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INTRODUCTION

Developments in the field of electronics
have constituted one of the great suc-
cess stories of this century. Beginning
with crude spark-gap transmitters and
“cat’s-whisker” detectors at the turn of
the century, we have passed through a
vacuum-tube era of considerable sophis-
tication to a solid-state era in which the
flood of stunning advances shows no signs
of abating. Calculators, computers, and
even talking machines with vocabularies
of several hundred words are routinely
manufactured on single chips of silicon
as part of the technology of large-scale
integration (LSI), and current develop-
ments in very large scale integration (VLSI)
promise even more remarkable devices.
Perhaps as noteworthy is the pleasant
trend toward increased performance per
dollar. The cost of an electronic microcir-
cuit routinely decreases to a fraction of its
initial cost as the manufacturing process is
perfected (see Fig. 8.87 for an example).
In fact, it is often the case that the panel
controls and cabinet hardware of an instru-
ment cost more than the electronics inside.

On reading of these exciting new devel-
opments in electronics, you may get the
impression that you should be able to con-
struct powerful, elegant, yet inexpensive,
little gadgets to do almost any conceivable
task — all you need to know is how all
these miracle devices work. If you’ve had

that feeling, this book is for you. In it
we have attempted to convey the excite-
ment and know-how of the subject of
electronics.

In this chapter we begin the study of the
laws, rules of thumb, and tricks that consti-
tute the art of electronics as we see it. It is
necessary to begin at the beginning — with
talk of voltage, current, power, and the
components that make up electronic cir-
cuits. Because you can’t touch, see, smell,
or hear electricity, there will be a certain
amount of abstraction (particularly in the
first chapter), as well as some dependence
on such visualizing instruments as oscillo-
scopes and voltmeters. In many ways the
first chapter is also the most mathematical,
in spite of our efforts to keep mathematics
to a minimum in order to foster a good
intuitive understanding of circuit design
and behavior.



FOUNDATIONS
Chapter 1

Once we have considered the founda-
tions of electronics, we will quickly get
into the “active” circuits (amplifiers, oscil-
lators, logic circuits, etc.) that make elec-
tronics the exciting field it is. The reader
with some background in electronics may
wish to skip over this chapter, since it
assumes no prior knowledge of electronics.
Further generalizations at this time would
be pointless, so let’s just dive right in.

VOLTAGE, CURRENT, AND RESISTANCE

1.01 Voltage and current

There are two quantities that we like to
keep track of in electronic circuits: voltage
and current. These are usually changing
with time; otherwise nothing interesting is
happening.

Voltage (symbol: V, or sometimes E ). The
voltage between two points is the cost in
energy (work done) required to move a
unit of positive charge from the more
negative point (lower potential) to the more
positive point (higher potential). Equiv-
alently, it is the energy released when a
unit charge moves “downhill” from the
higher potential to the lower. Voltage is
also called potential difference or electro-
motive force (EMF). The unit of measure
is the volt, with voltages usually expressed
in volts (V), kilovolts (1kV = 10%V),
millivolts (ImV = 1073V), or microvolts
(1pzV = 107°V) (see the box on prefixes).
A joule of work is needed to move a
coulomb of charge through a potential
difference of one volt. (The coulomb
is the unit of electric charge, and it
equals the charge of 6 x 10'® electrons,
approximately.) For reasons that will
become clear later, the opportunities
to talk about nanovolts (InV = 10~2V)
and megavolts (IMV = 10°V) are rare.
Current (symbol: ). Current is the rate of
flow of electric charge past a point. The
llI.lit of measure is the ampere, or amp,
with currents usually expressed in amperes

—

(A), milliamperes (IMA = 1073A) mic,
amperes (1pA = 107"A), nanoamperes
(1nA = 10~9A), olrzoccasmnally Picoar,.
peres (IpA = 10~ A). A current of one
ampere equals a flow of one coulomp
charge per second. By convention, ;.
rent in a circuit is considered to flow frop,
a more positive point to a more negatjye
point, even though t.he actual electron floy,
is in the opposite direction.

Important:  Always refer to voltage
between two points Or across two points jn
a circuit. Always refer to current throyg
a device or connection in a circuit.

To say something like “the voltage
through a resistor ... ” is nonsense, or
worse. However, we do frequently speak
of the voltage at a point in a circuit. This
is always understood to mean voltage be-
tween that point and “ground,” a common
point in the circuit that everyone seems to
know about. Soon you will, too.

We generate voltages by doing work on
charges in devices such as batteries (elec-
trochemical), generators (magnetic forces),
solar cells (photovoltaic conversion of the
energy of photons), etc. We get currents by
placing voltages across things.

At this point you may well wonder how
to “see” voltages and currents. The single
most useful electronic instrument is the
oscilloscope, which allows you to look at
voltages (or occasionally currents) in @
circuit as a function of time. We will deal
with OSCillOSCOpeS, and also voltmetel's,
wher_l we discuss signals shortly; for 2
Preview, see the oscilloscope appendi®
(Appendix A) and the multimeter box latef
In this chapter.

In real circuits we connect things i
gether w1tl} wires, metallic conductor®
zi‘é?y‘?vighwh has the same voltage 01”;
e d;e (with respect to grm_md, S‘l‘z'w
mpoesomain of highfrequencis O
iy aeS, that isn’t strictly m'e’mgr
ittt i:’e more to say about thlsmm
i th‘s a good appronmat}o?_f{),;. :

1S now so that you will re4™




VOLTAGE, CURRENT, AND RESISTANCE
1.01 Voltage and current

that an actual circuit doesn’t have to look
like its schematic diagram, because wires
can be rearranged.

Here are some simple rules about
voltage and current:
1. The sum of the currents into a point
in a circuit equals the sum of the currents
out (conservation of charge). This is
sometimes called Kirchhoff’s current law.
Engineers like to refer to such a point as
a node. From this, we get the following:
For a series circuit (a bunch of two-
terminal things all connected end-to-end)
the current is the same everywhere.

Figure 1.1

2. Things hooked in parallel (Fig. 1.1) have
the same voltage across them. Restated,
the sum of the “voltage drops” from A to

B via one path through a circuit equals the
sum by any other route equals the voltage
between A and B. Sometimes this is stated
as follows: The sum of the voltage drops
around any closed circuit is zero. This is
Kirchhoff’s voltage law.

3. The power (work per unit time)
consumed by a circuit device is

P=VI

This is simply (work/charge) x (charge/
time). For V in volts and [ in amps, P
comes out in watts. Watts are joules per
second (1W = 1J/s).

Power goes into heat (usually), or some-
times mechanical work (motors), radiated
energy (lamps, transmitters), or stored en-
ergy (batteries, capacitors). Managing the
heat load in a complicated system (e.g., a
computer, in which many kilowatts of elec-
trical energy are converted to heat, with
the energetically insignificant by-product
of a few pages of computational results)
can be a crucial part of the system design.

PREFIXES

These prefixes are universally used to scale units in science and engineering.

Muiltiple Prefix Symbol
1012 tera T

10° giga G

106 mega M

103 kilo k

107300 milli im
1076 ... micro /s

102 _.nano  .n
1012 pico p
10~15 femto f

When abbreviating a unit with a prefix, the symbol for the unit follows the prefix without spfclce. Be
careful about upper-case and lower-case letters (especially m and M) in both prefix and unit: 1MW

is a milliwatt, or one-thousandth of a watt; 1IMHz is

1 million hertz. In general, units are spelled with

lower-case letters, even when they are derived from proper names. The unitname is nott capitalized
when it is spelled out and used with a prefix, only when abbreviated. Thus: hertz and kilohertz, but
Hz and kHz; watt, milliwatt, and megawatt, but W, mW, and MW.
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Soon, when we deal with periodically
varying voltages and currents, we will have
to generalize the simple equation P = VI
to deal with average power, but it’s correct
as a statement of instantaneous power just
as it stands.

Incidentally, don’t call current “amper-
age”; that’s strictly bush-league. The same
caution will apply to the term “ohmage”
when we get to resistance in the next
section.

1.02 Relationship between voltage
and current: resistors

This is a long and interesting story. It is
the heart of electronics. Crudely speaking,
the name of the game is to make and use
gadgets that have interesting and useful
I-versus-V  characteristics. Resistors
(I simply proportional to V), capacitors
(I proportional to rate of change of V),
diodes (I flows in only one direction), ther-
mistors (temperature-dependent resistor),
photoresistors (light-dependent resistor),
strain gauges (strain-dependent resistor),
etc., are examples. We will gradually get
into some of these exotic devices; for
now, we will start with the most mundane
(and most widely used) circuit element,
the resistor (Fig. 1.2).

Resistance and resistors

It is an interesting fact that the
through a metallic conductor (g
partially conducting material) is
tional to the voltage across it, (In the
case of wire conductors used in Circ“ite"
we usually choose a thick enough gauge :%,
wire so that these “voltage dropg” will
be negligible.) This is by no meang g
universal law for all objects. For instapgg
the current through a neon bulb is 3 highlry
nonlinear function of the applied vojt,
(it is zero up to a critical voltage, at whigy
point it rises dramatically). The same goeg
for a variety of interesting special devices-
diodes, transistors, light bulbs, etc. (if
you are interested in understanding why
metallic conductors behave this way, read
sections 4.4-4.5 in the Berkeley Physics
Course, Vol. 11, see Bibliography). A res
tor is made out of some conducting s
(carbon, or a thin metal or carbon
or wire of poor conductivity), with
coming out each end. It is characteri
by its resistance:

Currep ]
r other
Propor.

R=V/I

R is in ohms for V in volts and [ in
This is known as Ohm’s law. Tyr
resistors of the most frequently used |
(carbon composition) come in value

YV 1 ohm (192) to about 22 megohms (22
Ficure 17 Resistors are also characterized by !
RESISTORS

Resistors are truly ubiquitous. There are almost as many types as there are applications. Resist
are used in amplifiers as loads for active devices, in bias networks, and as feedback elemeri
combination with capacitors they establish time constants and act as filters. They are used t0'
operating currents and signal levels. Resistors are used in power circuits .to reduce voltag
dissipating power, to measure currents, and to discharge capacitors after DOWer is remove i
are used in precision circuits to establish currents, to provide ac ,
precise gain values. In logic circuits they act as bus and line termi
down” resistors. In high-voltage circuits they are used to measur
currents among diodes or capacitors connected in series. In ra

used as coil forms for inductors.

10

curate voltage ratios, and
nators and as “pull-up” and |
e voltages and to equalize 12%
diofrequency circuits they are=
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Equivalent source resistance and circuit
loading

As you have just seen, a voltage divider
powered from some fixed voltage is equiv-
alent to some smaller voltage source in
series with a resistor; for example, the out-
put terminals of a 10k—10k voltage divider
driven by a perfect 30 volt battery are pre-
cisely equivalent to a perfect 15 volt bat-
tery in series with a 5k resistor (Fig. 1.11).
Attaching a load resistor causes the volt-
age divider’s output to drop, owing to the
finite source resistance (Thévenin equiva-
lent resistance of the voltage divider out-
put, viewed as a source of voltage). This
is often undesirable. One solution to the
problem of making a stiff voltage source
(“stiff” is used in this context to describe
something that doesn’t bend under load)
might be to use much smaller resistors
in a voltage divider. Occasionally this
brute-force approach is useful. However
it is usually best to construct a voltagé
source, or power supply, as it’s commonly
called, using active components like tran-
sistors or operational amplifiers, which we
will treat in Chapters 2-4. In thig way
you can easily make a voltage source with
internal (Thévenin equivalent) resistance
measured in milliohms (thousandths of
an ohm), without the large currents and
dissipation of power characteristic of

low-resistance voltage divider deliverin:
the same performance. In addition, with

11

e e
———
i
——

5k

Thévenin

an active power supply it is ¢
the output voltage adjustable.

The concept of equival
resistance applies to all sort
not just batteries and volt
Signal sources (e.g., oscillat
fiers, and sensing devices)
equivalent internal resistance.
a load whose resistance is le
even comparable to the internal
will reduce the output consider
undesirable reduction of
circuit voltage (or signal) b
is called “circuit loading.”
you should strive to make
Rinternal, because a high-resi
has little attenuating effect on
(Fig. 1.12). You will se

1.0
. Mo il
VODen ck't P

0.5

0 ‘
ORout SROW{
load resistanc

Figure 112 %p avoid

Source bel()w its ope

load res;j
: Stan, comt
resistance. ce large com
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