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Surface Mount Resistor Code
3-digit Label

Label Meanin;

m 10and 1zero =100 Q

10 and 5 zero = 1,000,000 Q

—
—_
o
wv

 —

22 and 4 zeros = 220,000 Q

m 1.0and no zeros =1 Q

22R

—
N
N
£

 —

22.0 and no zeros =22 )

0.1and no zeros =0.1 Q

R10

The first two digits represent significant
figures; the last digit specifies the multiplier.
For values under 100 Q, the letter R is
substituted for one of the significant digits
and represents a decimal point.

4-digit Label
Label Meaning

100 and 1 zero =1000 Q

22.0 and no zeros =22 Q)

22R0

The first three digits represent significant
figures; the last digit specifies the multiplier.
R represents a decimal point

Resistor Labels 4-Band Resistor Code (Most Common)
Black Orange Label Meani
. abel Meaning
Conversion Calculator Red \ [ Gold
Red Black Orange Gold
k=1,000; M = 1,000,000 \20/ q 06 Sk Bk 5\
% 1,000 = + 5%
IMQ =1,000000 Q=1x10°Q
- _ 3
1k =1,000 Q=1x10>Q . / \\%Tolerance
First Digit Multiplier
Examples: igi
p ; Second Digit (¢ 0r0)
33 kQ=3300 Q=33x10"Q
22 kQ=22000 Q=22x103Q 5-Band Resistor Code (3-digit)
2MQ =2,000000 Q=2x10°Q )
4 Purple  Brown Label Meaning
1.68 MQ = 1,680,000 Q=168x10°Q Blue \ Green| Brown
Purple Brown
Blue| Green B"'OW"
. 675x10=6750 Q+1%
Resistor Color Code // / N
i First Digit e\ % Tol
i Third Digit \  folerance
Color S{g. Decimal Tolerance Second Digit 9 "
Fig.  Muitiplier (%) Multiplier (#of zeros)
Black 0 1 - B H HR
Bown 110 ) 5-Band Resistor Code (Reliability)
Red 2 100 2 Label Meaning
eé‘lalga/e 431 2:23880 . Purple Silver eloy Green Silver
g - Yellow Purple
Green 5 100,000 05 | Green | Brown ‘
Blue 6 1,000,000 0.25 47 x 100,000 =4.7 MQ £10%
Purple 7 10,000,000 0.1 wor .
Gray 8 100,000,000 - ~ ‘ N 1% Reliablity/1000 Hr—-Brown
White 9 1,00000000 - / . ——
DOkl . e Multiplier hility | Color  Reliability (%/1000 Hr)
- First Digit Reliability | ===
Gold 01 5 rst il / '(#ofzeros\ Y | Brown 1
Silver - oo 10 Second Digit 9% Tolerance | Red 01
No Color - - 20 Orange 0.01
Yellow 0.001
Body Color 6-Band Resistor Code Label Meaning
Purple Black
The body color of a resistor typically R?j ‘ /Blue Brown
fioesntcarry meaning, exceptln some R Zurple Black %7€ x 12760+ 1%
instances where it may specify ed \ Blue |Brown /
temperature COEffIC.Ier‘YL However, if TC of 50 ppm — Red
you find resistors within a circuit that
are white/gray or blue in color, they
may be non-flammable or fusible . ) ./ / \femp. Coeff. Color Temp. Coeff,
resistors. Care must be taken when First Digit hird Digi Brown 100 ppm
replacing such resistors--don't Second DigitT ird Digit\ % Tolerance | pogy 50 ppm
substitute ordinary resistors in their Multiplier (#of zeros) | Orange 15 ppm
place. Yellow 25 ppm

Tolerance Label
Label Meaning | | etter Tolerance

|101F| 100 Q +1% D +0.5 %
F +£1.0%
G +£2.0%

Standard Resistor Values (1%, 5% and 10% Tolerance)

1% 5% 10%
100 | 102 | 105 | 107 | 110 | 113 | 115 | 1.18 10 1 10
121 | 124 | 127 | 1.30 | 1.33 | 1.37 | 1.40 | 1.43 12 13 12
147 | 150 | 1.54 | 1.58 | 1.62 | 1.65 | 1.69 | 1.74 15 16 15
178 | 1.82 | 1.87 | 1.91 | 1.96 | 200 | 2.05 | 2.10 18 20 18
205 | 221 | 226 | 232 | 237 | 243 | 2.49 | 2.55 | 22 24 22
261 | 267 | 274 | 2.80 | 2.87 | 294 | 3.01 | 3.09 | 27 30 27
306 | 3.24 | 332 | 3.40 | 3.48 | 3.57 | 3.65 | 374 | 33 36 33
383 | 392 | 402 | 412 | 422 | 432 | 442 | 453 | 39 43 39
464 | 475 | 487 | 499 | 511 | 523 | 536 | 5.49 | 47 51 47
562 | 576 | 590 | 604 | 619 | 634 | 6.49 | 665 | 56 62 56
681 | 698 | 715 | 732 | 7.50 | 7.68 | 787 | 8.06 | 68 75 68
825 | 8.45 | 866 | 887 | 9.09 | 931 | 953 | 976 | 82 91 82

Standard resistance value is obtained from the above chart by multiply by powers of 10.

5% example resistors: 51Q, 510Q), 5.1kQ), 51kQ, 510kQ, 5.1MQ.

1% example resistors: 1.21Q), 12.1Q, 121Q, 1.21kQ), 12.1kQ, 121kQ, 1.21MQ




Capacitor Markings

Capacitance Conversion Calculator
TF=1x10® u F=1x10°nF=1x10"pF
1TuF=1x10° F=1x103nF=1x10%pF
1nF=1x10°F=1x103 uF=1x103pF
1pF=1x10"2 F=1x10° uF=1x103nF
F =Farad, p = micro, n = nano, p = pico

1000 pF = 1,000,000 nF=10x108 pF
100 uF = 100,000 nF=10x 107 pF
10 uF=10,000NF=10x10° pF

1 uF=1,000nF=10x10° pF

0.1 pF=100nF=10x 10* pF

0.01 WF=10nF=10x 103 pF

0.001 uF =1nF=10x102 pF

Tantalum

Label meaning 1

1st significant figure in uF
< 2nd significant figure in pF

Multiplier

Voltage (See table)
Color  SF. Multiplie Voltage
Black 0 1 v
Brown 1 10
Red 2 100
Orange 3 1000
Yellow 4 6.3V
Green 5 16V
Blue 6 20V
Violet 7
Gray 8 001 25V
White 9 01 3v
Pink 35V

| Label meaning 2
+  Marking Actual
22 22uF, 16V

Mylar (Polyester Film)
Polypropylene
Dipped Mica

Label meaning
Marking  Actual

001K*  0.001pF,  10%
104K 01uF, = 10%
22)%  0.22pF, £ 5%
472K 0.0047yF, + 10%
221 220 pF,+ 5%
470)  47pF, + 5%

102)  1000pF, + 5%
103F  0.01uF, + 1%
223F  0.022uF, + 1%
104F  01pF,+1%

Voltage
Rating

Labels:
Ist digit, 2nd digit, multiplier in pF (or uF if
decimal before digits), and tolerance.

Metallized Polyester Film

Label meaning

212 Marking  Actual
100V 2}1 2 2.2 H F
: u22 0.22puF
Voltage 68n 68 nF
Rating 4n7 4.7 nF
Label :

"u" place of decimal in microfarads

n" place of decimal in nanofarads

Polyester Color Coded Standard
1stdigit(pF) colo;code
2nd digit (pF) Black +20%
Multiplier e £ 10
Tolerance Brown _100

Red 250
Voltage Vellow 200

Ceramic Disc Capacitors

22 pF + 20%

1000V Temp.
Char.

1000V

20pF + 20% 2200pF + 10%
50V AC +10% varation from
400V DC +10°C to +85°C

Label:
Varies widely according to manufacturer.

multiplier code table) but may be given in LF when there is a decimal
before digits. See other tables for temperature and tolerance markings.

Ceramic Disc (European Markings)

Marking Actual Marking Actual

@ Label Meaning

p68  0.68pF 22p
1p0 1.0pF ni10
4p7 47pF n27

Label: p = picofarads, n = nanofarads; location

0.1uF
0.033pF -20% +80
+20% 100V

-56% to +22%
variation from
+10°C to + 85°C

0.47uF +20%

- )0 At
10pF+10% +22%to 7(3/ovarlat|on
+15% variation from +25°C to 85°C
from
-55°C to 125°C

200nF20°C 47 o 4+ 200

120 pF+ 10% 4.7 pF +0.5pF

Temperature Coefficient

»,~ ColorCode
Tolerance @

1st Digit_—77#

2nd Digit— "/

Decimal Poin
Multiplier

to +80°C
Neg. Temp
12vDC Coeff. of
2200 ppm/°C

Usually given in pF (see

22 pF
0.1 nF
0.27 nF

of p or n signifies decimal point. Minimum
Fixed Ceramic Color Code Tolerance 1o X -550C
Color  SF. >10pF  <10pF  ppmAC Y -35°C
1st Digit  2nd Digit Black 0 1 +20% 20pF -0
o vuprer 0 1l ST g | 7 0
Orange 3 1000 -150
Yellow 4 -220
Green 5 +5% 0.5pF  -330
Blue 6 -470
Violet 7 -750
Temp. Coeff.  Tolerance Gray 8 001 0.25pF 30
White 9 01 +10% 1.0pF 500
Surface Mount Capacitors
SMD Ceramic SMD Electrolytic
Label meaning + Label meaning 1
106V i
Marking ~ Actual [[rosv] Marking ~ Actual
N1 33 pF R 106V 19pF,6V
A4 0.01 pF I Label meaning 2
6 4.7 uF A475 4.7 uF, 10V
Significant Figure Code Multiolier Cod Label 2:
ultiplier Code
Char.S.F.  Char.S.F. P . Voltage (see table
A 10 T 51 Numeric Decimal below), 1st digit,
B 11 U 56 Character  Multiplier (pF)| 2nd digit, multiplier
C 1.2 \ 6.2 0 1 (pF).
D 13 W 68
E 15 X 75 1 10 Char. Voltage
F 1.6 Y 8.2 e 25
G 1.8 Z 9.1 2 100
H 20 a 25 3 1,000 G 4
J 2.2 b 35 4 10,000 J 63
K 24 d 4.0 A 10
L 2.7 e 4.5 > 100,000
M 30 f 50 | 6 1,000,000 c 6
N 33 m 6.0 7 10,000,000 D 20
P 36 n 70 8 100,000,000 E 25
Q 32t 80 1 o1 v 35
R 43 y 90 -
S 4.7 H 50

Multiplier Code

Numeric Decimat
Character  Multiplier (pF)

0 None
1 10

2 100

3 1000
4 10,000

EIA Capacitor Tolerance Codes

Letter < 10pF > 10 pF
+ 0.1 pF -
+0.25 pF -

+ 0.5pF -

- + 25%
+1pF t 1%
- + 2%

- + 2.5%

- + 5%

+ 10%

- + 20%

- -0+ 100%
- -20 + 50%
- -0 +200%
- -20 +40%
- -20 + 80%

NXSWITZTX-IOMMON®
|

EIA Temperature Characteristic Codes

Maximum  Max cap. change

temperature  temperature over temp. range

+45°C
+65°C

2 +1.0%
4

5 +85°C

6

7

+1.5%
+2.2%
+3.3%
+4.7%
F +75%
P £10%
R +15%
S +22%
T
U
)

moNw>

+105°C
+125°C

-3306, + 22%
-56%, + 22%
-82%, + 22%
EIA Temperature Coefficient
Color Codes

Temp. Coeff.

Color Industry EiA
Black NPO co0G
Brown NO30/N033  §1G
Red NO75/N080  U1G
Orange N 150 P2G
Yellow N 220 R2G
Green N 330 S2H
Blue N470 u2J)
Violet N750

Gray

White P 100

Red/Violet P 100

Electrolytic Capacitors

[T g +
= 1uF, 50V
== =

Label: Usually self-explanatory
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PREFACE

Inventors in the field of electronics are individuals who possess the knowledge, intu-
ition, creativity, and technical know-how to turn their ideas into real-life electrical
gadgets. We hope that this book will provide you with an intuitive understanding of
the theoretical and practical aspects of electronics in a way that fuels your creativity.

This book is designed to help beginning inventors invent. It assumes little to no
prior knowledge of electronics. Therefore, educators, students, and aspiring hobby-
ists will find this book a good initial text. At the same time, technicians and more
advanced hobbyists may find this book a useful resource.

Notes about the Fourth Edition

The main addition to the fourth edition is a new chapter on programmable logic. This
chapter focuses on the use of FPGAs (field-programmable gate arrays) and shows
you how to program an FPGA evaluation board using both a schematic editor and
the Verilog hardware definition language.

The book has also undergone numerous minor updates and fixes to errors discov-
ered in the third edition. In addition, there has been some pruning of outdated mate-
rial that is no longer relevant to modern electronics.
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Practical Electronics
for Inventors






CHAPTER 1

Introduction to Electronics

Perhaps the most common predicament newcomers face when learning electronics is
figuring out exactly what it is they must learn. What topics are worth covering, and in
which general order should they be covered? A good starting point for answering these
questions is the flowchart presented in Fig. 1.1. This chart provides an overview of the
basic elements that go into designing practical electrical gadgets and represents the
information you will find in this book. This chapter introduces these basic elements.

At the top of the chart comes the theory. This involves learning about voltage,
current, resistance, capacitance, inductance, and various laws and theorems that help
predict the size and direction of voltages and currents within circuits. As you learn
the basic theory, you will be introduced to basic passive components such as resis-
tors, capacitors, inductors, and transformers.

Next down the line are discrete passive circuits. Discrete passive circuits include
current-limiting networks, voltage dividers, filter circuits, attenuators, and so on.
These simple circuits, by themselves, are not very interesting, but they are vital ingre-
dients in more complex circuits.

After you have learned about passive components and circuits, you move on to
discrete active devices, which are built from semiconductor materials. These devices
consist mainly of diodes (one-way current-flow gates) and transistors (electrically
controlled switches/amplifiers).

Once you have covered the discrete active devices, you get to discrete active/
passive circuits. Some of these circuits include rectifiers (ac-to-dc converters), ampli-
fiers, oscillators, modulators, mixers, and voltage regulators. This is where things
start getting interesting.

Throughout your study of electronics, you will learn about various input/output
(I/0O) devices (transducers). Input devices (sensors) convert physical signals, such as
sound, light, and pressure, into electrical signals that circuits can use. These devices
include microphones, phototransistors, switches, keyboards, thermistors, strain
gauges, generators, and antennas. Output devices convert electrical signals into
physical signals. Output devices include lamps, LED and LCD displays, speakers,
buzzers, motors (dc, servo, and stepper), solenoids, and antennas. These I/O devices
allow humans and circuits to communicate with one another.
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To make things easier on the circuit designer, manufacturers have created inte-
grated circuits (ICs), which contain discrete circuits (like the ones mentioned in the
previous paragraph) that are crammed onto a tiny chip of silicon. The chip is usually
housed within a plastic package, where little internal wires link the chip to exter-
nal metal terminals. ICs such as amplifiers and voltage regulators are referred to
as analog devices, which means that they respond to and produce signals of vary-
ing degrees of voltage. (This is unlike digital ICs, which work with only two voltage
levels.) Becoming familiar with ICs is a necessity for any practical circuit designer.

Digital electronics comes next. Digital circuits work with only two voltage states:
high (such as 5 V) or low (such as 0 V). The reason for having only two voltage states
has to do with the ease of processing data (numbers, symbols, and control informa-
tion) and storage. The process of encoding information into signals that digital cir-
cuits can use involves combining bits (1s and Os, equivalent to high and low voltages)
into discrete-meaning “words.” The designer dictates what these words will mean to
a specific circuit. Unlike analog electronics, digital electronics uses a whole new set of
components, which at the heart are all integrated in form.

Ahuge number of specialized ICs are used in digital electronics. Some of these ICs
are designed to perform logical operations on input information; others are designed
to count; while still others are designed to store information that can be retrieved
later on. Digital ICs include logic gates, flip-flops, shift registers, counters, memo-
ries, processors, and so on. Digital circuits are what give electrical gadgets “brains.”
In order for digital circuits to interact with analog circuits, special analog-to-digital
(A /D) conversion circuits are needed to convert analog signals into strings of 1s and
0s. Likewise, digital-to-analog conversion circuits are used to convert strings of 1s
and 0s into analog signals.

With an understanding of the principals behind digital electronics, we are free to
explore the world of microcontrollers. These are programmable digital electronics
that can read values from sensors and control output devices using the 1/O pins, all
on a single IC controlled by a little program.

And mixed in among all this is the practical side of electronics. This involves
learning to read schematic diagrams, constructing circuit prototypes using bread-
boards, testing prototypes (using multimeters, oscilloscopes, and logic probes), revis-
ing prototypes (if needed), and constructing final circuits using various tools and
special circuit boards.

In the next chapter, we will start at the beginning by looking at the theory of
electronics.






CHAPTER 2

Theory

2.1 Theory of Electronics

This chapter covers the basic concepts of electronics, such as current, voltage, resis-
tance, electrical power, capacitance, and inductance. After going through these
concepts, this chapter illustrates how to mathematically model currents and volt-
age through and across basic electrical elements such as resistors, capacitors, and
inductors. By using some fundamental laws and theorems, such as Ohm’s law,
Kirchhoff’s laws, and Thevenin’s theorem, the chapter presents methods for analyz-
ing complex networks containing resistors, capacitors, and inductors that are driven
by a power source. The kinds of power sources used to drive these networks, as we
will see, include direct current (dc) sources, alternating current (ac) sources (includ-
ing sinusoidal and nonsinusoidal periodic sources), and nonsinusoidal nonperiodic
sources. We will also discuss transient circuits, where sudden changes in state (such
as flipping a switch within a circuit) are encountered. At the end of the chapter, the
approach needed to analyze circuits that contain nonlinear elements (diodes, transis-
tors, integrated circuits, etc.) is discussed.

We recommend using a circuit simulator program if you're just starting out in
electronics. The web-based simulator CircuitLab (www.circuitlab.com) is extremely
easy to use and has a nice graphical interface. There are also online calculators
that can help you with many of the calculations in this chapter. Using a simulator
program as you go through this chapter will help crystallize your knowledge, while
providing an intuitive understanding of circuit behavior. Be careful—simulators can
lie, or at least they can appear to lie when you don’t understand all the necessary
parameters the simulator needs to make a realistic simulation. It is always important
to get your hands dirty—get out the breadboards, wires, resistors, power supplies,
and so on, and construct. It is during this stage that you gain the greatest practical
knowledge that is necessary for an inventor.

Itis important to realize that components mentioned in this chapter are only “theo-
retically” explained. For example, in regard to capacitors, you'll learn how a capac-
itor works, what characteristic equations are used to describe a capacitor under
certain conditions, and various other basic tricks related to predicting basic behavior.
To get important practical insight into capacitors, however, such as real-life capacitor

5
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applications (filtering, snubbing, oscillator design, etc.), what type of real capacitors
exist, how these real capacitors differ in terms of nonideal characteristics, which capac-
itors work best for a particular application, and, more important, how to read a capaci-
tor label, requires that you jump to Chap. 3, Sec. 3.6, which is dedicated to these issues.
This applies to other components mentioned in this theory portion of the book.

The theoretical and practical information regarding transformers and nonlinear
devices, such as diodes, transistors, and analog and digital integrated circuits (ICs), is
not treated within this chapter. Transformers are discussed in full in Chap. 3, Sec. 3.8,
while the various nonlinear devices are treated separately in the remaining chapters
of this book.

A word of advice: if the math in a particular section of this chapter starts looking
scary, don’t worry. As it turns out, most of the nasty math in this chapter is used to
prove, say, a theorem or law or to give you an idea of how hard things can get if you
do not use some mathematical tricks. The actual amount of math you will need to
know to design most circuits is surprisingly small; in fact, basic algebra may be all
you need to know. Therefore, when the math in a particular section in this chapter
starts looking ugly, skim through the section until you locate the useful, nonugly
formulas, rules, and so on, that do not have weird mathematical expressions in them.
You don’t have to be a mathematical whiz to be able to design decent circuits.

2.2 Electric Current

Electric current is the total charge that passes through some cross-sectional area A per
unit time. This cross-sectional area could represent a disk placed in a gas, plasma, or
liquid, but in electronics, this cross-sectional area is most frequently a slice through a
solid material, such as a conductor.

If AQ is the amount of charge passing through an area in a time interval At, then
the average current L, is defined as:

AQ crosses A in At

A /
Iave = Q /
At
FIGURE 2.1

If the current changes with time, we define the instantaneous current I by taking the
limit as At — 0, so that the current is the instantaneous rate at which charge passes
through an area:

I= lim 2Q _4Q
At=0 At dt

The unit of current is coulombs per second, but this unit is also called the ampere
(A), named after Andre-Marie Ampere:

2.1)

1A=1C/s
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To sound less nerdy, the term amp can be used in place of ampere. Because the ampere
is a rather large unit, current is also expressed in milliamps (1 mA =1 x 10 A), micro-
amps (1 pA=1x10"° A), and nanoamps (1 nA=1x107 A).

Within conductors such as copper, electrical current is made up of free electrons
moving through a lattice of copper ions. Copper has one free electron per copper
atom. The charge on a single electron is given by:

Qelectron = (—6) = _1602 X 10_19 C (22a)

This is equal to, but opposite in sign of, the charge of a single copper ion. (The posi-
tive charge is a result of the atom donating one electron to the “sea” of free electrons
randomly moving about the lattice. The loss of the electron means there is one more
proton per atom than electrons.) The charge of a proton is:

Qproton = (+€) =+1.602 x 107 C (2.2.b)

The conductor, as a whole, is neutral, since there are equal numbers of electrons and
protons. Using Eq. 2.2, we see that if a current of 1 A flows through a copper wire, the
number of electrons flowing by a cross section of the wire in 1 s is equal to:

1a=|L1€ Lroriw =-6.24x10" electrons/s
1s )\ -1.602x107 C

Now, there is a problem! How do we get a negative number of electrons flowing
per second, as our result indicates? The only two possibilities for this would be to say
that either electrons must be flowing in the opposite direction as the defined current,
or positive charges must be moving in our wire instead of electrons to account for the
sign. The last choice is an incorrect one, since experimental evidence exists to prove
electrons are free to move, not positive charges, which are fixed in the lattice network
of the conductor. (Note, however, there are media in which positive charge flow is
possible, such as positive ion flow in liquids, gases, and plasmas.) It turns out that
the first choice—namely, electrons flowing in the opposite direction as the defined
current flow—is the correct answer.

Long ago, when Benjamin Franklin (often considered the father of electronics)
was doing his pioneering work in early electronics, he had a convention of assigning
positive charge signs to the mysterious (at that time) things that were moving and
doing work. Sometime later, a physicist by the name of Joseph Thomson performed
an experiment that isolated the mysterious moving charges. However, to measure
and record his experiments, as well as to do his calculations, Thomson had to stick
with using the only laws available to him—those formulated using Franklin’s posi-
tive currents. But these moving charges that Thomson found (which he called elec-
trons) were moving in the opposite direction of the conventional current I used in the
equations, or moving against convention. See Fig. 2.2.

What does this mean to us, to those of us not so interested in the detailed phys-
ics and such? Well, not too much. We could pretend that there were positive charges
moving in the wires and various electrical devices, and everything would work out
fine: negative electrons going one way are equivalent to positive charges going in
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gt _rev; What's Moving ?

@
e
Actual Electron Flow

Not Correct

-

-:\'.n_ e

Thomson e

Franklin

«0)<«0)<0))

L @)«@®))

Electron

FIGURE 2.2 Thomson changed the notion that positive charges were what were moving in con-
ductors, contrary to Franklin’s notion. However, negative electrons going one way is equivalent
to positive charges going the opposite direction, so the old formulas still work. Since you deal
with the old formulas, it’s practical to adopt Franklin’s conventional current—though realize that
what’s actually moving in conductors is electrons.

the opposite direction. In fact, all the formulas used in electronics, such as Ohm’s
law (V =IR), “pretend” that the current I is made up of positive charge carriers. We
will always be stuck with this convention. In a nutshell, it’s convenient to pretend
that positive charges are moving. So when you see the term electron flow, make sure
you realize that the conventional current flow I is moving in the opposite direction. In
a minute, we'll discuss the microscopic goings-on within a conductor that will clarify
things a bit better.

Example 1: How many electrons pass a given point in 3 s if a conductor is carrying a
2-A current?

Charge of 1 electrons &C of electrons
1,602 x 107 C AQ «—— or
\‘\\ (_.A.ﬁ 3.74 x 107 electrons

N

y Current flow. ) .' | Conventional
(eiec'rrons] | current flow )
- @ AQ 6C
) 4@ \ e =72 =5 24
.’I l. 4—@:) | 1 Ar 3s
Amount of charge that
Point passes point in 2 seconds Af
FIGURE 2.3

Answer: The charge that passes a given point in 3 s is:
AQ=IxAt=(2A)3s)=6C
One electron has a charge of 1.6 x 107 C, so 6 C worth of electrons is:

# Electrons =6 C/1.602 x 107 C =3.74 x 10"
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2.3 Voltage

Example 2: Charge is changing in a circuit with time according to Q(t) = (0.001 C) sin
[(1000/s) t]. Calculate the instantaneous current flow.

4 _d
dt dt

=(1A)cos(1000/s - t)

[(0.001C)sin (1000/s - £)] = (0.001C)(1000/s) cos (1000/s - £)

Answer: If we plug in a specific time within this equation, we get an instantaneous
current for that time. For example, if ¢ = 1, the current would be 0.174 A. Att=3s,
the current would be —0.5 A, the negative sign indicating that the current is in the
opposite direction—a result of the sinusoidal nature.

Note: The last example involved using calculus—you can read about the basics of
calculus in App. C if you're unfamiliar with it. Fortunately, as we'll see, rarely do you
actually need to work in units of charge when doing electronics. Usually you worry
only about current, which can be directly measured using an ammeter, or calculated
by applying formulas that usually require no calculus whatsoever.

2.2.1 Currents in Perspective

What'’s considered a lot or a little amount of current? It's a good idea to have a gauge
of comparison when you start tinkering with electronic devices. Here are some exam-
ples: a 100-W lightbulb draws about 1 A; a microwave draws 8 to 13 A; a laptop com-
puter, 2to 3 A; anelectric fan, 1 A; a television, 1 to 3 A; a toaster, 7 to 10 A; a fluorescent
light, 1to 2 A; aradio/stereo, 1 to 4 A; a typical LED, 20 mA; a mobile (smart) phone
accessing the web uses around 200 mA; an advanced low-power microchip (indi-
vidual), a few pA to perhaps even several pA; an automobile starter, around 200 A;
a lightning strike, around 1000 A; a sufficient amount of current to induce cardiac/
respiratory arrest, around 100 mA to 1 A.

To get electrical current to flow from one point to another, a voltage must exist
between the two points. A voltage placed across a conductor gives rise to an electro-
motive force (EMF) that is responsible for giving all free electrons within the conductor
a push.

As a technical note, before we begin, voltage is also referred to as a potential dif-
ference or just potentinl—they all mean the same thing. We’ll avoid using these terms,
however, because it is easy to confuse them with the term potential energy, which is
not the same thing.

A simple flashlight circuit, consisting of a battery connected to a lamp, through
two conductors and a switch, is shown in Fig. 2.4. When the switch is open (“oft”),
no current will flow. The moment the switch is closed, however, the resistance of the
switch falls to almost zero, and current will flow. This voltage then drives all free
electrons, everywhere within the circuit, in a direction that points from negative to
positive; conventional current flow, of course, points in the opposite direction (see
Benjamin Franklin).
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Flashlight Schematic Diagram
o0
switch Switch
: - | real conventional
1.5V + electron current :@
- lamp flow I
battery 1.5V Lamp
] I I
- "'+
battery

FIGURE 2.4

It is important to note that the battery needs the rest of the circuit, just as the
rest of the circuit needs the battery. Without the linkage between its terminals, the
chemical reactions within the battery cannot be carried out. These chemical reac-
tions involve the transfer of electrons, which by intended design can only occur
through a link between the battery’s terminals (e.g., where the circuit goes).
Figure 2.5 shows this process using an alkaline dry cell battery. Notice that the flow
of current is conserved through the circuit, even though the nature of the current
throughout the circuit varies—ionic current within sections of the battery, electron
current elsewhere.

d. b
Electron Flow Conventional Current Flow
> <}
1 T |
-g v @ 'q}
Outer Sleeve — Separator lior}ic bridgel —.g ¢,/
U
Negative I Cathode 2 >
Cap-_ 20H(aq) . MnOis) e <
AN ‘ . l,--_"
Anode | | 7] lonic Current —, -n.__/_____ Anode ion |8 i
Cgl?ner;‘?gs'“" > Zn(s) - Zn(OH)(s) | Znls| Slow E ==
T~ e Waste Product 260 I.I.I —— g s
' | / -+ .
J‘ Electron Current Anode Powder 3 \ electron
Plastic Electron 42( . , flow
Grommet:;_/ Electrolyte Current ‘o
insulator Zn(s) + 20H (aq) — Zn(OH)(s)+2 ¢
2MnO,(s) + H0 (1) + 2 & — Mn04(s) +2 OH (aq)
10'7 reactions per second for 0.100A current
FIGURE 2.5

As free electrons within the lamp filament experience an EMF due to the applied
voltage, the extra energy they gain is transferred to the filament lattice atoms, which
result in heat (filament atomic vibrations) and emitted light (when a valence electron
of a lattice atom is excited by a free electron and the bound electron returns to a lower
energy configuration, thus releasing a photon).

A device that maintains a constant voltage across it terminals is called a direct
current voltage source (or dc voltage source). A battery is an example of a dc voltage
source. The schematic symbol for a battery is-i-.
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2.3.1 The Mechanisms of Voltage

To get a mental image of how a battery generates an EMF through a circuit, we envi-
sion that chemical reactions inside yield free electrons that quickly build in number
within the negative terminal region (anode material), causing an electron concentra-
tion. This concentration is full of repulsive force (electrons repel) that can be viewed
as a kind of “electrical pressure.” With a load (e.g., our flashlight lamp, conductors,
switch) placed between the battery’s terminals, electrons from the battery’s nega-
tive terminal attempt to alleviate this pressure by dispersing into the circuit. These
electrons increase the concentration of free electrons within the end of the conductor
attached to the negative terminal. Even a small percentage difference in free electron
concentration in one region gives rise to great repulsive forces between free elec-
trons. The repulsive force is expressed as a seemingly instantaneous (close to the
speed of light) pulse that travels throughout the circuit. Those free electrons nearest
to the pumped-in electrons are quickly repulsed in the opposite direction; the next
neighboring electrons get shoved, and so on down the line, causing a chain reaction,
or pulse. This pulse travels down the conductor near the speed of light. See Fig. 2.6.

Conventional Current [ Electron .
P pumped in
Actual Electron flow mmm from battery

An external influence repels a nearby
electron. The electron's neighbors find it
repulsive, and if it moves toward them, they
move away, creating a chain of interactions
that propagates through the material at near
the speed of light.

Experiences
force almost
instanfaneously

FIGURE 2.6

-

Wire

Decreasing Electrical Pressure

The actual physical movement of electrons is, on average, much slower. In fact,
the drift velocity (average net velocity of electrons toward the positive terminal) is
usually fractions of a millimeter per second—say, 0.002 mm/s for a 0.1-A current
through a 12-gauge wire. We associate this drift movement of free electrons with
current flow or, more precisely, conventional current flow I moving in the opposite
direction. (As it turns out, the actual motion of electrons is quite complex, involving
thermal effects, too—we’ll go over this in the next section.)

It is likely that those electrons farther “down in” the circuit will not feel the same
level of repulsive force, since there may be quite a bit of material in the way which
absorbs some of the repulsive energy flow emanating from the negative terminal
(absorbing via electron-electron collisions, free electron-bond electron interactions,
etc.). And, as you probably know, circuits can contain large numbers of components,
some of which are buried deep within a complex network of pathways. It is possible
to imagine that through some of these pathways the repulsive effects are reduced
to a weak nudge. We associate these regions of “weak nudge” with regions of low
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“electrical pressure,” or voltage. Electrons in these regions have little potential to
do work—they have low potential energy relative to those closer to the source of
pumped-in electrons.

Voltage represents the difference in potential energy. A unit charge has been at
one location relative to another within a region of “electrical pressure”—the pres-
sure attributed to new free electrons being pumped into the system. The relationship
between the voltage and the difference in potential energy is expressed as:

-
Uy oy UaUs oA Ik D
q q q /

point A point B

FIGURE 2.7

Implicit in the definition of voltage is the notion that voltage is always a mea-
surement between two points, say point A and point B. That is the reason for
the subscript “AB” in V,p. The symbol AV means the same. Both infer that
there is an absolute scale on which to measure and give individual points a
specific voltage value. In electronics, we can create such a scale by picking a
point, often the point where there is the lowest electrical pressure, and defin-
ing this point as the zero point, or 0-V reference. In many dc circuits, people
choose the negative terminal of the battery as the 0-V reference, and let every-
one know by inserting a ground symbol -+ (more on this later). In practice,
you rarely see voltages expressed using subscripts (V5) or deltas (AV), but
instead you simply see the symbol V, or you may see a symbol like V. The
“blank symbol” V, however, is always modified with a phrase stating the two
points across which the voltage is present. In the second case, V, the subscript
means that the voltage is measured across the component R—in this case, a
resistor. In light of this, we can write a cleaner expression for the voltage/
potential energy expression:

7=

q

Just make sure you remember that the voltage and potential energy variables
represent the difference in relation to two points. As we'll discover, all the big
electronics laws usually assume that variables of voltage or energy are of this
“clean form.”

In our flashlight example, we can calculate the difference in potential energy
between an electron emanating from the negative terminal of the 1.5-V battery and
one entering the positive terminal.

AU =AVg = (1.5 V)(1.602 x 107° C) = 2.4 x 107 ]

Notice that this result gives us the potential energy difference between the two
electrons, not the actual potential energy of either the electron emanating from the



Chapter 2: Theory 13

high electron
pressure

negative terminal (U;) or the electron entering the positive terminal (U,). However,
if we make the assumption that the electron entering the positive terminal is at zero
potential energy, we can figure that the electron emanating from the negative termi-
nal has a relative potential energy of:

Uy =AU+ Uy=AU+0=24x10"]

Note: Increasing positive potential energy can be associated with similar charges get-
ting closer together. Decreasing energy can be associated with similar charges getting
farther apart. We avoided the use of a negative sign in front of the charge of the elec-
tron, because voltages are defined by a positive test charge. We are in a pickle similar
to the one we saw with Benjamin Franklin’s positive charges. As long as we treat the
potential relative to the pumped-in electron concentration, things work out.

In a real circuit, where the number of electrons pumped out by the battery will
be quite large—hundreds to thousands of trillions of electrons, depending on the
resistance to electron flow—we must multiply our previous calculation by the total
number of entering electrons. For example, if our flashlight draws 0.1 A, there will
be 6.24 x 10" electrons pumped into it by the battery per second, so you calculate the
potential energy of all the new electrons together to be about 0.15 J/s.

What about the potential energies of free electrons at other locations throughout
the circuit, such as those found in the lamp filament, those in the positive wire, those
in the negative wire, and so on? We can say that somewhere in the filament of the
lamp, there is an electron that has half the potential energy of a fresh pumped-in
electron emanating from the negative terminal of the battery. We attribute this lower
energy to the fact that other free electrons up the line have lost energy due to collision
mechanisms, which in turn yields a weaker electrical repulsive pressure (shoving
action) that our electron in question experiences. In fact, in our flashlight circuit, we
attribute all loss in electrical pressure to be through the lamp filament as free-electron
energy is converted into heat and light.

~0V

/ high electron Voltmeter
pressure

/’

~0V
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Electron I i Glass \

" o, Decreasing Y
shoving electron J’ 1.5V 1.5V Filament

direction pressure

Y \

high electron
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i

I - YY) to 2v—“ I -/
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\'
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FIGURE 2.8

In regard to potential energies of free electrons within the conductors leading
to and from the battery, we assume all electrons within the same conductor have the
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same potential energy. This assumes that there is no voltage difference between points
in the same conductor. For example, if you take a voltmeter and place it between
any two points of a single conductor, it will measure 0 V. (See Fig. 2.8.) For practical
purposes, we accept this as true. However, in reality it isn’t. There is a slight voltage
drop through a conductor, and if we had a voltmeter that was extremely accurate we
might measure a voltage drop of 0.00001 V or so, depending on the length of the
conductor, current flow, and conductor material type. This is attributed to internal
resistance within conductors—a topic we’ll cover in a moment.

2.3.2 Definition of Volt and Generalized Power Law

We come now to a formal definition of the volt—the unit of measure of voltage. Using
the relationship between voltage and potential energy difference V = U/g, we define
a volt to be:

%, 1 V% =]J/C (Energy definition)

1 volt =
(Be aware that the use of “V” for both an algebraic quantity and a unit of voltage is a
potential source of confusion in an expression like V = 1.5 V. The algebraic quantity
is in italic.)

Two points with a voltage of 1 V between them have enough “pressure” to per-
form 1 J worth of work while moving 1 C worth of charge between the points. For
example, an ideal 1.5-V battery is capable of moving 1 C of charge through a circuit
while performing 1.5 ] worth of work.

Another way to define a volt is in terms of power, which happens to be more use-
ful in electronics. Power represents how much energy per second goes into powering
a circuit. According to the conservation of energy, we can say the power used to drive
a circuit must equal the power used by the circuit to do useful work plus the power
wasted, as in the case of heat. Assuming that a single electron loses all its potential
energy from going through a circuit from negative to positive terminal, we say, for
the sake of argument, that all this energy must have been converted to work—useful
and wasted (heat). By definition, power is mathematically expressed as dW/dt. If we
substitute the potential energy expression U = Vg for W, assuming the voltage is con-
stant (e.g., battery voltage), we get the following;:

_dW _du v dq

Cdt dt o dt
Since we know that current I = dg/dt, we can substitute this into the preceding expres-
sion to get:

P=VI 2.3)

This is referred to as the generalized power law. This law is incredibly powerful, and it
provides a general result, one that is independent of type of material and of the nature
of the charge movement. The unit of this electrical power is watts (W), with 1 W =
1]/s, or in terms of volts and amps, 1 W =1 VA.
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In terms of power, then, the volt is defined as:

_lwatt o TW

1 volt =
mp 1A

=W/A

The generalized power law can be used to determine the power loss of any circuit,
given only the voltage applied across it and the current drawn, both of which can
easily be measured using a voltmeter and an ammeter. However, it doesn’t tell you
specifically how this power is used up—more on this when we get to resistance. See
Fig. 2.9.

FIGURE 2.9

Example 1: Our 1.5-V flashlight circuit draws 0.1 A. How much power does the cir-
cuit consume?

Answer:
P=VI=(15V)(0.1A)=015W

Example 2: A 12-V electrical device is specified as consuming 100 W of power. How
much current does it draw?

Answer:

P 100 W

vV 12V

=83 A

2.3.3 Combining Batteries

To get a larger voltage capable of supplying more power, we can place two batteries
in series (end to end), as shown in Fig. 2.10. The voltage across the combination is
equal to the individual battery voltages added together. In essence, we have placed
two charge pumps in series, increasing the effective electrical pressure. Chemically
speaking, if the batteries are of the same voltage, we double the number of chemical
reactions, doubling the number of electrons that can be pumped out into the circuit.
In Fig. 2.10, we use the notion of a ground reference, or 0-V reference, symbolizedJ:—.
Though this symbol is used to represent an earth ground (which we define a bit later),
it can also be used to indicate the point where all voltage measurements are to be
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FIGURE 2.10

referenced within a circuit. Logically, whenever you create a scale of measure, you
pick the lowest point in the scale to be zero—0 V here. For most dc circuits, the ground
reference point is usually placed at the negative terminal of the voltage source. With
the notion of ground reference point, we also get the notion of a point voltage, which
is the voltage measured between the ground reference and a specific point of interest
within the circuit. For example, the single battery shown in Fig. 2.10 has a voltage of
1.5 V. We place a ground reference at the negative terminal and give this a 0-V point
voltage, and place a 1.5-V point voltage marker at the positive terminal.

In the center of Fig. 2.10, we have two 1.5-V batteries in series, giving a combined
voltage of 3.0 V. A ground placed at the negative terminal of the lower battery gives
us point voltages of 1.5 V between the batteries, and 3.0 V at the positive terminal of
the top battery. A load placed between ground and 3.0 V will result in a load current
that returns to the lower battery’s negative terminal.

Finally, it is possible to create a split supply by simply repositioning the 0-V
ground reference, placing it between the batteries. This creates +1.5 V and —1.5 V leads
relative to the 0-V reference. Many circuits require both positive and negative volt-
age relative to a 0-V ground reference. In this case, the 0-V ground reference acts as a
common return. This is often necessary, say, in an audio circuit, where signals are sinu-
soidal and alternate between positive and negative voltage relative to a 0-V reference.

2.3.4 Ofther Voltage Sources

There are other mechanisms besides the chemical reactions within batteries that give
rise to an electromotive force that pushes electrons through circuits. Some examples
include magnetic induction, photovoltaic action, thermoelectric effect, piezoelectric
effect, and static electric effect. Magnetic induction (used in electrical generators) and
photovoltaic action (used in photocells), along with chemical reactions, are, however,
the only mechanisms of those listed that provide enough power to drive most circuits.
The thermoelectric and piezoelectric effects are usually so small (mV range, typically)
that they are limited to sensor-type applications. Static electric effect is based on giv-
ing objects, such as conductors and insulators, a surplus of charge. Though voltages
can become very high between charged objects, if a circuit were connected between
the objects, a dangerous discharge of current could flow, possibly damaging sensi-
tive circuits. Also, once the discharge is complete—a matter of milliseconds—there
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is no more current to power the circuit. Static electricity is considered a nuisance in
electronics, not a source of useful power. We’ll discuss all these different mechanisms
in more detail throughout the book.

2.3.5 Water Analogies

It is often helpful to use a water analogy to explain voltage. In Fig. 2.11, we treat a dc
voltage source as a water pump, wires like pipes, Benjamin Franklin’s positive charges
as water, and conventional current flow like water flow. A load (resistor) is treated as
a network of stationary force-absorbing particles that limit water flow. We'll leave it
to you to compare the similarities and differences.

High Pressure

Decreasing

Decreasing
Pressure

Voltage

Load Load

Battery

Lowl?rgsijg

FIGURE 2.11
Here’s another water analogy that relies on gravity to provide the pressure. Though
this analogy falls short of being accurate in many regards, it at least demonstrates how
a larger voltage (greater water pressure) can result in greater current flow.
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FIGURE 2.12
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Vac, Veo, Vap, Vec = 2

Ci+ b‘+iA CL |

= 9v

9

It’s not wise to focus too much attention on these water analogies—they fall short
of being truly analogous to electric circuits. Take them with a grain of salt. The next
section will prove how true this is.

Example 1: Find the voltage between the various points indicated in the following
figures. For example, the voltage between points A and B in Fig. 2.13a is 12 V.

C. -
A =
I 1 1
12V — 12v — + i{C — 1.5V
oV

T I T 73]

Vac, Vep, Vap, Vec = 2 Vac, Vep, Vap, Vec = 2 Vac, Vas, Yep, Vap, Veo = 2

FIGURE 2.13
Answer: a. VAC = O, VBD = 0, VAD = 0, VBC =0.b. VAC =3 \], VBD =0 \], VAD =12 \/, VBC =
OV.C. Voce=12V, Vg =9V. V\p =21V, Vgc =0 V. d. Voc =3V, Vg =6 V, V(p =15V,
VAD = 15 \/, VBD = 45 V
Example 2: Find the point voltages (referenced to ground) at the various locations
indicated in the following figures.
a. b.

3v

3V

0

—H|IF

+ 7 i

N F

ol

FIGURE 2.14

Answer: 2. A=3V,B=-3V,C=3V,D=3V,E=3V,F=3VG=6V H=9V.
b.A=15V,B=0V,C=15V,D=15V,E=-15V,F=-30V,G=15V H=-15V.

2.4 A Microscopic View of Conduction (for Those Who Are Interested)

At a microscopic level, a copper conductor resembles a lattice of copper balls packed
together in what’s called a face-centered-cubic lattice structure, as shown in Fig. 2.15.
For copper, as well as other metals, the bonding mechanism that holds everything
together is referred to as metallic bonding, where outermost valence electrons from the
metal atoms form a “cloud of free electrons” which fill the space between the metal
ions (positively charged atoms missing an electron that became “free”—see the plan-
etary model in Fig. 2.15b). This cloud of free electrons acts as a glue, holding the lat-
tice metal ions together.
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(a) Copper nucleus composed of protons and neutrons held together by nuclear forces that is roughly

137 times stronger than the electromagnetic force. (b) Copper atoms, as viewed by the classic planetary model, consist-
ing of valance electrons held in orbit by electric forces. Quantum mechanics is required to explain why electrons exist in
discrete energy levels, and why they don’t fall into the nucleus or radiate electromagnetic energy as they orbit. (c) Copper
lattice has a face-centered cubic packing arrangement. (d) Scanning tunneling electron microscope (STM) image of copper
100, courtesy of Institut fiir Allgemeine Physik, TU Wien. (e) Ball packing model of lattice, showing irregularities in lat-
tice geometry, partly caused by impurities (other kinds of atoms). (f) Lattice view showing that lattice atoms vibrate due
to external thermal interactions as well as interactions with free electrons. Free electrons move about randomly, at vary-
ing speeds and directions, colliding with other electrons and lattice ions. Under normal conditions, they do not leave the

surface of the metal.

Each free electron within the cloud of free electrons moves about in random direc-

tions and speeds, colliding and rebounding “off”

metal ions and other imperfections

(impurities in lattice and grain boundary transitions, etc.). It is important to realize

that this is occurring in a chunk of copper, at room temperature, without any applied

voltage.

At room temperature, no free electrons ever leave the surface of the metal. A free

electron cannot escape the coulomb (electric) attractive forces presented by the pos-

itive metal ions in the lattice. (We'll see later that under special conditions, using

unique mechanisms, it is possible for electrons to escape.)

According to what’s called the free-electron model—a classical model that treats

free electrons as a gas of noninteracting charges—there is approximately one free

electron per copper atom, giving a copper conductor a free electron concentration of

P, =8.5x10% electrons/m?®. This model predicts that, under normal conditions (a piece

of copper just sitting there at room temperature), the thermal velocity v of electrons

(or root-mean-square speed) within copper is about 120 km/s (1.2 x 10° m/s), but
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depends on temperature. The average distance an electron travels before it collides
with something, called the mean free path A, is about 0.000003 mm (2.9 x 10 m), with
the average time between collisions T of roughly 0.000000000000024 s (2.4 x 107 s).
The free-electron model is qualitatively correct in many respects, but isn't as accurate
as models based on quantum mechanics. (The speed, path, and time are related by
v=A/T.)

In quantum mechanics, electrons obey velocity-distribution laws based on quan-
tum physics, and the movement of electrons depends on these quantum ideas.
It requires that we treat electrons as though they were waves scattering from the
lattice structure of the copper. The quantum view shows the thermal speed (now
called Fermi velocity vs) of a free electron to be faster than that predicted by the
free-electron model, now around 1.57 x 10° m/s, and contrarily, it is essentially inde-
pendent of temperature. In addition, the quantum model predicts a larger mean free
path, now around 3.9 x 10® m, which is independent of temperature. The quantum
view happens to be the accepted view, since it gives answers that match more pre-
cisely with experimental data. Table 2.1 shows the Fermi velocities of electrons for
various metals.

TABLE 2.1 Condensed Matter Properties of Various Metals

FERMI VELOCITY

(M/S)

FERMI FERMI 2E, FREE-ELECTRON

ENERGY TEMPERATURE V=C| o DENSITY p, WORK FUNCTION W
MATERIAL E; (eV) (x 10°K) e (ELECTRONS/m?) (eV)
Copper (Cu) 7.00 8.16 1.57 x 10° 8.47 x 10% 4.7
Silver (Ag) 5.49 6.38 1.39x 10° 5.86 x 1028 4.73
Gold (Au) 5.53 6.42 1.40 x 10° 5.90 x 10% 5.1
Iron (Fe) 1.1 13.0 1.98 x 10° 17.0 x 102 4.5
Tin (Sn) 8.15 9.46 1.69 x 10 14.8 x 102 4.42
Lead (Pb) 9.47 11.0 1.83 x 10° 13.2x 10% 4.14
Aluminum (Al) 11.7 13.6 2.03 x 10° 18.1 x 10% 4.08

Note:1eV=1.6022x107"7J,m,=9.11 x 10" kg, c=3.0x 108 m/s
Fermi energy and free electron density data from N.W. Ashcroft and N.D. Mermin, Solid State Physics, Saunders, 1976; work
function data from Paul A.Tipler and Ralph A. Llewellyn, Modern Physics, 3rd ed., W.H. Freeman, 1999.

Also, the surface binding energy (caused by electrostatic attraction) that prevents
electrons from exiting the surface of the metal, referred to as the work function, is
about 4.7 eV for copper (1 eV = 1.6022 x 10" J). The only way to eject electrons is
through special processes, such as thermionic emission, field emission, secondary
emission, and photoelectric emission.

(Thermionic emission: increase in temperature provides free electrons enough energy
to overcome work function of the material. The emitted electron is referred to as a
thermoelectron. Field emission: additional energy from an electric field generated by a
high-voltage conductor provides an attractive enough positive field to free electrons
from the surface. This requires huge voltages [MV per cm between emitting surface
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What's Going on Inside a Wire

and positive conductor]. Secondary emission: electrons are emitted from a metallic
surface by the bombardment of high-speed electrons or other particles. Photoelectric
emission: electron in material absorbs energy from incoming photon of particular fre-
quency, giving it enough energy to overcome work function. A photon must be of the
correct frequency, governed by W = hf,, for this to occur [Planck’s constant /1 = 6.63 x
107 J-s or 4.14 x 10 eV f; is in hertz]).

2.4.1 Applying a Voltage

Next, we wish to see what happens when we apply a voltage across the conductor—
say, by attaching a thick copper wire across a battery. When we do this, our randomly
moving free electrons all experience a force pointing toward the positive end of the
wire due to the electric field set up within the wire. (The field is due to the negative
concentration of pumped-in electrons at one end relative to the neutral [positive rela-
tive to negative] concentration at the other end.) The actual influence this force has
on the motion of the random free electrons is small—the thermal velocity is so large
that it is difficult to change the momentum of the electrons. What you get is a slightly
parabolic deviation in path, as shown in Fig. 2.16.
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Path with E field
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FIGURE 2.16
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Conventional Current Flow Electron flow

12-gauge copper wire with 0.100 amps flowing through it

[ AWG #: 12 Thermal Velocity ( Vikem) : ~10¢ m//sec
Wire Diameter (d): 2.05 mm Current (I): 0.100 A
Area (A): 3.31 x10*m? Chargefsec: 0.10 C/sec
Charge of Electron (g ): 1.602 x 10 C  Drift Velocity ( va) : 2.22 x10¢ m/sec

Free Electron Concentration { 0,): 8.5 x 10?8 e's/m3

Current Density (J) : 3.02 x 104 A/m?

(a) Simplistic view of an electron randomly moving through a copper lattice, rebounding off lattice atoms

and impurities. (b) An electron collides frequently with the ions and impurities in a metal and scatters randomly. In an
electric field, the electron picks up a small component of velocity opposite the field. The differences in the paths are exag-
gerated. The electron’s path in an electric field is slightly parabolic. (c) Model illustrating current density, drift velocity,
charge density, thermal velocity, and current.
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Electron

pumped in

from battery

Normally, the field present in the wire would create a net acceleration component
in the direction of the force; however, the constant collisions electrons experience
create a drag force, similar to the drag experienced by a parachute. The net effect is
an average group velocity referred to as the drift velocity v,. Remarkably, this velocity
is surprisingly small. For example, the voltage applied to a 12-gauge copper wire to
yield a 0.100-A current will result in a drift velocity of about 0.002 mm per second!
The drift velocity is related, determined by

va=]J/(pee)

where ] is the current density—the current flowing through an area (] = I/A), p, is
the free-electron density in the material, and e is the charge of an electron. Table 2.1
shows free-electron densities for various materials. As you can see, the drift velocity
varies with current and diameter of the conductor.

The drift velocity is so slow, only fractions of a millimeter per second, that it is
worth pondering how a measurable current can even flow. For example, what hap-
pens when you flip the switch on a flashlight? Of course, we don’t have to wait hours
for electrons to move down the conductors from the battery. When we throw the
switch, the electric field of the incoming electron has a repulsive effect on its neighbor
within the wire. This neighbor then moves away toward another neighbor, creating a
chain of interactions that propagates through the material at near the speed of light.
(See Fig. 2.17.) This reaction, however, really isn’t the speed of light, but a fraction less,
depending on the medium. The free electrons spreading throughout the conductor all
start moving at once in response—those nearest the switch, as well as those nearest the
light filament or LED. A similar effect occurs in fluid flow, as when you turn on a gar-
den hose. Because if the hose is already full of water, the outflow starts immediately.
The force of the water at the faucet end is quickly transmitted all along the hose, and
the water at the open end of the hose flows almost at the moment the faucet is opened.

Vsignal

Defined E-field

Slow drift veloctiy:

) e
R SO g’ =N v, ~0.000002 m/sec
e @)= Fast, but "random" thermal velocity:
B e L2 v, ~ 1,570,000 m/sec
o [ VF ® b Near lightspeed signal velocity
é ° v'd S e ° Vet <~ 300,000,000 m/sec
Wire Experiences force

almost instantaneously

FIGURE 2.17 Illustration of how the electric field propagates down a wire as electrons are pumped into one end.

In the case of alternating current, the field reverses directions in a sinusoidal fash-
ion, causing the drift velocity component of electrons to swish back and forth. If
the alternating current has a frequency of 60 Hz, the velocity component would be
vibrating back and forth 60 times a second. If our maximum drift velocity during
an ac cycle is 0.002 mm/s, we could roughly determine that the distance between
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maximum swings in the drift distance would be about 0.00045 mm. Of course, this
doesn’t mean that electrons are fixed in an oscillatory position. It means only that the
drift displacement component of electrons is—if there is such a notion. Recall that an
electron’s overall motion is quite random and its actual displacement quite large, due
to the thermal effects.

2.5 Resistance, Resistivity, Conductivity

As was explained in the last section, free electrons in a copper wire at room tem-
perature undergo frequent collisions with other electrons, lattice ions, and impuri-
ties within the lattice that limit their forward motion. We associate these microscopic
mechanisms that impede electron flow with electrical resistance. In 1826, Georg Simon
Ohm published experimental results regarding the resistance of different materials,
using a qualitative approach that wasn’t concerned with the hidden mechanisms,
but rather considered only the net observable effects. He found a linear relation-
ship between how much current flowed through a material when a given voltage
was applied across it. He defined the resistance to be the ratio of the applied voltage
divided by the resultant current flow, given by:

Vv

R=" 2.4)

This statement is called Ohm’s law, where R is the resistance, given in volts per
ampere or ohms (abbreviated with the Greek symbol omega, Q2). One ohm is the
resistance through which a current of 1 A flows when a voltage of 1V is applied:

1Q=1V/1A
The symbol —AAM\— is used to designate a resistor.
Now, Ohm’s law isn’t really a law, but rather an empirical statement about the

behavior of materials. In fact, there are some materials for which Ohm'’s law actually
doesn’t work.

Resistor Symbol

R = 1 R = pi _/\/\/\/_ Response of Ohmic Materials

/ A A <
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- go \‘1-%
I / _ K 47
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g L Current (A)

FIGURE 2.18
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Ohm’s law can be applied only to ohmic materials—materials whose resistance
remains constant over a range of voltages. Nonohmic materials, on the other hand, do
not follow this pattern; they do not obey Ohm'’s law. For example, a diode is a device
that allows current to pass easily when the voltage is positive, but prevents current
flow (creates a high resistance) when the voltage is negative.

CURIOUS NOTE ABOUT OHM’S LAW

Usually you see Ohm’s law written in the following form:

V=IxR

However, in this form it is tempting to define voltage in terms of resistance
and current. It is important to realize that R is the resistance of an ohmic mate-
rial and is independent of V in Ohm’s law. In fact, Ohm’s law does not say
anything about voltage; rather, it defines resistance in terms of it and cannot
be applied to other areas of physics such as static electricity, because there is
no current flow. In other words, you don’t define voltage in terms of current
and resistance; you define resistance in terms of voltage and current. That’s
not to say that you can’t apply Ohm’s law to, say, predict what voltage must
exist across a known resistance, given a measured current. In fact, this is done
all the time in circuit analysis.

2.5.1 How the Shape of a Conductor Affects Resistance

The resistance of a conducting wire of a given material varies with its shape. Doubling
the length of a wire doubles the resistance, allowing half the current to flow, assum-
ing similar applied voltages. Conversely, doubling the cross-sectional area A has the
opposite effect—the resistance is cut in half, and twice as much current will flow,
again assuming similar applied voltages.

Increasing resistance with length can be explained by the fact that down the wire,
there are more lattice ions and imperfections present for which an applied field (elec-
tric field instigated by added electrons pumped in by the source) must shove against.
This field is less effective at moving electrons because as you go down the line, there
are more electrons pushing back—there are more collisions occurring on average.

Decreasing resistance with cross-sectional area can be explained by the fact that
a larger-volume conductor (greater cross-sectional area) can support a larger cur-
rent flow. If you have a thin wire passing 0.100 A and a thick wire passing 0.100 A,
the thinner wire must concentrate the 0.100 A through a small volume, while the
thick wire can distribute this current over a greater volume. Electrons confined to a
smaller volume tend to undergo a greater number of collisions with other electrons,
lattice ions, and imperfections than a wire with a larger volume. The concentration
of free-electron flow, according to Benjamin Franklin’s convention, represents a con-
centration of conventional current flow in the opposite direction. This concentration
of current flow is called the current density [—the rate of current flows per unit area.
For a wire: | = I/A. Figure 2.19 demonstrates how the current density is greater in a
thin 12-gauge wire than in a thicker 4-gauge wire. It also shows that the drift velocity
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in the thick wire is less than the drift velocity in the thin wire—a result of a “decrease
in electron field pressure” lowering the average “push” in the current flow direction.

0.100A Current Flowing

1 Asa
Az 0.100A AWG # 12 4
I P - s i y Wire Diameter (d) | 2.05 mm 5.19 mm
0.1 00."* | 4 f "-.l// \ o] 00.'“ Area (A) 3.31 x10-6 m? 2.11 x10°5 m?
I,—If.\—_;'-'---'/ ( -_-II — Drift Velocity ( va) | 2.22 x10¢ m/sec | 3.48 x107 m/sec
: | : -(i—b- Va#tz | =~ Vi ] Current Density (J) | 30,211 A/m? 4,739 A/m?
:.w & #I s 2 l'-., ,’l /7 AWG # 12 : - '
Conductivity () : 1.7 %108 Q-m
AWG # 4 Resistivity () : 6.0 %107 (Q-m)"

Properties of copper independent of diameter:

FIGURE 2.19 Effects of wire diameter on resistance. A thinner wire has more resistance per unit length than a thicker wire.

2.5.2 Resistivity and Conductivity

We have left out the most important aspect of resistance that has nothing to do with
the physical length or diameter of the material. How does the “chemistry” of the
material affect the resistance? For example, if you have a copper wire with the same
dimensions as a brass wire, which metal has the greater overall resistance? To answer
this question, as well as provide a way to categorize materials, we adopt the concept
of resistivity. Unlike resistance, resistivity is entirely independent of the dimensions
of the material. Resistivity is a property unique to the material. The resistivity p is
defined as follows:

A
p=R T (2.5)
where A is the cross-sectional area, L is the length, and R is the overall resistance of the
material, as measured across its length. The units of resistivity are ohm-meters (Qm).
For some, resistivity is too negative a concept—it tells you how “bad” something
is at passing current. Optimists prefer the concept of conductivity—how “good” some-
thing is at passing current. Conductivity, symbolized o, is simply the mathematical

inverse of resistivity:

c (2.6)

O | =

The units of conductivity are siemens, S = (Qm)™". (Mathematical note: [Qm]™ =1/[Qm]).
Both conductivity and resistivity contain the same important underlining informa-
tion. Some prefer to play with equations that use the optimistic notion of conductiv-
ity (“glass half full”); others prefer the pessimistic notion of resistivity (“glass half
empty”).
In terms of resistivity and conductivity, we can rewrite Ohm’s law as follows:
L IxL

V=IR=p—I=
A OXA

.7)

Table 2.2 shows the conductivities (resistivities, for the pessimists) of various
materials. (Consult a technical handbook, such as The Handbook of Chemistry and
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Physics, for a more complete list.) The conductivity of metals, such as copper and
silver, is a factor of 10*! higher than that of a good insulator, such as Teflon. Though
both copper and silver are great conductors, silver is simply too expensive for practi-
cal use. Though aluminum is a fairly good conductor and was actually used at one
time in home circuitry, it quickly became apparent that it oxidized badly, inhibiting
good electrical contacts and limiting current flow to channels of limited size. The
result produced fire hazards.

TABLE 2.2 Conductivity of Various Materials

TEMPERATURE THERMAL THERMAL
RESISTIVITY CONDUCTIVITY COEFFICIENT RESISTIVITY CONDUCTIVITY
MATERIAL p (QM) o (QM)™' o (°C) (W/em °C)”' K (W/cm °C)
Conductors
Aluminum 2.82x 108 3.55x 107 0.0039 0.462 2.165
Gold 244 x10¢ 410x 107 0.343 2.913
Silver 1.59 x 10°® 6.29 x 107 0.0038 0.240 4173
Copper 1.72x10°® 5.81 x 107 0.0039 0.254 3.937
Iron 10.0x 108 1.0x 107 0.0050 1.495 0.669
Tungsten 5.6 x 1038 1.8 x 107 0.0045 0.508 1.969
Platinum 10.6 x 10°® 1.0x 107 0.003927
Lead 0.22x10% 4,54 x 10¢ 2915 0.343
Steel (stainless) 0.72x10% 1.39 x 10° 6.757 0.148 (312)
Nichrome 100 x 1078 0.1 x 107 0.0004
Manganin 44 x 10°® 0.23 x 107 0.00001
Brass 7x10% 1.4 %107 0.002 0.820 1.22
Semiconductors
Carbon (Graphite) 3.5x10° 29x10 -0.0005
Germanium 0.46 22 -0.048
Silicon 640 35x10° -0.075 0.686 1.457 (pure)
Gallium arsenide 1.692 0.591
Insulators
Glass 10'°-10" 1014-101°
Neoprene rubber 10° 10°°
Quartz (fused) 75 x10'¢ 106
Sulfur 10'® 10°1®
Teflon 10™ 10

An important feature of resistivity (or conductivity) is its temperature depen-
dency. Generally, within a certain temperature range, the resistivity for a large num-
ber of metals obeys the following equation:

p = poll + (T - Ty)] (2.8)

where p is the calculated resistivity based on a set reference resistivity p, and
temperature T,. Alpha o is called the temperature coefficient of resistivity, given in units
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of 1/°C or (°C)™". The resistivity for most metals increases with temperature because

lattice atom vibrations caused by thermal energy (increased temperature) impede the

drift velocity of conducting electrons.

Are Water, Air, and Vacuums Considered Insulators or Conductors?

These media require special mention. See comments presented in Table 2.3.

TABLE 2.3 Resistivity of Special Materials

MATERIAL

RESISTIVITY,
p (QM)

COMMENTS

Pure water

2.5x10°

Distilled water is a very good insulator—it has a high resistivity. The rather weak
mechanism of conduction is one based on ion flow, not electron flow, as we saw
in metals. Water normally has an autoionization at room temperature that gives
rise to an amount of H;O* and OH ions, which number small in comparison to
H,O molecules (1:107). If a battery of known voltage is connected to two copper
electrodes placed apart within a bucket of disfilled water, and a current is mea-
sured in the hardwire section of the circuit, using Ohm’s law, we find that the
water presents a resistance of around 20 x 10° Q/cm. Between the electrodes,
H,O" flows toward the negative electrode, and OH- flows toward the positive
electrode. When each ion makes contact with the electrodes, it deposits an
electron or accepts an electron, whereby the ion recombines in solution.

Saltwater

Adding an ionic compound in the form of common salt (NaCl) to water
increases the ion concentration within solution—NaCl ionizes into Na* and CI-.
A gram of salt added introduces around 2 x 10?2 ions. These ions act as charge
carriers, which in turn, effectively lowers the solution’s resistance to below an ohm
per meter. If we use the solution as a conductor between a battery and a lamp—
via electrodes placed in solution—there is ample current to light the lamp.

Human skin

~5.0x10°

Varies with moisture and salt content.

Air

Considered an insulator since it is fairly void of free electrons. However, like lig-
uids, air often contains concentrations of positive and negative airborne ions.
The formation of an air ion starts out with an electron being knocked off a neu-
tral air molecule, such as oxygen (O,) or nitrogen (N,), via naturally occurring
bombardment with x-rays, gamma rays, or alpha particles emitted by decay-
ing radon atoms. (There are about 5 to 10 ion pairs produced per second per
centimeter at sea level; more around radon areas.) The positive molecule of
oxygen or nitrogen rapidly aftracts polar molecules (from 10 to 15 in number),
mostly water. The resulting cluster is called a positive air ion. The liberated
electron, on the other hand, will most likely attach itself fo an oxygen molecule
(nitrogen has no daffinity for electrons). Note: air is considered neutral—ions are
always formed in pairs, equal parts positive and negative.

For current to flow through air, you must apply an electric field across the air—
say, by using two parallel plates placed apart and set to different potentials

(a voltage existing between them). At low voltage, the field strength is small and
you may get movement of air ions between the plates, but since the concentra-
tion of free-floating ions is so small, there is practically no current. However, if
you increase the field strength, it is possible to accelerate those free electrons
(those liberated by natural processes) within the air fo such high velocities
(toward the positive plate) that these electrons themselves can have enough
energy to collide with air molecules and generate more ion pairs (positive and
negative). The breakdown field strength at which to instigate these ionizations

is somewhere around 3 megavolis per meter between plane electrodes in air.
Two metal plates 1 cm apart need about 30,000 V for ionization to take place
between the plates. However, you can increase the strength of an electric field
by replacing one of the plates with a sharp metal point or thin wire. The required
voltage drops to a few kilovolts. What occurs can be classified into the following:

(Continued)
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TABLE 2.3 Resistivity of Special Materials (Continued)

RESISTIVITY,

MATERIAL p (QM) COMMENTS

Air

Corona discharge: lonization is limited to a small region around the electrode,
where the breakdown field strength is exceeded. In the rest of the field, there is
just a current of slow-moving ions and even slower-moving charged particles
finding their way to the counter electrode (which may be an oppositely charged
plate, or simply the wall of the room or the ground). Such a discharge may be
maintained as long as the breakdown field strength is exceeded in some region.

Spark discharge: May take place between two well-rounded conductors at
different potentials, one of them often grounded. Like corona discharge, the
discharge starts at a point where the breakdown field strength is exceeded.
But in contrast to corona discharge, in a spark the ionization takes place all
the way between the electrodes. The discharge is very fast, and the energy of
the discharge is confined to a narrow volume. The voltage necessary to cause
breakdown is called the breakdown voltage. For example, when you become
charged by walking across an insulated floor (e.g., carpet) with insulated shoes
and acquire a charge due to contact and friction, then touch a grounded
object, charge will flow between you, even before you make physical contact—
the spark. Few people notice discharges at voltages lower than about 1000 V.
Most people start to feel an unpleasant effect around 2000 V. Almost everyone
will complain when exposed to discharges at voltages above 3000 V.

Brush discharge: In between the corona discharge and the spark, which

may take place, for example, between a charged material and a normally
grounded electrode with a radius of curvature of some millimeters. If a brush
discharge is maintained over longer periods, it may appear as irregular lumi-
nescent paths. Aimost all discharges from insulators are brush discharges, like
the crackle heard as you pick up a charged photocopy or that you feel when
you pull a sweater over your head.

Vacuum Considered a perfect insulator, since, by definition, it contains no free charges

at all. However, this doesn’t mean it isn't possible for charges to pass through

it. Various mechanisms can eject electrons from a material into a so-called
vacuum. (This applies for air, t0o.) Examples of such mechanisms include
thermionic emission, where an increase in temperature provides free electrons
enough energy to overcome surface potential barriers (the work function) of
the material; field emission, whereby additional energy from an electric field
generated by a high-voltage conductor provides an attractive enough positive
field to free electrons from the surface, which requires huge voltages (MV per
cm between emitting surface and positive conductor); secondary emission,
where electrons are emitted from a metallic surface by the bombardment of
high-speed electrons or other particles; photoelectric emission, where electrons
are ejected from the surface of a material when a photon of a particular fre-
quency strikes it (absorbed electron). Many of these mechanisms are employed
in vacuum tube technology. However, without such mechanisms to source elec-
trons, there will be no source of charge within the vacuum to support a current.

2.6

Insulators, Conductors, and Semiconductors

As we have seen, the electrical resistivities of materials vary greatly between conduc-
tors and insulators. A decent conductor has around 10® Qm; a good insulator has
around 10" Qm; a typical semiconductor from 107 to 10° Qm—depending on tem-
perature. What is the microscopic explanation for these differences?

The answer to this question rests upon the quantum nature of electrons. In classi-
cal physics the energy of an electron in a metal can take on any value—it is said the
energy values form a continuum. (Here, electron energy is considered zero at infinite
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distance from the nucleus and becomes more negative in energy closer to the nucleus,
relative to the zero reference state. Negative energy infers that there is electric attrac-
tion between the positive nucleus and the electron—it is electric potential energy.)
However, a quantum description of electrons in metals shows that the energy values
of electrons are quantized, taking on discrete values. This comes from the wavelike
nature of electrons—analogous to standing waves on strings existing only at discrete
frequencies. Figure 2.20 shows an energy diagram illustrating the possible energy
levels of an electron (ignoring lattice influences). The diagram illustrates only the
possible energy levels—electrons are not necessarily in each level.

Energy diagram of electron Energy diagram of electron
(without lattice) (with lattice)
E—>0,
r—> o Discrete energy levels %__;____Hbond losely A
\\-:\\ A
) ) = Energy Band ———
‘,/ / o (cg'osely spaced —
Py B discrete levels)
> b c
[e)] w
E Energy Gap
c (no levels)
[AN]
Energy Band ———
(closely spaced
v ————— discrete levels)
E— - bond tightly
r—0

FIGURE 2.20 (Left) Energy diagram showing all possible energy levels of an electron in a solid;
but it takes no account of the influence of an atomic crystalline lattice structure. (Right) Energy
diagram that shows possible energy levels of an electron within a material made of a regular
lattice of atoms. Electron energies are restricted to lie within allowed bands, and there is a large
energy gap where no electrons are allowed. Even within the allowed bands, the possible electron
energies are closely spaced discrete levels.

When a set of atoms forms a regular background lattice, the possible energy val-
ues of the electrons are altered even further. We still have discrete energy regions,
called allowed bands, but we now get what are called energy gaps. Energy gaps are
forbidden regions to the electron, and represent regions where no traveling wave
(electron) can exist when placed in the periodic electric potential of the metal’s posi-
tive lattice ions. These gaps are quite large in the scale of atomic physics—within
electron-volts range. Again, energy levels presented in the band diagram specify only
possible values of electron energies—they may or may not be occupied.

Now, quantum physics has an interesting property, called the Pauli exclusion prin-
ciple, which has a critical role in determining the properties of materials. The Pauli
exclusion principle says that no two electrons in an atom can be in the same quantum
state. The lowest common divisor of quantum states is the spin quantum number m,,
which states that no more than two electrons with opposing spin (up or down) can be
located in the same energy level. Now, if we consider a solid that has many free elec-
trons, which is in an equilibrium state, electrons fill the lowest energy levels available
in the allowed band, up to two in each level. Those electrons further down in energy
are more tightly bound and are called innermost electrons. When all the electrons are
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placed in the lowest energy state, we are left with two possible outcomes. In the first
case, the highest level to be filled is somewhere in the middle of a band. In the second
case, the electrons just fill one or more bands completely. We assume that the material
is at low enough temperature to prevent electrons from jumping to higher energy lev-
els due to thermal effects.

Now if we add some energy to the free electrons by applying an electric field
(attach a voltage source), for example, the electrons in the lower energy levels cannot
accept that energy, because they cannot move into an already filled higher energy
level. The only electrons that can accept energy are those that lie in the top levels, and
then only if there are nearby empty levels into which they can move. Materials with
electrons in only partly filled bands are conductors. When the top layer of their elec-
trons moves freely into the empty energy levels immediately above, there is a current.
The electrons that jump from a lower level to a higher level are said to be excited. The
valance band is an allowed occupied band. The conduction band is an allowed empty
band. The energy-band structure for conductors is shown in Fig. 2.21a and c.
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FIGURE 2.21 Four possible band structures for a solid: (a) Conductor—allowed band is only partially full, so electrons
can be excited to nearby states. (b) Insulator—forbidden band with large energy gap between the filled band and the next
allowed band. (c) Conductor—allowed bands overlap. (d) Semiconductor—energy gap between the filled band and the
next allowed band is very small, so some electrons are excited to the conduction band at normal temperatures, leaving
holes in the valence band.

If the highest-energy electrons of a material fill a band completely, then a small
electric field will not give these electrons enough energy to jump the large energy gap
to the bottom of the next (empty) band. We then have an insulator (see Fig. 2.21b). An
example of a good insulator is diamond, whose energy gap is 6 eV.

In semiconductors, the highest-energy electrons fill a band (the valance band) at
T = 0, as in insulators. However, unlike insulators, semiconductors have a small
energy gap between that band and the next, the conduction band. Because the energy
gap is so small, a modest electric field (or finite temperature) will allow electrons
to jump the gap and thereby conduct electricity. Thus, there is a minimum electric
field under the influence of which a material changes from insulator to conductor.
Silicon and germanium have energy gaps of 1.1 eV and 0.7 eV, respectively, and are
semiconductors. For semiconductors, an increase in temperature will give a fraction
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of the electrons enough thermal energy to jump the gap. For an ordinary conductor,
a rise in temperature increases the resistivity, because the atoms, which are obstacles
to electron flow, vibrate more vigorously. A temperature increase in a semiconductor
allows more electrons into the empty band and thus lowers the resistivity.

When an electron in the valance band of a semiconductor crosses the energy gap
and conducts electricity, it leaves behind what is known as a hole. Other electrons in
the valence band near the top of the stack of energy levels can move into this hole,
leaving behind their own holes, in which still other electrons can move, and so forth.
The hole behaves like a positive charge that conducts electricity on its own as a posi-
tive charge carrier. An electron excited from the valence band to the conduction band
is thus doubly effective at conducting electricity in semiconductors.

Besides the intrinsic elemental semiconductors, such as silicon and germanium,
there are hybrid compounds—compounds such as gallium arsenide. Other semicon-
ductors are made by introducing impurities into a silicon lattice. For example, an atom
in the chemical group of phosphorous, arsenic, and antimony can replace one of the
silicon atoms in a lattice without affecting the lattice itself too much. However, each of
these impurities has one more electron in its valence level than the silicon atom has;
this extra electron, for which there is no room in the valence band, takes a place in the
conduction band and can conduct electricity. A semiconductor with impurities of this
sort is called an n-type semiconductor, and the extra electrons are called donor electrons.

Atoms of elements in the same chemical group as boron, aluminum, and gallium
have one less valence electron than silicon has. If an atom is added to a lattice of sili-
con as an impurity, there is one less electron than is needed to form a bond that holds
the lattice together. This electron must be provided by the electrons of the valence
band of the lattice material, and holes are created in this band. These holes act as posi-
tive charge carriers. The impurity atoms are called acceptors. A semiconductor with
such impurities is called a p-type semiconductor.

We will see later on how n-type and p-type semiconductors are used for mak-
ing one-way gates for current flow (diodes) and voltage-controlled current switches
(transistors).

2.7 Heat and Power

In Sec. 2.3, we discovered the generalized power law, which tells us that if we can
measure the current entering a device, as well as the voltage across the device, we
know the power that is used by the device:

P=VI (2.9)

The generalized power law tells us how much power is pumped into a circuit
but doesn’t say anything about how this power is used up. Let’s consider a two-lead
black box—an unknown circuit that may contain all sorts of devices, such as resis-
tors, lamps, motors, or transistors. If all we can do is measure the current entering the
black box and the voltage across it—say, using an ammeter and voltmeter (or singu-
larly, a wattmeter)—we could apply the generalized power law, multiply the mea-
sured current and voltage readings together, and find the power pumped into the
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black box. For example, in Fig. 2.22, we measure 0.1 A entering when a voltage of
10 V is applied, giving us a total consumed power of 1 W.

Understanding P = IVand V = IR

+| OV
Generalized Power Law .
Independent of material or
| (Total Power Used /Lost) conduction mechanism. P
— could be any combination of
100mA P — ’ V “—  heat, electromagnetic
radiation, electromechanical
power, efc,
: > PR,
Hact g Ohm's Power Law
\Jw ~[ Photons > | (Ohmic heating loss)
ANy =
v % Black AN (eg. IR, light, radiowaves) _
10V K V=IR
)12} ) Electromechanical V2
_',___\' (e.g. motors, speakers) P=— , P= IzR
e\ R
= l"\\_ffz’l QOthers: Chemical,
hysteresis, eddy currents, —
dielectric loss, efc. wa' ’ v
P=1V=(0.TA)(I0V)=1W Only if black box is 100% ohmic

FIGURE 2.22

Knowing how much power is pumped into the black box is incredibly useful—
it allows for quick power consumption measurements and often simplifies circuit
analysis—as we’ll see later. But let’s say that we are interested in figuring out how
much power is lost to heating (energy that goes into lattice vibrations, emissive radia-
tion, etc.). We really can’t say, assuming we aren’t allowed to look inside the black
box. There could be devices inside that take some of the initial energy and use it to do
useful work, such as generating magnetic fields in the armature (rotor) and stator sec-
tions of a motor, causing the stator to rotate; or generating a magnetic field in a voice
coil attached to a paper speaker cone that compresses air; or generating light energy,
radio waves, and so on. There may be power converted into other weird forms not
really coined as heat, such as driving chemical reactions, generating hysteresis effects,
or eddy current in transformers.

The only time we can say for certain that power is totally converted into heat
energy is if we assume our black box is a perfect resistor (100 percent ohmic in
nature). Only then can we substitute Ohm'’s law into the generalized power equation:

P=VI=V(V/R)=V?/R (2.10)
or
P=VI=(R)I=IR

In this form, the power lost due to heating is often called Ohmic heating, Joule heating,
or I°R loss. Be careful how you interpret this law. For example, let’s consider our black
box that drew 1 W of power. Given the power and the current—which we measure—
it would be easy to assume that the resistance of the black box is:

P 1W

- = =100Q
> (0.01 A)
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Accordingly, we would say the black box is a 100-Q resistor generating 1 W of heat.
As you can see, this is an erroneous assumption, since we have disregarded the
internal workings of the black box—we didn’t account for devices that perform
useful work. You'll often see people treat any load (black box) as a resistor when
doing circuit analysis and such. This will get you the right answer when solving for
a particular variable, but it is an analysis trick and shouldn’t be used to determine
how much heat is being generated, unless, of course, the black box is actually a
resistor.

The following example provides some insight into where power is being used
and how much of it is being converted into heat.

EXAMPLE 1 (POWER LOSS IN CIRCUITS) The total power pumped into this cir-

Battery
— —
+ -
12V
12W

T

Iy = 757mA

22 Gauge

cuit gets converted into useful work and
heat. The total “pump-in” power is:

/" 7\ Resistor | LED )
Wire 0 Pt =1V =(0.757 A)(12 V) = 9.08 W

3000 H J
1W

Ve=17V (This is based on an open terminal bat-
12V,10W I =25 mA tery measurement, without the rest of the
circuit attached.) From there, we notice

P = 1 2R =0.009 W/t Iy = 29mA that some of the total power is wasted
within the internal resistance of the bat-

0168t

Poat=1°R
1.147W

heat -2
photons

tery, within the internal resistance of
the wires, and within the resistance of
the current-limiting resistor used by the
LED. The power used to create light from
the lamp and LED can be considered use-
ful power used. However, since we can’t
really separate the heat from the light
power for these devices, we must apply
the generalized power law to them and be
content with that. According to the con-

728mA

k

Piot = Ppat+ Puire + Pl'amp + Pg + Py ep = 9.086W servation of energy (or power), all indi-

FIGURE 2.23

vidual powers within the circuit add up
to the total power.

Example: With an ammeter and voltmeter, you measure the current drawn by a com-
puter to be 1.5 A and the voltage entering to be 117 V. How much power does the
computer consume? Can we say how much power is lost to heat?

Answer: P =1V = (1.5 A)(117 V) = 176 W. Knowing how much of the power is lost to
heating is practically impossible to measure without taking the computer apart.

Example: Determine the resistance of the following four round rods of material, each
1 m long and 2 mm in diameter: copper, brass, stainless steel, and graphite. Also fig-
ure out how much power is lost to heating if a current of 0.2 A flows through each one.

Answer: Using Eq. (2.5),

R:p£: L: Im 1m

- — p(3.18x10°m"!
A P P00 mp  Paiax10emt X m
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Using Table 2.2:
Peopper = 1.72 X 10 QM Pyage = 7.0 X 105 Qm, Peer = 7.2 X 107 QM Pyrapiie = 3.5 X 105 Qm
Substituting this into the resistance expression, we get:

Reopper = 548 X 107 Q, Ripee = 223 X 102 Q, Ryeer = 2.31 X 107 Q, Rypopire = 11.1 Q
The power loss we get by using Eq. 2.10: P =1°R = (0.2 A)’R = (0.04 A*R:

Peopper = 2.2 X 10 W, Py = 8.9 X 107 W, Pyreqy = 9.2 X 10° W, Py = 0.44 W

2.8 Thermal Heat Conduction and Thermal Resistance

How is the energy transferred in heating? Within a gas, heat transfer represents the
transfer of energy between colliding gas molecules. Gas molecules at a hotter tem-
perature move around more quickly—they have a high kinetic energy. When they are
introduced into another, colder-temperature gas, the “hotter,” fast-moving molecules
impart their energy to the slower-moving molecules. Gases tend to be the worst ther-
mal conductors, due to a low density of molecules.

In nonmetals, heat transfer is a result of the transfer of energy due to lattice
vibrations—energetically vibrating atoms in one region of a solid (e.g., the region
near a flame) transfer their energy to other regions of a solid that have less energeti-
cally vibrating atoms. The transfer of heat can be enhanced by cooperative motion
in the form of propagating lattice waves, which in the quantum limit are quantized
as phonons. The thermal conductivity of nonmetals varies, depending greatly on the
lattice structure.

In terms of metals, heat transfer is a result of both lattice vibration effects (as seen
in nonmetals) as well as kinetic energy transfer due to mobile free electrons. Recall
that free electrons within a metal are moving quite fast (~10° m/s for most metals)
at room temperature. Though quantum mechanics is required, it is possible to treat
these electrons like a dense gas, capable of increasing its overall energy as heat is
added, and likewise, capable of transporting this energy to regions of the metal that
are lower in temperature. Notice, however, that an increase in metal temperature, as
a whole, also increases the electrical resistance—the drift velocity component of the
free electron goes down, due to both increased lattice vibrations and an increase in
thermal velocity component. It becomes harder to influence the free electrons with
an applied field. Metals are the best thermal conductors, due in part to the additional
free electrons.

The energy an object has at temperature T is correlated to the internal energy—a
result of its internal atomic/molecular/electron motions. It is not correct, however,
to use the word heat, such as “object possesses heat.” Heat is reserved to describe the
process of energy transfer from a high-temperature object to a lower-temperature
object. According to the first law of thermodynamics, which is a statement about
the conservation of energy, the change in internal energy of a system AU is equal to
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the heat Qy added to the system and the work W done by the system: AU = Qy; —
If we assume that no work is done (energy transferred to, say, move a piston, in the
case of a gas), we say AU = Qp. With this assumption, we can take heat to be not a
measure of internal energy of the system, but a change in internal energy. The main
reason for this concept is that it is very difficult to determine the actual internal
energy of a system; changes in internal energy are more meaningful and measurable.
In practice, what is most useful is the rate of heat transfer—the power loss due
to heating. With the help of experimental data, the following formula can be used to
determine how well certain materials transfer heat:

Pheat = d% =—kVT (2.11)

Here, k is called the thermal conductivity (measured in W/m °C) of the material in ques-
tion, and VT is the temperature gradient:

.0 .0 d
VIi=|li—+j—+k—|T
(l ot T o )

Now, the gradient is probably scary to a lot of you—it is simply a way to repre-
sent temperature distributions in 3-D, with time. To keep things simple, we will stick
to 2-D, and represent the gradient as acting through an area A through a thickness L,
and assume steady-state conditions:

Pheat = _k AfT (212)

where AT = Tyt — Teoe, Mmeasured at points across the length L of the material. The
material may be steel, silicon, copper, PC board material, and so on. Figure 2.24 shows
a picture of the situation.

When one end of a block of mate-
rial is placed at a hot temperature,
h‘f"" "Heat Current” cold heat will be conducted through
the material to the colder end. The
rate of heat transfer, or power due
to heating, depends on the ther-
mal resistance of the material,
which in turn is dependent on
L > the geometry of the material and
the material’s thermal resistiv-
ity. A weird-looking resistor-like
T + «— AT — — T symbol is used here to represent

hot cold the thermal resistance. Table 2.4

Pheat O—%—O shows the thermal resistivities of

g various materials.
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FIGURE 2.24



36 PRACTICAL ELECTRONICS FOR INVENTORS

TABLE 2.4 Typical Thermal Resistivities (A) in Units of °C-in/W

Divide A by 39 to get value in units of °C-m/W

MATERIAL A MATERIAL A MATERIAL A
Diamond 0.06 Lead 1.14 Quaritz 27.6
Silver 0.10  Indium 2.1 Glass (774) 34.8
Copper 0.11 Boron nitride 1.24  Silicon grease 46
Gold 0.13  Alumina ceramic 213 Water 63
Aluminum 0.23  Kovar 2.34 Mica 80
Beryllia ceramic 0.24  Silicon carbide 2.3 Polyethylene 120
Molybdenum 0.27  Steel (300) 24 Nylon 190
Brass 0.34  Nichrome 3.00 Silicon rubber 190
Silicon 0.47 Carbon 5.7 Teflon 190
Platinum 0.54  Ferrite 6.3 P.P.O. 205
Tin 0.60 Pyroceram 11.7 Polystyrene 380
Nickel 0.61 Epoxy (high 24 Mylar 1040
conductivity)
Tin solder 0.78 Air 2280

Thermal conductivity k, like electrical conductivity, has an inverse—namely,
thermal resistivity A. Again, one tells you “how good” a material is at transfer-
ring heat, the other tells you “how bad” it is at doing it. The two are related by
k=1/\.

If we consider the geometry of the material, we can create a notion of thermal resis-
tance Rinerm (analogous to electrical resistance), which depends on the cross-sectional
area A, the length of the block of material L, and the thermal conductivity k, or resis-

tivity A:

AL
or Riperm = (2.13)

L
g{therm = a A
Thermal resistance has units of °C/W.
Thus, putting everything together, the power transfer of heat across a block of
material, from one point at one temperature to another point at a different tempera-
ture, can be expressed as:

Py = ot =k(AjAT=1(A)AT= = 2.14)
dt L 7\- L gttherm

(k = thermal conductance) (A = thermal resistivity) (Riem = thermal resistance)
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Avery useful property of Eq. 2.14 is that it is exactly analogous to Ohm’s law, and
therefore the same principles and methods apply to heat flow problems as to circuit
problems. For example, the following correspondences hold:

Thermal conductivity k [W/(m °C)] Electrical conductivity 6 [S/m or (Qm)™]
Thermal resistivity A [m°C/W] Electrical resistivity p [Q2m]

Thermal resistance Riperm [°C/ W] Electrical resistance R [Q]

Thermal current (heat flow) Py [W]  Electrical current I [A]

Thermal potential difference AT [°C]  Electrical potential difference or voltage V [V]

Heat source Current source

Example: Calculate the temperature of a 4-in (0.1 m) piece of #12 copper wire at the
end that is being heated by a 25-W (input power) soldering iron, and whose other
end is clamped to a large metal vise (assume an infinite heat sink), if the ambient
temperature is 25°C (77°F).

Answer: First, calculate the thermal resistance of the copper wire (diameter #12 wire
is 2.053 mm, cross-sectional area is 3.31 x 10° m?):

L (0.1 m)
Riporm = — = =77.4°C/W
R T A T (390 W/(m°C)(3.31x 10 m?)) /

Then, rearranging the heat flow equation and making a realistic assumption that only
around 10 W of heat actually is transferred to the wire from the 25-watt iron, we get:

AT = PyeaRinerm = (10 W)(77.4°C/W) = 774°C
So the wire temperature at the hot end is estimated at:
25°C + AT =799°C (or 1470°F)

It's important to realize that in the preceding example, we assume steady-state
conditions, where the soldering iron has been held in place for a long time. Also, the
assumption that only 10 W were transferred is an important point, since there is a lot
of heat being radiated off as heat to the air and the iron handle, and so on. In any case,
things can get very hot, even when moderate power levels are in question.

2.8.1 Importance of Heat Production

Heat production has its place in electronics (toasters, hair dryers, water heaters, etc.),
but most of the time heat represents power loss that is to be minimized whenever pos-
sible, or at least taken into consideration when selecting components. All real circuit
components—not just resistors but things like capacitors, transformers, transistors,
and motors—contain inherent internal resistances. Though these internal resistances
can often be neglected, in some situations they cannot be ignored.

Major problems arise when unintended heat generation increases the temperature
of a circuit component to a critical point, causing component failure by explosion,
melting, or some other catastrophic event. Less severe problems may surface as a com-
ponent becomes thermally damaged, resulting in a change in characteristic properties,
such as a shift in resistance that may cause undesirable effects in circuit behavior.
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To avoid problems associated with heat production, it’s important to use compo-
nents that are rated to handle two to three or more times the maximum power they are
expected to dissipate. In cases where heat presents a shift in component parameter per-
formance, selecting a component with a lower temperature coefficient (TC) will help.

Heat dissipation (more correctly, the efficient removal of generated heat) becomes
very important in medium- to high-power circuits—power supplies, amplifier stages,
transmitting circuits, and power-hungry circuits with power transistors. There are
various techniques to remove heat from a circuit in order to lower the operating tem-
perature of components to below critical levels. Passive methods include heat sinks,
careful component layout, and ventilation. Heat sinks are special devices that are
used to draw heat away from temperature-sensitive devices by increasing the radi-
ating surface in air—which acts like a cooling fluid for conduction. Active methods
include forced air (fans) or some sort of liquid cooling. We'll discuss these methods
throughout the book.

Example: Figure 2.25 shows a thin-film resistor in an integrated circuit. How hot
will it get with 2 W dissipated over its 0.1 x 0.2-in surface (100 W/in%? Assume the
ground plane is at 80°C.

Resistor
O_‘I " x0‘2"
Alumina Ceramic
0.025" thick
——— Silicon Grease
0.002" thick
Aluminum Ground Plane Heat
0.125" thick
FIGURE 2.25

Answer: Since we have three different media through which this heat will be trans-
ferred, we must take into consideration thermal conduction within each. With the help
of Eq. 2.14 and Table 2.4, we get the individual heat transfers through each region:

L (2.13)(0.025)(2)
AT\ in ceramic) = Xceramic — |Pyg =—F———F——= 5.3°C
i ceramio ( A ) ’ (0.1)(0.2)
L (46)(0.002)(2)
AT, in grease) — A rease | . Py =—F———— =9.2°C
23l grease) = (A) ’ (0.1)(0.2)
ATS—4(iI1 aluminum) = }\'aluminum (Ljpdis = w =2.9°C
A (0.10.2)

Adding this together:
AT, 4 =5.3°C+9.2°C +2.9°C=17.4°C

Adding this to the 80°C for the aluminum ground plane leads to an estimated 100°C
for maximum resistor temperature. This is a conservative estimate, since it neglects
transverse heat spreading.
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2.9 Wire Gauges

In Sec. 2.5, we saw that the current density within a copper wire increased as the

diameter of the wire decreased. As it turns out, a higher current density translates
into a hotter wire; there are more collisions occurring between electrons and copper
lattice ions. There is a point where the current density can become so large that the
vibrating effect can overpower the copper-lattice binding energy, resulting in wire
meltdown (also referred to as the fusing point). To prevent this from occurring, it
is important to select the appropriate wire size for anticipated current levels. Wire

size is expressed in gauge number—the common standard being the American Wire
Gauge (AWG)—whereby a smaller gauge number corresponds to a larger-diameter
wire (high current capacity). Table 2.5 shows a short list of common AWG wires.
Section 3.1, on wires and cables, provides a more in-depth list.

Increasing Current Capacity

O O @ @ .
18 22 2B 32 40
FIGURE 2.26
TABLE 2.5 Copper Wire Specifications (Bare and Enamel-Coated Wire)
OHMS PER CURRENT
WIRE SIZE DIAMETER AREA FEET PER POUND 1000 FT, CAPACITY
(AWG) (MILS)* (cmy! BARE 25°C (AMPS)
4 204.3 41738.49 7.918 0.2485 59.626
8 128.5 16512.25 25.24 0.7925 18.696
10 101.9 10383.61 31.82 0.9987 14.834
12 80.8 6528.64 50.61 1.5880 9.327
14 64.1 4108.81 80.39 2.5240 5.870
18 40.3 1624.09 203.5 6.3860 2.320
20 32 1024.00 222.7 10.1280 1.463
22 25.3 640.09 516.3 16.2000 0.914
24 20.1 404.01 817.7 25.6700 0.577
28 12.6 158.76 2081 65.3100 0.227
32 8.0 64.00 5163 162.0000 0.091
40 3.1 9.61 34364 1079.0000 0.014

* 1 mil =0.001 in or 0.0254 mm.
T A circular mil (CM) is a unit of area equal to that of a 1-mil-diameter circle.The CM area of a
wire is the square of the mil diameter.

Diameters of wires in Fig. 2.26 are relative and not fo scale.
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2.10 Grounds

Example: A load device that is known to vary in output power from 0.1 mW to 5 W
is to be connected to a 12-V source that is 10 ft away from the load. Determine the
minimum wire gauge, provided by Table 2.5, that can safely support any anticipated
current drawn by the load.

Answer: We only care about the maximum power level, so using the generalized
power law:

I= P_SW_ 042 A

vV 12V

Given only the selection of wire gauges provided by Table 2.5, a 22-gauge wire with a
0.914-A rating would work, though we could be conservative and select an 18-gauge
wire with a 2.32-A rating. Since the length is so short, there is no appreciable drop in
voltage through the wire, so we can ignore the length.

Example: A 10-Q heating device is powered by a 120-VAC source. How much current
does it draw, and what size conductors should be used to connect to the device?

Answer: 120 VAC is an RMS value of a sinusoidal voltage—in this case, household
line voltage. Though we’ll discuss this later when we cover ac, it can be treated like a
dc voltage in terms of power dissipated through a resistor. So,

2 2
p:V_:@:M@W, 1221440W—
R 10 Q vV 120V

A 10-gauge wire would support this kind of current, though a larger 8-gauge wire
would be safer.

Example: Why shouldn’t you connect a wire across a voltage source? For example, if
you connect a 12-gauge wire directly across a 120-V source (120-V mains outlet), what
do you think will happen? What will happen when you do this to a 12-V dc supply,
or to a 1.5-V battery?

Answer: In the 120-V mains case, you will likely cause a huge spark, possibly melting
the wire and perhaps in the process receiving a nasty shock (if the wire isn’t insu-
lated). But more likely, your circuit breaker in the home will trip, since the wire will
draw a huge current due to its low resistance—breakers trip when they sense a large
level of current flowing into one of their runs. Some are rated at 10 A, others at 15 A,
depending on setup. In a good dc supply, you will probably trip an internal breaker or
blow a fuse, or in a bad supply, ruin the inner circuitry. In the case of a battery, there is
internal resistance in the battery, which will result in heating of the battery. There will
be less severe levels of current due to the internal resistance of the battery, but the
battery will soon drain, possibly even destroying the battery, or in an extreme case
causing the battery to rupture.

As we left off in Sec. 2.3, we saw that understanding voltage is a relativity game. For
example, to say that a point in a circuit has a voltage of 10 V is meaningless unless
you have another point in the circuit with which to compare it. Often you define a
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point in the circuit to be a kind of 0-V reference point on which to base all other volt-
age measurements. This point is often called the ground, and is frequently represented
by the symbol shown in Fig. 2.27:

"Ground"

FIGURE 2.27

For example, Fig. 2.28 shows various ways in which to define voltages by select-
ing a ground—which in this case is simply a 0-V reference marker. The single battery
provides a 1.5-V potential difference or voltage between its terminals. We can simply
place a 0-V reference ground at the negative terminal and then state that the positive
terminal sits at 1.5 V relative to the 0-V reference ground. The 0-V reference, or the
negative terminal of the battery, is called the return. If a load, such as a lamp or resistor,
is placed between the terminals, a load current will return to the negative terminal.

1.5v <
+
1.5V 1.5V—|
Voltage
- Difference
L oV «—0
FIGURE 2.28

J_‘ 20 3.0v '_L 2O +1.5V
Paint voltage T I T T
relative to ground
1.5V 1.5V 30 1.5V 1.5V
0V
1.5V - l - l 3.0v
Vi ¢ O 1.5V ¢ ’ O oV
- - - . l
M + + 1 T
- OV ground
1.5V 1.5v 1.5V 1.5V reference
V ground reference - —
J: M | J«
o ov Y o -1.5v

= OV ground reference

In the center diagram in Fig. 2.28, we have two 1.5-V batteries placed end to end.
When batteries are linked this way, their voltages add, creating a combined total volt-
age of 3.0 V. With the 0-V reference ground at the bottom, we get 1.5-V and 3.0-V
readings at the locations shown in the figure. A load placed across the two batteries
(3.0-V difference) will result in a load current that returns to the lower battery’s nega-
tive terminal. In this case, the return is through the 0-V reference—the lower battery’s
negative terminal.

Finally, it is possible to create a split supply by simply repositioning the 0-V
ground reference, placing it between the batteries. This creates +1.5 V and —1.5 V leads
relative to the 0-V reference. Many circuits require both positive and negative voltage
relative to a 0-V ground reference. In this case, the 0-V ground reference acts as a com-
mon return. This is often necessary—say, in an audio circuit—where signals are sinu-
soidal and alternate between positive and negative voltage relative to a 0-V reference.

Now, the ground symbol shown in Fig. 2.27 as a 0-V reference, or as a return,
is used all the time by various people. As it turns out, however, it really is sup-
posed to represent a true earth ground—a physical connection to the earth through
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a conductive material buried in the earth. For whatever reasons, the symbol’s dual
meaning has survived, and this can often be a source of confusion to beginners.

2.10.1 Earth Ground

The correct definition of an earth ground is usually a connection terminated at a rod
driven into the earth to a depth of 8 ft or more. This earth ground rod is wired
directly to a mains breaker box’s ground bar and sent to the various ac outlets in
one’s home via a green-coated or bare copper wire that is housed within the same
mains cable as hot and neutral wires. The ground can then be accessed at the outlet
at the ground socket. Metal piping buried in the earth is often considered an earth
ground. See Fig. 2.29.

Actual Mains Earth Ground

ar reaker Box
Earth Breaker B
AC Outlet =
Ground 2 o (2 Ground Net Zero Charge
Symbol ] (. — ] B roun (Neufrol)
@ f @ ar
DQD Eleutrol 2 - é‘ / 0@
ar ~_ “".\». [ 1 1 | :7)“'/ i Ground
b l- b L Rod oo OO0
| _—y . ] rF
Earth 0 Volts
-_ Green-coated or bare
copper ground wire

FIGURE 2.29 Earth ground.

A physical link to the earth is important because the earth provides an electrically
neutral body; equal numbers of positive and negative charges are distributed through
its entirety. Due to the earth’s practically infinite charge neutrality, attempts at chang-
ing the earth potential, via electrical generators, batteries, static electrical mechanisms,
or the like, will have essentially no measurable effect. Any introduction of new charge
into the earth is quickly absorbed (the earth’s moist soil is usually rather conductive).
Such charge interactions occur constantly throughout the planet, and the exchanges
average out to zero net charge.

For practical purposes, then, the earth is defined to be at a zero potential (rela-
tive to other things)—a potential that is practically immune to wavering. This makes
the earth a convenient and useful potential on which to reference other signals. By
connecting various pieces of electronics equipment to the earth ground, they can all
share the earth’s ground reference potential, and thus all devices share a common
reference.

The actual physical connection to earth ground at a particular piece of equipment
is usually through the power cord’s ground wire that links to the mains ground wire
network when the device is plugged in. The ground wire from the power cord is
typically connected internally to the equipment chassis (frame) and, more impor-
tant for our discussion, to the return portion of a channel that emanates from the
interior circuitry. This is then brought out as a ground lead terminal. For example,
in Fig. 2.30, an oscilloscope, function generator, and generic audiovisual device use
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Electronic Equipment Sharing Common Ground
Mains Wiring
Hot
Neutral
Ground — — — p—
L) ) L) L)
Oscilloscope DC Power Function Digital Audio/Visual [ miz]
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i v v v Y
= shared ground reference — = ==

FIGURE 2.30 Illustration showing how various test instruments and an audiovisual device share a common ground
connection through the mains ground wiring.

BNC and UHF connectors for input and output channels. Internally, the outer con-
nector body of the BNC or UHF jack is wired to the return (or source) portion of the
channel, while a central conductor wire (insulated from the outer body) is wired to
the source (or return) portion of the channel. The important part, now, is that the
return, or outer, connector is also internally wired to the mains ground wire through
the power cord cable. This sets the return to an earth ground reference. In the case of
the dc power supply, a separate earth ground terminal is presented at the face in the
form of a banana jack terminal. In order to ground the dc supply, a jumper wire must
be connected between the negative supply terminal and the ground terminal. If no
jumper is used, the supply is said to be floating.

All the grounded pieces of equipment share a common ground. To prove this to
yourself, try measuring the resistance between the ground terminals of any two sepa-
rate pieces of test equipment in your lab. If the devices are properly grounded, you
will get a measurement of 0 Q (but a bit more for internal resistances).

Besides acting simply as a reference point, grounding reduces the possibility of
electrical shock if something within a piece of equipment should fail and the chassis
or cabinet becomes “hot.” If the chassis is connected to a properly grounded outlet
via a three-wire electrical system ground, the path of current flow from the hot chas-
sis will be toward ground, not through your body (which is a more resistive path).
A ground system to prevent shock is generally referred to as a dc ground. We'll dis-
cuss shock hazards and grounding later, when we cover ac.

Grounding also helps eliminate electrostatic discharge (ESD) when a statically
charged body comes in contact with sensitive equipment. The charged body could be



44

PRACTICAL ELECTRONICS FOR INVENTORS

you, after a stroll you took across the carpet. Some ICs are highly vulnerable to dam-
age from ESD. By providing a grounded work mat or using a grounded wrist strap
while working with sensitive ICs, you can avoid destroying your chips by ensuring
that charge is drained from your body before you touch anything.

Another big job the ground system does is provide a low-impedance path to
ground for any stray RF current caused by stray radiofrequency-producing devices,
such as electrical equipment, radio waves, and so on. Stray RF can cause equipment
to malfunction and contributes to RFI problems. This low-impedance path is usually
called RF ground. In most cases, the dc ground and the RF ground are provided by
the same system.

Common Grounding Error

As previously mentioned, the ground symbol, in many cases, has been used as a
generic symbol in circuit diagrams to represent the current return path, even though
no physical earth ground is used. This can be confusing for beginners when they
approach a three-terminal dc power supply that has a positive (+), negative (=), and
ground terminal. As we have learned, the ground terminal of the supply is tied to the
case of the instrument, which in turn is wired to the mains earth ground system. A
common mistake for a novice to make is to attempt to power a load, such as a lamp,
using the positive and ground terminals of the supply, as shown in Fig. 2.31a. This,
however, doesn’t complete a current return path to the energy source (supply), so no
current will flow from the source; hence, the load current will be zero. The correct
procedure, of course, is to either connect the load between the positive and negative
terminals directly, thus creating a floating load, or, using a jumper wire between the
ground and negative supply, create a grounded load. Obviously, many dc circuits don’t
need to be grounded—it will generally neither help nor hinder performance (e.g.,
battery-powered devices need no such connection).

120 vAC
(mains)

A

Ground i
wire

Rod
At s

Common Power Supply Grounding Error

hot

——

neutral

ground

WRONG !

Grounded Load
(OK)

c.
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T
'Eee
o84

Jrt s |
— O

LA

Jr.f vad = 0

4 transformer ),.\
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ground
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Jirf vt ! | ! Jumper
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ltood = V5 /R

+

1 load = 0

FIGURE 2.31

Circuits that require both positive and negative voltage require a power supply
to provide each polarity. The supply for the positive voltage will have the negative
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terminal as a return, and the negative supply will have the positive terminal as the
return. These two terminals are connected together, forming a common return path
for load current, as shown in Fig. 2.32. The connection between the negative and the
positive terminals of the supplies results in a common or floating return. The floating
common may be connected to the earth ground terminal of a supply, if a particular
circuit requests this. Generally, it will neither help nor hinder circuit performance.

Power Supply Connections for Dual Polarity Voltages

d. Floating Common Return

_mmmm 12V DC Supply

12V DC Supply FO——)+12v

I"=II'==I PR ) \O_J @
Wi e T
O'Oggg ++—r, com

' 9O
—/ﬂ ,) i —5— g .2v
. = e — i b. Grounded Common
Return
+ + o——L+12V

i;ﬁ)_.) COM
+ (GRD)

—o——4%-12v

Common

-12v
+12V

FIGURE 2.32

Unambiguous
Schematic

Load

FIGURE 2.33

Circuit with OV ground Actual earth

Unfortunately, the earth ground symbol is used a bit too loosely in electronics,
often meaning different things to different people. It is used as a 0-V reference, even
though no actual connection is made to Earth. Sometimes it actually means to connect
a point in a circuit to earth ground. Sometimes it is used as a generic return—to elimi-
nate the need to draw a return wire. It could be used as an actual earth ground return
(using the mains ground copper wire), though this is unwise. See Fig. 2.33. To avoid
complications, alternative symbols are used, which we discuss next.

f ground connection Generlc direct Actuucll conn Grounding error
reference (OK) current return ground return (ne current will flow)

Tk

2.10.2 Different Types of Ground Symbols

To avoid misinterpretations regarding earth grounding, voltage references, and cur-
rent return paths, less ambiguous symbols have been adopted. Figure 2.34 shows an
earth ground (could be Earth or reference), a frame or chassis ground, and a digi-
tal and analog reference ground. Unfortunately, the common return for digital and
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analog is a bit ambiguous, too, but usually a circuit diagram will specify what the
symbol is referring to.

Type of "Ground" Symbols

L) 4 ¢

Earth Ground Frame or Chassis A-Andlog Common Voltage
D-Digital Reference Points

‘Common (Floating) Return

FIGURE 2.34
Table 2.6 provides a rundown on meanings behind these symbols.

TABLE 2.6 Types of Ground Symbols
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2.10.3 Loose Ends on Grounding

There are a few loose ends on grounding that need mentioning. They are discussed
here, with reference to Fig. 2.35.

FIGURE 2.35

Shock Hazard

In instances where high voltages are required and chassis grounds or metal frames are
used as return paths, shock hazardous conditions can be created if the earth grounds
are neglected. For example, in Fig. 2.35a when a load circuit uses a metal enclosure as
a chassis ground, resistive leakage paths (unwanted resistive paths) can exist, which
result in high voltages between the enclosure and earth ground. If, inadvertently, an
earth-grounded object, such as a grounded metal pipe, and the circuit chassis are
simultaneously touched, a serious shock will result. To avoid this situation, the chas-
sis is simply wired to an earth ground connection, as shown in Fig. 2.35b. This places
the metal pipe and the enclosure at the same potential, eliminating the shock hazard.
Similar hazardous conditions can develop in household appliances. Electrical codes
require that appliance frames, such as washers and dryers, be connected to earth
ground.

Grounding and Noise

The most common cause of noise in large-scale electronic systems is lack of good
grounding practices. Grounding is a major issue for practicing design and system
engineers. Though it is not within the scope of this book to get into the gory details,
we’ll mention some basic practices to avoid grounding problems in your circuits.

If several points are used for ground connections, differences in potential between
points caused by inherent impedance in the ground line can cause troublesome ground
loops, which will cause errors in voltage readings. This is illustrated in Fig. 2.35¢, where
two separated chassis grounds are used. V represents a voltage existing between sig-
nal ground and the load ground. If voltage measurements are made between the load
ground and the input signal, Vs, an erroneous voltage, (Vs + V) is measured. A way to
circumvent this problem is to use a single-point ground, as shown in Fig. 2.35d.
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-

FIGURE 2.36

The single-point ground concept ensures that no ground loops are created. As the
name implies, all circuit grounds are returned to a common point. While this approach
looks good on paper, it is usually not practical to implement. Even the simplest cir-
cuits can have 10 or more grounds. Connecting all of them to a single point becomes
a nightmare. An alternative is to use a ground bus.

A ground bus, or bus bar found in breadboards and prototype boards, or which
can be etched in a custom printed circuit board (PCB), serves as an adequate substi-
tute for a single-point ground. A bus bar is simply a heavy copper wire or bar of low
resistance that can carry the sum total of all load currents back to the power supply.
This bus can be extended along the length of the circuitry so that convenient con-
nections can be made to various components spaced about the board. Figure 2.35e
shows a bus bar return. Most prototype boards come with two or three lines of con-
nected terminals extending along the length of the board. One of these continuous
strips should be dedicated as a circuit ground bus. All circuit grounds should be
tied directly to this bus. Care must be taken to make sure that all lead and wire con-
nections to the bus are secure. For prototype boards, this means a good solder joint;
for wire-wrap board, a tight wire wrap; for breadboard, proper gauge wire leads to
securely fit within sockets. Bad connections lead to intermittent contact that leads
to noise.

Analog and Digital Grounds

Devices that combine analog and digital circuitry should, in general, have their ana-
log and digital grounds kept separate, and eventually connected together at one sin-
gle point. This is to prevent noise from being generated within the circuits due to a
ground current. Digital circuits are notorious for generating spikes of current when
signals change state. Analog circuits can generate current spikes when load currents
change or during slewing. In either case, the changing currents are impressed across
the ground-return impedance, causing voltage variations (use Ohm’s law) at the local
ground plane with respect to the system reference ground, often located near the
power supply. The ground return impedance consists of resistive, capacitive, and
inductive elements, though resistance and inductance are predominant. If a constant
current is impressed across the ground return, resistance is primary, and a dc offset
voltage will exist. If the current is alternating, resistance, inductance, and capacitance
all play a role, and a resulting high-frequency ac voltage will exist. In either case,
these voltage variations get injected into the local circuits and are considered noise—
capable of screwing up sensitive signal levels used within the local circuits. There are
a number of tricks to reduce noise (such as adding capacitors to counterbalance the
inductance), but a good trick is to keep the digital and analog ground separated, then
attach them together at one single point.

Example: What do the following symbols represent?

5 S 5 S o A
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Answer: (a) Probably an analog circuit ground that is terminated at the supply to
an actual earth ground connection. (b) A chassis ground that is connected to earth
ground, probably to prevent shock hazards. (c) Appears like an analog ground return
that is linked to both the chassis and the earth ground. (d) A floating chassis that is
connected to circuit return ground—a potential shock hazard. (e) Separate analog
and digital grounds that are linked to a common ground point near the supply, which
in turn is grounded to earth.

2.11 Electric Circuits

v

Though we have already shown circuits, let’s define circuits in basic terms. An electric
circuit is any arrangement of resistors, wires, or other electrical components (capaci-
tors, inductors, transistors, lamps, motors, etc.) connected together that has some
level of current flowing through it. Typically, a circuit consists of a voltage source
and a number of components connected together by means of wires or other conduc-
tive means. Electric circuits can be categorized as series circuits, parallel circuits, or a
combination of series and parallel parts. See Fig. 2.37.

Basic Circuit

oy —

A simple lightbulb acts as a load (the part of the circuit on which work must be done to
move current through it). Attaching the bulb to the battery’s terminals, as shown, will
) initiate current flow from the positive terminal to the negative terminal. In the process,
the current will power the filament of the bulb, and light will be emitted. (Remember
that the term current here refers to conventional current—electrons are actually flow-

ing in the opposite direction.)

oV Series Circuit
Connecting load elements (lightbulbs) one after the other forms a series circuit. The

vV —

current through all loads in series will be the same. In this series circuit, the voltage
drops by a third each time current passes through one of the bulbs (all bulbs are exactly
=) the same). With the same battery used in the basic circuit, each light will be one-third
as bright as the bulb in the basic circuit. The effective resistance of this combination

oV

will be three times that of a single resistive element (one bulb).

3V

Parallel Circuit

A parallel circuit contains load elements that have their leads attached in

| +

[ % T

such a way that the voltage across each element is the same. If all three
bulbs have the same resistance values, current from the battery will be
! i f5)  divided equally into each of the three branches. In this arrangement, light-
bulbs will not have the dimming effect, as was seen in the series circuit,
but three times the amount of current will flow from the battery, hence

wl—

FIGURE 2.37

ov

draining it three times as fast. The effective resistance of this combination
will be one-third that of a single resistive element (one bulb).
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Combination of Series and Parallel
[ — 9V @ v A circuit with load elements placed both in series and in parallel will
have the effects of both lowering the voltage and dividing the current.
t__ 1 / 1 The effective resistance of this combination will be three-halves that of a
v — l P i = E‘f i ==)) single resistive element (one bulb).
- | ov

FIGURE 2.37 (Continued)

Circuit Analysis

Following are some important laws, theorems, and techniques used to help predict
what the voltage and currents will be within a purely resistive circuit powered by a
direct current (dc) source, such as a battery.

2.12 Ohm'’s Law and Resistors

Resistors are devices used in circuits to limit current flow or to set voltage levels
within circuits. Figure 2.38 shows the schematic symbol for a resistor; two different
forms are commonly used. Schematic symbols for variable resistors—resistors that
have a manually adjustable resistance, as well as a model of a real-life resistor, are
also shown. (The real-life model becomes important later on when we deal with high-
frequency ac applications. For now, ignore the model.)

Resistor Symbols Real Resistor Models
a. Ideal b. Temperature Variable Model
S R Ro+AIT-TiI
= O—— AN 0 - A A A .
c. Yery Accurate Resistor Model
|1
Iy
; Lead | ‘Resistor' Lead 2
Fixed Variable Variable Variable O——8 AN Y Y LAAAN— Y OANN$—O
e {Rheostat]  (Potentiometer ) [ Trimpot | Xo n X, R Xe
FIGURE 2.38

If a dc voltage is applied across a resistor, the amount of current that will flow
through the resistor can be found using Ohm’s law. To find the power dissipated as
heat by the resistor, the generalized power (with Ohm'’s law substitution) can be used.

V=IxR (2.15) Ohm’s law
P=1V=V?/R=IR (2.16) Ohm's power law

R is the resistance or the resistor expressed in ohms (), P is the power loss in watts
(W), Vis the voltage in volts (V), and [ is the current in amperes (A).
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UNIT PREFIXES

Resistors typically come with resistance values from 1 Q to 10,000,000 Q. Most
of the time, the resistance is large enough to adopt a unit prefix convention to
simplify the bookkeeping. For example, a 100,000-Q resistance can be simpli-
fied by writing 100 k€ (or simply 100k, for short). Here k =x1000. A 2,000,000-€2
resistance can be shortened to 2 MQ (or 2M, for short). Here M = x1,000,000.

Conversely, voltages, currents, and power levels are usually small fractions of
a unit, in which case it is often easier to use unit prefixes such as m (milli or
x107), u (micro or x 10°), n (nano or x10™°), or even p (pico or x10™"?). For exam-
ple, a current of 0.0000594 A (5.94 x 10° A) can be written in unit prefix form
as 59.4 HA. A voltage of 0.0035 (3.5 x 10 V) can be written in unit prefix form
as 3.5 mV. A power of 0.166 W can be written in unit prefix form as 166 mW.

Example: In Fig. 2.39, a 100-Q resistor is placed across a 12-V battery. How much cur-
rent flows through the resistor? How much power does the resistor dissipate?

Answer: See Fig. 2.39.

Ohm's Law Ohrris Law Example Ohm's Law
V=IxR V = (120mAl (100QY) = 12V
AT T |44 W
[=VIR + ) 1=(12V1/ 100€Q2 = 120 mA
ol 7 ou et T R=V/I 12V — 120ma | §|00Q<§gg R ={12V1/ 120mA = 100Q
P S— b 31 s /"
V= | ;,| gR &y V Power Loss = ) S Power Loss
- X4 = = =
v i |2)< ¥ A resistor with a power rating less than [ 44W P=li20mal l2vl = LaaW
B=l"xR would fry, altering the resistor's resistance. P = (120mAl* (1000 = | 44W
2 As a rule of thumb, select a resistor with a 4
P=V IR power rating twice the maximum expected P=(12V)" [100€2 = |.44W
FIGURE 2.39

2.12.1 Resistor Power Ratings

Determining how much power a resistor dissipates is very important when design-
ing circuits. All real resistors have maximum allowable power ratings that must not
be exceeded. If you exceed the power rating, you'll probably end up frying your
resistor, destroying the internal structure, and thus altering the resistance. Typical
general-purpose resistors come in %-, %-, -, and 1-W power ratings, while high-power
resistors can range from 2 to several hundred watts.

So, in the preceding example, where our resistor was dissipating 1.44 W, we should
have made sure that our resistor’s power rating exceeded 1.44 W; otherwise, there
could be smoke. As a rule of thumb, always select a resistor that has a power rating
at least twice the maximum value anticipated. Though a 2-W resistor would work in
our example, a 3-W resistor would be safer.

To illustrate how important power ratings are, we examine the circuit shown in
Fig. 2.40. The resistance is variable, while the supply voltage is fixed at 5 V. As the
resistance increases, the current decreases, and according to the power law, the power
decreases, as shown in the graphs. As the resistance decreases, the current and power
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Power Loss and Power Ratings of Resistors Resistor Power Rating  P= I5VF'/ R
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0 @ea\ i Current & Power vs. Resistance oo ':mr: o A 25 ohm resistor with 5V
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FIGURE 2.40

increase. The far right graph shows that as you decrease the resistance, the power rat-
ing of the resistor must increase; otherwise, you'll burn up the resistor.

Example 1: Using an ammeter, you measure a current of 1.0 mA through a 4.7-kQ
resistor. What voltage must exist across the resistor? How much power does the resis-
tor dissipate?

Answer: V=IR=(0.001 A)(4700 Q) =4.7 V; P=I* x R = (0.001 A)? x (4700 Q) = 0.0047 W =
47 mW

Example 2: Using a voltmeter, you measure 24 V across an unmarked resistor. With
an ammeter, you measure a current of 50 mA. Determine the resistance and power
dissipated in the resistor.

Answer: R=V/I=(24V)/(0.05A) =480 Q; P=Ix V= (0.05A) x (24 V) =12 W

Example 3: You apply 3 V to a 1-MQ resistor. Find the current through the resistor and
the power dissipated in the process.

Answer: [ = V/R = (3 V)/(1,000,000 Q) = 0.000003 A = 3 pA; P = V2/R = 3 V)¥/
(1,000,000 Q) = 0.000009 W =9 pW

Example 4: You are given 2-Q, 100-Q, 3-k€2, 68-k€2, and 1-MQ resistors, all with 1-W
power ratings. What’s the maximum voltage that can be applied across each of them
without exceeding their power ratings?

Answer: P = V?/R = V =/PR; voltages must not exceed 1.4 V (2 Q), 10.0 V (100 Q),
547V (3 kQ), 260.7 V (68 k), 1000 V (1 MQ)

2.12.2 Resistors in Parallel

Rarely do you see circuits that use a single resistor alone. Usually, resistors are found
connected in a variety of ways. The two fundamental ways of connecting resistors are
in series and in parallel.

When two or more resistors are placed in parallel, the voltage across each resistor
is the same, but the current through each resistor will vary with resistance. Also, the
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total resistance of the combination will be lower than that of the lowest resistance
value present. The formula for finding the total resistance of resistors in parallel is:

1
R otal — (217)
T R
total = R1XR2 (2.18) Two resistors in parallel
R1+R2

The dots in the equation indicate that any number of resistors can be combined. For
only two resistances in parallel (a very common case), the formula reduces to Eq. 2.18.

(You can derive the resistor-in-parallel formula by noting that the sum of the indi-
vidual branch currents is equal to the total current: Iy =1 + I + I3 + --- Iy. This is
referred to as Kirchhoff’s current law. Then, applying Ohm’s law, we get: L = V1/R; +
Va/Ry + V3/Rs + -+ Vy/Ry. Because all resistor voltages are equal to Vi, since they
share the same voltage across them, we get: Lol = Viotal/Ri + Viota/Ra + Vigwar/Rs + -+
Viota/Ry. Factoring out Vi, we get: Lijw = Viow (1/R1 + 1/R, + 1/R; -+ 1/R,). We call
the term in brackets Ry

Note that there is a shorthand for saying that two resistors are in parallel. The
shorthand is to use double bars | | to indicate resistors in parallel. So to say R; is in
parallel with R,, you would write R, || R,. Thus, you can express two resistors in par-
allel in the following ways:

1 R; xR,
. . Ri IR, = = )
Resistors in Parallel /R +1/R, Ri+R,
_ P1 P2 In terms of arithmetic order of operation, the || can be
lin 1 6_n;_A 144mW 48mW
e — *- treated similar to multiplication or division. For example, in
+__ T IIQmA 43";' fmA "-": the equation Z;, = Ry + R, || Ry, you calculate R, and R,y in
—_— T 1 2 2
L 2V__—_ Vin l 1.0kO l 3.0kQ parallel first, and then you add R;.
l 1/2-w 1/2-wW
l ov ' ' Example 1: If a 1000-Q resistor is connected in parallel with a
S 3000-Q resistor, what is the total or equivalent resistance? Also
Equivalent Circuit o
calculate total current and individual currents, as well as the
_ R, xR, total and individual dissipated powers.
total
R, +R, Ry xR, 1000Qx3000Q 3,000,000 Q
- 7500 total = = = =750 Q
Ry +R, 1000 Q+ 3000 Q 4000 Q
To find how much current flows through each resistor, appl
Current Divider , & PPY
Ohm'’s law:
: Vi 12V
——» =—= =0.012 A=12 mA
lin J "R, 1000 Q
R; I 12 2’ R>
2 =£= 12v =0.004 A=4mA
R, 3000 Q
- These individual currents add up to the total input current:
R
I, =1, —2 |, =1 —!
' "R, +R, 2R 4R, Ln=I+L=12mA+4mA=16 mA
This statement is referred to as Kirchhoff’s current law. With
FIGURE 2.41 this law, and Ohm’s law, you come up with the current divider
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equations, shown at the bottom of Fig. 2.41. These equations come in handy when you
know the input current but not the input voltage.
We could have just as easily found the total current using:

Lin=Vin/Rioa = (12 V) /(750 Q) = 0.016 A=16 mA
To find how much power resistors in parallel dissipate, apply the power law:
Pt =I;Vin =(0.0016 A)(12 V) =0.192 W =192 mW
P =LV, =(0.012A)(12 V) = 0.144 W = 144 mW
P, =LV;,=(0.004 A)(12 V) = 0.048 W =48 mW
Example 2: Three resistors R; = 1 kQ, R, = 2 kQ, R; = 4 kQ are in parallel. Find the
equivalent resistance. Also, if a 24-V battery is attached to the parallel circuit to com-

plete a circuit, find the total current, individual currents through each of the resistors,
total power loss, and individual resistor power losses.

Resistors in Parallel

42 mA
g 24V 24V

= O58W —, 0.20W =\ O14W

o4y — I i RI I l R2 I i R3

v 24ma | ozmal| Y BmAl|
v ov ov ov
42 mh Pl ={xV =058W EQUIVGIE‘HI
P2 = [,x Vs = 029W Circuit
P3 = Lx V.= 014W

The voltage across each resistor is the same, but the  Fou= X Vias
current through each resistor will vary with resistance.

FIGURE 2.42

The total resistance for resistors in parallel:

1 1 1 1

Roa R, R, R,
= 1 + 1 + 1 =0.00175 Q
1000 2000 Q2 4000 Q
1
Row =~ =572Q

0.00175 Q™
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The current through each of the resistors:

I =V,/R,=24V/1000 Q = 0.024 A = 24 mA

L=V,/R,=24V /2000 2=0.012 A=12mA

I, =V,/Rs =24 V/4000 Q = 0.006 A = 6 mA

The total current, according to Kirchhoff’s current law:

Lom=h+L+1=24mA+12mA+6mA=42mA

The total power dissipated by the parallel resistors:

Ptotal = Itotal X Vtotal = 004:2 A X 24: V = 10 W

The power dissipated by individual resistors is shown in Fig. 2.42.

Resistors in Series

Equivalent Circuit

O ? +oV
I 3v Vi
— ' +6V
?
2.0kQ *V V2
1/4-W
/ o0V

Riotal = R1 + Rz
= 3.0kQ2

FIGURE 2.43

2.12.3 Resistors in Series

When a circuit has a number of resistors connected in
series, the total resistance of the circuit is the sum of the
individual resistances. Also, the amount of current flow-
ing through each resistor in series is the same, while the
voltage across each resistor varies with resistance. The for-
mula for finding the total resistance of resistors in series is:

Riotar =Ry + Ry + Ry + Ry + -+ (2.19)

The dots indicate that as many resistors as neces