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Preface

If you are looking for a quick, concise, homework/exam guide, and review book in
Electronic Circuits and Devices, this unique and well-structured Understandable
Electronic Circuits and Devices — Key Concepts is an excellent supplement and con-
venient reference resource. Skip the lengthy and distracting books and instead use
this concise book as a guideline for your studies, quick reviewing, or tutoring. This
book provides a quick, understandable, and effective guide on electronic circuits
and devices.

Key features

As an aid to readers, the book provides some noteworthy features:

e A concise study guide, quickly getting to the heart of each topic, helping readers
with a quick review (or for students before doing homework as well as prepara-
tion for exams).

¢ Clear and easy-to-understand written format and style. Materials are presented in
visual and grayscale format with less text and more outlines, tables, etc.; clearly
presenting information and making studying/reviewing more effective.

o Key terms, properties, phrases, concepts, formulas, etc. are easily located. Clear
step-by-step procedures for applying theorems.

e Summary at the end of each chapter to emphasize the key points, formulas,
figures, etc. in the chapter.

e Self-tests after each chapter will help readers focus on the key principles, com-
plete the connection between theory and practice, and assist readers in the learn-
ing process.

Suitable readers

This book is intended for college/university students, technicians, technologists,
engineers, or any other professionals who require a solid foundation in the basics of
electronic circuits and devices.

It targets an audience of all sectors in the fields of electronics and computer
engineering such as electronics, computer, communications, control and automation,
embedded systems, signal processing, power electronics, industrial instrumentation,
power systems (including renewable energy), electrical apparatus and machines,
nanotechnology, biomedical imaging, information technology, artificial intelligence
and more. It is also suitable for non-electronics readers. It provides readers with the
necessary foundation for electronic circuits and devices in related fields.

To make this book more reader-friendly, the concepts, new terms, laws/rules,
and theorems are explained in an easy-to-understand style. Clear step-by-step proce-
dures for applying methods of electronics theorems make this book easy for readers
to learn electronic circuits and devices themselves.
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Introduction

Why Study Electronic Circuits?

Electronics has enormously shaped the growth of modern society. It is the great
driving force for modern industry and civilization. It dominates the world today
and the people in it.

Our everyday life would be nearly unthinkable without electronics. Electronic
devices and gadgets (such as mobile phone, computer, internet, television,
home office equipment, home entertainment equipment, home appliances, ...)
permeate our daily life to a large extent.

Electronic professionals work at the forefront of electronic technologies, design-
ing and improving the electronic devices and gadgets we use daily. They inno-
vate to meet society’s communication, technology, energy, daily life, etc. needs.
Electronic engineering has made and continues to make incredible contributions
to most aspects of human society — a truth that cannot be neglected. Moreover, it
may have a bigger impact on human civilization in the future.

Since the increase in interest and the rise of computer technology, artificial intel-
ligence, quantum computing, robotics, smart and autonomous systems, etc.,
electronic circuits and devices are playing an important role in the digital age.
When you start reading this book, perhaps you have already chosen the elec-
tronic fields as your professional goal — a wise choice! There are lots of career
opportunities in this field.

Experts forecast that the demand for professionals in this field will have a huge
demand. This is good news for people who have chosen these areas of study
and you will join people at the forefront of technologies and innovations the
elite of the world.

Reading this book or other electronic books is the first step into the electronic
world that will introduce you to the foundation of the professions in these areas.

Applications of electronics

Consumer electronics

— Office gadgets: computer, internet, home office equipment (scanner/printer,
FAX machine), etc.

— Home electronics: outdoor security camera, smart home, robot vacuum
cleaner, smart faucet, home appliances, home entertainment equipment, etc.

— Audio and video systems: mobile phone, tablet, headphone, TV, micro-
phone/loudspeaker, video game console, digital camera, etc.


https://www.pcmag.com/picks/the-best-smart-home-security-systems
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Communication devices

— Infrared devices (remote control, infrared therapy, infrared thermometer,
etc.)

— Network card

— Wi-Fi devices

— Fiber-optic communication devices

— Bluetooth devices

It connects short-range devices to communicate with each other without wires.

— Intelligent virtual assistant (IVA)

— It can perform tasks or services for assisting humans in a variety of tasks like customer
service (such as IT helpdesk, HR, finance, weather, sports, movies, etc.)

— Popular examples: Google Assistant, Cortana, Siri, Alexa, Nina, etc.

Industrial electronics
— Automation and motion control
— Image processing
— Mechatronics and robotics
— Renewable energy applications
— Photo voltaic systems
— Biomechanics
— Motor drive control

Automotive
— Engine control unit
— Transmission electronics
— Passive safety
— Driver assistance
— Entertainment systems
— Intelligent vehicle technologies
— Satellite navigation
The vehicle’s computer system is made up of electronic control units that are accompanied by
many different sensors to control/monitor different areas of the vehicles (engine, transmis-
sion, brake system, communication, safety, etc.).

Military electronics
— Missile launching system
— Alircraft system
— Cockpit controller
— Military radar
— Rocket launchers
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Medical electronic devices

— Magnetic resonance imaging (MRI)
— Blood gas analyzer
— Glucose meter (or monitor)
— Heart monitor
— Infrared and digital thermometer
— Respiration monitor
— Electronic brain wave machine
A device that measures electrical activity in the brain.
— Pacemaker
A small electronic device that’s implanted in the chest to help regulate the heartbeat.
— Defibrillator
It causes electrical shock to heart muscles and brings back the heart to normal working

condition.

Aerospace

— Integrated flight system

— Communication device

— Adequate navigation

— Power supply

— Thermal considerations

— Fuel conservation

— Safety against vibration and shock

Careers in Electronic Engineering

Nowadays, electronics engineering technology is developing so rapidly that
many career options exist for those who have chosen this field.

As long as you have gained a solid foundation in electronics, the training that
most employers provide in their branches will lead you into a brand new profes-
sional career very quickly.

There are many types of jobs for electronic engineering technology. Only a
partial list is as follows:

— Electronics engineer

— Control and automation engineer

— Process and system engineer

— Instrument engineer

— Robotics engineer

— Product engineer

— Field engineer

— Reliability engineer

— Integrated circuits (IC) design engineer
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— Computer engineer

— Power electronics engineer

— Electronic engineering professor/lecturer
— System engineer

— Electronic test engineer/technician

— Solar photovoltaic technician

— Designer and technologist

— Electronics technician

— Equipment maintenance technician

— Calibration/lab technician

— Technical writer for electronic products
— Electronics repair

in the future, so you definitely do not want to miss this good opportunity.
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1.1 Fundamental semiconductor theory

1.1.1  Basic atomic theory

Atomic structure

Atom: the smallest particle of matter (or substance) that has the chemical
properties of that matter.
It means that an atom of water is still water, an atom of oxygen is still oxygen, etc.
Atoms are made up of three parts:
— Proton (p*): a positively charged particle (it has a mass = 1 amu).
Amu: the unit of measurement for atoms or particles.
— Electron (¢): a negatively charged particle (it has a mass = 0).
— Neutron (n): an uncharged (neutral) particle (it has a mass = 1 amu).
A neutral atom has an equal number of electrons and protons.
No. of p"=No. of e
Nucleus (or core): the center core of an atom that contains protons and neutrons.
Electrons in the shells that orbit the nucleus of an atom like planets orbit the sun.
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Figure 1.1 Atoms

Table 1.1 Particle

Particle name Symbol Charge Mass Location
Proton p* Positive + 1 amu Nucleus
Electron e Negative — 0 Orbitals
Neutron n Neutral 1 amu Nucleus
Ion

e Jon: an atom that has gained or lost electron(s). It is an atom in which the num-
ber of electrons is different from the number of protons.
— In a standard neutral atom: No. of electrons = No. of protons
— Inanion: No. of electrons # No. of protons

e Positive ion: a neutral atom /oses an electron.

e Negative ion: a neutral atom gains an electron.

Electrons in an atom exist in shells (or energy levels)

e The closer the electron is to the nucleus, the higher the binding energy it has.
e The farther the electron is to the nucleus, the lower the binding energy it has
(the easier it is to take away from the atom).

Bohr diagram (Bohr model)

e The nucleus is at the center and the electrons are located on different shells.

e Valence clectrons (or free electrons): the electrons in the outmost shell (or
valence shell) of an atom.

@ Nucleus

Electrons
1
2
3 50

po

Figure 1.2 Bohr diagram — an example
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Arrangements of electrons
e  Electrons are located in shells according to rules:

The first shell can only hold two electrons.

The second shell can hold up to (maximum capacity) eight electrons.

The third shell can hold up to 18 electrons.

The fourth shell can hold up to 32 electrons.

The maximum number of electrons in the outmost shell (valence shell)
is 8.

Atoms fill up their electron shells from the inside out (1st, 2nd,...).

Example: The element gold (Au):

Figure 1.3 The element gold

e Octet rule: the tendency of atoms to have eight electrons in the valence shell
(outmost shell).
Every atom wants to have eight valence electrons in its outermost shell to be most stable.

e Atoms that do not have eight electrons in their outer shell will tend to gain or
lose electrons.

e Atoms with more than four valence electrons tend to gain electrons.

e Atoms with less than four valence electrons tend to lose electrons.

Example:

— The element oxygen (O): atomic no. = 8

valence electrons = 6

Oxygen tends to gain two electrons in the valence shell.

— The element sodium (Na): atomic no. = 11

valence electrons = 1

Sodium tends to lose one electron.



Understandable electronic devices

®

1
2 50
po

Figurel. 4 Oxygen Figure 1.5  Sodium

1.1.2  N-type and P-type semiconductors

Semiconductor

Conductor: a material that allows electric current or heat to flow easily (most
metals are good conductors).

Insulator: a material that prevents the flow of electric current or heat (most non-
metals are good insulators).

Semiconductor: a material with electrical conductivity between that of an
insulator and a conductor (it is neither a conductor nor an insulator). It is a
material that allows some current to flow and is used especially in electronic
devices.

The elements silicon and germanium are semiconductors.

The elements silicon (Si) and germanium (Ge) have four valence electrons
which can be shared with neighboring atoms.

Figure 1.6 Silicon Figure 1.7 Germanium

Electron-hole pair

L]

Hole: a hole corresponds to the vacancy created by a free electron in a

semiconductor.

— When an electron breaks away to become free, it leaves a hole in the valence
shell creating an electron-hole pair.

— A hole doesn’t carry any charge, but it is given a positive sign (+).

Electron-hole pair: a missing free electron (—) produces a hole (+).

Example: Think of vehicles in a nearly full parking lot:

— A vehicle = a free electron
— A parking lot = a hole
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Intrinsic and extrinsic semiconductor

¢ Intrinsic (pure) semiconductor: a pure semiconductor material with a number of
holes and electrons are equal, they do not conduct current.

— Intrinsic semiconductor is a predominating semiconductor.

— The number of free electrons and number of holes in the valence shell are
exactly equal.

— Examples of intrinsic semiconductor: silicon and germanium.
They have four valence electrons.

e  Extrinsic (impure) semiconductor: a semiconductor material with an added

impurity semiconductor.

— An extrinsic semiconductor is an impure semiconductor formed by adding
an impurity to a pure semiconductor.

— The number of free electrons and number of holes in the valence shell are
not equal.

N-type and P-type semiconductors
¢ A P-type semiconductor is made by adding trivalent impurity atoms to a pure
semiconductor (creating holes). It has more holes than electrons.
— A trivalent impurity atom has three valence electrons.
Examples of trivalent impurity atoms: gallium (G), aluminium (Al), barium (B), etc.

— In P-type semiconductors

the majority carriers: holes
the minority carriers: free electrons

¢ An N-type semiconductor is made by adding pentavalent impurity atoms to a
pure semiconductor (providing free electrons). It has more free electrons than
holes.

— A pentavalent impurity atom has five valence electrons.
Examples of pentavalent impurity atoms: phosphorus (P), arsenic (As), bismuth (Bi), etc.

— In N-type semiconductors:

the majority carriers: free electrons
the minority carriers: holes

o

Figure 1.8  Aluminium Figure 1.9 Bismuth
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Doping

The process of adding impurities to an intrinsic semiconductor to control its
conductivity.

As doping increases (number of impurity increase), the conductivity of a
semiconductor also increases.

Adding impurity in P-type semiconductors increases more holes.

Adding impurity in N-type semiconductors increases more free electrons.

1.1.3.  Depletion layer

P—N junction and depletion layer

P-N junction: when two semiconductor materials (N-type and P-type) are

joined together, a P-N junction is formed between the two regions.

A P—N junction is the border between N-type and P-type materials.

Depletion layer: a region adjacent to the P-N junction containing no mobile

charge carries.

— The depletion layer is also called the depletion region, junction region,
depletion zone, space charge region, space charge layer, etc.

— The depletion layer acts like a barrier that opposes the flow of electrons from
N-side and holes from P-side.

o0 |-+ see
coo | _|,| eee
cCoo see
coo |-+ -..l
P |-|+| N

-

Figure 1.10  Depletion layer

The depletion layer is formed by ionization

When the P-N junction is formed, the free electrons in the N side will diffuse
(spread) across the junction, into the P side and holes in the P side will diffuse
toward the N side.

_ The N side free electrons diffuse into » the P side

— The N side <« holes diffuse into the P side

Once an electron enters the P side, it combines with a hole within the P side,
thus leaving a positive charge in the N side (+ion) and similarly leaving a nega-
tive charge in the P side (— ion).

— N side: positive charge (+ ion) left.
— P side: negative charge (— ion) left.
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Gain an electron and Lose an electron and
becomes a —ion. becomes a +ion.

Figure 1.11  lonization

A potential barrier created in a P-N junction

The depletion layer acts as a barrier to the further movement of electrons and
holes across the junction.

The negative ions repel electrons from the N side of the junction.

The positive ions repel holes from the P side of the junction.

1.2 Bias

1.2.1 Forward and reverse bias

Barrier potential

Barrier potential (¥,) of a P-N junction: the inherent internal voltage (built-in

junction potential) across the depletion layer.

— Because of the positive and negative ions in the depletion layer, an electric
field formed in the depletion layer (it acts as a barrier).

— Barrier potential is a region in which charges (electrons and holes) are
stopped by an obstructive force.

Barrier potential of a P-N junction depends on the type of semiconductor mate-

rial and temperature.

— The typical barrier potential is approximately 0.7 V for silicon and 0.3 V for
germanium at 25°C.

- Silicon (Si): ¥, = 0.7V,  Germanium (Ge): V', =03V

Biasing voltage: a DC voltage applied to a P-N junction to make it either con-

duct or block current.

— Although the barrier potential (V) is an internal potential difference that
cannot be measured directly, its effect can be overcome by applying an
external voltage — a bias voltage.

— An external energy (or external voltage) required to overcome the barrier
(move the charges through the electric field).

Forward bias

Forward bias (+V,, ): when the external voltage is applied across the P-N
junction in such a way that allows current pass through a junction.
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In a forward bias setup, the positive terminal of the DC power supply is con-

nected to the P side, and negative terminal of battery is connected to the N side.

— At the N side of the P-N junction: an electron leaves the negative terminal
of the DC power supply and enters the N side to fill a hole at the junction.

electrons L» holes

— At the P side of the P-N junction: a hole in the positive terminal of the DC
power supply combines with an electron on the N side of the junction.

combine
holes ———» electrons

p-type n-type
silicon silicon

positive terminal negative terminal

Figure 1.12  Forward bias

The effect of forward biasing on the depletion layer

When a forward bias voltage (+V,, ) is applied to the P-N junction: electrons
on the N side are pushed and entered the depletion region, the positive ion is
neutralized, and the width of the region is reduced. Similarly for holes in the P
side. Then the P—N junction is in turn on condition, i.e. the depletion layer is
diminished.

— The positive side of +V,, pushes holes.

— The negative side of +V,, pushes electrons.

The width of the depletion layer decreases with an increase in the forward bias
voltage (+V,, ).

Ve T depletion layer l

The width of the depletion layer increases with a decrease in the forward bias
voltage.

+w. > depletion layer T

bias

When the forward bias voltage (+V,, ) is equal to the barrier potential voltage
(V,), the depletion layer disappeared, the current / will increase greatly.

+V,.. =V, — depletion layer disappeared — / ™

bias
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Reverse bias

»  Reverse bias (-V,, ): when the external voltage is applied across the P-N junc-
tion in such a way that blocks the current through a junction.

¢ Inareverse bias setup, the negative terminal of the battery is connected to the P
side, and the positive terminal of the battery is connected to the N side.

e At the P side of the P-N junction: an electron leaves the negative terminal of
the DC power supply enters the P side to fill a hole at the junction, leaving more
positive ions.

Electrons — 1 » holes

e At the N side of the P-N junction: a hole from the positive terminal of the DC
power supply enters the N side to combine with an electron at the junction,
leaving more negative ions. The width of the depletion layer is increased.

combine
holes ————— electrons

p-type n-type
silicon silicon

: S— 5 :
negative terminal |posmve terminal

Figure 1.13  Reverse bias
1.2.2  Reverse breakdown

The effect of reverse bias on the depletion layer
e The width of the depletion layer decreases with decrease in the reverse bias

voltage (V. ).
RN depletion layer !

bias

e The width of the depletion layer increases with increase in the reverse voltage
(-V,,.), and the current would be greatly decreased.

ias

V. T depletion layer Tl

bias

Forward bias vs. reverse bias

e Forward bias: the negative voltage on the N side promotes the diffusion of
electrons by decreasing the width of depletion layer (higher current).
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Forward bias permits majority carrier current (electrons in N-type material or holes in P-type
material) through the P-N junction.

Reverse bias: the positive voltage on the N side reduces the diffusion of electrons
by increasing the width of depletion layer (lower current).

Reverse bias prevents majority carrier current through the P-N junction.

Majority carriers and minority carriers

Majority carriers: electrons in N-type semiconductor and holes in P-type
semiconductor.

Minority carriers: holes in N-type semiconductor and electrons in P-type
semiconductor.

Minority carriers provide the small reverse current.

— The P-type semiconductor has a few minority electrons.

— The N-type semiconductor has a few minority holes.

Reverse bias permits minority carrier current and prevents majority carrier cur-
rent through the P-N junction.

Forward bias permits majority carrier current and prevents minority carrier cur-
rent through the P-N junction.

Reverse current (leakage current)

L]

Reverse current (/,): a small current in the depletion region because of minority

carries (small and can be neglected).

Reverse current is small and can be neglected because there are few minority

carriers in the P-N junction.

— The negative side of the bias voltage (¥, ) pushes electrons into the deple-
tion region.

— The positive side of the bias voltage (V,, ) pushes holes into the depletion
region and a small reverse (leakage) current result.

Reverse breakdown

Reverse breakdown: when a reverse bias voltage V, is increased to the break-
down voltage, reverse current /, sharply increases and causes a P-N junction to
break down (it conducts in the reverse direction).

Ve TT > PN Jjunction breaks down — I, ™

Reverse breakdown voltage (V,,): the amount of reverse bias voltage that will
make the P-N junction break down and the rapid increase of the current under
reverse bias.

The cause of reverse breakdown

L]

When reverse bias voltage V, is increased, the high reverse bias voltage exerts
a force on the minority electrons at the P side of the P-N junction.

The minority electrons speed through the P side and collide with other neigh-
boring atoms and knock their valence electrons out of the outmost shell.
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e More and more valance electrons are freed; they have enough energy to go
through the N side rather than combining with holes in the depletion region.

e This causes a large current to flow, and it increases rapidly with an increase in
reverse bias voltage. The result is that the P-N junction is destroyed by the heat
that is produced.

This is known as avalanche breakdown.

Ve ™ > minority electrons accelerate — collide with neighboring atoms

- knock valence electrons out of outmost shell - numbers multiply

— avalanche — [, ™ > heat!’T - PN junction is damaged

1.2.3 1=V characteristic curve of a PN junction

I-V characteristic curve

e The -V characteristic curve of P-N Junction is a graph showing the current
flow measured at different given voltages (a nonlinear curve).

e The values of voltage are on the x-axis, and the values of current are on the
y-axis.
The voltage is independent, and the current is dependent on the voltage.

Figure 1.14 1=V curve

I-V characteristic curve in forward bias

e When the P-N junction is forward biased, forward current (/,) increases expo-
nentially with increasing forward bias voltage (V).

e When a forward bias voltage (V) is below the barrier potential (V), the forward
current (/) is very close to zero.

Ve<V,:1,=0

e When the forward voltage equals or exceeds the barrier potential (/), the for-

ward current (/) sharply increases.

V.2V, 11T

For ward

Figure 1.15  Forward bias curve
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The barrier potential for silicon and germanium

Silicon: the barrier potential is approximately 0.7 V for silicon (Si).
For Si: V,= 0.7V

Germanium: the barrier potential is approximately 0.3 V for germanium (Ge).
For Ge: V,=0.3V

Most P-N junctions are made of silicon because:

— less cost (greater abundance).

— peak inverse voltage of silicon is greater than germanium.

— withstand excessive heat.

— has fewer free electrons than germanium at room temperature.

I-V characteristic curve in reverse bias

When the P-N junction is reverse biased, reverse current (/,) increases expo-
nentially with an increasing reverse bias voltage (V).

When a reverse bias voltage (V) is below the reverse breakdown voltage (V,),
reverse current (/) is very close to zero.

Ve<Vi: 1, =0

When the reverse voltage equals or exceeds the reverse breakdown voltage
(V4p)» the reverse current (—/,) sharply increases.

vexv, 1, TT

Breakdown: Reverse

Figure 1.16 Reverse bias curve

Temperature effects on the -V curve

An increased temperature of the P-N junction will help to increase the velocity

of holes and electrons and thus results in increase in the flow of current.

The above phenomenon applies both to forward and reverse current.

Temperature and current:

— Forward bias: increase in temperature causes an increase in forwarding cur-
rent (1,).

temperature T IFT
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— Reverse bias: increase in temperature causes an increase in reverse current
1)

temperature T -1, T

1.3 Diodes

1.3.1 Introduction to diodes

The diode
e Diode: a two-terminal semiconductor component (a P-N junction device) that
conducts current in only one direction.
e Diode structure: a diode is formed when an N-type and a P-type semiconductor
material are joined together.
— The P side of the P-N junction called the anode (positive terminal):
P =anode
— The N side of the P-N junction called the cathode (negative terminal):

N = cathode
D:'EYDE n-type
Anode sllicon sficofl Cathode
Anode [ : | Cathode

Figure 1.17  Diode

e Diode symbol:

Anode H Cathode
Figure 1.18 Diode symbol

Forward/reverse bias connection
e Forward bias connection: the positive terminal of the DC power supply is con-
nected to the anode, and the negative terminal is connected to the cathode.

Figure 1.19 Forward bias connection
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e Reverse bias connection: the negative terminal of the DC power supply is con-
nected to the anode, and the positive terminal is connected to the cathode.

Types of diodes

¢ The most common types of diodes are shown in Figure 1.20.

e The cathode of the diode is usually indicated on a real diode by a wide band, a
tab, etc.

Figure 1.20 Types of diodes

Anode Cathode
(+) DI (=i

)
D

Figure 1.21  The cathode of the diode

1.3.2  Ideal diodes

Ideal diodes

e Ideal diode: a diode that conducts current immediately in forwarding bias and
no conduction immediately in reverse bias.

e An ideal diode is a theoretical approximation diode used to solve practical
problems.

e An ideal diode functions like an intelligent switch that closes to (on) allow
current /. flow when in the forward bias, when reverse biased, it acts like an
open switch (off) to prevent current (—/,) flow.
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¢ Anideal diode = a switch
— Forward bias (FB) — switch on — I T
— Reverse bias (RB) — switch off — —1. 1 =0

Figure .22 An ideal diode

Characteristics of the ideal diode
e When forward biased (switch on): the ideal diode has infinite forward current /..
It implies that it possesses zero resistance and zero voltage.
FB — switchon— [ 11 = e — R_=0, V=0 (closed circuit) R |- ILT

e When reverse biased (switch off): the ideal diode has zero current. It implies
that it possesses infinite resistance and infinite voltage.

RB — switch off — —/, W=0- R, = o, V, =0 (open circuit) /= RI—¢

poy
—a | o—— 5 o—
— —iKl—
(a) (b)

Figure 1.23  (a) Switch on (b) Switch off

Open and closed circuits

e An ideal diode acts as a closed circuit when it is forward biased (the
“on” state of the diode).

e An ideal diode acts as an open circuit when it is reverse biased (the
“off” state of the diode).
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Figure 1.24  Open and closed circuits

Breakdown voltage and leakage current of the ideal diode

Breakdown voltage: an ideal diode does not have a reverse breakdown voltage.
The ideal diode does not conduct during reverse bias, so has no possibility of breaking down.
Reverse leakage current: an ideal diode has zero reverse leakage current in
reverse bias condition.

The ideal diode does not conduct during reverse bias.

1.3.3  Real (practical) diodes

The real diode

L]

When forward biased: a real diode still acts as a switch when forward biased,
but the voltage required to operate this switch is a forward voltage V', — barrier
potential (Si: V., = 0.7 V; Ge: V.= 0.3 V).
No current will flow until the voltage applied to the diode exceeds its barrier potential —
threshold voltage (0.7 V for Si and 0.3 V for Ge).

When reverse biased: a real diode is still considered to be an open switch when

reverse biased but has a small reverse leakage current.
Reverse current (/,): a small current in the depletion region because of minority carries cur-

rent (it is small and can be neglected).

Figure 1.25 1=V curve of a real diode

Breakdown voltage and leakage current of the real diode

Breakdown voltage: a real diode has a reverse breakdown voltage.
Reverse leakage current: the real diode has a small reverse leakage current in
reverse bias condition.
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Real diodes vs. ideal diodes
¢ Ideal diode
— An ideal diode acts like a perfect conductor (short circuit — has zero voltage
drops across its junction) when it is forward biased.
— Anideal diode acts like a perfect insulator (open circuit — draws no current)
when it is reverse biased.
¢ Real (practical) diode
— A practical diode cannot act like a perfect conductor and a perfect insulator.
— There is a small voltage drop (barrier potential) across the diode when it is for-
ward biased and draws a very small leakage current when it is reverse biased.
— The small leakage current increases with temperature and reverse voltage.

Table 1.2 Real diodes vs. ideal diodes

Ideal diode

It cannot act as a perfect conductor/insulator. | It acts as a perfect conductor/insulator.

Real (practical) diode

It has small leakage current when reverse It has no leakage current when reverse
biased. biased.

It has low voltage drops across its junction
when forward biased (Si= 0.7 V;
Ge=0.3V).

It can be manufactured.

It has zero voltage drops across its junction
when forward biased.

It cannot be made.

Summary

Atomic structure
Table 1.3  Particle

Particle name Symbol Charge Mass Location
Proton P Positive + 1 amu Nucleus
Electron e Negative — 0 Orbitals
Neutron n Neutral 1 amu Nucleus
Ton

e Jon: an atom that has gained or lost electron(s).
e Positive ion: a neutral atom /oses an electron.
e Negative ion: a neutral atom gains an electron.

Bohr diagram (Bohr model)

e  The nucleus is at the center, and the electrons are located on different shells.

e Valence electrons (or free electrons): the electrons in the outmost shell (or
valence shell) of an atom.
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Arrangements of electrons
e  Electrons are located in shells according to rules:
— The first shell can only hold two electrons.
The second shell can hold up to (maximum capacity) eight electrons.
The third shell can hold up to 18 electrons.
— The fourth shell can hold up to 32 electrons.

— The maximum number of electrons in the outmost shell (valence shell) is 8.
¢ Octet rule: the tendency of atoms to have eight electrons in the valence shell
(outmost shell).
¢ Atoms that do not have eight electrons in their outer shell will tend to gain or
lose electrons.

Semiconductor

e Semiconductor: a material with electrical conductivity between that of an insu-
lator and a conductor.

e The elements silicon (Si) and germanium (Ge) are semiconductors and have
four valence electrons which can be shared with neighboring atoms.

Electron-hole pair

¢ Hole (+): a hole corresponds to the vacancy created by a free electron in a
semiconductor.

¢  Electron-hole pair: a missing free electron (—) produces a hole (+).

Intrinsic and extrinsic semiconductor

¢ Intrinsic (pure) semiconductor: a pure semiconductor material with a number of
holes and electrons are equal, they do not conduct current (such as silicon and
germanium).

e  Extrinsic (impure) semiconductor: a semiconductor material with an added
impurity semiconductor.

N-type and P-type semiconductors

e P-type semiconductor is made by adding trivalent impurity atoms to a pure
semiconductor, It has more holes than electrons.

e N-type semiconductor is made by adding pentavalent impurity atoms to a pure
semiconductor. It has more free electrons than holes.

e Doping: the process of adding impurities to an intrinsic semiconductor to con-
trol its conductivity.

P-N junction and depletion layer

e P-N junction: when two semiconductor materials (N-type and P-type) are
joined together, a P-N junction is formed between the two regions.

e Depletion layer: a region adjacent to the P-N junction containing no mobile
charge carries.
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e The depletion layer acts as a barrier to the further movement of electrons and
holes across the junction.

e The negative ions repel electrons from the N side of the junction.

e The positive ions repel holes from the P side of the junction.

Barrier potential

e Barrier potential (V) of a P-N junction: the inherent internal voltage across the
depletion layer.

Silicon (Si): V,= 0.7V Germanium (Ge): V=03V

¢ Biasing voltage: a DC voltage applied to a P-N junction to make it either con-
duct or block current.

Forward bias

e Forward bias (+V,;, ): when the external voltage is applied across the P-N junc-
tion in such a way that allows current pass through a junction.

¢ In a forward bias setup, the positive terminal of the DC power supply is con-
nected to the P side, and negative terminal of battery is connected to the N side.

o 4V

bias

o+ l - depletion layer T
e+l =V, — depletion layer disappeared — / ™

bias

T depletion layer )

Reverse bias

*  Reverse bias (-V,, ): when the external voltage is applied across the P-N junc-
tion in such a way that blocks the current through a junction.

¢ Inareverse bias setup, the negative terminal of the battery is connected to the P
side, and the positive terminal of the battery is connected to the N side.

e V.l depletion layer |

bias
e v T5 depletion layer Tl

bias

Majority carriers and minority carriers

e Majority carriers: electrons in N-type semiconductor and holes in P-type
semiconductor.

e Minority carriers: holes in N-type semiconductor and electrons in P-type
semiconductor.

e Minority carriers provide the small reverse current.

¢ Reverse bias permits minority carrier current and prevents majority carrier cur-
rent through the P-N junction.

e  Forward bias permits majority carrier current and prevents minority carrier cur-
rent through the P-N junction.

Reverse current (leakage current)

e Reverse current (/,): a small current in the depletion region because of minority
carries.

e Reverse current is small and can be neglected.
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Reverse breakdown
e Reverse breakdown:

Ve T - PN junction breaks down — I, ™

e Reverse breakdown voltage (V,,): the amount of reverse bias voltage that will
make the P-N junction break down and the rapid increase of the current under
reverse bias.

I-V characteristic curve
e  The -V characteristic curve of P-N Junction:

Figure 1.26 1-V curve

I-V characteristic curve in forward bias
e  When Ve<Vy:1,=0
e When V.2V, I ™

I-V characteristic curve in reverse bias
e  When VR<VBR:IRz0
e When V., >V, -1 TT

Temperature effects on the /-V curve
¢  Forward bias: temperature T 1, T

e Reverse bias: temperature T —1, T

The diode
e Diode: a two-terminal semiconductor component (a P-N junction device) that
conducts current in only one direction.

e Diode symbol:
Anode u Cathode

Figure 1.27  Diode symbol
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Table 1.4 Real diodes vs. ideal diodes

Real (practical) diode Ideal diode

It cannot act as a perfect conductor/insulator. It acts as a perfect conductor/insulator.
It has small leakage current when reverse It has no leakage current when reverse
biased. biased.

It has low voltage drops across its junction It has zero voltage drops across its
when forward biased (Si= 0.7 V; Ge = 0.3 V). | junction when forward biased.

It can be manufactured. It cannot be made.

Self-test

L1 1. A( ) is a positively charged particle.

2. Inanion: No. of electrons # No. of ( )

3. Atoms that do not have ( ) electrons in their outer shell will tend to gain
or lose electron(s).

4. The third shell can hold up to ( ) electrons.

5. The elements silicon and germanium have ( ) valence electrons which
can be shared with neighboring atoms.

6. An N-type semiconductor is made by adding pentavalent impurity atoms to
a pure ( ). It has more free electrons than holes.

7. The barrier potential of a P-N junction is the inherent internal voltage
across the ( ) layer.

1.2 8. The biasing voltage is a ( ) voltage applied to a P-N junction to make
it either conduct or block current.

9. The width of the layer decreases with an ( ) in the forward bias
voltage.

10. Ina ( ) bias setup, the positive terminal of the DC power supply is
connected to the P side, and negative terminal of battery is connected to the
N side.

11. The barrier potential is approximately ( ) V for germanium.

12. Increase in temperature causes an ( ) in reverse current /.

1.3 13. The N side of the P-N junction is called the ( ).

14. Reverse bias connection: the negative terminal of the DC power sup-
ply is connected to the anode, and the positive terminal is connected to
the ( ).

15. The ( ) of the diode is usually indicated on a real diode by a wide
band, a tab, etc.

16. An ideal diode acts as an open circuit when it is ( ) biased.

17. There is a small voltage drop (barrier potential) across the diode when it is

( ) biased.
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Types of diodes and their applications
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2.1 Zener diode and its applications

2.1.1 Diodes classification
Types of diodes

Recall — diode: a two-terminal semiconductor component (a P-N junction
device) that conducts current in only one direction.

Types of diodes: there are different types of diodes that are available for use in
electronics. Diodes are classified according to their characteristics. Following
are some of the types of diodes:

— Zener diode

— Light-emitting diode (LED)

— Photodiode

— Varicap (varactor) diode

— Laser diode

— Schottky diode

— Gunn diode

— PIN diode

— BARITT diode

— Tunnel diode
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Overview of different types of diodes

Zener diode: a diode designed in such a way that it can work in the reverse
breakdown region (a highly doped diode).

—+ =4

Figure 2.1 (a) Zener diode symbol Figure 2.1 (b) A Zener diode

LED: a diode that emits visible light when current passes through it. It operates
in forwarding bias condition.

e &

Figure 2.2 LED

Photodiode: a light-sensitive diode that conducts current when a certain amount
of light falls on it. It operates in reverse bias condition.

Figure 2.3 Photodiode

Varicap diode (varactor diode): a diode whose internal capacitance varies with
the variation of the reverse voltage. (It acts as a variable capacitor for giving the

preferred capacitance changes.)
ﬂ n

Figure 2.4 Varicap diode

Laser diode (injection laser or diode laser): a diode that generates laser light
(coherent light) of high intensity.

Coherent light: a beam of photons that have the same frequency and phase (laser beam is
coherent).

—

Figure 2.5  Laser diode

Schottky diode (Schottky barrier diode): a diode that has a very fast switching
time and a low forward voltage drop.
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Figure 2.6 Schottky diode

BARITT diode (barrier injected transit-time diode): a high-frequency diode
used for generating microwave signals. It uses thermionic emission (minor-
ity carrier injection from forward-biased (FB) junctions) rather than avalanche
multiplication.

The BARITT diode consists of two back-to-back diodes.

Rade Mty Inbvared  Valids  Umavislel  Xoey  Oamma rey
Figure 2.7 Microwave

Gunn diode: a high-frequency semiconductor component used for generating
microwave signals. It has two terminals and formed by only N-type material
(not a diode in the form of a P-N junction).

g |

_N_

Figure 2.8 (a) Gunn diode Figure 2.8 (b) Gunn diode symbol

i

PIN diode: a special diode that has a layer of intrinsic semiconductor (no dop-
ing) that is sandwiched between a P-and an N-type semiconductor material.

S0 KNS

Figure 2.9  PIN diode

Tunnel diode: a heavily doped diode that exhibits negative resistance, meaning
the current decreases as the voltage increases. It works on the principle of the
tunneling effect.

Tunneling effect: the ability of electrons to pass a barrier even though usually shouldn’t be
able to pass.

ANODE

Figure 2.10 (a) Tunnel diode Figure 2.10 (b)  Tunnel diode symbol
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2.1.2  Zener diodes

Introduction to Zener diode

L]

Zener diode: a diode designed in such a way that it can work in the reverse

break down region (a highly doped diode).

Clarence Melvin Zener (1905-1993): an American physicist who discovered the Zener effect

(a breakdown occurs in a reverse-biased P-N junction).

Normal diode vs. Zener diode:

— Normal diodes cannot operate in the reverse breakdown region, the diode
would be destroyed if the reverse voltage V', equals or exceeds the reverse
breakdown voltage V, (the reverse current /, will be sharply increased).

I/R 2 VHR - [R TT

— Zener diode is designed to work in the reverse breakdown region without
damage it.

The symbol of the Zener diode:

— The symbol for a regular diode has a straight line representing the cathode.

— The symbol for a Zener diode has a bent line that represents the —
letter Z (for Zener). 3=

The reverse bias of a Zener diode

L]

The reverse bias of a Zener diode: the negative terminal of the power supply
is connected to the anode of the Zener diode, and the positive terminal is con-
nected to the cathode.

R
—0

Vi, Z

x

0

Figure 2.11  Zener diode circuit

When the Zener voltage V), is exceeded and the Zener diode is operating in the
Zener region, the voltage across the Zener diode stays constant even with the
changing current.

In the Zener region: /; - I_/:

The Zener breakdown

The avalanche breakdown occurs because of the ionization of free electrons and
hole pairs.
Ve TT —» minority electrons accelerate —» collide with neighboring
atoms —» knock valence electrons out of outermost shell ——»
numbers multiply ——» avalanche —» [, ™
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The Zener breakdown occurs because of the heavy doping in the P-N junction.
Recall doping: the process of adding impurities to an intrinsic semiconductor to control its
conductivity.

— A heavily doped P-N junction diode has a much narrower depletion layer.

Heavy doping — narrow depletion layer — I, ™

— As aresult, it takes little reverse bias voltage to cause the diode to go into
breakdown.

Zener voltage

Zener voltage (V,): the amount of reverse bias voltage that will make the
P—N junction break down and allow the Zener diode to conduct in the reverse
direction.

Zener breakdown occurs with low Zener voltage V, ratings (V, < 5V).
Avalanche breakdown occurs at a higher value of Zener voltage ¥, than does
Zener breakdown (V, > 5V).

Breakdown characteristics

The Zener knee current (/) or minimum current (Iz(min)) is the turning point
(knee point) of the Zener diode into a breakdown. It is the minimum reverse
current required to maintain constant breakdown voltage.

I,must>1, (or L .)

At the knee point, the breakdown effect begins.

/¥ e —
l W
03-07v
“Zener" Breakdown
Region
I, — -
Y Reverse
Constant Current
Zener Vollage -1g

Figure 2.12  Zener diode circuit

Maximum Zener current (IZ(MaX)): the maximum allowable amount of current
that can pass through the Zener diode without damaging it.

Zener test current (/,,): the current value to ensure good Zener voltage V, regu-
lation. ¥, is determined at this current level.

Zener regulation
Zener diodes are mainly used as a voltage regulator to produce a stable output
voltage.

The Zener voltage V,is approximately the constant when current 7, is between
the maximum Zener current 7, and the Zener knee current /.
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L, <I,<I, — V, ~constant

e The Zener diode continues to regulate the voltage until 7, reaches the Zener
knee current 7, (or /. i n)) If I,<1I, — out of regulation.

Equivalent circuit for Zener diode

e Zener equivalent circuit: a Zener diode acts like a battery in the breakdown
region.

¢ Equivalent circuit of an ideal Zener diode: an ideal Zener diode can be replaced
by a voltage source.

¢ Equivalent circuit of a practical Zener diode: an actual Zener diode can be
replaced by a voltage source in series with a resistor.

1
~ T A ~ Ilz

Figure 2.13 (a) Ideal Zener diode  Figure 2.13 (b) Practical Zener diode

e Zener impedance: the equivalent series impedance of a practical Zener diode.

7 AV, AV,
Z Al I -1

z Zr Zk

I, — Zener test current; [, — Zener knee current

— AV, asmall change of Zener voltage.
— AL asmall change of Zener current.

Example: Determine the Zener impedance of a practical Zener diode if the Zener
voltage changes from 35 mV to 90 mV, and the Zener current changes from 9 mA
(1) to 14 mA (7).

S _ AV, _(90-35)mV _s55my

©1,-1, (14-9)mA  SmA e

Example: A Zener diode has a resistor of 6 . Determine the voltage across the
Zener diode (Zener terminals) when the current is 18 mA and the voltage V,is 9 V.

V=9V + (18 mA) (6 Q)
=9V+108mV Milli: 1073
=117V
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o

Figure 2.14  Practical Zener diode — an example

2.1.3  Zener diode as a voltage shifter and a clipper

Main applications of Zener diodes:
e Voltage regulator

e Clipper

e Voltage shifter

Overview of different applications of Zener diodes

e Voltage shifter (level shifter): a circuit used to convert voltage from one level to
another (allowing different voltage requirements).

e Clipper (Zener limiter): a circuit that can clip, limit, or cut off an input wave-
form to prevent the output waveform beyond a determined value.

e Voltage regulator: a circuit is used to regulate the output voltage level into a
lower, fixed level that remains constant for any changes in load or input voltage.

Zener diode as a voltage shifter

e Voltage shifter (level shifter): a circuit used to convert voltage from one level
to another.

e A Zener diode with a resistor can act as a voltage shifter. It has the ability to
maintain a lower steady output voltage to the Zener diode’s breakdown voltage.

Example: A typical Zener voltage shifter circuit (from 5 V to 3.3 V voltage

level-shifting).

— Use a Zener diode that has a breakdown voltage of 3.3 V.

— If the input voltage ¥, for the circuit is 5 V, then the output voltage V_ for this
circuit will be 3.3 V.

V=5V
V. .= 3.3V (Zener breakdown voltage)

Figure 2.15  Zener voltage shifter circuit
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Zener diode as a clipper (Zener limiter)
¢ Introduction to the clipper

— Clipper (Zener limiter): a circuit that can clip, limit, or cut off an input wave-
form to prevent the output waveform beyond a determined value.

— A clipper is the circuit that can limit positive or negative (or both) amplitude
of the input waveform to the desired output level.

— A single Zener diode can limit one side of a sinusoidal waveform to
the Zener voltage while clamping the other side to near zero (0.7 V for
silicon or 0.3 V for germanium).

— With two Zener diodes in series (facing each other), the output waveform
can be limited to the Zener voltage on both polarities.

Waveform clippers can also be used to prevent voltage spikes from affecting circuits that
are connected to the power supply.
¢ Three ways to limit waveform

— Positive limiter: the positive peak of input sinusoidal voltage will be limited

to the selected output Zener voltage.

R

0.7v
Output Waveform

Figure 2.16  Positive limiter

(+) cycle: the output voltage V',  equals the Zener voltage V.
V.=V,

out

(-) cycle: the Zener diode acts as an FB diode and the output voltage
V.18 =0.7 V for silicon and —0.3 V for germanium.

oul

V. .=-07V(SiorV =-03V(Ge) Zener diode = FB diode

out

— Negative limiter: the negative peak of input sinusoidal voltage will be limited.

R

Figure 2.17  Negative limiter

(+) cycle: the output voltage V_ is 0.7 V for silicon and 0.3 V for germanium.

V =0.7V (Si)or Vout= 0.3V (Ge) Zener diode = FB diode

out


https://en.wikipedia.org/wiki/Clipper_(electronics)
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(-) cycle: the output voltage V_  equals the negative Zener voltage (—V).
V ==V

out Z

— Back-to-back Zener limiter: with two opposing Zener diodes, the input sinu-
soidal waveform can be clipped to the Zener voltage on both polarities.

Figure 2.18  Back-to-back Zener limiter

(+) cycle:
O Zenerdiode D: ¥V =0.7V (Si)or V_,

Zener diode = FB diode

=0.3V (Ge)

O Zener diode D, : the output voltage ¥,  equals the Zener voltage V.
14 V.

o2~ " 72

O Total output voltage: ¥ =V,+0.7V (Si)or ¥ =V,+0.3 V (Ge)

(-) cycle:
O Zenerdiode D:V  =-0.7V (Si)orV  =-03V
Zener diode = FB diode
O Zener diode D,: the output voltage V_  equals the negative Zener
voltage V,.

-V

0ut2: 72
O Total output voltage: V| =-V,+ (0.7 V) =-V,-0.7 V (Si)
V. .=-V,+(=03V)=-V,-03V (Ge)

out

2.1.4 Zener diode as a voltage regulator

Introduction to voltage regulator

Voltage regulator: a device designed to automatically maintain a stable output
voltage despite variations in the input signal or load.

Zener diodes are widely used as voltage regulators because of their reverse bias
characteristics. In the reverse breakdown region, the voltage across the Zener
diode (V) is close to constant over a wide range of currents.

Zener voltage regulator circuit:

Because of the low impedance of the Zener diode, a resistor R is used to limit the current
through the circuit.
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Figure 2.19  Voltage regulator

Line regulation

¢ Line regulation: the ability of a voltage regulator to maintain the output voltage
V. level with a varying input voltage V, .

e If the input voltage varies, the current in the circuit will change, consequently
the voltage across the resistor will change, but the constant Zener diode voltage
will maintain the output Voltage V. ataconstant level.

/V’—>/I/1> —>V = m

. . — —
— If the input voltage increases: V| T5I1T>ITR> v,=v.,
. - —
— Ifthe input voltage decreases: V| losilsilr-s v,=V .

Example: A voltage regulator in Figure 2.19 with a 5.6 V Zener diode at a Zener
knee current (7, ) of 1 mA, Zener maximum current (7, ) of 162 mA, Zener test cur-
rent (/,,) of 45 mA, Zener impedance of 5 €, and resistor R of 80 €2. Determine the
input voltages range (the minimum and maximum voltage) for the circuit that can
be regulated.

— Given: V,=56V, [, =1mA, [, =162 mA, [, =45mA, Z,=5 Q, and

> TZK
R=280 Q
- Flnd Vm(mm) Vin(mm) ] R+ Vout
in(max): in(max)_[ R+ Vout

I, — the Zener knee current (minimum reverse current)

I, — the maximum Zener current

Vi mmand Vo — the minimum and maximum input voltage
Solution:
V.=V,—AV,
out
AV, ; R
AV,=,-1,)2,, Z,= I ‘[ s AV, — a small change of Zener voltage
T Zk

V. =V,~AV,=V,~U,~1.)7Z,

out

=5.6V-(45mA—1mA)(5Q)
=5.6V-220 mV = 5,600 mV — 220 mV = 5,380 mV
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=L, R+V =(1mA)(80Q)+5380mV=5460mV =546V
Milli: 1073
=1, R+V =(162mA) (80 Q)+5380 mV=18340mV =18.34V

in (min)

in (max)

Load regulation

¢ Load regulation: the ability of a voltage regulator to maintain the output voltage
V. level with a varying load.

o Ifthe load resistor varies, the load current will change, consequently the current
in the Zener diode branch will change, but the steady Zener diode voltage will
maintain the output voltage V/ at a constant level.

- —
RIS F S5V, =V,
. . — —_—>
— If the load resistance increases: RLT =1 |1 T> V,=V_,
. - —
— If the load resistance decreases: R | — 1, T Ll->V,=V

R
v 1“& %‘

Figure 2.20 Load regulation

Example: The voltage regulator in Figure 2.20 with a 9.1 V Zener diode at a Zener
knee current (7, ) of 0.5 mA. The resistor R is 100 €, and the supply voltage (V)
is 20 V.

a) Determine the maximum current for the circuit that can be regulated.
b) Determine the minimum value of load resistance for the circuit that can be
regulated.
— Given:
V,=9.1V,L,=05mA,R=100€Q,and V, =20 V.

— Find: / L) and R

L(min)*
Solution:
a) - IL(max):IT_IZK
V. -V, —
_ IT: in VA =20V 91Vz 0.109 A = 109 mA Vil 10
R 100 Q
IL(maX)= I.—1,=109mA-05mA=1085mA=0.11 A

L~ the Zener knee current (minimum reverse current)



34 Understandable electronic devices

V, 21V _s70

Lmin) 011A

L((max)

R, cannot less than 82.7 Q, otherwise the circuit will loss of voltage regulation.

Percent regulation

e Percent regulation can be used to specify the performance of a voltage regulator.
It can be in terms of line regulation or load regulation.

e Percent line regulation is expressed as a percent of a small change in the output
voltage over a small change in the input voltage.

AV
Percent line regulation = (A—"mp‘"] 100%

input

e Percent load regulation is not a fixed number but rather presented as a percent-
age in response to changes at the output. It means over the permissible load
range (from minimum or no load to full load) the regulation can change.

Percent load regulation = (M) 100%

Full load

Vo 10aa: PETCENL VOltage with no load (or minimum load).

Ve DETCEN VOltage with full load.

Example: Determine the percent voltage regulation if a voltage regulator with per-
cent voltage with no load 12 V and percent voltage with full load 11.5 V.

— Given: V. =12V, V =115V

No load Full load

v

Full load

— F]nd ( VNO load VFull load) 100%

: : VN load VF 11 load
— Solution: percent voltage regulation = | —22——=222¢ | 100%

Full load

_12V-115V
115V

100% = 4.35 %

The smaller % regulation, the better.
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2.2 Special types of diodes

2.2.1 Varicap diode

Introduction to varicap diode

Varicap diode (varactor diode): a specially designed diode whose junction
capacitance varies with the variation of the reverse bias voltage (V).

— It acts as a variable capacitor for giving the preferred capacitance changes.
— The junction capacitance can be changed by changing the reverse voltage.

i

Symbol of a varicap diode: a varactor diode uses a symbol that combines both

diode and capacitor.

Figure 2.21 Varicap diode

Equivalent circuit of a varicap diode = a variable capacitor

Capacitor

A capacitor consists of two conductive metal plates separated by an insulating
material (the dielectric).

Conductive plate

Dielectric

Figure 2.22 A capacitor

Factors affecting capacitance (C):

— the area of plates (4)

— the distance between the two plates (d)

— the dielectric constant (k)

Different dielectric materials have different dielectric constants (k).

The capacitance (C) of the capacitor is dependent upon the area (4) of the plates

and the distance (d) between them. C =8.85x10™" L]

e

Figure 2.23  Capacitance
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Depletion layer and reverse bias voltage

As with any diode, a varactor diode is formed when N-type and P-type semicon-

ductor materials are joined together. If the reverse voltage is changed so does

the size of the depletion layer.

Depletion layer: a region adjacent to the P-N junction containing no mobile charge carries.

— The width of the depletion layer decreases on decreasing the reverse-biased
voltage.

— The width of the depletion layer increases on increasing the reverse-biased
voltage.

The varactor diode behaves as a capacitor (insulating depletion layer acting as

a dielectric). The N-type and the P-type regions can be considered to be the two

metal plates.

The C-V characteristics of varicap diode

By changing the reverse bias voltage on the varicap diode will change the
capacitance.

The capacitance decreases with the increase in reverse-biased voltage (V) and
vice versa.

/V; - dep]e)t(ion layer — cap/agitance

Varicap diodes vs. variable capacitors

The smaller size and lightweight.

Low noise (operate in reverse bias voltage).

Reliable (a solid-state component — less sensitive to the environment).

The ability to get different values of capacitances just by changing the voltage
applied.

Applications of varicap diodes

Turning circuit (the tuner in radio receivers).

Parametric amplifier (varying circuit parameters).

Frequency/phase modulators: varying the frequency/phase of the signal.
Voltage-controlled oscillator (the input voltage controls the frequency of
oscillations), etc.

2.2.2  Light-emitting diode

Introduction to LED

LED: a diode that emits light when current passes through it in the forward bias
condition.

The symbol of LED:
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G
Figure 2.24  Light-emitting diode

e Silicon and germanium are not used in LED

Silicon and germanium are common materials used to make normal P-N

junction diodes.

— Silicon or germanium is very poor at transmitting light. Instead, they release
energy in the form of heat.

Gallium arsenide (GaAs)

e The semiconductor materials used in LED: gallium arsenide (GaAs), gallium
arsenide phosphide (GaAsP), gallium phosphide (GaP), etc. (They are light-
emitting materials.)

AL

Mt ovarve nfrared Vin e

Figure 2.25 Infrared light

e GaAs emits infrared light that is invisible.

Infrared LED can be used in remote controllers for televisions and other household electronics.

Gallium arsenide phosphide (GaAsP) and gallium

phosphide (GaP)

e The light-emitting semiconductor material determines the LED’s color.

e LEDs produce different colors by using different semiconductor materials
which produce photons at different wavelengths or frequencies.

The visible colors from shortest to longest wavelength or longest to shortest frequency are a
rainbow of colors: red, orange, yellow, green, blue, indigo, and violet. Red light has a lower
frequency (f) and longer wavelength (L).

B_r B[FvfE o 3 s f v 5

Figure 2.26  Visible colors

e GaAsP emits red or yellow light at different wavelengths.
e GaP emits red, yellow, and green lights at different wavelengths.
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Table 2.1 Semiconductor materials

Material Produced energy/light

Si and Ge Heat

GaAs Infrared light (invisible light)
GaAsP Red or yellow lights

GaP Red, yellow, and green lights

LED vs. diode

LED — when a LED is forward biased, energy is released in the form of light.
Inverse current /, T - light T — glowing

Diode — when a diode is forward biased, energy is released in the form of heat
energy. It conducts current in one direction.

Inverse current /, T — heat T (not glowing)

LEDs have higher forward voltage ¥, and lower reverse breakdown voltage
Vi
Use a current-limiting resistor for LED: usually it will have a resistor (R) in

series with an LED to control the amount of current through the LED.
V,-V,
1

F

R=

where Vp is the peak voltage of the power sauce, V_is the LED’s minimum
required forward voltage, and /_is the forward current.
[ —»

Anode

3
Cathode

Vv R

Figure 2.27 An LED circuit

Table 2.2 LED vs. diode

Diode LED
i e -
Symbol i -
Energy Converts energy into heat | Converts energy into light
Material Silicon and germanium GaAs, GaAsP, GaP, etc.
Reverse breakdown voltage V. | Higher Lower
Forward voltage V, Lower Higher




Types of diodes and their applications 39

LED applications

Traffic signals

Camera flashes

Medical devices

Seven-segment display (for digital clock, etc.): 0-9
Multisegment displays: A, B, C, ..., Z

Christmas lights

Horticultural grow lights

Automotive headlamps

Aviation lighting

Virtual sky, etc.

Figure 2.29  Aviation lighting Figure 2.30  Automotive headlamps

(Luxair Boeing 737-700)

2.2.3  Photodiode

Introduction to photodiode

Photodiode (photodetector, photo sensor, or light detector): a light-sensitive
diode that converts light into electrical current. It is specially designed to oper-
ate in reverse bias conditions.

The symbol of photodiode:

Anode D{(l Cathode

Figure 2.31 Photodiode

Principle of operation

The operating principle of the photodiode: when the junction of the photodiode

is lit up then the current starts flowing through it.

— When a photon (the fundamental particle of light) of sufficient energy enters
the depletion region of a P-N junction, it may strike an atom with sufficient
energy to release the valence electron.
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— A photodiode has a small transparent window that allows light to be incident
on the P-N junction. The current generated is proportional to the absorbed
light intensity.

The typical material used to make a photodiode: silicon (Si), germanium (Ge),

indium gallium arsenide (InGaAs), Gallium Phosphide (GaP), etc.

Dark current /: a small reverse current (unwanted current) that flows through a

photodiode with no incident light (no photons are entering the device).

Applications of photodiode

Cameras

TVs and remote controls

Smoke detectors

Bar code scanners

Optical communication devices (fiber-optic cable)
Solar cell panels

Position sensors

Automotive devices

Surveying instruments

Medical devices, etc.

Figure 2.32  Fiber-optic cable Figure 2.33  Solar cell panels

Photodiodes vs. LED

LED: LED converts electrical energy into light energy (it emits light when cur-
rent passes through it).

Electrical energy — Light energy
IT - Light T

Is E”ﬂl

Figure 2.34 T - Light T

Photodiode: photodiode converts light energy into electrical energy (it converts
light into electrical current).

Light energy — electrical energy

Light T 77T
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0]

(o]
Laser- 7—/' ‘
Diode i

o

Photo-
Diode

Figure 2.35  Light T 517

Table 2.3  Photodiode vs. LED

Photodiode LED
77
Symbol ““'_ﬁ;‘* 5 |
Energy Light energy — electrical energy | Electrical energy — light energy

Biasing voltage

Reverse biased

Forward biased

Material

Si, Ge, InGaAs, GaP, etc.

GaAs, GaAsP, GaP, etc.

Function

It detects light

It emits light

2.2.4  Schottky diode

Introduction to Schottky diode

Schottky diode (hot carrier diode): a diode formed by the junction of a
semiconductor with a metal plate (a metal-semiconductor junction). It has
a low forward voltage, fast switching time (high speed), and consumes less
power.

Walter H. Schottky (1886—1976): a German physicist who researched in solid-state physics
and electronics and played a major early role in developing the theory of electron and ion
emission phenomena.

The symbol of the Schottky diode:

Anode D F Cathode

Figure 2.36  Schottky diode

Construction: a semiconductor—metal junction is formed between an N-type
semiconductor and a metal plate (metal replaces the P-type semiconductor).

Schottky diode = N-type semiconductor + metal plate

— The metal side acts as the anode.
— N-type semiconductor acts as the cathode.
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Figure 2.37 A Schottky diode circuit

Principle of operation

When a Schottky diode is forward biased, electrons in the N region cross the junc-
tion to the metal region. They join a large number of free electrons in the metal.
When a Schottky diode is reverse biased, the diode stops conducting almost
immediately since a depletion region does not have to be established to block
current flow.

Lower forward voltage: a lower forward bias drop in the Schottky diode is due
to the metal. The resistance of the metal is less than the semiconductor (the volt-
age drop decreases with resistance).

Fast switching time: Schottky diode can be switched back and forth very quickly
between forward and reverse operation since it has no depletion layer formed
near the junction.

A lower forward voltage also allows higher switching speeds.

Majority carrier diode: Schottky diode operates with majority carriers (elec-
trons — N type) and has no minority carriers (holes — P type).

Schottky diode vs. diode

Diode Schottky diode

°? [ ] ... L] J..
® o iojeie *°
ptype n-type "-:.. ;!' b -.J.I
silicon silicon o . 2. : 2
oy
[N S —

Figure 2.38 (a) Schottky diode vs. diode
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Figure 2.38 (b)  Schottky diode vs. diode — curve
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Applications of Schottky diode

Voltage clamping (fast clamping)

Power rectifiers

Solar cells

Switched-mode power supplies

Reverse current and discharge protection

Sensitive communication receivers (such as radars)
Radio frequency mixer and detectors

Integrated circuits (TTL and CMOS logic gates)
Digital computers, etc.

Summary

Overview of different types of diodes

Laser diode (injection laser or diode laser): a diode that generates laser light of
high intensity.

BARITT diode (barrier injected transit-time diode): a high-frequency diode
used for generating microwave signals. It uses thermionic emission rather than
avalanche multiplication.

Gunn diode: a high-frequency semiconductor component used for generating
microwave signals. It has two terminals and formed by only N-type material.
PIN diode: a special diode that has a layer of intrinsic semiconductor (no dop-
ing) that is sandwiched between a P-type and an N-type semiconductor material.
Tunnel diode: a heavily doped diode that exhibits negative resistance, meaning
the current decreases as the voltage increases. It works on the principle of the
tunneling effect.

Zener diode

Zener diode: a diode designed in such a way that it can work in the reverse
breakdown region. N
In the Zener region: 1{ -V
The Zener breakdown: )

Ve TT ——» minority electrons accelerate —» collide with neighboring
atoms —» knock valence electrons out of outermost shell —»
numbers multiply —» avalanche —» I, )

Zener voltage

Zener voltage (V). the amount of reverse bias voltage that will make the
P—N junction break down and allow the Zener diode to conduct in the reverse
direction.

Zener breakdown occurs with low Zener voltage V, ratings (V, <5 V).
Avalanche breakdown occurs at a higher value of Zener voltage ¥, than does
Zener breakdown (V, > 5 V).
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Breakdown characteristics

e The Zener knee current (/) or minimum current (Iz(mm)) is the turning point of
the Zener diode into a breakdown. It is the minimum reverse current required to
maintain constant breakdown voltage.

e Maximum Zener current (/,,,): the maximum allowable amount of current that
can pass through the Zener diode without damaging it.

e Zener test current (/,): the current value to ensure good Zener voltage V,
regulation.

D IZKS IZS IZM—> szconstant

e If[,<I, — outof regulation

Equivalent circuit for Zener diode

¢ Equivalent circuit of a practical Zener diode: an actual Zener diode can be
replaced by a voltage source in series with a resistor.

e Zener impedance: the equivalent series impedance of a practical Zener diode.

, AV, A,
Z
N

z zZr Zk

Zener diode as a voltage shifter

e Voltage shifter (level shifter): a circuit used to convert voltage from one level
to another.

e A Zener diode with a resistor can act as a voltage shifter. It has the ability to
maintain a lower steady output voltage to the Zener diode’s breakdown voltage.

Zener diode as a clipper (Zener limiter)
e A clipper is the circuit that can limit positive or negative (or both) amplitude of
the input waveform to the desired output level.
e Three ways to limit waveform
— Positive limiter: the positive peak of input sinusoidal voltage will be limited
to the selected output Zener voltage.
— Negative limiter: the negative peak of input sinusoidal voltage will be
limited.
— Back-to-back Zener limiter: with two opposing Zener diodes, the input sinu-
soidal waveform can be clipped to the Zener voltage on both polarities.

Zener diode as a voltage regulator

e Zener diodes are widely used as voltage regulators because of their reverse bias
characteristics.

e In the reverse breakdown region, the voltage across the Zener diode (V) is
close to constant over a wide range of currents.
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Line regulation
e Line regulation: the ability of a voltage regulator to maintain the output voltage
V. level with a varying input voltage V, .

- IRV =T

Load regulation

¢ Load regulation: the ability of a voltage regulator to maintain the output voltage
V. level with a varying load.

. RISE 1LV =V

Percent regulation

e Percent regulation can be used to specify the performance of a voltage regula-
tor. It can be in terms of line regulation or load regulation.

. . A Vout ut
e Percent line regulation = | —== | 100%

input

V

. Noload VFull load
e Percent load regulation = 100%

v

Full load

Varactor diode

e Varactor diode (varactor diode): a specially designed diode whose junction
capacitance varies with the variation of the reverse bias voltage (V).

a2

e The varactor diode behaves as a capacitor. The N-type and the P-type regions
can be considered to be the two metal plates.

. V:_) deple/t/f%n layer — capzyffance

Light-emitting diode (LED)

e LED: a diode that emits light when current passes through it in the forward bias
condition.

¢ LEDs produce different colors by using different semiconductor materials
which produce photons at different wavelengths or frequencies.

Table 2.4  Semiconductor materials

Semiconductor materials Produced light/heat

Si and Ge Heat

GaAs Infrared light (invisible light)
GaAsP Red or yellow lights

GaP Red, yellow, and green lights
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Photodiode

Photodiode (photodetector, photosensor, or light detector): a light-sensitive
diode that converts light into electrical current. It is specially designed to oper-
ate in reverse bias conditions.

Dark current /: a small reverse current that flows through a photodiode with
no incident light.

Schottky diode

Schottky diode (hot carrier diode): a diode formed by the junction of a semi-
conductor with a metal plate. It has a low forward voltage, fast switching time,
and consumes less power.

Construction: Schottky diode = N-type semiconductor + metal plate

— The metal side acts as the anode.

— N-type semiconductor acts as the cathode.

Majority carrier diode: Schottky diode operates with majority carriers and
has no minority carriers.

Table 2.5 Schottky diode vs. diode

Diode Schottky diode
Symbol °_DE_° ”“‘”_Hm'vh
Junction N-type and P-type semiconductor | Metal plate and N-type
semiconductor
Forward voltage | Higher Lower

Carrier

Majority and minority carriers
(electrons and holes)

Majority carriers (electrons)

Switching speed

Slower

Faster

Function

It detects light

It emits light

Table 2.6 Types of diodes

Name

Symbol

Function

Biasing

Zener diode

D

It works in the reverse
breakdown region

Reverse biasing

Varicap diode _Hf_ The junction capacitance varies | Reverse biasing
with the reverse bias voltage

LED ﬁ; Emit light Forward biasing

Photodiode 2 o fq = Detect light Reverse biasing

Schottky diode e T Emit light Forward biasing

(It has a metal-N junction)
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Self-test

2.1 1. When the Zener voltage V, is exceeded and the Zener diode is operating in
the Zener region, the voltage across the Zener diode stays ( ) even
with the changing current.

2. The Zener breakdown occurs because of the heavy ( ) in the P-N
junction.

3. Determine the Zener impedance of a practical Zener diode if the Zener volt-
age changes from 25 mV to 70 mV, and the Zener current changes from 7
mA (1, ) to 12 mA (Z,).

4. An actual Zener diode can be replaced by a voltage source in ( ) with
a resistor.

5. A Zener diode has a resistor of 4 Q. Determine the voltage across the Zener
diode (Zener terminals) when the current is 16 mA and the voltage V,is 7 V.

R
o f
Figure 2.39  Ch 2: No. 5, self-test

6. A voltage ( ) is a circuit used to convert voltage from one level to
another.

7. The( ) is a circuit that can clip, limit, or cut off an input waveform to
prevent the output waveform beyond a determined value.

8. The voltage ( ) is a circuit that is used to regulate the output volt-
age level into a lower, fixed level and remains constant for any changes in
load or input voltage.

9. The back-to-back Zener limiter with two opposing Zener diodes and the
input sinusoidal waveform can be clipped to the Zener voltage on ()
polarities.

10. The ( ) regulation is the ability of a voltage regulator to maintain the
output voltage V_ level with a varying input voltage V.

11. The voltage regulator in Figure 2.39 with a 4.6 V Zener diode at a Zener

knee current (/,, ) of 2 mA, Zener maximum current (7, ) of 152 mA, Zener
test current (/,,) of 35 mA, Zener impedance of 4 €2, and resistor R of 70 €.
Determine the input voltages range (the minimum and maximum voltage)
for the circuit that can be regulated.

R
V 1“& %‘

Figure 2.40 Ch 2: No. 11, self-test
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12.

13.

2.2 14.
15.
16.
17.
18.
19.
20.

21.
22,

23.

The voltage regulator in Figure 2.41 with a 7 V Zener diode at a Zener knee

current (/,, ) of 1 mA. The resistor R is 80 €2, and the supply voltage (V)

is 18 V.

a) Determine the maximum current for the circuit that can be regulated.

b) Determine the minimum value of load resistance for the circuit that
can be regulated.

Vin &

Figure 2.41 Ch 2: No. 12, self-test

Determine the percent voltage regulation if a voltage regulator with percent
voltage with no load 15 V and percent voltage with full load 14 V.

A ( ) diode is a diode designed in such a way that it can work in the
reverse breakdown region.

A varicap diode is a specially designed diode whose junction ( )
varies with the variation of the reverse bias voltage.

When a LED is ( ) biased, energy is released in the form of light.

The light-emitting semiconductor material determines the LED’s ( ).
Gallium phosphide (GaP) emits red, yellow, and ( ) lights at differ-
ent wavelengths.

Al( ) current is a small reverse current that flows through a photodiode
with no incident light.

A ( ) diode is a light-sensitive diode that conducts current when a
certain amount of light falls on it.

A photodiode converts light energy into ( ) energy.

A semiconductor—metal junction is formed between an N-type semicon-
ductor and a ( ) plate.

A ( ) diode is a diode that has a very fast switching time and a low

forward voltage drop.
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3.1 Half-wave rectifiers

3.1.1 Introduction to DC power supply

DC power supply basics

Direct current (DC) power supply: a power supply that can produce a
constant output DC voltage to its load.

Composition of a typical DC power supply: a basic DC power supply consists
of four basic circuits, that is, transformer, rectifier, filter, and regulator as shown
in Figure 3.1.
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| Transformer v Diode i Filter Voltage | T
Tm E rectifier regulator L

Figure 3.1 DC power supply

o  Transformer: an electrical device formed by two coils that are wound on a com-
mon core. It can convert alternating current (AC) electrical energy from input
to output.

It can increase or decrease the output voltage or current (step-up or step-down).

o Rectifier: a device that converts AC signal to a pulsating DC signal.

] -ea

Figure 3.2 Rectifier

U,

str

o Filter: a circuit that makes certain frequency components of a signal pass from
the input and removes any unwanted frequency components.

The output of the filter is a steady DC voltage, which has some ripples.

Figure 3.3  Filter waveforms

o Voltage regulator: a circuit that is designed to maintain the output voltage to a
constant level despite changes in its input voltage or load.

It can smooth the signal from the filter and produce a DC signal with no ripple.

3.1.2  Transformer

Introduction to transformer

o  Transformer: a device formed by two coils (the primary and secondary) that are
wound on a common core. It can transform AC electrical energy from input to
output.

It can increase or decrease the output voltage or current (AC).
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Figure 3.4  Transformer

Structurally, the transformers are categorized into two main types: the air-core
and iron-core transformers. The symbols for them are shown in Figure 3.5(a)
and (b), respectively.

3t i

Figure 3.5(a) Air core Figure 3.5(b) Iron core

Simplified transformer circuits: Figure 3.6 shows a simplified transformer circuit.
— The primary winding is the coil connected to the AC power source.
— The secondary winding is the coil connected to the load Z, .

=
<
"

Z

Figure 3.6 A transformer circuit

Power

If the transformer is an ideal transformer, i.e., that transformer has no power
loss itself, the input power (primary power Ppri) is equal to the output power
(secondary power P,).
Calculating the power for an ideal transformer:
. . i v
Ppri = Psec or VPlF = vSlS 2 L === n
lS vP
- v, s the primary Yoltage, v, — is the secondary Volltage, i,—is the
primary current, i, — is the secondary current, and n — is the turns ratio.

Turns ratio

Turns ratio (n): the ratio of turns of wire in the primary winding to the number
of turns of wire in the secondary winding.

. . N, Vs o,
Calculating the turns ratio (n): n= =— =
N Vp Ig

P

where N, — is the Number of turns in the primary and N, — is the Number of
turns in the secondary.
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Voltage and current
e  The primary voltage (vp): y =

e  The primary current (ip):

Impedance
e  The primary impedance (Zp) can be obtained by substituting v, and i into Z;

% vs/n_l

Z,= +L=_—-= _22L Z= L
i, nig n i
2 _ ZL — ZL
or "=, "=.7°
Z,> Z
p
«  The secondary impedance is the load impedance Z : 7, = V_S .
i
S
Ng:N
il e,
+ - - +
Ve Vs 82,
>

Figure 3.7 Currents and voltages in the transformer circuit

Step up, step-down, and center-tapped transformers
o A transformer is most commonly used to raise (step up) or reduce (step down)
the output voltage of the circuits.

E |

Figure 3.8a  Step-up transformer Figure 3.8b  Step-down transformer

e A step-up transformer increases the output voltage.
- V> vy
- N> N,
- n>1

o A step-down transformer decreases the output voltage. Vol
-V < vp
- Ng<N,
- n<l

out
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Figure 3.9  Center-tapped transformer

e A center-tapped transformer is designed to provide two separate and equal
secondary voltages (a wire is connected across the exact middle point of the
secondary winding of a transformer).

Transformer parameters conversion

« Conversion of the voltage, current, and impedance: a transformer can be used to
convert voltage, current, and impedance.

e Voltage conversion:
— Convert from the primary to the secondary, multiplying by n:

Vs = nVP n=
. L |
— Convert from the secondary to the primary, multiplying by —:
n

1 V.
vo=—v, —=
P n v
o  Current conversion: 1
— Convert from the primary to the secondary, multiplying by —:
n

.y i
s = —1
np

— Convert from the secondary to the primary, multiplying by 7:
i=ni
P s

o Impedance conversion: 1
— Convert from the primary to the secondary, multiplying by —:
n

VA :iz ZI :”:Zl‘

— Convert from the secondary to the primary, multiplying by n?:
Z =nZ,
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Table 3.1 Transformer parameters conversion

Parameters conversion Formulas
. 1
Voltage conversion V=NV, Vo=—V
s o s
n
. S B .
Current conversion L=—1,1 =ni
n P’ p
1 d i VA ! Z , 7 o/
mpedance conversion p= 5L, L =N L

The main applications of transformers

o Increase or decrease the voltage or current.

o Transfer electric energy from one circuit to another.

¢ Prevent DC from passing from one circuit to the other.
o Isolate two circuits electrically.

¢ Impedance matching.

3.1.3  Half-wave rectifier

Introduction to half-wave rectifier
¢ Rectifier: a device that converts AC signal to a pulsating DC signal.

Figure 3.10  AC to pulsating DC

« Half-wave rectifier: a type of rectifier circuit that allows one half-cycle of an AC
signal to pass. It can remove the negative component of an alternating signal.

e A basic half-wave rectifier circuit (the diode allows the current to flow only in
one direction).

Figure 3.11 A half-wave rectifier circuit
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Operation of a half-wave rectifier

Positive half-cycle: the diode is forward biased (FB) and is conducting. The

input signal is produced at the output (the output will be the same as the posi-

tive half-cycle of the input).

— During the positive half-cycle, the input voltage must overcome the
barrier potential ¥, before the diode becomes FB.

— The peak value of the output voltage (V, ) is 0.7 V (Si) or 03 V

k(out)

(Ge.) less than the peak value of the input (Vpk(m)).
— The “on” state of the diode: V, =V . Vi =V

V. =0.7V (or 0.3V)=0

BR
—  Waveform:

A 3a

Figure 3.12  Positive half cycle

Negative half-cycle: the diode is reverse biased (RB), which blocks the input
signal (no current).
—  The “off” state of diode: =0, V.=IR =0

The RB diode current is very small and very close to zero.

RS

Figure 3.13  Negative half-cycle (V, = 0)

—  Waveform:

Output voltage: the output voltage is only the positive half-cycles of the AC
input voltage (a pulsating DC voltage). The cycle repeats.

AW N a &
| ¥ .

Figure 3.14  Output voltage
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The average output voltage of a half-wave rectifier

o The average output voltage (this voltage could be measured on a multimeter): it
is determined by finding the area under the curve over a full cycle from 0 to 2x
(V, .= 0 for the negative cycle).

AN,

Figure 3.15 Average output voltage

o Calculating the average output voltage:

Vpk(out)
Vavg: T = 0.318 Vpk(out) Vo — the peak output voltage
Example: Vpk(om): 120V, Vavg: ?
Vi) 120V
V = T - 382V

or  ¥,,=03187,  =(0318)(120 V) =382V

avg

The peak inverse voltage of a half-wave rectifier

o Peak inverse voltage (PIV): the maximum voltage a diode can withstand in the
RB direction (the maximum reverse voltage).

The PIV occurs at the peak of the input cycle when the diode is RB.

o Calculating the PIV: PIV= v,

K (in)
Vi — the peak input voltage (for negative or reverse cycle)
4 \
| /\ / \
PV

Figure 3.16  Peak inverse voltage

A transformer-coupled half-wave rectifier

o  The transformer-coupled half-wave rectifier uses a step-down transformer to
step down the input AC signal (normally AC input voltage will be high). The
AC source is also electrically isolated from the rectifier.
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Figure 3.17 A transformer-coupled half-wave rectifier

o The secondary voltage (V) of the transformer:
N,

— Sec — b — s — s
sec pri 1" pri n= N -
N N Vv
Pri p P

o The pick output voltage (V, ) of the half-wave rectifier:

— With transformer: V., =V =V,

T —
r BR

barrier potential (V,, =0.7 V for Si or 0.3 V for Ge)

— Without transformer: Vpk(om) = Vpk(in) Vi

o Calculating the PIV: PIV= v,

k (sec)

Example: Determine the peak value of the output voltage and the PIV for Figure
3.17, if the turns ratio of the transformer is 0.33 and the peak input voltage is 120 V.

(A silicon diode)

: . _ Sec _ _
— Given: n= N, 0.33, Vpk(m)— 120V
— Find: Vpk(om) and PIV
. NSec 1
— Solution: n=p, =033= 3
Nsec _ l o ;
pk(sec) = NPri pk(pri)_ E(IZOV) = 40 V Ll’k(m.n = I/pknm
k(ou) = Vpk(sec) = V= 40V-0.7V=393V
PIV= Vpk(sec)= 40V

3.2 Full-wave rectifier

3.2.1 A center-tapped full-wave rectifier

Full-wave rectifier

o Full-wave rectifier: a type of rectifier circuit that converts the entire cycle of the
AC signal into pulsating DC (using both positive and negative half-cycles of
the applied sine wave).
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Figure 3.18 Halfwave vs. full wave

o A center-tapped full-wave rectifier circuit: two diodes + a center-tapped

transformer

D

2

Figure 3.19 A full wave rectifier

— Two diodes: one conducts during one half-cycle while the other con-
ducts during the other half-cycle of the input AC voltage.

— A center-tapped transformer: provides two separate and equal second-
ary voltages for two diodes.

Operation of a center-tapped full-wave rectifier
o Positive half-cycle: the diode D, is FB and can conduct. The diode D, is RB

and cannot conduct.
D‘I
D2

Figure 3.20(a) Positive half-cycle

D,: FB — the diode D is on
— D,: RB - the diode D, is off
o Negative half-cycle: the diode D, is
FB and can conduct.

D e

D

2

Figure 3.20(b) Negative half-cycle
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The diode D, is RB and cannot conduct.
— D,: FB - the diode D, is on
— D,: RB - the diode D, is off

o The cycle repeats.

h B — DA
Figure 3.21  Full wave

Effect of the turns ratio on the output voltage

o If the transformer’s turn’s ratio n is 1 (1:1), the output voltage (V) approxi-
mately equals half the primary input voltage (V).

Half of the primary voltage appears across each half of the secondary winding.

— The secondary voltage: V.=n Vpri =(1) (Vpﬂ) = Vpri, V.= Vpri n= YT
— The pick output voltage: V| 1 V oy = 1 V seor
Vpk(om) = 5 pk(sec) —Var Ve =0.7V (Si) or 0.3V (Ge)

o To obtain an output voltage equal to the input (V= V, ):use a 1:2 step-up

out

center-tapped transformer. If the transformer’s turn’s ratio n is 2 (1:2), the total
secondary voltage (V) is twice the primary voltage (2V,.).

sec pri pri’ sec

vV
— The secondary voltage: n=-—= py =pV =2V V;,ri: %V

pri

Vie=2V

1 1
— The peak output voltage: V' 2V =V

pk(out) = 5 pk(sec) = E pk(pri) pk(pri)

1

VPk(out) = E pk(sec) - VBR sz =0.7V (Si) or 0.3V (Ge)

o General case (no matter what the turn’s ratio): the output voltage of a center-
tapped full-wave rectifier is always one-half of the total secondary voltage less
the diode drop.

The output voltage: V' !

pk(out) = E pk(scc)

1

pk(out) = 5 pk(sec) “UBR Ver =07V (Si) or 0.3 V (Ge)
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Peak inverse voltage

o Peak inverse voltage (PIV) of a full-wave rectifier: the maximum reverse volt-
age that each diode must withstand for a full-wave rectifier is the peak second-
ary voltage (V(pk(m)) the less the diode drop.

« Calculating the PIV:
— Half-wave: PIV = Vpk(m): without transformer

PIV = Vpk(scc): with transformer

— Full-wave: PIV=V__ —V_ (with transformer)
pk(sec) BR
v =0.7V (Si) or 0.3V (Ge)

BR

KVL: YV=0,0.7V+PIV-V, =0

c)

Or PIV=2 Vpk(out) + Ve PIVin terms of V,
. , 1. ,
Derive: l/l’k(uu[) - E ka[m-‘] - I/BR
1 . , _ -
Vh]d(ml) = E(PIV + VBR )_ [/RR Lm\mc)_ PIV + VBR (PIV = ’/|w.~cc)_ Vlil{)
2V o =PIV + TV =2V, Multiply by 2
2Vpumm: PIV -V,

PIV=2V +V

pk(out) BR

1

=i
2

pk(sec) - Vpk[seu i3 1"’BR
2

Figure 3.22 PIV

Calculating the average output voltage (V. .):

Vpk(out)
o Half-wave: V, = —"= 0318V

AVG T pk(out)
2 Vpk(out) B .
o Full-wave: Viwg=———= 0.637V 2V,  —two half-wave
T pk(out) Pk(out)

Example: Determine the peak secondary voltage, the peak output voltage, the PIV,
and the average output voltage for the circuit in Figure 3.21, if the turns ratio of the
transformer is 2 (1:2) and the peak input voltage is 110 V. (Assuming two silicon diodes.)
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— Given:n=2,V =110V

pk (pri)

~ Find: V, V. . ,PIV,and V, ..

pk(sec)® ~ pk(out) *

— Solution:
. _ N _2 _ N,
pk(see) * Vpk(scc) = N_P Vpk(pri)_ T (1 10 V) =220V n .“VP

: _1 V. = ! 220V
V o e =5 Vvt =V = 5 (220V) = 0.7 V=1093 v
PIV: PIV=V, =V, =220V-07V =219.3V

pksec)
. 2 Vpk(out)

Ve Vive= T = 0.637 Vpk(om) =~ (0.637) (109.3 V) = 69.6 V

3.2.2  Full-wave bridge rectifier

Introduction to full-wave bridge rectifier
o Rectifiers:
— A half-wave rectifier uses one diode.
— A full-wave rectifier uses two diodes.
— A full-wave bridge rectifier uses four diodes.

B (]

Figure 3.23  Full-wave bridge
rectifier

o Bridge rectifier: a type of full-wave rectifier circuit that uses four diodes con-
nected in a closed-loop “bridge” configuration to efficiently convert entire cycle
of the AC signal into the DC.

o A bridge rectifier circuit: four diodes + a center-tapped transformer

Operation of the bridge rectifier

e  Operation: two diodes conducting current during each half-cycle.

o Positive half-cycle: diodes D, and D, are FB and can conduct current. Diodes
D, and D, are RB and not conducting.
— D, and D,: FB — the diodes D, and D, are on
— D,and D,: RB - the diodes D, and D, are off
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Dl
S,

Figure 3.24  Positive half-cycle — D, and D, on

o Negative half-cycle: diodes D, and D, are FB and can conduct current. Diodes
D, and D, are RB and not conducting.
— D,and D,: FB — the diodes D, and D, are on
— D, and D,: RB — the diodes D, and D, are off

D, D,
+ 1 |+
YL []

Figure 3.25 Negative half-cycle — D, and D, on

The output voltage of a bridge rectifier
e Neglect diode drops: V.

pk (out) = Vpk(sec)
o With the diode drops: V=V 1o = 2V Ve =0.7 V (Si) or 0.3 V (Ge)
0 KVL: 2V =0

Derive: Vi, + V4 Vi =
PIV of a bridge rectifier
o Neglect diode drops: PIV = Vpk (o) The same as a center-tapped full-wave rectifier.
+  With the diode drops: PIV =V '+ V. Vi = 0.7V (Si) or 0.3 V (Ge)
Comparing with a center-taped full-wave rectifier.
The main advantage of the bridge rectifier

o An ordinary transformer is used in place of a center-tapped transformer (reduc-
ing size and cost).
o The output is almost twice that of the center-tapped full-wave rectifier.
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— Full-wave center-taped rectifier: V o = 1 -
pk(out) ) pk(sec) BR
2 Vpk[mm: VDI\'{.\uc) -2 VBR
— Bridge rectifier: V o= Vikserr =2 Ve

e The PIV is one-half that of the full-wave center-tapped rectifier.
— Full-wave center-tapped rectifier:  PIV =2 Verom T Vr

— Bridge rectifier: PIV=V + Ve

pk (out)

Example: Determine the peak output voltage and the PIV for the bridge rectifier cir-
cuit in Figure 3.26, if the turns ratio of the transformer is 2 (1:2) and the peak input
voltage is 110 V. (Four silicon diodes)

Figure 3.26  Full-wave bridge rectifier — an example

— Given: A 1:2 transformer, Vpk o= 110V
— Find: V. and PIV
pk(out)

—  Solution:

Ny

pk(out) : Vpk(sec) = N pk(pri) =
P

% (110 V)=220 V

Vo= Visgsee) = 2 Vo V., =0.7V(Si)

=220V - 1.4V=218.6V
PIV:PIV=V_  + 7,

pk (out)

=2186V+0.7V=2193V

3.3 Power supply filters

3.3.1 Capacitor filter

Filter

e Recall — composition of a typical DC power supply: a basic DC power
supply consists of four basic circuits, i.e. transformer, rectifier, filter, and
regulator.
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Filter: a circuit that makes certain frequency components of a signal pass from
the input signal and removes any unwanted frequency components.

Figure 3.27  Filter

In power supplies, filters are used to smooth out the pulsating DC output
obtained from the rectifier circuit.

Capacitor

Capacitor: an energy storage element that has two parallel conductive metal

plates separated by an isolating material (the dielectric). It can store and release

charges that it absorbed from the power supply.

Charging and discharging a capacitor: once the three-position switch is turned

on to position 1, current / will flow in the circuit — charging. When the switch is

closed to position 2, the capacitor releases its charges — discharging.

— Charging: the process of storing energy (the switch is turned on to
position 1).

Figure 3.28(a) Charging a capacitor

— Discharging: the process of releasing energy (the switch is closed to
position 2).

| »

o

Ce= R

Figure 3.28(b) Discharging a capacitor
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3.3.2  Operation of the capacitor filter

Half-wave rectifier with capacitor filter

The half-wave rectifier converts the AC signal into a pulsating DC with AC
ripples.

A capacitor filter (a capacitor connected in parallel with the output of the recti-
fier) can be used to reduce the AC components and make the output of rectifier
smooth at the output.

Figure 3.29  Half-wave rectifier with capacitor filter

Operation of the capacitor filter

During the period of #—,: the capacitor charges from 0 V to v
the diode is on).
During the period of £, : the capacitor discharges (when the diode is off).

=V, (when

k(in)

[/w

|t: L t,

Figure 3.30  Output voltage

RC time constant 1T

In an RC circuit, the charging and discharging is a gradual process that needs
some time.

The time rate of this process depends on the values of circuit capacitance C and resis-
tance R. The variation of the R and C will affect the rate of charging and discharging.
The product of the R and C'is called the RC time constant, and it can be expressed
as a Greek letter 7 (tau), i.e. T=RC.

The time constant is the time interval required for a system or circuit to change
from one state to another, i.e. the time required to charge or discharge in an RC
circuit.

Calculating RC time constant T

RC time constant T = (Resistance) (Capacitance) or 1=RC

Second (s)
Units: 1=RC <«——— Farad (F)

Ohm (Q)
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Ripple voltage

« Ripple voltage: a small, periodic variation in a DC voltage within a power sup-
ply that remains after rectification and filtering of an AC voltage.

o Larger and smaller ripples:

Figure 3.31 Larger and smaller ripples

RC time constant and ripple voltage

o High RC time constant T leads to a longer charging or discharging time.
o High RC time constant T leads to a lower ripple of the output voltage.

1T (RT or 1) — ripple voltage |
o« Low RC time constant T leads to a larger ripple of the output voltage.

| (R| or C|) —>ripple voltage T

Output frequency
o Half- and full-wave ripple: a filtered full-wave rectifier voltage has much less
ripple than a half-wave rectifier voltage.
— Half-wave ripple:
e e T
f

I
I

Figure 3.32(a) Half-wave ripple

— Full-wave ripple:

e e e

Figure 3.32(b)  Full-wave ripple

o Frequency: the output frequency of a full-wave rectifier is twice that of a half-
wave rectifier.

«  Period (7): Thr=2 Toy
1 1 1

o Frequency (f): /==, ﬁun= = 1— = 2ﬁ4alf
T TFull T

2 Half
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3.3.3  Ripple factor and surge current

Ripple factor

o Ripple factor (RF): the ratio of the AC component’s root mean square (RMS)
value or peak-to-peak value to the DC component of the output voltage.

The AC component of the output (RMS Value)

Ripple factor = or
The DC component of the output
RF = Vae _ L
VDC IDC

o  The lower the RF (the lesser the AC ripple), the better the filter.
RFl— better filter
o Toreduce the RF: increase the time constant (the output can be made smoother).

1T (RTor ¢1) — RF | — ripple voltage |

Surge current

o  Surge current (inrush current or switch-on surge): the instantaneous rise cur-
rent in a short period of time in a power supply (or electrical equipment) at
turn-on.

o  Filter capacitor and surge current: when a power supply is initially turned on,
charging filter capacitor can result in a surge current.

o Use surge-limiting resistor: a resistor in series with the diode can be used to limit
surge current.
— to avoid blowing fuses or tripping circuit breakers.
— to avoid damage diode.

Peak secondary voltage -2 V,,

»  Minimum surge resistor value = Diode max forward surge current (from data sheet)

V -2V
_ pk(sec) BR
or R(surge) - I
FSM

3.4 Diode clipping and clamping circuits

3.4.1 Clippers

Diode clipping circuit

o  Clipper (limiter): a circuit that limits or clips off a portion of an input AC signal
above or below certain levels.

« Positive clipper: a clipper circuit that removes the positive half-cycles of the
output waveform.
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Figure 3.33  Positive clipper

— During the positive half-cycle: the diode D is FB and conducts current
(it is on). The output is limited to V..

The diode D: FB, Dison V=V, Ve =0.7 V (Si) or 0.3 V (Ge)

— During the negative half-cycle: the diode D is RB and is not conduct-
ing (it is off). The output is approximate to input.

The diode D: RB, Disoff, V =V,

o Negative clipper: a clipper circuit that removes the negative half-cycles of the
output waveform. The diode is turned around.

e .t
¥
M.I

Figure 3.34 Negative clipper

— During the positive half-cycle: the diode D is RB and is not conduct-
ing (it is off). The output is approximate to input.

The diode D: RB, Dis off, V =V,

— During the negative half-cycle: the diode D is FB and conducts cur-
rent (it is on). The output is limited to V.

The diode D: FB,Dison V_=-V,,
The output voltage of clippers
o The output voltage looks like the input voltage, but with a magnitude deter-
mined by the voltage divider formed by R and the load resistor R, .
¢ Calculating the output voltage: Voltage divider rule

R

Vout = Vin L IfR<<R thenV =V,
R +R
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R Vou

Ry

Figure 3.35 Negative clipper with a load

Example: A negative clipper shown in Figure 3.35 has an RMS input voltage of
8.5V, Ris 5 kQ, and the load resistor is 50 kQ. What is the peak output voltage for
the clipper? (Assuming a silicon diode)

— Given: Vms(in)z 8.5V,R=5k€, and R, = 50 kQ.
— Find:. Vpk(om)= ?
— Solution:
Vllk(in): Vpk(in)= \/E Vrms(in)= \/E (85 V) =12V V]‘k:\/EVH"\
R 50 kQ
Vpk(ﬂut). Vpk(out)z Vpk(in) R+ R =12V 750 KO 5 KO = 1091V

Positive half-cycle: Vpk (out) = 10.91 V
Negative half-cycle: V, ~Vye=-07V

pk (out)

Biased clippers

o Biased clipper: a clipper circuit that uses a DC voltage source to adjust the limit-
ing level of the output voltage.

o It biases the diode and removes a small portion of positive or negative half
cycles of the input voltage.

o  The value of the DC voltage source determines the voltage at which the diode
begins conducting.

Biased positive and negative clippers

« Biased positive clipper: a clipper circuit that adjusts the positive half-cycles of
the limiting level.

Figure 3.36 Biased positive clipper
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— During the positive half-cycle, the sum of the positive-biased voltage
E (DC source voltage) and the barrier potential V,, will be the output.
V.=E+V, The diode is on.
— During the negative half-cycle: the output is approximate to input.
V.=V The diode is off.

« Biased negative clipper: a clipper circuit that adjusts the negative half-cycles of
the limiting level.

s
Vi . 2 U \_/
‘T f\ Uik

______ YA

Figure 3.37 Biased negative clipper

— During the positive half-cycle, the output is approximate to input.

vV o=V The diode is off.
out in

— During the negative half-cycle, the sum of a negative-biased voltage
(—F, DC voltage source voltage) and the negative barrier potential will

be the output.
Vomz—E — VBR The diode is on.

Combination clipper
o Combination clipper: a clipper circuit that adjusts both the positive and nega-
tive half-cycles of the limiting level.

Both half-cycles can be adjusted using a single circuit.

Figure 3.38 Combination clipper
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During the positive half-cycle, the sum of the positive-biased voltage E (DC
source voltage) and the barrier potential will be the output.
Vout: E+ VBR D1 is on.

During the negative half-cycle, the sum of a negative-biased voltage (—F) and
the negative barrier potential will be the output.

174 == VBS_ VBR D2 is on.

oul

Applications of clippers

Amplitude selectors

In power supplies

In FM transmitters (for removing the excess ripples in the signals)
To separate synchronizing signals from the composite picture signals
To clip the excessive noise spikes

To protect the transistor from transients

To generate new waveforms or shape the existing waveform, etc.

3.4.2 Clampers
Diode clamping circuit

Clamper: a circuit that adds a DC level to an AC signal and moves the whole

signal up or down.

Clamper vs. clipper  They are opposite to each other regarding their working principle.

— Clipper: used to remove (limit) a portion of an AC signal. (The voltage
that is clipped by clipper can change in shape — an AC signal + a DC
level.)

— Clamper: used to add (shift) a DC level to an input AC signal. (The
output voltage obtained by clamper does not change in shape — it
moves the whole signal up or down.)

Positive clamper

A positive clamper is a circuit that shifts an entire input waveform above
(a negative peak of the signal is shifted above the x-axis).

[ 54
| | -
Opd Va Vou 0
o . O

Figure 3.39  Positive clamper
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o During the negative half-cycle, the diode D is FB. The capacitor is charged to
input voltage V° ktin)” The voltage across the capacitor is the sum of the input volt-
age and the negative V.
— The diode D: FB, D is on, C charges.
— The capacitor’s voltage: V.=V o)~ Ve

o During the positive half- cycle the dlode D is RB. The output voltage is the sum
of the input voltage and the capacitor’s voltage.
— The diode D: RB, D is off.
— The output voltage: V- =V.+V

pk(ou t) pk(in)

The capacitor holds its changed voltage V. as a battery in series with an input voltage.
The load resistor R, must be sufficiently high (1 = R C) to prevent significantly capacitor
discharging.

e As a result, the output AC voltage shifted upward — shift the input signal

V. + Vk(m))

Negative clamper

o A negative clamper is a circuit that shifts an entire input waveform below a DC
voltage (a positive peak of the signal is shifted below the x-axis).

| p—
0 I

|

Figure 3.40 Negative clamper

o During the positive half-cycle, the diode D is FB (it is on). The capacitor’s volt-
age is charged to the sum of the input voltage and the negative barrier potential.
— The diode D: FB, D is on, C charges.

— The capacitor’s voltage: V.= L

Ve # Vi)

o During the negative half-cycle, the diode D is RB (it is off). The output voltage
is the sum of the input voltage and the negative capacitor voltage.
— The diode D: RB, D is off,
— The output voltage: Vo = Vet Vi

e As a result, the output AC voltage shifted downward — shift the input signal

Vet Vo)
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Example: A negative clamper shown in Figure 3.40 has a peak negative input volt-
age of 12 V. What is the RMS output voltage for the clamper? (Assuming a silicon

diode)
— Given: Vpk = -12V
- F md:. RMS (out)
— Solution:

VC: VC = Vpk(in)— VBR = Vpk(in)—0.7 \Y

=-12V-07V=-127V
Vpk(out): Vpk(om) = —VC+ Vpk(in)z -127V+(-12V)=-247V
V
. _ pk(owt) _ 247V , %
VRMS(out)' VRMS(out) =2 (o) - ~ -175V ’/[,L = \/E Vons
R

Biased clampers

Biased clamper: a clamper circuit that uses a DC voltage source to have an
additional shift level of the output voltage.

The working principle of the biased clampers is similar to the biased clippers (a
DC voltage source is added to a biased clamper).

Figure 3.41 Biased clamper

Applications of campers

Voltage doublers or voltage multipliers

Test equipment

Sonar systems

Baseline stabilizer (in transmitter and receiver)
To improve reverse recovery time

To remove distortion

To protect amplifier (from large errant signals)
Etc.
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Summary

DC power supply basics

o DC power supply: a power supply that can produce a constant output DC volt-
age to its load.

« Composition of a typical DC power supply: a basic DC power supply consists
of four basic circuits, i.e. transformer, rectifier, filter, and regulator.

o Transformer: an electrical device formed by two coils that are wound on a com-
mon core. It can convert AC electrical energy from input to output.

o Rectifier: a device that converts AC signal to DC signal (a pulsating DC).

o  Filter: a circuit that makes certain frequency components of a signal pass from
the input and removes any unwanted frequency components.

¢ Voltage regulator: a circuit that is designed to maintain the output voltage to a
constant level despite changes in its input voltage or load.

Power supply filters

¢ In power supplies, filters are used to smooth out the pulsating DC output
obtained from the rectifier circuit.

e A capacitor filter can be used to reduce the AC components and make the output
of rectifier smooth at the output.

Calculating RC time constant T

e  RC time constant: T=RC
. Second (s)
e Units: \;/’CZVRC — > Farad (F)
Ohm (Q)
Ripple voltage

« Ripple voltage: a small, periodic variation in a DC voltage within a power sup-
ply that remains after rectification and filtering of an AC voltage.

e RC time constant and ripple voltage
- 17 (RT or CT) _ ripple voltage |
-1 (RL or CL) —ripple voltage T

Output frequency

o A filtered full-wave rectifier voltage has much less ripple than a half-wave
rectifier voltage.

o The output frequency of a full-wave rectifier is twice that of a half-wave rectifier.
— Period (7): T, =2T

Half Full
1 11
~ Frequency () f= . fru= 7= 7 =2/
T Full T

E Half
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Ripple factor
o Ripple factor (RF):

AC component of output (RMS value) or RF= ﬁ _
VDC

~

AC

Ripple factor =

~

DC component of output bC

o RF! — better filter
. 1T (RT or CT) —RF | —ripple voltage |

Surge current

o Surge current (inrush current or switch-on surge): the instantaneous rise cur-
rent in a short period of time in a power supply at turn-on.

o  Filter capacitor and surge current: when a power supply is initially turned on,
charging filter capacitor can result in a surge current.

o Use surge-limiting resistor: a resistor in series with the diode can be used to limit
surge current.

e . Peak secondary voltage —2 V.
¢  Minimum surge resistor value =

Diode max forward surge current (from data sheet)
V =2V

— k(sec)
or Rsurge+_ B 7

FSM
Diode clipping/clamping circuits
o  Clipper (limiter): a circuit that limits or clips off a portion of an input AC signal
above or below certain levels.
o Clamper: a circuit that adds a DC level to an AC signal and moves the whole
signal up or down.
o  Clamper vs. clipper
— Clipper: used to remove (limit) a portion of an AC signal. (The volt-
age that is clipped by clipper can change in shape _ an AC signal + a
DC level.)
— Clamper: used to add (shift) a DC level to an input AC signal. (It
moves the whole signal up or down.)



Table 3.1 Clippers and clampers

Name Type Circuit Formula

Positive clipper — Positive half-cycle: V =V,

BR

-- - M h —  Negative half-cycle: V_ =V,
l . — Vacross the load:
- ,—m " % RL

Vout in
R +R

out BR

M — Vacross the load:
~ R

=V L

out in

Clipper R +R

Negative clipper ) i — Positive half-cycle: V =V
. Qd\-- — Negative half-cycle:
l : V.=V,

(limiter) Biased positive ol — Positive half-cycle:
clipper P % : V,=E+7V,,

— Negative half-cycle:
V

out in

Biased negative ' | ' — Positive half-cycle:
clipper Vo=
out” in

— Negative half-cycle:
V., =—E~V,

out




Combination clipper

Positive half-cycle:

Voul= E + VBR
Negative half-cycle:
Vout: - E - VBR
Positive clamper Negative half-cycle:
"I ) Vo= Vpk(in)_ Vir
o "T Positive half-cycle:
a8 T Ll
: P — o Vpk(out) = VC + Vpk(in)
Negative clamper Positive half-cycle:
| V=Vv -V
Clamper la - oo
lr | v - Negative half-cycle:
11"} c',—, Vpk(oul)z_VC+ Vpk(in)

Biased clamper

Uu
Uref




Table 3.2 Rectifiers

Half-wave Transformer-coupled Full-wave Full-wave bridge
half-wave center-tapped
D,
Circuit
D,
Waveform : i :
(+) half-cycle: D — FB (+) half-cycle: D — FB (+) half-cycle: D, — FB (+) half-cycle: D, D,~ FB
Overation (-) half-cycle: D — RB (-) half-cycle: D — RB D,-RB D,D,-RB
P (=) half-cycle: D,— FB (=) half-cycle: D, D,— FB
D,-RB D,D,-RB
v Vpk(out) = Vpk(in) Ve Vpk(out) = Vpk(sec) Vi 1 V o = v -2V
pk(out) pk(out) 5 sec  BR pi(out) pk(scc)
ZVpk(m“) 2Vpk(°“') 2I/pk(0ut)
) Ve " 1 Vue™ " 1
V. g Vo= b4
™ g V. 0318V V. 0638V -
Vavg = 0318 Vpk(uut) g™ pi(ouy s pre Vavg ~0.638 Vpk(out).
P1IV PIV="V PIV="V 0 PIV =V e Vi PIV=" o+ Vew
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Self-test
3.1 1. A basic DC power supply consists of four basic circuits, i.e. transformer,
( ), filter, and regulator.
2. Avoltage ( ) is a circuit that is designed to maintain the output voltage
to a constant level despite changes in its input voltage or load.
3. A( ) is most commonly used to raise or reduce the output voltage of
the circuits.
4. A( ) transformer is designed to provide two separate and equal second-
ary voltages.
5. The peak inverse voltage (PIV) is the maximum voltage a diode can with-
stand in the ( )-biased direction.
6. Determine the peak value of the output voltage and the PIV for Figure
3.41, if the turns ratio of the transformer is 0.5 and the peak input voltage is
110 V.
(A silicon diode)
S |
Figure 3.42  Ch 3 - No. 6, self-test
3.2 7. The output voltage of a center-tapped full-wave rectifier is always one-half
of the total ( ) voltage less the diode drop.
8. Determine the peak secondary voltage, the peak output voltage, the PIV,

and the average output voltage for the circuit in Figure 3.42, if the turns
ratio of the transformer is 2 (1:2) and the peak input voltage is 120 V.
(Assuming two silicon diodes)

Figure 3.43  Ch 3 - No. 8, self-test
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9.

3.3 10.
11.
12.
13.
14.
15.
3.4 16.

17.

18.

19.

Determine the peak output voltage and the PIV for the bridge rectifier cir-
cuit in Figure 3.44, if the turns ratio of the transformer is 2 (1:2) and the
peak input voltage is 120 V. (Four silicon diodes)

L (]

Figure 3.44  No. 9, self-test

In power supplies, filters are used to smooth out the pulsating ( ) output
obtained from the rectifier circuit.
A capacitor ( ) can be used to reduce the AC components and make the

output of rectifier smooth.

The ( ) of the R and C is called the RC time constant.

High RC time constant T leads to a ( ) charging or discharging time.
High RC time constant T leads to a ( ) ripple of the output voltage.
The ( ) factor is the ratio of the AC component’s RMS to the DC com-
ponent of the output voltage.

The ( ) is a circuit that limits or clips off a portion of an input AC signal

above or below certain levels.

A negative clipper shown in Figure 3.45 has an RMS input voltage of 6.5
V, R, is 4 k€, and the load resistor is 40 k€2. What is the peak output volt-
age for the clipper? (Assuming a silicon diode)

Ry

Figure 3.45 Ch 3 - No. 17, self-test

A( ) clipper is a clipper circuit that uses a DC voltage source to adjust
the limiting level of the output voltage.

A biased ( ) clipper is a clipper circuit that adjusts the negative half-
cycles of the limiting level.
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20. A( ) clipper is a clipper circuit that adjusts both the positive and nega-
tive half-cycles of the limiting level.

21. A( ) is a circuit that adds a DC level to an AC signal and moves the
whole signal up or down.

22. A negative clamper shown in Figure 3.46 has a peak input voltage of
10 V. What is the RMS output voltage for the clamper? (Assuming a silicon
diode)

Figure 3.46  Ch 3 - No. 22, self-test

23. A biased clamper is a clamper circuit that uses a ( ) voltage source to
have an additional shift level of the output voltage.
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Bipolar junction transistors
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4.1 Introduction to bipolar junction transistor

4.1.1 Bipolar junction transistor (BJT)

Introduction to transistors

Transistor: a three-terminal semiconductor component that can work either

L]
to amplify electrical signals (amplifier) or in a high-speed switching circuit
(switch).
o Types of transistors
— Bipolar junction transistor (BJT): a current-controlled transistor that
uses both electrons and holes charge carriers to conduct current.
— Field-effect transistor (also known as unipolar transistor): a voltage-
controlled transistor that uses electrons or holes charge carriers in
their operation.
Types of BJTs
o BJTs are available in PNP and NPN types.
o NPN transistor: a transistor in which one P-type semiconductor layer is placed

between two N-type semiconductor layers, and electrons are the majority
charge carriers.
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Unlike a normal P-N junction diode, the transistor has two P—N junctions.

E E

Figure 4.1(a) NPN bipolar  Figure 4.1(b) Two  Figure4.1(c) NPN
Junction transistor P—N junctions BJT symbol

o PNP transistor: a transistor in which one N-type semiconductor layer is placed
between two P-type semiconductor layers, and holes are the majority charge
carriers.

The direction of the “arrow” specifies the type of BJT.

chi:
o c £
—n
¢ Py B 5
O
[ E i
Figure 4.2(a) PNP Figure 4.2(b) Two Figure 4.2(c) PNP
bipolar junction transistor PN junctions BJT symbol

BJT - basic structure

o A BJT has three layers (three regions)
— Collector
— Base
—  Emitter

:r‘:w O“'}Ef“'

!rv[tﬁur o— w

Emitter-Base & aﬂ' C}III:IODBI se
lu&tg}?n ]u&tg}?n

Figure 4.3 NPN BJT structure

¢« A BJT has two P-N junctions:
— Base — emitter junction
— Base — collector junction


https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/pnjunctionsemiconductordiode.html
https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/transistors/transistors-introduction.html
https://www.physics-and-radio-electronics.com/electronic-devices-and-circuits/semiconductor-diodes/p-n-junction-introduction.html
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o The base region is very thin and lightly doped.

L3
"-‘-‘ n ] n

)

L.

Figure 4.4  The base region is very thin

BJT biasing
o Biasing: establishing predetermined voltages or currents in an electronic circuit.
o BIJT bias: to operate a BJT as an amplifier

— the B-E junction should be forward biased (V, = V).

Ve =0.7V for Sior 0.3V for Ge

— the C-B junction should be reverse biased.

BJT currents

o  Emitter current [ : the forward bias causes the electrons in the emitter to flow toward
the base.

o Baser current /: the base is thin and lightly doped, only a few of the elec-
trons from the emitter into the base will combine with limited holes. This pro-
duces the very small base current /.

o Collector current /.: most of the electrons entering the base region will flow
toward the collector.

The B—C junction is designed to handle a large amount of reverse current without damage to
the junction (it behaves as a Zener diode).

—

n C

Ver Iy

Tl F°
Vae B E
| %

Figure 4.5 BJT currents

Emitter current

« NPN transistor: I=1+1I, KCL: X, =X1,
]E =1 I, is very small.

e  PNP transistor: I.=1.+1,
1 =
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Figure 4.6a  NPN transistor Figure 4.6b  PNP transistor

4.1.2  Transistor parameters

Alpha and beta parameters

Signal gain (amplification factor): the amplified difference between the input
and output AC signals.

— Itis a measure of the amount an amplifier “amplifies” the input signal.
— It is the ratio of the output signal and the input signal: Gain = M

mput
Transistor alpha (o) and beta () parameters: the current gains of a BJT transistor.
— Alpha (a): the ratio of the collector current to the emitter current. It is

always less than 1.

collector current
o= ————— <1
emitter current
The collector current is the output, and the emitter current is the input.
— Beta (f): the ratio of the emitter current to the base current. It is always
great than 1.
emitter current
= " >1
base current

The emitter current is the output, and the base current is the input.

DC current gain of a transistor

DC current gain alpha («,.): the ratio of the DC collector current /.. to the DC
emitter current /.

DC current gain beta (£, ): the ratio of the DC collector current /. to the DC

base current /_ (it is also called collector efficiency). Poc= i

B
Hybrid parameter (4,,): it is the same as the DC beta . but is more widely
used in transistor datasheets.

h,.: F—forward bias; E — common emitter configuration
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Example: A transistor operates with a base current of 2 mA and an emitter current
of 200 mA. Determine the DC current gains beta (f,.) and alpha (a,.).

Given: I,=2mA and /,=200 mA.
Find: ay.and B .
Solution:
/ I -1 _
o o =-c-tete 200mMATIMA 0 o
A 200 mA ' ‘
I I;—1y 200 mA-2mA
ot PBpo=——=Lt—L =202 299 (o))
DC DC [B IB 2mA

The relationship between alpha (&) and beta (f, )

a. : a. .= —ﬁDC
DC DC
Boc+1
1 [ . .
Derive: L=1I.+1; - = 1—L+]—“ Divide by /.
[(' 1L [(\
I lf 1 | I.
=12 =+ Opc = - /))DL [—(
I, I D pC IE B
L: ‘BD"+ ! N Ope = ﬁl)(‘
i Boc By +1
o
Byc B.. = P
pC _
1-a,
Derive: o= ﬁ'—’(
Boe +1

U B + 1) =Fie
pcPoc + 0= Foc
al)(':/))m'_ ”‘l)('ll))l)(' Subtract al)(ﬁn(
Ope = ﬂl)(‘ - an(‘) Factor out /))1)(‘
BI)( = L Divideby (1 — (x[)(,)

I —a,.
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Example: A transistor operates with a base current of 70 A and a collector current
of 6 mA. Determine the DC current gains beta . and alpha a..
o Given: 1,=70 uA, I.=6mA

o Find: Bocand o
e  Solution:

1 6 mA 6 mA
Boct ﬂDc=_c_—_

= = ——— =857 Milli: 103 Micro (1): 10
I, 70 uA 0.07 mA

Boe 857

= =_%7 0989
B+l 857 + 1

aDC: [¢4

Beta curve

o f,.and temperature: the DC current gain (f) is influenced not only by collec-
tor current (/) but also by temperature (7).

o Beta varies with both:
— junction temperature (7)
— collector current (/)

o I.plots have different curves for different temperatures.

|

»
L'

'BDC

Figure 4.7 Beta curves

The relationship between 1, 7, and

o If the collector current (/) increases (the junction temperature 7" does not
change), the DC current gain (f,.) will increase. But when /. reaches the
maximum value, the increasing collector current (/) will cause the DC cur-
rent gain (f,.) decrease.

I T( f’) - Boe T— maximum —» 7, T gL

o If the junction temperature (7) increases (the collector current /. does not
change), the DC current gain (f,.) will increase.

Tic) = Aot
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Maximum ratings of transistors
e  Maximum ratings: the upper limit of usage conditions or the highest values that
must not be exceeded during operation.
e Maximum transistor ratings: the maximum allowable current, voltage, power
dissipation, etc.
Understanding maximum ratings are critical to the reliable operation of transistors.
e Maximum transistor ratings in the datasheet:

Maximum DC voltage across the collector base: V.,

Maximum DC voltage across the collector emitter: V.
Maximum DC voltage across the base emitter: V,
Voltages given in the V--o form are usually maximum ratings.

Maximum DC collector current: 1. (o)

Maximum DC power dissipation: P (o)

The product of /. and V', cannot be maximum at the same time.

Figure 4.8 BJT voltages and currents

4.2 DC analysis of a BJT circuit

4.2.1

DC analysis

DC voltages and currents
o DC analysis: analyzes and calculates the behavior of a circuit when the circuit

is connected only with DC sources.
o Common emitter configuration: the emitter (£) of the transistor is common in

both input (base — emitter) and output circuit (collector — emitter).

Figure 4.9(a) Common emitter

v!r? n _’
[0G

;o 1
L(‘R()_ l/(H(nmxp
— I/
VLFL)_ l(,F(nmxp
— I/
VHFL)_ y BE (max)

P=1V

Figure 4.9(b) Common emitter
configuration circuit



90 Understandable electronic devices

Table 4.1 DC voltages and currents in a BJT circuit

DC current DC voltage

Base current: I, Base — emitter voltage: Vi
Emitter current: I, Collector — base voltage: Ves
Collector current: I, Collector — emitter voltage: Vg

Calculating DC voltages and currents

Base current /;:

Derive:

Emitter current L

Collector current /.
Base-emitter voltage V_

Collector-emitter voltage

Collector-base voltage V.

I = VBB _VBE
PR
B
Vs = Vs Vs Vs the voltage across R,

VHB _Vm' . .
[B = Divide both sides by R,
RB

I I

C .

I =1+1=I1 o [ =—- o .= =
E-‘c" BT “c E o DC I

— I(

1=Fpcly Poc= T

B
Ve = Vs Ve =0.7V for Sior 0.3 V for Ge
Vit Vg =Vee— IR, KVL: V.= IR +V,,
5 Ve =V Vi KVL: V=V + Ve

Table 4.2 DC currents and voltages

DC current DC voltage
V V
Iy L= = - Vee' Ve =Vee IR
Ry
I d=Fpcly Vep' Vs =V Ve
I I=1+1,=1, Vigr Ve = Ver=0.7V (Si.)
Ve Ve =03V (Ge)
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DC analysis of a BJT circuit — an example

Example: A common emitter circuit has an R, of 12 k€, R of 150 Q, supply volt-
age V,,of 4V, V . of 12V, and B, of 130. Determine the DC currents /,, I, I, and
the DC voltages V., and V. (Assuming a silicon transistor)

Figure 4.10 Common emitter — an example

o Given: R,=12kQ, R.=150Q, V=4V, V =12V, B, =130
o« Find: I, 1,1,V ,and V.

o Solution:
Vg =Vee 4V —07V

I; I, =B Bt Ve = Vig=07V
R, 12 kQ
=0.275 mA =275 uA Milli: 1073; Micro(w) : 107
I 1.=B,.1,= (130) (275 uA) = 35,750 uA = 35.75 mA
I: I,=1.+1,=35750 UA + 275 A = 36,0254A = 36.025 mA [ ~1,

Ve Vo=V~ I.R.= 12V~ (3575 mA) (150 Q)
=12V -53652mV =12V - 53652 V = 6.635V

Vgt V=V~ Vi =6.635V=0.7V=5935V

CB B

4.2.2 BJT characteristic curves
BJT curves

o Transistor characteristics: curves which are drawn between currents and volt-
ages of a transistor in the given configuration.
o Input and output characteristic curves of a transistor:
— Input characteristics (base curve): the graph of the base current 7, ver-
sus the emitter-base voltage V, (for specified values of the collector-
emitter voltage V).
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I (1A)

L} 02 04 086 VGE (V]

Figure 4.11(a) Input characteristics Figure 4.11(b) Base curves

— Output characteristics (collector curve): the graph of the collector cur-
rent /. versus the collector-emitter voltage V.. (for specified values of
the base current /).

I (mA)

B
14

40 pA
i

MWpA
1k
e WpA
v 10 pA

=0
L L A L AL L L
. oy 4 s\ 7o Ve (V)
P p—

Figure 4.12  Output characteristics

>, H saQ ~ R 74
A family curves of I versus V.,

Family of collector characteristic curves

o Family of collector curves: /. versus V., for different values of the base
current /.

o Change in V, causes a change in /. Jg — A7

o Each curve in this family shows the dependence of /. on V., when / has a
constant value.

Generate collector curves

o  Collector curves can be generated by using a circuit shown in Figure 4.13 (both
Vs and V. are adjustable source voltages).
o WhenV, =0: V=0, 1.=0
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e
Re
I
, B Vout
+Vss
Vi

Figure 4.13  Generate collector curves

o When V. is increased, /, increases gradually as V¥ increases.
When VT Vo T—-1.7T

o WhenV exceeds V, (suchas 0.7 V for Si), the B-C junction becomes reverse
biased, /. remains constant (for a given value of 1) as V; continues to increase.

When V2V, Ve T> 1, Ie=Bpc 1

CE™
o When V_, reaches a sufficiency high value, the reverse-biased B-C junction

goes into breakdown, and /. increases shapely.

When Veg T>v — breakdown — 1. T

CE (max)

I
S aﬂ_xatien Active region .Areak down
region | : regon
. 1
l :
: 1
| g V
- CE
Veenn Verem)

Figure 4.14  Collector curve

BJT — switch and amplifier

o The transistors have two basic functions: “switching” (switch) or “amplifica-
tion” (amplifier).

o The transistors can operate in three different regions: the cutoff region, satura-
tion region, and active region.
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LL ’

s 19 1 B Va(V)

Figure 4.15 Three regions

4.2.3 Distinct regions of collector curves

BJT regions of collector curves

Cutoff region: both B—E and B—C junctions are reverse biased and have almost
no current flows (only very small reverse leakage current). The BIT acts as an
open switch.

V..=0, I,=0 (=1, Vi< Vg (RB)

BB~
I, is avery small reverse leakage current between C and B (due to thermally produced
minority carriers).
- IC =0 (Ic= ICEO)

I, is avery small reverse leakage current between the collector and the emitter.
— BIJT =an open switch
Saturation region: both B—E junction and C-B junction are forward biased.
High /. flows through BJT and reaches a maximum level (it hits a limit). The

transistor acts as a closed switch.

Ve < VCE(SM) or V.o I, T ICT I.=p, 1,1, is dependent on /, and f ..
Vepea: the saturation voltage between the collector and emitter terminals.
Ve = VCE(Sal) or V.. IBT—> 1. =1. (@) I.=p, .1, no longer holds true.

o [(_(\_m: the collector saturation current

> When V., reaches its saturation value V. . I can increase no further even with a
continued increase in /.

— BIJT = a closed switch

Active (linear) region: the B—E junction is forward biased, and the C—B junction

is reverse biased. /. is § times /. The transistor acts as an amplifier.
V> Vit Ve T> Veg T — 1.slightly T I slightly increases at certain /.

- 1 T: I, T> ICT 1.= By 1y, I, controls I — a family curves
VCE(sat) < VCE< VCE(max)
V. : the maximum voltage between the collector and emitter.

CE(max)"
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o Breakdown region: V.. is so large that the C-B junction breaks down, causing
a large /., to flow and damage to the transistor.

VT - v, 127,

CE (max)

Table 4.3  BJT regions of operation

—1. TT — breakdown

Region Bias Condition I, Acts as

Cutoff C-B: RB; Vie<Vaw 1;=0, I.=0 I.=0 An open switch
B-E: RB ([13 - 11;(‘0’ [L‘: 1( l-,()) (Oﬁ)

Saturation | C-B: FB; Vie< Vs 1 T>1 CT I.=1, ) A closed switch
B-E: FB V=V I, N SN Z (on)

Active C-B: RB; 1,T—1.7T I.=p,.1, | Anamplifier
B-E: FB

Transistor DC load line analysis
o« DC load line: a line drawn on the collector characteristic curve by connect-
ing the cutoff and saturation points.

Saturation point ¢

by

Luad Line
v,

Cut-off point

Figure 4.16 DC load line

o Saturation point: a point at which corresponds to the maximum possible value
of /.. and the minimum V' value.

V.

CE

=V

CE (sat)’

1.=1

C(max)

o  Cutoff point: a point at which corresponds to the maximum possible value of
V., and the minimum /. value.

V.

CE

=V

CE (max) =

4 1.=0

cc

/o= Vee— IR, [.=0

CE

e  The region between cutoff and saturation is known as an active region.
e TheDCloadlineis the locus of all possible operating points at which BJT remains

in the active region.
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Example: Determine if the BJT in Figure 4.17 is saturated for the following
values: R,is 20 kQ, R is3kQ, V, is4 V, V. is 12V, B is 50, and V, is0.1 V.

CE(max)
(Assuming a silicon transistor)

Figure 4.17 Common emitter — saturated?

« GivemR,=20kQ, R.=3kQ, V,=4V,V, =12V,f =50,V =01V

CE(sat)
R,=R, R =R,
o Find: 1. (sat) and /. (Check 7, if I.> I . — it is saturated)
VCC - V saf ? V —V
« Solution: I, (sat)= R—CE(‘) D ey e dy=
C B
-V
ccC CE(sat
I (sat): 1. (sat) = ) Vep =Vee— IR,
RC
12V =01V _ 397ma Kilo: 10% Milli: 1073
3kQ
V. —V —
I =Pk = 4V-07V 0.165 mA V=L R +V,
R, 20 kQ
I: L=, I, = (50) (0.165mA) = 8.25 mA

Saturation? [.> /. — Saturated
(sat)

4.3 Transistors as amplifiers and switches

4.3.1 Transistor as an amplifier
BJT amplifier

e  The BJT acts as amplifiers and switches
— A transistor in the active (linear) region can work as an amplifier.
— A transistor in the saturation or cutoff regions can work as a switch.
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o Amplifier: an electronic device that produces an output that is larger than the
input. It increases the amplitude of signals (voltage, current, power, etc.).

ey

Figure 4.18 Amplifier

e DC and AC quantities: a BJT amplifier circuit has both DC and AC quanti-
ties associated with it and has a combination of both DC and AC operation.

Voltage and current notation (in this book)
o DC quantities use capital letters with capital subscripts.

Example: 7, I, I, V V V

B’ C E’ CE’ CB’ BE> °°°

o AC quantities use lowercase letters with capital subscripts (except 7).

Example: i I I Vep V) % 7, ...

B’ C BE’ CB’ e

o Instantaneous quantities are represented by lowercase letters with
lowercase subscripts.

Example: i,

c

i, v, Vv

¢ R

Table 4.4 Voltage and current notation

Quantity Letter Subscript Example

DC Capital Capital I, I, V.,
AC Lowercase Capital (except ) A
Instantaneous Lowercase Lowercase iy Iy Vs V,

BJT AC analysis

o Transistor modeling: use an equivalent circuit (model) to represent the AC
characteristics of the transistor.

e AC equivalent circuit: an AC equivalent circuit can be made by reducing all DC
sources to zero (short circuit all DC voltage sources).

The r, transistor model

o r,model: an AC equivalent circuit that can be used to predict the performance
ofa BJT.
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o rtheinternal AC resistance looking into the emitter terminal of a BJT.

Figure 4.19 r,

o Calculating r:

re— . V= Vin ZHRB’ =1, Lo R

Common emitter voltage gain
o Voltage gain (4,): the ratio of the output voltage to the input voltage.

_ Output voltage v,

Input voltage v

A%

o The voltage gain in the common emitter configuration:

v i. R R

A=V0u1=_C=C C ._¢C i =1
\Y% : I C
Vm VB lEre re
R
— C
A4, =—
r
e

o The voltage gain 4, is dependent on the R and r..

Example: A common emitter circuit has » of 20 Q, a 30 mV input signal at the base
of the transistor, and an output voltage of 1.2 V at the collector. Determine the col-

lector resistance R...

«  Given: r.=20Q, V.=30mv, vV _=12V.

e Find: RC

. Solution: R.=Ar « A =Y 4, - R
: C Ve \' v =

v 12V 1,200mV _

Ay A== = 40
v, 30mV  30mV
R: R.=A,r.

= (40) (20 Q) = 800 Q
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Figure 4.20 Common emitter: RC = ?

4.3.2  Transistor switching circuit

Cutoff region (switching off)

A transistor as a switch: a transistor in saturation or cutoff regions can work as
a switch to switch a low-voltage DC device (e.g., light-emitting diode (LED))
on or off.

Cutoff: both B-E and B—C junctions are reverse biased and almost no current

flows.
- Vin= 0’ [B = 0’ ]C ~0 IH: Il;m” [(': [('m
— BIJT = an open switch (switching off)

1

Figure 4.21 BJT switch

Calculating cutoff voltage:

VCE (cutof) VCE (max) VCC Vee=Vee= IR 1.=0

Saturation region (switching on)

Saturation: both B-E junction and C-B junction are forward biased. /. reaches
a maximum.

- Vin;t 0
- VCE< VCE(sat) or VBR: [B T - Ic/r o= Pocly
- VCE2 VCE(sat) or VBR: [B T- ]C = Ic (sat)

BIT = a closed switch (switching on)
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o Calculating saturation voltage and current:

Vesean™ Vir V.. =07V (Si)or 03 V (Ge)
VCC - VCE (sat)
I —
C(sat) R
.. ¢ . ) Ver=Vee= IR,
e  The minimum base current Ly mimy required to turn on a transistor:
I IC (sat)
B(min) I=p1
( ) ﬁDc C DC'B

Table 4.5 Cutoff and saturation

BJT Switch Voltage and current Minimum/maximum
current
Cutoff Switch off V,=0, I,=0, I.=0 Minimum current
(nonconducting) L=1,, L=I,, [C =0
Saturation | Switch on V.#0 (V<1 Maximum current

(conducting)

. I.=1.
V<Vt 1 T ICT ¢~ ey

VCE: VBR: IB T %[C

Example: What the minimum value of input voltage is required to saturate the BJT
in Figure 4.22, if the BJT has the following values: R_.is 1 k€, R, is 50 kQ, Vis 5
V, V. is 10 V, and ﬂDC is 75? (Assuming a silicon transistor)

Vout

Figure 4.22  Common emitter — the min. input voltage?

o Given: R.=1kQ, R,=50kQ, V, =5V, V., .=10V,andp =75.

« Find: V. —the minimum V., to saturate the BJT.

in(min)
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o Solution: Thinking process:
V.=V, =IR,+V,

in BB~ BB

9

Ny _ ey _ Vec /('E(.\u‘]
B(min) ﬁ])(‘ C(sat) R(.
V.-V
I . )i _ ccC CE (sat) - VCC - VBR Vv -V
C(sat) C(sat) R R CE(sat) BR
C C
OV =0TV _g3ma Kilo: 10°; Milli: 10°3
1 kQ
. To) _93mA _ o o0 o
B(min)* B(min) ~ ﬂ - 75 - m
DC
I/in(min): I/in(min) = VBB = IB (min) RB + VBE Vee =V,

=(0.124 mA) (50 kQ) + 0.7 V=6.9 V

The minimum value of input voltage is 6.9 V.

Basic application of BJT as a switch —
BJT driving an LED

e  Turn on/off an LED with a switch
—  When the switch is off:

V.= 0: the transistor is in the cutoff and the LED is off.

V.=V
BB in
—  When the switch is on:

V., # 0: the transistor is in saturation and the LED is on.

+V
+VBB G _%L

Figure 4.23  BJT as a switch

e  Turn on/off an LED with a solar cell
— When the power supply voltage (sunlight) is zero:
V., = 0: the transistor is in the cutoff and the LED is off.

— When the power supply voltage (sunlight) increases:
V. T the transistor is in saturation and the LED is on.
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+Vcc
3
Ry
\\“ LEM,{/
Solarcell -

Figure 4.24  Turn on an LED with a solar cell

Summary

Bipolar junction transistor (BJT)
o Transistor: a three-terminal semiconductor component that can work either
to amplify electrical signals (amplifier) or in a high-speed switching circuit
(switch).
o Types of transistors
— Bipolar junction transistor (BJT): a current-controlled transistor that
uses both electrons and holes charge carriers to conduct current.

— Field-effect transistor (FET — also known as unipolar transistor): a
voltage-controlled transistor that uses electrons or holes charge car-
riers in their operation.

Types of BJTs

o NPN transistor: a transistor in which one P-type semiconductor layer is placed
between two N-type semiconductor layers, and electrons are the majority
charge carriers.

o  PNP transistor: a transistor in which one N-type semiconductor layer is placed
between two P-type semiconductor layers, and holes are the majority charge
carriers.

BJT — basic structure
e A BJT has three layers (three regions)
— Collector
— Base
— Emitter
e« A BJT has two P-N junctions:
— Base-emitter junction
— Base-collector junction
o The base region is very thin and lightly doped
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BJT bias
o Biasing: establishing predetermined voltages or currents in an electronic circuit.
o BIT bias: to operate a BJT as an amplifier
— the B-E junction is forward biased (V,, = V). V,,=0.7 V for Sior 0.3 V for Ge
— the C—B junction is reverse biased.

Alpha and beta parameters

o Signal gain: Gain = Output

Input

o Transistor alpha () and beta (ff) parameters: the current gains of a BJT transistor.

collector current
— Alpha (a): a=———<I
emitter current

emitter current

- Beta () p= base current
DC current gain of a transistor I
o DC current gain alpha (a,.):  o,.= I_C
E
. 1.
o DC current gain beta (8,.): Boc= A

o Hybrid parameter (h,,): it is the same as the DC beta . but is more widely
used in transistor datasheets.

The relationship between &, and ff, .

By

° o .. a = -
DC DC

Boct+1

o
. —_ DC
° aDC' ﬁDC = 1 o

DC
Beta curve

The relationship between /, 7, and .
o I T(?) = B T — maximum— 1. M- Boc \2
. TT(I) = BT

Maximum transistor ratings in the datasheet:
o Maximum DC voltage across the collector and base: V, Veso= Ve oo
o Maximum DC voltage across the collector and emitter: V_ g g

V. =V
(o) CEO CE (max)
o Maximum DC voltage across the emitter and base: V| ! g

Veso™ Vew aman)
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¢  Maximum DC collector current: 1. )

o Maximum DC power dissipation: P
(max)

DC voltages and currents

o DC analysis: analyzes and calculates the behavior of a circuit when the circuit
is connected only with DC sources.

o Common emitter configuration: the emitter (E) of the transistor is common in
both input (base-emitter) and output circuit (collector-emitter).

Table 4.6 DC voltages and currents in a BJT circuit

DC current DC voltage
Base-emitter voltage: Ve = Vie=0.7V (Si)
. _ VBB — VBE -~V =
Base current: I,=—"= Ve =V =03V (Ge)
RB
Emitter current: [, =/ .+ =1, Collector-base voltage: Vg =Vee= Vi
Collector current: 1.=f .1, Collector-emitter voltage: Vg =Vee— IR,

BJT characteristic curves
o Input characteristics (base curve): I, versus V. (for specified values of V).

Iy (1)

Vie(V)

Figure 4.25  Input characteristics

o Output characteristics (collector curve): /. versus V., (for specified values
of I).

Figure 4.26  Output characteristics
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BJT — switch and amplifier

o The transistors have two basic functions: “switching” (switch) or “amplifica-
tion” (amplifier).

o The transistors can operate in three different regions: the cutoff region, satura-
tion region, and active region.

e The BJT as amplifiers and switches
— A transistor in the active (linear) region can work as an amplifier.
— A transistor in the saturation or cutoff regions can work as a switch.

Table 4.7 BJT regions of operation

Region Bias Condition 1, Acts as
Cutoff C-B: RB; Vie< Vg 1,=0, I.=0 I.=0 Open switch
B-E: RB _ _ ofi
(1137 [IE('()’ I('f [(‘m) ( f)
Saturation | C-B: FB; Vo<V I, TS IT 1.=1,, | Closedswitch
B-E: FB . (on)
Vee> Vet 1, T— 1,
Active C-B: RB; LT 1.7 I.=p,.1, | Amplifier
B-E: FB

Transistor DC load line analysis
DC load line: a line drawn on the collector characteristic curve by connecting the
cutoff and saturation points.

e Saturation point: Vo, .=V, . [.=1 o
o Cutoff point: Vo =V, o~V 1.~0

o The region between cutoff and saturation is known as an active region.

Figure 4.27 DC load line

BJT as an amplifier

« Amplifier: an electronic device that produces an output that is larger than the
input. It increases the amplitude of signals.



106  Understandable electronic devices

Table 4.8 Voltage and current notation (in this book)

Quantity Letter Subscript Example
DC Capital Capital I, I, V.,
AC Lowercase Capital (except ) [ A
Instantaneous Lowercase Lowercase i, I, VvV, v,

BJT AC analysis

o Transistor modeling: use an equivalent circuit (model) to represent the AC
characteristics of the transistor.

o AC equivalent circuit: an AC equivalent circuit can be made by reducing all DC
sources to zero (short circuit all DC voltage sources).

The r, transistor model

o r,model: an AC equivalent circuit that can be used to predict the performance
of a BJT.
o r.:theinternal AC resistance looking into the emitter terminal of a BJT.

<

« Calculating r.;: ro=—=

ve=v. —i R, i.=i,i="7"
€

H B in B" "B’ E c c
i R.
E

Common emitter voltage gain
_ Output voltage  Vou

. Voltage gain (AV)Z Av = W = N

in

o The voltage gain in the common emitter configuration:

<

— R

AV = _out _ _C
V. r
€

in

Table 4.9 The BJT as a switch

BJT Switch Voltage and current Minimum/maximum
current
Cutoff Switch off V=0, I,=0, I.=0 Minimum current
(nonconducting) 1.=0
[B: lli('()’ [(‘: [(‘LU ‘
Saturation | Switch on Vi 0 (V< V) Maximum current
(conducting) VCE< VBR: ]B N ICT I :1C(sat)
Vee=Vert 1y T Té
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Self-test

4.1

4.2

1.

w

10.
11.

12.

13.

14.

ABITisa( )-controlled transistor that uses both electrons and holes
charge carriers to conduct current.

A PNP transistor is a transistor in which one N-type semiconductor layer is
placed between two P-type semiconductor layers, and () are the majority
charge carriers.

Beta is the ratio of the emitter current to the ( ) current.

Hybrid parameter (4,.) is the same as the ( ) but is more widely used in
transistor datasheets.

A transistor operates with a base current of 5 mA and an emitter current of
300 mA. Determine the DC current gains beta (8,.) and alpha (O ).

A transistor operates with a base current of 80 A and a collector current of
7 mA. Determine the DC current gains beta (f,.) and alpha (& .).

If the junction temperature increases (the collector current /, does not
change), the DC current gain . will ( ).

A common emitter circuit has an R, of 15 kQ, R of 130 Q, supply volt-
age Vi, of 5V, V  of 15V, and ,6’DC of 150. Determine the DC currents /,,
1,1, and the DC voltages Vg and Vg (Assuming a silicon transistor)

Figure 4.28 Ch 4 — No. 8, self-test

Output characteristics is the graph of the ( ) current versus the col-
lector-emitter voltage.
The transistors have two basic functions: ““( )” or “amplification.”

The transistors can operate in three different regions: the cutoff region,
saturation region, and ( ) region.

Saturation region: both B—-E junction and C-B junction are forward biased,
and the transistor acts as a ( ) switch.

A DC load line is a line drawn on the collector characteristic curve by con-
necting the cutoff and ( ) points.

The DC load line is the locus of all possible operating points at
which BJT remains in the ( ) region.
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15. Determine if the BJT in Figure 4.29 is saturated for the following values:
R,=25kQ, R.=4kQ, V,,=5V, V. =15V, B, .=75,and V, =02V.

. . . CE(max)
(Assuming a silicon transistor)

Figure 4.29 Ch 4 — No. 15, self-test

4.3 16. An AC equivalent circuit can be made by reducing all DC sources to ().
17. r_is the ( ) AC resistance looking into the emitter terminal of a BJT.
18. A common emitter circuit has » of 25 €, a 20 mV input signal at the base
of the transistor, and an output voltage of 1.5 V at the collector. Determine
the collector resistance R_..

Figure 4.30 Ch 4 — No. 18, self-test

19. What the minimum value of input voltage is required to saturate the BJT in
Figure 4.31, if the BJT has the following values: R is 2 kQ, R,is 60 kQ, V',
is6V, V..is 15V, and B .is 100? (Assuming a silicon transistor)

Figure 4.31 Ch 4 — No. 19, self-test
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5.1 Introduction to DC biasing

5.1.1 DC load line and operation point

DC biasing

e DC biasing: establishing a predetermined level of DC voltages or currents in a
transistor amplifier.

e Recall — amplifier: an electronic device that produces an output that is larger
than the input. It increases the amplitude of signals (voltage, current, power,
etc.).

e The purpose of DC biasing a transistor: a DC bias current or voltage is added
(superpositioned) to the AC signal so that the signal is proper amplified.

— DC biasing a BJT can set up the initial DC values (operating point).

— DC biasing a BJT can ensure the BJT operate in the active (linear) region
(i.e., not in cutoff or saturation modes).
For amplification, the transistor must operate in the active or linear region.

Linear versus nonlinear amplifier

e Linear amplifier: the output signal is directly proportional to the input signal.
An amplifier is used to increase the amplitude of an AC signal without altering its shape —
a linear amplifier.
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e Nonlinear amplifier: the output signal is not directly proportional to the input

signal.
14 ~ Uins Uout— N
{ 1 - Uoc / \ll /\/\/,\f\/\
Uin- Uoutv vV

Figure 5.1 Nonlinear amplifier

The operating point (Q-point)

e The Q-point (quiescent point or bias point): the DC voltage or current at a spe-
cific point within the operation characteristic curve of a circuit with no AC input
signal applied.

Figure 5.2  Q-point

e The Q-point (/. and V) of a BJT circuit is obtained from the values of the col-
lector current /. versus collector-emitter voltages V., (for a specific /, on the
DC load line).

Bias a transistor —  establish a Q-point

DC load line and Q-point

¢  Different operating points: the Q-point could be at any of the intersection points
between the DC load line and the output characteristic curves.

¢ The Q-point moves along the DC load line:
— V., decreases when I, and /. increase (if V, increases).

1( = ﬂl)( IB’ V('L = V('(' - [( R('
The Q-point moves along the load line from the lower Q-point (Q,) to @, or
the higher Q point (Q,).

VT = 1,T—> 1T v, 1 ©, - 0, > 0)

— V. increases when /, and /. decrease (if V,, decreases). The Q-point moves
along the load line from the higher Q-point (Q,) to O, or the lower Q-point (Q,).

R A AU A ©, -0, — 0)
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Figure 5.3(a)  Circuit values
affect the Q-point

Saturation and cutoff points

e Actual/ideal saturation point:

V
— Actual saturation point: Vi, =V, . Lo =<
. . V.
— Ideal saturation point: V=0, I.=
RC
e Actual/ideal cutoff points:
— Actual cutoff point: Vee = Ve o ~ Lepo Reo
— Ideal cutoff point: Ve =Vee 1.=1,=0
I
LT

Figure 5.4  Saturation and cutoff points

DC biasing of BJTs 111
hgx > Igz > Iy
L™
e
b
-V
CE(sz _
(m) CE (sat) VBR
Ignore V. o
[CBO
Ve =Vee =1 R
Ignore 7,
Ve

Figure 5.3(b) Q-point moves
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Table 5.1  Saturation and cutoff points

Ideal Actual
Cutoff (off) Vee' Vee=Vee Vee' Vee = Ver mao ~ Leno Re
L l.=0 I 1= 1,
Saturation (on) ) .
Vg V=0 V! V= Vcc(sal)
I 1= Vee Ve = Ve Ve = 0.7V for Si or 0.3V for Ge
R.
I I = Vcc - VCE(sat)
(e C - -
RC

5.1.2 Midpoint biasing and active (linear) operation

Active (linear) operation

e Active (linear) region: the region between cutoff and saturation along the DC
load line.
— Below saturation
— Above cutoff

e BIJT amplifier: a transistor in the active or linear region can work as an amplifier
to amplify a small AC input signal.

Figure 5.5 Active region Figure 5.6  Amplifying

Signal distortion

e Waveform distortion in a BJT circuit: simply applying an AC signal to the base
of a transistor can result in it by moving in and out of the active region of opera-
tion (the signal is clipped).

e The position of the Q-point:
Assume a sinusoidal input signal v, is superimposed on ¥, of a BJT amplifier.
— If the Q-point is above the center, the output waveform will be limited by

saturation (the positive peak will be clipped).
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— If the Q-point is below the center, the output waveform will be limited by
cutoff (the negative peak will be clipped).
e A large input signal: if the input signal is too large, the output waveform will
be limited by both saturation and cutoff (both positive and negative peaks will
be clipped).

Figure 5.7  Signal distortion

Amplifier midpoint biasing

e Midpoint biasing: an amplifier with a centered Q-point on the DC load line. It
represents the most efficient use of the amplifiers range for operation with AC
input signals.

e Midpoint biasing can provide amplification of an AC input signal without dis-

tortion or clipping to the output waveform.
The complete cycle of amplified signal will appear at the output of the circuit.

Example: Calculate the values of /. and V in Figure 5.8. Determine whether the
circuit is midpoint biased. Given R, =25 kQ, R.=200Q, V,, =8V, V =12V,
and BDC =100. (Assuming a silicon BJT)

+Vee

Figure 5.8 Midpoint biased?

o Given: R, =25kQ,R.=200Q, V,, =8V, V. =12V, =100
e Find: /_and V.. Midpoint biased? (the Q-point centered on the DC load line?)
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Solution:
V.. =V 8V - 0.7V
I: ]B _ BB BE _

B R 25kQ

B

=~ 0.29 mA

I:  I.=B, 1, =(100)(0.29 mA) =29 mA
Vgt Vep=Voo—1.R,=12V (29 mA) (0.2 kQ)

=12V-58V=62V

The Q-point is near the center of the DC load line.

Q-point X

29 mA

— Load Line

. V,
6.2V 128 “E

Figure 5.9 The Q-point is near the center

Milli: 1073; Kilo: 10°

5.1.3  BJT biasing and stability

The goal of transistor biasing
Recall — biasing: establishing a predetermined level of DC voltages or currents
in a transistor amplifier so that the AC signal is proper amplified.

Transistors must be properly biased to establish a known Q-point to operate

correctly and produce the desired amplification effect.

Correct DC biasing of the BJT also establishes its initial AC operating region

with an undistorted amplified output signal.

Types of transistor biasing
The commonly used methods of transistor biasing from one source of supply (V..):

— Base bias (fixed bias or base resistor method)

Figure 5.10 Base bias
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— Voltage-divider bias

Figure 5.11 Voltage-divider bias

— Collector-feedback bias

Figure 5.12  Collector feedback

— Emitter bias

-Vee

Figure 5.13  Emitter bias

It uses two supply voltages (V. and V).

115
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e It is desirable that transistor circuits have a single source of supply (simplicity
and economy).

¢ Most of the above methods have the same principle of obtaining the required
value of /7, and /. from a single-voltage source V. with the zero AC input
signals.

Stability

¢ Amplifier stability: a condition in which the currents and voltages remain rela-
tively constant over a wide range of temperatures and transistor parameter beta
B (transistor current gain).

e Q-point stability: collector current /. and collector-emitter voltage V. are
almost independent of transistor temperature variations in 3 value.

5.2 Methods of BJT biasing

5.2.1 Base bias

Base bias (fixed base or base resistor method)

e Base bias circuit:

o The required base current of 7 is provided by V.. which flows through the base
resistor R,

The DC operating point (Q-point) of a base bias circuit
-V

V::C BE
e Basecurrent: [, = ——=

B

ariver IV = 4
Derive: V.. =1, R, + V,,

KVL (Kirchhoff’s voltage law): X7 = >E (from the base-emitter loop)
»  Collector current: /.= f3, . I,
»  Collector-emitter voltages: V.. =V..—I.R.

Derive: V. .=I.R.+V, KVL (from the collector-emitter loop)

Figure 5.14  Base bias circuit
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Effect of transistor parameter § on the Q-point

V. -V V.-V,
° IC:ﬁDC[B:ﬁDC =B = ——F%
R, Ry
o The V.., V., and R, are fixed known quantities.

V.=V _=0.7V forSior0.3V for Ge

BI BR
o The /. for the base bias circuit depends on the value of . for a transistor. The
value of f3 . changes with temperature.

Stability of a base bias circuit
. TemperatureT—) ﬁDCT - ICT - VCE‘L — Q-point shift — unstable
=B 1, Vd=V. . —1TR
Temperature l - Boe l - chL - VCET — Q-point shift — unstable
VT =V~ IR,
TemperatureT - ICBOT — IBT — Q-point shift — unstable

I ., — reverse leakage current

e The stability of the base bias circuit is poor, it is not a desirable configuration
for linear operation because its Q-point varies with 3. value.
¢ The base bias method is generally used in switching circuits.

5.2.2 Voltage-divider bias
Voltage-divider bias circuit:

+Ve.
1

=
»
2

priy
-

Figure 5.15 Voltage-divider bias circuit

Stability of a voltage-divider bias circuit

¢ Voltage-divider bias is one of the most frequently used biasing circuits.

e Ituses a voltage divider circuit to provide good Q-point stability (/. and V' are
almost independent of transistor parameter f3, ).
The two resistors R and R, form a voltage divider as the name implies — voltage-divider bias.

e Voltage-divider configuration makes the BJT circuit independent of tempera-
ture changes in f3. value.
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Calculating DC voltages and currents
¢ The input resistance in the B-E loop (RIN(base) ):

RIN(base) = ﬁDC RE

— VRI' + [FRI‘. —~ [I:RI. V ~ V ~ O
IN(base) b I BE BR
B B

Derive: R

Bocks Re ~] =
:71)(\&3 L= B Ry L=1.= By Iy
When the emitter resistor R is viewed from the base, it appears to be larger than its actual
value because of the DC current gain .

Figure 5.16 RIN(base)

o Collector current /. — precision approach:

R //R
I - VB - VBE V _ V 2 [N(base)
¢ R B “R+R//R
E 1 2 IN(base)
9
. ! A ?
Derive: [.=I, «— [.= R— — Vo=V, -V
E
R //R ,
Vo= V(‘C 27"\(%») V,=E Rz , R IN(base) /))DC RF’ RI W Rz = Rl R2
RI+R7//RINH ) R + R, ‘ R+ R
2 (base) 1 2 1 2
par Ve VoV Vv, Ry AN\ R )
RE RE R1 + Rz W Rn\[bmc)
v

Figure 5.17 Derive V,

e Collector current /. — approximate approach:

V.-V R, ,
IC ~— R o 4 VB = VCC R+ R ° lleN(base)
E 1 2

>>R, (check if B, R, > 10 R))



DC biasing of BJTs 119

? ?
Derive: [ =, <« I = V_' — Vo=Vy—Va
RL
V. V.-V
1(_ ~ [E "E =B BE
R, R,
R, //R .
V _ V__ 2 IN(base) R o= ﬁ R
B cc R‘+ R/ R”\, ‘ IN(base) pCc VE
2 (base)
. . , R, \
If Ry >> R, (check if B R, >10R): V=V . 2 R\R =R
R+ R,
s
[( ~ Iu l/BL- VH ~ V(C Rz
R, R+ R,
(Example: R =10, RlNh, ,= 100 Q)
R, R .\
RNR, =— IN(base) (1)(1()0) ~099Q~1Q=R) R\R = R R,
R, + R'\U"‘“‘) 1 + 100 R+ R,
o Collector-emitter voltage V.
Vg =Vee—I.R.— IR, KVL: V. =1, R + Vo +I R,
= VCC_IC (RC+RE) I, =1

Stability of a voltage-divider bias circuit

e The voltage-divider bias is a very stable circuit. The Q-point values of /. and
V. are almost independent of variations in the current gain f_ . value, and
the BJT always remains in the active-linear region.

¢ Thevoltage-divider bias is commonly used in the design of BJT amplifier circuits.

Example: Determine the Q-point for the circuit shown in Figure 5.15, if R,
is 15 kQ, R, is 4.7 kQ, R.is 2 kQ, R, is 1.5 kQ, V. is 12V, and S is 100.
(Assuming a silicon BJT)
e Given: R =15k€Q, R, =47kQ, R.=2kQ, R, =1.5kQ, V_.=12V, and

B, = 100.
e Find: Q-point (values of /_ and V)

e Solution: 5 )

R[N(base): Thinking process: R ..., >R, — R ...~ FDCRE — f RE'> 10 R,
Ry = By R.=(100) (1.5 kQ) = 150 kQ

? 9
150 kQ > 10 (4.7) kQ =47 kQ,  yes! . R.>10R,
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It can use the approximate approach.

9

— I : Thinking process: I, = ]E - I.= RI - V=V, =V
R 4.7 kQ
2 .
V.=V =12V————=286V
B R+ R, 15kQ + 4.7 kQ

VeV 286V -07V

v
I~1="c ="8" "

R R 1.5kQ

~ 1.44 mA Kilo: 10% Milli: 10

Vet Ver = Vee = I (Re + Ry)
=12V-(1.44mA) 2kQ+1.5kQ)=6.96 V

5.2.3  Emitter bias

Emitter bias circuit

Rs

Rs
GND

'VEI

Figure 5.18  Emitter bias

*  Emitter bias configuration uses two supply voltages, one positive (+V,.) and
one negative (—V,), which are equal but opposite in polarity.

*  (-V,,) forward biases the base-emitter junction while (+V,.) reverse biases the
collector-base junction.

Emitter bias circuit analysis

_VEE — VBE
e Collector current [ : [ .= I = "p
B+ R
DC
Derive: I, R, + V, + 1. R =~V KVL

[L

1
=Ryt Vit Ry=—V, 1(‘:[))DCIH’ Iy=

DC DC

EE

I ( £+ RL) + V=V Factor out /;

DC
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[ ~ :_Vl.l_ BE I ~1
B 1 R ¢
& +R,
DC
hy
—_
Re
Re 2l &
GND
Vi

Figure 5.19  Derive 1.

Collector-emitter voltages V.. : Vo=V — Vi — 1. (R.+R)

C

Derive: [.R.+V  + I R =V .. -V, KVL

EE

Vgt 1. R.AR) =V .=V, I, =1.

Vg =Vee= Vg —I. (R.+R))

Rl b

Vg

Figure 5.20  Derive V .,

121

Example: Determine the Q-point for the circuit shown in Figure 5.18, if R, is
56 k€, R.is 510 €, R is 1 kQ, V. is 10V, V, is—10 V, and ﬂDC is 200. (Assuming
a silicon BJT)

Given: R, =56 kQ,R. =510, R =1kQ, V. =10V, V _=-10V,and
By = 200.

Find: Q-point (values of /. and V)

Solution:
_VEE — VBE
I1:1.=1 = RB4
+ RE

DC
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~(-10v)-07V
1. = =7.27 mA V =V ;Kilo: 10% Milli: 1073
C BE BR’ ’
—56 kQ + 1kQ
200
Ve Ve = Ve = Vg = I R+ R))

=10V - (=10 V) = (7.27 mA) (0.51 kQ + 1 kQ) = 9.02 V

Emitter bias — cutoff and saturation

. M. _ Vcc — VEE
e Saturation (when V= 0): I. @= "R+ R
E C

Derive: Vi, =V..—V,—I.(R.+R)

When Ve, =0: 0=V = Vg = Loy (Re + Ry)
V.-V
. CC EE
Solve for /. : I, = m
E C

e Cutoff (when I.= 0): VCE(cumm =V—Vy
Derive: Vg =Vee= Ve — 1. (R, +RE)

WhenI.=0: V=V, .-V,

Saturation

Ly

—— Load Line
v,

Cut-off

Figure 5.21  Cutoff and saturation

Example: Determine the saturation and cutoff values of /.~ and V. for the

circuit shown in Figure 5.18, if R is 56 kQ, R is 510 Q, R, is 1 kQ, V_.is 10V, V,

is =10V, and f3,,. is 200.

e Given: R, =56 kQ, R.=510 Q, R, =1kQ, V.. =10V, V,_=-10V, and
By =200.

e Find:/, and/V

C(sat) CE(cutoff)”
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Solution:
- 10 V-(-10 V
It e o= Ve = Vir = ( ) =~ 13.25mA Kilo: 10% Milli: 107
C0CE T R+ R, 1kQ + 0.51kQ

y

VCE(cutﬂﬁ): VCE(cutoft) =Vee ™

V=10V -(-10V)=20V

DC load line of Figure 5.19 (for the above two examples)

Q-point: I.=7.27mA, V. =9.02V

Saturation point: VCE(SM) =0V, Ic(m) =13.25mA
Cutoff point: VCE(cutoff) =20V, ]C(Sm) ~0 mA
le
13.25mA ¢

7.27mA

Figure 5.22  DC load line

The Q-point of this emitter bias circuit is near the middle of its linear operating
range that is approximately halfway between cutoff and saturation.

The BJT can remain in the active-linear region if the design (choice of resistors)
is well done.

Stability of an emitter bias circuit

V.-V

o7 7 — _EE” "BE _
Recall: /.= I = R , Vg =Vee= Vg —I.(R.+Ry)
B4 R,
DC
R Vv _
IfR, >> B [CszzM
ﬁDC RE
-V
IfV,, >V, I.=1I = TEE

Emitter bias is a stable circuit: change in the transistor DC current gain (f3,.)
value nearly does not affect the Q-point values of /. and V.

Emitter bias circuit provides good Q-point stability. The Q-point is almost inde-
pendent of variation in temperature (7) or the DC current gain (f3,.).
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5.2.4  Collector-feedback bias

Collector-feedback bias circuit

Figure 5.23 Collector-feedback bias

The base resistor R, of the collector-feedback bias circuit is connected to the
collector C rather than to V. as in the figure above.

Negative feedback: a type of self-regulation that tends to reduce a process by
applying the output against the initial condition. It tends to stabilize the system.

Stability of a collector-feedback bias circuit

This collector-to-base negative-feedback configuration ensures that the BJT is
always biased in the active-linear region, and the Q-point is only slightly depen-
dent on the DC current gain (f3,.).

If temperature T increases, f3,,. increases, this causes the collector current /. to
increase.

T - B.T - LT I.=B I

C DC B

If . increases, the voltage drop across R. increases, thereby causing V, to
decrease. When V, decreases, there is a decrease in voltage across R, which
decreases /, fed back to the base. This, in turn, decreases the /., correcting the
original increase in V.

I.T IR T 5 v loirI—1 ] vol=v ~1.R]

Il Vb=V _+(1,R) L

Collector-feedback circuit analysis

V.-V
Collector current [, : [~ = —<—2t—
R. +
DC
Derive: IR .+ 1, R, +V, =V KVL

I
IR+ 2 R =V -V, I.=f I, I =

c BE pC B?
DC DC
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R ,
I( (RL + . )_ V(( - I’/m‘

DC

Collector-emitter voltages V. : V.. = V.=V .~ I.R.

Example: Determine values of /. and ¥V, for the circuit in Figure 5.24, if R, is
150 kQ, R, is 5 kQ, Vee is 12V, and ,BDC is 100. (Assuming a silicon BJT)

Given: R, =150 kQ, R.=5kQ, V,,.=12V, and ﬁDC =100.
Find: 1. and Ve

Solution:
Ve =V, -
I1: 1. =1 = IsE = 12V 1053\11(9 =174 mA  Kilo: 10% Milli: 10
R.+ P 5kQ +
e 100

Vgt Vep = Vo= Ve — I, R.=12V = (1.74 mA) (5 kQ) =3.3 V

CE CE C

Summary

Q-point

The Q-point (quiescent point or bias point): the DC voltage or current at a spe-
cific point within the operation characteristic curve of a circuit with no AC input
signal applied.

Figure 5.24  The Q-point

The Q-point (/. and V) of a BJT circuit is obtained from the values of the col-
lector current /. versus collector-emitter voltages V. (for a specific /; on the
DC load line).

Bias a transistor —  establish a Q-point
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DC load line and Q-point
¢ The Q-point moves along the DC load line:

VT - 1L,T> 1.T v 1 ©, - Q, = 0)
Vot - 1Ll - 1.l-v, T ©, - Q, = 0)
bz > bgz > kqu

Figure 5.25  Q-point moves

Table 5.2 Actual/ideal saturation and cutoff points

Ideal Actual
Cutoff (off) Vee' Vee=Vee Ve Vee=Vee (max) Lopo Re
[CZ ]C= 0 I 1=y,
Saturation (on) e Ve~ 0 Vee: V= VCE(sat) Versan = Var
L. I.='c Vee = Veugmy
c c R. 1. I. = T

Active (linear) operation

e Active (linear) region: the region between cutoff and saturation along the DC
load line.
— Below saturation
— Above cutoff

e BJT amplifier: a transistor in the active or linear region can work as an amplifier
to amplify a small AC input signal.

Signal distortion

¢ Waveform distortion in a BJT circuit: simply apply an AC signal to the base of
a transistor can result in it by moving in and out of the active region of operation
(the signal is clipped).

e A large input signal: if the input signal is too large, the output waveform will
be limited by both saturation and cutoff (both positive and negative peaks will
be clipped).
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Amplifier midpoint biasing

Midpoint biasing: an amplifier with a centered Q-point on the DC load line. It
represents the most efficient use of the amplifiers range for operation with AC
input signals.

Midpoint biasing can provide amplification of an AC input signal without dis-
tortion or clipping to the output waveform.

The commonly used methods of transistor biasing from one source of supply
(Vo)

— Base bias (fixed bias or base resistor method)

— Voltage-divider bias

— Collector-feedback bias

— Emitter bias (uses two supply voltage V. and V).

Stability

Amplifier stability: a condition in which the currents and voltages remain rela-
tively constant over a wide range of temperatures and transistor parameter beta
f (transistor current gain).

Q-point stability: collector current /. and collector-emitter voltage V., are
almost independent of transistor temperature 7 variations in [3 value.



Table 5.3 Methods of transistor biasing
Biasing Base bias Voltage-divider bias Emitter bias Collector-feedback bias
+V,
1
3no o Rl
Circuit (=) )
ircui — s
E
W3r,  mz
-
I = Vo= Ve
C RE
I I} V _ V RZ // R]'N(basc)
I, c=Bocty BT TCCR+ R /I Ry I =% o7 = YV
cE c'E
R, F; B+ R, R. + /f—B
. . DC
IfRIN(base) >> Ry Vy= Ve R+ R, pe
IN(base) = 'BDC RE
VCE VCE = Vcc - ICRC VCE = Vcc - Ic (Rc + RE) VCE = Vcc - VEE - IC (RC + RE) VCE = Vc = VCC - Ic Rc
Unstable Stable Stable Stable
Stability (It is commonly used in the design of (It uses two supply voltages (Tt uses a negative-feedback

(It is used in switching circuits.)

BJT amplifier circuits.)

Vecand V..)

configuration.)
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Self-test
5.1 1. A bipolar junction transistor is a ( )-controlled transistor that uses
both electrons and holes charge carriers to conduct current.
2. The purpose of DC biasing a transistor: a DC bias current or voltage is
added to the AC signal so that the signal is proper ( ).
3. A transistor in the active or ( ) region can work as an amplifier to
amplify a small AC input signal.
4. If the Q-point is below the center, the output waveform will be limited by
( )-
5. Midpoint biasing can provide amplification of an AC input signal with-
out ( ) or clipping to the output waveform.
6. Calculate the values of /. and V in Figure 5.26. Determine whether the
circuit is midpoint biased. Given R is 30 k€, R.is 300 Q, V,,is SV, V.
is 15V, R, =30kQ, R.=300Q, V,, =5V, V=15V, and B, is 100.
(Assuming a silicon BJT)
+Vee
Vg
Figure 5.26 Ch 5: No. 6, self-test
5.2 7. Voltage-divider bias is one of the most frequently used ( ) circuits.
8. Voltage-divider configuration makes the BJT circuit independent of
( ) changes in 3 . value.
9. Determine the Q-point for the circuit shown in Figure 5.27, if R is 20 k€2,

R, is 15kQ, R.is 3kQ, R, is 2kQ, V_ is 15V, and B is 150. (Assuming
a silicon BJT)

Figure 5.27 Ch 5: No. 9, self-test
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10. Determine the Q-point for the circuit shown in Figure 5.28, if R, = 60 k€2,
R.=550Q, R =15kQ, V =15V, V, =-15V, ﬂDC is 150. (Assuming a

silicon BJT)

_P’cc

Re

Rs
Ry
GND
-Ve=
Figure 5.28 Ch 5: No.10, self-test
11. Determine the saturation and cutoff values of / and V for the

C(sat CE(cutoff)

circuit shown in Figure 5.29, if R, is 45 k€, R is 400 Q, R_is 2 kQ, V. is
15V, V.. is =15V, and ﬁDC is 150. (Assuming a silicon BJT)

_P’cc

Ry

Ry
GND

Ves

Figure 5.29 Ch 5: No. 11, self-test

12. Emitter bias circuit provides good Q-point stability. The Q-point is almost
independent of variation in ( ) or the DC current gain £.

13. Determine values of /. and V', for the circuit shown in Figure 5.30, if R,
is 200 kQ, R, is 10 kQ, Vee is 15V, ﬁDC is 150, and ﬁDC is 150. (Assuming a
silicon BIT)

Figure 5.30 Ch 5: No. 13, self-test
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6.1 Transistor amplifiers

6.1.1 Capacitors in transistor amplifier

Amplifier

e Recall — amplifier: an electronic device that increases the voltage, current, or
power of a input signal. It is a circuit that has a power gain greater than one.

e Amplifier gain: the ratio of output to input in the form of power, voltage, and
current. It is a measure of the ability of an amplifier.

— Power gain: A,= Pout
P
mn
. Vot
— Voltage gain: AV= ou
Vin
— Current gain: A= lo_ut
1l

e BJT amplifier: a BJT in the linear region around an operating point can work as
an amplifier to amplify a small AC input signal (low-level signal such as wire-
less signal).
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A small-signal BJT amplifier with voltage-divider bias

Circuit of a BIT amplifier with voltage-divider bias:

Figure 6.1 A BJT amplifier with voltage-
divider bias

Recall — the purpose of biasing is to stabilize the Q-Point (DC operation) in the
desired region of operation in response to an AC input signal.

A small AC voltage (V) is applied to the input and passed to output (V)
through coupling capacitors (C, and C, ) that are used to pass an AC s1gna1
without disturbing the Q-point of the circuit.

A bypass capacitor (C,) on the emitter resistor (R) to bypass desirable signals
to the ground and to increase gain.

Capacitor review

Capacitor for AC: a capacitor acts as a short circuit in AC (high frequencies).
Capacitor for DC: a capacitor acts as an open circuit in DC (low frequencies).
Recall: the capacitive reactance is proportional to the inverse of the frequency

1
At higher and higher frequencies, X approaches zero — short circuit (plss AC).
DC: f\L\L —>XCTT —> X TT 77T/l«~l/(
At lower and lower frequencies, X approaches infinity — open circuit (block DC).
A capacitor blocks DC, so it can be used to pass an AC signal (e.g., audio)
without disturb the Q-point of the circuit.

Capacitor: pass AC signal (short circuit)
block DC (open circuit)

The function of capacitors in BJT amplifier

Coupling capacitors (C, and C_ )

out-

— Capacitive coupling (AC coupling): the transfer of AC signals or electrical
energy from one segment of a circuit to another using a capacitor.
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— Coupling capacitor: a capacitor that is connected between two nodes of a
circuit such that only the AC signal can pass through while DC is blocked
(a DC blocking capacitor).

— A coupling capacitor can prevent the internal source resistance (R ), and the
load resistance (R, ), from changing DC bias or Q-point.

Bypassing capacitor (C)

— Bypass capacitor: a capacitor that is used to short AC signal to the ground
so that the AC noise is removed. It also acts as an open circuit for a DC and
maintains the DC bias (not affecting DC operation).

— A bypass capacitor can eliminate the effect of voltage spikes that may be on
an AC signal and reduce the power supply noise.

Coupling

Couplin RS
KAC.

Vo—it—
J Bypass
R S

Figure 6.2  Capacitors in BJT amplifier

6.1.2  Superposition of DC and AC

Voltage and current notation (in this book)

DC quantities use capital letters with capital subscripts.

Example: [, [, I, V., V., V

(e E CE’ C BE?

AC quantities use lowercase letters with capital subscripts (except ).

Example: i, i, I, Ve Vg Vep To

AC RMS (root mean square) quantities use uppercase letters with lowercase

subscripts.

Example: [, I, V, V R,

e ce” e

Instantaneous quantities use lowercase letters with lowercase subscripts.

Example: i, i, v, v

c ce”
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Table 6.1 Voltage and current notation

Quantity Letter Subscript Example

DC capital capital I, 1., V.

AC lowercase capital iy B Ve T,
AC RMS capital lowercase I, 1,7V, V, R,
Instantaneous lowercase lowercase i, i, v, v,

Superposition of DC and AC waveforms

e Superposition: two or more waves combine in a manner which is the alge-
braic sum of the waveforms produced by each independent wave acting
separately.

e Superposition of AC and DC: combine the waveforms of the AC and DC.

DC level

Figure 6.3  Superposition of AC and DC

Example: DC: an amplifier has a constant DC operating point (Q-point).

AC: the AC signal is usually what will be amplified.

H — i
V., fmin) v V, fmax)

Figure 6.4 Amplifying
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6.1.3 Transistor r parameters equivalent model

Transistor AC model

Model: an informative representation of an object, device, system, etc. that
shows what it looks like or how it works and predicts the behavior of a device
in a particular operating condition.

Transistor model: an informative representation of circuit elements that best
shows the actual behavior of a transistor under specific operating regions.

A transistor AC model can be represented by r-parameters or s-parameters
equivalent circuit. The circuit uses internal parameters to represent the BJT’s
operation.

r-parameter or A-parameters model: an equivalent circuit that can be used to
accurately predict the performance of a BJT. It can be used to quickly estimate
the input impedance, gain, and operating conditions of BJT amplifiers.

Transistor r-parameters equivalent circuit

Derive transistor 7-parameter AC equivalent circuit: in any transistor, /. = 8, I,,
thus B, 1, can be thought of as a current generator.

The r parameter AC equivalent circuit is shown below:

:E Iy ﬁI"EE Te
¢
re §
Figure 6.5(a) BJT Figure 6.5(b) r parameter

AC equivalent circuit

AC current gains of a transistor

AC current gain beta (8, ): the ratio of the AC collector current / to the AC
base current /.

AC current gain alpha (¢ ): the ratio of the AC collector current /_ to the AC
emitter current /.
1

aac: I_C
€
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Internal resistance of a transistor

¢ BT internal AC resistance r: a small AC resistance looking into the terminal of
a transistor. It is like the dynamic resistance for a forward-biased diode.

e risequivalent to the slope of voltage-current of the PN diode.

Example: r, = %
Al

¢

Ar

AV

Vv

Figure 6.6 V-1 of the PN diode

e AC base resistance 7, it represents the base region AC resistance that depends
upon the doping density. r, is usually very small (the base is thin and lightly
doped) and can be ignored in calculations (it can be replaced by a short circuit).

e AC collector resistance r: it represents reverse-biased collector-base junc-
tion resistance. it is typically much larger (reverse-biased) than R and can be
neglected in calculations (it can be replaced by an open circuit).

»  AC emitter resistance : it represents the forward-biased base-emitter junction
resistance and has a low value. At room temperature, the following equations
can be used to find an approximate value for ..

26 mV
r = At room temperature

© I (mA)

Simplified transistor r parameter equivalent circuit
e r,:very small — short circuit

e r.:very large — open circuit

»  The collector branch acts as a current source (3, 1,).

Jr

al,~B1,
r, DBLE 1,
= 1
& :E Te
re § —

Figure 6.7 Simplified BJT r parameter equivalent circuit
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Table 6.2 t parameters and current gains

r parameter Formula
i i 26 mV
AC emitter resistance r, yo= (at room temperature)
¢ I; (mA)
AC base resistance 7, very small — short circuit
AC collector resistance 7, very large — open circuit
. I
AC current gain 3 B ==
ac I
b
AC current gain o o = L
“ ac ]
¢

6.1.4 Transistor h parameters equivalent model

Transistor h parameters

Hybrid parameters or /4 parameters: every linear circuit (or network) having input and
output terminals can be analyzed by four parameters called hybrid (%) parameters.

Network v

Figure 6.8 Network

Four general / parameters:
— Inputresistance or impedance /#;: the ratio of the input voltage V to the input
current /, (with the output short-circuited).
V.
h=- Subscript “i” — input
i
— Output conductance or admittance /_: the ratio of the output current /  to the
output voltage V_ (with the input open-circuited).
1

h0 = Subscript “0” — output

o
— Forward current gain 4, : the ratio of the load current /_ to the input current
I (with the output short-circuited).

1
h.=-=2 Subscript “f” — forward bias

— Reverse voltage gain / : the ratio of the input voltage V; to the output voltage
¥V, (with the input open-circuited).

V.

hr =+ Subscript “r”” — reverse bias

V

[}
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e Four hybrid parameters measured in ohm, mho (or siemens), or dimensionless.
Hybrid means “mixed”. Since there is a mixture of units involved, they are
called hybrid parameters.

e Hybrid parameters 4 and 4 : they are the same as the » parameters (AC current
gain 8 _or ¢ ) but are more widely used in transistor datasheets (they can easily
be measured).

e Small-signal analysis: both » and 4 parameters are valid only for small-signal
analysis (the amplifier’s linear region of operation).

The BJT is a non-linear device so only for a small signal can use small-signal approximation
and treat the BJT as a linear device.

Table 6.3 h parameters

h parameters Subscript Condition Formula | Unit
i o L Vi
Input impedance or i— input Output short circuit |~ = =+ ohm
resistance A, A
Output admittance or . I8
conductance &, 0 —output | Input open circuit ho = v mho
. - 1 . .
Forward current gain k&, | f — forward | Output short circuit h.= 1—" dimensionless
i
. - V. . .
Reverse voltage gain &_| r — reverse | Input open circuit h = 7‘ dimensionless
o

Introduction to fundamental BJT amplifier circuit configurations
e There are three fundamental configurations for a transistor amplifier:
— Common-emitter amplifier
— Common-collector amplifier
— Common-base amplifier
¢ Common-emitter amplifier (CE):
— The input signal is applied between the base and emitter terminals of the BJT.
— The output is taken between the collector and emitter terminals.
— The emitter is a common connection terminal for both input and output.
Emitter — common; V. — base; V.. — collector

in

Figure 6.9 Common-emitter amplifier
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e Common-collector amplifier (CC):

— The input signal is applied between the base and emitter terminals.

— The output is taken from the emitter branch of the BJT.

— The collector terminal is a common connection point for both input and
output. (The collector terminal is “grounded” through the power supply.
Both the signal source and the output share the collector lead as a common
connection point.)
Collector — common; V. —base; V.. — emitter

PV

Vip Cin NPN
———0
'}
out
Ry +—i—o
COUI

Figure 6.10 Common-collector amplifier

¢ Common-base amplifier (CB):
— The input signal is applied to the emitter branch of the BJT.
— The output is taken from the collector branch of the BJT.

— The base terminal is a common connection point for both input and output.
Base — common; V., — emitter; V..~ collector

Vout
—

nen Cout
L
T

Figure 6.11 Common-base amplifier
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6.1.5 h parameters for three configurations of the transistors

h parameters for three BJT amplifier configurations

Subscript letter: the second subscript letter is added to the four / parameters to
define different types of amplifier configurations.

Common-emitter amplifier (CE) — add a subscript e. e — emitter
Common-collector amplifier (CC) — add a subscript c. ¢ — collector
Common-base amplifier (CB) — add a subscript b. b —base

Table 6.4 Types of amplifier configurations

Common
Amplifier Abbreviation | Input | Output | terminal | Subscript
Common-emitter amplifier | CE base collector | emitter e
Common-collector amplifier | CC base emitter collector | c
Common-base amplifier CB emitter | collector | base b

Common-emitter (CE) & parameters

Input resistance or impedance 4, : the ratio of the input voltage ¥, to the input
current /.

V. v

G

) _b
1c
L1
Output conductance or admittance 4 _: the ratio of the output current /_ to the

output voltage V.

h = 1_0 JE—
* VO ce
Forward current gain 4, : the ratio of the output current /_ to the input current /,.
fe I I
i b

Reverse voltage gain £ : the ratio of the input voltage V) to the output voltage V.

h =

e

NS
Il
oS

—
Ry if¥( . o
: | }w_’m

Ry
R L “E

| 11

Figure 6.12 CE amplifier
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Common-collector (CC) & parameters

Input resistance (or impedance) 4, : the ratio of the input voltage V, to the input
current /.

L
ic Il ]b

Output conductance (or admittance) 4_: the ratio of the output current /_ to the
output voltage V.

nov
Forward current gain £ : the ratio of the output current /_ to the input current /,.
poole Lo
fe I I
I b

Reverse voltage gain /_: the ratio of the input voltage ¥, to the output voltage V.

_| NPN

Figure 6.13 CC amplifier

Common-base (CB) amplifier # parameters

Input resistance (or impedance) 4, : the ratio of the input voltage V, to the input
current / .

Output conductance (or admittance) 4 ,: the ratio of the output current /_ to the
output voltage V..

L L
ob
ooV
Forward current gain £, : the ratio of the output current /_ to the input current /_
fb 1 ]

i e
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*  Reverse voltage gain £ : the ratio of the input voltage V_ to the output voltage

V.
A
L A
1 C
OV
=
Ry Re
Cin : 2
v, — O —i— v
‘re +'neN Cout
Rg | +
4 R, ilg

Figure 6.14 CB amplifier

Table 6.5 h parameters for three configurations

Configuration Subscript h, h, h, h,
. V. 1 I |14
Common-emitter (CE) e h== |p == |n w= ho=-2
* Ib * V::e I b " Vc
Vs I 1 Yy
Common-collector (CC) c h,=— | h =% | h =" h =—"
1c Ib oc Ve C Ib e Ve
h Ve h IC h ]C h VC
Common-base (CB b b T b 1 =7 w1
(CB) b Ie b V) LI b v,

Figure 6.15 h parameter main equivalent circuit

(Subscripts 11, 12, 21, and 22 could be ie, oe, fe, ... )

Conversion between / and r parameters

e /i parameters and 7 parameters are similar, designed for small signals, involve
using an equivalent circuit to model transistor behavior, but /# parameters are
more widely used in transistor datasheets (datasheets provide # parameters).


https://www.answers.com/Q/Relation_between_h_parameters_and_r_parameters_of_transistor
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P — —

h, (I)hL
l ] l

C

L]

Figure 6.16(a) rt parameters Figure 6.16(b) h parameters
equivalent equivalent

o The forward current gain /, is the same as the B that can be seen from / and r
parameters common-emitter equivalent circuits.

| I

I L.
b |V [ ¢ vy [F

n  CDBL h. i h.I,

o o * <

c € c =

Figure 6.17 h and r conversion

I

he:Bacz_c
fe [b

6.2 Transistor small-signal analysis

6.2.1 Transistor common-emitter amplifier

DC analysis

e Recall: common-emitter (CE) circuit
— Emitter — common
— V._—base
~ ¥, — collector

oul

Figure 6.18 Common-emitter amplifier
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e The DC equivalent circuit of a CE amplifier is obtained by replacing all capaci-
tors by an open circuit.

OVe

.

SRy T[_

Pra

& &
Figure 6.19 The DC equivalent circuit of
a CE amplifier

— The capacitive reactance is proportional to the inverse of the frequency

1
X. =—).
(e 2nfC )
— Recall: a capacitor acts as an open circuit in DC (low frequencies).
.. 1
DC: stxL — X ™Mo e open circuit X.= 22T

¢ Q-point of a common-emitter circuit:

Ve Ve=Vag 7 Ry // RI\I[‘hmc)
B [c = IE =% T 5 Vo=V W" Rn\im-» = ﬁ[)(' R[
RE RE 1 2 IN(base) )
, , R,
IfRI\uhu\c) >> R3 ’ ’/B - LCC Rl + RZ

= V=V =V, =IR. -V, =V,) Vo=IR., V,=V,~V,

C E B BE

_ [:I_C
B
Bnc

AC equivalent circuit

e The AC equivalent circuit of a CE amplifier is obtained by replacing all capaci-
tors by a short circuit and setting DC voltage sources to zero and replacing them
by ground.

Figure 6.20(b) AC equivalent
Figure 6.20(a) A CE amplifier circuit of a CE amplifier
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e Capacitors are replaced by short circuits in AC analysis
— Recall: a capacitor acts as a short circuit in AC (high frequencies).
1
Xo=5—
2nfC

- AC: fTT - X. Ll =0 = short circuit

e DC source is replaced by a ground in AC analysis
— DC source does not generate any changes, therefore from an AC analysis
point of view, their contribution is zero.
— For an AC signal, a zero voltage DC source is the same as ground.

Input resistance
e R,:the input resistance at the base of the transistor.

~
o~

r I
Rib = [_ - [ - = Bac Fe V\ - [\".u 7 lb - [}L ’ h*c = Bac
b <] ac

ﬁac

Figure 6.21 Input resistance at the base

e R, :the total circuit input resistance presented to the AC source.

R,=R WR,WR, =R \R,\\ B_r,

25 mV
ro= (At room temperature)
¢ Iy (mA)
L
— RS R : 3 A.x

Figure 6.22  Total circuit input resistance

Output resistance
e R the output resistance presented to the load of the circuit.

It acts as the source resistance for its load.

R =R.\\r,
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e r_:the AC collector resistance r, represents reverse-biased collector-base junc-
tion resistance.

e r_is typically much larger than the collector resistor R and can be replaced by
an open circuit.

R =R, Ifr, >>R.
1 1
b ]+ | c [y
r i BI I'e R f[: Vv
e ¢ i

Figure 6.23  Output resistance

The AC voltage V| at the base

o If R (the source resistance) =0:  V,

b in
R
o IfR #0: Vv,=V, —%— R,=R,/R,//B 1.
RS + Rin
R
o IfR <<R: V,=V., V.=V, R ’"R
,t in
Ry %
.J\’VT(—I
Ya (v S BS S

Figure 6.24 'V, at the base

Voltage gain

¢ One of the key aspects of the amplifiers and their circuit design is the voltage
gain. It is a measure of the ability of an amplifier.

e Amplifier voltage gain A4, : the ratio of output to input in the form of voltage.
A, is how much the output voltage is greater than the input voltage.

e Voltage gain without the load resistor R, :

V ﬁzlcRCzleRC :& I =1
V Vb [ere [ere F l

€
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L~B1
5

-

I,

Fe

vy

9
L
-
-
4
L

Figure 6.25 Derive the voltage gain

*  Voltage gain with the load resistor R, :

A = Vour = Be \\ Ry
%
Vn Te

C

]
BL 3R 8 ,

e
Figure 6.26  Voltage gain with R,

A bypass capacitor can increase voltage gain
e Recall: a capacitor acts as a short circuit in AC.

147

e An amplifier without a bypass capacitor: the voltage gain for an amplifier with-

out a bypass capacitor — R, is in series with 7,
€

__&

V=
T+ Ry

L@
H-WAPAA

Figure 6.27  An amp without a bypass C

e Anamplifier with a bypass capacitor: when a bypass capacitor C, is connected

with an emitter resistance R, the voltage gain of C, amplifier increases.

R
4,=-¢

7
[

C, is short-circuited.
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Figure 6.28 An amp with a bypass C

Example: For the BJT amplifier of Figure 6.18, determine the Q-point, input and
output resistance R, and R, AC signal voltage at the base V|, and voltage gain 4,
both with and without the bypass capacitor C; and load R, if R is 15 k€, R, is 4.7
kQ, R is2kQ, R is 1.5kQ, Ry is 100 Q, R is47kQ, V is 12V, V, is8mV, .
is 100, and hfe is 200. (Assuming a silicon BJT)
e Given: R =15k, R, =4.7kQ, R.=2kQ, R, =15kQ, R, =100 Q, R =47
kQ, V. . =12V, V. =8mV, B, =100, and A = 200.
e Find: Q-point, R, R, V|, A4, with and without C_, and 4, with and without R
(with C)).
e Solution:
DC (Q-point): /. and V 92
E
R

‘
)

N .
- IC: Thinking process: /, = I = = Vo=V, =V — i R0 >> R,

E

Vo=V, e
— = V. —
B C“R+R

R_=(100) (1.5 k) = 150 kQ Ry, >>R,

IN(base)

R

IN (base) = ﬁDC
v, R, 4.7 kQ

- ~2.86V
“CR+ R, 15 kQ + 4.7 kQ

V.=V, -V, =286V -07V=216V

Ic =] = 4 2.16 V= 1.44 mA Milli: 1073; Kilo: 10°

"E
E
R, 15kQ

2
— VCE: Thinking process: V., = V(_. Ve = V=V —1.R,
Vo=Vo—I.R.=12V (144 mA) 2kQ)=9.12V
V=V —V,=9.12V =216 V=6.96 V

AC 5
— R, : Thinking process: R =R, | R, || B / - r= 25]1nV
E

L _25mV_ 25mV
© I,  144mA

=~17.36 Q
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R,=R IR\ B r =15kQ\4.7kQ\(200) (17.36 Q) / =f,

fe

=3.579 kQ\\ 3.472 kQ = 1.762 kQ

R. .
-V Vo=v, o _gmy 2K oy
"R+ R, 0.1kQ + 1.762 kQ
R,=100Q=0.1kQ
- RO: ROzRCZZkQ
A, without C A Re 2 k2
- Avwithout Gt A= TR, T 17360 + 15 KO
_ 2 kQ 1
0.01736 kQ +1.5kQ
— A, with C_ (withoutR): A, = & = 2k = 2k = 115.2
T, 1736 Q  0.01736 kQ
1.32 vs. 115.2 — what a difference a bypass capacitor can
make!
R
- A, with C and R, : A, = R\ L=2kQ 147 ka2
r, 17.36 Q
__192ke o6
0.01736 kQ

Phase relationship

»  180°phase shift: the output voltage in a C, amplifier is 180° out of phase with
the input voltage.

A waveform that enters the input of the common emitter amplifier will have a 180° phase
change at the output.

e When the input voltage V, increases, base current /, increases. In turn, this
increases in collector current /. This causes a voltage drop in the collector ter-
minal V_and produces an 180° phase shift.

! 1
Vi=Vee =L R; I,=B,.1,

Current gain

e Amplifier current gain: the ratio of output to input in the form of current.

e The current gain of a BJT (device’s current gain) is the ratio of collector current
I to the base current /.

1
ﬁac:hez_c
fe ]b
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»  The current gain for a C, amplifier is the ratio of collector current / to the
input current / .

Iin
V.
Where [, ~—"0— R,=R R\ r
R, + R S

R\ — source resistance

Figure 6.29  Derive the current gain

Power gain
e Amplifier power gain: the ratio of output to input in the form of power.
e Power gain is the product of current gain and voltage gain.

A,=4, 4, P=VI

6.2.2 Transistor common-collector amplifier

Common-collector (CC) circuit
¢  Collector — common

e V_—base

eV —emitter

oul

Figure 6.30 Common-collector amplifier

AC equivalent circuit
¢ ACequivalent circuit of a CC amplifier is obtained by replacing all capacitors with
a short circuitand setting DC voltage source to zero and replacing it by ground.
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Figure 6.31(a) CC amplifier

Voltage gain
*  Voltage gain without the load resistor R, :
4= 2
A
Ry +r,
Derive: 4, = U—m Viu="Ve
[/in
A e LRy Ry

VO LR ) R+

Voltage gain with the load resistor R :
R \\R,
Vo R\W\R + 1

age gain 4, is approximately equal to one.
A,=1
- RVRORVR
V

R,\\R, +7, R \\R

Derive: 1

t ¥ |

Figure 6.32 Voltage gain

Phase relationship

Voltage gain is approximately 1: usually R \R

151

Figure 6.31(b) AC equivalent
circuit

is much larger than r, and volt-

If R\R >> r
E L €

with R,

Voltage follower or emitter follower: the CC amplifier is also known as the volt-

age follower or emitter follower because the load voltage “follows” the input
signal very closely and voltage gain is approximately equal to one (4, = 1).
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¢ In phase: the CC amplifier receives its input signal to the base with the output
voltage taken from across the emitter load. As the emitter voltage follows the
base voltage, the output voltage in a CC amplifier is in phase with the input
voltage (it simply follows it).
If a rise in the input voltage causes a rise in the output voltage, ¥, is in phase with V, , or
phase shift is zero.

Current gain

*  The current gain for a CC amplifier is the ratio of the emitter current / (output)
to the input current /_or the base current /..

1 /
A==ce L= B,
Iin ]b
- IR VR, >>B (R R):
A4=B +1
Derive: A=to=lfe_te®h I=1,1=1I+]
in b Ib
4 = L + i: L+]
I [h Ih b
By 1,
b
- If g >>1 4= A=B +1

¢ The current gain of a common-collector amplifier is high (close to the transis-
tor’s current gain f ).

¢ The common-collector amplifier is a current amplifier that does not amplify
voltage signals (4, = 1).

Power gain
e Power gain of the common-collector amplifier is always close to the current
gain (since 4 = 1).

A,=A4,4,=4, -

Input resistance

¢ The input resistance at the base of the transistor:
— R, without the load resistor R, :

R,=B(r+R)

4 ,. .
Derive: R = Vo _te U+ Re) By ( + Re)_ g (r+R)

ib ac
[h b [h
IfRE = re: Rib = ﬁacRE
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Figure 6.33

input resistance at the base

- R, with the load resistor R

IFR\R > r:

Rib = Bac( re + RE\\RL)

ib

Figure 6.34  Input resistance with R,

Rib = ﬁac (RE\\RL)
The total circuit input resistance presented to the AC source:
R =R \\R IR,

153

High input resistance: the value of input resistance on a CC amplifier is usually
very high.
Since R, is calculated with the current gain B of the transistor, and ﬁ‘\ is usually very high.
(R~ B_R) ‘ ‘

Output resistance

The output resistance acts as the source resistance for its load.
The output resistance R presented to the load of the circuit:

RS
=g VR

R

Derive:

ac

V.

I - —
b (R\\R\\R)) +1,

IfR and R, >> R and r

ac

=h,
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R e_ V. _ % 5 v,
= - I =1 = 1 N I =—
N ]c :B\C ]b ﬂ L ac b b Rs
ac R
s
R R
* the load sees R in parallel with 5=, . R = 5\ R,
ﬁac N ﬁ'xc
. . ., R R
If don’t neglect r, (in series with —*| : R == +r)\R,
ac ac

¢ Low output resistance: the output resistance on a CC amplifier is always
very low.

Since a CC amplifier can provide high output current gain and without voltage gain, it must

v
have a low output resistance (R l= [T)

Example: For the BIT CC amplifier of Figure 6.30, determine the input resistance
R, , output resistance R , and voltage gain 4, if R, is Sk€Q, R, is 4.7 k€, R is 3.5
k€, R is 500 €, R is 20k, V.is 12V, ﬁDC= 150, and £, is 100. (Assuming a silicon
BIT.)
o Given: R =5kQ, R, =47kQ, R, =35kQ, R =500Q, R =20k,
Ve =12V,
[3DC= 150, and £, = 100.
e Find: R,R ,and 4.
¢ Solution:

9 “)
R, : Thinking process: R =R \\R,\R, — R, = B, (RE\\RL)

R\R =(3.5kQ)\\ (20 kQ) = 2.98 kQ

R,= B_(R\R ) =(100) (2.98 kQ) =298 kQ B =h,
R, =R \\R IR, =(5kQ)\\ (4.7kQ)\\ (298 kQ) = 2.4 kQ
R 9 V7.
R : Thinking process: R = ( ﬁ(; +r) IR, — rc:?[is(ran) —1= R—lt_—>
9 R,
V=V =07V = V,=V. KR,
V=V LleV&:SBV B R >>R,
“R +R 5kQ +4.7kQ e

1 2

V.=V, -07V=58V-07V =51V
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Vv, AV
[ =-EB_— 5 ~1.457 mA Milli: 1073; Kilo: 10°
PR, 3.5kQ

= 25mV _ 25mV 1596 0~0.017 kQ
I (mA) 1457 mA

R 500 Q
R =~(5-+r)\R =(———+17.16 Q) \ 3.5 kQ
° B 100

=22.16 Q\\ 3500 Q = 22.02 Q2

R,WR 3.5kQ \\20 kQ
Ay AV=R VR +7, 35KkQ\\20KQ + 0.017 kQ
2.98 kQ 994 G

T208kQ + 0017kQ

6.2.3 Transistor common-base amplifier

Common-base (CB) circuit
e Base — common

eV, —emitter

e V¥ —collector

Ve

RI RC

Vaul
V. I
nen Cout

Rzi Ica

Figure 6.35 Common-base amplifier

AC equivalent circuit

e The AC equivalent circuit for the CB amplifier is obtained by replacing all
capacitors with a short-circuit and setting DC voltage sources to zero and
replacing them by ground.
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cII‘I Vﬂu
Vin I T ’ —
Re
Figure 6.36(b) AC equivalent
Figure 6.36(a) CB amplifier circuit of a CB amp

Input resistance
e The input resistance at the emitter of the transistor:

R =r\\R
mn e E
. Ve Vo 1, (. \\ Ry)
Derive: R, = L=—*2=_F£_2 =r\R
' mn IC IC ) ’
o IfR >>r: R =r
E e in e

Output resistance
¢ The output resistance presented to the load (at the collector) of the circuit:

R =R.\\r,

Recall: AC collector resistance r, represents reverse-biased collector-base junction resistance.
»  AC collector resistance 7, is typically much larger than R and can be replaced
by an open circuit.

R =R,
Voltage gain
e Voltage gain without the load resistor R, :
v
R \\r,
V V I R. I R. R.
Derive: A4, =—2%=-"C= e ¢ = e ¢ = (\ I =1
V. Vo L (Rg\\r,) I (Rg\\r,) R\\r, ¢ e
R
IfR >r: A,= Py

e Voltage gain with the load resistor R, :
_RAR,

4 =
Vo R\ 7,
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RO\R,

rC

IfRE > A4, =

Current gain

»  The current gain for a CB amplifier is the ratio of collector current / (output) to
the input emitter current /.

~

=1 L=
IC
Power gain
e The power gain of the CB amplifier is always close to the voltage gain (since
A= 1).
A=A A=A, A.=1

Phase relationship

¢ Inphase: the output voltage in a CB amplifier is in phase with the input voltage.

¢ The CB amplifier receives its input signal to the emitter with the output voltage
taken from across the collector load (/, = I, the collector signal “follows” the
emitter signal).

6.2.4 Multistage transistor amplifiers

Multistage amplifiers
e  Multistage amplifier: connect two or more single amplifiers together.

— Several stages are connected to form a multistage amplifier.

— The purpose of using a multistage amplifier is to increase the overall gain.
e Cascaded amplifier:

— A multistage amplifier with the output of one feeds the input of the next.

— The amplifiers are connected in a left-to-right (in series) horizontal chain

configuration.

Figure 6.37 Cascaded amplifier

— A cascaded amplifier uses two or more single-stage common-emitter
amplifiers.
e Cascode amplifier:
— A multistage amplifier that the amplifier is placed one above the other
(stacked vertically or in parallel.)
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— A cascode amplifier with common emitter as the first stage and common

base as second stage.

C ‘|C_Q Vout
_!|_’—€E } out
NPN
S Ry
clﬂ -+
NPN
> Ry e

Figure 6.38 Cascode amplifier

Overall gain for a multistage amplifier

Overall gain: the overall gain for the multistage amplifier is the product
of gain of the individual stages.

Calculation of the overall total gain of the circuit (4,): the total gain of the mul-
tistage amplifier is the product of the individual gains.

A, =44, ... A

n
A, = the gain of the Ist stage
A, = the gain of the 2nd stage
A = the gain of nth stage
The total gain in logarithmic decibel (dB) units: the amplifier gain is

often expressed in logarithmic decibel (dB) units, the total gain is the sum of
the gains of the individual gains.

— The total gain: A,(dB)=A (dB)+A (dB)+..A (dB)
— The total voltage gain: 4, (dB)=201log A, +20log ,,,+... 20 log .
log, (MN) =log, M +log N
or A4, (dB) =20 log ,,,

Coupling capacitor in multistage amplifier

Blocking DC: a coupling capacitor is used to connect two amplifiers to isolate
preceding and succeeding stages.

Passing AC: a coupling capacitor is used such that only the AC signal from the
output of one stage can pass through to the input of its next stage.
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Figure 6.39 Coupling capacitor

Example: For the BJT two-stage amplifier (CE) of Figure 6.39, determine the total

overall voltage gain 4, if R, is 20 kQ, R, is 4.7 kQ, R, is 3.5 kQ, R,is 1 kQ, R,

is 18kQ, R is 3kQ, R, is 4kQ, R is 1 kQ, R is 10kQ, V  is 12V, B .is 150,

and £, is 200 (for both BJTs). (Assuming two silicon BJTs.)

o Given: R =20kQ, R, =4.7kQ, R =35kQ, R,=1kQ, R.=18kQ, R =3
kQ, R =4kQ, R,=1kQ, R =10kQ, V=12V, B =150, and A, =200.

e Find: 4,

e  Solution:

o 5
S 0 R
A+ Thinking process: A, =4, 4, = 4, = %, A, = ’(7)2
1 e2
. Re )
(For a CE amplifier: A, = —)
B
€
r,, (the AC emitter resistance of the first stage):
9
V. ?
Thinking process: r = 25 mv -1 =Lt S5V =V -07V —
el ?[F.I (mA) El RF.] El Bl
R
_ 2
Vor TTCR T R,
R 4.7 kQ
Vi = Vcci2 =12V—— =228V
R + R, 20 kQ + 4.7 kQ
ﬁm' RL - RZ ’ (RL: Rﬁ.)

V,=V,—07V=228V-07V=158V

El

% V.
I = R—E1= EL_1.58V _jsgma Milli: 10-%; Kilo: 10°

e Ry 1 kQ

_ 25mV__ 25mV

r, = ~15.82 Q= 0.0158 kQ
I, (mA)  1.58 mA
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r, (the AC emitter resistance of the second stage):

Thinking process: » = 2mv_ = Yoy >V =V :')f 0.7V -
e2 9 11—_2 (mA) E2 RI‘Z E2 B2
Vo~ V‘,‘L
BUCCR 4R,
R
V=V —%— = 12V¢z 1.714V
““R; + Ry 18 kQ + 3 kQ

V=V, -07V=1714V-07V =1.014V

E2

g2V 2 Ve OV Gy ma R =R
2 Ry 1 kQ =

po= WV _ 250V 5470200247 kO

I, (mA)  1.014 mA

R, (the AC collector resistance of the first stage):

2
Thinking process: R =R \\ R\R \ R - R = Br,

ac e2

R\ R\ RM Ry, T

[ 1]

Figure 6.40 AC equivalent circuit of a
two-stage amplifier

Ry,=B r =h_r =(200)(24.7Q)=4940 Q~4.94kQ =1,

R,=R WRNRWR_ =3.5kQ W18 kQ W\ 3 kQ \\ 4.94 kQ
~1L.14 kQ

— A .+ A :&—ﬂ~72.15

Vi VI L T 00158 KQ

el
9
Rc‘l
—2 > R =R\R

e

- sz: Thinking process: A, =

A = Rc2 _ R7 \\RL _ 4kQ \W10kQ  2.857 kQ
vz T T - =
”

e2 rez 0.0247 kQ 0.0247 kQ

115.7
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- A, A, =4, 4, =(72.15) (115.7) = 8348
A, (dB)=A (dB)+ A, (dB)=20log (4,,) + 20 log (4,,)
=201log(72.15)+201log (115.7)=37.17 dB +41.27 dB

=78.44 dB

Summary
Amplifier gain:
e Power gain: A,= Pout

By

. v

e Voltage gain: A, = -

Vin
e Current gain: = Lout

The function of capacitors in BJT amplifier
e Capacitor: pass AC signal (short circuit) and block DC (open circuit).
e Coupling capacitors
— Coupling capacitor: a capacitor that is connected between two nodes of a

circuit such that only the AC signal can pass through while DC is blocked
(a DC blocking capacitor).

— Bypass capacitor: a capacitor that is used to short AC signal to the ground
so that the AC noise is removed. It also acts as an open circuit for a DC and
maintains the DC bias.

Superposition of DC and AC waveforms

e Superposition: two or more waves combine in a manner which is the alge-
braic sum of the waveforms produced by each independent wave acting
separately.

e Superposition of AC and DC: combine the waveforms of the AC and DC.

Transistor AC model

e r-parameter or s-parameters model: an AC equivalent circuit that can be used to
accurately predict the performance of a BJT. It can be used to quickly estimate
the input impedance, gain, and operating conditions of BJT amplifiers.

¢ Simplified transistor » parameter AC equivalent circuit:
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_'»j
b ¢ al.~BI,

- r
- BLZ r.

nt

VW
vy
at

ddb AN
- v

r

Figure 6.41 Simplified BJT r parameter equivalent circuit

e BJT internal AC resistance r: a small AC resistance looking into the terminal
of a transistor.

Table 6.6 rt parameters

r parameter Formula
AC i i 26 mV t 1 t
emitter resistance r r = —— . (atroom temperature
e e~ I, (mA) ( P )
AC base resistance r, very small — short circuit
AC collector resistance r, very large — open circuit
. - ]C
AC current gain 3 B.= 7
b
o = Ic
AC current gain o ac I

Transistor & parameters

e Hybrid parameters or 4 parameters: every linear circuit (or network) having
input and output terminals can be analyzed by four parameters called hybrid
(h) parameters.

e Hybrid parameters 4, and 4 : they are the same as the » parameters (AC current
gain 3 or « ) but are more widely used in transistor datasheets.

e Small-signal analysis: both » and 4 parameters are valid only for small-signal
analysis (the amplifier’s linear region of operation).
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Table 6.7 h parameters
h parameters Subscript Condition Formula | Unit
. V.
Input impedance or i — input Output short circuit | 2, = =" | ohm
resistance A, I,
Output admittance or B o s
conductance &, 0 — output Input open circuit h0 = v mho
. - I . .
Forward current gain i, | f— forward | Output short circuit | s = 7" dimensionless
i
. o " o
Reverse voltage gain h_ | r —reverse Input open circuit hr = A dimensionless
o
Fundamental BJT amplifier circuit configurations
e There are three most fundamental configurations for a transistor amplifier.
Table 6.8 Types of amplifier configurations
Common
Amplifier Abbreviation |Input |[Output |terminal Subscript
Common-emitter amplifier | CE base collector | emitter e
Common-collector amplifier| CC base emitter collector c
Common-base amplifier CB emitter | collector | base b
Table 6.9 h parameters for three configurations
Configuration Subscript | A, h, h, h,
|4 1 1 V.
Common-emitter (CE) | e h, = -2 h,=-—% |h,=-=% h, =-2
Ib Vce ]b V::
Vb Ie Ie 4 b
Common-collector (CC)| ¢ h =— h = —> h,=—~ h =—>
1c Ib oc Ve c [b e Ve
V 1 1 V
} h o= _& ho=-< h = h = -
Common-base (CB) b ib I ob v, b I b V.
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Conversion between / and r parameters

1
hfe:Bac: e

L

Multistage amplifiers

Multistage amplifier: connect two or more single amplifiers together.
Cascaded amplifier:

— The amplifiers are connected in a left-to-right (in series) horizontal chain
configuration.

— A cascaded amplifier uses two or more single-stage common-emitter
amplifiers.

Cascode amplifier:
— A multistage amplifier that the amplifier is placed one above the other.

— A cascode amplifier with common emitter as the first stage and common
base as second stage.

Overall gain for a multistage amplifier

Calculation of the overall total gain of the circuit 4.: 4, =4, 4, ... 4

The total gain in dB: the amplifier gain is often expressed in logarith-
mic decibel (dB) units.

— The total gain: A4, (dB)=A (dB)+ A, (dB)+..A (dB)
— The total voltage gain: A4, (dB)=20log A, +20log, ,+...20log , n
or A, (dB)=20log ,,

Coupling capacitor in multistage amplifier

Blocking DC: a coupling capacitor is used to connect two amplifiers to isolate
preceding and succeeding stages.

Passing AC: a coupling capacitor is used such that only the AC signal from the
output of one stage can pass through to the input of its next stage.


https://www.answers.com/Q/Relation_between_h_parameters_and_r_parameters_of_transistor

Table 6.10 The three basic configurations of BJT amplifier

Configuration A, A, Ap R, R, Phase relationship
. R 1, 4 0
Common Emitter (CE) < — I = s A A RWR\B r R \r =R 180° out of phase
1_ in R + R v 1 2 ac e C c C
re n in s
R\R R R
Common Collector (CC) | 1 B +1 A A=A, P S IR, R =~( +r)\R, In phase
* R'b B Bz\c( ]‘L + RE) ac
Re Re
Common Base (CB) ~— |1 A A=A 7 \R R \\r =R In phase
RE \\ re re v v e B C c C
V
I~1=-F
e R
V. =V -V
CE C E
V=V —-IR
C CC Cc C
Common Emitter (CE) Re V=V -V
Input — base BB '
Output — collector vy By M\ Riypase)
- - - v R+ Ry \\ RlI\'(busc)
(R”\(bmc) = ﬁl’)(' RF)
Ile\l(hu\c) - Rz:
-y B
5= V..
R + R,

(Continued)



Table 6.10  The three basic configurations of BJT amplifier (Continued)

Configuration A, A, Ap R, R, Phase relationship
Ve ”
I ~1= R_E
E
R b Vv
Common Collector (CC) w % - L CET ¢ E
Input — base et V.=V
Output — emitter |_v%", e c
“2 Cbhl R! VL - VB N I/BL
Rg Ie
= R2
BT UCCR + R,
14
I~1=-F
e R
Common Base (CB) VCE = VC - VE
Input — emitter _ _
Output — collector Ve=Vee = IR
V=V -V
E B BE
R,
Vy= -
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Self-Test

6.1 1. A transistor AC model can be represented by » parameters or /s param-
eters equivalent circuit The circuit uses ( ) parameters to represent
the BJT’s operation.

2. The AC current gain alpha (O ) is the ratio of the AC collector current to
the AC ( ) current.

3. Four hybrid parameters measured in ohm, ( ), and two dimensionless.

4. Hybrid parameters are the same as the » parameters but are more widely
used in transistor ( ).

5. Both r and & parameters are valid only for ( )-signal analysis.

6. Common-collector amplifier (CC): the input signal is applied to the ()

branch of the BJT, the output is taken from the emitter branch of the BJT,
and the collector terminal is a common connection point for both input and

output.

7. The forward current gain 4, is the same as the ( ) that can be seen
from 4 and » parameters common-emitter equivalent circuits.

8. The input resistance or impedance /4, is the same as the ( ).

6.2 9. The DC equivalent circuit of a CE amplifier is obtained by replacing all

capacitors by an ( ) circuit.

10. The AC equivalent circuit of an amplifier is obtained by replacing all
capacitors by a ( ) circuit and setting DC voltage sources to zero and

replacing them by ground.

11. When a bypass capacitor C, is connected with an emitter resistance R,
the voltage gain of CE amplifier ( ).

12. For the BJT amplifier of Figure 6.42, determine the Q-point, input and out-
putresistance R, and R, AC signal voltage at the base V,, and voltage gain
A,, both with and without the bypass capacitor C;, and load R , if R, is 10
kQ, R,is3kQ, R.is 1 kQ, R_is 1kQ, R is80€, R is40kQ, V. is10
Vv, ﬁDC is75, V. _is6mV, ﬂDC is 75, and hfe is 150. (Assuming a silicon BJT.)

in

o | v
el g
=" NPN
SRy {

Figure 6.42 Ch 6: No. 12, self-test

13. The output voltage in a CE amplifier is ( ) phase with the input
voltage.
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14.

15.
16.

17.

18.

19.

20.

The common ( ) amplifier is also known as the voltage-fol-
lower or emitter-follower.

The value of ( ) resistance on a CC amplifier is usually very high.
For the BIT CC amplifier of Figure 6.43, determine the input resistance R,
output resistance R , and voltage gain 4, if R, is 4 kQ, R,is3kQ, R, is
25kQ, R is400Q, R is1.5kQ, V. is10V,V, is6mV, and i is
150. (Assuming a silicon BJT.)

Figure 6.43 Ch 6: No. 16, self-test

The purpose of using a multistage amplifier is to increase the overall

( )-

The cascaded amplifier uses two or more single-stage common-( )
amplifiers.

The ( ) amplifier is a multistage amplifier that the amplifier is placed

one above the other.

For the BIT two-stage amplifier (CE) of Figure 6.44, determine the total
overall voltage gain 4, if R is 10 kQ, R is3kQ, R, is2.5k€Q, R, is
0.5kQ, R, is 15kQ, R is2kQ, R is3kQ, R is0.8k€, R is8kQ, V.
is 15V, and hfe is 100 for both BITs. (Assuming a silicon BJT.)

Figure 6.44 Ch 6: No. 20, self-test
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Field-effect transistors
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7.1 Field-effect transistors

7.1.1 Introduction to field-effect transistors

Introduction to FETs

o Field-effect transistor (FET): a type of transistor that uses the value of an elec-
tric field to control the output current (a voltage-controlled device). They are
used for switching and amplification in circuits.

Table 7.1 The main difference between FET and BJT

FET (Field-effect transistor) BJT (bipolar junction transistor)

Only the majority charge carriers (holes or Both majority and minority charge carriers
electrons) flow flow

A unipolar device (only one carrier type) A bipolar device

A voltage-control device A current-controlled device

High input resistance Low input resistance

Low power consumption High power consumption

Low noise level High noise level
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Control current Iy
—=1 BIT

B

D
G FET
+
Control voltage Vs
— 1.8

Figure 7.1(a) Current-controlled device Figure 7.1(b) Voltage-controlled device

Types of FET

o Recall — types of BJT: there are two general types of BJTs — PNP and NPN.

o  Therearetwo general types of FETs: JFET (Junction Gate Field-Effect Transistor)
and MOSFET (Metal-Oxide—Semiconductor Field-Effect Transistor).
— JFET: a semiconductor device with a PN junction that operates in only

depletion mode.

— MOSFET: a semiconductor device without a PN junction that oper-
ates in both depletion and enhancement mode.

Basic structure of JFET

o Types of JFET: there are two major types of JFET — N-channel and P-channel
e N- or P-channel: a JFET consists of a channel of N- or P-type semiconductor

material through which current flows.

— N-channel JFET: a JFET whose channel is composed of a majority
of electrons as the charge carrier. It made up a bar of N-type semicon-
ductor with two parts of P-type material inserted in the sides.

— P-channel JFET: a JFET whose channel is composed of a majority of
holes as the charge carrier. It made up a bar of P-type material with
two parts of N-type material inserted in the sides.

Channel: the section of semiconductor material through which the current flows (a con-

duction path).

Figure 7.2(a)  P-channel JFET

g

—-lu-rﬁl- 9

Figure 7.2(b)  N-channel JFET
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JFET symbol

N-channel P-channel

Figure 7.3 FET symbol

N-channel JFET: the arrow pointing toward the channel (the arrow is pointing in).
P-channel JFET: the arrow pointing away from the channel (the arrow is point-
ing out).

Three terminals: the JFET is a three-terminal semiconductor device.

Drain (D): at the upper end.

Source (S): at the lower end.

Gate (G): surrounds the channel (like a belt surrounding the waist) and controls
the carrier’s flow.

JFET - a voltage-controlled device

The gate (G) is used to control current flow between the other two terminals -
source (S) and drain (D).
Reverse bias voltage V¢ by applying a reverse bias voltage V to the gate-
source junction can control the width of the channel and the flow of current.
Voltage-controlled device: under reverse bias gate voltage V, a depletion
layer is formed in the channel. As reverse bias changes the width of the deple-
tion layer and the resistance of the channel, so the drain current /, changes.
— 1 is controlled by the channel width (the resistance or cross-sectional

area of the channel).
— The channel width is controlled by the depletion layer.
— The depletion layer is controlled by the reverse bias voltage V.

_V7— depleti8n layer — channeltWidth — resistance of tife channel =

(Cross-sectional area changes)

| Channel width

: 'I;| Depletion layer

Vo#r OV ofira

”

Figure 7.4 Voltage-controlled device
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The V_  of a JFET

Since a JFET must be operated such that the gate-source junction is always reverse-
biased. This requires a negative ¥ for an N-channel JFET and a positive V for
a P-channel JFET.

o — V. aN-channel JFET requires a negative V.

o+ V. aP-channel JFET requires a positive V.

B 5 |

Figure 7.5(a) Vg for a P-channel JFET Figure 7.5(b)  V_ for a N-channel JFET

7.1.2  JFET — operation and characteristics

DC source voltages of an N-channel JFET

o V.. provides the forward-biased drain-to-source voltage (V) and current from
drain to source (/).

o V. provides the reverse-bias voltage between the gate and the source.

Figure 7.6 DC source voltages of JFET

JFET characteristics curve

o Drain (or output) characteristic curve: the curve plot between the drain
current / and drain-source voltage V', with gate-to-source voltage V. as the
parameter. A plot of ¥ verses [ ,.

o JFET drain curve vs. BJT collector curve:

Ip - A I : : ;
Ohmic Active region eak down Samuration  Actve region eak down
region — ———‘—'"I/Bl region region _.-————-—-—‘1‘/5‘ region
) : : :
: : : [
: i : 3
| — Vm ! PR VC!
Figure 7.7(a) JFET drain curve Figure 7.7(b)  JBJT collector curve

Notice that the similarities between the characteristic curves of the JEFT and BJT.
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JFET operation when V_ =0

Initial operation: when the reverse bias voltage V is zero and there is no drain-
source voltage V¢ applied, the drain current / is also zero.

Vis=Ve=0—>1,=0

Ohmic region (linear region): as the drain-source voltage V¢ is increased, the
drain current /; increases (with V. = 0), and JFET acts as a voltage-controlled
resistor.

“Ohmic” region:  V and / are related by Ohm’s law.
Vs T I, T

Active region (or saturation or pinch-off region): the drain current / is almost

independent of the drain-source voltage V_ (the V¢ has little or no effect).

— The JFET acts as a good conductor and is controlled by the V.

—  When the JFET is working as an amplifier, the JFET uses the active
region for operation.

I approaches a saturation value (JFET is acting like a saturated BJT).

Vs 11 — I, = constant V=0

Pinch off voltage V,: the minimum value V' at which maximum drain current
I, can flow (any increase in V¢ does not cause an increase in /,— the current is
turned to be essentially constant). Vi T> V, — I,= constant V=0
O Operating with V. below ¥, is in the ohmic region. V< V,:ohmic region

O Operating with V. above V, will enter the active region. V> V,: active region

O  Pinch off is where the device crosses from being ohmic to saturating.

Drain current for zero bias I (or the drain saturation current at ¥ = 0): the

maximum saturation (or steady state) drain current / at zero V.

I subscript “D” drain current; subscript “SS” steady state.

v TT>V, -1 =1 V. =0
Activeregion  Breik down
) | region
VGS =0 Il
I
I
I
I
I
L e vcs

Figure 7.8 JFET characteristics curve
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Breakdown region: the voltage V¢ increases too much for the channel to han-
dle, the JFET loses its ability to resist the current which causes the channel to
breakdown and the 7 drastically increases. Vs 111 — I,111

JFET operation when V_ #0

Voltage controlled JFET: if apply a small voltage ¥ to the gate, the width of
the depletion layer will increase and narrow the channel. The resistance of the
channel will increase and hence the drain current /7 will reduce.

Depletion layer

Figure 7.9  Voltage-controlled JFET

Apply a V —depletion layer width — channel width | — channel resistance
-1 ]
D

The family drain curves for a JFET: if V is set to different values, the drain
current / will have different values. The relationship between V¢ and 1 can
build a family of characteristic curves for the JFET.

Pradyrad BITA, 1Y
A !ns
Vsa= 0
............. e
: Vosi <Mase
I
) Vo Vs
[
s Wiy <Ves
]
= Cut off region VsV, Vos

Figure 7.10  The family drain curves for a JFET

For an N-channel JFET: the more negative value V/

s 1S, the smaller 1 in the active region.

Vot =11
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o  Cut-off region (or pinch-off region): the reverse bias voltage V' is high enough
to increase the width of the depletion layer, which causes the channel to close
and blocks the flow of the current / through the channel.

Vs TT— depletion layer TT— channel closed — I,=0

— Cut-off voltage V. the minimum value of ¥ to turn the JFET off.
At the voltage V¢ . the JFET enters the cut-off region.
— At cut-off, JFET acts as an open switch (the channel resistance is at

maximum).

|
.

Figure 7.11  JFET cut-off

Pinch-off voltage vs. cut-off voltage

o Pinch-off voltage V,: the minimum value of V_  at which / becomes saturation

(I, =1,4) at zero V.

V,: the minimum Ve — 1,=1 V..=0

Ohasc Active 1en  Bredk down
IDSS e _-——V;Zo'__u o e

N

1
1
1
1
I
|
1
| 1
I 1
L

== Vigg
0 A

Figure 7.12  Pinch-off voltage V,

o  Cut-off voltage V: the minimum value of ¥ at which / becomes approxi-

S(off)*
mately zero.
VGS(Om: the minimum Vs — 1,=0

o V..and V, are equal in manganite and opposite in direction.
Vos== Vs

Transfer characteristic of JFET (N-channel)

o Transfer characteristic (or transconductance curve): the curve plot between gate-
source voltage V', and drain current /; (by keeping drain-source voltage V' at
pinch-off voltage V). A plot of ¥ versus I
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IIJR‘.;

G“‘ Vosea =-F5 0
Figure 7.13  Transfer characteristic of JFET

o When Vg is zero, the maximum drain current / flowing is 1.
When V, =0: [ ,=1

o When V =-V,, the transfer curve develops from [, =1 at V  =0,t0 [, =0
at ¥V, =—V, (N-channel).

When V =-V,:[,=0
o Shockley’s equation: the transfer characteristic of JFET is defined by Shockley’s

equation (to calculate drain current 7 or plot a transfer curve).

1,=1 Vas

p~‘pss|1—
GS|(off)

The squared term produces a nonlinear exponential relationship between V. and /.

Example: Plot the transfer characteristics curve for a JFET, if / . is 3 mA and
V is negative 6 V.

GS(off)
o Given: I, =3 mA, VGS(Om:—6 \Y
e« Plot: the transfer curve
e Solution: I=1 - Vs
VGS(OIT)

S —— v
Us .5.54-32:10

Figure 7.14  Transfer characteristic — an example
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Table 7.2 An example

Vs I=1 |1- Vs Ordered Pair (V, 1))
GS(off)
0 0
[,=(3mA) |[I-—— | =3mA 0, 3)
-6V
-1V I,=(3 mA) -2V o 0gma (-1, 2.08)
-6V
-2V
-2V [ =GmA) |[1-—— | = 1.33mA -2,1.33
L= maA) [ — VJZ (-2,133)
4V I=(3mA) (1_‘4_\’T ~ 033 mA (—4, 0.33)
-6V
6V L=GmA) 1=V | —oma (=6, 0)
-6V

Connect the calculated points from the table to get the transfer curve as shown in
Figure 7.14.

7.2

Biasing of JFET

7.2.1 JFET gate bias (or fixed bias)
The purpose of JFET biasing

Recall-biasing: establishing a predetermined level of DC voltages or currents in
an amplifier so that the AC signal is properly amplified.

JFET must be properly biased to establish a known Q-point to operate correctly
and produce the desired amplification effect. It is similar to BJT biasing circuits.
— Q-point of JFET: V.sand [

— Recall: Q-point of BJIT: [ and V,

Correct DC biasing of the JFET also establishes its initial AC operating region
with an undistorted output signal (amplified signal).

The commonly used methods of JFET biasing

Gate bias
Voltage-divider bias
Self-bias
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Gate bias (or fixed bias)

Gate-bias circuit (N-channel JFET):

Figure 7.15  Gate-bias circuit

The gate-bias is obtained using two power supplies (-V, and V) — a
disadvantage.

This method is also very unstable to temperature stability.

DC voltages and currents

Gain-source voltage V. : the negative power supply (—V,,) ensures that the gate
is always reverse biased and no current flows through R, (/= 0) so V_  remains

constant at =V ..

Vas==Vaa I,=0, I.R,=0

Drain current / : / is determined by the transfer characteristic or the Shockley’s
equation of JFET.

y

ID = IDSS 1— __GS
GS(off)
Drain-source voltages V. Vs = Vo= IR, KVL

7.2.2  JFET Self-bias
Self-bias circuit (N-channel JFET):

Figure 7.16  Self-bias circuit
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e  The self-bias is a commonly used method for biasing a JFET.
o There is no voltage across the gate resistor R ..
V=0 w V=0

o The gate-source junction remains reverse-biased in the self-bias JFET circuit.

V,, is more negative than V_or V<V

Calculating DC voltages and currents

o Drain current /; I, =1
o Source voltage V: V=1, Ry
«  Gate-source voltage V: Vis=—I,R, I 1= e

Derive: V=V ,~ V=0~ R.=—1 R,
o Drain-source voltages V: Vis=Vop— I, (Ry+ R)
KVL: ¥, =1, Ry +V, + IR,

DD

Example: Determine the values of ¥ and V' for the circuit shown in Figure 7.16,
if R jis 2kQ, R is 500 Q, V /is 12V, and [ jis 3 mA.

o Given: R,=2KkQ, R.=500Q,R.=5MQ, V=12V, and [ ;=3 mA.
o Find: Visand V.

e Solution:
Vit Veg=—I,R=—(3 mA) (500 Q)=— (3 mA) (0.5kQ)=-15V
Milli: 107%; Kilo: 10°

Vi Voe=Vop— I, (Ry+R)=12V -3 mA 2kQ+0.5kQ)=4.5V

DS DS

DC load line and Q-point in self-biasing

o Self-bias JFET DC load line: a line segment drawn on the transfer characteris-
tics curve by connecting the two points (two distinct points determine exactly
one line segment).
— The first point: ~ when /=0, V=0

( Gs? I )= (0, 0) The origin of graph
Derive: if I,=0, V =—I,.R,=(0) (R)) =0
— The second point: when I =1, V. =— I R, Vie=—I.R,

( GS’I) ( DSS S? DSS)

e Q-point: the intersection point between the DC load line and the transfer
curve.
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(JossRs , Josd)

f.'u,- 'n.;\R\ - 0

Figure 7.17  Q-point in self-biasing

Example: Plot the DC load line and determine the Q-point for the circuit shown in
Figures 7.16 and the transfer characteristics curve shown in Figures 7.18, if R is 600
Q, and [ is 8 mA.

I

Uas Vosa =75 0
Figure 7.18  Transfer characteristic of JFET

o Given: R,=600Q, and /. = 8 mA.

DSS

o Find: Plot DC-load line and determine the Q-point.
o Solution:
The first point: (Voo 1,)=1(0,0)

If1,=0, V== [,R;=— (0 mA) (600 Q) =0V
— The second point: (V, 1)) =(-1 (R 1)
Vie=—I,R=~1, R.=—(8mA) (0.6 kQ)=-48V

DSS™'S
(Voo 1) = (~4.8 V, 8 mA)

— Connect the two points — DC load line
(0,0), (—4.8V,8mA)
— Q-point: the intersection point between the DC load line and the
transfer curve.

(Voo 1) (= 2V,3 mA)

GS?
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Ip(mA)

-V (V) 543 :2:10

Figure 7.19  O-point of the example

Midpoint biasing
« Midpoint biasing: a JFET with a near centered Q-point on transfer characteristic
curve.

« Midpoint biasing represents the most efficient use of the device range (get the
maximum amount of drain current /).

o The midpoint bias occurs when V= 0.3 V, and drain current [, = 0.5 /.

GS(off)
When Vi =03 Vg =1, = 0.5 1 (midpoint)
v | 03V
R o ___Gs o GS(off) _ ~
Derive: Iy=1 1= =l |1-—2 | =0497 =057
GS(off) G5(oft)
s
IDSS
Q T 05 Ipss

= Vgs Vesoy 0.3 Vgs (o)

Figure 7.20 Midpoint biasing
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7.2.3 JFET Voltage Divider-Bias
Voltage divider-bias circuit (N-channel JFET):

Ve

Figure 7.21  Voltage-divider bias

Stability of a JFET voltage-divider bias

o Voltage-divider bias is one of the most frequently used JFET biasing circuits.

o Ituses a voltage divider circuit to provide good Q-point stability.

o The voltage-divider bias circuit of a JFET is very similar to the voltage-divider
bias circuit of a BJT, but the DC analysis of each is different.

Calculating DC voltages and currents

o Gate-source voltage V,i: Vi =V,—Vj

. , R, ;o ~
L(;zl’ﬂu) = LsflnRs [SN[I)
R+ R,
o Drain-source voltages V .: V =V, — I, (R,+ R,) Voo =1 Ry +V o+ IR
. V. -V
o Drain current /;: I=-2_2 Voo=Vo+ IR
R
D
V.-V
— G GS ;1 —
or [D_T Ve=Vost IRy, 1= 1

DC load line and Q-point in voltage-divider biasing
e Plot DC load line for a JFET with voltage-divide bias:

. V V
— The first point:  when V=0, I = R—G (Ve 1) = (0, RG

S S

)

V.-V _V,-0 _V

GS = G = G

R R R

S S S

Derive: I,=

— The second point: when /=0, V =V, (Vi 1) =V, 0)
Derive: Vo =V, ~V,=V,~1,R=V,~(0) (R)=V,
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— Plot these two points on the transfer characteristics curve and con-
nect them by a line segment — DC load line.
¢  Q-point: the intersection point between the DC load line and the transfer curve.

-V

0 Ve

Vos o

Figure 7.22  Q-point in voltage-divider biasing

Example: Determine the values of V, V, V., and V¢ for the circuit shown in

Figure 7.21, if R is 3 MQ, R,is 1.5 MQ, R jis 2 kQ, R is 1.5k, Vi 12V, and [
is 3 mA. Also plot the DC load line and determine the Q-point.

lpss

-

= Vas U(.'.!{()Il-] 0

Figure 7.23  Transfer characteristic

o Given: R =3MQ, R =15MQ, R ,=2kQ, R;=15kQ, V=12V, and
I,=3mA.
o« Find: a) V,V,Vi,and V..

b) Plot the DC-load line and determine the Q-point.
o Solution: a)

- Vi V,=V,,—1,R,=12V-(3mA) 2kQ)=6V Milli: 10°; Kilo: 10°
- Vg Vi=1R.= (BmA)(1.5kQ)=45V
— VGS: Thinking process: V= V;;— Vi—= V.=V, R,
R+R
R
Vo=V, = 2 =12 V—l'5 MQ
R+ R, 3IMQ + 1.5 MQ

=V, ~V,=4V-45V=-05V

VGS
A~ VDISS:VVDD— I,(Ry+RY) =12 V- (3 mA) (2 kQ + 1.5 kQ)
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« Solution: b) v
— The first point: (V. 1) = (0, R—“’)

S

I VG 4V 2.67 mA
= — = = . m
PR, 15kQ

VG
(0, s )=(0,2.67 mA)
S
— The second point: (V, 1)) =(V,, 0)=(4 V,0)
Connect the two points — DC load line
(0,2.67 mA), (4V,0)

Ip(mA)

Figure 7.24  Determine the Q point

— Q point: the intersection point between the DC load line and the trans-
fer curve. (V1)) =(=2V,4mA)

GS?

7.3 MOSFET (Metal-Oxide—Semiconductor Field-Effect
Transistor)

7.3.1 Introduction to MOSFET

Characteristics of MOSFETs
o  There are two major types of FET: JFET (Junction gate field-effect transistor)
and MOSFET (metal-oxide—semiconductor field-effect transistor).
o JFET: a semiconductor device with a PN junction that operates in only deple-
tion mode.
e«  MOSFET: a special type of FET without a PN junction and operates in both
depletion and enhancement mode.
— The gate of MOSFET is insulated from the channel by a thin SiO,
(silicon dioxide) layer that can reduce the gate leakage current.
— MOSFET has a higher input impedance than JFET that can
reduce the input current required and therefore the heat generated.
MOSFET is the advanced form of JFET.
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— The MOSFET’s thermal stability and other characteristics make it
very popular in the design and construction of integrated circuits for
digital computers.
Table 7.3  The main difference between JFET and MOSFET
MOSFET (metal-oxide-semiconductor field-effect | JFET (junction gate field-
transistor) effect transistor)
Operates in both depletion and enhancement mode Operates in only depletion mode
Higher input impedance than JFET High input impedance
The gate is insulated from the channel by a thin SiO, The gate and channel are
(silicon dioxide) layer. separated by a PN junction
Four types: N-channel depletion Two types: N-channel
N-channel enhancement P-channel
P-channel depletion
P-channel enhancement

o Basic structure of a N-channel MOSFET:

Source (5) Drain (D]
\a-ﬂ -
p-type substrate
Bodv (B)

Figure 7.25 N-channel MOSFET

Types of MOSFETs

o Depletion and enhancement: there are two major types of MOSFET — depletion

and enhancement.
— Enhancement-mode MOSFET (E-MOSFET) with positive gate
bias voltage (V) to increase the channel width and switch the device
on” (switch on).
— Depletion-mode MOSFET (D-MOSFET) with either positive or neg-
ative gate bias voltage (V) to reduce the channel width (deplete or
destroy the channel) and switch the device “off” (switch off).

e  N-or P-channel: a MOSFET consists of a channel of N- or P-type semiconduc-

tor material through which current flows.

o Four types of MOSFETs: a depletion mode MOSFET and an enhancement-

mode MOSFET are further classified as N-channel and P-channel.
— N-channel depletion
— N-channel enhancement
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— P-channel depletion
— P-channel enhancement

Depletion-mode MOSFET
o Symbols of D-MOSFET:

DRAIN DRAIN
GATE | ﬁ GATE \ E
SOURCE SOURCE
N-channel P-channel

Figure 7.26  Symbols of D-MOSFET

— N-channel D-MOSFET: the arrow is pointing in.
— P-channel D-MOSFET: the arrow is pointing out.

o Basic operation: by applying a reverse bias (RB) voltage V to the gate-source
junction can reduce the width of the channel, increase the resistance of the chan-
nel, and reduce the drain current /.
Apply a V — gate-souse RB — channel width ! — channel R 1 — I -
switch off

o JFETs and MOSFETs are similar in their operating principles and the main
difference is:

— In JFETs, the conductivity of the channel is controlled by the electric
field across the reverse-biased gate-souse junction.

— In MOSFET, the conductivity of the channel is controlled by a trans-
verse electric field across the insulating layer (SiO,) embedded on the

semiconductor.

Transverse electric field, electromagnetic waves are perpendicular to the direction of travel.

Enhancement-mode MOSFET
« Symbols of E-MOSFET:

% %y

N-channel P-channel

Figure 7.27  Symbols of E-MOSFET
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Basic operation: by applying a forward bias (FB) voltage ¥ to the gate-source
junction can increase the width of the channel, reduce the resistance of the chan-
nel, and increase the drain current /.

Apply a V — gate-souse FB — channel width T — channel R 1 -1, T
switch on

7.3.2  MOSFET Transfer Characteristics
Transfer characteristic of D-MOSFET (N-channel)

Transfer characteristic (or transconductance curve): the curve plot between the
gate-source voltage V, and the drain current /). A plot of Vg verses I
The transfer characteristic of D-MOSFET is similar to the JFET.
—  When V is zero, the maximum drain current / flowing is /.

When V, =0: [)=1

—  When V= -V, the transfer curve develops from [, =1 at V =0,
to [, =0 at V, = -V, (N-channel).

sl

-

When V =-V,:1,=0
V,: pinch-off voltage

Uas Vosen =-V5

Figure 7.28 Transfer characteristic of D-MOSFET

Shockley’s equation: the transfer characteristic of MOSFET is defined by
Shockley’s equation (to calculate drain current / or plot a transfer curve).

VGS

I,=1,

ss | 1—
GS|(off)

Transfer characteristic of E-MOSFET (N-channel)

Recall: E-MOSFET with positive gate bias voltage (+V,,,) to increase the chan-
nel width and switch the device “ON”".

When V is zero, the drain current / is zero.
When V  =0: I,=0
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When V is equal or great than the threshold voltage V., . the channel width

increases, and the drain current /) increases.

I

Ves

Vesam)

Figure 7.29  Transfer characteristic of E-MOSFET

When Vo =V 1, T

Gs =
Vs n (threshold voltage): the minimum gain-source voltage required to
produce /.

—  The Vg, of the N-channel E-MOSFET is similar to the ¥, of the BJT.
The equation for the transfer characteristic of E-MOSFET is given as:
- 2 A cnrctant £ .
I=k(V —VGS(Th)) k — a constant for the MOSFET

1
k= & V(;srlm

(VGS - VGS(Th) )2

and [nmm can be obtained from the datasheet.

7.3.3 E-MOSFET Biasing
The commonly used methods of E-MOSFET biasing

o Drain feedback bias
o Voltage-divider bias

Drain-feedback bias of E-MOSFET
Drain-feedback bias circuit for a E-MOSFET (N-channel):

L]
Voo

Rp

D

Rg
%]

g

Figure 7.30  Drain-feedback bias



Field-effect transistors 189

o Drain-feedback bias for an E-MOSFET is very similar to a collector-feedback
bias circuit of a BJT.

o The gate resistor R of the collector-feedback bias circuit is connected to the
drain D rather than to V.

Calculating DC voltages and currents

o The gate circuit /, (/,=0) is negligible since the gate has a very high imped-
ance. Therefore, the drain and gate voltages are the same (V,= V) by the gate
resistor (V= 0).

o The drain-source voltage V : V =V =V —I R,

o The drain current / I,=1 = Voo =Vs
RD
o The gate-source voltage V_: V= Vs Vo=V,

Example: Determine the values of V' for the circuit shown in Figure 7.30, if R is
2kQ, R is 3MQ, Vis 12V, and [ jis 2 mA.

e Given: R =2kQ, R.=3MQ, V =12V, I, =2mA.
o Find: Vs
e Solution:

VGS: VGS= VD;

Vo=V~ Ry=12V-(2mA) 2kQ) =8V

Milli: 1073 Kilo: 10°
Vis=Vps=8V

Voltage-divider bias of E-MOSFET biasing
o Voltage-divider bias circuit for a E-MOSFET (N-channel):

*Ve
1

Figure 7.31 Voltage-divider bias

o Voltage-divider bias circuit for E-MOSFET is very similar to the voltage-
divider bias circuit of a BJT or JFET, but the DC analysis of each is different.
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Calculating DC voltages and currents

R
o The gate-source voltage V. : V.=V 2

GS GS DD Rl + R2

o The drain-source voltage V: Vos=Vop— I, Ry

o  The drain current /;: L=k (Vas— Visan )
k — D(on)
2
Vos = VGS(Th))

Example: Determine the values of / and V_ for the circuit shown in Figure 7.31,
if R is 3 MQ, R,is 1.5 MQ, Ris100 Q, V is 12V, Vi, is 2V, and [, is 5 mA.

GS(Th)

o Given: R =3 MQ, R =15MQ, R =100 Q, V=12V, VGS(Th): 2V, ID(on):
100 mA
. Flnd:. I and V.
e Solution: o
= I Thinking process: I, =k (ViasVeasem) = Vi = Vo _R
R+ R,
Tofen)
S k=———
(Vs = /m[ m)i
R
Vi = v, ) 12 1.5 MQ _
R+ R, 3IMQ + 1.5 MQ
i Tow) 100 mA 25 Al v
= - = m
Vs — VGs(Th) Y (4V-2V)

Iy = k (Vg Vg )= (25 MA/V2) (4V -2 V2 = 100 mA

- VDS: VDS: VDDf]DRDZ 12V—-(100mA) (0.1 kQ)=2V
Milli: 1073; Kilo: 103

7.3.4 D-MOSFET Biasing

The commonly used methods of D-MOSFET biasing

e The D-MOSFET can be biased using some methods used with the JFET (gate
bias, self- bias, voltage-divider bias, etc.).

o A simple bias method for the D-MOSFET is zero bias (set V, = 0).
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Zero bias of D-MOSFET
e  Zero bias circuit for a D-MOSFET (N-channel):

+Vop

Figure 7.32  Zero bias

o Zero bias is so named because it operates at V,; at 0 V. Similar to self-bias, it
does not require a second DC source for the gate terminal.

Calculating DC voltages and currents

o The gate-source voltage V: Vis=0 Zero bias
o The drain current /: I,=1 V=0
o The drain-source voltage V. Vis = Vo= Inss By I=1

Figure 7.33  Transfer characteristic

Example: Determine the values of drain current for the circuit shown in Figure 7.32,
itV is 15V, R jis 1.5k€Q, R .is 5 MQ, and V' is 6 V.

«  Given: V,=15V,R,=1.5kQ, R, =5MQ, V, =6V
o« Find: 1
. Solution: Thinking process: I, =1 >V, =V, — e R,
V.-V
=208 = 1SV=6V _gmA il 103 Kilo: 10°
R, 1.5 kQ
Summary
Types of FET

o JFET (junction gate field-effect transistor): a semiconductor device with a PN
junction that operates in only depletion mode.
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o MOSFET (metal-oxide—semiconductor field-effect transistor): a semiconduc-
tor device without a PN junction that operates in both depletion and enhance-
ment mode.

Table 7.4:  The main difference between FET and BJT

FET (Field-effect transistor) BJT (bipolar junction transistor)
Only the majority charge carriers (holes or Both majority and minority charge
electrons) flow carriers flow

A unipolar device (only one carrier type) A bipolar device

A voltage-control device A current-controlled device

High input resistance Low input resistance

Low power consumption High power consumption

Low noise level High noise level

Basic structure of JFET

e N-channel JFET: a JFET whose channel is composed of a majority of electrons
as the charge carrier. It made up a bar of N-type semiconductor with two parts
of P-type material inserted in the sides.

e P-channel JFET: a JFET whose channel is composed of a majority of holes as
the charge carrier. It made up a bar of P-type material with two parts of N-type
material inserted in the sides.

JFET - a voltage-controlled device

o Reverse bias voltage V. : by applying a reverse bias voltage V to the gate-
source junction can control the width of the channel and the flow of current
from the source to the drain.

¢ Voltage-controlled device:

V" depletidh layer — channelWidth — resistance of the channel >

The ¥, of a JFET

— A N-channel JFET requires a negative V.
— A P-channel JFET requires a positive V.

JFET characteristics curve
o Drain (or output) characteristic curve: A plot of V' verses /.
e JFET drain curve vs. BJT collector curve:

I I

Ohmic Active region -ﬁ[gﬁm Saturation  Actve region eak down

e region _ —eem————" ,  regon
: [/ :
' : 1
| / ' :
1
L} ' L}

Vos = Vs

Figure 7.34(a) JFET drain curve Figure 7.34(b) BJT collector curve
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Pinch-off voltage vs. cut-off voltage

Pinch-off voltage V,: the minimum value of ¥ at which / becomes saturation
(I, =1,4) at zero V..

Cut-off voltage Vg of" the minimum value of V¢ at which I becomes approxi-
mately zero.

4 V.

Gsety 'p

Transfer characteristic of JFET (N-channel)

Transfer characteristic (or transconductance curve): a plot of V. versus /.

o Shockley’s equation: ;=1 _ ! Ves
. . .. VGS(off)
Midpoint biasing

Q-point of JFET: V_ and [
Midpoint biasing: a JFET with a near centered Q-point on transfer characteristic
curve. It represents the most efficient use of the device range.

The midpoint bias occurs when V= 0.3 Vs and I,=0517.

Table 7.5: Methods of JFET Biasing

Biasing | Self-bias Voltage-divider bias Gate bias (or fixed
bias)
Circuit W oo
" R Rl
L
0 rn__
s Vo - S1]
v Vis = = 1R Vas=Ve=Vs Vas= Voo
R,
C = I/I)I) -
R+ R
’/\ = [I) R\
Vs VDS=VDD_[D(RD+RS) VDS = VDD_ID (RD-{-RS) VDS = VDD_[DRD
1 I =1
b~ 1s ;= Voo = V5 .
P R, 1= I ]——Gs
—v VGs(off)
or [ =-6 GS
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Characteristics of MOSFETSs

o JFET (junction gate field-effect transistor): a semiconductor device with a PN
junction that operates in only depletion mode.

o«  MOSFET(metal-oxide—semiconductor field-effect transistor): a special type of
FET without a PN junction that operates in both depletion and enhancement mode.

Table 7.6: The main difference between JFET and MOSFET

MOSFET (metal-oxide—semiconductor JFET (junction gate field-effect
field-effect transistor) transistor)

Operates in both depletion and enhancement | Operates in only depletion mode
mode

Higher input impedance than JFET High input impedance
The gate is insulated from the channel by a The gate and channel are separated by a
thin SiO, (silicon dioxide) layer PN junction
Four types: N-channel depletion Two types: N-channel
N-channel enhancement P-channel

P-channel depletion
P-channel enhancement

Types of MOSFETs

¢ Enhancement-mode MOSFET (E-MOSFET) with positive gate bias voltage
(V) to increase the channel width and switch the device “on” (switch on).

¢ Depletion-mode MOSFET (D-MOSFET) with either positive or negative gate
bias voltage (V) to reduce the channel width and switch the device “off”
(switch off).

Depletion-mode MOSFET

« Basic operation:
Apply a V,, — gate-souse RB — channel width |— channel R 1— [ |—
switch off
o JFETs and MOSFETs are similar in their operating principles and the main
difference is:
— In JFETs, the conductivity of the channel is controlled by the electric
field across the reverse-biased gate-souse junction.
— In MOSFET, the conductivity of the channel is controlled by a trans-
verse electric field across the insulating layer (SiO,) embedded on the
semiconductor.

Enhancement-mode MOSFET

« Basic operation:
Apply a V,,— gate-souse FB — channel width 1— channel R | — I 1— switch on
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Transfer characteristic of D-MOSFET (N-channel)

Transfer characteristic (or transconductance curve): a plot of V verses /.

When V=0 I,=1

DSS

When Vis=-V, 1,=0

Shockley’s equation: the transfer characteristic of MOSFET is defined by

Shockley’s equation. [ =1

V.

1— GS

Gs(off)

Transfer characteristic of E-MOSFET (N-channel)

When Vis=0:
When V.=V

GS — 7 GS(Th)"

1,=0
I=1

The equation for the transfer characteristic of E-MOSFETS is given as:

ID: k (VGS - VGS(Th) )2

k=
4

Gs

D(on)

V

GS(Th) )2

The commonly used methods of E-MOSFET biasing

Drain feedback bias
Voltage-divider bias

The commonly used methods of D-MOSFET biasing

The DE-MOSFET can be biased using some methods used with the JFET (gate
bias, self-bias, voltage-divider bias, etc.).
A simple bias method for the DE-MOSFET is zero bias (set V= 0).

Table 7.7: Methods of MOSFET Biasing
Biasing Drain-feedback bias | Voltage-divider bias | Zero bias of D-MOSFET
Voo T T
Ro a 5 3
R =
Circuit - Yar0 |54 ke
il
' Z = Ry i
v,
v S Ves=V, Gs— DD p . p V.=0
GS DS Rl + R2 GS
Vi Vos =Vo= Vo= Ry | Vis=Vip— 1 Ry Vs = Voo = oss Ro
I=k(V..—-V... V¥ |I=1I
[ _ ] _ VDD—VDS D ( GS GS(Th)) D DSS
I D s R D(on)

V=V

aGs " Gs(Th) )2
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Table 7.8: Comparison of the JFET and BJT
FET (Field-effect transistor) BJT (bipolar junction
transistor)
P-channel - . ,,__‘:—_
T
: )
e
Symbol 2
D — drain C — collector
Terminal G — gate B — base
S — source E — emitter
DC voltages
V..and V,  (Fora NPNBJT)
[T '
Characteristi 1 - | — .
aracteristic e
curves & Lo . Ve
U Vg =y 0 & CoteMivzion ‘:'T‘!' - """"""'":-m

Four regions

— Ohmic region

— Active region (or satu-
ration region)

— Breakdown region

— Cut-off
pinch-off region)

region  (or

— Saturation

region
— Active region
— Breakdown
region
— Cut-off region

V-orI-
controlled
device

A voltage-controlled device:

Vs controls I

A current-controlled device:
I, controls 1,
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Types of Transistors

FET
(Field effect transistor)

e e

JFET MOSFET
(Junction field effect transistor) (Metal-oxide-semiconductor field-effect istor)
N-Channel P-Channel Depletion Mode Enhancement Mode
‘:_' : m:é') N-Channel  P-Channel  N-Channel P-Channel
T T
BJT
(Bipolar Junction Transistor)

B €
9—6 ) a—«& )
@ rgm E (LT

7.1 1. The field-effect transistor (FET) is a ( )-controlled device.
2. JFET is a semiconductor device with a PN junction that operates in only
( ) mode.
3. The P-channel JFET is a JFET whose channel is composed of a majority of
( ) as the charge carrier.

Self-Test
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4. The ( ) is used to control current flow between the other two
terminals.

5. Since a JFET must be operated such that the gate-source junction is always
reverse-biased. This requires a ( )V, for an N-channel JFET.

6. The ( ) voltage is the minimum value ¥ at which maximum drain
current /, can flow.

7. The( ) characteristic is the curve plot between gate-source voltage V

and drain current /..
8. Plot the transfer characteristics curve, if [ is 2 mA and VGSW) is
negative 5 V.

7.2 9, The ( ) current is determined by the transfer characteristic or the
Shockley’s equation of JFET.
10. Determine the values of ¥, and V for the circuit shown in Figure 7.35, if
Ry is 3kQ, R is 400 Q, V, /is 10 V, and /;is 2 mA.

Figure 7.35 Ch 7: No. 10, self-test

11. Plot the DC load line and determine the Q-point for the circuit and the
transfer characteristics curve shown in Figure 7.36(a) and (b), if R jis 1 k€,
Ris 500 Q, and /. is 6 mA.

Us pppunii 0

Figure 7.36(a) Ch 7: No. 11, self-test Figure 7.36(b) Ch 7: No. 11, self-test



12.

13.
14.

7.3 15.
16.
17.
18.

19.
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The midpoint bias occurs when V., = 0.3 VGS(Om and drain current

I,=( ) Liss -

( ) bias is one of the most frequently used JFET biasing circuits.

(a) Determine the values of V, V, V., and V_ for the circuit shown in
Figure 7.37,if R is 4 MQ, R is 2 MQ, R jis 1 kQ, R is 2.5kQ, V' is 15V,
and /is 4 mA. (b) Plot the DC load line and determine the Q-point.

W
|

)

R, R,

-

Figure 7.37 Ch 7: No. 14, self-test

MOSFET is a special type of FET without a PN junction and operates in
both depletion and ( ) mode.

( )-mode MOSFET with either positive or negative gate bias voltage to
reduce the channel width and switch the device “off”.

In MOSFET, the conductivity of the channel is controlled by a transverse
electric field across the ( ) layer embedded on the semiconductor.
Drain-feedback bias for E-MOSFET is very similar to a ( )-feedback
bias circuit of BJT.

Determine the values of V¢ for the circuit shown in Figure 7.38, if R is 3
kQ, R, is4MQ, V, is 15V, and [ is 3 mA.

Vop

Rp

Figure 7.38 Ch 7: No. 19, self-test
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20. Determine the values of /j and V¢ for the circuit shown in Figure 7.39, if
i{iasrjlji\dﬂ, R)is2MQ, R is 120 Q, V Jis 15V, VGS(Th) is3V, and ID(OH) is

Figure 7.39 Ch 7: No. 20, self-test

21. Determine the values of drain current for the circuit shown in Figure 7.40,
itV )is 12V, R jis 1 kQ, and V' (is 6 V.

- I’m
Rp

Ves =0 g

Figure 7.40 Ch 7: No. 21, self-test
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8.1 JFET equivalent model

8.1.1 Introduction to FET amplifier

FET amplifier

e Recall — amplifier: an electronic device that increases the voltage, current, or
power of an input signal. It is a circuit that has a power gain greater than 1.

e Recall — amplifier gain: the ratio of output to input in the form of power, volt-
age, and current. It is a measure of the ability of an amplifier.

_ p out 4 = I/cout _ lout
P v i g
])in I/in lin

e  FET amplifier: an FET in a linear region around an operating point can work
as an amplifier to amplify a small AC input signal (low-level signal such as a
wireless signal).

¢ A small-signal JFET (N-channel) amplifier with voltage-divider bias:

— Recall — the purpose of biasing is to stabilize the Q-Point (DC operation) in
the desired region of operation in response to an AC input signal.

— A small AC voltage (V) is applied to the input and passed to output (V, )
through coupling capacitors that are used to pass an AC signal without
disturbing the Q-point of the circuit.
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Figure 8.1 A JFET amplifier with voltage-divider bias

— A bypass capacitor on the source resister (R,) to bypass desirable signals to
the ground and to increase gain.

Transconductance

e Transconductance (g_): the ratio of the change in current at the output to the
change in voltage at the input.
The “trans” is short for “transfer” (input to output).

change in/

g = =, (datasheets)

o
Sm

change inV,,

e Transconductance for FET (g, ): the ratio of the change in drain current /, (out-
put) to the change in gate voltage Vgs (input).

AC /,
g =t
Vie
Al
DC:g,= i

e Definition of the transconductance g_ using transfer characteristics:

- ID

Ipss

__MB

—Ves  Vescorp AVgs O

Figure 8.2 Transfer characteristics
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8.1.2 JFET AC equivalent circuit

Build JFET AC equivalent circuit

e Small-signal model of JFET: an equivalent circuit that can be used to accurately
predict the performance of a JFET. It can be used to estimate the input imped-
ance, gain, and operating conditions of JFET amplifiers.

e JFET (N-channel) AC equivalent circuit:

o G D

a — Tes ()gmr', Ty

Figure 8.3 JFET AC equivalent circuit

FET internal AC resistance

e FET internal AC resistance: a small AC resistance looking into the terminal of
an FET.

e Inputresistance r: the FET internal resistance between the gate and the source.
Recall that an FET has a high input resistance, it is high enough to be approxi-
mated as an open circuit (rgs = ).

e Output resistance r,: the FET internal resistance between the drain and the
source. It is typically much larger (reverse-biased) than R and can be neglected
in calculations (it can be replaced by an open circuit, 7, = o).

Simplified JFET AC equivalent circuit:

. 7, and r: very large — open circuit

. I
e The drain branch acts as a current source (/;=g, v,). g,= Lfi
-+
e DenER
§ —1 s

Figure 8.4 Simplified JFET equivalent circuit

JFET voltage gain
»  Voltage gain without the load resistor R, :
I/ou Vds [d RD 1«‘
A:—t: _—_ngD g = —

vy Ve Idg,

Sm vV
in o

»  Voltage gain with the load resistor R, :
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A=V, =g (R,\R)

out

v,

n

envs ()

AAA
vyy
=
=

Figure 8.5  Voltage gain with R

The Q-point of JFET

e The Q-point of a JFET circuit is obtained from the values of the drain current
I, versus the drain-source voltages V ( (for a specific V, on the DC load line).

Ppsq

Figure 8.6~ Midpoint biasing

Bias a JFET — establish a Q-point (1, and V)

¢ Midpoint biasing: an amplifier with a centered Q-point on the DC load line can
provide amplification of an AC input signal without distortion or clipping to the
output waveform.

8.2 JFET amplifier analysis

8.2.1 Common-drain amplifier analysis

Common-drain (CD) circuit (source follower)
e Drain — common
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o V. _—gate
mn

e J  —source
out

+ VDD

v,

RQ 2 cnut
Rs

out

Figure 8.7  Common-drain amplifier

AC equivalent circuit

e AC equivalent circuit of a JFET common-drain (CD) amplifier is obtained by
replacing all capacitors with a short circuit and setting DC voltage source V|
to zero and replacing it with a ground.

The voltage gain of a CD amplifier
*  Voltage gain without the load resistor R, :

Figure 8.8  AC equivalent circuit
of a CD amplifier

A — I/out — ngs
\%
Kﬂ 1 + ngS
out [uRs En Vgs Rs ngs
Derive: A= = = S =
X Vu\ V,s - [dRS VgS+ En Lgs Rs 1 +ng%
[J
o = I = g, V

»  Voltage gain is approximately 1: if g R >> 1, the voltage gain 4, is approxi-
mately equal to 1.
gm Rg gm RS

4, =1, ifg R>>1 4, = l+g R, =~ ¢ R =1

e Voltage gain with the load resistor R, :
V.. g, (RM)MR)
A=Y T Trg RIIR)

in
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Phase relationship

Source follower: the CD amplifier is also known as the source follower, because

the load voltage “follows” the input signal very closely, and voltage gain is
approximately equal to 1 (4= 1).

In phase: CD amplifier receives its input signal to the gain with the output volt-

age taken from across the source load. As the source voltage follows the gain
voltage, the output voltage in a CD amplifier is in phase with the input voltage

(it simply follows it).

The JFET’s CD configuration (source follower) is similar to a BJIT’s common-collector con-

figuration (voltage follower or emitter follower).

Input resistance

V.

GS

I

GSS

ig

The input resistance at the gate of the CD circuit (Rig):

I, the gate-to-source leakage current (datasheet).

R =R, IR ~R,

I 1s leakage current

very high.

Output resistance

Figure 8.9

1
R = gm \\ R
1
an: o \ I‘u\ \ Rs
1
=g \R

Sm

Low output resistance:

The total circuit input resistance presented to the AC source of the CD circuit (R, ):

lme >> R,

R, is typically much larger than RG and can be neglected in calculations.

V(‘S

and very small. R, 11 =
: [(iSS il

High input resistance: the value of input resistance on a CD amplifier is usually

The output resistance presented to the load of the CD circuit:

s (D), 3

Ry

-
UE
-

Output resistance

1
Conductance G = R

7. =

ds

the output resistance on a CD amplifier is always very low.
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Example: For the JFET CD amplifier of Figure 8.7, determine the input and output
resistance R, , R, and voltage gain 4, if R ;is 8 MQ, R is S5 kQ, R is 12 MQ, V
is 12V, and g_is 5 ms.

out

Rs 3 C
L1l
Figure 8.10  CS amplifier

e Given: R,=8MQ,R=5kQ,R =12MQ, V=12 V,and g =S5 ms.
e Find:R ,R ,and A4,.
e Solution:
R :R ~R,=8MQ
1

1 1 1
R R, z?m \\ R = —5 s \ 5 kQ ms ~ 0.002s = 500 Q = 0.5 kQ; Kilo: 10°

=02kQ\5kQ=0.19 kO
g (RIIR)  5ms(5kQ\2MQ)

A Av:m: 1+5 ms (5 kQ \\12 MQ)

5 ms (5 kQ \\12,000 kQ) 5 ms (5 kQ)

" 15 ms (5 KQW2,000kQ) © 15 ms (5 k@) - 0 4~

8.2.2 Common-source amplifier analysis

Common-source (CS) circuit
e Source — common
o V. - gate.
e JV —drain
out

AC equivalent circuit

e AC equivalent circuit of a JFET common-source (CS) amplifier is obtained by
replacing all capacitors with a short circuit and setting DC voltage source V|
to zero and replacing it with a ground.
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V.

in —

RG':‘!E 2Ry
]

Figure 8.11  AC equivalent
circuit of a CS amplifier

Input resistance
¢ The input resistance at the gate of the transistor:

V.

GS
R»: _—

R £

I, the gate-to-source leakage current (datasheets).
e The total circuit input resistance presented to the AC source:
R =R\R =R, ifR >R
in G ig G ig G

R, is typically much larger than R, and can be neglected in calculations.

Output resistance
e The output resistance presented to the load of the circuit:
Rout :RD \\ rds
e AC internal resistance between the drain and the source r, represents the

reverse-biased drain-source junction resistance. It is typically much larger
than R and can be replaced by an open circuit (v, = o).

Ieoutz RD If ’ﬂd\ - R[)
D
v 2
&mVes :: Tes Rp
S

Figure 8.12  Output resistance

Voltage gain

e The voltage gain of JFET CS amplifier: the ratio of output to input in the form
of voltage.

e Voltage gain without the load resistor R, :

Vout
A= =8k,
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V VL s 1 1 Ied [ d [ d
Derive: 4,= = = =g R &= 0 Vo= —
v 1% v l/g m D V. E g,

in s d’ &m

e Voltage gain with the load resistor R, :

I/out
A= 5 =g, (R,\R)

mn

Phase relationship

e 180°Phase shift: the output voltage in a CS amplifier is 180° out of phase with
the input voltage.

e When the input signal increases, the drain current /, also increases. An increase
in drain current increases the voltage drop in the drain resistor R, reducing the
voltage in the drain terminal /, and producing a 180° phase shift.

v
Vd - VDD_;dRD

Example: For the JFET CD amplifier of Figure 8.10, determine the input and output

resistance R, , R, and voltage gain 4, if R is 5 MQ, R is 500 Q, R is 1.2 kQ,

R is 10kQ, ¥ is 15V, and g _is 3 ms.

o Given: R, =5 MQ, R,= 500 Q, R,= 1.2 kQ, R = 10 kQ, V= 15V, and
g, =3 ms (Y, — datasheets).

e Find:R ,R .andA4,.

in’ ~ “out’
e  Solution:
R: R =R, ,=5MQ
R : R, ~R =12kQ

A:  A,=g (R IR)=3ms(1.2kQ110kQ)~3.21

v

8.2.3 Common-gate amplifier analysis

Common-gate (CG) circuit
¢ (Gate — common

e V. —source

e V —drain

out

out

Figure 8.13  CG amplifier
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AC equivalent circuit

¢ AC equivalent circuit of a JFET common-gate (CG) amplifier is obtained with
replacing all capacitors by a short circuit and setting DC voltage source ¥ to
zero and replacing it with a ground.

Figure 8.14  AC equivalent
circuit of a CG amplifier

Input resistance
¢ The input resistance at the source of the transistor:

1
Ris =5
Em
Ve Vo Vo Vs ! 1
Derive: R_ = = = —

=~ = — I =1~ =gV (g.=77)
4 in s d Sm’ gs? Sm [/
L, L 1, gV, &, Ves

in s d

e The total circuit input resistance presented to the AC source R, :

1
R, =R\R =R\ —
m 18 gm

¢ Unlike CS and CD circuits, the CG configuration provides a low input resistance.

Output resistance

¢ The output resistance presented to the load of the circuit:
Rout - RD \\ rds

* AC internal resistance between the drain and the source r, represents reverse-
biased drain-source junction resistance. It is typically much larger than R and
can be replaced by an open circuit (r, = o).

Rout ~ RD

Voltage gain

e The voltage gain of JFET CG amplifier: the ratio of output to input in the form
of voltage.

e Voltage gain without the load resistor R, :

out d
Derive: A= = = = =g R [ =oV
Ay 7’ / , / Em a T Em" s

Vi / oS Lg\ / gs
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»  Voltage gain with the load resistor R, :

4
A,= V‘ =g, (R,\R)

in

Phase relationship

e Inphase: the output voltage in a CG amplifier is in phase with the input voltage.

e The CG amplifier receives its input signal to the source with the output voltage
taken from across the drain load (/, = I, the drain signal “follows” the source
signal).

Example: For the JFET CG amplifier of Figure 8.13, determine the input and output

resistance Ri“f R, and voltage gain 4, if R is 5 kQ, R is 5 kQ, R is 20 kQ, V_ is

15V, and g _is 3 ms.

e Given: R;= 5 kQ, Ry=5kQ, R =20 kQ, V=15V, and g = 3 ms
(Y, — datasheets).

e Find:R,R ,and A4,.

in’ ~ out’
1

e Solution:
R :R =R\ —=5kQ\

m

—=0.31 kQ Kilo: 10% Milli: 1073
3ms

Rout: Rout ~ RD ~ 5 kQ
AzA, =g (RIR)=3ms(5kQ120kQ)~ 12

Summary

FET amplifier

e FET amplifier: an FET in a linear region around an operating point can work
as an amplifier to amplify a small AC input signal (low-level signal such as a
wireless signal).

e A small-signal JFET (N-channel) amplifier with voltage-divider bias:

Figure 8.15 A JFET amplifier with voltage-divider bias
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Transconductance changein I

e Transconductance (g, ): g, = m g.= v, (datasheets)

e  Transconductance for FET:

]d
AC:.g =,
Ve
Al
DC: g = AV
gs

JFET (N-channel) AC equivalent circuit:

Figure 8.16  JFET AC equivalent circuit

FET internal AC resistance

 Inputresistance r,: the FET internal resistance between the gate and the source.
It is high enough to be approximated as an open circuit (r,, = o).

e Output resistance 7,: the FET internal resistance between the drain and the
source. it is typically much larger than R and can be neglected in calculations
(it can be replaced by an open circuit, r, = o).

Simplified JFET equivalent circuit:
Ty and r: very large — open circuit

e The drain branch acts as a current source (/,=g v, ). g ="
m - gs

The Q-point of JFET

¢ The Q-point of a JFET circuit:
Bias a JFET — establish a Q-point (1, and V)

¢ Midpoint biasing: an amplifier with a centered Q-point on the DC load line can
provide amplification of an AC input signal without distortion or clipping to the
output waveform.

Table 8.1  Three JFET amplifier configurations

Amplifier Abbreviation | Input Output | Common terminal
Common-source amplifier | CS Gate Drain Source
Common-drain amplifier | CD Gate Source | Drain
Common-gate amplifier CG Source Drain Gate




AC analysis of FET circuits — FET amplifiers 213

Configuration| 4 (without | A (with R)) R, R, Phase
R) relationship
Common A,=g R, |4,=g, (R,2\R) R =R, R =R, |180°outof
source phase
groarirlllmon A g. R 4 g, (R R) R =R, R, :gi R, In phase
I+g R 1+ gm(Rs\\ RL) m
Common A,=g R, |A,=g (R,\R) R =R\ 11 R, =R, |Inphase
gate in~ st g
Configuration Circuit AC equivalent circuit

Common source
Input — gate
Output — drain

Common drain

Voo e
Input — gate
0 Va
utput — source 3
‘_.'_4-‘_._6{\ v
| 1% W, p
’_.__.‘f“‘ '% < [ e
Ry 3 Co Ry §
. L "
Common gate * Ko
Input — source ..
Output — drain 4—ov,. Yo @ s Wi
. & & Ry Ry
“o—i}-
Ry 5
A
Self-test
8.1
1. The transconductance for FET is the ratio of the change in drain current
to the change in ( ) voltage.
2. The input resistance of the FET is the internal resistance between the
gate and the ( ).
3. The output resistance of the FET is the internal resistance between the
( ) and the source.
4. The Q-point of a JFET circuit is obtained from the values of the ( )

current versus the drain-source voltages.
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8.2

5. The CD amplifier is also known as the ( ) follower, because
the load voltage “follows” the input signal very closely, and voltage gain
is approximately equal to 1.

6. The CD amplifier receives its input signal to the gain with the output

voltage taken from across the ( ).

The value of ( ) resistance on a CD amplifier is usually very high.

8. For the JFET CD amplifier of Figure 8.17, determine the input and out-
put resistance R, , R, and voltage gain 4, if R_is 9 MQ, R is 6 kQ, R,
is 14 MQ, V is 15V, and g_is 3 ms.

=

_:—’m
Va Sin
o——
v,
out
R b o

Figure 8.17  Ch 8: No. 8, self-test

9. The output voltage in a CS amplifier is ( ) phase with the
input voltage.

10. For the JFET CD amplifier of Figure 8.18, determine the input and out-
put resistance R, , R, and voltage gain 4, if R;is 4 MQ, R jis 1 kQ, R,
is 8 k€, and g _is 4 ms.

[ 711
Figure 8.18  Ch 8: No. 10, self-test

11. The output voltage in a common-gate amplifieris () phase with the
input voltage.

12. For the JFET CG amplifier of Figure 8.19, determine the input and out-
put resistance R, , R_, and voltage gain 4., if R is 6 kQ, R is 5 kQ, R
is 18 kQ, and g_is 4 ms.

Figure 8.19  Ch 8: No. 12, self-test
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9.1 Operational amplifiers (op-amps)

9.1.1 Introduction to op-amps

Op-amp

Recall — amplifier: an electronic device that increases the voltage, current, or
power of an input signal.

Operational amplifier (op-amp): an integrated circuit (IC) that operates as an
amplifier to amplify weak electric signals. It is a voltage-controlled amplifier
with very high gain.

IC: an electronic device formed on a small flat piece (chip) of semiconductor
material (normally silicon) that can hold many electronic components (hun-
dreds to millions of transistors, resistors, capacitors, etc.).
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Symbol and terminals of an op-amp
¢ Op-amp schematic symbol:
— An op-amp circuit with two inputs and one output.
— Inverting input: the terminals labeled with the “-".
— Non inverting input: the terminals labeled with the “+.”

Figure 9.1  Op-amp symbol

e Op-amp schematic symbol with DC power supplies:

:i‘j[»
1

Figure 9.2 Op-amp with DC power supplies

Ideal op-amp vs. practical op-amp
e Ideal (or perfect) op-amp: an op-amp with certain special characteristics to
allow it to function with high efficiency.

Ve

Figure 9.3 Characteristics of an op-amp

e Characteristics of an ideal op-amp:
— Infinite open-loop gain: 4, =00
Open-loop gain: the gain of the op-amp without feedback.
— Infinite input impedance: Z_=oo
— Zero output impedance:  Z =0
— Infinite bandwidth (BW): BW =
— Zero input offset voltage: Exactly zero out if zero in.
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e Characteristics of a practical op-amp:
— High open-loop gain: 4, is high
— High input impedance: Z_is high It draws very little current and absorbs less
power.
— Low output impedance: Z  islow It can provide high output current and
reduce loading.
— Limited BW: BW is limited It can respond to a wide frequency range.

Table 9.1 Ideal op-amp vs. practical op-amp

Op Amp A VA VA4 BW Circuit

+Vee

Idea op-amp | 4 = Z = Z =0 BW =

Practical L L . BW is
op-amp A, ishigh | Z ishigh | Z islow limited

The golden rules of op-amps

For an op-amp with external negative feedback:

e The current rule: no current flows into the two inputs of the op-amp.
1.=0 " Z,_is high.
It doesn’t load the source and does not affect the input voltage.

Ry
AAM
YEN >
W‘ AAM I_iﬂ
VWV—
i If'_:\l';l]l - o th
=—l+
1,=0

Figure 9.4 The golden rules of op-amps

e The voltage rule: the potential difference between two inputs is zero in an op-
amp circuit with negative feedback. Vo= Ve
The op-amp will adjust its output to keep the voltage difference between two inputs zero when
feedback is being used.
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Example:

If the non inverting input V. is connected to ground (set to 0V), i.e.V. ov,

. .o in () i
then the inverting input V, is also at OV, e.g.V;  =0V.
Based on the voltage rule: V| =V,

V. V. =0V

in (—) = in (+)

Figure 9.5  The voltage rule — an example

Negative feedback

Feedback: the process when all or a portion of the output signal is used as an
input. It produces a path from the output back to the input.

There are two types of feedback — positive feedback and negative feedback.
Positive feedback: when the occurrence of a reaction that enhances or amplifies
the original action.

— The output is connected to the noninverting input V. @

— The fed-back signal is in phase with the input signal.

Negative feedback: when the occurrence of a reaction reduces the original
action and brings the system back to a stable state.
— The output is connected to the inverting input V,_ o
— The fed-back signal is out of phase with the input signal.

Benefits of negative feedback

Promote stability.

Limit saturation and reduce distortion and noise.

Increase BW and improve input and output impedances.

Improve performance (equilibrium, frequency response, step response, etc.).
Because of these advantages, many op-amps use negative feedback.

An example of negative feedback: a central heating system allows the room to
rest at a predetermined temperature.

As the temperature rises, the thermostat (the negative feedback part) turns off
the furnace.

As the temperature falls, the thermostat turns on the furnace.

Negative feedback in op-amp

out

fall by the same amount so differences in the inputs (V_ o Vo) will increase.
Vout ‘l’ = I/in (&) ‘J’ - (I/m (+)_ I/in (7)) T Vm =) - Vm (+)

If op-amp output voltage V decreases, then inverting input voltage V. O will
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This causes the output voltage V_ to rise:

V T = AV (Vin +) B I/in (7)) T AV?

7
L out

out

V

in

Negative feedback in op-amp:
4 l - Vin(—) l - (Vinﬁ)_ Vin(*)) T

out

Vot |

Vpo—
—* Yout

Figure 9.6  Negative feedback in op-amp

9.1.2  Op-amp — modes of operation

Op-amp — three modes of operation
The op-amp exhibits three modes of operation based on the kind of input signals.
The three input modes are:

Single-ended input mode
Double-ended (differential) input mode
Common input mode

Single-ended input operation
Single-ended input mode: input signal is applied only to one of the inputs

(one of the inputs is grounded).

219

If the input is applied to the non inverting input, the input and output signals

are in phase.

If the input is applied to inverting input, the input and output signals are out of

phase.
N A
\ o A
';\ "‘\_“- l'|| .2 hh\'—.\- |lII I'ul
L f
.‘.;‘)— |||II II|II /’.::)— I-II ]
;‘ .-_f‘/ \U.' 7 ;{,"“ \ U'll

Figure 9.7  Single-ended input mode

Double-ended input operation
Double-ended (differential) input mode: apply two opposite polarity signals to

two inputs (two inputs are out of phase).
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Figure 9.8  Double-ended input mode

¢ Double-ended input mode amplifies the difference between both signals. The
resultant output signal is a superimposing of two input signals.
It has a peak value twice the value for a single input signal.

— Noninverting /' =+ ey

input (+): T T—
— Inverting 5, i ol

input (-):

Figure 9.9  Superimposing of two input signals

Common-mode input operation

¢ Common-mode input: two identical signals appear on both inputs (two inputs
are identical in both magnitude and phase).

e In an ideal op-amp, the common-mode signal (unwanted signal) will be can-
celed out.

Figure 9.10  Common-mode input
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The input modes of op-amp
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Single-ended input

Double-ended input
(differential input)

Common-mode input

- The input signal is
applied to one of the
inputs.

- If the input is applied to
the inverting input, the
input and output signals
are out of phase.

- If input is applied to the
noninverting input, the
input and output signals
are in phase.

- Apply two opposite-
polarity signals to two
inputs.

- The output signal is a
superimposing of two
input signals.

- Two identical signals
(noise) appear on both
inputs.

- In an ideal op-amp,
the common-mode sig-
nal will be canceled out.

9.2 Basic building blocks of an op-amp

9.2.1 Inverting op-amp

Introduction to inverting op-amp
e Inverting op-amp: an op-amp circuit which inverting input (—) receives the
input signal and feedback from the output of the op-amp. It has 180° out-of-
phase output with respect to the input.
e Inverting op-amp circuit:

Input — (-)

Ry
R,
Vm Ilrr::vut
Figure 9.11  Inverting op-amp

The closed-loop voltage gain of an inverting op-amp

_ f
ACL__R

out

Derive: A =

IR, R

¢

IR R

in 1 1

The voltage gain is set by the ratio of two resistors.
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V.= IR since V, =0, the point A is a virtual ground.

out

The noninverting input is connected to ground.
V.=V =0

in-) " in(+)

Ry

A
V;
m"—ﬂf\;—:D—-on
in

Figure 9.12  Derive the voltage gain

The impedance of an inverting op-amp
e Input impedance of an inverting op-amp Z::
Z=R
i 1

R= —, since R is connected to virtual ground (point A) in the inverting input terminal.

»  The output impedance of an inverting op-amp Z_ (with feedback):
Z

out
7 =
U144, R,
R R,

Z_—the internal output impedance (without feedback)

out

A, — the open-loop voltage gain (without feedback)

out

Derive: Z,=
V. =4V ZIW A*@KVL
out  “Pol Vdiff — “out”out L 4
If Am V(hff - Zom [nul .
Vuul = Anl Vdm‘ - Aul (Vm - V|) Vdu‘r: Vm o V|
R| R|
:Aol(V||17Voul R +R ) VI':VmuR +R
1 1
R]
=4 ! V. —A ' V A
ol n ol out R ! +R :
RI
Aul Vin: VomjL Aol Vnut
R |+R|_
1
= +
Vnut(l Aol R1+R[' )
=1 Z(1+4 )

out” o ol +
R +R,
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4 ol 4 in 1
= ) + I both sides
. ‘ ol R 1+R . out
/‘ ol I/m R 1
=Z(1+4
. o( ol R ]+R[_ )
out . R\ e .
=Z(1+4, ) V.. ~A, V. (if without feedback)
- o 0 R 1+R ; out 0l n
R 1 I out
Z, =Z(1+4, ) zZ, =
oul o 0 R +R out
1 f out
. out
. Zu a R
l+ A oL 1
R *R,

out

N

(with feedback) is less than Z  (without feedback). Z|=

o

RI
(1+4 )1t
R *R,

Ry

Vmo—m;_—‘-

At vmt

Figure 9.13  Derive the output impedance

Characteristics of an inverting op-amp

e The closed-loop voltage gain of an inverting op-amp is negative (4., =— —5,
indicating that the output is out of phase with the applied input signal. !

e An inverting op-amp provides stability to the system since it is with negative
feedback (the output is connected to the inverting input V| H)‘

e The voltage gain of an inverting op-amp (4., ) is set by resistor ratio (— —5).
This indicates that it is hard to achieve high voltage gain with this circuit. !

Ry

Vot 1

Figure 9.14  Phase relation
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Example: Determine the output voltage, and input and output impedance for the
circuit shown in Figure 9.11, if V, is 50 mV, R is 2kQ, R is 50kQ, Z_ is 802, and
A, 15 150,000.

e Given: V.=50mV,R=2kQ, R=50kQ,Z =80Q,andA4,  =150,000.
e Find: V.oZ»and Z .
e Solution: R, v R,
Vout: Vout = ACLI/in: - T} Vin A(‘L: 7’ A(‘L - R
50 kQ ‘
=(- 0 ) (50 mV) = —1,250 mV
Z:.Z=R=2 kQ
ot 80 Q
7.7 = R 50 ~0.01386Q = 13.86m{)
I+4, —— 1+150,000 — _
RA+R 2Q+50Q

milli: 1073

9.2.2  Noninverting op-amp

Introduction to noninverting op-amp

¢ Noninverting op-amp: an op-amp circuit in which the noninverting input (+)
receives the input signal, and the inverting input (—) receives positive feedback
from the output of the op-amp. The output signal is in phase with the input
signal applied.

¢ Noninverting op-amp circuit:

Ry R¢

Input —(+)

Vin
Figure 9.15  Noninverting op-amp

The closed-loop voltage gain (4, ) of a noninverting op-amp:

f

ACL =1+ T The voltage gain is set by resistor ratio.
1
Derive: Vair = Vi The golden rule of op-amp (voltage rule)
R 1
Vo, =V =V Voltage divide rule
( out le ‘ + [e ‘ )
14 R1+ R( R{
14 _ out _ _ ] +

CL V R R

in 1 1
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The impedance of a noninverting op-amp
e The input impedance of a noninverting op-amp Z;:
Z=7 (4, ——+1)
OL
1 in R1 + Rf
Z— with feedback, Z_—without feedback
b——0 Vout
Figure 9.16  Input impedance of a noninverting op-amp
Derive: Vi = Vit Vg
R 1 R 1
R+ R Vo Vaa V=V R + R
1 f 1 f
R, Vou
- R\ + R[_ A()I er‘f+ Vd\ff A()I - Vhﬂ‘ ’ an :A()I Vum‘
R 1
- Vdm‘( R +R A()I +1)
1 f
R 1
V=1, 2, (s g Aot D Vi =12,
1 f
in R 1
I =Z ( R+R Ay +1) + I,_both sides
in R 1
A 1|n =Z,( R1+ R( AOI +1)
»  The output impedance of a noninverting op-amp Z :
out R N R N
Z = R Z — with feedback, Z_ — without feedback
1+4, —
R R,

It is the same as the output impedance of an inverting op-amp.

Characteristics of a noninverting op-amp:

e Closed-loop voltage gain is positive, indicating that the output is in phase with

the input signal.
R

f

Ag =1+

1
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Ry R

—o . | \

Figure 9.17  Phase relation

e The noninverting amp has a gain higher than 1, meaning that the output signal
is amplified.

Example: Determine the output voltage, input and output impedance for the circuit

shown in Figure 9.15, if V| is 50 mV, R is 3 kQ, R.is 50 kQ, 4, is 150,000, Z, is

1.5MQ, and Z_ is 50 Q.

e Given: V, =50 mV, R =3 kQ, R.=50kQ, 4,,=150,000, Z =1.5MQ and Z
=50 Q.

e Find:V ,Z,and Z

e Solution:

. = = Rf Vﬂul 1€[
Vout' Voul_ACLVin_(1 +R_1Vin) AUZTa AU =1+ 7
1 S0 ke 50 mV) =~ 883.3 mV
= —+ ~ .
(1455 ) (0mV) m
Z: Z=(4 R, HZ
s Z= + _
i i ( OL Rl + Rf ) in
=(150,000 ———+ 1) 1.5 MQ
(150,0 3kQ+50kQ )15
~12737.35 MQ = 12.74 GQ Mega: 105;,Giga: 10°
z, 50 Q
Z,= R = 3kQ
144, ! 1+150,000 — ——~
R, 3kQ + 50 kQ
~0.005888 Q =~ 5.9 mQ Milli: 102

Op-amp: high input impedance and low output impedance.

9.2.3 Op-amp

Introduction to voltage follower op-amp

e Voltage follower op-amp (buffer, unity gain amplifier, isolation amplifier):
an op-amp circuit configuration that has a gain of 1.
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e Voltage follower op-amp circuit:

Vin — Vout

Figure 9.18  Voltage follower

The closed-loop voltage gain of a voltage follower:

A, =1
Derive: Vi = Viaen = Veu Golden rules of op-amp (voltage rule)
A _ out _ 1 V o V _ V

CL in(—) o in(+) in

The impedance of a voltage follower
e The input impedance of a voltage follower Z::
Zi :Zin (AOL +1)
Derive: recall the input impedance of a noninverting op-amp is
R

1
Z=7Z (A ——+1
i m( OL R1+Rf )

A voltage follower is a special case of the noninverting op-amp with R, = 0 (short circuit), and
R, is removed (open circuit).

1
— 1 R,
R +0 ) :

Figure 9.19  Derive the voltage follower

Il
(e

Zi - Zin (A 01

L Z=Z,(4

in OL

+1)

e The output impedance of a voltage follower Z :

Z A Zout
R T

Derive: recall the input impedance of a noninverting op-amp is

out

R
1+ A4 !
(o)1

‘R +R,
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out

Characteristics of a voltage follower

The output of the voltage follower “follows” the input signal (output voltage is
v

equal to the input voltage). V, =V Ay =

A voltage follower is a special case of the noninverting amplifier with the feed-
back resistor R, = 0 (a short circuit) and input resistor R, = oo (open circuit).
The high input and low output impedances of the voltage follower make it a
good “buffer” between two circuits.

— The voltage follower has a very high input impedance that will ensure maxi-
mum current is provided by the source (the op-amp takes less current from
the input).

— The voltage follower has a very low output impedance that will make all the
voltage available at the output (it does not cause a loading effect).

Example: Determine the output voltage, and input and output impedance for the
circuit shown in Figure 9.18, if V, is 50 mV, 4, is 150,000, Z _is 1.5 MQ and Z__
is 50 Q.

Given: ¥, =50 mV, 4, = 150,000, Z_=1.5 MQ, and Z = 50 Q.
Find: V ,Z,and Z .

Solution:

Vi Vou=A4V, =MW )= (1) (50 mV) =50 mV A,=1

Z: Z=27 (4, +1)=15MQ (150,000 + 1) = 225,002 MQ = 225 G()
Z. 50 Q _

Z: Z = ~0.000333Q =333 n) Micro(p): 107

°" 1+4, 1+150,000
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Table 9.3  Basic op-amp circuits
Noninverting Inverting op-amp Voltage follower
op-amp
Circuit pe & Ry
Vin — Vour
Rlﬂ
Vi Ve
Input — (-)
Formulas A =1+ ﬁ =_i Ay =1
R L R
! ! Z=Z, (At D)
2z =gy 5TN zZ
= —_—
i in( OLR + R ) Zout Z _ out
1 f ZO= R o 1+AOL
Zou 1+4, —!
Z = R R+R,
1+4, —!

R +R,
Phase The input and output | The input and output | The output “follows”
relation- | signals are in phase. | signals are out of the input signal.
ship phase.

9.2.4  Terminologies of op-amps

Glossary of op-amp key terms

e Differential input voltage (V,,):the maximum voltage that can be applied to two
input terminals of an op-amp without damaging it.
e Open-loop voltage gain (4, ):the voltage gain of the op-amp when no feedback
is applied to the circuit (open-loop format).

v V4
V=

Figure 9.20

Vs

Ve

Open-loop voltage gain

4, is determined by the internal component values and datasheet values.
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e Closed-loop voltage gain (4, ): the voltage gain of the op-amp when negative
feedback is applied to the circuit (closed-loop format).

Ry

R,

Figure 9.21  Closed-loop voltage gain
A, is determined by the external component values and can be controlled by external
components.
e Input impedance (£, ): the impedance viewed (seen) from the input terminal of
the op-amp.
— Common-mode input impedance: the input impedance of each input of an
op-amp with respect to ground.
— Differential input impedance: the total impedance between two inputs of an
op-amp.

A

Figure 9.22  Differential input impedance

e Output impedance (Z_): the impedance viewed from the output terminal of an
op-amp.

e Peak-to-peak output voltage swing: the maximum peak-to-peak output voltage
that an op-amp physically provides at its output without waveform clipping.

e Common-mode voltage range (CMVR) or input voltage range (IVR): a range of
input voltages that produces in the proper operation of an op-amp.

¢ Common-mode signals (noise): an identical signal that appears on both inputs
of an op-amp.

o Common-mode gain (A,,): the voltage gain for the common-mode signals
between the two inputs of an op-amp.

¢ Common-mode rejection: the ability of an op-amp to eliminate common-mode
signals to both inputs.
An unwanted signal that appears on inputs will not appear on the outputs.

¢ Common-mode rejection ratio (CMRR): the measure of the ability of an op-
amp to eliminate common-mode signals (noise). It is the ratio of the open-loop
gain (or differential gain) to the common-mode gain. Higher CMRR is better.
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open-loop gain A

— Calculate CMRR: CMRR = — =
common-mode gain A4

OL

CM

~ CMRR in dB: CMRR = 20 log ( AOL )
M

Slew rate: the maximum rate of change in the output of an op-amp caused by a
step change (such as 1V) on the input(per unit of time).

Input offset voltage (V) ): the DC voltage applied to the input of an op-amp that
makes the output voltage exactly zero.

— Ideal op-amp: V.=0—V =0

— Practical op-amp: V, =0— V_ #0 (it drifts with temperature, P¥> J#¥ )
When the inputs are grounded, ideally the output of the op-amp should be at zero, but practi-
cally it is not zero. To make this output voltage zero, a small amount of input offset voltage
is required.

Many op-amps have pins available for an offset null that can effectively apply ¥ to ensure that

the offset is removed from the output.

ingresso 3
non invertente

v[d

Figure 9.23  Offset null

Input offset current (/. ):a difference in the input current that flows in or out of
each of the input pins of an op-amp even if the output voltage is exactly zero.
— Ideal op-amp: Lo=1,,=0—> 1L L =0

— Practical op-amp: /| (ﬂ;ﬁ I (7)7£ 0— 17 "~ I (7);& 0

Iml'! —_——t

!n:ru —py

Figure 9.24  Input currents

Input bias current (/, ,):the DC current required by two input terminals of an
op-amp with the output at a specified level (to properly operate the first stage).
It is defined as the average of the two input currents.

— Iin(+) + Iin(-)

inB 2
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e  Bias current compensation in a voltage follower: add a resistor (Rcomp) equal to
the source resistor (R ) in the feedback path (RComp =R).

e  Bias current compensation in an inverting or noninverting op-amp: add a resis-
tor (Rcomp) equal to the input resistor (R, ) in parallel with the feedback resistor
(R) in the input path (Rmmp =R \R).

R

Reoow
Figure 9.25  Bias current compensation

e Op-amp frequency response: the change in gain of an op-amp to respond to a
change in the frequency of the input signal.

9.3 Basic op-amp circuits

9.3.1 Summing amplifier

Introduction to summing amplifier

e Summing amplifier (adder): an op-amp circuit configuration which can be used
to sum signals (as the name suggests). It can combine two or more input signals
to a single output.

e Summing amplifier circuit:

LR | p R

Figure 9.26  Summing amplifier

The output voltage of a summing amplifier

4 V. .
» Output voltage: V/, =— (-2 + 2+ 2 YR

R R, R,

Derive: [, =1+ 1, +1,+ ... S7-0
/nul: I|‘R[‘: (II} IZ ! 13} )R[

P’ 1 L,r R l,/ X L/

= (bl 2y Ty R f.

R R R, ! R

1 2
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Characteristics of a summing amplifier

¢ The summing amplifier uses an inverting amplifier configuration, and the non
inverting input terminal is connected to ground. Input — (-)

¢ Closed-loop voltage gain is negative, indicating that the output will be out of
phase with the applied input signal.

e If the resistors, R, R,, R,, R, etc. are all equal, a summing amplifier will have
a unity gain.
IfR =R =R=..=R; V.-V, tV,tV.,+.)

f out

v v
v - — inl | 2 ) R‘;
ou R R.

1

o Ifthe resistors R, R,, R,, etc. are of different values, a summing amplifier will

. R. R . . .
output a weighted (}Tf, Rf , etc.) sum of the input signals (a scaling adder).
1 2

Example: Determine the output voltage for the circuit shown in Figure 9.27, if R, is
3kQ, R,is 1.5kQ R, is2kQ, R is 20k, V, is3mV, V. is2mV,and V, ,is4 mV.

in2
o  Given: R =3kQ,R,=15kQ, R=2kQ, R=20kQ, V, =3mV,V, =2mV,
and V, ;=4 mV.

e Find: V
s V 1 V 2 V 3
e Solution:V =—(—=+—=+—"2)R,
* Rl RZ R3
o 3mV+ 4 mV +4mV 90 kO~ — 86.7 mV
~ Gka sk 2k soonim
Ry
Ving  s— AN~
Ry Ry
Vi e—ANA
W i

Figure 9.27  Summing amplifier — an example

9.3.2 Difference amplifier

Introduction to difference amplifier

¢ Difference amplifier (subtractor): an op-amp circuit configuration which ampli-
fies the difference between two input signals but reject signals that are common
to both inputs.



234 Understandable electronic devices

Difference amplifier circuit:

Vin1
VinZ

Figure 9.28  Difference amplifier

Characteristics of a difference amplifier

The difference amplifier is a combination of both inverting and noninvert-
ing amplifiers. It has two inputs and one output. Input — (-) and (+)
Difference amplifiers are used mainly to reject noise. Any signal common to
both inputs (common-mode noise) will be automatically canceled out.

Common mode signals (noise): an identical signal that appears on both inputs of an op-amp.
Difference amplifiers have high differential voltage gain (open-loop gain) and
very low common mode gain—-CMRR is high.

open-loop gain 1

CMRR 11 = common-mode gain |

The output voltage of a difference amplifier

IfR=R,and R=R,:
R
The output voltage: V. =(V,,—V, ) R—Z

1

R, Vo R,
Derive: If V, =0,V ==V,  —— Inverting op-amp: 4 = ——=— ——
A h : Rl ‘ Vm RI
R,
- If le - 0’ VR4 - Vnu ): anl R] + R2 Vm (f;: Vmwv
R* R,
Voml: VR4 R Solve for Voml
I
R
4
V.. =V ——
R4 in2
R3 + R4
R, R*R, R,

v ——) Substitute ¥, =V,

out2 - (VmZ R +R R in2 R+ R
3 4 3 4
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~ IfR=R,R=R,:

R, R+R,
oz~ Vi (— ) Substitute R, for R, and R, for R,
R,+R," R,
R, R,
- VinZ Ri1 - Vinl RI R:: R4
, R, R,
VROVt Vi iy 2 (V=) V=V
1 1 1
R, R,
Ve Vo= Vi) R Factor out 7
1 |
IfR1= R, .
*  The output voltage:  ¥,=¥,,~ Vo U V) &

1

Example: Determine the output voltage for the difference amplifier circuit shown in
Figure 9.28, if R is 1.5kQ, R,is 2kQ, V, is2mV, and V| is 4 mV.

e Given: R=15kQ,R=2kQ,V, =2mV,and V, ,=4mV.

e Find: V

out
e Solution: V.eoW.=V.) % =4 mV -2mV) =~ 2.7mV
1

1.5kQ

9.3.3  Op-amp differentiator

Introduction to op-amp differentiator

e Op-amp differentiator: an op-amp circuit configuration whose output voltage is
proportional to differentiation of input voltage (output is directly proportional
to the input voltage’s rate of change with respect to time).
The op-amp differentiator simulates the mathematical operation of differentiation.

e Op-amp differentiator circuit:

Ry

AA
vy

w—l—Lps Ly,

Figure 9.29  Op-amp differentiator
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Characteristics of a differentiator

¢ An op-amp differentiator is basically an inverting amplifier in which a resistor
provides negative feedback and a capacitor at its input side.
By replacing the input resistor R, in the inverting amplifier with a capacitor C, we obtain
a differentiator.

Ry

1

Figure 9.30  Inverting op-amp

e An op-amp differentiator produces a constant output voltage for a steadily
changing input voltage.

e Differentiators are commonly used to operate on triangular and rectangular
input signals. The output waveform will be changed and whose shape is depen-
dant upon the RC time constant of the differentiator.

e Ifa triangular input signal (or sawtooth wave) is applied to a differentiator, the
output will be changed to a square wave. (An op-amp differentiator performs
the mathematical operation of differentiation.)

L] 1 L |
Figure 9.31(a)
Sawtooth wave Figure 9.31(b)  Square wave
Suchasif V. =51
av, d(5y s
gt dt

d- N

Figure 9.32  An example

The output voltage of a differentiating amplifier

AV, V.
V =—RC =~ or V _=-RC = R C - time constant of the RC circuit
out f At out f dt f


https://www.electrical4u.com/inverting-amplifier/
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An example of the input voltage’s rate of change with respect to time:

AV, 4mV-3mV
— — 'ms
At 3ms—2ms I mV/ms
Derive V=R C—AV“’ :
crive out  NfY At
Voul - 7II'RI‘ - 7[('RI‘ 1(\: If
C 2k c2 Vi )8 p=ce y_y
=-(C At ) ;= (C At )R ¢ Alat'i in
A Vin
an:7RI‘C At

The minus sign (—) indicates a 180° phase shift (the input signal is connected to the inverting

input).

Example: Determine the output voltage for the differentiator shown in Figure 9.29,
if R.is 3.5 kQ, Cis 0.003 pF, and V, is a triangular input signal rating from —8 V
to +8V at 12 ps.

¢ Given: R.=3.5kQ, C=0.003 uF, V. =—8V to +8V, At =12 ps.
e Find: Vo
e Solution: AV, =8V - (8V)=16V
AV,
Vout == RfC At

16V
=~ (35 KQ)(0.003 §F) 17— =-0.014 KV = ~14 V kilo: 10

The output voltage is a square wave rating from —14 V to +14V

8V N A 14v
-8V
E———
g | O e
Figure 9.33(a)
Input wave

Figure 9.33(b)  Output wave

9.3.4 Op-amp integrator

Introduction to op-amp integrator

e Op-amp integrator: an op-amp circuit configuration whose output voltage is
proportional to the integral of input voltage. (Output is directly proportional to
the input voltage integrated over time.)
The op-amp integrator simulates the mathematical operation of integration.
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e Op-amp integrator circuit:

Figure 9.34  Op-amp integrator

Characteristics of an op-amp integrator

: Ky
¥ Yoa

Figure 9.35  Inverting amplifier

e An op-amp integrator is basically an inverting amplifier in which a capacitor
provides negative feedback and a resistor at its input side.
By replacing the feedback resistor R in the inverting amplifier with a capacitor C, we obtain
an integrator.

¢ An op-amp integrator produces an output that is proportional to the total area
(amplitude times time) included under the waveform.

e If a square wave input signal is applied to an integrator, the output will be
changed to a triangular wave.

Figure 9.36 A triangular wave

. \ A\ A
// n"-.// H't /

—_—

—_—

Figure 9.37(a)  Square wave Figure 9.37(b)  Sawtooth wave

Rate of change of the output voltage of an integrator

AV V.
out - in
At R.C
Derive: L=1.


https://www.electrical4u.com/inverting-amplifier/
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I/ylﬂ
] =——
mn Rm
AV(' /nm
](:7( At :7(‘ A LHH:!/L
t
(/I/\ml
or [ =-0C
¢ dt
V Vv 14 AV
in _ out no_ I =] =—C out
R, At R, moe At
A V()ul Vm
At RC

Example: Determine the rate of change of the output voltage and the waveform for
the integrator shown in Figure 9.34, if R, is 8 kQ, C'is 0.03 uF, and V, is a square
wave input signal rating from — 5V to +5V at 500 us (the wave width). Assume that
the voltage across the capacitor is initially zero.

Given: R =8kQ,C=0.03 pF, V, ==5V to +5V, At =500 ps.
Find: AV,
Solution:
The rate of change of the output voltage:
Wh V _+5V AVout _ I/in _ SV
STV T T TR C T (3kQ)(0.03 )
B 5V
~ (8000 £)(0.00000003 F)
~—-20,833 V/s =—20.833 kV/s Kilo: 10°
~-21 mV/ ps Milli: 107%; Micro: 107
A /
For At=500 ps, AV, =~ (Af) (=21 mV/ps) T[ ~-21 mV/ps

= (500 ps) (—21 mV/ps) = —10,500 mV = —10.5V
AV, 7, %
— Whenp, =-5V; —=__—"_=_ -
in At RC  (8kQ)(0.03 uF)
-5V
(8000 ©)(0.00000003 F)

~20,833 V/s =20.833 kV/s =21 mV/us
AV, = (Af) (21 mV/us)
= (500 ps) (21 mV/us) = 10,500 mV = 10.5V
The waveform:
- WhenV, =0—V =0
— When V, =+5V — capacitor charging — V=1
(=10.5 V — a negative going ramp)




240  Understandable electronic devices
— When V, =—-5V — capacitor discharging — V_ = |

(+10.5 V — a positive going ramp)

5V ’ - A

SV
15V

Figure 9.38  (a) Input wave / (b) Output wave

The output voltage of an integrator

1

Vout_ RC J Vindt
. 4 out L/ln
Derive: — = -
At R C

or dV =- —dt, Vo= [v dt Integrating both sides

9.3.5 Op-amp comparator

Introduction to comparator

e Op-amp comparator (voltage-level detector): an op-amp circuit configuration
compares two input voltages (¥, and V) and determines which is larger.

¢ Op-amp comparator circuit: Input — (+)
+Vie
Via Viu
Viet
- Ve

Figure 9.39  Comparator

e Compare voltages:
— Any input voltage V, above the reference voltage V', will produce a positive
saturated output (+V..).
Ifv, >v,: Voi=Vee

ref * out
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— Any input voltage V', below the reference voltage V, . will produce a nega-
tive saturated output (—V..).
IfV, <V :

ref *

V =_—
out CcC

e A comparator used in an analog-to-digital conversion:
A comparison of the two voltage levels V, andV , can determine the digital

output state, either a “1” or a “0.”

“0”
“1”
GLO”

— Fromi to¢: V<V =V =TVi—
— Fromz¢ tot,; V>V —V =tV.—
— Fromz, to ¢ V.<V =V, =TV.—
Va
v, . N
ref f i A A
0 1 0
Figure 9.40  Analog to digital conversion

Summary

Operational amplifiers (op-amps)
e Operational amplifier (op-amp): an integrated circuit (IC) that operates as a
voltage amplifier to amplify weak electric signals. It is a voltage-controlled
amplifier with very high gain.
e Op-amp inputs:
— Inverting input: the terminals labeled with the “+”

— Noninverting input: the terminals labeled with the

[T L

Table 9.4  Ideal op-amp vs. practical op-amp
Op Amp A, . z BW Circuit
Idea A,= 0 = Z.=0 BW=wo
op-amp
Practical A, s Z is | Z jslow |BWis
op-amp high high limited
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The golden rules of op-amps

For an op-amp with external negative feedback:
e The current rule: no current flows into the two inputs of the op-amp.

1=0

e The voltage rule: the potential difference between two inputs is zero in an op-

amp circuit with negative feedback. V,_ o=V

Negative feedback

in (+)

e Feedback: the process when all or a portion of the output signal is used as an
input. It produces a path from the output back to the input.
e Positive feedback: when the occurrence of a reaction that enhances or amplifies

the original action.

— The output is connected to the noninverting input V.

in(+)°

— The fed-back signal is in phase with the input signal.
¢ Negative feedback: when the occurrence of a reaction reduces the original
action and brings the system back to a stable state.

— The output is connected to the inverting input V,_ o

— The fed-back signal is out of phase with the input signal.

Negative feedback in op-amp
Vol —

out

Vi

out

Vin(—)l _)(I/in(ﬂ -

I/in (7)) ‘T

Table 9.5 Input signal modes

Single-ended input

Double-ended input
(differential input)

Common-mode input

— The input signal is applied to
one of the inputs.

— If the input is applied to the
inverting input, the input
and output signals are out of
phase.

— If input is applied to nonin-
verting input, the input and
output signals are in phase.

— Apply two oppo-
site polarity signals
to two inputs.

— The output signal
iS a superimpos-
ing of two input
signals.

— Two identical sig-
nals (noise) appear
on both inputs.

— In an ideal op-
amp, the common-
mode signal will
be canceled out.




Table 9.6 Basic op-amp circuits

Noninverting op-amp

Inverting op-amp

Voltage follower

Circuit R R Ry
Ry ‘{“o_>_—°%ut
Vi Vi
Input — () Input — ()
Ay =1+ R; _ R, Ay =1
R c R —
| — Z =7 (4, +1)
Formulas =2,y e D C Z,, _ L
1 f o
Z= R, 1+4,,
ou 144, ——
Z = R+R,
144, ——
o R1+Rf

Phase The input and output signals are in
phase.

relationship

The input and output signals are out of
phase.

The output “follows” the input signal.
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Table 9.7 Glossary of op-amp key terms

Term

Definition

Differential input voltage
(Vdiﬂ)

The maximum voltage that can be applied between two
input terminals of an op-amp without damaging it.

Open-loop voltage gain (A

OL)

The voltage gain of the op-amp when no feedback is
applied to the circuit.

Closed-loop voltage gain (A

CL)

The voltage gain of the op-amp when negative feed-
back is applied to the circuit (closed-loop format).

Peak-to-peak output voltage
swing

The maximum peak-to-peak output voltage that an op-
amp physically provides at its output without wave-
form clipping.

Common-mode voltage range
(CMVR) or input voltage
range (IVR)

A range of input voltages that produces in the proper
operation of the op-amp.

Common-mode gain (A,)

The voltage gain for the common-mode voltage (noise)
between the two inputs of the op-amp.

Common-mode signals (noise)

An identical signal that appears on both inputs of an
op-amp.

Common-mode rejection

The ability of the op-amp to eliminate common-mode
signals to both inputs from the output.

Common-mode rejection ratio
(CMRR)

The measure of the ability of the op-amp to eliminate
common-mode signals (noise).

open-loop gain Ay,
— CMRR = —=
common-mode gain A4,
AOL
— CMRR =20 log ( )
ACM

Slew rate

The maximum rate of change in the output of an op-amp
caused by a step change on the input (per unit of time).

Input offset voltage (V)

The DC voltage applied to inputs of an op-amp that
makes the output voltage exactly zero.

Input offset current (1 )

A difference in the input current that flows in or out of
each of the input pins of an op-amp even if the output
voltage is exactly zero.

Input bias current (1, ;)

The DC current required by two input terminals of the
op-amp with the output at a specified level (to properly
operate the first stage). It is defined as the average of
the two input currents.

I +1
in(+) in(-)
I =—F

inB 2

Op-amp frequency response

The change in gain of an op-amp to respond to a
change in the frequency of the input signal.
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Table 9.8 Basic op-amp circuits
Circuit Output voltage
i L R, y o= inl + Vin2 in3 + R
. o =MV it (_R] _Rz _R3 IR,
Sumrpmg A
amplifier LR | L Ry
L 4 “ Wi
R’ Vo=V -V)
Difference Vi D ou Hoim TR,
amplifier
Vina Vout
R
3 Re
c W Ve~ RC—T
Differentiator
Yo " —oVout | or i RC dti“
I c — Rate of change of the output
; Ry voltage:
ntegrator AV
g vm th AVoul _ Vin
At RC
— Output voltage:
-1
Vout = RC '[Vin dt
+Vic
C " If I/in> Vref : Vout = +VCC
omparator . _
P Ve Vo V<V Vou=Vee
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Self-test

9.1

1. For an op-amp with external ( ) feedback, no current flows
into the two inputs of the op-amp.

2. The potential difference between two inputsis () in an op-amp cir-
cuit with negative feedback.

3. ( ) feedback can limit saturation and reduce distortion and
noise.

4. The op-amp exhibits three modes of operation based on the kind
of ( ).

5. If the input is applied to ( ) input, the input and output
signals are out of phase.

6. Double-ended input amplifies the ( ) between both sig-

nals. The resultant output signal is a superimposing of two input signals.
9.2

7. Inverting op-amp is an op-amp circuit which inverting input () receives
the input signal and feedback from the output of the op-amp. It has
( ) -phase output with respect to the input.

8. Determine the output voltage, input and output impedance for the circuit
shown in Figure 9.41,if V, is40 mV, R is 1 kQ, R, is 40kQ, Z  is 60 Q,
and 4, is 130,000.

vmwm?_vw‘

Figure 9.41  Ch 9: No. 8, self-test

9. Determine the output voltage, and input and output impedance for the
circuit shown in Figure 9.42, if V| is 40 mV, R is 2 k€, R is 40 k€, 4
is 130,000, Z_is 1 MQ and Z_ is 40 Q.

R Ry

Figure 9.42  Ch 9: No. 9, self-test

10. The high input and low output impedances of the voltage follower make
ita good ““( )” between two circuits.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
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Determine the output voltage, and input and output impedance for

the circuit shown in Figure 9.43, if V, is 30 mV, 4, is 120,000, Z, is
1.2MQ, and Z_ is 30 Q.

Vm*FD;—o Vour

Figure 9.43  Ch 9: No. 11, self-test

The peak-to-peak output voltage swing is the maximum peak-to-peak
output voltage that an op-amp physically provides at its output without
waveform ( ).

The common-mode gain is the voltage gain for the common-mode volt-
age between the two ( ) of an op-amp.

The slew rate is the maximum rate of change in the output of an op-amp
caused by a ( ) change on the input.

The input offset voltage is the DC voltage applied to inputs of an op-amp
makes the output voltage exactly ( ).

The summing amplifier uses an ( ) amplifier configuration, and
the noninverting input terminal is connected to ground.

If the resistors, R, R, R,, R, etc. are all equal, a summing amplifier will
have a ( ) gain.

Determine the output voltage for the circuit shown in Figure 9.44, if R  is
4kQ, R,is 2kQ, R is 3kQ, R is25kQ, V, is4mV, V. is3mV, and
V. ,is5mV.

R, Ry

Figure 9.44  Ch 9: No. 18, self-test

Difference amplifiers are used mainly to reject (). Any signal com-
mon to both inputs will be automatically canceled out.

Difference amplifiers have high differential ( ) gain and very low
common-mode gain.

Determine the output voltage for the difference amplifier circuit shown
in Figure 9.45, if R is 2kQ, R is 3kQ, V, is4mV,and V,  is SmV.
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Ry
vm].

Vina Vout

Ry
Ry

Figure 9.45  Ch 9: No. 21, self-test

22. An op-amp differentiator is basically an ( ) amplifier in which
a resistor provides negative feedback and a capacitor at its input side.

23. Ifatriangular input signal is applied to a differentiator, the output will be
changed to a ( ) wave.

24. Determine the output voltage for the differentiator shown in Figure 9.46,
if R.is 4 kQ, Cis 0.005 pF, and ¥, is a triangular input signal rating from
—10 Vto+10 Vat 15 ps.

Figure 9.46  Ch 9: No. 24, self-test

25. An op-amp integrator produces an output that is proportional to the total
( ) included under the waveform.

26. If a square wave input signal is applied to an integrator, the output will
be changed to a ( ) wave.

27. Determine the rate of change of the output voltage and the waveform for
the integrator shown in Figure 9.47, if R, is 10 kQ2, Cis 0.04 uF, and V_
is a square wave input signal rating from —8V to +8V at 600 ps (the wave
width). Assume that the voltage across the capacitor is initially zero.

c
R

Figure 9.47  Ch 9: No. 27, self-test
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10.1 Introduction to oscillators

10.1.1 Types of oscillators

Introduction to oscillators

*  Oscillator: a device that produces a periodic sinusoidal signal or nonsinusoidal
signal without an input AC signal (except a DC supply) as a source in signal
generators.

*  Oscillator vs. amplifier
— Amplifier: an amplifier increases the strength of the input signal.

— Oscillator: an oscillator generates a signal by itself without an input AC

signal.
si Output signal Output signal
e m.. Amplifier |—» Oscillator [—*
A x
DC power supply DC power supply

Figure 10.1  Oscillator vs. amplifier
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Output waveforms of oscillators: different types of oscillators can produce
different types of output shapes, such as sine waves, square waves, triangular
waves, sawtooth waves, etc.

DC power supply _ Vout
= — —— Oscillator |—» —

Figure 10.2  Oscillator waveforms

Feedback oscillators and relaxation oscillators

There are two main types of oscillators: feedback oscillators and relaxation
oscillators.

Feedback oscillator (harmonic oscillators or linear oscillators): it is commonly
used to generate sinusoidal waveforms.

Relaxation oscillator: it is commonly used to generate nonsinusoidal wave-
forms including square waves, triangular waves, sawtooth waves, etc.

The types of nonsinusoidal oscillators (relaxation oscillators)

Square wave oscillator
Sawtooth wave oscillator (ramp oscillator)
Triangular wave oscillator

This book will only focus on sinusoidal oscillators.

The types of sinusoidal oscillators (feedback oscillators)

There are two types of feedback oscillators: RC (resistor-capacitor) feedback
oscillators and LC (inductor-capacitor) feedback oscillators.

RC oscillator: a sinusoidal oscillator where an RC feedback circuit is used to
give the required positive feedback and generate low-frequency signals.

LC oscillator: a sinusoidal oscillator where an LC tuned circuit (or tank circuit) is
used to give the required positive feedback and generate high-frequency signals.
The LC oscillators are not practical to use at low frequencies (< 1MHz) because as the fre-
quency becomes small, the value of the inductor (L) becomes large, the physical size of the

1
inductor becomes large (large value inductors are bulky and costly). f=——F—
ge (larg y ). f o \/ﬁ

The types of sinusoidal oscillators with RC feedback circuits (RC
oscillators)

Wien-bridge oscillator (a popular type of audio frequency oscillator)
Phase-shift oscillator
Twin-T oscillator
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The types of sinusoidal oscillators with LC feedback circuits (LC
oscillators)

Armstrong oscillator

Colpitts oscillator

Hartley oscillator

They were named after their inventors.
Cristal-controlled oscillator

Essential components in a sinusoidal oscillator:

An amplifier: an amplifying device such as op-amp, bipolar junction transistor
(BJT), or field-effect transistor (FET).

A positive feedback circuit with a tuned or resonator circuit such as an LC
circuit, or an RC circuit,etc.

All oscillators use an amplifier with a positive feedback circuit and generate different operat-

ing frequencies.

10.1.2 Feedback and LC oscillators

Feedback

There are two types of feedback: negative feedback and positive feedback
— Negative feedback: a portion of the output is fed back to the input to reduce
its output (the fed-back signal is out of phase with the input signal).

Input: A . I >
Feedback: \/\ ' [ ]

A

Figure 10.3  Negative feedback

— Positive feedback: a portion of the output is fed back to the input to boost its
output (the fed-back signal is in phase with the input signal).

U Y

Input: /\/ # »
Feedback: /\/ B

Figure 10.4  Positive feedback

A
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The basic principle of oscillation

Oscillators convert a DC source into an alternating output waveform at the
desired frequency.

The oscillation can be formed through the electric energy charging/discharging
or storing/releasing among the capacitor and inductor.

An LC oscillator uses an amplifier and positive feedback with a tuned or reso-
nator circuit whose output is fed back to the input in phase. Thus, the signal
sustains itself.

Parallel resonant circuit (tuned or tank circuit)

Sinusoidal LC oscillators use a parallel LC resonant circuit to provide the
oscillations.

Resonance: the tendency to continue oscillating.

Resonant circuit: the capacitor or inductor voltage/current in a resonant circuit
could be much higher than the source voltage or current, a small input signal
can produce a large output signal when resonance appears in a circuit.

Flywheel effect

Flywheel effect in an oscillator: the ability of a tuned circuit to operate continu-
ously after the control stimulus has been removed.
The flywheel effect is produced by interacting capacitor and inductor in the
tuned circuit of an oscillator.
— When the power switch (BJT or FET) is on, the amplifier starts to conduct,
the capacitor starts charging.
— After the capacitor is fully charged, the power switch is off, the capacitor
discharges through the inductor.
When the capacitor gets discharged, the electric energy stored in the capacitor gets trans-
ferred in magnetic form to the inductor, and the inductor stores energy.
— When the inductor starts to release energy, the capacitor gets charging again.
When the switch is on: initial charging — C
When the switch is off: C — discharges —» L L releases energy to C

L]—

h S N

Figure 10.5b  Oscillation
Figure 10.5a  Tuned circuit

This process of energy transfer between capacitor and inductor generates an
oscillation in the resonant circuit (or tuned or tank circuit).

This tank circuit can serve as an energy storage reservoir.
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Damped oscillation

Damped oscillation: an oscillation in which the amplitude of the oscillat-
ing quantity reduces over a period of time.

The oscillator’s amplitude continues to decrease with time.

The cause of damped oscillations: there is small internal winding resistance in
the inductor, or wires, etc. which dissipates energy over time.

Figure 10.6(a) R in the inductor Figure 10.6(b) Damped oscillation

To replace the lost energy: turn on the power switch (amplifier) and the capaci-
tor begins to charge again.

The conditions required for sustained oscillation

Requirements for sinusoidal oscillation (Barkhausen criteria): an oscilla-
tor requires an amplifier and a positive feedback circuit with the following
conditions:

— the overall closed-loop phase shift equal to 0.

— the overall closed-loop gain equal to 1 (unit gain, 4 = 1).

If the gain is greater than 1, then eventually the output of the oscillator will
become saturated.

A,> 1 — clipped

If the gain is less than 1, the oscillations will eventually dampen out.

A <1— die out

The initial condition for oscillation to start

To start oscillation, the initial voltage gain of the amplifier must be greater than
1 (4> 1) so that a small signal is sufficient to trigger the amplifier, and the out-
put can build up to the desired level.

The gain must then reduce to 1 (4, = 1) so that the output stays at the required
level and oscillation is continued.
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10.2 LC oscillators

10.2.1 Armstrong oscillator

Introductory to Armstrong oscillator

¢ Armstrong oscillator (or Meissner oscillator): the earliest oscillator that uses a
transformer and capacitor in its feedback path to produce a sinusoidal output
waveform at the desired frequency.

¢ The Armstrong oscillator is generally used as an oscillator in receivers.

A basic Armstrong oscillator circuit
L2

L1
coM

Figure 10.7  Armstrong oscillator

¢ The inductance of the transformer winding (inductor coil), along with a capaci-
tance, forms a resonant circuit of the Armstrong oscillator.

e Positive feedback is accomplished by the tickler coil L, and the L,C circuit
(mutual inductance in transformer).

e Tickler coil: a small coil in series with the plate circuit and coupled to the grid
to provide feedback.

Oscillation frequency

e The frequency of the Armstrong oscillator can be controlled by the tuned LC
circuit (L, and C).
e Oscillation frequency:

1
f=mrc
— L,: the primary inductance of the transformer.
— C: the capacitance of the tank circuit.

10.2.2 Colpitts oscillator

Introduction to Colpitts oscillator

e Colpitts oscillator: an LC oscillator that uses an inductor in parallel with two
capacitors in series (or a single center-tapped capacitor) in the feedback path to
produce a sinusoidal output waveform at the desired frequency.
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e The positive feedback is taken from the center connection of the two capacitors
(or the center tap of the capacitor) of the resonant or tank circuit.

[ ks

Cs

YT
-

C:I

Figure 10.8  LC circuit

A basic Colpitts oscillator circuit
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Figure 10.9 A basic Colpitts oscillator

Oscillation frequency of Colpitts oscillator

e The frequency of oscillation can be determined by using the values of the
capacitor and inductor of the tank circuit.

1
e Oscillation frequency: f'= ZW
eq
Cl C2
ch= C, +C, C, and C, are in series

C
If C,=C,=C, Ceq:T
— L: the inductance of the tank circuit.
- Cy the equivalent capacitance of two series-connected capacitors of the
tank circuit.
C.C,
Recall: - two capacitors in series: C, = W

- two capacitors in parallel: C_ = C,+ C,

e The frequency of oscillation can be adjusted (tuned) by using a variable capaci-
tor (varying the C) or by varying the position of the core inside the coil (varying
the L).
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10.2.3 Hartley oscillator

Introduction to Hartley oscillator

e Hartley oscillator: an LC oscillator that uses a capacitor in parallel with two
inductors in series (or a single center-tapped inductor) in the feedback path to
produce a sinusoidal output waveform at the desired frequency.

e The positive feedback is taken from the center connection of the two inductors
(or the center tap of the inductor) of the resonant or tank circuit.

A basic Hartley oscillator circuit

3

/1

s -
L+ |

| :
|

A
)|
c

Figure 10.10 A basic Hartley oscillator

The main difference between a Colpitts oscillator and a Hartley
oscillator
e Colpitts
— The resonant circuit uses an inductor and two capacitors (or a center-tapped
capacitor).
— The feedback signal is taken from the center tap of the two capacitors.
e Hartley
— The resonant circuit uses one capacitor and two inductors (or a center-
tapped inductor).
— The feedback signal is taken from the center tap of the two inductors.

Oscillation frequency of Hartley oscillator
e The frequency of oscillation can be determined by using the values of the

capacitor and inductor of the tank circuit.
1
e Oscillation frequency: f'= W

. LT = Ll + L2
— C: the capacitance of the tank circuit.
— L,: the total inductance of two series-connected inductors of the tank circuit.

Recall: two inductors in series: L.=L+L,
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10.2.4 Cristal-controlled oscillator

Introduction to the crystal-controlled oscillator

e Crystal-controlled oscillator: an LC oscillator that uses the piezoelectric crys-
tal to obtain a piezoelectric effect in the feedback path to produce a sinusoidal
output waveform at the desired frequency.

e The crystal-controlled oscillator is the most stable and accurate type of feed-
back oscillator.

Piezoelectric effect

e Piczoelectric effect: the ability of certain crystals (quartz, Rochelle salt, etc.) to
accumulate electric charges and generate a voltage at the frequency of vibration
in the material when pressure is applied to it.
The term “piezo” is derived from the Greek, which means to press, push, squeeze, etc.

e Conversely, when an AC voltage is applied across the crystal, it vibrates at the
frequency of the applied voltage.

e Symbol of piezoelectric crystal:

—i[]—

Figure 10.11  Symbol of
piezoelectric crystal

A piezoelectric sandwich: a nonconductive piezoelectric crystal is placed between the two
metal plates.

Equivalent circuit for a piezoelectric crystal

e The equivalent circuit of a piezoelectric crystal is represented by a series RLC
circuit in parallel with a capacitor C .

e Equivalent model:

Lo o5l
P T

Figure 10.12  Equivalent circuit of a
piezoelectric crystal
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Oscillation frequency

The greatest vibration occurs at the natural resonant frequency of the crystal.
The frequency of oscillation can be determined by the way the crystal is cut or
the physical size of the crystal.

Crystal-controlled oscillator circuits

The crystal-controlled oscillator can operate in either series resonance or paral-
lel resonance.
Parallel resonant mode: the impedance of the crystal is maximum, and the volt-
age is maximum at the parallel resonant frequency to provide the largest posi-
tive feedback.

LTS

Figure 10.13  Parallel resonant mode

Series resonant mode: the impedance of the crystal is minimum, and the cur-
rent is maximum at the series resonant frequency to provide the largest positive
feedback.

Figure 10.14  Series resonant mode
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10.3 RC oscillators

RC oscillators (sinusoidal oscillators with RC feedback circuits)

¢ An RC oscillator uses a positive-feedback loop that consists of an amplifier and
an RC frequency selecting circuit to generate a low-frequency signal.

e There are three types of RC oscillators: Wien bridge, Twin-T, and phase-shift.

e Wien bridge oscillator is a popular low-frequency RC oscillator. It has good
stability, constant output, and ease of operation (ease of tuning).

Op-amp Wien bridge oscillator

e Wien bridge oscillator: an RC oscillator that uses a Wien bridge to provide
feedback with no phase shift and generate sinusoidal output waveforms at the
desired frequency.

e The Wien bridge oscillator is also called a Wheatstone bridge circuit because
it is based on the Wheatstone bridge theory. The bridge consists of four resistors
and two capacitors.

Wien bridge oscillator circuit

R Ry
} PP | |
y—n
R C
Eﬂ ==

Figure 10.15  Wien bridge oscillator

e Four arms in the RC bridge circuit:
R, and R, (purely resistive) form the two arms of the bridge circuit.
— One R and C are connected in parallel to form one arm of the bridge circuit.
— One R and C are connected in series to form one arm of the bridge circuit.
e Frequency adjustment parts: the branches R and C are the frequency adjustment
parts.

The oscillation frequency of the Wien bridge oscillator

e The frequency for a Wein bridge oscillator is calculated using the resonant
frequency.

e Resonant frequency: the natural frequency of a system that tends to reach the

maximum value (the phase shift is 0°).
1
e  Oscillation frequency: S =72xRC

1
The resonant frequency in an RC circuit:  f = 2w RC
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Gain of the Wien bridge oscillator

Recall — requirements for oscillation: a feedback oscillator requires a positive
feedback circuit and an op-amp with the overall gain equal to 1 (unit gain,
A4,=1).

Positive-feedback path: the branches R, and R,in the Wien bridge oscillator are
part of the positive-feedback path.

Since there is a loss of about one-third (3) of the gain in the feedback path, the
gain of the amplifying branch (op-amp) should be 3 so that the overall loop gain
condition (4, = 1) is satisfied.

To start oscillation, the initial closed-loop gain of the op-amp must be greater
than 3 (4., > 3) so that any small signal is sufficient to trigger the amplifier, and
the output can build up to the desired level.

The gain must then reduce to 3 (4, = 3) so that the overall gain around the
loop is 1 (4,= 1), and the output stays at the required level and oscillation is
continued.

Rz R]

4

Figure 10.16  Gain of the Wien bridge oscillator

L]
3

The ratio of resistors R, and R, in the positive feedback path determines the gain
of the Wien bridge oscillator.

To achieve the required level gain condition: resistance R should be twice the
value of R,.

R =2R,

Example: For the Wien bridge oscillator of Figure 10.15, determine the value of
capacitance C and resistance R, if resistance R is 50 kQ, R, is 200 k€2, and the oscil-
lation frequency is 5,000 Hz.

Given: R=50 k€, R =200 kQ, and /= 5,000 Hz.
Find: CandR,.
. 1 1
Solution: €= — 57— = 350 kQ)(3,000 Iz)
=6.36 x 10"° F = 636 pF Kilo: 10% Pico: 102
R 200 kQ
R=—F —— =100 kQ R, =2R

2T T2 T 2
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The phase shift of the Wien bridge oscillator

Recall — requirements for oscillation: a feedback oscillator requires a positive
feedback circuit with zero-phase shift.

In a general oscillator, an amplifier produces al80° phase shift, and a positive
feedback path produces an additional 180° phase shift to obtain the total zero-
phase shift to satisfy the conditions for oscillation (Barkhausen criteria).

The Wien bridge oscillator provides a phase shift of 0° in the feedback path
because it uses a non inverting amplifier (it does not produce phase shift).

Summary

Oscillators

Oscillator: a device that produces a periodic sinusoidal signal or nonsinusoidal

signal without an input AC signal (except a DC supply) as a source in signal

generators.

Oscillator vs. amplifier

— Amplifier: an amplifier increases the strength of the input signal.

— Oscillator: an oscillator generates a signal by itself without an input AC
signal.

Types of oscillators

Oscillators

g’:ﬂg&:‘:ﬁ:ﬂi‘:&; Relaxation oscillator
(Non-sinusoidal waveforms)
RC feedback oscillator ‘ LC feedback oscillator Square wave oscillator
[ Triangular wave oscillator
| Sawtooth wave oscillator
Wien-bridge oscillator Armstrong oscillator | - -
Phase-shift oscillator Colpitts oscillator
Twin-T oscillator Hartley oscillator

Cristal controlled oscillator

Essential components in a sinusoidal oscillator:

An amplifier: an amplifying device such as op-amp, bipolar junction transistor
(BJT), or field-effect transistor (FET).

A positive-feedback circuit with a tuned or resonator circuit such as an induc-
tor-capacitor (LC) circuit, or a resistor-capacitor (RC) circuit, etc.
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The basic principle of oscillation

Oscillators convert a DC source into an alternating output waveform at the
desired frequency.

The oscillation can be formed through the electric energy charging/discharging
or storing/releasing among the capacitor and inductor.

An LC oscillator uses an amplifier and positive feedback with a tuned or reso-
nator circuit whose output is fed back to the input in phase. Thus, the signal
sustains itself.

Parallel resonant circuit (tuned or tank circuit)

Sinusoidal LC oscillators use a parallel LC resonant circuit to provide the
oscillations.

Resonant circuit: the capacitor or inductor voltage/current in a resonant circuit
could be much higher than the source voltage or current, a small input signal
can produce a large output signal when resonance appears in a circuit.

Flywheel effect

Flywheel effect in an oscillator: the ability of a tuned circuit to operate continu-
ously after the control stimulus has been removed.

The flywheel effect is produced by interacting capacitor and inductor in the
tuned circuit of an oscillator.

This process of energy transfer between capacitor and inductor generates an
oscillation in the resonant circuit (or tuned or tank circuit).

Damped oscillation: an oscillation in which the amplitude of the oscillat-
ing quantity reduces over a period of time.

The conditions required for sustained oscillation

Requirements for sinusoidal oscillation (Barkhausen criteria):
— the overall closed-loop phase shift equal to 0.

— the overall closed-loop gain equal to 1 (unit gain, 4 = 1).
IfA>1 — clipped

If 4 <1 — dieout

The initial condition for oscillation to start

To start oscillation, the initial voltage gain of the amplifier must be greater than
1(A4>1).

The gain must then reduce to 1 (4, = 1) so that the output stays at the required
level, and oscillation is continued.
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Oscillator Basic circuit Oscillation Information
frequency
Armstrong . v+ 1 - L,: the primary
oscillator " = mJLC inductance of the
- ! transformer.
L1 - C: the capacitance of

cou the tank circuit.
Colpitts - L: the inductance of
oscillator the tank circuit.

-G the equivalent
capacitance of two
series- connected
capacitors of the tank
circuit.

Hartley - C: the capacitance of
oscillator the tank circuit.

- L: the total inductance
of two series-
connected inductors of
the tank circuit.

Crystal-controlled oscillator

Parallel
resonant mode

Series resonant

mode

OV

- The frequency
of oscillation
can be
determined by
the way the
crystal is cut

or the physical
size of the
crystal.

The greatest
vibration
occurs at the
natural resonant
frequency of the
crystal.

Equivalent circuit for a
piezoelectric crystal:

(Continued)
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Table 10.1 Basic oscillators (Continued)

Oscillator Basic circuit Oscillation Information
frequency
Wien bridge z i 1 To achieve the required
oscillator r—%‘] f= 27RC level gain condition:
" E R,=2R,
Fn -
!
Self-test
10.1
1. An oscillator generates a signal by itself without an input ( )
signal.
2. The( ) oscillator is commonly used to generate sinusoidal
waveforms.
3. The( ) oscillator is commonly used to generate nonsinusoidal

10.2

10.

11.

12.

waveforms including square waves, triangular waves, sawtooth waves,
etc.
The RC oscillator is a sinusoidal oscillator where an RC feedback circuit

is used to give the required positive feedback and generate ( )
-frequency signals.
The LC oscillator: a sinusoidal oscillator where an LC ( )

or tank circuit is used to give the required positive feedback and generate
high-frequency signals.

A( ) feedback circuit with a tuned or resonant circuit such as
an LC circuit, or an RC circuit, etc.

An LC oscillator uses an amplifier and ( ) feedback with a
tuned or resonant circuit whose output is fed back to the input in phase.
The ( ) effect in an oscillator is the ability of a tuned circuit to
operate continuously after the control stimulus has been removed.

The ( ) oscillation is an oscillation in which the amplitude of

the oscillation quantity reduces over a period of time.
An oscillator requires an amplifier and a positive feedback circuit with
the overall closed-loop gain equal to ( ).

An Armstrong oscillator is the earliest oscillator that uses a ( )
and capacitor in its feedback path to produce a sinusoidal output wave-
form at the desired frequency.

The ( ) coil is a small coil in series with the plate circuit and
coupled to the grid to provide feedback.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
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The frequency of the Armstrong oscillator can be controlled by the
tuned ( ) circuit.

A Colpitts oscillator is an LC oscillator that uses an ( ) in parallel
with two capacitors in series (or a single center-tapped capacitor) in the
feedback path to produce a sinusoidal output waveform at the desired
frequency.

The frequency of oscillation can be determined by using the values of the
capacitor and inductor of the () circuit.

The Hartley oscillator is an LC oscillator that uses a ( ) in parallel
with two inductors in series (or a single center-tapped inductor) in the
feedback path to produce a sinusoidal output waveform at the desired
frequency.

A crystal-controlled oscillator is an LC oscillator that uses the piezoelec-
tric crystal to obtain a ( ) effect in the feedback path to produce
a sinusoidal output waveform at the desired frequency.

The ( ) effect is the ability of certain crystals to accumulate
electric charges and generate a voltage at the frequency of vibration in
the material when pressure is applied to it.

The equivalent circuit of a piezoelectric crystal is represented by a
series RLC circuit in parallel with a ( ).

The Wien bridge oscillator is an RC oscillator that uses a Wien bridge to
provide ( ) with no phase shift and generate sinusoidal output
waveforms at the desired frequency.

The frequency for a Wein bridge oscillator is calculated using the
( ) frequency.

The ratio of resistors R, and R, in the positive feedback path determines
the ( ) of the Wien bridge oscillator.

For the Wien bridge oscillator of Figure 10.17, determine the value of
capacitance C and resistance R, if resistance R is 40 kQ, R, is 100 k€,
and the oscillation frequency is 4,000 Hz.

Figure 10.17  Ch 10: No. 23, self-test



This page intentionally left blank



Chapter 11

Voltage regulators

Chapter outline

11.1 Introduction to op-amp voltage regulators.........ccceeeveriereerieneiiereeieseeens 267
11.1.1 Voltage regulators — CONCEPLS TEVIEW ......eeeerereereeieirrierieeierieeneans 267
11.1.2 Classification of op-amp voltage regulators..........cccccevveveercircnnens 269

11.2 Linear op-amp voltage regulators ..........ccccuereeieriierienieiesiere e 271
11.2.1 Series voltage regulators .........cccceceveeveeererinenenenieiereieeeeeeenens 271
11.2.2 Shunt voltage regulators..........cccecevirerienereneneneneeieeeeeeeeeenens 273

11.3 Switching voltage regulators..........ccvvevieirirenineneneeeeeeeeeeee e 274
11.3.1 Step-down voltage regulator ............coceeveverinenenenieiieieieieeeeeaes 274
11.3.2 Step-up voltage regulator .........cccocevererenerininenenieieeeereeeeenns 276
11.3.3 Inverting voltage regulator...........cooeeierieiienieiieiee e 277

SUIMMATY ...ttt et 278

SEIF-TESE .ttt sttt 281

11.1 Introduction to op-amp voltage regulators

11.1.1  Voltage regulators- concepts review

Power supply

®  Voltage regulator: a device that is designed to automatically maintain a stable
output voltage despite variations in input signal or load.

® DC voltage source: a battery is the most common DC voltage source, and a
power supply is another type of the DC voltage source.

e DC power supply: a device that provides DC power to an electrical/electronic
equipment. It can convert the AC power from an electrical wall outlet to a
steady DC output.

®  One method of obtaining DC power supply is to transform, rectify, filter, and
regulate an AC voltage (each of that performs a specific function).

® The stages of a power supply:

— Transformer: a device that transfers AC power from input to output, either
increasing (stepping up) or reducing (stepping down) the input AC voltage
according to the requirement.
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— Rectifier: a device that converts two-directional AC voltage (sine waves)
into single-directional DC (pulsating DC).

— Filter: a device that smooths the voltage waveform at the output of the
rectifier from varying greatly to a small ripple.

— Voltage regulator: a device that eliminates ripple at the output of the filter by
setting output to a constant DC voltage.

f Tralnlsfurmer P Diode O Filter Voltage

- rectifier regulator >

Figure 11.1 ~ DC power supply

Types of voltage regulators: there are two types of voltage regulators— linear
voltage regulator and switching voltage regulator.

Line regulation and load regulation

Line regulation: the ability of a voltage regulator to maintain the output voltage
V. level with a varying input voltage V, .
—
l/in - Vout
Load regulation: the ability of a voltage regulator to maintain the output voltage
V. level with a varying load.

-
R >V
L out

Percent regulation

Percent regulation can be used to specify the performance of a voltage regulator.
It can be in terms of line regulation or load regulation.

Percent line regulation is expressed as the percent of a small change in the
output voltage over a small change in the input voltage.

. . AV
Percent line regulation: < output > 100% A means “a change in”
AT,
input
Percent load regulation is not a fixed number but rather presented as a percentage
in response to changes at the output. It means over the permissible load range

(from minimum or no load to full load) the regulation can change.

Vo=V
Percent load regulation: (M ) 100%

V Full load

The smaller % regulation, the better.

V (o 10aa- PETCENE VOItage with no load (or minimum load).

V eutloaa: PETCENE VOltage with a full load.
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11.1.2 Classification of op-amp voltage regulators

Classification of voltage regulators

Types of voltage regulators: voltage regulators can be generally classified into
two types:

— Linear voltage regulators

— Switching voltage regulators

Linear voltage regulator: a voltage regulator that a linear component (such as
a transistor stays in the active/linear region of its operation) during voltage
regulation is used to regulate the output voltage.

Switching voltage regulator: a voltage regulator that a switching component
(such as a transistor operates in cut-off or saturation state) during voltage
regulation is used to regulate the output voltage.

Efficiency: switching regulators operate with higher power-handling capacity
and efficiency than linear regulators because the transistor is not always
conducting.

Classification of linear voltage regulators

Types of linear voltage regulators: linear voltage regulators can be classified
into two types:

— Series voltage regulators

— Shunt voltage regulators

Series voltage regulator: a voltage regulator that is connected in series with the load.

Vi —| Series voltage regulator

Y

Load Vou

A

Figure 11.2  Series voltage regulator mode

Shunt voltage regulator: a voltage regulator that is connected in parallel with
the load.

Va

Shunt voltage regulator | Load | Vou

b

Figure 11.3  Shunt voltage regulator mode
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Classification of switching voltage regulators

Types of switching voltage regulators: switching voltage regulators can be
classified into three types:

— Step-down (buck) voltage regulators

— Step-up (boost) voltage regulators

— Inverting (flyback) voltage regulators

Step-down voltage regulator: a switch-mode voltage regulator that can convert
an input voltage to a lower output voltage (V, <V, ).

The power switch is in series with the input and the inductor.

F‘
-
b~

Q

I

Figure 11.4  Step-down voltage regulator

Boost (step-up) voltage regulator: a switch-mode voltage regulator that can
convert an input voltage to a higher output voltage (V> V).

The power switch is after the inductor and in parallel with the input and the inductor branch.

Ry

1,

Figure 11.5  Step-up voltage regulator

Inverting voltage regulator: a switch-mode voltage regulator that output voltage
is opposite polarity of the input signal (¥, and V; out of phase).

Figure 11.6  Inverting voltage regulator

The power switch is in series with the input and in parallel with the inductor.
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Basic components in a voltage regulator

® Reference element (Zener diode): sets a reference voltage V., (it is the voltage
across the Zener diode V).

e  Control element (BJT or MOSFET): delivers the required current (compensates)
to keep a constant output voltage V.

® Resistive voltage divider (R, and R,): provides a sample of output voltage for
feedback.

®  Error detector (op-amp comparator): compares the feedback output voltage V_,
with a reference voltage V.

11.2 Linear op-amp voltage regulators

11.2.1 Series voltage regulators

A basic series voltage regulator circuit

®  Series voltage regulator (or series-pass voltage regulator): a voltage regulator that
uses a control element (series-pass transistor) connected in series with the load.
® The circuit of a basic series voltage regulator:

Uge
Iy
%W i _XII/EG ln
J | v,.:" = Vol Vgt
Uy [ ==y %RL
“‘J,iim

Vnz *L Ry

I

Figure 11.7  Series voltage regulator

Series voltage regulator basics

® The resistors R and R, (voltage divider) help in sensing the variations in the
output and provide a feedback signal to op-amp (inverting input).

®  The op-amp compares the V. (or V) and V_ (or V,,) and adjusts the base current
of the transistor to deliver the required load current while maintaining a constant
output voltage.

® Transistor: depending on the resulting difference voltage (feedback and the
reference), a control signal is then produced to drive the transistor to compensate
for the variations.
A transistor can add current drive capacities.

e  Constant output voltage: as a result, the voltage across the transistor is varied, and
the output voltage will be retained at a steady value.
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The output voltage of a series voltage regulator
® Output voltage: V, =V, <1 n R >
R

2

R
Derive: V.. =V 2 Voltage divider rule
R2 out R +R
1 2
Vo,=V, Golden rules of op-amps (voltage rule)
Ry
AAA
ALl
R,
-

Figure 11.8  The voltage rule

R
VZ =V : 2
ou R] + Rz
R +R
V = 1 2
out z R

Negative feedback in series voltage regulator

e If the output voltage V_  decreases (if the load resistance R, , or input voltage
V. changed), then the voltage across R, (V,) will fall by the same amount so the
difference in the inputs (V, — V) will increase.

Vel =Vl = (V= V)1

®  This causes the transistor conduct more current and output voltage V,  to rise:
AV, V) 1=Vt = LT — [T = V.1
— I and [ the base and collect currents of the BJT.

%4
— V,: op-amp output voltage, 4,= o Vo=A4,V, = V.,)
~ 2

o

in

VOT - I/OutT
® Negative feedback in the series op-amp voltage regulator:
Vad =Vl = (V, = V)T = Vb = LT — L1 I.=1,
v - !

The op-amp will adjust its output to keep the voltage difference between two inputs zero when
feedback is being used.
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Series voltage regulator — working principle

The op-amp comparator circuit tries to make ¥, approximately equal to ¥, all

the time.
N

Vin or %ad - Vout - %_) VR2 = (VZ )

Tar |
<

out

The golden rule of op-amps (voltage rule)

The output voltage ¥V is independent of the load resistor and input voltage V, ,
so a relatively constant output voltage is maintained.
RI
Vmu: V7 I R

11.2.2  Shunt voltage regulators

A basic shunt voltage regulator circuit

A basic shunt voltage regulator: a voltage regulator that uses a control element
(transistor) connected in parallel with the load.
The circuit of a basic shunt voltage regulator:

2
V: U1 éﬁl

Vas Uow

(=]
5
—
I
WA
x
B

&~

Figure 11.9  Shunt voltage regulator

The shunt voltage regulator regulates output voltage by shunting current away
(to ground) from the load to regulate the output voltage.

The function of the shunt voltage regulator is similar to that of the series voltage
regulator except that regulation is attained by controlling the current through
the parallel transistor.
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Shunt voltage regulator basics

The resistors R, and R, (voltage divider) help in sensing the variations in the
output and provide a feedback signal to the op-amp.

The op-amp is used as a comparator that compares the feedback voltage with a
reference voltage (the voltage across the Zener diode V).

Transistor: some of the current is shunted away by the control element transistor.
Constant output voltage: the resulting difference voltage provides a control
signal to change the amount of the current shunted away from the load, and the
output voltage will be retained at a steady value.

Negative feedback in shunt voltage regulator

If output voltage V  decreases (when the load resistance R, , or input voltage
V. changed), then the voltage across R, (V,,) will fall by the same amount.
This causes the transistor to conduct less base current (/,) and increases the
voltage at the collector and emit (V).

Vol =Vl = L1l =1l — Vil I=pIV..=V..~I.R,

out cc

The transistor produces more voltage, and the output voltage V_  also raises so
that a constant output voltage is maintained.

Vel = Vol V=V,

out CE out
Negative feedback in the shunt op-amp voltage regulator:

Vi=Vol—=Vl =Ll —>1] -V, 1 V,: op-amp output voltage

out

V.l = |

11.3 Switching voltage regulators

11.3.1 Step-down voltage regulator

A basic step-down regulator circuit

Switching voltage regulator: a voltage regulator that a switching component
(such as a transistor operates in cut-off and saturation state) during voltage
regulation is used to regulate the output voltage.

Step-down voltage regulator: a switch-mode voltage regulator that can convert
an input voltage to a lower output voltage (V <V, ).

Simplified step-down regulator diagram: the transistor (switching component)
is represented by a switch driven by an error amp.
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Erroramp &
switch control

Figure 11.10  Step-down regulator

Step-down voltage regulator — working principle

®  When the power switch (transistor) is on:
— The diode is reverse biased (RB) (diode is off).

— The capacitor charges (the longer the switch is on, the greater the V_ ).

®  When the power switch (transistor) is off:
— The diode is forward biased (FB) (diode is on).

— The capacitor discharges to the load.

Waveforms of a step-down voltage regulator:

Figure 11.11  Waveforms of a step-down voltage regulator

®  On and off time:
— On time ton: the time that transistor devotes in saturation (switch is on,
capacitor charges).

— Off time toff: the time that transistor devotes in cutoff (switch is off, capacitor

discharges).
®  Qutput voltage and period: P
— Output voltage: Vo=V <t j’)—nt >
on off
— Period of the on-and-off cycle: T=t +t,

e Repeating waveform: the waveform repeats itself with the repetition on and off
action of the switch.
® Negative feedback in the step-down voltage regulator:

Vout‘L ton T Vmu = Vm< z >
on “off
V1 e—|

out
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Example: For the step-down voltage regulator of Figure 11.10, determine the output
voltage, if the input voltage is 12 V, on time is 2 ps, and off time is 4 ps.

® Given: V.=12V,t =2ps,and 7 =4 ps.
® Find: V..
. t 2 us
e  Solution: V.=V o =12V |s————) =4V Step-down:12V — 4V
ou M\t 2us+4ps

11.3.2 Step-up voltage regulator

A basic step-up regulator circuit

®  Step-up voltage regulator: a switch-mode voltage regulator that can convert an
input voltage to a higher output voltage (V, >V, ).

e Simplified step-up regulator diagram: the transistor (switching component) is
represented by a switch driven by an error amp.

Erroramp &
switch control |

C Ry,

1T

L

Wi
T

Figure 11.12  Step-up regulator

Step-up voltage regulator — working principle
®  When the power switch is on:
— The diode is RB (diode is off).
— The inductor stores energy.
— The capacitor discharges (the longer the switch is on, the lesser the V).

Erroramp &
switch control

V.-Ew_l "_J-C Ry
T T

- v "4

Figure 11.13  The diode is reverse biased

®  When the power switch is off:

dL
— The diode is FB (diode is on). The inductor changes polarity <V| - lt>
} a
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— The capacitor charges.
— The inductor voltage ¥, adds to the input voltage to step up the output
voltage.

Erroramp &
switch control |

T T

Figure 11.14  The diode is forward biased

C Ry

v

11.3.3 Inverting voltage regulator

® Inverting voltage regulator (fly back or boost-buck voltage regulator): a switch-
mode voltage regulator that output voltage is of opposite polarity of the input
signal (V, and V, out of phase).

® Boost and buck: the inverting regulator can be used to raise (boost) or lower
(buck) the positive input voltage to the negative output voltage.

e  Simplified inverting voltage regulator diagram: the transistor (switching component)
is represented by a switch driven by a pulse width modulator error amp.

Erroramp &
I switch control [
Vin -

Figure 11.15  Inverting regulator

Inverting voltage regulator — working principle
®  When the switch (transistor) is on:

— The diode is RB (diode is off).

— The input voltage is connected to the inductor, and the inductor stores energy.

— The capacitor discharges to the load.
®  When the switch (transistor) is off:

. . dL

— The inductor changes polarity. V,=——

~ The diode is FB (diode is on). a

— Energy is released from the inductor to the capacitor (charges) and the load

producing a negative output voltage.
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® Smooth V_:the inductor opposes any change in current to smooth the waveform
at the output and keep the output relative constant.

Summary

Op-amp voltage regulators

®  Voltage regulator: a device that is designed to automatically maintain a stable
output voltage despite variations in input signal or load.

®  One method of obtaining DC power supply is to transform, rectify, filter, and
regulate an AC voltage (each of that performs a specific function).

® The stages of a power supply:

™

Transformer | Diode 2 4y

i Filter Voltage
rectifier regulator | L —»

Figure 11.16  DC power supply

Line regulation and load regulation

—>
® Line regulation: Wm'» V.
® [ oad regulation: RY— 7’

out

Percent regulation

® Percent regulation can be used to specify the performance of a voltage regula-
tor. It can be in terms of line regulation or load regulation.

. . AV
®  Percent line regulation: [ "™ }100%

input

|8 -V
®  Percent load regulation: (M) 100%

VF ull load

Classification of voltage regulators

® Linear voltage regulator: a voltage regulator that a linear component (such as a
transistor stays in the active/linear region of its operation) during voltage regu-
lation is used to regulate the output voltage.

e Switching voltage regulator: a voltage regulator that a switching component
(such as a transistor operates in cut-off or saturation state) during voltage regu-
lation is used to regulate the output voltage.
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Table 11.1 Linear voltage regulators
Simplified circuit Circuit
S
L 7]
Vg ——{ Series voltage regulator § Ve, " - -'5”

. 1 L i v
Series voltage v : "Ll/ '| =1
regulator ve | T . : = i

[ i |
Y Vay %n,
T
Ve | Vo ™ b
3 v l >——-/ Vout
Shunt voltage - - v | B a o, KO %n_

regulator - —1 "= 1 "'11:». |
¥ ¥ Vi =5, |

Table 11.2 Switching voltage regulators

Simplified circuit

Step-down
voltage
regulator

out in

Erroramp &
switch control

> Ry,

i
Q

Step-up
voltage
regulator

out in

Inverting
voltage
regulator

V.,.andV,

out

out of phase

YVV
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Series voltage regulator
Rl
e Output voltage: ¥, =V, | 1+ R
2
®  Negative feedback in series voltage regulator
I/out‘L - VRZ‘L - (VZ o I/RZ)T - VOT - IBT - ICT

I/outT < l

®  Working principle:
ekl = = e ey,
% ”

out

Shunt voltage regulator

®  Negative feedback in the shunt op-amp voltage regulator:
Vb = Vil = Vol = L= Il =Vt
|

out

V1 -

out

®  Qutput voltage and period:
t
— Output voltage: V', =V, <’on+—%ﬂ>

— Period of the on-and-off cycle: T=1¢ _+1 .

Step-down voltage regulator
®  When the power switch (transistor) is on: the diode is reverse biased (RB)
(diode is off) — C charges
®  When the power switch (transistor) is off: the diode is forward biased (FB)
(diode is on) — C discharges
®  Negative feedback in the step-down voltage regulator:
V= Vb = Vol = 1,1

out

VoutT < l

Step-up voltage regulator
®  When the power switch is on:
The diode is RB (diode is off) — L stores energy — C discharges.
®  When the power switch is off:
The diode is FB (diode is on) — C discharges — V, add to V| to step-up V_

Inverting voltage regulator
®  When the switch (transistor) is on:

The diode is RB (diode is off) — L stores energy — C discharges to the load
®  When the switch (transistor) is off:

The diode is FB (diode is on) — L releases energy —  C charges (V)

out
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A voltage regulator is a device that is designed to ( ) maintain
a stable output voltage despite variations in input signal or load.
One method of obtaining DC power supply is to transform, rectify,

( ), and regulate an AC voltage.

A ( ) is a device that converts two-directional AC voltage
into single-directional DC.

A ( ) is a device that smooths the voltage waveform at the
output of the rectifier from varying greatly to a small ripple.

The ( ) regulation is the ability of a voltage regulator to main-
tain the output voltage V,  level with a varying load.

The ( ) regulation can be used to specify the performance of a
voltage regulator. It can be in terms of line regulation or load regulation.
A ( ) voltage regulator is a voltage regulator that a switching

component during voltage regulation is used to regulate the output
voltage.

A ( ) voltage regulator is a voltage regulator that is connected
in parallel with the load.
A ( ) voltage regulator is a switch-mode voltage regulator

that can convert an input voltage to a higher output voltage.

A series voltage regulator is a voltage regulator that uses a control ele-
ment connected in series with the ( ).

The resistors R, and R, in a series voltage regulator help in sensing the
variations in the output and provide a () signal to op-amp.

The shunt voltage regulator regulates output voltage by shunting ()
away from the load to regulate the output voltage.

A step-down voltage regulator is a ( )-mode voltage regulator that can
convert an input voltage to a lower output voltage.

The ( ) waveform is the waveform repeats itself with the
repetition on and off action of the switch.

For the step-down voltage regulator of Figure 11.17, determine the output
voltage, if the input voltage is 15 V, on time is 4ps, and off time is Sps.

Erroramp &
switch control

Figure 11.17  Ch 11: No. 15, self-test



282  Understandable electronic devices

16. An ( ) voltage regulator is a switch-mode voltage regulator
that output voltage is of opposite polarity of the input signal.
17. The ( ) regulator can be used to raise or lower the positive input

voltage to the negative output voltage.



Appendices
Future Trends and Wrap Up

Need of electronic circuits and devices

e The beginning of electronics has left a remarkable impact on human society.
Nowadays, we can see that electronic devices are found in various applications
such as industries, health care, communication, automotive, consumer, military,
aerospace, etc., in which these applications are impossible to function without
electronic devices and gadgets.

e Since the increase in interest and the rise of computer technology, artificial
intelligence, advanced automation, advanced material, etc., electronic circuits
and devices are playing an important fundamental role in the digital age.

The future trends in electronic circuits and devices

¢ Electronic circuits and devices have made and continue to make incredible con-
tributions to most aspects of human society — a truth that cannot be neglected.
Moreover, it may have a bigger impact on human civilization in the future.
¢ The demand for the latest electronic devices has been trending and will con-
tinue to grow. Electronics industries must progress fast to the upswing by using
advanced technologies such as:
— Advanced automation
— Smart and autonomous systems
— Quantum computing
— Nano-electronics
— Silicon carbide electronics
— Advanced material
— Organic electronics
— Miniaturization
— Artificial intelligence
— Robotics
— Bioelectronics
— Cognitive science
— Cloud computing
— Big data and analytics
— Computational biology and bioinformatics
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— Internet of things (IoT)
[oT refers to the billions of physical objects—“things” around the world that are connected to
the internet for the purpose of connecting and exchanging data.

Wrap up

¢ Electronics has a lot of scope in the times to come, every day as you look around
you can find yourselves surrounded by different electronic devices and gadgets.
Without them, our daily lives seem impossible.

e Technology is advancing quickly in the field of electronics and these emerg-
ing and upgraded electronic technologies and applications will be the growth
drivers for the industry, and it will change the way we live and shape the future.



Answers

Answers to Self-Test Questions

Chapter 1
1.  proton
2 protons
3 8
4. 18
5. 4
6 semiconductor
7. depletion
8 DC
9. increase
10. forward
11. 0.3
12. increase
13. cathode
14. cathode
15. cathode
16. reverse
17. forward

Chapter 2
1. constant

2. doping

3. Z,=9Q

4.  series

5. V=71mV
6.  voltage shifter
7

8

clipper
. regulator
9.  both
10. line
1LV, = 4608V, Vi = 15108 V
12. 1 ~0.14A, R ~50Q

L(max) L(mim)

13. percent voltage regulation = 7.14 %
14. Zener
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15. capacitance
16. forward

17. color

18. green

19. dark

20. photo
21. electrical
22. metal

23.  Schottky

Chapter 3
1. rectifier
2. regulator
3. transformer
4.  center-tapped
5. reverse
6. Vw343V, PIV=55V
7.  secondary
8. Ve =240V, V(o =1193V, PIV=2393V, V =76V
9. Vow = 2386V, PIV=2393V
10.
11. filter
12.  product
13. longer
14. lower
15. ripple
16. clipper
17V oy © 8355V
18. biased

19. negative
20. combination
21. clamper

22. Vemtsiowy = — 13.65V
23. D
Chapter 4
1.  current
2. holes
3. Dbase
4 P
5. a,.~098, [ .=59
6. [1,.,=875, a,.~0.989
7.  increase
8. I,=287uA, 1.=43.05mA, [, =4334mA, V=94V, V=87V
9.  collector
10. switching
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11. active

12.  closed

13. saturation

14. active

15. I.(sat)=3.7mA, [.=129mA, [.>1. an Saturated

16. zero

17. internal

18. R.=1875Q

19. Vin(min) =49V The minimum value of input voltage is 4.9 V.
Chapter 5

1.  current

2. amplified

3. linear

4.  cutoff

5. distortion

6. IC=21mA, V. =87V

The Q-point is close to the center of the DC load line.
Ie
50 mA.
S L5
imA
Idlhy“
v LA
Fig Ans. Ch 5: #6

7.  biasing

8.  temperature

9. [.=28TmA, V., =065V

10. [.=7.53mA, V., =1456V

1. 1. an 125 mA, Vg uon =30V

12. temperature

13. I.=126mA, V=24V
Chapter 6

1.  internal

2. emitter

3. mho

4.  datasheets

5. small

6. Dbase

7. ﬁac

8. 7.

9. open
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10. short
11. increases
12. I.=1.61mA, V=678V, R =1.16kQ,V, =561 mV,R =1kQ
A, without Cy.: A4, =0.99
A, with C,, (withoutR): A4, = 64.39
A, with C_ and R : A, =62.85
13. 180° out of
14.  collector
15. input
16. R ~1.69kQ, R =19.92Q, 4,~0.98
17. gain
18. emitter
19. cascode
20. A,,~8273.6, A, (dB)=78.15dB
Chapter 7
1. voltage
2. depletion
3. holes
4. gate
5. negative
6.  pinch off
7.  transfer
8.
Vs 1% Ordered Pair (V, 1))
ID=IDSS a- &)2
VGs(off)
0 2
0 I,=@mA)(1- ) =4 mA (0, 4)
-7V
- 2
v L,=(@mA)(1- V) ~2.94 mA (-1, 2.94)
-2V »
2V L,=@mA)(1- )" =2.04mA (-2, 2.04)
-7V
-4V 2
4y [=@mA)(1-—) =0.74mA (-4, 0.74)
-7V
-6V 2
6V I,=(@mA)(1- )" =0.08 mA (-6, 0.08)
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, foma)

L

VgV $54-3-2-101234°5

Fig. Ans. Ch7: #8

9. drain

10. V., =-08V, V=32V

11. Qpoint: (V, 1)) = (=2 V,4mA)

Ip(mA)
] 4
-3
1
Fa®) 65432410

Fig Ans. Ch7: #11

12. 0.5

13.  Voltage-divider

14. (@ V, =11V, V=10V, V =-5V, V =1V
(b) (Vee 1)=(2V, 3mA)

Vs (V) s432410
Fig. Ans. Ch7: #14

15. enhancement

16. Depletion

17. insulating

18. collector

19. V=6V

20. I,=110mA, V =18V
21, I,=1,=6mA

289
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Chapter 8

1.

A A

._
e

11.
12.

gate

source

drain

drain

source

source

input

R =9MQ, R =032kQ, 4,~0.95
180° out of

R =R,=4MQ, R ~1kQ, 4,~3.56
in

R =024kQ, R ~5kQ, 4,~15.65

Chapter 9

1.

PN R LD

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

negative

ZeTo

Negative

input signals

inverting

difference

180° out-of

V. ,.~-1600mV, Z =R =1kQ, Z =89 mQ

o

V. ,.~80mV, Z=6.192GQ,Z =6.46 mQ
buffer

V..=30mV, Z~=144 GQ, Z =250 nQ
clipping

inputs

step

ZeTo

inverting

unity

V. ,.~-1042mV

noise

voltage

V..~ 15mV

inverting

square

V.=-27V

area

triangular

When V, =+8V: AV =-12V
When V, =-8V AV =12V
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sV nvy

AV 12V

Fig. Ans.(a), Ch9: #27 Fig. Ans.(b), Ch9: #27

Chapter 10
1. AC
2 feedback
3 relaxation
4.  low
5.  tuned
6.  positive
7.  positive
8. flywheel
9.  damped
10. one
11. transformer
12. tickler
13. LC
14. inductor
15. tank

16. capacitor

17. piezoelectric

18. piezoelectric

19. capacitor

20. feedback

21. resonant

22. gain

23. C=994pF, R,=50kQ

Chapter 11
1. automatically
2 filter
3 rectifier
4. Ailter
5. load
6.  percent
7 switching
8. shunt
9.  boost
10. load

11. feedback
12. current
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13. switch

14.  repeating

15. V=667V
16.  inverting

17.  inverting
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Armstrong oscillator 254-5
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diode (BARITT) diode
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Barrier potential 7
for germanium 12, 19
for silicon 12, 19
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Bias
bipolar junction transistor (BJT) 85,
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forward bias 7-9, 19
PN junction, I-V characteristic curve
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reverse bias 7-9, 19
reverse breakdown 9-11, 20
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Biased clippers 69-70
Bipolar junction transistor (BJT)
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basic structure 845, 102
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characteristic curves 91-4, 104
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DC analysis 89-91, 1034
junction gate field-effect transistor
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Bohr diagram 2, 17
Boost voltage regulator 270
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Capacitor filter 63—6
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Cascode amplifier 157-8, 164

Center-tapped full-wave rectifier
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Common-drain amplifier analysis
204-7
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209-11
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207-9
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Cristal-controlled oscillator 257-8

Current conversion 53

Current gain 149-50, 152, 157, 161

Cut-off voltage 175, 99-100

Damped oscillation 253
DC biasing
active operation 112, 126
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amplifier midpoint biasing 113-14,
127
base bias 114, 116-17
collector-feedback bias 115, 124-5
emitter bias 115, 120-3
methods 128
overview 83,102, 109-12
parameters 86-9, 103
signal distortion 112-13, 126
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types 83—4, 102
voltage-divider bias 115, 117-20
DC power supply 49-50, 74
Depletion layer 6-7, 18-19
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biasing 190-1
Difference amplifier 233-5
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real diodes 1617
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overview 169-72
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Gate bias, JFET 177-8, 193

Germanium 4, 12

Gunn diode 25, 43
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Ideal diodes 14-16

real diodes vs. 17,21
Impedance conversion 53
Intrinsic semiconductor 5, 18
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Inverting voltage regulator 270,

277-8, 280
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I-V characteristic curve

in forward bias 11, 20

of PN junction 11-13, 20
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204-7
common-gate amplifier analysis
209-11
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207-9
amplifier configurations 212—13
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(BJT) 196
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equivalent model 2014
vs. metal-oxide-semiconductor field-
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operation 172-7
Q-point 204, 212
voltage divider-bias 1824

Laser diode 24, 43

LC oscillators 252-3
Armstrong oscillator 254-5
cristal-controlled oscillator 2578
Hartley oscillator 256

Leakage current 16

Light-emitting diode (LED) , 24, 36-9,

45

photodiodes vs. 40-1

Linear amplifier 109, 268

Linear op-amp voltage regulators
series voltage regulators 271-3
shunt voltage regulators 273—4

Linear voltage regulator 278, 279

Line regulation 32-3, 45,278

Load regulation 334, 45, 268, 278
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depletion-mode MOSFET
(D-MOSFET) 186
biasing 190-1
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(E-MOSFET) 1867
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(JFET) vs. 185
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types 184-5
Midpoint biasing 113-14, 127
Minority carriers 10, 19
MOSFET: See Metal-oxide-
semiconductor field-effect
transistor (MOSFET)

N-channel JFET 170-1
Negative clamper 72-3
Negative clipper 68

Negative limiter 30
Noninverting op-amp 224-6
Nonlinear amplifier 110

NPN transistor 83

N-type semiconductor 4-6, 18

Operational amplifiers (op-amps)
basic circuits 229, 243, 245
comparator 240-1
difference amplifier 233-5
differentiator 235-7
golden rules of 242
integrator 23740
inverting op-amp 221-4
modes of operation 219-21
negative feedback 218-19, 242
noninverting op-amp 224—6
overview 215-19, 241
summing amplifier 2323
terminologies 229-32
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voltage follower op-amp 226-8

voltage regulators
classification 269-71
overview 267-8, 278

Oscillators

vs. amplifier 249

basic oscillators 263—4

feedback 251

LC oscillators 252-3
Armstrong oscillator 254-5
cristal-controlled oscillator

257-8

Hartley oscillator 256

RC oscillators 259-61

types 249-51, 261

P-channel junction gate field-effect
transistor (JFET) 170-1
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center-tapped full-wave rectifier 60
of half-wave rectifier 56
Percent regulation 34, 45, 268, 278
Photodiodes 24, 39-41, 46
Piezoelectric effect 257
Pinch-off voltage 175
PIN diode 25, 43
P-N junction 6-7, 18-19
PNP transistor 84
Positive clamper 71-2
Positive clipper 678
Positive limiter 30
Power gain 150, 152, 157, 161
Power supply filters
capacitor filter 63—4
operation 65-6
ripple factor (RF) 67
surge current 67
P-type semiconductor 4-6, 18

Q-point 110-11, 125-6
of junction gate field-effect transistor
(JFET) 204,212

RC oscillators 259-61

Real diodes 16-17, 21

Rectifier 50, 78

Relaxation oscillators 250
Reverse bias 7-9, 19, 26

Reverse breakdown 10-11, 19, 20
Reverse breakdown voltage 10
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