,/0.5% 0.06 x 107
Q-factor of the crystal at f, = _wSL = .ansL
K R R
3
_ 27w x918.9 x 130 x 0.5 — 577
5x10

(b) The parallel resonant frequency of the crystal is
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1 |G +C,
=g Lc,C,
-12
=L LO0x 19 =946 kHz
27\ 0.5%0.06x107° x1x10~
oL 2xfL
Q-factor of the crystal at =_r __ "r
y 1y R R
3
_ 27:><946><1(3 ><0.5:594
5x10

EXAMPLE 6.23 o

A certain X-cut quartz crystal resonates at 500 kHz. It has an equivalent inductance of 4.2 H and an equivalent
capacitance of 0.03 pF. If its equivalent resistance is 500 €, calculate its Q-factor.

oL _2mfL 2w x500x10° x 4.2

=26,376
R R 500

Q:

6.17.1 Miller Crystal Oscillator

The Miller crystal controlled oscillator circuit is shown in Fig. 6.38. The crystal has two resonant frequencies.
In between the series resonant frequency and parallel resonant frequency, the reactance of the crystal becomes
inductive and hence, the crystal can be used as an inductor. One of the inductors in Hartley Oscillator is
replaced by the crystal, which acts as an inductor when the frequency is greater than the series resonant
frequency. The inter-electrode capacitance of the transistor acts as a capacitor to generate oscillations in the
circuit.

o+ Vee

MW
]
"
9]

Fig. 6.38  Miller crystal oscillator



Basic Electronics and Devices

6.17.2 Pierce Crystal Oscillator

The transistor Pierce crystal oscillator is shown in Fig. 6.39. Here the crystal is connected as a series element in
the feedback path from the collector to the base. The resistors, R}, R,, and Ry
provide the necessary dc bias to the transistor and C is an emitter by pass capacitor.
The Radio Frequency (RF) choke coil provides dc bias while decoupling any ac
signal on the power lines from affecting the output signal. The coupling capacitor
C blocks any dc between collector and base, and has negligible impedance at the
operating frequency of the oscillator.

The frequency of oscillation set by the series resonant frequency of the crystal
is given by,
1

Jo= o LC,

Fig. 6.39 Pierce crystal
oscillator

The main advantage of the Pierce crystal oscillator is its simplicity.

| 6.18 FREQUENCY STABILITY OF OSCILLATORS

The frequency stability of an oscillator is a measure of its ability to maintain the required frequency as
precisely as possible over as long a time interval as possible. The accuracy of frequency calibration required
may be anywhere between 10~ and 10~'°. The main drawback in transistor oscillators is that the frequency
of oscillation is not stable during a long time operation. The following are the factors which contribute to the
change in frequency.
1. Due to change in temperature, the values of the frequency-determining components, viz., resistor,
inductor and capacitor change.
2. Due to variation in the power supply, unstable transistor parameters, change in climatic conditions
and aging.
3. The effective resistance of the tank circuit is changed when the load is connected.
4. Due to variation in biasing conditions and loading conditions.

The variation of frequency with temperature is given by
Aw/w

o

oI~ "ATIT,

where @,, T, are the desired frequency of oscillation and the operating temperature respectively. In the
absence of automatic temperature control, the effect of temperature on the resonant LC circuit can be
reduced by selecting an inductance L with positive temperature coefficient and a capacitance C with negative
temperature coefficient.

ppmc (parts per million per °C)

The loading effect may be minimized if the oscillator is coupled to the load loosely or by a circuit with high
input resistance and low output resistance properties. The frequency stability is defined as

do

0=
do
where d0 is the phase-shift introduced for a small frequency change in nominal frequency f;.
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The circuit giving the larger value of 5—0 has the more stable oscillator frequency. If the Q is infinite (an

(0]

. . . . . . . . do
ideal inductor with zero series resistance), this phase change in phase is abrupt, o — oo because the phase
0}

changes abruptly from —90° to +90°.

For tuned oscillators, S, is directly proportional to the Q of a tuned circuit. A frequency stability of one part
in 10* can be achieved with LC circuits. For LC oscillators, a tuned circuit must be lightly loaded to preserve
high Q value.

As piezoelectric crystals have high Q values of the order of 10°, they can be used as parallel resonant circuits
in oscillators to get very high frequency stability of 1 ppm (part per million).

PN R W

10.

11.

12.
13.
14.

15.
16.

17.

18.

What do you understand by feedback in amplifiers? Explain the terms feedback factor and open-loop gain.

What are the types of feedback?

Explain the term negative feedback in amplifiers.

What are the disadvantages of negative feedback?

When will a negative feedback amplifier circuit be unstable?

Compare the negative feedback and positive feedback.

Explain with circuit diagram a negative feedback amplifier and obtain expression for its closed-loop gain.

An amplifier with stage gain 200 is provided with negative feedback of feedback ratio 0.05. Find the new gain.

[Ans. 18.8]
An amplifier has an open-loop gain of 90. When a negative feedback of feedback factor 0.6 is applied to it,
calculate the overall gain. [Ans. 1.64]

An amplifier has a gain of 300. When negative feedback is applied, the gain is reduced to 240. Find the feedback
ratio. [Ans. 1/1200]
An amplifier requires an input signal of 60 mV to produce a certain output. With a negative feedback to get the
same output, the required input signal is 0.5 V. The voltage gain with feedback is 90. Find the open-loop gain and
feedback factor. [Ans. 750, 0.88]
The open-loop gain of an amplifier is 50 and its bandwidth is 20 kHz. When a negative feedback is applied, the
bandwidth is increased to 25 kHz (by 5 kHz). What will be the required feedback ratio? [Ans. 0.005]
A negative feedback of 0.0005 is applied to an amplifier whose open-loop gain is 60 dB. If the open-loop gain gets
reduced by 12%, how much the overall gain gets altered? [Ans. 2%]
Enumerate the effects of negative feedback on the various characteristics of the amplifier.
How does negative feedback reduce distortion in an amplifier?
The distortion in an amplifier is found to be 3% when the feedback ratio of a negative feedback amplifier is 0.04.
When the feedback is removed, the distortion becomes 15%. Find the open-loop gain and closed-loop gain. [Ans.
100; 20]
If negative feedback with a feedback factor 8 of 0.01 is introduced into an amplifier with a gain of 200 and a
bandwidth of 6 MHz, obtain the resulting bandwidth of the feedback amplifier.

[Ans. BW,= 18 MHz]
If non-linear distortion in a negative feedback amplifier with an open-loop gain of 100 is reduced from 40% to
10%. Find feedback B of the amplifier. [Ans. f=0.03]
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20.

21.

22.

23.

24,
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

. The S and the open-loop gain of an amplifier are 10% and 80 respectively. By how much % does the closed-loop

gain change if the open-loop gain increases by 25%?
[Ans. % change in closed-loop gain = 12.51%]
An amplifier has a gain of 50 with negative feedback. For a specified output voltage, if the input required is 0.1 V
without feedback and 0.8 V with feedback, compute 3 and open-loop gain.
[Ans. B=10.0175 and A = 400]
Describe with necessary derivations, the effect of negative feedback on the bandwidth and distortion in an
amplifier.
What are the different types of negative feedback? Explain how the input and output impedances of an amplifier
are affected by the different types of negative feedback.
Explain negative feedback with the help of the emitter follower as an example. Why is the emitter follower called
s0?
Explain what type of feedback has been used in an emitter follower circuit.
What is the effect of a voltage-series negative feedback in the following performance measures of a BJT amplifier:
(1) Input resistance (ii) Output resistance (iii) Bandwidth (iv) Distortion and noise (v) Gain stability.
What type of input terminal connections should be used to have a large input impedance?
What is the sensitivity of an amplifier?
An amplifier with 2.5 kQ input resistance and 50 k€2 output resistance has a voltage gain of 100. The amplifier is
now modified to provide 5% negative voltage feedback in series with the input. Calculate (i) the voltage gain (ii)
the input resistance, and (iii) the output resistance with feedback.
[Ans. 16.67; 15 kQ; 8.3 kQ]
An RC coupled amplifier has a voltage gain of 1000, f; = 50 Hz, f, = 200 kHz, and a distortion of 5%, without
feedback. Find the amplifier voltage gain, f), f,,and distortion when a negative feedback is applied with feedback
ratio of 0.01. [Ans. A;=90.9; f|,= 4.5 Hz; f,, = 2.2 MHz; D,;= 0.45%]
The open-loop voltage gain of an amplifier is 50. Its input impedance is 1 kQ. What will be the input impedance
where a negative feedback of 10% is applied to the amplifier? [Ans. 6 kQ]
The open-loop gain of an amplifier is 50 and its output impedance is 40 k€. When a negative feedback is applied,
the output impedance becomes 6.666 kQ. Find the feedback factor. [Ans. 0.1]
An amplifier has a voltage gain of 200, before negative feedback is applied. When negative feedback with f=0.25
is applied, the nominal gain changes by 10%. Find the percentage change in the overall gain. [Ans. 0.19%]
The open-loop gain of an amplifier is 50 dB. A negative feedback of feedback factor 0.004 is applied to it. If the
open-loop gain is thereby reduced by 10%. Find the change in the overall gain. [Ans. 0.0044]
In the BJT emitter follower circuit shown in Fig. 6.17(a), the circuit component values are R, = 500 Q, R. = 1 kQ,
Rp=2%kQ, hy, =100, h;, = 1.1 kQ. Calculate Ay, R, R,pand R .
For voltage-series feedback amplifier shown in Fig. 6.18(a), R, = 2.55 k€2, r, = 20 kQ, = 50. Determine A, R,
R,rand R'af.
For current-series feedback amplifier using BJT shown in Fig. 6.21(a), Ry = 2 kQ, R, = 1.2 kQ,
R, =22kQ, Iy, =2.2kQ, hy, = 100. Determine GyyAyy, Ry R,pand R .
For current series feedback amplifier using FET shown in Fig. 6.22(a), R, = 1.5 kQ, R; =5k, r;=20kQ, u =40.
Determine Gy Ay Ry, R,pand R .
The circuit of Fig. 6.23(a) has the following parameters: R, = 2 kQ, R, = 1 kQ, R; = 100 Q,
R'=R;=12KkQ, hy, =100, h;, =2.2kQ, and h,, = h,, = 0. Find A}, Ay, Ry R,cand R .
The circuit of Fig. 6.24(a) has the following parameters: R, =2 kQ, R'=20kQ, R, =5k, h;, = 2.2 kQ, h;, = 100,
and h,, = 0. Find Ry, Ay, Ripand Ry,
Explain the main difference between an amplifier and an oscillator.
What are the constituent parts of an oscillator?
State and briefly explain Barkhausen criterion for oscillation.
Describe the construction of phase-shift oscillator and explain its working.
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Derive the expression for the frequency of oscillation and the minimum gain required for sustained oscillations of

the RC phase-shift oscillator.

Why do we need three RC networks for a phase-shift oscillator? Can it be two or four?

What are the merits and demerits of a phase-shift oscillator?

In an RC phase-shift oscillator, if its frequency of oscillation is 955 Hz and R, = R, = Ry = 680 k€2, find the value

of capacitors. [Ans. 100 pF]

Draw the circuit diagram of Wien-bridge oscillator and briefly explain its operation.

In the Wien-bridge oscillator, if the RC network consists of resistors of 200 k€ and the capacitors of 300 pF, find

its frequency of oscillation. [Ans. 2.653 kHz]

A Wien-bridge oscillator has a frequency of 500 kHz. If the value of C is 1000 pF, determine the value of R.
[Ans. 318.3 kQ]

Draw the equivalent circuit of a quartz crystal.

What makes the quartz produce stable oscillations?

A crystal has the following parameters: L = 0.33 H, Cg = 0.065 pF, Cp = 1.0 pF, and R = 5.5 kQ. Find the series

resonant frequency and Q-factor of the crystal. [Ans. 1.09 MHz, 411]

What is the advantageous feature of a crystal oscillator?

What are the factors which affect the frequency stability of an oscillator?

Explain the working of a Miller crystal oscillator.

Show that the gain of Wien-bridge oscillator using BJT amplifier must be at least 3 for the oscillations to occur.

Explain the working of a Pierce crystal oscillator.

. In a positive feedback amplifier, the phase difference between input signal and feedback signal is
(a) 0° (b) 180° (c) 270° (d) 90°

. In a negative feedback amplifier, the bandwidth is given by
(a) BW (1+Ap) (b) BW/ (1 +Ap) (c) BW(I-AP) (d) BW/(1-Ap)

. In a negative feedback amplifier, the stability changes by a factor of
(@ Ap (b A+p (© (1+ApP @ 1-Ap

. A series-derived, shunt-fed feedback amplifier is otherwise called a feedback amplifier.
(a) voltage-series (b) voltage-shunt (¢) current-series (d) current-shunt

. The Nyquist criterion for stability states that an amplifier is unstable if the Nyquist curve encloses the
point.
(a) 1+/0 (b) -1+,0 () 0+,0 (d 0-j1

. The input impedance Z; and the output impedance Z, of an ideal transconductance (voltage controlled—current

source) amplifier are

(@) Z,=0,Z,=0 (b) Z;=0,Zy=00 () Zi=0,7Zy=0 (d) Zi=oo,Zy=00

. In a negative feedback amplifier using voltage series (i.e., voltage sampling, series mixing) feedback,
(a) R;decreases and R, decreases (b) R, decreases and R, increases
(c) R;increases and R decreases (d) R;increases and R increases

(R; and R, denote the input and output resistances respectively)

. Voltage-series feedback (also called series-shunt feedback) results in

(a) increase in both input and output impedances
(b) decrease in both input and output impedances
(c) increase in input impedance and decrease in output impedance.
(d) decrease in input impedance and increase in output impedance.
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9. In a shunt-shunt negative feedback amplifier, as compared to the basic amplifier

10.

11.

12.

13.

14.

15.

16.

(a) both input and output impedances, decrease

(b) input impedance decreases but output impedance increases
(c) input impedance increases but output impedance decreases

(d) both input and output impedances increase

The effect of current-shunt feedback in an amplifier is to
(a) increase the input resistance and decrease the output resistance.

(b) increase both input and output resistances
(c) decrease both input and output resistances

(d) decrease the input resistance and increase the output resistance

Consider the following:

1. Oscillator 2. Emitter follower
Which of these use feedback amplifiers?
(a) land?2 (b) 1and3

3.

(©)

Cascaded amplifier 4. Power amplifier

2 and 4 (d) 3and4

If an amplifier with gain of —1000 and feedback of b = —0.1 has a gain change of 20% due to temperature, then
change in gain of the feedback amplifier would be

() 10% (b) 5%
The feedback amplifier shown in the figure has

>

(©

0.2 % (d) 0.01 %

AW [

i

Fig. 6.40

(a) current-series feedback with large input impedance and large output impedance
(b) voltage-series feedback with large input impedance and low output impedance
(c) voltage-shunt feedback with low input impedance and low output impedance
(d) current-shunt feedback with low input impedance and output impedance

To obtain very high input and output impedances in a feedback amplifier, the amplifier configuration mostly used

is

(a) voltage-series (b) current-series
Negative feedback in an amplifier

(a) reduces gain

(c) reduces bandwidth

(©)

(b)
(d

voltage-shunt (d) current-shunt

increases frequency and phase distortions
increases noise

An amplifier has an open-loop gain of 100, an input impedance of 1 k€2, and an output impedance of 100 Q. A
feedback network with a feedback factor of 0.99 is connected to the amplifier in a voltage series feedback mode.
The new input and output impedances, respectively, are

(a) 10Qand 1Q
(¢) 100kQand 1 Q

(b)
(d)

10 Q and 10 Q
100 k2 and 1 kQ
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17. An amplifier without feedback has a voltage gain of 50, input resistance of 1 k€2 and output resistance of 2.5 k€.
The input resistance of the current-shunt negative feedback amplifier using the above amplifier with a feedback
factor of 0.2 is
(a) 1/11kQ (b) 1/5kQ () 5kQ (d 11kQ

18. The value of 8 and amplification factor with feedback in order of oscillations to occur if A = 40 without feedback
is

(a) 0.025,20 (b) 0.025, () 0,00 (d) 0,20
19. In a common-emitter amplifier, the unbypassed emitter resistance provides

(a) Voltage-shunt feedback (b) Current-series feedback

(c) Voltage-series feedback (d) Current-shunt feedback
20. The essential conditions for sustained oscillation are

(a) |AB|=1and ZAB=0 (b) |AB|<land ZAB=0

(©) |AB|>1and ZAB=0 (d) |AB|<1land ZAB=180°
21. For a stable oscillator, the Barkhausen criterion is

(@) AB=0 (b) |Ap=1

1
(c) -Ap=1 d A=—

7B

22. In an RC phase-shift oscillator, oscillations will occur if the voltage gain of its internal amplifier is

(a) unity (b) less than unity (c) around 3 (d) more than 29

23. In an RC phase-shift oscillator, the frequency of oscillations is
1 1 2r

@ S Tre O el © Tre (@ 27VRC
24. The phase shift of each RC network of an RC phase-shift oscillator is

(a) 60° (b) 90° (c) 180° (d) 360°
25. To generate a 1 kHz signal, the most suitable circuit is

(a) Hartley oscillator (b) Colpitts oscillator

(c) tuned collector oscillator (d) Wien-bridge oscillator
26. The crystal oscillator frequency is very stable due to

(a) rigidity of crystal (b) size of crystal

(c) structure of crystal (d) high Q of the crystal

27. A crystal oscillator is used because
(a) it gives high output voltage
(b) it works at high efficiency
(c) the frequency of oscillations remains substantially constant
(d) itrequires very low dc supply voltage
28. A Wien-bridge oscillator has R = R, = 220 kQ and C; = C, = 250 pF. The frequency of oscillations will be

nearly

(a) 0.89kHz (b) 1.89kHz (c¢) 2.89kHz (d) 3.89kHz
29. The main advantage of using crystal oscillators is

(a) high-frequency stability (b) suitability for low voltages

(¢) high efficiency (d) high output voltage

30. In a piezoelectric crystal oscillator, the oscillation or tuning frequency is linearly proportional to the
(a) mass of the crystal
(b) square root of the mass of the crystal
(c) square of the mass of the crystal
(d) inverse of the square root of the mass of the crystal
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31. Which one of the following oscillators is well suited for the generation of a wide range audio-frequency sine

waves?
(a) RC phase-shift oscillator (b) Wien-bridge oscillator
(c) Colpitts oscillator (d) Harley oscillator

32. The configuration of the Fig. 15.33 is a
R R,

—WW AW

C
R C
Fig. 6.41
(a) precision integrator (b) Hartley oscillator
(c) Butterworth high-pass filter (d) Wien-bridge oscillator

33. For the RC phase-shift oscillator shown in the figure, the frequency of oscillations is

Amp

1 1 1 |
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Probable Values of General

[ants

Constant

Electronic charge

A Physical Cons

Symbol

1.602x 107 C

1 electron volt eV 1.602 x 10~ Joules
Electronic mass m 9.109 x 107" kg
Ratio of charge to mass of an electron gq/m 1.759 x 10" Cl/kg
Planck’s constant h 6.626 x 107 J-s
Boltzmann constant k 8.620 x 107 eV/°K
Velocity of light c 2.998 x 10® m/s
Acceleration of gravity g 9.807 m/s’
Permeability of free space o 1.257 x 10" H/m
Permittivity of free space & 8.854 x 107> F/m

1 joule J 6.25x 10" eV







Conversion Factors

-y and Prefixes

B

Constant Value

1 ampere (A) 1C/s

1 angstrom unit A) 107 m=10"%cm
1 coulomb (C) 1 A-s

1 farad (F) 1C/V

1 henry (H) 1 V-s/A

1 hertz (Hz) 1 cycle/s

1 lumen 0.0016 W (at 0.55 p m)
1 mil 102 inch=25pu m
1 micron lpum= 10°°m

1 newton (N) 1kg= m/s’

1 Volt (V) 1 W/A

1 watt (W) 11J/s

1 weber (Wb) 1V-s

1 weber per square meter (Wb/m?) 10* gauss

1 tesla (T) 1 Wb/m®
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