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Chapter 1

NUMERA TION SYSTEMS

"Ther e are three types of people: thosewho can count, and those who cant."
Anon ymous

1.1 Num bers and symbols

The expressionof numerical quantities is something we tend to take for granted. This is both a
good and a bad thing in the study of electronics. It is good, in that we're accustomedto the use
and manipulation of nhumbers for the many calculations usedin analyzing electronic circuits. On
the other hand, the particular system of notation we've beentaught from grade school onward is
not the system usedinternally in modern electronic computing devices,and learning any di®eren
system of notation requires somere-examination of deeply ingrained assumptions.

First, we have to distinguish the di®erencebetweennumbersand the symbols we useto represen
numbers. A number is a mathematical quartity, usually correlated in electronics to a physical
quantity such as voltage, current, or resistance. There are many di®eren typesof numbers. Here
are just a few types, for example:

WHOLBRUMBERS:
1, 2, 3, 4 5 6, 7, 8 9.

INTEGERS:
-4, -3, -2, -1, 0, 1, 2, 3, 4.

IRRATIONAINUMBERS:
Y. (approx. 3.1415927), e (approx. 2.718281828),
square root of any prime

REALNUMBERS:
(Al one-dimensional numerical values, negative and positive,
including zero, whole, integer, and irrational numbers)

COMPLEXNUMBERS:
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3-j4, 345 6 20°

Di®erert types of numbers nd di®erert application in the physical world. Whole numbers
work well for courting discrete objects, such as the number of resistorsin a circuit. Integers are
neededwhen negative equivalents of whole numbers are required. Irrational numbers are numbers
that cannot be exactly expressedas the ratio of two integers, and the ratio of a perfect circle's
circumferenceto its diameter (%) is a good physical example of this. The non-integer quartities of
voltage, current, and resistancethat we're usedto dealing with in DC circuits can be expressedas
real numbers, in either fractional or decimal form. For AC circuit analysis, howewer, real numbers
fail to capture the dual essencef magnitude and phaseangle, and sowe turn to the useof complex
numbersin either rectangular or polar form.

If we areto usenumbersto understand processesn the physicalworld, make scierti ¢ predictions,
or balanceour chedbooks, we must have a way of symbolically denoting them. In other words, we
may know how much money we have in our chedking accourt, but to keeprecord of it we needto
have some system worked out to symbolize that quartity on paper, or in someother kind of form
for record-keepingand tracking. There are two basic ways we can do this: analog and digital. With
analog represettation, the quartity is symbolized in a way that is innitely divisible. With digital
represenation, the quartity is symbolized in a way that is discretely pacaged.

You're probably already familiar with an analog represenation of money, and didn't realize it
for what it was. Have you ever seena fund-raising poster made with a picture of a thermometer on
it, where the height of the red column indicated the amount of money collected for the cause?The
more money collected, the taller the column of red ink on the poster.

An analog representation
of a numerical quantity

— $50,000
— $40,000
— $30,000
— $20,000
— $10,000

— $0

This is an example of an analog represenation of a number. There is no real limit to how "nely
divided the height of that column can be made to symbolize the amournt of money in the accourt.
Changing the height of that column is something that can be done without changing the essetial
nature of what it is. Length is a physical quartity that can be divided as small as you would like,
with no practical limit. The slide rule is a medanical device that usesthe very same physical
quantity { length { to represen numbers, and to help perform arithmetical operations with two or
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more numbers at a time. It, too, is an analog device.
On the other hand, a digital represertation of that samemonetary “gure, written with standard
symbols (sometimescalled ciphers), looks like this:

$35,955.38

Unlike the "thermometer” poster with its red column, those symbolic characters above cannot
be "nely divided: that particular combination of ciphers stand for one quantity and one quantity
only. If more moneyis addedto the accourt (+ $40.12),di®erert symbols must be usedto represen
the new balance($35,995.50),or at least the samesymbols arrangedin di®erert patterns. This is an
example of digital represertation. The courterpart to the slide rule (analog) is also a digital device:
the abacus,with beadsthat are moved badk and forth on rods to symbolize numerical quartities:

Slide rule (an analog device)

TR Y 1R W T T R |”|“|||||||l — Slide

Numerical quantities are represented by
the positioning of the slide.

Abacus (a digital device)

Numerical quantities are represented by
the discrete positions of the beads.

Lets cortrast thesetwo methods of numerical represenation:

ANALOG DIGITAL

Intuitively understood = ----------- Requires training to interpret
Infinitely divisible = --------e-eee- Discrete
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Prone to errors of precision ------ Absolute precision

Interpretation of numerical symbolsis somethingwe tend to take for granted, becausdt hasbeen
taught to usfor many years. Howewer, if you wereto try to communicate a quartit y of somethingto
a personignorant of decimal numerals, that personcould still understand the simple thermometer
chart!

The innitely divisible vs. discrete and precision comparisonsare really °ip-sides of the same
coin. The fact that digital represenation is composedof individual, discretesymbols (decimal digits
and abacusbeads)necessarilymeansthat it will be able to symbolize quartities in precisesteps. On
the other hand, an analogrepresenation (such asa slide rule's length) is not composedof individual
steps,but rather a cortin uousrange of motion. The ability for a sliderule to characterizea numerical
guartit y to in nite resolution is a trade-o® for imprecision. If a slide rule is bumped, an error will
be introducedinto the represenation of the number that was"entered" into it. However, an abacus
must be bumped much harder beforeits beadsare completely dislodged from their places(suzcient
to represen a di®erent number).

Pleasedon't misunderstand this di®erencein precision by thinking that digital represeration
is necessarilymore accurate than analog. Just becausea clock is digital doesn't mean that it will
always read time more accurately than an analog clock, it just meansthat the interpretation of its
display is lessambiguous.

Divisibilit y of analogversusdigital represenation canbe further illuminated by talking about the
represertation of irrational numbers. Numbers sudh as Yaare called irrational, becausethey cannot
be exactly expressedasthe fraction of integers,or whole numbers. Although you might have learned
in the past that the fraction 22/7 can be usedfor %in calculations, this is just an approximation.
The actual number "pi* cannot be exactly expressedby any Tnite, or limited, number of decimal
places. The digits of ¥4go on forever:

3.1415926535897932384 .

It is possible, at least theoretically, to set a slide rule (or even a thermometer column) so as
to perfectly represent the number ¥ becauseanalog symbols have no minimum limit to the degree
that they can be increasedor decreased. If my slide rule shovs a gure of 3.141593instead of
3.141592654] can bump the slide just a bit more (or less)to getit closeryet. However, with digital
represenation, sud as with an abacus,| would need additional rods (place holders, or digits) to
represen Yto further degreesof precision. An abacuswith 10 rods simply cannot represen any
more than 10 digits worth of the number ¥4 no matter how | set the beads. To perfectly represen
Y an abacuswould have to have an in'nite number of beadsand rods! The tradeo®, of course, is
the practical limitation to adjusting, and reading, analog symbols. Practically speaking, one cannot
read a slide rule's scaleto the 10th digit of precision, becausethe marks on the scaleare too coarse
and human vision is too limited. An abacus, on the other hand, can be set and read with no
interpretational errors at all.

Furthermore, analog symbols require somekind of standard by which they can be comparedfor
preciseinterpretation. Slide rules have markings printed along the length of the slidesto translate
length into standard quartities. Even the thermometer chart has numeralswritten alongits height
to shav how much money (in dollars) the red column represens for any given amournt of height.
Imagine if we all tried to communicate simple numbers to ead other by spacing our hands apart
varying distances. The number 1 might be signi ed by holding our hands 1 inch apart, the number
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2 with 2 inches,and soon. If someoneheld their hands 17 inchesapart to represert the number 17,
would everyone around them be able to immediately and accurately interpret that distance as 17?
Probably not. Somewould guessshort (15 or 16) and somewould guesslong (18 or 19). Of course,
“shermen who brag about their catchesdon't mind overestimationsin quantit y!

Perhapsthis is why peoplehave generally settled upon digital symbols for represerting numbers,
especially whole numbers and integers, which 'nd the most application in everyday life. Using the
‘ngers on our hands, we have a ready meansof symbolizing integersfrom 0 to 10. We can make
hash marks on paper, wood, or stoneto represen the samequartities quite easily:

5 +5 + 3 =13

T 1]

For large numbers, though, the "hash mark" numeration systemis too inexcient.

1.2 Systems of numeration

The Romansdeviseda systemthat wasa substartial improvemen over hash marks, becauset used
a variety of symbols (or ciphers) to represern increasingly large quartities. The notation for 1 is the
capital letter | . The notation for 5 is the capital letter V. Other ciphers possessncreasingvalues:

X =10
L =50
C = 100
D = 500
M= 1000

If a cipher is accompaniedby another cipher of equal or lesservalue to the immediate right of it,
with no ciphers greater than that other cipher to the right of that other cipher, that other cipher's
value is added to the total quartity. Thus, VIII symbolizesthe number 8, and CLVIlI symbolizes
the number 157. On the other hand, if a cipher is accompaniedby another cipher of lesservalue to
the immediate left, that other cipher's value is subtracted from the “rst. Therefore, IV symbolizes
the number 4 (V minus |'), and CMsymbolizesthe number 900 (Mminus Q. You might have noticed
that ending credit sequencedor most motion pictures cortain a notice for the date of production,
in Roman numerals. For the year 1987, it would read: MCMLXXXVILet's break this numeral down
into its constituent parts, from left to right:

M= 1000
+

CM= 900
+

L =50

+

XXX= 30
+

V=5
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Aren't you glad we don't use this system of numeration? Large numbers are very ditcult to
denote this way, and the left vs. right / subtraction vs. addition of valuescan be very confusing,
too. Another major problem with this system is that there is no provision for represening the
number zero or negative numbers, both very important conceptsin mathematics. Roman culture,
however, was more pragmatic with respect to mathematics than most, choosingonly to develop their
numeration systemasfar asit was necessaryfor usein daily life.

We owe one of the most important ideasin numeration to the anciert Babylonians, who were
the “rst (asfar aswe know) to develop the conceptof cipher position, or place value, in represering
larger numbers. Instead of inverting new ciphersto represen larger numbers, as the Romans did,
they re-usedthe sameciphers, placing them in di®erert positions from right to left. Our own decimal
numeration system usesthis concept, with only ten ciphers (0, 1, 2, 3, 4, 5, 6, 7, 8, and 9) usedin
"weighted" positions to represent very large and very small numbers.

Each cipher represerts an integer quartity, and ead place from right to left in the notation
represens a multiplying constart, or weight for ead integer quartity. For example, if we seethe
decimal notation "1206", we known that this may be broken down into its constituent weight-
products as such:

1206 = 1000 + 200 + 6
1206 = (1 x 1000) + (2 x 100) + (0 x 10) + (6 x 1)

Each cipher is called a digit in the decimal numeration system,and ead weight, or place value, is
ten times that of the oneto the immediate right. So, we have a ones place, a tens place, a hundreds
place, a thousandsplace, and so on, working from right to left.

Right about now, you're probably wondering why I'm laboring to describe the obvious. Who
needsto be told how decimal numeration works, after you've studied math as advancedas algebra
and trigonometry? The reasonis to better understand other numeration systems,by “rst knowing
the how's and why's of the one you're already usedto.

The decimal numeration system usesten ciphers, and place-weights that are multiples of ten.
What if we made a numeration systemwith the samestrategy of weighted places,exceptwith fewer
or more ciphers?

The binary numeration systemis such a system. Instead of ten di®eren cipher symbols, with
ead weight constart being ten times the one beforeit, we only have two cipher symbols, and eath
weight constart is twice as much as the one beforeit. The two allowable cipher symbols for the
binary systemof numeration are"1" and "0," and theseciphersare arrangedright-to-left in doubling
values of weight. The rightmost place is the ones place, just aswith decimal notation. Proceeding
to the left, we have the twos place, the fours place, the eights place, the sixteens place, and so on.
For example, the following binary number can be expressed,just like the decimal number 1206, as
a sum of ead cipher value times its respective weight constarnt:

11010 = 2 + 8 + 16 = 26
11010= (1 x 16) + (1 x 8) + (0 x 4) + (L x 2) + (0 x 1)

This can get quite confusing, as I've written a number with binary numeration (11010), and
then shawn its place valuesand total in standard, decimal numeration form (16 + 8 + 2 = 26). In
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the above example, we're mixing two di®erent kinds of numerical notation. To avoid unnecessary
confusion, we have to denote which form of numeration we're using when we write (or type!).
Typically, this is donein subscript form, with a"2" for binary and a "10" for decimal, sothe binary
number 1101@Q is equal to the decimal number 26,,.

The subscripts are not mathematical operation symbols like superscripts (exponerts) are. All
they do is indicate what system of numeration we're using when we write these symbols for other
peopleto read. If yousee'314", all this meansis the number three written using decimal numeration.
However, if you see"3", this means something completely di®eren: three to the tenth power
(59,049). As usual, if no subscript is shown, the cipher(s) are assumedto be represering a decimal
number.

Commonly, the number of cipher types (and therefore, the place-value multiplier) usedin a
numeration systemis called that system'sbase Binary is referredto as"base two" numeration, and
decimal as "base ten." Additionally , we refer to ead cipher position in binary as a bit rather than
the familiar word digit usedin the decimal system.

Now, why would anyone usebinary numeration? The decimal system, with its ten ciphers, makes
a lot of sense peingthat we have ten "ngers on which to count betweenour two hands. (It is inter-
esting that someanciert certral American cultures used numeration systemswith a baseof twenty.
Presumably, they used both "ngers and toesto court!!). But the primary reasonthat the binary
numeration systemis usedin modern electronic computersis becauseof the easeof represerting two
cipher states (0 and 1) electronically. With relatively simple circuitry , we can perform mathematical
operations on binary numbersby represeting ead bit of the numbersby a circuit which is either on
(current) or o®(no current). Just like the abacuswith ead rod represerting another decimal digit,
we simply add more circuits to give us more bits to symbolize larger numbers. Binary numeration
also lends itself well to the storageand retrieval of numerical information: on magnetic tape (spots
of iron oxide on the tape either being magnetizedfor a binary "1" or demagnetizedfor a binary "0"),
optical disks (a laser-burned pit in the aluminum foil represerniing a binary "1" and an unburned
spot represerting a binary "0"), or a variety of other mediatypes.

Before we go on to learning exactly how all this is done in digital circuitry, we needto become
more familiar with binary and other assaiated systemsof numeration.

1.3 Decimal versus binary numeration

Let's count from zero to twenty using four di®erert kinds of numeration systems: hash marks,
Roman numerals, decimal, and binary:

System: Hash Marks Roman Decimal Binary
Zero n/a n/a 0 0
One | I 1 1
Two Il I 2 10
Three I 1 3 11
Four I v 4 100
Five N\ Y, 5 101
Six nme | \ 6 110
Seven I/ Il VII 7 111
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Eight nme VI 8 1000
Nine nme N IX 9 1001
Ten me  m X 10 1010
Eleven me  nir | Xl 11 1011
Twelve m: mnmr Xl 12 1100
Thirteen me  nr Xl 13 1101
Fourteen /||l 1II7 1l XV 14 1110
Fifteen me —mie N XV 15 1111
Sixteen me —nmr e XVI 16 10000
Seventeen |||/ NI I/ Il XVII 17 10001
Eighteen /Il /MK N1 XVIII 18 10010
Nineteen /Il /MK NI NIl XIX 19 10011
Twenty me me  mr m XX 20 10100

Neither hash marks nor the Roman system are very practical for symbolizing large numbers.
Obviously, place-weighted systemssud as decimal and binary are more excient for the task. No-
tice, though, how much shorter decimal notation is over binary notation, for the samenumber of
quartities. What takes™v e bits in binary notation only takestwo digits in decimal notation.

This raisesan interesting questionregarding di®erert numeration systems: how large of a number
can be represerted with a limited number of cipher positions, or places?With the crude hash-mark
system, the number of placesIS the largest number that can be represeried, since one hash mark
"place" is required for every integer step. For place-weighted systemsof numeration, however, the
answer is found by taking baseof the numeration system (10 for decimal, 2 for binary) and raising
it to the power of the number of places. For example, 5 digits in a decimal numeration system
can represert 100,000di®erert integer number values, from 0 to 99,999 (10 to the 5th power =
100,000). 8 bits in a binary numeration system can represern 256 di®eren integer number values,
from O to 11111111(binary), or 0 to 255 (decimal), because2 to the 8th power equals256. With
eac additional place position to the number "eld, the capacity for represerting numbers increases
by a factor of the base(10 for decimal, 2 for binary).

An interesting footnote for this topic is the one of the “rst electronic digital computers, the
Eniac. The designersof the Eniac choseto represert numbers in decimal form, digitally, using a
seriesof circuits called "ring counters" instead of just going with the binary numeration system, in
an e®ortto minimize the number of circuits required to represen and calculate very large numbers.
This approad turned out to be counter-productive, and virtually all digital computers since then
have been purely binary in design.

To corvert a number in binary numeration to its equivalert in decimal form, all you have to
do is calculate the sum of all the products of bits with their respective place-weight constarts. To
illustrate:

Convert 1100110L to decimal form:

bits = 11 001101
weight = 1 6 318421
(in  decimal 2 4 2 6

notation) 8
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The bit on the far right side is called the Least Signi cant Bit (LSB), becauseit standsin the
place of the lowest weight (the one'splace). The bit on the far left sideis called the Most Signi cant
Bit (MSB), becauseit standsin the place of the highest weight (the one hundred twenty-eight's
place). Remenber, a bit value of "1" meansthat the respective place weight getsaddedto the total
value, and a bit value of "0" meansthat the respective place weight doesnot get addedto the total
value. With the above example, we have:

12810 + 6419 + 810 + 410 + lig = 205

If we encourter a binary number with a dot (.), called a "binary point" instead of a decimal
point, we follow the same procedure, realizing that ead place weight to the right of the point is
one-half the value of the one to the left of it (just as ead place weight to the right of a decimal
point is one-terth the weight of the oneto the left of it). For example:

Convert 101.011, to decimal form:

bits = 1 01

0 11
weight = 4 2 1 111
(in decimal [
notation) 2 4 8

49 + 19 + 025, + 0.125,9 = 5.37579

1.4 Octal and hexadecimal numeration

Becausebinary numeration requires so many bits to represen relatively small numbers compared
to the econony of the decimal system, analyzing the numerical states inside of digital electronic
circuitry can be a tedious task. Computer programmers who design sequencesof number codes
instructing a computer what to do would have a very dixcult task if they were forced to work with
nothing but long strings of 1's and Q's, the "nativ e language" of any digital circuit. To makeit easier
for human engineers,technicians, and programmersto "speak” this languageof the digital world,
other systemsof place-weighted numeration have beenmade which are very easyto convert to and
from binary.

One of those numeration systemsis called octal, becauseit is a place-weighted system with a
baseof eight. Valid ciphersinclude the symbols 0, 1, 2, 3, 4, 5, 6, and 7. Each place weight di®ers
from the onenext to it by a factor of eight.

Another systemis called hexadeimal, becausét is a place-weighted systemwith a baseof sixteen.
Valid ciphersinclude the normal decimal symbols 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9, plus six alphabetical
characters A, B, C, D, E, and F, to make a total of sixteen. As you might have guessedalready,
ead place weight di®ersfrom the one beforeit by a factor of sixteen.

Let's count again from zeroto twenty using decimal, binary, octal, and hexadecimalto cortrast
these systemsof numeration:

Number Decimal Binary Octal Hexadecimal
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Zero 0 0 0 0
One 1 1 1 1
Two 2 10 2 2
Three 3 11 3 3
Four 4 100 4 4
Five 5 101 5 5
Six 6 110 6 6
Seven 7 111 7 7
Eight 8 1000 10 8
Nine 9 1001 11 9
Ten 10 1010 12 A
Eleven 11 1011 13 B
Twelve 12 1100 14 C
Thirteen 13 1101 15 D
Fourteen 14 1110 16 E
Fifteen 15 1111 17 F
Sixteen 16 10000 20 10
Seventeen 17 10001 21 11
Eighteen 18 10010 22 12
Nineteen 19 10011 23 13
Twenty 20 10100 24 14

Octal and hexadecimalnumeration systemswould be pointlessif not for their ability to be easily
converted to and from binary notation. Their primary purposein beingisto serwe asa "shorthand"
method of denoting a number represenied electronically in binary form. Becausethe basesof octal
(eight) and hexadecimal (sixteen) are even multiples of binary's base (two), binary bits can be
grouped together and directly corverted to or from their respective octal or hexadecimal digits.
With octal, the binary bits are grouped in three's (because2® = 8), and with hexadecimal, the
binary bits are grouped in four's (because2* = 16):

BINARYTO OCTALCONVERSION
Convert 10110111.1, to octal:

implied zero implied zeros

I I
010 110 111 100

Convert each group of bits --- — L -
to its octal equivalent: 2 6 7 4

Answer: 10110111.1, = 267.4g

We had to group the bits in three's, from the binary point left, and from the binary point right,
adding (implied) zerosas necessaryto make complete 3-bit groups. Each octal digit was translated
from the 3-bit binary groups. Binary-to-Hexadecimal conversionis much the same:

BINARYTO HEXADECIMATLONVERSION
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Convert 10110111.1, to hexadecimal:

implied zeros
If
. 1011 0111 1000
Convert each group of bits s
to its hexadecimal equivalent: B 7 8

Answer: 10110111.1, = B7.84¢

Here we had to group the bits in four's, from the binary point left, and from the binary point
right, adding (implied) zerosas necessaryto make complete 4-bit groups:

Likewise,the corversion from either octal or hexadecimalto binary is done by taking ead octal
or hexadecimaldigit and converting it to its equivalent binary (3 or 4 bit) group, then putting all
the binary bit groups together.

Incidentally, hexadecimalnotation is more popular, becausebinary bit groupingsin digital equip-
ment are commonly multiples of eight (8, 16, 32, 64, and 128 bit), which are also multiples of 4.
Octal, being basedon binary bit groups of 3, doesn't work out evenly with those common bit group
sizings.

1.5 Octal and hexadecimal to decimal conversion

Although the prime intent of octal and hexadecimal numeration systemsis for the "shorthand”
represenation of binary numbersin digital electronics,we sometimeshave the needto corvert from
either of those systemsto decimal form. Of course, we could simply corvert the hexadecimal or
octal format to binary, then corvert from binary to decimal, sincewe already know how to do both,
but we can also corvert directly.

Becauseoctal is a base-eiglh numeration system, ead place-weight value di®ers from either
adjacert place by a factor of eight. For example, the octal number 245.37can be broken down into
place valuesas such:

octal

digits = 2 45 3 7

weight = 6 8 1 11

(in  decimal 4 [

notation) 8 6
4

The decimal value of ead octal place-weight times its respective cipher multiplier can be deter-
mined as follows:

(2 x 6419) + (4 x8p) + (5 x 1) + (3 x 0.12555) +
(7 x 0.0156253p) = 165.4843759
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The technique for converting hexadecimal notation to decimal is the same, except that ead
successie place-weight changesby a factor of sixteen. Simply denote eact digit's weight, multiply
ead hexadecimaldigit value by its respective weight (in decimal form), then add up all the decimal
valuesto get a total. For example,the hexadecimalnumber 30F.A9;5 can be corverted like this:

hexadecimal
digits = 3 0F . A9
weight = 2 11 11
(in decimal 5 6 I
notation) 6 1 2
6 5
6

(3 X 25610) + (0 X 1610) + (15 x 119) + (10 x 0.062515) +
(9 x 0.003906255) = 783.66015625,

These basic techniques may be usedto corvert a numerical notation of any baseinto decimal
form, if you know the value of that numeration system'sbase.

1.6 Conversion from decimal numeration

Becauseoctal and hexadecimalnumeration systemshave basesthat are multiples of binary (base?2),
conversionbadk and forth betweeneither hexadecimalor octal and binary is very easy Also, because
we are so familiar with the decimal system, corverting binary, octal, or hexadecimalto decimal
form is relatively easy (simply add up the products of cipher valuesand place-weights). However,
conversion from decimal to any of these"strange" numeration systemsis a di®erert matter.

The method which will probably make the most senseis the "trial-and-t* method, where you
try to "t" the binary, octal, or hexadecimalnotation to the desiredvalue asrepreserted in decimal
form. For example,let's say that | wanted to represen the decimal value of 87 in binary form. Let's
start by drawing a binary number "eld, complete with place-weight values:

weight =

16 318421
(in  decimal 2 4 2 6
notation) 8

Well, we know that we won't have a "1" bit in the 128'splace, becausethat would immediately
give us a value greater than 87. However, sincethe next weight to the right (64) is lessthan 87, we
know that we must have a "1" there.

1
. - - - - - - - Decimal value so far = 644
weight = 6 318 4 21
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(in decimal 4 2 6
notation)

If we were to make the next place to the right a "1" aswell, our total value would be 64,5 +
3210, Or 9619. This is greater than 879, so we know that this bit must be a "0". If we make the
next (16's) place bit equalto "1," this brings our total valueto 64, + 16,0, or 80,9, Which is closer
to our desiredvalue (871p) without exceedingit:

1 0 1
. S Decimal value so far = 809
weight = 6 318 4 2 1
(in decimal 4 2 6
notation)

By continuing in this progression,setting ead lesser-veight bit as we needto comeup to our
desiredtotal value without exceedingit, we will evertually arrive at the correct gure:

1010111
. S Decimal value so far = 87
weight = 6 318421
(in decimal 4 2 6
notation)

This trial-and-'t strategy will work with octal and hexadecimalconversions,too. Let's take the
samedecimal gure, 879, and cornvert it to octal numeration:

weight =
(in  decimal
notation)

o
o !
[

If we put a cipher of "1" in the 64's place, we would have a total value of 64,y (lessthan 8719).
If we put a cipher of "2" in the 64's place, we would have a total value of 128,45 (greater than 87y9).
This tells us that our octal humeration must start with a "1" in the 64's place:

1
. - - - Decimal value so far = 6449
weight = 6 8 1
(in  decimal 4
notation)

Now, we needto experiment with cipher valuesin the 8's placeto try and get a total (decimal)
value as closeto 87 as possiblewithout exceedingit. Trying the rst few cipher options, we get:

"1" = 6410 + 810 = 7210
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"2" = 6449 + 1659 = 8049
"3" = 6410 + 2410 = 88y
A cipher value of "3" in the 8's place would put us over the desiredtotal of 87,9, s0"2" it is!
1 2
. - - - Decimal value so far = 809
weight = 6 8 1
(in  decimal 4
notation)
Now, all we needto make a total of 87 is a cipher of "7" in the 1's place:
1 2 7
. - - - Decimal value so far = 879
weight = 6 8 1
(in decimal 4
notation)

Of course, if you were paying attention during the last section on octal/binary conversions,
you will realize that we can take the binary represenation of (decimal) 87,9, which we previously
determined to be 101011%, and easily convert from that to octal to chedk our work:

Implied zeros

|
001 010 111 Binary

1 2 7 Octal
Answer: 101011%L = 127g

Can we do decimal-to-hexadecimalcorversion the sameway? Sure, but who would want to?
This method is simple to understand, but laborious to carry out. There is another way to do these
conversions,which is essetially the same(mathematically), but easierto accomplish.

This other method usesrepeated cyclesof division (using decimal notation) to break the decimal
numeration down into multiples of binary, octal, or hexadecimal place-weight values. In the “rst
cycle of division, we take the original decimal number and divide it by the baseof the numeration
system that we're corverting to (binary=2 octal=8, hex=16). Then, we take the whole-number
portion of division result (quotient) and divide it by the basevalue again, and so on, until we end
up with a quotient of lessthan 1. The binary, octal, or hexadecimaldigits are determined by the
“remainders" left over by ead division step. Let's seehow this works for binary, with the decimal
example of 87p:

87 Divide 87 by 2, to get a quotient of 43.5
-—-- =435 Division "remainder" = 1, or the < 1 portion
2 of the quotient times the divisor (0.5 x 2)
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43 Take the whole-number portion of 43.5 (43)
- =215 and divide it by 2 to get 21.5, or 21 with
2 a remainder of 1

21 Andso on. . . remainder =1 (0.5 x 2)
-- =105

2

10 Andso on . . . remainder =0

-- =50

2

5 Andso on . . . remainder =1 (0.5 x 2)
-- =25

2

2 Andso on . . . remainder = 0

-- =1.0

2

1 . . . untl  weget a quotient of less than 1
- =05 remainder = 1 (0.5 x 2)

2

The binary bits are assenbled from the remainders of the successie division steps, beginning
with the LSB and proceedingto the MSB. In this case,we arrive at a binary notation of 101011%.
When we divide by 2, we will always get a quotient ending with either ".0" or ".5", i.e. aremainder
of either 0 or 1. As was said before, this repeat-division technique for conversion will work for
numeration systemsother than binary. If we were to perform successie divisions using a di®eren
number, suc as 8 for cornversionto octal, we will necessarilyget remaindersbetween0 and 7. Let's
try this with the samedecimal number, 87;p:

87 Divide 87 by 8, to get a quotient of 10.875
--- = 10.875 Division "remainder" = 7, or the < 1 portion
8 of the quotient times the divisor (.875 x 8)
10

-- =125 Remainder = 2

8

1

--- = 0.125 Quotient is less than 1, so we'll stop here.
8 Remainder = 1

RESULT: 8710 = 127,
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We can use a similar technique for corverting numeration systemsdealing with quartities less
than 1, as well. For corverting a decimal number lessthan 1 into binary, octal, or hexadecimal,
we use repeated multiplication, taking the integer portion of the product in ead step as the next
digit of our converted number. Let's usethe decimal number 0.8125, asan example, corverting to
binary:

0.8125 x 2 = 1.625 Integer portion of product =1

0.625 x 2 = 1.25 Take < 1 portion of product and remultiply
Integer portion of product =1

0.25 x 2 =05 Integer portion of product =0

05 x2=10 Integer portion of product =1

Stop when product is a pure integer
(ends with .0)

RESULT: 0.8125;0 = 0.1101;

As with the repeat-division processfor integers, ead step givesus the next digit (or bit) further
away from the "point." With integer (division), we worked from the LSB to the MSB (right-to-left),
but with repeated multiplication, we worked from the left to the right. To corvert a decimal number
greater than 1, with a <1 componenrt, we must useboth techniques,oneat a time. Take the decimal
example of 54.40625q, cornverting to binary:

REPEATEDIVISION FORTHEINTEGERPORTION:

54

-- =270 Remainder = 0

2

27

--- =135 Remainder =1 (0.5 x 2)
2

13

-- =65 Remainder = 1 (0.5 x 2)
2

6

- =30 Remainder = 0

2

3

- =15 Remainder = 1 (0.5 x 2)
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— =05 Remainder = 1 (0.5 x 2)

PARTIALANSWER:54,; = 110110,
REPEATEBULTIPLICATIONFORTHE< 1 PORTION:
0.40625 x 2 = 0.8125 Integer portion of product =

0.8125 x 2 = 1.625 Integer portion of product =

0.625 x 2 = 1.25 Integer portion of product =
0.25 x 2 =05 Integer portion of product =
05 x2=10 Integer portion of product =

PARTIALANSWER:0.40625,, = 0.01101,
COMPLETENSWER54, + 0.40625,7 = 54.406251¢

11011 + 0.01101, = 110110.01101,

17
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Chapter 2

BINAR Y ARITHMETIC

2.1 Num bers versus numeration

It is imperative to understand that the type of numeration systemusedto represern numbers has
no impact upon the outcome of any arithmetical function (addition, subtraction, multiplication,
division, roots, powers, or logarithms). A number is a number is a number; one plus one will always
equal two (so long as we're dealing with real numbers), no matter how you symbolize one, one,
and two. A prime number in decimal form is still prime if it's shown in binary form, or octal, or
hexadecimal. Yais still the ratio betweenthe circumferenceand diameter of a circle, no matter what
symbol(s) you useto denoteits value. The essetial functions and interrelations of mathematics
are una®ectedby the particular system of symbols we might chooseto represen quartities. This
distinction betweennumbers and systemsof numeration is critical to understand.

The essetial distinction betweenthe two is much like that betweenan object and the spoken
word(s) we assaiate with it. A houseis still a houseregardlessof whether we call it by its English
name houseor its Spanishname casa The “rst is the actual thing, while the secondis merely the
symbol for the thing.

That being said, performing a simple arithmetic operation such asaddition (longhand) in binary
form can be confusingto a personaccustomedto working with decimal numeration only. In this
lesson,we'll explore the techniquesusedto perform simple arithmetic functions on binary numbers,
since these techniques will be employed in the design of electronic circuits to do the same. You
might take longhand addition and subtraction for granted, having useda calculator for solong, but
deepinside that calculator's circuitry all those operations are performed "longhand,” using binary
numeration. To understand how that's accomplished,we needto review to the basicsof arithmetic.

2.2 Binary addition

Adding binary numbersis a very simple task, and very similar to the longhand addition of decimal
numbers. As with decimal numbers, you start by adding the bits (digits) one column, or place
weight, at a time, from right to left. Unlike decimal addition, there is little to memorizein the way
of rules for the addition of binary bits:

19
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e el el e e

0
=11
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Just aswith decimal addition, when the sumin one column is a two-bit (two-digit) humber, the
least signi cant gure is written aspart of the total sum and the most signi cant gure is "carried"
to the next left column. Considerthe following examples:

11 1 <--- Carry bits --—--- > 11

1001101 1001001 1000111
+ 0010010 + 0011001 + 0010110
1011111 1100010 1011101

The addition problem on the left did not require any bits to be carried, sincethe sum of bits in
eacd column waseither 1 or 0, not 10 or 11. In the other two problems, there de nitely were bits to
be carried, but the processof addition is still quite simple.

As we'll seelater, there are ways that electronic circuits can be built to perform this very task of
addition, by represetting ead bit of ead binary number as a voltage signal (either "high," for a 1;
or "low" for a 0). This is the very foundation of all the arithmetic which modern digital computers
perform.

2.3 Negativ e binary numbers

With addition being easily accomplished,we can perform the operation of subtraction with the same
technique simply by making one of the numbers negative. For example, the subtraction problem
of 7 - 5is essetially the sameas the addition problem 7 + (-5). Since we already know how to
represen positive numbers in binary, all we needto know now is how to represen their negative
counterparts and we'll be able to subtract.

Usually we represen a negative decimal number by placing a minus sign directly to the left of
the most signi cant digit, just asin the example above, with -5. Howewer, the whole purpose of
using binary notation is for constructing on/o® circuits that can represen bit valuesin terms of
voltage (2 alternativ e values: either "high" or "low"). In this context, we don't have the luxury of a
third symbol such asa "minus" sign, sincethesecircuits can only be on or o® (two possiblestates).
One solution is to reserne a bit (circuit) that doesnothing but represen the mathematical sign:

101, = 519 (positive)

Extra bit, representing sign (O=positive, 1=negative)
I
0101, = 549 (positive)

Extra bit, representing sign (O=positive, 1=negative)
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|
1101, = -539 (negative)

As you can see,we have to be careful when we start using bits for any purpose other than
standard place-weighted values. Otherwise, 110% could be misinterpreted as the number thirteen
when in fact we meanto represen negative v e. To keepthings straight here, we must rst decide
how many bits are going to be neededto represen the largest numbers we'll be dealing with, and
then be surenot to exceedthat bit "eld length in our arithmetic operations. For the above example,
I've limited myself to the represenation of numbers from negative sewen (1111;) to positive sewven
(011%), and no more, by making the fourth bit the "sign" bit. Only by rst establishingtheselimits
can | avoid confusion of a negative number with a larger, positive number.

Represening negative v e as 1101 is an example of the sign-magnitude system of negative
binary numeration. By using the leftmost bit as a sign indicator and not a place-weighted value, |
am sacri cing the "pure” form of binary notation for somethingthat givesme a practical advantage:
the represenation of negative numbers. The leftmost bit is read as the sign, either positive or
negative, and the remaining bits are interpreted according to the standard binary notation: left to
right, place weights in multiples of two.

As simple asthe sign-magnitude approac is, it is not very practical for arithmetic purposes.For
instance, how do | add a negative v e (1101) to any other number, using the standard technique
for binary addition? I'd have to invent a new way of doing addition in order for it to work, and
if 1 do that, | might as well just do the job with longhand subtraction; there's no arithmetical
advantage to using negative numbers to perform subtraction through addition if we have to do it
with sign-magnitude numeration, and that was our goal!

There's another method for represeiing negative numbers which works with our familiar tech-
nigue of longhand addition, and also happensto make more sensefrom a place-weighted numeration
point of view, called complementation With this strategy, we assignthe leftmost bit to sere a
special purpose,just aswe did with the sign-magnitude approad, de ning our number limits just
as before. However, this time, the leftmost bit is more than just a sign bit; rather, it possessea
negative place-weight value. For example, a value of negative "v e would be represened as sudh:

Extra bit, place weight = negative eight

I
1011, = 5,9 (negative)

(1 x-819) + (0 x49) + (1 x20) + (1 x1) = -510

With the right three bits being able to represern a magnitude from zero through sewen, and
the leftmost bit represening either zero or negative eight, we can successfullyrepresen any integer
number from negative seven (1001, = -8,9 + 710 = -1j9) to positive seven (0111 = 09 + 719 =
710)-

Represeting positive numbers in this scheme (with the fourth bit designated as the negative
weight) is no di®eren from that of ordinary binary notation. However, represeiting negative num-
bersis not quite as straightforward:

zero 0000
positive  one 0001 negative one 1111
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positive  two 0010 negative two 1110
positive  three 0011 negative three 1101
positive  four 0100 negative four 1100
positive  five 0101 negative five 1011
positive  six 0110 negative six 1010
positive seven 0111 negative seven 1001

negative eight 1000

Note that the negative binary numbers in the right column, being the sum of the right three
bits' total plus the negative eight of the leftmost bit, don't "count” in the sameprogressionas the
positive binary numbersin the left column. Rather, the right three bits have to be set at the proper
value to equal the desired (negative) total when summedwith the negative eight place value of the
leftmost bit.

Those right three bits are referred to as the two's complement of the corresponding positive
number. Consider the following comparison:

positive  number two's complement
001 111
010 110
011 101
100 100
101 011
110 010
111 001

In this case,with the negative weight bit being the fourth bit (place value of negative eight), the
two's complemert for any positive number will be whatever value is neededto add to negative eight
to make that positive value's negative equivalent. Thankfully, there's an easyway to gure out the
two's complemen for any binary number: simply invert all the bits of that number, changing all
1'sto O's and visa-versa(to arrive at what is called the one's complement) and then add one! For
example, to obtain the two's complemen of v e (101,), we would rst invert all the bits to obtain
01@G, (the "one's complemen"), then add oneto obtain 011,, or -5;¢ in three-bit, two's complemen
form.

Interestingly enough, generatingthe two's complemen of a binary number works the sameif you
manipulate all the bits, including the leftmost (sign) bit at the sametime as the magnitude bits.
Let's try this with the former example, converting a positive v e to a negative v e, but performing
the complemeriation processon all four bits. We must be sure to include the O (positive) sign bit
on the original number, "v e (0101). First, inverting all bits to obtain the one'scomplemen: 101G.
Then, adding one, we obtain the "nal answer: 1011, or -5, expressedn four-bit, two's complemer
form.

It is critically important to remenber that the place of the negative-weight bit must be already
determined before any two's complemert cornversionscan be done. If our binary numeration eld
were suc that the eighth bit was designatedas the negative-weight bit (1000000Q), we'd have to
determine the two's complemen basedon all sewen of the other bits. Here, the two's complemern of
"v e (000010%) would be111101%. A positive v ein this systemwould be represerted as0000010%,
and a negative veas11111013%.
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2.4  Subtraction

We can subtract one binary number from another by using the standard techniques adapted for
decimal numbers (subtraction of ead bit pair, right to left, "b orrowing" as neededfrom bits to
the left). Howevwer, if we can leveragethe already familiar (and easier)technique of binary addition
to subtract, that would be better. As we just learned, we can represen negative binary numbers
by using the "two's complemen” method and a negative place-weight bit. Here, we'll use those
negative binary numbersto subtract through addition. Here's a sample problem:

Subtraction: 719 - 510 Addition equivalent: 710 + (-5 10)

If all we needto do is represer seven and negative v e in binary (two's complemeried) form, all
we needis three bits plus the negative-weight bit:

positive  seven
negative five

0111,
1011,

Now, let's add them together:

1111 <--- Carry bits
0111
+ 1011

Discard extra bit
Answer = 0010,

Since we've already de ned our number bit "eld as three bits plus the negative-weight bit, the
“fth bit in the answer (1) will be discardedto give us a result of 0010, or positive two, which is the
correct answer.

Another way to understand why we discard that extra bit is to remenber that the leftmost bit
of the lower number possessea negative weight, in this caseequal to negative eight. When we add
these two binary numbers together, what we're actually doing with the MSBs is subtracting the
lower number's MSB from the upper number's MSB. In subtraction, one newver "carries” a digit or
bit on to the next left place-weight.

Let's try another example, this time with larger numbers. If we want to add -25;p to 18y,
we must rst decide how large our binary bit "eld must be. To represen the largest (absolute
value) number in our problem, which is twenty-'v e, we need at least v e bits, plus a sixth bit
for the negative-weight bit. Let's start by represeiing positive twenty- v e, then "nding the two's
complemen and putting it all together into one numeration:

+25 = 011001, (showing all six bits)
One's complement of 11001, = 100110
One's complement + 1 = two's complement = 100111,
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-2510 = 10011%

Essettially, we're represerting negative twerty- v e by using the negative-weight (sixth) bit with
a value of negative thirt y-two, plus positive sewven (binary 111,).
Now, let's represent positive eighteen in binary form, shawing all six bits:

18 = 010010,
Now, let's add them together and see what we get:

11 <--- Carry bits
100111
+ 010010

111001

Sincethere were no "extra" bits on the left, there are no bits to discard. The leftmost bit on
the answer is a 1, which meansthat the answer is negative, in two's complemen form, asit should
be. Converting the answer to decimal form by summing all the bits times their respective weight
values, we get:

(1 X -3210) + (l X 1610) + (l X 810) + (l X 110) = -710

Indeed -719 is the proper sum of -25;5 and 18g.

25 Overow

One caveat with signed binary numbers is that of over°ow, where the answer to an addition or

subtraction problem exceedsthe magnitude which can be represened with the alloted number of

bits. Remenber that the place of the sign bit is xed from the beginning of the problem. With the

last example problem, we used v e binary bits to represert the magnitude of the number, and the

left-most (sixth) bit asthe negative-weight, or sign, bit. With v e bits to represen magnitude, we

have a represertation range of 2°, or thirt y-two integer stepsfrom 0 to maximum. This meansthat

we canrepresent a number ashigh as+31,¢ (01111%), or aslow as-32;¢ (10000Q). If we setup an

addition problem with two binary numbers, the sixth bit usedfor sign, and the result either exceeds
+3140 or is lessthan -32;, our answer will be incorrect. Let's try adding 1719 and 19 to seehow

this over®ow condition works for excessie positive numbers:

1730 = 10001, 19,0 = 10011,
1 11 <-- Carry bits
(Showing sign bits) 010001
+ 010011

100100
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The answer (10010@Q), interpreted with the sixth bit asthe -32;9 place, is actually equalto -28;,
not +3619 as we should get with +17,9 and +19;9 added together! Obviously, this is not correct.
What went wrong? The answer lies in the restrictions of the six-bit number "eld within which we're
working Sincethe magnitude of the true and proper sum (36;9) exceedsthe allowable limit for our
designatedbit “eld, we have an over®ow error. Simply put, six placesdoesn't give enough bits to
represen the correct sum, sowhatever gure we obtain usingthe strategy of discarding the left-most
"carry" bit will be incorrect.

A similar error will occur if we add two negative numbers together to produce a sumthat is too
low for our six-bit binary “eld. Let's try adding -17;p and -19,o together to seehow this works (or
doesn't work, asthe casemay bel):

-1710 = 10111% -19,p = 10110%
1 1111 <--- Carry bits
(Showing sign bits) 101111
+ 101101
1011100

Discard extra bit
FINAL ANSWER: 011100 = +28;p

The (incorrect) answer is a positive twenty-eight. The fact that the real sum of negative sewerteen
and negative nineteen was too low to be properly represerted with a v e bit magnitude "eld and a
sixth sign bit is the root causeof this dixcult y.

Let's try thesetwo problems again, except this time using the sewenth bit for a sign bit, and
allowing the useof 6 bits for represening the magnitude:

1710 + 19 (-17 10) + (-19 10)
1 11 11 1111
0010001 1101111

+ 0010011 + 1101101
0100106 11011100

Discard extra bit

. ANSWERS:010010G
101110G

+3610
-36 10

By using bit "elds suzxciently large to handle the magnitude of the sums,we arrive at the correct
answers.

In these sample problems we've beenable to detect over°ow errors by performing the addition
problemsin decimal form and comparing the results with the binary answers. For example, when
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adding +17 19 and +19,¢ together, we knew that the answer was suppseal to be +36 19, sowhen the
binary sum cheded out to be -28,9, we knew that something had to be wrong. Although this is a
valid way of detecting over®ow, it is not very excient. After all, the whole idea of complemenation
is to be able to reliably add binary numbers together and not have to double-ched the result by
adding the samenumberstogether in decimalform! This is especially true for the purposeof building
electronic circuits to add binary quartities together: the circuit hasto be able to ched itself for
over°ow without the supervision of a human being who already knows what the correct answer is.

What we needis a simple error-detection method that doesn't require any additional arithmetic.
Perhaps the most elegar solution is to ched for the sign of the sum and compareit against the
signsof the numbers added. Obviously, two positive numbers added together should give a positive
result, and two negative numbersaddedtogether should give a negative result. Notice that wheneer
we had a condition of over®ow in the example problems, the sign of the sum was always opposite
of the two added numbers: +1719 plus +19¢ giving -28;9, oOr -1719 plus -19;9 giving +2819. By
cheding the signsalone we are able to tell that somethingis wrong.

But what about caseswvherea positive number is addedto a negative number? What sign should
the sumbein order to be correct. Or, more precisely what sign of sum would necessarilyindicate an
over°ow error? The answer to this is equally elegart: there will never be an over®ow error when two
numbers of opposite signs are added together! The reasonfor this is apparert when the nature of
over°ow is considered. Over°ow occurs when the magnitude of a number exceedshe range allowed
by the size of the bit "eld. The sum of two identically-signed numbers may very well exceedthe
range of the bit "eld of thosetwo numbers, and soin this caseover’ow is a possibility. Howewer, if a
positive number is addedto a negative number, the sum will always be closerto zerothan either of
the two added numbers: its magnitude must be lessthan the magnitude of either original humber,
and so over°ow is impossible.

Fortunately, this technique of over°ow detection is easilyimplemented in electronic circuitry , and
it is a standard feature in digital adder circuits: a subject for a later chapter.

2.6 Bit groupings

The singular reasonfor learning and using the binary numeration systemin electronicsis to under-
stand how to design,build, and troubleshoot circuits that represert and processnumerical quantities
in digital form. Sincethe bivalent (two-valued) systemof binary bit numeration lendsitself soeasily
to represettation by "on" and "o®" transistor states (saturation and cuto®, respectively), it makes
senseto designand build circuits leveraging this principle to perform binary calculations.

If we were to build a circuit to represen a binary number, we would have to allocate enough
transistor circuits to represert as many bits as we desire. In other words, in designing a digital
circuit, we must rst decidehow many bits (maximum) we would like to be able to represen, since
ead bit requires one on/o® circuit to represen it. This is analogousto designing an abacusto
digitally represen decimal numbers: we must decide how many digits we wish to handle in this
primitiv e "calculator" device, for ead digit requires a separaterod with its own beads.
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A 10-rod abacus

AN/

Each rod represents
a single decimal digit

A ten-rod abacuswould be able to represetnt a ten-digit decimal number, or a maxmium value
of 9,999,999,999If we wishedto represen a larger number on this abacus,we would be unable to,
unlessadditional rods could be addedto it.

In digital, electronic computer design, it is common to designthe system for a common "bit
width:" a maximum number of bits allocated to represen numerical quartities. Early digital com-
puters handled bits in groups of four or eight. More modern systemshandle numbersin clusters of
32 bits or more. To more corveniertly expressthe "bit width" of such clustersin a digital computer,
speci ¢ labels were applied to the more common groupings.

Eight bits, grouped together to form a single binary quartity, is known as a byte Four bits,
grouped together as one binary number, is known by the humorous title of nibble often spelled as
nybble

A multitude of terms have followed byte and nibble for labeling specic groupings of binary
bits. Most of the terms shown here are informal, and have not been made "authoritativ " by any
standards group or other sanctioning body. Howewer, their inclusion into this chapter is warranted
by their occasionalappearancein technical literature, aswell asthe levity they add to an otherwise
dry subject:

2 Bit : A single, bivalent unit of binary notation. Equivalent to a decimal "digit."
2 Crum b, Tydbit , or Tayste: Two bits.

2 Nibble , or Nybble : Four bits.

2 Nic kle: Five bits.

2 Byte : Eight bits.

2 Deckle: Ten bits.

2 Playte : Sixteen bits.

2 Dynner : Thirt y-two bits.
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2 Word: (system dependert).

The most ambiguousterm by far is word, referring to the standard bit-grouping within a partic-
ular digital system. For a computer systemusing a 32 bit-wide "data path,” a "word" would mean
32 bits. If the systemused 16 bits asthe standard grouping for binary quartities, a "word" would
mean 16 bits. The terms playte and dynner, by cortrast, always referto 16 and 32 bits, respectively,
regardlessof the system context in which they are used.

Context dependenceis likewisetrue for derivative terms of word, such as doubleword and long-
word (both meaning twice the standard bit-width), half-word (half the standard bit-width), and
guad (meaning four times the standard bit-width). One humorous addition to this somewhatboring
collection of word-derivativesis the term chawmp which meansthe sameas half-word. For example,
a chawmpwould be 16 bits in the context of a 32-bit digital system,and 18 bits in the cortext of a
36-bit system. Also, the term gawbleis sometimessynornymous with word.

De nitions for bit grouping terms were taken from Eric S. Raymond's "Jargon Lexicon," an
indexed collection of terms { both common and obscure{ germaneto the world of computer pro-
gramming.



Chapter 3

LOGIC GATES

3.1 Digital signals and gates

While the binary numeration systemis an interesting mathematical abstraction, we haven't yet seen
its practical application to electronics. This chapter is dewted to just that: practically applying the
conceptof binary bits to circuits. What makesbinary numeration soimportant to the application of
digital electronicsis the easein which bits may be represered in physical terms. Becausea binary
bit can only have one of two di®eren values,either 0 or 1, any physical medium capableof switching
betweentwo saturated states may be usedto represen a bit. Consequetly, any physical system
capableof represening binary bits is able to represen numerical quartities, and potentially hasthe
ability to manipulate those numbers. This is the basic conceptunderlying digital computing.

Electronic circuits are physical systemsthat lend themselveswell to the represenation of binary
numbers. Transistors, when operated at their bias limits, may be in one of two di®erern states:
either cuto® (no cortrolled current) or saturation (maximum cortrolled current). If a transistor
circuit is designedto maximize the probability of falling into either one of these states (and not
operating in the linear, or active, mode), it can serwe as a physical represertation of a binary bit. A
voltage signal measuredat the output of such a circuit may also serve asa represertation of a single
bit, a low voltage represering a binary "0" and a (relatively) high voltage represerting a binary
"1." Note the following transistor circuit:

29
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Transistor in saturation

:

— 5V
e
V., =5V '/
"high" input — "low" output

0 V ="low" logic level (0)
5V ="high" logic level (1)

In this circuit, the transistor is in a state of saturation by virtue of the applied input voltage
(5 volts) through the two-position switch. Becauseit's saturated, the transistor drops very little
voltage between collector and emitter, resulting in an output voltage of (practically) 0 volts. If
we were using this circuit to represen binary bits, we would say that the input signal is a binary
"1" and that the output signal is a binary "0." Any voltage closeto full supply voltage (measured
in referenceto ground, of course)is considereda "1" and a lack of voltage is considereda "0."
Alternativ e terms for thesevoltage levels are high (sameasa binary "1") and low (sameasa binary
"0"). A generalterm for the represenation of a binary bit by a circuit voltage is logic level

Moving the switch to the other position, we apply a binary "0" to the input and receiwe a binary
"1" at the output:

Transistor in cutoff

:

L e AT

"low" input — "high" output

0V ="low" logic level (0)
5V ="high" logic level (1)

What we've created here with a single transistor is a circuit generally known as a logic gate, or
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simply gate A gate is a special type of ampli'er circuit designedto accept and generate voltage
signalscorresponding to binary 1's and 0's. As sudh, gatesare not intendedto be usedfor amplifying
analog signals (voltage signals between 0 and full voltage). Used together, multiple gates may be
applied to the task of binary number storage(memory circuits) or manipulation (computing circuits),
ead gate's output represerting one bit of a multi-bit binary number. Just how this is doneis a
subject for a later chapter. Right now it is important to focus on the operation of individual gates.

The gate shavn herewith the single transistor is known asan inverter, or NOT gate, becauseit
outputs the exact opposite digital signalaswhat isinput. For convenience,gate circuits are generally
represened by their own symbols rather than by their constituent transistors and resistors. The
following is the symbol for an inverter:

Inverter, or NOT gate

Input 4[>% Output

An alternativ e symbol for an inverter is shawvn here:

Input 40I> Output

Notice the triangular shape of the gate symbol, much like that of an operational amplier. Aswas
stated before, gate circuits actually are ampli ers. The small circle, or "bubble" shawn on either the
input or output terminal is standard for represering the inversion function. As you might suspect,
if we wereto remove the bubble from the gate symbol, leaving only a triangle, the resulting symbol
would no longer indicate inversion, but merely direct ampli cation. Such a symbol and suc a gate
actually do exist, and it is called a bu®er, the subject of the next section.

Like an operational ampli er symbol, input and output connectionsare showvn as single wires,
the implied referencepoint for ead voltage signal being "ground.” In digital gate circuits, ground
is almost always the negative connection of a single voltage source(power supply). Dual, or "split,"
power supplies are seldomusedin gate circuitry. Becausegate circuits are ampli ers, they require
a sourceof power to operate. Like operational ampli ers, the power supply connectionsfor digital
gatesare often omitted from the symbol for simplicity's sake. If we wereto shaw all the necessary
connectionsneededfor operating this gate, the schematic would look something like this:

VCC

— 5V

Vin Vout

e Ground
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Power supply conductors are rarely shown in gate circuit schematics, even if the power supply
connectionsat ead gate are. Minimizing lines in our schematic, we get this:

"V " stands for the constart voltage supplied to the collector of a bipolar junction transistor
circuit, in referenceto ground. Those points in a gate circuit marked by the label "V " are all
connectedto the samepoint, and that point is the positive terminal of a DC voltage source,usually
5 volts.

As we will seein other sectionsof this chapter, there are quite a few di®erert typesof logic gates
most of which have multiple input terminals for accepting more than one signal. The output of any
gate is dependert on the state of its input(s) and its logical function.

One commonway to expressthe particular function of a gate circuit is called a truth table. Truth
tables show all combinations of input conditions in terms of logic level states (either "high" or "low,"
"1" or "0," for ead input terminal of the gate), along with the corresponding output logic level,

either "high" or "low." For the inverter, or NOT, circuit just illustrated, the truth table is very
simple indeed:

NOT gate truth table
Input bo Output

Input | Output
0 1
1 0

Truth tables for more complex gatesare, of course,larger than the one shavn for the NOT gate.
A gate'struth table must have as many rows asthere are possibilities for unique input combinations.
For a single-input gate like the NOT gate, there are only two possibilities, 0 and 1. For a two input
gate, there are four possibilities (00, 01, 10, and 11), and thus four rows to the corresponding truth
table. For a three-input gate, there are eight possibilities (000, 001, 010, 011, 100, 101, 110, and
111), and thus a truth table with eight rows are needed. The mathematically inclined will realize

that the number of truth table rows neededfor a gate is equalto 2 raisedto the power of the number
of input terminals.

2 REVIEW:

2 |n digital circuits, binary bit valuesof 0 and 1 are represerted by voltage signals measuredin
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referenceto a common circuit point called ground. An absenceof voltage represerts a binary
"0" and the presenceof full DC supply voltage represens a binary "1."

2 A logic gate or simply gate is a special form of ampli er circuit designedto input and output
logic level voltages (voltagesintended to represen binary bits). Gate circuits are most com-
monly represerted in a schematic by their own unique symbols rather than by their constituent
transistors and resistors.

2 Just as with operational ampli'ers, the power supply connectionsto gates are often omitted
in schematic diagrams for the sake of simplicity.

2 A truth table is a standard way of represerting the input/output relationships of a gate circuit,
listing all the possibleinput logic level combinations with their respective output logic levels.

3.2 The NOT gate

The single-transistor inverter circuit illustrated earlier is actually too crude to be of practical use
as a gate. Real inverter circuits cortain more than one transistor to maximize voltage gain (so
asto ensurethat the "nal output transistor is either in full cuto® or full saturation), and other
componerts designedto reducethe chanceof accidertal damage.

Shaown hereis a schematic diagram for a real inverter circuit, complete with all necessarycom-
ponerts for excient and reliable operation:

Practical inverter (NOT) circuit

Input | Q

This circuit is composedexclusively of resistorsand bipolar transistors. Bear in mind that other
circuit designsare capable of performing the NOT gate function, including designs substituting
“eld-e®ect transistors for bipolar (discussedlater in this chapter).
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Let's analyze this circuit for the condition where the input is "high,” or in a binary "1" state.
We can simulate this by shawing the input terminal connectedto V. through a switch:

V.. =5 volts

T
Ve OV | R;
—L\ Input\1
i [
— +
D,A SV

In this case,diode D; will be reverse-biasedand therefore not conduct any current. In fact, the
only purposefor having D; in the circuit is to prevent transistor damagein the caseof a negative
voltage being impressedon the input (a voltage that is negative, rather than positive, with respect
to ground). With no voltage betweenthe baseand emitter of transistor Q;, we would expect no
current through it, either. Howewer, as strange asit may seem,transistor Q; is not being usedas

is customary for a transistor. In reality, Q1 is being usedin this circuit as nothing more than a
bad-to-back pair of diodes. The following schematic shows the real function of Q:
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V.. = 5 volts

The purposeof thesediodesis to "steer" current to or away from the baseof transistor Q,, de-
pending on the logic level of the input. Exactly how thesetwo diodesare able to "steer" current isn't
exactly obvious at “rst inspection, soa short examplemay be necessaryfor understanding. Suppose
we had the following diode/resistor circuit, represening the base-emitterjunctions of transistors Q.
and Q, assingle diodes, stripping away all other portions of the circuit sothat we can concerirate
on the current "steered" through the two bacdk-to-back diodes:

With the input switch in the "up" position (connectedto V), it should be obvious that there
will be no current through the left steeringdiode of Q1, becausethere isn't any voltage in the switch-
diode-R;-switch loop to motivate electronsto °ow. Howewer, there will be current through the right
steering diode of Q;, as well as through Q;'s base-emitter diode junction and Q4's base-emitter
diode junction:
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This tells us that in the real gate circuit, transistors Q, and Q4 will have basecurrent, which
will turn them on to conduct collector current. The total voltage dropped betweenthe baseof Q;
(the node joining the two back-to-back steering diodes) and ground will be about 2.1 volts, equal to
the combined voltage drops of three PN junctions: the right steeringdiode, Q,'s base-emitterdiode,
and Q4's base-emitter diode.

Now, let's move the input switch to the "down" position and seewhat happens:

If we wereto measurecurrent in this circuit, we would "nd that all of the current goesthrough
the left steeringdiode of Q; and none of it through the right diode. Why is this? It still appearsas
though there is a complete path for current through Q4's diode, Q2's diode, the right diode of the
pair, and Ry, sowhy will there be no current through that path?

Remenber that PN junction diodesare very nonlinear devices:they do not even beginto conduct
current until the forward voltage applied acrossthem readesa certain minimum quartit y, approx-
imately 0.7 volts for silicon and 0.3 volts for germanium. And then when they begin to conduct
current, they will not drop substartially more than 0.7 volts. When the switch in this circuit is in
the "down" position, the left diode of the steering diode pair is fully conducting, and so it drops
about 0.7 volts acrossit and no more.
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L Qg Vee — 5V

Recall that with the switch in the "up" position (transistors Q, and Q4 conducting), there was
about 2.1 volts dropped betweenthose sametwo points (Q1's baseand ground), which alsohappens
to be the minimum voltage necessaryto forward-bias three series-connectedsilicon PN junctions
into a state of conduction. The 0.7 volts provided by the left diode's forward voltage drop is simply
insuzcient to allow any electron °ow through the seriesstring of the right diode, Q,'s diode, and
the R3//Q 4 diode parallel subcircuit, and so no electrons °ow through that path. With no current
through the basesof either transistor Q, or Qg4, neither onewill be able to conduct collector current:
transistors Q. and Q4 will both be in a state of cuto®.

Consequetly, this circuit con guration allows 100 percert switching of Q, basecurrent (and
therefore control over the rest of the gate circuit, including voltage at the output) by diversion of
current through the left steering diode.

In the caseof our examplegate circuit, the input is held "high" by the switch (connectedto V),
making the left steering diode (zero voltage dropped acrossit). However, the right steering diode is
conducting current through the baseof Q,, through resistor R :
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V.. = 5 volts

With base current provided, transistor Q, will be turned "on." More speci cally, it will be
saturated by virtue of the more-than-adequatecurrent allowed by R; through the base. With Q
saturated, resistor Rz will be dropping enoughvoltage to forward-bias the base-emitter junction of
transistor Qq, thus saturating it aswell:

V.. =5 volts

With Q saturated, the output terminal will be almost directly shorted to ground, leaving the
output terminal at a voltage (in referenceto ground) of almost 0 volts, or a binary "0" ("low") logic
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level. Due to the presenceof diode D, there will not be enoughvoltage betweenthe baseof Q3 and
its emitter to turn it on, soit remainsin cuto®.

Let's seenow what happensif we reversethe input's logic level to a binary "0" by actuating the
input switch:

V.. =5 volts

Now there will be current through the left steeringdiode of Q; and no current through the right
steering diode. This eliminates current through the baseof Q», thus turning it o®. With Q. 0®,
there is no longer a path for Q4 basecurrent, so Q4 goesinto cuto® aswell. Qs, on the other hand,
now has suzcient voltage dropped between its base and ground to forward-bias its base-emitter
junction and saturate it, thus raising the output terminal voltage to a "high" state. In actuality,
the output voltage will be somewherearound 4 volts depending on the degreeof saturation and any
load current, but still high enoughto be considereda "high" (1) logic level.

With this, our simulation of the inverter circuit is complete: a "1" in givesa "0" out, and
visa-versa.

The astute obsener will note that this inverter circuit's input will assumea "high" state of left
°oating (not connectedto either V. or ground). With the input terminal left unconnected,there
will be no current through the left steering diode of Q1, leaving all of R;'s current to go through
Q2's base,thus saturating Q, and driving the circuit output to a "low" state:



40 CHAPTER 3. LOGIC GATES

V.. = 5 volts

Input
(floating)

The tendency for such a circuit to assumea high input state if left °oating is one shared by
all gate circuits basedon this type of design, known as T ransistor-to-T ransistor Logic, or TTL .
This characteristic may be taken advantage of in simplifying the designof a gate's output circuitry,
knowing that the outputs of gatestypically drive the inputs of other gates. If the input of a TTL
gate circuit assumesa high state when °oating, then the output of any gate driving a TTL input
needonly provide a path to ground for a low state and be °oating for a high state. This concept
may require further elaboration for full understanding, sol will exploreit in detail here.

A gate circuit aswe have just analyzedhasthe ability to handle output current in two directions:
in and out. Tednically, this is known as sourcing and sinking current, respectively. When the gate
output is high, there is continuity from the output terminal to V. through the top output transistor
(Q3), allowing electronsto °ow from ground, through aload, into the gate'soutput terminal, through
the emitter of Qs, and evertually up to the V. power terminal (positive sideof the DC power supply):
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V.= 5 volts

R%
Qs
:; D, Output
- «—
Qs T Load

-

Ve

L/

Inverter gate sourcing current

To simplify this concept,we may show the output of a gate circuit asbeing a double-throw switch,
capable of connecting the output terminal either to V.. or ground, depending on its state. For a
gate outputting a "high" logic level, the combination of Q3 saturated and Q4 cuto® is analogousto
a double-throw switch in the "V " position, providing a path for current through a grounded load:

Simplified gate circuit sourcing current

VCC

T

Input e Output
— i

T Load

Pleasenote that this two-position switch showvn inside the gate symbol is represertativ e of tran-
sistors Q3 and Q4 alternately connecting the output terminal to V.. or ground, not of the switch
previously shonvn sendingan input signal to the gate!

Conversely when a gate circuit is outputting a "low" logic level to a load, it is analogousto
the double-throw switch being set in the "ground” position. Current will then be going the other
way if the load resistanceconnectsto V.: from ground, through the emitter of Q4, out the output

terminal, through the load resistance,and badk to V. In this condition, the gate is said to be
sinking current:
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V.= 5 volts

Load

Inverter gate sinking current

Simplified gate circuit sinking current

\Y,
VCC ccC

T Load

= g Output
T

Input .

The combination of Q3 and Q4 working as a "push-pull" transistor pair (otherwise known as a
totem pole output) hasthe ability to either sourcecurrent (draw in current to Vc) or sink current
(output current from ground) to a load. Howewver, a standard TTL gate input never needscurrent to
be sourced,only sunk. That is, sincea TTL gateinput naturally assumesa high state if left °oating,
any gate output driving a TTL input needonly sink current to provide a "0" or "low" input, and
neednot sourcecurrent to provide a "1" or a "high" logic level at the input of the receiving gate:
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A direct connection to V. is not
V. hecessary to drive the TTL gate
-T- input high!

Input | =3 _TTL
R gate

An output that "floats" when high
—£  is sufficient.

Input | 3, .. TTL _
e gate
Ve Ve

1 T
' — 2 . TIL
J} gate

AT N

Any gate drivinga TTL
input must sink some
current in the low state.

Input

This meanswe have the option of simplifying the output stageof a gate circuit soasto eliminate
Qs altogether. The result is known as an open-ollector output:
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Input
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Inverter circuit with open-collector output

VCC

D, Output

Rs

L

To designateopen-collector output circuitry within a standard gate symbol, a special marker is
used. Shawvn hereis the symbol for an inverter gate with open-collector output:

Inverter with open-

collector output

o

Pleasekeepin mind that the "high" default condition of a °oating gate input is only true for
TTL circuitry, and not necessarilyfor other types,especially for logic gatesconstructed of "eld-e®ect
transistors.

2

2

REVIEW:

An inverter, or NOT, gateis onethat outputs the opposite state aswhat is input. That is, a
"low" input (0) givesa "high" output (1), and visa-versa.

Gate circuits constructed of resistors and bipolar transistors as illustrated in this section are
called TTL . TTL is an acronym standing for Transistor-to-Transistor Logic. There are other
design methodologiesusedin gate circuits, somewhich use eld-e®ect transistors rather than
bipolar transistors.

A gate is said to be sourcing current when it provides a path for current betweenthe output
terminal and the positive side of the DC power supply (V). In other words, it is connecting
the output terminal to the power source (+V).

A gate is said to be sinking current when it provides a path for current betweenthe output
terminal and ground. In other words, it is grounding (sinking) the output terminal.
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2 Gate circuits with totem pole output stagesare able to both source and sink current. Gate
circuits with open-oollector output stagesare only able to sink current, and not sourcecurrent.
Open-collector gates are practical when usedto drive TTL gate inputs becauseTTL inputs
don't require current sourcing.

3.3 The "bu®er" gate

If we were to connect two inverter gates together so that the output of one fed into the input
of another, the two inversion functions would "cancel" ead other out so that there would be no
inversion from input to "nal output:

Double inversion

Logic state re-inverted
to original status

oot/

O inverted into a 1

While this may seemlike a pointlessthing to do, it doeshave practical application. Remenber
that gate circuits are signal ampli ers, regardlessof what logic function they may perform. A weak
signal source (one that is not capable of sourcing or sinking very much current to a load) may be
boosted by meansof two inverters like the pair shawn in the previousillustration. The logic level is
unchanged,but the full current-sourcing or -sinking capabilities of the "nal inverter are available to
drive a load resistanceif needed.

For this purpose,a special logic gate called a bu®eris manufactured to perform the samefunction
astwo inverters. Its symbol is simply a triangle, with no inverting "bubble" on the output terminal:

"Buffer" gate

Input4|> Output

Input | Output
0 0
1 1

The internal schematic diagram for a typical open-collector bu®eris not much di®erent from
that of a simple inverter: only one more common-emitter transistor stageis addedto re-invert the
output signal.
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Buffer circuit with open-collector output

\Y

cc

R R,
&
Q; Q;

b, Q:
Qs

Input Output

Rs

_l_ i
~—|nverter — <—|nverter —>

Let's analyzethis circuit for two conditions: an input logic level of "1" and an input logic level
of "0." First, a "high" (1) input:

VCC
VCC R R2
T 5
Input 0
P Q 2 Output
- D1 Q4
Qs
R3
e )

As before with the inverter circuit, the "high" input causesno conduction through the left
steering diode of Q; (emitter-to-base PN junction). All of R;'s current goesthrough the base of
transistor Q», saturating it:
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VCC
—|;\ | t —
_gf = Q TQZ Output

Qs

Having Q. saturated causesQs; to be saturated as well, resulting in very little voltage dropped
betweenthe baseand emitter of the "nal output transistor Q4. Thus, Q4 will be in cuto® mode,
conducting no current. The output terminal will be °oating (neither connectedto ground nor V),
and this will be equivalert to a "high" state on the input of the next TTL gate that this one feeds
in to. Thus, a "high" input givesa "high" output.

With a"low" input signal (input terminal grounded), the analysislooks something like this:

VCC

—E‘ Ingt R4§T
_I_J} — Q Qe Output

- Q4
D
1 o, N

-+

All of Ry's current is now diverted through the input switch, thus eliminating base current
through Q.. This forcestransistor Q, into cuto® so that no basecurrent goesthrough Qs either.
With Q3 cuto® aswell, Q4 is will be saturated by the current through resistor R4, thus connecting
the output terminal to ground, making it a "low" logic level. Thus, a "low" input givesa "low"
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output.

The schematic diagram for a bu®er circuit with totem pole output transistors is a bit more
complex, but the basic principles, and certainly the truth table, are the same as for the open-
collector circuit:

Buffer circuit with totem pole output

Input
P Q Output

~— |nverter —> —<+—|nverter —>

2 REVIEW:

2 Two inverter, or NOT, gatesconnectedin "series" soasto invert, then re-invert, a binary bit
perform the function of a bu®er. Bu®er gatesmerely serne the purposeof signal ampli cation:
taking a "weak" signal sourcethat isn't capable of sourcing or sinking much current, and
boosting the current capacity of the signal soasto be able to drive a load.

2 Bu®er circuits are symbolized by a triangle symbol with no inverter "bubble.”

2 Bu®ers,like inverters, may be made in open-collector output or totem pole output forms.

3.4 Multiple-input  gates

Inverters and bu®ersexhaust the possibilities for single-input gate circuits. What more can be done
with a single logic signal but to bu®erit or invert it? To explore more logic gate possibilities, we
must add more input terminals to the circuit(s).

Adding more input terminals to a logic gate increasesthe number of input state possibilities.
With a single-input gate suc asthe inverter or bu®er,there can only be two possibleinput states:
either the input is "high" (1) or it is "low" (0). As was mertioned previously in this chapter, a two
input gate hasfour possibilities (00, 01, 10, and 11). A three-input gate has eight possibilities (000,
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001,010,011,100,101,110,and 111) for input states. The number of possibleinput statesis equal
to two to the power of the number of inputs:

Number of possible input states = 2"

Where,
n = Number of inputs

This increasein the number of possibleinput states obviously allows for more complex gate
behavior. Now, instead of merely inverting or amplifying (bu®ering) a single "high" or "low" logic
level, the output of the gate will be determined by whatever combination of 1's and O's is presen
at the input terminals.

Sincesomany combinations are possiblewith just a few input terminals, there are many di®erert
typesof multiple-input gates, unlike single-input gateswhich can only be inverters or bu®ers. Each
basic gate type will be preserted in this section, showing its standard symbol, truth table, and
practical operation. The actual TTL circuitry of thesedi®eren gateswill be exploredin subsequeh
sections.

3.4.1 The AND gate

One of the easiestmultiple-input gatesto understand is the AND gate, so-calledbecausethe output
of this gate will be "high" (1) if and only if all inputs (rst input and the secondinput and . . .)
are "high" (1). If any input(s) are"low" (0), the output is guaranteedto bein a"low" state aswell.

2-input AND gate 3-input AND gate

Input

Input,— A—r

P } Output InpUtB_} Output
Inputg— Input,— 1

In caseyou might have beenwondering, AND gatesare made with more than three inputs, but
this is lesscommonthan the simple two-input variety.
A two-input AND gate's truth table looks like this:

2-input AND gate

InputA—} Output
Inputz—

A | B| Output
0|0 0
01 0
1|0 0
111 1
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What this truth table meansin practical terms is shown in the following sequenceof illustrations,
with the 2-input AND gate subjectedto all possibilities of input logic levels. An LED (Light-Emitting
Diode) provides visual indication of the output logic level:

Output
r

Inputg

Input, = 0
Inputz = 0

Output = 0 (no light)

Inputg

Input, = 1
Inputg = 0

Output = 0 (no light)

Inputg

Input, = 0
Inputg = 1
Output = 0 (no light)
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Inputy  —
Input, = 1
Inputg = 1
Output = 1 (light!)

It is only with all inputs raisedto "high" logic levelsthat the AND gate's output goes "high,"
thus energizingthe LED for only one out of the four input combination states.

3.4.2 The NAND gate

A variation on the idea of the AND gate is called the NAND gate. The word "NAND" is a verbal
cortraction of the words NOT and AND. Essetially, a NAND gate behavesthe sameas an AND
gate with a NOT (inverter) gate connectedto the output terminal. To symbolize this output signal
inversion, the NAND gate symbol has a bubble on the output line. The truth table for a NAND
gate is as one might expect, exactly opposite asthat of an AND gate:

2-input NAND gate

InDUtA_} Output
Inputg—

A | B| Output
0|0 1
01 1
1|0 1
1|11 0

Equivalent gate circuit

Input,—
P )—| >0— Qutput
Inputz—
As with AND gates,NAND gatesare made with more than two inputs. In suc casesthe same

generalprinciple applies: the output will be "low" (0) if and only if all inputs are "high" (1). If any
input is "low" (0), the output will go "high" (1).
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3.4.3 The OR gate

Our next gate to investigate is the OR gate, so-calledbecausethe output of this gate will be "high"
(1) if any of the inputs (rst input or the secondinput or . . .) are "high" (1). The output of an
OR gate goes"low" (0) if and only if all inputs are "low" (0).

2-input OR gate 3-input OR gate
Input, Input,
Output Inputg Output
Inputg Input,
A two-input OR gate's truth table looks like this:

2-input OR gate

|npUtAj>— Output
Inputg

A | B| Output
00 0
01 1
1|0 1
1|1 1

The following sequenceof illustrations demonstratesthe OR gate's function, with the 2-inputs
experiencing all possiblelogic levels. An LED (Light-Emitting Diode) provides visual indication of
the gate's output logic level:

Inputg

Input, = 0

Inputg = 0
Output = 0 (no light)
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Input, = 1
Inputg = 0
Output= 1 (light!)

Input, = 0
Inputg = 1
Output= 1 (light!)

Input, = 1

Inputg = 1
Output= 1 (light!)

53

A condition of any input being raised to a "high" logic level makes the OR gate's output go

"high," thus energizingthe LED for three out of the four input combination states.

3.4.4 The NOR gate

As you might have suspected, the NOR gate is an OR gate with its output inverted, just like a

NAND gate is an AND gate with an inverted output.
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2-input NOR gate

|npUtAj>o— Output
Inputg

A | B[ Output
0|0 1
01 0
1|0 0
1|11 0

Equivalent gate circuit
Input
Inputg

NOR gates, like all the other multiple-input gatesseenthus far, can be manufactured with more
than two inputs. Still, the samelogical principle applies: the output goes"low" (0) if any of the
inputs are made "high" (1). The output is "high" (1) only when all inputs are "low" (0).

3.4.5 The Negativ e-AND gate

A Negative-AND gate functions the sameas an AND gate with all its inputs inverted (connected
through NOT gates). In keepingwith standard gate symbol convertion, theseinverted inputs are
signi ed by bubbles. Contrary to most peoples”rst instinct, the logical behavior of a Negative-AND
gate is not the sameasa NAND gate. Its truth table, actually, is identical to a NOR gate:



3.4. MULTIPLE-INPUT GATES 55

2-input Negative-AND gate

Input,—9 )
Output
Inputg—9

A | B| Output
0|0 1
01 0
1|0 0
1|1 0

Equivalent gate circuits

} Output
InputBM
InputAm Output
Inputg

Input,

3.4.6 The Negativ e-OR gate

Following the samepattern, a Negative-OR gate functions the sameasan OR gate with all its inputs
inverted. In keepingwith standard gate symbol convertion, theseinverted inputs are signi ed by
bubbles. The behavior and truth table of a Negative-OR gate is the sameasfor a NAND gate:
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2-input Negative-OR gate

InputA® Output
Inputg

A | B| Output
0|0 1
01 1
1|0 1
1|1 0

Equivalent gate circuits

Input,
Output
Inputg

InputA—} Output
Inputg—

3.4.7 The Exclusiv e-OR gate

The last six gate typesare all fairly direct variations on three basicfunctions: AND, OR, and NOT.
The Exclusive-OR gate, however, is something quite di®eren.

Exclusive-OR gatesoutput a "high" (1) logic level if the inputs are at di®erent logic levels, either
Oand 1 or 1 and 0. Conversely they output a "low" (0) logic level if the inputs are at the same
logic levels. The Exclusive-OR (sometimescalled XOR) gate has both a symbol and a truth table
pattern that is unique:
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Exclusive-OR gate

InputAjD output
Inputg

A| B| Output
0|0 0
01 1
1|0 1
1|1 0

There are equivalent circuits for an Exclusive-OR gate made up of AND, OR, and NOT gates,
just as there were for NAND, NOR, and the negative-input gates. A rather direct approac to
simulating an Exclusive-OR gate is to start with a regular OR gate, then add additional gatesto
inhibit the output from going "high" (1) when both inputs are "high" (1):

Exclusive-OR equivalent circuit

Input, - } Output

Inputg
A| B| Output
0|0 0
0|1 1
1|0 1
1|1 0

In this circuit, the nal AND gate acts as a bu®erfor the output of the OR gate whene\er the
NAND gate's output is high, which it is for the “rst three input state combinations (00, 01, and 10).
Howewer, when both inputs are "high" (1), the NAND gate outputs a "low" (0) logic level, which
forcesthe nal AND gate to producea "low" (0) output.

Another equivalent circuit for the Exclusive-OR gate usesa strategy of two AND gates with
inverters, set up to generate"high" (1) outputs for input conditions 01 and 10. A nal OR gate
then allows either of the AND gates' "high" outputs to createa nal "high" output:
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Exclusive-OR equivalent circuit

>
=
-

Input, Output

Inputg

A | B| Output
0|0 0
01 1
1(0 1
111 0

Exclusive-OR gates are very useful for circuits where two or more binary numbers are to be
compared bit-for-bit, and also for error detection (parity ched) and code corversion (binary to
Grey and visa-versa).

3.4.8 The Exclusiv e-NOR gate

Finally, our last gate for analysisis the Exclusive-NOR gate, otherwise known as the XNOR gate.
It is equivalent to an Exclusive-OR gate with an inverted output. The truth table for this gate is
exactly opposite as for the Exclusive-OR gate:
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Exclusive-NOR gate

InputAjD Output
Inputg

A | B[ Output
0|0 1
01 0
1|0 0
1|1 1

Equivalent gate circuit

InputAjW Output
Inputg

As indicated by the truth table, the purposeof an Exclusive-NOR gate is to output a "high" (1)
logic level wheneer both inputs are at the samelogic levels (either 00 or 11).

2

2

REVIEW:
Rule for an AND gate: output is "high" only if “rst input and secondinput are both "high."
Rule for an OR gate: output is "high" if input A or input B are "high."

Rule for a NAND gate: output is not "high" if both the “rst input and the secondinput are
"high."

Rule for a NOR gate: output is not "high" if either the rst input or the secondinput are
"high."

A Negative-AND gate behaveslike a NOR gate.
A Negative-OR gate behaveslike a NAND gate.
Rule for an Exclusive-OR gate: output is "high" if the input logic levels are di®erent.

Rule for an Exclusive-NOR gate: output is "high" if the input logic levels are the same

3.5 TTL NAND and AND gates

Supposewe altered our basic open-collectorinverter circuit, adding a secondinput terminal just like
the “rst:



60 CHAPTER 3. LOGIC GATES

A two-input inverter circuit

VCC

R% R,

Input, Q.
Inputg "Q,"

Output
D, D, 1 Qs

i

This schematic illustrates a real circuit, but it isn't called a "t wo-input inverter." Through
analysis we will discover what this circuit's logic function is and correspondingly what it should be
designatedas.

Just asin the caseof the inverter and bu®er,the "steering” diode cluster marked"Q ;" is actually
formed like a transistor, eventhough it isn't usedin any amplifying capacity. Unfortunately, a simple
NPN transistor structure is inadequate to simulate the three PN junctions necessaryin this diode

network, soa di®eren transistor (and symbol) is needed. This transistor hasone collector, one base,
and two emitters, and in the circuit it looks like this:

Output
Qs
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In the single-input (inverter) circuit, grounding the input resultedin an output that assumedthe
"high" (1) state. In the caseof the open-collectoroutput con guration, this "high" state wassimply
"°oating." Allowing the input to °oat (or be connectedto V..) resulted in the output becoming
grounded, which is the "low" or O state. Thus, a 1 in resulted in a 0 out, and visa-versa.

Sincethis circuit bears so much resenblance to the simple inverter circuit, the only di®erence
being a secondinput terminal connectedin the sameway to the baseof transistor Q,, we can sa
that ead of the inputs will have the samee®ecton the output. Namely, if either of the inputs are
grounded, transistor Q, will be forcedinto a condition of cuto®, thus turning Qs o®and °oating the

output (output goes"high"). The following seriesof illustrations shows this for three input states
(00, 01, and 10):

VCC
R R,
D me g Q, Cutoff
ld " " 1
DI Output
W
DD, . Qs Cutoff
- 3
—
Input, = 0
Inputg = 0
Output= 1
VCC
VCC R R2
Inp(l)JtA
{4+P—]{ Q Cutoff
ld " " 1
1 DI Output
InputB]i —+ Cutoff
1 DI D, . Q; Cuto
- 3
—
Input, = 0
Inputg = 1

Output= 1
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VCC
R R,
D me g Q, Cutoff
| " n 1
DR Output
W
oD, Q, Cutoff
- R3
—_—
Input, = 1
Inputz = 0
Output = 1

In any casewhere there is a grounded ("low") input, the output is guararteed to be °oating
("high"). Conversely the only time the output will ever go"low" is if transistor Q3 turns on, which
meanstransistor Q, must be turned on (saturated), which meansneither input can be diverting R;
current away from the baseof Q,. The only condition that will satisfy this requiremert is when
both inputs are "high" (1):

VCC
R R,
| Q, Saturation
| " n 0
T Output
WY i
DD, Qs Saturation
- R3
=
Input, = 1
Inputg = 1
OQutput = 0

Collecting and tabulating theseresults into a truth table, we seethat the pattern matchesthat
of the NAND gate:
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NAND gate
InputA—} Output
Inputg—

Output
1

R[OOI >
R[(O|R|O(m

1
1
0

In the earlier section on NAND gates, this type of gate was created by taking an AND gate
and increasingits complexity by adding an inverter (NOT gate) to the output. Howewver, when we
examinethis circuit, we seethat the NAND function is actually the simplest, most natural mode of
operation for this TTL design. To createan AND function using TTL circuitry, we needto increase
the complexity of this circuit by adding an inverter stageto the output, just like we had to add an
additional transistor stageto the TTL inverter circuit to turn it into a bu®er:

AND gate with open-collector output

Output

—~— NAND gate —>:—<—Inverter —>

The truth table and equivalent gate circuit (an inverted-output NAND gate) are shavn here:
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AND gate
Input,—
P }Output
Inputg—

A| B[ Output

0|0 0

01 0

1|0 0

111 1

Equivalent circuit

Input, —
A DO—I>07 Output
Inputg—
Of course,both NAND and AND gate circuits may be designedwith totem-pole output stages
rather than open-collector. | am opting to show the open-collectorversionsfor the sake of simplicity.

2 REVIEW:

2 A TTL NAND gate can be made by taking a TTL inverter circuit and adding another input.

2 An AND gate may be created by adding an inverter stage to the output of the NAND gate
circuit.

3.6 TTL NOR and OR gates

Let's examinethe following TTL circuit and analyzeits operation:
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Output

Qs

Transistors Q; and Q, are both arranged in the samemanner that we've seenfor transistor Q1
in all the other TTL circuits. Rather than functioning asampli ers, Q; and Q; are both being used
as two-diode "steering" networks. We may replace Q; and Q. with diode setsto help illustrate:

R% R,

If input A isleft °oating (or connectedto V), current will gothrough the baseof transistor Qs,
saturating it. If input A is grounded, that current is diverted away from Q3's basethrough the left
steering diode of "Q1," thus forcing Q3 into cuto®. The samecan be said for input B and transistor
Q4: the logic level of input B determinesQ4's conduction: either saturated or cuto®.

Notice how transistors Q3 and Q4 are paralleled at their collector and emitter terminals. In
essencethese two transistors are acting as paralleled switches, allowing current through resistors
R3 and R4 according to the logic levels of inputs A and B. If any input is at a "high" (1) level,
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then at least one of the two transistors (Q3 and/or Q) will be saturated, allowing current through
resistorsRz and R4, and turning on the nal output transistor Qs for a "low" (0) logic level output.
The only way the output of this circuit can ever assumea "high" (1) state is if both Q3 and Q4 are
cuto®, which meanshboth inputs would have to be grounded, or "low" (0).

This circuit's truth table, then, is equivalent to that of the NOR gate:

NOR gate
Input
P Ag Output
Inputg

A | B| Output

0|0 1

01 0

1|0 0

111 0

In order to turn this NOR gate circuit into an OR gate, we would have to invert the output logic
level with another transistor stage,just like we did with the NAND-to-AND gate example:

OR gate with open-collector output

Input,

Input, ’ k :
Ptls 4’ Qs
D, D, R,

L

Output
Qs

—~<— NOR gate —>—<— Inverter —>

The truth table and equivalert gate circuit (an inverted-output NOR gate) are shavn here:
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OR gate

Input
P A:Z>7 Output
Inputg

A| B[ Output

0|0 0

0|1 1

10 1

1|1 1

Equivalent circuit

|nputAw Output
Inputg

Of course,totem-pole output stagesare also possiblein both NOR and OR TTL logic circuits.

2 REVIEW:

2 An OR gate may be createdby adding an inverter stageto the output of the NOR gate circuit.

3.7 CMOS gate circuitry

Up until this point, our analysis of transistor logic circuits has been limited to the TTL design
paradigm, whereby bipolar transistors are used, and the general strategy of °oating inputs being
equivalent to "high" (connectedto V) inputs { and correspndingly, the allowance of "open-
collector" output stages{ is maintained. This, howewer, is not the only way we can build logic
gates.

Field-e®ecttransistors, particularly the insulated-gate variety, may be usedin the designof gate
circuits. Being voltage-corirolled rather than current-controlled devices,IGFETs tend to allow very
simple circuit designs. Take for instance, the following inverter circuit built using P- and N-channel
IGFETSs:
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Inverter circuit using IGFETs
vdd (+5 volts)
|_
_| —
|_
Input —¢ ¢+— Output
|_
||
|_

Notice the "V 44" label on the positive power supply terminal. This label follows the same
convertion as"V " in TTL circuits: it stands for the constart voltage applied to the drain of a
“eld e®ecttransistor, in referenceto ground.

Let's connect this gate circuit to a power sourceand input switch, and examine its operation.
Pleasenote that theselGFET transistors are E-type (Enhancemen-mode), and so are normally-o®
devices. It takesan applied voltage betweengate and drain (actually, betweengate and substrate)
of the correct polarity to bias them on.

. .
—| ::{ Saturated
= . N
—_ Input] | Output  —— 5V

s
J: Cutoff ;

Input = "low" (0)
Output = "high" (1)

The upper transistor is a P-channel IGFET. When the channel (substrate) is made more positive
than the gate (gate negative in referenceto the substrate), the channel is enhancedand current is
allowed betweensourceand drain. So,in the above illustration, the top transistor is turned on.

The lower transistor, having zero voltage between gate and substrate (source), is in its normal
mode: o® Thus, the action of these two transistors are such that the output terminal of the gate
circuit has a solid connectionto V4q and a very high resistanceconnectionto ground. This makes
the output "high" (1) for the "low" (0) state of the input.

Next, we'll move the input switch to its other position and seewhat happens:
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—|E‘ Cutoff

+
Output S
—__ Input] | p — 5y
9 / p—
+ — )
| Saturated
J:

Input = "high" (1)
Output = "low" (0)

Now the lower transistor (N-channel) is saturated becauseit has suzcient voltage of the correct
polarity applied between gate and substrate (channel) to turn it on (positive on gate, negative on
the channel). The upper transistor, having zero voltage applied betweenits gate and substrate, is
in its normal mode: o® Thus, the output of this gate circuit is now "low" (0). Clearly, this circuit
exhibits the behavior of an inverter, or NOT gate.

Using eld-e®ect transistors instead of bipolar transistors has greatly simpli ed the design of
the inverter gate. Note that the output of this gate never °oats asis the casewith the simplest
TTL circuit: it hasa natural "totem-p ole" con guration, capableof both sourcingand sinking load
current. Key to this gate circuit's elegar designis the complementary useof both P- and N-channel
IGFETs. Since IGFETs are more commonly known as MOSFETs (M etal-Oxide-Semiconductor
Field E®ect T ransistor), and this circuit usesboth P- and N-channel transistors together, the
general classi cation given to gate circuits like this one is CMOS: Complemertary M etal Oxide
Semiconductor.

CMOS circuits aren't plaguedby the inherent nonlinearities of the “eld-e®ecttransistors, because
asdigital circuits their transistors always operate in either the saturated or cuto® modesand never
in the active mode. Their inputs are, howewer, sensitive to high voltagesgeneratedby electrostatic
(static electricity) sources,and may even be activated into "high" (1) or "low" (0) stateshby spurious
voltage sourcesif left °oating. For this reason,it is inadvisable to allow a CMOS logic gate input
to °oat under any circumstances. Pleasenote that this is very di®ereri from the behavior of a TTL
gate where a °oating input was safely interpreted asa "high" (1) logic level.

This may causea problem if the input to a CMOS logic gate is driven by a single-throw switch,
where one state hasthe input solidly connectedto either V4q or ground and the other state hasthe
input °oating (not connectedto anything):
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CMOS gate

Input
_I:/.p—u e Output

When switch is closed, the gate sees a
definite "low" (0) input. However, when
switch is open, the input logic level will
be uncertain because it's floating.
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Also, this problem arisesif a CMOS gate input is being driven by an open-oollector TTL gate.
Becausesudh a TTL gate's output °oats when it goes”high" (1), the CMOS gate input will be left

in an uncertain state:

Open-collector
PFTL gate CMOS gate

Vcc Vdd

“

Input =l Output Input

1

When the open-collector TTL gate's output
is "high" (1), the CMOS gate's input will be
left floating and in an uncertain logic state.

Fortunately, there is an easy solution to this dilemma, one that is used frequertly in CMOS
logic circuitry . Whenewer a single-throw switch (or any other sort of gate output incapable of both
sourcing and sinking current) is being usedto drive a CMOS input, a resistor connectedto either
Vqq Or ground may be usedto provide a stable logic level for the state in which the driving device's

output is °oating. This resistor's value is not critical: 10 k-

is usually suxcient. When used to

provide a "high" (1) logic level in the evert of a °oating signal source, this resistor is known as a

pullup resistor:
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Vvad

R CMOS gate

pullup

_E/ Input . Output

When switch is closed, the gate sees a
definite "low" (0) input. When the switch
is open, Ry, Will provide the connection

to Vdd needed to secure a reliable "high"
logic level for the CMOS gate input.

When sud a resistor is usedto provide a "low" (0) logic level in the event of a °oating signal
source, it is known as a pulldown resistor. Again, the value for a pulldown resistor is not critical:

CMOS gate
Vvdd

Input
Output
R

pulldow

When switch is closed, the gate sees a
definite "high" (1) input. When the switch

is open, Ry goun Will provide the connection
to ground needed to secure a reliable "low"
logic level for the CMOS gate input.

Becauseopen-collector TTL outputs always sink, never source, current, pullup resistors are
necessarywhen interfacing such an output to a CMOS gate input:

Open-collector

TTL gate Vg ~ CMOSgate
Vcc Vdd
Rpullup —|_

N TP W

| il
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Although the CMOS gatesusedin the preceding exampleswere all inverters (single-input), the
sameprinciple of pullup and pulldown resistorsappliesto multiple-input CMOS gates. Of course,a
separatepullup or pulldown resistor will be required for ead gate input:

Pullup resistors for a 3-input
CMOS AND gate

vdd

Input,

Inputg
e ¢
=1

This brings us to the next question: how do we designmultiple-input CMOS gatessuc asAND,
NAND, OR, and NOR? Not surprisingly, the answer(s) to this question reveal a simplicity of design
much like that of the CMOS inverter over its TTL equivalert.

For example, hereis the schematic diagram for a CMOS NAND gate:

CMOS NAND gate

vdd

Q '_lj:?z

> ]
I—’_|—<
> Output

Q: |1~
Input, —
Qi |i=
Inputg —

Notice how transistors Q1 and Qs resenble the series-connecteccomplemenary pair from the
inverter circuit. Both are cortrolled by the sameinput signal (input A), the upper transistor turning
o®and the lower transistor turning on when the input is "high" (1), and visa-versa. Notice alsohow
transistors Q, and Q4 are similarly cortrolled by the sameinput signal (input B), and how they
will also exhibit the sameon/o® behavior for the sameinput logic levels. The upper transistors of
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both pairs (Q; and Q) have their sourceand drain terminals paralleled, while the lower transistors
(Q3 and Q,) are series-connected.What this meansis that the output will go "high" (1) if either
top transistor saturates, and will go"low" (0) only if both lower transistors saturate. The following
sequencef illustrations shows the behavior of this NAND gate for all four possibilities of input logic
levels (00, 01, 10, and 11):

Vvdd

'1_ 2
e
N (@]

1
Output

Q
==
o fo |

1
Output

0 OFF

Is
3

=

ON

RIS

T
n

1
vdd Output

1
0

B

o

2771,

o\i’

Inputg
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<
o
o

ore | oFe
Input, | Qs -
—

0
Output

vdd

:

Inputg ON

As with the TTL NAND gate, the CMOS NAND gate circuit may be usedasthe starting point
for the creation of an AND gate. All that needsto be addedis another stage of transistors to invert
the output signal:

CMOS AND gate
Vdd

Qi | Q
JEn
R

5

|_

>

|_

> Qs t— Output

— —

QS —— <

Input, — —
|_
Qs | 1
Inputg _—

—~— NAND gate ——<—Inverter —>

A CMOS NOR gate circuit usesfour MOSFETSs just like the NAND gate, exceptthat its tran-
sistors are di®ererly arranged. Instead of two paralleled sourcing (upper) transistors connectedto
Vg4q and two series-connectedsinking (lower) transistors connectedto ground, the NOR gate uses
two series-connectedsourcing transistors and two parallel-connectedsinking transistors like this:
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CMOS NOR gate
vdd

Q

IR

Q,

Output

InputA_HJ E—F L

Inputg T

As with the NAND gate, transistors Q; and Q3 work asa complemenary pair, asdo transistors
Q2 and Q4. Each pair is cortrolled by a singleinput signal. If either input A or input B are "high"
(1), at least one of the lower transistors (Q3 or Q4) will be saturated, thus making the output "low"
(0). Only in the evert of both inputs being "low" (0) will both lower transistors be in cuto® mode
and both upper transistors be saturated, the conditions necessaryfor the output to go "high" (1).
This behavior, of course,de nes the NOR logic function.

The OR function may be built up from the basic NOR gate with the addition of an inverter
stageon the output:
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CMOS OR gate

vdd
Q
'—
-
'—
Q; Qs
- =
!

Qs

=F
o LV 15 EL

Inputg ’

Q)J» Output

<—NOR gate —»—<—Inverter —»

Sinceit appearsthat any gate possibleto construct using TTL technology can be duplicated in
CMOS, why do thesetwo "families” of logic designstill coexist? The answer is that both TTL and
CMOS have their own unique advantages.

First and foremost on the list of comparisonsbetween TTL and CMOS is the issue of power
consumption. In this measureof performance, CMOS is the unchallengedvictor. Becausethe com-
plemertary P- and N-channel MOSFET pairs of a CMOS gate circuit are (ideally) never conducting
at the sametime, there is little or no current drawn by the circuit from the V44 power supply except
for what current is necessaryto sourcecurrent to a load. TTL, on the other hand, cannot function
without somecurrent drawn at all times, due to the biasing requiremerts of the bipolar transistors
from which it is made.

There is a caveat to this advantage, though. While the power dissipation of a TTL gate remains
rather constart regardlessof its operating state(s), a CMOS gate dissipates more power as the
frequencyof its input signal(s) rises. If a CMOS gate is operated in a static (unchanging) condition,
it dissipateszeropower (ideally). However, CMOS gate circuits draw transient current during every
output state switch from "low" to "high" and visa-versa. So, the more often a CMOS gate switches
modes, the more often it will draw current from the Vg4q supply, hencegreater power dissipation at
greater frequencies.

A CMOS gate alsodraws much lesscurrent from a driving gate output than a TTL gate because
MOSFETSs are voltage-cortrolled, not current-controlled, devices. This meansthat one gate can
drive many more CMOS inputs than TTL inputs. The measureof how many gate inputs a single
gate output can drive is called fanout.

Another advantage that CMOS gate designsenjoy over TTL is a much wider allowable range
of power supply voltages. Whereas TTL gates are restricted to power supply (V) voltages be-
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tween4.75 and 5.25 volts, CMOS gatesare typically able to operate on any voltage between3 and
15 volts! The reasonbehind this disparity in power supply voltagesis the respective bias require-
ments of MOSFET versusbipolar junction transistors. MOSFETSs are cortrolled exclusively by gate
voltage (with respect to substrate), whereasBJTs are current-controlled devices. TTL gate circuit
resistancesare precisely calculated for proper bias currents assuminga 5 volt regulated power sup-
ply. Any signi cant variations in that power supply voltage will result in the transistor bias currents
being incorrect, which then results in unreliable (unpredictable) operation. The only e®ectthat
variations in power supply voltage have on a CMOS gate is the voltage de nition of a "high" (1)
state. For a CMOS gate operating at 15 volts of power supply voltage (V 44), an input signal must
be closeto 15volts in order to be considered'high” (1). The voltage threshold for a "low" (0) signal
remains the same: near O volts.

One decideddisadvantage of CMOS is slow speed,as comparedto TTL. The input capacitances
of a CMOS gate are much, much greater than that of a comparable TTL gate { owing to the useof
MOSFETS rather than BJTs { and soa CMOS gate will be slower to respond to a signal transition
(low-to-high or visa-versa) than a TTL gate, all other factors being equal. The RC time constart
formed by circuit resistancesand the input capacitanceof the gate tend to impedethe fast rise- and
fall-times of a digital logic level, thereby degrading high-frequency performance.

A strategy for minimizing this inherernt disadvantage of CMOS gate circuitry is to "bu®er" the
output signal with additional transistor stages,to increasethe overall voltage gain of the device.
This provides a faster-transitioning output voltage (high-to-low or low-to-high) for an input voltage
slowly changing from one logic state to another. Consider this example, of an "unbu®ered" NOR
gate versusa "bu®ered," or B-series, NOR gate:
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"Unbuffered" NOR gate

vdd
Q
—
[
—
Q,
1 Output
Q Q
L
[
Input, | — F: \_‘
Inputg

"B-series" (buffered) NOR gate

Output

L]
IEJ I E

3
—
I
Input, — F: Ll
[

Inputg

In essencethe B-seriesdesign enhancemen adds two inverters to the output of a simple NOR

circuit. This serves no purpose as far as digital logic is concerned, since two cascadedinverters
simply cancel:
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) D>

|

(same as)

l

|

(same as)

l
o

Howewer, adding theseinverter stagesto the circuit doessene the purposeof increasingoverall
voltage gain, making the output more sensitive to changesin input state, working to overcomethe
inherent slownesscausedby CMOS gate input capacitance.

2

2

REVIEW:

CMOS logic gates are made of IGFET (MOSFET) transistors rather than bipolar junction
transistors.

CMOS gate inputs are sensitive to static electricity. They may be damagedby high voltages,
and they may assumeany logic level if left °oating.

Pullup and pulldown resistors are usedto prevent a CMOS gate input from °oating if being
driven by a signal sourcecapableonly of sourcing or sinking current.

CMOS gatesdissipate far lesspower than equivalent TTL gates, but their power dissipation
increaseswith signal frequency whereasthe power dissipation of a TTL gate is approximately
constart over a wide range of operating conditions.

CMOS gate inputs draw far lesscurrent than TTL inputs, becauseMOSFETs are voltage-
cortrolled, not current-controlled, devices.

CMOS gatesare able to operate on a much wider range of power supply voltagesthan TTL:
typically 3 to 15 volts versus4.75to 5.25volts for TTL.

CMOS gatestend to have a much lower maximum operating frequencythan TTL gatesdue
to input capacitancescausedby the MOSFET gates.
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2 B-series CMOS gates have "bu®ered" outputs to increasevoltage gain from input to output,
resulting in faster output responseto input signal changes. This helps overcomethe inherert
slownessof CMOS gatesdueto MOSFET input capacitanceand the RC time constart thereby
engendered.

3.8 Special-output gates

It is sometimesdesirableto have a logic gate that provides both inverted and non-inverted outputs.
For example,a single-input gate that is both a bu®erand aninverter, with a separateoutput terminal
for ead function. Or, a two-input gate that provides both the AND and the NAND functions in a
single circuit. Sud gatesdo exist and they are referred to as complementary output gates.

The general symbology for such a gate is the basic gate gure with a bar and two output lines
protruding from it. An array of complemenary gate symbols is shovn in the following illustration:

Complementary buffer

L

Complementary AND gate

Complementary OR gate

—

Complementary XOR gate

mpe

Complemertary gatesare especially usefulin "crowded" circuits where there may not be enough
physical room to mount the additional integrated circuit chips necessaryto provide both inverted
and noninverted outputs using standard gates and additional inverters. They are also useful in
applications where a complemerary output is necessaryfrom a gate, but the addition of an inverter
would introduce an unwanted time lag in the inverted output relative to the noninverted output.
The internal circuitry of complemened gatesis suc that both inverted and noninverted outputs
changestate at almost exactly the sametime:
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Complemented gate Standard gate with inverter added

VC\A
@ Time delay introduced —3!

_Il\j by the inverter
V4

Another type of special gate output is called tristate, becauseit hasthe ability to provide three
di®erent output modes: current sinking ("low" logic level), current sourcing ("high"), and °oating
("high-z," or high-impedance). Tristate outputs are usually found as an optional feature on bu®er
gates. Such gatesrequire an extra input terminal to control the "high-Z" mode, and this input is
usually called the enable

Tristate buffer gate

Enable
+V

Input :E/—/ Output

With the enableinput held "high" (1), the bu®eracts like an ordinary bu®erwith a totem pole
output stage: it is capableof both sourcingand sinking current. However, the output terminal °oats
(goesinto "high-Z" mode) if ever the enableinput is grounded("low"), regardlessof the data signal's
logic level. In other words, making the enable input terminal "low" (0) e®ectiely disconnects the
gate from whatever its output is wired to sothat it can no longer have any e®ect.

Tristate bu®ersare marked in schematic diagramsby a triangle character within the gate symbol
like this:



82 CHAPTER 3. LOGIC GATES

Tristate buffer symbol

Enable (B)

Input ~[> Output
(A)

Truth table

B | Output
High-Z
0
High-Z
1

RlR|O|O]|>
R|O|R|O

Tristate bu®ersare also made with inverted enable inputs. Sud a gate acts normal when the
enableinput is "low" (0) and goesinto high-Z output mode when the enableinput is "high" (1):

Tristate buffer with
inverted enable input

Enable (B)

Input ~[} Output
(A

Truth table

B | Output
0 0
1| High-Z
0 1
1| High-Z

R R|O|O|>

One special type of gate known asthe bilateral switch usesgate-cortrolled MOSFET transistors
acting as on/o® switchesto switch electrical signals, analog or digital. The "on" resistanceof such
a switch is in the range of sewral hundred ohms, the "o®" resistancebeing in the range of seweral
hundred mega-ohms.

Bilateral switchesappear in schematics as SPST (Single-Pole, Single-Throw) switchesinside of
rectangular boxes, with a cortrol terminal on one of the box's long sides:
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CMOS bilateral switch

Control
|

InfOut ——"—— In/out

A bilateral switch might be best envisioned as a solid-state (semiconductor) version of an elec-
tromechanical relay: a signal-actuated switch contact that may be usedto conduct virtually any
type of electric signal. Of course, being solid-state, the bilateral switch has none of the undesir-
able characteristics of electromedanical relays, such as contact "b ouncing," arcing, slow speed, or
susceptibility to medanical vibration. Conversely though, they are rather limited in their current-
carrying ability. Additionally , the signal conducted by the "contact" must not exceedthe power
supply "rail" voltagespowering the bilateral switch circuit.

Four bilateral switchesare packagedinside the popular model "4066" integrated circuit:

Quad CMOS hilateral switch
4066

14 13 12 11 10 9 8

Vag o oA
L]
)
-
[

2 REVIEW:

2 Complementary gates provide both inverted and noninverted output signals, in such a way
that neither oneis delayed with respect to the other.

2 Tristate gates provide three di®erent output states: high, low, and °oating (High-Z). Such
gates are commandedinto their high-impedanceoutput modesby a separateinput terminal
called the enable

2 Bilateral switches are MOSFET circuits providing on/o® switching for a variety of electrical
signal types (analog and digital), cortrolled by logic level voltage signals. In essencethey are
solid-state relays with very low current-handling ability.
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3.9 Gate univ ersality

NAND and NOR gatespossessa special property: they are universal. That is, given enoughgates,
either type of gate is able to mimic the operation of any other gate type. For example, it is possible
to build a circuit exhibiting the OR function using three interconnected NAND gates. The ability
for a single gate type to be able to mimic any other gate type is one enjoyed only by the NAND and
the NOR. In fact, digital cortrol systemshave beendesignedaround nothing but either NAND or
NOR gates,all the necessaryogic functions being derived from collections of interconnectedNANDs
or NORs.

As proof of this property, this sectionwill be divided into subsectionsshowing how all the basic
gate typesmay be formed using only NANDs or only NORs.

3.9.1 Constructing the NOT function

Input ~I>o Output

Input | Output

0 1
1 0
Input Input —
j Output 3 Output
.or. ..
+V
J - Input
Output Output
Input

As you canseethere aretwo ways to usea NAND gate asan inverter, and two ways to usea NOR
gate as an inverter. Either method works, although connecting TTL inputs together increasesthe
amount of current loading to the driving gate. For CMOS gates,commoninput terminals decreases
the switching speed of the gate due to increasedinput capacitance.

Inverters are the fundamertal tool for transforming onetype of logic function into another, and
so there will be many inverters shown in the illustrations to follow. In those diagrams, | will only
show one method of inversion, and that will be wherethe unusedNAND gate input is connectedto
+V (either V¢ or V4q, depending on whether the circuit is TTL or CMOS) and where the unused
input for the NOR gate is connectedto ground. Bear in mind that the other inversion method
(connecting both NAND or NOR inputs together) works just as well from a logical (1's and 0's)
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point of view, but is undesirablefrom the practical perspectivesof increasedcurrent loading for TTL
and increasedinput capacitancefor CMOS.

3.9.2 Constructing the "bu®er" function

Being that it is quite easyto employ NAND and NOR gatesto perform the inverter (NOT) function,
it standsto reasonthat two suc stagesof gateswill result in a bu®erfunction, where the output is
the samelogical state asthe input.

Input ~[> Output

Input | Output
0 0
1 1

+V

i\l/_—}jL} Output

Input

Input
Output

3.9.3 Constructing the AND function

To make the AND function from NAND gates, all that is neededis an inverter (NOT) stageon the
output of a NAND gate. This extra inversion “cancelsout" the rst N in NAND, leaving the AND
function. It takesa little more work to wrestle the samefunctionality out of NOR gates, but it can
be done by inverting ("NOT") all of the inputs to a NOR gate.
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2-input AND gate

InputA—} Output
Inputy—

A | B| Output

ofo 0

01 0

1|0 0

1|1 1
+V

Input,— > } Output
Inputg—

Input,

- Output
Inputg

3.9.4 Constructing the NAND function

It would be pointlessto shav you how to "construct” the NAND function usinga NAND gate, since
there is nothing to do. To make a NOR gate perform the NAND function, we must invert all inputs
to the NOR gate as well asthe NOR gate's output. For a two-input gate, this requiresthree more
NOR gatesconnectedas inverters.
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2-input NAND gate

InputA—} Output
Inputy—

A | B| Output
00 1
01 1
1|0 1
1|1 0

Output

3.9.5 Constructing the OR function

Inverting the output of a NOR gate (with another NOR gate connectedas an inverter) results in
the OR function. The NAND gate, on the other hand, requiresinversion of all inputs to mimic the
OR function, just as we neededto invert all inputs of a NOR gate to obtain the AND function.
Remenber that inversion of all inputs to a gate results in changing that gate's essetial function
from AND to OR (or visa-versa), plus an inverted output. Thus, with all inputs inverted, a NAND
behavesasan OR, a NOR behavesasan AND, an AND behavesasa NOR, and an OR behavesas
a NAND. In Booleanalgebra, this transformation is referred to as DeMorgaris Theorem, coveredin
more detail in a later chapter of this book.
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2-input OR gate

|nputA:Z>7 Output
Inputg

A | B| Output
0|0 0
0|1 1
110 1
1|1 1

+V

]

Vv } Output
L

InputB_Jj

Input,

Inputg Output

3.9.6 Constructing the NOR function

Much the sameas the procedure for making a NOR gate behave as a NAND, we must invert all
inputs and the output to make a NAND gate function asa NOR.
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2-input NOR gate

|npUtAD Output
Inputg

A | B| Output
00 1
01 0
1|0 0
1|1 0

+V

L sy
Input:\/_jolji_} Output
Dy

s

Inputg |

2 REVIEW:

2 NAND and NOR gatesare universal: that is, they have the ability to mimic any type of gate,
if interconnectedin sutcient numbers.

3.10 Logic signal voltage levels

Logic gate circuits are designedto input and output only two typesof signals: "high" (1) and "low"
(0), as represenied by a variable voltage: full power supply voltage for a "high" state and zero
voltage for a "low" state. In a perfect world, all logic circuit signalswould exist at these extreme
voltage limits, and never deviate from them (i.e., lessthan full voltage for a "high," or more than
zero voltage for a "low"). Howevwer, in reality, logic signal voltage levels rarely attain these perfect
limits due to stray voltage drops in the transistor circuitry, and so we must understand the signal
level limitations of gate circuits asthey try to interpret signal voltageslying somewherebetwesn full
supply voltage and zero.

TTL gatesoperate on a nominal power supply voltage of 5 volts, +/- 0.25volts. Ideally, a TTL
"high" signal would be 5.00 volts exactly, and a TTL "low" signal 0.00 volts exactly. Howewer, real
TTL gate circuits cannot output such perfect voltage levels, and are designedto accept"high" and
"low" signals deviating substartially from these ideal values. "Acceptable" input signal voltages
range from O volts to 0.8 volts for a "low" logic state, and 2 volts to 5 volts for a "high" logic
state. "Acceptable” output signal voltages(voltage levels guaranteed by the gate manufacturer over
a speci ed range of load conditions) range from 0 volts to 0.5 volts for a "low" logic state, and 2.7
volts to 5 volts for a "high" logic state:
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Acceptable TTL gate Acceptable TTL gate
input signal levels output signal levels
T—5V T 5V
1 V.=5V i 4
High cc High
T —+ 27V
4 2v 4
= 08V — T
Low - —+ 05V
—[__OV Low—[__ov

If a voltage signal ranging between0.8 volts and 2 volts were to be sert into the input of a TTL
gate, there would be no certain responsefrom the gate. Such a signal would be considereduncertain,
and no logic gate manufacturer would guarantee how their gate circuit would interpret such a signal.

As you can see,the tolerable rangesfor output signal levels are narrower than for input signal
levels, to ensurethat any TTL gate outputting a digital signal into the input of another TTL gate
will transmit voltagesacceptableto the receiving gate. The di®erencebetweenthe tolerable output
and input rangesis called the noise margin of the gate. For TTL gates,the low-level noise margin
is the di®erencebetween0.8 volts and 0.5 volts (0.3 volts), while the high-level noise margin is the
di®erencebetween?2.7 volts and 2 volts (0.7 volts). Simply put, the noisemargin is the peakamourt
of spuriousor "noise" voltage that may be superimposedon a weak gate output voltage signal before
the receiving gate might interpret it wrongly:

Acceptable TTL gate Acceptable TTL gate
input signal levels output signal levels
5V T 5V
High T high-level noise margin  High T

Low —[ _:

low-level noise margin

CMOS gate circuits have input and output signal speci cations that are quite di®erert from
TTL. For a CMOS gate operating at a power supply voltage of 5 volts, the acceptableinput signal
voltagesrange from 0 volts to 1.5 volts for a "low" logic state, and 3.5 volts to 5 volts for a "high"
logic state. "Acceptable” output signal voltages(voltage levels guaranteed by the gate manufacturer
over a speci ed range of load conditions) range from 0 volts to 0.05volts for a "low" logic state, and
4.95 volts to 5 volts for a "high" logic state:
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Acceptable CMOS gate
input signal levels
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—1— 35V
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It should be obvious from these gures that CMOS gate circuits have far greater noise margins
than TTL: 1.45volts for CMOS low-level and high-level margins, versusa maximum of 0.7 volts for
TTL. In other words, CMOS circuits can tolerate over twice the amount of superimposed"noise"
voltage on their input lines before signal interpretation errors will result.

CMOS noise margins widen even further with higher operating voltages. Unlike TTL, which is
restricted to a power supply voltage of 5 volts, CMOS may be powered by voltages as high as 15
volts (some CMOS circuits as high as 18 volts). Shawvn here are the acceptable"high" and "low"
states, for both input and output, of CMOS integrated circuits operating at 10 volts and 15 volts,

respectively:

Acceptable CMOS gate
input signal levels

T 10V

High - |

17V

3V

Low

oV

V4= 10V

Acceptable CMOS gate

output signal levels

High — —— 10V
1 995V
_l 005V

Low — = oV
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Acceptable CMOS gate Acceptable CMOS gate
input signal levels output signal levels
. Hioh — —— 15V
15V g 1495V
High { + 4
-1 11V T
T Vgg= 15V 1
— —— 4 V 3
Low —{ + 4
_| 005V
T ov Low —==g'y

The margins for acceptable"high" and "low" signalsmay be greater than what is shown in the
previous illustrations. What is shown represerts "worst-case" input signal performance, basedon
manufacturer's speci cations. In practice, it may be found that a gate circuit will tolerate "high"
signals of considerably less voltage and "low" signals of considerably greater voltage than those
speci ed here.

Conversely the extremely small output margins shavn { guaranteeing output states for "high"
and "low" signalsto within 0.05 volts of the power supply "rails” { are optimistic. Sud "solid"
output voltage levels will be true only for conditions of minimum loading. If the gate is sourcing or
sinking substartial current to aload, the output voltage will not be able to maintain theseoptimum
levels, due to internal channel resistanceof the gate's nal output MOSFETSs.

Within the "uncertain" rangefor any gateinput, there will be somepoint of demarcation dividing
the gate's actual "low" input signal range from its actual "high" input signal range. That is,
somewherebetweenthe lowest "high" signal voltage level and the highest "low" signal voltage level
guaranteed by the gate manufacturer, there is a threshold voltage at which the gate will actually
switch its interpretation of a signal from "low" or "high" or visa-versa. For most gate circuits, this
unspeci ed voltage is a single point:
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Typical response of a logic gate
to a variable (analog) input voltage

5V Vag=5V

ov - —— - -
Time —

In the presenceof AC "noise" voltage superimposedon the DC input signal, a single threshold
point at which the gate alters its interpretation of logic level will result in an erratic output:

Slowly-changing DC signal with
AC noise superimposed

Time —

If this scenariolooks familiar to you, it's becauseyou remenber a similar problem with (analog)
voltage comparator op-amp circuits. With a single threshold point at which an input causesthe
output to switch between"high" and "low" states, the presenceof signi cant noisewill causeerratic
changesin the output:
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—

- I
-V
Square wave

output voltage
] |

The solution to this problem is a bit of positive feedback introduced into the ampli'er circuit.
With an op-amp, this is done by connecting the output back around to the noninverting (+) input
through a resistor. In a gate circuit, this entails redesigningthe internal gate circuitry, establishing
the feedbadk inside the gate padkagerather than through external connections. A gate sodesignedis
called a Schmitt trigger. Schmitt triggers interpret varying input voltagesaccordingto two threshold
voltages: a positive-going threshold (V 1+ ), and a negative-going threshold (V 1, ):

Schmitt trigger response to a
"noisy"” input signal

5V V=5V

ov - - - -
Time —

Schmitt trigger gatesare distinguished in schematic diagrams by the small "hysteresis" symbol
drawn within them, reminiscent of the B-H curve for a ferromagneticmaterial. Hysteresisengendered
by positive feedbadk within the gate circuitry addsan additional level of noiseimmunity to the gate's
performance. Scmitt trigger gates are frequertly used in applications where noise is expected
on the input signal line(s), and/or where an erratic output would be very detrimental to system
performance.

The di®ering voltage level requiremerts of TTL and CMOS technology presert problems when
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the two typesof gatesare usedin the samesystem. Although operating CMOS gateson the same
5.00volt power supply voltage required by the TTL gatesis no problem, TTL output voltage levels
will not be compatible with CMOS input voltage requiremerts.

Take for instancea TTL NAND gate outputting a signalinto the input of a CMOS inverter gate.
Both gatesare powered by the same5.00volt supply (V). If the TTL gate outputs a "low" signal
(guaranteedto be between0 volts and 0.5 volts), it will be properly interpreted by the CMOS gate's
input asa "low" (expecting a voltage between0 volts and 1.5 volts):

+ Vee Vg
—_ PR P "|OW"
5V — ] >o—
) TTL  CMOS
5V 71— —T-5V
L | 1 cmos
output input
1 T 15v
o5V - . ____ T
oV -+ - —+ov

TTL output falls within
acceptable limits for
CMOS input

Howewer, if the TTL gate outputs a "high" signal (guaranteed to be between5 volts and 2.7
volts), it might not be properly interpreted by the CMOS gate's input as a "high" (expecting a
voltage between5 volts and 3.5 volts):
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+ Vee A
—_— PR R p— llhi hll
5V — B
) TTL  CMOS
BV = -------------- 45V
T 1 35V
27V T T
1 1 cmos
TTL input
output 4 1
ov —Lov

TTL output falls outside of
acceptable limits for
CMOS input

Given this mismatch, it is erntirely possiblefor the TTL gate to output a valid "high" signal
(valid, that is, accordingto the standards for TTL) that lies within the "uncertain” range for the
CMOS input, and may be (falsely) interpreted as a "low" by the receiving gate. An easy' x" for
this problem is to augmert the TTL gate's "high" signal voltage level by meansof a pullup resistor:

+ Vee Roulup Vg
5V — o] >o—
i TTL CMOS
5V —— -------------- -5V
T T f ““““ 1 35V
TTL T T
output 4 1 CMOS
input
ov - —+4ov

TTL "high" output voltage
assisted by Ryyp

Something more than this, though, is required to interface a TTL output with a CMOS input,
if the receiving CMOS gate is powered by a greater power supply voltage:
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| +

5v —/

Vcc Vdd +
— ] b—i >o— : 10V
TTL CMOS )
i CMOS
SV T - input
TIL o7y I . B
output
o5V + _________ ]
ov — Tt =

The TTL "high" signal will
definitely not fall within the
CMOS gate's acceptable limits
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There will be no problem with the CMOS gate interpreting the TTL gate's "low" output, of
course,but a "high" signal from the TTL gate is another matter ertirely. The guaranteed output
voltage range of 2.7 volts to 5 volts from the TTL gate output is howhere near the CMOS gate's
acceptablerange of 7 volts to 10 volts for a "high" signal. If we use an open-mllector TTL gate
instead of a totem-pole output gate, though, a pullup resistor to the 10 volt V4q supply rail will
raise the TTL gate's "high" output voltage to the full power supply voltage supplying the CMOS
gate. Sincean open-collectorgate can only sink current, not sourcecurrent, the "high" state voltage
level is ertirely determined by the power supply to which the pullup resistor is attached, thus neatly
solving the mismatch problem:
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+ VcC Rpullup Vdd N
5V — ¢ So— — 10V
- TTL  CMOS :
(open-collector)
- 10V == ============ 10V
T —+7v
ot ¥ T CMOS
output T T nput
T —+ 3V
08\\; S S ov

Now, both "low" and "high"
TTL signals are acceptable
to the CMOS gate input

Due to the excellert output voltage characteristics of CMOS gates, there is typically no problem
connecting a CMOS output to a TTL input. The only signi cant issueis the current loading
preseried by the TTL inputs, sincethe CMOS output must sink current for eat of the TTL inputs
while in the "low" state.

When the CMOS gate in question is powered by a voltage sourcein excessof 5 volts (V ),
though, a problem will result. The "high" output state of the CMOS gate, being greater than 5
volts, will exceedthe TTL gate's acceptableinput limits for a "high" signal. A solution to this
problem is to create an "open-collector" inverter circuit using a discrete NPN transistor, and useit
to interface the two gatestogether:

Rpullup
+ Vad Ve +
0ov— >o— =5V
) CMOS TTL i

The "Rpuiup” resistor is optional, since TTL inputs automatically assumea "high" state when
left °oating, which is what will happenwhenthe CMOS gate output is "low" and the transistor cuts
o®. Of course,one very important consequencef implemerting this solution is the logical inversion
created by the transistor: whenthe CMOS gate outputs a "low" signal, the TTL gate seesa "high”
input; and whenthe CMOS gate outputs a "high" signal, the transistor saturatesand the TTL gate
seesa "low" input. Solong asthis inversionis accourted for in the logical schemeof the system, all
will be well.
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3.11 DIP gate packaging

Digital logic gate circuits are manufactured asintegrated circuits: all the constituent transistors and
resistors built on a single piece of semiconductor material. The engineer, technician, or hobbyist
using small numbers of gateswill likely 'nd what he or she needsenclosedin a DIP (D ual Inline
P adkage) housing. DIP-enclosedintegrated circuits are available with even numbers of pins, located
at 0.100inch intervals from ead other for standard circuit board layout compatibility. Pin counts
of 8, 14, 16, 18, and 24 are common for DIP "chips."”

Part numbersgivento theseDIP padkagesspecify what type of gatesare enclosed,and how many.
These part numbers are industry standards, meaning that a "74LS02" manufactured by Motorola
will beidentical in function to a "74LS02" manufactured by Fairchild or by any other manufacturer.
Letter codes prependedto the part number are unique to the manufacturer, and are not industry-
standard codes. For instance, a SN74LS02is a quad 2-input TTL NOR gate manufactured by
Motorola, while a DM74LS02 is the exact samecircuit manufactured by Fairchild.

Logic circuit part numbers beginning with "74" are commercial-gradeTTL. If the part number
begins with the number "54", the chip is a military-grade unit: having a greater operating tem-
perature range, and typically more robust in regard to allowable power supply and signal voltage
levels. The letters "LS" immediately following the 74/54 pre x indicate "Low-power Scottky"
circuitry , using Schottky-barrier diodes and transistors throughout, to decreasepower dissipation.
Non-Sdottky gate circuits consumemore power, but are able to operate at higher frequenciesdue
to their faster switching times.

A few of the more common TTL "DIP" circuit padkagesare showvn here for reference:
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5400/7400
Quad NAND gate

14[@ 12

[11] [10] [o] [s]
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5408/7408
Quad AND gate

14[1—3]1

[11] [10] [o] [s]

T
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5402/7402
Quad NOR gate

14| [13] [12] [11] [10] [o] [s]

C L2

5]
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=]
]
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5432/7432
Quad OR gate

14 [10] [o] [s]
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5486/7486
Quad XOR gate

[14] [13] [12] [11] [10] [o] [e]

) [

(9]
O

N

<

] 2] 3] [4] [s] [e]
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5404/7404
Hex inverter

14 [i3 [r2l [z fio] [o] [s]
D= D

b} b} GND

L] 2] ] [4] [s] [e] [7]
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4011 4001
Quad NAND gate Quad NOR gate
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3.12 Contributors

Contributors to this chapter are listed in chronological order of their cortributions, from most recert
to ‘rst. SeeAppendix 2 (Contributor List) for dates and contact information.

Jan-Willem Rensman (May 2, 2002): Suggestedthe inclusion of Schmitt triggers and gate
hysteresisto this chapter.
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Chapter 4

SWITCHES

4.1 Switc h types

An electrical switch is any device usedto interrupt the °ow of electronsin a circuit. Switches
are essetially binary devices: they are either completely on (“closed") or completely o® ("op en").
There are many di®eren typesof switches,and we will explore someof thesetypesin this chapter.

Though it may seemstrangeto cover this elemenary electrical topic at suc a late stagein this
book series,| do sobecausehe chaptersthat follow explorean older realm of digital technology based
on mechanical switch cortacts rather than solid-state gate circuits, and a thorough understanding of
switch typesis necessaryfor the undertaking. Learning the function of switch-basedcircuits at the
sametime that you learn about solid-state logic gates makes both topics easierto grasp, and sets
the stagefor an enhancedlearning experiencein Boolean algebra, the mathematics behind digital
logic circuits.

The simplest type of switch is one where two electrical conductors are brought in contact with
ead other by the motion of an actuating mechanism. Other switchesare more complex, cortaining
electronic circuits able to turn on or o® depending on some physical stimulus (such as light or
magnetic "eld) sensed. In any case,the nal output of any switch will be (at least) a pair of
wire-connection terminals that will either be connectedtogether by the switch's internal contact
medanism ("closed"), or not connectedtogether ("op en").

Any switch designedto be operated by a personis generally called a hand switch, and they are
manufactured in seweral varieties:

Toggle switch

—/o—

Toggle switches are actuated by a lever angled in one of two or more positions. The common
light switch usedin householdwiring is an example of a toggle switch. Most toggle switches will
cometo restin any of their lever positions, while others have an internal spring mecanism returning
the lever to a certain normal position, allowing for what is called "momentary" operation.

103
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Pushbutton switch

1

—_— o——

Pushbutton switchesare two-position devicesactuated with a button that is pressedand released.
Most pushbutton switcheshave an internal spring mecdanism returning the button to its "out,” or
"unpressed," position, for momertary operation. Somepushbutton switcheswill latch alternately on
or o®with every push of the button. Other pushbutton switcheswill stay in their "in," or "pressed,"”
position until the button is pulled bad out. This last type of pushbutton switches usually have a
mushroom-shaped button for easypush-pull action.

Selector switch

S, P

—e o—

Selector switches are actuated with a rotary knob or lever of somesort to selectone of two or
more positions. Like the toggle switch, selector switches can either rest in any of their positions or
cortain spring-return mechanismsfor momertary operation.

Joystick switch

Q

—e o—

A joystick switch is actuated by a lever free to move in more than one axis of motion. One or
more of seweral switch contact medanismsare actuated depending on which way the lever is pushed,
and sometimesby how far it is pushed. The circle-and-dot notation on the switch symbol represens
the direction of joystick lever motion required to actuate the contact. Joystick hand switches are
commonly usedfor crane and robot cortrol.

Someswitchesare speci cally designedto be operated by the motion of a machine rather than by
the hand of a human operator. Thesemotion-operated switchesare commonly called limit switches
becausethey are often usedto limit the motion of a machine by turning o®the actuating power to
a componert if it movestoo far. As with hand switches, limit switchescomein se\eral varieties:

Lever actuator limit switch

~
Theselimit switchesclosely resenble rugged toggle or selectorhand switches tted with a lever

pushedby the machine part. Often, the leversare tipp ed with a small roller bearing, preventing the
lever from being worn o®by repeated contact with the machine part.

Proximity switch
prox
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Proximit y switches sensethe approac of a metallic machine part either by a magnetic or high-
frequency electromagnetic eld. Simple proximity switches use a permanert magnet to actuate a
sealedswitch medanism whene\er the machine part gets close(typically 1 inch or less). More com-
plex proximity switcheswork like a metal detector, energizinga coil of wire with a high-frequency
current, and electronically monitoring the magnitude of that current. If a metallic part (not nec-
essarily magnetic) gets closeenoughto the coil, the current will increase,and trip the monitoring
circuit. The symbol shavn here for the proximity switch is of the electronic variety, asindicated by
the diamond-shaped box surrounding the switch. A non-electronic proximity switch would usethe
samesymbol asthe lever-actuated limit switch.

Another form of proximity switch is the optical switch, comprisedof a light sourceand photocell.
Machine position is detectedby either the interruption or re°ection of a light beam. Optical switches
are also useful in safety applications, where beamsof light can be usedto detect personnelentry
into a dangerousarea.

In many industrial processesit is hecessaryto monitor various physical quantities with switches.
Sud switchescan be usedto sound alarms, indicating that a processvariable has exceedednormal
parameters,or they can be usedto shut down processe®r equipmert if those variables have reached
dangerousor destructive levels. There are many di®erern typesof processswitches:

Speed switch

!
—ele—
P N

Theseswitchessensehe rotary speedof a shaft either by a certrifugal weight medhanism mounted
on the shaft, or by somekind of non-cortact detection of shaft motion sud as optical or magnetic.

Pressure switch

A
Gasor liquid pressurecan be usedto actuate a switch medianism if that pressureis applied to
a piston, diaphragm, or bellows, which corverts pressureto medanical force.

Temperature switch

B

An inexpensive temperature-sensingmedanism is the "bimetallic strip:" a thin strip of two
metals, joined badk-to-back, ead metal having a di®erert rate of thermal expansion. When the
strip heats or cools, di®ering rates of thermal expansionbetweenthe two metals causesit to bend.
The bending of the strip canthen be usedto actuate a switch contact mechanism. Other temperature
switches usea brassbulb Tled with either a liquid or gas,with atiny tube connectingthe bulb to
a pressure-sensingwitch. As the bulb is heated, the gasor liquid expands, generating a pressure
increasewhich then actuatesthe switch medanism.
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Liquid level switch

A °oating object can be usedto actuate a switch mecanism when the liquid level in an tank
rises past a certain point. If the liquid is electrically conductive, the liquid itself can be usedas a
conductor to bridge betweentwo metal probesinserted into the tank at the required depth. The
conductivity technique is usually implemernted with a special design of relay triggered by a small
amount of current through the conductive liquid. In most casesit is impractical and dangerousto
switch the full load current of the circuit through a liquid.

Level switches can also be designedto detect the level of solid materials such as wood chips,
grain, coal, or animal feedin a storage silo, bin, or hopper. A common designfor this application
is a small paddle wheel, inserted into the bin at the desired height, which is slowly turned by a
small electric motor. When the solid material Tls the bin to that height, the material prevents
the paddle wheel from turning. The torque response of the small motor than trips the switch
medanism. Another design usesa "tuning fork" shaped metal prong, inserted into the bin from
the outside at the desired height. The fork is vibrated at its resonan frequency by an electronic
circuit and magnet/electromagnet coil assenbly. When the bin TTIs to that height, the solid material
dampensthe vibration of the fork, the changein vibration amplitude and/or frequencydetected by
the electronic circuit.

Liquid flow switch
ERSE

Inserted into a pipe, a °ow switch will detect any gasor liquid °ow rate in excessof a certain
threshold, usually with a small paddle or vane which is pushedby the °ow. Other °ow switchesare
constructed as di®erertial pressureswitches, measuringthe pressuredrop acrossa restriction built
into the pipe.

Another type of level switch, suitable for liquid or solid material detection, is the nuclear switch.
Composed of a radioactive source material and a radiation detector, the two are mounted across
the diameter of a storage vesselfor either solid or liquid material. Any height of material beyond
the level of the source/detector arrangemern will attenuate the strength of radiation reacing the
detector. This decreasein radiation at the detector can be usedto trigger a relay mecanism to
provide a switch contact for measuremety alarm point, or even cortrol of the vessellevel.
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Nuclear level switch
(for solid or liquid material)

source [] L1 detector

source [ [ detector

Both sourceand detector are outside of the vessel,with no intrusion at all exceptthe radiation
°ux itself. The radioactive sourcesused are fairly weak and poseno immediate health threat to
operations or maintenance personnel.

As usual, there is usually more than oneway to implement a switch to monitor a physical process
or serwe as an operator corntrol. There is usually no single "p erfect” switch for any application,
although some obviously exhibit certain advantages over others. Switches must be intelligently
matched to the task for excient and reliable operation.

2 REVIEW:

2 A switch is an electrical device, usually electromedanical, usedto cortrol corntinuity between

two points.
2 Hand switchesare actuated by human touch.
2 Limit switchesare actuated by machine motion.

Process switches are actuated by changesin somephysical process(temperature, level, ow,
etc.).

4.2 Switc h contact design

A switch can be constructed with any mechanism bringing two conductors into cortact with ead
other in a cortrolled manner. This can be as simple as allowing two copper wires to touch eadt
other by the motion of a lever, or by directly pushingtwo metal strips into contact. Howewer, a good
switch designmust be rugged and reliable, and avoid preseriing the operator with the possibility of
electric shack. Therefore, industrial switch designsare rarely this crude.

The conductive parts in a switch usedto make and break the electrical connection are called
contacts. Contacts are typically made of silver or silver-cadmium alloy, whoseconductive properties
are not signi cantly compromisedby surface corrosion or oxidation. Gold contacts exhibit the best
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corrosion resistance, but are limited in current-carrying capacity and may "cold weld" if brought
together with high medhanical force. Whatever the choice of metal, the switch cortacts are guided
by a medanism ensuringsquareand even contact, for maximum reliabilit y and minimum resistance.

Contacts such asthesecan be constructed to handle extremely large amourts of electric current,
up to thousands of amps in some cases. The limiting factors for switch contact ampacity are as
follows:

2 Heat generatedby current through metal contacts (while closed).

2 Sparking causedwhen contacts are openedor closed.

2 The voltage acrossopen switch contacts (potential of current jumping acrossthe gap).

One major disadvantage of standard switch contacts is the exposure of the corntacts to the
surrounding atmosphere. In a nice, clean, cortrol-ro om ervironment, this is generally not a problem.
However, most industrial ervironments are not this benign. The presenceof corrosive chemicals
in the air can causecontacts to deteriorate and fail prematurely. Even more troublesome s the
possibility of regular contact sparking causing °ammable or explosive chemicalsto ignite.

When sud ervironmental concernsexist, other types of contacts can be consideredfor small
switches. These other types of contacts are sealedfrom contact with the outside air, and therefore
do not su®erthe sameexposure problemsthat standard contacts do.

A common type of sealed-cotact switch is the mercury switch. Mercury is a metallic elemen,
liquid at room temperature. Being a metal, it possesse&xcellert conductive properties. Being
a liquid, it can be brought into contact with metal probes (to close a circuit) inside of a sealed
chamber simply by tilting the chamber so that the probes are on the bottom. Many industrial
switches use small glasstub es containing mercury which are tilted one way to closethe contact,
and tilted another way to open. Aside from the problems of tube breakage and spilling mercury
(which is a toxic material), and susceptibility to vibration, thesedevicesare an excellert alternative
to open-air switch corntacts wherewver ervironmental exposure problems are a concern.

Here, a mercury switch (often called a tilt switch) is showvn in the open position, where the
mercury is out of contact with the two metal contacts at the other end of the glassbulb:
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Here, the sameswitch is shown in the closedposition. Gravity now holds the liquid mercury in
contact with the two metal contacts, providing electrical cortinuity from oneto the other:

Mercury switch contacts are impractical to build in large sizes,and so you will typically "nd
such contacts rated at no more than a few amps, and no more than 120volts. There are exceptions,
of course,but theseare common limits.

Another sealed-cotact type of switch is the magnetic reed switch. Like the mercury switch,
a reed switch's contacts are located inside a sealedtube. Unlike the mercury switch which uses
liquid metal asthe contact medium, the reed switch is simply a pair of very thin, magnetic, metal
strips (hencethe name"reed") which are brought into contact with ead other by applying a strong
magnetic "eld outside the sealedtube. The source of the magnetic "eld in this type of switch
is usually a permanert magnet, moved closerto or further away from the tube by the actuating
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medhanism. Due to the small size of the reeds, this type of contact is typically rated at lower
currents and voltages than the average mercury switch. However, reed switches typically handle
vibration better than mercury contacts, becausethere is no liquid inside the tube to splasharound.

It is commonto nd general-purpose switch cortact voltage and current ratings to be greater
on any given switch or relay if the electric power being switched is AC instead of DC. The reason
for this is the self-extinguishing tendency of an alternating-current arc acrossan air gap. Because
60 Hz power line current actually stopsand reversesdirection 120times per second,there are many
opportunities for the ionized air of an arc to lose enoughtemperature to stop conducting current,
to the point where the arc will not re-start on the next voltage peak. DC, on the other hand, is a
continuous, uninterrupted °ow of electronswhich tends to maintain an arc acrossan air gap much
better. Therefore, switch contacts of any kind incur more wear when switching a given value of direct
current than for the samevalue of alternating current. The problem of switching DC is exaggerated
when the load has a signi cant amourt of inductance, asthere will be very high voltagesgenerated
acrossthe switch's corntacts when the circuit is opened (the inductor doing its best to maintain
circuit current at the samemagnitude as when the switch was closed).

With both AC and DC, contact arcing can be minimized with the addition of a "snubber" circuit
(a capacitor and resistor wired in series)in parallel with the contact, like this:

"Snubber"

e

A suddenrise in voltage acrossthe switch cortact causedby the contact opening will be tem-
pered by the capacitor's charging action (the capacitor opposingthe increasein voltage by drawing
current). The resistor limits the amount of current that the capacitor will discharge through the
contact when it closesagain. If the resistor were not there, the capacitor might actually make the
arcing during contact closure worse than the arcing during contact opening without a capacitor!
While this addition to the circuit helps mitigate cortact arcing, it is not without disadvantage: a
prime consideration is the possibility of a failed (shorted) capacitor/resistor combination providing
a path for electronsto °ow through the circuit at all times, even when the contact is open and cur-
rent is not desired. The risk of this failure, and the se\erity of the resulting consequencesnust be
consideredagainst the increasedcontact wear (and inevitable contact failure) without the snubber
circuit.

The useof snubbersin DC switch circuits is nothing new: automobile manufacturers have been
doing this for years on engine ignition systems, minimizing the arcing acrossthe switch contact
"points” in the distributor with a small capacitor called a condenser As any medanic can tell
you, the service life of the distributor's "points” is directly related to how well the condenseris
functioning.

With all this discussionconcerningthe reduction of switch cortact arcing, one might be led to
think that lesscurrent is always better for a medanical switch. This, however, is not necessarily
so. It has beenfound that a small amount of periodic arcing can actually be good for the switch
cortacts, becauseit keepsthe contact facesfree from small amounts of dirt and corrosion. If a
mechanical switch cortact is operated with too little current, the contacts will tend to accurnrulate
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excessie resistanceand may fail prematurely! This minimum amourt of electric current necessary
to keepa medanical switch cortact in good health is called the wetting current.

Normally, a switch's wetting current rating is far below its maximum current rating, and well
below its normal operating current load in a properly designedsystem. However, there are applica-
tions where a mecanical switch contact may be required to routinely handle currents below normal
wetting current limits (for instance, if a medanical selector switch needsto open or closea digital
logic or analog electronic circuit where the current value is extremely small). In theseapplications,
is it highly recommendedthat gold-plated switch contacts be speci ed. Gold is a "noble” metal and
does not corrode as other metals will. Sud contacts have extremely low wetting current require-
ments as a result. Normal silver or copper alloy contacts will not provide reliable operation if used
in such low-current service!

2 REVIEW:

2 The parts of a switch responsible for making and breaking electrical cortinuity are called the
“contacts." Usually made of corrosion-resistat metal alloy, contacts are made to touch eadh
other by a medanism which helps maintain proper alignment and spacing.

2 Mercury switches use a slug of liquid mercury metal as a moving corntact. Sealedin a glass
tub e, the mercury contact's spark is sealedfrom the outside ervironment, making this type of
switch ideally suited for atmospherespotentially harboring explosive vapors.

2 Reedswitchesare another type of sealed-cotact device, cortact being made by two thin metal
"reeds" inside a glasstube, brought together by the in°uence of an external magnetic "eld.

2 Switch contacts su®ergreater duress switching DC than AC. This is primarily due to the
self-extinguishing nature of an AC arc.

2 A resistor-capacitor network called a "snubber" can be connectedin parallel with a switch
contact to reducecorntact arcing.

2 Wetting current is the minimum amount of electric current necessaryfor a switch contact to
carry in order for it to be self-cleaning. Normally this value is far below the switch's maximum
current rating.

4.3 Contact "normal" state and make/break sequence

Any kind of switch cortact can be designedsothat the corntacts "close" (establish cortinuity) when
actuated, or "open" (interrupt continuity) when actuated. For switchesthat have a spring-return
medhanism in them, the direction that the spring returns it to with no applied force is called the
normal position. Therefore, cortacts that are open in this position are called normally open and
cortacts that are closedin this position are called normally close.

For processswitches, the normal position, or state, is that which the switch is in when there is
no processin®uence on it. An easyway to gure out the normal condition of a processswitch is to
considerthe state of the switch asit sits on a storage shelf, uninstalled. Here are someexamplesof
"normal” processswitch conditions:

2 Speed switc h: Shaft not turning
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2 Pressure switc h: Zero applied pressure
2 Temp erature switc h: Ambient (room) temperature
2 Level switc h: Empty tank or bin

2 Flow switc h: Zero liquid °ow

It isimportant to di®ereriate betweena switch's "normal” condition and its "normal” usein an
operating process.Considerthe exampleof a liquid °ow switch that servesasa low-°ow alarm in a
cooling water system. The normal, or properly-operating, condition of the cooling water systemis
to have fairly constart coolant °ow going through this pipe. If we want the °ow switch's cortact to
closein the event of a lossof coolant °ow (to complete an electric circuit which activates an alarm
siren, for example), we would want to usea °ow switch with normally-closed rather than normally-
open contacts. When there's adequate°ow through the pipe, the switch's contacts are forced open;
when the °ow rate drops to an abnormally low level, the contacts return to their normal (closed)
state. This is confusingif you think of "normal” asbeing the regular state of the process,sobe sure
to always think of a switch's "normal” state asthat which it's in asit sits on a shelf.

The schematic symbology for switchesvary according to the switch's purposeand actuation. A
normally-open switch corntact is drawn in such a way asto signify an open connection, ready to close
when actuated. Conversely a normally-closed switch is drawn as a closedconnection which will be
openedwhen actuated. Note the following symbols:

Pushbutton switch

Normally-open Normally-closed
—%_o— —J_o—

There is alsoa genericsymbology for any switch contact, using a pair of vertical linesto represer
the contact points in a switch. Normally-open contacts are designatedby the lines not touching,
while normally-closed contacts are designatedwith a diagonal line bridging betweenthe two lines.
Compare the two:

Generic switch contact designation

Normally-open Normally-closed

= S

The switch on the left will closewhen actuated, and will be open while in the "normal" (unac-
tuated) position. The switch on the right will open when actuated, and is closedin the "normal”
(unactuated) position. If switches are designated with these generic symbols, the type of switch
usually will be noted in text immediately besidethe symbol. Pleasenote that the symbol on the left
is not to be confusedwith that of a capacitor. If a capacitor needsto be represerted in a cortrol
logic schemaitic, it will be shown like this:
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Capacitor

-

In standard electronic symbology, the "gure shown above is resened for polarity-sensitive capac-
itors. In cortrol logic symbology, this capacitor symbol is usedfor any type of capacitor, even when
the capacitor is not polarity sensitive, so as to clearly distinguish it from a normally-open switch
cortact.

With multiple-p osition selector switches, another designfactor must be considered: that is, the
sequenceof breaking old connections and making new connections as the switch is moved from
position to position, the moving corntact touching seeral stationary cortacts in sequence.

common — e 3

The selectorswitch shavn above switchesa commoncontact lever to oneof v e di®erert positions,
to contact wires numbered 1 through 5. The most common con guration of a multi-p osition switch
like this is onewherethe contact with oneposition is broken before the contact with the next position
is made. This con guration is called break-kefore-make To give an example, if the switch were set
at position number 3 and slowly turned clockwise, the corntact lever would move o® of the number
3 position, opening that circuit, move to a position betweennumber 3 and number 4 (both circuit
paths open), and then touch position number 4, closing that circuit.

There are applications where it is unacceptableto completely open the circuit attached to the
"common" wire at any point in time. For such an application, a make-kefore-break switch design
can be built, in which the movable contact lever actually bridges betweentwo positions of cortact
(between number 3 and number 4, in the above scenario) as it travels between positions. The
compromisehereis that the circuit must be ableto tolerate switch closuresbetweenadjacert position
contacts (1 and 2, 2 and 3, 3 and 4, 4 and 5) asthe selectorknob is turned from position to position.
Such a switch is showvn here:

1

2

common \ 3
J

S

When movable contact(s) can be brought into one of seweral positions with stationary cortacts,
those positions are sometimescalled throws The number of movable contacts is sometimescalled
poles Both selector switches shavn above with one moving contact and v e stationary contacts
would be designatedas "single-pole, v e-throw" switches.
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If two identical single-pole, v e-throw switches were medanically gangedtogether so that they
were actuated by the same medanism, the whole assenbly would be called a "double-pole, v e-
throw" switch:

Double-pole, 5-throw switch
assembly

Here are a few common switch con gurations and their abbreviated designations:

Single-pole, single-throw
(SPST)

—/o—

Double-pole, single-throw
(DPST)

—((o—
—/o—

Single-pole, double-throw
(SPDT)

—

e
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Double-pole, double-throw
(DPDT)

bt

Four-pole, double-throw

i

2 REVIEW:

2 The normal state of a switch is that where it is unactuated. For processswitches, this is the
condition it's in when sitting on a shelf, uninstalled.

2 A switch that is open when unactuated is called normally-open. A switch that is closedwhen
unactuated is called normally-closed. Sometimesthe terms "normally-op en" and "normally-
closed" are abbreviated N.O. and N.C., respectively.

2 The genericsymbology for N.O. and N.C. switch cortacts is as follows:
Generic switch contact designation

Normally-open Normally-closed

CHE I

2 Multip osition switchescan be either break-before-male (most common) or make-before-break.

2 The "poles" of a switch refersto the number of moving corntacts, while the "thro ws" of a switch
refersto the number of stationary contacts per moving cortact.

4.4 Contact "b ounce"
When a switch is actuated and cortacts touch one another under the force of actuation, they are

supposedto establish cortinuity in a single, crisp momert. Unfortunately, though, switchesdo not
exactly achieve this goal. Due to the massof the moving contact and any elasticity inherert in the
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medhanismand/or contact materials, contacts will "b ounce™ upon closurefor a period of milliseconds
beforecomingto a full rest and providing unbroken contact. In many applications, switch bounceis
of no consequenceit matters little if a switch cortrolling an incandesceh lamp "b ounces"for a few
cyclesewvery time it is actuated. Sincethe lamp's warm-up time greatly exceedshe bounce period,
no irregularity in lamp operation will result.

However, if the switch is usedto senda signal to an electronic ampli'er or someother circuit
with a fast responsetime, contact bouncemay produce very noticeable and undesired e®ects:

Switch
actuated

o

A closerlook at the oscilloscope display revealsa rather ugly set of makesand breaks when the
switch is actuated a single time:

Close-up view of oscilloscope display:

| ES—

/
Switch is actuated _
Contacts bouncing

If, for example, this switch is usedto provide a "clock" signalto a digital courter circuit, sothat
ead actuation of the pushbutton switch is supposedto incremert the counter by a value of 1, what
will happen instead is the courter will incremert by seweral counts ead time the switch is actuated.
Since mechanical switches often interface with digital electronic circuits in modern systems, switch
contact bounceis a frequert designconsideration. Somehav, the "chattering” producedby bouncing
cortacts must be eliminated sothat the receiving circuit seesa clean, crisp o®/on transition:
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"Bounceless" switch operation

/
Switch is actuated

Switch contacts may be delmunced several di®erent ways. The most direct meansis to addressthe
problem at its source: the switch itself. Here are somesuggestionsfor designingswitch medanisms
for minimum bounce:

2 Reducethe kinetic energy of the moving cortact. This will reduce the force of impact as it
comesto rest on the stationary cortact, thus minimizing bounce.

2 Use "bu®er springs" on the stationary corntact(s) so that they are free to recoil and gertly
absorb the force of impact from the moving contact.

2 Designthe switch for "wiping" or "sliding" contact rather than direct impact. "Knife" switch
designsusesliding contacts.

2 Dampen the switch medanism's movemert using an air or oil "shock absorber" medanism.

2 Usesetsof contacts in parallel with ead other, ead slightly di®erent in massor cortact gap,
sothat when oneis rebounding o®the stationary cortact, at least one of the others will still
bein 'rm contact.

2 "Wet" the contacts with liquid mercury in a sealedenvironment. After initial contact is made,
the surface tension of the mercury will maintain circuit cortinuity even though the moving
contact may bounce o®the stationary contact seweral times.

Each one of these suggestionssacri ces someaspect of switch performancefor limited bounce,
and soit is impractical to designall switcheswith limited contact bouncein mind. Alterations made
to reducethe kinetic energy of the contact may result in a small open-cortact gap or a slow-moving
contact, which limits the amount of voltage the switch may handle and the amount of current it
may interrupt. Sliding contacts, while non-bouncing, still produce "noise" (irregular current caused
by irregular contact resistancewhen moving), and su®erfrom more medanical wear than normal
cortacts.

Multiple, parallel cortacts give lessbounce,but only at greater switch complexity and cost. Using
mercury to "wet" the contacts is a very e®ective meansof bouncemitigation, but it is unfortunately
limited to switch contacts of low ampacity. Also, mercury-wetted contacts are usually limited in
mounting position, as gravity may causethe contacts to "bridge" accidertly if oriented the wrong
way.

If re-designingthe switch medanism is not an option, mechanical switch cortacts may be de-
bouncedexternally, using other circuit componerts to condition the signal. A low-passlter circuit
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attached to the output of the switch, for example, will reducethe voltage/current °uctuations gen-
erated by cortact bounce:

Switch
actuated

= L S

Switch corntacts may be debounced electronically, using hysteretic transistor circuits (circuits
that "latch" in either a high or a low state) with built-in time delays (called "one-shot" circuits), or
two inputs controlled by a double-throw switch. These hysteretic circuits, called multivibrators, are
discussedin detail in a later chapter.



Chapter 5

ELECTR OMECHANICAL
RELA YS

5.1 Relay construction

An electric current through a conductor will producea magnetic eld at right anglesto the direction
of electron °ow. If that conductor is wrapped into a coil shape, the magnetic "eld produced will
be oriented along the length of the coil. The greater the current, the greater the strength of the

magnetic eld, all other factors being equal:

magnetic field

current T lcurrent
1=

Inductors react against changesin current becauseof the energy stored in this magnetic "eld.
When we construct a transformer from two inductor coils around a commoniron core, we use this
“eld to transfer energy from one coil to the other. However, there are simpler and more direct uses
for electromagnetic "elds than the applications we've seenwith inductors and transformers. The
magnetic "eld produced by a coil of current-carrying wire can be usedto exert a medanical force
on any magnetic object, just aswe can usea permanert magnetto attract magnetic objects, except
that this magnet (formed by the coil) can be turned on or o® by switching the current on or o®
through the coil.

If we place a magnetic object near such a coil for the purposeof making that object move when
we energizethe coil with electric current, we have what is called a solenoid The movable magnetic
object is called an armature, and most armatures can be moved with either direct current (DC)
or alternating current (AC) energizingthe coil. The polarity of the magnetic “eld is irrelevant for
the purposeof attracting an iron armature. Solenoidscan be usedto electrically open door latches,
open or shut valves, move robotic limbs, and even actuate electric switch mechanisms. However, if
a solenoidis usedto actuate a set of switch contacts, we have a device so useful it desenesits own

119
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name: the relay.

Relays are extremely useful when we have a needto cortrol a large amount of current and/or
voltage with a small electrical signal. The relay coil which producesthe magnetic "eld may only
consumefractions of a watt of power, while the contacts closedor opened by that magnetic "eld
may be able to conduct hundreds of times that amourt of power to a load. In e®ect,a relay acts as
a binary (on or o®) ampli er.

Just as with transistors, the relay's ability to control one electrical signal with another nds
application in the construction of logic functions. This topic will be covered in greater detail in
another lesson. For now, the relay's "amplifying”" ability will be explored.

E 2
480 @ o1 vbe %Load

VAC

In the above schematic, the relay's coil is energizedby the low-voltage (12 VDC) source,while
the single-pole, single-throw (SPST) contact interrupts the high-voltage (480 VAC) circuit. It is
quite likely that the current required to energizethe relay coil will be hundreds of times lessthan
the current rating of the contact. Typical relay coil currents are well belov 1 amp, while typical
corntact ratings for industrial relays are at least 10 amps.

Onerelay coil/armature assenbly may be usedto actuate more than one set of cortacts. Those
contacts may be normally-open, normally-closed, or any conmbination of the two. As with switches,
the "normal” state of a relay's contacts is that state when the coil is de-energizedjust asyou would
nd the relay sitting on a shelf, not connectedto any circuit.

Relay cortacts may be open-air pads of metal alloy, mercury tubes, or even magnetic reeds,
just aswith other typesof switches. The choice of contacts in a relay dependson the samefactors
which dictate contact choice in other types of switches. Open-air corntacts are the best for high-
current applications, but their tendencyto corrode and spark may causeproblemsin someindustrial
ervironments. Mercury and reed corntacts are sparklessand won't corrode, but they tend to be
limited in current-carrying capacity.

Shawn here are three small relays (about two inchesin height, ead), installed on a panel as part
of an electrical control systemat a municipal water treatment plant:
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The relay units shavn here are called "octal-base," becausethey plug into matching sockets,
the electrical connections securedvia eight metal pins on the relay bottom. The screw terminal
connectionsyou seein the photograph where wires connectto the relays are actually part of the
socket assenbly, into which ead relay is plugged. This type of construction facilitates easyremoval
and replacemen of the relay(s) in the evert of failure.

Aside from the ability to allow a relatively small electric signalto switch a relatively large electric
signal, relays also o®er electrical isolation between coil and cortact circuits. This meansthat the
coil circuit and contact circuit(s) are electrically insulated from oneanother. One circuit may be DC
and the other AC (such asin the examplecircuit shawvn earlier), and/or they may be at completely
di®eren voltage levels, acrossthe connectionsor from connectionsto ground.

While relays are essetially binary devices,either being completely on or completely o®, there
are operating conditions where their state may be indeterminate, just as with semiconductorlogic
gates. In order for a relay to positively "pull in" the armature to actuate the contact(s), there
must be a certain minimum amourt of current through the coil. This minimum amourt is called
the pull-in current, and it is analogousto the minimum input voltage that a logic gate requiresto
guarantee a "high" state (typically 2 Volts for TTL, 3.5 Volts for CMOS). Once the armature is
pulled closerto the coil's certer, however, it takeslessmagnetic eld °ux (lesscoil current) to hold
it there. Therefore, the coil current must drop below a value signi cantly lower than the pull-in
current beforethe armature "drops out" to its spring-loadedposition and the cortacts resumetheir
normal state. This current level is called the drop-out current, and it is analogousto the maximum
input voltage that a logic gate input will allow to guararntee a "low" state (typically 0.8 Volts for
TTL, 1.5Volts for CMOS).

The hysteresis,or di®erencebetweenpull-in and drop-out currents, results in operation that is
similar to a Schmitt trigger logic gate. Pull-in and drop-out currents (and voltages) vary widely
from relay to relay, and are speci ed by the manufacturer.

2 REVIEW:

2 A solenoid is a device that producesmedanical motion from the energization of an electro-
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magnet coil. The movable portion of a solenoidis called an armature.
2 A relay is a solenoidset up to actuate switch contacts when its coil is energized.

2 Pull-in current is the minimum amourt of coil current neededto actuate a solenoidor relay
from its "normal”" (de-energized)position.

2 Drop-out current is the maximum coil current below which an energizedrelay will return to
its "normal" state.

5.2 Contactors

When arelay is usedto switch alarge amourt of electrical power through its cortacts, it is designated
by a special name: contactor. Contactors typically have multiple corntacts, and those cortacts are
usually (but not always) normally-open, so that power to the load is shut o® when the coil is de-
energized. Perhapsthe most common industrial usefor contactors is the cortrol of electric motors.

relay
o A { O
-phase .
AC power B O motor
C 10
_(I(._
120 VAC
coil %H

The top three contacts switch the respective phasesof the incoming 3-phaseAC power, typically
at least 480 Volts for motors 1 horsepower or greater. The lowest contact is an "auxiliary" contact
which hasa current rating much lower than that of the large motor power cortacts, but is actuated by
the samearmature asthe power cortacts. The auxiliary contact is often usedin a relay logic circuit,
or for someother part of the motor cortrol stheme,typically switching 120 Volt AC power instead
of the motor voltage. One corntactor may have seweral auxiliary corntacts, either normally-open or
normally-closed, if required.

The three "opp osed-question-mark"shaped devicesin serieswith eath phasegoingto the motor
are called overload heaters. Each "heater" elemeri is a low-resistancestrip of metal intendedto heat
up asthe motor draws current. If the temperature of any of these heater elemerts reachesa critical
point (equivalent to a moderate overloading of the motor), a normally-closed switch contact (not
shown in the diagram) will spring open. This normally-closed cortact is usually connectedin series
with the relay coil, sothat when it opensthe relay will automatically de-energizethereby shutting
o® power to the motor. We will seemore of this overload protection wiring in the next chapter.
Overload heaters are intended to provide overcurrent protection for large electric motors, unlike
circuit breakers and fuseswhich sere the primary purposeof providing overcurrent protection for
power conductors.
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Overload heater function is often misunderstood. They are not fuses;that is, it is not their
function to burn open and directly break the circuit as a fuseis designedto do. Rather, overload
heaters are designedto thermally mimic the heating characteristic of the particular electric motor
to be protected. All motors have thermal characteristics, including the amourt of heat energy
generatedby resistive dissipation (I?R), the thermal transfer characteristics of heat "conducted" to
the cooling medium through the metal frame of the motor, the physical massand speci ¢ heat of
the materials constituting the motor, etc. Thesecharacteristics are mimicked by the overload heater
on a miniature scale: when the motor heats up toward its critical temperature, so will the heater
toward its critical temperature, ideally at the samerate and approad curve. Thus, the overload
corntact, in sensingheater temperature with a thermo-medanical medanism, will sensean analogue
of the real motor. If the overload contact trips due to excessie heater temperature, it will be an
indication that the real motor hasreadedits critical temperature (or, would have donesoin a short
while). After tripping, the heatersare supposedto cool down at the samerate and approac curve
as the real motor, sothat they indicate an accurate proportion of the motor's thermal condition,
and will not allow power to be re-applied until the motor is truly ready for start-up again.

Shaowvn here is a cortactor for a three-phaseelectric motor, installed on a panel as part of an
electrical cortrol systemat a municipal water treatment plant:
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Three-phase,480 volt AC power comesin to the three normally-open corntacts at the top of the
contactor via screwterminals labeled "L1," "L2," and "L3" (The "L2" terminal is hidden behind
a square-shagd "snubber" circuit connectedacrossthe contactor's coil terminals). Power to the
motor exits the overload heater assenbly at the bottom of this device via screwterminals labeled
"T1," "T2," and "T3."

The overload heater units themseles are black, square-shagd blocks with the label "W34,"
indicating a particular thermal responsefor a certain horsepower and temperature rating of electric
motor. If an electric motor of di®ering power and/or temperature ratings wereto be substituted for



5.2. CONTACTORS 125

the one preserily in service,the overload heater units would have to be replacedwith units having
a thermal responsesuitable for the new motor. The motor manufacturer can provide information
on the appropriate heater units to use.

A white pushbutton located betweenthe "T1" and"T2" line heaterssernesasa way to manually
re-set the normally-closed switch cortact back to its normal state after having been tripp ed by
excessie heater temperature. Wire connectionsto the "overload" switch contact may be seenat
the lower-right of the photograph, near a label reading "NC" (normally-closed). On this particular
overload unit, a small "window" with the label "T ripped" indicates a tripp ed condition by meansof
a colored°ag. In this photograph, there is no "tripp ed" condition, and the indicator appearsclear.

As a footnote, heater elemens may be used as a crude current shunt resistor for determining
whether or not a motor is drawing current when the contactor is closed. There may be times when
you're working on a motor cortrol circuit, where the contactor is located far away from the motor
itself. How do you know if the motor is consuming power when the contactor coil is energizedand
the armature has been pulled in? If the motor's windings are burnt open, you could be sending
voltage to the motor through the contactor cortacts, but still have zerocurrent, and thus no motion
from the motor shaft. If a clamp-on ammeter isn't available to measureline current, you can take
your multimeter and measure milliv oltage acrossead heater elemert: if the current is zero, the
voltage acrossthe heater will be zero (unlessthe heater elemen itself is open, in which casethe
voltage acrossit will be large); if there is current going to the motor through that phase of the
contactor, you will read a de nite milliv oltage acrossthat heater:

mvV

-~

o g
relay
aor A { L
-phase A
AC power B [ o8 motor
C A0
|
120 VAC %
coll H

This is an especially useful trick to use for troubleshooting 3-phase AC motors, to seeif one
phase winding is burnt open or disconnected,which will result in a rapidly destructive condition
known as "single-phasing." If one of the lines carrying power to the motor is open, it will not have
any current through it (asindicated by a 0.00mV reading acrossits heater), although the other two
lines will (as indicated by small amourts of voltage dropped acrossthe respective heaters).

2 REVIEW:

2 A contactor is a large relay, usually used to switch current to an electric motor or other
high-power load.



126 CHAPTER 5. ELECTR OMECHANICAL RELAYS

2 Large electric motors can be protected from overcurrent damagethrough the use of overload
heaters and overload contacts. If the series-connectedheaters get too hot from excessie
current, the normally-closed overload corntact will open, de-energizingthe contactor sending
power to the motor.

5.3 Time-dela y relays

Somerelays are constructed with a kind of "shock absorber" medanism attached to the armature
which prevents immediate, full motion whenthe coil is either energizedor de-energized.This addition
givesthe relay the property of time-delay actuation. Time-delay relays can be constructed to delay
armature motion on coil energization, de-energization,or both.

Time-delay relay contacts must be speci ed not only aseither normally-open or normally-closed,
but whether the delay operatesin the direction of closing or in the direction of opening. The
following is a description of the four basic typesof time-delay relay contacts.

First we have the normally-open, timed-closed(NOTC) contact. This type of contact is normally
open when the coil is unpowered (de-energized). The corntact is closedby the application of power
to the relay coil, but only after the coil has been continuously powered for the speci ed amount of
time. In other words, the direction of the contact's motion (either to closeor to open) is identical
to a regular NO contact, but there is a delay in closing direction. Becausethe delay occurs in
the direction of coil energization, this type of cortact is alternatively known as a normally-open,
on-delay:

Normally-open, timed-closed
5sec.

Closes 5 seconds after coil energization
Opens immediately upon coil de-energization

The following is a timing diagram of this relay contact's operation:
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NOTC
5sec.
: on
Caoll
power | L off
~— 5 —
seconds closed
Contact
status L open

Y

Time

Next we have the normally-open, timed-open (NOTO) corntact. Like the NOTC contact, this
type of contact is normally open when the coil is unpowered (de-energized), and closed by the
application of power to the relay coil. Howewer, unlike the NOTC cortact, the timing action occurs
upon de-enegization of the coil rather than upon energization. Becausethe delay occurs in the

direction of coil de-energization, this type of contact is alternatively known as a normally-open,
o®-delay:

Normally-open, timed-open

_.l\._

5 sec.

Closes immediately upon coil energization
Opens 5 seconds after coil de-energization

The following is a timing diagram of this relay contact's operation:
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NOTO
S
5sec.
: on
Caoll
power | off
~— 5 —
seconds closed
Contact
status ____ | L open

Y

Time

Next we have the normally-closed,timed-open (NCTO) contact. This type of contact is normally
closedwhenthe coil is unpowered(de-energized). The contact is openedwith the application of power
to the relay coil, but only after the coil has been continuously powered for the speci ed amount of
time. In other words, the direction of the contact's motion (either to closeor to open) is identical
to a regular NC contact, but there is a delay in the opening direction. Becausethe delay occursin
the direction of coil energization, this type of contact is alternatively known as a normally-closed,

on-delay:

Normally-closed, timed-open

T

5 sec.

Opens 5 seconds after coil energization
Closes immediately upon coil de-energization

The following is a timing diagram of this relay contact's operation:
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NCTO
5sec.
: on
Caoll
power | L off
~— 5 —
seconds closed
Contact
status open
Time >

Finally we have the normally-closed, timed-closed (NCTC) contact. Like the NCTO contact,
this type of contact is normally closedwhen the coil is unpowered (de-energized),and opened by
the application of power to the relay coil. However, unlike the NCTO cortact, the timing action
occurs upon de-enegization of the coil rather than upon energization. Becausethe delay occursin
the direction of coil de-energization,this type of cortact is alternativ ely known asa normally-closed,

o®-delay:

Normally-closed, timed-closed

_03;

5sec.

Opens immediately upon coil energization
Closes 5 seconds after coil de-energization

The following is a timing diagram of this relay contact's operation:
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NCTC
_.I;
5sec.
: on
Caoll
power | off
~— 5 —
seconds closed
Contact
status open

Y

Time
Time-delay relays are very important for usein industrial cortrol logic circuits. Someexamples
of their useinclude:

2 Flashing light cortrol (time on, time o®): two time-delay relays are usedin conjunction with
oneanother to provide a constart-frequency on/o® pulsing of contacts for sendingintermitten t
power to a lamp.

2 Engine autostart control: Engines that are used to power emergencygenerators are often
equipped with "autostart" cortrols that allow for automatic start-up if the main electric power
fails. Toproperly start alarge engine,certain auxiliary devicesmust be started rst and allowed
somebrief time to stabilize (fuel pumps, pre-lubrication oil pumps) beforethe engine'sstarter
motor is energized. Time-delay relays help sequencethese everts for proper start-up of the
engine.

2 Furnace safety purge cortrol: Before a combustion-type furnace can be safely lit, the air fan
must be run for a speci ed amount of time to "purge" the furnace chamber of any potentially
°ammable or explosive vapors. A time-delay relay provides the furnace cortrol logic with this
necessantime elemen.

2 Motor soft-start delay control: Instead of starting large electric motors by switching full power
from a deadstop condition, reducedvoltage can be switched for a "softer" start and lessinrush
current. After a prescribed time delay (provided by a time-delay relay), full power is applied.

2 Conveyor belt sequencealelay: whenmultiple conveyor belts are arrangedto transport material,
the cornveyor belts must be started in reversesequencethe last one rst and the rst onelast)
sothat material doesn't get piled on to a stopped or slow-moving corveyor. In order to get
large belts up to full speed,sometime may be needed(especially if soft-start motor controls
are used). For this reason,there is usually a time-delay circuit arranged on ead corveyor
to give it adequatetime to attain full belt speed before the next corveyor belt feedingit is
started.

The older, medanical time-delay relays used pneumatic dashpots or °uid-lled piston/cylinder
arrangemers to provide the "shock absorbing" neededto delay the motion of the armature. Newer
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designsof time-delay relays useelectronic circuits with resistor-capacitor (RC) networks to generate
a time delay, then energizea normal (instantaneous) electromedanical relay coil with the electronic
circuit's output. The electronic-timer relays are more versatile than the older, medanical models,
and lessprone to failure. Many models provide advanced timer features such as "one-shot" (one
measuredoutput pulse for every transition of the input from de-energizedto energized),"recycle"
(repeated on/o® output cyclesfor as long as the input connection is energized) and "watchdog"

(changesstate if the input signal does not repeatedly cycle on and o®).

Caoil
power

Contact
status

Caoil
power

Contact
status

"One-shot" normally-open relay contact

on
_ 1 off
time
- —
closed
B open
Time >
"Recycle" normally-open relay contact
on
| off
closed
open

Y

Time
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"Watchdog" relay contact

Coi on
Oi
power J off
—»{time l<«—
closed
Contact
status open

Time >

The "watchdog" timer is especially useful for monitoring of computer systems. If a computer is
being usedto cortrol a critical process,it is usually recommendedto have an automatic alarm to
detect computer "lo ckup" (an abnormal halting of program execution due to any number of causes).
An easyway to set up such a monitoring systemis to have the computer regularly energizeand
de-energizethe coil of a watchdog timer relay (similar to the output of the "recycle” timer). If the
computer execution halts for any reason,the signal it outputs to the watchdog relay coil will stop
cycling and freezein one or the other state. A short time thereafter, the watchdog relay will "time
out" and signal a problem.

2

2

2

REVIEW:
Time delay relays are built in thesefour basic modes of contact operation:

1: Normally-open, timed-closed. Abbreviated "NOTC", theserelays open immediately upon
coil de-energizationand closeonly if the coil is continuously energizedfor the time duration
period. Also called normally-open, on-delay relays.

2: Normally-open, timed-open. Abbreviated "NOTO", these relays closeimmediately upon
coil energization and open after the coil has beende-energizedfor the time duration period.
Also called normally-open, o® delay relays.

3: Normally-closed, timed-open. Abbreviated "NCTQO", theserelays closeimmediately upon
coil de-energizationand open only if the coil is cortinuously energizedfor the time duration
period. Also called normally-closed, on-delay relays.

4: Normally-closed, timed-closed. Abbreviated "NCTC", theserelays openimmediately upon
coil energization and close after the coil has beende-energizedfor the time duration period.
Also called normally-closed, o® delay relays.

One-shot timers provide a single cortact pulse of speci ed duration for eadh coil energization
(transition from coil o® to coil on).

Recycle timers provide a repeating sequenceof on-o® contact pulses as long as the coil is
maintained in an energizedstate.

Watchdog timers actuate their contacts only if the coil fails to be continuously sequencedon
and o® (energizedand de-energized)at a minimum frequency
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5.4 Protectiv e relays

A special type of relay is one which monitors the current, voltage, frequency or any other type of
electric power measuremeh either from a generatingsourceor to a load for the purposeof triggering
a circuit breaker to open in the event of an abnormal condition. Theserelays are referred to in the
electrical power industry as protective relays

The circuit breakers which are usedto switch large quartities of electric power on and o® are
actually electromedtanical relays, themseles. Unlik e the circuit breakers found in residertial and
commercialusewhich determine whento trip (open) by meansof a bimetallic strip inside that bends
whenit getstoo hot from overcurrert, large industrial circuit breakersmust be "told" by an external
devicewhen to open. Such breakers have two electromagneticcoils inside: oneto closethe breaker
contacts and oneto openthem. The "trip" coil can be energizedby one or more protective relays,
aswell as by hand switches, connectedto switch 125 Volt DC power. DC power is used becauseit
allows for a battery bank to supply close/trip power to the breaker control circuits in the evert of
a complete (AC) power failure.

Protectiv e relays can monitor large AC currents by meansof current transformers (CT's), which
encircle the current-carrying conductors exiting a large circuit breaker, transformer, generator, or
other device. Current transformers step down the monitored current to a secondary(output) range
of 0 to 5 ampsAC to power the protective relay. The current relay usesthis 0-5amp signal to power
its internal medanism, closing a contact to switch 125 Volt DC power to the breaker's trip coil if
the monitored current becomesexcessie.

Likewise, (protective) voltage relays can monitor high AC voltages by means of voltage, or
potential, transformers (PT's) which step down the monitored voltage to a secondaryrange of 0
to 120 Volts AC, typically. Like (protective) current relays, this voltage signal powers the internal
medanism of the relay, closing a contact to switch 125 Volt DC power to the breaker's trip coil is
the monitored voltage becomesexcessie.

There are many types of protective relays, some with highly specialized functions. Not all
monitor voltage or current, either. They all, howewer, share the common feature of outputting a
corntact closuresignal which canbe usedto switch power to a breaker trip coil, closecoil, or operator
alarm panel. Most protective relay functions have beencategorizedinto an ANSI standard number
code. Here are a few examplesfrom that code list:

ANSI protective relay designation numbers
12 = Overspeed
24 = Overexcitation
25 = Syncrocheck
27 = Bus/Line undervoltage
32 = Reverse power (anti-motoring)
38 = Stator overtemp (RTD)
39 = Bearing vibration
40 = Loss of excitation
46 = Negative sequence undercurrent (phase current imbalance)
47 = Negative sequence undervoltage (phase voltage imbalance)
49 = Bearing overtemp (RTD)
50 = Instantaneous overcurrent
51 = Time overcurrent
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51V = Time overcurrent -- voltage restrained
55 = Power factor

59 = Bus overvoltage

60FL = Voltage transformer fuse failure

67 = Phase/Ground directional current
79 = Autoreclose
81 = Bus over/underfrequency

2 REVIEW:

2 Large electric circuit breakers do not cortain within themselesthe necessarymedanismsto
automatically trip (open) in the evernt of overcurrent conditions. They must be "told" to trip
by external devices.

2 Protective relays are devicesbuilt to automatically trigger the actuation coils of large electric
circuit breakers under certain conditions.

5.5 Solid-state relays

As versatile aselectromedanical relays can be, they do su®ermany limitations. They can be expen-
sive to build, have a limited cortact cycle life, take up a lot of room, and switch slowly, compared
to modern semiconductor devices. These limitations are especially true for large power contactor
relays. To addresstheselimitations, many relay manufacturers o®er"solid-state” relays, which use
an SCR, TRIA C, or transistor output instead of mechanical cortacts to switch the corntrolled power.
The output device (SCR, TRIA C, or transistor) is optically-coupled to an LED light sourceinside
the relay. The relay is turned on by energizingthis LED, usually with low-voltage DC power. This
optical isolation betweeninput to output rivals the bestthat electromedtanical relays can o®er.

Solid-state relay

L

LED Opto-TRIAC

Being solid-state devices,there are no moving parts to wear out, and they are able to switch on
and o® much faster than any medanical relay armature can move. There is no sparking between
cortacts, and no problemswith cortact corrosion. However, solid-state relays are still too expensive
to build in very high current ratings, and so electromedanical contactors cortin ue to dominate that
application in industry today.

One signi cant advantage of a solid-state SCR or TRIA C relay over an electromedtanical device
is its natural tendencyto openthe AC circuit only at a point of zeroload current. BecauseSCR's
and TRIA C's are thyristors, their inherent hysteresismaintains circuit cortinuity after the LED is
de-energizeduntil the AC current falls below a threshold value (the holding current). In practical
terms what this meansis the circuit will never be interrupted in the middle of a sine wave peak.

Load
VWA




5.5. SOLID-STATE RELAYS 135

Such untimely interruptions in a circuit containing substartial inductance would normally produce
large voltage spikesdue to the suddenmagnetic "eld collapsearound the inductance. This will not
happen in a circuit broken by an SCR or TRIA C. This feature is called zer-crossoverswitching.

One disadvantage of solid state relays is their tendencyto fail "shorted" on their outputs, while
electromedanical relay cortacts tend to fail "open." In either case,it is possible for a relay to
fail in the other mode, but these are the most common failures. Becausea "fail-op en" state is
generally consideredsafer than a "fail-closed" state, electromedanical relays are still favored over
their solid-state counterparts in many applications.
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Chapter 6

LADDER LOGIC

6.1 "Ladder" diagrams

Ladder diagrams are specialized schematics commonly used to documert industrial cortrol logic
systems. They are called "ladder" diagrams becausethey resenble a ladder, with two vertical rails
(supply power) and as many "rungs" (horizontal lines) asthere are cortrol circuits to represen. If
we wanted to draw a simple ladder diagram shawing a lamp that is cortrolled by a hand switch, it

would look like this:

Switch Lamp
1 \m/

The "L 1" and "L ," designationsrefer to the two polesof a 120 VAC supply, unlessotherwise
noted. L, is the "hot" conductor, and L, is the grounded ("neutral”) conductor. Thesedesignations
have nothing to do with inductors, just to make things confusing. The actual transformer or gener-
ator supplying power to this circuit is omitted for simplicity. In reality, the circuit looks something

like this:

137
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To 480 volt AC
power source (typical)

fuse fuse

step-down "control power"
o transformer

L, fliie\ — L,
_ 120 VAC
Switch Lamp =
‘/. 1 \O/

Typically in industrial relay logic circuits, but not always, the operating voltage for the switch
corntacts and relay coils will be 120volts AC. Lower voltage AC and even DC systemsare sometimes
built and documerted accordingto "ladder" diagrams:

24 VDC
L, fuse | L,
VA | |1
Switch Lamp —
o 1 Y

AA

Solong as the switch corntacts and relay coils are all adequately rated, it really doesn't matter
what level of voltage is chosenfor the systemto operate with.

Note the number "1" on the wire betweenthe switch and the lamp. In the real world, that wire
would be labeled with that number, using heat-shrink or adhesiw tags, wherewer it was corvenient
to identify. Wires leading to the switch would be labeled"L ;" and "1," respectively. Wires leading
to the lamp would be labeled"1" and "L ,," respectively. Thesewire humbers make assenbly and
maintenancevery easy Each conductor hasits own unigue wire number for the cortrol systemthat
it's usedin. Wire numbers do not changeat any junction or node, even if wire size, color, or length
changesgoing into or out of a connection point. Of course, it is preferable to maintain consistert
wire colors, but this is not always practical. What matters is that any one, electrically continuous
point in a cortrol circuit possesseshe samewire number. Take this circuit section, for example,
with wire #25 asa single, electrically cortinuous point threading to many di®erer devices:
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25
W L 25
_{ | 25 S
| 25
25
O—

In ladder diagrams, the load device (lamp, relay coil, solenoidcoil, etc.) is almost always drawn
at the right-hand side of the rung. While it doesn't matter electrically wherethe relay coil is located
within the rung, it does matter which end of the ladder's power supply is grounded, for reliable
operation.

Take for instance this circuit:

\/\
120 VAC |
Ly L,
Switch Lamp
e 1 Y

AA

Here, the lamp (load) is located on the right-hand sideof the rung, and sois the ground connection
for the power source. This is no accidert or coincidence;rather, it is a purposeful elemert of good
designpractice. Supposethat wire #1 wereto accidertly comein contact with ground, the insulation
of that wire having beenrubbed o®sothat the bare conductor camein cortact with grounded, metal
conduit. Our circuit would now function like this:
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Fuse will blow

if switch is
closed! AN
\/\
120 VAC |
L, L,
Switch Lamp
e 1 M

/u\
Lamp cannot light!

accidental ground

With both sidesof the lamp connectedto ground, the lamp will be "shorted out" and unable to
receive power to light up. If the switch were to close,there would be a short-circuit, immediately
blowing the fuse.

However, considerwhat would happento the circuit with the samefault (wire #1 comingin con-
tact with ground), exceptthis time we'll swap the positions of switch and fuse (L , is still grounded):

VA
120 VAC
L, L,
Lamp Switch
Y 1 V
s energi Switch h
Lamp is energized! Wlecffecﬁs no

accidental ground

This time the accidental grounding of wire #1 will force power to the lamp while the switch will
have no e®ect. It is much saferto have a systemthat blows a fusein the event of a ground fault than
to have a systemthat uncortrollably energizeslamps, relays, or solenoidsin the evert of the same
fault. For this reason,the load(s) must always be located nearestthe grounded power conductor in
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the ladder diagram.

2

REVIEW:

Ladder diagrams(sometimescalled "ladder logic") are atype of electrical notation and symbol-
ogy frequently usedto illustrate how electromedanical switchesand relays are interconnected.

The two vertical lines are called "rails" and attach to opposite polesof a power supply, usually
120volts AC. L; designatesthe "hot" AC wire and L, the "neutral" (grounded) conductor.

Horizontal linesin aladder diagram are called "rungs," ead onerepreserting a unique parallel
circuit branch betweenthe polesof the power supply.

Typically, wires in cortrol systemsare marked with numbers and/or letters for identi cation.
The rule is, all permanenly connected(electrically common) points must bear the samelabel.

6.2 Digital logic functions

We can construct simply logic functions for our hypothetical lamp circuit, using multiple corntacts,
and documert these circuits quite easily and understandably with additional rungs to our original
"ladder.” If we usestandard binary notation for the status of the switchesand lamp (0 for unactuated
or de-energized;1 for actuated or energized),a truth table canbe madeto show how the logic works:

L, L,
2 1 Y
A
B

R|lO[O|>
R[(O|—,|O|W
=l
o >

1 1

Now, the lamp will comeon if either contact A or cortact B is actuated, becauseall it takesfor
the lamp to be energizedis to have at least one path for current from wire L, to wire 1. What we
have is a simple OR logic function, implemented with nothing more than cortacts and a lamp.

We can mimic the AND logic function by wiring the two contacts in seriesinstead of parallel:



142 CHAPTER 6. LADDER LOGIC

Ll I-2

A B
L1 2 v~
[ [ PNy

A | B| Output A

B -

ol1] o B

1lo] o

111 1

Now, the lamp energizesonly if cortact A and contact B are simultaneously actuated. A path
exists for current from wire L, to the lamp (wire 2) if and only if both switch contacts are closed.

The logical inversion, or NOT, function can be performed on a cortact input simply by using a
normally-closed contact instead of a normally-open corntact:

Now, the lamp energizesif the contact is not actuated, and de-energizeswhen the contact is
actuated.

If we take our OR function and invert ead "input" through the useof normally-closed corntacts,
we will end up with a NAND function. In a special branch of mathematics known as Boolean
algebg, this e®ectof gate function identit y changing with the inversion of input signalsis described
by DeMorgaris Theorem, a subject to be explored in more detail in a later chapter.
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I—1 I—2
A L -
3Oy
B
A
A | B| Output
olo] 1 B
ol1] 1
1]0] 1 or
111] o

A }
B

The lamp will be energizedif either contact is unactuated. It will go out only if both contacts
are actuated simultaneously.

Likewise,if we take our AND function and invert ead "input" through the useof normally-closed
contacts, we will end up with a NOR function:

L, L,
A 1 y 2
——F
A %
Output [ }
0

Rl[Rr|O|O|>
R|O|—,|(O|T
olo|o

A pattern quickly revealsitself when ladder circuits are comparedwith their logic gate counter-
parts:
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2 Parallel contacts are equivalent to an OR gate.
2 Seriescortacts are equivalent to an AND gate.

2 Normally-closed contacts are equivalent to a NOT gate (inverter).

We can build conmbinational logic functions by grouping cortacts in series-parallelarrangemers,
as well. In the following example, we have an Exclusive-OR function built from a combination of
AND, OR, and inverter (NOT) gates:

Ly L,

Rl[Rr|OlO|>
R[(O(R|O|WT
Ol |k

2
2
A
Output
T
o]

) O—

The top rung (NC cortact A in serieswith NO contact B) is the equivalert of the top NOT/AND
gate combination. The bottom rung (NO contact A in serieswith NC corntact B) is the equivalent
of the bottom NOT/AND gate combination. The parallel connection betweenthe two rungs at wire
number 2 forms the equivalent of the OR gate, in allowing either rung 1 or rung 2 to energizethe
lamp.

To make the Exclusive-OR function, we had to usetwo corntacts per input: one for direct input
and the other for "inverted" input. The two "A" corntacts are physically actuated by the same
medanism, as are the two "B" contacts. The common assaiation between contacts is denoted by
the label of the cortact. There is no limit to how many cortacts per switch can be represened in a
ladder diagram, asead new cortact on any switch or relay (either normally-open or normally-closed)
usedin the diagram is simply marked with the samelabel.

Sometimes,multiple contacts on a single switch (or relay) are designatedby a compound labels,
such as "A-1" and "A-2" instead of two "A" labels. This may be especially useful if you want to
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speci cally designate which set of contacts on ead switch or relay is being used for which part
of a circuit. For simplicity's sake, I'll refrain from such elaborate labeling in this lesson. If you
seea common label for multiple corntacts, you know those cortacts are all actuated by the same
mechanism.

If we wish to invert the output of any switch-generatedlogic function, we must usea relay with
a normally-closedcontact. For instance,if we want to energizea load basedon the inverse,or NOT,
of a normally-open contact, we could do this:

Ll I—2
A CR1
1 a\
N\
CR1
2 \/\/
A

A|CRY Output
ol o 1 A DO

We will call the relay, "control relay 1," or CR;. When the coil of CR; (symbolized with the
pair of parentheseson the rst rung) is energized,the contact on the secondrung opens thus de-
energizing the lamp. From switch A to the coil of CRy, the logic function is noninverted. The
normally-closed contact actuated by relay coil CR; provides a logical inverter function to drive the
lamp opposite that of the switch's actuation status.

Applying this inversion strategy to one of our inverted-input functions created earlier, suc as
the OR-to-NAND, we can invert the output with a relay to create a noninverted function:
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I—1 I—2
A CR1
1 2
_/
B
CR1
2 \/\/
)
A
A| B | Output
olo] o B
ol1] o
10l o or
11| 1

L —
B

From the switchesto the coil of CR1, the logical function is that of aNAND gate. CR;'s normally-
closedcortact provides one nal inversionto turn the NAND function into an AND function.

2 REVIEW:

2 Parallel corntacts are logically equivalent to an OR gate.

2 Seriescortacts are logically equivalert to an AND gate.

2 Normally closed(N.C.) cortacts are logically equivalert to a NOT gate.

2 A relay must be usedto invert the output of a logic gate function, while simple normally-closed
switch contacts are suxcient to represen inverted gate inputs.

6.3 Permissiv e and interlo ck circuits

A practical application of switch and relay logic is in corntrol systemswhere se\eral processconditions
have to be met before a piece of equipmert is allowed to start. A good example of this is burner
control for large combustion furnaces. In order for the burnersin alarge furnaceto be started safely
the cortrol systemrequests”p ermission” from seweral processswitches, including high and low fuel
pressure,air fan °ow ched, exhaust stadk damper position, accessdoor position, etc. Each process
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condition is called a permissive and ead permissive switch contact is wired in series,sothat if any
one of them detects an unsafecondition, the circuit will be opened:

L, L>
low fuel  high fuel minimum damper CR1
pressure preéssure air flow open

L s N O

CR1 green
\/\/
A

CR1 red
\/\/
A

Green light = conditions met: safe to start
Red light = conditions not met: unsafe to start

If all permissive conditions are met, CR; will energizeand the greenlamp will be lit. In real
life, more than just a greenlamp would be energized: usually a control relay or fuel valve solenoid
would be placedin that rung of the circuit to be energizedwhen all the permissive cortacts were
"good:" that is, all closed. If any one of the permissive conditions are not met, the seriesstring of
switch contacts will be broken, CR, will de-energize and the red lamp will light.

Note that the high fuel pressurecortact is normally-closed. This is becausewe want the switch
corntact to open if the fuel pressuregets too high. Sincethe "normal" condition of any pressure
switch is when zero (low) pressureis being applied to it, and we want this switch to open with
excessie (high) pressure,we must choosea switch that is closedin its normal state.

Another practical application of relay logic is in control systemswhere we want to ensuretwo
incompatible events cannot occur at the sametime. An exampleof this is in reversible motor cortrol,
where two motor corntactors are wired to switch polarity (or phasesequence)to an electric motor,
and we don't want the forward and reversecontactors energizedsimultaneously:
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M1
A
1
3-phase g 5
AC > > OO motor
power c 3
M1 = forward
M2 = reverse
M2

When cortactor M is energized,the 3 phases(A, B, and C) are connecteddirectly to terminals
1, 2, and 3 of the motor, respectively. Howewver, when contactor M is energized,phasesA and B are
reversed,A goingto motor terminal 2 and B goingto motor terminal 1. This reversal of phasewires
results in the motor spinning the opposite direction. Let's examinethe cortrol circuit for thesetwo
contactors:

Ly L,
forward
M1 OL
1 1 N\ 3 |
T _/ /{/r
reverse
M2
L 2 )
_/

Take note of the normally-closed"OL" contact, which is the thermal overload contact activated
by the "heater" elemerns wired in serieswith ead phaseof the AC motor. If the heatersget too
hot, the cortact will changefrom its normal (closed) state to being open, which will prevent either
corntactor from energizing.

This control systemwill work "ne, solong as no one pushesboth buttons at the sametime. If
someonewere to do that, phasesA and B would be short-circuited together by virtue of the fact
that contactor M; sendsphasesA and B straight to the motor and contactor M, reversesthem;
phaseA would be shorted to phaseB and visa-versa. Obviously, this is a bad control systemdesign!

To prevent this occurrencefrom happening, we can designthe circuit so that the energization
of one contactor preverts the energization of the other. This is called interlocking, and it is accom-
plished through the useof auxiliary cortacts on eat contactor, as sud:
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Ll I—2
forward
M2 M1 oL
N 1 N\ 3 |
i / /{/r
reverse
M1 M2
L 5 2 M
_/

Now, when M, is energized the normally-closedauxiliary contact onthe secondrung will be open,
thus preverting M, from being energized,even if the "Reverse" pushbutton is actuated. Likewise,
M1's energizationis prevernted when M is energized. Note, as well, how additional wire numbers (4
and 5) were added to re°ect the wiring changes.

It should be noted that this is not the only way to interlock contactors to prevert a short-circuit
condition. Somecortactors comeequipped with the option of a mechanical interlock: a lever joining
the armatures of two contactors together so that they are physically preverted from simultaneous
closure. For additional safety, electrical interlocks may still be used,and due to the simplicity of the
circuit there is no good reasonnot to employ them in addition to mechanical interlocks.

2 REVIEW:

2 Switch contacts installed in a rung of ladder logic designedto interrupt a circuit if certain
physical conditions are not met are called permissive contacts, becausethe system requires
permissionfrom theseinputs to activate.

2 Switch contacts designedto prevent a cortrol system from taking two incompatible actions
at once(such as powering an electric motor forward and badkward simultaneously) are called
interlocks

6.4 Motor control circuits

The interlock contacts installed in the previous section's motor cortrol circuit work "ne, but the
motor will run only as long as ead pushbutton switch is held down. If we wanted to keep the
motor running ewven after the operator takes his or her hand o® the cortrol switch(es), we could
change the circuit in a couple of di®eren ways: we could replace the pushbutton switches with
toggle switches, or we could add somemore relay logic to "latc h" the cortrol circuit with a single,
momertary actuation of either switch. Let's seehow the secondapproad is implemented, sinceit
is commonly usedin industry:
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L, L,
forward
M2 M1 oL
1 4 | 1 N\ 3 |
- ¥F O—1F
M1
| |

When the "Forward" pushbutton is actuated, M, will energize,closingthe normally-open auxil-
iary contact in parallel with that switch. When the pushbutton is released,the closedM; auxiliary
contact will maintain current to the coil of M4, thus latching the "Forward" circuit in the "on"
state. The samesort of thing will happen whenthe "Reverse" pushbutton is pressed.Theseparallel
auxiliary corntacts are sometimesreferredto asseal-in contacts, the word "seal" meaning essetially
the samething asthe word latch.

Howewer, this createsa new problem: how to stop the motor! As the circuit exists right now,
the motor will run either forward or badkward oncethe corresponding pushbutton switch is pressed,
and will cortinue to run aslong asthere is power. To stop either circuit (forward or backward), we
require somemeansfor the operator to interrupt power to the motor contactors. We'll call this new
switch, Stop:

M2
|
|

L, L
stop forward M2 M1 oL
6 | | l/‘\ 3 |
T = /2N g B RV
M1
| |
6 R
reverse
M1 M2
5 1x2
6 .. /T U
M2
5 | |
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Now, if either forward or reversecircuits are latched, they may be "unlatc hed” by momertarily
pressing the "Stop" pushbutton, which will open either forward or reverse circuit, de-energizing
the energizedcortactor, and returning the seal-in cortact to its normal (open) state. The "Stop"
switch, having normally-closed contacts, will conduct power to either forward or reverse circuits
when released.

Sofar, sogood. Let's consideranother practical aspect of our motor control scheme before we
quit adding to it. If our hypothetical motor turned a mechanical load with a lot of momertum, such
asa large air fan, the motor might cortinue to coastfor a substartial amount of time after the stop
button had beenpressed.This could be problematic if an operator wereto try to reversethe motor
direction without waiting for the fan to stop turning. If the fan was still coasting forward and the
"Reverse" pushbutton was pressed,the motor would struggle to overcomethat inertia of the large
fan asit tried to beginturning in reverse,drawing excessie current and potentially reducing the life
of the motor, drive medanisms, and fan. What we might like to have is somekind of a time-delay
function in this motor corntrol systemto prevent such a premature startup from happening.

Let's begin by adding a couple of time-delay relay coils, onein parallel with eat motor contactor
coil. If we use contacts that delay returning to their normal state, these relays will provide us a
"memory" of which direction the motor was last powered to turn. What we want ead time-delay
cortact to do is to open the starting-switch leg of the opposite rotation circuit for seweral seconds,
while the fan coaststo a halt.

L, L>
stop  forward M2 M1 oL
6 L7124 1~ 3 |
— ’—'I"*ﬂm N\ /f
M1 TD1
| |
6 | ]
reverse
M1 M2
| g TD1l g 2
6 o .—QIF<
M2 TD2
6 | |

If the motor hasbeenrunning in the forward direction, both M, and TD ; will have beenenergized.
This being the case,the normally-closed, timed-closed cortact of TD; betweenwires 8 and 5 will
have immediately openedthe momert TD ; wasenergized. When the stop button is pressed,contact
TD ; waits for the speci ed amourt of time beforereturning to its normally-closedstate, thus holding
the reverse pushbutton circuit open for the duration so M, can't be energized. When TD; times
out, the contact will closeand the circuit will allow M, to be energized,if the reversepushbutton is
pressed.In like manner, TD, will prevent the "Forward" pushbutton from energizingM, until the
prescribed time delay after M, (and TD ;) have beende-energized.

The careful obsener will notice that the time-interlocking functions of TD ; and TD , render the
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M; and M, interlocking contacts redundant. We can get rid of auxiliary contacts M, and M, for
interlocks and just useTD ; and TD,'s cortacts, sincethey immediately open when their respective
relay coils are energized,thus "lo cking out" one contactor if the other is energized. Each time delay
relay will serve a dual purpose: preverting the other contactor from energizing while the motor
is running, and preverting the samecontactor from energizinguntil a prescribed time after motor
shutdown. The resulting circuit hasthe advantage of being simpler than the previous example:

I-l I-2
stop forward M1 oL
Ll 6 1 4 TDZ2 1 3
Bl W

M1 TD1
| |

6 | ]

reverse

5 L 5 TD1 2 M2
M2 TD2
| |

6 | ]

2 REVIEW:

2 Motor cortactor (or "starter") coils are typically designatedby the letter "M" in ladder logic
diagrams.

2 Continuous motor operation with a momenrtary "start" switch is possibleif a normally-open
"seal-in" contact from the contactor is connectedin parallel with the start switch, sothat once
the contactor is energizedit maintains power to itself and keepsitself "latc hed" on.

2 Time delay relays are commonly usedin large motor cortrol circuits to prevent the motor from
being started (or reversed)until a certain amount of time has elapsedfrom an evert.

6.5 Fail-safe design

Logic circuits, whether comprised of electromedanical relays or solid-state gates, can be built in
many di®erent ways to perform the samefunctions. There is usually no one"correct" way to design
a complex logic circuit, but there are usually ways that are better than others.

In control systems,safety is (or at least should be) an important design priority. If there are
multiple ways in which a digital control circuit can be designedto perform a task, and one of those
ways happensto hold certain advantagesin safety over the others, then that designis the better
oneto choose.
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Let's take a look at a simple system and consider how it might be implemented in relay logic.
Supposethat a large laboratory or industrial building is to be equipped with a "re alarm system,
activated by any one of seweral latching switchesinstalled throughout the facility. The systemshould
work sothat the alarm siren will energizeif any one of the switchesis actuated. At rst glanceit
seemsas though the relay logic should be incredibly simple: just usenormally-open switch corntacts
and connectthem all in parallel with ead other:

I-l I-2
switch 1 siren
switch 2

| A
switch 3

| A
switch 4

e

Essetially, this is the OR logic function implemented with four switch inputs. We could expand
this circuit to include any number of switch inputs, ead new switch being added to the parallel
network, but I'll limit it to four in this exampleto keepthings simple. At any rate, it is an elemenary
system and there seemsto be little possibility of trouble.

Except in the evert of a wiring failure, that is. The nature of electric circuits is such that
"open" failures (open switch corntacts, broken wire connections,open relay coils, blown fuses,etc.)
are statistically more likely to occur than any other type of failure. With that in mind, it makes
senseto engineera circuit to be astolerant as possibleto suc a failure. Let's supposethat a wire
connection for Switch #2 wereto fail open:
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L, L,
switch 1 siren
switch 2

—o/o— —

AN
) -
switch 3 open wire connection!

e
switch 4

e

If this failure wereto occur, the result would bethat Switch #2 would no longer energizethe siren
if actuated. This, obviously, is not good in a re alarm system. Unlessthe system were regularly
tested (a good idea anyway), no one would know there was a problem until someonetried to use
that switch in an emergency

What if the systemwere re-engineeredso asto soundthe alarm in the event of an open failure?
That way, a failure in the wiring would result in a falsealarm, a scenariomuch more preferablethan
that of having a switch silently fail and not function when needed. In order to achieve this design
goal, we would have to re-wire the switchessothat an open contact soundedthe alarm, rather than
a closed contact. That being the case,the switcheswill have to be normally-closed and in series
with ead other, powering a relay coil which then activates a normally-closed contact for the siren:

I—1 I—2
switch 1 switch 3 CR1
- R
switch 2 switch 4 ~—
CR1 siren

s \
I

When all switches are unactuated (the regular operating state of this system), relay CR; will
be energized,thus keeping contact CR; open, preventing the siren from being powered. However,
if any of the switches are actuated, relay CR; will de-energize,closing contact CR; and sounding
the alarm. Also, if there is a break in the wiring anywhere in the top rung of the circuit, the alarm
will sound. When it is discovered that the alarm is false, the workersin the facility will know that
something failed in the alarm systemand that it needsto be repaired.

Granted, the circuit is more complex than it was before the addition of the cortrol relay, and
the system could still fail in the "silent" mode with a broken connectionin the bottom rung, but
it's still a saferdesignthan the original circuit, and thus preferable from the standpoint of safety.
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This designof circuit is referred to asfail-safe, due to its intended designto default to the safest
mode in the event of a common failure such as a broken connectionin the switch wiring. Fail-safe
designalways starts with an assumption asto the most likely kind of wiring or componert failure,
and then tries to con gure things so that suc a failure will causethe circuit to act in the safest
way, the "safest way" being determined by the physical characteristics of the process.

Take for example an electrically-actuated (solenoid) valve for turning on cooling water to a
machine. Energizing the solenoid coil will move an armature which then either opensor closesthe
valve medanism, depending on what kind of valve we specify. A spring will return the valve to its
"normal" position when the solenoidis de-energized.We already know that an open failure in the
wiring or solenoid coil is more likely than a short or any other type of failure, sowe should design
this systemto be in its safestmode with the solenoid de-energized.

If it's cooling water we're cortrolling with this valve, chancesare it is saferto have the cooling
water turn on in the evert of a failure than to shut o®, the consequence®f a macdhine running
without coolant usually being sewere. This meanswe should specify a valve that turns on (opens
up) when de-energizedand turns o® (closesdown) when energized. This may seem"backwards” to
have the valve set up this way, but it will make for a safer systemin the end.

Oneinteresting application of fail-safe designis in the power generationand distribution industry,
wherelarge circuit breakersneedto be openedand closedby electrical cortrol signalsfrom protective
relays. If a 50/51 relay (instantaneousand time overcurrent) is going to command a circuit breaker
to trip (open) in the evernt of excessie current, should we designit sothat the relay closesa switch
cortact to senda "trip" signal to the breaker, or opens a switch contact to interrupt a regularly
"on" signal to initiate a breaker trip? We know that an open connectionwill be the most likely to
occur, but what is the safeststate of the system: breaker open or breaker closed?

At “rst, it would seemthat it would be saferto have a large circuit breaker trip (open up and
shut o® power) in the event of an open fault in the protective relay cortrol circuit, just like we
had the re alarm system default to an alarm state with any switch or wiring failure. Howevwer,
things are not sosimple in the world of high power. To have a large circuit breaker indiscriminately
trip open is no small matter, especially when customers are depending on the corntinued supply
of electric power to supply hospitals, telecomnunications systems, water treatment systems, and
other important infrastructures. For this reason, power system engineershave generally agreedto
designprotectiverelay circuits to output a closeal contact signal (power applied) to open large circuit
breakers, meaning that any open failure in the control wiring will go unnoticed, simply leaving the
breaker in the status quo position.

Is this an ideal situation? Of coursenot. If a protective relay detects an overcurrent condition
while the control wiring is failed open, it will not be able to trip open the circuit breaker. Like the
rst re alarm system design, the "silent" failure will be evidert only when the systemis needed.
Howevwer, to engineerthe control circuitry the other way { sothat any open failure would immediately
shut the circuit breaker o®, potentially blacking out large potions of the power grid { really isn't a
better alternativ e.

An entire book could be written on the principles and practices of good fail-safe system design.
At least here,you know a couple of the fundamentals: that wiring tendsto fail open more often than
shorted, and that an electrical control system's(open) failure mode should be such that it indicates
and/or actuates the real-life processin the safestalternative mode. These fundamental principles
extend to non-electrical systemsas well: identify the most common mode of failure, then engineer
the systemsothat the probable failure mode placesthe systemin the safestcondition.
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2 REVIEW:

2 The goal of fail-safe designis to make a cortrol systemastolerant as possibleto likely wiring
or componert failures.

2 The most commontype of wiring and componert failure is an "open” circuit, or brokenconnec-
tion. Therefore, a fail-safe systemshould be designedto default to its safestmode of operation
in the caseof an open circuit.

6.6 Programmable logic controllers

Before the advent of solid-state logic circuits, logical cortrol systemswere designedand built ex-
clusively around electromedtanical relays. Relays are far from obsoletein modern design, but have
beenreplacedin many of their former roles as logic-level cortrol devices, relegated most often to
those applications demanding high current and/or high voltage switching.

Systemsand processesequiring "on/o®" cortrol abound in modern commerceand industry,
but sud control systemsare rarely built from either electromedanical relays or discrete logic gates.
Instead, digital computers’1l the need,which may be programmed to do a variety of logical functions.

In the late 1960'san American compary named Bedford Asscciates releaseda computing device
they calledthe MODICON . As an acronym, it meart Mo dular Di gital Con troller, and later became
the nameof a compary division dewted to the design,manufacture, and saleof thesespecial-purpose
cortrol computers. Other engineering rms deweloped their own versions of this device, and it
eventually cameto be known in non-proprietary terms asa PLC, or ProgrammableL ogic Controller.
The purposeof a PLC wasto directly replaceelectromedtanical relays aslogic elemerts, substituting
instead a solid-state digital computer with a stored program, able to emulate the interconnection of
many relays to perform certain logical tasks.

A PLC hasmany "input" terminals, through which it interprets "high" and "low" logical states
from sensorsand switches. It also has many output terminals, through which it outputs "high"
and "low" signalsto power lights, solenoids, contactors, small motors, and other deviceslending
themselves to on/o® cortrol. In an e®ort to make PLCs easy to program, their programming
languagewas designedto resenble ladder logic diagrams. Thus, an industrial electrician or electrical
engineeraccustomedto reading ladder logic schematics would feel comfortable programming a PLC
to perform the samecortrol functions.

PLCs are industrial computers, and assud their input and output signalsare typically 120volts
AC, just like the electromedanical cortrol relays they were designedto replace. Although some
PLCs have the ability to input and output low-level DC voltage signals of the magnitude usedin
logic gate circuits, this is the exception and not the rule.

Signal connectionand programming standards vary somewhatbetweendi®erert models of PLC,
but they are similar enoughto allow a "generic" introduction to PLC programming here. The
following illustration shows a simple PLC, asit might appearfrom a front view. Two screwterminals
provide connectionto 120volts AC for powering the PLC's internal circuitry, labeledL1 and L2. Six
screwterminals on the left-hand side provide connectionto input devices,ead terminal represening
a di®erent input "channel" with its own "X" label. The lower-left screwterminal is a "Common"
connection, which is generally connectedto L2 (neutral) of the 120 VAC power source.
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@ox1 9 8 vi0@
@o X2 Y20@
@oX3 Y30Q@
@oX4 PLC Y40@
@o X5 Y50
@o X6 Y60@
@ Common P%o:mmg Source @

Inside the PLC housing, connectedbetweenead input terminal and the Common terminal, is an
opto-isolator device (Light-Emitting Diode) that provides an electrically isolated "high" logic signal
to the computer's circuitry (a photo-transistor interprets the LED's light) when there is 120 VAC
power applied betweenthe respective input terminal and the Commonterminal. An indicating LED
on the front panel of the PLC givesvisual indication of an "energized" input:

Ll L2
2 9 Y102
@ox3 - LZ_ Y20@
— DoX3 Input X1 energlze\%o@
o @ox4 PLC Y40@
1 @oxs5 Y50@
\ @o X6 Y60@
”%Common P%O:mmg Source @

Output signals are generated by the PLC's computer circuitry activating a switching device
(transistor, TRIA C, or even an electromedanical relay), connecting the "Source" terminal to any
of the "Y-" labeled output terminals. The "Source" terminal, correspondingly, is usually connected
to the L1 side of the 120 VAC power source. As with ead input, an indicating LED on the front
panel of the PLC givesvisual indication of an "energized" output:
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Ly L,

@ox1 9 g @t—/\ —

@oX2 Y20@

@ox3 30| =
@ox4 HS z}kim@ S

@OXSOutput Y1 energizec¥50@ =
@oX6 Y60@

@ Common P%O:mmg Source @—‘

In this way, the PLC is able to interface with real-world devicessuc as switchesand solenoids.

The actual logic of the control systemis establishedinside the PLC by meansof a computer pro-
gram. This program dictates which output gets energizedunder which input conditions. Although
the program itself appearsto be a ladder logic diagram, with switch and relay symbols, there are
no actual switch contacts or relay coils operating inside the PLC to create the logical relationships
betweeninput and output. These are imaginary contacts and coils, if you will. The program is
ertered and viewed via a personalcomputer connectedto the PLC's programming port.

Consider the following circuit and PLC program:
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Ll L2
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When the pushbutton switch is unactuated (unpressed), no power is sert to the X1 input of
the PLC. Following the program, which shaws a normally-open X1 contact in serieswith a Y1 coil,
no "power" will be sert to the Y1 coil. Thus, the PLC's Y1 output remains de-energized,and the
indicator lamp connectedto it remains dark.

If the pushbutton switch is pressed,however, power will be sert to the PLC's X1 input. Any
and all X1 contacts appearing in the program will assumethe actuated (non-normal) state, as
though they wererelay contacts actuated by the energizingof a relay coil named"X1". In this case,
energizingthe X1 input will causethe normally-open X1 contact will “close,” sending"p ower" to
the Y1 coil. When the Y1 coil of the program "energizes,"the real Y1 output will becomeenergized,
lighting up the lamp connectedto it:
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Ll L2
| |
b=l toex1 @ 2 vie@
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contact and coil symbols
turn color, indicating "power"
conducted through "circuit"

It must be understood that the X1 contact, Y1 coil, connecting wires, and "p ower" appearing
in the personalcomputer's display are all virtual. They do not exist as real electrical componens.
They exist as commandsin a computer program { a piece of software only { that just happensto
resenble a real relay schematic diagram.

Equally important to understand is that the personal computer usedto display and edit the
PLC's program is not necessaryfor the PLC's cortinued operation. Once a program has been
loaded to the PLC from the personal computer, the personal computer may be unplugged from
the PLC, and the PLC will cortinue to follow the programmed commands. | include the personal
computer display in theseillustrations for your sake only, in aiding to understand the relationship
between real-life conditions (switch closure and lamp status) and the program's status ("p ower"
through virtual cortacts and virtual coils).

The true power and versatility of a PLC is revealed when we want to alter the behavior of a
cortrol system. Sincethe PLC is a programmable device,we can alter its behavior by changing the
commandswe give it, without having to recon gure the electrical componerts connectedto it. For
example, supposewe wanted to make this switch-and-lamp circuit function in an inverted fashion:
push the button to make the lamp turn o®, and releaseit to make it turn on. The "hardware"
solution would require that a normally-closed pushbutton switch be substituted for the normally-
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open switch currently in place. The "software" solution is much easier: just alter the program so
that contact X1 is normally-closedrather than normally-open.

In the following illustration, we have the altered systemshown in the state wherethe pushbutton
is unactuated (not being pressed):

L1 I—2
1 l l
t=+tgox1 & 2 vie@
@oX2 Y20@ |!a;]ntloI
ights!
@ox3 v3o@|
@ox4 PLC Y40Q@
@o X5 Y50@
@°o X6 Y60Q@
P Common mmma’ Source @
’7 N —[
N\ r
A
o | X1 I Prog;e:)rlrémmg
ersona
computer | [TSHAS O
display
colored components show
"power" conducted through
the "circuit" with contact X1
in its "normal” status

In this next illustration, the switch is shovn actuated (pressed):
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un-colored components
show no "continuity” in
the "circuit"

One of the advantagesof implemerting logical cortrol in software rather than in hardware is that
input signals can be re-usedas many times in the program as is necessary For example, take the
following circuit and program, designedto energizethe lamp if at least two of the three pushbutton
switches are simultaneously actuated:
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To build an equivalent circuit using electromedanical relays, three relays with two normally-
open contacts ead would have to be used,to provide two contacts per input switch. Using a PLC,
however, we can program as many cortacts aswe wish for ead "X" input without adding additional
hardware, since ead input and ead output is nothing more than a single bit in the PLC's digital
memory (either 0 or 1), and can be recalled as many times as necessary

Furthermore, sinceead output in the PLC is nothing more than a bit in its memory aswell, we
can assigncontacts in a PLC program "actuated" by an output (Y) status. Take for instance this
next system, a motor start-stop cortrol circuit:
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The pushbutton switch connectedto input X1 serwes as the "Start" switch, while the switch
connectedto input X2 serwesasthe "Stop." Another contact in the program, named Y1, usesthe
output coil status as a seal-in contact, directly, so that the motor corntactor will cortinue to be
energizedafter the "Start" pushbutton switch is released.You can seethe normally-closed cortact
X2 appear in a colored block, shawing that it is in a closed("electrically conducting”) state.

If we wereto pressthe "Start" button, input X1 would energize,thus "closing” the X1 contact
in the program, sending"p ower" to the Y1 "coil,” energizingthe Y1 output and applying 120 volt
AC power to the real motor contactor coil. The parallel Y1 contact will also"close," thus latching
the "circuit" in an energizedstate:
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Now, if we releasethe "Start" pushbutton, the normally-open X1 "contact” will return to its
"open" state, but the motor will cortinue to run becausethe Y1 seal-in "contact" cortinuesto

provide "continuity" to "p ower" coil Y1, thus keepingthe Y1 output energized:



166 CHAPTER 6. LADDER LOGIC

Ll L2
Motor
start
| [ M1
_|_/
= § 2 vie@-
t—= =——T@oXx2 Y20@| Motor
contactor
T @oX3 Y30@ |energized
Motor |@ox4 PLC Y40@
stop
@oX5 Y50@
Do X6 Y60@
H® Common ng::mmg Source @
’7 TN —[
N\ r

\
X1 X2 Y1
— R
Y1

To stop the motor, we must momertarily pressthe "Stop" pushbutton, which will energizethe
X2 input and "open" the normally-closed"contact," breaking cortinuity to the Y1 "coil:"
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When the "Stop"” pushbutton is released,input X2 will de-energize returning "contact” X2 to
its normal, "closed" state. The motor, however, will not start again until the "Start" pushbutton is
actuated, becausethe "seal-in" of Y1 hasbeenlost:
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In addition to input (X) and output (Y) program elemerns, PLCs provide "internal” coils and
contacts with no intrinsic connectionto the outside world. Theseare usedmuch the sameas"control
relays" (CR1, CR2, etc.) are usedin standard relay circuits: to provide logic signal inversion when
necessary

To demonstrate how one of these"internal” relays might be used,considerthe following example
circuit and program, designedto emulate the function of a three-input NAND gate. Since PLC
program elemers are typically designedby single letters, | will call the internal cortrol relay "C1"
rather than "CR1" aswould be customary in a relay cortrol circuit:
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In this circuit, the lamp will remain lit solong as any of the pushbuttons remain unactuated
(unpressed). To make the lamp turn o®, we will have to actuate (press)all three switches, like this:
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This sectionon programmablelogic cortrollers illustrates just a small sampleof their capabilities.
As computers, PLCs can perform timing functions (for the equivalent of time-delay relays), drum
sequencing,and other advanced functions with far greater accuracy and reliability than what is
possibleusing electromedanical logic devices. Most PLCs have the capacity for far more than six
inputs and six outputs. The following photograph shows seweral input and output modules of a
single Allen-Bradley PLC.
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With ead module having sixteen "p oints” of either input or output, this PLC has the ability
to monitor and cortrol dozensof devices. Fit into a cortrol cabinet, a PLC takesup little room,
especially considering the equivalent spacethat would be neededby electromedtanical relays to
perform the samefunctions:
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One advantage of PLCs that simply cannot be duplicated by electromedanical relays is remote
monitoring and cortrol via digital computer networks. Becausea PLC is nothing more than a
special-purpose digital computer, it has the ability to communicate with other computers rather
easily The following photograph shows a personal computer displaying a graphic image of a real
liquid-level process(a pumping, or "lift,” station for a municipal wastewater treatment system)

cortrolled by a PLC. The actual pumping station is located miles away from the personalcomputer
display:
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Chapter 7

BOOLEAN ALGEBRA

Rules of addition for Boolean quan tities

"Gee Toto, | don't think we're in Kansasanymore!"
Doroth vy, in The Wizard of Oz

7.1 Intro duction

Mathematical rules are basedon the de ning limits we place on the particular numerical quartities
dealt with. Whenwesay that 1+ 1= 2o0r 3+ 4= 7, weareimplying the useof integer quartities:
the sametypes of numbers we all learned to count in elemenary education. What most people
assumeto be self-eviden rules of arithmetic { valid at all times and for all purposes{ actually
depend on what we de ne a number to be.

For instance,when calculating quartities in AC circuits, we nd that the "real" number quartities
which serned us so well in DC circuit analysis are inadequate for the task of represering AC
guarntities. We know that voltagesadd when connectedin series,but we alsoknow that it is possible
to connecta 3-volt AC sourcein serieswith a 4-volt AC sourceand end up with 5 volts total voltage
(3 + 4 = 5)! Doesthis meanthe inviolable and self-eviden rules of arithmetic have beenviolated?
No, it just meansthat the rules of "real" numbersdo not apply to the kinds of quartities encourtered
in AC circuits, where every variable has both a magnitude and a phase. Consequetly, we must use
a di®erent kind of numerical quartit y, or object, for AC circuits (complex numbers, rather than real
numbers), and along with this di®erert system of numbers comesa di®erert set of rules telling us
how they relate to one another.

An expressionsuch as"3 + 4 = 5" is nonsensewithin the scope and de nition of real numbers,
but it "ts nicely within the scope and de nition of complex numbers (think of a right triangle with
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opposite and adjacert sidesof 3 and 4, with a hypotenuseof 5). Becausecomplex numbers are two-
dimensional, they are able to "add" with one another trigonometrically as single-dimension“real"
numbers cannot.

Logic is much like mathematics in this respect: the so-called"Laws" of logic depend on how we
de ne what a proposition is. The Greek philosopher Aristotle founded a system of logic basedon
only two typesof propositions: true and false. His bivalent (two-mode) de nition of truth led to the
four foundational laws of logic: the Law of Identity (A is A); the Law of Non-cortradiction (A is not
non-A); the Law of the Excluded Middle (either A or non-A); and the Law of Rational Inference.
These so-calledLaws function within the scope of logic where a proposition is limited to one of two
possiblevalues,but may not apply in caseswhere propositions can hold valuesother than "true" or
"false.” In fact, much work hasbeendone and cortinuesto be doneon "multiv alued," or fuzzy logic,
where propositions may be true or falseto a limited degree. In such a systemof logic, "Laws" sud as
the Law of the Excluded Middle simply do not apply, becausethey are founded on the assumption of
bivalence. Likewise,many premiseswhich would violate the Law of Non-cortradiction in Aristotelian
logic have validity in "fuzzy" logic. Again, the de ning limits of propositional valuesdetermine the
Laws describing their functions and relations.

The English mathematician GeorgeBoole (1815-1864)sough to give symbolic form to Aristotle's
system of logic. Boole wrote a treatise on the subject in 1854, titled An Investigation of the Laws
of Thought, on Which Are Foundel the Mathematical Theories of Logic and Prokabilities, which
codi ed sevral rules of relationship betweenmathematical quartities limited to one of two possible
values: true or false, 1 or 0. His mathematical systembecameknown as Boolean algebra.

All arithmetic operations performed with Boolean quartities have but one of two possibleout-
comes: either 1 or 0. There is no such thing as "2" or "-1" or "1/2" in the Boolean world. It
is a world in which all other possibilities are invalid by "at. As one might guess,this is not the
kind of math you want to usewhen balancing a chedkbook or calculating current through a resis-
tor. Howewer, Claude Shannonof MIT fame recognizedhow Boolean algebra could be applied to
on-and-o®circuits, where all signals are characterized as either "high" (1) or "low" (0). His 1938
thesis, titled A Symiwnlic Analysis of Relay and Switching Circuits, put Boole's theoretical work to
usein a way Boole never could have imagined, giving us a powerful mathematical tool for designing
and analyzing digital circuits.

In this chapter, you will 'nd alot of similarities betweenBooleanalgebraand "normal" algebra,
the kind of algebrainvolving so-calledreal numbers. Just bear in mind that the system of numbers
de ning Booleanalgebrais sewerely limited in terms of scope, and that there can only be one of two
possiblevaluesfor any Booleanvariable: 1 or 0. Consequetly, the "Laws" of Booleanalgebra often
di®erfrom the "Laws" of real-number algebra, making possiblesuch statemerts as1 + 1= 1, which
would normally be consideredabsurd. Onceyou comprehendthe premiseof all quantities in Boolean
algebra being limited to the two possibilities of 1 and 0, and the general philosophical principle of
Laws depending on quartitativ e de nitions, the "nonsense" of Boolean algebra disappears.

It should be clearly understood that Boolean numbers are not the same as binary numbers.
WhereasBooleannumbersrepresen an entirely di®eren system of mathematics from real numbers,
binary is nothing more than an alternativ e notation for real numbers. The two are often confused
becauseboth Boolean math and binary notation usethe sametwo ciphers: 1 and 0. The di®erence
is that Boolean quartities are restricted to a single bit (either 1 or 0), whereasbinary numbers may
be composedof many bits adding up in place-weighted form to a value of any nite size. The binary
number 1001% ("nineteen”) hasno more placein the Booleanworld than the decimal number 2
("t wo") or the octal number 325 ("t wenty-six").
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7.2 Boolean arithmetic

Let us begin our exploration of Boolean algebra by adding numbers together:

0+0=0
0O+1=1
1+0=1
1+1=1

The rst three sums make perfect senseto anyone familiar with elemerary addition. The last
sum, though, is quite possibly responsible for more confusion than any other single statemert in
digital electronics, becauseit seemsto run cortrary to the basic principles of mathematics. Well,
it does cortradict principles of addition for real numbers, but not for Boolean numbers. Remenber
that in the world of Boolean algebra, there are only two possible values for any quartity and for
any arithmetic operation: 1 or 0. There is no suc thing as"2" within the scope of Boolean values.
Sincethe sum "1 + 1" certainly isn't 0, it must be 1 by processof elimination.

It doesnot matter how many or few terms we add together, either. Considerthe following sums:

0+1+1=1
1+1+1=1
0O+1+1+1=1
1+0+1+1+1=1

Take a closelook at the two-term sumsin the rst set of equations. Doesthat pattern look
familiar to you? It should! It is the samepattern of 1's and 0's as seenin the truth table for an OR
gate. In other words, Boolean addition correspondsto the logical function of an "OR" gate, aswell
asto parallel switch contacts:

0+0=0
0 0 0
D
0 7N
0
e
0+1=1
0 0 1
D
1 7N
1
——e % —
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1+0=1
T e
1 ¢
0 N
0
o
1+1=1
1 — o ¢
1 7N
1

There is no such thing as subtraction in the realm of Boolean mathematics. Subtraction implies
the existenceof negative numbers: 5 - 3is the samething as5 + (-3), and in Booleanalgebranegative
guartities are forbidden. There is no sud thing as division in Boolean mathematics, either, since
division is really nothing more than compounded subtraction, in the sameway that multiplication
is compounded addition.

Multiplication is valid in Booleanalgebra,and thankfully it is the sameasin real-number algebra:
anything multiplied by 0 is 0, and anything multiplied by 1 remains unchanged:

-,

-,

-,

= O O

= O +— O
1
= O O O

1
This set of equations should also look familiar to you: it is the samepattern found in the truth

table for an AND gate. In other words, Boolean multiplication correspondsto the logical function
of an "AND" gate, aswell asto seriesswitch conacts:

0 " 0=0
0 — 0 0 0
’—0 +—40—/ Y
O_ SN
0 " 1=0
0 1 0
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1 o
0 >O X

1 ] \ %
1
1 AN
Like "normal” algebra, Boolean algebra usesalphabetical letters to denote variables. Unlike
"normal” algebra,though, Booleanvariablesare always CAPIT AL letters, never lower-case.Because
they are allowed to possesonly one of two possiblevalues, either 1 or 0, ead and every variable
has a complement the opposite of its value. For example, if variable "A" has a value of 0, then

the complemen of A hasa value of 1. Boolean notation usesa bar above the variable character to
denote complemenation, like this:

If: A=0
Then: A=1

If:  A=1
Then: A=0
In written form, the complemer of "A" denoted as"A-not" or "A-bar". Sometimesa "prime"
symbol is usedto represen complemeration. For example, A" would be the complemen of A, much
the sameas using a prime symbol to denote di®ereriiation in calculus rather than the fractional

notation d/dt. Usually, though, the "bar" symbol 'nds more widespread use than the "prime"
symbol, for reasonsthat will becomemore apparert later in this chapter.

Boolean complemertation nds equivalency in the form of the NOT gate, or a normally-closed
switch or relay corntact:

A
0

—

oX
[
T
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Then:

A A 1 o
1 4|>6R0
The basic de nition of Boolean quartities has led to the simple rules of addition and multipli-
cation, and has excluded both subtraction and division as valid arithmetic operations. We have

a symbology for denoting Boolean variables, and their complemens. In the next section we will
proceedto dewvelop Boolean identities.

2 REVIEW:
2 Boolean addition is equivalert to the OR logic function, aswell as parallel switch contacts.

2 Boolean multiplication is equivalert to the AND logic function, aswell as series switch con-
tacts.

2 Boolean complemernation is equivalent to the NOT logic function, aswell as normally-closel
relay contacts.

7.3 Boolean algebraic identities

In mathematics, an identity is a statemert true for all possiblevalues of its variable or variables.
The algebraic identity of x + 0 = x tells us that anything (x) added to zero equalsthe original
"anything,” no matter what value that "anything" (x) may be. Like ordinary algebra, Boolean
algebrahasits own unique identities basedon the bivalent states of Boolean variables.

The rst Boolean identity is that the sum of anything and zero is the same as the original
"anything." This identity is no di®erent from its real-number algebraic equivalent:

A+0=A

A
A N~
ODO =
>

No matter what the value of A, the output will always be the same:when A=1, the output will
alsobe 1; when A=0, the output will alsobe 0.

The next identit y is most de nitely di®erent from any seenin normal algebra. Here we discover
that the sum of anything and oneis one:
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A+l1l=1
A A \1,
o o
1

&

No matter what the value of A, the sum of A and 1 will always be 1. In a sensethe "1" signal
overrides the e®ectof A on the logic circuit, leaving the output xed at a logic level of 1.

Next, we examine the e®ectof adding A and A together, which is the sameas connecting both
inputs of an OR gate to ead other and activating them with the samesignal:

A+A=A
") > o

In real-number algebra, the sum of two identical variablesis twice the original variable's value
(x + x = 2x), but remenber that there is no conceptof "2" in the world of Boolean math, only 1
and 0, sowe cannot say that A + A = 2A. Thus, whenwe add a Booleanquartit y to itself, the sum
is equal to the original quartity: 0+ 0= 0,and 1+ 1= 1.

Introducing the uniquely Boolean concept of complemenation into an additiv e identit y, we nd
an interesting e®ect. Since there must be one"1" value betweenany variable and its complemer,
and since the sum of any Boolean quantity and 1 is 1, the sum of a variable and its complemert

must be 1:

A+A=1
) o o
A A

Just as there are four Boolean additiv e identities (A+0, A+1, A+A, and A+A'), sothere are
alsofour multiplicativ e identities: Ax0, Ax1, AxA, and AxA'. Of these,the st two are no di®eren
from their equivalernt expressionsin regular algebra:

OA=0
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1 — N\ 7
A +—0/‘—{
A 1 7 \
The third multiplicativ e identit y expressedhe result of a Boolean quantit y multiplied by itself.
In normal algebra, the product of a variable and itself is the squae of that variable (3 x 3 = 3?
= 9). Howewer, the concept of "square" implies a quartity of 2, which has no meaningin Boolean

algebra, sowe cannot say that A x A = A?. Instead, we nd that the product of a Boolean quartit y
and itself is the original quartity, sinceOx 0= 0and1x 1= 1:

AA=A
A A A
A ’ N\ 7/
[ )~ H
The fourth multiplicativ e identity has no equivalert in regular algebra becauseit usesthe com-
plemert of a variable, a conceptunique to Boolean mathematics. Sincethere must be one"0" value

betweenany variable and its complemen, and sincethe product of any Boolean quantity and O is
0, the product of a variable and its complemert must be 0:

AA=0
A A A A 0
T o Hbo
A

To summarize,then, we have four basicBooleanidentities for addition and four for multiplication:

Basic Boolean algebraic identities

Additive Multiplicative
A+0=A 0OA=0
A+1=1 1A=A
A+A=A AA=A
A+A=1 AA=0

Another identit y having to do with complemenation is that of the doublecomplement a variable
inverted twice. Complemerting a variable twice (or any even number of times) results in the original

Boolean value. This is analogousto negating (multiplying by -1) in real-number algebra: an even
number of negationscancelto leave the original value:
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A _W = A CR1
(same) ’_{ '
A N 7/ A
CR1 (same{(CRZ

— 4

CR2

>

)

7.4 Boolean algebraic prop erties

Another type of mathematical identity, called a "property" or a "law," describes how di®ering
variablesrelate to ead other in a system of numbers. One of these properties is known asthe com-
mutative property, and it appliesequally to addition and multiplication. In essencethe commutativ e
property tells us we can reversethe order of variables that are either added together or multiplied
together without changing the truth of the expression:

Commutative property of addition

A+B=B+A

(same) B
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Commutative property of multiplication

AB = BA
A —] A B
B }\( | %H%CT%
i: > / (sarlne)

e

Along with the commutativ e properties of addition and multiplication, we have the assaiative
property, again applying equally well to addition and multiplication. This property tells us we can
assaiate groups of added or multiplied variables together with parertheseswithout altering the
truth of the equations.

Associative property of addition

A+B+C)=(A+B)+C

A A
| O
C T B T
(same) (same)
A l C l
A
C Y 7/
O
B
C
| |
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Associative property of multiplication

A(BC) = (AB)C
A

50, fh @
i

B

B
A l A (same)
AT HiHF
C Y

Lastly, we have the distributive property, illustrating how to expand a Boolean expressionformed
by the product of a sum, and in reverseshows us how terms may be factored out of Boolean sums-
of-products:

Distributive property
AB+C)=AB +AC

A A B

B — *{ T '

c:} > T C T
(same) (same)

A A B l

: | H

) A CJ

c— —

To summarize, here are the three basic properties: commutativ e, ass@iative, and distributiv e.
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Basic Boolean algebraic properties

Additive Multiplicative
A+B=B+A AB = BA
A+(B+C)=(A+B)+C A(BC) = (AB)C

A(B +C)=AB + AC

7.5 Boolean rules for simpli cation

Boolean algebra nds its most practical usein the simpli cation of logic circuits. If we translate a
logic circuit's function into symbolic (Boolean)form, and apply certain algebraicrulesto the resulting
equation to reducethe number of terms and/or arithmetic operations, the simpli ed equation may
be translated bad into circuit form for a logic circuit performing the same function with fewer
componerts. If equivalert function may be achieved with fewer componerts, the result will be
increasedreliabilit y and decreasedcost of manufacture.

To this end, there are se\eral rules of Booleanalgebrapreseried in this sectionfor usein reducing
expressionsto their simplest forms. The identities and properties already reviewed in this chapter
are very usefulin Booleansimpli cation, and for the most part bear similarity to many identities and
properties of "normal” algebra. Howewer, the rules shown in this section are all unique to Boolean
mathematics.

A+AB=A
A—<+—
(same) A
A_ A N~
AH A+ AB 10,
o A !
AB - (same)

hEIE

This rule may be proven symbolically by factoring an "A" out of the two terms, then applying
the rulesof A + 1= 1 and 1A = A to achieve the nal result:
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A+ AB
l Factoring A out of both terms

A(1 + B)
l Applying identity A+ 1=1

A1)
l Applying identity 1A = A
A

Pleasenote how the rule A + 1 = 1 wasusedto reducethe (B + 1) term to 1. When a rule
like "A + 1= 1" is expressedusing the letter "A", it doesn't meanit only appliesto expressions
cortaining "A". What the "A" stands for in a rule like A + 1 = 1 is any Boolean variable or
collection of variables. This is perhapsthe most dixcult concept for new students to master in
Boolean simpli cation: applying standardized identities, properties, and rules to expressionsnot in
standard form.

For instance, the Boolean expressionABC + 1 alsoreducesto 1 by meansof the "A + 1= 1"
identity. In this case,we recognizethat the "A" term in the identit y's standard form can represert
the entire "ABC" term in the original expression.

The next rule looks similar to the “rst on shown in this section, but is actually quite di®erert
and requires a more clever proof:

A+AB=A+B

A+ AB ot

AB (‘s}me) - —{ (same
A+B

\
TZl>
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A+ AB
Applying the previous rule to expand Aterm
l A+AB=A
A+AB+AB

l Factoring B out of 2" and 3" terms

A+B(A+A)
l Applying identity A + A=1

A+ B(1)

l Applying identity 1A = A
A+B

Note how the last rule (A + AB = A) is usedto "un-simplify" the rst "A" term in the expression,
changingthe "A" into an"A + AB". While this may seemlike a backward step, it certainly helped
to reducethe expressionto somethingsimpler! Sometimesin mathematics we must take "backward"
stepsto achieve the most elegar solution. Knowing when to take suc a step and when not to is
part of the art-form of algebra, just asa victory in a gameof chessalmost always requires calculated
sacri ces.

Another rule involvesthe simpli cation of a product-of-sums expression:

(A+B)A+C)=A+BC

And, the corresponding proof:
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(A+B)A+C)
l Distributing terms

AA+AC + AB + BC
l Applying identity AA = A

A+AC+AB +BC

l Applying rule A+ AB=A
to the A+ AC term

A+ AB +BC

l Applying rule A+ AB=A
tothe A+ AB term

A+BC
To summarize, here are the three new rules of Boolean simpli cation expoundedin this section:

Useful Boolean rules for simplification
A+AB=A
A+AB=A+B
(A+B)A+C)=A+BC

7.6 Circuit simpli cation examples

Let's beginwith a semiconductorgate circuit in needof simpli cation. The "A," "B," and"C" input
signals are assumedto be provided from switches, sensors,or perhaps other gate circuits. Where
these signals originate is of no concernin the task of gate reduction.
A—
B

C—>—

g?u

Our rst stepin simpli cation must be to write a Boolean expressionfor this circuit. This task
is easily performed step by step if we start by writing sub-expressionsat the output of ead gate,
corresponding to the respective input signalsfor ead gate. Remenber that OR gatesare equivalent
to Boolean addition, while AND gates are equivalert to Boolean multiplication. For example, I'll
write sub-expressionsat the outputs of the “rst three gates:
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A \ AB
B ) Q
B+C
C—>—
B
. . . then another sub-expressionfor the next gate:
A AB

9

B+C

C——
BC(B+C)

.

BC

Finally, the output ("Q") is seento be equalto the expressionAB + BC(B + C):

(o8]

.

Q = AB + BC(B+C)

B+C
C—>—

BC(B+C)

.

BC

Now that we have a Boolean expressionto work with, we needto apply the rules of Boolean
algebrato reducethe expressionto its simplest form (simplest de ned as requiring the fewest gates
to implement):
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AB + BC(B + C)
l Distributing terms

AB + BBC + BCC
Applying identity AA=A
l to 2nd and 3rd terms
AB + BC + BC
Applying identity A+ A=A
l to 2nd and 3rd terms
AB + BC

l Factoring B out of terms

B(A + C)

The nal expressionB(A + C), is much simpler than the original, yet performsthe samefunction.
If you would like to verify this, you may generatea truth table for both expressionsand determine
Q's status (the circuits' output) for all eight logic-state combinations of A, B, and C, for both
circuits. The two truth tables should be identical.

Now, we must generatea schematic diagram from this Boolean expression.To do this, evaluate
the expression,following proper mathematical order of operations (multiplication before addition,
operations inside parenthesesbefore anything else),and draw gatesfor ead step. Remenber again
that OR gates are equivalernt to Boolean addition, while AND gates are equivalert to Boolean
multiplication. In this case,we would begin with the sub-expression’A + C", which is an OR gate:

=D
C

The next step in evaluating the expression"B(A + C)" is to multiply (AND gate) the signal B
by the output of the previous gate (A + C):

A A+C
C - Q = B(A+C)
B— [

Obviously, this circuit is much simpler than the original, having only two logic gatesinstead of
“ve. Such componert reduction results in higher operating speed(lessdelay time from input signal
transition to output signal transition), lesspower consumption, lesscost, and greater reliabilit y.

Electromechanical relay circuits, typically being slower, consuming more electrical power to op-
erate, costing more, and having a shorter averagelife than their semiconductorcounterparts, bene t
dramatically from Boolean simpli cation. Let's consideran example circuit:
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L, L,
A Q
= 0
B A
=
C
A C

As before,our rst stepin reducing this circuit to its simplest form must be to develop a Boolean
expressionfrom the schematic. The easiestway I've found to do this is to follow the samesteps|'d
normally follow to reducea series-parallelresistor network to a single, total resistance. For example,
examinethe following resistor network with its resistorsarrangedin the sameconnection pattern as
the relay contacts in the former circuit, and corresponding total resistanceformula:

Rtotal
A N
VWA

R, R
Ry R
A AMA—

Riotal = Ri / [(R4//Ry) - Rl I/ (Rs -- Re)

Remenber that parallel cortacts are equivalert to Boolean addition, while seriescortacts are
equivalent to Boolean multiplication. Write a Boolean expressionfor this relay contact circuit,
following the sameorder of precedencethat you would follow in reducing a series-parallelresistor
network to atotal resistance.It may be helpful to write a Boolean sub-expressiorto the left of eah
ladder "rung," to help organizeyour expression-writing:
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Ll L2
A
A &
B A
B(A+C) _{ - -
H
A C
AC —{ }

Q=A+B(A+C) + AC

Now that we have a Boolean expressionto work with, we needto apply the rules of Boolean
algebrato reducethe expressionto its simplest form (simplest de ned asrequiring the fewest relay
cortacts to implemernt):

A+B(A+C)+AC
l Distributing terms

A+ AB+BC + AC

Applying rule A+ AB=A

to 1st and 2nd terms

A+BC+AC

Applyingrule A+ AB=A

l to 1st and 3rd terms

A+BC
The more mathematically inclined should be able to seethat the two steps emplaying the rule

"A + AB = A" may be combined into a single step, the rule being expandableto: "A + AB + AC
+ AD +...=A"

A+B(A+C)+AC
l Distributing terms

A+AB +BC+AC
Applying (expanded) rule A + AB = A
l to 1st, 2nd, and 4th terms
A+BC

As you can see,the reduced circuit is much simpler than the original, yet performs the same
logical function:
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Ly L,

A _{ : Q A+ BC
B C
e L |

REVIEW:

To corvert a gate circuit to a Boolean expression,label ead gate output with a Boolean sub-
expressioncorrespnding to the gates'input signals, until a "nal expressionis reached at the
last gate.

To corvert a Boolean expressionto a gate circuit, evaluate the expressionusing standard
order of operations: multiplication before addition, and operations within parenthesesbefore
anything else.

To corvert a ladder logic circuit to a Boolean expression,label ead rung with a Boolean sub-
expressioncorresponding to the cortacts' input signals, until a "nal expressionis reached at
the last coil or light. To determine proper order of evaluation, treat the contacts asthough they
were resistors, and as if you were determining total resistanceof the series-parallelnetwork
formed by them. In other words, look for contacts that are either directly in seriesor directly
in parallel with eac other rst, then "collapse" them into equivalent Boolean sub-expressions
before proceedingto other cortacts.

To corvert a Booleanexpressionto a ladder logic circuit, evaluate the expressionusing standard
order of operations: multiplication before addition, and operations within parenthesesbefore
anything else.

7.7 The Exclusiv e-OR function

One element conspicuously missing from the set of Boolean operations is that of Exclusive-OR.
Whereasthe OR function is equivalernt to Boolean addition, the AND function to Boolean multi-
plication, and the NOT function (inverter) to Boolean complemeration, there is no direct Boolean
equivalent for Exclusive-OR. This hasn't stopped peoplefrom deweloping a symbol to represert it,
though:

P D-nas

This symbol is seldom used in Boolean expressionsbecausethe identities, laws, and rules of
simpli cation involving addition, multiplication, and complemenation do not apply to it. However,
there is a way to represett the Exclusive-OR function in terms of OR and AND, ashasbeenshavn
in previous chapters: AB' + A'B
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e

...Isequivalentto. ..

A AB

AB

A AB=AB+AB

As a Booleanequivalency, this rule may be helpful in simplifying someBooleanexpressions.Any
expressionfollowing the AB' + A'B form (two AND gatesand an OR gate) may be replacedby a
single Exclusive-OR gate.

7.8 DeMorgan's Theorems

A mathematician named DeMorgan deweloped a pair of important rules regarding group comple-
mentation in Boolean algebra. By group complemenation, I'm referring to the complemen of a
group of terms, represenied by a long bar over more than one variable.

You should recall from the chapter on logic gatesthat inverting all inputs to a gate reversesthat
gate's essetial function from AND to OR, or visa-versa, and also inverts the output. So, an OR
gate with all inputs inverted (a Negative-OR gate) behavesthe sameasa NAND gate, and an AND
gate with all inputs inverted (a Negative-AND gate) behavesthe sameasa NOR gate. DeMorgan's
theorems state the same equivalencein "backward" form: that inverting the output of any gate
results in the samefunction asthe opposite type of gate (AND vs. OR) with inverted inputs:



196 CHAPTER 7. BOOLEAN ALGEBRA

A — )AB: B
B —

...Isequivalentto. ..

A
A
A+B
B —
B
AB=A+B

A long bar extending over the term AB actsasa grouping symbol, and assud is ertirely di®erert
from the product of A and B independenly inverted. In other words, (AB)' is not equalto A'B'.
Becausethe "prime" symbol (') cannot be stretched over two variableslike a bar can, we are forced
to useparerthesesto make it apply to the whole term AB in the previous sertence. A bar, howewer,
acts as its own grouping symbol when stretched over more than one variable. This has profound
impact on how Boolean expressionsare evaluated and reduced, as we shall see.

DeMorgan's theorem may be thought of in terms of breaking a long bar symbol. When a long
bar is broken, the operation directly underneath the break changesfrom addition to multiplication,
or visa-versa,and the broken bar piecesremain over the individual variables. To illustrate:

DeMorgan's Theorems

break! break!
AB A+B
A+B ‘AB
NAND to Negative-OR NOR to Negative-AND

When multiple "layers" of bars exist in an expression,you may only break one bar at a time,
and it is generally easierto begin simpli cation by breaking the longest (uppermost) bar rst. To
illustrate, let's take the expression(A + (BC)")' and reduceit using DeMorgan's Theorems:

A

A+BC
B — BC
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Following the advice of breaking the longest (uppermost) bar rst, Il begin by breaking the bar
covering the ertire expressionasa rst step:

A+BC
Breaking longest bar
(addition changes to multiplication)

Applying Eentityﬁ =A
to BC

p|
- w -
al

>
oY)
@

As a result, the original circuit is reducedto a three-input AND gate with the A input inverted:

You should never break more than one bar in a single step, asillustrated here:

A+BC
Breaking long bar between A and B;

[
Incorrect step: Breaking both bars between B and C

@)

AB+C™ —
Applying identity A = A

l toBand C

Incorrect answer: AB + C

As tempting asit may be to consene stepsand break more than one bar at a time, it often leads
to an incorrect result, sodon't do it!

It is possibleto properly reducethis expressionby breaking the short bar rst, rather than the
long bar “rst:
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A+BC
l Breaking shortest bar
(multiplication changes to addition)
A+(B+C)
Applying associative property
l to remove parentheses
A+B+C
Breaking long bar in two places,
l between 1st and 2nd terms;
o between 2nd and 3rd terms
ABC =
l Applying identity A = A
toBand C
ABC

The end result is the same, but more steps are required compared to using the ‘rst method,
where the longest bar was broken rst. Note how in the third step we broke the long bar in two
places. This is a legitimate mathematical operation, and not the sameas breaking two bars in one
step! The prohibition against breaking more than one bar in one step is not a prohibition against
breaking a bar in more than one place. Breaking in more than one place in a single step is okay;
breaking more than onebar in a single step is not.

You might be wondering why parentheseswere placed around the sub-expressionB' + C', con-
sidering the fact that | just removed them in the next step. | did this to emphasizean important but
easily neglectedaspect of DeMorgan's theorem. Since a long bar functions as a grouping symbol,
the variables formerly grouped by a broken bar must remain grouped lest proper precedencegorder
of operation) be lost. In this example, it really wouldn't matter if | forgot to put parerthesesin
after breaking the short bar, but in other casesit might. Consider this example, starting with a
di®erert expression:

AB + CD

l Breaking bar in middle

Notice the grouping maintained
with parentheses —— (AB)(CD)

l Breaking both bars in middle

Correct answer: (A+B)C+D)
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AB + CD
l Breaking bar in middle

Parentheses omitted —— AB C
l Breaking both bars in middle

Incorrect answer: A+BC+D

As you can see,maintaining the grouping implied by the complemeration bars for this expression
is crucial to obtaining the correct answer.

Let's apply the principles of DeMorgan's theoremsto the simpli cation of a gate circuit:

O ® >

o

As always, our “rst step in simplifying this circuit must be to generatean equivalert Boolean
expression. We can do this by placing a sub-expressionlabel at the output of ead gate, as the
inputs becomeknown. Here'sthe rst stepin this process:

O ® >

BC
>(£

Next, we can label the outputs of the rst NOR gate and the NAND gate. When dealing with
inverted-output gates,| nd it easierto write an expressionfor the gate's output without the nal
inversion, with an arrow pointing to just beforethe inversion bubble. Then, at the wire leading out
of the gate (after the bubble), | write the full, complemerted expression. This helps ensurel don't
forget a complemerting bar in the sub-expression,by forcing myself to split the expression-writing
task into two steps:
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O ® >

Finally, we write an expression(or pair of expressions)for the last NOR gate:

O ® >

Q=A+BC+AB_

C+A

Now, we reducethis expressionusing the identities, properties, rules, and theorems(DeMorgan's)
of Boolean algebra:
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A+BC+AB
l Breaking longest bar

(A +BC) (AB) =
Applying identity A = A
l wherever double bars of
__equal length are found
(A + BC)(AB)

l Distributive property

AAB + BCAB
Applying identity AA = A
to left term; applying identity
AA =0 toBandBin right

term
AB +0
l Applying identity A+ 0 =A
AB

The equivalent gate circuit for this much-simpli ed expressionis as follows:

ST ] o

2 REVIEW

2 DeMorgan's Theoremsdescribe the equivalencebetweengateswith inverted inputs and gates
with inverted outputs. Simply put, a NAND gate is equivalert to a Negative-OR gate, and a
NOR gate is equivalert to a Negative-AND gate.

2 When "breaking" a complemenation bar in a Boolean expression,the operation directly un-
derneath the break (addition or multiplication) reverses,and the broken bar piecesremain
over the respective terms.

2 |t is often easierto approac a problem by breaking the longest (uppermost) bar before break-
ing any bars under it. You must never attempt to break two bars in one step!

2 Complemenation bars function as grouping symbols. Therefore, when a bar is broken, the
terms underneath it must remain grouped. Parenthesesmay be placed around these grouped
terms as a help to avoid changing precedence.
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7.9 Converting truth tables into Boolean expressions

In designingdigital circuits, the designeroften beginswith a truth table describingwhat the circuit
should do. The designtask is largely to determine what type of circuit will perform the function
described in the truth table. While somepeople seemto have a natural ability to look at a truth
table and immediately envision the necessarylogic gate or relay logic circuitry for the task, there

are procedural techniques available for the rest of us. Here, Boolean algebra provesits utilit y in a
most dramatic way.

To illustrate this procedural method, we should begin with a realistic design problem. Suppose
we were giventhe task of designinga °ame detection circuit for atoxic wasteincinerator. The intense
heat of the re is intended to neutralize the toxicity of the waste introduced into the incinerator.
Sudch combustion-basedtechniques are commonly usedto neutralize medical waste, which may be
infected with deadly viruses or bacteria:

Toxic waste
inlet
Toxic waste incinerator +
Fuel
flame - inlet

So long as a °ame is maintained in the incinerator, it is safe to inject waste into it to be
neutralized. If the °ame were to be extinguished, howeer, it would be unsafeto cortinue to inject
waste into the combustion chamber, asit would exit the exhaust un-neutralized, and posea health
threat to anyone in closeproximity to the exhaust. What we needin this systemis a sure way of

detecting the presenceof a °“ame, and permitting wasteto be injected only if a °ame is "proven" by
the °ame detection system.

Sewral di®erert °“ame-detection technologiesexist: optical (detection of light), thermal (detec-
tion of high temperature), and electrical conduction (detection of ionized particles in the °ame
path), ead one with its unique advantagesand disadvantages. Supposethat due to the high degree
of hazard involved with potentially passingun-neutralized waste out the exhaust of this incinerator,
it is decidedthat the °ame detection system be made redundant (multiple sensors),so that fail-
ure of a single sensordoes not lead to an emission of toxins out the exhaust. Each sensorcomes

equipped with a normally-open cortact (open if no °ame, closedif ’ame detected) which we will
useto activate the inputs of a logic system:



7.9. CONVERTING TRUTH TABLES INTO BOOLEAN EXPRESSIONS 203

Toxic waste
inlet

Toxic waste incinerator +

Waste shutoff
valve

Fuel
~inlet

| | | |

| ||

sensor || sensor || sensor
A B C

Logic system
----------- (shuts off waste valve
if no flame detected)

"l
.

Our task, now, is to designthe circuitry of the logic systemto open the waste valve if and only if
there is good “ame proven by the sensors.First, though, we must decidewhat the logical behavior of
this cortrol systemshould be. Do we want the valve to be openedif only oneout of the three sensors
detects “ame? Probably not, becausethis would defeat the purposeof having multiple sensors. If
any one of the sensorswere to fail in such a way asto falsely indicate the presenceof ’ame when
there wasnone, a logic systembasedon the principle of "any oneout of three sensorsshaving °ame”
would give the sameoutput that a single-sensorsystem would with the samefailure. A far better
solution would be to designthe system so that the valve is commandedto open if any only if all
three sensorsdetect a good °ame. This way, any single, failed sensorfalsely showing °ame could
not keepthe valve in the open position; rather, it would require all three sensorsto be failed in the
samemanner { a highly improbable scenario{ for this dangerouscondition to occur.

Thus, our truth table would look like this:
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sensor

inputs

I_I_l

A|B|C| Output

000 0 Output =0
0]|0j1] O (close valve)
0(1|0 0

0|1|1 0

1{0]|0 0

1101 0

111(0 0 Output =1
11101 1 (open valve)

It does not require much insight to realize that this functionality could be generated with a
three-input AND gate: the output of the circuit will be "high" if and only if input A AND input B
AND input C are all "high:"

Tox_ic waste
inlet

Toxic waste incinerator +

Waste shutoff
valve

Fuel
~inlet

sensor
A

sensor
B

sensor
C
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If usingrelay circuitry, we could createthis AND function by wiring three relay contacts in series,
or simply by wiring the three sensorcortacts in series,sothat the only way electrical power could
be sen to open the waste valve is if all three sensorsindicate °ame:

Toxic waste
inlet

Toxic waste incinerator +

Waste shutoff
valve

Fuel
~inlet

sensor || sensor || sensor
A B C

"l
=

—————————— y =

While this design strategy maximizes safely, it makes the system very susceptibleto sensor
failures of the opposite kind. Supposethat one of the three sensorswere to fail in such a way that
it indicated no °ame when there really was a good °ame in the incinerator's combustion chamber.
That single failure would shut o® the waste valve unnecessarily resulting in lost production time
and wasted fuel (feeding a ‘re that wasn't being usedto incinerate waste).

It would be nice to have a logic systemthat allowed for this kind of failure without shutting the
systemdown unnecessarily yet still provide sensorredundancy soasto maintain safety in the evert
that any single sensorfailed "high" (showing °ame at all times, whether or not there was one to
detect). A strategy that would meet both needswould be a "t wo out of three" sensorlogic, whereby
the waste valve is openedif at least two out of the three sensorsshowv good °ame. The truth table
for such a systemwould look like this:
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sensor

inputs

A|B|C| Output

000 0 Output=0
0]|0j1] O (close valve)
0(1|0 0

011 1

1/0(0 0

1|01 1

111(0 1 Output =1
111]1 1 (open valve)

Here, it is not necessarilyobvious what kind of logic circuit would satisfy the truth table. How-
ever, a simple method for designingsuc a circuit is found in a standard form of Boolean expression
called the Sum-Of-Products, or SOP, form. As you might suspect, a Sum-Of-Products Boolean
expressionis literally a set of Boolean terms added (summaed) together, ead term being a multi-
plicativ e (product) combination of Boolean variables. An example of an SOP expressionwould be
something like this: ABC + BC + DF, the sum of products "ABC," "BC," and "DF."

Sum-Of-Products expressionsare easyto generatefrom truth tables. All we haveto do is examine
the truth table for any rows wherethe output is "high" (1), and write a Boolean product term that
would equal a value of 1 given those input conditions. For instance, in the fourth row down in the
truth table for our two-out-of-three logic system, where A=0, B=1, and C=1, the product term
would be A'BC, sincethat term would have a value of 1 if and only if A=0, B=1, and C=1:

sensor

inputs

A| B[ C| Output
0(0|0 0
0(0|1 0
0(1|0 0
011 1 ABC =1
1|0(0 0
1|01 1
1]1(0 1
111(1 1

Three other rows of the truth table have an output value of 1, sothose rows also need Boolean
product expressionsto represen them:
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sensor
inputs

Output

ABC=1
ABC=1
ABC=1

Rl |r|O|O|O|O|>
RP|R|O|O|R|(R|(O|O|m
R|O|rR|O|rR|O|R|O|IO

RlR|R|lo|r|o|o

Finally, we join thesefour Boolean product expressionstogether by addition, to create a single
Boolean expressiondescribing the truth table asa whole:

sensor
inputs

Output

ABC=1
ABC =1
ABC =1

RlR|R| R O|lO|O|O>
RP|R[(O|O|Rr|(R|O|O|W
R[OOI |O|r|OO

RlRr|Rr|lO|R|O|O

Output = ABC + ABC + ABC + ABC

Now that we have a Boolean Sum-Of-Products expressionfor the truth table's function, we can
easily designa logic gate or relay logic circuit basedon that expression:
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A B C
j j Q/ Output = ABC + ABC + ABC + ABC
é ~—  \ABC
—PN—-- /
—— ~—  \ABC
—PN—-- /
1 \AEC
|
\ABC
|
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Output = ABC + ABC ¥ ABC + ABC

Ll I—2
A CR1
B CR2
C CR3
CR1 CR2 CR3 xBC Output
O
CR1 CR2 CR3
ABC
CR1 CR2 CR3
ABC
CR1 CR2 CR3
ABC

209

Unfortunately, both of these circuits are quite complex, and could bene't from simpli cation.

Using Boolean algebra techniques, the expressionmay be signi cantly simpli ed:
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ABC + ABC + ABC + ABC

|

BC(A + A) + ABC+ ABC

|

BC(1) + ABC + ABC

l

BC + ABC + ABC

|

B(C + AC) + ABC

|

B(C + A) + ABC™

l

BC + AB + ABC

l

BC + A(B + BC)

|

BC + A(B + C)

l

BC + AB + AC
or
AB + BC + AC

As a result of the simpli cation, we can now build much simpler logic circuits performing the

CHAPTER 7. BOOLEAN ALGEBRA

Factoring BCout of 1% and 4™ terms

Applying identity A + A= 1

Applying identity 1A = A

Factoring B out of 1% and 3" terms

Applyingrule A+ AB=A+B to
the C + AC term

Distributing terms

Factoring A out of 2" and 3" terms

Applyingrule A+ AB=A+B to
the B + BC term

Distributing terms

Simplified result

samefunction, in either gate or relay form:
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A B C

Output = AB + BC + AC

1T\ M : AB

M BC

e

Output = AB + BC + AC

L, L>
A CR1
B CR2
C CR3
CR1 CR2 AB Output
o
CR2 CR3
BC
CR1 CR3
AC

Either one of thesecircuits will adequately perform the task of operating the incinerator waste
valve basedon a °ame veri cation from two out of the three °ame sensors. At minimum, this is
what we needto have a safeincinerator system. We can, however, extend the functionality of the
system by adding to it logic circuitry designedto detect if any one of the sensorsdoes not agree
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with the other two.

If all three sensorsare operating properly, they should detect ’ame with equal accuracy Thus,
they should either all register "low" (000: no °ame) or all register "high" (111: good °ame). Any
other output combination (001, 010, 011, 100, 101, or 110) constitutes a disagreemeh between
sensors,and may therefore serwe as an indicator of a potential sensorfailure. If we added circuitry
to detect any one of the six "sensor disagreemeti’ conditions, we could use the output of that
circuitry to activate an alarm. Whoever is monitoring the incinerator would then exercisejudgment
in either continuing to operate with a possiblefailed sensor(inputs: 011, 101, or 110), or shut the
incinerator down to be absolutely safe. Also, if the incinerator is shut down (no °’ame), and one or
more of the sensorsstill indicates °ame (001,010,011,100,101, or 110) while the other(s) indicate(s)
no °ame, it will be known that a de nite sensorproblem exists.

The rst step in designingthis "sensor disagreemeti’ detection circuit is to write a truth table
describing its behavior. Since we already have a truth table describing the output of the "good
°ame" logic circuit, we can simply add another output column to the table to represen the second
circuit, and make a table represerting the ertire logic system:

Output =0 Output =0
(close valve) (sensors agree)
Output =1 Output =1
(open valve) (sensors disagree)

sensor
inputs  Good  Sensor
flame disagreement

A|B|C| Output | Output
0(0|0 0 0
0(0|1 0 1
0(1|0 0 1
0(1|1 1 1
1|0(0 0 1
1|01 1 1
111|0 1 1
111(1 1 0

While it is possibleto generatea Sum-Of-Products expressionfor this new truth table column,
it would require six terms, of three variables each! Such a Boolean expressionwould require many
stepsto simplify, with a large potential for making algebraic errors:
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Output =0 Output=0
(close valve) (sensors agree)
Output =1 Output=1
(open valve) (sensors disagree)

sensor \

inputs  Good Sensor
flame disagreement

A|B| C| Output | Output
0(0]0 0 0

0(0]|1 0 1 ABC
0(1]0 0 1 ABC
0(1]|1 1 1 ABC
1|00 0 1 ABC
110]1 1 1 ABC
1110 1 1 ABC
1111 1 0

Output = ABC + ABC + ABC + ABC + ABC + ABC

An alternative to generating a Sum-Of-Products expressionto accourt for all the "high" (1)
output conditions in the truth table is to generate a Product-Of-Sums or POS, expression,to
accourt for all the "low" (0) output conditions instead. Being that there are much fewer instances
of a "low" output in the last truth table column, the resulting Product-Of-Sums expressionshould
cortain fewer terms. As its name suggests,a Product-Of-Sums expressionis a set of added terms
(sums), which are multiplied (product) together. An example of a POS expressionwould be (A +
B)(C + D), the product of the sums"A + B" and"C + D"

To begin, we identify which rows in the last truth table column have "low" (0) outputs, and
write a Boolean sum term that would equal O for that row's input conditions. For instance, in the
“rst row of the truth table, where A=0, B=0, and C=0, the sumterm would be (A + B + C), since
that term would have a value of O if and only if A=0, B=0, and C=0:
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Output =0 Output =0
(close valve) (sensors agree)
Output =1 Output =1
(open valve) (sensors disagree)

sensor \

inputs Good  Sensor
flame disagreement

A|B|C| Output | Output
0(0|0 0 0 (A+B+C)
0(0|1 0 1
0(1|0 0 1
011 1 1
1|0(0 0 1
1|10]1 1 1
1]1(0 1 1
111(1 1 0

Only one other row in the last truth table column hasa "low" (0) output, soall we needis one
more sum term to complete our Product-Of-Sums expression. This last sum term represeints a 0
output for an input condition of A=1, B=1 and C=1. Therefore, the term must be written as(A' +
B'+ C"), becauseonly the sum of the complementa input variableswould equal O for that condition
only:



7.9. CONVERTING TRUTH TABLES INTO BOOLEAN EXPRESSIONS

Output =0 Output =0
(close valve) (sensors agree)
Output =1 Output =1
(open valve) (sensors disagree)

sensor \

inputs Good  Sensor
flame disagreement

A|B|C| Output | Output

0(0|0 0 0 (A+B+C)
0(0|1 0 1

0(1|0 0 1

011 1 1

1|0(0 0 1

1|10]1 1 1

1]1(0 1 1

111]1 1 0 (A+B+C)

215

The completed Product-Of-Sums expression,of course,is the multiplicativ e combination of these

two sum terms:

Output =0 Output=0
(close valve) (sensors agree)

Output =1 Output =1
(open valve) (sensors disagree)

sensor \

inputs  Good Sensor
flame disagreement

A|B| C| Output | Output

0(o|o0 0 0 (A+B+C)
0(0]1 0 1

0(1]0 0 1

0(1(1 1 1

11010 0 1

1101 1 1

1|11|0 1 1

111)1 1 0 (A+B+C)

Output=(A+B+C)A+B+C)
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Whereas a Sum-Of-Products expressioncould be implemerted in the form of a set of AND
gates with their outputs connecting to a single OR gate, a Product-Of-Sums expressioncan be
implemented as a set of OR gatesfeedinginto a single AND gate:

’Q/ j Output=(A+B+C)(A+B+C)

1 (A+B+C)

1
[

L
—
L/(A_+81C)_

Correspondingly, whereasa Sum-Of-Products expressioncould be implemented as a parallel
collection of series-connectedelay contacts, a Product-Of-Sums expressioncan be implemented as
a seriescollection of parallel-connectedrelay contacts:
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Output=(A+B+C)(A+B+C)

L, L,
A CR1
B CR2
C CR3
CR1 CR1 Output
O
CR2 CR2
CR3 CR3
(A+B+C) (A+B+C)

The previous two circuits represen di®erer versionsof the "sensor disagreemet!' logic circuit
only, not the "good °ame” detection circuit(s). The ertire logic systemwould be the combination
of both "good °ame" and "sensor disagreemeti' circuits, shavn on the samediagram.

Implemented in a Programmable Logic Controller (PLC), the ertire logic systemmight resenble
something lik e this:
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L,
Ylo@-J\/_< solenoid

l Waste valve
SeRsor__Ai }*—-@OX1 % I% A, S
Sensor }J——@oxz V2o ’:\ 'disagpesgrrnent
B -i [@oX3 Y300 alarm lamp
@ox4 PLC Y40@
Sensor -i @o X5 Y50@
¢ @o X6 Y60@
L@ Common mmma’ Source @
1 ]|
N\, [
N—\

X1 X2 Y1 Prograbrlnming
cable
HH IO
X2 X3
H
X1 X3
o -

display _CE Jj; 5_
H

X3

Rjuva

As you can see,both the Sum-Of-Products and Products-Of-Sums standard Boolean forms are
powerful tools when applied to truth tables. They allow us to derive a Boolean expression{ and
ultimately, an actual logic circuit { from nothing but a truth table, which is a written speci cation for
what we want a logic circuit to do. To be ableto go from a written speci cation to an actual circuit
using simple, deterministic proceduresmeansthat it is possibleto automate the design processfor
a digital circuit. In other words, a computer could be programmedto designa custom logic circuit
from a truth table speci cation! The stepsto take from a truth table to the "nal circuit are so
unambiguous and direct that it requireslittle, if any, creativity or other original thought to execute
them.

2 REVIEW:
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2 Sum-Of-Products, or SOP, Boolean expressionsmay be generated from truth tables quite
easily, by determining which rows of the table have an output of 1, writing one product term
for eacd row, and nally summing all the product terms. This createsa Boolean expression
represening the truth table asa whole.

2 Sum-Of-Products expressionslend themselheswell to implementation as a set of AND gates
(products) feedinginto a single OR gate (sum).

2 Product-Of-Sums or POS, Boolean expressionsmay also be generatedfrom truth tables quite
easily by determining which rows of the table have an output of 0, writing one sum term
for each row, and nally multiplying all the sum terms. This createsa Boolean expression
represening the truth table asa whole.

2 Product-Of-Sums expressionslend themselves well to implementation as a set of OR gates
(sums) feedinginto a single AND gate (product).
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Chapter 10

MUL TIVIBRA TORS

10.1 Digital logic with feedback

With simple gate and combinational logic circuits, there is a de nite output state for any giveninput
state. Take the truth table of an OR gate, for instance:

A
:Z>7 Output
B

A| B | Output

0|0 0

01 1

1|0 1

111 1

I-1 L2
A
O Output

B

For eat of the four possiblecombinations of input states (0-0, 0-1, 1-0, and 1-1), there is one,
de nite, unambiguous output state. Whether we're dealing with a multitude of cascadedgatesor a
single gate, that output state is determined by the truth table(s) for the gate(s) in the circuit, and
nothing else.

However, if we alter this gate circuit soasto give signal feedba& from the output to one of the

225
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inputs, strange things begin to happen:

A
Output
A | Output
0 ?
1
Ll I-2
A CR1
() Output
-/
CR1

We know that if A is 1, the output must be 1, aswell. Sud is the nature of an OR gate: any
"high" (1) input forcesthe output "high" (1). If A is"low" (0), howewver, we cannot guarantee the
logic level or state of the output in our truth table. Sincethe output feedsbadk to one of the OR
gate's inputs, and we know that any 1 input to an OR gates makesthe output 1, this circuit will
"latch" in the 1 output state after any time that A is 1. When A is 0, the output could be either
0 or 1, depending on the circuit's prior state! The proper way to complete the above truth table
would be to insert the word latch in place of the question mark, showing that the output maintains
its last state when A is 0.

Any digital circuit employing feedbadk is called a multivibrator. The example we just explored
with the OR gate was a very simple example of what is called a bistable multivibrator. It is
called "bistable" becauseit can hold stable in one of two possible output states, either 0 or 1.
There are also monostablemultivibrators, which have only one stable output state (that other state
being momertary), which we'll explore later; and astable multivibrators, which have no stable state
(oscillating badk and forth betweenan output of 0 and 1).

A very simple astable multivibrator is an inverter with the output fed directly badk to the input:
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Inverter with feedback

>

Ly Lo

CR1 CR1
J/}’ N Output
I /

When the input is 0, the output switchesto 1. That 1 output getsfed back to the input asa 1.
When the input is 1, the output switchesto 0. That O output getsfed back to the input asa 0, and
the cyclerepeatsitself. The result is a high frequency (seweral megahertz) oscillator, if implemerted
with a solid-state (semiconductor) inverter gate:

If implemented with relay logic, the resulting oscillator will be considerably slower, cycling at
a frequency well within the audio range. The buzzer or vibrator circuit thus formed was used
extensiwely in early radio circuitry , asa way to corvert steady, low-voltage DC power into pulsating
DC power which could then be stepped up in voltage through a transformer to produce the high
voltage necessaryfor operating the vacuum tube ampli ers. Henry Ford's engineersalso emplaoyed
the buzzer/transformer circuit to create cortinuous high voltage for operating the spark plugs on
Model T automobile engines:

"Model T" high-voltage
ignition coll

Borrowing terminology from the old medanical buzzer (vibrator) circuits, solid-state circuit en-
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gineersreferred to any circuit with two or more vibrators linked together as a multivibrator. The
astable multivibrator mentioned previously, with only one "vibrator," is more commonly imple-
mented with multiple gates,aswe'll seelater.

The most interesting and widely used multivibrators are of the bistable variety, sowe'll explore
them in detail now.

10.2 The S-R latch

A bistable multivibrator hastwo stable states, as indicated by the pre x bi in its name. Typically,
one state is referred to as set and the other as reset The simplest bistable device, therefore, is

known as a set-reset or S-R, latch.

To create an S-R latch, we can wire two NOR gatesin such a way that the output of one feeds
bad to the input of another, and visa-versa, like this:

R pr—
Q S|R Q Q
0|0 latch latch

0|1 0 1

1(0 1 0

< Q 111 0 0

The Q and not-Q outputs are supposedto be in opposite states. | say "supposedto” because
making both the S and R inputs equal to 1 results in both Q and not-Q being 0. For this reason,
having both S and R equal to 1 is called an invalid or illegal state for the S-R multivibrator.
Otherwise, making S=1 and R=0 "sets" the multivibrator sothat Q=1 and not-Q=0. Conversely
making R=1 and S=0 "resets" the multivibrator in the opposite state. When S and R are both
equalto 0, the multivibrator's outputs "latch" in their prior states. Note how the samemultivibrator
function can be implemented in ladder logic, with the sameresults:
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Ly L,

R CR1

| | VYR

[ N

CR2

| —
A/IY S|R| Q Q
S CR2 00| latch latch
| | VR

] ) 0j1] © L
% 1(1] o 0

— 0
Py
[

Y~
P4 Q

Y a
Q

SR
C

By de nition, a condition of Q=1 and not-Q=0 is set A condition of Q=0 and not-Q=1 is reset
Theseterms are universal in describingthe output states of any multivibrator circuit.

The astute obsener will note that the initial power-up condition of either the gate or ladder
variety of S-R latch is such that both gates (coils) start in the de-energizedmode. As sudc, one
would expect that the circuit will start up in an invalid condition, with both Q and not-Q outputs
beingin the samestate. Actually, this is true! However, the invalid condition is unstable with both
S and R inputs inactive, and the circuit will quickly stabilize in either the set or reset condition
becauseone gate (or relay) is bound to react a little faster than the other. If both gates (or coils)
were precisely identical, they would oscillate betweenhigh and low like an astable multivibrator upon
power-up without ever reaching a point of stability! Fortunately for caseslike this, such a precise
match of componerts is a rare possibility.

It must be noted that although an astable (continually oscillating) condition would be extremely
rare, there will most likely be a cycle or two of oscillation in the above circuit, and the nal state of
the circuit (set or reset) after power-up would be unpredictable. The root of the problem is a race
condition betweenthe two relays CR; and CR,.

A racecondition occurswhen two mutually-exclusive everts are simultaneously initiated through
di®erert circuit elemers by a singlecause.In this case,the circuit elemers are relays CR; and CRy,
and their de-energizedstatesare mutually exclusive dueto the normally-closedinterlocking cortacts.
If onerelay coil is de-energized,ts normally-closed cortact will keepthe other coil energized,thus
maintaining the circuit in one of two states (set or reset). Interlocking preverts both relays from
latching. Howevwer, if both relay coils start in their de-energizedstates (such asafter the whole circuit
hasbeende-energizedand is then powered up) both relays will "race" to becomelatched on asthey
receive power (the "single cause") through the normally-closed cortact of the other relay. One of
those relays will inevitably reach that condition before the other, thus opening its normally-closed
interlocking contact and de-energizingthe other relay coil. Which relay "wins" this raceis dependen
on the physical characteristics of the relays and not the circuit design,sothe designercannot ensure
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which state the circuit will fall into after power-up.

Race conditions should be avoided in circuit design primarily for the unpredictability that will
be created. One way to avoid such a condition is to insert a time-delay relay into the circuit to
disable one of the competing relays for a short time, giving the other one a clear advantage. In
other words, by purposely slowing down the de-energizationof one relay, we ensurethat the other
relay will always "win" and the race results will always be predictable. Here is an example of how
a time-delay relay might be applied to the above circuit to avoid the race condition:

L, L,

TD1
Y 1 second
_/

R CR1

| | /R

[ _/

CR2

|

'4n

S CR2

| | M

[ _/

CR1 1p1

CR1

48 1 Q

CR2

i O— Q

When the circuit powersup, time-delay relay corntact TD ; in the fth rung down will delay closing
for 1 second. Having that corntact open for 1 secondprevernts relay CR, from energizing through
contact CR; in its normally-closed state after power-up. Therefore, relay CR; will be allowed to
energize rst (with a 1-secondheadstart), thus openingthe normally-closedCR; contact in the fth
rung, preverting CR, from being energizedwithout the Sinput going active. The end result is that
the circuit powers up cleanly and predictably in the reset state with S=0 and R=0.

It should be mertioned that race conditions are not restricted to relay circuits. Solid-state logic
gate circuits may also su®erfrom the ill e®ectsof race conditions if improperly designed. Complex
computer programs, for that matter, may also incur race problems if improperly designed. Race
problems are a possibility for any sequetial system, and may not be discovered until sometime
after initial testing of the system. They can be very dizcult problemsto detect and eliminate.

A practical application of an S-R latch circuit might be for starting and stopping a motor, using
normally-open, momentary pushbutton switch contacts for both start (S) and stop (R) switches,
then energizinga motor cortactor with either a CR; or CR; corntact (or using a contactor in place
of CR; or CRy). Normally, a much simpler ladder logic circuit is employed, suc asthis:
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Ly L,

Start Stop CR1

Y Motor "on"
A

In the above motor start/stop circuit, the CR; contact in parallel with the start switch contact
is referred to asa "seal-in" contact, becauseit "seals" or latchescontrol relay CR; in the energized
state after the start switch has beenreleased. To break the "seal," or to "unlatch" or "reset" the
circuit, the stop pushbutton is pressedwhich de-energizesCR; and restoresthe seal-incortact to its
normally open status. Notice, however, that this circuit performs much the samefunction asthe S-R
latch. Also note that this circuit has no inherent instability problem (if even a remote possibility)
as doesthe double-relay S-R latch design.

In semiconductor form, S-R latchescomein prepadkaged units sothat you don't have to build
them from individual gates. They are symbolized as suc:

S Q

R 2

2 REVIEW:
2 A bistable multivibrator is onewith two stable output states.

2 |n a bistable multivibrator, the condition of Q=1 and not-Q=0 is de ned asset A condition
of Q=0 and not-Q=1 is corverselyde ned asreset If Q and not-Q happento be forcedto the
samestate (both O or both 1), that state is referred to asinvalid.

2 In an S-R latch, activation of the S input sets the circuit, while activation of the R input
resetsthe circuit. If both S and R inputs are activated simultaneously, the circuit will be in
an invalid condition.

2 A race condition is a state in a sequetial system where two mutually-exclusive everts are
simultaneously initiated by a single cause.
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10.3 The gated S-R latch

It is sometimesusefulin logic circuits to have a multivibrator which changesstate only when certain
conditions are met, regardlessof its Sand R input states. The conditional input is called the enable
and is symbolized by the letter E. Study the following exampleto seehow this works:

E|SIR Q Q

R — 0({0|0| latch latch
Q 0({0|1| latch latch

0(1]|0| latch latch

E 0|1(1]| latch latch
1(0|0]| latch latch

Q 1101 0 1

g —| 1(11]0 1 0
1(1]1 0 0

When the E=0, the outputs of the two AND gates are forced to 0, regardlessof the states of
either S or R. Consequetly, the circuit behaves as though S and R were both 0, latching the Q
and not-Q outputs in their last states. Only when the enableinput is activated (1) will the latch
respond to the S and R inputs. Note the identical function in ladder logic:

L, L,
R E CR1
— | O E[S[R[ @ | @
CR2 0{0|0]| latch latch
% 0({0|1]| latch latch
S E CR2 0({1|0| latch latch
,_i I I I O Of1|1| latch latch
1{0|0]| latch latch
?Rl 1|01 0 1
A/r 1/1(0 1 0
CR1 - 1|1[2] o 0
'4n O— Q
CR2

I Y ol
i M Q

A practical application of this might be the samemotor cortrol circuit (with two normally-open
pushbutton switchesfor start and stop), exceptwith the addition of a master lockout input (E) that
disablesboth pushbuttons from having cortrol over the motor whenit's low (0).

Onceagain, thesemultivibrator circuits are available as prepadkagedsemiconductordevices,and
are symbolized as such:
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|;U ||'|'| |U'J

It is alsocommonto seethe enableinput designatedby the letters "EN" instead of just "E."

2 REVIEW:

2 The enableinput on a multivibrator must be activated for either S or R inputs to have any
e®ecton the output state.

2 This enableinput is sometimeslabeled "E", and other times as"EN".

10.4 The D latch

Sincethe enableinput on a gated S-R latch providesa way to latch the Q and not-Q outputs without
regard to the status of S or R, we can eliminate one of those inputs to create a multivibrator latch
circuit with no "illegal" input states. Sud a circuit is called a D latch, and its internal logic looks

like this:
Q E|ID| Q Q
0|0 latch latch
E 01| latch latch
1(0 0 1
Q 1|1 1 0
D

Note that the R input has beenreplaced with the complemern (inversion) of the old S input,
and the Sinput hasbeenrenamedto D. As with the gated S-R latch, the D latch will not respond
to a signal input if the enableinput is O { it simply stays latched in its last state. When the enable
input is 1, howewer, the Q output follows the D input.

Sincethe R input of the S-R circuitry has beendone away with, this latch has no "invalid" or
"illegal" state. Q and not-Q are always opposite of one another. If the above diagram is confusing
at all, the next diagram should make the concept simpler:

D, S Q.
c E
R Q




234 CHAPTER 10. MULTIVIBRA TORS

Like both the S-R and gated S-R latches, the D latch circuit may be found asits own prepadkaged
circuit, complete with a standard symbol:

Q

m o

Q

O_

The D latch is nothing more than a gated S-R latch with an inverter added to make R the
complemern (inverse)of S. Let's explore the ladder logic equivalent of a D latch, modi'ed from the
basic ladder diagram of an S-R latch:

L, L,
D E CR1
i | | )
I I /
CR2
| —
/IY EID| Q Q
D E CR2 0|0]| latch latch
>—| I I I O 01| latch latch
CR1 1(0 0 1
% 11 1 0
CR1
T T @
CR2

4 00— q

An application for the D latch is a 1-bit memory circuit. You can "write" (store) a O or 1 bit
in this latch circuit by making the enableinput high (1) and setting D to whatever you want the
stored bit to be. When the enableinput is madelow (0), the latch ignoresthe status of the D input
and merrily holdsthe stored bit value, outputting at the stored value at Q, and its inverseon output
not-Q.

2 REVIEW:

2 A D latch is like an S-R latch with only one input: the "D" input. Activating the D input
setsthe circuit, and de-activating the D input resetsthe circuit. Of course,this is only if the
enableinput (E) is activated as well. Otherwise, the output(s) will be latched, unresponsive
to the state of the D input.
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2 D latchescan be usedas 1-bit memory circuits, storing either a "high" or a "low" state when
disabled, and "reading" new data from the D input when enabled.

10.5 Edge-triggered latc hes: Flip-Flops

So far, we've studied both S-R and D latch circuits with an enableinputs. The latch respondsto
the data inputs (S-R or D) only when the enableinput is activated. In many digital applications,
howevwer, it is desirable to limit the responsivenessof a latch circuit to a very short period of
time instead of the ertire duration that the enabling input is activated. One method of enabling
a multivibrator circuit is called edge triggering, where the circuit's data inputs have cortrol only
during the time that the enable input is transitioning from one state to another. Let's compare
timing diagramsfor a normal D latch versusonethat is edge-triggered:

Regular D-latch response

D [ 1 [ [ [
L

A I S —

1L

-

Outputs respond to input (D)
during these time periods
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Positive edge-triggered D-latch response

D 1L I1 [

E 1 | N
Q li
Q I

Outputs respond to input (D)
only when enable signal transitions
from low to high

In the rst timing diagram, the outputs respond to input D wheneer the enable (E) input is
high, for however long it remains high. When the enablesignal falls bac to a low state, the circuit
remainslatched. In the secondtiming diagram, we note a distinctly di®eren responsein the circuit
output(s): it only respondsto the D input during that brief momen of time when the enablesignal
changes or transitions, from low to high. This is known as positive edge-triggering.

There is such a thing as negative edgetriggering aswell, and it producesthe following response
to the sameinput signals:

Negative edge-triggered D-latch response

D [ [ [ [

E [ [ L L
Q ! I
Q I r

Outputs respond to input (D)
only when enable signal transitions
from high to low

Whenewer we enable a multivibrator circuit on the transitional edge of a square-wave enable
signal, we call it a °ip-°op instead of a latch. Consequetly, and edge-triggeredS-R circuit is more
properly known as an S-R °ip-°op, and an edge-triggeredD circuit asa D °ip-°op. The enable
signal is renamedto be the clock signal. Also, we refer to the data inputs (S, R, and D, respectively)
of these°ip-°ops assynchronous inputs, becausethey have e®ectonly at the time of the clock pulse
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edge (transition), thereby syndironizing any output changeswith that clock pulse, rather than at
the whim of the data inputs.

But, how do we actually accomplishthis edge-triggering? To create a "gated" S-R latch from a
regular S-R latch is easyenoughwith a couple of AND gates, but how do we implemert logic that
only pays attention to the rising or falling edge of a changing digital signal? What we needis a
digital circuit that outputs a brief pulse whenewer the input is activated for an arbitrary period of
time, and we can use the output of this circuit to brie°y enablethe latch. We're getting a little
aheadof ourseleshere, but this is actually a kind of monostable multivibrator, which for now we'll
call a pulse detector.

Input | Pulse detector
circuit

Output

BN
%
L

lnput I [ L[| LI LI I

Output | | | |

The duration of ead output pulseis setby componerts in the pulsecircuit itself. In ladder logic,
this can be accomplishedquite easily through the useof a time-delay relay with a very short delay
time:

Ly Lo
Input TD1
| | ()
| /
TD1 Input
—T I I /O\ Output

Implemerting this timing function with semiconductor componerts is actually quite easy asiit
exploits the inherert time delay within every logic gate (known as propagation delay). What we do
is take an input signal and split it up two ways, then place a gate or a seriesof gatesin one of those
signal paths just to delay it a bit, then have both the original signal and its delayed courterpart
enter into a two-input gate that outputs a high signal for the brief momen of time that the delayed
signal hasnot yet caugh up to the low-to-high changein the non-delayed signal. An examplecircuit
for producing a clock pulse on a low-to-high input signal transition is shown here:
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Input '
pu D D D } Output

Delayed input

Input I 1

Delayed input — |

Output I

—> ——Brief period of time when
both inputs of the AND gate
are high

This circuit may be converted into a negative-edgepulse detector circuit with only a change of
the "nal gate from AND to NOR:

Input ’
P D D D ) )o— Output

Delayed input

Input [ 1

Delayed input—™ | ]

Output I

— e
Brief period of time when
both inputs of the NOR gate
are low

Now that we know how a pulse detector can be made, we can shaw it attached to the enable
input of a latch to turn it into a °ip-°op. In this case,the circuit is a S-R °ip-°op:

C|S|R Q Q

R I|0{0| latch latch

Q I|10f1 0 1

I|1]|0 1 0

c —| Pulse I{1{1] o 0
detector

x|[0]|0| latch latch

Q x|[0|1| latch latch

s x|[1]0| latch latch

x |11 latch latch

Only when the clock signal (C) is transitioning from low to high is the circuit responsive to the
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Sand R inputs. For any other condition of the clock signal ("x") the circuit will be latched.

A ladder logic version of the S-R °ip-°op is shawn here:

L, L>
C TD1
| | M
| /
TD1 C CR3
= | O
R CR3 CR1
— | O c[SIR[ @ | @
CR2 JI10|0| latch latch
/}/{’ rlof1] o 1
S CR3 CR2 rj1jo] 1 0
,_i I | | ) ENESE! 0 0
! I U x|0]|0[ latch latch
C|:R1 x|10[1][ latch latch
A/IY Xx|1]0[ latch latch
CR1 x |11 latch latch
F C—1 Q
CR2

| Y =
/r U Q

Relay contact CR3 in the ladder diagram takesthe place of the old E cortact in the S-R latch
circuit, and is closedonly during the short time that both C is closedand time-delay cortact TR is
closed. In either case(gate or ladder circuit), we seethat the inputs S and R have no e®ectunless
C is transitioning from a low (0) to a high (1) state. Otherwise, the °ip-°op's outputs latch in their
previous states.

It is important to note that the invalid state for the S-R °ip-°op is maintained only for the
short period of time that the pulse detector circuit allows the latch to be enabled. After that brief
time period has elapsed,the outputs will latch into either the set or the reset state. Once again,
the problem of a race condition manifests itself. With no enable signal, an invalid output state
cannot be maintained. Howewer, the valid "latc hed" states of the multivibrator { setand reset{ are
mutually exclusive to one another. Therefore, the two gatesof the multivibrator circuit will "race"
ead other for supremacy and whichever one attains a high output state rst will "win."

The block symbols for °ip-°ops are slightly di®erert from that of their respective latch counter-
parts:
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SR R
—C> —C>
= S S

The triangle symbol next to the clock inputs tells us that these are edge-triggered devices,
and consequetly that these are °ip-°ops rather than latches. The symbols above are positive
edge-triggered: that is, they "clock" on the rising edge (low-to-high transition) of the clock signal.
Negative edge-triggereddevicesare symbolized with a bubble on the clock input line:

SR o
3> 3>
&R o

Both of the above °ip-°ops will "clock” on the falling edge(high-to-low transition) of the clock
signal.

2 REVIEW:

2 A °ip-°op is a latch circuit with a "pulse detector" circuit connectedto the enable (E) input,
sothat it is enabledonly for a brief momert on either the rising or falling edgeof a clock pulse.

2 Pulse detector circuits may be made from time-delay relays for ladder logic applications, or
from semiconductorgates (exploiting the phenomenonof propagation delay).

10.6 The J-K °ip-°op

Another variation on a theme of bistable multivibrators is the J-K °ip-°op. Essetntially, this is a

modi ed version of an S-R °ip-°op with no "invalid" or "illegal" output state. Look closely at the
following diagram to seehow this is accomplished:

C|J|K Q Q
I10({0| latch latch
« —Q I|0]1 0 1
I|1]|0 1 0
€ — dg’t‘é'ét%r I |1(1] toggle | toggle
x|[0]|0| latch latch
—Q x|[0]|1| latch latch
J x|[1]0| latch latch
x |11 latch latch
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What usedto be the S and R inputs are now called the J and K inputs, respectively. The old
two-input AND gateshave beenreplacedwith 3-input AND gates, and the third input of ead gate
receivesfeedbad from the Q and not-Q outputs. What this doesfor usis permit the J input to have
e®ectonly when the circuit is reset, and permit the K input to have e®ectonly when the circuit is
set. In other words, the two inputs are interlocked, to use a relay logic term, sothat they cannot
both be activated simultaneously. If the circuit is "set,” the J input is inhibited by the 0 status of
not-Q through the lower AND gate; if the circuit is "reset,” the K input is inhibited by the 0 status
of Q through the upper AND gate.

When both J and K inputs are 1, however, something unique happens. Becauseof the selective
inhibiting action of those 3-input AND gates,a "set" state inhibits input J sothat the °ip-°op acts
as if J=0 while K=1 when in fact both are 1. On the next clock pulse, the outputs will switch
("toggle") from set (Q=1 and not-Q=0) to reset (Q=0 and not-Q=1). Conversely a "reset" state
inhibits input K sothat the °ip-°op acts asif J=1 and K=0 when in fact both are 1. The next
clock pulse togglesthe circuit again from resetto set.

Seeif you can follow this logical sequencewith the ladder logic equivalent of the J-K °ip-°op:

Ly Lo

C TD1

| | ()
| N

TD1 C CR3
| | ()

T | /

K CR3 CR1 CR1

*| H H/F% —t  [C[3[K] © Q
CR2 100 latch latch
/}/li’ rlol1] o 1

J  CR3 CR2 CR2 Ijtjop 1 0

'_i )F O | I |1[1] toggle | toggle
CR1 Xx|0|0| latch latch
| x|0|1]| latch latch
A/IY x|1|0]| latch latch
CR1 x|1|1]| latch latch
-

| p e Q
CR2

I Y =
F M Q

The end result is that the S-R °ip-°op's "invalid" state is eliminated (along with the race con-
dition it engendered)and we get a useful feature as a bonus: the ability to toggle betweenthe two
(bistable) output stateswith every transition of the clock input signal.

There is no such thing asa J-K latch, only J-K °ip-°ops. Without the edge-triggeringof the clock
input, the circuit would contin uously toggle betweenits two output stateswhen both J and K were



242 CHAPTER 10. MULTIVIBRA TORS

held high (1), making it an astable device instead of a bistable devicein that circumstance. If we
want to presene bistable operation for all combinations of input states, we must useedge-triggering
sothat it togglesonly when we tell it to, one step (clock pulse) at a time.

The block symbol for a J-K °ip-°op is a whole lot lessfrightening than its internal circuitry, and
just like the S-R and D °ip-°ops, J-K °ip-°ops comein two clock varieties (negative and positive
edge-triggered):

|7< |0 |L'

Q.

2 REVIEW:

2 A J-K °ip-°op is nothing more than an S-R °ip-°op with an added layer of feedba&. This
feedbak selectiwely enablesone of the two set/reset inputs sothat they cannot both carry an
active signal to the multivibrator circuit, thus eliminating the invalid condition.

2 When both J and K inputs are activated, and the clock input is pulsed, the outputs (Q and
not-Q) will swap states. That is, the circuit will toggle from a set state to a reset state, or
visa-versa.

10.7 Async hronous °ip-°op inputs

The normal data inputs to a °ip °op (D, Sand R, or J and K) are referredto assynchmonous inputs

becausethey have e®ecton the outputs (Q and not-Q) only in step, or in sync, with the clock signal

transitions. Theseextra inputs that | now bring to your attention are called asynchionous because
they cansetor resetthe °ip-°op regardlessof the status of the clock signal. Typically, they're called

presetand clear:

PRE PRE PRE

_S| Q. _D| Q J Q.
C C C

—P —p —p

_R Q. QK Q.

CLR CLR CLR
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When the presetinput is activated, the °ip-°op will be set(Q=1, not-Q=0) regardlessof any of
the synchronous inputs or the clock. When the clear input is activated, the °ip-°op will be reset
(Q=0, not-Q=1), regardlessof any of the synchronousinputs or the clock. So,what happensif both
preset and clear inputs are activated? Surprise, surprise: we get an invalid state on the output,
where Q and not-Q goto the samestate, the sameasour old friend, the S-R latch! Presetand clear
inputs nd use when multiple °ip-°ops are gangedtogether to perform a function on a multi-bit
binary word, and a single line is neededto set or resetthem all at once.

Asynchronousinputs, just like synchronousinputs, can be engineeredto be active-high or active-
low. If they're active-low, there will be an inverting bubble at that input lead on the block symbol,
just like the negative edge-triggerclock inputs.

PRE PRE PRE

_S| : 9 _D : Q J : 9

—C> —C> —C>

_R Q. QXM Q.
CLR CLR CLR

Sometimesthe designations"PRE" and "CLR" will be shavn with inversion bars above them,
to further denote the negative logic of theseinputs:

PRE PRE PRE
} } }
_S Q D Q J Q
> > >
R Q. QK Q.
Al T T
CIR CIR CIR

2 REVIEW:

2 Asynchronous inputs on a °ip-°op have control over the outputs (Q and not-Q) regardlessof
clock input status.

2 Theseinputs are calledthe preset(PRE) and clear (CLR). The presetinput drivesthe °ip-°op
to a set state while the clear input drivesit to a reset state.
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2 |t is possibleto drive the outputs of a J-K °ip-°0op to an invalid condition using the asyn-
chronous inputs, becauseall feedbadk within the multivibrator circuit is overridden.

10.8 Monostable multivibrators

We've already seenone example of a monostablemultivibrator in use: the pulse detector usedwithin
the circuitry of °ip-°ops, to enablethe latch portion for a brief time when the clock input signal
transitions from either low to high or high to low. The pulse detector is classi ed as a monostable
multivibrator becauseit has only one stable state. By stable | mean a state of output where the
device is able to latch or hold to forever, without external prodding. A latch or °ip-°op, being a
bistable device,can hold in either the "set" or "reset" state for an inde nite period of time. Onceit's
set or reset, it will cortinue to latch in that state unlessprompted to changeby an external input.
A monostabledevice, on the other hand, is only able to hold in one particular state inde nitely . Its
other state can only be held momertarily when triggered by an external input.

A medanical analogy of a monostabledevicewould be a momertary contact pushbutton switch,
which spring-returns to its normal (stable) position when pressureis removed from its button actu-
ator. Likewise,a standard wall (toggle) switch, such asthe type usedto turn lights on and o®in a
house,is a bistable device. It can latch in one of two modes: on or o®.

All monostable multivibrators are timed devices. That is, their unstable output state will hold
only for a certain minimum amount of time beforereturning to its stable state. With semiconductor
monostable circuits, this timing function is typically accomplishedthrough the use of resistors and
capacitors, making use of the exponertial charging rates of RC circuits. A comparator is often
usedto comparethe voltage acrossthe charging (or discharging) capacitor with a steady reference
voltage, and the on/o® output of the comparator used for a logic signal. With ladder logic, time
delays are accomplishedwith time-delay relays, which can be constructed with semiconductor/RC
circuits like that just mertioned, or mecanical delay deviceswhich impedethe immediate motion
of the relay's armature. Note the designand operation of the pulse detector circuit in ladder logic:

Ll I-2
Input TD1
I I L 1 second
TD1 Input
—'I‘—{ I :() Output
Input | [ I [
Output I I I

—{ |l«— 1 second

No matter how long the input signal stays high (1), the output remains high for just 1 secondof
time, then returns to its normal (stable) low state.
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For someapplications, it is necessaryto have a monostable device that outputs a longer pulse
than the input pulse which triggers it. Consider the following ladder logic circuit:

Ly L,
Input TD1
| | (410 seconds
| /
TD1
= O Output
Input I 1
Output ____| L L L
— -~ - — -

10 seconds 10 seconds 10 seconds

When the input cortact closes,TD; cortact immediately closes,and stays closedfor 10 seconds
after the input contact opens. No matter how short the input pulse is, the output stays high (1)
for exactly 10 secondsafter the input drops low again. This kind of monostable multivibrator is
called a one-shot More speci cally, it is a retriggerable one-shot, becausethe timing begins after
the input dropsto a low state, meaningthat multiple input pulseswithin 10 secondsof ead other

will maintain a cortinuous high output:

"Retriggering” action

Input [ 1T LTT

Output | I
— -—
10 seconds

One application for a retriggerable one-shotis that of a single medanical corntact debouncer.
As you can seefrom the above timing diagram, the output will remain high despite "b ouncing” of
the input signal from a medanical switch. Of course,in a real-life switch debouncer circuit, you'd
probably want to usea time delay of much shorter duration than 10 seconds,as you only needto

"debounce" pulsesthat are in the millisecond range.
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Switch
momentarily
actuated

"Dirty" signal ﬂ

1
+V —e o One-shot
V®A %Rpulldown
) DA

"Clean"” signal

What if we only wanted a 10 secondtimed pulse output from a relay logic circuit, regardless
of how many input pulseswe received or how long-lived they may be? In that case,we'd have to
couple a pulse-detectorcircuit to the retriggerable one-shottime delay circuit, like this:

Ly L,

Input TD1

| | L 0.5 second
| | &

.._.I(_I I_.I(_O_ 10 seconds
TD2

Y
\

—c\vli {

Output

N

Input [l 1 M L

Output I I I I

> - > - > -
10 sec. 10 sec. 10 sec.

Time delay relay TD; provides an "on" pulse to time delay relay coil TD, for an arbitrarily
short momert (in this circuit, for at least 0.5 secondead time the input cortact is actuated). As
soon as TD ; is energized,the normally-closed, timed-closed TD , cortact in serieswith it prevents
coil TD, from being re-energizedas long asit's timing out (10 seconds). This e®ectively makesit
unresponsive to any more actuations of the input switch during that 10 secondperiod.

Only after TD, times out doesthe normally-closed, timed-closed TD , cortact in serieswith it
allow coil TD, to be energizedagain. This type of one-shotis called a nonretriggerable one-shot.

One-shot multivibrators of both the retriggerable and nonretriggerable variety nd wide appli-
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cation in industry for siren actuation and machine sequencing,where an intermittent input signal
producesan output signal of a set time.

2 REVIEW:

2 A monostablemultivibrator hasonly one stable output state. The other output state can only
be maintained temporarily.

2 Monostable multivibrators, sometimescalled one-shots comein two basic varieties: retrigger-
able and nonretriggerable

2 One-shot circuits with very short time settings may be usedto delbunce the "dirt y" signals
created by medanical switch contacts.
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Chapter 11

COUNTERS

*** INCOMPLETE  ***

11.1 Binary count sequence

If we examinea four-bit binary count sequencerom 0000to 1111,a de nite pattern will be evident
in the "oscillations" of the bits between0 and 1:

0000

0001

0010

0011

0100

0101

0110

0111

1000

1001

1010

1011

1100

1101

1110

1111

Note how the least signi cant bit (LSB) toggles between 0 and 1 for every step in the court
sequence,while eat succeedingbit toggles at one-half the frequency of the one beforeit. The
most signi cant bit (MSB) only togglesonce during the ertire sixteen-stepcount sequence:at the
transition between7 (0111) and 8 (1000).

If we wanted to designa digital circuit to "count" in four-bit binary, all we would have to do
is designa seriesof frequency divider circuits, ead circuit dividing the frequency of a square-vave

249
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pulse by a factor of 2:

usB) 01 lof1of1fof1lof1|of1[of1]o]1]

0 0j1 1{0 0J]1 1|0 Of1 1|0 OJ1 1

0 00 0f1 11 1[0 0001 1 1 1]

(MSsB) O 0 0 0 0 0 001 111111 1]

J-K °ip-°ops are ideally suited for this task, becausethey have the ability to "toggle" their
output state at the command of a clock pulse when both J and K inputs are made "high" (1):

vdd
signal B

signal A ) i/
\ o
@ 9

Y

A of1]ofr]|of1|of1|of1]o] 1]

B 0|1 12/0 0|1 1]/0 0|1 110

If we considerthe two signals(A and B) in this circuit to represen two bits of a binary number,
signal A being the LSB and signal B being the MSB, we seethat the court sequences backward:
from 11to 10to 01 to 00 and back againto 11. Although it might not be courting in the direction
we might have assumed,at leastit courts!

The following sections explore di®erent types of courter circuits, all made with J-K °ip-°ops,
and all basedon the exploitation of that °ip-°op's toggle mode of operation.

2 REVIEW:

2 Binary count sequencedollow a pattern of octave frequencydivision: the frequency of oscilla-
tion for eadh bit, from LSB to MSB, follows a divide-by-two pattern. In other words, the LSB
will oscillate at the highest frequency followed by the next bit at one-halfthe LSB's frequency
and the next bit at one-halfthe frequency of the bit beforeit, etc.

2 Circuits may be built that "count" in a binary sequence,using J-K °ip-°ops set up in the
"toggle” mode.
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11.2 Async hronous counters

In the previous section, we saw a circuit using one J-K °ip-°op that counted badkward in a two-bit
binary sequencefrom 11to 10to 01 to 00. Sinceit would be desirableto have a circuit that could
count forward and not just backward, it would be worthwhile to examinea forward count sequence
again and look for more patterns that might indicate how to build suc a circuit.

Since we know that binary count sequencedollow a pattern of octave (factor of 2) frequency
division, and that J-K °ip-°op multivibrators setup for the "toggle” mode are capableof performing
this type of frequencydivision, we can ervision a circuit made up of seweral J-K °ip-°ops, cascaded
to produce four bits of output. The main problem facing us is to determine how to connect these
°ip-°ops together so that they toggle at the right times to produce the proper binary sequence.
Examine the following binary count sequencepaying attention to patterns precedingthe "toggling"
of a bit between0 and 1:

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Note that ead bit in this four-bit sequencdoggleswhen the bit beforeit (the bit having a lesser
signi cance, or place-weight), togglesin a particular direction: from 1 to 0. Small arrows indicate
those points in the sequencewhere a bit toggles,the head of the arrow pointing to the previous bit
transitioning from a "high" (1) state to a "low" (0) state:
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0000
OOQ}
0010
0011
0100
OlQ}
0110
0111
1000
10Q}
1010
1011
1100
11Q}
1110
1111

Starting with four J-K °ip-°ops connectedin such a way to always be in the "toggle"” mode, we
needto determine how to connectthe clock inputs in such a way sothat ead succeedingbit toggles
when the bit beforeit transitions from 1 to 0. The Q outputs of ead °ip-°op will sere as the
respective binary bits of the nal, four-bit court:

Q Q Q Q&
Vdd Vdd Vdd Vdd
J Q J Q J Q J Q
c > ? c > ? c > ? c >
K 2 LK 2 LK QLK 9

If we used°ip-°ops with negative-edgetriggering (bubble symbols on the clock inputs), we could
simply connectthe clock input of ead °ip-°op to the Q output of the °ip-°op beforeit, so that
when the bit beforeit changesfrom a 1 to a 0, the "falling edge" of that signal would "clock" the
next °ip-°op to toggle the next bit:
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A four-bit "up" counter

Q Q Q Q
vdd vdd vdd vdd
J Q J Q J Q J Q
C> C> C> C>
K QLK QLK QLK 9

This circuit would yield the following output waveforms, when "clocked" by a repetitiv e source
of pulsesfrom an oscillator:

Clock

Q Of1lof1lof1lof1]of1[of1]of1]0]1]
N 4 N 4 N 4 N
o 0 0f1 1]o 0of1 1]o 01 1]o 0f1 1
N 4 N

Q00 00f1 11 1[0000f1 1 1 1]
N
Q 00000000O0f1 111111 1]

The “rst °ip-°op (the onewith the Qg output), has a positive-edgetriggered clock input, so it
toggleswith ead rising edgeof the clock signal. Notice how the clock signal in this example has a
duty cyclelessthan 50%. I'v e shown the signalin this mannerfor the purposeof demonstrating how
the clock signal neednot be symmetrical to obtain reliable, "clean" output bits in our four-bit binary
sequence.In the very rst °ip-°op circuit shawn in this chapter, | usedthe clock signalitself asone
of the output bits. This is a bad practice in courter design,though, becauseit necessitateshe use
of a squarewave signal with a 50%duty cycle ("high" time = "low" time) in order to obtain a count
sequencevhere ead and every step pausesfor the sameamourt of time. Using one J-K °ip-°op for
ead output bit, however, relievesus of the necessiy of having a symmetrical clock signal, allowing
the useof practically any variety of high/low waveform to incremert the count sequence.

As indicated by all the other arrows in the pulse diagram, ead succeedingoutput bit is toggled
by the action of the precedingbit transitioning from "high" (1) to "low" (0). This is the pattern
necessaryto generatean "up" cournt sequence.

A lessobvious solution for generatingan "up" sequenceausing positive-edgetriggered °ip-°ops is
to "clock" ead °ip-°op usingthe Q' output of the preceding®ip-°op rather than the Q output. Since
the Q' output will always be the exact opposite state of the Q output on a J-K °ip-°op (ho invalid
states with this type of °ip-°op), a high-to-low transition on the Q output will be accompaniedby
a low-to-high transition on the Q' output. In other words, eat time the Q output of a °ip-°op
transitions from 1 to 0, the Q' output of the same“ip-°op will transition from 0 to 1, providing
the positive-goingclock pulse we would needto toggle a positive-edgetriggered °ip-°op at the right
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momert:

A different way of making a four-bit "up" counter

Q@ Q Q Q&
vdd vdd vdd vdd

One way we could expand the capabilities of either of thesetwo courter circuits is to regard the
Q' outputs as another set of four binary bits. If we examine the pulse diagram for such a circuit,
we seethat the Q' outputs generatea down-courting sequencewhile the Q outputs generatean
up-courting sequence:

A simultaneous "up" and "down" counter

Q@ Q Q Q&
vdd vdd vdd vdd

ol
©l
@l
&l
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"Up" count sequence
Q Oof1lofrlof1]of1]ofr]of1]of1]o]1]

¢ 0 0J1 1[0 0J1 1[0 0J1 1[0 0]J1 1

Q00 00f1 11 1[0000f1 1 1 1]

Q000000001 111111 1]

"Down" count sequence
Q 1]lof1lof1]ofr]of1]lof1]lof1]of1]0]|

Q 1 1]o 0of1 1]o of1 1]o of1 1]0 o

@ 111 1]/000w0f1111]00 0 0]

& 1 1111 111]l000000GO0 O]

Unfortunately, all of the counter circuits shown thusfar share a common problem: the ripple
e®ect. This e®ectis seenin certain types of binary adder and data conversion circuits, and is
due to accunulativ e propagation delays between cascadedgates. When the Q output of a °ip-°op
transitions from 1 to O, it commandsthe next °ip-°op to toggle. If the next °ip-°op toggle is a
transition from 1 to O, it will command the °ip-°op after it to toggle as well, and so on. Howeer,
sincethere is always somesmall amount of propagation delay betweenthe commandto toggle (the
clock pulse) and the actual toggle response(Q and Q' outputs changing states), any subsequen °ip-
°ops to be toggled will toggle sometime after the rst °ip-°op hastoggled. Thus, when multiple
bits toggle in a binary count sequencethey will not all toggle at exactly the sametime:

Pulse diagram showing (exaggerated) propagation delays

Q Oof1lofilof1ilof1]of1]of1]of1]0]1]
I Y e Ve VI
o _0 01 1]o o0f1 1]o of1 1[0 01 1

Q_ 0000111 1l0000]J1 111

Q300000000\11111111
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As you can see,the more bits that toggle with a given clock pulse, the more sewere the accu-
mulated delay time from LSB to MSB. When a clock pulse occurs at suc a transition point (say,
on the transition from 0111to 1000), the output bits will "ripple" in sequencefrom LSB to MSB,
as ead succeedingbit togglesand commandsthe next bit to toggle as well, with a small amount
of propagation delay between ead bit toggle. If we take a close-uplook at this e®ectduring the
transition from 0111to 1000,we can seethat there will be false output counts generatedin the brief
time period that the "ripple" e®ecttakes place:

Count False Count
7 counts
Foobb b
Q 1 00 0O
Q 1 1/0 0 0
Q 1 1 1|0 0
Q 0 000 1_

Instead of cleanly transitioning from a"0111" output to a"1000" output, the counter circuit will
very quickly ripple from 0111to 0110to 0100to 0000to 1000,o0r from 7 to 6 to 4 to O and then to
8. This behavior earnsthe counter circuit the name of ripple counter, or asynchionous counter.

In many applications, this e®ectis tolerable, sincethe ripple happensvery, very quickly (the width
of the delays has been exaggeratedhere as an aid to understanding the e®ects). If all we wanted
to do was drive a set of light-emitting diodes (LEDs) with the courter's outputs, for example, this
brief ripple would be of no consequencet all. However, if we wishedto usethis counter to drive the
"select” inputs of a multiplexer, index a memory pointer in a microprocessor(computer) circuit, or
perform someother task wherefalse outputs could causespuriouserrors, it would not be acceptable.
There is a way to usethis type of courter circuit in applications sensitive to false, ripple-generated
outputs, and it involvesa principle known as strobing

Most decader and multiplexer circuits are equipped with at least oneinput called the "enable."
The output(s) of suc a circuit will be active only whenthe enableinput is made active. We can use
this enableinput to strobe the circuit receivingthe ripple counter's output sothat it is disabled (and
thus not responding to the counter output) during the brief period of time in which the counter
outputs might be rippling, and enabled only when suzxcient time has passedsince the last clock
pulse that all rippling will have ceased. In most cases,the strobing signal can be the same clock
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pulse that drivesthe counter circuit:

Receiving circuit

EN

Binary
count
input

Clock signal

Outputs

vdd vdd

Tl

K
?
Counter circuit

With an active-lov Enable input, the receiving circuit will respond to the binary count of the
four-bit courter circuit only when the clock signal is "low." As soon asthe clock pulse goes"high,"
the receiving circuit stops responding to the counter circuit's output. Sincethe courter circuit is
positive-edgetriggered (as determined by the rst °ip-°op clock input), all the counting action
takesplace on the low-to-high transition of the clock signal, meaningthat the receiving circuit will
becomedisabled just before any toggling occurs on the counter circuit's four output bits. The
receiving circuit will not becomeenableduntil the clock signal returns to a low state, which should
be a long enoughtime after all rippling hasceasedo be "safe" to allow the new court to have e®ect
on the receiving circuit. The crucial parameter hereis the clock signal's "high" time: it must be at
least as long as the maximum expected ripple period of the courter circuit. If not, the clock signal
will prematurely enablethe receiving circuit, while somerippling is still taking place.

Another disadvantage of the asyndronous, or ripple, counter circuit is limited speed. While all
gate circuits are limited in terms of maximum signal frequency the designof asyndironous counter
circuits compounds this problem by making propagation delays additive. Thus, even if strobing is
usedin the receiving circuit, an asyncronous courter circuit cannot be clocked at any frequency
higher than that which allows the greatest possible accunulated propagation delay to elapsewell
before the next pulse.

The solution to this problem is a courter circuit that avoids ripple altogether. Such a counter
circuit would eliminate the needto designa "strobing" feature into whatever digital circuits use
the counter output as an input, and would also enjoy a much greater operating speed than its
asyndironous equivalent. This designof counter circuit is the subject of the next section.

2 REVIEW:

2 An "up" counter may be made by connectingthe clock inputs of positive-edgetriggered J-K
°ip-°ops to the Q' outputs of the preceding °ip-°ops. Another way is to use negative-edge
triggered °ip-°ops, connectingthe clock inputs to the Q outputs of the preceding®ip-°ops. In
either case,the J and K inputs of all °ip-°ops are connectedto V. or V4q Soasto always be
"high."
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2 Counter circuits made from cascadedJ-K °ip-°ops where eat clock input receivesits pulses
from the output of the previous °ip-°op invariably exhibit a ripple e®et, where false output
counts are generatedbetweensomestepsof the count sequence.Thesetypesof courter circuits
are called asynchionous counters, or ripple counters.

2 Strobing is a technique applied to circuits receiving the output of an asyndironous (ripple)
courter, sothat the false counts generatedduring the ripple time will have no ill e®ect. Es-
sertially, the enableinput of such a circuit is connectedto the courter's clock pulsein such a
way that it is enabledonly when the courter outputs are not changing, and will be disabled
during those periods of changing courter outputs whereripple occurs.

11.3 Synchronous counters

A synchronous counter, in contrast to an asynchionous counter, is one whose output bits change
state simultaneously, with no ripple. The only way we can build sudc a counter circuit from J-K
°ip-°ops is to connect all the clock inputs together, so that ead and every °ip-°op receiwes the
exact sameclock pulse at the exact sametime:

Q Q Q Q
')_J Q ')—J Q ’_)—J Q ’)—J Q
C> C> C> C>
'_)_K :)Q— ’?—K DQ_ ?_K DQ_ ?_K DQ_

Now, the question is, what do we do with the J and K inputs? We know that we still have to
maintain the samedivide-by-two frequency pattern in order to court in a binary sequenceand that
this pattern is best achieved utilizing the "toggle” mode of the °ip-°op, sothe fact that the J and K
inputs must both be (at times) "high" is clear. Howewer, if we simply connectall the J and K inputs
to the positive rail of the power supply aswe did in the asyndronouscircuit, this would clearly not
work becauseall the °ip-°ops would toggle at the sametime: with ead and every clock pulse!



11.3. SYNCHRONOUS COUNTERS 259

This circuit will not function as a counter!

Q Q Q Q
vdd vdd vdd vdd

J Q J Q J Q J Q

C
=

[z 1o
[z 1o
[z 1o

Q. Q. Q.

Let's examinethe four-bit binary courting sequenceagain, and seeif there are any other patterns
that predict the toggling of a bit. Asynchronous courter circuit designis basedon the fact that
ead bit toggle happensat the sametime that the precedingbit togglesfrom a "high" to a "low"
(from 1to 0). Sincewe cannot clock the toggling of a bit basedon the toggling of a previousbit in a
synchronous counter circuit (to do sowould create a ripple e®ect)we must nd someother pattern
in the counting sequencethat can be usedto trigger a bit toggle:

Examining the four-bit binary count sequenceanother predictive pattern can be seen. Notice
that just beforea bit toggles,all precedingbits are "high:"

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

This pattern is also something we can exploit in designinga counter circuit. If we enable ead
J-K °ip-°op to toggle basedon whether or not all preceding®ip-°op outputs (Q) are "high,” we can
obtain the samecounting sequenceas the asyndronous circuit without the ripple e®ect,since eath
°ip-°op in this circuit will be clocked at exactly the sametime:
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A four-bit synchronous "up" counter

Q Q
vdd
J Q] Q
C
>
LK Q. Q.
This flip-flop This flip-flop This flip-flop This flip-flop
toggles on every toggles only if toggles only if toggles only if
clock pulse Q, is "high" Qo AND Q, Qo AND Q, AND Q,

are "high" are "high"

The result is a four-bit synchronous "up" counter. Each of the higher-order °ip-°ops are made
ready to toggle (both J and K inputs "high") if the Q outputs of all previous °ip-°ops are "high."
Otherwise, the J and K inputs for that °ip-°op will both be "low," placing it into the "latc h" mode
whereit will maintain its presert output state at the next clock pulse. Sincethe rst (LSB) °ip-°op
needsto toggle at every clock pulse,its J and K inputs are connectedto V. or Vg4, Wherethey will
be "high" all the time. The next °ip-°op needonly "recognize" that the rst °ip-°op's Q output
is high to be made ready to toggle, so no AND gate is needed. However, the remaining °ip-°ops
should be made ready to toggle only when all lower-order output bits are "high," thus the needfor
AND gates.

To make a syncdironous"down" courter, we needto build the circuit to recognizethe appropriate
bit patterns predicting ead toggle state while courting down. Not surprisingly, whenwe examinethe
four-bit binary count sequencewe seethat all precedingbits are "low" prior to a toggle (following
the sequencerom bottom to top):
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0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Sinceeadt J-K °ip-°op comesequipped with a Q' output aswell asa Q output, we can usethe
Q' outputs to enablethe toggle mode on ead succeeding’ip-°op, beingthat ead Q' will be "high"
every time that the respective Q is "low:"

A four-bit synchronous "down" counter

Q Q Q Q
vdd
J Q J] Q J Q J Q
c c o o
> > > >
LK Q ‘,K Q.
This flip-flop This flip-flop This flip-flop This flip-flop
toggles on every toggles only if toggles only if toggles only if
clock pulse Q, is "high" Q, AND Q; Q, AND Q; AND @,
are "high" are "high"

Taking this idea one step further, we can build a courter circuit with selectablebetween "up"
and "down" count modesby having dual lines of AND gatesdetecting the appropriate bit conditions
for an "up" and a "down" courting sequenceyespectively, then use OR gatesto combine the AND
gate outputs to the J and K inputs of ead succeeding’ip-°op:
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A four-bit synchronous “"up/down" counter

Up/Down

This circuit isn't as complex as it might rst appear. The Up/Down cortrol input line simply
enables either the upper string or lower string of AND gatesto passthe Q/Q' outputs to the
succeedingstagesof °ip-°ops. If the Up/Down cortrol line is "high," the top AND gates become
enabled, and the circuit functions exactly the sameasthe rst ("up") synchronous courter circuit
shown in this section. If the Up/Down cortrol line is made "low," the bottom AND gatesbecome

enabled, and the circuit functions identically to the second("down" courter) circuit shown in this
section.

To illustrate, here is a diagram shawing the circuit in the "up" courting mode (all disabled
circuitry shawn in grey rather than black):

Counter in "up” counting mode

1<
&

o ]

e
RACH
Py

Here, shawn in the "down" cournting mode, with the same grey coloring represening disabled
circuitry:

Counter in "down" counting mode

Up/down counter circuits are very useful devices. A common application is in macdiine mo-
tion cortrol, where devicescalled rotary shaft enaders convert mechanical rotation into a seriesof
electrical pulses,these pulses”clocking" a courter circuit to track total motion:
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: Q Q& Q
Light sensor
(phototransistor) ‘ ‘ ‘ ‘
N —
LED —< ,/
P — > Counter

Rotary shaft encoder —

As the machine moves, it turns the encaler shaft, making and breaking the light beam between
LED and phototransistor, thereby generating clock pulsesto increment the counter circuit. Thus,
the counter integrates, or accunulates, total motion of the shaft, serving as an electronic indication
of how far the machine has moved. If all we care about is tracking total motion, and do not care
to accourt for changesin the direction of motion, this arrangemert will suxce. Howewer, if we wish
the counter to increment with one direction of motion and decrement with the reversedirection of
motion, we must use an up/down counter, and an encader/decoding circuit having the ability to
discriminate betweendi®erer directions.

If were-designthe encader to have two setsof LED/phototransistor pairs, those pairs aligned such
that their square-wave output signalsare 90° out of phasewith ead other, we have what is known
as a quadmture output encaer (the word "quadrature” simply refersto a 90° angular separation).
A phase detection circuit may be made from a D-type °ip-°op, to distinguish a clockwise pulse
sequencegrom a counter-clockwise pulse sequence:

Light sensor QL & Q Qs
(phototransistor) ‘ ‘ ‘ ‘

LED T z D Q -
Up/Down
f £> > Counter
Q
Rotary shaft encoder —

(quadrature output)

When the encaler rotates clockwise, the "D" input signal square-vave will lead the "C" input
square-wave, meaningthat the "D" input will already be"high" whenthe "C" transitions from "low"
to "high," thus setting the D-type °ip-°op (making the Q output "high") with ewvery clock pulse.
A "high" Q output placesthe courter into the "Up" count mode, and any clock pulsesreceived
by the clock from the encaler (from either LED) will incremert it. Conversely when the encaler
reversesrotation, the "D" input will lag behind the "C" input waveform, meaningthat it will be
"low" whenthe "C" waveform transitions from "low" to "high,"” forcing the D-type °ip-°op into the
reset state (making the Q output "low") with ewery clock pulse. This "low" signal commandsthe
counter circuit to decremen with every clock pulse from the encader.
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This circuit, or something very much like it, is at the heart of every position-measuring circuit
basedon a pulse encaler sensor. Such applications are very commonin robotics, CNC machine tool
cortrol, and other applications involving the measuremen of reversible, medanical motion.

11.4 Counter modulus
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Chapter 13

DIGIT AL-ANALOG
CONVERSION

13.1 Intro duction

Connecting digital circuitry to sensordevicesis simple if the sensordevicesare inherently digital
themseles. Switches, relays, and encalers are easily interfaced with gate circuits due to the on/o®
nature of their signals. However, when analog devicesare involved, interfacing becomesmuch more
complex. What is neededis a way to electronically translate analog signalsinto digital (binary)
guartities, and visa-versa. An analag-to-digital converter, or ADC, performs the former task while
a digital-to-analog converter, or DAC, performs the latter.

An ADC inputs an analog electrical signal such as voltage or current and outputs a binary
number. In block diagram form, it can be represerted as suc:

Vvad

T
Analog, | | Binary
signal ADC : output
input ¢ L

1L

A DAC, on the other hand, inputs a binary number and outputs an analog voltage or current
signal. In block diagram form, it looks like this:

267
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Vdd
[
sy | = ks
input —| —| DAC g
] _ 1 output
1

Together, they are often usedin digital systemsto provide completeinterface with analogsensors
and output devicesfor cortrol systemssud asthose usedin automotive engine cortrols:

Digital control system with

analog I/0
vdd vdd vdd
T T T
Anal — 1 Control [] Anal
Nalog e —— ADC[] computer [| DAC|———/NAI0g
signal | | signal
input_T_ || || __foutput
L L L

It is much easierto cornvert a digital signal into an analog signal than it is to do the reverse.
Therefore, we will begin with DAC circuitry and then move to ADC circuitry .

13.2 The R/2 "R DAC

This DAC circuit, otherwiseknown asthe binary-weighted-input DAC, is a variation on the inverting
summerop-amp circuit. If you recall, the classicinverting summercircuit is an operational ampli er
using negative feedbadk for cortrolled gain, with se\eral voltage inputs and one voltage output. The
output voltage is the inverted (opposite polarity) sum of all input voltages:
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Inverting summer circuit

v, B 0V B htlth

o |2
V3 \4 5 \%
I3 — Vou
ov]

Vour=- (Vi +V, +Vy)

For a simple inverting summer circuit, all resistors must be of equal value. If any of the input
resistors were di®erert, the input voltageswould have di®erert degreesof e®ecton the output, and
the output voltage would not be a true sum. Let's consider, however, intentionally setting the input
resistorsat di®eren values. Supposewe were to set the input resistor valuesat multiple powers of
two: R, 2R, and 4R, instead of all the samevalue R:

R<— |,
Vi W
2R oV R =— | +1,+I
Va M Mp—— TS
- |2
4R
Vi3 /W
I3 _Vout
ov]
V V
V.. =-(V,+ 2 + 38
out (V1 > 4)

Starting from V; and going through V3, this would give ead input voltage exactly half the e®ect
on the output as the voltage beforeit. In other words, input voltage Vi has a 1:1 e®ecton the
output voltage (gain of 1), while input voltage V, has half that much e®ecton the output (a gain of
1/2), and V3 half of that (a gain of 1/4). Theseratios are were not arbitrarily chosen:they are the
sameratios corresponding to place weights in the binary numeration system. If we drive the inputs
of this circuit with digital gatessothat ead input is either 0 volts or full supply voltage, the output
voltage will be an analog represenation of the binary value of thesethree bits.
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CONVERSION

If we chart the output voltagesfor all eight combinations of binary bits (000 through 111) input
to this circuit, we will get the following progressionof voltages:

Output voltage |

| Binary |

| 000 | 0.00
| 001 | -1.25
| 010 | -2.50
| 011 | -3.75
| 100 | -5.00
| 101 | -6.25
| 110 | -7.50
| 111 | -8.75

\%

\Y

Note that with ead step in the binary count sequencethere results a 1.25 volt changein the
output. This circuit is very easyto simulate using SPICE. In the following simulation, | set up the
DAC circuit with a binary input of 110 (note the “rst node numbers for resistorsR1, R,, and R3:
a node number of "1" connectsit to the positive side of a 5 volt battery, and a node number of "0"
connectsit to ground). The output voltage appearson node 6 in the simulation:
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binary-weighted

vli10dc5

rbogus 1 0 99k

ri 15 1k
r2 15 2k
r3 05 4k

rfeedbk 5 6 1k

dac

el 6 0 5 0 999k

.end

node voltage
@ 5.0000

node voltage
0.0000

®)
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node voltage
(6) -7.5000

We can adjust resistorsvaluesin this circuit to obtain output voltagesdirectly corresponding to
For example, by making the feedba resistor 800 - instead of 1 k-, the DAC
will output -1 volt for the binary input 001, -4 volts for the binary input 100, -7 volts for the binary
input 111, and soon.

the binary input.

(with feedback resistor

| Binary | Output voltage
| 000 | 0.00
| 001 | -1.00
| 010 | -2.00
| 011 | -3.00
| 100 | -4.00
| 101 | -5.00

set at 800 ohms)

\%

\Y
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| 110 | -6.00 V |

| 111 | -7.00 V |

If we wish to expand the resolution of this DAC (add more bits to the input), all we needto do
is add more input resistors, holding to the samepower-of-two sequenceof values:

6-bit binary-weighted DAC

R
MSB ->—ww

2R I:\)feedback
5 VWA VWA
4R

Binar

inpu : 8R
32R
LSB ->—ww

It should be noted that all logic gatesmust output exactly the samevoltageswhenin the "high"
state. If one gate is outputting +5.02 volts for a "high" while another is outputting only +4.86
volts, the analog output of the DAC will be adversely a®ected. Likewise, all "low" voltage levels
should be identical betweengates,ideally 0.00 volts exactly. It is recommendedthat CMOS output
gatesare used, and that input/feedback resistor valuesare chosenso asto minimize the amount of
current ead gate hasto sourceor sink.

" Vou

|
H
(@)]
i”
N
I

13.3 The R/2R DAC

An alternative to the binary-weighted-input DAC is the so-called R/2R DAC, which usesfewer
unique resistor values. A disadvantage of the former DAC design was its requiremert of seweral
di®erert preciseinput resistor values: one unique value per binary input bit. Manufacture may be
simplied if there are fewer di®eren resistor valuesto purchase,stock, and sort prior to assenbly.

Of course,we could take our last DAC circuit and modify it to usea singleinput resistancevalue,
by connecting multiple resistorstogether in series:
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MSB [ N\»—‘
Binar R R
input | 7 VW—WWA VWA

LSB |

VOUI

Unfortunately, this approach merely substitutes one type of complexity for another: volume of
componerts over diversity of componert values. There is, however, a more etcient designmethod-
ology.

By constructing a di®erert kind of resistor network on the input of our summing circuit, we can
achieve the samekind of binary weighting with only two kinds of resistor values, and with only a
modest increasein resistor court. This "ladder" network looks like this:

R/2R "ladder" DAC

MSB
Binar
input -
LSB |
2R 2R 2R
2R
VWA

2R R R

out

Mathematically analyzing this ladder network is a bit more complexthan for the previous circuit,
whereead input resistor provided an easily-calculatedgain for that bit. For thosewho are interested
in pursuing the intricacies of this circuit further, you may opt to use Thevenin's theorem for eah
binary input (remember to consider the e®ectsof the virtual ground), and/or use a simulation

program like SPICE to determine circuit response. Either way, you should obtain the following
table of "gures:

| Binary | Output voltage |

| 000 | 0.00 Vv |
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| o001 | 125 V |
| 010 | 250 V |
| 011 | -3.75 V |
| 100 | 500 V |
| 101 | -6.25 V |
| 110 | 750 V |
| 111 | -8.75 V |

As wasthe casewith the binary-weighted DAC design,we can modify the value of the feedbak
resistor to obtain any "span" desired. For example, if we're using +5 volts for a "high" voltage level
and 0 volts for a "low" voltage level, we can obtain an analog output directly corresponding to the
binary input (011 = -3 volts, 101 = -5 volts, 111 = -7 volts, etc.) by using a feedba& resistance
with a value of 1.6R instead of 2R.

13.4 Flash ADC

Also called the parallel A/D corverter, this circuit is the simplest to understand. It is formed of
a seriesof comparators, ead one comparing the input signal to a unique referencevoltage. The
comparator outputs connectto the inputs of a priorit y encader circuit, which then producesa binary
output. The following illustration shows a 3-bit °ash ADC circuit:
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Vvdd
1

8-line to
3-line
priority |
encoder )
— - Binary output

V¢t is astablereferencevoltage provided by a precisionvoltage regulator aspart of the corverter
circuit, not shawvn in the schematic. As the analoginput voltage exceedsthe referencevoltage at
ead comparator, the comparator outputs will sequetially saturate to a high state. The priority
encaler generatesa binary number basedon the highest-orderactive input, ignoring all other active
inputs.

When operated, the °ash ADC producesan output that looks somethinglike this:

output —

Time —

For this particular application, a regular priority encader with all its inherent complexity isn't
necessary Due to the nature of the sequetial comparator output states(eact comparator saturating
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"high" in sequencefrom lowest to highest), the same"highest-order-input selection" e®ectmay be
realized through a set of Exclusive-OR gates, allowing the use of a simpler, non-priority encader:

Vdd
1T

8-line to
3-line
encoder |

— - Binary output

And, of course,the encader circuit itself can be made from a matrix of diodes, demonstrating
just how simply this converter designmay be constructed:
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V.

n

Vref

W
W

Binary output

Pulldown
= resistors

Not only is the °ash cornverter the simplest in terms of operational theory, but it is the most
excient of the ADC technologiesin terms of speed, being limited only in comparator and gate
propagation delays. Unfortunately, it is the most componert-intensive for any given number of
output bits. This three-bit “ash ADC requireseight comparators. A four-bit version would require
16 comparators. With ead additional output bit, the number of required comparators doubles.
Considering that eight bits is generally consideredthe minimum necessaryfor any practical ADC
(256 comparators needed!),the °ash methodology quickly shows its weakness.

An additional advantage of the °ash corverter, often overlooked, is the ability for it to produce
a non-linear output. With equal-value resistorsin the referencevoltage divider network, ead suc-
cessie binary count represeits the sameamourt of analog signal increase,providing a proportional
response. For special applications, however, the resistor valuesin the divider network may be made
non-equal. This givesthe ADC a custom, nonlinear responseto the analoginput signal. No other
ADC designis able to grant this signal-conditioning behavior with just a few component value
changes.

13.5 Digital ramp ADC

Also known as the stairstep-ramp, or simply counter A/D corwverter, this is also fairly easy to
understand but unfortunately su®ersfrom se\eral limitations.
The basicideais to connectthe output of a free-running binary counter to the input of a DAC,
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then comparethe analogoutput of the DAC with the analoginput signalto be digitized and usethe
comparator's output to tell the counter when to stop courting and reset. The following schematic
shows the basicidea:

Vvdd Vvdd

N N

—> 1 DAC
L oo
) CTR Tt
_tcCc
Tt
S

Load
E N _L_
Vdd
T
| SRG
Vin

Binar
outpL%

As the counter counts up with ead clock pulse,the DAC outputs a slightly higher (more positive)
voltage. This voltage is comparedagainst the input voltage by the comparator. If the input voltage
is greater than the DAC output, the comparator's output will be high and the counter will cortinue
counting normally. Eventually, though, the DAC output will exceedthe input voltage, causingthe
comparator's output to golow. This will causetwo things to happen: rst, the high-to-low transition
of the comparator's output will causethe shift register to "load" whatever binary count is being
output by the counter, thus updating the ADC circuit's output; secondly the counter will receive a
low signal on the active-lov LOAD input, causingit to resetto 00000000on the next clock pulse.

The e®ectof this circuit is to producea DAC output that ramps up to whatever level the analog
input signal is at, output the binary number corresponding to that level, and start over again.
Plotted over time, it looks like this:
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VAPV v

Time —>

Digital

OUtpUt ’—l_._x_‘_._‘_._._’_._’_’_f
Time —=

Note how the time betweenupdates (new digital output values)changesdepending on how high
the input voltage is. For low signal levels, the updates are rather close-spaced.For higher signal
levels, they are spacedfurther apart in time:

Digital

OUtpUt ’—L_‘_L_._._._._’_._._,_'_Y

For many ADC applications, this variation in update frequency (sample time) would not be
acceptable. This, and the fact that the circuit's needto court all the way from 0 at the beginning
of eath count cycle makesfor relatively slow sampling of the analog signal, placesthe digital-ramp
ADC at a disadvantage to other counter strategies.

13.6 Successive appro ximation ADC

Onemethod of addressingthe digital ramp ADC's shortcomingsis the so-calledsucessive-appoximation
ADC. The only change in this designis a very special counter circuit known as a suaessive-
approximation register. Instead of courting up in binary sequencethis register counts by trying
all values of bits starting with the most-signi cant bit and Tnishing at the least-signi cant bit.
Throughout the cournt process,the register monitors the comparator's output to seeif the binary
court is lessthan or greater than the analog signal input, adjusting the bit valuesaccordingly. The
way the register counts is identical to the "trial-and-t* method of decimal-to-binary corversion,
whereby di®erert values of bits are tried from MSB to LSB to get a binary number that equals
the original decimal number. The advantage to this courting strategy is much faster results: the
DAC output convergeson the analogsignal input in much larger stepsthan with the O-to-full count
sequenceof a regular courter.

Without shawing the inner workings of the successie-appraximation register (SAR), the circuit
looks like this:
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Vdd Vdd
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Vdd
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__ ~ output
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It should be noted that the SAR is generally capable of outputting the binary number in serial
(one bit at a time) format, thus eliminating the need for a shift register. Plotted over time, the
operation of a successie-appraximation ADC looks like this:

dil it ANt

Time —
Digital
Time —

Note how the updates for this ADC occur at regular intervals, unlike the digital ramp ADC
circuit.
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13.7 Tracking ADC

A third variation on the counter-DAC-basedconverter theme s, in my estimation, the most elegar.
Instead of aregular "up" cournter driving the DAC, this circuit usesan up/down counter. The courter
is contin uously clocked, and the up/down cortrol line is driven by the output of the comparator. So,
when the analoginput signal exceedshe DAC output, the counter goesinto the "count up" mode.
When the DAC output exceedghe analoginput, the courter switchesinto the "count down" mode.
Either way, the DAC output always counts in the proper direction to track the input signal.

Vdd Vdd
1 1
—> 1| DAC
.
CTR AW
= e
R N A
T T
Vin .
L | Binary
output

Notice how no shift register is neededto bu®erthe binary court at the end of a cycle. Sincethe
courter's output continuously tracks the input (rather than courting to meet the input and then
resetting back to zero), the binary output is legitimately updated with every clock pulse.

An advantage of this corverter circuit is speed, sincethe counter never hasto reset. Note the
behavior of this circuit:
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WW

Time —

Digital

OUtpUt M“me
Time —

Note the much faster update time than any of the other "counting® ADC circuits. Also note
how at the very beginning of the plot where the courter had to "catch up" with the analog signal,
the rate of changefor the output wasidentical to that of the “rst cournting ADC. Also, with no shift
register in this circuit, the binary output would actually ramp up rather than jump from zeroto an
accurate count asit did with the courter and successie approximation ADC circuits.

Perhaps the greatest drawbad to this ADC designis the fact that the binary output is never
stable: it always switchesbetweencourts with every clock pulse, even with a perfectly stable analog
input signal. This phenomenonis informally known as bit bobble and it can be problematic in some
digital systems.

This tendency can be overcome,though, through the creative useof a shift register. For example,
the counter's output may be latched through a parallel-in/parallel-out shift register only when the
output changesby two or more steps. Building a circuit to detect two or more successie courts in
the samedirection takesa little ingeruity, but is worth the e®ort.

13.8 Slope (integrating) ADC

So far, we've only beenable to escape the sheervolume of components in the °ash corverter by
using a DAC as part of our ADC circuitry . Howevwer, this is not our only option. It is possibleto
avoid using a DAC if we substitute an analog ramping circuit and a digital counter with precise
timing.

The is the basic idea behind the so-calledsingle-slog, or integrating ADC. Instead of using a
DAC with a ramped output, we usean op-amp circuit called an integrator to generatea sawtooth
waveform which is then compared against the analoginput by a comparator. The time it takesfor
the savtooth waveform to exceedthe input signal voltage level is measuredby meansof a digital
courter clocked with a precise-frequencysquarewave (usually from a crystal oscillator). The basic
schematic diagram is showvn here:
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vdd vdd
+ T 1T
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Vin - L CTR [] SRG [—
_— — | Binary
R jCLI - —— | output
Vi VW] ClR | [
L -
.

The IGFET capacitor-discharging transistor schemeshown hereis a bit oversimpli ed. In reality,
a latching circuit timed with the clock signal would most likely have to be connectedto the IGFET
gateto ensurefull dischargeof the capacitor whenthe comparator's output goeshigh. The basicidea,
howewer, is evidert in this diagram. When the comparator output is low (input voltage greater than
integrator output), the integrator is allowed to charge the capacitor in a linear fashion. Meanwhile,
the counter is courting up at a rate "xed by the precision clock frequency The time it takesfor the
capacitor to charge up to the samevoltage level as the input dependson the input signal level and
the combination of -V, ¢ , R, and C. When the capacitor reachesthat voltage level, the comparator
output goeshigh, loading the counter's output into the shift register for a nal output. The IGFET
is triggered "on" by the comparator's high output, discharging the capacitor badk to zero volts.
When the integrator output voltage falls to zero, the comparator output switches back to a low
state, clearing the counter and enabling the integrator to ramp up voltage again.

This ADC circuit behaves very much like the digital ramp ADC, except that the comparator
referencevoltage is a smooth sawvtooth waveform rather than a "stairstep:"

Time —

Digital

output ’—‘—1_,_‘_’_‘_‘_._’_‘_’_‘_'_,7
Time —>

The single-slope ADC su®ersall the disadvantages of the digital ramp ADC, with the added
drawbadk of calibration drift. The accurate correspondenceof this ADC's output with its input is
dependert on the voltage slope of the integrator being matched to the counting rate of the counter
(the clock frequency). With the digital ramp ADC, the clock frequency had no e®ecton conversion
accuracy only on update time. In this circuit, sincethe rate of integration and the rate of count
are independen of ead other, variation betweenthe two is inevitable asit ages,and will result in
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a lossof accuracy The only good thing to say about this circuit is that it avoids the useof a DAC,
which reducescircuit complexity.

An answer to this calibration drift dilemma is found in a designvariation called the dual-slope
converter. In the dual-slope converter, an integrator circuit is driven positive and negative in alter-
nating cyclesto ramp down and then up, rather than beingresetto 0 volts at the end of every cycle.
In one direction of ramping, the integrator is driven by the positive analoginput signal (producing
a negative, variable rate of output voltage change, or output slope) for a xed amount of time, as
measuredby a counter with a precision frequency clock. Then, in the other direction, with a xed
referencevoltage (producing a xed rate of output voltage change)with time measuredby the same
courter. The courter stopscourting whenthe integrator's output reacdhesthe samevoltage asit was
when it started the "xed-time portion of the cycle. The amount of time it takesfor the integrator's
capacitor to discharge badk to its original output voltage, as measuredby the magnitude accrued
by the counter, becomesthe digital output of the ADC circuit.

The dual-slope method can be thought of analogouslyin terms of a rotary spring such as that
used in a medanical clock medanism. Imagine we were building a medanism to measurethe
rotary speedof a shaft. Thus, shaft speedis our "input signal" to be measuredby this device. The
measuremen cycle beginswith the spring in a relaxed state. The spring is then turned, or "wound
up," by the rotating shaft (input signal) for a xed amourt of time. This placesthe spring in a
certain amount of tension proportional to the shaft speed: a greater shaft speed correspondsto a
faster rate of winding. and a greater amount of spring tension accunulated over that period of time.
After that, the spring is uncoupled from the shaft and allowed to unwind at a xed rate, the time
for it to unwind bad to a relaxed state measuredby a timer device. The amount of time it takes
for the spring to unwind at that "xed rate will be directly proportional to the speed at which it was
wound (input signal magnitude) during the xed-time portion of the cycle.

This technique of analog-to-digital cornversion escapesthe calibration drift problem of the single-
slope ADC becauseboth the integrator's integration coexcient (or "gain") and the counter's rate
of speedare in e®ectduring the ertire "winding" and "unwinding" cycle portions. If the courter's
clock speedwereto suddenly increase,this would shortenthe xed time period wherethe integrator
"winds up" (resulting in a lesservoltage accunulated by the integrator), but it would also mean
that it would count faster during the period of time when the integrator was allowed to "unwind"
at a xed rate. The proportion that the counter is counting faster will be the sameproportion as
the integrator's accunulated voltage is diminished from before the clock speed change. Thus, the
clock speederror would cancelitself out and the digital output would be exactly what it should be.

Another important advantage of this method is that the input signal becomesaveragedas it
drivesthe integrator during the "xed-time portion of the cycle. Any changesin the analog signal
during that period of time have a cumulative e®ecton the digital output at the end of that cycle.
Other ADC strategiesmerely "capture" the analog signal level at a single point in time every cycle.
If the analogsignalis "noisy" (contains signi cant levels of spurious voltage spikes/dips), one of the
other ADC corwverter technologiesmay occasionally corvert a spike or dip becauseit captures the
signal repeatedly at a single point in time. A dual-slope ADC, on the other hand, averagestogether
all the spikes and dips within the integration period, thus providing an output with greater noise
immunity. Dual-slope ADCs are usedin applications demanding high accuracy
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13.9 Delta-Sigma (¢8 ) ADC

One of the more advanced ADC technologiesis the so-calleddelta-sigma, or ¢§ (using the proper
Greek letter notation). In mathematics and physics, the capital Greek letter delta (¢) represens
di®erence or change while the capital letter sigma(8) represens summation: the adding of multiple
terms together. Sometimesthis corverter is referred to by the same Greek letters in reverseorder:
sigma-delta, or §¢.

In a ¢§ corverter, the analog input voltage signal is connectedto the input of an integrator,
producing a voltage rate-of-change, or slope, at the output corresponding to input magnitude. This
ramping voltage is then comparedagainstground potential (O volts) by a comparator. The compara-
tor acts asa sort of 1-bit ADC, producing 1 bit of output ("high" or "low") depending on whether
the integrator output is positive or negative. The comparator's output is then latched through a
D-type °ip-°op clocked at a high frequency and fed back to another input channel on the integrator,
to drive the integrator in the direction of a 0 volt output. The basic circuit looks like this:

+V
P
C -
R I Vv
[ +V
R +V
Vin VVYV +\|/
Q
RY, Output
Q.

1L

The leftmost op-amp is the (summing) integrator. The next op-amp the integrator feedsinto
is the comparator, or 1-bit ADC. Next comesthe D-type °ip-°op, which latchesthe comparator's
output at every clock pulse, sending either a "high" or "low" signal to the next comparator at the
top of the circuit. This nal comparator is necessaryto corvert the single-polarity OV / 5V logic
level output voltage of the °ip-°op into a+V / -V voltage signal to be fed bad to the integrator.

If the integrator output is positive, the rst comparator will output a "high" signal to the D
input of the °ip-°op. At the next clock pulse, this "high" signal will be output from the Q line
into the noninverting input of the last comparator. This last comparator, seeingan input voltage
greater than the threshold voltage of 1/2 +V, saturatesin a positive direction, sendinga full +V
signal to the other input of the integrator. This +V feedbak signal tends to drive the integrator
output in a negative direction. If that output voltage ever becomesnegative, the feedbak loop will
senda corrective signal (-V) bad around to the top input of the integrator to drive it in a positive
direction. This is the delta-sigma conceptin action: the rst comparator sensesa di®erence (¢)
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between the integrator output and zero volts. The integrator sums (8) the comparator's output
with the analoginput signal.

Functionally, this results in a serial stream of bits output by the °ip-°op. If the analog input
is zero volts, the integrator will have no tendency to ramp either positive or negative, except in
responseto the feedbad voltage. In this scenario, the °ip-°op output will cortinually oscillate
between"high" and "low," asthe feedbak system"hunts" bad and forth, trying to maintain the
integrator output at zerovolts:

DSconverter operation with
0 volt analog input

Flip-flop output

0(1/0(1/01/0|1|0|1|0|1|0]|1

If, howewver, we apply a negative analog input voltage, the integrator will have a tendency to
ramp its output in a positive direction. Feedba& can only add to the integrator's ramping by a

“xed voltage over a xed time, and so the bit stream output by the °ip-°op will not be quite the
same:

DSconverter operation with
small negative analog input

Flip-flop output

0(1/0(1/0|1 1|0 O|1|0|1|0]|1

By applying a larger (negative) analoginput signal to the integrator, we forceits output to ramp
more steeplyin the positive direction. Thus, the feedbak systemhasto output more 1's than before
to bring the integrator output badk to zerovolts:
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DSconverter operation with
medium negative analog input

Flip-flop output

o(1/0(1 12/01/0|1 1|01 1|0

As the analoginput signal increasesin magnitude, so doesthe occurrenceof 1's in the digital
output of the °ip-°op:

DSconverter operation with
large negative analog input

Flip-flop output

0(1/0(1 1/0|1 1 1|01 1|0]|1

A parallel binary number output is obtained from this circuit by averaging the serial stream of
bits together. For example, a counter circuit could be designedto collect the total number of 1's
output by the °ip-°op in a given number of clock pulses. This count would then be indicativ e of the
analoginput voltage.

Variations on this theme exist, employing multiple integrator stagesand/or comparator circuits
outputting more than 1 bit, but one conceptcommonto all ¢§ corverters is that of oversampling
Oversampling is when multiple samplesof an analog signal are taken by an ADC (in this case,a
1-bit ADC), and those digitized samplesare averaged. The end result is an e®ectiwe increasein the
number of bits resolved from the signal. In other words, an oversampled1-bit ADC cando the same
job asan 8-bit ADC with one-time sampling, albeit at a slower rate.

13.10 Practical considerations of ADC circuits

Perhaps the most important consideration of an ADC s its resolution. Resolution is the number
of binary bits output by the corverter. BecauseADC circuits take in an analog signal, which is
cortinuously variable, and resolwe it into one of many discrete steps, it is important to know how
many of these stepsthere are in total.
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For example,an ADC with a 10-bit output can represer up to 1024 (2°) unique conditions of
signal measuremeh Over the range of measuremen from 0% to 100%, there will be exactly 1024
unique binary numbers output by the corverter (from 0000000000to 1111111111 nclusive). An
11-bit ADC will have twice as many statesto its output (2048, or 211), represering twice as many
unique conditions of signal measuremen between 0% and 100%.

Resolution is very important in data acquisition systems (circuits designedto interpret and
record physical measuremets in electronic form). Supposewe were measuring the height of water
in a 40-foot tall storagetank using an instrument with a 10-bit ADC. 0 feet of water in the tank
corresponds to 0% of measuremenh while 40 feet of water in the tank corresponds to 100% of
measuremein Becausethe ADC is xed at 10 bits of binary data output, it will interpret any given
tank level as one out of 1024 possiblestates. To determine how much physical water level will be
represened in ead step of the ADC, we needto divide the 40 feet of measuremeh span by the
number of stepsin the 0-to-1024 range of possibilities, which is 1023 (one lessthan 1024). Doing
this, we obtain a gure of 0.039101feet per step. This equatesto 0.46921inches per step, a little
lessthan half an inch of water level represened for every binary cournt of the ADC.

a0ft, pater
30 ft
20t Level "transmitter"
10 ft / = A-to-D converter
= 10-bit
oft LT ADCE output
Binary output: Equivalent measurement:
1111111111 , =40 feet of water level
1024 states 0000000010 , = 0.07820 feet of water level

0000000001 , =0.039101 feet of water level
0000000000 , =0 feet of water level

This step value of 0.039101feet (0.46921inches) represens the smallest amourt of tank level
change detectable by the instrument. Admittedly, this is a small amourt, lessthan 0.1% of the
overall measuremen span of 40 feet. Howewer, for some applications it may not be ne enough.
Supposewe neededthis instrument to be able to indicate tank level changesdown to one-terth of
an inch. In order to achieve this degreeof resolution and still maintain a measuremeh span of 40
feet, we would needan instrument with more than ten ADC bits.

To determine how many ADC bits are necessarywe needto “rst determine how many 1/10 inch
steps there are in 40 feet. The answer to this is 40/(0.1/12), or 4800 1/10 inch stepsin 40 feet.
Thus, we needenoughbits to provide at least 4800discrete stepsin a binary courting sequence.10
bits gave us 1023steps, and we knew this by calculating 2 to the power of 10 (21° = 1024)and then
subtracting one. Following the samemathematical procedure,2''-1 = 2047,212-1 = 4095,and 2'3-1
= 8191. 12 bits falls shy of the amourt neededfor 4800 steps, while 13 bits is more than enough.

1 step
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Therefore, we needan instrument with at least 13 bits of resolution.

Another important consideration of ADC circuitry is its sample frequency or conversion rate.
This is simply the speed at which the converter outputs a new binary number. Like resolution,
this consideration is linked to the speci ¢ application of the ADC. If the converter is being used
to measureslow-changing signals such as level in a water storage tank, it could probably have a
very slow sample frequency and still perform adequately Conversely if it is being usedto digitize
an audio frequency signal cycling at seweral thousand times per second,the cornverter needsto be
considerably faster.

Consider the following illustration of ADC corversion rate versus signal type, typical of a
successie-apprakimation ADC with regular sampleintervals:

Time —

Digital

OUtpUt ’—‘—‘—‘—‘—b—‘_y—’—'i
Time —

Here, for this slow-changing signal, the samplerate is more than adequateto capture its general
trend. But considerthis examplewith the samesampletime:

Time —

Digital

output “—,_’_’—l_‘_‘i
Time —

When the sample period is too long (too slow), substartial details of the analog signal will be
missed. Notice how, especially in the latter portions of the analog signal, the digital output utterly
fails to reproduce the true shape. Even in the “rst section of the analog waveform, the digital
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reproduction deviates substartially from the true shape of the wave.

It is imperative that an ADC's sampletime is fast enoughto capture essetial changesin the
analog waveform. In data acquisition terminology, the highest-frequencywaveform that an ADC
can theoretically capture is the so-calledNyquist frequency equal to one-half of the ADC's sample
frequency Therefore, if an ADC circuit has a sample frequency of 5000 Hz, the highest-frequency
waveform it can successfullyresolve will be the Nyquist frequency of 2500Hz.

If an ADC is subjected to an analoginput signal whosefrequency exceedghe Nyquist frequency
for that ADC, the corverter will output a digitized signal of falsely low frequency This phenomenon
is known as aliasing. Obsenwe the following illustration to seehow aliasing occurs:

Aliasing
Time —=
Digital
output 4

— | ] ]+

Time —

Note how the period of the output waveform is much longer (slower) than that of the input
waveform, and how the two waveform shapesaren't even similar:

Digital
output

It should be understood that the Nyquist frequency is an absolute maximum frequency limit
for an ADC, and does not represent the highest practical frequency measurable. To be safe, one
shouldn't expect an ADC to successfullyresolve any frequency greater than one- fth to one-terth
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of its samplefrequency

A practical meansof preventing aliasingis to place a low-pass Tter beforethe input of the ADC,
to block any signal frequenciesgreater than the practical limit. This way, the ADC circuitry will be
prevented from seeingany excessie frequenciesand thuswill not try to digitize them. It is generally
consideredbetter that sud frequenciesgo uncorverted than to have them be "aliased" and appear
in the output as false signals.

Yet another measureof ADC performanceis something called step recovery. This is a measure
of how quickly an ADC changesits output to match a large, sudden changein the analog input.
In some converter technologies especially, step recovery is a serious limitation. One example is
the tracking cornverter, which has a typically fast update period but a disproportionately slow step
recovery.

An ideal ADC hasa great many bits for very ne resolution, samplesat lightning-fast speeds,and
recovers from stepsinstantly. It also, unfortunately, doesn't exist in the real world. Of course,any
of thesetraits may be improved through additional circuit complexity, either in terms of increased
componert court and/or special circuit designsmadeto run at higher clock speeds. Di®erert ADC
technologies, though, have di®erert strengths. Here is a summary of them ranked from best to
worst:

Resolution/complexit vy ratio:
Single-slope integrating, dual-slope integrating, counter, tracking, successie approximation,
°ash.

Speed:
Flash, tracking, successie approximation, single-slope integrating & courter, dual-slope inte-
grating.

Step recovery:
Flash, successie-appraximation, single-slopeintegrating & courter, dual-slopeintegrating, track-

ing.

Pleasebear in mind that the rankings of these di®erert ADC technologies depend on other
factors. For instance, how an ADC rates on step recovery dependson the nature of the step change.
A tracking ADC is equally slow to respond to all step changes,whereasa single-sloge or courter
ADC will register a high-to-low step change quicker than a low-to-high step change. Successie-
approximation ADCs are almost equally fast at resolving any analogsignal, but a tracking ADC will
consistertly beat a successie-appraximation ADC if the signalis changing slower than oneresolution
step per clock pulse. | ranked integrating cornverters as having a greater resolution/complexity ratio
than counter corverters, but this assumeshat precision analogintegrator circuits are lesscomplex
to designand manufacture than precision DACs required within courter-based cornverters. Others
may not agreewith this assumption.
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Chapter 14

DIGIT AL COMMUNICA TION

14.1 Intro duction

In the designof large and complex digital systems,it is often necessaryto have one device commu-
nicate digital information to and from other devices. One advantage of digital information is that
it tends to be far more resistart to transmitted and interpreted errors than information symbol-
ized in an analogmedium. This accourts for the clarity of digitally-encoded telephone connections,
compact audio disks, and for much of the enthusiasmin the engineeringcommunity for digital com-
munications technology. Howewer, digital communication hasits own unique pitfalls, and there are
multitudes of di®erert and incompatible ways in which it can be sert. Hopefully, this chapter will
enlighten you asto the basicsof digital communication, its advantages, disadvantages,and practical
considerations.

Supposewe are given the task of remotely monitoring the level of a water storage tank. Our
job is to designa systemto measurethe level of water in the tank and sendthis information to a
distant location sothat other people may monitor it. Measuring the tank's level is quite easy and
can be accomplishedwith a number of di®erert typesof instruments, suc as°oat switches, pressure
transmitters, ultrasonic level detectors, capacitanceprobes, strain gauges,or radar level detectors.

For the sake of this illustration, we will use an analog level-measuringdevice with an output
signal of 4-20 mA. 4 mA represens a tank level of 0%, 20 mA represerns a tank level of 100%,
and anything in between 4 and 20 mA represerts a tank level proportionately between 0% and
100%. If we wanted to, we could simply sendthis 4-20 milliamp analog current signal to the remote
monitoring location by meansof a pair of copper wires, where it would drive a panel meter of some
sort, the scaleof which was calibrated to re°ect the depth of water in the tank, in whatever units
of measuremen preferred.

293
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Analog tank-level measurement "loop"

Water
tank

{ "Transmitter" L

1]
24 VDC

This analogcommunication systemwould be simple and robust. For many applications, it would
suxce for our needsperfectly. But, it is not the only way to get the job done. For the purposesof
exploring digital techniques,we'll explore other methods of monitoring this hypothetical tank, even
though the analog method just described might be the most practical.

The analogsystem, assimple asit may be, doeshave its limitations. One of them is the problem
of analog signal interference. Since the tank's water level is symbolized by the magnitude of DC
current in the circuit, any "noise" in this signal will be interpreted as a changein the water level.
With no noise, a plot of the current signal over time for a steady tank level of 50% would look like
this:

Plot of signal at 50% tank level

12 mA

0 mA

Time —=

If the wires of this circuit are arrangedtoo closeto wires carrying 60 Hz AC power, for exam-
ple, inductive and capacitive coupling may create a false "noise" signal to be introduced into this
otherwise DC circuit. Although the low impedanceof a 4-20 mA loop (250 -, typically) means
that small noise voltages are signi cantly loaded (and thereby attenuated by the inetciency of the
capacitive/inductiv e coupling formed by the power wires), such noise can be signi cant enoughto
causemeasuremen problems:
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Plot of signal at 50% tank level
(with 60 Hz interference)

12 mA

0 mA

Time —>
The above exampleis a bit exaggerated,but the concept should be clear: any electrical noise
introduced into an analog measuremeh system will be interpreted as changesin the measured
quantity. One way to combat this problem is to symbolize the tank's water level by meansof a
digital signal instead of an analog signal. We can do this really crudely by replacing the analog
transmitter devicewith a set of water level switchesmounted at di®erent heights on the tank:

Tank level measurement with switches
L,

Water
tank

N\ 4
,?\

N\ 7
/CP\

N\ 7
/CP\

o

4 AN

A chatol
(o

Each of these switchesis wired to closea circuit, sendingcurrent to individual lamps mounted
on a panel at the monitoring location. As ead switch closed, its respective lamp would light, and
whoewer looked at the panel would seea 5-lamp represenation of the tank's level.

Being that ead lamp circuit is digital in nature { either 100% on or 100% o® { electrical
interference from other wires along the run have much lesse®ecton the accuracy of measuremen
at the monitoring end than in the caseof the analog signal. A huge amount of interference would
be required to causean "o®" signal to be interpreted as an "on" signal, or visa-versa. Relative
resistanceto electrical interferenceis an advantage enjoyed by all forms of digital communication
over analog.

Now that we know digital signalsare far more resistart to error induced by "noise," let's improve
on this tank level measuremen system. For instance, we could increasethe resolution of this tank
gauging system by adding more switches, for more precise determination of water level. Suppose
we install 16 switchesalong the tank's height instead of v e. This would signi cantly improve our
measuremen resolution, but at the expenseof greatly increasingthe quartit y of wires needingto be
strung betweenthe tank and the monitoring location. One way to reducethis wiring expensewould
be to usea priorit y encader to take the 16 switchesand generatea binary number which represerted
the sameinformation:
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Q3Q:Q:1Q
0

Switch 0 . 16-line
e to
4-line
priority
encoder

wWN PO

Switch 15 _6

Now, only 4 wires (plus any ground and power wires necessary)are neededto communicate the
information, asopposedto 16 wires (plus any ground and power wires). At the monitoring location,
we would needsomekind of display devicethat could acceptthe 4-bit binary data and generatean
easy-to-readdisplay for a personto view. A decdaler, wired to accept the 4-bit data as its input
and light 1-of-16 output lamps, could be usedfor this task, or we could use a 4-bit decader/driv er
circuit to drive somekind of numerical digit display.

Still, a resolution of 1/16 tank height may not be good enoughfor our application. To better
resolve the water level, we need more bits in our binary output. We could add still more switches,
but this getsimpractical rather quickly. A better option would be to re-attach our original analog
transmitter to the tank and electronically convert its 4-20 milliamp analog output into a binary
number with far more bits than would be practical using a set of discrete level switches. Sincethe
electrical noisewe're trying to avoid is encourtered along the long run of wire from the tank to the
monitoring location, this A/D corversion can take place at the tank (where we have a "clean" 4-20
mA signal). There are a variety of methods to corvert an analog signal to digital, but we'll skip an
in-depth discussionof those techniques and concerrate on the digital signal communication itself.

The type of digital information being sert from our tank instrumentation to the monitoring
instrumentation is referred to as parallel digital data. That is, ead binary bit is being sert along
its own dedicated wire, so that all bits arrive at their destination simultaneously. This obviously
necessitatesthe use of at least one wire per bit to communicate with the monitoring location. We
could further reduce our wiring needsby sendingthe binary data along a single channel (one wire
+ ground), sothat ead bit is communicated one at a time. This type of information is referred to
as serial digital data.

We could usea multiplexer or a shift registerto take the parallel data from the A/D corverter (at
the tank transmitter), and corvert it to serial data. At the receiving end (the monitoring location)
we could use a demultiplexer or another shift register to convert the serial data to parallel again
for usein the display circuitry. The exact details of how the mux/demux or shift register pairs are
maintained in syndhronization is, like A/D corversion, a topic for another lesson. Fortunately, there
are digital 1C chips called UARTs (Universal Asynchronous Receiver-Transmitters) that handle all
thesedetails on their own and make the designer'slife much simpler. For now, we must cortinue to
focus our attention on the matter at hand: how to communicate the digital information from the
tank to the monitoring location.
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14.2 Networks and busses

This collection of wires that | keepreferring to betweenthe tank and the monitoring location can
be called a bus or a network. The distinction between these two terms is more semariic than
technical, and the two may be usedinterchangeablyfor all practical purposes.In my experience,the
term "bus" is usually usedin referenceto a set of wires connecting digital componerts within the
enclosureof a computer device,and "network" is for somethingthat is physically more widespread.
In recen years,however, the word "bus" hasgainedpopularity in describingnetworks that specialize
in interconnecting discrete instrumentation sensorsover long distances("Fieldbus" and "Pro bus"
are two examples). In either case,we are making referenceto the meansby which two or more
digital devicesare connectedtogether sothat data can be communicated betweenthem.

Nameslike "Fieldbus" or "Pro bus" encompassnot only the physical wiring of the bus or net-
work, but also the speci ed voltage levels for communication, their timing sequencegespecially
for serial data transmission), connector pinout speci cations, and all other distinguishing technical
features of the network. In other words, when we speak of a certain type of bus or network by
name, we're actually speaking of a communications standard, roughly analogousto the rules and
vocabulary of a written language. For example, before two or more people can becomepen-pals,
they must be able to write to one another in a commonformat. To merely have a mail systemthat
is able to deliver their letters to ead other is not enough. If they agreeto write to ead other in
Frendh, they agreeto hold to the cornvertions of character set, vocabulary, spelling, and grammar
that is speci ed by the standard of the French language. Lik ewise,if we connecttwo Pro bus devices
together, they will be able to communicate with ead other only becausethe Pro bus standard has
speci ed sud important details as voltage levels, timing sequencesgtc. Simply having a set of
wires strung betweenmultiple devicesis not enoughto construct a working system (especially if the
deviceswere built by di®erert manufacturers!).

To illustrate in detail, let's designour own bus standard. Taking the crude water tank measure-
ment system with "v e switchesto detect varying levels of water, and using (at least) v e wires to
conduct the signalsto their destination, we can lay the foundation for the mighty BogusBus
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BogusBus™
LS5 5 5 v~ Lamp
S O s
LS4 4 4 o~ | Lamp
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LS3 3 3 v~ | Lamp
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Connector
LS1 1 1 v | Lamp
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24V —_ 24V —
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The physical wiring for the BogusBus consists of seven wires between the transmitter device
(switches) and the receiver device (lamps). The transmitter consistsof all componerts and wiring
connectionsto the left of the leftmost connectors(the "{ >> {" symbols). Each connector symbol
represens a complemenary male and female element. The bus wiring consistsof the sewen wires
betweenthe connectorpairs. Finally, the receiver and all of its constituent wiring lies to the right of
the rightmost connectors. Five of the network wires (labeled 1 through 5) carry the data while two of
thosewires (labeled+V and -V) provide connectionsfor DC power supplies. There is a standard for
the 7-pin connectorplugs, aswell. The pin layout is asymmetrical to prevert "backward" connection.

In order for manufacturers to receiwe the awe-inspiring "BogusBus-compliart" certi cation on
their products, they would have to comply with the speci cations set by the designersof BogusBus
(most likely another compary, which designedthe bus for a speci ¢ task and ended up marketing
it for a wide variety of purposes). For instance, all devicesmust be able to use the 24 Volt DC
supply power of BogusBus: the switch cortacts in the transmitter must be rated for switching
that DC voltage, the lamps must de nitely be rated for being powered by that voltage, and the
connectorsmust be able to handle it all. Wiring, of course,must be in compliancewith that same
standard: lamps 1 through 5, for example, must be wired to the appropriate pins sothat when LS4
of Manufacturer XYZ's transmitter closeslamp 4 of Manufacturer ABC's receiwer lights up, and so
on. Sinceboth transmitter and receiver cortain DC power suppliesrated at an output of 24 Volts,
all transmitter/receiv er combinations (from all certi ed manufacturers) must have power supplies
that can be safely wired in parallel. Consider what could happen if Manufacturer XYZ made a
transmitter with the negative (-) side of their 24VDC power supply attached to earth ground and
Manufacturer ABC madea receiver with the positive (+) sideof their 24VDC power supply attached
to earth ground. If both earth groundsare relatively "solid" (that is, a low resistancebetweenthem,
such as might be the caseif the two grounds were made on the metal structure of an industrial
building), the two power supplieswould short-circuit ead other!
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BogusBus, of course, is a completely hypothetical and very impractical example of a digital
network. It hasincredibly poor data resolution, requires substartial wiring to connectdevices,and
communicatesin only a single direction (from transmitter to receiwer). It does, howewer, sutce as
a tutorial example of what a network is and some of the considerations assaiated with network
selectionand operation.

There are many typesof busesand networks that you might comeacrossin your profession. Each
one hasits own applications, advantages, and disadvantages. It is worthwhile to assaiate yourself
with someof the "alphabet soup” that is usedto label the various designs:

14.2.1 Short-distance busses

PC/A T Bus usedin early IBM-compatible computersto connect peripheral devicessud as disk
drive and sound cardsto the motherboard of the computer.

PCI Another bus usedin personalcomputers, but not limited to IBM-compatibles. Much faster
than PC/A T. Typical data transfer rate of 100 Mbytes/second (32 bit) and 200 Mbytes/second (64
bit).

PCMCIA A bus designedto connect peripheralsto laptop and notebook sized personal com-
puters. Has a very small physical "footprint," but is considerably slower than other popular PC
buses.

VME A high-performancebus (co-designedby Motorola, and basedon Motorola's earlier Versa-
Bus standard) for constructing versatile industrial and military computers, where multiple memory;,
peripheral, and even microprocessorcards could be pluggedin to a passiw "rack" or "card cage"to
facilitate custom systemdesigns. Typical data transfer rate of 50 Mbytes/second (64 bits wide).

VXI Actually anexpansionofthe VME bus, VXI (VME eXtensionfor Instrumentation) includes
the standard VME bus along with connectorsfor analog signals betweencardsin the rack.

S-100 Sometimescalled the Altair bus, this bus standard was the product of a conferencein
1976,intended to sere as an interface to the Intel 8080 microprocessorchip. Similar in philosophy
to the VME, where multiple function cards could be pluggedin to a passiwe "rack," facilitating the
construction of custom systems.

MC6800 The Motorola equivalert of the Intel-centric S-100bus, designedto interface peripheral
devicesto the popular Motorola 6800 microprocessorchip.

STD Standsfor Simple-To-Design and is yet another passiwe "rack" similar to the PC/A T bus,
and lendsitself well toward designsbasedon IBM-compatible hardware. Designedby Pro-Log, it is
8 bits wide (parallel), accommalating relatively small (4.5 inch by 6.5 inch) circuit cards.

Multibus | and |1 Another bus intended for the °exible designof custom computer systems,
designedby Intel. 16 bits wide (parallel).

CompactPCl  An industrial adaptation of the personalcomputer PCI standard, designedas a
higher-performancealternativ e to the older VME bus. At a bus clock speedof 66 MHz, data transfer
rates are 200 Mbytes/ second(32 bit) or 400 Mbytes/sec (64 bit).

Micro channel Yet another bus, this one designedby IBM for their ill-fated PS/2 series of
computers, intended for the interfacing of PC motherboardsto peripheral devices.

IDE A bususedprimarily for connectingpersonalcomputer hard disk driveswith the appropriate
peripheral cards. Widely usedin today's personal computers for hard drive and CD-ROM drive
interfacing.

SCSI An alternativ e (technically superior to IDE) bus usedfor personal computer disk drives.
SCSI stands for Small Computer System Interface. Used in some IBM-compatible PC's, as well
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as Macintosh (Apple), and many mini and mainframe businesscomputers. Usedto interface hard
drives,CD-ROM drives,®oppy disk drives,printers, scannersmodems,and a host of other peripheral
devices. Speedsup to 1.5 Mbytes per secondfor the original standard.

GPIB (IEEE 488) Generl Purpose Interface Bus, also known as HPIB or IEEE 488, which
was intended for the interfacing of electronic test equipmert such as oscilloscopes and multimeters
to personalcomputers. 8 bit wide address/data "path" with 8 additional lines for communications
cortrol.

Centronics parallel Widely used on personal computers for interfacing printer and plotter
devices. Sometimesusedto interface with other peripheral devices,suc asexternal ZIP (100 Mbyte
°oppy) disk drivesand tape drives.

USB Universal Serial Bus, which is intended to interconnect many external peripheral devices
(such as keyboards, modems, mice, etc.) to personal computers. Long usedon Macintosh PC's, it
is now being installed as new equipmert on IBM-compatible macdines.

FireWire (IEEE 1394) A high-speed serial network capable of operating at 100, 200, or 400
Mbps with versatile features such as "hot swapping" (adding or removing deviceswith the power
on) and °exible topology. Designedfor high-performancepersonal computer interfacing.

Blueto oth A radio-basedcommunications network designedfor oxce linking of computer de-
vices. Provisions for data security designedinto this network standard.

14.2.2 Extended-distance networks

20 mA current loop Not to be confusedwith the common instrumentation 4-20 mA analog
standard, this is a digital communications network basedon interrupting a 20 mA (or sometimes60
mA) current loop to represert binary data. Although the low impedancegivesgood noiseimmunity,
it is susceptibleto wiring faults (such as breaks) which would fail the ertire network.

RS-232C The most common serial network usedin computer systems, often usedto link pe-
ripheral devicessuch as printers and mice to a personal computer. Limited in speedand distance
(typically 45 feet and 20 kbps, although higher speedscan be run with shorter distances). I've been
able to run RS-232reliably at speedsin excessof 100 kbps, but this was using a cable only 6 feet
long! RS-232Cis often referred to simply as RS-232(no "C").

RS-422A/RS-485 Two serial networks designedto overcomesome of the distance and versa-
tilit y limitations of RS-232C.Used widely in industry to link serial devicestogether in electrically
"noisy" plant environments. Much greater distance and speed limitations than RS-232C,typically
over half a mile and at speedsapproacing 10 Mbps.

Ethernet (IEEE 802.3) A high-speednetwork which links computers and sometypes of pe-
ripheral devicestogether. "Normal" Ethernet runs at a speedof 10 million bits/second, and "Fast"
Ethernet runs at 100 million bits/second. The slower (10 Mbps) Ethernet has beenimplemented
in a variety of meanson copper wire (thick coax = "10BASE5", thin coax= "10BASE2", twisted-
pair = "10BASE-T"), radio, and on optical b er ("10BASE-F"). The Fast Ethernet has also been
implemented on a few di®erent means(twisted-pair, 2 pair = 100BASE-TX; twisted-pair, 4 pair =
100BASE-T4; optical b er = 100BASE-FX).

Token ring Another high-speednetwork linking computer devicestogether, using a philosophy
of communication that is much di®erert from Ethernet, allowing for more precise responsetimes
from individual network devices,and greater immunity to network wiring damage.

FDDI A very high-speednetwork exclusively implemented on "b er-optic cabling.
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Mo dbus/Mo dbus Plus Originally implemented by the Modicon corporation, a large maker of
Programmable Logic Controllers (PLCs) for linking remote /O (Input/Output) racks with a PLC
processor. Still quite popular.

Probus Originally implemented by the Siemenscorporation, another large maker of PLC
equipmert.

Foundation Fieldbus A high-performance bus expressly designedto allow multiple process
instruments (transmitters, cortrollers, valve positioners) to communicate with host computers and
with ead other. May ultimately displace the 4-20 mA analog signal as the standard means of
interconnecting processcontrol instrumentation in the future.

14.3 Data °ow

Busesand networks are designedto allow communication to occur betweenindividual devicesthat
are interconnected. The °ow of information, or data, betweennodescan take a variety of forms:

Simplex communication

Transmitter | ——— | Receiver

With simplex communication, all data °ow is unidirectional: from the designatedtransmitter to
the designatedreceiver. BogusBusis an example of simplex communication, where the transmitter
sen information to the remote monitoring location, but no information is ever sert back to the water
tank. If all we want to do is sendinformation one-way, then simplex is just ne. Most applications,
howewer, demand more:

Duplex communication

Receiver /| | — | Receiver/
Transmitter |<— | Transmitter

With duplex communication, the °ow of information is bidirectional for ead device. Duplex can
be further divided into two sub-categories:
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Half-duplex

Receiver/ |« | Receiver/
Transmitter Transmitter

(take turns)

Full-duplex

Receiver | «————— | Transmitter

Transmitter > Receiver
(simultaneous)

Half-duplex communication may be likenedto two tin canson the endsof a single taut string:
Either can may be usedto transmit or receive, but not at the sametime. Full-duplex communication
is more like a true telephone, where two people can talk at the sametime and hear one another
simultaneously, the mouthpiece of one phone transmitting the the earpieceof the other, and visa-
versa. Full-duplex is often facilitated through the useof two separatechannelsor networks, with an
individual set of wires for ead direction of communication. It is sometimesaccomplishedby means
of multiple-frequency carrier waves, especially in radio links, where one frequency is resened for
ead direction of communication.

14.4 Electrical signal types

With BogusBus, our signals were very simple and straightforward: ead signal wire (1 through 5)
carried a single bit of digital data, O Volts represerting "o®" and 24 Volts DC represerting "on."
Becauseall the bits arrived at their destination simultaneously, we would call BogusBusa parallel
network technology. If we wereto improve the performanceof BogusBusby adding binary encaling
(to the transmitter end) and decading (to the receiver end), so that more steps of resolution were
available with fewer wires, it would still be a parallel network. If, howewver, we wereto add a parallel-
to-serial corverter at the transmitter end and a serial-to-parallel corverter at the receiver end, we
would have something quite di®eren.

It is primarily with the useof serialtechnology that we are forcedto invent clever ways to transmit
data bits. Becauseserial data requiresusto sendall data bits through the samewiring channel from
transmitter to receiwer, it necessitatesa potentially high frequency signal on the network wiring.
Consider the following illustration: a modi ed BogusBus system is communicating digital data in
parallel, binary-encoded form. Instead of 5 discrete bits like the original BogusBus, we're sending
8 bits from transmitter to receiver. The A/D corverter on the transmitter side generatesa new
output every second. That makesfor 8 bits per secondof data being sert to the receiver. For the
salke of illustration, let's say that the transmitter is bouncing betweenan output of 10101010and
10101011every update (once per second):
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1 second
— ~—

Bit 0 [ | [ I
Bit 1
Bit 2
Bit 3
Bit 4
Bit 5
Bit 6
Bit 7
Sinceonly the least signi cant bit (Bit 1) is changing, the frequencyon that wire (to ground) is
only 1/2 Hertz. In fact, no matter what numbersare being generatedby the A/D converter between
updates, the frequency on any wire in this modi ed BogusBus network cannot exceed1/2 Hertz,
becausethat's how fast the A/D updates its digital output. 1/2 Hertz is pretty slow, and should
presert no problems for our network wiring.
On the other hand, if we usedan 8-bit serial network, all data bits must appear on the single
channel in sequence.And thesebits must be output by the transmitter within the 1-secondwindow

of time betweenA/D corverter updates. Therefore, the alternating digital output of 10101010and
10101011(once per second)would look something like this:

1 second
— —~—

10101010 10101010
Serial data UL T L IUUULIUULT 1
10101011 10101011

The frequency of our BogusBus signal is now approximately 4 Hertz instead of 1/2 Hertz, an
eightfold increase!While 4 Hertz is still fairly slow, and doesnot constitute an engineeringproblem,
you should be able to appreciate what might happen if we were transmitting 32 or 64 bits of data
per update, along with the other bits necessaryfor parity chedking and signal syndironization, at
an update rate of thousands of times per second! Serial data network frequenciesstart to ernter the
radio range, and simple wires begin to act as antennas, pairs of wires as transmission lines, with all
their assaiated quirks due to inductiv e and capacitive reactances.

What is worse, the signalsthat we're trying to communicate along a serial network are of a square-
wave shape, beingbinary bits of information. Squarewavesare peculiar things, being mathematically
equivalent to an in nite seriesof sine waves of diminishing amplitude and increasing frequency A
simple squarewave at 10 kHz is actually "seen" by the capacitanceand inductance of the network
as a seriesof multiple sine-wave frequencieswhich extend into the hundreds of kHz at signi cant
amplitudes. What we receiwe at the other end of a long 2-conductor network won't look like a clean
squarewave anymore, even under the best of conditions!

When engineersspeak of network bandwidth, they're referring to the practical frequencylimit of
a network medium. In serial communication, bandwidth is a product of data volume (binary bits
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per transmitted "word") and data speed ("words" per second). The standard measureof network
bandwidth is bits per second,or bps An obsoleteunit of bandwidth known asthe baud is sometimes
falsely equated with bits per second,but is actually the measureof signal level changesper second.
Many serial network standards use multiple voltage or current level changesto represen a single
bit, and so for these applications bps and baud are not equivalert.

The generalBogusBusdesign,where all bits are voltagesreferencedto a common"ground" con-
nection, is the worst-casesituation for high-frequencysquarewave data communication. Everything
will work well for short distances,whereinductiv e and capacitive e®ectscan be held to a minimum,
but for long distancesthis method will surely be problematic:

Ground-referenced voltage signal

Transmitter Receiver
signal wire D_.
Input | | | | Output
Signal [ [ [ [ _ Signal
ground wire [ )

L Stray capacitance
T

A robust alternative to the common ground signal method is the di®erential voltage method,
where ead bit is represerted by the di®erenceof voltage between a ground-isolated pair of wires,
instead of a voltage between one wire and a common ground. This tends to limit the capacitive
and inductiv e e®ectamposedupon ead signal and the tendency for the signalsto be corrupted due
to outside electrical interference, thereby signi cantly improving the practical distance of a serial
network:

Differential voltage signal

Transmitter Receiver
signal wire

Input | | | | ~ Output
Signal [ [ [ ~ Signal

signal wire | _LL

— Both signal wires isolated :L: -

| -
from ground! Capacitance through ground

minimized due to series-
diminishing effect.

The triangular ampli er symbols represen di®erential ampli ers, which output a voltage signal
betweentwo wires, neither one electrically common with ground. Having eliminated any relation
betweenthe voltage signal and ground, the only signi cant capacitanceimposedon the signal voltage

is that existing betweenthe two signal wires. Capacitance between a signal wire and a grounded
conductor is of much less e®ect, becausethe capacitive path between the two signal wires via a
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ground connectionis two capacitancesin series(from signal wire #1 to ground, then from ground to
signalwire #2), and seriescapacitancevaluesare always lessthan any of the individual capacitances.
Furthermore, any "noise" voltage induced betweenthe signal wires and earth ground by an external
sourcewill beignored, becausethat noisevoltage will likely be induced on both signal wires in equal
measure,and the receivingampli er only respondsto the di®erential voltage betweenthe two signal
wires, rather than the voltage betweenany one of them and earth ground.

RS-232Cis a prime example of a ground-referencedserial network, while RS-422Ais a prime
example of a di®erertial voltage serial network. RS-232C nds popular application in otce en-
vironments where there is little electrical interference and wiring distancesare short. RS-422Ais
more widely usedin industrial applications where longer wiring distancesand greater potential for
electrical interferencefrom AC power wiring exists.

However, alarge part of the problem with digital network signalsis the square-vave nature of such
voltages, as was previously mertioned. If only we could avoid square waves all together, we could
avoid many of their inherent ditculties in long, high-frequency networks. One way of doing this is
to modulate a sine wave voltage signal with our digital data. "Mo dulation” meansthat magnitude
of one signal has control over some aspect of another signal. Radio technology has incorporated
modulation for decadesnow, in allowing an audio-frequency voltage signal to cortrol either the
amplitude (AM) or frequency (FM) of a much higher frequency"carrier" voltage, which is then send
to the antenna for transmission. The frequency-maulation (FM) technique has found more usein
digital networks than amplitude-modulation (AM), exceptthat it's referred to as Frequency Shift
Keying (FSK). With simple FSK, sine waves of two distinct frequenciesare usedto represen the
two binary states, 1 and O:

~— 0 (low)—>=— " ° Z2—><——0 (low)—>

Due to the practical problems of getting the low/high frequency sine wavesto begin and end at
the zero crosswer points for any given combination of 0's and 1's, a variation of FSK called phase-
cortinuous FSK is sometimes used, where the consecutive combination of a low/high frequency
represens one binary state and the combination of a high/lo w frequencyrepresens the other. This
also makesfor a situation where ead bit, whether it be 0 or 1, takes exactly the sameamount of
time to transmit along the network:

~—— 0 (low) « 1 (highy—————

With sine wave signal voltages, many of the problems encourtered with square wave digital
signals are minimized, although the circuitry required to modulate (and demodulate) the network
signalsis more complex and expensiwe.
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14.5 Optical data comm unication

A modern alternative to sending (binary) digital information via electric voltage signalsis to use
optical (light) signals. Electrical signalsfrom digital circuits (high/lo w voltages) may be cornverted
into discrete optical signals(light or no light) with LEDs or solid-state lasers. Likewise,light signals
can be translated back into electrical form through the use of photodiodes or phototransistors for
introduction into the inputs of gate circuits.

Transmitter Receiver

e Light pulses -

Transmitting digital information in optical form may be donein openair, simply by aiming alaser
at a photodetector at a remote distance, but interferencewith the beamin the form of temperature
inversionlayers, dust, rain, fog, and other obstructions can preser signi cant engineeringproblems:

Transmitter Receiver

One way to avoid the problems of open-air optical data transmissionis to sendthe light pulses
down an ultra-pure glass™b er. Glass b erswill "conduct" a beam of light much as a copper wire
will conduct electrons, with the advantage of completely avoiding all the assaiated problems of
inductance, capacitance, and external interference plaguing electrical signals. Optical b ers keep
the light beam contained within the b er core by a phenomenonknown astotal internal re°ectance.

An optical b er is composed of two layers of ultra-pure glass, eac layer made of glasswith a
slightly di®erert refractive index, or capacity to "bend” light. With onetype of glassconcerirically
layered around a certral glasscore, light introducedinto the certral core cannot escage outside the
b er, but is con ned to travel within the core:
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Cladding

Light

\

Cladding

These layers of glassare very thin, the outer "cladding” typically 125 microns (1 micron = 1
millionth of a meter, or 10' ® meter) in diameter. This thinnessgivesthe b er considerable’exibilit y.
To protect the b er from physical damage,it is usually given a thin plastic coating, placed inside of
a plastic tube, wrapped with kevlar "b ers for tensile strength, and given an outer sheath of plastic
similar to electrical wire insulation. Like electrical wires, optical "b ers are often bundled together
within the samesheathto form a single cable.

Optical b ersexceedthe data-handling performanceof copper wire in almost every regard. They
are totally immune to electromagneticinterferenceand have very high bandwidths. However, they
are not without certain weaknesses.

One weaknessof optical b er is a phenomenonknown as microkending. This is where the "b er
is bend around too small of a radius, causinglight to escage the inner core, through the cladding:

Microbending
@
Escaping
Sharp light
bend
Reflected

light
Not only does microbending lead to diminished signal strength due to the lost light, but it also
constitutes a security weaknessin that a light sensorintentionally placed on the outside of a sharp
bend could intercept digital data transmitted over the b er.
Another problem unique to optical b er is signal distortion due to multiple light paths, or modes
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having di®eren distancesover the length of the b er. When light is emitted by a source,the photons
(light particles) do not all travel the exact samepath. This fact is patently obvious in any source
of light not conforming to a straight beam, but is true even in devicessud as lasers. If the optical
b er coreis large enoughin diameter, it will support multiple pathways for photons to travel, eac
of thesepathways having a slightly di®erert length from oneend of the b er to the other. This type
of optical "b er is called multimode b er:

"Modes" of light traveling in a fiber

— Light
= —

A light pulse emitted by the LED taking a shorter path through the "ber will arrive at the
detector sooner than light pulsestaking longer paths. The result is distortion of the square-vave's
rising and falling edges,called pulse stretching. This problem becomesworse as the overall b er
length is increased:

"Pulse-stretching" in optical fiber

Transmitted Received
pulse pulse
_—
= - _——— A

However, if the b er coreis made small enough(around 5 microns in diameter), light modesare
restricted to a single pathway with onelength. Fiber sodesignedto permit only a singlemode of light
is known as single-male b er. Becausesingle-made b er escames the problem of pulse stretching
experiencedin long cables,it is the "b er of choicefor long-distance(several miles or more) networks.
The drawbadk, of course,is that with only one mode of light, single-made b ers do not conduct as
as much light as multimo de b ers. Over long distances, this exacerbatesthe need for "repeater"
units to boost light power.

14.6 Network top ology

If we want to connecttwo digital deviceswith a network, we would have a kind of network known
as "p oint-to-p oint:"

Point-to-Point topology

Device [ _______ =% % Device
1 2
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For the sake of simplicity, the network wiring is symbolized as a single line between the two
devices. In actuality, it may be a twisted pair of wires, a coaxial cable, an optical b er, or even
a sewen-conductor BogusBus. Right now, we're merely focusing on the "shape" of the network,
technically known asits topology.

If we want to include more devices(sometimes called nodes) on this network, we have se\eral
options of network con guration to choosefrom:

Bus topology

T R R !

I I I :
Device Device Device Device

1 2 3 4

Vi \Y i
1 2 3 4
Ring topology
l : : : . !
'_1Device | ____ Device [ ____/ Device [ ____/ Device | _!
1 2 3 4

Many network standards dictate the type of topology which is used, while others are more
versatile. Ethernet, for example, is commonly implemerted in a "bus" topology but can also be
implemented in a "star" or "ring" topology with the appropriate interconnecting equipmert. Other
networks, such asRS-232C,are almost exclusively point-to-p oint; and tokenring (as you might have
guessed)is implemented solely in a ring topology.

Di®erert topologieshave di®erert pros and consassaiated with them:

14.6.1 Point-to-p oint

Quite obviously the only choice for two nodes.
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14.6.2 Bus

Very simple to install and maintain. Nodes can be easily added or removed with minimal wiring
changes. On the other hand, the one bus network must handle all communication signalsfrom all
nodes. This is known as broadast networking, and is analogousto a group of peopletalking to eadh
other over a single telephone connection, where only one personcan talk at a time (limiting data
exchangerates), and everyone can hear everyone elsewhen they talk (which can be a data security
issue). Also, a break in the bus wiring can lead to nodesbeing isolated in groups.

14.6.3 Star

With devicesknown as "gateways" at branching points in the network, data °ow can be restricted

betweennodes, allowing for private communication betweenspeci ¢ groupsof nodes. This addresses
some of the speed and security issuesof the simple bus topology. Howewer, those branches could

easily be cut o®from the rest of the "star" network if one of the gateways wereto fail. Can alsobe

implemented with "switches" to connectindividual nodesto a larger network on demand. Suc a

switchead network is similar to the standard telephone system.

14.6.4 Ring

This topology provides the bestreliabilit y with the leastamount of wiring. Sinceead node hastwo
connection points to the ring, a single break in any part of the ring doesn't a®ectthe integrity of
the network. The devices,however, must be designedwith this topology in mind. Also, the network
must be interrupted to install or remove nodes. As with bus topology, ring networks are broadcast
by nature.

As you might suspect, two or more ring topologiesmay be combined to give the "b est of both
worlds" in a particular application. Quite often, industrial networks end up in this fashion over
time, simply from engineersand technicians joining multiple networks together for the benet of
plant-wide information access.

14.7 Network proto cols

Aside from the issuesof the physical network (signal types and voltage levels, connector pinouts,
cabling, topology, etc.), there needsto be a standardized way in which comnmunication is arbitrated
between multiple nodesin a network, even if it's as simple as a two-node, point-to-p oint system.
When a node "talks" on the network, it is generating a signal on the network wiring, be it high
and low DC voltage levels, somekind of modulated AC carrier wave signal, or even pulsesof light
in a b er. Nodesthat "listen" are simply measuringthat applied signal on the network (from the
transmitting node) and passiwely monitoring it. If two or more nodes "talk" at the sametime,
howevwer, their output signals may clash (imagine two logic gatestrying to apply opposite signal
voltagesto a single line on a bus!), corrupting the transmitted data.

The standardized method by which nodesare allowed to transmit to the bus or network wiring
is called a protocol. There are many di®erert protocolsfor arbitrating the useof a common network
between multiple nodes, and I'll cover just a few here. Howewer, it's good to be aware of these
few, and to understand why somework better for some purposesthan others. Usually, a speci ¢
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protocol is assa@iated with a standardized type of network. This is merely another "layer” to the
set of standards which are speci ed under the titles of various networks.

The International Standards Organization (ISO) has speci ed a generalarchitecture of network
speci cations in their DIS7498 model (applicable to most any digital network). Consisting of seven
"layers," this outline attempts to categorizeall levelsof abstraction necessaryto communicate digital
data.

2 Level 1: Physical Speci es electrical and medanical details of communication: wire type,
connector design, signal typesand levels.

2 Level 2: Data link De nes formats of messageshow data is to be addressed,and error
detection/correction techniques.

2 Level 3: Network Establishesproceduresfor encapsulationof data into "packets" for trans-
mission and reception.

2 Level 4: Transp ort Among other things, the transport layer de nes how complete data Tes
are to be handled over a network.

2 Level 5: Session Organizesdata transfer in terms of beginning and end of a speci ¢ trans-
mission. Analogousto job control on a multitasking computer operating system.

2 Level 6: Presentation Includesde nitions for character sets,terminal cortrol, and graphics
commandssothat abstract data can be readily encaded and decaded betweencommunicating
devices.

2 Level 7: Application The end-userstandards for generating and/or interpreting communi-
cated data in its nal form. In other words, the actual computer programs using the commu-
nicated data.

Someestablishednetwork protocols only cover one or a few of the DIS7498levels. For example,
the widely usedRS-232Cserial communications protocol really only addresseghe rst ("physical”)
layer of this sewen-layer model. Other protocols, such as the X-windows graphical client/server
system developed at MIT for distributed graphic-user-irterface computer systems, cover all seven
layers.

Di®erent protocols may use the same physical layer standard. An example of this is the RS-
422A and RS-485protocols, both of which usethe samedi®erertial-v oltage transmitter and receiver
circuitry , using the samevoltage levelsto denote binary 1's and 0's. On a physical level, these two
communication protocolsare identical. However, on a more abstract level the protocolsare di®erert:
RS-422Ais point-to-p oint only, while RS-485 supports a bus topology "multidr op" with up to 32
addressablenodes.

Perhaps the simplest type of protocol is the one where there is only one transmitter, and all
the other nodes are merely receivers. Sud is the casefor BogusBus, where a single transmitter
generatesthe voltage signalsimpressedon the network wiring, and one or more receiver units (with
5 lamps ead) light up in accord with the transmitter's output. This is always the casewith a
simplex network: there's only onetalker, and everyone elselistens!

When we have multiple transmitting nodes, we must orchestrate their transmissionsin such a
way that they don't conict with one another. Nodes shouldn't be allowed to talk when another
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node is talking, so we give eat node the ability to "listen" and to refrain from talking until the
network is silent. This basic approad is called Carrier SenseMultiple Access (CSMA), and there
exists a few variations on this theme. Pleasenote that CSMA is not a standardized protocol in
itself, but rather a methodology that certain protocols follow.

One variation is to simply let any node begin to talk as soon asthe network is silert. This is
analogousto a group of peoplemeeting at a round table: anyone hasthe ability to start talking, so
long asthey don't interrupt anyone else. As soon as the last personstops talking, the next person
waiting to talk will begin. So, what happenswhen two or more people start talking at once?In a
network, the simultaneous transmission of two or more nodesis called a collision. With  CSMA/CD
(CSMA/Caol lision Detection), the nodesthat collide simply reset themseleswith a random delay
timer circuit, and the "rst oneto nish its time delay tries to talk again. This is the basic protocol
for the popular Ethernet network.

Another variation of CSMA is CSMA/BA (CSMA/Bitwise Arbitration), where colliding nodes
refer to pre-set priorit y numbers which dictate which one has permissionto speak rst. In other
words, ead node has a "rank” which settles any dispute over who gets to start talking rst after
a collision occurs, much like a group of people where dignitaries and common citizens are mixed.
If a collision occurs, the dignitary is generally allowed to speak rst and the common personwaits
afterward.

In either of the two examplesabove (CSMA/CD and CSMA/BA), we assumedthat any node
could initiate a conversation solong asthe network wassilert. This is referredto asthe "unsolicited"
mode of communication. There is a variation called "solicited" mode for either CSMA/CD or
CSMA/BA where the initial transmission is only allowed to occur when a designated master node
requests (solicits) a reply. Collision detection (CD) or bitwise arbitration (BA) applies only to
post-collision arbitration as multiple nodesrespond to the master device'srequest.

An entirely di®eren strategy for node communication is the Master/Slave protocol, where a
singlemaster deviceallots time slots for all the other nodeson the network to transmit, and schedules
thesetime slots so that multiple nodes cannot collide. The master device addressesad node by
name, one at a time, letting that node talk for a certain amourt of time. When it is nished, the
master addresseghe next node, and so on, and soon.

Yet another strategy is the Token-Passingprotocol, where eat node getsa turn to talk (one at
a time), and then grants permissionfor the next node to talk whenit's done. Permissionto talk is
passedaround from node to node as ead one hands o®the "tok en" to the next in sequettial order.
The tokenitself is not a physical thing: it is a seriesof binary 1's and 0's broadcaston the network,
carrying a speci ¢ addressof the next node permitted to talk. Although token-passingprotocol is
often assaiated with ring-top ology networks, it is not restricted to any topology in particular. And
when this protocol is implemented in a ring network, the sequenceof token passingdoes not have
to follow the physical connection sequenceof the ring.

Just as with topologies, multiple protocols may be joined together over di®erert segmers of
a heterogeneousnetwork, for maximum benet. For instance, a dedicated Master/Slave network
connecting instruments together on the manufacturing plant °oor may be linked through a gateway
deviceto an Ethernet network which links multiple desktop computer workstations together, one of
those computer workstations acting as a gateway to link the data to an FDDI b er network back to
the plant's mainframe computer. Each network type, topology, and protocol seresdi®erent needs
and applications best, but through gateway devices,they can all sharethe samedata.

It is alsopossibleto blend multiple protocol strategiesinto a new hybrid within a single network
type. Sud is the casefor Foundation Fieldbus, which combines Master/Slave with a form of token-
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passing. A Link Active Scheduler (LAS) device sendsscheduled "Compel Data” (CD) commands
to query slave deviceson the Fieldbus for time-critical information. In this regard, Fieldbus is a
Master/Slave protocol. However, whenthere's time betweenCD queries,the LAS sendsout "tok ens"”
to ead of the other deviceson the Fieldbus, one at a time, giving them opportunity to transmit
any unsdeduled data. When those devicesare done transmitting their information, they return
the token badk to the LAS. The LAS also probesfor new deviceson the Fieldbus with a "Probe
Node" (PN) messagewhich is expected to produce a "Prob e Response" (PR) bad to the LAS.
The responsesof devicesbadk to the LAS, whether by PR messageor returned token, dictate their
standing on a "Liv e List" databasewhich the LAS maintains. Proper operation of the LAS device
is absolutely critical to the functioning of the Fieldbus, so there are provisions for redundarnt LAS
operation by assigning"Link Master" status to some of the nodes, empowering them to become
alternate Link Active Scthedulersif the operating LAS fails.

Other data communications protocols exist, but these are the most popular. | had the oppor-
tunity to work on an old (circa 1975) industrial corntrol system made by Honeywell where a master
device called the Highway Tratc Director, or HTD, arbitrated all network communications. What
madethis network interesting is that the signal sert from the HTD to all slave devicesfor permitting
transmission was not communicated on the network wiring itself, but rather on sets of individual
twisted-pair cablesconnecting the HTD with ead slave device. Deviceson the network were then
divided into two categories:those nodesconnectedto the HTD which were allowed to initiate trans-
mission, and those nodes not connectedto the HTD which could only transmit in responseto a
query sert by one of the former nodes. Primitive and slow are the only tting adjectivesfor this
communication network scheme,but it functioned adequately for its time.

14.8 Practical considerations

A principal consideration for industrial control networks, where the monitoring and control of real-
life processesnust often occur quickly and at settimes, is the guaranteed maximum communication
time from one node to another. If you're cortrolling the position of a nuclear reactor coolant valve
with a digital network, you needto be able to guarartee that the valve's network node will receive
the proper positioning signalsfrom the control computer at the right times. If not, very bad things
could happen!

The ability for a network to guarantee data "throughput” is called determinism. A deterministic
network has a guaranteed maximum time delay for data transfer from node to node, whereasa
non-deterministic network does not. The preeminert example of a non-deterministic network is
Ethernet, where the nodesrely on random time-delay circuits to resetand re-attempt transmission
after a collision. Being that a node's transmission of data could be delayed inde nitely from a long
seriesof re-setsand re-tries after repeated collisions, there is no guarartee that its data will ever
get sert out to the network. Realistically though, the odds are so astronomically great that suc a
thing would happen that it is of little practical concernin a lightly-loaded network.

Another important consideration, especially for industrial control networks, is network fault
tolerance: that is, how susceptibleis a particular network's signaling, topology, and/or protocol
to failures? We've already brie°y discussedsome of the issuessurrounding topology, but protocol
impacts reliability just as much. For example, a Master/Slave network, while being extremely
deterministic (a good thing for critical cortrols), is ertirely dependert upon the master node to keep
everything going (generally a bad thing for critical cortrols). If the master node fails for any reason,
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none of the other nodeswill be able to transmit any data at all, becausethey'll never receiwe their
alloted time slot permissionsto do so, and the whole systemwill fail.

A similar issue surrounds token-passingsystems: what happens if the node holding the token
wereto fail before passingthe token on to the next node? Sometoken-passingsystemsaddressthis
possibility by having a few designated nodes generatea new token if the network is silent for too
long. This works ne if a node holding the token dies, but it causesproblems if part of a network
falls silent becausea cable connection comesundone: the portion of the network that falls silert
generatesits own token after awhile, and you essetially are left with two smaller networks with
one token that's getting passedaround ead of them to sustain communication. Trouble occurs,
however, if that cable connection gets plugged bad in: those two segmemed networks are joined
in to one again, and now there's two tokens being passedaround one network, resulting in nodes'
transmissionscolliding!

There is no "p erfect network” for all applications. The task of the engineerand technician is to
know the application and know the operations of the network(s) available. Only then can excient
system designand maintenance becomea reality.



Chapter 15

DIGIT AL STORA GE (MEMOR YY)

15.1 Why digital?

Although many textb ooks provide good intro ductions to digital memory technology, | intend to make
this chapter unique in presering both past and presen technologiesto somedegreeof detail. While
many of these memory designsare obsolete, their foundational principles are still quite interesting
and educational, and may even nd re-application in the memory technologiesof the future.

The basicgoal of digital memory is to provide a meansto store and accesdinary data: sequences
of 1's and 0's. The digital storageof information holds advantagesover analogtechniques much the
sameas digital communication of information holds advantages over analog communication. This
is not to say that digital data storage is unequivocally superior to analog, but it does address
some of the more common problems assa&iated with analog techniques and thus nds immense
popularity in both consumerand industrial applications. Digital data storage also complemeris
digital computation technology well, and thus 'nds natural application in the world of computers.

The most evidernt advantage of digital data storage is the resistanceto corruption. Suppose
that we were going to store a piece of data regarding the magnitude of a voltage signal by means
of magnetizing a small chunk of magnetic material. Since many magnetic materials retain their
strength of magnetization very well over time, this would be a logical media candidate for long-term
storageof this particular data (in fact, this is precisely how audio and video tape technology works:
thin plastic tape is impregnated with particles of iron-oxide material, which can be magnetized or
demagnetizedvia the application of a magnetic "eld from an electromagnetcoil. The data is then
retrieved from the tape by moving the magnetizedtape past another coil of wire, the magnetized
spots on the tape inducing voltage in that coil, reproducing the voltage waveform initially usedto
magnetizethe tape).

If we represent an analogsignal by the strength of magnetization on spots of the tape, the storage
of data on the tape will be susceptibleto the smallest degreeof degradation of that magnetization.
As the tape agesand the magnetization fades,the analog signal magnitude represened on the tape
will appear to be lessthan what it was when we rst recorded the data. Also, if any spurious
magnetic “elds happen to alter the magnetization on the tape, even if it's only by a small amourt,
that altering of "eld strength will be interpreted upon re-play as an altering (or corruption) of the
signal that wasrecorded. Sinceanalogsignalshave in nite resolution, the smallestdegreeof change

315
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will have an impact on the integrity of the data storage.

If we wereto usethat sametape and store the data in binary digital form, howewer, the strength
of magnetization on the tape would fall into two discrete levels: "high" and "low," with no valid
in-betweenstates. As the tape agedor was exposedto spurious magnetic elds, those samelocations
on the tape would experienceslight alteration of magnetic eld strength, but unlessthe alterations
were extreme no data corruption would occur upon re-play of the tape. By reducing the resolution
of the signal impressedupon the magnetic tape, we've gained signi cant immunity to the kind
of degradation and "noise" typically plaguing stored analog data. On the other hand, our data
resolution would be limited to the scanningrate and the number of bits output by the A/D corverter
which interpreted the original analog signal, so the reproduction wouldn't necessarilybe "b etter"
than with analog, merely more rugged. With the advancedtechnology of modern A/D's, though,
the tradeo®is acceptablefor most applications.

Also, by encaling di®eren types of data into speci ¢ binary number schemes, digital storage
allowsusto archive awide variety of information that is often ditcult to encadein analogform. Text,
for example, is represerted quite easily with the binary ASCII code, sewen bits for ead character,
including punctuation marks, spaces,and carriage returns. A wider range of text is encaded using
the Unicode standard, in like manner. Any kind of numerical data can be represened using binary
notation on digital media, and any kind of information that canbe encadedin numerical form (which
almost any kind can!) is storable, too. Tecniquessud as parity and chedksum error detection can
be employed to further guard against data corruption, in ways that analog doesnot lend itself to.

15.2 Digital memory terms and concepts

When we store information in somekind of circuit or device,we not only needsomeway to store and
retrieveit, but alsoto locate preciselywhere in the devicethat it is. Most, if not all, memory devices
can be thought of as a seriesof mail boxes, foldersin a Te cabinet, or someother metaphor where
information can be located in a variety of places. When we refer to the actual information being
stored in the memory device, we usually refer to it asthe data. The location of this data within the
storagedeviceis typically called the address in a manner reminiscert of the postal service.

With sometypesof memory devices,the addressin which certain data is stored can be called up
by meansof parallel data linesin a digital circuit (we'll discussthis in more detail later in this lesson).
With other typesof devices,data is addressedn terms of an actual physical location on the surfaceof
sometype of media (the tracks and sectors of circular computer disks, for instance). However, some
memory devicessuc as magnetic tapeshave a one-dimensionaltype of data addressing:if you want
to play your favorite songin the middle of a cassettetape album, you have to fast-forward to that
spot in the tape, arriving at the proper spot by meansof trial-and-error, judging the approximate
areaby meansof a counter that keepstrack of tape position, and/or by the amount of time it takesto
get there from the beginning of the tape. The accesof data from a storagedevicefalls roughly into
two categories: random access and sequential access Random accessmeansthat you can quickly
and precisely addressa speci ¢ data location within the device,and non-random simply meansthat
you cannot. A vinyl record platter is an example of a random-accesdevice: to skip to any song,
you just position the stylus arm at whatever location on the record that you want (compact audio
disks sothe samething, only they do it automatically for you). Cassettetape, on the other hand, is
sequettial. You have to wait to go past the other songsin sequencébeforeyou can accessor address
the songthat you want to skip to.
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The processof storing a piece of data to a memory device is called writing, and the processof
retrieving data is called reading. Memory devicesallowing both reading and writing are equipped
with a way to distinguish betweenthe two tasks, so that no mistake is made by the user (writing
new information to a devicewhen all you wanted to do is seewhat was stored there). Somedevices
do not allow for the writing of new data, and are purchased"pre-written" from the manufacturer.
Sud is the casefor vinyl records and compact audio disks, and this is typically referred to in the
digital world asread-only memory, or ROM. Cassetteaudio and video tape, on the other hand, can
be re-recorded(re-written) or purchasedblank and recorded fresh by the user. This is often called
read-write memory.

Another distinction to be made for any particular memory technology is its volatilit y, or data
storage permanencewithout power. Many electronic memory devicesstore binary data by means
of circuits that are either latched in a "high" or "low" state, and this latching e®ectholds only as
long aselectric power is maintained to those circuits. Such memory would be properly referredto as
volatile. Storagemedia such as magnetizeddisk or tape is nonvolatile, becauseno sourceof power is
neededto maintain data storage. This is often confusing for new students of computer technology,
becausethe volatile electronic memory typically used for the construction of computer devicesis
commonly and distinctly referred to as RAM (Random A ccessM emory). While RAM memory
is typically randomly-accessedso is virtually ewvery other kind of memory device in the computer!
What "RAM" really refersto is the volatility of the memory, and not its mode of access.Nonvolatile
memory integrated circuits in personalcomputersare commonly (and properly) referredto asROM
(Read-Only M emory), but their data corntents are accessedandomly, just like the volatile memory
circuits!

Finally, there needsto be a way to denotehow much data canbe stored by any particular memory
device. This, fortunately for us, is very simple and straightforward: just court up the number of
bits (or bytes, 1 byte = 8 bits) of total data storage space. Due to the high capacity of modern
data storage devices,metric pre xes are generally atxed to the unit of bytes in order to represen
storagespace: 1.6 Gigabytes is equalto 1.6 billion bytes, or 12.8billion bits, of data storagecapacity.
The only caveat hereis to be aware of rounded numbers. Becausethe storage medanisms of many
random-accessmemory devicesare typically arranged so that the number of "cells" in which bits
of data can be stored appearsin binary progression(powers of 2), a "one kilobyte" memory device
most likely contains 1024 (2 to the power of 10) locations for data bytes rather than exactly 1000.
A "64 kbyte" memory device actually holds 65,536bytes of data (2 to the 16th power), and should
probably be called a "66 Kbyte" deviceto be more precise. When we round numbersin our base-10
system, we fall out of step with the round equivalents in the base-2system.

15.3 Mo dern nonmec hanical memory

Now we can proceedto studying speci ¢ typesof digital storagedevices.To start, | want to explore
someof the technologieswhich do not require any moving parts. Theseare not necessarilythe newest
technologies,as one might suspect, although they will most likely replace moving-part technologies
in the future.

A very simple type of electronic memory is the bistable multivibrator. Capable of storing a single
bit of data, it is volatile (requiring power to maintain its memory) and very fast. The D-latch is
probably the simplest implemertation of a bistable multivibrator for memory usage,the D input
serving asthe data "write" input, the Q output serving asthe "read" output, and the enableinput
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serving as the read/write cortrol line:

@)

Data write __U| i Data read

Write/Read _E

Q.

If we desiremore than one bit's worth of storage (and we probably do), we'll have to have many
latchesarrangedin somekind of an array where we can selectively addresswhich one (or which set)
we're reading from or writing to. Using a pair of tristate bu®ers,we can connect both the data
write input and the data read output to a common data bus line, and enablethose bu®ersto either
connectthe Q output to the data line (READ), connectthe D input to the data line (WRITE), or
keepboth bu®ersin the High-Z state to disconnectD and Q from the data line (unaddressedmode).
One memory "cell" would look like this, internally:

Memory cell circuit

D Q Data
|V ' infout
E
. \Y
Q.
Write/Read
R
Address_E /
Enable
R
)

When the addressenableinput is 0, both tristate bu®erswill be placedin high-Z mode, and the
latch will be disconnectedfrom the data input/output (bus) line. Only when the addressenable
input is active (1) will the latch be connectedto the data bus. Every latch circuit, of course,will
be enabledwith a di®eren "address enable" (AE) input line, which will comefrom a 1-of-n output
decader:
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16 x 1 bit memory
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In the above circuit, 16 memory cells are individually addressedwith a 4-bit binary code input
into the decader. If a cell is not addressed,it will be disconnectedfrom the 1-bit data bus by its
internal tristate bu®ers: consequetly, data cannot be either written or read through the busto or
from that cell. Only the cell circuit that is addressedby the 4-bit decader input will be accessible
through the data bus.

This simple memory circuit is random-accessand volatile. Tedhnically, it is known as a static
RAM. Its total memory capacity is 16 bits. Sinceit contains 16 addressesand has a data bus that
is 1 bit wide, it would be designatedasa 16 x 1 bit static RAM circuit. As you can see,it takesan
incredible number of gates(and multiple transistors per gate!) to construct a practical static RAM
circuit. This makesthe static RAM a relatively low-density device, with lesscapacity than most
other typesof RAM technology per unit IC chip space.Becauseead cell circuit consumesa certain
amount of power, the overall power consumption for a large array of cells can be quite high. Early
static RAM banks in personal computers consumeda fair amount of power and generateda lot of
heat, too. CMOS IC technology has made it possibleto lower the speci ¢ power consumption of
static RAM circuits, but low storage density is still an issue.

To addressthis, engineersturned to the capacitor instead of the bistable multivibrator as a
means of storing binary data. A tiny capacitor could serve as a memory cell, complete with a
single MOSFET transistor for connectingit to the data bus for charging (writing a 1), discharging
(writing a 0), or reading. Unfortunately, suc tiny capacitorshave very small capacitances,and their
chargetendsto "leak" away through any circuit impedancesquite rapidly. To combat this tendency,
engineersdesignedcircuits internal to the RAM memory chip which would periodically read all cells
and recharge (or "refresh”) the capacitors as needed. Although this addedto the complexity of the
circuit, it still required far lesscomponertry than a RAM built of multivibrators. They called this
type of memory circuit a dynamic RAM, becauseof its need of periodic refreshing.

Recernt advancesin IC chip manufacturing has led to the introduction of °ash memory, which
works on a capacitive storage principle like the dynamic RAM, but usesthe insulated gate of a
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MOSFET asthe capacitor itself.

Before the advent of transistors (especially the MOSFET), engineershad to implement digital
circuitry with gatesconstructed from vacuumtub es. As you canimagine, the enormouscomparative
size and power consumption of a vacuum tub e as comparedto a transistor made memory circuits
like static and dynamic RAM a practical impossibility. Other, rather ingenious, techniquesto store
digital data without the useof moving parts were developed.

15.4 Historical, nonmechanical memory technologies

Perhapsthe most ingenioustechnique was that of the delayline. A delay line is any kind of device
which delays the propagation of a pulse or wave signal. If you've ever heard a sound echo badk and
forth through a canyon or cave, you've experiencedan audio delay line: the noise wave travels at
the speed of sound, bouncing o® of walls and reversing direction of travel. The delay line "stores"
data on a very temporary basisif the signal is not strengthened periodically, but the very fact that
it storesdata at all is a phenomenonexploitable for memory technology.

Early computer delay lines used long tubes Tled with liquid mercury, which was used as the
physical medium through which sound waves traveled along the length of the tube. An electri-
cal/sound transducer was mounted at ead end, oneto create sound wavesfrom electrical impulses,
and the other to generateelectrical impulsesfrom sound waves. A stream of serial binary data was
sen to the transmitting transducer as a voltage signal. The sequenceof sound waveswould travel
from left to right through the mercury in the tube and be received by the transducer at the other
end. The receiving transducer would receiwe the pulsesin the sameorder asthey were transmitted:

Mercury tube delay-line memory

Amplifier Data pulses moving at speed of sound Amplifier
—_— —_— —_— —_— —_—

D I

B;a pursg momat s;(?ed ofM

A feedbadk circuit connectedto the receiving transducer would driv e the transmitting transducer
again, sending the same sequenceof pulsesthrough the tube as sound waves, storing the data as
long as the feedbadk circuit continued to function. The delay line functioned like a “rst-in- rst-out
(FIF O) shift register, and external feedbak turned that shift register behavior into a ring courter,
cycling the bits around inde nitely .

The delay line conceptsu®erechumerouslimitations from the materials and technology that were
then available. The EDVAC computer of the early 1950's used 128 mercury- lled tubes, ea one
about 5 feet long and storing a maximum of 384 bits. Temperature changeswould a®ectthe speed
of sound in the mercury, thus skewing the time delay in ead tube and causingtiming problems.
Later designsreplacedthe liquid mercury medium with solid rods of glass,quartz, or special metal
that delayed torsional (twisting) wavesrather than longitudinal (lengthwise) waves, and operated
at much higher frequencies.
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One such delay line used a special nickel-iron-titanium wire (chosenfor its good temperature
stability) about 95 feet in length, coiled to reduce the overall padkage size. The total delay time
from one end of the wire to the other was about 9.8 milliseconds, and the highest practical clock
frequency was 1 MHz. This meart that approximately 9800 bits of data could be stored in the
delay line wire at any given time. Given di®erert meansof delaying signals which wouldn't be so
susceptibleto environmental variables (such as serial pulsesof light within a long optical b er), this
approac might somedy nd re-application.

Another approac experimented with by early computer engineerswas the use of a cathode ray
tube (CRT), the type commonly used for oscilloscope, radar, and television viewscreens,to store
binary data. Normally, the focusedand directed electron beamin a CRT would be usedto make
bits of phosphor chemical on the inside of the tube glow, thus producing a viewable image on the
screen.In this application, however, the desiredresult was the creation of an electric charge on the
glassof the screenby the impact of the electron beam, which would then be detected by a metal
grid placed directly in front of the CRT. Like the delay line, the so-calledWil liams Tube memory
neededto be periodically refreshedwith external circuitry to retain its data. Unlike the delay line
mecdanisms, it was virtually immune to the ervironmental factors of temperature and vibration.
The IBM model 701 computer sported a Williams Tube memory with 4 Kilobyte capacity and a
bad habit of "overcharging" bits on the tub e screenwith successie re-writes sothat false"1" states
might over°ow to adjacert spots on the screen.

The next major advancein computer memory camewhen engineersturned to magnetic materials
asa meansof storing binary data. It wasdiscoveredthat certain compoundsof iron, namely “ferrite,"
possessedhysteresiscurvesthat were almost square:

Hysteresis curve for ferrite

Flux density
(B)

Field intensity (H)

Shown on a graph with the strength of the applied magnetic "eld on the horizontal axis ("eld
intensity ), and the actual magnetization (orientation of electron spins in the ferrite material) on
the vertical axis (°ux density), ferrite won't becomemagnetizedone direction until the applied "eld
exceedsa critical threshold value. Once that critical value is exceededthe electronsin the ferrite
"snap" into magnetic alignment and the ferrite becomesmagnetized. If the applied "eld is then
turned o®, the ferrite maintains full magnetism. To magnetize the ferrite in the other direction
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(polarity), the applied magnetic "eld must exceedthe critical value in the opposite direction. Once
that critical value is exceeded,the electronsin the ferrite "snap" into magnetic alignmert in the
opposite direction. Once again, if the applied "eld is then turned o®, the ferrite maintains full
magnetism. To put it simply, the magnetization of a piece of ferrite is "bistable."

Exploiting this strange property of ferrite, we can usethis natural magnetic "latch" to store a
binary bit of data. To set or reset this "latch," we can use electric current through a wire or caoil
to generatethe necessarymagnetic “eld, which will then be applied to the ferrite. Jay Forrester of
MIT applied this principle in inventing the magnetic "core" memory, which becamethe dominant
computer memory technology during the 1970's.

Column wire drivers

8x8 .
magnetic
core memory

array

Row
wire
drivers

A grid of wires, electrically insulated from one another, crossedthrough the certer of many
ferrite rings, eat of which being called a "core.” As DC current moved through any wire from the
power supply to ground, a circular magnetic "eld was generatedaround that energizedwire. The
resistor valueswere set so that the amount of current at the regulated power supply voltage would
produce slightly more than 1/2 the critical magnetic "eld strength neededto magnetize any one of
the ferrite rings. Therefore, if column #4 wire was energized,all the coreson that column would
be subjected to the magnetic eld from that onewire, but it would not be strong enoughto change
the magnetization of any of those cores. However, if column #4 wire and row #5 wire were both
energized, the core at that intersection of column #4 and row #5 would be subjected to a sum
of those two magnetic "elds: a magnitude strong enoughto "set" or "reset" the magnetization of
that core. In other words, ead core was addressedby the intersection of row and column. The
distinction between"set" and "reset" wasthe direction of the core's magnetic polarity, and that bit
value of data would be determined by the polarity of the voltages (with respect to ground) that the
row and column wires would be energizedwith.

The following photograph shows a core memory board from a Data General brand, "Nova"
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model computer, circa late 1960'sor early 1970's. It had a total storage capacity of 4 kbytes (that's
kilobytes, not megabytes!). A ball-point penis shavn for size comparison:

The electronic componerts seenaround the periphery of this board are used for "driving" the
column and row wires with current, and also to read the status of a core. A close-upphotograph
reveals the ring-shaped cores, through which the matrix wires thread. Again, a ball-point pen is
shown for size comparison:

A core memory board of later design (circa 1971) is shown in the next photograph. Its cores
are much smaller and more densely packed, giving more memory storage capacity than the former
board (8 kbytes instead of 4 kbytes):
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And, another close-upof the cores:

Writing data to core memory was easy enough, but reading that data was a bit of a trick. To
facilitate this essetial function, a "read" wire was threaded through all the coresin a memory
matrix, one end of it being grounded and the other end connectedto an ampli er circuit. A pulse
of voltage would be generatedon this "read" wire if the addressedcore changel states (from O to
1, or 1to 0). In other words, to read a core's value, you had to write either a 1 or a 0 to that core
and monitor the voltage induced on the read wire to seeif the core changed. Obviously, if the core's
state was changed, you would have to re-setit bad to its original state, or elsethe data would have
beenlost. This processis known as a destructive read, becausedata may be changed (destroyed) as
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it is read. Thus, refreshingis necessarywith core memory, although not in every case(that is, in
the caseof the core's state not changing when either a 1 or a 0 was written to it).

One major advantage of core memory over delay lines and Williams Tubes was nonvolatilit y.
The ferrite coresmaintained their magnetization inde nitely , with no power or refreshing required.
It wasalsorelatively easyto build, denser,and physically more ruggedthan any of its predecessors.
Core memory was used from the 1960'suntil the late 1970'sin many computer systems,including
the computers usedfor the Apollo spaceprogram, CNC madine tool cortrol computers, business
("mainframe") computers, and industrial cortrol systems. Despite the fact that core memory is long
obsolete,the term "core" is still used sometimeswith referenceto a computer's RAM memory.

All the while that delay lines, Williams Tube, and core memory technologieswere beinginverted,
the simple static RAM was being improved with smaller active componert (vacuum tube or tran-
sistor) technology. Static RAM was never totally eclipsedby its competitors: even the old ENIAC
computer of the 1950'susedvacuum tub e ring-counter circuitry for data registersand computation.
Evertually though, smaller and smaller scalelC chip manufacturing technology gave transistors the
practical edgeover other technologies,and core memory becamea museumpiecein the 1980's.

One last attempt at a magnetic memory better than core was the bubble memory. Bubble
memory took advantage of a peculiar phenomenonin a mineral called garnet, which, when arranged
in a thin Tm and exposedto a constart magnetic eld perpendicular to the Tm, supported tiny
regions of oppositely-magnetized"bubbles" that could be nudged along the 'Tm by prodding with
other external magnetic elds. "Tracks" could be laid on the garnet to focus the movemert of the
bubbles by depositing magnetic material on the surfaceof the Im. A continuous track was formed
on the garnet which gave the bubbles a long loop in which to travel, and motive force was applied
to the bubbles with a pair of wire coils wrapped around the garnet and energizedwith a 2-phase
voltage. Bubbles could be created or destroyed with a tiny coil of wire strategically placed in the
bubbles' path.

The presenceof a bubble represenied a binary "1" and the absenceof a bubble represerted a
binary "0." Data could be read and written in this chain of moving magnetic bubblesasthey passed
by the tiny coil of wire, much the sameasthe read/write "head" in a cassettetape player, reading
the magnetization of the tape asit moves. Like core memory, bubble memory was nonvolatile: a
permanert magnet supplied the necessarybadkground "eld neededto support the bubbles when
the power was turned o®. Unlike core memory, however, bubble memory had phenomenalstorage
density: millions of bits could be stored on a chip of garnet only a couple of square inches in
size. What killed bubble memory as a viable alternativ e to static and dynamic RAM was its slow,
sequettial data access.Being nothing more than anincredibly long serial shift register (ring courter),
accesdsto any particular portion of data in the serial string could be quite slow comparedto other
memory technologies.

An electrostatic equivalent of the bubble memory is the Charge-Couplel Device (CCD) memory;,
an adaptation of the CCD devicesusedin digital photography. Like bubble memory, the bits are
serially shifted along channels on the substrate material by clock pulses. Unlike bubble memory;,
the electrostatic chargesdecay and must be refreshed. CCD memory is therefore volatile, with high
storage density and sequetial access. Interesting, isn't it? The old Wiliams Tube memory was
adapted from CRT viewing technology, and CCD memory from video recording technology.
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15.5 Read-only memory

Read-only memory (ROM) is similar in designto static or dynamic RAM circuits, except that the
"latc hing" medanism is made for one-time (or limited) operation. The simplest type of ROM is
that which usestiny "fuses" which can be selectively blown or left aloneto represen the two binary
states. Obviously, onceone of the little fusesis blown, it cannot be madewhole again, sothe writing
of such ROM circuits is one-time only. Becauseit can be written (programmed) once,these circuits
are sometimesreferred to as PROMs (Programmable Read-Only Memory).

However, not all writing methods are as permanert as blown fuses. If a transistor latch can
be made which is resettable only with signi cant e®ort, a memory device that's something of a
crossbetweena RAM and a ROM can be built. Such a deviceis given a rather oxymoronic name:
the EPROM (Erasable Programmable Read-Only Memory). EPROMs comein two basic varieties:
Electrically-erasable (EEPROM) and Ultra violet-erasable (UV/EPR OM). Both typesof EPROMs
usecapacitive charge MOSFET devicesto latch on or o®. UV/EPR OMs are "cleared" by long-term
exposureto ultraviolet light. They are easyto identify: they have a transparent glasswindow which
exposesthe silicon chip material to light. Once programmed, you must cover that glasswindow with
tape to prevert ambient light from degrading the data over time. EPROMSs are often programmed
using higher signal voltagesthan what is usedduring "read-only" mode.

15.6 Memory with moving parts: "Driv es"

The earliestforms of digital data storageinvolving moving parts wasthat of the punched paper card.
Joseph Marie Jacquard invented a weaving loom in 1780 which automatically followed weaving
instructions set by carefully placed holes in paper cards. This same technology was adapted to
electronic computersin the 1950's,with the cards being read mechanically (metal-to-metal contact
through the holes), pneumatically (air blown through the holes,the presenceof a hole sensedby air
nozzlebadkpressure),or optically (light shining through the holes).

An improvemert over paper cards is the paper tape, still usedin someindustrial ernvironments
(notably the CNC machine tool industry), where data storage and speed demands are low and
ruggednesss highly valued. Instead of wood- b er paper, mylar material is often used,with optical
reading of the tape being the most popular method.

Magnetic tape (very similar to audio or video cassettetape) was the next logical improvemen
in storage media. It is still widely usedtoday, as a meansto store "backup" data for archiving
and emergencyrestoration for other, faster methods of data storage. Like paper tape, magnetic
tape is sequetial access,rather than random access. In early home computer systems, regular
audio cassettetape was usedto store data in modulated form, the binary 1's and O's represered
by di®erent frequencies(similar to FSK data communication). Accessspeed was terribly slow (if
you were reading ASCII text from the tape, you could almost keepup with the pace of the letters
appearing on the computer's screen!),but it was cheap and fairly reliable.

Tape su®eredthe disadvantage of being sequetial access.To addressthis weak point, magnetic
storage"driv es" with disk- or drum-shaped media were built. An electric motor provided constart-
speed motion. A movable read/write coil (also known as a "head") was provided which could be
positioned via servo-motors to various locations on the height of the drum or the radius of the disk,
giving accesshat is almost random (you might still have to wait for the drum or disk to rotate to
the proper position oncethe read/write coil hasreaded the right location).
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The disk shape lent itself bestto portable media, and thusthe °oppy disk wasborn. Floppy disks
(so-calledbecausethe magnetic mediais thin and °exible) were originally madein 8-inch diameter
formats. Later, the 5-1/4 inch variety was intro duced, which was made practical by advancesin
media particle density. All things being equal, a larger disk has more spaceupon which to write
data. Howewer, storage density can be improved by making the little grains of iron-oxide material
on the disk substrate smaller. Today, the 3-1/2 inch °oppy disk is the preeminert format, with a
capacity of 1.44 Mbytes (2.88 Mbytes on SCSI drives). Other portable drive formats are becoming
popular, with loMega's 100 Mbyte "ZIP" and 1 Gbyte "JAZ" disks appearing as original equipmert
on somepersonal computers.

Still, °oppy drives have the disadvantage of being exposedto harsh environments, being con-
stantly removed from the drive mechanism which reads, writes, and spins the media. The rst
disks were enclosedunits, sealedfrom all dust and other particulate matter, and were de nitely not
portable. Keeping the mediain an enclosedenvironment allowed engineersto avoid dust altogether,
aswell as spurious magnetic elds. This, in turn, allowed for much closerspacingbetweenthe head
and the magnetic material, resulting in a much tighter-focused magnetic "eld to write data to the
magnetic material.

The following photograph shows a hard disk drive "platter" of approximately 30 Mbytes storage
capacity. A ball-point pen has beenset near the bottom of the platter for sizereference:

Modern disk drivesuse multiple platters made of hard material (hencethe name, "hard drive")
with multiple read/write headsfor every platter. The gap betweenheadand platter is much smaller
than the diameter of a human hair. If the hermetically-sealedenvironment inside a hard disk drive
is contaminated with outside air, the hard drive will be rendered useless.Dust will lodge between
the headsand the platters, causingdamageto the surfaceof the media.

Hereis a hard drive with four platters, although the angle of the shot only allows viewing of the
top platter. This unit is complete with drive motor, read/write heads,and assaiated electronics.
It has a storage capacity of 340 Mbytes, and is about the samelength as the ball-point pen shown
in the previous photograph:



328 CHAPTER 15. DIGIT AL STORAGE (MEMORY)

While it is inevitable that non-moving-part technology will replace mecanical drivesin the
future, current state-of-the-art electromedanical drives cortinue to rival "solid-state" nonvolatile
memory devicesin storage density, and at a lower cost. In 1998, a 250 Mbyte hard drive was
announcedthat was approximately the size of a quarter (smaller than the metal platter hub in the
center of the last hard disk photograph)! In any case,storagedensity and reliabilit y will undoubtedly
cortinue to improve.

An incentiv e for digital data storagetechnology advancemen wasthe advent of digitally encaded
music. A joint vernture betweenSory and Phillips resulted in the releaseof the "compact audio disk"
(CD) to the public in the late 1980's. This technology is a read-only type, the media being a thin
Tm of aluminum foil embeddedin a transparent plastic disk. Binary bits are "burned" into the
aluminum as pits by a high-power laser. Data is read by a low-power laser (the beam of which can
be focusedmore preciselythan normal light) re°ecting o®the aluminum to a photocell receiwer.

The advantages of CDs over magnetic tape are legion. Being digital, the information is highly
resistart to corruption. Being non-cortact in operation, there is no wear incurred through playing.
Being optical, they are immune to magnetic elds (which can easily corrupt data on magnetic tape
or disks). It is possibleto purchaseCD "burner” driveswhich contain the high-power lasernecessary
to write to a blank disk.

Following on the heels of the music industry, the video entertainment industry has leveraged
the technology of optical storagewith the introduction of the Digital Video Disk, or DVD. Using a
similar-sized plastic disk as the music CD, a DVD employs closer spacing of pits to achieve much
greater storage density. This increaseddensity allows feature-length moviesto be encaded on DVD
media, complete with trivia information about the movie, director's notes, and so on.

Much e®ortis being directed toward the developmert of practical read/write optical disks (CD-
W). Successhas been found in using chemical substanceswhose color may be changed through
exposureto bright laserlight, then "read" by lower-intensity light. Theseoptical disks are immedi-
ately identi ed by their characteristically coloredsurfaces,asopposedto the silver-coloredunderside
of a standard CD.



Chapter 16

PRINCIPLES OF DIGIT AL
COMPUTING

16.1 A binary adder

Suppose we wanted to build a device that could add two binary bits together. Sud a device is
known as a half-adder, and its gate circuit looks like this:

e
S
B

The § symbol represerts the "sum" output of the half-adder, the sum's least signi cant bit
(LSB). Coyt represets the "carry" output of the half-adder, the sum's most signi cant bit (MSB).
If we wereto implement this samefunction in ladder (relay) logic, it would look like this:

I—l L2
A B S
/:\ [
A B
A B Cout

Either circuit is capable of adding two binary digits together. The mathematical "rules" of

329
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how to add bits together are intrinsic to the hard-wired logic of the circuits. If we wanted to
perform a di®eren arithmetic operation with binary bits, such as multiplication, we would have
to construct another circuit. The above circuit designswill only perform one function: add two
binary bits together. To make them do something elsewould take re-wiring, and perhaps di®eren
componertry.

In this sensedigital arithmetic circuits aren't much di®erert from analogarithmetic (operational
ampli er) circuits: they do exactly what they're wired to do, no more and no less. We are not,
howewer, restricted to designing digital computer circuits in this manner. It is possibleto embed
the mathematical "rules" for any arithmetic operation in the form of digital data rather than in
hard-wired connectionsbetweengates. The result is unparalleled °exibilit y in operation, giving rise
to a whole new kind of digital device: the programmable computer.

While this chapter is by no meansexhaustive, it provideswhat | believeis a unique and interesting
look at the nature of programmable computer devices,starting with two devicesoften overlooked in
introductory textb ooks: look-up table memories and "nite-state machines

16.2 Look-up tables

Having learned about digital memory devicesin the last chapter, we know that it is possibleto store
binary data within solid-state devices. Those storage "cells" within solid-state memory devicesare
easilyaddressedby driving the "address" lines of the devicewith the proper binary value(s). Suppose
we had a ROM memory circuit written, or programmed, with certain data, such that the address
lines of the ROM sered asinputs and the data lines of the ROM serwed as outputs, generatingthe
characteristic response of a particular logic function. Theoretically, we could program this ROM
chip to emulate whatever logic function we wanted without having to alter any wire connectionsor
gates.

Considerthe following exampleof a 4 x 2 bit ROM memory (a very small memory!) programmed
with the functionality of a half adder:

Address| Data
4 x 2 ROM A|B|C.l|S

0|0 O |O

A — A Do—S o1 T o 1
B — Al Dl — Cout 110 0 1
1111 |0

If this ROM has been written with the above data (represeriing a half-adder's truth table),
driving the A and B addressinputs will causethe respective memory cellsin the ROM chip to be
enabled,thus outputting the corresponding data asthe § (Sum) and Cq bits. Unlik e the half-adder
circuit built of gatesor relays, this devicecan be setup to perform any logic function at all with two
inputs and two outputs, not just the half-adder function. To changethe logic function, all we would
needto do is write a di®erert table of data to another ROM chip. We could even usean EPROM
chip which could be re-written at will, giving the ultimate °exibilit y in function.

It is vitally important to recognizethe signi cance of this principle asapplied to digital circuitry .
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Whereas the half-adder built from gates or relays processesthe input bits to arrive at a speci ¢
output, the ROM simply rememigrs what the outputs should be for any given combination of
inputs. This is not much di®erert from the "times tables" memorizedin grade school: rather than
having to calculatethe product of 5times6(5+ 5+ 5+ 5+ 5+ 5= 30), school-children are taught
to remenber that 5 x 6 = 30, and then expected to recall this product from memory as needed.
Likewise, rather than the logic function depending on the functional arrangemen of hard-wired
gatesor relays (hardware), it dependssolely on the data written into the memory (software).

Sud a simple application, with de nite outputs for every input, is called a look-up table, because
the memory device simply "lo oks up" what the output(s) should to be for any given combination of
inputs states.

This application of a memory deviceto perform logical functions is signi cant for seweral reasons:

2 Software is much easierto changethan hardware.

2 Software can be archived on various kinds of memory media (disk, tape), thus providing an
easyway to documert and manipulate the function in a "virtual® form; hardware can only be
"archived" abstractly in the form of somekind of graphical drawing.

2 Software canbe copiedfrom onememory device(such asthe EPROM chip) to another, allowing
the ability for one deviceto "learn" its function from another device.

2 Software such asthe logic function example can be designedto perform functions that would
be extremely ditcult to emulate with discrete logic gates (or relays!).

The usefulnessof a look-up table becomesmore and more evidert with increasingcomplexity of
function. Supposewe wanted to build a 4-bit adder circuit usinga ROM. We'd require a ROM with
8 addresslines (two 4-bit numbersto be added together), plus 4 data lines (for the signedoutput):

256 x 4
ROM
— 1A,
First —A
4-bit ! Do —
number |— A b
A 1| 4-bit
— M3 D result
N
— 1A,
D3
Second |—1As
4-bit
number | —As
1A,

With 256 addressablememory locations in this ROM chip, we would have a fair amourt of
programming to do, telling it what binary output to generatefor ead and every combination of
binary inputs. We would also run the risk of making a mistake in our programming and have it
output an incorrect sum, if we weren't careful. However, the °exibilit y of being able to con gure
this function (or any function) through software alone generally outweighsthat costs.
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Consider someof the advancedfunctions we could implement with the above "adder.” We know
that when we add two setsof numbersin 2's complemen signednotation, we risk having the answer
over°ow. For instance, if we try to add 0111 (decimal 7) to 0110 (decimal 6) with only a 4-bit
number “eld, the answer we'll getis 1001 (decimal -7) instead of the correct value, 13 (7 + 6), which
cannot be expressedising 4 signedbits. If we wanted to, we could avoid the strange answersgivenin
over°ow conditions by programming this look-up table circuit to output somethingelsein conditions
where we know over®ow will occur (that is, in any casewhere the real sum would exceed+7 or -8).
One alternativ e might be to program the ROM to output the quantity 0111 (the maximum positive
value that can be represetted with 4 signedbits), or any other value that we determined to be more
appropriate for the application than the typical over°owed "error" value that a regular adder circuit
would output. It's all up to the programmer to decide what he or she wants this circuit to do,
becausewe are no longer limited by the constraints of logic gate functions.

The possibilities don't stop at customizedlogic functions, either. By adding more addresslines
to the 256 x 4 ROM chip, we can expand the look-up table to include multiple functions:

1024 x 4
ROM
— 1A,
First —A
4-hit ' Do —
number | —1A; 5
A 1| 4-bit
M3 D result
L
— A,
D;—
Second |—1As
4-bit
number | —As
— A,
Function | | As
control — 1A

With two more addresslines, the ROM chip will have 4 times as many addressesas before (1024
instead of 256). This ROM could be programmedsothat when A8 and A9 wereboth low, the output
data represenied the sum of the two 4-bit binary numbersinput on addresslines A0 through A7,
just aswe had with the previous 256 x 4 ROM circuit. For the addressesA8=1 and A9=0, it could
be programmed to output the di®erence (subtraction) betweenthe “rst 4-bit binary number (A0
through A3) and the secondbinary number (A4 through A7). For the addresseA8=0 and A9=1, we
could program the ROM to output the di®erence(subtraction) of the two numbersin reverseorder
(second- rst rather than rst - second),and nally, for the addressesA8=1 and A9=1, the ROM
could be programmedto comparethe two inputs and output an indication of equality or inequality.
What we will have then is a devicethat can perform four di®eren arithmetical operations on 4-bit
binary numbers, all by "lo oking up" the answers programmed into it.

If we had used a ROM chip with more than two additional addresslines, we could program
it with a wider variety of functions to perform on the two 4-bit inputs. There are a number of
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operations peculiar to binary data (such as parity ched or Exclusive-ORing of bits) that we might
nd usefulto have programmedin suc a look-up table.

Devicessud as this, which can perform a variety of arithmetical tasks as dictated by a binary
input code, are known as Arithmetic Logic Units (ALUs), and they comprise one of the essetial
componerts of computer technology. Although modern ALUs are more often constructed from very
complex combinational logic (gate) circuits for reasonsof speed, it should be comforting to know
that the exact samefunctionality may be duplicated with a "dumb" ROM chip programmed with
the appropriate look-up table(s). In fact, this exact approach was usedby IBM engineersin 1959
with the dewelopmert of the IBM 1401 and 1620 computers, which usedlook-up tables to perform
addition, rather than binary adder circuitry. The machine was fondly known as the "CADET,"
which stood for "Can't Add, Doesn't Even Try."

A very common application for look-up table ROMs is in cortrol systemswhere a custom math-
ematical function needsto be represerted. Such an application is found in computer-cortrolled fuel
injection systemsfor automobile engines,where the proper air/fuel mixture ratio for etcient and
clean operation changeswith seweral ervironmental and operational variables. Tests performed on
enginesin researt laboratories determine what theseideal ratios are for varying conditions of en-
gine load, ambient air temperature, and barometric air pressure. The variables are measuredwith
sensortransducers, their analog outputs cornverted to digital signalswith A/D circuitry, and those
parallel digital signalsusedas addressinputs to a high-capacity ROM chip programmedto output
the optimum digital value for air/fuel ratio for any of these given conditions.

Sometimes,ROMs are usedto provide one-dimensionallook-up table functions, for "correcting”
digitized signal valuessothat they more accurately represett their real-world signi cance. An exam-
ple of such a deviceis a thermocouple transmitter, which measuresthe milliv oltage signal generated
by a junction of dissimilar metals and outputs a signal which is supposedto directly correspond
to that junction temperature. Unfortunately, thermocouple junctions do not have perfectly linear
temperature/v oltage responses,and so the raw voltage signal is not perfectly proportional to tem-
perature. By digitizing the voltage signal (A/D corversion) and sending that digital value to the
addressof a ROM programmedwith the necessarycorrection values,the ROM's programming could
eliminate some of the nonlinearity of the thermocouple's temperature-to-milliv oltage relationship,
sothat the nal output of the device would be more accurate. The popular instrumentation term
for sudh a look-up table is a digital characterizer.

ROM
AD E = DA ——4-20mA
converter = — converter analo
= = - signa

Another application for look-up tablesis in special code translation. A 128x 8 ROM, for instance,
could be usedto translate 7-bit ASCII code to 8-bit EBCDIC code:



334 CHAPTER 16. PRINCIPLES OF DIGIT AL COMPUTING

128x 8
ROM
— 1A, Dy —
— 1A D, —
— 1A, D, —
AiSnC” — A Da— EBCDIC
— 1A, D, — out
— 1A De |—
— 1A Dg —
D,

Again, all that is required is for the ROM chip to be properly programmed with the necessary
data sothat ead valid ASCII input will produce a corresponding EBCDIC output code.

16.3 Finite-state machines

Feedbak is a fascinating engineering principle. It can turn a rather simple device or processinto
something substartially more complex. We've seenthe e®ectsof feedbadk intentionally integrated
into circuit designswith somerather astounding e®ects:

2 Comparator + negative feedbad |||{ > controllable-gain amplier
2 Comparator + positive feedbak |||{ > comparator with hysteresis

2 Combinational logic + positive feedbak {> multivibrator

In the "eld of processinstrumentation, feedbad is usedto transform a simple measuremen
systeminto something capable of cortrol:

2 Measuremen system+ negative feedba& | > closed-laop cortrol system

Feedbad&, both positive and negative, has the tendency to add whole new dynamics to the
operation of a device or system. Sometimes,thesenew dynamics nd useful application, while other
times they are merely interesting. With look-up tables programmedinto memory devices,feedba&
from the data outputs back to the addressinputs createsa whole new type of device: the Finite
State Machine, or FSM:
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A crude Finite State Machine

<«— Feedback

16 x4
ROM
Ay D, Nh—D,
A D, M—Ds
A, D, —D,
As D D,

The above circuit illustrates the basic idea: the data stored at each addressbecomesthe next
storagelocation that the ROM getsaddressedo. The result is a speci ¢ sequenceof binary numbers
(following the sequenceprogrammedinto the ROM) at the output, over time. To avoid signal timing
problems, though, we needto connectthe data outputs back to the addressinputs through a 4-bit
D-type °ip-°op, sothat the sequencdakesplace step by step to the beat of a cortrolled clock pulse:

An improved Finite State Machine

<«— Feedback

SRG 16 x4
ROM
Do Qo Ao Do ™~1— Do
D, Q A D, ~—D;
D, Q, A, D, —D,
D, Qs As D, D,
JAN
— Clock

An analogy for the workings of such a device might be an array of post-otce boxes, ead one
with an identifying number on the door (the address),and eat one containing a pieceof paper with
the addressof another P.O. box written onit (the data). A person,openingthe rst P.O. box, would
nd in it the addressof the next P.O. box to open. By storing a particular pattern of addresses
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in the P.O. boxes, we can dictate the sequencein which ead box gets opened, and therefore the
sequenceof which paper getsread.

Having 16 addressablememory locations in the ROM, this Finite State Machine would have 16
di®erert stable "states" in which it could latch. In ead of those states, the identit y of the next state
would be programmedin to the ROM, awaiting the signal of the next clock pulseto be fed bad to
the ROM as an address. One useful application of such an FSM would be to generatean arbitrary
count sequencesudc as Grey Code:

Address  ----- > Data Grey Code count sequence:
0000  ------- > 0001 0 0000
0001 - > 0011 1 0001
0010  --—----- > 0110 2 0011
0011 - > 0010 3 0010
0100 ------- > 1100 4 0110
0101 - > 0100 5 0111
0110 --—----- > 0111 6 0101
0111 - > 0101 7 0100
1000  ---—---- > 0000 8 1100
1001 ---—---- > 1000 9 1101
1010 ------- > 1011 10 1111
1011 - > 1001 11 1110
1100  ---—---- > 1101 12 1010
1101 - > 1111 13 1011
1110 ----—--- > 1010 14 1001
1111 - > 1110 15 1000

Try to follow the Grey Code cournt sequenceas the FSM would do it: starting at 0000, follow
the data stored at that address(0001) to the next address,and soon (0011), and soon (0010), and
soon (0110), etc. The result, for the program table shawn, is that the sequenceof addressingjumps
around from addressto addressin what looks like a haphazard fashion, but when you chedk eadt
addressthat is accessedyou will 'nd that it follows the correct order for 4-bit Grey code. When
the FSM arrivesat its last programmed state (address1000), the data stored there is 0000, which
starts the whole sequenceover again at address0000in step with the next clock pulse.

We could expand on the capabilities of the above circuit by using a ROM with more address
lines, and adding more programming data:



16.3. FINITE-ST ATE MACHINES

—<— Feedback

"function control"

SRG 32x4
ROM
Do Qo Ao
D, Q: A
D, Q; A,
D Qs As
D, Q4 A,
VAN

N D0

N Dl

— Clock
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Now, just like the look-up table adder circuit that we turned into an Arithmetic Logic Unit (+,
-, X, / functions) by utilizing more addresslines as "function cortrol" inputs, this FSM courter can
be usedto generate more than one count sequencea di®erent sequenceprogrammed for the four
feedbak bits (AO through A3) for ead of the two function cortrol line input combinations (A4 =

O or 1).

Address  ----- > Data
00000 ------- > 0001
00001 ------- > 0010
00010 ------- > 0011
00011 ------- > 0100
00100 ------- > 0101
00101 ------- > 0110
00110 ------- > 0111
00111 ------- > 1000
01000 ------- > 1001
01001 ------- > 1010
01010 ------- > 1011
01011 ------ > 1100
01100 ------- > 1101
01101 ------- > 1110
01110 ------- > 1111
01111 ------- > 0000

Data
0001
0011
0110
0010
1100
0100
0111
0101
0000
1000
1011
1001
1101
1111
1010
1110

If A4 is 0, the FSM counts in binary; if A4 is 1, the FSM courts in Grey Code. In either case,the
courting sequenceis arbitrary: determined by the whim of the programmer. For that matter, the
courting sequencedoesn't even have to have 16 steps, as the programmer may decideto have the
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sequencerecycleto 0000at any one of the stepsat all. It is a completely °exible cournting device,
the behavior strictly determined by the software (programming) in the ROM.

We can expand on the capabilities of the FSM even more by utilizing a ROM chip with additional
addressinput and data output lines. Take the following circuit, for example:

—«— Feedback

SRG 256 x 8
ROM

Do Qo Ao Do MM—Do

D, Q1 A, D, ™~—D,

D, Q2 A, D, ™—D,

D3 Qs As D D
] D4 Q4 A4 D4 —

Inputs G Os ~ Os [ Outputs
— De Qe As De |~
— Dy Q7 A; D7 —
JAN
— Clock

Here, the DO through D3 data outputs are used exclusively for feedbad to the A0 through A3
addresslines. Date output lines D4 through D7 can be programmedto output something other than
the FSM's "state" value. Being that four data output bits are being fed bad to four addresshits,
this is still a 16-state device. However, having the output data comefrom other data output lines
givesthe programmer more freedomto con gure functions than before. In other words, this device
can do far more than just count! The programmed output of this FSM is dependert not only upon
the state of the feedbad addresslines (AO through A3), but also the states of the input lines (A4
through A7). The D-type °ip/°op's clock signalinput doesnot have to comefrom a pulse generator,
either. To make things more interesting, the °ip/°op could be wired up to clock on someexternal
evert, sothat the FSM goesto the next state only when an input signal tells it to.

Now we have a device that better ful'lls the meaning of the word "programmable." The data
written to the ROM is a program in the truest sense:the outputs follow a pre-establishedorder based
on the inputs to the deviceand which "step” the deviceis onin its sequence.This is very closeto the
operating design of the Turing Machine, a theoretical computing device invented by Alan Turing,
mathematically proven to be able to solve any known arithmetic problem, given enough memory
capacity.
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16.4 Micropro cessors

Early computer sciencepioneerssuc as Alan Turing and John Von Neumann postulated that for
a computing device to be really useful, it not only had to be able to generatespeci ¢ outputs as
dictated by programmed instructions, but it also had to be able to write data to memory, and be
able to act on that data later. Both the program steps and the processeddata were to residein
a common memory "pool,” thus giving way to the label of the stored-program computer. Turing's
theoretical machine utilized a sequettial-accesstape, which would store data for a cortrol circuit to
read, the control circuit re-writing data to the tape and/or moving the tape to a new position to
read more data. Modern computers userandom-accesgnemory devicesinstead of sequettial-access
tapesto accomplishessetially the samething, exceptwith greater capability.

A helpful illustration is that of early automatic machine tool cortrol technology. Called open-
loop, or sometimesjust NC (numerical cortrol), thesecontrol systemswould direct the motion of a
machine tool sudch asa lathe or a mill by following instructions programmed as holesin paper tape.
The tape would be run one direction through a "read" medanism, and the machine would blindly
follow the instructions on the tape without regard to any other conditions. While these devices
eliminated the burden of having to have a human madhinist direct every motion of the machine tool,
it was limited in usefulness. Becausethe machine was blind to the real world, only following the
instructions written on the tape, it could not compensatefor changing conditions suc as expansion
of the metal or wear of the medanisms. Also, the tape programmer had to be acutely aware of the
sequencef previousinstructions in the machine's program to avoid troublesomecircumstances(such
astelling the machine tool to move the drill bit laterally while it is still inserted into a hole in the
work), sincethe device had no memory other than the tape itself, which was read-only. Upgrading
from a simple tape reader to a Finite State cortrol design gave the device a sort of memory that
could be usedto keeptrack of what it had already done (through feedbad of someof the data bits
to the addressbhits), soat least the programmer could decideto have the circuit remenber "states"
that the machine tool could be in (such as"coolant on," or tool position). However, there was still
room for improvemert.

The ultimate approad is to have the program give instructions which would include the writing
of new data to a read/write (RAM) memory, which the program could easily recall and process.
This way, the cortrol system could record what it had done, and any sensor-detectableprocess
changes,much in the sameway that a human machinist might jot down notesor measuremets on a
scratch-pad for future referencein his or her work. This is what is referredto as CNC, or Closal-loop
Numerical Control.

Engineersand computer sciertists looked forward to the possibility of building digital devices
that could modify their own programming, much the sameasthe human brain adapts the strength
of inter-neural connectionsdepending on environmental experiences(that is why memory retention
improves with repeated study, and behavior is modi ed through consequetial feedbadk). Only if
the computer's program were stored in the samewritable memory "p ool" as the data would this
be practical. It is interesting to note that the notion of a self-madifying program is still considered
to be on the cutting edgeof computer science. Most computer programming relies on rather "xed
sequence®f instructions, with a separate eld of data being the only information that getsaltered.

To facilitate the stored-program approad, we require a devicethat is much more complexthan
the simple FSM, although many of the same principles apply. First, we need read/write memory
that can be easily accessedthis is easyenoughto do. Static or dynamic RAM chips do the job well,
and are inexpensive. Secondly we need someform of logic to processthe data stored in memory.
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Becausestandard and Boolean arithmetic functions are so useful, we can use an Arithmetic Logic
Unit (ALU) such asthe look-up table ROM example explored earlier. Finally, we need a device
that controls how and where data °ows betweenthe memory, the ALU, and the outside world. This
so-calledControl Unit is the most mysterious piece of the puzzle yet, being comprised of tri-state
bu®ers(to direct data to and from buses)and decading logic which interprets certain binary codes
asinstructions to carry out. Sampleinstructions might be somethinglike: "add the number stored
at memory address0010with the number stored at memory address1101," or, "determine the parity
of the data in memory address0111." The choice of which binary codesrepresen which instructions
for the Control Unit to decale is largely arbitrary, just asthe choice of which binary codesto use
in represetting the letters of the alphabet in the ASCII standard was largely arbitrary. ASCII,
howevwer, is how an internationally recognizedstandard, whereascortrol unit instruction codesare
almost always manufacturer-speci c.

Putting these componerts together (read/write memory, ALU, and cortrol unit) results in a
digital devicethat is typically called a processor If minimal memory is used, and all the necessary
componerts are cortained on a singleintegrated circuit, it is called a microprocessor When combined
with the necessarybus-cortrol support circuitry, it is known asa Central ProcessingUnit, or CPU.

CPU operation is summed up in the so-called fetch/execute cycle Fetch meansto read an
instruction from memory for the Control Unit to decade. A small binary courter in the CPU (known
as the program counter or instruction pointer) holds the addressvalue where the next instruction
is stored in main memory. The Control Unit sendsthis binary addressvalue to the main memory's
addresslines, and the memory's data output is read by the Control Unit to sendto another holding
register. If the fetched instruction requiresreading more data from memory (for example,in adding
two numberstogether, we have to read both the numbersthat areto be addedfrom main memory or
from someother source),the Control Unit appropriately addresseghe location of the requesteddata
and directs the data output to ALU registers. Next, the Control Unit would executethe instruction
by signaling the ALU to do whatever was requestedwith the two numbers, and direct the result to
another register called the accumulator. The instruction has now been “fetched" and "executed,"
sothe Control Unit now incremerts the program courter to step the next instruction, and the cycle
repeatsitself.

Microprocessor (CPU)

| **  Program counter ** |

| (increments address value sent to |

| external memorychip(s) to fetch |========== Address bus

| the next instruction) | (to RAMmemory)

| **  Control Unit ** | <========= Control Bus

| (decodes instructions read from | (to all devices sharing

| program in memory, enables flow | address and/or data busses;
| of data to and from ALU, internal | arbitrates all bus communi-
| registers, and external devices) | cations)

| ** Arithmetic Logic Unit (ALU) ** |
| (performs all mathematical |
| calculations  and Boolean |
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| functions) |

| **  Registers ** |

| (small read/write memories for |<========»= Data Bus

| holding instruction  codes, | (from RAMmemoryand other
| error codes, ALUdata, etc; | external devices)

| includes the "accumulator") |

As one might guess,carrying out even simple instructions is a tedious process. Sewral steps
are necessaryfor the Control Unit to complete the simplest of mathematical procedures. This
is especially true for arithmetic proceduressuc as exponerts, which involve repeated executions
("iterations") of simpler functions. Just imagine the sheerquantity of steps necessarywithin the
CPU to update the bits of information for the graphic display on a °ight simulator game! The only
thing which makessuch a tedious processpractical is the fact that microprocessorcircuits are able
to repeat the fetch/execute cycle with great speed.

In somemicroprocessordesigns,there are minimal programs stored within a special ROM mem-
ory internal to the device (called microcode) which handle all the sub-stepsnecessaryto carry out
more complex math operations. This way, only a singleinstruction hasto be read from the program
RAM to do the task, and the programmer doesn't have to deal with trying to tell the microprocessor
how to do every minute step. In essencejt's a processorinside of a processor;a program running
inside of a program.

16.5 Micropro cessor programming

The "vocabulary" of instructions which any particular microprocessorchip possessess speci ¢ to
that model of chip. An Intel 80386, for example, usesa completely di®erent set of binary codes
than a Motorola 68020,for designating equivalent functions. Unfortunately, there are no standards
in place for microprocessorinstructions. This makes programming at the very lowest level very
confusingand specialized.

When a human programmer developsa set of instructions to directly tell a microprocessothow to
do something (lik e automatically cortrol the fuel injection rate to an engine), they're programming
in the CPU's own "language." This language,which consistsof the very samebinary codeswhich
the Control Unit inside the CPU chip decalesto perform tasks, is often referred to as machine
language While machine languagesoftware can be "worded" in binary notation, it is often written
in hexadecimalform, becauseit is easierfor human beingsto work with. For example, I'll presen
just a few of the common instruction codesfor the Intel 8080 micro-processorchip:

Hexadecimal Binary Instruction  description
7B 01111011 Movecontents of register A to register E

|
|
| 87 10000111 Add contents of register A to register D
|
|

1C 00011100 Increment the contents of register E by 1
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| D3 11010011 Output byte of data to data bus

Even with hexadecimal notation, these instructions can be easily confusedand forgotten. For
this purpose,another aid for programmersexists called assemblylanguage With assenbly language,
two to four letter mnemonic words are usedin place of the actual hex or binary code for describing
program steps. For example, the instruction 7B for the Intel 8080would be "MOVAE" in assenbly
language. The mnemonics,of course,are uselesgto the microprocessor,which can only understand
binary codes,but it is an expediert way for programmersto managethe writing of their programs
on paper or text editor (word processor). There are even programs written for computers called
assemblerswhich understand these mnemonics, translating them to the appropriate binary codes
for a speci ed target microprocessor,sothat the programmer canwrite a program in the computer's
native languagewithout ever having to deal with strange hex or tedious binary code notation.

Oncea program is developed by a person,it must bewritten into memory beforea microprocessor
can executeit. If the program is to be stored in ROM (which someare), this can be done with a
specialmachine calleda ROM programmer, or (if you're mascchistic), by plugging the ROM chip into
a breadboard, powering it up with the appropriate voltages, and writing data by making the right
wire connectionsto the addressand data lines, one at a time, for ead instruction. If the program
is to be stored in volatile memory, such asthe operating computer's RAM memory, there may be a
way to typeit in by hand through that computer's keyboard (somecomputers have a mini-program
stored in ROM which tells the microprocessorhow to accept keystrokesfrom a keyboard and store
them as commandsin RAM), ewvenif it is too dumb to do anything else. Many "hobby" computer
kits work like this. If the computer to be programmed is a fully-functional personalcomputer with
an operating system, disk drives, and the whole works, you can simply command the assenbler
to store your "nished program onto a disk for later retrieval. To "run" your program, you would
simply type your program's lename at the prompt, pressthe Enter key, and the microprocessor's
Program Counter register would be set to point to the location ("address") on the disk where the
“rst instruction is stored, and your program would run from there.

Although programming in machine language or assenbly language makes for fast and highly
excient programs, it takes a lot of time and skill to do so for anything but the simplest tasks,
becauseead machine languageinstruction is so crude. The answer to this is to develop ways for
programmersto write in "high level" languages,which can more e+ciently expresshuman thought.
Instead of typing in dozensof cryptic assenbly languagecodes,a programmer writing in a high-level
languagewould be able to write somethinglike this . . .

Print "Hello, world!"

. and expect the computer to print "Hello, world!" with no further instruction on how to do
so. This is a great idea, but how does a microprocessorunderstand such "human" thinking when
its vocabulary is so limited?

The answer comesin two di®erert forms: interpretation, or compilation. Just like two people
speaking di®erent languages,there hasto be someway to transcend the languagebarrier in order
for them to corverse. A translator is neededto translate ead person'swords to the other person's
language, one way at a time. For the microprocessor,this means another program, written by
another programmer in machine language,which recognizesthe ASCII character patterns of high-
level commandssudc asPrint (P-r-i-n-t) and cantranslate them into the necessanpbite-size stepsthat
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the microprocessorcandirectly understand. If this translation is doneduring program execution, just
like a translator intervening betweentwo peoplein a live corversation, it is called "in terpretation."
On the other hand, if the ertire program is translated to machine languagein one fell swoop, like a
translator recording a monologueon paper and then translating all the words at one sitting into a
written documert in the other language,the processis called "compilation."

Interpretation is simple, but makesfor a slow-running program becausethe microprocessorhas
to continually translate the program between steps, and that takestime. Compilation takestime
initially to translate the whole program into machine code, but the resulting machine code needsno
translation after that and runs faster asa consequenceProgramming languagessuc as BASIC and
FORTH areinterpreted. Languagessuch asC, C++, FORTRAN, and PASCAL are compiled. Com-
piled languagesare generally consideredto be the languagesof choice for professionalprogrammers,
becauseof the e+ciency of the "nal product.

Naturally, becausemachine languagevocabulariesvary widely from microprocessorto micropro-
cessor,and since high-level languagesare designedto be as universal as possible,the interpreting
and compiling programs necessaryfor languagetranslation must be microprocessor-sgci c. Devel-
opmert of these interpreters and compilers is a most impressiwe feat: the people who make these
programs most de nitely earn their keep, especially when you consider the work they must do to
keeptheir software product current with the rapidly-changing microprocessormodels appearing on
the market!

To mitigate this ditcult y, the trend-setting manufacturers of microprocessorchips (most notably,
Intel and Motorola) try to designtheir new products to be backwardly compatible with their older
products. For example, the entire instruction set for the Intel 80386 chip is contained within the
latest Pertium IV chips, although the Pentium chips have additional instructions that the 80386
chips lack. What this meansis that machine-languageprograms (compilers, too) written for 80386
computerswill run onthe latest and greatestintel Pentium IV CPU, but machine-languageprograms
written speci cally to take advantage of the Pertium's larger instruction setwill not run on an 80386,
becausethe older CPU simply doesn't have someof those instructions in its vocabulary: the Control
Unit inside the 80386cannot decale them.

Building on this theme, most compilers have settings that allow the programmer to selectwhich
CPU type he or shewants to compile machine-languagecode for. If they selectthe 80386setting, the
compiler will perform the translation using only instructions known to the 80386chip; if they select
the Pentium setting, the compiler is free to make use of all instructions known to Perntiums. This
is analogousto telling a translator what minimum reading level their audiencewill be: a documert
translated for a child will be understandableto an adult, but a documen translated for an adult
may very well be gibberish to a child.
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Chapter 17

ABOUT THIS BOOK

17.1 Purp ose

They say that necessiy is the mother of invertion. At least in the caseof this book, that adage
is true. As an industrial electronicsinstructor, | was forced to use a sub-standard textb ook during
my ‘rst year of teaching. My students were daily frustrated with the many typographical errors
and obscureexplanations in this book, having spent much time at home struggling to comprehend
the material within. Worseyet were the many incorrect answersin the bad of the book to selected
problems. Adding insult to injury wasthe $100+ price.

Contacting the publisher proved to be an exercisein futilit y. Even though the particular text |
was using had beenin print and in popular usefor a couple of years, they claimed my complaint
was the rst they'd ever heard. My requestto review the draft for the next edition of their book
was met with disinterest on their part, and | resolved to nd an alternativ e text.

Finding a suitable alternative was more dizcult than | had imagined. Sure, there were plenty of
texts in print, but the really good books seemeda bit too heary on the math and the lessintimidating
books omitted a lot of information | felt wasimportant. Someof the best books were out of print,
and those that were still being printed were quite expensiwe.

It wasout of frustration that | compiled Lessonsin Electric Circuits from notesand ideas| had
been collecting for years. My primary goal wasto put readable, high-quality information into the
handsof my studerts, but a secondarygoal wasto make the book asa®ordableas possible. Over the
years, | had experiencedthe benet of receiving free instruction and encouragemet in my pursuit
of learning electronicsfrom many people,including seweral teachers of mine in elemenary and high
school. Their sel°essassistanceplayed a key role in my own studies, paving the way for a rewarding
careerand fascinating hobby. If only | could extend the gift of their help by giving to other people
what they gaveto me. . .

So, | decidedto make the book freely available. More than that, | decidedto make it "open,"
following the samedevelopmen model usedin the making of free software (most notably the various
UNIX utilities releasedby the Free Software Foundation, and the Linux operating system, whose
fameis growing even asl write). The goalwasto copyright the text { soasto protect my authorship
{ but expresslyallow anyone to distribute and/or modify the text to suit their own needswith a
minimum of legal encurbrance. This willful and formal revoking of standard distribution limitations

345



346 CHAPTER 17. ABOUT THIS BOOK

under copyright is whimsically termed copyleft. Anyone can "copyleft" their creative work simply
by appending a notice to that e®ecton their work, but seweral Licensesalready exist, covering the
“ne legal points in great detail.

The rst sudh Licensel applied to my work was the GPL { General Public License{ of the
Free Software Foundation (GNU). The GPL, however, is intended to copyleft works of computer
software, and although its introductory languageis broad enoughto cover works of text, its wording
is not asclear asit could be for that application. When other, lessspeci ¢ copyleft Licensesbegan
appearing within the free software community, | choseone of them (the Design Sciencelicense,or
DSL) asthe ozcial notice for my project.

In "copylefting" this text, | guaranteed that no instructor would be limited by a text insuzcient
for their needs,as| had beenwith error-ridden textb ooks from major publishers. I'm surethis book
in its initial form will not satisfy everyone, but anyone hasthe freedomto changeit, leveraging my
e®ortsto suit variant and individual requiremerts. For the beginning student of electronics, learn
what you can from this book, editing it as you feel necessaryif you come acrossa useful piece of
information. Then, if you passit onto someoneelse,you will be giving them somethingbetter than
what you received. For the instructor or electronics professional,feel free to usethis as a reference
manual, adding or editing to your heart's corntent. The only "catch” is this: if you plan to distribute
your modi ed version of this text, you must give credit where credit is due (to me, the original
author, and anyone elsewhose modi cations are contained in your version), and you must ensure
that whoever you give the text to is aware of their freedomto similarly shareand edit the text. The
next chapter covers this processin more detail.

It must be mentioned that although | strive to maintain technical accuracyin all of this book's
content, the subject matter is broad and harbors many potential dangers. Electricity maims and
kills without provocation, and desenesthe utmost respect. | strongly encourageexperimentation
on the part of the reader, but only with circuits powered by small batteries where there is no risk of
electric shack, ‘re, explosion, etc. High-power electric circuits should be left to the care of trained
professionals! The Design Sciencelicenseclearly states that neither | nor any contributors to this
book bear any liabilit y for what is done with its contents.

17.2 The use of SPICE

One of the best ways to learn how things work is to follow the inductive approac: to obsene
speci ¢ instances of things working and derive general conclusionsfrom those obsenations. In
scienceeducation, labwork is the traditionally acceptedvenue for this type of learning, although
in many caseslabs are designedby educators to reinforce principles previously learned through
lecture or textb ook reading, rather than to allow the student to learn on their own through a truly
exploratory process.

Having taught myself most of the electronicsthat | know, | appreciate the senseof frustration
students may have in teaching themselhesfrom books. Although electronic componerts are typically
inexpensiwe, not everyone hasthe meansor opportunity to setup a laboratory in their own homes,
and when things go wrong there's no oneto ask for help. Most textb ooks seemto approach the task
of education from a deductive perspective: tell the student how things are supposedto work, then
apply those principles to speci ¢ instancesthat the student may or may not be able to explore by
themseles. The inductiv e approad, asuseful asit is, is hard to nd in the pagesof a book.

Howewer, textb ooks don't have to be this way. | discovered this when | started to learn a
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computer program called SPICE. It is a text-based piece of software intended to model circuits and
provide analysesof voltage, current, frequency etc. Although nothing is quite as good as building
real circuits to gain knowledge in electronics, computer simulation is an excellert alternative. In
learning how to usethis powerful tool, | made a discovery: SPICE could be usedwithin a textb ook
to presen circuit simulations to allow students to "observe" the phenomenafor themselhes. This
way, the readerscould learn the conceptsinductively (by interpreting SPICE's output) as well as
deductively (by interpreting my explanations). Furthermore, in seeingSPICE used over and over
again, they should be able to understand how to useit themseles, providing a perfectly safemeans
of experimentation on their own computers with circuit simulations of their own design.

Another advantage to including computer analysesin a textb ook is the empirical veri cation
it addsto the conceptspreseried. Without demonstrations, the reader is left to take the author's
statemerts on faith, trusting that what has been written is indeed accurate. The problem with
faith, of course,is that it is only as good as the authority in which it is placed and the accuracy
of interpretation through which it is understood. Authors, like all human beings, are liable to err
and/or communicate poorly. With demonstrations, howewer, the reader can immediately seefor
themselhesthat what the author describesis indeed true. Demonstrations also sene to clarify the
meaning of the text with concrete examples.

SPICE is introducedearly in volume | (DC) of this book series,and hopefully in a gertle enough
way that it doesn't create confusion. For those wishing to learn more, a chapter in the Reference
volume (volume V) cortains an overview of SPICE with many examplecircuits. There may be more
°ashy (graphic) circuit simulation programsin existence,but SPICE is free, a virtue complemering
the charitable philosophy of this book very nicely.

17.3 Acknowledgemen ts

First, |1 wish to thank my wife, whosepatience during those many and long evenings(and weelends!)
of typing has beenextraordinary.

| also wish to thank those whose open-sourcesoftware developmen e®orts have made this en-
deavor all the more a®ordableand pleasurable. The following is a list of various free computer
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2 Xcircuit drafting program { Tim Edwards.
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2 TEX text processingsystem{ Donald Knuth and others.
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2 |ATEX documert formatting system{ Leslie Lamport and others.

2 Gimp image manipulation program { too many cortributors to mertion.
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Appreciation is alsoextendedto Robert L. Boylestad, whose rst edition of Intr oductory Circuit
Analysis taught me more about electric circuits than any other book. Other important texts in
my electronics studies include the 1939 edition of The \R adio" Handlook, Bernard Grob's second
edition of Intr oduction to Electronics I, and Forrest Mims' original Engineer's Notebook.

Thanks to the sta® of the Bellingham Antique Radio Museum, who were generousenough to
let me terrorize their establishment with my camera and °ash unit. Thanks as well to David
Randolph of the Arlington Water Treatmert facility in Arlington, Washington, for allowing me to
take photographs of the equipmert during a technical tour.

| wish to speci cally thank Je®reyElkner and all thoseat Yorktown High School for being willing
to host my book aspart of their Open Book Project, and to makethe rst e®ortin contributing to its
form and content. Thanks alsoto David Sweet (website: (http://www.andamooka.org) ) and Ben
Crowell (website: (http://www.lightandmatter.com) ) for providing encouragement constructive
criticism, and a wider audiencefor the online version of this book.

Thanks to Michael Stutz for drafting his Design SciencelLicense, and to Richard Stallman for
pioneering the concept of copyleft.

Last but certainly not least, many thanks to my parents and those teachers of mine who saw in
me a desireto learn about electricity, and who kindled that °ame into a passionfor discovery and
intellectual adverture. | honor you by helping others as you have helped me.

Tony Kuphaldt, July 2001

"A candle losesnothing of its light when lighting another"
Kahlil Gibran



Chapter 18

CONTRIBUTOR LIST

18.1 How to contribute to this book

As a copylefted work, this book is open to revision and expansionby any interested parties. The
only "catch" is that credit must be given where credit is due. This is a copyrighted work: it is not
in the public domain!

If you wish to cite portions of this book in a work of your own, you must follow the same
guidelinesas for any other copyrighted work. Here is a samplefrom the Design SciencelLicense:

The Work is copyright the Author. All rights to the Work are reserved
by the Author, except as specifically described below. This License
describes the terms and conditions under which the Author permits you
to copy, distribute  and modify copies of the Work.

In addition, you mayrefer to the Work, talk about it, and (as
dictated by "fair use") quote from it, just as you would any
copyrighted material under copyright law.

Your right to operate, perform, read or otherwise interpret and/or
execute the Workis unrestricted; however, you do so at your own risk,
because the Work comes WITHOURNYWARRANTY see Section 7 ("NO
WARRANTYBelow.

If you wish to maodify this book in any way, you must documert the nature of those modi cations
in the "Credits" sectionalong with your name, and ideally, information concerninghow you may be
contacted. Again, the Design Sciencelicense:

Permission is granted to modify or sample from a copy of the Work,
producing a derivative work, and to distribute  the derivative  work
under the terms described in the section for distribution above,
provided that the following terms are met:
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(@) The new, derivative work is published under the terms of this
License.

(b) The derivative work is given a new name, so that its nameor
title  can not be confused with the Work, or with a version of
the Work, in any way.

(c) Appropriate authorship credit is given: for the differences
between the Work and the new derivative  work, authorship is
attributed  to you, while the material sampled or used from
the Work remains attributed to the original Author; appropriate
notice must be included with the new work indicating the nature
and the dates of any modifications of the Work madeby you.

Given the complexities and security issuessurrounding the maintenance of ‘Tes comprising this
book, it is recommendedthat you submit any revisionsor expansionsto the original author (Tony R.
Kuphaldt). You are, of course,welcometo modify this book directly by editing your own personal
copy, but we would all stand to bene't from your cortributions if your ideaswereincorporated into
the online \master copy" where all the world can seeit.

18.2 Credits

All ertries arrangedin alphabetical order of surname. Major cortributions are listed by individual
name with somedetail on the nature of the contribution(s), date, contact info, etc. Minor cortri-
butions (typo corrections, etc.) are listed by name only for reasonsof brevity. Pleaseunderstand
that when | classify a cortribution as\minor," it is in no way inferior to the e®ort or value of a
\ma jor" cortribution, just smallerin the senseof lesstext changed. Any and all contributions are
gratefully accepted.| am indebted to all those who have given freely of their own knowledge,time,
and resourcesto make this a better book!

18.2.1 Tony R. Kuphaldt
2 Date(s) of contribution(s):  1996to presen

2 Nature of contribution:  Original author.

2 Contact at: liecO@lycos.com

18.2.2 Your name here

2 Date(s) of contribution(s):  Month and year of contribution
2 Nature of contribution: Insert text here, describing how you contributed to the book.

2 Contact at: myemail@provider.net
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18.2.3 Typo corrections and other \minor" contributions

2 The students of Bellingham Technical College's Instrumentation program.

2 Jan-Willem Rensman (May 2002) Suggestedthe inclusion of Schmitt triggers and gate
hysteresisto the "Logic Gates" chapter.

2 Don Stalk owski (June 2002) Technical help with PostScript-to-PDF “le format conversion.

2 Joseph Teichman (June 2002) Suggestionand technical help regarding use of PNG images
instead of JPEG.
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Chapter 19

DESIGN SCIENCE LICENSE

Copyright °c 1999-2000Michael Stutz stutz@dsl.org
Verbatim copying of this documert is permitted, in any medium.

19.1 0. Pream ble

Copyright law gives certain exclusive rights to the author of a work, including the rights to copy,
modify and distribute the work (the "reproductive," "adaptativ e," and "distribution" rights).

The idea of "copyleft" is to willfully revoke the exclusivity of those rights under certain terms
and conditions, so that anyone can copy and distribute the work or properly attributed derivative
works, while all copiesremain under the sameterms and conditions as the original.

The intent of this licenseis to be a general "copyleft" that can be applied to any kind of work
that hasprotection under copyright. This licensestatesthose certain conditions under which a work
published under its terms may be copied, distributed, and modi ed.

Whereas"design science"is a strategy for the developmert of artifacts as a way to reform the
ervironment (not people) and subsequetly improve the universal standard of living, this Design
SciencelLicensewas written and deployed as a strategy for promoting the progressof scienceand
art through reform of the ervironment.

19.2 1. De nitions

“License" shall mean this Design Sciencelicense. The Licenseappliesto any work which contains
a notice placed by the work's copyright holder stating that it is published under the terms of this
Design ScienceLicense.

"Work" shall mean such an aforemertioned work. The License also applies to the output of
the Work, only if said output constitutes a "derivative work" of the licensed Work as de ned by
copyright law.

"Ob ject Form" shall meanan executableor performable form of the Work, being an embodiment
of the Work in sometangible medium.

"Source Data" shall mean the origin of the Object Form, being the ertire, machine-readable,
preferred form of the Work for copying and for human modi cation (usually the language,encaling
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or format in which composedor recorded by the Author); plus any accomparying “les, scripts or
other data necessaryfor installation, con guration or compilation of the Work.

(Examples of "Source Data" include, but are not limited to, the following: if the Work is an
image Te composedand edited in 'PNG' format, then the original PNG source e is the Source
Data; if the Work is an MPEG 1.0 layer 3 digital audio recording made from a 'WAV' format audio
Te recording of an analog source,then the original WAV e is the SourceData; if the Work was
composedas an unformatted plaintext Te, then that TTe is the the SourceData; if the Work was
composedin LaTeX, the LaTeX Te(s) and any image les and/or custom macros necessaryfor
compilation constitute the SourceData.)

"Author" shall meanthe copyright holder(s) of the Work.

The individual licenseesare referredto as"you."

19.3 2. Rights and copyrigh t

The Work is copyright the Author. All rights to the Work are resened by the Author, except
as speci cally described below. This License describesthe terms and conditions under which the
Author permits you to copy, distribute and modify copiesof the Work.

In addition, you may refer to the Work, talk about it, and (as dictated by "fair use") quote from
it, just asyou would any copyrighted material under copyright law.

Your right to operate, perform, read or otherwise interpret and/or executethe Work is unre-
stricted; howewer, you do so at your own risk, becausethe Work comesWITHOUT ANY WAR-
RANTY { seeSection7 ("NO WARRANTY") below.

19.4 3. Copying and distribution

Permissionis granted to distribute, publish or otherwise presen verbatim copiesof the ertire Source
Data of the Work, in any medium, provided that full copyright notice and disclaimer of warranty,

where applicable, is conspicuouslypublished on all copies,and a copy of this Licenseis distributed

along with the Work.

Permissionis granted to distribute, publish or otherwise presen copiesof the Object Form of
the Work, in any medium, under the terms for distribution of SourceData above and also provided
that one of the following additional conditions are met:

(a) The SourceData is included in the samedistribution, distributed under the terms of this
License;or

(b) A written o®eris included with the distribution, valid for at least three yearsor for aslong
as the distribution is in print (whichever is longer), with a publicly-accessibleaddress(such as a
URL on the Internet) where, for a charge not greater than transportation and media costs, anyone
may receive a copy of the SourceData of the Work distributed accordingto the section above; or

(c) A third party's written o®erfor obtaining the SourceData at no cost, as described in para-
graph (b) above, is included with the distribution. This option is valid only if you are a non-
commercial party, and only if you received the Object Form of the Work along with such an o®er.

You may copy and distribute the Work either gratis or for a fee, and if desired, you may o®er
warranty protection for the Work.
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The aggregation of the Work with other works which are not basedon the Work { such as but
not limited to inclusion in a publication, broadcast, compilation, or other media { does not bring
the other works in the scope of the License;nor doessud aggregationvoid the terms of the License
for the Work.

19.5 4. Mo di cation

Permissionis granted to modify or sample from a copy of the Work, producing a derivative work,
and to distribute the derivative work under the terms described in the sectionfor distribution above,
provided that the following terms are met:

(a) The new, derivative work is published under the terms of this License.

(b) The derivative work is given a new name, so that its name or title can not be confusedwith
the Work, or with a version of the Work, in any way.

(c) Appropriate authorship credit is given: for the di®erencesbetweenthe Work and the new
derivative work, authorship is attributed to you, while the material sampledor usedfrom the Work
remains attributed to the original Author; appropriate notice must be included with the new work
indicating the nature and the dates of any modi cations of the Work made by you.

19.6 5. No restrictions

You may not imposeany further restrictions on the Work or any of its derivative works beyond those
restrictions described in this License.

19.7 6. Acceptance

Copying, distributing or modifying the Work (including but not limited to sampling from the Work
in a new work) indicates acceptanceof theseterms. If you do not follow the terms of this License,
any rights granted to you by the Licenseare null and void. The copying, distribution or modi cation
of the Work outside of the terms described in this Licenseis expresslyprohibited by law.

If for any reason,conditions are imposedon you that forbid you to ful'll the conditions of this
License,you may not copy, distribute or modify the Work at all.

If any part of this Licenseis found to be in con®ict with the law, that part shall be interpreted
in its broadest meaning consistert with the law, and no other parts of the Licenseshall be a®ected.

19.8 7. No warranty

THE WORK IS PROVIDED "AS 1IS," AND COMES WITH ABSOLUTELY NO WARRANTY,
EXPRESS OR IMPLIED, TO THE EXTENT PERMITTED BY APPLICABLE LAW, INCLUD-
ING BUT NOT LIMITED TO THE IMPLIED WARRANTIES OF MERCHANTABILITY OR
FITNESS FOR A PARTICULAR PURPOSE.
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19.9 8. Disclaimer of liabilit y

IN NO EVENT SHALL THE AUTHOR OR CONTRIBUTORS BE LIABLE FOR ANY DIRECT,
INDIRECT, INCIDENT AL, SPECIAL, EXEMPLAR Y, OR CONSEQUENTIAL DAMA GES (IN-
CLUDING, BUT NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SER-
VICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS INTERR UPTION) HOWEVER
CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CONTRACT, STRICT LI-
ABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE) ARISING IN ANY WAY
OUT OF THE USE OF THIS WORK, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH
DAMA GE.

END OF TERMS AND CONDITIONS

[$ld:  dsl.txtv 1.25 2000/03/14 13:14:14 mExp m $]
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¢§8 ADC, 285
4-20 mA analog signal, 293
4PDT switch, 115

ADC, delta-sigma, 285

ADC, digital ramp, 277

ADC, °ash, 274

ADC, integrating, 282

ADC, slope, 282

ADC, successie approximation, 279
ADC, tracking, 281

Address, memory, 316

Algebra, Boolean, 142

Aliasing, ADC, 290

ALU, 333

Amplitude modulation, 305

Analog signal, 4-20 mA, 293

AND function, from NAND gates, 85
AND function, from NOR gates, 85
AND gate, 49

AND gate, CMOS, 74

AND gate, TTL, 63

ANSI protective relay designations,133
Arithmetic Logic Unit, 333
Armature, 119

Assenbler, computer programming, 342
Assenbly language,342

Assceiative property, 184

Astable multivibrator, 226
Asynchronous courter, 251

B, symbol for magnetic °ux density, 321
B-seriesCMOS gates, 77

Backward compatible, 343

Bandwidth, 303

Base, numeration system, 7

BASIC computer language,343

357

Baud, unit, 303

Bilateral switch, 82

Binary numeration, 6

Binary point, 9

Bistable multivibrator, 226

Bit, 27

Bit bobble, 282

Bit, binary, 7

Bit, least signi cant, 8

Bit, most signi cant, 8

Bluetooth bus, 300

Boolean Algebra, 142

Bounce, switch contact, 115,245
Bps, unit, 303

Break-before-male, 113

Broadcast, digital network, 310
Bubble memory, 325

Bubble, gate symbol, 31

Bu®er function, from a NAND gate, 85
Bu®er function, from a NOR gate, 85
Bu®er gate, 45

Bu®er gate, open-collector TTL, 45
Bu®er gate, totem pole TTL, 48
Bus, 297

Bus topology, 309

Byte, 27

C/C++ computer language, 343

CADET computer, 333
Carrier-SenseMultiple Accessprotocol, 311
Cathode Ray Tube, 321

CCD, 325

Central ProcessingUnit, 340

Centronics parallel bus, 300
Charge-CoupledDevice, 325

Cipher, 5

Clock signal, 236
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Closedswitch, 103 DeMorgan's Theorem, 87, 142

CMOS, 69 Determinism, network, 313

CNC macdine tool cortrol, 339 Digit, 6

Collision, data, 312 Digit, decimal, 7

Communication, solicited vs. unsolicited, 312 Digital ramp ADC, 277

Communications gateway, 312 Diode, steering, 35, 60

Commutativ e property, 183 DIP gate padkaging, 99

CompactPCI bus, 299 Disk, °oppy, 326

Compatibilit y, backward, 343 Distributiv e property, 185

Compilation, computer language,342 DPDT switch, 114

Complemert, one's, 22 DPST switch, 114

Complemert, two's, 22 Drop-out current, 121

Complemertary output gate, 80 Dual Inline Padkage, 99

Complemertation, numerical, 21 Dynamic RAM, 319

Condenser,110 Dynner, 27

Contact bounce,115

Contact debouncing, 117 Edge triggering, 235

Contact, seal-in, 150, 164 EDVAC computer, 320

Contact, switch, 107 EEPROM, 326

Contactor, 122 Electrostatic sensitivity, CMOS, 69

Conversionrate, ADC, 289 Encoder, rotary shaft, 262

Counter, asyndironous, 251 Eniac computer, 8

Counter, ring, 8 EPROM, 326

Counter, syndronous, 258 Ethernet, 300

CPU, 340 Exclusive-NOR gate, 58

Crumb, 27 Exclusive-OR gate, 56

CSMA protocol, 311

CSMA/BA protocol, 312 Fail-safe design, 154

CSMA/CD protocol, 312 Fanout, 76

CT, 133 FDDI, 300

Current sink, 40, 69 Feedbak, positive, 94

Current source,40, 69 Fetch/execute cycle, 340

Current transformer, 133 Field intensity, magnetic, 321

Current, relay drop-out, 121 Fieldbus, 301

Current, relay pull-in, 121 Finite state machine, 334
Firewire bus, 300

D latch, 233 Flash ADC, 274

Data collision, 312 Flash memory, 319

Data, memory, 316 Flip-°op vs. latch, 236

Debounce, switch cortact, 117 Flip-°op, J-K, 240

Debouncing circuit, 245 Flip-°op, S-R, 238

Decimal point, 9 Floating input, de ned, 39

Dedle, 27 Floating inputs, CMOS vs. TTL, 69

Delay line memory, 320 Floppy disk, 326

Delay, propagation, 237 Flow switch, 106

Delta-sigma ADC, 285 Flux density, magnetic, 321
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FORTH computer language, 343
FORTRAN computer language,343
Forward voltage, PN junction, 36
Frequency modulation, 305
Frequency Shift Keying, 305
Frequency Nyquist, 290

FSK, 305

FSK, phase-cotinuous, 305

FSM, 334

Fuzzy logic, 176

Gate, complemenary output, 80
Gate, digital, 30

Gated S-R latch, 232

Gateway network device, 312
Glass b er, 306

GPIB bus, 300

H, symbol for magnetic "eld intensity, 321
Hardware vs. Software, 330

Heater, overload, 122
Hexadecimalnumeration, 9

High, logic level, 30
High-impedanceoutput, tristate, 81
High-level programming language, 342
Holding current, thyristor, 134

HPIB bus, 300

IDE bus, 299

lllegal state, 228

Interlock, medhanical, 149
Interlocking, 148

Interpretation, computer language, 342
Invalid state, 228

Inverter gate, 31, 33

Inverter gate, CMOS, 67

Inverter gate, open-collector TTL, 43
Inverter gate, totem pole TTL, 33
ISO DIS7498 seen-layer model, 311
Iteration, 341

J-K °ip-°op, 240
Jacquard loom, 326
Joystick switch, 104

L1, hot wire designation, 137
L2, neutral wire designation, 137
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Ladder circuit / logic gate equivalerts, 143
Latch vs. °ip-°op, 236

Latch, D, 233

Latch, gated S-R, 232

Latch, S-R, 228

LED, 49

Level switch, 105, 106

Light Emitting Diode, 49

Limit switch, 104

Logic gate/ ladder circuit equivalents, 143
Logic level, 30

Logic, Aristotelian, 176

Logic, fuzzy, 176

Look-up table, 331

Loom, Jacquard, 326

Low, logic level, 30

LSB, 8

Machine language, 341
Make-before-break,113
Master/slave protocol, 312
MC6800 bus, 299

Memory accessyandom, 316
Memory accesssequettial, 316
Mercury (tilt) switch, 108
Mercury-wetted contacts, 117
Microbending, 307

Micro channel bus, 299
Microcode, 341

Micropro cessor,340

Modbus, 300

Mode, optical, 307
Modulation, 305

Monostable multivibrator, 226
MOSFET, 69

MSB, 8

Multibus, 299

Multimo de b er, 307
Multivibrator, 118,226

NAND function, from NOR gates, 86
NAND gate, 51

NAND gate, CMOS, 72

NAND gate, TTL, 60

NC madhine tool cortrol, 339
Negative-AND gate, 54
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Negative-OR gate, 55

Network determinism, 313

Network protocol, 310

Network, digital, 297

Nibble (or Nybble), 27

Nickle, 27

Node, digital network, 309

Noise margin, logic gate, 90

Nonlinearity, PN junction, 36

Nonvolatile memory, 317

NOR function, from NAND gates, 88
NOR gate, 53

NOR gate, CMOS, 74

NOR gate, TTL, 64

Normally-closed, 111

Normally-closed, timed-closed cortact, 129
Normally-closed, timed-open cortact, 128
Normally-open, 111

Normally-open, timed-closed cortact, 126
Normally-open, timed-open contact, 127
NOT function, from a NAND gate, 84
NOT function, from a NOR gate, 84
NOT gate, 31, 33

NOT gate, CMOS, 67

NOT gate, open-collector TTL, 43

NOT gate, totem pole TTL, 33

Nuclear switch, 106

Number, 19

Numeration system, 19

Nyquist frequency 290

Octal numeration, 9

One's complemen, 22

One-shot, 118, 130

One-shot, nonretriggerable, 246
One-shot, retriggerable, 245
Open switch, 103

Open-collector output, TTL, 43
Optical b er, 306

Optical switch, 105

OR function, from NAND gates, 87
OR function, from NOR gates, 87
OR gate, 52

OR gate, CMOS, 75

OR gate, TTL, 66

Over°ow, 24

INDEX

Overload heater, 122
Oversampling, ADC, 287

Paper tape storage, 326

Parallel data, 296

PASCAL computer language, 343
PC/AT bus, 299

PCI bus, 299

PCMCIA bus, 299

Permissive switch, 146
Phase-corin uous FSK, 305
Photon, 307

Place value, 6

Place value, numeration system, 6
Platter, hard disk, 327

Playte, 27

PLC, 156

Point, binary, 9

Point, decimal, 9

Point-to-p oint topology, 308
Poles, switch, 113

POS expression,213

Positive feedbadk, 94

Potential transformer, 133
Pressureswitch, 105
Processor,computer, 340
Product-Of-Sums expression,213
Probus, 301

Program, self-madifying, 339
Programmable Logic Controller, 156
Programming language, high level, 342
PROM, 326

Propagation delay, 237

Property, assaiative, 184
Property, commutativ e, 183
Property, distributiv e, 185
Protective relay, 133

Protocol, network, 310
Proximity switch, 104

PT, 133

Pull-in current, 121

Pullup resistor, 70

Pulse stretching, 308

Pushbutton switch, 103

Q output, multivibrator, 228
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Quadrature output encader, 263

Race condition, 229,239
RAM, 317

Random accessmemory, 316
Random accessmemory, misnomer, 317
Read, destructive, 324
Read-only memory, 316
Read-write memory, 316
Reading, memory, 316
Recycletimer, 130
Register, successie approximation, 279
Relay, 119

Relay, protective, 133
Reset, latch, 228

Resistor, pullup, 70
Resolution, ADC, 287

Ring counter, 8

Ring topology, 309

Ripple e®ect,255

ROM, 316

Rotary shaft encader, 262
RS-232C,300

RS-422A,300

RS-485,300

S-100bus, 299

S-R ®ip-°op, 238

S-R latch, 228
Samplefrequency ADC, 289
Sdmitt trigger, 94
SCSlbus, 299

Seal-in contact, 150,164
Selectorswitch, 104
Self-madifying program, 339
Sequetial accessmemory, 316
Serial data, 296

Set, latch, 228
Sign-magnitude, 21

Single mode b er, 308

Single-phasing,electric motor operation, 125

Sink, current, 40, 69

Slope (integrating) ADC, 282
Software vs. Hardware, 330

Solenoid, 119

Solicited network communication, 312

SOP expression,206
Source,current, 40, 69

SPDT switch, 114

Speed switch, 105

SPST switch, 82,114

Star topology, 309

Static RAM, 319

STD bus, 299

Steering diode, 35, 60

Step recovery, ADC, 291
Stored-program computer, 339
Strobing, 256

Successie approximation ADC, 279
Sum-Of-Products expression,206
Switch corntact, 107

Switch contact bounce, 245
Switch normal position, 111
Switch, closed,103

Switch, °ow, 106

Switch, genericcontact symbol, 112
Switch, joystick, 104

Switch, level, 105, 106

Switch, limit, 104

Switch, mercury tilt, 108
Switch, nuclear radiation, 106
Switch, open, 103

Switch, optical, 105

Switch, permissive, 146
Switch, pressure,105

Switch, proximity, 104

Switch, pushbutton, 103
Switch, selector, 104

Switch, speed, 105

Switch, temperature, 105
Switch, toggle, 103

Switched digital network, 310
Synchronous courter, 258

Table, look-up, 331

Table, truth, 32

Temperature switch, 105

Theorem, DeMorgan's, 142

Throws, switch, 113

Time delay relay contact, NCTC, 129
Time delay relay contact, NCTO, 128
Time delay relay contact, NOTC, 126
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Time delay relay contact, NOTO, 127
Toggleswitch, 103

Token ring, 300
Token-passingprotocol, 312
Total internal re®ectance, 306
Totem pole output, TTL, 42
Tracking ADC, 281

Tristate output, 81

Truth table, 32

TTL, 40

Turing machine, 338

Two's complement, 22

Unit, baud, 303

Unit, bps, 303

Unsolicited network communication, 312
USB, 300

UV/EPR OM, 326

Vdd, VersusVec, 68

VME bus, 299

Volatile memory, 317

Voltage, forward, PN junction, 36
VXI bus, 299

Watchdog timer, 130

Weight, numeration system, 6
Wetting current, 110
Williams tube memory, 321
Word, 27

Writing, memory, 316

XNOR gate, 58
XOR gate, 56

Zero-crosswer switching, 134



