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Introduction

The rapid growth of modern electronics is truly a phenomenon. All of the things you see in the marketplace today that utilize electronics either did not exist before 1960, or were crude by today's standards. Some of the many examples of modern electronics in the home include the small (but powerful) pocket calculator, the personal computer, the portable MP3 player, the DVD player, and digital cameras. Many industries have been founded, and older industries have been revamped, because of the availability and application of modern electronics in manufacturing processes, as well as in electronics products themselves.

Modern electronics is based on the transistor and its offspring—the integrated circuit (IC) and the microprocessor. These have short-circuited much of traditional electronic theory, revolutionized its practice, and set the whole field off on several new paths of discovery. This book is a first step to help you begin your journey down those paths.

What This Book Teaches

The traditional way of teaching electronics is often confusing. Too many students are left feeling that the real core of electronics is mysterious and arcane, akin to black magic. This just is not so. In fact, while many areas of our lives have become almost unbelievably complex, the study and practice of electronics in industry and as a hobby has surprisingly been made much simpler. All New Electronics Self-Teaching Guide, Third Edition, takes advantage of this simplicity and covers only those areas you actually need in modern electronics.

This book is for anyone who has a basic understanding of electronics concepts, but who wants to understand the operation of components found in the most common discrete circuits. The chapters in this book focus on circuits that are the building blocks for many common electronics devices, and on the very few important principles you need in working with electronics.

The arrangement and approach of this book is completely different from any other book on electronics in that it uses a “question-and-answer” approach to lead you into simple, but pertinent, experiments. This book steps you through calculations for every example in an easy-to-understand fashion, and you do not need to have a mathematical background beyond first-year algebra to follow along. In addition, this book omits the usual chapters on semiconductor physics, because you don't need these in the early stages of working with electronics.

Electronics is a very easy technology, which anyone can understand with very little effort. This book focuses on how to apply the few basic principles that are the basis of modern electronic practice. Understanding the circuits composed of discrete components and the applicable calculations discussed in this book is useful not only in building and designing circuits, but it also helps you to work with ICs. That's because ICs use miniaturized components such as transistors, diodes, capacitors, and resistors that function based on the same rules as discrete components (along with some specific rules necessitated by the extremely small size of IC components).

How This Book Is Organized

This book is organized with sets of problems that challenge you to think through a concept or procedure, and then provides answers so you can constantly check your progress and understanding. Specifically, the chapters in this book are organized as follows:


	Chapter 1: DC Review and Pre-Test —This chapter provides a review and pre-test on the basic concepts, components, and calculations that are useful when working with direct current (DC) circuits.

	Chapter 2: The Diode —Here you learn about the diode, including how you use diodes in DC circuits, the main characteristics of diodes, and calculations you can use to determine current, voltage, and power.

	Chapter 3: Introduction to the Transistor —In this chapter, you learn about the transistor and its use in circuits. You also discover how bipolar junction transistors (BJTs) and junction field effect transistors (JFETs) control the flow of electric current.

	Chapter 4: The Transistor Switch —This chapter examines the most simple and widespread application of a transistor: switching. In addition to learning how to design a transistor circuit to drive a particular load, you also compare the switching action of a JFET and a BJT.

	Chapter 5: AC Pre-Test and Review —This chapter examines the basic concepts and equations for alternating current (AC) circuits. You discover how to use resistors and capacitors in AC circuits, and learn related calculations.

	Chapter 6: AC in Electronics —This chapter looks at how resistors, capacitors, and inductors are used in high pass filters and low pass filters to pass or block AC signals above or below a certain frequency.

	Chapter 7: Resonant Circuits —This chapter examines the use of capacitors, inductors, and resistors in circuits called bandpass filters and band-reject filters, which pass or block AC signals in a band of frequencies centered around the resonant frequency of the circuit. You also learn how to calculate the resonance frequency and bandwidth of these circuits. This chapter also introduces you to how to use resonant circuits in oscillators.

	Chapter 8: Transistor Amplifiers —Here you explore the use of transistor amplifiers to amplify electrical signals. In addition to examining the fundamental steps used to design BJT-based amplifiers, you learn how to use JFETs and operational amplifiers (op-amps) in amplifier circuits.

	Chapter 9: Oscillators —This chapter introduces you to the oscillator, a circuit that produces a continuous AC output signal. You learn how an oscillator works, and step through the procedure to design and build an oscillator.

	Chapter 10: The Transformer —In this chapter, you discover how AC voltage is converted by a transformer to a higher or lower voltage. You learn how a transformer makes this conversion, and how to calculate the output voltage that results.

	Chapter 11: Power Supply Circuits —In this chapter, you find out how power supplies convert AC to DC with a circuit made up of transformers, diodes, capacitors, and resistors. You also learn how to calculate the values of components that produce a specified DC output voltage for a power supply circuit.

	Chapter 12: Conclusion and Final Self-Test —This chapter enables you to check your understanding of the topics presented in this book through the use of a final self-test that allows you to assess your overall knowledge of electronics.



In addition, this book contains the following appendixes for easy reference:


	Appendix A: Glossary —This glossary provides key electronics terms and their definitions.

	Appendix B: List of Symbols and Abbreviations —This appendix provides a handy reference of commonly used symbols and abbreviations.

	Appendix C: Powers of Ten and Engineering Prefixes —This guide lists prefixes that are commonly used in electronics, along with their corresponding values.

	Appendix D: Standard Composition Resistor Values —This appendix provides standard resistance values for the carbon composition resistor, the most commonly used type of resistor.

	Appendix E: Supplemental Resources —This appendix provides references to helpful Web sites, books, and magazines.

	Appendix F: Equation Reference —This is a quick guide to commonly used equations, along with chapter and problem references showing you where they are first introduced in this book.

	Appendix G: Schematic Symbols Used in This Book —This appendix provides a quick guide to schematic symbols used in the problems found throughout the book.



Conventions Used In This Book

As you study electronics you will find that there is some variation in terminology and the way that circuits are drawn. Here are two conventions followed in this book that you should be aware of:

	The discussions in this book use V to stand for voltage, versus E, which you will see used in some other books.

	In all circuit diagrams in this book, intersecting lines indicate an electrical connection. (Some other books use a dot at the intersection of lines to indicate a connection.) If a semicircle appears at the intersection of two lines, it indicates that there is no connection. See Figure 9.5 for an example of this.



How to Use This Book

This book assumes that you have some knowledge of basic electronics such as Ohm's law and current flow. If you have read a textbook or taken a course on electronics, or if you have worked with electronics, you probably have the prerequisite knowledge. If not, you should read a book such as Electronics for Dummies (Indianapolis: Wiley, 2005) to get the necessary background for this book. You can also go to the author's Web site, www.BuildingGadgets.com, and use the Tutorial links to find useful online lessons in electronics. In addition, Chapters 1 and 5 allow you to test your knowledge and review the necessary basics of electronics.

Note that you should read the chapters in order, because often later material depends on concepts and skills covered in earlier chapters.

All New Electronics Self-Teaching Guide, Third Edition, is presented in a self-teaching format that allows you to learn easily and at your own pace. The material is presented in numbered sections called problems. Each problem presents some new information and gives you a question to answer, or an experiment to try. To learn most effectively, you should cover up the answers with a sheet of paper and try to answer each question on your own. Then, compare your answer with the correct answer that follows. If you miss a question, correct your answer and then go on. If you miss many in a row, go back and review the previous section, or you may miss the point of the material that follows.

Be sure to try to do all of the experiments. They are very easy and help reinforce your learning of the subject matter. If you don't have the equipment to do an experiment, simply reading through it will help you to better understand the concepts it demonstrates.

When you reach the end of a chapter, evaluate your learning by taking the Self-Test. If you miss any questions, review the related parts of the chapter again. If you do well on the Self-Test, you're ready to go on to the next chapter. You may also find the Self-Test useful as a review before you start the next chapter. At the end of the book, there is a Final Self-Test that allows you to assess your overall learning.

Go through this book at your own pace. You can work through this book alone, or you can use it in conjunction with a course. If you use the book alone, it serves as an introduction to electronics, but is not a complete course. For that reason, at the end of the book are some suggestions for further reading and online resources. Also, at the back of the book is a table of symbols and abbreviations, which are useful for reference and review.

Now you're ready to learn electronics!





Chapter 1

DC Review and Pre-Test

Electronics cannot be studied without first understanding the basics of electricity. This chapter is a review and pre-test on those aspects of direct current (DC) that apply to electronics. By no means does it cover the whole DC theory, but merely those topics that are essential to simple electronics. This chapter will review the following:


	Current flow

	Potential or voltage difference

	Ohm's law

	Resistors in series and parallel

	Power

	Small currents

	Resistance graphs

	Kirchhoff's voltage and current laws

	Voltage and current dividers

	Switches

	Capacitor charging and discharging

	Capacitors in series and parallel



Current Flow

1. Electrical and electronic devices work because of an electric current.

Question

What is an electric current?

Answer

An electric current is a flow of electric charge. The electric charge usually consists of negatively charged electrons. However, in semiconductors, there are also positive charge carriers called holes.



2. There are several methods that can be used to generate an electric current.

Question

Write at least three ways an electron flow (or current) can be generated.

Answers

The following is a list of the most common ways to generate current:


Magnetically—The induction of electrons in a wire rotating within a magnetic field. An example of this would be generators turned by water, wind, or steam, or the fan belt in a car.

Chemically—Involving electrochemical generation of electrons by reactions between chemicals and electrodes (as in batteries).

Photovoltaic generation of electrons—When light strikes semiconductor crystals (as in solar cells).



Less common methods to generate an electric current include the following:


Thermal generation—Using temperature differences between thermocouple junctions. Thermal generation is used in generators on spacecraft that are fueled by radioactive material.

Electrochemical reaction—Occurring between hydrogen, oxygen, and electrodes (fuel cells).

Piezoelectrical—Involving mechanical deformation of piezoelectric substances. For example, piezoelectric material in the heels of shoes power LEDs that light up when you walk.





3. Most of the simple examples in this book will contain a battery as the voltage source. As such, the source provides a potential difference to a circuit that will enable a current to flow. An electric current is a flow of electric charge. In the case of a battery, electrons are the electric charge, and they flow from the terminal that has an excess number of electrons to the terminal that has a deficiency of electrons. This flow takes place in any complete circuit that is connected to battery terminals. It is this difference of charge that creates the potential difference in the battery. The electrons are trying to balance the difference.

Because electrons have a negative charge, they actually flow from the negative terminal and return to the positive terminal. We call this direction of flow electron flow. Most books, however, use current flow, which is in the opposite direction. It is referred to as conventional current flow or simply current flow. In this book, the term conventional current flow is used in all circuits.

Later in this book, you will see that many semiconductor devices have a symbol that contains an arrowhead pointing in the direction of conventional current flow.

Questions


A. Draw arrows to show the current flow in Figure 1.1. The symbol for the battery shows its polarity.


Figure 1.1

[image: 1.1]


B. What indicates that a potential difference is present?

C. What does the potential difference cause?

D. What will happen if the battery is reversed?



Answers


A. See Figure 1.2.


Figure 1.2

[image: 1.1]


B. The battery symbol indicates that a difference of potential, also called voltage, is being supplied to the circuit.

C. Voltage causes current to flow if there is a complete circuit present, as shown in Figure 1.1.

D. The current will flow in the opposite direction.




Ohm's Law

4. Ohm's law states the fundamental relationship between voltage, current, and resistance.

Question

What is the algebraic formula for Ohm's law?

Answer

[image: images/c01_I0001.gif]

This is the most basic equation in electricity, and you should know it well. Note that some electronics books state Ohm's law as E = IR. E and V are both symbols for voltage. This book uses V throughout. Also, in this formula, resistance is the opposition to current flow. Note that larger resistance results in smaller current for any given voltage.



5. Use Ohm's law to find the answers in this problem.

Questions

What is the voltage for each combination of resistance and current values?


A. R = 20 ohmsI = 0.5 amperesV = _____

B. R = 560 ohmsI = 0.02 amperesV = _____

C. R = 1000 ohmsI = 0.01 amperesV = _____

D. R = 20 ohmsI = 1.5 amperesV = _____



Answers


A. 10 volts

B. 11.2 volts

C. 10 volts

D. 30 volts





6. You can rearrange Ohm's law to calculate current values.

Questions

What is the current for each combination of voltage and resistance values?


A. V = 1 voltR = 2 ohmsI = _____

B. V = 2 voltsR = 10 ohmsI = _____

C. V = 10 voltsR = 3 ohmsI = _____

D. V = 120 voltsR = 100 ohmsI = _____



Answers


A. 0.5 amperes

B. 0.2 amperes

C. 3.3 amperes

D. 1.2 amperes





7. You can rearrange Ohm's law to calculate resistance values.

Questions

What is the resistance for each combination of voltage and current values?


A. V = 1 voltI = 1 ampereR = _____

B. V = 2 voltsI = 0.5 ampereR = _____

C. V = 10 voltsI = 3 amperesR = _____

D. V = 50 voltsI = 20 amperesR = _____



Answers


A. 1 ohm

B. 4 ohms

C. 3.3 ohms

D. 2.5 ohms





8. Work through these examples. In each case, two factors are given and you must find the third.

Questions

What are the missing values?


A. 12 volts and 10 ohms. Find the current.

B. 24 volts and 8 amperes. Find the resistance.

C. 5 amperes and 75 ohms. Find the voltage.



Answers


A. 1.2 amperes

B. 3 ohms

C. 375 volts




Resistors in Series

9. Resistors can be connected in series. Figure 1.3 shows two resistors in series.


Figure 1.3

[image: 1.3]


Question

What is their total resistance?

Answer

RT = R1 + R2 = 10 ohms + 5 ohms = 15 ohms

The total resistance is often called the equivalent series resistance, and is denoted as Req.


Resistors in Parallel

10. Resistors can be connected in parallel, as shown in Figure 1.4.


Figure 1.4

[image: 1.4]


Question

What is the total resistance here?

Answer

[image: images/c01_I0002.gif]

RT is often called the equivalent parallel resistance.



11. The simple formula from problem 10 can be extended to include as many resistors as desired.

Question

What is the formula for three resistors in parallel?

Answer

[image: images/c01_I0003.gif]

You will often see this formula in the following form:

[image: images/c01_I0004.gif]


12. In the following exercises, two resistors are connected in parallel.

Questions

What is the total or equivalent resistance?


A. R1 = 1 ohmR2 = 1 ohmRT = _____

B. R1 = 1000 ohmsR2 = 500 ohmsRT = _____

C. R1 = 3600 ohmsR2 = 1800 ohmsRT = _____



Answers


A. 0.5 ohms

B. 333 ohms

C. 1200 ohms





Note that RT is always smaller than the smallest of the resistors in parallel.

Power

13. When current flows through a resistor, it dissipates power, usually in the form of heat. Power is expressed in terms of watts.

Question

What is the formula for power?

Answer

There are three formulas for calculating power:

[image: images/c01_I0005.gif]


14. The first formula shown in problem 13 allows power to be calculated when only the voltage and current are known.

Questions

What is the power dissipated by a resistor for the following voltage and current values?


A. V = 10 voltsI = 3 amperesP = _____

B. V = 100 voltsI = 5 amperesP = _____

C. V = 120 voltsI = 10 amperesP = _____



Answers


A. 30 watts

B. 500 watts, or 0.5 kilowatts

C. 1200 watts, or 1.2 kilowatts





15. The second formula shown in problem 13 allows power to be calculated when only the current and resistance are known.

Questions

What is the power dissipated by a resistor given the following resistance and current values?


A. R = 20 ohmI = 0.5 ampereP = _____

B. R = 560 ohmsI = 0.02 ampereP = _____

C. V = 1 voltR = 2 ohmsP = _____

D. V = 2 voltR = 10 ohmsP = _____



Answers


A. 5 watts

B. 0.224 watts

C. 0.5 watts

D. 0.4 watts





16. Resistors used in electronics generally are manufactured in standard values with regard to resistance and power rating. Appendix D shows a table of standard resistance values. Quite often, when a certain resistance value is needed in a circuit, you must choose the closest standard value. This is the case in several examples in this book.

You must also choose a resistor with the power rating in mind. You should never place a resistor in a circuit that would require that resistor to dissipate more power than its rating specifies.

Questions

If standard power ratings for carbon composition resistors are 1/4, 1/2, 1, and 2 watts, what power ratings should be selected for the resistors that were used for the calculations in problem 15?


A. For 5 watts_____

B. For 0.224 watts_____

C. For 0.5 watts_____

D. For 0.4 watts_____



Answers


A. 5 watt (or greater)

B. 1/4 watt (or greater)

C. 1/2 watt (or greater)

D. 1/2 watt (or greater)



Most electronics circuits use low power carbon composition resistors. For higher power levels (such as the 5 watt requirement in question A), other types of resistors are available.



Small Currents

17. Although currents much larger than 1 ampere are used in heavy industrial equipment, in most electronic circuits, only fractions of an ampere are required.

Questions


A. What is the meaning of the term milliampere?

B. What does the term microampere mean?



Answers


A. A milliampere is one-thousandth of an ampere (that is, 1/1000 or 0.001 amperes). It is abbreviated mA.

B. A microampere is one-millionth of an ampere (that is, 1/1,000,000 or 0.000001 amperes). It is abbreviated µA.





18. In electronics, the values of resistance normally encountered are quite high. Often, thousands of ohms and occasionally even millions of ohms are used.

Questions


A. What does kΩ mean when it refers to a resistor?

B. What does MΩ mean when it refers to a resistor?



Answers


A. Kilohm (k = kilo, Ω = ohm). The resistance value is thousands of ohms. Thus, 1 kΩ = 1,000 ohms, 2 kΩ = 2,000 ohms, and 5.6 kΩ = 5,600 ohms.

B. Megohm (M = mega, Ω = ohm). The resistance value is millions of ohms. Thus, 1 MΩ = 1,000,000 ohms, and 2.2 MΩ = 2,200,000 ohms.





19. The following exercise is typical of many performed in transistor circuits. In this example, 6 V is applied across a resistor and 5 mA of current is required to flow through the resistor.

Question

What value of resistance must be used and what power will it dissipate?

R = _____ P = _____

Answer

[image: images/c01_I0006.gif]



20. Now, try these two simple examples.

Questions

What is the missing value?


A. 50 volts and 10 mA. Find the resistance.

B. 1 volt and 1 MΩ. Find the current.



Answers


A. 5 kΩ

B. 1 µA





The Graph of Resistance

21. The voltage drop across a resistor and the current flowing through it can be plotted on a simple graph. This graph is called a V-I curve.

Consider a simple circuit in which a battery is connected across a 1 kΩ resistor.

Questions


A. Find the current flowing if a 10 V battery is used.

B. Find the current when a 1 V battery is used.

C. Now find the current when a 20 V battery is used.



Answers


A. 10 mA

B. 1 mA

C. 20 mA



22. Plot the points of battery voltage and current flow from problem 21 on the graph shown in Figure 1.5, and connect them together.


Figure 1.5

[image: 1.5]


Answer

You should have drawn a straight line, as in the graph shown in Figure 1.6.


Figure 1.6

[image: 1.6]


Sometimes you need to calculate the slope of the line on a graph. To do this, pick two points and call them A and B.

For point A let V = 5 volts and I = 5 mA

For point B let V = 20 volts and I = 20 mA

The slope can be calculated with the following formula:

[image: images/c01_I0007.gif]

In other words, the slope of the line is equal to the resistance.

Later, you will learn about V-I curves for other components. They have several uses, and often they are not straight lines.



The Voltage Divider

23. The circuit shown in Figure 1.7 is called a voltage divider. It is the basis for many important theoretical and practical ideas you encounter throughout the entire field of electronics.


Figure 1.7

[image: 1.7]


The object of this circuit is to create an output voltage (V0) that you can control based upon the two resistors and the input voltage. Note that V0 is also the voltage drop across R2.

Question

What is the formula for V0?

Answer

[image: images/c01_I0008.gif]

Note that R1 + R2 = RT, the total resistance of the circuit.



24. A simple example will demonstrate the use of this formula.

Question

For the circuit shown in Figure 1.8, what is V0?


Figure 1.8

[image: 1.8]


Answer

[image: images/c01_I0009.gif]



25. Now, try these problems.

Questions

What is the output voltage for each combination of supply voltage and resistance?


A. VS = 1 volt R1 = 1 ohm R2 = 1 ohm V0 = _____

B. VS = 6 voltsR1 = 4 ohmsR2 = 2 ohmsV0 = _____

C. VS = 10 voltsR1 = 3.3 kΩR2 = 5.6 kΩV0 = _____

D. VS = 28 voltsR1 = 22 kΩR2 = 6.2 kΩV0 = _____



Answers


A. 0.5 volts

B. 2 volts

C. 6.3 volts

D. 6.16 volts





26. The output voltage from the voltage divider is always less than the applied voltage. Voltage dividers are often used to apply specific voltages to different components in a circuit. Use the voltage divider equation to answer the following questions.

Questions


A. What is the voltage drop across the 22k resistor for question D of problem 25?

B. What total voltage do you get if you add this voltage drop to the voltage drop across the 6.2k resistor?



Answers


A. 21.84 volts

B. The sum is 28 volts.



Note that the voltages across the two resistors add up to the supply voltage. This is an example of Kirchhoff's voltage law (KVL), which simply means that the voltage supplied to a circuit must equal the sum of the voltage drops in the circuit. In this book, KVL will often be used without actual reference to the law.

Also notice that voltage drop across a resistor is proportional to the resistor's value. Therefore, if one resistor has a greater value than another in a series circuit, the voltage drop across the higher value resistor will be greater.



The Current Divider

27. In the circuit shown in Figure 1.9, the current splits or divides between the two resistors that are connected in parallel.


Figure 1.9

[image: 1.9]


IT splits into the individual currents I1 and I2, and then these recombine to form IT.

Question

Which of the following relationships are valid for this circuit?


A. VS = R1I1

B. VS = R2I2

C. R1I1 = R2I2

D. I1/I2 = R2/R1



Answer

All of them are valid.



28. When solving current divider problems, follow these steps:


1. Set up the ratio of the resistors and currents.

[image: images/c01_I0010.gif]

2. Rearrange the ratio to give I2 in terms of I1:

[image: images/c01_I0011.gif]

3. From the fact that IT = I1 + I2, express IT in terms of I1 only.

4. Now, find I1.

5. Now, find the remaining current (I2).



Question

The values of two resistors in parallel and the total current flowing through the circuit are shown in Figure 1.10. What is the current through each individual resistor?


Figure 1.10

[image: 1.1]


Answers

Working through the steps as shown:


1. I1/I2 = R2/R1 = 1/2

2. I2 = 2I1

3. IT = I1 + I2 = I1 + 2I1 = 3I1

4. I1 = IT/3 = 2/3 A

5. I2 = 2I1 = 4/3 A





29. Now, try these problems. In each case, the total current and the two resistors are given. Find I1 and I2.

Questions


A. IT = 30 mA, R1 = 12 kΩ, R2 = 6 kΩ

B. IT = 133 mA, R1 = 1 kΩ, R2 = 3 kΩ

C. What current do you get if you add I1 and I2?



Answers


A. I1 = 10 mA, I2 = 20 mA

B. I1 = 100 mA, I2 = 33 mA

C. They add back together to give you the total current supplied to the parallel circuit.



Note that question C is actually a demonstration of Kirchhoff's current law (KCL). This law simply stated says that the total current entering a junction in a circuit must equal the sum of the currents leaving that junction. This law will also be used on numerous occasions in later chapters. KVL and KCL together form the basis for many techniques and methods of analysis that are used in the application of circuit analysis.

Also, notice that the current through a resistor is inversely proportional to the resistor's value. Therefore, if one resistor is larger than another in a parallel circuit, the current flowing through the higher value resistor will be the smaller of the two. Check your results for this problem to verify this.



30. You can also use the following equation to calculate the current flowing through a resistor in a two-branch parallel circuit:

[image: images/c01_I0012.gif]

Question

Write the equation for the current I2.

Check the answers for the previous problem using these equations.

Answer

[image: images/c01_I0013.gif]

Note that the current through one branch of a two-branch circuit is equal to the total current times the resistance of the opposite branch, divided by the sum of the resistances of both branches. This is an easy formula to remember.


Switches

31. A mechanical switch is a device that completes or breaks a circuit. The most familiar use is that of applying power to turn a device on or off. A switch can also permit a signal to pass from one place to another, prevent its passage, or route a signal to one of several places.

In this book we deal with two types of switches. The first is the simple on-off switch, also called a single pole single throw switch. The second is the single pole double throw switch. The circuit symbols for each are shown in Figure 1.11.


Figure 1.11

[image: 1.11]


Two important facts about switches must be known.


	A closed (or ON) switch has the total circuit current flowing through it. There is no voltage drop across its terminals.

	An open (or OFF) switch has no current flowing through it. The full circuit voltage appears between its terminals.



The circuit shown in Figure 1.12 includes a closed switch.


Figure 1.12

[image: 1.12]


Questions


A. What is the current flowing through the switch?

B. What is the voltage at point A and point B with respect to ground?

C. What is the voltage drop across the switch?



Answers


A. [image: images/c01_I0014.gif]

B. VA = VB = 10 V

C. 0 V (There is no voltage drop because both terminals are at the same voltage.)





32. The circuit shown in Figure 1.13 includes an open switch.


Figure 1.13

[image: 1.13]


Questions


A. What is the voltage at point A and point B?

B. How much current is flowing through the switch?

C. What is the voltage drop across the switch?



Answers


A. VA = 10 V; VB = 0 V

B. No current is flowing because the switch is open.

C. 10 V. If the switch is open, point A is the same voltage as the positive battery terminal and point B is the same voltage as the negative battery terminal.





33. The circuit shown in Figure 1.14 includes a single pole double throw switch. The position of the switch determines whether lamp A or lamp B is lit.


Figure 1.14

[image: 1.14]


Questions


A. In the position shown, which lamp is lit?

B. Can both lamps be lit simultaneously?



Answers


A. Lamp A.

B. No, one or the other must be off.





Capacitors in a DC Circuit

34. Capacitors are used extensively in electronics. They are used in both alternating current (AC) and DC circuits. Their main use in DC electronics is to become charged, hold the charge, and, at a specific time, release the charge.

The capacitor shown in Figure 1.15 charges when the switch is closed.


Figure 1.15

[image: 1.15]


Question

To what final voltage will the capacitor charge?

Answer

It will charge up to 10 V. It will charge up to the voltage that would appear across an open circuit located at the same place where the capacitor is located.



35. How long does it take to reach this voltage? This is a most important question, with many practical applications. To find the answer you have to know the time constant (τ) of the circuit.

Questions


A. What is the formula for the time constant of this type of circuit?

B. What is the time constant for the circuit shown in Figure 1.15?

C. How long does it take the capacitor to reach 10 V?

D. To what voltage level does it charge in one time constant?



Answers


A. τ = R × C

B. τ = 10 kΩ × 10 µF = 10,000 Ω × 0.00001 F = 0.1 seconds. (Convert resistance values to ohms and capacitance values to farads for this calculation.)

C. Approximately 5 time constants, or about 0.5 seconds.

D. 63 percent of the final voltage, or about 6.3 V.





36. The capacitor will not begin charging until the switch is closed. When a capacitor is uncharged or discharged, it has the same voltage on both plates.

Questions


A. What will be the voltage on plate A and plate B of the capacitor in Figure 1.15 before the switch is closed?

B. When the switch is closed, what will happen to the voltage on plate A?

C. What will happen to the voltage on plate B?

D. What will be the voltage on plate A after one time constant?



Answers


A. Both will be at 0 V if the capacitor is totally discharged.

B. It will rise towards 10 V.

C. It will stay at 0 V.

D. About 6.3 V.





37. The capacitor charging graph in Figure 1.16 shows for how many time constants a voltage must be applied to a capacitor before it reaches a given percentage of the applied voltage.


Figure 1.16

[image: 1.16]


Questions


A. What is this type of curve called?

B. What is it used for?



Answers


A. It is called an exponential curve.

B. It is used to calculate how far a capacitor has charged in a given time.





38. In the following, examples a resistor and a capacitor are in series. Calculate the time constant, how long it takes the capacitor to fully charge, and the voltage level after one time constant if a 10 V battery is used.

Questions


A. R = 1 kΩC = 1000 µF

B. R = 330 kΩC = 0.05 µF



Answers


A. τ = 1 second; charge time = 5 seconds; VC = 6.3 V

B. τ = 16.5 ms; charge time = 82.5 ms; VC = 6.3 V (The abbreviation ms indicates milliseconds.)





39. The circuit shown in Figure 1.17 uses a double pole switch to create a discharge path for the capacitor.


Figure 1.17

[image: 1.17]


Questions


A. With the switch in position X, what is the voltage on each plate of the capacitor?

B. When the switch is moved to position Y, the capacitor begins to charge. What is its charging time constant?

C. How long does it take to fully charge the capacitor?



Answers


A. 0 V

B. τ = R × C = (100 kΩ) (100 µF) = 10 secs

C. Approximately 50 seconds





40. Suppose that the switch shown in Figure 1.17 is moved back to position X once the capacitor is fully charged.

Questions


A. What is the discharge time constant of the capacitor?

B. How long does it take to fully discharge the capacitor?



Answers


A. τ = R × C = (50 kΩ) (100 µF) = 5 seconds (discharging through the 50 kΩ resistor)

B. Approximately 25 seconds



The circuit powering a camera flash is an example of a capacitor's ability to store charge and then discharge upon demand. While you wait for the flash unit to charge, the camera is using its battery to charge a capacitor. Once the capacitor is charged, it holds that charge until you click the shutter button, causing the capacitor to discharge, which powers the flash.



41. Capacitors can be connected in parallel, as shown in Figure 1.18.


Figure 1.18

[image: 1.18]


Questions


A. What is the formula for the total capacitance?

B. What is the total capacitance in circuit 1?

C. What is the total capacitance in circuit 2?



Answers


A. CT = C1 + C2 + C3 + ⋯ + CN

B. CT = 1 + 2 = 3 µF

C. CT = 1 + 2 + 3 = 6 µF



In other words, the total capacitance is found by simple addition of the capacitor values.



42. Capacitors can be placed in series, as shown in Figure 1.19.


Figure 1.19

[image: 1.19]


Questions


A. What is the formula for the total capacitance?

B. In Figure 1.19, what is the total capacitance?



Answers


A. [image: images/c01_I0015.gif]

B. [image: images/c01_I0016.gif]





43. In each of these examples the capacitors are placed in series. Find the total capacitance.

Questions


A. C1 = 10 µFC2 = 5 µF

B. C1 = 220 µFC2 = 330 µFC3 = 470 µF

C. C1 = 0.33 µFC2 = 0.47 µFC3 = 0.68 µF



Answers


A. 3.3 µF

B. 103.06 µF

C. 0.15 µF





Summary

The few simple principles reviewed in this chapter are those you need to begin the study of electronics. Following is a summary of these principles:


	The basic electrical circuit consists of a source (voltage), a load (resistance), and a path (conductor or wire).

	The voltage represents a charge difference.

	If the circuit is a complete circuit, then electrons will flow in what is called current flow. The resistance offers opposition to current flow.

	The relationship between V, I, and R is given by Ohm's law:
[image: images/c01_I0017.gif]


	Resistance could be a combination of resistors in series, in which case you add the values of the individual resistors together to get the total resistance.
[image: images/c01_I0018.gif]


	Resistance could be a combination of resistors in parallel, in which case you find the total by using the following formula:
[image: images/c01_I0019.gif]


	The power delivered by a source is found by using the following formula:
[image: images/c01_I0020.gif]


	The power dissipated by a resistance is found by using the following formula:
[image: images/c01_I0021.gif]


	If you know the total applied voltage, VS, the voltage across one resistor in a series string of resistors is found by using the following voltage divider formula:
[image: images/c01_I0022.gif]


	The current through one resistor in a two resistor parallel circuit with the total current known is found by using the current divider formula:
[image: images/c01_I0023.gif]


	Kirchhoff's voltage law (KVL) relates the voltage drops in a series circuit to the total applied voltage.
[image: images/c01_I0024.gif]


	Kirchhoff's current law (KCL) relates the currents at a junction in a circuit by saying that the sum of the input currents equals the sum of the output currents. For a simple parallel circuit, this becomes the following where IT is the input current:
[image: images/c01_I0025.gif]


	A switch in a circuit is the control device that directs the flow of current or, in many cases, allows that current to flow.

	Capacitors are used to store electric charge in a circuit. They also allow current or voltage to change at a controlled pace. The circuit time constant is found by using the following formula:
[image: images/c01_I0026.gif]


	At one time constant in an RC circuit, the values for current and voltage have reached 63 percent of their final values. At five time constants, they have reached their final values.

	Capacitors in parallel are added to find the total capacitance.
[image: images/c01_I0027.gif]


	Capacitors in series are treated the same as resistors in parallel to find a total capacitance.
[image: images/c01_I0028.gif]




DC Pre-Test

The following problems and questions will test your understanding of the basic principles presented in this chapter. You will need a separate sheet of paper for your calculations. Compare your answers with the answers provided following the test. You will find that many of the problems can be worked more than one way.

Questions 1-5 use the circuit shown in Figure 1.20. Find the unknown values indicated using the values given.


1. R1 = 12 ohms, R2 = 36 ohms, VS = 24 V

RT = _____ , I = _____

2. R1 = 1 KΩ, R2 = 3 KΩ, I = 5 mA

V1 = _____ , V2 = _____ , VS = _____

3. R1 = 12 kΩ, R2 = 8 kΩ, VS = 24 V

V1 = _____ , V2 = _____

4. VS = 36 V, I = 250 mA, V1 = 6 V

R2 = _____

5. Now, go back to problem 1. Find the power dissipated by each resistor and the total power delivered by the source.

P1 = _____ , P2 = _____ , PT = _____




Figure 1.20

[image: 1.20]


Questions 6–8 will use the circuit shown in Figure 1.21. Again, find the unknowns using the given values.


6. R1 = 6 kΩ, R2 = 12 kΩ, VS = 20 V

RT = _____ , I = _____

7. I = 2 A, R1 = 10 ohms, R2 = 30 ohms I1 = _____ , I2 = _____

8. VS = 12 V, I = 300 mA, R1 = 50 ohms

R2 = _____ , P1 = _____

9. What is the maximum current that a 220 ohm resistor can safely have if its power rating is 1/4 watts? IMAX = _____

10. In a series RC circuit the resistance is 1 kΩ, the applied voltage is 3 V, and the time constant should be 60 µsec.


A. What is the required value of C?

C = _____

B. What will be the voltage across the capacitor 60 µsec after the switch is closed? VC = _____

C. At what time will the capacitor be fully charged?

T = _____



11. In the circuit shown in Figure 1.22, when the switch is at position 1, the time constant should be 4.8 ms.


A. What should be the value of resistor R1? R1 = _____

B. What will be the voltage on the capacitor when it is fully charged, and how long will it take to reach this voltage?

VC = _____ , T = _____

C. After the capacitor is fully charged, the switch is thrown to position 2. What is the discharge time constant and how long will it take to completely discharge the capacitor? τ = _____ , T = _____



12. Three capacitors are available with the following values:

C1 = 8 µF; C2 = 4 µF; C3 = 12 µF.


A. What is CT if all three are connected in parallel?

CT = _____

B. What is CT if they are connected in series? CT = _____

C. What is CT if C1 is in series with the parallel combination of C2 and C3?

CT = _____






Figure 1.21

[image: 1.21]



Figure 1.22

[image: 1.22]


Answers to DC Pre-Test

If your answers do not agree with those provided here, review the problems indicated in parentheses before you go on to the next chapter. If you still feel uncertain about these concepts, go to a Web site such as www.BuildingGadgets.com and work through DC tutorials listed there.

It is assumed that Ohm's law is well known, so problem 4 will not be referenced.

[image: images/c01tnt001.jpg]



[image: images/c01tnt001a.jpg]





Chapter 2

The Diode

The main characteristic of a diode is that it conducts electricity in one direction only. Historically, the first vacuum tube was a diode; it was also known as a rectifier. The modern diode is a semiconductor device. It is used in all applications where the older vacuum tube diode was used, but it has the advantages of being much smaller, easier to use, and less expensive.

A semiconductor is a crystalline material that, depending on the conditions, can act as a conductor (allowing the flow of electric current) or an insulator (preventing the flow of electric current). Techniques have been developed to customize the electrical properties of adjacent regions of semiconductor crystals, which allow the manufacture of very small diodes, as well as transistors and integrated circuits.

When you complete this chapter you will be able to do the following:


	Specify the uses of diodes in DC circuits

	Determine from a circuit diagram whether a diode is forward or reverse biased

	Recognize the characteristic V-I curve for a diode

	Specify the knee voltage for a silicon or a germanium diode

	Calculate current and power dissipation in a diode

	Define diode breakdown

	Differentiate between zeners and other diodes

	Determine when a diode can be considered “perfect”



Understanding Diodes

1. Silicon and germanium are semiconductor materials used in the manufacture of diodes, transistors, and integrated circuits. Semiconductor material is refined to an extreme level of purity, and then minute, controlled amounts of a specific impurity are added (a process called doping). Based on which impurity is added to a region of a semiconductor crystal, that region is said to be N type or P type. In addition to electrons (which are negative charge carriers used to conduct charge in a conventional conductor), semiconductors contain positive charge carriers called holes. The impurities added to an N type region increases the number of electrons capable of conducting charge, while the impurities added to a P type region increase the number of holes that are capable of conducting charge.

When a semiconductor chip contains an N doped region adjacent to a P doped region, a diode junction (often called a PN junction) is formed. Diode junctions can also be made with either silicon or germanium. However, silicon and germanium are never mixed when making PN junctions.

Question

Which diagrams in Figure 2.1 show diode junctions?


Figure 2.1

[image: 2.1]


Answer

Diagrams (b) and (e) only



2. In a diode, the P material is called the anode. The N material is called the cathode.

Question

Identify which part of the diode shown in Figure 2.2 is P material and which part is N material.


Figure 2.2

[image: 2.2]


Answer

The anode is P material, the cathode is N material.



3. Diodes are useful because electric current will flow through a PN junction in one direction only. Figure 2.3 shows the direction in which the current flows.


Figure 2.3

[image: 2.3]


The circuit symbol for a diode is shown in Figure 2.4. The arrowhead points in the direction of current flow. While the anode and cathode are indicated here, they are not usually indicated in circuit diagrams.


Figure 2.4

[image: 2.4]


Question

In a diode, does current flow from anode to cathode, or cathode to anode?

Answer

Current flows from anode to cathode.



4. In the circuit shown in Figure 2.5, an arrow shows the direction of current flow.


Figure 2.5

[image: 2.5]


Questions


A. Is the diode connected correctly to permit current to flow?

B. Notice the way the battery and the diode are connected. Is the anode at a higher or lower voltage than the cathode?



Answers


A. Yes.

B. The anode is connected to the positive battery terminal, and the cathode is connected to the negative battery terminal. Therefore, the anode is at a higher voltage than the cathode.





5. When the diode is connected so that the current is flowing, it is said to be forward biased. In a forward biased diode, the anode is connected to a higher voltage than the cathode, and current is flowing. Examine the way the diode is connected to the battery in Figure 2.6.


Figure 2.6

[image: 2.6]


Question

Is the diode forward biased or not? Give the reasons for your answer.

Answer

No, it is not forward biased. The cathode is connected to the positive battery terminal and the anode is connected to the negative battery terminal. Therefore, the cathode is at a higher voltage than the anode.



6. When the cathode is connected to a higher voltage level than the anode, the diode cannot conduct. In this case, the diode is said to be reverse biased.

Question

Draw a reverse biased diode in the circuit shown in Figure 2.7.


Figure 2.7

[image: 2.7]


Answer

Your drawing should look something like Figure 2.8.


Figure 2.8

[image: 2.8]




7. In many circuits, the diode is often considered to be a perfect diode to simplify calculations. A perfect diode has zero voltage drop in the forward direction, and conducts no current in the reverse direction.

Question

From your knowledge of basic electricity, what other component has zero voltage drop across its terminals in one condition, and conducts no current in an alternative condition?

Answer

The mechanical switch. When closed, it has no voltage drop across its terminals, and when open, it conducts no current.



8. A forward biased perfect diode can thus be compared to a closed switch. It has no voltage drop across its terminals and current flows through it.

A reverse biased perfect diode can be compared to an open switch. No current flows through it and the voltage difference between its terminals equals the supply voltage.

Question

Which of the switches shown in Figure 2.9 performs like a forward biased perfect diode?


Figure 2.9

[image: 2.9]


Answer

Switch (2) represents a closed switch and, like a forward biased perfect diode, allows current to flow through it. There is no voltage drop across its terminals.



The Diode Experiment

9. If you have access to electronic equipment, you may wish to perform the simple experiment described in the next few problems. If this is the first time you have tried such an experiment, get help from an instructor or someone who is familiar with electronic experiments.

If you do not have access to equipment, do not skip this exercise. Read through the experiment and try to picture or imagine the results. This is sometimes called “dry-labbing” the experiment. You can learn a lot from this exercise, even though it is always better to actually perform the experiment. This advice also applies to the other experiments that are given in many of the following chapters.

The objective of this experiment is to plot the V-I curve (also called a characteristic curve) of a diode, which shows how current flow through the diode varies with the applied voltage. As shown in Figure 2.10, the I-V curve for a diode demonstrates that if very little voltage is applied to a diode, current will not flow. However, once the applied voltage exceeds a certain value, the current flow increases quickly.


Figure 2.10

[image: 2.10]


In performing this experiment, you will gain experience in the following:


	Setting up a simple electronic experiment

	Measuring voltage and current

	Plotting a graph of these



Set up the circuit shown on Figure 2.11. The circled A and V designate meters. The ammeter will measure current, and the voltmeter will measure voltage in the circuit.


Figure 2.11

[image: 2.11]


You can use two multimeters set to either measure current or voltage. Because you need to change the resistance at each step in the experiment, try using a 1 megohm potentiometer and measure its resistance value after each adjustment. If you don't have a 1 megohm potentiometer, but do have a collection of resistors with values ranging from a few hundred ohms to 1 megohm, you can simply change resistors at each step. Carefully check your circuit against the diagram, especially the direction of the battery and the diode.

Once you have checked your circuit, follow these steps:


1. Set R to its highest value and record it in the following table.


	R
	V
	I



	ohms
	volts
	mA



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



	
	
	



2. Close the switch and measure I and V. Record them in the table.

3. Lower the value of R a little to get a different reading of I.

4. Measure and record I and V again.

5. Continue in this fashion, taking as many readings as possible. There will suddenly come a point when V will not increase, but I will increase very rapidly. STOP.


Note

If V gets very large—above 3 or 4 volts—and I remains very small, then the diode is backward. Reverse it and start again.



6. Graph the points recorded in the table, using the blank graph in Figure 2.12. Your curve should look like the one in Figure 2.10.


Figure 2.12

[image: 2.12]

10. The measurements in the following table were taken using a commercial 1N4001 diode.


	R
	V
	I



	ohms
	volts
	mA



	1 MΩ
	0.30
	0.02



	220 kΩ
	0.40
	0.05



	68 kΩ
	0.46
	0.14



	33 kΩ
	0.50
	0.26



	15 kΩ
	0.52
	0.50



	10 kΩ
	0.55
	0.80



	6.8 kΩ
	0.56
	1.20



	4.7 kΩ
	0.60
	2.00



	3.3 kΩ
	0.62
	2.80



	2.2 kΩ
	0.64
	4.20



	1.5 kΩ
	0.65
	5.50



	1.0 kΩ
	0.67
	8.40



	680 Ω
	0.70
	12.00



	470 Ω
	0.70
	18.00



	330 Ω
	0.71
	23.00




Further reductions in the value of R will cause very little increase in the voltage, but will produce large increases in the current.

Figure 2.13 is the V-I curve generated using the measurements shown in the preceding table.


Figure 2.13

[image: 2.13]


The V-I curve (or diode characteristic curve) is repeated in Figure 2.14 with three important regions marked on it.


Figure 2.14

[image: 2.14]


The most important region is the knee region. This is not a sharply defined changeover point, but it occupies a very narrow range of the curve, where the diode resistance changes from high to low.

The ideal curve is shown for comparison.

For the diode used in this problem, the knee voltage is about 0.7 V, which is typical for a silicon diode. This means (and your data should verify this) that at voltage levels below 0.7 V, the diode has such a high resistance that it limits the current flow to a very low value. This characteristic knee voltage is sometimes referred to as a threshold voltage. If you use a germanium diode, the knee voltage is about 0.3 V.

Question

What is the knee voltage for the diode you used?

Answer

If you use silicon, the knee voltage would be approximately 0.7 V; with germanium, it would be approximately 0.3 V.


11. The knee voltage is also a limiting voltage. That is, it is the highest voltage that can be obtained across the diode in the forward direction.

Questions


A. Which has the higher limiting voltage, germanium or silicon?

B. What happens to the diode resistance at the limiting or knee voltage?



Answers


A. Silicon, with a limiting voltage of 0.7 V, is higher than germanium, which has a limiting voltage of only 0.3 V.

B. It changes from high to low.






Note

You will be using these knee voltages in many later chapters as the voltage drop across the PN junction when it is forward biased.



12. Refer back to the diagram of resistance regions in Figure 2.14.

Question

What happens to the current when the voltage becomes limited at the knee?

Answer

It increases rapidly.



13. For any given diode, the knee voltage will not be exactly 0.7 V or 0.3 V. Rather, it will vary slightly. But when using diodes in practice (that is, imperfect diodes), you can make two assumptions:

	The voltage drop across the diode is either 0.7 V or 0.3 V.

	Excessive current is prevented from flowing through the diode by using the appropriate resistor in series with the diode.



Questions


A. Why are imperfect diodes specified here?

B. Would you use a high or low resistance to prevent excessive current?



Answers


A. All diodes are imperfect, and the 0.3 or 0.7 voltage values are only approximate. In fact, in some later problems, it is assumed that the voltage drop across the diode, when it is conducting, is 0 V. This assumes, then, that as soon as you apply any voltage above 0, current flows in an ideal resistor (that is, the knee voltage on the V-I curve for an ideal diode is 0 volts).

B. Generally use a high resistance. However, the actual resistance value can be calculated given the applied voltage and the maximum current the diode can withstand.





14. Calculate the current through the diode in the circuit shown in Figure 2.15, using the steps in the following question.


Figure 2.15

[image: 2.15]


Questions


A. The voltage drop across the diode is known. It is 0.7 V for silicon and 0.3 V for germanium. (“Si” near the diode means it is silicon.) Write down the diode voltage drop.

VD = _____

B. Find the voltage drop across the resistor. This can be calculated using VR = Vs–VD. This is taken from KVL, which was discussed in Chapter 1.

VR = _____

C. Calculate the current through the resistor. Use I = VR/R.

I = _____

D. Finally, determine the current through the diode.

I = _____



Answers

You should have written these values.


A. 0.7 V

B. VR = Vs − VD = 5 V − 0.7 V = 4.3 V

C. [image: images/c02_I0001.gif]

D. 4.3 mA (In a series circuit the same current runs through each component.)





15. In practice, when the battery voltage is 10 V or above, the voltage drop across the diode is often considered to be 0 V instead of 0.7 V.

The assumption here is that the diode is a perfect diode, and the knee voltage is at 0 V rather than at a threshold value that must be exceeded. As discussed later, this assumption is often used in many electronic designs.

Questions


A. Calculate the current through the silicon diode shown in Figure 2.16.


Figure 2.16

[image: 2.16]


VD = _____

V = Vs − VD = _____

[image: images/c02_I0002.gif]

ID = _____

B. Calculate the current through the perfect diode shown in Figure 2.16.

VD = _____

VR = Vs − VD = _____

[image: images/c02_I0003.gif]

ID = _____



Answers


A. 0.7 V; 9.3 V; 9.3 mA; 9.3 mA

B. 0 V; 10 V; 10 mA; 10 mA





16. The difference in the values of the two currents found in problem 15 is less than 10 percent of the total current. That is, 0.7 mA is less than 10 percent of 10 mA. Many electronic components have a plus or minus 5 percent tolerance in their nominal values. This means that a 1 k resistor can be anywhere from 950 ohms to 1,050 ohms, meaning that the value of current through a resistor can vary plus or minus 5 percent.

Because of slight variance in component values, calculations are often simplified if the simplification does not change values by more than 10 percent. Therefore, a diode is often assumed to be perfect when the supply voltage is 10 V or more.

Questions


A. Examine the circuit in Figure 2.17. Is it safe to assume that the diode is perfect?


Figure 2.17

[image: 2.17]


B. Calculate the current through the diode.



Answers


A. Yes, it can be considered a perfect diode.

B. I = 10 mA





17. When a current flows through a diode, it causes heating and power dissipation, just as with a resistor. The power formula for resistors is P = V × I. This same formula can be applied to diodes to find the power dissipation. To calculate the power dissipation in a diode, you must first calculate the current as shown previously. The voltage drop in this formula is assumed to be 0.7 V for a silicon diode, even if you considered it to be 0 V when calculating the current.

For example, a silicon diode has 100 mA flowing through it. Determine how much power the diode dissipates.

[image: images/c02_I0004.gif]

Question

Assume a current of 2 amperes is flowing through a silicon diode. How much power is being dissipated?

Answer

[image: images/c02_I0005.gif]



18. Diodes are made to dissipate a certain amount of power, and this is quoted as a maximum power rating in the manufacturer's specifications of the diode.

Assume a silicon diode has a maximum power rating of 2 watts. How much current can it safely pass?

[image: images/c02_I0006.gif]

Provided the current in the circuit does not exceed this, the diode will not overheat and burn out.

Question

Suppose the maximum power rating of a germanium diode is 3 watts. What is its highest safe current?

Answer

[image: images/c02_I0007.gif]



19. Answer the following questions for another example.

Questions


A. Would a 3 watt silicon diode be able to carry the current calculated for the germanium diode for problem 18?

B. What would be its safe current?



Answers


A. No, 10 amperes would cause a power dissipation of 7 watts, which would burn up the diode.

B. [image: images/c02_I0008.gif]



Any current less than this would be safe.



20. The next several examples concentrate on finding the current through the diode. Look at the circuit shown in Figure 2.18.


Figure 2.18

[image: 2.18]


The total current from the battery flows through R1, and then splits into I2 and ID. I2 flows through R2 and ID through the diode.

Questions


A. What is the relationship between IT, I2, and ID?

B. What is the value of VD?



Answers


A. Remember KCL, IT = I2 + ID

B. VD = 0.7 V





21. To find ID, it is necessary to go through the following steps because there is no way of finding ID directly.


1. Find I2. This is done using VD = R2 × I2.

2. Find VR. For this use VR = Vs–VD (KVL again).

3. Find IT, the current through R1. Use VR = IT × R1.

4. Find ID. This is found by using IT = I2 + ID (KCL again).



To find ID in the circuit shown in Figure 2.19, go through these steps, and then check your answers.


Figure 2.19

[image: 2.19]


Questions


A. I2 = 

B. VR = 

C. IT = 

D. ID = 



Answers


A. [image: images/c02_I0009.gif]

B. VR = VS − VD = 5 V − 0.7 V = 4.3 V

C. [image: images/c02_I0010.gif]

D. ID = IT − I2 = 100 mA − 10 mA = 90 mA





22. For this problem, refer to your answers in problem 21.

Question

What is the power dissipation of the diode in problem 21?

Answer

P = VD × ID = (0.7 V)(90 mA) = 63 milliwatts



23. To find the current in the diode for the circuit shown in Figure 2.20, answer these questions in order:


Figure 2.20

[image: 2.20]


Questions


A. I2 = _____

B. VR = _____

C. IT = _____

D. ID = _____



Answers


A. [image: images/c02_I0011.gif]

B. VR = VS–VD = 1.6 − 0.3 = 1.3 V

C. [image: images/c02_I0012.gif]

D. ID = IT–I2 = 1.8 mA





If you are going to take a break soon, this is a good stopping point.

Diode Breakdown

24. Earlier, you read that if the experiment is not working correctly, then the diode is probably in backward. If you place the diode in the circuit backward—as shown on the right in Figure 2.21—then almost no current flows. In fact, the current flow is so small, it can be said that no current flows. The V-I curve for a reversed diode looks like the one shown on the left in Figure 2.21.


Figure 2.21

[image: 2.21]


The V-I curve for a perfect diode would show zero current for all voltage values. But for a real diode, a voltage is reached where the diode “breaks down” and the diode allows a large current to flow. The V-I curve for the diode breakdown would then look like the one in Figure 2.22.


Figure 2.22

[image: 2.22]


If this condition continues, the diode will burn out. You can avoid burning out the diode, even though it is at the breakdown voltage, by limiting the current with a resistor.

Question

The diode in the circuit shown in Figure 2.23 is known to break down at 100 V, and it can safely pass 1 ampere without overheating. Find the resistance in this circuit that would limit the current to 1 ampere.


Figure 2.23

[image: 2.23]


Answer

[image: images/c02_I0013.gif]

Since 1 ampere of current is flowing, then:

[image: images/c02_I0014.gif]



25. All diodes will break down when connected in the reverse direction if excess voltage is applied to them. The breakdown voltage, which is a function of how the diode is made, varies from one type of diode to another. This voltage is quoted in the manufacturer's datasheet.

Breakdown is not a catastrophic process and does not destroy the diode. If the excessive supply voltage is removed, the diode will recover and operate normally. You can use it safely many more times, provided the current is limited to prevent the diode from burning out.

A diode will always break down at the same voltage, no matter how many times it is used.

The breakdown voltage is often called the peak inverse voltage (PIV) or the peak reverse voltage (PRV). Following are the PIVs of some common diodes:


	Diode
	PIV



	1N4001
	50 V



	1N4002
	100 V



	1N4003
	200 V



	1N4004
	400 V



	1N4005
	600 V



	1N4006
	800 V




Questions


A. Which can permanently destroy a diode, excessive current or excessive voltage?

B. Which is more harmful to a diode, breakdown or burnout?



Answers


A. Excessive current. Excessive voltage will not harm the diode if the current is limited.

B. Burnout. Breakdown is not necessarily harmful, especially if the current is limited.





The Zener Diode

26. Diodes can be manufactured so that breakdown occurs at lower and more precise voltages than those just discussed. These types of diodes are called zener diodes, so named because they exhibit the “Zener effect”—a particular form of voltage breakdown. At the zener voltage, a small current will flow through the zener diode. This current must be maintained to keep the diode at the zener point. In most cases, a few milliamperes are all that is required. The zener diode symbol and a simple circuit are shown in Figure 2.24.


Figure 2.24

[image: 2.24]


In this circuit, the battery determines the applied voltage. The zener diode determines the voltage drop (labeled Vz) across it. The resistor determines the current flow. Zeners are used to maintain a constant voltage at some point in a circuit.

Question

Why are zeners used for this purpose, rather than ordinary diodes?

Answer

Because zeners have a precise breakdown voltage



27. Examine an application in which a constant voltage is desirable—for example, a lamp driven by a DC generator. In this example, when the generator is turning at full speed, it puts out 50 V. When it is running more slowly, the voltage can drop to 35 V. You want to illuminate a 20 V lamp with this generator. Assume the lamp draws 1.5 A. The circuit is shown in Figure 2.25.


Figure 2.25

[image: 2.25]


You need to determine a suitable value for the resistance. Follow these steps to find a suitable resistance value:


1. Find RL, the lamp resistance. Use

[image: images/c02_I0015.gif]

2. Find VR. Use VS = VR + VL.

3. Find R. Use

[image: images/c02_I0016.gif]



Questions

Work through these steps, and write your answers here.


A. RL = 

B. VR = 

C. R = 



Answers


A. [image: images/c02_I0017.gif]

B. [image: images/c02_I0018.gif]

C. [image: images/c02_I0019.gif]





28. Assume now that the 20 ohm resistor calculated in problem 27 is in place, and the voltage output of the generator drops to 35 V, as shown in Figure 2.26. This is similar to what happens when a battery gets old. Its voltage level decays and it will no longer have sufficient voltage to produce the proper current. This results in the lamp glowing less brightly, or perhaps not at all. Note, however, that the resistance of the lamp stays the same.


Figure 2.26

[image: 2.26]


Questions


A. Find the total current flowing. Use

[image: images/c02_I0020.gif]

B. Find the voltage drop across the lamp. Use VL = IT × RL

VL =

C. Have the voltage and current increased or decreased?



Answers


A. [image: images/c02_I0021.gif]

B. VL = 1.05 A × 13.3 Ω = 14 V

C. Both have reduced in value.





29. In many applications, a lowering of voltage across the lamp (or some other component) may be unacceptable. This can be prevented by using a zener diode, as shown in the circuit in Figure 2.27.


Figure 2.27

[image: 2.27]


If you choose a 20 V zener (that is, one that has a 20 V drop across it), then the lamp will always have 20 V across it, no matter what the output voltage is from the generator (provided, of course, that the output from the generator is always above 20 V).

Questions

Say that the voltage across the lamp is constant, and the generator output drops.


A. What happens to the current through the lamp?

B. What happens to the current through the zener?



Answers


A. The current stays constant because the voltage across the lamp stays constant.

B. The current decreases because the total current decreases.





30. To make this circuit work and keep 20 V across the lamp at all times, you must find a suitable value of R. This value should allow sufficient total current to flow to provide 1.5 amperes required by the lamp, and the small amount required to keep the diode at its zener voltage. To do this, you start at the “worst case” condition. (“Worst case” design is a common practice in electronics. It is used to ensure that equipment will work under the most adverse conditions.) The worst case here would occur when the generator is putting out only 35 V. Figure 2.28 shows the paths that current would take in this circuit.


Figure 2.28

[image: 2.28]


Find the value of R which will allows 1.5 A to flow through the lamp. How much current will flow through the zener diode? You can choose any current you like, provided it is above a few milliamperes, and provided it will not cause the zener diode to burn out. In this example assume that the zener current Iz is 0.5 A.

Questions


A. What is the total current through R?

IR = _____

B. Calculate the value of R.

R = _____



Answers


A. IR = IL + IZ = 1.5 A + 0.5 A = 2 A

B. [image: images/c02_I0022.gif]

A different choice of Iz here would produce another value of R.





31. Now take a look at what happens when the generator is supplying 50 V, as shown in Figure 2.29.


Figure 2.29

[image: 2.29]


Because the lamp still has 20 V across it, it will still draw only 1.5 A. But the total current and the zener current will change.

Questions


A. Find the total current through R.

IR =

B. Find the zener current.

IZ =



Answers


A. [image: images/c02_I0023.gif]

B. IZ = IR − IL = 4 − 1.5 = 2.5 A



32. Although the lamp voltage and current remain the same, the total current and the zener current both changed.

Questions


A. What has happened to IT (IR)?

B. What has happened to IZ?



Answers


A. IT has increased by 2 A.

B. IZ has increased by 2 A.



Note that the increase in IT flows through the zener diode and not through the lamp.



33. The power dissipated by the zener diode changes as the generator voltage changes.

Questions


A. Find the power dissipated when the generator voltage is 35 V.

B. Now find the power when the generator is at 50 V.



Answers


A. PZ = V × I = (20 volts) (0.5 A) = 10 watts

B. PZ = V × I = (20 volts) (2.5 A) = 50 watts





If you use a zener diode with a power rating of 50 watts or more, it will not burn out.

34. Use Figure 2.30 to answer the following question.


Figure 2.30

[image: 2.30]


Question

For the circuit shown in Figure 2.30, what power rating should the zener diode have? The current and voltage ratings of the lamp are given.

Answer

At 24 volts, assuming a zener current of 0.5 A:

[image: images/c02_I0024.gif]

At 60 V:

[image: images/c02_I0025.gif]

PZ = (15 volts)(2.8 A) = 42 watts



Summary

Semiconductor diodes are used extensively in modern electronic circuits. The main advantages of semiconductor diodes are:


	They are very small.

	They are rugged and reliable if properly used. You must remember that excessive reverse voltage or excessive forward current could damage or destroy the diode.

	Diodes are very easy to use, as there are only two connections to make.

	They are inexpensive.

	They can be used in all types of electronic circuits, from simple DC controls to radio and TV circuits.

	They can be made to handle a wide range of voltage and power requirements.

	Specialized diodes (which have not been covered here) can perform particular functions, which no other components can handle.

	Finally, as you will see in the next chapter, diodes are an integral part of transistors.



All of the many uses of semiconductor diodes are based on the fact they conduct in one direction only. Diodes are often used for the following:


	Protecting circuit components from voltage spikes

	Converting AC to DC

	Protecting sensitive components from high-voltage spikes

	Building high speed switches

	Rectifying radio frequency signals



Self-Test

The following questions test your understanding of this chapter. Use a separate sheet of paper for your diagrams or calculations. Compare your answers with the answers that follow the test.


1. Draw the circuit symbol for a diode, labeling each terminal.

2. What semiconductor materials are used in the manufacture of diodes?

3. Draw a circuit with a battery, resistor, and a forward biased diode.

4. What is the current through a reverse biased perfect diode?

5. Draw a typical V-I curve of a forward biased diode. Show the knee voltage.

6. What is the knee voltage for silicon?

Germanium?

7. In the circuit shown in Figure 2.31, VS = 10 V and R = 100 ohms. Find the current through the diode, assuming a perfect diode.

8. Calculate question 7 using these values: VS = 3 V and R = 1 kΩ.

9. In the circuit shown in Figure 2.32, find the current through the diode.

VS = 10 V

R1 = 10 kΩ

R2 = 1 kΩ

10. In the circuit shown in Figure 2.33, find the current through the zener diode.

VS = 20 V

VZ = 10 V

R1 = 1 kΩ

R2 = 2 kΩ

11. If the supply voltage for question 10 increases to 45 V, what is the current in the zener diode?

12. What is the maximum power dissipated for the diode in questions 10 and 11?




Figure 2.31

[image: 2.31]



Figure 2.32

[image: 2.32]



Figure 2.33

[image: 2.33]


Answers to Self-Test

If your answers do not agree with those given below, review the problems indicated in parentheses before you go on to the next chapter.



	1.
	See Figure 2.34.
	(problem 3)



	2.
	Germanium and silicon
	(problem 1)



	3.
	See Figure 2.35.
	(problem 4)



	4.
	There is zero current flowing through the diode.
	(problem 6)



	5.
	See Figure 2.36.
	(problem 9 and 10)



	6.
	Si = 0.7 V; Ge = 0.3 V (These are approximate.)
	(problem 10)



	7.
	ID = 100 mA
	(problem 14)



	8.
	As VS = 3 V, do not ignore the voltage drop across the diode. Thus, ID = 2.7 mA
	(problem 14)



	9.
	Ignore VD in this case. Thus, ID = 0.3 mA. If VD is not ignored, ID = 0.23 mA.
	(problem 21)



	10.
	IZ = 5 mA
	(problem 31)



	11.
	IZ = 30 mA
	(problem 31)



	12.
	The maximum power will be dissipated when IZ is at its peak value of 30 mA. Therefore, PZ(MAX) = 0.30 W.
	(problem 33)





Figure 2.34

[image: 2.34]



Figure 2.35

[image: 2.35]



Figure 2.36

[image: 2.36]






Chapter 3

Introduction to the Transistor

The transistor is undoubtedly the most important modern electronic component because it has enabled great and profound changes in electronics and in our daily lives since its discovery in 1948.

This chapter introduces the transistor as an electronic component that acts similarly to a simple mechanical switch, and, in fact, it is actually used as a switch in many modern electronic devices. A transistor can be made to conduct or not conduct an electric current—exactly what a mechanical switch does.

Most transistors used in electronic circuits are bipolar junction transistors (BJT), commonly referred to as bipolar transistors, junction field effect transistors (JFET), or metal oxide silicon field effect transistors (MOSFET). This chapter (along with Chapters 4 and 8) illustrates how BJTs and JFETs function and how they are used in electronic circuits. Because JFETs and MOSFETs function in similar fashion, MOSFETs are not covered here.

An experiment in this chapter will help you to build a simple one-transistor switching circuit. You can easily set up this circuit on a home workbench. You should take the time to obtain the few components required and actually perform the experiment of building and operating the circuit.

In Chapter 4, you will continue to study switching designs and the operation of the transistor as a switch. In Chapter 8, you learn how a transistor can be made to operate as an amplifier. In this mode, the transistor produces an output that is a magnified version of an input signal, which is useful because many electronic signals require amplification. These chapters taken together present an easy introduction to how transistors function and how they are used in basic electronic circuits.

When you complete this chapter, you will be able to do the following:

	Describe the basic construction of a bipolar junction transistor (BJT).

	Describe the basic construction of a junction field effect transistor (JFET).

	Specify the relationship between base and collector current in a BJT.

	Specify the relationship between gate voltage and drain current in a JFET.

	Calculate the current gain for a BJT.

	Compare the transistor to a simple mechanical switch.



Understanding Transistors

1. The diagrams in Figure 3.1 show some common transistor cases (also called packages). The cases protect the semiconductor chip on which the transistor is built, and provide leads that can be used to connect it to other components. For each transistor, the diagrams show the lead designations and how to identify them based on the package design. Transistors can be soldered directly into a circuit, inserted into sockets, or inserted into breadboards. When soldering, you must take great care, because transistors can be destroyed if overheated. A heat sink clipped to the transistor leads between the solder joint and the transistor case can reduce the possibility of overheating. If you're using a socket, you can avoid exposing the transistor to heat by soldering the connections to the socket before inserting the transistor.


Figure 3.1

[image: 3.1]


Questions


A. How many leads are there on most transistors?

B. Where there are only two leads, what takes the place of the third lead?

C. What are the three leads or connections called?

D. Why should you take care when soldering transistors into a circuit?

Answers


A. Three.

B. The case can be used instead, as indicated in the diagram on the right side of Figure 3.1. (This type of case is used for power transistors.)

C. Emitter, base, and collector.

D. Excessive heat can damage a transistor.




2. You can think of a bipolar junction transistor as functioning like two diodes, connected back-to-back, as illustrated in Figure 3.2.


Figure 3.2

[image: 3.2]


However, in the construction process, one very important modification is made. Instead of two separate P regions as shown in Figure 3.2, only one very thin region is used, as shown in Figure 3.3.


Figure 3.3

[image: 3.3]


Question

Which has the thicker P region, the transistor shown in Figure 3.3 or two diodes connected back-to-back?

Answer

Two diodes. The transistor has a very thin P region.



3. Because two separate diodes wired back-to-back share two thick P regions, they will not behave like a transistor. The reason for this takes you into the realm of semiconductor physics, so it won't be covered in this book.

Question

Why don't two diodes connected back-to-back function like a transistor?

Answer

The transistor has one thin P region while the diodes share two thick P regions.



4. The three terminals of a transistor (the base, the emitter, and the collector) are connected as shown in Figure 3.4.


Figure 3.4

[image: 3.4]


When talking about a transistor as two diodes, you refer to the diodes as the base-emitter diode, and the base-collector diode.

The symbol used in circuit diagrams for the transistor is shown in Figure 3.5, with the two diodes and the junctions shown for comparison. Because of the way the semiconductor materials are arranged, this is known as an NPN transistor.


Figure 3.5

[image: 3.5]


Question

Which transistor terminal includes an arrowhead?

Answer

The emitter



5. It is also possible to make transistors with a PNP configuration, as shown in Figure 3.6.


Figure 3.6

[image: 3.6]


Both NPN and PNP type transistors can be made from either silicon or germanium.

Questions


A. Draw a circuit symbol for both an NPN and a PNP transistor. (Use a separate sheet of paper for your drawings.)

B. Which of the transistors represented by these symbols might be silicon?

C. Are silicon and germanium ever combined in a transistor?



Answer


A. See Figure 3.7.

B. Either or both could be silicon. (Either or both could also be germanium.)

C. Silicon and germanium are not mixed in any commercially available transistors. However, researchers are attempting to develop ultra-fast transistors that contain both silicon and germanium.




Figure 3.7

[image: 3.7]




6. Take a look at the simple examples using NPN transistors in this and the next few problems.

If a battery is connected to an NPN transistor as shown in Figure 3.8, then a current will flow in the direction shown.


Figure 3.8

[image: 3.8]


The current, flowing through the base-emitter diode, is called base current and is represented by the symbol IB.

Question

Would base current flow if the battery were reversed? Give a reason for your answer.

Answer

Base current would not flow because the diode would be back-biased.



7. In the circuit in Figure 3.9, you can calculate the base current using the techniques covered in Chapter 2.


Figure 3.9

[image: 3.9]


Question

Find the base current in the circuit shown in Figure 3.9. (Hint: Do not ignore the 0.7 V drop across the base-emitter diode.)


IB = _____



Answer

Your calculations should look something like this:

[image: images/c03_I0001.gif]



8. For the circuit shown in Figure 3.10, because the 10 volts supplied by the battery is much greater than the 0.7 V diode drop, you can consider the base-emitter diode to be a perfect diode, and thus assume the voltage drop is 0 V.


Figure 3.10

[image: 3.10]


Question

Calculate the base current.

IB = _____

Answer

[image: images/c03_I0002.gif]



9. Look at the circuit shown in Figure 3.11.


Figure 3.11

[image: 3.11]


Question

Will current flow in this circuit? Why or why not?

Answer

It will not flow because the base-collector diode is reverse-biased.



10. Examine the circuit shown in Figure 3.12. Notice that batteries are connected to both the base and collector portions of the circuit.


Figure 3.12

[image: 3.12]


When you connect batteries to both the base and the collector portions of the circuit, currents flowing through the circuit demonstrate a key characteristic of the transistor. This characteristic is sometimes called transistor action—if base current flows in a transistor, collector current will also flow.

Examine the current paths shown in Figure 3.13.


Figure 3.13

[image: 3.13]


Questions


A. What current flows through the base-collector diode?

B. What current flows through the base-emitter diode?

C. Which of these currents causes the other to flow?



Answer


A. IC (the collector current).

B. IB and IC. Note that both of them flow through the base-emitter diode.

C. Base current causes collector current to flow.



No current flows along the path shown by the dotted line in Figure 3.14 from the collector to the base.


Figure 3.14

[image: 3.14]




11. Up to now, you have studied the NPN bipolar transistor. PNP bipolar transistors work in the same way as NPN bipolar transistors, and can also be used in these circuits.

There is, however, one important circuit difference, which is illustrated in Figure 3.15. The PNP transistor is made with the diodes oriented in the reverse direction from the NPN transistor.


Figure 3.15

[image: 3.15]


Questions

Compare Figure 3.15 with Figure 3.13. How are the circuits different relative to the following?


A. Battery connections:

B. Current flow:



Answer


A. The battery is reversed in polarity.

B. The currents flow in the opposite direction.





12. Figure 3.16 shows the battery connections necessary to produce both base current and collector current in a circuit that uses a PNP transistor.


Figure 3.16

[image: 3.16]


Question

In which direction do these currents circulate—clockwise or counterclockwise?

Answer

Base current flows counterclockwise.

Collector current flows clockwise.



As stated earlier, NPN and PNP bipolar transistors work in much the same way: Base current causes collector current to flow in both. The only significant difference in using a PNP versus an NPN bipolar transistor is that the polarity of the supply voltage (for both the base and collector sections of the circuit) is reversed. To avoid confusion, bipolar transistors used throughout the rest of this book are NPNs.

13. Consider the circuit in Figure 3.17. It uses only one battery to supply voltage to both the base and the collector portions of the circuit. The path of the base current is shown in the diagram.


Figure 3.17

[image: 3.17]


Questions


A. Name the components through which the base current flows.

B. Into which terminal of the transistor does the base current flow?

C. Out of which transistor terminal does the base current flow?

D. Through which terminals of the transistor does base current not flow?



Answers


A. The battery, the resistor RB, and the transistor

B. Base

C. Emitter

D. Collector





14. Take a moment to recall the key physical characteristic of the transistor.

Question

When base current flows in the circuit shown in Figure 3.17, what other current will flow, and which components will it flow through?

Answer

Collector current will flow through the resistor RC and the transistor.



15. In Figure 3.18 the arrows indicate the path of the collector current through the circuit.


Figure 3.18

[image: 3.18]


Questions


A. List the components through which the collector current flows.

B. What causes the collector current to flow?



Answer


A. The resistor RC, the transistor, and the battery.

B. Base current. (Collector current doesn't flow unless base current is flowing.)





16. It is a property of the transistor that the ratio of collector current to base current is constant. The collector current is always much larger than the base current. The ratio of the two currents is called the current gain of the transistor and is represented by the symbol β, or beta. Typical values of β range from 10 to 300.

Questions


A. What is the ratio of collector current to base current called?

B. What is the symbol used to represent this?

C. Which is larger—base or collector current?

D. Look back at the circuit in problem 3.13. Will current be greater in RB or in RC?



Answer


A. Current gain

B. β

C. Collector current is larger.

D. The current is greater in RC, because it is the collector current.






Note

The β introduced here is referred to in manufacturers' specification sheets as hFE. Technically it is referred to as the static or DC β. For the purposes of this chapter, it is called β. Discussions on transistor parameters in general, which are well covered in many textbooks, will not be covered here.



17. The mathematical formula for current gain is as follows:

[image: images/c03_I0003.gif]where:

where

IB = base current

IC = collector current

The equation for β can be rearranged to give IC = β IB. From this, you can see that if no base current flows, no collector current flows. Also, if more base current flows, more collector current flows. This is why it's said that the “base current controls the collector current.”

Question

Suppose the base current is 1 mA and the collector current is 150 mA. What is the current gain of the transistor?

Answer

150



18. Current gain is a physical property of transistors. You can find its value in the manufacturers' published data sheets, or you can determine it by experimenting.

In general, β is a different number from one transistor part number to the next, but transistors with the same part number have β values within a narrow range of each other.

One of the most frequently performed calculations in transistor work is to determine the values of either collector or base current, when β and the other current are known.

For example, suppose a transistor has 500 mA of collector current flowing and you know it has a β value of 100. Find the base current. To do this, use the following formula:

[image: images/c03_I0004.gif]

[image: images/c03_I0005.gif]

Questions

Calculate the following values:


A. IC = 2 A, β = 20. Find IB._____

B. IB = 1 mA, β = 100. Find IC._____

C. IB = 10 µA, β = 250. Find IC._____

D. IB = 0.1 mA, IC = 7.5 mA. Find β._____



Answer


A. 0.1 A, or 100 mA

B. 100 mA

C. 2500 µA, or 2.5 mA

D. 75





19. This problem serves as a summary of the first part of this chapter. You should be able to answer all these questions. Use a separate sheet of paper for your drawing and calculations.

Questions


A. Draw a transistor circuit utilizing an NPN transistor, a base resistor, a collector resistor, and one battery to supply both base and collector currents. Show the paths of IB and IC.

B. Which current controls the other?

C. Which is the larger current, IB or IC?

D. IB = 6 µA, β = 250. Find IC._____

E. Ic = 300 µA, Ω = 50. Find IB._____



Answers


A. See Figure 3.17 and Figure 3.18.

B. IB (base current) controls IC (collector current).

C. IC

D. 1.5 mA

E. 6 mA





The Transistor Experiment

20. The objective of the following experiment is to find β of a particular transistor by measuring several values of base current with the corresponding values of collector current. Next, divide the values of collector current by the values of the base current to determine β. The value of β will be almost the same for all the measured values of current. This demonstrates that β is a constant for a transistor.

While the circuit is set up, measure the collector voltage for each current value. This demonstrates (experimentally) some points that are covered in future problems. As you perform the experiment, observe how the collector voltage Vc drops toward 0 V as the collector current increases.

If you do not have the facilities for setting up the circuit and measuring the values, just read through the experiment. If you do have the facilities, you will need the following equipment and supplies.

	One 9 V transistor radio battery (or a lab power supply).

	One multimeter set to measure current on a scale that will measure at least 100 µA.

	One multimeter set to measure current on a scale that will measure at least 10 mA.

	One multimeter set to measure voltage, on a scale that will measure at least 10 V.

	One resistor substitution box, or a 1 MΩ potentiometer, or assorted resistors with the values listed in the following table. If you use a potentiometer, you'll need another multimeter to read its resistance after each adjustment.




	One 1 kΩ resistor.

	One transistor, preferably NPN.

	One breadboard.



	RB



	1 MΩ



	680 kΩ



	470



	330



	270



	220



	200



	180



	160



	150



	120



	110



	100




Almost any small commercially available transistor will do for this experiment. The measurements given in this book were obtained using a 2 N3643. If only a PNP is available, then simply reverse the battery voltage and proceed as described.

Set up the circuit shown in Figure 3.19 on the breadboard. Using breadboards allows you to easily connect components in a circuit that you can then disassemble when testing is complete. You can then use the components and breadboard in the construction of your next circuit.


Figure 3.19

[image: 3.19]


Follow these steps, recording your measurements in the following blank table.

[image: images/c03tnt001.jpg]



1. Set RB to its highest value.

2. Measure and record IB

3. Measure and record IC.

4. Measure and record VC. This voltage is sometimes referred to as the collector-emitter voltage (VCE), because it is taken across the collector-emitter leads if the emitter is connected to ground or the negative of the power supply.

5. Lower the value of RB enough to produce a different reading of IB.

6. Measure and record the new values for RB, IB, IC, and VC.

7. Lower RB again and get a new IB.

8. Measure and record the new values for RB, IB, IC, and VC again.

9. Repeat Steps 7 and 8 until VC = 0 V.

10. Further reductions in the value of RB will increase IB, but will not affect the values of IC or VC.



Check the numbers in your table to make sure you got a consistent pattern. Then compare your measurements with the ones shown in the following table.

[image: images/c03tnt002.jpg]


The measurements shown here were obtained by conducting this experiment very carefully. Precision resistors and a commercial 2 N3643 transistor were used. With ordinary +/− 5 percent tolerance resistors and a transistor chosen at random, you could get different results. Don't worry if your results are not as precise as those listed here.

Calculation of β results in values at or very close to 100 for each measurement, which agrees with the manufacturer's specification of β = 100.

For each value of IB and its corresponding value of IC in your experiment, calculate the value of β(β = IC/IB). The values will vary slightly but will be close to an average. (Excessively low and high values of IB may produce values of β, which will be quite different. Ignore these for now.) Did you get a consistent β? Was it close to the manufacturer's specifications for your transistor?

21. In the experiment, you measured the voltage level at the collector (VC) and recorded your measurements. Now, examine how to determine the voltage at the collector, when it's not possible to measure the voltage level.

Use the values shown in the circuit in Figure 3.20 to complete these steps.


1. Determine IC.

2. Determine the voltage drop across the collector resistor RC. Call this VR.

3. Subtract VR from the supply voltage to calculate the collector voltage.




Figure 3.20

[image: 3.20]


Here is the first step:


1. To find IC, you must first find IB.

[image: images/c03_I0006.gif]
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Now, perform the next two steps.

Questions


2. VR = _____

3. VC = _____



Answer


2. To find VR:

VR = RC × IC = 1 kΩ × 5 mA = 5 V 3.

To find VC: VC = VS − VR = 10 V − 5 V = 5 V





22. Determine parameters for the circuit shown in Figure 3.20, using the value of β = 75.

Questions

Calculate the following:


A. IC = _____

B. VR = _____

C. VC = _____



Answer


A. [image: images/c03_I0008.gif]

[image: images/c03_I0009.gif]

B. VR = 1 kΩ × 7.5 mA = 7.5 V

C. VC = 10 V–7.5 V = 2.5 V





23. Determine parameters for the same circuit, using the values of RB = 250 kΩ and β = 75.

Questions

Calculate the following:


A. IC = _____

B. VR = _____

C. VC = _____



Answer


A.[image: images/c03_I0010.gif]

[image: images/c03_I0011.gif]

B. VR = 1 kΩ × 3 mA = 3 V

C. VC = 10 V–3 V = 7 V





24. From the preceding problems, you can see that you can set VC to any value by choosing a transistor with an appropriate value of β, or by choosing the correct value of RB.

Now, consider the example shown in Figure 3.21. The objective is to find VC. Use the steps outlined in 3.21.


Figure 3.21

[image: 3.21]


Questions

Calculate the following:


A. IB = _____

IC = _____

B. VR = _____

C. VC = _____



Answer

Your results should be as follows:


A. [image: images/c03_I0012.gif]

[image: images/c03_I0013.gif]

B. VR = 1 kΩ × 10 mA = 10 V

C. VC = 10 V–10 V = 0 V.





Here, the base current is sufficient to produce a collector voltage of 0 volts and the maximum collector current possible, given the stated values of the collector resistor and supply voltage. This condition is called saturation.

25. Look at the two circuits shown in Figure 3.22 and compare their voltages at the point labeled VC.


Figure 3.22

[image: 3.22]


Consider a transistor that has sufficient base current and collector current to set its collector voltage to 0 V. Obviously, this can be compared to a closed mechanical switch. Just as the switch is said to be ON, then the transistor is also said to be “turned on,” or just ON.

Questions


A. What can you compare a turned on transistor to?

B. What is the collector voltage of an ON transistor?

Answer


A. A closed mechanical switch

B. 0 V




26. Now, compare the circuits shown in Figure 3.23.


Figure 3.23

[image: 3.23]


Because the base circuit is broken (that is, it is not complete), there is no base current flowing.

Questions


A. How much collector current is flowing?

B. What is the collector voltage?

C. What is the voltage at the point VC in the mechanical switch circuit?



Answer


A. None.

B. Because there is no current flowing through the 1 kΩ resistor, there is no voltage drop across it, so the collector is at 10 V.

C. 10 V, because there is no current flowing through the 1 kΩ resistor.





27. From 3.26, it is obvious that a transistor with no collector current is similar to an open mechanical switch. For this reason, a transistor with no collector current and its collector voltage at the supply voltage level is said to be “turned off,” or just OFF.

Question

What are the two main characteristics of an OFF transistor?

Answer

It has no collector current, and the collector voltage is equal to the supply voltage.



28. Now, calculate the following parameters for the circuit in Figure 3.24 and compare the results to the examples in problems 3.26 and 3.27. Again, the objective here is to find VC.


Figure 3.24

[image: 3.24]


Questions


A. IB = _____ IC = _____

B. VR = _____

C. VC = _____



Answer


A. [image: images/c03_I0014.gif]

[image: images/c03_I0015.gif]

B. VR = 1 kΩ × 5 mA = 5 V

C. VC = 10 V–5 V = 5 V






Note

The output voltage in this problem is exactly half the supply voltage. This condition is very important in AC electronics and is covered in Chapter 8.



The Junction Field Effect Transistor

29. Up to now, the only transistor described was the bipolar junction transistor (BJT). Another common transistor type is the junction field effect transistor (JFET). The JFET, like the BJT, is used in many switching and amplification applications. The JFET is preferred when a high input impedance circuit is needed. The BJT has a relatively low input impedance as compared to the JFET. Like the BJT, the JFET is a three terminal device. The terminals are called the source, drain, and gate. They are similar in function to the emitter, collector, and base, respectively.

Questions


A. How many terminals does a JFET have, and what are these terminals called?

B. Which terminal has a function similar to the base of a BJT?



Answer


A. Three, called the source, drain, and gate.

B. The gate has a control function similar to that of the base of a BJT.





30. The basic design of a JFET consists of one type of semiconductor material with a channel made of the opposite type of semiconductor material running through it. If the channel is N material, it is called an N-channel JFET; if it is P material, it is called a P-channel. Figure 3.25 shows the basic layout of N and P materials, along with their circuit symbols. Voltage on the gate controls the current flow through the drain and source by controlling the effective width of the channel, allowing more or less current to flow. Thus, the voltage on the gate acts to control the drain current, just as the voltage on the base of a BJT acts to control the collector current.


Figure 3.25

[image: 3.25]


Questions


A. Which JFET would use electrons as the primary charge carrier for the drain current?

B. What effect does changing the voltage on the gate have on the operation of the JFET?



Answers


A. N-channel, because N material uses electrons as the majority carrier.

B. It changes the current in the drain. The channel width is controlled electrically by the gate potential.





31. To operate the N-channel JFET, apply a positive voltage to the drain with respect to the source. This allows a current to flow through the channel. If the gate is at 0 V, the drain current is at its largest value for safe operation, and the JFET is in the ON condition. When a negative voltage is applied to the gate, the drain current is reduced. As the gate voltage becomes more negative, the current lessens until cutoff, which occurs when the JFET is in the OFF condition. Figure 3.26 shows a typical biasing circuit for the N-channel JFET. For a P-channel JFET, you must reverse the polarity of the bias supplies.


Figure 3.26

[image: 3.26]


Question

How does the ON-OFF operation of a JFET compare to that of a BJT?

Answer

The JFET is ON when there are 0 volts on the gate, whereas you turn the BJT ON by applying a voltage to the base. You turn the JFET OFF by applying a voltage to the gate, and the BJT is OFF when there are 0 volts on the base. The JFET is a “normally ON” device, but the BJT is considered a “normally OFF” device. Therefore you can use the JFET (like the BJT) as a switching device.



32. When the gate to source voltage is at 0 V (VGS = 0) for the JFET shown in Figure 3.26, the drain current is at its maximum or saturation value. This means that the N-channel resistance is at its lowest possible value, in the range of 5 to 200 ohms. If RD is significantly greater than this, the N-channel resistance, rDS, is assumed to be negligible.

Questions


A. What switch condition would this represent, and what will be the drain to source voltage (VDS)? 

B. As the gate becomes more negative with respect to the source, the resistance of the N-channel increases until the cutoff point is reached. At this point the resistance of the channel is assumed to be infinite. What condition will this represent, and what will be the drain to source voltage?



C. What does the JFET act like when it is operated between the two extremes of current saturation and current cutoff? 



Answers


A. Closed switch, VDS = 0 V, or very low value

B. Open switch, VDS = VDD

C. A variable resistance





Summary

At this point, it's useful to compare the properties of a mechanical switch with the properties of both types of transistors, as summarized in the following table.


	SWITCH
	BJT
	JFET



	OFF or open
	
	



	No current
	No collector current
	No drain current



	Full voltage across terminals
	Full supply voltage between collector and emitter
	Full supply voltage between drain and source



	ON or closed
	
	



	Full current
	Full circuit current
	Full circuit current



	No voltage across terminals
	Collector to emitter voltage is 0 V
	Drain to source voltage is 0 V




The terms ON and OFF are used in digital electronics to describe the two transistor conditions you just encountered. Their similarity to a mechanical switch is useful in many electronic circuits. In Chapter 4, you learn about the transistor switch in more detail. This is the first step toward an understanding of digital electronics. In Chapter 8, you examine the operation of the transistor when it is biased at a point falling between the two conditions, ON and OFF. In this mode, the transistor can be viewed as a variable resistance, and utilized as an amplifier.

Self-Test

The questions here test your understanding of the concepts presented in this chapter. Use a separate sheet of paper for your drawings or calculations. Compare your answers with the answers provided following the test.


1. Draw the symbols for an NPN and a PNP bipolar transistor. Label the terminals of each.

2. In Figure 3.27, draw the paths taken by the base and collector currents.

3. What causes the collector current to flow?

4. What is meant by the term current gain? What symbol is used for this? What is its algebraic formula?




Figure 3.27

[image: 3.27]


Use the circuit in Figure 3.27 to answer questions 5 through 10.


5. Assume that the transistor is made of silicon. Set RB = 27 kΩ and Vs = 3 V. Find IB.

 6. If RB = 220 kΩ and VS = 10 V. Find IB.

7. Find VO when RB = 100 kΩ, VS = 10 V, RC = 1 kΩ, and β = 50.

8. Find VO when RB = 200 kΩ, VS = 10 V, RC = 1 kΩ, and β = 50. 

9. Now use these values to find VO: RB = 47 kΩ, VS = 10 V, RC = 500 ohms, and β = 65.

10. Use these values to find VO: RB = 68 kΩ, VS = 10 V, RC = 820 ohms, and β = 75.

11. Draw the symbols for the two types of junction field effect transistors and identify the terminals.

12.  What controls the flow of current in both a JFET and a BJT?

13. In the JFET common source circuit shown in Figure 3.28, add the correct polarities of the power supplies and draw the current path taken by the drain current.

14. When a base current is required to turn a BJT ON, why is there no gate current for the JFET in the ON state.

15. Answer the following questions for the circuit shown in Figure 3.29.


A. If the switch is at position A, what will the drain current be, and why?

B. If the switch is at position B, and the gate supply voltage is of sufficient value to cause cutoff, what will the drain current be, and why? _____

C. What is the voltage from the drain to the source for the two switch positions? _____






Figure 3.28

[image: 3.28]



Figure 3.29

[image: 3.29]


Answers to Self-Test

If your answers do not agree with those given below, review the problems indicated in parentheses before you go on to the next chapter.

[image: images/c03tnt003.jpg]
[image: images/c03tnt003a.jpg]
[image: images/c03tnt03b.jpg]



Chapter 4

The Transistor Switch

Transistors are everywhere. You can't avoid them as you move through your daily tasks. For example, almost all industrial controls, and even your MP3 player, stereo, and television may use transistors as switches.

In Chapter 3, you saw how a transistor can be turned ON and OFF, similar to a mechanical switch. Computers work with Boolean algebra, which uses only two logic states—TRUE and FALSE. These two states are easily represented electronically by a transistor that is ON or OFF. Therefore, the transistor switch is used extensively in computers. In fact, the logic portions of microprocessors (the brains of computers) consist entirely of transistor switches.

This chapter introduces the transistor's simple and widespread application–switching, with emphasis on the bipolar junction transistor (BJT).

When you complete this chapter, you will be able to do the following:


	Calculate the base resistance, which turns a transistor ON and OFF.

	Explain how one transistor will turn another ON and OFF.

	Calculate various currents and resistances in simple transistor switching circuits.

	Calculate various resistances and currents in switching circuits, which contain two transistors.

	Compare the switching action of a junction field effect transistor (JFET) to a BJT.



Turning the Transistor on

1. Start by examining how to turn a transistor ON by using the simple circuit shown in Figure 4.1. In Chapter 3, RB was given, and you had to find the value of collector current and voltages. Now, do the reverse. Start with the current through RC and find the value of RB that will turn the transistor ON and permit the collector current to flow.


Figure 4.1

[image: 4.1]


Question

What current values do you have to know in order to find RB?

Answers

The base and collector currents



2. In this problem circuit, a lamp can be substituted for the collector resistor. In this case, RC (the resistance of the lamp) is referred to as the load, and IC (the current through the lamp) is called the load current.

Questions


A. Is load current equivalent to base or collector current?

B. What is the path taken by the collector current discussed in problem 1? Draw this path on the circuit.



Answer


A. Collector current

B. See Figure 4.2. In this figure, note that the resistor symbol has been replaced by the symbol for an incandescent lamp.




Figure 4.2

[image: 4.2]




3. For the transistor switch to perform effectively as a CLOSED switch, its collector voltage must be at the same voltage as its emitter voltage. In this condition, the transistor is said to be turned ON.

Questions


A. What is the collector voltage when the transistor is turned ON?

B. What other component does an ON transistor resemble?



Answers


A. The same as the emitter voltage, which, in this circuit, is 0 volts

B. A closed mechanical switch






Note

In actual practice, there is a very small voltage drop across the transistor from the collector to the emitter. This is really a saturation voltage and is the smallest voltage drop that can occur across a transistor when it is ON as “hard” as possible. The discussions in this chapter consider this voltage drop to be a negligible value and, therefore, the collector voltage is said to be 0 V. For a quality switching transistor, this is a safe assumption.



4. The circuit in Figure 4.3 shows a lamp with a resistance of 240 ohms in place of RC.


Figure 4.3

[image: 4.3]


This figure shows the supply voltage and the collector resistance. Given these two values, using Ohm's law, you can calculate the load current (also called the collector current) as follows:

[image: images/c04_I0001.gif]

Thus, 100 mA of collector current must flow through the transistor to fully illuminate the lamp. As you learned in Chapter 3, collector current will not flow unless base current is flowing.

Questions


A. Why do you need base current?

B. How can you make base current flow?



Answers


A. To enable collector current to flow, so that the lamp will light up

B. By closing the mechanical switch in the base circuit





5. You can calculate the amount of base current flowing. Assume that β = 100. (Normally, you would look this up in the manufacturer's datasheet for the transistor you are using.)

Questions


A. What is the value of the base current IB?



Answers

[image: images/c04_I0002.gif]



6. The base current flows in the direction shown in Figure 4.4. Base current flows through the base-emitter junction of the transistor as it does in a forward-biased diode.


Figure 4.4

[image: 4.4]


Questions


A. What is the voltage drop across the base-emitter diode?

B. What is the voltage drop across RB?



Answer


A. 0.7 V, because it is a silicon transistor

B. 24 V if the 0.7 is ignored; 23.3 V if it is not





7. The next step is to calculate RB. The current flowing through RB is the base current IB, and you determined the voltage across it in problem 6.

Question


Calculate RB.



Answer

[image: images/c04_I0003.gif]



The final circuit, including the calculated current and resistance values, is shown in Figure 4.5.


Figure 4.5

[image: 4.5]


8. Use the following steps to calculate the values of IB and RB needed to turn a transistor ON:


1. Determine the required collector current.

2. Determine the value of β.

3. Calculate the required value of IB from the results of steps 1 and 2.

4. Calculate the required value of RB.

5. Draw the final circuit.



Now, assume that VS = 28 V, that you are using a lamp requiring 50 mA of current, and that β = 75.

Questions


A. Calculate IB.

B. Determine RB.



Answers


A. The collector current and β were given. Thus:

[image: images/c04_I0004.gif]

B. 

[image: images/c04_I0005.gif]

This calculation ignores VBE.





9. Now, assume that VS = 9 V, that you are using a lamp requiring 50 mA of current, and that β = 75.

Question

Calculate RB.

Answer

[image: images/c04_I0006.gif]

In this calculation, VBE is included.



10. In practice, if the supply voltage is much larger than the 0.7 V drop across the base-emitter junction, you can simplify your calculations by ignoring the 0.7 V drop and assume that all the supply voltage appears across the base resistor RB. (Most resistors are only accurate to within + /−5 percent of their stated value anyway.) If the supply voltage is less than 10 volts, however, you shouldn't ignore the 0.7 V drop across the base-emitter junction.

Questions

Calculate RB for the following problems, ignoring the voltage drop across the base-emitter junction, if appropriate.


A. A 10 V lamp that draws 10 mA. β = 100.

B. A 5 V lamp that draws 100 mA. β = 50.



Answers


A. [image: images/c04_I0007.gif]

B. [image: images/c04_I0008.gif]





Turning the Transistor off

11. Up to now, you have concentrated on turning the transistor ON, thus making it act like a closed mechanical switch. Now you focus on turning it OFF, thus making it act like an open mechanical switch. If the transistor is OFF, no current flows through the load (that is, no collector current flows).

Questions


A. When a switch is open, are the two terminals at different voltages, or at the same voltage?

B. When a switch is open, does current flow?

C. For a transistor to turn OFF and act like an open switch, how much base current is needed?



Answers


A. At different voltages, the supply voltage and ground voltage.

B. No.

C. The transistor is OFF when there is no base current.





12. You can be sure that there is no base current in the circuit shown in Figure 4.6 by opening the mechanical switch.


Figure 4.6

[image: 4.6]


To ensure that the transistor remains off when the base is not connected to the supply voltage you add a resistor (labeled R2 in Figure 4.7) to the circuit. The base of the transistor is connected to ground or 0 volts through this resistor. Therefore, no base current can possibly flow.


Figure 4.7

[image: 4.7]


Questions


A. Why will current not flow from the supply voltage to the base-emitter junction?

B. How much current flows from collector to base?

C. Why will current not flow from collector to base through R2 ground?

D. Why is the transistor base at 0 volts when R2 is installed?



Answers


A. There is no current path from the supply voltage through the base-emitter junction. Thus, there is no base current flowing.

B. None at all.

C. The internal construction of the transistor prevents this, because the collector-to-base junction is basically a reverse-biased diode.

D. Because there is no current through R2, there is no voltage drop across R2 and, therefore, the transistor base is at ground (0 volts).





13. Because no current is flowing through R2, you can use a wide range of resistance values. In practice, the values you find for R2 will be between 1 kΩ and 1 MΩ.

Question

Which of the following resistor values would you use to keep a transistor turned off? 1 ohm, 2 kΩ, 10 kΩ, 20 kΩ, 50 kΩ, 100 kΩ, 250 kΩ, 500 kΩ.

Answer

They would all be suitable except the 1 ohm, because the rest are all above 1 kΩ and below 1 MΩ.



14. Figure 4.8 shows a circuit using both R1 and R2. Note that the circuit includes a two-position switch that you can use to turn the transistor ON or OFF.


Figure 4.8

[image: 4.8]


Questions


A. As shown in Figure 4.8, is the transistor ON or OFF?

B. Which position, A or B, will cause the collector current to be 0 amperes?



Answers


A. ON—the base-to-emitter diode is forward biased. Therefore, base current can flow.

B. Position B—the base is tied to ground. Therefore, no base current can flow, and the transistor is OFF.





Why Transistors are Used as Switches

15. You can use the transistor as a switch (as you saw in the previous problems) to perform simple operations such as turning a lamp current on and off. Although often used between a mechanical switch and a lamp, there are other uses for the transistor.

Following are a few other examples that demonstrate the advantages of using a transistor in a circuit as a switch:


	Example 1 —Suppose you have to put a lamp in a dangerous environment, such as a radioactive chamber. Obviously, the switch to operate the lamp must be placed somewhere safe. You can simply use a switch outside the chamber to turn the transistor switch ON or OFF.

	Example 2 —If a switch controls equipment that requires large amounts of current, then that current must flow through the wires that run between the switch and the lamp. Because the transistor switch can be turned ON or OFF using low voltages and currents, you can connect a mechanical switch to the transistor switch using small, low-voltage wire and, thereby, control the larger current flow. If the mechanical switch is any distance from the equipment you're controlling, using low-voltage wire will save you time and money.

	Example 3 —A major problem with switching high current in wires is that the current induces interference in adjacent wires. This can be disastrous in communications equipment such as radio transceivers. To avoid this, you can use a transistor to control the larger current from a remote location, reducing the current needed at the switch that is located in the radio transceiver.

	Example 4 —In mobile devices (such as a radio controlled airplane), using transistor switches minimizes the power, weight, and bulk required.



Question

What features mentioned in these examples make using transistors as switches desirable?

Answer

The switching action of a transistor can be directly controlled by an electrical signal, as well as by a mechanical switch in the base circuit. This provides a lot of flexibility to the design and allows for simple electrical control. Other factors include safety, reduction of interference, remote switching control, and lower design costs.



16. The following examples of transistor switching demonstrate some other reasons for using transistors:


	Example 1 —You can control the ON and OFF times of a transistor very accurately, while mechanical devices are not very accurate. This is most important in applications such as photography, where it is necessary to expose a film or illuminate an object for a precise period of time. In these types of uses, transistors are much more accurate and controllable than any other device.

	Example 2 —A transistor can be switched ON and OFF millions of times a second, and will last for many years. In fact, transistors are one of the longest lasting and most reliable components known, while mechanical switches usually fail after a few thousand operations.

	Example 3 —The signals generated by most industrial control devices are digital. These control signals can be simply a high or low voltage, which is ideally suited to turning transistor switches ON or OFF.

	Example 4 —Modern manufacturing techniques allow for the miniaturization of transistors to such a great extent that many of them (even hundreds of millions) can be fabricated into a single silicon chip. Silicon chips on which transistors (and other electronic components) have been fabricated are called integrated circuits (ICs). ICs are little flat, black plastic components built into almost every mass-produced electronic device, and are the reason that electronic devices continue to get smaller and lighter.



Question

What other features, besides the ones mentioned in the previous problem, are demonstrated in the examples given here?

Answer

Transistors can be accurately controlled, have high-speed operation, are reliable, have a long life, are very small, have low power consumption, can be manufactured in large numbers at low cost, and are extremely small.



17. At this point, consider the idea of using one transistor to turn another one ON and OFF, and using the second transistor to operate a lamp or other load. (This idea is explored in the next section of this chapter.)

If you have to switch many high current loads, then you can use one switch that controls several transistors simultaneously.

Questions


A. With the extra switches added, will the current that flows through the main switch be more or less than the current that flows through the load?

B. What effect do you think the extra transistor will have on the following?


1. Safety

2. Convenience to the operator

3. Efficiency and smoothness of operation





Answers


A. Less current will flow through the main switch than through the load.

B. 


1. It increases safety and allows the operator to stay isolated from dangerous situations.

2. Switches can be placed conveniently close together on a panel, or in the best place for an operator, rather than the switch position dictating operator position.

3. One switch can start many things, as in a master lighting panel in a television studio or theater.





18. This problem reviews your understanding of the concepts presented in problems 15, 16, and 17.

Questions

Indicate which of the following are good reasons for using a transistor as a switch:


A. To switch equipment in a dangerous or inaccessible area on and off

B. To switch very low currents or voltages

C. To lessen the electrical noise that might be introduced into communication and other circuits

D. To increase the number of control switches

E. To use a faster, more reliable device than a mechanical switch



Answers

A, C, and E.



19. Many types of electronic circuits contain multiple switching transistors. In this type of circuit, one transistor is used to switch others ON and OFF. To illustrate how this works, again consider the lamp as the load and the mechanical switch as the actuating element. Figure 4.9 shows a circuit that uses two transistors to turn a lamp on or off.


Figure 4.9

[image: 4.9]


When the switch is in position A, Q1's base-emitter junction is forward biased. Therefore, base current (IB1) flows through R1 and through Q1's base-emitter diode, turning the transistor ON. This causes the collector current (IC1) to flow through Q1 to ground, and the collector voltage drops to 0 volts, just as if Q1 was a closed switch. Because the base of Q2 is connected to the collector of Q1, the voltage on the base of Q2 also drops to 0 volts. This ensures that Q2 is turned OFF and the lamp remains unlit.

Now, flip the switch to position B, as shown in Figure 4.10. The base of Q1 is tied to ground, or 0 volts, turning Q1 OFF. Therefore, no collector current can flow through Q1. A positive voltage is applied to the base of Q2 and Q2's emitter-base junction is forward biased. This allows current to flow through R3 and the emitter-base junction of Q2, which turns Q2 ON, allowing collector current (IC2) to flow and the lamp is illuminated.


Figure 4.10

[image: 4.10]


Now that you have read the descriptions of how the circuit works, try to answer the following questions. First assume the switch is in position A, as shown in Figure 4.9.

Questions


A. What effect does IB1 have on transistor Q1?

B. What effect does turning Q1 ON have on


1. Collector current IC1?

2. Collector voltage VC1?



C. What effect does the change to VC1 covered in the previous question have on


1. The base voltage of Q2?

2. Transistor Q2 (that is, is it ON or OFF)?



D. Where does the current through R3 go?

E. In this circuit is the lamp on or off?



Answers


A. IB1, along with a portion of VS (0.7 volts if the transistor is silicon), turns Q1 ON.

B. (1) IC1 flows; (2) VC1 drops to 0 V.

C. (1) base of Q2 drops to 0 V; (2) Q2 is OFF.

D. IC1 flows through Q1 to ground.

E. Off.





20. Now, assume the switch is in the B position, as shown in Figure 4.10, and answer these questions.

Questions


A. How much base current IB1 flows into Q1?____

B. Is Q1 ON or OFF?____

C. What current flows through R3?____

D. Is Q2 ON or OFF?____

E. Is the lamp on or off?____



Answer


A. None

B. OFF

C. IB2

D. ON

E. On





21. Refer back to the circuit in Figure 4.9 and 4.10. Now, answer these questions assuming the supply voltage is 10 V.

Questions


A. Is the current through R3 ever divided between Q1 and Q2? Explain.

B. What is the collector voltage of Q2 with the switch in each position?

C. What is the collector voltage of Q1 with the switch in each position?



Answers


A. No. If Q1 is ON, all the current flows through it to ground as collector current. If Q1 is OFF, all the current flows through the base of Q2 as base current.

B. In position A, 10 volts because it is OFF.

In position B, 0 volts because it is ON.

C. In position A, 0 volts because it is ON.

In position B, the collector voltage of Q1 equals the voltage drop across the forward-biased base-emitter junction of Q2, because the base of Q2 is in parallel with the collector of Q1. The voltage drop across the forward-biased base-emitter junction will not rise to 10 V, but can only rise to 0.7 V if Q2 is made of silicon.





22. Now calculate the values of R1, R2, and R3 for this circuit. The process is similar to the one you used before, but you have to expand it to deal with the second transistor. Similar to the steps you used in problem 8. Follow these steps to calculate R1, R2, and R3:


1. Determine the load current IC2.

2. Determine β for Q2. Call this β2.

3. Calculate IB2 for Q2. Use IB2 = IC2/β2.

4. Calculate R3 to provide this base current. Use R3 = VS/IB2.

5. R3 is also the load for Q1 when Q1 is ON. Therefore, the collector current for Q1 (IC1) will have the same value as the base current for Q2, as calculated in step 3.

6. Determine β1, the β for Q1.

7. Calculate the base current for Q1. Use IB1 = IC1/β1.

8. Find R1. Use R1 = Vs/IB1.

9. Choose R2. For convenience, let R2 = R1.



Continue to work with the same circuit shown in Figure 4.11. Use the following values:


Figure 4.11

[image: 4.11]


	A 10-volt lamp that draws 1 ampere; therefore VS = 10 volts, IC2 = 1 A.

	β2 = 20, β1 = 100



Ignore any voltage drops across the transistors.

Questions

Calculate the following:


A. Find IB2 as in step 3.

IB2 = _____

B. Find R3 as in step 4.

R3 = _____

C. Calculate the load current for Q1 when it is ON as shown in step 5.

IC1 = _____

D. Find the base current for Q1.

IB1 = _____

E. Find R1 as in step 8.

R1 = _____

F. Choose a suitable value for R2.

R2 = _____



Answers

The following answers correspond to the steps.


A. 


1. IC2 is given as 1A.

2. β2 = 20 (given). This is a typical value for a transistor that would handle 1A.

3. [image: images/c04_I0009.gif]



B. 


4. [image: images/c04_I0010.gif]

Note that the 0.7 V base-emitter drop has been ignored.



C. 


5. IC1 = IB2 = 50 mA



D. 


6. β1 = 100

 7.[image: images/c04_I0011.gif]



E. 


8. [image: images/c04_I0012.gif]

Again, the 0.7 V drop is ignored.



F. 


9. For convenience choose a value for R2 that is the same as R1, or 20 kΩ. This reduces the number of different components in the circuit. The fewer different components you have in a circuit, the less components you have to keep in your parts bin. You could, of course, choose any value between 1 kΩ and 1 MΩ.







23. Following the same procedure, and using the same circuit shown in Figure 4.11, work through this example. Assume that you are using a 28-volt lamp that draws 560 mA, and that β2 = 10 and β1 = 100.

Questions

Calculate the following:


A. IB2 = _____

B. R3 = _____

C. IC1 = _____

D. IB1 = _____

E. R1 = _____

F. R2 = _____



Answers


A. 56 mA

B. 500 ohms

C. 56 mA

D. 0.56 mA

E. 50 kΩ

F. 50 kΩ by choice





The Three-Transistor Switch

24. The circuit shown in Figure 4.12 uses three transistors to switch a load on and off. In this circuit Q1 is used to turn Q2 ON and OFF, and Q2 is used to turn Q3 ON and OFF. The calculations are similar to those you performed in the last few problems, but a few additional steps are required to deal with the third transistor. Use this circuit diagram to determine the answers to the following questions.


Figure 4.12

[image: 4.12]


Questions

If the switch is in position A:


A. Is Q1 ON or OFF?

B. Is Q2 ON or OFF?

C. Where is current through R4 flowing?

D. Is Q3 ON or OFF?



Answers


A. ON

B. OFF

C. Into the base of Q3

D. ON





25. Now use the same circuit as in problem 24.

Questions

If the switch is in position B:


A. Is Q1 ON or OFF?

B. Is Q2 ON or OFF? 

C. Where is the current through R4 flowing?

D. Is Q3 ON or OFF? 

E. Which switch position turns the lamp on?

F. How do the on/off positions for the switch in the three-transistor switch differ from the on/off positions for the switch in the two-transistor switch circuit? 



Answers


A. OFF.

B. ON.

C. Through Q2 to ground.

D. OFF.

E. Position A.

F. The positions are opposite. Therefore, if a circuit controls lamps with two transistors, and another circuit controls lamps with three transistors, flipping the switch that controls both circuits would change which lamps (or which other loads) are on.





26. Work through this example using the same equations you used for the two-transistor switch in problem 22. The steps are similar, but with a few added steps, as shown here:


1. Find the load current. This is often given.

2. Determine the current gain of Q3. This is β3 and usually it is a given value.

3. Calculate IB3. Use IB3 = IC3/β3.

4. Calculate R4. Use R4 = VS/IB3.

5. Assume IC2 = IB3.

6. Find β2. Again this is a given value.

7. Calculate IB2. Use IB2 = IC2/β2.

8. Calculate R3. Use R3 = VS/IB2.

9. Assume IC1 = IB2.

10. Find β1.

11. Calculate IB1. Use IB1 = IC1/β1.

12. Calculate R1. Use R1 = Vs/IB1.

13. Choose R2.



For this example, use a 10-volt lamp that draws 10 amperes. Assume the βs of the transistors are given in the manufacturer's datasheets as β1 = 100, β2 = 50, and β3 = 20. Now work through the steps, checking the answers for each step as you complete it.

Questions

Calculate the following:


A. IB3 = _____

B. R4 = _____

C. IB2 = _____

D. R3 = _____

E. IB1 = _____

F. R1 = _____

G. R2 = _____



Answers

The answers here correspond to the steps.


A. 


1. The load current is given as 10 A.

2. β3 is given as 20.

3. [image: images/c04_I0013.gif]



B. 


4. [image: images/c04_I0014.gif]



C. 


5. [image: images/c04_I0015.gif]

 6. β2 is given as 50.

7. [image: images/c04_I0016.gif]



D. 


8. [image: images/c04_I0034.gif]



E. 


9. [image: images/c04_I0018.gif]

10. β1 is given as 100.

11. [image: images/c04_I0035.gif]



F. 


12. [image: images/c04_I0020.gif]



G. 


13. R2 can be chosen to be 100 kΩ also.







27. Determine the values in the same circuit for a 75-volt lamp that draws 6 A. Assume that β3 = 30, β2 = 100, and β1 = 120.

Questions

Calculate the following values using the steps in problem 26:


A. IB3 = _____

B. R4 = _____

C. IB2 = _____

D. R3 = _____

E. IB1 = _____

F. R1 = _____

G. R2 = _____



Answers


A. 200 mA

B. 375 Ω

C. 2 mA

D. 37.5 kΩ

E. 16.7 μA

F. 4.5 MΩ

G. Choose R2 = 1 MΩ





Alternative Base Switching

28. In the examples of transistor switching, the actual switching was performed using a small mechanical switch placed in the base circuit of the first transistor. This switch has three terminals, and switches from position A to position B. (This is a single pole double throw switch.) This switch does not have a definite ON or OFF position as does a simple ON-OFF switch.

Question

Why couldn't a simple ON-OFF switch with only two terminals have been used with these examples?

Answer

An ON-OFF switch is either open or closed, and cannot switch between position A and position B, as shown earlier in Figure 4.12.


29. If you connect R1, R2, and a switch together as shown in Figure 4.13, you can use a simple ON-OFF switch with only two terminals. (This is a single pole single throw switch.)


Figure 4.13

[image: 4.13]


Questions


A. When the switch is open, is Q1 ON or OFF?

B. When the switch is closed, is the lamp on or off? 



Answers


A. OFF

B. On





30. When the switch is closed, current flows through R1, However, at point A in Figure 4.13, the current divides into two paths. One path is the base current IB, and the other is marked I2.

Question

How could you calculate the total current I1?

Answer

[image: images/c04_I0021.gif]


31. The problem now is to choose the values of both R1 and R2 so that when the current divides, there will be sufficient base current to turn Q1 ON.

Question

Consider this simple example. Assume the load is a 10-volt lamp that needs 100 mA of current, and β = 100. Calculate the base current required.


IB = _____



Answer

[image: images/c04_I0022.gif]


32. After the current I1 flows through R1, it must divide, and 1 mA of it becomes IB. The remainder of the current is I2. The difficulty at this point is that there is no unique value for either I1 or I2. In other words, you could assign them almost any value. The only restriction is that both must permit 1 mA of current to flow into the base of Q1.

You must make an arbitrary choice for these two values. Based on practical experience, it is common to set I2 to be 10 times greater than IB. This split makes the circuits work reliably, and keeps the calculations easy:

[image: images/c04_I0023.gif]

[image: images/c04_I0024.gif]

Question

In problem 31 you determined that IB = 1 mA. What is the value of I2?

Answers

I2 = 10 mA


33. Now it is possible to calculate the value of R2. The voltage across R2 is the same as the voltage drop across the base-emitter junction of Q1. Assume that the circuit uses a silicon transistor, so this voltage is 0.7 V.

Questions


A. What is the value of R2?

B. What is the value R1? 



Answer


A. [image: images/c04_I0025.gif]

B. [image: images/c04_I0026.gif]

You can ignore the 0.7 V in this case, which would give R1 = 910 ohms.





34. The resistor values you calculated in problem 33 ensure that the transistor turns ON, and that the 100 mA current (IC) you need to illuminate the lamp flows through the lamp and the transistor. The labeled circuit is shown in Figure 4.14.


Figure 4.14

[image: 4.14]


Questions

For each of the following lamps, perform the same calculations you used in the last few problems to find the values of R1 and R2.


A. A 28-volt lamp that draws 56 mA. β = 100 

B. A 12-volt lamp that draws 140 mA. β = 50



Answers


A. [image: images/c04_I0027.gif]

B. [image: images/c04_I0028.gif]





35. The arbitrary decision to make the value of I2 10 times the value of IB is obviously subject to considerable discussion, doubt, and disagreement. Transistors are not exact devices; they are not carbon copies of each other. In general, any transistor of the same type will have a different β from any other because of the variance in tolerances found in component manufacturing. This leads to a degree of inexactness in designing and analyzing transistor circuits. The truth is that if you follow exact mathematical procedures, it will complicate your life. In practice, a few “rules of thumb” have been developed to help you make the necessary assumptions. These rules lead to simple equations that provide workable values for components that you can use in designing circuits.

The choice of I2 = 10IB is one such rule of thumb. Is it the only choice that will work? Of course not. Almost any value of I2 that is at least 5 times larger than IB will work. Choosing 10 times the value is a good option for three reasons:


	It is a good practical choice. It will always work.

	It makes the arithmetic easy.

	It's not overly complicated, and doesn't involve unnecessary calculations.



Question

In the example from problem 32, IB = 1 mA and I2 = 10 mA. Which of the following values could also work efficiently for I2?


A. 5 mA

B. 8 mA

C. 175 mA

D. 6.738 mA

E. 1 mA



Answer

Choices A, B, and D. Value C is much too high to be a sensible choice, and E is too low.



36. Before you continue with this chapter, answer the following review questions.


A. Which switches faster, the transistor or the mechanical switch? 

B. Which can be more accurately controlled?

C. Which is the easiest to operate remotely? 

D. Which is the most reliable?

E. Which has the longest life? 



Answers


A. The transistor is much faster.

B. The transistor.

C. The transistor.

D. The transistor.

E. Because transistors have no moving parts they have a much longer operating lifetime than a mechanical switch. A mechanical switch will fail after several thousand operations, while transistors can be operated several million times a second and last for years.





Switching The JFET

37. The use of the junction field effect transistor (JFET) as a switch is discussed in the next few problems. You may want to review problems 3.29 through 3.32 of Chapter 3 where this book introduced the JFET.

The JFET is considered a “normally on” device, which means that with 0 volts applied to the input terminal (called the gate), it is ON and current can flow through the transistor. When you apply a voltage to the gate, the device conducts less current because the resistance of the drain to source channel increases. At some point, as the voltage increases, the value of the resistance in the channel becomes so high that the device “cuts off” the flow of current.

Questions 


A. What are the three terminals for a JFET called, and which one controls the operation of the device?

B. What turns the JFET ON and OFF? 



Answers


A. Drain, source, and gate, with the gate acting as the control.

B. When the gate voltage is zero (at the same potential as the source), the JFET is ON. When the gate to source voltage difference is high, the JFET is OFF.





The JFET Experiment

38. The objective of the following experiment is to determine the drain current that will flow when a JFET is fully ON and the gate voltage needed to fully shut the JFET OFF, using the circuit shown in Figure 4.15. You can change the gate voltage (actually, the voltage difference between the gate and the source, or VGS) by adjusting the potentiometer, while measuring the resulting current flow through the transistor from drain to source (ID). When the JFET is OFF, ID is at zero; when the JFET is fully ON, ID is at its maximum (called IDSS).


Figure 4.15

[image: 4.15]


You will need the following equipment and supplies:


	One 6 V battery pack.

	One 12 V battery pack (or a lab power supply).

	One multimeter set to measure current.

	One multimeter set to measure voltage.

	One JFET.

	One potentiometer. Any value of potentiometer will work. If you have a selection available, use a 10 kΩ potentiometer.

	One breadboard.



If you do not have what you need to set up the circuit and measure the values, just read through the experiment.

Follow these steps to complete the experiment:


1. Set up the circuit shown in Figure 4.15 on the breadboard with the power supply for the drain portion of the circuit set to 12 V.

2. Set the potentiometer to 0 ohms and take a reading of VGS and ID and record the readings in the following table.


	VGS
	ID



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	



	
	




3. Increase the potentiometer resistance and take another set of readings and record them. Repeat this until ID drops to 0 mA.

4. 4 Plot the recorded points on a graph as shown on the right-hand side of Figure 4.15, with ID as the vertical axis and VGS as the horizontal axis. Draw a curve through the points.



With the potentiometer set at point A (0 ohms), the voltage from the gate to the source is zero (VGS = 0). The current that flows between the drain and source terminals of the JFET at this time is at its maximum value, and is called the saturation current (IDSS).

On the graph shown in the right side of Figure 4.15, the saturation point is indicated at A. This graph shows the transfer curve, and is a characteristic curve that is included on JFET datasheets.


Note

If you are using a lab power supply for the drain portion of the circuit, you should have it set to 12 volts. One property of the saturation current is that when VGS is set at zero, and the transistor is fully ON, the current doesn't drop as long as the value of VDS is above a few volts. If you have an adjustable power supply, you can determine the value of VDS at which ID starts to drop by starting with the power supply set at 12 volts. Watch the value of ID as you lower the power supply voltage until you see ID start to decrease.



Questions 

Using the transfer curve shown, answer the following:


A. With VGS = 0, what is the value of drain current?

B. Why is this value called the drain saturation current? 

C. What is the gate to source cutoff voltage for the curve shown?

D. Why is this called a cutoff voltage? 



Answers


A. 12 mA on the graph.

B. The word saturation is used to indicate that the current is at its maximum.

C. Approximately–4.2 V on the graph.

D. It is termed a cutoff voltage because at this value the drain current goes to 0 A.





39. Now, look at the circuit shown in Figure 4.16. Assume that the JFET has the transfer characteristic shown by the curve in Figure 4.15.


Figure 4.16

[image: 4.16]


When the gate is connected to ground, the drain current will be at 12 mA. Assuming that the drain to source resistance is negligible, you can calculate the required value for RD using the following formula:

[image: images/c04_I0029.gif]

If you know the drain to source voltage, then you can include it in the calculation.

[image: images/c04_I0030.gif]

Questions 

What should the value of RD be for the IDSS shown at Point A in the curve?

Answer

[image: images/c04_I0031.gif]



40. For the JFET circuit shown in Figure 4.16, assume that VDS = 1 V when the ID is at saturation.

Questions 


A. What is the required value of RD?

B. What is the effective drain to source resistance (rDS) in this situation?



Answers


A. [image: images/c04_I0032.gif]

B. [image: images/c04_I0033.gif]






Note

You can see from this calculation that RD is 19 times greater than rDS. Thus, ignoring VDS and assuming that rDS = 0 does not greatly affect the value of RD. The 1.67 kΩ value is only about 5 percent higher than the 1583 ohm value for RD.



41. Now, turn the JFET OFF. From the curve shown in Figure 4.15, you can see that a cutoff value of –4.2 V is required. Use a gate to source value of –5 V to ensure that the JFET is in the “hard OFF” state. The purpose of resistor RG is to ensure that the gate is connected to ground while you flip the switch between terminals, changing the gate voltage from one level to the other. Use a large value of 1 MΩ here to avoid drawing any appreciable current from the gate supply.

Questions 

When the gate is at the −5 V potential, what is the drain current and the resultant output voltage?

Answer

ID = 0 A and Vout = VDS = 20 V, which is VDD



Summary 

In this chapter, you learned about the transistor switch and how to calculate the resistor values required to use it in a circuit.


	You worked with a lamp as the load example, because this provides an easy visual demonstration of the switching action. All of the circuits shown in this chapter will work when you build them on a breadboard, and the voltage and current measurements will be very close to those in the text.

	You have not yet learned all there is to transistor switching. For example, you haven't found out how much current a transistor can conduct before it burns out, what maximum voltage a transistor can sustain, or how fast a transistor can switch ON and OFF. You can learn these things from the datasheet for each transistor model, so these are not covered here.

	When you use the JFET as a switch, it will not switch as fast as a BJT, but it does have certain advantages relating to its large input resistance. The JFET does not draw any current from the control circuit in order to operate. Conversely, a BJT will draw current from the control circuit because of its lower input resistance.



Self-Test

These questions test your understanding of the concepts introduced in this chapter. Use a separate sheet of paper for your diagrams or calculations. Compare your answers with the answers provided.

For the first three questions, use the circuit shown in Figure 4.17. The objective is to find the value of RB that will turn the transistor ON. As you may know, resistors are manufactured with “standard values.” After you have calculated an exact value, choose the nearest standard resistor value from Appendix D.


Figure 4.17

[image: 4.17]



1. RC = 1Ω, β = 100, RB = _____

2. RC = 4.7 kΩ, β = 50. RB = _____

3. RC = 22 kΩ, β = 75. RB = _____



For questions 4–6, use the circuit shown in Figure 4.18. Find the values of R3, R2, and R1 that ensure that Q2 is ON or OFF when the switch is in the corresponding position. Calculate the resistors in the order given. After you have found the exact values, again choose the nearest standard resistor values.


Figure 4.18

[image: 4.18]



Note

You should be aware that rounding off throughout a problem, or rounding off the final answer, could produce slightly different results.




4. R4 = 100 ohms, β1 = 100, β2 = 20.

R3 = _____ R1 = _____ R2 = _____ 

5. R4 = 10 ohms, β1 = 50, β2 = 20. R3 = _____ R1 = _____ R2 = _____

6. R4 = 250 ohms, β1 = 75, β2 = 75.

R3 = _____ R1 = _____ R2 = _____



For questions 7–9, find the values of the resistors in the circuit shown in Figure 4.19 that ensure that Q3 will be ON or OFF when the switch is in the corresponding position. Then, select the nearest standard resistor values.


Figure 4.19

[image: 4.19]



7. RC = 10 ohms, β3 = 20, β2 = 50, β1 = 100.

R4 = _____ R2 = _____ R3 = _____ R1 = _____

8. RC = 28 ohms, β3 = 10, β2 = 75, β1 = 75.

R4 = _____ R2 = _____ R3 = _____ R1 = _____ 

9. RC = 1 ohm, β3 = 10, β2 = 50, β1 = 75. R4 = _____ R2 = _____

R3 = _____ R1 = _____



Questions 10–12 use the circuit shown in Figure 4.20. Find values for R1 and R2 that ensure that the transistor turns ON when the switch is closed and OFF when the switch is open.


Figure 4.20

[image: 4.20]



10. RC = 1 kΩ, β = 100.

R1 = _____ R2 = _____ 

11. RC = 22 kΩ, β = 75. R1 = _____ R2 = _____

12. RC = 100 Ω, β = 30.

R1 = _____ R2 = _____
 
13. An N-channel JFET has a transfer curve with the following characteristics. When VGS = 0 V, the saturation current, (IDSS) is 10.5 mA; the cutoff voltage is –3.8 V. With a drain supply of 20 V, design a biasing circuit that switches the JFET from the ON state to the OFF state.



Answers to Self-Test

The exercises in this Self-Test show calculations that are typical of those found in practice, and the odd results you sometimes get are quite common. Thus, choosing a nearest standard value of resistor is a common practice. If your answers do not agree with those given here, review the problems indicated in parentheses before you go on to the next chapter.


	1.
	100 kΩ
	(problem 8)



	2.
	235 kΩ. Choose 240 kΩ as a standard value.
	(problem 8)



	3.
	1.65 MΩ. Choose 1.6 MΩ as a standard value.
	(problem 8)



	4.
	R3 = 2kΩ; R1 = 200 kΩ; R2 = 200 kΩ. Use these values.
	(problem 22)



	5.
	R3 = 200 ohms; R1 = 10 kΩ; R2 = 10 kΩ. Use these values.
	(problem 22)



	6.
	R3 = 18.8 kΩ. Choose 18 kΩ as a standard value.
	(problem 22)



	
	R1 = 1.41 MΩ. Choose 1.5 MΩ as a standard value.
	



	
	Select 1 MΩ for R2.
	



	7.
	R4 = 200 ohms; R3 = 10 kΩ; R2 = 1 MΩ; R1 = 1 MΩ. Use these values.
	(problem 26)



	8.
	R4 = 280 ohms. Choose 270 ohms as a standard value.
	(problem 26)



	
	R3 = 21 kΩ. Choose 22 kΩ as a standard value.
	



	
	R2 = 1.56 MΩ. Choose 1.5 or 1.6 MΩ as a standard value.
	



	
	R1 = 1.56 MΩ. Choose 1.5 or 1.6 MΩ as a standard value.
	



	9.
	R4 = 10 ohms. Choose 10 ohms as a standard value.
	(problem 26)



	
	R3 = 500 ohms. Choose 510 ohms as a standard value.
	



	
	R2 = 37.5 kΩ. Choose 39 kΩ as a standard value.
	



	
	R1 = 37.5 kΩ. Choose 39 kΩ as a standard value.
	



	10.
	R2 = 700 ohms. Choose 680 or 720 ohms as a standard value.
	(problems 31–33)



	
	R1 = 8.45 kΩ. Choose 8.2 kΩ as a standard value.
	



	
	If 0.7 is ignored, then R1 = 9.1 kΩ.
	



	11.
	R2 = 11.7 kΩ. Choose 12 KΩ as a standard value.
	(problems 31–33)



	
	R1 = 141 kΩ. Choose 140 or 150 kΩ as a standard value.
	



	12.
	R2 = 21 ohms. Choose 22 ohms as a standard value.
	(problems 31–33)



	
	R1 = 273 ohms. Choose 270 ohms as a standard value.
	



	13.
	Use the circuit shown in Figure 4.16. Set the gate supply at a value slightly more negative than –3.8 V. A value of –4 V would work. Make resistor RG = 1 MΩ. Set RD at a value of (20 volts)/(10.5 mA), which calculates a resistance of 1.9 kΩ. You can wire a standard resistor of 1 kΩ in series with a standard resistor of 910 ohms to obtain a resistance of 1.91 kΩ.
	(problems 39 and 41)








Chapter 5

AC Pre-Test and Review

You need to have some basic knowledge of alternating current (AC) to study electronics. To understand AC, you basically have to understand sine waves.

A sine wave is simply a shape, like waves in the ocean. Sine waves in electronics are used to represent voltage or current moving up and down in magnitude. In AC electronics, some signals or power sources (such as the house current provided at a wall plug) are represented by sine waves. The sine wave shows how the voltage moves from 0 volts to its peak voltage, and back down through 0, its negative peak voltage at 60 cycles per second, or 60 Hertz (Hz).

The sound from a musical instrument also consists of sine waves. When you combine sounds (such as all the instruments in an orchestra), you get complex combinations of many sine waves, at various frequencies.

The study of AC starts with the properties of simple sine waves, and continues with an examination of how electronic circuits can generate or change sine waves.

This chapter discusses the following:


	The generator

	The sine wave

	Peak-to-peak and RMS voltages

	Resistors in AC circuits

	Capacitive and inductive reactance

	Resonance



The Generator

1. In electronic circuits powered by direct current, the voltage source is usually a battery or solar cell, which produces a constant voltage and a constant current through a conductor.

In electronic circuits or devices powered by alternating current, the voltage source is usually a generator, which produces a regular output waveform, such as a sine wave.

Question

Draw one cycle of a sine wave.

Answer

See Figure 5.1.


Figure 5.1

[image: 5.1]


2. A number of electronic instruments are used in the laboratory to produce sine waves. For purposes of this discussion, the term generator means a sine wave source. These generators allow you to adjust the voltage and frequency by turning a dial or pushing a button. These instruments are called by various names, generally based on their method of producing the sine wave, or their application as a test instrument. The most popular generator at present is called a function generator. It actually provides a choice of functions or waveforms, including a square wave and a triangle wave. These waveforms are useful in testing certain electronic circuits.

The symbol shown in Figure 5.2 represents a generator. Note that a sine wave shown within a circle designates an AC sine wave source.


Figure 5.2

[image: 5.2]


Questions 


A. What is the most popular instrument used in the lab to produce waveforms?

B. What does the term AC mean?

C. What does the sine wave inside a generator symbol indicate?



Answer


A. The function generator.

B. Alternating current, as opposed to direct current.

C. The generator is a sine wave source.





3. Some key parameters of sine waves are indicated in Figure 5.3. The two axes are voltage and time.


Figure 5.3

[image: 5.3]


The zero axis is the reference point from which all voltage measurements are made.

Questions


A. What is the purpose of the zero axis?

B. What is the usual point for making time measurements?



Answers


A. It is the reference point from which all voltage measurements are made.

B. Time measurements can be made from any point in the sine wave, but usually they are made from a point at which the sine wave crosses the zero axis.





4. The three most important voltage or amplitude measurements are the peak (p), peak-to-peak (pp), and the root mean square (rms) voltages.

The following equations show the relationship between p, pp, and rms voltages for sine waves. The relationships between p, pp, and rms voltages differ for other waveforms (such as square waves).

[image: images/c05_I0001.gif]
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[image: images/c05_I0003.gif]

Note the following:

[image: images/c05_I0004.gif]

Question 

If the pp voltage of a sine wave is 10 volts, find the rms voltage.

Answer

[image: images/c05_I0005.gif]



5. Calculate the following for a sine wave.

Question 

If the rms voltage is 2 volts, find the pp voltage.

Answer

[image: images/c05_I0006.gif]



6. Calculate the following for a sine wave.

Questions 


A. Vpp = 220 volts. Find Vrms.

B. Vrms = 120 volts. Find Vpp.



Answer


A. 77.77 volts

B. 340 volts (This is the common house current supply voltage; 340 Vpp = 120 Vrms.)




7. There is a primary time measurement for sine waves. The duration of the complete sine wave is shown in Figure 5.4 and referred to as a cycle. All other time measurements are fractions or multiples of a cycle.


Figure 5.4

[image: 5.4]


Questions 


A. What is one complete sine wave called?

B. What do you call the time it takes to complete one sine wave?

C. How is the frequency of a sine wave related to this time?

D. What is the unit for frequency?

E. If the period of a sine wave is 0.5 ms, what is its frequency? What is the frequency of a sine wave with a period of 40 µsec?

F. If the frequency of a sine wave is 60 Hz, what is its period? What is the period of sine waves with frequencies of 12.5 kHz and 1 MHz?



Answers


A. A cycle

B. The period, T

C. f = 1/T

D. Hertz (Hz) is the standard unit for frequency. One Hertz equals one cycle per second.

E. 2 kHz, 25 kHz

F. 16.7 ms, 80 µsec, 1 µsec





8. Choose all answers that apply.

Question 

Which of the following could represent electrical AC signals?


A. A simple sine wave

B. A mixture of many sine waves, of different frequencies and amplitudes

C. A straight line



Answer

A and B



Resistors in AC Circuits

9. Alternating current is passed through components, just as direct current is. Resistors interact with alternating current just as they do with direct current.

Question 

Suppose an AC signal of 10 Vpp is connected across a 10 ohm resistor. What is the current through the resistor?

Answer

Use Ohm's law.

[image: images/c05_I0007.gif]

Because the voltage is given in pp, the current is a pp current.



10. An AC signal of 10 Vrms is connected across a 20 ohm resistor.

Question 

Find the current.

Answer

[image: images/c05_I0008.gif]

Because the voltage was given in rms, the current is rms.



11. You apply an AC signal of 10 Vpp to the voltage divider circuit shown in Figure 5.5.


Figure 5.5

[image: 5.5]


Question 


Find Vout.



Answer

[image: images/c05_I0009.gif]



Capacitors in AC Circuits

12. A capacitor opposes the flow of an AC current.

Questions 


A. What is this opposition to the current flow called?

B. What is this similar to in DC circuits?



Answer


A. Reactance

B. Resistance





13. Just as with resistance, you determine reactance by using an equation.

Questions 


A. What is the equation for reactance?

B. What does each symbol in the equation stand for?

C. How does the reactance of a capacitor change as the frequency of a signal increases?



Answer


A. 

[image: images/c05_I0010.gif]

B. XC = the reactance of the capacitor in ohms

f = the frequency of the signal in hertz.

C = the value of the capacitor in farads.

C. The reactance of a capacitor decreases as the frequency of the signal increases.





14. Assume the capacitance is 1 µF and the frequency is 1 kHz.

Question 

Find the capacitor's reactance. (Note: 1/(2π) = 0.159, approximately.)

Answer

[image: images/c05_I0011.gif]


f = 1 kHz = 103 Hz

C = 1 µF = 10-6 F

Thus,



[image: images/c05_I0012.gif]



15. Now, perform these two simple calculations. In each case, find XC1; the capacitor's reactance at 1 kHz, and XC2; the capacitors reactance at the frequency specified in the question.

Questions 

Find XC1 and XC2:


A. C = 0.1 µF, f = 100 Hz._____

B. C = 100 µF, f = 2 kHz._____



Answers


A. At 1 kHz, XC1 = 1600 ohms; at 100 Hz, XC2 = 16,000 ohms

B. At 1 kHz, XC1 = 1.6 ohms; at 2 kHz, XC2 = 0.8 ohms





A circuit containing a capacitor in series with a resistor (as shown in Figure 5.6) functions as a voltage divider.


Figure 5.6

[image: 5.6]


While this voltage divider provides a reduced output voltage, just like a voltage divider using two resistors, there's a complication. If you view the output and input voltage waveforms on an oscilloscope, you see that one is shifted away from the other. The two waveforms are said to be “out of phase.” Phase is an important concept in understanding how certain electronic circuits work. In Chapter 6, you learn about phase relationships for some AC circuits. You will also encounter this again when you study amplifiers.

The Inductor in an AC Circuit

16. An inductor is a coil of wire, usually wound many times around a piece of soft iron. In some cases, the wire is wound around a nonconducting material.

Questions 


A. Is the AC reactance of an inductor high or low? Why?

B. Is the DC resistance high or low?

C. What is the relationship between the AC reactance and the DC resistance?

D. What is the formula for the reactance of an inductor?



Answers


A. Its AC reactance (XL), which can be quite high, is a result of the electromagnetic field that surrounds the coil and induces a current in the opposite direction to the original current.

B. Its DC resistance (r), which is usually quite low, is simply the resistance of the wire that makes up the coil.

C. None.

D. XL = 2πfL, where L = the value of the inductance in henrys. Using this equation, you can expect the reactance of an inductor to increase as the frequency of a signal passing through it increases.





17. Assume the inductance value is 10 henrys (H) and the frequency is 100 Hz.

Question 

Find the reactance.

Answer

XL = 2πfL = 2π × 100 × 10 = 6280 ohms



18. Now, try these two examples. In each case, find XL1; the reactance of the inductor at 1 kHz and XL2; the reactance at the frequency given in the question.

Questions 


A. L = 1 mH (0.001 H), f = 10 kHz

B. L = 0.01 mH, f = 5 MHz



Answer


A. XL1 = 6.28 × 103 × 0.001 = 6.28 ohms

XL2 = 6.28 × 10 × 103 × 0.001 = 62.8 ohms

B. XL1 = 6.28 × 103 × 0.01 × 10−3 = 0.0628 ohms

XL2 = 6.28 × 5 × 106 × 0.01 × 10−3 = 314 ohms





A circuit containing an inductor in series with a resistor functions as a voltage divider, just as a circuit containing a capacitor in series with a resistor does. Again, the relationship between the input and output voltages is not as simple as a resistive divider. The circuit is discussed in Chapter 6.

Resonance

19. Calculations in previous problems demonstrate that capacitive reactance decreases as frequency increases, and that inductive reactance increases as frequency increases. If a capacitor and an inductor are connected in series, there will be one frequency at which their reactance values are equal.

Questions


A. What is this frequency called?

B. What is the formula for calculating this frequency? You can find it by setting XL = XC and solving for frequency.



Answer


A. The resonant frequency

B. 2πfL = 1/(2πfC). Rearranging the terms in this equation to solve for f yields the following formula for the resonant frequency (fr):

[image: images/c05_I0013.gif]





20. If a capacitor and an inductor are connected in parallel, there will also be a resonant frequency. Analysis of a parallel resonant circuit is not as simple as for a series resonant circuit. The reason for this is that inductors always have some internal resistance, which complicates some of the equations. However, under certain conditions, the analysis is similar. For example, if the reactance of the inductor in ohms is more than 10 times greater than its own internal resistance (r), the formula for the resonant frequency is the same as if the inductor and capacitor were connected in series. This is an approximation that you will use often.

Questions

For the following inductors, determine if the reactance is more or less than 10 times its internal resistance. A resonant frequency is provided.


A. fr = 25 kHz, L = 2 mH, r = 20 ohms

B. fr = 1 kHz, L = 33.5 mH, r = 30 ohms



Answer


A. XL = 314 ohms, which is more than 10 times greater than r.

B. XL = 210 ohms, which is less than 10 times greater than r.






Note

Chapter 7 discusses both series and parallel resonant circuits. At that time, you'll learn many useful techniques and formulas.



21. Find the resonant frequency (fr) for the following capacitors and inductors when they are connected both in parallel and in series. Assume r is negligible.

Questions

Determine fr:


A. C = 1 µF, L = 1 henry

B. C = 0.2 µF, L = 3.3 mH



Answer


A. [image: images/c05_I0014.gif]

B. [image: images/c05_I0015.gif]





22. Now, try these two final examples.

Questions 

Determine fr:


A. C = 10 µF, L = 1 henry

B. C = 0.0033 µF, L = 0.5 mH



Answers


A. fr = 50 Hz (approximately)

B. fr = 124 kHz





Understanding resonance is important to understanding certain electronic circuits, such as filters and oscillators.

Filters are electronic circuits that either block a certain band of frequencies, or pass a certain band of frequencies. One common use of filters is in circuits used for radio, TV, and other communications applications. Oscillators are electronic circuits that generate a continuous output without an input signal. The type of oscillator that uses a resonant circuit produces pure sine waves. (You learn more about oscillators in Chapter 9.)

Summary

Following are the concepts presented in this chapter:


	The sine wave is used extensively in AC circuits.

	The most common laboratory generator is the function generator.

	[image: images/c05_I0016.gif]

	f = 1/T

	[image: images/c05_I0017.gif]

	Capacitive reactance is calculated as follows:
[image: images/c05_I0018.gif]


	Inductive reactance is calculated as follows:
[image: images/c05_I0019.gif]


	Resonant frequency is calculated as follows:
[image: images/c05_I0020.gif]




Self-Test

The following problems test your understanding of the basic concepts presented in this chapter. Use a separate sheet of paper for calculations if necessary. Compare your answers with the answers provided following the test.


1. Convert the following peak or peak-to-peak values to rms values:


A. Vp = 12 V, Vrms = _____

B. Vp = 80 mV, Vrms = _____

C. Vpp = 100 V, Vrms = _____



2. Convert the following rms values to the required values shown:


A. Vrms = 120 V, Vp = _____

B. Vrms = 100 mV, Vp = _____

C. Vrms = 12 V, Vpp = _____



3. For the given value, find the period or frequency:


A. T = 16.7 ms, f = _____

B. f = 15 kHz, T = _____



4. For the circuit shown in Figure 5.7, find the total current flow and the voltage across R2, (Vout).

5. Find the reactance of the following components:


A. C = 0.16 µF, f = 12 kHz, XC = _____

B. L = 5 mH, f = 30 kHz, XL = _____



6. Find the frequency necessary to cause each reactance shown:


A. C = 1 µF, XC = 200 ohms, f = _____

B. L = 50 µF, XL = 320 ohms, f = _____



7. What would be the resonant frequency for the capacitor and inductor values given in A and B of question 5 if they were connected in series?

8. What would be the resonant frequency for the capacitor and inductor values given in A and B of question 6 if they were connected in parallel? What assumption would you have to make?




Figure 5.7

[image: 5.7]


Answers to Self-Test

If your answers do not agree with those provided here, review the problems indicated in parentheses before you go on to the next chapter.

[image: images/c05tnt001.jpg]
[image: images/c05tnt001a.jpg]



Chapter 6

AC in Electronics

Certain types of circuits are found in most electronic devices used to process alternating current (AC) signals. One of the most common of these, filter circuits, is covered in this chapter. Filter circuits are formed by resistors and capacitors (RC), or resistors and inductors (RL). These circuits (and their effect on AC signals) play a major part in communications, consumer electronics, and industrial controls.

When you complete this chapter you will be able to do the following:


	Calculate the output voltage of an AC signal after it passes through a high pass RC filter circuit.

	Calculate the output voltage of an AC signal after it passes through a low pass RC circuit.

	Calculate the output voltage of an AC signal after it passes through a high pass RL circuit.

	Calculate the output voltage of an AC signal after it passes through a low pass RL circuit.

	Draw the output waveform of an AC or combined AC-DC signal after it passes through a filter circuit.

	Calculate simple phase angles and phase differences.



Capacitors in AC Circuits

1. An AC signal is continually changing, whether it is a pure sine wave or a complex signal made up of many sine waves. If such a signal is applied to one plate of a capacitor, it will be induced on the other plate. To express this another way, a capacitor will “pass” an AC signal as illustrated in Figure 6.1.


Figure 6.1

[image: 6.1]



Note

Unlike an AC signal, a DC signal is blocked by a capacitor. Equally important is the fact that a capacitor is not a short circuit to an AC signal.



Questions


A. What is the main difference in the effect of a capacitor upon an AC signal versus a DC signal?

B. Does a capacitor appear as a short or an open circuit to an AC signal?



Answers


A. A capacitor will pass an AC signal, while it will not pass a DC voltage level.

B. Neither




2. A capacitor will, in general, oppose the flow of an AC current to some degree. This opposition to current flow, as you saw in Chapter 5, is called the reactance of the capacitor.

Reactance is similar to resistance, except that the reactance of a capacitor changes when you vary the frequency of a signal. The reactance of a capacitor can be calculated by a formula introduced in Chapter 5.

Question

Write the formula for the reactance of a capacitor.

Answer

[image: images/c06_I0001.gif]



3. From this formula, you can see that the reactance changes when the frequency of the input signal changes.

Question

If the frequency increases, what happens to the reactance?

Answer

It decreases.



If you had difficulty with these first three problems, you should review the examples in Chapter 5.

Capacitors and Resistors in Series

4. For simplicity, consider all inputs at this time to be pure sine waves. The circuit shown in Figure 6.2 shows a sine wave as the input signal to a capacitor.


Figure 6.2

[image: 6.2]


Question

If the input is a pure sine wave, what is the output?

Answer

A pure sine wave



5. The output sine wave has the same frequency as the input sine wave. A capacitor cannot change the frequency of the signal. But, remember, with an AC input, the capacitor behaves in a manner similar to a resistor in that the capacitor does have some level of opposition to the flow of alternating current. The level of opposition depends upon the value of the capacitor and the frequency of the signal. Therefore, the output amplitude of a sine wave will be less than the input amplitude.

Question

With an AC input to a simple circuit like the one described here, what does the capacitor appear to behave like?

Answer

It appears to have opposition to alternating current similar to the behavior of a resistor.



6. If you connect a capacitor and resistor in series (as shown in Figure 6.3), the circuit functions as a voltage divider.


Figure 6.3

[image: 6.3]


Question

What formula would you use to calculate the output voltage for a voltage divider formed by connecting two resistors in series?

Answer

[image: images/c06_I0002.gif]



7. You can calculate a total resistance to the flow of electric current for a circuit containing two resistors in series.

Question

What is the formula for this total resistance?

Answer

[image: images/c06_I0003.gif]



8. You can also calculate the total opposition to the flow of electric current for a circuit containing a capacitor and resistor in series. This parameter is called impedance, and you can calculate it using the following formula:

[image: images/c06_I0004.gif]where:


where

Z = the impedance of the circuit in ohms

XC = the reactance of the capacitor in ohms

R = the resistance of the resistor in ohms

Questions

Use the following steps to calculate the impedance of the circuit, and the current flowing through the circuit shown in Figure 6.4.


Figure 6.4

[image: 6.4]



A. [image: images/c06_I0005.gif]

B. [image: images/c06_I0006.gif]

C. [image: images/c06_I0007.gif]



Answers


A. 400 ohms

B. 500 ohms

C. 20 mApp



9. Now, for the circuit shown in Figure 6.4, calculate the impedance and current using the values provided.

Questions


A. C = 530 µF, R = 12 ohms, Vin = 26 Vpp, f = 60 Hz

B. C = 1.77 µF, R = 12 ohms, Vin = 150 Vpp, f = 10 kHz



Answers


A. Z = 13 ohms, I = 2 App

B. Z = 15 ohms, I = 10 App



10. You can calculate Vout for the circuit shown in Figure 6.5 with a formula similar to the formula used in Chapter 5 to calculate Vout for a voltage divider composed of two resistors.


Figure 6.5

[image: 6.5]


The formula to calculate the output voltage for this circuit is as follows:

[image: images/c06_I0008.gif]

Questions

Calculate the output voltage in this circuit using the component values and input signal voltage and frequency listed on the circuit diagram shown in Figure 6.6.


Figure 6.6

[image: 6.6]



A. Find XC:

B. Find Z:

C. Use the formula to find Vout:



Answers


A. XC = 500 ohms (rounded off)

B. Z = 1120 ohms (rounded off)

C. Vout = 8.9 Vpp





11. Now, find Vout for the circuit in Figure 6.5 using the given component values, signal voltage, and frequency.

Questions


A. C = 0.16 µF, R = 1 kΩ, Vin = 10 Vpp, f = 1 kHz

B. C = 0.08 µF, R = 1 kΩ, Vin = 10 Vpp, f = 1 kHz



Answers


A. Vout = 7.1 Vpp

B. Vout = 4.5 Vpp






Note

Hereafter, you can assume that the answer is a peak-to-peak value if the given value is a peak-to-peak value.



12. The output voltage is said to be attenuated in the voltage divider calculations as shown in the calculations in problems 10 and 11. Compare the input and output voltages in problems 10 and 11.

Question

What does attenuated mean?

Answer

To reduce in amplitude or magnitude (that is, Vout is smaller than Vin).



13. When you calculated Vout in the examples in problems 10 and 11, you first had to find XC. However, XC changes as the frequency changes, while the resistance remains constant. Therefore, as the frequency changes, the impedance Z changes, and so also does the amplitude of the output voltage Vout.

If Vout is plotted against frequency on a graph, the curve looks like that shown in Figure 6.7.


Figure 6.7

[image: 6.7]


The frequencies of f1 (at which the curve starts to rise) and f2 (where it starts to level off) depend on the values of the capacitor and the resistor.

Questions

Calculate the output voltage for the circuit shown in Figure 6.8 for frequencies of 100 Hz, 1 kHz, 10 kHz, and 100 kHz.


Figure 6.8

[image: 6.8]



A. 100 Hz:

B. 1 kHz:

C. 10 kHz:

D. 100 kHz:

E. Plot these values for Vout against f and draw a curve to fit the points. Use a separate sheet of paper to draw your graph.



Answers


A. Vout = 0.1 V

B. Vout = 1 V

C. Vout = 7.1 V

D. Vout = 10 V

E. The curve is shown in Figure 6.9.


Figure 6.9

[image: 6.9]




Note

You can see that Vout is equal to Vin for the highest frequency, and at nearly zero for the lowest frequency. You call this type of circuit a high pass circuit because it will pass high frequency signals with little attenuation and block low frequency signals.



The High Pass Filter Experiment

The objective of the following experiment is to determine how Vout changes as the frequency of the input signal changes for the high pass filter circuit shown in Figure 6.8. You will also calculate X and Z for each frequency value to show the relationship between the output voltage and the impedance.

You will need the following equipment and supplies:


	One 1 kΩ resistor.

	One 0.016 µF capacitor.

	One function generator.

	One oscilloscope. (You can substitute a multimeter and measure Vout in rms voltage rather than peak-to-peak voltage.)

	One breadboard.



If you do not have what you need to set up the circuit and measure the values, just read through the experiment.

Follow these steps to complete the experiment:


1. Set up the circuit shown in Figure 6.8 on the breadboard.

2. Set the function generator to generate a 10 Vpp, 25 Hz sine wave to be used for Vin, measure Vout and record the reading in the following table.

[image: images/c06tnt001.jpg]


3. Increase the frequency of Vin to the value of fin shown in the next row of the preceding table, measure Vout and record the reading in the table. Repeat this until you have entered the value of Vout in the last row.

4. Calculate the values of XC and Z for each row and enter them in the preceding table.

5. Plot Vout vs fin with the voltage on the vertical axis and the frequency on the X axis (use graph paper with a log scale for the X axis). The curve should have the same shape as the curve in Figure 6.9, but don't worry if your curve is shifted slightly to the right or left.



Question

What would cause the curve to be moved slightly to the right or the left?

Answer

You may have used a resistor and capacitor with slightly different values than those used to produce the curve shown in Figure 6.10. Such variation in resistor and capacitor values are to be expected, given the manufacturing tolerance allowed for standard components.

Your values should be close to those shown in the following table, and the curve should be very similar to Figure 6.10.


Figure 6.10

[image: 6.10]

[image: images/c06tnt002.jpg]




Question

What would cause your curve to be moved slightly to the right or the left of the curve shown in Figure 6.10?

Answer

Slightly different values for the resistor and capacitor that you used versus the resistor and capacitor used to produce the curve in Figure 6.10.

Variations in resistor and capacitor values are to be expected, given the tolerance allowed for standard components.



15. The circuit shown in Figure 6.11 is used in many electronic devices.


Figure 6.11

[image: 6.11]


For this circuit, you measure the output voltage across the capacitor, instead of across the resistor (between point A and ground).

The impedance of this circuit is the same as that of the circuit used in the last few problems. It will still behave like a voltage divider, and you can calculate the output voltage with an equation that is similar to the one you used for the high pass filter circuit discussed in the last few problems. However, by switching the positions of the resistor and capacitor to create the circuit shown in Figure 6.11, you switch which frequencies will be attenuated and which will not be attenuated, making the new circuit a low pass filter whose characteristics you will explore in the next few problems.

Questions


A. What is the impedance formula for the circuit?

B. What is the formula for the output voltage?



Answer


A. [image: images/c06_I0009.gif]

B. [image: images/c06_I0010.gif]





16. Refer to the circuit shown in Figure 6.11 and the following values:

[image: images/c06_I0011.gif]

Questions

Find the following:


A. XC:

B. Z:

C. Vout:



Answers


A. 795 ohms

B. 1277 ohms

C. 6.24 V





17. Once again refer to the circuit shown in Figure 6.11 to answer the following question.

Question

Calculate the voltage across the resistor using the values given in problem 16, along with the calculated impedance value.

Answer

[image: images/c06_I0012.gif]



18. Use the information from problems 16 and 17 to answer the following question.

Question

What is the formula to calculate Vin using the voltages across the capacitor and the resistor?

Answer

The formula is [image: images/c06_I0013.gif].



19. Vout of the circuit shown in Figure 6.11 changes as the frequency of the input signal changes. Figure 6.12 shows the graph of Vout versus frequency for this circuit.


Figure 6.12

[image: 6.12]


Question

What parameters determine  f1 and f2?

Answer

The values of the capacitor and the resistor




Note

You can see in Figure 6.12 that Vout is large for the lowest frequency, and nearly zero for the highest frequency. You call this type of circuit a low pass circuit because it will pass low frequency signals with little attenuation while blocking high frequency signals.



Phase Shift of an RC Circuit

20. In both of the circuits shown in Figure 6.13, the output voltage is different from the input voltage.


Figure 6.13

[image: 6.13]


Question

In what ways do they differ?

Answer

The signal is attenuated, or reduced. The amount of attenuation depends upon the frequency of the signal.



21. The voltage is also changed in another way. The voltage across a capacitor rises and falls at the same frequency as the input signal, but it does not reach its peak at the same time, nor does it pass through zero at the same time. You can see this when you compare the Vout curves to the Vin curves in Figure 6.14.


Figure 6.14

[image: 6.14]


Note

The numbered graphs in Figure 6.14 are produced by the corresponding numbered circuits in Figure 6.13.



Questions


A. Examine graph (1). Is the output voltage peak displaced to the right or the left?

B. Examine graph (2). Is the output voltage peak displaced to the right or the left?



Answers


A. To the left

B. To the right





22. The output voltage waveform in graph (1) of Figure 6.14 is said to lead the input voltage waveform. The output waveform in graph (2) is said to lag the input waveform. The amount that Vout leads or lags Vin is measured in degrees. There are 90 degrees between the peak of a sine wave and a point at which the sine wave crosses zero volts. You can use this information to estimate the number of degrees Vout is leading or lagging Vin. The difference between these two waveforms is called a phase shift or phase difference.

Questions


A. What is the approximate phase shift of the two waveforms shown in the graphs?

B. Do you think that the phase shift depends on the value of frequency?

C. Will an RC voltage divider with the voltage taken across the capacitor produce a lead or a lag in the phase shift of the output voltage?



Answers


A. Approximately 35 degrees.

B. It does depend upon frequency because the values of the reactance and impedance depend upon frequency.

C. A lag as shown in graph (2).





23. The current through a capacitor is out of phase with the voltage across the capacitor. The current leads the voltage by 90 degrees. The current and voltage across a resistor are in phase, that is, they have no phase difference.

Figure 6.15 shows the vector diagram for a series RC circuit. θ is the phase angle by which VR leads Vin. ϕ is the phase angle by which VC lags Vin.


Figure 6.15

[image: 6.15]


Note

Although the voltage across a resistor is in phase with the current through the resistor, both are out of phase with the applied voltage.



You can calculate the phase angle from this formula:

[image: images/c06_I0014.gif]

As an example, calculate the phase angle when 160 Hz is applied to a 3.9 kΩ resistor in series with a 0.1 µF capacitor.

[image: images/c06_I0015.gif]

You can calculate the inverse tangent of 2.564 on your calculator and find that the phase angle is 68.7 degrees, which means that VR leads Vin by 68.7 degrees. This also means that VC lags the input by 21.3 degrees.

In electronics, the diagram shown in Figure 6.15 is called a phasor diagram, but the mathematics involved is the same as for vector diagrams, with which you should be familiar.

Question

Sketch a phasor diagram using the angles θ and ϕ resulting from the calculations in this problem. Use a separate sheet of paper for your diagram.

Answer

See Figure 6.16. Note that the phasor diagram shows that the magnitude of VC is greater than VR.


Figure 6.16

[image: 6.16]




Using the component values and input signal shown in Figure 6.17, find the following.


Figure 6.17

[image: 6.17]


Questions


A. XC:

B. Z:

C. Vout:

D. VR:

E. The current flowing through the circuit:

F. The phase angle:



Answers


A. [image: images/c06_I0016.gif]

B. [image: images/c06_I0017.gif]

C. [image: images/c06_I0018.gif]

D. [image: images/c06_I0019.gif]

E. [image: images/c06_I0020.gif]

F. [image: images/c06_I0021.gif]

Therefore, θ = 53.13 degrees.





For the circuit shown in Figure 6.18, calculate the following parameters.


Figure 6.18

[image: 6.18]


Questions


A. XC:

B. Z:

C. Vout:

D. VR:

E. The current flowing through the circuit:

F. The phase angle:



Answers


A. XC = 265 ohms

B. [image: images/c06_I0022.gif]

C. VC = 125 V

D. VR = 83 V

E. I = 0.472 A

F. [image: images/c06_I0023.gif]

Therefore, θ = 56.56 degrees.





Resistor and Capacitor in Parallel

The circuit in Figure 6.19 is a common variation on the low pass filter circuit introduced in problem 15.


Figure 6.19

[image: 6.19]


Because a DC signal will not pass through the capacitor, this circuit functions like the circuit shown in Figure 6.20 for DC input signals.


Figure 6.20

[image: 6.20]


An AC signal will pass through both the capacitor and R2. You can treat the circuit as if it had a resistor with a value of r, where r is the parallel equivalent of R2 and XC, in place of the parallel capacitor and resistor. This is shown in Figure 6.21.


Figure 6.21

[image: 6.21]


Calculating the exact parallel equivalent (r) is very complicated and beyond the scope of this book. However, to demonstrate the usefulness of this circuit let's make a major simplification. Consider a circuit where XC is only about one tenth the value of R2 or less. This circuit has many practical applications, because it will attenuate the AC and the DC differently.

The following example will help to clarify this. For the following circuit, calculate the AC and DC output voltages separately.

For the circuit shown in Figure 6.22, you can calculate the AC and DC output voltages separately by the steps outlined in the following questions.


Figure 6.22

[image: 6.22]


Questions


A. Find XC. Check that it is less than one tenth of R2.

[image: images/c06_I0024.gif]

B. For the circuit in Figure 6.22, determine which circuit components DC signals will flow through. Then use the voltage divider formula to find DC Vout.

[image: images/c06_I0025.gif]

C. For the circuit in Figure 6.22 determine which circuit components AC signals will flow through. Then use the voltage divider formula to find AC Vout.

[image: images/c06_I0026.gif]

D. Compare the AC and DC input and output voltages.



Answers


A. XC = 106 ohms and R2 = 1000 ohms, so XC is close enough to one tenth of R2.

B. The portion of the circuit that a DC signal passes through is shown in Figure 6.23.


Figure 6.23

[image: 6.23]


[image: images/c06_I0027.gif]

C. The portion of the circuit that an AC signal passes through is shown in Figure 6.24.

[image: images/c06_I0028.gif]


Figure 6.24

[image: 6.24]


D. Figure 6.25 shows the input waveform on the left and the output waveform on the right. You can see from the waveforms that the DC voltage has dropped from 20 V to 10 V, and that the AC voltage has dropped from 10 V to 1.05 V.


Figure 6.25

[image: 6.25]





27. Figure 6.26 shows two versions of the circuit discussed in problem 26 with changes to the value of the capacitor or the frequency of the input signal. The input voltage in both cases is 20 Vpp. Use the same steps shown in problem 26 to find and compare the output voltages with the input voltages for the two circuits shown in Figure 6.26.


Figure 6.26

[image: 6.26]


Questions


1. 


A. XC = _____

B. DC Vout = _____

C. AC Vout = _____

D. Attenuation: _____



2. 


A. XC = _____

B. DC Vout = _____

C. AC Vout = _____

D. Attenuation: _____





Answers


1. 


A. XC = 10.6 ohms.

B. DC Vout = 10 V.

C. AC Vout = 0.1 V.

D. Here, the DC attenuation is the same as the example in problem 26, but the AC output voltage is reduced because of the higher frequency.



2. 


A. XC = 10.6 ohms.

B. DC Vout = 10 V.

C. AC Vout = 0.1 V.

D. The DC attenuation is still the same, but the AC output voltage is reduced because of the larger capacitor.







Inductors in AC Circuits

28. Figure 6.27 shows a voltage divider circuit using an inductor, rather than a capacitor.


Figure 6.27

[image: 6.27]


As with previous problems, consider all the inputs to be pure sine waves. Like the capacitor, the inductor cannot change the frequency of a sine wave, but it can reduce the amplitude of the output voltage.

The simple circuit, as shown in Figure 6.27, opposes current flow.

Questions


A. What is the opposition to current flow called?

B. What is the formula for the reactance of the inductor?

C. Write out the formula for the opposition to the current flow for this circuit.



Answers


A. Impedance.

B. XL = 2πfL.

C. [image: images/c06_I0029.gif]





In many cases, the DC resistance of the inductor is very low, so assume that it is 0 ohms. For the next two problems make that assumption in performing your calculations.

29. You can calculate the voltage output for the circuit shown in Figure 6.28 with the voltage divider formula.


Figure 6.28

[image: 6.28]


Question

What is the formula for Vout?

Answer

[image: images/c06_I0030.gif]



30. Find the output voltage for the circuit shown in Figure 6.29.


Figure 6.29

[image: 6.29]


Use the steps in the following questions to perform the calculation.

Questions


A. Find the DC output voltage. Use the DC voltage divider formula.

[image: images/c06_I0031.gif]

B. Find the reactance of the inductor.

[image: images/c06_I0032.gif]

C. Find the AC impedance.

[image: images/c06_I0033.gif]

D. Find the AC output voltage.

[image: images/c06_I0034.gif]

E. Combine the outputs to find the actual output. Draw the output waveform and label the voltage levels of the waveform on the blank graph in Figure 6.30.




Figure 6.30

[image: 6.30]


Answers


A. [image: images/c06_I0035.gif]

B. XL = 1 kΩ (approximately).

C. [image: images/c06_I0036.gif]

D. [image: images/c06_I0037.gif]

E. The output waveform is shown in Figure 6.31.




Figure 6.31

[image: 6.31]




For the circuit shown in Figure 6.32, the DC resistance of the inductor is large enough that you should include that value in your calculations.


Figure 6.32

[image: 6.32]


Questions

For the circuit shown in Figure 6.32, calculate the DC and AC output voltages, using the steps listed in problem 30.


A. DC Vout = _____

B. XL = _____

C. Z = _____

D. AC Vout = _____

E. Draw the output waveform and label the voltage levels of the waveform on the blank graph in Figure 6.33.




Figure 6.33

[image: 6.33]


Answer


A. [image: images/c06_I0038.gif]





Note

The 500 Ω DC resistance of the inductor has been added to the 1 kΩ resistor value in this calculation.



B. XL = 2 kΩ,

C. [image: images/c06_I0039.gif]




Note

The 500 Ω DC resistance of the inductor has been added to the 1 kΩ resistor value in this calculation.


D. AC Vout = 1.6 Vpp,

E. See Figure 6.34.


Figure 6.34

[image: 6.34]






32. To calculate Vout, in problems 30 and 31, you also had to calculate XL. However, because XL changes with the frequency of the input signal, the impedance and the amplitude of Vout also change with the frequency of the input signal. Plotting the output voltage Vout against frequency results in the curve shown in Figure 6.35.


Figure 6.35

[image: 6.35]


The values of the inductor and resistor determine the frequency at which Vout starts to drop (f1) and the frequency at which Vout levels off (f2).

The curve in Figure 6.35 shows that using an inductor and resistor in a circuit such as the one shown in Figure 6.29 produces a low pass filter similar to the one discussed in problems 15 through 19.

Question

What values will control f1 and f2?

Answer

The values of the inductor and the resistor



You can also create a circuit as shown in Figure 6.36, in which the output voltage is equal to the voltage drop across the inductor.


Figure 6.36

[image: 6.36]


Questions


A. What formula would you use to find Vout?

B. If you plot the output voltage versus the frequency, what would you expect the curve to be? Use a separate sheet of paper to draw your answer.



Answers


A. [image: images/c06_I0040.gif]

B. See Figure 6.37.


Figure 6.37

[image: 6.37]





The curve in Figure 6.37 demonstrates that using an inductor and resistor in a circuit, such as the one shown in Figure 6.36, produces a high pass filter similar to the one discussed in problems 6 through 13.

Phase Shift for an RL Circuit

34. Filter circuits that use inductors (such as those shown in Figure 6.38) produce a phase shift in the output signal, just as filter circuits containing capacitors do. You can see the shifts for the circuits shown in Figure 6.38 by comparing the input and output waveforms shown below the circuit diagrams.


Figure 6.38

[image: 6.38]


Question

In which circuit does the output voltage lead the input voltage?

Answer

In graph (1), the output voltage lags the input voltage, and in graph (2) the output voltage leads.


35. Figure 6.39 shows a vector diagram for both the circuits shown in Figure 6.38. The current through the inductor lags the voltage across the inductor by 90 degrees.


Figure 6.39

[image: 6.39]


The phase angle is easily found:

[image: images/c06_I0041.gif]

Question

Calculate the phase angle for the circuit discussed in problem 30.

Answer

45 degrees



Refer to the circuit discussed in problem 31.

Question

Calculate the phase angle.

Answer

[image: images/c06_I0042.gif]

Therefore θ = 53.1 degrees.



Summary

This chapter has discussed the uses of capacitors, resistors, and inductors in voltage divider and filter circuits. You learned how to determine the following:


	The output voltage of an AC signal after it passes through a high pass RC filter circuit

	The output voltage of an AC signal after it passes through a low pass RC circuit

	The output voltage of an AC signal after it passes through a high pass RL circuit

	The output voltage of an AC signal after it passes through a low pass RL circuit

	The output waveform of an AC or combined AC-DC signal after it passes through a filter circuit

	Simple phase angles and phase differences



Self-Test

These questions test your understanding of this chapter. Use a separate sheet of paper for your calculations. Compare your answers with the answers provided following the test.

For questions 1–3, calculate the following parameters for the circuit shown in each question.


A. XC

B. Z

C. Vout

D. I

E. tan θ and θ




1. Use the circuit shown in Figure 6.40.


A. _____

B. _____

C. _____

D. _____

E. _____



2. Use the circuit shown in Figure 6.41.


A. _____

B. _____

C. _____

D. _____

E. _____



3. Use the circuit shown in Figure 6.42.


A. _____

B. _____

C. _____

D. _____

E. _____






Figure 6.40

[image: 6.40]



Figure 6.41

[image: 6.41]



Figure 6.42

[image: 6.42]


For questions 4–6, calculate the following parameters for the circuit shown in each question.


A. XC

B. AC Vout

C. DC Vout




4. Use the circuit shown in Figure 6.43.


A. _____

B. _____

C. _____



5. Use the circuit shown in Figure 6.44.


A. _____

B. _____

C. _____



6. Use the circuit shown in Figure 6.45.


A. _____

B. _____

C. _____






Figure 6.43

[image: 6.43]



Figure 6.44

[image: 6.44]



Figure 6.45

[image: 6.45]


For questions 7–9, calculate the following parameters for the circuit shown in each question.


A. DC Vout

B. XL

C. Z

D. AC Vout

E. tan θ and θ




7. Use the circuit shown in Figure 6.46.


A. _____

B. _____

C. _____

D. _____

E. _____



8. Use the circuit shown in Figure 6.47.


A. _____

B. _____

C. _____

D. _____

E. _____



9. Use the circuit shown in Figure 6.48.


A. _____

B. _____

C. _____

D. _____

E. _____






Figure 6.46

[image: 6.46]



Figure 6.47

[image: 6.47]



Figure 6.48

[image: 6.48]


Answers to Self-Test

If your answers do not agree with those provided here, review the applicable problems in this chapter before you go on to the next chapter.

[image: images/c06tnt003.jpg]
[image: images/c06tnt003a.jpg]
[image: images/c06tnt003b.jpg]



Chapter 7

Resonant Circuits

You have seen how the inductor and the capacitor each present an opposition to the flow of an AC current, and how the magnitude of this reactance depends upon the frequency of the applied signal.

When inductors and capacitors are used together, in series or in parallel, a useful phenomenon called resonance occurs. Resonance is the frequency at which the reactance of the capacitor and the inductor is equal.

In this chapter, you learn about some of the properties of resonant circuits, and concentrate on those properties that lead to the study of oscillators (which is touched upon in the last few problems in this chapter, and covered in more depth in Chapter 9).

After completing this chapter you will be able to do the following:


	Find the impedance of a series LC circuit.

	Calculate the series LC circuit's resonant frequency.

	Sketch a graph of the series LC circuit's output voltage.

	Find the impedance of a parallel LC circuit.

	Calculate the parallel LC circuit's resonant frequency.

	Sketch a graph of the parallel LC circuit's output voltage.

	Calculate the bandwidth and the Q of simple series and parallel LC circuits.

	Calculate the frequency of an oscillator.



The Capacitor and Inductor in Series

1. Many electronic circuits contain a capacitor and an inductor placed in series, as shown in Figure 7.1.


Figure 7.1

[image: 7.1]


You can combine a capacitor and an inductor in series with a resistor to form voltage divider circuits, such as the two circuits shown in Figure 7.2. A circuit that contains resistance (R), inductance (L), and capacitance (C) is referred to as an RLC circuit. Note that although the order of the capacitor and inductor differs in the two circuits shown in Figure 7.2, in fact, they have the same effect on electrical signals.


Figure 7.2

[image: 7.2]


To simplify your calculations in the next few problems you can assume that the small DC resistance of the inductor is much less than the resistance of the resistor R, and you can, therefore, ignore DC resistance in your calculations.

When you apply an AC signal to the circuits in Figure 7.2, both the inductor's and the capacitor's reactance value depends on the frequency.

Questions


A. What formula would you use to calculate the inductor's reactance?

B. What formula would you use to calculate the capacitor's reactance?



Answers


A. XL = 2πfL

B. [image: images/c07_I0001.gif]





2. You can calculate the net reactance (X) of a capacitor and inductor in series using the following formula:

[image: images/c07_I0002.gif]

You can calculate the impedance of the RLC circuits shown in Figure 7.2 using the following formula:

[image: images/c07_I0003.gif]

In the formula, keep in mind that X2 is (XL + XC)2.

Calculate the net reactance and impedance for an RLC series circuit, such as those shown in Figure 7.2, with the following values:


f = 1 kHz

L = 100 mH

C = 1 µF

R = 500 ohms



Questions

Follow these steps to calculate the following:


A. Find XL:

B. Find XC:

C. Use X = XL − XC to find the net reactance:

D. Use [image: images/c07_I0004.gif] to find the impedance:



Answers


A. XL = 628 ohms

B. XC = 160 ohms

C. X = 468 ohms (inductive)

D. Z = 685 ohms





3. Calculate the net reactance and impedance for an RLC series circuit, such as those shown in Figure 7.2, using the following values:


f = 100 Hz

L = 0.5 H

C = 5 µF

R = 8 ohms



Questions

Follow the steps outlined in problem 2 to calculate the following parameters:


A. XL = _____

B. XC = _____

C. X = _____

D. Z = _____



Answers


A. XL = 314 ohms

B. XC = 318 ohms

C. X = −4 ohms (capacitive)

D. Z = 9 ohms



By convention, the net reactance is negative when it is capacitive.



4. Calculate the net reactance and impedance for an RLC series circuit, such as those shown in Figure 7.2, using the following values.

Questions


A. f = 10 kHz, L = 15 mH, C = 0.01 µF, R = 494 ohms

X = _____

Z = _____

B. f = 2 MHz, L = 8 µH, C = 0.001 µF, R = 15 ohms

X = _____

Z = _____



Answers


A. X = −650 ohms (capacitive), Z = 816 ohms

B. X = 21 ohms (inductive), Z = 25.8 ohms





5. For the circuit shown in Figure 7.3, the output voltage is the voltage drop across the resistor.


Figure 7.3

[image: 7.3]


In problems 1 through 4, the net reactance of the series inductor and capacitor changes as the frequency changes. Therefore, as the frequency changes, the voltage drop across the resistor changes, and so also does the amplitude of the output voltage Vout.

If you plot Vout against frequency on a graph for the circuit shown in Figure 7.3, the curve looks like the one shown in Figure 7.4.


Figure 7.4

[image: 7.4]


The maximum output voltage (or peak voltage) shown in this curve, Vp, is slightly less than Vin. This slight attenuation of the peak voltage from the input voltage is because of the DC resistance of the inductor.

The output voltage peaks at a frequency, fr, where the net reactance of the inductor and capacitor in series is at its lowest value. At this frequency, there is very little voltage drop across the inductor and capacitor. Therefore, most of the input voltage is applied across the resistor, and the output voltage is at its highest value.

Question

Under ideal conditions, if XC were 10.6 ohms, what value of XL results in a net reactance (X) of 0 for the circuit shown in Figure 7.3?

Answer

X = XL–XC = 0, therefore:

XL = XC + X = 10.6 Ω + 0 = 10.6 Ω



6. You can find the frequency at which XL–XC = 0 by setting the formula for XL equal to the formula for XC and solving for f:

[image: images/c07_I0005.gif]

Therefore,

[image: images/c07_I0006.gif]

where fr is the resonant frequency of the circuit.

Question

What effect does the value of the resistance have on the resonant frequency?

Answer

It has no effect at all.



7. Calculate the resonant frequency for the circuit shown in Figure 7.3 using the capacitor and inductor values given in the following questions.

Questions


A. C = 1 µF, L = 1 mH

fr = _____

B. C = 16 µF, L = 1.6 mH

fr = _____



Answers


A. [image: images/c07_I0007.gif]

B. [image: images/c07_I0008.gif]





8. Calculate the resonant frequency for the circuit shown in Figure 7.3 using the capacitor and inductor values given in the following questions.

Questions


A. C = 0.1 µF, L = 1 mH

fr = _____

B. C = 1 µF, L = 2 mH

fr = _____



Answers


A. fr = 16 kHz

B. fr = 3.6 kHz





9. For the RLC circuit shown in Figure 7.5, the output voltage is the voltage drop across the capacitor and inductor.


Figure 7.5

[image: 7.5]


If Vout is plotted on a graph against the frequency for the circuit shown in Figure 7.5, the curve looks like that shown in Figure 7.6.


Figure 7.6

[image: 7.6]


The output voltage drops to its minimum value at the resonant frequency for the circuit, which you can calculate with the formula provided in problem 6. At the resonant frequency, the net reactance of the inductor and capacitor in series is at a minimum. Therefore, there is very little voltage drop across the inductor and capacitor, and the output voltage is at its minimum value.

Questions

What would you expect the minimum output voltage to be?

Answers

0 V, or close to it



10. You can connect the capacitor and inductor in parallel, as shown in Figure 7.7.


Figure 7.7

[image: 7.7]


You can calculate the resonance frequency of this circuit using the following formula:

[image: images/c07_I0009.gif]

In this formula, r is the DC resistance of the inductor. However, if the reactance of the inductor is equal to or more than 10 times the DC resistance of the inductor, you can use the following simpler formula. This is the same formula that you used in problems 7 and 8 for the series circuit.

[image: images/c07_I0010.gif]

The symbol Q is equal to XL/r. Therefore, you can use this simple equation to calculate fr if Q is equal to, or greater than, 10.

Questions


A. Which formula should you use to calculate the resonant frequency of a parallel circuit if the Q of the coil is 20?

B. If the Q is 8?



Answers


A. [image: images/c07_I0011.gif]

B. [image: images/c07_I0012.gif]






Note

Here is another version of the resonance frequency formula that is helpful when Q is known:



[image: images/c07_I0013.gif]

11. You can calculate the total opposition (impedance) of an inductor and capacitor connected in parallel to the flow of current by using the following formulas for a circuit at resonance:

[image: images/c07_I0014.gif]

At resonance, the impedance of an inductor and capacitor in parallel is at its maximum.

You can use an inductor and capacitor in parallel in a voltage divider circuit, as shown in Figure 7.8.


Figure 7.8

[image: 7.8]


If Vout is plotted against frequency on a graph for the circuit shown in Figure 7.8, the curve looks like that shown in Figure 7.9.


Figure 7.9

[image: 7.9]


Questions


A. What would be the total impedance formula for the voltage divider circuit at resonance?

B. What is the frequency called at the point where the curve is at its lowest point?

C. Why is the output voltage at a minimum value at resonance?



Answers


A. ZT = Zp + R




Note

The relationship shown by this formula is only true at resonance. At all other frequencies, ZT is a complicated formula or calculation found by considering a series r, L circuit in parallel with a capacitor.



B. The parallel resonant frequency

C. The output voltage is at its lowest value at the resonant frequency. This is because the impedance of the parallel resonant circuit is at its highest value at this frequency.





12. For the circuit shown in Figure 7.10, the output voltage equals the voltage drop across the inductor and capacitor.


Figure 7.10

[image: 7.10]


If Vout is plotted on a graph against frequency for the circuit shown in Figure 7.10, the curve looks like that shown in Figure 7.11. At the resonance frequency, the impedance of the parallel inductor and capacitor is at its maximum value. Therefore, the voltage drop across the parallel inductor and capacitor (which is also the output voltage) is at its maximum value.


Figure 7.11

[image: 7.11]


Question

What formula would you use to calculate the resonant frequency?

Answer

[image: images/c07_I0015.gif]

[image: images/c07_I0016.gif]



13. Find the resonant frequency in these two examples, where the capacitor and the inductor are in parallel. (Q is greater than 10.)

Questions


A. L = 5 mH, C = 5 µF

fr = _____

B. L = 1 mH, C = 10 µF _____

fr = _____



Answers


A. fr = 1 kHz (approximately)

B. fr = 1600 Hz (approximately)





The Output Curve

14. Now it's time to look at the output curve in a little more detail. Take a look at the curve shown in Figure 7.12 for an example.


Figure 7.12

[image: 7.12]


An input signal at the resonant frequency, fr, passes through a circuit with minimum attenuation and with its output voltage equal to the peak output voltage, Vp, shown on this curve.

The two frequencies f1 and f2 are “passed” almost as well as fr is passed. That is, signals at those frequencies have a high output voltage, almost as high as the output of a signal at fr. The graph shows this voltage as Vx.

Signals at frequencies f3 and f4 have a very low output voltage.

These two frequencies are not passed, but are said to be blocked or rejected by the circuit. This output voltage is shown on the graph as Vz.

The output or frequency response curve for a resonant circuit (series or parallel) has a symmetrical shape for a high value of Q. You can make the assumption that the output curve is symmetrical when Q is greater than 10.

Questions


A. What is meant by a frequency that is passed?

B. Why are f1 and f2 passed almost as well as fr?

C. What is meant by a frequency that is blocked?

D. Which frequencies shown on the previous output curve are blocked?

E. Does the output curve shown appear to be symmetrical? What does this mean with regard to the circuit?



Answers


A. It appears at the output with minimum attenuation.

B. Because their frequencies are close to fr.

C. It has a low output voltage.

D. f3 and f4 (as well as all frequencies below f3 and above f4).

E. It does appear to be symmetrical. This means that the coil has a Q greater than 10.





15. Somewhere between fr and f3, and between fr and f4, there is a point at which frequencies are said to be either passed or reduced to such a level that it is effectively blocked. The dividing line is at the level at which the power output of the circuit is half as much as the power output at peak value. This happens to occur at a level that is 0.707, or 70.7 percent of the peak value. For the output curve shown in problem 14, this occurs at a voltage level of 0.707 Vp. The two corresponding frequencies taken from the graph are called the half power frequencies or half power points. These are common expressions used in the design of resonant circuits and frequency response graphs.

If a certain frequency results in an output voltage that is equal to or greater than the half power point, it is said to be passed or accepted by the circuit. If it is lower than the half power point, it is said to be blocked or rejected by the circuit.

Question

Suppose VP = 10 V. What is the minimum voltage level of all frequencies that are passed by the circuit?

Answer

V = 10 V × 0.707 = 7.7 V

(If a frequency has an output voltage above 7.7 V, we would say it is passed by the circuit.)



16. Assume the resonant frequency in a circuit is 5 V. Another frequency has an output of 3.3 V.

Question

Is this second frequency passed or blocked by the circuit?

Answer

V = Vp × 0.707 = 5 × 0.707 = 3.535 V

3.3 V is less than 3.535 V, so this frequency is blocked.



17. In these examples, find the voltage level at the half power points.

Questions


A. Vp = 20 V _____

B. Vp = 100 V _____

C. Vp = 3.2 V _____



Answers


A. 14.14 V

B. 70.70 V

C. 2.262 V





18. Although this discussion started off by talking about the resonance frequency, a few other frequencies have been introduced. In fact, at this point, the discussion is dealing with a band or a range of frequencies.

There are two frequencies that correspond to the half power points on the curve. Assume these frequencies are f1 and f2. The difference you find when you subtract f1 from f2 is very important, because this gives the range of frequencies that are passed by the circuit. This range is called the bandwidth of the circuit, and can be calculated using the following equation.

[image: images/c07_I0017.gif]

All frequencies within the bandwidth are passed by the circuit, while all frequencies outside the bandwidth are blocked. A circuit with this type of output (such as the circuit shown in Figure 7.10) is referred to as a bandpass filter.

Question

Indicate which of the following pairs of values represent a wider range of frequencies, or, in other words, the wider bandwidth.


A. f2 = 200 Hz, f1 = 100 Hz

B. f2 = 20 Hz, f1 = 10 Hz



Answer

The bandwidth is wider for the frequencies given in A.



When playing a radio, you listen to one station at a time, not to the adjacent stations on the dial. Thus, your radio tuner must have a narrow bandwidth so that it can select only the frequency of that one station.

The amplifiers in a television set, however, must pass frequencies from 30 Hz up to about 4.5 MHz, which requires a wider bandwidth. The application or use to which you'll put a circuit determines the bandwidth that you should design the circuit to provide.

19. The output curve for a circuit that passes a band of frequencies around the resonance frequency (such as the curve shown in Figure 7.13) was discussed in the last few problems.


Figure 7.13

[image: 7.13]


The same principles and equations apply to the output curve for a circuit that blocks a band of frequencies around the resonance frequency, as is the case with the curve shown in Figure 7.14.


Figure 7.14

[image: 7.14]


A circuit with this type of output (such as the circuit shown in Figure 7.8) is called a notch filter, or band-reject filter.

Questions


A. What points on the curve shown in Figure 7.14 would you use to determine the circuit's bandwidth?

B. Would the output voltage at the resonant frequency be above or below these points?



Answers


A. The half power points (0.707 Vout(max))

B. The output voltage at the resonant frequency is the minimum point on the curve, which is below the level for the half power points.





20. You can find the bandwidth of a circuit by measuring the frequencies (f1 and f2) at which the half power points occur, and then using the following formula:

[image: images/c07_I0018.gif]

Or, you can calculate the bandwidth of a circuit using this formula:

[image: images/c07_I0019.gif]

where:

[image: images/c07_I0020.jpg]

The formula used to calculate bandwidth indicates that, for two circuits with the same resonant frequency, the circuit with the larger Q will have the smaller bandwidth.

When you calculate Q for a circuit containing a capacitor and inductor in series (such as that shown in Figure 7.15) use the total DC resistance—the sum of the DC resistance (r) of the inductor and the value of the resistor (R)—to calculate Q.


Figure 7.15

[image: 7.15]


When you calculate Q for a circuit containing an inductor and capacitor in parallel, as with the circuit shown in Figure 7.16, you do not include the value of the resistor (R) in the calculation. The only resistance you use in the calculation is the DC resistance (r) of the inductor.


Figure 7.16

[image: 7.16]


When you calculate Q for a circuit containing an inductor, capacitor, and resistor in parallel, as with the two circuits shown in Figure 7.17, include the value of the resistor (R) in the calculation.


Figure 7.17

[image: 7.17]


Questions

For the circuit shown in Figure 7.18, all the component values are provided in the diagram. Find fr, Q, and BW.


Figure 7.18

[image: 7.18]


fr = _____

Q = _____

BW = _____

Answers

[image: images/c07_I0021.gif]

[image: images/c07_I0022.gif]

[image: images/c07_I0023.gif]



21. Use the circuit and component values shown in Figure 7.19 to answer the following questions.


Figure 7.19

[image: 7.19]


Questions

Find fr, Q, and BW. Then, on a separate sheet of paper, draw an output curve showing the range of frequencies that are passed and blocked.

fr = _____

Q = _____

BW = _____

Answers

fr = 1590 Hz; Q = 1; BW = 1590 Hz

The output curve is shown in Figure 7.20


Figure 7.20

[image: 7.20]




22. Use the circuit and component values shown in Figure 7.21 to answer the following questions.


Figure 7.21

[image: 7.21]


Questions

Find fr, Q, and the bandwidth for this circuit. Then draw the output curve on a separate sheet of paper.

fr = _____

Q = _____

BW = _____

Answers

fr = 500 Hz; Q = 31.4, BW = 16 Hz

The output curve is shown in Figure 7.22


Figure 7.22

[image: 7.22]




23. Use the circuit shown in Figure 7.23 for this problem. In this case, the resistor value is 10 ohms. However, the inductor and capacitor values are not given.


Figure 7.23

[image: 7.23]


Questions

Find the bandwidth and the values of L and C required to give the circuit a resonant frequency of 1200 Hz and a Q of 80.

BW = _____

L = _____

C = _____

Answers

BW = 15 Hz

L = 106 mH

C = 0.166 µF

You can check these values by using the values of L and C to find fr.



24. Use the circuit shown in Figure 7.23 for this problem. In this case, the resistor value is given as 10 ohms. However, the inductor and capacitor values are not given.

Questions

Calculate the values of Q, L, and C required to give the circuit a resonant frequency of 300 kHz with a bandwidth of 80 kQ.

Q = _____

L = _____

C = _____

Answers

Q = 3.75

L = 20 µH

C = 0.014 µF



25. A circuit that only passes (or blocks) a narrow range of frequencies is called a high Q circuit. Figure 7.24 shows the output curve for a high Q circuit.


Figure 7.24

[image: 7.24]


Because of the narrow range of frequencies it passes, a high Q circuit is said to be very selective in the frequencies it passes.

A circuit that passes (or blocks) a wide range of frequencies is called a low Q circuit. Figure 7.25 shows the output curve for a low Q circuit.


Figure 7.25

[image: 7.25]


Recall the discussion in problem 18 (comparing the bandwidths of radio tuners and television amplifiers) to help you answer the following questions.

Questions


A. Which is the more selective, the radio tuner or the television amplifier?

B. Which would require a lower Q circuit, the radio tuner or the television amplifier?



Answers


A. The radio

B. The television amplifier





26. The inductor and capacitor in Figure 7.26 are connected in parallel, rather than in series. However, you can use the same formulas you used for the series circuit in problem 20 to calculate fr, Q, and the bandwidth for parallel LC circuits.


Figure 7.26

[image: 7.26]


Questions

Find fr, Q, and the bandwidth for the circuit shown in Figure 7.26.


A. fr = _____

B. Q = _____

C. BW = _____



Answers


A. fr = 1.6 MHz

B. XL = 10 ohms, so Q = 10/0.01 = 100 (Note that the only resistance here is the small DC resistance of the inductor.)

C. BW = 16 kHz (This is a fairly high Q circuit.)





27. In the last few problems, you learned how to calculate fr, BW, and Q, for a given circuit, or conversely, to calculate the component values that would produce a circuit with specified fr, BW, and Q values.

Once you know the resonant frequency and bandwidth for a circuit, you can sketch an approximate output curve. With the simple calculations listed in this problem, you can draw a curve that is accurate to within 1 percent of its true value.

The curve that results from the calculations used in this problem is sometimes called the general resonance curve.

You can determine the output voltage at several frequencies by following these steps:


1. Assume the peak output voltage Vp at the resonant frequency fr to be 100 percent. This is point A on the curve shown in Figure 7.27.

2. The output voltage at f1 and f2 is 0.707 of 100 percent. On the graph, these are the two points labeled B in Figure 7.27. Note that f2 − f1 = BW. Therefore, at half a bandwidth above and below fr, the output is 70.7 percent of Vp.

3. At f3 and f4 (the two points labeled C in Figure 7.27), the output voltage is 44.7 percent of Vp. Note that f4 − f3 = 2 BW. Therefore, at 1 bandwidth above and below fr, the output is 44.7 percent of maximum.

4. At f5 and f6 (the two points labeled D in Figure 7.27), the output voltage is 32 percent of Vp. Note that f6 − f5 = 3 BW. Therefore, at 1.5 bandwidth above and below fr, the output is 32 percent of maximum.

5. At f7 and f8 (the two points labeled E in Figure 7.27), the output voltage is 24 percent of Vp. Note that f8 − f7 = 4 BW. Therefore, at 2 bandwidth above and below fr, the output is 24 percent of maximum.

6. At f10 and f9 (the two points labeled F in Figure 7.27), the output is 13 percent of Vp. Note that f10 − f9 = 8 BW. Therefore, at 4 bandwidth above and below fr,, the output is 13 percent of maximum.




Figure 7.27

[image: 7.27]


Questions

Calculate fr, XL, Q, and the BW for the circuit shown in Figure 7.28.


Figure 7.28

[image: 7.28]


fr = _____

XL = _____

Q = _____

BW = _____

Answers

fr = 1 MHz

XL = 1607 ohms

Q = 100

BW = 10 kHz



28. Now, calculate the frequencies that correspond with each percentage of the peak output voltage listed in steps 1 through 6 of problem 27. (Refer to the graph in Figure 7.27 as needed.)

Questions


A. At what frequency will the output level be maximum?

B. At what frequencies will the output level be 70 percent of Vp?

C. At what frequencies will the output level be 45 percent of Vp?

D. At what frequencies will the output level be 32 percent of Vp?

E. At what frequencies will the output level be 24 percent of Vp?

F. At what frequencies will the output level be 13 percent of Vp?



Answers


A. 1 MHz

B. 995 kHz and 1005 kHz (1 MHz − 5 kHz and + 5 kHz)

C. 990 kHz and 1010 kHz

D. 985 kHz and 1015 kHz

E. 980 kHz and 1020 kHz

F. 960 kHz and 1040 kHz





29. You can calculate the output voltage at each frequency in the answers to problem 28 by multiplying the peak voltage by the related percentage for each frequency.

Question

Calculate the output voltage for the frequencies given here, assuming that the peak output voltage is 5 volts.


A. What is the output voltage level at 995 kHz?

B. What is the output voltage level at 980 kHz?



Answer


A. V = 5 V × 0.70 = 3.5 V

B. V = 5 V × 0.24 = 1.2 V





Figure 7.29 shows the output curve generated by plotting the frequencies calculated in problem 28, and the corresponding output voltages calculated in this problem.


Figure 7.29

[image: 7.29]


Introduction to Oscillators

In addition to their use in circuits used to filter input signals, capacitors and inductors are used in circuits called oscillators.

Oscillators are circuits that generate waveforms at particular frequencies. Many oscillators use a tuned parallel LC circuit to produce a sine wave output. This section is an introduction to the use of parallel capacitors and inductors in oscillators.

30. When the switch in the circuit shown in drawing (1) of Figure 7.30 is closed, current flows through both sides of the parallel LC circuit in the direction shown.


Figure 7.30

[image: 7.30]


It is difficult for the current to flow through the inductor initially, because the inductor opposes any changes in current flow. Conversely, it is easy for the current to flow into the capacitor initially because, with no charge on the plates of the capacitor, there is no opposition to the flow.

As the charge on the capacitor increases, the current flow in the capacitor side of the circuit decreases. However, more current flows through the inductor. Eventually the capacitor is fully charged, so current stops flowing in the capacitor side of the circuit, and a steady current flows through the inductor.

Question

When you open the switch, what happens to the charge on the capacitor?

Answer

It discharges through the inductor. (Note the current direction, shown in drawing (2) of Figure 7.30.)



31. With the switch open, current continues to flow until the capacitor is fully discharged.

Question

When the capacitor is fully discharged, how much current is flowing through the inductor?

Answer

None.



32. Because there is no current in the inductor, its magnetic field collapses. The collapsing of the magnetic field induces a current to flow in the inductor, and this current flows in the same direction as the original current through the inductor (remember that an inductor resists any change in current flow), which is shown in drawing (2) of Figure 7.30. This current now charges the capacitor to a polarity that is opposite from the polarity that the battery induced.

Question

When the magnetic field of the inductor has fully collapsed, how much current will be flowing?

Answer

None.



33. Next, the capacitor discharges through the inductor again, but this time the current flows in the opposite direction, as shown in drawing (3) of Figure 7.30. The change in current direction builds a magnetic field of the opposite polarity. The magnetic field stops growing when the capacitor is fully discharged.

Because there is no current flowing through the inductor, its magnetic field collapses and induces current to flow in the direction shown in drawing (3) of Figure 7.30.

Question

What do you think the current generated by the magnetic field in the inductor will do to the capacitor?

Answer

It charges it to the original polarity.



34. When the field has fully collapsed, the capacitor stops charging. It now begins to discharge again, causing current to flow through the inductor in the direction shown in drawing (2) of Figure 7.30. This “seesaw” action of current will continue indefinitely.

As the current flows through the inductor, a voltage drop occurs across the inductor. The magnitude of this voltage drop will increase and decrease as the magnitude of the current changes.

Question

What would you expect the voltage across the inductor to look like when you view it on an oscilloscope?

Answer

A sine wave



35. In a perfect circuit this oscillation continues and produces a continuous sine wave. In practice, a small amount of power is lost in the DC resistance of the inductor and the other wiring. As a result, the sine wave gradually decreases in amplitude and dies out to nothing after a few cycles, as shown in Figure 7.31.


Figure 7.31

[image: 7.31]


Question

How might you prevent this fade out?

Answer

By replacing a small amount of energy in each cycle



This lost energy can be injected into the circuit by momentarily closing and opening the switch at the correct time. (See drawing (1) of Figure 7.30.) This would sustain the oscillations indefinitely.

An electronic switch (such as a transistor) could be connected to the inductor as shown in Figure 7.32. Changes in the voltage drop across the inductor would turn the electronic switch on or off, thereby opening or closing the switch.


Figure 7.32

[image: 7.32]


The small voltage drop across the few turns of the inductor (also referred to as a coil), between point B at the end of the coil and point A about halfway along the coil is used to operate the electronic switch. These points are shown in Figure 7.32.

Using a small part of an output voltage in this way is called feedback because the voltage is “fed back” to an earlier part of the circuit to make it operate correctly.

When you properly set up such a circuit, it produces a continuous sine wave output of constant amplitude and constant frequency. This circuit is called an oscillator. You can calculate the frequency of the sine waves generated by an oscillator with the following formula for determining resonant frequency:

[image: images/c07_I0024.gif]

The principles you learned in the last few problems are used in practical oscillator circuits, such as those presented in Chapter 9.

Summary

In this chapter, you learned about the following topics related to resonant circuits:


	How the impedance of a series LC circuit and a parallel LC circuit changes with changes in frequency.

	At resonant frequency for a parallel LC circuit, the impedance is at its highest, whereas for a series LC circuit impedance is at its lowest.

	The concept of bandwidth allows you to easily calculate the output voltage at various frequencies and draw an accurate output curve.

	The principles of bandpass filters and notch (or band-reject) filters.

	The fundamental concepts integral to understanding how an oscillator functions.



Self-Test

These questions test your understanding of the concepts covered in this chapter. Use a separate sheet of paper for your drawings or calculations. Compare your answers with the answers provided following the test.


1. What is the formula for the impedance of a series LC circuit?

2. What is the formula for the impedance of a series RLC circuit (a circuit containing resistance, inductance, and capacitance)?

3. What is the relationship between XC and XL at the resonant frequency?

4. What is the voltage across the resistor in a series RLC circuit at the resonant frequency?

5. What is the voltage across a resistor in series with a parallel LC circuit at the resonant frequency?

6. What is the impedance of a series circuit at resonance?

7. What is the formula for the impedance of a parallel circuit at resonance?

8. What is the formula for the resonant frequency of a circuit?

9. What is the formula for the bandwidth of a circuit?

10. What is the formula for the Q of a circuit?



Questions 11–13 use a series LC circuit. In each case, the values of the L, C, and R are given. Find fr, XL, XC, Z, Q, and BW. Draw an output curve for each answer.


11. L = 0.1 mH, C = 0.01 µF, R = 10 ohms

12. L = 4 mH, C = 6.4 µF, R = 0.25 ohms 

13. L = 16 mH, C = 10 µF, R = 20 ohms



Questions 14 and 15 use a parallel LC circuit. No R is used; r is given. Find fr, XL, XC, Z, Q, and BW.


14. L = 6.4 mH, C = 10 µF, r = 8 ohms

15. L = 0.7 mH, C = 0.04 µF, r = 1.3 ohms

16. Use the output curve shown in Figure 7.33 to answer the following questions.


A. What is the peak value of the output curve?

B. What is the resonant frequency?

C. What is the voltage level at the half power points?

D. What are the half power frequencies?

E. What is the bandwidth?

F. What is the Q of the circuit? 






Figure 7.33

[image: 7.33]


Answers to Self-Test

If your answers do not agree with those given here, review the problems indicated in parentheses before you go on to the next chapter.

[image: images/c07tnt001.jpg]
[image: images/c07tnt001a.jpg]






Chapter 8

Transistor Amplifiers

Many of the AC signals you'll work with in electronics are very small. For example, the signal that an optical detector reads from a DVD disk cannot drive a speaker, and the signal from a microphone's output is too weak to send out as a radio signal. In cases such as these, you must use an amplifier to boost the signal.

The best way to demonstrate the basics of amplifying a weak signal to a usable level is by starting with a one-transistor amplifier. Once you understand a one-transistor amplifier, you can grasp the building block that makes up amplifier circuits used in electronic devices such as cellphones, MP3 players, and home entertainment centers.

Many amplifier circuit configurations are possible. The simplest and most basic of amplifying circuits are used in this chapter to demonstrate how a transistor amplifies a signal. You will also see the steps for designing an amplifier.

The emphasis in this chapter is on the BJT, just as it was in Chapters 3 and 4 (which dealt primarily with the application of transistors in switching circuits). Two other types of devices used as amplifiers are also examined: the JFET (introduced in Chapters 3 and 4) and an integrated circuit called the operational amplifier (op-amp).

When you complete this chapter, you will be able to do the following:


	Calculate the voltage gain for an amplifier.

	Calculate the DC output voltage for an amplifier circuit.

	Select the appropriate resistor values to provide the required gain to an amplifier circuit.

	Identify several ways of increasing the gain of a one-transistor amplifier.

	Distinguish between the effects of a standard one-transistor amplifier and an emitter follower circuit.

	Design a simple emitter follower circuit.

	Analyze a simple circuit to find the DC level out and the AC gain.

	Design a simple common source (JFET) amplifier.

	Analyze a JFET amplifier to find the AC gain.

	Recognize an op-amp and its connections.



Working with Transistor Amplifiers

1. In Chapter 3, you learned how to turn transistors ON and OFF. You also learned how to calculate the value of resistors in amplifier circuits to set the collector DC voltage to half the power supply voltage. To review this concept, examine the circuit shown in Figure 8.1.


Figure 8.1

[image: 8.1]

Use the following steps to find the value of RB that will set the collector DC voltage (VC) to half the supply voltage (VS).


1. Find IC by using the following:

[image: images/c08_I0001.gif]

2. Find IB by using the following:

[image: images/c08_I0002.gif]

3. Find RB by using the following:

[image: images/c08_I0003.gif]



Questions

Find the value of RB that will set the collector voltage to 5 V, using Steps 1–3 and the following values for the circuit:

[image: images/c08_I0004.gif]


A. IC = _____

B. IB = _____

C. RB = _____



Answers


A. [image: images/c08_I0005.gif]

B. [image: images/c08_I0006.gif]

C. [image: images/c08_I0007.gif]





2. You have seen that using a 200 kΩ resistor for RB gives an output level of 5 V at the collector. This procedure of setting the output DC level is called biasing. In problem 1, you biased the transistor to a 5 V DC output.

Use the circuit shown in Figure 8.1 and the formulas given in problem 1 to answer the following questions.

Questions


A. If you decrease the value of RB, how do IB, IC, VR, and the bias point VC change?

B. If you increase the value of RB how do IB, IC, VR, and VC change?



Answers


A. IB increases, IC increases, VR increases, and so the bias point VC decreases.

B. IB decreases, IC decreases, VR decreases, and so the bias point VC increases.





3. In problem 2 you found that changing the value of RB, in the circuit shown in Figure 8.1 changes the value of IB.

The transistor amplifies slight variations in IB. Therefore, the amount IC that fluctuates is β times the change in value in IB.

The variations in IC cause changes in the voltage drop VR across RC. Therefore, the output voltage measured at the collector also changes.

Questions

For the circuit shown in Figure 8.1, calculate the following parameters when RB = 168 kΩ and VS = 10 V.


A. [image: images/c08_I0008.gif]

B. IC = βIB = 

C. VR = ICRC = 

D. VC = VS–VR = 



Answers


A. [image: images/c08_I0009.gif]

B. IC = 100  ×  0.059 = 5.9 mA

C. VR = 1 kΩ  ×  5.9 mA = 5.9 V

D. VC = 10 V–5.9 V = 4.1 V





4. Use the circuit shown in Figure 8.1 to answer the following questions when VS = 10 V.

Questions

Calculate VC for each of the following values of RB.


A. 100 kΩ

B. 10 MΩ

C. 133 kΩ

D. 400 kΩ



Answers


A. IB = 0.1 mA, IC = 10 mA, VC = 0 V

B. IB = 1 µA, IC = 0.1 mA, VC = 10 V (approximately)

C. IB = 0.075 mA, IC = 7.5 mA, VC = 2.5 V

D. IB = 0.025 mA, IC = 2.5 mA, VC = 7.5 V





5. The values of IC and VC that you calculated in problems 1 and 4 are plotted on the graph on the left side of Figure 8.2. The straight line connecting these points on the graph is called the load line.


Figure 8.2

[image: 8.2]

The axis labeled VC represents the voltage between the collector and the emitter of the transistor, and not the voltage between the collector and ground. Therefore, this axis should correctly be labeled VCE, as shown in the graph on the right of the figure. (For this circuit, VCE = VC because there is no resistor between the emitter and ground.)

Questions


A. At point A in the graph on the right, is the transistor ON or OFF?

B. Is it ON or OFF at point B?



Answers


A. ON because full current flows, and the transistor acts like a short circuit. The voltage drop across the transistor is 0 V.

B. OFF because essentially no current flows, and the transistor acts like an open circuit. The voltage drop across the transistor is at its maximum (10 V, in this case).





6. Point A on the graph shown in Figure 8.2 is called the saturated point (or the saturation point) because it is at that point that the collector current is at its maximum.

Point B on the graph shown in Figure 8.2 is often called the cutoff point because, at that point, the transistor is OFF and no collector current flows.

In regions X and Y, the gain (β) is not constant, so these are called the nonlinear regions. Note that β = IC/IB. Therefore, β is the slope of the line shown in the graph.

As a rough guide, V1 is about 1 V, and V2 is about 1 V less than the voltage at point B.

Question

What is the value of VCE at point B?

Answer

VCE = VS, which is 10 V in this case.



7. In region Z of the graph shown in Figure 8.2, β (that is, the slope of the graph) is constant. Therefore, this is called the linear region. Operating the transistor in the linear region results in an output signal that is free of distortion.

Question

Which values of IC and VC would result in an undistorted output in the circuit shown in Figure 8.1?


A. IC = 9 mA, VC = 1 V

B. IC = 1 mA, VC = 9 V

C. IC = 6 mA, VC = 4.5 V



Answer

C is the only one. A and B fall into nonlinear regions.



8. If you apply a small AC signal to the base of the transistor after it has been biased, the small voltage variations of the AC signal (shown in Figure 8.3 as a sine wave) cause small variations in the base current.


Figure 8.3

[image: 8.3]

These variations in the base current will be amplified by a factor of β, and will cause corresponding variations in the collector current. The variations in the collector current, in turn, will cause similar variations in the collector voltage.

The β used for AC gain calculations is different from the β used in calculating DC variations. The AC β is the value of the common emitter AC forward current transfer ratio, which is listed as hfe in manufacturers' transistor datasheets. Use the AC β whenever you need to calculate the AC output for a given AC input or to determine an AC current variation. Use the DC β to calculate the base or collector DC current values. It is important that you know which β to use and remember that one is used for DC and the other is used for AC variations. The DC β is sometimes called hFE or βdc.

As Vin increases, the base current increases, which causes the collector current to increase. An increase in the collector current increases the voltage drop across RC, which causes VC to decrease.


Note

The capacitor shown at the input blocks DC (infinite reactance) and easily passes AC (low reactance). This is a common isolation technique used at the input and output of AC circuits.



Questions


A. If the input signal decreases, what happens to the collector voltage?

B. If you apply a sine wave to the input, what waveform would you expect at the collector?



Answers


A. The collector voltage, VC, increases.

B. A sine wave, but inverted as shown in Figure 8.4.




Figure 8.4

[image: 8.4]



9. Figure 8.4 shows the input and output sine waves for an amplifier circuit.

The input voltage Vin is applied to the base. (Strictly speaking, it is applied across the base-emitter diode.) The voltage variations at the collector are centered on the DC bias point VC, and they will be larger than variations in the input voltage. Therefore, the output sine wave is larger than the input sine wave (that is, amplified).

This amplified output signal at the collector can be used to drive a load (such as a speaker).

To distinguish these AC variations in output from the DC bias level, you indicate the AC output voltage by Vout. In most cases, Vout is a peak-to-peak value.

Questions


A. What is meant by VC?

B. What is meant by Vout?



Answers


A. Collector DC voltage, or the bias point

B. AC output voltage





The ratio of the output voltage to the input voltage is called the voltage gain of the amplifier.

[image: images/c08_I0010.gif]

To calculate the voltage gain of an amplifier, you can measure Vin and Vout with an oscilloscope. Measure peak-to-peak voltages for this calculation.

10. For the circuit shown in Figure 8.4 you can calculate the voltage gain using the following formula:

[image: images/c08_I0011.gif]

In this equation:

	RL = is the load resistance. In this circuit, the collector resistor RC is the load resistance.

	Rin = the input resistance of the transistor. You can find Rin (often called hie) on the manufacturers' data or specification sheets. In most transistors, input resistance is about 1 kΩ to 2 kΩ.



You can find Vout by combining these two voltage gain equations:

[image: images/c08_I0012.gif]

Solving this for Vout results in the following equation. Here, the values of Rin = 1 kΩ, Vin = 1 mV, RC = 1 kΩ, and β = 100 were used to perform this sample calculation.

[image: images/c08_I0013.gif]

Questions


A. Calculate Vout if Rin = 2 kΩ, Vin = 1 mV, RC = 1 kΩ, and β = 100.

B. Find the voltage gain in both cases.



Answers


A. Vout = 50 mV

B. AV = 100 and AV = 50





This simple amplifier can provide voltage gains of up to about 500. But it does have several faults that limit its practical usefulness.

	Because of variations in β between transistors, VC changes if the transistor is changed. To compensate for this, you will have to adjust RB.

	Rin or hie varies greatly from transistor to transistor. This variation, combined with variations in β, means that you cannot guarantee the gain from one transistor amplifier to another.

	Both Rin and β change greatly with temperature, hence the gain is very temperature-dependent. For example, a simple amplifier circuit like that discussed in this problem was designed to work in the desert in July. It would fail completely in Alaska in the winter. If the amplifier worked perfectly in the lab, it probably would not work outdoors on either a hot or cold day.




Note

An amplifier whose gain and DC level bias point change as described in this problem is said to be unstable. For reliable operation, an amplifier should be as stable as possible. In later problems, you will see how to design a stable amplifier.



The Transistor Amplifier Experiment

In the following experiment, you build a simple transistor amplifier circuit, measure the output voltage and gain, and determine how the output voltage and gain changes with temperature.

You will need the following equipment and supplies:

	A transistor

	A 250 kΩ potentiometer (that is, a variable resistor)

	A 1 kΩ resistor

	A 10 kΩ resistor

	A 0.1 µF capacitor

	A 9 V transistor radio battery or a lab type power supply

	A breadboard

	A signal generator or a sine wave oscillator

	An oscilloscope



If you do not have what you need to set up the circuit and measure the values, just read through the experiment.

Follow these steps to complete the experiment:


1. Set up the circuit shown in Figure 8.5 on the breadboard.

2. Adjust the potentiometer so that the collector DC level is between 4.5 V and 5 V.

3. Connect the signal generator to the input and adjust the frequency to produce a sine wave output of 1 kHz.

4. Adjust the level of the signal generator so that the output of the transistor at the collector, viewed on an oscilloscope, is not distorted. Make sure the output looks like a sine wave and not like the waveform shown in Figure 8.6.

5. Measure the pp sine wave input and output of the circuit.

6. Find the voltage gain from the formula AV = Vout/Vin.

7. Now, heat the transistor while it is in the circuit by placing a soldering iron near it for 15–30 seconds. Note the changes in the DC level at the collector, and the changes in the pp level of the output sine wave.

8. Repeat steps 2–7 with other transistors. Note the differences in gain.




Figure 8.5

[image: 8.5]


Figure 8.6

[image: 8.6]

You will discover that you cannot always guarantee in which way the outputs will change. This is because the relative values of β and Rin may be different for various transistors, and they may change at different rates as the temperature changes.

It is very important to understand that the bias point and the gain can (and will) change with changes in temperature. Obviously, this limits the practical usefulness of this circuit. To design a usable stable amplifier you must make a few changes, as covered in the next few problems.

A Stable Amplifier

11. You can overcome the instability of the transistor amplifier discussed in the first ten problems of this chapter by adding two resistors to the circuit. Figure 8.7 shows an amplifier circuit to which resistors RE and R2 have been added. R2, along with R1 (labeled RB in the previous circuits), ensures the stability of the DC bias point.


Figure 8.7

[image: 8.7]

By adding the emitter resistor RE, you ensure the stability of the AC gain.

The labels in Figure 8.8 identify the DC currents and voltages present in the circuit. These parameters are used in the next several problems.


Figure 8.8

[image: 8.8]

Question

In designing an amplifier circuit and choosing the resistor values, there are two goals. What are they?

Answer

A stable DC bias point, and a stable AC gain



12. Look at the gain first. The gain formula for the circuit shown in Figure 8.8 is as follows:

[image: images/c08_I0014.gif]

This is a slight variation on the formula shown in problem 10. (The complex mathematical justification for this is not important right here.) Here, the AC gain has been made independent of the transistor β and input resistance.

As these two parameters vary with temperature, and vary from transistor to transistor, you now have a method of setting the AC gain so that it will be constant regardless of all these variations.

Questions

Use the circuit shown in Figure 8.8 with RC = 10 kΩ and RE = 1 kΩ to answer the following questions.


A. What is the AC voltage gain for a transistor if its β = 100?

B. What is the gain if β = 500?



Answers


A. 10

B. 10





13. This problem provides a couple of examples that will help you understand how to calculate voltage gain and the resulting output voltage.

Questions


A. Calculate the voltage gain (AV) of the amplifier circuit shown in Figure 8.8 if RC = 10 kΩ and RE = 1 kΩ. Then, use AV to calculate the output voltage if the input signal is 2 mVpp.

B. Calculate the voltage gain if RC = 1 kΩ and RE = 250 ohms. Then, use AV to calculate the output voltage if the input signal is 1 Vpp.



Answers


A. [image: images/c08_I0015.gif]

B. [image: images/c08_I0016.gif]



Although the amplifier circuit shown in Figure 8.8 produces stable values of voltage gain, it does not produce high values of voltage gain. For various reasons, this circuit is limited to voltage gains of 50 or less. Later, this chapter discusses an amplifier circuit that can produce higher values of voltage gain.



14. Before you continue, look at the current relationships in the amplifier circuit shown in Figure 8.8 and an approximation that is often made. You can calculate the current flowing through the emitter resistor with the following equation:

[image: images/c08_I0017.gif]

In other words, the emitter current is the sum of the base and the collector currents.

IC is much larger than IB. You can, therefore, assume that the emitter current is equal to the collector current.

[image: images/c08_I0018.gif]

Question

Calculate VC, VE, and AV for the circuit shown in Figure 8.9 with VS = 10 V, IC = 1 mA, RC = 1 kΩ, and RE = 100 ohms.


Figure 8.9

[image: 8.9]


Answer

[image: images/c08_I0019.gif]



15. For this problem, use the circuit shown in Figure 8.9 with VS = 10 V, IC = 1 mA, RC = 2 kΩ, and RE = 1 kΩ.

Question

Calculate VC, VE, and AV.

Answer

[image: images/c08_I0020.gif]



16. For this problem, use the circuit shown in Figure 8.9 with VS = 10 V and IC = 1 mA.

Questions

Find VC, VE, and AV for the following values of RC and RE.


A. RC = 5 kΩ, RE = 1 kΩ

B. RC = 4.7 kΩ, RE = 220 ohms



Answers


A. [image: images/c08_I0021.gif]

B. [image: images/c08_I0022.gif]





Biasing

17. In this problem, you see the steps used to calculate the resistor values needed to bias the amplifier circuit shown in Figure 8.10.


Figure 8.10

[image: 8.10]

You can determine values for R1, R2, and RE that bias the circuit to a specified DC output voltage and a specified AC voltage gain by using the following steps.

Read the following procedure and the relevant formulas first, and then you will walk through an example.


1. Find RE by using the following:

[image: images/c08_I0023.gif]

2. Find VE by using the following:

[image: images/c08_I0024.gif]

3. Find VB by using the following:

[image: images/c08_I0025.gif]

4. Find IC by using the following:

[image: images/c08_I0026.gif]

5. Find IB by using the following:

[image: images/c08_I0027.gif]

6. Find I2 where I2 is 10IB. (Refer to the circuit shown in Figure 8.8.) This is a convenient rule of thumb that is a crucial step in providing stability to the DC bias point.

7. Find R2 by using the following:

[image: images/c08_I0028.gif]

8. Find R1 by using the following:

[image: images/c08_I0029.gif]

9. Steps 7 and 8 might produce nonstandard values for the resistors, so choose the nearest standard values.

10. Use the voltage divider formula to see if the standard values you chose in step 9 result in a voltage level close to VB found in step 3. (“Close” means within 10 percent of the ideal.)



This procedure produces an amplifier that works, and results in a DC output voltage and AC gain that are close to those specified at the beginning of the problem.

Questions

Find the values of the parameters specified in each question for the circuit shown in Figure 8.11 if AV = 10, VC = 5V, RC = 1 kΩ, β = 100, and VS = 10 V.


Figure 8.11

[image: 8.11]

Work through steps 1–10, referring to the steps in this problem for formulas as necessary.


1. Find RE.

[image: images/c08_I0030.gif]

2. VE = _____

3. VB = _____

4. IC = _____

5. IB = _____

6. I2 = _____

7. R2 = _____

8. R1 = _____

9. Choose the standard resistance values that are closest to the calculated values for R1 and R2.

R1 = _____; R2 = _____.

10. Using the standard resistance values for R1 and R2, find VB.

VB = _____



Answers

You should have found values close to these:


1. 100 ohms

2. 0.5 V

3. 1.2 V

4. 5 mA

5. 0.05 mA

6. 0.5 mA

7. 2.4 kΩ

8. 16 kΩ

9. 2.4 kΩ and 16 kΩ are standard values (they are 5 percent values). Alternative acceptable values would be 2.2 kΩ and 15 kΩ.

10. With 2.4 kΩ and 16 kΩ, VB = 1.3 V. With 2.2 kΩ and 15 kΩ, VB = 1.28 V. Either value of VB is within 10 percent of the 1.2 V calculated for VB in step 3.





Figure 8.12 shows an amplifier circuit using the values you calculated in this problem for R1, R2, and RE.


Figure 8.12

[image: 8.12]


18. Follow the steps in problem 17 to answer the following questions.

Questions

Find the values of the parameters specified in each question for the circuit shown in Figure 8.11 if AV = 15, VC = 6 V, β = 100, RC = 3.3 kΩ, and VS = 10 V.


1. RE = _____

2. VE = _____

3. VB = _____

4. IC = _____

5. IB = _____

6. I2 = _____

7. R2 = _____

8. R1 = _____

9. Choose the standard resistance values that are closest to the calculated values for R1 and R2.

R1 = _____; R2 = _____.

10. Using the standard resistance values for R1 and R2, find VB.

VB = _____



Answers

These are the values you should have found:


1. 220 ohms

2. 0.27 V

3. 0.97 V (You can use 1 V if you wish.)

4. 1.2 mA

5. 0.012 mA

6. 0.12 mA

7. 8.3 kΩ

8. 68.2 kΩ

9. These are very close to the standard values of 8.2 kΩ and 68 kΩ.

10. 1.08 using the standard values. This is close enough to the value of VB calculated in question 3.





19. The AC voltage gain for the circuit discussed in problem 18 was 10. Earlier, you learned that the maximum practical gain of the amplifier circuit shown in Figure 8.11 is about 50.

However, in problem 10, you learned that AC voltage gains of up to 500 are possible for the amplifier circuit shown in Figure 8.4. Therefore, by ensuring the stability of the DC bias point, the amplifier has much lower gain than is possible with the transistor amplifier circuit shown in Figure 8.4.

You can make an amplifier with stable bias points without giving up high AC voltage gain by placing a capacitor in parallel with the emitter resistor, as shown in Figure 8.13.


Figure 8.13

[image: 8.13]

If the reactance of this capacitor for an AC signal is significantly smaller than RE, the AC signal passes through the capacitor rather than the resistor. Therefore, the capacitor is called an emitter bypass capacitor. The AC signal “sees” a different circuit from the DC, which is blocked by the capacitor and must flow through the resistor. Figure 8.14 shows the different circuits seen by AC and DC signals.


Figure 8.14

[image: 8.14]

The AC voltage gain is now very close to that of the amplifier circuit discussed in problems 1–10.

Questions


A. What effect does the emitter bypass capacitor have on an AC signal?

B. What effect does the emitter bypass capacitor have on the AC voltage gain?

C. What is the AC voltage gain formula with an emitter bypass capacitor included in the circuit?



Answers


A. It makes the emitter look like a ground, and effectively turns the circuit into the circuit in Figure 8.4.

B. It increases the gain.

C. The same formula used in problem 10:

[image: images/c08_I0031.gif]





20. You can use the circuit shown in Figure 8.13 when you need as much AC voltage gain as possible. When the volume of AC voltage gain is your priority, predicting the actual amount of gain is usually not important, so the fact that the equation is inexact is unimportant. If you need an accurate amount of gain, then you must use a different type of amplifier circuit that produces lower amounts of gain.

You can find the value of the capacitor CE using the following steps:


1. Determine the lowest frequency at which the amplifier must operate.

2. Calculate XC with this formula:

[image: images/c08_I0032.gif]

3. Calculate CE with the following formula using the lowest frequency at which the amplifier must operate (determined in step 1):

[image: images/c08_I0033.gif]



For the following question, use the circuit shown in Figure 8.12, with an emitter bypass capacitor added, as shown in Figure 8.15


Figure 8.15

[image: 8.15]

Questions

Follow the previous steps to calculate the value of CE required if the lowest operating frequency of the amplifier is 50 Hz.


1. 50 Hz is the lowest frequency at which the amplifier must operate.

2. XC = _____

3. CE = _____



Answers

XC = 10 ohms

CE = 320 µF (approximately)



The AC voltage gain formula for an amplifier with an emitter bypass capacitor (Circuit 2 of Figure 8.16) is the same as the AC voltage gain formula for the amplifiers discussed in problems 1–10, where the emitter is directly connected to ground (Circuit 1 of Figure 8.16).


Figure 8.16

[image: 8.16]

The AC voltage gain formula for an amplifier is as follows:

[image: images/c08_I0034.gif]

(RC is being used instead of RL, because the collector resistor is the total load on the amplifier.)


	Circuit 1 —Here, RE = zero, so the AC voltage gain formula is as follows:
[image: images/c08_I0035.gif]


	Circuit 2 —Here, RE = zero for an AC signal, because the AC signal is grounded by the capacitor and RE is out of the AC circuit. Thus, the AC voltage gain formula is as follows:
[image: images/c08_I0036.gif]




21. To obtain even larger voltage gains, two transistor amplifiers can be cascaded. That is, you can feed the output of the first amplifier into the input of the second amplifier. Figure 8.17 shows a two-transistor amplifier circuit, also called a two-stage amplifier.


Figure 8.17

[image: 8.17]

You find the total AC voltage gain by multiplying the individual gains. For example, if the first amplifier has an AC voltage gain of 10, and the second has an AC voltage gain of 10, then the overall AC voltage gain is 100.

Questions


A. Suppose you cascade an amplifier with a gain of 15 with one that has a gain of 25. What is the overall gain?

B. What is the overall gain if the individual gains are 13 and 17?



Answers


A. 375

B. 221





22. Two stage amplifiers can achieve very large AC voltage gains if each amplifier uses an emitter bypass capacitor.

Question

What is the total AC voltage gain if each stage of a two-transistor amplifier has a gain of 100?

Answer

10,000



The Emitter Follower

23. Figure 8.18 shows another type of amplifier circuit.


Figure 8.18

[image: 8.18]

Question

How is the circuit shown in Figure 8.18 different from the amplifier circuit discussed in problems 11–18?

Answer

There is no collector resistor, and the output signal is taken from the emitter.



24. The circuit shown in Figure 8.18 is called an emitter follower amplifier. (In some cases, it is also called the common collector amplifier.)

The output signal has some interesting features:

	The peak-to-peak value of the output signal is almost the same as the input signal. In other words, the circuit gain is slightly less than 1, though in practice it is often considered to be 1.

	The output signal has the same phase as the input signal. It is not inverted. In fact, the output is simply considered to be the same as the input.

	The amplifier has a very high input resistance. Therefore, it draws very little current from the signal source.

	The amplifier has a very low output resistance. Therefore, the signal at the emitter appears to be emanating from a battery or signal generator with a very low internal resistance.



Questions


A. What is the voltage gain of an emitter follower amplifier?

B. Is the output signal inverted?

C. What is the input resistance of the emitter follower amplifier?

D. What is its output resistance?



Answers


A. 1

B. No

C. High

D. Low





25. The example in this problem demonstrates the importance of the emitter follower circuit. The circuit shown in Figure 8.19 contains a small AC motor with 100 ohms resistance that is driven by a 10 Vpp signal from a generator. The 50 ohm resistor labeled RG is the internal resistance of the generator. In this circuit, only 6.7 Vpp is applied to the motor; the rest of the voltage is dropped across RG.


Figure 8.19

[image: 8.19]

Figure 8.20 shows the same circuit, with a transistor connected between the generator and the motor in an emitter follower configuration.


Figure 8.20

[image: 8.20]

You can use the following formula to calculate the approximate input resistance of the transistor.

[image: images/c08_I0037.gif]

The 10 Vpp from the generator is divided between the 10,000 ohm input resistance of the transistor and the 50 ohm internal resistance of the generator. Therefore, there is no significant voltage drop across RG, and the full 10 Vpp is applied to the base of the transistor. The emitter voltage remains at 10 Vpp.

Also, the current through the motor is now produced by the power supply and not the generator, and the transistor looks like a generator with a very low internal resistance.

This internal resistance (RO) is called the output impedance of the emitter follower. You can calculate it using this formula:

[image: images/c08_I0038.gif]

for the circuit shown in Figure 8.20, if RG = 50 ohms and β = 100, RO = 0.5 ohms. Therefore, the circuit shown in Figure 8.20 is effectively a generator with an internal resistance of only 0.5 ohms driving a motor with a resistance of 100 ohms. Therefore, the output voltage of 10 Vpp is maintained across the motor.

Questions


A. What is the emitter follower circuit used for in this example?

B. Which two properties of the emitter follower are useful in circuits?



Answers


A. To drive a load that could not be driven directly by a generator

B. High input resistance and its low output resistance





26. The questions in this problem apply to the emitter follower circuit discussed in problems 23–25.

Questions


A. What is the approximate gain of an emitter follower circuit?

B. What is the phase of the output signal compared to the phase of the input signal?

C. Which has the higher value, the input resistance or the output resistance?

D. Is the emitter follower more effective at amplifying signals or at isolating loads?



Answers


A. 1

B. The same phase

C. The input resistance

D. Isolating loads





27. You can design an emitter follower circuit using these steps:


1. Specify VE. This is a DC voltage level, which is usually specified as half the supply voltage.

2. Find VB. Use VB = VE + 0.7 V.

3. Specify RE. Often this is a given factor, especially if it is a motor or other load that is being driven.

4. Find IE by using the following:

[image: images/c08_I0039.gif]

5. Find IB by using the following:

[image: images/c08_I0040.gif]

6. Find I2 by using I2 = 10IB.

7. Find R2 by using the following:

[image: images/c08_I0041.gif]

8. Find R1 by using the following:

[image: images/c08_I0042.gif]

Usually, IB is small enough to be dropped from this formula.

9. Choose the nearest standard values for R1 and R2.

10. Check that these standard values give a voltage close to VB. Use the voltage divider formula.



A simple design example illustrates this procedure. Use the values shown in the circuit in Figure 8.21 for this problem.


Figure 8.21

[image: 8.21]

Questions

Work through Steps 1–10 to find the values of the two bias resistors.


1. VE = _____

2. VB = _____

3. RE = _____

4. IE = _____

5. IB = _____

6. I2 = _____

7. R2 = _____

8. R1 = _____

9. The nearest standard values are as follows:

R1 = _____ and R2 = _____

10. VB = _____



Answers

Your answers should be close to these values.


1. 5 V (This was given in Figure 8.21.)

2. 5.7 V

3. 1 kΩ (This was given in Figure 8.21.)

4. 5 mA

5. 0.05 mA

6. 0.5 mA

7. 11.4 kΩ

8. 7.8 kΩ

9. The nearest standard values are 8.2 kΩ and 12 kΩ.

10. The standard resistor values result in VB = 5.94 V. This is a little higher than the VB calculated in step 2, but it is acceptable.





VE is set by the biasing resistors. Therefore, it is not dependent upon the value of RE. Almost any value of RE can be used in this circuit. The minimum value for RE is obtained by using this simple equation:

[image: images/c08_I0043.gif]

Analyzing an Amplifier

28. Up to now, the emphasis has been on designing a simple amplifier and an emitter follower. This section shows how to “analyze” a circuit that has already been designed. To “analyze” in this case means to calculate the collector DC voltage (the bias point) and find the AC gain. This procedure is basically the reverse of the design procedure.

Start with the circuit shown in Figure 8.22.


Figure 8.22

[image: 8.22]

Here are the steps you use to analyze a circuit:


1. Find VB by using the following:

[image: images/c08_I0044.gif]

2. Find VE by using VE = VB–0.7 V.

3. Find IC by using the following:

[image: images/c08_I0045.gif]

Note that IC = IE.

4. Find VR by using VR = RC × IC.

5. Find VC by using VC = VS–VR. This is the bias point.

6. Find AV by using the following:

[image: images/c08_I0046.gif]



When you use the second formula, you must find the value of Rin (or hie) on the manufacturer's datasheets for the transistor.

Use the circuit shown in Figure 8.23 for following questions. For these questions, use β = 100, Rin = 2 kΩ and the values given in the circuit drawing.


Figure 8.23

[image: 8.23]

Questions

Calculate VB, VE, IC, VR, VC, and AV using steps 1–6 of this problem.


1. VB = _____

2. VE = _____

3. IC = _____

4. VR = _____

5. VC = _____

6. AV = _____



Answers


1. [image: images/c08_I0047.gif]

2. VE = 1.2–0.7 = 0.5 V

3. [image: images/c08_I0048.gif]

4. VR = 10 kΩ  ×  0.5 mA = 5 V

5. VC = 10 V–5 V = 5 V (This is the bias point.)

6. With the capacitor:

[image: images/c08_I0049.gif]

Without the capacitor:

[image: images/c08_I0050.gif]





29. You can determine the lowest frequency the amplifier will satisfactorily pass by following these simple steps:


1. Determine the value of RE.

2. Calculate the frequency at which XC = RE/10. Use the capacitor reactance formula. (This is one of those “rules of thumb” that can be mathematically justified, and gives reasonably accurate results in practice.)



Questions

For the circuit shown in Figure 8.23, find the following.


A. RE = _____

B. f = _____



Answers


A. RE = 1 kΩ (given in the circuit diagram)

B. So, we will set XC = 100 ohms, and use this formula:

[image: images/c08_I0051.gif]

So:

[image: images/c08_I0052.gif]





30. For the circuit shown in Figure 8.24 follow the steps given in problems 28 and 29 to answer the following questions.


Figure 8.24

[image: 8.24]

Questions


1. VB = _____

2. VE = _____

3. IC = _____

4. VR = _____

5. VC = _____

6. With capacitor: AV = _____

Without capacitor: AV = _____

7. Low frequency check: f = _____



Answers

Your answers should be close to these.


1. 1.18 V

2. 0.48 V

3. 1 mA

4. 4.7 V

5. 5.3 V (bias point)

6. With capacitor: 376

Without capacitor: 10

7. 57 Hz (approximately)





The JFET as an Amplifier

31. Chapter 3 discussed the junction field effect transistor (JFET) in problems 29–32 and Chapter 4 discussed JFET in problems 37–41. You may wish to review these problems before answering the questions in this problem. Figure 8.25 shows a typical biasing circuit for a JFET.


Figure 8.25

[image: 8.25]

Questions


A. What type of JFET is depicted in the circuit?

B. What value of VGS would you need to turn the JFET completely ON?

C. What drain current flows when the JFET is completely ON?

D. What value of VGS would you need to turn the JFET completely OFF?

E. When a JFET is alternately turned completely ON and OFF in a circuit, what type of component are you using the JFET as?



Answers


A. N-channel JFET.

B. VGS = 0 V to turn the JFET completely ON.

C. Drain saturation current (IDSS).

D. VGS should be a negative voltage for the N-channel JFET to turn it completely OFF. The voltage must be larger than or equal to the cutoff voltage.

E. The JFET is being used as a switch.





32. You can use a JFET to amplify AC signals by biasing the JFET with a gate to source voltage about halfway between the ON and OFF states. You can find the drain current that flows in a JFET biased to a particular VGS by using the following equation for the transfer curve:

[image: images/c08_I0053.gif]

In this equation, IDSS is the value of the drain saturation current and VGS(off) is the gate to source voltage at cutoff. Both of these are indicated on the transfer curve shown in Figure 8.26.


Figure 8.26

[image: 8.26]

For the transfer curve shown in Figure 8.26, IDSS = 12 mA and VGS(off) = −4 V. Setting the bias voltage at VGS = −2 V returns the following value for the drain current:

[image: images/c08_I0054.gif]

Questions

Calculate the drain current for the following:


A. VGS = –1.5

B. VGS = –0.5 volts.



Answers


A. 4.7 mA

B. 9.2 mA






Note

Datasheets give a wide range of possible IDSS and VGS(off) ) values for a given JFET. You may have to resort to actually measuring these with the method shown in Chapter 4, problem 38.



33. For the circuit shown in Figure 8.25, you choose the value of the drain to source voltage, VDS, then calculate the value of the load resistor, RD, by using the following equation:

[image: images/c08_I0055.gif]

For this problem, use ID = 3 mA, and a drain supply voltage (VDD) of 24 V. Calculate the value of RD that results in the specified value of VDS; this is also the DC output voltage of the amplifier.

Question

Calculate the value of RD that will result in VDS = 10 V.

Answer

[image: images/c08_I0056.gif]



34. The circuit shown in Figure 8.27 (which is referred to as a JFET common source amplifier) applies a 0.5 Vpp sine wave to the gate of the JFET, and produces an amplified sine wave output from the drain.


Figure 8.27

[image: 8.27]

The input sine wave is added to the −2 V bias applied to the gate of the JFET. Therefore, VGS varies from −1.75 to −2.25 V.

Question

Calculate ID, using the formula in problem 32, for the maximum and minimum values of VGS.

Answer

For VGS = –1.75 V, ID = 3.8 mA.

For VGS = –2.25 V, ID = 2.3 mA.



35. As the drain current changes, VRD (the voltage drop across resistor RD) also changes.

Question

For the circuit shown in Figure 8.27, calculate the values of VRD for the maximum and minimum values of ID you calculated in problem 34.

Answer

[image: images/c08_I0057.gif]

This corresponds to a 7 Vpp sine wave.



36. As the voltage drop across RD changes, the output voltage also changes.

Question

For the circuit shown in Figure 8.27, calculate the values of Vout for the maximum and minimum values of VRD you calculated in problem 35.

Answer

[image: images/c08_I0058.gif]

Therefore, the output signal is a 7 Vpp sine wave.


37. Table 8.1 shows the results of the calculations made in problems 34–36 including the DC bias point.


Table 8.1

[image: images/c08tnt001.jpg]


Question

What are some characteristics of the AC output signal?

Answer

The output signal is a 7 Vpp sine wave with the same frequency as the input sine wave. Note that, as the input voltage on VGS increases (toward 0 V), the output decreases. As the input voltage decreases (becomes more negative), the output voltage increases. This means that the output is 180 degrees out of phase with the input.


38. You can calculate the AC voltage gain for the amplifier discussed in problems 34–37 by using the following formula:

[image: images/c08_I0059.gif]

The negative sign in this formula indicates that the output signal is 180 degrees out of phase from the input signal.

Question

Calculate the AC voltage gain for the amplifier discussed in problems 34–37.

Answer

[image: images/c08_I0060.gif]



39. You can also calculate the AC voltage gain by using the following formula:

[image: images/c08_I0061.gif]

In this equation, gm is the transconductance and is a property of the JFET. It is also called the forward transfer admittance. A typical value for gm is usually provided for JFETs in the manufacturers' datasheet. You can also use the data in Table 8.1 to calculate gm using the following formula:

[image: images/c08_I0062.gif]

In this equation, Δ indicates the change or variation in VGS and the corresponding drain current. The unit for transconductance is mhos.

Questions


A. Using the data from Table 8.1, what is the value of gm for the JFET used in the amplifier?

B. What is the corresponding AC voltage gain?



Answers


A. [image: images/c08_I0063.gif]

B. Av = –(0.003)(4670) = –14, the same result you found in problem 38.





40. Design a JFET common source amplifier using a JFET with IDSS = 14.8 mA and VGS(off) = –3.2 V. The input signal is 40 mVpp. The drain supply is 24 V.

Questions


A. Determine the value of VGS that will bias the JFET at a voltage near the middle of the transfer curve.

B. Calculate the drain current when VGS is at the value determined in step A, using the formula in problem 32.

C. Choose a value of VDS and calculate the value of RD using the formula in problem 33.

D. Calculate the maximum and minimum values of VGS that result from the input signal, and the corresponding values of drain current using the procedure in problem 34.

E. Calculate the maximum and minimum values of Vout that result from the input signal using the procedures in problems 35 and 36.

F. Calculate the gain of the amplifier.



Answers


A. VGS = –1.6 V

B. ID = 3.7 mA

C. For VDS = 10 V,

[image: images/c08_I0064.gif]

D. VGS will vary from –1.58 to –1.62 V. Use the formula to calculate values of drain current. ID will vary from 3.79 to 3.61 mA.

E. VRD will vary from 14.3 to 13.6 V. Therefore, Vout will vary from 9.7 to 10.4 V.

F. [image: images/c08_I0065.gif]





41. Use the results of problem 40, question D, to answer the following question.

Question

Calculate the transconductance of the JFET and the AC voltage gain using the formulas discussed in problem 39.

Answer

[image: images/c08_I0066.gif]

This is very close to the value you found in problem 40, question F.



42. Figure 8.28 shows a JFET amplifier circuit that uses one power supply, rather than separate power supplies for the drain and gate used in the amplifier discussed in problems 34–41.


Figure 8.28

[image: 8.28]

The DC voltage level of the gate is zero because the gate is tied to ground through RG. Therefore, the voltage drop across RS becomes the gate to source voltage. To design the circuit, you must find values for both RS and RD. Use the same bias point for this problem as you used for the amplifier discussed in problems 34–41: VGS = –2 V and ID = 3 mA. Follow these steps:


1. Calculate RS, using the following formula, recognizing that VRS = VGS:

[image: images/c08_I0067.gif]

2. Calculate RD using the following formula, using VDS = 10 V, the same value you used for the amplifier discussed in problems 34–41:

[image: images/c08_I0068.gif]

3. Calculate XCS using the following formula:

[image: images/c08_I0069.gif]

Then, calculate CS using the following formula:

[image: images/c08_I0070.gif]

4. Calculate the peak-to-peak output voltage using the procedures shown in problems 34–36.

5. Calculate the AC voltage gain using this formula:

[image: images/c08_I0071.gif]




Note

Choose the value of CS so that its reactance is less than 10 percent of RS at the lowest frequency you need to amplify. The DC load for the JFET is RD plus RS. The AC load is RD only, because CS bypasses the AC signal around RS, which keeps the DC operating point stable. The use of CS reduces the gain slightly because you now use a smaller RD to calculate the AC voltage swings at the output.



Questions


A. What is the value of RS?

B. What is the value of RD?

C. What is the value of CS? Assume f = 1 kHz.

D. Calculate the peak-to-peak Vout for Vin = 0.5 Vpp.

E. What is the voltage gain?



Answers


A. [image: images/c08_I0072.gif]

B. [image: images/c08_I0073.gif]

C. XCS = 66.7 ohms, CS = 2.4 µF

D. The AC drain current will still vary from 3.8 to 2.3 mA, as in problem 37. The voltage across RD is now 6 Vpp, because RD is 4 kΩ. The output voltage is also 6 Vpp.

E. [image: images/c08_I0074.gif] The gain is 12.





The Operational Amplifier

43. The operational amplifier (op-amp) in use today is actually an integrated circuit (IC). This means that the device has numerous transistors and other components constructed on a very small silicon chip. These IC op-amps are much smaller and, therefore, more practical than an amplifier with equivalent performance that is made with discrete components.

It is possible to purchase op-amps in different case configurations. Some of these configurations are the TO metal package, the flat pack, and the DIP package. You will also find 2 op-amps (dual) or 4 op-amps (quad) in a single IC.

Their size, low cost, and wide range of applications have made op-amps so common today that they are thought of as a circuit device or component in and of themselves, even though a typical op-amp may contain 20 or more transistors in its design. The characteristics of op-amps very closely resemble those of an ideal amplifier. Following are these characteristics:

	High input impedance (does not require input current)

	High gain (used for amplifying small signal levels)

	Low output impedance (not affected by the load)



Questions


A. What are the advantages of using op-amps?

B. Why are op-amps manufactured using IC techniques?



Answers


A. Small size, low cost, wide range of applications, high input impedance, high gain, and low output impedance.

B. Because of the large numbers of transistors and components that are required in the design of an op-amp, they must be constructed on a single, small silicon chip using IC manufacturing techniques to be of a reasonable size.





44. Figure 8.29 shows the schematic symbol for an op-amp.


Figure 8.29

[image: 8.29]

An input at the inverting input results in an output that is 180 degrees out of phase with the input. An input at the non-inverting input results in an output that is in phase with the input. Both positive and negative voltage supplies are required, and the datasheet will specify their values for the particular op-amp you are using. Datasheets usually contain circuit diagrams showing how you should connect external components to the op-amp for specific applications. These circuit diagrams (showing how a particular op-amp can be used for various applications) can be very useful to the designer or the hobbyist.

Questions


A. How many terminals does the op-amp require, and what are their functions?

B. How is the output related to the input when the input is connected to the inverting input?



Answers


A. 5—two input terminals, one output terminal, two power supply terminals.

B. The output is 180 degrees out of phase with the input.





45. Figure 8.30 shows a basic op-amp circuit. The input signal is connected to an inverting input, as indicated by the negative sign. Therefore, the output signal will be 180 degrees out of phase with the input.


Figure 8.30

[image: 8.30]

You can find the AC voltage gain for the circuit using the following equation:

[image: images/c08_I0075.gif]

Resistor RF is called a feedback resistor, because it forms a feedback path from the output to the input. Many op-amp circuits use a feedback loop. Because the op-amp has such a high gain, it is easy to saturate it (at maximum gain) with small voltage differences between the two input terminals. The feedback loop allows the operation of the op-amp at lower gains, allowing a wider range of input voltages. When designing a circuit, you can choose the value of the feedback resistor to achieve a specific voltage gain. The role of the capacitors in the diagram is to block DC voltages.

Questions


A. Calculate the value of RF that would give the amplifier an AC voltage gain of 120.

B. Calculate AC Vout if AC Vin is 5 mVrms.



Answers


A. [image: images/c08_I0076.gif]

B. [image: images/c08_I0077.gif]

The output signal is inverted with respect to the input signal.





46. Use the op-amp circuit shown in Figure 8.30 to build an amplifier with an output voltage of 12 Vpp, an AC voltage gain of 50, and with Rin = 6.8 kΩ.

Questions


A. Calculate the value of RF.

B. Calculate the value of Vin required to produce the output voltage specified earlier.



Answers


A. [image: images/c08_I0078.gif]

B. [image: images/c08_I0079.gif]





Summary

This chapter introduced the most common types of amplifiers in use today: the common emitter BJT, the common source JFET, and the op-amp. At best, this chapter has only scratched the surface of the world of amplifiers. In fact, there are many variations and types of amplifiers. Still, the terminology and design approach you learned here should give you a basic foundation for further study.

Following are the key skills you gained in this chapter:

	How to design a simple amplifier when the bias point and the gain are specified

	How to do the same for an emitter follower

	How to analyze a simple amplifier circuit



Self-Test

These questions test your understanding of the material presented in this chapter. Use a separate sheet of paper for your diagrams or calculations. Compare your answers with the answers provided following the test.


1. What is the main problem with the amplifier circuit shown in Figure 8.1?

2. What is the gain formula for that circuit?

3. Does it have a high or low gain?

Use the circuit shown in Figure 8.31 for questions 4–8.

4. Design an amplifier so that the bias point is 5 V and the AC voltage gain is 15. Assume β = 75, Rin = 1.5 kΩ, VS = 10 V, and RC = 2.4 kΩ. Add capacitor CE to the circuit and calculate a suitable value to maintain maximum AC voltage gain at 50 Hz. What is the approximate value of this gain?

5. Repeat question 4 with these values: VS = 28 V, β = 80, Rin = 1 kΩ, and RC = 10 kΩ. The bias point should be 14 V, and the AC voltage gain 20.

6. Repeat question 4 with these values: VS = 14 V, β = 250, Rin = 1 kΩ, and RC = 15 kΩ. The bias point should be 7 V, and the AC voltage gain 50.

7. Design an emitter follower amplifier given that VS = 12 V, RE = 100 ohms, β = 35, VE = 7 V, RC = 0 ohms.

8. Design an emitter follower amplifier given that VS = 28 V, RE = 100 ohms, β = 35, VE = 7 V, RC = 0 ohms.

In questions 9–11, the resistance and β values are given. Analyze the circuit to find the bias point and the gain.

9. R1 = 16 kΩ, R2 = 2.2 kΩ, RE = 100 ohms, RC = 1 kΩ, β = 100, VS = 10 V

10. R1 = 36 kΩ, R2 = 3.3 kΩ, RE = 110 ohms, RC = 2.2 kΩ, β = 50, VS = 12 V

11. R1 = 2.2 kΩ, R2 = 90 kΩ, RE = 20 ohms, RC = 300 kΩ, β = 30, VS = 50 V

12. The circuits from questions 4 and 5 are connected to form a two-stage amplifier. What is the gain when there is an emitter bypass capacitor for both transistors? When the capacitor is not used in either of them?

13. Design a JFET amplifier using the circuit shown in Figure 8.27. The characteristics of the JFET are IDSS = 20 mA and VGS(off) = –4.2 V. The desired value of VDS is 14 V. Find the value of RD.

14. If the transconductance of the JFET used in question 13 is 0.0048 mhos, what is the voltage gain?

15. If the desired output is 8 Vpp for the JFET of questions 13 and 14, what should the input be?

16. Design a JFET amplifier using the circuit in Figure 8.28. The JFET characteristics are IDSS = 16 mA and VGS(off) = –2.8 V. Using a VDS of 10 V, find the values of RS, CS, and RD.

17. If the input to the JFET in question 16 is 20 mVpp, what is the AC output voltage and what is the gain?

18. For the op-amp circuit shown in Figure 8.30, what is the output voltage if the input is 50 mV and the feedback resistor is 750 kΩ?




Figure 8.31

[image: 8.31]

Answers to Self-Test

If your answers do not agree with those provided here, review the problems in parentheses before you go on to the next chapter.


	1.
	Its bias point is unstable, and its gain varies with temperature. Also, you cannot guarantee what the gain will be.
	(problem 10)



	2.
	[image: images/c08_I0080.gif]
	(problem 10)



	3.
	Usually the gain is quite high.
	(problem 10)



	For Numbers 4–6, suitable values are given. Yours should be close to these.
	
	



	4.
	R1 = 29 kΩ, R2 = 3.82 kΩ, RE = 160 ohms, CE = 200 μF, AV = 120
	(problems 17–22)



	5.
	R1 = 138 kΩ, R2 = 8 kΩ, RE = 500 ohms, CE = 64 μF, AV = 800
	(problems 17–22)



	6.
	R1 = 640 kΩ, R2 = 45 kΩ, RE = 300 ohms, CE = 107 μF, AV = 750
	(problems 17–22)



	7.
	R1 = 8 kΩ; R2 = 11.2 kΩ
	(problem 27)



	8.
	R1 = 922 ohms; R2 = 385 ohms
	(problem 27)



	9.
	VC = 5 V, AV = 10
	(problems 28–30)



	10.
	VC = 6 V, AV = 20
	(problems 28–30)



	11.
	VC = 30 V, AV = 15
	(problems 28–30)



	12.
	When the capacitor is used, AV = 120  ×  800 = 96,000.
	(problems 17–22)



	
	When the capacitor is not used, AV = 15  ×  20 = 300.
	



	13.
	Use VGS = –2.1 V, then ID = 5 mA, RD = 2 kΩ.
	(problems 31–33)



	14.
	Av = –9.6 mVpp
	(problem 39)



	15.
	Vin = 83 mVpp
	(problem 38)



	16.
	Use VGS = –1.4 V, then ID = 4 mA.
	(problem 42)



	
	RS = 350 ohms
	



	
	CS = 4.5 μF (assume f = 1 kHz)
	



	
	RD = 3.15 kΩ
	



	17.
	VGS varies from –1.39 to –1.41 V, ID varies from 4.06 to 3.94 mA, Vout will be 400 mVpp,
[image: images/c08_I0081.gif]

	(problem 42)



	18.
	Av = –75, Vout = 3.75 V
	(problem 45)







Chapter 9

Oscillators

This chapter introduces you to oscillators. An oscillator is a circuit that produces a continuous output signal. There are many types of oscillator circuits that are used extensively in electronic devices. Oscillators can produce a variety of different output signals, such as sine waves, square waves, or triangle waves.

When the output signal of an oscillator is a sine wave of constant frequency, the circuit is called a sine wave oscillator. Radio and television signals are sine waves transmitted through the air, and the 120 V AC from the wall plug is a sine wave, as are many test signals used in electronics.

This chapter introduces three basic sine wave oscillators. They all rely on resonant LC circuits as described in Chapter 7 to set the frequency of the sine wave.

When you complete this chapter, you will be able to do the following:


	Recognize the main elements of an oscillator.

	Differentiate between positive and negative feedback.

	Specify the type of feedback that causes a circuit to oscillate.

	Specify at least two methods of obtaining feedback in an oscillator circuit.

	Understand how resonant LC circuits set the frequency of an oscillator.

	Design a simple oscillator circuit.



Understanding Oscillators

1. An oscillator can be divided into three definite sections: (1) an amplifier; (2) the feedback connections; and (3) the components that set frequency.

The amplifier replaces the switch in the basic oscillator circuit, introduced in problem 35 of Chapter 7 (Figure 7.32).

Question

Draw an oscillator circuit, and label the parts. Use a separate sheet of paper for your drawing.

Answer

See Figure 9.1.


Figure 9.1

[image: 9.1]




2. When you connect the output of an amplifier to its input, you get feedback. If the feedback is “out of phase” with the input, as shown in Figure 9.2, then the feedback is negative.


Figure 9.2

[image: 9.2]
When the signal from the collector is fed back to the base of the transistor through a feedback resistor (Rf), as in the circuit shown in Figure 9.3, the feedback signal is out of phase with the input signal. Therefore, the feedback is negative.


Figure 9.3

[image: 9.3]

Negative feedback is used to stabilize the operation of an amplifier by doing the following:


	Preventing the DC bias point and gain of an amplifier from being affected by changes in temperature

	Reducing distortion in amplifiers, thereby improving the quality of the sound



Questions


A. Why would feedback signals be used in quality audio amplifiers?

B. What kind of feedback do they have?



Answers


A. To reduce distortion

B. Negative feedback





3. If the feedback from the output is in phase with the input, as shown in Figure 9.4, the circuit's feedback is positive.


Figure 9.4

[image: 9.4]

In the circuit shown in Figure 9.5, the collector of the second transistor is connected to the base of the first transistor. Because the output signal at the collector of the second transistor is in phase with the input signal at the base of the first transistor, this circuit has positive feedback.


Figure 9.5

[image: 9.5]

Positive feedback can cause an amplifier to oscillate even when there is no external input.

Questions


A. What type of feedback is used to stabilize an amplifier?

B. What type of feedback is used in oscillators?

C. What parts of an amplifier do you connect to produce feedback?



Answers


A. Negative feedback

B. Positive feedback

C. Connect the output of an amplifier to its input.





4. The amplifier shown in Figure 9.6 is the same type of amplifier that was discussed in problems 11–18 of Chapter 8. It is called a common emitter amplifier.

Questions


A. What effect would negative feedback have on this amplifier?

B. What effect would positive feedback have on this amplifier?




Figure 9.6

[image: 9.6]


Answers


A. Stabilize it, reduce gain, and reduce distortion.

B. Cause it to oscillate.





5. In the circuit shown in Figure 9.6, an input signal that is applied to the base will be amplified.

Questions


A. What is the basic formula for an amplifier's voltage gain?

B. What is the voltage gain formula for the amplifier circuit shown in Figure 9.6?



Answers


A. [image: images/c09_I0001.gif]

B. [image: images/c09_I0002.gif]

(as discussed in problem 12 of Chapter 8)





6. In the circuit shown in Figure 9.7, an input signal is applied to the emitter of the transistor instead of the base. This circuit is called a common base amplifier.


Note

When you apply a signal to the emitter, it changes the voltage drop across the base-emitter diode, just as an input signal applied to the base does. Therefore, a signal applied to the emitter changes the base current and the collector current, just as if you had applied a signal to the base.




Figure 9.7

[image: 9.7]

The voltage gain formula for this type of amplifier can be simplified because the input impedance to the amplifier is so low when the signal is fed into the emitter that you can discount it. This results in the following voltage gain formula for the common base amplifier:

[image: images/c09_I0003.gif]

RS is the output resistance or impedance of the source or generator. It is also called the internal impedance of the source.

Question

What is the voltage gain formula for the circuit shown in Figure 9.7?

Answer

[image: images/c09_I0004.gif]



7. Notice that the input and output sine waves in Figure 9.7 are in phase. Although the signal is amplified, it is not inverted.

Questions


A. What happens to the input signal to the amplifier when you apply it to the emitter instead of the base?

B. Is the input impedance of the common base amplifier high or low compared to the common emitter amplifier?

C. What is the gain formula for the common base amplifier?



Answers


A. Amplified and not inverted

B. Low

C. [image: images/c09_I0005.gif]





8. Figure 9.8 shows an amplifier circuit with a parallel inductor and capacitor connected between the collector of the transistor and ground. A parallel inductor and capacitor circuit is sometimes called a tuned (or resonant) load.


Figure 9.8

[image: 9.8]

In this circuit, the inductor has a very small DC resistance, which could pull the collector DC voltage down to near 0 V. Therefore, you include capacitor CC in the circuit to allow AC signals to pass through the LC circuit while preventing the collector DC voltage from being pulled down to 0 V.

Questions


A. What term would you use to describe the load in this circuit?

B. Does the circuit contain all three components of an oscillator at this point?



Answers


A. Resonant or tuned

B. No, the feedback connections are missing.






Note

The circuit in Figure 9.8 does not have an input signal either to the emitter or to the base. By adding a feedback connection to a parallel LC circuit, you provide an input signal to the emitter or base, as explained later in this chapter.



9. Write the voltage gain formulas for the following circuits. Refer to the circuits and voltage gain formulas in problems 4–6, if necessary.

Questions


A. Common emitter circuit_____

B. Common base circuit_____



Answers


A. [image: images/c09_I0006.gif]

B. [image: images/c09_I0007.gif]





10. You can use common emitter and common base amplifier circuits in oscillators, and in each case, you would usually also include an extra capacitor.

In a common emitter amplifier, you can add a capacitor (CE) between the emitter and ground, as discussed in problems 19 and 20 of Chapter 8.

In a common base circuit, you can add a capacitor (CB) between the base and the ground, as is shown in Figure 9.7.

Question

What is the general effect in both cases?

Answer

An increase in the gain of the amplifier.

The gain is increased to the point where you can consider it “large enough” to use the amplifier as an oscillator. When these capacitors are used in either a common emitter or common base amplifier, it is not usually necessary to calculate the gain of the amplifier.



11. An LC circuit has a resonance frequency that you can determine using the methods discussed in problems 6–12 of Chapter 7. When you use an LC circuit in an oscillator, the output signal of the oscillator will be at the resonance frequency of the LC circuit.

Question

What is the formula for the oscillation (or resonant) frequency?

Answer

[image: images/c09_I0008.gif]



In practice, the actual measured frequency is never quite the same as the calculated frequency. The capacitor and inductor values are not exact, and other stray capacitances in the circuit affect the frequency. When you need to set an exact frequency, use an adjustable capacitor or inductor.

12. Figure 9.9 shows the parallel LC circuit connected between the collector and the supply voltage, rather than between the collector and ground (as in Figure 9.8).


Figure 9.9

[image: 9.9]

You can use this circuit and the circuit shown in Figure 9.8 to selectively amplify one frequency far more than others.

Questions


A. What would you expect this one frequency to be?

B. Write the formula for the impedance of the circuit at the resonance frequency.

C. What is the AC voltage gain at this frequency?



Answers


A. The resonance frequency

B. [image: images/c09_I0009.gif]

where r is the DC resistance of the coil

C. [image: images/c09_I0010.jpg]





13. Because of the very low DC resistance of the coil, the DC voltage at the collector is usually very close to the supply voltage (VS). In addition, the AC output voltage positive peaks can exceed the DC level of the supply voltage. With large AC output, the positive peaks can actually reach 2VS, as shown in Figure 9.10.

Question

Indicate which of the following is an accurate description of the circuit in Figure 9.10:


A. Oscillator

B. Tuned amplifier

C. Common base circuit

D. Common emitter circuit




Figure 9.10

[image: 9.10]


Answer

B



Feedback

14. To convert an amplifier into an oscillator, you must connect a portion of the output signal to the input. This feedback signal must be in phase with the input signal to induce oscillations.

Figure 9.11 shows three methods you can use to provide a feedback signal from a parallel LC circuit. Each is named for its inventor.


Figure 9.11

[image: 9.11]

In the Colpitts method, the feedback signal is taken from a connection between two capacitors that form a voltage divider. In the Hartley method, the feedback signal is taken from a tap partway down the coil. Therefore, an inductive voltage divider determines the feedback voltage. The Armstrong method uses a step down transformer (an inductor with an extra coil with fewer turns than the main coil). In all three of these methods, between one-tenth and a half of the output must be used as feedback.

Questions


A. Where is the feedback taken from in a Colpitts oscillator?

B. What type of oscillator uses a tap on the coil for the feedback voltage?

C. What type does not use a voltage divider?



Answers


A. A capacitive voltage divider

B. Hartley

C. Armstrong





15. The output voltage appears at one end of the parallel LC circuit shown in Figure 9.12, and the other end is effectively at ground. The feedback voltage Vf is taken between the junction of the two capacitors.

Question

Using the voltage divider formula, what is Vf?


Figure 9.12

[image: 9.12]


Answer

[image: images/c09_I0011.gif]

which becomes

[image: images/c09_I0012.gif]



16. To find the resonance frequency in this circuit, first find the equivalent total capacitance CT of the two series capacitors. You then use CT in the resonance frequency formula.

Questions


A. What is the formula for CT?

B. What is the resonance frequency formula for the Colpitts oscillator?



Answers


A. [image: images/c09_I0013.gif]

B. [image: images/c09_I0014.gif]

if Q is equal to or greater than 10






Note

If Q is less than 10, you can use one of the following two formulas to calculate the resonance frequency for a parallel LC circuit:



[image: images/c09_I0015.gif]

17. Figure 9.13 shows a parallel LC circuit in which the feedback voltage is taken from a tap N1 turns from one end of a coil, and N2 turns from the other end.


Figure 9.13

[image: 9.13]

You can calculate the feedback voltage with a voltage divider formula that uses the number of turns in each part of the coil.

[image: images/c09_I0016.gif]

The manufacturer should specify N1 and N2.

Questions


A. Who invented this feedback method?

B. When you divide Vf by Vout, what should the result be?



Answers


A. Hartley

B. Between one-tenth and one-half





18. Figure 9.14 shows a parallel LC circuit in which the feedback voltage is taken from the secondary coil of a transformer. The formula used to calculate the output voltage of a secondary coil is covered in problem 6 of Chapter 10.

Question

Who invented this type of oscillator?


Figure 9.14

[image: 9.14]


Answer

Armstrong



19. For each of the feedback methods described in the last few problems, the voltage fed back from the output to the input is a fraction of the total output voltage ranging between one-tenth and one-half of Vout.

To ensure oscillations, the product of the feedback voltage and the amplifier voltage gain must be greater than 1.

[image: images/c09_I0017.gif]

It is usually easy to achieve this because Av is much greater than 1.

No external input is applied to the oscillator. Its input is the small part of the output signal that is fed back. If this feedback is of the correct phase and amplitude, the oscillations start spontaneously and continue as long as power is supplied to the circuit.

The transistor amplifier amplifies the feedback signal to sustain the oscillations, and converts the DC power from the battery or power supply into the AC power of the oscillations.

Questions


A. What makes an amplifier into an oscillator?

B. What input does an amplifier need to become an oscillator?



Answers


A. A resonant LC circuit with feedback of the correct phase and amount

B. None. Oscillations will happen spontaneously if the feedback is correct.





The Colpitts Oscillator

20. Figure 9.15 shows a Colpitts oscillator circuit, the simplest of the LC oscillators to build.


Figure 9.15

[image: 9.15]

The feedback signal is taken from the capacitive voltage divider and fed to the emitter. This connection provides a feedback signal to the emitter in the phase required to provide positive feedback.

In this circuit, the reactance of capacitor CB is low enough for the AC signal to pass through it, rather than passing through R2. Capacitor CE should have a reactance, XCB, of less than 160 ohms at the oscillation frequency. If R2 happens to be smaller than 1.6 kΩ, choose a value of XCB that is less than one-tenth of R2.

Question

For the circuit shown in Figure 9.15, what is your first estimate for CB? Assume that fr is equal to 1 kHz and that Xc equals 160 ohms.

Answer

[image: images/c09_I0018.gif]

Therefore, CB = 1 μF; larger values of CB also work.



21. Use the Colpitts oscillator component values shown in Figure 9.15 to answer the following questions.

Questions


A. What is the effective total capacitance of the two series capacitors in the tuned circuit?

CT = _____

B. What is the oscillator frequency?

fr = _____

C. What is the impedance of the tuned circuit at this frequency?

Z = _____

D. What fraction of the output voltage is fed back?

Vf = _____

E. What is the reactance of CB at the frequency of oscillation?

XCB = _____



Answers


A. CT = 0.067 μF

B. Because Q is not known, use the formula that includes the resistance of the coil (see problem 16):

[image: images/c09_I0019.gif]

If you use the calculated value of fr to calculate Q, as in problem 20 of Chapter 8, you find that Q = 4.2. Therefore, it is appropriate to use the formula that includes the resistance of the coil to calculate fr.

C. Using

[image: images/c09_I0020.gif]

D. Using a voltage divider with the capacitor values,

[image: images/c09_I0021.gif]

E. XCB = about 6 ohms, which is a very good value (much less than the 8200 ohm value of R2)





22. Figure 9.16 shows a Colpitts oscillator circuit that uses a different method for making feedback connections between the parallel LC circuit and the transistor.

Question

List the differences between this circuit and the one shown in Figure 9.15.


Figure 9.16

[image: 9.16]


Answer

The feedback is connected to the base instead of the emitter, and the ground is connected to the center of the capacitive voltage divider. The capacitor CE has been added. (This connection provides a feedback signal to the base in the correct phase to provide positive feedback.)



23. In the circuit shown in Figure 9.16, capacitor CE should have a reactance of less than 160 ohms at the oscillation frequency. If the emitter resistor RE is smaller in value than 1.6 kΩ, then CE should have a reactance that is less than RE/10 at the oscillation frequency.

Question

If you use an emitter resistor of 510 ohms in a 1 kHz oscillator, what value of capacitor should you use for CE?

Answer

[image: images/c09_I0022.gif]

So, CE = 3.2 μF. Thus, you should use a capacitor larger than 3 μF.



24. Figure 9.17 shows a Colpitts oscillator with the parallel LC circuit connected between the collector and the supply voltage. As with the circuits shown in Figures 9.15 and 9.16, this circuit provides a feedback signal to the transistor (in this case, the emitter) in the correct phase to provide positive feedback.


Figure 9.17

[image: 9.17]

The following table shows possible values you might use for C1 and C2 in the circuit shown in Figure 9.17.

[image: images/c09tnt001.jpg]


Questions


A. Calculate CT and fr for each row of the preceding table.

B. Does increasing C2 while holding C1 constant increase or decrease the resonance frequency?

C. What effect does increasing C1 have on the resonance frequency?

D. What is the condition that results in the highest possible resonance frequency?

E. What would be the highest resonance frequency if C1 is fixed at 0.01 μF and C2 can vary from 0.005 μF to 0.5 μF?



Answers


A. The values of CT and fr are shown in the following table.

[image: images/c09tnt002.jpg]


B. Increasing C2 decreases the resonance frequency, and, therefore, decreases the output frequency of the oscillator.

C. Increasing C1 will also decrease the resonance frequency and the output frequency of the oscillator.

D. When CT is at its lowest possible value.

E. When C2 is 0.005 μF, CT will be 0.0033 μF, which is its lowest possible value. Therefore, the frequency is at the highest possible value, or about 6.9 kHz. The lowest frequency occurs when C2 is at its highest setting of 0.5 μF.





Optional Experiment

If you have an oscilloscope, you may want to build the oscillator shown in Figure 9.17 and see how closely your measurements of the frequency agree with those you have just calculated. If you are within 20 percent, then the answers are satisfactory. In some cases, the waveform may be distorted.

The Hartley Oscillator

25. Figure 9.18 shows a Hartley oscillator circuit. In this type of circuit, the feedback is taken from a tap on the coil.


Figure 9.18

[image: 9.18]

Capacitor CL stops the emitter DC voltage from being pulled down to 0 V through the coil. CL should have a reactance of less than RE/10, or less than 160 ohms at the oscillator frequency.

Questions

Work through the following calculations:


A. What is the resonance frequency?

fr = _____

B. What is the approximate impedance of the load?

Z = _____

C. What missing information prevents you from calculating the fraction of the voltage drop across the coil that is fed back to the emitter?



Answers


A. 80 Hz (approximately)

B. 7.7 kΩ (approximately)

C. The number of turns in the coil and the position of the tap are not known.





Figure 9.19 shows a Hartley oscillator with the parallel LC circuit connected between the collector and the supply voltage. As with the circuit shown in Figure 9.18, this circuit provides a feedback signal to the emitter from a tap in the coil, in the correct phase to provide positive feedback.


Figure 9.19

[image: 9.19]

For a Colpitts oscillator it is easy to choose the two capacitors to provide both the desired frequency and the desired amount of feedback. If the circuit does not oscillate, it is relatively simple to change the capacitors until it does oscillate, and then adjust the values slightly to get the desired frequency.

Because a Hartley oscillator uses a tapped coil, trying out different feedback voltages is not quite so easy. The feedback ratio cannot be altered, because it is impossible to make another tap or change the tap on the coil.

The Armstrong Oscillator

The Armstrong oscillator shown in Figure 9.20 is somewhat more difficult to design and build.


Figure 9.20

[image: 9.20]

Here, the oscillations depend more on the extra winding on the coil than on any other factor.

Because of the large variety of transformers and coils available, it is almost impossible to give you a simple procedure for designing an Armstrong oscillator. Instead, the manufacturer specifies the number of turns required on the coils, which guarantees that the oscillator will work in its most common operation, at high radio frequencies.

Because of the practical difficulties, the Armstrong and its variations are not explored any further.

Practical Oscillator Design

26. This section briefly covers some practical problems with oscillators, and then presents a simple design procedure.

Before you proceed, review the important points of this chapter by answering the following questions.

Questions


A. What three elements must an oscillator have present to work?

B. What determines the frequency of an oscillator's output signal?

C. What provides the feedback?

D. How many feedback methods for oscillators have we presented?

E. What do you need to start the oscillations once the circuit has been built?



Answers


A. An amplifier, a resonant LC circuit (or some other frequency determining components), and feedback.

B. The frequency of the output signal is the same as the resonance frequency.

C. A voltage divider on the resonant circuit.

D. Three—the Colpitts, Hartley, and the Armstrong.

E. Nothing—the oscillations should start spontaneously if the component values in the circuit are correct.





The main practical problem in building oscillators is selecting the coil. For mass production, a manufacturer can specify and purchase the exact coil required. But in a lab or workshop, where you are building only a single circuit, it is often difficult or impossible to find the exact inductor specified in a circuit design. What usually happens is that you use the most readily available coil, and design the rest of the circuit around it. This presents three possible problems:


	You may not know the exact value of the inductance.

	The inductance value may not be the best for the desired frequency range.

	The coil may or may not have tap points or extra windings, and this may cause a change in the circuit design. For example, if there are no taps, then you cannot build a Hartley oscillator.



Because Colpitts is the easiest oscillator to make work in practice and provides an easy way around some of the practical difficulties, let's focus on that oscillator.

You can use almost any coil when building a Colpitts oscillator, provided it is suitable for the frequency range you want. For example, a coil from the tuner section of a television set would not be suitable for a 1 kHz audio oscillator because its inductance value is outside the range best suited to a low frequency audio circuit.

Simple Oscillator Design Procedure

27. Following is a simple step-by-step procedure for the design of a Colpitts oscillator. The Colpitts will work over a wide frequency range. (A Hartley can be built from a very similar set of steps.)

By following this procedure, you can build an oscillator that works in the majority of cases. There is a procedure you can use that guarantees that the oscillator will work, but it is far more complex.

If you are not actually building the oscillator, use the assumed values provided here, and draw the circuits using your calculated values.

Follow these steps:


1. Choose the frequency of the oscillator output signal.

2. Choose a suitable coil. This step presents the greatest practical difficulty. Some values of coil are often not available, so you must use whatever is readily available. Fortunately, you can use a wide range of inductance values and still obtain the desired resonance frequency by adjusting the value of the capacitor.

3. If you know the value of the inductance, calculate the capacitor value using this formula:

[image: images/c09_I0023.gif]

Use this value of capacitor for C1 in the next steps.

4. If you don't know the inductance value, choose any value of capacitance and call this C1. This may produce a frequency considerably different from what you require. However, at this stage, the main thing is to get the circuit oscillating. You can adjust values later.

5. Choose a capacitor C2 that is between 3 and 10 times the value of C1. Figure 9.21 shows the two capacitors and the coil connected in a parallel circuit with the two capacitors acting as a voltage divider.




Figure 9.21

[image: 9.21]

At this point, stop and make some assumptions. Suppose you need a frequency of 10 kHz and have a coil with a 16 mH inductance.

Questions


A. What approximate value of C1 do you need?

B. What value of C2 do you need?



Answers


A. C1 = 0.016 μF

B. C2 = 0.048 μF to 0.16 μF





28. Now, continue with the design procedure by following the next steps.


6. Design an amplifier with a common emitter gain of about 20. Choose a collector DC voltage that is about half the supply voltage. The main point to keep in mind here is that the collector resistor RC should be about one-tenth the value of the impedance of the LC circuit at the resonance frequency. This is often a difficult choice to make, especially if you don't know the coil value. Usually, you have to make an assumption, so RC is an arbitrary choice.

7. Assemble the circuit shown in Figure 9.15.

8. Calculate the value of CC. Do this by making XC 160 ohms at the desired frequency. This is another “rule of thumb” that happens to work, and you can justify it mathematically. Use the following formula:

[image: images/c09_I0024.gif]



Question

Substitute the values given so far into the formula to calculate CC.

Answer

[image: images/c09_I0025.gif]



29. Now, complete one last step.


9. Calculate the value of CB. Again, choose a value so that XC is 160 ohms at the desired frequency.



Question

What is the value of CB?

Answer

[image: images/c09_I0026.gif]



30. Continue the design procedure steps.


10. Apply power to the circuit and look at the output signal on an oscilloscope. If the output signal is oscillating, check the frequency. If the frequency varies significantly from the desired frequency, then change C1 until you get the desired frequency. Change C2 to keep the ratio of the capacitance values about the same as discussed in step 5. C2 will affect the output level. 

11. If the circuit does not oscillate, go through the steps outlined in the troubleshooting checklist that follows.





Optional Experiment

Once the oscillator is working, if you want to take it further, you can change the circuit to connect the feedback signal to the base instead of the emitter, as shown in Figure 9.16. To build this oscillator, you also need to calculate CE. Assume that XC is 160 ohms at the desired frequency.

Oscillator Troubleshooting Checklist

If an oscillator does not work, most often the trouble is with the feedback connections. A little experimenting (as outlined in steps 2 to 6 of the following checklist) should produce the right results. This is especially true when you use an unknown coil that may have several taps or windings. However, you should try each of the following steps if you're having trouble.


1. Ensure that CB, CC, and CE are all large enough to have a reactance value less than 160 ohms. Ensure that CE is less than one-tenth of RE.

2. Check the C1/C2 ratio. It should be between 3:1 and 10:1.

3. Swap out C1 and C2. They may be connected to the wrong end of the LC circuit.

4. Check that you made the feedback connection to and from the correct place.

5. Check both ends of the LC circuit to see that they are connected to the correct place.

6. Check the DC voltage level of the collector, base, and emitter.

7. Check the capacitor values of the LC circuit. If necessary, try some other values until the circuit oscillates.

8. If none of the previous actions produce oscillations, check to see if any of the components are defective. The coil may be opened or shorted. The capacitor may be shorted. The transistor may be dead, or its β may be too low. Check the circuit wiring carefully.



In most cases, one or more of these steps produces oscillations.

When an oscillator is working it may still have one or two main faults, including the following:


	A distorted output waveform—This can happen when CB, CC, or CE are not low enough in value, or when an output amplitude is too high.

	Output level too low—When this happens, the sine wave is usually very “clean” and “pure.” In a Colpitts oscillator, changing the ratio of C1 and C2 often helps raise the output level. If not, you can use another transistor as an amplifier after the oscillator as discussed in Chapter 8, problem 21.



31. Now, work through a design example. Design and build an oscillator with an output frequency of 25 kHz using a coil with a value of 4 mH, and address each of the steps in problems 27–30 as described in these questions.

Questions


1. The value of fr is given as 25 kHz.

2. L is given as 4 mH.

3. Use the formula to find C1.

C1 = _____

4. You do not need this step.

5. Choose C2.

C2 = _____

6. The procedure to design amplifiers is shown in Chapter 8.

7. The circuit is shown in Figure 9.22.

8. Find CC.

CC = _____

9. Find CB.

CB = _____




Figure 9.22

[image: 9.22]


Answers

C1 = 0.01 μF

C2 = 0.1 μF

CC = 0.047 μF (use 0.1 μF)

CB = 0.047 μF (use 0.1 μF)



Steps 10–11 are the procedure you use to ensure that the oscillator works. If you build this circuit, go through steps 10–11. You don't need to do them if you didn't actually build the circuit.

32. Figure 9.22 shows the circuit designed in problem 31.

Measurements of the output signal of this oscillator confirm a frequency very close to 25 kHz.

Question

Find the impedance of the LC circuit at resonance. Note that r (the DC resistance of the inductor) is 12 ohms.

Answer

[image: images/c09_I0027.gif]

Note that this is about three times the value used for RC instead of being 10 times the value of RC, as suggested in step 6 of problem 28.



33. If you wish, work through this second oscillator design example. Design an oscillator with an output frequency of 250 kHz using a coil with a value of 500 μH.

Questions


1. fr = 250 kHz

2. L = 500 μH = 0.5 mH

3. Find C1.

C1 = _____

4. You do not need this step.

5. Find C2.

C2 = _____

6. Use the same amplifier as in the last example.

7. The circuit is shown in Figure 9.23.

8. Find CC.

CC = _____

9. Find CB.

CB = _____




Figure 9.23

[image: 9.23]


Answers

C1 = 0.0008 μF; therefore, choose a standard value of 0.001 μF

C2 = 0.0047 μF, which is a standard value

CB = CC = 0.004 μF (minimum)



34. The circuit you designed in problem 33 is shown in Figure 9.23.

Measurements of the output signal of this oscillator confirm a frequency close to 250 kHz.

Question

Find the impedance of the LC circuit at resonance. Note that r (the DC resistance of the inductor) is 20 ohms.

Answer

Z = 30 kΩ

This is about 3 times the value of RC rather than 10 times the value of RC, as suggested in step 6 of problem 28.



35. Figure 9.24 shows several other oscillator circuits. Calculate the expected output frequency for each circuit and build as many as you want to. Check the measured oscillator output frequency against the calculated values for each circuit you build.

Questions

What is the output frequency for each circuit?


A. f = _____

B. f = _____

C. f = _____

D. f = _____




Figure 9.24

[image: 9.24]


Answers


A. 8.8 kHz

B. 10 kHz

C. 3 kHz

D. 1 kHz





Summary and Applications

In this chapter, we covered the following topics related to oscillators:


	The main elements that make up an oscillator.

	How to differentiate between positive and negative feedback.

	The type of feedback that causes a circuit to oscillate.

	Two methods of obtaining feedback in an oscillator circuit.

	How resonant LC circuits set the frequency of an oscillator.



You also practiced designing a simple oscillator circuit to solidify your understanding of its elements and operation.

Self-Test

These questions test your understanding of the concepts and equations presented in this chapter. Use a separate sheet of paper for your diagrams or calculations. Compare your answers with the answers provided following the test.


1. What are the three sections that are necessary in an oscillator?

2. What is the difference between positive and negative feedback?

3. What type of feedback is required in an oscillator?

4. What is the formula for the frequency of an oscillator?

5. Draw the circuit for a Colpitts oscillator.

6. Draw the circuit for a Hartley oscillator.

7. Draw the circuit for an Armstrong oscillator.

8. Problems 27–30 give a design procedure for oscillators. How well do the circuits in problem 35 fulfill the criteria for that procedure? In other words, check the values of Vf, AV (for a common emitter amplifier), C1/C2 ratio, RC/Z ratio, and the frequency.


A. _____

B. _____

C. _____

D. _____



9. For the circuit shown in Figure 9.23, calculate the values of C1, C2, CC, and CB for an oscillator with an output frequency of 10 kHz using a 100 mH coil.



Answers to Self-Test

If your answers do not agree with those provided here, review the problems indicated in parentheses before you go on to the next chapter.
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Chapter 10

The Transformer

Transformers are used to “transform” an AC voltage to a higher or lower level. When you charge up your cellphone, you are using a transformer to reduce the 120 volts supplied by the wall outlet to the 5 volts or so needed to charge your cellphone's battery. In fact, most electrical devices that you plug into wall outlets use transformers to reduce power coming from an outlet to that required by the electrical components in the device.

You can also use transformers to increase voltage. For example, some of the equipment used to manufacture integrated circuits requires thousands of volts to operate. Transformers are used to increase the 240 volts supplied by the power company to the required voltage.

When you complete this chapter, you will be able to do the following:


	Recognize a transformer in a circuit.

	Explain and correctly apply the concepts of turns ratio and impedance matching.

	Recognize two types of transformer.

	Do simple calculations involving transformers.



Transformer Basics

1. Consider two coils placed very close to each other, as shown in Figure 10.1. If you apply an AC voltage to the first (or primary) coil, the alternating current flowing through the coil creates a fluctuating magnetic field that surrounds the coil. As the strength and polarity of this magnetic field changes, it induces an alternating current and a corresponding AC voltage in the second (or secondary) coil. The AC signal induced in the secondary coil is at the same frequency as the AC signal applied to the primary coil.


Figure 10.1

[image: 10.1]

Both transformer coils are usually wound around a core made of a magnetic material such as iron or ferrite to increase the strength of the magnetic field.

Questions


A. When the two coils are wound around the same core, are they connected electrically?

B. What type of device consists of two wire coils wound around an iron or ferrite core?

C. If you apply an AC voltage to the terminals of the primary coil, what occurs in the secondary coil?



Answers


A. No.

B. A transformer.

C. An alternating current is induced in the secondary coil, which produces an AC voltage between the terminals of the secondary coil.





2. A transformer is only used with alternating currents. A fluctuating magnetic field (such as that generated by alternating current flowing through a primary coil) is required to induce current in a secondary coil. The stationary magnetic field generated by direct current flowing through a primary coil will not induce any current or voltage in a secondary coil.

When a sine wave signal is applied to a primary coil, you can observe a sine wave of the same frequency across the secondary coil, as shown in Figure 10.2.

Questions


A. What will be the difference in frequency between a signal applied to a primary coil and the signal induced in a secondary coil?

B. What will be the voltage difference across a secondary coil if 10 V DC is applied to the primary coil?



Answers


A. No difference. The frequencies will be the same.

B. Zero volts. When a DC voltage is applied to the primary coil, there is no voltage or current induced in the secondary coil. You can summarize this by saying that DC does not pass through a transformer.






Figure 10.2

[image: 10.2]


3. You can compare the output waveform measured between the terminals of the secondary coil to the output waveform measured between the terminals of the primary coil. If the output goes positive when the input goes positive, as shown in Figure 10.3, then they are said to be in phase.



Figure 10.3

[image: 10.3]

The dots on the coils in Figure 10.3 indicate the corresponding end of each coil. If one coil is reversed, then the output will be inverted from the input. The output is said to be out of phase with the input, and a dot is placed at the opposite end of the coil.

Question

In Figure 10.4, the output sine wave is out of phase with the input sine wave. Place a dot in the correct location in the secondary coil to show that it is out of phase.


Figure 10.4

[image: 10.4]


Answer

The dot should be at the lower end of the right coil.



4. The transformer shown in the right side of Figure 10.5 has three terminals. The additional terminal, in the middle of the coil, is called a center tap.


Figure 10.5

[image: 10.5]

Question

What is the difference between the two output waveforms shown for the transformer on the right side of Figure 10.5?

Answer

The two waveforms are 180 degrees out of phase. That is, the positive peak of the upper output occurs at the same time as the negative peak of the lower waveform.



5. In a transformer, the output voltage from the secondary coil is directly proportional to the number of turns of wire in the secondary coil. If you increase the number of turns of wire in the secondary coil, a larger output voltage is induced across the secondary coil. If you decrease the number of turns of wire in the secondary coil, a smaller output voltage is induced across the secondary coil.

Question

How does increasing the number of turns of wire in a secondary coil affect the output voltage across the secondary coil?

Answer

It increases the output voltage across the secondary coil.



6. The number of turns in the primary and secondary coils are shown in Figure 10.6 as Np and Ns.


Figure 10.6

[image: 10.6]

Question

The ratio of the input to output voltage is the same as the ratio of the number of turns in the primary coil to the number of turns in the secondary coil. Write a simple formula to express this.

Answer

[image: images/c10_I0001.gif]


Note

The ratio of primary turns to secondary turns is called the turns ratio (TR):



[image: images/c10_I0002.gif]



7. Use the formula from problem 6 to answer the following question.

Question

Calculate the output voltage of a transformer with a 2 to 1 (2:1) turns ratio when you apply a 10 Vpp sine wave to the primary coil.

Answer

[image: images/c10_I0003.gif]
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8. Use the input voltage and turns ratio for a transformer to answer the following questions.

Questions

Calculate Vout in the following:


A. Vin = 20 Vpp, turns ratio = 5:1.

Vout = _____

B. Vin = 1 Vpp, turns ratio = 1:10.

Vout = _____

C. Vin = 100 Vrms. Find Vout when the primary and secondary coil have an equal number of turns.

Vout = _____



Answers


A. 4 Vpp (This is called a step down transformer.)

B. 10 Vpp (This is called a step up transformer.)

C. 100 Vrms (This is called an isolation transformer, which is used to separate or isolate the voltage source from the load electrically.)





9. Almost all electronic equipment that is operated from 120 V AC house current requires a transformer to convert the 120 V AC to a more suitable, lower voltage. Figure 10.7 shows a transformer that steps down 120 V AC to 28 V AC.


Figure 10.7

[image: 10.7]

Question

Calculate the turns ratio for this transformer.

Answer

[image: images/c10_I0006.gif]



10. Figure 10.8 shows an oscilloscope trace of the output waveform from the 28 V secondary coil.


Figure 10.8

[image: 10.8]

Questions


A. Is 28 V a peak-to-peak or an rms value?

B. What is the peak-to-peak value of the 28 V across the secondary coil?



Answers


A. rms

B. 2 × 1.414 × 28 = 79.184 V





11. Like the 28 V transformer output value, the 120 V wall plug value is an rms measurement.

Question

What is the peak-to-peak value of the voltage from the wall plug?

Answer

Approximately 340 volts



12. The actual voltage measured across the secondary coil of a transformer depends upon where and how you make the measurement. Figure 10.9 illustrates different ways to measure voltage across a 20 Vpp secondary coil that has a center tap.


Figure 10.9

[image: 10.9]

If the center tap is grounded as shown in diagram (1) of Figure 10.9, then there is 10 Vpp AC between each terminal and ground. You can see that the two output waveforms in diagram (1) are out of phase (180 degrees out of phase, in this case) by comparing the two sine waves shown next to the two terminals. If the bottom terminal is grounded as it is in diagram (2) of Figure 10.9 and the center tap is not used, then there is 20 Vpp between the top terminal and ground.

Questions


A. Assume a center-tapped secondary coil is rated at 28 Vrms referenced to the center tap. What is the rms voltage output when the center tap is grounded?

B. Assume the 28 Vrms is the total output voltage across the entire secondary winding. What will be the output voltage between each end of the coil and the center tap?

C. Assume the output voltage of a center-tapped secondary coil is 15 Vrms between each end of the coil and the center tap. What is the peak-to-peak output voltage when the center tap is not connected?



Answers


A. 28 Vrms between each end of the coil and the center tap

B. 14 Vrms (one half of the total Vout)

C. When the center tap is not connected, the output is 30 Vrms. Therefore, Vpp = 2 X 1.414 X 30 = 84.84 volts





13. When the magnetic field induces an AC signal on the secondary coil, there is some loss of power. The percentage of power out of the transformer versus the input power is called the efficiency of the transformer. For the sake of this discussion, assume the transformer has an efficiency of 100 percent. Therefore, the output power of the secondary coil equals the power into the primary coil.

Power in = Power out, or Pin = Pout

However, P = VI. Therefore, the following is true:

[image: images/c10_I0007.gif]

You can rearrange this to come up with the following formula:

[image: images/c10_I0008.gif]

Questions


A. What would be the input current for a transformer if the input power was 12 watts at a voltage of 120 Vrms?

B. What would be the transformer's output voltage if the turns ratio was 5:1?

C. What would be the output current?

D. What would be the output power?



Answers




Note

In AC power calculations, you must use the rms values of current and voltage.




A. [image: images/c10_I0009.gif]

B. [image: images/c10_I0010.gif]

C. Iout = Iin (TR) = 0.1 × 5 = 0.5 Arms

D. Pout = VinIout = 24 × 0.5 = 12 watts (same as the power in)





Transformers in Communications Circuits

14. In communications circuits, an input signal is often received via a very long interconnecting wire, usually called a line, which normally has an impedance of 600 ohms. A typical example is a telephone line between two cities.

Question

Communications equipment works best when connected to a load that has the same impedance as the output of the equipment. What output impedance should communications equipment have?

Answer

600 ohms output impedance, to be connected to a 600 ohms line



15. Because most electronic equipment does not have a 600 ohm output impedance, a transformer is often used to connect such equipment to a line. Often, the transformer will be built into the equipment for convenience. The transformer is used to “match” the equipment to the line, as shown in Figure 10.10.


Figure 10.10

[image: 10.10]

To work correctly, the output of the transformer secondary coil should have a 600 ohm impedance to match the line. The output impedance of the transformer (measured at the secondary winding) is governed by two things. One of these is the output impedance of the equipment.

Question

What would you expect the other governing factor to be?

Answer

The turns ratio of the transformer. (The DC resistance of each coil has no effect, and you can ignore it.)



16. Figure 10.11 shows a signal generator with an output impedance of ZG connected to the primary coil of a transformer. A load impedance of ZL is connected to the secondary coil.


Figure 10.11
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You know that Pin = Pout and that P = V2/Z. Therefore, you can write an equation equating the power of the generator to the power of the load in terms of V and Z, as shown here:

[image: images/c10_I0011.gif]

You can rearrange this equation to give the ratio of the voltages, as shown here:

[image: images/c10_I0012.gif]

And since VG = Vin and VL = Vout and Vin/Vout = Np/Ns, the following is true:

[image: images/c10_I0013.gif]

Therefore, the ratio of the input impedance to the output impedance of a transformer is equal to the square of the turns ratio. As you will see in question A, you can determine the turns ratio for a transformer that will match impedances between a generator and a load. In this way, the generator “sees” an impedance equal to its own impedance, and the load also “sees” an impedance equal to its own impedance.

For the following problem, a generator has an output impedance of 10 kΩ and it produces a 10 Vpp (3.53 Vrms) signal. It will be connected to a 600 ohm line.

Questions


A. To properly match the generator to the line, what turns ratio is required?

B. Find the output voltage across the load.

C. Find the load current and power.



Answers


A. [image: images/c10_I0014.gif]

B. [image: images/c10_I0015.gif]

C. [image: images/c10_I0016.gif]




Note

For the power calculation, you must use the RMS value of the voltage.



[image: images/c10_I0017.gif]

IL = Iin (TR) = 0.354 × 4.08 = 1.445 mArms, which is 4.08 mApp

[image: images/c10_I0018.gif]

which is the same as the input power. This circuit is shown in Figure 10.12.


Figure 10.12

[image: 10.12]


Note

The generator now sees 10 kΩ when it looks toward the load, rather than the actual 600 ohm load. By the same token, the load now sees 600 ohms when it looks toward the source. This condition allows the optimum transfer of power to take place between the source and the load. In practice, however, the optimum condition as calculated here rarely exists. Because it may be impossible to obtain a transformer with a turns ratio of 4.08:1, you would have to select the closest available value, which might be a turns ratio of 4:1. The difference in the turns ratio affects the conditions at the load side, but only slightly.





17. In this problem, you use a transformer to match a generator to a load.

Questions


A. What turns ratio is required to match a generator that has a 2 kΩ output to a 600 ohm line?

B. If the generator produces 1 Vpp, what is the voltage across the load?



Answers


A. TR = 1.83

B. VL = 0.55 Vpp





18. In this problem you use a transformer to match a generator to a 2 kΩ load.

Questions


A. What turns ratio is required to match a 2 kΩ load with a source that has an output impedance of 5 kΩ?

B. If the load requires a power of 20 mW, what should the source be? (First, find the voltage across the load.)

C. What are the primary and secondary currents and the power supplied by the source to the primary side of the transformer?



Answers


A. TR = 1.58

B. [image: images/c10_I0019.gif]

C. IL = 3.16 mArms, Ip = 2 mArms, Pin = 20 mW





Summary and Applications

In this chapter, you learned about the following topics related to transformers:


	The principles that allow an AC signal to be induced in a secondary coil

	How the AC voltage across the secondary coil can be stepped up or down depending upon the turns ratio of the transformer

	The use of a center tap to produce various voltages from a transformer

	The use of transformers to match impedances between a generator and a load

	That transformers can cause the output signal to be inverted (out of phase) from the input signal



Self-Test

These questions test your understanding of the material in this chapter. Use a separate sheet of paper for your diagrams or calculations. Compare your answers with the answers provided following the test.


1. How is a transformer constructed?

2. What type of signal is used as an input to a transformer?

3. If a sine wave is fed into a transformer shown in Figure 10.13, what does the output waveform look like?

4. What is meant by the term turns ratio?

5. If Vin = 1 Vpp and TR = 2, what is the output voltage?

Vout _____

6. Vin = 10 Vpp and Vout = 7 Vpp, what is the turns ratio?

TR = _____

7. In the center-tapped secondary winding shown in Figure 10.14, the voltage between points A and B may be expressed as VA-B = 28 Vpp. What is the voltage between C and A?

8. In the center-tapped secondary winding shown in Figure 10.14, the voltage between points B and C is VB-C = 5 Vrms. What is the peak-to-peak voltage between A and B?

9. If Iin = 0.5 Arms and Iout = 2.0 Arms, what is the turns ratio?

10. Is the transformer in problem 9 a step up or a step down transformer?

11. If ZL = 600 ohms and ZG = 6 kΩ, find the turns ratio.

TR = _____

12. If ZL = 1 kΩ and the turns ratio is 10:1, what is the generator impedance?

ZG = _____




Figure 10.13

[image: 10.13]


Figure 10.14

[image: 10.14]

Answers to Self-Test

If your answers do not agree with those given here, review the frames indicated in parentheses before you go on to the next chapter.


	1.
	Two coils of wire wound around a magnetic core (such as iron or ferrite)
	(problem 1)



	2.
	An AC voltage—DC does not work.
	(problem 2)



	3.
	An inverted sine wave
	(problem 3)



	4.
	The ratio of the turns in the primary winding to the number of turns in the secondary coil
	(problem 6)



	5.
	Vout = 0.5 V
	(problem 7)



	6.
	TR = 1.43:1
	(problem 10.7)



	7.
	VC-A = 14 Vpp
	(problem 12)



	8.
	VA-B = 14.14 Vpp
	(problem 12)



	9.
	TR = 4:1
	(problem 13)



	10.
	It is a step down transformer. The voltage is lower (stepped down) in the secondary coil than in the primary coil if the current in the secondary coil is higher than the current in the primary coil. This maintains the same power on either side of the transformer.
	(problem 13)



	11.
	TR = 3.2:1
	(problem 16)



	12.
	ZG = 100 kΩ
	(problem 16)







Chapter 11

Power Supply Circuits

A power supply is incorporated into many electronic devices. Power supplies take the 120 V AC from a wall plug and convert it to a DC voltage, providing power for all types of electronic circuits.

Power supply circuits are very simple in principle, and those shown in this chapter have been around for many years. Because power supplies incorporate many of the features covered in this book, they make an excellent conclusion to your study of basic electronics.

Diodes are a major component in power supplies. Learning how AC signals are affected by diodes is fundamental to your understanding of how power supplies work. Therefore, this chapter begins with a brief discussion of diodes in AC circuits.

Note that throughout this chapter, diagrams show how AC signals are affected by diodes and other components in power supply circuits. If you have an oscilloscope, you can breadboard the circuits and observe these waveforms yourself.

When you complete this chapter, you will be able to do the following:


	Describe the function of diodes in AC circuits.

	Identify at least two ways to rectify an AC signal.

	Draw the output waveforms from rectifier and smoothing circuits.

	Calculate the output voltage from a power supply circuit.

	Determine the appropriate component values for a power supply circuit.



Diodes in AC Circuits Produce Pulsating DC

1. You can use diodes for several purposes in AC circuits, where their characteristic of conducting in only one direction is useful.

Questions

Assume that you apply +20 V DC at point A of the circuit shown in Figure 11.1.


A. What is the output voltage at point B?

B. Suppose that you now apply +10 V DC at point B. What is the voltage at point A?




Figure 11.1

[image: 11.1]


Answers


A. 20 V DC (Ignore, for now, the voltage drop of 0.7 V across the diode.)

B. 0 V (The diode is reverse biased.)





2. Figure 11.2 shows the circuit in Figure 11.1 with a 20 Vpp AC input signal centered at +20 V DC.

Questions


A. What are the positive and negative peak voltages of the input signal?

B. What is the output waveform of this circuit?




Figure 11.2

[image: 11.2]


Answers


A. Positive peak voltage is 20 V + 10 V = 30 V.

Negative peak voltage is 20 V − 10 V = 10 V.

B. The diode is always forward biased, so it always conducts. Thus, the output waveform is exactly the same as the input waveform.





3. Figure 11.3 shows a circuit with 20 Vpp AC input signal centered at 0 V DC.


Figure 11.3

[image: 11.3]

Questions


A. What are the positive and negative peak voltages of the input signal?

B. Draw the output waveform on the blank graph provided in Figure 11.4. Remember that only the positive portion of the input waveform passes through the diode.




Figure 11.4

[image: 11.4]


Answers


A. Positive peak voltage is +10 V. Negative peak voltage is −10 V.

B. See Figure 11.5.




Figure 11.5

[image: 11.5]




4. When the input is negative, the diode in the circuit shown in Figure 11.3 is reverse biased. Therefore, the output voltage remains at 0 V.

Question

Figure 11.6 shows the input waveform for the circuit shown in Figure 11.3. On a separate sheet of paper, draw the output waveform.


Figure 11.6

[image: 11.6]


Answer

See Figure 11.7.


Figure 11.7

[image: 11.7]




5. Figure 11.7 shows the output waveform, of the circuit shown in Figure 11.3, for one complete cycle of the input waveform.

Question

Now, draw the output waveform for three complete cycles of the input waveform shown in Figure 11.6. Use a separate sheet of paper for your drawing.

Answer

See Figure 11.8.


Figure 11.8

[image: 11.8]




6. When the diode is connected in the opposite direction, it is forward biased and, therefore, conducts current when the input signal is negative. In this case, the diode is reverse biased when the input signal is positive. Therefore, the output waveform is inverted from the output waveform shown in Figure 11.8.

Question

On a separate sheet of paper, draw the output waveform for three input cycles, assuming that the diode is connected in the opposite direction from the diode shown in Figure 11.3.

Answer

See Figure 11.9.


Figure 11.9

[image: 11.9]




7. Figure 11.10 shows a circuit with a 20 Vpp AC input signal centered at–20 V DC.

Questions


A. When is the diode forward biased?

B. What is the output voltage?




Figure 11.10

[image: 11.10]


Answers


A. Never, because the voltage that results from adding the AC and DC signals ranges from −10 V to −30 V. Therefore, the diode is always reverse biased.

B. A constant 0 V





8. As you have seen, a diode passes either the positive or negative portion of an AC voltage waveform, depending on how you connect it in a circuit. Therefore, the AC input signal is converted to a pulsed DC output signal, a process called rectification. A circuit that converts either the positive or negative portion of an AC voltage waveform to a pulsed DC output signal is called a half-wave rectifier.

Question

Refer to the output waveforms shown in Figures 11.8 and 11.9. Do these waveforms represent positive DC voltage pulses or negative DC voltage pulses?

Answer

The waveform In Figure 11.8 represents positive pulses of DC voltage. The waveform in Figure 11.9 represents negative pulses of DC voltage.



9. The circuit shown in Figure 11.11 shows a diode connected to the secondary coil of a transformer.

Questions


A. How does the diode affect the AC signal?

B. Draw the waveform of the voltage across the load for the circuit shown in Figure 11.11 if the secondary coil of the transformer has a 30 Vpp AC output signal centered at 0 V DC. Use a separate sheet of paper for your drawing.




Figure 11.11

[image: 11.11]


Answers


A. The AC signal is rectified.

B. See Figure 11.12. This type of circuit (called a half-wave rectifier) produces in an output waveform containing either the positive or negative portion of the input waveform.




Figure 11.12

[image: 11.12]




10. Figure 11.13 shows the waveforms at each end of a center-tap transformer secondary coil. Diode D1 rectifies the waveform shown at point A and diode D2 rectifies the waveform shown at point B.

Questions


A. Which diode conducts during the first half of the cycle?

B. Which diode conducts during the second half of the cycle?

C. Draw the input waveforms (points A and B), and underneath draw each output waveform (points C and D). Use a separate sheet of paper for your drawing.




Figure 11.13

[image: 11.13]


Answers


A. During the first half of the cycle, D1 is forward biased and conducts current. D2 is reverse biased and does not conduct current.

B. During the second half of the cycle, D2 is forward biased and conducts current. D1 is reversed biased and does not conduct current.

C. See Figure 11.14.




Figure 11.14

[image: 11.14]




11. Figure 11.15 shows a circuit in which diodes connected to the ends of a center-tap transformer are connected to ground through a single resistor. The output voltage waveforms from both diodes are therefore applied across one load resistor. This type of circuit is called a full-wave rectifier.

Question

On a separate sheet of paper, draw the waveform representing the voltage at point E in the circuit shown in Figure 11.15. (This waveform is a combination of the waveforms at points C and D shown in Figure 11.14.)


Figure 11.15

[image: 11.15]


Answer

See Figure 11.16.


Figure 11.16
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12. Full-wave rectification of AC allows a much “smoother” conversion of AC to DC than does half-wave rectification.

Figure 11.17 shows a full-wave rectifier circuit that uses a transformer with a two terminal secondary coil, rather than a center-tapped secondary coil.


Figure 11.17

[image: 11.17]

Question

How does this circuit differ from the circuit shown in Figure 11.15?

Answer

This circuit has no center tap on the secondary coil, and it uses four diodes.



13. Figure 11.18 shows the direction of current flow when the voltage at point A is positive.


Figure 11.18

[image: 11.18]

Figure 11.19 shows the direction of current flow when the voltage at point B is positive.


Figure 11.19

[image: 11.19]

Notice that the direction of current through the load resistor is the same in both cases.

Question


A. Through how many diodes does the current travel in each conduction path?

B. Draw the voltage waveform at point C. Use a separate sheet of paper for your drawing.



Answer


A. Two diodes in each case

B. See Figure 11.20.




Figure 11.20

[image: 11.20]




What this chapter has explored to this point is how AC is turned into pulsating DC. In fact, rectified AC is often called pulsating DC. The next step in your understanding of power supplies is to learn how you turn pulsating DC into level DC.

Level DC (Smoothing Pulsating DC)

14. A basic power supply circuit can be divided into four sections, as shown in Figure 11.21.


Figure 11.21

[image: 11.21]

Questions


A. If you use a center-tap transformer in a power supply, how many diodes would you need to produce a full-wave rectified output?

B. Will the power supply circuit shown in Figure 11.21 result in full- or half-wave rectification?

C. What type of output will the rectifier section of the power supply circuit shown in Figure 11.21 produce?



Answers


A. Two

B. Half-wave

C. Pulsating DC





15. The function of the smoothing section of a power supply circuit is to take the pulsating DC (PDC) and convert it to a “pure” DC with as little AC “ripple” as possible. The smoothed DC voltage, shown in the illustration on the right in Figure 11.22, is then applied to the load.


Figure 11.22

[image: 11.22]

The load (which is “driven” by the power supply) can be a simple lamp or a complex electronic circuit. Whatever load you use, it will require a certain voltage across its terminals and will draw a current. Therefore the load will have a resistance.

Usually the voltage and current required by the load (and, hence, its resistance) are known, and you must design the power supply to provide that voltage and current.

To simplify the circuit diagrams, you can treat the load as a simple resistor.

Questions


A. What does the smoothing section of a power supply do?

B. What is connected to a power supply, and what can you treat it like?



Answers


A. The smoothing section converts the pulsating DC to a “pure” DC.

B. A load such as a lamp or an electronic circuit is connected to a power supply. In most cases you can treat the load as you do a resistor.





16. Figure 11.23 shows a power supply circuit with a resistor as the load.


Figure 11.23

[image: 11.23]

Questions

Look at the circuit shown in Figure 11.23 and answer these questions.


A. What type of secondary coil is used?

B. What type of rectifier is used?

C. What components make up the smoothing section?

D. What output would you expect from the rectifier section?



Answers


A. A secondary coil with no center tap

B. A single diode half-wave rectifier

C. A resistor and two capacitors (R1, C1, and C2)

D. Half-wave pulsating DC





17. Figure 11.24 shows the output waveform from the rectifier portion of the power supply circuit shown in Figure 11.23.


Figure 11.24

[image: 11.24]

This waveform is the input to the smoothing section of the power supply circuit. Use one of the DC pulses (shown in Figure 11.25) to analyze the effect of the smoothing section on the waveform.


Figure 11.25

[image: 11.25]

As the voltage level of the DC pulse rises to its peak, the capacitor C1 is charged to the peak voltage of the DC pulse.

When the input DC pulse drops from its peak voltage back to 0 volts, the electrons stored on capacitor C1 discharge through the circuit. This maintains the voltage across the load resistor at close to its peak value, as shown in Figure 11.26. Note that the DC pulse to the right of the diode stays at the peak voltage, even though Vin drops to zero.


Figure 11.26

[image: 11.26]

Question

What discharge path is available for the capacitor C1?

Answer

The diode is not conducting, so the capacitor cannot discharge through the diode. The only possible discharge path is through R1 and the load RL.



18. If no further pulses pass through the diode, the voltage level drops as the capacitor discharges, resulting in the waveform shown in Figure 11.27.


Figure 11.27

[image: 11.27]

However, if another pulse passes through the diode before the capacitor is discharged, the resulting waveform looks like that shown in Figure 11.28.


Figure 11.28

[image: 11.28]

The capacitor only discharges briefly before the second pulse recharges it to peak value. Therefore, the voltage applied to the load resistor only drops a small amount.

Applying further pulses can produce this same recharging effect again and again. Figure 11.29 shows the resulting waveform.


Figure 11.29

[image: 11.29]

The waveform in Figure 11.29 has a DC level with an AC ripple, which varies between Vp and Vx. If you choose values of C1, R1, and RL that produce a discharge time constant for C1 equal to about 10 times the duration of an input pulse, Vx will be about 80 percent of Vp.

If the discharge time you select is greater than 10 times the duration of an input pulse, the smoothing effect minimizes the AC ripple. A time constant of 10 times the pulse duration results in practical design values that are used throughout this chapter.


Note

The smoothing section of a power supply circuit is sometimes referred to as a low pass filter. Though such a circuit can function as a low pass filter, in the case of a power supply circuit converting AC to DC, it is the release of electrons by the capacitor that is primarily responsible for leveling out the pulsating DC. For that reason, this discussion uses the term smoothing section.



Question

Estimate the average DC output level of the waveform shown in Figure 11.29.

Answer

About 90 percent of Vp



19. The output from the secondary coil of the circuit shown in Figure 11.30 is a 28 Vrms, 60 Hz sine wave. For this circuit, you need 10 V DC across the 100 ohm load resistor.


Figure 11.30

[image: 11.30]

Question

What is the peak voltage out of the rectifier?

Answer

The transformer secondary coil delivers 28 Vrms, so

[image: images/c11_I0001.gif]

or about 40 V.



20. Figure 11.31 shows the waveform after the diode has rectified the sine wave for the halfway rectifier circuit shown in Figure 11.30.


Figure 11.31

[image: 11.31]

Question

Calculate the duration of one pulse.

Answer

60 Hz represents 60 cycles (that is, wavelengths) in 1 second. Therefore, one wavelength lasts for 1/60 second.

1/60 second = 1000/60 milliseconds = 16.67 ms

Therefore, the duration of a pulse, which is half a wavelength, is 8.33 ms.



21. The average DC voltage at point B in the circuit shown in Figure 11.30 is about 90 percent of the peak value of the sine wave from the secondary coil, or VB = 0.9 × 40 V = 36 V. R1 and RL act as a voltage divider to reduce the 36 V DC level to the required 10 V DC at the output.

Question

Using the voltage divider formula, calculate the value of R1 that will result in 10 V DC across the 100 ohm load resistor.

Answer

[image: images/c11_I0002.gif]

[image: images/c11_I0003.gif]

Therefore, R1 = 260 ohms



22. Figure 11.32 shows the half-wave rectifier circuit with the 260 ohm value you calculated for R1.


Figure 11.32

[image: 11.32]

Now, choose a value for C1 that produces a discharge time through the two resistors equal to 10 times the input wave duration.

Questions


A. How long should the discharge time constant be for the circuit in Figure 11.32? Refer to problems 18 and 20.

B. Given the time constant, calculate the value of C1.



Answers


A. The time constant should be ten times the pulse duration (8.33 ms), so:

τ = 10 × 8.33 ms = 83.3 ms or 0.083 seconds

B. τ = R × C = (R1 + RL) × C1 = 360 × C1

Therefore, 0.0833 = 360 × C1 or C1 = 230 μF





23. Figure 11.33 shows voltage waveforms at various points in the half-wave rectifier circuit.


Figure 11.33
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Questions


A. What happens to the DC output voltage between points B and C in this circuit?

B. What happens to the waveform between points A and C in the circuit?



Answers


A. The voltage has been reduced from 36 V to 10 V.

B. The waveform has changed from pulsating DC to a 10 V DC level with an AC ripple.





24. In most cases, the level of the AC ripple is still too high, and further smoothing is required. Figure 11.34 shows the portion of the half-wave rectifier circuit that forms a voltage divider using R1 and the parallel combination of RL and C2. This voltage divider reduces the AC ripple and the DC voltage level.


Figure 11.34

[image: 11.34]

Choose a value for C2 that causes the capacitor's reactance (XC2) to be equal to or less than one tenth of the resistance of the load resistor. C2, R1, and R2 form an AC voltage divider. As discussed in problem 26 of Chapter 6, choosing such a value for C2 simplifies the calculations for an AC voltage divider circuit containing a parallel resistor and capacitor.

Questions


A. What should the value of XC2 be?

B. What is the formula for the reactance of a capacitor?

C. What is the frequency of the AC ripple?

D. Calculate the value of the capacitor C2.



Answers


A. XC2 = RL/10 = 100/10 = 10 Ω or less

B. [image: images/c11_I0004.gif]

C. 60 Hz. This is identical to the frequency of the sine wave output from the transformer's secondary coil.

D. Solving the reactance formula for C results in the following:

[image: images/c11_I0005.gif]





25. Figure 11.35 shows the half-wave rectifier circuit with all capacitor and resistor values.


Figure 11.35

[image: 11.35]

Because Xc2 is one tenth of RL, you can ignore RL in AC voltage divider calculations. The resulting AC voltage divider circuit is shown in Figure 11.36.


Figure 11.36

[image: 11.36]

Questions


A. What is the peak-to-peak voltage at the input to the AC voltage divider?

B. Find the AC ripple output across RL using the AC voltage divider formula discussed in problem 26 of Chapter 6.



Answers


A. Vpp = Vp − Vx = 40 V − 32 V = 8 VPP

B. [image: images/c11_I0006.gif]

[image: images/c11_I0007.gif]






Note

This result means that the addition of C2 lowers the AC ripple shown by curve C of Figure 11.33, with peak values of 11.11 and 8.89, to values of 10.155 and 9.845 V. This represents a lower ripple at the output. Hence, C2 aids the smoothing of the 10 V DC at the output.



26. You can apply the calculations you performed for a half-wave rectifier circuit in the last few problems to a full-wave rectifier circuit. In the next few problems, you calculate the values of R1, C1, and C2 required to provide 10 volts DC across a 100 ohm load for a full-wave rectifier circuit with a 28 Vrms sine wave supplied by the secondary coil of a transformer.

Figure 11.37 shows the output waveform from the rectifier section of the circuit.


Figure 11.37

[image: 11.37]

Figure 11.38 shows the waveform that results from using a smoothing capacitor


Figure 11.38

[image: 11.38]

If C1's discharge time constant is ten times the period of the waveform, Vx is about 90 percent of Vp. The average DC level is about 95 percent of Vp.

Questions


A. What is the average DC level for the half-wave rectifier at point B in Figure 11.33?

B. What is the average DC level for the waveform in Figure 11.38 given that Vp = 40 V?

C. Why does a full-wave rectifier have a higher average DC level than a half-wave rectifier?



Answers


A. 36 V, which was 90 percent of Vp

B. 38 V, which is 95 percent of Vp

C. The slightly higher values occur because the capacitor does not discharge as far with full-wave rectification, and, as a result, there is slightly less AC ripple. Therefore, Vx is higher and the average DC level is higher.





27. You can use the method for calculating the value of R1 for a half-wave rectifier (see problem 21) to calculate the value of R1 for a full-wave rectifier.

Question

Calculate the value of R1 when RL = 100 Ω, Vin = 38 V, and the required voltage across RL is 10 V.

Answer

[image: images/c11_I0008.gif]

Therefore, R1 = 280 ohms.



28. You can also use the method for calculating the value of C1 for a half-wave rectifier (see problem 22) to calculate the value of C1 for a full-wave rectifier.

Question

Calculate the value of C1.

Answer

With a time constant of τ = 83.3 ms and a discharge resistance of R1 + RL = 380 ohms, C1 = 220 μF.



29. You can use the voltage divider equation to find the amount of AC ripple across the load resistor for a full-wave rectifier with R1 = 280 Ω and RL = 100 Ω. For Vp = 40 V, the calculation results in 10.52 V. For Vx = 36 V, the calculation results in 9.47 V. Therefore, the voltage levels at the load resistor vary between 10.52 V and 9.47 V, with an average DC level of 10 V. You can reduce the AC ripple by adding a second capacitor in parallel with the load resistor.

Questions

Use the method for calculating the value of C2 for the half-wave rectifier in problem 24.


A. Calculate the reactance of the second capacitor (C2).

B. Calculate the value of C2. (Note that the frequency of the AC ripple for the full-wave rectifier is 120 Hz.)



Answers


A. The reactance should be one tenth (or less) of the load resistance. Therefore, it should be 10 ohms or less.

B. [image: images/c11_I0009.gif]





30. The AC ripple at the first smoothing capacitor ranges from 36 V to 40 V. The AC ripple at the load ranges from 9.47 V to 10.52 V when there is only one capacitor in the circuit.

Question

Calculate the upper and lower values of the AC ripple at the output if you use a second capacitor with a value of 135 μF in parallel with the load resistor. You can use the same formulas as those for the half-wave rectifier in problem 25. Note that XC2 is 10 Ω from problem 29; R1 = 280 from problem 27; and AC Vin = Vp − Vx = (40 V − 36 V) = 4 Vpp.

Answer

[image: images/c11_I0010.gif]

The result of approximately 0.14 Vpp means that the output will now vary from 10.07 to 9.93 V. This shows that the second capacitor lowers the ripple significantly. The AC ripple is less than half of the ripple shown for the half-wave rectifier in problem 25. In other words, a full-wave rectifier produces a smoother DC output than a half-wave rectifier.



31. Figure 11.39 shows a full-wave rectifier circuit with an output voltage of 5 V across a 50 Ω load resistor. Use the following steps to calculate the values of the other components.


Figure 11.39

[image: 11.39]

Questions


A. What are Vp, Vx, and the DC level at the first capacitor?

B. Calculate the value of R1 required to make the DC level at the output 5 V.

C. Calculate the value of C1.

D. Calculate the value of C2.

E. What is the amount AC ripple at the output?

F. Draw the final circuit showing the calculated values. Use a separate sheet of paper for your drawing.



Answers


A. [image: images/c11_I0011.gif]

The DC level is 95 percent of Vp, which is 8.46 V.

B. About 35 ohms.

C. 980 μF.

D. Using Xc2 = 5 ohms and 120 Hz, C2 = 265 μF.

E. At the input to the smoothing section, the AC variation is 8.91 to 8.02, or 0.89 Vpp. Using the AC voltage divider equation with R1 = 35 ohms and Xc2 = 5 ohms, AC Vout equals about 0.13 Vpp. Therefore, the AC variation at the output is 5.065 to 4.935 V, a very small AC ripple.

F. See Figure 11.40.




Figure 11.40

[image: 11.40]




Using the simple procedure shown here always produces a working power supply circuit. This is not the only design procedure you can use for power supplies, but it is one of the simplest and most effective.

Summary

This chapter introduced the following concepts and calculations related to power supplies:

The effects of diodes on AC signals

	Methods of rectifying an AC signal

	Half-wave and full-wave rectifier circuit designs

	The calculations you can use to determine component values for half-wave and full-wave rectifier power supply circuits



Self-Test

These questions test your understanding of the information presented in this chapter. Use a separate sheet of paper for your diagrams or calculations. Compare your answers with the answers provided following the test.

In questions 1 through 5, draw the output waveform of each circuit. The input is given in each case.


1. See Figure 11.41.

2. See Figure 11.42.

3. See Figure 11.43.

4. See Figure 11.44.

5. See Figure 11.45.

6. In the circuit shown in Figure 11.46, 100 Vrms at 60 Hz appears at the secondary coil of the transformer; 28 V DC with as little AC ripple as possible is required across the 220 ohm load. Find R1, C1, and C2. Find the approximate AC ripple.




Figure 11.41
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Figure 11.42

[image: 11.42]


Figure 11.43

[image: 11.43]


Figure 11.44

[image: 11.44]


Figure 11.45

[image: 11.45]


Figure 11.46

[image: 11.46]

Answers to Self-Test

If your answers do not agree with those given here, review the problems indicated in parentheses.


	1.
	See Figure 11.47.

Figure 11.47

[image: 11.47]



	(problems 1–5)



	2.
	See Figure 11.48.

Figure 11.48

[image: 11.48]



	(problem 2)



	3.
	See Figure 11.49.

Figure 11.49

[image: 11.49]



	(problem 11)



	4.
	See Figure 11.50.

Figure 11.50

[image: 11.50]



	(problem 13)



	5.
	See Figure 11.51.

Figure 11.51

[image: 11.51]



	(problems 15–18)



	6.
	R1 = 833 ohms, C1 = 79 µF, let Xc2 = 22 ohms and then C2 = 60 µF
	(problems 26–30)



	
	[image: images/c11_I0012.gif]
	








Chapter 12

Conclusion and Final Self-Test

In this book, you have discovered basic concepts and formulas that will provide a foundation for your studies in modern electronics, whether you become a dedicated hobbyist, or go on to study electrical or electronics engineering.

Conclusion

Having read this book, you should now know enough to read intermediate-level electronics books and articles intelligently, to build electronics circuits and projects, and to pursue electronics to whatever depth and for whatever reason you wish. Specifically, you should now be able to do the following:


	Recognize all the important, discrete electronics components in a schematic diagram.

	Understand how circuits that use discrete components work.

	Calculate the component values needed for circuits to function efficiently.

	Design simple circuits.

	Build simple circuits and electronics projects.



To see how much you have learned, you may want to take the final self-test at the end of this chapter. It tests your comprehension of the concepts and formulas presented throughout this book.

Once you complete the following self-test and feel confident that you have mastered the information in this book, refer to Appendix E for additional resources for further learning, including the following:


	Books such as The Art of Electronics by Paul Horowitz and Winfield Hill (New York: Cambridge University Press, 1989) provide a great next step in further electronics study.

	You can buy books that step you through electronics projects, such as Electronics Projects For Dummies by Earl Boysen and Nancy Muir (Indianapolis: Wiley, 2006), to help you get set up and get hands-on practice.

	You can browse Web sites for electronic project ideas.

	Earl Boysen's Web site, www.buildinggadgets.com, provides tips, ideas, and links to a variety of great online resources.




Note

For those interested in more serious study, you should be aware that there is a difference between the path you take to become an electrician (or technician) and an electrical (or electronics) engineer. Training for electronics technicians is available in military trade schools, public and private vocational schools, and in many high schools. Engineers are required to understand the mathematical details in more depth, and must take at least a four-year curriculum at an accredited college or university.



Whatever your goal, you can feel confident that this book has given you a solid grounding for your future studies. Wherever you go in electronics, good luck!

Final Self-Test

This final test allows you to assess your overall knowledge of electronics. Answers and review references follow the test. Use a separate sheet of paper for your calculations and drawings.


1. If R = 1 MΩ and I = 2 µA, find the voltage.

2. If V = 5 V and R = 10 kΩ, find the current.

3. If V = 28 V and I = 4 A, find the resistance.

4. If 330 ohms and 220 ohms are connected in parallel, find the equivalent resistance.

5. If V = 28 V and I = 5 mA, find the power.

6. If the current through a 220 ohm resistor is 30.2 mA, what is the power dissipated by the resistor?

7. If the power rating of a 1000 ohm resistor is 0.5 watts, what will be the maximum current that should safely flow through the resistor?

8. If a 10 ohm resistor is in series with a 32 ohm resistor and the combination is across a 12 volt supply, what is the voltage drop across each resistor, and what will the two voltage drops add up to?

9. A current of 1 ampere splits between 6 ohm and 12 ohm resistors in parallel. Find the current through each.

10. A current of 273 mA splits between 330 ohm and 660 ohm resistors in parallel. Find the current through each resistor.

11. If R = 10 kΩ and C = 1 µF, find the time constant.

12. If R = 1 MΩ and C = 250 µF, find the time constant.

13. Three capacitors of 1 µF, 2 µF, and 3 µF are connected in parallel. Find the total capacitance.

14. Three capacitors of 100 µF, 220 µF, and 220 µF are connected in series. Find the total capacitance.

15. Three capacitors of 22 pF, 22 pF, and 33 pF are connected in series. Find the total capacitance.

16. What is the knee voltage for a germanium diode?

17. What is the knee voltage for a silicon diode?

18. In the circuit shown in Figure 12.1, VS = 5 V, R = 1 kΩ, find the current through the diode, ID.




Figure 12.1

[image: 12.1]


19. For the circuit in question 15, V = 12 V and R = 100 ohms. Find ID.

20. For the circuit shown in Figure 12.2, VS = 100 V, R1 = 7.2 kΩ, R2 = 4 kΩ, and VZ = 28 V. Find the current through the zener diode, IZ.


Figure 12.2

[image: 12.2]


21. For the circuit in Figure 12.2, VS = 10 V, R1 = 1 kΩ, R2 = 10 kΩ, and VZ = 6.3 V. Find IZ.

22. Use the circuit shown in Figure 12.3 to answer this question.


Figure 12.3

[image: 12.3]


Find the DC collector voltage, VC, if VS = 28 V, β = 10, RB = 200 kΩ, RC = 10 kΩ.

23. Again using the circuit shown in Figure 12.3, find RB if VS = 12 V, β = 250, RC = 2.2 kΩ, VC = 6 V.

24. Using the circuit shown in Figure 12.3, find β if VS = 10 V, RB = 100 kΩ, RC = 1 kΩ, VC = 5 V.

25. What are the three terminals for a JFET called, and which one controls the operation of the JFET?

When is the drain current of a JFET at its maximum value?

26. Use the circuit shown in Figure 12.4 to answer this question.


Figure 12.4

[image: 12.4]


Find the value of RB required to turn the transistor ON if VS = 14 V, RC = 10 kΩ, β = 50.

27. Again, using the circuit shown in Figure 12.4, find the value of RB required to turn the transistor ON if VS = 5 V, RC = 4.7 kΩ, β = 100.

28. Use the circuit shown in Figure 12.5 to answer this question.


Figure 12.5

[image: 12.5]


Find the values of R1, R2, and R3 that will enable the switch to turn Q2 ON and OFF, if VS = 10 V, β1 = 50, β2 = 20, R4 = 2.2 kΩ.

29. Again, using the circuit shown in Figure 12.5, find the values of R1, R2, and R3 that will enable the switch to turn Q2 ON and OFF if VS = 28 V, β1 = 30, β2 = 10, R4 = 220 Ω.

30. An N-channel JFET has a drain saturation current of IDSS = 14 mA. If a 28 V drain supply is used, calculate the drain resistance, RD.

31. Draw one cycle of a sine wave.

32. Mark in Vpp, Vrms, and the period of the waveform on your drawing for question 31.

33. If Vpp = 10 V, find Vrms.

34. If Vrms = 120 V, find Vpp.

35. If the frequency of a sine wave is 14.5 kHz, what is the period of the waveform?

36. Find the reactance XC for a 200 µF capacitor when the frequency is 60 Hz.

37. Find the value of the capacitance that gives a 50 ohm reactance at a frequency of 10 kHz

38. Find the inductive reactance XL for a 10 mH inductor when the frequency is 440 Hz.

39. Find the value of the inductance that has 100 ohms reactance when the frequency is 1 kHz.

40. Find the series and parallel resonant frequency of a 0.1 µF capacitor and a 4 mH inductor that has negligible internal resistance.

41. For this question refer to the circuit shown in Figure 12.6.


Figure 12.6

[image: 12.6]


Find XC, Z, Vout, I, tan θ, and θ if Vin = 10 Vpp, f = 1 kHz, C = 0.1 µF, R = 1600 ohms.

42. Again, using the circuit shown in Figure 12.6, find XC, Z, Vout, I, tan θ, and θ if Vin = 120 Vrms, f = 60 Hz, C = 0.33 µF, R = 6 kΩ.

43. For this question, refer to the circuit shown in Figure 12.7.


Figure 12.7

[image: 12.7]


Find XC, AC Vout, and DC Vout if Vin = 1 Vpp AC, riding on a 5 V DC level; f = 10 kHz; R1 = 10 kΩ; R2 = 10 kΩ; C = 0.2 µF.

44. Again, using the circuit shown in Figure 12.7, find XC, AC Vout, and DC Vout if Vin = 0.5 Vpp AC, riding on a 10 V DC level; f = 120 Hz; R1 = 80 ohms; R2 = 20 ohms; C = 1000 µF.

45. For this question, refer to the circuit shown in Figure 12.8.


Figure 12.8

[image: 12.8]


In this circuit, Vin = 10 Vpp AC, riding on a 5 V DC level; f = 1 kHz; L = 10 mH; r = 9 ohms; R = 54 ohms. Find AC Vout, DC Vout, XL, Z, tan θ, and θ.

46. In the circuit shown in Figure 12.9, L = 1 mH, C = 0.1 µF, and R = 10 ohms.


Figure 12.9

[image: 12.9]


Find fr, XL, XC, Z, Q, and the bandwidth.

47. In the circuit shown in Figure 12.10, L = 10 mH, C = 0.02 µF, and r = 7 ohms.


Figure 12.10

[image: 12.10]


Find fr, XL, XC, Z, Q, and the bandwidth.

48. If the voltage across the resonant circuit of question 47 is at a peak value of 8 V at the resonant frequency, what is the voltage at the half power points?

What are the half power frequencies?

49. Use the amplifier circuit shown in Figure 12.11 to answer this question.


Figure 12.11

[image: 12.11]


Find the values of R1, R2, and RE that will provide the amplifier with a voltage gain of 10. Use VS = 28 V, RC = 1 kΩ, β = 100.

50. Again, using the circuit shown in Figure 12.11, find the values of R1, R2, and RE that will provide the amplifier a voltage gain of 20. Use VS = 10 V, RC = 2.2 kΩ, β = 50.

51. Using the circuit shown in Figure 12.11, how would you modify the amplifier in question 50 to obtain a maximum gain? Assume that the lowest frequency it has to pass is 50 Hz.

52. Using the JFET amplifier circuit shown in problem 42 of Chapter 1, with a bias point of VGS = −2.8 V, a drain current of ID = 2.7 mA, and VDS = 12 V, find the values of RS and RD.

53. If the transconductance of the JFET used in question 52 is 4000 µmhos, what will the AC voltage gain be?

54. A certain op-amp circuit uses an input resistance of 8 kΩ to an inverting input. In order for the op-amp circuit to have a gain of 85, what should the value of the feedback resistance be?

55. If the input to the op-amp circuit of question 54 is 2 mV, what is the output?

56. What is an oscillator?

57. Why is positive feedback rather than negative feedback necessary in an oscillator?

58. What feedback method is used in a Colpitts oscillator?

59. What feedback method is used in a Hartley oscillator?

60. Draw the circuit of a Colpitts oscillator.

61. Draw the circuit of a Hartley oscillator.

62. What is the formula used to calculate the output frequency of an oscillator?

63. Draw the circuit symbol for a transformer with a center tap.

64. Name the two main coils used on a transformer.

65. What is the equation that shows the relationship between the input voltage, the output voltage, and the number of turns in each coil of a transformer?

66. What is the equation that shows the relationship between the turns ratio and the currents in the primary and secondary coils of the transformer?

67. What is the equation that shows the relationship between the impedance of the primary coil, the impedance of the secondary coil, and the number of turns in each coil of a transformer?

68. What are the two main uses for transformers?

69. Draw a simple half-wave rectifier circuit with a smoothing filter at the output.

70. Draw a simple full-wave rectifier circuit using a center tap transformer and a smoothing filter at the output.

71. Given a 10 Vrms input to a full-wave rectified power supply, calculate the values of R1, C1 and C2 (see Figure 12.12) that results in a 5 V DC output across a 50 ohm load.


Figure 12.12

[image: 12.12]


Answers to Final Self-Test

The references in parentheses to the right of the answers give you the chapter and problem number where the material is introduced so that you can easily review any concepts covered in the test.


	1.
	V = 2 V
	(Chapter 1, problem 5)



	2.
	I = 0.5 mA
	(Chapter 1, problem 6)



	3.
	R = 7 ohms
	(Chapter 1, problem 7)



	4.
	132 ohms
	(Chapter 1, problem 10)



	5.
	P = 140 milliwatts or 0.14 watts
	(Chapter 1, problems 13 and 14)



	6.
	0.2 W
	(Chapter 1, problems 13 and 15)



	7.
	22.36 mA
	(Chapter 1, problems 13 and 16)



	8.
	2.86 V, 9.14 V, 12 V
	(Chapter 1, problems 23 and 26)



	9.
	2/3 A through the 6 ohm resistor; 1/3 A through the 12 ohm resistor
	(Chapter 1, problem 28 or 29)



	10.
	91 mA through the 660 ohm resistor; 182 mA through the 330 ohm resistor
	(Chapter 1, problem 28 or 29)



	11.
	τ = 0.01 seconds
	(Chapter 1, problem 34)



	12.
	τ = 250 seconds
	(Chapter 1, problem 34)



	13.
	6 µF
	(Chapter 1, problem 40)



	14.
	52.4 µF
	(Chapter 1, problem 41)



	15.
	8.25 µF
	(Chapter 1, problem 41)



	16.
	Approximately 0.3 V
	(Chapter 2, problem 10)



	17.
	Approximately 0.7 V
	(Chapter 2, problem 10)



	18.
	ID = 4.3 mA
	(Chapter 2, problem 14)



	19.
	ID = 120 mA
	(Chapter 2, problem 14)



	20.
	IZ = 3 mA
	(Chapter 2, problem 31)



	21.
	IZ = 3.07 mA
	(Chapter 2, problem 31)



	22.
	VC = 14 V
	(Chapter 3, problems 21–24)



	23.
	RB = 1.1 MΩ
	(Chapter 3, problems 21–24)



	24.
	β = 50
	(Chapter 3, problems 21–24)



	25.
	Drain, source, and gate, with the gate acting to control the JFET
	(Chapter 3, problem 29)



	26.
	RB = 500 kΩ
	(Chapter 4, problems 8)



	27.
	RB = 470 kΩ
	(Chapter 4, problems 4–8)



	28.
	R3 = 44 kΩ, R1 = 2.2 kΩ, R2 = 2.2 kΩ
	(Chapter 4, problems 19–23)



	29.
	R3 = 2.2 kΩ, R1 = 66 kΩ, R2 = 66 kΩ
	(Chapter 4, problems 19–23)



	30.
	RD = 2 kΩ
	(Chapter 4, problem 39)



	31.
	See Figure 12.13.

Figure 12.13
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	(Chapter 5, problem 7)



	32.
	See Figure 12.14.

Figure 12.14
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	(Chapter 5, problems 3 and 7)



	33.
	3.535 V
	(Chapter 5, problem 4)



	34.
	340 V
	(Chapter 5, problem 5)



	35.
	69 µsec
	(Chapter 5, problem 7)



	36.
	13.3 ohms
	(Chapter 5, problem 14)



	37.
	0.32 µF
	(Chapter 5, problem 14)



	38.
	27.6 ohms
	(Chapter 5, problem 17)



	39.
	16 mH
	(Chapter 5, problem 17)



	40.
	8 kHz
	(Chapter 5, problems 19 and 21)



	41.
	XC = 1.6 kΩ, Z = 2263 ohms, Vout = 7.07 V, I = 4.4 mA, tan θ = 1, θ = 45 degrees
	(Chapter 6, problems 10 and 23)



	42.
	XC = 8 kΩ, Z = 10 kΩ, Vout = 72 V, I = 12 mA, tan θ = 1.33, θ = 53.13 degrees
	(Chapter 6, problems 10 and 23)



	43.
	XC = 80 ohms, AC Vout = 8 mV, DC Vout = 2.5 V
	(Chapter 6, problem 26)



	44.
	XC = 1.33 ohms, AC Vout = 8.3 mV, DC Vout = 2 V
	(Chapter 6, problem 26)



	45.
	XL = 62.8 ohms, Z = 89 ohms, AC Vout = 6.07 V, DC Vout = 4.3 V, tan θ = 1, θ = 45 degrees
	(Chapter 6, problems 31 and 35)



	46.
	fr = 16 kHz, XL = 100 ohms, XC = 100 ohms, Z = 10 ohms, Q = 10, BW = 1.6 kΩ
	(Chapter 7, problems 2, 6, and 20)



	47.
	fr = 11,254 Hz, XL = XC = 707 ohms, Z = 71.4 kΩ, Q = 101, BW = 111 Hz
	(Chapter 7, problems 10, 11, and 20)



	48.
	Vhp = 5.656 V, f1hp = 11,198 Hz, f2hp = 11,310 V
	(Chapter 7, problem 27)



	49.
	Your values should be close to the following: RE = 100 ohms, VC = 14 V, VE = 1.4 V, VB = 2.1 V, R2 = 1.5 kΩ, R1 = 16.8 kΩ
	(Chapter 8, problem 17)



	50.
	RE = 110 ohms, VC = 5 V, VE = 0.25 V, VB = 0.95 V, R2 = 2.2 kΩ, R1 = 18.1 kΩ
	(Chapter 8, problem 17)



	51.
	The gain can be increased by using a capacitor to bypass the emitter resistor RE; CE = 300 µF (approximately).
	(Chapter 8, problem 20)



	52.
	RS = 1.04 kΩ, RD = 3.41 kΩ
	(Chapter 8, problem 42)



	53.
	Av = –13.6
	(Chapter 8, problem 39)



	54.
	RF = 680 kΩ
	(Chapter 8, problem 45)



	55.
	Vout = 170 mV and is inverted
	(Chapter 8, problem 45)



	56.
	An oscillator is a circuit that emits a continuous sine wave output, without requiring an input signal. Other types of oscillators exist that do not have sine wave outputs, but they are not discussed in this book.
	(Chapter 9, introduction)



	57.
	Positive feedback causes the amplifier to sustain an oscillation or sine wave at the output. Negative feedback causes the amplifier to stabilize, which reduces oscillations at the output.
	(Chapter 9, problems 2 and 3)



	58.
	A capacitive voltage divider
	(Chapter 9, problem 14)



	59.
	An inductive voltage divider
	(Chapter 9, problem 14)



	60.
	See Figure 12.15.

Figure 12.15
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	(Chapter 9, problem 24)



	61.
	See Figure 12.16.

Figure 12.16
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	(Chapter 9, problem 25)



	62.
	[image: images/c12_I0001.gif]
	(Chapter 9, problem 11)



	63.
	See Figure 12.17.

Figure 12.17
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	(Chapter 10, problem 4)



	64.
	Primary and secondary
	(Chapter 10, problem 2)



	65.
	Vin/Vout = VP/VS = NP/NS = TR
	(Chapter 10, problem 6)



	66.
	Iout/Iin = IS/IP = NP/NS = TR
	(Chapter 10, problem 13)



	67.
	Zin/Zout = (NP/NS)2, or impedance ratio, is the square of the turns ratio
	(Chapter 10, problem 16)



	68.
	They are used for stepping up or stepping down an AC voltage, and to match impedances between a generator and a load
	(Chapter 10, introduction)



	69.
	See Figure 12.18.

Figure 12.18
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	(Chapter 11, problem 14)



	70.
	See Figure 12.19.

Figure 12.19

[image: 12.19]


	(Chapter 11, problem 31)



	71.
	R1 = 84 ohms, C1 = 622 µF, C2 = 265 µF
	(Chapter 11, problems 26–29)








Appendix A

Glossary

Ampere (A)
The unit of measurement of electric current.

Amplifier 
 Electronic device or circuit that produces an output signal with greater power, voltage, or current than that provided by the input signal.

Capacitance (C) 
 The capability of a component to store an electric charge when voltage is applied across the component, measured in farads.

Capacitor 
 A component that stores electric charge when voltage is applied to it, that can return the charge to a circuit in the form of electric current when the voltage is removed.

Discrete components 
 Individual electronic parts such as resistors, diodes, capacitors, and transistors.

Diode 
 A component that conducts current in one direction only.

Farad (F) 
 The unit of measurement of capacitance.

Feedback 
 A connection from the output of an amplifier back to the input, where a portion of the output voltage is used to control, stabilize, or modify the operation of the amplifier.

Frequency (f) 
 Number of cycles of a waveform that occur in a given time period, measured in hertz (cycles per second).

Ground 
 Zero volts. This is the arbitrary reference point in a circuit from which all voltage measurements are made.

Henry (H) 
 The unit of measurement of inductance.

Impedance (Z) 
 Total opposition (resistance and reactance) of a circuit to AC current flow, measured in ohms.

Inductance (L) 
 The property of a component that opposes any change in an existing current, measured in henrys.

Inductor 
 A coil of wire whose magnetic field opposes changes in current flow when the voltage across the coil is changed.

Integrated circuit (IC) 
 Electronic component in the form of a very small silicon chip in which numerous transistors and other components have been built to form a circuit.

Kirchhoff's laws 
 A set of formulas that form the basis for DC and AC circuit analysis, including: current law (KCL): The sum of all currents at a junction equals zero; and voltage law (KVL): The sum of all voltages in a loop equals zero.

Ohm (Ω) 
 The unit of measurement of resistance.

Ohm's law 
 A formula used to calculate the relationship between voltage, current, and resistance, expressed as V = IR. Also expressed as E = IR.

Operational amplifier (op-amp) 
 An integrated circuit, multi-stage amplifier. An op-amp is much smaller and, therefore, more practical than an equivalent amplifier made with discrete components.

Oscillator 
 An electronic circuit that produces a continuous output signal such as a sine wave or square wave.

Phase angle 
 For a signal, the angle of lead or lag between the current waveform and the voltage waveform.

Phase shift 
 The change in phase of a signal as it passes through a circuit, such as in an amplifier.

Power 
 The expenditure of energy over time. Power is measured in watts.

Reactance (X) 
 The degree of opposition of a component to the flow of alternating current (AC), measured in ohms. There are two types of reactance: capacitive reactance (XC) exhibited by capacitors and inductive reactance (XL) exhibited by inductors.

Rectification 
 The process of changing alternating current (AC) to direct current (DC).

Resistance (R) 
 The degree of opposition of a component to the flow of electric current, measured in ohms.

Resistor 
 A component whose value is determined by the amount of opposition it has to the flow of electric current.

Semiconductor 
 A material that has electrical characteristics of a conductor or an insulator, depending on how it is treated. Silicon is the semiconductor material most commonly used in electronic components.

Transformer 
 A component that transforms an input AC voltage to either a higher level (step up transformer) or a lower level (step down transformer) AC voltage.

Transistor, BJT 
 A bipolar junction transistor (BJT) is a semiconductor component that can either be used as a switch or an amplifier. In either case, a small input signal controls the transistor, producing a much larger output signal.

Transistor, JFET 
 A junction field effect transistor (JFET), like the bipolar junction transistor, can be used either as a switch or an amplifier.

Transistor, MOSFET 
 Metal oxide silicon field effect transistor (MOSFET); like the BJT and JFET, a MOSFET can be used either as a switch or an amplifier. The MOSFET is the most commonly used transistor in integrated circuits.

Turns ratio (TR) 
 The ratio of the number of turns in the primary or input winding of a transformer to the number of turns in the secondary or output winding.

Volt (V) 
 The unit of measurement for the potential difference that causes a current to flow through a conductor.

Watt (W) 
 Unit of electric power dissipated as heat when 1 amp of current flows through a component that has 1 volt applied across it.

Zener 
 A particular type of diode that will flow current at a definite reverse-bias voltage level.





Appendix B

List of Symbols and Abbreviations

The following table lists common symbols and abbreviations.


	Symbol/Abbreviation
	Meaning



	A
	Ampere



	AC
	Alternating current



	AV
	AC voltage gain



	β (beta)
	Current gain



	BW
	Bandwidth



	C
	Capacitor



	DC
	Direct current



	F
	Farad



	gm
	Transconductance



	f
	Frequency



	fr
	Resonant frequency



	H
	Henry



	Hz
	Hertz



	I
	Electric current



	IB
	Base current



	IC
	Collector current



	ID
	Drain current of a FET; also current through a diode



	IDSS
	Saturation current



	L
	Inductor



	LC
	Inductor-capacitor circuit



	Np
	Number of turns in a primary coil



	NS
	Number of turns in a secondary coil



	Ω
	Ohms



	P
	Power



	Q
	Transistor, also the Q value of a resonant circuit



	R
	Resistor



	Rin
	Input resistance of a transistor



	r
	DC resistance of an inductor



	T
	Period of a waveform



	τ
	Time constant



	TR
	Turns ratio



	θ
	Phase angle



	V
	Voltage



	VC
	Voltage at the collector of a transistor



	VDD
	Drain supply voltage



	VE
	Voltage at the emitter of a transistor



	VGG
	Gate supply voltage



	VGS
	Gate to source voltage



	VGS (off)
	Gate to source cutoff voltage



	Vin
	AC voltage of an input signal



	Vout
	AC output voltage



	Vp
	Peak voltage



	Vpp
	Peak-to-peak voltage



	Vrms
	Root mean square voltage



	VS
	Supply voltage



	W
	Watts



	XC
	Reactance of a capacitor



	XL
	Reactance of an inductor



	Z
	Impedance








Appendix C

Powers of Ten and Engineering Prefixes

The following table shows powers of the number 10, decimal equivalents, prefixes used to denote the value, symbols used, and an example.
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Appendix D

Standard Composition Resistor Values

The most commonly-used type of resistor is the carbon composition resistor with a ± 5 percent tolerance and either a 1/4 or 1/2 watt power rating, The standard resistance values for this type of resistor are listed here (in ohms). You should be able to purchase resistors at any of these values through the online distributors listed in Appendix E. Power resistors are available with fewer resistance values, which you can find in various suppliers' catalogs.


Note

In the following, “k” represents kilo-ohms, so 7.5 k translates into 7,500 ohms. Similarly, “M” stands for megohms, so a value of 3.6 M represents 3,600,000 ohms.
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Appendix E

Supplemental Resources

The following list of books, magazines, tutorials, and electronics suppliers may be of interest to the reader who is seeking more knowledge regarding either basic electronics concepts, reference material for circuit design, or the supplies needed to build circuits.

Web Sites

	Building Gadgets (www.buildinggadgets.com/) —An electronics reference site maintained by Earl Boysen (one of the authors of this book). There are lots of handy links to electronics tutorials, discussion forums, suppliers, and interesting electronics projects here.

	All About Circuits (www.allaboutcircuits.com/) —Includes an online book on electronics theory and circuits, as well as discussion forums on electronics projects, microcontrollers, and general electronics issues.

	Electronics Tutorials (www.electronics-tutorials.com/) —Tutorials on a wide range of electronics topics.

	Williamson Labs (www.williamson-labs.com/) —Tutorials on electronics components and circuits. Many of these tutorials include animated illustrations that may help you understand how each circuit functions.

	Electro Tech online (www.electro-tech-online.com/) —Discussion forum on electronics projects and general electronics issues.

	Electronics Lab (www.electronics-lab.com/forum/) —Discussion forum on project design, electronics theory, and microcontrollers along with a collection of a few hundred interesting projects.

	Discover Circuits (www.discovercircuits.com/) —A collection of thousands of electronics circuits.



Books


	Electronics For Dummies, First Edition, by Gordon McComb and Earl Boysen (Indianapolis: Wiley, 2005) —A good book to start with; provides an introduction to electronics concepts, components, circuits, and methods.

	The Art of Electronics, Second Edition, by Paul Horowitz and Winfield Hill. (New York: Cambridge University Press, 1989) —Useful reference book for designing circuits as well as understanding the functionality of existing circuits.

	2008 ARRL Handbook for Radio Communications (Newington, Connecticut: American Radio Relay League, 2008) —While this is intended for ham radio enthusiasts, it is also a useful reference book for understanding circuit design.

	Electronics Projects For Dummies, First Edition, by Earl Boysen and Nancy C. Muir (Indianapolis: Wiley, 2006) —Provides an introduction and hands-on practice in building electronic circuits and projects.



Magazines


	Everyday Practical Electronics Magazine (www.epemag.wimborne.co.uk/) —Information on new components for hobbyists and projects with focus on circuits using discrete components.

	Nuts and Volts Magazine (nutsvolts.com/) —Information on new components for hobbyists and projects with focus on circuits using microcontrollers.

	EDN Magazine (www.edn.com/) —Articles on new components/designs for the engineering community.



Suppliers

This section shows retail stores and online distributors.

Retail Stores


	Radio Shack (www.radioshack.com/) —Has stores in most U.S. cities that carry electronic components.

	Fry's Electronics (www.frys.com/) —Has stores in nine states that carry electronics components.



Online Distributors

	
Jameco Electronics (www.jameco.com/)—A medium-sized distributor that carries most of the components you'll need with a reasonably sized catalog that it's easy to find components in.

	Mouser Electronics (www.mouser.com/) —A large distributor that carries a wide range of components with a nice ordering system on their Web site that lets you put together separate orders for different projects, very handy if you're planning multiple projects. They also do a very good job of packaging, clearly labeling components for shipment.

	Digi-key (www.digikey.com/) —Another large distributor with a very broad selection of components. Digi-key may carry components that are hard to find at smaller suppliers.







Appendix F

Equation Reference

The following table provides a quick reference to common equations.
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Appendix G

Schematic Symbols Used in This Book

The following table shows schematic symbols used in this book.


	Component
	
	Symbol



	Battery
	
	[image: bapp07ut001]



	Capacitor
	
	[image: bapp07ut002]



	Diodes
	
	



	
	Diode
	[image: bapp07ut003]



	
	Zener Diode
	[image: bapp07ut004]



	Generator (DC)
	
	[image: bapp07ut005]



	Ground
	
	[image: bapp07ut006]



	Inductor
	
	[image: bapp07ut007]



	Lamp
	
	[image: bapp07ut008]



	Meters
	
	



	
	Meter
	[image: bapp07ut009]



	
	Ammeter
	[image: bapp07ut010]



	
	Voltmeter
	[image: bapp07ut011]



	Motor
	
	[image: bapp07ut012]



	Operational Amplifier
	
	[image: bapp07ut013]



	Resistors
	
	



	
	Resistor
	[image: bapp07ut014]



	
	Variable Resistor (Potentiometer)
	[image: bapp07ut015]



	Signal Generator (Sine Wave)
	
	[image: bapp07ut016]



	Switches
	
	



	
	Single-pole, Single-throw (SPST) Switch
	[image: bapp07ut017]



	
	Single-pole, Double-throw (SPDT) Switch
	[image: bapp07ut018]



	Transformers
	
	



	
	Transformer
	[image: bapp07ut019]



	
	Center Tap Transformer
	[image: bapp07ut020]



	Transistor
	
	



	
	NPN BJT
	[image: bapp07ut021]



	
	PNP BJT
	[image: bapp07ut022]



	
	N-channel JFET
	[image: bapp07ut023]



	
	P-channel JFET
	[image: bapp07ut024]
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The voltage on the gate controls the flow
of drain current, which is similar to the
base voltage controlling the collector
current in a BJT.

(problem 30)

See Figure 3-33.

(problem 31)

’VFWV_» Voo
"9 I

Figure 3.33

The JFET is a high-impedance device and
does not draw current from the gate
circuit. The BJT is a relatively
low-impedance device and does,
therefore, require some base current to
operate.

(problem 29)

The drain current will be at its maximum
value. In this case, it equals Vpp/Rp
because you can ignore the drop across
the JFET. The gate to source voltage is OV,
which reduces the channel resistance to a
very small value close to 0 ohms.

(problem 3-32)

The drain current now goes to 0 A
because the channel resistance is at
infinity (very large), which does not allow
electrons to flow through the channel.

At position A, Vps is approximately 0 V. At
position B, Vps = Vpp.
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To draw the output curves for Questions (problems 21-29)
11-13, use the graph in Figure 7-27 as a guide
and insert the appropriate bandwidth and
frequency values.
1. f, = 160 kHz, X, = Xc = 100 ohms, Q = 10, (problems 21-29)
BW = 16 kHz, Z = 10 ohms
12, fr = 1 kHz, X, = Xc = 25 ohms, Q = 100, (problems 21-29)
BW = 10 Hz, Z = 0.25 ohms
13, f, = 400 Hz, X, = Xc = 40 ohms, Q = 2, (problems 21-29)
BW = 200 Hz, Z = 20 ohms
14, f, = 600 Hz, X, = 24 ohms, Xc = 26.5, (problems 21-29)
Q = 3, BW = 200 Hz, Z = 80 ohms
Because Q is not given, you should use the
more complicated of the two formulas shown in
Problem 10 to calculate the resonant frequency.
15. fr = 30 Hz, X, = 132 ohms, Xc = 132, (problems 21-29)
Q= 1015, BW = 300 Hz, Z = 13.4 ohms
16.
A 100V (problems 27 and 28)
B. 148 kHz (problems 27 and 28)
C. 10.1 x 0.707 = 7.14V (problems 27 and 28)
D. Approximately 135 kHz and 160 kHz (problems 27 and 28)
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E. BW =25 kHz (problems 27 and 28)
F Q=" _about59 (problems 27 and 28)
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