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Preface
 

Electronics: Devices and Circuit Fundamentals by Patrick, Fardo, 
Richardson, and Chandra explores many fundamental topics in a basic and 
easy-to-understand manner. This book, and the accompanying DC-AC Elec
trical Fundamentals by the same co-authors have been developed using a 
classic textbook – Electricity and Electronics: A Survey (5th Edition) by 
Patrick and Fardo – as a framework. Both new books have been structured 
using the same basic sequence and organization of the textbook as previous 
editions. The previous edition of Electricity and Electronics: A Survey 
contained 18 chapters, 8 in the Electricity section and 10 in the Electronics 
section. 

Electronics: Devices and Circuit Fundamentals has been expanded 
to includes additional chapters, further simplifying content and providing a 
more comprehensive coverage of fundamental content. Expanded content for 
this textbook includes 23 chapters. The content has been continually updated 
and revised through new editions and by external reviewers throughout the 
years. Additional quality checks to ensure technical accuracy, clarity, and 
coverage of content have always been an area of focus. Each edition of the 
text has been improved through the following features: 

1. Improved and updated text content 
2. Improved usage of illustrations and photos 
3. Use of color to add emphasis and clarify content 

Organization of the Book 

The two separate books, DC-AC Electrical Fundamentals and Electronic 
Devices and Circuit Fundamentals, now provide an even better comprehen
sive reference for the following: 

• Survey of Electrical and Electronic Engineering Fundamentals 
• Direct Current (DC) Circuit Fundamentals 
• Alternating Current (AC) Circuit Fundamentals 

xi
 



xii Preface 

• Electronic Device Fundamentals 
• Electronic Circuit Fundamentals 

Expanded content for Electronic Devices and Circuit Fundamentals is 
a basic introductory text with comprehensive coverage of basic electronic 
topics. Key concepts in the textbook are presented using the “big picture” 
or “systems” approach that greatly enhances learning. Many applications, 
testing procedures, and operational aspects of electronic devices and circuits 
are discussed through applications and illustrations. The text is divided into 
two sections: 1) Electronic Devices and 2) Electronic Circuits. The chapters 
are organized to include the following: 

• Introduction 
• Learning Objectives 
• Chapter Outline 
• Key Terms 
• Major Content Discussions 
• Self-Examinations 
• Chapter Summary 
• Formulas/Problems 
• Analysis and Troubleshooting 
• Glossary of Terms (defined) 
• Answers to Self-Examinations 

Electronic Devices and Circuit Fundamentals is appropriate for use with 
the following: Post-secondary technical programs, including colleges, uni
versities, and community colleges, High School (11th and 12th grades) 
technical programs, business, and industry training programs or for indi
vidual self-study to learn about the exciting engineering/technology areas of 
electronics. 

A comprehensive Solutions Manual is available to accompany the text
book. The organization of the Solutions Manual (by Chapter) is– 

1. Chapter Outline 
2. Learning Objectives 
3. Key Terms 
4. Figure List 
5. Chapter Summary 
6. Formulas 
7. Answers to Examples / Self-Exams 
8. Glossary of Terms (defined). 
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1
 
Semiconductor Fundamentals
 

This chapter deals with the theory of materials that are used in the construc
tion of electronic devices called solid-state. Solid-state devices are made 
of semiconductor material. You may recall from your studies of DC and 
AC electronics that a semiconductor is a solid material that has electrical 
properties that lie somewhere between those of a conductor and an insu
lator. Semiconductors have made possible such things as radio, television, 
computers, robots, smart phones, and electronic sound systems. 

Semiconductor theory focuses on the flow of current carriers through 
semiconductor material. A basic understanding of semiconductor theory will 
enable you to understand the electrical characteristics of solid-state devices 
and how they operate. 

Objectives 

After studying this chapter, you will be able to: 

1.1 describe the structure and properties of an atom; 
1.2 compare and contrast ionic bonding, covalent bonding, and metallic 

bonding; 
1.3 explain the electrical difference between conductors, semiconductors, 

and insulators; 
1.4 explain how current carriers move through semiconductors; 
1.5 analyze and troubleshoot semiconductors. 

Chapter Outline 

1.1 Atomic Theory 
1.2 Atom Bonding 
1.3 Insulators, Semiconductors, and Conductors 
1.4 Semiconductor Materials 
1.5 Analysis and Troubleshooting – Semiconductor Materials 

1
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Key Terms 

atom 
atomic numberatomic weight 
breakdown voltage 
compound 
covalent bonding 
doping 
electron 
electron volt 
element 
extrinsic material 
forbidden gap 
intrinsic material 
ionic bonding 
matter 
metallic bonding 
molecule 
neutron 
N-type material 
nucleus 
orbital 
proton 
P-type material 
valence electrons 

1.1 Atomic Theory 

Nearly every study of electronic devices starts with an investigation of atomic 
theory. Atomic theory describes the structure of matter and the atom. It is nec
essary for you to learn this information so that you will be able to understand 
how semiconductor material responds when energy, such as electricity and 
heat, is applied. 

1.1 Describe the structure and properties of an atom. 

In order to achieve objective 1.1, you should be able to: 

• describe the characteristics of electrons, protons, and neutrons; 
• describe the relationship between the atomic number and atomic weight 

of an atom; 
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• explain how electrons are distributed across shells and energy levels; 
• define the terms	 matter, element, nucleus, electron, proton, neutron, 

atomic weight, atomic number, shell, and energy level. 

Matter, Elements, and Atoms 

You should recall from your elementary or high school science classes that 
anything that occupies space and has weight is called matter. Matter can be a 
solid, liquid, or gas. It is made of one or more types of elements. An element 
is the smallest unit of matter that consists of a single type of atom. An atom 
is the smallest particle to which an element can be reduced and still retain 
its identity. Figure 1.1 shows the relationship between matter, elements, and 
atoms. 

Figure 1.1 The relationship between matter, elements, and atoms. Matter can consist of one 
or more types of elements. An element consists of the same type of atoms. 
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(a) (b) (c) 

Figure 1.2 Water formed by combining hydrogen and oxygen: (a) hydrogen atoms; 
(b) oxygen atom; (c) water molecule. Matter is a compound when it consists of two or more 
types of elements. 

Matter can be made of a single type of element, such as copper, or 
a combination of element types, such as water. Water is a combination of 
the elements hydrogen and oxygen. Matter that is made of several types of 
elements is called a compound. A compound is two or more elements that 
have been chemically combined. The smallest particle to which a compound 
can be reduced before being broken down into its basic elements is called a 
molecule (Figure 1.2). 

Later in this chapter, you will learn about how elements chemically com
bine. This knowledge will aid your understanding of the electrical differences 
between conductors, semiconductors, and insulators and how current carriers 
move through semiconductors. 

Atomic Structure 

Atoms consist of smaller particles called electrons, neutrons, and protons. 
Figure 1.3 shows the particle structure of an atom of copper. (This structure 
is shown in a two-dimensional representation. Keep in mind that an atom is a 
three-dimensional object.) 

Notice that the nucleus is the core of an atom. The nucleus of every 
atom is composed of one or more positively charged particles. Each of these 
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Figure 1.3 Two-dimensional model of a copper atom. The nucleus of an atom contains 
protons and neutrons. Electrons orbit the nucleus. 

particles is called a proton. In addition to the protons, in all elements except 
the lightest, there are one or more neutrons. A neutron is a particle that has 
no electrical charge. 

The study of electronic devices is primarily concerned with the electron 
content of an atom. An electron is a negatively charged particle that orbits 
the nucleus of an atom. An electron is extremely small. It weighs 1/1850 as 
much as a proton. Therefore, practically, all of the weight of an atom is in the 
nucleus. 

Atomic Weight and Number 

The atomic weight of an atom is the sum of protons and neutrons in the 
nucleus. The atomic weight of an atom is always a whole number, whereas the 
atomic weight of an element is rarely a whole number because it represents 
the average value of a large number of atoms. This average value is more 
accurately referred to as atomic mass. The periodic table in Figure 1.4(a) lists 
each element’s atomic mass. Note the information presented in the periodic 
table. 
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Figure 1.4 A. (a) Periodic table of the elements. (b) Elements in the periodic table showing groups, symbols, atomic number, atomic weight,
and electron arrangement in shells 1−7 (K−Q). Courtesy: Sargent-Welch Scientific Co. 
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Figure 1.4 B. 

Elements in the periodic table are listed in the order of the number of 
protons contained in the nucleus of their atoms. This number is known as the 
atomic number. No two elements have the same atomic number. 

For example, hydrogen, which is the simplest atom, has one proton and 
no neutrons in its nucleus. Any atom that has one proton is always a hydrogen 
atom. The nucleus of a uranium atom has 92 protons. Any atom that has 92 
protons is always a uranium atom. Another example is the element zinc from 
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Figure 1.4 Continued. 

the periodic table. Note that the atomic number of zinc is 30 and the atomic 
weight is 65.38. 

Figure 1.4(b) lists the elements of the periodic table by group. The groups 
(IA, IIA, IIIA, etc.) are assigned based on the number of electrons in the 
atom’s outer shell. For example, all Group IVA elements have 4 outer shell 
electrons. They are arranged in a vertical column. 
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Look at the sample “period 2 of the Periodic Table of Elements. Each 
period is arranged in a horizontal row. The period is determined by the 
sequence of outer shell electrons in the row (lithium = 1, beryllium = 2, 
boron = 3, carbon = 4, etc.). Note that neon on the right of period 2 is filled 
with 8 outer shell electrons. The atomic numbers, shown for each atom, are 
consecutive (1−8) from left to right. As new elements are discovered, they 
are entered into the proper position on the lower portion of the periodic table. 

The number of neutrons in the atom of an element can be calculated by 
subtracting the atomic number from the atomic weight. This is represented 
by the following formula: 

number of neutrons = atomic weight − atomic number. 

To determine the atomic weight, the atomic mass is rounded to the nearest 
whole number. This is represented by the following formula: 

atomic weight = atomic mass rounded to nearest whole number. 

For example, uranium has an atomic mass of 238.03. To determine the 
atomic mass of uranium, 238.03 is rounded to the nearest whole number. The 
nearest whole number of 238.03 is 238. The number of neutrons can then be 
calculated by subtracting the atomic number from the atomic weight. 

number of neutrons	 = atomic weight − atomicnumber 

= 238 − 92 

= 46. 

Example 1-1: 

What is the number of neutrons in hydrogen (H)? (Hydrogen has an atomic 
mass of 1.00794 and an atomic number of 1.) 

Solution: 

1. Round the atomic mass to the nearest whole number to determine the 
atomic weight. 

atomic mass = 1.00794 
atomic weight = 1. 

2. Subtract the atomic number from the atomic weight. 

number of neutrons = 1 − 1 
= 0.  
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Related Problem: 

What is the number of neutrons in silicon (Si)? (Use the periodic table in 
Figure 1.4 to determine the atomic mass and atomic number.) 

Shells 

The electrons of an atom are not in an equal distance from the nucleus. They 
orbit the nucleus in shells, or layers. Neils Bohr, a Danish physicist, identified 
these shells by the letters K, L, M, N, O, and P. Take a look at Figure 1.5. 
Note that the K-shell is closest to the nucleus. Each shell or layer has a distinct 
energy level. Electrons do not exist in the space between these energy levels. 
The energy levels of a shell are identified by the letters s, p, d, f, g, and h. 
The s-level is closest to the nucleus. A shell may have from one to six distinct 
energy levels in its structure. 

Figure 1.5 Electrons orbit the nucleus in shells. A shell may have from one to six distinct 
energy levels in its structure. 
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Figure 1.6 Shells and energy levels of a copper atom. Shells K−M follow the typical 
electron pattern. The N-shell, however, does not contain the full number of electrons for its 
energy level. 

Energy levels represent two things: distance from the nucleus and the 
amount of energy possessed by an electron. Energy levels closest to the 
nucleus are of the lowest value while energy levels furthest away are of the 
highest value. This is because electrons with more energy occupy the energy 
levels furthest away from the nucleus. This largely depends on the number of 
electrons in an atom. The number of electrons in each energy level follows 
a unique pattern. This pattern is 2, 6, 10, 14, 18, and 22. Figure 1-5 shows 
the shells, the energy levels found in each shell, and the maximum number of 
electrons that exist in each energy level. 

Note that the P-shell has six energy levels. The maximum number of 
electrons at each energy level follows the 2, 6, 10, 14, 18, and 22 patterns. 
This number sequence appears in the other shells but decreases in value with 
the last level. The complexity of an atom usually dictates its electron shell and 
energy level assignment. For example, take a look at Figure 1.6. Note that 
shells K−M follow the typical electron pattern but that the N-shell, which is 
the last shell, contains only one electron in the s-level. 

Another example is lithium (see Figure 1.7). Lithium has three protons 
and three neutrons in the structure of its nucleus. It also has three electrons to 
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Figure 1.7 Two-dimensional representation of a lithium atom. The K-shell follows the 
typical electron pattern, but the L-shell does not. 

balance the net positive charge of the nucleus. Note that two of these electrons 
fill the s-level of the K-shell. Since the K-shell only has one energy level, the 
third electron of the structure must appear in the s-level of the L-shell. The 
L-shell has s- and p-levels to be filled. The s-level has a capacity of 2, and the 
p-level has a capacity of 6. The p-level must be filled before the next shell is 
formed. 

The electron in the s-level of the L-shell of lithium is a valence electron. 
Valence electrons are electrons in the outermost shell and represent the 
highest energy level of an atom. As you will see later in this chapter, valence 
electrons can effectively enter into some chemical activity with another atom. 

Example 1-2: 

What is the number of electrons in the energy levels of each shell for 
aluminum (Al)? 

Solution: 

1. Determine the number of electrons. Since the number of electrons is 
equal to the amount of protons, and the amount of protons is equal to the 
atomic number, the amount of electrons is 13. 
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electrons = atomic number 

electrons = 13. 

2. Use the chart in Figure 1.6 to determine the number of electrons in the 
energy level of each shell. Electrons are distributed across shells starting 
with the K-shell. 

K-shell = 2s-level 

L-shell = 2s-level 

= 6 p-level 

M-shell = 2s-level 

= 1p-level. 

Related Problem: 

What is the number of electrons in the energy levels of each shell for 
germanium (Ge)? 

Figure 1.8 Orbitals of an atom. 
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Orbitals 

The exact path an electron follows in the structure of an atom is unknown. 
However, this path is generally described as an orbital. An orbital shows the 
mathematical probability of where an electron will appear in the structure of 
an atom. It is believed that there are four types of orbitals in atoms. These are 
identified by the letters s, p, d, and f. Figure 1.8 shows the representation of s, 
p, and d orbitals. The f-type of orbital is not shown in this sequence because 
there is very little evidence that it is as active as the others in atomic bonding, 
which you will learn about in the following section. This type of orbital is 
more meaningful in chemical analysis. 

Self-Examination 

Answer the following questions. 

1. The number of protons in the nucleus of an atom is an indication of the 
_____. 

2. The atomic weight of an atom is the sum of the number of _____ and 
_____ in the nucleus of an atom. 

3. The atomic _____ represents the average value of protons and neutrons 
in a large number of atoms. 

4. A negatively charged particle that orbits the nucleus of an atom is a(n) 
_____. 

5. The (K-L-M-N-0-P-Q)-shell of an atom is closest to the nucleus. _____ 
6. The energy levels of a shell are identified by the letters ___, ___, ___, 

___, ___, and ___. 
7. The _____ shell of an atom has six energy levels. 
8. A(n) _____shows the mathematical probability of where an electron will 

appear in the structure of an atom. 

1.2 Atom Bonding 

In the previous section, you learned that valence electrons represent the 
highest energy level of the atom and that valence electrons can enter into 
some chemical activity with another atom. Chemical activity is simply the 
bonding of one atom with another through the gaining, losing, or sharing 
of valence electrons. Some chemical activities occur naturally, but most 
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of them are induced through an outside force. Valence electrons of dif
ferent atoms are frequently bonded together to form stabilized molecules 
or compounds. This section discusses three types of bonding: ionic bonding, 
covalent bonding, and metallic bonding. 

1.2 Compare and contrast ionic bonding, covalent bonding, and metallic 
bonding. 

In order to achieve objective 1.2, you should be able to: 

• describe the characteristics of an atom that is in a stable state and ground 
state; 

• define the terms ionic bonding, covalent bonding, and metallic bonding. 

Atomic States 

Chemical activity depends on the number of electrons in the outermost energy 
level of the valence shell. A shell with a full complement of electrons tends 
to be in a preferred atomic state. A full complement of electrons means that 
the highest number of electrons is allotted to an energy level. For example, 
a full complement of electrons for the s-level is 2, and a full complement of 
electrons for the p-level is 6 (see Figure 1.6). An atom with a full complement 
of electrons in its outermost energy level is in a stable state and is generally 
called a stabilized atom. A stabilized atom will not release electrons under 
normal conditions. 

Helium is an example of an element whose atoms are in a stable state. 
Helium has two protons and two neutrons in its nucleus. Two electrons orbit 
the nucleus in the s-level of the K-shell. The full complement of electrons for 
the s-energy level is 2; therefore, helium is in a stable state. 

Hydrogen is an atom that contains one proton in its nucleus. This proton, 
like all protons, possesses a positive charge. Remember that the number of 
electrons that exist in an atom tends to match the net positive charge of the 
nucleus. Hydrogen, therefore, has one electron in its structure. This electron 
orbits the nucleus in the K-shell in an s-type orbital pattern. If no additional 
energy is added to the electron, the atom is considered to be in its ground 
state or lowest energy level. Atoms in the ground state have a stronger 
tendency to bond in order to reach a stable state. Hydrogen does not have 
a full complement of electrons in the s-energy level; therefore, hydrogen is in 
a ground state. 
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Ionic Bonding 

Ionic bonding is the process of bonding atoms through electrostatic force. 
Electrostatic force occurs through the attraction of opposite net charges 
between two atoms. This process typically occurs between atoms of different 
elements. Ionic bonding, therefore, creates a compound. You should recall 
that a compound is a combination of two or more elements to form an entirely 
different material. 

The atomic structure of lithium lends itself very well to compound 
formation. A compound of lithium and hydrogen is called lithium hydride. 
In this compound, the valence electron of lithium is transferred to the K-shell 
of a hydrogen atom. The lithium atom takes on a +1 charge because it has lost 
an electron. It is now considered to be a positive lithium ion. 

The lithium atom becomes a positive ion and the hydrogen atom becomes 
a negative ion. The net charges of the ionized particles bond the atoms 
through electrostatic force. An ion is an atom that has lost or gained an 
electron. If an atom loses an electron, it becomes positively charged. Gaining 
an electron causes an atom to be negatively charged. The hydrogen atom in 
the example of Figure 1.9 gains an electron and becomes a negative ion with 
a charge of −1. Since unlike charged particles have an attracting power, a 
single molecule of lithium hydride is formed by this combination of atoms. 
Compounds formed in this manner are described as electrovalent combina
tions or ionic bonded mixtures. The net charges of the ionized particles bond 
the atoms and create a compound. 

Table salt is a good example of ionic bonding that occurs naturally. 
Figure 1.9 shows the ionic bonding between two different atoms. The sodium 
(Na) atom donates its one valence electron to a chlorine (CI) atom, which has 
seven valence electrons. On acquiring the extra electron, chlorine becomes a 
negatively charged ion, while the sodium atom becomes a positively charged 
ion. Since unlike charges attract, the positive sodium (Na+) and negative 
chlorine (CI−−) ions are bonded together by an electrostatic force. 

Copper oxide (Cu2O) is also an example of ionic bonding. The valence 
electrons of two atoms of pure copper (Cu) are transferred and combined with 
one atom of oxygen (O). Copper is a good electrical conductor. Copper has 
one valence electron in the s-level of the N-shell (see Figure 1.6). Oxygen has 
six valence electrons in the L-shell; two of these are in the s-level and four are 
in the p-level (see Figure 1.2). The combination of two copper atoms and one 
oxygen atom forms a stable copper oxide compound. The two copper valence 
electrons combine with four electrons in the p-level of the L-shell of oxygen 
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Figure 1.9 Ionic bonding of chlorine (CI) and sodium (Na) atoms to produce salt. When 
a valence electron of a chlorine is transferred to the M-shell of a sodium atom, chlorine 
becomes a negatively charged ion, while the sodium atom becomes a positively charged ion. 
The positive sodium (Na+) and negative chlorine (CI−−) ions are bonded together by an 
electrostatic force. 

to form a full complement of six electrons. The stability of this compound 
makes copper oxide a good insulating material. 

Covalent Bonding 

Another form of bonding can take place when the outermost shell of an atom 
is partially filled. The atoms in this form of bonding position themselves 
so that the energy levels of their valence electrons combine. This form of 
bonding is called covalent bonding or electron pair bonding. No ions are 
formed in covalent bonding because the valence electrons are shared between 
the atoms. These electrons alternately shift back and forth between each atom. 
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Figure 1.10 Covalent bonding of hydrogen atoms. Electrons are shared in this type of 
bonding. 

A covalent force is, therefore, established between the connecting electrons. 
The covalent force bonds the atoms in a simulated condition of stability. 

A two-dimensional illustration of covalent bonding is shown in 
Figure 1.10. Two hydrogen atoms are bonded in this drawing. Note that the 
K-shells of each atom overlap so that their electrons can be shared. In doing 
so, both have the equivalent of a full complement of electrons in their s-level. 

The molecules of common gases, such as oxygen and nitrogen, are fre
quently held together by covalent bonding. Semiconductors such as carbon, 
silicon, and germanium are also bonded by this process. Covalent bonding is 
much stronger than ionic bonding. 

Metallic Bonding 

Metallic bonding is an internal force that holds atoms loosely together in 
a conductor. It occurs in good electrical conductors. An electrical conductor 
such as copper has one electron in the s-level of its N-shell. This electron is 
easily influenced by outside energy and has a tendency to wander around the 
material between different atoms. On leaving one atom, it immediately enters 
the orbital of another atom. The process is repeated until the outside energy 
is removed. 
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Figure 1.11 Metallic bonding of copper. In this type of bonding, electrons “float” around in 
a cloud that covers the positive ions. This “floating” cloud bonds the electrons randomly to the 
ions. 

When an electron receives enough energy to leave an atom, it causes 
the original atom to become a positive ion. In metal, this process occurs at 
temperatures of 25oC. The process takes place randomly. This means that 
one electron is always associated with an atom but is not in one particular 
orbital path. As a result, a large number of the structural atoms of a piece of 
copper tend to share valence electrons. 

In metallic bonding, there is a type of electrostatic force between positive 
ions and electrons. In a sense, electrons float around in positively charged 
clouds that surround the positive ions. This floating cloud of electrons tends 
to bond itself randomly to the positively charged ions. Figure 1.11 shows an 
example of the metallic bonding of copper. 

Self-Examination 

Answer the following questions. 

9. Atoms in a(n)_____ state have a stronger tendency to bond in order to 
reach a stable state. 
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10. Atoms in a(n) _____ state will not release electrons under normal
conditions.

11. When two or more elements are used to form a different material, it is
called a(n) _____.

12. The process of bonding atoms through an electrostatic force is called
_____ bonding.

13. Table salt and copper oxide are examples of _____ bonding.
14. The condition of stability is simulated when atoms are _____ bonded.
15. Individual atoms of silicon are frequently connected together by _____

bonding.
16. _____ bonding occurs in good electrical conductors.

1.3 Insulators, Semiconductors, and Conductors

Solid materials are used primarily in electronic devices to achieve electrical
conductivity. These materials can be divided into insulators, semiconductors,
and conductors. As you have learned in your studies of DC and AC electron-
ics, insulators, semiconductors, and conductors differ in their potential to
achieve electrical conductivity because they vary in resistance. The resistance
of these materials is related to the tendency of their electrons to leave the
valence band and go into conduction. Materials that make a good conductor
are those that are easily influenced by outside energy and, therefore, can go
into conduction with a minimal amount of energy. Materials that make a good
insulator are not easily influenced by outside energy and, therefore, need a
greater amount of energy to go into conduction. The energy needed for a
semiconductor falls somewhere in between this range. This section discusses
the differences between conductors, semiconductors, and insulators and the
energy needed to place them into conduction.

1.3 Explain the electrical difference between conductors, semiconduc-
tors, and insulators.

In order to achieve objective 1.3, you should be able to:

• describe the energy bands for conductors, semiconductors, and insula-
tors;

• explain the terms electron volt, forbidden gap, and breakdown voltage.

Assume that we have a cubic centimeter block of an insulator, semiconductor,
and conductor. If resistance is measured between opposite faces of each
block, some very unique differences will be revealed. The insulator cube
will measure several million ohms. The conductor cube, by comparison, will
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measure only 0.000001 Ω. The semiconductor cube will measure approx
imately 300 Ω. In effect, this shows a rather wide range of resistance 
differences in the three materials. All three materials can conduct, but only 
when a specific amount of energy is applied. 

Energy-Level Diagrams 

A convenient way to evaluate the relationship of conductors, semiconductors, 
and insulators is through the use of energy-level diagrams. This takes 
into account the amount of energy needed to cause an electron to leave its 
valence band and go into conduction. An energy-level diagram represents 
a composite of all atoms within the material. Energy-level diagrams of 
insulators, semiconductors, and conductors are shown in Figure 1.12. The 
valence band is located at the bottom and the conduction band is at the top 
of each diagram. The valence band represents the highest energy level that 
electrons can attain and still be influenced by the nucleus. Electrons in this 
band normally combine with valence-band electrons of other atoms to form 
molecules or compounds. A number of other electrons exist below the valence 
energy band. As a rule, we are only concerned with the response of valence 
and conduction band electrons in the operation of semiconductor devices. 
Electrons in the conduction band are not specifically bound to the nucleus 

Figure 1.12 Energy-level diagrams for (a) insulators, (b) semiconductors, and (c) 
conductors. 
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and are free to move. Conduction band electrons have a higher energy level 
than the valence band electrons. 

The valence band represents a composite energy level of the valence 
electrons of each atom. A specific amount of outside energy must be added to 
valence electrons to cause them to go into conduction. The area that separates 
the valence and conduction bands is referred to as the forbidden region. A 
certain amount of energy is needed to cause valence electrons to cross the 
forbidden region. If the energy is insufficient, electrons are not released for 
conduction. They will remain in the valence band. 

The width of the forbidden region indicates the conduction status of 
a particular material. In atomic theory, the width of the forbidden gap is 
expressed in electron volts (eV). An electron volt is defined as the amount of 
energy gained or lost when an electron is subjected to a potential difference 
of 1 V. The atoms of each element have a specific energy-level value that 
permits conduction. 

Insulators 
The energy-level diagram of an insulating material has a very wide for
bidden gap. A carbon crystal or natural diamond is an excellent insulator. 
Crystallized carbon has a forbidden gap of approximately 6 eV. The large 
width of this region keeps valence electrons from crossing the forbidden 
gap and going into conduction. For valence electrons to travel through the 
forbidden gap, they must acquire additional energy. The amount of energy 
needed by good insulators is generally very high. The energy level value that 
causes an insulator to go into conduction is often called breakdown voltage. 

Even the best insulators will go into conduction if sufficient energy is 
applied. Thyrite is an example of this condition. Thyrite is commonly used 
as a lightning arrester. At normal voltages, it is an ideal insulator. When it 
is subjected to high voltage, electrons cross the forbidden gap and go into 
conduction. This shunts the high voltage to ground, thus protecting a device 
from lightning. When good insulators are operated at high temperatures, the 
increased heat energy causes valence electrons to go into conduction. 

Semiconductors 

The forbidden gap of a semiconductor is much smaller than that of an 
insulator. Silicon, for example, needs to gain 1.21 eV of energy at absolute 
zero (−273◦C) to go into conduction. Energies of this magnitude are not 
easily acquired. As a result, the valence band remains full, the conduction 
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band remains empty, and these materials respond as insulators. However, an 
increase in temperature causes the conductivity of this material to change. At 
normal room temperature or −25◦C, the valence electrons acquire thermal 
energy that is greater than the normal eV value. This essentially reduces the 
width of the forbidden gap and causes a semiconductor to be a conductor. 
This particular characteristic is extremely important in solid-state electronic 
devices. 

Conductors 

The energy-level diagram of a conductor is quite unusual compared with 
other materials. In a sense, the valence band and conduction band are one 
and the same. Conductivity is explained as having an interaction of different 
energy levels of the valence band. 

Studies show that the atoms of most metals and semiconductors are in 
the form of a crystal lattice structure. A crystal consists of a space array 
of atoms or molecules built up by regular repetition in a three-dimensional 
pattern. The energy levels of electrons in the crystal do not respond in the 
same manner as those of an individual atom. When atoms form crystals, the 
energy levels of the inner-shell electrons are not affected by the presence of 
neighboring atoms. However, the valence electrons of individual atoms are 
often shared by more than one atom. 

The new energy level of valence electrons is found in a distinct band. 
The spacing between the energy levels of this band is very small compared 
with that of isolated atoms. Thus, electrons are free to absorb energy and 
to move from one point to another, conducting heat and electricity. In good 
conductors, the energy-level bands of valence electrons tend to overlap. This 
lowers the energy level of valence electrons and increases the electrical 
conductivity of the material. 

Self-Examination 

Answer the following questions. 

17. An energy level diagram shows the _____ band at the bottom and the 
_____ band at the top. 

18. The _____ band represents the highest energy level that electrons can 
attain and still be influenced by the nucleus. 

19. The _____ gap or region separates the valence band and conduction 
bands of an energy-level diagram. 
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20. The width of the forbidden region of an energy-level diagram is
expressed in _____.

21. The energy-level diagram of a(n) _____ shows a wide forbidden gap.
22. The energy-level diagram of a(n) _____ shows a narrow forbidden gap.
23. In the energy-level diagram of a(n) _____, the valence band and

conduction band overlap.
24. The energy that causes an insulator to go into conduction is called _____

voltage.

1.4 Semiconductor Materials

1.4 Explain how current carriers move through semiconductors.
In order to achieve objective 1.4, you should be able to:

• describe the characteristics of N-type and P-type semiconductor
material;

• define the terms intrinsic material, extrinsic material, doping, and holes.

To understand how electronic devices work, you need to have a basic under-
standing of the structure of atoms and the interaction of atomic particles. This
section expands the basic information of the previous section and introduces
the P-N junction. P-N junctions are the basis of operation for many electronic
devices, such as diodes and transistors.

Intrinsic Material

Materials such as silicon, germanium, and carbon are natural elements
found in crystalline form. Instead of being a random mass, these atoms
are arranged orderly. A crystal of silicon or germanium forms a definite
geometric pattern, namely, a cube. Figure 1.13 illustrates a two-dimensional
simplification of the silicon crystal showing only the nucleus and valence
electrons. Note that the electrons of individual atoms are covalently bonded
together. Germanium has a similar type of crystal structure.

Crystals of silicon and germanium can be manufactured by melting the
natural elements. The process is somewhat complex and rather expensive.
Manufactured crystals must be made extremely pure to be useable in semi-
conductor devices. A very pure semiconductor crystal is called an intrinsic
material. Germanium is considered to be intrinsic when only 1 part of
impurity exists in 1010 parts of germanium. Silicon is intrinsic when the
impurity ratio is 1:1013. In more sophisticated solid-state devices, the ratio
may be even higher.
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An intrinsic crystal of silicon would appear as the structure in 
Figure 1.15. Covalent bonding changes the electrical conductivity of the 
material, causing each group of atoms to have a simulated condition of 
stability. Thus, only a limited number of free electrons are available for con
duction. Therefore, silicon and germanium crystals respond to some extent as 
insulators. 

Intrinsic silicon at −273o C is considered to be a perfect insulator. The 
valence electrons of each atom are firmly bonded together in perfect covalent 
bonds. No free electrons are available for conduction. In actual circuit oper
ation, the absolute zero condition is not very meaningful because it cannot 
readily be attained. Any temperature above −273oC causes silicon to become 
somewhat conductive. The insulating quality of a semiconductor material is, 
therefore, dependent on its operating temperature. 

At room temperature, which is approximately 25oC, silicon atoms receive 
enough energy from heat to break their bonding. A number of free electrons 
become available for conduction. At room temperature, intrinsic silicon 
becomes somewhat conductive. 

Figure 1.13 Intrinsic crystal of silicon. The electrons of the individual atoms are covalently 
bonded together. 
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Holes 

An important solid-state event takes place when intrinsic silicon goes into 
conduction. For every electron that is freed from its covalent bonding, a void 
is created. This spot, which is normally called a hole, represents an electron 
deficiency. A hole in a covalent bonding group occurs when an electron is 
released. An increase in the temperature of a piece of silicon causes the 
number of free electrons and holes to increase. 

It should be remembered that when a neutral atom loses an electron, 
it acquires a positive charge. The atom then becomes a positive ion. Since 
an atom acquires a hole at the same time as the positive charge, the hole 
bears a positive charge. It should be noted, however, that the crystal remains 
electrically neutral. For every free electron, there is an equivalent hole. These 
two balance the overall charge of the crystal. 

Hole Flow 
When a valence electron leaves its covalent bond to become a free electron, a  
hole appears in its place. This hole can then attract a different electron from a 
nearby bonded group. On leaving its bonded group, the electron creates a new 
hole. The original hole is then filled and becomes electrically neutral. Each 
electron that leaves its bonding to fill a hole creates a new hole in its original 
group. In a sense, this means that electrons move in one direction and holes 
move in the opposite direction. Since electron movement is considered to be 
an electric current, holes are also representative of current flow. 

Electrons are called negative current carriers and holes are positive 
current carriers that move in opposite directions in a semiconductor mate
rial. When voltage is applied, holes move toward the negative side of the 
source. Electron current flows toward the positive side of the source. This 
condition takes place only in a semiconductor material. In a conductor, such 
as copper, there is no covalent bonding. The current carriers in metallically 
bonded materials are electrons. 

Figure 1.14 shows how an intrinsic piece of silicon responds at room 
temperature when voltage is applied. Note that the free electrons move toward 
the positive terminal of the battery. Electrons leaving the semiconductor flow 
into the copper connecting wire. Each electron that leaves the material creates 
a hole in its place. The holes appear to move by jumping between covalent 
bonded groups. Holes are attracted by the negative terminal connection. For 
each electron that flows out of the material, a new electron enters at the 
negative connection point. 
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Figure 1.14 Current carrier movement in silicon. Electrons and holes move in opposite 
directions. 

The process of hole flow and electron flow through the material is con
tinuous as long as energy is supplied. Current flow is the resulting carrier 
movement. An intrinsic semiconductor has an equal number of current carri
ers moving in each direction. The resulting current flow of a semiconductor 
is limited primarily to the applied voltage and the operating temperature of 
the material. 

Extrinsic Material 
Pure silicon or germanium in its intrinsic state is rarely used as a semicon
ductor. Useable semiconductors must have controlled amounts of impurities 
added to them. The added impurities change the conduction capabilities of 
a semiconductor. The process of adding an impurity to an intrinsic material 
is called doping. The impurity is called a dopant. Doping a semiconductor 
causes it to be an extrinsic material. Extrinsic semiconductors are the 
operational basis of nearly all solid-state devices. 

N-Type Material 
An N-type material is formed when intrinsic silicon is mixed with a Group 
VB element, such as arsenic (As) and antimony (Sb). When these impurities 
are added to silicon or germanium, the crystal structure is unaltered. 
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Figure 1.15 N-type crystal material. The extra electron of each impurity atom does not take 
part in a covalent bonding group and, therefore, does not alter the crystal structure or bonding 
process. 

Atoms of arsenic and antimony have five electrons in their valence band. 
Adding this type of impurity to silicon does not alter the crystal structure or 
bonding process. Each impurity atom has an extra electron that does not take 
part in a covalent bonding group. These electrons are loosely held together 
by their parent atoms. Figure 1.15 shows how a silicon crystal is altered with 
the addition of an impurity atom. 

When arsenic is added to pure silicon, the crystal becomes an N-type 
material. It has extra electrons or negative (N) charges that do not take part 
in the covalent bonding process. These electrons are free to move about 
through the crystal structure. Impurities that add electrons to a crystal are 
generally called donor atoms. An N-type material, therefore, has more extra 
free electrons than an intrinsic piece of material. A piece of N-material is not 
negatively charged; rather, its atoms are electrically neutral. 

An extrinsic silicon crystal of the N-type will go into conduction with 
a very small amount of voltage applied. In contrast, an intrinsic crystal 
(pure silicon) requires a rather substantial amount of voltage or energy for 
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Figure 1.16 Current carriers in an N-type material. Electrons are the majority current 
carriers and holes are the minority current carriers. 

its electrons to go into conduction. Essentially, this means that an N-type 
material is a fairly good electrical conductor. In this type of crystal, electrons 
are considered to be the majority current carriers; holes are the minority 
current carriers. The amount of donor material added to silicon determines 
the number of majority current carriers in its structure. 

The number of electrons in a piece of N-type silicon is a million or 
more times greater than the number of electron−hole pairs of a piece of 
intrinsic silicon. At room temperature, there is a decided difference in the 
electrical conductivity of this material. Extrinsic silicon becomes a rather 
good electrical conductor because there are a larger number of current carriers 
to take part in conduction. Current flow is achieved primarily by electrons in 
this material. Figure 1.16 shows how the current carriers respond in a piece of 
N-type material. There are more electrons indicated than holes; so electrons 
are the majority current carriers and holes are the minority carriers. 

If the voltage source of Figure 1.16 were reversed, the current flow would 
reverse its direction. This means that N-type silicon conducts equally well 
in either direction. The flow of current carriers is simply reversed. This is 
an important consideration in the operation of a device that employs N-type 
material in its construction. The polarity of the external voltage determines 
the direction of current flow through the N-material. 
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P-Type Material 

A P-type material is formed when intrinsic silicon is mixed with Group 
IIIA elements, such as indium (In) or gallium (Ga). Group IIIA elements 
are often called acceptors because they readily seek a fourth electron. This 
type of dopant material has three valence electrons. Each covalent bond that 
is formed with an indium atom has an electron deficiency or hole, which 
represents a positively charged area in the covalent bonding structure. Each 
hole in the P-type material can be filled with an electron. Electrons from 
neighboring covalent bond groups require very little energy to move in and 
fill a hole. Holes in the P-type material tend to wander from one covalent 
bond group to another. 

The ratio of doping material to silicon is typically in the range of 1−106 

or 1−1 million. This means that the P-type material has a million times more 
holes than the heat-generated electron−hole pairs of pure silicon. At room 
temperature, there is a very decided difference in the electrical conductivity of 

Figure 1.17 P-type crystal material. The atoms of the crystal material form a covalent bond 
with indium atoms, creating a deficiency or hole in the covalent bonding structure. This hole 
represents a positively charged area. 
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Figure 1.18 Current carriers in a P-type material. Holes are the majority current carriers and 
electrons are the minority current carriers. 

this material. Figure 1.17 shows how the crystal structure of silicon is altered 
when doped with an acceptor element. In this case, the dopant is indium. 

A P-type material will go into conduction with only a small amount of 
applied voltage. Intrinsic silicon, by comparison, requires substantially more 
voltage to produce conduction. Extrinsic silicon, therefore, is considered to 
be a rather good electrical conductor. In this material, holes are the majority 
carriers and electrons are the minority carriers. The amount of acceptor 
material added determines the number of majority current carriers in its 
structure. 

Figure 1-18 shows how a P-type crystal responds when connected to a 
voltage source. Note that there are more holes than electrons. With voltage 
applied, electrons are attracted to the positive battery terminal. This is illus
trated in Figure 1.18. Holes move, in a sense, toward the negative battery 
terminal. An electron is picked up at this point. The electron immediately 
fills a hole. At the same time, an electron is pulled from the material by the 
positive battery terminal, forming a hole. The hole is attracted to the negative 
battery terminal. Holes, therefore, move toward the negative battery termi
nal because electrons shift between different bonded groups. With energy 
applied, hole flow is continuous. 
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Self-Examination

Answer the following questions.

25. A very pure semiconductor material is called a(n) _____ material.
26. At a temperature of absolute zero, intrinsic silicon is an excellent

insulator; at room temperature, it becomes _____.
27. Electrons are called _____ current carriers, and holes are called _____

current carriers.
28. P-type material is formed by mixing a(n) _____ type of element with

intrinsic silicon.
29. An N-type material is formed by mixing a(n) _____ type of element with

intrinsic silicon.
30. How many electron-pair groups are formed around a single silicon atom

in a covalent bonded structure?

a. One
b. Two
c. Three
d. Four
e. Five

Summary

• An atom is the smallest particle to which an element can be reduced and
still retain its identity.

• Atoms consist of smaller particles called electrons, neutrons, and
protons.

• The nucleus (core) of every atom is composed of one or more positively
charged particles called protons and one or more particles with no
electrical charge called neutrons.

• For every proton in the nucleus of an atom, there is a negatively charged
particle called an electron that orbits the nucleus.

• Electrons orbit the nucleus in shells or layers.
• The energy level and location of electrons in the structure of an atom

determine its electrical conductivity.
• Valence electrons are electrons in the outermost shell and represent the

highest energy level of the atom.
• Stabilized atoms have a full complement of electrons in the valence

band.
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• A stabilized atom will not release electrons under normal conditions.· 
Unstable atoms are those that do not have a full complement of electrons 
in the valence band. 

• An unstable atom will try to become stable by drawing electrons away 
from neighboring atoms. 

• Ionic bonding is the process of bonding atoms through electrostatic 
force. 

• Electrostatic force occurs through the attraction of opposite net charges 
between two atoms. 

• In covalent bonding, electrons alternately shift back and forth between 
each atom and this force bonds individual atoms in a simulated condition 
of stability. 

• In metallic bonding, valence electrons of metal wander between different 
atoms and form a floating cloud of electrons which permits the material 
to be a good conductor. 

• A specific amount of outside energy must be added to valence electrons 
to cause them to go into conduction. 

• Conductivity is the basis of material classifications such as insulators, 
semiconductors, and conductors. 

• Hole flow and electron flow occur in semiconductor material as long as 
energy is supplied. 

• An N-type material is formed when intrinsic silicon is mixed with a 
Group VA element, such as arsenic. 

• A P-type material is formed when intrinsic silicon is mixed with Group 
IIIA elements, such as indium or gallium. 

• In contrast to intrinsic silicon crystal, extrinsic silicon crystal will go 
into conduction with a very small amount of applied voltage. 

• In N-type material, electrons are the majority current carriers and holes 
are the minority carriers. 

• In P-type material, holes are the majority current carriers and electrons 
are the minority carriers. 

Formulas 

(1-1) atomic weight = atomic mass rounded to nearest whole number 
Atomic weight of an atom. 

(1-2) number of neutrons = atomic weight − atomic number Number of 
neutrons in the nucleus of an atom. 
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Answers 

Examples 

1-1. 14 
1-2. K-shell = 2 s-level 

L-shell = 2 s-level 
= 6 p-level 

M-shell = 2 s-level 
= 6 p-level 
= 10 d-level 

N-shell = 2 s-level 
= 2 p-level 

Self-Examination 

1.1 

1. atomic number 
2. protons, neutrons 
3. mass 
4. electron 
5. K 
6. s, p, d, e, f, and g 
7. P 
8. orbital 

1.2 

9. ground 
10. stable 
11. compound 
12. ionic 
13. ionic 
14. covalently 
15. covalent 
16. Metallic 

1.3 

17. valence, conduction 
18. valence 
19. forbidden 
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20. electron volts 
21. insulator 
22. semiconductor 
23. conductor 
24. breakdown 

1.4 

25. intrinsic 
26. conductive or a conductor 
27. negative, positive 
28. acceptor 
29. donor 
30. d. Four 

Terms 

Matter 

Anything that occupies space and has weight. It can be a solid, a liquid, or a 
gas. 

Element 

The basic materials that make up all other materials. They exist by them
selves, such as copper, hydrogen, and carbon or in combination with other 
elements, such as water, a combination of the elements hydrogen and oxygen. 

Atom 

The smallest particle to which an element can be reduced and still retain its 
identity. 

Compound 

Two or more elements that have been chemically combined. 

Molecule 

The smallest particle to which a compound can be reduced before being 
broken down into its basic elements. 

Nucleus 

The core or center part of an atom, which contains protons having a positive 
charge and neutrons having no electrical charge. 
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Proton 

A particle at the center of an atom that has a positive (+) electrical charge. 

Neutron 

A particle in the nucleus (center) of an atom that has no electrical charge. 

Electron 

A negatively charged particle that orbits the nucleus of an atom. 

Atomic weight 

The sum of protons and neutrons in the nucleus. 

Atomic number 

The number of protons contained in the nucleus of an atom. 

Valence electrons 

Electrons in the outer shell of an atom. 

Orbital 

The mathematical probability of where an electron will appear in the structure 
of an atom. 

Ionic bonding 

Bonding that occurs from the attraction of opposite net charges (electrostatic 
force) of two atoms. 

Covalent bonding 

Bonding that occurs by atoms positioning themselves so that the energy levels 
of their valence electrons interact. The valance electrons are, in essence, 
shared between atoms. 

Metallic bonding 

Bonding that occurs due to a floating cloud of ions that hold atoms loosely 
together in a conductor. 

Forbidden gap 

Separates the valence and conduction bands. The width of the forbidden gap 
indicates the conduction status the material it represents. In atomic theory, the 
width of the forbidden gap is expressed in electron volts (eV). 
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Electron volt 

The amount of energy gained or lost when an electron is subjected to a 
potential difference of 1 V. 

Breakdown voltage 

The energy level value that causes an insulator to go into conduction. 

Intrinsic material 

A very pure semiconductor crystal. 

Doping 

The process of adding an impurity to an intrinsic material. 

Extrinsic material 

An intrinsic material that has been doped. 

N-type material 

A semiconductor material that is formed when intrinsic silicon is mixed with 
a Group VB element, such as arsenic (As) and antimony (Sb). 

P-type material 

A semiconductor material that is formed when intrinsic silicon is mixed with 
Group IIIB elements, such as indium (In) or gallium (Ga) 
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P–N Junction Diodes
 

P–N junction diodes are used rather extensively in the field of electronics. 
Radio, television, industrial control, computers, home entertainment equip
ment, and electrical appliances are a few of the applications. Diodes are 
probably the simplest of all electronic devices because only two leads, or 
electrodes, are used in their construction. 

In general, diodes are used to control the conduction of electric current. 
Functionally, diodes are unidirectional, which means that they conduct well 
in only one direction. Diodes, therefore, are designed to block or pass current 
according to the polarity of voltage applied (biasing). This permits the diode 
to be used as a switch. Diodes can also be used to alter the direction of current 
passing through other electronic parts. In this application, the diode is used 
to change AC to DC, a process called rectification. Rectification is one of 
the most common applications of the diode and is covered in Chapter 4 − 
Power Supply Circuits. Other functions of the diode are the operational basis 
of more complex electronic devices. 

Transistors, integrated circuits, and other solid-state devices are con
structed by the same techniques used to produce diodes. A person working 
in electronics must, therefore, be familiar with the characteristic operation of 
this device. P–N junction diode theory is the subject of this chapter. Learning 
this material is an essential first step in understanding how semiconductor 
devices operate. 

Objectives 

After studying this chapter, you will be able to: 
2.1 describe the physical characteristics of a P–N junction diode; 
2.2 distinguish between the forward and reverse characteristics of a diode; 
2.3 interpret the I-V characteristics curve of a solid-state diode; 
2.4 interpret a manufacturer’s data sheet for a P–N junction diode; 
2.5 evaluate the condition of a diode as good, shorted, or open. 

39
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Chapter Outline 

2.1 P–N Junction Diode Construction 
2.2 Junction Biasing 
2.3 Diode Characteristics 
2.4 Diode Specifications 
2.5 Troubleshooting Diodes 

Key Terms 

anode 
barrier potential 
bias voltage 
cathode 
depletion zone 
diffusion 
forward biasing 
junction 
junction capacitance 
knee voltage 
leakage current 
reverse biasing 
switching time 
Zener breakdown 

2.1 P–N Junction Diode Construction 

In the previous chapter, you learned about the construction of P-type and N-
type semiconductor materials and how these materials respond when they are 
coerced into conduction. In this chapter, you will learn about the P–N junction 
diode. The P–N junction diode is a two-terminal, semiconductor device made 
of P-type and N-type material. One terminal is attached to the P-type material 
and the other is attached to the N-type material. The current carriers in a 
P–N junction diode respond differently than those in pure P-type or N-type 
semiconductor material. In this section, you will learn how the current carriers 
respond immediately after the diode is formed. 

2.1 Describe the physical characteristics of P–N junction diode. 
In order to achieve objective 2.1, you should be able to: 

• explain how a P–N junction diode is constructed; 
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• explain the interaction of current carriers when a P–N junction is formed;
• define the terms junction, diffusion, depletion zone, and barrier

potential.

Figure 2.1 shows the crystal structure of a P–N junction diode. The
crystal structure is continuous from one end to the other. The point where
the N-type and P-type materials in a P–N junction diode are joined is called
a junction. The junction serves only as a dividing line that marks the ending
of one material and the beginning of the other. This type of structure permits
electrons to move readily through the entire structure.

Figure 2.2 shows two pieces of semiconductor material before they are
formed into a P–N junction. As indicated, each piece of material has majority

Figure 2.1 Crystal structure of a junction diode. The crystal structure is continuous, allowing
electrons to move readily through the entire structure.

Figure 2.2 Semiconductor materials. Holes are the majority carriers and electrons are the
minority carriers in the P-type material. Electrons are the majority carriers and holes are the
minority carriers in the N-type material.
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and minority current carriers. The number of carrier symbols shown in each 
material indicates the minority or majority function. Note that electrons are 
the majority carriers in the N-type material and the minority carriers in the 
P-type material. Holes are the majority carriers in the P-type material and the 
minority carriers in the N- type material. Both holes and electrons are free to 
move about in their respective materials. 

Depletion Zone 

When a junction diode is first formed, there is a unique interaction between 
current carriers. Electrons from the N-type material move readily across the 
junction to fill holes in the P-type material. This action is commonly called 
diffusion. Diffusion is the result of a high concentration of carriers in one 
material and a lower concentration in the other. Only those current carriers 
near the junction take part in the diffusion process. 

The diffusion of current carriers across the junction of a diode causes a 
change in the diode’s structure. Figure 2.3 shows that electrons leaving the 
N-type material cause positive ions to be generated in their place. On entering 

Figure 2.3 Depletion zone formation. The depletion zone is created from electrons leaving 
the N-type material and entering the P-type material to fill holes. 
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the P-type material to fill holes, these same electrons create negative ions. The 
areas on both sides of the junction then contain a large number of positive 
and negative ions. The number of holes and electrons in this area becomes 
depleted. The term depletion zone is used to describe this area. It represents 
an area that is void of majority current carriers. All P–N junctions develop a 
depletion zone when they are formed. 

Barrier Potential 

Before N-type and P-type materials are joined together, they are considered to 
be electrically neutral. After they are joined, however, diffusion takes place 
immediately. The creation of negative and positive charges on the P and N 
sides of the junction, respectively, tends to drive the remaining electrons and 
holes away from the junction. This action makes it somewhat difficult for 
additional charge carriers to diffuse across the junction. The end result is a 
charge buildup or barrier potential across the junction. 

Figure 2.4 shows the resulting barrier potential as a small battery con
nected across the P–N junction. Barrier potential is a small voltage developed 
across the P–N junction due to diffusion of holes and electrons. 

Figure 2.4 Barrier potential of a diode. 
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Note the polarity of this potential with respect to the P-type and N-type 
materials. This voltage exists even when the crystal is not connected to an 
outside source of energy. The barrier potential is approximately 0.3 V for 
germanium and 0.7 V for silicon; however, these voltage values cannot be 
measured directly. They appear only across the depletion zone of the junction. 
The barrier potential of a P–N junction must be overcome by an outside 
voltage source to produce current conduction. 

Self-Examination 

Answer the following questions. 

1. A(n) _____ is a two-terminal electronic device. 
2. The point where N-type and P-type materials are joined together in a 

diode is called a(n) _____. 
3. A diode is formed by joining a piece of _____ material to a piece of 

_____ material at a common junction. 
4. The majority current carriers of a piece of N-type material are _____. 
5. The majority current carriers of a piece of P-type material are _____. 
6. The minority current carriers of a piece of N-type material are _____. 
7. The minority current carriers of a piece of P-type material are _____. 
8. The process of electrons moving from N-type material across a junction 

to fill holes in P-type material is called _____. 
9. Electrons leaving the N-type material to fill holes in the P-type material 

cause a(n) _____ to appear across the junction. 
10. The barrier potential is approximately _____ for germanium and _____ 

V for silicon. 
11. An area near the junction of a diode that is void of current carriers is 

called the _____. 

2.2 Junction Biasing 

In the previous section, you learned that a barrier potential exists in the 
junction of a P–N junction diode and that it must be overcome by an outside 
voltage source to produce current conduction. In this section, you will learn 
how majority and minority carriers react when voltage is applied to the diode 
and how the barrier potential is affected. You will see that a P–N junction 
diode permits current carriers to flow readily in one direction and blocks the 
flow of current in the opposite direction. 
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2.2 Distinguish between the forward and reverse characteristics of a 
diode. 

In order to achieve objective 2.2, you should be able to: 

• connect a diode so that it is forward or reverse biased; 
• explain how majority and minority carriers react when a diode is reverse 

biased; 
• explain how majority and minority carriers react when a diode is forward 

biased; 
• define the terms bias voltage, forward biasing, reverse biasing, and 

leakage current. 

The barrier potential of a P–N junction can be increased or reduced, depend
ing on how the P–N junction diode is connected or biased in the circuit. A 
P–N junction diode whose P-type material is connected to the negative ter
minal and N-type material connected to the positive terminal of the battery is 
reverse biased. A P–N junction diode whose P-type material is connected to 
the positive terminal and N-type material connected to the negative terminal 
of the battery is forward biased. Any external source of energy applied to a 
P–N junction is called a bias voltage or, simply, a bias. 

Reverse Biasing 

Reverse biasing adds external voltage of the same polarity to the barrier 
potential and causes an increase in the width of the depletion zone, which 
hinders current carriers from entering the depletion zone. Take a look at 
Figure 2.5. 

Note that the negative terminal of the battery is connected to the P-
type material and the positive terminal is connected to the N-type material. 
This connection causes the battery polarity to oppose the material polarity 
of the diode. Since unlike charges attract, the majority charge carriers of 
each material are pulled away from the junction. Reverse biasing of a diode 
normally causes it to be nonconductive. 

Depletion Zone 

Figure 2.6 shows how the majority current carriers are rearranged in a 
reverse-biased diode. As shown, electrons of the N-type material are pulled 
toward the positive battery terminal. Each electron that moves or leaves the 
diode causes a positive ion to appear in its place. This causes a corresponding 
increase in the width of the depletion zone on the N side of the junction. 
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Figure 2.5 Reverse-biased diode. The negative terminal of the battery is connected to the 
P-type material, and the positive terminal is connected to the N-type material. 

The reaction on the P side of the diode is very similar. In this case, a 
number of electrons leave the negative battery terminal and enter the P-type 
material. These electrons immediately move in and fill a number of holes. 
Each filled hole becomes a negative ion. These ions are then repelled by 
the negative battery terminal and driven toward the junction. As a result, the 
width of the depletion zone increases on the P side of the junction. 

The depletion zone width of a reverse-biased diode is directly dependent 
on the value of the supply voltage. With a wide depletion zone, a diode cannot 
effectively support current flow. The charge buildup across the junction 
increases until the barrier voltage equals the external bias voltage. When this 
occurs, a diode effectively becomes a nonconductor. 

Leakage Current 

The wider depletion zone of a reverse-biased diode represents an area that is 
almost void of majority current carriers and, thus, responds as an insulator. 
Ideally, current carriers do not pass through an insulator. However, in a 
reverse-biased diode, some current actually flows through the depletion zone. 
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Figure 2.6 Depletion zone creation in a reverse-biased diode. In the N-type material, 
electrons are pulled toward the positive battery terminal, leaving positive ions in their place. 
Electrons leave the negative battery terminal and enter the P-type material, filling holes and 
creating positive ions. The end result is a wider depletion zone. 

This is called leakage current. Leakage current is dependent on minority 
current carriers. 

Remember that minority carriers are electrons in the P-type material and 
holes in the N-type material. Figure 2.7 shows how these carriers respond 
when a diode is reverse biased. It should be noted that the minority carriers 
of each material are pushed through the depletion zone to the junction, which 
causes a very small amount of leakage current. Normally, leakage current is 
so small that it is often considered negligible. 

The number of minority current carriers in a semiconductor is pri
marily dependent on temperature. At normal room temperatures of 25◦C 
(77◦F), there are a rather limited number of minority carriers present in a 
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Figure 2.7 Minority current carriers in a reverse-biased diode. Minority carriers of each 
material are pushed through the depletion zone to the junction, causing a very small amount 
of leakage current. 

semiconductor. However, when the surrounding temperature rises, it causes 
a considerable increase in minority carrier production, which creates a 
corresponding increase in leakage current. 

Leakage current occurs, to some extent, in all reverse-biased diodes. 
In germanium diodes, leakage current is only a few microamperes. Silicon 
diodes normally have fewer minority current carriers; so they have less leak
age current. Typical leakage current values for silicon are a few nanoamperes. 
The construction material of a diode is, thus, an important consideration. Ger
manium is much more sensitive to temperature than silicon; so germanium 
has a higher level of leakage current. This factor is largely responsible for the 
widespread use of silicon in modern semiconductor devices. 
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Forward Biasing 

Forward biasing reduces the barrier potential and causes current carriers to 
return to the depletion zone. Take a look at Figure 2.8. Note that the positive 
battery terminal is connected to the P-type material and the negative terminal 
is connected to the N-type material. This voltage repels the majority current 
carriers of each material. A large number of holes and electrons, therefore, 
appear at the junction. On the N side of the junction, electrons move in to 
neutralize the positive ions in the depletion zone. In the P-type material, 
electrons are pulled from negative ions, which cause them to become neutral 
again. This means that forward biasing causes the depletion zone to collapse 
and the barrier potential to be removed. The P–N junction, therefore, supports 
a continuous current flow when it is forward biased. 

Figure 2.9 shows how the current carriers of a forward-biased diode 
respond. Since the diode is connected to an external voltage source, it has a 
constant supply of electrons. Large arrows are used in the diagram to show the 
direction of current flow outside the diode. Inside the diode, smaller arrows 
show the movement of majority current carriers. Remember that electron 
flow and current are synonymous. 

Figure 2.8 Forward-biased diode. The positive battery terminal is connected to the P-type 
material, and the negative battery terminal is connected to the N-type material. 
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Figure 2.9 Current carrier flow in a forward-biased diode. 

Starting at the negative battery terminal, assume that electrons are flowing 
through a wire to the N-type material. On entering this material, they flow 
immediately to the junction. At the same time, an equal number of electrons 
are removed from the P-type material and are returned through a resistor 
to the positive battery terminal. This action generates new holes and causes 
them to move toward the junction. When these holes and electrons reach the 
junction, they combine and effectively disappear. At the same time, new holes 
and electrons appear at the outer ends of the diode. These majority carriers 
are generated on a continuous basis. This process continues as long as the 
external voltage source is applied. 

It is important to realize that electrons flow through the entire diode when 
it is forward biased. In the N-type material, this is quite obvious. In the P-
type material, however, holes are the moving current carriers. Remember that 
hole movement in one direction must be initiated by electron movement in 
the opposite direction. Therefore, the combined flow of holes and electrons 
through a diode equals the total current flow. 
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The concept of hole movement in a P- or N-material may be visualized as
a sequence of movement of a holes developed during electron-pair bonding.

The current-limiting resistor, Rlimit, of Figure 2.9 is essential in a
forward-biasing diode circuit. This resistor is needed to keep the current
flow at a safe operating level. The maximum current (Imax) rating of a diode
represents this value. As long as diode current does not exceed this value, it
can operate satisfactorily.

Self-Examination

Answer the following questions.

12. A(n) _____ permits current carriers to flow readily in one direction and
blocks the flow of current in the other direction.

13. The process of connecting a voltage source across the P–N junction of a
diode is called _____.

14. When the negative side of the voltage source is connected to the P-type
material and the positive side of the source is connected to the N-type
material, _____ biasing occurs.

15. When the positive side of the source is connected to the P-type material
and the negative side of the source is connected to the N-type material,
_____ biasing occurs.

16. Since unlike charges attract, the _____ current carriers of a reversed-
biased diode are pulled away from the junction.

17. A reverse-biased diode is considered to be _____.
18. Reverse biasing of a diode causes the width of the depletion zone to

_____.
19. The minority current carrier content of a diode determines _____

current.
20. Minority current carrier content of a diode is _____ dependent.
21. Leakage current is greatest in diodes made of _____.
22. _____ biasing of a diode causes the depletion zone to collapse.
23. Current-limiting resistors are used in forward-biased diode circuits to

keep the _____ at a safe operating level.

2.3 Diode Characteristics

Now that you have seen how a junction diode operates, it is time to examine
some of its electrical characteristics, such as voltage, current, and tempera-
ture. Since these characteristics vary greatly in an operating circuit, it is best
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to look at them graphically. This makes it possible to see how the device 
responds under different operating conditions. 

2.3 Identify the I-V characteristics curve of a solid-state diode. 
In order to achieve objective 2.3, you should be able to: 

• describe the relationship between forward voltage and forward current; 
• describe the relationship between reverse voltage and reverse current; 
• describe the layout of an I-V chart; 
• define the terms knee voltage, Zener breakdown, and avalanche break

down. 

Forward Characteristics 

When a diode is connected in the forward-bias direction, it conducts forward 
current (IF). The value of forward current is directly dependent on the amount 
of forward voltage (V F); see Figure 2.10. The relationship between forward 
voltage and forward current is called the ampere-volt, or I–V, character
istic of a diode. A typical diode forward I–V characteristic is shown in 
Figure 2.10(a), with its test circuit in Figure 2.10(b). Note, in particular, 
that VF is measured across the diode and that IF is a measure of what flows 
through the diode. The value of the source voltage (VS) does not necessarily 
compare in value with VF. 

When VF equals 0 V, IF equals 0 mA. This value starts at the origin (0) of 
the graph. If V F is gradually increased in 0.1-V steps, IF begins to increase. 
When the value of VF is great enough to overcome the barrier potential of 
the P–N junction, a substantial increase in IF occurs. The point at which this 
occurs is often called the knee voltage. Knee voltage (VK) is approximately 
0.3 V for germanium diodes and 0.7 V for silicon. 

If the value of VF increases much beyond V K, the forward current 
becomes quite large. This, in effect, causes heat to develop across the 
junction. Excessive junction heat can destroy a diode. To prevent this from 
happening, a protective resistor, called a limiting resistor, is connected in 
series with the diode. This resistor limits IF to some point below the maxi
mum current value of the diode. Diodes should not be operated in the forward 
direction without a current-limiting resistor. 

Figure 2.10(b) shows a forward-biased silicon diode that has its current 
limited by a limiting resistor (Rlimit). Assume that the limiting resistor has 
a value of 100 Ω. When the diode is connected in this manner, the forward 
current depends on the source voltage and the value of the limiting resistor. 
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Figure 2.10 (a) I–V characteristics of a diode. (b) Diode characteristic test circuit. Silicon 
diode connected in forward conduction. Forward current depends on the source voltage and 
the value of the current-limiting resistor. 
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Ohm’s law can determine the resulting forward current. Forward current (IF), 
therefore, is determined by the following expression: 

IF = V S − V K/Rlimit. (2.1) 

Note that this formula takes into account the voltage drop across the diode 
when it is forward biased. For a silicon diode, this is 0.7 V. The voltage across 
the limiting resistor is the source voltage (V S) minus the knee voltage (V K) 
across the diode. Therefore, 

IF = V S − V K/Rlimit 

IF = 10  V − 0.7 V/100 Ω 

= 9.3 V/100 Ω 

= 0.093 A, or 93 mA. 

Example 2-1: 

What is the forward current of this circuit? 

Solution 

The source voltage (V S) for this circuit is 10 V and the limiting resistor 
(Rlimit) is 200 Ω. The knee voltage (V K) for a germanium diode is 0.3 V. 
Therefore, 

IF = V S − VK/Rlimit 

IF = 10 V  − 0.3 V/200 Ω 

= 9.7 V/200 Ω 

= 0.0485 A or 48.5 mA. 

Related Problem 

What is the forward current of this example if the diode were silicon? 

Reverse Characteristics 

When a diode is connected in the reverse-bias direction, it has an IR−V R 

characteristic. Figure 2.11 shows the reverse I–V characteristic of a diode 
and its test circuit. This characteristic has different values of IR and VR. 
Reverse current is usually quite small. The vertical I–V line in this graph has 
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(a) 

(b) 

Figure 2.11 (a) Reverse I–V characteristics of a diode. (b) Reverse diode characteristic test 
circuit. 

current values graduated in microamperes. The number of minority current 
carriers that take part is quite small. In general, this means that IR remains 
rather constant over a large part of V R. Note also that V R is graduated in 
100-V increments. Starting at zero when the reverse voltage of a diode is 
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increased, there is only a slight change in IR. At the voltage breakdown V R 

point, current increases rapidly. The voltage across the diode remains fairly 
constant at this time. This constant-voltage characteristic leads to a number of 
reverse-biased diode applications. Normally, diodes are used in applications 
where the V R is not reached. 

The physical processes responsible for current conduction in a reverse-
biased diode are called Zener breakdown and avalanche breakdown. Zener 
breakdown occurs when electrons are pulled from their covalent bonds in a 
strong electric field. This occurs at a rather high value of V R. When large 
numbers of covalent bonds are broken at the same time, there is a sudden 
increase in IR. 

Avalanche breakdown is an energy-related condition of reverse biasing. 
At high values of V R, minority carriers gain a great deal of energy. This 
gain may be great enough to drive electrons out of their covalent bonding, 
which creates new electron−hole pairs. These carriers then move across the 
junction and produce other ionizing collisions and additional electrons. The 
process continues to build until an avalanche of current carriers is produced, 
at which point the process is irreversible. 

Combined I–V Characteristics 

The forward and reverse I–V characteristics of a diode are generally com
bined on a single characteristic curve. Figure 2.12 shows a rather standard 
method of displaying this curve. Forward-bias and reverse-bias voltages, 
VF and VR, are usually plotted on the horizontal axis of the graph. VF extends 
to the right and VR to the left. The point of origin, or zero value, is at the 
center of the horizontal line. 

Forward and reverse current values are shown vertically on the graph. 
IF extends above the horizontal axis, with IR extending downward. The ori
gin serves as a zero indication for all four values. This means that combined 
V F and IF values are located in the upper-right part of the graph, and V R and 
IR are located in the lower-left corner. Different scales are normally used to 
display forward and reverse values. 

A rather interesting comparison of silicon and germanium characteristic 
curves is shown in Figure 2.13. A careful examination shows that germa
nium requires less forward voltage to go into conduction than silicon. This 
characteristic is a distinct advantage in low-voltage circuits. Note also that 
a germanium diode requires less voltage drop across it for different values 
of current. This means that germanium has a lower resistance to forward 
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Figure 2.12 Forward and reverse I–V characteristics of a diode. 

current flow. Germanium, therefore, appears to be a better conductor than 
silicon. Silicon is more widely used, however, because of its low leakage 
current and lower production cost. 

The reverse-bias characteristics of silicon and germanium diodes can also 
be compared in Figure2.13. The IR of a silicon diode is very small compared 
with that of a germanium diode. 

Reverse current is determined primarily by the minority current con
tent of the material, a condition influenced primarily by temperature. For 
germanium diodes, IR doubles for each 10◦C rise in temperature. In a 
silicon diode, the change in IR is practically negligible for the same rise in 
temperature. As a result, silicon diodes are preferred over germanium diodes 
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Figure 2.13 Silicon and germanium diode characteristics. The germanium diode requires 
less forward voltage to go into conduction. The silicon diode remains in a stable state in 
reverse bias until the breakdown voltage is reached. 

in applications where large changes in temperature occur. Comparisons of 
this type are quite obvious through the study of characteristic curves. 

Self-Examination 

Answer the following questions. 

24. In a diode, forward current (IF) is _____ related to the value of forward 
voltage (VF). 

25. Forward voltage (VF) is measured _____ a diode. 
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26. Forward current (IF) is a measure of the current passing _____ a diode. 
27. When VF overcomes the barrier potential of a P–N junction, there is a 

large increase in _____. 
28. The knee voltage (VK) is 0.3 V for _____ and 0.7 V for _____. 
29. When the electrons of a diode are pulled from their covalent bonding in 

a strong reverse-biased electric field, _____ breakdown occurs. 
30. The _____ breakdown of a diode is due to an energy-related reverse-

biased condition. 

2.4 Diode Specifications 

Selection of a diode for a specific application requires knowledge of its 
specifications. This type of information is usually made available through 
the manufacturer. Diode specifications generally include absolute maximum 
ratings, typical operating conditions, mechanical data, lead identification, 
mounting procedures, and characteristic curves. This section provides you 
with the knowledge needed to interpret a diode data sheet. 

2.4 Interpret a manufacturer’s data sheet for a P–N junction diode. 
In order to achieve objective 2.4, you should be able to: 

• describe common data sheet specifications for a diode; 
• explain how voltage affects junction capacitance; 
• explain how temperature affects diode operation; 
• define the terms junction capacitance and switching time. 

Diode Data Sheet 

Data sheets for semiconductor devices will be placed at the END of the 
chapter. Take a look at the end of this chapter to review representative 
diode data sheets. Some of the important rating and operating condition 
specifications are explained in the following: 

1. Maximum reverse voltage, V RM: The absolute maximum or peak 
reverse-bias voltage that can be applied to a diode. This may also be 
called the peak inverse voltage (P IV) or peak reverse voltage (P RV). 

2. Reverse breakdown voltage, V BR (VR): The minimum steady-state 
reverse voltage at which breakdown occurs. 

3. Maximum forward current, IF: The absolute maximum repetitive 
forward current that can pass through a diode at 25◦C (77◦F). This is 
reduced for operation at higher temperatures. 
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4. Maximum forward surge current, IFM (surge): The maximum current 
that can be tolerated for a short interval of time. This current value 
is much greater than IFM. This represents the increase in current that 
occurs when a circuit is first turned on. 

5. Maximum reverse current, IRM (IR): The absolute maximum reverse 
current that can be tolerated at device operating temperature. 

6. Forward voltage, V FM (V F): Maximum forward voltage drop for a 
given forward current at device operating temperature. 

Some other specifications that may be found in a diode data sheet include the 
following: 

1. Mechanical data – this refers to the type of material used to construct 
the diode (usually molded plastic), maximum temperature values, and 
dimensions of the device. 

2. Lead identification – shows the diode symbol or a band on the cathode 
side to specify polarity. 

3. Mounting procedures – any special instructions in terms of temperature 
and dimensions/size restrictions are included. 

4. Characteristic curves – Figure 2.14 includes a forward current derat
ing curve that plots maximum average forward current (IF) at various 
ambient temperatures. 

As you can see, the diode data sheet has a great deal of specific information. 
This information is simplified and applied in this chapter. 

Other values that might be included on a data sheet include the following: 

1. Power dissipation, P D: The maximum power that the device can safely 
absorb on a continuous basis in free air at 25◦C (77◦F). This may not 
appear on all data sheets. It can be calculated as P D = IFM × V FM. 

2. Reverse recovery time, T rr: The maximum time it takes the device to 
switch from its on state to its off state. This is not identified on the data 
sheet. 

Diode Temperature 

The operation of a diode is directly related to temperature. All semiconductor 
materials are similar in this respect. The primary effect of temperature is the 
generation of additional electron−hole pairs because more valence electrons 
are thermally excited and gain enough energy to move into the conduction 
band. These additional current carriers cause a decided change in the I–V 
characteristics of the diode. 
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Figure 2.14 I–V characteristics of a silicon diode at 100◦C, 50◦C, and 25◦C. In the forward 
bias, less voltage is needed to produce conduction at higher temperatures. In the reverse bias, 
there is a great deal more leakage current at higher temperatures. Lower temperatures produce 
higher breakdown voltages in forward and reverse biases. 

Figure 2-14 shows how the I–V characteristics of a silicon diode change 
with temperature. These operating temperatures are indicated in degrees 
Celsius. Three main differences should be noted. The first of these is in 
the forward-bias region. This shows that less voltage is needed to produce 
conduction at higher temperatures. The other differences are in the reverse-
bias area. One of these shows that there is a great deal more leakage current 
at higher temperatures. The third difference is in the breakdown voltage. This 
indicates that lower temperatures produce higher breakdown voltages. These 
considerations must all be taken into account when selecting a diode for a 
circuit application. 

Electronic circuits that employ diodes are called on to operate in a rather 
wide range of temperatures. Consumer-grade diodes are usually rated for a 
range of −50◦C to  +100◦C. The extremes of this range are more meaningful 
if related to the boiling point of water (100◦C or 212◦F) and the freezing point 
of mercury (−39◦C or  −40◦F). Military-grade diodes are rated at −65◦C 
to 125◦C. This type of diode is much more expensive than consumer-grade 
devices. 
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Junction Capacitance 

A capacitor is defined as two or more conductive plates separated by an 
insulating material, called a dielectric. Remember that a capacitor develops 
an electrostatic charge between two conductive plates. The strength of the 
charge depends on the applied voltage, the size of the conductive plates, and 
the dielectric constant of the insulating material. The closer the plates are, the 
more charge may be set up between them. 

A reverse-biased diode has a structure that responds as a capacitor. The 
two independent crystal materials serve as conductor plates, with the deple
tion zone acting as a dielectric material. The term junction capacitance 
is used to describe this effect. The value of a capacitor is determined by 
the thickness of the dielectric material and the area of the two conducting 
plates. The value of diode junction capacitance depends on the thickness of 
its depletion zone. Figure 2.15 shows reverse-biased P–N junction diode. 
A decrease in bias voltage causes a decrease in the depletion zone and 

Figure 2.15 Junction capacitance in a reverse-biased P–N junction diode. 
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an increase in junction capacitance. An increase in bias voltage causes an 
increase in the depletion zone and a decrease in junction capacitance. 

Junction capacitance is a variable value that is dependent on bias voltage 
(Figure 2.15). Small amounts of reverse bias, and, in some cases, forward 
bias, produce the largest values of junction capacitance because the width of 
the depletion zone is reduced (Figure 2.15(a)). A decrease in the depletion 
zone or dielectric thickness causes a corresponding increase in capacitance. 
When the reverse-bias voltage of a diode is increased, there is a decrease 
in junction capacitance because the width of the depletion zone is increased 
(Figure 2.15(b)). With a thicker dielectric material, there is a smaller junction 
capacitance. 

The dielectric constant of a silicon depletion zone is approximately 12. 
This means that the depletion zone is 12 times better than air as a dielec
tric. As a result, some rather significant capacitance values appear across a 
junction diode. This value is extremely important in high-frequency circuit 
applications. A reverse-biased diode can, therefore, respond as a voltage-
controlled capacitor. Special devices known as varicap diodes are designed 
to perform this function. Varicap diodes are discussed in Chapter 5. 

Switching Time 

One rather important characteristic for some diodes is switching time, which 
refers to the time it takes for a diode to switch from one state to the other. This 
condition is important in computer applications that involve rapid turn-on and 
turn-off times. 

When a junction diode is forward biased, its depletion zone begins to fill 
with current carriers. This action produces a large number of electron−hole 
recombinations near the junction. If the bias voltage is suddenly removed, 
the recombination process does not stop instantly. Current carriers have a 
type of inertia that causes them to continue moving once they are placed 
in motion. The nonconduction state cannot be reached until all the current 
carriers have cleared the depletion zone. This means that the depletion zone 
has a current-carrier storage function. 

Changing state from reverse bias to forward bias is also time dependent 
in a diode. The delay involved in this characteristic is due to junction capaci
tance. This capacitance tends to absorb the initial forward-bias current when 
it is being charged. After the charging operation has been completed, current 
carriers become available for normal conduction. Special switching diodes 
are now available for most high-speed control operations. 
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Diode Packaging 

Diodes are manufactured in a wide range of case styles and packages. 
A person working with these devices must be familiar with some of the 
common methods of packaging. Element identification and lead marking 
techniques are essential for proper installation and testing. A diode improp
erly connected in a circuit may be damaged or may cause damage to other 
circuit parts. Figure 2.16 shows the general classes of diodes according to 

Figure 2.16 Diode packages. (a) Plastic and metal diode outlines (“DO” packages). (b) Low-
power diodes. (c) Medium-power diodes. 
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their current-handling capability. These represent some of the more popular 
package styles. 

The low-current diodes of Figure 2.16(a) are the smallest of all pack
ages. The body length of these packages rarely exceeds 0.3 cm. The cathode 
is usually denoted by a painted color band. Glass-packaged diodes often have 
two or three color bands to indicate specific number types. This group of 
diodes is generally capable of passing forward current values of approxi
mately 100 mA. The peak reverse voltage rating rarely exceeds 100 V. Low 
reverse current values for these devices are typically 5 mA at 25◦C. 

The medium-current diodes of Figure 2.16(b) are slightly larger in size 
than the low-current devices. Body size is approximately 0.5 cm with larger 
connecting leads. Diodes in this group can pass forward current values up to 
5 A. Peak reverse voltage ratings generally do not exceed 1000 V. The anode 
(+) and cathode (−) terminals may be identified by a diode symbol on the 
body of the device. A color band near one end of the case is also used to 
identify the cathode. Low- and medium-current diodes are usually mounted 
by soldering. Any heat generated during operation is carried away by air or 
lead conduction. 

High-current, or power, diodes are the largest of all diode types shown 
in Figure 2.20(c) and (d). These devices normally generate a great deal of 
heat. Air convection of heat is generally not adequate for most installations. 
These devices are designed to be mounted on metal heat sinks, which conduct 
heat away from the diode. Diodes of this classification can pass hundreds of 
amperes of forward current. Peak reverse voltage ratings are in the 1000-V 
range. Numerous packaging types and styles are used to house power diodes. 
As a rule, the rating of the device and method of installation usually dictate 
its package type. 

Self-Examination 

Answer the following questions. 

31. The absolute maximum reverse-bias voltage that can be applied to a 
diode is called the _____. 

32. IFM  refers to the absolute maximum _____ that can pass through a 
diode. 

33. The I–V characteristics of a silicon diode change with _____. 
34. The crystal structure of a reverse-biased diode responds as a(n) _____. 
35. The depletion	 zone of a reverse-biased diode serves as the _____ 

material of a capacitor. 
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36. A diode responds as a voltage-controlled _____ capacitor. 
37. The ability of a diode to change from one state to another is called _____. 
38. Diodes are generally packaged according to their _____ rating. 

2.5 Troubleshooting Diodes 

Diode operation is determined by its connection in a circuit. Current conduc
tion is directly dependent on the polarity of the device. Heavy conduction 
occurs when it is forward biased, and very little conduction occurs when 
it is reverse biased. Connecting a diode backward in a circuit reverses its 
conduction. This can destroy the diode and possibly damage several other 
circuit parts. A person working with diodes must be absolutely certain that 
a diode is connected properly in a circuit. They must also be able to test the 
condition of a diode. 

2.5 Evaluate the condition of a diode as good, shorted, or open. 
In order to achieve objective 2.5, you should be able to: 

• use an ohmmeter to test the condition of a diode; 
• identify the electrodes of a diode with an ohmmeter. 

2.6 Diode Schematic Symbol 

A schematic symbol of a diode is commonly used to identify its polarity 
within a circuit. Figure 2.17 shows a diode symbol, element names, and the 
polarity of the crystal material. The term anode is commonly used to describe 
the electrode that attracts or gathers in electrons. The P-type material of the 
crystal serves as the anode in a diode. The term cathode is used to denote the 
electrode that gives off or emits electrons. The N-type material of the crystal 
serves as the cathode. Note that forward current passes through a diode from 
the cathode to the anode. A diode symbol indicates this movement from the 
bar to the point of the arrow. 

Because diodes are available in many different package types and styles, 
there is often some confusion about lead identification. A person working 
with diodes is frequently called on to identify leads. The ohmmeter function 
of a multimeter is used to perform this operation. 

The polarity of the ohmmeter voltage source must be noted for this test 
to work. Ohmmeters typically have a black, or common lead, as negative 
and the red lead is positive. A diode connected to the ohmmeter will show 
a relatively low resistance when forward biased and infinite resistance when 
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Figure 2.17 (a) Diode crystal structure. (b) Diode symbol and element names. 

reverse biased. Forward biasing occurs when the polarity of the ohmmeter 
matches the crystal polarity of the diode. The red lead is, therefore, connected 
to the anode and the black lead to the cathode. Lead identification is simply 
a matter of determining the forward-bias direction of a diode and noting the 
polarity of the ohmmeter leads. 

Testing Diodes 

Figure 2.18 shows an ohmmeter being used to test a diode. In preparation for 
this test, the meter should be placed in the R × 100 or R × 1-K Ohm range. 
The meter leads are then connected to the diode. Exact resistance readings are 
not particularly important. Only high-resistance or low-resistance indications 
are used. Figure 2.18(a) shows how an ohmmeter is connected to forward 
bias a diode. This test normally causes the meter to show a relatively low 
resistance. Reverse biasing of a diode is shown in Figure 2.18(b). An 
infinite resistance is indicated by the ohmmeter during this test. A good diode 
normally shows low resistance when forward biased and high resistance when 
reverse biased. If a diode does not respond in this manner, it is probably defec
tive. In many digital meters, a diode symbol may appear on the ohmmeter’s 
switching range. This symbol indicates that the ohmmeter will supply the 
necessary voltage needed to cause the diode to respond when forward biased. 
Other ranges may not provide the voltage needed to produce conduction when 
forward biased. When a digital meter is used, look for the diode symbol and 
place the function switch in this position when evaluating a diode. 
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Figure 2.18 Diode testing with an ohmmeter. (a) Forward-bias test connection. (b) Reverse-
bias test connection. 

A diode that shows low resistance in both directions is considered to 
be shorted. Shorting usually occurs when the maximum current or voltage 
ratings of the device are exceeded. Shorted diodes often cause damage to 
other circuit components. Blown fuses, tripped circuit breakers, or overheated 
resistors are generally good indicators of a shorted diode. It is a good practice 
to test other circuit components before replacing a shorted diode. 

When a diode shows infinite resistance in both directions, it is considered 
to be open. Open diodes generally cause a circuit to be nonconductive. This 
condition rarely causes damage to other circuit parts. Operation simply stops, 
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and there is no current flow through the diode. Open diodes do not occur very 
often in electronic circuits. A quick ohmmeter check will readily detect this 
type of fault should it occur. 

The value of an ohmmeter’s voltage supply is an important consideration 
when testing diodes. If the supply voltage is less than 0.2 V, it will not be large 
enough to forward bias all diodes. This could cause a good diode to appear to 
be open. The ohmmeter would, therefore, show an infinite resistance in both 
directions. You may recall that it takes at least 0.3 V to cause conduction 
in germanium diodes and 0.7 V in silicon. Many electronic multimeters, 
especially digital meters, respond in this way. The voltage supply of this type 
of instrument must be evaluated to see if it can be used to test a diode. 

The supply voltage of some ohmmeters may also be extremely large. This 
type of meter could actually develop enough current or voltage to damage 
certain diodes. As a rule, high-frequency detection diodes are very susceptible 
to being damaged in this way. To avoid this kind of problem, do not attempt 
to test high-frequency diodes with high-voltage ohmmeters. 

Self-Examination 

Answer the following questions. 

39. When a diode is tested with an ohmmeter, _____ conduction occurs 
when it is forward biased. 

40. A good diode normally shows _____ resistance when forward biased 
and _____ resistance when reverse biased. 

41. A diode that shows low resistance in either direction of biasing is _____. 
42. A diode that shows infinite resistance in either direction of biasing is 

considered to be _____. 
43. The _____ of the voltage source of an ohmmeter must be known to 

properly identify the leads of a diode. 

Summary 

• The term P–N junction diode is used to describe the crystal structure of 
a two-element electronic device made of N-type and P-type materials. 

• The P–N junction formed when these materials are joined responds as a 
continuous crystal. 

• Current carriers diffuse across the junction when a P–N junction diode 
is formed. 
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• The diffusion process establishes a barrier potential across the junction.
• For germanium, the barrier potential is approximately 0.3 V, and for

silicon, it is 0.7 V.
• When an external source of energy is applied to the P–N material of a

diode, it either adds to or reduces the barrier potential of the junction.
• Forward biasing reduces the barrier potential of a junction and causes

the diode to be conductive.
• Forward biasing is achieved by connecting the positive side of the source

to the P-type material and the negative side of the source to the N-type
material.

• Reverse biasing adds to the barrier potential of a diode and causes it to
be nonconductive.

• Reverse biasing occurs when the negative side of the source is connected
to the P-type material and the positive side of the source is connected to
the N-type material.

• The I–V characteristics of a diode show how it responds when connected
in a circuit that is forward biased or reverse biased.

• In the forward-biased direction, conduction occurs at a few tenths of a
volt. This causes a very rapid increase in forward current.

• In the reverse-biased direction, there is very little current with an
extremely large value of reverse voltage.

• Reverse current is generally temperature dependent.
• When selecting a diode for an application, one must consider its spec-

ifications, which include maximum reverse voltage, reverse breakdown
voltage, forward current, surge current, maximum reverse current, power
dissipation, and reverse recovery time.

• Diode operation is related to temperature.
• Junction capacitance is a characteristic that changes with bias voltage.
• Switching time is a variable that refers to the time it takes a diode to

change from one state to another.
• Diodes can be tested and the leads can be identified with an ohmmeter.
• A diode’s leads are identified by matching the polarity of the ohmmeter

leads with the P-type and N-type materials of the diode.
• When the positive lead of an ohmmeter is connected to the P-type

material and the negative lead to the N-type material, a good diode will
show a low resistance reading; reversing the ohmmeter leads will show
a high resistance reading.

• A shorted diode will indicate low resistance in both directions.
• An open diode will show infinite resistance in both directions.
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Formulas

(2-1) IF = V S - V K/Rlimit Forward current of a series circuit with a diode.

Review Questions

Answer the following questions.

1. The construction of a junction diode consists of:

a. A piece of N-material
b. A piece of P-material
c. A combination of N- and P-materials
d. Electrically conductive materials

2. When electrons leave the N-material to fill holes in the P-material the
process is called.

a. Depletion
b. Diffusion
c. Mixing
d. Doping

3. Diffusion current in a diode is caused by:

a. Chemical energy
b. Heat energy
c. Voltage
d. Crystal formation

4. The depletion zone or region of a diode is:

a. Due to reverse biasing
b. Due to forward biasing
c. An area created by crystal doping
d. An area void of current carriers

5. When the P–N materials of a junction diode are formed, diffusion
current causes:

a. A barrier potential to be formed across the junction
b. Covalent boding
c. The mixing of current carriers
d. Forward biasing
e. Reverse biasing



72 P–N Junction Diodes 

6. The forward voltage (V F) of a fully conductive silicon diode is: 

a. Approximately 0.3 V 
b. Approximately 0.7 V 
c. Equal to the source voltage (VS) 
e. Equal to the voltage drop across the series resistor 

7. When a diode is externally forward biased: 

a. The width of its depletion zone increases. 
b. The width of its depletion zone decreases. 
c. Its barrier potential increases. 
d. Its depletion zone or region increases. 

8. When a diode is externally reverse biased: 

a. The width of the depletion zone increases. 
b. The width of the depletion zone decreases. 
c. The barrier potential of the junction is reduced. 
d. The depletion zone or region of the junction is reduced. 

9. The leakage current of a diode is caused by: 

a. Heat energy 
b. Chemical energy 
c. Internal barrier voltage 
d. The crystal doping material 

10. The arrowhead or pointed end of a diode symbol represents the: 

a. Anode 
b. Cathode 
c. N-material 
d. Direction of electron flow 

11. A shorted diode tested with an ohmmeter will show: 

a. Low resistance in either directions 
b. High resistance in only one direction 
c. Low resistance in only one direction 
d. High resistance in both directions 

12. An open diode tested with an ohmmeter will show: 

a. Low resistance in both directions 
b. High resistance in only the forward direction 
c. High resistance in both directions 
d. Low resistance in one direction and high resistance in the other 
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Problems 

Answer the following questions. 

1. The diode of Figure 2.25 is: 

a. Forward biased 
b. Reverse biased 
c. Shorted 
d. Open 

2. The VF meter of Figure F2.25 will show a voltage value in the range 
of: 

a. 0.0−0.4 V
 
b. 0.41−0.7 V
 
c. 0.71−1.0 V
 
d. 1.01−10 V
 

3. The IF meter of Figure 2.25 will show the current to be in the range of: 

a. 0.0−5.0 mA 
b. 5.1−10 mA 
c. 10.1−100 mA 
d. 101 mA to 10 A 

4. The VR2 meter of Figure 2.25 will show a voltage value in the range 
of: 

a. 0.0−0.4 V
 
b. 0.41−0.7 V
 
c. 0.71−1.0 V
 
d. 1.1−10 V
 

5. If the diode of Figure 2.25 is reversed in the circuit, the V F meter will 
show a voltage in the range of: 

a. 0.0−0.4 V
 
b. 0.41−0.7 V
 
c. 0.71−1.0 V
 
d. 1.1−10 V
 

6. If the diode of Figure 2.25 is reversed in the circuit, the V R2}meter will 
show a voltage in the range of: 

a. 0.0−0.4 V
 
b. 0.41−0.7 V
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c. 0.71−1.0 V 
d. 1.1−10 V 

7. If the diode of Figure 2.25 is reversed in the circuit, the IF will show 
current in the range of: 

a. 0.0−5.0 mA 
b. 5.1−10. mA 
c. 10.1−100 mA 
d. 101 mA to 10 A 

Analysis and Troubleshooting – P–N Junction Diodes 

In order to perform a test on any electronic device, you must understand 
the characteristics of the device and be proficient in the use of the test 
equipment. P–N junction diodes can be tested using analog meters or digital 
multimeters, as shown in Figure 2.18. A practical consideration is that some 
meters provide an output voltage on the ohmmeter range that is less than the 
diode forward. These meters will give an open indication for good diodes. 
Analog meters are actually better for this test. When connected as shown in 
Figure 2.26(a), the diode is forward biased by the ohmmeter. The resistance 
reading should be low, typically less than 1 kΩ. When connected as shown 
in Figure 2.26(b), the diode resistance should be extremely high, typically 
high MΩ. Most ohmmeters give an “out-of-range” indication, showing high 
diode reverse resistance. If a diode has a high forward resistance or low 
reverse resistance, the diode is faulty. A defective open diode will show an 
extremely high resistance for both forward and reverse biases. A defective 
shorted diode will show zero or a very low resistance for both forward and 
reverse biases. 

On low-resistance scales, some ohmmeter sections of a multimeter have 
enough current output to destroy low-current diodes. It is best to use only the 
resistance scales rated in the low kΩ or higher. Some multimeter ohmmeter 
sections supply current from the common (negative) lead, while others supply 
it from the positive (ohms) lead. Check the (negative) meter to be sure that 
you know the lead polarities before testing any diodes. Some multimeters 
have a “diode test” function. 

The ohmmeter function of a multimeter can also be used to identify the 
anode and the cathode of an unmarked diode. Diodes are usually marked to 
indicate the end that is the cathode. When an ohmmeter is connected to the 
diode so that it is forward biased, the positive meter lead is the anode terminal, 
and the negative lead is the cathode of the device. 
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Data Sheet Analysis – P–N Junction Diodes 

The type of information found on data sheets for electronic devices varies 
among manufacturers and the specific type of device. Located at the end of 
this chapter are typical data sheets for P–N junction diodes. We will use the 
data sheets to analyze typical information available for P–N junction diodes. 

Locate the data sheet for an IN4153 small signal diode. This is a 
relatively low-voltage, low-current device. Use this data sheet to answer the 
following for the IN4153 diode: 

1) Maximum reverse voltage (V RM) = __________ V
 
2) Average forward current (IF(AV) = __________ mA
 
3) Power dissipation (P D) = __________ W
 
4) Breakdown voltage (V R) = __________ V
 
5) Forward voltage (V F) range at IF = 1.0 mA = _____ V to _____ V
 

Refer to the data sheet showing the physical data of the IN4153 diode 
package. Note, on the previous data sheet, that “DO-35” is written below the 
diode’s picture. “DO” represents a “diode outline.” Use this data sheet to 
answer the following: 

6) Overall length of the diode body = __________ mm
 
7) Length of each wire connector = __________ mm
 
8) The type of material used for manufacturing is __________
 

Now, refer to the data sheet showing the characteristics of a general 
purpose rectifier group IN5391 through IN5399. Each of these nine diodes 
has similar characteristics except peak reverse voltage (V RM). 

Use this data sheet to answer the following: 

9) V RM for IN5392 = __________ V 
10) V RM for IN5397 = __________V 
11) Average forward current (IF) = __________ A 
12) Junction temperature range = __________ ◦C to __________ ◦C 
13) Power dissipation (P D) = __________W 
14) Forward voltage (V F) = __________ V 
15) Forward current at V F = 0.8 V = __________ A (see Figure 2 of data 

sheet) 
16) Total junction capacitance (CT) at  

VR = 40 V = __________ pF (see Figure 4 of data sheet) 
17) Forward current (IF) at 130◦C = __________ A (see Figure 1 of data 

sheet) 
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Answers 

Examples 

2-1. 0.0485 A or 48.5 mA 

Self-Examination 

2.1 

1. diode 
2. junction 
3. N-type, P-type (any order) 
4. electrons 
5. holes 
6. holes 
7. electrons 
8. diffusion 
9. barrier potential 

10. 0.3, 0.7 
11. depletion zone 

2.2 
12. diode 
13. biasing 
14. reverse 
15. forward 
16. majority 
17. nonconductive 
18. increase 
19. leakage 
20. temperature 
21. germanium 
22. forward 
23. current or Imax 

2.3 
24. directly 
25. across 
26. through 
27. forward current or IF 

28. germanium, silicon 
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29. Zener 
30. avalanche 

2.4 
31. peak inverse voltage 
32. forward current 
33. temperature 
34. capacitor 
35. dielectric 
36. varicap 
37. switching time 
38. power 

2.5 
39. heavy 
40. low, infinite 
41. shorted 
42. open 
43. polarity 

Glossary 

Junction 

The point where P-type and N-type semiconductor materials are joined. 

Diffusion 

A process in which electrons from the N-type material of a P–N junction 
diode move readily across the junction to fill holes in the P-type material. 

Depletion zone 

An area near the P–N junction that is void of current carriers. 

Barrier potential 

The voltage that is developed across a P–N junction due to the diffusion of 
holes and electrons. 

Bias voltage 

An external source of energy applied to a P–N junction. 

Reverse biasing 

Adding external voltage of the same polarity to the barrier potential to 
increase in the width of the depletion zone and, thus, hinder current carriers 
from entering the depletion zone. 
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Forward biasing 

Adding an external voltage of the opposite polarity to the barrier potential to 
reduce the barrier potential and, thus, cause current carriers to return to the 
depletion zone. 

Leakage current 

A small amount of current that flows through the depletion zone when a diode 
is reverse biased. 

Knee voltage 

The point at which the value of forward voltage is great enough to overcome 
the barrier potential of the P–N junction. 

Zener breakdown 

A physical process that occurs when electrons are pulled from their covalent 
bonds in a strong electric field. 

Junction capacitance 

The capacitive effect that occurs from the two independent crystal materials 
of a diode serving as conductor plates and the depletion zone acting as a 
dielectric material. 

Switching time 

The time it takes to switch from one state to the other (forward to reverse or 
vice versa). 

Anode 

The electrode that attracts or gathers in electrons. The P-type material of the 
crystal serves as the anode in a diode. 

Cathode 

The electrode that gives off or emits electrons. The N-type material of the 
crystal servers as the cathode in a diode. 
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Zener Diodes
 

The previous chapter focused on the diode as a forward conducting device. 
You learned that, as a rule, reverse biasing of a diode does not produce 
conduction unless the peak reverse voltage (PRV ) is exceeded. When this 
occurs, a P–N junction diode is usually destroyed. Operation of a P–N 
junction diode is generally related to forward conduction applications. 

In this chapter, you will be introduced to a group of diodes referred to as 
avalanche breakdown or Zener diodes. This type of diode operates in the 
reverse direction. The reverse breakdown voltage characteristic of this device 
is used to a unique advantage: voltage can be regulated. As you will see in this 
chapter, the reverse breakdown of a semiconductor is an important solid-state 
operational characteristic. 

Objectives 

After studying this chapter, you will be able to: 
3.1 explain the reverse-bias operation of a Zener diode; 
3.2 understand the I–V characteristic curve of a Zener diode; 
3.3 analyze the operating characteristics of a Zener diode; 
3.4 analyze and test a Zener diode. 

Chapter Outline 

3.1 Crystal Structure and Symbol 
3.2 Zener Characteristics 
3.3 Zener Current Ratings 
3.4 Analysis and Troubleshooting − Zener Diodes 

Key Terms 

avalanche breakdown 
derating 

85
 



86 Zener Diodes 

power dissipation 
power dissipation rating 
Zener breakdown 

3.1 Crystal Structure and Symbol 

The Zener diode is a P–N junction device that is different from the P–N 
junction diode studied in Chapter 2. Zener diodes are designed by modifying 
their crystal structure during manufacture. The breakdown voltage of a Zener 
diode is set by carefully controlling its doping level. The symbol of a Zener 
diode is slightly different from a P–N junction diode. 

3.1 Explain the reverse-bias operation of a Zener diode. 
In order to achieve objective 3.1, you should be able to: 

• summarize the characteristics of avalanche breakdown; 
• summarize the characteristics of Zener breakdown; 
• recall avalanche breakdown and Zener breakdown. 

The symbol and crystal structure of a Zener diode are shown in Figure 3.1. 
Note that the crystal structure is similar to that of a P–N junction diode. 
The Zener diode symbol, however, is uniquely different. On the Zener diode 
symbol, the cathode is usually drawn with a bent line in the form of a Z to 
distinguish it from the P–N junction diode symbol. It only appears as a Z, 
however, when the symbol is oriented horizontally in a diagram. 

Figure 3.1 Zener diode symbol and crystal structure. 
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Figure 3.2 shows some Zener diode packages. Note that their physical 
appearance is similar to that of P–N junction diodes. However, the diode 
symbol is rarely printed on the case of a Zener diode as it is for a P–N 
junction diode. If a diode symbol is printed on the case of a diode, the diode 
is ordinarily a P–N junction diode. 

Zener diodes are normally connected in a circuit in the reverse-bias 
direction (see Figure 3.3). 

This means that the anode must be connected to the negative side of the 
voltage source and the cathode to the positive side of the voltage source. This 
action causes the depletion zone of the junction to widen (see Figure 3.4). 

Figure 3.2 Zener diodes are similar in appearance to P–N junction diodes. 

Figure 3.3 A Zener diode is connected in a circuit in the reverse-bias direction. 
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Figure 3.4 Connecting a Zener diode in reverse bias causes the depletion zone to widen. 

Under normal circumstances, we would expect a reverse-biased junction to be 
nonconductive. In a Zener diode, two conditions are responsible for causing 
this device to become conductive in the reverse-biased direction: avalanche 
breakdown and Zener breakdown. 

Avalanche breakdown occurs when thermally generated holes and elec
trons gain enough energy from the reverse-biased source to produce new 
carriers. These current carriers are the result of removing valence electrons 
from their normal bonding. These new carriers, in turn, produce additional 
carriers that disrupt the bonds of other atoms. The process continues with 
the number of carriers building up in increasing numbers. The end result is 
high current flow through the reverse-biased junction. Avalanche breakdown 
is primarily responsible for reverse current conduction above 5 V. Diodes of 
this type were once called avalanche diodes. 

Zener breakdown is the result of a barrier potential that appears across 
the P–N junction. This field causes covalent bonds near the junction to break 
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apart. As a result, a large quantity of new holes and electrons are produced.
These newly generated holes and electrons represent a substantial increase
in current. Zener breakdown is primarily responsible for conduction of a
reverse-biased junction below 5 V. Diodes that conduct in this voltage range
are called Zener diodes. Zener diodes are heavily doped so that they can
begin conduction at relatively low reverse-bias voltages. Today, the term
Zener diode is primarily used to describe all diodes that operate in the
reverse-bias direction.

Self-Examination

Answer the following questions.

1. The _____ of a Zener diode symbol is drawn as a bent line or bar.
2. A Zener diode is normally connected in the _____-bias direction.
3. When a Zener diode is reverse biased, it will go into _____ at a

prescribed voltage value.
4. _____ breakdown is the result of thermally generated holes and electrons

gaining enough energy from the source to move valence electrons out of
their bonding.

5. _____ breakdown is the result of covalent bonds breaking up due to a
strong electric field across a reverse-biased P–N junction.

3.2 Zener Characteristics

The characteristics of a P–N junction diode show that it is designed for
operation in the forward direction. Forward biasing produces a large value of
forward current (IF) for a rather small value of forward voltage (VF). Reverse
biasing generally does not cause current conduction until higher values of
reverse voltage are reached. If reverse voltage (VR) is great enough, however,
breakdown occurs and causes a reverse current flow. P–N junction diodes are
usually damaged when this occurs. Zener diodes, however, are designed to
operate in the reverse direction without being damaged. In this section, you
will learn how current and voltage respond when the breakdown voltage of a
Zener diode is reached.

3.2 Understand the I–V characteristics of a Zener diode.
In order to achieve objective 3.2, you should be able to:

• apply the proper equation to find the Zener breakdown (VZ) range of a
Zener diode;
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• explain how Zener current and Zener voltage respond when the break
down voltage of a Zener diode is reached; 

• explain the relationship of VZ knee to the tolerance rating of a Zener 
diode. 

Figure 3.5 shows (a) the I–V characteristics and (b) a test circuit for eval
uating the operation of a Zener diode under reverse-bias conditions. As the 
value of the applied reverse voltage (VR) is gradually increased, the amount 

Figure 3.5 (a) I–V characteristics and (b) a test circuit for evaluating the operation of a 
Zener diode under reverse-bias conditions. 
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of current (IR) flowing in the circuit is measured. The voltage across the 
Zener diode will remain constant after the Zener breakdown voltage (VZ) has 
been reached. The value of the voltage across the Zener diode and the current 
flowing through it can be graphed. Figure 3.5(a) shows the I–V characteristic 
of a typical Zener diode. 

In the reverse-bias direction, there is practically no reverse current 
(labeled IZ) until the breakdown voltage (labeled VZK) is reached near the 
“knee” of the curve. When this occurs, a very large change in Zener current 
(IZ) is accompanied by only a small change in Zener voltage (VZ). This 
means that varying amounts of IZ can pass through a Zener diode without 
causing damage. The reverse Zener voltage (VZ) across the diode remains 
relatively constant even when the source voltage is increased. 

As you will see in Section 3.3, the Zener current has a safe operating limit 
or maximum value that must be observed. It is determined by the wattage 
rating of the diode. Nominal Zener voltage (VZT) is specified on datasheets 
at a value of reverse current called Zener test current (IZT). 

When operated in the forward-bias condition, the Zener diode behaves 
like an ordinary silicon diode. A large value of forward current (IF) is  
produced for a rather small value of forward voltage (VF). 

Zener Breakdown Voltage 

Zener diodes are available in a wide range of breakdown voltages. The Zener 
breakdown voltage (VBR), or simply Zener voltage, is usually identified on 
datasheets by the letters VZ. Typical VZ values range from 1.4 to 200 V. Some 
low-voltage values shown in the Zener diode data sheers at the end of this 
chapter for 1N746A through 1N759A are 3.3, 3.6, 3.9, 4.3, 4.7, 5.1, 5.6, 6.2, 
6.8, 7.5, 8.2, 9.1, 10, and 12. A number of other VZ values are also available. 
These values vary, to some extent, among different manufacturers. 

Zener Tolerance Ratings 

The accuracy of the Zener voltage of a diode is an important selection 
consideration and is largely responsible for the cost of a Zener diode. The 
accuracy or tolerance rating of a Zener diode is a range of values within 
which the actual VZ will appear. If the VZ region of Figure 3.5(a) is examined 
carefully, it shows that Zener breakdown does not occur at a precise location. 
The curve is actually rounded in this area. This is called the VZ or the knee 
of the curve. Ideally, the knee should have a sharp edge. When it is rounded, 
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VZ occurs more gradually. Zener diodes with a low tolerance rating generally 
have a sharp VZ knee. 

Some of the more popular tolerance ratings are 20%, 10%, 5%, and 1%. 
Low-cost Zener diodes have the highest tolerance percentage, while 1% or 
less tolerance devices are generally the most expensive. A Zener diode rated 
at 9.1 V with a ±10% tolerance will have a VZ value that is ±0.91 V of 9.1 
V. Therefore, its actual Zener breakdown value could be somewhere between 
8.19 and 10.01 V. As a rule, diodes with a 10% tolerance rating will work for 
most circuit applications. Zener diodes with a 1% tolerance are used only in 
special circuit applications that require critical voltage values. 

Example 3-1: 

Calculate the Zener breakdown (VZ ) range for the 1N754A Zener diode. 
Refer to the end of the chapter for VZ and the tolerance rating. 

Solution 
The VZ of a 1N754A Zener diode is 6.8 V. 
The tolerance rating is 5%. 

VZ range = 6.8 × 0.05 

= ± 0.34 

= 6.46 to 7.14. 

Related Problem 
Calculate the Zener breakdown (VZ) range for the 1N759A Zener diode. 

Refer to the end of the chapter for VZ and the tolerance rating. 
Zener voltages are generally identified at a minimum Zener current value. 

Figure 3.5(a) shows that a certain amount of IZ is needed to enter the knee 
of the IZ curve. In this case, approximately 3 mA of IZ is needed to produce 
conduction. After this value has been reached, VZ remains fairly constant 
over a wide range of IZ. The normal operating range of IZ in this region is 
determined by the power dissipation rating, as you will see in the following 
section on Zener current ratings. 

Self-Examination 

Answer the following questions. 

6. The characteristics of a Zener diode show that after a minimum value of 
IZ is reached, the _____ remains at a constant value. 
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7. The Zener voltage accuracy of a Zener diode is referred to as _____.
8. The actual Zener voltage of a 6.8-V diode with 10% tolerance is

somewhere between _____ V and _____ V.
9. A sharp VZ knee is generally indicative of a Zener diode with a(n) _____

tolerance rating.

3.3 Zener Current Ratings

In the previous section, you learned that once Zener breakdown voltage is
reached, a very large change in Zener current is accompanied by a small
change in Zener voltage. Zener current, however, has a safe operating limit
or maximum value that must be observed. This value is determined by the
wattage, or power dissipation, rating of the diode. This section takes a closer
look at the safe operating range of a Zener diode as it covers power dissipation
and Zener impedance.

3.3 Analyze the operating characteristics of a Zener diode.
In order to achieve objective 3.3, you should be able to:

• apply the proper equation to find the maximum Zener current that a
diode can safely conduct;

• apply the proper equation to find the safe operating range of a Zener
diode;

• use a datasheet to determine the operating characteristics of a Zener
diode;

• explain the relationship between impedance and the slope of the Zener
knee area;

• explain the relationship between the power dissipation rating and
maximum Zener current;

• recall power dissipation, power dissipation rating, and derating.

Power Dissipation Rating

Manufacturers rate Zener diodes according to their Zener voltage (VZ) value
and maximum power dissipation (PD) at 25◦C. Power dissipation refers to
the ability of the Zener diode’s junction to give off heat. A principal cause of
solid-state device destruction is heat. When power is applied to a device, the
device heats up. If too much power is applied, the device will overheat and
be destroyed. The power dissipation rating of a Zener diode is an indication
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of how much heat the device can give off or dissipate. It is rated in watts at a 
certain temperature. Typically, this rating is expressed as 1 W at 25◦C (77◦F). 

The temperature value is an indication of device operation at ambient 
temperature. Ambient refers to something that goes around or surrounds 
an object. In this case, ambient refers to the air surrounding the operating 
device. A temperature of 25◦C (77◦F) is considered to be the temperature of 
an inside room. Some manufacturers indicate the power dissipation rating at 
temperatures such as 50◦C (122◦F) and 75◦C (169◦F). These are generally 
considered to be working temperatures. The actual power that can be dissi
pated by a Zener diode decreases as the temperature increases and increases 
when the temperature decreases. In other words, the power dissipation (PD) 
rating of a Zener diode has a negative temperature coefficient. 

The PD rating of a Zener diode can be altered, to some extent, by its 
lead length and its mounting in a circuit. The PD value can be derated when 
these factors are considered. Derating permits a device to handle more power 
than its normal PD value indicates. This is achieved by reducing lead length 
or mounting the device on a piece of metal, which serves as a heat sink. 
Manufacturers usually provide data about device derating in a chart that 
correlates lead length and the area of the heat sink. Many Zener diodes are 
housed in packages that permit them to be attached to a heat sink. In some 
installations, the metal chassis that houses a circuit may be used as the heat 
sink. Derating is an important consideration when a Zener diode operates 
close to its maximum power rating. A derating entry on the datasheet for 
Zeners 1N4370A−IN4372A can be referred to at the end of the chapter. 

Maximum Zener Current 

In the process of dissipating heat, a certain amount of power is used or 
consumed by the Zener diode. This characteristic gives an indication of the 
maximum Zener current (IZ) that a diode can safely conduct. A 1-W, 15
VZ Zener diode, for example, can conduct an IZ of 0.066 A or 66 mA. This 
is determined by the basic power equation: 

P = I × V (3.1) 

by solving for I. We do, however, substitute PD for P, IZmax for I, and VZ for 
V (using the typical or nominal voltage value of the Zener from the datasheet) 
in the formula. The modified formula then becomes 

IZmax = [PD]/[VZ ]. (3.2) 
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Therefore, 

IZmax = [1W]/[15 V] 

= 0.066 A, or 66 mA. 

The IZ−VZ characteristics of an IN1775 1-W Zener diode are shown in 
Figure 3.6. This Zener diode has a maximum Zener current rating, IZmax, of  
66 mA. The minimum Zener current, IZmin, is also indicated by the curve. 
This value is approximately 5 mA. The region between these two extreme 
conditions is labeled as the safe operating range. The Zener can operate 
anywhere between these two points without being damaged. If the current 
exceeds the maximum IZ value, additional heat will develop. This heat may 
become so intense that it can permanently damage the junction. As a rule, 

Figure 3.6 IZ−VZ characteristic of a 1N1775 Zener diode. 
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the area beyond the maximum IZ point should be avoided in normal diode 
applications. 

The safe operating range of a Zener diode is from the minimum Zener 
current (IZmin) to the maximum current rating, IZmax. 

Safe operating range = IZmax − IZmin. (3.3) 

Example 3-2: 

Calculate the safe operating range for a 1N754A Zener diode. Refer to the 
data sheets at the end of the chapter for PD, VZ, and IZ values. 
Solution 

1. Determine the maximum current rating. 

IZmax = [PD]/[VZ] 

= [500mW]/[6.8V] 

= [0.5W]/[6.8V] 

= 73.5mA. 

2. Then, determine the safe operating range. The safe operating range is 
from the minimum Zener current (IZmin), at which the typical Zener 
voltage is listed in the datasheet, to the maximum current rating, IZmax. 
safe operating range = 73.5 mA − 20 mA. 

Related Problem 

Calculate the safe operating range for a 1N759A Zener diode. Refer to the 
data sheets at the end of the chapter for PD, VZ, and IZ values. 

Zener Impedance 

Another matter of importance in Zener diode selection is Zener impedance 
(ZZ). This characteristic deals with the slope of the IZ−VZ curve after con
duction has been achieved. A Zener diode actually shows a slight increase in 
the value of VZ when IZ increases. This increase is very noticeable because it 
means that the reverse characteristic is not entirely vertical. Zener impedance 
is responsible for this characteristic and is determined by the expression: 

ZZ = [ΔVZ]/[ΔIZ] (3.4) 

where the Greek letter delta (Δ) denotes a change in value. 
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Figure 3.6 shows an IZ−VZ curve that indicates the location of the items 
discussed. The ΔIZ value is derived from the safe or normal operating range 
of the Zener diode. Some manufacturers select the range of values from a 
prescribed test area near the middle of the reverse current curve. The range of 
VZ can be used to determine corresponding values of IZ. Note the location of 
the ΔVZ and ΔIZ values on the chart. The ZZ for this range of operation is, 
therefore, 

ZZ = [ΔVZ]/[ΔIZ] 

= [17 V − 15 V]/[66 mA − 5 mA]  

= [2  V]/[61 mA] 

= [2  V]/[0.061 A] 

= 32.79 Ω. 

The reverse knee impedance (ZZK) of a Zener diode can be determined 
by the same procedure as determining Zener impedance. It is represented by 
the following formula: 

ZZK = [ΔVZK]/[ΔIZK]. (3.5) 

Zener knee impedance shows the impedance of the device near the 
breakdown point and is a good indication of the slope or sharpness of the 
knee area of the curve. Look again at Figure 3.6. Note that the ΔVZK value 
is the difference between the voltage at the start of the Zener breakdown point 
and the beginning of the linear portion of the curve. The values of IZK are the 
corresponding current values on the curve. 

ZZK = [ΔVZK]/[ΔIZK] 

= [15 V − 14 V]/[5 mA − 1 mA]  

= [1  V]/[4 mA] 

= [1  V]/[0.004 A] 

= 250 Ω. 

In practice, a Zener diode with a sharp knee will produce a lower value of 
Zener impedance than a rounded knee. Ideally, the Zener knee should be very 
sharp. Manufacturers usually include knee impedance and Zener impedance 
in their specifications of a device. 
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Self-Examination 

Answer the following questions. 

11. Zener diodes are rated according to their _____ and _____. 
12. A Zener diode rated at 1 W, 12	 VZ has a maximum current, or IZ, 

capability of _____A or _____mA. 
13. The space between the minimum and maximum IZ values of a Zener 

diode is called the _____ operating range. 
14. When the maximum IZ value of a Zener diode is exceeded, damage will 

likely occur due to excessive _____. 
15. Power	 dissipation of a Zener diode refers to the rated _____ at a 

particular _____. 
16. When the junction temperature of a Zener diode increases, the PD rating 

decreases _____. 
17. Zener _____ is a characteristic based on the value of ΔVZ/ΔIZ. 
18. A low value of Zener impedance is generally a good indication of the 

sharpness of the Zener _____. 

3.4 Analysis and Troubleshooting − Zener Diodes 

A Zener diode cannot be tested in the same way as a P–N junction diode. The 
Zener diode is designed to break down and conduct in the reverse direction 
when the reverse voltage equals VZ. One way to test a Zener diode is to 
measure the voltage across its terminals while it is functioning in a circuit. If 
the voltage across the Zener is within tolerance, it is good. 

3.4 Analyze and test a Zener diode 

In order to achieve objective 3.4, you should be able to: 

• use a datasheet to analyze typical information available for a Zener 
diode; 

• use a test circuit to check the condition of a diode. 

Zener Diode Datasheet Analysis 

The type of information found on Zener diode datasheets provides impor
tant specifications for the device. In appearance, Zener diodes are similar 
to P–N junction diodes. At the end of this chapter, a typical datasheet 
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for a Zener diode group: 1N4370A−1N4372A and 1N746A−1N759A. 
A “DO 35” package is used for these Zener diodes. Use the Zener diode 
datasheets at the end of the chapter to find the following information. 

1. Power dissipation (PD) = _____ mW 
2. Maximum Zener voltage (VZM) for a 1N750A Zener diode at IZ = 20  

mA = _____ V 
3. Maximum Zener voltage (VZM) for 1N758A at IZ = 20 mA = _____ V 
4. Typical Zener voltage (VZ) for a 1N755A Zener diode at IZ = 20 mA =  

_____ V 
5. Typical Zener voltage (VZ) for 1N759A Zener diode at IZ = 20 mA =  

_____ V 
6. Zener impedance (ZZ) for a 1N746A Zener diode at IZ = 20 mA = _____ 

Ohms 
7. Zener impedance (ZZ) for 1N757A Zener diode at IZ = 20 mA = _____ 

Ohms 
8. Maximum Zener current (IZM) for a 1N751A Zener diode = _____ mA 
9. Maximum Zener current (IZM) for a 1N753A Zener diode = _____ mA 
10. What are the second and third line markings on the body of a 1N4372A 

diode in this group? 

11. What are the second and third line markings on the body of a 1N750A 
diode in this group? _____________________ 

1. The operating temperature range for a 1N4370A Zener diode is from 
_____ ◦C to _____ ◦C 

Zener Diode Troubleshooting 

A Zener diode is designed to function as a voltage regulator when it is reverse 
biased. In this state, it will have a minimum amount of current flowing 
through it. To test a Zener diode, you can measure the voltage across its 
terminals while it is functioning. As reverse voltage applied across the Zener 
diode is varied, the current flowing through it should change. If the current 
does not change, even when the rated VZ voltage is applied, the Zener diode 
terminals may be open. On the other hand, if the Zener is shorted, no voltage 
will be developed across the diode, and a significant amount of current will 
flow, even under reverse-bias conditions. 
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Summary

• Zener diodes are normally connected in a circuit in the reverse-bias
direction.

• When power is applied to a reverse-biased Zener diode, the depletion
zone of the diode becomes wider.

• Zener voltage (VZ) is the value of reverse-bias voltage applied to a Zener
diode.

• The junction of a Zener diode becomes conductive at a specific Zener
voltage (VZ) value and Zener knee current (IZK).

• The Zener voltage (VZ) of the diode remains fairly constant over a large
range of Zener current (IZ).

• Voltage regulation is an important application of the Zener diode.
• Zener voltage (VZ) has a tolerance rating that indicates the value of its

accuracy.
• Low-tolerance VZ diodes are more expensive than high-tolerance

devices.
• A low-tolerance Zener diode has a sharp knee and a very small change

in its Zener voltage (VZ).
• Power dissipation (PD) refers to the ability of a Zener diode to dissipate

heat.
• The power dissipation (PD) rating is used to determine the maximum

Zener current (IZmax) that a diode can safely conduct.
• The maximum value of Zener current that a Zener diode can safely

conduct can be determined by the formula IZmax = PD/VZ.
• Zener impedance (ZZ) is related to the slight increase in the value of

Zener voltage (VZ) when the Zener current (IZ) of an operating Zener
diode increases.

• Zener impedance can be determined through the formula ZZ =
ΔVZ/ΔIZ.

Formulas

(3-1) P = I × V Power formula.
(3-2) IZmax = [PD]/[VZ] Maximum Zener current.
(3-3) Safe operating range = IZmax − IZmin Safe operating range of a Zener

diode.
(3-4) ZZ = [ΔVZ]/[ΔIZ]Zener impedance.
(3-5) ZZK = [ΔVZK]/[ΔIZK]Zener knee impedance.
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Review Questions 

Answer the following questions. 

1. A Zener diode achieves voltage regulation when it is _____. 

a. forward biased across RL 

b. connected in series with RS 

c. reverse biased across RL 

d. connected in parallel with RS 

2. When thermally generated holes and electrons gain enough energy from 
the reverse-biased source of a Zener diode to produce new current 
carriers, it is called _____. 

a. avalanche breakdown 
b. reverse breakdown 
c. Zener breakdown 
d. low-voltage breakdown 

3. A strong electric field across a P–N junction that causes covalent bonds 
to break apart _____. 

a. is called avalanche breakdown 
b. is called reverse breakdown 
c. is called Zener breakdown 
d. results in Zener breakdown above 8 V 

4. The reverse current that flows through a Zener diode is called _____. 

a. IT 

b. IL 

c. IZ 

d. IF 

5. The voltage across a Zener diode that is responsible for its ability to 
achieve regulation is called _____. 

a. VRS 

b. VL 

c. VZ 

d. V in 

6. The percentage of accuracy that a Zener diode has when it goes into 
conduction is called _____. 

a. tolerance 
b. knee voltage 
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c. minimum VZ 

d. VZ safe operating range 

7. The PD rating of a zener diode refers to its ability to _____. 

a. regulate voltage 
b. dissipate heat 
c. control IZ 

d. change impedance 

8. In a Zener diode voltage regulator, a small increase in input voltage (V in) 
will cause _____. 

a. an increase in VZ 

b. a decrease in VRS 

c. a decrease in IZ 

d. an increase in IZ 

9. In a Zener diode regulator, reducing the value of RL will cause _____. 

a. an increase in VZ 

b. a decrease in VZ 

c. an increase in IZ 

d. a decrease in IZ 

10. Applied input voltage beyond the	 VZ point of a Zener diode causes 
_____. 

a. an increase in IZ 

b. a decrease in IZ 

c. the IZ to level off 
d. the IZ to cut off 
e. only a trace of IZ 

3.5 Problems 

Answer the following questions. 

1. A 1N1775A Zener diode is rated 15 V at 1 W. In what range does the 
maximum IZ of this device fall? 

a. 0−0.05 A 
b. 1−50 mA 
c. 51−75 mA 
d. 76−100 mA 
e. 101 mA or above 
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2. A Zener diode is rated at 9.1 V and has a 10% tolerance. In what VZ 

operating range will this device fall? 

a. 1−9.1 V 
b. 9.1−20 V 
c. 9.1−10.01 V 
d. 8.19−9.1 V 
e. 8.19−10.01 V 

3. In a Zener diode voltage regulator, the value of VZ is determined by 
_____. 

a. V in – VRS 

b. VRS – V in 

c. VL – VRS 

d. VRS + V in 

4. Design of a Zener diode voltage regulator calls for a 10-V output with a 
fixed load of 50 mA. The unregulated input voltage varies from 12 to 15 
V. What is a suitable value of series resistor for the circuit? Indicate the 
resistance range where this value will fall. 

a. 1−50 Ω 
b. 51−75 Ω 
c. 76−100 Ω 
d. 101 Ω or higher 

5. What would be a suitable wattage rating for the series resistor selected 
for problem 4? 

a. 1/8 W 
b. 1/4 W 
c. 1/2 W 
d. 1 W 
e. 2 W 

6. A 12-V Zener diode has a PD rating of 5 W. What is the value of IZM? 
7. Refer to the data sheets at the end of the chapter. If a 10-V Zener diode 

is needed for a voltage regulator circuit, which one should be used? 
8. Refer to the data sheets at the end of the chapter. If a Zener diode is 

needed in circuit with a rating in excess of 105 mA, which one should 
be used? 
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Glossary 

Avalanche breakdown 

P–N junction breakdown that results when thermally generated holes and 
electrons gain enough energy from a reverse-biased source to produce new 
current carriers. 

Zener breakdown 

Current carrier production due to the influence of a strong electric field that 
causes large numbers of electrons in the depletion region to form covalent 
bonds across a reverse-biased P–N junction. 

Power dissipation 

The ability of a device to change energy from one form to another, give off 
heat, or use power. 

Power dissipation rating 

An indication of how much heat a device, such as a Zener diode, can give off 
or dissipate. 

Derating 

Making physical changes to a device, such as reducing lead length or mount
ing the device on a piece of metal, to permit it to handle more power than its 
normal power dissipation value indicates. 
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Power Supply Circuits
 

All electronic systems require certain voltage and current values for oper
ation. The energy source of the system is primarily responsible for this 
function. As a general rule, the source is more commonly called a power 
supply. In some systems, such as a flashlight or other portable device, the 
power supply may be multiple batteries or a single dry cell. Cellular phones, 
televisions, personal computers, stereo systems, and electronic instruments 
usually derive their energy from an AC power line. This part of the system is 
called an electronic power supply. Electronic devices are used in the power 
supply to develop the required output energy. 

All electronic power supplies have a number of functions that must 
be performed in order to operate. These functions are transformer, rectifier, 
filter, regulator, and load. Some of these functions are achieved by all power 
supplies. Others are somewhat optional and are dependent primarily on the 
parts that are supplied power. This chapter discusses the functions of an 
electronic power supply. 

Objectives 

After studying this chapter, you will be able to: 

4.1 calculate the output voltage and current capability of a transformer; 
4.2 analyze half-wave, full-wave, and bridge-rectifier circuits; 
4.3 select the appropriate filter for a given application; 
4.4 analyze	 a Zener regulator circuit under various input and load 

conditions; 
4.5 diagram the current flow of a dual power supply; 
4.6 describe various types and the operation of clipper, clamper, and voltage 

multiplier circuits; 
4.7 troubleshoot a power supply. 

107
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Chapter Outline 

4.1 Transformer 
4.2 Rectifier 
4.3 Filter 
4.4 Regulator 
4.5 Dual Power Supplies 
4.6 Clippers, Clampers, and Voltage Multipliers 
4.7 Troubleshooting Power Supplies 

Key Terms 

choke 
C-input filter 
clamper 
clipper 
dual power supply 
filter 
L-input filter 
pi filter 
pulsating DC 
rectification 
rectifier 
ripple frequency 
turns ratio 
voltage regulator 
clipper 
clamper 
limiter 
voltage multiplier 

4.1 Transformers 

The energy source of an electronic power supply is alternating current. In 
most systems, the AC power line supplies this. Most small electronic systems 
use 120-V, single-phase, 60-Hz AC as their energy source. This energy is 
readily available in homes, buildings, and industrial facilities. Electronic 
power supplies rarely operate with AC obtained directly from the power line. 
A transformer is commonly used to step the line voltage up or down to a 
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desired value. You should already be familiar with the transformer from your 
studies of DC/AC electronics. This section reviews the relationship between 
turns ratio, voltage ratio, and current ratio. 

4.1 Calculate the output voltage and current capability of a transformer. 
In order to achieve objective 4.1, you should be able to: 

• describe the relationship between the turns ratio, voltage ratio, and 
current ratio; 

• identify the primary and secondary windings of a transformer; 
• define turns ratio. 

The transformer represents the first function of a power supply, as shown 
in a block diagram of a general-purpose electronic power supply (see 
Figure 4.1). 

A schematic symbol and a simplification of a power supply transformer 
are shown in Figure 4.2. 

The coil on the left of the symbol is called the primary winding. The AC 
input is applied to this winding. The coil on the right side is the secondary 
winding. The secondary winding develops the output of the transformer. The 
parallel lines near the center of the symbol represent the core. In a transformer 
of this type, the core is usually made of laminated soft steel. Both windings 
are placed on the same core. Power supply transformers may have more than 
one primary and secondary winding on the same core, which permits them to 
accommodate different line voltages and to develop alternate output values. 

The output voltage of a power supply transformer may have the same 
polarity as that of the input voltage, or it may be reversed. This depends 
on the winding direction of the coils. A dot is often used on the transformer 
symbol to indicate the polarity of a winding. The polarity of the input and 

Figure 4.1 Functional block diagram of an electronic power supply. The transformer is the 
first function of this power supply. 
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Figure 4.2 (a) Power supply transformer. (b) Schematic symbol. 

output is the same when the dots are in adjacent locations on the transformer 
symbol. The polarity of the input and output is opposite when the dots are in 
opposite corners on the transformer symbol. 

The output voltage developed by a transformer primarily depends on the 
turns ratio of its windings. The turns ratio is the ratio of the number of turns 
in the primary winding to the number of turns in the secondary winding. It is 
represented by the following formula: 

Npri/Nsec. (4.1) 

The relationship of the turns ratio to voltage is 

Npri/Nsec = Vpri/Vsec. (4.2) 
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For example, if the primary winding of a transformer has 500 turns of 
wire and the secondary has 1000 turns, the transformer has a 1:2 turns ratio. 

Npri/Nsec 

500/1000 

1 : 2. 

This type of transformer steps up the input voltage by a factor of 2. With 120
V RMS applied from the power line, the output voltage is approximately two 
times the input voltage (2 × 120 V). 

Npri/Nsec = Vpri/Vsec 

1/2 = 120 V/Vsec 

1 × Vsec = 2  × 120 V 

Vsec = 240 V. 

Example 4-1: 

If the primary winding has 1000 turns of wire, and the secondary has 50 turns 
of wire, what is the turns ratio of the transformer? 

Solution 

Npri/Nsec 

1000/50 

20 : 1. 

Related Problem 

What is the turns ratio of a transformer if the primary winding has 200 turns 
of wire and the secondary has 1000 turns of wire? 

Example 4-2: 

If a transformer has a turns ratio of 20:1, and 120 V is applied from the power 
line, what is the output voltage? 

Solution 

Npri/Nsec = Vpri/Vsec 
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20/1 = 120 V/Vsec 

20 Vsec = 120 V 

20 Vsec/20 = 120 V/20 

Vsec = 6 V. 

Related Problem 

What is the output voltage of the transformer with a turns ratio of 1:5 and 120 
V applied from the power line? 

It is interesting to note that the current capability of a transformer is the 
reverse of its turns ratio. This is represented by the following formula: 

Vpri/Vsec = Isec/Ipri. (4.3) 

A 1:2 turns ratio steps up the voltage and steps down the current capabil
ity. Therefore, 1 A of primary current is capable of producing only 0.5 A of 
secondary current: 

Npri/Nsec = Isec/Ipri 
1/2 =  Isec/1 A  

2 × Isec = 1 A  

2 × Isec/2 = 1/2 

Isec = 0.5 A. 

The resistance of the wire is largely responsible for this condition. A 1:2 
turns ratio has twice as much resistance in the secondary as it has in the 
primary winding. An increase in resistance, therefore, causes a decrease in 
current. This is all based on the wire size of the two windings being the same. 

Example 4-3: 

If a transformer has a turns ratio of 5:1 and 2 A is  applied to the primary, what 
is the secondary current? 

Solution 

5/1 =  Isec/2 A  

Isec = 2 A  × 5 

= 10A. 
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Related Problem
What is the secondary current if a transformer has a turns ratio of 1:5 and 6
A is applied to the primary?

Power supplies for solid-state systems generally develop low-voltage
values. Transformers for this type of power supply are designed to step
down the line voltage. A turns ratio of 10:1 is very common. With 120 V
applied to the input, the output will be approximately 12 V (120 V/10). The
output current capabilities of this transformer are increased by a ratio of
1:10. This means that a step-down transformer has a low-voltage output with
a high-current capacity. Supplies of this type are well suited for solid-state
applications.

Self-Examination

Answer the following questions.

1. The _____ winding develops the output of the transformer.
2. The _____ winding develops the input of the transformer.
3. The number of turns in the primary winding to the number of turns in

the secondary winding is called the _____.
4. A 1:10 turns ratio steps up the _____ and steps down the _____

capability.
5. A 10:1 turns ratio steps up the _____ and steps down the _____

capability.
6. The output voltage of the transformer with a turns ratio of 10:1 and 120

V applied from the power line is _____ V.
7. The secondary current of a transformer that has a turns ratio of 10:1 and

6 A applied to the primary is _____ A.

4.2 Rectifier

As you have learned in the previous section, most power supplies are initially
energized by AC. A transformer is used to step the line voltage up or down to a
desired value. However, the primary function of a power supply is to develop
DC for the operation of electronic devices. This energy must be changed into
DC before it can be used. This process is performed by the rectifier.

4.2 Analyze half-wave, full-wave, and bridge-rectifier circuits.
In order to achieve objective 4.2, you should be able to:

• calculate the composite DC output of half-wave, full-wave, and bridge-
rectifier circuits without filtering;
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Figure 4.3 A rectifier is the second function of an electronic power supply. It changes AC to 
DC. 

• explain the operation of half-wave, full-wave, and bridge-rectifier cir
cuits; 

• explain the characteristics of half-wave, full-wave, and bridge-rectifier 
circuits; 

• identify half-wave, full-wave, and bridge-rectifier circuits. 

The process of changing AC into DC is called rectification. All electronic 
power supplies have a rectification function, or rectifier. It is the second 
function of the power supply as shown in Figure 4.3. 

Rectification can be either half-wave or full-wave. Take a look at 
Figure 4.4, which shows a graphical representation of the rectification func
tion. Note that half-wave rectification uses one alternation of the AC input, 
whereas full-wave uses both alternations. 

Half-wave and full-wave rectification is determined by the number and 
configuration of diodes in the rectifier circuit. There are three types of 
rectifiers: half-wave, full-wave, and bridge. The half-wave rectifier uses one 
diode and produces a half-wave output. Two diodes are used in the full-
wave rectifier. The full-wave rectifier produces a full-wave output. A bridge 
rectifier uses four diodes and also produces a full-wave output. 

Half-Wave Rectifier 

In a half-wave rectifier, only one alternation of the AC input appears in the 
output (see Figure 4.5). The resulting output of this circuit is called pulsating 
DC. Note that a half-wave rectifier can remove either the positive or negative 
alternation, depending on its polarity in the circuit. 

When the output has a positive alternation, the resulting DC is positive 
with respect to the common point or ground (see Figure 4.5(a)). A negative 
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Figure 4.4 Graphical representations of a half-wave and full-wave rectifier. (a) The half-
wave rectifier uses one alternation of the AC input. (b) The full-wave rectifier uses both 
alternations of the AC input. 

output occurs when the positive alternation is removed. Figure 4.5(b) shows 
an example of a rectifier with a negative output. 

The rectification function of a modern power supply is performed by 
diodes. You should recall that this type of device has two electrodes known as 
the anode and cathode. Operation is based on its ability to conduct easily in 
one direction but not in the other direction. As a result, only one alternation 
of the applied AC appears in the output. This occurs only when the diode 
is forward biased. To be forward biased, the anode must be positive and 
the cathode negative. Reverse biasing does not permit conduction through a 
diode. 

A simplification of the rectification process is shown in Figure 4.6. 
Figure 4.6(a) shows how the diode responds during the positive alternation. 
This alternation causes the diode to be forward biased. Note that the power 
supplied to the anode is positive and the power supplied to the cathode is 
negative. Arrows show the resulting current flow. The output of the rectifier 
appears across the load resistor, RL. The top of RL is positive and the bottom 
of RL is negative. 
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Figure 4.5 Half-wave power supplies. (a) Positive output. (b) Negative output. 

Figure 4.6(b) shows how the diode responds during the negative alter
nation. This alternation causes the diode to be reverse biased. The power 
supplied to the anode is now negative and the power supplied to the cathode 
is positive. No current flows during this alternation. The output across RL is 
zero. 

The DC output of a half-wave rectifier appears as a series of pulses across 
RL (see Figure 4.7). A DC voltmeter or ammeter would, therefore, indicate 
the average value of these pulses over a period of time. Figure 4.7(a) shows 
an example of the pulsating DC output. The average voltage value (Vavg) of  
one pulse is 0.637 of the peak voltage value (Vp): 

Vavg = 0.637 × Vp. (4.4) 

Since the second alternation of the output is zero, the composite average 
value must take into account the time of both alternations (see Figure 4.7(b)). 
The composite average value is, therefore, 0.637/2 or 0.318 of the peak 
value: 

composite average value = 0.318 × VP. (4.5) 

Figure 4.7(b) shows a graphical example of this value. 
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Figure 4.6 Simplification of rectifications. (a) The positive alternation causes the diode to 
be forward biased. (b) The negative alternation causes the diode to be reverse biased. 

Example 4-4: 

If the peak value of one pulse of DC at the output is 35 V, what is the 
composite average value? 
Solution 

composite average value = 0.318 × VP 

= 0.318 × 35 

= 11.13 V. 

Related Problem 

What is the composite average value if the peak value of one pulse of DC at 
the output is 20 V? 

The composite average value of the DC output of a half-wave rectifier 
without filtering can be calculated when the value of the AC input is known. 
First, determine the peak value of one AC alternation at the input of the 
rectifier. Do this by multiplying the RMS value by 1.414: 

Vp = Vrms × 1.414. (4.6) 
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Figure 4.7 Half-wave rectifier output. (a) Pulsating DC output. (b) Composite output. 

Then, determine the composite average value of the DC output by 
multiplying the peak value by 0.318: 

composite average value = 0.318 × Vp. 

Example 4-5: 

If one AC alternation at the input of the rectifier is 25 V RMS, what is the 
composite average value of the DC output of a half-wave rectifier without 
filtering? 
Solution 

1. Determine the peak value of one AC alternation at the input of the 
rectifier. 

Vp = Vrms × 1.414 

= 25  V  × 1.414 

= 35.35 V. 
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2. Determine the composite average value by multiplying the peak value 
by 0.318. 

composite average value = 0.318 × Vp 

= 0.318 × 35.35 

= 11.24 V. 

Related Problem 

What is the composite average value of the DC output of a half-wave rectifier 
without filtering if one AC alternation at the input of the rectifier is 40 V 
RMS? 

A simplified method of calculating the composite average value of the 
DC output of a half-wave rectifier is to combine different values. In this case, 
the 1.414 value used to calculate peak voltage is combined with 0.637/2 used 
to calculate the composite average value of the DC output: 

composite average value = 1.414 × [0.637/2] 

= 0.45. 

The composite average value of the DC output of a half-wave rectifier is, 
therefore, 45%, or 0.45, of the AC input voltage. 

In an actual circuit, we must also take into account the voltage drop 
across the diode. When a silicon diode is used, this would be 0.6 V. The 
composite average value of DC of an unfiltered half-wave rectifier would, 
therefore, be expressed by the following formula: 

composite average value = (Vrms × 0.45) − 0.6V. (4.7) 

Using this procedure, you can determine the equivalent DC voltage of the 
half-wave rectifier. 

Example 4-6: 

If the RMS input voltage of a half-wave rectifier is 50 V, and the rectifier uses 
a silicon diode, what is the composite average value of the DC output? 

Solution 

composite average value = (Vrms × 0.45) − 0.6 V  

= (50 V × 0.45) − 0.6 V)  

= 21.9 V. 



120 Power Supply Circuits 

Related Problem 

What is the composite average value of the DC output if the RMS input 
voltage of a half-wave rectifier is 33 V, and the rectifier uses a silicon diode? 

The frequencies of the output pulses of a half-wave rectifier occur at the 
same rate as the applied AC input. With 60-Hz input, the pulse rate, or ripple 
frequency, of a half-wave rectifier is 60 Hz. Only one pulse appears in the 
output for each complete sine-wave input. Potentially, this means that only 
45% of the AC input is transformed into a usable DC output. Half-wave 
rectification is, therefore, only 45% efficient. Due to its low-efficiency rating, 
half-wave rectification is not widely used. 

Full-Wave Rectifier 

A full-wave rectifier responds as two half-wave rectifiers that conduct on 
opposite alternations of the input. Both alternations of the input are changed 
into pulsating DC output. Full-wave rectification can be achieved by two 
diodes and a center-tapped transformer or by four diodes in a bridge circuit. 
Both types of rectifiers are widely used in solid-state power supplies. 

A schematic of a two-diode full-wave rectifier is shown in Figure 
4.8. Note that the anodes of each diode are connected to opposite ends 
of the transformer’s secondary winding. The cathode of each diode is then 
connected to form a common positive output. The load of the power supply 
(RL) is connected between the common cathode point and the center-tapped 
connection of the transformer. A complete path for current is formed by the 
transformer, two diodes, and load resistor. 

Figure 4.8 Two-diode full-wave rectifier. 
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When AC is applied to the primary winding of the transformer, it steps 
the voltage down in the secondary winding. The center tap serves as the 
electrical neutral or center of the secondary winding. Half of the secondary 
voltage appears between points CT and A, and the other half appears between 
points CT and B. These two voltage values are equal and are always 180◦ out 
of phase with respect to point CT. 

Assume that the 60-Hz input is slowed so that we can see how one 
complete cycle responds. In Figure 4.9, note the polarity of the secondary 
winding voltage. For the first alternation, point A is positive and point B 
is negative with respect to CT. The second alternation causes point A to 
be negative and point B to be positive with respect to CT. The center tap, 
therefore, will always be negative with respect to the positive end of the 
winding. This point then serves as the negative output of the power supply. 

Conduction of a specific diode in a full-wave rectifier is based on the 
polarity of the applied voltage during each alternation. In Figure 4.9, con
duction is made with respect to point CT. For the first alternation, point A 
is positive and B is negative. This polarity causes D1 to be forward biased 
and D2 to be reverse biased. Current flow for this alternation is shown by 
the solid arrows. Starting at CT, electrons flow through a conductor to RL, 
through D1, and return to point A. This current flow causes a pulse of DC to 
appear across RL for the first alternation. 

For the second alternation, point A is negative and point B is positive. 
This polarity forward biases D2 and reverse biases D1. Current flow for this 
alternation is shown by the dashed arrows. Starting at point CT, electrons flow 

Figure 4.9 Conduction of a full-wave rectifier. 
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through a conductor to RL, through D2, and return to point B. This causes a 
pulse of DC to appear across RL for the negative alternation. 

It should be obvious at this point that current flow through RL is in 
the same direction for each alternation of the input. This means that each 
alternation is transposed into a pulsating DC output. Full-wave rectification, 
therefore, changes the entire AC input into DC output. The resulting DC 
output of a full-wave rectifier is 90%, or 0.9, of the AC voltage between 
the center tap and the outer ends of the transformer. This voltage value is 
determined by calculating the peak value of the RMS input voltage and then 
multiplying it by the average value. Since 1.414 × 0.637 equals 0.9, 90% of 
the RMS value is the equivalent DC output. The output of a full-wave rectifier 
is 50% more efficient than that of an equivalent half-wave rectifier. 

The actual DC output of a full-wave rectifier is slightly less than 0.9 of the 
RMS input just described. Each diode, for example, reduces the DC voltage 
by 0.6 V. A more practical calculation is 

composite average value = (Vrms × 0.9) − 0.6 V. (4.8) 

In a low-voltage power supply, a reduction of the DC by 0.6 V may be 
quite significant. 

Example 4-7: 

If the RMS input voltage of a full-wave rectifier is 50 V, and the rectifier uses 
a silicon diode, what is the composite DC output voltage? 

Solution 

composite DC output = (Vrms × 0.9) − 0.6 V  

= (50 V × 0.9) − 0.6 V  

= 44.4 V. 

Related Problem 

What is the composite DC output voltage if the RMS input voltage of a full-
wave rectifier is 33 V and the rectifier uses a silicon diode? 

The ripple frequency of a full-wave rectifier is somewhat different from 
that of a half-wave rectifier. Each alternation of the input, for example, 
produces a pulse of output current. The ripple frequency is, therefore, twice 
the alternation frequency. For a 60-Hz input, the ripple frequency of a full-
wave rectifier is 120 Hz. As a general rule, a 120-Hz ripple frequency is easier 
to filter than the 60 Hz of a half-wave rectifier. 
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Full-Wave Bridge Rectifier 

A bridge rectifier requires four diodes to achieve full-wave rectification. In 
this configuration, two diodes conduct during the positive alternation and two 
conduct during the negative alternation. A center-tapped transformer is not 
required to achieve full-wave rectification with a bridge circuit. 

The component parts of a full-wave bridge rectifier are shown in 
Figure 4.10. In this circuit, one side of the AC input is applied to the junction 
of diodes D1, and D2. The alternate side of the AC input is applied to diodes 
D3 and D4. The diodes at each input are reversed with respect to each other. 
Output of the bridge occurs at the other two junctions. The cathodes of D1 and 
D3 serve as the positive output. Negative output appears at the anode junction 
of D2 and D4. The load of the power supply is connected across the common 
anode and common cathode connection points. 

When AC is applied to the primary winding of a power supply trans
former, it can be either stepped up or down, depending on the desired DC 
output. In Figure 4.10, the 120-V input is stepped down to 25-V RMS. In 
normal operation, one alternation causes the top of the transformer to be 
positive and the bottom to be negative. The next alternation causes the bottom 
to be positive and the top to be negative. Opposite ends of the secondary 
winding are always 180◦ out of phase with each other. 

Assume that the AC input causes point A to be positive and point B 
to be negative for one alternation. The schematic diagram of a bridge in 
Figure 4.11 shows this condition of operation. With the indicated polarity, 
diode D1 is forward biased and D2 is reverse biased at the top junction. At 

Figure 4.10 Bridge-rectifier components. 
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Figure 4.11 Bridge-rectifier conduction. 

the bottom junction, D4 is forward biased and D3 is reverse biased. When 
this occurs, electrons flow from point B through D4, up through RL, through 
D1, and return to point A. Solid arrows are used to show this current path. For 
this alternation, one pulse of DC falls across the load resistor. 

With the next alternation, point A of the schematic diagram becomes 
negative and point B becomes positive. When this occurs, the bottom diode 
junction becomes positive, and the top junction goes negative. This condition 
forward biases diodes D2 and D3, while reverse biasing D1 and D4. The 
resulting current flow is indicated by the dashed arrows starting at point A. 
Electrons flow from point A through D2, up through RL, through D3, and 
return to the transformer at point B. Dashed arrows are used to show this 
current path. One pulse of DC also falls across the load resistor for this 
alternation. 

The output of the bridge rectifier has current flow through RL in the same 
direction for each alternation of the input. AC is, therefore, changed into a 
pulsating DC output by conduction through a bridge network of diodes. The 
DC output, in this case, has a ripple frequency of 120 Hz. Each alternation 
produces a resulting output pulse. With 60 Hz applied, the output is 2 × 60 
Hz, or 120 Hz. 

The DC output voltage of a bridge circuit is slightly less than 90% of the 
RMS input. Each diode, for example, reduces the output by 0.6 V. With two 
diodes conducting during each alternation, the DC output voltage is reduced 
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by 0.6 × 2 V, or 1.2 V, as shown in the following formula: 

Vdc (out) = (Vrms × 0.9) − 1.2 V. (4.9) 

In the circuit of Figure 4.11, the DC output is, therefore, 

Vdc (out) = (25V × 0.9) − 1.2 V  

= 21.3 V. 

The output of a bridge circuit is slightly less than that of an equivalent 
two-diode full-wave rectifier. The voltage drop of the second diode accounts 
for this difference. 

Example 4-8: 

If the RMS input voltage of a bridge rectifier is 50 V, and the rectifier uses 
silicon diodes, what is the composite DC output voltage? 

Solution 

composite DC output = (Vrms × 0.9) − 1 V  

= (50 V × 0.9) − 1.2 V  

= 43.8 V. 

Related Problem 

What is the composite DC output voltage if the RMS input voltage of a bridge 
rectifier is 33 V and the rectifier uses silicon diodes? 

The four diodes of a bridge rectifier can be obtained in a single package. 
Figure 4.12 shows several different package types. As a general rule, there 
are two AC input terminals and two DC output terminals. These devices 
are generally rated according to their current-handling capability and peak 

Figure 4.12 Packaged bridge-rectifier assemblies. (a) Dual-in-line package. (b) Sink-mount 
package. (c) Epoxy package. (d) Tab-pack enclosure. (e) Thermo-tab package. 
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reverse voltage (PRV ) rating. Typical current ratings are from 0.5 to 50 A 
in single-phase AC units. P-R-V ratings are 50, 200, 400, 800, and 1000 V. 
A bridge package usually takes less space than four single diodes. Nearly all 
bridge power supplies employ the single package assembly. 

Self-Examination 

Answer the following questions. 

8. A half-wave rectifier uses _____ diode(s). 
9. A full-wave rectifier uses _____ diode(s). 

10. A bridge rectifier uses _____ diode(s). 
11. A diode is forward biased when a(n) _____ polarity is applied to its 

anode. 
12. A diode is reverse biased when a(n) _____ polarity is applied to its 

cathode. 
13. The AC ripple frequency of a half-wave rectifier is _____ Hz. 
14. The AC ripple frequency of a full-wave rectifier is _____ Hz. 
15. The AC ripple frequency of a bridge rectifier is _____ Hz. 
16. With 10-V RMS input to a half-wave rectifier, the composite DC output 

is _____ V. 
17. With 30-V RMS input to a bridge rectifier, the composite DC output is 

_____ V. 

4.3 Filters 

The output of a half-wave or full-wave rectifier is pulsating direct current. 
This type of output is generally not usable for most electronic circuits. A 
rather pure form of DC is usually required. This form of DC is achieved 
through a filter. This section discusses four types of filters: C-input, induc
tance, pi, and RC. 

4.3 Select the appropriate filter for a given application. 
In order to achieve objective 4.3, you should be able to: 

• describe the main purpose of a filter; 
• describe the characteristics of C-input, L-input, LC, pi, and RC filters; 
• identify C-input, L-input, LC, pi, and RC filters. 

The filter of a power supply is designed to change pulsating DC into a rather 
pure form of DC. Filtering takes place between the output of the rectifier and 



4.3 Filters 127 

Figure 4.13 The filter is the third function of an electronic power supply. It minimizes ripple 
from the pulsating DC waveform produced by the rectifier. 

the input to the load device (see Figure 4.13). Power supplies discussed up 
to this point have not employed a filter circuit. 

The pulsating DC output of a rectifier contains two components. One of 
these deals with the DC part of the output. This component is based on the 
combined average value of each pulse. The second part of the output refers 
to its AC component. Pulsating DC, for example, occurs at 60 or 120 Hz, 
depending on the rectifier employed. This part of the output has a definite 
ripple frequency. Ripple must be minimized before the output of a power 
supply can be used by most electronic devices. 

Power supply filters fall into two general classes according to the type 
of component used in its input. If filtering is first achieved by a capacitor, it 
is classified as a C-input filter, or  capacitor filter. When a coil of wire or 
inductor is used as the first component, it is classified as an L-input filter, or  
inductive filter. C-input filters develop a higher value of DC output voltage 
than L-input filters. The output voltage of a C-input filter usually drops in 
value when the load increases. L-input filters, by comparison, tend to keep 
the output voltage at a rather constant value. This is particularly important 
when large changes in the load occur. However, the output voltage of an L-
input filter is somewhat lower than that of a C-input filter. Figure 4.14 shows 
a graphic comparison of output voltage and load current for C-input and L-
input filters. 

C-Input Filter 

The AC component of a power supply can be effectively reduced by a C-
input filter. A single capacitor is simply placed across the load resistor, 
as shown in Figure 4.15. For alternation 1 of the circuit, Figure 4.15(a), 
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Figure 4.14 Load current versus output voltage comparisons for L-input and C-input filters. 

the diode is forward biased. Current flows according to the arrows of the 
schematic. The capacitor (C) charges quickly to the peak voltage value of 
the first pulse. At the same point in time, current is also supplied to RL. The 
initial surge of current through a diode is usually quite large. This current is 
used to charge C and supply RL at the same time. A large capacitor, however, 
responds somewhat like low resistance when it is first being charged. Note 
the amplitude of the ID waveform during alternation 1. 

When alternation 2 of the input occurs, the diode is reverse biased. 
Figure 4.15(b) shows how the circuit responds for this alternation. Note 
that there is no current flow from the source through the diode. The charge 
acquired by C during the first alternation now finds an easy discharge path 
through RL. The resulting discharge current flow is indicated by the arrows 
between C and RL. In effect, RL has supplied current even when the diode 
is not conducting. The voltage across RL is, therefore, maintained at a much 
higher value. See the VRL waveform for alternation 2 in Figure 4.15(c). 

Discharge of C continues for the full time of alternation 2. Near the end 
of the alternation, there is somewhat of a drop in the value of VRL. This is 
due, primarily, to a depletion of capacitor charge current. At the end of this 
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Figure 4.15 C-input filter action. (a) Alternation one. (b) Alternation two. (c) Waveforms for 
AC input, diode voltage (VD) and current (ID), and load resistor voltage (VRL) and current 
(IRL). 

time, the next positive alternation occurs. The diode is again forward biased. 
The capacitor and RL receive current from the source at this time. With C 
still partially charged from the first alternation, less diode current is needed 
to recharge C. In Figure 4.15(c), note the amplitude change in the second 1, 
pulse. The process from this point on is a repeat of alternations 1 and 2. 

The effectiveness of a capacitor as a filter device is based on a number of 
factors. Three very important considerations are: 

• the size of the capacitor; 
• the value of the load resistor, RL; 
• the time duration of a given DC pulse. 
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These three factors are related to one another by the following formula: 

T = R× C (4.10) 

where T is the time in seconds, R is the resistance in Ohms, and C is the 
capacitance in farads. The product of RC is an expression of the filter circuit’s 
time constant. RC is a measure of how rapidly the voltage and current of the 
filter respond to changes in input voltage. A capacitor will charge to 63.2% 
of the applied voltage in one time constant. A discharging capacitor will have 
a 63.2% drop of its original value in one time constant. It takes five time 
constants to charge or discharge a capacitor fully. 

The filter capacitor of Figure 4.15 charges quickly during the first 
positive alternation. Essentially, there is very little resistance for the RC time 
constant during this period. The discharge of C, however, is through RL. If  RL 

is small, C will discharge very quickly. A large value of RL will cause C to 
discharge rather slowly. For good filtering action, C must not discharge very 
rapidly during the time of one alternation. When this occurs, there is very 
little change in the value of VRL. A  C-input filter works very well when the 
value of RL is relatively large. If the value of RL is small, as in a heavy load, 
more ripple will appear in the output. 

A rather interesting comparison of filtering occurs between half-wave and 
full-wave rectifier power supplies. The time between reoccurring peaks is 
twice as long in a half-wave circuit as it is for full-wave. The capacitor of 
a half-wave circuit, therefore, has more time to discharge through RL. The 
ripple of a half-wave filter will be much greater than that of a full-wave 
circuit. In general, it is easier to filter the output of a full-wave rectifier. 
Figure 4.16 compares half-wave and full-wave rectifier filtering with a single 
capacitor. 

The DC output voltage of a filtered power supply is usually a great deal 
higher than that of an unfiltered power supply. In Figure 4.16, the waveforms 
show an obvious difference between outputs. In the filtered outputs, the 
capacitor charges to the peak value of the rectified output. The amount of 
discharge action that takes place is based on the resistance of RL. For a light 
load or high resistance RL, the filtered output remains charged to the peak 
value. For example, the peak value of 10-V RMS is 14.14 V. For an unfiltered 
full-wave rectifier, the DC output is approximately 0.9 × RMS, or 9.0 V. 
Comparing 9 V to 14 V shows a rather decided difference in the two outputs. 
For the half-wave rectifier, the output difference is even greater. The unfiltered 
half-wave output is approximately 45% of 10 V RMS, or 4.5 V. The filtered 
output is 14 V less 20% for the added ripple, or approximately 11.2 V. The 
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Figure 4.16 Comparison of C-input filtering with half-wave and full-wave rectifiers. (a) 
Half-wave. (b) Full-wave. 

filtered output of a half-wave rectifier is nearly 2.5 times more than that of 
the unfiltered output. These values are only rough generalizations of power 
supply output with a light load. 

Inductance Filter 

An inductor is a device that has the ability to store and release electrical 
energy. It does this by taking some of the applied current and changing it 
into a magnetic field. An increase in current through an inductor causes the 
magnetic field to expand. A decrease in current causes the field to collapse 
and release its stored energy. 

The ability of an inductor to store and release energy can be used to 
achieve filtering. An increase in the current passing through an inductor 
causes a corresponding increase in its magnetic field. Voltage induced in the 
inductor due to a change in its field opposes a change in the current passing 
through it. A decrease in current flow causes a similar reaction. A drop in 
current causes its magnetic field to collapse. This action also induces voltage 
in the inductor. The induced voltage in this case causes a continuation of the 
current flow. As a result, the added current tends to raise its decreasing value. 
An inductor opposes any change in its current flow. Inductive filtering is well 
suited for power supplies with a large load current. 

An L-input filter is shown in Figure 4.17. The inductor is simply placed 
in series with the rectifier and the load. All the current supplied to the load 
must pass through the inductor (L). The filtering action of L does not let a 
pronounced change in current to take place. This prevents the output voltage 
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Figure 4.17 Inductive filtering. Since inductors tend to oppose any change in current flow, 
a larger load current can be drawn from an inductive filter without causing a decrease in its 
output voltage. 

from reaching an extreme peak or valley. Inductive filtering, in general, does 
not produce as high an output voltage as capacitive filtering. Inductors tend to 
maintain the current at an average value. A larger load current can be drawn 
from an inductive filter without causing a decrease in its output voltage. 

When an inductor is used as the primary filtering element, it is commonly 
called a choke. The term choke refers to the ability of an inductor to reduce 
ripple voltage and current. In electronic power supplies, choke filters are 
rarely used as a single filtering element. A combination inductor−capacitor or 
LC filter is more widely used. This filter has a series inductor with a capacitor 
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Figure 4.18 LC filter. Voltage and current are controlled in this filter, thus creating a purer 
form of DC. 

connected in parallel with the load. The inductor controls large changes in 
load current. The capacitor, which follows the inductor, is used to maintain 
the load voltage at a constant voltage value. The combined filtering action 
of the inductor and capacitor produces a rather pure value of load voltage. 
Figure 4.18 shows a representative LC filter and its output. 

Pi Filter 

When a capacitor is placed in front of the inductor of an LC filter, it is called 
a pi filter. In effect, this circuit becomes a CLC filter. The two capacitors are 
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Figure 4.19 Pi filter. A pi filter has very low ripple content only when used with a light load. 

in parallel with RL and the inductor is in series. Component placement of this 
circuit in a schematic resembles the capital Greek letter pi (π), which accounts 
for the name of the filter. See the schematic of a pi filter in Figure 4.19. 

The operation of a pi filter can best be understood by considering L1 and 
C2 as an LC filter. This part of the circuit acts on the output voltage developed 
by the capacitor-input filter C1. C1 charges to the peak value of the rectifier 
input. It has a ripple content that is very similar to that of the C-input 
filter of Figure 4.20. This voltage is then applied to C2 through inductor 
L1. C1 charges C2 through L1. C2 then holds its charge for a time interval 
determined by the time constant of C2 and RL. As a result, there is additional 
filtering by L1 and C2. The ripple content of this filter is much lower than 
that of a single C-input filter. There is, however, a slight reduction in the DC 
supply voltage to RL due to the voltage drop across L1. 

A pi filter has very low ripple content when used with a light load. An 
increase in load, however, tends to lower its output voltage. This condition 
tends to limit the number of applications of pi filters. Pi filters have been 
used to supply radio circuits, stereo amplifiers, and TV receivers. A full-wave 
rectifier nearly always supplies the input to this filter. 

RC Filter 

In applications where less filtering can be tolerated, an RC filter can be used 
in place of a pi filter. As shown in Figure 4.20, the inductor is replaced with 
a resistor. An inductor is rather expensive, quite large physically, and weighs 
a great deal more than a resistor. The performance of the RC filter is not quite 
as good as that of a pi filter. There is usually a reduction in DC output voltage 
and increased ripple. 
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Figure 4.20 RC filter. This filter is similar to a pi filter; however, it uses a resistor in place
of an inductor and produces a lower DC output voltage and more ripple.

When operating, C1 charges to the peak value of the rectifier input. A
drop in rectifier input voltage causes C1 to discharge through R1 and RL. The
voltage drop across R1 lowers the DC output to some extent. C2 charges to
the peak value of the RL voltage. The DC output of the filter is dependent on
the load current. High values of load current cause more voltage drop across
R1. This, in turn, lowers the DC output. Low values of load current have less
voltage drop across R1. The output voltage, therefore, increases with a light
load. In practice, RC filters can be used in power supplies that have 100 mA
or less of load current. The primary advantage of RC filters is reduced cost.

Self-Examination

Answer the following questions.

18. The purpose of a filter circuit is to increase _____ and decrease _____.
19. Two types of inductive filter circuits are _____ and _____.
20. When a capacitor is attached to the front of the inductor of an LC filter,

it is called a(n) _____ filter.
21. A(n) _____ filter places an inductor in series with the rectifier and the

load.
22. A(n) _____ filter places a single capacitor in parallel with the load.
23. The purpose of a(n) _____ connected across the output of a rectifier

circuit is to regulate voltage.
24. The purpose of a(n) _____ placed in series with the load is to regulate

current flow.
25. A(n) _____ filter is typically used to supply radio circuits, stereo

amplifiers, and TV receivers.



136 Power Supply Circuits 

26. The _____ filter is suited for power supplies in which the load requires 
a high level of current and a pure value of load voltage. 

4.4 Voltage Regulators 

The DC output of an unregulated power supply has a tendency to change 
value under normal operating conditions. Changes in AC input voltage and 
variations in the load are primarily responsible for these fluctuations. In 
some power supply applications, voltage changes do not represent a serious 
problem. In many electronic circuits, voltage changes may cause improper 
operation. When a stable DC voltage is required, the power supply must 
employ voltage regulation. This section focuses on the Zener diode voltage 
regulator. 

4.4 Calculate percent regulation for a power supply. 
In order to achieve objective 4.4, you should be able to: 

• describe the characteristics of a Zener regulator circuit; 
• describe the load and no-load operations of a Zener regulator circuit; 
• describe how changes in input voltage affect a Zener regulator circuit; 
• explain simple transistor and op-amp regulator circuits; 
• explain the operation of series and shunt transistor regulators. 

A stable DC voltage is achieved through a voltage regulator. The volt
age regulator is the fourth function in the power supply block diagram in 
Figure 4.21. 

A number of voltage regulator circuits have been developed for use in 
power supplies. One very common method of regulation employs a Zener 
diode. Figure 4.22 shows this type of regulator located between the filter and 
the load. The Zener diode is connected in parallel, or shunt, with RL. 

Figure 4.21 The regulator function of a power supply maintains a stable DC output voltage. 
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Figure 4.22 Zener diode voltage regulator. 

This regulator requires only a Zener diode (DZ) and a series resistor (RS). 
Note that DZ is placed across the filter circuit in the reverse-bias direction. 
Connected in this way, the diode goes into conduction only when it reaches 
the Zener breakdown voltage VZ. This voltage then remains constant for 
a large range of Zener current (IZ). Regulation is achieved by altering the 
conduction of IZ through the Zener diode. The combined IZ and load current 
(IL) must pass through the series resistor. This current value then determines 
the amount of voltage drop across RS. Variations in current through RS are 
used to keep the output voltage at a constant value. 

No-Load Operation 

A schematic of a 9-V regulated power supply is shown in Figure 4.23. 
This circuit derives its input voltage from a 12.6-V transformer. Rectification 
is achieved by a self-contained bridge-rectifier assembly. Filtering is accom
plished by an RC filter. The series resistor of this circuit has two functions: 
it couples capacitors C1 and C2 in the filter circuit, and it serves as the series 
resistor (RS) for the regulator circuit. Diode DZ is a 9-V 1-W Zener diode. 

Operation of the regulated power supply is similar to that of the bridge 
circuit discussed earlier. Full-wave DC output from the rectifier is applied to 
C1 of the filter circuit. C1 then charges to the peak value of the RMS input 
less the voltage drop across two silicon diodes (1.2 V). This represents a DC 
input value (Vdc (in)) of 16.6 V: 

Vdc (in) = (Vsec × 1.414) − 1.2 V  
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Figure 4.23 A 9-V regulated power supply. 

= (12.6 V × 1.414)− 1.2 V  

= 16.6 V. 

RS, therefore, has a voltage drop of 7.6 V: 

VRS = Vdc (in) − VDZ 

= 16.6 V − 9 V  

= 7.6 V. 

This represents a total current flow passing through RS of 0.076 A, or 
76 mA: 

IRS = VRS/RS 

= 7.6 V/100 Ω 

= 0.076 A or 76 mA. 
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With the bleeder resistor, RL, serving as a fixed load, there is 0.9 mA, or 
0.0009 A, of load current (IL): 

IL = VDZ/RL 

= 9 V/10 k 

= 0.9 mA or 0.0009 A. 

The current passing through the Zener diode can be calculated by sub
tracting load current (IL) from the series resistor current (IRS). Current 
passing through the Zener diode is, therefore, 0.0751 A, or 75.1 mA: 

IZ = IRS − IL 

= 0.076 A − 0.0009 A 

= 0.0751 A or 75.1 mA. 

This current must pass through the Zener diode when the circuit is in 
operation. Nine volts DC will then appear at the two output terminals of the 
power supply. This represents the no-load (NL) condition of operation. 

Example 4-9: 

What is the value of current passing through the Zener diode under no-load 
conditions in Figure 4.23? 

Solution 

To calculate the current passing through the Zener diode, perform the 
following steps: 

1. Calculate the DC output from the rectifier, which is applied to C1. 

Vdc (in) = (Vsec × 1.414) − 1.2 V  

= (24 V × 1.414) − 1.2 V  

= 32.74 V. 

2. Determine the voltage drop across RS. 

VRS = Vdc (in) − VDZ 

= 32.74 V − 9 V  

= 23.74 V. 
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3. Calculate the current passing through RS. 

IRS = VRS/RS 

= 23.74 V/1000Ω 

= 23.74 mA. 

4. Determine the current passing through RL. 

IL = VDZ/RL 

= 9 V/10 kΩ 

= 0.9 mA. 

5. Determine the current passing through the Zener diode. 

IZ = IRS − IL 

= 23.74 mA − 0.9 mA  

= 22.84 mA. 

The total current flowing through the Zener diode under no-load conditions 
is 22.84 mA. 

Related Problem 

What is the value of current passing through the Zener diode under no-
load conditions in Figure 4.26 if the RMS voltage at the secondary of the 
transformer is 6 V and the Zener diode rated voltage value is 3 V? 

External Load Operation 

When the power supply is connected to an external load, more current 
is required. Ideally, this current should be available with 9 V of output. 
Assume that the power supply is connected to a 270-Ω external load. The 
total resistance that the power supply sees at its output is 10 kΩ in parallel 
with 270 Ω. This represents a load resistance of 263 Ω: 

RT = [RL × Rext]/[RL + Rext] 

= [10 k Ω  × 270 Ω]/[10 k Ω+ 270 Ω] 

= 263 Ω. 

With 9 V applied, the total load current is 0.0342, or 34.2 mA: 

IL = VDZ/RT 
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= 9 V/263 Ω 

= 0.0342 A or 34.2 mA. 

The total output current available for the power supply is that which passes 
through RS. This was calculated to be 0.076 A, or 76 mA. With the 270-Ω 
load, IL is 34.2 mA with an IZ of 41.8 mA: 

IZ = IRS − IL 

= 76  mA  − 34.2 mA  

= 41.8 mA. 

The output voltage, therefore, remains at 9 V with the increased load. 
With a slightly smaller external load, the power supply would go out of its 
regulation range. Should this occur, no IZ would flow, and the value of IL 

alone would determine the current passing through RS. An  IRS value in excess 
of 76 mA would cause a greater voltage drop across RS. This, in effect, would 
cause the output voltage to be less than 9 V. All voltage regulator circuits of 
this type have a maximum load limitation. Exceeding this limit causes the 
output voltage to go out of regulation. 

If the resistance of the external load is increased, it causes a reduction in 
load current. This condition reverses the operation of the regulator. With a 
larger RL, there is less IL. As a result, the Zener diode conducts more heavily. 
The maximum current handling rating of DZ determines this condition. An 
infinite load would, for example, demand no IL. DZ would, therefore, conduct 
the full current passing through RS. This value is calculated to be 76 mA for 
our circuit. For a 1-W, 9-V Zener diode, the maximum current rating is 0.111 
A, or 111 mA: 

IZ (max)  = 1 W/9 V  

= 0.111 A or 111 mA. 

In this case, the Zener diode is capable of handling the maximum 
possible IL that will occur for an infinite load. In the actual circuit, the bleeder 
resistor, RS, demands 0.9 mA of current when the load is infinite. The current 
through the Zener diode (IZ) will, therefore, not exceed 75.1 mA, which is 
well below its maximum rating. In effect, the regulating range of this power 
supply is from an infinite value to approximately 120 Ω. The output voltage 
will remain at 9 V over  this entire range of load values. 
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Input Changes 

A regulator must also be responsive to changes in input voltage. If the input 
voltage, for example, were to increase by 10%, it would cause the supply 
to see 13.86 V instead of 12.6 V. The peak value of 13.86 V would then be 
19.6−1.2 V, or 18.4 V, instead of 16.6 V. The voltage drop across RS would, 
therefore, increase from 7.6 to 9.4 V. This, in turn, would cause an increase in 
total current through RL of 94 mA. The current flow of the Zener diode would 
increase to 94.0 − 0.9 mA = 93.1 mA with no external load. Since the Zener 
diode is capable of handling up to 111 mA, it could respond to this change to 
maintain the output voltage at 9 V. 

A power supply’s response to a decrease in input voltage must also be 
taken into account. A 10% decrease in input voltage would cause the power 
supply to see only 11.34 V instead of 12.6 V. The peak value of 11.34 V is 
16 V. Capacitor C1 would then charge to 16.0 − 1.2 V, or 14.8 V. The 1.2 
V is the voltage drop across two silicon diodes in the bridge. The voltage 
drop across RS would be 5.8 V. With this reduced voltage, the total current 
would drop to 5.8 V/100 Ω = 0.058 A, or 58 mA. This value can certainly be 
handled by the Zener diode. The maximum low-resistance value of the load 
would increase somewhat. Under this condition, the load may drop to only 
160 Ω before going out of regulation. 

Zener Diode Regulator Design 

Now, let us apply what you have just learned to the design of a Zener diode 
voltage regulator. The components selected for the regulator consist of a 
Zener diode and a series resistor. The Zener diode must have a VZ value 
and a power dissipation rating that will accommodate the circuit ratings. 
The series resistor must be selected to accommodate the range of voltages 
used. It must also have a wattage rating that will accommodate the total 
current. Component selection uses some of the same procedures outlined in 
the voltage regulator section of this chapter. 

Regulator design requires some knowledge of the circuit being controlled 
and the values of voltage and current being accommodated. Let us assume 
that the unregulated output of a power supply ranges from 20 to 15 V. The 
desired regulated voltage is 12 V, and the load current will range from 0 to 
40 mA. What values of series resistor and Zener diode are needed to achieve 
regulation in a circuit attached to the power supply? 
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Twelve volts is a standard voltage value for a Zener diode. This particular 
device can be selected from a tolerance range of 1%−20%. The power 
dissipation rating of the Zener diode will be made after the value of the series 
resistor (RS) has been determined by calculation. 

A series resistor must be selected that will permit the Zener diode to 
operate within its prescribed range. The value of RS is equal to the minimum 
value of the input voltage, V in(min), minus the Zener voltage (VZ), divided 
by the maximum value of the load current, IL(max). The voltage difference 
between V in and VZ represents the voltage that will appear across the series 
resistor. This voltage value divided by the maximum load current, IL(max), 
equals the value of RS. For our circuit, we, therefore, find the value of RS to be 

RS = [Vin (min) − VZ]/IL (max)  

= [15 V − 12 V]/0.04 A 

= 75 Ω. 

The wattage rating to the resistor must also be determined from the basic 
power formula, P = IV. For this particular application, the wattage rating of 
the series resistor is determined from the values of the maximum load current, 
IL(max), and the series resistor voltage (VRS): 

P =  IL (max)  × VRS 

= 0.04×3 V  

= 0.012 W. 

Since resistors do not have a standard wattage value of 0.012 W, a value 
of 0.25 W, or 1/4 W, will be selected for use in this circuit. This resistor can 
withstand significantly more heat than the calculated value. 

The power dissipation rating, or  PD, of the Zener diode is a calculated 
value. In this case, power dissipation is determined by the basic PD = IZ × VZ 

formula. The maximum IZ value of the formula is first determined by finding 
the total current (IT) passing through RS and then subtracting the minimum 
load current IL (min)  from IT. The power dissipation rating of the Zener diode 
is thus 

PD = VZ × [Vin (max) − VZ/RS] − IL (min)] 

= 12  V  × [20 V − 12 V/75 Ω] − 0 A  

= 12  V  × [8 V/75 Ω] − 0 A  

= 12  V  × 0.1067A − 0 A  
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= 12 V  × 0.1067A 

= 1.28 W. 

Zener diodes are not available with a PD rating of 1.28 W. Therefore, a 5
W Zener would be selected for this application. This particular Zener could 
withstand a great deal more current than the calculated value. 

Our calculations of the Zener diode and series resistor of the regulator 
are based on the assumption that the value of VZ remains fairly constant 
under normal circuit applications. This is done to simplify the calculations. 
As a rule, this is a good practical assumption. If the actual value of VZ does 
change in the operation of a regulator, the Zener impedance (ZZ) of the diode 
could be used to determine changes in IZ values. ZZ is generally given in the 
manufacturer’s specifications of a diode. 

Example 4-10: 

Design a Zener diode voltage regulator that calls for a 10-V regulated output 
and for load current that will range from 0 to 30 mA. The unregulated input 
varies from 15 to 20 V DC. 

Solution 

1. Determine the value of the series resistor (RS). 

RS = [Vin (min) − VZ]/IL (max)  

= [15 V − 10 V]/0.03 A 

= 167 Ω. 

2. Determine wattage rating needed for the series resistor. 

P =  IL (max ) × VRS 

= 0.03 ×5 V  

= 0.015 W. 

Since resistors do not have a standard wattage value of 0.015 W, a value 
of 0.25 W, or 1/4 W, will be selected for use in this circuit. 

3. Select a Zener diode that will regulate voltage at 10 V. Since 10 V is a 
standard Zener voltage rating, we will select a 10-V Zener diode for this 
application. 
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4. Determine the power dissipation (PD) rating for the Zener diode.

PD = VZ × [Vin (max) − VZ/RS]− IL (min)]

= 10 V × [20 V − 15 V/167 Ω]− 0 A

= 10 V × [5 V/167 Ω]− 0 A

= 10 V × 0.030 A− 0 A

= 10 V × 0.030 A

= 0.3 W.

Since 0.3 W, or 300 mW, is not a standard PD rating, we will select a
10-V Zener diode with a 500-mW PD rating.
Therefore, a 167-Ω 1/4-W resistor and 10-V, 500-mW Zener diode will
be used for the voltage regulator circuit.

Related Problem

Design a Zener diode voltage regulator that calls for a 30-V regulated output
and for load current that will range from 0 to 50 mA. The unregulated input
varies from 12 to 20 V DC.

Self-Examination

Answer the following questions.

27. The purpose of a Zener diode in a power supply circuit is _____
regulation.

28. A Zener diode voltage regulator consists of a(n) _____ and a series
_____.

29. The Zener diode in a power supply is placed across the filter circuit in
the _____ bias direction.

30. A Zener diode goes into conduction when it reaches the _____ voltage.
31. Zener current and load current pass through the _____ resistor.
32. The total current passing through the Zener diode is the value of _____

resistor current minus _____ resistor current.

4.5 Dual Power Supplies

The dual power supply, or split power supply, has been developed as a volt-
age source for integrated circuits. This supply has both negative and positive
output with respect to ground. The secondary winding of the transformer is
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Figure 4.24 Dual power supply conduction. 

divided into two parts. The center tap or neutral serves as a common ground 
connection for the two outside windings. Each half of the winding connects 
to a full-wave rectifier. 

A dual power supply with a full-wave rectifier is shown in Figure 4.26. 
Note that the output of this supply is +10.7 and −10.7 V. Diodes D1 and D2 

are rectifiers for the positive supply. They are connected to opposite ends 
of the transformer (T1). Diodes D3 and D4 are rectifiers for the negative 
supply. They are connected in a reverse direction to the opposite ends of the 
transformer. The positive and negative output is with respect to the center tap 
of the transformer. 

For one alternation, the top of the transformer is positive and the bottom 
is negative. Current flows through D4, RL2, RL1, and D1 and returns to the 
top of the transformer. The top of RL1 becomes positive and the bottom of 
RL2 becomes negative. Solid arrows show the path of current flow for this 
alternation. 

The next alternation makes the top of the transformer negative and the 
bottom positive. Current flows out through D3, RL2, RL1, and D2 and returns 
to the bottom of the transformer. The top of RL1 continues to be positive, 
whereas the bottom of RL2 is negative. The direction of current flow through 
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RL1 and RL2 is the same for each alternation. The resulting output voltage of 
the supply appears at the top and the bottom of RL1 and RL2. 

Self-Examination 

Answer the following questions. 

33. A power supply with a negative and a positive output is called a(n) _____ 
power supply. 

34. When the top of the transformer is positive and the bottom is negative, 
current flows out of point B through D_____, RL_____, RL _____, and 
D_____ and returns to terminal A of the transformer. 

35. When the top of the transformer is positive and the bottom is negative, 
the top of RL1 is _____, and the bottom of RL2 is _____. 

36. When the top of the transformer is negative and the bottom is positive, 
current flows out of point A through D_____, RL_____, RL _____, and 
D_____ and returns to terminal B of the transformer. 

37. When the top of the transformer is negative and the bottom is positive, 
the top of RL1 is _____, and the bottom of RL2 is _____. 

4.6 Clippers, Clampers, and Voltage Multipliers 

P-N junction diodes were introduced in Chapter 2. A primary use is in power 
supplies as described in this chapter. However, there are many other common 
applications of diodes. In this section, other diode circuits and applications 
will be studied. These applications include clippers, clampers, and voltage 
multipliers. 

One type of circuit that uses diodes is the clipper or limiter circuit. A 
clipper is a diode circuit that is used to eliminate a portion of a waveform. 
There are several types of clippers. A clamper or DC restorer is a diode cir
cuit used to set or restore the DC reference voltage of a waveform. Waveforms 
are frequently centered around a specific DC reference voltage. For example, 
a 6-V p-p sine wave might vary equally above and below +5 Vdc reference. 
A clamper circuit can be used to set the +5 V DC reference. 

Another diode application is called a voltage multiplier circuit. Voltage 
multipliers produce a DC output voltage that is a multiple of the peak AC 
input voltage. 

Several types of clippers, clampers, and voltage multipliers are described 
in this chapter. 
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Figure 4.25 Series and shunt clipper circuits. 

Clipper Circuits 

The basic operating principle of a clipper circuit is similar to a half-wave 
rectifier since a clipper eliminates one of the alternations of an AC input 
signal at the output of the circuit. 

There are four types of clipper circuits, as shown in Figure 4.25, which 
are negative series clipper, positive series clipper, negative shunt clipper, 
and positive shunt clipper. Each series clipper contains a diode that is in 
series with the load, while each shunt clipper contains a diode that is in 
parallel with the load. 

Note, in Figure 4.26(a), that when the diode in a negative series clipper 
is forward biased by the input signal, it will conduct, and a voltage will appear 
across RL. When the diode in the negative series clipper is reverse biased by 
the input signal, it does not conduct. Therefore, no voltage will appear across 
the load resistor. 

A positive series clipper and its associated waveforms are shown in 
Figure 4.26(b). The positive series clipper operates in a similar manner. Note 
that, compared to series clippers, the output voltage polarities are reversed. 
Also, the current directions through the circuit are reversed. 

Clippers are used for various functions including altering waveshape, pro
viding circuit transient protection (reducing voltage spikes) and as amplitude 
modulated (AM) communications receiver detection circuits discussed in a 
later chapter. 

Shunt Clippers 

The operation of the shunt clipper is exactly opposite to that of the series clip
per. The series clipper provides an output when the diode is forward biased 
and no output when the diode is reverse biased. The shunt clipper provides 
an output when the diode is reverse biased and shorts the output signal to 
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Figure 4.26 Input and output waveforms for series clippers. (a) Negative series clipper. (b) 
Positive series clipper. 

ground when the diode is forward biased. This operation is illustrated in 
Figure 4.27. 

The circuit shown in Figure 4.27(a) is a negative shunt clipper. When 
the diode in the negative shunt clipper is reverse biased, it is effectively 
removed from the circuit. With the diode reversed biased, the resistors form 
a voltage divider and the load voltage can be found by the formula shown in 
Figure 4.27(a). The output signal is similar to the positive alternation of the 
input. The peak output voltage is slightly less than the peak input voltage. 
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Figure 4.27 Input and output waveforms for shunt clippers. (a) Negative shunt clipper. (b) 
Positive shunt clipper. 

The output of the circuit is approximately −0.7 V when the diode is forward 
biased. 

The positive shunt clipper, shown in Figure 4.27(b), is similar in oper
ation to the negative shunt clipper. When the input to the circuit is negative, 
the diode is reverse biased and, for all practical purposes, removed from the 
circuit. Note that RS is added in the shunt clipper as a current-limiting resistor. 
If the input signal forward biased the diode and RS was not in the circuit, 
D1 would short the source. The signal would be shorted to ground during 
the positive alternation of the input signal. This could result in the diode 
being destroyed by excessive forward current. Also, the signal source could 
be damaged by the excessive current demand of the conducting diode. The 
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value of RS is much lower than the value of the load resistor (RL). When the 
diode is reverse biased, the voltage across the load resistor is approximately 
equal to the value of V in. 

Biased Clippers 

Biased clippers have a DC bias source to set the limit of the output voltage 
of the circuit. Figure 4.28 shows positive-biased and negative-biased clipper 
circuits. These circuits are designed to clip input waveforms at values other 
than the diode VF (0.7 V). In both circuits, the bias voltage (VB) is in series 
with the shunt diode. The diode conducts and clips the input waveform as 
shown. A positive-biased clipper (see Figure 4.28(a)) is designed to clip the 
input signal at VB + 0.7 V. The bias voltage determines the value at which 
the input signal is clipped. The negative-biased clipper of Figure 4.28(b) is 
similar. 

A variable DC source could be used to provide an adjustable value of 
VB. The bias voltage (VB) would allow an adjustment in this circuit to provide 
the desired clipping limit. By reversing the direction of the diode and the 
polarity of the variable DC voltage in both circuits of Figure 4.28, the circuit 
would function as a negative-biased clipper. 

Self-Examination 

Answer the following questions. 

38. A clipper is used to _____________________. 
39. Another name for a clipper is ________________. 
40. The difference between a series and shunt clipper is _______________. 
41. The purpose of RS in a shunt clipper is _________________. 
42. A biased clipper uses a __________ to establish a reference voltage. 

Clamper Circuits 

A clamper or DC restorer circuit is designed to shift a waveform either 
above or below a pre-determined reference voltage without distorting or 
changing the shape of the input waveform. A positive clamper and a negative 
clamper circuit are shown in Figure 4.29. A  positive clamper shifts the input 
waveform so that the negative peak of the waveform is approximately equal 
to the DC reference voltage of the clamper. A negative clamper shifts its 
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Figure 4.28 Biased shunt clipper circuits. (a) Positive-biased clipper. (b) Negative-biased 
clipper. 

input waveform so that the positive peak of the waveform is approximately 
equal to the clamper circuit’s DC reference voltage. 

Basically, a clamper adds a DC reference level to an AC voltage. To 
understand the operation of a clamper, refer to the positive clamper of 
Figure 4.29(a). Starting with the first negative half-cycle of the AC input, 
the diode is forward biased. The capacitor will charge to near the peak AC 
input voltage. After the negative peak, the diode is reverse biased, causing the 
voltage across D1 to be nearly equal to the peak voltage input. The capacitor 
can only discharge through the relatively high resistance of RL; so most of its 
charge is retained. The capacitor voltage basically acts as a voltage in series 
with the input voltage. During the positive half-cycle of the input, the input 
voltage adds to the input voltage value to produce a voltage output as shown 
in Figure 4.29(a). 
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Figure 4.29 Diode clamper circuits. (a) Positive clamper. (b) Negative clamper. 

The negative clamper of Figure 4.29(b) is similar in operation, except 
that the diode and the capacitor are reversed, clamping the output voltage 
in the negative direction. Clamping circuits are commonly used in television 
systems as a DC restorer. 

Biased Clampers 

Biased clampers, shown in Figure 4.30, provide a waveform that is shifted 
above or below a DC reference voltage value. The circuit of Figure 4.30(a) 
is a biased negative clamper. The DC reference voltage for the circuit 
depends on the value of the DC bias source (VB) value and the setting of 
the potentiometer (R1). The biased positive clamper is similar except for the 
polarity of the variable DC voltage negative and the diode. The DC reference 
voltage of the circuit can be adjusted to any voltage between VB and 0 V.  

Zener Clampers 

The circuits shown in Figure 4.31 Zener clampers. The Zener diodes 
are used to set the DC reference voltages of the circuits. When a 2-V 
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Figure 4.30 Biased clamper circuits. (a) Fixed negative-biased clamper. (b) Fixed 
positive-biased clamper. (c) Variable negative-biased clamper. (d) Variable positive-biased 
clamper. 

Zener diode is used in a Zener clamper, the DC reference voltage is 
clamped at +2 V. The P-N junction diodes are necessary to provide one-
way current flow. Remember that the Zener diode conducts in both the 
reverse and forward operating regions. During the positive alternation of 
the input, the diodes will conduct. The positive peak clamps the peak 
at VZ = +0.7 V. 

During the negative alternation of the input, D1 is reversed biased and 
there will be no negligible current flow through the diodes. A Zener clamper 
may be either a negative clamper with a positive DC reference voltage (see 
Figure 4.31(a)) or a  positive clamper with a negative DC reference voltage 
(see Figure 4.31(b)). 
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Figure 4.31 Zener diode clampers. (a) Negative Zener clamper. (b) Positive Zener clamper.

Self-Examination

Answer the following questions.

43. A clamper is used to ____________
44. Another name for a clamper is _____________.
45. Biased clampers provide a waveform shifted above or below a

______________.
46. A positive clamper shifts a(n) _______________ above a DC reference

voltage.
47. Zener clampers use a Zener diode in series with a(n) _________________

to establish a DC reference voltage.

Voltage Multiplier Circuits

The purpose of a voltage multiplier circuit is to increase the value of a DC
voltage output applied to a load. Voltage multipliers produce a DC output that
is a multiple of the peak input voltage. A voltage doubler circuit is used to
increase the peak AC input value by a factor of 2. Applications of voltage
multiplier circuits are primarily used for high-voltage DC power supplies.
A dual-voltage power supply may also use voltage multiplier circuits for
increased DC voltage output.

The basic voltage multiplier circuits are the voltage doublers shown in
Figure 4.32. In the half-wave voltage doubler circuit (see Figure 4.32(a)),
when point A has a positive AC input applied, diode D1 will conduct and
diode D2 is reverse biased. Capacitor C1 will charge to the peak AC input
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Figure 4.32 Voltage doubler circuits. (a) Half-wave doubler. (b) Full-wave doubler. 

voltage. The right side of capacitor C1 will retain this peak positive charge. 
During the next half-cycle of AC input, the instantaneous polarities will be 
reversed. This places point B at a positive potential. Diode D2 will now 
conduct, while D1 is reverse biased. This action places a charge on capacitor 
C2 equal to the peak AC input. During the next half-cycle of AC input, 
the charge on capacitor C1 will accumulate on capacitor C2 by discharging 
through diode D2. Also, during this half-cycle, capacitor C2 will discharge 
through the load resistance (RL). The sum of the voltages accumulated on 
C2 will then approximately equal 2 × VP(in). The output is similar to a half-
wave rectified waveform that has a simple capacitor filter (see Chapter 4). 
The diode PRV rating must be at least 2 × VP(in). 
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Figure 4.33 (a) Voltage tripler and (b) voltage quadrupler. 

The operation of the full-wave voltage doubler of Figure 4.32(b) is 
similar to the half-wave doubler. When point A has a positive potential, diode 
D1 will conduct, allowing capacitor C1 to charge to the value of VP. The next 
half-cycle of AC input will place an instantaneous positive charge on point B. 
Diode D2 will then conduct, charging capacitor C2. With no load connected, 
the DC voltage at the output terminals is approximately 2 × VP(in). The 
PRV ratings of the diodes must also be at least 2 × VP(in). More sections of 
these circuits can be connected together to form voltage tripler and voltage 
quadrupler circuits. Extremely high DC voltages can be produced with these 
circuits. 

Remember that the output power delivered can never be greater than 
input power. Increased voltage results in a corresponding decrease in current 
value. A voltage tripler is similar to a half-wave voltage doubler. Note in 
Figure 4.33(a) that diodes D1 and D2 and capacitors C1 and C2 are the same 
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as the half-wave doubler of Figure 4.33(b). With diode D3 and capacitors
C3, and C4 added, the voltage tripler circuit is formed. The half-wave voltage
doubler functions to double the DC voltage. Diode D3 conducts when D1 is
conducting. During the negative input alternation, D1 and D3 conduct. This
causes C1 and C3 to charge to VP(in). During the positive input, diode D2

conducts causing C2 to charge to 2 × VP(in). The sum of the voltages across
C2 and C3 now equals 3 × VP(in). Capacitor C4 accumulates the combined
charge voltages of C2 and C3 and also acts as a filter capacitor to reduce the
AC ripple of the DC output.

A voltage quadrupler, shown in Figure 4.33(b), produces a DC output
that is approximately four times the peak AC input voltage. This circuit is
basically a combination of two half-wave voltage doublers (see Figure 4.32).
The accumulated charge across capacitor C5 is the sum of the voltages across
capacitors C2 and C4. Note that they are connected in series so that their
voltages will add together.

Self-Examination

Answer the following questions.

48. A voltage multiplier is used to ____________.
49. A half-wave voltage doubler uses ______ diodes and ________ capaci-

tors.
50. A full-wave voltage doubler uses ______ diodes and ________ capaci-

tors.
51. A voltage tripler uses ______ diodes and ________ capacitors.
52. A voltage quadrupler uses ______ diodes and ________ capacitors.

Analysis and Troubleshooting

Analysis and troubleshooting for power supply circuits involves similar
principles and procedures as P-N junction diode circuits described in
Chapter 2.

In order to analyze and troubleshoot power supply circuits, you should:

• review analysis and troubleshooting for P-N junction diodes
(Chapter 2);

• recall basic analysis and troubleshooting techniques for diode circuits.
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In order to improve your analysis and troubleshooting expertise, you should
be able to recall basic techniques and common faults that might occur in diode
circuits. You should begin by reviewing the “Analysis and Troubleshooting−
P-N Junction Diodes” section of Chapter 2.

Basic Troubleshooting Techniques

Always remember “Safety First” − make sure power source is turned off.
Identify the symptoms and determine the cause.
Perform a power check − make sure that power is being applied to the

circuit.
Make a sensory check − use all of your senses.
Replace damaged components.
Trace signals or voltages (for an active circuit) using an oscilloscope

and/or multimeter.
Recognize common faults (for diode circuits).
Power source problem − open fuse or circuit breaker, faulty transformer,

etc.
Open diode
Shorted diode
Open resistor
Shorted resistor
Changed-value resistor
Open capacitor
Shorted capacitor
Leaky capacitor

Summary

• The functions of a typical power supply are transformer, rectifier, filter,
and regulator.

• The transformer of a power supply is typically used to step down the
input voltage.

• The relationship of turns ratio to voltage is Npri/Nsec = Vpri/Vsec.
• The relationship of primary and secondary voltages to current is

Vpri/Vsec = Isec/Ipri.
• A rectifier changes AC to pulsating DC.
• The three types of rectifiers are half-wave, full-wave, and bridge.
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• A half-wave rectifier produces a half-wave output. 
• Full-wave and bridge rectifiers produce a full-wave output. 
• The composite average value of DC output from a half-wave rectifier is 

45% of the AC input voltage, minus the voltage drop of 0.6 V across the 
silicon diode. 

• The composite average value of DC output from a full-wave rectifier is 
90% of the AC input voltage, minus the voltage drop of 0.6 V across the 
silicon diode. 

• The composite average value of DC output from a full-wave rectifier is 
90% of the AC input voltage, minus the voltage drop of 1.2 V across the 
two silicon diodes. 

• Ripple frequency in a half-wave rectifier is equal to the input frequency. 
• Ripple frequency of a full-wave and bridge rectifier is twice the input 

frequency. 
• Filters increase voltage and decrease ripple. 
• A C-input filter consists of a capacitor in parallel with the load. 
• An  L-input filter consists of an inductor in series with the load. 
• An LC filter consists of an inductor in series with the load and a capacitor 

in parallel with the load. 
• A pi filter consists of a capacitor in parallel with the load followed by an 

LC filter. 
• An RC filter is similar to a pi filter, except that it uses a resistor instead 

of an inductor. 
• A voltage regulator is used to achieve a steady output voltage from a 

power supply. 
• A dual power supply is commonly used with integrated circuits. 
• A dual power supply provides both negative and positive voltages with 

respect to ground. 
• Clippers or limiters are diode application circuits used to remove part of 

an AC input signal. 
• Clampers or DC restorer circuits are used to establish a DC voltage 

reference for an AC signal. 
• Voltage multipliers are diode application circuits used to produce a DC 

output voltage that is a multiple of the peak AC input voltage applied to 
the circuit. 

• Series clipper circuits have one diode that is in series with an AC source 
and a load resistance. 

• Negative series clipper circuits remove the negative alternation of an AC 
input signal. 
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• Positive series clipper circuits remove the positive alternation of an AC 
input signal. 

• Shunt clipper circuits have a diode in parallel with a load resistance. 
• A series current-limiting resistor is used to prevent the diode of a shunt 

clipper from shorting the signal source to ground when the diode is 
forward biased. 

• A biased clipper circuit is a shunt clipper that has a DC voltage source 
used to bias the diode. 

• Positive clamper circuits shift an AC input signal above a DC reference 
voltage. 

• A negative clamper shifts an AC input signal below a DC reference 
voltage. 

• A biased clamper may be used to provide an output waveform above or 
below a DC reference above (or below) a DC reference voltage. 

• Zener clampers use Zener diode in series with a P-N junction diode to 
establish a DC reference voltage. 

• Negative clampers produce positive DC reference voltage and positive 
clampers produce a negative DC reference voltage. 

• Voltage multipliers produce a DC output voltage that is some multiple 
of the peak AC input voltage applied to the circuit. 

• Half-wave voltage doublers produce a DC output voltage that is approx
imately twice the peak AC input voltage. 

• Full-wave voltage doublers produce an output that is approximately 
twice the peak AC input voltage applied to the circuit. 

• Voltage triplers produce a DC output voltage that is approximately three 
times the peak AC input voltage applied to the circuit. 

• Voltage quadruplers produce a DC output voltage that is approximately 
four times the peak AC input voltage applied to the circuit. 

Answers 

Examples 

4-1. 1:5 
4-2. 600 V 
4-3. 1.2 A 
4-4. 6.36 V 
4-5. 18 V 
4-6. 14.25 V 
4-7. 29.1 V 
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4-8. 28.5 V 
4-9. 4 mA 

Self-Examination 

1. secondary 
2. primary 
3. turns ratio 
4. voltage, current 
5. current, voltage 
6. 12 
7. 60 

4.2 
8. one 
9. two 

10. four 
11. positive 
12. positive 
13. 60 
14. 120 
15. 120 
16. (10 V RMS × 1.414 × 0.318) − 0.6V = 3.89 

or 
(10 V RMS × 0.45) − 0.6V = 3.9 

17. (30 V RMS × 1.414 × 0.636) − 1.2 = 25.78 
or 
(30 V RMS × 0.9) − 1.2 = 25.8 
4.3 

18. voltage, ripple 
19. L-input, LC (any order) 
20. pi 
21. L-input 
22. C-input 
23. capacitor 
24. inductor 
25. pi 
26. LC 
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4.4 
27. voltage 
28. Zener diode, resistor 
29. reverse 
30. Zener breakdown 
31. series or bleeder 
32. series or bleeder, load 

4.5 
33. dual or split 
34. 4, 2, 1, 1 
35. positive, negative 
36. 3, 2, 1, 2 
37. positive, negative 

4.6 
38. Eliminate one AC alternation at the output 
39. Limiter 
40. Location of diode relative to RL 

41. Avoid having a short-circuited power source 
42. Shunt diode 
43. Establish a DC reference voltage 
44. DC restorer 
45. DC reference voltage 
46. AC voltage 
47. P-N junction diode 
48. Increase DC voltage output 
49. two, two 
50. two, two 
51. three, four 
52. four, five 

Formulas 

(4-1)–(4-3) Npri/Nsec = Vpri/Vsec = Isec/Ipri Relationship between the turns 
ratio, voltage ratio, and current ratio. 

(4-4) Vavg = 0.637 × VP The average voltage value of one pulse of DC 
voltage. 

(4-5) composite average value = 0.318 × VP Average voltage value 
of one pulse of DC, taking into account the time of the negative 
alteration. 
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(4-6) VP = Vrms × 1.414 The peak value of one AC alternation at the 
input of a rectifier. 

(4-7) composite average value = (Vrms × 0.45) − 0.6 V The DC output 
of an unfiltered half-wave rectifier, minus the voltage drop across 
a silicon diode. 

(4-8) composite average value = (Vrms × 0.9) − 0.6 V The DC output 
of a full-wave rectifier, minus the voltage drop across a silicon 
diode. 

(4-9) Vdc (out) = (Vrms × 0.9) − 1.2 V The DC output of a full-wave 
rectifier, minus the voltage drop across the silicon diodes. 

(4-10) T = R × C RC time constant. 

Glossary 

Turns ratio 

The ratio of the number of turns in the primary winding to the number of 
turns in the secondary winding. 

Rectification 

The process of changing AC into DC. 

Rectifier 

The function of a power supply that converts AC to DC. 

Half-wave rectifier 

A rectifier in which one alternation of the AC input appears in the output. 

Pulsating DC 

A voltage or current value that rises and falls at a rate or frequency with 
current flow always in the same direction. 

Ripple frequency 

A circuit that changes pulsating DC into a rather pure form of DC. 

C-input filter 

A filter circuit employing a capacitor as the first component of its input. 

L-input filter 

A filter circuit employing an inductor as the first component of its input. 
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Choke 

An inductor that is used as a primary filtering element. Refers to the ability 
of an inductor to reduce ripple voltage and current. 

Pi filter 

A filter with an input capacitor connected to an inductor−capacitor filter, 
forming the shape of the Greek letter pi. 

Voltage regulator 

A circuit that ensures a stable DC voltage. 

Dual power supplies 

A power supply that has both negative and positive output with respect to 
ground. 

Clipper 

A diode circuit that is used to eliminate a portion of a waveform. 

Clamper 

Also called a DC restorer, a diode circuit used to set or restore the DC 
reference voltage of a waveform. 

Voltage multiplier 

A diode circuit used to produce a DC output voltage that is a multiple of the 
peak AC input voltage. 
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Special Semiconductor Diodes
 

In the previous chapters, we were concerned with P–N junction and Zener 
diodes and their applications. In this chapter, we examine some semiconduc
tor diodes that have unique characteristics that distinguish them from other 
diodes. Applications for these diodes are rather specialized and, in some 
cases, may represent a very small part of diode technology. As a rule, these 
devices may require some unusual construction technique or a specialized 
circuit application. 

This chapter is included in the study of semiconductor devices to expand 
your knowledge of diode technology. Through it, you will become familiar 
with some of the unusual characteristics of a diode. This will provide a 
better understanding of the diode and its applications. The diode is indeed 
the building block of all semiconductor devices. 

Objectives 

After studying this chapter, you will be able to: 

5.1 describe the characteristics and applications of tunnel diodes; 
5.2 describe the characteristics and applications of varactor diodes; 
5.3 describe the distinguishing characteristics of Schottky, PIN, IMPATT, 

and Gunn-effect diodes. 

Chapter Outline 

5.1 Tunnel Diodes 
5.2 Varactor Diodes 
5.3 Miscellaneous Diodes 

167
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Key Terms

bistable
Gunn-effect diode
hot carriers
IMPATT diode
negative resistance
PIN diode
quality factor
Schottky-barrier diode
tunnel diode

5.1 Tunnel Diodes

As you have learned, adding a controlled amount of impurities can change the
conduction capabilities of a semiconductor. The conduction capabilities of a
tunnel diode are changed in a unique way by adding a higher concentration
of impurities than a standard diode. In this section, you will learn about the
unique conduction capability of a tunnel diode and its I–V characteristics,
specifications, and applications.

5.1 Describe the characteristics and applications of tunnel diodes.
In order to achieve objective 5.1, you should be able to:

• describe the peak current, valley current, peak voltage, and valley
voltage of a tunnel diode;

• locate peak current, valley current, peak voltage, and valley voltage on a
tunnel diode I–V curve;

• define tunnel diode, negative resistance, and bistable.

A tunnel diode is a two-element semiconductor device with construction
similar to that of a conventional silicon diode. This device has an anode
connected to the P-type material and a cathode connected to the N-type
material. The two materials are joined at a common point or junction. The
tunnel diode is, however, quite different beyond this point. The P-type and N-
type materials, for example, are heavily doped. This means that the material
has a rather high concentration of impurities. Typical doping levels may be
one hundred to several thousand times that of a conventional silicon diode.

Heavily doping the semiconductor material of a tunnel diode causes the
N-type material to have a large number of free electrons and the P-type
material to have a large number of holes. The high current carrier content
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of the crystal material causes the width of the depletion region to be very 
thin. In general, depletion zone width is only 1/100 of that of a regular diode. 
This permits current carriers to “tunnel” through the barrier rather than move 
across it when bias voltage is reduced. 

Normally, electrons must have sufficient external energy to cross the 
surface barrier of a junction, as described in Chapter 2 for P–N junction 
diodes. Due to the increased number of current carriers and the thin barrier 
that exists in tunnel diodes, electrons tend to pass through the barrier with an 
extremely small amount of energy. In many cases, ambient temperature may 
be sufficient to cause some conduction. This can occur in some cases when 
very little bias voltage has been applied. Current carriers tend to move across 
the barrier as if it did not exist. Figure 5.1 shows an example of electrons 
tunneling through the barrier of a P–N junction with a small amount of 
external voltage applied. 

Figure 5.1 Tunneling electrons. The thin depletion zone of a tunnel diode enables current 
carriers to pass through the barrier with a small amount of bias voltage. 
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Tunnel Diode I–V Characteristics 

The I–V characteristic of a tunnel diode is quite different from that of 
other diodes. The tunnel diode has three distinct characteristics that make 
it electrically different. Each characteristic depends on a value of bias voltage 
applied to the device. Within a certain range of bias voltage, a tunnel diode 
is conductive in both directions. See the I–V characteristics of Figure 5.2 
(right and left of the peak voltage point) and the area on each side of the 
valley voltage. In the second range of bias voltage, the tunnel diode has a 
negative resistance characteristic. This is located between the forward voltage 
peak (VP) and the valley voltage (VV) point. Negative resistance refers to 
an area where an increase in voltage causes a decrease in current. The third 
characteristic of bias voltage deals with an area beyond the valley voltage 

Figure 5.2 I–V characteristics of a tunnel diode. 
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point. Increasing the forward voltage beyond the VV point of a tunnel diode 
causes it to respond as a conventional silicon diode. This part of the curve 
shows that an increase in forward voltage causes a corresponding increase in 
forward current. 

The operation of a tunnel diode can be changed according to the value and 
polarity of the applied bias voltage. The three bias conditions discussed occur 
within a few millivolts. The general area of operation is somewhere between 
0 and 600 mV. The exact voltage for each bias condition is dependent on 
the material used in the construction of the diode. Germanium or gallium 
arsenide can be used in the construction of most tunnel diodes. The doping 
level of the P-type and N-type materials has a great deal to do with other 
characteristics. The peak current (IP), for example, can vary from a few 
microamperes to 100 A. The peak voltage (VP), however, is limited to a 
maximum value in the range of 600 mV. For this reason, a tunnel diode can 
be easily damaged. A multimeter with a 1.5-V cell energizing the ohmmeter 
could damage a tunnel diode by simply measuring its resistance. When using 
the tunnel diode, one must use extreme care in connecting it into a circuit and 
altering the circuit so that it will produce a desired operating condition. 

Tunnel Diode Specifications 

Three common symbols for the tunnel diode are shown in Figure 5.3. Two 
of these symbols resemble the conventional silicon diode symbol with a slight 
modification. The third symbol, which is widely used, consists of a line and 
a half-circle. Note the parts of the symbol that are used to identify the anode 
and cathode. For the standard diode symbol, the anode and cathode remain 
unchanged. For the line-half-circle symbol, the anode is represented as a line, 
and the half-circle denotes the cathode. These symbols may all be drawn 
within a circle or with the circle omitted. 

Tunnel diodes are usually packaged in a special housing. Figure 5.4 
shows a representative package. Note the dimensions of this device. It is 
extremely small in comparison with a conventional silicon diode. As a rule, 
the enclosure is usually metal. The anode is insulated from the metal housing, 
and the cathode is attached to it. Since tunnel diodes are used primarily in 
high-frequency signal applications, metal enclosures are purposely used to 
isolate the internal diode structure from stray electromagnetic fields. 

The data from a tunnel diode specification sheet is shown in Figure 5.5. 
The tunnel diode represented in the sheet is a low-power device. Note that the 
data is listed for three different conditions of operation: minimum, typical, 
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Figure 5.3 Tunnel diode symbols and crystal structure. 

Figure 5.4 Tunnel diode package. 
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Figure 5.5 Tunnel diode data. 

and maximum. This particular diode is used for oscillators, high-frequency 
amplification, and high-speed switching applications. The specification sheet 
generally lists a number of characteristics that influence the high-frequency 
response of the diode, such as capacitance of the junction (C), terminal lead 
inductance (LS), negative resistance (−R), and lead resistance (RS). 

Tunnel Diode Applications 

When the tunneling principle of a highly doped P–N junction was first 
discovered, the tunnel diode was recognized as an important high-speed 
switching device. State switching could essentially take place at the speed 



174 Special Semiconductor Diodes 

of light. The response time of the switching action is primarily limited by 
diode capacitance. As a rule, this is in the order of 1−10 pF. This means that 
switching can occur from the zero point to the peak point with a very short 
rise time. 

The negative resistance characteristic of a tunnel diode has also opened 
the door for a number of other applications. High-frequency signal generation 
or oscillation can now be achieved by using this characteristic. The negative 
resistance characteristic also permits the tunnel diode to be used as a high-
frequency amplifying device. High-frequency signal control is an application 
of the tunnel diode. 

High-Frequency Oscillator 

The negative resistance characteristic of a tunnel diode can be used to a 
unique advantage when it is connected across an LC tank circuit. An inductor 
and capacitor connected in parallel form an LC tank circuit. Figure 5.6 
shows a tank circuit connected to a DC source. When the switch of the 
circuit is closed momentarily, it causes the tank circuit to be “shocked” 
into oscillation. The resulting damped oscillatory waveform is shown in 
Figure 5.6. Note that the amplitude of the wave decreases with each suc
ceeding wave. This is caused by the effective resistance of the tank circuit. 
The resistance essentially dissipates the power so that it causes the waves to 
die out after a few cycles of operation. If the tank circuit had only pure induc
tance and capacitance, the oscillations would be continuous after the initial 
voltage was applied. In practice, the circuit will always have some resistance. 
This means that the resulting oscillations will die out after a few cycles 
of operation. 

The negative resistance effect of a tunnel diode can be used to cancel 
or overcome the effective resistance of a tank circuit. This permits the tank 
circuit to behave as if it has no resistance. As a result, when the tank is shock-
excited with voltage, oscillations will occur without a change in amplitude. 
The frequency of the oscillating wave is determined by the capacitance and 
inductance of the tank circuit. This oscillator is very simple in operational 
theory and construction. 

To use a tunnel diode for the tank circuit of an oscillator, the diode must be 
forward biased. The amount of forward-bias voltage needed to reach the neg
ative resistance area is very critical. Ideally, this operating point is located 
between the peak and valley voltage points. This part of the characteristic 
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Figure 5.6 LC tank circuit and damped oscillatory waveform. 

curve is in the order of 60−350 mV. A representative operating voltage would 
be somewhere near the center of this voltage range or approximately 145 mV. 

Figure 5.7 shows a tunnel diode oscillator with a variable capacitor that 
permits frequency changes. Tunnel diode biasing is achieved by a voltage-
divider network consisting of resistors R1 and R2. The generated output signal 
developed by the circuit appears across the tank. An oscillator of this type has 
good stability and can generate signals in the microwave range. It is, however, 
rather sensitive to changes in temperature and bias voltage. 
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Figure 5.7 A tunnel diode oscillator. 

Switching 

A very common application of the tunnel diode is in high-speed switching 
circuits. A tunnel diode can perform logic functions and memory. The 
tunnel diode offers the following advantages: 

• Small size 
• Low operating power 
• High speed 
• Low cost 
• High reliability 

It is possible to form a simple two-state, or bistable, switching circuit by 
connecting a tunnel diode in series with a voltage source and a single resistor. 
Figure 5.8 shows this type of circuit and an I–V curve for the diode. To see 
how the circuit responds as a switch, the operating range of the circuit must 
be plotted. A solid line extending across the I–V curve shows the range of 
the anticipated operation. If a source voltage of 0.5 V is applied to a 100
Ω resistor, it will cause a forward current of 5 mA. Note the location of 
these two points (source voltage and forward current) on the solid line of 
the I–V curve which represent the end points of the line. Note also that the 
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Figure 5.8 Bistable switching circuit and operating characteristics. 

operating line crosses the I–V curve at three places: point A, point B, and 
point C. Point A occurs near the peak current point or IP. Point B occurs 
in the negative resistance region of the curve. This is considered to be an 
unstable operating point in a switching circuit. Point C is located slightly 
above the valley voltage point, VV. Points A and C are considered to be the 
stable operating points of the switching circuit. 

To see how a tunnel diode is used as a bistable switch, we must consider 
some specific operating conditions for the circuit in Figure 5.8. Point A is 
located at an IF of 4.75 mA and a VF of 25 mV. Point C is located at an IF 

of 1.0 mA and a VF of 400 mV. The circuit can be switched to either of these 
positions, and it will remain there until a state change occurs. The operational 
state of the circuit is determined by the value of the source voltage. Before the 
circuit is energized, both IF and VF are zero. When the circuit is energized 
by the 500-mV source, its operation will change to point A. For the circuit 
to operate at point C, the source voltage must be increased to 550 mV. This 
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causes the operation of the circuit to shift to the dotted line where it intersects
the I–V curve at stable point D. The circuit will remain at this operating point
as long as the source remains at 550 mV. However, reducing the source to a
value of 500 mV causes the circuit to remain in its stable condition by moving
to point C on the curve. To change the state of operation back to that of point
A, the source voltage would have to drop in value below 25 mV. When the
source voltage is changed back to 500 mV, the circuit will remain in its stable
state at point A. Thus, the circuit has two stable states of operation depending
on the value of the source voltage. This type of circuit is called a bistable
voltage switch.

Self-Examination

Answer the following questions.

1. Heavily doping the P-type and N-type materials of a tunnel diode causes
the depletion zone to be very _____.

2. The _____ effect is due to the heavy doping of P-type and N-type
materials and a thin depletion zone.

3. _____ refers to an area of a tunnel diode where an increase in voltage
causes a decrease in current.

4. An increase in forward voltage beyond the _____ point causes a tunnel
diode to respond as a regular diode.

5. When a tunnel diode is used as a switch, it has _____stabilized
conditions of operation.

6. When a tunnel diode is used as an oscillator, it is biased to operate in the
_____ region.

7. A(n) _____ will conduct in either the forward or reverse direction when
properly biased.

8. A tunnel diode generally operates in the (forward, reverse) direction for
most of its applications.

9. When a tunnel diode is used as an oscillator, the _____ cancels the
effective resistance of a tank circuit.

10. The two stable operating points of a bistable tunnel diode switch are to
the left of the _____ point and to the right of the _____ point.

5.2 Varactor Diodes

By definition, a capacitor is two or more conductors separated by an insu-
lating material. Since the depletion region of a diode serves as a dielectric
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medium or insulator and the two independent crystal materials serve as 
conductor plates, a conventional silicon diode can respond as a capacitor. 
When a diode has bias voltage applied, its depletion region changes in width. 
In a sense, this means that a diode responds as a voltage-variable capacitor. 
Some diodes are specially designed to respond to the capacitance effect. This 
section discusses these capacitors, which are called varactors, varicap diodes, 
or voltage-variable capacitors. 

5.2 Describe the characteristics and applications of a varactor diode. 
In order to achieve objective 5.2, you should be able to: 

• describe the electrical characteristics of a varicap diode; 
• describe how the internal capacitance of a P–N junction is changed with 

bias voltage; 
• describe how capacitance is produced across the junction of a varactor 

diode; 
• define quality factor. 

A varactor diode is a specially manufactured P–N junction with a variable 
concentration of impurities in its P-type and N-type materials. In a con
ventional silicon diode, doping impurities are usually distributed equally 
throughout the material. Varactors have a very light dose of impurities 
near the junction, but away from the junction, the impurity level increases. 
This type of construction produces a much steeper voltage−capacitance 
relationship. Figure 5.9 shows a comparison of the capacitance between 
a conventional silicon diode and a varactor diode. It can be seen that 
an ordinary diode possesses only a small value of internal capacitance. In 
general, this capacitance is too small to be of practical value. 

Varactor Diode Characteristics 

Varactor diodes are normally operated in the reverse-bias direction. With 
an increase in reverse biasing, the depletion region increases its width. 
This means less resulting capacitance. A decrease in reverse-bias voltage 
causes a corresponding increase in capacitance. In effect, the capacitance 
of a diode varies inversely with its bias voltage. This relationship, however, 
does not change linearly. Note the nonlinear area between 0 and 0.2 V 
of the varactor diode in Figure 5.9. The value of capacitance increases 
rather significantly when the reverse-bias voltage decreases. The capacitance 
continues to increase even when the diode is forward biased. In fact, the 
greatest capacitance is produced just before the forward-bias barrier voltage is 
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Figure 5.9 Diode capacitance values with ambient temperature, TA, at 25◦C. 

reached. This barrier voltage value is approximately 0.6 V for a silicon diode. 
However, when the barrier is reached, the diode becomes conductive. This 
causes the diode to respond as a shorted capacitor. Because of this condition, 
varactor diodes should not be used in the forward-bias region. Their normal 
range of operation is between zero and the reverse breakdown voltage. 

The internal capacitance of a varactor diode changes, to some extent, 
with temperature. Manufacturers usually take this into account by rating 
the operational characteristics of the device at some temperature value. The 
capacitance−voltage (C-V) characteristic of the diode in Figure 5.9 is rated 
at 25◦C. This shows that these C-V characteristics occur only when the 
device is operating at or near its rated temperature value. The amount of 
capacitance change that takes place for a given change in temperature is 
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usually expressed as the temperature coefficient of capacitance. The letters 
TCc denote this characteristic of the diode. As a rule, the TCc value of a 
varactor diode has a positive temperature characteristic. This shows that as 
the temperature increases, the depletion region decreases in width. A decrease 
in the depletion region causes a corresponding increase in capacitance. A 
positive TCc value, therefore, shows that an increase in temperature causes a 
corresponding increase in capacitance. 

The electrical characteristics of a representative varicap diode, BB139, 
are shown at the end of the chapter. Note the absolute maximum ratings, a 
housing outline, and the electrical characteristics for an operation at 25◦C. 
The data listed are for minimum, typical, and maximum operations. Most 
of these characteristics have some influence on the operational frequency of 
the device. They are tested at a representative operating frequency. Note, in 
particular, that this diode has a series resonant frequency (fr) of 1.4 GHz 
(1 GHz is 1,000,000,000 Hz). The varactor diodes shown are used in very 
high frequency (VHF) and frequency modulation (FM) applications. These 
applications will be discussed in later chapters. 

Varactor Diode Operating Efficiency 

When the varactor diode is used as a capacitor in a resonant circuit, its opera
tional efficiency becomes very important. The efficiency rating of a capacitor 
is a ratio of the amount of energy stored compared with the actual amount of 
energy used by the capacitor in the storing process. This relationship is called 
the quality factor, or Q, of a capacitor. A varactor diode has a Q rating very 
similar to that of a capacitor. The Q of a varactor diode is an expression of 
the capacitive reactance (XC) divided by the series resistance (RS) 

Q = XC/RS. (5.1) 

Since the XC of this expression is frequency dependent, the Q will also 
change with the frequency. The XC of a capacitor is 1/2πfC. XC is measured 
in Ohms. For a varactor diode, the XC and RS values of the Q expression are 
combined into a more workable formula. This is expressed as 

Q = 1/2πfCRS. (5.2) 

Note, in this formula, that Q is inversely related to the values of f, C, and 
RS. The Q of a varactor diode takes into account such things as internal 
capacitance, series resistance, and frequency. The series resistance is gener
ally due to lead length and the bulk resistance of the semiconductor material. 
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In conventional operation, the reverse-biased voltage of the diode blocks DC 
from passing through the device. The internal resistance of a diode is a form 
of opposition to an AC signal. Since AC passes through the capacitance of a 
reverse-biased diode, its value is influenced by the RS that it sees. As a rule, 
the RS of a varactor diode is quite small at high frequencies. The data sheet at 
the end of the chapter shows RS to be 0.35 Ω at a frequency of 600 MHz. This 
means that a varactor diode offers some measurable amount of opposition to 
an AC signal. This opposition is frequency dependent. The Q of a varactor 
diode is often expressed as a number value at an operational frequency. On 
the data sheet, the Q is 150 at 100 MHz. 

Typically, these devices have a rather high value of Q. In general, the Q 
increases at lower frequencies and decreases in value at higher frequencies. 
This means that the device works very efficiently at some designated range 
of AC frequency. If the varactor is subjected to frequencies higher than 
the designated operating frequency, the Q will drop in value. If the normal 
operating frequency is exceeded, the Q can be reduced to a value of 1. 
The frequency at which this occurs is called the cutoff frequency (fc). This 
operating condition is an important selection characteristic for the varactor 
diode. The cutoff frequency of a varactor diode can be calculated by the 
following formula: 

fc = 1/2πCRS. (5.3) 

Varactor Diode Construction 

Varactor diodes are a rather broad general class of semiconductor devices that 
are designed for a variety of different applications. As might be expected, the 
construction of the device has a great deal to do with its use in different 
applications. The material used in its construction, for example, dictates 
the frequency response. Silicon is used largely for devices that operate on 
frequencies up to 1 GHz. Gallium arsenide is generally used for devices 
that operate on frequencies in excess of 1 GHz. The type of housing or 
packaging of a device is another important selection factor. A variety of 
different packages are available. 

The DO-35 package shown on the data sheet at the end of the chapter is 
preferred for most low-power and low-frequency applications. This type of 
package is glass enclosed with axial leads that can be soldered into a circuit. 
The power rating of the device is in the range of 500 mW. Power rating is 
another important selection consideration. Power ratings range from 500 mW 
to 50 W for stud-mounted packages. The power rating refers to the ability 
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Figure 5.10 Varactor diode symbols. 

of a varactor diode to dissipate heat. Generally, this is based on the series 
resistance (RS) value of the device. The power dissipated is in the form of 
AC energy that is being manipulated. AC can pass through a reverse-biased 
diode that responds as a capacitor. 

A number of schematic symbols are used to represent the varactor diode. 
Figure 5.10 shows three popular methods of representation. The symbol 
on the left has a small capacitor inside the circle surrounding the diode. 
This symbol tends to be used more frequently than the other two. Industrial 
electronic circuits and specialized engineering schematics can use the other 
two symbols. 

Self-Examination 

Answer the following questions. 

11. The depletion region of a varactor diode serves as the _____ material of 
a capacitor. 

12. The P-type and N-type materials of a varactor diode serve as the _____ 
of a capacitor. 

13. The _____ of a varactor diode is changed by altering the reverse-bias 
voltage of the junction. 

14. The junction of a varactor diode is normally _____ biased when operated 
as a voltage-variable capacitor. 
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15. An increase in the reverse-bias voltage of a varactor diode causes the 
junction capacitance to (increase, decrease). 

16. A decrease in the reverse bias of a varactor diode causes the junction 
capacitance to (increase, decrease). 

17. The C-V characteristics of a varactor diode change to some extent with 
_____. 

18. _____ is commonly used in the construction of a varactor diode that will 
control frequencies below 1 GHz. 

19. The _____ rating of a varactor diode refers to its ability to give off or 
dissipate heat. 

20. Varactor diodes are commonly used as the _____ component of an LC 
resonant circuit. 

21. The Q factor of a varactor diode is an expression of _____. 
22. When the Q of a varactor diode drops to a value of 1, it is called the 

_____ frequency. 
23. Varactor diodes generally have a rather (high, low) Q rating. 

5.3 Miscellaneous Diodes 

There are a number of two-terminal devices that have a single P–N junction 
or its equivalent that respond in some unconventional way. These devices 
have unique characteristics that distinguish them from conventional silicon 
diodes. As a rule, these devices may have a different method of operation, 
terminals, or construction. High-frequency oscillators and amplifiers, power 
control, and switching are typical applications for this group of diodes. Some 
of the devices found in this classification are Schottky, IMPATT, Gunn-effect, 
PIN, and switching diodes. 

5.3 Describe the distinguishing characteristics of Schottky, PIN, 
IMPATT, and Gunn-effect diodes. 

In order to achieve objective 5.3, you should be able to: 

• define Schottky-barrier diode, PIN diode, Gunn-effect diode, IMPATT 
diode, and hot carrier. 

Schottky-Barrier (Hot-Carrier) Diodes 

The Schottky-barrier, surface-barrier, or  hot-carrier diode is a two-
terminal device that has a number of important applications in electronics. 
Its areas of application were first limited to the very high frequency (VHF) 
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Figure 5.11 Schottky-barrier diode construction and symbol. 

range of operation. Now, this device is found in low-voltage/high-current 
switching power supplies. It is also used in computer integrated circuits, radar 
systems, communication circuits, and instrumentation. 

The construction of a Schottky-barrier diode is very different from 
that of the conventional silicon diode. The junction formed by this device 
is considered to be a metal-semiconductor structure. Figure 5.11 shows the 
structure of a Schottky diode and its schematic symbol. The semiconductor 
material is a piece of N-type silicon. The metal can be a variety of dif
ferent materials, such as gold, silver, platinum, chrome, or tungsten. The 
construction techniques and materials of this device each result in a different 
frequency response and biasing voltage. In general, these characteristics are 
very similar in many respects. The device can be manufactured so that it will 
fit into a variety of different applications. 

In the two materials of a Schottky-barrier diode, electrons are consid
ered to be the majority current carriers. Metal naturally contains an abundance 
of electrons. The N-type of semiconductor material is purposely doped so that 
it has a large number of electrons that do not take part in the covalent bond
ing process. When the two materials are joined during the forming process, 
electrons from the N-type material immediately flow into the adjoining metal. 
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These electrons possess a rather high level of energy compared with those of 
the metal piece. The injected electrons are commonly called hot carriers. In 
a conventional silicon diode, the current carriers are represented as electrons 
and holes. The energy level of the two current carriers is primarily the same. 
Schottky diodes are unique in that conduction is entirely by majority carriers. 
The heavy flow of electrons from N-type material to metal causes a depletion 
of current carriers near the metal junction. This depletion area is similar to 
that of a conventional silicon diode. 

The absence of minority current carriers in a Schottky diode makes it an 
attractive high-speed switching device. The minority current carrier content 
of a diode normally slows the reverse recovery time of a solid-state device. 
With the minority carrier content at a minimum, the Schottky diode can be 
used to change states very quickly. Switching frequencies approaching 20 
GHz are very common for the Schottky diode. 

PIN Diodes 

Another type of diode is the PIN diode. The abbreviation PIN refers to the 
structure of the semiconductor material, which is quite different from that 
of a conventional silicon diode. The letter I denotes a layer of undoped, or 
intrinsic, semiconductor material between layers of heavily doped P-type 
and N-type materials. Figure 5.12 shows the structure of a PIN diode and 
some of the schematic symbols that represent this device. 

Probably the most important feature of a PIN diode is its ability to 
respond as almost a pure resistor at high radio frequencies. Resistance can 
be varied from 10,000 Q to less than 1 Q by the control of current passing 
through the diode. Most diodes have this characteristic to some degree. 
The PIN diode, however, is designed to achieve a relatively wide range of 
resistance with good linearity, low distortion, and low current drive. The PIN 
diode is widely used in high-speed switching applications, high-frequency 
control, and microwave circuits. 

At radio frequencies, a forward-biased PIN diode behaves as a pure 
resistance. The resistance of a PIN diode is determined by the following: 

• Bias voltage 
• Thickness of the intrinsic layer 
• Properties of the current carriers 

The resistance is inversely proportional to the forward-bias current. Typi
cally, only the on and off resistances are of major concern in the operation of 
this device as a switch. 
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Figure 5.12 PIN diode crystal structure and symbols. 

The housing, or packaging, of a PIN diode is similar in many respects to 
that of other high-frequency diodes. Figure 5.13 shows some representative 
high-frequency diode packages. The application of the device, its operating 
frequency range, power dissipation, and chip structure are some of the factors 
that dictate the packaging for a diode. 

Gunn-Effect Diodes 

Another semiconductor device that is used to control high-frequency AC is 
the Gunn-effect diode. This particular device is primarily designed to operate 
in the microwave region. Typical operating frequencies are in the range of 
5−100 GHz. This device is capable of controlling high-frequency AC with a 
minimum of parts and a low-voltage de-energizing source. 
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Figure 5.13 PIN diode package types. 

The Gunn-effect diode differs from other semiconductor devices in its 
construction. It, for example, does not have a distinct P–N junction. Like 
the Schottky diode, the Gunn-effect device has a piece of semiconductor 
material connected between two metal connections. This material is unevenly 
doped; so the crystal will break into different conduction regions with fields of 
different intensities across them. With the application of a specific DC voltage 
value, the device will go into conduction and have a negative resistance 
effect. This effect can be used to generate or amplify RF signals. Operation 
depends on the amount or bulk of material involved in the structure. Gallium 
arsenide is used to form the semiconductor material of the device. 

The Gunn-effect diode must have a specific voltage polarity applied to 
its material to produce the negative resistance effect − that is, it must be 
properly biased to produce this characteristic. Most devices will be damaged 
if the polarity of the source voltage is reversed. Typical Gunn-effect devices 
respond to voltages of 8−12 Vdc. The operational current for a 10-mW device 
is 500−850 mA. In most microwave applications, the generated signal is 
radiated directly from the semiconductor material. An application of this 
device is in portable radar systems. 
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IMPATT Diodes 

The IMPATT diode is similar in many respects to a conventional silicon 
diode in crystal construction and operation. The term IMPATT stands for 
IMPact Avalanche and Transit Time. The term avalanche indicates the area 
of operation, which is the reverse-bias area near the avalanche region of 
conduction. A small change in reverse voltage causes the diode to produce 
a negative resistance characteristic. This effect can be used to amplify or 
generate high-frequency AC signals. RF signal control is in the range of 
2−10 GHz. The operational efficiency of this device is rather low. At 5 
GHz, a working device would have an efficiency rating of 10%. Efficiency, 
in this case, is the relationship of power output to power input. Although 
an efficiency rating of 10% seems to be exceedingly low, in practice, this 
figure represents one of the more efficient methods of generating microwave 
power. 

The housing or packaging of an IMPATT diode is very similar to that of 
other high-frequency diodes. Most of the packages used for the PIN diode 
could be used for the IMPATT diode. One very popular package not shown in 
Figure 5.13 has the diode mounted inside a small threaded bolt structure. This 
type of package permits the diode to be placed in a metal cavity that responds 
to microwave signals and also permits heat to be conducted away from the 
small P–N junction. Packaging is primarily dictated by the application of the 
device and the frequency being controlled. The IMPATT diode is very similar 
in operation to the Gunn-effect diode, but the IMPATT diode has a P–N 
junction, while the Gunn-effect diode has a metal N-type material structure. 

Self-Examination 

Answer the following questions. 

24. A(n) _____ diode has a metal-semiconductor type of construction. 
25. In a Schottky diode, _____ are the majority current carriers. 
26. The absence of minority current carriers in a Schottky diode improves 

its ability to perform high-speed _____ operations. 
27. The high-energy electrons of a Schottky diode are generally called 

_____. 
28. A device that has a piece of intrinsic material separating the N-type and 

P-type semiconductors is called a(n) _____ diode. 
29. An important feature of the PIN diode is that it responds as a(n) _____ 

at high radio frequencies. 
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30. A Gunn-effect diode has a piece of _____ material connected between
two metal terminals.

31. An IMPATT diode operates in reverse bias near the _____ region.

Summary

• A tunnel diode is a two-element semiconductor with construction similar
to that of a conventional silicon diode.

• The P–N materials of a tunnel diode are rather heavily doped, which
causes the depletion zone to be very thin in comparison to that of a
conventional diode.

• Due to the increased number of current carriers and the thin barrier that
exists in a tunnel diode, electrons tend to pass through the barrier with
an extremely small amount of energy.

• Applications of the tunnel diode are primarily restricted to high-
frequency signal control and switching.

• A varactor diode is manufactured with a very light dose of impurities
near the junction and an increased number of impurities away from the
junction.

• The depletion zone serves as the dielectric material, and the semicon-
ductors respond as the plates of a capacitor; the value of capacitance can
be changed according to the bias voltage.

• The depletion zone of a varactor diode serves as the dielectric material,
and the semiconductors respond as the plates of a capacitor.

• The value of capacitance in a varactor diode can be changed according
to the bias voltage; thus, this device can respond as a voltage-variable
capacitor.

• Due to its construction, a varactor diode experiences a higher value of
internal capacitance than a conventional silicon diode.

• Applications of the varactor diode are primarily restricted to frequency
control.

• Television, FM radio, and automatic frequency control circuits use
varactor diodes.

• Schottky diodes are two-terminal devices that are constructed of metal
and a piece of semiconductor material.

• The electrons of the N-type material in a Schottky diode possess a rather
high level of energy compared with the electrons of the metal.

• When the metal and N-type semiconductor material of a Schottky diode
are joined during the forming process, the injected electrons from the
N-type material become hot carriers.
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• The construction of a Schottky diode causes it to respond entirely to
majority current carriers.

• Switching frequencies approaching 20 GHz are common with a Schot-
tky diode.

• A PIN diode is constructed of an intrinsic layer of semiconductor
material placed between the P-type and N-type materials of the junction.

• The resistance of a PIN diode can be varied from 10,000 Q to less than
1 Q by control of the current passing through the device.

• PIN diodes have the ability to respond as resistors to high radio
frequencies.

• PIN diodes are widely used as high-speed switching devices in
microwave control circuits.

• The Gunn-effect diode does not have a distinct P–N junction in its con-
struction; it has a piece of semiconductor material connected between
two metal terminals.

• When a particular DC voltage is applied to a Gunn-effect diode, the
diode responds by producing a negative resistance.

• The negative resistance produced by a Gunn-effect diode can be used to
amplify or generate microwave signals.

• The operating frequencies of a Gunn-effect diode are in the range of
5−100 GHz.

• IMPATT diodes are high-frequency devices.
• The term IMPATT refers to impact avalanche and transit time.
• IMPATT diodes operate in the reverse-bias region near the avalanche

point of conduction.
• A small change in reverse voltage causes an IMPATT diode to have a

negative resistance characteristic.
• The negative resistance produced by an IMPATT diode can be used to

control RF signals in the 2−10 GHz range.
• Although these IMPATT diodes have a rather low-efficiency rating,

under normal circumstances, this efficiency rating is much better than
that of other high-frequency devices.

Formulas

(5-1) Q = XC/RSQuality factor of a varactor diode.
(5-2) Q = 1/2πfCRSQuality factor of a varactor diode.
(5-3) fc = 1/2πCRSCutoff frequency of a varactor diode.
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Review Questions 

Answer the following questions. 

1.	 A semiconductor device that resembles a voltage-variable capacitor is 
the: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

2. A semiconductor device that has high-energy electrons or hot carriers is 
the: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

3. A diode that has an intrinsic layer of semiconductor material separating 
the materials of its P–N junction is the: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

4. A diode that has a negative resistance region when forward biased is 
the: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

5. A semiconductor device that operates in the avalanche region is the: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. Gunn-effect diode 
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6. A semiconductor device that has heavily doped P- and N-materials, 
which produce a thin depletion region is the: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

7. When the reverse-bias voltage of a varactor diode increases, the: 

a. Leakage current increases 
b. Capacitance decreases 
c. Depletion zone decreases 
d. Majority current carrier content increases 
e. Negative resistance increases 

8. When the Q factor of a varactor diode drops to a value of 1, it shows that 
the device has reached: 

a. The cutoff frequency 
b. Avalanche breakdown 
c. Full conduction 
d. Heavy leakage current 
e. Thermal breakdown 

9. A semiconductor device that operates with a forward-biased metal-
semiconductor junction is a: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

10. A device that responds as a pure resistance to RF signals is a: 

a. Tunnel diode 
b. Varactor diode 
c. Schottky diode 
d. IMPATT diode 
e. PIN diode 

11. The operational efficiency of a varactor diode is based on: 

a. Capacitance 
b. Capacitance and series resistance 
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c. Capacitance and inductance 
d. Capacitance and temperature 
e. Leakage current 

12. A Schottky diode has the same type of construction as a: 

a. Tunnel diode 
b. Varactor diode 
c. IMPATT diode 
d. Gunn-effect diode 
e. PIN diode 

Answers 

Self-Examination 

5.1 

1. thin 
2. tunneling 
3. Negative resistance 
4. valley voltage or VV 

5. two 
6. negative resistance 
7. tunnel diode 
8. forward 
9. negative resistance 

10. Voltage peak or VP , valley voltage or VV 

5.2 
11. dielectric 
12. conductor plates 
13. capacitance 
14. reverse 
15. decrease 
16. increase 
17. temperature 
18. Silicon 
19. power 
20. tuning 
21. operating efficiency 
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22. cutoff 
23. high 

24. Schottky 
25. electrons 
26. switching 
27. hot carriers 
28. PIN 
29. resistor 
30. semiconductor 
31. avalanche 

Glossary 

Tunnel diode 

A two-element semiconductor device similar in construction to the conven
tional silicon diode, but which contains a high concentration of impurities. 

Negative resistance 

An electronic condition in which an increase in voltage across a resistive 
element causes a reduction in current and vice versa. Certain semiconductors 
have a negative resistance region in their operation. 

Bistable 

Two stable or stationary operating conditions of an electronic switching 
circuit. 

Quality factor 

A ratio of the amount of energy stored compared with the actual amount of 
energy used by the capacitor in the storing process. 

Schottky-barrier diode 

A semiconductor device in which a barrier is formed between metal and a 
semiconductor material. This barrier achieves rectification but avoids slowing 
down the current carriers, so that high-frequency AC can be rectified. 

Hot carriers 

The electrons that are injected into a Schottky-barrier diode. 
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PIN diode 

A semiconductor device that contains a layer of undoped, or intrinsic, 
semiconductor material between layers of heavily doped P-type and N-type 
materials. 

Gunn-effect diode 

A semiconductor device that is used to control high-frequency AC. It is 
primarily designed to operate in the microwave region. 

IMPATT diode 

An avalanche diode used as a high-frequency oscillator or amplifier. The 
negative resistance of this device depends on the transient time of current 
carriers through the depletion layer. 
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Bipolar Junction Transistors (BJTs)
 

The invention of the transistor in 1947 signaled the start of a new era 
in electronics. Circuits could be built exceedingly small, operate without 
heating power, amplify signals with a low-voltage source, and be extremely 
rugged. Integrated circuits, microprocessors, pocket calculators, personal 
computers, and communication electronics have all been made possible 
through the development of the transistor. The impact of this device on the 
electronics field has still not been fully realized. 

A transistor is a semiconductor device that is used to control the flow 
of current. Transistors are used for switching, amplification, and signal gen
eration. There are two major types of transistor: bipolar junction and field 
effect. In this chapter, you will study the bipolar junction transistor (BJT). 
You will become familiar with basic transistor principles and BJT operation, 
test procedures, and lead identification. A person working with these devices 
must be knowledgeable in these areas. In a later chapter, you will study the 
field-effect transistor (FET). 

Objectives 

After studying this chapter, you will be able to: 

6.1 describe the physical construction of NPN and PNP bipolar junction 
transistors; 

6.2 explain the fundamental operation of a bipolar junction transistor; 
6.3 predict how a bipolar junction transistor will respond in different regions 

of operation; 
6.4 evaluate the condition of a bipolar junction transistor; 
6.5 analyze and troubleshoot bipolar junction transistors. 

199
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Chapter Outline 

6.1 BJT Construction 
6.2 BJT Operation 
6.3 BJT Characteristics 
6.4 Testing BJTs 
6.5 Analysis and Troubleshooting – BJTs 

Terms 

active region 
base 
beta 
bipolar 
collector 
cutoff region 
emitter 
epitaxial growth 
gain 
mesa transistor 
NPN transistor 
planar transistor 
PNP transistor 
saturation region 

6.1 BJT Construction 

In a previous chapter, you studied the diode − a two-element device with 
one P–N junction. Diodes are designed to block or pass current according to 
their biasing and, therefore, are used in switching and rectification applica
tions. A bipolar junction transistor (BJT), however, is a three-element device 
with two P–N junctions. Altering the voltage applied to the two junctions 
controls current flow. Through this procedure, it is possible for the device to 
achieve amplification, switching, or signal generation. The BJT is probably 
used more than any other single electronic device. Some very sophisticated 
integrated circuits, for example, may employ thousands of these devices in 
their operation. Each device responds in the same basic manner. This section 
discusses the two types of BJTs (NPN and PNP), construction methods, and 
packaging. 
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6.1 Describe the physical construction of NPN and PNP bipolar junction 
transistors. 

In order to achieve objective 6.1, you should be able to: 

• describe how	 alloy-junction transistors and diffusion transistors are 
created; 

• identify various bipolar junction transistor packages; 
• define NPN transistor, emitter, base, collector, PNP transistor, bipolar, 

epitaxial growth, planar transistor, and mesa transistor. 

BJT Types 

NPN and PNP are two types of bipolar junction transistor (BJT). The letters 
NPN and PNP are used to denote the polarity of the semiconductor material 
used in the transistor’s construction. The type of impurity added to silicon or 
germanium when the transistor is manufactured determines the polarity of 
the semiconductor material. 

PNP and NPN transistors are bipolar devices. The term bipolar refers to 
conduction by both holes and electrons. Electrons are the majority current 
carriers in the N-type material, and holes are the majority current carriers 
in the P-type material. Current conduction in the transistor is based on the 
movement of both current carriers. The material used in the transistor’s 
construction determines the polarity of the source voltage applied to each 
transistor element. 

A PNP transistor has a thin layer of N-type material placed between two 
pieces of P-type material. The schematic symbol of the PNP transistor and its 
crystal structure are shown in Figure 6.1. 

Leads attached to each piece of material are identified as the emitter, 
base, and collector. Note that in the PNP transistor symbol, the arrowhead 
of the emitter lead “Points iN” toward the base. This indicates that the device 
is of the PNP type. Lead identification is extremely important when working 
with transistors. 

An NPN transistor has a thin layer of P-type material placed between 
two pieces of N-type material. The schematic symbol, crystal structure, and 
lead designations of the transistor are shown in Figure 6-2. The schematic 
symbol of this device is the same as the PNP symbol except for the direction 
of the arrow. An NPN transistor has the arrow "Not Pointing iN” toward the 
base. 
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Figure 6.1 PNP transistor symbol and crystal structure. 

Figure 6.2 NPN transistor symbol and crystal structure. 

Construction Methods 

Since the invention of the first transistor, a variety of construction methods 
have been used to manufacture this device. The first transistors manufactured 
were of the point-contact type. In this method, semiconductor materials are 
connected together by pointed wires that are fused to the material. For many 
years transistors constructed by this method were primarily used in high-
frequency applications. Other manufacturing methods are alloy-junction 
and diffusion. This section briefly discusses the alloy-junction and diffusion 
methods. The intention of this discussion is to familiarize you with basic 
fabrication terms. 
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Alloy-Junction Transistors 

The alloy-junction method of bipolar transistor construction is an outgrowth 
of a procedure that is used to form diodes. In transistor construction, this 
procedure is achieved by attaching two small pieces of metal on opposite 
sides of a thin piece of semiconductor material. The metal pieces serve as an 
impurity or dopant for the semiconductor. Figure 6.3 shows a structure with 
this formation. The entire structure is then heated until the impurity melts into 
the semiconductor material. The melting process causes an alloy of a different 
type to be formed on each side of the semiconductor. In this case, a PNP-type 
of device is formed by the alloying procedure. 

The three semiconductor materials formed by the alloying process rep
resent the emitter, base, and collector of a BJT. Leads are attached to each 
material. The entire structure is then placed in a housing with the three leads 
serving as external connection points to the respective material. 

Note in Figure 6.3 that the collector−base area of the transistor is made 
larger than the emitter−base area. This is purposely done to permit the 
collector to have greater power dissipation. The alloy-junction technique 
of transistor fabrication has been used in the manufacture of high-power 
transistors. 

Figure 6.3 PNP alloy-junction transistor formation. 
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Diffusion Transistors 

Bipolar junction transistors are largely manufactured by the diffusion tech
nique. This process involves the movement of N-type or P-type impurity 
atoms into a piece of silicon. To achieve this movement, it is necessary to heat 
a piece of silicon to 1250◦C in the presence of a controlled impurity vapor. 
The movement process is very slow. Typical formation rates are 0.00001 inch 
per hour. 

The diffusion process is carried out in two steps. The first step consists 
of heating a piece of silicon in an impurity dopant vapor to form a high 
concentration of the dopant on its surface. This is called the deposition step. 
The silicon piece then has its temperature elevated. This causes the dopant 
atoms to be absorbed or diffused into the silicon. This is called the diffusion 
step. Manufacturing involves repeated deposition and diffusion steps. 

Figure 6.4 shows transistor formation by the diffusion process. The first 
step involves an N-type semiconductor that has a P-type vapor deposited on 
its surface. In the second step, increased heat causes the P-type material to 
diffuse into the N-type material. This forms an N-type collector and a P-type 
base. The third step is a repeat of the initial process. In it, however, the dopant 
vapor is a pentavalent material. The deposition area is on top of the base. This 
causes an area of N-type material to be formed on the base. Diffusion causes 
this material to move into the base. The structure now has an N-type emitter. 
The completed transistor is an NPN device. 

A refined version of the diffusion process is called epitaxial growth. In  
this fabrication technique, N-type or P-type materials are grown or formed 
on the surface of another material. The general shape of specific transistor 
elements can be altered through this procedure. The term epitaxial is derived 
from the Greek words epi, meaning on, and taxi, meaning arrange. This 
describes the process in which atoms are formed on a surface so that they 
are an extension of the original crystal structure. When the epitaxial growth 
process is used and the completed structure has a flat top or level plane 
surface, the transistor is called a planar transistor. When the completed 
structure rises above the primary surface, forming a plateau, it is called a 
mesa transistor. Mesa construction is used to expose the emitter and base 
regions so that electrical connections can easily be made. 

Packaging 

Once a transistor is constructed, the entire crystal assembly must be placed 
in an enclosure or package. The unit is then sealed to protect it from dust, 



6.1 BJT Construction 205 

Figure 6.4 Transistor formed by the diffusion process. 

moisture, or outside contaminants. Electrical connections are made to each 
element through leads attached to the package. When metal packages are 
used, the housing also serves as a heat sink, which carries heat away from the 
crystal. A common practice with this kind of unit is to attach the collector to 
the metal case. This helps the collector dissipate heat. Packages of this type 
should not be permitted to touch other circuit components when they are in 
operation. 

Ceramic- and epoxy-packaged transistors are also available. As a rule, 
this type of packaging is somewhat less expensive than metal packag
ing to produce. However, these devices are usually not as rugged as the 
metal-packaged devices. Most small-signal transistors are housed in epoxy 
packages. The outside case of this device is insulated from all transistor 
elements. It is specifically designed for printed circuit board construction 
and close placement with other circuit components. 
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Figure 6.5 Typical transistor packages. (a) Small-signal. (b) Large-signal or power. (c) 
Epoxy. 

Several transistor package styles are shown in Figure 6.5. Figure 6.5(a) 
shows devices designed for small-signal applications. The letter designation 
“TO” stands for transistor outline. These same packages are also used to 
house other solid-state devices. Figure 6.5(b) shows some of the packages 
used to house large-signal or power transistors. Heavy metal cases of this type 
are used to dissipate heat generated by the transistor. The collector is usually 
attached to the metal case. Figure 6.5(c) shows a few of the common epoxy 
packages. The letter designation “SP” stands for semiconductor package. 
This type of package is used to house a number of other semiconductor 
devices. 

With the wide range of package styles available, it is difficult to have a 
standard method of identifying transistor leads. Each package generally has 
a unique lead location arrangement. It is usually a good idea to consult the 
manufacturer’s specifications for proper lead identification. 

Self-Examination 

Answer the following questions. 

1. A bipolar transistor has _____ junctions. 
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2. The centerpiece of semiconductor material of a transistor serves as the
_____.

3. The term _____ refers to the conduction of holes and electrons in the
operation of a transistor.

4. The arrowhead of a transistor symbol refers to the _____.
5. When the arrowhead of a transistor symbol points toward the base, it

shows that the device is (NPN, PNP).
6. _____ transistors are formed by melting two small metal pieces into

opposite sides of a thin piece of semiconductor material.
7. _____ takes place when a thin layer of dopant material is formed on the

surface of silicon.
8. _____ occurs when a concentration of dopant material is absorbed into

a piece of silicon.
9. A fabrication procedure that causes a flat surface structure to be formed

produces a _____ transistor.
10. A fabrication procedure that causes a plateau area to rise on the surface

of a structure produces a(n) _____ transistor.
11. The letter designation “TO” stands for _____.
12. The letter designation “SP” stands for _____.

6.2 BJT Operation

A P–N junction diode has one junction, which must be forward biased
to function properly. A Zener diode also has one junction, but it must be
reverse biased to function properly. Bipolar junction transistors have two
junctions. For the BJT to operate properly, one junction must be forward
biased and the other must be reverse biased. BJT operation is an important
electronic principle that is used in the operation of many analog and digital
devices. This section discusses the proper biasing of bipolar junction tran-
sistors and their operation. It begins with a review of forward and reverse
biasing.

6.2 Explain the fundamental operation of a bipolar junction transistor.
In order to achieve objective 6.2, you should be able to:

• explain how the emitter, base, and collector of a bipolar junction
transistor are biased to make the device operational.

• describe the relationship between emitter, base, and collector current
flow in the operation of a bipolar junction transistor.

• define alpha (α) and beta (β).
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Forward and Reverse Biasing 

In an earlier chapter, you learned that forward biasing of a P–N junction is 
achieved when the polarity of the source is positive to the P-type material and 
negative to the N-type material. The width of the depletion zone is reduced 
by this action, and majority current carriers move toward the junction. This 
condition causes current flow. 

Reverse biasing of a P–N junction is achieved when the polarity of the 
source is negative to the P-type material and positive to the N-type material. 
The width of the depletion zone is increased by this action, and minority 
current carriers move toward the junction. This condition does not ordinarily 
permit current flow. In normal circuit operation, however, reverse-bias current 
is extremely small. 

NPN Transistor Biasing 

Consider the biasing of the NPN transistor of Figure 6.6. In this diagram, an 
external voltage source has been applied only to the emitter−base regions of 
the transistor. In an actual circuit, this source is called the emitter−base 
voltage, or VBE . Note that the polarity of VBE causes the emitter−base 
junction to be forward biased. This condition forces majority current 
carriers together at the emitter−base junction. The resulting current flow 
in this case would be quite large. In our example, note that the same amount 
of current flows into the emitter and out of the base. Emitter current (IE) 
and base current (IB) are used to denote these values. Under normal circuit 
conditions, a VBE source would not be used independently. 

Figure 6.6 Emitter−base biasing. 
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Figure 6.7 Base−collector biasing. 

Figure 6.7 shows an external voltage source connected across the 
base−collector junction of an NPN transistor. The base−collector voltage, or  
VCB , is used to reverse bias the base−collector junction. In this case, there is 
no indication of base current or collector current (IC). In an actual reverse-
biased junction, there could be a very minute amount of current, which is 
supported primarily by minority current carriers. As a general rule, this is 
called leakage current. In a silicon transistor, leakage current is usually 
considered to be negligible. In an actual circuit, VCB is not normally applied 
to a transistor without the VBE voltage source. 

For a transistor to function properly, the emitter−base junction must be 
forward biased and the base−collector junction reverse biased. Both junc
tions must have bias voltage applied at the same time. In some circuits, this 
voltage may be achieved by separate VBE and VCB sources. Other circuits 
may use a single battery with specially connected bias resistors. In either case, 
the transistor responds differently when all its terminals are biased. 

Consider the action of a properly biased NPN transistor. Figure 6.8 shows 
separate VBE and VCB sources connected to the transistor. The VBE source 
provides forward bias for the emitter−base junction, whereas the VCB 

source reverse biases the collector junction. Connected in this manner, the 
two junctions do not respond as independent diodes. 

Figure 6.9 shows how current carriers pass through a properly biased 
NPN transistor. The forward-biased emitter−base junction causes a large 
amount of IE to move into the emitter−base junction. 

On arriving at the junction, a large number of the electrons do not 
effectively combine with holes in the base. The base is usually made very thin 
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Figure 6.8 NPN transistor biasing. 

Figure 6.9 Current carriers passing through an NPN transistor. 

(0.0025 cm or 0.001”), and it is lightly doped. This means that the majority 
current carriers of the emitter exceed the majority carriers of the base. Most 
of the electrons that cross the junction do not combine with holes. They are, 
however, immediately influenced by the positive VCB voltage applied to the 
collector. A very high percentage of the original emitter current enters the 
collector. Typically, 95%−99% of emitter current flows into the collector 
junction and becomes collector current. After passing through the collector 
region, the collector current, IC , combines with the base current, IB , to  
ultimately form the emitter current, IE . A large arrow indicates the current 
flow inside the transistor. Outside the transistor, small arrows indicate current. 

The difference between the amount of emitter current and collector cur
rent of Figure 6.9 is equal to the amount of base current. Essentially, base 
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current is due to the combining of a small number of electrons and holes in 
the emitter−base junction. In a typical circuit, base current is approximately 
1%−5% of emitter current. With the base region being very narrow, it cannot 
support a large number of current carriers. A small amount of base current 
is needed, however, to make the transistor operational. Note the direction of 
base current, IB , and its flow path in the diagram. The relationship of emitter 
current, base current, and collector current in a transistor is expressed by 
the following equation: 

IE = IB + IC . (6.1) 

The largest current flow in a transistor takes place in the emitter. Collector 
current is slightly less than emitter current. This means that the current flow 
through a reverse-biased, collector−base junction is nearly equal to that of 
the forward-biased emitter−base junction. The difference in IE and IC is IB. 

If the base of a transistor were not made extremely thin and low doped, 
it would not respond as just described. The thin base region makes it possible 
for large amounts of emitter current to pass through the base and into the 
collector region. A thicker base would cause more emitter current to combine 
with holes in the base. Low doping of the base means that the majority 
current carriers of the emitter cannot effectively combine in the base. Instead 
of combining in the base, they pass through it and enter the collector. This 
improves the effectiveness of the base as a control element. 

The amount of base current that flows in a transistor is very small but 
extremely important. Suppose, for example, that the base lead of the transistor 
in Figure 6.9 is momentarily disconnected. With this element open, it should 
be obvious that there will be no base current. Closer examination also shows 
that VBE and VCB are now connected in series. This means that their voltages 
are added together. As a result, the collector becomes more positive and 
the emitter more negative. One would immediately think that this condition 
would cause the transistor to conduct very heavily. However, it does not 
permit any conduction at all. In effect, this means that base current has a 
direct influence on emitter and collector current. The base−emitter junction 
of a transistor must be forward biased for it to produce collector current. 

PNP Transistor Biasing 

Biasing of a PNP transistor is very similar to that of the NPN transistor. 
The emitter−base junction must, for example, be forward biased and the 
collector−base reverse biased. The polarity of the bias voltage, however, is 
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Figure 6.10 Current carriers of a PNP transistor. 

reversed for each transistor. The majority current carriers of a PNP transistor 
are holes instead of electrons as in the NPN device. Except for these two 
differences, operation is primarily the same. 

Figure 6.10 shows how current carriers pass through a properly biased 
PNP transistor. Forward biasing the emitter−base junction causes a large 
number of holes to move through the junction. On arriving in the base 
region, a very small number of these holes combine with electrons. This is 
representative of the base current. Ninety-five percent to ninety-nine percent 
of the holes move through the base region and enter the collector junction. 
These holes do not find electrons to combine with in the thin base region. 
They are, however, immediately influenced by the negative VCB voltage of 
the collector. This action causes the hole current to flow through the reverse-
biased, base−collector junction. The end result is IC passing through the 
collector region. It then leaves the collector and flows into VCB, VBE, and 
returns to the emitter. The large arrow inside the transistor indicates hole 
current flow. Outside the transistor, electrons achieve current flow. Smaller 
arrows in the diagram show current outside the transistor. 

Compare the transistors of Figures 6.9 and 6.10 and note the polarity 
of VBE and VCB. The polarity shows the primary difference in NPN and 
PNP transistor biasing. Note also the type of majority current flow through 
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each transistor. This is represented by the large arrow of each diagram. It is 
different for each device. This means that the two transistor types are not 
directly interchangeable. Substituting one for the other would necessitate a 
complete reversal of bias voltage. 

PNP transistors are not as widely used as NPN transistors. Electron 
current flow of the NPN device has much better mobility than the hole flow 
of a PNP device. This means that electrons have a tendency to move more 
quickly through the crystal material than holes. Because of this characteristic, 
NPN transistors tend to respond better at high frequencies. In general, this 
means that the NPN device has a wider range of applications. Manufacturers 
usually have a larger selection of these transistors in their lines. With a better 
selection of transistors available, circuit designers find it easier to select 
devices of a desired characteristic. As a result, the NPN device is much more 
popular than its PNP counterpart. 

Alpha (α) and Beta (β) 

The term alpha is the ratio of the collector current to the emitter current in a 
bipolar junction transistor, i.e., 

α = IC /IE . (6.2) 

Since IE > IC, α will always be less than 1. Typical values of α is 0.9 
or higher. Since α is a ratio between two current values it does not have any 
units. 

The term beta is commonly used to express current gain. Beta can be 
determined by dividing the collector current by the base current and is 
expressed as a whole number value. This relationship is expressed by the 
following equation: 

β = IC /IB. (6.3) 

As you have learned, a small change in transistor base current is capable 
of producing a very large change in collector current. This, in effect, shows 
that a transistor is capable of achieving current gain. 

Example 6-1: 

What is the beta of a transistor circuit with a base current of 20 μA and 
collector current of 6 mA? 

Solution 

β = IC /IB 
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= 6  mA/20 μA 

= (6  ×10−3)/(20 ×10−6) 

β = 300. 

Related Problem 

What is the beta of a transistor circuit with a base current of 30 μA and 
collector current of 2 mA? 

Transistors are manufactured with a wide range of beta capabilities. 
Power transistors, which respond to large current values, usually have a 
rather low beta. Typical values are in the range of 20. Small-signal tran
sistors may be capable of beta in the range of 400. A good average beta 
for all transistors is in the range of 100. Beta is a very important transistor 
characteristic. In manufacturer datasheets, the term hFE is frequently used 
for expressing the current gain instead of the term β. Transistor specifications 
provided in manufacturer datasheets generally use hFE (or β), rather than α. 

Self-Examination 

Answer the following questions. 

13. Transistor operation depends on the emitter−base region being (for
ward, reverse) _____ biased and the base−collector region being 
(forward, reverse) _____ biased. 

14. When the emitter−base junction of a bipolar transistor is biased as in 
Figure 6.6, the resulting IE and IB are _____. 

15. When the emitter−base junction of a bipolar transistor is forward biased, 
there is a (large, small) _____ value of IE and IB. 

16. A reverse-biased N-P or P–N junction normally causes (zero, medium, 
maximum) current flow. 

17. When the base−collector junction of a bipolar transistor is biased as 
in Figure 6.7, the resulting current flow is (zero, medium, maximum) 
_____. 

18. When the emitter−base junction of a transistor is forward biased and 
the base−collector junction is reverse biased, the values of _____ and 
_____ are nearly the same value. 

19. The largest value of current that flows in a bipolar transistor is (IE, IB, 
IC). 

20. The difference between IE and IC is _____. 
21. The term _____ is used to express current gain. 
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22. The _____ current of a bipolar transistor is usually only 1%−5% of the 
emitter current. 

23. Current gain or _____ of a bipolar transistor is expressed as IC/IB. 
24. An IC of 10 mA and an IB of 10 μA would produce a beta of _____. 
25. An IC that changes from 10 to 5 mA for an IB of 100 to 50 μA would 

cause an AC beta of _____. 

6.3 BJT Characteristics 

When a transistor is manufactured, it is designed with characteristic data 
that distinguishes it from other devices. This data is extremely important in 
predicting how a transistor will perform in a circuit. One very common way 
of showing this information is through the use of a graph called a collector 
family of characteristic curves. In this section, you will learn how to interpret 
a collector family of characteristic curves graph to predict how a transistor 
will perform. 

6.3 Predict how a bipolar junction transistor will respond in different 
regions of operation. 

In order to achieve objective 6.3, you should be able to: 

• interpret the characteristic curves of a bipolar junction transistor; 
• define active region, cutoff, and saturation region. 

Collector Family of Characteristic Curves 

Figure 6.11 shows a collector family of characteristic curves for an NPN 
transistor. The vertical part of this graph shows different collector current 
values in milliamperes. The horizontal part shows the collector−emitter 
voltage. The collector–emitter voltage is the voltage value from the collector 
to the emitter of the transistor. The value of VCE varies according to the 
conduction of the transistor. Individual lines of the graph represent different 
values of base current. The zero base current line is normally omitted from 
the graph. This condition shows when the transistor is not conducting. 

A collector family of characteristic curves tells a great deal about the 
operation of a transistor. Take, for example, point A on the 60-μA base-
current line. If the transistor has 60 μA of IB and a VCE of 6 V, there will 
be 3 mA of IC. This is determined by projecting a line to the left of the 
intersection of 60 μA and 6 V. Any combination of IC, IB, and VCE can be 
quickly determined from the display of these curves. 
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Figure 6.11 Collector family of characteristic curves for an NPN transistor. 

Predicting Emitter Current 

If the values of IB and IC can be determined from a collector family of 
characteristic curves, they can be used to predict other values. The emitter 
current (IE) of a transistor can be determined from the values of IB and IC. 
Remember that 

IE = IB + IC . 

Therefore, for point A, 

IE	 = 60  μA + 3 mA  

= 0.00006 A + 0.003 A 

= 3.06 mA. 

Example 6-2: 

Determine the emitter current for point C of the collector family of character
istic curves in Figure 6.11. 
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Solution
 

IE	 = IB + IC 

= 40  μA + 2  mA 

= 0.00004 A + 0.002 A 

= 2.04 mA. 

Related Problem 
Determine the emitter current for point D of the collector family of charac
teristic curves in Figure 6.11. 

Predicting DC Beta 

The current gain or beta of a transistor can also be determined from a 
collector family of characteristic curves. Since beta is IC/IB, it is possible 
to determine this condition of operation. For point A, IC is 3 mA and IB 

is 60 μA. The current gain of a transistor operating at this point would be 
determined by the following equation: 

β = IC /IB 

= 3  mA/60 μA 

= 0.003 A/0.00006 A 

= 50. 

This condition is called the direct-current beta, or  DC beta, and is 
represented by the symbol βdc. It shows how the transistor responds when DC 
voltage is applied. DC beta is an important consideration when a transistor is 
operated as a DC amplifier. 

Example 6-3: 

Determine the DC beta for point C of the collector family of characteristic 
curves in Figure 6.11. 
Solution 

βdc = IC /IB 

= 2  mA/40 μA 

= 0.0002 A/0.00004 A 

= 50. 
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Related Problem 

Determine the DC beta for point D of the collector family of characteristic 
curves in Figure 6.11. 

Predicting AC beta 

In many applications, a transistor must amplify AC signals. DC voltage values 
are applied to the device to make it operational. An AC signal voltage applied 
to the base would then cause a change in the value of IB. In  Figure 6.11, 
assume that the input voltage causes IB to change between points B and C. 
Point A is considered to be the operating point. The change in IB is from 80 
to 40 μA. This is normally called ΔIB. The Greek letter delta (Δ) denotes 
a changing value in IB. A corresponding change in IC is determined by 
projecting a line to the left of each IB value. The ΔIC is, therefore, 4.5 to 
2 mA. The AC beta of a transistor is determined by dividing a change in 
collector current by a change is base current. It is expressed by the following 
formula: 

βac = ΔIC /ΔIB. (6.4) 

For points B and C, this is 

βac = ΔIC /ΔIB 

= 4.5 − 2 mA/80 − 40 μA 

= 2.5 mA/40 μA 

= 0.0025 A/0.00004 A 

= 62.5. 

The AC beta in this case is somewhat different from that of the DC beta. 
As a general rule, AC beta is larger than DC beta. To amplify an AC voltage, a 
transistor must operate over a range of different values. This usually accounts 
for the difference in beta values. 

The same collector family of characteristic curves can also be used to 
show the effectiveness of a transistor in controlling collector current. Note 
points D and C on the 40-μA curve. A change in VCE from 2 to 6 V occurs 
between these two points. Projecting points D and C to the left indicates a 
change in IC from 1.8 to 2 mA. A 4-V change in VCE, therefore, causes only 
a 0.2-mA change in IC. Using the AC beta for comparison, a 40-μA change 
in IB causes a 2.5 mA change in IC. This indicates that IC is more effectively 
controlled by IB changes than by VCE changes. 
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Example 6-4: 

Determine the AC beta for points A and B of the collector family of 
characteristic curves in Figure 6.11. 
Solution 

βac = ΔIC /ΔIB 

= 8  − 6 mA/40 − 30 μ A 

= 2 mA/10 μ A 

= 0.002 A/0.000010 

βac = 200. 

Related Problem 

Determine the AC beta for points B and D of the collector family of 
characteristic curves in Figure 6.11. 

Operating Regions 

A collector family of characteristic curves is also used to show the desirable 
operating regions of a transistor. The center area is called the active region. 
This area is located anywhere between the two shaded areas of Figure 6-12. 
Amplification is achieved when the transistor operates in this region. 

A second possible region of operation is called the cutoff region. On the  
family of curves, this is where IC = 0 mA. When a transistor is cut off, no 
IB or IC flows. Any current flow that occurs in this region is due to leakage 
current. As a general rule, a transistor operating in the cutoff region responds 
as a circuit with an open switch. When a transistor is cut off, there is infinite 
resistance between the emitter and collector. 

The shaded area on the left side of the family of curves is called the 
saturation region. This area of operation is where maximum IC flows. A 
transistor operating in this region responds as a closed switch. A transistor 
is considered to be fully conductive in the saturation region. The resis
tance between emitter and collector is extremely small when a transistor is 
saturated. 

Figure 6.13 shows how a transistor responds in the three regions of 
operation. In Figure 6.13(a), the transistor is operating in the active region. 
The value of VCE is somewhat less than that of the source voltage VCC. 
Collector current through the transistor causes a voltage drop across RC. The 
base current of a transistor operating in this region would be some moderate 
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Figure 6.12 Operating regions of a transistor. 

value between zero and saturation. Transistor amplifiers usually operate in 
this area. 

Figure 6.13(b) shows how a transistor responds when it is in the cutoff 
region. In this condition of operation, the transistor responds as an open 
switch. With no current flow through the transistor, there is no voltage drop 
across RC. VCE of this circuit is, therefore, the same as the source voltage 
(VCE = VCC). A transistor is cut off when no IC flows. 

Figure 6.13(c) shows how a transistor operates in the saturation region. 
In this condition of operation, the transistor responds as a closed switch. VCE 

is approximately equal to 0 V. Heavy IC values cause nearly all of VCC to 
appear across RC. In a sense, VCE is considered to be at ground. Current 
passing through the transistor is limited by the value of VCC and RC. A large 
value of IB is needed to cause a transistor to saturate. 
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Figure 6.13 Continued. 

Developing Characteristic Curves 

Special circuits are used to obtain the data for a collector family of charac
teristic curves. Figure 6.14 shows a test circuit that is used to find the data 
points of a collector family of characteristic curves. Three meters are used to 
monitor this information. Base current and collector current are observed 
by meters connected in series with the base and collector. Collector−emitter 



222 Bipolar Junction Transistors (BJTs) 

Figure 6.13 Transistor operation by regions. (a) Active region. (b) Cutoff region. (c) Satu
ration region. 

Figure 6.14 Transistor characteristic curve circuit. 

voltage is measured with a voltmeter connected across these two terminals. 
VCE is adjusted to different values by a variable power supply. 

The data points for a single curve are developed by first adjusting IB to 
a constant value. A representative value for a small-signal transistor is 10 
μA. Resistor RB is used to adjust the value of IB. The VCE is then adjusted 
through its range, starting at 0 V. As VCE is increased in 0.1-V steps to 1 V, 
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the IC increases very quickly. Corresponding IC and VCE values are plotted 
on the graph. VCE is then increased in 1-V steps while IC is monitored. The 
resulting collector current usually levels off to a fairly constant value. The 
corresponding IC and VCE values are then added to the first data points. All 
points are then connected by a continuous line. The completed curve would 
be labeled 10 μA of IB. 

To develop the second curve, VCE is first returned to zero. IB is then 
increased to a new value. A common value for a small-signal transistor would 
be 20 μA. The second curve is then plotted by recording the IC values for each 
VCE value. 

To obtain a complete family of curves, the process is repeated for several 
other IB values. A representative family of curves may have 8−10 different IB 

values. The step values of VCE and the increments of IB and IC will change 
with different transistors. Small-signal transistors may use 10-μA IB steps 
with IC values ranging from 0 to 20 mA. Large-signal transistors may use 
1-mA IB steps with IC values going to 100 mA or more. Each transistor may 
require different values of IB, IC, and VCE to obtain a suitable curve. 

Example 6-5: 

Create a family of VCE - IC characteristic curves for the values of IB = 10  
and 20 μA, for the transistor shown in circuit Figure 6.14. 

Solution 

Related Problem 

Complete the family of VCE - IC characteristic curves for the values of IB = 
30 and 40 μA, for the transistor shown in circuit Figure 6.14. Plot these 
values on the graph given above. 
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With IB = 30  μA With IB = 40  μA 
VCE (V) IC (mA) VCE (V) IC (mA) 
0.1 V 0.1 V 
0.2 V 0.2 V 
0.4 V 0.4 V 
0.6 V 0.6 V 
0.8 V 0.8 V 
1.0 V 1.0 V 
3.0 V 3.0 V 
5.0 V 5.0 V 

Self-Examination 

Answer the following questions. 

26. A collector family of characteristic curves for a bipolar transistor has 
8−10 individual lines that represent different values of _____ current. 

27. The center area of a collector family of characteristic curves is called the 
_____ region. 

28. The area of a collector family of characteristic curves that shows where 
maximum IC flows represents the _____ region. 

29. The area of a collector family of characteristic curves that show where 
no IC occurs is called the _____ region. 

30. When a transistor operates in the active region with a moderate value of 
IB, the VCE will be (greater, less) _____ than the source voltage VCC. 

31. When a transistor operates in the cutoff region, the VCE will be equal to 
the _____ voltage. 

32. When a transistor operates in the saturation region, the VCE will be 
approximately _____. 

6.4 Testing BJTs 

Bipolar junction transistor testing is a procedure that is performed periodi
cally when working with semiconductor devices. Lead identification, gain, 
open leads, shorted conditions, and leakage are some of the tests that can be 
performed on a transistor. Curve tracers, gain testers, and sound-producing 
instruments can be used for these tests. These instruments, as a general rule, 
are not always available. An ohmmeter, however, can be used to perform 
many of these tests. An ohmmeter is one of the functions of a volt-ohm
milliammeter (VOM) or digital volt-ohm-meter (DVOM). In this section, you 
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will learn how to use an ohmmeter to test a bipolar junction transistor and 
identify its leads. 

6.4 Evaluate the condition of a bipolar junction transistor. 
In order to achieve objective 6.4, you should be able to: 

• use an ohmmeter to test a bipolar junction transistor and identify its 
leads; 

• use an ohmmeter to evaluate the forward- and reverse-biased junctions 
of a transistor. 

Junction Testing 

A transistor has two P–N junctions in its construction. Both of these junctions 
can be tested with an ohmmeter. Figure 6.15 shows the junctions of PNP and 
NPN transistors. Each junction responds as a diode when it is tested. For
ward biasing occurs when the material polarity of the junction matches the 
voltage polarity of the ohmmeter. When the ohmmeter polarity is reversed, 
the same junction becomes reverse biased. Recall that forward biasing of a 
diode indicates a low resistance reading, while reverse biasing indicates an 
extremely high resistance reading. Both junctions of a transistor will respond 
to this test in the same way if the transistor is good. 

A faulty P–N junction does not show a difference in its forward and 
reverse resistance connections. Low resistance in both directions indicates 
that a junction is shorted. Excessive current generally causes this type of 
failure in a transistor. Infinite or exceedingly high resistance in both directions 
indicates an open condition. An open junction is normally caused by a broken 
internal connection. This may be the result of a current overload or excessive 
shock. Open and shorted transistor failures, as a general rule, occur suddenly 
and cannot be corrected. 

A rather quick test of both junctions can be made simultaneously with 
the ohmmeter. Connect one ohmmeter probe to the emitter and the other 
to the collector. Ohmmeter probe polarity in this case is not important. 
This connection should cause an extremely high resistance reading. Then 
reverse the two ohmmeter probes. High resistance should also occur in this 
direction. A good silicon transistor will show an infinite resistance in either 
direction. Any measurable resistance in either direction indicates leakage. 
Germanium transistors will show some leakage in this test. Unless the leakage 
is excessive, it can be tolerated in a germanium transistor. An ideal transistor 
would have no indication of emitter−collector leakage. 
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Figure 6.15 Junction polarity of PNP and NPN transistors. 

Lead Identification 

An ohmmeter can also be used to identify the leads of a transistor. The 
polarity of the ohmmeter voltage source should be checked for this test 
to be meaningful. Straight-polarity ohmmeters have the black or common 
probe negative and the red probe positive. Reverse polarity ohmmeters would 
be connected in the opposite direction for these tests. The polarity of an 
ohmmeter can be tested with a separate DC voltmeter if it is unknown. The 
ohmmeter used in this explanation has straight polarity (black-negative and 
red-positive). 

Base Identification 

To identify transistor leads, inspect the lead location of the device under test. 
Pick out the center lead of the transistor. Assume that it is the base lead. 
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Figure 6.16 Ohmmeter transistor testing. 

Connect the negative probe of the ohmmeter to it as shown in Figure 6.16. 
Then, alternately touch the positive ohmmeter probe to the two outside 
transistor leads. If a low resistance indication occurs for each lead, the center 
lead is actually the base. The test also indicates that the transistor is the PNP 
type. If the resistance is high between the center lead and the two outside 
leads, reverse the meter polarity. The positive ohmmeter probe should now 
be connected to the assumed base. Once again, alternately switch the negative 
ohmmeter probe between the two outside transistor leads. If a low resistance 
reading is obtained, the transistor is an NPN type. 
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If the center lead does not produce low resistance in either of the two 
conditions, it is not the base. Then select one of the outside leads as the 
assumed base. Try the same procedure again with the newly assumed base. 
If this does not produce results, try the other outside lead. One of the three 
leads must respond as the base if the transistor is good. If a response cannot 
be obtained, the transistor must be open or shorted. 

Gain Test and Collector and Emitter Identification 

Thus far, we have identified the base lead and determined the polarity of the 
transistor to be NPN or PNP. It is now possible to test the gain and to identify 
the remaining two leads. A 100,000-Ω resistor and an ohmmeter are needed 
for this part of the test. The resistor is used to provide base current from the 
ohmmeter to the transistor. If a power transistor is tested, use the R meter 
range and a 1000-Ω base resistor. 

The process of troubleshooting transistor gain should be more meaningful 
to you if you know how this test works. Figure 6.17 shows how PNP and 
NPN transistors respond to the ohmmeter test. The energy source of the 
ohmmeter is used to supply the bias voltage to each of the transistor elements. 
For the PNP transistor of Figure 6.17(a), the positive ohmmeter probe is 
connected to the emitter and the negative lead to the collector. When a resistor 
is connected between the collector and the base, it causes base current. With 
the emitter and base forward biased and the collector reverse biased, the 
transistor becomes low resistant. The ohmmeter responds to this condition 
by showing a change in resistance. The resistance of the transistor decreases 
in value. A low resistance reading on the ohmmeter indicates the transistor 
has gain and correct lead selection. 

The ohmmeter test of an NPN transistor is shown in Figure 6.17(b). 
For this type of transistor, the emitter is connected to the negative ohmmeter 
probe and the collector to the positive ohmmeter probe. When a resistor is 
connected between the collector−base, it causes the base current to flow. 
With the emitter−base forward biased and base−collector reverse biased, the 
transistor becomes low resistant. A low resistance reading on the ohmmeter 
indicates the transistor has gain and correct lead selection. 

The procedure for checking an NPN transistor is shown in Figure 6.18. 
Note that the ohmmeter is connected to the two outside leads. The center lead 
has been previously identified as the base. If another lead were found to be 
the base, it would be used in place of the center lead. One end of the resistor is 
connected to the base with the other lead open. In this case, it is assumed that 
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Figure 6.17 Transistor gain test. (a) PNP test circuit. (b) NPN test circuit. 

the negative ohmmeter probe is connected to the emitter and the positive lead 
to the collector. If the assumed leads are correct, the emitter will be forward 
biased, and the collector is reverse biased. Touching the open end of the base 
resistor to the positive ohmmeter probe will cause a base current flow. If it 
does, the ohmmeter will indicate a low resistance. In effect, the emitter−base 
junction is forward biased, and the base−collector junction is reverse biased. 
If no base current flows, the assumed emitter−collector leads are reversed. 
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Figure 6.18 NPN gain test. 

Simply reverse the ohmmeter’s probes and again touch the resistor lead to the 
positive ohmmeter probe. If the transistor is good, and the assumed leads are 
correct, the ohmmeter will show a low resistance. If it does not, the transistor 
has a low gain. In some transistors, low gain is permissible. As a rule, low 
gain is an indication of some type of transistor problem. The ohmmeter test 
of transistor gain is only a close approximation of the status of the device. 

Figure 6.19 shows the procedure for testing a PNP transistor. In this 
case, the ohmmeter is connected to the two outside leads. We have identified 
the center lead as the base. The base resistor is now connected to this lead. 
For a PNP transistor, the positive ohmmeter lead goes to the emitter and the 
negative lead to the collector. If the assumed leads are correct, touching the 
open end of the base resistor to the negative lead will cause the base current 
to flow. If it does, the ohmmeter will show a low resistance reading. This indi
cates that the emitter−base is forward biased, and the base−collector reverse 
biased as in the circuit. If no current flows, the assumed emitter−collector 
leads are reversed. Reverse the two ohmmeter probes, and again touch the 
base resistor to the negative ohmmeter probe. A good transistor with correct 
lead identification will indicate low resistance. A transistor with low gain will 
not cause much of a change in resistance. 
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Figure 6.19 PNP gain test. 

Self-Examination 

Answer the following questions. 

33. Each P–N junction of a good transistor will respond as a(n) _____ when 
tested with an ohmmeter. 

34. A(n) _____ P–N junction will not show a difference in its forward and 
reverse resistance connections. 

35. When an ohmmeter is connected between the emitter−collector leads 
of a good bipolar transistor, it will show (high, low) resistance in either 
polarity. 

36. A good bipolar transistor is connected so that the positive ohmmeter lead 
goes to the base and the negative lead is switched alternately between 
the other two leads. If this test shows low resistance between each of the 
alternate leads, the device is (NPN, PNP). 

37. If a bipolar transistor shows low resistance between any two leads in 
either direction of ohmmeter polarity, it indicates that the device is 
_____. 

38. Infinite or exceedingly high resistance in both directions across either 
P–N junction of a bipolar transistor indicates that the junction is _____. 
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6.5 Analysis and Troubleshooting – BJTs 

It is important to know the operating specifications of a bipolar junction 
transistor before using it in an electronic circuit. The operating specifications 
of NPN and PNP BJTs can be obtained by examining the manufacturer 
datasheets. 

Data Sheet Analysis 

Data sheets for a general purpose NPN transistor 2N3904 in included at the 
end of the chapter. Use the data sheets to answer the following: 

1. Collector−emitter voltage (VCEO) =  
2. Collector−base voltage (VCBO) =  
3. Emitter−base voltage (VEBO) =  
4. Maximum continuous collector current (IC) =  
5. Total power dissipation (PD) =  
6. DC current gain (hFE) =  
7. Collector−emitter saturation voltage (VCE(sat)) =  
8. Base−emitter saturation voltage (VBE(sat)) =  

Data sheets for a general purpose PNP transistor 2N4403. Use the data 
sheets to answer the following: 

9. Collector−emitter voltage (VCEO) =  
10. Collector−base voltage (VCBO) =  
11. Emitter−base voltage (VEBO) =  
12. Maximum continuous collector current (IC) =  
13. Total power dissipation (PD) =  
14. DC current gain (hFE) =  
15. Collector−emitter saturation voltage (VCE(sat)) =  
16. Base−emitter saturation voltage (VBE(sat)) =  

BJT Troubleshooting 

The operation of bipolar junction transistors can be tested with an analog or 
digital ohmmeter. This essentially involves connecting the ohmmeter to two 
of the three BJT terminals (collector, base, and emitter) and evaluating the 
resistance. When the ohmmeter is connected across a pair of BJT terminals, 
it can be either forward or reverse biased. Recall that when a P–N junction 
is forward biased, it has a low resistance, and a high resistance when it is 
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reverse biased. The polarity of the ohmmeter should be carefully observed. 
Analog ohmmeters, in general, would be better for evaluating the condition 
of a BJT. This is because analog meters provide a higher current flow to the 
circuit being tested. 

Typical faults in a BJT involve primarily short circuits, and open circuits 
between the terminals. A short circuit between two terminals is indicated by 
a low resistance (0 Ω) reading in either direction. An open circuit between 
two terminals is indicated by a high resistance reading in either direction. 

Another problem that occurs with BJTs is the development of heat during 
its operation. It is important to operate the BJT below its maximum power 
dissipation rating. 

Summary 

• Bipolar junction transistors are three-element devices made of semicon
ductor materials. 

• Bipolar junction transistors have two P–N junctions. 
• Current flow is controlled in a bipolar junction transistor by altering the 

voltage applied to the two P–N junctions. 
• A bipolar transistor has a thin layer of doped semiconductor material 

placed between two layers of doped semiconductor material of the 
opposite polarity. 

• The designations NPN and PNP denote the polarity of the semiconductor 
material used in its construction. 

• A bipolar junction transistor is represented by a schematic symbol that 
has three leads: emitter, base, and collector. 

• When the arrow in a bipolar junction transistor symbol points toward the 
base (a straight line), it indicates that the transistor is a PNP type. 

• When the arrow in a bipolar junction transistor symbol points away from 
the base, the symbol designates an NPN device. 

• The point-contact method of BJT construction has semiconductor mate
rials connected together by pointed wires that are fused to the material. 

• Alloy-junction BJTs are formed by attaching two small pieces of metal 
on opposite sides of a thin piece of semiconductor material. 

• The diffusion technique of manufacturing BJTs involves the movement 
of N-type and P-type impurity atoms into a piece of silicon. 

• For a transistor to function, it must have electrical energy applied to 
its electrodes; the emitter−base junction is forward biased, and the 
collector−base junction is reverse biased. 
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• A forward-biased emitter−base junction causes a large amount of 
current to flow into the base region. 

• The term alpha (α) is defined as the ratio IC/IE. 
• The term beta (β) is an expression of current gain and is defined as IC/IB. 
• Transistor testing, lead identification, and polarity of the material from 

which it is constructed can be determined with an ohmmeter. 
• The two junctions of a transistor are tested as diodes. 
• Lead and material polarity identification of a transistor is achieved by 

using the ohmmeter’s voltage source to bias the transistor into operation. 
• When identifying the lead and material polarity of a transistor, a base 

lead is assumed; one ohmmeter lead is attached to this lead and the other 
lead is switched between the two remaining leads. 

Formulas 

(6-1) IE = IB + IC Emitter current.
 
(6-2) α = IC/IE
 

(6-3) βdc = IC/IBDC beta.
 
(6-4) βac = ΔIC/ΔIB AC beta.
 

Review Questions 

Answer the following questions. 

1. The largest current flow of a bipolar transistor occurs: 

a. In the emitter 
b. In the base 
c. In the collector 
d. Through the collector−base 
e. Through the emitter−collector 

2. Conventional biasing of a bipolar transistor has the: 

a. Emitter−base forward biased and the collector−base forward 
biased 

b. Emitter−base reverse biased and the collector−base forward 
biased 

c. Emitter−base forward biased and the collector−base reverse 
biased 

d. Emitter−base reverse biased and the collector−base reverse biased 
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3. The beta of a bipolar transistor is an expression of: 

a. Base current/collector current 
b. Collector current/base current 
c. Collector current/emitter current 
d. Emitter current/base current 
e. Base current/emitter current 

4. When a bipolar transistor is saturated: 

a. VCE is very low, and IC is zero 
b. VCE is low, and IC is high 
c. VCE equals the source voltage, and IC is zero 
d. VCE equals the source voltage, and IC is high 

5. When a bipolar transistor is cut off: 

a. VCE equals the source voltage and IC is high 
b. VCE is low and IC is high 
c. VCE equals the source voltage and IC is zero 
d. VCE is high and IC is low 

6. In a properly connected bipolar transistor, an increase in base current 
will cause an increase in: 

a. Collector current only 
b. Emitter current only 
c. Emitter current and collector current 
d. Leakage current 

7. The polarity of the collector voltage of an NPN bipolar transistor is: 

a. Positive 
b. Negative 
c. The same polarity as the emitter 
d. The same polarity as the base 

8. When a bipolar transistor responds as an amplifier, it: 

a. Operates in the cutoff region 
b. Operates in the saturation region 
c. Operates in the active region 
d. Switches between the saturation and cutoff regions 

9. If a bipolar transistor shows low resistance between any two leads in 
either direction of ohmmeter polarity, it indicates that the device is: 

a. Shorted 
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b. Open 
c. Leaky 
d. Normal 

10. If a bipolar transistor shows an infinite or exceedingly high resistance 
across either P–N junction, it indicates that the junction is: 

a. Shorted 
b. Open 
c. Leaky 
d. Normal 

Problems 

Answer the following questions. 

1. A BJT has a collector current, IC = 25 mA, and a base current, IB = 125 
μA. Determine the value of the emitter current, IE? 

2. A BJT has a collector current, IC = 50 mA, and β = 400. What is the 
base current, IB? 

3. A bipolar transistor has a collector current of 9 mA and a base current 
of 150 μA. In which of the following ranges will the emitter current be 
found? 

a. 1−150 μA 
b. 151−915 μA 
c. 916 μA to 1.5 mA 
d. 1.51−9.15 mA 
e. 9.16−91.5 mA 

4. When a ohmmeter is connected across the emitter−collector junctions 
of a good bipolar transistor, it will show: 

a. Low resistance in both directions of ohmmeter polarity 
b. Low resistance in one direction and high resistance in the other 
c. Some resistance in both directions of ohmmeter polarity 
d. High resistance in both directions of ohmmeter polarity 

Glossary 

Bipolar 

Refers to the conduction by both holes and electrons in bipolar junction 
transistors. 
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PNP transistor 

A transistor that has a thin layer of N-type material placed between two pieces 
of P-type material. 

Emitter 

A section of a bipolar transistor that is responsible for the release of majority 
current carriers. 

Base 

A thin layer of semiconductor material between the emitter and collector of a 
bipolar transistor. 

Collector 

A section of a bipolar transistor that collects majority current carriers. 

NPN transistor 

A transistor that has a thin layer of P-type material placed between two pieces 
of N-type material. 

Epitaxial growth 

A transistor fabrication technique in which atoms are formed on a surface so 
that they are an extension of the original crystal structure. 

Planar transistor 

When the epitaxial growth process is used to create a transistor and the 
completed structure has a flat top or level plane surface. 

Mesa transistor 

When the epitaxial process is used to create a transistor and the completed 
structure rises above the primary surface, forming a plateau. 

Gain 

A ratio of voltage, current, or power output to corresponding input values. 

Beta 

A designation of transistor current gain determined by IC/IB. 

Active region 

An area of transistor operation between cutoff and saturation. 
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Cutoff region 

A condition or region of transistor operation in which current carriers cease 
or diminish. 

Saturation region 

A condition or region of transistor operation in which a device conducts to its 
fullest capacity. 
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PNP Data Sheets 
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7
 
Bipolar Transistor Amplification
 

Electronic systems must perform a variety of basic functions to accomplish 
a particular operation. Understanding how these functions are performed is 
vital to becoming a successful electronics technician or electronics engineer. 
In this chapter, you will study the amplification function. Amplification is 
achieved by devices that produce an increase in signal amplitude. Bipolar 
junction transistors, with which you are already familiar, are frequently used 
for this purpose. 

The first part of this chapter covers amplification in general. Then, how 
the bipolar junction transistor achieves amplification is discussed. By the 
end of this chapter, you will have learned about circuit operation, biasing 
methods, circuit configurations, classes of amplification, and operational 
conditions. Keep in mind as you read this chapter that it is directed toward 
small-signal amplification. Power amplification is achieved in the same man
ner, with the only difference being the amount of current flow controlled. 
Power amplification is covered in Chapter 11 − Amplifying Systems. 

Objectives 

After studying this chapter, you will be able to: 

7.1 explain the meaning of amplification with respect to voltage, current, 
and power; 

7.2 analyze the operation of a basic amplifier;
 
7-3 analyze the operation of a basic amplifier by the load-line method;
 
7.4 analyze common-emitter, common-base, and common-collector circuit 

configurations; 
7.5 analyze and troubleshoot a BJT amplifier circuit. 

241
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Chapter Outline 

7.1 Amplification Principles 
7.2 Basic BJT Amplifiers 
7.3 Load-Line Analysis 
7.4 Transistor Circuit Configurations 
7.5 Analyzing and Troubleshooting of BJT Amplifier Circuits 
7-1 Transistor Load-Line Analysis 

In this activity, the DC operating conditions of a bipolar junction transistor 
will be evaluated. With this information, a transistor amplifier can be easily 
designed, and its circuit operation can be predicted. 

7-2 DC Transistor Amplifier 

In this activity, a test circuit is evaluated for the amplification of DC signals 
applied to a bipolar junction transistor. 

7-3 AC Transistor Amplifier 

In this activity, a test circuit is constructed for evaluating the amplification of 
AC signals applied to a bipolar junction transistor. 

Key Terms 

alpha 
bypass capacitor 
current amplifier 
current gain 
emitter biasing 
fixed biasing 
linear 
load line 
nonlinear distortion 
overdriving 
power gain 
Q point 
self-biasing 
self-emitter bias 
static state 
thermal stability 
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voltage amplifier 
voltage gain 

7.1 Amplification Principles 

To understand the operation of amplifiers and the purpose of various ampli
fier configurations, you need to be familiar with some basic amplification 
principles. Amplification is similar to the step-up capability of a transformer 
in that the input signal is increased by a certain ratio. In both cases, the 
amplification of voltage, current, and power can be calculated through a 
series of ratio formulas. In this section, you will learn about the differences 
between reproduction and amplification and will use several ratio formulas to 
determine the voltage, current, and power amplification of an amplifier. 

7.1 Explain the meaning of amplification with respect to voltage, current, 
and power. 

In order to achieve objective 7.1, you should be able to: 

• explain the difference between signal reproduction and signal amplifica
tion; 

• identify the formulas for determining voltage gain, current gain, and 
power gain; 

• define voltage amplifier, voltage gain, current amplifier, current gain, 
and power gain. 

Reproduction and Amplification 

Amplification is achieved by an amplifying device and its associated com
ponents. As a general rule, the amplifying device is placed in a circuit. The 
components of the circuit usually have about as much influence on amplifi
cation as the amplifying device. The circuit and the amplifying device must 
be supplied electrical energy to function. Typically, amplifiers are energized 
by direct current. This may be derived from a battery or an electronic power 
supply. The amplifier then processes a signal of some type when it is placed in 
operation. The signal may be either AC or DC, depending on the application. 

The signal to be processed by an amplifier is first applied to the input 
part of the circuit. After being processed, the signal appears in the output 
circuitry. The output signal may be reproduced in its exact form, amplified, or 
both amplified and reproduced. The value and type of input signal, operating 
source energy, device characteristics, and circuit components influence the 
output signal. 
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Figure 7.1 Amplification and reproduction. (a) Reproduction. (b) Amplification. (c) 
Reproduction. 

Figure 7.1 illustrates the process of reproduction, amplification, and the 
combined amplification-reproduction functions of an amplifier. The amplifier 
at the top of Figure 7.1 performs only the reproduction function. Note that 
the input and output signals have the same size and shape. The amplifier 
in the middle shows only the amplification function. In this case, the input 
signal is increased in amplitude. The output signal is amplified but does not 
necessarily resemble the input signal. In many applications, amplification and 
reproduction must be achieved simultaneously. This function is shown by 
the amplifier at the bottom of Figure 7.1. Depending on the application, an 
amplifier must be capable of developing any of these three output signals. 

Voltage Amplification 

A system designed to develop an output voltage that is greater than its input 
voltage is called a voltage amplifier. A voltage amplifier has voltage gain, or  
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voltage amplification, which is defined as a ratio of the output signal voltage 
to the input signal voltage. In equation form, voltage amplification (AV) is  
expressed as 

AV = Vout/Vin (7.1) 

or 
AV = ΔVout/ΔVin. (7.2) 

The uppercase letters in Vout and V in denote DC voltage values. AC 
voltages are often expressed by lowercase letters. The Greek capital letter 
delta (Δ) indicates a changing value. Voltage amplifiers are capable of a wide 
range of amplification values. 

Current Amplification 

An amplifying system designed to develop output current that is greater than 
the input current is called a current amplifier. A current amplifier has current 
gain, which is defined as the ratio of output current to input current. In 
equation form, current gain, or  current amplification, is expressed as 

Ai = Iout/Iin (7.3) 

or 
Ai = ΔIout/ΔIin. (7.4) 

Current gain takes into account the beta of a transistor and all the 
associated components that make the device operational. 

Power Amplification 

Power gain, or  power amplification, is a ratio of the developed output signal 
power to the input signal power. Note that this refers only to the power gain 
of the signal. All amplifiers consume a certain amount of power from the 
energy source during operation. This is usually not included in an expression 
of power gain. An equation of power gain shows that power amplification 
(AP) equals output signal power (Pout) divided by the input signal power 
(Pin): 

AP = Pout/Pin. (7.5) 

Power signal gain can also be expressed as the product of voltage gain and 
current gain. In this regard, the equation is 

AP = Av × Ai. (7.6) 
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It should be apparent from the AP equation that Av and Ai do not both need
to be large to have power gain. Typical power amplifiers may have a large
current gain and a voltage gain less than 1. Power gain must take into account
both signal voltage and current gain to be meaningful.

Self-Examination

Answer the following questions.

1. The signal to be processed by an amplifier is first applied to the _____
part of the circuit.

2. After an input signal has been processed by an amplifier, it appears in
the _____ circuitry.

3. _____ occurs when the input signal retains its size and shape in the
output circuitry.

4. _____ occurs when the input signal is increased in amplitude in the
output circuitry.

5. An expression of output voltage divided by input voltage is _____
amplification.

6. An expression of output current divided by input current is _____
amplification.

7. An expression of output signal power divided by input signal power is
_____ amplification.

7.2 Basic BJT Amplifiers

The primary function of an amplifier is to provide voltage gain, current
gain, or power gain. The resulting gain depends a great deal on the device
used, its circuit components, and its circuit configuration. Proper component
selection and circuit bias are needed to maintain a stable operating point. A
stable operating point ensures that amplifier output will not enter cutoff or
saturation due to changes in temperature. In this section, you will learn about
the basic circuitry and operation of an amplifier circuit. You will also learn
about several different methods of achieving bias, while maintaining a stable
operating point.

7.2 Analyze the operation of a basic amplifier.
In order to achieve objective 7.2, you should be able to:

• calculate the base current, collector current, load resistor voltage, and
collector−emitter voltage of a basic amplifier;
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• explain how a bipolar junction transistor achieves amplification of an 
AC signal; 

• explain the relationship between static-state operation and signal ampli
fication; 

• identify beta-dependent and beta-independent biasing methods; 
• define static state, thermal stability, fixed biasing, self-biasing, emitter 

biasing, bypass capacitor, and self-emitter bias. 

For a bipolar junction transistor to respond as an amplifier, the 
emitter−base junction must be forward biased, and the collector−base 
junction must be reverse biased. The same criteria are used to make a 
transistor operational. Specific operating voltage values must be selected that 
will permit amplification. 

Normally, an amplifier circuit is energized by DC voltage. An AC signal is 
then applied to the input of the amplifier. After passing through the transistor, 
an amplified version of the signal appears in the output. Operating conditions 
of the transistor and the circuit determine the level of amplification to be 
achieved. 

If both reproduction and amplification are to be achieved, the device must 
operate in the center of its active region. Remember that this is between the 
saturation and cutoff regions of the collector family of characteristic curves. 
Proper circuit component selection permits a transistor to operate in the active 
region. 

Basic Amplifier Circuitry 

Look at the circuitry of a basic amplifier shown in Figure 7.2. Note that a 
schematic symbol of the NPN transistor is used in this diagram. While you 
study this circuit, keep in mind the crystal structure of the device represented 
by the symbol. 

The basic amplifier has a number of parts that are needed to make it 
operational. VCC is the DC energy source. The negative side of VCC is 
connected to ground. The emitter is also connected to ground. This type of 
circuit configuration is called a grounded-emitter amplifier, or  common-
emitter amplifier. The emitter, one side of the input, and one side of the 
output are commonly connected together. In an actual circuit, these points 
are usually connected to ground. 

The base resistor (RB) of the basic amplifier is connected to the positive 
side of VCC. This connection makes the base positive with respect to the emit
ter. The emitter−base junction is forward biased by RB. Resistor RL connects 
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Figure 7.2 Basic bipolar amplifier. 

the positive side of VCC to the collector. This connection reverse biases the 
collector. Through the connection of RB and RL, the transistor is properly 
biased for operation. A transistor connected in this manner is considered to 
be in its static state, or  DC operating state. It has the necessary DC energy 
applied to be operational. No signal is applied to the input for amplification. 

Static-State Operation 

Let us now consider the operation of the basic amplifier in its static state. 
With the given values of Figure 7.3, base current (IB) can be calculated. IB, 
in this case, is limited by the value of RB and the base−emitter junction 
resistance. When the base−emitter junction is forward biased, its resistance 
becomes very small. The value of RB is, therefore, the primary limiting factor 
of IB. IB can be determined by an application of Ohm’s law: 

IB = VCC/RB. (7.7) 

For our basic transistor amplifier, this is determined to be 

IB = VCC/RB 

= 10 V/100, 000 Ω 

= 0.0001 A, or 100 μ A. 

The value of base current, in this case, is extremely small. Remember that 
only a small amount of IB is needed to produce IC. 
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Figure 7.3 Static operating condition of a basic amplifier and calculation of base current 
(IB), collector current (IC), collector−emitter voltage, and load resistor value. 

The beta of the transistor used in Figure 7.3 has a given value. With beta 
and the calculated value of IB, it is possible to determine the collector current 
of the circuit. Beta is the current gain of a common-emitter amplifier. Recall 
that beta is described by the following formula: 

β = IC/IB. 

In our transistor amplifier, IB has been determined and beta has a given 
value of 50. By transposing the beta formula, IC can be determined by the 
following equation: 

IC = β × IB. (7.8) 

For the amplifier circuit, collector current is determined to be 

IC = β × IB 

= 50  × 100 μA 

= 50  × 0.0001 A 

= 0.005 A, or 5 mA. 

This means that 5 mA of IC will flow through RL when an IB of 100 μ A 
flows. 
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In any electric circuit, we know that current flow through a resistor causes 
a corresponding voltage drop. In a basic transistor amplifier, IC causes a 
voltage drop across RL. Take a look at Figure 7.3. In the preceding step, 
IC was calculated to be 5 mA. By using Ohm’s law again, we can determine 
the voltage drop across RL from the following equation: 

VRL = IC × RL. (7.9) 

For the amplifier circuit, the voltage drop across RL is 

VRL = IC × RL 

= 5 mA× 1 k Ω  

= 0.005 A× 1000 Ω 

= 5 V. 

This means that half or 5 V of VCC will appear across RL. With a 
VCC value of 10 V, the other 5 V will appear across the collector−emitter 
of the transistor. This is determined by the following equation: 

VCE = VCC − VRL. (7.10) 

Thus, 

VCE = VCC − VRL 

VCE = 10− 5 V  

= 5 V. 

A VCE voltage of 5 V from a VCC of 10 V means that the transistor is 
operating near the center of its active region. Ideally, the transistor should 
respond as a linear amplifier. When a suitable signal is applied to the input, it 
should amplify and reproduce the signal in the output. 

The operational voltage and current values of the basic transistor amplifier 
in its static state are summarized in Figure 7.4. Note that an IB of 100 μA 
causes an IC of 5 mA. With a beta of 50, the amplifier has the capability of 
a rather substantial amount of output current. The collector current passing 
through RL causes VCC to be divided. This establishes operation in the 
approximate center of the collector family of characteristic curves. Ideally, 
this static condition should cause the amplifier to respond as a linear device 
when a signal is applied. 



7.2 Basic BJT Amplifiers 251 

Example 7-1: 

Take a look at Figure 7.3. From the values provided in Figure 7.3(a), deter
mine base current (IB), collector current (IC), load resistor voltage (VRL), 
and collector−emitter voltage (VCE). 
Solution 

1. Determine the base current (IB) by dividing VCC by the base resistor 
(RB). 

IB = VCC/RB 

= 12  V/200 KΩ 

= 0.00006 A 

= 60  μA. 

2. Using the given beta (β) value and the calculated base current value, 
determine the collector current. 

IC = β × IB 

= 100×60μA 

= 0.006A 

= 6 mA. 

3. Determine the voltage across the load resistor (VRL) by multiplying 
collector current (IC) by the load resistor (IB) value. 

VRL = IC × RL 

= 0.006 A×1000 Ω 

= 6 V. 

4. Determine the collector−emitter voltage (VCE) by subtracting the load 
resistor voltage (VRL) from VCC. 

VCE = VCC − VRL 

= 12  − 6 V  

= 6 V. 

Related Problem 

From the values provided in Figure 7.3(b), determine base current (IB), 
collector current (IC), load resistor voltage (VRL), and collector−emitter 
voltage (VCE). 
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Signal Amplification 

For the basic transistor circuit of Figure 7.3 to respond as an amplifier, it 
must have a signal applied. This signal is made up of voltage and current 
components. The applied signal causes the transistor to change from a static 
condition to a dynamic condition. Dynamic conditions involve changing 
values. All AC amplifiers respond in the dynamic state. The output of this 
should develop an AC signal. 

Figure 7.4 shows a basic transistor amplifier with an AC signal applied. A 
capacitor is used in this case to couple the AC signal source to the amplifier. 
Remember, AC passes easily through a capacitor, whereas DC is blocked. As 
a result, the AC signal is injected into the base−emitter junction. DC does 
not flow back into the signal source. The AC signal is, therefore, added to the 
DC operating voltage. The emitter−base voltage is a DC value that changes 
at an AC rate. 

Consider how the applied AC signal alters the emitter−base junction 
voltage. Figure 7.5 shows some representative voltage and current values 
that appear at the emitter−base junction of the transistor. 

They can be measured with a voltmeter or observed with an oscilloscope. 
Figure 7.5(a) shows the DC operating voltage and base current. This occurs 
when the amplifier is in its steady or static state. Figure 7.5(b) shows the AC 
signal that is applied to the emitter−base junction. Note that the amplitude 
change of this signal is a very small value. This also shows how the resulting 

Figure 7.4 Amplifier with AC signal applied. 
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Figure 7.5 IB and VBE conditions. (a) Static. (b) Dynamic. 

voltage and base current change with an AC signal applied. The AC signal 
essentially rides on the DC voltage and current. 

Refer to the schematic diagram of the basic amplifier in Figure 7.6. Note, 
in particular, the waveform inserts that appear in the diagram. These show 
how the current and voltage values respond when an AC signal is applied. 
They also show where instruments are connected to measure and observe 
these values. 
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The AC signal applied to the input of our basic amplifier rises in value 
during the positive alternation and falls during the negative alternation. 
Initially, this causes an increase and a decrease in the value of VBE. This 
voltage has a DC level with an AC signal riding on it. The indicated IB 

is developed as a result of this voltage. The changing value of IB causes 
a corresponding change in IC. Note that IB and IC both appear to be the 
same. There is, however, a very noticeable difference in values. IB is in 
microamperes, while IC is in milliamperes. The resulting IC passing through 
RL causes a corresponding voltage drop across RL. VCE appearing across the 
transistor is the reverse of VRL. These signals are both AC values riding 
on a DC level. The output, Vout, is changed to a pure AC value. Capacitor 
C2 blocks the DC component and passes only the AC signal. 

It is interesting to note that in Figure 7.6, the input and output signals 
of the amplifier are reversed. When the positive alternation of the AC input 

Figure 7.6 AC amplifier operation. 
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signal rises in value, it causes the output to fall in value. The negative alterna
tion of the input causes the output to rise in value. This condition of operation 
is called phase inversion. It is shown by the output or VCE waveform 
appearing across the emitter−collector. Phase inversion is a distinguishing 
characteristic of the common-emitter amplifier. 

Amplifier Bias 

If a transistor is to operate as a linear amplifier, it must be properly biased 
and have a suitable operating point. Its steady state of operation depends a 
great deal on base current, collector voltage, and collector current. Establish
ing a desired operating point requires proper selection of bias resistors and a 
load resistor to provide proper input current and collector voltage. 

Stability of operation is a very important consideration. If the oper
ating point of a transistor is permitted to shift with temperature changes, 
unwanted distortion may be introduced. In addition to distortion, operating 
point changes may also damage a transistor. Excessive collector current, for 
example, may cause the device to develop too much heat. 

The method of biasing a transistor has a great deal to do with its thermal 
stability. Several different methods of achieving bias are commonly used. 
One method of biasing is considered to be beta dependent. Bias voltages are 
largely dependent on transistor beta. A problem with this method of biasing 
is transistor response. Transistor beta is rarely ever the same for a specific 
device. Biasing set up for one transistor will not necessarily be the same for 
another transistor. 

Biasing that is independent of beta is very important. This type of biasing 
responds to fixed voltage values. Beta does not alter these voltage values. As 
a general rule, this form of biasing is more reliable. The input and output of 
a transistor are very stable, and the results are very predictable. 

Beta-Dependent Biasing 

Four common methods of beta-dependent biasing are shown in Figure 7.7. 
The static states of operation are a function of the transistor’s beta. These 
methods are rather easy to achieve with a minimum of parts. They are not, 
however, very widely used. 

The circuit in Figure 7.7(a) is a very simple form of biasing for a 
common-emitter amplifier. This method of biasing was used for our basic 
transistor amplifier. The base is simply connected to VCC through RB. 
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Figure 7.7 Methods of beta-dependent biasing. 

This causes the emitter−base junction to be forward biased. The resulting 
collector current is beta times the value of IB. The value of IB is VCC divided 
by RB. 

As a general rule, biasing of this type is very sensitive to changes in 
temperature. The resulting output of the circuit is rather difficult to predict. 
This method of biasing is often called fixed biasing. It is primarily used 
because of its simplicity. 
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Example 7-2: 

How much voltage is at the output (VCE) of the circuit in Figure 7.4? 
Solution 

1. Determine the base current (IB) by dividing VCC by the base resistor 
(RB). 

IB = VCC/RB 

= 10 V×100 KΩ 

= 0.0001 A, or100 μA. 

2. Using the given beta (β) value and the calculated base current value, 
determine the collector current (IC). 

IC = β × IB 

= 50  ×0.0001 A 

= 0.005 or5 mA. 

3. Determine the voltage across the load resistor (VRL) by multiplying 
collector current (IC) by the load resistor (IB) value. 

VRL = IC × RL 

= 0.005 A×1000 Ω 

= 5 V. 

4. Determine the collector−emitter voltage (VCE) by subtracting the load 
resistor voltage (VRL) from VCC. 

VCE = VCC − VRL 

= 10 V  − 5 V  

= 5 V. 

Related Problem 

How much voltage is at the output (VCE) of the circuit in Figure 7.4 if the 
beta were 75? 

The circuit in Figure 7.7(b) was developed to compensate for the tem
perature sensitivity of the circuit in Figure ??(a). Bias current is used to 
counteract changes in temperature. In a sense, this method of biasing has 
negative feedback. RB is connected to the collector rather than to VCC. The 
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voltage available for base biasing is that which is leftover after the voltage 
drop across the load resistor. This is indicated as VCE. If the temperature rises, 
it causes an increase in IB and IC. With more IC, there is more voltage drop 
across RL. Reduced VCE voltage causes a corresponding drop in IB. This, in 
turn, brings IC back to normal. The opposite reaction occurs when transistor 
temperature becomes less. This method of biasing is called self-biasing. 

The circuit in Figure 7.7(c) is an example of emitter biasing. Thermal 
stability is improved with this type of construction. IB is again determined 
by the value of RB and VCC. An additional resistor is placed in series 
with the emitter of this circuit. Emitter current passing through RE produces 
emitter voltage (VE). This voltage is of opposite polarity to the base voltage 
developed by RB. Proper values of RB and RE are selected so that IB and 
IE will flow under ordinary operating conditions. If a change in temperature 
should occur, VE will increase in value. This action opposes the base bias. As 
a result, collector current drops to its normal value. 

The capacitor (C) connected across RE is called a bypass capacitor. 
A bypass capacitor provides an alternate path around a component or to 
ground. In this case, it provides an AC path for signal voltages around RE. 
With C in the circuit, amplifier gain is reduced. The value of C is dependent 
on the frequencies being amplified. At the lowest possible frequency being 
amplified, the capacitive reactance (XC) should be 10 times smaller than the 
resistance of RE. Remember that XC = 1/(2π fC); so as frequency increases, 
XC decreases. 

The circuit in Figure 7.7(d) is a combination of circuits in Figures 7.7(b) 
and 7.7(c). It is often called self-emitter bias. In the same regard, the 
circuit in Figure 7.7(c) could be called fixed-emitter bias. As a general rule, 
emitter biasing is not very effective when used independently. The circuit in 
Figure 7.7(d) has good thermal stability. The output has reduced gain because 
of the base resistor connection. 

Beta-Independent Biasing 

Two methods of biasing a transistor that are independent of beta are shown 
in Figure 7.8. These circuits are extremely important because they do not 
change operation with beta. As a general rule, these circuits have very reliable 
operating characteristics. The output is very predictable, and the stability is 
excellent. 

The circuit in Figure 7.8(a) is described as the divider method of bias
ing. It is used widely. The base voltage (VB) is developed by a voltage-divider 
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Figure 7.8 Methods of beta-dependent biasing. 

network made of RB and R1. This network makes the circuit independent of 
beta changes. Voltages at the base, emitter, and collector depend on external 
circuit values. By proper selection of components, the emitter−base junction 
is forward biased and the collector is reverse biased. Normally, these bias 
voltages are referenced to ground. The base, in this case, is made slightly 
positive with respect to ground. This voltage is somewhat critical. A voltage 
that is too positive, for example, will drive the transistor into saturation. 
With proper selection of bias voltage, however, the transistor can be made 
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to operate in any part of the active region. The temperature stability of the
circuit is excellent. With proper RE bypass capacitor selection, this method
of biasing produces very high gain. The divider method of biasing is often a
universal biasing circuit. It can be used to bias all transistor amplifier circuit
configurations.

The circuit in Figure 7.8(b) is very similar in construction and operation
to that of Figure 7.8(a). One less resistor is used. The power supply requires
two voltage values with reference to ground. A split power supply is used
as an energy source for this circuit. Note the indication of +VCC and −VCC.
RB is connected to ground. In this case, the value of RB determines the value
of IB with only half of the total supply voltage. The values of RL and RE are
usually made larger to accommodate the increased supply voltage. If RE is
properly bypassed, the gain of this circuit is very high. Thermal stability is
excellent.

Self-Examination

Answer the following questions.

8. For a bipolar transistor to respond as an amplifier, the emitter−base
junction must be (forward, reverse) biased and the collector−base must
be (forward, reverse) biased.

9. The _____ of a bipolar transistor is equal to the beta times the base
current.

10. If a bipolar transistor has a beta of 100 and a base current of 80 μA, the
collector current is _____ mA.

11. When a transistor has DC voltage supplied to its elements and no signal
applied, it is considered to be in its _____ state of operation.

12. When a bipolar transistor is energized by DC and an AC signal is applied
for amplification, it is considered to be in a _____ state of operation.

13. In a common-emitter transistor circuit configuration, one of the leads
must be common to both the _____ and the _____ of the circuit.

14. The method of biasing a bipolar transistor has a great deal to do with its
_____ stability during operation.

15. In bipolar transistor operation when base current increases, _____
current increases.

16. In bipolar transistor operation when collector current increases, _____
voltage decreases.
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7.3 Load-Line Analysis 

Earlier in this chapter, you looked at the operation of an amplifier with respect 
to its beta. Current and voltage were calculated, and transistor operation was 
related to these values. Although this method of analysis is very important, 
amplifier operation can also be determined graphically. This method employs 
a collector family of characteristic curves graph. A load line is developed 
for this graph and used for load-line analysis. Through load-line analysis, 
it is possible to predict how the circuit will respond. A great deal about the 
operation of an amplifier can be observed through this method. In this section, 
you will create a load line for a collector family of characteristic curves graph. 
You will then use this graph and load line to analyze an amplifier circuit. 

7-3 Analyze the operation of a basic amplifier by the load-line method. 
In order to achieve objective 7.3, you should be able to: 

• construct a power dissipation curve; 
• construct a load line for an amplifier circuit; 
• describe the linear and nonlinear operations of an amplifier circuit; 
• define load line, Q point, linear, nonlinear distortion, and overdriving. 

The load-line method of circuit analysis is widely used. Engineers use this 
method in designing new circuits. The operation of a specific circuit can also 
be visualized by this method. In circuit design, a specific transistor is selected 
for an amplifier. Source voltage, load resistance, and input signal levels may 
be given values in the design of the circuit. The transistor is made to fit the 
limitation of the circuit. 

For our application of the load line, assume that the amplifier circuit in 
Figure 7.9 is to be analyzed. A collector family of characteristic curves for 
the transistor is also shown in Figure 7.9. Note that the power dissipation 
rating of the transistor is included in the diagram. 

Power Dissipation Curve 

As discussed in previous chapters, maximum power dissipation determines 
the operational limits of electronic devices. A common practice in load-line 
analysis for transistors is first to develop a power dissipation curve. This 
gives some indication of the maximum operating limits of the transistor. 
Power dissipation (PD) refers to maximum heat that can be given off by the 
base−collector junction. Usually, this value is rated at 25◦C. PD is the product 
of IC and VCE. In our circuit, the PD rating for the transistor is 300 mW. 
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Figure 7.9 Circuit and characteristic curves of a circuit to be analyzed. (a) Circuit. (b) 
Characteristic curves. 

To develop a PD curve, each value of VCE is used with the PD rating to 
determine an IC value. The formula is 

IC = PD/VCE. (7.11) 

Using this formula, the IC value is calculated for each of the VCE values 
of the collector family of curves. Then, the VCE value and the corresponding 
calculated IC value is located and noted. These points are connected together 
to form the 300-mW power dissipation curve. In practice, the load line 
must be located to the left of the established PD curve. Satisfactory operation 
without excessive heat generation can be assured in that area of the curve. 

Example 7-3: 

Using the transistor characteristic curve of Figure 7.9, calculate the values of 
collector current for a 300-mW power dissipation curve for YCE values of 9 
and 12 V. 
Solution 

IC = PD/VCE IC = PD/VCE 

= 300 mW/9 V = 300 mW/12 V 

= 33.33 mA = 25 mA. 
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Related Problem 

Complete the power dissipation curve of Figure 7.9 by calculating IC values 
for VCE points of 15, 18, and 21 V. 

Static Load Line 

The load line of a transistor amplifier represents two extreme conditions of 
operation. One of these is in the cutoff region. When the transistor is cut off, 
no IC flows through the device. VCE equals the source voltage of 21 V with 
zero IC. 

The second load-line point is in the saturation region. This point 
assumes full conduction of IC. Ideally, when a transistor is fully conductive 

VCE = 0  

and 
IC = VCC/RL. 

The two load-line construction points for the analysis circuit are shown 
on the collector family of characteristic curves of Figure 7.13. The cutoff 
point is located at the zero IC, 21  VCE point. The value of VCC determines 
this point. At cutoff, VCE is equal to VCC. The saturation, or full-conduction, 
point is located at 37.5 mA of IC at 0 VCE. The IC value is calculated using 
VCC and the value of RL. The formula is 

IC = VCC/RL. (7.12) 

Therefore, 

IC = VCC/RL 

= 21 V/560 Ω 

= 0.0375 A, or37.5 mA. 

These two points are connected with a straight line. The load line makes it 
possible to determine the operating conditions of the amplifier. For linear 
amplification, the operating point should be located near the center of the 
load line. For the circuit in Figure 7.13, an operating point of 30 μA of base 
current is selected. In the circuit diagram, the value of RB determines IB. It is  
calculated by the following equation: 

IB = VCC/RB. (7.13) 
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The value is 

IB = VCC/RB 

= 21 V/700k Ω 

= 0.00003A, or30 μA. 

The operating point for this value is located at the intersection of the load 
line and the 30-μA IB curve. It is indicated as point Q. Knowing this much 
about an amplifier shows how it will respond in its static state. The Q point 
shows how the amplifier will respond without an applied signal. 

The collector family of curves in Figure 7.9 displays the operation of the 
amplifier in its static state. Projecting a line from the Q point to the IC scale 
shows the resulting collector current. In this case, the IC is 17.5 mA. The DC 
beta for the transistor at this point is determined by the following formula: 

βdc = IC/IB. 

This value is 

βdc = IC/IB 

= 17.5 mA/30μA 

= 0.0175 A/0.000030 A 

= 583.3. 

The resulting VCE that will occur for the amplifier can also be determined 
graphically. Projecting a line directly down from the Q point shows the value 
of VCE. In our circuit, VCE is approximately 11 V. This means that 10 V will 
appear across RL when the transistor is in its static state. 

Example 7-4: 

Using the transistor characteristics curve of Figure 7-9, determine the values 
of RB and DC β at point A on the load line. 

Solution 

RB	 = VCC/IB βdc = IC/IB 

= 21 V/20 μA  = 12 mA/20 μA 

= 1.05 M Ω = 600. 
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Related Problem 

Using Figure 7.9, calculate RB and DC β values for points B and C on the 
load line. 

Dynamic Load Line 

Dynamic load-line analysis shows how an amplifier responds to an AC sig
nal. In this case, the collector family of curves and the circuit of Figure 7.10 
are used. A load line and Q point for the circuit have been developed on the 
curves. This establishes the static operation of the amplifier. Note the values 
of VCE and IC in the static state. 

Refer to Figure 7.1 for the following example. Assume that a 0.1-V peak
to-peak AC signal is applied to the input of the amplifier and the signal causes 
a 20-μA peak-to-peak change in IB. During the positive alternation of the 
input shown on the right of Figure 7.14, IB changes from 30 to 40 μA. This 
is shown as point P on the load line. During the negative alternation, IB drops 
from 30 to 20 μA. This is indicated as point N on the load line. In effect, this 
means that 0.1 V peak-to-peak causes IB to change 20 μA peak-to-peak. The 
IB signal extends to the right of the load line. Its value is shown as ΔIB (ΔIB 

= 40  − 20 μA = 20  μA). 
To show how a change in IB influences IC, lines are projected to the left 

side of the load line of Figure 7.14. Note the projection of lines P, Q, and 
N toward the IC values. The changing value of IC is indicated as ΔIC. An 
increase and decrease in IB causes a corresponding increase and decrease in 
IC. This shows that IC and IB are in phase (ΔIC = 7.6 − 4.2 mA = 3.4 mA). 

The AC beta (βac) of the amplifier can be determined by ΔIC and ΔIB. 
First, determine the peak-to-peak ΔIC and ΔIB values. 

These values are approximations from the characteristic curve load line: 

ΔIC = 3.4 mA  

ΔIB = 20  μA. 

Then divide ΔIC by ΔIB to determine the AC beta of the amplifier circuit: 

βac = ΔIC/ΔIB 

= 3.4 mA/20 μA 

= 0.0034 A/0.00002 A 

= 170. 
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Figure 7.10 Dynamic load line. (a) Circuit. (b) Characteristic curves. 

The same procedure can be used to determine the DC beta of the 
transistor at point Q: 

βdc = IC/IB 

= 5  mA/30 μA 
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= 0.005 A/0.00003 A 

= 167. 

Note that the AC and DC beta values of this amplifier are similar values. 
These values should be similar within the normal operating range of the 
transistor. 

Projecting points P, Q, and N downward from the load line shows how 
VCE changes with IB. The value of VCE is indicated as ΔVCE. Note that 
an increase in IB causes a decrease in the value of VCE. A decrease in IB 

causes VCE to increase. This shows that IB and VCE are 180◦ out of phase. 
The difference in VCE at any point appears across RL. 

The AC voltage gain of the amplifier can be determined from the 
dynamic load line. Remember that 0.1-V peak-to-peak input caused a change 
of 20-μA peak-to-peak in the IB signal. The AC voltage gain can be deter
mined by dividing ΔVCE by ΔVB. The ΔVB value is 0.1-V peak-to-peak. 
Using the ΔVCE value from the graph and ΔVB, determine the AC voltage 
gain of the amplifier circuit (ΔVCE = 11  − 7.5 V = 3.5 V): 

AV(ac) = ΔVCE/ΔVB 

= 3.5 Vpp/0.1 Vpp 

= 35. 

Example 7-5: 

Using the characteristics curve of Figure 7.10, determine ΔIC, ΔIB, β ac, 
ΔVCE, and AV(ac) with a 0.1-V peak-to-peak AC signal that causes IB to 
change from point A to point Q. 

Solution 

ΔIC = 9.5− 6 mA = 3.6 mA  β ac = ΔIC/ΔIB 

ΔIB = 50− 30μA = 20μA  = 3.5 mA/20 μA 

ΔVCE = 9.2− 7.5 V = 1.7 V = 180 

AV(ac) = ΔVCE/ΔVB = 1.7 V/0.1 V = 17. 

Related Problem 

Using Figure 7.10, calculate ΔIC, ΔIB, β ac, ΔVCE, and AV(ac) with a 0.1-V 
peak-to-peak AC signal that causes IB to change from point B to point Q. 
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Linear and Nonlinear Operation 

The VCE or output of an amplifier should be a duplicate of the input with 
some gain. When a sine wave is applied, the output should develop a sine 
wave. When an amplifier operates in this manner, it is considered to be linear. 
For this to be achieved, the amplifier must operate in or near the center or 
linear area of the collector curves. As a rule, nonlinearity occurs near the 
saturation and cutoff regions. If the operating point is adjusted near these 
regions, it usually causes the output to be distorted. Normally, this is called 
nonlinear distortion. 

Figure 7.11 shows how an amplifier will respond at three different oper
ating points. Figure 7.11(a) shows linear operation. Note the input signal 
(ΔIB) on the right and the output (ΔIC) on the left. The input and output 

Figure 7.11 Amplifier operation. 
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signals are duplicate sine waves in this case. Figure 7.11(b) shows operation 
in the saturation region. Note the top of the input wave (ΔIB) and the dis
tortion of the negative alternation of the output (ΔIC). Figure 7.11(c) shows 
operation near the cutoff region. The lower part of the input wave (ΔIB) 
on the right extends beyond the load line, causing distortion of the positive 
alternation of the output (ΔIC). As a general rule, nonlinear distortion can be 
tolerated in some applications. In other applications, nonlinear distortion is 
very obvious, such as sound reproduction. 

An input signal that is too large can also produce distortion. Figure 7.12 
shows how an amplifier responds to a large input signal. Note that the input 
signal swings into the saturation region during the positive alternation and 
into the cutoff region during the negative alternation. This condition distorts 
both alternations of the output. Normally, this condition is described as 
overdriving. 

Figure 7.12 Overdriven amplifier. 
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In a radio receiver or stereo amplifier, overdriving causes speech or music 
to sound bad. This usually occurs when the volume control is turned too high. 
The audio or sound signal has its peaks clipped. The volume level may be 
higher, but the quality of reproduction is usually very poor when this occurs. 
It is interesting to note that the operating point is near the center of the active 
region. Overdriving can occur even with a properly selected operating point. 

Classes of Amplification 

Transistor amplifiers may be classified according to their bias operating 
point. This means of classification describes the shape of the output wave. 
Three general groups of amplifiers are class A, class B, and class C. 
Figure 7.13 shows a graphical display of these three amplifier classes. 

Class A amplifiers generally have linear operation. The bias operating 
point is set near the center of the active region. With a sine wave applied 
to the input, the output is a complete sine wave. Figure 7.13(a) shows the 
input−output waveforms of a class A amplifier. This type of amplifier is used 
when a true reproduction of the input signal is required. 

Figure 7.13(b) shows the input−output waveforms of a class B ampli
fier. The operating point of this amplifier is adjusted near the cutoff point. 
With a sine wave applied to the input, only one alternation of the signal is 
reproduced. When using class B amplifiers, it is possible to get a large change 
in output for one alternation. Each of two class B amplifiers working together 
can amplify one alternation of a sine wave. When the wave is restored, a 
complete sine wave is developed. Class B amplifiers are commonly used in 
push−pull audio output circuits. These amplifiers are usually concerned with 
power amplification. 

A class C amplifier is shown in Figure 7.13(c). In this amplifier, the bias 
operating point is below cutoff. With a sine wave applied to the input, the 
output is less than half of one alternation. The primary application of class 
C amplifiers is radio frequency circuits. The operational efficiency of this 
amplifier is quite high. It consumes energy only for a small portion of the 
applied sine wave. 

Self-Examination 

Answer the following questions. 

17. With the load-line method of bipolar transistor analysis, it is possible to 
predict how a device will respond _____. 
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Figure 7.13 Classes of amplification. 
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18. The _____ rating of a bipolar transistor is the product of
collector−emitter voltage and collector current.

19. The _____ rating of a bipolar transistor refers to the maximum heat that
can be given off by the base−collector junction.

20. When a load line is set up for a bipolar transistor, the two extreme
conditions of operation are _____ and _____.

21. When a bipolar transistor is used as a linear amplifier, operation should
be near the _____ of the load line.

22. Nonlinear amplification occurs when operation takes place in or near the
_____ and _____ regions.

23. _____ amplification is best achieved when a transistor operates near the
center of the load line.

24. If the input signal of a bipolar amplifier is too large, it causes the output
signal to be _____.

25. A class (A, B, C) amplifier has sine-wave input and full, undistorted
sine-wave output.

26. The bias operating point of a class (A, B, C) amplifier is near the center
of the active region.

27. A class (A, B, C) amplifier has sine-wave input and half-sine wave or
one alternation of output.

28. A class (A, B, C) amplifier has its bias operating point adjusted below
cutoff.

7.4 Transistor Circuit Configurations

In previous sections of this chapter, we have examined the use of transistors
as amplifying devices. Transistor circuits are used to amplify voltage, current,
and power. The basic operation of amplifiers was discussed and analyzed by
the use of characteristic curves and load line calculations. In this section,
we will expand the knowledge of transistor circuit operation by looking at
additional types of circuits.

7.4 Analyze common-emitter, common-base, and common-collector cir-
cuit configurations.

In order to achieve objective 7.4, you should be able to:
• explain the characteristic of common-emitter, common-base, and

common-collector circuit configurations;
• identify a common-emitter, common-base, and common-collector cir-

cuit configuration;
• define alpha.
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The elements of a transistor can be connected in one of three differ
ent circuit configurations. These are usually described as common-emitter, 
common-base, and common-collector. Of the three transistor leads, one is 
connected to the input and one to the output. The third lead is commonly 
connected to both the input and output. The common lead is generally used 
as a reference point for the circuit. It is usually connected to the circuit ground 
or common point. This has brought about the terms grounded emitter, 
grounded base, and grounded collector. The terms common and ground 
mean the same thing in the field of electronics. 

In some circuit configurations, the emitter, base, or collector may be 
connected directly to the ground. When this occurs, the lead is at both DC 
and AC ground potential. When the lead goes to ground through a battery or 
resistor that is bypassed, by a capacitor, it is now considered to be at an AC 
ground only. The capacitor provides a low impedance path for the amplified 
AC signal but blocks the DC component. With no bypass capacitor, the 
emitter bias voltage and, thus, the operating point of the transistor fluctuate at 
the frequency of the amplified signal, causing distortions. 

Common-Emitter Amplifier 

The common-emitter amplifier is a very important amplifier circuit. A very 
high percentage of all amplifiers in use are of the common-emitter type. The 
input signal of this amplifier is applied to the base, and the output is taken 
from the collector. The emitter is the common or grounded element. 

Figure 7.14 shows a circuit diagram of the common-emitter amplifier. 
This circuit is very similar to the basic amplifier introduced in the first part 
of this chapter. In effect, this circuit was used to acquaint you with amplifiers 
in general. It is presented here to make a comparison with the other circuit 
configurations. 

The signal amplified by the common-emitter amplifier is applied to the 
emitter−base junction. This signal is superimposed on the DC bias of the 
emitter−base. The base current then varies at an AC rate. This action causes 
a corresponding change in collector current. The output voltage developed 
across the collector−emitter is inverted 180◦. The current gain of the circuit is 
determined by the beta. Typical beta values are about 50. Voltage gain ranges 
from 250 to 500. Power gain is about 2000. Input impedance is moderately 
high, typically around 100 Ω. Output impedance is moderate; a typical value 
is about 2 kΩ. Remember that impedance is the opposition to alternating 
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Figure 7.14 Common-emitter amplifier. 

current, in this case, at the input and output terminals of the device. In 
general, common-emitter amplifiers are used in small-signal applications or 
as voltage amplifiers. 

Common-Base Amplifier 

A common-base amplifier is shown in Figure 7.15. In this type of amplifier, 
the emitter−base junction is forward biased, and the collector−base junction 
is reverse biased. The emitter is the input. An applied input signal changes 
the circuit value of IE. The output signal is developed across RL by changes 
in collector current. For each value change in IE, there is a corresponding 
change in IC. In a common-base amplifier, the current gain is called alpha. 
Alpha is determined by the following formula: 

α = IC/IE. (7.14) 

The value of the gain in a common-base amplifier is always less than 1. 
Remember that 

IE = IB + IC. 
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Figure 7.15 Common-base amplifier. 

The IC will, therefore, always be slightly less than IE by the value of IB. 
IE is the signal input but is the source input for IB and IC. Typical values of 
alpha are 0.98−0.99. 

In Figure 7.15, VEE forward biases the emitter−base, whereas VCC 

reverse biases the collector−base. Resistor RE is an emitter current-limiting 
resistor, and RL is the load resistor. Note that the transistor is a PNP type. 

When an AC signal is applied to the input, it is added to the DC operating 
value of VE. The positive alternation, therefore, adds to the forward-bias 
voltage of VE. This condition causes an increase in IE. A corresponding 
increase in IC also takes place. With more IC through RL, there is an increase 
in its voltage drop. The collector, therefore, becomes less negative, or swings 
positive. In effect, the positive alternation of the input produces a positive 
alternation in the output. The input and output of this amplifier are in phase. 
See the waveform inserts in the diagram. The negative alternation causes the 
same reaction, the only difference being a reverse in polarity. 

A common-base amplifier has a number of unique characteristics that 
should be considered when this amplifier is selected for an application. Its 
current gain is called alpha. The current gain is always less than 1. Typical 
values are 0.98−0.99. Voltage gain is usually very high. Typical values range 
from 100 to 2500 depending on the value of RL. Power gain is the same as 
voltage gain. The input impedance is very low. Values of 10−200 Ω are very 
common. The output impedance of the amplifier is somewhat moderate. Val
ues range from 10 to 40 kΩ. This amplifier does not invert the applied signal. 

Common-base amplifiers are used primarily to match a low-impedance 
input device to a circuit. This type of circuit configuration is used in 
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radio-frequency amplifier applications. As a general rule, the common-base 
amplifier is not used very commonly. 

Common-Collector Amplifier 

A common-collector amplifier is shown in Figure 7.16. In this circuit, the 
base serves as the signal input point. The input of this amplifier is primarily 
the same as the common-emitter circuit. The collector is connected to ground 
through VCC. Note that the input, output, and collector are all commonly 
connected. The unique part of this circuit is the output. It is developed across 
the load resistor (RL) in the emitter. There is no resistor in the collector circuit. 

When an AC signal is applied to the input, it adds to the base current. 
The positive alternation increases the value of IB above its static operating 
point. An increase in IB causes a corresponding increase in IE and IC. With 

Figure 7.16 Common-collector amplifier. 
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an increase in IE, there is more voltage drop across RL. The topside of RL and 
the emitter becomes more positive. A positive input alternation, therefore, 
causes a positive output alternation across RL. Essentially, this means that the 
input and output are in phase. The negative alternation reduces IB, IE, and 
IC. With less IE through RL, the output swings negative. The output is again 
in phase for this alternation. 

The common-collector amplifier is capable of current gain. A small 
change in IB causes a large change in IE. This current gain does not have a 
descriptive term such as alpha or beta. In general, the current gain is assumed 
to be greater than 1. Values approximate those of the common-emitter 
amplifier. 

Other factors of importance are voltage gain, power gain, input 
impedance, and output impedance. Voltage gain is less than 1. Power gain 
is moderately high, with typical values in the range of 50. Input impedance 
is in the range of 50 kΩ. The output impedance is quite low because of the 
location of RL. Typical values are about 50 Ω. 

Common-collector amplifiers are used primarily as impedance-
matching devices. They can match a high-impedance device to a low-
impedance load. Practical applications include preamplifiers operated from 
a high-impedance microphone or phonograph pickup. Common-collector 
amplifiers are also used as driver transistors for the last stage of amplifica
tion. In this application, power transistors generally require large amounts of 
input current to deliver maximum power to the load device. Since the emitter 
output follows the base, this type of amplifier is often called an emitter 
follower. 

Self-Examination 

Answer the following questions. 

29. The input of a common-emitter amplifier is connected to the _____. 
30. The output of a common-emitter amplifier is connected to the _____. 
31. The input and output of a common-emitter amplifier are _____ out of 

phase. 
32. The current gain of a common-emitter amplifier is determined by the 

transistor’s _____. 
33. The input signal of a common-base amplifier is applied to the _____, 

and the output is removed from the _____. 
34. The input and output of a common-base amplifier are _____ phase. 
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35. The current gain of a common-base amplifier is called _____. 
36. The current gain of a common-base amplifier is always (less, more) 

than 1. 
37. The input of a common-collector amplifier is applied to the _____, and 

the output is derived from the _____. 
38. The input and output of a common-collector are _____ phase. 
39. The	 voltage gain of a common-collector amplifier is (less, more) 

than 1. 

7.5 Analysis and Troubleshooting – Amplifier Circuits 

Prior to using a BJT in an electronic circuit, the configuration in which it is 
placed should be considered. The three primary circuit configurations of BJTs 
are the common emitter (CE), common base (CB), and common collector 
(CC). BJTs, when configured in the common-emitter configuration, provide 
a moderate input and output impedance, high voltage gain, and high current 
gain. They are used extensively in intermediate stage amplification circuits. 
The common-base configuration features a low input impedance, high output 
impedance, a unity current gain, and high voltage gain. It is used as an input 
impedance matching device in RF circuits. A low impedance device (such 
as an antenna) is connected to the input of the CB configuration. The output 
of the CB configuration is then connected to a high impedance device (such 
as a tuning circuit). The common-collector features a high input impedance, 
a low output impedance, a high current gain, and a unity voltage gain. It is 
used as an output impedance matching device in audio applications. A low 
impedance, high current output device (such as a speaker) can be connected 
to the output of the CC configuration. When connected in this way, maximum 
power is transferred to the output. Matching the application to the transistor 
configuration is an important circuit consideration. 

7.5 Analyze and troubleshoot amplifier circuits. 
In order to achieve objective 7.5, you should be able to: 

• match the configuration of the circuit to its intended application; 
• distinguish between normal and faulty circuit operation. 

Amplifier Circuit Troubleshooting 

The operation of a DC BJT amplifier is shown in Figure 7.2. It uses only 
DC sources that are applied to a BJT in a CE configuration. This circuit does 
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not have any capacitors that are needed for passing or blocking AC. When a
DC voltage is applied to the transistor, with sufficient voltage to forward bias
the base−emitter (VBE), a measure of whether it is working satisfactorily
is determined by the value of the DC across the collector−emitter voltage,
VCE. If VCE is very low (0 V), it indicates that there might be an internal
short circuit between the collector and emitter terminals. On the other hand,
if VCE equals the supply voltage, it indicates that there might be an open
circuit between the collector and emitter terminals.

The operation of a DC BJT amplifier is shown in Figure 7.4. It uses
both DC and AC sources which are applied to a BJT in a CE configuration.
This circuit has capacitors that are needed for passing or blocking AC.
The DC voltage applied sets up the operating conditions. When an AC
voltage is applied to the transistor, with sufficient voltage to forward bias
the base−emitter (VBE), a measure of whether it is working satisfactorily is
determined by the value of the AC across the collector−emitter voltage, VCE.
If the AC value of VCE is very low (0 V), it indicates that there might be an
internal short or open circuit between the collector and emitter terminals. In
either case, the transistor is defective. An oscilloscope can be used to observe
the amplification of the AC input signal. If the AC output appearing across
VCE is distorted, it indicates that the amplifier is not functioning properly.

Summary

• The reproduction function produces an output signal with the same size
and shape as that of the input signal.

• The amplification function produces an output signal that is greater in
amplitude than the input signal; however, the output signal does not
resemble the input signal in shape.

• Voltage amplification is a process where the output signal voltage is
made greater than the input signal voltage.

• Current amplification is a process where the output signal current is
made greater than the input signal current.

• Power amplification deals with a combination of voltage and current
gain in a transistor amplifier.

• In the operation of a bipolar transistor amplifier, the emitter−base
junction must be forward biased and the collector−base reverse biased.

• A bipolar transistor amplifier that is properly biased has the necessary
DC energy applied to be operational and is considered to be in a static,
or DC operating, state.
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• Specific operating voltages are selected for an amplifier circuit that will
permit amplification.

• If amplification and reproduction are to be achieved, the amplifying
device must operate in the center of its active region.

• When an AC signal is applied to the input of a bipolar transistor ampli-
fier, it causes the DC base current and DC collector current to change at
an AC rate.

• Capacitors placed in the signal path block DC and pass AC, permitting
only the AC signal to be amplified.

• The operation of an amplifier can be analyzed graphically through the
use of a load line drawn on a family of collector curves.

• A load line represents two extreme conditions of operation: saturation
and cutoff.

• Amplifier operation can be predicted by establishing a Q point and
projecting lines to the collector current and collector−emitter voltage
values.

• Selection of the operating, or Q, point shows if amplification will be
linear or if distortion will occur.

• Bipolar transistor amplifiers are classified according to their bias oper-
ating point.

• Three general groups of amplifiers are class A, class B, and class C.
• Amplifier classification is related to the shape of the resulting output

waveform.
• The application of a specific amplifier determines the classification

used.
• The common-emitter circuit has the input connected to the emitter−base

junction and the output taken from the emitter−collector.
• The output voltage developed across the collector of a common-emitter

circuit is inverted 180◦.
• The common-base circuit has the input connected to the emitter−base

junction and the output connected to the base−collector junction.
• The current gain of a common-base circuit is called alpha.
• The input and output of a common-base circuit are in phase.
• The common-collector circuit has the input connected to the

base−emitter junction and the output removed from the emitter−
collector junction.

• The input and output of a common-collector circuit are in phase.
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Formulas 

Gain 

(7-1) AV = Vout/V in Voltage gain.
 
(7-2) AV = ΔVout/ΔV in Change in voltage gain.
 
(7-3) Ai = Iout/Iin Current gain.
 
(7-4) Ai = ΔIout/ΔIin Change in current gain.
 
(7-5) AP = Pout/PinPower gain.
 
(7-6) AP = Av × Ai Power gain.
 
(7-7) IB = VCC/RBBase current.
 

Basic amplifier analysis 

(7-8) IC = β × IB Collector current.
 
(7-9) VRL = IC × RLLoad resistor voltage.
 
(7-10) VCE = VCC - VRL Collector−emitter voltage.
 

Power dissipation curve 

(7-11) IC = PD/VCECollector current. 

Static load line 

(7-12) IC = VCC/RL Collector current. 
(7-13) IB = VCC/RB Base current. 

Alpha 

(7-14) α = IC/IE Alpha. 

Beta 

(7-15) βdc = IC/IB 
(7-16) βac = ΔIC/ΔIB 

Review Questions 

Answer the following questions. 

1. When a bipolar transistor is used as an amplifier, it is: 

a. Energized by AC 
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b. Energized by DC 
c. Energized from the signal being processed 
d. Not energized from an external source 

2. When the input of a bipolar transistor shows an output signal that is the 
same but has an increase in amplitude, it shows: 

a. Reproduction only 
b. Amplification only 
c. Combined amplification and reproduction 
d. No signal change 

3. Which of the following is not considered to be a beta-dependent method 
of biasing a bipolar transistor? 

a. Fixed biasing 
b. Self-biasing 
c. Emitter biasing 
d. Resistor divider biasing 

4. Which of the following biasing methods is considered to be independent 
of beta? 

a. Fixed biasing 
b. Self-biasing 
c. Resistor divider biasing 
d. Self-emitter biasing 

5. The load line of a bipolar transistor represents the extreme operating 
conditions of: 

a. Full conduction to saturation 
b. Cutoff to the active region 
c. Saturation to the active region 
d. Saturation to cutoff 

6. Dynamic operation of a bipolar transistor represents: 

a. DC operation 
b. AC operation 
c. Active region operation 
d. Nonlinear operation 

7. Class A bipolar transistor amplifiers have the bias operating point set: 

a. Near the center of the active region 
b. At cutoff 
c. At saturation 
d. In the lower third of the active region 
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8. Class B bipolar transistor amplifiers have the bias operating point set: 

a. Near the center of the active region 
b. At cutoff 
c. At saturation 
d. In the lower third of the active region 

9. In a common-emitter amplifier, the output signal would be: 

a. Reduced because of reverse biasing 
b. The same phase as the input 
c. Unchanged when compared with the input 
d. A 180◦ inversion of the input signal 

10. In a common-emitter circuit configuration, an increase in base current 
would cause: 

a. An increase in VCE 
b. An increase in IC 
c. A decrease in IC 
d. An increase in VE 

11. A 180◦ phase inversion between the input and output is accomplished 
in: 

a. All transistor circuit configurations 
b. Only the common-base circuit configuration 
c. Only the common-collector circuit configuration 
d. Only the common-emitter circuit configuration 

12. The current gain or alpha of which amplifier is less than 1? 

a. Common-base 
b. Common-emitter 
c. Common-collector 
d. All transistor circuit configurations 

13. The current gain of a common-emitter amplifier is: 

a. IC/IE 
b. Alpha 
c. Always less than 1 
d. IC/IB 

14. The output of a common-collector amplifier is developed: 

a. Across the emitter−collector 
b. At the collector 
c. Across the collector resistor 
d. Across the emitter resistor 
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15. The voltage gain of a common-collector amplifier is:

a. Less than 1
b. Equivalent to the beta
c. Typically 100
d. Always greater than 1

16. In a common-base amplifier, the input impedance is:

a. Very low
b. Very high
c. The same as the other two circuit configurations
d. Variable because of the biasing circuit

17. In the three transistor amplifier configurations, the input circuit is:

a. The same for all
b. The same for the common-emitter and the common-collector

circuits
c. Different for only the common-emitter circuit
d. Different for only the common-collector circuit

Problems

Answer the following questions.

1. The input voltage of a bipolar transistor amplifier is 0.1-V peak-to-peak,
and the output is 6-V peak-to-peak. The AV of this amplifier is in the
range of:

a. 0 0.02
b. 0.021

−
−1.0

c. 1.01−10
d. 10.01−100
e. 100.01 or more

2. The base current of a bipolar transistor is 100 μA, and the collector
current is 10 mA. In what range does the value of beta fall?

a. 0.1−1.0
b. 1.01−10
c. 10.01−100
d. 100.1−1000

3. A bipolar transistor has a power dissipation rating of 300 mW.
What is the maximum collector current that can be achieved with a
collector−emitter voltage of 15 V?
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a. 1.0−15 mA
b. 15.1−30 mA
c. 30.1−45 mA
d. 45.1 or more

4. If the DC base current of a BJT common-emitter DC amplifier is
increased, what effect will it have on the DC output voltage measured
across the load resistor?

5. If the AC base current of a BJT common-emitter AC amplifier is
increased, what effect will it have on the AC output voltage measured
across the load resistor?

Answers

Examples

7-1. IB = 0.1 mA, IC = 9 mA, VRL = 4.5V, VCE = 4.5 V
7-2. 2.5 V
7-3. 20 mA, 16.66 mA, 14.29 mA
7-4. 2.1 MΩ, 700 (approximately)
7-5. ΔIC = 3.5 mA, ΔIB = 20 μA, β ac = 180, ΔVCE = 3 V, AV(ac) =30

Self-Examination

7.1

1. input
2. output
3. Reproduction
4. Amplification
5. voltage
6. current
7. power

7.2
8. forward, reverse
9. collector current, or IC

10. 8 mA
11. static
12. dynamic
13. input, output
14. thermal
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15. collector 
16. collector 
7.3 
17. Graphically 
18. power dissipation, or PD 
19. power dissipation, or PD 
20. saturation, cutoff (any order) 
21. center 
22. saturation, cutoff (any order) 
23. Linear 
24. distorted 
25. A 
26. A 
27. B 
28. C 
7.4 
29. base 
30. collector 
31. 180◦ 

32. beta 
33. emitter, collector 
34. in 
35. alpha 
36. less 
37. base, emitter 
38. in 
39. less 
7.5 
40. 40. 

Glossary 

Voltage amplifier 

A system designed to develop an output voltage that is greater than its input 
voltage. 

Voltage gain 

A ratio of the output signal voltage to the input signal voltage, which is 
expressed as Av = Vout/V in. 
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Current amplifier 

An amplifying system designed to develop output current that is greater than 
the input current. 

Current gain 

The ratio of output current to input current, which is expressed as Ai = Iout/Iin. 

Power gain 

A ratio of the developed output signal power to the input signal power, which 
is expressed as AP = Pout/Pin. 

Static state 

A DC operating condition of an electronic device with operating energy but 
no signal applied. 

Thermal stability 

The condition of an electronic device that indicates its ability to remain at an 
operating point without variation due to temperature. 

Fixed biasing 

A type of biasing that is very sensitive to changes in temperature. The 
resulting output of the circuit is difficult to predict. 

Self-biasing 

A type of biasing in which bias current is used to counteract changes in 
temperature. 

Emitter biasing 

A type of biasing that improves thermal stability. 

Bypass capacitor 

A capacitor that provides an alternate path around a component or to ground. 

Self-emitter bias 

A type of biasing that is a combination of self-biasing and emitter biasing. 
The output has reduced gain and the circuit, good thermal stability. However, 
this type of emitter biasing is not very effective when used independently. 

Load line 

A line drawn on a collector family of characteristic curves which shows how 
a device will respond in a circuit with a specific value of load resistor. 
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Q point 

An operating point for an electronic device that indicates its DC or static 
operation with no signal applied. 

Linear 

An amplifying circuit that operates in the active region of a collector family 
of characteristic curves. It provides signal amplification and duplication. 

Nonlinear distortion 

A characteristic of an output signal in which the amplifying circuit is 
operating near the saturation or cutoff regions. 

Overdriving 

The effect of inputting a signal that swings into the saturation region during 
the positive alternation and the cutoff region during the negative alternation. 
This distorts both alternations of the output. 

Alpha 

Current gain of a common-base amplifier, which is expressed as α = IC/IE. 
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Field-Effect Transistors − (FETs)
 

A transistor that has only one P–N junction in its construction is called 
a unipolar transistor. Unlike the bipolar transistor, which has two P–N 
junctions, a unipolar transistor conducts current through a single piece of 
semiconductor material. Current carriers passing through this material can 
be either electrons or holes depending on the polarity of the semiconduc
tor. Field-effect transistors (FETs) are unipolar devices. These devices 
represent a unique part of the semiconductor field. 

An FET is primarily a three-terminal device that is capable of amplifi
cation, switching, and most of the functions of a bipolar transistor. FETs are 
used as discrete devices or can be fabricated into integrated circuits. FETs fall 
into two general classifications: junction field-effect transistor (JFET) and 
insulated gate field-effect transistor (IGFET). The JFET was developed 
first. The IGFET is more commonly referred to as a metal-oxide semicon
ductor field-effect transistor (MOSFET). Both classifications of the FET 
play an important role in solid-state electronics and are studied in this chapter. 

Objectives 

After studying this chapter, you will be able to: 

8.1 analyze the operation of a junction field-effect transistor; 
8.2 analyze the operation of E-MOSFET, D-MOSFET, and V-MOSFET 

transistors; 
8.3 analyze and troubleshoot field-effect transistors. 

Chapter Outline 

8.1 Junction Field-Effect Transistors 
8.2 Metal-Oxide Semiconductor FETs 
8.3 Analysis and Troubleshooting – Field-Effect Transistors 

289
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Key Terms

channel
depletion metal-oxide semiconductor field-effect transistor (D-MOSFET)
drain
dynamic transfer curve
enhancement metal-oxide semiconductor field-effect transistor (E-MOSFET)
gate
junction field-effect transistor (JFET)
ohmic region
pinch-off region
source
substrate
transconductance
vertical metal-oxide semiconductor field-effect transistor (V-MOSFET)

8.1 Junction Field-Effect Transistors

The junction field-effect transistor (JFET) is a three-element electronic
device. Its operation is based on the conduction of current carriers passing
through a single piece of semiconductor material instead of a junction.
The two major types of JFETs are N-channel and P-channel. JFET circuit
operation can be predicted with a family of characteristic curves chart and a
dynamic transfer curve. In this section, you will learn about the characteristics
and operation of N-channel and P-channel JFETs. You will use a family of
characteristic curves and a dynamic transfer curve to predict the operation of
a JFET and will learn how to read and interpret a JFET data specifications
sheet.

8.1 Analyze the operation of a junction field-effect transistor.
In order to achieve objective 8.1, you should be able to:

• interpret JFET characteristic curves;
• interpret a dynamic transfer curve;
• explain the relationship between drain current, gate voltage, and

drain−source voltage;
• describe the physical construction of a JFET;
• define junction field-effect transistor, channel, gate, substrate, drain,

source, dynamic transfer curve, and transconductance.



8.1 Junction Field-Effect Transistors 291 

Figure 8.1 Basic JFET crystal structure and symbol. 

The operation of a junction field-effect transistor (JFET) is based on 
the conduction of current carriers through a single piece of semiconductor 
material called a channel. Figure 8.1 shows a cross-sectional view and 
symbol of a basic JFET crystal that serves as the channel. Note that an 
additional piece of semiconductor material is diffused into the channel. This 
element is called the gate. The gate (G) surrounds the channel. The assembled 
device is housed in a package. The physical appearance of a JFET in its 
housing is very similar to that of a bipolar transistor (see Figure 8.2). 

N-Channel JFETs 

Figure 8.3 shows the crystal structure, element names, and schematic symbol 
of an N-channel JFET. It is constructed of a block of N-type material. 
The P-type material of the gate is then diffused into the N channel. Lead 
wires attached to each end of the channel are the source (S) and drain (D) 
connections. The gate lead is attached to the diffused p-material. 

The schematic symbol of an N-channel JFET is somewhat representative 
of its construction. The bar part of the symbol refers to the channel. The 
drain and source leads are attached to the channel. The gate (G) has an 
arrow. This shows that it forms a P–N junction. Note that the arrowhead of 
an N-channel symbol Points iN toward the channel. This indicates that it is a 
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(a) 

(b) 

Figure 8.2 JFET packages (Courtesy: Fairchild Semiconductor). 

P–N junction. The arrowhead or gate is a P-type material, and the channel is 
an N-type material. This part of the device responds as a P–N junction diode. 

The operation of a JFET is somewhat unusual when compared with that 
of a bipolar transistor. Figure 8.3(a) shows a cross-sectional view of a JFET 
in a circuit. In Figure 8.3(b), the source and drain leads of the JFET are con
nected to a DC voltage source. In this case, maximum current flows through 
the channel. This is called drain current or ID and is shown by the arrows of 
the diagram. The value of VDD and the internal resistance of the channel 
determine the amount of channel current flow or ID. Typical source−drain 
resistance values of a JFET are several hundred ohms. Essentially, this means 
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Figure 8.3 N-channel JFET: (a) crystal structure, element names; (b) Biasing. 

that full conduction takes place in the channel even when the gate is open. A 
JFET is, therefore, considered to be normal on a device. 

The amount of bias voltage applied to the gate controls the current carriers 
passing through the channel of a JFET. In normal circuit operation, the gate is 
reverse biased with respect to the source (see Figure 8.3(b)). Reverse biasing 
of the gate−source of a P–N junction increases the size of its depletion 
region. In effect, this restricts or depletes the number of majority carriers 
that can pass through the channel. This means that ID is controlled by the 
value of a gate−source voltage (VGS). If VGS becomes great enough, no ID 

will be permitted to flow through the channel. The voltage that causes this 
condition is called the cutoff voltage. ID can be controlled anywhere between 
full conduction and cutoff by a small change in gate voltage. 

Figure 8.3(b) shows how the JFET responds when VDD and VGG are 
connected simultaneously. Note that the gate−source junction is reverse 
biased by the VGG battery. This voltage increases the size of the depletion 
region near the gate. As a result, the number of current carriers in the 
channel is reduced. An increase in VGS causes a corresponding decrease in 
ID. Reducing the value of VGS causes a substantial increase in ID. Thus, a 
change in the value of VGS can be used to control the internal resistance of 
the channel. Variations in VGS are, therefore, used to control channel current, 
or ID. 
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Figure 8.4 P-channel JFET crystal structure, element names, and schematic symbol. 

P-Channel JFETs 

The crystal structure, element names, and schematic symbol of a P-channel 
JFET are shown in Figure 8.4. This device is constructed with a block 
of P-type material. The N-type material of the gate is diffused into the P-
channel. Leads are attached to each end of the channel and to the gate. Other 
construction details are the same as those of the N-channel device. 

The schematic symbol of a JFET is different only in the gate element. In 
a P-channel device, the arrow is Not Pointing toward the channel. This means 
that the gate is an N-type material, and the channel is a P-type material. In 
conventional operation of a P-channel JFET, the gate is made positive with 
respect to the source. Varying values of the reverse-bias gate voltage changes 
the size of the P–N junction depletion zone. Current flow through the channel 
can be altered between cutoff and full conduction. P-channel and N-channel 
JFETs cannot be used in a circuit without changing the polarity of the voltage 
source. 

8.2 JFET Characteristic Curves 

The JFET is very different from other solid-state components. A small change 
in gate voltage, for example, causes a substantial change in drain current. The 
JFET is, therefore, classified as a voltage-sensitive device. By comparison, 
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Figure 8.5 A drain family of characteristic curves for a JFET. 

bipolar transistors are classified as current-sensitive devices. A JFET has 
a rather unusual set of characteristics compared with other solid-state 
devices. 

A drain family of characteristic curves is shown in Figure 8.5. The hor
izontal part of the graph shows the voltage appearing across the source−drain 
as VDS. The vertical axis shows the drain current (ID) in milliamperes. 
Individual curves of the graph show different values of gate voltage (VGS). 
The cutoff voltage of this device is approximately −7 V. The control range of 
the gate is from 0 to −6 V.  

A drain family of characteristic curves (Figure 8.5) tells a great deal 
about the operation of a JFET. Refer to point A on the −3 VGS curve. If a 
JFET has −3 V applied to its gate and a VDS of 6 V, approximately 4 mA of 
ID flows through the channel. This is determined by projecting a line to the 
left of the intersection of −3 VGS and 6 VDS. Any combination of ID, VGS, 
and VDS can be determined through the drain family of characteristic curves. 
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Example 8-1: 

Refer to Figure 8.5. If a JFET has −4 V applied to its gate and a VDS of 
6 V, approximately how much drain current (ID) would flow through the 
channel? 

Solution 

1. Mark the intersection of −4 VGS and 6 VDS. 
2. Project a line to the left of the intersection of −4 VGS and 6 VDS. 

Approximately 3 mA of drain current would flow through the channel. 

Related Problem 

Refer to Figure 8.5. If a JFET has −2 V applied to its gate and a VDS of 
4 V, approximately how much drain current (ID) would flow through the 
channel? 

Developing a JFET Characteristic Curve 

A special circuit is used to develop the data for a drain family of char
acteristic curves. Figure 8.6 shows a test circuit that is used to identify 
the different operating regions of an N-channel JFET. Drain current or ID 

is an indication of electron flow in the channel. The single characteristic 
curve of Figure 8.6(b) is the result of 0 VGS. This curve shows how the 
drain current (ID) is affected by drain-to-source voltage (VDS) when the 
gate-to-source voltage is 0 VGS. Gate voltage is monitored by a VGS meter 
connected between the gate−source leads. Drain current (ID) is measured by 
a milliampere meter connected in series with the drain. VDS is measured with 
a voltmeter connected across the source and drain. VGS and VDS are adjusted 
to different values while ID is monitored. Two variable DC power supplies 
are used in the test circuit. 

The data points of a single curve are developed by first adjusting VGS 

to 0 V. Normally, VDS is increased in 0.1-V steps up to 1 V. ID increases 
very quickly during this operational time. VDS is then increased in 1-V steps, 
while the ID values are recorded. Corresponding ID and VGS values are then 
plotted on a graph as the 0-VGS curve. 

To develop the second curve, VDS must be returned to zero. VGS is then 
adjusted to a new value. A value of −1 VGS would be suitable for most 
JFETS. VDS is again adjusted through its range while ID is monitored. Data 
for the second curve is then recorded on the graph. 
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Figure 8.6 A drain family of characteristic curves test circuit for an N-channel JFET. 

To obtain a complete drain family of characteristic curves, the process 
is repeated for several other VGS values. A typical family of curves may 
have 8−10 different values. The step values of VDS, VGS, and ID obviously 
change with different devices. Full conduction is usually determined first. 
This gives an approximation of representative ID and VDS values. Normally, 
ID levels off to a rather constant value when VDS is increased. VDS can be 
increased in value to a point where ID starts a slight increase. Generally, this 
indicates the beginning of the breakdown region. JFETs are usually destroyed 
if conduction occurs beyond this area of operation. Maximum VDS values for 
a specific device are available from the manufacturer. It is a good practice to 
avoid operation in or near the breakdown region of the device. 

Load-Line Analysis 

Figure 8.7 shows a small-signal amplifier and a drain family of character
istic curves for the JFET used in the adjacent circuit. A load line is plotted 
using the same procedure outlined for the bipolar transistor. The two end 
points of the load line show how the JFET responds when it is either fully 
conductive or cut off. Full conduction occurs when ID = VDD/RL and VDS 

= 0. Cutoff occurs when VDD = VDS and ID = 0 mA. 
The operating point of a JFET amplifier is determined by different values 

of gate−source voltage. For the amplifier of Figure 8.7, VGS is supplied by 
the VGG battery. In this case, VGS is equal to VGG or −2.5 V. As a rule, 
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Figure 8.7 A drain family of characteristic curves and JFET amplifier circuit. (a) N-channel 
JFET amplifier circuit. (b) Drain family of characteristic curves. 

the static operation of the device is established by the value of VGS. This 
operating state compares with that of a bipolar transistor. The term quiescent 
point, or  Q point, is also used to denote this condition of operation. 

When an AC signal is applied to a JFET amplifier, it causes the current 
and voltage values to be in a continuous state of change. An amplifier 
operating in this manner is considered to be in its dynamic state. An AC 
signal must be applied to the input of the device for this type of operation to 
take place. This signal changes the value of VGS. The reverse-bias voltage of 
the gate then changes in value at an AC rate. This, in turn, changes the value 
of the gain current passing through the channel. A variation in ID causes a 
corresponding change in VDS. The output of the amplifier is based on the 
changing value of VDS. Note the relationship of VGS, ID, and VDS in drain 
family of characteristic curves in Figure 8.7. 

The characteristic curve of Figure 8.7(b) allows us to identify different 
operating regions of a P-channel JFET. Drain current or ID is an indication 
of electron flow in the channel. The single ID/VDS curve of Figure 8.7(b) is 
the result of 0 VGS. This curve shows how the drain current (ID) is affected 
by drain-to-source voltage (VDS) when the gate-to-source voltage is 0 VGS. 
Note that when the voltage source (VDD) of the circuit is increased from 0 V, 
it causes an increase in the value of VDS. This, in turn, causes a corresponding 
increase in drain current. The curve of Figure 8.7(b) shows this as points A 
and B. In this area of operation, the channel resistance is nearly constant 
because the depletion region of the channel is not large enough to have 
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any control on ID. The channel area, therefore, acts as a fixed resistor. It is 
called the ohmic region because Ohm’s law says that I = V/R or, in this 
case, drain current (ID) = drain−source voltage (VDS)/channel resistance 
(R). The ohmic region is also called the linear area or constant resistance 
region. 

Point B of Figure 8.7(b) also represents another parameter called the 
pinch-off voltage or VP. For the test circuit of Figure 8.7(a), this occurs 
when VGS = 0 V. As shown by the curve, an increase in VDS above the pinch-
off voltage produces an almost constant value of drain current. This is shown 
between points B and C of the curve. 

Another parameter of JFET operation is called the constant current area 
or saturation region of operation. This is where channel resistance increases 
with increasing drain−source voltage and keep ID fairly constant. Break
down is another parameter of the JFET. This occurs when ID begins to 
increase very rapidly with any further increase in VDS. Operating the JFET 
beyond this point will cause irreversible damage to the channel. This means 
that JFET operation can only use the areas of the curve between points A and 
B of  Figure 8.7(b). 

Example 8-2: 

Refer to Figure 8.7. If  VGS = −2.0 V, what are the values of IDS and VDS? 

Solution 

Locate the −2.0 VDS curve and the intersection of the load line. Project 
horizontally to find that ID = 3.2 mA. Project vertically from point A to find 
that VDS = 8 V.  

Related Problem 

Refer to Figure 8.7. If  VGS = −3.0 (Point B), what are the values of IDS and 
VDS? 

Dynamic Transfer Curve 

Another way to analyze the operation of a JFET is through the study of 
its dynamic transfer curve. A typical dynamic transfer curve is shown in 
Figure 8.8. This curve plots drain current and gate−source voltage for a given 
value of drain−source voltage. A constant value of 10 VDS is used for this 
particular curve. 
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A dynamic transfer curve is developed from the data of a drain family of 
characteristic curves. Refer to the 10 VDS line of the curves in Figure 8.8. 
The intersection of each VGS value on the 10 VDS curve represents an ID 

value. These ID values are then plotted on a graph for each value of VGS. The 
intersecting points are then connected to form the dynamic transfer curve. 
Essentially, this curve shows how a change in VGS causes a change in ID. 

For the amplifier shown in Figure 8.7, the Q point is −2.5 VGS. Note the 
location of this point on the transfer curve of Figure 8.8. A 1-Vpp change 
in VGS causes a change of 2 mA p-p in ID. This shows a graphic display of 
the input/output characteristics of a JFET. Nonlinear distortion of the output 
wave can readily be observed by plotting VGS and ID on the transfer curve. 

Example 8-3: 

Refer to Figure 8.8. If  VGS = −1 V, what is the value of ID?
 
Solution Locate the intersection of the dynamic transfer curve and −1 VGS.
 
Project horizontally to find that ID = 6 mA.
 
Related Problem If VGS = −3V, what is the value of ID?
 

Figure 8.8 Dynamic transfer curve created from the 10-V VDS data from Figure 8.7. 
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Note that the JFET dynamic transfer curve is shaped like a parabola. The 
value of ID can be determined for any value of VGS by referring to the data 
sheet (see Figure 8.18) for the JFET by obtaining a value of VGS(off) and 
IDSS. The equation to calculate IP is referred to as the “square law” formula. 
This is due to the squared term in the following formula:  

VGS 
 2 

ID = IDSS 1 − (8.1)
VGS(off)

where IDSS is the zero gate voltage drain current. 
A very useful operating parameter of the JFET can be obtained from a 

dynamic transfer curve. This property is described as the forward transcon
ductance (gm). Transconductance is a measure of the ease with which 
current passes through the channel of a JFET. It is defined as the ratio of 
a small change in drain current to a small change in gate−source voltage for 
a given value of VDS and is expressed by the following formula: 

gm = ΔID/ΔVGS. (8.2) 

Transconductance is indicated in siemens (S), which is the fundamental 
unit of conductance. This unit is known as the mho − the reciprocal of an 
ohm. 

Self-Examination 

Answer the following questions. 

1. A transistor that has only one P–N junction is classified as a(n) _____ 
device. 

2. JFET and MOSFETs are examples of _____ transistors. 
3. Current carriers pass through the _____ of a JFET. 
4. The bar or straight line of a JFET symbol represents the _____. 
5. The _____ and _____ leads of a JFET are attached to the channel. 
6. The three elements or leads of a JFET are the _____, _____, and _____. 
7. The arrow of a JFET symbol represents the _____. 
8. The P–N junction of a JFET represents the _____ and _____. 
9. When the gate of a JFET is open or not biased, the channel is _____ 

conductive. 
10. A JFET is considered to be a normally (on, off) device. 
11. The gate−source junction of a JFET is _____ biased in normal opera

tion. 
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12. An increase in gate−source voltage causes a(n) (increase, decrease) in
drain current.

13. The two connecting points of a load line for a JFET are _____
conduction and _____.

14. The current flowing through the channel of a JFET is called _____
current.

15. An N-channel JFET is properly biased when the gate is made _____
with respect to the source.

16. When the arrow of a JFET symbol points inward, it indicates a(n) (N, P)
channel.

17. A JFET must have the gate ____ biased to achieve control of drain
current.

18. The _____ of a JFET can be obtained from a dynamic transfer curve.
19. _____ is a measure of the ease with which current passes through the

channel of a JFET.
20. Transconductance of a JFET is measured in ____.

8.3 Metal-Oxide Semiconductor FETs

Metal-oxide semiconductor FETs, or MOSFETs, are a unique variation of the
basic transistor family. This type of transistor is classified as an insulated gate
field-effect transistor (IGFET) because its gate is completely insulated from
the channel by a thin layer of insulating material. As a rule, the term MOSFET
is more widely used than the term IGFET. Like the JFET, operation of a
MOSFET is based on the application of a correct voltage value and polarity
to the gate. The gate is simply a coating of metal deposited on a layer of
insulation attached to the channel. However, voltage applied to the gate causes
the gate to develop an electrostatic charge. No current is permitted to flow
between the gate and the channel. The control of current carriers through the
channel is based on the polarity and value of the gate voltage. E-MOSFETs,
D-MOSFETs, and V-MOSFETs are widely used in electronic circuits and are
discussed in this section.

8.2 Analyze the operation of E-MOSFET, D-MOSFET, and V-MOSFET
transistors.

In order to achieve objective 8.2, you should be able to:

• interpret MOSFET data specifications sheets;
• interpret MOSFET characteristic curves;
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• explain the relationship between drain current, gate voltage, and
drain−source voltage;

• describe the physical construction of D-MOSFETs, E-MOSFETs, and
V-MOSFETs;

• define D-MOSFET, pinch-off region, E-MOSFET, and V-MOSFET.

E-MOSFETs

An enhancement metal-oxide semiconductor field-effect transistor (E-
MOSFET) is a type of MOSFET in which current carriers are pulled from
the substrate to form an induced channel. The channel is produced only when
the device is energized. Gate voltage is used to control the size of the induced
channel. An E-MOSFET is classified as a normally off device.

Figure 8.9 shows a cross-sectional view of the crystal structure, ele-
ment names, and schematic symbols of the P-channel and N-channel
E-MOSFETs. Note that a defined channel connection does not exist between
the source and drain. The entire device is built on a piece of semiconductor
material called the substrate. Gate construction is designed to span the entire
space between the source and drain. A thin layer of metal is used in the
construction of the gate.

The schematic symbol shows this by having independent source, sub-
strate, gate, and drain leads. The middle electrode, which has an arrowhead,
shows the polarity of the substrate. When the arrow Points iN toward the
channel, it indicates that the substrate is P-type material and the channel is N-
type material, as in (Figure 8.9(b)). When the arrow does Not Point toward
the channel, it shows that the substrate is N-type material and the channel is
P-type material, as shown in Figure 8.9(a).

E-MOSFET Operation

The operation of an E-MOSFET is primarily based on the voltage value
and polarity of its elements. Look at the circuit diagrams in Figure 8.10,
which illustrate the correct voltage polarity for N-channel and P-channel E-
MOSFETs. In circuit, cross-sectional crystal structure views are also included
to illustrate the formation of the induced channels.

Note in Figure 8.10(a) that when the gate of an N-channel device is
made positive, electrons are pulled from the P substrate into the source−drain
region. This condition causes the channel region to have a high concentration
of current carriers. Completion of the channel provides a conduction path for



304 Field-Effect Transistors − (FETs) 

Figure 8.9 E-MOSFET crystal structures, element names, and schematic symbols. (a) P-
channel E-MOSFET. (b) N-channel E-MOSFET. 

current carriers to flow between the source and drain. The drain current, in 
effect, is aided or enhanced by the gate voltage (VG). The absence of gate 
voltage does not permit the channel to form. The size of the channel and 
density of the current carriers are directly related to the value of VG. 
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Figure 8.10 E-MOSFET voltage polarities. (a) P-channel. (b) N-channel. 

Now, take a look at Figure 8.10(b). Note that the P-channel device has 
the source and drain energized by VDD. The source is positive, and the drain 
is negative. The gate is made negative with respect to the source by battery 
VGG. A negative gate pulls holes from the N substrate, forming the induced 
P-channel. Current flow through the channel is achieved by hole movement. 
The P–N junction formed by the P-type source and drain and the N-type 
substrate must be reverse biased. The substrate of both P-channel and N-
channel MOSFETs are usually connected to the same polarity as the source. 

E-MOSFET Characteristic Curves 

A drain family of characteristic curves for an E-MOSFET is shown in 
Figure 8.11. This set of curves is for an N-channel device. A set of curves 
for a P-channel device would be very similar. The primary difference is 
the polarity of the gate voltage. Note that an increase in VGS causes a 
corresponding increase in drain current. Individual curves represent different 
values of VGS. Increasing VDS also causes an increase in ID. The leveling 
off of ID indicates the pinch-off region of the device. The pinch-off region 
and the ohmic region of this device are similar to those of the JFET. A drain 
family of characteristic curves of this type could be used to develop a load 
line for a representative amplifier. The procedure of creating a load line for 
an E-MOSFET amplifier is primarily the same as that for a JFET. 
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Figure 8.11 A drain family of characteristic curves for an N-channel E-MOSFET. Note that 
the pinch-off region and the ohmic region of this device are similar to those of the JFET. 

D-MOSFETs 

A depletion metal-oxide semiconductor field-effect transistor (D
MOSFET) has an interconnecting channel built into the substrate. The source 
and drain are directly connected by the channel. Channel construction of 
this device is very similar to that of a JFET. The MOSFET responds to the 
depletion of current carriers that pass through its channel. 

Figure 8.12 shows a cross-sectional view of the crystal structure, element 
names, and symbols of a P-channel and N-channel D-MOSFET. In the 
N-channel device shown, a channel of N-type material is formed on a P 
substrate. The source and drain are connected by this channel. A thin layer of 
silicon dioxide (SiO2) insulates the gate from the channel. The gate is simply 
a strip of metal that has been deposited on the SiO2 layer. The entire assembly 
is built on a P substrate. 
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The schematic symbol of the device shows the source, substrate, and drain 
commonly connected together. This indicates that the source and drain are 
connected by a piece of channel material that is formed on a piece of substrate 
material. The substrate of the symbol is represented by an arrow. When the 
arrow Points iN toward the channel, it indicates that the substrate is P and the 
channel is N. The current carriers of an N-channel device are electrons. 

P-channel device construction is similar to that of the N-channel device. 
The crystal material of the channel and substrate are of a different polarity. 
In a P-channel device, the current carriers are holes. The schematic symbol 
shows that the source, drain, and substrate are commonly connected. The 
substrate arrow does Not Point toward the channel. This indicates that the 
substrate is N-type material, and the channel is P-type material. 

Figure 8.12 Crystal structures, element names, and schematic symbols of D-MOSFETs. (a) 
N-channel D-MOSFET. (b) P-channel D-MOSFET. 



308 Field-Effect Transistors − (FETs) 

D-MOSFET Operation 

The operation of a D-MOSFET is quite unusual compared with other FETs. 
With voltage applied to the source and drain only, drain current flows through 
the channel. In this condition of operation, the gate does not need voltage 
to produce conduction. A D-MOSFET, therefore, is classified as a normally 
on device. Channel current (ID), however, is controlled by different values 
of gate voltage. When the channel and gate voltages are of the same polar
ity, there is a reduction or depletion of current carriers. This condition of 
operation increases the channel’s depletion region. Depleting the number of 
current carriers in the channel causes a corresponding reduction in ID. The 
depletion mode of operation represents only one form of control that can be 
achieved. 

If the gate and channel of a D-MOSFET have a different polarity, the 
number of channel current carriers increases. This means that the device is 
capable of both depletion and enhancement modes of operation. Making the 
gate positive in an N-channel device increases the number of current carriers. 
In effect, this pulls electrons into the channel from the substrate. A negative 
gate voltage depletes the number of current carriers. This action increases the 
depletion region of the channel, which reduces ID. A zero VGS divides the 
depletion and enhancement modes of operation. In a strict sense, this device 
could be called an enhancement-depletion MOSFET. 

D-MOSFET Characteristic Curves 

A drain family of characteristic curves for an N-channel D-MOSFET is 
shown in Figure 8.13. 

A family of curves for a P-channel D-MOSFET would be the same, 
except that the top VGS lines would be negative values and the gate polarity 
would be opposite. Note, in this display, that 0 VGS is near the center of 
the curves. This divides the enhancement and depletion modes of operation. 
For AC amplification, an ideal operating point is 0 VGS. For the N-channel 
display, the positive alternation of an input signal causes an increase in 
ID. The negative alternation produces a decrease in ID. Can you create an 
illustration for the above paragraph? 

P-channel D-MOSFETs are not as readily available as N-channel devices 
because P-channel devices are somewhat more difficult to fabricate than N-
channel devices and, in general, are more costly to produce. Most applications 
tend to favor the N-channel D-MOSFET. N-channel devices have better 
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Figure 8.13 A drain family of characteristic curves for an N-channel D-MOSFET. 

current mobility. This is a desirable feature in high-frequency AC signal 
amplification, where these devices are widely used. 

V-MOSFETs 

Another modification of the field-effect transistor has found its way into solid-
state active device technology. This type of device is largely used to replace 
the bipolar power transistor. It is used in power supplies and solid-state 
switching applications and is called a vertical metal-oxide semiconductor 
field-effect transistor (V-MOSFET), or V-FET. The V designation refers to 
vertical-groove MOS technology. This device has a V-shaped groove etched 
into the substrate. Construction of this type requires less area than a horizon
tally assembled device. The geometry of a V-MOSFET device also permits 
greater heat dissipation and high-density channel areas. V-MOSFETs have 
fast switching speeds and lower channel resistance. 
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Figure 8.14 A cross-sectional view of an N-channel V-MOSFET with schematic symbol. 

Figure 8.14 shows a cross-sectional view of the crystal structure, element 
names, and schematic symbol of an N-channel V-MOSFET. Note that a V-
groove is etched in the surface of the structure. From the top, the V-cut 
penetrates through N+, P, and N− layers and stops near the N+ substrate. 
The two N+ layers are heavily doped, and the N− layer is lightly doped. A 
thin layer of silicon dioxide covers both the horizontal surface and the V-
groove. The source leads on each side of the groove are connected internally. 
The bottom layer of N− material serves as a combined substrate and drain. 
Current carriers move between the source and drain vertically. 

V-MOSFET Operation 

A V-MOSFET responds as an E-MOSFET. No current carriers exist in the 
source and drain regions until the gate is energized. An N-channel device, 
such as the one in Figure 8.14, does not conduct until the gate is made 
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positive with respect to the source. When this occurs, an N channel is induced 
between the two N+ areas near the groove. Current carriers can then flow 
through the vertical channel from source to drain. When the gate of an N-
channel device is made negative, no channel exists, and the current carriers 
cease to flow. 

P-channel V-MOSFETs are also available for use in electronic circuit 
applications. The current carriers of a P-channel device are holes. In general, 
holes are less mobile than electrons. These devices do not respond as well to 
high-frequency AC. The primary characteristics and theory of operation are, 
however, very similar to those of an N-channel V-MOSFET. Differences exist 
only in voltage polarity and current-carrier flow. As a rule, a wider variety 
of N-channel devices are manufactured because industrial applications tend 
to favor the N-channel devices over the P-channel devices. Only N-channel 
devices are discussed here. 

V-MOSFET Characteristic Curves 

The characteristic curves of a V-MOSFET are very similar to those of an 
E-MOSFET. Figure 8.15 shows the drain family of characteristic curves 
and the dynamic transfer curve of an N-channel V-MOSFET. This particular 
device is a power V-MOSFET. The drain family of characteristic curves in 

Figure 8.15 A drain family of characteristic curves and a transfer curve for an N-channel 
V-MOSFET. 
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Figure 8.15(a) shows that VGS must be positive with respect to the source 
if there is to be an increase in ID. The value of VGS also controls ID for an 
increase in VDS. Note that V-MOSFETs have ohmic and pinch-off regions 
very similar to those of an E-MOSFET. 

In Figure 8.15(b), the dynamic transfer curve of V-MOSFET plots 
VGS and ID for a single VDS value. A change in VGS is considered to be 
a variation in the input voltage. ID is used to denote an output condition. 
A transfer curve shows how the output responds to a change in input 
voltage. This curve is nearly linear over its entire length. The forward 
transconductance (gm) can be obtained from the data of this curve. 

To determine the forward transconductance of a V-MOSFET, refer to 
Figure 8.15(b). In this case, the dynamic transfer curve shows an input 
voltage change of 2 Vpp with an operating point of 7 VGS. A 2-Vpp input 
signal causes the operating point to change from 6 to 8 V. The resulting ID 

values are from 0.9 to 1.4 A. This represents a ΔID of 0.5 A. The gm is 
determined to be 

gm = ΔID/ΔVGS 

= (1.4 − 0.9 A)/(8 − 6 V)  

= 0.5 A/2 V  

= 0.25 S, or 250 mS. 

Note that the gm of a V-MOSFET is quite large. Compared with other FETs, 
this is a very significant condition of operation. The voltage gain (AV) of an  
FET amplifier is based on gm × RL. With high values of gm, it is possible 
to achieve a great deal more voltage gain with a V-MOSFET than with other 
types of FETs. This feature, its power-handling capability, and high switching 
speed make the V-MOSFET an extremely attractive amplitude-control device 
for electronic circuits. 

MOSFET Handling Procedures 

MOSFETs must receive special care in handling when they are used in an 
electronic circuit. The silicon dioxide layer that insulates the gate from the 
source, drain, and substrate is very thin. A static charge or voltage less 
than 100 V between the gate and channel will cause permanent damage 
to the insulation material. This generally causes the oxide layer to rupture. 
As a result, gate leakage current occurs between the gate and channel. This 
generally causes permanent damage to the device. 
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The voltage supplied to an operating MOSFET generally comes from a 
DC power source or supply. The voltage used in most circuit applications 
must not exceed the breakdown rating of the device. In general, this can be 
avoided by checking the manufacturer’s maximum ratings so that the device is 
not damaged by excessively high operating voltage values. The correct source 
voltage values must not be exceeded. The device should not be connected to 
an energized or operating circuit. As a rule, these precautions apply to nearly 
all solid-state devices. 

Static-charge damage to a MOSFET presents a number of problems 
that do not occur in other solid-state devices. Friction caused by rubbing 
the device in a plastic bag or on a piece of fabric during shipping can be 
damaging. Static buildup on the body of a person handling the MOSFET 
can also cause it to be damaged. Soldering a device into a circuit with an 
ungrounded soldering device can cause some form of damage. All of this 
requires some understanding of the special handling procedure that must be 
followed. Static damage is typically the most troubling problem in the use of 
MOSFETs. 

Most manufacturers ship MOSFETs with their leads shorted together by 
means of a shorting ring or wire or pressed into a conducting foam material. 
The shorting method should not be removed from the device until the device 
is installed in its respective circuit. This precaution is extremely important. 
It is extremely important, however, that the shorting device be completely 
removed from the device to avoid damage to the circuit. The following 
precautions should be observed when handling MOSFETs: 

• Turn off the power source of the circuit before inserting a MOSFET into 
it. Voltage transients developed by the circuit will permanently damage 
the device. 

• Use special grounded-tip soldering devices for circuit connections. Do 
not use soldering guns. The tip of a soldering device can be grounded 
with a clip lead to reduce this problem. 

• Neutralize electrostatic body voltage by using a grounding wristband or 
by connecting a clip lead to your metal watchband. 

• Let the shorting ring or conductive foam remain on a MOSFET until all 
circuit connections are complete and the device is installed in the circuit. 
Do not forget to remove the shorting material from the device. 

Most new MOSFETs have Zener diode protection built into the device 
to avoid electrostatic problems. Figure 8.16 shows how these diodes are 
connected into the MOSFET internally. Protection is achieved when the 
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Figure 8.16 Zener diode protection is built into some MOSFETs to avoid electrostatic
problems. (a) Zener diode gate protection of a MOSFET. (b) Transient voltage.

diodes become conductive. This occurs when the voltage exceeds 15 V.
The Zener diodes are connected in reverse order so that conduction will
occur in either polarity of applied voltage. This type of built-in protection
reduces most of the in-circuit and out-of-circuit transient problems associ-
ated with MOSFET installation. However, it is still recommended that the
general precautions for handling MOSFETs be followed to avoid unnecessary
damage.

Self-Examination

Answer the following questions.

21. MOSFETs are designed so that the _____ is electrically insulated from
the channel.

22. The _____ of a MOSFET is a strip of metal instead of a piece of
semiconductor material.

23. Voltage applied to the _____ of a MOSFET causes it to develop an
electrostatic charge.

24. In MOSFET operation, no current is permitted to flow between the gate
and the _____.
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25. A MOSFET is built on a piece of semiconductor material called the 
_____. 

26. The source and drain of an E-MOSFET are not directly connected 
through a(n) _____. 

27. The source and drain of an E-MOSFET are connected by a(n) _____ 
channel when the device is in operation. 

28. A D-MOSFET has an interconnecting channel built in another piece of 
semiconductor material known as the _____. 

29. The schematic symbol of a(n) (enhancement, depletion) MOSFET has 
independent lines representing the source, substrate, and drain. 

30. The majority current carriers of the drain of an N-channel D-MOSFET 
are _____. 

31. The schematic symbol of a(n) (enhancement, depletion) MOSFET has 
the source, substrate, and gate commonly connected by a line. 

32. The majority current carriers passing through the drain of a P-channel 
E-MOSFET are _____. 

33. When (enhancement, depletion) MOSFETs have voltage applied to the 
source and drain only, drain current will flow through the channel. 

34. When the _____ of an E-MOSFET is energized, it pulls current carriers 
from the substrate to form an induced channel. 

35. (Enhancement, Depletion) MOSFETs can operate in either the depletion 
or enhancement mode of operation. 

36. (Enhancement, Depletion) MOSFETs have a 0	 VGS value near the 
centers of their drain family of characteristic curve. 

37. In an N-channel E-MOSFET, the polarity of the gate must (match, be 
opposite) the polarity of the induced channel to produce conduction. 

38. V-MOSFETs involve _____ MOS technology. 
39. A change of drain current of 1 A caused by a gate−source voltage 

change of 2 V produces a transconductance of _____ S. 
40. V-MOSFETs respond as (enhancement/depletion) MOSFETs. 
41. MOSFETs are susceptible to electrostatic damage because of	 _____ 

breakdown. 
42. New MOSFETs have _____ diodes built in to the structure to protect it 

from electrostatic damage. 
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8.4 Analysis and Troubleshooting – Field-Effect 
Transistors 

Field-effect transistors, like bipolar transistors, periodically require testing. 
The condition of the device can be tested with a curve-tracer oscilloscope, 
sound-producing instruments, in-circuit/out-of-circuit testers, or the ohmme
ter of a multimeter. This equipment is normally used to evaluate a device and 
to identify leads. Test procedures are rather easy and are a reliable indicator of 
device condition. This section discusses the use of the ohmmeter to evaluate 
FETs. This type of instrument is more readily available than specialized 
testers. Lead identification, shorted devices, open conditions, and gain can be 
evaluated. If the other equipment listed above is available, become familiar 
with its operation by reviewing its user manual. 

8.3 Analyze and troubleshoot a field-effect transistor. 
In order to achieve objective 8.3, you should be able to: 

• use an ohmmeter to identify the leads of an FET; 
• use an ohmmeter to test the condition of an FET; 
• interpret the datasheet of an FET; 
• describe how	 JFETs and MOSFETs respond when tested with an 

ohmmeter. 

In the following procedures, an ohmmeter with straight polarity is 
described. The black or common lead is negative, and the probe or red lead 
is positive. If the meter polarity is unknown, test it by connecting a voltmeter 
across its leads. 

Data Sheet Analysis 

Data Sheets for field-effect transistors are included at the end of this chapter. 
The data sheet can be used to derive information for these devices. 

Refer to the data sheet for an N-channel JFET amplifier − BF 245 
A. This particular device is designed for use in very high frequency (VHF) 
and ultra-high frequency (UHF) amplifiers. Use this data sheet to answer the 
following: 

1) Type of transistor outline (TO) - _____ 
2) Maximum drain–gate voltage (VDG) = _____V 
3) Maximum gate−source voltage (VGS) = _____V 
4) Maximum gate current (forward bias) (IGF) = _____mA 
5) Gate reverse current (IGSS) = _____ nA = _____mA 
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6) Zero gate voltage drain current (IDSS) = _____mA 
7) Power dissipation (PD) at 25◦C = _____ mW 
8) Gate−source cutoff voltage (VGS(off) ) = _____V 

A data sheet showing the characteristics of a 2N3820 P-channel JFET 
is included next. This device is designed to use as a general purpose or audio 
amplifier and is housed in a TO-92 package. Use this data sheet to answer 
the following: 

1) Maximum drain−gate voltage (VDG) = _____V 
2) Maximum gate−source voltage (VGS) = _____V 
3) Maximum forward gate current (IGF) = _____V 
4) Storage temperature range − _____ ◦C to _____ ◦C 
5) Gate reverse current (IGSS) = _____ nA = _____mA 
6) Zero gate voltage drain current (IDSS) = _____mA 

A data sheet for an N-channel MOSFET – FQN1N60C is also included 
at the end of the chapter. This device may be used for several specialized 
applications in electronic circuits. Use this data sheet to answer the following: 

1. Maximum drain−source voltage (VDSS) = _____V 
2. Maximum drain current (ID) at 25◦C = _____mA 
3. Maximum gate−source voltage (VGSS) = _____V 
4. Maximum power dissipation (PD) at 25◦C = ____mW 

FET Testing − JFETs 

JFET testing with an ohmmeter is relatively easy. Remember that a JFET 
is a single bar of silicon with one P–N junction. To identify the leads, first 
select any two of the three leads. Connect the ohmmeter to these leads. Note 
the resistance. If it is 100−1000 Ω, the two leads may be the source and 
drain. Reverse the ohmmeter and connect it to the same leads. If the two 
leads are actually the source and drain, the same resistance value will be 
indicated. The third lead is the gate. If the two selected leads show a different 
resistance in each direction, one must be the gate. Select the third lead and 
one of the previous leads. Repeat the procedure. A good JFET must show 
the same resistance in each direction between two leads. This represents the 
source−drain channel connections. 

The gate of a JFET responds as a diode. It will be low resistant in one 
direction and high resistant in the reverse direction. If the device shows low 
resistance when the positive probe is connected to the gate and negative to 
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Figure 8.17 JFET resistance values. 

the source or drain, the JFET is an N-channel device. A P-channel device will 
show low resistance when the gate is made negative and the source or drain 
positive. The resistance ratio in the forward and reverse direction must be 
at least 1:1000 for a good device. Figure 8.17 indicates some representative 
resistance values for good JFETs. 

MOSFET Testing 

D-MOSFET testing is very similar to the JFET. The gate of the D-MOSFET 
is insulated from the channel. It will show infinite resistance between each 
lead regardless of the polarity of the ohmmeter. This is identified by arrows 
attached to the gate (G). Figure 8.18 shows some representative resistance 
values for good D-MOSFETs. Three-lead devices have the substrate and 
source internally connected. Four-lead devices have an independent substrate 
lead. 
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Figure 8.18 D-MOSFET resistance values. 

A four-lead device can be identified as an N-channel or a P-channel 
device. A P-channel device shows low resistance when the positive lead is 
connected to the substrate and the negative lead is connected to either the 
source or drain. An N-channel device has low resistance when the negative 
lead is connected to the substrate and the positive lead to either the source or 
drain. 

E-MOSFET testing with an ohmmeter is not very meaningful. The struc
ture of this device does not interact effectively between different leads. The 
gate, source, and drain of a good device show infinite resistance between these 
leads. A four-lead device responds as a diode between the substrate and the 
source or drain. Polarity of the ohmmeter can be used to identify the substrate 
and the channel. A three-lead device responds as a diode between the source 
and drain. Figure 8.19 shows some representative ohmmeter resistances for 
good E-MOSFETs. 

JFET Troubleshooting 

JFET troubleshooting is somewhat easy to diagnose because JFETs have 
only one junction. Shorts and opens may develop across any two termi
nals. JFETs can be tested without removing them from their circuits. JFET 
troubleshooting is similar to bipolar junction transistor troubleshooting. 
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Figure 8.19 E-MOSFET resistance values. 

A JFET with a gate−source junction shorted has VGS approximately = 0 
V. As a result, ID will approach IDSS. Since there is some gate current, IS and 
ID will not be equal. 

A JFET with an open can be tested by checking two simple conditions: 

1) VGS does not = 0 V;  
2) ID does not = IDSS. 

The operation of a JFET amplifier is shown in Figure 8.7(a). It uses only DC 
sources that are applied to a JFET for setting up its operating conditions. The 
DC voltage applied sets up the operating conditions. With DC voltage being 
applied to the gate of the JFET as shown, a measure of whether it is working 
satisfactorily is determined by the value of the DC across the drain−source 
voltage, VDS. If the DC value of VDS is very low (0 V), it indicates that there 
might be an internal short between the drain and source terminals. If the DC 
value of VDS equals the supply voltage, it indicates that there might be an 
internal open circuit between the drain and source terminals. In either case, 
the JFET is defective. 



Summary 321

Summary

• Field-effect transistors (FETs) are unipolar devices.
• The two classifications of field-effect transistors are junction field-

effect transistors (JFETs) and metal-oxide semiconductor field-effect
transistors (MOSFETs).

• JFETs have three elements: source, drain, and gate.
• The channel of a JFET is a single piece of semiconductor material built

on a substrate, and the gate is a piece of semiconductor material diffused
into the channel.

• JFET operation is achieved by applying energy to the channel through
the source and drain connections.

• A JFET will conduct drain current without gate voltage applied; it is
considered a normally on device.

• When the gate on a JFET is reverse biased, it increases the deple-
tion region of the channel and reduces drain current; drain current is,
therefore, controlled by the value of reverse-biased gate voltage.

• JFETs are manufactured as N- or P-channel devices.
• A drain family of characteristic curves is used to analyze the operation of

field-effect transistors and show drain current and drain−source voltage
for different values of gate−source voltage.

• A load line can be developed that shows how an FET operates in
a representative circuit; the extreme conditions of operation are full
conduction and cutoff.

• A dynamic transfer curve is developed from drain current and
drain−source voltage curves to show input characteristics.

• Transconductance can be determined from a dynamic transfer curve.
• Transconductance is a measure of the ease with which current carriers

pass through the channel of an FET.
• The unit of transconductance is the siemens (S).
• MOSFETs are a unique variation of the basic field-effect transistor.
• MOSFETs have the gate insulated from the channel by a thin layer of

silicon dioxide; the gate is a strip of metal and not a semiconductor
material.

• Operation of an E-MOSFET relies on an induced channel; when the gate
is energized, it causes current carriers to move into the channel from the
substrate.

• An E-MOSFET is considered to be a normally off device; gate voltage
must be applied for it to be conductive.
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• D-MOSFETs have a channel formed on the substrate; the gate is a
piece of metal insulated from the channel by a thin layer of silicon
dioxide.

• D-MOSFET operation is based on energizing the channel and applying
voltage to the gate; it is considered to have a normally on conduction.

• For an N-channel D-MOSFET, a positive voltage change causes an
increase in drain current, and a negative gate−source voltage causes a
decrease in drain current.

• A D-MOSFET can be operated as a D-MOSFET or E-MOSFET
according to the polarity of the gate voltage.

• V-MOSFETs have a V-groove etched on the surface of the substrate; the
channel and gate are then deposited in the groove.

• The construction of a V-MOSFET allows for greater heat dissipation and
high-density channel areas.

• The transconductance of V-MOSFETs is quite large compared with that
of other FETs; this makes it possible for the V-MOSFET to achieve a
great deal more voltage gain.

• MOSFETs are susceptible to damage due to breakdown of the gate
insulating material and require special handling.

• MOSFETs are shipped with a shorting strip or placed in conducting
foam to prevent electrostatic damage when handling.

• When using MOSFETs, do not attach them to energized circuits, solder
them into circuits with ungrounded soldering equipment, or handle them
without first discharging body static.

Formulas ) (2
(8-1) I = I 1− VGS

D DSS VGS(off)

(8-2) Transconductance, gm = ΔID/ΔVGS

Answers

Examples

8-1. 5 mA
8-2. ID = 1 mA, VDS = 9.3 V
8-3. ID = 1 mA
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Self-Examination 

8.2 

1. unipolar 
2. unipolar 
3. channel 
4. channel 
5. source, drain (any order) 
6. source, gate, drain (any order) 
7. gate 
8. gate, channel (any order) 
9. fully 

10. on 
11. reverse 
12. decrease 
13. full, cutoff 
14. drain current (ID) 
15. negative 
16. N 
17. reverse 
18. operation 
19. Transconductance 
20. mhos 
8.3 
21. gate 
22. gate 
23. gate 
24. channel 
25. substrate 
26. channel 
27. induced 
28. substrate 
29. enhancement 
30. electrons 
31. depletion 
32. holes 
33. enhancement 
34. gate 
35. Depletion 
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36. Depletion 
37. be opposite 
38. vertical-groove 
39. 0.5 
40. enhancement 
41. insulation 
42. Zener 
8.4 
43. good 
44. diode 
45. good 

Terms 

Junction field-effect transistor (JFET) 

A three-element electronic device that bases its operation on the conduction 
of current carriers through a single piece of semiconductor material, called a 
channel. 

Channel 

The controlled conduction path of a field-effect transistor. 

Gate 

The control element of a field-effect transistor. 

Substrate 

A piece of underlying N or P semiconductor material on which a device or 
circuit is constructed. 

Drain 

The output terminal of a field-effect transistor. 

Source 

The region of a field-effect transistor that is similar to the emitter of a bipolar 
junction transistor. 

Dynamic transfer curve 

A graphic display that shows how a change in input voltage (gate−source 
voltage) causes a change in output current (drain current). 
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Transconductance 

A measure of the ease with which current carriers move through a device. 

Enhancement metal-oxide semiconductor field-effect transistor (E
MOSFET) 

A type of MOSFET with a conduction characteristic in which current carriers 
are pulled from the substrate into the channel. 

Pinch-off region 

The region of an FET where drain-to-source voltage is applied to affect the 
flow of drain current. 

Ohmic region 

The linear constant resistance operating region of an FET. 

Depletion metal-oxide semiconductor field-effect transistor (D-MOSFET) 

A type of MOSFET that has a channel formed on the substrate. The gate is a 
piece of metal insulated from the channel by a thin layer of silicon dioxide. 
Operation is based on energizing the channel and applying voltage to the gate. 

Vertical metal-oxide semiconductor field-effect transistor (V-MOSFET) 

A variation of an E-MOSFET with a higher power handling capability. 
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Field-Effect Transistor Amplifiers
 

In the study of bipolar transistor amplifiers, the primary function of an 
amplifier is to reproduce an applied signal and provide some level of amplifi
cation. Unipolar transistors can also be used to achieve this function. JFETs 
and MOSFETs are examples of unipolar amplifying devices. Amplification 
using unipolar transistors depends on the FET device used and its circuit 
components, just like it does with bipolar transistor amplifiers. 

The composite circuit of an FET amplifier is normally energized by a DC 
voltage source. An AC signal is then applied to the input of the FET amplifier. 
After passing through the FET, an amplified version of the signal appears 
at the output. Operating conditions of the FET and the circuit combine to 
determine the level of amplification achieved. In this chapter, you will learn 
about FET amplifier biasing and FET amplifier configurations. It is important 
to learn the material presented in this chapter because FET amplifiers are used 
in several types of electronic circuits. FETs are voltage controlled devices 
that have high gain, low power dissipation in the gate circuit, and a high 
input impedance. These features enable an FET to function effectively as an 
amplifier. 

Objectives 

After studying this chapter, you will be able to: 

9.1 describe fixed bias, voltage-divider bias, and self-bias FET circuits; 
9.2 analyze common-source, common-gate, and common-drain amplifiers; 
9.3 analyze and troubleshoot FET amplifiers. 

Chapter Outline 

9.1 FET Biasing Methods 
9.2 FET Circuit Configurations 
9.3 Analyzing and Troubleshooting of FET Amplifier Circuits 

333
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9-1 JFET AC Amplifier 

In this activity, a test circuit is observed for evaluating the operation of a JFET 
amplifier. 

Key Terms 

fixed bias 
voltage-divider bias 
self-bias 
common-drain amplifier 
common-gate amplifier 
common-source amplifier 

9.1 FET Biasing Methods 

For an FET operation, biasing refers to the necessary DC voltage needed 
by the gate with respect to the source lead, that is, the development of a 
suitable VGS value. By selection of a proper bias voltage, it becomes possible 
to force a device to operate at a chosen Q point. The VDD voltage applied 
to the source−drain is generally not considered to be bias voltage. The 
biasing method selected for a specific circuit depends on the type of device 
involved. For example, E-MOSFETs and D-MOSFETs require different 
biasing procedures. This section looks at biasing methods for all FETs. 

9.1 Design fixed bias, voltage-divider bias, and self-bias FET circuits. 

In order to achieve objective 9.1, you should be able to: 

• analyze fixed bias, voltage-divider bias, and self-bias FET circuits; 
• describe the characteristics of fixed biasing, voltage-divider biasing, and 

self-biasing methods; 
• recognize	 fixed biasing, voltage-divider biasing, and self-biasing 

methods. 

Fixed Biasing 

The simplest way to bias an FET is with fixed biasing. This method of biasing 
can be used equally well for JFETs, D-MOSFETs, or E-MOSFETs. In fixed 
biasing, the correct voltage value and polarity is supplied by a small battery 
or cell. An electronic power supply could also be used to perform the same 
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operation. Figure 9.1 shows fixed biasing applied to three different N-channel 
FET types. If P-channel devices were used, the polarity of VGG and VDD 

would be reversed. VGG is used as the fixed bias source for the three FET 
types. 

Figure 9.1 Methods of fixed biasing. (a) N-channel JFET. (b) N-channel D-MOSFET. (c) 
N-channel E-MOSFET. 
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J-FET Fixed Biasing 

Biasing of a JFET circuit is very similar to a bipolar junction transistor (BJT). 
The circuits of Figure 9.1(a) shows fixed biasing of N-channel JFET. Note 
the polarity of the VGG and VDD power sources. 

Example 9-1: 

Refer to Figure 9.1(a). Assume that VGG = −5V, ID = 10mA, VDD = 12V, 
and RL = 1kΩ. Calculate VRL and VDS for the N-channel FET circuit. 

Solution 

VRL = ID × RL = 10mA × 1kΩ = 10V
 

VDS = VDD − VRL = 12  − 10V = 2V
 

Related Problem 

Refer to Figure 9.1. Assume that VGG = 5V,  ID = 5mA, VDD = 10V, and RL 

=1.5kΩ. Calculate VDS and VRL. 

D-MOSFET Fixed Biasing 

D-MOSFET fixed biasing, shown in Figure 9.2, is similar to JFETs. In this 
type of device, the operating point is often VGS = 0V and is referred to as 

Figure 9.2 Fixed biasing of an N-channel D-MOSFET. 
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zero bias. No voltage source is needed to establish the operating point. Rg 

is normally of a very high value. Typically, values of 1−10MΩ are used. Rg 

must be included in the circuit. It serves as a return path from the gate to the 
common connection point. 

D-MOSFET circuits are very similar to JFET circuits in terms of bias
ing. All of the circuit relationships for JFET circuits remain the same for 
D-MOSFETs. 

E-MOSFET Biasing 

Enhancement-mode operation requires a positive value of VGS. Voltage 
divider bias is typically used for E-MOSFET circuits. Figure 9.3(a) shows 
an N-channel MOSFET and Figure 9.3(b) shows a P-channel MOSFET. 

Figure 9.3 Voltage-divider method of biasing for E-MOSFETs. (a) N-channel. (b) P-
channel. 
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Voltage-Divider Biasing 

Voltage-divider biasing of FETs is rather easy to achieve. It is applicable only 
to E-MOSFETs. With these devices, VGS and VDD are of the same polarity. 
As a result of this condition, a single voltage source can be used as a supply. 
The VGS voltage is only a fraction of the value of VDD. The divider resistors 
are used to develop the necessary voltage values. Figure 9.3shows the divider 
method of biasing for N-channel and P-channel E-MOSFETs. 

The values of R1 and Rg must be properly chosen to establish a desired 
operating point. By the voltage-divider equation, we find that the bias voltage 
is 

R2VGS = VRg = VG = VDD × . (9.1)
R1 + R2 

Example 9-2: 

Refer to Figure 9.3(a). Assume that R1 = 1MΩ, R2 = 1MΩ, VDD = 24V, RL 

=1kΩ, and ID = 5mA. Calculate VG and VRL. 

Solution 

R2VG = VDD × 
R1 + R2 

1MΩ  
VG = 24V × = 12V  

1MΩ+ 1MΩ  
VRL = ID×RL 

= 5mA× 1kΩ 

= 5V. 

Related Problem 

Refer to Figure 9.3(b). Assume that R1 = 5MΩ, R2 = 2MΩ, VDD = 30V, RL 

= 2.2kΩ, and ID = 10mA. Calculate VG and VRL. 

Self-Biasing 

Self-biasing is commonly called source biasing. Self-biasing is rather easy 
to recognize. The source current of an FET is used to develop the bias voltage. 
The voltage developed is achieved by a resistor ( RS) connected in series 
with the source. Current flow through the source−drain causes a voltage drop 
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Figure 9.4 Self-biasing of JFETs. (a) N-channel. (b) P-channel. 

across RS. The polarity of the developed voltage is based on the direction 
of current flow through RS. Figure 9.4 shows biasing for N-channel and P-
channel JFETs using self-biasing. 

For the N-channel circuit, current flow through RS causes the source to 
be slightly positive with respect to the gate. With Rg connected to the lower 
side of RS, Rg is negative and the source positive. This value of RS and 
drain current (ID) determines the bias operating point of the circuit. Note 
the polarity difference in the P-channel circuit of Figure 9.4(b). 

Self-Examination 

Answer the following questions. 

1. In fixed biasing of a MOSFET, voltage is supplied to the _____ by a 
battery or DC power supply. 

2. The voltage-divider method of biasing applies only to (enhancement, 
depletion) MOSFETs. 
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3. Source biasing has a _____ connected in series with the source of a JFET 
to develop bias voltage. 

4. An N-channel JFET with fixed biasing has a _____ polarity applied to 
the source. 

5. A D-MOSFET with VGS = 0V applied is referred to as _____ bias. 
6. E-MOSFETs require a _____ polarity applied to the gate. 
7. With voltage-divider biasing, VGS and VDD are _____ polarity. 
8. Self-biasing is also referred to as _____ biasing. 

9.2 FET Circuit Configurations 

FET amplifiers, like their bipolar counterparts, can be connected in three 
different circuit configurations. These are described as common-source, 
common-gate, and common-drain circuits. One lead of an FET is connected 
to the input, and a second lead is connected to the output. The third lead 
is commonly connected to both the input and output. This lead is used as 
a circuit reference point and is often connected to the circuit ground − 
hence, the terms grounded or common source, grounded or common gate, 
and grounded or common drain. The terms common and ground refer to the 
same type of connection. In this section, you will study the common-source, 
common-gate, and common-drain amplifier circuit configurations. 

9.2 Analyze common-source, common-gate, and common-drain ampli
fiers. 

In order to achieve objective 9.2, you should be able to: 

• describe	 the characteristics of common-gate, common-source, and 
common-drain amplifier circuits; 

• recognize of common-source, common-gate, and common-drain ampli
fier circuits; 

• define common-source amplifier, common-gate amplifier, and common-
drain amplifier. 

Common-Source Amplifier 

The common-source amplifier is the most widely used FET circuit configu
ration. This circuit is similar in many respects to the common-emitter bipolar 
amplifier. The input signal is applied to the gate−source, and the output signal 
is taken from the drain source. The source lead is common to both input and 
output. 
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Figure 9.5 Common-source JFET amplifier. 

A practical common-source amplifier is shown in Figure 9.5. This 
circuit is self-biased. The device can be a JFET, a D-MOSFET, or an 
E-MOSFET. Circuit characteristics are very similar for all three devices. 
The signal processed by the common-source amplifier is applied to the 
gate−source. Self-biasing of the circuit is achieved by the source resistor 
R2. This voltage establishes the static operating point. The incoming signal 
voltage is superimposed on the gate voltage. This causes the gate voltage to 
vary at an AC rate, which causes a corresponding change in drain current. 
The output voltage developed across the source and drain is inverted 180◦. I  
added the highlighted text about self-biasing. Is this correct and OK? 

Voltage gain ( AV) for a common-source JFET amplifier: 

AV = VDS/VGS. (9.2) 

Typical AV values for a common-source FET amplifier circuit are 5−10. The 
input impedance is extremely high for nearly any signal source. One to 
several megohms is common. The output impedance ( Zout) is moderately 
high. Typical values are in the range of 2−10kΩ. Zout is dependent primarily 
on the value of RL. 

A common-source amplifier has very high input impedance and rela
tively high output impedance. Circuits of this type are extremely valuable as 
impedance-matching devices. Common-source amplifiers are used exclu
sively as voltage amplifiers. They respond well in radio-frequency signal 
applications. 
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Common-Gate Amplifier 

The common-gate amplifier is similar in many respects to the common-base 
bipolar transistor circuit. The input signal is applied to the source−gate, and 
the output appears across the drain−gate. Note that the gate is connected 
to the ground. The common-gate amplifier is capable of a rather significant 
amount of voltage gain. Current gain is not an important circuit consideration. 
The gate does not ordinarily have any current flow. JFETs, E-MOSFETs, and 
D-MOSFETs may all be used as common-gate amplifiers. 

A practical common-gate amplifier is shown in Figure 9.6. This circuit 
employs an N-channel JFET. The operating voltages are the same as those 
of the common-source circuit. Self-biasing is achieved by the source resistor 
R1. This voltage is used to establish the static operating point. An input signal 
is applied to R1 through capacitor C1. A variation in signal voltage causes a 
corresponding change in source voltage. Making the source more positive 
has the same effect on ID as making the gate more negative. The positive 
alternation of the input signal makes the source more positive. This, in turn, 
reduces drain current. With less ID, there is a smaller voltage drop across 
the load resistor R2. The drain or output voltage, therefore, swings positive. 
The negative alternation of the input reduces the source voltage by an equal 
amount. This is the same as making the gate less negative. As a result, ID 

is increased. The voltage drop across R2 similarly increases. This, in turn, 

Figure 9.6 Common-gate JFET amplifier. 
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causes the drain or output to be less positive or negative going. The input 
signal is, therefore, in phase with the output signal. 

The common-gate amplifier has a number of rather unusual character
istics. Its voltage gain is somewhat less than that of the common-source 
amplifier. Representative values are 2−5. The common-gate circuit has very 
low input impedance ( Zin). The output impedance ( Zout) is rather moder
ate. Typical Zin values are 200−1500Ω, with Zout being 5−15kΩ. This type 
of circuit configuration is often used to amplify radio-frequency signals. 
Amplification levels are very stable for radio frequencies, without feedback 
between the input and output. 

Common-Drain Amplifier 

A common-drain amplifier has the input signal applied to the gate and the 
output signal removed from the source. The drain is commonly connected to 
one side of the input and output. Common-drain amplifiers are also called 
source followers. This circuit has similar characteristics to those of the 
common-collector bipolar amplifier. 

Figure 9.7 shows a practical common-drain amplifier using an N-
channel JFET. The input of this amplifier is primarily the same as that of 

Figure 9.7 Common-drain JFET amplifier. 
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the common-source amplifier. The input impedance is, therefore, very high. 
Zin is determined largely by the value of R1. The operating point of our 
amplifier is determined by the value of R2. Essentially, this circuit has the 
same operating point as our other circuit configurations. Resistor R3 has been 
switched from the drain to the source in this circuit. Resistors R2 and R3 are 
combined to form the load resistance. The output impedance is based on this 
value. 

When an AC signal is applied to the input of the amplifier, it changes 
the gate voltage. The DC operating point is established by the value of 
source resistor R2. The positive alternation of an input signal makes the gate 
less negative. This causes an N-channel device to be more conductive. With 
more current through R3 and R2, the source swings positive. The negative 
alternation of the input then makes the gate more negative. This action causes 
the channel to be less conductive. A smaller current, therefore, causes the 
source to swing negative. In effect, this means that the input and output 
voltage values of the amplifier are in step with each other. These signals are 
in phase in a common-drain amplifier. 

Common-drain amplifiers are primarily used as impedance-matching 
devices. It has a high-input impedance and a low-output impedance. They are, 
thus, frequently used to match a high-impedance device to a low-impedance 
load. This type of circuit is capable of handling a high-input signal level 
without causing distortion. The input impedance places a minimum load 
on the signal source. Common-drain amplifiers are used frequently to match 
high-impedance devices such as microphones and phonograph pickups to the 
input of an audio amplifier. 

Self-Examination 

Answer the following questions. 

9. In a common-(source, gate, drain) amplifier, the input is applied to the 
gate−source, and the output is developed across the source−drain. 

10. The input and output signals of a common-source amplifier are inverted 
by _____. 

11. The input signal of a common-(source, gate, drain) amplifier is applied 
to the source−gate, and the output appears across the drain−gate. 

12. The input signal of a common-(source, gate, drain) amplifier is applied 
to the gate, and the output signal is removed from the source. 

13. JFET amplifiers are considered to be _____ sensitive devices. 
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14. When a common source JFET circuit is in cutoff, ID is at (0 A, full 
conduction), and VDS is at (ground, supply VDD). 

9.3 Analysis and Troubleshooting – JFET Amplifiers 

By examining the input and output waveforms of a JFET, its performance as 
an amplifier is evaluated. Faults in the operation of the amplifier are indicated 
by the value and shape of the output waveform. Under the proper operating 
conditions established by the DC sources, when a small AC signal is applied, 
some level of amplification should occur. If little or no amplification occurs, 
or the output waveform is distorted, this indicates a faulty condition. In this 
section, a JFET amplifier will be examined to determine its amplification level 
and possible faulty conditions. 

9.3 Troubleshoot an FET amplifier. 

In order to achieve objective 9.3, you should be able to: 

• observe the input and output AC waveforms of a JFET amplifier on an 
oscilloscope; 

• distinguish between normal and faulty operations of a JFET amplifier. 

JFET Troubleshooting 

The operation of a JFET amplifier is shown in Figure 9.7. It uses both DC 
and AC sources that are applied to a JFET. This circuit has capacitors which 
are needed for passing or blocking AC. The DC voltage applied sets up the 
operating conditions. When an AC voltage is applied to the gate of the JFET, 
a measure of whether it is working satisfactorily is determined by the value 
of the AC across the drain-source voltage, VDS. If the AC value of VDS is 
very low (0V), it indicates that there might be an internal short or open circuit 
between the drain and source terminals. In either case, the JFET is defective. 
An oscilloscope can be used to observe the amplification of the AC input 
signal. If the AC output appearing across VDS is distorted, it indicates that 
the amplifier is not functioning properly. 

Summary 

• JFETs and MOSFETs can be used for amplification. 
• Biasing of a JFET circuit is very similar to bipolar junction transistor 

circuits. 
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• D-MOSFET biasing is similar to JFET circuits. 
• E-MOSFET biasing requires a positive value of VGS. 
• Voltage divider bias is commonly used for E-MOSFET circuits. 
• With voltage-divider biasing, VGS and VDD are of the same polarity. 
• Self-biasing is also referred to as source biasing. 
• FETs	 can be connected in three different circuit configurations: 

common-source, common-gate, and common-drain. 
• The common-source amplifier is the most widely used. 
• With a common-source amplifier, the signal being processed is applied 

to the gate−source, and the output signal is developed across the 
source−drain. 

• The output signal of a common-source amplifier is inverted 180◦ . 
• The	 common-gate amplifier has the input signal applied to the 

source−gate and the output signal developed across the drain−gate. 
• Common-drain amplifiers have the input signal applied to the gate, and 

the output signal removed from the source. 
• Common-drain amplifiers are primarily used as impedance-matching 

circuits; they can match high-impedance devices to a low-impedance 
output. 

• Common-drain amplifiers are also called source followers. 

Formulas 

(9-1) Voltage-divider biasing, VG = VDD × R2 
R1+R2 

(9-2) Voltage gain for a common-source JFET, AV = VDS/ VGS 

Review Questions 

Answer the following questions. 

1. Which circuit configuration of the JFET has a low input impedance: 

(a) Common-source 
(b) Common-gate 
(c) Common-drain 

2. Which circuit configuration of the JFET has a low output impedance: 

(a) Common-source 
(b) Common-gate 
(c) Common-drain 
(d) All configurations 
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3. Which circuit configuration of the JFET is commonly used as a voltage 
amplifier: 

(a) Common-source 
(b) Common-gate 
(c) Common-drain 
(d) All configurations 

4. Which circuit configuration of the JFET has the gate connected in 
reverse bias: 

(a) Common-source 
(b) Common-gate 
(c) Common-drain 
(d) All configurations 

5. A common-source JFET amplifier configuration has a _______ phase 
difference between the applied AC signal input and the AC output. 

(a) 0◦ 

(b) 90◦ 

(c) 180◦ 

(d) 270◦ 

6. In circuit configuration of the JFET, is the input AC signal applied to the 
gate and the output signal developed at the source: 

(a) Common-source 
(b) Common-gate 
(c) Common-drain 
(d) All configurations 

Problems 

Answer the following: 

Refer to Figure 9.2(a) and answer the following Assume VGG =-5V, ID = 
5mA, VDD = 12V, RL = 1.5kΩ. 

1. The value of VRL is: 

(a) 2.5V 
(b) 5V 
(c) 7.5V 
(d) 10V 
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2. The value of VDS is: 

(a) 1.5V 
(b) 3V 
(c) 4.5V 
(d) 6V 

3. The type of biasing used in this circuit is: 

(a) Gate 
(b) Self 
(c) Voltage-divider 
(d) All of the above 

4. If the load current ID decreases to 2.5mA, the voltage across the load 
resistor VRL will 

(a) Increase 
(b) Decrease 
(c) Be unchanged 
(d) 0V 

5. If the voltage applied to the gate changes from −5 to 0V, the output 
current ID will: 

(a) Increase 
(b) Decrease 
(c) Be unchanged 
(d) 0A 

Answers 

Examples 

9-1 VRL = 2.5V, VDS = 2.5V 
9-2 VG = 8.57V, VRL = 22V 

Self-Examination 

9.1 

1. gate 
2. enhancement 
3. resistor 
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4. negativ 
5. zero 
6. positive 
7. same 
8. source 

9.2 
9. source 

10. 180◦ 

11. gate 
12. source 
13. voltage 
14. 0A, supply VDD 

Terms 

Gate biasing of JFETs 

Connecting a voltage supply to the gate of a JFET and a resistor for ensuring 
that the gate−source junction is reverse biased. 

Self-biasing of JFETs 

Connecting a resistor to the gate of a JFET for developing an IDRS voltage 
across the resistor when the drain current ID. A resistor is connected in the 
gate circuit (with or without a voltage), so that the gate−source junction is 
reverse biased. 

Voltage-divider biasing of JFETs 

Reverse biasing the gate−source junction of a JFET by using a resistor 
network in the gate circuit. A resistor is connected between the supply and 
the gate, and another between the gate and the ground. These resistors reverse 
bias the gate−source junction. 

Common-source amplifier 

An amplifier in which the input signal is applied to the gate−source, and the 
output signal is taken from the drain source. 

Common-gate amplifier 

An amplifier in which the input signal is applied to the source−gate, and the 
output appears across the drain−gate. 
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Common-drain amplifier 

An amplifier configuration in which the input signal is applied to the gate, 
and the output signal is removed from the source. It is also called a source 
follower. 
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Amplifying Systems
 

Amplifying systems are widely used in the electronic equipment to increase 
the power, voltage, or current of AC signals. An amplifying system may be 
only one part or section of a rather large and complex system. A television 
receiver is a good example of this application. Several individual amplifying 
systems are included in a television receiver, such as audio and video ampli
fiers. A DVD player, by comparison, has only one amplifying system. Its 
primary function is to process a sound signal and build it to a level that will 
drive a speaker. Transistors and integrated circuits are the basic devices used 
for this type of operation. The function of an amplifier is basically the same 
regardless of its application: to amplify a signal. 

In this chapter, you will learn how amplifying devices are used in an 
amplifying system. A number of specific circuit functions are discussed, 
such as voltage and power gain, coupling, and signal processing. Input and 
output transducers, such as microphones and speakers, are covered as well 
since they also play a role in the operation of an amplifying system. 

Objectives 

After studying this chapter, you will be able to: 

10.1 analyze the stages of amplification; 
10.2 select the appropriate coupling component for an amplifying system; 
10.3 explain the operation of amplifying system transducers; 
10.4 design basic amplifier circuits; 
10.5 analyze and troubleshoot amplifier systems. 

Chapter Outline 

10.1 Amplifying System Basics 
10.2 Amplifier Coupling 

351
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10.3 Input and Output Transducers 
10.4 Analysis and Troubleshooting – Amplifying Systems 

Activities for Chapter 10 

10-1 RC-Coupled Amplifier 

In this activity a multistage BJT amplifier circuit using RC coupling between
 
the stages will be evaluated.
 

10-2 Darlington Transistor Amplifier
 

In this activity, a Darlington BJT amplifier circuit will be evaluated.
 

Key Terms 

Bel (B) 
bode plot 
capacitive coupling 
cascade 
common logarithm 
crystal microphone 
Darlington amplifier 
decibel (dB) 
direct coupling 
dynamic microphone 
impedance ratio 
intermediate range speaker 
logarithmic scale 
mantissa 
microphone 
output transformer 
piezoelectric effect 
stage of amplification 
transducer 
transformer coupling 
tweeter 
voice coil 
woofer 
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10.1 Amplifying System Basics 

Regardless of its application, an amplifying system has a number of primary 
functions that must be performed. These functions are energy conversion, 
amplification, and power distribution. An understanding of these functions 
is an extremely important part of operational theory. To understand these 
functions, you should be familiar with concepts such as amplifier gain, 
decibels, and frequency response. These functions and concepts are covered 
in this section. 

10.1 Analyze the stages of amplification. 

In order to achieve objective 10.1, you should be able to: 

• determine the gain at various stages of amplification in standard and 
decibel form; 

• describe the stages of amplification; 
• identify the functions of an amplifying system; 
• define stage of amplification, transducer, cascade, logarithmic scale, 

common logarithm, mantissa, Bel, and decibel. 

Amplifying System Functions 

The major functions of an amplifying system are energy conversion, ampli
fication, and power distribution. These functions are achieved through the 
input transducer, amplifier, power supply, and output transducer. A block dia
gram of an amplifying system is shown in Figure 10.1. The triangular-shaped 
items of the diagram show where the amplification function is performed. A 
stage of amplification is represented by each triangle. Three amplifiers are 
included in this particular system. 

A stage of amplification consists of active devices (usually transistor 
circuits) and all associated components. Small-signal amplifiers are used in 
the first three stages of this system. The amplifier on the right side of the 
diagram is an output stage. A rather large signal is needed to control the 
output amplifier. An output stage is generally a power amplifier, or a large-
signal amplifier. In effect, this amplifier is used to control a rather large 
amount of current and voltage. Remember, power is the product of current 
and voltage. 

In an amplifying system, a signal must be developed and applied to the 
input. The source of this signal varies a great deal with different systems. In 
a DVD player, an audio signal is produced. Variations in electronic signals 
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Figure 10.1 Amplifying system. 

are changed into sound energy. The amplitude level of the electronic signal 
is increased to a suitable level by amplifying devices. A variety of different 
input signal sources may be applied to the input of an amplifying system. 

In other systems, the signal is also developed by the input. An input 
transducer is responsible for this function. A transducer changes energy of 
one form into energy of a different form. Several types have been used over 
the years for home entertainment systems. Microphones, vinyl phonograph 
pickup cartridges, CD players, and DVD players are input transducers. Input 
signals may also be received through the air. Antennas may serve as the 
input transducer for this type of system. An antenna changes electromagnetic 
waves into radio frequency (RF) voltage signals. The signal is then processed 
through the remainder of the system. 

Signals processed by an amplifying system are ultimately applied to 
an output transducer. This type of transducer changes electrical energy 
into another form of energy. In a sound system, the speaker is an output 
transducer. It changes electrical energy into sound energy. The speaker 
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performs work when it achieves this function. Lamps, motors, relays, trans
formers, and inductors are frequently considered to be output transducers 
since they perform work. An output transducer is considered to be the load of 
a system. 

For an amplifying system to be operational, it must be supplied with elec
trical energy. A DC power supply performs this function. A relatively pure 
form of DC must be supplied to each amplifying device. In most amplifying 
systems, AC is the primary energy source. AC is changed into DC, filtered, 
and, in some systems, regulated before being applied to the amplifiers. The 
reproduction quality of the amplifier depends, to a large extent, on the quality 
of the DC power supply. Batteries may also be used to energize some portable 
stereo amplifiers. 

Amplifier Gain 

You should recall that the gain of an amplifier system can be expressed in a 
variety of ways. Voltage, current, power, and, in some systems, decibels, are 
expressed as gain. Nearly, all input amplifier stages are voltage amplifiers. 
These amplifiers are designed to increase the voltage level of the signal. 
Several voltage amplifiers may be used in the front end of an amplifier 
system. The voltage value of the input signal usually determines the level 
of amplification achieved. 

A three-stage voltage amplifier is shown in Figure 10.2. These three 
amplifiers are connected in cascade. The term cascade refers to a series of 
amplifiers in which the output of one stage of amplification is connected to 
the input of the next stage of amplification. The voltage gain of each stage can 
be observed with an oscilloscope. The waveform shows representative signal 
levels. Note the voltage-level change in the signal and the amplification factor 
of each stage. 

The first stage has a voltage gain of 5. This means that with an input of 
0.25 Vpp and a total gain of 100, the output is 1.25 Vpp. The second stage 
also has a voltage gain of 5. With 1.25 Vpp input, the output is 6.25 Vpp. 
The output stage has a gain factor of 4. With 6.25 Vpp input, the output is 
25 Vpp. 

The total gain of the amplifier is 5 × 5 × 4, or 100. Therefore, with 
0.25 Vpp input, the output is 25 Vpp. Note that output is the product of the 
individual amplifier gains. It is not just the addition of 5+5+4. Voltage gain 
(AV), you should recall, is an expression of output voltage (Vout) divided 
by input voltage (V in). For the amplifier system, AV is expressed by the 
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0.25 Vp-p 

1.25 Vp-p 

6.25 Vp-p 

5X 5X 4X 

Figure 10.2 Three-stage voltage amplifier. 

following formula: 

AV = Vout/Vin 

= 25  Vpp/0.25 Vpp 

= 100 

Note that the units of voltage cancel each other in the problem. Voltage gain 
is, therefore, expressed as a unitless value, such as 100. 

Power gain is generally used to describe the operation of the last stage of 
amplification. Power amplification (AP), you should recall, is equal to power 
output (Pout) divided by power input (Pin). If the last stage of amplification 
in Figure 10.2 were a power amplifier, its gain would be expressed in watts 
rather than volts. In this case, the gain would be 

AP = Pout/Pin 

= 25  W/6.25 W 

= 4. 

Note that the power units of this problem also cancel each other. Power 
amplification is expressed as a unitless value, such as 
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Example 10-1: 

Solution 

AV = Vout/Vin 

= 12  Vpp/0.5 Vpp 

= 24. 

Related Problem 

Calculate AV with a voltage input of 200 m V(rms) and an output voltage of 
24 V(rms). 

Decibels 

The human ear does not respond to sound levels in the same manner as an 
amplifying system. An amplifier, for example, has a linear rise in signal level. 
An input signal level of 1 V can produce, for example, an output of 10 V. The 
voltage amplification then is 10:1, or 10. The human ear, however, does not 
respond in a linear manner. It is, essentially, a nonlinear device. As a result of 
this, sound amplifying systems are usually evaluated on a logarithmic scale. 
This type of scale illustrates how our ears actually respond to specific signal 
levels. Gain expressed in logarithms, therefore, is much more meaningful 
than linear gain relationships. 

The logarithm of a given number is the power to which another number, 
called the base, must be raised to equal the given number. Basically, a 
logarithm has the same meaning as an exponent. A common logarithm is 
expressed in powers of 10. This is illustrated by the following: 

103 = 1000 

102 = 100 

101 = 10  

100 = 1  

This means that the logarithm of any number between 1000 and 9999 has a 
characteristic value of 3. The characteristic is an expression of the magnitude 
range of the number. Numbers between 100 and 999 have a characteristic of 2. 
Numbers between 10 and 99 have a characteristic of 1. Between 1.0 and 9.0, 
the characteristic is 0. Numbers less than 1.0 have a negative characteristic. It 
is generally not customary in electronics to use negative characteristic values. 
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When a number is not an even multiple of 10, its log is a decimal. The 
decimal part of the logarithm is called the mantissa. The log of a number 
such as 4000 is expressed as 3.6021. The characteristic is 3 because 4000 is 
between 1000 and 9999. The mantissa of 4000 is 0.6021. To find this value, 
simply use the [log] key and proper key sequence on a scientific calculator. 
The log of 4000 is 3.6021, expressed as log10 4000 = 3.6021, or simply as log 
4000 = 3.6021. The characteristic is 3 and the mantissa is 0.6021. 

The mantissa is always the same for numbers that are identical, except 
for the location of the decimal point. For example, the mantissa is the 
same for 1630, 163.0, 16.3, 1.63. The only difference in these values is the 
characteristic. The mantissa for 1.63 is 0.2122, and the characteristic is 0. The 
log is, therefore, 0.2122. The logs of the five values given are 3.2122, 2.2122, 
1.2122, and 0.2122, respectively. 

Example 10-2: 

What is the log of 1590? 

Solution 

To determine the log of 1590, enter the proper key sequence into a scientific 
calculator. 

The answer is 3.201. 

Related Problem 

What is the log of 603.8? 

Consider now the gain of a sound system with several stages of amplification. 
Gain is best expressed as a ratio of two signal levels. Specifically, gain is 
expressed as the output level divided by the input level. This is determined by 
the following expression: 

AP = log10(Pout/Pin)(in Bels) (10.1) 

where the Bel (B) is the fundamental unit of sound-level gain. For an amplifier 
with 0.1 W of input and 100 W of output, 

AP = log10(100 W/0.1 W)  

= log10 1000 

= 3B. 

To find this value with a scientific calculator, key in the following sequence. 



10.1 Amplifying System Basics 359 

As you can see, the Bel represents a rather large ratio in sound level. A 
decibel (dB) is a more practical measure of sound level. A decibel is one-
tenth of a Bel. The Bel is named for Alexander Graham Bell, the inventor of 
the telephone. 

The gain of a single stage of amplification within a system can be 
determined in decibels. A single amplifier stage might have an input of 10 
mW and an output of 150 mW. The power gain in decibels is determined by 
the following formula: 

AP = 10  log  10(Pout/Pin)dB. (10.2) 

Therefore, 

AP = 10  log  10 (Pout/Pin) dB  

= 10  log  10(150 mW/10 mW) 

= 10  log  1015 

= 10  × 1.1761 

= 11.761 dB. 

To find this value with a scientific calculator, key in the following 
sequence. 

If the input power applied to an amplifier and the power gain is known, 
the output power can be calculated. Consider, for example, an amplifier with 
Pin = 10 mW and  AP = 11.761 dB. 

Pout
Ap = 10  log10( )

Pin 

Ap Pout
= log10( )

10 Pin 
AP Pout

10 10 = 
Pin 

Pin × 100.1×AP = Pout 

Pout = Pin × 100.1×AP (10.3) 

Pout = Pin × 100.1×AP = 10mW × 100.1×11.761 

= 10  mW  × 15.0
 

= 150 mW.
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The voltage gain of an amplifier can also be expressed in decibels. To
do this, the power-level expression must be adapted to accommodate voltage
values. The voltage gain formula is

AV = 20 log10(Vout/Vin) dB. (10.4)

Note that the logarithm of Vout/V in is multiplied by 20 in this equation.
Power is expressed as V2/R. Power gain using voltage and resistance values
is, therefore, expressed as ( )

= 10 log Pout
10 dB( Pin

V2
)

= 10 log out/Rout
10 V2 dB.

/Rin in

If the values of Rin and Rout are equal, the equation that now shows the
voltage gain can be expressed as

AV = 10 log10 V2
out/V2

indB.

The squared voltage values can be expressed as two times the log of the
voltage value. Decibel voltage gain, therefore, becomes

AV = 2× 10 log10(Vout/Vin)dB

or

AV = 20 log 10(Vout/Vin)dB.

If the input voltage applied to an amplifier and the voltage gain is known,
the output power can be calculated. Consider, for example, an amplifier with
V in = 5 mV and AV = 15dB. ( )

Vout
AV = 20 log10 V( )in
AV Vout

= log
20 10 Vin

AV Vout
10 20 =

Vin

Vin × 100.05×AV = Vout

Vout = Vin × 100.05×AV = 5mV × 100.05×15

= 5 mV × 5.623

= 28.11 mV.
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It is important to remember that decibel voltage gain assumes the values
of Rin and Rout to be equal. Decibel gain is primarily an expression of
power levels. Voltage gain is, therefore, only an adaptation of the power-level
expression.

Example 10-3:

What is the decibel voltage gain of the first amplifier in Figure 10.2?

Solution

The input voltage is 0.25 Vpp and the output voltage is 1.25 Vpp. The voltage
gain in dB is, therefore,

AV = 20 log 10(Vout/Vin)dB

= 20 log 10(1.25Vpp/0.25Vpp)

= 20 log 5
10

= 20× 0.6989

= 13.979.

Related Problem

What is the decibel voltage gain of the second amplifier in Figure 10.2?

Example 10-4:

What is the total decibel voltage gain of the three amplifiers in Figure 10.2?

Solution

1. Determine the decibel voltage gain of the third amplifier. The input
voltage is 6.25 Vpp and the output voltage is 25 Vpp. The voltage gain
in dB is, therefore,

AV = 20 log 10(Vout/Vin)

= 20 log 10(25Vpp/6.25Vpp)

= 20 log 104

= 20× 0.6021

= 12.041dB.
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2. Determine the total decibel voltage gain by adding the decibel gain of
all three amplifiers.

AV(total) = 13.979 + 13.979 + 12.041

= 40 dB.

Related Problem

If the voltage gain of the final stage of amplification is changed to 15 dB,
what will be the new overall voltage gain in dB?

Frequency Response

The gain of an amplifier does not remain constant over all of the frequencies
that are applied to its input. This means that the power available at the output
of the amplifier will change with the applied input frequency. This would
make the amplifier unacceptable in applications that require that the output
remain constant over a wide range of input frequencies, such as those in a
high-quality audio amplifier. The range of frequencies over which the gain
of the amplifier remains relatively constant is termed as the bandwidth.
The values of the current (i), voltage (V), and power (P) gain (A) of an
amplifier are called its midbands Ai(midband), AV(midband), and AP(midband),
respectively. The frequency at which the output power becomes half of the
input power is designated as a 3dB-down point, since) (

Pout
Power gain/loss (dB) = 10 log10 P) in (

Pin/2
= 10 log10 Pin

= 10 log10(1/2) = 10×−0.301 = −3.01 dB.
Amplifiers generally have two 3dB-down points: one which occurs at a

low frequency and another at a high frequency. The range of frequencies
between these two points is the bandwidth. The lower 3dB-down point is
called the low cutoff frequency and the high 3dB-down point is called
the high cutoff frequency. For proper operation, the frequency of the
input applied to the amplifier should stay within the upper and lower 3dB-
down points. The bandwidth, low and high cutoff frequencies are shown
inFigure 10.3.
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Figure 10.3 Frequency response curve. 

The bandwidth or BW of an amplifier can be calculated using the 
following formula: 

BW = f3dB−down (High) − f3dB−down (Low) (10.5) 

Example 10-5: 

What is the bandwidth of an amplifier which has f 3dB−down(Low) = 10 kHz  
and f 3dB−down(High) = 50 kHz? 

Solution 

BW = f3dB−down(High) − f3dB−down(Low) 

= 50  − 10kHz 

= 40kHz. 

Related Problem 

If the low cutoff frequency is 20 Hz and the upper cutoff frequency is 20 kHz 
in an audio amplifier, calculate its bandwidth. 

Displaying the range for frequencies ranging from a few Hz to several 
thousand Hz in the case of an audio amplifier requires use of the logarithmic 
scale, rather than that of the linear scale. The reason is that a liner scale 
which counts of equal values of frequency, starting, say, at 20 Hz, would 
need to have as its smallest unit 20 Hz. On the same linear frequency scale, if 
one were to denote 20,000 Hz, that would require 20,000/20 or 1000 equally 
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spaced divisions of 20 Hz. Such a plot would be cumbersome to sketch.
Using a logarithmic or log scale makes it possible to display a wide range
of frequencies as shown in the following table:

Linear scale Log scale
1 log (1) = 0
10 log (10) = 1
100 log (100) = 2
1000 log (1000) = 3
10,000 log (10,000) = 4
100,000 log (100,000) = 5

be seen by using the log scale, even very high frequencies can bAs can e
conveniently sketched. On the log scale, each time the frequency changes by
a factor of 10, it is called a decade. So if the frequency changes from 100 to
10 Hz, this would be a decade down; or if it changes from 100 to 1000 Hz,
that would be a decade up. Amplifiers may have a specification such as “roll-
off rate” in terms of dB/decade. For example, an amplifier with a roll-off rate
of 20 dB/decade beyond the low (20 Hz) and upper cutoff (20 kHz) indicates
that if the frequency becomes either 2 or 200,000 Hz, then the gain will drop
by an additional 20 dB.

Bode Plots

Instead of simply plotting the gain vs. frequency, it is often convenient to plot
the gain (in dB) as compared to the midband gain vs. frequency, as is done in
a Bode plot. By doing so, the range of midband frequencies over which the
AP = AP(midband) is plotted on the horizontal axis, since ( )

AP
Power loss (dB) with ref. to midband gain = 10 log10 A( P(midband))

AP(midband)
= 10 log10 AP(midband)

=10 log10(1)=10×0 =0 dB.

As we saw earlier, the gain of an amplifier remains constant when
operated within the upper and lower cutoff frequencies (bandwidth). The
gain of an amplifier, thus, stays at 0 dB for the entire range of frequen-
cies specified between the cutoff points. Beyond the upper cutoff point,
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Figure 10.4 Bode frequency plot. 

when the frequency increases (or decreases in the case of lower cutoff 
point) by a factor of 10 times or a decade, the gain changes by the roll-
off factor. The power gain of the amplifier, for example, may be specified 
to drop by 20 dB/decade beyond the midrange frequencies. This is shown 
in Figure 10.5. 

Bode plots are used extensively for plotting the frequency response of 
amplifiers, as it conveniently shows the power gained or lost in an amplifier as 
a function of the change in the input frequency. When amplifiers are cascade 
connected, the combined bandwidth of the system can be obtained by plotting 
the 3-dB lower and upper cutoff points of each stage. Recall that beyond 
the cutoff points, for each decade change in the frequency, in general, the 
gain drops by a factor of 20 dB. For multistage cascade connected amplifiers 
that have overlapping bandwidth regions, only the portion of frequencies 
which is completely overlapped will function as the midband region (0-dB 
portion) for the overall amplifier system in the bode plot. As an example, 
consider the first stage of an amplifier system with the f 3dB−down (Low) = 
1kHz, and f 3dB−down (High) = 1MHz, cascaded into the second stage of an 
amplifier with the f 3dB−down (Low) = 10kHz and f 3dB−down (High) = 100kHz. 
The only portion where the normalized gain essentially stays at 0 dB would be 
in the regions that overlap completely. In this case, it would be the bandwidth 
specified by the second stage amplifier. 

The frequency response of a BJT amplifier depends on its internal and 
external capacitances of the circuit. Refer to Figure 10.5 for a multistage RC-
coupled BJT amplifier system. At a low frequency, the coupling capacitances 
used in multistage amplifiers offer some impedance to the applied input 

1signal, since XC = . So, at low frequencies, in order to keep the value 2πfC 
XC low, a large capacitor value is needed. However, at higher frequencies, XC 
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Figure 10.5 Frequency response of a two-stage amplifier. 

is low and almost equal to 0 Ω. Also, the capacitors used at high frequencies 
could be made smaller in value. 

The value of the emitter bypass capacitor in a BJT common-emitter 
configuration circuit and the frequency of the AC input together determine the 
extent to which the capacitor is bypassed during AC amplification. Ideally, 
the capacitor should completely bypass the resistor connected between the 
emitter and the ground, so that the operating point of the BJT does not vary 
at the frequency of the applied AC input. 

All P–N junctions within a transistor have some measurable amount of 
capacitance and, thus, capacitive reactance, XC. Since one major concern of 
an amplifier is its frequency response, the internal capacitance of a capac
itor is an important consideration that must be taken into account. BJTs 
have two P–N junctions and, thus, two capacitances: one between the base 
and emitter denoted as CBE; and another between the base and collector 
denoted as CBC. These internal capacitances are significant enough to be 
taken into consideration in high-frequency amplifier applications. In many 
cases, this capacitance might be identified on the transistor manufacturer 
datasheet. JFETs and MOSFETs are semiconductor devices that also have 
P–N junctions in their construction. The internal capacitances across these 
junctions must be taken into account, along with the AC input frequency for 
determining its response. 
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Self-Examination

Answer the following questions.

1. A(n) _____ of amplification consists of active devices and all associated
components.

2. The last stage of an amplifying system is a(n) _____ amplifier.
3. A(n) _____ changes energy from one form to another.
4. When the output of one amplifier is connected to the input of the next,

they are said to be connected in _____.
5. If the individual voltage gains for each stage of an amplifying system

are 5, 4, and 3, the total voltage gain is _____.
6. The ratio of an amplifier’s power output to its power input is called

_____.
7. The power gain in decibels for a power amplifier with an input of 20

mW and an output of 250 mW is _____ dB.
8. Bandwidth is the range of frequencies between the _____________ and

the ______________.
9. A change in frequency by a factor of 10 times is called a(n)

__________________.
10. If the gain is reduced by 20 dB when the frequency changes by a factor

of 10, this may be expressed as a 20 dB/decade __________.

10.2 Amplifier Coupling

In many amplifying systems, one stage of amplification does not provide
the desired level of signal output. Two or more stages of amplification are,
therefore, coupled (connected) together to increase the overall gain. In most
amplifying devices, the output voltage of an amplifier is greater than the input
voltage. If the output of one stage is connected directly to the input of the
next stage, this voltage difference can cause a problem. Signal distortion and
component damage might take place. Proper coupling procedures reduce this
type of problem. This section covers three methods of coupling: capacitive
coupling, direct coupling, and transformer coupling.

10.2 Select the appropriate coupling component for an amplifying sys-
tem.

In order to achieve objective 10.2, you should be able to:

• explain the advantages and disadvantages of capacitive coupling, direct
coupling, and transformer coupling methods.
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• define capacitive coupling, direct coupling, Darlington amplifier, trans
former coupling, output transformer, and impedance ratio. 

Capacitive Coupling 

Capacitive coupling is particularly useful when amplifier systems are 
designed to pass AC signals. You should recall that a capacitor passes 
AC signals and blocks DC voltages. The capacitor selected must have low 
capacitive reactance (XC) at its lowest operating frequency. This is done to 
ensure amplification over a wide range of frequency. Remember, capacitive 
reactance is an opposition to AC signals. It is also inversely related to 
frequency as shown by the following formula: 

XC = 1/2πfC. 

This means that if frequency is high, capacitive reactance will be low. If 
frequency is low, capacitive reactance will be high. As you can see, capacitive 
coupling has some difficulty in passing low-frequency AC signals because 
low-frequency AC signals create high impedance values, thus opposing the 
AC signal. 

Large capacitance values must be selected when good low-frequency 
response is desired. This is because the value of capacitor selected is inversely 
related to capacitive reactance. Therefore, the capacitor selected must be of a 
value that keeps capacitive reactance low at the lowest operating frequency. 

As you can see, the value of a coupling capacitor is a very important 
circuit consideration. In low-frequency amplifying systems, large values of 
electrolytic capacitors are normally used. These capacitors respond well to 
low-frequency AC. In high-frequency amplifier applications, small capacitor 
values are very common. Selection of a specific coupling capacitor for an 
amplifier is dependent on the frequency being processed. The range of fre
quencies within which a transistor can operate can usually be determined by 
examining the datasheets of the device. 

A two-stage amplifier employing capacitor coupling is shown in 
Figure 10.6. Transistor Q1 is the input amplifier. Its collector voltage is 8.5 
V. At the base of the second amplifier stage, Q2, the voltage is approximately 
1.7 V. The voltage difference across C1 is 8.5 − 1.7 V, or 6.8 V. The capacitor 
isolates these two operating voltages. It must have a DC working voltage 
value that withstands this difference in potential. For example, a capacitor 
with a DC working voltage of 50 V signifies the maximum voltage that can 
be applied to it in a specific application. The working for the capacitor being 
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Figure 10.6 Two-stage capacitor-coupled amplifier. 

used for coupling the two stages in Figure 10.6 should have a value in excess 
of 6.8 V. 

Direct Coupling 

In direct coupling, the output of one amplifier is connected directly to the 
input of the next stage. In a circuit of this type, a connecting wire or conductor 
couples the two stages. Circuit design must take into account device voltage 
values. This type of coupling is an outgrowth of the divider method of biasing. 
A transistor acts as one resistor in a divider network. The output voltage of 
one amplifier is the same as the input voltage of the second amplifier. When 
the circuit is designed to take this into account, the two can be connected 
together without isolation. 

Figure 10.7 shows a two-stage direct-coupled transistor amplifier. 
Note that the signal passes directly from the collector of Q1 into the base 
of Q2. The base current (IB) of transistor Q2 is developed without a base 
resistor. Any IB needed for Q2 also passes through the load resistor R3. The 
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collector voltage VC of Q1 remains fairly constant when the two transistors 
are connected. Note also that the emitter bias voltage of Q2 is quite large (7.2 
V). The base−emitter voltage (VBE) of  Q2 is the voltage difference between 
VB and VE. This is 7.8 VB – 7.2 VE or 0.6 VBE. This value of VBE forward 
biases the base−emitter junction of Q2. In direct-coupled amplifiers, each 
stage has a different operating point based on a common voltage source. 
Several direct-coupled stages supplied by the same source are rather difficult 
to achieve. As a general rule, only two stages are coupled by this method in 
an amplifying system. 

Direct-coupled amplifiers are very sensitive to changes in ttemperature. 
The beta of a transistor, for example, changes rather significantly with tem
perature. An increase in temperature causes an increase in beta and leakage 
current. This tends to shift the operating point of a transistor. All stages 
that follow amplify according to the operating point shift. Changes in the 
operating point can cause nonlinear distortion or a lack of stability. 

When two transistors are directly coupled, it is often called a Dar
lington amplifier. The transistors are usually called a Darlington pair. 

Figure 10.7 Two-stage direct-coupled amplifier. 
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Two transistors connected in this manner are also manufactured in a single 
case. This type of unit has three leads. It is generally called a Darlington 
transistor. The gain produced by this device is the product of the two 
transistor beta values. If each transistor has a current gain (β) of 100, the 
total current gain is 100 × 100, or 10,000. Figure 10.8 shows a Darlington 
transistor amplifier circuit. 

Darlington amplifiers are used in a system where high current gain 
and high input impedance are needed. Only a small input signal is needed 
to control the gain of a Darlington amplifier. In effect, this means that the 
amplifier does not create a heavy load for the input signal source. The 
output impedance of this amplifier is quite low. It is developed across the 
emitter resistor, R3. A Darlington amplifier has an emitter-follower output 
(common collector circuit). Several different transistor combinations are used 
in Darlington amplifiers. 

Figure 10.8 Darlington transistor amplifier. 
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Transformer Coupling 

In transformer coupling, the output of one amplifier is connected to the input 
of the next amplifier by mutual inductance. Depending on the frequency being 
amplified, a coupling transformer may use a metal core or an air core. The 
output of one stage is connected to the primary winding, and the input of the 
next stage is connected to the secondary winding. The number of primary and 
secondary turns determines the impedance ratio of the respective windings. 
The input and output impedance of an amplifier stage can be easily matched 
with a transformer. AC signals easily pass through the transformer windings. 
DC voltages are isolated by the two windings. 

Figure 10.9 shows a two-stage transformer-coupled radio frequency 
(RF) amplifier. This particular circuit is used in an amplitude-modulated 
(AM) radio receiver. Circuits of this type are generally built on a compact 
printed circuit boards (PCBs). The operational frequency of this amplifier 
is in the kHz to MHz range. 

The operation of a transformer-coupled circuit is very similar to that of a 
capacitive-coupled amplifier. Biasing for each transistor element is achieved 
by resistance and transformer impedance. The primary impedance of T2 

serves as the load resistor of Q1. The secondary winding of the transformer 
and R4 serves as the input impedance for Q2. The low output impedance of 
Q1 is matched to the high input impedance of Q2 by the transformer. The 
primary tap connection is used to assure proper load impedance of Q1. 

Figure 10.9 Two-stage transformer-coupled RF amplifier. 
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This particular transformer-coupled amplifier is tuned to pass a specific 
frequency. Selection of this frequency is achieved by coil inductance (L) and 
capacitance (C). Tuned transformer-coupled amplifiers are widely used in 
radio receivers and TV circuits. The dashed line surrounding each transformer 
indicates that it is housed in a metal can. This is done purposely to isolate the 
transformers from one another. 

Transformers are also used to couple an amplifier to a load device. 
Figure 10.10 shows a transistor circuit with a coupling transformer. In 
this application, the coupling device is called an output transformer. The 
primary transformer winding serves as a collector load for the transistor. 
The secondary winding couples the transistor output to the load device. The 

Figure 10.10 Transformer-coupled transistor circuit. 
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transformer serves as an impedance-matching device. Its primary impedance 
matches the collector load. In a common-emitter amplifier, typical load resis
tance values are in the range of 1000 Ω. The output device in this application 
is a speaker. The speaker impedance is 10 Ω. To get the maximum transfer of 
power from the transistor to the speaker, the impedances must match. The 
primary winding matches the transistor output impedance. The secondary 
winding matches the speaker impedance. Maximum power is transferred 
from the transistor to the speaker through the transformer impedance. 

The number of turns of wire on a particular coil determines its impedance. 
Assume that the output transformer in Figure 10.10 has 1000 turns on the 
primary (Npri) and 100 turns on the secondary (Nsec). Its turns ratio (n) is  

Npri
n = (10.6)

Nsec 

= 1000/10 

= 100. 

The impedance ratio of a transformer is the square of its turns ratio 
where Zin is the primary impedance and Zout is the secondary impedance. 
This is expressed as 

2 Zpri
n = . (10.7)

Zsec 

For the output transformer being considered in this example, the impedance 
ratio is 102, or 100 Ω. This means the input or impedance of the transformer 
primary connected in the collector portion of BJT circuit is 100 times more 
than the impedance of the load device. If the load (speaker) of this circuit has 
an impedance of 10 Ω, the input impedance is 100 × 10 Ω, or 1 kΩ. 

Example 10-6: 

Calculate the input (primary) impedance of a transformer having a turns 
ratio of 25, which is connected to a load impedance of 4 Ω on the output 
(secondary) side. 

Solution 

2 Zpri
n = 

Zsec 
Zpri

252 = 
4 
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2500 Ω = Zpri. 

Related Problem 

Calculate the input (primary) impedance of a transformer having a turns 
ratio of 20, which is connected to a load impedance of 6 Ω on the output 
(secondary) side. 

Transformer coupling has a number of problems. In sound system 
applications, the impedance increases with frequency. As a result of this, the 
high-frequency response of a sound signal is rather poor. Better-quality sound 
systems do not use transformer coupling. The physical size of a transformer 
must also be quite large when high-power signals are amplified. Because of 
this, low-power and medium-power amplifying circuits only use transformer 
coupling. In addition to this, good-quality transformers are rather expensive. 
These disadvantages tend to limit the number of applications of transformer 
coupling. 

Self-Examination 

Answer the following questions. 

11.	 Three common methods of amplifier coupling are _____, _____, and 
_____. 

12.	 In low-frequency amplifying systems that use capacitive coupling, 
(large, small) values of capacitors are normally used. 

13.	 In high-frequency amplifying systems that use capacitive coupling, 
(large, small) values of capacitors are normally used. 

14.	 Two directly coupled transistors are referred to as a(n) _____. 
15.	 _____ amplifiers are used where high current gain and high input 

impedance are needed. 
16.	 An output transformer is used to couple an amplifier to a _____ device. 

10.3 Input and Output Transducers 

A transducer is a device that changes energy of one form to energy of an 
entirely different form. When energy conversion occurs, work is performed. 
In audio systems, an input transducer is used to change sound energy into 
electrical energy. The output of an amplifying system is always applied to a 
transducer. The load device of a system is an output transducer. Functionally, 
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the load may be resistive, inductive, and, in some cases, capacitive. Most 
of our applications have used resistive loads. Resistors generally change 
electrical energy into heat energy. 

10.3 Explain the operation of amplifying system transducers. 

In order to achieve objective 10.3, you should be able to: 

• identify common input and output transducers. 
• define	 microphone, crystal microphone, piezoelectric effect, dynamic 

microphone, voice coil, tweeter, woofer, and intermediate stage speaker. 

Input Transducers 

The input transducer of an amplifying system is primarily responsible for 
the development of the signal that is processed by the system. In audio 
systems, an input transducer is used to change sound energy into electrical 
energy. Systems that respond to frequencies above the human range of 
hearing are called radio frequency (RF) systems. Electromagnetic waves 
must be changed into electrical energy in this type of system. Radio and 
television receivers respond to RF signals. The type of input transducer 
used depends on the signal to be processed. RF systems pick up signals 
that travel through the air or through an interconnecting cable network. 
Audio frequency (AF) systems develop a signal where a system is being 
operated. Microphones, compact discs (CDs), and DVDs serve as input 
transducers. 

The primary function of a microphone is to change variations in air pres
sure into electrical energy. These variations in air pressure are called sound 
waves and are a form of energy. The pressure changes of a sound wave are 
easily converted into voltage, current, or resistance. Microphones generally 
change sound energy into a changing voltage signal. Crystal microphones 
and dynamic microphones are widely used. 

A crystal microphone generates voltage through a mechanical stress 
placed on a piece of crystal material. This action is called the piezoelectric 
effect. Rochelle salt crystals produce this effect. Synthetic ceramic materials 
respond in the same way. Both materials respond to changes in pressure 
by producing a voltage. Sound waves striking the crystal cause it to bend 
or squeeze together. Metal plates attached to opposite sides of the crystal 
develop a potential difference in charge (voltage). The output voltage is then 
routed away from the crystal by connecting wires. 
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Figure 10.11 Crystal microphone. 

Figure 10.11 shows the construction of a simplified crystal microphone 
internal structure. A dynamic microphone is considered to be mechanical 
generator of electrical energy. The mechanical energy of a sound wave causes 
a small wire coil to move through a magnetic field. This action causes 
electrons to be set into motion in the coil. A difference in potential charge or 
voltage is induced in the coil. The resulting output of a dynamic microphone 
is AC voltage. 

A simplified dynamic microphone is shown in Figure 10.12. Note that a 
lightweight coil of wire is attached to a cone-shaped piece of material. The 
cone piece is made of flexible plastic or thin metal. The cone is generally 
called a diaphragm. The diaphragm is attached to the outside frame of the 
microphone. Its center is free to move in and out when sound waves are 
applied. Sound waves striking the diaphragm cause it and the coil to move 
through a permanent magnetic field. Through this action, sound energy is 
changed into voltage. Flexible wires attached to the moving coil transport 
signal voltage out of the microphone. This voltage is applied to the input of a 
sound system. 
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Figure 10.12 Structure of a dynamic microphone. 

Magnetic Tape Example 

Magnetic tape was, for many years, a common input for amplifying systems. 
As an example of converting electronic input variations to sound, let us 
look at how this was accomplished. Cassette tapes, which preceded compact 
discs (CDs) for recorded music, used this principle. A long strip of plastic 
tape is coated with iron oxide so that individual molecules of this material 
can be easily magnetized. A magnetic tape can, therefore, be used to store 
information in the form of minute charged areas. 

Figure 10.13 shows how a sound signal can be placed on a magnetic 
tape. This is considered to be the recording function. Essentially, a sound 
signal is being applied to the electromagnetic head. Variations in the applied 
signal will cause a corresponding change in the electromagnetic field. Tape 
passing under the air gap of the head (such as a cassette tape) will cause oxide 
molecules to arrange themselves in a specific order. In a sense, a changing 
magnetic field is being transferred to the tape. The recorded signal will remain 
stored on the tape for a long period of time. Amplifying systems are used 
to place information on a tape. This process is achieved by speaking into 
a microphone. The signal is then processed by the amplifier. The output of 
the system supplies signal current to the electromagnetic recording head. A 
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Figure 10.13 Tape recording function. 

motor-drive mechanism is needed to move the tape at a selected recording 
speed. The tape head responds as a load device when the system is recording 
sound information for reproduction. 

The recovery of information is achieved by the read head. This part of 
the system is like a dynamic microphone, except the electromagnetic coil is 
stationary. Voltage is induced in the coil by a moving magnetic field. As the 
magnetic tape moves under the read head, voltage is induced into the coil. 
Changes in the field cause variations in voltage values. Figure 10.14 shows 
a simplification of the tape-reading function. The tape head responds as an 
input transducer when the system responds as a playback device. 

Compact Disc (CD) Players 

The example of the magnetic tape device in the previous section showed 
how electromagnetic signal variations could be amplified and reproduced as 
sound. Compact disc (CD) players use an advanced form of this process. 
Laser diodes and photodiodes (discussed in Chapter 13) are used in the 
pick-up system of CD players. 
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Figure 10.14 Tape reading or playback function. 

In a CD player, sound is recorded on the surface of a CD to form “pits” 
and “flats.” A laser beam is focused onto the CD surface. As the CD rotates, 
the laser light varies according to “pits” and “flats” on the CD surface. The 
signal variations caused by the “pits” and “flats” of a CD track are amplified 
and reproduced as sound. 

Output Transducers 

In an audio amplifying system, the output transducer, or load device, is a 
speaker. It changes electrical energy into sound energy. Variations in current 
cause the mechanical movement of a stiff paper cone. Movement of the 
cone causes alternate compression and decompression of air molecules. This 
causes sound waves to be set into motion. The human ear responds to these 
waves. 

The operation of a speaker is based on the interaction of two magnetic 
fields. One field is usually developed by a permanent magnet. The second 
field is electromagnetic. Permanent-magnet (PM) speakers are of this type. 
The electromagnetic part of the speaker is generally called a voice coil. 
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Figure 10.15 Cross-sectional view of a speaker. 

The voice coil is attached to the cone and suspended around the permanent 
magnet. See the cross-sectional view of a speaker in Figure 10.15. 

When current flows through the voice coil, it produces an electromagnetic 
field. The polarity of the field (north or south) depends on the direction of 
current flow. If AC flows in the voice coil, the field varies in both strength 
and polarity. The power amplifier of a sound system supplies AC to the voice 
coil. The changing field reacts with the permanent magnetic field. This causes 
the voice coil to move. With the voice coil attached to the cone, the cone also 
moves. This action causes air molecules to be set into motion. Sound waves 
are emitted from the speaker cone. 

The frequency of the applied AC signal determines how slow or fast the 
cone of a speaker responds. Operational frequency is based on the rate or 
speed change of the electromagnetic field. The loudness of the developed 
sound wave is based on the moving distance of the cone. This depends on 
the amount of current supplied to the voice coil by the power amplifier. The 
primary function of an amplifying system is to develop electrical power to 
drive a speaker. 
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When selecting a speaker for a specific application, one must take into 
account a number of considerations. Generally, it takes a large speaker to 
properly develop low-frequency sounds. Large volumes of air must be set into 
motion for low-frequency reproduction. Small speakers cannot effectively 
move enough to produce low tones. Small speakers respond better to high-
frequency tones. High-frequency reproduction requires rapid development of 
air pressure. Small cones can move very rapidly. Large speakers with a big 
cone and voice coil cannot react quickly enough to produce high-frequency 
tones. A speaker obviously cannot be large and small at the same time. 

In a high-fidelity sound system, at least two speakers are needed to 
reproduce a typical audio signal: small and large. A small high-frequency 
speaker is commonly called a tweeter. The cone of this speaker is generally 
made of a rather stiff material. Some units employ thin metal cones. A 
large low-frequency speaker is called a woofer. The cone of this speaker 
is usually quite flexible. Some systems may also employ an intermediate 
range speaker, or  midrange speaker. Speakers of this type are designed to 
respond efficiently to frequencies at the center of the audio range. A great 
majority of the sound being reproduced falls in this range. These speakers are 
frequently housed in a wooden enclosure. 

Self-Examination 

Answer the following questions. 

17.	 Examples of input transducers are _____ and _____. 
18.	 Two types of microphones are _____ and _____. 
19.	 The operation of a(n) _____ microphone is based on the mechanical 

energy of a sound wave causing small wire coil to move through a 
magnetic field. 

20.	 The output transducer of a stereo system is a(n) _____. 
21.	 The electromagnetic part of a PM speaker is called a(n) _____. 
22.	 Three types of speakers according to frequency range are _____, _____, 

and _____. 

10.4 Analysis and Troubleshooting – Amplifying Systems 

The performance of an amplifying system is evaluated by examining the 
applied input and observing the resulting output waveform. Some degree of 
amplification should be displayed by the overall output. For systems with 
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multistage amplifiers, the overall gain depends on the proper functioning 
of individual stages. In the presence of faults, the output of the amplifier 
system could be distorted or have reduced output. For isolating the fault in 
a multistage amplifier system, analysis can begin preferably with the first 
stage of amplification and progress through to the last stage. Alternatively, 
analysis of a faulty system could start from the output of the last stage and 
move back to the initial stage. In this section, a multistage amplifier will be 
examined to determine its amplification level and possible faulty conditions. 

10.4 Troubleshoot amplifier systems. 

In order to achieve objective 10.4, you should be able to: 

• observe the input and output AC waveforms of an amplifying systems 
on an oscilloscope; 

• examine how coupling elements of an amplifying system influence its 
operation; 

• distinguish between normal and faulty operation of an amplification 
system. 

Different stages of an amplifying system may be coupled to each other 
directly or by capacitors and transformers. If the coupling element is faulty, it 
will have an adverse effect on the operation of the amplifier. This could result 
in distortion of the final output, reduction of its amplification, or even damage 
to circuit components due to excessive current. 

Summary 

• The major functions of an amplifying system are energy conversion, 
amplification, and power distribution. 

• Amplifying systems typically have many stages of amplification. 
• A stage of amplification consists of an amplifying device and associated 

components. 
• The last stage of amplification in an amplifying system is typically a 

power amplifier. 
• A transducer is a device that changes energy of one form to energy of 

another form. 
• The term cascade refers to a series of amplifiers where the output of 

one stage of amplification is connected to the input of the next stage of 
amplification. 

• The total gain of an amplifying system is the product of the individual 
amplifier gains. 
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• Power gain is generally used to describe the operation of the last stage
of amplification.

• Sound amplifying systems are usually evaluated on a logarithmic scale
because the human ear does not respond to sound levels in the same
manner as an amplifying system.

• A logarithmic scale is a nonlinear measurement scale where each major
division is a whole-number multiple of the previous major division.

• A common logarithm is expressed in powers of 10.
• The Bel (B) is the fundamental unit of sound-level gain.
• The decibel is one-tenth of a Bel.
• Power gain in decibels is determined by the formula AP =
10 log(Pout/Pin)S.

• The range of frequencies over which the gain remains relatively constant
is designated as the bandwidth.

• The gain of an amplifier over the range of frequencies specified by its
bandwidth is designated as the midband gain.

• The frequencies at which the power gain becomes half are designated as
the 3dB-down frequencies.

• Amplifiers generally have two 3dB-down frequencies – a lower fre-
quency designated as the low cutoff frequency, and a high frequency
designated as the high cutoff frequency.

• A Bode plot displays the power loss/gain relative to the midband gain as
a function of the frequency. By doing so, the midband gain is plotted on
the 0 dB or horizontal axis.

• In a multistage cascade connected amplifier, the bandwidth of the overall
system is obtained by identifying the range of frequencies for which the
gain of each individual amplifier remains at 0 dB. The BW of the overall
system is the portion of the combined frequency response curve where
the individual amplifier bandwidths completely overlap.

• Three methods of coupling amplifier stages are capacitive coupling,
direct coupling, and transformer coupling.

• To ensure amplification over a wide range of frequency, the capacitor to
be used as a coupling capacitor must have low capacitive reactance (XC)
at its lowest operating frequency.

• In a direct-coupled amplifier system, the output voltage of one amplifier
is the same as the input voltage of the second amplifier.

• Direct-coupled amplifiers are very sensitive to changes in temperature.
• Typically, no more than two stages of amplification are direct-coupled.
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• In a transformer-coupled amplifier system, the output of one amplifier 
stage is connected to the primary winding, and the input of the next 
amplifier stage is connected to the secondary winding. 

• A transformer that is used to couple an amplifier to a load device is called 
an output transformer. 

• An input transducer is used to change sound energy into electrical 
energy. 

• An output transducer is used to change electrical energy into sound 
energy. 

• Small high-frequency speakers are called tweeters. 
• The cone of a tweeter is generally made of a rather stiff material. 
• Large low-frequency speakers are called woofers. 
• The cone of a woofer is usually flexible. 

Formulas 

(10-1) Ap = log (Pout/Pin) (in Bels) Power gain. 
(10-2) Ap (dB) = 10log10 (Pout/Pin) Power gain in decibels.
 
(10-3) Pout = Pin × 100.1×AP
 

(10-4) AV = 20log10(Vout/V in) Voltage gain in decibels.
 
(10-5) BW = f 3dB−down (High) - f 3dB−down (Low) 

Npri(10-6) n = Nsec 
2 Zpri(10-7) n = Zsec 

Review Questions 

Answer the following questions. 

1. An antenna may serve as an input _____________ in an amplification 
system. 

(a) Transistor 
(b) Transducer 
(c) Capacitor 
(d) All of the above 

1. The term cascade with reference to an amplifier system signifies that the 
output of one stage of amplification is: 

(a) Very high 
(b) Very low 
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(c) Directly connected to the output of the final stage 
(d) Connected to the input of the next stage of amplification 

2. The gain of an amplifier	 ______________ over the entire range of 
frequencies that are applied to its input. 

(a) Remains constant 
(b) Does not remain constant 
(c) Is 0 
(d) All of the above 

3. The 3dB-down points with reference to the gain of an amplifier signify 
the frequency at which the power: 

(a) Reduces to half 
(b) Increase to double 
(c) Always reduces by 3 W 
(d) Always increases by 3 W 

4. A P–N junction of a transistor has __________ capacitive reactance at 
high frequencies. 

(a) Infinite 
(b) Significant 
(c) 0 
(d) All of the above 

5. Capacitive coupling between multistage amplifiers is designed to: 

(a) Block DC and AC 
(b) Pass DC and AC 
(c) Pass AC only 
(d) Pass DC only 

6. Two directly coupled BJTs housed in a single enclosure is called a(n): 

(a) Emitter follower 
(b) Push−pull amplifier 
(c) Complementary-symmetry amplifier 
(d) Darlington amplifier 

7. The bandwidth of a two-stage cascade connected amplifier system, in 
which the upper and lower cutoff frequencies of the first amplifier are 
completely contained within that of the second, in general is: 

(a) The same as that of the first amplifier 
(b) The same as that of the second amplifier 
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(c) Is the sum of the bandwidths of the two amplifiers 
(d) Is sum of the bandwidths of the two amplifiers 

8. The bypass capacitor in a transistor circuit can be replaced by a short 
circuit at: 

(a) Very low frequencies 
(b) Very high frequencies 
(c) At all frequencies 
(d) Can never be replaced by a short circuit 

9. A 3-dB power gain signifies that the output power is: 

(a) A quarter of the input power 
(b) Half the input power 
(c) Twice the input power 
(d) Quadruple the input power 

Problems 

Answer the following questions. 

1. An amplifier with a Pin of 0.25 W, and a Pout of 1.5 W, has a power gain 
within the range: 

a. 0-2 
b. 2.1-4 
c. 4.1-6 
d. 6.1-above 

2. The gain of an amplifier is specified to be 3 B. In terms of dB, this will 
be within the range: 

a. 1-10 dB 
b. 10.1-20 dB 
c. 20.1-40 dB 
d. 40.1-60 dB 

3. An amplifier with a V in(pp) of 0.5 V and a Vout(pp) of 2 V has a voltage 
gain in terms of dB within the range: 

a. 0-4 dB 
b. 4.1-8 dB 
c. 8.1-12 dB 
d. 12.1-above dB 
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4. Four amplifiers with voltage gains of 1, 2, 3, and 4 dB, respectively, are 
connected in series (cascaded) as part of a multistage amplifier system. 
The overall gain of the combined amplifier system would be in the 
range: 

a. 0-3 dB 
b. 3.1-6 dB 
c. 6.1-9 dB 
d. 9.1-above dB 

5. The bandwidth of amplifier P is specified to be 3 MHz and that of 
amplifier Q as 300 kHz. In which amplifier does the midband gain 
remain constant over a wider range of frequencies: 

a. P 
b. Q 
c. Both amplifiers 
d. Neither amplifier 

6. The bandwidth of an amplifier is 25 kHz, and the f 3dB−down (Low) is 5 
kHz. The f 3dB−down (High) would lie within the range: 

a. 0-10 kHz 
b. 10.1-20 kHz 
c. 20.1-30 kHz 
d. 30.1-above kHz 

7. The log of 30,000 is 

a. 0-4 dB 
b. 4.1-8 dB 
c. 8.1-12 dB 
d. 12.1-above dB 

8. An amplifier has power gain of 10 dB, and the input power is 1 W. How 
much times larger is the output power as compared to the input power: 

a. 0-5 
b. 5.1-10 
c. 10.1-15 
d. 15.1-above 

9. An amplifier with a rated output of 16 W is connected to a load of 4 Ω. 
The voltage across the load and the current through it are: 

a.  4 V, 4 A  
b.  8 V, 2 A  
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c. 12 V, 1.33 A 
d. 16 V, 1 A 

10. An amplifier has a voltage gain of 20, and a voltage output of 8V. 
Calculate the input voltage: 

a. 0-0.5 V 
b. 0.6-1 V 
c. 1.1-1.6 V 
d. 1.6-above V 

Answers 

Examples 

10-1. 120 
10-2. 2.78 
10-3. 40 
10-4. 42.958 dB 
10-5. 19,980 or 19.98 kHz 
10-6. 2400 Ω 

Self-Examination 

10.1 

1. stage 
2. power 
3. transducer 
4. cascade 
5. 60 
6. . power gain, or AP 

7. 10.97 
8. high and the low cutoff, or between the 3dB-down (High) and 3dB-down 

(Low) frequency 
9. octave 

10. loss 
10.2 
11. capacitive, direct, transformer (any order) 
12. large 
13. small 
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14. Darlington amplifier 
15. Darlington 
16. load 
10.3 
17. microphones, antennas (any order, other transducer possible) 
18. crystal, dynamic (any order) 
19. dynamic 
20. speaker 
21. voice coil 
22. tweeter, intermediate range (or midrange), woofer (any order) 

Terms 

Stage of amplification 

A transistor or IC amplifier and all the components needed to achieve 
amplification. 

Transducer 

A device that changes energy from one form to another. A transducer can be 
on the input or output. 

Cascade 

A method of amplifier connection in which the output of one stage of 
amplification is connected to the input of the next stage of amplification. 

Logarithmic scale 

A nonlinear scale of measurement where each major division is a whole-
number multiple of the previous major division. 

Common logarithm 

A logarithm that is expressed in powers of 10. 

Mantissa 

Decimal part of a logarithm. 

Bel (B) 

A measurement unit of gain that is equivalent to a 10:1 ratio of power levels. 
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Decibel (dB) 

One-tenth of a Bel. Used to express gain or loss. 

Midband gain 

The gain of an amplifier where it remains relatively constant over a certain 
range of frequencies. 

Cutoff or 3-dB down frequency 

The frequency where the power is reduced to half of the midband gain. 
Usually, amplifiers have two cutoff frequencies – one is the low cutoff 
frequency, and the other is the high cutoff frequency. 

Bandwidth 

The range of frequencies between the high and the low cutoff frequencies. 

Bode plot 

A plot of the overall gain of an amplifier compared to the midband gain for a 
certain range of frequencies. 

Capacitive coupling 

A method of coupling amplifier stages with capacitors. 

Direct coupling 

A method of coupling amplifier stages in which the output of one amplifier 
stage is connected directly to the input of the next amplifier stage. 

Darlington amplifier 

Two transistor amplifiers cascaded together for increasing the overall values 
of the current gain and input impedance. 

Transformer coupling 

A method of coupling amplifier stages in which the output of one amplifier is 
connected to the input of the next amplifier by mutual inductance. 

Output transformer 

A transformer that is used to couple an amplifier to a load device. 

Impedance ratio 

The AC resistance ratio between the input and output of a transformer. 
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Microphone 

A device that changes sound energy into electrical energy. 

Crystal microphone 

Input transducer that changes sound into electrical energy by the piezoelectric 
effect. 

Piezoelectric effect 

The property of a crystal material that produces voltage by changes in shape 
or pressure. 

Dynamic microphone 

An input transducer that changes sound into electrical energy by moving a 
coil through a magnetic field. 

Voice coil 

The electromagnetic part of a speaker. 

Tweeter 

A speaker designed to reproduce only high frequencies. 

Woofer 

A speaker designed to reproduce low audio frequencies with high quality. 

Intermediate range speaker 

A speaker that is designed to respond efficiently to frequencies at the center 
of the audio range. 
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Power Amplifiers
 

The last stage of an amplifying system is nearly always a power amplifier 
to drive some type of output device such as speakers. This type of amplifier 
is generally a low impedance device that controls a great deal of current and 
voltage. You should recall that power is the product of current and voltage. 
Normally, a power amplifier dissipates a great deal more heat than does a 
comparable signal amplifier. A power amplifier can typically handle 1 W 
or more of power and is generally designed to operate over its entire active 
region. Both the power amplifier and the output device typically have low 
impedance, providing proper matching. 

There are various types of power amplifier circuit configurations. Each 
type exhibits different operating characteristics. With careful selection of a 
power amplifier and circuit components, it is possible to achieve power gain 
with minimum distortion. This chapter discusses the single-ended power 
amplifier, push−pull amplifier, and complementary-symmetry amplifier. 

Objectives 

After studying this chapter, you will be able to: 

11.1 analyze the operational efficiency of a single-ended power amplifier; 
11.2 analyze the operational efficiency of class B and class AB push−pull 

power amplifiers; 
11.3 analyze the operational efficiency of a complementary-symmetry power 

amplifier; 
11.4 analyze and troubleshoot power amplifiers. 

Chapter Outline 

11.1 Single-Ended Power Amplifiers 
11.2 Push−Pull Power Amplifiers 

393
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11.3 Complementary-Symmetry Power Amplifiers 
11.4 Analysis and Troubleshooting – Power Amplifiers 

11.1 Single-Ended Transistor Power Amplifier
 

In this activity, a single low distortion power amplifier will be evaluated.
 

11.2 Complementary-Symmetry Power Amplifier
 

In this activity, a high efficiency power amplifier will be evaluated using
 
two complementary (NPN and PNP) transistors for amplifying an AC input
 
signal.
 

Key Terms 

complementary-symmetry amplifier 
crossover distortion 
efficiency 
single-ended amplifier 
transformer-coupled push−pull transistor amplifier 

11.1 Single-Ended Power Amplifiers 

A single-ended power amplifier is very similar in many respects to a small-
signal amplifier. It is normally operated as a class A amplifier. You should 
recall that the operating point of a class A amplifier is near the center of 
its active region. This causes the AC signal applied to the input to be fully 
reproduced in the output. As a general rule, this type of amplifier operates 
with a minimum of distortion. This section discusses the characteristics and 
design of the single-ended power amplifier. 

11.1 Analyze the operational efficiency of a single-ended power amplifier. 
In order to achieve objective 11.1, you should be able to: 

• calculate the operational efficiency of a single-ended power amplifier; 
• describe the characteristics of single-ended amplifier; 
• define single-ended amplifier and efficiency. 

An amplifier system that has only one amplifying device that develops output 
power is called a single-ended amplifier. Efficiency levels for a single-ended 
amplifier are in the range of 30%. Operational efficiency refers to a ratio of 
developed output power to DC supply power. This is often denoted by the 
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Greek symbol η (Eta). The equation for efficiency is
 

Pout
η = × 100%. (11.1)

Pin 

For example, a class A amplifier, with 9 W of DC  input power develops 3 
W of DC output power. The amplifier efficiency would be 33%. 

η = (Pout/Pin) × 100% 

= (3W/9W) × 100% 

= 0.33 × 100% 

= 33%. 

Signal-ended amplifiers, because of their low efficiency rating, are 
generally used only to develop low-power output signals. 

Figure 11.1 shows a single-ended audio output amplifier. The term audio 
refers to the range of human hearing. Audio frequency (AF) refers to fre
quencies that are from 15 to 15 kHz. This particular amplifier responds to 
signals somewhere within this range. 

A collector family of characteristic curves for the transistor used in the 
single-ended power amplifier is shown in Figure 11.2. Note that the power 
dissipation (PD) curve of this amplifier is 5 W. Remember that PD = IC × 
VCE and IC = PD/VCE. The points of IC along the curve are plotted at VCE 

points such as IC = PD/VCE = 5 W/25 V = 0.2 mA. The developed load lines 

Figure 11.1 Single-ended audio amplifier. 
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Figure 11.2 Collector family of characteristic curves for the single-ended audio amplifier in 
Figure 11.1. 

for the amplifier are well below the indicated PD curve. This means that the 
transistor can operate effectively without overheating. 

Investigation of the collector family of characteristic curves of this exam
ple shows that two load lines are plotted: DC and AC. The static or DC 
load line is based on the resistance of the transformer primary of 50 Ω. 
The resistance of the DC load line is 100 Ω, based on 12.5 VCC and 1.25 
mA of IC. This means that the DC load line extends almost vertically from the 
12.5-VCC point on the curve. The AC load line is determined with the primary 
winding impedance (50 Ω) and twice the value of VCE (25 V) compared to 
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the DC load line. The AC output signal is, therefore, twice the value of VCC. 
The operational points are 25 VCC and 500 mA of IC. Note the location of 
these operating points on the AC load line on the example. 

When an AC signal is applied to the input, it can cause a swing 12.5 V 
above and below VCC. The transformer, in this case, accounts for the voltage 
difference. A transformer is an inductor. When the electromagnetic field of an 
inductor collapses, a voltage is generated. This voltage is added to the source 
voltage. In an AC load line, VCE, therefore, swings to twice the value of 
the source voltage. This usually occurs only in transformer-coupled amplifier 
circuits. Note that the operating point (Q point) is near the center of the AC 
load line. 

With the load line of the amplifier is established, the base resistance value 
must be determined. For the circuit in Figure 11.1, the emitter voltage is zero. 
The emitter−base junction of the transistor, being silicon, has 0.7 V across 
it when it is in conduction. The base resistor, therefore, has 12.5 − 0.7 V, or 
11.8 V, across it at the Q point of the 50-Ω AC load line. By Ohm’s law, the 
value of RB is 11.8 V/2 mA, or 5900 Ω. A standard resistor value of 5.6 kΩ 
would be selected for RB. Note the location of this resistor in the circuit. 

With this data, it is possible to look at the operational efficiency of the 
single-ended amplifier. The DC power supplied to the circuit for operation is 

Pin = VCC × IC 

= 12.5 V  × 0.230 A 

= 2.87 W. 

The developed AC output power (Pout) is a peak-to-peak value. The VCE 

peak-to-peak value is 2.5−25 V, or 22.5 VPP. The IC peak-to-peak value is 
0−0.45 A, or 0.45 APP. 

To make a comparison in power efficiency, the peak-to-peak values must 
be changed to RMS values. Remember that an RMS AC value and a DC value 
do the same effective work. Conversion of peak-to-peak voltage to RMS is 
done by the following expression: 

VCE (rms) = (VPP/2) × 0.707. 
Therefore, 

VCE (rms) = (VPP/2) × 0.707 

= (22.5 VPP/2) × 0.707 

= 11.25 VPP × 0.707 

= 7.954 V. 
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For the RMS IC value, the conversion is 

IC (rms) = (IPP/2) × 0.707 

= (0.45 APP/2) × 0.707 

= 0.225 × 0.707 

= 0.159 A. 

The developed AC output power (Pout) is determined by the following 
formula: 

Pout = VCE (rms) × IC(rms) 

= 7.954 V × 0.159 A 

= 1.265 W. 

The operational efficiency of the single-ended amplifier of Figure 11.1 
is, therefore, determined by the ratio of the output power to the input power 
expressed as a percentage. 

Pout
η = × 100% 

Pin 

= (1.265 W/2.898 W) × 100% 

= 0.4365 × 100% 

= 43.65%, or44%. 

This shows that an amplifier of this type is only 44% efficient. It takes 
2.898 W of DC supply power to develop 1.2652 W of AC output power. 
This low operational efficiency does not make the single-ended amplifier very 
suitable for high-power applications. As a general rule, amplifiers of this type 
are used only where the required output is 10 W or less. The power wasted 
by a single-ended amplifier appears in the form of heat. Obviously, it would 
be very desirable to get more sound output and less heat during operation. 

Example 11-1: 

In the amplifier circuit given in Figure 11.1, if 2.5 W of input power is used 
for developing 1 W of  output power, calculate the efficiency of the amplifier. 
Solution 

Poutη = × 100Pin 
1W= × 1002.5W  

= 40.0%. 
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Related Problem 

In the amplifier circuit given in Figure 11.1, if the input power is 2.5 W and 
the efficiency is 80%, calculate the output power developed by this amplifier. 

Self-Examination 

Answer the following questions. 

1. The efficiency of a class A amplifier is very high: True/False. 
2. A class A amplifier is also called a __________________. 
3. In a class A BJT amplifier, the operating point is located: 

a. In the middle of the load line 
b. In the saturation region 
c. In the cutoff region 
d. Below the cutoff region 

4. What is the function of an output transformer in a class A amplifier? 

a. Pass DC signal 
b. Block amplified AC signal 
c. Impedance matching with load 
d. Collector biasing 

5. If the load connected to the output of a class A amplifier is shorted, the 
AC output will 

a. Be 0 V. 
b. Will have reduced current. 
c. Function normally 
d. Be amplified. 

11.2 Push – Pull Power Amplifiers 

Power amplifiers can also be connected in a push−pull circuit configuration. 
In this configuration, two amplifying devices are used and are biased at or 
near cutoff. The circuit is designed so that each amplifying device handles 
only one alternation of the sine-wave input signal. This produces an oper
ational efficiency that is much higher than that of a single-ended amplifier. 
This section discusses two types of push−pull amplifiers: class B and class 
AB. Class B amplifiers are biased at cutoff and class AB amplifiers are biased 
just above cutoff. 



400 Power Amplifiers 

11.2 Analyze the operational efficiency of class B and class AB push−pull 
power amplifiers. 

In order to achieve objective 11.2, you should be able to: 

• calculate the operational efficiency of class B and class AB push−pull 
amplifiers; 

• describe the characteristics of class B and class AB push−pull ampli
fiers; 

• define transformer-coupled push−pull transistor amplifier and crossover 
distortion. 

Class B Push−Pull Amplifiers 

A simplified transformer-coupled push−pull transistor amplifier is 
shown in Figure 11.3. The circuit is somewhat like two single-ended ampli
fiers placed back to back. The input and output transformers both have a 
common connection. The VCC supply voltage is connected to this common 
point. For operation, the base voltage must rise slightly above zero to produce 
conduction. The turn-on voltage is usually about 0.6 V. Base voltage is 
developed by the incoming signal between the center tap and outside ends of 
the transformer. The transistor does not conduct until the base voltage rises 
above 0.6 V. The secondary winding resistance of the input transformer (T1) 
is several thousand ohms. The divided transformer winding means that each 

Figure 11.3 Transformer-coupled class B push−pull amplifier. 
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transistor is alternately fed an input signal. The signals are of the same value 
but 180◦ out of phase. 

A class B push−pull amplifier produces an output signal only when an 
input signal is applied. For the first alternation of the input, the base of 
Q1 swings positive and the base of Q2 swings negative. Only Q1 goes into 
conduction with this input. Note the resulting waveform at the collector of 
Q1. At the same time, Q2 is at cutoff. The negative alternation drives it further 
into cutoff. The resulting IC from Q1 flows into the top part of the primary 
winding of T2. This causes a corresponding change in the electromagnetic 
field. Voltage is induced in the secondary winding through this action. Note 
the polarity of the secondary voltage for this alternation and the resulting 
output signal. 

For the next alternation of the input signal, the process is reversed. The 
base of Q1 swings negative. It becomes nonconductive. The base of Q2 

swings positive simultaneously. Q2 goes into conduction. Note the indicated 
IC of Q2 for this alternation. The IC of Q2 flows into the lower side of T2. It, 
in turn, causes the electromagnetic field to change. Voltage is again induced 
into the secondary winding. Note the polarity of the secondary voltage for 
this alternation. It is reversed because the primary current is in an opposite 
direction to that of the first alternation. 

Figure 11.4 shows a combined collector family of characteristic curves 
for Q1 and Q2. These transistors are operated as class B amplifiers. With each 
transistor operating at cutoff (point Q), only one alternation of output occurs. 
The entire active region of each transistor can be used in this case to amplify 
the applied alternation. The combined alternations make a noticeable increase 
in output power. 

Class B Push−Pull Amplifier Analysis 

Using the collector family of characteristic curves data of Figure 11.4, we  
will analyze the power output and operational efficiency of the push−pull 
amplifier. The combined change in IC for both Q1 and Q2 is 0.25 + 0.25 A, or 
0.5 APP. The combined change in collector voltage is 12 + 12 V or 24 VPP. 
The effective AC current and voltage values are 

VCE (rms) = (VPP/2) × 0.707 

= (24  VPP/2) × 0.707 

= 12 V  × 0.707 

= 8.484 V 

IC(rms) = (IAPP/2) × 0.707 
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Figure 11.4 Combined collector family of characteristic curves for the push−pull amplifier 
in Figure 11.3. 

= (0.5 APP/2) × 0.707 

= 0.25 A × 0.707 

= 0.177 A. 

The effective power output is 

Pout = VCE (rms) × IC(rms) 
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= 8.484V × 0.177A 

= 1.499W, or ∼1.5 W  

The operating DC power of this push−pull amplifier must be determined 
to evaluate its operating efficiency. The DC supply voltage, VCC, is 12.5 V. 
The value of IC changes from 0 to 0.25 A in each transistor. The value of 
IC (rms) is, therefore, 

IC (rms) = ΔIC × 0.707 

= 0.25 A × 0.707 

= 0.177 A. 

The average DC operating power (Pin) is equal to the DC voltage times 
the current flow. This value is 

Pin = Vdc (in) × Idc (in) 

= 12.5 V  × 0.177 

= 2.21 W. 

The operational efficiency of the push−pull amplifier in Figure 11.3 is, 
therefore, 

η = (Pout/Pin) × 100% 

= (1.5 W/2.21 W) × 100% 

= 0.679 × 100% 

= 67.9%. 

This means that it takes nearly 2 W of DC  input power to develop 1.5 
W of AC output power. This type of operation is very good. The operational 
efficiency of a push−pull amplifier is much better than that of a comparable 
class A power amplifier. Its efficiency does not effectively change with the 
value of the signal-level input. The power output of a push−pull amplifier 
can be nearly four times the output of a single-ended class A power amplifier. 
Push-pull output circuitry is used primarily to develop high-power signal 
levels. 

Example 11-2: 

Determine the efficiency of a push−pull amplifier with VCC = 9 V, power  
output = 1.75 W, and IC varying from 0 to 300 mA. 
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Solution 

IC(rms) = ΔIC×0.707 Pin = Vdc (in) ×Idc (in) η = (Pout/Pin)×100% 

= 0.3 A×0.707 = 9 V×0.212 = 1.75 W/1.91 W 

×100% 

= 0.212 A = 1.91 W = 91.6%. 

Related Problem 

Calculate the operational efficiency of a push−pull amplifier with VCC = 12  
V, power output = 1.6 W, and IC varying from 0 to 0.2 A. 

Crossover Distortion 
Class B push−pull amplification has a very good operating efficiency and 
does a good job in reproducing high-power signals. It does, however, have 
a distortion problem when conduction changes back and forth between each 
transistor. This distortion is at the midpoint of the signal. The term crossover 
distortion is used to describe this condition. Figure 11.4 shows crossover 
distortion near the center of the IC and VCE waveforms. In sound-amplifying 
systems, the human ear is able to detect crossover distortion. 

Crossover distortion is due to the nonlinear characteristic of a transistor 
when it first goes into conduction. The emitter−base junction of a transistor 
responds as a diode. A silicon diode does not go into conduction immedi
ately when it is forward biased. It takes approximately 0.6 V to produce 
conduction. This means that no current flowed between 0 and 0.6 V of 
base−emitter voltage (VBE). Figure 11.5 shows the input characteristic of 
a silicon transistor. Note the nonlinear area between 0 and 0.6 V. 

When a transistor is cut off, there is no conduction of base current 
or collector current. When it is forward biased, conduction does not start 
immediately. There is a slight delay until 0.6 VBE is reached. In a push−pull 
amplifier circuit, this initial delay causes distortion of the input signal. Dis
tortion occurs when the input signal crosses from the conducting transistor to 
the off-transistor. One transistor is turning off and the other starts to conduct. 
The trailing edge of the off-transistor and the leading part of the on-transistor 
cause some distortion of the waveform. As a general rule, this distortion is 
very noticeable in small input signals. It is less noticeable in large signals. 

Class AB Push−Pull Amplifiers 
Crossover distortion can be reduced by changing the operating point of a 
transistor. If each transistor is forward biased by 0.6 V, there will not be 
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Figure 11.5 Input characteristic of a silicon transistor. 

any noticeable crossover distortion. A transistor biased slightly above cutoff 
is considered to be a class AB amplifier. Operation of this type prevents 
the base−emitter voltage from reaching the nonlinear part of the curve. 
Figure 11.6 shows the operating point of a class AB amplifier on an input 
curve and its location on a load line. The load line also shows operating points 
for class A and class B operations. 

The operational efficiency of a class AB amplifier is not quite as good 
as that of a class B amplifier. There is some conduction when no signal 
is applied. The operating point of a class AB amplifier is usually held to 
an extremely low conduction level. Its operational efficiency is much better 
than that of a class A amplifier. In a sense, class AB operation is a design 
compromise to minimize distortion at a reasonable efficiency level. 

A class AB push−pull amplifier is shown in Figure 11.7. The circuit 
is very similar to that of the class B amplifier of Figure 11.3. A divider 
network composed of RB1 and RB2 is used to bias transistors Q1 and Q2. 
The secondary winding resistance is rather low compared to the values of 
RB1 and RB2. Resistors RE1 and RE2 are used to establish emitter bias. The 
circuit actually has divider bias and emitter bias combined. Emitter biasing 
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Figure 11.6 Transistor characteristics and operating point. (a) Input characteristic for a 
silicon transistor. (b) Bias operating points on a load line. 
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Figure 11.7 Transformer-coupled class AB push−pull amplifier. 

is generally used to provide thermal stability for the two transistors. An 
amplifier connected in this manner is used for high-power audio systems. 
Low-power versions of this circuit are widely used in small transistor radios. 

Self-Examination 

Answer the following questions. 

6. The main advantage of a class B push−pull amplifier over a class A 
amplifier is: 

a. Greater power output can be obtained 
b. Harmonic distortion 
c. Output transformer saturation reduction 
d. Reduced distortion of signal 

7. The main disadvantage of a class B push−pull amplifier over a class AB 
push−pull amplifier is: 

a. Frequency response reduction 
b. Harmonic content reduction 
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c. Output transformer saturation reduction 
d. Crossover distortion 

8. The un-bypassed emitter resistor in an audio frequency amplifier causes 

a. Increased amplification 
b. Reduced gain 
c. Distortion 
d. No change in frequency response 

9. Which class of amplifiers has the lowest operating efficiency? 

a. Class A 
b. Class B 
c. Class AB 
d. All amplifier classes 

10. Which class of amplifiers has the best operating efficiency? 

a. Class A 
b. Class 
c. Class AB 
d. All amplifier classes 

11.3 Complementary-Symmetry Power Amplifiers 

The complementary-symmetry power amplifier is designed with comple
mentary transistors. Complementary transistors are PNP and NPN types 
with similar characteristics. The availability of complementary transistors 
has made the design of transformerless power amplifiers possible. Power 
amplifiers designed with these transistors have an operating efficiency and 
linearity that is equal to that of a conventional push−pull circuit. Since the 
complementary-symmetry amplifier does not use transformers, component 
cost and weight are reduced. 

11.3 Analyze the operational efficiency of a complementary-symmetry 
power amplifier. 

In order to achieve objective 11.3, you should be able to: 

• describe the characteristics of a complementary-symmetry amplifier; 
• define complementary-symmetry amplifier. 

An elementary complementary-symmetry amplifier is shown in 
Figure 11.8. This circuit responds as a simple voltage divider. Transistors 
Q1 and Q2 serve as variable resistors with the load resistor (RL) connected 
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Figure 11.8 Class B complementary-symmetry amplifier. 

to their common center point. When the positive alternation of the input 
signal occurs, it is applied to both Q1 and Q2. This alternation causes Q1 to 
be conductive and Q2 to be cut off. Conduction of Q1 causes it to be low 
resistant. This connects the load resistor to the +VCC supply. Capacitor Q2 

charges in the direction indicated by the solid-line arrows. Note the direction 
of the resulting current through the load resistor. The polarity of voltage 
developed across RL is the same as the input alternation. This means that the 
input and output signals are in phase. This is typical of a common-collector, 
or emitter-follower, amplifier. 

When the negative alternation of the input occurs, it goes to both Q1 and 
Q2. The negative alternation reverse biases Q1. This causes Q1 to become 
nonconductive. Q2, however, becomes conductive. A positive voltage going 
to the base of an NPN transistor causes it to become low resistant. The 
positive charge on C2 from the first alternation forward biases the emitter 
of Q2. With Q2 being low resistant, C2 discharges through it to ground. The 
dashed arrows show the discharge current of C2. The resulting current flow 
through RL causes the negative alternation to occur. The negative alternation 
of the input, therefore, causes the same polarity to appear across RL. Q2 is also 
connected as an emitter-follower. In effect, conduction of Q1 causes C2 to 
charge through RL, and conduction of Q2 causes it to discharge. The applied 
input is reproduced across RL. 
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Biasing for Q1 and Q2 is achieved by a voltage-divider network consisting 
of R1, R2, and R3. Each transistor is biased to approximately 0.6 V above 
cutoff. This biasing must make the emitter junction of Q1 and Q2 one-half 
of the value of VCC when no signal is applied. The voltage drop across R2 

should be 1.2 V if the two transistors are silicon. The voltage drop across R2 

is quite small compared to that across R1 and R3. The voltage across R1 and 
R3 must be of an equal value to set the emitter junction at VCC/2. To assure 
proper current output, the values of R1 and R3 are based on transistor beta (β) 
and RL. This is determined by the following formula: 

R1 = R3 = β × RL (11.2) 

R1 = R3 = β × RL 

= 100 × 8 Ω  

= 800 Ω. 

Therefore, R1 and R3 are 800 Ω. The current flow through this network 
(In (in)) is determined by the following formula: 

In (in)  = VCC/(R1 + R3). (11.3) 

Therefore, 

In (in)  = VCC/(R1 + R3) 

= 24 V/(800 + 800 Ω) 

= 24 V/1600Ω 

= 15  mA. 

The value of R2 is then determined by the Ohm’s law expression 

R2 = V2/In (in)  

= 1.2 V/15 mA 

= 80Ω. 

V2 is the voltage value used when Q1 and Q2 are silicon transistors. The 
base−emitter voltage (VBE) is 0.6 V for each transistor. V2 is, therefore, 0.6 
VBE plus 0.6 VBE, or 1.2 V. The value of V2 is 0.4 V if germanium transistors 
were used in the circuit. 
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If the NPN and PNP transistors used in a complementary-symmetry 
amplifier were interchanged, the polarity of the supply voltage would also 
need to be reversed. This will ensure that the normal biasing conditions 
needed for transistor operation are met. 

Example 11-3: 

In the complementary-symmetry amplifier shown in Figure 11.8, if a load 
resistance is changed from 8 to 10 Ω, determine the values of the biasing 
resistors R1, R2, and R3 so that the amplifier will respond properly. 
Solution 

1) R1 = R3 = β × RL
 

= 100 × 10 Ω
 
= 1000 Ω.
 

2) The current flow through this network (In (in)) is  
In (in)  = VCC/(R1 + R3)
 
= 24 V/(1000 Ω + 1000 Ω)
 
= 24 V/2000 Ω
 
= 12 mA. 
  

3) The value of R2 is then determined by the Ohm’s law expression
 
R2 = V2/In (in) 
  
= 1.2 V/12 mA
 
= 100 Ω.
 

Related Problem 
In the complementary-symmetry amplifier shown in Figure 11.8, if the  

supply voltage is changed from 24 to 12 V, determine the values of the biasing 
resistors R1, R2, and R3 so that the amplifier will respond properly. 

Self-Examination 

Answer the following questions. 

11. The	 complementary-symmetry amplifier is also known an a(n) 
_____________________. 

12. An amplifier with a PNP and an NPN transistor coupled together is 
called a(n) _____________________. 

13. The term “symmetrical” when used with an amplifier means that 
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14. The complementary-symmetry amplifier circuit configuration uses: 

a. 1 NPN and 1 PNP transistor 
b. 2 NPN transistors 
c. 2 PNP transistors 
d. 1 NPN transistor 

15. If the characteristics of the PNP and NPN transistors are different, how 
would a complementary-symmetry amplifier respond: 

a. No change in amplified signal. 
a. Asymmetrical amplification of AC input waveform 
a. No output 
a. 180◦ phase shift 

11.4 Analysis and Troubleshooting – Power Amplifiers 

The performance of a power amplifier is evaluated by examining the applied 
input and observing the resulting output waveform. Ideally, there should be 
some level of amplification. Faults in an amplifier may occur when its input 
is overdriven (excessive amplitude) or when the value of the load impedance 
connected to it changes excessively. Faults in the operation of the amplifier 
are indicated by the value and shape of the output waveform. If little or 
no amplification occurs, or the output waveform is distorted, this indicates 
a faulty condition. In this section, a power amplifier will be examined to 
determine its amplification level and possible faulty conditions. 

11.4 Troubleshoot power amplifiers. 
In order to achieve objective 11.4, you should be able to: 

• observe the input and output AC waveforms of a power amplifier on an 
oscilloscope; 

• distinguish between normal and faulty operation of a power amplifier. 

Power Amplifier Troubleshooting 

An amplifier can be damaged by excessive load current. This occurs when 
there are changes in the value of the load being driven by the amplifier. Load 
mismatches in audio amplifier systems for example occur when additional 
speakers are connected to the existing system. Generally, this causes exces
sive current to be drawn from the amplifier, which could cause overheating 
of the components. Extended periods of such overload conditions may cause 
permanent damage to the amplifier. 
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Distortion occurs in amplifier systems when the amplitude of AC input 
waveform applied is in excess of its rated input value. This type of distortion 
causes overdriving of the transistors used in the amplifier, causing parts of the 
amplified waveform to be clipped. Examining the output amplified signal on 
an oscilloscope will indicate when this distortion occurs. 

Faulty components in an amplifier will cause distortion, excessive 
heating, reduced efficiency, and even complete loss of amplification. 
When replacing the components of an amplifier, the replacements should 
have similar operating characteristics. Mismatched transistors, for example, 
in a complementary-symmetry power amplifier will cause asymmetrical 
amplification. 

Summary 

• A single-ended amplifier operates as a class A amplifier and has an 
operating efficiency of approximately 30%. 

• Efficiency refers to a ratio of developed output power to DC supply 
power and is expressed by the formula η = (Pout/Pin) × 100%. 

• A single-ended audio amplifier responds to frequencies from 15 to 15 
kHz; this frequency range is known as audio frequency. 

• The term audio refers to the range of human hearing. 
• A push−pull amplifier can operate as a class B or class AB amplifier 

and has an operating efficiency of about 80%. 
• The bias operating point of the two	 transistors used in a class B 

push−pull amplifier is at cutoff; therefore, each transistor handles only 
one alternation of the sine-wave input signal. 

• A class AB push−pull amplifier is biased slightly above cutoff; this 
helps to reduce distortion. 

• Complementary-symmetry amplifiers use a PNP and an NPN transistor 
with similar characteristics. 

• Complementary-symmetry amplifiers have an operating efficiency and 
linearity that is equal to that of a conventional push−pull circuit. 

• Component cost and weight are reduced with complementary-symmetry 
amplifiers because they do not incorporate a transformer. 

Formulas 

(11-1) η = (Pout/Pin) × 100% Efficiency.
 
(11-2) R1 = R3 = β × RL R1 and R3 values (complementary-symmetry
 
amplifier).
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(11-3) In (in)= VCC/(R1 + R3) Network current (complementary-symmetry 
amplifier). 

Review Questions 

Answer the following questions. 

1. A transistor bias slightly above cutoff is a class ______ amplifier. 

a. A 
b. B 
c. AB 
d. All of the above 

2. If the AC input applied to an amplifier is excessively large, the AC output 
voltage will be: 

a. Normal 
b. Distorted 
c. 0 V 
d. Supply voltage 

3. If the load connected to the amplifier is very high (low impedance), the 
current drawn from it will: 

a. Remain unchanged 
b. Increase 
c. Decrease 
d. Be the full supply voltage 

4. In the complementary-symmetry amplifier shown in Figure ??, if the 
capacitor C1 to which the in the AC input is applied, becomes open, 
how will the AC output be affected: 

a. 0 V 
b. The negative half of the waveform will not be present 
c. The positive half of the waveform will not be present 
d. Have reduced amplitude 

5. In the complementary-symmetry amplifier shown in Figure ??, if the 
capacitor C2 through which output is connected becomes open, how will 
the AC output be affected: 

a. 0 V 
b. The negative half of the waveform will not be present 
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c. The positive half of the waveform will not be present 
d. Have reduced amplitude 

6. In the class B push−pull amplifier characteristic curves shown in 
Figure 11.4, the reason that crossover distortion occurs is that: 

a. The transistors are biased close to the middle of operating region 
b. The transistors are biased close to the cutoff region 
c. The transistors are biased in the saturation region 
d. There is no biasing 

7. In the class B push−pull amplifier characteristic curves shown in 
Figure 11.4, the crossover distortion can be reduced by: 

a. Changing the transistor biasing point by 0.6 V 
b. Biasing the transistor below cutoff 
c. Biasing the transistor at full supply voltage 
d. Biasing the transistor in the saturation region 

Problems 

Answer the following questions. 

1. The input voltage of an amplifier is 0.5 V and the output voltage is 50 V. 
The voltage gain of this amplifier is: 

a. 0−5 
b. 5.1−10 
c. 10.1−50 
d. 50.1−above 

2. The input power of an amplifier is 5 W is used to develop 4 W of output 
power. The efficiency of this amplifier is: 

a. 0%−20% 
b. 20.1%−60% 
c. 60.1%−80% 
d. 80.1%−100% 

3. Referring to the complementary-symmetry amplifier circuit in	 Fig
ure 11.8, if the value of the current gain changes from 100 to 80, what 
will be the values of the biasing resistors R1 and R3? 

a. 90 Ω 
b. 180 Ω 
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c. 360 Ω 
d. 500 Ω 

4. Referring to the push−pull amplifier characteristic curves given in 
Figure 11.4, if the peak-to-peak value of the amplified output voltage 
changes from 24 to 20 V, determine the RMS of the output: 

a. 0.5−2 V  
b. 2.1−5 V  
c. 5.1−8 V  
d. 8.1−above 

5. Referring to the push−pull amplifier characteristic curves given in Fig
ure 11.4, if the RMS of the collector current flow changes from 0.17 to 
0.25 A, calculate the peak-to-peak current, IC(PP): 

a. 0.1−0.5 A 
b. 0.51 V to 0.8 A 
c. 0.81−1 A  
d. 1.1 A - above 

Answers 

Examples 

11-1 2 W 
11-2 IC(rms) = 0.141 A, Pin = 1.697 W, η = 94.29% 
11-3 R1 = R3 = 1000 Ω, R2 = 200 Ω 

Self-Examination 

11.1 

1. False, the efficiency is low for class A amplifiers 
2. Single-ended amplifier 
3. a. In the middle of the load line 
4. d. Impedance matching with the load 
5. a. 0 V when the output is shorted 

11.2 
6. a. Greater efficiency and, hence, greater output 
7. d. Class B has increased crossover distortion 
8. c. Distortion owing to change in the biasing 
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9. a. Class A amplifiers have the lowest efficiency 
10. b. Class B amplifiers have the highest operating efficiency 
11.3 
11. Emitter follower 
12. Complementary-symmetry amplifier 
13. Amplification of the input AC signal is identical for both halves of the 

waveform 
14. a. 1 NPN and 1 PNP transistor 
15. b. Non-symmetrical amplification would occur if the transistor charac

teristics are not matched exactly. 

Terms 

Single-ended amplifier 

A power amplifier that has only one active device operates as a class A 
amplifier and has an operating efficiency of about 30%. 

Efficiency 

A ratio of developed output power to DC supply power. 

Transformer-coupled push−pull transistor amplifier 

A power amplifier that is somewhat like two single-ended amplifiers placed 
back to back. The input and output transformers both have a common con
nection. It operates as a class B amplifier and has an operational efficiency of 
approximately 80%. 

Crossover distortion 

The distortion of an output signal at the point where one transistor stops 
conducting and another conducts. 

Complementary-symmetry amplifier 

A power amplifier that uses NPN and PNP transistors having similar oper
ating characteristics, for amplifying each half (alternation) of the AC input 
waveform. It operates as a class B amplifier and has an operational efficiency 
of approximately 80%. 
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Thyristors
 

The term thyristor refers to a rather general classification of solid-state 
devices that are used as electronic switches and power control devices. 
Thyristors can be two-, three-, or four-terminal devices. Thyristors operate 
through a type of regenerative feedback. When conduction is initiated, the 
device latches, or holds in, its on-state. Momentarily removing or reducing 
the energy level of the source stops conduction or switches to the off-state. 

In general, thyristors are classified as voltage controlled switches. The 
two major classifications of thyristors are unidirectional and bidirectional. 
Unidirectional refers to conduction in only one direction, and bidirectional 
refers to conductions in two directions. Bidirectional thyristors provide some 
very efficient power control capabilities. The diac and triac are examples of 
bidirectional thyristors. The SCR, UJT, PUT, SCS, and GTO are examples of 
unidirectional thyristors. This chapter discusses the conductivity capabilities 
and applications of all of these thyristors. 

Thyristors should not be confused with bipolar junction transistors or 
field-effect transistors. Transistors, in general, are capable of performing 
switching operations. As a rule, these devices are not as efficient as thyris
tors and do not have the power-handling capability. Thyristors are used as 
power control devices, whereas transistors are primarily used in amplifying 
applications. 

Objectives 

After studying this chapter, you will be able to: 

12.1 analyze the operation of an SCR in DC and AC power control circuits; 
12.2 analyze the operation of a triac in DC and AC power control circuits; 
12.3 analyze the operation of a diac in AC power control circuits; 
12.4 analyze the operation of a UJT in pulse-triggered circuits; 
12.5 analyze the operation of a PUT in pulse-triggered circuit; 

419
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12.6 analyze the operation of SCS and GTO thyristors; 
12.7 analyze and troubleshoot thyristors. 

Chapter Outline 

12.1 Silicon Controlled Rectifiers 
12.2 Triacs 
12.3 Diacs 
12.4 Unijunction Transistors 
12.5 Programmable Unijunction Transistors 
12.6 Gate Turn-Off Thyristors 
12.7 Analysis and Troubleshooting – Thyristors 

12-1 Silicon Controlled Rectifier (SCR) Testing 

In this activity, the leads of an SCR will be identified and its condition 
evaluated. 

13-2 SCR Power Control 

In this activity, an SCR power control circuit will be analyzed. 

13-3 Triac Testing 

In this activity, the leads of a triac will be identified and its condition
 
evaluated.
 

13-4 Triac Power Control
 

In this activity, a triac power control circuit will be analyzed.
 

13-5 Programmable Unijuction Transistor (PUT) Testing
 

In this activity, the leads of PUT will be identified, and its condition evaluated.
 

Key Terms 

alternation 
bidirectional triggering 
conduction time 
contact bounce 
forward breakover voltage 
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holding current 
interbase resistance 
internal resistance 
intrinsic standoff ratio 
latching 
negative resistance region 
off-state resistance 
triggering 
turn-on time 

12.1 Silicon Controlled Rectifiers 

One of the first thyristors to be developed is the silicon controlled rectifier 
(SCR). The SCR is a solid-state counterpart of the older thyratron gaseous 
tube. The term thyristor is derived from the words thyratron and transistor. 
An SCR is classified as a reverse-blocking triode thyristor. The term triode 
means three electrodes or leads. Reverse blocking refers to conduction in 
only one direction. An SCR is, therefore, a three-electrode device with 
unidirectional power control capabilities. It is similar in size to a comparable 
silicon power diode and is used primarily as a switching device. 

12.1 Analyze the operation of an SCR in DC and AC power control 
circuits. 

In order to achieve objective 12.1, you should be able to: 

• interpret the I–V characteristics of an SCR; 
• describe the physical construction of an SCR; 
• explain how an SCR is biased to make it operational; 
• explain the fundamental operation of an SCR; 
• identify an SCR in a specific circuit application; 
• define	 internal resistance, off-state resistance, triggering, latching, 

alternation, turn-on time, forward breakover voltage, holding current, 
and conduction time. 

SCR Construction 

An SCR is a solid-state device made of four alternating layers of P-type 
and N-type material. Three P–N junctions are formed by the structure. 
A schematic symbol and the crystal structure of an SCR are shown in 
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Figure 12.1. Note that the device has a PNPN structure from anode to 
cathode and that three distinct P–N junctions are formed. 

Each SCR has three leads or terminals. The anode and cathode terminals 
are similar to those of a regular silicon diode. The third lead is called the gate. 
The gate determines when the device switches from its off-state to its on-state. 
An SCR will usually not go into conduction by simply forward biasing 

Figure 12.1 SCR crystal. (a) Symbol. (b) Structure. 
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the anode−cathode. The gate must be forward biased at the same time. 
When these conditions occur, the SCR becomes conductive. The internal 
resistance of a conductive SCR is less than 19 Ω. Its off-state resistance or 
reverse resistance is generally in excess of 1 MΩ. 

When the anode is made positive and the cathode negative, junction 1 (J1) 
and junction 3 (J3) are forward biased, and junction 2 (J2) is reverse biased. 
Reversing the polarity of the source alters this condition: J1 and J3 become 
reverse biased, and J2 becomes forward biased. This condition does not 
permit conduction. Conduction occurs only when the anode, cathode, and 
gate are forward biased simultaneously. 

SCRs are usually small, are rather inexpensive, waste very little power, 
and require practically no maintenance. The SCR is available in a full range 
of types and sizes to meet nearly any power control application and in current 
ratings from less than 1 A to over 1400 A. Voltage values range from 15 to 
2600 V. Some representative SCRs are shown in Figure 12.2. Only a few 
of the more popular packages are shown here. As a general rule, the anode is 
connected to the largest electrode if there is a difference in their physical size. 
The gate is usually smaller than the other electrodes. This is because only a 
small gate current is needed to achieve control. In some packages, the SCR 
symbol is used for lead identification. 

SCR Operation 

Operation of an SCR is not easily explained by using the four-layer PNPN 
structure of Figure 12.1(b). A rather simplified method has been developed 
which describes the crystal structure as equivalent to two interconnected 
transistors. Figure 12.3 shows this imaginary division of the crystal. Note 
that the top three crystals form a PNP device. Two parts of each transistor are 
interconnected. 

Figure 12.4 shows how the two-transistor equivalent circuit and the 
PNPN structure of an SCR respond when voltage is applied. Note that the 
anode is made positive and the cathode negative. This condition forward 
biases the emitter of each transistor and reverse biases the collector. Without 
base voltage applied to the NPN transistor, the equivalent circuit is noncon
ductive. No current flows through the load resistor. Reversing the polarity of 
the voltage source will not alter the conduction of the two circuits. The emitter 
of each transistor is reverse biased by this condition. This means that no con
duction takes place when the anode and cathode are reverse biased. With only 
anode−cathode voltage applied, no conduction occurs in either direction. 
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Figure 12.2 Representative SCR packages. 

Assume that the anode and cathode of an SCR are forward biased, as 
indicated in Figure 12.4. If the gate is momentarily made positive with 
respect to the cathode, the emitter−base junction of the NPN transistor 
becomes forward biased. This action, called triggering, immediately causes 
collector current to flow in the NPN transistor. As a result, base current also 
flows into the PNP transistor. This, in turn, causes a corresponding collector 
current to flow. PNP collector current now causes base current to flow into the 
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Figure 12.3 Equivalent SCR. 

Figure 12.4 SCR response. 

NPN transistor. The two transistors, therefore, hold their state when the gate 
is disconnected. This is called latching. In effect, when conduction occurs, 
the device latches in the on-state. Current continues to flow through the SCR 
as long as the anode−cathode voltage is of the correct polarity. 
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To turn off a conductive SCR, it is necessary to momentarily remove or 
reduce the anode−cathode voltage. This action turns off the two transistors. 
The device then remains in this state until the anode, cathode, and gate are 
forward biased again. With AC applied to an SCR, it automatically turns off 
during one alternation of the input. For 60-Hz AC, the SCR is switched on 
and off 60 times per second. Control is achieved by altering the turn-on time 
during the conductive or on alternation. 

SCR I–V Characteristics 

The I–V characteristics of an SCR tell a great deal about its operation. In 
Figure 12.5, the I–V characteristics show that an SCR has two conduction 
states. Quadrant I shows conduction in the forward direction. This shows 
how conduction occurs when the forward breakover voltage is exceeded. 
Forward breakover voltage (VBO) is the voltage at which a device such as 
an SCR or triac goes into conduction in quadrant I of its I–V characteristics. 

Figure 12.5 I–V characteristics of an SCR. 
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Note that the curve returns to approximately zero after the VBO has been 
exceeded. When conduction occurs, the internal resistance of the SCR drops 
to an extremely small value. This value is similar to that of a forward-biased 
silicon diode. The conduction current, or anode−cathode current (IAK), must 
be limited by an external resistor. This current, however, must be great enough 
to maintain conduction when it starts. The holding current level must be 
exceeded for this to take place. The holding current (IH) is the current level 
that must be achieved to latch or hold an SCR or triac in the conductive state. 
Note that the IH level is just above the knee of the IAK curve after it returns 
to the center. 

Quadrant III of the I–V characteristics shows the reverse breakdown 
condition of operation. This characteristic of an SCR is very similar to that 
of a silicon diode. Conduction occurs when the peak reverse voltage (PRV) 

Figure 12.6 Gate-current characteristics of an SCR. 
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value is reached. Normally, an SCR will be permanently damaged if the PRV 
is exceeded. SCRs have PRV ratings of 25−2000 V. 

For an SCR to be used as a power control device, the forward VBO must 
be altered. Changes in gate current cause a change in the VBO. This occurs 
when the gate is forward biased. An increase in IG causes a large reduction in 
the forward VBO. An enlargement of quadrant I of the I–V characteristics is 
shown in Figure 12.6. This shows how different values of IG change the VBO. 
With zero IG, it takes a VBO of 400 V to produce conduction. An increase 
in IG reduces this quite significantly. With 7 mA of IG, the SCR conducts as 
a forward-biased silicon diode. Lesser values of IG cause an increase in the 
VBO needed to produce conduction. 

The gate-current characteristics of an SCR show a very important 
electrical operating condition. For any value of IG, there is a specific VBO 

that must be reached before conduction can occur. This means that an SCR 
can be turned on when a proper combination of IG and VBO is achieved. This 
characteristic is used to control conduction when the SCR is used as a power 
control device. 

Example 12-1: 

Refer to Figure 12.6. With a gate current of 2 mA, what is the forward 
breakover voltage of the SCR? 
Solution 

(1) Find the value of gate current (IG = 2 mA) along the horizontal axis of 
the I–V characteristic curve. 

(2) Project vertically to the horizontal axis to find forward breakover voltage 
- VBO = 250 V. 

Related Problem 

Refer to Figure 12.6. Find the VBO values for (1) IG = 6 mA, (2) IG = 4 mA  
(3) IG = 1 mA, and (4) IG = 0 mA. 

SCR Power Control 

When an SCR is used as a power control device, it responds primarily as 
a switch. When the applied source voltage is below the forward breakover 
voltage, control is achieved by increasing the gate current. Gate current is 
usually made large enough to ensure that the SCR will turn on at the proper 
time. Gate current is generally applied for only a short period of time. In many 
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Figure 12.7 DC power control switch. 

applications, this may be in the form of a short-duration pulse. Continuous IG 

is not needed to trigger an SCR into conduction. After conduction occurs, the 
SCR will turn off only when IAK drops to zero. 

DC Power Control 

Figure 12.7 shows an SCR used as a DC power control switch. In this 
circuit, a small gate current controls a rather high load current. Note that 
the electrical power source, VS, is controlled by the SCR. This is achieved by 
making the anode positive and the cathode negative. 

When the circuit switch is initially closed, the load is not energized. In this 
situation, the VBO is greater than VS. Power control is achieved by closing 
SW-1. This forward biases the gate. If a suitable value of IG occurs, VBO 

decreases and the SCR turns on. When the IG is removed, the SCR remains in 
conduction. To turn the circuit off, the circuit switch is momentarily opened. 
With the circuit switch closed again, the SCR remains in the off-state. The 
SCR will go into conduction again by closing SW-1. 

SCR DC power control applications require two switches to achieve 
control. This application of the SCR is not very practical. The circuit switch 
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Figure 12.8 DC power control circuit. 

would need to be capable of handling the load current. The gate switch could 
be rated at an extremely small value. If several switches were needed to 
control the load from different locations, this circuit would be more practical. 

More practical DC power circuits can be achieved by adding a number 
of additional components. Figure 12.8 shows a DC power control circuit 
with one SCR controlled by a second SCR. SCR-1 controls the DC load 
current. SCR-2 controls the conduction of SCR-1. In this circuit, switching of 
a high-current load is achieved with two small low-current switches. SCR-1 
can be rated to handle the load current. SCR-2 can have a rather small current-
handling capacity. Control of this type can probably be achieved with a 
smaller current than a circuit employing a large electrical contactor switch. 

Operation of the DC control circuit of Figure 12.8 is based on the 
conduction of SCR-1 and SCR-2. To turn on the load, the start pushbutton 
is momentarily closed. This forward biases the gate of SCR-1. The VBO is 
reduced, and SCR-1 goes into its conduction state. This action also causes 
C1 to charge to the indicated polarity. The load remains energized as long as 
power is supplied to the circuit. 

Turn-off of SCR-1 is achieved by pushing the stop button. This momen
tarily applies IG to SCR-2 and causes it to be conductive. This, in turn, causes 
C1 to be connected across SCR-1. The charge on C1 is momentarily applied 
to the anode−cathode of SCR-1. This reduces the VAK of SCR-1 and causes 
it to turn off. The circuit will remain in the off-state until the start button 
energizes it. An SCR power circuit of this type can be controlled with two 
small pushbuttons. As a rule, control of this type is more reliable and less 
expensive than a DC electrical contactor circuit. 
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Example 12-2: 

Describe the procedure to turn on the load of the SCR circuit of Figure 12.8. 
Solution 

(1) Press START PB to momentarily close. 
(2) Gate of SCR-1 is forward biased. 
(3) VBO of SCR-1 is reduced. 
(4) SCR-1 goes into conduction. 
(5) C1 charges to cause the 6-V lamp load to remain energized. 

Related Problem 

Describe the step-by-step procedure to turn off the load of the SCR circuit of 
Figure 12.8. 

AC Power Control 

AC power control applications of an SCR are very common. As a rule, 
control is very easy to achieve. The SCR automatically turns off during one 
alternation of the AC input. This eliminates the turnoff problem with the DC 
circuit. The load of an AC circuit sees current only for one alternation of the 
AC input cycle. In effect, an SCR power control circuit has half-wave output. 
The conduction time of an alternation can be varied with an SCR circuit. 
Variable output is achieved through this method of control. 

A simple SCR power control switch is shown in Figure 12.9. Connected 
in this manner, conduction of AC only occurs when the anode is positive, 
the cathode is negative, and SW-1 is closed. When SW-1 is closed, current 
flows through the gate of the SCR. The value of IG lowers the VBO value to 
the point where the SCR becomes conductive. The gate resistor (RG) limits 
the peak value of IG. Diode D1 prevents reverse voltage from being applied 
between the gate and cathode of the SCR. With SW-1 closed, the gate is 
forward biased for only one alternation. This is the same alternation that 
forward biases the anode−cathode. With a suitable value of IG, and correct 
anode−cathode voltage (VAK), the SCR becomes conductive. 

The AC power control switch of Figure 12.9 is designed primarily to 
take the place of a mechanical switch. With a circuit of this type, it is 
possible to control a rather large amount of electrical power with a relatively 
small switch. Control of this type is very reliable. The switch does not have 
mechanical contacts that spark and arc when changes in load current occur. 
Control of this type, however, is only an on−off function. 
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Figure 12.9 SCR AC power control switch. 

SCRs are used widely to control the amount of electrical power supplied 
to a load device. Circuits of this type respond very well to 60-Hz AC. This 
type of circuit is called a half-wave SCR phase shifter. Figure 12.10 shows 
a simplified version of the variable power control circuit. 

Operation of the variable power control circuit is based on the charge 
and discharge of capacitor C1. Assume that the positive alternation occurs. 
Point A will be positive, and point B will be negative. This forward biases the 
SCR. The SCR will not turn on immediately; however, because there is no 
gate current. Capacitor C1 begins to charge through R1. In a predetermined 
amount of time, the gate voltage builds to where the gate current is great 
enough to turn on the SCR. D1 is forward biased by the capacitor voltage. 
IG then flows through D1. Once the SCR goes into conduction, it continues 
for the remainder of the alternation. Current flows through the load. In effect, 
turn-on of the SCR is delayed by the values of R and C. Remember that time 
(t) = R  × C and is referred to as the RC time constant. 

When the negative alternation occurs, point A becomes negative and point 
B goes positive. This reverse biases the SCR. No current flows through the 
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Figure 12.10 Phase-control SCR circuit and waveforms. (a) Applied AC. (b) 0◦ delay. (c) 
45◦ delay. (d) 90◦ delay. (e) 135◦ delay. (f) 180◦ delay. 

load for this alternation. This voltage, however, forward biases D2. Capacitor 
C1 then discharges very quickly through D2. This bypasses the resistance of 
R1. The capacitor is reset or in a ready state for the next alternation. The 
process repeats itself for each succeeding cycle. 

A change in the resistance of R1 alters the conduction time of the SCR 
power control circuit. When R1 is increased, C1 cannot charge as quickly 
during the positive alternation. It, therefore, takes more time for C1 to build 
its charge voltage. This means that the turn-on of IG is delayed for a longer 
time. As a result, conduction of the SCR is delayed at the beginning of the 
alternation. See waveform (c) of Figure 12.10. The resulting load current 
for this condition is somewhat less than that of the waveform in (b). Variable 
control of the load is achieved by altering the conduction time of the SCR. 

A further increase in the resistance of R1 causes more delay in the turn-
on of the SCR during the positive alternation. Waveforms in (d), (e), and (f) 
show the result of this change. The waveform in (d) has a 90◦ delay of SCR 
conduction time. The waveform in (e) shows a 135◦ delay in the conduction 
time. If the value of R1 is great enough, the SCR will delay its turn-on for the 
full alternation. The waveform in (f) shows a 180◦ turn-on delay. Note that the 



434 Thyristors 

load does not receive any current for this condition. Control of this circuit is 
from full conduction, as in waveform (b), to 180◦ delay, as in waveform (f). 

Power control with an SCR is very efficient. No power is lost in the 
negative portion of the AC alternation when the SCR is not conducting. By 
controlling or delaying the switching time of the gate during the positive 
portion of the AC alternation, varying amounts of power will be developed by 
the load. If no delay of the conduction time occurs, the load develops power 
during the entire positive alternation. This is equivalent to 50% of the power 
developed by the load. Recall that 100% of the power is developed by the load 
if it receives both halves of the AC waveform. If conduction is delayed 90◦ , 
the load develops only a quarter, or 25%, of its potential power. If the gate 
of the SCR is triggered during the negative half alternation of the AC input, 
its operation is not affected since the SCR is reverse biased. It is important to 
note that nearly all the power controlled by the circuit is applied to the load 
device. Very little of it is consumed by the SCR. In variable power control 
applications, it is extremely important that the load be supplied to its full 
value of power. With an SCR control circuit, very little power is consumed 
by the other components. By delaying the turn-on time of conduction, power 
can be controlled with the highest level of efficiency. 

Example 12-3: 

In the SCR circuit given in Figure 12.10 if the conduction is delayed by 270◦ 

(which is in the negative half-cycle), how much power is developed by the 
load? 

The load will not develop any power. This is because the SCR is reverse 
biased in the 180◦−270◦ range and triggering the gate will not cause it to 
conduct. 

Related Problem 

In the SCR circuit given in Figure 12.10, if the conduction is delayed by 
180◦, how much power is developed by the load? 

Self-Examination 

Answer the following questions. 

1. An SCR has three leads, which are known as the _____, _____, and 
_____. 



12.2 Triacs 435 

2. An SCR will not go into conduction by simply (forward, reverse) biasing 
the anode−cathode. 

3. An SCR has _____ junctions and _____ semiconductor layers. 
4. The internal resistance of an SCR is (high, low) after triggering. 
5. The internal resistance of an SCR is (high, low) before it is triggered. 
6. To turn off a conductive SCR, the _____ voltage must be momentarily 

removed or reduced. 
7. When AC is applied to the anode−cathode of an SCR, it will automati

cally turn off during one _____. 
8. Conduction of an SCR occurs during quadrant (I, II, III, IV) of the I–V 

characteristics. 
9. Conduction of an SCR occurs when the _____ voltage is exceeded. 

10. Reverse breakdown of an SCR occurs in quadrant (I, II, III, IV) of the 
I–V characteristics. 

11. A(n)	 _____ in gate current will cause a decrease in the forward 
breakover voltage of an SCR. 

12. The gate−cathode of an SCR must be _____ biased to produce gate 
current. 

13. A suitable value of _____ current lowers the forward breakover voltage 
of an SCR to produce conduction. 

14. The _____ loses control over the anode−cathode after an SCR has been 
triggered into conduction. 

15. When the _____ current of an SCR is reached or exceeded, the SCR 
latches or continues conduction. 

12.2 Triacs 

Alternating current power can be efficiently controlled with a special device 
that switches conduction on and off during each alternation. Control of this 
type is accomplished with a thyristor known as a triac. A triac is classified 
as a bidirectional triode thyristor. A triac is better described as a triode AC 
switch. Conduction is triggered by a gate signal like it is with the SCR. A 
triac, however, is the equivalent of two reverse-parallel-connected SCRs with 
one common gate. Conduction can be achieved in either direction with an 
appropriate gate current. AC can be controlled efficiently and accurately with 
this device. 
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12.2 Analyze the operation of a triac in DC and AC power control 
circuits. 

In order to achieve objective 12.2, you should be able to: 

• interpret the I–V characteristics of a triac; 
• describe the physical construction of a triac; 
• explain how a triac is biased to make it operational; 
• explain the fundamental operation of a triac; 
• identify a triac in a specific circuit application; 
• define bidirectional triggering and contact bounce. 

Triac Construction 

Figure 12.11 shows the crystal structure, junction diagram, and schematic 
symbol of a triac. Note that the crystal structure of this device forms an 
NlP1N2P2 structure between T1 and T2. The gate is commonly connected 
to the P1 -N4 junction. From T2 to T1, the crystal structure is N3P2N2Pl. The 
gate of this structure uses N4 of the P1 -N4 junction. This shows that T1, T2, 
and the gate are in either an NPNP or a PNPN combination, depending on the 
voltage of T1 and T2. 

Figure 12.11 Junction diagram and schematic symbol of a triac. 
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Selection of the crystal combination is based on the polarity of the applied 
voltage. When T1 is negative, Nl is forward biased and P1 is reverse biased. 
Current carriers flow easily through the forward-biased material and not into 
the reverse-biased material. This means that the NPNP or PNPN combination 
and the appropriate gate voltage for initiating conduction are selected by 
source voltage polarity. For AC, the polarity changes with each alternation. 
Thus, one structure combination responds for one alternation and the other 
structure combination responds for the other alternation. 

Triac Operation 

Functionally, a triac is classified as a gate-controlled AC switch. Conduc
tion is achieved by selecting an appropriate crystal combination. Selection 
depends on the polarity of the source. During one alternation, conduction is 
through a PNPN combination. Conduction for the next alternation is through 
an NPNP combination. The crystal selection process is achieved automat
ically. P-type and N-type materials are jointly connected to each terminal. 
Selection is made according to the polarity of a specific alternation. 

In normal operation, the circuit of a triac must be designed so that it goes 
into conduction only by action of the gate. The gate of a triac responds as a 
nonlinear low-impedance junction similar to that of a forward-biased diode. 
Triggering of the gate must, therefore, be achieved by some type of low-
impedance source. The gate junction usually requires a rather sizable current 
to produce triggering. This means that the G-T1 junction is current-sensitive 
rather than voltage-sensitive. Most triacs, for example, require a hundred or 
more milliamperes of IG for a few microseconds to be triggered into conduc
tion. Several things can be done to develop this amount of IG. A capacitor is 
usually discharged into the gate circuit to initiate the triggering process. As 
a rule, this necessitates some type of low-power, on−off switching device to 
produce a suitable value of IG. The device must respond equally well to both 
alternations of the AC input. 

The applied source voltage for a triac circuit must, therefore, be of a value 
that is somewhat less than that normally needed to overcome the operating 
VBO. This characteristic, therefore, becomes a critical factor when selecting 
a triac for a specific control function. Transient pulses or uncontrolled line 
voltage spikes must also be limited to avoid uncontrolled triggering of a triac. 
A special bidirectional triggering device known as a diac is generally used 
in triac circuits to limit voltage spikes to amplitude levels that will not damage 
or trigger the gate junction. These devices are discussed in the next section of 
this chapter. 
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Triac I–V Characteristics 

When AC is applied to a triac, T2 is positive and T1 is negative for one 
alternation. For the next alternation, T2 is negative and T1 is positive. The 
I–V characteristics of a triac must, therefore, show how it responds during 
both alternations of the AC source. Figure 12-12 shows the typical I–V 
characteristics of a triac. Operation in quadrant I occurs when T2 is positive 
and T1 is negative. This represents the forward conduction mode of operation. 
Quadrant III denotes reverse conduction. T2 is made negative and T1 positive 
for operation in quadrant III. The breakover voltage (VBO) in quadrant I or 
quadrant III is usually quite large when the gate current is zero. Ordinarily, a 
triac is not designed for conduction when the gate is zero. 

When gate current is applied to a triac, it lowers the VBO. This action 
permits conduction to be achieved at a lower voltage. In quadrant I, either a 
positive or negative gate voltage produces gate current. Positive gate voltage 
tends to be more sensitive to triggering than negative values. When a suitable 
value of IG occurs, the triac is triggered into conduction. IT flows through T1, 

Figure 12.12 I–V characteristics of a triac. 
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the P1 material, and the N2 -P2 region, which is forward biased by T2. This 
current continues for the remainder of the alternation when it moves into the 
holding current region of the I–V characteristics. 

During the negative alternation of the source, T1 is positive and T2 is 
negative. Quadrant III displays this condition of operation. With no gate 
current, the reverse VBO is quite large. No conduction occurs unless an 
extremely high value of VBO is reached. This voltage value, like that of 
quadrant I, is usually avoided in normal circuit operation. When IG occurs, 
it lowers the reverse VBO to a value that can cause conduction. In some 
triacs, either a positive or negative gate voltage may be used to bias the gate. 
Ordinarily, a positive VG is avoided in most applications. A negative VG is, 
therefore, used to bias the gate and produce IG. Conduction is triggered and 
IG flows from T2, through N3, P2, N2, P1, and T1. The N2 -P1 junction sees a 
significant increase in current when IG flows in the gate. This current added 
to that of the N3 -P2 junction lowers the VBO and causes full conduction to 
occur. The resulting I–V characteristic is thus a mirror image of conduction 
in quadrant I. 

Due to the dual polarity of the gate, T1 and T2 of a triac have four 
possible trigger polarity combinations. The table shown in Figure 12.13 lists 
these combinations as trigger modes and representative gate current (IG) 
triggering values. Quadrant I operation has T1 negative and T2 positive. 
Note that the positive gate voltage produces an IG that is smaller than that 
of the negative voltage IG. This indicates that the triac is more sensitive to 
the positive voltage value in quadrant I. Quadrant III operation occurs best 
when T1 is positive and T2 is negative. In this quadrant, the triac is more 
sensitive to a negative voltage polarity. Ordinarily, the positive VG mode 
of operation is avoided in most circuit applications. Some manufacturers 
recommend that their triacs not be used in this triggering mode. A common 

Figure 12.13 Trigger modes of a triac. 
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practice used in selecting the most sensitive mode of operation is to match 
the polarity of the gate with the polarity of T2. 

Some manufacturers have special-function triacs that are designed for 
operation in the III+ operational mode. This device generally has a special 
number designation or code to denote its unusual sensitivity. For example, 
a manufacturer lists a standard triac as an SC141B. A device designed for 
III+ operation is numbered SC141BI3. The specialized triac is usually more 
expensive than a standard triac. 

Example 12-4: 

Refer to the triac I–V characteristics of Figure 12.12 and triac trigger modes 
of Figure 12.13. What value of gate current is required for triac conduction 
in quadrant I – with T2 positive, T1 negative, and gate negative? 

Solution 

Refer to Figure 12.13 and locate required IG = 10−20 mA. 

Related Problem 

Refer to Figures 12.12 and 12.13. What values of IG are required for the 
following: 1) quadrant III−, T2−, T1+, and G−; 2) quadrant I+, T2+, T1−, 
and G+. 

Triac DC Power Control 

DC control of a triac is achieved the same way as it is for an SCR. In 
general, DC gate control of a triac is not very practical. Conduction can 
be delayed for only the first 90◦ of one alternation. After this point of the 
alternation, conduction will be either on or off for the last 90◦, depending 
on the gate current. The resulting output of the two alternations is quite 
different. Quadrants I and III do not have the same sensitivity to gate current. 
In quadrant III, the gate current must be greater to cause triggering. This, 
in effect, causes a slightly different triggering level for each alternation. In 
most devices, a positive gate voltage in quadrant III will not permit any con
duction during the negative alternation. Figure 12.14 shows a circuit of this 
type. 

As a general rule, there is no reason to use DC control to change the 
operation of a triac. The variable DC source would need to be supplied from 
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Figure 12.14 DC control circuit for a triac. (a) Basic circuit. (b) Source voltage and 
conduction current waveforms. 

a battery or by a rectified power supply and would still produce half-wave DC 
output. Control of this type is only about 25% effective. AC control of a triac, 
by comparison, is 100% effective and can be supplied from the same source. 

Triac AC Power Control 

Triacs are widely used to control AC power. In this application, the triac 
is designed to respond as a switch. Through this switching action, it is 
possible to control the AC source for a portion of each alternation. If a 
triac is in conduction for both alternations of the source voltage, 100% of 
source power is delivered to the load device. Conduction for half of each 
alternation permits 50% control of the power. When conduction is for one-
fourth of each alternation, the load receives only 25% of its normal power. It 
is possible through this device to control from 0% to 100% of the electrical 
power applied to a load device. Electrical power control with this device is 
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very efficient. Very little power is actually consumed by a triac when it is used 
as a power control device. 

Phase Shifter 

With AC control of a triac, it is possible to achieve a 180◦ delay of the 
conduction time. For this to be achieved, two distinct AC signals must be 
applied to the triac. The AC source represents one of these signals. It is 
applied to T1 and T2 and must not be shifted in phase or altered. The second 
AC signal is used to control the conduction time of a triac by altering +VBO 

and –VBO. This signal is controlled by a phase shifter and can be changed 
from 0◦ to 90◦ or 0◦ to 180◦, depending on its design. This type of control 
produces a change in the phase relationship that exists between the two 
signals. The gate control signal of a triac must be made to lag behind the 
source voltage to be used effectively as a control factor. 

Figure 12.15 shows two distinct phase-control circuits used to alter 
the conduction time of a triac. The single-leg circuit of Figure 12.15(a) 
achieves approximately 90◦ of conduction time delay. The bridge phase-
shifter circuit of Figure 12.15(b) permits 100% control from full conduction 
to 180◦ of delay, or nonconduction. A diac is used in the gate of both circuits. 

Figure 12.15 AC phase control of a triac. (a) With single-leg phase shifter. (b) With bridge 
phase shifter. 
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This device permits the gate to be triggered into conduction in either direction 
when the applied voltage reaches a specific value. 

Figure 12.16 shows six different conditions of operation of an AC 
bridge-controlled triac. In the 0◦ delay condition of operation, a full sine 
wave is developed as an output signal. The gate voltage and terminal voltage 
are in phase, which causes immediate conduction without delay. The power 
output (Pout), which is determined by multiplying the terminal voltage (VT) 
times the terminal current (IT), is at its maximum output level during this 
condition of operation. 

If the gate voltage applied to a triac is shifted 45◦ behind VT, the output 
current is delayed. At the 45◦ point, the gate signal reaches the zero voltage 
level and causes conduction. Conduction current in this case is reduced 
somewhat because IG occurs for less than the full sine wave. 

The same process achieves delay of conduction time for the remaining 
four conditions of operation. In the 180◦ delay condition, however, no output 
is achieved because IT is zero. The triac is nonconductive for this condition 
of operation. By shifting the phase of the gate voltage with respect to T1 and 
T2, it is possible for a triac to achieve full control of the AC power output. 
Control of this type is easy to achieve, efficient, and can be done effectively 
with a minimum of costly components. 

Example 12-5: 

Refer to Figure 12.16 – AC control conditions of a triac. Describe the 
conduction of a triac with 0◦ delay. 

Solution 

Refer to Figure 12.16(a) and note that a full sine wave is developed as the 
output since gate voltage and terminal voltage are in phase. 

Related Problem 

Refer to Figure 12.16. Describe the conduction of the triac with 90◦ delay. 

Static Switch 

The use of a triac as a static switch in AC power control is primarily an 
on−off operation. Control of this type has a number of advantages over 
mechanical load-switching techniques. A large load current can, for example, 
be controlled with a small gate-current switch. This type of switching has no 
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Figure 12.16 AC control conditions of a triac. (a) 0◦ delay. (b) 45◦ delay. (c) 90◦ delay. (d) 
135◦ delay. (e) 165◦ delay. (f) 180◦ delay. 
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contact bounce problems. Contact bounce occurs when a mechanical switch 
is turned on and the contacts are forced together. This causes the contacts 
to open and close several times before making firm contact. With a static 
switch, contact arcing and switch deterioration are reduced to a minimum. 
Static switching is usually very easy to achieve. Only a small number of 
components are needed to achieve control. In general, static triac switching 
has no moving parts, is very efficient, and can be achieved at a nominal cost. 
It is a very important alternative to power control switching. 

Two very elementary triac static switch applications are shown in 
Figure 12.17. The circuit in Figure 12.17(a) shows a load being controlled 
by a triac that is energized into conduction by a small SPST toggle switch. 
This switching operation could be accomplished with a wide variety of small 
switching devices. When the switch is closed, AC is applied to the gate. 
Resistor R2 limits the gate current to a reasonable operating value. With AC 
applied to the gate, current flows during both alternations. During the positive 
alternation, T2 and G are positive, and T1 is negative. Gate current and 
T2 -T1 voltage occur at the same time. The triac is triggered into conduction 
without a delay. Conduction continues for the remainder of the alternation. 
At the zero crossover point, the triac is turned off. The negative alternation 
then causes T2 and G to be negative and T1 to be positive. Conduction is 
again initiated without a delay. Conduction continues for the remainder of 
the negative alternation. At the zero crossover point or end of the negative 
alternation, the triac is again turned off. The process is then repeated for each 
succeeding alternation. Control is continuous as long as the gate switch is 
on and T1 and T2 are energized. Turn-off is achieved by opening the SPST 
switch. 

Figure 12.17(b) is a very simple three-position static switch. In position 
1, the gate is open and the power to the load is off. In position 2, gate 
current flows only during the positive alternation. The triac is triggered into 
conduction only during the positive alternation. The load is energized for only 
one alternation or has a half-wave output. Only 50% of the source energy 
is supplied to the load in this switch position. In position 3, gate current 
flows for both alternations of the AC source. The load is energized for both 
alternations and receives full power from the source. The load of this circuit 
could be one or more incandescent lamps, a heating element, or a universal 
motor. 
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Example 12-6: 

Refer to Figure 12.17(b) – Triac static switch. Describe the operation of the 
circuit with the three-position switch in position 3. 

Figure 12.17 Triac static switch circuits. (a) Static switch. (b) Three-position static switch. 
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Solution 

The gate current (IG) flows during both alternations of the AC source. The 
load is energized during both alternations and receives full power from the 
source. 

Related Problem 

Refer to Figure 12.17(b) and describe the operation of the triac static switch 
with the three-position switch in position 2. 

Self-Examination 

Answer the following questions. 

16. A triac is the equivalent of two reverse-parallel-connected _____ with a 
common gate. 

17. In a triac, crystal selection is achieved automatically according to the 
_____ of the applied source voltage. 

18. According to Figure 12.11, the crystal structure from T1 to T2 is _____. 
19. According to Figure 12.11, the crystal structure from T2 to T1 is _____. 
20. The breakover voltage of a triac in quadrants I and III is at its highest 

value when the gate current is _____. 
21. Gate current (lowers, raises) the breakover voltage of a triac in either 

direction of operation. 
22. According to the trigger mode chart of Figure 12.13, triac operation is 

more sensitive when T2 is +, T1 is −, and G is (+, −). 
23. According to the trigger mode chart of Figure 12.13, triac conduction 

in quadrant III is best when T2 is −, T1 is +, and G is (+, −). 
24. By shifting the phase of the _____ voltage with respect to T1 and T2, it  

is possible to achieve full control of AC power output. 
25. When a triac is not conducting, the voltage across T1 and T2 is equal to 

the _____ voltage. 

12.3 Diacs 

Special AC diodes, known as diacs, have been developed for triac triggering. 
A diac is a bidirectional diode that can be triggered into conduction by 
reaching a specific voltage value. A diac goes into conduction at precisely 
the same positive and negative voltage level. For voltage values less than 
the trigger level, the device is nonconductive. This section discusses diac 
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construction and operation and how the diac is used to trigger a triac into 
conduction. 

12.3 Analyze the operation of a diac in AC power control circuits. 
In order to achieve objective 12.3, you should be able to: 

• interpret the I–V characteristics of a diac; 
• describe the physical construction of a diac; 
• explain how a diac is biased to make it operational; 
• explain the fundamental operation of a diac; 
• identify a diac in a specific circuit application. 

Diac Construction and Operation 

The crystal structure of this device is basically the same as an NPN transistor 
with no base connection. N1 and N2 are identical in nearly all respects so that 
the two junctions match operating characteristics in either direction. 

Figure 12.18 shows the crystal structure and schematic symbol of a 
diac. Note that the two leads are labeled terminal 1 and terminal 2 instead 
of the conventional anode−cathode designations. When T1 is negative and 
T2 is positive, the N1 -P2 junction is forward biased and N2 -P2 junction is 
reverse biased. When the breakover voltage of N2 -P2 is reached, the entire 
structure is triggered into conduction. This is the equivalent of reaching the 
Zener voltage of a Zener diode. 

Reversing the polarity of the source voltage causes T1 to be positive 
and T2 negative. The N2 -P2 junction is now forward biased and the N1 -P2 

junction is reverse biased. When the breakover voltage in this direction is 
reached, the structure again becomes conductive. Ordinarily, the breakover 
voltage is symmetrical in either direction. 

Diac I–V Characteristics 

The I–V characteristics of a diac are shown in Figure 12.19. Note that 
the breakover voltage and resulting current are the same in quadrant I and 
quadrant III. When T1 is made positive and T2 is made negative, this 
device does not conduct until the breakover voltage is reached. For exam
ple, for a type ST-2 diac, triggering occurs at 28 V ±10%. Reversing the 
polarity of T1 and T2 causes an identical triggering action as shown in 
quadrant III. 
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Figure 12.18 Crystal structure and schematic symbol of a diac. 

After the breakover voltage of a diac has been reached, current conduc
tion occurs very quickly. A resistor placed in series with the device limits the 
conduction current to a safe operating level in either direction as determined 
by the manufacturer’s specifications. The voltage across a diac also decreases 
quite readily as it increases in conduction. This conduction is known as the 
negative-resistance characteristic of the diac. The pronounced curve that 
takes place after VBO is reached shows this characteristic in both quadrants. 
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Figure 12.19 I–V characteristics of a diac. 

Example 12-7: 

Refer to Figure 12.19 – I–V characteristics of a diac. Describe the conduction 
of the diac in quadrant I. 

Solution 

When T1 is positive and T2 is negative, the diac does not conduct until VBO1 

is reached. After the VBO1 value is reached, the diac begins to conduct. 

Related Problem 

Refer to Figure 12.19 and describe the conduction of the diac in quadrant III. 

Diac−Triac Power Control 

An elementary full-wave AC power control circuit employing a diac and a 
triac is shown in Figure 12.20. The diac is used in an RC circuit to trigger 
the triac into conduction. Operation is based on the polarity of the applied AC 
source. The circuit is connected so that T2 and the gate of the triac are of the 
same polarity. The gate is connected to capacitor C1 through the diac. Gate 
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Figure 12.20 Full-wave triac power control circuit. 

current is developed when the capacitor voltage builds to a value that triggers 
the breakover voltage of the diac. Discharging C1 causes gate current. The 
polarity of the charge on C1 is determined by the alternation of the source. 

Assume that the positive alternation of the source occurs first. This 
makes point A positive and B negative. Capacitor C1 begins to charge to 
the voltage source through R1. At the same time, T2 is made positive and 
T1 negative. When the charge voltage of the capacitor exceeds the breakover 
voltage on the diac, C1 discharges. The values of C1, R1, and the AC source 
determine the amount of gate current and the duration of the discharge pulse. 
Typical values of IG are 50 mA or more for approximately 30 ms. The 
polarity of the charge on the top plate of C1 is positive for this alternation. 
The discharge of C1 causes current to flow from the bottom plate of C1 to 
T1 through the gate, the diac, and to the top plate of C1. This discharge 
current or IG triggers the triac into conduction. Current then flows into the 
load during this alternation. Delay of the conduction time is controlled by 
the resistance value of R1. A low-resistance setting causes zero or no delay, 
whereas a high-resistance setting may cause delay for some value up to the 
end of the alternation. 

For the negative alternation of the source, A is negative and B is positive. 
Capacitor C1 again charges to its source voltage through R1. In this case, 
the charge polarity is reversed because of the alternation change in the 
source. At the same moment, T2 is made negative and T1 positive. When 
the charge voltage of the capacitor exceeds the breakover voltage of the diac, 
C1 discharges. Discharge current flows from the top plate of C1, through the 
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diac, the gate, T1, and returns to the lower plate of C1. This IG triggers the 
triac into conduction during the negative alternation. Current flows through 
the lamp and into the triac from the source. Delay of conduction time is again 
based on the value setting of R1. Control of this alternation is nearly the same 
as that of the positive alternation. 

Example 12-8: 

In the triac circuit given in Figure 12.20 if the conduction is delayed by 90◦ 

(in the positive half-cycle), and at 270◦ (in the negative half-cycle), how much 
power is developed by the load? 

The load will develop a half or 50% of the power possible. This is because 
the triac will begin conducting at 90◦ which is in the positive half-cycle and 
will switch off when the positive half of the alteration ends, 90◦ later (at 
180◦). This will cause the load to develop 1/4th or 25% of the power. The 
triac will begin conducting again at 270◦ which is in the negative half-cycle 
and will switch off when the negative half of the alternation ends, 90◦ later 
(at 360◦). This also will cause the load to develop 1/4th or 25% of the power. 
Taken together, the power developed by the load over an entire cycle will be 
25% + 25% = 50%. 

Related Problem 

In the triac circuit given in Figure 12.20, if the conduction is delayed by 0◦ 

and 180◦, how much power is developed by the load? 

Self-Examination 

Answer the following questions. 

26. A(n) _____ is a bidirectional diode that can be triggered into conduction 
with voltage. 

27. The two leads of a diac are labeled _____ and _____. 
28. The breakover voltage of a diac is the same in quadrants _____ and 

_____ of the I–V characteristics. 
29. In Figure 12.20, the diac is connected so that the _____ and T2 are of 

the same polarity. 
30. In Figure 12.20, the gate voltage triggering time is determined by the 

values of _____ and _____. 
31. In Figure 12.20, when the capacitor voltage (VC) exceeds the VBO of 

the diac, it triggers the gate of the triac to produce _____. 
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12.4 Unijunction Transistors 

A unijunction transistor is a three-terminal, single-junction solid-state device 
that has unidirectional conductivity. UJTs are commonly used to trigger an 
SCR into conduction and in oscillator applications. A unique characteristic 
of the UJT is its negative resistance characteristic. The term UJT refers to the 
single P–N junction in the UJT’s basic construction. 

12.4 Analyze the operation of a UJT in pulse-triggered circuits. 
In order to achieve objective 12.4, you should be able to: 

• interpret the I–V characteristics of a UJT; 
• describe the physical construction of a UJT; 
• explain how a UJT is biased to make it operational; 
• explain the fundamental operation of a UJT; 
• identify a UJT in a specific circuit application; 
• define	 interbase resistance, negative resistance region, and intrinsic 

standoff ratio. 

UJT Construction 

Figure 12.21 shows the crystal structure and schematic symbol of a unijunc
tion transistor. A small bar of N-type silicon is mounted on a ceramic base. 
Leads attached to the silicon base are called base 1 (B1) and base 2 (B2). The 
emitter (E) is formed by fusing an aluminum wire to the opposite side of the 
silicon bar. The emitter is oriented so that it is closer to B2 than to B1. The 
emitter and the silicon bar form a P–N junction. The arrow of the UJT symbol 
Points iN, which indicates that the emitter is a P-type material and the silicon 
bar is an N-type material. The arrow of the symbol is slanted to distinguish 
the UJT from the N-channel JFET symbol. 

The triggering of a UJT depends on changes in the conductivity of the 
E-B1 junction. When the E-B1 junction is forward biased, electrons leave 
the silicon bar and move into the P-type material of the emitter. This action 
causes holes to appear in the silicon bar at the B1 region. Electrons pulled 
from the negative side of the source attached to B1 fill the injected holes. In 
effect, this causes an increase in the conduction of the E-B1 junction. This 
region, referred to as RB1, then becomes low resistant. A sudden change in 
RB1 causes a corresponding change in B1 -B2 current. 

To understand the internal resistance of a UJT, look at Figure 12.22, 
which shows an equivalent circuit of the UJT. When the E-B1 junction is 
reverse biased, RB1 and RB2 are of practically the same resistance value. 
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Figure 12.21 Unijunction transistor crystal structure and schematic symbol. 

Figure 12.22 Equivalent of a UJT. 

Forward biasing of the E-B1 junction, however, causes the resistance of the 
junction to change to a rather small value. The E-B2 junction resistance is not 
changed by the action of the E-B1 junction. As a result, E-B1 responds as a 
voltage-controlled variable resistor, whereas E-B2 remains at a fixed value. 
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The interbase resistance, or  RBB, is a combination of RB1 and RB2. It  
ranges from 4 Ω to 10 kΩ. The interbase voltage, or  VBB, appears across 
B1 and B2. Emitter voltage (VE) causes an emitter current (IE) when E-B1 is 
forward biased. No IE flows when E-B1 is reverse biased. 

UJT Operation 

The operation of a UJT is quite different from other solid-state devices. When 
the emitter is reverse biased, B1 -B2 responds as a simple voltage divider. The 
resistance of RBB is at its maximum value. Any IE that flows at this time is 
due to the leakage current of E-B1. When the emitter is forward biased, RBB 

drops to a very small value. A change in E-B1 voltage, therefore, causes a 
significant change in RBB. The current flow between B1 and B2 increases in 
value, and VBB decreases in value. 

Normal operation of the UJT has B1 grounded or connected to the neg
ative side of the source voltage and B2 connected to the positive side. This 
voltage causes an interbase current flow between B1 and B2. Internally, VBB 

divides across the interbase resistance of RB1 and RB2. For example, if RB1 

is 4 kΩ and RB2 is 6 kΩ, the voltage across RB1 is 0.4 of VBB and RB2 is 0.6 
of VBB. It is not possible to measure these two voltage values because the 
junction point of RB1 and RB2 does not exist. However, the fractional value 
of voltage that appears across RB1 is called the intrinsic standoff ratio. It 
is represented by the η symbol (Greek letter eta) and is determined by the 
following formula: 

η = RB1/(RB1 + RB2) (12.1) 

η = RB1/(RB1 + RB2) 

= 4 kΩ/(4 kΩ + 6 kΩ) 

= 4 kΩ/10 kΩ 

= 0.4. 

Typical intrinsic standoff ratio values are in the range from 0.45 to 0.85 
of VBB. This value determines the emitter triggering voltage for a constant 
VBB. If  VE is less than ηVBB, the emitter junction is reverse biased and only 
leakage current (IEO) flows. If VE exceeds ηVBB by a value slightly greater 
than the voltage drop across the E-B1 diode, triggering occurs. RB1 is then 
reduced to a few ohms, and the interbase current IBO increases. 
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UJT I–V Characteristics 

A characteristics curve for a typical UJT is shown in Figure 12.23. The 
vertical part of this characteristic curve indicates different values of emitter 
voltage. An increase in the value of VE causes a sharp vertical rise in the 
curve. Emitter current is represented by the horizontal part of the graph. 
Note that the first application of VE is to the left of a vertical line. This 
indicates the reverse bias condition of operation. Any current flow that occurs 
here is due to the leakage of the E-B1 diode junction. After an extremely 
small leakage current (IEO), there is a significant increase in IE shown by 
the curve extending to the right. Forward biasing of E-B1 is shown where the 
vertical line is crossed. The peak emitter voltage point (VP) shows where 
the UJT is triggered into conduction. The peak current point (IP) is the 
minimum IE needed for triggering. A further increase in IE causes VE to 
drop to the valley voltage (VV) point. The area between VP and VV is 
called the negative resistance region. An increase in IE causes a decrease 
in VE in this part of the graph. A device that has a negative resistance 
region is capable of regeneration or oscillation. This part of the characteristic 
curve is an important operating area for the UJT in pulse-trigger generation 

Figure 12.23 Characteristic curve of a UJT. 
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applications. Note that voltage beyond the valley voltage point beings to rise 
with a corresponding increase in IE. This corresponds to a positive resistance 
region of the characteristic curve. 

Example 12-9: 

Refer to Figure 12.23 – I–V characteristics of a UJT. Describe the operation 
of the UJT up to the minimum emitter current needed for triggering. 

Solution 

As VE increases up to the peak voltage (VP) point, the value of IE is very 
small, consisting primarily of leakage current. This represents reverse biasing 
of the emitter−base1 junction, until VP is reached. 

Related Problem 

Refer to Figure 12.23 and describe the negative resistance region of operation 
of the UJT. 

SCR Pulse Triggering with a UJT 

A positive pulse of energy can be used to trigger an SCR into conduction 
instead of a continuous form of AC or DC. Triggering by this method takes 
advantage of the latching characteristic of the SCR. When conduction is initi
ated, it is made continuous for the remainder of the alternation. The duration 
of the triggering pulse may be extremely short. This method of triggering 
in general consumes very little energy from the source. The operational 
efficiency of a pulse-triggered power control circuit is usually much higher 
than that of other gate-triggering methods. 

Pulse triggering of an SCR can be accomplished with a UJT. This device 
is commonly described as a voltage-controlled diode. When used to trigger 
an SCR into conduction, UJTs can be designed to respond to low-level 
signals from other inputs. The output of photocells, thermocouples, and other 
transducers can be used to energize the input of a UJT, which, in turn, triggers 
the conduction of an SCR. Through this type of circuitry, it is possible to 
control a large SCR current with an extremely small input signal. 

To trigger an SCR into conduction, the magnitude of the pulse must be 
several times greater than the normal IG triggering level. A high-amplitude 
voltage pulse discharges into the gate and causes an IG. For pulses above 20 
μs in duration, the triggering level is approximately the same as that of a DC 
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Figure 12.24 Waveforms of a pulse-triggered SCR. 

source. Below 20 μs, the magnitude of the pulse should be at least equal to 
the DC gate-triggering level. Pulse-widths of less than 1 μs duration will not 
trigger a device into conduction. 

The waveforms of a pulse-triggered SCR are shown in Figure 12.24. 
The anode−cathode voltage (VAK) is AC. The gate current triggering pulse 
is labeled IG. The triggering level of IG is for DC control values. Note that the 
amplitude of the pulse exceeds the triggering level by a substantial amount. 
The delay of conduction is based on the position of the pulse with respect to 
the positive alternation. 

Load current (IAK) flows during the remainder of the alternation after the 
gate pulse initiates conduction. By varying the time or position of the pulse, 
conduction can be altered from 0◦ to 180◦ . 

UJT Relaxation Oscillator 

Figure 12.25 shows a UJT relaxation oscillator that is frequently used 
to trigger an SCR. In this circuit, two parallel paths are formed by the 
components. Resistors R1, R2, and C1 form the charge path, whereas R3 and 
the UJT form the discharge path. When the switch is turned on, approximately 
4 V appears across R3 and 6 V appears across the UJT and R2. This voltage 
reverse biases the E-B1 junction. 
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Figure 12.25 UJT sawtooth oscillator. 

Resistor R1 and capacitor C1 receive energy from the source at the same 
time that the base path does. Capacitor C1 begins to develop voltage across 
it at a rate based on the RC values of R1 and C1. When the charge voltage at 
C1 reaches 6 V, it overcomes the reverse biasing of the E-B1 junction. When 
this occurs, the junction becomes very low resistant and C1 discharges very 
quickly. The E-B1 junction immediately becomes reverse biased because of 
the reduced emitter voltage. The capacitor then recharges and the process is 
repeated. A sawtooth waveform appears across the capacitor as indicated 
in Figure 12.25. The discharge voltage across R3 produces a spiked pulse 
that shows the discharge time of C1. The rise time of the sawtooth wave is 
adjusted to some extent by different values of R1. When the charging action of 
the capacitor is reached in the first time constant and maintained, this circuit 
can achieve very accurate pulse generation. 

UJT Pulse-Trigger Control Circuit 

A UJT pulse-trigger control circuit for an SCR is shown in Figure 12.26. 
Adjustment of the variable resistor, R1, determines the pulse-triggering rate of 
the SCR. A value change in R1 alters the RC value of the UJT trigger circuit. 
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Figure 12.26 UJT pulse-trigger control circuit. 

When the charge voltage of C1 reaches the VP value, it discharges through 
the E-B1 junction of the UJT and R3. The top of the capacitor is positive, and 
the bottom is negative. This forward biases the gate−cathode of the SCR and 
triggers it into conduction. The load receives current only during the positive 
alternation of the applied AC. A pulse-triggered circuit of this type can be 
used to effectively delay the conduction time of the positive alternation from 
0◦ to 180◦ . 

Self-Examination 

Answer the following questions. 

32. A unijunction transistor is described as a voltage-controlled _____. 
33. A UJT is a(n) _____-terminal device. 
34. UJTs are commonly used to _____ the conduction of an SCR. 
35. Two leads connected to the common N-type silicon bar of a UJT are 

called _____ and _____. 
36. The lead attached to the P-type element of a UJT is called the _____. 
37. When the ____ junction is open or reverse biased, the resistances of B1 

and B2 are practically the same. 
38. When the E-B1 junction of a UJT is forward biased by an appropriate 

voltage value, the internal base resistance (decreases, increases) in value. 
39. The area between VP and VV of a UJT characteristic curve is called the 

_____ region. 
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40. The fractional value of source voltage that appears across RB1 of a UJT 
is called the _____ ratio or eta. 

41. In the UJT circuit of Figure 12.25, when the voltage across capacitor 
C1 builds up to a value that exceeds the intrinsic standoff ratio, it causes 
_____ of the EB1 junction. 

12.5 Programmable Unijunction Transistors 

A programmable unijunction transistor (PUT) is frequently used to generate 
trigger pulses for SCR control applications. A PUT is actually a thyristor 
that responds as a UJT that has a variable trigger voltage. This voltage can be 
adjusted to a desired value by changing two external voltage-divider resistors. 
The trigger voltage level can, therefore, be set, or programmed, to respond to 
a specific value. 

12.5 Analyze the operation of a PUT in pulse-triggered circuits. 
In order to achieve objective 12.5, you should be able to: 

• interpret the I–V characteristics of a PUT; 
• describe the physical construction of a PUT; 
• explain how a PUT is biased to make it operational; 
• explain the fundamental operation of a PUT; 
• identify a PUT in a specific circuit application. 

PUT Construction 

Figure 12.27 shows the crystal structure, schematic symbol, and element 
names of a programmable unijunction transistor (PUT). The crystal struc
ture and schematic symbol of the PUT are very similar to the crystal structure 
and schematic symbol of the SCR. 

The gate junction is the primary difference. In a PUT, the gate (G) is 
connected to the N-type material nearest to the anode. A P–N junction is 
formed by the anode−gate. Conduction of the device is controlled by the 
bias voltage of A-G. 

The polarity of the PUT bias voltage is referenced with respect to the 
cathode. The cathode is usually connected to the ground or the negative side 
of the power source. The gate is then made positive relative to the cathode. 
This is the gate voltage (VG). The anode voltage (VA) is also made positive 
with respect to the cathode. 
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Figure 12.27 Programmable unijunction transistor. 

PUT Operation 

Conduction of the PUT is based on the difference in positive voltage between 
the gate and the anode. When the gate is more positive than the anode, the A-G 
junction is reverse biased. This condition causes the device to be nonconduc
tive, or in its off-state, and is shown in Figure 12.28. The anode−cathode 
has infinite resistance, and the device responds as an open switch. When the 
anode becomes more positive than the gate by 0.5 V, it forward biases the 
A-G junction. This condition causes gate current to flow, and the device is 
triggered into conduction, or in its on-state, and is shown in Figure 12.28. 
In the on-state, the anode−cathode resistance drops to a very low value. The 
device then responds as a switch in the on-state. 

PUT I–V Characteristics 

Refer to the PUT circuit and characteristics curve in Figure 12.28. Gate 
voltage (VG) is developed by resistors R1 and R2 connected across VGG. The 
anode−cathode voltage (VAK) is supplied by the source voltage (VS). When 
VAK is made more positive than VG, the PUT is triggered into conduction. 
The characteristics curve shows this by the changing value of VAK. Trigger
ing occurs when VAK reaches the peak voltage point (VP). The voltage then 
drops to the valley voltage point (VV). Conduction current, IAK, is indicated 
by expansion of the curve to the right. The PUT has a negative resistance 
region between VP and VV. The I–V characteristics of a PUT are very similar 
to that of a UJT. 
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Figure 12.28 Programmable unijunction transistor circuit and characteristic curve. 

The anode of a PUT responds as the emitter of a UJT. Resistors R1 and 
R2 are similar to the interbase resistance of the UJT. The intrinsic standoff 
ratio (η) of a PUT is determined by the value of the gate voltage with respect 
to the anode voltage. VG can be altered externally by changing the values of 
R1 and R2. This permits the PUT to be programmed or adjusted to different 
trigger voltage values. 

Example 12-10: 

Refer to Figure 12.28 – PUT characteristic curve. Describe the operation of 
the PUT up to the peak voltage (VP) value. 
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Solution 

As VAK increases up to the peak voltage (VP) point, the value of IAK is very 
small, consisting primarily of leakage current. This represents reverse biasing 
of the anode−cathode junction, until VP is reached. 

Related Problem 

Refer to Figure 12.27 and describe the negative resistance region of the PUT 
characteristic curve. 

PUT Pulse Triggering 

A programmable unijunction transistor is frequently used to control the 
conduction of an SCR. The PUT is primarily responsible for generating trig
ger pulses. These pulses are developed by a relaxation oscillator. The pulses 
are then applied to the gate of an SCR to initiate the conduction process. 
Only one pulse is needed during a selected alternation to initiate conduction. 
A circuit of this type synchronizes the trigger pulse with the alternation that 
forward biases the SCR. This is accomplished by energizing the SCR and 
PUT from the same AC source. Conduction of the SCR occurs only when the 
anode−cathode is forward biased. Control by synchronized pulse triggering 
is very precise and has a wide range of adjustment capabilities. 

Figure 12.29 shows a PUT relaxation oscillator that can be used to trig
ger an SCR. In this circuit, two parallel paths are formed by the components 
and the device. Resistor R3 and capacitor C1 form the charge path for the 
capacitor and the anode voltage. The PUT and resistor R4 form a discharge 
path for C1. A  trigger pulse is developed across R4 when C1 discharges 
through the anode−cathode of the PUT. 

When the circuit of Figure 12.29 is turned on, it energizes the PUT from 
the power source VS. Resistors R1 and R2 form a voltage-divider network 
across the VGG source. In this case, R1 is 15 kΩ, and R2 is 30 kΩ. The 
intrinsic standoff ratio is determined by 

η = R1/(R1 + R2) 

= 15  kΩ/(15 kΩ + 30 kΩ) 

= 15  kΩ/45 kΩ 

= 0.333. 

The gate voltage (VG) of the PUT is then determined by 

VG = η × VS. (12.2) 



12.5 Programmable Unijunction Transistors 465 

Figure 12.29 PUT relaxation oscillator. 

Therefore, VG for this circuit is 

VG = η × VS 

= 0.333 × 20 V 

= 6.66 V. 

Initially, VG makes the gate more positive than the anode by 6.66 V. The 
PUT is in its nonconductive state or off-state. After a short period of time, 
capacitor C1 begins to charge to the source voltage through R1. When the 
charge potential exceeds 6.66 V, it makes the anode more positive than the 
gate. This condition triggers the PUT into conduction. C1 then discharges 
through the low resistance of the PUT and R4. Discharge takes place very 
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quickly due to the low resistance. The resulting current produces a positive-
going voltage pulse across R4. Triggering the PUT into conduction also 
causes a drop in the value of VG. This is due to the low resistance of the 
forward-biased A-G junction. The waveforms of Figure 12.29 show how the 
relaxation oscillator responds for three operational cycles. 

Example 12-11: 

Refer to Figure 12.29 – PUT relaxation oscillator. Describe the action that 
occurs up to the time that the PUT conducts. 

Solution 

When voltage is applied, C1 begins to charge through R1. When the anode of 
the PUT becomes more positive than the gate, the PUT conducts. 

Related Problem 

Refer to Figure 12.29 and describe the action that occurs after the PUT 
conducts. 

PUT Pulse-Trigger Control Circuit 

A PUT pulse-triggered SCR power control circuit is shown in Figure 12.30. 
The outer part of the circuit is controlled by the SCR. Note the location of the 
load device, SCR, and AC power source. The center part of the circuit is used 
to develop trigger pulses that control the conduction of the SCR. The PUT, 
in this case, is used as a relaxation oscillator. Operation of the oscillator is 
essentially the same as Figure 12.29. 

The PUT is energized by a DC source. A 15-V Zener diode is used, in 
this case, as a rectifier-regulator. It is energized by the same AC source that 
supplies the SCR load. A series-dropping resistor (RS) connects the AC to the 
Zener diode. During the positive alternation, the Zener diode clips the source 
voltage to a peak value of 15 V. The negative alternation causes forward 
conduction of the diode, and the voltage drops to approximately zero. The 
DC supply is essentially a pulsating DC of 15 V. See the VZ DC supply and 
the AC source waveforms. Note the phase relationship of the AC source and 
the PUT supply voltage. When the positive alternation and the DC supply 
pulse occur at the same time, this relationship permits the trigger pulse to 
have synchronized control of the SCR. The time of the trigger pulse can be 
changed, however, by altering the resistance of R1. 
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Figure 12.30 PUT pulse-triggered SCR power control. 

The waveforms of Figure 12.30 show how the circuit responds for two 
complete operational cycles. Note that more than one triggering pulse may 
be generated by the PUT for a given DC source pulse. The number of pulses 
produced is based on the time constant of R1 and C1. A low-resistance setting 
causes several pulses to occur. Higher resistance values may permit only one 
pulse to be generated. The SCR is triggered into conduction by only the first 
pulse. With a suitable value of holding current, conduction continues for the 
remainder of the alternation. The SCR is nonconductive during the negative 
alternation. Refer to the SCR voltage (VSCR), load current (IL), and load 
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voltage (VL) waveforms. VAK of the SCR and VL are primarily the reverse 
of each other. Conduction causes the amplitude of VAK to drop to a straight 
line. Conduction of IL and VL is shown as a rise in amplitude. Delay of 
conduction time is altered by changing the value of R1. 

Self-Examination 

Answer the following questions. 

42. A(n) _____ is a thyristor that responds as a UJT. 
43. The crystal structure of a PUT is similar to that of a(n) _____. 
44. In a PUT, the _____ is connected to a piece of N-type material next to 

the anode. 
45. Conduction of a PUT is based on the difference in positive voltage 

between the _____ and _____. 
46. When the anode becomes more (positive, negative) than the gate by 0.5 

V, it forward biases the anode−gate junction. 
47. When a PUT is triggered into conduction, its internal resistance is very 

(low, high). 
48. Before a PUT is triggered into conduction, its internal resistance is very 

(low, high). 
49. The _____ of a PUT is determined by the value of the gate voltage with 

respect to the anode voltage. 
50. The intrinsic standoff ratio of a PUT can be	 _____ by altering the 

resistance of a divider network. 
51. A PUT is commonly used as a(n) _____ source for an SCR. 

12.6 Gate Turn-Off Thyristors 

Gate turn-off thyristors are unique power control devices that can be triggered 
into conduction or turned off by a gate signal. Characteristically, this type of 
thyristor responds as an SCR. It has unidirectional current conductivity and 
responds only in quadrant I of the I–V characteristics. The unique feature 
of this type of device is its gate turn-off capability. The gate can be used to 
extinguish conduction and turn off the device when it is reverse biased. The 
gate turn-off principle of operation is found in two distinct types of thyristors: 
silicon-controlled switch (SCS) and gate turn-off (GTO) switch. The SCS is 
a low-power, low-current control device. The GTO is used to control larger 
amounts of power than the SCS. These devices are primarily used in computer 
logic circuits, oscillators, and as trigger devices for other thyristors. 
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12.6 Analyze the operation of SCS and GTO thyristors. 
In order to achieve objective 12.6, you should be able to: 

• interpret the I–V characteristics of SCS and GTO thyristors; 
• describe the physical construction of SCS and GTO thyristors; 
• explain how an SCS and a GTO are biased to make them operational; 
• explain the fundamental operation of SCS and GTO thyristors; 
• identify an SCS or a GTO in a specific circuit application. 

Silicon-Controlled Switches 

The silicon-controlled switch (SCS), like the SCR, is a four-layer PNPN 
thyristor. External connection is made to all four layers of the SCS. It has 
an anode, cathode, anode−gate, and a cathode−gate. The crystal structure, 
schematic symbol, and two-transistor equivalent of an SCS are shown in 
Figure 12.31. 

The I–V characteristics of an SCS are primarily the same as that of 
an SCR. Conductivity occurs in quadrant I. This is achieved by making the 
anode positive and the cathode negative. Quadrant III represents the reverse-
biased condition of operation. Ordinarily, the SCS is not designed to operate 
in this condition. The peak reverse voltage (PRV) rating of the device is also 
represented by quadrant III. 

Operation of the SCS is quite different from the SCR. An SCS can be trig
gered into conduction or turned off by an appropriate signal applied to either 
gate. A positive voltage or pulse applied to the cathode−gate with respect to 
the cathode causes gate current to flow. This cathode−gate current lowers the 
forward breakover voltage and permits conduction. A negative voltage with 
respect to the anode forward biases the anode−gate. This reaction causes a 
corresponding anode−cathode current to flow. IGA then lowers the VBO and 
causes triggering. 

The polarity of the gate-triggering voltage is more meaningful if we 
study the two-transistor equivalent of the SCS in Figure 12.30(c). Note 
that the cathode−gate is connected to the base of the NPN transistor Q2. 
It should be obvious that the base of Q2 must be positive to cause forward 
biasing. When this occurs, some of the output of Q2 is supplied to the 
base of Q1, thus causing regeneration. The entire assembly then becomes 
conductive. A negative voltage or trigger pulse applied to anode−gate also 
causes forward biasing of the PNP transistor Q1. Some of this output is then 
returned to the base of Q2, which causes regeneration and the assembly to 
be conductive. In effect, a negative voltage forward biases the anode−gate, 
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Figure 12.31 Silicon-controlled switch. (a) Crystal structure. (b) Schematic symbol. (c) 
Two-transistor equivalent. 

and a positive voltage forward biases the cathode−gate. In most SCS 
devices, the cathode−gate responds to a lower triggering current than the 
anode−gate. 

An SCS can be turned off or brought out of conduction in three different 
ways. The most obvious method is to reduce the anode current below the 
holding current (IH) level. This response is the same as that of an SCR. 
The second method is to apply a negative pulse to the cathode−gate. This 
reverse biases the NPN transistor (Q2) of the equivalent circuit. The third 
method is to apply a positive-going pulse to the anode−gate. This condition 
reverse biases the base of the PNP transistor (Q1). In most SCS thyristors, it 
takes more gate current to bring the device into conduction. The off-triggering 
current must overcome a larger anode−cathode current to stop conduction. 
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Ordinarily, this is not a real problem in most SCS applications. Maximum 
IAK values are usually rather small. Typical IAK values are 100−300 mA, 
with power dissipation ratings of 100−500 mW. 

Gate Turn-Off Switches 

The gate turn-off (GTO) switch is a thyristor that is similar in construction 
to the SCR. Its operation is different in that conduction can be triggered on 
or turned off by a single gate. A positive gate pulse causes the device to 
be conductive. Conduction continues if the holding current is maintained. A 
negative gate signal turns off a conductive GTO. 

The crystal structure and schematic symbol of a GTO are shown in 
Figure 12.32. The crystal structure is primarily the same as an SCR. The gate 
of a GTO, however, normally is made thicker than that of an SCR. Reverse 
biasing of the gate increases the size of the depletion region to a point that 
it will extinguish conduction. The schematic symbol of a GTO differs from 
that of an SCR by employing a small line across the gate lead. This denotes 
the on−off switching function of the gate. Any operation other than this is 
primarily the same as that for an SCR. It has unidirectional conductivity and 
will latch when made conductive. 

Figure 12.32 Gate turn-off thyristor. 
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The most obvious advantage of a GTO over an SCR is its gate turn
off capability. A consequence of this function is an increase in the amount 
of IG needed to produce triggering. For an SCR and GTO with similar IAK 

ratings, an SCR can be triggered with 1 mA, while the IG of the GTO must 
be 25 mA. The turn-off current of a GTO is significantly greater than the 
triggering current. GTOs are available that can control up to 3 A with a power 
dissipation of 20 W. 

The switching time of a GTO is another important characteristic. The 
trigger time of a GTO is primarily the same as that for an SCR. Typical 
trigger-time values are 1 μs. The turn-off time of a GTO is, however, approx
imately the same as its trigger time. An SCR must be turned off by reducing 
IAK below the holding current level. Typical turn-off values may take from 5 
to 30 μs. The rapid on−off characteristic of a GTO permits it to be used in 
high-speed switching applications. 

GTO Sawtooth Generator 

Figure 12.33 shows a GTO used as a sawtooth generator. When the source 
voltage is applied, the GTO turns on immediately. The gate is made positive 
with respect to the cathode by the value of the 

Zener voltage (VZ). Conduction of the GTO permits capacitor C1 to 
charge to the source voltage. When the voltage across C1 reaches VZ, it  
reverse biases the gate. This action increases the depletion region of the 
cathode−gate junction. The holding current (IH) drops in value to turn off 
the GTO. C1 then discharges through the combination of R2 and R3. The 
discharge time is determined by 

t = (R2 +R3)× C1. (12.3) 

It takes five time constants for a capacitor to fully charge (to within 99%) 
and discharge (to within 1%) of its rated value. Proper selection of the R and 
C values results in a sawtooth waveform. When the value of VC1 drops below 
VZ, the GTO turns on and the process repeats. 

Example 12-12: 

Refer to Figure 12.32 – GTO sawtooth waveform generator. Calculate the 
time taken to discharge the capacitor C1 (0.1 μF), through resistor R2 (set at 
50 kΩ) which is in series with R3 (1 kΩ). 
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Figure 12.33 GTO sawtooth generator. 

Solution 

The time constant “t” = (R2 + R3) × C1 = (50, 000 Ω + 1000 Ω) × 0.1 × 
10−6 = 0.0051 s = 5.1 ms. 

Total time to discharge the capacitor (T) = 5 × t = 5  × 5.1 ms = 25.5 ms. 

Related Problem 

Referring to Figure 12.33, calculate the time taken to discharge the capacitor 
C1 (0.1 μF), through resistor R2 (set at 25 kΩ) which is in series with R3 

(1 kΩ). 

Self-Examination 

Answer the following questions. 

52. A gate turn-off thyristor is similar in construction to a _____. 
53. A silicon-controlled switch has _____ gates. 
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54. A (+,−) voltage pulse applied to the cathode−gate will trigger an SCS
into conduction.

55. A (+,−) voltage pulse applied to the anode−gate will trigger an SCS
into conduction.

56. An SCS can be turned off in _____ ways.
57. In a GTO, a (+,−) voltage pulse will cause triggering and a (+,−)

voltage pulse will cause turn-off.
58. A GTO generally takes more _____ current to produce triggering than

an equivalent SCR.

Analysis and Troubleshooting – Thyristors

Thyristors are a family of devices that are used primarily for power control.
The datasheets of various types of thyristors will be examined so that an
appropriate device can be selected for a specific application. These include
AC and DC power control circuits. Some of these devices directly control the
electrical load, whereas others are used indirectly in power control circuits
for generating trigger pulses. Direct power control devices normally have
high power ratings since the entire load current flows through the device,
and indirect power control devices have a lower power rating. By varying
the conduction time, the performance of a thyristor as a power control device
can be evaluated. Loss of power control occurs when the conduction time
of the device cannot be varied. The performance of an individual device
can be evaluated when it is connected in the circuit by examining the
voltage waveforms and values. Its operational status can also be evaluated
when it is taken out of the circuit. The thyristor gate is susceptible to
damage by voltage spikes and surges. This could cause the thyristor to
malfunction.

12.7 Analyze and troubleshoot thyristors.
In order to achieve objective 12.7, you should be able to:

1. use an ohmmeter to test the condition and identify the leads of a
thyristor;

2. observe the input and output waveforms of a power control device on an
oscilloscope;

3. examine a thyristor to determine when it is triggered;
4. distinguish between normal and faulty operation of a thyristor.
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Data Sheet Analysis 

The specifications of a thyristor can be obtained from a manufacturer’s 
datasheet. The circuit symbol, pin assignment, sample test circuits, and rated 
operational values are often readily available from the datasheet. 

A datasheet of a sample SCR, 2N6394, manufactured by ON Semicon
ductor is included at the end of the chapter. Use this datasheet to answer the 
following questions: 

1. The number of terminals = __________. 
2. Maximum on-state RMS current = _________A. 
3. Peak forward gate current = ___________A. 
4. Operating junction temperature range = __________ ◦C to _________ ◦C. 
5. Blocking voltage = ___________V. 
6. Peak forward on-state voltage = _________V. 
7. The tab or terminal 4 of the device functions as the ___________________. 

A datasheet of a sample Triac, FKN0PN60, manufactured by Fairchild is 
included at the end of the chapter. Use this datasheet to answer the following 
questions: 

1. The number of terminals = __________. 
2. What pin on the device acts as the gate = ___________. 
3. Maximum on-state RMS current = _________A. 
4. Peak gate voltage = ____________V. 
5. Peak gate current = ___________A. 
6. Operating junction temperature range = __________ ◦C to _________ ◦C. 
7. Peak forward on-state voltage = _________V. 
8. The gate trigger voltage = _____________V. 

A datasheet of a sample Diac, ST2 is included at the end of the chapter. Use 
this datasheet to answer the following questions: 

1. The number of terminals = __________ 
2. Minimum switching voltage for an ST2 = _________V. 
3. Maximum switching voltage for an ST2 = _________V. 
4. Maximum switching current for an ST2 = _________A. 
5. Peak forward gate current = ___________A. 
6. Package outline “B” is for (ST2, ST4). 

A datasheet of a sample UJT, 2N2646, manufactured by Philips Semicon
ductors is included at the end of the chapter. Use this datasheet to answer the 
following questions: 
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1. The number of terminals = __________. 
2. Which terminal of the UJT is the emitter = ____________. 
3. With respect to the tab how can the emitter of the UJT be identified = 

_____________________________________________. 
4. Peak emitter current = ________A. 
5. Static interbase resistance = __________kΩ. 
6. Maximum emitter−base 2 voltage = _________V. 
7. Maximum interbase voltage = ___________V. 
8. Total power dissipation = ___________V. 

A datasheet of a sample PUT, BRY56A, manufactured by Philips Semicon
ductors is included at the end of the chapter. Use this datasheet to answer the 
following questions: 

1. The number of terminals = __________. 
2. Which terminal of the PUT is the gate = ____________. 
3. With respect to the flat side of the PUT, how can the gate be identified = 

____________________________________________. 
4. Maximum total power dissipation = _________mW. 
5. Maximum gate anode voltage = ____________V. 

A datasheet of a sample SCS, BR101, manufactured by Philips Semiconduc
tors is included at the end of the chapter. Use this datasheet to answer the 
following questions: 

1. The number of terminals = __________. 
2. What do the terms “ag” and “kg” denote = _______________________. 
3. List a few applications where SCSs can be used = __________________ 
4. Maximum total power dissipation = __________mW. 
5. When used as an PNP transistor, with an open collector, what is the 

maximum emitter−base voltage = ______________V. 
6. When used as an NPN transistor, with an open emitter, what is the 

maximum collector−base voltage = _____________V. 

A datasheet of a sample GTO, MGTO1000, manufactured by Motorola is 
included at the end of the chapter. Use this datasheet to answer the following 
questions: 

1. The number of terminals = __________. 
2. Maximum on-state current flow at an operating temperature of 65◦C =  

____A. 
3. Repetitive peak off-state voltage = ___________V. 
4. Operating junction temperature range = __________ ◦C to ________ ◦C. 
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5. Maximum non-repetitive surge current = __________A. 
6. Primary applications of a GTO thyristor are = _____________________. 

Troubleshooting 

The faults that can occur in an SCR include internal open or short circuits 
between the terminals. If the gate is open circuit, then the device will not go 
into conduction, and no output voltage will appear across the load. If there 
is a direct electrical connection or short between the anode and the cathode, 
then the device will have continuous conduction. This will cause it to supply 
power to the load for either alteration of the AC input, whereas it would 
normally conduct during one alternation. In this case, the power through the 
load cannot be controlled by triggering the SCR gate. 

The faults that can occur in a triac are similar to those which occur in 
an SCR, except that they will influence the behavior of the system in both 
alternations of the AC cycle. If the gate of a triac is open circuited, then the 
device will not go into conduction in either direction, and no output voltage 
will appear across the load. If there is a direct electrical connection or short 
between the anode and the cathode, then the device will have continuous 
conduction. In this case, the power through the load cannot be controlled by 
triggering the triac gate. 

Internal open circuit and short circuit faults can occur between the 
terminals of other types of thyristors. In a PUT, an open circuit fault condition 
between the anode and cathode will cause it to be inoperative. Referring to 
the PUT pulse generation circuit shown in Figure 13-29, an open circuit 
between the anode and cathode terminals will prevent the capacitor C1 from 
discharging through the load resistor R4. On the other hand, if there is a short 
between the anode and cathode terminals, the voltage across the load resistor 
R4 will be very small. Most of the supply voltage will appear across the 10
kΩ resistor. If the gate were to have an open circuit fault, the capacitor C1 

would not be able to discharge through the load R4. Hence, there will be no 
output pulse generated by the PUT circuit. 

Summary 

• A thyristor is a general classification for solid-state devices that are used 
for power control applications. 

• The term thyristor is a contraction of the words (thyr)atron transistor. 
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• Thyristors can be two-, three-, or four-element devices. 
• Two major classifications of thyristors are reverse blocking and bidirec

tional. 
• Thyristors classified as reverse blocking are silicon controlled rectifiers, 

unijunction transistors, programmable unijunction transistors, gate turn
off switches, and silicon-controlled switches. 

• Thyristors classified as bidirectional are triacs and diacs. 
• A silicon controlled rectifier (SCR) is a solid-state device made of four 

alternate layers of P-type and N-type silicon. 
• The leads of an SCR are the anode, cathode, and gate. 
• The gate of an SCR is used to trigger conduction current between the 

anode and cathode. 
• When conduction in the SCR reaches the holding current level, the SCR 

latches and holds its conduction. 
• To stop conduction in the SCR, the anode−cathode current must be low

ered below the holding current level or the voltage must be momentarily 
removed. 

• When an SCR is used as a power control device, it primarily responds 
as a switch. 

• DC power control using an SCR requires two switches to achieve con
trol: one turns on the source voltage, and the second switch controls the 
gate. 

• AC power control using an SCR has automatic commutation or turn-off 
because of the reversal of each alternation. 

• The conduction time of an alternation can be changed to make a circuit 
have variable AC power control; this is achieved with a phase shifter, an 
RC circuit, or a pulse-control device. 

• A triac is functionally classified as a gate-controlled AC switch; it 
responds as two reverse-parallel-connected SCRs with one common 
gate. 

• Each terminal connection of the triac is jointly connected to an N-P 
material combination; the leads of a triac are called terminal 1, terminal 
2, and gate. 

• Conduction in a triac is achieved by selecting an appropriate crystal 
combination; selection depends on the polarity of the source. 

• The dual polarity of each connection	 causes the triac to have four 
possible trigger combinations; the most sensitive modes of operation 
occur when the gate polarity matches the polarity of terminal 2. 
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• A triac has bidirectional conductivity; therefore, conduction in quadrants
I and III of its I–V characteristics chart is identical.

• When a triac has AC control of the gate, it is possible to achieve 180◦
delay of the conduction time for each alternation; conduction time of the
AC waveform can be varied to achieve 100% control of a power source.

• A diac is a bidirectional diode used to trigger a triac.
• The diac is the equivalent of an NPN transistor with no base connection.
• Conduction for the diac is the same in each direction.
• The I–V characteristic of a diac shows that conduction occurs when the

breakover voltage is exceeded; this is the same in quadrants I and III.
• Pulse triggering of an SCR can be accomplished with a unijunction

transistor.
• A unijunction transistor (UJT) is commonly described as a voltage-

controlled diode; it responds as a three-terminal, single-junction solid-
state device.

• A UJT is constructed with a small bar of N-type silicon, which has base
1 and base 2 attached to the ends of the bar; an emitter is formed by
fusing an aluminum wire to the approximate center of the bar.

• Operation of a UJT is based on the bias voltage applied to the
emitter−base 1 junction; when E-B1 is forward biased, it lowers the
internal B1B2 resistance.

• The bias voltage needed to achieve conduction in a UJT is determined
by the intrinsic standoff ratio.

• UJTs are normally used in pulse-generator circuits that are attached to
an SCR; the pulse rate of the circuit is an RC function.

• A programmable unijunction transistor (PUT) is commonly used to
generate trigger pulses; it is actually a thyristor that responds as a UJT.

• The intrinsic standoff ratio voltage of a PUT can be altered or pro-
grammed externally by changing the resistance ratio of a voltage-divider
network.

• The crystal structure of a PUT has its gate connected to the N-
type material nearest to the anode; a P–N junction is formed by the
anode−gate.

• Conduction in a PUT is controlled by the bias voltage of anode−gate.
• Gate turn-off thyristors are unique power control devices that can be

triggered into conduction or turned off by a gate signal.
• The silicon-controlled switch (SCS) is a four-layer PNPN thyristor; an

external lead connection is made to all four layers of the device.
• An SCS has an anode, cathode, anode−gate, and a cathode−gate.
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• The I–V characteristics for a silicon-controlled switch are the same as 
those of an SCR; conductivity occurs in quadrant I and occurs when the 
anode is positive and the cathode is negative. 

• Triggering with an SCS is achieved by making the anode−gate negative 
or the cathode−gate positive. 

• An SCS can be turned off in three ways: bring the anode current below 
the holding current level; apply a negative pulse to the cathode−gate; 
apply a positive-going pulse to the anode−gate. 

• A gate turn-off thyristor (GTO) is very similar in construction to the 
SCR − a positive gate pulse causes the device to be conductive, and a 
negative gate pulse signal turns off the conduction. 

Formulas 

(12-1) η = RB1/(RB1 + RB2) Intrinsic standoff ratio.
 
(12-2) VG = η × VS Gate voltage (VG) of a PUT. 
  
(12-3) t = (R2 + R3) × C1 Discharge time of a sawtooth generator.
 

Review Questions 

Answer the following questions. 

1. Thyristors are best described as: 

a. Power supply rectifiers 
b. Amplifying devices 
c. Pulse-generating devices 
d. Voltage-controlled switches 

2. How many P–N junctions are there between the anode and cathode of 
an SCR? 

a. One 
b. Two 
c. Three 
d. Four 

3. An SCR energized by DC is triggered into conduction. The conduction 
can be turned off by: 

a. Momentarily disconnecting the gate 
b. Reducing the positive gate voltage 
c. Applying negative gate voltage 
d. Lowering the holding current below a minimum level 
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4. An SCR energized by AC is triggered into conduction. This conduction 
will occur for: 

a. The entire AC cycle of operation 
b. Only the positive alternation 
c. Only the negative alternation 
d. Part of each alternation 

5. An ohmmeter connected across two leads of an SCR shows low resis
tance in one direction and high resistance in the opposite direction. This 
represents: 

a. The anode−cathode leads 
b. The anode−gate leads 
c. The gate−cathode leads 
d. A faulty response for an SCR 

6. The best method of triggering an SCR into conduction is accomplished 
by: 

a. Increasing the forward breakover voltage 
b. Increasing the peak reverse voltage 
c. Increasing the gate current 
d. Decreasing the gate current 

7. Increasing the gate current of an SCR causes: 

a. A reduction in the forward breakover voltage 
b. An increase in the peak reverse voltage 
c. A lowering of the holding current level 
d. The forward breakover voltage to increase in value 

8. A device that is triggered into conduction with either a positive or 
negative gate current is: 

a. A triac 
b. A diac 
c. An SCR 
d. A UJT 
e. A PUT 

9. Before an SCR is triggered into conduction, the VAK: 

a. Equals the source voltage 
b. Is less than the source voltage 
c. Is zero 
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d. Is the source voltage less the voltage drop across the series load
resistor

10. The gate of an SCR loses control after being triggered into conduction
because it:

a. Loses the applied voltage
b. Is reverse biased
c. Has a large amount of current flow
d. Has an IAK that is great enough to cause continuous conduction

11. When an SCR goes into conduction, the current needed to cause
continuous conduction is called the:

a. Trigger current
b. Breakover current
c. Reverse breakdown current
d. Forward current
e. Holding current

12. An ohmmeter connected across T1 and T2 of a good triac will:

a. Show high resistance in either direction of polarity
b. Show low resistance in either direction of polarity
c. Show low resistance in one direction and high resistance in the

opposite direction
d. Not tell anything about the condition of an SCR

13. A triode bidirectional conduction device is:

a. An SCR
b. A triac
c. A UJT
d. A PUT
e. A silicon-controlled switch

14. An ohmmeter connected across two leads of a triac shows the same low
resistance in both directions of polarity. This represents:

a. T1 and T2

b. T2 and G
c. G and T1

d. G and T2

e. A faulty response for the triac
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15. A device that is triggered into conduction by either a positive or negative 
source voltage change is: 

a. An SCR 
b. A triac 
c. A diac 
d. A UJT 
e. A PUT 

16. The operation of a conductive triac is best described by saying that the 
T1 -T2 voltage is: 

a. High, and the load current is low 
b. High, and the load current is high 
c. Low, and the load current is low 
d. Low, and the load current is high 
e. Zero with maximum load current 

17. If a silicon diode is used in the gate circuit of a triac power control circuit 
instead of a diac, the: 

a. Circuit will not work 
b. Diode will be damaged 
c. Output will not be effectively changed 
d. Gate will be controlled by DC gate current 
e. Output will be AC with reduced delay capabilities 

18. An ohmmeter connected across T1 and G of a good triac will: 

a. Read high resistance in either direction of polarity 
b. Read low resistance in either direction of polarity 
c. Read low resistance in one direction and high resistant in the 

opposite direction 
d. Not tell anything about the condition of the junctions 

19. The most sensitive triggering polarities of a standard triac occur when: 

a. G and T2 are of the same polarity 
b. G and T2 are of opposite polarity 
c. G and T1 are of the same polarity 
d. G and T1 are of the opposite polarity 

20. Triggering or conduction of a UJT occurs when the emitter is: 

a. Positive with respect to B1 

b. Negative with respect to B1 
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c. Zero with respect to VBB 

d. Positive with respect to B2 

e. Negative with respect to B2 

21. The negative resistance region of a UJT refers to a characteristic that 
occurs: 

a. Before it is triggered 
b. Between the peak and valley points after triggering has occurred 
c. Beyond the valley point after triggering 
d. In the saturation region 

22. A programmable unijunction transistor is a three-junction thyristor that 
is triggered into conduction when the gate is: 

a. Less positive than the anode 
b. More positive than the anode 
c. More positive than the cathode 
d. More negative than the cathode 

Problems 

Answer the following questions. 

1. If the intrinsic standoff ration of a UJT is 0.45, and the applied VBB is 
15 V, the amount of VE needed to produce triggering is in the range of: 

a. 1−3 V  
b. 3.1−6 V  
c. 6.1−8 V  
d. 8.1−10 V 
e. 10.1 or above 

2. An ohmmeter connected across two terminal of a UJT shows a resistance 
of 5 kΩ in either direction of polarity. This represents: 

a. B1 and B2 

b. B1 and E 
c. E and B2 

d. A faulty condition for a UJT 

3. In operation, a nontriggered UJT responds as: 

a. An open circuit 
b. An infinite resistance 
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c. A low resistant diode 
d. A 4- to 10-kΩ resistance 

Answers 

Examples 

12-1. (1) VBO = 48 V for  IG = 6 mA; (2) VBO = 148 V for IG = 4 mA; (3) 
VBO = 325 V for IG = 1 mA; (4) VBO = 400 V for IG = 0 mA  

12-2. Assuming that the lamp load has already been switched on. To switch 
it off: 

(1) Momentarily press the STOP PB 
(2) Gate of SCR-2 will be triggered 
(3) VBO of SCR-2 is reduced 
(4) SCR-2 goes into conduction 
(5) Capacitor C1 discharges through SCR-2 
(6) The anode of SCR-1 is momentarily grounded 
(7) SCR-1 is switched off 
(8) The lamp load is switched off. 

12-3. No power is developed by the load as the SCR never goes into 
conduction. 

12-4. 1) 7−15 mA 2) 5−10 mA 
12-5. Refer to Figure 12.26(c), to see that the triac begins conducting at 90◦ 

in the positive alteration of the AC input. This will cause the output 
to be available from 90◦ through 180◦ of this alternation. After this, 
the triac will be switched off, until 270◦ of the negative alteration of 
the AC input. The triac begins conducting at 270◦ and will produce to 
360◦. This process will then be repeated. 

12-6. In switch position 2, the diode D1 will be connected to the gate during 
the positive alteration of the AC input, and this triggers the triac 
into conduction, energizing the load. In the negative alteration of the 
AC input, the diode is reverse biased and does not trigger the triac 
into conduction. The load is thus de-energized during the negative 
alteration of the AC input. 

12-7. In quadrant III, when T1 is negative and T2 is positive, the diac does 
not conduct until VBO2 is reached. After the VBO2 value is reached, 
the diac begins to conduct. 
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12-8. Full power will be developed by the load for this condition of opera
tion. The triac is triggered at the earliest possible instant (at 0◦) in the 
positive half alteration causing it to conduct for the entire alteration. 
It is triggered again at the earliest possible instant (at 180◦) of the 
negative alteration causing conduction. 

12-9. When the voltage applied across the emitter−base 1 junction reaches 
VP, it is forward biased. At this point, there is an increase in the 
current IE. VP drops to VV (the emitter−base 1 voltage at the “valley 
voltage point”) even as the current increases. This portion of the UJT 
characteristic curve represents the negative resistance region. 

12-10. When the voltage applied across the anode−cathode junction reaches 
VP, it is forward biased. At this point, there is an increase in the 
current IAK. VP drops to VV (the anode−cathode voltage at the 
“valley voltage point”) even as the current increases. This portion of 
the PUT characteristic curve represents the negative resistance region. 

12-11. When the PUT goes into conduction, it causes the capacitor C1 to 
discharge through R4 causing a momentary pulse to be generated 
across R4. The voltage across the capacitor reduces and this causes 
the anode voltage of the PUT to reduce as well. The PUT turns off 
which, in turn, causes C1 to charge through the resistor R3. 

12-12. t = 2.5 ms; T = 12.5 ms 

Self-Examination 

12.1 

1. anode, cathode, gate (in any order) 
2. forward 
3. three, four 
4. low 
5. high 
6. anode−cathode voltage 
7. alternation 
8. I 
9. forward breakover voltage, or VBO 

10. III 
11. increase 
12. forward 
13. gate 
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14. gate 
15. holding 
12.2 
16. SCRs 
17. polarity 
18. NlPlN2P2 

19. N3P2N2Pl 

20. zero 
21. lowers 
22. + 
23. − 
24. gate 
25. . source, or supply 
12.3 
26. diac 
27. T1, T2 (any order) 
28. I, III (any order) 
29. gate 
30. R1, C1 (any order) 
31. conduction, or current 
12.4 
32. resistor 
33. three 
34. trigger 
35. base 1, base 2 (any order) 
36. emitter 
37. E-B1 

38. decreases 
39. negative resistance 
40. intrinsic standoff 
41. triggering 
12.5 
42. programmable unijunction transistor, or PUT 
43. silicon controlled rectifier, or SCR 
44. gate 
45. gate, anode (any order) 
46. positive 
47. low 
48. high 
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49. intrinsic standoff ratio 
50. programmed, or changed 
51. trigger 
12.6 
52. silicon controlled rectifier, or SCR 
53. two 
54. + 
55. − 
56. three 
57. +, − 
58. gate 

Terms 

Internal resistance 

The resistance between the anode and cathode of an SCR or between 
terminals 1 and 2 of a triac. It is also called the dynamic resistance. 

Off-state resistance 

The resistance of an SCR or triac when it is not conducting. 

Triggering 

The process of causing an NPNP device to switch states from off to on. 

Latching 

The process of placing an SCR or triac in a holding state in which the device 
turns on and stays in conduction when the gate current is removed. 

Alternation 

Half of an AC sine wave. There is a positive alternation and a negative 
alternation for each AC cycle. 

Turn-on time 

The time of an AC waveform when an alternation occurs. 

Forward breakover voltage 

The voltage at which an SCR or triac goes into conduction in quadrant I of 
its I–V characteristics. 
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Holding current 

A current level that must be achieved when an SCR or triac latches or holds 
in the conductive state. 

Conduction time 

The time when a solid-state device is turned on or is in its conductive state. 

Bidirectional triggering 

The triggering or conduction that can be achieved in either direction of an 
applied AC wave. Diacs and triacs are of this classification. 

Contact bounce 

When a mechanical switch is turned on, the contacts are forced together. 
This causes the contacts to open and close several times before making firm 
contact. 

Interbase resistance 

The resistance between base 1 and base 2 of a unijunction transistor. 

Negative resistance region 

A UJT characteristic where an increase in emitter current causes a decrease 
in emitter voltage. 

Intrinsic standoff ratio (η) 

The ratio of the resistance of base 1 (RB1) to the total resistance of the bases 
(RB1 + RB2) of a UJT.  
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Optoelectronic Devices
 

Optoelectronics is a branch of physical science that is concerned with the 
study of light. Optoelectronic devices have electronic properties that are 
affected by light energy. The term light is used in a general way to include 
visible, infrared, and ultraviolet regions of the frequency spectrum. 

The role of optoelectronics has expanded through the years. Optoelectron
ics was once called photoelectricity. Photocells and phototubes were used to 
achieve electronic control. The field of optoelectronics expanded to include a 
number of unique solid-state devices. These devices are capable of converting 
light energy into electrical energy or vice versa. They can be used as a source 
of light energy or as a detector of light energy. As a rule, these devices 
are combined in a system that is used to control light energy. Light-control 
systems are largely responsible for the rapid expansion of this field. 

Light-emitting diodes (LEDs), photodiodes, phototransistors, lasers, 
and optocouplers are some of the solid-state devices included in the area of 
optoelectronics. These devices and others are covered in this chapter. This 
chapter begins with an explanation of the nature of light and a description of 
related terms. 

Objectives 

After studying this chapter, you will be able to: 

13.1 describe some of the basic characteristics of light energy; 
13.2 evaluate the performance of a device that radiates light energy; 
13.3 evaluate the performance of a device that detects light energy; 
13.4 analyze and troubleshoot optoelectronic systems. 

Chapter Outline 

13.1 The Nature of Light 
13.2 Radiation Sources 

511
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13.3 Optoelectronic Detectors 
13.4 Troubleshooting Optoelectronic Systems 
13.5 Analysis and Troubleshooting – Optoelectronic Systems 

13-1 Light-Emitting Diode (LED) Testing 

In this activity, the leads of an LED will be identified using an ohmmeter, and
 
its status will be evaluated.
 

13-2 LED Operation
 

In this activity, circuits will evaluate the forward- and reverse-bias operation
 
of an LED.
 

13-3 Photoresistive Cells
 

In this activity, a photoresistive cell circuit will be constructed and evaluated.
 

13-4 Phototransistors
 

In this activity, a phototransistor circuit will be evaluated.
 

13-3 Photovoltaic Cells
 

In this activity, a photovoltaic cell circuit will be evaluated.
 

Key Terms 

angstrom 
candela (cd) 
dark current 
dynodes 
electromagnetic spectrum 
heterochromatic source 
illuminance 
infrared emitting diode (IRED) 
intensity 
light-emitting diode (LED) 
lumen 
luminous exitance 
luminous flux 
luminous intensity 
monochromatic source 
panchromatic source 
photoconductive device 
photoelectric emission 
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photoemissive device 
photometric system 
photoresistive cell 
photovoltaic cell 
photovoltaic device 
quantum theory 
radiance 
radiant exitance 
radiant flux 
radiant incidence 
radiant intensity 
radiometric system 
steradian (sr) 
transverse wave 
wavelength 

13.1 The Nature of Light 

Light is a type of radiant energy that travels through space in the form of 
electromagnetic waves. Infrared, ultraviolet, and visible light are types of 
radiant energy classified as light. Radio waves, microwaves, and X-rays are 
forms of radiant energy that are not classified as light. This section discusses 
the basic characteristics of radiant energy classified as light. The content of 
this discussion serves as a foundation to understanding the characteristics 
and operation of the optoelectronic devices to be discussed in the following 
sections. 

13.1 Describe some of the basic characteristics of light energy. 
In order to achieve objective 13.1, you should be able to: 

• define electromagnetic spectrum, transverse wave, wavelength, quantum 
theory, photometric system, radiometric system, radiant flux, radiant 
intensity, steradian, radiant incidence, radiant exitance, radiance, inten
sity, luminous intensity, candela, luminous flux, lumen, illuminance, and 
luminous exitance. 

Electromagnetic Spectrum 

Radiant energy is usually described by a graph that shows the location of 
different frequencies. This graph is called an electromagnetic spectrum. 
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Figure 13.1 Electromagnetic spectrum. 

The electromagnetic spectrum of Figure 13.1 shows frequencies for radio, 
television, infrared, visible light, ultraviolet, X-rays, and gamma rays. These 
differ only with respect to their frequencies or wavelengths. Wavelength (see 
Figure 13.2) is a measurement of the distance a wave travels in space and the 
value is determined by the frequency of the vibrating source that produces 
it. Waves are motions that carry energy from one place to another, such as 
sound. 

Wave Theory 

The wave theory of light states that light consists of waves that spread out 
from the primary source of light. This process is called radiation. These 
waves are similar to those that occur in water when a pebble is dropped in 
a pool. Light waves are considered to be transverse. A transverse wave is 
one that causes the particles of a medium to vibrate at right angles to the 
direction in which the wave is moving. Each wave consists of a crest and a 
trough. As the wave moves forward, there is an alternate rise and fall in its 
amplitude. 

Light is emitted from a source in the form of electromagnetic waves that 
are of a specific wavelength. All electromagnetic waves, regardless of wave
length, travel at 186,000 mi/s, or 300,000,000 m/s through vacuum. Since 
light is an electromagnetic wave, its velocity of propagation is the same. 
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Figure 13.2 Wavelength. 

To understand the wave theory of light transmission, it is necessary to 
relate the speed of travel, angular velocity, and shape of the radiated signal. 
Since the speed of light is a constant, there is an inverse relationship between 
the number of cycles per second (frequency) of the wave and its wavelength, 
as shown in Figure 13.2. If the frequency is doubled, one cycle, or one wave
length, will occupy one-half as much space. In other words, the higher the 
frequency, the shorter the wavelength, and the lower the frequency, the longer 
the wavelength. The symbol most commonly used to denote wavelength is the 
Greek letter lambda (λ). The relationship between wavelength and frequency 
is expressed mathematically as follows: 

λ = 300, 000, 000/f (13.1) 

where λ is the wavelength in meters, f is the frequency in hertz, and 
300,000,000 m/s is the speed of light (c) in meters per second or 3 × 1017 nm. 

An Angstrom (Å) is an extremely small unit that is also used to measure 
the wavelength of light. One Angstrom unit equals one hundred-millionth of 
a centimeter. The visible light range is often expressed in nanometers (nm). 
A nanometer is equal to 1 × 10−9 m. The visible region is approximately 
400−770 nm. 
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Example 13-1: 

The AM radio band occupies frequencies in the range of 535−1620 kHz. The 
center of this frequency range is near 1000 kHz. What is the wavelength of 
this radio frequency? 
Solution 

λ = 300, 000, 000/f 

= 300, 000, 000m/s/1, 000, 000Hz  

= 300m. 

Related Problem 

The range of the FM frequency band is 88−108 MHz. The approximate 
center of this band is 100 MHz. What is the wavelength of this frequency? 

Example 13-2: 

A wavelength for red light is 7000 Å. What is the wavelength of this light in 
nanometers? 

Solution 

Since 1 Å = 10−10 m and  1 nm = 10−9 m, the Angstrom unit is divided by 10 
Wavelength (in nm) = Å10 

7000 
= 

10 
= 700 nm. 

Related Problem 

A wavelength of violet light is 420 nm. What is the wavelength of this violet 
light in Angstroms? 

As you can see from the previous examples, the wavelength of light 
is extremely short compared to radio frequencies. Wavelengths are more 
commonly used than frequencies to describe light. The wavelengths of visible 
light range from approximately 4000 Å (400 nm) for violet to 7700 Å 
(770 nm) for red. 

The human eye responds to electromagnetic waves in the visible light 
band of frequencies between 400 and 770 nm. Each color of light is associated 
with a different frequency or wavelength. In the order of increasing frequency 
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or decreasing wavelength, colors range from red, orange, yellow, green, blue, 
to violet. The response of the human eye to visible light is frequency sensitive, 
as shown in Figure 13.2. The greatest sensitivity on this response curve is 
nearly 5500 Å or 550 nm. The poorest sensitivity is around 4000 Å (400 nm) 
at the lower wavelengths and 7700 Å (770 nm) at the higher wavelengths. Our 
eyes perceive various degrees of brightness due to their response to different 
intensities of energy at different wavelengths of light. 

The wave theory of light transmission is used to analyze the response of 
the human eye to light energy. It is also used to explain how light bends when 
it passes through glass or water and many other phenomena. We know that 
light also behaves as though it consists of bundles of energy when it interacts 
with matter. This model, which is known as the quantum theory, is used to 
explain how light energy is transferred to an optoelectronic device. 

Quantum Theory 

The quantum theory states that light is emitted by the atoms of a luminous 
body in separate packets of energy called quanta or photons. The energy 
of each bundle depends on the wavelength of the light. Each atom has a 
distinctive spectrum of wavelengths that it can radiate. These spectrums 
depend on the atom’s distribution of electrons. Photons travel at the same 
speed, namely the speed of light, but they may have different amounts of 
energy. The energy content of a photon determines the color that is perceived 
by the brain when light strikes the eye. 

Earlier, we learned that discrete amounts of energy applied to an atom can 
cause it to release electrons. A loss of electron energy can cause the electron 
to fall into a lower energy level. It is believed that photons are released from 
atoms when electrons fall to a lower energy level. The photon has energy that 
is directly related to the frequency of the light wave it produces. This energy 
is expressed by the following equation: 

E = hf (13.2) 

where E is the quantum of energy (joules), h is Planck’s universal constant 
(6.626 × 10−34 joules/s), and f is the frequency (hertz). 

The quantum theory shows that light transmission has some distinct 
characteristics that are important in optoelectronics. It is made of discrete 
bundles of energy that travel from the source in a wave pattern. The wave 
pattern has a distinct frequency that determines its color. 
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Terms and Units of Measurement 

The optoelectronics field is unusual in that it uses two distinct systems of 
measurement to evaluate the operation of an optoelectronic device or system: 
photometric and radiometric. The photometric system deals with visible 
light energy and applies specifically to the response of the human eye. The 
radiometric system deals with the entire optical spectrum, including ultra
violet, visible, and infrared light. Wavelengths in the radiometric spectrum 
range from 0.005 to 4000 μm. Visible light is only a small part of the total 
radiometric spectrum. The two systems are similar in many respects but 
cannot be used interchangeably. It is often difficult to convert units of measure 
from one system to the other. 

Radiometric Systems 

A beam of radiant energy has several measurable characteristics that are 
important in the optoelectronic field. Optical energy can be radiated through 
space in a wide range of patterns, can be emitted from a material, or can 
be reflected from a surface. The radiation process must be specified in 
order for measurements to be meaningful. Terms such as flux, illumination, 
intensity, and luminance are used. These terms apply to both radiometric 
and photometric measurements. Radiometric terms are distinguished from 
photometric by being preceded by the word radiant. 

In the radiometric system, energy travels from an energy source in the 
form of electromagnetic waves. Radiant flux, or  radiant power, is the flow 
rate of radiant energy per unit of time and is represented by the Greek letter 
phi (Φ). It is measured in joules per second, or watts. 

The term radiant intensity is used to indicate the amount of electromag
netic energy produced by a specific source. Radiant intensity is a measure of 
the radiant flux per solid angle unit or watts per steradian. The solid angle 
of a sphere is shown in Figure 13.3. A  sphere contains 47π steradians. A 
steradian (sr) is the unit of measure of a solid angle originating at the center 
of a sphere with a radius of 1 m subtended by 1 m2 on the surface of the 
sphere. A steradian is generally considered to be a dimensionless unit like the 
radian. It is best expressed as a solid angular measurement. Keep in mind 
that this measurement has a light source at the center of the sphere, and it 
indicates the amount of intensity produced on 1 sr of outer surface. 

Radiant incidence, or  irradiance, is a measure of the radiant energy that 
strikes the surface of a specific area. It is measured in watts per unit area. 
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Figure 13.3 Solid angle of a sphere. 

The unit area most commonly used is the square meter or centimeter. Radiant 
incidence is primarily used to describe the amount of radiation applied to the 
active surface of a detector. If the sensitivity of the detector is known, radiant 
incidence indicates if a particular signal will be detected. 

Radiant exitance is a measure of the radiant power emitted or released 
by a specific surface. Radiant exitance is also called radiant emittance 
or, simply, emittance. It is measured in watts per square meter or square 
centimeter. Emittance is an indication of the optical power reflected from a 
surface. The reflectance of a surface varies with wavelength. For example, a 
radiant exitance of 3.2 mW/cm2 results when a surface with 50% reflectance 
is irradiated with 6.4 mW/cm2 . 

Radiance is a measure of the radiant intensity that is leaving, passing 
through, or arriving at a specific surface area. It is measured in watts per 
steradian meter squared and is determined by dividing the radiant energy 
intensity from a source by the projected area. 

Photometric Systems 

As mentioned previously, photometric systems deal with the measurement 
of electromagnetic energy that falls in the visible part of the frequency 
spectrum. Photometric terms are distinguished from radiometric terms by the 
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prefix luminous. Luminous intensity, luminous flux, luminous exitance, and 
luminous power are some of the common photometric units of measurement. 

One characteristic of light that is important in many applications is 
intensity. Intensity is a measure of the amount of energy contained in an elec
tromagnetic wave. In the photometric system, the amount of light produced 
by a source is called its luminous intensity. The unit of luminous intensity is a 
standard light source called a candela (cd). One candela is equal to one lumen 
per steradian (see Figure 13.5). The candela is an alternative measurement for 
the foot-candle measurement of light intensity. 

Luminous flux is another important unit of the photometric system. 
Luminous flux is sometimes called luminous power. It specifically refers to 
the rate at which light energy flows per unit of time. The unit of luminous flux 
is the lumen (lm) and is denoted by the Greek letter phi (Φ). The lumen is 
the basic unit of measurement for the photometric system. The lumen is the 
SI unit that has replaced the candela to describe visible light energy. 

Illuminance, also called luminous incidence, is the density of luminous 
power that it takes to illuminate a surface. The unit of illuminance is the lux. 
One lux is equal to 1 lm/m2. Illuminance is frequently used to express the 
amount of light received by a solid-state device. When one lumen falls on a 
surface with an area of one square meter, the illuminance is one lux. Other 
units of illuminance are the lumen per square foot or foot-candle and the 
lumen per square centimeter or phot. 

Luminous exitance is a measure of the amount of luminous flux given off 
or reflected by a surface. It is measured in lumens per square meter and is used 
to denote the reflecting capability of a specific surface. The reflectance of the 
surface varies with the wavelength of the illuminance. The unit of luminous 
exitance was once called luminous emittance or, simply, emittance. 

Self-Examination 

Answer the following questions. 

1. Optoelectronics is concerned with the study of _____. 
2. _____ is the process of emitting or releasing energy in the form of 

electromagnetic waves. 
3. A graph or chart that shows the location of different electromagnetic 

wave frequencies and wavelengths is called a(n) _____. 
4. A(n) _____ wave causes particles to move at right angles to the direction 

of motion. 
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5. Electromagnetic waves travel at _____ mi/s or _____ m/s. 
6. One _____ is a measure of the distance that an electromagnetic wave 

travels in space during one cycle of operation. 
7. Higher frequencies cause the wavelength to be _____. 
8. Visible light ranges from a wavelength of _____ (Å) for violet to _____ 

(Å) for red. 
9. The color _____ has the lowest frequency, whereas the color _____ has 

the highest frequency. 
10. The color _____ has the longest wavelength, whereas the color _____ 

has the shortest wavelength. 
11. The quantum theory is based on the emission of energy packets called 

_____. 
12. The _____ system deals with the entire electromagnetic spectrum. 
13. The _____ system deals with visible light. 
14. Radiant _____ is measured in joules per second, or watts. 
15. Radiant _____ is used to measure the amount of electromagnetic energy 

produced by a source. 
16. Radiant _____ is a measure of the radiant energy applied to a surface. 
17. Radiant _____ is a measure of the radiant power released from a surface. 
18. Luminous _____ is a measure of the amount of visible light produced 

by a source. 
19. The unit of luminous intensity is the _____. 
20. The unit of luminous flux is the _____. 
21. The unit of illuminance is the _____. 

13.2 Radiation Sources 

13.2 Evaluate the performance of a device that radiates light energy. 
In order to achieve objective 13.2, you should be able to: 

• interpret a data sheet for a device that detects light energy; 
• describe the characteristics of incandescent lamps; 
• describe the characteristics of light-emitting diodes; 
• define	 panchromatic source, heterochromatic source, monochromatic 

source, light-emitting diode, and infrared emitting diode. 

Photometric Source Classifications 

Photometric sources are frequently classified by the amount or range of visi
ble light emitted. In this regard, sources are described as being panchromatic, 
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heterochromatic, or  monochromatic. The term chromatic in these expressions 
refers to a specific color or various colors of the spectrum. 

An incandescent lamp is an example of a panchromatic source. Its 
radiation extends over a very large portion of the optical spectrum. A wide 
range of visible colors can be produced by a panchromatic source. 

A heterochromatic source produces a very limited number of different 
colors. Mercury arc lamps, for example, produce colors that are predomi
nantly red or orange. Specifically, this particular source generates light in the 
region of 6500 Å. 

A monochromatic source radiates energy of only one specific wave
length or in a very narrow part of the spectrum. A sodium vapor lamp, for 
example, radiates energy at 5000 Å. 

Figure 13.4 shows the spectral response of several different light sources. 
Note the chromatic differences in these sources. 

Incandescent Lamps 

An incandescent lamp is frequently used as the radiation source of an opto
electronic system. This type of source is readily available, is reliable, and has 
a consistent level of operation. Tungsten filament lamps are used widely for 

Figure 13.4 Spectral response of radiation sources. 
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this application. The radiation output of this source peaks at approximately 
10,000 Å, as shown in Figure 13.4. It also radiates electromagnetic energy in 
the visible light region. 

When incandescent lamps are used as a light source, they are generally 
operated at the lowest voltage value that is consistent with good performance. 
Low-voltage operation extends the life span of the lamp. 

Lamp life in an optoelectronic system ranges from 5000 hours to some
thing in excess of 50,000 hours, depending on the lamp and its operating 
voltage. 

Operation of an incandescent lamp is based on the passage of current 
through an electrical conductor. When electrons pass through a conductor, 
they encounter a certain amount of resistance. This opposition to electron 
flow produces heat in the conductor. When enough heat is produced, the 
conductor changes its appearance. At low values of heat, there may be no 
change in the outward appearance of the material. As the temperature rises, 
the color of the material changes. It is possible to see a dull orange glow, 
bright orange, yellow, or a very intense white glow called incandescence. 
Tungsten lamps operating at 6332◦F (3500◦C) produce a very high-level light 
intensity. These lamps have a very short life expectancy. Operating the same 
lamp at a lower temperature increases its life expectancy. The wavelengths of 
light produced by a tungsten filament lamp are shown in the spectral response 
of Figure 13.4. 

Light-Emitting Diodes 

A semiconductor optoelectronic device that is used rather extensively as a 
light source is the light-emitting diode (LED) or solid-state lamp (SST). 
The LED contains a P-N junction that emits light when forward biased. A 
schematic symbol, crystal structure, and typical package of an LED are shown 
in Figure 13.5. The housing or lens of an LED is transparent and focuses on 
the P-N junction. 

When an LED is forward biased, electrons cross the junction and com
bine with holes, which cause them to fall out of conduction and return to the 
valence band. The energy possessed by each free electron is then released. 
Some of this appears as heat energy, and the rest of it is given off as light 
energy. Special materials such as gallium arsenide (GaAs), gallium phosphide 
(GaP), and gallium arsenide phosphide (GaAsP) cause this reaction when 
used in a P-N junction. These materials are purposely used because they 
permit various forms of radiant energy to be produced. 
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Figure 13.5 Light-emitting diode. (a) LED symbol. (b) LED crystal structure. (c) LED 
package. 

When an LED is forward biased, the applied electrical energy causes the 
radiation of electromagnetic energy. The spectral response of an LED varies 
according to the type of semiconductor material used in its construction. 
Combinations of certain materials and varying doping levels are used to pro
duce LEDs that emit many different wavelengths of energy and, consequently, 
different colors. Some of these combinations and resulting wavelengths are 
listed in the following table. 

Material Wavelength Color 
Gallium arsenide 8800 Å (880 nm) Infrared 
(GaAs) 
Gallium phosphide 5500 Å (550 nm) Green to red 
(GaP) 
Gallium arsenide 5800–6600 Å Amber to red 
phosphide (GaAsP) (580–660 nm) 

When GaAs is used in the construction of an LED, it emits infrared 
energy, which is not visible to the human eye. Devices of this type are called 
infrared emitting diode (IRED). IREDs are used in systems that must not be 
influenced by ambient light or normal room light. If the environment where 
the device is being used contains traces of infrared energy, it will not function 
as intended. 
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Figure 13.6 LED spectral response curves. 

Spectral response curves for different LEDs are shown in Figure 13.6. 
Compare these curves and their peak response with the color response curve 
shown in Figure 13.4. This comparison shows that the wavelengths of 
radiated energy range from the visible to the infrared region of the frequency 
spectrum. Specific combinations of different phosphors are added to produce 
the desired color effects. LEDs are very sensitive to temperature changes, 
which cause the spectral response of the LED to shift to longer wavelengths. 
An increase in temperature also reduces the amount of radiant output power. 

A unique feature of the LED as a light source is its rapid switching time. 
Compared with an incandescent lamp, an LED can be switched on and off 
rapidly. Switching rates of several thousand hertz can be achieved with no 
significant delay time. High-speed switching of an LED can be achieved with 
a square-wave generator or a trigger pulse. No heat is required by an LED to 
produce light. Radiation is produced only when the P-N junction is forward 
biased, and holes and electrons recombine at the surface of the junction. 

LED Characteristics 

Figure 13.7 shows the I–V characteristics for a GaAs LED. Note that the 
operational characteristics of an LED are very similar to those of a typical 
diode. The current increases very rapidly, with the voltage remaining nearly 
constant after forward conduction occurs. 
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Figure 13.7 I-V graph of a GaAs LED. 

There is a limit to the forward current and reverse voltage that an LED 
can withstand without being damaged. Most LEDs can withstand a forward 
current of 50−100 mA. Higher current values require a heat sink to prevent 
thermal damage to the junction. The PRV rating of an LED is usually quite 
low compared with a conventional silicon diode. Only a few volts can be 
tolerated without causing permanent damage to the junction. Typical PRV 
ratings are less than 50 V for an LED. 

The light-output characteristic of an LED is an important operational 
consideration. Figure 13.8 shows a graph of the output of a red GaAsP LED. 
This graph was made by pointing an LED into a calibrated photometer and 
applying current to the LED. The current was then monitored and recorded 
for each level of light intensity. Note that the light output is linear until 
approximately 65 mA is reached. Beyond 80 mA, the light output falls well 
below the peak value due to the development of excess heat across the 
junction. This particular LED is intended for low current applications. Its 
forward current rating is 50 mA. Operation is permitted beyond the upper 
current rating with reduced efficiency. 

LED Applications 

LEDs are used primarily as indicating devices for electronic circuits. When 
the LED is forward biased, it produces light. Reverse biasing does not 
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Figure 13.8 Light output versus forward current characteristic of a GaAsP LED. 

produce light. In an actual circuit, very little current flows or light is produced 
until the forward-bias voltage is greater than the forward voltage (VF) of  
the LED. Typical VF values are in the range of 1−3 V. In the reverse-bias 
direction, very little current flows and no light is produced. 

Most LED applications require that the LED be protected from excessive 
forward current flow. This is achieved by connecting the LED in series with a 
current-limiting resistor. Figure 13.9 shows an LED connected to a voltage 
source and a series resistor. The value of the series resistor can be calculated 
from Ohm’s law. The forward voltage (VF) of the LED is fairly constant 
when it goes into conduction. The voltage across the series resistor (VRS) 
is the difference between the source voltage (VCC) and the forward voltage 
(VF) of the diode: 

VRS = VCC − VF. (13.3) 

For example, find the voltage across a series resistor if a circuit has a VCC 

of 5 V and an LED with a forward voltage of 1.8 V. 

VRS = VCC − VF 

= 5  − 1.8V 

= 3.2V. 

After VRS is determined, a safe forward current (IF) can be chosen 
that will produce a reasonable level of light. This current, which also flows 
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Figure 13.9 Current-limiting resistor calculation for an LED. 

through RS, is divided into VRS to find the value of RS, as expressed by the 
following formula: 

RS = VRS/IF. (13.4) 

Therefore, if the diode in our previous example has a safe forward current 
of 20 mA, the series resistor value would be calculated as follows: 

RS = VRS/IF 

= 3.2 V/20 mA 

= 160 Ω. 

Example 13-3: 

Find the value of series resistor needed for an LED circuit with VCC = 5 V  
and forward voltage = 1.75 V and forward current = 12.5 mA. 
Solution 

VRS = VCC − VF RS = VRS/IF 

= 5  − 1.75 V = 3.25 V/12.5 mA  

= 3.25 V = 260Ω. 
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Related Problem 

Forward voltage of an LED is 2.2 V and IF = 5 mA. If VCC = 5 V, what value 
of series resistor is needed? 

LEDs are commonly used in seven-segment and 5 × 7 dot-matrix dis
plays. The LEDs of these devices produce visible light when forward biased 
and no light when reverse biased. As a result of this two-state condition, 
discrete segments or dots can be illuminated when diodes are energized. 
Typically, the positive side of the energy source is applied to the anode of 
each diode through a current-limiting resistor. The cathode of the respective 
diode is then grounded by switching. When the circuit is complete, the diode 
is energized, thus producing light. 

Seven-segment LED displays often contain four or more discrete diodes 
connected in parallel to form a segment. This type of construction usually 
requires only one current-limiting resistor for each segment. The amount of 
voltage needed to produce illumination is typically 3.5−5 V DC. 

Figure 13.10 shows the circuitry of seven-segment and 5 × 7 dot-matrix 
LED display devices. The LEDs in both circuits are similar in all respects. 
The switching method needed to energize specific diodes is somewhat differ
ent. In the seven-segment device of Figure 13.10(b), a single switch controls 
each segment. By comparison, two or more switches control the dot-matrix 
circuit of Figure 13.10(d). A discrete diode can be energized by two or more 
switches, such as row 4, column 5. A complete vertical row would require 
one column switch and all seven row switches. A complete horizontal row 
would be energized by one row switch and all five column switches. As a 
general rule, dot-matrix display devices are used to produce letter displays 
more so than numbers. LED display devices are used more frequently in 
circuit applications than all other devices combined. 

Another application combines an LED with other light-sensitive devices 
such as photodiodes and phototransistors to form an optocoupler, as 
shown in Figure 13.11. Optocouplers, which are sometimes referred to as 
optoisolators, provide a one-way transfer path for electrical signals. 

Optocouplers are commonly manufactured in dual-in-line packages as 
shown in Figure 13.11(a). Note the equivalent circuit of the optocoupler 
in Figure 13.11(b). An LED or an IRED is combined with a transistor 
amplifier in the same package. The input of this device is the LED; the 
output is the transistor circuit. The collector current of the transistor varies 
in direct proportion to the current through the LED. Therefore, when an 
input signal is applied to the LED, it emits light in proportion to the applied 
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Figure 13.10 LED display devices. (a) Seven-segment LED display with four diodes per 
segment. (b) Diagram showing connections of segments. (c) LED 5 × 7 dot-matrix display. 
(d) LED dot-matrix diagram. 
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Figure 13.11 Optocouplers. (a) Package. (b) Equivalent circuit. (c) Other configurations. 

signal voltage. The light causes the transistor to conduct, thus increasing the 
collector current. This is achieved with no electrical connection between the 
devices that comprise the coupler. Isolation of the two circuits is, therefore, 
achieved. 

Self-Examination 

Answer the following questions. 

22. The source of an optoelectronic system is responsible for generating 
some form of _____ energy. 

23. An incandescent lamp is an example of a(n) _____ source. 
24. A(n)	 _____ lamp produces light when current passes through the 

conductive material of the filament. 
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25. An LED produces light when _____ biased. 
26. When GaAs, GaP, or GaAsP is used in the construction of an LED, the 

LED produces different _____ of radiant energy. 
27. IREDs produce _____ energy. 
28. A unique operational feature of a(n) _____ source of radiant energy is 

that it can be switched on and off very rapidly. 
29. Most LEDs can withstand a forward current of _____ mA to _____ mA. 
30. When an excessive amount of forward current passes through an LED, 

its output intensity is reduced because of _____. 
31. When an LED is connected to an energy source, it must be protected 

from excessive current with a(n) _____ resistor. 
32. A(n) _____ display has several LEDs formed into bars or segments. 
33. A(n) _____ display has individual LEDs formed in a 5 × 7 matrix. 
34. In an optocoupler, an LED serves as a(n) _____ of light energy. 

13.3 Optoelectronic Detectors 

The detector of an optoelectronic system is classified as a transducer because 
it is designed to change radiant energy into electrical energy. This is the oppo
site function than that of radiation sources. A number of detection devices 
are available. They are divided into three general categories: photoemissive, 
photoconductive, and photovoltaic. This section explains the characteristics 
of each of the three general categories and introduces their related devices. 

13.3 Evaluate the performance of a device that detects light energy. 
In order to achieve objective 13.3, you should be able to: 

• interpret a data sheet for a device that detects light energy; 
• describe the characteristics of photoemissive,	 photoconductive, and 

photovoltaic radiation detectors; 
• define photoemissive devices, photoelectronic emission, photoconduc

tive devices, photoresistive cells, dark current, photovoltaic device, and 
photovoltaic cell. 

Photoemissive Devices 

A photoemissive device emits electrons in the presence of light. Vacuum and 
gaseous phototubes are typical photoemissive devices. The phototube shown 
in Figure 13.12 is similar in appearance to a vacuum tube or gaseous tube. 
When light strikes the cathode of a phototube, photons of light are absorbed 
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Figure 13.12 Photoemissive cell. 

by the surface of the cathode. The absorption of this energy causes electrons 
on the surface of the cathode to gain enough energy to leave the cathode. This 
phenomenon is called photoelectric emission. The energy of the electrons 
depends on the wavelength of the light striking it. A spectral response 
curve is plotted by the manufacturer for each type of device produced. A 
representative spectral response curve is shown in Figure 13.13. Note that 
the phototube responds better to some ultraviolet and visible violet and blue 
wavelengths. The vacuum and gaseous phototube technology has largely been 
superseded by solid-state devices. 

Example 13-4: 

What is the approximate % response of the phototube of Figure 13.16 for a 
wavelength of 600 nm? 
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Figure 13.13 Spectral response curve for a phototube. 

Solution 

Locate 6000 Å on the horizontal axis of Figure 13.13 (600 nm = 6000 Å). 
Project vertically to the response curve (point A) and across the vertical axis 
on the left. Response is approximately 10%. 

Related Problem 

What is the approximate response of the phototube of Figure 13.13 for a 
wavelength of 400 nm? 

A phototube may be connected in a circuit as shown in Figure 13.14. 
When light of the proper wavelength is focused on the cathode, electrons are 
emitted and travel to the positively charged anode or plate where they cause a 
plate current (IP) to flow. This produces a voltage drop across the load (RL). 
The plate current, caused by various combinations of light and plate voltage, 
may be determined by using a phototube characteristic curve supplied by the 
manufacturer. Such a curve is shown in Figure 13.15. 

Example 13-5: 

Refer to Figure 13.15. What is the approximate plate current (IP) with a plate 
voltage of 100 V and light intensity of 0.04 lumens? 
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Figure 13.14 Phototube circuit action. 

Figure 13.15 Phototube characteristic curves. 

Solution 

Locate 100 V on the horizontal axis. Project upward to the 0.04 lumens line 
(point A) and across the vertical plate current line. Plate current ∼ 2.5 μA. 

Related Problem
 

What is the approximate IP at VP = 200 V and light intensity = 0.08 lumens?
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Photoemissive tubes may be of the vacuum type or filled with a gas. 
A gas phototube is usually more sensitive and, thus, requires less light 
to produce a given amount of anode current. A phototube circuit may be 
calibrated to measure specific values of light. This permits the tube to be 
used in instruments such as light-exposure meters. 

At one time, nearly all photoelectric control was achieved by photoe
missive tubes. The unusually high voltage needed to energize a phototube 
is rather uncharacteristic of most electronic devices. In general, this type 
of device has been replaced by solid-state photodiodes. As a rule, circuit 
control can be achieved more efficiently with lower voltage values. The 
photoemissive principle is important, however, because it is the basis of 
photomultiplier tube operation. 

Most phototubes have a very small output when the light intensity is 
low. The photomultiplier tube shown in Figure 13.16 overcomes this 

Figure 13.16 Multiplier phototube. (a) Schematic symbol. (b) Construction. 
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disadvantage. Note the internal construction of this tube. Light that strikes 
the cathode causes electrons to be emitted and focused toward positive 
plates called dynodes. Each dynode possesses a successively higher positive 
charge to attract these electrons. The anode has the highest positive potential. 
Through the principle of secondary emission, a large number of electrons are 
produced by each successive dynode. 

Most multiplier phototubes use 9−14 dynodes for producing a high 
output at low light levels. Thus, a small amount of light can cause enough 
electrons to be emitted to produce a significant output. Photomultiplier 
tubes have a fairly high level of signal multiplication, which is extremely 
important in detecting low levels of light. 

Photoconductive Devices 

Photoconductive devices are designed so that when light intensity increases, 
their resistance decreases, and when light intensity decreases, their resistance 
increases. In effect, a photoconductive device changes light intensity to 
electrical conductivity. You should recall that conductivity is a measure of the 
ease with which current carriers pass through a material. Photoresistive cells, 
photodiodes, PIN diodes, phototransistors, and light-activated SCRs are 
common examples of photoconductive devices. 

Photoresistive Cells 

A photoresistive cell, or  light-dependent resistor (LDR), is essentially a 
semiconductor device. The words resistive and resistors are used in their 
terminology because of the relationship between conductance and resistance 
(conductance is the reciprocal of resistance). Photoresistive cells change their 
resistance level and thus their conductivity based on the response of its 
material to light energy. 

Light-sensitive materials, such as cadmium sulfide (CdS), cadmium 
selenide (CdSe), and cadmium telluride (CdTe), are used in the construction 
of photoresistive cells. The material used in device construction determines 
how the device responds to different levels of light and to different wave
lengths of radiant energy. CdS cells have a response very similar to that of the 
human eye. They respond best to yellow-green light, which has a wavelength 
of 5500 Å. CdSe cells are more sensitive to red, or 7000 Å, whereas CdTe is 
best suited for infrared light, or 8000 Å. 

Cadmium sulfide cells are currently used in more applications than the 
other materials. This popularity is primarily related to its high sensitivity to 
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Figure 13.17 Cadmium sulfide photoconductive cell. (a) Top view. (b) Cutaway view. (c) 
Photograph. 

light. The resistance of a CdS crystal in the dark may be from 10,000 to 
100,000 times greater than its resistance when exposed to an intense light. 
The sensitivity of the material is improved by increasing its surface area. 
Most CdS cells are constructed with a geometric pattern of the material on 
a glass substrate. Figure 13.17 shows a pattern designed to have maximum 
surface area coverage. This wafer is then hermetically sealed in a glass or 
metal housing. A glass or plastic window covers the CdS pattern area. Light 
energy passing through the window causes the material to change resistance. 

The operation of a photoconductive cell is based on the response of 
its material to light energy. When photons of light strike the light-sensitive 
material, they cause valence electrons to break their atomic bonding. These 
electrons are then free to take part in the conduction process. For each free 
electron produced, a corresponding hole is established in the covalent-bonded 
structure. 

When conduction takes place, electrons move in the reverse direction. 
Conduction is based on the number of current carriers moving in the material. 
High levels of light intensity cause the material to be low resistant. A typical 
photoconductive cell will change resistance to 100 Ω when the light intensity 
is 100 lux, which is the equivalent of 9 foot-candles. Reduced light intensity 
causes an increase in material resistance. In total darkness, the resistance of 
the cell may be 100 kΩ. When the light intensity is reduced, electrons fall 
out of conduction and recombine with holes. The intensity of the light and 
its wavelength control the conductivity of the material. The total change in 
resistance due to a small change in light intensity is the unique advantage of 
this device. 
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The symbol for a CdS cell is shown in Figure 13.18. This transducer 
is represented by two different symbols. The symbol with arrows shows 
light energy being directed to the resistive material. The alternate symbol 
shows a resistor with the Greek letter lambda (λ), which is a common 
designation for wavelength. This symbol shows that the resistor responds to 
light wavelengths. When these devices are connected in a circuit as indicated, 
an increase in light intensity causes a reduction in resistance. This causes a 
corresponding increase in device current and a reduction in voltage across the 
device. In a sense, this type of device responds as a variable resistor that is 
controlled by light intensity. 

An application of the photoconductive cell is shown in Figure 13.19. In  
this circuit, the SCR conducts when light is focused on the photoresistive 
cell. When light strikes the photoresistive cell, its resistance decreases. The 
potential at point A becomes more positive and causes gate current (IG) to  

Figure 13.18 Schematic symbols of a CdS cell. 

Figure 13.19 Photoconductive cell application. 
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flow. A sufficient amount of gate current triggers the SCR into conduction. 
When the SCR conducts, the load device is activated. The SCR then conducts 
until its anode circuit is opened. The variable resistor (R1) is used as a 
sensitivity adjustment to control the level of light required to cause the SCR 
to conduct. 

Photodiodes 

Photodiodes are also classified as photoconductive devices. This type of 
device has light-sensitive P-type and N-type materials in its construction as 
shown in Figure 13.20(a). Note that the two materials form a P-N junction. 
Normally, a photodiode is connected in the reverse-biased mode of operation. 
Without light, there is an extremely high reverse resistance. Any conduction 
current that flows is called dark current. As a rule, dark current is due to the 
thermal generation of current carriers. Only a few nanoamperes (nA) of dark 
current occur in a reverse-biased photodiode at low light levels. 

Photodiodes are energized in a circuit with reverse-biased DC. When 
a photodiode is illuminated, radiant energy causes the valence electrons 
of the P-type and N-type materials to go into conduction. In effect, this 
causes electrons and holes to be returned to the current carrier depletion 
region near the reverse-biased P-N junction. The return of current carriers 
increases conductivity and lowers junction resistance. A photodiode changes 

Figure 13.20 Comparison of a photodiode and PIN photodiode. (a) Photodiode. (b) PIN 
photodiode. 
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its conductivity with light intensity only when the junction is reverse biased. 
Forward biasing the same P-N junction causes conductivity that does not 
change with light intensity. Photodiodes find use in smoke detectors where 
the amount of light reaching the photodiode is continuously monitored. If the 
light is blocked, which may happen due to smoke, the conductivity of the 
photodiode changes and this can be used to trigger an alarm. Photodiodes are 
also used in the receiver circuitry of a VCR or television that is remotely con
trolled. Other applications include light meters in digital cameras for indicat
ing whether additional lighting is needed for taking a photograph. In the case 
of DVDs and CDs, photodiodes are used to sense the presence or absence of 
light which is reflected by the surface of the disk during its operation. 

An application of the photodiode is shown in Figure 13.19. A photodiode 
is connected in series with a DC power source and a load resistor (RL). 
The DC power source applies a reverse bias to the photodiode. When light 
intensity is increased, the photodiode becomes conductive. Increased current 
flow causes the voltage across RL to increase. 

PIN Diodes 

Another type of the photodiode is the PIN diode shown in Figure 13.20. 
Figure 13.20(a) shows that a regular photodiode has a P-N junction in its 
construction. Light applied to the junction causes current carriers to return 
to the depletion region. This type of diode has a rather significant junction 
capacitance (Cj), which tends to slow down the response of the diode to 
changes in light intensity. 

The PIN diode, as shown in Figure 13.20(b), has a layer of undoped 
semiconductor material between the P-N junction materials. The letter I 
denotes this intrinsic, or undoped, semiconductor material. The added I layer 
physically increases the width of the depletion region of the P-N junction, 
which lowers the junction capacitance of the device. A PIN diode, therefore, 
has lower junction capacitance and a faster response to changes in light 
intensity. As a rule, this type of construction also reduces the dark current of 
the device to a much lower value. 

PIN diodes may be used in communication systems as DC-controlled 
microwave switches, as a  modulation device or as photodetectors in fiber 
optic systems. During high speed optical data transmission, it is important 
that detector circuitry responds only to the signal and not to ambient optical 
energy. PIN photodiodes with the intrinsic region limit the flow of thermally 
generated charge carriers which could affect the reception of the data. 
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Phototransistors 

The phototransistor is a photoconductive device that has two P-N junctions 
in its construction, similar to that of a conventional bipolar transistor. The 
collector−base junction, therefore, responds as a photodiode. Light energy 
applied to this part of the device generates current carriers in the base 
region. This photocurrent controls the emitter−collector current. Essentially, 
a small change in base current is used to control a larger collector cur
rent. A phototransistor is, therefore, capable of amplification. This makes 
the phototransistor more sensitive to changes in light intensity than the 
photodiode. 

A cross-sectional view of a phototransistor is shown in Figure 13.21. 
In this structure, light energy must be directed toward the base area. The 
entire assembly is housed in an enclosure that has a lens or window centered 
over the base region. Many devices of this type have the base lead omitted. 
A floating-base device has only emitter and collector lead connections. Base 
current is generated by light energy and controls current flow between the 
emitter and collector. With an external base lead, the phototransistor has 
additional control over the collector current. A three-lead phototransistor can 
also be used as a photodiode by disconnecting the emitter and using only 
the base−collector leads. Figure 13.22 shows the schematic symbols of a 
floating-base and a three-lead NPN phototransistor. 

A phototransistor equivalent circuit and characteristics curve for a three-
lead device are shown in Figure 13.23. The collector−base junction is reverse 

Figure 13.21 Cross-sectional view of a phototransistor. 
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Figure 13.22 Schematic symbols of a phototransistor. (a) Floating base. (b) Three-lead. 

biased. When light is focused on the collector−base junction, base current 
flows. This base current is amplified by the transistor. It is possible to bias the 
base to control the sensitivity of the device. 

A photo-Darlington transistor is composed of two directly coupled 
phototransistors on a single structure. It is characterized as having high input 
impedance, low output impedance, and high sensitivity. The response time 
of a photo-Darlington transistor is slower than that of the phototransistor and 
photodiode. 

Phototransistors, in general, are not very widely used as discrete-
component control devices. As a rule, other optoelectronic devices can 
achieve equal and, in many cases, much better control than a single pho
totransistor. Phototransistors are, however, commonly used in optocoupling 
devices. This application permits the interfacing of an electrical output from 
a low power device to a high-current or high-voltage device along with 
offering with excellent isolation. In this case, the low power device may 
be used to switch on an LED. Light energy from the LED is directed to 
the base of a phototransistor which is on an independent circuit. The light 
falling on the base of the phototransistor causes it to go into conduction. This 
permits electrical signal transfer between devices without a direct electrical 
connection. 

Light-Activated SCRs 

Light-activated silicon controlled rectifiers (LASCRs) are SCRs that have 
been adapted for use with optical applications. Refer to Figure 13.24. These 
devices permit the flow of current in one direction when light of a certain 
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Figure 13.23 Phototransistor. (a) Symbol. (b) Equivalent circuit. (c) Characteristic curves. 

intensity falls on the gate of the device, triggering the SCR. Once triggered 
into operation, the device is “latched” and will continue conduction, even if 
the light source is removed. The device can be taken out of conduction by 
decreasing the current flowing through the device below its holding value or 
by reverse biasing the LASCR. Many LASCRs have a gate terminal as well 
so that the device can be controlled not only with a light source but also with 
an electrical gate trigger circuit. 

Figure 13.25 shows an LASCR circuit being used as a controlled recti
fier. In the positive alteration of the AC input, when light of sufficient intensity 
falls on the gate of an LASCR, it goes into conduction. It will continue to 
conduct for the rest of this alteration. During the negative AC input alteration, 
it will go out of conduction as the LASCR is reverse biased. As long as light 
falls on the gate of the device, the LASCR will continue to act as a controlled 
half-wave rectifier. 
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Figure 13.24 Light-activated SCRs. (a) Symbol. (b) Equivalent circuit. (c) Construction. 

Figure 13.25 Light-activated SCR (LASCR) circuit. 
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Example 13-6: 

In Figure 13.25, if the AC input source is replaced by a DC input source, how 
will the device respond when light is applied to the gate? 

Solution 

With DC of the proper polarity (anode connected to positive, cathode to 
negative) is applied to the LASCR, and the gate is triggered by light, the 
device will go into conduction. It will continue to conduct even if the light 
source is now removed. This indicates that the device is in a latched state of 
conduction. 

Related Problem 

If the polarity of the DC input source were to be reversed, how will the device 
respond when light is applied to the gate? 

Photovoltaic Devices 

Photovoltaic devices convert light energy into electrical energy. When a 
photovoltaic device is illuminated, the device creates an electrical potential. 
The photovoltaic cell, commonly called a solar cell, is used to convert light 
energy into electrical energy. Since this process represents a direct energy 
conversion, a great deal of research has been conducted in an attempt to 
convert large amounts of light energy into electrical energy. A common 
application of the solar cell is in photographic light-exposure meters. The 
electrical output of the solar cell is proportional to the amount of light falling 
onto its surface. The output of the solar cell is used to energize a light intensity 
meter. 

The construction of a photovoltaic cell is shown in Figure 13.26. This 
selenium cell has a layer of selenium deposited on a metal base and then a 
layer of cadmium. In the fabrication, one layer of cadmium selenide (CdSe) 
and another layer of cadmium oxide (CdO) are produced. A transparent 
conductive film is placed over the CdO, and a section of conductive alloy 
is then placed on the film. External leads are connected to the conductive 
material around the CdO layer and the metal base. When light strikes the 
CdO layer, electrons are emitted and move toward the external load device. 
A deficiency of electrons is then created in this region, which is filled by 
electrons from the CdSe. Electrons from the metal contact then flow into the 
CdSe, causing the metal contact plate to become positive. Thus, light energy 
causes a difference in potential between the two external leads. 
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Figure 13.26 Selenium photovoltaic cell. 

Selenium cells have a very low efficiency for converting light energy into 
electrical voltage. Typical efficiency ratings are less than 1%. A great deal 
of light and an extremely large active area are needed to produce electrical 
energy of any significant value. Selenium photovoltaic cells, however, have 
a spectral response that is very similar to that of the human eye. In many 
applications, the spectral response is much more significant than a high level 
of output efficiency. 

Silicon photovoltaic cells are much more commonly used than the sele
nium units. Silicon cells have low efficiencies, typically in the 10%−20% 
range. The more common silicon photovoltaic cell is shown in Figure 13.27. 

Figure 13.27 Silicon photovoltaic cell. 
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Figure 13.28 Photovoltaic cell relay control circuit. 

When no light is focused onto the silicon cell, it operates similarly to a con
ventional P-N junction diode. When light strikes the cell, a voltage develops 
across the external leads. The more intense the light, the greater the potential 
difference across the cell. 

Photovoltaic cells are used in a variety of applications. Although their 
electrical output is low, they may be used with amplifying devices to develop 
an output that drives a relay or some other load device. One such application 
is shown in Figure 13.28. In this circuit, the output of the photovoltaic cell 
is amplified by transistor Q1 so that when light strikes the photovoltaic cell, 
the base current of the transistor increases. The increase in base current is 
amplified by Q1, causing a collector current that is sufficient to activate the 
relay. The load connected across the relay terminals could be turned either off 
or on by the presence of light on the photovoltaic cell. 

Since photovoltaic cells are a DC voltage source, they may be connected 
in either series or parallel. Remember from your study of DC circuits that 
cells connected in series increase voltage. Cells connected in parallel increase 
current-output capability. 

Self-Examination 

Answer the following questions. 

35. An optoelectronic _____ is designed to change light energy into electri
cal energy. 
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36. Optoelectronic detectors are divided into three general categories:
_____, _____, and _____.

37. When photons of light energy strike the _____ of a photoemissive tube,
it emits electrons.

38. A(n) _____ device changes light intensity into electrical conductivity.
39. _____ is the ease with which current carriers pass through a material.
40. Cadmium sulfide (CdS) cells are _____ devices.
41. A high level of light intensity applied to a CdS cell will cause it to be

_____ resistant.
42. A low level of light intensity applied to a CdS cell will cause it to be

_____ resistant.
43. A photoresistive cell is classified as a(n) _____ device.
44. Photodiodes are classified as _____ devices.
45. For a photodiode to be responsive to changes in light intensity, it must

be _____-biased.
46. Light energy applied to a phototransistor generates current carriers in

the _____ region.
47. A solar cell is an example of a(n) _____ device.
48. The efficiency of a silicon photovoltaic cell is _____ than that of a

selenium photovoltaic cell.
49. The output voltage of a photovoltaic cell circuit configuration increases

when they are connected in _____.
50. The current capability of a photovoltaic cell circuit configuration

increases when they are connected in _____.

13.4 Analysis and Troubleshooting – Optoelectronic
Systems

Optoelectronic devices are commonly used to control electrical power and
to isolate different components of a system. The datasheets of various
optoelectronic devices will be examined in order to match its characteristics
to a specific control application. The semiconductor components used in the
construction of these devices must be sensitive to optical energy. Electrical
properties of the device such as resistance and voltage change significantly
with the application of light of a certain wavelength and intensity. By varying
the optical energy applied to the device, its performance can be evaluated.
These devices are generally rather fragile and can be physically damaged
easily. These devices should not be used in an environment that is subjected
to some form of particle contamination.
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13.4 Troubleshoot an optoelectronic system. 
In order to achieve objective 13.4, you should be able to: 

• examine datasheets for determining important operating conditions of 
various optoelectronic devices; 

• distinguish between normal and faulty operation of various optoelec
tronic devices. 

Data Sheet Analysis 

The specifications of optoelectronics devices can be obtained from manufac
turer datasheets. The circuit symbol, pin assignment, sample test circuits, and 
rated operational values are often readily available from the datasheet. 

The datasheet of a sample infrared light-emitting diode, QEC121, 
manufactured by Fairchild Semiconductor is included at the end of the 
chapter. Use this datasheet to answer the following questions: 

1. The number of terminals = __________. 
2. Sketch the schematic symbol for an LED = _________. 
3. Wavelength of light emitted by LED = __. 
4. What material is used for manufacturing this LED = __. 
5. Maximum rated reverse voltage at 25 ◦C = ____________. 
6. Maximum rated power dissipation (PD) = ___________ mW. 
7. Maximum rated continuous forward current = __________mA. 
8. Emission angle = ___________ř. 

The datasheet of light-dependent resistor, CL5M, manufactured by 
Clairex is included at the end of the chapter. Use this datasheet to answer 
the following questions: 

1. The number of terminals = __________. 
2. Maximum power in air (no heat sink) = _________W. 
3. Maximum power (with heat sink) = _________W. 
4. Operating temperature range = _______◦C to ________◦C. 
5. The material used for manufacturing the CL5M2L LDR = _____________. 
6. Minimum dark resistance = ___________ Ω. 
7. Resistance with 2 ft-c (foot-candle) light falling on the CL5M2L LDR = 

____________Ω. 

The datasheet of a sample photodiode, QSD2030, manufactured by Fairchild 
Semiconductor is included at the end of the chapter. Use this datasheet to 
answer the following questions: 
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1. The number of terminals = __________. 
2. Sketch the schematic symbol for a photodiode = _________. 
3. Maximum rated reverse breakdown voltage (VBR)= _________V. 
4. Maximum rated power dissipation (PD) = _________ mW. 
5. Wavelength sensitivity range = ___________nm to ___________nm. 
6. Peak sensitivity wavelength = ___________nm. 

The datasheet of a sample PIN photodiode, QSB34GR, manufactured by 
Fairchild Semiconductor is included at the end of the chapter. Use this 
datasheet to answer the following questions: 

1. The number of terminals = __________. 
2. Sketch the schematic symbol for a PIN photodiode = _________. 
3. Maximum rated reverse breakdown voltage (VR) = _________ V. 
4. Maximum rated power dissipation (PC) at 25◦C = _________ mW. 
5. Spectral (wavelength) sensitivity range for the QSB34GR PIN photodi

ode = ___________nm to ___________nm. 
6. Peak sensitivity wavelength = ___________nm. 

The datasheet of a sample phototransistor, QSC112, manufactured by 
Fairchild Semiconductor is included at the end of the chapter. Use this 
datasheet to answer the following questions: 

1. The number of terminals = __________. 
2. Sketch the schematic symbol for a phototransistor = _________. 
3. Maximum rated collector−emitter voltage = _________ V. 
4. Maximum rated power dissipation = _________ mW. 
5. Peak sensitivity wavelength = ____________ nm. 
6. Collector−emitter dark current with a VCE of 10 V = _________ nA. 
7. On-state collector current flow for the QSC112 phototransistor, at VCE 

of 5 V, minimum = ___________mA; maximum = __________mA. 

The datasheet of a sample light activated silicon controlled rectifier, IS6051, 
manufactured by Fairchild Semiconductor is included at the end of the 
chapter. Use this datasheet to answer the following questions: 

1. The total number of pins on the device = __________. 
Pin numbers used for the LED (input diode) portion of the LASCR = 
______________. 
Pin numbers used for the SCR (detector) portion of the LASCR = 
______________. 

2. Maximum forward current flow for the input diode = ________ mA. 
3. Power dissipation of the input diode = ________ mW. 
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4. RMS on-state current of the detector = __________ mA.
5. Power dissipation of the detector = __________ mW.

The datasheet of a sample photovoltaic cell, BPX79, manufactured by
Siemens is included at the end of the chapter. Use this datasheet to answer
the following questions:

1. The number of terminals = __________.
2. Operating and storage temperature range = __________◦C to

_________◦C.
3. Suitable optical wavelength range for applications = ___________ nm

to ___________ nm.
4. Wavelength of maximum sensitivity = ___________ nm.
5. Open-circuit voltage = __________ mV.
6. Applications of the BPX79 photovoltaic cell = ____________________.

The datasheet of a reflective objective sensor, QRD1113, manufactured by
Fairchild Semiconductor is included at the end of the chapter. Use this
datasheet to answer the following questions:

1. The total number of pins on the device = __________.
Pin numbers used for the LED (emitter) = ______________.
Pin numbers used for the phototransistor (sensor) = ______________.

2. Maximum continuous current flow of the LED (emitter) = ________
mA.

3. Maximum rated power dissipation (PD) of the LED = _______ mW.
4. Peak emission wavelength of the LED = ___________ nm.
5. Maximum rated collector−emitter (sensor) current = ___________ V.
6. Maximum rated power dissipation (PD) of the phototransistor = _______

mW.
7. Dark current with a VCE of 10 V = _________ nA.
8. Referring to Figure 5 of the QRD1113 datasheet, determine the approx-

imate distance in mils (1/1000th of an inch), when the normalized
collector current is maximum = ___________.

Summary

• Optoelectronic devices have electrical properties that are affected by
light.

• The term light includes visible, infrared, and ultraviolet regions of the
frequency spectrum.



Summary 553

• Light is a form of radiant energy.
• Radiant energy is made up of the entire optical spectrum, which includes

ultraviolet, visible, and infrared light.
• One theory of radiant energy transmission considers light to travel as

transverse waves that cause particles of a medium to vibrate at right
angles to the direction of motion of the waves.

• Light travels at 186,000 mi/s, or 300,000,000 m/s.
• There is an inverse relationship between the length of a wave and its

frequency.
• Wavelength is a measure of how far the wave travels during one cycle of

operation.
• The quantum theory of light considers light to be emitted in discrete

packets of energy called photons.
• The energy of a photon depends on the wavelength of the light.
• Two systems of measurement used by the optoelectronic field are

radiometric and photometric.
• The radiometric system deals with the entire optical spectrum.
• The photometric system deals with electromagnetic energy that falls in

the visible part of the electromagnetic spectrum.
• Photometric terms are preceded by the word luminous, and radiometric

terms are preceded by the word radiant.
• The unit of luminous intensity is the candela.
• An optoelectronic system is distinguished from other systems by its

source, which must generate some form of radiant energy, and its
detector, which responds to or receives radiant energy.

• Most optoelectronic systems respond to radiant energy that falls in the
visible part of the spectrum.

• The source of an optoelectronic system is usually classified according
to the amount of visible light emitted; sources can be panchromatic,
heterochromatic, or monochromatic.

• An incandescent lamp is an example of a panchromatic source, which
generates light over a large part of the visible spectrum.

• A mercury arc lamp is an example of a heterochromatic source; this lamp
radiates energy in a narrow part of the spectrum that is red to orange and
peaks at 6500 Å.

• A sodium vapor lamp is an example of a monochromatic source; it
generates light that is predominantly of one wavelength.

• Light-emitting diodes (LEDs) are solid-state sources that have a P-N
junction that emits light when forward biased.
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• The material used to make the P-N junction of an LED determines the
wavelength of energy released.

• An LED must be connected in series with a current-limiting resistor to
prevent excessive current from damaging the junction.

• The detector of an optoelectronic system is designed to change radiant
energy into electrical energy.

• The three general categories of detectors are photoemissive, photocon-
ductive, or photovoltaic.

• Photoemissive detectors give off or emit electrons when the light-
sensitive material of the cathode absorbs photons of light energy.

• Photomultiplier tubes are photoemissive devices that respond to the
secondary emission of several dynode plates, which increase the output
of the device.

• Photoconductive detectors change light intensity into electrical conduc-
tivity.

• Cadmium sulfide (CdS) cells change resistance when exposed to light.
• Photodiodes are photoconductive devices that have a light-sensitive P-N

junction.
• A photodiode is normally connected in the reverse-bias direction; when

light is applied to the junction, current carriers return to the depletion
region and cause conduction.

• A PIN photodiode has a layer of intrinsic semiconductor material
between the P-type and N-type materials; this construction lowers the
junction capacitance, which causes it to have a faster response time.

• Phototransistors are photoconductive devices that have two P-N junc-
tions; the collector−base junction responds as a photodiode.

• A phototransistor has an amplification capability, which makes it more
sensitive to changes in light intensity.

• Light-activated silicon controlled rectifiers (LASCRs) can be triggered
into conduction when light energy is applied to the gate, and a voltage
of proper polarity is applied to the anode and cathode terminals. Once
triggered, it will stay latched until the current drops below the holding
level.

• Photovoltaic devices are designed to change light energy directly into
electrical energy.

• Selenium photovoltaic cells have an efficiency of 1%, whereas silicon
devices have an efficiency of 15%.
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Formulas 

(13-1) λ = 300,000,000/f Wavelength in meters.
 
(13-2) e = hf Energy.
 
(13-3) VRS = VCC − VF Voltage value of the current-limiting resistor.
 
(13-4) RS = VRS/IF Resistance value of a current-limiting resistor.
 

Review Questions 

Answer the following questions. 

1. Discrete bundles of energy produced by a source of light are called: 

a. Ions 
b. Electrons 
c. Neutrons 
d. Photons 

2. Light is best described as a form of: 

a. Work 
b. Energy 
c. Waves 
d. Force 
e. Heat 

3. Radiation is described as: 

a. Energy transfer 
b. Energy conversion 
c. A form of work 
d. A frequency 
e. A series of waves 

4. A photometric system deals with: 

a. The response of the human eye 
b. All electromagnetic radiation 
c. Only infrared energy 
d. Only ultraviolet energy 
e. A combination of infrared and ultraviolet energy 

5. Radiometric systems deal with: 

a. Only visible light 
b. All electromagnetic energy 
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c. Only AM, FM, and TV electromagnetic energy 
d. Only gamma rays, X-rays, and microwaves 
e. Only the invisible part of the electromagnetic spectrum 

6. The human eye responds to wavelengths of electromagnetic energy that 
are in the range of: 

a. 300−3000 Å 
b. 3000−4000 Å 
c. 4000−7700 Å 
d. 7700−10,000 Å 
e. 10,000 Å and above 

7. The sensitivity of the human eye peaks at the: 

a. Red part of the visual region of the spectrum 
b. Violet region 
c. Green area of the spectrum 
d. White part of the spectrum 
e. Black or absence of light 

8. An LED source produces light when: 

a. Holes and electrons combine in the depletion region 
b. The P-N junction is reverse biased 
c. The depletion region becomes wider 
d. Electrons are emitted from the junction surface 
e. The P-N junction becomes hot 

9. A photomultiplier tube responds to: 

a. The conductivity of current through a specific material 
b. The emission of electrons from a cathode 
c. The secondary emission of electrons from dynodes 
d. Thermionic emission 
e. Electrostatic excitation 

10. Which of the following is not classified as a photoconductive device? 

a. A P-N photodiode 
b. A PIN photodiode 
c. A phototransistor 
d. A light-dependent resistor 
e. A photovoltaic cell 
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11. Phototransistors respond much like a regular transistor except that light 
energy: 

a. Acts as a switch to turn on the transistor 
b. Produces base current 
c. Alters the leakage current 
d. Changes the base voltage 
e. Alters the emitter current 

12. Light striking a properly connected photodiode will cause an increase 
in: 

a. Forward current 
b. Resistance 
c. Reverse current 
d. Reverse voltage 
e. Forward voltage across the device 

Problems 

Answer the following questions. 

1.	 An LED with a VF of 2 V is to be operated from a 10-V source at 10 
mA. In which range of resistance values will the current-limiting resistor 
be found? 

a. 1−100 Ω 
b. 101−300 Ω 
c. 301−500 Ω 
d. 501−700 Ω 
e. 701−900 Ω 
f. 901 Ω or higher 

2. Under normal operating conditions, a GaAs LED will have a forward 
voltage between: 

a. 0 and 1 V 
b. 1.1 and 3 V 
c. 3.1 and 5 V 
d. 5.1 and 7 V 
e. 7.1 and 9 V 
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3. An ohmmeter connected across an LED shows 100 kΩ of resistance in 
the forward direction and infinite resistance in the reverse direction. This 
indicates: 

a. That the device is shorted 
b. An open condition 
c. A faulty device 
d. A good device 
e. That the condition of the device is questionable 

Answers 

Examples 

13-1. 3 m 
13-2. 4000 Å 
13-3. 560 Ω 
13-4. 95% approx. 
13-5. 4.75 μA approx. 
13-6. When the LASCR is reverse biased, triggering it by a light signal 

applied to the gate will not cause it to go into conduction. 

Self-Examination 

13.1 

1. light 
2. Radiation 
3. electromagnetic spectrum 
4. transverse 
5. 186,000, 300,000,000 
6. wavelength 
7. shorter 
8. 4000, 7700 
9. red, violet 

10. red, violet 
11. photons 
12. radiometric 
13. photometric 
14. flux 
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15. intensity 
16. incidence 
17. exitance 
18. intensity 
19. candela, or cd 
20. lumen 
21. lux 
13.2 
22. radiant 
23. panchromatic 
24. incandescent 
25. forward 
26. wavelengths 
27. infrared 
28. LED 
29. 50, 100 
30. heat 
31. current-limiting 
32. seven-segment 
33. dot-matrix 
34. source 
13.3 
35. detector 
36. photoemissive, photoconductive, photovoltaic (any order) 
37. cathode 
38. photoconductive 
39. Conductivity 
40. photoconductive 
41. low 
42. high 
43. photoconductive 
44. photoconductive 
45. reverse 
46. base 
47. photovoltaic 
48. higher 
49. series 
50. parallel 
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Terms 

Electromagnetic spectrum 

A graph that describes radiant energy by showing the location of different 
frequencies. 

Wavelength 

The distance that an electromagnetic or light wave travels in one cycle. 

Transverse wave 

A wave that causes the particles of a medium to vibrate at right angles to the 
direction in which the wave is moving. 

Angstrom 

A radiometric measuring unit used to describe the wavelength of an electro
magnetic wave. An Angstrom is 10−1O m. 

Quantum theory 

A theory based on the absorption and emission of discrete amounts of energy. 

Photometric system 

A system of describing or quantifying light associated with the visible part of 
the frequency spectrum. 

Radiometric system 

A method of describing or quantifying electromagnetic energy that includes 
both visible and invisible radiations. 

Radiant flux 

The flow rate of radiant energy per unit of time. It is represented by the Greek 
letter phi (Φ) and is measured in joules per second, or watts. 

Radiant intensity 

The measure of the radiant power per solid angle unit, or watts per steradian. 

Radiant incidence 

A measure of the radiant energy that strikes the surface of a specific area. It 
is measured in watts per unit area. 
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Steradian (sr) 

The unit of measure of a solid angle originating at the center of a sphere with 
a radius of 1 m subtended by 1 m2 on the surface of the sphere. 

Radiant exitance 

A measure of the radiant power emitted or released by a specific surface. It is 
measured in watts per square meter or square centimeter. 

Radiance 

A measure of the radiant intensity that is leaving, passing through, or arriving 
at a specific surface area. It is measured in watts per steradian meter squared 
and is determined by dividing the radiant energy intensity from a source by 
the projected area. 

Intensity 

A measure of the amount of energy contained in an electromagnetic wave. 

Luminous intensity 

The amount of light produced by a photometric source. 

Candela (cd) 

The unit of luminous intensity equal to one lumen per steradian. 

Luminous flux 

The rate at which light energy flows per unit time. The unit of luminous flux 
is the lumen (lm) and is denoted by the Greek letter phi (Φ). 

Lumen 

The unit used to express the amount of light falling on a surface. One lumen 
falling on a surface area of one square meter producing an illuminance of one 
lux. 

Lux 

A unit of illuminance equal to one lumen per meter squared. 

Illuminance 

The density of luminous power that it takes to illuminate a surface. The unit 
of illuminance is the lux. 
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Luminous exitance 

A measure of the amount of luminous flux given off or reflected by a surface. 
It is measured in lumens per square meter and is used to denote the reflecting 
capability of a specific surface. 

Panchromatic source 

A radiation source whose radiation extends over a very large portion of the 
optical spectrum and, thus, produces a wide range of visible colors. 

Heterochromatic source 

A radiation source that produces a very limited number of different colors. 

Monochromatic source 

A radiation source that radiates energy of only one specific wavelength or in 
a very narrow part of the spectrum. 

Light-emitting diode (LED) 

A semiconductor optoelectronic device that contains a P-N junction that emits 
light when forward biased. 

Infrared emitting diode (IRED) 

A type of LED that uses GaAs in its construction and emits infrared energy, 
which is not visible to the human eye. 

Photoemissive device 

A device that emits electrons in the presence of light. 

Photoelectric emission 

The phenomenon of electrons on the surface of the cathode gaining enough 
energy to leave the cathode due to the cathode absorbing photons of light. 

Dynode 

The positive plate of a phototube. 

Photoconductive devices 

A device designed so that its resistance decreases when light becomes more 
intense and increases when light intensity decreases. 
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Light-activated silicon controlled rectifiers (LASCRs) 

A light-sensitive SCR that is triggered into conduction when light energy is 
applied to the gate. It must also have proper voltage values and polarity is 
applied to the anode and cathode terminals. 

Photoresistive cell 

A device that changes its resistance level and, thus, its conductivity based on 
its response to light energy. 

Dark current 

Any conduction current that flows in a photodiode when no light is applied. 

Photovoltaic devices 

A device that converts light energy into electrical energy. When light is 
applied to a photovoltaic device, the device creates an electrical potential. 

Photovoltaic cell 

It converts light energy into electrical energy. 



564 Optoelectronic Devices 



Terms 565
 



566 Optoelectronic Devices 



Terms 567
 



568 Optoelectronic Devices 



Terms 569
 



570 Optoelectronic Devices 



Terms 571
 



572 Optoelectronic Devices 



Terms 573
 



574 Optoelectronic Devices 



Terms 575
 



576 Optoelectronic Devices 



Terms 577
 



578 Optoelectronic Devices 



Terms 579
 



580 Optoelectronic Devices 



14
 
Integrated Circuits
 

The expression integrated circuit, or  IC, is a generic term used to describe 
a group of small electronic components that are constructed and permanently 
interconnected on or in a piece of semiconductor material called a substrate. 
Integrated circuits (ICs) are actually micro-miniature circuits. Each may 
contain resistors, conductors, semiconductors, capacitors, and, in some cases, 
inductors in a single package. The components are classified as either active 
or passive. Active components are semiconductor devices such as transistors 
and diodes. Passive components are resistors, capacitors, and inductors. 
These components perform the same job that they do in a conventional circuit; 
however, they do not have the same general appearance when housed in an 
IC. 

Two general classifications of ICs are linear and digital. Linear ICs are 
used to achieve amplification, regulation, and voltage comparisons. Digital 
ICs contain switching circuitry of which input and output voltages are limited 
to two possible states: high and low. The output of a digital IC is related to the 
input in some logical way. Digital ICs include logic gates, flip-flops, counters, 
clock chips, calculators, memory, and microprocessors. Since this textbook 
provides coverage of analog electronics, linear ICs will be introduced in this 
chapter, as well as IC construction and the advantages and disadvantages 
of using ICs. A discussion of digital ICs is reserved for a course on digital 
electronics. The information presented in this chapter serves as a foundation 
for understanding for applications such as op-amps, communication circuits, 
and voltage regulators. 

Objectives 

After studying this chapter, you will be able to: 

14.1 explain the construction differences between various families of inte
grated circuits; 
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14.2 describe the characteristics of linear ICs; 
14.3 based on the advantages and disadvantages of ICs, select to use discrete 

components or an IC for a given application; 
14.4 follow basic procedures to troubleshoot an IC. 

Chapter Outline 

14.1 IC Construction 
14.2 Linear ICs 
14.3 Advantages and Disadvantages of ICs 

Key Terms 

bipolar IC 
bonding pads 
diffusion 
evaporation process 
film IC 
metallization 
monolithic 
MOS IC 
thick-film IC 
thin-film IC 
wafer 
yield 

14.1 IC Construction 

The technology used in the construction of ICs is not particularly new to the 
solid-state field. You have already learned about things such as substrates, 
epitaxial growth, and diffusion in chapters dealing with diodes and transis
tors. IC technology is an extension of the manufacturing techniques used in 
bipolar transistors and FETs. In fact, these two devices are the construction 
basis of many ICs. This technology is continually improving, which permits 
extremely large numbers of components to be fabricated on a single chip. The 
technology is very basic, but the manufacturing techniques used to achieve a 
specific chip may be held in strict secrecy. As a result, we will only look at 
some of the basics of IC fabrication. 
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14.1 Explain the construction differences between various families of 
integrated circuits. 

In order to achieve objective 14.1, you should be able to: 

• describe the construction techniques used to develop	 an integrated 
circuit; 

• recognize basic types of IC packages; 
• define wafer, yield, monolithic, evaporation process, diffusion, bipolar 

IC, metallization, bonding pads, MOS IC, film IC, thin-film IC, and thick-
film IC. 

General Construction 

The making of an IC usually starts with a piece of circular silicon called 
a wafer. The physical size of the wafer is 1, 2, 4, or 6 in. in diameter 
with a thickness of 0.006 in. The wafer serves as the substrate of the IC. 
Only a small portion of the wafer is needed for one chip. Many ICs are 
formed simultaneously on one wafer, as shown in Figure 14.1. The ICs are 
independent chips but of the same type. After individual ICs are formed, the 
wafer is cut into small squares or chips. Each chip in this case is a complete 
IC. It may contain 50 or more interconnected components. Individual chips 
are then placed in a package or housing. 

The number of useable IC chips developed from a production run is 
called the yield. IC yield is usually expressed as a percentage of the total 
possible number of chips that can be developed in a production run. The 

Silicon wafer 

40-mil die 50-mil 
diel 

60-mil die 

Figure 14.1 Cutting a wafer into individual ICs. 
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yield of a complex IC may be as low as 25%, which means that 75% of the 
chips in a particular run may be faulty or may not meet specifications. These 
chips are discarded, and the materials reclaimed. Detailed differences in the 
manufacturing process depend on whether an IC is monolithic or thin film. 

Monolithic ICs 

The term monolithic describes the structure of an IC in which elements of 
the circuit are built in a single crystal of semiconductor material. “Mono” 
refers to something of a single structure, and “lithic” refers to a printing pro
cess called lithography. Monolithic, therefore, refers to the silicon-diffused 
construction procedure in which all components are grown or formed on the 
surface of a silicon wafer. All contacts or connections to various components 
are made on the same surface. Interconnections between different compo
nents of the chip are made by depositing a metal wiring pattern on the silicon 
dioxide covered surface of the wafer. 

The shapes of individual components of a monolithic IC are designed 
so that they can all be formed simultaneously. This includes transistors, 
diodes, resistors, and capacitors. Specific elements of a complete circuit can, 
therefore, be diffused on a single wafer by using the same processes. 

A monolithic IC is made by evaporating and depositing different materials 
on a piece of silicon. Have you ever taken a hot shower and noticed that a 
layer of water has evaporated and then condensed on a mirror or glass door? 
This process is similar to the evaporation process used by IC manufacturers to 
deposit the vapors of such materials as chromium, nickel, or silicon dioxide 
on a substrate. The evaporation process develops a thin layer of N-type 
silicon on the surface of a P-type silicon substrate. Figure 14.2 shows an 
example of the evaporation process. This process was described as epitaxial 
growth in a previous chapter − Bipolar Junction Transistors. Epitaxial 
growth and evaporation achieve the same thing in IC construction. 

After an N-type layer of material is formed on a P-type substrate, the 
wafer is placed in an oven that has a controlled atmosphere. This causes 
the N-type material to diffuse or be absorbed by the P-type silicon substrate. 
Diffusion can be compared with the absorbing of water by a dry sponge or 
paper towel. The towel is obviously many times larger than the silicon chip. 
The completed chip can easily fit into the lowercase o of this printed page. 

The amount of heat used and the length of time that the chip is exposed to 
the heat determine the depth of diffusion. The area of diffusion is determined 
by the area of the N-type or P-type material deposited on the substrate. 



14.1 IC Construction 585 

Figure 14.2 Evaporation, or epitaxial growth, process. (a) N-type material grown on P 
substrate. (b) Sectional view of diffused area. 

The addition of the N-type material to the P-type substrate material when 
completed is shown in Figure 14.2(b). 

Component construction of a monolithic IC is used to determine the 
classification or grouping of a particular chip. A bipolar IC uses the same 
technology that is used in the construction of a bipolar transistor. The bipolar 
transistor is the fundamental component of this family of ICs. 

N-type and P-type materials can be evaporated or grown on certain areas 
of a diffused N-type material to make a bipolar transistor. Figure 14.3(a) 
shows an NPN bipolar transistor with the emitter, base, and collector leads 
exposed. Note the different levels of diffusion needed to form the transistor. 
Each deposition layer and diffusion operation requires special processing. 

Diodes are made by diffusing N-type impurities into a portion of the 
diffused P-type material. By adding enough N-type impurities into the P-
type material, the N-type impurities can dominate and produce an N-type 
semiconductor in a specific area. Figure 14.3 shows the crystal formation 
of a diode on a substrate. Metallized leads are attached to the respective 
material areas to achieve the diode structure. These may be connected to 
outside terminals or interconnected with other components on the chip. 

Resistors may be made, for example, from doped P-type material having 
a certain internal resistance as shown in Figure 14.4. The area of the P-type 
material and the doping level of the material determines its resistance. If a 
small resistance value is required, a relatively large number of impurity atoms 
are diffused into the substrate. Conversely, larger resistances require fewer 
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Figure 14.3 P–N junction (diode) formed in substrate. (a) Diffusing N impurities into P-type 
material. (b) Diffusing P impurities into N-type material. 

Figure 14.4 Resistor formation by diffusion of semiconductor material. 

impurities. Figure 14.4 also shows a P-type material resistor constructed on a 
substrate. The metallic contacts attached to the P-type material are deposited 
by a special process called metallization. In general, the metal must not be 
permitted to diffuse into the N-type or P-type material. It is used only to make 
an electrical connection or to interconnect components. 
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Capacitors are made by using a layer of silicon dioxide as the dielectric 
material. A diffused N-layer serves as one plate, and a metallized layer cov
ering the layer serves as the other plate. Figure 14.5 shows a representation 
of an IC capacitor. The area of the material and the thickness of the silicon 
dioxide layer determine the value of the capacitance. 

Leads are connected to the IC by a very high temperature solder. A 
sectional view of a typical IC is shown in Figure 14.6. The leads are attached 
at points called bonding pads. In the illustration, these connection points are 
labeled “evaporated jumper connections.” Note the location of the capacitor, 
the transistor, and resistors in this sectional view. The oxide layer serves as 
an insulating material and a dielectric for the capacitor. This chip drawing 
shows only a few necessary components needed to make a complete IC. 

Figure 14.5 Representative IC capacitor. 

Figure 14.6 Sectional view of an integrated circuit. 
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MOS ICs 

The monolithic IC just discussed uses bipolar transistors in its construction. 
Bipolar ICs represent an important division of the IC market. A second 
major division of monolithic ICs is the metal-oxide semiconductor field-
effect transistor (MOSFET) IC, or MOS IC. The MOS IC is used in many 
applications. It is less expensive than the bipolar devices because it requires 
only one diffusion step to form the source and drain. A bipolar chip requires 
three and sometimes four diffusion steps to form a transistor. The MOSFET 
chip does not require isolation between the source−drain and other P–N 
junctions formed on the substrate. Figure 14.7 shows where two P-channel 
enhancement-MOSFETs are formed on the same substrate. 

The package density of a MOS IC is very high compared with that of a 
bipolar IC. This means that more devices can be fabricated in a given area of 
the chip. As a rule, component density of a MOS IC is 10 or more times that of 
the bipolar IC. Isolation between the elements is one reason for the increased 
component density. MOS resistors occupy less than 1% of the space needed 
for a conventional diffused resistor. This high-density construction capability 
makes the MOS IC an extremely important device in complex ICs. 

MOS ICs use three basic components in their construction: MOSFETs, 
MOS capacitors, and MOS resistors. A resistor is formed by simply using an 
E-MOSFET with its gate connected to the drain so that the device is biased in 
the on-state. The channel of the device then serves as a resistor whose value 
is controlled by its size and doping level. 

Figure 14.7 MOS IC formation on a substrate. 
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The principal disadvantage of a MOSFET IC is its operating speed. This 
is because the MOS transistor is a high-impedance device, and it cannot 
charge the stray circuit capacitance very quickly. The operating speed prob
lem applies primarily to only ultra-high-speed applications. The advantages 
of low-cost, low-power consumption, and high-density packaging make the 
MOS IC a very attractive device for very large scale integration (VLSI) 
chips. VLSI chips contain over one thousand components on a chip. These 
chips are used in calculators, memory, and microprocessors. 

Film ICs 

A film IC is an extension of the earlier discrete-component electronic circuits. 
These ICs are an assembly of components formed on the surface of an 
insulating substrate. Conductors and resistors are formed by evaporation and 
by screen-printed deposition areas. Transistors, diodes, and MOS capacitors 
are added to the circuit in discrete form. These components are attached to the 
circuit with special cement. Film ICs are classified as hybrid devices. Hybrid 
refers to something that is the outgrowth of two different types or styles. In 
this case, a hybrid device is used to denote an IC that employs monolithic 
and film construction in its fabrication. This grouping of ICs is either of the 
thin-film or thick-film type. 

A thin-film IC is so named because conductors, resistors, capacitors, 
transistors, and diodes are formed as very thin films on a substrate. The 
film is in the order of a thousand Angstroms thick. You should recall from 
the previous chapter that an Angstrom is 10−10, or timeHour13Minute10one 
ten-billionth, of a meter. The thin films are deposited on substrates of glass 
or aluminum through a vapor-deposition process. Resistors are formed by 
depositing nichrome, tantalum, or tin oxide in thin strips on a glass substrate. 
Resistance values can be effectively controlled by varying the length, width, 
or thickness of the deposited material. Values can be made from 100 Ω to 
1 MΩ. Conductors are made from a thin layer of deposited gold-nichrome. 
Transistors, diodes, and capacitors are generally added to the circuit in chip 
form. These components are secured to the substrate by a conductive epoxy. 
A thin-film IC structure is shown in Figure 14.8. 

A thick-film IC is a hybrid IC that is formed on a film in the order of a mil 
or 0.001 in. by printing or silk screening conductor patterns onto the substrate. 
The printed material is a mixture of pulverized glass and aluminum. This 
type of construction can make a wide range of resistor values and conductor 
path designs. Active semiconductor components are attached to the structure 
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in discrete form. These components are attached to the chip by conductive 
epoxy. Thick-film ICs are similar in many respects to thin-film ICs. 

IC Packages 

The outside appearance of an IC is a major concern to the user. In this regard, 
there are a number of different package types and styles used to house ICs. 
Each package has unique advantages and, in some cases, disadvantages over 
the other types. Figure 14.9 shows some of the packages used for ICs. The 
first form of housing is the TO-5 package (see Figure 14.9(a)). This package 
is similar to that used to house transistors. Wherever a small size is important, 
a package known as the flat pack is used (see Figure 14.9(b)). This package 
is 0.26-in. long, 0.15-in. wide, and 0.05-in. thick. The assembled unit is 
hermetically sealed with metal to glass seals for each lead. The leads of this 
device are soldered into the circuit. 

A popular form of IC housing is the dual in-line package (DIP), which 
has a row of leads on each side of the package (see Figure 14.9(c)). Some 
common types of ICs are housed in DIPs that have 8, 14, 16, 24, 48, and 64 
pins. The leads are on 0.1-in. centers to match mounting holes in sockets or 
circuit boards. A 14-pin DIP is 0.8-in. long, 0.25-in. wide, and 0.2-in. thick. 
The molded plastic housing is suitable for most circuit applications. Ceramic 
units are available for applications where temperature is a problem. 

Other types of packaging have come about with the need for more pin 
connections and reduced size ICs. Names such as small-outline integrated 
circuits (SOIC), plastic leaded chip carrier (PLCC), ceramic leaded chip 

Figure 14.9 Common IC packages. (a) TO-5 housing. (b) Flat pack. (c) Dual in-line 
package. 
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Figure 14.10 More IC package styles. 

carrier (CLCC), leadless ceramic chip carrier (LCCC), and pin-grid 
array (PGA) are used to describe these packages. These housing techniques 
permit ICs to be packaged in smaller units and have more connection leads. 
Figure 14.10 shows some of these IC package styles. As a rule, these pack
ages can house more pin connections because they are placed on all sides 
of the device. This tends to reduce the size of the package so that it more 
closely conforms to the actual size of the chip. DIP packages, for example, 
are approximately 50 times larger than the chip they house. The new packages 
are smaller and can accommodate more leads. 

Self-Examination 

Answer the following questions. 

1. ICs are built on a(n) _____. 
2. ICs are actually _____ circuits built on a tiny chip. 
3. Construction of an IC starts with a circular piece of silicon called a(n) 

_____. 
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4. The small square of material that houses an IC is called a(n) _____. 
5. The percentage of good chips developed from a production run is called 

_____. 
6. The construction technique that has components formed on a single 

piece of silicon is called _____. 
7. Through a process of _____, a thin layer of material can be formed on a 

substrate. 
8. _____ is the process in which an evaporated or deposited layer of 

material is absorbed into another piece of material. 
9. Metal contacts formed on deposited materials are achieved by a process 

called _____. 
10. Monolithic ICs that use bipolar transistors in their construction are called 

_____ ICs. 
11. Monolithic ICs that use MOSFETs as an element in their construction 

are called _____ ICs. 
12. Film ICs have components assembled on the surface of a(n)	 _____ 

substrate. 
13. The most widely used package for housing ICs is the _____. 
14. _____ ICs use monolithic and film construction in their fabrication. 
15. The component density of a(n) _____ IC is greater than that of a bipolar 

IC. 
16. The value of a(n) _____ in a MOS IC is determined by length, area, and 

material of a channel. 

14.2 Linear ICs 

Linear integrated circuits (ICs) are unique electronic components. Linear ICs 
develop an output signal that is proportional to its input signal. They are com
monly used to achieve amplification, regulation, and voltage comparisons. 
Devices used for these purposes include the op-amp, IC regulator, and 555 
timer. These devices are introduced in this section and covered in detail in 
later chapters. 

14.2 Describe the characteristics of linear ICs. 
In order to achieve objective 14.2, you should be able to: 

• list the basic functions of linear ICs; 
• name some common linear ICs. 

Linear amplification refers to the capability of an amplifier to operate 
in the linear or straight-line portion of the device’s operating range. In 
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discrete-component amplifiers, linear amplification is achieved by selecting 
an operating point near the center of the device’s dynamic transfer char
acteristic curve. A bias operating point is selected near the center of the 
input characteristic line. A signal is then applied to the input and increased in 
amplitude at the output. The output of an amplifier must resemble the input 
with the only change being the magnitude of the signal. Linear amplification 
is widely used in electronic communication circuits and home entertainment 
equipment. 

Linear ICs are essentially self-contained amplifiers placed in an appro
priate housing. These chips are usually housed in standard IC packages. 
Some modification of the DIP is used when a device is used for power 
amplification. The internal structure of the chip is generally quite small and 
rather complex. The physical size of the chip varies a great deal for different 
types of ICs. A triangle symbol is used to denote the amplification function. 
The point of the triangle is the output. The flat side with two leads is the input. 
A plus sign on the input lead denotes the noninverting input. The negative sign 
indicates the inverting input. All the components of the amplifier are located 
inside the triangle. Some chips have several complete amplifiers housed in 
the same enclosure. 

The LM741C integrated circuit, with specifications, schematic, and con
nection diagrams, as shown in Figure 14.11, is one type of operational 
amplifier. The LM741C has 20 transistors, 11 resistors, and a capacitor in its 
package. All of this is housed on a chip that is approximately 1/16 sq. in. Note 
the inverting input, noninverting input, and output points in the circuit dia
gram. Also note the pin-outs in the drawings of the different IC packages for 
this circuit and that a triangle represents the complete operational amplifier 
(op-amp) circuit. 

Operational Amplifiers 

A large number of the linear ICs are called operational amplifiers, or  
op-amps. These devices have high AC and DC gain capabilities with sta
ble operating characteristics. Op-amps are primarily used for small-signal 
amplification, waveform generation, and impedance matching. Op-amps 
were originally designed to perform a number of mathematical operations, 
such as summing, subtracting, averaging, differentiation, and integration. The 
amplification function of this device is an outgrowth of the original math 
operations. 
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Figure 14.11 Data sheet of an LM741C (Courtesy: National Semiconductor). 

The op-amp is essentially a high-gain amplifier that is designed to 
operate over a wide range of voltages. Its internal structure is small and 
quite complex, as shown in Figure 14.11. As a general rule, components 
connected outside the op-amp determine its operating capabilities. Gain can 
be 100,000 or more when the device is operated without a feedback resistor. 
This component controls the level of amplification. As a voltage follower, 
gain may be only 1. In either case, the output voltage cannot exceed the value 
of the supply voltage. 
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Voltage Regulators 

The linear integrated-circuit regulator, or IC regulator, accepts an unreg
ulated DC input and develops a regulated output. Some IC regulators are 
designed to deliver one fixed output voltage. A typical series of regulators is 
available in values of 5, 8, 12, 15, 18, and 24 V. Adjustable regulated voltage 
outputs can also be obtained with the addition of a few extra components. 
Current output of 1 A or more can be delivered to a load by a representative 
IC of this type. 

The internal structure of an IC regulator is somewhat complex. In 
general, it contains a series-pass transistor, reference voltage source, feedback 
amplifier, and short-circuit protection. Figure 14.12 shows a block diagram 
of the internal structure of a representative three-terminal linear voltage 
regulator. 

Operation of the three-terminal regulator is based on the applied input 
voltage and developed output voltage. Output voltage is compared with a 
reference voltage by a high-gain error amplifier. The error amplifier senses 

Figure 14.12 Three-terminal IC regulator. 
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any difference in voltage. The output of the error amplifier then controls 
conduction of the series-pass transistor. This transistor responds as a variable 
resistor. It changes inversely with the load current to maintain the output 
voltage at a constant value. An increase in output voltage causes a corre
sponding increase in the conduction of the series-pass transistor. This, in turn, 
causes more voltage drop across the series resistor, which lowers the output 
voltage. A decrease in output voltage causes less conduction of the series-
pass transistor. Reduced current through the series resistor causes less voltage 
drop. The output voltage, therefore, increases in value to compensate for the 
decrease in voltage. 

Linear integrated-circuit regulators are usually equipped with some 
type of current overload protection. This function prevents damage to the 
series-pass transistor. The three-terminal regulator of Figure 14.12 has a 
thermal shutdown circuit. The temperature of the series-pass transistor 
is sensed. If its operation temperature exceeds 347◦F (175◦C), the regula
tor turns off. Removing an excessive load lowers the output current and 
permits the transistor to cool down. Operation is restored when the tem
perature returns to normal. Protection of this type makes the chip virtually 
indestructible. 

555 Precision Timers 

Linear integrated circuits are available, which have the capability of pro
ducing a variety of timing functions. The 555 precision timer IC was the 
first in this series. This IC is usually classified as a linear device since linear 
amplifiers are utilized in its construction. It also has a digital component 
called a flip-flop in its construction. Flip-flops permit the timer to count 
and have memory. Because of this, the 555 timer is generally classified as 
a hybrid device that has both linear and digital capabilities. Figure 14.13 
shows a functional block diagram of the precision timer IC. 

The operation of a 555 timer is directly dependent on its internal func
tions. The three resistors of its block diagram, for example, serve as an 
internal voltage divider for the source voltage. One-third of the source appears 
across each resistor. Connections made at the 1/3 VCC and 2/3 VCC points 
serve as reference voltages for the two comparators. A comparator is an op-
amp that changes states when one of its inputs exceeds the reference voltage. 
Comparator 2 is referenced at +1/3 VCC. If a  trigger voltage applied to the 
negative input of this comparator drops below 1/3 VCC, it causes a state 
change. Comparator 1 is referenced at +2/3 VCC. If voltage at the threshold 
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Figure 14.13 Functional block diagram of an SE/NE555 IC. 

exceeds this reference voltage, the comparator goes through a state change. 
Note that the output of each comparator is connected to an input of the 
flip-flop. Flip-flops are used for timing and counting functions in electronic 
circuits. The flip-flop of the 555 timer controls the operation of the output 
stage, the reset transistor, and the discharge transistor. 

A 555 has two general modes of operation: astable and monostable. 
Astable operation is used in the generation of square or rectangular wave
forms. Monostable operation is used to produce a wave that can be used to 
achieve delay or interval timing operations. The 555 timer is also used as an 
oscillator and will be discussed in Chapter 19. 

Self-Examination 

Answer the following questions. 

17. _____ ICs develop an output that is proportional to the input signal. 
18. _____ were originally designed to achieve mathematical operations. 
19. An op-amp is essentially a(n) _____ gain amplifier. 
20. The two inputs of an op-amp are labeled _____ and _____. 
21. In an IC regulator, the _____ protection function prevents damage to the 

series-pass transistor. 
22. A three-terminal voltage regulator is a (linear, digital) IC. 
23. The operation of a 555 timer is directly dependent on its (external, 

internal) functions. 
24. The two general modes of 555 timer operation are _____ and _____. 
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14.3 Advantages and Disadvantages of ICs 

This section discusses the advantages and disadvantages of ICs. As you 
will see, when all factors are considered, the advantages of an IC outweigh 
the disadvantages. In general, circuits that have a great deal of redundancy 
or duplication of specific operations are best suited for IC applications. 
Computers are a classic example of electronic systems that rely on integrated 
circuits for internal circuitry. Complex circuits that contain a large number 
of discrete components are also well suited for IC design considerations. The 
dollar value of ICs far exceeds the value of discrete circuit components in 
terms of the function they can perform. 

14.3 Based on the advantages and disadvantages of ICs, select to use 
discrete components or an IC for a given application. 

In order to achieve objective 14.3, you should be able to: 

• explain the advantages and disadvantages of ICs. 

There are a number of advantages that integrated circuits have over standard 
electronic parts wired in a conventional circuit. These include small size, cost, 
reliability, low-power operation, and ease of maintenance. 

• Size. ICs are becoming so small that hundreds can be manufactured 
on a piece of material with the size of a shirt button. The industry is 
predicting much smaller and more complex chips in the future. Chips 
with a component density of 1 million are available. 

• Cost. The cost of an integrated circuit is based largely on its size and 
component density. By packing more components into less chip area, 
the cost per component is reduced. Additional savings can be realized 
when using ICs because fewer parts are needed to order, inventory, and 
assemble into an operating system. 

• Reliability. Perhaps the most important advantage of an IC over 
discrete-component circuits is reliability. Increased reliability is due 
to a number of factors. The most significant of these is the reduction 
of interconnections between components. In earlier discrete-component 
circuits, up to 50% of circuit failures were related to interconnections 
between components. IC interconnections are achieved on the chip and 
formed at the same time during the manufacturing process. If the chip 
has interconnection problems, they will be detected before it is placed in 
a completed package. 

• Low-power operation. The small size of an IC makes it well suited 
for low-power operation. The closeness of components in the structure 
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reduces stray electrical pickup, allowing for very small signal operation. 
Low-power operation means lower internal temperature rise, which 
improves reliability. 

• Ease of maintenance. Since the IC is actually a circuit containing many 
components, servicing can be achieved by plugging in new chips to 
replace faulty ones. The faulty chip is then discarded since its repair 
is not practical. 

Integrated Circuit Limitations 

In spite of the numerous advantages of ICs, they have some very defi
nite limitations, such as low power, low voltage, and limited component 
selection. These limitations can be altered to some extent by more costly 
manufacturing techniques and circuit design changes. IC limitations are often 
considered to be some of the tradeoffs used to accomplish unique advantages. 
The disadvantages of ICs are low power, low voltage, limited component 
selection, and limited repair. 

• Low power. The power limitation of an IC is primarily due to its 
physical size. The current-handling capability of a device determines its 
heat production. Heat concentrated in a small component may produce 
temperatures great enough to destroy the device. The size advantage 
of an IC is actually a tradeoff for its current-handling capacity. A 
large number of the ICs being manufactured are used only to process 
information rather than control power. The data output of an IC is often 
used to control a signal applied to a discrete transistor that is used to 
control high values of power. 

• Low voltage. The voltage used by ICs must be kept very low because of 
the weak insulation between circuit elements. Typical voltage ratings are 
in the range of 5−30 V. If this voltage is exceeded, it generally causes 
insulation breakdown in some part of the chip. IC voltage values limit 
applications to signal processing or data manipulation. Although new 
developments in IC manufacturing have reduced this limitation to some 
extent, ICs are still considered to be low-voltage devices. 

• Limited component selection. The component limitation of an IC is 
primarily due to the use of silicon in its construction. Silicon is ideal 
for the fabrication of diodes and transistors, but it does not work very 
satisfactorily for other components. Resistors, for example, cannot be 
fabricated to very precise values with silicon. Resistance value toler
ances are very high when silicon is used in their production. As a rule, 
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higher resistance values occupy more space than small values. A 40-kΩ 
resistor, for example, takes the same amount of space as that needed 
for five transistors. Capacitance poses an even more significant space 
problem in IC design than a resistor. Capacitance of any size occupies 
a rather significant amount of space. A 20-pF capacitor takes the same 
space needed to fabricate 10 or more transistors. In general, most ICs 
do not employ capacitors except for those of an extremely small value. 
Similarly, inductors and transformers are almost impossible to construct 
on an IC. Component limitations are one of the serious drawbacks of IC 
use. Unique circuit designs have solved these limitations to some extent. 

• Limited repair. Another limitation of the IC is based on the repair 
of its components. When one specific component becomes defective, 
it cannot be replaced. This means that the entire IC must be replaced 
when only one component becomes faulty. The large number of good 
components that remain on the faulty chip cannot be recovered and used 
for other applications. The faulty chip must be discarded and replaced 
with a good one to make the circuit functional. This disadvantage is 
not as bad as it may appear. The process of locating a faulty IC is 
much easier than locating a faulty component in a complex circuit. As 
a rule, the additional cost of a new IC is offset by reduced labor costs 
in the servicing procedure. This simplifies the servicing procedure and 
reduces the down time of equipment. It also reduces the equipment and 
spare-part inventory. 

Self-Examination 

Answer the following questions. 

25. Size, cost, reliability, low-power operation, and ease of maintenance are 
some of the unique (advantages, disadvantages) of an IC. 

26. The reduced number of interconnections between components in an IC 
is a contributing factor to the IC’s _____. 

27. When a single component of an IC becomes faulty, the entire chip must 
be (repaired, discarded). 

28. The electrical _____ consumed by an IC is generally quite low. 
29. ICs generally require low _____ to operate. 
30. Most ICs are designed to process _____ instead of controlling power. 
31. The operational voltages on an IC are in the range of	 _____ V to 

_____ V. 
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32. The internal circuitry of an IC relies heavily on the use of _____ and 
_____. 

Summary 

• Integrated circuits are micro-miniature circuits built on a substrate. 
• ICs are made of active and passive components. 
• The two general classifications of ICs according to their functions are 

linear and digital. 
• Linear ICs develop	 an output that is proportional in some way to 

the input signal; these ICs operate in the straight-line portion of the 
operating range. 

• Monolithic ICs have all components built on a single crystal structure; 
the components of this IC are all formed on a common substrate at the 
same time. 

• Monolithic ICs that use the same technology as the bipolar transistor in 
its construction are called bipolar ICs. 

• Monolithic ICs that use MOSFETs in their construction are called MOS 
ICs. 

• Film ICs	 are an assembly of components formed on an insulating 
material substrate and are classified as hybrid devices. 

• Conductors and resistors of a thin-film IC are formed by the evaporation 
process and are located in a specific area by a screen-printed deposition 
process; transistors, diodes, capacitors, and MOSFETs are added to the 
circuit in discrete form. 

• Thick-film ICs are similar in many respects to the thin-film ICs; the 
primary difference is the thickness of the film and the method of material 
deposition on the film. 

• ICs are housed in a number of unique packages; where small size is 
important for an IC, the flat pack is used. 

• A number of packages have	 been developed to accommodate the 
reduced size of ICs and to increase the number of pin connections. 

• Linear ICs are primarily used to achieve amplification. 
• An op-amp is a linear IC that has high gain capabilities. 
• A positive sign (+) on the op-amp denotes the noninverting input; a 

negative sign (−) denotes the inverting input. 
• A three-terminal voltage regulator is a linear IC. 
• Operation of a voltage regulator IC is based on the applied input voltage 

and the developed output. 
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• The output voltage of a voltage regulator IC is compared with a reference
voltage by a high gain error amplifier; the output of the error amplifier
then controls conduction of the series-pass transistor.

• This series-pass transistor of a voltage regulator IC responds as a vari-
able resistor; it changes inversely with the load current to maintain the
output voltage at a constant value.

• A 555 timer contains a three-resistor voltage divider, two comparators,
a flip flop, an output, a reset transistor, and a discharge transistor.

• Operation of the 555 timer is based on voltage values applied to the
trigger and threshold inputs.

• A 555 has two general modes of operation: astable and monostable.
• Astable operation is used in the generation of square or rectangular

waveforms.
• Monostable operation is used to produce a wave that can be used to

achieve delay or interval timing operations.
• The advantages of ICs are small size, cost, reliability, low-power

operation, and ease of maintenance.
• The disadvantages of ICs are low power, low voltage, and limited

component selection.

Review Questions

Answer the following questions.

1. An IC chip is a:

a. Wafer on which construction is achieved
b. Fractional part of a wafer
c. Transistor or diode in the construction of an IC
d. Logic gate
e. Substrate

2. The most popular form of digital IC packaging is the:

a. Flat pack
b. TO-3 package
c. Dual in-line package (DIP)
d. Small outline integrated circuit (SOIC)

3. The foundation on which an IC is built is called a:

a. Thick film
b. Thin film
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c. Wafer 
d. Substrate 

4. The overall production cost of an IC: 

a. Depends on the number of ICs being manufactured 
b. Is design-dependent 
c. Is lower than a discrete-component circuit 
d. Depends on the size of the wafer 

5. Monolithic IC construction uses: 

a. Extensive numbers of resistors and capacitors 
b. High values of resistors and capacitors 
c. Extensive numbers of transistors 
d. Discrete components on a thin film 

6. Monolithic refers to: 

a. All circuit elements built on a common substrate 
b. Thin-film construction technology 
c. Active components being built on discrete chips 
d. Circuit elements formed on an insulated substrate 

7. MOS and CMOS ICs have an advantage over most other IC families 
because they: 

a. Are best suited for digital circuit construction 
b. Consume less power 
c. Operate with low voltage and current 
d. Have low fan-in and fan-out capabilities 

8. The yield of an IC is: 

a. Greater with a decrease in circuit area 
b. Dependent on the size of the circuit area 
c. Normally very high 
d. Approximately 60% of the potential number of devices on a wafer 

9. Normal operation of a linear IC is set: 

a. Near cutoff 
b. Midway between cutoff and saturation 
c. Near saturation 
d. At zero input level 

10. In a linear op-amp symbol, the negative input terminal is: 

a. Connected to the power supply 
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b. The inverting input lead 
c. The noninverting input lead 
d. Grounded 

11. An op-amp essentially responds as a: 

a. Transistor amplifier 
b. Mathematical calculator 
c. High-gain amplifier 
d. Logic gate 

12. Fan-out of a logic gate is the: 

a. Total number of package connections 
b. Number of output terminals 
c. Number of circuits the output can drive 
d. Output voltage developed 

13. Popular and widely used digital IC families include: 

a. TTL and RTL 
b. MOS and RTL 
c. CMOS and MOS 
d. TTL and MOS 
e. CMOS and TTL 

14. A complimentary-symmetry circuit configuration is part of: 

a. The TTL IC family 
b. A bipolar IC 
c. MOS ICs 
d. CMOS ICs 

15. Digital ICs primarily respond as: 

a. High-gain amplifiers 
b. Mathematical devices 
c. Switching devices 
d. Voltage controllers 

16. A 555 IC used in its astable mode of operation: 

a. Produces repeated square waves 
b. Responds as a gate 
c. Regulates voltage 
d. Is a linear amplifier 
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Answers 

Self-Examination 

14.1 

1. substrate 
2. micro-miniature 
3. wafer 
4. chip 
5. yield 
6. monolithic 
7. evaporation 
8. Diffusion 
9. metallization 

10. bipolar 
11. MOS 
12. insulating 
13. dual in-line package, or DIP 
14. Hybrid 
15. MOS 
16. resistor 
14.2 
17. Linear 
18. Op-amps 
19. high 
20. inverting, noninverting (any order) 
21. overload 
22. linear 
23. internal 
24. astable, monostable (any order) 
14.3 
25. advantages 
26. reliability 
27. discarded 
28. power 
29. voltage 
30. information, data, or signals 
31. 5, 30 
32. diodes, transistors (any order) 
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Terms 

Wafer 

A piece of circular silicon that serves as the substrate of an IC. 

Yield 

A percentage ratio of the number of good devices produced to the maximum 
number of possible devices that can be produced in a production run. 

Monolithic 

An IC construction procedure in which all circuit elements are formed and 
interconnected on or within a single piece of silicon. 

Evaporation process 

A fabrication process in which materials are vaporized and deposited on the 
surface of another material. Epitaxial growth is an evaporation process. 

Diffusion 

A process by which the atoms of one material are absorbed or moved into 
another material when subjected to a controlled atmosphere. 

Bipolar IC 

An IC that uses the same technology that is used in the construction of a 
bipolar transistor. 

Metallization 

The process of attaching metal contacts to the P-type material without 
permitting the metal to diffuse into the N-type or P-type material. 

Bonding pads 

The points at which leads are attached to the IC. 

MOS IC 

An IC made of MOSFET technology. MOS ICs use three basic components 
in their construction: MOSFETs, MOS capacitors, and MOS resistors. They 
do not require isolation between the source−drain and other P–N junctions 
formed on the substrate. 
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Film IC 

An IC with an assembly of components formed on the surface of an insulating 
substrate. Conductors and resistors are formed by evaporation and by screen-
printed deposition areas. Transistors, diodes, and MOS capacitors are added 
to the circuit in discrete form and are attached to the circuit with special 
cement. 

Thin-film IC 

A hybrid assembly in which passive circuit elements and interconnections are 
formed by evaporation onto a substrate. Active devices are added as discrete 
components. 

Thick-film IC 

A hybrid IC in which the passive circuit parts and interconnections are formed 
on an insulating material substrate by print screening. The active components 
are added in chip form. 
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Operational Amplifiers (Op-amps)
 

An operational amplifier or op-amp is a modular, multistage amplifying 
device capable of high-gain signal amplification from DC to several million 
hertz. The amplifier circuits are directly coupled and contain several transistor 
devices. The entire assembly is built on a small silicon substrate and packaged 
as an IC. Op-amps are used in many electronic systems, such as communica
tions and home entertainment systems, for amplification and various types of 
mathematical operations such as integrators, differentiators, and summing. 

In this chapter, you will learn the basic characteristics of the op-amp. Op-
amps are faster, cheaper, and easier to work with than discrete component 
circuits. However, power-handling capability is still a consideration. We will 
take a look “inside” the op-amp to see how it functions. 

Objectives 

After studying this chapter, you will be able to: 
15.1 describe the basic operation of an op-amp; 
15.2 describe the function of each op-amp stage; 
15.3 evaluate the performance of an op-amp; 
15.4 analyze and troubleshoot op-amps. 

Chapter Outline 

15.1 Introduction to the Op-amp 
15.2 Inside the Op-amp 
15.3 Op-amp Characteristics 
15.4 Analysis and Troubleshooting – Op-amps 
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15-1 Open-Loop Gain of Operational Amplifiers
 
In this activity, an open-loop operational amplifier circuit will be evaluated.
 

Key Terms 

closed-loop gain 
common mode 
common-mode rejection ratio (CMRR) 
differential amplifier 
differential mode 
floating state 
input bias current 
input offset voltage 
intermediate amplifier stage 
inverting input 
noninverting input 
open-loop gain 
output stage 
single-ended mode 
slew rate 

15.1 Introduction to the Op-amp 

Op-amps are used for a wide variety of applications. In order to understand 
these applications, the basis functions of the op-amp will be discussed. 

15.1 Describe the basic operation of an op-amp. 
In order to achieve objective 15.1, you should be able to: 

• describe the basic op-amp modes of operation; 
• identify the op-amp symbol and terminals; 
• define inverting input, noninverting input, and differential amplifier, 

common mode, differential mode, and single-ended mode. 

Op-amp Schematic Symbol 

The schematic symbol of an op-amp is generally displayed as a triangle 
symbol. Figure 15.1 shows a typical op-amp symbol with its terminals 
labeled. The triangle denotes the amplification function. An op-amp has at 
least five terminals or connections in its construction. Two of these are for the 
power supply voltage, two for differential input, and one for the output. 



15.1 Introduction to the Op-amp 611 

Figure 15.1 Op-amp schematic symbol. 

The point or apex of the op-amp symbol identifies the output. The two 
leads labeled − and + identify the differential input terminals. The − sign 
indicates inverting input and the + sign denotes noninverting input. A signal 
applied to the inverting input is inverted 180◦ at the output. Standard op-
amp symbols usually have the inverting input located in the upper-left corner. 
A signal applied to the noninverting input is not inverted at the output and 
remains in phase with the input. The + input is located in the lower-left corner 
of the symbol. In all cases, the two inputs are clearly identified as + and − 
inside the triangle symbol. 

Connections or terminals on the sides of the triangle symbol are used to 
identify a variety of functions. The most significant of these are the two power 
supply terminals. Normally, the positive voltage terminal (+V) is positioned 
on the top side and the negative voltage terminal (−V) is positioned on the 
bottom side. In practice, most op-amps are supplied by a split, or divided, 
power supply. This supply has +V, ground, and −V terminals. It is important 
that the correct voltage polarity be supplied to the appropriate terminals or the 
device may be permanently damaged. A good rule to follow for most op-amps 
is not to connect the ground lead of the power supply to −V. An exception to 
this rule is the current-differencing amplifier (CDA) op-amp. These op-amps 
are made to be compatible with digital logic ICs and are supplied by a straight 
5-V voltage source. 

There may be other terminals in the makeup of this device, depending 
on its internal construction or intended function. Each terminal is generally 
attached to a schematic symbol at some convenient location. Numbers located 
near each terminal of the symbol indicate pin designations. The schematic 
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Figure 15.2 Op-amp packages (Courtesy: Fairchild Semiconductor). 

symbol of an op-amp generally has its terminals numbered and the ele
ment names omitted. A pin-out key identifies the name of each terminal. 
Figure 15.2 shows various op-amp packages. Note the pin-out key for each 
package. 

Basic Op-amp Operation 

The fundamental operation of an op-amp is based on a unique circuit known 
as a differential amplifier. This circuit is designed to amplify the difference 
between two voltage values that are applied to its input. A simplification of 
the differential amplifier circuit and equivalent op-amp symbol is shown in 
Figure 15.3. Note that bipolar transistors are used in this construction and 
that Q1 and Q2 respond as a differential amplifier. 

The differential amplifier of Figure 15.3 has some rather unusual con
siderations that must be taken into account. It, for example, has two inputs 
and two outputs that can be connected in a number of different ways. These 
are called its modes of operation. Single-ended, differential, and common 
modes of operation will be discussed in this section. 

Normally, with no input signal applied to either Q1 or Q2, no output 
appears. If identical values of input are applied to both Q1 and Q2, there 
is still no output. In a sense, each transistor conducts the same amount. The 
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Figure 15.3 Simplified differential amplifier and equivalent op-amp symbol. 

Figure 15.4 Common-mode operation. 

output signal is, therefore, of the same value or balanced. There is no potential 
difference in the two outputs. This means that there is no output signal. This 
is called common-mode operation. It is illustrated in Figure 15.4. 

When different signals are applied to the input of Q1 and Q2, the output 
becomes unbalanced. The transistor receiving the greater signal conducts 
more current. With current regulated by Q3, the alternate transistor conducts 
less current. A pronounced difference in the two outputs occurs. The resulting 
output is indicative of the conduction difference in Q1 and Q2. This is called 
differential-mode operation. It is illustrated in Figure 15.5. 

If a signal is applied only to the inverting input of a differential amplifier, 
the output will be amplified and inverted. A signal applied only to the 
noninverting input will be amplified without inversion. For the circuit to 
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Figure 15.5 Differential-mode operation. 

Figure 15.6 Single-ended mode operation, noninverting. 

respond in this manner, the input not being used must be grounded. The 
output will be the difference between input and ground. This is called single-
ended mode operation. The noninverting single-ended mode operation is 
shown in Figure 15.6, and the inverting single-ended mode of operation is 
shown in Figure 15.7. 
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Figure 15.7 Single-ended mode operation, inverting.

Self-Examination

Answer the following questions.

1. The triangle symbol in electronics denotes the _____ function.
2. Five terminals of an op-amp are _____, _____, _____, _____, and

_____.
3. When identical values of input are applied to both op-amp input

terminals, the op-amp is considered to be in _____ mode.
4. When different values of input are applied to both op-amp input

terminals, the op-amp is considered to be in _____ mode.
5. When an input signal is applied to one terminal of an op-amp and the

other terminal is grounded, the op-amp is considered to be in _____
mode.

15.2 Inside the Op-amp

Op-amps have a number of other circuits in their construction. A high-gain
amplifier, for example, follows the differential amplifier. This amplifier raises
the signal level so that very small input signals can be amplified. An emitter-
follower amplifier comes after the high-gain amplifier. The emitter-follower
provides the op-amp with a low-impedance output. This permits it to be
connected to a variety of different output devices. The combination of all
this makes the circuitry of an op-amp rather complex. As a general rule, the



616 Operational Amplifiers (Op-amps) 

internal construction is not very important to a person using the device. It 
is, however, helpful for you to have some general understanding of what the 
internal circuitry accomplishes. This will permit you to see how the device 
performs and some of its limitations as a functioning unit. 

15.2 Describe the function of each op-amp stage. 
In order to achieve objective 15.2, you should be able to: 

• name the op-amp stages of amplification; 
• define intermediate amplifier stage, output amplifier stage, common-

mode rejection ratio, and floating state. 

Internal Circuitry 

The internal circuitry of an op-amp can be divided into three functional units,
 
as shown in Figure 15.8. Note that each function is enclosed in a triangle.
 
This diagram shows that the op-amp has three basic amplification functions.
 
These functions are generally called stages of
 
amplification. A stage of amplification contains one or more active devices
 
and all the associated components needed to achieve amplification.
 

Figure 15.9 shows the internal circuitry of a general-purpose op-amp. 
The first stage, or input, of an op-amp is usually a differential amplifier. 

Figure 15.8 Op-amp diagram depicting the stages of amplification. 
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Figure 15.9 Internal circuitry of a general-purpose op-amp. 

Note that this amplifier has two inputs, which are labeled inverting input and 
noninverting input. It provides high gain of the signal difference supplied 
to the two inputs and low gain for common-mode signals applied to both 
inputs simultaneously. The input impedance is high to any applied signal. The 
output of the differential amplifier is generally two signals of equal ampli
tude and 180◦ out of phase. This could be described as a push−pull input 
and output. 

One or more intermediate stages of amplification follow the differential 
amplifier. Figure 15.9 shows an op-amp with only one intermediate ampli
fier stage. This amplifier is designed to shift the operating point to a zero level 
at the output and has high current and voltage gain capabilities. Increased gain 
is needed to drive the output amplifier stage without loading down the input. 
The intermediate amplifier stage generally has two inputs and a single-ended 
output. 

The output stage of an op-amp has rather low output impedance and 
is responsible for developing the current needed to drive an external load. Its 
input impedance must be great enough that it does not load down the output of 
the intermediate amplifier. The output stage can be an emitter-follower ampli
fier (as shown) or two transistors connected in a complementary-symmetry 
configuration. Voltage gain is rather low in this stage with a sizable amount 
of current gain. The following sections take a detailed look at each stage of 
amplification. 
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Differential Amplifier Stage 

A differential amplifier is the operational basis of most op-amps. This 
amplifier is best described as having two identical or balanced transistors 
sharing a single emitter resistor. Each transistor has an input and an output. 
A schematic diagram of a simplified differential amplifier is shown in Fig
ure 15.10. Note that the circuit is energized by a dual-polarity, or split-power, 
supply. The source leads are labeled +VCC and –VCC and are measured with 
respect to a common ground lead. 

Operation of a differential amplifier is based on its response to input 
signals applied to the base. Grounding one base and applying an input signal 
to the other base produces two output signals. This occurs because the two 
transistors are controlled by the same emitter current. The output signals 
have the same amplitude but are inverted 180◦. This type of input causes 
the amplifier to respond in its differential mode of operation. 

When two input signals of equal amplitude and polarity are applied to 
each base at the same time, the resulting output is zero. This type of input 
causes a difference or canceling voltage to appear across the commonly 
connected emitter resistor. In a sense, the differential amplifier responds as 

Figure 15.10 Simplified differential amplifier. 
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Figure 15.11 AC differential amplifier. 

a balanced bridge circuit to identical input signals. There is no output when 
the circuit is balanced. You should recall that this is referred to as common-
mode operation. A differential amplifier is designed to reject signals common 
to both inputs. The term common-mode rejection ratio (CMRR) is used 
to describe this action of the amplifier. CMRR is a unique characteristic of 
the differential amplifier. Undesirable noise, interference, or AC hum can be 
rejected by this operating condition. 

In the circuit of Figure 15.11, an input signal is applied to the base of Q1, 
and the base of Q2 is left open. This condition causes signals to be developed 
at both outputs and across the common emitter resistor. The emitter signal, as 
indicated, is in phase with the input. The two output signals are out of phase 
with each other and have a substantial degree of amplification. Output Vout1 

is out of phase with the input and Vout2 is in phase. 
A differential amplifier produces two output signals when only one input 

signal is applied. Coupling of the input signal from Q1 to Q2 is accomplished 
through the emitter resistor. The positive alternation of the input signal, for 
example, causes increased forward bias of Q1. This causes an increase in the 
conduction of Q1. With more IE, there is a greater voltage developed across 
the emitter resistor. This in turn causes both emitters to be less negative. The 
conduction of Q1 is not appreciably influenced by this voltage because it has 
an external signal applied to its input. Q2 is, however, directly influenced by 
the reduced negative voltage to its emitter. This causes the conduction of Q2 to 
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be reduced. Reduction in current through Q2 causes less voltage drop across 
RL2, and the collector voltage to swing in the positive direction. In effect, an 
input signal applied to the base of Q1 reduces the VE of Q2, which, in turn, 
increases the value of the output voltage Vout2. An input signal is, therefore, 
coupled to Q2 by the commonly connected emitter resistor. 

The negative alternation of the input signal causes a reversal of the 
action just described. Q1, for example, will be less conductive, and Q2 will 
have increased conduction. This action causes a reduction of IC through Q1 

and an increase swing in the value of V01. Increased conduction of Q2 causes 
a corresponding reduction in Vout2. The two output signals continue to be 
180◦ out of phase. In effect, both alternations of the input appear in the output. 
A differential amplifier connected in the differential mode will develop two 
output signals that are reflective of the entire input signal. 

Differential amplifiers respond in primarily the same way when the 
inputs are reversed. In this case, an input signal is applied to the base of 
Q2 with the base of Q1 open or floating. Vout1 is out of phase with the input, 
and Vout2 is in phase. The amplitude, or output signal level, of the amplifier 
is still based on the signal difference between the two inputs. With only one 
signal applied to the input at a time, the amplifier sees a very large differential 
input and develops a sizable output voltage. 

The differential amplifier of Figure 15.11 is rarely used in op-amp 
construction. Ordinarily, the resistance of RE needs to be quite large to have 
good coupling and common-mode rejection capabilities. Large resistance 
values are rather difficult to fabricate in IC construction. RE can, however, 
be replaced with a transistor. This transistor and its associated components 
are called a constant-current source. 

Figure 15.12 shows a differential amplifier with a constant-current 
source in the emitter circuit. Transistor Q3, in this case, has a fixed or constant 
bias voltage. This voltage maintains the internal resistance of Q3 at a rather 
high value. In some op-amps, the constant-current source can be altered by 
an external base-bias voltage. This is achieved by having an external lead 
connection to the base of Q3. The current source of the differential amplifier 
can then be altered to some extent. The resistance, or impedance, of Q3 can 
be adjusted to meet the design parameters of a specific circuit application. 
When the impedance of Q3 is high, the common-mode gain of the amplifier 
is very low and signal coupling is good. The constant-current source of an 
input differential amplifier is an important part of op-amp construction. 

The differential amplifier of an op-amp can be made with other transistor 
devices and connected in a variety of different configurations. Two rather 
common configurations are shown in Figure 15.13. 
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Figure 15.12 Differential amplifier with constant-current source in the emitter. 

The amplifier of Figure 15.13(a) is achieved with bipolar junction 
transistors (BJTs) connected in a Darlington-pair configuration. The input 
impedance of this circuit is increased by a factor of 1.5 times the beta. 
The beta of each transistor branch is also increased by the same value. 
Darlington-pair devices respond at high speed to a wide range of frequencies. 

The differential amplifier of Figure 15.13(b) employs JFETs instead of 
BJTs in its input. The JFET input is extremely high resistant when compared 
to the BJT. Typical input impedance values are 10 MΩ for this type of 
differential input. Op-amps employing the JFET input are widely used in 
process control, medical instrumentation, and other applications requiring 
very low input current values. 

Intermediate Amplifier Stage 

The intermediate amplifier stage of an op-amp follows the input differential 
amplifier stage and feeds the output stage. This part of the op-amp is primarily 
responsible for additional gain and DC voltage stabilization. As a rule, the 
intermediate differential amplifier has rather high gain capabilities compared 
with the input differential amplifier. 
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Figure 15.13 Differential amplifiers. (a) Darlington transistor. (b) JFETs. 
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Figure 15.14 Intermediate and output amplifier stages. 

The intermediate amplifier stage of Figure 15.14 is equipped with a 
voltage-stabilizing transistor, Q5. This transistor evaluates the signal at the 
emitters of Q3 and Q4. Since the intermediate differential amplifier is driven 
by a push−pull signal, there should be a zero reference level at its input when 
the first differential amplifier is operating properly. If an operational error 
occurs, a correcting voltage is developed by Q5 across R2 of the input ampli
fier. Q5 also feeds the error bias voltage to the constant-current transistor 
Q7. This voltage further reduces the error and improves the common-mode 
rejection capabilities of the amplifier. The output of the intermediate amplifier 
stage is zero-voltage-level corrected and appears at the collector of Q4. 

Output Stage 

The output stage of an op-amp is designed primarily to develop the power 
needed to drive an external load device. In accomplishing this function, there 
must be a maximum output voltage signal developed across a low-impedance 
load. The output of an op-amp may be a single transistor or two transistors 
connected in a complementary-symmetry power amplifier. 

The output stage of Figure 15.14 is a single-ended emitter-follower 
amplifier. This part of the op-amp is on the right side of the schematic 
diagram. Transistors Q8, Q9, and Q10 make up the output stage. Q8 is an 
emitter-follower driver transistor. Q9 serves as a constant-current source 
for the output transistor Q10. The single-ended output of the intermediate 
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differential amplifier stage drives the base of Q8. This transistor matches 
the output impedance of Q4 to the low output impedance of Q10. Maximum 
signal transfer is accomplished through Q8. 

The signal gain of a single-ended output stage must be controlled or 
limited to some extent to provide good stability. Transistor Q9 performs this 
function. This transistor has a dual role. It responds as a constant-current 
source for the driver transistor Q8 and as a feedback regulator for the output 
transistor. Feedback is regulated by maintaining the current through R16 at a 
rather constant level by conduction of Q9. The constant-current function of 
Q9 maintains the emitter of Q8 at a consistent level to reduce level shifting 
and improve common-mode rejection. 

Many op-amps employ two transistors in a complementary-symmetry 
output circuit instead of the single-ended emitter-follower circuit. The emitter 
resistor of a single-ended emitter-follower output generally consumes a great 
deal of power at high current levels. The complementary-symmetry output 
circuit overcomes this problem by using two transistors. The transistors are 
NPN and PNP complements that have the same or symmetrical characteris
tics. Figure 15.15 shows a simplification of the complementary-symmetry 
power amplifier used in many op-amps. 

The output of the complementary-symmetry amplifier is developed 
across an external load connected to pin 6. Note that this terminal is connected 

Figure 15.15 Complementary-symmetry output of an op-amp. 
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directly to the emitters of Q10 and Q11. These transistors, connected in a 
common-collector circuit configuration, have a low-impedance output. 

A resistive divider network is connected across +VCC and –VCC. The 
base of each transistor is biased at cutoff or slightly above cutoff by this 
network. A signal applied to the input is fed directly to the base of each 
transistor. The positive alternation of an AC signal causes the NPN transistor 
Q10 to be conductive. Conduction current flows from ground through RL, 
Q10, and to +VCC for this alternation. 

Q11 is driven further into cutoff by this alternation and has no output. 
For the negative alternation, Q11 is forward biased and goes into conduction. 
Q10 is reverse biased by this alternation and goes into a nonconductive state. 
Conduction of Q11 is from +VCC, through Q11 and RL, to ground. The neg
ative alternation develops output across RL. This means that each transistor 
goes into conduction for one alternation. The output current through RL is 
a combination of the current flow produced by each transistor. This type of 
amplifier can develop large amounts of current with good power gain and low 
output impedance 

Self-Examination 

Answer the following questions. 

6. The input of an op-amp is usually a(n) _____ amplifier. 
7. Three stages of an op-amp circuit are _____, _____, and _____. 
8. The property of a differential amplifier to reject signals common to both 

of its inputs is called _____. 
9. DC voltage stabilization of an op-amp is caused by the _____ stage. 

10. The output stage of an op-amp may be _____ or _____. 

15.3 Op-amp Characteristics 

Operational amplifiers have several important characteristics. The manufac
turer of the device supplies data sheets that identify the pin-out and oper
ating data. The data sheet also shows absolute maximum ratings, electrical 
characteristics, and typical performance curves. 

15.3 Evaluate the performance of an op-amp. 
In order to achieve objective 15.3, you should be able to: 

• determine the open-loop gain, closed-loop gain, and slew rate of an op-
amp; 
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• describe the electrical characteristics of an op-amp; 
• define open-loop gain, closed-loop gain, input offset voltage, input bias 

current, and slew rate. 

Open-Loop Gain 

The open-loop gain characteristic of an op-amp refers to an output that is 
developed when only difference voltage is applied to the input. The μA751C 
op-amp of Figure 15.16 is connected in an open-loop circuit configuration. 
The open-loop voltage gain (AVol) is a ratio of the output voltage (Vout) 
divided by the differential input voltage (Vdiff(in)). This is expressed by the 
following formula: 

AVol = Vout/Vdiff(in). (15.1) 

The open-loop voltage gain of an op-amp is usually quite large. Typical 
values are in the range of 10,000−200,000. When the differential input 
voltage is zero, the output voltage is also zero. If a slight difference in input 
voltage occurs, the output voltage increases accordingly. The output voltage, 
however, cannot exceed 90% of the source voltage. When the output voltage 
reaches this level, the amplifier is saturated. Due to the high AVol of an op-
amp, only a few millivolts of V in are needed to cause it to go into saturation. 
As a rule, op-amps are rarely used in an open-loop circuit configuration. 

Figure 15.16 Op-amp connected for open-loop gain. 
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To see how an op-amp responds in the open-loop mode of operation, 
assume that the op-amp of Figure 15.16 has an open-loop gain (AVol) of  
100,000. Typical values of AVol could exceed a million. The supply voltage 
is ±10, as indicated. For a representative op-amp, saturation occurs when the 
output voltage (Vout) reaches approximately 90% of the source voltage: 

Vsat = 0.90 × VCC. (15.2) 

For this circuit, the saturation voltage is, therefore, 

Vsat = 0.90 × VCC 

= 0.90 × 10V 

= +9V. 

Transposing the previous AVol formula for input voltage (V in) causes it 
to be 

Vin = Vsat AVol. (15.3) 

The value of V in needed to cause saturation of the op-amp is approxi
mately 

Vin = Vsat/AVol 

= +9V/100, 000 

= 0.00009 or 90 μV. 

Therefore, saturation occurs when the input voltage reaches 90 μV. An 
AC signal of 90 μVpp would also cause distortion of the output. This shows 
that the op-amp in the open-loop configuration is easy to distort. Closed-loop 
operation is generally used to alter this problem. 

Example 15-1: 

An op-amp has a voltage input of 0.2 mV and an output of 9 V. What is the 
open-loop voltage gain? 

Solution 

AVol = Vout = 9 V  = 45, 000 

Vin0.2mV. 

Related Problem 
An op-amp has the following values:
 
V in = 0.6 mV and Vout = 10 V. What is the open-loop voltage gain?
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Closed-Loop Gain 

The closed-loop gain characteristic of an op-amp refers to the gain or 
amplification achieved by an amplifier that has negative feedback between 
the input and output. When an op-amp is used in a closed-loop configuration, 
the voltage gain can be adjusted to nearly any desired value. This is achieved 
by a feedback resistor network connected between the output and the input. 

Figure 15.17 shows a simplified op-amp connected to a feedback net
work in a noninverting circuit. The output will be the same polarity as the 
input. Ideally, the two inputs are balanced when resistors R1 and R2 are equal. 
In an actual circuit, R2 is a calculated value based on the parallel arrangement 
of R1 and the feedback resistor RF: 

R2 = (R1 × RF)/(R1 + RF). (15.4) 

For the circuits in Figure 15.17, the value of R2 would be 

R2 = (R1 × RF)/(R1 + RF) 

= (1  kΩ  × 99 kΩ)/(1 kΩ × 99 kΩ) 

= 99  MΩ/100 kΩ 

= 990 Ω. 

Figure 15.17 Closed-loop op-amp simplification – noninverting amplifier. 
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Amplifier gain is based on the following formula: 

AV = (R1 + RF)/R1.	 (15.5) 

For the circuit in Figure 15.17, the gain is 

AV	 = (R1 + RF)/R1 

= (1 kΩ + 99 kΩ)/1 kΩ  

= 100. 

Example 15-2: 

What would the gain of the circuit in Figure 15.17 be if RF were changed to 
9.9 kΩ and R1 to 100 Ω? 
Solution 

AV	 = (R1 + RF)/R1 

= (100 Ω+ 9.9 kΩ)/100 Ω 

= 10  kΩ/100 Ω 

= 100. 

Related Problem 

What would the gain of the circuit in Figure 15.17 be if RF were changed to 
2.9 kΩ and R1 remains at 100 Ω? 

Figure 15.18 shows an inverting circuit configuration. The input signal 
is applied to the negative terminal. The feedback network is composed of 
R1 and RF. R2 returns the noninverting input to ground. The value of R2 is 
determined by the parallel value of R1 and RF. R2 is generally smaller than 
R1. Changing these values can modify the op-amp gain. The voltage gain of 
this amplifier is determined by the following formula: 

AV = RF/R1.	 (15.6) 

For the inverting op-amp in Figure 15.18, the gain is 

AV	 = RF/R1 

= 100 kΩ/1 kΩ  

= 100. 



630 Operational Amplifiers (Op-amps) 

Figure 15.18 Closed-loop op-amp simplification − inverting amplifier. 

Common-Mode Rejection Ratio 

Signals applied to an op-amp are applied to one input or with opposite 
polarities on both input lines. The desired input signals are then amplified 
by the op-amp. Undesired signals (called noise) of the same polarity on both 
input terminals are canceled and do not appear at the output of the op-amp. 
The amplifier’s ability to reject these noise signals is called common-mode 
rejection ratio (CMMR) and is equal to the ratio of the open-loop voltage 
gain and the common-mode gain. 

Example 15-3: 

An op-amp has an open-loop voltage gain of 50,000 and a common-mode 
gain of 0.1. What is the CMMR? 
Solution 

CMMR  = AOL/ACM = 50, 000/0.1 = 500, 000. 

Related Problem 

An op-amp has the following values: AOL = 100,000 and ACM = 0.25. What 
is the common-mode rejection ratio? 
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Input Offset Voltage 

Ideally, the output voltage (Vout) of an op-amp should be 0 V when the input 
voltage is 0 V. In the internal construction of an op-amp, it is extremely 
difficult to develop perfectly balanced differential amplifiers that eliminate 
this problem. Thus, there is actually some output voltage even when the input 
is 0 V. Values range from microvolts to millivolts in a typical circuit. 

An input offset voltage is used to overcome the unwanted output voltage 
of an op-amp. The net effect is 0 V at the output when no voltage is applied 
to the input. This voltage is called the input offset voltage (Vos). Typical V in 

values range from a few microvolts to several millivolts. As a general rule, 
the lower the input offset voltage, the better the quality of the op-amp. 

Input Bias Current 

The internal construction of an op-amp generally causes input current values 
of the differential amplifier to be unequal to some extent. Input bias current 
is the average current flowing into or out of the two inputs. This parameter 
describes the relationship of the two input current values. In general, smaller 
values of input bias current (Ibias) are used with certain op-amps. 

The type of transistor device used in the construction of the input dif
ferential amplifier has a great deal to do with its input bias current. Op-amps 
with JFET inputs have lower Ibias values than BJT inputs. Typical Ibias values 
for the μA741 are in the range of 80 nA. For a JFET input op-amp such as 
the LH0042, Ibias values drop to the 5-pA to 10-pA range. Input bias current 
values are often used when comparing the quality of different devices. 

Input Impedance 

The input impedance of an op-amp is the equivalent resistance that an input 
source sees when connected to the differential input terminals. Normally, the 
input impedance (Zin) of a conventional op-amp is quite high. Typical values 
are in the range from approximately 10 kΩ to 2 MΩ. If the  Zin of a specific 
device is unknown, an estimate of the value would be 250 kΩ. Impedance, 
in this case, refers to the opposition encountered by either an AC or DC 
signal voltage. Two ways of specifying input impedance are differentials and 
common mode. Differential input impedance is the total resistance between 
the inverting and noninverting inputs of an op-amp. Common-mode input 
impedance is the resistance between each input and ground. 
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Input Current 

The input current (Iin) of a conventional op-amp is usually quite small. A 
voltage source connected to the differential input sees extremely high input 
impedance. Typical Iin values are in the range of a few nanoamperes. To 
illustrate this, the LM741C op-amp is used to determine the input current for 
circuit operation at or near the point of saturation. Assume that the Zin is 250 
kΩ. The input voltage that produces saturation was previously determined to 
be 90 μV. Therefore, 

Iin = Vin/Zin 

= 90  μV/250 kΩ 

= 0.36 nA. 

With input current values being this small, they are often considered to be 
negligible in most op-amp circuit calculations. 

Slew Rate 

The slew rate of an op-amp refers to the rate at which its output changes from 
one voltage to another in a given time. This parameter is extremely important 
at high frequencies because it indicates how the output responds to a rapidly 
changing input signal. Slew rate depends on such things as amplifier gain, 
compensating capacitance, and the polarity of the output voltage. The worst 
case, or slowest slew rate, occurs when the gain is at 1, or unity. As a rule, 
slew rate is generally indicated for unity amplification. Mathematically, slew 
rate (SR) is expressed as maximum change in output voltage (ΔVout) divided 
by a change in time (Δt): 

SR = ΔVout/Δt. (15.7) 

Slew rate is primarily an indication of how an op-amp responds to 
different frequencies. A slew rate of 0.5 V/1 μs means that the output has 
time to rise only 0.5 V in 1 μs. Since frequency is time-dependent, this 
indicates where certain input frequencies do not have enough time to produce 
a corresponding output signal. The resulting output is a distorted version of 
the input. The maximum frequency (f max) at which an op-amp can obtain an 
undistorted output is determined by the following expression: 

fmax = SR/(6.28 × Vout). (15.8) 
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For the μA741 op-amp, the slew rate is 0.5 V/μs. The undistorted output 
frequency of the op-amp with an undistorted output voltage of 1 V is, 
therefore, 

SR 
fmax = 

6.28 × Vout 

0.5V/μs 
= 

6.28 × 1 
0.0796178 

= 
10−6 

= 796, 178 Hz. 

The slew rate of an op-amp is primarily determined by a compensating 
capacitor that is either internal or externally connected. Essentially, it takes 
a certain period of time for the capacitor to develop a charge voltage. The 
values of the capacitor and the charging current determine the response of 
the capacitor. Since the op-amp has internal constant-current sources to limit 
the current, the capacitor can only charge at a specified rate. The input signal 
must occur at a slower rate than the capacitor charge time, or some other type 
of distortion will then occur. When the input frequency is higher than the slew 
rate limit, the square wave appears as a slope and the sine wave becomes a 
triangle. 

Example 15-4: 

A signal applied to an op-amp causes the output voltage to vary from +5 V  
to −5 V in 0.5  μs. What is the slew rate? 
Solution 

Slew rate = ΔVout = +5  V − (−5V ) = 20  V/μs  Δt 0.5μs. 

Related Problem 

A signal applied to an op-amp causes the output voltage to vary from +9 V  
to −9 V in 0.67 μs. What is the slew rate? 

Frequency Response 

The slew rate of an op-amp is one of the major factors in determining 
frequency response of a circuit. The slew rate is a measure of how fast an 
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op-amp’s output voltage can change in volts per microsecond (V/μs). The 
formula shown previously (f max = SR/6.28 × Vout) shows that the peak 
output voltage limits maximum frequency. Above the f max value, a distorted 
output will occur. In addition, open-loop voltage gain will decrease. 

Bandwidth 

The bandwidth (BW) of an op-amp is an important consideration. Basically, 
the higher the gain of an op-amp, the narrower the bandwidth. Likewise, as 
gain becomes lower, bandwidth is wider. If a wide bandwidth is desired, a 
lower gain results. 

A factor called gain-bandwidth product of an op-amp is used to deter
mine the maximum value of closed-loop gain (ACL) at a specified upper cutoff 
frequency (f c). The product of ACL and f c is equal to the unity gain frequency 
of an op-amp. 

Output Short Circuit Current 

The output short circuit current of an op-amp is the maximum output 
current measured when load resistance is shorted (RL = 0Ω). Op-amps are 
protected internally from the excess current demand of a shorted load. Once 
this value is established, the output current of an op-amp will not exceed this 
value. 

Output Impedance 

An ideal amplifier has no (0 Ω) output impedance, so that there is no voltage 
drop when its output is connected to a load. The output impedance of a typical 
op-amp is generally quite low, in the range of 25−100 Ω. While this will 
cause some voltage drop and power dissipation in the output section of the 
op-amp, for most applications, this would be acceptable. The output voltage 
of the op-amp is not significantly affected by the voltage drop caused by the 
current flowing through its output impedance. Thus, the voltage gain would 
not be affected by loading. 

Self-Examination 

Answer the following questions. 

11. Op-amps are rarely used in _____ configurations. 
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12. The ratio of output voltage to differential input voltage of an op-amp is 
called _____. 

13. An op-amp has an open-loop voltage gain of 200,000 with a supply 
voltage of 12 V. The value of input voltage needed to cause saturation is 
_____ V. 

14. The type of feedback of an inverting op-amp circuit is _____. 
15. If the feedback resistor for a noninverting circuit is 78 kΩ and the input 

resistor is 2 kΩ, the voltage gain is _____. 
16. If the feedback resistor for an inverting circuit is 10 kΩ and the input 

resistor is 2 kΩ, the voltage gain is _____. 
17. A(n) _____ is used to overcome unwanted output voltage of an op-amp. 
18. The rate at which an op-amp’s output voltage changes is called _____. 

15.4 Analysis and Troubleshooting – Operational 
Amplifiers 

In order to perform a test on operational amplifiers, you must understand 
their characteristics and be proficient in the use of the test equipment. Oper
ational amplifiers can be tested using analog meters or digital multimeters in 
some situations. A defect such as an open circuit is easy to detect when no 
power is applied to the circuit being tested with an ohmmeter reading of an 
extremely high resistance. A defective shorted device will measure zero or a 
very low resistance. 

Op-amps are complex integrated circuits with many internal failures 
possible. A technician may evaluate op-amp defects or problems with its 
associated circuitry. Since you cannot troubleshoot an op-amp, you must 
replace it as a device rather than internal repairs. If an op-amp is defective, it 
is replaced as any other type of component. 

15.4 Analyze and troubleshoot op-amps. 
In order to achieve objective 15.4, you should be able to: 

1. examine the datasheet of op-amps to determine its operational charac
teristics; 

2. distinguish between normal and faulty operation of an op-amp. 

Data Sheet Analysis 

The type of information found on data sheets for operational amplifiers 
varies among manufacturers and the specific type of device. A typical data 
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sheet for an operational amplifier is included at the end of the chapter. We
will use this data sheet to analyze typical information available for operational
amplifiers.

Refer to the data sheet for an LM 324/324A/2902/224/224A operational
amplifier (Courtesy: Fairchild Semiconductor). This is a device designed
to produce a high DC voltage gain and has four separate op-amps in one
integrated circuit package. Use the data sheet at the end of the chapter to
answer the following:

1. What two packages are available? ______
2. How many op-amps are in the IC package? ______
3. DC voltage gain = _______dB.
4. Operating voltage supply range for the LM224A = _______ V to

_______V.
5. Power supply voltage of an LM 324 op-amp = ______.
6. Input voltage range of an LM 2902 = ______ to ______.
7. Power dissipation of a 14-pin dual-inline package LM 224 op-amp =

______ mW.
8. Operating temperature range of an LM 324 op-amp = ______ ◦C to

______ ◦C.
9. Maximum input offset voltage of an LM 224 op-amp = ______ mV.

10. Maximum input offset current of an LM 2902 op-amp = ______ nA =
______ mA.

11. Output source current (typical) of an LM 224 op-amp = ______ mA.

Troubleshooting Op-amps

Op-amps are very versatile devices with stable operating characteristics over
a wide range of temperature, frequency, input supply voltage, and output load
demands. Most op-amps use a split voltage supply, wherein both positive
and negative voltages must be supplied to the op-amp for it to function
satisfactorily.

Summary
• The minimum number of terminals an op-amp has is five; these consist

of two for the power supply voltage, two for the differential input, and
one for the output.

• The input terminal labeled – is the inverting input, and the input terminal
labeled + is the noninverting input.

• A signal applied to the inverting input is inverted 180◦ at the output.
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• Op-amps are typically supplied voltage by a split power supply. 
• The fundamental operation of an op-amp is based on the differential 

amplifier. 
• When two signals of identical values are applied simultaneously to the 

op-amp inputs, no output signal is produced; this is referred to as the 
common mode of operation. 

• When different signals are applied simultaneously to the op-amp inputs, 
the output is the conduction difference in Q1 and Q2; this is referred to 
as the differential mode of operation. 

• In the single-ended mode of operation, a signal is applied only to one of 
the inputs while the other input is grounded. 

• A signal applied only to the inverting input of a differential amplifier 
will be amplified and inverted. 

• A signal applied only to the noninverting input of a differential amplifier 
will be amplified without inversion. 

• The internal circuitry of an op-amp consists of three functional units 
or stages of amplification: differential amplifier, intermediate amplifier, 
and output. 

• The differential amplifier stage provides high gain of the signal differ
ence supplied to the inputs and low gain of common signals supplied to 
the inputs. 

• The constant-current source of a differential amplifier provides for low 
common-mode gain and good signal coupling. 

• A differential amplifier can be made with other transistor configurations 
or devices, such as with a Darlington pair or JFETs. 

• The intermediate amplifier stage provides for additional gain and DC 
voltage stabilization. 

• The low-impedance output stage develops the power needed to drive an 
external load. 

• The output stage of an op-amp can be single-ended or complementary-
symmetry. 

• Since a single-ended configuration consumes a great deal of power 
at high current levels, a complementary-symmetry configuration is 
typically used. 

• Open-loop gain refers to the gain of an amplifier connected to a load that 
does not have a feedback path between the output and input. 

• Closed-loop gain refers to the gain of an amplifier that has a feedback 
path between the output and input. 
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• When the output voltage of an open-loop op-amp reaches 90% of the
source voltage, the op-amp is saturated.

• An input offset voltage is used to overcome the unwanted output of an
op-amp.

• Input bias current is the average current flowing into or out of the two
op-amp inputs.

• Input impedance is the equivalent resistance that an input source sees
when connected to the inputs of an op-amp.

• Slew rate is the rate at which the output of an op-amp changes from one
voltage to another in a given time and is an indication of how an op-amp
responds to different frequencies.

Formulas

(15-1) AVol = Vout/V in Open-loop voltage gain.
(15-2) Vsat = 0.90 × VCC Op-amp saturation voltage.
(15-3) V in = Vsat/AVol Input voltage to cause op-amp saturation.
(15-4) R2 = (R1 × RF)/(R1 + RF) Value of R2 in an op-amp feedback network.
(15-5) AV = (R1 + RF)/R1 Gain in a noninverting op-amp feedback network.
(15-6) AV = RF/R1 Gain in an inverting op-amp feedback network.
(15-7) SR = ΔVout/Δt Slew rate.
(15-8) fmax = SR/(6.28 × Vout) Maximum frequency before output is

distorted.

Review Questions

Answer the following questions.

1. The voltage gain figure listed below which is typical of a voltage
follower is:

a. 1
b. 10
c. 100
d. 1000

2. The characteristic that would describe an operational amplifier used as a
voltage follower is:

a. Inverting, high gain
b. Inverting, low gain
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c. Noninverting, high gain 
d. Noninverting, low gain 

3. Impedance characteristics that describe a voltage follower are: 

a. Low input, low output 
a. Low input, high output 
a. High input, low output 
a. High input, high output 

4. The voltage gain of an operational amplifier may be calculated by the 
formula: 

a. A = V in × Vout 

b. A = V in/Vout 

c. A = Vout/V in 

d. None of the above 

5. The minimum number of transistors needed to make a discrete compo
nent differential amplifier is: 

a. One 
b. Two 
c. Three 
d. Four 

6. The input stage of almost all operational amplifiers is a(n): 

a. NPN stage 
b. PNP stage 
c. Ground-base stage 
d. Differential amplifier 

7. Common-mode rejection ratio is described as: 

a. Differential gain × Common-mode gain 
b. Differential gain/Common-mode gain 
c. Common-mode gain/Differential gain 
d. Differential gain/Common-mode gain 

8. The circuit shown in Figure 16-22 is a: 

a. Ramp generator 
b. Constant-current source 
c. Nonsinusoidal oscillator 
d. Basic differential amplifier 
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9. The correct method of finding the gain of an operational amplifier circuit 
is: 

a. A = R1/R2 

b. A =R2/R1 

c. A = R1 + 1/R2 

d. A = R2 + 1/R1 

10. In the circuit shown in	 Figure ?? if R1 and R2 were both 1000-Ω 
resistors, the gain of the operational amplifier circuit would be: 

a. 1.0 
b. 1.5 
c. 2.0 
d. 2.5 

11. The gain of the operational amplifier in Figure ?? is: 

a. +20 
b. −20 
c. +21 
d. −21 

12. An inverting op-amp has a 20-kΩ input resistor and a 50-kΩ feedback 
resistor. With a +2-V input signal applied, the output voltage would be: 

a. +2 V  
b. −2 V  
c. +5 V  
d. −5 V  

13. An operational amplifier that has an output of −5 V with an input of 
+10 V is considered: 

a. Inverting, with a gain of 2 
b. Noninverting ,with a gain of 2 
c. Inverting, with a gain of 0.5 
d. Noninverting, with a gain of 0.5 

14. The gain of a noninverting operational amplifier may be calculated by 
the formula: 

a. A = RF + 1/Rin 

b. A = RF/Rin 

c. A = Rin +1 
d. A = −Rin/RF 



644 Operational Amplifiers (Op-amps) 

15. The gain of an inverting op-amp may be calculated by the formula: 

a. A = RF +1/Rin 

b. A = −RF/Rin 

c. A = Rin +1/RF 

d. A = −Rin/RF 

16. The gain of an operational amplifier with a bandwidth of 10 kHz and a 
gain bandwidth product of 100,000 is: 

a. 1 
b. 10 
c. 100 
d. 1000 

17. A noninverting operational amplifier has a +20 V output when the input 
is +5 V. If the input resistor is 5 kΩ, the value of the feedback resistor 
is: 

a. 10 kΩ 
b. 15 kΩ 
c. 20 kΩ 
d. 30 kΩ 

18. A noninverting operational amplifier has a 10-kΩ feedback resistor and a 
5-kΩ input resistor. The input voltage required to obtain a +10 V output 
is: 

a. 3.3 V 
b. 5.0 V 
c. 20 V 
d. 30 V 

19. The output of the circuit of Figure ?? when the inputs are +2, −2, and 
+1 V is: 

a. +1 V  
b. −1 V  
c. +10 V 
d. −10 V 

20. The output of the circuit of Figure ?? when the inputs are +1, +2, and 
+3 V is: 

a. +3 V  
b. +6 V  
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c. −6 V  
d. −60 V 

Answers 

Examples 

15-1. 16,667 
15-2. 30 
15-3. 400,000 
15-4. 26.87 V/μs 

Self-Examination 

15.1 

1. amplification 
2. +V, −V, inverting input, noninverting input, output (any order) 
3. common 
4. differential 
5. single-ended 

15.2 
6. differential amplifier, intermediate amplifier, output (any order) 
7. differential amplifier 
8. common-mode rejection ratio 
9. intermediate amplifier 

10. single-ended, complementary-symmetry (any order) 
15.3 
11. open-loop 
12. open-loop voltage gain 
13. 54 μA 
14. negative 
15. 40 
16. −5 
17. input offset voltage 
18. slew rate 
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Terms 

Inverting input 

One of two inputs of an operational amplifier or voltage comparator. The 
inverting input changes the signal 180◦ in the output and is identified by a − 
sign on an amplifier symbol. 

Noninverting input 

One of two inputs of an operational amplifier or voltage comparator. This 
input accepts a signal and causes it to appear in the output without a change 
in phase. It is identified by a + sign on an amplifier symbol. 

Differential amplifier 

An amplifier having a high common-mode rejection capability and output 
that is proportional to the difference of its two input signals. This type of 
amplifier is also called a difference amplifier. 

Common mode 

When signals identical in phase and amplitude appear at the inputs of an 
op-amp simultaneously. 

Differential mode 

When different signals are applied to the inputs of an op-amp simultaneously. 

Single-ended mode 

When a signal is applied to one input of an op-amp and the other end is 
grounded. 

Intermediate amplifier stage 

The stage of an op-amp that is primarily responsible for additional gain and 
DC voltage stabilization. 

Output stage 

The stage of an op-amp that has rather low output impedance and is 
responsible for developing the current needed to drive an external load. 

Common-mode rejection ratio (CMRR) 

The ability of a differential amplifier to cancel a common-mode signal. 
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Open-loop gain 

The gain of an amplifier connected to a load that does not have a feedback 
path between the output and input. 

Closed-loop gain 

Gain or amplification achieved by an amplifier that has negative feedback 
between the input and output. 

Input offset voltage 

Op-amp output voltage that occurs when no differential input voltage is 
applied. 

Input bias current 

The average current flowing into or out of the two inputs. 

Slew rate 

The rate at which an op-amp’s output changes from one voltage to another in 
a given time. It is expressed in volts per microsecond. 



http://taylorandfrancis.com


16
 
Linear Op-amp Circuits
 

A linear operational amplifier is a high performance amplifying device 
made of many discrete components. The assembled amplifier circuit is 
formed on a small silicon substrate and packaged as an integrated circuit. 
This device has many applications in electronics. Chapter 16 focuses on linear 
amplifiers that achieve inverting, noninverting, and summing. 

Objectives 

After studying this chapter, you will be able to: 

16.1 describe the operation of an inverting op-amp circuit; 
16.2 describe the operation of a noninverting op-amp circuit; 
16.3 evaluate the operation of a summing op-amp circuit; 
16.4 analyze and troubleshoot linear op-amp circuits. 

Chapter Outline 

16.1 Inverting Amplifiers 
16.2 Noninverting Amplifiers 
16.3 Summing 
16.4 Analysis and Troubleshooting – Linear Op-amp circuits 

Activities for Chapter 16 

16-1 Inverting Operational Amplifiers 

In this activity, an inverting op-amp circuit will be evaluated and its gain 
evaluated. 

16-2 Noninverting Operational Amplifiers 

In this activity, a noninverting op-amp circuit will be evaluated and its gain 
evaluated. 

649
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Key Terms 

averaging amplifier 
feedback resistor 
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inverting amplifier 
noninverting amplifier 
scaling adder 
subtractor 
summing amplifier 
virtual ground 
voltage gain 

16.1 Inverting Amplifier 

A widely used op-amp configuration is the inverting amplifier. The inverting 
amplifier is a general purpose voltage amplifier that has an output signal 
180◦ out of phase with the input signal. The circuit’s voltage gain is simply 
determined by the ratio of the value of the feedback resistor to the value of 
the input resistor. The input impedance (Zin) is equal to the value of the input 
resistor. 

16.1 Describe the operation of an inverting op-amp circuit. 
In order to achieve objective 16.1, you should be able to: 

• analyze an inverting op-amp circuit; 
• describe the characteristics of inverting op-amp circuits; 
• define inverting amplifier and virtual ground. 

An inverting amplifier is a circuit that receives a signal voltage at its input 
and delivers a large, undistorted version of the signal at its output. The phase 
or polarity of the output signal is an inversion of the input. Operation does not 
ordinarily permit the output to reach saturation. The level of amplification is 
controlled by a feedback resistor connected between the output and inverting 
input. This causes the amplifier to have negative feedback. The addition 
of a feedback resistor permits the amplifier to have a controlled level of 
amplification. Performance is no longer dependent on the open-loop gain 
(AVol) of the device. Closed-loop voltage gain (AVcl), or simply AV, can be 
controlled by altering the value of feedback resistor (RF). 

A typical inverting op-amp circuit is shown in Figure 16.1. This basic 
circuit consists of an op-amp and three resistors. The noninverting input 
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Figure 16.1 Inverting op-amp. 

is connected to ground. Input to the amplifier is applied to the inverting 
input through resistor Rin. The output signal is developed across the load 
resistor (RL) and ground. A portion of the output signal is also returned to the 
inverting input through the feedback resistor (RF). The value of the inverting 
input signal is, therefore, determined by a combination of Vin and the output 
signal fed back through RF. Thus, voltage gain (Ar) = -Rf /Rin and Zin = Rin. 

To assess the operation of an inverting amplifier, we will describe a 
number of events that occur rather quickly when it is placed into operation. 
Take a look at Figure 16.2. The op-amp is energized by ±15 V. Assume 
that no signal is initially applied to the input. In this operational state, with 
no differential input signal applied, the output is zero. This represents the 
quiescent condition, or steady state of operation. 

If an input signal of +1 V is applied to the inverting input of the 
op-amp, the inverting input immediately goes positive. This action causes 
Vout to swing immediately in the negative direction. At the same instant, a 
negative-going voltage is fed back to the inverting input through RF. This 
immediately reduces the original +1 V applied to the inverting input. The 
feedback signal does not completely cancel the V in signal. It simply reduces 
the value. The +1 V signal is immediately changed to a value of only a few 
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Figure 16.2 Virtual ground point of an inverting op-amp. (a) Inverting op-amp circuit. (b) 
Equivalent circuit. 

microvolts. This means that the inverting input is now controlled or limited to 
a rather low voltage value. As a general rule, the input is considered to be at 
approximately zero. Through the feedback loop, the inverting input voltage 
is held to approximately zero regardless of the value of V in. 

To see how an inverting op-amp responds to an input signal, we must 
consider the virtual ground concept. A virtual ground is the point of a circuit 
that is at zero potential (0 V) but is not actually connected to ground. In 
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an inverting op-amp circuit, a virtual ground appears at the inverting input 
terminal. With the noninverting input grounded, the voltage at the inverting 
input is never greater than a fraction of a millivolt. V in, Vout, Rin, and RF all 
tend to hold the voltage of the inverting input to practically zero. With this 
condition existing, the inverting input responds as if it were grounded. It is a 
common practice to refer to this point of an op-amp as a virtual ground. 

Look at the inverting op-amp and its equivalent circuit in Figure 16.2. 
Keep in mind that the voltage at the inverting input terminal is nearly zero 
and its input impedance is approximately 1 MΩ. Assume that an input of +1 
V is applied to V in. This condition causes 1 mA of current to flow through 
Rin. The inverting input is calculated through the following formula: 

Iin = Vin/Rin. (16.1) 

Therefore 

Iin = Vin/Rin 

= 1 V/1 kΩ  

= 1 mA. 

This shows that a 1-V drop will appear across Rin. The inverting input 
continues to remain at zero or virtual ground. The 1 mA of current entering 
the equivalent circuit at the VG point must, therefore, flow through the 
feedback resistor (RF). Very little input control flows into the inverting input. 
This means that, practically, all of the 1 mA flows through the 10-kΩ feedback 
resistor. The voltage drop across RF will be 1 mA times 10 kΩ, or 10 V. Note 
the calculation near RF of the equivalent circuit. 

VRF = IRF × RF (16.2) 

VRF = IRF × RF 

= 1 mA× 10 kΩ 

= −10 V. 

As indicated, the polarity of the output voltage is negative with respect to the 
VG point. This shows the inverting characteristic of the op-amp. 

Example 16-1: 

Calculate the voltage drop across the feedback resistor of an inverting op-amp 
circuit when Rf = 100 kΩ and IRF = 0.05 mA. 
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Solution 

VRF = IRF × RF 

= 0.05 mA × 100 kΩ 

= 5 V. 

Related Problem 

Calculate VRF of an inverting op-amp circuit when Rf = 10 kΩ and IRF 

= 0.25 mA. 
At this point, you may be wondering how an op-amp controls a −10 V 

output signal if the inverting input voltage and current are both zero. It should 
be pointed out that the inverting input terminal is considered to be at a virtual 
zero. In a circuit, a signal applied to V in always causes some voltage and 
current to appear at the inverting input terminal. The actual value of it is so 
small that it is considered to be zero. In practice, these values are usually not 
measurable. In effect, this means that the right side of Rin is considered to 
be zero and the left side is V in. Across the feedback resistor, the right side is 
Vout and the left side is zero. 

The closed-loop voltage amplification of an inverting amplifier is deter
mined primarily by the value of Rinand RF. For the op-amp of Figure 16.2, 
this is based on the following formula: 

AVcl = −RF/Rin 

= −10 kΩ/1 kΩ  

= −10. 
The negative sign of the formula of Av denotes the inversion function of the 
op-amp. Typical applications of the inverting amplifier have values that range 
from −1 to  −10,000. By selecting values of Rf and Rin, an inverting op-amp 
circuit can be easily designed for a specific gain. 

Example 16-2: 

Calculate the voltage gain of an inverting op-amp with an input resistor (Rin) 
= 5 kΩ and a feedback resistor Rf = 100 kΩ. What is the input impedance 
(Zin)? 

Solution 

Av = −Rf /RinZin = Rin 
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= 100 kΩ/5 kΩ  =  5 kΩ  

= −20. 
Related Problem 

Calculate the voltage gain (Av) of an inverting op-amp circuit and the input 
impedance (Zin) with the following resistance values: –Rf = 200 k Ω, Rin = 
10 k Ω. 

Example 16-3: 

Select values of Rf for an inverting op-amp circuit to produce a voltage gain 
of −50, when Rin = 2 kΩ. 

Solution 

Since 

Av = −Rf /Rin, 

−50 = −Rf /2 kΩ  

100 kΩ = Rf . 

Related Problem 

Select values of Rf for a noninverting op-amp circuit, with Rin = 2 kΩ to 
produce a voltage gain of −1000. 

Self-Examination 

Answer the following questions. 

1. A circuit that receives a signal voltage at its input and delivers a large, 
undistorted version of the signal 180◦ out of phase at its output is a(n) 
_____ amplifier. 

2. The point of a circuit that is at zero potential (0 V) but is not actually 
connected to ground is called a _____. 

3. An inverting op-amp has a 10-kΩ RF and a 2-kΩ Rin. The potential AV 

is _____. 
4. An inverting op-amp has a 22-kΩ Rin and a 68-kΩ RF. With a +0.5 Vpp 

input signal, Vout is _____. 
5. The voltage gain of an inverting op-amp is the ratio of Rf to ______. 
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16.2 Noninverting Amplifiers 

A noninverting on-amp is a general purpose voltage amplifier circuit that 
has an output signal in phase with the input signal. The voltage gain is 
determined by the ratio of the feedback resistor value to the input resistor 
that is connected to the inverting input. The noninverting op-amp circuit has 
a very high input impedance. 

16.2 Describe the operation of a noninverting op-amp circuit. 
In order to achieve objective 16.2, you should be able to: 

• analyze an inverting op-amp circuit; 
• describe the characteristics of noninverting op-amp circuits; 
• define noninverting amplifier. 

A noninverting amplifier can provide controlled voltage gain with high 
input impedance and no inversion of the input-output signals. Voltage gain 
is dependent on the input voltage and feedback resistors. An unusual feature 
of the noninverting op-amp circuit configuration is the placement of the feed
back resistor network. It is placed in the inverting input with a resistor con
nected to ground. The input voltage (V in) is applied to the noninverting input. 

A representative noninverting amplifier is shown in Figure 16.3. In this 
circuit, the signal voltage (V in) to be amplified is applied to the noninverting 

Figure 16.3 Noninverting op-amp circuit. 
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input (+). A fraction of the output voltage (Vout) is returned to the inverting 
input (−) through a voltage divider network composed of RF and R1. In  
theory, we again assume that very little current flows into the + and − 
inputs due to the virtual ground concept. This means that the differential input 
voltage (Vdi) is essentially zero. The voltage (V1) developed across resistor 
R1 is, therefore, equal to the input voltage (V in). This means that the current 
(IR1) passing through R1 is equal to either 

(16.3)IRin = Vin/Rin 

or 
IRin = Vin/Rin. (16.4) 

Note also that IR1 is equal to IF. The voltage out, therefore, is equal to 

Vout = IRin(Rin +Rf ). (16.5) 

In terms of voltage gain, we can then say 

AV = Vout/Vin. 

In an actual circuit, the closed-loop voltage gain of a noninverting 
amplifier depends almost entirely on the external circuit components. In this 
regard, AV is usually determined by the values of R1 and RF. The standard 
voltage gain formula for a noninverting circuit configuration is expressed as 
follows: 

AV = (Rin +Rf )/Rin (16.6) 

or 
AV = (Rf /Rin) + 1. (16.7) 

Example 16-4: 

Calculate the voltage gain of the noninverting op-amp circuit shown in 
Figure 16.3. 

Solution 

Av = (Rf /Rin) + 1  

= (99 kΩ/1 kΩ) + 1  

= 100. 
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Related Problem 

Calculate the voltage gain of a noninverting op-amp circuit with Rf = 200 kΩ 
and Rin= 1.5 kΩ. 

Next, consider the modified noninverting amplifier circuit shown in 
Figure 16.3(b), in which the resistor Rin is removed (making it equivalent 
to an infinite resistance), and the feedback resistor RF is replaced by a direct 
or short connection between the inverting terminal and the output terminal. 
With this modification, the gain of the noninverting amplifier is calculated by 
setting Rin = 8 Ω, Rf = 0  Ω 

AV = (Rf /Rin) + 1 = (0/8) + 1 = 1. 

Hence, this modified noninverting op-amp circuit configuration provides 
a unity (??) gain and is also called the unity follower. The output signal is in 
phase with the input signal and remains essentially unchanged. 

Self-Examination 

Answer the following questions. 

6. A(n) _____ provides controlled voltage gain with high input impedance 
and no inversion of the input-output signals. 

7. A noninverting op-amp circuit configuration places the feedback resistor 
in the _____ input with a resistor connected to ground. 

8. If the feedback resistor for a noninverting circuit is 78 kΩ and the input 
resistor is 2 kΩ, AV = _____. 

9. A noninverting op-amp has an Rin of 10 kΩ and an RF of 120 kΩ. With 
a +0.6 Vpp input voltage, Vout is _____. 

10. Input impedance of a noninverting op-amp circuit is (high, low). 

16.3 Summing Amplifiers 

A summing operational amplifier circuit can be used to add (calculate the 
sum) of input signal voltages. The inputs have individual voltage gains and 
can be either negative or positive. The amplifiers shown in Figure 16.4 are 
inverting summing amplifiers. 

16.3 Evaluate the operation of a summing op-amp circuit. 
In order to achieve objective 16.3, you should be able to: 

• analyze a summing op-amp circuit; 
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• describe the characteristics of summing op-amp circuits; 
• define summing point and scaling adder. 

A slight modification of the inverting op-amp permits it to achieve the mathe
matical operation of addition. Used in this manner, it can add DC voltages or 
AC waveforms. Adding or summing operations are very useful in computers 
and in analog-to-digital conversion functions. 

Summing can be achieved when two or more voltage values are applied 
to the input of an op-amp. Representative schematic diagram of an adder is 
shown in Figure 16.4. Note that the circuit is an inverting op-amp with two 
inputs. The resistor values are 1 kΩ. The resulting output voltage that appears 
across R1 is the sum of the input voltages applied to V1 and V2. For simplicity, 
the circuit shows the addition of DC voltage values. Keep in mind that it can 
add AC voltage values equally well. 

The voltage gain of this summing op-amp circuit is 1. This is based on 
the resistance values of Rin and RF. The output, however, is −1 due to the 
inversion characteristic of the op-amp. If a positive value is desired, the output 
of the adder can be followed by an op-amp with a gain of 1. 

The voltage applied to each input of a summing amplifier responds as an 
independent source. Input V1 does not alter or change the input of V2. This is 
primarily due to the virtual ground appearing at the inverting input terminal. 
In Figure 16.4, note that input V1 causes 3 mA of current to flow through 

Figure 16.4 Op-amp summing operation. 
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input resistor R1. With only this voltage applied, the feedback resistor RF 

would have a resulting 3 mA through it. The load resistor RL would likewise 
have 3 mA and develop an output voltage of 3 V. An applied input voltage of 
+3 V produces a corresponding −3 V output. Therefore, 3 + 0 V equals 3 V. 

Applying +3 V to  V1 and +2 V to  V2 causes 3 and 2 mA to flow through 
the respective resistors. Current flow at the inverting input will be the sum 
of these two values or 5 mA. This point of the circuit is usually called 
the summing point instead of the virtual ground. In effect, this common 
point isolates V1 from V2. The combined current from this point must pass 
through the feedback resistor RF. Thus, RF has 5 mA of current. The voltage 
drop across RF will be 5 V, with Vout being −5 V due to the inverting 
characteristic. A similar current value flows through the load resistor RL. In  
effect, an input of +3 and +2 V causes the output to increase to −5 V. The 
summing function is expressed by the following formula: 

Vout = −(V1 + V2). (16.8) 

This formula is used only when the input resistors are of the same value. 
Any number of input voltages may be added by this circuit. The input resistors 
must be of the same value for each input voltage. 

Figure 16.5 shows three variations of the summing circuit. 
Figure 16.5(a) shows the standard adding function. This particular circuit 
simply adds the input voltages and produces the sum at the output. All 
resistors must be of an equal value for the circuit to respond correctly. 

Example 16-5: 

A two-input summing op-amp circuit has the following values (see 
Figure 16.4): R1 = 5 kΩ, R2= 5 kΩ, and Rf = 10 kΩ. If  V1 = 5 V and  V2 

= 3 V, what is the voltage gain (Av)? 
Solution 

V0 = −Rf [(V1/R1) + (V2/R2)] 

= −10kΩ[(5V/5kΩ) + (3V/5kΩ)] 

= −16. 
Related Problem 

Calculate the voltage gain of a two-input summing op-amp with the following 
circuit values: R1 = 10 kΩ, R2 = 10 kΩ, Rf = 20 kΩ, V1 = 3 V, and V2 = −5 V.  
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Figure 16.5 Summing amplifiers. (a) Standard adder. (b) Adder with gain. (c) Scaling adder. 

The op-amp of Figure 16.5(b) achieves both summing and gain. The 
input resistors are of the same value. The feedback resistor is a multiple of 
the input resistors. The sum of V1, V2, and V3, in this case, is multiplied by a 
factor of 5. The formula for this mathematical operation is 

Vout = Rf (V1 + V2 + V3). (16.9) 

Example 16-6: 

Refer to Figure 16.5(b). Calculate V0. 

Solution 

V0 = −Rf [(V1/R1) + (V2/R2) + (V3/R3)] 

= −5 kΩ[(5 V/1 kΩ) + (3 V/1 kΩ) + (1 V/1 kΩ)] 

= −50. 
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Related Problem

Refer to Figure 16.5(b). Calculate V0 with the following circuit values: Rf =
10 kΩ, V1= 6 V, V2 = -4 V, V3 = 2 V, R1 = 1 kΩ, R2 = 1 kΩ, and R3= 1 kΩ.

Figure 16.5(c) is a scaling adder. The input to this circuit sees different
weighting factors in the input resistors. An input of +1 V applied to V1

produces a 1-V output. In the same manner, V2 is 2 V, V3 is 4 V, and V4

is 8 V. This means that the inputs are scaled down by the powers of 2. The
resulting output of V4 carries eight times more weight than V1. Scaling adders
are frequently used in digital-to-analog converter functions. The formula for
determining the output of a scaled adder notes the difference in the weighting
factor. [ ]

R R R R
Vout = − V1 × f f f f

+ V2 + V3 + V4 (16.10)
R1

×
R2

×
R2

×
R4[( ) ( ) ( ) ( )]

V V V V
Vout = − 1 2 3 4

Rf + + + .
R1 R2 R3 R4

It should be apparent that voltages fed into the smaller valued input
resistors are more heavily scaled because they produce a larger voltage
output.

A modification of the summing op-amp is known as an averaging ampli-
fier. Figure ?? shows an averaging amplifier that is basically a summing
op-amp circuit with input resistors of equal value and the value of any input
resistor to the feedback resistor equal to the number of inputs.

Another modification of a summing amplifier is the subtractor shown in
Figure ??.

The voltage output of the subtractor circuit is equal to the difference
between V1and V2. The V1 signal is applied to an inverting op-amp that
is designed to have a gain of 1.0 (unity gain). The output of this inverting
amplifier is equal to −V1. This output is then applied to a summing op-amp
with unity gain through R2. The input to the summing amplifier combines
–V1 and V2signals. The output voltage (V0) is calculated as follows: -V0 =
V2+ (-V1) = V2 - V1.

Example 16-7:

Refer to Figure 16.5(c). Calculate V0 for this four input summing op-amp
circuit.
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Solution [ ]
Rf Rf Rf R

Vout = − × f
V1 + V2 × + V3 +

R
× V4

1 R2 R2
×

R4[ ]
1000 1000 1000 1000

Vout = − 3× + 2
8000

× + 1 + 4
4000

×
2000

×
1000

= −5.375V
Related Problem

Refer to Figure 16.5(c). Change the value of Rf to 2000 kΩ and calculate the
value of Vout.

Self-Examination

Answer the following questions.

11. An inverting op-amp circuit may be used to accomplish the mathemati-
cal function of _____.

12. Refer to the summing amplifier of Figure 16.5(a). If V1 equals +2 V, V2

equals +3 V, and V3 equals −1 V, Vout is _____.
13. The ratio of the feedback resistor to the input resistor value of an op-amp

is __________.
14. Each of the op-amps of a subtractor has ______ gain.
15. The output voltage of a subtractor is the (sum, difference) of the applied

input voltages.

16.4 Analysis and Troubleshooting – Linear Op-amps

In order to perform a test on operational amplifiers, you must understand their
characteristics and be proficient in the use of the test equipment. Operational
amplifiers can be tested using analog meters or digital multimeters in some
situations. A defect such as an open circuit is easy to detect when no power is
applied to the circuit being tested with an ohmmeter reading of an extremely
high resistance. A defective shorted device will measure zero or a very low
resistance.

Op-amps are complex integrated circuits with many internal failures
possible. A technician may evaluate op-amp defects or problems with its
associated circuitry. Since you cannot troubleshoot an op-amp, you must
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replace it as a device rather than internal repairs. If an op-amp is defective, it 
is replaced as any other type of component. 

16.4 Analyze and troubleshoot linear op-amp circuits. 

In order to achieve objective 16.4, you should be able to: 

1. determine the configuration of a given op-amp circuit; 
2. distinguish between normal and faulty operation of a linear op-amp 

circuit. 

Troubleshooting Op-amps 

The internal construction of the op-amp cannot be altered. However, by 
connecting external electrical components, its overall operation can be mod
ified. When connected in open-loop, the voltage gain of the op-amp is 
extremely high and is limited by the value of the power supply. In closed-
loop operation, the voltage gain can be controlled by using external feedback 
components such as resistors, capacitors, and even diodes. During operation, 
if the feedback element is accidentally disconnected, the op-amp will not 
function satisfactorily. 

Let us assume that an op-amp circuit is configured to operate as an 
oscillator or an AC generator. When the circuit is energized, it produces an 
AC output that drives a speaker load. If the circuit is functioning properly, the 
speaker will show that sound is being produced. The output AC waveform 
can also be observed on an oscilloscope. 

Summary 

1. The inverting input of an op-amp produces an output voltage with a 180◦ 

phase difference from input to output. 
2. The noninverting input of an op-amp produces an output voltage with no 

phase difference between input and output voltages. 
3. Inverting amplifier voltage gain (Av) =  Rf /Rin. 
4. Noninverting amplifier gain (Av) = (Rf /Rin) + 1. 
5. A unity follower is a modified noninverting amplifier with a gain of 1. 
6. A summing op-amp circuit can add input signal voltages algebraically. 
7. A subtractor op-amp circuit can be used to determine the algebraic 

difference between two input signals. 
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Formulas 

Inverting Op-amp Circuits 

(16-1) Iin = V in/Rin Inverting input current. 
(16-2) VRF = IRF × RF Feedback resistor voltage. 

Noninverting Op-amp Circuits 

(16-3) IR1 = V in/R1 Current through resistor 1.
 
(16-4) IR1 = V1/R1 Current through resistor 1.
 
(16-5) Vout = IR1 (R1 + RF) Output voltage.
 
(16-6) AV = (R1 + RF)/R1 Gain.
 
(16-7) AV = (RF/R1) + 1 Gain.
 

Summing Op-amp Circuits 

(16-8) Vout = −(V1 + V2) Output voltage of a standard adder. 
(16-9) Vout = −10( V1 + V2 + V3) Output voltage of an adder with gain. 

(16-10) Vout = −(V1 × (RF/R1) +  V2 × (RF/R1) +  V3 × (RF/R3) +  V4 × 
(RF/R4)) Output voltage of a scaling adder. 

Review Questions 

Answer the following questions. 

1. An op-amp subtraction circuit can be constructed using: 

a. Two noninverting op-amps connected in series 
b. Two inverting op-amps connected in series 
c. Two open-loop op-amps connected in series 
d. Not possible 

2. The output of a typical inverting op-amp when no voltage is applied to 
the input terminals is: 

a. Positive supply voltage 
b. Negative supply voltage 
c. 0 V 
d. Cannot be determined 
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3. What is the phase difference between the input and output of an inverting 
amplifier? 

a. 0◦ 

b. 45◦ 

c. 90◦ 

d. 180◦ 

4. The phase difference between the input and output of a noninverting 
op-amp is: 

a. 0◦ 

b. 45◦ 

c. 90◦ 

d. 180◦ 

5. A virtual ground point or terminal of an op-amp circuit is: 

a. Positive supply voltage 
b. When the negative supply is grounded 
c. Point at 0 potential even though it is not grounded 
d. Point at negative supply potential 

6. The voltage gain of an op-amp depends: 

a. Only on feedback resistor 
b. Only on input resistor 
c. On both input and feedback resistor 
d. all of the above 

7. A general purpose op-amp circuit that has the output and input signals 
in phase is: 

a. Open-loop amplifier 
b. Inverting amplifier 
c. Noninverting amplifier 
d. Summing amplifier 

8. A general purpose op-amp circuit that has the output and input signals 
out of phase is: 

a. Open-loop amplifier 
b. Inverting amplifier 
c. Noninverting amplifier 
d. Non-feedback amplifier 
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9. The gain of a unity follower op-amp is:

a. 1
b. 10
c. 100
d. Infinite

10. The unity follower op-amp configuration is derived from the:

a. Open-loop op-amp configuration
b. Inverting op-amp configuration
c. Noninverting op-amp configuration
d. Summing op-amp configuration

Problems

Answer the following questions.

1. In an inverting op-amp amplifier circuit, such as that shown in
Figure 16.2, if Rin= 10 kΩ and RF= 10 kΩ, with an input of V in= 1
V applied, the output voltage will be:

a. +1 V
b. 0 V
c. −1 V
d. −2 V

2. If the gain of the inverting amplifier shown in Figure 16.2 is to be
adjusted to −5, with an input of V in= 1 V applied, and with Rin= 10
kΩ, the new value of RF should be:

a. 10 kΩ
b. 25 kΩ
c. 50 kΩ
d. 100 kΩ

3. In a noninverting op-amp amplifier circuit, such as that shown in
Figure 16.3, if Rin= 10 kΩ and RF= 10 kΩ, with an input of 1 V applied,
the output voltage will be:

a. +1 V
b. 0 V
c. −1 V
d. 2 V
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4. In the standard summer circuit shown in Figure 16.5, if the resistor input 
resistor R3 is removed from the circuit, the output voltage will be: 

a. −(V1 + V2 + V3) V  
b. −(V1 + V2) V  
c. −(V1) V  
d. 0 V 

5. In the unity follower circuit shown in Figure 16.3(b), if the input voltage 
V in is 2 V, the output will be: 

a. +2 V  
b. −2 V  
c. 0 V 
d. +1 V  

Answers 

1. Two or more 
2. 0 V 
3. 180◦ 

4. 0◦ 

5. The voltage difference between inputs 

Examples 

16-1. 2.5 V
 
16-2. Av = −20, Zin = 10 kΩ
 
16-3. 2000 kΩ or 2 MΩ
 
16-4. 134.33
 
16-5. +4 V 
  
16-6. −10.75
 

Self-Examination 

16.1 

1. inverting 
2. virtual ground 
3. −5 
4. −1.55 Vpp 

5. Rin 
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16.2 
6. noninverting amplifier 
7. inverting 
8. 40 
9. 7.8 V 

10. high 
16.3 
11. addition 
12. −4 
13. voltage gain 
14. unity 
15. difference 

Terms 

Inverting amplifier 

An op-amp circuit that receives a signal voltage at its input and delivers a 
large undistorted version of the signal at its output. 

Virtual ground 

The point of a circuit that is at zero potential (0 V) but is not actually 
connected to ground. 

Noninverting amplifier 

An op-amp circuit that provides controlled voltage gain with high input 
impedance and no inversion of the input-output signals. 

Unity follower 

A modified noninverting amplifier circuit that has a gain of 1, by shorting out 
the feedback resistor and removing the input resistor in this circuit so that the 
output is identical to the input. 

Summing point 

A common point that isolates input voltage values applied to the inverting 
input. 

Scaling adder 

A summing amplifier that has different weighted values applied to its input 
resistors. 
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Specialized Op-amps
 

and Integrated Circuits
 

General purpose op-amps are extremely versatile electronic devices that can 
be used to achieve a variety of different functions. To this point, we have 
looked at the fundamental operation of the device. It can, however, be used to 
achieve a variety of very specialized operations that are extremely valuable 
in electronic circuitry. These operations are primarily derived from the basic 
op-amp. Specialized op-amp circuitry is used to identify this group of device 
applications. Included in this classification are things such as controlled 
voltage and current sources, converters, comparators, integrators, dif
ferentiators, precision diodes, logarithmic devices, and instrumentation 
amplifiers. 

Objectives 

After studying this chapter, you will be able to: 

17.1 explain the operation of a controlled voltage and current source; 
17.2 analyze the operation of a converter op-amp; 
17.3 explain the operation of a comparator; 
17.4 describe the operation of an integrator; 
17.5 explain how a differentiator works; 
17.6 analyze the operation of a precision rectifier; 
17.7 analyze the operation of an instrumentation op-amp; 
17.8 analyze and troubleshoot specialized op-amp circuits. 

Chapter Outline 

17.1 Controlled Voltage and Current Sources 
17.2 Converters 

671
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17.3 Comparators 
17.4 Integrators 
17.5 Differentiators 
17.6 Precision Rectifiers 
17.7 Instrumentation Op-amps 
17.8 Analysis and Troubleshooting – Specialized Op-amp Circuits 

Key Terms 

constant-current sources 
constant-voltage source 
voltage-controlled voltage source 
voltage-controlled constant-current source 
converters 
voltage-to-current converters 
current-to-voltage converters 
comparators 
adjustable-referenced comparator 
active circuit 
waveshaper 
integrators 
differentiator 
precision rectifiers 
external gain resistor 
instrumentation amplifier 

17.1 Controlled Voltage and Current Sources 

A specialized op-amp circuit application is described as a controlled or 
constant energy source. This type of circuit has its output voltage or current 
determined by the magnitude of another independent voltage or current 
source. The output of this circuit will then remain at a constant value that is 
independent of load changes. All of this depends on the circuit configuration 
being utilized by an op-amp. 

17.1 Explain the operation of a controlled voltage and current source. 
In order to achieve objective 17.1, you should be able to: 

1. define the terms “controlled voltage source” and “controlled current 
source”; 
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2. examine the operation of an op-amp controlled voltage source circuit; 
3. examine the operation of an op-amp controlled current source circuit. 

When an op-amp is connected as a constant energy source, it generally 
utilizes one or more of the characteristics of an ideal amplifier. This includes 
things such as infinite gain or amplification, infinite input impedance, and 
zero or very low output impedance. When these attributes are properly 
utilized, the selected output of an op-amp can be used as a constant source of 
voltage or current for a variety of different circuit applications. 

A voltage-controlled voltage source is a common op-amp circuit appli
cation. This circuit produces an output voltage that is equal to the constant 
value of another controlling voltage and is independent of the current drawn 
from it. Both inverting and noninverting configurations of the op-amp can be 
used to achieve this condition of operation. 

Figure 17.1 shows a representative circuit of an op-amp connected as a 
constant voltage source. In this circuit, the op-amp is connected as an invert
ing amplifier with feedback to control its gain or amplification. This causes 
the output voltage (Vout) to become a fixed or a constant value due to the high 
level of amplification achieved. Ideally, the closed-loop amplification (Acl) 
of this circuit is determined by the resistance of Rinand Rf . This is expressed 
as follows: 

Acl = Rf /Rin. (17.1) 

The resulting Vout of the circuit is then the product of the input voltage 
(V in) and Acl. This is expressed as follows: 

Vout = Acl × Vin. (17.2) 

Figure 17.1 Constant voltage source. 
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Note also that when the op-amp has V in applied to its inverting input 
through Rin, it causes current to flow in both Rin and Rf . Since the inverting 
input of an ideal op-amp has infinite impedance, it causes all of Iin to flow 
into If . The values of Iin and If can now be determined by the expressions Iin 

= V in/Rin or If = V in/Rf . This also means that the value of Vout can now be 
determined as follows: 

Vout = If × Rf . 

It should also be noted that the value of Vout is independent of any current 
drawn from it. Note also that the output resistance of an ideal op-amp is 0 
or very low. This means that there will be no voltage division at the output 
and that (Vout) is independent of all load resistance changes. As a result of 
this, Vout becomes a constant voltage source whose value is determined by 
an independent voltage source that is applied to its input. 

Another op-amp energy control circuit is the voltage-controlled constant-
current source. This type of circuit is primarily designed to supply a constant 
value of current to a load resistance. The resulting load current remains at 
a constant value even when the resistance of the load changes. This circuit 
delivers a load current whose value is equal to a fixed resistance times the 
voltage supplied by an independent source. The resulting current is also 
independent of any resistance changes that may occur in the load. Figure 17.2 
shows the circuitry of an inverting op-amp constant-current source. In this 
circuit, a stable voltage source (V in) is connected to the input resistor (Rin) 
which causes (Iin) to flow to the inverting input through Rin. This is expressed 
as follows: 

Iin = Vin/Rin. (17.3) 

We know from previous discussions that the input impedance of an 
ideal op-amp is infinite. This means that (Iin) must now find an alternate 
path in which to flow. In previous circuits, a feedback resistor (Rf ) has 
provided an alternate path for Iin. Note in Figure 17.2 that the feedback 
resistor (Rf ) is identified as the load resistor (RL). Now since the input 
impedance of an ideal op-amp is nearly infinite, RL provides an alternate 
path for Iin. This means that, practically, all of Iin will now flow through 
RL which serves as the feedback path. This also means that Iin and IL are 
now the same. Since IL and Iin are equal, ILis determined by the same 
expression as Iin or in this case: IL = V in/Rin. This means that a constant-
current source derives its operating energy from an independent voltage 
source and causes a constant-current flow to the load resistor regardless of 
its value. 
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Figure 17.2 Inverting constant-current source. 

Example 17-1: 

Determine the Acl, Iin, If , and Vout of Figure 17.1 when −0.6 V is supplied 
by V in. 

Solution 

The closed-loop amplification or Acl of the circuit is 

Acl = Rf /Rin 

= 100,000 Ω/100,000 Ω 

= 1. 

When 0.6 V is applied to Rin, it causes Iin to be 

Iin = Vin/Rin 

= 0.6 V/100,000 Ω 

= 0.000006 A or 6 μA. 

Since the inverting input of an ideal op-amp has infinite impedance, it 
causes all of Iin to flow into If . This means that Iin and If have the same 
value. 

As a result of this, Vout can be determined as 

Vout = If × Rf 

= 0.000006 A × 100, 000 Ω 

= 0.6 V. 
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This shows that the output of a voltage-controlled voltage source is the 
same as the applied input voltage. 

When the values of Rin and Rf are known, Vout can also be determined 
by the following expression: 

Vout = Acl × Vin 

= 1×−0.6 V  

= 0.6 V. 

Related Problem 

Assume now that Rin is 1000 Ω, Rf is 5000 Ω, and V in is 0.8 V. What are the 
Acl, Iin, If , and Vout of a circuit when this occurs? 

Example 17-2: 

Determine the amount of load current (IL) supplied to a 1-kΩ resistor RL 

when V in is 6 V. Then determine the value of IL that occurs when RL changes 
to 5 kΩ. 

Solution 

When a V in of 6 V is  applied to Rin, it causes Iin to be 

Iin = Vin/Rin 

= 6 V/1000 Ω 

= 0.006 A or 6 mA  

Since Iin = IL, then 

IL = Vin/Rin 

= 6 V/1000Ω 

= 0.006 A or 6 mA. 

Now if RLis changed to 5 kΩ, IL will continue to be 0.006 A as long as V in 

and Rinremain the same value. 

Related Problem 

Determine the IL of Figure 17.2 when RLand Rin are both 5 kΩ and V in is 10 
V. What happens to IL when RL changes to 1 kΩ? 
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Self-Examination

Answer the following questions.

1. A constant-current source is a circuit that produces a:

a. Variable value of current
b. Constant value of current
c. AC only
d. Constant value of current and voltage

2. A voltage-controlled constant-current source generates a constant-value
current which:

a. Does not depend on the value of a controlling voltage
b. Depends on the value of a controlling voltage
c. Depends on the open-loop gain
d. Varies with the load

3. The load resistor of a constant voltage source op-amp circuit of
Figure 17.1 should be connected to:

a. Vout

b. V in

c. The inverting op-amp input
d. The noninverting op-amp input

4. In the constant-current source of Figure 17.2, the feedback component
is:

a. The load resistor
b. The input resistor
c. Connected to the noninverting op-amp input
d. The op-amp

5. In the constant-current source of Figure 17.2, if the value of the load
resistor, RL, is decreased, the load current will:

a. Decrease
b. Increase
c. Remain unchanged
d. Be zero
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17.2 Converters 

A converter is a device that transforms the electrical behavior of a system. 
Op-amps may be used as converters for this operation. In this regard, they 
can be used for changing voltage to current or from current to voltage. 
Transforming a voltage response of photovoltaic cells into a current value 
can be accomplished using this type of circuit. It is also used in metering 
devices for transforming voltage and current. 

17.2 Analyze the operation of a converter op-amp. 

In order to achieve objective 17.2, you should be able to: 

• describe the characteristics of converter op-amp circuits; 
• explain the operation of converter op-amp circuits. 

Figure 17.3 shows an op-amp circuit connected as a current-to-voltage 
converter. This circuit is essentially an inverting op-amp without an input 
resistor. As a result of this, all of the input current (Iin) is applied directly to 
the inverting input. Since the inverting input of an ideal op-amp has infinite 
impedance, it is considered to be at virtual ground or 0 V as indicated. This 
then means that all of Iinmust now flow into the feedback resistor (Rf ). The 
path of this current flow is shown by arrows. As a result of this, an output 

Figure 17.3 Current-to-voltage converter. 
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voltage (Vout) is developed across Rf . Vout is equal to the product of Iin and 
Rf or the following formula: 

Vout = Iin × Rf . (17.4) 

Example 17-3: 

Refer now to Figure 17.3. Note that when 1 V is  supplied by V in, it causes 
0.001 A of Iin to flow through Rf . When this occurs, what is the Vout of the 
circuit? 

Solution 

When an Iin of 0.001 A flows through Rf , it causes Vout to be 

Vout = Iin × Rf 

= 0.001 A × 1000Ω 

= 1 V. 

Related Problem 

What is the Vout of the current-to-voltage converter shown in Figure 17.3, 
which has a V in of 2 V, developing 2 mA of Iin, that flows through a 2000-Ω 
load resistor? 

Some electronic circuits may use an op-amp to change an applied input 
voltage into a corresponding current flow. The voltage-to-current converter 
of Figure 17.4 performs this operation very effectively. In this circuit, the 
load resistor (RL) is connected in series with the feedback resistor (Rf ). 
As a result of this, all of the output current (Iout) flows through RL and 
Rf . The resulting Ioutis then a constant value as long as the input voltage 
(V in) remains constant. This action is the same for either AC or DC voltage 
values. Any value change in Iout causes a corresponding change in the voltage 
developed across Rf . This means that the feedback resistor voltage (VRf ) 
and feedback voltage (V f ) applied to the inverting input have the same value 
because they are supplied by the same source. Any change in V f causes a 
corresponding change in the difference voltage (Vdiff ). This means that Vdiff 

is equal to V in - V f or V f - V in. 

Vdiff = Vin − Vf . (17.5) 

The resulting Vdiff is then amplified by the open-loop gain or (Aol) of  
the circuit. This immediately changes Vout and causes it to restore Iout to its 
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Figure 17.4 Voltage-to-current converter. 

original value. Essentially, this means that V in controls Vout which, in turn, 
causes Iout to be at the same value. 

In Figure 17.4, the converter has 100 mV applied to V in. This imme
diately drives Vout into saturation or +10 V. This is the result of the high 
open-loop amplification (Aol) of the circuit. Typical Aol values are in the range 
of 100,000 or more. Now, with +10 V applied to RL, it causes 10 mA of Iout 
to flow through the 1 kΩ and 10 Ω resistors. This, in turn, causes a voltage to 
be developed across RL and Rf . The resulting Vout or VRL, and VRf values 
are equal to Iout times the resistance of RL or Rf . That is, 

VRL = Iout × RL (17.6) 

VRf = Iout × Rf (17.7) 

VRL = Iout × RL VRf = Iout × Rf 

= 10  mA  × 1 kΩ  = 10 mA  × 10 Ω 

= 0.01 A × 1000 Ω = 0.01 A × 10 Ω 

= 10 V  = 0.1 V or100 mV. 
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As a result of this, VRf and V in are now 100 mV and the Vdiff is 0 V. This 
causes Iout to continue to be 10 mA as long as V in remains at the same value. 

Example 17-4: 

In Figure 17-4, when 125 mV is applied to V in, it drives the op-amp into 
saturation. When this occurs, what are the values of Iout, VRf , and Vdiff when 
RL is 400 Ω and Rf is 5 Ω? 

Solution 

When the op-amp goes into saturation, Vout is +10 V. This causes Iout to be 

Iout = Vsat/RL 

= 10  V/400 Ω 

= 0.025 A or25 mA. 

VRf can then be determined by 

VRf	 = Iout × Rf 

= 0.025 × 5Ω 

= 0.125V or125 mV. 

Vdiff is then equal: 

Vdiff = Vin − VRf 

= 125 mV − 125 mV 

= 0 V. 

Related Problem 

If 50 mV of V in is applied to Figure 17.4 when RL is 1 kΩ and Rf is 50 Ω, 
what are the values of Iout, Vsat, VRf , and Vdiff ? 

Self-Examination 

Answer the following questions. 

6. Functionally, an op-amp converter: 

a. Changes one form of energy into another form of energy 
b. Compares voltage and current values 
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c. Amplifies an applied input signal 
d. Changes the shape of an applied input signal 

7. The voltage-to-current converter in Figure 17.4 has: 

a. The load and feedback resistor in series 
b. No feedback resistor 
c. The input signal applied to the inverting op-amp input 
d. No feedback current flow 

8. The voltage-to-current converter in Figure 17.3 has: 

a. The load and feedback resistor in series 
b. No feedback resistor 
c. A feedback resistor and no input resistor 
d. No feedback current flow 

9. An op-amp circuit that changes an applied input voltage into a corre
sponding current flow is called a _____________ to______________ 
converter. 

10. In a _________________to________________ converter, the applied 
input voltage controls the output current in such a way as to maintain 
a constant output voltage. 

17.3 Comparators 

Operational amplifiers are often used as comparators that identify or 
compare the value of one input voltage to that of another input voltage. 
One input is considered to be a reference value to which the second input 
is compared. The resulting output is then an indication of whether the value 
of the reference input is above or below the value of the alternate input. 

17.3 Explain the operation of a comparator. 

In order to achieve objective 17.3, you should be able to: 

• define comparator and waveshaper; 
• describe the characteristics of comparator op-amp circuits; 
• analyze comparator op-amp circuits. 

Op-amps are rarely used in an open-loop circuit configuration. The AV ol  

is generally so high that it is rather difficult to prevent the output (Vout) 
from being driven into saturation. However, one application of an op-amp 
in an open-loop circuit configuration is the differential voltage comparator. 
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When an op-amp is used as a comparator, it is generally connected in an 
open-loop circuit configuration. This means that the circuit does not employ 
a feedback resistor to control its level of amplification. As a result, the op-amp 
has extremely high voltage gain capabilities. The open-loop gain Aol in terms 
of the applied input and generated output voltage is expressed as follows: 

Vout = Vin × Aol. (17.8) 

A very minute difference between the two inputs will drive the output 
voltage into saturation or to its maximum voltage value. This value cannot, 
however, exceed the maximum value of the applied source voltage. This 
means that a comparator is capable of developing a high level of output 
voltage when a very minute difference in input voltage occurs. Comparators 
are commonly used in household appliances and in electronic measuring 
instruments. 

Comparators are frequently used to determine when an applied input 
voltage exceeds the value of a referenced voltage input. A typical circuit that 
does this is shown in Figure 17.5(a). Note that the noninverting input is 
connected to ground. This causes it to be 0 V or be referenced to ground. 
Note also that V in is connected to the inverting input through resistor (Rin). 
If V in swings slightly positive, it causes the output voltage (Vout) to go into 
negative saturation (-Vsat). A small change in the value of V in in the negative 
direction also causes the output to go into positive saturation (+Vsat). Used in 
this manner, the op-amp compares the voltage difference between its inverting 
input and a zero-reference value. 

Figure 17.5(b) shows how the zero-referenced comparator responds 
when AC voltage is applied to V in. The waveforms show that an AC input 
produces a square wave at the output. The output is, however, inverted, or 
180◦ out of phase with the AC input. A comparator circuit of this type is 
often called a waveshaper. 

Example 17-5: 

Refer to the zero-referenced inverting comparator of Figure 17.5(a). Note the 
values of Aol, V in, and the polarity of Vout. When this occurs, what happens 
to Vout? 

Solution 

When V in is +0.15 mV, it drives the op-amp into saturation because it is 
applied to the inverting input through Rin. This causes Vout to be 
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Figure 17.5 Zero-referenced inverting comparator. 

Vout = Vin × Aol 

= +0.15 mV × 100, 000Ω 

= +0.00015 V × 100, 000Ω 

= −15 V. 

Related Problem 

Refer to the comparator of Figure 17.5(b). Note that this circuit has AC 
applied to it. How does it respond to the AC input? 

A zero-referenced noninverting comparator is shown in Figure 17.6(a). 
In this circuit, the output voltage detects or indicates the polarity of the input 
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Figure 17.6 Zero-referenced noninverting comparator. 

voltage. When the input voltage (V in) is positive, it causes the output voltage 
to swing into +Vsat. A negative value of V in likewise causes the output to 
reach -Vsat. 

When AC voltage is applied to the noninverting input of the comparator 
circuit of Figure 17.6(b), the resulting output is nearly the same as the 
inverting comparator. In this case, however, the output remains in phase 
with the input. This type of comparator is used in applications that require 
a positive relationship or reflection between the input and output values. 

Example 17-6: 

Refer to the noninverting comparator of Figure 17.6(a). Note that the values 
of Aol and V in of the circuit have changed. How does Vout respond to these 
changes? 
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Figure 17.7 Adjustable-referenced comparator. 

Solution 

When V in is +0.1 mV, it drives the op-amp into positive saturation because it 
is applied to the noninverting input. This, in turn, causes Vout to be 

Vout = Vin × Aol 

= +0.1 mV  × 150, 000 

= +0.0001 V × 150, 000 

= +15 V. 

This shows that the polarities of Vout and V in are the same. 

Related Problem 

Refer to the noninverting comparator of Figure 17.6(b). How does the Voutof 
this comparator respond when AC is applied to V in? 

Figure 17.7 shows the circuit of a variable or adjustable comparator. 
This type of circuit permits an operator to change the value or polarity of 
the reference voltage (Vref ). Note that the reference input is connected to 
the noninverting input. Its value and polarity are determined by the position 
setting of potentiometer R3. When the value of R3 is changed, it alters the 
polarity and value of the difference voltage (Vdiff ) because: Vdiff = Vin −Vref 
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or Vref − V in. As a result of this, the output voltage (Vout) will go positive 
only if V in is made more positive than the voltage setting of R3. It also swings 
negative if V in is more negative than the voltage value adjusted by R3. At 
the center or middle-position of R3, the reference voltage can be set to any 
value from +15 to 0 to −15 V. Adjustable comparators are commonly used in 
instruments that measure a wide range of voltage values that change polarity 
often. 

Example 17-7: 

Refer to the adjustable-referenced comparator of Figure 17.7. As indicated, 
V in is 0.15 mV and R3 is adjusted to the center of its adjusting range. This 
causes Vref to be 0 V. When this occurs, what happens to Vout and Vdiff ? 

Solution 

When V in is 0.15 mV and Vref is 0 V, it causes Vdiff to be 

Vdiff	 = Vin − Vref 

= +0.15 mV − 0 V 

= +0.15 mV. 

This then causes Vout to be 

Vout = Vdiff × Aol 

= +0.15 mV × 100, 000 

= +0.00015 mV × 100, 000 

= +15. 

Related Problem 

Refer to Figure 17.7. Assume that the potentiometer R3 is adjusted to a 
position that will cause Vref to be −0.10 mV. When this occurs, what happens 
to Vout and Vdiff ? 

Self-Examination 

Answer the following questions. 

11. The feedback component of an op-amp comparator is a(n): 

a. Resistor 
b. Diode 
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c. Capacitor 
d. Open circuit 

12. The primary function of an op-amp comparator is: 

a. Waveshaping 
b. Amplification 
c. Making voltage comparisons 
d. Rectification 

13. If the input voltage applied to the inverting terminal of an op-amp 
comparator is greater than that applied to the noninverting terminal, its 
output will be: 

a. Positive supply voltage 
b. Negative supply voltage 
c. 0 V 
d. None of the above 

14. When an op-amp is used as a comparator, it is generally connected in 
a(n): 

a. Open-loop configuration 
b. Closed-loop inverting configuration 
c. Closed-loop noninverting configuration 
d. Summing configuration 

15. The gain of an op-amp when used as a comparator is: 

a. 0 
b. 1 
c. Low 
d. Extremely high 

17.4 Integrators 

A very important function of the operational amplifier is signal processing. 
This operation deals with circuits that will change or modify some type of 
signal that is applied to its input. The applied signal may be alternating 
current, direct current, or some combination of these which occurs at different 
frequencies. In order to perform this operation, the circuit must employ 
different passive components such as resistors, capacitors, or inductors. When 
a signal is forced to pass through an R, C, or  L device, it will cause some 
signal loss to occur. This loss can be minimized when passive components 
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Figure 17.8 A basic integrator circuit. 

are connected to an op-amp. This type of configuration is then considered 
to be an active circuit. Active circuits permit some level of amplification 
or at least maintain the amplitude of the input signal at some desired level. 
Integrators are used to achieve this operation. 
17.4 Describe the operation of an integrator. 

In order to achieve objective 17.4, you should be able to: 

• describe the characteristics of integrator op-amp circuits; 
• analyze integrator op-amp circuits. 

A simplification of the basic integrator is shown in Figure 17.8. This 
circuit has a resistor and a capacitor in its construction. These two passive 
components are designed to add specific quantities of the input signal being 
measured over a period of time. The resulting output that is developed across 
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the capacitor shows the time interval of the signal being applied to the input. 
Note that a square wave is applied to the input of the RC integrator and 
the resulting voltage output (Vout) is developed across the capacitor. Ideally, 
Vout should be a triangular-shaped wave as indicated. In an actual circuit, 
the resulting triangular wave as shown has some curvature instead of being 
straight lined or linear. This distortion of the wave is due to the charge and 
discharge rates of the capacitor. Ideally, we would expect this action to occur 
at a linear rate. In an actual circuit, however, it charges and discharges at an 
exponential rate. This causes the resulting wave to be curved as indicated by 
the actual wave. 

When a square wave is applied to the input of an integrator, it causes a 
charge voltage (VC) to be developed across the capacitor (C). The time that 
it takes VC to occur is the time constant of the circuit. In this case, time (t) in 
seconds equals the resistance (R) in ohms (Ω) times the capacitance in farads 
(F) or: t = RC. 

In an actual circuit, it takes five time constants for a capacitor to reach the 
full potential of its charge. The time for this to occur is expressed as follows: 

t = 5RC. (17.9) 

Example 17-8: 

How long would it take the capacitor of an integrator to become fully charged 
when R is 100 kΩ and C is 2  μF? 
Solution 

t = 5(R  × C) 

= 5(100 kΩ × 2 μ F) 

= 5(100, 000 Ω × 0.000002 F) 

= 5(0.2 s)  

= 1 s. 

Related Problem 

How long does it take for the capacitor of Figure 17.8 to reach its full charge 
potential? 

When V in is applied to a basic integrator circuit, it takes a certain period 
of time for the square wave to be developed. This time is an indication of the 
frequency of the wave. Terms such as cycles per second, hertz (Hz), pulse 
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Figure 17.9 An op-amp integrator. 

repetition rate, and pulse-width time are expressions that show the relation
ship of frequency and time. From this, it can be seen that the developing time 
of a wave and the charging time of a capacitor are frequency related. How 
an integrator responds to time then becomes an important consideration. In 
this regard, if the time constant of an integrator equals the pulse-width time 
of the applied square wave, the resulting VC will be nonlinear as shown by 
the actual Vout of Figure 17.8. In most integrator applications, nonlinearity 
is an undesirable feature. It can, however, be reduced or eliminated by adding 
an op-amp to the circuit. This modification causes the actual and ideal outputs 
of the integrator to both be linear. 

An ideal op-amp integrator is shown in Figure 17.9. Note that the 
feedback element of this circuit is capacitor (Cf ) and it forms an RC network 



692 Specialized Op-amps and Integrated Circuits 

with the input resistor (Rin). Both of these components are then connected 
to the inverting input of the op-amp. As a result of this construction, the 
circuit now responds as a constant-current source for the capacitor when V in 

is applied. This means the Cf will now be charged at a constant rate which 
causes Vout to be linear. This occurs because the inverting input is considered 
to be at virtual ground and it has a very high input impedance. As a result of 
this, the input current (Iin) is  

Iin = Vin/Rin. 

Assume now that V in is a constant value over a period of time and that 
Rin has a fixed value that causes Iin to be constant for the same period of 
time. This means that nearly all of Iin flows into and comes from Cf when it 
is being charged by the constant-current source. When V in remains constant, 
it causes Cf to charge and discharge at a linear rate. As a result of this, Vout 

will now be linear and have the shape of a triangular ramp as indicated by the 
ideal Vout waveform of Figure 17.8. 

Self-Examination 

Answer the following questions. 

16. The feedback component of an op-amp integrator is a: 

a. Resistor 
b. Diode 
c. Capacitor 
d. Transistor 

17. The primary function of an integrator is: 

a. Waveshaping 
b. Amplification 
c. Making voltage comparisons 
d. Rectification 

18. If a square wave is applied to an integrator, its output will be: 

a. Amplified square wave 
b. Sine wave 
c. Rectified sine wave 
d. Triangular wave 
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19. In an op-amp integrator circuit in which the applied input voltage
remains constant, the charging current of the capacitor will be:

a. Constant
b. Zero
c. Gradually increasing
d. Gradually decreasing

20. An op-amp integrator circuit in which the applied input voltage remains
constant, the discharging current of the capacitor will be:

a. Constant
b. Zero
c. Gradually increasing
d. Gradually decreasing

17.5 Differentiators

An electronic differentiator is designed to produce an output waveform
whose value at any instant of time is equal to the rate of change of the input at
that point in time. In many respects, a differentiator is just the opposite or the
inverse operation of an integrator. In this regard, integrators are sometimes
called “anti-differentiators.” This means that a signal applied to the input
of an ideal integrator whose output is connected to the input of an ideal
differentiator has exactly the same shape as the original input signal.

17.5 Explain how a differentiator works.
In order to achieve objective 17.5, you should be able to:

• describe the characteristics of differentiator op-amp circuits;
• analyze differentiator op-amp circuits.

An ideal op-amp differentiator is shown in Figure 17.10. Note the
placement of the resistor and capacitor of this circuit and compare it with the
op-amp integrator of Figure 17.9. If the placement of the resistor and capac-
itor of an integrator circuit are transposed, we have an op-amp differentiator.
This change means that the capacitor is an input device, and the resistor is the
feedback element. Because of this circuit change, the differentiator produces
an output that is proportional to the rate change of the input voltage. This is
determined by the time constant of Rf and Cin which is shown to be 5 μs.

In order to see how a differentiator works, assume that it has a triangular
wave applied to its input. Note that this wave starts at time zero (t0) and
has a linear rise in positive voltage until it reaches time one (t1). Between t0
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Figure 17.10 An op-amp differentiator. 

and t1, the rate change of the wave is shown to be a constant positive value 
that occurs in 5 μs. Being connected to the inverting input of the op-amp, 
this constant positive input causes the output to be immediately driven to 
a constant negative voltage. Between t1 and t2, the rate change of the input 
changes to a constant negative value. This, in turn, causes the output to switch 
to a positive voltage value. As a result of this, a constant valued triangular 
input wave will produce an inverted constant valued square wave in 10 μs. 
This input/output relationship of a differentiator is shown by the V in and Vout 

waves. 
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Now when the positive going ramp voltage of V in is applied to the input 
of the differentiator, it charges Cin and causes VC and V in to be equal at 
the same time. The resulting current flow of this action also causes Iin, IC , 
and IRf to be equal because of the virtual ground of the inverting input. The 
direction of the charging current through Rf is indicated by the t0-t1 arrows 
and the discharging current is shown by the t1-t2 arrows. 

Self-Examination 

Answer the following questions. 

21. The feedback component of an op-amp differentiator is a: 

a. Resistor 
b. Diode 
c. Capacitor 
d. Transistor 

22. The primary function of a differentiator is: 

a. Waveshaping 
b. Amplification 
c. Making comparisons 
d. Rectification 

23. If a triangular wave is applied to an differentiator, its output will be a(n): 

a. Constant DC 
b. Sine wave 
c. Rectified sine wave 
d. Square wave 

24. In an op-amp differentiator, the output is : 

a. Constant 
b. Zero 
c. Proportional to the rate of change of the input signal 
d. Proportional to the area of its input waveform 

25. If the input signal applied to a differentiator has a constant voltage value, 
the output will be: 

a. Zero 
b. Square wave 
c. Gradually increasing 
d. Gradually decreasing 
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17.6 Precision Rectifiers 

A precision rectifier is an op-amp circuit that is used to modify or alter the 
shape of a wave applied to its input. Diodes are primarily used to achieve this 
type of operation. Recall that a diode is a semiconductor device that will only 
conduct current in one direction. 
17.6 Analyze the operation of a precision rectifier. 

In order to achieve objective 17.6, you should be able to: 

• describe the characteristics of rectifier op-amp circuits; 
• explain the operation of a precision rectifier op-amp circuit. 

In the operation of a diode rectifier, forward biasing causes the diode to be 
conductive and reverse biasing causes it to be nonconductive. Forward biasing 
of a silicon diode occurs at approximately 0.7 and at 0.3 V for germanium 
diodes. Assume now that an AC voltage of 2 Vp−pis applied to a silicon 
diode rectifier as shown in Figure 17.11. Note that the positive alternation 
is +1 Vp and the negative alternation is -1Vp. The diode is forward biased 
by the positive alternation and reverse biased by the negative alternation. 
The resulting output of this circuit occurs for only one alternation, and it 
is considered to be a half-wave rectifier. In this case, the rectified output 
voltage will be +1 Vp - 0.7 V = 0.3 V. Note that most of the +1 Vp applied to 
the diode is needed to cause it to be conductive. Suppose now that a 200 mV 
Vp−pAC signal is applied to the same silicon diode rectifier. In this case, the 
output will be +0.100 Vp - 0.7 V = -0.6 V or 0 V because the diode does 
not go into conduction. This means that any input voltage less than +0.7 Vp 

will not forward bias a silicon diode. To rectify voltages less that +0.7 V, the 
simplified diode rectifier can be combined with an op-amp to form a precision 
rectifier. 

A precision half-wave op-amp rectifier is shown in Figure 17.12. Note 
that this circuit has only an op-amp and a diode in its construction. The 

Figure 17.11 Silicon diode rectifier. 
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Figure 17.12 Precision rectifier. 

rectified output of this circuit comes from the diode. Normally, a silicon 
diode would not be conductive until 0.7 V is applied. The output of the circuit 
also has a feedback line connected from the output of the diode back to the 
inverting input. This means that with no input signal applied, the diode is 
nonconductive, and the feedback loop is open. When AC is applied to the 
input, the diode goes into conduction when the positive alternation reaches 
0.7 V. 

A very basic characteristic of an op-amp shows that the voltage difference 
between the inverting and noninverting inputs is very small or near 0 V. This 
means that when a positive alternation is applied to the noninverting input, it 
causes a nearly identical positive alternation to appear at the inverting input 
because of the feedback loop. This is the result of the high open-loop gain of 
the op-amp. When the AC input first begins to rise in the positive direction, 
its voltage value is amplified 100,000 times or more by the open-loop gain of 
the op-amp. This causes the output of the op-amp to instantly be large enough 
to forward bias the diode. Thus, only a very minute change in positive input 
voltage will now cause conduction of the diode. For the negative alternation 
of the input, the diode is reverse biased and is nonconductive. Essentially, this 
means that a precision op-amp rectifier will respond to any positive voltage 
change applied to its input. 

Self-Examination 

Answer the following questions. 

26. A precision rectifier op-amp and diode circuit conducts at: 

a. Very high diode forward-bias voltages 
b. Very low diode forward-bias voltages 
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c. Constant 1 V 
d. Under reverse-bias conditions 

27. A precision rectifier op-amp and diode circuit uses: 

a. An open-loop configuration of the op-amp 
b. A diode connected directly to the output of the op-amp 
c. A load resistor connected directly to the output of the op-amp 
d. No feedback component 

28. In the op-amp/silicon diode precision rectifier shown in Figure 17.12, 
when an AC input is applied, rectification occurs: 

a. -1 to -0.9 V 
b. 0-0.7 V 
c. 0.7-0.9 V 
d. 1 V or above 

29. When an AC input voltage is applied to the precision rectifier circuit of 
Figure 17.12, the output is a(n): 

a. Constant DC signal 
b. Half-wave rectified signal 
c. Full-wave rectified signal 
d. AC signal 

1. For measuring small AC signals (few hundred mV in amplitude), instru
ments that rectify the AC to DC in order to determine the value of the 
AC signal should use: 

a. Only silicon diodes 
b. Precision rectifier circuits containing op-amps and diodes 
c. Integrator op-amps circuits 
d. Differentiator op-amp circuits 

17.7 Instrumentation Amplifiers 

When several operational amplifiers are connected together, the resulting 
circuit configuration is called an instrumentation amplifier. Specifically, 
this type of circuit is designed to measure and process very minute signal 
voltages that may exist in an abnormal environment. In order to respond 
under these conditions, the circuit must have high differential voltage 
gain, good common mode rejection, high input impedance, and low 
output impedance. 
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17.7 Analyze the operation of an instrumentation op-amp. 
In order to achieve objective 17.7, you should be able to: 

• describe the characteristics of instrumentation op-amp circuits; 
• explain the operation of an instrumentation amplifier. 

Previously, we identified these conditions as the characteristics of an ideal 
amplifier. In general, it is rather difficult to achieve these things with a single 
op-amp. However, when three or more op-amps are connected together, the 
circuit can readily achieve these conditions in its operation. Instrumentation 
amplifiers are now available that will accomplish all of these conditions in 
its operation. 

The internal construction of a basic instrumentation amplifier is shown 
in Figure 17.13. Note that this circuit has three op-amps and six resistors in 
its construction. Op-amps A1 and A2 are identical noninverting amplifiers 
that provide high input impedance and voltage gain. Op-amp A3 is a dif
ferential amplifier that responds to the difference between outputs VA1out 
and VA2out and has low output impedance. The gain setting resistor RG 

is externally connected to the circuit. Assume now that Vin1 and V in2 are 
applied to the noninverting input (+) of A1 and A2. When this occurs, the 
amplified voltage output of A1 is 

VA1out = 1 + (R1/RG)Vin1. 

Figure 17.13 Internal construction of an instrumentation amplifier. 
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At the same time, Vin2 is also applied to the inverting input (-) through 
A2 and a path formed by R2 and RG. This means that Vin2 is also amplified 
by op-amp A1. Its amplification is equal to 

VA1out = (R2/RG)Vin2. 

Since the output of A1 is equal to the difference between its two inputs, then 
VA1out is 

VA1out = (1 + R1/RG)Vin1 − (R2/RG)Vin2. 

As previously noted, op-amps A1 and A2 are identical in construction and 
operation. As a result of this, the output of A2 can also be expressed as 

VA2out = (1 + R2/RG)Vin2 − (R1/RG)Vin1. 

Since R1 and R2of these two expressions have the same value, they can 
be combined and identified as 2R. These two expressions then become 

VA1out = (1 + 2R/RG)Vin1 

VA2out = (1 + 2R/RG)Vin2. 

As a result of this action, op-amp A3 now has VA1out applied to its inverting 
input and VA2out applied to its noninverting input. The differential input of 
A3 then becomes VA2out - VA1out. By design, A3 has unity gain because of 
the equal values of R3, R4, R5, and R6. This means that the combined output 
of A3 is then VA3out. Since A3 has unity gain, VA3out is then equal to 1 
× (VA2out - VA1out). When Vin1 and Vin2 are applied to the input of the 
circuit, the final output is 

VA3out = 1 × (Vin2 − Vin1)or[1 + (2R/RG)]Vin2 − Vin1. 

Thus, the overall closed-loop gain (Acl) of the instrumentation amplifier is 

V A3out (1 + 2R )(V in2−V in1) 2RRGAcl = = = 1 +  
V in2 − Vin1 V in2−V in1 RG 

2R 
Acl = 1 +  . (17.10)

RG 

This means that the gain of the instrumentation amplifier can now be 
set by the value of only the external resistor RG, when the values of R are 
known. 
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The value of the external gain setting resistor (RG) can now be determined 
for an instrumentation amplifier, by using the value of the closed-loop gain 
(Acl) and the value of R. This is expressed as 

2R 
Acl = 1 +  

RG 

2R 
Acl − 1 =  

RG 

2R 
RG = . 

Acl − 1 

Example 17-9: 

What is the closed-loop gain of an instrumentation amplifier that has an 
external gain resistor of 150 Ω, when R1 = R2 = R = 20 kΩ? 

Solution 

2R 
Acl = 1 +  

RG 

2 × 20, 000 Ω 
= 1 +  

150 Ω 
= 1 + 266.66 
∼= 268. 

Related Problem 

What is the closed-loop gain of an instrumentation amplifier that has an 
external gain resistor of 250 Ω, when R1 = R2 = R = 25 kΩ? 

Example 17-10: 

Determine the value of the external gain resistor (RG) for an instrumentation 
amplifier with a closed-loop gain of 200, when R1 = R2 = R = 20 kΩ. 
Solution 

2R 
RG = 

Acl − 1 
2 × 20, 000 

= 
200 − 1 

∼= 200 Ω. 
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Related Problem 

Determine the value of the external gain resistor (RG) for an instrumentation 
amplifier with a closed-loop gain of 300, when R1 = R2 = R = 20 kΩ. 

Self-Examination 

Answer the following questions. 

31. If the same input voltage and polarity are applied to both the inputs, the 
output of the instrumentation amplifier will be: 

a. 0 V 
b. + Supply voltage 
c. − Supply voltage 
d. Addition of the two applied voltage signals 

32. Referring to Figure 17.13, the function of the op-amp A3 is: 

a. Open-loop gain 
b. Common mode rejection 
c. Differential amplifier 
d. Differentiator 

33. The basic instrumentation amplifier shown in Figure 17.13 has: 

a. One op-amp and a feedback resistor 
b. Two op-amps and seven resistors 
c. Three op-amps and seven capacitors 
d. Three op-amps and seven resistors 

34. An instrumentation amplifier has an external resistor that is used for: 

a. Establishing input impedance 
b. Setting the voltage gain 
c. Setting the current gain 
d. Interfacing with external components 

35. Instrumentation amplifiers are primarily used in a(n): 

a. High noise environment 
b. Filter circuit 
c. Test instruments 
d. Audio amplifiers 
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17.8 Analysis and Troubleshooting – Specialized Op-amp
Circuits

Specialized op-amps are used for accomplishing a variety of different appli-
cations such as waveshaping, pulse generation, control, and instrumentation
amplifiers. The fundamental component of such circuits is the basic opera-
tional amplifier. Specialized amplifier circuits make use of both open- and
closed-loop configurations. Troubleshooting specialized amplifier circuits
generally makes a comparison between the expected and actual output when
a known input signal is applied. Since the internal structure of an op-amp is
not repairable, troubleshooting is usually limited to op-amp replacement if
defective, and examination of externally connected circuit components.

17.8 Analyze and troubleshoot specialized op-amp circuits.
In order to achieve objective 17.8, you should be able to:

• identify the key operating features of a specialized op-amp circuit;
• distinguish between normal and faulty responses of a specialized op-

amp circuit.

Data Sheet Analysis

Figure 17.14 shows the data sheet of the AD620, a low-cost, low-power
instrumentation amplifier. Use this data sheet to answer the following:

• How many pins (terminals) does the IC have? ______
• How is the gain of the instrumentation amplifier determined?

___________________
• What is the range of the voltage gain? ________ to ___________
• What is the maximum supply current? ____________
• What is the common-mode rejection ratio for a gain of 10?

____________dB
• What is the bandwidth of the amplifier for a gain of 100?

______________kHz
• Applications of the instrumentation amplifier include: ______________
• Internal power dissipation: ___________mW
• Operating temperature ranges from ______ ◦C to ______ ◦C.
• Maximum supply voltage: ____________V
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Figure 17.14 Low-cost, low-power instrumentation amplifier, AD620 (Courtesy: Analog 
Devices). 
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Troubleshooting Op-amps

The closed-loop operation of specialized op-amp circuits are generally
determined by the external components, including feedback resistors and
capacitors that are connected to it. If the feedback element gets open-circuited
or shorted during operation, the closed-loop behavior of the op-amp circuit
will be affected. Being familiar with the expected output waveforms of a
given op-amp circuit will be helpful in diagnosing which circuit element is not
functioning properly. For example, in a differentiator op-amp circuit, if the
capacitor connected to the input voltage source is open, no voltage will appear
at the inverting input of the op-amp. As a result of this, the differentiator
circuit will not generate the expected output. If the circuit is functioning
properly, the output of the integrator should be a triangular waveform, which
can be observed on an oscilloscope.

Summary

• A voltage-controlled voltage source generates a constant voltage regard-
less of the electrical load. The voltage value depends on a controlling
voltage source circuit.

• A voltage-controlled constant source generates a constant current
regardless of the electrical load. The current value depends on a
controlling voltage source circuit.

• A voltage-to-current converter transforms the electrical behavior of the
system. The input voltage controls the output voltage in such a way that
the output current remains constant.

• A current-to-voltage converter transforms the electrical behavior of the
system. The input voltage controls the output current in such a way that
the output voltage remains constant.

• In an op-amp comparator circuit, the values of the voltage inputs applied
to its inverting and noninverting input terminals are compared. It can
generate a very high output voltage even when there is a minute voltage
difference between the applied inputs.

• An op-amp integrator is a waveshaping circuit that generates an output
voltage corresponding to the addition of specific quantities of the input
signal over a period of time.

• A differentiator is a waveshaping circuit that develops an output voltage
corresponding to the rate of change of the applied input. This operation
is the inverse of an integrator.
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• A precision op-amp/diode rectifier circuit is used for measuring and 
detecting minute AC input voltages. 

• An instrumentation amplifier generally consists of at least three op-amps 
that are connected in such a way as to minimize noise and have high gain 
capabilities. 

Formulas 

(17-1) Acl = Rf /Rin 

(17-2) Vout = Acl × V in 

(17-3) Iin = V in/Rin 

(17-4) Vout = Iin × Rf 

(17-5) Vdiff =V in - V f 

(17-6) VRL = Iout× RL 

(17-7) VRf = Iout × Rf 

(17-8) Vout = V in × Aol 

(17-9) t = 5 RC 
(17-10) Acl = 1 +  2R 

RG
 
2R
(17-11) RG = ACL−1 

Review Questions 

Answer the following questions. 

1. The characteristics of an ideal amplifier are (8 or 1) gain, (8 or low) input 
impedance, and (high or low) output impedance. 

2. A circuit that produces an output voltage that is equal to the constant 
value of another controlling voltage and is independent of the current 
drawn from it is a (voltage or current)-controlled source. 

3. The closed-loop amplification (Acl) of a voltage-controlled voltage 
source is determined by: 

a. Rin × Rf 

b. Rf /Rin 

c. Rin/Rf 

d. V in/Vout 

4. A (voltage or current)-controlled constant (voltage or current) source is 
designed to supply constant current to a load resistance. 
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5. The output of a voltage-controlled current source remains constant even
when the load resistance is:

a. 8 Ω
b. Open
c. 0 Ω
d. Variable

6. In an integrator, the feedback element is a(n)_________________,
whereas in a differentiator, the feedback element is a(n) ____________.

7. When a square wave is applied to the input of an integrator, the output
will be a(n) ___________________ wave.

8. When a triangular wave is applied to the input of a differentiator, the
output will be a(n) ___________________ wave.

9. If the output of an integrator is connected to the input of a differentiator,
and a square wave signal is applied to the integrator, the final output will
be a(n) _______________ wave.

a. Triangular
b. Square
c. Constant DC
d. None of the above

10. The function of the external resistor in an instrumentation amplifier is
for setting the _______________.

11. A(n) __________________ amplifier is a specialized high-gain op-amp
circuit that is best suited for use in an environment having electrical
noise.

12. A precision rectifier is used to ________________a signal that is applied
to its input.

13. A precision rectifier op-amp and diode circuit responds to (low or high)
value forward-bias voltages.

14. A zero-level detector is an application of a(n):

a. Differentiator
b. Integrator
c. Comparator
d. Instrumentation amplifier

15. How long does it take to fully (99%) charge the capacitor of an RC
network:

a. 0 × RC
b. 1 × RC
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c. 2 × RC 
d. 5 × RC 

Problems 

Answer the following questions. 

1. Refer to the circuit diagram of the instrumentation amplifier shown in 
Figure 17.13. The value of the external gain resistor (RG), which will 
set the closed-loop gain (Acl) to100, when the values of R1 = R2 = R = 10  
kΩ, is: 

a. 0-0.9 Ω 
b. 1-9.9 Ω 
c. 10-99.99 Ω 
d. 100 Ω or above 

2. Refer to the circuit diagram of the instrumentation amplifier shown in 
Figure 17.13. What is the closed-loop gain (Acl), which has an external 
gain resistor (RG) of 200  Ω, when R1 = R2 = R = 30 kΩ: 

a. 0-99 
b. 100-299 
c. 300-399.99 
d. 400 or above 

3. Refer to the circuit diagram of the instrumentation amplifier shown in 
Figure 17.13. What is the closed-loop gain (Acl), which has an external 
gain resistor (RG) of 10 MΩ, when R1 = R2 = R = 30 kΩ: 

a. 0-0.9 
b. 11.9 
c. 2-2.9 
d. 3 or above 

4. Refer to the circuit diagram of the noninverting comparator shown in 
Figure 17.6(b), which has an Aol of 150,000, and a V inof +0.1 mVp−p. 
The value of Vout is: 

a. 0-4.9 V 
b. 5-9.9 V 
c. 10-14.9 V 
d. 15 V or above 
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5. Refer to the circuit diagram of the integrator shown in Figure 17.9. The 
RC time constant is: 

a. 0-0.9 μs 
b. 1-9.9 μs 
c. 10-99.9 μs 
d. 100 μs or above  

Answers 

Examples 

17-1. Acl = 5,  Iin = 0.8 mA, If = 0.8 mA, Vout = 4 V  
17-2. IL = 2 mA; IL remains unchanged 
17-3. Vout = 4 V  
17-4. Iout = 10 mA,  Vsat = 10 V,  VRf = 0.5 V, Vdiff = 0.45 V 
17-5. On the application of an AC sine wave input, with Vp−p = 0.15 mV, 

the output will be a square waveform, with Vp−p = 30 V. The output 
waveform is 180◦ out of phase with the applied AC input signal. 

17-6. On the application of an AC sine wave input, with Vp−p = 0.15 mV, 
the output will be a square waveform, with Vp−p = 30 V. The output 
waveform is in phase with the applied AC input signal. 

17-7. Vout = 5 V,  Vdiff = 0.05 mV
 
17-8. 5 ms
 
17-9. Acl = 201
 

¨17-10. RG Y 134 Ω 

Self-Examination 

17.1 

1. b. constant-value of current 
2. b. depends on the value of the controlling voltage 
3. a. Vout 

4. a. the load resistor 
5. c. remain unchanged 

17.2 
6. a. changes one form of energy into another form of energy 
7. a. the load and feedback resistor in series 
8. c. a feedback resistor and no input resistor. 
9. voltage, current 
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10. current, voltage 
17.3 
11. d. open circuit 
12. c. making voltage comparisons 
13. b. negative supply voltage 
14. a. open-loop configuration 
15. d. extremely high 
17.4 
16. c. capacitor 
17. a. waveshaping 
18. d. triangular wave 
19. a. constant 
20. a. constant 
17.5 
21. a. resistor 
22. a. waveshaping 
23. d. square wave 
24. proportional to the rate of change of the input signal 
25. a. zero 
17.6 
26. b. very low diode forward-bias voltages 
27. b. a diode connected directly to the output of the op-amp 
28. b. 0 to 0.7 V 
29. b. half-wave rectified signal 
30. b. precision rectifier circuits containing op-amps and diodes 
17.7 
31. a. 0 V 
32. c. differential amplifier 
33. d. three op-amps and seven resistors 
34. b. setting the voltage gain 
35. a. high noise environment 

Terms 

Voltage-controlled voltage source 

An electronic circuit that generates a constant voltage regardless of the 
electrical load. The voltage value depends on a controlling voltage source 
circuit. 
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Voltage-controlled current source 

An electronic circuit that generates a constant current regardless of the 
electrical load. The current value depends on a controlling voltage source 
circuit. 

Converters 

An electronic circuit that transforms the electrical behavior of the system. 

Voltage-to-current converter 

An electronic circuit in which the input voltage controls the output voltage in 
such a way that the output current remains constant. 

Current-to-voltage converter 

An electronic circuit in which the input voltage controls the output current in 
such a way that the output voltage remains constant. 

Comparator 

An op-amp function that compares the voltage applied to one input, to that 
applied to another input, that is of a predetermined value or reference. 

Waveshaper 

An electronic circuit that alters the shape of the waveform over a given time 
duration. 

Active circuit 

An electronic circuit that has passive components such as resistors and 
capacitors, connected to amplifying or control devices such as op-amps and 
transistors. 

Integrator 

An op-amp circuit used for generating output voltage corresponding to the 
addition of specific quantities of the input signal over a period of time. 

Differentiator 

An op-amp circuit used for developing an output voltage corresponding to the 
rate of change of the applied input signal. 

Precision rectifier 

An op-amp/diode circuit that has the ability to conduct at very low diode 
forward-bias voltages. 
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External gain resistor 

The resistor used to set the gain of an instrumentation amplifier. 
Instrumentation amplifier 

An instrumentation amplifier has high gain, high common mode rejection 
and is used for amplifying small signals in an environment that has electrical 
noise. 
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Voltage Regulator Circuits
 

A basic power supply is made up of an input transformer, rectifier, filter 
circuit, and an output load device. A block diagram of a basic power supply 
was discussed in Chapter 4 and is shown in Figure 18.1. The output of a 
basic power supply is normally applied to the load device. In normal usage, 
a power supply may experience changes in the applied input which will have 
some effect on the resulting output. Similarly, changes in the output load 
current can also affect the output voltage of the power supply. 

Voltage regulators are generally described as being linear or switch
ing based on whether the current flow to the load device is continuous or 
interrupted during operation. If the flow of current is uninterrupted, it is 
considered to be a linear power supply. On the other hand, if the flow of 
current is momentarily interrupted during its normal operation, the circuit is 
then considered to be a switching regulator. Linear regulators are further 
classified as being either series or a shunt (parallel), based on how certain 
electronic components are connected to the load device. Switching regulators 
are classified as being either step-down or step-up. When the switching 
electronic component is in series with the load, it will reduce or step down 
the voltage. When the switching component is in parallel with the load, it will 
increase or step up the voltage. 

Figure 18.1 Basic power supply. 

715
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A number of voltage regulators today are packaged as integrated circuits
(ICs). This permits regulation to be achieved by using a smaller number of
components, reducing the overall size of the power supply.

Objectives

After studying this chapter, you will be able to:

18.1 explain the basic concept of voltage regulation;
18.2 describe how a linear voltage regulator responds to input/output

changes;
18.3 describe how a switching voltage regulator responds to input/output

changes;
18.4 interpret the datasheet of an IC voltage regulator;
18.5 analyze and troubleshoot voltage regulator circuits.

Chapter Outline

18.1 Voltage Regulation
18.2 Linear Voltage Regulators – Series and Shunt
18.3 Switching Voltage Regulator – Step-up and Step-down
18.4 IC Voltage Regulators
18.5 Troubleshooting Voltage Regulators

Key Terms

regulator
line regulator
load regulator
thermal overload
linear regulator
switching regulator
series regulator
shunt regulator
step-up regulator
step-down regulator
foldback regulation
pulse-width modulation



18.1 Voltage Regulation 717 

18.1 Voltage Regulation 

The variation of the output voltage as the load current increases from the 
minimum to the maximum rated value. These problems arise due to changes 
in the applied input voltage or the output load current and, thus, affect the 
output voltage of the power supply. A regulator circuit is typically inserted 
between the filter section and the load of a power supply. Figure 18.2 shows 
where a voltage regulator is inserted in a power supply. It then maintains 
the output voltage at a constant value, regardless of changes in the input and 
output conditions, within the prescribed limits. Such a supply is commonly 
called a voltage regulated power supply or a voltage regulator. 

An ideal voltage regulator is designed to maintain a constant output 
voltage regardless of changes in either the input voltage or its load current 
demand. Typically, voltage regulators will exhibit some change in the result
ing voltage output owing to changes in the input voltage or load current 
demand. Specifically, if the input voltage V in changes, the regulator voltages 
should maintain output Vout within a certain range. Similarly, if the load 
demand changes, the regulated output voltage should be maintained within 
a certain range. 

18.1 Explain the basic concept of voltage regulation. 
In order to achieve objective 18.1, you should be able to: 

• define line regulation; 
• determine line regulation; 
• define load regulation; 
• determine load regulation. 

Figure 18.2 Regulated power supply. 
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Line Regulation 

The ability of a regulator to maintain an output voltage at a constant 
value regardless of variations in the input voltage is called line regulation. 
Figure 18.3 shows a representative voltage regulator circuit in which the 
output voltage is being maintained at a constant value when the input voltage 
either increases or decreases in value. Figure 18.3(a) shows a 5-V regulator 
with a 10-V DC applied to its input. Figure 18.3(b) shows the same regulator 
with 7.5-V DC applied to its input. In both cases, the resulting output Vout 

should ideally be 5 V across the 1-kΩ resistor. 
In an actual voltage regulator circuit, the input voltage Vin may see a 

change in the value of its input. This change is designated asΔVinwith the 
Δ indicating a change in the value. This typically causes the output Vout 

to change its value. The change in output is designated as ΔVout. The line 
regulation of a voltage regulator is defined as the ratio of the change in the 
value of the output voltage due to corresponding change in the value of the 
input voltage. 

ΔVout
Line regulation = . (18.1)

ΔVin 

Figure 18.3 Line regulation. 
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Example 18-1: 

Refer to Figure 18.3. The output of a 5-V voltage regulator changes by 7.5 
μV when the input voltage changes by 2.5 V. Determine the value of the line 
regulation. 

Solution 
ΔVout 7.5 μV 

Line regulation = = = 3  μV/V. 
ΔVin 2.5V  

A line regulation of 3 μV/V indicates that when the input voltage changes 
by 1 V, the output voltage will change by 3 μV. 

Related Problem 

The output of a 10-V voltage regulator changes by 20 μV when the input 
voltage changes by 5.5 V. Determine the value of the line regulation. 

When comparing voltage regulators, it is important to determine the 
amount by which the output voltage will change with respect to changes in 
the applied input voltage. Ideally, there should be no change in output voltage 
when the regulator circuit functions properly. The value of the line regulation 
for an ideal regulator will be very small, preferably 0. 

Line regulation can be expressed in a variety of different ways such as: 

• μV/V – The change in output voltage measured in micro-volts when the 
input voltage changes by an incremental value such as 1 V. 

• %/V – The percentage of change in the output voltage which occurs 
when the input voltage changes by an incremental value such as 1 V. 

• % – The total percentage of change in the output voltage when the input 
voltage changes over its permitted operating range. 

• mV  or  μV – The actual change in the output voltage measured in mV or 
μV when the input voltage changes over its permitted operating range. 

Load Regulation 

The ability of a regulator to maintain an output voltage at a constant value 
regardless of variations in the load current demand is called load regulation. 
Figure 18.4 shows a representative voltage regulator circuit in which the 
output voltage is being maintained at a constant value when the load current 
demand either increases or decreases in value. As the value of the load resistor 
changes, the amount of load current will vary accordingly. Figure 18.4(a) 
shows a 5-V regulator with no-load resistor connected. This causes the load 
current IL(NoLoad) to be 0 A and the output voltage Vout = VNoLoad= 5 V.  
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Figure 18.4(b) shows the same regulator with a 1-kΩ load resistor connected. 
In both cases, the resulting output Vout should ideally be 5 V. 

In an actual voltage regulator circuit, the output load current Iout may 
see a change in the value of its output demand. This change is designated as 
ΔIL with the Δindicating a change in the value. This typically causes the 
output Vout to change its value. The change in output is designated as ΔVout. 
As the load current demand increases from a minimum value to the full rated 
load current demand, the output voltage will be reduced from VNoLoad to 
VFullLoad. 

ΔVout VNo Load − VFull Load 
Load regulation = = . (18.2)

ΔIL IFull Load − INo Load 

Example 18-2: 

Refer to Figure 18.4. A voltage regulator has an output of 5 V under no-
load conditions (INoLoad= 0 mA). However, under rated full-load conditions 
of 25 mA, the voltage may drop to a value of 4.9996 V. When this occurs, 
determine the value of the load regulation. 

Figure 18.4 Load regulation. 
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Solution 

VNo Load − VFull Load 
Load regulation = 

IFull Load − INo Load 

5V  − 4.9996V 0.0004 
= = = 0.000016 = 16 μV/mA. 

25 mA − 0mA  25 

The load regulation of 16 μV/mA indicates that when the output load 
current demand changes by 1 mA, the output voltage will change by 16 μV. 

Related Problem 

A voltage regulator has an output of 10 V under no-load conditions. However, 
under rated full-load conditions of 75 mA, the voltage drops to 9.9993 V. 
Determine the value of the load regulation. 

When comparing voltage regulators, it is important to determine the 
amount by which the output voltage will change with respect to changes in 
the load current demand. Ideally, there should be no change in output voltage 
when the regulator circuit functions properly. The value of the load regulation 
for an ideal regulator will be very small, preferably 0. 

Load regulation can be expressed in a variety of different ways such as 
the following: 

• μV/mA – The change in output voltage measured in micro-volts when 
the load current changes by 1 mA. 

• %/mA – The percentage change in the output voltage when the load 
current changes by 1 mA. 

• % – The total percentage change in the output voltage when the load 
current changes from no-load to rated full-load. 

• mV  or  μV – The total change in the output voltage measured in mV 
or μV which can occur when the load current demand changes from 
no-load to rated full-load. 

Example 18-3: 

Refer to the voltage regulator block diagram of Figure 18.4. The load regu
lation of two voltage regulators, I and II, is to be compared. The specification 
of the voltage regulators is given below: 

Regulator I II 
Rated voltage 5 V  5 V  
Maximum load current 25 mA 25 mA 
Load regulation 16 μV/mA 0.5% 
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Determine which voltage regulator has a better load regulation. 

Solution 

For voltage regulator “I,” the regulation is specified in terms of μV/mA. 

VNo Load − VFull Load 
Load regulation = 

IFull Load − INo Load 

5 − VFull Load 
= 16  μV/mA 

25 mA 
μV 

5 − VFull Load = 16  × 25mA = 400 μV 
mA
 

VFull Load = 5  − 0.0004 = 4.9996.
 

For voltage regulator “II,” the regulation is specified in terms of %. 

VNo Load − VFull Load 
Load regulation % = × 100 

VNo Load 

5V  − VFull Load 
0.5 =  × 100 

5V  
0.5 × 5 = 5V  − VFull Load × 100 

VFull Load = 5  − 0.025 = 4.975 V. 

This shows that over the full-load current range, the value of the output 
voltage of regulator II reduces by a larger amount (4.975 V) as compared 
to the output voltage of regulator I (4.9996 V). Thus, regulator I has a better 
load regulation than regulator II. 

Related Problem 

Refer to Figure 18.4. A 10-V voltage regulator “I,” with a rated maximum 
current of 75 mA, has a load regulation of 20 μV/mA. A second 10-V voltage 
regulator “II,” also with a rated maximum load current of 75 mA, has a 
load regulation of 0.5%. Determine which voltage regulator has a better load 
regulation. 

It should be noted that the entire load current flows through the regulator. 
As the load current demand increases, there is a corresponding amount of heat 
developed by the regulator. This could cause a thermal overload condition to 
occur. As a result of this, most regulators should have some form of heat 
dissipation. This will include things such as heat sinks, special packaging, 
and even liquid cooling. 
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Self-Examination 

Answer the following questions. 

1. In an ideal 5-V voltage regulator, if the applied input voltage increases 
in value, the output voltage will: 

a. Increase 
b. Decrease 
c. Remain constant 
d. Be 0 V 

2. In an actual 5-V voltage regulator, with a line regulation of 0.05%, if 
the applied input voltage increases in value by 10%, the output voltage 
will: 

a. Increase 
b. Decrease 
c. Remain constant 
d. Be 0 V 

3. In an ideal 5-V voltage regulator, if the load resistor is removed, the 
output voltage will: 

a. Increase 
b. Decrease 
c. Remain constant 
d. Be 0 V 

4. In an actual 5-V voltage regulator, if the load resistor is shorted, the 
output current flow will: 

a. Increase 
b. Decrease 
c. Remain constant 
d. Be 0 A 

5. Under which conditions	 would a voltage regulator be subjected to 
excessive thermal overload? 

a. Increase voltage, no-load demand 
b. Decrease voltage, constant current demand 
c. Increase voltage, increase current demand 
d. Decrease voltage, no-load demand 
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18.2 Linear Voltage Regulators – Series and Shunt 

Typically, a voltage regulator circuit is designed to control variations in the 
output of a power supply. We have discussed, functionally, the operation of a 
regulator with respect to its ability to control input voltage and output current 
demand variations. At this time, we are ready to examine the internal con
struction of a regulator. Generally, it consists of a control element, an output 
voltage sampling circuit, and a reference voltage circuit. The control element 
responds to the difference between the reference voltage and the sampled 
output. The term linear associated with a voltage regulator circuit refers to 
the control element being maintained in the linear region of operation. In 
this regard, it is not completely switched off and on during its operation. 
The primary component of a regulator is the control element that changes its 
amount of conduction in response to changes in the applied input voltage or 
the load current demand. 

The positioning of the control element with respect to the load device 
determines the specific type of linear voltage regulator. If the control 
element is connected in series with the load device, it is called a series linear 
voltage regulator. On the other hand, if the control element is connected in 
parallel (shunt) with the load, the regulator is called a shunt linear voltage 
regulator. Both the series and shunt voltage regulators have voltage reference 
and sampling circuits that alter the conduction of the control element. 

18.2 Describe how a linear voltage regulator responds to input/output 
changes. 

In order to achieve objective 18.2, you should be able to: 

• describe the operating principle of a linear voltage regulator; 
• discuss the operation of a series linear voltage regulator; 
• describe the overload conditions of a series regulator; 
• discuss the operation of a shunt linear voltage regulator; 
• describe the overload conditions of a shunt regulator. 

Series Linear Voltage Regulator 

Figure 18.5(a) shows the location of a series linear voltage regulator in a 
power supply. A block diagram of the regulator is shown in Figure 18.5(b). 
Note that the main component of the regulator, the control element, is 
connected in series with the load. The input side of the regulator is used to 
generate a reference voltage. The output voltage of the regulator is sampled 
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Figure 18.5 Block diagram of a series regulator. 

and compared with the reference voltage using an error detector circuit. The 
output of the error detector circuit is then used to control the conduction of 
the control element. The conduction of the control element is adjusted so that 
the output voltage is maintained at some desired level. 

Figure 18.6(a) shows the circuit diagram of a series linear voltage 
regulator. The unregulated input voltage, V in, is applied to a Zener diode, 
D1, through series resistor RS. As a result of this, the Zener diode develops 
a voltage, VZ, which is the reference voltage for the regulator. The output 
voltage of the regulator is developed across the R1 -R2 which is a voltage 
divider network. The values of the R1 and R2 determine the amount of 
sample voltage, VS. The reference voltage VZ and the feedback voltage VS 

are compared by the operational amplifier. The output of the op-amp, VB, 
is applied to the base of the control transistor Q1. An increase in the value 
of VB will cause Q1 to be more conductive, which reduces its collector-
emitter voltage VCE. A corresponding decrease of VB will cause Q1 to be 
less conductive, which increases the value of VCE. 

When voltage is first applied to the regulator circuit shown in Figure 18.6, 
the series resistor RS and the Zener diode D1 are used to develop the fixed 
reference voltage VZ. Note that the Zener diode should operate in the reverse 
breakdown region to develop its Zener voltage. For this to occur, a minimum 
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Figure 18.6 Series voltage regulator circuit. 

amount of current must pass through the Zener diode. This also represents 
the current passing through the series resistor RS. IZ can be determined by 
the following expression: 

Vin − VZ
IZ = . (18.3)

RS 

VZ is applied to the noninverting (+) input of the op-amp which serves 
as the error detector. When the value of the unregulated input voltage V in 

remains constant, VZ will be constant (assuming it is already in conduction). 
If there is an increase or decrease in V in, the Zener diode will continue 
maintaining its Zener voltage VZ. Since VZ = VREF, this causes a constant 
voltage to be applied to the op-amp. 

The output voltage of the regulator is sampled by the voltage divider 
network of R1 and R2. The voltage developed across resistor R2 is the sample 
voltage VS. This voltage is applied to the noninverting (V−) terminal of the 
op-amp. The value of VS is determined by first calculating the value of the 
current I which flows through the R1 and R2. 

I × (R1 +R2) = Vout 

Vout
I = . 

R1 +R2 

The sample voltage developed across resistor R2 can be determined by 
the following expression: 

Vout
VS = I × R2 = × R2. 

R1 +R2 
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If the value of the load resistor stays constant, then the value of the 
sampled voltage VS will remain constant as well. Changes in the resistance 
of the load will cause a change in the current flow through the resistor 
network. This will cause the VS to change accordingly. If the value of the load 
resistance decreases, the current drawn by the load will increase. A smaller 
amount of current will then flow through the resistor network. The value of 
the voltage developed across R2, which is also the sampled voltage VS, will 
decrease. On the other hand, if the value of the load resistance increases, 
the current drawn by the load will decrease. A larger amount of current will 
then flow through the resistor network. The value of the voltage developed 
across R2, which is VS, will also increase. If the input voltage V in increases 
or decreases, Vout will be immediately influenced by it. For regulation to be 
achieved, Voutshould be maintained at a constant value. 

The reference voltage (VZ) is applied to the noninverting input (+) of the 
op-amp and the sample voltage (VS) is applied to the inverting input (-). If 
the value of VS is reduced, which occurs either when the load resistance is 
reduced or the input voltage is decreased, the error voltage appearing at the 
output of the op-amp will increase instantaneously. This voltage represents 
VB, which is applied to the base of the transistor Q1. This, in turn, will 
cause the conduction of the transistor to increase, which will reduce VCE. 
The output voltage of the series regulator circuit, Vout, is expressed as: Vout 

= V in − VCE. With instantaneous changes in the values of VCE, the output 
voltage will continue to be maintained at a constant value. On the other 
hand, if the value of VS is increased, which occurs either when the load 
resistance is increased or the input voltage is increased, the error voltage 
appearing at the output of the op-amp will decrease. This, in turn, will cause 
the conduction of the transistor to decrease, which will increase VCE. The 
instantaneous change in VCE will maintain the value of Vout at a constant 
value. 

The output voltage of the regulator can be determined by the values of 
the circuit components. These include resistors R1 and R2 of the sampling 
circuit, and the value of the Zener diode VZ of the voltage reference circuit. 
Ideally, the sampled voltage and the Zener voltage applied to the inputs of the 
op-amp should be equal. 

VZ = VS 

Vout
VZ = × R2

R1 + R2 
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R
VZ × 1 +R2

= Vout( R2 )
R

VZ × 1
1 + = Vout. (18.4)

R2

Example 18-4:

Refer to Figure 18.6. Design a series voltage regulator using a 5-V Zener
which is needed to maintain a regulated output of 10 V across the load
resistor. The value of resistor R1 in the feedback network is 10 kΩ. Assume
that the unregulated input voltage varies between 12 and 20 V, and the current
through the Zener should be at least 20 mA for Zener breakdown operation.
Determine the value of the resistor R2 in the feedback network, and the series
resistor RS in the reference voltage circuit.

Solution ( )
R

VZ × 1
1 + = Vout

R( 2)
10, 000 10, 000

5× 1 + = 10; 1 + = 2
R2 R2

R2 = 10, 000Ω.

The current (IZ) through the series resistor RS should be at least 20 mA.
This will occur when the input voltage is at its lowest permissible value.
When the input voltage increases, IZ will increase.

Vin(min)
IZ =

− VZ 12
; 0.020 =

− 5

RS RS

7
RS = = 350Ω.

0.020

Related Problem

Refer to Figure 18.6. Design a series voltage regulator using a 6-V Zener
needed to maintain a regulated output of 10 V. The value for the resistance R1

in the feedback resistor network is 20 kΩ. Assume that the unregulated input
voltage varies between 14 and 20 V, and the current through the Zener should
be at least 25 mA for Zener breakdown operation.
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Series Linear Voltage Regulators with Current Limiting 
Protection 

Most series linear voltage regulator circuits employ some form of over
load protection to prevent the series control element from being damaged. 
Figure 18.7(a) shows a linear series regulator without overload protection. 
Note that the load resistor of this circuit is indicated as a short, having zero 
or very low resistance. Should this condition occur, an excessive amount of 
current, IL(max), will pass through the load device and the control transistor 
Q1. As a result of this, the transistor may become overheated. If the tran
sistor is operated for any extended time under these conditions, it could be 
permanently damaged. To prevent this from happening, a regulator circuit 
must employ some form of sensing circuit that will detect when this condition 
occurs. 

Figure 18.7(a) shows a transistor Q2 and short-circuit sensing resistor 
added. It is important to note that when an overload occurs, the output voltage 
will no longer be regulated. The voltage developed across the load will be 
lower than the normal regulated voltage and is given by the expression: 
Vout = IL(max) × RL. This circuit provides overload protection by reducing 
the current conduction of Q1 under overload conditions. When this occurs, 
an excessive amount of current flows through the load, denoted by IL(max), 
and also through RSC, the short-circuit resistor. This causes the voltage across 
RSC and the base-emitter junction voltage, VBE, of transistor Q2 to increase. 
When the voltage VBEreaches 0.7 V, Q2 will go into conduction. Under these 
conditions: 

VBE = 0.7 = RSC × IL(max) 

0.7 
IL(max) = . (18.5)

RSC 

When Q2 goes into conduction, it diverts some of the current which was 
originally flowing into the base of Q1. This reduces the current conduction of 
Q1. As a result of this, less current will pass through Q1, which reduces the 
heat developed by the transistor, thus avoiding a thermal overload. As long 
as the current does not exceed IL(max), the output voltage will be regulated 
and remain at a nearly constant value regardless of changes in the load. If 
the load current exceeds IL(max), the output voltage will be reduced, and the 
transistor Q1 will be protected from a thermal overload. Figure 18.7(c) shows 
the variation of the output voltage with changes in the load current IL. In  
the current limiting region, the value of the load current may continue to 
increase beyond IL(max). It should be noted that a large current continues to 
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Figure 18.7 Foldback limiting with an overloaded voltage regulator. 

flow through the load and, thus, through the control element under current 
limiting conditions. This may cause excessive heat to be developed by the 
control element. Hence, a method of reducing the current flow through the 
control element under these conditions would improve the performance. 
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Example 18-5: 

Refer to Figure 18.7. Determine the value of the short-circuit resistance 
(RSC) which will be the maximum current drawn by the load to 0.25 A. 

Solution 

VBE(Q2)
IL(max) = 

RSC 
0.7 

0.25 = 
RSC 

RSC = 3Ω. 

Related Problem 

Refer to Figure 18.7. Determine the value of the short-circuit resistance 
(RSC) which will be the maximum current drawn by the load to 0.125 A? 

Foldback Current Limiting in Series Voltage Regulators 

A current limiting circuit can be modified to reduce the amount of current 
flow if the load exceeds the maximum permitted current flow IL(max). The 
term “foldback” current limiting is used to describe this type of circuit behav
ior. Figure 18.7(a) shows a series regulator circuit with foldback current 
limiting. It is similar to the general current limiting circuit of Figure 18.6(b). 
The difference in the two circuits is the manner in which voltage is applied to 
the base of transistor Q2. In  Figure 18.7(a), resistors R3 and R4 form a voltage 
divider; so only a part of the voltage is applied to the base of Q2. Applying 
Kirchoff’s voltage law around the loop formed by the short-circuit resistor 
RSC, the base-emitter of transistor Q2, and resistor R3, we have the following 
expression: 

VBE(Q2) + VR3 = VRSC 

VBE(Q2) = VRSC − VR3. 

When the load current increases to IL(max), its maximum permissible 
value, the voltage across the short-circuit resistor, will be: VRSC = RSC × 
IL(max). The value of VRSC will increase as the current through it increases. 
An increase in the load current causes a decrease in the output voltage Vout. 
When Vout is reduced, VR3 will likewise be reduced. The transistor Q2 begins 
to conduct when the base-emitter voltage VBE(Q2)reaches 0.7 V. This voltage 
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will remain almost constant at 0.7 V once the current limiting condition has 
been reached. 

If the load resistance is made any smaller, Vout will decrease further. 
However, if this happens, VR3 will decrease. Thus, a smaller value of VRSC 

will now be used for maintaining VBE(Q2) at 0.7 V since VBE(Q2) = VRSC − 

VR3. As a result of this, IRSC = VRSC is reduced, which causes the value RSC 
of the load current IL to be reduced as well. This is shown in the foldback 
region of Figure 18.7(b). Thus, the amount of current flowing through the 
series control element never reaches values higher than IL(max). As shown in 
Figure 18.7(c), the value of IL under short-circuit conditions is actually much 
smaller than the maximum permitted current. If the load resistance increases 
in value so that the load current is no longer in the foldback current region, 
the circuit resumes normal voltage regulation. 

Shunt Linear Voltage Regulators 

Figure 18.8(a) shows the location of a shunt linear voltage regulator in a 
power supply. A block diagram of this regulator is shown in Figure 18.8(b). 
Note that the main component of the regulator, the control element, is  
connected in parallel or shunt with the load. The input side of the regulator 
is used to generate a reference voltage. The output voltage of the regulator 
is sampled and compared with the reference voltage using an error detector 
circuit. The output of the error detector circuit is then used to control the 
conduction of the control element. The conduction of the control element 
is adjusted so that the output voltage is maintained at some desired level. 
Resistor Rin on the input side of the regulator is connected in series with the 
parallel combination of the control element and the load RL. The load voltage 
Vout is maintained at a constant value by varying the amount of current which 
is being shunted away from the load by varying the conduction of the control 
element. 

Figure 18.9 shows the circuit diagram of a shunt linear voltage reg
ulator. The functioning of the reference voltage generation circuit and the 
output sampling voltage circuit is similar to that of the series linear voltage 
regulator. As before, the reference voltage VZ and the feedback voltage VS 

are compared by the operational amplifier. The output of the op-amp, VB, 
is applied to the base of the control transistor Q1. An increase in the value 
of VB will cause Q1 to be more conductive, thereby shunting more current 
away from RL since the effective resistance of the control element has been 
reduced. A corresponding decrease of VB will cause Q1 to be less conductive, 
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Figure 18.8 Block diagram of a shunt regulator. 

thereby shunting less current away from RL since the effective resistance of 
the control element has been increased. 

The reference voltage (VZ) is applied to the inverting input (-) of the 
op-amp and the sample voltage (VS) is applied to the noninverting input (+). 
When the load resistance is reduced or the input voltage is decreased, the 
value of VS will change accordingly. If the value of VS is reduced, the error 
voltage appearing at the output of the op-amp will decrease instantaneously. 
This voltage represents VB, which is applied to the base of the transistor 
Q1. This, in turn, will cause the conduction of the transistor to decrease, in 
effect increasing its resistance; so less current is shunted away from the load. 
The parallel combination of the resistances of the control element and RL will 
remain unchanged. With instantaneous changes in the values of the resistance 
of the control element,the output voltage will continue to be maintained at a 
constant value. On the other hand, if the value of VS is increased, which 
occurs either when the load resistance is increased or the input voltage 
is increased, the error voltage appearing at the output of the op-amp will 
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Figure 18.9 Shunt voltage regulator. 

increase. This, in turn, will cause the conduction of the transistor to increase, 
in effect decreasing its resistance; so more current is shunted away from 
the load. The parallel combination of the resistances of the control element 
and RL will remain unchanged. As before, with instantaneous changes in the 
values the resistance of the control element, the output voltage will continue 
to be maintained at a constant value. 

Over-Voltage Protection in Shunt Linear Voltage 
Regulators 

Voltage regulator circuits generally require some form of overload and 
over-voltage protection. In the shunt regulator circuit, the input resistor Rin 

provides short-circuit protection. If the load resistor RL becomes shorted, the 
load current will flow through Rin, thereby providing protection from an over
load. The circuit also requires protection from an over-voltage condition. This 
is because when the unregulated voltage V in increases, the conduction of the 
control element Q1 increases as it tries to maintain a constant output voltage. 
The increased current flow through the transistor may cause it to dissipate 
more power. By selecting a transistor that has a higher maximum power 
dissipation rating PD(max)than that needed by the circuit, the possibility of 
thermal overload conditions is reduced. 
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Self-Examination

Answer the following questions.

1. In a series voltage regulator, the control element is placed in __________
with the load.

a. Parallel
b. Shunt
c. Series
d. Across

2. If the load resistance of a series voltage regulator decreases, the
conduction of the control element _________.

a. Increases
b. Decreases
c. Remains unchanged
d. Will not be affected

3. If the input voltage applied to a series voltage regulator decreases, the
conduction of the control element _________.

a. Increases
b. Decreases
c. Remains unchanged
d. Will not be affected

4. In a shunt linear voltage regulator, the control element is placed in
__________ with the load.

a. Line
b. Parallel
c. Series
d. The same path

5. If the input voltage applied to a shunt voltage regulator increases,
conduction of the control element will _________.

a. Increase
b. Decrease
c. Remains unchanged
d. Will not be affected
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18.3 Switching Voltage Regulators – Step-Down and 
Step-Up 

In the previous section, we discussed linear voltage regulators of the series 
and shunt type. In this type of regulator, the control element is continuously 
operated in the linear region. The power dissipated by a control element of 
this type, typically, a transistor, is high. The power depends on the voltage 
that appears across the collector-emitter VCE and the current flowing through 
the transistor, IC. For linear region operation, both VCE and IC are relatively 
high, with some of the power being provided to the circuit being wasted in 
the form of heat. This causes the linear voltage regulator to be inefficient. 
One way to improve the efficiency of a voltage regulator is by operating 
the control element as a switching device. This occurs when the control 
element transistor is rapidly switched on and off. When the transistor is 
switched on, it goes into saturation. When this occurs, VCE drops to a very 
low value, and the collector current flow is large. The power dissipation then 
is nominal owing to the low value of VCE. When the transistor is switched 
off, it goes into cutoff. When this occurs, VCE rises to its maximum value, 
and the collector current flow is small. The power dissipation continues to 
be nominal owing to the low value of IC. Thus, whenever the transistor 
is operated exclusively in saturation or cutoff, the power dissipation of the 
control element is at a nominal value. Since the transition between these 
states is not instantaneous, some power continues to be dissipated by the 
device. 

In order for a control element to achieve its switching operation a pulse-
width modulator (PWM) circuit is employed. This type of circuit typically 
generates a pulsating DC waveform in which the width of the pulses can be 
adjusted. The time period (T) of this waveform consists of an on-portion (Ton) 
and an off-portion (Toff ). When the output of a PWM is applied to the control 
element, it causes the conduction time to vary accordingly. The duration of 
the on- and off-times (pulse-width) or the time period of the waveform (pulse 
repetition rate) in a PWM can be either fixed or variable. 

When the control element is rapidly switched on and off, it causes the 
output to have a similar response. This means that the value of the output 
will fluctuate according to the switching rate. Some form of filtering is now 
needed to correct this condition. Switching regulators circuits also contain 
voltage reference and output voltage sampling circuits. The output of these 
circuits is applied to an error detection amplifier that is used to control the 
PWM circuit for altering the conduction of the control element. 
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Figure 18.10 Block diagram of a step-down switching regulator.

Switching voltage regulators are classified according to the value of
the output voltage (Vout) generated with respect to the applied input voltage
(V in). If Vout is smaller than or equal to V in, the configuration is termed
as a step-down switching regulator. The block diagram of a step-down
switching regulator is shown in Figure 18.10. If Vout is larger than V in, the
configuration is termed as a step-up switching regulator. It should be noted
that these configurations of switching regulators are somewhat similar to that
of a transformer which can step down or step up the applied input voltage.

18.3 Describe how a switching voltage regulator responds to input/output
changes.

In order to achieve objective 18.3, you should be able to:

• describe the operating principle of a switching voltage regulator;
• discuss the operation of a step-up voltage regulator;
• discuss the operation of a step-down voltage regulator;
• compare the output response of step-up and step-down voltage

regulators.

Step-Down Switching Regulators

A step-down switching regulator circuit is shown in Figure 18.11. This
regulator is similar to the series linear voltage regulator circuit of Figure 18.6.
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Figure 18.11 Step-down switching voltage regulator. 

The control element, transistor Q1, is connected in series with the load resistor 
RL. The regulator also develops a reference voltage VZ across Zener diode 
DZ. It has an output sampling circuit consisting of resistor R1 and R2. The 
sampled voltage VS is compared with the reference voltage VZ by the op-
amp. 

The construction of the step-down switching regulator in Figure 18.11 
has some additional components that are unique to its design. These include a 
pulse-width modulator (PWM), an oscillator, and a filter circuit. The out
put of the error detector operational amplifier and the pulses generated by the 
oscillator are applied to the PWM circuit. This portion of the circuit generates 
a pulsating DC that is used to drive the transistor. The filter circuit consists 
of a capacitor, an inductor, and a diode. The capacitor C1 is connected across 
the load resistor RL to prevent rapid changes in voltage. An inductor L1 is 
connected in series with RL to prevent rapid changes in current through the 
load. When the control transistor is switched on and off, the resulting current 
is interrupted, causing a high voltage to be generated across the inductor. 
Diode D1 is used to suppress the voltage spikes that occur during switching. 

Figure 18.12 shows the switching intervals of transistor Q1. The interval 
for which the Q1 is switched on is designated as ton. The interval for which Q1 

is switched off is designated as toff . The capacitor C1 shown in Figure 18.11 
charges during the on-time of Q1, and it discharges through the load during 
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Figure 18.12 Switching regulator waveforms. 

the off-time. The total time period (T) of the waveform is the sum of ton and 
toff . 

T = ton + toff . 

The frequency of the waveform (f) is defined as the number of waveforms 
completed within a given unit of time: 

1 
f = Hz.  

T 

The ratio of the on-time (ton) to the time period (T) is designated as the duty 
cycle. It is usually expressed as a percentage. 

ton ton
% Duty Cycle = × 100 = × 100. (18.6)

T ton + toff 

As ton increases in proportion to toff , the duty cycle will increase. With 
an increased on-time, the capacitor will develop a larger charge. The output 
voltage Vout of the regulator that appears across the capacitor will increase 
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as well. Thus, a higher duty cycle results in a higher output voltage. Alter
natively, if ton decreases in proportion to toff , the duty cycle will decrease. 
With a decreased on-time, the capacitor will develop a smaller charge. The 
output voltage Vout of the regulator which appears across the capacitor will 
decrease as well. Thus, a lower duty cycle results in a lower output voltage. 
This is expressed as 

ton
Vout = × Vin. (18.7)

T 
When the load resistance is reduced or the input voltage is decreased, 

the value of the sample voltage VS shown in Figure 18.12 will change 
accordingly. If the value of VS is reduced, the error voltage appearing at 
the output of the op-amp will increase instantaneously. A larger voltage is, 
thus, applied to the pulse-width modulator. It will produce a waveform that 
has a higher duty cycle. This waveform is applied to the base of transistor 
Q1, turning it on for a longer time in proportion to the off-time. This charges 
the capacitor C1 to a higher value and, thus, increases the output voltage, 
maintaining it at a constant value. On the other hand, if the value of VS 

is increased, it will affect the operation of the op-amp. An increase in VS 

will occur when either the load resistance is increased or the input voltage 
is increased. The error voltage appearing at the output of the op-amp will 
decrease. A smaller voltage is, thus, applied to the pulse-width modulator. 
It will produce a waveform that has a lower duty cycle. This waveform 
is applied to the base of transistor Q1, turning it on for a smaller time in 
proportion to the off-time. This charges the capacitor C1 to a lower value 
and, thus, decreases the output voltage, maintaining it at a constant value. 

Example 18-6: 

Refer to Figure 18.12(a). Calculate the frequency and the duty cycle of the 
waveform. If V in is 12 V, calculate Vout. 

Solution 

ton = 5ms 

toff = 5ms 

T = ton + toff = 5ms + 5ms = 10ms 
1 

f = = 100 Hz 
10 ms 
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5ms  
% Duty Cycle = × 100 = 50% 

10 ms 
ton 5ms  

Vout = × Vin = × 12V = 6V. 
T 10 ms 

Related Problem 

Refer to Figure 18.12(c). Calculate the frequency and the duty cycle of the 
waveform. If V in is 14, calculate Vout. 

Step-Up Switching Regulators 

A step-up switching regulator is used for stepping up or increasing the 
input voltage V in. In order to achieve this, an inductor is first connected in 
series with the input voltage. When the current flowing through this inductor 
is suddenly interrupted by switching action, the inductor generates a high 
voltage across its terminals. This voltage is added to the input voltage and 
appears as the combined output voltage Vout. 

Figure 18.13 shows the circuit diagram of a step-up switching voltage 
regulator. The main component of this regulator is the control transistor Q1. 
Q1 is connected in parallel or shunt with the applied input voltage. The input 
voltage source V in for the regulator is connected to the series inductor L1. 
Diode D1 is also connected in series with L1 and the load RL. Capacitor C1 is 
a filter component for V in that is used to stabilize the output Vout. In addition 

Figure 18.13 Step-up switching voltage regulator. 
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to this, the regulator consists of other parts. The input side of the regulator 
is used to generate a reference voltage. The output voltage of the regulator 
is sampled and compared with the reference voltage using an error detector 
circuit. The output of the error detector circuit is then applied to a PWM 
circuit used to control the conduction of the control element. 

The switching of transistor Q1 controls the current flowing through induc
tor L1. When Q1 is on, the inductor is connected directly to the applied input 
voltage V in. The voltage across the inductor (VL) increases instantaneously 
with the applied input voltage but drops in value when Q1 is on. The current 
flowing through L1 increases linearly, which causes energy to be stored in 
its magnetic field. With Q1 switched on, the anode of diode D1 is grounded 
through the transistor, thereby reverse biasing it. During this time, the load is 
effectively disconnected from the input side of the circuit and capacitor C1 

discharges through the load. 
When Q1 is switched from on to off, the energy stored in the magnetic 

field of L1causes a current flow when the magnetic field collapses. This 
causes the stored energy of L1 to be transferred to capacitor C1 through diode 
D1 which is now forward biased. If Q1 is kept on for a longer duration, the 
value of the inductor voltage will reduce accordingly. When Q1 is switched 
off, this will cause a higher voltage to be developed by the inductor. This 
voltage is then added to the input voltage and charges C1, developing a higher 
output voltage. This means that as the duty cycle of Q1 controls the output 
voltage. In an actual step-up regulator, the output voltage can be increased as 
much as five times the applied input voltage, by varying the duty cycle. 

The response of the regulator to changes in either the applied input voltage 
or the load resistance is similar to that of the step-down voltage regulator. 
The value of the output voltage is maintained at a constant value. Varying 
the duty cycle of Q1 will cause the voltage developed by the inductor L1 to 
change accordingly. For example, an increase in the duty cycle will cause the 
inductor to develop a higher voltage. This voltage will be added to the input 
voltage, which causes the output voltage to be maintained at a constant value. 

Self-Examination 

Answer the following questions. 

11. The control transistor used in a switching voltage regulator operates 
predominantly in the ________________ region(s). 

a. Linear 
b. Cutoff 
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c. Saturation
d. Alternating between cutoff and saturation

12. A duty cycle of a pulse-width modulator (PWM) is 50%. This indicates
that:

a. ton > toff
b. ton < toff
c. ton = toff
d. T = ton
e. T = toff

13. In a step-down switching voltage regulator, the control transistor is
placed in _________ with the load.

a. Series
b. Shunt
c. Parallel
d. Across

14. In a step-up switching voltage regulator, the control transistor is placed
in _________ with the input voltage.

a. Series
b. Shunt
c. Parallel
d. Across

15. In a step-down switching regulator, if the load increases, the duty
cycle of the pulse-width modulator applied to control transistor
___________.

a. Remains constant
b. Decreases
c. Increases
d. Becomes 0

18.4 IC Voltage Regulators

A number of manufactures are now producing integrated circuits (ICs) that
perform voltage regulation. IC regulators are now available for both linear and
switching applications. These ICs have the essential regulator components
built on a single chip instead of using discrete components. Based on the
specific type of IC regulator used, it may include the voltage reference,
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sampling, error detection, overload protection, control transistor, oscillator, 
and pulse-width modulation circuitry. As a result of this, when using a 
regulator IC in a circuit, manufacturer datasheets should be examined to 
determine how the device is to be connected. The datasheets are also used 
to identify operating characteristics and various configurations in which the 
device can be used. Block diagrams are often used to show the functional 
operation of an IC voltage regulator. This permits the user to see how the 
device will respond in an actual circuit application. 

18.4 Interpret the datasheet of an IC voltage regulator. 

In order to achieve objective 18.4, you should be able to: 

• identify the function of an IC voltage regulator; 
• describe the input/output response of a fixed linear IC voltage regulator; 
• describe the input/output response of an adjustable linear IC voltage 

regulators; 
• identify the primary function of an IC switching voltage regulator. 

Fixed Linear IC Voltage regulator 

A representative three-terminal fixed IC voltage regulator is shown in 
Figure 18.14. This circuit has input, ground, and output terminals, identified 
by the numbers 1, 2, and 3, respectively. Unregulated input voltage is applied 
at terminal 1, and a fixed regulated output appears at terminal 3. 

Voltage regulators are identified by the numbers corresponding to the 
regulated voltage value and polarity. The 7800 series is a representative 
type of positive voltage regulators, and the 7900 series for negative volt
age regulators. Both the 7800 and 7900 series can supply output currents 
exceeding 1 A while maintaining the regulated voltage output. This can result 
in considerable heat being generated by the regulator. An adequate cooling 
system should be provided for the regulator operating under these conditions. 
Typically, heat sinks are used for this purpose. 

Another consideration in the operation of these regulators is based on the 
value of the voltage applied to its input. The input voltage must exceed the 
output regulated voltage by 2 V or more in order to function properly. This 
is generally referred to as the dropout voltage. These regulators generally 
require some form of filtering. Filter capacitor C1 is connected to the input 
terminal of the regulator. This capacitor is designed to reduce unwanted 
oscillations or noise that may appear at the input when it is some distance 
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Figure 18.14 7800/7900 voltage regulators. 

away from the power supply. Another filter capacitor C2 is connected to the 
output terminal of the regulator to reduce high-frequency noise. 

Note the polarity of the input/output voltages, and the capacitor connec
tions for the 7800 series regulators, as compared to those of the 7900 series. 
Figure 18.15 shows the datasheet of KA78XX manufactured by Fairchild 
Semiconductor. The XX denotes the specific voltage that will be regulated 
by the device. The KA7805 for example is a +5 V regulator. It has a dropout 
voltage of approximately 2 V and can supply up to 1 A of output current 
without a heat sink. 

Adjustable Linear IC Voltage Regulator 

A number of adjustable three-terminal IC voltage regulators are available 
in IC form today. Regulators of this type are needed in applications where 
a non-standard regulator voltage values are needed. Figure 18.16 shows 
the circuit diagram of LM317 and LM337 which are positive and negative 
adjustable voltage regulators, respectively. These regulators have three ter
minals which are identified as the input, output, and adjust. Capacitors are 
used for decoupling purposes and do not affect the operation of the regulator 
circuit. 
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Figure 18.15 Datasheet for 78XX voltage regulator. 
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Figure 18.16 Circuit diagram of adjustable voltage regulators. (a) Adjustable positive regu
lator. (b) Adjustable negative regulator. 

Figure 18.16(a) shows the circuit diagram of an LM317 positive 
adjustable voltage regulator. It uses externally connected resistors in its 
operation. R1 is a fixed resistor that is connected between the output and the 
adjust terminals. A fixed voltage reference VREF = 1.25 V is developed by 
the regulator between these terminals. Thus, a constant current IREF always 
flows through R1. 

VREF 1.25 
IREF = = . 

R1 R1 

A variable resistor R2 is connected between the adjust terminal and the 
ground. A small constant current IADJ flows through the adjust terminal. The 
combined current of IREF and IADJthen flows through R2. The value of the 
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output voltage is the sum of the voltages developed across resistors R1 and R2.( )
R2

Vout = VREF × 1 + + IADJ
R1

×R2. (18.8)

Once the value of the resistor R1 is selected, the range of output voltages
can be determined by adjusting R2. When R2 is at a minimum value (0 Ω),
the regulator develops its lowest output voltage, which will be approximately
1.25 V. When R2 is at a maximum value, the regulator develops its highest
output voltage. This value cannot exceed 37 V as specified in the datasheet
of the LM317 given in Figure 18.17.

Figure 18.16(b) shows the circuit diagram of an LM337 negative
adjustable voltage regulator, and its datasheet is shown in Figure 18.18.
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Figure 18.17 Datasheet for LM317 positive adjustable voltage regulator. 
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Example 18-7: 

Refer to Figure 18.16. Determine the range of output voltage for the LM317 
voltage regulator, assuming IADJ= 46  μA, VREF= 1.25 V, and fixed resistor 
R1= 470 Ω, and the variable resistor R2= 10 kΩ. 
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Figure 18.18 Datasheet for LM337 negative adjustable voltage regulator. 
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Solution

The output voltage depends on the value of the variable resistor as given by
the following expression: ( )

R
out = VREF × 2

V 1 + + IADJ R
R1

× 2.

The output voltage will be smallest when the resistor R2 is set to its minimum
value, i.e., 0 Ω. ( )

0
Vout = 1.25× 1 + + 46μ× 0 = 1.25 + 0 = 1.25V.

470

The output voltage will be largest when the resistor R2 is set to its maximum
value, i.e., 10 kΩ. ( )

10, 000
Vout = 1.25× 1 + + 46× 10−6

470
× 10, 000

= 27.85 + 0.46 = 28.30V.

The range of output voltage is 1.25-28.30 V.

Related Problem

Refer to Figure 18.16. Determine the range of output voltage for the LM317
voltage regulator, assuming IADJ= 46 μA, VREF= 1.25 V, and fixed resistor
R1= 330 Ω, and the variable resistor R2= 5 kΩ.

Switching IC Voltage Regulator

A representative IC switching regulator is shown in Figure 18.19. It is a
DC-to-DC converter and can be used in various configurations such as step-
up and step-down switching regulators. It contains a built-in voltage reference
regulator, comparator, oscillator, and switching control element circuitry.
External components are needed to achieve various regulator configurations.

Instead of using a PWM controller for adjusting the duty cycle as
discussed earlier, this regulator uses a variable off-time modulation of the
oscillator. Variable off-time regulation is accomplished by altering the off-
time (Toff ) of the oscillator’s output, while keeping the on-time (Ton)
duration constant. Thus, the time period (T) of the oscillator can be altered.
A longer off-time will result in the control transistor being switched off for a
longer time.
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Figure 18.19 Switching IC voltage regulator. 
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The comparator of Figure 18.19 determines whether the internally 
generated 1.25 V input reference voltage is greater than the output sample 
voltage. If the reference voltage is greater than the sampled output voltage, 
then the output of the comparator goes high; otherwise, the output is low. 
This is designated as the error voltage. An oscillator that generates a square 
waveform is used for providing a constant train of pulses. The frequency 
of the oscillator waveform is determined by an externally connected resistor 
and capacitor network. Variable off-time modulation of the oscillator output 
is achieved using a gated latch as a switching circuit. The circuit consists 
of a logic gate for combining the inputs, and a set-reset (S-R) latch for 
maintaining the duration of switching levels. Inputs from the error detector 
and an oscillator circuit are applied to the gated latch. As long as the error 
voltageis high, the square wave output from the oscillator is applied directly 
to the base of the control transistor. If the error voltage is low, the output 
of the oscillator is no longer applied to the base of the control transistor, 
and the control transistor is switched off. When the error voltage is high, the 
switching state of the control transistor is the same as the switching state of 
the oscillator. 

Refer to Figure 18.20(a), which shows a step-down switching voltage 
regulator constructed using the MC34063A, which is a switching mode 
power supply (SMPS) controller IC. Figure 18.20(b) shows the voltage 
waveform of the oscillator (VOsc), the error voltage (VError) developed by 
the op-amp after comparing the sampled output voltage with the reference 
voltage, and, finally, the voltage applied to the base of the control element 
(VB). Variable off-time modulation of the oscillator is achieved by varying 
the duration of the off-time. Doing so changes the overall time period of the 
pulses applied to the base of the control element. As a result of this, the 
duration of current flow through the inductor and the charging time of the 
capacitor are controlled. 

Self-Examination 

Answer the following questions. 

16. The 7800 series of voltage regulators ICs are _____terminal devices that 
can provide a fixed ____________output voltage. 

a. 2, positive 
b. 3, negative 
c. 3, positive 
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Figure 18.20 Step-down switching regulator. 

d. 2, negative 

17. In order to maintain regulated voltages under heavy load conditions 
___________ are used with regulators for providing adequate cooling. 

a. High currents 
b. Heat sinks 



758 Voltage Regulator Circuits 

c. High voltages 
d. Low output resistance 

18. Adjustable voltage regulators use ________resistor(s) for determining 
the value of the output voltage. 

a. Zero 
b. One 
c. Internal 
d. External 

19. IC switching regulators that use PWM usually change the ___________ 
of the waveform. 

a. Duty cycle 
b. Time period 
c. Frequency 
d. Peak amplitude 

20. IC switching regulators that use variable off-time modulation change the 
___________ of the waveform. 

a. On-time 
b. Time period 
c. Peak amplitude 
d. Reference level 

18.5 Analysis and Troubleshooting - Voltage Regulators 

The performance of a voltage regulator is evaluated by observing its output 
voltage under varying load conditions and input voltage variations. Ideally, 
the regulated output voltage should be maintained at a desired level when 
either the current drawn by the load or the applied input voltage changes. 
When troubleshooting a voltage regulator, it is common practice to compare 
its performance with its rated specifications. These specifications are shown 
in the datasheet of the device. 

18.5 Analyze and troubleshoot voltage regulator circuits. 

In order to achieve objective 18.5, you should be able to: 

• examine the datasheet of an IC voltage regulator; 
• distinguish between normal and faulty operations of a voltage regulator 

circuit. 
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Datasheet Analysis - Linear IC Voltage Regulator 

Figure 18.17 shows the data sheet of the LM317 which is a positive 
adjustable regulator. Use this data sheet to answer the following: 

1. How many pins (terminals) does the IC have? ______ 
2. Identify the pin used for adjusting the output voltage of the IC: 

3. What is the range of the adjustable output voltage? ________ to 

4. What is the typical value of line regulation at 25◦C? ______%/V 
5. What is the typical value of load regulation at 25◦C with the output 

voltage VO = 5 V? ______mV%/VO 

6. What is the typical value of the internal reference voltage? ________V 
7. What is the typical value of the minimum load current, IL(MIN), required 

to maintain regulation? ________A 
8. What is the typical value of the maximum output current, IO(MAX), when 

the difference between the input and output voltages (VI - VO) is =15 
V, provided the power dissipation PD is = maximum power dissipation 
PD(MAX) = 20 W, at 25◦C? ________A 

Linear IC Troubleshooting 

Linear IC voltage regulator troubleshooting is rather easy to accomplish. 
Essentially, the IC can be open, shorted, or good. An ohmmeter test of the 
IC generally does not tell a great deal about its condition. For example, if 
a linear IC regulator is shorted, there will be a low resistance between the 
input and output. An open condition cannot be tested with an ohmmeter. This 
means that the IC must be tested in circuit with meaningful power applied. In 
this regard, the IC must have voltage applied to the input and be capable of 
developing a regulated output voltage. This can be observed with a voltmeter. 
As a rule, this test must be performed with varying load values. An extremely 
heavy load may cause the regulator to shut down when its power dissipation 
rating is exceeded. Reducing the load should cause the IC to turn on and 
restore the regulation function. 

Summary 

• Voltage regulators operating within specified conditions maintain a con
stant output voltage regardless of changes in either the input voltage or 
its load current demand. 
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• Voltage regulators are generally described as being linear or switching
based on whether the current flow to the load device is continuous or
interrupted during operation respectively.

• The ability of a regulator to maintain an output voltage at a constant
value regardless of variation in the input voltage is called line regulation.

• The ability of a regulator to maintain an output voltage at a constant
value regardless of variations in the load current demand is called load
regulation.

• Linear regulators are further classified as being either series or a shunt
(parallel), based on how certain electronic components are connected to
the load device.

• Most series linear voltage regulator circuits employ some form of over-
load protection to prevent the series control element from being dam-
aged, whereas most shunt linear voltage regulators require protection
from input over-voltage conditions.

• Switching regulators are classified as being either step-down or step-up.
When the switching electronic component is in series with the load, it
will reduce or step down the voltage. It steps up the voltage when the
switching electronic component is in parallel with the load.

• The efficiency of a voltage regulator can be improved by operating the
control element as a switching device by rapidly switching it on and off.

• A pulse-width modulator (PWM) circuit is frequently employed in
switching the control element of a regulator. It typically generates a
pulsating DC waveform in which the width of the pulses can be adjusted.

• ICs voltage regulators have the essential regulator components built on
a single chip instead of using discrete components.

• The 7800 series is a representative type of fixed positive voltage
regulators, and the 7900 series for fixed negative voltage regulators.

• Adjustable IC voltage regulators are used in applications where non-
standard regulator voltage values are needed.

Formulas

(18-1) Line regulation = ΔVout
ΔVin

(18-2) Load regulation = ΔVout = VNo Load
ΔI

−VFull Load

L IFull Load
V

−INo Load

(18-3) Zener current: IZ = in−VZ
R

(18-4) Voltage output of developed
S

by an op-amp when comparing sample
voltage using resistor networks R1 and R2 with a Zener voltage:
Vout = VZ × (1 + R1 )R2
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(18-5) Maximum load current in series voltage regulator with current limit-
ing: IL(max) =

0.7
RSC

(18-6) % Duty Cycle = ton
T × 100 = ton

ton+toff
× 100

(18-7) Average value of output voltage for a square wave pulsating DC
waveform: Vout =

ton
T × Vin

(18-8) Output voltage de(veloped)by the adjustable voltage regulator LM317:

Vout = V × 1 + R2
REF + IADJR1

×R2

Review Questions

Answer the following questions.

1. A _________________ regulator has a continuous flow of current
supplied to the load device.

a. Switching
b. Step-down
c. Linear
d. Non-linear

2. Which regulator specification identifies the variation of the output
voltage due to changes in the load current.

a. Switching time
b. Line regulation
c. Duty cycle
d. Load regulation

3. If the input voltage applied to a series voltage regulator decreases, the
conduction of the control element _________.

a. Increases
b. Decreases
c. Remains unchanged
d. Will not be affected

4. If the input voltage applied to a shunt voltage regulator decreases, the
conduction of the control element _________.

a. Increases
b. Decreases
c. Remains unchanged
d. Will not be affected
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5. The control element of a shunt voltage regulator is connected in
__________ with respect to the load.

a. Series
b. An open circuit
c. Parallel
d. PWM

6. A(n) _________________________circuit is used for protecting the
control element of a series voltage regulator from excessive load
currents.

a. Output sampling
b. Reference input voltage
c. Thermal overload protection
d. Comparator

7. The __________________circuit of a shunt regulator compares the
sampled output voltage with the reference input voltage.

a. Control element
b. Load
c. Thermal overload protection
d. Error detector

8. The operation of a step-up or step-down switching voltage regulator is
similar to that of a __________________.

a. Resistor
b. Transformer
c. Diode
d. Oscillator

9. The waveform generated by the oscillator used in a step-down switching
regulator is a _____________________.

a. Positive DC
b. Negative DC
c. Square wave
d. AC

10. The adjust terminal of a LM337 negative voltage regulator controls the
_____________.

a. Voltage reference
b. Protection circuitry
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c. Input current 
d. Feedback voltage 

Problems 

Answer the following questions. 

1. Refer to Figure 18.3. The output of a 5-V voltage regulator changes by 
2 mV when the input voltage changes over its permitted operating range. 
Determine the value of the line regulation as a %. 

a. 0%-0.09% 
b. 0.1%-0.9% 
c. 1%-9.99% 
d. 10% or above 

2. Refer to Figure 18.4. The output of a 5-V voltage regulator changes by 
100 mV when the load current changes from no-load to rated full-load. 
Determine the value of the load regulation as a %. 

a. 0%-0.09% 
b. 0.1%-0.9% 
c. 1%-9.99% 
d. 10% or above 

3. Refer to Figure 18.6. Determine the output voltage of the series voltage 
regulator using a 5-V Zener which uses resistor R1 in the feedback 
network of 10 kΩ and R2 of 25 kΩ. 

a. 0-4.9 V 
b. 5-9.9 V 
c. 10-14.9 V 
d. 15 V or above 

4. Refer to	 Figure 18.8. If the short-circuit resistance (RSC) is 1.4 Ω, 
determine the maximum permissible current that can be drawn by the 
load: 

a. 0-0.9 A 
b. 1-2.9 A 
c. 3-4.9 A 
d. 5 A or above 
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5. The PWM output within a switching voltage regulator has an on-time 
(ton) of 3 ms and an off-time (toff ) of 5 ms. Determine the percentage 
duty cycle of the waveform. 

a. 0%-24.9 % 
b. 25%-49.9 % 
c. 50%-74.9 % 
d. 75% or above 

6. The PWM output within a switching voltage regulator has an on-time 
(ton) of 3 ms and an off-time (toff ) of 5 ms. If V in is 10 V, determine the 
average value of the output of the waveform. 

a. 0-3.9 V 
b. 3-5.9 V 
c. 6-8.9 V 
d. 9 V or above 

7. Refer to Figure 18.17. Determine the maximum voltage of the LM317 
voltage regulator, assuming IADJ= 46  μA, VREF = 1.25 V, and fixed 
resistor R1= 770 Ω, and the variable resistor R2= 17 kΩ. 

a. 0-14.9 V 
b. 15-24.9 V 
c. 25-39.9 V 
d. 40 V or above 

8. Refer to Figure 18.17(a) which shows the LM317 adjustable positive 
voltage regulator. If the resistor R2 were to become shorted momentarily, 
what effect will it have on the operation of the regulator? 

a. No effect on regulator operation 
b. Output voltage will become maximum 
c. Output voltage can no longer be adjusted 
d. Output voltage will become 0 V 

9. Refer to	 Figure 18.12 which shows a step-down switching voltage 
regulator. If the control element is open-circuited, how will the output 
respond? 

a. Vout = V in 

b. Vout = 0  
c. Vout = Vout - V in 

d. Vout = -V in 



Self-Examination 765 

Answers
 

Examples
 

18-1. 3.63 μV/V 
18-2. 0.0093333 V/mA = 9.33 mV/mA 
18-3. Regulator I would be better since the output voltage under full load is 

9.9985 V, whereas that for regulator II is 9.95 V. 
18-4. R2 = 30 kΩ, RS= 320 Ω 
18-5. RSC = 5.6 Ω 
18-6. f = 100 Hz, % duty cycle = 25%, Vout= 3.5 V 
18-7. Vout range: 1.25-20.42 V 

Self-Examination 

18.1 

1. remain constant 
2. increase 
3. remain constant 
4. increase 
5. Increase voltage, increase current demand 

18.2 
6. series 
7. increases 
8. decreases 
9. parallel 

10. increase 
18.3 
11. alternating between cutoff and saturation 
12. ton = toff 

13. series 
14. shunt 
15. increases 
18.4 
16. 3, positive 
17. heat sinks 
18. external 
19. duty cycle 
20. Time period 
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Terms 

Line Regulation 

The ability of a regulator to maintain an output voltage at a constant value 
regardless of variations in the input voltage is called line regulation. 

Load Regulation 

The ability of a regulator to maintain an output voltage at a constant value 
regardless of variations in the load current demand is called load regulation. 

Linear voltage regulator 

A voltage regulator in which the control element, usually a transistor, is 
operated in the linear region and is never completely switched off and on 
during its operation. 

Switching voltage regulator 

A voltage regulator in which the control element, usually a transistor, is 
completely switched off and on as part of its regulation normal operations. 

Series linear voltage regulator 

A voltage regulator in which the control element is connected in series with 
the load device and operates in its linear region. 

Shunt linear voltage regulator 

A voltage regulator in which a control element is connected in shunt or 
parallel with the load device and operates in its linear region. 

Foldback current limiting 

A current limiting circuit in a linear voltage regulator which is used for reduc
ing the amount of current flow if the load exceeds the maximum permitted 
current flow through the load. 

Step-up switching voltage regulators 

A type of switching regulator in which the value of the output voltage (Vout) 
generated is smaller than or equal to the applied input voltage (V in). 

Step-down switching voltage regulators 

A type of switching regulator in which the value of the output voltage (Vout) 
can be increased beyond the applied input voltage (V in). 
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Pulse-width modulation (PWM) 

The process of generating a pulsating DC waveform in which the width of 
the pulses can be adjusted. 

Duty cycle 

The ratio of the on-time (ton) to the time period (T) of a pulsating DC 
waveform usually expressed as a percentage. 

Fixed IC voltage regulator 

An integrated circuit voltage regulator that generates a fixed positive or 
negative voltage output when operated within rated specifications. 

Adjustable IC voltage regulator 

An integrated circuit voltage regulator that generates a variable positive 
or negative voltage output when operated within rated specifications. The 
voltage is usually varied by adjusting the values of externally connected 
components. 
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Filter Circuits
 

In communication electronics, there is a need to pass certain frequencies, 
while limiting or rejecting the passage of other frequencies. Filter circuits 
are primarily responsible for achieving this function. Specifically, this type 
of circuit allows only those signals which have frequencies in a certain range 
to pass through it to the output. All other frequencies are attenuated. This 
condition of operation is also referred to as resonance. An application of 
this would be in a transistor radio when selecting a specific radio frequency 
station and rejecting all other stations. 

Filter circuits are primarily constructed using passive components such 
as resistors, capacitors, and inductors. For more precise control of a selected 
range of frequencies, passive components can be connected to an active 
component such as an op-amp. This type of configuration is termed as an 
active filter. 

Filter circuits have a specific frequency response curve associated with 
their operation. In a typical frequency response curve, the frequency is 
graphed on the horizontal axis and the voltage output on the vertical axis. 
Frequency response curves for each type of filter, including active filters, and 
resonant circuits are discussed in the sections that follow. 

Objectives 

After studying this chapter, you will be able to: 

19.1 explain the operation of low-pass, high-pass, band-pass, and band-stop 
filter circuits; 

19.2 plot frequency response curves for low-pass, high-pass, band-pass filter, 
and band-stop filter circuits; 

19.3 explain the use of decibels to measure voltage and power gains in filter 
circuits; 

19.4 analyze the operation of resonant circuits; 

769
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19.5 explain the operation of an active filter circuit; 
19.6 analyze and troubleshoot filter circuits. 

Chapter Outline 

19.1 Filter Circuits 
19.2 Filter Circuit Power and Voltage Gain 
19.3 Resonant Circuits 
19.4 Active Filters 
19.5 Analysis and Troubleshooting – Filter Circuits 

Key Terms 

attenuation 
bandwidth 
low-pass filter 
high-pass filter 
band-pass filter 
frequency response 
quality factor (Q) 
power gain/loss 
power-loss ratio 
voltage-loss ratio 
multiple-order filters 
center frequency 
3 dB-down frequency 
half-power frequency 
resonant frequency 
resonant circuit 
active filter 
dB/decade 
dB/octave 
selectivity 

19.1 Filter Circuits 

Filter circuits are designed to respond in some way to specific or variable 
AC frequencies. These circuits are designed to pass certain frequencies from 
input to output and block other frequencies. You should be able to: 
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19.1. Explain the operation of low-pass, high-pass, band-pass, and band
stop filter circuits. 

19.2. Plot frequency response curves for low-pass, high-pass, band-pass, 
and band-stop filter circuits. 

In order to achieve objectives 19.1 and 19.2, you should be able to: 

• define the terms low-pass, high-pass, band-pass, and band-reject filter 
circuits; 

• calculate the critical (or cutoff) frequencies of various types of filter 
circuits; 

• develop the frequency response curve for various types of filter circuits; 
• identify the output response of different types of filter circuits. 

The basic types of filter circuits are shown in Figure 19.1. Filter circuits 
are used to separate one range of frequencies from another. Low-pass filters 
pass low AC frequencies and block higher frequencies. High-pass filters 
pass high frequencies and block lower frequencies. Band-pass filters pass 
a mid-range of frequencies and block lower as well as higher frequencies. 
Band-stop filters block a mid-range of frequencies and pass lower as well 
as higher frequencies. The ranges of frequencies that are permitted to pass 
through a certain type of filter are considered to be the pass-band frequencies. 
Filter circuits have resistance and capacitance or inductance. The reactance of 
capacitors or inductors makes possible the frequency selection characteristic 
of filter circuits. 

Low-Pass Filters 

An ideal low-pass filter has a constant gain for all low frequencies in its 
pass-band and zero gain for all frequencies that lie outside the pass-band. In 
an ideal filter, there is a specific frequency value below which all signals with 
frequencies below it are passed and above which all frequencies are blocked. 
This is generally called the cutoff or critical frequency (f c). In an actual low-
pass filter, however, higher frequency signals are gradually attenuated instead 
of having an abrupt cutoff transition for frequencies above the pass-band. 

Figure 19.2 shows the circuits used for low-pass filters and a typical 
frequency response curve. Many low-pass filters are series RC circuits (see 
Figure 19.2(a)). Output voltage (Vout) is taken across a capacitor. As fre

1quency increases, capacitive reactance (XC) decreases, since XC = . The 2πfC 
voltage drop across the output is equal to current (I) times the capacitive 
reactance (XC), with XC measured in ohms. So, as the frequency increases, 
the XC decreases and the voltage output decreases. 
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Figure 19.1 Types of filter circuits. (a) Low-pass filter – passes low frequencies and block 
high frequencies. (b) High-pass filter – passes high frequencies and block low frequencies. (c) 
Band-pass filter – passes a mid-range of frequencies and blocks high and low frequencies. 

In a series RC circuit, the cutoff frequency (fc) occurs when XC = R. Thus, 

1 
XC = = R. (19.1)

2πfcC 
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Figure 19.2 Low-pass filters. (a) Series RC low-pass filter. (b) Series RL low-pass filter. (c) 
Frequency response curve of low-pass filter. 

Transposing the frequency and resistance terms, the resonant frequency is 

1 
fc = . (19.2)

2πRC 

Series RL circuits such as that shown in Figure 19.2(b) may also be 
used as low-pass filters. As frequency increases, the inductive reactance 
(XL) also measured in ohms increases since XL = 2πfL. Therefore, any 
increase in XL reduces the circuit’s current. The voltage output taken across 
the resistor is equal to current (I) times the resistance (R), or I × R. So, 
when I decreases, Vout also decreases. As frequency increases, XLincreases, 
I decreases, and Voutdecreases. Note the shape of the frequency response 
curve of Figure 19.2(c), showing that as frequency increases, voltage output 
decreases. In a series RL circuit, the cutoff frequency (fc) occurs when XL = 
R. Thus, 

XL = 2πfcL = R. (19.3) 

Transposing the frequency and resistance terms, the resonant frequency is 

R 
fc = . (19.4)

2πL 

Example 19-1: 

Calculate the capacitive reactance (XC) and capacitance of a low-pass filter 
circuit shown in Figure 19.2. Assume that the value of R = 1 kΩ and f c = 
3 kHz. 
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Solution 

In a series RC circuit, the cutoff frequency (f c) occurs when XC = R  

1 
XC = = R 

2πfCC 
= 1000 Ω = 1 kΩ. 

Under these conditions, the value of the capacitance (C) is 

1 
XC = . 

2πfcC 

Transposing for “C,” the expression becomes 

1 
C = 

2πfcXC 

1 
= 

6.28 × 3000 × 1000 
= 0.05 × 10−6F = 0.05 μF. 

Related Problem 

Calculate the capacitive reactance (XC) and capacitance of a low-pass filter 
circuit shown in Figure 19.2. Assume that the value of R = 1 kΩ and f c = 
100 Hz. 

Example 19-2: 

Calculate the cutoff frequency of a low-pass filter circuit shown in 
Figure 19.2. Assume that the value of R = 10 kΩ and C = 1  μF. 

Solution 

1 
fC = 

2πRC 
1 

= 
6.28 × 10, 000 × 0.000001 

= 15.92 Hz. 

Related Problem 

Calculate the cutoff frequency of a low-pass filter circuit shown in 
Figure 19.2. Assume that the value of R = 50 kΩ and C = 0.05 μF. 
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High-Pass Filters 

Figure 19.3 shows two types of high-pass filters and a typical frequency 
response curve. The series RC circuit of Figure 19.3(a) is a common type 
of RC filters. The voltage output (Vout) is taken across the resistor (R). As 
frequency increases, XC decreases. A decrease in XC causes current flow 
to increase. The voltage output across the resistor (Vout) is equal to current 
(I) times the resistance (R), or I × R. So, as I increases, Voutincreases. As 
frequency increases, XC decreases, I increases, and Vout increases. 

As with the low-pass series RC filter, the cutoff frequency (fc) for a high-
pass filter occurs when XC = R. Thus, 

1 
XC = = R. (19.5)

2πfcC 

Transposing the frequency and resistance terms, the resonant frequency is 

1 
fc = . (19.6)

2πRC 

Note that the positions of the resistor and capacitor in the low- and high-
pass filter circuits have been transposed. 

A series RL circuit such as that shown in Figure 19.3(b) may also be 
used as a high-pass filter. In this circuit, the Vout is taken across the inductor. 
As the applied frequency increases, XL increases, and Vout also increases. In 

Figure 19.3 High-pass filters. (a) Series RC high-pass filter. (b) Series RL high-pass filter. 
(c) Frequency response curve of high-pass filter. 
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this circuit, as frequency increases, XL increases and Vout increases. Note the 
shape of the frequency response curve of Figure 19.3(c), showing that as the 
frequency increases, the voltage output increases. Again, as with the series 
RL low-pass filter, the cutoff frequency (f c) occurs when XL = R. Thus, 

XL = 2πfcL = R. (19.7) 

Transposing the frequency and resistance terms, the resonant frequency is 

R 
fc = . (19.8)

2πL 

Note that the positions of the resistor and inductor in the low- and high-
pass filter circuits have been transposed. 

Example 19-3: 

Calculate the cutoff frequency of a high-pass filter circuit shown in 
Figure 19.3. Assume that the value of R = 650  Ω and L = 10 mH.  

Solution 

2πfL = R 

R 
= fc

2πL 
650 

fc = = 10, 350.3Hz  
6.28 × 10 × 10−3 

= 10.35 kHz. 

Related Problem 

Calculate the cutoff frequency of a low-pass filter circuit shown in 
Figure 19.3. Assume that the value of R = 100  Ω and L = 5 mH.  

Band-Pass Filters 

The band-pass filter of Figure 19.4(a) is a combination of low-pass and 
high-pass filter sections. It is designed to pass only an intermediate band of 
frequencies that lie between a designated low- and high-frequency limit. It 
also blocks the remaining low and high frequencies. 

In Figure 19.4(a), R1 and C1form a low-pass filter and R2and C2 form 
a high-pass filter. The range of frequencies to be passed is determined by 
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Figure 19.4 Band-pass filters. (a) Band-pass filter circuit configuration. (b) Frequency 
response curve of band-pass filter. 

calculating the values of resistance and capacitance. Note the shape of the 
frequency response curve of Figure 19.4(b), showing that on the low-
frequency end, as frequency goes down, voltage output goes down, and on 
the high-frequency end, as frequency increases, voltage output decreases. The 
band-pass filter, thus, has a lower critical frequency (f cl) that corresponds to 
the initial low-pass filter section, and an upper critical frequency (f cu) that 
corresponds to the subsequent high-pass filter section. The bandwidth of the 
filter is defined as the range of frequencies between the lower and upper 
critical frequencies. 

BW = fcu − fcl. (19.9) 

The center frequency (fcf ) of a band-pass filter is defined as the fre
quency about which the pass-band of the filter is centered. It is defined as the 
geometric mean of the upper and lower critical frequencies and is expressed 
as follows: 

fcf = fcu × fcl. (19.10) 

The quality factor (Q) of a band-pass filter is the ratio of the center 
frequency (f cf ) to the bandwidth (BW). 

fcf
Q = . (19.11)

fcu − fcl
The narrower the bandwidth, the higher is the quality factor. A high 

quality factor is desirable as it is an indication of the selectivity of the band
pass filter. Selectivity is important in radio receiver tuning circuits where 
multiple stations use the same or similar operating frequencies. This helps 
in the selection or distinguishing a particular radio station from others. 
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Example 19-4: 

Calculate the center frequency (f cf ) of a band-pass filter circuit shown in 
Figure 19.4. Assume that the lower critical frequency (f cl) = 10 Hz and the 
upper critical frequency (f cu) = 20 kHz. 

Solution 

fcf = fcu × fcl

= 20, 000 × 10 

= 200, 000 

= 447.21Hz.  

Related Problem 

Calculate the center frequency (f cf ) of a band-pass filter circuit shown in 
Figure 19.4. Assume that the lower critical frequency (f cl) = 500 Hz and the 
upper critical frequency (f cu) = 10 kHz. 

Band-Stop/Notch Filters 

A band-reject filter is designed to block only an intermediate band of 
frequencies that lie between designated low- and high-frequency limits. It 
permits the remaining low and high frequencies to pass through the output. 
The band-stop filter, thus, functions as a dual of the band-pass filter. These 
filters are also called band-reject filters. 

The circuit diagram of a band-stop filter is shown in Figure 19.5(a). It is
a combination of low-pass and high-pass filter sections that are connected in 
parallel with each other. The low-pass filter permits only frequencies below 
the lower critical frequency (f cl) to pass through it, whereas the high-pass 
section permits only frequencies above the high critical frequency (f cu) to
pass through it. With the parallel circuit connection of the low-pass and high-
pass filters and for f cu greater than f cl, the range of frequencies between 
f cl and f cu are attenuated. The cumulative effect is that there is a range 
of frequencies that is blocked while others are permitted to go through the 
band-stop filter. The frequency response of a band-reject filter is shown 
in Figure 19.5(b). The bandwidth of the band-stop filter is the range of 
frequencies that are blocked, i.e., between f cu and f cl. 

BW = fcu − fcl. (19.12) 
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The center frequency (fcf ) of a band-stop filter is defined as the fre
quency about which the blocking band of the filter is centered. It is defined 
as the geometric mean of the upper and lower critical frequencies and is 
expressed as 

fcf = fcu × fcl. (19.13) 

Example 19-5: 

Calculate the bandwidth (BW) of a band-stop filter circuit shown in 
Figure 19.5. Assume that the lower critical frequency (f cl) = 1 kHz and the 
upper critical frequency (f cu) = 2.5 kHz. 

Solution 

BW = fcu − fcl
= 2.5− 1kHz 

= 1.5kHz. 

Related Problem 

Calculate the bandwidth (BW) of a band-stop filter circuit shown in 
Figure 19.5. Assume that the lower critical frequency (f cl) = 15 MHz and 
the upper critical frequency (f cu) = 15.1 MHz. 

Figure 19.5 Band-stop filters. (a) Band-stop filter circuit configuration. (b) Frequency 
response curve of band-stop filter. 
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Self-Examination

Answer the following questions.

1. A _____________filter will pass low-frequency signals and will block
high-frequency signals.

a. Low-pass
b. High-pass
c. Band-pass
d. Band-stop

2. A _____________filter will block low-frequency signals and will pass
high AC signals.

a. Low-pass
b. High-pass
c. Band-pass
d. Band-stop

3. A _____________filter will pass a mid-range of frequency signal and
will block all other frequency signals.

a. Low-pass
b. High-pass
c. Band-pass
d. Band-stop

4. A _____________filter will block a mid-range frequency signal and will
pass all other frequency signals.

a. Low-pass
b. High-pass
c. Band-pass
d. Band-stop

5. As the frequency increases, ____________ reactance decreases,
whereas _____________reactance increases.

a. Inductive, capacitive
b. Capacitive, inductive
c. Resistive, inductive
d. Capacitive, resistive
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19.2 Filter Circuit Power and Voltage Gain 

The term decibel or dB is commonly used to show the relationship of power 
or voltage level changes. In filter circuits, decibels are used to show the power 
or voltage gain/loss at various frequencies. This information is often dis
played graphically as a frequency response curve for various filter circuits. 

19.3 Explain the use of decibels to measure voltage and power gains in 
filter circuits. 

In order to achieve objective 19.3, you should be able to: 

• define what is meant by the term 3 dB-down frequency; 
• calculate the power and voltage gains/losses; 
• develop the frequency response curve of a filter circuit that shows the 

relationship between the voltage loss (dB) and the frequency changes. 

The fundamental unit is the bel, which is derived from the surname of 
Alexander Graham Bell. The bel (B), however, is a rather large unit defined 
by the following equation: 

Pout
Power gain loss (B) = log10 Pin 

where P1 and P2 are comparisons of output power over input power and P1 

is greater than P2. 
A more practical expression of changes is represented by the decibel 

(dB). The term deci is the metric equivalent of 0.1 or 1/10 of the fundamental 
unit. A dB is, therefore, 1/10 of a bel, or 10 dB = 1 bel. The mathematical 
expression for the power gain or loss in terms of decibels (dB) is 

Pout
Power gain (dB) = 10 log10 ; when  Pout > Pin (19.14)

Pin 

Pout
Power loss (dB) = −10 log10 ; when  Pout < Pin. (19.15)

Pin 

For calculating the voltage gain, an expression that compares the output 
voltage to the input voltage is needed. The power and voltage are related by 
the following expression: 

V V 2 

P = V × I = V × = 
R R 

Pout
Gain (dB) = 10 log10 Pin 
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Figure 19.6 Decibel values used to plot frequency response.

V 2

= 10 log out
10 V 2( in )2V

= 10 log out
10 Vin

Vout
Voltage gain (dB) = 20 log10 . (19.16)

Vin

Decibel values are also used to plot frequency response curves, as shown
in Figure 19.6. This unit of measure is determined by a logarithmic scale.
Our ears, for example, respond to logarithmic changes in sound. A sound
level that physically increases by 10 times (10 dB) appears only as an increase
of one time to the human ear, or a doubling in loudness. Likewise, a sound
level that increases 100 times (20 dB) appears as an increase of twice as
loud as the previous value, or as an increase by a factor of four times the
initial loudness level. In this system, a sound level or power level of 0 dB is
considered to be at the threshold of hearing or reference level.

A sample problem using decibels follows. The gain of an amplifier that
has an input of 25 mW and an output of 300 mW is determined as follows.
The power gain is found by using the following formula:

Pout
Power gain (dB) = 10 log10 Pin
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300 mW 
= 10  log10 25 mW 
= 10  log10 12 

= 10  × 1.0791 

= 10.791. 

The voltage gain of an amplifier may also be expressed in decibel values. 
The decibel voltage gain formula is 

dB = 20 logV0/Vin. 

Note that the logarithm of V0/V in is multiplied by 20 in this equation. 
As an example of the decibel voltage gain equation, assume that an 

amplifier has an input voltage of 0.45 Vp−p and the output voltage is 0.86 
Vp−p. The voltage gain in decibels is 

Vout
Voltage gain (dB) = 20 log10 Vin 

0.86 Vp−p
= 20  log10 0.45 Vp−p 

= 20 log 1.91 

= 20  × 0.2812 

= 2.812. 

When the decibel value of an amplifier is known, the power gain or volt
age gain may be determined by using inverse logarithms or anti-logarithms. 
An inverse logarithm is the number from which a logarithm is derived. The 
process of finding an inverse logarithm is the reverse of finding a logarithm. 
These values may also be easily determined by using the inverse logarithm 
function on a scientific calculator. 

The power gain ratio or Pout/Pin of a device, which has a power gain in 
decibels of +3 dB, can be found as follows: 

Pout
dB = 10  log10
 Pin
 

Pout
3 = 10 log10
 Pin
 

Pout
0.3 = log10 (dividebothsidesoftheequationby10) 

Pin 
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inv(log10 0.3) = Pout/Pin(findinverselogarithm) 

100.3 = Pout/Pin 

1.995 = Pout/Pin. 

The value of 1.995 ≈ 2 obtained in the example is the power ratio. 
An amplifier with a power gain of +3 dB, thus, has a power gain ratio of 
approximately 2 to 1. 

Decibels are also used to express reduction in power or voltage levels. 
Reduction of input signal level in a circuit is called attenuation. A circuit that 
attenuates a signal is compared to an amplifier circuit in Figure 19.7. Note 
that the decibel value is marked with a minus sign when the circuit attenuates 
the input signal. A common example of attenuation occurs in coaxial cable or 
other signal transmission cables in which a reduction of signal occurs from 
input to output. 

Decibels are commonly used to plot frequency response curves for filter 
circuits. One example of a low-pass filter circuit is shown in Figure 19.8(a). 
The procedure for plotting a frequency response curve for the low-pass circuit 
is shown in Figure 19.8(b). 

The selection of decibel values of 3, 9, 15, and 21 dB is standard for 
plotting frequency response in terms of voltage output of a circuit. First, 
locate the 3-dB line. Note that with a 3-dB reduction of a signal (denoted as 
−3 dB), the power output is approximately 0.5, or 50%, of the 0-dB reference 

Figure 19.7 Comparison of (a) attenuator and (b) amplifier circuits. 
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Figure 19.8 Frequency response of a low-pass filter circuit. (a) Circuit. (b) Procedure for 
plotting frequency response curve. 

level and the voltage is approximately 0.707, or 70.7%, of the 0-dB level. 
Since the power output of a circuit reduces to about 50% of its original value 
(0 dB), the 3-dB frequency is called the half-power point. 
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The power loss ratio or Pout/Pin of a device, which has a power loss in 
decibels of -3 dB, can be found as follows: 

Pout
Power gainloss (dB) = 10 log10
 Pin
 

Pout−3 = 10 log10 Pin 

Pout−0.3 = log10 (dividebothsidesoftheequationby10) 
Pin 

inv(log10 −0.3) = Pout/Pin(findinverselogarithm) 

10−0.3 = Pout/Pin 

0.5012 = Pout/Pin. 

The value of 0.5012 ≈ 0.5 obtained in the example is the power loss ratio. 
A device with a loss of −3 dB, thus, has a power loss ratio of approximately 
0.5 to 1. 

In general, the power gain/loss ratio of a device can be derived 
from the expression for the power gain/loss in decibels as shown by the 
following: 

Pout
dB = 10 log10 Pin 

dB Pout
= log1010 Pin 

dB Pout
10 10 = . 

Pin 

Thus, the power loss ratio of a device can be expressed as follows: 

dB 
= 10  10 . (19.17)

Pout 

Pin 

The voltage loss ratio or Vout/V in of a device, which has a voltage loss in 
decibels of −3 dB, can be found as follows: 

Vout
Voltage gainloss (dB) = 20 log10
 Vin
 

Vout−3 = 20 log10 Vin 
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Vout−0.15 = log10 (dividebothsidesoftheequationby10) 
Vin 

inv(log10 −0.15) = Vout/Vin(findinverselogarithm) 

10−0.15 = Vout/Vin
 

0.7071 = Vout/Vin.
 

The value of 0.707 obtained in the example is the voltage loss ratio. A 
device that has a loss of −3 dB, thus, has a voltage loss ratio of approximately 
0.707 to 1. 

The power and voltage loss ratio values of the other decibel points (−9, 
−15, and −21 dB) can be found by the same procedure. These are listed in 
the table below: 

Decibels(dB) Power loss ratioPout/Pin Voltage loss ratioVout/V in 

−3 0.5012 0.7071 
−9 0.1259 0.3548 
−15 0.03162 0.1778 
−21 0.00794 0.0891 

Using a same procedure as that used for deriving the power gain/loss 
express, the voltage gain/loss ratio of a device is expressed as follows: 

dBVout 
= 10  20 . (19.18)

Vin 

While developing the frequency response curve of a filter (see 
Figure 19.6), the first step is to determine the critical (3 dB-down) frequency 
or frequencies. For example, in the case of the low-pass filter circuit shown 
in Figure 19.8(a), the critical frequency is determined by the formula: fc = 

1 to be 5843 or 5.8 kHz. The power gain/loss of the filter remains at 2πRC 
approximately 0 dB starting from 0 Hz (DC) through its critical frequency 
of 5.8 kHz. The −9 dB frequency is obtained next by doubling the −3 dB  
frequency, i.e., f −9dB = 2 × f−3dB =2 × 5.8 kHz = 11.6 kHz. The −15 dB 
frequency is approximately four times the critical frequency (23.2 kHz), and 
the −21 dB frequency is eight times the critical frequency (46.4 kHz). For 
plotting the frequency response curve, the gain/loss values in decibels are 
plotted according to specific multiples of the critical frequency, for example 
(−3 dB, 5.8 kHz) or (−9 dB, 11.6 kHz). These points are connected forming 
the frequency response curve for the low-pass filter of Figure 19.8(a). 
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A high-pass filter circuit and the procedure for plotting its frequency 
response curve are shown in Figure 19.9(a). The procedure for developing 
a frequency response curve is shown in Figure 19.9(b). This includes iden
tification of the 3 dB-down frequency and those frequencies corresponding 
to the −9, −15, and −21 dB voltage loss values. These points are plotted to 
form the frequency response curve of Figure 19.9(c). 

Band-pass filter circuits are a combination of low-pass and high-
pass filter circuits. An example of a band-pass filter circuit is shown in 
Figure 19.10(a). The procedure for plotting a frequency response curve for 

Figure 19.9 Frequency response of a high-pass filter circuit. (a) Circuit. (b) Procedure for 
plotting frequency response curve. 
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Figure 19.10 Frequency response of a band-pass filter circuit. (a) Circuit. (b) Procedure for 
plotting frequency response curve. 

this filter is given in Figure 19.10(b). The 3-dB frequency on the low-
frequency end of the response curve is called the low cutoff frequency (fLC). 
The high-frequency 3-dB point is called the high cutoff frequency (fHC). 

Example 19-6: 

Calculate the voltage loss ratio Vout/V in of a device, which has a voltage loss 
of −27 dB. 
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Solution

Vout
Voltage gainloss (dB) = 20 log10 Vin

V− out
27 = 20 log10 Vin

V− out
1.35 = log10 (dividebothsidesoftheequationby10)

Vin

inv(log10−1.35) = Vout/Vin(findinverselogarithm)

10−1.35 = Vout/Vin

0.04467 = Vout/Vin.

Related Problem

Calculate the voltage loss ratio Vout/V in of a device, which has a voltage loss
of −33 dB.

Self-Examination

Answer the following questions.

6. The 3-dB point on a frequency response curve indicates the_________-
power point(s).

a. Quarter
b. Half
c. Full
d. Zero

7. The cutoff frequency or frequencies of a filter circuit signifies the
_________-power point(s).

a. Quarter
b. Half
c. Full
d. Zero

8. When the power output (Pout) is less than the power input (Pin), the
power ratio (Pout/Pin) will be:

a. Greater than 1
b. Less than 1
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c. Equal to 1 
d. Zero 

9. The 0 dB portion on a frequency response curve indicates where the 
frequencies for which the output is: 

a. Greater than the input 
b. Smaller than the input 
c. Equal to the input 
d. Zero 

10. When the output of a high-pass filter is connected to the input of a low-
pass filter, the resultant circuit will function as a ________________ 
filter. 

a. Low-pass 
b. High-pass 
c. Band-pass 
d. Band-stop 

19.3 Resonant Circuits 

Resonant circuits are designed to pass a certain range of frequencies and 
block other frequencies. Such circuits have resistance, inductance, and capac
itance. Figure 19.11 shows the two types of resonant circuits – series resonant 
circuits and parallel resonant circuits – and their frequency response curves, 
which show how circuit current and impedance vary with frequency. 

19.4 Analyze the operation of resonant circuits. 

In order to achieve objective 19.4, you should be able to: 

• compare the operation of series and parallel resonant circuits; 
• develop frequency response curves for resonant circuits. 

Series Resonant Circuits 

Series resonant circuits are series circuits that have inductance, capacitance, 
and resistance. Series resonant circuits offer a low impedance to some AC 
frequencies and a high impedance to other frequencies. They are used to 
select or reject frequencies of a frequency range applied to the input of a 
circuit. 
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Figure 19.11 Resonant circuits. (a) Series resonant. (b) Parallel resonant. 

In a series circuit, the current flow through all components is the same. 
However, the voltage across each component may be different. The voltage 
across an inductor and a capacitor in an AC series circuit are in direct 
opposition to each other (180◦ out of phase) and cancel each other out. The 
frequency applied to a series resonant circuit affects inductive reactance (XL) 
and capacitive reactance (XC). At a specific input frequency, XL of a series 
RLC circuit equals XC. The voltages across the inductor (VL) and capacitance 



19.3 Resonant Circuits 793 

(VC) in the circuit are then equal. The total reactive voltage (VX) is 0 V at this 
frequency. The reactance of the inductor and the capacitor cancel each other 
at this frequency. The total reactance (XT) of the circuit (XL - XC) is zero. The 
impedance (Z) of the circuit is then equal to the resistance (R). 

The frequency at which XL = XC in a circuit is called resonant frequency 
(fr). Thus, 

XL = XC 

1 
2πfrL = 

2πfrC 
2πfrL × 2πfrC = 1  

4π2f2LC = 1r 

1 
f2 = r 4π2LC  

1 
fr =

4π2LC 

1 
fr = √ . (19.19) 

2π LC 

In this formula, L is in henries, C is in farads, and fr is in hertz. Note that 
as either inductance or capacitance increases, resonant frequency decreases. 
When the resonant frequency is applied to a circuit, a condition called 
resonance exists. Resonant frequency is calculated in the same way for series 
and parallel circuits. 

Resonance for a series circuit causes the following conditions to exist: 

(1) XL = XC 

(2) XT is equal to zero 
(3) VL = VC 

(4) Total reactive voltage, VX = 0  
(5) Z = R and is minimum 
(6) Total current (IT ) is maximum 

These are the basic characteristics of all series resonant circuits. Remember 
that these characteristics apply to series RLC circuits. 

The ratio of reactance (XL or XC) to resistance (R) at resonant frequency 
of a circuit is called quality factor (Q). This ratio is used to determine 
the range of frequencies or bandwidth (BW) a resonant circuit will pass. 
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A sample series resonant circuit problem is shown in Figure 19.12(a). The
 
resonant frequency, bandwidth, lower- and upper-cutoff frequencies, quality
 

Figure 19.12 Series-resonant circuit problem. (a) Circuit with component values. (b) Proce
dure to determine circuit values. 
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factor, and component voltage values can be determined by the procedure 
shown in Figure 19.12(b). 

The frequency range that a resonant circuit will pass is the bandwidth 
(BW). The frequency cutoff points are at approximately 70% of the maximum 
output voltage. These are called the low-frequency cutoff (f LC) and high-
frequency cutoff (f HC). The bandwidth of a resonant circuit is determined by 
the Q of the circuit. The circuit Q is determined by the ratio of XL and XC 

to R (XL/R). Resistance is the primary factor that determines bandwidth, as 
summarized by the following: 

(1) When R is increased, Q decreases, since 

Q = XL/R. (19.20) 

(2) When Q decreases, bandwidth increases, since 

BW = fr/Q. (19.21) 

(3) Thus, when R is increased, bandwidth increases. 

Two series resonant circuit response curves are shown in Figure 19.13. 
These curves show the effect of resistance on bandwidth. The curve of 
Figure 19.13(b) has high selectivity, meaning that a resonant circuit with 
this response curve would select a small range of frequencies. Selectivity is 
very important for radio and television tuning circuits and other electronic 
applications. 

Example 19-7: 

Calculate the resonant frequency of the series RLC circuit shown in 
Figure 19.12, assuming R = 1000 Ω, L = 25 mH,  and C = 0.5  μF. 

Solution 

The resonant frequency of a series RLC circuit (f r) is  

1 
fr = √ 

2π LC 
1 

= √ 
6.28 0.025 × 0.5 × 10−6 

1 1 
= = = 1424.25 Hz. 

6.28 × 1.11 × 10−4 7.02 × 10−4 
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Figure 19.13 Effect of resistance on bandwidth and selectivity of resonant circuit. (a) High 
resistance (low selectivity). (b) Low resistance (high selectivity). 

Related Problem 

Calculate the resonant frequency of the series RLC circuit shown in Fig
ure 19.12, assuming R = 1000 Ω, L = 50 mH,  and C = 250  pF.  
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Parallel Resonant Circuits 

Parallel resonant circuits have characteristics similar to series resonant 
circuits. The electrical properties of parallel resonant circuits are somewhat 
different, but they accomplish the same purpose as that of series circuits. 
This circuit is a parallel combination of L and C used to select or reject AC 
frequencies. 

In a parallel circuit, the voltage across all components is the same. 
However, the current through each component may be different. With the 
resonant frequency (f r) applied to a parallel resonant circuit, the following 
conditions occur: 

(1) XL = XC 

(2) XT = 0  
(3) IL = IC 

(4) Total reactive current, IX = 0  
(5) Z = R and is maximum 
(6) Total current (IT) is minimum 

The calculations used for parallel resonant circuits are similar to those for 
series circuits. However, quality factor Q is found for parallel circuits 
by using the formula Q = R/XL, and current values are used rather than 
reactive voltage drops. A sample parallel resonant circuit problem is shown in 
Figure 19.14(a). The resonant frequency, bandwidth, lower- and upper-cutoff 
frequencies, quality factor, and component current values can be determined 
by the procedure shown in Figure 19.14(b). 

Example 19-8: 

Calculate the resonant frequency, quality factor, and bandwidth of the parallel 
RLC circuit shown in Figure 19-14, assuming R = 1000 Ω, L = 25 mH, and 
C = 0.5 μF. 

Solution 

The resonant frequency of a series RLC circuit (f r) is  

1 
fr = √
 

2π LC
 
1 

= √ 
6.28 0.025 × 0.5 × 10−6 
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Figure 19.14 (a) Parallel resonant circuit. (b) Problem solving procedure. 

1 1 
= = = 1424.25 Hz 

6.28 × 1.11 × 10−4 7.02 × 10−4 

R R 
Q = = 

XL 2πfL
 
1000
 

= 
6.28 × 1424.25 × 25 × 10−3 



19.3 Resonant Circuits 799 

= 4.47
 

fr 1424.25 
BW = = = 318.6Hz. 

Q 4.47 

Related Problem 

Calculate the resonant frequency, quality factor, and bandwidth of the parallel 
RLC circuit shown in Figure 19.14, assuming R = 100 kΩ, L = 50 mH, and 
C = 250 pF. 

Self-Examination 

Answer the following questions. 

11. Resonant frequency in a RLC circuit refers to a condition where 

a. XL > XC 

b. XL < XC 

c. XL = XC 

d. R = X for all frequencies 

12. The impedance of a series RLC circuit at the resonant frequency is 

a. Maximum 
b. Minimum 
c. Zero 
d. Infinite 

13. When the Q factor of resonant circuit is large, its bandwidth is 

a. Large 
b. Small 
c. 0 
d. Infinite 

14. The impedance of a parallel RLC circuit at the resonant frequency is 

a. Maximum 
b. Minimum 
c. Zero 
d. Infinite 

15. Referring to the frequency response curves shown in Figure 19.13, as  
the bandwidth increases the selectivity: 

a. Decreases 
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b. Increases 
c. Remains constant 
d. Is variable 

19.4 Active Filters 

An active filter is a device that passes electric currents at a certain frequency 
or frequency ranges while preventing the passage of others. An active filter is 
composed of a network of resistors, capacitors, or inductors that control the 
operation of a solid-state device, usually op-amp(s). Passive filters, discussed 
previously, are constructed of only a network of inductors, capacitors, and 
resistors. 

19.5 Explain the operation of an active filter circuit. 

In order to achieve objective 19.5, you should be able to: 

• distinguish between active and passive components in filter circuits; 
• determine the order of a given filter circuit. 

Active filters have several unique advantages over passive filters. When a 
passive filter is inserted into a circuit, it normally causes some power and 
voltage losses to occur. This is called the insertion loss. Active filters that 
include amplification components such as op-amps can compensate for such 
insertion losses. Since an operational amplifier is capable of providing gain, 
the input signal is not attenuated, while the filter passes specific frequencies. 
Additionally, active filters typically cost far less than passive filters because 
inductors are expensive and are not always available in specific values. Active 
filters are also easy to tune (adjust) over a wide frequency range. Another 
advantage is that, as a result of using an operational amplifier, active filters 
have high input and low output impedance values providing isolation between 
the filter circuit and the source or load. 

Some disadvantages of active filters include frequency response since it is 
limited by the type of operational amplifier used in the circuit. Unlike passive 
filters, active filters require a power supply for the operational amplifier. 
Several examples of active filter circuits are summarized in this chapter. 

Order of a Filter Circuit 

For passive filters, the term order describes both the number of cascaded 
resistor-capacitor (R-C) filter networks and the slope of the stop band. 
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Figure 19.15 First-, second-, and third-order low-pass filters. 

Figure 19.15 shows first-order, second-order, and third-order low-pass filters, 
along with the roll-off curve for each. The single-stage filter always has 
a roll-off rate of 20 dB per decade. This is true for low-pass filters and 
high-pass filters. Decades will be discussed in a following section. 

If we cascade or series-connect two first-order filter networks, a second-
order filter, with a roll-off rate of 40 dB per decade results. Cascading three 
first-order filter networks produces a third-order filter with a roll-off rate of 
60 dB per decade. The beginning of the roll-off is still at 3 dB below the top 
of the curve. If the top of the curve is set at 0 dB, the start of the roll-off is −3 
dB. The first-, second-, and third-order high-pass filters are also composed of 
cascaded first-order filter networks, and they have roll-off rates of 20, 40, and 
60 dB per decade. The frequency at the −3 dB point, where the pass-band 
starts to roll off, is called the cutoff frequency (fc). 

First-Order Active Low-Pass Filters 

The low-pass filter allows incoming signals to be passed through the circuit 
with little or no attenuation up to a certain frequency. Above this frequency, 
the filter rejects or greatly attenuates the input signal. When working with 
filters, we are primarily interested in the relationship of the filter’s output 
voltage compared to its input voltage at various frequencies. If the filter’s 
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(a)

(b)

(c)

Figure 19.16 (a) Low-pass filter circuit. (b) Low-pass filter response curve. (c) First-order 
low-pass active filter circuit. 

output voltage is larger than its input voltage, there is gain, and the dB value 
will be a positive number. On the other hand, if the output voltage is less than 
the input voltage, there is a loss, or attenuation, and the dB value will be a 
negative number. 

A first-order low-pass filter’s amplitude response is essentially constant 
up to the circuit’s cutoff frequency. The range of frequencies in the region of 
constant amplitude (see Figure 19.16) is called the pass-band. As the input 
signal frequency exceeds the low-pass filter’s cutoff frequency, the dB ampli
tude response decreases linearly as the frequency increases logarithmically. 
The frequency range above the filter’s cutoff frequency is called the stop 
band. The following equation is used to calculate the cutoff frequency for all 
first-order filters: 

1 
fc = . 

2πRC 
The dB amplitude response in the stop band decreases linearly. The rate 

of decrease (slope of the line) is called the roll-off. This is called the “order” 
of the filter. Above the cutoff frequency, the roll-off of a first-order, low-pass 
filter is −6 dB per octave. 
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An octave is either a doubling or a halving of frequency. For example, a 
frequency of 500 Hz, octaves above are 1 kHz, and 2 kHz, 4 kHz and beyond. 
Octaves below 500 Hz are 250, 125, 62.5 Hz, and continuing. A decade is 
either a ten-fold increase or decrease in frequency. For example, for the 500
Hz frequency, decades above are 10,000 kHz, etc., and decades below are 
25,100, 10, 1 Hz, etc. 

Octaves and decades are plotted on semi-logarithmic scales used for the 
horizontal axis of frequency response curve graphs. A decade scale means 
that each major division on the horizontal axis is ten times the frequency of 
the previous division. The decade scale allows a large range of frequencies to 
be plotted on a sheet of graph paper. 

The octave scale is used for audio frequency response curves because 
it corresponds to the musical scale. On keyboard instruments, shown in 
Figure 19.17, middle A has a frequency of 440 Hz. The A above middle 
A has a frequency of 880 Hz. The next-higher frequency A has a frequency 
of 1760 Hz. Note that the frequency doubles with each octave. The word 
octave is derived from octal (meaning eight) and is used because there are 
eight whole-note tones from A to A, from B to B, C to C, etc. 

Refer back to Figure 19.16(c) and note that an active low-pass filter is 
nothing more than a passive low-pass filter with an added voltage-follower 
op-amp. The high op-amp input impedance prevents the filter from being 
loaded and the op-amp output can drive a significant load. Also note in 
Figure 19.15 the roll-off values of 20 dB per decade for first-order low-pass 
filters. 

A second-order, low-pass filter has a roll-off equal to two times a first-
order filter (−12 dB per octave). A third-order filter has a roll-off of −18 dB 
per octave and so on for higher-order low-pass filters. 

Figure 19.17 Keyboard scale – octaves. 
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In terms of efficiency, an active filter of higher than a second-order with 
a single operational amplifier network is not practical. A third-order filter is 
constructed of op-amps in series or cascade of a first-order and a second-
order, low-pass section. For higher-order active filters, one or more first- and 
second-order sections are cascaded. 

The cutoff frequency of a filter is the frequency at which the voltage gain 
drops to 0.707 times the pass-band gain. The voltage gain response is linear 
from the pass-band through a point that is 3 dB below the pass-band gain. 

First-Order Active High-Pass Filter 

An active high-pass filter is a passive high-pass filter with an added 
voltage-follower op-amp as shown in Figure 19.18. The high op-amp input 
impedance prevents the filter from being loaded, while the op-amp output can 
drive a significant load. The −3 dB cutoff frequency (f c) is calculated using 
the same equation as low-pass filters. 

Second-Order Low-Pass Filter 

A second-order active low-pass filter uses two first-order active op-amp 
filters connected in cascade as shown in Figure 19.19. The op-amps may 
provide voltage gain or be unity-gain voltage followers. 

Each filter section roll-off has a 20 dB per decade or 40 dB per decade 
total (6 dB per octave or 12 dB per octave total). 

The −6 dB frequency is calculated using the following equation: 

1 
fc = . 

2πRC 

Figure 19.18 (a) First-order passive high-pass filter circuit. 
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Figure 19.19 Second-order active low-pass filter circuit. 

Second-Order High-Pass Filter 

A second-order active high-pass filter uses two first-order active op-amp 
filters connected in cascade as shown in Figure 19.20. The op-amps may 
provide voltage gain or may be unity-gain voltage followers, just as low-pass 
filters. 

Each filter section roll-off has 20 dB per decade or 40 dB per decade total 
(6 dB per octave or 12 dB per octave total), just as low-pass filters. 

Figure 19.20 Second-order high-pass filter circuit. 
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The −6 dB frequency is calculated using the same equation as low-pass 
filters. 

Second-Order Band-Pass Filters 

Figure 19.21 is an inverting amplifier that uses negative feedback. The 
amplifier gain can be set to unity by making Rf = R1. This filter is a band-pass 
filter, with a low-pass and a high-pass filter. 

Band-pass center frequency is calculated as follows: 

1 R1 + R2
fcf = . (19.22)

2πC R1R2R3 

Quality factor (Q) is calculated as follows: 

Q = πfcf CR3. (19.23) 

Bandwidth (BW) is calculated as follows: 

BW = fcf /Q. (19.24) 

Figure 19.21 Band-pass active filter circuit. 
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Example 19-9: 

Calculate the cutoff frequency of a low-pass active filter circuit shown in 
Figure 19.16. Assume that the value of R1 = 10 kΩ and C1 = 1  μF. 

Solution 

1 
fc = 

2πR1C1 
1 

= 
6.28 × 10, 000 × 0.000001 

= 15.92 Hz. 

Related Problem 

Calculate the cutoff frequency of an active low-pass filter circuit shown in 
Figure 19.16. Assume that the value of R = 50 kΩ and C = 0.05 μF. 

Self-Examination 

Answer the following questions. 

16. A passive filter does not have a(n):

a. Resistor
b. Inductor
c. Capacitor
d. Op-amp

17. The order of a filter circuit refers to the number of:

a. Resistors
b. Capacitors
c. cascaded filters
d. Component combinations

18. The insertion loss of an active filter is:

a. Infinite
b. High
c. Medium
d. Low



808 Filter Circuits 

19. Referring to the first-order high-pass active filter of Figure 19.18, the 
values of the components C1 and R1 determine the ________________. 

a. Gain 
b. Resonant frequency 
c. Cutoff frequency 
d. Inductive reactance 

20. Referring to the first-order low-pass active filter of Figure 19.16, as the  
order of the filter increases, the dB loss per decade, beyond the 3 dB 
point will ______________. 

a. Increase 
b. Decrease 
c. Remain constant 
d. Be variable 

19.5 Analysis and Troubleshooting – Filter Circuits 

The performance of a filter circuit is evaluated by observing its output 
waveform after applying an input signal that has a known amplitude and 
frequency. The output response of a filter is determined by the character
istics of the circuit and the applied frequency. In this section, a low-pass 
filter will be examined to determine its output response and possible faulty 
conditions. 

19.6 Analyze and troubleshoot filter circuits. 

In order to achieve objective 19.6, you should be able to: 

• observe the input and output AC waveforms of different filter circuits on 
an oscilloscope; 

• distinguish between normal and faulty operation of a filter circuit. 

When faults occur in a filter circuit, there will be noticeable difference in 
the output response. These faults could be caused by failure of either the 
passive or active components used in its construction. Shorts, open-circuits, 
or leakage are common faults of the passive components. 

Faults in the active components, such as op-amps, generally cause a 
change in the desired level of amplification. In most cases, repair of the 
active components is not possible owing to the complexity of its internal 
construction, and replacement is necessary. 
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Summary

• A low-pass filter passes low-frequency signals up to a specified cutoff
frequency and blocks high-frequency signals beyond the cutoff.

• A high-pass filter passes high-frequency signals beyond a speci-
fied cutoff frequency and blocks low-frequency signals below the
cutoff.

• A band-pass filter is a combination of high- and low-pass filter sec-
tions that will pass a mid-range of frequency signals and blocks other
frequencies.

• A band-stop or notch filter blocks a mid-range of frequency signals and
passes other frequencies.

• The performance of a filter circuit can be evaluated by using frequency
response curves, which plots the power and voltage gain/loss in decibels
(dB) over a range of frequencies.

• The 0-dB region of a frequency response curve signifies the portion
where the output power is equal to the input power; so the signal passes
through without any loss.

• The 3-dB point(s) on a frequency response curve signify the point(s)
where the output power has been reduced to half the value of the input
power.

• The bandwidth of a filter is the frequency range in which the output
power is greater than half the value of the input power.

• The quality factor (Q) of a filter circuit refers to the ratio of the resistance
and the reactance. The bandwidth of a filter and its quality factor are
inversely related.

• Resonant circuits are designed to pass a certain range of certain fre-
quencies and to block other frequencies. Resonant circuits use resistors,
inductors, and capacitors in their construction, which may be connected
in series or parallel.

• Active filters use amplifying components such as op-amps, in addition
to passive components such as resistors, inductors, and capacitors. They
are designed to pass a specific range of frequencies while blocking
others.

• The order of a filter is based on the number of cascaded filter sections.
• As the order number of a filter increases, the loss in dB per decade

beyond the 3-dB point increases linearly by multiples of 20 dB per
decade.
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Formulas 
1(19-1) XC = = R2πfcC
 

1
(19-2) fc = 2πRC

(19-3) XL = 2πfcL = R 
R(19-4) fc = 2πL

1(19-5) XC = = R2πfcC
 
1
(19-6) fc = 2πRC

(19-7) XL = 2πfcL = R 
R(19-8) fc = 2πL
 

(19-9) BW = f cu - f cl
√ 
(19-10) f cf = fcu × fcl
(19-11) Q = fcf

fcu − fcl
(19-12) BW = f cu - f cl√ 
(19-13) f cf = fcu × fcl
(19-14) Power gain (dB) =10 log10 

Pout ; when Pout > PinPin 

(19-15) Power loss (dB) = -10 log10 
Pout ; when Pout < PinPin 

(19-16) Voltage gain (dB) = 20 log10 
Vout
Vin 

dB

(19-17) Pout = 10  10Pin
dB

(19-18) Vout = 10  20Vin
1(19-19) fr = √ 

2π LC 
(19-20) Q = XL/R 
(19-21) BW = f r/Q

1 R1+R2(19-22) fcf = 2πC R1R2R3

(19-23) Q = πfcf CR3 

(19-24) BW = f cf /Q 

Review Questions 

Answer the following questions. 

1. If an AC source is connected in series with a resistor and a capacitor and
voltage output is taken across the capacitor, the circuit will exhibit the
property of a:

a. Low-pass filter
b. High-pass filter
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c. Band-pass filter 
d. Parallel resonant circuit 

2. When frequency is increased in a low-pass filter circuit, the current flow 
will: 

a. Increase because of greater XL 

b. Increase because of less XL 

c. Decrease because of greater XL 

d. Decreases because of less XL 

3. At resonance, a series RLC circuit characteristically develops: 

a. Maximum voltage across the input terminals 
b. Minimum current though the circuit 
c. Maximum reactance of the coil and capacitor 
d. Minimum impedance between the input terminals 

4. Capacitive reactance is said to be frequency sensitive. This statement 
means that capacitive reactance: 

a. Is independent of frequency 
b. Decreases as the frequency increases 
c. Increases with a rise of frequency 
d. Increases with a rise in capacitance 

5. In a series resonant circuit, the impedance at resonance is ____________ 
the resistance of the circuit. 

a. Always equal to 
b. Never equal to 
c. Lesser than 
d. Greater than 

6. It is possible to pass a specific frequency through a resonant circuit by 
the proper selection of: 

a. C and R 
b. C and L 
c. R and L 
d. R and Z 

7. At resonance, a parallel resonant circuit characteristically develops: 

a. Maximum voltage across the input terminals 
b. Minimum current through the circuit 
c. Maximum reactance of the coil and capacitor 
d. Minimum impedance between the input terminals 
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8. When frequency is increased, voltage across a capacitor in a series RC
circuit will:

a. Decrease
b. Increase
c. Remain constant
d. Be infinite

9. In a series resonant circuit, when XC and XL equal:

a. Line voltage leads line current
b. Line current leads line voltage
c. Total impedance is minimum
d. Total impedance is maximum

10. If an AC source is connected in series with a resistor and a capacitor and
a voltage output is taken across the resistor, the circuit will exhibit the
property of a:

a. Low-pass filter
b. High-pass filter
c. Band-pass filter
d. Parallel resonant circuit

10. Which component would be found in an active filter but not in a passive
filter:

a. Resistor
b. Capacitor
c. Inductor
d. Op-amp

11. A _________________ filter passes frequencies from 0 Hz to some
critical frequency and blocks all frequencies above this.

a. Low-pass
b. High-pass
c. Band-pass
d. Notch

12. A _________________ filter blocks frequencies from 0 Hz to some
critical frequency and passes all frequencies above this.

a. Low-pass
b. High-pass
c. Band-pass
d. Notch
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13. A roll-off of a first-order low-pass filter is: 

a. −3 dB/decade 
b. −10 dB/decade 
c. −20 dB/decade 
d. −6 dB/octave 

14. Cascading two first-order filters will result in a roll-off rate of: 

a. −6 dB/decade 
b. −20 dB/decade 
c. −40 dB/decade 
d. −6 dB/octave 

Problems 

Answer the following questions. 

1. A circuit has a decibel gain of 12 dB. What is the power ratio associated 
with this gain: 

a. 1.58 
b. 21.2 
c. 15.8 
d. 2.12 

2. A 16 H inductor is connected in series with a 1-μF capacitor. The 
resonant frequency is: 

a. 400 Hz 
b. 126.5 Hz 
c. 12.65 Hz 
d. 40 Hz 

3. A series resonant circuit has an fr = 10 kHz and a Q of 10. The bandwidth 
is: 

a. 10 Hz 
b. 100 Hz 
c. 1000 Hz 
d. 10,000 Hz 

4. A series RLC circuit is at resonance when: 

a. XL = 15  Ω, XC = 5  Ω, and R = 15  Ω 
b. XL = 10  Ω, XC = 10  Ω, and R = 100 Ω 
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c. XL = 100 Ω, XC = 5  Ω, and R = 5  Ω
d. XL = 20  Ω, XC = 5  Ω, and R = 20  Ω

5. Refer to the circuit diagram of the high-pass active filter shown in
Figure 19.18(c). Assuming the value of C1= 0.  μF and R1 = , the cutoff
(or critical frequency) lies in the range:

a. 0-0.9 kHz
b. 1-9.9 kHz
c. 10-99.99 kHz
d. 100 kHz or above

Answers 

Examples 

19-1. XC= 1 kΩ, C = 1.59 μF
 
19-2. fc = 63.69 Hz
 
19-3. fc = 3.185 kHz
 
19-4. f cf = 2.236 kHz
 
19-5. BW = 100,000
 
19-6. Vout/V in = 0.0224
 
19-7. fr = 45.039 kHz
 
19-8. fr = 45.039 kHz; Q = 7.07; BW = 6.370 kHz
 
19-9. fc = 63.69 Hz
 

Self-Examination 

19.1 

1. a. low-pass 
2. b. high-pass 
3. c. band-pass 
4. d. band-stop 
5. b. capacitive, inductive 

19.2 
6. b. half 
7. b. half 
8. b. less than 1 
9. c. equal to the input 
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10. c. band-pass 
19.3 
11. c. XL = XC 

12. b. minimum 
13. b. small 
14. a. maximum 
15. a. decreases 
19.4 
16. d. op-amp 
17. c. cascaded filters 
18. d. low 
19. c. cutoff frequency 
20. a. increase 

Terms 

Amplification 

An increase in value. 

Attenuation 

A reduction in value. 

Band-pass filter 

A frequency-sensitive AC circuit that allows incoming frequencies within a 
certain band to pass through but attenuates frequencies below or above this 
band. 

Decibel (dB) 

A unit used to express an increase or decrease in power, voltage, or current in 
a circuit. 

Filter 

A circuit used to pass certain frequencies and attenuate all other frequencies. 

Frequency 

The number of AC cycles per second, measured in hertz (Hz). 

Frequency response 

A circuit’s ability to operate over a range of frequencies. 
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High-pass filter 

A frequency-sensitive AC circuit that passes high-frequency input signals to 
its output and attenuates low-frequency signals. 

Low-pass filter 

A frequency-sensitive AC circuit that passes low-frequency input signals to 
its output and attenuates high-frequency signals. 

Parallel resonant circuit 

A circuit that has an inductor and a capacitor connected in parallel that causes 
it to respond to frequencies applied to the circuit. 

Quality factor (Q) 

The “figure of merit” or Q of frequency-sensitive circuit is the ratio of the 
resistance to the reactance. 

Resonant circuit 

A frequency-sensitive circuit in which the inductive and capacitive reactance 
values are used to determine the resonant frequency. 

Resonant frequency 

The frequency that passes through or is blocked by a resonant circuit depends 
on the inductive and capacitive reactance. 

Selectivity 

The ability a resonant or filter circuit to select a specific frequency and reject 
all other frequencies. 

Series resonant circuit 

A circuit that has an inductor and a capacitor connected in series that causes 
it to respond to frequencies applied to the circuit. 

Cutoff frequency 

The frequency at the −3 dB point, where the pass-band starts to roll off. 

Order 

A term that indicates the number of filter networks that are cascaded. As 
the order number increases, the amount of filtering increases linearly by 20 
dB/decade beyond the 3-dB points. 
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Active filters 

Filter circuits that use amplifying components such as op-amps, in addition 
to passive components such as resistors, inductors, and capacitors. They are 
designed to pass a specific range of frequencies while blocking others. 

Decade 

A frequency change by a factor of 10. 

Octave 

A frequency change by a factor of 2. 
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Oscillator Circuits
 

Many electronic systems employ circuits that convert the DC energy of a 
power supply into a useful form of AC. Oscillators and electronic clocks are 
examples of these circuits. In a radio receiver, for example, DC is converted 
into high-frequency AC to achieve signal tuning. Television receivers also 
have oscillators in their tuners. Oscillators are used to produce horizontal and 
vertical sweep signals in TVs. These signals control the electron beam of the 
picture tube. Calculators and computers employ an electronic clock circuit. 
This type of circuit produces timing pulses. Every RF transmitter employs an 
oscillator. This part of the system generates the signal that is radiated into the 
atmosphere. Oscillators are extremely important in electronics. An oscillator 
generally uses an amplifying device to aid in the generation of the AC output 
signal. Transistors and ICs can be used for this function. 

There are several possible ways of describing an oscillator. This can be 
done according to generated frequency, operational stability, power output, 
signal waveforms, and components. In this chapter, it is convenient to divide 
oscillators according to their method of operation. This includes feedback 
oscillator and relaxation oscillators. As you will see, each group has a number 
of distinguishing features. 

Objectives 

After studying this chapter, you will be able to: 
20.1 analyze the operation of LC, RC, and RL circuits; 
20.2 analyze common feedback oscillators; 
20.3 analyze common relaxation oscillators; 
20.4 analyze and troubleshoot oscillator circuits. 

Chapter Outline 

20.1 Oscillator Fundamentals 
20.2 Feedback Oscillators 

819
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20.3 Relaxation Oscillators 
20.4 Analysis and Troubleshooting – Oscillator Circuits 

Key Terms 

astable multivibrator 
capacitance ratio 
continuous wave (CW) 
damped sine wave 
feedback oscillator 
flip-flop 
free-running multivibrator 
monostable multivibrator 
multivibrator 
nonsymmetrical multivibrator 
piezoelectric effect 
pulse repetition rate (PRR) 
regenerative feedback 
relaxation oscillator 
symmetrical multivibrator 
capacitance ratio 
one-shot multivibrator 
tank circuit 
sharp filter 
threshold terminal 
triggered multivibrator 
upper trip point (UTP) 
lower trip point (LTP) 

20.1 Oscillator Fundamentals 

An oscillator is an electronic circuit that generates a continuously repetitive 
output signal. The output signal may be alternating current or some form of 
varying DC. The unique feature of an oscillator is its generation function. No 
external input signal is applied to an oscillator circuit. An oscillator develops 
an output signal from the DC operating power provided by the power supply. 
An oscillator is, in a sense, an electronic power converter. It changes DC 
power into AC or some useful form of varying DC. In this section, you will 
learn about the two basic types of oscillators and their basic operation. 
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20.1 Analyze the operation of LC, RC, and RL circuits. 

In order to achieve objective 20.1, you should be able to: 

• determine the resonant frequency of a tank circuit; 
• interpret the time constant curves of an RC circuit; 
• explain the sine-wave output and damped oscillation of an LC tank 

circuit; 
• explain the basic operation of feedback oscillator and relaxation oscilla

tor circuits; 
• describe the characteristics of feedback oscillator and relaxation oscilla

tor circuits; 
• define feedback oscillator, regenerative feedback, relaxation oscillator, 

tank circuit, damped sine wave, and continuous wave. 

Oscillator Types 

The two basic types of oscillators based on their method of operation are the 
feedback oscillator and the relaxation oscillator. In a feedback oscillator, 
a portion of the output signal is returned to the input circuit. This type 
of oscillator usually employs a tuned LC circuit. This circuit establishes 
the operating frequency of the oscillator. Most sine-wave oscillators are of 
this type. The frequency range is from a few hertz to millions of hertz. 
Applications of the feedback oscillator are widely used in radio and television 
receiver tuning circuits and in transmitters. Feedback oscillators respond well 
to RF generator applications. 

A block diagram of a feedback oscillator is shown in Figure 20.1. 
An oscillator has an amplifier, a feedback network, frequency-determining 
network, and a DC power source. The amplifier is used primarily to increase 
the output signal to a usable level. The open-loop voltage gain provided by an 
amplifier is designated as Av. Any device that has signal gain capabilities can 
be used for this function. The feedback network can be inductive, capacitive, 
or resistive. It is responsible for returning a portion of the amplifier’s output 
to the input. The ratio of the output signal that is returned to the input with 
respect to the total output is called the attenuation or scaling factor and is 
designated as B. The feedback signal must be of the correct phase and value 
to cause oscillations to occur. Regenerative feedback, or in-phase feedback, 
is essential in an oscillator. 

The closed-loop feedback gain (Acl) of the oscillator is the product of the 
gain provided by the amplifying element, Av, and the attenuation factor B. 
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Figure 20.1 Fundamental oscillator parts. 

Acl = Av × B (20.1) 

If the closed-loop feedback gain: 

(a) Acl < 1, then the amplitude output signal will rapidly decay to zero. 
(b) Acl = 1, then the amplitude of the output signal will remain constant. 
(c) Acl > 1, then the amplitude of the output signal will increase rapidly 

causing saturation of the device. This, in turn, will result in unacceptable 
distortions in the output. 

For undistorted sustained oscillations, then the closed-loop gain should con
sistently be unity or one. For example, if the attenuation (B) of an oscillator 
circuit is 0.01, in order to continue sustained oscillations, the voltage gain 
(Av) should be set to a value that will ensure a closed-loop feedback gain 
(Acl) of 1.  

Acl = Av × B 

1 =  Av × 0.01 

1/0.01 = Av 
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100 = Av. 

An inductor-capacitor (LC) network determines the frequency of the oscilla
tor. The charge and discharge actions of this network establishe the oscillating 
voltage. This signal is then applied to the input of the amplifier. In a sense, 
the LC network is energized by the feedback signal. This energy is needed to 
overcome the internal resistance of the LC network. With suitable feedback, a 
continuous AC signal can be generated. The output of a good oscillator must 
be uniform. It should not vary in frequency of amplitude. 

A relaxation oscillator responds to an electronic device that goes into 
conduction for a certain time and then turns off for a period of time. This 
condition of operation repeats itself continuously. This oscillator usually 
responds to the charge and discharge of an RC or an RL network. Oscillators 
of this type usually generate square- or triangular-shaped waves. The active 
device of the oscillator is “triggered” into conduction by a change in voltage. 
Applications include the vertical and horizontal sweep generators of a tele
vision receiver and computer clock circuits. Relaxation oscillators respond 
extremely well to low-frequency applications. 

Feedback Oscillator Operation 

The operating frequency of a feedback oscillator is usually determined by an 
inductance-capacitance (LC) network. An LC network is sometimes called a 
tank circuit. The tank, in this case, has a storage capability. It stores an AC 
voltage that occurs at its resonant frequency. This voltage can be stored in the 
tank for a short period of time. In an oscillator, the tank circuit is responsible 
for the frequency of the AC voltage that is being generated. 

Take a look at the LC tank circuit in Figure 20.2 to see how AC is 
produced from DC. Note that a simple tank circuit is connected to a battery. 
In Figure 20.2, the switch is closed momentarily. This action causes the 
capacitor to charge to the value of the battery voltage. Note the direction 
of the charging current. After a short time, the switch is opened, and the 
accumulated charge voltage is developed on the capacitor. 

To see how a tank circuit develops a sine-wave voltage, refer to Fig
ure 20.3. Assume that the capacitor of Figure 20.3(a) has been charged 
to a desired voltage value by momentarily connecting it to a battery. Fig
ure 20.3(b) shows the capacitor discharging through the inductor. Discharge 
current flowing through the inductor causes an electromagnetic field to 
expand around it. Figure 20.3(c) shows the capacitor charge depleted. The 
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Figure 20.2 LC tank circuit being charged - charging action showing charged capacitor. 

field around the inductor then collapses. This causes a continuation of current 
flow for a short time. Figure 20.3(d) shows the capacitor being charged by 
the induced voltage of the collapsing field. 

The capacitor once again begins to discharge through the inductor. In 
Figure 20.3(e), note that the direction of the discharge current is reversed. 
The electromagnetic field again expands around the inductor. Its polarity is 
reversed. Figure 20.3(f) shows the capacitor with its charge depleted. The 
field around the inductor collapses at this time. This causes a continuation 
of current flow. Figure 20.3(g) shows the capacitor being charged by the 
induced voltage of the collapsing field. This causes the capacitor to be 
charged to the same polarity as the beginning step. The process is then 
repeated. The charge and discharge of the capacitor through the inductor 
causes an AC voltage to occur in the circuit. 

The frequency of the AC voltage generated by a tank circuit is based on 
the values of the inductor and capacitor. It is called the resonant frequency of 
a tank circuit. The formula for resonant frequency is 

1 
fr = √ (20.2) 

2π LC 

where f r is in hertz, L is the inductance in henries, and C is the capacitance in 
farads. This formula is extremely important because it applies to all LC sine-
wave oscillators. Resonance occurs when the inductive reactance (XL) equals 
the capacitive reactance (XC). A tank circuit will oscillate at this frequency 
for a rather long period of time without a great deal of circuit opposition. This 
condition is illustrated in Figure 20.4. 

At resonant frequency, an LC tank circuit always has some circuit 
resistance. This resistance tends to oppose the AC that circulates through the 
circuit. The AC voltage, therefore, decreases in amplitude after a few cycles 
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Figure 20.3 Charge-discharge action of an LC circuit. 

of operation. Take a look at Figure 20.4. Note that Figure 20.4(a) shows the 
resulting wave of a tank circuit. Note the gradual decrease in signal amplitude. 
This is called a damped sine wave. A tank circuit produces a wave of this 
type. 

A tank circuit, as we have seen, generates an AC signal when it is 
energized with DC. The generated wave gradually diminishes in amplitude. 
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(a) 

Figure 20.4 Wave types. (a) Damped oscillatory wave. (b) Continuous wave. 

After a few cycles of operation, the lost energy is transformed into heat. When 
the lost energy is great enough, the signal stops oscillating. 

The oscillations of a tank circuit could be made continuous if energy 
were periodically added to the circuit. The added energy would restore that 
lost by the circuit through heat. The added energy must be in step with the 
circulating tank energy. If the two are additive, the circulating signal will have 
a continuous amplitude. Figure 20.4(b) shows the continuous wave (CW) of 
an energized tank circuit. 

Our original tank circuit was energized by momentarily connecting a DC 
source to the capacitor. This action caused the capacitor to become charged 
by manual switching action. To keep a tank circuit oscillating by manual 
switch operation is physically impossible. Switching of this type is normally 
achieved by an electronic device. Transistors are commonly used to perform 
this operation in an oscillator circuit. The output of the transistor is applied 
to the tank circuit in proper step with the circulating energy. When this is 
achieved, the oscillator generates a CW signal of a fixed frequency. 
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Figure 20.5 RF oscillator coils. 

The inductance (coil) of a tank circuit varies a great deal, depending 
on the frequency generated. Most applications of LC oscillators are in the 
RF range. Some representative RF oscillator coils are shown in Figure 20.5. 
Coil inductance is usually a variable. Inductance is changed by moving the 
position of a ferrite core inside the coil. Adjusting the inductance permits 
some change in the frequency of the tank circuit. 

Example 20-1: 

A transistor amplifier circuit LC tank circuit has values of L = 25 mH and  C  
= 0.1 μF. What is the resonant frequency? 

Solution 

1 1 
fr = √ = √ 

2π LC 6.28 25 × 10−3 × 0.1 × 10−6 

= 3184.7Hz  =  3.185 kHz. 

Related Problem 

An LC tank circuit has values of L = 1 mH and C = 1 μF. What is the resonant 
frequency? 
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Relaxation Oscillator Operation 

The operation of a relaxation oscillator usually depends on the charge and 
discharge of an RC or an RL network. When a source of DC is connected in 
series with a resistor and a capacitor, we have an RC circuit. When a source 
of DC is connected in series with a resistor and an inductor, we have an LC 
circuit. 

Figure 20.6 shows an RC circuit and time constant curves. The time 
constant of an RC circuit is denoted by “t.” Its value is calculated using the 

Figure 20.6 RC charging action. (a) Circuit. (b) Circuit values. 
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values of the resistance (R) and capacitance (C). It is expressed as t = R  × C 
and is measured in seconds. The SPDT switch is used to charge and discharge 
the capacitor through the resistor. For charging the capacitor, the switch is 
closed, and the voltage source is applied to the RC circuit. The capacitor 
will charge to 63% of the applied voltage in one time constant. It takes 
five time constants to completely charge the capacitor. For discharging the 
capacitor, the switch is opened, thereby disconnecting the voltage source from 
the RC circuit. The capacitor discharges through the resistor. The capacitor 
gets discharged by 63% of the voltage it has been charged to in one time 
constant. It takes five time constants to completely discharge the capacitor. 

Individual time constant curves are shown in Figure 20.6(b) for each 
component of the RC circuit. VC shows the capacitor voltage with respect 
to time. VR is the resistor voltage. Circuit current flow is displayed by the I 
curve. Note how the value of these curves change with respect to time. 

The circuit switch is initially placed in the charge position. Note the 
direction of charge current indicated by the circuit arrows. In one time 
constant, the VC curve rises to 63% of the source voltage. Beyond this point, 
there is a smaller change in the value of VC. After five time constants, the 
capacitor is considered to be fully charged. 

Note also how the circuit current and the resistor voltage change with 
respect to time. Initially, I and VR rise to maximum values. After one time 
constant, only 37% of I flows. VR, which is current dependent, follows the 
change in I. After five time constants, there is zero current flow. This shows 
that C has been fully charged. With C charged, there is no circuit current flow, 
and VR is zero. The circuit remains in this state as long as the switch remains 
in the charge position. 

Assume that the capacitor of the circuit of Figure 20.7 has been fully 
charged. The switch is now placed in the discharge position. In this situation, 
the DC source is removed from the circuit. The resistor is now connected 
across the capacitor. C discharges through R. Current flows from the lower 
plate of C through R to the upper plate of C. Note the direction of the 
discharge current path indicated by circuit arrows. 

The initial discharge current is of a maximum value. See the individual 
time constant curves for VC, I, and VR in Figure 20.7(b). The discharge 
current shows I to be a maximum value initially. After one time constant, it 
drops to 37% of the maximum value. After five time constants, I drops to 
zero. VC and VR follow I in the same manner. After five time constants, C is 
discharged. There is no circuit current. VC and VR are both zero. The circuit 
remains in this state as long as the switch remains in the discharge position. 
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Figure 20.7 RC discharging action. (a) Circuit. (b) Circuit values. 

Example 20-2: 

Refer to the RC circuit shown in Figure 20.6. With the values of R = 1 kΩ, C  
= 0.5 μF, and an applied voltage of 10 V, determine the time it takes to charge 
the capacitor to 6.3 V. Assume that the capacitor is fully discharged, and the 
switch is set to the capacitor charge position. 
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Solution 

t = R  × C = 1000 Ω × 0.5 × 10−6 F = 5  × 10−4 = 0.5 ms. 
It will, thus, take 0.5 ms to charge a capacitor to 63% of the applied 

voltage (10 V). 
63% of 10 V is 6.3 V. Hence, the capacitor will charge from 0 to 6.3 V in 

0.5 ms. 

Related Problem 

Refer to the RC circuit shown in Figure 20.6. With the values of R = 1 kΩ, C  
= 0.5 μF, and an applied voltage of 10 V, determine the time it takes to fully 
charge the capacitor. Assume that the capacitor is fully discharged, and the 
switch is set to the capacitor charge position. 

Self-Examination 

Answer the following questions. 

1. A circuit that generates a continuously repetitive output signal is called 
a(n) ___________________. 

2. The four parts of a feedback oscillator circuit are ______________, 
_______________, ______________, and ______________. 

3. A process by which a portion of a circuit’s output is returned to its input 
is called __________________. 

4. An LC network is sometimes called a(n) ______________ circuit. 
5. The frequency of AC voltage generated by an LC tank circuit is called 

________________ frequency. 
6. The waveform produced by a tank circuit (without feedback) is called 

a(n) ___________ sine wave. 
7. The resonant frequency of an LC circuit with a 0.25-μF capacitor and a 

6-mH inductor is _____Hz. 
8. The resonant frequency of an LC circuit (increases, decreases) as the 

capacitance or the inductance increases. 
9. A(n) __________________oscillator goes into conduction for a certain 

period of time and then turns off for a period of time. 
10. A(n) __________________oscillator returns a portion of the output 

signal back to the input. 
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20.2 Feedback Oscillators 

Feedback, as you have learned, is a process by which a portion of the 
output signal of a circuit is returned to the input. This function is an impor
tant characteristic of any oscillator circuit. Feedback may be accomplished 
by inductance, capacitance, or resistance coupling. A variety of different 
circuit techniques have been developed. As a general rule, each technique 
has certain characteristics that distinguish it from others. This accounts for 
the large number of different circuit variations. This section discusses the 
characteristics and operation of the common feedback oscillators. 

20.2 Analyze common feedback oscillators. 

In order to achieve objective 20.2, you should be able to: 

• explain the operation of common feedback oscillators; 
• describe the characteristics of common feedback oscillators; 
• define capacitance ratio, piezoelectric effect, and sharp filter. 

Armstrong Oscillator 

The Armstrong oscillator uses a transformer in conjunction with a capacitor 
to determine the oscillation frequency. A transistor is used to amplify the 
signal. This oscillator is also refereed to as a tickler coil. This type of 
oscillator is less common than other types because it uses an expensive 
transformer. The transformer is needed for providing a 180◦ phase shift 
between its primary and secondary windings, which is needed for oscillation. 
Figure 20.8 is used to show the basic operation of an Armstrong oscillator. 
The characteristic curve of the transistor and its AC load line are also used to 
explain its operation. Note that, in the circuit, conventional bias voltages are 
applied to the transistor: the emitter-base junction is forward biased, and the 
collector-base is reverse biased. Emitter biasing is achieved by R3. Resistors 
R1 and R2 serve as a divider network for the base voltage. 

When power is first applied to the transistor, R1 and R2 establish the oper
ating point (Q) near the center of the load line. The output of the transistor, 
at the collector, should ideally be 0-V AC. Due to the initial surge of current 
at turn-on time, some noise will immediately appear at the collector. This is 
usually of a very small value. For our discussion, let us assume that a −1 mV  
signal appears at the collector. The transformer inverts this voltage and steps 
it down by a factor of 10. The transformer (T1) of the circuit has a 10:1 turns 
ratio. A +0.1 mV signal is, therefore, applied to C1 in the base circuit. 
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Figure 20.8 Armstrong oscillator. (a) Circuit. (b) Characteristic curves. 

The transistor has a beta of 100. With +0.l V applied to the base, Q1 

develops a 10-mV output signal at the collector. The polarity change from 
positive to negative in the output signal is due to the inverting characteristic 
of a common-emitter amplifier. The output signal voltage is again stepped 
down by the transformer and applied to the base of Q1. A collector signal of 
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−10 mV causes a +1.0-mV base voltage. With transistor gain, the collector 
voltage immediately rises to −100 mV. The process continues, thus produc
ing collector voltages of −1.0 V and, finally, −10 V. At this point, transistor 
operation is driven up the load line until saturation is reached. Note this point 
on the load line. The collector voltage of Q1 will not change beyond this 
point. 

With no change in VC across the primary winding of T1, the secondary 
voltage drops immediately to zero. The base voltage returns immediately to 
the Q point. This decrease of negative-going base voltage (from saturation 
to point Q) causes VC to be positive going. Through transformer action, this 
appears as a negative-going base voltage. This action continues to drive the 
transistor past point Q. The process continues until the cutoff point is reached. 
The transformer then stops supplying input voltage to the base. Transistor 
operation swings immediately in the opposite direction. R1 and R2 cause 
the base voltage to again rise to point Q. The process is then repeated: Q1 

goes to saturation, to point Q, to cutoff, and returns to point Q. Operation is 
continuous. An AC voltage appears across the secondary of T1. 

The frequency of the Armstrong oscillator is based on the value of 
capacitor C2 and the inductance of the primary transformer winding. The 
capacitor C2 and the transformer primary form a tank circuit with the fre
quency of the oscillation determined by the LC resonant frequency formula. 

The output voltage of the Armstrong oscillator of Figure 20.8 can be 
changed by altering the value of R3. Gain is highest when the variable 
arm of R3 is at the top of its range. This adjustment may cause a great 
deal of signal distortion. In some cases, the output voltage may appear as 
a square wave instead of a sine wave. When the position of the variable 
arm is moved downward, the output wave becomes a sine wave. Adjusting 
R3 to the bottom of its range may cause oscillations to stop. The gain of Q1 

may not be capable of developing enough feedback for regeneration at this 
point. Normally, 20%-30% of output must be returned to the base to assure 
continuous oscillation. 

Hartley Oscillator 

The Hartley oscillator of Figure 20.9 is used rather extensively in AM and 
FM radio receivers. The resonant frequency of the circuit is determined by 
the values of L1 and C1. Capacitor C2 is used to couple AC to the base of Q1. 
Biasing for Q1 is provided by R2 and R1. Capacitor C4 couples AC variations 
in collector voltage to the lower side of L2. The RF choke coil (L1) prevents 
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Figure 20.9 Hartley oscillator. 

AC from going into the power supply. L2 also serves as the load for the circuit. 
Q1 is an NPN transistor connected in a common-emitter circuit configuration. 
The inductor L1 is composed of two coils and La and Lb connected in series. 
The total inductance of the coil is thus 

L1 = La + Lbhenries. 

When DC power is applied to the circuit, current flows from the negative 
side of the source through R1 to the emitter. The collector and base are both 
connected to the positive side of VCC. This forward biases the emitter-base 
junction and reverse biases the collector. IE, IB, and IC flow initially through 
Q1. With IC flowing through L2, the collector voltage drops in value. This 
negative-going voltage is applied to the lower side of L1, by capacitor C4. 
This causes current flow in the lower coil. An electromagnetic field expands 
around the coil. This, in turn, cuts across the upper part of the coil. By 
transformer action, the top of the upper coil swings positive. Capacitor C1 is 
charged by this voltage. This same voltage is also added to the forward-bias 
voltage of Q1 through C2. Q1 is eventually driven into saturation. 

When saturation occurs, there is no change in the value of VC. The field 
around the lower part of L1 collapses immediately. This causes a change in 
the polarity of the voltage at the top of L1. The top plate of C1 now becomes 
negative and the bottom becomes positive. 
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The accumulated charge on C1 discharges immediately through L1 by 
normal tank circuit action. This negative voltage at the top of C1 causes the 
base of Q1 to swing negative. Q1 is driven to cutoff. This, in turn, causes the 
VC of Q1 to rise very quickly. A positive-going voltage is then transferred to 
the lower part of L1by C4, providing feedback. This adds to the voltage of 
C1. C1 will then continue to discharge. 

The value change in VC eventually stops, and no voltage is fed back 
through C4. C1 is fully discharged by this time. The field around the lower 
side of L1 then collapses. C1 charges again, with the bottom side being 
positive and the top negative. Q1 again becomes conductive. The process is 
continuously repeated. The tank circuit produces a continuous wave. The 
circuit losses of the tank are restored by regenerative feedback. 

The frequency of the Hartley oscillator is determined by 

1 
fr = √ . (20.3)

2π L1C1 

The attenuation factor, B, of the circuit is the ratio of the coil induc
tances used. 

Lb
B = . (20.4)

La 

In order to ensure that the oscillator will start automatically when power 
is initially applied to the circuit, the Av must be greater than 1/B. Thus, 

1 
Av > 

B 
Lb

Av > . 
La 

A distinguishing feature of the Hartley oscillator is its tapped coil. A  
number of circuit variations are possible. The coil may be placed in series 
with the collector. Collector current flows through the coil in normal oper
ation. A variation of this type is called a series-fed Hartley oscillator. The 
circuit of Figure 20.9 is a shunt-fed Hartley oscillator. IC does not flow 
through L1. The coil is connected in parallel or shunt with the DC voltage 
source. Only AC flows through the lower part of L1. Shunt-fed Hartley 
oscillators tend to produce more stable output. 

Example 20-3: 

Refer to the Hartley oscillator circuit shown in Figure 20.9, which has L1 = 
50 mH and C1 = 100 pF. Determine the frequency of oscillation. 
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Solution
 

1 
fr = 

2π 
√ 
L1C1 

1 
= √ 

6.28 50 × 10−3 × 100 × 10−12 

= 71212.35Hz = 71.212 kHz. 

Related Problem 

Refer to the Hartley oscillator circuit shown in Figure 20.9, which has L1 = 
30 mH and C1 = 250 pF. Determine the frequency of oscillation? 

Colpitts Oscillator 

A Colpitts oscillator is similar to the shunt-fed Hartley oscillator. The pri
mary difference is in the tank circuit structure. A Colpitts oscillator uses two 
series-connected capacitors connected instead of the two series-connected 
coils used in the Hartley oscillator. An electrostatic charge across the capac
itor divider network develops feedback voltage. The two capacitors in series 
and the inductor determine frequency of the oscillator. The formula for 
calculating the frequency of this oscillator is the same as that used previously. 

1 
fr = √ . 

2π LC 

In a Colpitts oscillator, however, the value of the capacitance is deter
mined by the series combination of two capacitors C1 and C2. This total 
capacitance is called CT and is expressed as follows: 

C1 × C2
CT = . (20.5)

C1 + C2 

The frequency of a Colpitts oscillator is, thus, given by 

1 
fr = √ . (20.6)

2π L1CT 

Figure 20.10 shows a schematic of the Colpitts oscillator. Bias voltage for 
the base is provided by resistors R1 and R2. The emitter is biased by R4. The 
collector is reverse biased by connection to the positive side of VCC through 
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Figure 20.10 Colpitts oscillator. 

R3. This resistor also serves as the collector load. The transistor is connected 
in a common-emitter circuit configuration. 

When DC power is applied to the circuit, current flows from the negative 
side of VCC through R4, Q1, and R3. IC flowing through R3 causes a drop 
in the positive value of VC. This negative-going voltage is applied to the top 
plate of C1 through C3. With C1 and C2 connected in series, the bottom plate 
of C2 takes on a positive charge. This adds to the positive voltage of the base, 
which, in turn, causes an increase in IB . The conduction of Q1 increases. The 
process continues until Q1 is saturated. 

When Q1 becomes saturated, there is no further increase in IC. The 
changing value of VC also stops. There is no feedback to the topside of C1. 
The composite charge across C1 and C2 discharges through L1. Discharge 
current flow through L1 is from the top plate of C1 to the bottom plate of C2. 
The positive charge on C2 soon diminishes. The electromagnetic field around 
L1 collapses. The discharge current continues for a short time. The bottom 
plate of C2 now becomes negatively charged, and the top plate of C1 becomes 
positive. The negative charge voltage of C2 reduces the forward-bias voltage 
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of Q1. IC decreases in value. VC begins to increase in value. This change in 
voltage is again fed back to the top plate of C1 through C3. C1 becomes more 
positively charged, and the bottom of C2 becomes more negatively charged. 
The process continues until Q1 is driven to cutoff. 

When Q1 reaches its cutoff point, no  IC flows. There is no feedback 
voltage supplied to C1. The composite charge across C1 and C2 discharges 
through L1. Discharge current flows from the bottom of C2 to the top of C1. 
The negative charge on C2 soon diminishes. The electromagnetic field around 
L1 collapses. Current flow continues. The bottom plate of C2 now becomes 
positive and the top plate of C1 becomes negative. The positive charge voltage 
of C2 pulls Q1 out of the cutoff region. IC begins to flow again. The process 
then repeats from this point. Feedback energy is added to the tank circuit 
momentarily during each alternation. As a general rule, the Colpitts oscillator 
is very reliable. 

The amount of feedback developed by the Colpitts oscillator is based 
on the capacitance ratio of C1 and C2. The value of C1 in the circuit of 
Figure 20.10 is much smaller than C2. The capacitive reactance (XC) of  C1 

is, therefore, much greater than that for C2. The voltage across C1 is much 
greater than that across C2. By making the value of C2 smaller, the feedback 
voltage can be increased since a smaller C value results in increased XC as 

1indicated by the formula XC2 = . The feedback voltage I × XC2 and2πfC2 
by making C2 smaller, this voltage would, thus, become larger. As a general 
rule, large amounts of feedback may cause the generated wave to be distorted. 
Small values of feedback do not permit the circuit to oscillate. In practice, 
10%-50% of the collector voltage is returned to the tank circuit as feedback 
energy. 

The attenuation factor, B, of the circuit is the ratio of the capacitance 
used. 

C1
B = . (20.7)

C2 

In order to ensure that the oscillator will start automatically when power 
is initially applied to the circuit, the Av must be slightly greater than 1/B 
in order to overcome circuit losses. The voltage amplification (Av) is, thus, 
expressed as follows: 

1 
Av > 

B 
C2

Av > . 
C1 
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Example 20-4: 

Refer to the Colpitts oscillator circuit shown in Figure 20.10, which has L1 = 
5 mH, C1 = 0.02 μF, and C2 = 0.22 μF. Determine the combined capacitance 
and the frequency of oscillation. 

Solution 

C1 × C2 0.02 × 10−6 × 0.22 × 10−6 

CT = = 
C1 + C2 0.02 × 10−6 + 0.22 × 10−6 

= 0.018 × 10−6 = 0.018 μF 
1 1 

fr = √ = √ 
2π L1CT 6.28 5 × 10−3 × 0.018 × 10−6 

= 16784.91Hz = 16.785 kHz. 

Related Problem 

Refer to the Colpitts oscillator circuit shown in Figure 20.10, which has L1 = 
15 mH, C1 = 0.07 μF, and C2 = 0.33 μF. Determine the combined capacitance 
and the frequency of oscillation. 

Clapp Oscillator 

A Clapp oscillator is simply a Colpitts oscillator circuit with a capacitor 
added in series with the feedback inductor of the LC circuit. The purpose of 
this capacitor is to reduce the effects of junction capacitance of the transistor 
on the operation of the oscillator. Junction capacitance can negatively affect 
the operating frequency of an oscillator circuit. In a Clapp oscillator, the value 
of the capacitance is determined by the series combination of three capacitors 
C1, C2, and C2 (added as an output capacitor) around the tank circuit. This 
total capacitance is called CT and is expressed as follows: 

1 C1C2 + C2C3 + C1C3
CT = = . (20.8)1 1 1+ + C1C2C3C C C1 2 3 

The frequency of a Clapp oscillator is given by 

1 
fr = √ . 

2π L1CT 
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When the value of C3 (output capacitor) is very small as compared to the 
values of C1 and C2, the total capacitance CT becomes approximately equal 
to C3 as shown in the following: 

1 1 1 
= ≈ ≈ ≈ C3.CT 1 1 1 1 1+ + 0 + 0 +C1 C2 C3 C3 C3 

Under these conditions, the frequency of a Clapp oscillator is given by 

1 
fr = √ . (20.9)

2π L1C3 

Two of the capacitors in the tank circuits C1 and C2 are connected to 
the ground at one end. This causes the transistor junction capacitance and 
other stray capacitances to be in parallel with the C1 and C2 to ground, 
thereby altering their effective values. Since C3 is not affected by the junction 
capacitance, its value serves as an accurate and stable factor in determining 
the frequency of oscillation. 

Example 20-5: 

Refer to the Clapp oscillator circuit shown in Figure 20.11, which has L1 = 5  
mH, C1 = 0.02 μF, C2 = 0.22 μF, and C3 = 200 pF. Determine the combined 
capacitance and the frequency of oscillation. 

Solution 

1 1 
CT = CT = = 1 1 1 1 1 1+ + + +C1 C2 C3 0.02×10−6 0.22×10−6 200×10−12 

1 
= 1 = 200 pF. 

200×10−12 

1 1 
fr = √ = √
 

2π L1CT 6.28 5 × 10−3 × 200 × 10−12
 

= 159, 235.67Hz = 159.2 kHz. 

Related Problem 

Refer to the Clapp oscillator circuit shown in Figure 20.11, which has L1 = 5  
mH, C1 = 0.07 μF, C2 = 0.33 μF, and C3 = 150 pF. Determine the combined 
capacitance and the frequency of oscillation. 
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Figure 20.11 CityplaceCrystal equivalent circuits. (a) Series resonant. (b) Parallel resonant. 

Crystal Oscillator 

When extremely high-frequency stability is desired, crystal oscillators are 
used. The crystal of an oscillator is a finely ground wafer of quartz or 
Rochelle salt. It has the property to change electrical energy into vibrations 
of mechanical energy. It can also change mechanical vibrations into electrical 
energy. These two conditions of operation are called the piezoelectric effect. 

The crystal of an oscillator is placed between two metal plates. Contact 
is made to each surface of the crystal by these plates. The entire assembly 
is then mounted in a holding case. Connection to each plate is made through 
terminal posts. When a crystal is placed in a circuit, it is plugged into a socket. 

A crystal by itself behaves like a series-resonant circuit (see 
Figure 20.11). It has inductance (L), capacitance (C), and resistance (R). An 
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equivalent circuit is shown in Figure 20.11(a). Inductance is determined 
by the mass of the crystal. Capacitance deals with its ability to change 
mechanically. Resistance corresponds to the electrical equivalent of mechan
ical friction. The series-resonant equivalent circuit changes a great deal when 
the crystal is placed in a holder. 

Capacitance due to the metal support plates is added in parallel with the 
crystal equivalent circuit. Figure 20.11(b) shows the equivalent circuit of a 
crystal placed in a holder. In a sense, a crystal can have either a series-resonant 
or a parallel-resonant characteristic 

In an oscillator, the placement of a crystal in the circuit has a great deal 
to do with how it responds. If placed in the tank circuit, it responds as a 
parallel-resonant device. In some applications, the crystal serves as a tank 
circuit. When a crystal is placed in the feedback path, it responds as a series-
resonant device and acts as a sharp filter. A sharp filter permits feedback 
only of the desired frequency. Hartley and Colpitts oscillators can be modified 
to accommodate a crystal of this type. The operating stability of this type of 
oscillator is much better than the circuit without a crystal. Figure 20.12 shows 
crystal-controlled versions of the Hartley and Colpitts oscillators. Operation 
is essentially the same. 

Pierce Oscillator 

The Pierce oscillator of Figure 20.13 employs a crystal as its tank circuit. In 
this circuit, the crystal responds as a parallel-resonant circuit. In a sense, the 
Pierce oscillator is a modification of the basic Colpitts oscillator. The crystal 
is used in place of the tank circuit inductor. A specific crystal is selected for 
the desired frequency to be generated. The parallel-resonant frequency of the 
crystal is slightly higher than its equivalent series-resonant frequency. 

Operation of the Pierce oscillator is based on feedback from the collector 
to the base through C1 and C2. These two capacitors provide a combined 180◦ 
phase shift. The output of the common emitter amplifier is, therefore, inverted 
to achieve in-phase or regenerative feedback. The value ratio of C1 and C2 

determines the level of feedback voltage. Ten percent to fifty percent of the 
output must be fed back to energize the crystal. When it is properly energized, 
the resonant frequency response of the crystal is extremely sharp. It vibrates 
only over a narrow range of frequency. The output at this frequency is very 
stable. The output of a Pierce oscillator is usually quite small. A crystal can 
be damaged by excessive mechanical strains and the heat caused by excessive 
power. 
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Figure 20.12 Crystal-controlled oscillators. (a) Hartley. (b) Colpitts. 

Wien-Bridge Oscillator 

The Wien-Bridge oscillator is used for generating low frequencies. Typically, 
this oscillator uses an RC bridge network to accomplish regenerative feed
back when connected to an op-amp. The bridge circuit provides two feedback 
paths. One path provides positive feedback and is connected to the noninvert
ing input of the op-amp. The second path provides negative feedback and 
is connected to the inverting input of the op-amp. Positive feedback is used 



20.2 Feedback Oscillators 845 

Figure 20.13 Pierce oscillator. 
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Figure 20.14 (a) Wien-Bridge oscillator. (b) Positive frequency response curve. 
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for controlling the frequency of oscillation, whereas the negative feedback is 
used for controlling the closed-loop gain of the system. 

Figure 20.14(a) shows a circuit diagram of a Wien-Bridge oscillator. 
The positive-feedback path of this circuit contains two RC networks. R1 and 
C1 are connected in series forming a high-pass filter, which has a cutoff 

1frequency (f c) of  . R2 and C2 are connected in parallel, forming a 2πR1C1 
1low-pass filter, which has a cutoff frequency (f c) of  . These two filter 2πR2C2 

circuits are then connected in series, thereby forming a band-pass filter. 
The resonant frequency of the band-pass filter determines the oscillating 
frequency of the circuit. Open simulation file Sim_20.15 which refers to 
Figure 20.15. Turn on the simulation and evaluate its operation. 

Typically, R1 = R2 = R and C1 = C2 = C, so that R1 × C1 = R2 × C2 = R × 
C, so that both the low-pass and the high-pass filter sections have the same 

1cutoff or critical frequency (f c) of  . This is shown in Figure 20.15(b).2πRC 
The critical frequencies of the individual filters are combined to determine 
the resonant frequency (f r) of the  band-pass filter as follows: 

1 
fr = . (20.10)

2πRC 

In the operation of the Wien-Bridge circuit, regenerative feedback is 
necessary to produce oscillation. Regeneration occurs when the feedback 
input and output signals are in phase. When a band-pass filter operates at the 
resonant frequency, it does not introduce any phase shift. As a result of this, 
the feedback input signal appearing at noninverting input op-amp terminal is 
in phase with the output signal, so that the feedback is regenerative. 

The negative-feedback portion of the circuit is used to determine the 
closed-loop voltage gain (ACL) of the oscillator. This part of the circuit is 
composed of resistors R3, R4, and R5, along with diodes D1 and D2. The gain 
of the noninverting amplifier is given as follows: 

Rf
ACL = 1 +  . 

Rin 

With Rin = R3, and Rf = R4 + R5, 

R4 +R5
ACL = 1 +  . (20.11)

R3 

The potentiometer R4 is used to adjust the closed-loop voltage gain of 
the circuit. The diodes D1 and D2 are used to prevent the output voltage from 
increasing beyond the value determined by the resistors R3 and R4. If the 
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output voltage increases beyond this value in the positive direction by 0.7 
V, resistor R5 is shorted out by the diode D1 becoming forward biased. This 
reduces the ACL to 

R4
ACL = 1 +  . 

R3 

The diode D2 is used if the output voltage is exceeded in the negative 
direction. The combined effect of diodes D1 and D2 is, therefore, used to keep 
the amplitude from growing beyond 0.7 V of their predetermined values. 

Example 20-6: 

Refer to the Wien-Bridge oscillator shown in Figure 20.15(a). Calculate the
 
resonant frequency of the oscillator assuming R1 = R2 = R = 25 kΩ, and C1 =
 
C2 = C = 0.05 μF.
 
Solution
 

1 1 
fr = = = 127.38 Hz. 

2πRC 6.28 × 25 × 103 × 0.05 × 10−6 

Related Problem 

Refer to the Wien-Bridge oscillator shown in Figure 20.15(a). Calculate the 
resonant frequency of the oscillator assuming R1 = R2 = R = 50 kΩ, and C1 = 
C2 = C = 0.005 μF. 

Self-Examination 

Answer the following questions. 

11. The frequency of an Armstrong oscillator is based on the values of _____ 
and _____. 

12. A distinguishing feature of a Hartley oscillator is its ________________. 
13. A Colpitts oscillator uses two ____________ instead of a tapped coil. 
14. A(n) ___________ oscillator uses a crystal as its tank circuit. 
15. A(n) ____________ oscillator uses a RC bridge network for generating 

low frequencies. 

20.3 Relaxation Oscillators 

Relaxation oscillators are primarily responsible for the generation of nonsi
nusodial waveforms. Sawtooth, rectangular, and a variety of irregular-shaped 
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waves are included in this classification. These oscillators generally depend 
on the charge and discharge of a capacitor-resistor network for their opera
tion. Voltage changes from the network are used to alter the conduction of an 
electronic device. Transistors, unijunction transistors (UJTs), and ICs can be 
used to perform the control function of this oscillator. 

20.3 Analyze common relaxation oscillators. 

In order to achieve objective 20.3, you should be able to: 

• describe the operation of astable, monostable, and bistable multivibrator 
circuits; 

• describe the characteristics of common relaxation oscillators; 
• define pulse repetition rate (PRR), multivibrator, triggered multivibrator, 

free-running multivibrator, astable multivibrator, symmetrical multivi
brator, nonsymmetrical multivibrator, monostable multivibrator, flip
flop, threshold terminal, RC oscillator, blocking oscillator, and vertical 
blocking oscillator (VBO). 

UJT Oscillators 

The charge and discharge of a capacitor through a resistor can be used to 
generate a sawtooth waveform. The charge-discharge switch of Figures 20.6 
and 20.7 can be replaced with an active device. Transistors or ICs can be used 
to accomplish the switching action. Conduction and nonconduction of the 
active device regulates the charge and discharge of the RC network. Circuits 
connected in this manner are classified as relaxation oscillators. When the 
circuit device is conductive, it is active. When it is not conductive, it is 
relaxed. The active device of a relaxation oscillator switches states between 
conduction and nonconduction. This regulates the charge and discharge rates 
of the capacitor. A sawtooth waveform appears across the capacitor of this 
type of oscillator. 

A UJT is used in the relaxation oscillator of Figure 20.15. The RC net
work is composed of R1 and C1. The junction of the network is connected to 
the emitter (E) of the UJT. The UJT will not go into conduction until a certain 
voltage value is reached. When conduction occurs, the emitter-base 1 (E-B1) 
junction becomes low resistant. This provides a low-resistant discharge path 
for C1. Current flows through R3 only when the UJT is conducting. R3 refers 
to the resistance of the speaker in this circuit. 

Assume that power is applied to the UJT oscillator circuit. The UJT is in 
a nonconductive state initially. The E-B1 junction is reverse biased. C1 begins 
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Figure 20.15 UJT oscillator. 

to accumulate charge voltage after a short period of time since time constant 
equals R × C1. The intrinsic standoff ratio (η) along with the voltage across 
the voltage that appears across the two base terminals of the UJT (designated 
as VBB) determines the peak voltage (VP) to which the capacitor should 
charge. This is expressed as follows: 

VP = ηVBB + 0.7. (20.12) 

Typical values of η are in the range 0.4–0.6. 
Capacitor C1 eventually charges to a voltage value that causes the E

B1 junction to become conductive. When this point is reached, the E-B1 

junction becomes low resistant. C1 discharges immediately through the low-
resistant E-B1 junction. This action removes the forward-bias voltage from 
the emitter. The UJT immediately becomes nonconductive. C1 begins to 
charge again through R1. The process is then repeated continuously as shown 
in Figure 20.15. 

UJT oscillators are found in applications that require a signal with a 
slow rise time and a rapid fall time. The E-B1 junction of the UJT has 
this type of output. Between B1 and circuit ground, the UJT produces a 
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spiked pulse. This type of output is frequently used in timing circuits and 
counting applications. The time that it takes for the waveform to repeat itself 
is called the pulse repetition rate (PRR). This term is very similar to the 
hertz designation for frequency. As a general rule, UJT oscillators are very 
stable and are quite accurate when used with time constants of one or less. 

Example 20-7: 

Refer to the UJT oscillator shown in Figure 20.15. The capacitor C1 = 0.1 μF 
is charged through the resistor R1 = 2.7 kΩ when the UJT is off. When the UJT 
is triggered into conduction, capacitor C1 discharges through the speaker that 
has a resistance (R3) of 8  Ω. Calculate the charging and discharging times. 
Assume that η = 0.56. 

Solution 

The capacitor C1 charges through the resistance R1 until the voltage peak 
(VP) is reached. When the UJT is off, the entire source voltage appears across 
the two base terminals, or VBB = 10 V.  

VP = ηVBB + 0.7 = 0.56× 10 + 0.7 = 6.3V. 

So when the voltage at the emitter of the UJT equals or exceeds 6.3 V, it will 
be triggered into conduction. 

The time constant of the capacitor charging circuit 

3(tC) = R1 × C1 = 2.7× 10 × 0.1× 10−6 = 0.27× 10−3 = 0.27ms. 

In one time constant, the capacitor C1 will charge to 63.3% of the applied 
voltage of 10 V, which is 6.3 V. Thus, in one time constant, the VP will be 
reached. The capacitor will not charge beyond the value of VP since the UJT 
has already been triggered into conduction. 

The time constant of the capacitor discharging circuit 

(tD) = R3 × C1 = 8× 0.1× 10−6 = 0.8 μs. 

The capacitor will discharge completely in 

TD = 5× tD = 5× 0.8 μs = 0.4 μs. 

The capacitor will discharge until the valley voltage of the UJT is reached. 
This value is typically very small. 
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Related Problem 

Refer to the UJT oscillator shown in Figure 20.15. After the UJT has 
been triggered into conduction, capacitor C1 discharges through the 10-Ω 
speaker resistance. Calculate the time needed to discharge the capacitor fully, 
assuming that it has already been charged to VP = 6.3 V. 

Multivibrators 

A multivibrator is a very important classification of relaxation oscilla
tors. This type of circuit employs an RC network in its physical makeup. 
A rectangular-shaped wave is developed by the output. Multivibrators are 
considered to be either triggered devices or free running. A triggered mul
tivibrator requires an input signal or timing pulse to be made operational. 
The output of this multivibrator is controlled, or synchronized, by an input 
signal. The electron beam deflection oscillators of a television receiver are 
triggered into operation. When the receiver is tuned to an operating channel, 
its oscillators are synchronized by the incoming signal. When it is tuned to 
an unused channel, the oscillators are free running. A free-running multivi
brator is self-starting. It operates continuously as long as electrical power 
is supplied. The shape and frequency of the waveform is determined by 
component selection. 

A multivibrator is composed of two amplifiers that are cross-coupled. The 
output of amplifier 1 goes to the input of amplifier 2. The output of amplifier 
2 is coupled back to the input of amplifier 1. Since each amplifier inverts the 
polarity of the input signal, the combined effect is a positive-feedback signal. 
With positive feedback, an oscillator is regenerative and produces continuous 
output. 

Astable Multivibrator 

The astable multivibrator is a free-running multivibrator. Astable multi-
vibrators could be used in television receivers to control the electron beam 
deflection of the picture tube. Computers use this type of circuit to develop 
timing pulses for operating. 

Figure 20.16(a) shows an astable multivibrator circuit constructed 
using bipolar transistors. These amplifiers are connected in a common-emitter 
circuit configuration. R2 and R3 provide forward-bias voltage for the base of 
each transistor. Capacitor C1 couples the collector of transistor Q1 to the base 
of Q2. Capacitor C2 couples the collector of transistor Q2 to the base of Q1. 
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(a) 

(b) 

(c) 

Figure 20.16 (a) Astable multivibrator circuit. (b) Symmetrical waveform. (c) Nonsymmet
rical waveform. 

Because of the cross-coupling, one transistor will be conductive, and one will 
be cut off. After a short period of time, the two transistors change states. The 
conducting transistor is cut off, and the off-transistor becomes conductive. 
The circuit oscillates between these two states. The output of the circuit is 
a rectangular wave. An output signal can be obtained from the collector of 
either transistor. As a rule, the output is labeled Q or Q. This denotes that 
outputs are of an opposite polarity. 
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When power is applied to the multivibrator of Figure 20.16(a), one tran
sistor goes into conduction first. A slight difference in component tolerances 
usually accounts for this condition. For explanation purposes, assume that Q1 

conducts first. When Q1 becomes conductive, there is a voltage drop across 
R1. VC becomes less than VCC. This causes a negative-going voltage to be 
applied to C1. The positive base voltage of Q1 is reduced by this voltage. 
The conduction of Q2 decreases. The collector voltage of Q2 begins to rise to 
the value of VCC. A  positive-going voltage is applied to C2. This voltage is 
added to the base voltage of Q1. Q1 becomes more conductive. The process 
continues until Q1 becomes saturated and Q2 is cut off. 

When the output voltages of each transistor becomes stabilized, there is 
no feedback voltage. Q2 is again forward biased by R2. Conduction of Q2 

causes a drop in VC. This negative-going voltage is coupled to the base of 
Q1 through C2. Q1 becomes less conductive. The VC of Q1 begins to rise 
toward the value of VCC. This is coupled to the base of Q2 by C1. The process 
continues until Q2 is saturated and Q1 is cut off. The output voltages then 
become stabilized. The process is then repeated. 

The oscillation frequency of a multivibrator is determined by the time 
constants of R2 and C1 and R3 and C2. The values of R2 and R3 are usually 
selected to cause each transistor to reach saturation. C1 and C2 are then 
chosen to develop the desired operating frequency. If C1 equals C2 and R2 

equals R3, the output is symmetrical (same on-time and off-time intervals). 
This means that each transistor is on and off for an equal amount of time as 
shown by the output waveform in Figure 20.16(b). The output frequency of 
a symmetrical multivibrator is determined by the following formula: 

1 
f = . (20.13)

1.4 × R × C 

If the resistor and capacitor values are unequal, the output is not symmet
rical. One transistor could be on for a long period with the alternate transistor 
being on for only a short period. The output of a nonsymmetrical multivi
brator (different on-time and off-time intervals) is described as a rectangular 
wave. A nonsymmetrical rectangular wave is shown in Figure 20.16(c). 

Monostable Multivibrator 

A monostable multivibrator has one stable state of operation. It is often 
called a one-shot multivibrator. One trigger pulse causes the oscillator to 
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Figure 20.17 Monostable multivibrator. 

change its operational state. After a short period of time, however, the oscil
lator returns to its original starting state. The RC time constant of this circuit 
determines the time period of the state change. A monostable multivibrator 
always returns to its original state. No operational change will occur until 
a trigger pulse is applied. A monostable multivibrator is considered to be a 
triggered oscillator. 

Figure 20.17 shows a schematic of a monostable multivibrator. This 
circuit has two operational states. Its stable state is based on conduction of 
Q2 with Q1 cut off. The circuit relaxes in its stable state when no trigger 
pulse is supplied. The unstable state is initiated by a trigger pulse. When 
a trigger pulse arrives at the input, the circuit changes from its stable state 
to the unstable state. After the time of 0.7 × R2C1, the circuit returns to its 
stable state. No circuit change occurs until another trigger pulse is applied to 
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the input. 
Pulse − width (PW) = 0.7 × R2C1. (20.14) 

Consider the operation of a monostable multivibrator when power is first 
applied. No trigger pulse is applied initially. Q2 is forward biased by a divider 
network consisting of R2, D1, and R5. The value of R2 is selected to cause 
Q2 to reach saturation. Resistors R1 and R3 reverse bias each collector. With 
the base of Q2 forward biased, it is driven into saturation immediately. The 
collector voltage of Q2 drops to a very small value. This voltage coupled 
through R4 is applied to the base of Q1. VB is not great enough to cause 
conduction of Q1. The circuit, therefore, remains in this conduction state as 
long as power is applied. This represents the stable state of the circuit. 

To initiate a state change in a monostable multivibrator, a  triggered 
pulse must be applied to its input. Figure 20.18 shows a representative trigger 
pulse, a wave-shaped pulse, and the resulting output of the multivibrator. 
C2 and R5 of the input circuit form a differentiator network, producing an 
output that corresponds to the rate of change of the input signal. The leading 
edge of the applied trigger pulse causes a large current flow through R5. 

Figure 20.18 Monostable multivibrator waveforms. (a) Trigger input waveform. (b) Differ
entiator output waveform. (c) Monostable multivibrator output waveform. 
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After C2 begins to charge, the current through R5 begins to drop. When the 
trailing edge of the pulse arrives, the voltage applied to C2 drops to zero. 
With no source voltage applied to C2, the capacitor discharges through R5. 
An opposite-polarity pulse, therefore, occurs at the trailing edge of the input 
pulse. Thus, the input pulse is changed into a positive and a negative spike 
that appears across R5. D1 conducts only during the time of the negative 
spike. This feeds a negative spike to the base of Q2. With a square trigger 
pulse applied to the input, a single negative spike pulse is applied to the base 
of Q2. This initiates a state change in the multivibrator. 

When the base of Q2 receives a negative spike, it is driven into cutoff. 
This causes the collector voltage of Q2 to rise very quickly to the value of 
+VCC. This, in turn, causes the base of Q1 to become positive. Q1, therefore, 
becomes conductive and Q2 is driven into cutoff. When Q1 conducts, the 
emitter-collector junction becomes very low resistant. Charging current flows 
through Q1, C1, and R2. The bottom of R2 immediately becomes negative 
due to the charging current of C1. This drives the base of Q2 negative. Q2 

remains in its cutoff state. The process continues until C1 becomes charged. 
The charging current through R2 then begins to slow down, and the top of 
R2 eventually becomes positive. Q2 immediately goes into conduction. This, 
in turn, drives Q1 to cutoff. The circuit has, therefore, returned to its stable 
state. It will remain in this state until the next trigger pulse arrives at the input. 

Bistable Multivibrator 

A bistable multivibrator has two stable states of operation. A trigger pulse 
applied to the input causes the circuit to assume one stable state. A second 
pulse causes it to switch to the alternate, stable state. This type of multivi
brator changes states only when a trigger pulse is applied. It is often called a 
flip-flop. It flips to one state when triggered and flops back to the other state 
when triggered. The circuit becomes stable in either state. It will not change 
states, or toggle, until commanded to do so by a trigger pulse. Figure ??(a) 
shows a schematic of a bistable multivibrator using bipolar transistors. 

When electrical power is first applied to a multivibrator, it assumes one of 
its stable states. One transistor goes into conduction faster than the other. In 
the circuit of Figure 20.19, assume that Q1 goes into conduction faster than 
Q2. The collector voltage of Q1, therefore, begins to drop quickly. Direct 
coupling between the collector and base causes a corresponding drop in the 
voltage of Q2. A reduction in Q2 voltage causes a decrease in IB and IC. The 
VC of Q2 rises to the value of +VCC. This positive-going voltage is coupled 
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Figure 20.19 (a) Bistable multivibrator circuit. (b) Input/output relationships. 

back to the base of Q1 by R3. This increases the conduction of Q1, which, in 
turn, decreases conduction of Q2. The process continues until Q1 is saturated 
and Q2 is cut off. The circuit remains in the stable state. 

To initiate a state change, a trigger pulse must be applied. A negative 
pulse applied to the base of Q1 causes it to go into the cutoff region. A positive 
pulse applied to the base of Q2 causes it to go into conduction. This polarity 
applies to NPN transistors. The pulse polarity is reversed for PNP transistors. 

For the circuit in Figure 20.19, assume that a negative pulse is applied to 
the base of Q1 through the set input. When this occurs, the IB and IC of Q1 are 
reduced immediately. The VC rises toward the value of +VCC. This positive-
going voltage is coupled back to the base of Q2. The IB and IC of Q1 rise 
quickly. This causes a corresponding drop in the VC of Q2. Direct coupling 
of VC through R3 causes a decrease in the IB and IC of Q1. The process 
continues until Q1 is cut off and Q2 reaches saturation. This represents the 
second stabilized state of operation. The circuit will remain in this state until 
commanded to change by a signal applied to the Reset input or the power is 
removed. The Set input is momentary pulsed low while maintaining the Reset 
input high. This causes the output to become high. The output remains high 
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until it is reset. If the Reset input is momentary pulsed low while maintaining 
the Set input high, this causes the output to become low. The output now 
remains low until the next Set trigger pulse is applied. 

Example 20-8: 

Refer to the bistable multivibrator of Figure 20.19(b). If the Set input is 
momentarily pulsed low at t1 = 10 ms and the Reset input at t2 = 20 ms, 
calculate the period for which the output waveform will be on (high). 

Solution 

The output switches on (high) when the Set input is pulsed low at t1= 10 ms.  
The output switches off (low) when the Reset input is pulsed low at t2 = 

20 ms. 
The duration of the t2 -t1 output waveform is 

= t2 − t1 = 20  − 10 ms = 10 ms. 

Hence, the output remains high for 10 ms. 

Related Problem 

Refer to the bistable multivibrator of Figure 20.19(b). Assume that the 
multivibrator is initially on. If the Reset input is momentarily pulsed low at 
t1= 10 ms and the Set input at t2= 15 ms, calculate the period for which the 
output waveform will be off (low). 

IC Waveform Generators 

The 555 IC is a multifunction device that is widely used for applications such 
as voltage-controlled oscillators. It can be modified to respond as an astable 
multivibrator. This circuit can be achieved with a minimum of components 
and a power source. Circuit design is easy to accomplish and the operation is 
very reliable. This chip is available through a number of manufacturers. As a 
rule, the number 555 usually appears in the manufacturer’s part identification 
number. SN72555, MC14555, SE555, LM555, XR555, and CA555 are some 
of the common part numbers for this chip. The internal circuitry of a 555 
IC is generally viewed in functional blocks. In this regard, the chip has two 
comparators, a bistable flip-flop, a resistive divider, a discharge transistor, and 
an output stage. Figure 20.20(a) shows the functional blocks of a 555 IC. 
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The voltage divider of the IC consists of three 5-kΩ resistors. The 
network is connected internally across the +VCC and ground supply source. 
Voltage developed by the lower resistor is one-third of VCC. The middle 
divider point is two-thirds of the value of VCC. This connection is terminated 
at pin 5. Pin 5 is designated as the control voltage. The two comparators of 
the 555 IC respond as an amplifying switch circuit. A reference voltage is 
applied to one input of each comparator. A voltage value applied to the other 
input initiates a change in output when it differs with the reference value. 

Comparator 1 is referenced at two-thirds of VCC at its negative input 
(referred to as the upper trip point). This is where pin 5 is connected to 
the middle divider resistor. The other input is terminated at pin 6. This pin 
is called the threshold terminal. When the voltage at pin 6 rises above 
two-thirds of VCC, the output of the comparator swings positive. This is 
then applied to the Reset input of the flip-flop. Upper trip point (UTP) is 
determined by the following formula: 

2 
UTP = VCC. (20.15)

3 

Comparator 2 is referenced to one-third of VCC and referred to as the 
lower trip point. The positive input of comparator 2 is connected to the lower 
divider network resistor. External pin connection 2 is applied to the negative 
input of comparator 2. This is called the trigger input. If the voltage of the 
trigger drops below one-third of VCC, the comparator output swings positive. 
This is applied to the set input of the flip-flop. Lower trip point (LTP) is 
determined by the following formula: 

1 
LTP = VCC. (20.16)

3 

555 Flip-Flop 

The flip-flop of the 555 IC is a bistable multivibrator. It has Reset and Set 
inputs and one output. When the Reset input is positive, the output goes 
positive. A positive voltage to the Set input causes the output to go negative. 
The output of the flip-flop is dependent on the status of the two comparator 
inputs as shown in Figure 20.20(b). 

The output of the flip-flop is applied to both the output stage and the 
discharge transistor. The output stage is terminated at pin 3. The discharge 
transistor is connected to terminal 7. The output stage is a power amplifier 
and a signal inverter. A load device connected to terminal 3 will see either 
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+VCC or ground, depending on the state of the input signal. The output 
terminal switches between these two values. The output terminal can control 
load current values of up to 200 mA. A load device connected to +VCC 

is energized when pin 3 goes to ground. When the output goes to +VCC, 
the output is off. A load device connected to ground turns on when the 
output goes to +VCC. It is off when the output goes to ground. The output 
continuously switches between these two states, as shown in Figure 20.20. 

Transistor Q1 is called a discharge transistor. The output of the flip
flop is applied to the base of Q1. When the flip-flop is reset (positive), it 
forward biases Q1. Pin 7 connects to ground through Q1 This causes pin 7 to 
be grounded. When the flip-flop is set (negative), it reverse biases Q1. This 
causes pin 7 to be infinite or open with respect to ground. Pin 7, therefore, 
has two states: shorted to ground and open. 

555 Astable Multivibrator 

When used as an astable multivibrator, the 555 is an RC oscillator. The 
shape of the waveform and its frequency are determined primarily by an RC 
network. The astable multivibrator circuit is self-starting and operates contin
uously for long periods of time. Figure 20.20 shows the LM555 connected 
as an astable multivibrator. A common application of this circuit is the time 
base generator for clock circuits and computers. 

Connection of the 555 IC as an astable multivibrator requires two resis
tors: a capacitor and a power source. The output of the circuit is connected to 
pin 3. Pin 8 is +VCC and pin 1 is ground. The supply voltage can be from 5-V 
DC to 15-V DC. Resistor RA is connected between +VCC and the discharge 
terminal (pin 7). Resistor RB is connected between pin 7 and the threshold 
terminal (pin 6). A capacitor is connected between the threshold and ground. 
The trigger (pin 2) and threshold (pin 6) are connected together. 

When power is first applied, the capacitor charges through RA and RB. 
When the voltage at pin 6 (threshold) rises slightly above two-thirds of VCC, 
it changes the state of comparator 1. This resets the flip-flop and causes its 
output to go positive. The output (pin 3) goes to ground and the base of Q1 is 
forward biased. Q1 discharges C through RB to ground. 

When the charge voltage of C drops slightly below one-third of VCC, it  
energizes comparator 2. The trigger (pin 2) and the threshold (pin 6) are 
still connected together. Comparator 2 causes a positive voltage to go to the 
set input of the flip-flop. This sets the flip-flop, which causes its output to 
go negative. The output (pin 3) swings to +VCC. The base of Q1 is reverse 



20.3 Relaxation Oscillators 861
 

Figure 20.20 Astable multivibrator. (a) LM555 IC and external components. (b) Pin 
designations and internal block diagram of an astable multivibrator. 
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Figure 20.21 Astable multivibrator waveforms. 

biased. This opens the discharge (pin 7). C begins to charge again to VCC 

through RA and RB. The process is repeated from this point. The charge 
value of C varies between one-third and two-thirds of VCC. See the resulting 
waveforms of Figure 20.21. 

The output frequency of the astable multivibrator is represented as 
follows: 

1 
fout = . (20.17)

T 
This represents the total time needed to charge and discharge C. The 

charge time is represented by the duration t1. In seconds, t1 is 0.693 (RA 

+ RB) C. The discharge time is indicated by the duration t2. In seconds, t2 is 
0.693 RBC. The combined time for one operational cycle is, therefore, 

T = t1 + t2 = 0.693(RA + RB)C + 0.693RBC = 0.693(RA + 2RB)C. 

Expressed as frequency, this is 

f = 1/T. 

Combining t1, t2, t3, and t4 makes the frequency formula 

1 1.44 
fout = = . 

0.693(RA + 2RB)C (RA + 2RB)C 
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The resistance ratio of RA and RB is quite critical in the operation of an 
astable multivibrator. If RB is more than half the value of RA, the circuit 
does not oscillate. Essentially, this prevents the trigger from dropping in 
value from two-thirds of VCC to one-third of VCC. This means that the IC 
is not capable of retriggering itself. It is, therefore, unprepared for the next 
operational cycle. Most IC manufacturers provide data charts that assist the 
user in selecting the correct RA and RB values with respect to C. 

Some important definitions and equations for the 555 timer are listed 
below: 

1) Cycle time (T): The time taken for one complete output cycle to occur. 

T = 0.693(RA + 2RB)C. (20.18) 

2) Operating frequency (f out): The frequency at which the 555 timer 
operates. 

1 
fout = . (20.19)

0.693(RA + 2RB)C 

3) Pulse-width (PW): The time duration of an active high output state. 

PW = 0.693(RA + RB)C. (20.20) 

4) Duty cycle: The ratio of the pulse-width to the cycle time expressed as a 
percentage. 

RA + RB × 100. (20.21)
RA + 2RB 

Example 20-9: 

Given the following values (see Figure 20.20) for a 555 timer − RA = 1 kΩ, 
RB = 2 kΩ, and C1= 0.02 μF, calculate 1) cycle time, 2) operating frequency, 
3) pulse-width, and 4) duty cycle. 

Solution 

1) T = 0.693 (RA+ 2 RB) C1 = 0.693 (1000 + 2 × 2000) × 0.02 × 10−6 = 
69.3 × 10−6 = 69.3 μs. 

1 12) fout = = = 14, 430.0 = 14.43 kHz.T 69.3×10−6 

3) PW = 0.693 (RA + RB) C1 = 0.693 (1000 + 2000) × 0.02 × 10−6 = 41.58 
× 10−6 = 41.58 μs. 

RA+RB 1000+20004) % duty cycle = × 100 = × 100 = 60%.RA+2RB 1000+2×2000 
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Related Problem

Referring to the 555 circuit of Figure 20.20 with RA = 10 kΩ, RB = 25 kΩ, and
C1= 0.05 μF, calculate 1) cycle time, 2) operating frequency, 3) pulse-width,
and 4) duty cycle.

Self-Examination

Answer the following questions.

16. ____________ oscillators are used to generate nonsinusoidal wave-
forms.

17. A unijunction transistor may be used as a(n) ____________ oscillator.
18. Multivibrators are classified as either ____________ or _______________.
19. A(n) ________________ multivibrator is a freerunning oscillator.
20. A monostable multivibrator is also called a(n) _______________ multi-

vibrator.
21. A bistable mutivibrator is also called a(n) _____________.
22. An IC oscillator may be constructed using a(n) ______________.
23. If a square wave has equal on- and off-time durations, its duty cycle is

________%.
24. When the on-time duration of a square wave is not equal to the

off-time duration, the waveform is considered to be (symmetrical,
unsymmetrical).

25. The time taken for one complete output cycle to occur is called the
____________.

20.4 Analysis and Troubleshooting – Oscillator Circuits

In order to test timer and oscillator circuits, their operating characteristics
should be understood. Familiarity with the test equipment used along with
low- to high-frequency AC circuits, such as function generators and oscillo-
scopes, is necessary for examining the operation of oscillator circuits. Some
of the problems common to oscillator circuits include stray capacitances,
junction capacitances, and shielding, which affect circuit operation. Tuned
oscillator circuits are susceptible to stray capacitive effects when long cables
are used for circuit interconnections, and this affects the operating frequency.
Also, improper shielding wherein some of the magnetic field from one
component may leak out and affect the operation of neighboring electrical
components.
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Oscillators are usually composed of a combination of passive and active 
components. Passive components such as resistors, inductors, and capacitors 
are externally connected to the active components such as transistors and 
op-amps. Passive components are subject to open-circuit, short-circuits, and 
leakage, which can be evaluated using test instruments. An active component 
failure generally requires replacement of the device due to the complexity of 
its internal construction. 

20.4 Analyze and troubleshoot oscillator circuits. 

In order to achieve objective 20.4, you should be able to: 

• examine the datasheet of timer ICs to determine its operational charac
teristics; 

• distinguish between normal and faulty operation of an oscillator circuit. 

Data Sheet Analysis – Timer IC 

Figure 20.22 shows the typical data sheet for an NE/SA/SE555/SE555C 
timer circuit. We will use this data sheet to analyze typical information 
available in integrated circuit timers. 

Use this data sheet to answer the following questions: 

• The number of pins in the device = ____________. 
• Maximum operating frequency = __________. 
• Modes of operation = ____________ and _______________. 
• Applications = _____________________________________. 
• Maximum supply voltage for the NE555 = ______________. 
• Operating ambient temperature range = _________◦C to _________◦C. 
• Maximum source or sink currents = _________mA. 
• Maximum allowable power dissipation = ____________mW. 

Troubleshooting Oscillator Circuits 

The active components used for amplifying the signal in an oscillator circuit 
generally consist of op-amps. By connecting external electrical components 
in the feedback path of the op-amp, the frequency of oscillation and the 
gain of the oscillator can be controlled. If the feedback element is shorted 
or open circuited during operation, the functioning of the overall circuit will 
be affected. 
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Figure 20.22 NE/SE 555C datasheet (Courtesy: Philips Semiconductors). 

An op-amp circuit may be configured to operate as an oscillator or 
AC generator. It uses both positive and negative feedback. When the cir
cuit is energized, it produces an AC output that drives an electrical load. 



868 Oscillator Circuits

The oscillation output AC waveform can also be observed on an oscilloscope.
If there is a problem with the positive- or negative-feedback portion of the
circuit, the frequency and amplitude (gain) of the circuit may be altered.

Summary

• An oscillator generates a continuously repetitive output signal.
• Two basic types of oscillators based on their method of operation are the

feedback oscillator and relaxation oscillator.
• In a feedback oscillator circuit, a portion of the output power is returned

to the input circuit.
• A feedback oscillator circuit consists of an amplifier, feedback network,

frequency-determining network, and a DC power source.
• A relaxation oscillator responds to an electronic device that goes into

conduction for a certain time and then turns off for a period of time.
• Relaxation oscillators usually generate square- or triangular-shaped

waves.
• The active device of a relaxation oscillator is triggered into conduction

by a change in voltage.
• An inductive-capacitance network usually determines the operating

frequency of a feedback oscillator.
• Without regenerative feedback, a tank circuit produces a damped sine

wave.
• The operation of a relaxation oscillator depends on the charge and

discharge of an RC or RL network.
• Feedback in a feedback oscillator can be accomplished by inductance,

capacitance, or resistance coupling.
• The following oscillators are feedback oscillators: Armstrong, Hartley,

Colpitts, Clapp, crystal, Pierce, and Wien-Bridge.
• An Armstrong oscillator is also referred to as a tickler coil.
• The frequency of an Armstrong oscillator is based on the value of a

capacitor and the secondary of a transformer.
• The Hartley oscillator incorporates a tapped coil and is used extensively

in AM and FM radio receivers.
• A Colpitts oscillator is similar to the shunt-fed Hartley oscillator except

that it uses two capacitors instead of a tapped coil.
• The amount of feedback developed in a Colpitts oscillator is based on

the capacitance ratio of the two capacitors in the tank circuit.
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• The Clapp oscillator is similar to the Colpitts oscillator and uses an
additional capacitor in series with the coil of the tank circuit.

• Crystal oscillators are used when extremely high-frequency stability is
desired.

• The Hartley and Colpitts oscillators are often modified to accommodate
a crystal.

• A crystal has the property to change electrical energy into mechanical
energy and mechanical energy into electrical energy; this is known as
the piezoelectric effect.

• The Wien-Bridge oscillator uses a RC network for providing positive
feedback to an op-amp for controlling the frequency of oscillation, and
negative feedback for controlling the gain.

• The Pierce oscillator is a modification of the Colpitts oscillator; it uses a
crystal in place of the tank circuit inductor.

• Relaxation oscillators are typically used to generate nonsinusodial
waveforms, such as the sawtooth and rectangular waveforms.

• Relaxation oscillators depend on the charge and discharge of a capacitor-
resistor network.

• UJT oscillators are used in applications that require a signal with a slow
rise time and a rapid fall time.

• A multivibrator is a classification of the relaxation oscillator.
• Two general types of multivibrators are triggered and free-running.
• An astable multivibrator is free-running.
• Monostable and bistable multivibrators are free-running.
• A monostable multivibrator has one stable state of operation; it is often

called a one-shot multivibrator.
• A bistable multivibrator has two stable states of operation; it is often

called a flip-flop.
• A 555 IC can be configured to respond as an astable multivibrator.
• The internal circuitry of a 555 IC consists of two comparators, a bistable

flip-flop, a resistive divider, a discharge transistor, and an output stage.
• The shape of the waveform from an IC astable multivibrator is deter-

mined by an external RC network.

Formulas

(20-1) Acl = Av
1
× B Closed-loop feedback gain of an oscillator

(20-2) fr =2π
√ Resonant frequency of a tank circuit.
LC
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(20-3) fr =
1

2π
√
L1C1

Frequency of the Hartley oscillator

(20-4) B = Lb
La

Attenuation factor, B, of the Hartley oscillator

(20-5) CT = C1×C2
C1+C2

Total capacitance is called CT of a Colpitts oscillator

(20-6) fr =
1

2π
√
L1CT

Frequency of a Colpitts oscillator

(20-7) B = C1
C2

Attenuation factor, B, of a Colpitts oscillator

(20-8) CT = 1
1
C1

+ 1
C2

+ 1
C3

= C1C2+C2C3+C1C3
C1C2C3

Total capacitance CT of a

Clapp oscillator
(20-9) fr = 1

2π
√
L1C3

Frequency of a Clapp oscillator when C3 << C1 or
C2

(20-10) fr =
1

2πRC Frequency of a Wien-Bridge oscillator, when R1= R2= R
and C1= C2= C

(20-11) ACL = 1 + R4+R5
R3

Closed-loop gain of a Wien-Bridge oscillator
(20-12) VP = ηVBB + 0.7 Peak voltage (VP) of UJT
(20-13) f = 1

1.4×R×C Output frequency of a symmetrical multivibrator.
(20-14) PW = 0.7R2C1 Pulse-width of monostable multivibrator
(20-15) UTP = 2

3VCC Upper trip point of a 555 IC
(20-16) LTP = 1

3VCC Lower trip point of a 555 IC
(20-17) fout =

1
T Output frequency of an astable multivibrator

(20-18) T = 0.693(RA + 2RB)C Cycle time of an astable multivibrator
(20-19) fout =

1
0.693(RA+2RB)C

Output frequency of an astable multivibrator
(20-20) PW = 0.693(RA +RB)C Pulse width of an astable multivibrator
(20-21) % duty cycle = On−time

Total cycle time = RA+RB
RA+2RB

× 100 Duty cycle of an
astable multivibrator

Review Questions

Answer the following questions.

1. The amplitude of a damped oscillatory waveform (increases, decreases).
2. In a series RC circuit, if the value of the resistor is increased, the time

constant of the system (increases, decreases).
3. A capacitor develops ____________% of the total charge voltage in one

time constant.
4. A capacitor develops ____________% of the total charge voltage in five

time constants.
5. The use of a ____________________ in the Armstrong oscillator

distinguishes it from other oscillators.
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6. The use of a ____________________ in the Hartley oscillator distin-
guishes it from other oscillators.

7. The capacitor divider network in a Colpitts oscillator is used for
___________________.

8. With reference to the series RLC circuit of Figure 20.12(a), at the
resonant frequency, the impedance is (maximum, minimum).

9. With reference to the parallel RLC circuit of Figure 20.12(b), at the
resonant frequency, the impedance is (maximum, minimum).

10. The ___________________ oscillator produces the most stable high-
frequency output.

11. With reference to the Wien-Bridge oscillator circuit of Figure 20.15(a),
the components R1 and C1 are used for developing the ________-
frequency response, while R2 and C2 are used for developing the
________-frequency response.

12. With reference to the Wien-Bridge oscillator circuit of Figure 20.15(b),
the intersection point of the low-pass frequency response and the high-
pass frequency response is called the ________________ frequency.

13. With reference to the UJT oscillator circuit of Figure 20.16, the charg-
ing time of the capacitor C1 occurs when the UJT is (conducting,
nonconducting).

14. With reference to the UJT oscillator circuit of Figure 20.16, the dis-
charging time of the capacitor C1 occurs when the UJT is (conducting,
nonconducting).

15. In a square wave if the on-time is greater or lesser than the off-time, the
resulting waveform is (symmetrical, nonsymmetrical).

16. In a square wave if the on-time is equal to the off-time, the resulting
waveform is (symmetrical, nonsymmetrical).

17. A monostable multivibrator has ________ stable state(s), whereas an
astable multivibrator has ________stable state(s).

18. The type of multivibrator that needs an external trigger pulse to begin its
operation is considered to be (monstable, astable).

19. A multivibrator that generates a continuous waveform is considered to
be (bistable, monostable, astable).

20. With reference to the 555 timer circuit of Figure 20.20, when
power is applied, the capacitor C charges through the resistor(s)
_______________________.
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Problems 

Answers the following questions. 

1.	 What is the frequency of an LC circuit using a 0.5-μF capacitor and a 
100-mH inductor? 

a. 0-499 Hz 
b. 500-999 Hz 
c. 1-9.9 kHz 
d. 10 kHz or above 

2. If the attenuation (B) of an amplifier circuit is 0.005, what should the 
voltage gain (Av) of this amplifier be set to for oscillations to occur? 

a. 1-99 
b. 100-199 
c. 200-999 
d. 1000 or above 

3. Refer to the Colpitts oscillator of Figure 20-10. If values of the capac
itances are changed so that C1 = 0.05 μF and C2 = 0.5 μF, the total 
capacitance CT of the circuit is: 

a. 0.001-0.009 μF 
a. 0.01-0.09 μF 
a. 0.1-0.9 μF 
a. 1 μF or above  

4. Refer to the Wien-Bridge oscillator of Figure 20-15. If values of the 
components are set so that R1 = R2 = R = 15 kΩ and C1 = C2 = C = 0.05 
μF, the critical or resonant frequency is: 

a. 1-49 Hz 
b. 50-99 Hz 
c. 100-199 Hz 
d. 200 Hz or above 

5. If the on-time of a square wave pulse is 0.5 ms and the off-time is 0.15 
ms, the duty cycle of the waveform is: 

a. 0%-24% 
a. 25%-49% 
a. 50%-74% 
a. 75% or above 
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Answers 

Examples 

20-1. 5.035 kHz 
20-2. t = 0.5 ms; so T = 2.5 ms to fully charge the capacitor 
20-3. 5.035 kHz 
20-4. CT = 0.0578 μF, f r = 5. 410 kHz 
20-5. CT = 150 pF, f r = 183.87 kHz 
20-6. f r = 636 Hz 
20-7. tD = 10  μs, TD = 50  μs (time taken to fully discharge the capacitor) 
20-8. t2 -t1 = 5 ms  
20-9. T = 2.079 ms, f out = 481 Hz, PW = 1.213 ms, % duty cycle = 58.35% 

Self-Examination 

20.1 

1. oscillator 
2. feedback network, amplifier, frequency-determining network, and DC 

power source (any order) 
3. feedback 
4. tank 
5. resonant 
6. damped 
7. 4.1 kHz 
8. Decreases 
9. relaxation 

10. feedback 
20.2 
11. L, C (any order) 
12. tapped coil 
13. capacitors 
14. crystal 
15. Wien-Bridge 

20.3 
16. Relaxation 
17. relaxation 
18. triggered (or monostable or one-shot), free-running (or astable) 
19. astable 
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20. one-shot 
21. flip-flop 
22. 555 IC 
23. 50 
24. unsymmetrical 
25. cycle time 

Terms 

Feedback oscillator 

A type of oscillator in which a portion of the output power is returned to the 
input circuit. 

Regenerative feedback 

Feedback from the output to the input that is in phase so that it is additive. 

Armstrong oscillator 

An oscillator that uses a transformer as a feedback element to produce a 180◦ 

phase shift which is needed for producing oscillation. 

Relaxation oscillator 

A nonsinusodial oscillator that has a resting or nonconductive period during 
its operation. 

Tank circuit 

A parallel-resonant LC circuit. 

Damped sine wave 

A wave in which successive oscillations decrease in amplitude. 

Continuous wave (CW) 

Uninterrupted sine waves, usually of the RF type, that are radiated into space 
by a transmitter. 

Piezoelectric effect 

The property of a crystal to change mechanical vibrations into electrical 
energy. 

Sharp filter 

A filter that permits feedback only of the desired frequency. 
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Pulse repetition rate (PRR) 

The time that it takes for the waveform to repeat itself. 

Multivibrator 

A type of relaxation oscillator that employs an RC network in its physical 
makeup and produces a rectangular-shaped wave. 

Triggered multivibrator 

A type of multivibrator that uses a control technique called triggering to 
change its operational state. 

Free-running multivibrator 

A type of multivibrator that is self-starting. It operates continuously as long 
as electrical power is supplied. The shape and frequency of the waveform are 
determined by component selection. 

Astable multivibrator 

A free-running generator that develops a continuous square-wave output. 

Symmetrical multivibrator 

A circuit with an output having equal on and off times. 

Nonsymmetrical multivibrator 

A circuit with an output having unequal on and off times. 

Monostable multivibrator 

A multivibrator with one stable state. It changes to the other state momentar
ily and then returns to its stable state. 

Flip-flop 

A type of multivibrator changes states only when a trigger pulse is applied. It 
is called a flip-flop because it flips to one state when triggered and flops back 
to the other state when triggered. 

Threshold terminal 

The beginning or entering point of an operating condition. A terminal 
connection of the LM555 IC timer. 
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Blocking oscillator 

An oscillator circuit that drives an active device into cutoff or blocks its 
conduction for a certain period of time. 

Vertical blocking oscillator (VBO) 

A TV circuit that generates the vertical sweep signal for deflection of the 
cathode-ray tube or picture tube. 
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Radio Frequency (RF)
 

Communication Systems
 

High-level sound amplification makes it possible to communicate over 
long distances. A public-address amplifier system, for example, permits an 
announcer to communicate with a large number of people in a stadium or 
an arena. Even the most sophisticated sound system, however, has some 
limitations. Sound waves moving away from the source have a tendency 
to become somewhat weaker the farther they travel. An increase in signal 
strength does not, therefore, necessarily solve this problem. People near large 
speakers usually become very uncomfortable when the sound is increased 
to a high level. It is possible, however, to communicate with people over 
long distances without increasing sound levels. Electromagnetic waves in 
the radio frequency (RF) range make this type of communication possible. 
Radio, television, and long-distance telephone communication are achieved 
by this process. 

This chapter investigates how sound is transmitted through the air by 
electromagnetic waves called radio waves. Radio frequency (RF) commu
nication systems play a very important role in our daily lives. We listen to 
radio receivers, watch television, and talk to friends over long distances on a 
telephone. Therefore, it is important that we have some basic understanding 
of this type of communication. 

A number of different RF communication systems are used and are 
covered in this chapter. As a general rule, these systems are classified 
according to the method by which signal information or intelligence is 
applied to the transmitted signal. Three very common RF communication 
systems are continuous-wave (CW), amplitude modulation (AM), and 
frequency modulation (FM). Each system has a number of unique features 
that distinguish it from the others. 

877
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Objectives 

After studying this chapter, you will be able to: 

21.1 explain the basic operation of an RF communication system; 
21.2 analyze the operation of a continuous-wave communication system; 
21.3 analyze the operation of an AM communication system; 
21.4 analyze the operation of an FM communication system; 
21.5 troubleshoot an RF communication circuit. 

Chapter Outline 

21.1 RF Communication Systems 
21.2 Continuous-Wave Communication 
21.3 Amplitude Modulation Communication 
21.4 Frequency Modulation Communication 
21.5 Troubleshooting RF Communication Circuits 

Key Terms 

beat-frequency oscillator (BFO) 
buffer amplifier 
carrier wave 
center frequency 
channel 
ganged 
ground wave 
heterodyning 
high-level modulation 
ionosphere 
line-of-sight transmission 
low-level modulation 
modulating component 
modulation 
phasor 
radio telegraphy 
ratio detector 
receiver 
sidebands 
sky wave 
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transmitter 
zero beating 

21.1 RF Communication Systems 

Radio frequency (RF) communication systems use electromagnetic waves in 
the radio frequency spectrum for communication. These signals, like all 
electromagnetic waves, travel through the air at 186,000 mi/s, or 300,000,000 
m/s - the speed of light. RF communication, therefore, permits sound to 
travel long distances instantaneously. In this section, you will learn about the 
fundamental parts of an RF communication system and how radio frequency 
waves are transmitted. 

21.1 Explain the basic operation of an RF communication system. 

In order to achieve objective 21.1, you should be able to: 

• describe the primary function of a transmitter and receiver; 
• name the basic parts of an RF communications system; 
• name three common communication systems; 
• define transmitter, receiver, ground wave, sky wave, ionosphere, and 

line-of-sight transmission. 

RF Communication System Parts 

Refer to Figure 21.1 which identifies the RF portion of the electromagnetic 
spectrum. Note that RFs include different forms of transmissions such as 
AM (amplitude modulated) radio, FM (frequency modulated) radio, televi
sion, cellular communications, and microwave devices. Most of our home 
entertainment systems operate by processing RF signals. 

An RF communication system is very similar to any other electronic 
system. It has an energy source, a transmission path, control, load device, and 
one or more indicators. These individual parts are essential to the operation 
of the system. The physical layout of the RF communication system is very 
important. Figure 21.2(a) shows a block diagram of a radio frequency (RF) 
communication system. The signal source of the system is an RF transmitter. 
The transmitter is the center or focal point of the system. The RF signal is 
sent to the remaining parts of the system through the atmosphere or air, which 
is the transmission path of the system shown. RF finds air to be an excellent 
signal path as compared to other media. 



880 
R

adio F
requency (R

F
) C

om
m

unication System
s 

Figure 21.1 Electromagnetic spectrum. 
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Figure 21.2 RF communication system with transmitter-receiver. 

The control function of the system is directly related to the signal path. 
The distance that the RF signal must travel has a great deal to do with its 
strength. The load of the system is an infinite number of radio receivers. Each 
receiver picks the signal out of the atmosphere and uses it to do work. Any 
number of receivers can be used without directly influencing the output of the 
transmitter. System indicators may be found at a number of locations. Meters, 
lamps, and waveform monitoring oscilloscopes are typical indicators. These 
basic functions apply, in general, to all RF communication systems. 

A good way to look at an RF communication system is to divide the 
transmitter and receiver into separate systems. The transmitter then has all 
its system parts in one discrete unit. Its primary function is to generate an RF 
signal that contains intelligence and to radiate this signal into the atmosphere. 
The receiver can also be viewed as an independent system. It has a complete 
set of system parts. Its primary function is to pick up the RF transmitted 
signal, extract the intelligence, and develop it into a usable output. 

A one-way communication system has one transmitter and an infinite 
number of receivers. Commercial AM, FM, and TV communication is 
achieved by this method. Two-way mobile communication systems have a 
transmitter and a receiver at each location. In some cases, the transmitter 
and receiver may be combined into one unit which is called a transceiver. 
This type of system permits direct communication between each location. 
Citizen’s band (CB) radio is also considered to be two-way communication. 
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Figure 21.2(b) shows a simplification of the transmitter and receiver as 
independent systems. The transmitter has an RF oscillator, amplifiers, and 
a power source. The antenna-ground at the output circuit serves as the load 
device for the system. Intelligence is applied according to the design of the 
system. The system may be continuous-wave (CW), amplitude modulation 
(AM), or frequency modulation (FM). 

The RF receiver function is represented as an independent system. It will 
not be operational unless the transmitter sends out a signal. The receiver has 
tuned RF amplification, detection, amplification, reproduction, and a power 
supply. The detection function picks out the intelligence from the received 
signal. The reproduction unit, which is usually a speaker, serves as the load 
device. The receiver responds only to the RF signal sent out by the transmitter. 

Radio Frequency 

Radio frequency (RF) communication systems rely on the radiation of 
high-frequency energy from an antenna-ground network. This particular 
principle was discovered by Heinrich Hertz around 1885. He found that 
high-frequency waves produced by an electrical spark induced electrical 
energy in a coil of wire some distance away. He also discovered that current 
passing through a coil of wire produces a strong electromagnetic field. The 
fundamental unit of frequency is the hertz (Hz), which is the number of 
complete waveforms that occur in 1 s. 

The basic characteristics of radio frequency (RF) waves are important 
in the operation of RF systems. Refer back to the electromagnetic spectrum 
of Figure 21.1. Note the lower right portion of the spectrum that contains 
radio frequencies. The RF band of frequencies includes those that are des
ignated by the Federal Communications Commission (FCC) for AM, FM, 
microwave, and television signals. Electromagnetic signals are transmitted 
within their designated bands to distinguish one type from others. For exam
ple, standard AM signals are 535-1620 kHz, and standard FM signals are 
88-108 MHz. 

When direct current is applied to a coil of wire, it causes the field to 
remain stationary as long as current is flowing. When DC is first turned on, 
the field expands. When it is turned off, the field collapses and cuts across 
the coil. As a general rule, DC electromagnetic field development is of no 
significant value in radio communication. When low-frequency AC is applied 
to an inductor, it produces an electromagnetic field. Since AC is in a constant 
state of change, the resulting field is also in a state of change. It changes 
polarity twice during each operational cycle. 
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Figure 21.3 Electromagnetic field changes. 

Figure 21.3 shows how the electromagnetic field of a coil changes when 
AC is applied. In Figure 21.3(a), the field is expanding during the first 
half of the positive alternation. At the peak of the alternation, coil current 
begins to decrease in value. Figure 21.3(b) shows the field collapsing. The 
current value decreases to the zero reference at this time. This completes the 
positive alternation, or first 180◦, of the sine wave. Figure 21.3(c) shows the 
field expanding for the negative alternation. The polarity of this field is now 
reversed. At the peak of the negative alternation, the field begins to collapse. 
The cycle is complete at this point. The sequence is repeated for each new 
sine wave. 

When high-frequency AC is applied to an inductor, it also produces an 
electromagnetic field. The directional change of high-frequency AC, how
ever, occurs very quickly. The change is so rapid that there is not enough 
time for the collapsing field to return to the coil. As a result, a portion of 
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the field becomes detached and is forced away from the coil. In a sense, the 
electromagnetic field radiates out or away from the coil. The word radio was 
developed from these terms. 

The electromagnetic wave of an RF communication system radiates 
from the antenna of the transmitter. This wave is the end result of an inter
action between electric and magnetic fields. The resulting wave is invisible, 
cannot be heard, and travels at the speed of light. These waves become weaker 
after leaving the antenna. Stronger electromagnetic waves can be effectively 
used in a radio frequency communication system. These waves do not affect 
human beings like high-powered sound waves. RF waves are also easier to 
work with in the receiver circuit. 

Electromagnetic wave radiation is directly related to its frequency. Low-
frequency (LF) waves of 30-300 kHz and medium frequency (MF) waves 
of 300-3000 kHz tend to follow the curvature of the earth. This type of waves 
is commonly called a ground wave. Ground waves are usable during the day 
or night for distances up to approximately 100 miles. 

The higher frequency portion of the electromagnetic wave radiated from 
an antenna is called a sky wave. Depending on its frequency, sky waves are 
reflected back to the earth by a layer of ionized particles called the iono
sphere. If the frequency is low, very little reflection from the ionized particles 
takes place. However, if the frequency is high, the reflection increases signif
icantly. These waves permit signal reception well beyond the range of the 
ground wave. Sky-wave signal patterns change according to ion density and 
the position of the ionized layer. During the daylight hours, the ionosphere 
is very dense and near the surface of the earth. Signal reflection or skip of 
this type is not very suitable for long-distance communication. In the evening 
hours, the ionosphere is less dense and moves to higher altitudes. Hence, sky
wave reflection patterns have larger angles and travel greater distances than 
ground waves. Figure 21.4 shows some sky-wave patterns and the ground 
wave. 

The height of the antenna, the frequency used, and the type of antenna 
determine its radiation pattern. Very high frequency (VHF) signals of 30
300 MHz tend to move in straight lines because of their high frequency. VHF 
can, thus, be used for ionosphere-based and satellite communications owing 
to its straight line transmission characteristics. If the height of the antenna 
is increased, the radiation pattern would be altered. Since higher frequency 
RF signals follow a straight line, as compared to low-frequency signals, 
the height of an antenna extends the radiation pattern. A high-frequency 
RF signal, when used along with a ground wave, generates a line-of-sight 
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Figure 21.4 Sky-wave and ground-wave patterns.

transmission radiation pattern. FM, TV, and satellite communications are
achieved by VHF signal radiation.

The physical size of the wave, or its wavelength, decreases with an
increase in frequency. High-frequency signals have a short wavelength. These
signals pass very readily through the ionosphere without being reflected or
distorted. Communication between an FM or TV transmitter and a receiver
on earth is limited to a few hundred miles. Communication between an earth
station and a satellite can involve thousands of miles.

Self-Examination

Answer the following questions.

1. The _____ of a communications system is responsible for signal
generation.

2. The _____ of a communications system intercepts the RF signal and
recovers the information.

3. A (one-way, two-way) communication system has one transmitter and
an infinite number of receivers.

4. A (one-way, two-way) communication system has a transmitter and a
receiver at each location.

5. Three common communication systems are _____, _____, and _____.
6. _____ waves are reflected by the ionosphere.
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21.2 Continuous-Wave Communication

Continuous-wave (CW) communication is the simplest of all communi-
cation systems. This type of communication system generates an electro-
magnetic wave of a constant frequency and amplitude. CW communication
is used in radar systems and amateur radio. This section discusses CW in
amateur radio - specifically, its role in the transmission of Morse code.

21.2 Analyze the operation of a continuous-wave communication system.

In order to achieve objective 21.2, you should be able to:

• determine the beat frequencies developed from the fundamental frequen-
cies;

• describe the heterodyning process;
• explain the purpose of a beat-frequency oscillator;
• identify the parts of a continuous-wave communication system;
• define radio telegraphy, ganged, heterodyning, beat frequency, beat

frequency oscillator, and zero beating.

Basic CW Parts and Operation

A continuous-wave (CW) communication system consists of a transmitter
and a receiver. The transmitter employs an oscillator for the generation of an
RF signal. The oscillator generates a continuous sine wave. In most systems,
the CW signal is amplified to a desired power level by an RF power amplifier.
The output of the final power amplifier is then connected to the antenna-
ground network. The antenna radiates the signal into the atmosphere. When
generating Morse code, information or intelligence is applied to the CW
signal by turning the signal on and off. This causes the CW signal to be broken
into a series of pulses, or short bursts of RF energy. The pulses conform to an
intelligible code. The international Morse code is commonly used.

Figure 21.5 shows a simplification of the Morse code. A short burst of
RF represents a dot. A burst three times longer represents a dash. Signals of
this type are called keyed or coded continuous waves. The Federal Commu-
nications Commission (FCC) classified keyed CW signals as type A1. This is
considered to be radio telegraphy with on-off keying. Figure 21.6 shows a
comparison of a CW signal and a keyed CW signal.

The receiver function of a CW communication system is somewhat
more complex than the transmitter. It has an antenna-ground network, a
tuning circuit with an RF amplifier, a heterodyne detector, a beat-frequency
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Figure 21.5 Morse code. 

Figure 21.6 Comparison of CW signals. (a) CW signal. (b) Coded or keyed continuous 
wave, letter U. 
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Figure 21.7 Block diagram of a CW communication system. 

oscillator, an audio amplifier, and a speaker. The receiver is designed to pick 
up a CW signal and convert it into a sound signal that drives the speaker. 
Figure 21.7 shows a block diagram of the CW communication system. 

CW Transmitter 

A CW transmitter in its simplest form has an oscillator, a power supply, and 
an antenna-ground network. When the CW transmitter is used to transmit 
Morse code, a keying circuit is included. The power output developed by the 
circuit is usually quite small. In this type of system, the active device serves 
jointly as an oscillator and a power amplifier. This is done to reduce the num
ber of circuit stages in front of the antenna. An oscillator used in this manner 
generally has reduced frequency stability. As a rule, frequency stability is a 
very important operational consideration. Single-stage transmitters are rarely 
used because of their instability. 

A single-stage CW transmitter is shown in Figure 21.8. This particular 
circuit is a tuned-base shunt-fed Hartley oscillator. Remember from Chapter 
20 that a Hartley oscillator has a tapped coil that is used as part of the tuned 
circuit. The output frequency of the oscillator is adjustable up to 3.5 MHz. 
The power output is approximately 0.5 W. When the output of the oscillator 
is connected to a load, it usually causes a shift in frequency. The load should, 
therefore, be of a constant impedance value for this type of transmitter to be 
effective. 
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Figure 21.8 Single-stage CW transmitter. 

Example 21-1: 

Refer to the Hartley oscillator CW transmitter circuit of Figure 21.8. Assume 
that the T1 value of the tank circuit = 6 μH. Calculate the resonant frequency 
(f r). 

Solution 

1 1 1 
fr = √ = √ = √ = 3.4MHz. 

2π LC 2π T1C1 2π 6 × 10−6 × 365 × 10−12 

Related Problem 

Change the inductance value of the circuit of Figure 21.8 to 7.5 μH and 
determine the resonant frequency. 

Before a CW transmitter can be placed into operation, it is necessary 
to close the code key. This operation supplies the forward bias voltage to the 
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Figure 21.9 Master oscillator power amplifier (MOPA) transmitter. 

base through the divider network of R1 and R2. With the transistor properly 
biased, a feedback signal is supplied to the T1 -C1 tank circuit. This charges 
C1 and causes the circuit to oscillate. Opening the key causes the oscillator 
to stop functioning. Intelligence can be injected into the CW signal in the 
form of code. The code key simply responds as a fast-acting on-off switch. 
The output of the transmitter is developed across a coil wound around T1. 
Inductive coupling of this type is very common in RF transmitter circuits. 
A low-impedance output is needed to match the antenna-ground impedance. 
When this is accomplished, there is a maximum transfer of energy from the 
oscillator to the antenna. 

A single-stage CW transmitter has a number of shortcomings. The 
power output is usually held to a low level. The frequency stability is rather 
poor. These two problems can be overcome to some extent by adding a power 
amplifier after the oscillator. Systems of this type are called master oscillator 
power amplifier (MOPA) transmitters. 

Figure 21.9 shows the circuitry of a low-power MOPA transmitter sys
tem. This circuit is a modified Pierce oscillator. Remember from Chapter 20 
that a Pierce oscillator utilizes a crystal as its tank circuit. The crystal (Y1) 
provides feedback from the collector to the base of Q1. Transformer T1 is 
used to match the collector impedance of Q1 to the base of transistor Q2. 

Q2 is the power amplifier. It operates as a class C amplifier to provide high 
operational efficiency. The oscillator is, therefore, isolated from the antenna 
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through Q2. This provides a fixed load for the oscillator. Operational stability 
is improved and power output is increased with this modification. 

CW Receiver 

The receiver of a CW communication system is responsible for intercepting 
an RF signal and recovering the information it contains. Information of this 
type is in the form of a radiotelegraph code. The signal is an RF carrier 
wave that is interrupted by a coded message. A CW receiver must perform a 
number of functions to achieve this operation. This includes signal reception, 
selection, RF amplification, detection, audio frequency (AF) amplification, 
and sound reproduction. These functions are also used in the reception of 
other RF signals. In fact, CW reception is usually only one of a number 
of operations performed by a communications receiver. This function is 
generally achieved by placing the receiver in its CW mode of operation. A 
switch is usually needed to perform this operation. 

Figure 21.10 shows the functions of a CW communication receiver 
in a block diagram. Note that electrical power is needed to energize the 
active components of the system. Not all blocks of the diagram are supplied 
operating power. This means that some of the functions can be achieved 
without solid-state components. The antenna, tuning circuit, and detector do 
not require power supply energy for operation. These functions are achieved 

Figure 21.10 CW receiver functions. 
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by signal energy. A radio receiver circuit has a signal energy source and 
operational energy source. The power supply provides operational energy 
directly to the circuit. The signal source for RF energy is the transmitter. This 
signal must be intercepted from the air and processed by the receiver during 
its operation. 

Antenna 

The antenna of a CW receiver is responsible for the reception function. It 
intercepts a small portion of the RF signal that is sent out by the transmitter. 
Ordinarily, the receiving antenna only develops a few microwatts of power. In 
a strict sense, the antenna is a transducer. It is designed to convert electromag
netic wave energy into RF signal voltage. The signal voltage then causes a 
corresponding current flow in the antenna-ground network. RF antenna power 
is the product of signal voltage and current. 

Receiving antennas come in a variety of styles and types. In two-way 
communication systems, the transmitter and receiving antennas are of the 
same unit. The antenna is switched back and forth between the transmitter 
and receiver. In one-way communication systems, antenna construction is not 
particularly critical. A long piece of wire can respond as a receiving antenna. 
In weak signal areas, antennas may be tuned to resonate at the particular 
frequency being received. Portable radio receivers use small antenna coils 
that are attached directly to the circuit. 

When the electromagnetic wave of a transmitter passes over the receiv
ing antenna, AC voltage is induced into it. This voltage causes current to 
flow, as shown in Figure 21.11. Starting at point A of the waveform, the 
electrons are at a standstill. The induced signal then causes the voltage to 
rise to its positive peak. The resulting current flow is from the antenna to the 
ground. It rises to a peak, and then drops to zero at point C on the curve. The 
polarity of the induced voltage changes at this point. Between points C and 
E, it rises to the peak of the negative alternation and returns again to zero. 
The resulting current flow is from the ground into the antenna. This induced 
signal is repeated for each succeeding alternation. 

With radio frequency induced into the antenna, a corresponding RF is 
brought into the receiver by the antenna coil. The antenna coil serves as an 
impedance-matching transformer. It matches the impedance of the antenna to 
the impedance of the receiver input circuit. When outside antennas are used, 
the primary winding is an extension of the antenna. The loop antenna coil of 
a portable receiver is attached directly to the input circuit. 



21.2 Continuous-Wave Communication 893 

Figure 21.11 Antenna signal voltage and current. 

Signal Selection 

The signal-selection function of a radio receiver refers to its ability to pick 
out a desired RF signal. In receiver circuits, the antenna is generally designed 
to intercept a band or range of different frequencies. The receiver must 
then select the desired signal from all those intercepted by the antenna. 
Signal selection is primarily achieved by an LC resonant circuit. This cir
cuit provides a low-impedance path for its resonant frequency. Nonresonant 
frequencies see very high impedance. In effect, the resonant frequency signal 
is permitted to pass through the tuner without opposition. 

Figure 21.12 shows the input tuner of a CW receiver. In this circuit, L2 is 
the secondary winding of the antenna transformer. C1 is a variable capacitor. 
By changing the value of C1, the resonant frequency of L2C1 is tuned to the 
desired frequency. The selected frequency is then permitted to pass into the 
remainder of the receiver. Signal selection for AM, FM, and TV receivers all 
respond to a similar tuning circuit. 

In communication receiving circuits, a number of tuning stages are 
needed for good signal selection. Each stage of tuning permits the receiver to 
be more selective of the desired frequency. The tuning response curve of one 
tuned stage is shown in Figure 21.12. In a crowded RF band, several stations 
operating near the selected frequency might be received at the same time. 
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Figure 21.12 Input tuner of a CW receiver and its bandwidth. (a) Input tuning circuit. (b) 
Tuner frequency response curve. 

Additional tuning improves the selection function by narrowing the response 
curve. 

Figure 21.13 shows some representative loop antenna coils. Note that 
terminals 1 and 3 of each example are the end connections of the coil and 
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Figure 21.13 Antenna coils (Courtesy: J. W. Miller, Division of Bell Industries). 

terminal 2 is the tapped connection. The full inductance (L) value of the coil 
is between terminals 1 and 3. A proportional part of the full inductance is 
from terminals 1 to 2 or from 2 to 3 of the coil. 

Example 21-2: 

Determine the bandwidth (BW) of a tuning circuit with an upper critical 
frequency (f cu) of 20 MHz and a lower critical frequency (f cl) of 6.5 MHz. 

Solution 
BW = fcu − fcl = 20− 6.5 MHz = 13.5 MHz. 

Related Problem 

Calculate the bandwidth of a circuit with the following values of frequency: 
f cu = 80 and 55 MHz. 

RF Amplification 

Most CW receivers employ at least one stage of RF amplification. This 
specific function is designed to amplify the weak RF signal intercepted by 
the antenna. Some degree of amplification is generally needed to boost the 
signal to a level where its intelligence can be recovered. RF amplification 
can be achieved by a variety of active devices. Vacuum tubes were used for 
a number of years. Solid-state circuits may now employ bipolar transistors 
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Figure 21.14 Tuned radio frequency receiver. 

and MOSFETs in their design. Several manufacturers have developed IC RF 
amplifiers. Any of these active devices can be used to achieve RF signal 
amplification. 

A representative RF amplifier circuit is shown in Figure 21.14. The 
primary function of the circuit is to control the amplification level of the RF 
signal applied to its input. Note that the amplifier has circuits for both input 
and output tuning. This circuit is called a tuned radio-frequency (TRF) 
amplifier. The broken line between the two variable capacitors indicates 
that they are connected together or ganged. When one capacitor is tuned, 
the second capacitor is adjusted to a corresponding value. This permits the 
user to make one adjustment when turning to a specific frequency. After the 
RF signal has been selected by the tuned amplifier, and it is then amplified 
by the transistor, Q1. The amplified signal then passes through the primary 
of the transformer T2. The resulting output RF signal then appears across 
the secondary winding of the transformer. The tuning circuit formed by the 
secondary and the ganged capacitor C4 selects the specific signal frequency to 
be applied to diode, D1. The RF signal is then rectified by D1. The amplitude 
of the RF signal varies at the rate of the audio component it contains. At 
this point, the audio component is detected and then directed to the audio 
amplifier section by capacitor C5, which offers a low-impedance path for 
the RF component. Capacitor C7 offers a low-impedance path for the AF 
component, and a high-impedance path for the RF. The audio component is 
then processed by the AF amplifier section. 
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Heterodyne Detection 

Heterodyne detection is an essential function of the CW receiver. The pur
pose of heterodyning is simply to mix two AC signals in a nonlinear device. 
In the CW receiver, the nonlinear device is a diode. The applied signals are 
called the fundamental frequencies. The resulting output of this circuit has 
four frequencies. Two of these are the original fundamental frequencies. The 
other two are beat frequencies. Beat frequencies are the addition and the 
difference in the fundamental frequencies. Heterodyne detectors used in other 
receiver circuits that are commonly called mixers. 

Figure 21.15 shows the signal frequencies applied to a heterodyne detec
tor. Fundamental frequency F1 is representative of the incoming RF signal. 
This signal has been keyed on and off with a telegraphic code. Fundamen
tal frequency F2 comes from the beat-frequency oscillator (BFO) of the 
receiver as a CW signal of 1.001 MHz. This CW signal is referred to as a beat 
frequency. Both RF signals are applied to the receiver’s diode. The resulting 
output of a heterodyne detector is F1, F2, B1, and B2 where 

B1 = F1 + F2 (21.1) 

and 
B2 = F2 − F1. (21.2) 

When two RF signals are applied to a diode, the resulting output is the sum 
and difference signals. All four signals (F1, F2, B1, and B2) appear in the 
output of the heterodyne detector. Typically, the difference signal will be in 
the AF range, thereby permitting the CW signal to be changed into an audio 

Figure 21.15 Heterodyne detector frequencies. 
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tone representative of the RF CW code. The other three signals will be in the 
RF range. If the frequency of the two input signals F1 and F2are identical, 
the output frequency is the same as the input. This is generally called zero 
beating. There is no developed beat frequency when this occurs. 

When the two RF input signals are slightly different, beat frequencies 
occur. At one instant, the signals move in the same direction. The resulting 
output is the sum of the two frequencies. When one signal is rising and one 
is falling at a different rate, there will be times when the signals cancel each 
other. The addition and difference of the two signals are, therefore, frequency-
dependent. B1 and B2 are combined in a single RF wave. The amplitude of 
this wave varies according to frequency difference in the two signals. In a 
sense, the mixing process causes the amplitude of the RF wave to vary at an 
audio rate. 

Example 21-3: 

Referring to Figure 21.15, if  F1 is 1.0 MHz and F2 is 1.001 MHz, determine 
the additive and the difference beat frequencies. 

Solution: 

The additive beat frequency B1 and difference beat frequency B2 are calcu
lated as shown below: 

B1 = F1 + F2 

= 1.0 + 1.001 MHz 

= 2.001 MHz 

B2 = F2 − F1 

= 1.001 − 1.0 MHz  

= 1  kHz. 

The output of the detector in Figure 21.15 will contain all four frequen
cies, F1, F2, B1, and B2. The difference beat frequency of 1 kHz is within the 
range of human hearing. F1, F2, and F3 are RF signals. 

Related Problem 

Referring to Figure 21.15, if  F1 is 3.0 MHz and F2 is 3.002 MHz, determine 
the additive and the difference beat frequencies. 

The diode of a heterodyne detector is also responsible for rectifica
tion of the applied signal frequencies. The rectified output of the added 
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Figure 21.16 Heterodyne diode output. 

beat frequency is of particular importance. It contains both RF and AF. 
Figure 21.16 shows how the diode responds. Initially, the RF signals are 
rectified. The output of the diode is a series of RF pulses varying in amplitude 
at an AF rate. C5 added to the output of the diode responds as a C-input 
filter. The C-input filter is used to increase the DC voltage level. Each RF 
pulse charges C5 to its peak value. During the off period, C5 discharges 
through R3. The output is a low-frequency AF signal of 1 kHz. This signal 
occurs only when the incoming CW signal has been keyed. The AF signal 
is representative of the keyed information imposed on the RF signal at the 
transmitter. 

Beat-Frequency Oscillator 

Nearly any basic oscillator circuit could be used as the BFO of a CW receiver. 
Figure 21.17 shows a Hartley oscillator. Feedback is provided by a tapped 
coil in the base circuit. C1 and T1 are the frequency-determining components. 
Note that this particular oscillator has variable-frequency capabilities. C1 is 
usually connected to the front panel of the receiver. Adjustment of C1 is used 
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Figure 21.17 Hartley oscillator used as a beat-frequency oscillator (BFO). 

to alter the tone of the beat-frequency signal. The relative strength of a signal 
determines the quality of tone. When the BFO signal is equal to the coded 
CW signal, no sound output occurs. This is where zero beating takes place. 
When the frequency of the BFO is slightly above or below the incoming 
signal frequency, a low AF tone is produced. Increasing the BFO frequency 
causes the pitch of the AF tone to increase. Pitch is determined by frequency. 
As frequency increases, pitch increases. Adjustment of the AF output is a 
matter of personal preference. In practice, an AF tone of 400 Hz to 1 kHz is 
common. 

Output of the BFO is coupled to the diode through capacitor C6. In a  
communications receiver, BFO output is controlled by a switch. With the 
switch on, the receiver produces an output for CW signals. With the switch is 
off, the receiver responds to AM and possibly FM signals. The BFO is needed 
only to receive coded CW signals. 

AF Amplification 

The AF amplifier of a CW receiver is responsible for increasing the level 
of the developed sound signal. The type and amount of signal amplification 
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varies a great deal among different receivers. Typically, a small-signal ampli
fier and a power amplifier are used to provide a strong signal. The small-signal 
amplifier responds as a voltage amplifier. This amplifier is designed to 
increase the signal voltage to a level that will drive the speaker. The power 
output of a communications receiver rarely ever exceeds 5 W. A number of 
the AF amplifier circuits discussed in earlier chapters could be used in a CW 
receiver. 

Self-Examination 

Answer the following questions. 

7. _____ code is used for CW transmission. 
8. The ability of a receiver to pick out a desired RF signal is called _____. 
9. The process of mixing two AC signals in a receiver is called _____. 

10. A heterodyne detector circuit is called a(n) _____. 
11. What are the basic parts of a CW transmitter? 
12. How is coded information transmitted by a CW transmitter? 
13. What type of signal is radiated from a CW transmitter? 
14. When the beat-frequency oscillator (BFO) signal and a CW signal are at 

the same frequency, what is the output? 
15. When the BFO signal and a CW signal are slightly above or below the 

incoming RF signal, what would be the range of output frequencies? 

21.3 Amplitude Modulation Communication 

Amplitude modulation (AM) is an extremely important form of communi
cation. It is achieved by changing the physical size or amplitude of the RF 
wave by the intelligence signal. Voice, music, data, and picture intelligence 
can be transmitted by this method. This section discusses the process of 
amplitude modulation and describes the operation of AM communication 
system components. 

21.3 Analyze the operation of an AM communication system. 

In order to achieve objective 21.3, you should be able to: 

• calculate percentage of modulation; 
• explain the process of amplitude modulation; 
• identify the components of an amplitude modulation communication 

system; 
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• define modulation, modulating component, carrier	 wave, sidebands, 
channel, high-level modulation, low-level modulation, and buffer ampli
fier. 

Modulation 

An intelligence signal must first be changed into electrical energy. This 
process is dependent upon modulation. Transducers such as microphones, 
tape heads, and photoelectric devices are designed to achieve this function. 
The developed signal is called the modulating component. In an AM com
munication system, the RF transmitted signal is much higher in frequency 
than the modulating component. The RF component is an uninterrupted CW 
wave. In practice, this part of the radiated signal is called the carrier wave. 

An example of the signal components of an AM system is shown in 
Figure 21.18. The unmodulated RF carrier is a CW signal. This signal is 
generated by an oscillator. In this example, the carrier is 1000 kHz, or 1.0 
MHz. A signal of this frequency is in the standard AM broadcast band of 
535-1620 kHz. When listening to this station, a receiver would be tuned to the 
carrier frequency. Assume that the RF signal is modulated by the indicated 

Figure 21.18 AM signal components. 
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1000-Hz tone. The RF component changes 1000 cycles for each AF sine 
wave. The amplitude of the RF signal varies according to the frequency of 
the modulating signal. The resulting wave is called an amplitude-modulated 
RF carrier. 

To achieve amplitude modulation, the RF and AF components are applied 
to a nonlinear device. A solid-state device operating in its nonlinear region 
is used to produce modulation. In a sense, the two signals are mixed, or 
heterodyned, together. This operation causes two beat frequencies to be 
developed: B1 and B2. For the signals of Figure 21.18, beat frequencies 
B1 and B2 are 

B1 = F1 + F2 

= 1000 + 1, 000, 000 Hz 

= 1, 001, 000 Hz 

B2 = F2 − F1 

= 1, 000, 000 − 1000 Hz 

= 999, 000 Hz. 

The resulting AM signal, therefore, contains three RF signals: 1.0-MHz 
carrier, 0.999 MHz, and 1.001 MHz. 

When the modulating component of an AM signal is music, the resulting 
beat frequencies become quite complex. As a rule, music involves a range or 
a band of frequencies. In AM systems, these are called sidebands. B1 is the 
upper sideband, and B2 is the lower sideband. 

The space that an AM signal occupies with its frequency is called a 
channel. The bandwidth of an AM channel is twice the highest modulating 
frequency. For our 1-kHz modulating component, a 2-kHz bandwidth is 
needed. This is 1 kHz above and below the carrier frequency of 1 MHz. In 
commercial AM broadcasting, a station is assigned a 10-kHz channel. This 
limits the AM modulating component to a frequency of 5 kHz. Figure 21.19 
shows the sideband produced by a standard AM station. 

It is interesting to note that the carrier wave of an AM signal contains 
no modulation. All the modulation appears in the sidebands. If the mod
ulating component is removed, the sidebands disappear. Only the carrier 
is transmitted. The sidebands are directly related to the carrier and the 
modulating component. The carrier has a constant frequency and amplitude. 
The sidebands vary in frequency and amplitude according to the modulating 
component. In AM radio, the receiver is tuned to the carrier wave. 
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Figure 21.19 Sideband frequencies of an AM signal. 

Percentage of Modulation 

In AM radio, the percentage of modulation is not permitted by law to exceed 
100%. Essentially, this means that the modulating component cannot cause 
the RF component to vary over 100% of its unmodulated value. Figure 21.20 
shows an AM signal with three different levels of modulation. 

When the peak amplitude of modulating signal is less than the peak 
amplitude of the carrier, modulation is less than 100%. If the modulating 
component and carrier amplitudes are equal, 100% modulation is achieved. 
A modulating component which is greater than the amplitude of the carrier 
causes over-modulation. An over-modulated wave has an interrupted spot 
in the carrier wave. Over-modulation causes increased signal bandwidth and 
additional sidebands to be generated. This causes interference with adjacent 
channels. 

Modulation percentage can be calculated or observed on an indicator. 
When operating voltage values are known, the percentage of modulation can 
be calculated. The formula is 

Vmax − Vmin
% modulation = × 100. (21.3)

2Vcarrier 

For example, using the values of Figure 21.20(a), the percentage of 
modulation is 

Vmax − Vmin
% modulation = × 100 

2Vcarrier 
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150 − 50
 
= × 100
 

2 × 100
 
100
 

= × 100
 
200
 

= 50%.
 

Figure 21.20 Continued. 
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Figure 21.20 AM modulation levels. (a) Under-modulated signal. (b) Fully modulated 
signal. (c) Over-modulated signal. 

Example 21-4: 

What is the percentage of modulation for the signal in Figure 21.20(b)? 

Solution 

Vmax − Vmin
%modulation = × 100 

2Vcarrier 
200 − 0 

= × 100 
2 × 100 
200 

= × 100 
200
 

= 100%.
 

Related Problem 

What is the percentage of modulation for the signal in Figure 21.20(c)?
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AM Communication System 

A block diagram of an AM communication system is shown in Fig
ure 21.21. The transmitter and receiver respond as independent systems. In 
a one-way communication system, there are one transmitter and an infinite 
number of receivers. Commercial AM radio is an example of one-way com
munication. Two-way communication systems have a transmitter and receiver 

Figure 21.21 AM communication system. 
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at each location. CB radio systems are of the two-way type. The operating 
principles are basically the same for each system. 

The transmitter of an AM system is responsible for signal generation. 
The RF section of the transmitter is primarily the same as that of a CW 
system. The modulating signal component is, however, a unique part of the 
transmitter. Essentially, this function is achieved by an AF amplifier. A variety 
of amplifier circuits can be used. Typically, one or two small-signal amplifiers 
and a power amplifier are suitable for low-power transmitters. The developed 
modulating component power must equal the power level of the RF output. 
Modulation of the two signals can be achieved at a number of places. High-
level modulation occurs in the RF power amplifier. Low-level modulation 
is achieved after the RF oscillator. All amplification following the point of 
modulation must be linear. Only high-level modulation is discussed in this 
chapter. 

The receiver of an AM system is responsible for signal interception, 
selection, demodulation, and reproduction. Most AM receivers employ the 
heterodyne principle in their operation. This type of receiver is known as 
a superheterodyne circuit. It is somewhat different from the heterodyne 
detector of the CW receiver. A large part of the circuit is the same as the CW 
receiver. This section discusses only the new functions of the AM receiver. 

AM Transmitter 

A wide range of AM transmitters are available. Toy “walkie-talkie” units 
with an output of less than 100 mW are very popular. Citizen’s band (CB) 
transmitters are designed to operate at 27 MHz with a 5-W output. AM 
amateur radio transmitters are available with a power output of up to 1 kW 
of power. Commercial AM transmitters are assigned power-output levels 
from 250 W to 50 kW. These stations operate between 535 and 1620 
kHz. In addition to this, there are mobile communication systems, military 
transmitters, and public radio systems that all use AM. As a general rule, the 
Federal Communications Commission assigns frequency allocations and 
power levels. 

An AM transmitter has a number of fundamental parts regardless of 
its operational frequency or power rating. It must have an oscillator, an AF 
component, an antenna, and a power supply. The oscillator is responsible for 
the RF carrier signal. The audio component is responsible for the intelligence 
being transmitted. The modulation function can be achieved in a variety of 
ways. The signal is radiated from the antenna. 
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Figure 21.22 Simplified AM transmitter. 

A simplified AM transmitter with a minimum of components is shown 
in Figure 21.22. Sound is first developed in the crystal microphone and then 
amplified by the AF signal amplifier, Q1. The amplified signal is applied to 
transistor Q2. It is then applied to transistor Q2. This transistor is a Colpitts 
oscillator. L1, C4, and C5 determine the RF frequency of the oscillator. The 
amplitude of the oscillator varies according to the AF component. Resistor 
R3 is used to adjust the amplitude level of the AF signal. The developed AM 
output signal is applied to the transmitting antenna. With proper design of 
the transmitter, it can be tuned to the standard AM broadcast band. The 
frequency of the system is adjusted by capacitor C4. The operating range of 
this unit is several hundred feet. 

A schematic of an improved low-power AM transmitter is shown in 
Figure 21.23. Transistors Q1, Q2, and Q3 of this circuit are responsible for 
the RF signal component. The AF component is developed by Q4, Q5, and 
Q6. High-level modulation is achieved by this transmitter. The AF signal 
modulates the RF power amplifier Q3. 

Transistor Q1 is the active device of a Hartley oscillator. This particular 
oscillator has a variable-frequency output of 1-3.5 MHz. The frequency-
determining components are C1 and LT 1. The output of the oscillator is 
coupled to the base of Q2 by capacitor C3. The emitter-follower output of 
the oscillator has very low impedance. 
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Figure 21.23 5-W AM transmitter. 

Transistor Q2 is an RF signal amplifier. This transistor is primarily respon
sible for increasing the signal level of the oscillator. It is also used to isolate 
the RF load from the oscillator. This is needed to improve oscillator frequency 
stability. When Q2 is used in this regard, it is called a buffer amplifier. 

The signal output of Q2 must be capable of driving the power ampli
fier. In high-power transmitters, several RF signal amplifiers may be found 
between the oscillator and the power amplifier. Each stage is responsible for 
increasing the signal level to a suitable level. RF amplifiers of this type are 
often called drivers. Q3 is an RF power amplifier. It is designed to increase 
the power level of the RF signal applied to its input. The output is used to 
drive the transmitting antenna. The load of Q3 is a tuned circuit composed of 
C10, L5, and C11. As you can recall from Chapter 4, this is a pi-section filter. 
A filter of this type is used to remove signals other than those of the resonant 
frequency. C11 is the output capacitor of the filter. It is adjusted to match the 
impedance of the antenna. C10 is the input capacitor. It is used to resonate the 
filter to the applied carrier frequency. Resonance of the tuning circuit occurs 
when the collector current meter dips to its lowest value. In the broadcasting 
field, an adjustment of this type is called dipping the final. Q3 is operated as 
a class C power amplifier. 

The modulating component of the transmitter is developed by an AF 
amplifier. Q4 and Q5 are push-pull AF power amplifiers. The developed 
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AF signal is applied to the modulation transformer T2. This signal causes 
the collector voltage of Q3 to vary at an AF rate instead of being DC. This 
causes the RF output to vary in amplitude according to the AF component. 
The output signal has a carrier and two sidebands. The power output is 
approximately 5 W. Do not connect the output of this transmitter to an outside 
antenna unless you hold a valid radio-telephone operator’s license. A load 
lamp is used for operational testing. The intensity of the load lamp is a good 
indication of the RF power developed by the transmitter. 

Simple AM Receiver 

An AM receiver has four primary functions that must be achieved for it to 
be operational. No matter how complex or involved the receiver is, it must 
accomplish the following functions: signal interception, selection, detec
tion, and reproduction. Figure 21.24 shows a diagram of an AM receiver 
that accomplishes these functions. Note that the circuit does not employ an 
amplifying device. No electrical power source is needed to make this receiver 
operational. The signal source is intercepted by the antenna-ground network. 
The receiver is energized by the intercepted RF signal energy. A receiver 
of this type is generally called a crystal radio. The detector is a crystal 
diode. 

Figure 21.24 Crystal radio receiver. (a) Circuit. (b) Waveforms. 
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The functional operation of our crystal diode radio receiver is very similar 
to the CW receiver. This particular circuit does not employ an RF amplifier, a 
beat-frequency oscillator, or an AF amplifier. A strong AM signal is needed to 
make this receiver operational. Signal interception and selection are achieved 
in the same way as in the CW receiver. The detection, or demodulation, 
function of an AM receiver is responsible for removing the AF component 
from the RF signal. The detector is essentially a half-wave rectifier for the RF 
signal. Germanium diodes are commonly used as detectors. They are more 
sensitive than a silicon diode to RF signals. 

The waveforms of Figure 21.24 show how the crystal diode responds. 
The selected AM signal is applied to the diode. Detection is accomplished 
by rectification and filtering. The detected wave is a half-wave rectification 
version of the input. C2 responds as an RF filter. It charges to the peak value of 
each RF pulse. It then discharges through the resistance of the earphone when 
the diode is reverse biased. The average value of the RF component appears 
across C2. This is representative of the AF signal component. It energizes 
a small coil in the earphone. A thin metal disk in the earphone fluctuates 
according to coil energy. The earphone, therefore, changes electrical energy 
into sound waves. The earphone achieves AF signal reproduction. 

Superheterodyne Receiver 

Practically, all AM radio receivers in operation are of the superheterodyne 
type. This type of system accomplishes all the basic receiver functions. It has 
a number of circuit modifications that provide improved reception capabili
ties. It has excellent selectivity and is very sensitive to long-distance-signal 
reception. Figure 21.25 shows a block diagram of an AM superheterodyne 
receiver. This particular receiver is designed for signal reception between 
approximately 550 and 1605 kHz, which is the AM band. 

Superheterodyne operation is somewhat unusual compared with other 
methods of radio reception. Special RF amplifiers that are tuned to a fixed 
frequency are used in this circuit. These amplifiers are called intermediate 
frequency (IF) amplifiers. Each incoming station frequency is changed into 
the IF. The IF amplifier responds in the same manner to all incoming signals. 
Each receiver has a tunable CW oscillator. This CW or local oscillator 
generates an unmodulated RF signal of constant amplitude. This signal 
and the selected station are then mixed together. Mixing, or heterodyning, 
these two signals produces the IF signal. The IF contains all the modulation 
characteristics of the incoming RF signal. The IF signal is the difference beat 
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Figure 21.25 Superheterodyne receiver. (a) Block diagram. (b) Waveforms. 

frequency. After suitable amplification, the IF signal is applied to the detector. 
The resulting AF output signal is then amplified and applied to the speaker 
for sound reproduction. 

Figure 21.26 shows a diagram of the components of an AM superhetero
dyne receiver. Transistor Q1 is a tuned RF amplifier. Adjustment of capacitor 
C1 selects the desired RF signal frequency. Q2 is the mixer stage. The selected 
RF signal and the local oscillator are mixed together in Q2. Q3 is the local 
oscillator. The oscillator signal is fed to the base Q2 through C8. Transistor 
Q4 is the IF amplifier. The output of Q2 is coupled to Q4 by transformer 
T4. This transformer is tuned to pass only an IF of 455 kHz to maintain a 
constant frequency. T5 is the output IF transformer. The IF signal is coupled 
to the diode detector D1 through this transformer. The detector rectifies the IF 
signal and develops the AF modulating component. C15 is the RF bypass filter 
capacitor and R12 is the volume control. Q5 is the first AF signal amplifier. 
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Figure 21.26 Transistor AM receiver. 

Push-pull AF power amplification is achieved by transistors Q6 and Q7. The 
AF output signal is changed into sound by the speaker. The entire circuit is 
energized by a 9-V battery. Switch SW-1 is connected to the volume control 
and turns the circuit on and off. 

Practically, all the superheterodyne receiver circuits have been dis
cussed in conjunction with other system functions. The local oscillator, for 
example, is a variable-frequency Hartley oscillator. Mixing of the oscillator 
signal and selected RF signal has been described as heterodyning. Its output 
contains two input frequencies and two beat frequencies. The detector is 
essentially a crystal diode. An AF amplifying system is used to develop 
the audio signal component. The speaker was previously described as a 
transducer. All these operations remain the same when used in the super-
heterodyne receiver. Operational frequencies and circuit performance are 
generally somewhat different than previously described. We, therefore, direct 
our attention to specific circuit performance. 

Using Figures 21.25 and 21.26, we can now see how the superhetero
dyne responds when tuned to a specific frequency. Assume that a number 
of AM signals are intercepted by the antenna-ground network. During the 
tuning process, a particular station frequency is selected from the AM band 
of signals. A desired station frequency, such as 1000 kHz, may then be 
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selected. To do this, the tuner dial must be adjusted to 1000 kHz AM which 
then becomes the initial fundamental frequencies. The second fundamental 
frequency is an un-modulated CW signal that is produced by the oscillator in 
the receiver circuit. This frequency is designed to always be 455 kHz above 
the initial fundamental frequency. For example, if the initial fundamental is 
1000 kHz, the second fundamental will be 1455 kHz, which is the sum of 
1000 and 455 kHz. 

Adjustment of the tuning dial changes the LC circuit of the RF amplifier. 
Capacitors C1, C2, and C3 are ganged together. One tuner adjustment alters 
the three tuned circuits at the same time. C1 and C2 tune the input and 
output of the RF amplifier to 1000 kHz. C3 adjusts the frequency of the 
oscillator to 1455 kHz. The LC components of the oscillator are designed to 
generate a frequency that will be 455 kHz higher than the selected RF signal, 
a standard IF. 

The 1000-kHz signal now passes through the input tuner and is applied to 
the base of Q1. This common-emitter amplifier increases the voltage level 
of the applied signal. C2 and T2 are also tuned to pass the signal to the base 
of Q2. The oscillator signal is coupled to the base of Q2 through capacitor 
C8. The incoming signal is AM, and the oscillator signal is CW. Through the 
heterodyning action, the collector of Q2 has four signals. The fundamental 
frequencies are 1000-kHz AM and 1455-kHz CW. The beat frequencies are 
2455-kHz AM and 455-kHz AM based on the sum and difference of the 
fundamental frequencies, respectively. 

Example 21-5: 

When an AM radio receiver is tuned to 1500 kHz, the local oscillator will 
produce a CW signal of __________kHz. 

Solution 

Local oscillator frequency = 1500-kHz AM + 455 kHz (IF frequency) 
= 1955-kHz CW 

Related Problem 

When an AM radio receiver is tuned to 550 kHz, the local oscillator will 
produce a CW signal of __________kHz. 

Assume that the receiver is tuned to select a station at 1340 kHz. C1, C2, 
and C3 change to the new signal frequency. The oscillator develops a CW 
signal of 1795 kHz. The mixer has 1340 and 1795 kHz applied to its input. 
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The collector of Q2 has these two fundamental frequencies plus 3135 and 
455 kHz. The IF amplifier section processes the 455-kHz signal and applies 
it to the detector. The AF component is then recovered and processed for 
reproduction. 

Suppose that the receiver is tuned to a station located at 600 kHz. This 
frequency is amplified and applied to the mixer. The oscillator now sends a 
CW signal of 1055 kHz to the mixer. The collector of Q2 has signals of 600, 
1055, 1655, and 455 kHz. The IF amplifier again passes only the 455-kHz 
signal for reproduction. 

Example 21-6: 

What beat frequencies are generated when an AM radio receiver is tuned to 
1500 kHz, and the local oscillator produces a CW signal of 1955 kHz? 

Solution 
The sum beat frequency = 1955-kHz CW + 1500-kHz AM
 

= 3455-kHz AM
 
The difference beat frequency = 1955-kHz CW - 1500-kHz AM
 

= 455-kHz AM
 

Related Problem 

What beat frequencies are generated when an AM radio receiver is tuned to 
600 kHz, and the local oscillator produces a CW signal of 1055 kHz? 

The IF amplifier has fixed tuning in its input and output circuits. T4 is 
the input IF transformer. It is tuned to be resonant at 455 kHz. This frequency 
passes into the base of Q4 with a minimum of opposition. The other three 
signals encounter very high impedance. 455 kHz will be amplified by Q4. The 
signal is then coupled to the detector through transformer T5. The detector 
recovers the AF component and applies it to the AF amplifier system for 
sound reproduction. The AF signal component then produces sound from the 
speaker. The volume control is adjusted to a desired signal level. The receiver 
is operational and performing its intended function. 

The basic operation of an AM superheterodyne receiver thus requires 
that the CW oscillator be designed so that it will always be higher in fre
quency than the incoming station frequency. In effect, its frequency is the 
incoming station frequency plus the IF. A standard IF for AM receivers is 
455 kHz. Through this type of circuit design, the IF can be adjusted to a 
specific frequency. 
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Today, we find all the circuitry of the superhetrodyne receiver is built on
a single integrated chip (IC). The audio frequency drives a speaker or head-
phone load after amplification. Tuning is usually achieved by a switch or push
button which automatically scans the available AM band for station selection.

Self-Examination

Answer the following questions.

16. The mixture of AF and an RF carrier wave is called _____.
17. The AM broadcast band is _____ kHz to _____ kHz.
18. Three levels of modulation are _____, _____, and _____.
19. AM transmitter parts consists of the _____, _____, _____, and _____.
20. Minimal AM receiver parts consists of the _____, ____, ____, and

_____.
21. The detector of a crystal AM radio is a(n) _____.
22. Most AM receivers today are the _____ type.
23. Superheterodyne receivers use specially tuned RF amplifiers called

_____ amplifiers.
24. If a 50 Vp p carrier wave changes in amplitude from 75 to 25 V− p−p

when modulated, what is the percent modulation?
25. How does a diode achieve demodulation of an AM signal?

21.4 Frequency Modulation Communication

Frequency modulation (FM) has a number of unique advantages over other
communication systems. It uses very low audio signal levels for modulation,
has excellent frequency reproduction capabilities, and is nearly immune to
noise and interference. FM is commonly used in the very high frequency
(VHF) range of 30-300 MHz and extends into the ultra-high frequency
(UHF) range of 300-3000 MHz. The commercial FM band is 88-108
MHz. FM is the dominant form of communication for private two-way
mobile communication services. This section discusses the process of fre-
quency modulation and describes the operation of FM communication system
components.

21.4 Analyze the operation of an FM communication system.

In order to achieve objective 21.4, you should be able to:

• explain the process of amplitude modulation;
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• identify the components of an amplitude modulation communication 
system; 

• define center frequency, ratio detector, and phasor. 

Basic FM Operation 

In an FM communication system, intelligence is superimposed on the carrier 
by variations in frequency. An FM signal does not effectively change in 
amplitude. The modulating component does, however, cause the carrier to 
shift above and below its center frequency. Each FM station has an assigned 
center frequency. Receivers are tuned to this frequency for signal reception. 
When the carrier is unmodulated, it rests at the center frequency. Frequency 
allocations for FM are made by the FCC. 

Examine the FM signal of Figure 21.27. Note that the modulating 
component is low-frequency AF, and the carrier is RF. In commercial FM, 
the modulating component could be an audio signal of 20-15 kHz. The 
carrier would be of some RF value between 88 and 108 MHz. As the 

Figure 21.27 Frequency modulation waves. 
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modulating component changes from 0◦ to 90◦, it causes an increase in the 
carrier frequency. The carrier rises above the center frequency during this 
time. Between 90◦ and 180◦ of the audio component, the carrier decreases in 
frequency. At 180◦, the carrier returns to the center frequency. As the audio 
signal changes from 180◦ to 270◦, it causes a decrease in carrier frequency. 
The carrier drops below the center frequency during this period. Between 
270◦ and 360◦, the carrier rises again to the center frequency. This shows 
us that without modulation applied, the carrier rests at the center frequency. 
With modulation, the carrier shifts above and below the center frequency. 

The amplitude of the modulating component is also extremely important 
in the shifting operation. The larger the modulating signal, the greater the 
frequency shift. For example, if the center frequency of an FM signal is 100 
MHz, a weak audio signal may cause a 1-kHz change in frequency. The 
carrier would change from 100.001 to 99.999 MHz. A strong audio signal 
could cause the carrier to change as much as 75 kHz. This action would cause 
a shift of 100.075-9.925 MHz. It is important to note that the amplitude of the 
carrier does not change. Figure 21.28 shows how the amplitude of the audio 
component changes the frequency of the carrier. 

Figure 21.28 Influence of AF amplitude on FM. 
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Figure 21.29 Influence of AF frequency on FM. 

The frequency of the modulating component is another important con
sideration in FM. Modulating frequency determines the rate at which the 
frequency change takes place. With a 1-kHz modulating component, the 
carrier oscillates 1000 times per second. A modulating component of 10 kHz 
causes the carrier to shift 10,000 times per second. 

Figure 21.29 shows how the FM carrier responds to two different 
frequencies. Figures 21.29(a) and 21.29(b) are the modulating frequencies 
that are used to alter a high-frequency carrier signal. Figures 21.29(c) and 
21.29(d) are the resulting effects of frequency changes in the modulating 
signal. For each peak that appears in the modulating signal, the modulated 
carrier wave will show a corresponding dark area. This indicates that the 
frequency is higher as the waves get closer together. By examining an FM 
waveform for a given time duration, and counting the number of darker 
areas, we can see how the modulating frequency changes the frequency of 
the carrier. Figure 21.29(c) has two dark areas in the time duration indicated 
by t1, as compared to three dark areas in Figure 21.29(d) for the same time 
duration indicated by t2. Thus, the modulating frequency of the signal in 
Figure 21.29(a) is lower than that of the signal in Figure 21.29(b). 



21.4 Frequency Modulation Communication 921 

FM Communication System 

A block diagram of an FM communication system is shown in Figure 21.30. 
The transmitter and receiver respond as independent systems. In commercial 
FM, each station has a transmitter. There can be an infinite number of FM 
receivers. In two-way mobile communication systems, there is a transmitter 
and receiver at each location. FM mobile communication systems are classi
fied as narrow-band FM. This type of system transmits only voice signals. 
The carrier of a narrow-band FM system deviates by only ±5 kHz. Commer
cial FM is considered to be wideband FM. The carrier of a commercial FM 
system deviates ±75 kHz at 100% modulation. The operational principles of 
narrow-band and wideband FM are primarily the same for each system. 

The transmitter of an FM system is primarily responsible for signal 
generation (see Figure 21.31(a)). Note that it employs an audio amplifying 
system, RF oscillator, linear RF amplifier, linear RF power amplifier, and 
a power supply. The modulating component of an FM system is applied 
directly to the oscillator. Audio frequency changes in the applied signal cause 
the oscillator to vary in frequency. Amplifiers following the oscillator are 
classified as linear devices. 

The receiver of an FM system is responsible for signal interception, 
selection, demodulation, and reproduction (see Figure 21.30(b)). Most FM 

Figure 21.30 FM communication system. (a) Direct FM transmitter. (b) Superheterodyne 
FM receiver. 
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Figure 21.31 Direct FM transmitter. 

receivers are of the superheterodyne type. These receivers are similar in 
operation to the AM superheterodyne circuit. The selection frequency is much 
higher (88-108 MHz) for commercial FM. A standard IF of 10.7 MHz is 
used in an FM receiver. The demodulator of an FM receiver is uniquely 
different from an AM detector. The FM demodulator is designed to respond 
to changes in the carrier frequency. The modulating component is recovered 
from these frequency changes. The remainder of the circuit is the same as the 
AM superheterodyne. 

FM Transmitter 

There is a rather extensive list of different FM transmitters available. Wireless 
microphones have an output of approximately 100 mW. Maritime mobile 
FM communication systems operate with a few watts of power. Two-way 
land mobile communication employs low-power transmitters. Educational 
FM transmitters can operate with a power of several hundred thousand watts. 
Commercial FM transmitters have a similar power rating. In addition to 
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these types are public service radio and military FM. The frequency allocation 
and power capabilities of an FM transmitter are allocated and regulated by the 
FCC. 

An FM transmitter, regardless of its power rating or operational fre
quency, has a number of fundamental parts. The oscillator is responsible for 
the development of the RF carrier. A large number of FM transmitters employ 
direct oscillator modulation. This means that the frequency of the oscillator 
is shifted by direct application of the modulating component. The RF signal 
is then processed by a number of amplifiers. The power amplifier ultimately 
feeds the FM carrier into the antenna for radiation. 

A simplified direct FM transmitter is shown in Figure 21.31. A basic 
Hartley oscillator is used as the RF signal source. With power applied, the 
oscillator generates the RF carrier. The frequency of the oscillator is deter
mined by the values of C4 and T1. Without modulation, the oscillator would 
generate a constant frequency. This is representative of the unmodulated 
carrier wave. Modulation of the oscillator is achieved by voltage changes 
across a varicap diode. The capacitance of this diode changes with the value 
of the reverse-bias voltage. Bias voltage is used to establish a DC operating 
level for this diode. A change in audio signal voltage causes the capacitance 
of the diode to change at an audio rate. Note that the series network of C1, D1, 
and C2 is connected in parallel with capacitor C4 of the oscillator tank circuit. 
A change in audio signal level causes a corresponding change in tank circuit 
capacitance. This, in turn, causes the oscillator frequency to change according 
to the modulating component. The modulating component is applied directly 
to the oscillator’s frequency-determining components. 

Direct FM can be achieved in a number of ways. For example, the 
varicap diode discussed in Chapter 5 could be used for transmitter equipment. 
This application is only one of a large number of circuit variations of the 
varicap diode. Circuits of this type are well suited for voice communication 
in narrow-band FM. The power output of an FM transmitter is dependent 
primarily on its application. In some systems, the oscillator output can be 
applied directly to the antenna for radiation. In other systems, the power level 
must be raised to a higher level. The output of the oscillator is applied to linear 
amplifiers for processing. The amplification function is primarily the same 
as that achieved by CW and AM systems. We do not repeat the discussion 
of RF power amplification for FM transmitters. The primary difference in 
FM power amplification is the resonant frequency of the tuned circuits. 
FM usually operates in the VHF band. This generally calls for smaller 
capacitance and inductance values in the resonant circuits. 
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Figure 21.32 Block diagram of an FM receiver. 

FM Receiver 

FM signal reception is achieved in basically the same way as AM and CW. 
An FM superheterodyne circuit is designed to respond to frequencies in 
the VHF band. Commercial FM signal reception is in the range of 88-108 
MHz. Higher frequency operation generally necessitates some change in the 
design of antenna, RF amplifier, and mixer circuits. These differences are due 
primarily to the increased frequency rather than the FM signal. The RF and 
IF sections of an FM receiver are somewhat different. They must be capable 
of passing a 200-kHz bandwidth signal instead of the 10-kHz AM signal. The 
most significant difference in FM reception is in the demodulator. This part 
of the receiver must pick out the modulating component from a signal which 
changes in frequency. In general, this circuit is more complicated than the AM 
detector. The AF amplifier section of an FM receiver is generally better than 
an AM receiver. It must be capable of amplifying frequencies of 30-15 kHz. 
Figure 21-32 shows a block diagram of an FM superheterodyne receiver. 
Some differences in FM reception are indicated by each functional block. 

FM Demodulation 

The demodulator of an FM receiver is the primary difference between AM 
and FM superheterodyne receivers. A number of demodulators have been 
used to achieve this receiver function. A ratio detector may be used to 
achieve this function. This circuit is an outgrowth of earlier FM discrimina
tors. FM demodulation is, today, almost exclusively performed by integrated 
circuits making use of advanced digital techniques. 
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A basic ratio detector is shown in Figure 21.33. The operation of this 
detector is based on the phase relationship of an FM signal that is applied to 
the input. This signal comes from the IF amplifier section of the receiver. It 
is 10.7 MHz and deviates in frequency. The design of the circuit causes two 
IF signal components to appear in the secondary winding of the transformer. 
One part of this component is coupled by capacitor C1 to the center connec
tion of the transformer. This resulting voltage is considered to be V1. Note 
the location of V1 in the circuit and voltage line diagrams. 

The second IF signal component is developed inductively by transformer 
action. Design of the secondary winding causes two voltage values to be 
developed. These voltages are labeled V2 and V3 in the circuit and voltage 
line diagrams. They are of equal amplitude and 180◦ out of phase with each 

Figure 21.33 Ratio detector. 
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other. The center-tap connection of the secondary winding is used as the 
common reference point for these voltage values. 

The resulting secondary voltage is based on the combined component 
voltage values of V1, V2, and V3. VD1 and VD2 are the resulting secondary 
voltages. These two voltage values appear across diodes D1 and D2. The 
developed voltage for each diode is based on the phase relationship of the 
two IF components. Note the location of VD1 and VD2 in the circuit and the 
voltage line diagrams. 

Operation of the ratio detector is based on voltage developed by the 
transformer for diodes D1 and D2. With no modulation applied to the 
FM carrier, the transformer has a 10.7-MHz IF applied to the transformer. 
The developed voltage values are shown by the center-frequency voltage 
line diagram. This method of voltage display is generally called a phasor 
diagram (see Figure 21.33). A  phasor shows the relationship of voltage 
values (line length) and their phase relationship (direction). Using phasors, 
a sinusoidal waveform can be represented simply by a line having a certain 
length corresponding to its peak voltage or current amplitude. The phasor is 
oriented at an angle with the horizontal axes corresponding to the phase. For 
example, the phasor for a 10.7-MHz signal, V1, having a certain amplitude 
represented by its length is shown in Figure 21.33(b). It is oriented at 0◦ 

with respect to the horizontal axis, indicating that it has a 0◦ phase. When 
at the center frequency for 10.7 MHz, note that V2 is at right angles to V1, 
making it +90◦ out of phase with V1. V3 is also at right angles to V1 but in 
the opposite direction, making it -90◦ out of phase with V1. Thus, V2 and V3 

are mutually 180◦ out of phase with each other when the system operates at 
the center frequency. At this frequency, note that the resulting diode voltage 
values (VD1 and VD2) are of the same value as well. This means that each 
diode receives the same voltage value. D1 and D2 conduct an equal amount 
of current. 

When the carrier swings above the center frequency, it causes the IF to 
swing above its resonant frequency. Note the resulting phasor for this change 
in frequency. VD1 is longer than VD2. This means that D1 conducts more 
current than D2. In the same regard, note how the phasor changes when 
the frequency swings below resonance in Figure 21.33(b). This condition 
causes D1 to be less conductive and D2 to be more conductive. Essen
tially, this means that the IF signal is translated into different diode voltage 
values. 

Figure 21.34 shows how an input RF voltage (10.7-MHz IF) can be 
used to develop an AF signal. The two diodes of the ratio detector are 
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Figure 21.34 Diode conduction of a ratio detector. (a) Nonconduction. (b) Conduction. 

connected in series with the secondary winding and capacitors C1 and C2. 
For one alternation of the input signal, the two diodes are reverse biased. 
No conduction occurs during this alternation (see Figure 21.34(a)). For the 
next alternation, both diodes are forward biased. The input signal voltage is 
then rectified (see Figure 21.34(b)). Essentially, this means that the incoming 
signal is changed into a pulsating waveform for one alternation. 
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Figure 21.35 Ratio detector response to frequency. 

Figure 21.35 shows how the ratio detector responds when the input 
signal deviates above and below the center frequency. Keep in mind that 
conduction occurs only for one alternation of the input. Figure 21.35(a) 
shows how the circuit responds when the input is at its 10.7-MHz center 
frequency. Each diode has the same input voltage value for this condition of 
operation. Capacitors C1 and C2 charge to equal voltages, as indicated. With 
respect to ground, the output voltages are −2 V. Note this point on the output 
voltage waveform in Figure 21.35(d). 

Assume that the input IF signal increases to 10.8 MHz as shown in 
Figure 21-35(b). This condition causes D1 to receive more voltage than D2. 
C1 charges to −3 V, whereas C2 charges to −1 V. With respect to ground, the 
output voltage rises to −1 V. Note this point on the output voltage waveform 
in Figure 21.35(d). 

The input IF signal then decreases to 10.6 MHz as shown in Fig
ure 21.35(c). This condition causes D2 to receive more voltage than D1. C2 

charges to −3 V, while C1 charges to −1 V. With respect to ground, the output 



21.5 Troubleshooting RF Communication Circuits 929 

voltage drops to −3 V. Note this point on the output voltage waveform in 
Figure 21.35(d). 

The output of the ratio detector is an AF signal of 2 Vpp. This signal 
corresponds to the frequency changes placed on the carrier at the transmitter. 
In effect, we have recovered the AF component from the FM carrier signal. 
This signal can then be amplified by the AF section for reproduction. 

Self-Examination 

Answer the following questions. 

26. The FM band is from _____ MHz to _____ MHz. 
27. With modulation, an FM carrier shifts above and below its _____. 
28. A standard IF of _____ MHz is used in FM receivers. 
29. A(n) _____ detector may be used in FM receivers. 
30. What is the function of a ratio detector in an FM receiver? 
31. What is the major difference between AM and FM communications? 
32. In a phasor diagram, the length of a phasor signifies the __________, 

and the direction signifies ___________. 

21.5 Troubleshooting RF Communication Circuits 

For troubleshooting radio frequency circuits, a known signal source should 
be available, along with instruments such as oscilloscopes and voltmeters 
for examining the output response. Owing to the complexity of radio fre
quency circuits troubleshooting is a little bit more difficult. By regarding 
the communication system as one composed of different blocks may make 
the troubleshooting process easier. An initial step in the servicing procedure 
would be to ensure that proper operating voltages appear at key test points, 
such as at the input and the output. Improper voltages, grounding, and inter
ference problems can cause degradation of signals at the points being tested. 
The operation of audio output devices such as speakers can be verified 
by applying a signal to the input while examining the output response. If 
the output devices are functioning properly, one may examine the previous 
stages using the same procedure of injecting a known signal at the input 
and again examining the output. Successively applying a known input signal 
to preceding stages while observing the output permits the operation of the 
entire communication system to be evaluated. 
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21.5. Troubleshoot an RF communication circuit. 

In order to achieve objective 21.5, you should be able to: 

• examine the circuit diagram of a communication system to determine 
key signal injection points for evaluation of the system; 

• distinguish between normal and faulty operation of radio frequency 
circuits. 

Troubleshooting AM Transmitters 

Examine Figure 21.22 which shows an AM transmitter circuit. AM trans
mitters are prone to faults arising from the operation of the oscillator part of 
the circuit or those arising from improper adjustment of the turning circuit. 
The presence of such faults can be identified by examining the status of 
the output waveforms. For the purpose of troubleshooting, it is common 
practice to replace the antenna with a lamp. The lamp then serves as the load 
instead of the signal being radiated from the antenna. Assume that a 100
Hz audio frequency signal is applied to the input from a function generator, 
and power is applied to the transmitter circuit. When this occurs, an AM 
signal should appear across the load lamp. The brightness of the lamp should 
change with variations in the frequency and the amplitude of the audio signal. 
This can also be observed using an oscilloscope. For example, if the audio 
input into the transmitter is removed, the brightness of the lamp will remain 
constant. An oscilloscope will show that only the RF signal is present, but 
no modulation occurs. On the other hand, if the amplitude of the audio 
input is larger than the amplitude of the RF carrier, it will overdrive the 
transistor amplifier. This causes the RF output to be distorted. An oscilloscope 
connected to the load will indicate this by creating void spots and by flattening 
of the peaks of the output waveform. 

Troubleshooting AM Receivers 

Examine Figure 21.25 which shows an AM receiver block diagram and 
sample waveforms that will appear at various stages of the receiver cir
cuit. The circuit diagram shown in Figure 21.25(a) is fairly complex. For 
troubleshooting purposes, it is easier to view the circuit diagram as being 
composed of blocks or sub-circuits that achieve specific functions as shown 
in Figure 21.25. The proper operation of the overall receiver circuit can be 
determined by examining the waveforms appearing at the output of each 
block. 
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In the troubleshooting of this circuit, these waveforms should appear 
at various points of the circuit shown in Figure 21.25. These can be used 
for comparison purposes while determining which particular section of the 
receiver is not functioning properly. If the waveform at a specific test point 
does not appear or is distorted, this indicates that the circuit is not functioning 
properly. When this occurs, the waveform at the preceding test points should 
be evaluated to determine the problem. 

AM receivers are prone to have a number of operational problems. These 
include component failures which may be caused by an excessive heating of 
components, power supply problems, and power surges. The power ampli
fier section is particularly vulnerable to these factors because it consumes 
more power. Other factors that may influence the operation of a receiver 
are outside interference caused by weather conditions and obstruction of the 
AM signal. In addition to this, internal receiver circuitry may be subjected 
to excessive moisture which may cause corrosion of the components and 
conductors. Improper shielding and grounding may also influence circuit 
operation. Most AM receivers do not use discrete components; however, the 
study of circuit functional blocks such as these are important for problem 
solving for electronics. 

Summary 

• An RF communication system consists of a transmitter and one or more 
receivers. 

• The transmitter of an RF communication system serves as the signal 
source. 

• The receiver of an RF communication system detects, amplifies, and 
reproduces the signal. 

• Intelligence is applied to the transmitter according to the design of the 
communications system. 

• Three types of communication systems are continuous wave (CW), 
amplitude modulation (AM), and frequency modulation (FM). 

• Electromagnetic waves radiate from the antenna of the transmitter. 
• Low-frequency waves (30-300 kHz) and medium frequency waves (300

3000 kHz) tend to follow the curvature of the earth; this type of radiation 
pattern is called a ground wave. 

• Very	 high-frequency waves (30-300 MHz) tend to move in a 
straight line; this type of radiation pattern is called line-of-sight 
transmission. 
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• A continuous-wave (CW) communication system generates an electro
magnetic wave of a constant frequency and amplitude. 

• An amplitude modulation (AM) communication system changes the 
amplitude of a generated RF signal by the intelligence signal. 

• A frequency modulation (FM) communication system superimposes 
intelligence on the carrier by variations in frequency. 

• A simple CW communication system has an oscillator, power supply, 
and antenna; the receiver has an antenna-ground network, a tuning 
circuit with an RF amplifier, a heterodyne detector, a beat-frequency 
oscillator, an audio amplifier, and a speaker. 

• To overcome the shortcomings of a single-stage CW transmitter, a power 
amplifier is incorporated after the oscillator. 

• The signal selection function of radio receivers refers to its ability to 
pick out a desired RF signal. 

• The purpose of heterodyning is to mix two AC signals. 
• The space that an RF signal occupies along the frequency spectrum is 

called a channel. 
• A radio receiver is responsible for signal interception, selection, demod

ulation, and reproduction. 
• A ratio detector is used as an FM demodulator circuit. 

Formulas 

(21-1) B1 = F1 + F2 Beat frequency 1. 
(21-2) B2 = F2 − F1 Beat frequency 2. 
(21-3) % modulation = Vmax−Vmin ×100 Percentage of modulation in an AM 2Vcarrier 

communication system. 

Review Questions 

Answer the following questions. 

1. The 535-1620 kHz frequency range is typically used for the following 
type of communication signals: 

a. CW 
b. AM 
c. FM 
d. AF 
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2. The 88-108 MHz frequency range is typically used for the following 
type of communication signals: 

a. CW 
b. AM 
c. FM 
d. AF 

3. Which of the frequencies listed below would be associated with the VHF 
band? 

a. 10 kHz 
b. 100 kHz 
c. 10 MHz 
d. 100 MHz 

4. What type of wave uses an antenna and causes waveforms to be reflected 
back to the Earth from the ionosphere for communication purposes? 

a. Ground wave 
b. Sky wave 
c. Ionosphere waves 
d. Line of sight transmission 

5. What type of wave follows the curvature of the earth and is used for 
communications up to 100 miles during the day or night 

a. Ground wave 
b. Sky wave 
c. Ionosphere waves 
d. Satellite waves 

6. In CW communication, information is added to a high-frequency con
stant amplitude signal by using a: 

a. Microphone 
b. Code key 
c. AM 
d. FM 

7. In a CW receiver, which component is responsible for heterodyning? 

a. Audio amplifier 
b. RF amplifier 
c. Turning and station selection 
d. Beat-frequency oscillator 



934 Radio Frequency (RF) Communication Systems 

8. What part of the AM communication signal has the highest frequency? 

a. Modulating signal 
b. RF carrier wave 
c. AF signal 
d. BFO 

9. When portions of an AM waveform are absent or distorted, it indicates: 

a. Under-modulation 
b. Over-modulation 
c. Full modulation 
d. No modulation 

10. What is the distinguishing characteristic of an AM superheterodyne 
receiver? 

a. Local oscillator 
b. RF amplifier 
c. IF amplifier 
d. LC tuning circuit 

11. A communication system in which the amplitude of the carrier remains 
constant, but the frequency changes, corresponding to changes in the 
modulating component, is a(n): 

a. AM 
b. FM 
c. CW 
d. AF 

12. Which of the following components of a FM superheterodyne receiver 
is essential for extracting the audio signal from an FM signal? 

a. IF amplifier 
b. Antenna 
c. Turning circuit 
d. Ratio detector 

13. The IF of a superheterodyne receiver is the: 

a. Frequency of the local oscillator 
b. Sum of the local oscillator and the modulated signal frequencies 
c. Difference of the local oscillator and the modulated signal frequen

cies 
d. Sum of the local oscillator and the audio signal frequencies 
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14. After the modulating component of an FM signal has been extracted, it 
is then processed by the: 

a. AF amplifier 
b. Detector 
c. LC tuner 
d. IF amplifier 

15. The phase detector of an FM receiver is responsible for: 

a. Changing RF to AF 
b. Changing AF to RF 
c. Mixing the local oscillator and FM signals 
d. Maintaining a constant IF signal 

Problems 

Answer the following questions. 

1.	 If an AM superheterodyne receiver is tuned to a local radio station at 
680 kHz, the frequency of the local oscillator is: 

a. 680 kHz 
b. 1360 kHz 
c. 1135 kHz 
d. 225 kHz 

2. If an FM superheterodyne receiver is tuned to a local radio station at 100 
MHz, the frequency of the local oscillator is: 

a. 100 MHz 
b. 110.7 MHz 
c. 89.3 MHz 
d. 10.7 MHz 

3. Referring to Figure 21.19, determine the bandwidth of an AM signal 
that radiated an antenna operating at a 1-MHz carrier frequency that is 
modulated by a 5 kHz signal: 

a. 5 kHz 
b. 10 kHz 
c. 20 kHz 
d. 1 MHz 
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4. Referring to Figure 21.20, if an AM signal has a Vp = Vcarrier = 100 V 
and is modulated by a signal having a peak amplitude of 60 V, so that 
Vmax = 160 V and Vmin = 40 V, determine the percentage modulation: 

a. 50% 
b. 60% 
c. 100% 
d. 120% 

5. Referring to Figure 21.36, if the frequency of the local oscillator is out 
of step with the incoming station frequency of 1000-kHz AM, by 100 
kHz, the signal that appears at test point 5 will be: 

a. No signal 
b. Normal IF signal 
c. Only the audio component 
d. Only the unmodulated RF signal 

Answers 

Examples 

21-1. 3.04 MHz 
21-2. 25 MHz 
21-3. 2 kHz 
21-4. 125% (with Vmin= 0 V)  
21-5. 1005-kHz CW 
21-6. Sum beat frequency = 1655-kHz AM, Difference beat frequency = 

455-kHz AM. It may be interesting to note that the difference beat 
frequency is always 455-kHz AM in the IF band. 

Self-Examination 

21.1 

1. transmitter 
2. receiver 
3. one-way 
4. two-way 
5. continuous-wave (CW), amplitude modulation (AM), frequency modu

lation (FM) (any order) 
6. sky 
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21.2 
7. Morse 
8. signal selection 
9. heterodyning 

10. mixer 
11. power supply, code key, RF oscillator, RF power amplifier, and antenna 
12. By interrupting the RF wave produced by the oscillator 
13. Constant amplitude RF signal 
14. This is the 0 beating condition and no sound output will occur 
15. A low tone AF is produced 
21.3 
16. modulation 
17. 535, 1620 
18. under-modulation, over-modulation, 100% modulation (any order) 
19. oscillator, AF component, antenna, power supply (any order) 
20. antenna, RF tuner, demodulator, sound output (any order) 
21. diode or half-wave rectifier 
22. superheterodyne 
23. intermediate frequency or IF 
24. 50% 
25. The diode works as a half-wave rectifier of the incoming AM signal. 

This half-wave rectified voltage is used to charge a capacitor at an AF 
rate, thereby extracting the audio portion of the signal. 

21.4 
26. 88, 108 
27. center frequency 
28. 10.7 
29. ratio 
30. It detects the phase relationship of an FM signal applied to its input. 
31. The manner in which the carrier signal changes with respect to the 

amplitude of the audio frequency signal determines the type of modu
lation. If the modulating component causes a change in the amplitude of 
the carrier, it is called amplitude modulation, and if it causes a change in 
the frequency of the carrier, it is called frequency modulation. 

32. amplitude, phase relationship 
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Terms 

Transmitter 

The signal source of an RF communications system. 

Receiver 

The component of an RF communications system that picks a signal out of 
the atmosphere and uses it to reproduce sound. 

Ground wave 

Electromagnetic waves that follow the curvature of the earth. 

Sky wave 

An RF signal radiated from an antenna into the ionosphere. 

Ionosphere 

A layer of ionized particles in the atmosphere. 

Line-of-sight 

An RF signal transmission that radiates out in straight lines because of its 
short wavelength. 

Radio telegraphy 

The process of conveying messages by coded telegraph signals. 

Ganged 

Two or more components connected together by a common shaft - a three-
ganged variable capacitor. 

Heterodyning 

The process of combining signals of independent frequencies to obtain a 
different frequency. 

Beat frequency 

A resulting frequency that develops when two frequencies are combined in a 
nonlinear device. 

Beat-frequency oscillator (BFO) 

An oscillator of a CW receiver. Its output beats with the incoming CW signal 
to produce an audio signal. 
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Zero beating 

The resulting difference in frequency that occurs when two signals of the 
same frequency are heterodyned. 

Modulation 

The process of changing some characteristic of an RF carrier so that 
intelligence can be transmitted modulating component. 

Demodulation 

The process of extracting the low-frequency intelligence (usually audio) 
signal from the high-frequency carrier signal. 

Carrier wave 

An RF wave to which modulation is applied. 

Sidebands 

The frequencies above and below the carrier frequency that are developed 
because of modulation. 

Amplitude modulation 

The communication process in which the amplitude of the carrier wave is 
varied according to the changes in the amplitude or frequency of the low-
frequency (usually audio) component. 

Frequency modulation 

The communication process in which the frequency of the carrier wave is 
varied according to the changes in the amplitude or frequency of the low-
frequency (usually audio) component. 

Channel 

The space that an AM signal occupies with its frequency. 

Continuous wave 

An electromagnetic wave of a constant frequency and amplitude. Intelligence 
is injected into the continuous wave by interrupting it with a coded signal. 

Channel 

The space that an AM signal occupies with its frequency. 

Superheterodyne 

A communication receiving circuit that uses a local oscillator to produce 
modulated IF signal for accomplishing basic receiver functions 
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High-level modulation 

A situation in which the modulating component is added to an RF carrier in 
the final power output of the transmitter. 

Antenna 

A component responsible for transmitting and receiving radio frequency 
signals. 

Low-level modulation 

A situation in which the modulating component is added to an RF carrier in 
the RF oscillator circuit. 

Buffer amplifier 

An RF amplifier that follows the oscillator of a transmitter. It isolates the 
oscillator from the load. 

Center frequency 

The carrier wave of an FM system without modulation applied. 

Ratio detector 

A circuit used as a demodulator in FM radio receivers. 

Phasor 

A line used to denote value by its length and phase by its position in a vector 
diagram. 
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Communications System Applications
 

A number of specialized communication systems are in common use today. 
These include things such as television systems, cell phones, satellite, and 
wireless computer communications. The primary function of a communi
cation system is to transfer information from one point to another. The 
information being transmitted includes text, data, graphics, audio, and video. 
The value of audio and video signals can change in a continuous manner. This 
is considered to be an analog signal. Text and data, on the other hand, may 
change only in specific or discrete intervals. This is considered to be a digital 
signal. The trend today is to use digital signals for representing all forms of 
data. 

Common communication methods include CW, AM, FM, and others. 
After the information is received, it must be processed for converting it into a 
usable format by the system. Television may be regarded as a specialized 
communication system since it uses both AM and FM transmissions. In 
addition to this, cell phones and computer systems represent a different type 
of communication technology which is predominantly digital. This chapter 
explains how various electronic devices and circuits are combined in different 
types of communications systems. 

Objectives 

After studying this chapter, you will be able to: 

22.1. describe the basic operation of a television communication system; 
22.2. identify and explain the technologies used in digital communication 

systems. 

Chapter Outline 

22.1 Television Communication Systems 
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22.2 Color Displays 
22.3 Digital Communication Systems 

Key Terms 

analog-to-digital converter (ADC) 
digital-to-analog converter (DAC) 
access point (AP) 
display unit 
deflection yoke 
pixel 
synchronization 
modulation 
charge coupled device (CCD) 
frame 
interlaced scanning 
progressive scanning 
intensity 
hue 
cathode-ray tube (CRT) 
liquid crystal display (LCD) 
digital television (DTV) 
high definition television (HDTV) 
luminance (Y signal) 
plasma display 
spread spectrum 
digital signal processing (DSP) 
wireless local area network (WLAN) 

22.1 Television Communication Systems 

Nearly everyone has had an opportunity to view a television (TV) com
munication system in operation. This communication process plays a very 
important role in our lives. Very few people spend a day without watching 
television. It is probably the most significant application of communication 
electronics. We will use a television as a representative electronic system that 
uses many of the devices and circuits discussed in this text. The examples 
used in the discussions represent fundamental concepts and have evolved over 
the years. 
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22.1 Describe the operation of a television communication system. 

In order to achieve objective 22.1, you should be able to: 

• describe the function of a television transmitter and receiver; 
• identify the block diagram components of a television transmitter and 

receiver; 
• list the functional parts of a composite television signal; 
• compare the operation of monochrome and color TV systems; 
• compare the operation of various TV displays. 

The signal of a television system is quite complex. It is made up of a number 
of unique parts, or components. Basically, the transmitted signal has a picture 
carrier and a sound carrier. These two signals are transmitted at the same 
time from a single antenna. The picture carrier is amplitude modulated. The 
sound carrier is frequency modulated. Both of these modulation methods 
were discussed in Chapter 21. A  television receiver intercepts these two 
signals from the air. They are tuned, amplified, demodulated, and ultimately 
reproduced. Sound is reproduced by a speaker. Color and picture information 
are reproduced by a picture tube or display unit. Television is primarily a 
one-way communication system. There is a central transmitting station and a 
large number of receivers. 

A simplification of the television communication system is shown in 
Figure 22.1. It consists of transmitter and receiver sections. The transmitter 
consists of an FM sound unit and an AM picture unit. A microphone is 

Figure 22.1 TV communication system. (a) Transmitter. (b) Receiver. 
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typically used for audio input, and a television camera for video input. A 
diplexer of the transmitter is a filter circuit that isolates the picture and sound 
carriers of the individual transmitters. The receiver consists of corresponding 
units for sound and picture reproduction. The receiver demodulates the 
picture and sound signals from the respective carrier waves. 

The television camera of the system used for this discussion is basically 
a transducer. It changes the light energy of a televised scene into electrical 
signal energy. Light energy falling on a highly sensitive surface varies the 
conduction of current through a resistive material. The resulting current 
flow is proportional to the brightness of the scene. An electron beam scans 
horizontally and vertically across the light-sensitive surface. 

Figure 22.2 shows a simplification of the type of television camera tube 
used for this discussion which is called a Videcon. Note that a complete 
circuit exists between the cathode and power supply. Electrons are emitted 
from the heated cathode. These are formed into a very thin beam and directed 
toward the back side of the photoconductive layer. Conduction through the 
layer is based on the intensity of light from the scene being televised. A 
bright or intense light area becomes low resistant. Dark areas have a higher 
resistance. As the electron beam scans across the back of the photoconductive 
layer, it sees different resistance values. Conduction through the layer is 
based on these resistances. A discrete area with low resistance causes a large 
current through the layer. Dark areas cause less current flow. Current flow 
is directly related to the light intensity of the televised scene. Output current 

Figure 22.2 Simplification of a TV camera tube. 
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flow appears across the load resistor (RL). Voltage developed across RL is 
amplified and ultimately used to modulate the picture carrier. In practice, the 
developed camera tube voltage is called a video signal. Vide means some
thing to see. A camera tube sees things electronically or through electronic 
circuitry. Camera systems have continually evolved over the years. 

The scene being televised by a camera tube must be broken into very 
small parts called picture elements or pixels. For this to take place, it is 
necessary to scan the light-sensitive surface of a camera tube with a stream 
of electrons. This process is very similar to reading a printed page. Letters, 
words, and sentences are placed on the page by printing. We do not determine 
what is on a printed page at one instant. Our eyes must scan the page one line 
at a time, starting at the upper left-hand corner. They move left to right, drop 
down one line, quickly return to the left, and then scan right again for the next 
line. The process continues until all lines are scanned. 

In a similar way, a TV camera that utilizes an electron beam used for 
this discussion scans the back surface of the photoconductive layer. The 
electron beam is deflected horizontally and vertically by an electromagnetic 
field. A coil fixture known as a deflection yoke is placed around the neck 
of the camera tube. This coil deflects the electron beam. Current flow in the 
deflection yoke is varied so that the field rises to a peak value and then drops 
to its starting value. Figure 22.3 shows the deflection yoke current and the 
resulting electron beam scanning action. Note that each line has a trace and 
retrace time. During the trace period, the line is scanned from left to right. 
This takes a rather large portion of the complete sawtooth wave. Retrace 
occurs when the beam returns from right to left. Note that this takes only a 
small portion of the total waveform. The same condition applies to the vertical 
sweep waveform. 

Figure 22.3 also shows another rather unique difference in the scanning 
lines. During the trace time, the scanning line is solid. This indicates that the 
electron beam is conducting during this time. It also shows a broken line dur
ing the retrace period. This indicates that the electron beam is nonconductive 
during this period. In effect, conduction occurs during the trace time and no 
conduction occurs during retrace. These conditions also apply to the vertical 
trace and retrace times. 

The scanning operation of a camera tube requires two complete sets 
of deflection coils: one set for horizontal deflection and one for vertical 
deflection. The current needed to produce deflection comes from two saw
tooth oscillators (Chapter 20). A vertical blocking oscillator and a horizontal 
multivibrator can be used for this operation. 
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Figure 22.3 Scanning and sweep signals. (a) Horizontal. (b) Vertical. 

In our example, a special image pickup device called the charge coupled 
device (CCD) is used to perform this operation. It is a solid-state device 
consisting of millions of photosensitive areas called cells, arranged in the 
form of a two-dimensional grid or array. The cells are also called picture 
elements or pixels. When photons of light energy strike the photosensitive 
area of a cell, it generates an analog voltage corresponding to the light 
intensity of the scene being detected. The photosensitive grid is continuously 
scanned starting from the top left-hand to the bottom right-hand area in equal 
intervals of time. During each scanning interval, the voltage developed on 
specific cells is transferred out serially for processing. A complete scan of the 
grid represents an electronic image of the original scene. The scanning rate 
of the system and the number of pixels being scanned determines the quality 
of the electronic image being produced. A high scan rate along with a large 
number of pixels will result in high-quality electronic video images. 

To produce a moving television scene, there must be a least 30 complete 
pictures produced per second. In a TV system, a complete picture is called a 
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frame. For a number of years, the US television system has been regulated 
by the National Television System Committee (NTSC). This uses a system 
for transmitting and displaying 525 horizontal lines in a frame. It also uses an 
aspect ratio of 4:3, which defines the ratio of the width to the height of the 
display. Digital systems use a different aspect ratio. 

The 525 lines are not scanned consecutively. Rather, they are divided into 
two fields. One field contains 262.5 odd-numbered lines, lines 1, 3, 5, 7, 9, 
11, etc. The other field has 262.5 even-numbered lines, lines 2, 4, 6, 8, 10, 12, 
etc. A complete picture or frame has one odd-lined field and one even-lined 
field. 

Picture production in a TV system of this type generally employs inter
lace scanning. To produce one frame, the odd-numbered-line field is scanned 
first. After scanning all the odd-numbered lines, the electron beam is deflected 
from the bottom position to the top. The even-numbered line field is then 
scanned. The odd-line field starts with a complete line and ends with a half 
line. The even-line field begins with a half line and ends with a complete 
line. The first set of lines, the odd numbered lines, is traced at 60 Hz, 
and the second set of lines, the even number lines is also traced at 60 Hz. 
This particular frequency was chosen to coincide with the AC power line 
frequency (60 Hz) in the USA. In some countries, the vertical frequency is 50 
Hz. Since it takes two fields to make a complete picture, the picture repetition 
or frame rate of this television is 30 Hz. Interlaced scanning results are a 
perceptible flicker owing to this low scan rate. 

While interlaced scanning is adequate for pictures, for displaying text 
clearly on monitors connected to computer systems, another type of scanning, 
identified as progressive, is often used. In this format, the image is displayed 
on the screen by scanning each horizontal line or row of pixels consecutively. 
The frame frequency in this case is at the line frequency of 60 Hz and 
generates a much clearer display. Television broadcasting in the USA is 
changing to a digital television (DTV) format. DTV consists of 18 different 
standards, which are a combination of the resolution, aspect ratio, and frame 
rate. 

The resolution of a TV is defined as the process of separating or distin
guishing between detailed picture elements. This is specified in terms of the 
number of pixels used to produce a display. For example, a standard analog 
video signal has a resolution of 704 × 480 or 0.37 mega pixels. This is also 
the lowest resolution of a digital TV and is used by Standard TV (SDTV). The 
highest resolution of a digital TV signal is generated by high definition TV 
(HDTV), which has a resolution of 1920 × 1080 or 2 mega pixels. Thus, the 
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resolution of HDTV is approximately six times better than that of a standard 
analog TV. These values have also evolved. 

The aspect ratio of a standard analog TV display has been 4:3 since its 
inception. This was done to provide a pleasing display to the human eye while 
viewing video. The aspect ratio of DTV ranges from 4:3 for SDTV to 16:9 for 
HDTV. The higher aspect ratio of HDTV is similar to the wide screen format 
of a movie theater. 

Picture Signal 

The picture signal of a TV transmitter contains a number of important parts. 
Each part of the signal plays a specific role in the operation of the system. 
The video signal, for example, is developed by the camera tube. It represents 
instantaneous variations in scene brightness. Figure 22.4(a) shows the video 
signal for one horizontal line. 

The video signal of a television system has negative picture phase. This 
means that the part of the signal with highest amplitude corresponds to the 
darkest picture area. Bright picture areas have the lowest amplitude level. 
Signal levels that are 75% of the total amplitude range are considered to be 
in the black region. A light disappears in this region. Signal-level amplitude 
percentages are shown in Figure 22.4(b). 

In addition to the video information, the picture signal must also provide 
some way of cutting off the electron beam at certain times. When scanning 
occurs, the electron beam is driven to cut off during the retrace period. 
Horizontal retrace occurs at the end of one line and vertical retrace occurs at 
the end of each field. A rectangular pulse of sufficient amplitude is needed 
to reach cutoff. This condition permits the electron beam to retrace without 
producing unwanted lines. This part of the signal is called blanking. A com
posite signal has both horizontal and vertical blanking pulses. Figure 22.4(a) 
shows the location of a horizontal blanking pulse. Vertical blanking occurs 
after 262.5 horizontal lines. Figure 22.4(b) shows the vertical blanking time. 

In television signal production, the vertical and horizontal sweep cir
cuits must be properly synchronized to produce a picture. The signal sent out 
by the transmitter must contain synchronization, or sync, information. This 
signal is used to keep the oscillator of the receiver in step with the correct 
signal frequency. Separate generators are used to develop the sync signal, 
which is added to the video signal developed by the camera. 

A composite TV picture signal also has vertical and horizontal syn
chronization pulses. These pulses ride on the top of the blanking pulses. 
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Figure 22.4 Composite TV picture signal. 

Horizontal sync pulses are shown in both parts of Figure 22.4. The serrated 
pulses of Figure 22.4(b) provide continuous horizontal sync during the 
vertical retrace time. The vertical sync pulse is made up of six rectangular 
pulses near the center of the vertical blanking time. The width of a vertical 
sync pulse is much greater than that of the horizontal sync pulse. All these 
pulses, plus blanking and the video signal, are described as a composite 
picture signal. 
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Television Transmitter 

The type of television transmitter used in this discussion is divided into 
two separate sections, or divisions, that feed outputs into a common antenna. 
The video section is responsible for the picture part of the signal. A crystal 
oscillator (Chapter 20) is used for carrier wave generation. As a general rule, 
the frequency is multiplied to bring it up to an allocated channel in the VHF 
or UHF band. An intermediate power amplifier and a final power amplifier 
(Chapters 11 and 12) follow the last multiplier. The modulating component 
(Chapter 21) is a composite picture signal. It contains video, blanking pulses, 
sync, and equalizing pulses. The composite signal is amplified and ultimately 
applied to the final power amplifier. The final is amplitude modulated by the 
composite picture signal. This section of the transmitter is essentially the 
same as that of a commercial AM station. There is an obvious difference 
in frequency and power output. Figure 22.5 shows a block diagram of a 
black-and-white or monochrome TV transmitter. 

Figure 22.5 Monochrome TV transmitter. 
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A unique difference in TV and commercial AM transmitter circuitry 
appears after the final power amplifier. The TV output signal is applied to 
a vestigial sideband filter. This filter is designed to remove all sideband fre
quencies 1.25 MHz below the carrier frequency. The entire upper sideband of 
the signal is transmitted. A large portion of the lower sideband is suppressed. 
This is done purposely to reduce the frequency occupied by a channel. With 
the lower sideband suppressed, the bandwidth of a TV channel is 6 MHz. 

The vestigial sideband signal is then applied to the diplexer. The diplexer 
is a filter circuit that isolates the picture and sound carriers. Essentially, the 
sound carrier will not pass into the picture section and the picture carrier will 
not pass into the sound section. This prevents undesirable interaction between 
the two carrier signals. The sound section of a TV system is primarily an FM 
transmitter (Chapter 21). It is very similar to a commercial FM transmitter. 
The center frequency of the FM carrier is always 4.5 MHz above the picture 
carrier. Carrier deviation is ±25 kHz in a TV system. Modulation is normally 
applied to the oscillator of the FM sound system. The remainder of the sound 
section is similar to that of a commercial FM transmitter. See the FM sound 
section of the transmitter in Figure 22.5. 

Television Receiver 

The television receiver used in our discussion is designed to intercept the 
electromagnetic waves sent out by the transmitter and use them to develop 
sound and a picture. The received signals are in the VHF or UHF band. 
The FCC (Federal Communications Commission) has allocated a 6-MHz 
bandwidth for each TV channel. Channels 2-13 are in the VHF band. These 
frequencies are from 54 to 216 MHz. Channels 14-83 are in the UHF band. 
This ranges from 470 to 890 MHz. All channels in the immediate area induce 
a signal into the antenna. The desired station is selected by altering a tuning 
circuit. This LC circuit passes only the selected channel and rejects the others. 

A functional block diagram of one type of television receiver is shown 
in Figure 22.6. Practically, all this circuitry has been used in other com
munication systems. The front end of a TV receiver, for example, is a 
superheterodyne circuit. It has a tuned RF amplifier, a mixer, and an oscilla
tor. This section of the receiver is called the tuner. It is housed in a shielded 
metal container to reduce interference. The output of the tuner is an IF signal. 
The IF frequency for TV is 41.25 MHz for the sound and 45.75 MHz for the 
picture. The IF must pass both sound and picture carriers. This necessitates a 
6-MHz bandpass for the IF amplifiers. 
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Figure 22.6 Monochrome TV receiver. 

The demodulation function of a TV receiver is achieved by a diode. This 
circuit is primarily an AM detector (Chapter 21). The output of the detector 
has all the picture information placed on the carrier at the transmitter. After 
demodulation, the picture carrier is discarded. Three different kinds of signal 
information appear at the output of the detector. It recovers the video signal 
and sync signals for immediate use. The sound carrier passes into the sound 
IF section. 

The video signal recovered by the detector is processed by the video 
amplifier. The output of this section is then used to control the brightness of 
the electron beam of the picture tube. A dark spot detected by the TV camera 
causes a corresponding reduction in picture tube brightness. A bright spot or 
an intense picture element causes the picture tube to conduct very heavily. 
This causes a corresponding bright spot to appear on the picture tube face. 
The video signal developed by the camera of the transmitter is accurately 
reproduced on the picture tube screen. 

The sync signal of the video detector is used to synchronize the vertical 
and horizontal sweep oscillators. These oscillators develop the sawtooth 
waves that are used to deflect the electron beam. The electron beam must 
be in stepped with the transmitted signal for the picture to be usable. The 
transmitted sync signal is recovered and used to trigger the two receiver 
sweep oscillators. 

An AM video detector does not respond effectively to frequency changes 
in the IF sound carrier. It does, however, heterodyne the two signals together. 
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The difference between the 45.75-MHz signal and 41.25-MHz IF signal is 
4.5 MHz. This signal takes on the FM modulation characteristic of the sound 
carrier. 4.5 MHz is called the sound IF. The sound IF deviates ±25 kHz above 
and below 4.5 MHz. 

A ratio detector can be used to demodulate the sound IF signal (Chapter 
21). The recovered audio component is then processed by an AF amplifier. It 
is ultimately used to drive a loudspeaker for sound reproduction. The FM 
sound section of a TV receiver is very similar to that of a standard FM 
broadcast receiver. 

The display of a TV receiver is responsible for changing an electrical sig
nal into light energy. A display may be a cathode-ray tube (CRT) or liquid 
crystal display (LCD). We will discuss the cathode-ray tube (CRT) next in 
which a beam of electrons strikes a phosphor coated tube. The intensity of 
the electron beam changes as it scans across the face of the tube. The inside 
face of the tube is coated with phosphor. When the electron beam strikes tiny 
grains of phosphor, it produces light. A combination of different light and 
dark phosphor grains causes a picture to appear on the inside of the face area. 
The resulting picture can be observed by viewing the front of the face area. 

Figure 22.7 shows a simplification of the CRT of a TV receiver used 
for this discussion. The tube is divided into three parts. The gun area is 

Figure 22.7 Cathode-ray tube. 
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responsible for electron beam production. The coil fixture attached to the neck 
of the tube deflects the electron beam. The viewing area changes electrical 
energy into light energy. 

A CRT is a thermionic emission device. Heat applied to the cathode 
causes it to emit electrons. These electrons form into a fine beam and move 
toward the face of the tube. A high, positive charge is placed on a conductive 
coating on the inside of the glass housing. This coating serves as the anode. 
The electron beam is attracted to this area of the tube because of its positive 
charge. Voltage is supplied to the coating by an external anode connection 
terminal. The anode voltage of a CRT is several kilovolts (kV). 

After leaving the cathode, electrons pass through the control grid. Volt
age applied to the grid controls the flow of electrons. A strong negative 
voltage causes the electron beam to be cut off. Varying values of grid voltage 
cause the screen to be illuminated. The video signal developed by the receiver 
can be used to control the intensity level of the electron beam. Focusing of the 
electron beam is achieved by the next two electrodes. They shape the electron 
beam into a very fine trace. These electrodes are generally called focusing 
anodes. Electromagnetic deflection of the electron beam is achieved by the 
yoke assembly. This coil fixture produces an electromagnetic field, and the 
electron beam causes deflection of the beam. Both vertical and horizontal 
deflections are needed to produce scanning. 

Color Television 

The transmission of a color television picture is more complex than the 
black-and-white one used in the previous discussion. The fundamentals 
involved in transmission are primarily the same as those of monochrome, or  
black-and-white television. One of the problems of color TV is that it must be 
compatible with monochrome since some black-and-white TVs are still used. 
This means that programs designed for color reception are also received on 
a monochrome receiver. The transmitted signal must, therefore, contain color 
information as well as the monochrome signal. All of this must fit into the 
6-MHz channel allocation. 

The picture portion of the color signal is basically the same as the 
monochrome signal. The video signal is, however, made up of three separate 
color signals. Each color signal is produced by an independent pickup sensor 
in the camera. One sensor is used to develop a signal voltage that corresponds 
to the red content of the scene being televised. Blue and green sensors are 
used in a similar arrangement to produce the other two color signals. Red, 
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green, and blue are considered to be the primary colors of the video signal. 
White is a mixture of all three colors. Black is the absence of all three primary 
colors. 

Color Camera 

Figure 22.8 shows a simplified color television camera. The scene being 
televised is focused by a lens onto a special mirror. This mirror reflects one-
third of the light and passes two-thirds of the light. The reflected image goes 
through a filter and is applied to the blue sensor. Sensing of colors can be 
achieved with a CCD. Two-thirds of the image passing through the mirror 
is applied to a divider mirror. One-third of it is applied to the red CCD 
and one-third to the green CCD. Each color CCD provides an output signal 
that is proportional to the light level of the primary color. The brightness or 
luminance signal is a mixture of the three primary colors. These proportions 
of the color signal are 59% green, 30% red, and 11% blue. The luminance 
signal is generally called a Y signal. A monochrome receiver responds only 
to the Y signal and produces a standard black-and-white picture. 

Figure 22.8 Simplified color TV camera. 
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The human eye needs two stimuli to perceive color. One of these is called 
hue. Hue refers to a specific color. Green leaves have a green hue, and a red 
cap has a red hue. The other consideration is called saturation. This refers to 
the amount, or level, of color present. A vivid color is highly saturated. Light 
or weak colors are diluted with white light. A scene being televised in color 
has hue, saturation, and brightness. 

Color Transmitters 

Figure 22.9 shows a block diagram of a color transmitter. The color section 
adds significantly to the transmitter. The remainder of the diagram has been 
reduced to a few blocks. This part of the transmitter is essentially the same 
for either a color or a black-and-white system. 

In a color transmitter, the TV camera develops three separate color sig
nals. These colors are applied to a matrix and a mixer circuit. The mixer 
develops the luminance signal. Green, red, and blue are mixed in correct 
proportions. Luminance is the equivalent of a black-and-white signal. The 
output of the mixer (Y signal) goes directly to the carrier modulator. This sig
nal is the same as the modulating component of a black-and-white transmitter. 

The matrix is a specialized mixing circuit. It combines the three color 
signals into an I signal and a Q signal. These two signals can be used to 

Figure 22.9 Color TV transmitter block diagram. 
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represent any color developed by the system. The Q signal corresponds to 
green or purple information. The I signal refers to orange or cyan signals. 
These two signals are used to amplitude modulate a 3.58-MHz subcarrier 
signal. The carrier part of this signal is suppressed to prevent interference. 
The I signal is kept in phase with the 3.58-MHz subcarrier. The Q signal is 
one quadrant, or 90◦, out of phase with the subcarrier. The I and Q signals 
are sideband frequencies of the subcarrier. Only this sideband information is 
used to modulate the transmitter picture carrier. 

A synchronization signal is also generated by the color transmitter. 
This signal is applied to both the modulator and the sensor scanning circuit. 
Scanning of the three color sensors must be synchronized with the modulated 
carrier output. The sync signal is an essential part of the picture carrier 
modulation component. The modulating component contains I, Q, Y, and sync 
signals. 

Color Receiver 

A color television receiver picks up the transmitted signal and uses it to 
develop sound and a picture. It has all the basic parts of monochrome receiver 
plus those needed to recover the original three color signals. Figure 22.10 
shows a block diagram of the color TV receiver. The shaded blocks denote 
the color section of the receiver. This is where the primary difference in color 
and monochrome TV receivers occurs. 

Operation of the color receiver is primarily the same as that of a black
and-white receiver up to the video demodulator. After demodulation, the 
composite video signal is then divided into chroma (C) and Y signals. The 
Y, or luminance, signal is coupled to a delay circuit. This slows down the Y 
signal. It, thus, arrives at the matrix at the same time as the chroma signal. The 
C signal is applied to the chroma amplifier. This signal must pass through a 
great deal more circuitry before reaching the matrix. 

Remember that the chroma signal contains I and Q colors and a 3.58
MHz suppressed carrier. To demodulate this signal, the 3.58-MHz signal must 
be reinserted. Note that the 3.58-MHz oscillator is connected to the I and Q 
demodulators. This is where the carrier reinsertion function takes place. 

The I demodulator receives a 3.58-MHz signal directly from the oscil
lator. This is where the in-phase signal is derived. The 3.58-MHz signal fed 
into the Q demodulator is shifted 90◦. This is where the quadrature signal is 
derived. I and Q color signals appear at the output of the demodulator. 
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Figure 22.10 Color TV receiver block diagram. 

The matrix of the receiver has three signals applied to its input. The 
Y signal contains the luminance information. The I and Q signals are the 
demodulated color signals. The matrix combines these three signals in proper 
proportions. Its output comprises the original red, green, and blue color 
signals. These signals are applied to the R, G, and B inputs of a color display. 
Any color can be reproduced on the face of the display tube by varying the 
intensity (I) and hue (Q) of the three primary colors. 

Color Displays 

Many of the communication technologies previously discussed in this chapter 
relating to video applications require an output device, and often that device 
is a display. There are several types of displays; however, the cathode-ray 
tube (CRT) was dominant in the electronics field for many years for systems 
described previously. Ultimately, the need to display color video has evolved, 
and, now, other types dominate the area of color displays. We need to look at 
some of the evolving technologies related to other color displays. 

Color CRT 

The displays used for color televisions and color computer monitors for many 
years were CRTs that are capable of displaying the “color” portion of the 
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electronic signal they receive. While monochrome (black and white) CRTs 
and color CRTs share many components, there are some notable differences. 
The most important difference is the fact that there are three separate cathodes 
or guns, one for each of the red, green, and blue colors necessary to complete 
a color display, as shown in Figure 22.10. In the case of a CRT, these signals 
are sent to the respective color cathodes of the display tube. Second, the 
screen does not have one phosphor coating, it has three phosphors that 
correspond to the red, green, and blue colors associated with the color 
electron guns. Each of these phosphor colors is arranged closely to each other 
so that the user will perceive that one color is emitting from this small area 
of the screen, rather than each of the three primary colors. The electron beam 
of each cathode strikes closely spaced red, green, and blue phosphor spots 
on the face of the tube. These spots glow in differing amounts according to 
the signal level. The last difference is the addition of a mask on the screen 
with small holes that allow only the colors from this small dot or pixel of 
color through to the viewer. A cross-sectional view of a color CRT is shown 
in Figure 22.11. 

LCD (Liquid Crystal Display) 

From wristwatches to calculators, dashboards to television screens, LCD 
panels are a very popular electronic display. Rather than an image resulting 
from the glow of electrons striking a phosphorescent surface, a monochro
matic LCD relies on light passing through a display of liquid crystals, hence 
the name liquid crystal display or LCD. The heart of an LCD is the liquid 
crystal, which is sensitive to electric current and capable of polarizing light. 
Current passing through the liquid crystals will align, but crystals with no 
current align parallel to each other. Two panels are found on either side of 
the liquid crystal, each with polarized sheets that block light in a horizontal 
or vertical direction. When the crystals do not have current applied and are 
in the parallel formation, light can pass through the vertical polarizing filter, 
and when current is passed through the crystals, they align, allowing light to 
pass through the horizontal filter. 

Therefore, when no current is applied, the view of the display appears as 
clear, or like a mirror (the image of the rear, vertical filter), and when current 
is applied, the display appears dark (the front horizontal filter). A mirror to 
increase the amount of reflected light backs the entire “sandwich” of crystals, 
filters, and glass plates. The effect of this mirror can be easily seen in a large 
LCD. Figure 22.12 shows each layer of the screen in order. Color LCD panels 
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Figure 22.11 Cross-sectional view of a color television CRT display. 

such as those found in portable computers and televisions use a different type 
of liquid crystal display. By using thin-film transistors to construct a matrix 
display, individual pixels can be switched off and on by using the transistors 
to act as a switch. Each pixel has three (red, blue, and green) displays that can 
be controlled, and brightness is directly proportional to the voltage provided 
to color within the pixel. By arranging these three-color pixels in a row- and 
column-type matrix, each pixel, the color of the pixel, and the intensity of the 
color in the pixel can be addressed, thereby managing the entire image. 

The size and quality of the display is directly associated with the physical 
properties of this matrix. There are primary factors that identify the LCD, the 
resolution, and the pixel size. The resolution, expressed as the matrix size, 
gives the amount of pixels in rows and columns. The pixel size relates to the 
dot pitch of the actual pixels in the display. 
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Figure 22.12 Typical LCD display. 

LCDs have brought many advantages to display technologies over the 
CRT. These include advantages related to the lack of phosphor, such as image 
“burn-in,” as found on CRT images that have a constant display which is 
on continuously, such as in ATM machines. LCD are typically more energy 
efficient than the CRT displays they replace and do not suffer from the 
“flicker” problem that affects many CRT displays, caused by low scanning 
rates. However, there are a few disadvantages by using the LCD technology as 
a display device. The most noted problem is related to the slow pixel response 
time. Objects moving quickly on an LCD may appear to have a shadow or 
ghost image trailing the active image. Another issue is that an LCD requires 
light be reflected through the display in order to have a viewable image. For 
using an LCD in darkened areas, backlighting is required. 

Plasma Displays 

While some video display devices (televisions, computer monitors, and test 
equipment) use a cathode-ray tube (CRT) as described previously, many of 
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these applications are benefiting from a technology that produces a flatter 
visual display. One such technology is plasma. In a traditional CRT, the 
image is produced from the impact of electrons on a screen of phosphor in a 
vacuum. While this image is of acceptable quality, there is a drawback. The 
CRT is a high-current, heavy, bulky item, and not compatible with many of 
the needs of many pieces of consumer electronics. For applications where 
space or weight is an issue, manufacturers have turned their focus from the 
CRT toward the technology in a plasma flat screen display. One drawback is 
the current cost of such displays. The increased cost is due to the complexity 
of the structure and construction. 

Plasma displays are based on the illumination of a phosphor coated 
surface by ionized gas or plasma. Each pixel is made up of three cells 
coated with red, blue, and green phosphors. Figure 22.13 shows how these 
elements are arranged to comprise one pixel of the display. The cells are 
filled with Xenon or Neon gases similar to that used in fluorescent tubes. 
Electrodes located at the rear and front of the cell are used to ionize the gas. 
The charging of the electrodes is controlled using a display control sensor 
signal for each cell within the pixel. When ionization occurs, electrons are 
released from individual gas atoms. These electrons collide with other gas 
atoms causing electrons within the atom to move to a higher energy level. 

Figure 22.13 Plasma screen technology – one pixel. 
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When these electrons fall back to their original energy level, it causes photons
of ultraviolet light to be released by the atom. The photons striking different
color phosphors cause them to produce visible light. The display can then
produce images by illuminating the color in each pixel in varying intensities
and hues.

While many advantages of the plasma display such as the compact
and lightweight design, a flatter and wider viewing area (as compared to a
CRT), and other shared similarities with a CRT have already been discussed,
there are some limitations to plasma display technology. Some issues found
with plasma displays are increased cost, a possible degradation and loss of
brightness over time, and low energy efficiency.

Self-Examination

Answer the following questions.

1. The US television system has _______ horizontal lines in a frame.
2. _______________ modulation is used for the picture portion of a

television signal.
3. _______________ modulation is used for the audio portion of a televi-

sion signal.
4. Color TVs have _____, _____, and _____ color signals.
5. The aspect ratio for an HDTV is ___:___.
6. The bandwidth of a color TV channel is _______MHz.
7. In _______________ scanning, all the rows of the display are scanned

sequentially.
8. The camera tube of the television system produces the ___________

component of the signal.
9. A ______________ TV display responds to the ionization of a gas.

10. A ______________ TV display responds to the emission of electrons
from a heated cathode.

11. Channels 2-13 are included in the (UHF, VHF) band.
12. The _________ signal refers to the intensity, and the ________signal to

the hue in a color TV receiver.
13. A _______________ is used to isolate the video and audio signals

applied to a TV antenna.
14. A _______________ is used to extract the audio and video components

from the respective carrier signals in a TV receiver.
15. The photosensitive areas of a CCD camera are referred to as _________.
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22.2 Digital Communication Systems 

As stated in the beginning of the chapter, many different forms of com
munication systems are being utilized today. Many of these systems are 
categorized as simplex or one-way communication. This includes AM/FM 
radio and television which have been considered as analog communication 
systems. Now, we will be looking at duplex or two-way communication. This 
includes cell phones and wireless computer networks that are predomi
nantly controlled using digital technology. This represents one of the most 
significant and rapidly expanding areas of communication electronics today. 

22.2 Explain the operation of digital communications system. 
In order to achieve objective 22.2, you should be able to: 

• list the characteristics of a cordless phone; 
• identify the essential functions of a cell phone communication system; 
• explain how a wireless computer communicates with a network; 
• list some of the important standards used in wireless network 

communications. 
To better explain this new generation of communication systems, the con
cepts surrounding digital instead of analog communication systems must be 
defined. Central to the digital revolution in communication is digital signal 
processing, or DSP. It refers to the methodology used for processing digital 
information. This technology is used in cell phones, robotics, digital cable 
TV, digital cameras, digital audio, Internet telephones, and others. In a typical 
communication system, the analog signal is first converted to a digital format 
using a special device called an analog-to-digital converter (ADC). Next, 
the digital signal is processed using DSP. This process may include method
ologies to increase the operational speed, security, and quality of the data 
being transmitted. Based on variables such as speed, price, ease of use, power 
consumption, and flexibility, different DSP implementation technologies are 
available. In order to better perceive how the lines between analog and 
digital communication systems are blending, a few example technologies 
such as telephones and other important digital transmission schemes will be 
discussed. 

Cordless Phones 

An example of a device that has shared both analog and digital com
munication systems is the cordless telephone. Cordless telephones are a 
combination of the technologies related to a telephone and a radio transceiver. 
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Transceivers are built into the two major components of the cordless phone: 
the base and the handset. By using FCC-approved frequencies such as 900 
MHz, 2.4 GHz, and 5.8 GHz, the handset and the base “talk” to each other, 
carrying the voice signal, data signals, and various control signals. The 
handset often has many features such as a keypad, battery, and LCD display 
for call timers, or caller ID, and a ringer. The base too has many functions, 
but, most importantly, it provides the interface between the cordless portion 
of the phone and the telephone network. The base also provides the means of 
charging the battery that powers the handset. As with many devices in elec
tricity and electronics, earlier cordless phones used simple analog signals for 
transmission. As digital equipment has increased in reliability and decreases 
in price, many cordless phone manufacturers are using digital transmission of 
the data between the transceivers. 

One concern of cordless phones has been security. Because the base and 
handset are transceivers working in duplex, any radio receiver, such as a 
scanner, can receive the same frequencies and allow a third party (perhaps 
unwanted) to listen to the call. Several technologies have evolved to prevent 
this, such as scrambling techniques in cordless phones that use analog trans
missions to digital spread spectrum (DSS) that breaks the data over many 
frequencies, making reception by a listening device much more difficult. 

Cellular Phones 

In the simplest of context, a cellular, or “cell,” phone is an extremely complex 
low power duplex radio. By using digital or analog transmission technologies 
to connect to various towers, which, in turn, are connected to traditional 
telephone services, cell phone can offer complete mobility to the user. Their 
name, cell phones, comes from the placement of the towers; the coverage area 
of the tower is considered a cell. The technologies that support cell phones 
have evolved rapidly in recent years. Colorful, voice-activated phones capable 
of phones much more than a phone conversation have replaced the early bulky 
tote models. 

At first glance, the technology of a cellular phone does not appear 
complex. Most phones include an antenna, battery, speaker, microphone, a 
display, and a circuit board. It is on this circuit board that the complexity is 
found. Housed on the board are analog-to-digital and digital-to-analog con
verters, digital signal processing (DSP) circuitry, modulators and demodula
tors, and components related to the radio transceiver. It also includes storage 
capabilities and digital control circuitry. 
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A block diagram of a generic cell phone is shown in Figure 22.14. 
The block diagram is divided into two distinct sections that represent the 
transmission and reception functions. The output and input signals of the 
cells phone are radiated and received respectively by a common antenna. A 
duplexer attached to the antenna directs the input and output signals to their 
respective circuitry. 

The transmitter function of a cell phone is primarily responsible for radi
ating a signal that has been developed by the microphone. This audio signal 
modulates the radio frequency component that is radiated from the antenna. 
Initially, the audio signal of the microphone is applied to an analog-to-digital 
converter (ADC), which digitizes the analog component. This signal is 
applied to the transmitter DSP, which is responsible for improving the quality 
of the signal and eliminating redundant information during transmission. The 
DSP also adds control information to the processed audio signal. This signal 
is then sent to the transmitter equalizer. The equalizer is responsible for 
reducing defects such as phase or amplitude distortions in the audio signal 
being processed. This signal is then applied to the modulator, where it is 
mixed with the radio frequency component. The resulting output of this is an 
FM signal that is applied to the up-converter. The up-converter has another 
input signal applied from a synthesizer. The synthesizer generates a specific 
frequency such that the output frequency of the up-converter is exactly that 
required for transmission. This permits the cell phone to transmit multiple 
carrier frequencies, which is required for modern phone communications. 
The signal from the up-converter is now applied to a power amplifier, 
which increases the signal amplitude to an appropriate level. In a cell phone 
system, the amplification of a power amplifier is controlled by digital signal 
processing. This information is received from the base station during signal 
transmission. After the power amplifier, the signal is applied to the duplexer 
that filters the signal so that only the required frequencies are transmitted out 
from the antenna. 

The receiver function of a cell phone is primarily responsible for 
detecting an RF signal received by the antenna and reproducing the audio 
component of this signal. This is functionally a reversal of the transmitting 
operation. In this case, the signal is first received by the antenna and then 
passes through the duplexer. Since the strength of the received signal is very 
small and may have some form of interference, the signal is then processed 
by a low-noise amplifier. This improves the quality of the signal. The output 
of the low-noise amplifier is then applied to a down-converter, which also 
accepts an input from the synthesizer. This lowers the carrier frequency of the 
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Figure 22.14 Block diagram of a digital cell phone. 
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received RF signal and then passes the modified signal to the demodulator. 
The demodulator extracts the audio component from the modulated FM 
carrier. Next, the receiver equalizer reduces distortions in the audio signal. 
This signal is then applied to the receiver DSP that corrects any further errors 
that may have occurred during the transmission-reception process. The output 
of the receiver DSP then drives a digital-to analog-converter (DAC). Finally, 
the converter output signal drives a speaker for the reproduction of the audio 
component. 

In addition to the circuitry, each phone carries an electronic serial num
ber (ESN) that is unique to each phone, and a system identification code 
(SID) that identifies the provider the phone will use. Users recognize when 
the SID of the phone does not match the SID of the tower; this condition is 
known as roaming. 

In order to communicate with a cell phone tower, various standards have 
been established. These include standards for the frequency of communica
tion used, the type of modulation, and the security. In addition, protocols are 
used in computer-based communication systems which are a set of rules used 
by devices for exchanging information over a specific media. In the case of 
cell phones, the media is air. 

Various analog and digital communication technologies have been devel
oped for use with cell phones. These include: 

• AMPS (advanced mobile phone system) 824-894 MHz bands, for analog 
transmission 

• FDMA (frequency division multiple access) 824-894 MHz bands, for 
analog transmission 

• TDMA (time division multiple access), 850-1900 MHz bands, for 
analog transmission, uses compression to allow more calls on one 
channel 

• CDMA (code division multiple access) 800 and 1900 MHz bands, for 
digital transmission, digitally divides data over bandwidth 

• GSM (global system for mobile communication), 800 or 1800 MHz 
bands, for digital transmission, a global standard that adds encryp
tion to make calls more secure and allows for additional data-related 
services. 

Wireless Computing Networks 

An area for data communications that has grown tremendously in regard 
to wireless telephony extends toward computer access through computer 



22.2 Digital Communication Systems 969 

networks. A local area network (LAN) is a computer network operating 
within a relatively small geographic area such as a home or a small office. 
Traditional LANs require a physical cable connection between the computer 
and the network. This connection can also be made using wireless technology. 
In order to facilitate and regulate the transmission of wireless data on these 
networks, the Institute of Electrical & Electronics Engineer (IEEE) has 
developed various standards for wireless local area networks (WLANs). 
These standards include the communication frequencies, data transmission 
rates, data security, and others. 

Radio frequencies in the 2.4-5 GHz range are commonly used in wire
less computer communications. The band of frequencies used for wireless 
communication is called a channel. Specific channels must be used for data 
to be successfully transmitted and received using wireless devices. Wireless 
networks are usually implemented using either unmanaged (ad hoc) or man
aged (infrastructure) topologies. A network topology refers to the layout of 
the network. An ad hoc network topology permits devices to communicate 
directly with each other. It is suitable for establishing temporary connections 
between devices such as laptop computers. In contrast, the infrastructure 
topology is used for extending a wired LAN in order to include support for 
wireless devices. This is achieved by connecting a base station to the LAN. 
The base station has the capability of communicating with wireless devices 
using an antenna. 

The transmission of wireless signals depends on the type of antenna 
used. An omni-directional antenna is used for transmitting signals in all direc
tions, whereas a directional antenna is focused on the receiver concentrating 
the signal power in a certain direction. The base station used for transmitting 
and receiving signals is known as an access point (AP) or wireless access 
point (WAP). All data between wireless devices or between wireless devices 
and the LAN passes through the AP. Multiple APs can be used to extend the 
area of wireless coverage. Wireless devices require a configurable Service 
Set Identifier (SSID) for communicating with a given AP. The SSID of both 
the device and the AP has to match for communication to be established. In 
addition, specific channels or frequency ranges are used for communication 
between the device and the AP. Different methods are used for verifying the 
authenticity of the communicating devices prior to transmitting data. These 
may include the use of SSID, usernames, and passwords. Additional security 
is provided by encrypting the data being transferred so that it cannot be read 
in transit. Encryption is the process of altering or transforming data in order 
to prevent unauthorized access. 
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With multiple devices sharing the wireless media, the access method 
used requires devices to listen on a channel to ensure that it is not in use 
prior to transmitting. The manner in which data signals travel through the 
wireless media either altering between frequency carriers or spreading the 
signal over the frequency spectrum is called spread spectrum technology. This 
includes a method called frequency hopping, wherein the frequency used 
to send the signal is changed in a predictable pattern. Another method, the 
direct sequence spread spectrum, spreads the signal over the full transmission 
frequency spectrum. A redundant bit pattern is sent for every bit of data being 
transmitted, thereby enhancing reliability. 

The speed of data being transferred is commonly measured in millions 
of bits per second or Mbps. Speeds of up to 54 Mbps can be achieved on a 
wireless networks, but the speed reduces as the number of users on a channel 
increases. The range of infrastructure wireless networks usually extends up 
to 38 m. Objects such as trees, concrete, and steel readily absorb energy 
from all RF signals, thus reducing the area being covered. RF interference 
may be caused by neighboring wireless LANs or by cordless phones and 
microwave devices that use the same range of frequencies in their operation. 
Wireless devices are also susceptible to electrical interference. This type of 
interference may be caused by the operation of motors, fluorescent lights, 
computers, transformers, and air conditioning units. 

Table 22.1 IEEE wireless networking standards. 
IEEE Frequency Speed or Range or Comment 

standard (GHz) data rate coverage 
(bps) (m) 

802.11 2.5 1–2 20 One of the first wireless 
standards 

802.11a 5 54 35 Incompatible with 802.11b 
and 802.11g because of 

frequency 
802.11b 2.4 11 38 Widely used but susceptible 

to interference from 
microwave ovens 

802.11g 2.4 54 38 Offers a high data rate but 
is also susceptible to 

interference from 
microwave ovens 

802.11n 2.4 or 5 248 70 Latest standard proposed 
for 2009, with the highest 

data rates and range 
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A brief list of the IEEE 802.11 standards developed for wireless network
ing is shown in Table 22-1. 

With an increase in mobile computing, the popularity of digital data 
transmission for computing networks will continue to rise. As shown, new 
standards are being developed to meet the needs of advanced computing 
needs. 

Self-Examination 

Answer the following questions. 

16. A cordless telephone has a _____________and a ______________. 
17. Cordless phone transceivers use frequencies in the ________, ________, 

and ________ range for communication. 
18. One primary concern in cordless phone communication is ___________. 
19. A form of communication in which a unit can both send and receive 

information signals is termed as a _____________system. 
20. A form of communication in which a unit can only send or receive 

information signals is termed as a ______________system. 
21. The two primary functions of a cell phone are _______________ and 

______________. 
22. A device that changes an analog signal into a digital signal is called a(n) 

______________________. 
23. A device that changes a digital signal into an analog signal is called a(n) 

______________________. 
24. The sound input of a cell phone is developed by the _____________, 

whereas the sound output is developed by the ______________. 
25. When the SID of a cell phone does not match that of a cell tower, the 

phone is said to be _______________. 
26. Digital signal processing within the transmitter of a cell phone is done 

(before, after) the analog sound input has been converted into a digital 
signal. 

27. Digital signal processing within the receiver of a cell phone is done 
(before, after) the digital input has been converted into an analog sound 
signal. 

28. The _____________block within the receiver section of a cell phone 
is responsible for extracting the audio component from the frequency 
modulated RF signal. 

29. The (receiver, transmitter) function of a cell phone is responsible for 
detecting an RF signal received by the antenna. 
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30. The (receiver, transmitter) function of a cell phone is responsible for
modulation of an RF signal by the audio component.

31. The frequencies that are commonly used for wireless computer commu-
nications are ________ and ________.

32. The base station used for transmitting and receiving wireless
signals to or from a computer network is referred to as the
____________________.

33. Global system for mobile communication (GSM) operates in the
_________ or __________MHz bands.

34. The range or coverage of the wireless signal in IEEE 802.11g standard
is _________m.

35. Wireless networks that operate in the _____________GHz range may
experience RF interference due to microwave ovens and cell phones.

Summary

• Audio and video signals that can change in a continuous manner are
termed as analog signals.

• Signals that carry text and data that change only in specific or discrete
intervals are termed as digital signals.

• Television is a specialized type of communication that uses both AM
and FM transmissions, requiring carriers for both the picture (AM) and
the sound (FM).

• A microphone typically provides the audio input, and a television
camera provides the video input in a TV transmitter.

• The TV receiver demodulates the picture and sound signals from the
respective carrier waves, following which the video output is reproduced
on a display and sound on a speaker.

• The scene being televised by a camera tube must be broken into very
small parts called picture elements or pixels, which are scanned in a
conventional TV camera using an electron beam, and in a CCD camera,
the voltage developed on the pixels is transferred out for processing.

• Picture production in a conventional TV system generally employs
interlace scanning, where, for producing one frame, the odd-numbered
line of the 535 horizontal lines in a frame is scanned first, followed by
the even-numbered lines.

• Digital TV consists of 18 different standards, which are a combination
of the resolution, aspect ratio, and frame rate.
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• The highest resolution of a	 digital TV signal is generated by high 
definition TV (HDTV), which has a resolution of 1920 × 1080, having 
an aspect ratio of 16:9. 

• In television signal production, the vertical and horizontal sweep circuits 
must be properly synchronized to produce a picture. 

• In a composite TV picture signal, serrated pulses provide continuous 
horizontal sync during the vertical retrace time, and the vertical sync 
pulse is made up of six rectangular pulses near the center of the vertical 
blanking time. 

• The FCC (Federal Communications Commission) has allocated a 6
MHz bandwidth for each TV channel. 

• The brightness or luminance signal, referred to as the	 Y signal, is a 
mixture of the three primary colors, in the proportion 59% green, 30% 
red, and 11% blue. 

• Color transmitters combine the three primary color signals into an	 I 
signal and a Q signal. The I signal refers to orange or cyan signals, and 
the Q signal corresponds to green or purple information. Both signals 
are used to amplitude modulate a 3.58-MHz subcarrier signal. 

• The human eye needs stimuli in the form of hue and saturation stimuli 
to perceive color. Hue refers to a specific color, and saturation to the 
amount, or level, of color present. 

• Color receivers, after demodulation, divide the composite video signal 
into the Y signal and the chroma (C) signal which, in turn, contains the 
I and Q colors and a 3.58-MHz suppressed carrier signal. 

• A liquid crystal display (LCD) consists of liquid crystals sensitive 
to electrical current and capable of polarizing light placed between 
transparent polarizing filters and glass plates. 

• Plasma displays are based on the illumination of a phosphor coated 
surface by ionized gas or plasma. 

• The coverage area of cellular phone towers is called a cell. 
• In a typical cellular phone communication system, the transmitter con

tains an analog-to-digital converter (ADC), which converts the analog 
audio input signal into a digital format. 

• Data in digital format can be suitably transformed for use in communi
cation systems using digital signal processing (DSP) methods. 

• Modulation is used for changing some property of a high-frequency 
carrier using the information that is to be transmitted, and demodulation 
extracts the information from the carrier. 
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• In a typical communication system, the receiver contains a digital-to
analog converter (DAC) that converts the digital input to an analog audio 
output. 

• The transmitter function of	 a cell phone is responsible for radiat
ing a signal that has been developed by the microphone, and the 
receiver function is primarily responsible for detecting an RF signal 
received by the antenna and reproducing the audio component of this 
signal. 

• A wireless LAN (WLAN) uses RF signals for transmitting and receiving 
data between communicating devices. 

• The base station used to extend a wireless LAN, which has the capability 
of communicating with wireless devices using an antenna, is called an 
access point (AP). 

• The range of coverage in a wireless LAN is reduced due to absorption 
of the RF signal by objects such as walls, by RF interference due to 
cordless phones, and by electrical interference due to motors. 

Review Questions 

Answer the following questions. 

1. A TV communication transmitter system consists of the following 
(select all that apply): 

a. FM sound transmitter 
b. AM picture transmitter 
c. Demodulator 
d. Television camera 
e. Diplexer 

2. A TV communication receiver system consists of the following (select 
all that apply): 

a. Speaker 
b. Picture system 
c. Diplexer 
d. Demodulator 
e. Television camera 

3. The function of a diplexer in a communication system is to: 

a. Amplify the TV signal 
b. Synchronize the scanning process 
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c. Isolate the picture and sound carriers in the TV transmission 
process 

d. Change the light energy of a televised signal into electrical signals 

4. The quality of the video images generated using CCD can be enhanced 
by (select all that apply): 

a. Increasing the number of pixels 
b. Decreasing the number of pixels 
c. Increasing the scan rate 
d. Decreasing the scan rate 

5. The FCC has allocated a ______MHz bandwidth for each TV channel: 

a. 1 
b. 2 
c. 4 
d. 6 

6. In a CRT display, the anode voltage can reach several: 

a. Milli-volts 
b. Volts 
c. Kilo-volts 
d. Giga-volts 

7. In	 a color transmitter, the TV camera usually develops _________ 
separate color signals: 

a. 2 
b. 3 
c. 5 
d. 7 

8. Some of the drawbacks associated with LCD displays as compared to 
CRT displays include (select all that apply): 

a. Higher weight 
b. Need for backlighting in darkened areas 
c. Slow pixel response time 
d. Noticeable flicker 

9. The synthesizer unit within a cell phone: 

a. Reduces defects in the phase or amplitude of the audio signals 
b. Generates a specific frequency such that the output frequency is 

exactly the one required for transmission 
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c. Increases the amplitude of the signal to appropriate level needed 
for transmission 

d. Directs the inputs and output signals to their respective processing 
circuitry 

10. RF interference in a wireless network may be caused by (select all that 
apply): 

a. Cordless phones 
b. 110 V, 60 Hz AC 
c.  5 V, DC  
d. Microwave ovens 

Answers 

Self-Examination 

22.1 
1. 525 
2. Amplitude 
3. Frequency 
4. red, blue, green 
5. 16:9 
6. 6 
7. Progressive 
8. video 
9. plasma 
10. CRT 
11. VHF 
12. I, Q 
13. Diplexer 
14. Demodulator 
15. pixels 
22.2 
16. base unit, handset 
17. 900 MHz, 2.4 GHz, 5.8 GHz 
18. security 
19. duplex 
20. simplex 
21. transmitting, receiving 
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22. analog-to-digital converter (ADC) 
23. digital-to-analog converter (DAC) 
24. microphone, speaker 
25. roaming 
26. after 
27. before 
28. demodulator 
29. receiver 
30. transmitter 
31. 2.4 GHz, 5 GHz 
32. access point 
33. 800 MHz, 1800 MHz 
34. 38 m 
35. 2.4 GHz 

Terms 

Access point 

The base station used to extend a wireless LAN, which has the capability of 
communicating with wireless devices using an antenna. 

ADC 

Analog-to-digital converter - a device that converts an analog signal into a 
digital format. 

Ad hoc topology 

An unmanaged wireless network topology, wherein devices can communicate 
directly with each other. 

Aspect ratio 

The ratio of the unit width to the unit height of a display device. 

Blanking pulse 

A part of the TV signal where the electron beam is turned off during the 
retrace period. There is both vertical and horizontal blanking. 

Channel 

The band of frequencies used for wireless communication. 
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Chroma 

Short for chrominance. It refers to color in general. 

Compatible 

A TV system characteristic in which broadcasts in color may be received in 
black and white on sets not adapted for color. 

DAC 

Digital-to-analog converter - a device that converts a digital signal into an 
analog one. 

Deflection 

Electron beam movement of a TV system that scans the camera tube or 
picture tube. 

Deflection yoke 

A coil fixture that moves an electron beam vertically and horizontally. 

DSP 

Digital signal processing of information that is in digital format. 

Directional antenna 

An antenna that is focused at a receiver for concentrating the signal power in 
a certain direction. 

Diplexer 

A special TV transmitter coupling device that isolates the audio carrier and 
the picture carrier signals from each other. 

Duplex 

The ability of a system to transmit and receive signals from the same unit. 

Encryption 

The process of altering or transforming data, in order to prevent unauthorized 
access. 

Field, even/odd lined 

The even/odd-numbered scanning lines of one TV picture or frame. 
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Frame 

A complete electronically produced TV picture of 525 horizontally scanned 
lines. 

Hue 

A color, such as red, green, or blue. 

Infrastructure topology 

A managed wireless network topology in which a wired LAN is extended by 
using a wireless base station, in order to support wireless devices. 

Interlace scanning 

An electronic picture production process in which the odd-numbered lines 
of a display are scanned first, and then the even lines are scanned next, and 
interleaved in order to make a complete 525-line picture. 

Intermediate frequency (IF) 

A single frequency that is developed by heterodyning two input signals 
together in a superheterodyne receiver. 

I-signal (1) 

A color signal of a TV system that is in phase with the 3.58-MHz color 
subcarrier. 

LCD 

A liquid crystal display that consists of liquid crystals sensitive to electrical 
current and capable of polarizing light placed between transparent polarizing 
filters and glass plates. 

LAN 

A local area network or computer network operating within a relatively small 
geographic area such as a home or a small office 

Monochrome 

Black-and-white television. 

Negative picture phase 

A video signal characteristic where the darkest part of a picture causes the 
greatest change in signal amplitude. 
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Omni-directional antenna 

An antenna used for transmitting signals in all directions. 

Pixel 

A discrete picture element or photosensitive area of a display. 

Plasma display 

A display that utilizes an ionized gas to activate a picture element. 

Progressive scanning 

An electronic picture production process in which all the lines of a display 
are scanned consecutively to make a complete 525-line picture. 

Protocol 

In computer-based communication systems, a set of rules used by devices for 
exchanging information over a given media. 

Q signal 

A color signal of a TV system that is out of phase with the 3.58-MHz color 
subcarrier. 

Video resolution 

The process of separating or distinguishing between detailed picture elements 
and is specified by number of pixels used to produce a display. 

Retrace 

The process of returning the scanning beam of a camera or picture tube to its 
starting position 

Saturation 

The strength or intensity of a color used in a TV system. 

Scanning 

In a TV system, the process of moving an electron beam vertically and 
horizontally. 

Spread spectrum 

The manner in which data signals travel through the wireless media either 
altering between frequency carriers or spreading the signal over the frequency 
spectrum. 
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Sync 

An abbreviation for synchronization. 

Synchronization 

A control process that keeps electronic signals in step. The sweep of a TV 
receiver is synchronized by the transmitted picture signal. 

Topology 

The layout of the computer network for transmitting and receiving data, 
including the physical cabling and logical flow of information. 

Trace time 

A period of the scanning process where picture information is reproduced or 
developed. 

Transceiver 

A communication device that is used both for transmitting and receiving 
signals. 

WLAN 

A wireless LAN that uses RF signals for transmitting and receiving data 
between communicating devices. 

Y signal 

The brightness or luminance signal of a TV system. 
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Digital Electronic Systems
 

Digital electronics is undoubtedly the fastest-growing area in the field of 
electronics technology. Personal computers, calculators, watches, clocks, 
video games, test instruments, and home appliances are only a few of the 
applications. Most of these things were unheard of only a few years ago. 
Digital electronics now plays an important role in our daily lives. 

Remember that an analog device is one in which a quantity is represented 
on a continuous scale. Temperature, for example, is often determined by 
the position of a column of mercury. Voltage, current, and resistance can be 
determined by the movement of a coil of wire that interacts with a magnetic 
field. Analog devices are usually concerned with continuously changing 
values. An analog value could be any one of an infinite number of values. 
Radio, television, and sound systems process analog data. 

Digital devices are considered to be counting operations. A digital watch 
tells time by counting generated pulses. The resulting count is then displayed 
by numbers representing hours, minutes, and seconds. A computer also has 
an electronic clock that generates pulses. These pulses are counted and, in 
many cases, processed as an operational control function. Digital circuits can 
store signal data, retrieve it when needed, and make operational decisions. 
Signal values are generally represented by two-state data. A pulse is either 
present or it is not. Data are either of high value or low value, with nothing in 
between. 

Objectives 

After studying this chapter, you will be able to: 

23.1. explain the electrical differences in the response of a system that is 
used for analog or digital applications; 

23.2. explain the differences between analog and digital systems; 

983
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23.3. change decimal numbers to an equivalent binary, binary-coded decimal 
(BCD), octal, or hexadecimal numbers; 

23.4. change binary, BCD, or hexadecimal numbers to equivalent decimal 
numbers; 

23.5. identify basic logic symbols of AND, OR, NOT, NOR, and NAND 
gates; 

23.6. analyze and develop logic equations and truth tables for logic gates; 
23.7. evaluate the operation of transistor logic gates; 
23.8. describe the operation of	 RS, D, and JK flip-flops (triggered and 

clocked); 
23.9. describe the operation of counting circuits. 

Chapter Outline 

23.1 Digital Systems 
23.2 Digital Logic Circuits 
23.3 Flip-Flops 
23.4 Digital Counters 

Key Terms 

amplification 
analog 
base 
binary 
decoding 
digital 
digital integrated circuit 
dual-in-line package (DIP) 
encoding 
energy 
gate 
hexadecimal 
logic 
octal 
pulse 
radix 
semiconductor 
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solid state 
system 
transistor 
AND gate 
bistable 
Boolean algebra 
NAND gate 
NOT gate 
OR gate 
truth table 
asynchronous 
bistable 
clear 
clock input 
debounce 
flip-flop 
latch 
memory 
register 
reset 
toggle 
BCD counter 
binary counter 
decade counter 
down counter 
incrementing 
modulo 
register 
shift register 
up counter 

23.1 Digital Systems 

A digital system is somewhat unique compared with other electrical systems. 
As in all electrical systems, an energy source is needed to make the digital 
system operational. DC electricity is primarily used as an operational energy 
source. This may be obtained from the AC power line and changed into a 
usable form of DC. Rectifier power supplies are commonly used in most 
systems. Portable systems are energized by batteries. Small digital systems 
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can operate for a rather long period of time from a single battery. The DC 
electrical source is used primarily to energize the active components of the 
system. Digital systems are largely of the IC type. The amount of DC energy 
needed to supply this type of system is 5 V. 

A digital system usually has internal signal generation. The digital signal 
is primarily a number of electrical pulses that occur in a given unit of time. 
Pulse generators and electronic clock circuits are used for this function. 
This part of the system is generated by an oscillator. As a rule, this type 
of generator produces square waves or spiked pulses. This signal is then 
processed through the system to achieve its counting function. In a sense, 
a digital system has an operational energy source and a digital signal source. 
Both sources are developed and applied directly to the system when it is made 
operational. 

The other functions of a digital system are somewhat unusual. The path 
of electrical energy and the digital signal is achieved primarily by the metal 
of a printed circuit board. There is very little hand-wired electrical circuitry 
in a digital system. Control is achieved primarily by logic gates. Gates 
contain bipolar transistors, MOSFETs, and diodes. Most gate functions are 
achieved by ICs. The load of a digital system is quite unusual. The load on 
the operational source is all the components that are energized by the supply. 
The load of the digital signal is determined by the number of gates it supplies. 
The load in both cases does work. Indicators are included in nearly every 
system. Digital displays and sometimes cathode-ray tubes are widely used 
as indicators. The indicator function is ordinarily the most obvious part of the 
system. Operation is generally based on the response of the display. 

Decimal Numbering Systems 

Digital information has been used by human beings during almost all of their 
history. Parts of the human body were first used as a means of counting. 
Fingers and toes were often used to represent numbers. In fact, the word 
digital in Latin means finger or toe. This term is the basis of the word 
digital. 

Most counting that we do today is based on groups of 10. This is probably 
an outgrowth of our dependence on fingers and toes as a counting tool. 
Counting with 10 as a base is called the decimal system. Ten unique symbols, 
or digits, are included in this system: 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. In general, 
the number of discrete values or symbols in a counting system is called the 
base, or  radix. A decimal system has a base of 10. 
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Nearly, all numbering systems have place value. This refers to the value 
that a digit has with respect to its location in the number. The largest number 
value that can be represented at a specific location is determined by the base of 
the system. In the decimal system, the first position to the left of the decimal 
point is called the units place. Any number from 0 to 9 can be used in this 
place. Number values greater than 9 are expressed by using two or more 
places. The next location to the left of the units place is the 10-s position. 
Two-place numbers range from 10 through 99. Each succeeding place added 
to the left has a value that is 10 times as much as the preceding place. With 
three places, the place value of the third digit is 10 × 10 × 10, or 1000. For 
four places, the place value is 10 × 10 × 10 × 10, or 10,000. The values 
continue for 100,000, 1,000,000, 10,000,000, and so on. 

Any number in standard form can be expressed in expanded form by 
adding each weighted place value. The decimal number 2319 is expressed 
as (1000 × 2) + (100 × 3) + (10 × 1) + (1  × 9). Note that the weight of 
each digit increased by 10 for each place to the left of the decimal point. In 
a number system, place values can also be expressed as a power of the base. 
For the decimal system, the place values are 103, 102, 101, 100, and so on. 
Each succeeding place has a value that is the next higher power of the base. 

The base 10, or decimal, numbering system is extremely important and 
widely used today. Electronically, however, the decimal system is rather 
difficult to use. Each number would require a specific value to distinguish 
it from the others. Number detection would also require some unique method 
of distinguishing each value from the others. The electronic circuitry of a 
decimal system would be rather complex. In general, base 10 values are 
difficult to achieve and awkward to maintain. 

Binary Numbering Systems 

Nearly all digital electronic systems are of the binary type. This type of 
system uses 2 as its base, or radix. Only the numbers 0 and 1 are used in a 
binary system. Electronically, only two situations, such as a value or no value, 
are needed to express binary numbers. The number 1 is usually associated 
with some voltage value greater than zero. Binary systems that use voltage as 
1 and no voltage as 0 are described as having positive logic. Negative logic 
uses voltage for 0 and no voltage for 1. Positive logic is more readily used 
today. Only positive logic is used in this discussion. 

The two operational states or conditions of an electronic circuit can be 
expressed as on and off. An off-circuit usually has no voltage applied, and 
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so represents the 0, or off, state. An on-circuit has voltage applied, and so 
represents 1, or on, state. With the use of electronic devices, it is possible 
to change states in a microsecond or less. Millions of 1s and 0s can be 
manipulated by a digital system in a second. 

A binary digit can be expressed as either 1 or 0. The term bit is commonly 
used to describe a binary digit. The operational basis of a binary system is 
very similar to that of the decimal system. The base of the binary system is 2. 
This means that only the numbers 0 and 1 are used to denote specific numbers. 
The first place to the left of the binary point is the units, or 1s location. Place 
values to the left are expressed as powers of 2. Representative values are 20 = 
1, 21 = 2, 22 = 4, 2  3 = 8, 24 = 16, 25 = 32, 26 = 64, and so on. 

When different numbering systems are used in a discussion, they usually 
incorporate a subscript number to identify the base of the numbering system 
being used. The number I 10 is a typical expression of this type. The subscript 
number 2 is used to denote the base of the numbering system. The binary 
point, which follows the 0, is usually omitted. Thus, 11010 is used to indicate 
when the number is expressed in decimal form. We will use other numbering 
systems, such as the base 8, or octal, system and the base 16, or hexadecimal, 
system. Numbers expressed in these bases will be identified with subscripts 
to avoid confusion with other numbers. 

When only one numbering system is used in a discussion, the subscript 
notation is generally not needed. A binary number such as 101 is the equiva
lent of the decimal number 5. Starting at the binary point, the digit values are 
1 × 20 + 0  × 21 + 1  × 2 2 or 1 + 0 + 4 = 5.  The  conversion of a binary number 
to a decimal value is shown in Figure 23.1. 

A shortcut version of the binary-to-decimal conversion process is shown 
in Figure 23.2. In this conversion method, first write the binary number. In 
this example, 10011012 is used. Starting at the binary point, indicate the 
decimal value of each binary place containing a 1. Do not indicate a value for 
the zero places. Add the indicated place values. Record the decimal equivalent 
of the binary number. Practice this procedure on several different binary 
numbers. With a little practice, the conversion process is very easy to achieve. 

Changing a decimal number to a binary number is achieved by repetitive 
steps of division by the number 2. When the quotient is even with no 
remainder, a 0 is recorded. A remainder is also recorded. In this case, it will 
always be the number 1. The steps needed to convert a decimal number to a 
binary number are shown in Figure 23.3. 

The conversion process is achieved by first recording the decimal value. 
The decimal number 30 is used in this example. Divide the recorded number 



23.1 Digital Systems 989 

Figure 23.1 Binary-to-decimal conversion. 

Figure 23.2 Binary-to-decimal conversion shortcut. 

by 2. In this case, 30/2 equals 15. The remainder is 0. Record the 0 as the 
first binary place value. Transfer 15 to position 2. Divide this value by 2. 
15/2 equals 7 with a remainder of 1. Record the remainder. Transfer 7 to 
position 3. 7/2 equals 3 with a remainder of 1. Record the remainder and 
transfer 3 to position 4. 3/2 equals 1 with a remainder of 1. Record the 
remainder and transfer 1 to position 5. 1/2 equals 0 with a remainder of 1. 
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Figure 23.3 Decimal-to-binary conversion. 

The conversion process is complete when the quotient has a value of 0. The 
binary equivalent of a decimal is indicated by the recorded remainders. For 
this example, the binary equivalent of 301 is 11110. Practice the decimal-to
binary conversion process with several different number values. With a little 
practice, the process becomes relatively easy to accomplish. 

Binary Fractions 

Having discussed the whole numbers of a binary system, let us now direct 
attention toward fractional number values. The binary point of a number 
decides the difference between integer and fractional values. Binary whole 
numbers are located to the left of the binary point. Fractional values are 
located to the right of the binary point. Whole numbers are identified as 
positive powers while fractional numbers are expressed as negative powers. 
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A number such as 1101.101 has both integer and fractional values. The 
whole number to the left of the binary point is 1101. This represents 1 × 2 
3 + 1  × 22 + 0  × 21 + 1  × 20 or 1310. The fractional part of this number 
is positioned to the right of the binary point. It is -1012. This represents the 
sum of negative exponent values and becomes 1 × 2−1 + 0  × 2−2 + 1  × 2−3 

or 1/2 + 0/4 + 1/8. The decimal equivalent is 0.5 + 0.0 + 0.125 or 0.6250. 
The number 1101.1012 equals 13.62510. The fractional part of this number 
is an even value of the decimal equivalent. If the binary values do not produce 
an even combination of the fractional number, the number will have infinite 
length. As a rule, only three or four fractional places are needed to define 
most binary numbers. 

Self-Examination 

1.	 ________ electronics is considered to be a counting operation. 
2.	 An energy source, path, control, load, and indicator are included in the 

makeup of a digital __________. 
3.	 A digital signal source produces ____________ waves. 
4.	 A decimal counting system has a base of _________. 
5.	 In a decimal counting system, the first position to the left of the decimal 

point is the __________ place. 
6.	 In a decimal counting system, any number value of 0 to ________ can 

be used in a place location. 
7.	 In a decimal counting system number, values greater than 9 are 

expressed by using two or more ________________. 
8.	 A two-place decimal number can be used to represent numbers from 0 

through _____. 
9. The largest number that can be expressed at a place location in a decimal 

system is ____. 
10.	 In a numbering system, place values are usually expressed as a 

_________ of the base. 
11.	 In a decimal system, each place value is increased by a power of ______ 

as you move to the left. 
12.	 Nearly all digital electronic systems use _________ numbers. 
13.	 The two states or counts of a binary numbering system are ________ 

and _______. 
14.	 _________ logic systems have voltage for 1 and no voltage for 0. 
15.	 The base of a binary numbering system is ______. 
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16.	 Place values in a binary numbering system are expressed as powers of 
______. 

17.	 The binary equivalent of the decimal number 8 is _______. 

Answers 

1. Digital 
2. system 
3. square 
4. 10 
5. units 
6. 9 
7. places 
8. 99,0 
9. 9 

10.	 base 
11.	 10 
12.	 binary 
13.	 1 and 0 
14.	 Positive 
15.	 2 
16.	 210 
17.	 10002 

Binary-Coded Decimal Numbers 

When large numbers are to be indicated by binary numbers, they become 
somewhat awkward and difficult to use. For this reason, the binary-coded 
decimal method of counting was devised. In this type of system, four binary 
digits are used to represent each decimal digit. To illustrate this procedure, 
we have selected the decimal number 329, to be converted to a binary-coded 
decimal (BCD) number. As a binary number, 32910 = 101,001,0012. An  
example conversion is shown in Figure 23.4. 

The largest decimal number to be displayed by four binary digits of a 
BCD number is 910 or 10012. This means that six counts of the binary 
number are not being used. These are 1010, 1011, 1100, 1101, 1110, and 
1111. Because of this, the octal, or base 8, and hexadecimal, or base 16, 
numbering systems were devised. Digital systems still process numbers in a 
binary form but usually display them in BCD, octal, or hexadecimal values. 
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Figure 23.4 BCD conversion example. 

Octal Numbering Systems 

Octal, or base 8, numbering systems are commonly used to process large 
numbers through digital systems. The octal system of numbers uses the same 
basic principles outlined with the decimal and binary systems. The octal 
numbering system has a base of 8. The digits 0, 1, 2, 3, 4, 5, 6, and 7 are 
used. The place values starting at the left of the octal point are powers of 8: 
80 = 1, 81 = 8, 82 = 64, 83 = 512, 84 = 4096, and so on. 

The process of converting an octal number to a decimal number is the 
same as that used in the binary-to-decimal conversion process. In this method, 
however, the powers of 8 are employed instead of the powers of 2. To convert 
the number to an equivalent decimal number, see the procedure outlined in 
Figure 23.5. 

Converting an octal number to an equivalent binary number is very similar 
to the BCD conversion process discussed previously. The octal number is first 
divided into discrete digits according to place value. Each octal digit is then 
converted into an equivalent binary number using only three digits. The steps 
of this procedure are shown in Figure 23.6. You may want to practice this 
conversion process to gain proficiency in its use. 

Converting a decimal number to an octal number is a process of repet
itive division by the number 8. After the quotient has been determined, the 
remainder is brought down as the place value. When the quotient is even 
with no remainder, a zero is transferred to the place position. The proce
dure for converting a decimal number to its octal equivalent is outlined in 
Figure 23.7. 
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Figure 23.5 Octal-to-decimal conversion process. 

Figure 23.6 Octal-to-decimal conversion process. 

Converting a binary number to an octal number is a very important con
version process found in digital systems. Binary numbers are first processed 
through the equipment at a very high speed. An output circuit then accepts 
this signal and may convert it to an octal signal that can be displayed on a 
readout device. Assume now that the number 10,110,101 is to be changed 
into an equivalent octal number. The digits must first be divided into groups 
of three, starting at the octal point. Each binary group is then converted into an 
equivalent octal number. These numbers are then combined, while remaining 
in their same respective places, to represent the equivalent octal number. See 
the conversion steps outlined in Figure 23.8. 
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Figure 23.7 Decimal-to-octal conversion. 

Figure 23.8 Binary-to-octal conversion. 

Hexadecimal Numbering System 

The hexadecimal numbering system is used to process large numbers. The 
base of this system is 16, which means that the largest value used in a place 
is 15. Digits used to display this system are the numbers 0-9 and the letters 
A B, C, D, E, and F. The letters A-F are used to denote the digits 10-15, 
respectively. The place values of digits to the left of the hexadecimal point 
are the powers of 16: 160 = 1, 161 = 16, 162 = 256, 163 = 4096, 164 = 65,536, 
165 = 1,048,576, and so on. 

The process of changing a hexadecimal number to a decimal number 
is achieved by the same procedure outlined for other conversions. Initially, 
a hexadecimal number is recorded in proper digital order as outlined in 
Figure 23.9. The powers of the base are then positioned under the respective 
digits. In a hexadecimal conversion, step 2 is usually added to show the values 
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Figure 23.9 Hexadecimal-to-decimal conversion. 

Figure 23.10 Hexadecimal-to-binary conversion. 

of the letters. Each digit is then multiplied by its place value to indicate 
discrete place value assignments. Steps 1 and 2 are then multiplied together. 
In step 3, these product values are added, giving the decimal equivalent of a 
hexadecimal number in step 4. 

The process of changing a hexadecimal number to a binary equivalent is 
a simple grouping operation. Figure 23.10 shows the operational steps for 
making this conversion. Initially, the hexadecimal number is separated into 
discrete digits in step 1. Each digit is then converted to an equivalent binary 
number using only four digits per group. Step 3 shows the binary groups 
combined to form the equivalent binary number. 
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Figure 23.11 Decimal-to-hexadecimal conversion. 

Figure 23.12 Binary-to-hexadecimal conversion. 

The conversion of a decimal number to a hexadecimal number is achieved 
by the repetitive division process used with other number systems. In this 
procedure, however, the division factor is 16 and the remainders can be as 
large as 15. Figure 23.11 shows the necessary procedural steps for achieving 
this conversion. 

Converting a binary number to a hexadecimal equivalent is a reverse 
of the hexadecimal to binary process. Figure 23.12 shows the fundamental 
steps of this procedure. Initially, the binary number is divided into groups 
of four digits, starting at the hexadecimal point. Each grouped number is 
then converted to a hexadecimal value and combined to form the hexadecimal 
equivalent. 
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Self-Examination 

18.	 In a binary-coded decimal, or BCD, numbering system, ______ binary 
digits are used to represent each decimal digit. 

19.	 A decimal number such as 528 is expressed in BCD form as _______. 
20.	 The largest digit that can be expressed by any group of BCD numbers is 

________. 
21.	 An octal numbering system has a base, or radix, of _______. 
22.	 The place values of digits of an octal numbering system are expressed 

as the powers of ________. 
23.	 The decimal equivalent of the number 3478 is _______. 
24.	 The binary equivalent of the number 2562 is ________. 
25.	 The octal equivalent of the number 3268 is _______. 
26.	 The octal equivalent of 11,010,1002 is _________. 
27.	 The radix of a hexadecimal numbering system is ________. 
28.	 The letters A, B, C, D, E, and F are used to denote the digits _____ 

through ______, respectively, in the hexadecimal system. 
29.	 The decimal equivalent of 14D916 is __________16. 
30.	 The binary equivalent of 49A16 is ________10. 
31.	 The hexadecimal equivalent of 123510 is __________16. 
32.	 The hexadecimal equivalent 11010,110,1002 is ___________16. 

Answers 

18.	 four 
19.	 0101-0010-100013CD 
20.	 9 
21.	 8 
22.	 8 
23.	 231 
24.	 010,101,1102 
25.	 506 
26.	 324 
27.	 16 
28.	 16 10-15 
29.	 16 4465 
30.	 16 0100,1001,1010 
31.	 16 4D3 
32.	 16 2B4 
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23.2 Digital Logic Circuits 

Digital logic systems, no matter how complex, are composed of a small group 
of identical building blocks. These blocks are either decision-making circuits 
or memory units. A large majority of the decision-making circuits are made 
up of logic gates or a combination of logic gates. Logic gates respond to 
binary input data and produce an output that is based on the status of the 
input. Memory circuits are used to store binary data and release it when the 
need arises. 

Logic gates are essentially a combination of high-speed switching cir
cuits. These gates are the electronic equivalent of a simple switch connected 
in series or parallel. Digital systems combine large numbers of these gates 
in decision-making circuits. We investigate the simple switch type of logic 
circuit to explain basic logic functions. 

In most digital systems, we do not use mechanical switch logic gates. 
For example, they respond very slowly to data. Electronic logic gates have 
been designed that can change states very quickly. In fact, these gates can 
change states so quickly that a human cannot detect the switching time. 
Typical switching times are less than a microsecond, or 10−6s. In many 
microprocessor-based digital systems, switching times are in the nanosecond, 
or 10−9 s, range. This takes special circuits to detect a state change in 
logic gates operating at this speed. Logic gates respond in the same manner 
regardless of the switching speed. 

Binary Logic Functions 

Any bistable circuit that is used to make a series of decisions based on two-
state input conditions is called a binary logic circuit. Three basic circuits 
of this type have been developed to make simple logic decisions: the AND 
circuit, the OR circuit, and the NOT circuit. The logic decision made by each 
circuit is unique and very important in digital system operations. 

Electronic circuits designed to perform specific logic functions are com
monly called gates. This term refers to the capability of a circuit to pass or 
block specific digital signals. A simple if-then type of statement is often used 
to describe the basic operation of a logic gate. For example, if the inputs 
applied to an AND gate are all 1, then the output will be 1. If a I is applied to 
any input of an OR gate, then the output will be 1. If any input is applied to a 
NOT gate, then the output will be reversed. 

The fundamental operation of a digital system is based directly on gate 
applications. Technicians working with digital systems must be very familiar 
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with each basic gate function. The input-output characteristics and operation 
of basic logic gates serve as the basis of this discussion. 

AND Gates 

An AND gate is designed to have two or more inputs and one output. 
Essentially, if all inputs are in the 1 state simultaneously, then a 1 will appear 
in the output. Figure 23.13 shows a simple switch-lamp circuit of the AND 
gate, its symbol, and an operational table. In Figure 23.1(a), a switch turned 
on represents a 1 condition, whereas off represents a 0. The lamp also displays 
this same condition by being a I when it is on and 0 when turned off. Note that 
the switches are labeled A and B, whereas the lamp, or output, is labeled C. 
The operational characteristics of a gate are usually simplified by describing 
the input-output relationship in a table. The table in Figure 23.1(c) shows 
the 1 and 0 alternatives at the input and the corresponding output that will 
occur as a result of the input. As a rule, such a description of a gate is called 
a truth table. Essentially, it shows the predictable operating conditions or a 
logic circuit. 

Each input to an AND gate has two operational states of 1 and 0. A 
two-input AND gate would have 2, or 4, possible combinations that would 
influence the output. A three-input gate would have 2, or 8, combinations, 
and a four-input would have 21, or 16, combinations. These combinations are 
normally placed in the truth table in binary progression order. For a two-input 
gate, this would be 00, 01, 10, and 11, which shows the binary count of 0, 1, 
2, and 3 in order. 

Functionally, the AND gate of Figure 23.13(a) produces a 1 output only 
when switches A and B are both 1. Mathematically, this action is described as 
A × B = C. This expression shows the multiplication operation. In a machine 
operation, this type of gate could be used to protect an operator from some 
type of physical danger. For example, it will not permit a machine to be 
actuated until the operator presses one button with the left hand and a second 
button with the right hand at the same time. This removes the hands from a 
dangerous operating condition. 

The symbol representations of an AND gate shown in Figure 23.13(b) 
are very common. The symbol on the left side has been adopted by the 
American National Standard Institute (ANSI) and the Institute of Electrical 
and Electronic Engineers (IEEE). The symbol on the right side is used by the 
National Electrical Manufacturer’s Association (NEMA). Both symbols are 
in common use today. 
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Figure 23.13 AND gates. (a) Logic circuit. (b) Truth table. (c) Symbol. 

OR Gates 

An OR gate is designed to have two or more inputs and a single output. 
Like the AND gate, each input to the OR gate has two possible states: I and 
0. The output of this gate will produce a 1 when either or both inputs are 1. 
Figure 23.14 shows a simple lamp switch analogy of the OR gate, its symbol, 
and a truth table. Functionally, an OR gate will produce a 1 output when both 



1002 Digital Electronic Systems 

Figure 23.14 OR gates. (a) Logic circuit. (b) Truth table. (c) Symbol. 

switches are 1 or when either switch A or B is a 1. Mathematically, this action 
is described as A + B = C. This expression shows OR addition. Applications 
of this gate are used to make logic decisions as to whether or not a 1 appears 
at either input. The interior light system of an automobile is controlled by 
an OR type of circuit. Individual door switches and the dash panel switch all 
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control the lighting system from a different location. Essentially, when any 
one of the inputs is on, it will cause the interior lights to be on. 

NOT Gates 

A NOT gate has a single input and a single output, which makes it unique 
compared with the AND and OR gates. The output of a NOT gate is designed 
so that it will be opposite to that of the input state. Figure 23.15 shows a 
simple switch-controlled NOT gate, its symbol, and truth table. Note that 
when the single-pole, single throw (SPST) switch is on, or in the 1 state, it 
shorts out the lamp. Likewise, placing the switch in the off condition causes 
the lamp to be on, or in the 1 state. NOT gates are also called inverters. 
Mathematically, the operation of a NOT gate is expressed as A = A. The A-bar 

Figure 23.15 NOT gates. (a) Logic circuit. (b) Truth table. (c) Symbol. 
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symbol shows the inversion function. The significance of a NOT gate should 
be rather apparent after the following discussion of gates. 

Combinational Logic Gates 

When a NOT gate is combined with an AND gate or an OR gate, it is called a 
combination logic function. A NOT-AND gate is normally called a NAND 
gate. This gate is an inverted AND gate, or simply NOT and AND gate. 
Figure 23.16 shows a simple switch-lamp circuit analogy of this gate, along 
with its symbol and truth table. 

Figure 23.16 NAND gates. (a) Logic circuit. (b) Truth table. (c) Symbol. 
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The NAND gate is an inversion of the AND gate. When switches A and B 
are both on, or in the 1 state, the lamp C is off. When either or both switches 
are off, the output, or lamp C, is in the on, or 1, state. Mathematically, the 
operation of a NAND gate is expressed as A × B = e. The bar over the C 
denotes the inversion, or negative function, of the gate. 

A combination of NOT-OR, or NOR, gate produces an inversion of the 
OR function. Figure 23.17 shows a simple switch-lamp circuit analogy of 
this gate, along with its symbol and truth table. When either switch A, B or A 
and B are off, or 0, the output is a 1, or high. When either switch A or B is 1, 
the output is 0. Mathematically, the operation of a NOR gate is expressed as 

Figure 23.17 NOR gates. (a) Logic circuit. (b) Truth table. (c) Symbol. 
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A + B = C. A 1 will appear in its output only when A is 0 and B is 0. This 
represents a unique logic function. 

Self-Examination 

33.	 An electronic circuit designed to perform a logic function statement is 
often used to is called a ________. 

34.	 A simple ____________ statement describes the basic operation of a 
logic gate. 

35.	 A __________ gate has one input and an inverted output. 
36.	 In an AND gate, a 1 applied to each input will produce a _________ 

output. 
37.	 A 0 and a 1 applied to the inputs of an AND gate will produce a _______ 

output. 
38.	 A × B = C  is the mathematical expression of a(n) _____________ 

gate. 
39.	 A(n) _________ will produce a I output when both inputs are 1 or when 

either input is 1. 
40.	 A + B = C  is the mathematical expression of a(n) __________ gate. 
41.	 A 1 applied to any one of the inputs of an OR gate will produce a(n) 

__________ output. 
42.	 A = A’ is a mathematical expression of the ___________ gate. 
43.	 A NOT gate is also called a(n) ____________. 
44.	 A NAND gate is a combination of _____ and _______ gate functions. 
45.	 A NOR gate is a combination of ______ and ________ gate functions. 
46.	 Mathematically, A × B inversion is the expression of a(n) ______ gate. 
47.	 The expression A + B  inversion is the mathematical function of a(n) 

____ gate. 
48.	 A 1 applied to each input on a NAND gate will produce a _______ 

output. 
49.	 A 0 applied to each input of a NAND gate will produce a ________ 

output. 
50.	 A 1 applied to each input of a NOR gate will produce a _________ 

output. 
51.	 A 1 applied to one input and a 0 applied to the other input of a NOR gate 

will produce a ________ output. 
52.	 A 1 applied to one input and a 0 applied to the other input of a NAND 

gate will produce a _________ output. 
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Answers 

33. Gate 
34. If-then 
35. NOT 
36. 1 
37. 0 
38. AND 
39. OR 
40. OR 
41. 1 
42. NOT 
43. inverter 
44. AND, NOT 
45. OR, NOT 
46. NAND 
47. NOR 
48. 0 
49. 1 
50. 0 
51. 0 
52. 1 

23.3 Flip-Flops 

Digital systems employ a number of devices that are not classified specifically 
as logic gates. These devices play a unique role in the operation of a digital 
system. Such things as flip-flops, counters, registers, decoders, and memory 
devices are included in this classification. We discuss truth tables, logic 
symbols, and the operational characteristics of these devices so that they may 
be used more effectively when the need arises. As a general rule, most of 
these devices are constructed entirely on IC chips. The operation is based, to 
a large extent, on the internal circuit construction of the IC. Very little can be 
done to alter the operation of these devices other than to modify the input or 
use its output to influence the operation of a secondary device. 

Digital logic circuits are classified into two groups. We have worked with 
logic circuits that make up one part of this classification. AND, OR, NOT, 
NAND, and NOR gates are considered to be combinational logic circuits. 
The other part of this classification deals with sequential logic circuits. 
Sequential circuits involve some form of timing in their operation. The timing 
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function permits one or several devices to be actuated at an appropriate 
time or in an operational sequence. Logic gates are the building blocks of 
combinational logic circuits. A flip-flop is the basic building block of a 
sequential logic circuit. This chapter deals with some basic flip-flop circuits. 

Flip-Flop Circuits 

Flip-flops are commonly used to generate signals, shape waves, and achieve 
division. In addition to these operations, a flip-flop may also be used as a 
memory device. In this capacity, it can be made to hold an output state even 
when the input is completely removed. It can also be made to change its 
output when an appropriate input signal occurs. The flip-flop is a logic device 
with two or more inputs and two outputs. The outputs are the complements 
of each other. 

Figure 23.18 shows the general symbol of a flip-flop. Note that the 
outputs are labeled Q and Q’ and this type is an R-S flip-flop. 

Any letter designation could be used to identify the outputs. The letter Q is 
widely used. Q is considered to be normal, and Q’ is the inverted output. The 
Q output can be in either the high (1) or low (0) state. Q’ is always the reverse 
of Q. A flip-flop has two operational states: Q =  0, Q’ = 1 and  Q’ = 1,  Q = 
0. A flip-flop has one or more inputs. These inputs are used to initiate a state 
change in the operation of a flip-flop. When an input is pulsed or triggered, it 
will send the output to a given state. It will remain in this state even after the 
input returns to normal. This is the memory characteristic of a flip-flop. 

Figure 23.18 R-S flip-flop: Logic diagram, symbol, and truth table. 
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RS Flip-Flop 

An RS flip-flop can be constructed from two cross-coupled NAND or NOR 
gates. Figure 23.18 shows a symbol of the flip-flop, a circuit achieved with 
cross-coupled NAND gates, and a truth table. The outputs of the symbol and 
NAND gate circuit are labeled Q and Q’. The inputs are labeled R and S. R 
identifies the Reset and S is the Set function. The Q and Q’ outputs of the 
flip-flop are dependent on the voltage level of the RS inputs. 

In the truth table, note that the S input must be low to produce a 1 or high 
at the Q output. The reset must be 0 to cause Q to be 1 or high. A circle at the 
input identifies the state needed to produce a change. No circle at the input 
indicates a 1 or high-level activated device. A circle at the input indicates a 
low-, or 0, level activated device. A cross-connected NAND gate is an active 
low flip-flop and a cross-connected NOR gate circuit is an active high-level 
device. The presence or absence of a circle on the input of the symbol is a 
standard method of identifying this characteristic of a flip-flop. 

Clocked Flip-Flops 

Flip-flops operate as either asynchronous or synchronous devices. Asyn
chronous operation occurs when the outputs can change state any time one 
or more of the inputs change. An RS flip-flop is an asynchronous device. 
Synchronous operation occurs when output changes are controlled by a clock 
signal. Most flip-flops operate as synchronous devices. Synchronous circuits 
are easier to troubleshoot because the output can only change at a specific 
time. Everything is synchronized by the clock signal. The clock signal applied 
to a synchronized device is generally a rectangular series of pulses or square 
waves. The clock signal is distributed to all parts of a digital system. The 
output of specific devices can make a state change only when the clock signal 
occurs. 

There are two basic types of clock signals used to trigger flip-flops. These 
are defined as level-triggering or edge-triggering signals. In level clocking, 
the state of a clock changes value from 0 to 1 and carries out a transfer of data 
or completes an action. Data cannot be changed or altered except immediately 
after a level change. At that time, it can be changed only once. In edge 
clocking, there is positive-edge triggering and negative-edge triggering. 
Positive-edge triggering occurs at the leading or beginning edge of a pulse. 
The signal makes a quick transition from 0 to 1. Negative-edge triggering 
occurs at the trailing edge or end of a pulse. This pulse changes from 1 to 
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0. An edge-triggered flip-flop can have its input data changed at any time. 
One square wave has a leading edge and a trailing edge in its makeup. A flip
flop can be triggered by only one type of pulse. Most of the flip-flops used 
in digital systems are classified as clocked flip-flops. The following are some 
principle ideas that are common to all clocked flip-flops. 

1.	 Clocked flip-flops have an input labeled CLK, CK, or CR. 
2.	 The symbols of clocked RS flip-flop have the clock input labeled CLK. 
3.	 A circle on the symbol at the clock input indicates negative-edge 

triggering and no circle indicates positive-edge triggering. 
4.	 All clocked flip-flops have one or more control inputs. Control inputs 

are identified by a variety of labels depending on the exact function. 
The control input determines the state of the output, but its effect is not 
realized until a clock pulse occurs. Essentially, the logic level of an input 
controls how the output will change, whereas the CLK signal determines 
when the change takes place. 

The Clocked RS Flip-Flop 

A clocked RS flip-flop has reset (R), set (S), and clock (CLK) inputs. The 
output is labeled Q and Q. Figure 23.19 shows positive-edge triggered and 
negative-edge triggered clocked RS flip-flops. A positive-edge triggering 
device changes output states only on the leading, or positive, transition of the 
clock pulse. It does not respond to negative-edge transitions. Negative-edge 
triggering takes place on the trailing, or negative, transition of the clock pulse. 
This device does not respond to positive-edge transitions. The S and R inputs 
prepare the flip-flop for a specific state change. The time waveform diagrams 
show how the output responds to different combinations of the SR input. 
The truth table shows these possibilities. The output of a clocked flip-flop is 
uniquely different. The outputs are identified as Q.,, and Q,. Q, represents the 
status of Q before a clock pulse is applied. The letter n of this designation 
refers to the status of Q(now). Qn I 1 indicates the status of Q after a clock 
pulse has been applied. The Qn and Q designations are widely used by IC 
manufacturers on data sheets. 

The operational concept of a clocked RS flip-flop is very important. This 
type of flip-flop is, however, not available on an IC chip. A clocked RS 
flip-flop can be achieved by logic gates. The construction of this flip-flop 
is very important in the fabrication of other devices. Figure 23.10 shows 
how a clocked RS flip-flop is built with NAND gates. This circuit employs 
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Figure 23.19 JK flip-flop. (a) Symbol. (b) Truth table. 

NAND gates 3 and 4 in a cross-coupled RS flip-flop. A pulse steering circuit 
is formed by NAND gates 1 and 2. This part of the circuit is responsible for 
passing or inhibiting the Set and Reset inputs. A clock pulse is needed to 
enable the steering circuit so that it will pass the input on to the flip-flop. An 
edge detector circuit is commonly connected to one input of each steering 
gate. This part of the circuit is used to select the desired edge of the clock 
signal needed to produce triggering. The combined circuitry of an RS flip
flop is often used in the construction of other flip-flops. This circuit provides 
a convenient method of injecting a clock signal into a flip-flop. 

The Clocked JK Flip-Flop 

The JK flip-flop is frequently used. The JK flip-flop is often considered to 
be a universal device. Its operation is similar to that of other flip-flops. It 
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can, however, be easily modified to achieve different functions. Flip-flops, 
in general, have two or, possibly, three input combinations. A clocked JK 
flip-flop has four possible input combinations. These are no change, enter 
1, enter 0, and toggle. This makes the JK flip-flop a very versatile device. 
Figure 23.19 shows a symbol and the truth table of a clocked JK flip-flop. 
The J and K inputs supply data to the device. 

The letters J and K do not represent any particular term. They were 
probably chosen to distinguish this device from the Set and Reset inputs of an 
RS flip-flop. Control of a JK flip-flop is similar in nearly all respects to that 
of an RS flip-flop. When J and K are both 1, however, this flip-flop does not 
produce an unpredictable output. It causes the output to change states with 
each clock pulse. As a result, Q and -0 change states continually with the 
clock. This condition causes the output to respond as a toggle switch. It is 
generally called the toggling mode of operation. Toggling permits a flip-flop 
to achieve binary division and to shift data one bit at a time. 

Flip-flops of the JK type have some circuit modifications. An SN7476 
JK flip-flop is similar to the basic flip-flop but has two asynchronous inputs 
called PRESET (PS) and CLEAR (CLR). The J, K, and CLK inputs are syn
chronous. The outputs are Q and Q’. The asynchronous inputs are designed 
to override the synchronous inputs. The truth table shows the response of the 
asynchronous inputs on the first three lines. Since the synchronous inputs 
are overridden by PS and CLR, an X is used in place of data for these 
entries. A prohibited state occurs when both PS and CLR are activated at 
the same time. This occurs when PS = 0 and CLR = 0. This means that 
the asynchronous inputs are activated by a negative level signal or a DC 
voltage value. Small circles on the PS and CLR inputs of the symbol denote 
negative level triggering. It is good practice to avoid using the JK flip-flop in 
its prohibited state. Note that Q and 0 are both 1 when this mode of operation 
occurs. 

When both asynchronous inputs of a JK flip-flop are disabled, the syn
chronous inputs can again be used to control the output. To disable the 
asynchronous inputs, a 1 must be applied to PS and CLR at the same time. 
The bottom four lines of the truth table show the status of this operation. 
Note that the modes of operation are hold, reset, set, and toggle. When PS 
and CLR are disabled, the flip-flop is controlled by J, K, and CLK. Operation 
is continuous as long as power is applied, and data supplied to the appropriate 
inputs. Several other variations of the JK flip-flop are available on IC chips. 
Two or more JK flip-flops can be housed on a single chip. 
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Types of Flip-Flops 

F-type flops are known by several names. In general, they may be called 
multivibrators, latches, or by a specific letter designation such as the RS, 
RST, D, or  JK flip-flop. The letters identify the inputs. RS stands for reset 

Figure 23.20 RST flip-flop - logic diagram, symbol, and truth table. 

Figure 23.21 RST flip-flop - logic diagram, symbol, and truth table. 
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and set. RST refers to reset, set, and trigger. D identifies a flip-flop that
has a delay capability. A JK flip-flop has data inputs and a clock. Letter-
designated flip-flops are more widely used than other identification means.
Circuit diagrams, symbols, and truth tables of an RST flip-flop and a JK flip-
flop using NAND gates are shown in Figures 23.20 and 23.21, respectively.

Self-Examination

53. The terms flip-flop and _________ can be used interchangeably.
54. The inputs of an RS flip-flop are called __________ and __________.
55. The outputs of a flip-flop are the _________ of each other.
56. NOR gates used in a flip-flop produce a _________ output when a 1

appears at either one or both of its inputs.
57. The output of a flip-flop has two operational states: Q = _____ and Q’ =

_________.
58. The RS flip-flop symbol in Figure 23.18 is considered to be an active

(low/high) device.
59. An active (low/high) flip-flop has no circles on the inputs of its symbol.
60. In an active low RS flip-flop, a 0 at the Set input and a 1 at the Reset

input cause Q to be _________.
61. In an active low RS flip-flop, a 1 at the Set input and a 1 at the Reset

input causes ________ in Q.
62. (Asynchronous, synchronous) operation occurs when the output of a

flip-flop can change its state anytime one or more of the inputs change.
63. (Asynchronous, synchronous) operation of a flip-flop occurs when

output changes are controlled by a clock signal.
64. A(n) ____________ flip-flop is an asynchronous device.
65. _________ and __________ clock signals are used to trigger flip-flops.
66. The _________-edge or ____________-edge of a clock signal can be

used to trigger a flip-flop.
67. ___________-edge triggering occurs at the beginning or leading edge of

a clock triggering signal.
68. ___________-edge triggering signals occur at the trailing edge of a

clock signal.
69. A circle at the clock input symbol of a flip-flop indicates _________-

edge triggering.
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70. Three functional parts of a clocked RS flip-flop built from NAND gates 
are _______, __________, and ____________. 

71. If a flip-flop has a D input, it represents _________ or _________. 
72. A JK flip-flop has (1, 2, 3, 4, 5) possible input combinations. 
73. The JK inputs of a JK flip-flop supply ________ to the device. 
74. When J =  I and K =  1, the output __________ with each clock pulse. 
75. The asynchronous inputs of a JK flip-flop are ________ and _________. 
76. The asynchronous inputs of a JK flip-flop ________ the synchronous 

inputs. 
77. When the asynchronous inputs are disabled, the ________ inputs regain 

control of a JK flip-flop. 

Answers 

53. latch 
54. Reset and Set 
55. complement 
56. 0 
57.	 Q =  1, Q’ = 1 
58 high or 1 

59. low 
60. 0 
61. no change 
62. asynchronous 
63. synchronous 
64. RS 
65. Level and edge 
66. positive, negative 
67. Positive 
68. Negative 
69. negative 
70. RS flip-flop, pulse steering circuit, edge detector 
71. data or delay 
72. 4 
73. data 
74. . toggles 
75. preset (PS) clear (CLR) 
76. override 
77. synchronous 
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23.4 Digital Counters 

One of the most versatile and important logic devices of a digital system is 
thecounter. This device, as a general rule, can be employed to count a wide 
variety of objects in a number of different digital system applications. While 
this device may be called upon to count an endless number of objects, it 
essentially counts only one thing - electronic pulses. These pulses may be 
produced electronically by a clock, electromechanically, photoelectrically, or 
by a number of other processes. The basic operation of the counter, however, 
is completely independent of the pulse generator. 

Flip-Flops 

A flip-flop is the basic building block of a digital counter. Its operation is 
dependent on the status of the input and in some types on the condition 
of control elements. A JK flip-flop is widely used to form counter circuits. 
When this flip-flop is connected so that its JK inputs are at a 1, or high, 
level, it responds in the toggle mode of operation. This means that each 
clock pulse applied to the input causes the output to go through a state 
change. Toggling causes the flip-flop to have a divide-by-two function. The 
output complements itself with each input clock pulse. The first pulse causes 
the output to go high. The next pulse causes the output to go low. This 
action means that the output changes one complete time with two complete 
input pulses. A T-connected JK flip-flop has a divide-by-2 capability. This is 
fundamental in the operation of a binary counter. 

The polarity of the trigger pulse is an important consideration in the 
operation of a flip-flop. Some flip-flops trigger on the leading or positive edge 
of the trigger pulse. Other flip-flops trigger on the trailing or negative going 
part of the pulse. Negative-edge triggering seems to be used more frequently 
in counters today. 

Binary Counters 

A common application of the digital counter is used to count numerical 
information in binary form. This type of device simply employs a number of 
flip-flops connected so that the Q output of the first device drives the trigger 
or clock input of the next device. Each flip-flop, therefore, has a divide-by 
two function. Figure 23.22 shows JK flip-flops connected to achieve binary 
counting. This counter is called a binary ripple counter. Each flip-flop in 



23.4 Digital Counters 1017 

Figure 23.22 Binary counter. 

this circuit has the J and K inputs held at a logic 1 level. Clock pulses applied 
to the input of FF-A cause a state change. This flip-flop circuit triggers only 
on the negative-going part of the clock pulse. The output FF-, therefore, 
alternates between 1 and 0 with each pulse. A 1 output appears at Q of 
FF-A for every two input pulses. This means that each flip-flop divides the 
input signal by a factor of two. The Q output of each flip-flop can then be 
considered as a power of two. The output of FF-A is 20, of FF-B is 21, of  
FF-C is 2 2, of FF-Dis 23, and of FF-E is 24. Five flip-flops connected in this 
manner will produce a count of 25, or 3210. 

This is called a modulo-32 counter. The modulus of a counter is the 
number of different states the counter must go through to complete its 
counting cycle. For a modulo-32 counter, the count is 00000 to 11111. The 
largest count that can be achieved in this case is 11112. This represents 3110. 
It occurs when all flip-flops are 1 at the same time. The next pulse applied 
to the input clears the counters so that 0 appears at all the Q outputs. The 



1018 Digital Electronic Systems 

counter of Figure 23.22, where the output of each FF serves as the clock 
input for the next FF, is referred to as an asynchronous counter. This is done 
because all FFs do not change states in synchronism with the clock pulses. 
Only FF-A responds to the clock pulses. FF-B has to wait for FF-A to change 
states before it is triggered. Other FFs must also wait for a similar transition 
before they change. In effect, this means that there is a delay between the 
responses of each FF. The delay is usually in the range of 20-30 ns. In some 
applications, a counter with this amount of delay may be troublesome. Since 
a clock pulse applied to the input of the first FF causes a chain reaction, or 
ripple, to occur in the counter, this circuit is also called a ripple counter. The 
terms asynchronous counter and ripple counter are used interchangeably. 

By grouping three flip-flops together, it is possible to develop the unit part 
of a binary-coded-octal (BCO) counter. Therefore, 1112 is used to represent 
the seven counts, or seven units, of an octal counter. This is also called a 
modulo-8 counter. It counts from 000 to 1112. The number of state changes 
that must take place is 8. Two groups of three flip-flops connected in this 
manner would produce a maximum count of 111-1112 which represents 778 

or 6310. 
By placing four flip-flops together in a group, it is possible to develop the 

units part of a binary-coded-hexadecimal (BCH) counter. This could also 
be called a modulo-16 counter. Thus, 11112 would be used to represent F16 

or 1510. Two groups of four flip-flops can be used to produce a maximum 
count of 1111-11112, which represents F16 or 1510. Each succeeding group 
of four flip-flops is used to raise the counting possibility to the next power of 
16. Binary counters that contain four interconnected flip-flops may be built 
on one IC chip. Figure 23.23 shows the logic connections of a 4-bit binary 
counter, or  modulo-16 counter. When used as a 4-bit counter, the flip-flops 
will produce a maximum count of 11112 or 1510. 

Decade Counters 

Since most of the mathematics that we use today is based on the decimal, 
or base 10, system, it is important to be able to count by this method. Digital 
systems are, however, designed to process information in binary form because 
of the ease with which a two-state signal can be manipulated. The output of a 
binary counter must, therefore, be changed into a decimal form before it can 
be used by an individual not familiar with binary numbers. The first step in 
this process is to change binary signals into a binary-coded decimal or BCD 
form. A BCD counter is shown in Figure 23.23. 
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Figure 23.23 4-bit binary counter. 

Self-Examination 

78.	 When a flip-flop is connected so that the JK inputs are held at a 1 (high) 
level, it responds in its ________ mode of operation. 

79.	 Toggling a JK flip-flop causes the __________ to change states with 
each clock pulse. 

80.	 The first clock pulse of a JK flip-flop causes the output to go (high, low) 
and the second clock pulse causes the output to go (high, low). 

81.	 A T, or toggling, JK flip-flop has a divide-by _________ capability. 
82.	 (Negative, positive) edge triggering tends to be used more as counter 

flip-flop. 
83.	 The output of a JK flip-flop occurs a short time after triggering due to 

_________ delay. 
84.	 Because of the divide-by-two capability, JK flip-flops respond well as 

_______ counters. 
85.	 A four-flip-flop counter can produce a maximum binary count of 

_________. 
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Figure 23.24 BCD counter. 

86.	 The largest count that can be achieved by a five-flip-flop binary counter 
is _________. 

87.	 After a binary counter makes its maximum count, the next clock pulse 
applied to the input causes the count to ___________. 

Answers 

78.	 toggle 
79.	 output 
80.	 high, low 
81.	 two 
82.	 Negative 
83.	 propagational 
84.	 binary 
85.	 15 
86.	 111112 
87.	 ripple 

Decade Counters 

Since most of the mathematics that we use today is based on the decimal, 
or base 10, system, it is important to be able to count by this method. Digital 
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Figure 23.25 BCD counter. 

systems are, however, designed to process information in binary form because 
of the ease with which a two-state signal can be manipulated. The output of a 
binary counter must, therefore, be changed into a decimal form before it can 
be used by an individual not familiar with binary numbers. The first step in 
this process is to change binary signals into a binary-coded decimal or BCD 
form. A BCD counter is shown in Figure 23.25. 

Summary 

• A digital system has a source of operating energy, a path, control, a load 
device, and an indicator. 

• A decimal numbering system has 10 individual values or symbols. 
• Nearly all digital systems use binary numbers in their operation. 
• A binary number has 2 as its base and uses only 1s and 0s and place 

values are expressed as powers of 2. 
• Conversion of a decimal number to a binary number is achieved by 

repetitive steps of division by the number 2. 
• A binary-coded decimal number is used to indicate large binary num

bers. 
• Octal, or base 8, numbering systems are used to process large numbers 

through a digital system. 
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• Hexadecimal numbers used in digital systems have a base of 16 with 
digits 0-9 and the letters A, B, C, D, E, and F. 

• Binary codes have been developed to interface a digital system between 
binary data and alphanumeric data. 

• The BCD code was developed to display decimal numbers in groups of 
four binary bits. 

• The parity code is an error-checking code. 
• The odd parity code generates a 0 parity bit when the number of 1s is 

odd. 
• The even parity code is just the opposite of the odd code. 
• Three basic gates have been developed to make logic decisions - AND, 

OR, and NOT. 
• An AND gate is designed to have two or more inputs and one output; 

if all inputs are 1, then the output will be 1. If any input is 0, then the 
output will be 0. 

• Mathematically, the action of an AND gate is expressed as A × B = C. 
This is the multiplication operation. 

• An OR gate is designed to have two or more inputs and a single output; 
so an OR gate will produce a 1 output when a 1 appears at any input. 

• Mathematically, the OR gate function is expressed as A + B = C, called 
OR addition. 

• A NOT gate has a single input and a single output and is achieved by an 
inverter with a 1 input causing the output to be 0 and a 0 input causing 
the output to be 1. 

• Mathematically, the operation of a NOT gate is expressed as A = A’ 
(inverse). 

• When two of the basic logic gates are connected together, they form a 
combination logic gate, with the two most common gates - the NOT
AND and NOT-OR, referred to as NAND and NOR gates. 

• A NAND gate is an inversion of the AND function; so when a 1 appears 
at all inputs, the output will be 0 and when a 0 appears at any input, the 
output will be 1. 

• Mathematically, the operation of a NAND gate is expressed as A × B =  
C. 

• A NOR gate produces	 an inversion of the OR function; so when 
the inputs are all 0s, the output is 1 and when any input is 1, the 
corresponding output is 0. 

• Mathematically, the operation of a NOR gate is expressed as A + B = C. 
• A flip-flop is a logic device with two or more inputs and two outputs. 
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• A bistable latch has cross-connected NAND or NOR gates. 
• An  RS flip-flop can be designed from two cross-coupled NAND or NOR 

gates similar to the bistable latch. 
• The clocked signal applied to a flip-flop is generally a rectangular-

shaped series of waves and are defined as level triggering and edge 
triggering. 

• In level triggering, the state of a clock changes value from 0 to 1 and 
carries out a transfer of data. 

• Positive-edge triggering occurs at the leading edge of a pulse. 
• Negative-edge triggering occurs at the trailing edge of a pulse. 
• An edge-triggered flip-flop can have its data changed anytime, whereas 

level triggering can be changed only once at a specific level. 
• A clocked RS flip-flop has Set, Reset, and Clock inputs with Q and Q 

outputs, with the inputs either positive- or negative-edge triggered. 
• The outputs of an RS flip-flop are identified as Q and Q’ (inverse). 
• A D flip-flop is a clocked RS flip-flop with an inverter connected across 

its inputs. 
• Digital counters are made up of flip-flops. 
• Three flip-flops grouped together form a binary-coded octal counter 

called a modulo-8 counter. 
• A modulo-8 counter goes from 000 to 1112 and represents 710. 
• When four flip-flops are connected together in a group, it is possible to 

develop the unit part of a binary-coded hexadecimal counter, called a 
modulo-16 counter. 

• Four flip-flops are commonly connected together to form a binary-coded 
decimal counter. 

• Synchronous, or parallel, input counters trigger each flip-flop at the same 
time by the clock signal. 

Terms 

Analog 

A quantity that is continuous or has a continuous range of values. 

Base 

The number of symbols in a number system. A decimal system has a base of 
10, a binary system has a base of 2, an octal system has a base of 8, and a 
hexadecimal system has a base of 16. 



1024 Digital Electronic Systems 

Binary 

A system of numerical representation that uses only two symbols: 1 and 0. 

Decoding 

A function of a digital system that is responsible for changing coded data into 
alphanumeric data. 

Digital 

A value or quantity related to numbers of discrete values. 

Digital integrated circuit 

An IC that responds to two states (on-off) data. 

Dual-in-line package (DIP) 

A packaging method for integrated circuits. 

Encoding 

A function of a digital system that is responsible for changing input data, 
which may be in analog form, into binary data. 

Energy 

Something that is capable of producing work, such as heat, light, chemical, 
and mechanical action. 

Gate 

A circuit that performs special logic operations such as AND, OR, NOT, 
NAND, and NOR. 

Hexadecimal 

A base-16 numbering system that uses the symbols 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 
A, B, C, D, E, and F. 

Integrated circuit (IC) 

A circuit in which many elements are fabricated and interconnected by a 
single process, as opposed to a non-integrated circuit, in which individual 
components such as resistors, diodes, and transistors are fabricated and then 
assembled. 

Logic 

A decision-making capability of computer circuitry. 
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Memory 

The storage capability of a device or circuit. 

Octal 

A base-8 numbering system that uses the symbols 0, 1, 2, 3, 4, 5, 6, and 7. 

Pulse 

A nonsinusodial signal or wave that occurs randomly or on a periodical basis 
that can be generated electronically and used to control a digital system. 

Radix 

The base of a numbering system. 

Semiconductor 

An element such as silicon or germanium that is intermediate in electrical 
conductivity between an insulator and a conductor. 

Solid state 

An area of electronics dealing with the conduction of current carriers through 
semiconductors. 

System 

A combination of functional parts (energy source, path, control, load, and 
indicator), which are needed to make a piece of equipment operate. 

Transistor 

A semiconductor device capable of transferring a signal from one circuit to 
another and producing amplification. 

Bistable 

Any device that can be set into one of two operational states or conditions 
such as on and off or 1 and 0. 

Boolean algebra 

Binary logical algebra that provides information in the form of equations and 
expressions. 

NAND gate 

A logic gate that produces a 1, or high output, for any input combination 
except when Is are applied to each input. 
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NOR gate 

A logic gate that will produce a 1, or high output, only when the inputs are 
all 0s, or low. 

NOT gate 

An inverter that changes the polarity of the input in its output. 

OR gate 

A logic gate that provides a 1 output if there is a 1 applied to any of its inputs. 

Truth table 

A graph or table that displays the operation of a logic circuit with respect to 
its input and output data. 

Asynchronous 

Signals or events that can occur at any time without reference to a system 
clock. 

Clear 

An asynchronous input to a flip-flop; also called reset used to restore the Q 
output of a flip-flop to the logic 0 state. 

Clock 

A pulse generator that controls the timing of a computer through signals 
applied to various components. 

Clock input 

The terminal of a flip-flop whose condition changes with a clock signal to 
provide synchronized control. 

Flip-flop 

A digital circuit component having a stable operating condition and the 
capability of changing from one state to another with the application of a 
signal pulse. 

Latch 

A simple logic storage element such as a flip-flop that is used to retain data 
in an operational state. 
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Memory 

A collection of latches that can store a number of different logic levels. 

Register 

A small group of latches used to store several bits of data. 

Reset 

A flip-flop input that achieves the same function as clear. 

Synchronous 

A digital circuit where all of the ICs are paced by a common clock signal and 
no activity occurs between clock pulses. 

Set 

An asynchronous input used to restore the Q output of a flip-flop to a logic 1 
level (some flip-flops use the term preset for this function). 

Toggle 

A condition describing the output of a flip-flop where the Q and Q’ output of 
a flip-flop changes to the complement of its previous state on each transition 
of the clock. 

BCD counter 

A circuit that counts to 10 in binary-coded numbers. A binary-coded-decimal 
counter. 

Binary counter 

A counter that progresses through a straight binary counting sequence. 

Counter 

A device capable of changing states in a specified sequence upon receiving 
appropriate input data and producing an output that is indicative of the 
number of input pulses. 

Decade counter 

A circuit that counts through 10 distinct states. 

Decrementing 

Decreasing the value of a counter by a known amount. 
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Incrementing 

Increasing the value of a counter by a known amount. 

Modulo 

A value with respect to the modulus of a body or device such as a modulo-5 
counter that responds by making the equivalent of five counts. 

Modulus 

A value that expresses numerically the degree to which a property is 
possessed by a body or device. 

Register 

A group of flip-flops that can be used to store binary information. 

Shift register 

A collection of flip-flops connected so that a binary number can be shifted 
into or out of the flip-flops. 

Up counter 

A circuit that counts from its smallest numerical value to its largest value in 
binary progression and is incremental. 
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Bypass capacitor 242, 247, 258, 381 
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Capacitance ratio 820, 832, 839, 868 
Capacitive coupling 367, 368, 375, 

384 
B Carrier wave 878, 891, 902, 920 

Band-pass filter 769, 771, 772, 776 Cascade 353, 365, 384, 391 
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Cathode-ray tube (crt) 942, 953, 958, 
961 

Center frequency 770, 777, 806, 918 
Channel 291, 298, 306, 312 
Charge coupled device (ccd) 942, 

946 
Choke 108, 132, 164, 834 
C-input filter 127, 129, 134, 164 
Clamper 147, 152, 155, 160 
Clear 947, 959, 1012, 1027 
Clipper 108, 147, 150, 152 
Clock input 985, 1010, 1016, 

1026 
Closed-loop gain 610, 625, 628, 822 
Collector 201, 211, 221, 228 
Common logarithm 352, 357, 384, 

390 
Common mode 610, 613, 620, 630 
Common-drain amplifier 333, 340, 

344, 350 
Common-gate amplifier 334, 340, 

342, 349 
Common-mode rejection ratio (cmrr) 

610, 619, 646 
Common-source amplifier 334, 340, 

343, 346 
Comparators 598, 671, 682, 869 
Complementary-symmetry amplifier 

386, 393, 408, 624 
Compound 2, 15, 17, 21 
Conduction time 421, 431, 443, 460 
Constant-current sources 366, 408, 

624 
Constant-voltage source 672 
Contact bounce 420, 436, 445, 489 
Continuous wave (cw) 820, 826, 874, 

931 
Converters 671, 678, 713, 965 
Covalent bonding 15, 17, 26, 30 

Crossover distortion 394, 404, 415, 
417 

Crystal microphone 352, 376, 392, 
909 

Current amplifier 242, 245, 287 
Current gain 214, 234, 242, 245 
Current-to-voltage converters 672 
Cutoff region 219, 224, 235, 247 

D 
Damped sine wave 821, 825, 868, 

874 
Dark current 512, 532, 540, 563 
Darlington amplifier 352, 371, 386, 

390 
Db/decade 364, 770, 813, 816 
Db/octave 770, 813 
Debounce 985 
Decade counter 976, 978, 985 
Decibel (db) 352, 359, 391 
Decoding 984, 1024 
Deflection yoke 942, 945, 978 
Depletion metal-oxide semiconduc

tor field-effect transistor (d-mosfet) 
290, 306, 325 

Depletion zone 40, 41, 63, 169 
Derating 60, 86, 93, 104 
Differential amplifier 610, 612, 613, 

618 
Differential mode 568, 576, 589, 604 
Differentiator 671, 693, 694, 695 
Diffusion 41, 42, 244, 628 
Digital 67, 264, 642, 1030 
Digital signal processing (dsp) 942, 

965, 979 
Digital television (dtv) 942, 947 
Digital-to-analog converter (dac) 942, 

947 
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Direct coupling 352, 367, 368, 369, 
384 

Display unit 942, 943 
Doping 42, 67, 212, 1070 
Down counter 985 
Drain 291, 351, 627, 1070 
Dual power supply 107, 108, 160 
Dual-in-line package (dip) 984, 1024 
Dynamic microphone 352, 376, 377, 

378 
Dynamic transfer curve 290, 300, 

311, 321 
Dynodes 512, 537, 556 

E 
Efficiency 221, 429, 800, 843 
Electromagnetic spectrum 512, 514, 

521, 595 
Electron 2, 15, 90, 579 
Electron volt xxxviii, 2, 20, 35 
Element 15, 20, 353, 633 
Emitter 201, 270, 306 
Emitter biasing 242, 258, 282, 288 
Encoding 984, 1024 
Energy 15, 60, 61, 225 
Enhancement metal-oxide 

semiconductor field-effect 
transistor (e-mosfet) 290 

Epitaxial growth 200, 582, 585, 607 
Evaporation process 582, 584, 602 
External gain resistor 672, 701, 710, 

714 
Extrinsic material 2, 24, 27, 37 

F 
Feedback oscillator 819, 820, 823, 

832 
Feedback resistor 595, 628, 635, 651 

Film ic 582, 589, 591, 1034 
Filter 108, 126, 702, 770 
Fixed bias 242, 282, 328, 330 
Fixed biasing 256, 336, 339, 340 
Flip-flop 597, 598, 1008, 1026 
Floating state 610, 616 
Foldback regulation 716 
Forbidden gap 36 
Forward biasing 40, 45, 89, 454 
Forward breakover voltage 469, 481, 

486, 488 
Frame 418, 982, 997, 1019 
Free-running multivibrator 820, 848, 

851, 875 
Frequency response 182, 185, 362, 

894 

G 
Gain 228, 349, 595, 626 
Ganged 886, 896, 935, 938 
Gate 296, 341, 418, 423 
Ground wave 878, 879, 884, 885 
Gunn-effect diode 167, 187, 189, 

191 

H 
Half-power frequency 770 
Heterochromatic source 486, 495, 

553, 562 
Heterodyning 878, 886, 912, 932 
Hexadecimal 984, 992, 995, 998 
High definition television 

(hdtv) 942 
High-level modulation 878, 902, 908, 

909 
High-pass filter xxix, 770, 772, 775 
Holding current 421, 467, 472, 489 
Hot carriers 168, 190, 192, 195 
Hue 942, 956, 958, 973 
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I 
Illuminance 512, 520, 593 
Impatt diode 168, 189, 191, 931 
Impedance ratio 352, 368, 372, 374 
Incrementing 985, 1028 
Infrared emitting diode (ired) 512, 

524, 604 
Input bias current 568, 589, 599, 605 
Input offset voltage 652, 668, 673, 

699 
Input resistor 650, 660, 661, 663 
Instrumentation amplifier 671, 698, 

699, 706 
Integrators 609, 681, 688, 693 
Intensity 512, 518, 520, 988 
Interbase resistance 421, 455, 476, 

489 
Interlaced scanning 900, 905 
Intermediate amplifier stage 616, 

621, 623, 646 
Intermediate range speaker 352, 384, 

392 
Internal resistance 421, 435, 453, 468 
Intrinsic material 37 
Intrinsic standoff ratio 421, 455, 461, 

479 
Inverting amplifier 649, 654, 666, 

669 
Inverting input 602, 610, 613, 694 
Ionic bonding 16, 17, 33, 36 
Ionosphere 878, 884, 913, 938 

J 
Junction 40, 44, 62, 69 
Junction capacitance 59, 62, 78, 515 
Junction field-effect transistor (jfet) 

289, 290, 324 

K 
Knee voltage 40, 52, 59, 78 

L 
Latch 421, 465, 756, 985 
Latching 415, 417, 451, 482 
Leakage current 40, 46, 51, 61 
Light-emitting diode (led) 528, 539, 

578 
Limiter 108, 147, 160, 163 
Line regulator 716 
Linear 97, 242, 250, 261 
Linear regulator 715, 716, 760 
Line-of-sight transmission 878, 879, 

931 
L-input filter 127, 131, 160, 164 
Liquid crystal display (lcd) 942, 973 
Load line 242, 261, 272, 288 
Load regulator 716 
Logarithmic scale 352, 357, 353, 390 
Logic 176, 581, 603, 984 
Lower trip point (ltp) 822, 859 
Low-level modulation 878, 902, 918, 

940 
Low-pass filter 771, 772, 785, 801 
Lumen 512, 520, 534, 604 
Luminance (y signal) 942 
Luminous exitance 512, 520, 604 
Luminous flux 512, 520, 521, 603 
Luminous intensity 554, 555, 563, 

595 

M 
Mantissa 352, 358, 390 
Matter 3, 35, 96, 900 
Memory 176, 589, 999, 1025 
Mesa transistor 200, 204, 237 
Metallic bonding 18, 19, 36 
Metallization 582, 586, 606, 607 
Microphone 346, 370, 384, 909 
Modulating component 910, 918, 

923, 939 
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Modulation 744, 758, 903, 912 
Modulo 985, 1018, 1023, 1028 
Molecule 35 
Monochromatic source 512, 521, 

522, 595 
Monolithic 582, 583, 584, 607 
Monostable multivibrator 820, 853, 

869, 871 
Mos ic 627, 625, 630, 649 
Multiple-order filters 770 
Multivibrator 820, 748, 855, 864 

N 
Nand gate 985, 1005, 1022, 1025 
Negative resistance 170, 174, 188, 

191 
Negative resistance region 195, 495, 

499, 528 
Neutron 5, 36, 597 
Noninverting amplifier 642, 656, 

666, 846 
Noninverting input 594, 605, 617, 

645 
Nonlinear distortion 242, 268, 288, 

300 
Nonsymmetrical multivibrator 820, 

848, 853, 875 
Not gate 985, 999, 1016, 1026 
Npn transistor 200, 211, 228, 409 
N-type material 186, 204, 237, 437 
Nucleus 2, 11, 32, 35 

O 
Octal 803, 982, 992, 1026 
Off-state resistance 421, 423, 488 
Ohmic region 325 
One-shot multivibrator 820, 853, 869 

Open-loop gain 609, 626, 648, 682 
Or gate 292, 985, 999, 1006 
Orbital 2, 13, 18, 36 
Output stage 353, 610, 629, 640 
Output transformer 352, 368, 384, 

400 
Overdriving 242, 269, 288, 407 

P 
Panchromatic source 554, 563, 572, 

594 
Phasor 878, 918, 926, 929 
Photoconductive device 512, 532, 

537, 582 
Photoelectric emission 512, 533, 604 
Photoemissive device 513, 532, 596, 

604 
Photometric system 513, 519, 595, 

602 
Photoresistive cell 512, 532, 537, 605 
Photovoltaic cell 512, 513, 532, 589 
Photovoltaic device 532, 546, 607 
Pi filter 108, 133, 134, 165 
Piezoelectric effect 346, 820, 868, 

1038 
Pin diode 168, 186, 189, 196 
Pinch-off region 290, 305, 312, 325 
Pixel 942, 946, 960, 980 
Planar transistor 200, 201, 204, 237 
Plasma display 942, 961, 963, 973 
Pnp transistor 200, 201, 212, 228 
Power dissipation 232, 261, 263, 286 
Power dissipation rating 86, 93, 142, 

285 
Power gain 287, 351, 360, 384 
Power gain/loss 362, 770, 796, 797 
Power-loss ratio 772 
Precision rectifiers 672, 696 
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Progressive scanning 942, 980 
Proton 2, 3, 32, 36 
P-type material 32, 40, 42, 49 
Pulsating dc 108, 118, 124, 127 
Pulse 457, 458, 466, 875 
Pulse repetition rate (prr) 820, 848, 

874 
Pulse-width modulation 716, 744, 

767 

Q 
Q point 242, 264, 280, 298 
Quality factor 195, 777, 797, 816 
Quality factor (q) 770, 777, 793, 806 
Quantum theory 513, 517, 521, 595 

R 
Radiance 513, 519, 603 
Radiant exitance 513, 519, 603 
Radiant flux 513, 518, 602 
Radiant incidence 513, 518, 602 
Radiant intensity 513, 518, 519, 602 
Radio telegraphy 878, 886, 938 
Radiometric system 513, 518, 595, 

597 
Radix 984, 986, 987, 956, 998 
Ratio detector 878, 920, 924, 926 
Receiver 929, 930, 931, 935 
Rectification 39, 114, 120, 123 
Rectifier 115, 125, 159, 475 
Regenerative feedback 820, 821, 

828, 873 
Register 985, 1028 
Regulator 108, 136, 137, 141 
Relaxation oscillator 452, 459, 821, 

847 
Reset 857, 889, 1010, 1012 
Resonant circuit 181, 770, 791, 772 

Resonant frequency 793, 807, 813, 
824 

Reverse biasing 40, 71, 283, 453 
Ripple frequency 108, 122, 126, 156 

S 
Saturation region 200, 215, 219, 220 
Scaling adder 650, 659, 661, 669 
Schottky-barrier diode 168, 184, 185, 

195 
Selectivity 770, 777, 796, 816 
Self-bias 242, 282, 328, 335 
Self-biasing 288, 332, 335, 336 
Self-emitter bias 242, 247, 282, 288 
Semiconductor 289, 303, 321, 435 
Series regulator 716, 725, 729, 731 
Sharp filter 620, 832, 874 
Shift register 985, 1028 
Shunt regulator 716, 724, 733, 734 
Sidebands 878, 904, 904, 939 
Single-ended amplifier 394, 397, 

399, 400 
Single-ended mode 610, 614, 615, 

640 
Sky wave 878, 879, 933, 738 
Slew rate 610, 626, 633, 641 
Solid state 985, 1025 
Source 26, 150, 177, 209 
Spread spectrum 942, 965, 970, 981 
Stage of amplification 352, 383, 385, 

616 
Static state 242, 247, 250, 265 
Step-down regulator 716 
Step-up regulator 716, 742, 1036 
Steradian (sr) 487, 492, 535 
Substrate 303, 319, 538, 625 
Subtractor 650, 662, 663, 664 
Summing amplifier 650, 658, 666, 

669 
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Switching regulator 715, 716, 738, 
741 

Switching time 40, 63, 478, 525, 
1014 

Symmetrical multivibrator 820, 853, 
869 

Synchronization 942, 948, 957 
System 964, 975, 980, 983 

T 
Tank circuit 174, 820, 824, 831 
Thermal overload 716, 723, 734, 762 
Thermal stability 242, 247, 258, 287 
Thick-film ic 582, 589, 602, 608 
Thin-film ic 582, 583, 589, 602 
Threshold terminal 820, 848, 859, 

875 
Toggle 1027, 1054, 1058, 1062 
Transconductance 290, 301, 302, 312 
Transducer 351, 362, 353, 354 
Transformer coupling 367, 368, 372, 

375, 384 
Transistor 136, 201, 206, 1034 
Transmitter 861, 916, 923, 928 
Transverse wave 487, 488, 534 
Triggered multivibrator 864, 890, 

893, 917 
Triggering 872, 1006, 1010, 1014 
Truth table 1000, 1003, 1004, 1026 
Tunnel diode 167, 168, 170, 174 
Turn-on time 421, 482, 832 
Turns ratio 109, 374, 375, 832 
Tweeter 352, 376, 384, 385 

U 
Up counter 985, 1028 
Upper trip point (utp) 820, 859 

V 
Valence electrons 15, 32 
Vertical metal-oxide semiconductor 

field-effect transistor (v-mosfet) 
290, 331 

Virtual ground 650, 659, 669, 695 
Voice coil 352, 380, 384, 390 
Voltage amplifier 242, 287, 341, 

650 
Voltage gain 243, 336, 617, 641 
Voltage multiplier 108, 147, 158, 161 
Voltage regulator 103, 142, 602, 

716 
Voltage-controlled constant-current 

source 672, 672 
Voltage-controlled voltage 

source 672, 676, 707, 712 
Voltage-divider bias 334, 338 
Voltage-loss ratio 770 
Voltage-to-current converters 672 

W 
Wafer 582, 603, 606, 841 
Wavelength 489, 491, 512, 528 
Waveshaper 672, 682, 683, 713 
Wireless local area network (wlan) 

xxxix, 942, 969 
Woofer 352, 376, 385, 390 

Y 
Yield 582, 583, 604, 607 

Z 
Zener breakdown 40, 52, 78, 88 
Zero beating 879, 886, 898, 938 
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