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Preface

A new device has emerged in the field of electronics over the past eight
years that will affect the lives of everyone as much as the transistor did in the
fifties and sixties. This device, known as a microprocessor, is composed of many
thousands of electronic logic elements on one small integrated circuit less than
a quarter of an inch square.

As a result of this new technology, microcomputer systems will be
included in many homes in the near future to perform such tasks as controlling
lights, storing recipes, recording tax information, maintaining security, and the
like.

Therein lies the role of this book. One is able to find many books about
digital electronics on the market today. Most of them, however, are aimed at
the technical person who has a working knowledge of the subject. A large
majority of them, moreover, cover the high points of three, four, or even five
different microcomputer systems. The reader ends up knowing a little about
a lot of systems, but not very much about any one system.

This book is aimed at several categories of students. If one has a solid
digital background but wants to learn about microcomputer systems, he can
start with Chap. 7. On the other hand, if he has no knowledge of digital systems
whatsoever, he should start with Chap. 2. Chapter 1, covering basic electrical
theory, is for the many high-school students and other nontechnical people
who want to start at “ground zero” and learn some electronics before branch-
ing into a study of home computers. This book can also serve as an ideal text
for colleges, universities, and technical schools. Each chapter offers a set of
problems for students to solve.

Many corporations today manufacture microprocessors. Even though
there are differences between brands, all microprocessors are very similar in
function and operation. Once a specific microprocessor has been mastered, it
is very easy to understand other types. In this book, we will focus on
Motorola’s M6800 microprocessor and the related family of integrated circuits
that can be used to build microcomputer systems. Both the microprocessor and
its associated family of parts will be treated as a “black box.” Although no
attempt will be made to teach the reader how to design a microprocessor, he



will be shown how a microcomputer system can be built using a microproces-
sor and how it can be programmed to perform the functions desired.

I would like to express my appreciation to Ray Doskocil, Bill John-
son, Jasper Norris, Don Aldridge, Dave Van Sant, Brett Richmond, Dennis
Pfleger, Ben LeDonne, Clayton Wong, Bob Bratt, Dave Hyder, Jim Bainter,
Lucy Brown, Fritz Wilson, Bill Crawford, Don Jackson, and Donald Kesner,
each of whom has made significant contributions to the contents of this book.
In addition, a much deserved thanks goes to my wife, Mary Jane, who spent
many evenings and weekends typing the manuscript, and special thanks to
Chuck Thompson, who has supported our training activities over the past
several years.

Portions of the material in Chaps. 8, 9, 10, and 11 have been reprinted
from the following copyrighted Motorola publications:

1. M6800 Microcomputer System Design Data Sheets
2. M6800 Programming Reference Manual
3. M6800 Course Notes

My thanks to Motorola, Inc., for their permission to make use of these
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1

Basic Electronic
Principles

Since it is often necessary to interface a computer with other electrical
circuits and devices external to the computer itself, a basic understanding of
current, voltage, resistance, diodes, and transistors is necessary. This chapter
outlines the basic concepts needed and attempts to avoid nonessential informa-
tion. Examples are presented to illustrate all principles.

1.1 Voltage

Everyone has seen the kind of batteries that are used in flashlights,
radios, toys, etc. These batteries are a source of voltage. They provide the
power that generates the current (or flow of electrons) in a circuit.

Batteries, or voltage sources, come in many sizes and shapes. A 12-
volt automobile battery is quite large, whereas a 12-volt dry cell battery used
by hobbyists can be held in the hand. The primary difference between the two
types of batteries, other than size, is the amount of energy they make available.
A 12-volt battery can also be made by connecting eight 115-volt batteries
together, as shown in Fig. 1.1. Most batteries purchased in drug or department
stores for use in flashlights, toys, etc., supply 1% volts.

LK W %

8 @ [-1/2 VOLTS = 12 VOLTS ——l

Fig. 1.1 Connection of eight 1V2-volt batteries

All batteries have a positive (+) terminal and a negative (—) termi-
nal. These terminals determine how you wire the battery in your circuit. It
should be emphasized that the batteries themselves are neither positive nor

1



2 Basic Microprocessors and the 6800

negative. The way the battery is wired in your circuit determines whether it
is positive or negative.
The symbol for a battery (power supply) is
1+

T_
The longest line is the positive terminal, and the shorter line, the negative
terminal.

1.2 Resistance

When a battery is connected to a circuit, electrons will start to flow,
and this flow is called current. The amount of current that flows in any circuit
is a function of the resistance in that circuit. Now what exactly does this mean?
It means that anpthing which limits or impedes the current flowing in a circuit
is called resistance. Resistance (R) is measured in units called ohms and is
symbolized by the capital Greek letter omega (£2). For example, 10 ohms is
often written as 10 Q.

Resistance values often reach thousands or even millions of ohms. For
convenience, it is common practice to specify thousands of ohms as kohms (for
kilo, or 10°) and millions of ohms as Mohms (for mega, or 10°). For example,
20,000 ohms would be written as 20 kohms and 3,000,000 ohms would be
written as 3 Mohms.

Resistance comes in many degrees and forms. However, for the pur-
poses of this discussion, only carbon type resistors will be considered. These
are resistors made of carbon and an insulating material that are blended to the
correct proportion for the resistance value desired.

Carbon resistors vary in length from approximately % to 1% in., with
diameters up to approximately %4 in. They have a wire lead attached to the
center of each end (Fig. 1.2) which allows them to be connected to a circuit.

Fig. 1.2 Carbon resistor

Notice the bands around the resistor. They represent a color-coding
technique that permits the value of the resistor to be determined merely by
observation. The color code is given in Fig. 1.3.

The first three bands (A, B, and C) determine the value of the resistor.
Band C, the third band, indicates the number of zeros that are to be added to
the first two numbers. A black band indicates that 7o zeros are to be added;
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Color Value

Black
Brown
Red
Orange
Yellow
Green
Blue
Violet
Gray
White
Gold 5% } on
Silver 10% E Band D
only

O©OENONEHEWN -0

BAND O (TOLERANCE)

BAND C (DECIMAL MULTIPLIER)
BAND B (2ND DIGIT)

BAND A (IST DIGIT)

Fig. 1.3 Color code Fig. 1.4 Bands

a red band, that two zeros are to be added. The fourth band (D) indicates the
tolerance, or the extent to which the true value of the resistor may deviate from
the color-coded value. For example, a 47k resistor with a silver band (4 10%)
may actually be 4.7k higher or lower than the color-coded value of 47k, that
is, it may range from 42.3k to 51.7k. See other examples in Fig. 1.5.

Band A Band B  Band C  Band D Value
yellow green orange silver 45k + 10%
yellow green black silver 45 + 10%
yellow green blue silver 45M + 10%
red red red gold 2.2k + 5%
orange red yellow silver 320k 4- 10%
brown red orange gold 12k + 5%
red black red gold 2k 4+ 5%
brown black black gold 10 + 5%

Fig. 1.5 Band values

The symbol used to designate a resistor in a circuit is

10K
—AMN—

The value of the resistor is often written above the symbol.
Very often it is convenient or necessary to connect two resistors in
series, as shown in Fig. 1.6(A), or in parallel, as shown in Fig. 1.6(B).



4 Basic Microprocessors and the 6800

8K
19K 2K i
VVv g VW—— _— 2K >~—
L AM—
{A) SERIES {8) PARALLEL

Fig. 1.6 Series and parallel connections

If two resistors are connected in series, as in Fig. 1.6(A), the total
resistance offered is equal to the sum of the two individual resistors. For
example, if a 10k and a 2k were connected in series, the total resistance would
be 12k. However, when two resistors are connected in parallel, as in Fig.
1.6(B), the total resistance is equal to the product of the values of both resistors
divided by the sum of the resistors. In equation form, the total resistance of
a parallel branch is written as follows:

Rl X R2
Rr =R TR o
For example, if 8k were in parallel with 2k, the total equivalent resistance
would be
8k X 2k  (8) (2) (10®) (100
8k + 2k 10 (107)

The equivalent resistance of any parallel branch is a/ways less than
the smaller of the two resistors. In the above example, the smaller resistor of
the parallel branch is 2k. Thus, the equivalent resistance of the parallel branch
must be less than 2k.

= 1.6k

1.3 Current

Current, which is analogous to water flowing in a water pipe, is a flow
of electrons through wire and various other devices in a circuit. It is measured
in units called amperes, abbreviated as A. There is a direct relationship be-
tween current and the voltage and resistance just discussed. Ohm’s Law states
that, given the voltage (V) and the resistance (R), the current flowing in a
circuit can be calculated by dividing the resistance into the voltage. In equation
form, this law is expressed as:

\
Current (I) = R

Very often in computer circuits the amount of current flowing may
be much less than an ampere, say .002 A. The term milliampere or milliamp
(mA) is likely to be used. Two milliamps is the same as .002 A or 2 X 1073
A. Even smaller amounts of current, like .000002 A, are not uncommon. For
these, the term microamp (nA) is used. Thus, a current of .000002 A is the
same as 2 X 107¢ A or 2 pA.
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Examples

1.IfV=5and R = 1k, find L

\' 5 5

I=E—ﬁ(—m= 005 A = 5SmA

1K

ANV

—

[ 3

sV — I =5mA
22.IfV=5and R = 1M, find L
=Y 3 _ 000005A = 5pA

R~ IM ~— 1,000,000
3S5kand I = 1 mA, find V.

V = IR = (1)(1073)(3.5)(10°) = 3.5V
4 IfV=6and ] = 2 mA, find R.

3. IfR

The question now arises as to the direction of the current flow. In this
book we will use what is commonly referred to as conventional current flow.
Conventional current flows from the positive side of the battery, through the
circuit, and back to the negative side of the battery.

1.4 Kirchhoff’'s Voltage Law

Kirchhoff’s Voltage Law states that the algebraic sum of all the
voltages in any closed loop in a circuit is equal to zero. To put this into simpler
terms, if a circuit has a single battery and three resistors, the sum of the voltage
drops across each of the resistors is equal to the battery voltage. The relation-
ship between the voltage drop across a resistor and the current through the
resistor is signified as follows:

e |
WA—
+R_

The plus sign indicates that that end of the resistor is positive with respect to
the other.

Examples

1. Find the voltage drop across each resistor in the circuit shown.
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1K -
— + AN
LI_ *
30V _— \g 0.5K
T = A
35K

Step 1: Find the equivalent resistance:

1tk + .5k + 3.5 k = 5k total
Step 2: Divide the total resistance into the battery voltage to get the
total current flowing in the circuit:

Step 3: For a current of 6 mA flowing through each resistor, calculate
the voltage drop across each resistor. (Recall that V = IR))
V (across 1k) = 6 mA X 1k =6V
V (across .5k) = 6 mA X Sk =3V
V (across 3.5k) = 6 mA X 3.5k =21V
Notice that all voltages across the resistors, when added together,
equal the battery voltage.
2. Find the voltage drop across each resistor in the circuit shown.

20V.d__ - %4!( %SK
_’[ ]

Step 1: Find the equivalent resistance of the parallel branch:

_ 4k X 3k
R, = 3¢ = LTIk

Step 2: Draw the new equivalent circuit:

2K

NN
+
20V _— 1.71K

T

Step 3: Find the total current in the circuit:
20 20
=T 17 =37k = > mA
Step 4: Find the voltage drop across each resistor:
V (across 2k) = 2k (5.39 mA) = 10.78 V
V (across 1.71k) = 1.71k (5.39 mA) = 9.22 V
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Notice the voltage drop across the 1.71k (which is the equivalent
resistance for 4k in parallel with 3k) is the same as the voltage drop
across the 3k and the 4k resistors.

The total current flowing through the 2k resistor in Example 2 is 5.39
mA. How much current is flowing in the 3k and 4k resistors? Kirchhoff’s
current law states that the sum of the currents entering the junction must be
equal to the sum of the currents leaving the junction. Therefore, the sum of
the currents in the 3k and 4k resistors must be 5.39 mA. As we calculated
above, the voltage drop across the 1.71k equivalent resistance is 9.22 V. This,
then, is the voltage drop across each resistor. By Ohm’s law (I = V/R), the
current in each resistor can be calculated:

I (in 4k resistor) = V/R = 9.22/4k = 2.31 mA
I (in 3k resistor) = V/R = 9.22/3k = 3.08 mA

2K _
* A ’
—
+| s3oma T +
20V — 2.31 mA‘ 4K 3.08 m4 3K

T

1.5 Diodes

A diode is a device that allows current to flow in one direction only.
It is symbolized as follows:

tpt=

The current flows from the positive (+) terminal (anode) of the diode to the
negative (—) terminal (cathode), as shown by the direction of the arrow. If an
attempt is made to make the current flow from the cathode to the anode
(opposite the direction of the arrow), nothing will happen.

The voltage drop across a diode is very small when current is flowing
through it. In this book, it will be assumed to be zero.

1.6 Transistors

A transistor is a three-lead semiconductor device that may be used in
many ways. In this book, it will be used only as an electronic switch.

Transistors are available in two distinct types called NPN and PNP,
depending on the makeup of the semiconductor material. The only real differ-
ence between an NPN type and a PNP type is the polarity of the battery used
in the circuit. Consequently, only the NPN will be discussed.
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c

E

Fig. 1.7 Symboi for NPN transistor

The symbol for an NPN transistor is shown in Fig. 1.7. Notice the
three leads designated by B, C, and E. The B represents the base of the
transistor, the C represents the collector of the transistor, and the E represents
the emitter of the transistor. These designations are arbitrary ways of identify-
ing the leads coming out of the transistor.

Using a transistor as an electronic switch is a very simple process.
Only the circuit configuration known as the common emitter will be used in
this book. Figure 1.8 illustrates an NPN transistor in the common emitter
mode.

COMMON EMITTER: The emitter lead is common to both the
input circuit and the output circuit.

Fig. 1.8 NPN transistor in the common emitter mode

To calculate the current in its base circuit (called the input circuit),
the voltage drop between the base and the emitter is assumed to be zero (in
reality, it is a very small value). Therefore, the base current, I, is equal to 5
V divided by 100k:

I; = 5/100k = .05 mA

In a transistor circuit such as that shown in Fig. 1.8, the collector
current, I, is found by multiplying the base current, I, by the gain, B (called
beta), of the transistor. The gain of the transistor can usually be found in the
data sheet that describes the transistor. A typical value is 100. Therefore, if
the typical value is assumed for this transistor, the collector current (I¢) is
found by multiplying the base current (Ig) by 100:

I. = Bl = 100 X .05 mA = 5 mA

Recall the rule discussed previously that the sum of the voltage drops

in a closed circuit must equal the battery voltage. In this transistor circuit, the
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voltage drop across the 1k resistor must equal the product of the current
through the resistor and the value of the resistor, or V = 1k X SmA = §
V. Therefore, the remaining voltage of 20 V (battery voltage minus drop across
resistor, or 25 — 5 = 20) must be between the collector and the emitter of
the transistor. The voltage between the collector and the emitter is called V.
It is this voltage that is of significance in computer circuits.

If the 5-V battery on the input circuit were changed to 0 V, there
would be no base current (I). If there were no base current, the collector
current (I) would also be O, which means that the voltage drop across the 1k
resistor would be O as well. Therefore, the voltage drop between the collector
and the emitter (V) must be 25 V since the voltage drops in any closed circuit
must equal the sum of the battery voltage. The Vi of 25 volts is known as
the cutoff voltage. A transistor in the cutoff state has a voltage between the
collector and the emitter (Vg) equal to the battery voltage in the output
circuit.

On the other hand, if the 5-V battery on the input circuit were in-
creased to 25 V, the base current (I5) would be .25 mA (25/100k). A base
current of .25 mA would produce a collector current (I.) of BI;, or 25 mA
(100 X .25 mA). The voltage drop across the 1k resistor in the output circuit
is therefore 25 mA X 1k, or 25 V. Therefore, the 25 volts from the battery
is accounted for by the drop across the 1k resistor. Thus, the voltage across
the collector to the emitter (Vi) of the transistor is O V. The transistor is now
in a state referred to as saturated.

A transistor in the saturated state has a voltage between the collector
and the emitter (Vz) approximately equal to 0 V.

It should also be noted that any further increases in base current after
saturation has no effect on V. and the output circuit. The maximum collector
current possible in the output circuit is the battery voltage divided by the
resistance in series with the collector lead. Once the transistor is saturated, the
battery and resistance determine the magnitude of the current.

As mentioned previously, transistors come in NPN and PNP types.
The above discussion was based on the NPN type. Calculations for the PNP
type are identical to those for the NPN type except that the batteries are
reversed and the currents flow in the opposite direction. Figure 1.9 illustrates
a PNP transistor using the same size batteries and resistors as the NPN circuit
mentioned earlier.

Fig. 1.9 PNP transistor circuit
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If the B of this transistor were the same as that for the NPN transistor
in Fig. 1.8, the currents in Fig. 1.9 would be of the same magnitude as those
in Fig. 1.8 but their directions would be opposite. Also notice that the batteries
(or power supplies) in the circuit of Fig. 1.9 are opposite those in Fig. 1.8.

Very often, transistors are shown in a circuit in a slightly different way
from that illustrated. The circuit in Fig. 1.8 would be as shown in Fig. 1.10.

+5v +25v

100K 1K

Fig. 1.10 Alternative NPN transistor circuit

These two circuits are identical even though they may appear quite
different. In Fig. 1.10, which is just an abbreviated way of showing the same
thing as Fig. 1.8, the plus side of the 5-V battery is connected to the 100k
resistor. The negative side of the 5-V battery would be connected to the emitter
of the transistor. Likewise, the plus side of the 25-V battery is connected to
the 1k resistor, and its negative side would be connected to the emitter.

1.7 Example Circuits

Shown below are various circuits and calculations of their basic val-
ues.

(a)

e

i
i
|_4<q
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®)

+J_/ r,;*'-\\ +

> Iz + 'Ll_
<
0V = Tax 4x:> — 20v I‘ 2.67K

. . 8k X 4k
The equivalent resistance R, = 8k 1 4k — 2.67k
20 C
I = 267k = 7.49 mA (in direction shown)
©
(c) X
i I
—. 20V I ‘JL
T
20 S
I= i 5 mA (in direction shown)
@
4K
AN
+
20V x

I = O (current will not flow opposite the diode)

(e) Find I, I, and V when 8 = 80.

15
= 300k
I. =Bl =80 X 05mA = 4mA
Ve = 15 — (2k X 4 mA)

15 — 8
7V

= .05 mA

It
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Problems

Basic Microprocessors and the 6800

1. Determine the value of each resistor given the color coding indicated below.
Also, calculate the possible maximum and minimum value of each resistor.

Band Band Band Band Value Max Min
A B C D Value Value
Brown Brown Brown Gold
White Gray Blue Silver
Orange Black Orange Silver
Orange Orange  Orange Gold
Yellow Red Black Silver
Blue White Red Gold
Violet Green Orange Silver
White Black Black Gold

2. Find the total resistance of each set of resistors below:

(a) 3000
(b) 5M 6K
(C) 100 0t 50 0 1K

@
(e E

100 N2

5K

®

(g) 1.5K

(h) 2K
6K

3. Calculate the current flowing in each resistor and the voltage across each
resistor in each of the following circuits. Verify that the sum of the voltage
drops equals the battery voltage.
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®) 2 © "

3K

4. Calculate I, I, and V for each of the following circuits. Show the directions
of each current. Assume that 8 = 80 for each transistor.

(@

(b)

©)
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L ogic Elements

LOGIC ELEMENT: A device consisting of electronic circuitry that
provides an output based on the input of one, two, or more varia-
bles.

An example of a logic element is the starter in a car. Before the starter
will work, the key must be inserted in the ignition and turned, and the shifting
lever (for automatic shift) must be in “park.” An electrical signal is sent to the
starter after these two inputs have taken place. The circuit for the starter could
be like the one shown in Fig. 2.1.

Many thousands of logic elements make up a computer. This book
will not study the internal circuitry of computers in detail. However, it is often
necessary to employ logic elements when a computer is used to control or
monitor some external device or function. This chapter will discuss several of
the basic logic elements often found in computers. Input voltages of +5 V and
0 V have been chosen for the illustrations. Logic gates with other input
voltages can also be obtained. As will be shown both in this and later chapters,
logic elements are utilized to make decisions and perform various operations.

2.1 “AND” Gate

GATE: A term used synonymously with the term “logic element.”
Most logic elements are referred to as ““gates.”

Assume that a circuit has a battery, two switches called S1 and S2,
and a resistor in series, as shown in Fig. 2.1.

Notice that if only S1 is closed, current cannot flow. Also, if S2 is
closed but S1 remains open, current cannot flow. However, if S1 and S2 are
closed, current will flow through the 2-Q resistor. This type of circuit is known
as an “AND” gate because two conditions must be satisfied simultaneously (S1

14
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] s2 INPUTS ouTPUT
f—/ STARTER g |
— 12V AND c
- 20 B
T %
Fig. 2.1 AND gate circuit Fig. 2.2 Symbol for AND gate

and S2 closed). Symbolically, an “AND” gate is represented as shown in Fig.
2.2.

If a voltage (+5 V) is applied at terminal A but not at terminal B (0
V), there will be no voltage at terminal C. Likewise, if a voltage is applied at
terminal B but nor at terminal A, there will be no voltage at terminal C.
However, if a voltage is applied at terminals A and B, there will be a voltage
at terminal C (45V).

TRUTH TABLE: A table showing all possible combinations of
inputs with the respective output for each set of inputs.

The truth table for the “AND” gate is shown in Fig. 2.3.

Voltage and Voltage _ Voltage
atA atB8 atc
0 ] 0
+5 0 0
0 +5 0
+5 +5 +5

Fig. 2.3 Truth table for AND gate

“AND” gates may have two or more inputs. For example, if an
“AND” gate has four inputs, each of the four inputs must have a voltage
applied before there can be an output voltage.

2.2 “OR” Gate

Now, assume a circuit such as the one shown in Fig. 2.4 consisting
of a battery, two switches (S1 and S2), and a resistor.

Notice that if either S1 or S2 is closed, current will flow through the
4k resistor. If neither one is closed, no current can flow. This type of circuit
is known as an “OR” gate. Symbolically, an ‘“OR” gate is represented as
shown in Fig. 2.5.
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+ l o o INPUTS QUTPUT

s2
— 20V 4K A
= ¢
8

Fig. 2.4 OR gate circuit Fig. 2.6 Symbol for OR gate

If a voltage (+5 V) is applied at terminal A or at terminal B, there
will be a voltage at terminal C (+5 V). A voltage applied at both terminal A
and terminal B also results in a voltage at terminal C. The truth table for the

“OR” gate is shown in Fig. 2.6.

Voltage and Voltage _ Voltage
atA atb atC
0 0 0
+5 0 +5
0 +5 +5
+5 +5 +5

Fig. 2.6 Truth table for OR gate

Again, an “OR” gate may have two or more inputs. A voltage at any
or all of the inputs would result in an output voltage.

2.3 “NOT” Gate

Examine the circuit shown in Fig. 2.7. Notice that if S1 is open,
current will flow through the 100-ohm resistor and the 4000-ohm resistor. If
we calculate the voltage drop across each resistor, we will see that the voltage
across the 4k resistor is very large and that the voltage across the 100-ohm
resistor is very small.

100

L+
!

20v —

T

St 4K

Fig. 2.7 NOT gate circuit
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The following values obtain in this circuit:
Total current: I = 20/4100 = 4.88 mA
Voltage across 100 €2: V = (4.88 mA) (100Q) = 48 V
Voltage across 4k: V = (4.88 mA) (4k) = 19.52 V

Now examine what happens when S1 is closed. Notice that the voltage
across the 100-ohm resistor rises to 20 volts and the voltage across the 4k
resistor has been “‘shorted out” (because all current flows through S1 and none
through the 4k resistor).

What has happened in each of these cases? When S1 was open, the
voltage across the 100-ohm resistor was low and the voltage across the 4k
resistor was high. When S1 is closed, the situation is reversed, with the voltage
across the 100-ohm resistor high and the voltage across the 4k resistor low (or
zero). This type of circuit is referred to as a “NOT™ gate (also referred to as
an inverter). NOT, in computer terminology, refers to an inverted quantity.
For example, if A is +5 V, NOT A is O V. NOT A is shown in shorthand
notation as A . Symbolically, a “NOT” gate is represented as shown in Fig.
2.8.

INPUT ouTPUT
A » O 8
Fig. 2.8 Symbol for NOT gate

When the voltage at terminal A is high (45 V), the voltage at termi-
nal B is low (0 V). When the voltage at terminal A is low, the voltage at
terminal B is high. The truth table for a “NOT” gate is shown in Fig. 2.9.

Voltage Voltage

atA atB
0 +5
+5 0

Fig. 2.9 Truth table for NOT gate

2.4 “"NOR” Gate

The “NOR?” gate is formed by combining the “OR” gate with the
“NOT” gate, as shown in Fig. 2.10. Recall that the “NOT” gate produces an
output voltage that is opposite the input voltage.
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ouTPUT

Fig. 2.10 Formation of NOR gate

The truth table for the “NOR” gate is shown in Fig. 2.11.

Voltage Voltage Voltage Voltage

atA atB atCc atD
0 0 0 +5
+5 0 +5 0
0 +5 +5 0
+5 +5 +5 0

Fig. 2.11 Truth table for NOR gate

Rather than show a “NOR” gate as in Fig. 2.10, the symbol in Fig.
2.12 has been adopted for a “NOR” gate.

INPUTS oUTPUT

) et

Fig. 2.12 Symbol for NOR gate

Another truth table for the “NOR” gate is shown in Fig. 2.13. This
is the same as the truth table in Fig. 2.11 except that the middle terminal (C)

is not shown.

Voltage Voltage Voltage

atA atB atD
0 0 +5
+5 0 0
0 +5 0
+5 +5 0

Fig. 2.13 Truth table for NOR gate
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“NOR?” represents “NOT”-“OR,” which actually describes the gate.
The output from the “OR” gate is just inverted (or NOTted).

2.5 “NAND” Gate

The “NAND?” gate is formed by combining the “AND” gate with the
“NOT” gate just as was done to form the “NOR” gate.

INPUTS ouTPUT

AND ¢ b O D

Fig. 2.14 Formation of NAND gate

A

The truth table for the “NAND” gate is shown in Fig. 2.15.

Voltage Voltage Voltage Voltage

atA at B atc atpD
0 0 0 +5
15 0 0 +5
0 +5 0 +5
+5 +5 +5 0

Again, the symbol shown in Fig. 2.16 has been adopted for the
“NAND?” gate.

INPUTS output

A —_—
NAND 0
8 — —

Fig. 2.16 Symboi for NAND gate

Another truth table for the “NAND?” gate is shown in Fig. 2.17. This
is the same as the truth table in Fig. 2.15 except that the middle terminal (C)

is not shown.
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Voltage Voltage Voltage

at A atB atpD
0 0 +5
+5 0 +5
0 +5 +5
+5 +5 0

Fig. 2.17 Truth table for NAND gate

“NAND” represents “NOT”-“AND,” which actually describes the
gate. The output from the “AND” gate is just inverted (or NOTted).

2.6 “EXCLUSIVE OR” Gate

Another logic element often used is called the “EXCLUSIVE OR”
gate. Recall that in the OR gate, an output is realized if one or both inputs
are present. In the “EXCLUSIVE OR” gate an output will be realized if one
input is present but not both. The symbol for this gate is shown in Fig. 2.18
and the truth table in Fig. 2.19.

INPUTS ouTPUT
A
c
-]

Fig. 2.18 Symbol for EXCLUSIVE OR gate

Voltage Voltage Voltage

atA atB atc
0 0 0
+5 0 +5
0 +5 +5
+5 +5 o*

*Notice the difference between
this value and its equivalent in
“OR” gate truth table.

Fig. 2.19 Truth table for EXCLUSIVE OR
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2.7 Notation

If some function A is to be “ANDed” with another function B, the
operation would be described as “Function A ANDed with function B results
in an output C.” As can be seen, this description is rather tedious to write.
Fortunately, a shorthand notation that says the same thing has been adopted:
AeB = C. The two input functions are written with a dot () between them
and then set equal to the output function. Sometimes, the dot is also shown
on the AND symbol, although it is not essential.

Figure 2.13 summarizes the logic elements and the shorthand nota-
tion describing various functions:

Symbol Equation Function

o C=A+B AND
:D_c C=A+8B OR
‘——{>°—C C=A INVERTER

C=A®B EXCLUSIVE OR

Fig. 2.20 Summary of logic elements

In this chapter, +5 V was used as the “high” input and O V was used
as the “low” input. It must be emphasized that the value of the “high” and/or
“low” input voltages to any logic element is a function of the device itself.
These voltages may be any combination of voltages that the manufacturer may
have designed the logic elements for. Therefore, in order to make the truth
tables more universal, the high condition is generally represented as a “1”
(called a logic one) and the low condition as a “0” (called a logic zero). The
truth tables would then appear as follows:

“AND” Function “OR” Function
Input  Input  Output Input  Input  Output
A B c A B c
0 0 0 0 0 0
0 1 0 0 1 1
1 0 0 1 0 1
1 1 1 1 1 1
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“NOT” Function “NOR” Function
Input Output Input  Input  Output
A B A B C
0 1 0 0 1
1 0 0 1 0
1 0 0
1 1 0
“NAND” Function “EXCLUSIVE OR"” Function
input  Input  Output Input Input Output
A B () A B c
0 0 1 0 0 0
0 1 1 0 1 1
1 0 1 1 0 1
1 1 0 1 1 0

2.8 Applications

Now that you know what AND, OR, NAND, and NOR gates are,
where can they be used? As previously mentioned, many of these gates are used
internally in the microprocessor along with additional elements such as flip-
flops, half adders, and full adders. Flip-flops, half adders, and full adders are
sometimes used externally to the microprocessor system. However, AND, OR,
NAND, and NOR gates are used much more often.

Assume that you have a small computer installed in your home to
monitor and control several functions. One of these functions may be to sound
an alarm if any door in the house is opened (that is, to serve as a burglar alarm).
A mechanical switch can be installed above each door in the house in a position
that would cause the contact to close when a door opens, resulting in a voltage
to the input of an OR gate, as shown in Fig. 2.21. The output of the OR gate

+5Y boor |

COMPUTER

DOOR 2
OR ——® ALARM

DOOR 3

Fig. 2.21 Alarm system
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could then be fed into the computer, which would sound an alarm such as a
bell, turn on all lights in the house, or even send some kind of a signal to the
police. With the use of one OR gate, only one input line to the computer is
required. Otherwise, one input line for each door is required. This is not good
practice, as the number of input lines to a computer system is usually limited
for economic reasons.

The use of logic elements is unlimited. Several other applications will
be discussed in a later chapter.

Problems

- Your computer has only one input line available. However, an alarm must be
sounded if one of the two doors in the kitchen, one of the two windows in the
kitchen, or the garage door is opened. Show the logic required to implement
this function. You may use only two input devices.

- At alater time, you have decided to also sound an alarm if one of the two doors
in the storage room, one of the two windows in the family room, or the patio
door is opened. Show how this logic would be added to the logic of Problem
1. Assume that there is only one input to the computer available.
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Number Systems—
Why?

Up to now, the word computer has been used without any explanation
or definition. There are two primary types of computers, namely digital com-
puters and analog computers. This book is solely concerned with digital com-
puters. However, let us take a very brief look at analog signals and see how
they compare with digital signals.

All of us are quite familiar with analog signals, although we may not
realize it. When you look at a thermometer, the height of the mercury rises
as the temperature increases. As you drive your car, the speedometer needle
moves farther to the right as you increase your speed. When you play records
on your stereo, the music gets louder as the volume knob is turned to the right.
All these devices have one thing in common—they measure one quantity in
terms of some other quantity, for example, height of mercury in terms of
degrees of temperature.

Digital signals are quite different from analog signals in that they have
only two states. When you walk into a room, the switch that controls the light
is either “on” or *“off.” The door to your house is either “open” or “closed.”
The switch that controls the lights on your car is either “on” or “off.” These
are all examples of digital states. Such digital concepts are the basis of “digital
computers.” In each of these examples, we could define the “on” or *“open”
condition as a logic “1” and the opposite condition as a logic “0.” These are
referred to as binary states (one of two possible states).

3.1 Binary Numbers

Everyone is familiar with the base 10 number system, that is, the
numbers 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. In all probability, the base 10 number
system was established as a result of our having 10 fingers and 10 toes.

However, in digital computers, only two distinct states exist, namely,
logic 1 and logic 0. A + 5-volt input could be defined as a logic 1 while a 0-volt

24
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input would be a logic 0. Consequently, all inputs to a digital computer must
be converted to a series of 1’s and O’s before the computer can make any use
of the data.

3.2 Digital Example

Assume that we have three switches connected between a 9-V battery
and three light bulbs, as shown in Fig. 3.1.

3 v2 v

Y
INPUT TO DIGITAL COMPUTER

Fig. 3.1 Light bulb analogy

It is desired to have the computer monitor the status of the three
lights. With all the switches open, none of the bulbs will glow and the voltage
to the computer is 0. This will be defined as the O logic level. If any switch
is closed, the voltage at the bulb will be 9 V, which is defined as a logic 1.

Assume that switch 3 is closed; then bulb 3 will glow and the com-
puter will detect a logic 1 on that wire. The status of the input wires changes
from 000 to 100, since S1 and S2 are still open. Now if S2 is closed, bulb 2
glows, and the input to the computer changes from 100 to 110 (assuming S3
remains closed). If all possible combinations are recorded in a chart, it is seen
that the three lines to the computer may have eight different states, as shown
below:

Bulb3 Bulb2 Bulb 1 Status Computer Input
0 0 0 All bulbs off 000
0 0 1 Only bulb 1 on 001
0 1 0 Only bulb 2 on 010
0 1 1 Bulbs 1 and 2 on 011
1 0 0 Only bulb 3 on 100
1 0 1 Bulbs 1 and 3 on 101
1 1 0 Bulbs 2 and 3 on 110
1 1 1 All bulbs on 111
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The status of each of the three lines to the computer is in digital form,
that is, in one of two states or conditions (1 or 0). The computer can read and
record the status of the bulbs and make decisions to do other things based on
these inputs.

With this in mind, visualize 16, 20, or even 25 such inputs and
consider the problems associated with long strings of 1’s and 0’s if the boss calls
and asks for the status of 16 or more individual lines to the computer. Obvi-
ously, it is very difficult to convey useful information in digital form. However,
if the 1’s and O’s could be arranged in groups of 3 or 4, a great deal of chance
for confusion and error would be eliminated.

3.3 Base 10 to Binary Conversion

Base 10 number systems have ten distinct numbers, 0 through 9. As
one may have guessed by now, since a digital signal must be represented by
a 0 or a 1, the base 2 number system will play a very prominent role. Base 2
numbers have only two distinct numbers, 0 and 1.

Before a base 10 number can be used by a digital computer, it must
first be converted to 1’s and O’s (that is, into a base 2 number). A method of
doing this is known as “repeated division by 2.” To illustrate, the base 10
number 29, will be converted to a base 2, or binary, number. (The number
system base is often written as a subscript.)

Step 1: Divide the base 10 number by 2:

14
2)29 Remainder 1 = 1
Step 2: Divide answer in Step 1 (14) by 2:
7
2)14 Remainder 2 = 0
Step 3: Divide answer in Step 2 (7) by 2: Read remainders
3 in this direction
2)7 Remainder 3 = 1 to form answer

Step 4: Divide answer in Step 3 (3) by 2:
2)_; Remainder 4 = 1

Step 5: Divide answer in Step 4 (1) by 2:
2)_(1) Remainder 5 = 1

Step 6: Stop dividing when the answer is zero. The remainders are
then read in the reverse order to form the answer:
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2910 = 1 1 l 0

1,
A_Remainder 1
Remainder 2
Remainder 3
Remainder 4

Remainder 5

: Remember that 29,, is really (9 X 10°) + (2 X 10Y),0r 9 + 20 =
29. (Any number to the zero power is 1; thus 10° =1.) To check the base 2
equivalent of 11101, we will convert it back to a base 10 number:

11101,
|L>1><2°=1
0Xx2= 0

1Xx 2= 4

1X 2= 8

1 X2 =16

ﬁ.o (It checks)

Convert 69, to a binary or base 2 number:

34
2)69 R=1
17
2)34 R=0 A
8
D17 R=1
4 Read remainders
2)8 R=0 in this direction
2 to form answer
2)4 R=0
1
22 R=0
0
1 R=1
Therefore, 69,, = 1000101,. To check:
1000101,
I 1 x20= 1
| 0X2 = 0
1xX2= 4
! 0x2=0
0X2= 0
—0 X 25 = 0
-] X 2° = 64

69, (It checks)
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3.4 Base 10 to Base 8 (Octal) Conversion

If a base 10 number has been converted to binary, a string of 1’s and
0’s forms the answer. By dividing the 1’s and 0’s into groups and using another
number to represent each group—for example, a base 8 number—the total
number of digits may be reduced. Base 8 is a very convenient number system
for digital computers, as a base 8 number represents three binary digits. To
illustrate, the base 10 number of 29 can be converted to its base 8 equivalent
in basically the same manner as for base 2, that is, by repeated division by 8.

Step 1: Divide the base 10 number by 8:

3
8)29 R=5
Step 2: Divide the answer of Step 1 by 8:

0
8)3 R=3

The base 8 answer is obtained by reading the remainders in the reverse
order as in a base 2 conversion. Therefore, 29,, = 35,. To check the answer,
conversion from base 8 to base 10 is accomplished by multiplying each base
8 digit times its proper weighted value:

35,
I_L:s X 8= 5
IxX 8 =2
29,, (It checks)

We have already seen that 29,, = 11101,. Therefore, 29,, = 35, = 11101,.
There exists a relationship between base 8 and base 2 which permits dividing
a base 2 number into groups of three digits, with a single base 8 number
representing each group. To show this relationship, it will be necessary to
convert each base 10 number of 1, 2, 3, 4, 5, 6, and 7 to the equivalent base
2 and base 8 numbers.

Base 10 numbers converted to base 2:

710 610

27 R=1 26 R =0
1
23 R=1 1 7,=111, 23 R=1 1 6,=110,

0
21 R=1 221 R=1



510
2
25 R=1
1
22 R=0 T 5,
0
221 R =1
310
1
223 R=1
0 T310
21 R=1
Lo
0
2J1 R=1

110 = 12

Number Systems—Why?

101,

11,

410
2
224 R =
1
22 R =
0
221 R =
210
1
22 R =
0
21 R =
0
0 =0,

Base 10 numbers converted to base 8:

710

0

87 R=17
510

0

85 R=35
310

0

83 R =3
Lo

0

838 R=1

710 =

310 =

7

54

3

le

010

010 = Os

0
o T 4,
1
0

T 2
1
6 6y
4 4,
2 2

29

= 100,

= 10,

6.

4

2
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The relationship of each base 8 and each base 2 number to the equiva-
lent base 10 number is shown in the following chart:

Base 10 Base 8 Base 2
7 7 111
6 6 110
5 5 101
4 4 100
3 3 011
2 2 010
1 1 001
0 0 000

Notice that each base 8 number has a base 2 equivalent that encom-
passes three digits of the base 2 number. What this really means is that a base
2 number can be divided into groups of three digits each, starting from the
right, and each group may be represented with its base 8 equivalent. In the
previous example, 29,, = 35, =011 E 101,, notice that the base 2 number may
be written directly from each base 8 number or the base 8 number can be
written directly from the base 2 number.

0111101,

3 ! 53

To illustrate the advantage of this technique, 150,, will be converted
to base 8 and base 2. Conversion to base 8 is as follows:

18
8)150 R=6
2
8)18 R=2
0
8)2 R =2

Therefore, 150,, = 226,. If the base I2 eqlllivalent is written directly
from the base 8 answer, we get 1501°=010;010: 110,. To verify the base
2 answer, let’s convert 150,, directly to base 2 by repeated division by 2:

75
2)150
37

R=0
2)75 R
R

|

1

18
2)37
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9
218 R=0 Therefore 150,, = 10010110,
4
2)9 R =1
2
2)4 R=0
1
y)7) R=0
0
201 R=1

Notice that this answer and the one obtained by first converting 150,,
to a base 8 number and then converting the base 8 number to a base 2 number
are identical. The conclusion to be drawn is that for base 10 to base 2 conver-
sions, it is much easier to convert the number to its base 8 equivalent and then
write the base 2 equivalent for each base 8 digit. In this last example, it took
three divisions for the base 8 conversion and eight divisions for the base 2
conversion.

This technique also works well in the reverse order. Given a binary
number consisting of many digits, what is the base 10 equivalent? For example,
what is the base 10 equivalent number for the binary number 1 E 101 5011 E
101,?

1 5 3 5
I L»5x8= 5
| IxX 8= 24
=5 % 8 = 320
=1 X 8 = 512
861,

3.5 Base 10 to Base 16 (Hexadecimal) Conversion

In the previous section, the convenience of the base 8 system was
illustrated. In this section, another convenient number system, base 16, will
be studied. The principles of converting from base 10 to any other number
system are the same. However, base 16, which will hereafter be referred to as
the hex system, has a certain mystique about it, since some of the symbols
representing the base 16 numbers are letters.

The obvious question one may ask is why use another number system
when base 8 works just fine. Most of the microcomputer systems available
today utilize up to 16 address lines. In the hex system, each group of four digits
is represented by one hex symbol. Hence, 16 binary digits can be represented
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with four hex symbols, or six base 8 symbols. Four hex symbols are easier to
work with.

In the hex system, the letters A, B, C, D, E, and F, in addition to the
numbers O through 9, are used to represent the hex numbers. The relationship
between base 10, base 16, and base 2 is shown in Fig. 3.2. When counting in
the hex system, try to forget that there is a base 10 system. After the number
9 come the “numbers” A, B, C, D, E, and F. This will be the hardest part of
the system to understand, but with some practice, it will be as comfortable as
any of the other number systems.

Base 10 Base 16 Base 2
(decimal) (hexadecimal) (binary)

0 0 0000

1 1 0001

2 2 0010

3 3 0011

4 4 0100

5 5 0101

6 6 0110

7 7 0111

8 8 1000

9 9 1001

10 A 1010

11 B 1011

12 C 1100

13 D 1101

14 E 1110

15 F 1111

Fig. 3.2

To illustrate conversion from base 10 to hex, 156,, will be converted
by repeated division, as in other conversions:

9
16)156 R=12=C
(Remember, 12 in base 10 is C in hex)
0
16)9 R=9
Therefore, 156,, = 9C,..

To convert 9C,,; back to base 10, the same procedure used earlier is
applied:
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9 Cy
l_-»L-—»C X 160 =12 X 16° = 12
9 X 16' = w
156,, (It checks)

To illustrate the usefulness of the hex system further, the number
982,, will be converted to binary by repeated division by 2 and then converted
to binary by first converting it to a hex number and then to the binary
equivalent. Conversion by repeated division by 2 is as follows:

491
2)982
245
2)491
122
20245
61
2122
30
2)61
15
2)30
7
215
3
2)7
1
2)3

~ ® =2 ® ® =2 R”R =»r &
il

=1

0
21 R=1

Therefore, 982,, = 1111010110, (10 divisions required).
Conversion by repeated division by 16 is as follows:

61
16)982 R=6

3
16)61 1R=13=D
0
16)3 R=3

Therefore, 982,, = 3D6, (three divisions required).

The next step is to write the binary equivalent of each individual
symbol in the hex number to arrive at the binary equivalent. From Fig. 3.2,
36 = 0011, D, = 1101, and 6,, = 0110. Therefore, 982,, = 3D6, =
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001111010110,. Since the 2 leftmost zeros have no meaning, it is common
practice to leave them off. Notice the ease in converting a base 10 number to
hex and then writing the binary equivalent of each hex symbol. Only three
divisions are required instead of the 10 needed with the direct way.

The hex system is also convenient for converting a 16-digit binary
number to its base 10 equivalent. To illustrate, the binary number
1101111101100101, will be converted to its base 10 equivalent. The first step
is to divide the binary digits into groups of four each, starting from the right,
and write the hex equivalent of each group: '

1101 1111 0110 0101,

D F 6 5

DF65,4 is the hex equivalent of 1101111101100101 2 The next step is to convert
DF65,¢ to base 10. o

5

96

15 X 16 = 3840
13 X 16* = 53248
57189,

umE
X X X X
555
[T

._.

ox
D

I

Notice the ease in converting the initial binary number to its base 10 equiva-
lent. To illustrate the other technique, we will convert the binary number, digit
for digit, to the base 10 equivalent.

1101111101100T10 1,
b1 x 20 = 1

0Xx2 = 0

1 X2 = 4

0x 2 = 0

0Xx 2 = 0

, -1X2 = 32
——1 X 2 = 64

——0 X 2 = 0
——1 X 2 = 256
——1 X 2 = 512
——1 X 29 = 1024

— ] X 2" = 2048

1 X 22 = 4096

——( X 2V = 0
1 X 2% = 16384

— | X 25 = 32768

57189,,
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It shall be left to the reader to determine the easiest technique for
converting base 10 numbers to their base 2 equivalent.

3.6 Base 10 Fractional Decimals to Binary

Up to now, the only numbers considered have been whole numbers.
However, it is often necessary to feed fractional decimal numbers, like .75, into
a computer. These must also be in binary form.

To convert a fractional decimal number into binary form, a method
known as “repeated multiplication” will be used. To illustrate, we will convert
.75 to its binary equivalent:

Step 1: Multiply fractional decimal number by 2:
5
X2
1- @©s0
Step 2: The 1 or O to the left of the decimal point in step 1 is part of
the answer. Multiply the remaining numbers to the right of the decimal point
by 2:
.50
X2
1 oo
Therefore, since the method stipulates stopping when the fractional part of the
answer is zero, .75,, = .11,. Now remember that

T56 = (7 X107 + (5 X 1073
7+ .05
= .75

To convert .11, back to base 10, the same technique is used (remember
that any number to the negative power is the same as that number to the
positive power divided into one):

AL, = (1 X2) 4+ A X2
— (X %+ @

=({1XxX.5+ (1 x .29
S5+ .25
= .75, (It checks)

This all appears relatively straightforward, but, in reality, not all
fractional decimal numbers will come out so neatly by continuous multiplica-
tion by 2. In these situations, it is common practice to continue until the
number of 1’s and 0’s are equal to the number of individual data lines into the
computer. To illustrate, the fractional decimal number .3017,, will be con-
verted to binary form:
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3017 .6034 .2068 4136 .8272
X2 X2 X2 X2 X2
0.6034 ( f5.2068 (5.4136 ©0).8272 ( ).6544
l l 1 l l
0 1 0 0
Therefore, .3017,, = .01001. . . . As can be seen, this answer could continue

for many more multiplications, sometimes never coming to an end (fractional
part of the answer exactly zero).

3.7 Summary

Any data used by digital computers must be represented in binary
notation. In this chapter, several techniques for converting base 10 numbers
to binary notation were presented. Also, since data out of the digital computer
is in binary form, several techniques were presented to convert the 1’s and 0’s
into fewer symbols so that they can be spoken and written more easily. It is
much easier to write the output as DF65,, than it is to write
1101111101100101,.

These binary digits of 1’s and 0’s are often referred to as bits (binary
digizs). For example, 11010110 is a binary word consisting of eight bits.

3.8 Examples

. Convert 1125, to octal (base 8), hex (base 16), and binary (base 2):
1125,, to octal:

140
8)1125 R=35
17
8)140 R=4
N 1125,, = 2145,
8)17 R=1
0
8)2 R=2
1125, to hex:
70
16)1125 R=35
4
16)70 R=6 T 1125,, = 465,
0
16)4 R=4
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1125,, to binary:

1125, = 2145, = 010001100101,
1125,, = 465, = 010001100101, (Same result either way)

2. Convert 782, to hex and binary.

782, to hex:
48
16)782 R=14=E
3
16)48 R=0 T 782,, = 30E,
0
16)3 R =3

782,, to binary:
782,, = 30E,, = 001100001110,

3. Convert the following binary numbers to octal, hex, and decimal.

(a) 1101011010111100,

To base 16:

1101 0110 1011 1100, = D6BC;
To base 8:

1 101 011 010 111 100, = 153274,
To base 10:

D6BC = (C X 16° + (B X 16') + (6 X 162 + (D X 16°)
— (12 X 16°) + (11 X 16) + (6 X 16) + (13 X 16)
= 12 + 176 + 1536 + 53248

54972,

(b) 0001011011110101,:

To base 16:
0001 0110 1111 0101, = 16F5;
To base 8:
0 001 011 011 110 101, = 13365,
To base 10:
16F5, = (5 X 16°) + (F X 16") + (6 X 16) + (1 X 16)
= (5 X 16°) + (15 X 16") + (6 X 16) + (1 X 16°)
= 5 4 240 + 1536 + 4096
5877

4. Convert .528,, to binary.
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.528 056 112 224 448 .896
X2 X2 X2 X2 X2 X2
@os6 @112 @224 @448 @896 (D792
t ! ¢ ! ! !
1 0 0 0 0 1

Therefore, .528,, = .100001....,

Problems

. Convert the following base 10 numbers to their equivalent binary, octal, and

hex numbers:

(a) 2 ) 8 (c) 12 (d) 28 (e) 512 (f) 64 (g) 228

(h) 1156

. Convert the following base 10 fractional decimal numbers to their equivalent

binary numbers:

(a) .505 (b) 444 (c) .715 (d) .325 (e) .95 (f) .805

(g .7 (h) .99

. Convert the following binary numbers to their octal, hex, and decimal equiva-

lents:

(a) 110101 (b) 11011101 (c) 10101011 (d) 111111101101

(e) 111101101 (f) 11000111

. Convert the following binary numbers to equivalent base 10 numbers:

(a) 10001011.111 (b) 11000111.011 (c) 11101101.001

(d) 11100111.101

. Convert the following octal numbers to decimal numbers:

(a) 7521 (b) 33 (c) 677 (d) 463 (e) 555

. Convert the following hex numbers to decimal numbers:

(a) F6D1 (b) DEF6 (c) 552 (d) 92B (e) 45FD (f) FFF1

. In each case below, add 1 to the number given and write the sum, keeping the

answer in the same number system as the problem:
(@) 99, + 1
) 15, + 1
(c) FF;s + 1
@ 111, + 1
(e C19,s + 1

. Convert the following numbers:

(a) 48,,

(b) 48,,

(c) 48, (hexadecimal)

(d) F3,, (decimal)

(e) 1011, = (hexadecimal)

(binary)
(octal)
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9. (a) Express 0111101110000001, in both octal and hexadecimal:
Octal: Hexadecimal:

39




4
Digital Arithmetic

In the previous chapter, methods of converting decimal numbers to
binary were shown. Emphasis was put on the fact that digital computers can
work only in binary 0’s and 1’s. Now that we have the data in binary, what
does the computer do with it? How are these binary numbers added, sub-
tracted, and so forth? These are questions that will be answered in this chapter.

4.1 Binary Addition

Binary numbers are added just as they are in any other number
system. In base 10, the one all of us are most familiar with, the rightmost
column of numbers is added. If the total exceeds 9, the rightmost digit of the
sum is written down and the rest of the total is carried to the next column.
For example, if 14 and 19 are added, first the 9 and the 4 are added together,
resulting in 13. The 3 is written down, and the 1 (which represents 10) is
carried to the second column, which is the tens column. This carry is then
added to the numbers in the second column, as follows:

(1) carry
1
1

l-lk\o

W
(9%)

Binary numbers are added in much the same way. However, it must
be kept in mind that the binary system has only 0’s and 1’s. When adding
binary numbers, four possible combinations exist:

(1) carry
(@ +0 (®) +1 (c) +0 @) +1
+0 +0 +1 _+1
+0 +1 +1 +10

In (d), the answer can be verified by converting the answer to base 10:

OX2)+(1IX2)=0+2=2,
40
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With this in mind, we’re now ready to do our first binary addition.
If the binary equivalent of 7,, and 5,, are added, the results, when converted
to base 10, will be 12,,. Thus, 111, (7,,) and 101, (5,,) will be added:

(CX(B)A)
111
+101

The first step is to add 1 and 1 (column A). The result is 0 with a carry of 1:
(1) carry

111
+101

0

The next step is to add 1 and 0 (column B) to the carry of 1 (from column
A). The result is O with a carry of 1:

(1) carry
111

+101
00

The next step is the most confusing, for 1 and 1 (column C) and 1 (carry from
column B) are to be added. We must add just as before, keeping track of the
carries in the next column as they occur. Thus, 1 + 1 is O with a carry of 1.
Place the carry in the next column, then add the remaining 1 to the 0 just
obtained:

(1) carry
111
+101
100

Since there are no additional numbers to be added, the last 1 (carry from
column C) is brought down into the answer:

—

11
+101
1100

To check the answer, 1100, is converted back to base 10 by the techniques
explained in Chap. 3:

.

1100, = 0 X 29 + 0O X 2+ (1 X 2) + (1 X 29
=04+0+4+38
= 12,
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To illustrate further, let’s add the numbers 421,, and 137,, in decimal
and in binary, then check the binary result by converting to decimal. First, we
convert 421,, and 137,, to binary:

421,, to binary

26
16)421 R=5
1
16)26 R=10=A
0
16)1 R=1

Therefore, 421,, = 1A5,, = 000110100101, (the leftmost zeros are insignifi-
cant and may be left off).

137, to binary:
8
16)137 ? R=29

0
16)8 R =28
Therefore, 137,, = 89, = 10001001,. Now add their binary equivalents:

(D) (1)
110100101 <421,
+ 10001001 <137,
1000101110

The result of 1000101110, or 22E,¢ can now be converted to decimal to verify
the answer:

22E, = (E X 16 + (2 X 16") + (2 X 16)
= (14 X 1) + 2 X 16) + (2 X 256) »
= 14 + 32 4 512 Decimal Check

= 558,, (It checks) 421
+137
558,

Often in performing binary multiplication, 1 + 1 + lor1 4+ 1 +
1 + 1 will have to be added. These are added in much the same way except
that the number of carries must be carefully determined. Toadd 1 + 1 + 1,
1 + 1 are first added resulting in O and a 1 in the carry column. Next, the
remaining 1 is added to the O from the previous addition resulting in a 1. Since
there was only a 1 carry, it is brought down into the answer:
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Likewise,

+1
]——»1 + 1= +10
+1
+1
]—»1 + 1= 410
+1

4.2 Binary Subtraction

The circuitry required for digital computers to add binary numbers
is relatively simple. However, since circuitry to subtract binary numbers is very
difficult to design and build, another subtraction method (other than that
familiar to us) would be desirable. The method is known as “subtraction by
addition of the 1’s or 2’s complements” of the number.

The 1’s complement of a binary number is formed by inverting each
binary digit of the number, that is, by changing all 1’s to 0’s and all 0’s to 1I’s.
The 2’s complement is formed by adding 1 to the 1’s complement, as follows:

Binary number = 01100100
I’'s complement = 10011011
2’s complement = 10011100

Most computers on the market perform subtraction by “the addition
of the 2’s complement” of the subtrahend. Subtraction by “the addition of the
1I’s complement” requires much more hardware to implement. Therefore, we
will concentrate only on subtraction by ‘“‘the addition of the 2’s complement.”

When a subtraction is performed, the answer can be positive or nega-
tive, depending upon the relative value of the minuend and the subtrahend. We
must, therefore, in some way account for the sign of the answer. As will
become apparent in later chapters, the data in most microprocessors is repre-
sented by eight binary digits, called bits. The leftmost bit, called the most
significant bit (MSB), is used as the sign bit. If the MSB is a ““1,” the number
represented by the remaining seven bits is assumed to be negative and is
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represented by its 2’s complement. If the MSB is a “0,” the number represented
in the remaining seven bits is positive and is equal to the binary equivalent of
these seven bits. Thus,

01110001 = 471, = +113,

Sign bit = 4
or
11101101 =—6D = —109,
Sign bit = —

Let us illustrate by taking a relatively simple example. The number
51, will be subtracted from the number 15,,. The eight-bit number 00000101
is the binary representation of 5,,, and 00001111 is the binary representation
of 15

Decimal Subtraction:

15
=3
+10

Subtraction by Addition of 2’s Complement:

Since the number 5 will be subtracted-from the number 15, 5 must
be represented in its 2’s complement form:

00000101 =5,
11111010 = I's complement of 5,
11111011 = 2’s complement of 5,,
10j0001111 (5)
T HI111011 (5in2's complement)
100001010

Ignore/ L
Sign bits

The answer is therefore +0A ¢ or + 10,,.

Included in the M6800 microprocessor, which we will soon be study-
ing in detail, is a Condition Code Register containing several bits that indicate
the status of the results of certain operations. One of these bits is an N (for
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negative) bit. If the arithmetic operation sets the MSB of the answer, indicating
a negative answer, the N bit will be set to a “1.” Otherwise, it will be a “0.”

The Condition Code Register also contains a C bit. If the absolute
value of the subtrahend is larger than the absolute value of the minuend, the
C bit will be set to a “1”*; otherwise, it will be set to a “0.” In this last example,
both the C bit and N bit will be a *0.”

To illustrate further, let’s now reverse the numbers of the first example
and subtract the number 15,, from the number 5,,:

Decimal Subtraction:

5
—15
—10

Subtraction by Addition of 2’s Complement:

00001111 =15,
11110000 = I’'s complement of 15,,
11110001 = 2’s complement of 15,,
1010000101 (5
TH1'11110001 (15 in 2’s complement)
111110110 = —00001010, = —0A,, = —10,

L Sign bits

In this problem, the N bit and the C bit will be set to a “1.” The “1”
in the MSB of the answer indicates that the answer is negative, and the value
is the 2’s complement of the result shown.

As you can see from these two examples, bit 7 serves as the sign bit.
A “0” in bit 7 indicates a positive number. Thus, the maximum possible
positive number is 01111111, or +7F,, which is +127,,. Likewise, a “1” in
bit 7 indicates a negative number. The maximum possible negative number,
represented in 2’s complement, is 10000000, or — 80,,, which is —128,,. The
maximum possible range of numbers is shown in Fig. 4.1, assuming that the
data is represented in eight bits.

The next logical question that one may ask is what happens if a
number is subtracted from a negative number. It is possible to subtract (or add)
two numbers and obtain an invalid answer. This situation is referred to as a
2’s complement overflow. In addition to the C and N bits just described, the
Condition Code Register also contains a V bit. When a subtraction (or addi-
tion) is performed and a 2’s complement overflow occurs, the V bit will be set
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Number in Binary equivalent Hex equivalent Decimal
2’s complement number number equivalent
0111 1111(7F) 0111 1111 7F +127
0111 1110(7E) 0111 1110 7E +126
0111 1101(7D) 0111 1101 7D +125

. L] * L]
0000 0010(02) 0000 0010 02 +2
0000 0001(01) 0000 0001 01 +1
0000 0000(00) 0000 0000 00 0
1111 1111(FF) -0000 0001 —-01 —1
1111 1110(FE) —0000 0010 —-02 -2

L] L] L ] L]

L L] . *
1000 0010(82) —0111 1110 —7E —126
1000 0001(81) —0111 1111 —7F —127
1000 0000(80) —1000 0000 —80 —128

Fig. 4.1 Maximum possible range of numbers

to a “1”; otherwise, it will be cleared. To illustrate, let us subtract the hex
number 45 (69,,) from the hex number —60 (—96,,). The minuend (—96,,)
must already be in the 2’s complement representation:

Decimal Subtraction:

— 96
— 69
—165 (outside of allowable range)

Subtraction by Addition of 2’s Complement:

01100000 (60,

10011111 (I'scomplement of 60,)

10100000 (2’s complement of 60,)

01000101 (45,

10111010 (I's complement of 45,;)

10111011 (2’scomplement of 45,)
+ 10100000 (2's complement of 60,)

10111011 (2scomplement of 45,,)

101011011

The above subtraction by the addition of the 2’s complement resulted
in an answer of + 5B,, which is +91,,. Therefore, the V bit will be set to a
““1” since the answer should be —165,,.
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4.3 Binary Multiplication

Binary multiplication is quite similar to decimal multiplication. If the
decimal numbers 16 and 12 are multiplied, the first step is to multiply 2 X
6, resulting in 12:

(1) carry
16
X 12
2

The 2 is written down, and the 1, which is the ten’s unit (12 = 10 + 2), is
carried to the next digit, as shown above. Then 1 is multiplied by 2, and the
carry of 1 from the first multiplication is added to the result:

16
x12
32

Then the 6 is multiplied by 1, and the answer, 6, is placed under the 3 (shifted
one digit to the left):

16
x12

32

6

After multiplying 1 by 1 and placing the result, 1, to the left of the 6 from the
previous step, the final answer is obtained by adding the partial results:

16
x_12
32
16
192

Just as a multiplication table has to be learned for the decimal system, a
multiplication table for binary numbers must also be memorized:

O0xo0=0
O0xXx1=0
1 X0=0
I xXx1=1

As can be seen, this multiplication table is much easier to remember than the
decimal multiplication table drilled into us in our early school days.
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To illustrate the ease with which binary numbers can be multiplied,
the same two numbers (16,, and 12,,) used in the previous example will be used
again:

16,, = 10000,
1210 = 11002

10000
X 1100
00000
00000
10000
10000
11000000,

This is a relatively simple example, since there are no carries, but the basic
principles are the same. To check:

11000000, = (1 X 2% + (1 X 27)
= 64 + 128
= 192, (It checks)

Let us look at another example. The binary numbers 101, and 11, will
be multiplied. In decimal notation this would be 5,, X 3,,, which is known to
be 15,,.

Step 1:
101
X _11
101 (1 x 101 = 101)

Step 2:
101
x_11
101
101 (1 x 101

Step 3: Add partial results:

101
x_11
101
+101_
1111,

101)

Therefore, 1111, = 15,,.
A more difficult example, illustrating binary multiplication with car-
ries, is 1111, X 111,. In decimal, this would be 15,, X 7., or 105,.
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1111

x_111

1111

+ 1111
1111

In adding these partial results, one must be very careful:
Step 1: Bring the rightmost 1 down as part of the answer:

1111
1111
1111

1

Step 2: Add the 1 and 1, resulting in O with a carry of 1:

01

Step 3: There are now four 1’s to be added to form the next part of
the answer. This can be thought of as adding 1 and 1, resulting in O with a
carry of 1; then adding the next 1 to the O, resulting in 1; and finally, adding
the last 1, resulting in O with another carry of 1 (two carries):

(1
(1) carry
1 111
11 1
111

O =

01

Step 4: Similar to step 3. Adding 1 + 1 + 1 + 1 + 1 resultsin a
1 with two carries:

(D

(H1 111
1111

1111
1001

Step 5: Same as step 3 (1 + 1 + 1 + 1 = 0 with two carries):
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M 1111
(H1111
1111

01001

Checking the result:
1101001, = 69,
=9 X 16° + 6 X 16
=9+ 9
= 105, (It checks)

Multiplication with digital computers is often accomplished with the
program in memory rather than the hardware itself. The theory and basics just
covered are implemented by the program to perform a binary multiplication.
As was just explained, binary multiplication is nothing more than a series of
shifts and adds of the multiplicand. A multiplication program shown in Chap.
11 illustrates these principles.

4.4 Binary Division

Binary division is accomplished in nearly the same way as decimal
division. The division table is very simple:

I
o

0
0

- O

Meaningless, just as it is in
the decimal system

et | ot
1
—

1
0

To illustrate binary division, the number 18 will be divided by 6. Since
18,, = 10010, and 6,, = 110, the problem is written as
110)10010
Step 1: Since 110 is larger than 100, it will not divide into 100.
Therefore, 110 is divided into 1001.
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1

110
11

o

[y

1

Subtracting 110 from 1001 can be thought of in the following way. What
number, when added to 110, will equal 1001? Obviously,
11 + 110 = 1001
Step 2: Bring down the last 0 and divide again, just as in the decimal

The answer, 11,, checks with the known answer of 3,,.

Very often in division, the answer will not come out even. Again, this
problem is handled in much the same way as it is in the decimal system. To
illustrate, 27,, will be divided by 4,,. First, we must convert 27,, to binary:

1

16)27 R=11=B8B
0

16)1 R=1

2710 = 1B16 = 000110112

Since 4,, = 100,, the division proceeds as follows:

Step 1.
1
100)11011
100
101

Step 2:
11
100)11011
100
101
100

1
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Step 3:
110
10011011
100
101
100
11
Step 4:
110.1
100)11011.0
100
101
100
110
100
10
Step 5:
. 110.11
100)11011.00
100
101
100
110
100
100
100

To convert 110.11, to the decimal system as a check, we use the
methods of Chap. 3:

1101, = (1 X2+ (1 X2+ O0OX2)+ (1 Xx2)+ (X2
=(1XWB+(AXx%+0+2+4
=25+5+2+4
= 6.75,, (It checks)

Again, as in multiplication, division is usually accomplished in digital
computers with a computer program (to be discussed later) rather than with
electronic circuitry. However, the principle just discussed must be understood
if the computer program is to be understood.

4.5 Binary Coded Decimal

Another method of representing numbers in digital computers is
known as Binary Coded Decimal (BCD). In the BCD system, each decimal
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digit is represented with its own binary equivalent number. For example, 743,,
would be represented in BCD as:

0111 0100 0011
7 4 3

It must be emphasized that BCD and binary are not the same; for
example, 49, in binary is 110001,, but in BCD it is 01001001.

Many devices use BCD format for data transmitted and received.
Consequently, we must know how to handle this data. Adding numbers in
BCD can cause problems if we are not fully aware of the possibility of invalid
results. To illustrate, let us add the numbers 60,, and 55,, in BCD:

60,, = 0110 0000
55, = 0101 0101
1011 0101

As you can see, the answer is invalid since 1011 is not a valid BCD number.
We know that the decimal answer is 115. Therefore, a correction must be
made. Notice what happens when 60 is added to the above result:

1011 0101

0110 0000
1 0001 0101
1 1 5

We now have the correct answer, 115. The M6800 Microprocessor has an
instruction (DAA) that will make whatever adjustments are necessary to
correct an invalid result.

A “Binary to BCD Conversion” program is presented in Chap. 11.
This program takes binary numbers and structures them into the BCD format:

Decimal number BCD representation

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

©O~NOOMAWN=O
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Problems

. Perform the following additions in binary (numbers given are in decimal).
Verify the results in decimal.

@@ 9 (b) 28 © 158
+3 +21 T+ 72
@ 128 (e 16 ® 178
+128 +22 +642

. Perform the following subtractions (numbers given are in decimal) by “addi-
tion of 2’s complement.” Verify your answer in decimal.

(@ 10 ®) 26 © 142
-3 =3 =1

@ 17 © 50 ® 33
=16 —42 b3

. Perform the following multiplications in binary (numbers given are in deci-
mal). Verify your answers in decimal.

@ 5 ® 12 © 13 @ 125
x6 x 8 X2 x_3
@ 123 ® 12 ® 8 ) 17
X 12 x12 x4 x17

. Perform the following division in binary (numbers given are in decimal). Verify
your answers in decimal.

(@) 6)36 () 6)40 (c) 8)46 (d) 26)78
(e) 24)108 ® 25179 (g) 347 (h) 760
@) 10)105

. Show the following decimal numbers in binary and BCD:

@ 9 ®) 13 (c) 42 @ 92

() 103 ® 783 (8) 1243 (h) 9436
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