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Basic Principles of Digital
Systems

CHAPTER OBJECTIVES

Upon successful completion of this chapter, you will be able to:

* Describe some differences between analog and digital electronics.

* Understand the concept of HIGH and LOW logic levels.

* Explain the basic principles of a positional notation number system.
* Translate logic HIGHs and LOWSs into binary numbers.

* Count in binary, decimal, or hexadecimal.

» Convert a number in binary, decimal, or hexadecimal to any of the other
number bases.

¢ Calculate the fractional binary equivalent of any decimal number.

* Distinguish between the most significant bit and least significant bit of a bi-
nary number.

 Describe the difference between periodic, aperiodic, and pulse waveforms.

* Calculate the frequency, period, and duty cycle of a periodic digital wave-
form.

* Calculate the pulse width, rise time, and fall time of a digital pulse.

D igital electronics is the branch of electronics based on the combination and switching
of voltages called logic levels. Any quantity in the outside world, such as temperature,
pressure, or voltage, can be symbolized in a digital circuit by a group of logic voltages that,
taken together, represent a binary number. M

Each logic level corresponds to a digit in the binary (base 2) number system. The bi-
nary digits, or bits, 0 and 1, are sufficient to write any number, given enough places. The
hexadecimal (base 16) number system is also important in digital systems. Since every
combination of four binary digits can be uniquely represented as a hexadecimal digit, this
system is often used as a compact way of writing binary information.

Inputs and outputs in digital circuits are not always static. Often they vary with time.
Time-varying digital waveforms can have three forms:

1. Periodic waveforms, which repeat a pattern of logic 1s and Os
2. Aperiodic waveforms, which do not repeat

3. Pulse waveforms, which produce a momentary variation from a constant logic level
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1.1 Digital Versus Analog Electronics

Continuous Smoothly connected. An unbroken series of consecutive values with
no instantaneous changes.

Discrete Separated into distinct segments or pieces. A series of discontinuous
values.

Analog A way of representing some physical quantity, such as temperature or ve-
locity, by a proportional continuous voltage or current. An analog voltage or current
can have any value within a defined range.

Digital A way of representing a physical quantity by a series of binary numbers.
A digital representation can have only specific discrete values.

The study of electronics often is divided into two basic areas: analog and digital electron-
ics. Analog electronics has a longer history and can be regarded as the “classical” branch
of electronics. Digital electronics, although newer, has achieved greater prominence
through the advent of the computer age. The modern revolution in microcomputer chips, as
part of everything from personal computers to cars and coffee makers, is founded almost
entirely on digital electronics.

The main difference between analog and digital electronics can be stated simply. Ana-
log voltages or currents are continuously variable between defined values, and digital volt-
ages or currents can vary only by distinct, or discrete, steps.

Some keywords highlight the differences between digital and analog electronics:

Analog Digital
Continuously variable Discrete steps
Amplification Switching
Voltages Numbers

An example often used to illustrate the difference between analog and digital devices
is the comparison between a light dimmer and a light switch. A light dimmer is an analog
device, since it can make the light it controls vary in brightness anywhere within a defined
range of values. The light can be fully on, fully off, or at some brightness level in between.
A light switch is a digital device, since it can turn the light on or off, but there is no value
in between those two states.

The light switch/light dimmer analogy, although easy to understand, does not show
any particular advantage to the digital device. If anything, it makes the digital device seem
limited.

One modern application in which a digital device is clearly superior to an analog one
is digital audio reproduction. Compact disc players have achieved their high level of popu-
larity because of the accurate and noise-free way in which they reproduce recorded music.
This high quality of sound is possible because the music is stored, not as a magnetic copy
of the sound vibrations, as in analog tapes, but as a series of numbers that represent ampli-
tude steps in the sound waves.

Figure 1.1 shows a sound waveform and its representation in both analog and digital
forms.

The analog voltage, shown in Figure 1.1b, is a copy of the original waveform and in-
troduces distortion both in the storage and playback processes. (Think of how a photocopy
deteriorates in quality if you make a copy of a copy, then a copy of the new copy, and so on.
It doesn’t take long before you can’t read the fine print.)

A digital audio system doesn’t make a copy of the waveform, but rather stores a code
(a series of amplitude numbers) that tells the compact disc player how to re-create the orig-
inal sound every time a disc is played. During the recording process, the sound waveform
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is “sampled” at precise intervals. The recording transforms each sample into a digital num-
ber corresponding to the amplitude of the sound at that point.

The “samples” (the voltages represented by the vertical bars) of the digitized audio
waveform shown in Figure 1.1c are much more widely spaced than they would be in a real
digital audio system. They are shown this way to give the general idea of a digitized wave-
form. In real digital audio systems, each amplitude value can be indicated by a number
having as many as 16,000 to 65,000 possible values. Such a large number of possible val-
ues means the voltage difference between any two consecutive digital numbers is very
small. The numbers can thus correspond extremely closely to the actual amplitude of the
sound waveform. If the spacing between the samples is made small enough, the repro-
duced waveform is almost exactly the same as the original.

Il SECTION 1.1 REVIEW PROBLEM

1.1 What is the basic difference between analog and digital audio reproduction?

Digital Logic Levels

Logic level A voltage level that represents a defined digital state in an electronic
circuit.

Logic HIGH (or logic 1) The higher of two voltages in a digital system with two
logic levels.

Logic LOW (or logic 0) The lower of two voltages in a digital system with two
logic levels.

Positive logic A system in which logic LOW represents binary digit 0 and logic
HIGH represents binary digit 1.

Negative logic A system in which logic LOW represents binary digit 1 and logic
HIGH represents binary digit 0.

Digitally represented quantities, such as the amplitude of an audio waveform, are usually
represented by binary, or base 2, numbers. When we want to describe a digital quantity
electronically, we need to have a system that uses voltages or currents to symbolize binary
numbers.

The binary number system has only two digits, 0 and 1. Each of these digits can be de-
noted by a different voltage called a logic level. For a system having two logic levels, the
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lower voltage (usually O volts) is called a logic LOW or logic 0 and represents the digit 0.
The higher voltage (traditionally 5 V, but in some systems a specific value such as 1.8V,
2.5V or3.3V)is called a logic HIGH or logic 1, which symbolizes the digit 1. Except for
some allowable tolerance, as shown in Figure 1.2, the range of voltages between HIGH and
LOW logic levels is undefined.

+5V t
Logic HIGH
+2V
Undefined
+0.8V )
Logic LOW
ov 1

For the voltages in Figure 1.2:
+5V = Logic HIGH =
0V = Logic LOW =0

The system assigning the digit 1 to a logic HIGH and digit 0 to logic LOW is called
positive logic. Throughout the remainder of this text, logic levels will be referred to as
HIGH/LOW or 1/0 interchangeably.

(A complementary system, called negative logic, also exists that makes the assign-
ment the other way around.)

The Binary Number System

Binary number system A number system used extensively in digital systems,
based on the number 2. It uses two digits, 0 and 1, to write any number.

Positional notation A system of writing numbers where the value of a digit
depends not only on the digit, but also on its placement within a number.

Bit Binary digiz. AOoral.

Positional Notation

The binary number system is based on the number 2. This means that we can write any
number using only two binary digits (or bits), 0 and 1. Compare this to the decimal system,
which is based on the number 10, where we can write any number with only ten decimal
digits, 0 to 9.

The binary and decimal systems are both positional notation systems; the value of a
digit in either system depends on its placement within a number. In the decimal number
845, the digit 4 really means 40, whereas in the number 9426, the digit 4 really means 400
(845 = 800 + 40 + 5; 9426 = 9000 + 400 + 20 + 6). The value of the digit is determined
by what the digit is as well as where it is.

In the decimal system, a digit in the position immediately to the left of the decimal
point is multiplied by 1 (10°). A digit two positions to the left of the decimal point is mul-
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tiplied by 10 (10"). A digit in the next position left is multiplied by 100 (10%). The posi-
tional multipliers, as you move left from the decimal point, are ascending powers of 10.

The same idea applies in the binary system, except that the positional multipliers are
powersof 2 (2° = 1,2' =2,2% =4,2>=8,2* = 16,2° = 32,. . .). For example, the bi-
nary number 101 has the decimal equivalent:
(1 X2+ 0 x2hH+ 1 x2%
1X4) +OX2) +(1X1)

4 + 0 + 1

= 5

Il EXAMPLE 1.1

Calculate the decimal equivalents of the binary numbers 1010, 111, and 10010.

SOLUTIONS 1010 = (1X2%) + (0x2%) + (1x2") + (0x2%

= (1X8) + (0X4) + (1X2) + (0X1)

=8+2=10

111 = (1x2% + (1x2hH + (1x2°%
= (1X4) + (1X2) + (1X1)
=4+2+1=7
10010 = (1X2% + (0%2%) + (0x2%) + (1x2") + (0x2°)

(1X16) + (0X8) + (0X4) + (1X2) + (0X1)
16 +2 = 18 -

FIGURE 1.3
3-Input Digital Circuit

Binary Inputs

KEY TERMS

Most significant bit The leftmost bit in a binary number. This bit has the
number’s largest positional multiplier.

Least significant bit The rightmost bit of a binary number. This bit has the
number’s smallest positional multiplier.

A major class of digital circuits, called combinational logic, operates by accepting logic
levels at one or more input terminals and producing a logic level at an output. In the analy-
sis and design of such circuits, it is frequently necessary to find the output logic level of a
circuit for all possible combinations of input logic levels.

The digital circuit in the black box in Figure 1.3 has three inputs. Each input can have
two possible states, LOW or HIGH, which can be represented by positive logic as O or 1.
The number of possible input combinations is 2° = 8. (In general, a circuit with n binary
inputs has 2" input combinations, ranging from 0 to 2" —1.) Table 1.1 shows a list of these
combinations, both as logic levels and binary numbers, and their decimal equivalents.

Inpuls Output

Digita: cirgut

....... & M5
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= ILSE;




6 CHAPTER 1

e Basic Principles of Digital Systems

TABLE 1.1 Possible Input Combinations for a 3-Input Digital Circuit

Logic Level Binary Value Decimal Equivalent

A B C A B C

L L L 0 0 0 0
L L H 0 0 1 1
L H L 0 1 0 2
L H H 0 1 1 3
H L L 1 0 0 4
H L H 1 0 1 5
H H L 1 1 0 6
H H H 1 1 1 7

A list of output logic levels corresponding to all possible input combinations, applied
in ascending binary order, is called a truth table. This is a standard form for showing the
function of a digital circuit.

The input bits on each line of Table 1.1 can be read from left to right as a series of 3-
bit binary numbers. The numerical values of these eight input combinations range from 0
to 7 (2" possible input combinations, having decimal equivalents ranging from 0 to 2" —1)
in decimal.

Bit A is called the most significant bit (MSB), and bit C is called the least significant
bit (LSB). As these terms imply, a change in bit A is more significant, since it has the
greatest effect on the number of which it is part.

Table 1.2 shows the effect of changing each of these bits in a 3-bit binary number and
compares the changed number to the original by showing the difference in magnitude. A
change in the MSB of any 3-bit number results in a difference of 4. A change in the LSB of
any binary number results in a difference of 1. (Try it with a few different numbers.)

TABLE 1.2 Effect of Changing the LSB and MSB of a Binary Number

A B C Decimal

Original 0 1 1 3
Change MSB 1 1 1 7 Difference = 4
Change LSB 0 1 0 2 Difference = 1

Il EXAMPLE 1.2

Figure 1.4 shows a 4-input digital circuit. List all the possible binary input combinations to
this circuit and their decimal equivalents. What is the value of the MSB?

Inputs Outputs

Digital circuit
— A (MSB)

B
— C
—— D (LSB)

FIGURE 1.4
Example 1.2: 4-Input Digital Circuit
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SOLUTION  Since there are four inputs, there will be 2* = 16 possible input combina-
tions, ranging from 0000 to 1111 (0 to 15 in decimal). Table 1.3 shows the list of all possi-
ble input combinations.

The MSB has a value of 8 (decimal).

TABLE 1.3 Possible Input
Combinations for a4-Input Digital Circuit

A B C D Decimal
0 0 0 0 0
0 0 0 1 1
0 0 1 0 2
0 0 1 1 3
0 1 0 0 4
0 1 0 1 5
0 1 1 0 6
0 1 1 1 7
1 0 0 0 8
1 0 0 1 9
1 0 1 0 10
1 0 1 1 11
1 1 0 0 12
1 1 0 1 13
1 1 1 0 14
1 1 1 1 15

Knowing how to construct a binary sequence is a very important skill when working
with digital logic systems. Two ways to do this are:

1. Learn to count in binary. You should know all the binary numbers from 0000 to 1111
and their decimal equivalents (0 to 15). Make this your first goal in learning the basics
of digital systems.

Each binary number is a unique representation of its decimal equivalent. You can
work out the decimal value of a binary number by adding the weighted values of all the
bits.

For instance, the binary equivalent of the decimal sequence 0O, 1, 2, 3 can be written
using two bits: the 1’s bit and the 2’s bit. The binary count sequence is:

00 (= 0 + 0)
01 (=0 + 1)
10 (= 2 + 0)
1(=2+1)

To count beyond this, you need another bit: the 4’s bit. The decimal sequence 4, 5,
6, 7 has the binary equivalents:

100 (= 4 + 0 + 0)
101 (=44+0+1)
110 (=4 + 2 + 0)
HI(=4+2+1)

The two least significant bits of this sequence are the same as the bits in the 0 to 3
sequence; a repeating pattern has been generated.



8

CHAPTER 1

e Basic Principles of Digital Systems

The sequence from 8§ to 15 requires yet another bit: the 8’s bit. The three LSBs of
this sequence repeat the 0 to 7 sequence. The binary equivalents of 8 to 15 are:

1000 (=8 + 0 + 0 + 0)
1001 (=8 +0+0+1)
1010(=8 + 0+ 2+ 0)
1011 (=8+0+2+1)
1100 (= 8 + 4 + 0 + 0)
1101 (=8 +4+0+1)
1110 (=8 + 4 + 2 + 0)
Il (=8+4+2+1)

Practice writing out the binary sequence until it becomes familiar. In the O to 15 se-
quence, it is standard practice to write each number as a 4-bit value, as in Example 1.2,
so that all numbers have the same number of bits. Numbers up to 7 have leading zeros
to pad them out to 4 bits.

This convention has developed because each bit has a physical location in a digital
circuit; we know a particular bit is logic 0 because we can measure 0 V at a particular
point in a circuit. A bit with a value of 0 doesn’t go away just because there is not a 1 at
a more significant location.

While you are still learning to count in binary, you can use a second method.

. Follow a simple repetitive pattern. Look at Tables 1.1 and 1.3 again. Notice that the least

significant bit follows a pattern. The bits alternate with every line, producing the pattern
0,1,0,1,. . . . The 2’s bit alternates every two lines: 0,0, 1,1,0,0, 1,1,. . . . The4’s
bit alternates every four lines: 0,0, 0,0, 1, 1, 1, 1,. . . . This pattern can be expanded to
cover any number of bits, with the number of lines between alternations doubling with
each bit to the left.

Decimal-to-Binary Conversion

There are two methods commonly used to convert decimal numbers to binary: sum of pow-
ers of 2 and repeated division by 2.

Sum of Powers of 2

You can convert a decimal number to binary by adding up powers of 2 by inspection,
adding bits as you need them to fill up the total value of the number. For example, convert
570 to binary.

6410 > 5710 > 32y

We see that 32 (=2°) is the largest power of two that is smaller than 57. Set the 32’s bit
to 1 and subtract 32 from the original number, as shown below.

57T —-32=25

The largest power of two that is less than 25 is 16. Set the 16’s bit to 1 and subtract 16
from the accumulated total.

25—-16=9

8 is the largest power of two that is less than 9. Set the 8’s bit to 1 and subtract 8 from the
total.

9-8=1
4 is greater than the remaining total. Set the 4’s bit to 0.
2 is greater than the remaining total. Set the 2’s bit to 0.
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e 1 is left over. Set the 1’s bit to 1 and subtract 1.
1-1=0

» Conversion is complete when there is nothing left to subtract. Any remaining bits should
be set to 0.

32 16 8 4 2 1

1 57 —-32=25

32 16 8 4 2 1

1| 1 57— (32 +16) =9

32 16 8 4 2 1
1111 57— (32+16+8) =1

32 16 8 4 2 1

1l1]1|0|l0]|1|57-(32+16+8+1)=0

57,0= 111001,

[l EXAMPLE 1.3

Convert 92, to binary using the sum-of-powers-of-2 method.

SOLUTION 128> 92 > 64
64 32 16 8 4 2 1

1 92 -64 =28

64 32 16 8 4 2 1

110 1 92— (64 + 16) = 12

64 32 16 8 4 2 A1

110 1]1 92-(64+16+8)=4

64 32 16 8 4 2 1

1]lo[1|1|1]0]|0|92-(64+16+8+4)=0

92,0 = 1011100, -

Repeated Division by 2

Any decimal number divided by 2 will leave a remainder of O or 1. Repeated division by 2
will leave a string of Os and 1s that become the binary equivalent of the decimal number.
Let us use this method to convert 46, to binary.

1. Divide the decimal number by 2 and note the remainder.
46/2 = 23 + remainder O (LSB)

The remainder is the least significant bit of the binary equivalent of 46.

2. Divide the quotient from the previous division and note the remainder. The remainder is
the second LSB.

23/2 = 11 + remainder 1



10 CHAPTER 1 e BasicPrinciples of Digital Systems

3. Continue this process until the quotient is 0. The last remainder is the most significant
bit of the binary number.
11/2 = 5 + remainder 1
5/2 = 2 + remainder 1
2/2 = 1 + remainder O
1/2 = 0 + remainder 1 (MSB)

To write the binary equivalent of the decimal number, read the remainders from the bot-

tom up.
461() = 1011102
Il EXAMPLE 1.4 Use repeated division by 2 to convert 115, to a binary number.
SOLUTION 115/2 = 57 + remainder 1 (LSB)

57/2 = 28 + remainder 1
28/2 = 14 + remainder 0
14/2 = 7 + remainder 0
7/2 = 3 + remainder 1
3/2 = 1 + remainder 1
1/2 = 0 + remainder 1 (MSB)

Read the remainders from bottom to top: 1110011.

1151() = 11100112
[ |

In any decimal-to-binary conversion, the number of bits in the binary number is the
exponent of the smallest power of 2 that is larger than the decimal number.
For example, for the numbers 92,4 and 46,

27 =128 >92 7 bits: 1011100
2° = 64 > 46 6 bits: 101110

Fractional Binary Numbers

KEY TERMS

Radix point The generalized form of a decimal point. In any positional number
system, the radix point marks the dividing line between positional multipliers that
are positive and negative powers of the system’s number base.

(7%}

Binary point A period (“.”) that marks the dividing line between positional mul-
tipliers that are positive and negative powers of 2 (e.g., first multiplier right of bi-
nary point = 2 '; first multiplier left of binary point = 2°).

In the decimal system, fractional numbers use the same digits as whole numbers, but the
digits are written to the right of the decimal point. The multipliers for these digits are neg-
ative powers of 10—107" (1/10), 10~ (1/100), 10~ (1/1000), and so on.

So it is in the binary system. Digits O and 1 are used to write fractional binary num-
bers, but the digits are to the right of the binary point—the binary equivalent of the deci-
mal point. (The decimal point and binary point are special cases of the radix point, the
general name for any such point in any number system.)
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Each digit is multiplied by a positional factor that is a negative power of 2. The first
four multipliers on either side of the binary point are:

binary
point
2} 2? 2! 2° : 27! 272 27 274
=8 =4 =2 =1 =12 =14 =18 =1/16
Il EXAMPLE 1.5 Write the binary fraction 0.101101 as a decimal fraction.

SOLUTION 1 X12=172

0X14=0
1 X 1/8=1/8
1 X 1/16 = 1/16
0X1/732=0

1 X 1/64 = 1/64

172 + 1/8 + 1/16 + 1/64 = 32/64 + 8/64 + 4/64 + 1/64
= 45/64

Fractional-Decimal-to-Fractional-Binary Conversion
Simple decimal fractions such as 0.5, 0.25, and 0.375 can be converted to binary fractions
by a sum-of-powers method. The above decimal numbers can also be written 0.5 = 1/2,
0.25 = 1/4, and 0.375 = 3/8 = 1/4 + 1/8. These numbers can all be represented by nega-
tive powers of 2. Thus, in binary,

0.5 10 = 0. 12

0.2510 = 0012

0.37510 = 00112

The conversion process becomes more complicated if we try to convert decimal frac-

tions that cannot be broken into powers of 2. For example, the number 1/5 = 0.2, cannot

be exactly represented by a sum of negative powers of 2. (Try it.) For this type of number,
we must use the method of repeated multiplication by 2.

Method:

1. Multiply the decimal fraction by 2 and note the integer part. The integer part is either O
or 1 for any number between 0 and 0.999. . . . The integer part of the product is the
first digit to the left of the binary point.

02X2=04 Integer part: 0
2. Discard the integer part of the previous product. Multiply the fractional part of the pre-

vious product by 2. Repeat step 1 until the fraction repeats or terminates.

04 X2=08 Integer part: 0
0.8 X2=1.6 Integer part: 1
0.6 X2=1.2 Integer part: 1
02X2=04 Integer part: 0

(Fraction repeats; product is same as in step 1)
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Read the above integer parts from top to bottom to obtain the fractional binary num-
ber. Thus, 0.2,, = 0.00110011 . . ., = 0.0011,. The bar shows the portion of the digits
that repeats.

Il EXAMPLE 1.6

Convert 0.95, to its binary equivalent.

SOLUTION 0.95 X 2 =1.90 Integer part:
0.90 X 2 =1.80 Integer part:
0.80 X 2 = 1.60 Integer part:
0.60 X 2 =1.20 Integer part:
0.20 X 2 =040 Integer part:
0.40 X 2 = 0.80 Integer part: 0
0.80 X 2 = 1.60 Fraction repeats last four digits
0.95,, = 0.111100,

O = = = =

1.4

TABLE 1.4 Hex Digits and
Their Binary and Decimal

Equivalents
Hex Decimal 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
A 10 1010
B 11 1011
C 12 1100
D 13 1101
E 14 1110
F 15 1111

Il SECTION 1.3 REVIEW PROBLEMS

1.2. How many different binary numbers can be written with 6 bits?
1.3. How many can be written with 7 bits?
1.4. Write the sequence of 7-bit numbers from 1010000 to 1010111.

1.5. Write the decimal equivalents of the numbers written for Problem 1.4.

Hexadecimal Numbers

After binary numbers, hexadecimal (base 16) numbers are the most important numbers in
digital applications. Hexadecimal, or hex, numbers are primarily used as a shorthand form
of binary notation. Since 16 is a power of 2 (2* = 16), each hexadecimal digit can be con-
verted directly to four binary digits. Hex numbers can pack more digital information into
fewer digits.

Hex numbers have become particularly popular with the advent of small computers,
which use binary data having 8, 16, or 32 bits. Such data can be represented by 2, 4, or 8
hexadecimal digits, respectively.

Counting in Hexadecimal

The positional multipliers in the hex system are powers of sixteen: 16° = 1, 16' = 16,
16> = 256, 16 = 4096, and so on.

We need 16 digits to write hex numbers; the decimal digits O through 9 are not suffi-
cient. The usual convention is to use the capital letters A through F, each letter representing
a number from 10, through 15;,. Table 1.4 shows how hexadecimal digits relate to their
decimal and binary equivalents.

NOTE

Counting Rules for Hexadecimal Numbers:

1. Count in sequence from O to F in the least significant digit.
2. Add 1 to the next digit to the left and start over.
3. Repeat in all other columns.

For instance, the hex numbers between 19 and 22 are 19, 1A, 1B, 1C, 1D, 1E, 1F, 20,
21, 22. (The decimal equivalents of these numbers are 25, through 34,,.)
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Il EXAMPLE 1.7

What is the next hexadecimal number after 999? After 99F? After OFF? After FFE?

SOLUTION The hexadecimal number after 999 is 99A. The number after 99F is 9AOQ.
The number after 9FF is AOO. The number after FFF is 1000.

Il EXAMPLE 1.8

List the hexadecimal digits from 190,4 to 200, inclusive.

SOLUTION The numbers follow the counting rules: Use all the digits in one position,
add 1 to the digit one position left, and start over.

For brevity, we will list only a few of the numbers in the sequence:

190, 191, 192, . . ., 199, 19A, 19B, 19C, 19D, 19E, 19F,

1A0, 1A1, 1A2,. . ., 1A9, 1AA, 1AB, 1AC, 1AD, 1AE, 1AF,

1BO, 1B1, 1B2,. . ., 1B9, 1BA, 1BB, 1BC, IBD, IBE, 1BF,

1CO,. . ., 1CF, 1DO0,. . ., 1DF IEO,. . ., 1EF, 1FO,. . ., 1FF, 200

Il SECTION 1.4A REVIEW PROBLEMS

1.6. List the hexadecimal numbers from FA9 to FBO, inclusive.

1.7. List the hexadecimal numbers from 1F9 to 200, inclusive.

Hexadecimal-to-Decimal Conversion

To convert a number from hex to decimal, multiply each digit by its power-of-16 positional
multiplier and add the products. In the following examples, hexadecimal numbers are indi-
cated by a final “H” (e.g., 1F7H), rather than a “16” subscript.

(Il EXAMPLE 1.9 Convert 7C6H to decimal.
SOLUTION 7T X 16> = 719X 25650 = 1792,
C X 16' = 12,0 X 16,9 = 192,
6>< 1602 610>< 110: 610
1990,
[Ill EXAMPLE 1.10 Convert 1FD5H to decimal.
SOLUTION 1 X 16> = 1,9 X 4096,, = 4096,
F X 167 = 15,0 X 256,, = 3840,
D X 16" = 13,0 X 16,9 = 208,
5 X 160 = 510 X 110 = 510
8149,

[l SECTION 1.4B REVIEW PROBLEM

1.8 Convert the hexadecimal number A30F to its decimal equivalent.

Decimal-to-Hexadecimal Conversion

Decimal numbers can be converted to hex by the sum-of-weighted-hex-digits method
or by repeated division by 16. The main difficulty we encounter in either method is
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remembering to convert decimal numbers 10 through 15 into the equivalent hex digits,
A through F.

Sum of Weighted Hexadecimal Digits

This method is useful for simple conversions (about three digits). For example, the decimal
number 35 is easily converted to the hex value 23.

35,0 = 32,0+ 310 = (2 X 16) + (3 X 1) = 23H

Il EXAMPLE 1.11

Convert 175, to hexadecimal.

SOLUTION 256,09 > 175,5 > 164,
Since 256 = 162, the hexadecimal number will have two digits.

(11 X 16) > 175 > (10 X 16)

16 1
A 175 — (A X 16) = 175 — 160 = 15
16 1
A|F 175 — (A X 16) + (F X 1))
=175 — (160 + 15) = 0
[] |
Repeated Division by 16

Repeated division by 16 is a systematic decimal-to-hexadecimal conversion method that is
not limited by the size of the number to be converted.

It is similar to the repeated-division-by-2 method used to convert decimal numbers to
binary. Divide the decimal number by 16 and note the remainder, making sure to express it
as a hex digit. Repeat the process until the quotient is zero. The last remainder is the most
significant digit of the hex number.

Il EXAMPLE 1.12

Convert 31581, to hexadecimal.

SOLUTION 31581/16 = 1973 + remainder 13 (D) (LSD)
1973/16 = 123 + remainder 5
123/16 = 7 + remainder 11 (B)
7/16 = 0 + remainder 7 (MSD)

31581,y = 7B5DH -

Il SECTION 1.4C REVIEW PROBLEM

1.9 Convert the decimal number 8137 to its hexadecimal equivalent.

Conversions Between Hexadecimal and Binary

Table 1.4 shows all 16 hexadecimal digits and their decimal and binary equivalents. Note
that for every possible 4-bit binary number, there is a hexadecimal equivalent.

Binary-to-hex and hex-to-binary conversions simply consist of making a conversion
between each hex digit and its binary equivalent.
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(Il EXAMPLE 1.13 Convert 7EF8H to its binary equivalent.

SOLUTION Convert each digit individually to its equivalent value:

7H = 0111,
EH = 1110,
FH = 1111,
8H = 1000,

The binary number is all the above binary numbers in sequence:
7EF8H = 111111011111000,
The leading zero (the MSB of 0111) has been left out. i

Il SECTION 1.4D REVIEW PROBLEMS

1.10 Convert the hexadecimal number 934B to binary.
1.11 Convert the binary number 11001000001101001001 to hexadecimal.

1.5 Digital Waveforms

Digital waveform A series of logic 1s and Os plotted as a function of time.

The inputs and outputs of digital circuits often are not fixed logic levels but digital wave-
forms, where the input and output logic levels vary with time. There are three possible
types of digital waveform. Periodic waveforms repeat the same pattern of logic levels over
a specified period of time. Aperiodic waveforms do not repeat. Pulse waveforms follow a
HIGH-LOW-HIGH or LOW-HIGH-LOW pattern and may be periodic or aperiodic.

Periodic Waveforms

KEY TERMS

Periodic waveform A time-varying sequence of logic HIGHs and LOWs that re-
peats over a specified period of time.

Period (7) Time required for a periodic waveform to repeat. Unit: seconds ().
Frequency (f) Number of times per second that a periodic waveform repeats.
f= 1/T Unit: Hertz (Hz).

Time HIGH (¢,) Time during one period that a waveform is in the HIGH state.
Unit: seconds (s).

Time LOW (¢,) Time during one period that a waveform is in the LOW state.
Unit: seconds (s).

Duty cycle (DC) Fraction of the total period that a digital waveform is in the
HIGH state. DC = t,/T (often expressed as a percentage: %DC = t,/T X 100%).

Periodic waveforms repeat the same pattern of HIGHs and LOWSs over a specified period
of time. The waveform may or may not be symmetrical; that is, it may or may not be HIGH
and LOW for equal amounts of time.
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Il EXAMPLE 1.14 Calculate the time LOW, time HIGH, period, frequency, and percent duty cycle for
each of the periodic waveforms in Figure 1.5.
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FIGURE 1.5
Example 1.14: Periodic Digital Waveforms

How are the waveforms similar? How do they differ?

SOLUTION
a. Time LOW: t; = 3 ms
Time HIGH: 1, = 1 ms
Period: T=1,+t,=3ms + 1 ms =4 ms
Frequency: f = 1/T = 1/(4 ms) = 0.25 kHz = 250 Hz
Duty cycle: %DC = (t,/T) X 100% = (1 ms/4 ms) X 100%
=25%
(1 ms = 1/1000 second; 1 kHz = 1000 Hz.)
b. Time LOW: 1, = 2 ms
Time HIGH: t;,, = 2 ms
Period: T=1,+ ¢, =2ms + 2ms = 4 ms
Frequency: f = 1/T = 1/(4 ms) = 0.25 kHz = 250 Hz
Duty cycle: %DC = (t;,/T) X 100% = (2 ms/ 4 ms) X 100%
= 50%
c. Time LOW: ;, = 1 ms
Time HIGH: t;,, = 3 ms
Period: T=1,+ ¢, =1ms + 3ms =4 ms
Frequency: f = 1/T = 1/(4 ms) = 0.25 kHz and 250 Hz
Duty cycle: %DC = (;,/T) X 100% = (3 ms/ 4 ms) X 100%

=75%
The waveforms all have the same period but different duty cycles. A square waveform,
shown in Figure 1.5b, has a duty cycle of 50%. i

Aperiodic Waveforms

KEY TERM

Aperiodic waveform A time-varying sequence of logic HIGHs and LOW:s that
does not repeat.

An aperiodic waveform does not repeat a pattern of Os and 1s. Thus, the parameters of
time HIGH, time LOW, frequency, period, and duty cycle have no meaning for an aperi-
odic waveform. Most waveforms of this type are one-of-a-kind specimens. (It is also worth
noting that most digital waveforms are aperiodic.)
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Figure 1.6 shows some examples of aperiodic waveforms.

FIGURE 1.6
Aperiodic Digital Waveforms

Il EXAMPLE 1.15

A digital circuit generates the following strings of Os and 1s:

a. 0011111101101011010000110000
b. 0011001100110011001100110011
c. 0000000011111111000000001111
d. 1011101110111011101110111011

The time between two bits is always the same. Sketch the resulting digital waveform
for each string of bits. Which waveforms are periodic and which are aperiodic?

SOLUTION Figure 1.7 shows the waveforms corresponding to the strings of bits above.
The waveforms are easier to draw if you break up the bit strings into smaller groups of, say,
4 bits each. For instance:

a. 0011 11110110 1011 0100 0011 0000

All of the waveforms except Figure 1.7a are periodic.

A LT LI LIl [
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FIGURE 1.7
Example 1.15: Waveforms

Pulse Waveforms

KEY TERMS

Pulse A momentary variation of voltage from one logic level to the opposite level
and back again.

Amplitude The instantaneous voltage of a waveform. Often used to mean maxi-
mum amplitude, or peak voltage, of a pulse.

Edge The part of the pulse that represents the transition from one logic level to
the other.

Rising edge The part of a pulse where the logic level is in transition from a LOW
to a HIGH.
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Falling edge The part of a pulse where the logic level is a transition from a HIGH
to a LOW.

Leading edge The edge of a pulse that occurs earliest in time.
Trailing edge The edge of a pulse that occurs latest in time.

Pulse width (z,) Elapsed time from the 50% point of the leading edge of a pulse
to the 50% point of the trailing edge.

Rise time (z,) Elapsed time from the 10% point to the 90% point of the rising
edge of a pulse.

Fall time (¢;) Elapsed time from the 90% point to the 10% point of the falling
edge of a pulse.

Figure 1.8 shows the forms of both an ideal and a nonideal pulse. The rising and falling
edges of an ideal pulse are vertical. That is, the transitions between logic HIGH and LOW
levels are instantaneous. There is no such thing as an ideal pulse in a real digital circuit. Cir-
cuit capacitance and other factors make the pulse more like the nonideal pulse in Figure 1.8b.

Pulses can be either positive-going or negative-going, as shown in Figure 1.9. In a pos-
itive-going pulse, the measured logic level is normally LOW, goes HIGH for the duration

1 1T
0.5
0 t 0 t
tq to tq to
a. ldeal pulse (instantaneous transitions) b. Nonideal pulse
FIGURE 1.8

Ideal and Nonideal Pulses
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Pulse Edges
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of the pulse, and returns to the LOW state. A negative-going pulse acts in the opposite di-
rection.

Nonideal pulses are measured in terms of several timing parameters. Figure 1.10
shows the 10%, 50%, and 90% points on the rising and falling edges of a nonideal pulse.
(100% is the maximum amplitude of the pulse.)

FIGURE 1.10 Srnphiluga,
Pulse Width, Rise Time, Fall walls
Time
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The 50% points are used to measure pulse width because the edges of the pulse are not
vertical. Without an agreed reference point, the pulse width is indeterminate. The 10% and
90% points are used as references for the rise and fall times, since the edges of a nonideal
pulse are nonlinear. Most of the nonlinearity is below the 10% or above the 90% point.

Il EXAMPLE 1.16 Calculate the pulse width, rise time, and fall time of the pulse shown in Figure 1.11.
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Example 1.16: Pulse Amghude
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SOLUTION From the graph in Figure 1.11, read the times corresponding to the 10%,
50%, and 90% values of the pulse on both the leading and trailing edges.

Leading edge: 10%: 2 s Trailing edge: 90%: 20 ws

50%: RETH 50%: 25 s
90%: 8 s 10%: 30 s
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Pulse width: 50% of leading edge to 50% of trailing edge.

ty =25 pus — 5 us = 20 ps

Rise time: 10% of rising edge to 90% of rising edge.

t,=8wus —2 s =6ps

Fall time: 90% of falling edge to 10% of falling edge.

tr=30 s — 20 us = 10 us [] |

Il SECTION 1.5 REVIEW PROBLEMS

A digital circuit produces a waveform that can be described by the following periodic bit

pattern: 0011001100110011.

1.12 What is the duty cycle of the waveform?

1.13 Write the bit pattern of a waveform with the same duty cycle and twice the frequency

of the original.

1.14 Write the bit pattern of a waveform having the same frequency as the original and a

duty cycle of 75%.

SUMMARY

1.

The two basic areas of electronics are analog and digital
electronics. Analog electronics deals with continuously vari-
able quantities; digital electronics represents the world in
discrete steps.

. Digital logic uses defined voltage levels, called logic levels,

to represent binary numbers within an electronic system.

. The higher voltage in a digital system represents the binary

digit 1 and is called a logic HIGH or logic 1. The lower volt-
age in a system represents the binary digit O and is called a
logic LOW or logic 0.

. The logic levels of multiple locations in a digital circuit can

be combined to represent a multibit binary number.

10.

. A decimal number can be converted to binary by sum of

powers of 2 (add place values to get a total) or repeated divi-
sion by 2 (divide by 2 until quotient is 0; remainders are the
binary value).

The hexadecimal number system is based on 16. It uses 16
digits, from 0-9 and A—F, with power-of-16 multipliers.
Each hexadecimal digit uniquely corresponds to a 4-bit bi-
nary value. Hex digits can thus be used as shorthand for bi-
nary.

A digital waveform is a sequence of bits over time. A wave-
form can be periodic (repetitive), aperiodic (nonrepetitive),
or pulsed (a single variation and return between logic levels.)

5. Binary is a positional number system (base 2) with two 11. Periodic waveforms are measured by period (7" time for one
digits, 0 and 1, and positional multipliers that are powers cycle), time HIGH (7;,), time LOW (#)), frequency ( f: number
of 2. of cycles per second), and duty cycle (DC or %DC: fraction

6. The bit with the largest positional weight in a binary of cycle in HIGH state).
number is called the most significant bit (MSB); the bit 12. Pulse waveforms are measured by pulse width (7,,: time from

with the smallest positional weight is called the least sig-
nificant bit (LSB). The MSB is also the leftmost bit in
the number; the LSB is the rightmost bit.

GLOSSARY

50% of leading edge of 50% of trailing edge), rise time (t,:
time from 10% to 90% of rising edge) and fall time (¢ time
from 90% to 10% of falling edge).

Amplitude The instantaneous voltage of a waveform. Often
used to mean maximum amplitude, or peak voltage, of a pulse.

Aperiodic waveform A time-varying sequence of logic
HIGHs and LOWSs that does not repeat.

Binary number system A number system used extensively in
digital systems, based on the number 2. It uses two digits to
write any number.

Bit Binary digit. AOoral.

Analog A way of representing some physical quantity, such as
temperature or velocity, by a proportional continuous voltage or
current. An analog voltage or current can have any value within

a defined range.



Continuous Smoothly connected. An unbroken series of con-
secutive values with no instantaneous changes.

Digital A way of representing a physical quantity by a series
of binary numbers. A digital representation can have only spe-
cific discrete values.

Digital waveform A series of logic 1s and Os plotted as a
function of time.

Discrete Separated into distinct segments or pieces. A series of
discontinous values.

Duty cycle (DC) Fraction of the total period that a digital
waveform is in the HIGH state. DC = ¢,/T (often expressed as a
percentage: %DC = t,/T X 100%).

Edge The part of the pulse that represents the transition from
one logic level to the other.

Fall time (¢) Elapsed time from the 90% point to the 10%
point of the falling edge of a pulse.

Falling edge The part of a pulse where the logic level is in
transition from a HIGH to a LOW.

Frequency (f) Number of times per second that a periodic
waveform repeats. f = 1/7 Unit: Hertz (Hz).

Hexadecimal number system Base-16 number system. Hexa-
decimal numbers are written with sixteen digits, 0-9 and A-F,
with power-of-16 positional multipliers.

Leading edge The edge of a pulse that occurs earliest in time.

Least significant bit (LSB) The rightmost bit of a binary
number. This bit has the number’s smallest positional multiplier.

Logic HIGH The higher of two voltages in a digital system
with two logic levels.

Logic level A voltage level that represents a defined digital
state in an electronic circuit.

Logic LOW The lower of two voltages in a digital system
with two logic levels.

PROBLEMS

Problems 21

Most significant bit (MSB) The leftmost bit in a binary num-
ber. This bit has the number’s largest positional multiplier.

Negative logic A system in which logic LOW represents bi-
nary digit 1 and logic HIGH represents binary digit 0.

Period (T) Time required for a period waveform to repeat.
Unit: seconds (s).

Periodic waveform A time-varying sequence of logic HIGHs
and LOWs that repeats over a specified period of time.
Positional notation A system of writing numbers in which the
value of a digit depends not only on the digit, but also on its
placement within a number.

Positive logic A system in which logic LOW represents binary
digit 0 and logic HIGH represents binary digit 1.

Pulse A momentary variation of voltage from one logic level
to the opposite level and back again.

Pulse width (¢z,) Elapsed time from the 50% point of the lead-
ing edge of a pulse to the 50% point of the trailing edge.

Radix point The generalized form of a decimal point. In any
positional number system, the radix point marks the dividing
line between positional multipliers that are positive and negative
powers of the system’s number base.

Rise time (¢,) Elapsed time from the 10% point to the 90%
point of the rising edge of a pulse.

Rising edge The part of a pulse where the logic level is in
transition from a LOW to a HIGH.

Time HIGH (#,) Time during one period that a waveform is in
the HIGH state. Unit: seconds (s).

Time LOW (#,) Time during one period that a waveform is in
the LOW state. Unit: seconds (s).

Trailing edge The edge of a pulse that occurs latest in time.

Problem numbers set in color indicate more difficult problems:
those with underlines indicate most difficult problems.
Section 1.1 Digital Versus Analog Electronics

1.1  Which of the following quantities is analog in nature and
which digital? Explain your answers.

Water temperature at the beach
Weight of a bucket of sand
Grains of sand in a bucket

a.
b.
c.
d. Waves hitting the beach in one hour
e. Height of a wave

f.

People in a square mile

Section 1.2 Digital Logic Levels

1.2 A digital logic system is defined by the voltages 3.3 volts
and O volts. For a positive logic system, state which volt-
age corresponds to a logic 0 and which to a logic 1.

Section 1.3 The Binary Number System

1.3 Calculate the decimal values of each of the following bi-
nary numbers:

a. 100 f. 11101
b. 1000 g. 111011
c. 11001 h. 1011101
d. 110 i. 100001
e. 10101 j. 10111001

1.4  Translate each of the following combinations of HIGH
(H) and LOW (L) logic levels to binary numbers using
positive logic:

a. HHLH d. LLLH
b. LHLH e HLLL
c¢. HLHL
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1.5
1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

CHAPTER 1

List the sequence of binary numbers from 101 to 1000.

List the sequence of binary numbers from 10000 to
11111.

What is the decimal value of the most significant bit for
the numbers in Problem 1.6

Convert the following decimal numbers to binary. Use the
sum-of-powers-of-2 method for parts a, c, e, and g. Use
the repeated-division-by-2 method for parts b, d, f, and h.

a. 75 e. 63,
b. 83¢ f. 64,
c. 237 g. 4087,
d. 198, h. 8193,

Convert the following fractional binary numbers to their
decimal equivalents.

a. 0.101
b. 0.011
c. 0.1101

Convert the following fractional binary numbers to their
decimal equivalents.

a. 0.01 c. 0.010101
b. 0.0101 d. 0.01010101

The numbers in Problem 1.10 are converging to a closer
and closer binary approximation of a simple fraction that
can be expressed by decimal integers a/b. What is the
fraction?

What is the simple decimal fraction (a/b) represented by
the repeating binary number 0.101010 . . . ?

Convert the following decimal numbers to their binary
equivalents. If a number has an integer part larger than 0,
calculate the integer and fractional parts separately.

a. 0.75¢ e. 1.75,

b. 0.625 f. 395

c. 0.1875), g. 67.84),
d. 0.65

Section 1.4 Hexadecimal Numbers

1.14

1.15

1.16

1.17

Write all the hexadecimal numbers in sequence from
308H to 321H inclusive.

Write all the hexadecimal numbers in sequence from
9F7H to AO3H inclusive.

Convert the following hexadecimal numbers to their deci-
mal equivalents.

a. 1A0H e. F3C8H
b. 10AH f. D3B4H
¢. FFFH g. CO00H
d. 1000H h. 30BAFH

Convert the following decimal numbers to their hexadeci-

¢ Basic Principles of Digital Systems

1.18

1.19

mal equivalents.
. 709

. 1889

. 40954

. 40964,

. 101284

. 32000,

. 32768,

Convert the following hexadecimal numbers to their bi-
nary equivalents.

. F3C8H

. D3B4H
8037H
FABDH

. 30ACH

. 3E7B6H
. 743DCFH

Convert the following binary numbers to their hexadeci-
mal equivalents.

. 101111010000110,
101101101010,

. 110001011011,

. 110101111000100,

. 10101011110000101,
11001100010110111,
101000000000000000,
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Section 1.5 Digital Waveforms

1.20

1.21

1.22

1.23

1.24

Calculate the time LOW, time HIGH, period, frequency,
and percent duty cycle for the waveforms shown in Fig-
ure 1.12. How are the waveforms similar? How do they
differ?

Which of the waveforms in Figure 1.13 are periodic and
which are aperiodic? Explain your answers.

Sketch the pulse waveforms represented by the following
strings of Os and 1Is. State which waveforms are periodic
and which are aperiodic.

a. 11001111001110110000000110110101
b. 111000111000111000111000111000111
c. 11111111000000001111111111111111
d. 01100110011001100110011001100110
e. 011101101001101001011010011101110

Calculate the pulse width, rise time, and fall time of the
pulse shown in Figure 1.14.

Repeat Problem 1.23 for the pulse shown in Figure 1.15.
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ANSWERS TO SECTION REVIEW PROBLEMS
Section 1.1 Section 1.4b
1.1 An analog audio system makes a direct copy of the recorded 1.8 41743.
sound waves. A digital system stores the sound as a series of bi- Section 1.4c
nary numbers.
. 1.9 1FCO.
Section 1.3 )
Section 1.4d
1.2 64; 1.3. 128; 1.4. 1010000, 1010001, 1010010,
1010011, 1010100, 1010101, 1010110, 1010111;  1.5. 80, 1.10 1001001101001011.  1.11 C8349.
81, 82, 83, 84, 85, 86, 87. Section 1.5
Section 1.4a 1.12 50%; 1.13 0101010101010101;
1.6 FA9, FAA, FAB, FAC, FAD, FAE, FAF, FBO, 1.7 1F9, 1.14 O111011101110111.

1FA, 1FB, 1FC, 1FD, 1FE, IFF, 200.
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Logic Functions and Gates

CHAPTER OBJECTIVES

Upon successful completion of this chapter, you will be able to:
* Describe the basic logic functions: AND, OR, and NOT

* Draw simple switch circuits to represent AND, OR and Exclusive OR func-
tions.

* Draw simple logic switch circuits for single-pole single-throw (SPST) and
normally open and normally closed pushbutton switches.

* Describe the use of light-emitting diodes (LEDs) as indicators of logic
HIGH and LOW states.

* Describe those logic functions derived from the basic ones: NAND, NOR,
Exclusive OR, and Exclusive NOR.

* Explain the concept of active levels and identify active LOW and HIGH
terminals of logic gates.

* Choose appropriate logic functions to solve simple design problems.
* Draw the truth table of any logic gate.

* Draw any logic gate, given its truth table.

* Draw the DeMorgan equivalent form of any logic gate.

* Determine when a logic gate will pass a digital waveform and when it will
block the signal.

* Describe several types of integrated circuit packaging for digital logic
gates.

11 digital logic functions can be synthesized by various combinations of the three ba-

sic logic functions: AND, OR, and NOT. These so-called Boolean functions are the
basis for all further study of combinational logic circuitry. (Combinational logic circuits
are digital circuits whose outputs are functions of their inputs, regardless of the order the
inputs are applied.) Standard circuits, called logic gates, have been developed for these and
for more complex digital logic functions.

Logic gates can be represented in various forms. A standard set of distinctive-shape
symbols has evolved as a universally understandable means of representing the various
functions in a circuit. A useful pair of mathematical theorems, called DeMorgan’s theo-
rems, enables us to draw these gate symbols in different ways to represent different aspects
of the same function. A newer way of representing standard logic gates is outlined in
IEEE/ANSI Standard 91-1984, a standard copublished by the Institute of Electrical and

25
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2.1

Electronic Engineers and the American National Standards Institute. It uses a set of sym-
bols called rectangular-outline symbols.

Logic gates can be used as electronic switches to block or allow passage of digital
waveforms. Each logic gate has a different set of properties for enabling (passing) or in-
hibiting (blocking) digital waveforms. M

Basic Logic Functions

Boolean variable A variable having only two possible values, such as
HIGH/LOW, 1/0, On/Off, or True/False.

Boolean algebra A system of algebra that operates on Boolean variables. The bi-
nary (two-state) nature of Boolean algebra makes it useful for analysis, simplifica-
tion, and design of combinational logic circuits.

Boolean expression An algebraic expression made up of Boolean variables and
operators, such as AND, OR, or NOT. Also referred to as a Boolean function or a
logic function.

Logic gate An electronic circuit that performs a Boolean algebraic function.

At its simplest level, a digital circuit works by accepting logic 1s and Os at one or more in-
puts and producing Is or Os at one or more outputs. A branch of mathematics known as
Boolean algebra (named after 19th-century mathematician George Boole) describes the
relation between inputs and outputs of a digital circuit. We call these input and output val-
ues Boolean variables and the functions Boolean expressions, logic functions, or
Boolean functions. The distinguishing characteristic of these functions is that they are
made up of variables and constants that can have only two possible values: O or 1.

All possible operations in Boolean algebra can be created from three basic logic func-
tions: AND, OR, and NOT." Electronic circuits that perform these logic functions are
called logic gates. When we are analyzing or designing a digital circuit, we usually don’t
concern ourselves with the actual circuitry of the logic gates, but treat them as black boxes
that perform specified logic functions. We can think of each variable in a logic function as
a circuit input and the whole function as a circuit output.

In addition to gates for the three basic functions, there are also gates for compound
functions that are derived from the basic ones. NAND gates combine the NOT and AND
functions in a single circuit. Similarly, NOR gates combine the NOT and OR functions.
Gates for more complex functions, such as Exclusive OR and Exclusive NOR, also exist.
We will examine all these devices later in the chapter.

NOT, AND, and OR Functions

Truth table A list of all possible input values to a digital circuit, listed in ascend-
ing binary order, and the output response for each input combination.

Inverter Also called a NOT gate or an inverting buffer. A logic gate that changes
its input logic level to the opposite state.

Bubble A small circle indicating logical inversion on a circuit symbol.

'Words in uppercase letters represent either logic functions (AND, OR, NOT) or logic levels (HIGH,
LOW). The same words in lowercase letters represent their conventional nontechnical meanings.



Table 2.1 NOT Function

Truth Table

)

|

f

g. Dlallncilve-6hape

b RAactanegular-outline
(ICEC 5] 91-19E11

FIGURE 2.1

Inverter Symbols

Table 2.2 2-input AND

Function Truth Table
A B Y
0O 0 0
0 1 0
1 0 0
1 1 1
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Distinctive-shape symbols Graphic symbols for logic circuits that show the func-
tion of each type of gate by a special shape.

IEEE/ANSI Standard 91-1984 A standard format for drawing logic circuit sym-
bols as rectangles with logic functions shown by a standard notation inside the rec-
tangle for each device.

Rectangular-outline symbols Rectangular logic gate symbols that conform to
IEEE/ANSI Standard 91-1984.

Qualifying symbol A symbol in IEEE/ANSI logic circuit notation, placed in the
top center of a rectangular symbol, that shows the function of a logic gate. Some of
the qualifying symbols include: 1 = “buffer”’; & = “AND”; =1 = “OR”

Buffer An amplifier that acts as a logic circuit. Its output can be inverting or non-
inverting.

NOT Function

The NOT function, the simplest logic function, has one input and one output. The input can
be either HIGH or LOW (1 or 0), and the output is always the opposite logic level. We can
show these values in a truth table, a list of all possible input values and the output result-
ing from each one. Table 2.1 shows a truth table for a NOT function, where A is the input
variable and Y is the output.

The NOT function is represented algebraically by the Boolean expression:

Y=A

This is pronounced “Y equals NOT A” or “Y equals A bar.” We can also say “Y is the
complement of A.”

The circuit that produces the NOT function is called the NOT gate or, more usually,
the inverter. Several possible symbols for the inverter, all performing the same logic func-
tion, are shown in Figure 2.1.

The symbols shown in Figure 2.1a are the standard distinctive-shape symbols for the
inverter. The triangle represents an amplifier circuit, and the bubble (the small circle on the
input or output) represents inversion. There are two symbols because sometimes it is con-
venient to show the inversion at the input and sometimes it is convenient to show it at the
output.

Figure 2.1b shows the rectangular-outline inverter symbol specified by IEEE/ANSI
Standard 91-1984. This standard is most useful for specifying the symbols for more com-
plex digital devices. We will show the basic gates in both distinctive-shape and rectangu-
lar-outline symbols, although most examples will use the distinctive-shape symbols.

The “1” in the top center of the IEEE symbol is a qualifying symbol, indicating the
logic gate function. In this case, it shows that the circuit is a buffer, an amplifying circuit
used as a digital logic element. The arrows at the input and output of the two IEEE symbols
show inversion, like the bubbles in the distinctive-shape symbols.

AND Function

KEY TERMS

AND gate A logic circuit whose output is HIGH when all inputs (e.g., A AND
B AND C) are HIGH.

Logical product AND function.

The AND function combines two or more input variables so that the output is HIGH
only if all the inputs are HIGH. The truth table for a 2-input AND function is shown in
Table 2.2.
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2-Input AND Gate Symbols
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Table 2.3  3-input AND

Function Truth Table
A B cC| Y
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 0
1 0 0 0
1 0 1 0
1 1 0 0
1 1 1 1

Table 2.4 2-input OR

Function Truth Table
A B Y
0 0 0
0 1 1
1 0 1
1 1 1

Algebraically, this is written:
Y=A-B

Pronounce this expression “Y equals A AND B.” The AND function is similar to mul-
tiplication in linear algebra and thus is sometimes called the logical product. The dot be-
tween variables may or may not be written, so it is equally correct to write ¥ = AB. The
logic circuit symbol for an AND gate is shown in Figure 2.2 in both distinctive-shape and
IEEE/ANSI rectangular-outline form. The qualifying symbol in IEEE/ANSI notation is the
ampersand (&).

We can also represent the AND function as a set of switches in series, as shown in Fig-
ure 2.3. The circuit consists of a voltage source, a lamp, and two series switches. The lamp
turns on when switches A AND B are both closed. For any other condition of the switches,

the lamp is off.
o—o
A B
Volt ~—
sc())us:gee - Lamp
T A-B
FIGURE 2.3

AND Function Represented by Switches

Table 2.3 shows the truth table for a 3-input AND function. Each of the three inputs
can have two different values, which means the inputs can be combined in 23 = 8 different
ways. In general, n binary (i.e., two-valued) variables can be combined in 2" ways.

Figure 2.4 shows the logic symbols for the device. The output is HIGH only when all
inputs are HIGH.

FIGURE 2.4 A
3-Input AND Gate Symbols E :::l_ ¥ = ABC
a. Dislinetive-shape
[ p—
B — Bl T =4ABC
|: —

k. Rectangulas-outline

OR Function

KEY TERMS

OR gate A logic circuit whose output is HIGH when at least one input (e.g., A
OR B OR C) is HIGH.

Logical sum OR function.

The OR function combines two or more input variables in such a way as to make the out-
put variable HIGH if at least one input is HIGH. Table 2.4 gives the truth table for the 2-in-
put OR function.
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2-Input OR Gate Symbols

Table 2.5 3-input OR

Function Truth Table
A B C Y
0 0 0 0
0 0 1 1
0 1 0 1
0 1 1 1
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 1
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The algebraic expression for the OR function is:
Y=A+B

which is pronounced “Y equals A OR B.” This is similar to the arithmetic addition func-
tion, but it is not the same. The last line of the truth table tells us that 1 + 1 = 1 (pro-
nounced “1 OR 1 equals 1”), which is not what we would expect in standard arithmetic.
The similarity to the addition function leads to the name logical sum. (This is different
from the “arithmetic sum,” where, of course, 1 + 1 does not equal 1.)

Figure 2.5 shows the logic circuit symbols for an OR gate. The qualifying symbol for
the OR function in IEEE/ANSI notation is “=1,” which tells us that one or more inputs
must be HIGH to make the output HIGH.

The OR function can be represented by a set of switches connected in parallel, as in
Figure 2.6. The lamp is on when either switch A OR switch B is closed. (Note that the lamp
is also on if both A and B are closed. This property distinguishes the OR function from the
Exclusive OR function, which we will study later in this chapter.)

A
B
Voltage L
source — ~ :@ Lamp
A+B

FIGURE 2.6
OR Function Represented by Switches

Like AND gates, OR gates can have several inputs, such as the 3-input OR gates
shown in Figure 2.7. Table 2.5 shows the truth table for this gate. Again, three inputs can be
combined in eight different ways. The output is HIGH when at least one input is HIGH.

FIGURE 2.7 L Y-A+H-0
3-Input OR Gate Symbols E E— ......

8. Distincllve-6hepe

j vY=A-B+0C

h. FAectangular-gurtling

omr

(Il EXAMPLE 2.1
Application

State which logic function is most suitable for the following operations. Draw a set of
switches to represent each function.
1. A manager and one other employee both need a key to open a safe.

2. A light comes on in a storeroom when either (or both) of two doors is open. (Assume
the switch closes when the door opens.)

3. For safety, a punch press requires two-handed operation.

SOLUTION

1. Both keys are required, so this is an AND function. Figure 2.8a shows a switch repre-
sentation of the function.
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FIGURE 2.8
Example 2.1

2. One or more switches closed will turn on the lamp. This OR function is shown in Fig-
ure 2.8b.

3. Two switches are required to activate a punch press, as shown in Figure 2.8c. This is an
AND function.

Key switch  Key switch
(manager) (employee)

o o o o
DC El )
Voltage —___— ; elftronlc
source 0C

a. Two keys to open a safe (AND)

Door switch A

o 0 O—¢
Cgtage @ \_/J :@ Lamp

source Door switch B

b. One or more switches turn on a lamp (OR)

Hand Hand

switch A switch B

o o oo
AC )
voltage @ Solenoid
source (punch)

c. Two switches are required to activate a punch press (AND)
[] |

Active Levels

KEY TERMS

Active level A logic level defined as the “ON” state for a particular circuit input
or output. The active level can be either HIGH or LOW.

Active HIGH An active-HIGH terminal is considered “ON” when it is in the
logic HIGH state. Indicated by the absence of a bubble at the terminal in distinc-
tive-shape symbols.

Active LOW  An active-LOW terminal is considered “ON” when it is in the logic
LOW state. Indicated by a bubble at the terminal in distinctive-shape symbols.

An active level of a gate input or output is the logic level, either HIGH or LOW, of the ter-
minal when it is performing its designated function. An active LOW is shown by a bubble
or an arrow symbol on the affected terminal. If there is no bubble or arrow, we assume the
terminal is active HIGH.
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The AND function has active-HIGH inputs and an active-HIGH output. To make the
output HIGH, inputs A AND B must both be HIGH. The gate performs its designated func-
tion only when all inputs are HIGH.

The OR gate requires input A OR input B to be HIGH for its output to be HIGH. The
HIGH active levels are shown by the absence of bubbles or arrows on the terminals.

Il SECTION REVIEW PROBLEM FOR SECTION 2.1

A 4-input gate has input variables A, B, C, and D and output Y. Write a descriptive sentence
for the active output state(s) if the gate is
2.1 AND;

2.2 OR.

Logic Switches and LED Indicators

Before continuing on, we should examine a few simple circuits that can be used for input
or output in a digital circuit. Single-pole single-throw (SPST) and pushbutton switches can
be used, in combination with resistors, to generate logic voltages for circuit inputs. Light
emitting diodes (LEDs) can be used to monitor outputs of circuits.

Logic Switches

KEY TERMS

Vee The power supply voltage in a transistor-based electronic circuit. The term
often refers to the power supply of digital circuits.

Pull-up resistor A resistor connected from a point in an electronic circuit to the
power supply of that circuit.

Figure 2.9a shows a single-pole single-throw (SPST) switch connected as a logic switch.
An important premise of this circuit is that the input of the digital circuit to which it is con-
nected has a very high resistance to current. When the switch is open, the current flowing
through the pull-up resistor from V¢ to the digital circuit is very small. Since the current
is small, Ohm’s law states that very little voltage drops across the pull-up resistor; the volt-
age is about the same at one end as at the other. Therefore, an open switch generates a logic
HIGH at point X.

O—%* X grout
High /" 1—
input Open | Closed | Open

resistance 0—

a. Circuit b. Logic levels

FIGURE 2.9
SPST Logic Switch

When the switch is closed, the majority of current flows to ground, limited only by the
value of the pull-up resistor. (Since a pull-up resistor is typically between 1 k() and 10 k(},
the LOW-state current in the resistor is about 0.5 mA to 5 mA.) Point X is approximately
at ground potential, or logic LOW. Thus the switch generates a HIGH when open and a
LOW when closed. The pull-up resistor provides a connection to V¢ in the HIGH state
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and limits power supply current in the LOW state. Figure 2.9b shows the voltage levels
when the switch is closed and when it is open.

Figure 2.10 shows how pushbuttons can be used as logic inputs. Figure 2.10a shows a
normally open pushbutton and a pull-up resistor. The pushbutton has a spring-loaded
plunger that makes a connection between two internal contacts when pressed. When re-
leased, the spring returns the plunger to the “normal” (open) state. The logic voltage at X
is normally HIGH, but LOW when the button is pressed.

V,
. Press Release
1 % -——
o O ® X
l o -
a. Normally open pushbutton
% Press Release
( )
olo—4& X 1- N 4
O _

<
8

Press Release

[\

Y

COM

[ SYYV'S
X
>
¥
N—

|

c. Two-pole pushbutton

FIGURE 2.10
Pushbuttons as Logic Switches

Figure 2.10b shows a normally closed pushbutton. The internal spring holds the
plunger so that the connection is normally made between the two contacts. When the but-
ton is pressed, the connection is broken and the resistor pulls up the voltage at X to a logic
HIGH. At rest, X is grounded and the voltage at X is LOW.

It is sometimes desirable to have normally HIGH and normally LOW levels available
from the same switch. The two-pole pushbutton in Figure 2.10c provides such a function.
The switch has a normally open and a normally closed contact. One contact of each switch
is connected to the other, in an internal COMMON connection, allowing the switch to have
three terminals rather than four. The circuit has two pull-up resistors, one for X and one for
Y. X is normally HIGH and goes LOW when the switch is pressed. Y is opposite.

LED Indicators

LED Light-emitting diode. An electronic device that conducts current in one di-
rection only and illuminates when it is conducting.
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LEDs
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FIGURE 2.13
Condition for LED Illumination

FIGURE 2.14
AND Gate Driving an LED
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A device used to indicate the status of a digital output is the light-emitting diode or LED.
This is sometimes pronounced as a word (“led”’) and sometimes said as separate initials
(“ell ee dee”). This device comes in a variety of shapes, sizes, and colors, some of which
are shown in the photo of Figure 2.11. The circuit symbol, shown in Figure 2.12, has two
terminals, called the anode (positive) and cathode (negative). The arrow coming from the
symbol indicates emitted light.

ALY

2 S NSl

Anode Cathode

4

AL

FIGURE 2.12
Light-Emitting Diode (LED)

The electrical requirements for the LED are simple: current flows through the LED if
the anode is more positive than the cathode by more than a specified value (about 1.5
volts). If enough current flows, the LED illuminates. If more current flows, the illumination
is brighter. (If too much flows, the LED burns out, so a series resistor is used to keep the
current in the required range.) Figure 2.13 shows a circuit in which an LED illuminates
when a switch is closed.

Figure 2.14 shows an AND gate driving an LED. In Figure 2.14a, the LED is on
when Y is HIGH (5 volts), since the anode of the LED is more positive than the cathode.

470 Q

Y

a. LED on when Y is HIGH

b. LED on when Y is LOW



34 CHAPTER 2 e Logic Functions and Gates
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FIGURE 2.15
LED Indicates Status of Switch

In Figure 2.14b, the LED turns on when Y is LOW (0 volts), again since the anode is
more positive than the cathode.

Figure 2.15 shows a circuit in which an LED indicates the status of a logic switch.
When the switch is open, the 1 k€ pull-up applies a HIGH to the inverter input. The in-
verter output is LOW, turning on the LED (anode is more positive than cathode). When the
switch is closed, the inverter input is LOW. The inverter output is HIGH (same value as
Vcc), making anode and cathode voltages equal. No current flows through the LED, and it
is therefore off. Thus, the LED is on for a HIGH state at the switch and off for a LOW.
Note, however, that the LED is on when the inverter output is LOW.

Il SECTION 2.2 REVIEW PROBLEM

2.3 A single-pole single-throw switch is connected such that one end is grounded and one
end is connected to a 1 k() pull-up resistor. The other end of the resistor connects to
the circuit power supply, Vcc. What logic level does the switch provide when it is
open? When it is closed?

Derived Logic Functions

NAND gate A logic circuit whose output is LOW when all inputs are HIGH.
NOR gate A logic circuit whose output is LOW when at least one input is HIGH.

Exclusive OR gate A 2-input logic circuit whose output is HIGH when one input
(but not both) is HIGH.

Exclusive NOR gate A 2-input logic circuit whose output is the complement of
an Exclusive OR gate.

Coincidence gate An Exclusive NOR gate.

The basic logic functions, AND, OR, and NOT, can be combined to make any other logic
function. Special logic gates exist for several of the most common of these derived func-
tions. In fact, for reasons we will discover later, two of these derived-function gates,
NAND and NOR, are the most common of all gates, and each can be used to create any
logic function.

NAND and NOR Functions

The names NAND and NOR are contractions of NOT AND and NOT OR, respectively.
The NAND is generated by inverting the output of an AND function. The symbols for the
NAND gate and its equivalent circuit are shown in Figure 2.16.

The algebraic expression for the NAND function is:

Y=A-B



FIGURE 2.16

NAND Gate Symbols

Table 2.6 NAND Function

Truth Table
A B Y
0 0 1
0 1 1
1 0 1
1 1 0

Table 2.7 NOR Function

Truth Table
A B Y
0 0 1
0 1 0
1 0 0
1 1 0
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The entire function is inverted because the bubble is on the NAND gate output.

Table 2.6 shows the NAND gate truth table. The output is LOW when A AND B are
HIGH.

We can generate the NOR function by inverting the output of an OR gate. The NOR
function truth table is shown in Table 2.7. The truth table tells us that the output is LOW
when A OR B is HIGH.

Figure 2.17 shows the logic symbols for the NOR gate.

A Digkrslve-oheape b. Rectangular-oulline c. Equivalent circule

FIGURE 2.17
NOR Gate Symbols

The algebraic expression for the NOR function is:
Y=A+B

The entire function is inverted because the bubble is on the gate output.

We know that the outputs of both gates are active LOW because of the bubbles on
the output terminals. The inputs are active HIGH because there are no bubbles on the in-
put terminals.

Multiple-Input NAND and NOR Gates

Table 2.8 shows the truth tables of the 3-input NAND and NOR functions. The logic circuit
symbols for these gates are shown in Figure 2.18.

Table 2.8 3-input NAND and NOR Function Truth Tables

A B c A-B-C A+B+C
0 0 0 1 1
0 0 1 1 0
0 1 0 1 0
0 1 1 1 0
1 0 0 1 0
1 0 1 1 0
1 1 0 1 0
1 1 1 0 0

The truth tables of these gates can be generated by understanding the active levels of
the gate inputs and outputs. The NAND output is LOW when A AND B AND C are
HIGH. This is shown in the last line of the NAND truth table. The NOR output is LOW
if one or more of A OR B OR C is HIGH. This describes all lines of the NOR truth table
except the first.
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Table 2.9 Exclusive OR

Function Truth Table
A B Y
0 0 0
0 1 1
1 0 1
1 1 0

A A 3 -
e 8 — e v=agC : ~ v AnG
A — A - o _
MR B I hat V=b-B+LC E - Yoo 8.0
[ C —
8. Dletinctlve-ahage k. Aectangylar-giutling
FIGURE 2.18

3-Input NAND and NOR Gates

Exclusive OR and Exclusive NOR Functions

The Exclusive OR function (abbreviated XOR) is a special case of the OR function. The
output of a 2-input XOR gate is HIGH when one and only one of the inputs is HIGH.
(Multiple-input XOR circuits do not expand as simply as other functions. As we will see
in a later chapter, an XOR output is HIGH when an odd number of inputs is HIGH.)

Unlike the OR gate, which is sometimes called an Inclusive OR, a HIGH at both in-
puts makes the output LOW. (We could say that the case in which both inputs are HIGH is
excluded.)

The gate symbol for the Exclusive OR gate is shown in Figure 2.19.

; ’JD W= &

a. Dislinctive-shape

a —
E_

—— Y=A.H

b. Reclangular-oulline

FIGURE 2.19
Exclusive OR Gate

Table 2.9 shows the truth table for the XOR function.

Another way of looking at the Exclusive OR gate is that its output is HIGH when the
inputs are different and LOW when they are the same. This is a useful property in some ap-
plications, such as error detection in digital communication systems. (Transmitted data can
be compared with received data. If they are the same, no error has been detected.)

The XOR function is expressed algebraically as:

Y=A®B

The Exclusive NOR function is the complement of the Exclusive OR function and
shares some of the same properties. The symbol, shown in Figure 2.20, is an XOR gate

FIGURE 2.20 A R
Exclusive NOR Gate 3 }D- WA oarB

A Dlstinctive-ghape

2 SR p—
.

b. Rgctanguipr-culline




Table 2.10 Exclusive NOR

Function Truth Table
A B Y
0 0 1
0 1 0
1 0 0
1 1 1
2.4
Table 2.11 NAND Truth
Table
A B Y
0 0 1
0 1 1
1 0 1
1 1 0
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with a bubble on the output, implying that the entire function is inverted. Table 2.10 shows
the Exclusive NOR truth table.
The algebraic expression for the Exclusive NOR function is:

Y=A@B

The output of the Exclusive NOR gate is HIGH when the inputs are the same and
LOW when they are different. For this reason, the XNOR gate is also called a coincidence
gate. This same/different property is similar to that of the Exclusive OR gate, only oppo-
site in sense. Many of the applications that make use of this property can use either the
XOR or the XNOR gate.

Il SECTION 2.3 REVIEW PROBLEMS

The output of a logic gate turns on an LED when it is HIGH. The gate has two inputs, each
of which is connected to a logic switch, as shown in Figure 2.21.

Logic
gate

Vee
D—%i A
Vee

B

EERE

FIGURE 2.21
Section Review Problems: Logic Gate Properties

2.4 What type of gate will turn on the light when the switches are in opposite positions?
2.5 Which gate will turn off the light only when both switches are HIGH?
2.6 What type of gate turns on the light only when both switches are LOW?

2.7 Which gate turns on the light when the switches are in the same position?

DeMorgan’s Theorems and Gate Equivalence

DeMorgan’s theorems Two theorems in Boolean algebra that allow us to trans-
form any gate from an AND-shaped to an OR-shaped gate and vice versa.

DeMorgan equivalent forms Two gate symbols, one AND-shaped and one OR-
shaped, that are equivalent according to DeMorgan’s theorems.

Recall the truth table (repeated in Table 2.11) and description of a 2-input NAND gate.
“Output Y is LOW if inputs A AND B are HIGH.” Or, “Output Y is LOW if all inputs are
HIGH.” The condition of this sentence is satisfied in the last line of Table 2.11.

We could also describe the gate function by saying, “Output Y is HIGH if A OR B (OR
both) are LOW,” or, “The output is HIGH if at least one input is LOW.” These conditions
are satisfied by the first three lines of Table 2.11.

The gates in Figure 2.22 represent positive- and negative-logic forms of a NAND gate.
Figure 2.23 shows the logic equivalents of these gates. In the first case, we combine the in-
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NAND Gate and DeMorgan Equivalent
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a. AND then invert

b. Invert then OR

FIGURE 2.23
Logic Equivalents of Positive and Negative NAND Gates

puts in an AND function, then invert the result. In the second case, we invert the variables,
then combine the inverted inputs in an OR function.
The Boolean function for the AND-shaped gate is given by:

Y=A-B
The Boolean expression for the OR-shaped gate is:
Y=A+B

The gates shown in Figure 2.22 are called DeMorgan equivalent forms. Both gates
have the same truth table, but represent different aspects or ways of looking at the NAND
function. We can extend this observation to state that any gate (except XOR and XNOR)
has two equivalent forms, one AND, one OR.

A gate can be categorized by examining three attributes: shape, input, and output. A
question arises from each attribute:

1. What is its shape (AND/OR)?
AND: all
OR: at least one
2. What active level is at the gate inputs (HIGH/LOW)?
3. What active level is at the gate output (HIGH/LOW)?
The answers to these questions characterize any gate and allow us to write a descrip-
tive sentence and a truth table for that gate. The DeMorgan equivalent forms of the gate

will yield opposite answers to each of the above questions.
Thus the gates in Figure 2.22 have the following complementary attributes:

Basic Gate DeMorgan Equivalent
Boolean Expression A-B A+ B
Shape AND OR
Input Active Level HIGH LOW
Output Active Level LOW HIGH

Il EXAMPLE 2.2

FIGURE 2.24
Example 2.2 Logic Gates

Analyze the shape, input, and output of the gates shown in Figure 2.24 and write a Boolean
expression, a descriptive sentence, and a truth table of each one. Write an asterisk beside
the active output level on each truth table. Describe how these gates relate to each other.

> T
B B —a
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SOLUTION
a. Boolean expression: Y = A + B
Shape: OR (at least one)

Input: HIGH
Output: LOW
Descriptive sentence: Output Y is LOW if A OR B is HIGH.
Truth table: Table 2.12  Truth Table
of Gate in Figure 2.24a.
A B Y

0 0 1

0 1 0%
1 0 0%
1 1 0%

b. Boolean expression: Y = A-B
Shape: AND (all)
Input: LOW
Output: HIGH
Descriptive sentence: Output Y is HIGH if A AND B are LOW.

Truth table: Table 2.13 Truth Table
of Gate in Figure 2.124b.

A B Y
0 0 1*
0 1 0
1 0 0
1 1 0

Both gates in this example yield the same truth table. Therefore they are DeMorgan
equivalents of one another (positive- and negative-NOR gates). T

The gates in Figures 2.22 and 2.24 yield the following algebraic equivalencies:
A-B=A+B
A+B=A"-B

These equivalencies are known as DeMorgan’s theorems. (You can remember how to
use DeMorgan’s theorems by a simple rhyme: “Break the line and change the sign.”)

It is tempting to compare the first gate in Figure 2.22 and the second in Figure 2.24
and declare them equivalent. Both gates are AND-shaped, both have inversions. However,
the comparison is false. The gates have different truth tables, as we have found in Tables
2.11 and 2.13. Therefore they have different logic functions and are not equivalent. The
same is true of the OR-shaped gates in Figures 2.22 and 2.24. The gates may look similar,
but since they have different truth tables, they have different logic functions and are there-
fore not equivalent.

The confusion arises when, after changing the logic input and output levels, you forget
to change the shape of the gate. This is a common, but serious, error. These inequalities can
be expressed as follows:

A-B#
A+ B+#

‘B
+B

2| |
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As previously stated, any AND- or OR-shaped gate can be represented in its DeMor-
gan equivalent form. All we need to do is analyze a gate for its shape, input, and output,
then change everything.

Il EXAMPLE 2.3

Analyze the gate in Figure 2.25 and write a Boolean expression, descriptive sentence, and
truth table for the gate. Mark active output levels on the truth table with asterisks. Find the
DeMorgan equivalent form of the gate and write its Boolean expression and description.

FIGURE 2.25 A
Example 2.3: Logic Gates (B; ﬂ Y

SOLUTION
Boolean expression: Y = A+B+C
Shape:  OR (at least one)

Input: LOW

Output: LOW

Descriptive sentence: Output Y is LOW if A OR B OR C is LOW.

Truth table: Table 2.14 Truth Table

of Gate in Figure 2.25

A B C|Y
o 0 0 |o*
0 0 1 0*
o 1 0 |Oo*
0o 1 1 0*
1 0 0 | Oo*
1 0 1 0*
1 1 0 | O*
1 1 1 1

Figure 2.26 shows the DeMorgan equivalent form of the gate in Figure 2.25. To create
this symbol, we change the shape from OR to AND and invert the logic levels at both input
and output.

FIGURE 2.26

Example 2.3: DeMorgan
Equivalent of Gate in
Figure 2.25

[@levh

=D

Boolean expression: Y = ABC

Descriptive sentence: Output Y is HIGH if A AND B AND C are HIGH.
[]

Il SECTION 2.4 REVIEW PROBLEM
2.8 The output of a gate is described by the following Boolean expression:
Y=A+B+C+D

Write the Boolean expression for the DeMorgan equivalent form of this gate.
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2.5 Enable and Inhibit Properties of Logic Gates

FIGURE 2.27
Enable/Inhibit Properties of an
AND Gate

KEY TERMS

Digital signal (or pulse waveform) A series of Os and 1s plotted over time.
True form Not inverted.
Complement form Inverted.

Enable A logic gate is enabled if it allows a digital signal to pass from an input to
the output in either true or complement form.

Inhibit (or disable) A logic gate is inhibited if it prevents a digital signal from
passing from an input to the output.

In phase Two digital waveforms are in phase if they are always at the same logic
level at the same time.

Out of phase Two digital waveforms are out of phase if they are always at oppo-
site logic levels at any given time.

In Chapter 1, we saw that a digital signal is just a string of bits (Os and 1s) generated over
time. A major task of digital circuitry is the direction and control of such signals. Logic
gates can be used to enable (pass) or inhibit (block) these signals. (The word “gate” gives
a clue to this function; the gate can “open” to allow a signal through or “close” to block its
passage.)

AND and OR Gates

The simplest case of the enable and inhibit properties is that of an AND gate used to pass or
block a logic signal. Figure 2.27 shows the output of an AND gate under different conditions
of input A when a digital signal (an alternating string of Os and 1s) is applied to input B.

=

=0

:;,ﬂ

=_~_ir

]

Saksx inthibifes:d Date anablac

SN N I I I I A
¥ e

Recall the properties of an AND gate: both inputs must be HIGH to make the out-
put HIGH. Thus, if input A is LOW, the output must always be LOW, regardless of the
state of input B. The digital signal applied to B has no effect on the output, and we say
that the gate is inhibited or disabled. This is shown in the first half of the timing dia-
gram in Figure 2.27.

If A AND B are HIGH, the output is HIGH. When A is HIGH and B is LOW, the out-
put is LOW. Thus, output Y is the same as input B if input A is HIGH; that is, Y and B are
in phase with each other. The input waveform is passed to the output in true form, and
we say the gate is enabled. The last half of the timing diagram in Figure 2.27 shows this
waveform.

It is convenient to define terms for the A and B inputs. Since we apply a digital sig-
nal to B, we will call it the Signal input. Since input A controls whether or not the signal

:'.’I.%
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Table 2.15 AND Truth Table
Showing Enable/Inhibit

Properties
A B|Y
0 010 (Y=0)
0 110 Inhibit
1 010 (Y=B)
1 1)1 Enable

passes to the output, we will call it the Control input. These definitions are illustrated in
Figure 2.28.
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FIGURE 2.28
Control and Signal Inputs of an AND Gate

Each type of logic gate has a particular set of enable/inhibit properties that can be pre-
dicted by examining the truth table of the gate. Let us examine the truth table of the AND
gate to see how the method works.

Divide the truth table in half, as shown in Table 2.15. Since we have designated A as
the Control input, the top half of the truth table shows the inhibit function (A = 0), and the
bottom half shows the enable function (A = 1). To determine the gate properties, we com-
pare input B (the Signal input) to the output in each half of the table.

Inhibit mode: If A = 0 and B is pulsing (B is continuously going back and forth be-
tween the first and second lines of the truth table), output Y is always 0. Since the Signal in-
put has no effect on the output, we say that the gate is disabled or inhibited.

Enable mode: If A = 1 and B is pulsing (B is going continuously between the third and
fourth lines of the truth table), the output is the same as the Signal input. Since the Signal
input affects the output, we say that the gate is enabled.

Il EXAMPLE 2.4

Use the method just described to draw the output waveform of an OR gate if the input
waveforms of A and B are the same as in Figure 2.27. Indicate the enable and inhibit por-
tions of the timing diagram.

SOLUTION Divide the OR gate truth table in half. Designate input A the Control input
and input B the Signal input.

As shown in Table 2.16, when A = 0 and B is pulsing, the output is the same as B and
the gate is enabled. When A = 1, the output is always HIGH. (At least one input HIGH
makes the output HIGH.) Since B has no effect on the output, the gate is inhibited. This is
shown in Figure 2.29 in graphical form.

Table 2.16 OR Truth Table
Showing Enable/Inhibit
Properties

A B |Y

0 010 (Y=1B)
0 11 Enable

=1
1 Inhibit

—_
— O
—_
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FIGURE 2.29
Example 2.4 OR Gate Enable/Inhibit Waveform

FIGURE 2.30
Enable/Inhibit Properties of a
NAND Gate

FIGURE 2.31
Enable/Inhibit Properties of a
NOR Gate

Example 2.4 shows that a gate can be in the inhibit state even if its output is HIGH. It
is natural to think of the HIGH state as “ON,” but this is not always the case. Enable or in-
hibit states are determined by the effect the Signal input has on the gate’s output. If an in-
put signal does not affect the gate output, the gate is inhibited. If the Signal input does af-
fect the output, the gate is enabled.

NAND and NOR Gates

When inverting gates, such as NAND and NOR, are enabled, they will invert an input sig-
nal before passing it to the gate output. In other words, they transmit the signal in comple-
ment form. Figures 2.30 and 2.31 show the output waveforms of a NAND and a NOR gate
when a square waveform is applied to input B and input A acts as a Control input.
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Table 2.17 NAND Truth
Table Showing Enable/Inhibit

Properties
A B|Y
0O 01 Y=1
0 1|1 Inhibit
1 01 (Y=B)
1 11]0 Enable

Table 2.18 NOR Truth Table

Showing Enable/Inhibit
Properties
A B |Y
0 0|1 (Y=
0O 10 Enable
1 00 Y=0
1 110 Inhibit

Table 2.19 XOR Truth Table

Showing Dynamic Properties

A B|Y

0 00 (Y=B)
0 1|1 Enable

1 01 (Y = B)
1 110 Enable

The truth table for the NAND gate is shown in Table 2.17, divided in half to show the
enable and inhibit properties of the gate.

Table 2.18 shows the NOR gate truth table, divided in half to show its enable and in-
hibit properties.

Figures 2.30 and 2.31 show that when the NAND and NOR gates are enabled, the Sig-
nal and output waveforms are opposite to one another; we say that they are out of phase.

Compare the enable/inhibit waveforms of the AND, OR, NAND, and NOR gates. Gates
of the same shape are enabled by the same Control level. AND and NAND gates are enabled
by a HIGH on the Control input and inhibited by a LOW. OR and NOR are the opposite. A
HIGH Control input inhibits the OR/NOR; a LOW Control input enables the gate.

Exclusive OR and Exclusive NOR Gates

Neither the XOR nor the XNOR gate has an inhibit state. The Control input on both of
these gates acts only to determine whether the output waveform will be in or out of phase
with the input signal. Figure 2.32 shows the dynamic properties of an XOR gate.
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FIGURE 2.32

Dynamic Properties of an Exclusive OR Gate

The truth table for the XOR gate, showing the gate’s dynamic properties, is given in
Table 2.19.

Notice that when A = 0, the output is in phase with B and when A = 1, the output is
out of phase with B. A useful application of this property is to use an XOR gate as a pro-
grammable inverter. When A = 1, the gate is an inverter; when A = 0, it is a noninverting
buffer.

The XNOR gate has properties similar to the XOR gate. That is, an XNOR has no in-
hibit state, and the Control input switches the output in and out of phase with the Signal
waveform, although not the same way as an XOR gate does. You will derive these proper-
ties in one of the end-of-chapter problems.

Table 2.20 summarizes the enable/inhibit properties of the six gates examined above.

Table 2.20 Summary of Enable/Inhibit Properties

Control AND OR NAND NOR XOR XNOR
A=0 Y=0 Y=B Y=1 Y=B Y=B Y=B
A=1 Y=B Y=1 Y=B Y=0 Y=B Y=B

Il SECTION 2.5 REVIEW PROBLEM

2.9 Briefly explain why an AND gate is inhibited by a LOW Control input and an OR gate
is inhibited by a HIGH Control input.
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FIGURE 2.33
Tristate Buffers

FIGURE 2.34
Electrical Equivalent of Tristate
Operation
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Tristate Buffers

Tristate buffer A gate having three possible output states: logic HIGH, logic
LOW, and high-impedance.

High-impedance state The output state of a tristate buffer that is neither logic
HIGH nor logic LOW, but is electrically equivalent to an open circuit.

Bus A common wire or parallel group of wires connecting multiple circuits.

In the previous section, logic gates were used to enable or inhibit signals in digital circuits.
In the AND, NAND, NOR, and OR gates, however, the inhibit state was always logic
HIGH or LOW. In some cases, it is desirable to have an output state that is neither HIGH
nor LOW, but acts to electrically disconnect the gate output from the circuit. This third
state is called the high-impedance state and is one of three available states in a class of de-
vices known as tristate buffers.

Figure 2.33 shows the logic symbols for two tristate buffers, one with a noninverting
output and one with an inverting output. The third input, OE (Output enable), is an active-
LOW signal that enables or disables the buffer output.

When OE = 0, as shown in Figure 2.34a, the noninverting buffer transfers the input
value directly to the output as a logic HIGH or LOW. When OE = 1, as in Figure 2.34b, the
output is electrically disconnected from any circuit to which it is connected. (The open
switch in Figure 2.34b does not literally exist. It is shown as a symbolic representation of
the electrical disconnection of the output in the high-impedance state.)

IN I OUT = IN IN
I/T %c o o
OE
a.0

OUT = HI-Z

=0 OE =1

utput enabled b. Output disabled

This type of enable/disable function is particularly useful when digital data are trans-
ferred from more than one source to one or more destinations along a common wire (or
bus), as shown in Figure 2.35. (This is the underlying principle in modern computer sys-
tems, where multiple components use the same bus to pass data back and forth.) The desti-
nation circuit in Figure 2.35 can receive data from source 1 or source 2. If the source cir-
cuits were directly connected to the bus, they could produce contradictory logic levels at
the destination. To prevent this, only one source is enabled at a time, with control of this
switching left to the two tristate buffers.

FIGURE 2.35 —
Using Tristate Buffers to Switch Digital s
: source 1
Two Sources to a Single
Destination o,
Digital '
source 2 % y

©]
N

Destination

Bus —»
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2.6 Integrated Circuit Logic Gates

Integrated circuit (IC) An electronic circuit having many components, such as
transistors, diodes, resistors, and capacitors, in a single package.

Small scale integration (SSI) An integrated circuit having 12 or fewer gates in
one package.

Medium scale integration (MSI) An integrated circuit having the equivalent of
12 to 100 gates in one package.

Large scale integration (LSI) An integrated circuit having from 100 to 10,000
equivalent gates.

Very large scale integration (VLSI) An integrated circuit having more than
10,000 equivalent gates.

Transistor-transistor logic (TTL) A family of digital logic devices whose basic
element is the bipolar junction transistor.

Complementary metal-oxide-semiconductor (CMOS) A family of digital logic

devices whose basic element is the metal-oxide-semiconductor field effect transis-
tor (MOSFET).

Chip An integrated circuit. Specifically, a chip of silicon on which an integrated
circuit is constructed.

Dual in-line package (DIP) A type of IC with two parallel rows of pins for the
various circuit inputs and outputs.

Printed circuit board (PCB) A circuit board in which connections between
components are made with lines of copper on the surfaces of the circuit board.
Breadboard A circuit board for wiring temporary circuits, usually used for pro-
totypes or laboratory work.

Wire-wrap A circuit construction technique in which the connecting wires are
wrapped around the posts of a special chip socket, usually used for prototyping or
laboratory work.

Through-hole A means of mounting DIP ICs on a circuit board by inserting the
IC leads through holes in the board and soldering them in place.

Surface-mount technology (SMT) A system of mounting and soldering inte-
grated circuits on the surface of a circuit board, as opposed to inserting their leads
through holes on the board.

Small outline IC (SOIC) An IC package similar to a DIP, but smaller, which is
designed for automatic placement and soldering on the surface of a circuit board.
Also called gull-wing, for the shape of the package leads.

Thin shrink small outline package (TSSOP) A thinner version of an SOIC
package.

Plastic leaded chip carrier (PLCC) A square IC package with leads on all four
sides designed for surface mounting on a circuit board. Also called J-lead, for the
profile shape of the package leads.

Quad flat pack (QFP) A square surface-mount IC package with gull-wing leads.

Ball grid array (BGA) A square surface-mount IC package with rows and
columns of spherical leads underneath the package.

Data sheet A printed specification giving details of the pin configuration, electri-
cal properties, and mechanical profile of an electronic device.

Data book A bound collection of data sheets. A digital logic data book usually
contains data sheets for a specific logic family or families.

Portable document format (PDF) A format for storing published documents in
compressed form.
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All the logic gates we have looked at so far are available in integrated circuit form.
Most of these small scale integration (SSI) functions are available either in transistor-
transistor logic (TTL) or complementary metal-oxide-semiconductor (CMOS) tech-
nologies. TTL and CMOS devices differ not in their logic functions, but in their con-
struction and electrical characteristics.

TTL and CMOS chips are designated by an industry-standard numbering system.
TTL devices and the more recent members of the CMOS family are numbered according
to the general format 74XXNN, where XX is a family identifier and NN identifies the spe-
cific logic function. For example, the number 74ALS00 represents a quadruple 2-input
NAND device (indicated by 00) in the advanced low power Schottky (ALS) family of TTL.
(Earlier versions of CMOS had a different set of unrelated numbers of the form 4NNNB or
4NNNUB where NNN was the logic function designator. The suffixes B and UB stand for
buffered and unbuffered, respectively.)

Table 2.21 lists the quadruple 2-input NAND function as implemented in different
logic families. These devices all have the same logic function, but different electrical char-
acteristics.

Table 2.21 Part Numbers for a Quad 2-input NAND Gate in Different Logic Families

Part Number Logic Family

74LS00 Low-power Schottky TTL

T4ALS00 Advanced low-power Schottky TTL

74F00 FAST TTL

74HCO00 High-speed CMOS

74HCTO0 High-speed CMOS (TTL-compatible inputs)
74LVX00 Low-voltage CMOS

74ABTO00 Advanced BiCMOS (TTL/CMOS hybrid)

Table 2.22 lists several logic functions available in the high-speed CMOS family.
These devices all have the same electrical characteristics, but different logic functions.

Table 2.22 Part Numbers for Different Functions
within a Logic Family (High-Speed CMOS)

Part Number Function

74HCO00 Quadruple 2-input NAND
74HCO02 Quadruple 2-input NOR
74HC04 Hex inverter

74HCO08 Quadruple 2-input AND
74HC32 Quadruple 2-input OR
74HC86 Quadruple 2-input XOR

Until recently, the most common way to package logic gates has been in a plastic or
ceramic dual in-line package, or DIP, which has two parallel rows of pins. The standard
spacing between pins in one row is 0.1” (or 100 mil). For packages having fewer than 28
pins, the spacing between rows is 0.3” (or 300 mil). For larger packages, the rows are
spaced by 0.6” (600 mil).

This type of package is designed to be inserted in a printed circuit board in one of
two says: (a) the pins are inserted through holes in the circuit board and soldered in place;
or (b) a socket is soldered to the circuit board and the IC is placed in the socket. The latter
method is more expensive, but makes chip replacement much easier. A socket can occa-
sionally cause its own problems by making a poor connection to the pins of the IC.

The DIP is also convenient for laboratory and prototype work, since it can also be in-
serted easily into a breadboard, a special type of temporary circuit board with internal
connections between holes of a standard spacing. It is also convenient for wire-wrapping,
a technique in which a special tool is used to wrap wires around posts on the underside of
special sockets.
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FIGURE 2.36
14-Pin DIP (Top View)

The outline of a 14-pin DIP is shown in Figure 2.36. There is a notch on one end to
show the orientation of the pins. When the IC is oriented as shown and viewed from
above, pin 1 is at the top left corner and the pins number counterclockwise from that
point.

Besides DIP packages, there are numerous other types of packages for digital ICs, in-
cluding, among others, small outline IC (SOIC), thin shrink small outline package
(TSSOP), plastic leaded chip carrier (PLCC), quad flat pack (QFP), and ball grid ar-
ray (BGA) packages. They are used mostly in applications where circuit board space is at
a premium and in manufacturing processes relying on surface-mount technology (SMT).
In fact, these devices represent the majority of IC packages found in new designs. Some of
these IC packaging options are shown in Figure 2.37.

FIGURE 2.37
Some IC Packaging Options

SMT is a sophisticated technology which relies on automatic placement of chips and
soldering of pins onto the surface of a circuit board, not through holes in the circuit board.

This technique allows a manufacturer to mount components on both sides of a circuit
board.
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Primarily due to the great reduction in board space requirements, most new ICs are
available only in the newer surface-mount packages and are not being offered at all in the
DIP package. However, we will look at DIP offerings in logic gates because they are in-
expensive and easy to use with laboratory breadboards and therefore useful as a learning
tool.

Logic gates come in packages containing several gates. Common groupings available
in DIP packages are six 1-input gates, four 2-input gates, three 3-input gates, or two 4-in-
put gates, although other arrangements are available. The usual way of stating the num-
ber of logic gates in a package is to use the numerical prefixes hex (6), quad or quadru-
ple (4), triple (3), or dual (2).

Some common gate packages are listed in Table 2.23.

Table 2.23  Some Common Logic Gate ICs

Gate Family Function

74HCO0A High-speed CMOS Quad 2-input NAND
74HCO02 High-speed CMOS Quad 2-input NOR
74ALS04 Advanced low-power Schottky TTL Hex inverter

74LS11 Low-power Schottky TTL Triple 3-input AND
74F20 FAST TTL Dual 4-input NAND
74HC27 High-speed CMOS Triple 3-input NOR

Information about pin configurations, electrical characteristics, and mechanical
specifications of a part is available in a data sheet provided by the chip manufacturer.
A collection of data sheets for a particular logic family is often bound together in a
data book. More recently, device manufacturers have been making data sheets available
on their corporate World Wide Web sites in portable document format (PDF), read-
able by a special program such as Adobe Acrobat Reader. Links to some of these man-
ufacturers can be found on the Online Companion Web site for this book.
(http://www.electronictech.com)

Figure 2.38 shows the internal diagrams of gates listed in Table 2.23. Notice that the
gates can be oriented inside a chip in a number of ways. That is why it is important to con-
firm pin connections with a data sheet.

In addition to the gate inputs and outputs there are two more connections to be made
on every chip: the power (Vc) and ground connections. In TTL, connect V¢ to +5 Volts
and GND to ground. In CMOS, connect the V¢ pin to the supply voltage (+3 V to +6 V)
and GND to ground. The gates won’t work without these connections.

Every chip requires power and ground. This might seem obvious, but it’s surprising
how often it is forgotten, especially by students who are new to digital electronics. Proba-
bly this is because most digital circuit diagrams don’t show the power connections, but as-
sume that you know enough to make them.

The only place a chip gets its required power is through the V¢ pin. Even if the power
supply is connected to a logic input as a logic HIGH, you still need to connect it to the
power supply pin.

Even more important is a good ground connection. A circuit with no power connection
will not work at all. A circuit without a ground may appear to work, but it will often pro-
duce bizarre errors that are very difficult to detect and repair.

In later chapters, we will work primarily with complex ICs in PLCC packages. The
power and ground connections are so important to these chips that they will not be left to
chance; they are provided on a specially designed circuit board. Only input and output pins
are accessible for connection by the user.

As digital designs become more complex, it is increasingly necessary to follow good
practices in board layout and prototyping procedure to ensure even minimal functionality.
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FIGURE 2.38

Pinouts of ICs Listed in Table 2.23

Thus, hardware platforms for prototype and laboratory work will need to be at least par-
tially constructed by the board manufacturer in order to supply the requirements of a stable

circuit configuration.

Il SECTION REVIEW PROBLEM FOR SECTION 2.6

2.10.

SUMMARY

How are the pins numbered in a dual in-line package?

1.

Digital systems can be analyzed and designed using Boolean
algebra, a system of mathematics that operates on variables
that have one of two possible values.

. Any Boolean expression can be constructed from the three

simplest logic functions: NOT, AND, and OR.

. A NOT gate, or inverter, has an output state that is in the op-

posite logic state of the input.

. The main 2-input logic functions are described as follows,

for inputs A and B and output Y:

AND: Yis HIGH if A AND B are HIGH. (Y = A - B)
OR: Yis HIGH if A OR Bis HIGH. (Y = A + B)
NAND:  Yis LOW if A AND B are HIGH. (Y = A - B)
NOR: Yis LOW if A OR Bis HIGH. (Y = A + B)

XOR: Y is HIGH if A OR B is HIGH, but not if both
are HIGH. (Y = A @ B)
XNOR: Yis LOW if A OR B is HIGH, but not if both are

HIGH. (Y = A @ B)

. The function of a logic gate can be represented by a truth

table, a list of all possible inputs in binary order and the out-
put corresponding to each input state.

. DeMorgan’s theorems (A - B = A+BandA+B=4A- B)

allow us to represent any gate in an AND form and an OR
form.

. To change a gate into its DeMorgan equivalent form, change

its shape from AND to OR or vice versa and change the ac-
tive levels of inputs and output.



8. A logic switch can be created from a single-pole single-
throw switch by grounding one end and tying the other end
to Ve through a pull-up resistor. The logic level is available
on the same side of the switch as the resistor. An open switch
is HIGH and a closed switch is LOW. A similar circuit can be
made with a pushbutton switch.

9. A light emitting diode (LED) can be used to indicate logic
HIGH or LOW levels. To indicate a HIGH, ground the cath-
ode through a series resistor (about 470 () for a 5-volt power
supply) and apply the logic level to the anode. To indicate a
LOW, tie the anode to V¢ through a series resistor and apply
the logic level to the cathode.

10. Logic gates can be used to pass or block digital signals. For
example, an AND gate will pass a digital signal applied to in-
put B if the input A is HIGH (Y = B). If input A is LOW, the
signal is blocked and the gate output is always LOW (Y = 0).
Similar properties apply to other gates, as summarized in
Table 2.20.

11. Tristate buffers have outputs that generate logic HIGH and
LOW when enabled and a high-impedance state when dis-
abled. The high-impedance state is electrically equivalent to
an open circuit.

GLOSSARY
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12. Logic gates are available as integrated circuits in a variety of
packages. Packages that have fewer than 12 gates are called
small scale integration (SSI) devices.

13. Many logic functions have an industry-standard part number
of the form 74XXNN, where XX is an alphabetic family des-
ignator and NN is a numeric function designator (e.g.
74HC02 = Quadruple 2-input NOR gate in the high-speed
CMOS family).

14. Some common IC packages include dual in-line package
(DIP), small outline IC (SOIC), thin shrink small outline
package (TSSOP), plastic leaded chip carrier (PLCC), quad
flat pack (QFP), and ball grid array (BGA) packages.

15. Most new IC packages are for surface mounting on a printed
circuit board. These have largely replaced DIPs in through-
hole circuit boards, due to better use of board space.

16. IC pin connections and functional data can be determined
from manufacturers’ data sheets, available in paper format or
electronically via the Internet.

17. All ICs require power and ground, which must be applied to
special power supply pins on the chip.

Active HIGH An active-HIGH terminal is considered “ON”
when it is in the logic HIGH state. Indicated by the absence of a
bubble at the terminal in distinctive-shape symbols.

Active level A logic level defined as the “ON” state for a par-
ticular circuit input or output. The active level can be either
HIGH or LOW.

Active LOW  An active-LOW terminal is considered “ON”
when it is in the logic LOW state. Indicated by a bubble at the
terminal in distinctive-shape symbols.

AND gate A logic circuit whose output is HIGH when all in-
puts (e.g., A AND B AND C) are HIGH.

Ball grid array (BGA) A square surface-mount IC package
with rows and columns of spherical leads underneath the package.

Boolean algebra A system of algebra that operates on
Boolean variables. The binary (two-state) nature of Boolean al-
gebra makes it useful for analysis, simplification, and design of
combinational logic circuits.

Boolean expression An algebraic expression made up of
Boolean variables and operators, such as AND (-), OR (+), or
NOT (). Also referred to as a Boolean function or a logic
function.

Boolean variable A variable having only two possible values,
such as HIGH/LOW, 1/0, On/Off, or True/False.

Breadboard A circuit board for wiring temporary circuits,
usually used for prototypes or laboratory work.

Bubble A small circle indicating logical inversion on a circuit
symbol.

Buffer An amplifier that acts as a logic circuit. Its output can
be inverting or noninverting.

Bus A common wire or parallel group of wires connecting
multiple circuits.

Chip An integrated circuit. Specifically, a chip of silicon on
which an integrated circuit is constructed.

Clock generator A circuit that generates a periodic digital
waveform.

Coincidence gate An Exclusive NOR gate.
Complement form Inverted.

Complementary metal-oxide-semiconductor (CMOS) A
family of digital logic devices whose basic element is the metal-
oxide-semiconductor field effect transistor (MOSFET).

Data book A bound collection of data sheets. A digital logic
data book usually contains data sheets for a specific logic family
or families.

Data sheet A printed specification giving details of the pin
configuration, electrical properties, and mechanical profile of an
electronic device.

DeMorgan equivalent forms Two gate symbols, one AND-
shaped and one OR-shaped, that are equivalent according to De-
Morgan’s theorems.

DeMorgan’s theorems Two theorems in Boolean algebra that
allow us to transform any gate from an AND-shaped to an OR-
shaped gate and vice versa.

Digital signal (or pulse waveform) A series of Os and 1s plot-
ted over time.

Distinctive-shape symbols Graphic symbols for logic circuits
that show the function of each type of gate by a special shape.
Dual in-line package (DIP) A type of IC with two parallel
rows of pins for the various circuit inputs and outputs.

Enable Alogic gateisenabled if itallows a digital signal to pass
from an input to the output in either true or complement form.

Exclusive NOR gate A two-input logic circuit whose output is
the complement of an Exclusive OR gate.
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Exclusive OR gate A two-input logic circuit whose output is
HIGH when one input (but not both) is HIGH.

Floating An undefined logic state, neither HIGH nor LOW.
High-impedance state The output state of a tristate buffer that
is neither logic HIGH nor logic LOW, but is electrically equiva-
lent to an open circuit.

IEEE/ANSI Standard 91-1984 A standard format for draw-
ing logic circuit symbols as rectangles with logic functions
shown by a standard notation inside the rectangle for each de-
vice.

In phase Two digital waveforms are in phase if they are al-
ways at the same logic level at the same time.

Inhibit (or disable) A logic gate is inhibited if it prevents a
digital signal from passing from an input to the output.
Integrated circuit (IC) An electronic circuit having many
components, such as transistors, diodes, resistors, and capaci-
tors, in a single package.

Inverter Also called a NOT gate or an inverting buffer. A logic
gate that changes its input logic level to the opposite state.
Large scale integration (LSI) An integrated circuit having
from 100 to 10,000 equivalent gates.

LED Light emitting diode. An electronic device that con-
ducts current in one direction only and illuminates when it is
conducting.

Logic function See Boolean expression.

Logic gate An electronic circuit that performs a Boolean alge-
braic function.

Logical product AND function.
Logical sum OR function.

Medium scale integration (MSI) An integrated circuit having
the equivalent of 12 to 100 gates in one package.

NAND gate A logic circuit whose output is LOW when al/l in-
puts are HIGH.

NOR gate A logic circuit whose output is LOW when at least
one input is HIGH.

OR gate A logic circuit whose output is HIGH when at least
one input (e.g., A OR B OR C) is HIGH.

Out of phase Two digital waveforms are out of phase if they
are always at opposite logic levels at any given time.

Plastic leaded chip carrier (PLCC) A square IC package
with leads on all four sides designed for surface mounting on a
circuit board. Also called J-lead, for the profile shape of the
package leads.

PROBLEMS

Portable document format (PDF) A format for storing pub-
lished documents in compressed form.

Printed circuit board (PCB) A circuit board in which con-
nections between components are made with lines of copper on
the surfaces of the circuit board.

Pull-up resistor A resistor connected from a point in an elec-
tronic circuit to the power supply of that circuit. In a digital cir-
cuit it supplies the required logic level in a HIGH state and lim-
its current from the power supply in the LOW state.

Quad flat pack (QFP) A square surface-mount IC package
with gull-wing leads.

Qualifying symbol A symbol in IEEE/ANSI logic circuit no-
tation, placed in the top center of a rectangular symbol, that
shows the function of a logic gate. Some qualifying symbols in-
clude: 1 = “buffer”; & = “AND”; =1 = “OR”

Rectangular-outline symbols Rectangular logic gate symbols
that conform to IEEE/ANSI Standard 91-1984.

Small outline IC (SOIC) An IC package similar to a DIP, but
smaller, which is designed for automatic placement and solder-
ing on the surface of a circuit board. Also called gull-wing, for
the shape of the package leads.

Small-scale integration (SSI) An integrated circuit having 12
or fewer gates in one package.

Surface-mount technology (SMT) A system of mounting
and soldering integrated circuits on the surface of a circuit
board, as opposed to inserting their leads through holes on the
board.

Thin shrink small outline package (TSSOP) A thinner ver-
sion of an SOIC package.

Through-hole A means of mounting DIP ICs on a circuit
board by inserting the IC leads through holes in the board and
soldering them in place.

Transistor-transistor logic (TTL) A family of digital logic
devices whose basic element is the bipolar junction transistor.

Tristate buffer A gate having three possible output states:
logic HIGH, logic LOW, and high-impedance.

True form Not inverted.

Truth table A list of all possible input values to a digital cir-

cuit, listed in ascending binary order, and the output response for
each input combination.

Vee  The power supply voltage in a transistor-based electronic
circuit. The term often refers to the power supply of digital circuits.
Very large scale integration (VLSI) An integrated circuit
having more than 10,000 equivalent gates.

Problem numbers set in color indicate more difficult problems:
those with underlines indicate most difficult problems.
Section 2.1 Basic Logic Functions

2.1 Draw the symbol for the NOT gate (inverter) in both rec-
tangular-outline and distinctive-shape forms.

2.2 Draw the distinctive-shape and rectangular-outline sym-
bols for a 3-input AND gate.

2.3 Draw the distinctive-shape and rectangular-outline sym-

bols for a 3-input OR gate.

2.4 Write a sentence that describes the operation of a 4-input
AND gate that has inputs P, Q, R, and S and output 7.
Make the truth table of this gate and draw an asterisk be-



side the line(s) of the truth table indicating when the gate
output is in its active state.

2.5 Write a sentence that describes the operation of a 4-input
OR gate with inputs J, K, L, and M and output N. Make
the truth table of this gate and draw an asterisk beside the
line(s) of the truth table indicating when the gate output is
in its active state.

2.6 State how three switches must be connected to represent a
3-input AND function. Draw a circuit diagram showing
how this function can control a lamp.

2.7 State how four switches must be connected to represent a
4-input OR function. Draw a circuit diagram showing
how this function can control a lamp.

Section 2.2 Logic Switches and LED Indicators

2.8 Sketch the circuit of a single-pole single-throw (SPST)
switch used as a logic switch. Briefly explain how it
works.

2.9 Refer to Figure 2.10 (logic pushbuttons). Should the nor-
mally open pushbutton be considered an active HIGH or
active LOW device? Briefly explain your choice.

2.10 Should the normally closed pushbutton be considered an
active HIGH or active LOW device? Why?

2.11 Briefly state what is required for an LED to illuminate.

2.12 Briefly state the relationship between the brightness of an
LED and the current flowing through it. Why is a series
resistor required?

2.13 Draw a circuit showing how an OR-gate output will illu-
minate an LED when the gate output is LOW. Assume the
required series resistor is 470 ().

Section 2.3 Derived Logic Functions

2.14 For a 4-input NAND gate with inputs A, B, C, and D and
output ¥:

a. Write the truth table and a descriptive sentence.
b. Write the Boolean expression.

c. Draw the logic circuit symbol in both distinctive-
shape and rectangular-outline symbols.

2.15 Repeat Problem 2.14 for a 4-input NOR gate.

2.16 State the active levels of the inputs and outputs of a
NAND gate and a NOR gate.

2.17 Write a descriptive sentence of the operation of a 5-input
NAND gate with inputs A, B, C, D, and E and output Y.
How many lines would the truth table of this gate have?

2.18 Repeat Problem 2.17 for a 5-input NOR gate.

2.19 A pump motor in an industrial plant will start only if the
temperature and pressure of liquid in a tank exceed a cer-
tain level. The temperature sensor and pressure sensor,
shown in Figure 2.39 each produce a logic HIGH if the
measured quantities exceed this value. The logic circuit
interface produces a HIGH output to turn on the motor.
Draw the symbol and truth table of the gate that corre-
sponds to the action of the logic circuit.

2.20 Repeat Problem 2.19 for the case in which the motor is
activated by a logic LOW.
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FIGURE 2.39

Problem 2.19: Temperature and Pressure Sensors

2.21 Figure 2.40 shows a circuit for a two-way switch for a
stairwell. This is a common circuit that allows you to turn

Lemp
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FIGURE 2.40

Problem 2.21: Circuit for Two-Way Switch

on a light from either the top or the bottom of the stair-
well and off at the other end. The circuit also allows any-
one coming along after you to do the same thing, no mat-
ter which direction they are coming from.

The lamp is ON when the switches are in the same po-
sitions and OFF when they are in opposite positions.
What logic function does this represent? Draw the truth
table of the function and use it to explain your reasoning.

2.22  Find the truth table for the logic circuit shown in Figure

2.41.

a A

R :’D—}Di 18 B O
) .

FIGURE 2.41

Problem 2.22: Logic Circuit

2.23 Recall the description of a 2-input Exclusive OR gate:
“Output is HIGH if one input is HIGH, but not both.”
This is not the best statement of the operation of a multi-
ple-input XOR gate. Look at the truth table derived in
Problem 2.22 and write a more accurate description of n-
input XOR operation.

Section 2.4 DeMorgan’s Theorems and Gate
Equivalence

2.24 For each of the gates in Figure 2.42:
a. Write the truth table.

b. Indicate with an * which lines on the truth table show
the gate output in its active state.
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FIGURE 2.42
Problem 2.24: Logic Gates

c. Convert the gate to its DeMorgan equivalent form.

d. Rewrite the truth table and indicate which lines on the
truth table show output active states for the DeMorgan
equivalent form of the gate.

2.25 Refer to Figure 2.43. State which two gates of the three
shown are DeMorgan equivalents of each other. Explain
your choice.

X X X —9
Y Y Y — 9
a b.

C.

FIGURE 2.43
Problem 2.25: Logic Gates

Section 2.5 Enable and Inhibit Properties
of Logic Gates

2.26 Draw the output waveform of the Exclusive NOR gate
when a square waveform is applied to one input and

a. The other input is held LOW
b. The other input is held HIGH

2.27

2.28

2.29

2.30
2.31

2.32

2.33

2.34

FIGURE 2.44
Problem 2.28: Input Waveforms

How does this compare to the waveform that would
appear at the output of an Exclusive OR gate under the
same conditions?

Sketch the input waveforms represented by the following
32-bit sequences (use 1/4-inch graph paper, 1 square per
bit):

A: 000000000000 1111 1111 1111 1111 0000

B: 10100111 0010 1011 0101 0011 1001 1011

Assume that these waveforms represent inputs to a
logic gate. (Spaces are provided for readability only.)
Sketch the waveform for gate output Y if the gate function
is:

a. AND

b. OR
c¢. NAND
d. NOR
e. XOR
f. XNOR

Repeat Problem 2.27 for the waveforms shown in Fig-
ure 2.44.

The A and B waveforms shown in Figure 2.45 are inputs
to an OR gate. Complete the sketch by drawing the wave-
form for output Y.

Repeat Problem 2.29 for a NOR gate.

Figure 2.46 shows a circuit that will make a lamp flash at
3 Hz when the gasoline level in a car’s gas tank drops be-
low a certain point. A float switch in the tank monitors
the level of gasoline. What logic level must the float
switch produce to make the light flash when the tank is
approaching empty? Why?

Repeat Problem 2.31 for the case where the AND gate is
replaced by a NOR gate.

Will the circuitin Figure 2.46 work properly if the AND
gateisreplaced by an Exclusive OR gate? Why or why not?

Make a truth table for the tristate buffers shown in Figure
2.33. Indicate the high-impedence state by the notation

a T LI

B

't

FIGURE 2.45
Problem 2.29: Waveforms
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FIGURE 2.46
Problem 2.31: Gasoline Level Circuit
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Section 2.6 Integrated Circuit Logic Gates
2.35 Name two logic families used to implement digital logic
functions. How do they differ?

2.36 List the industry-standard numbers for a quadruple 2-input
NAND gate in low power Schottky TTL, CMOS, and
high-speed CMOS technologies.

2.37 Repeat Problem 2.36 for a quadruple 2-input NOR gate.
How does each numbering system differentiate between
the NAND and NOR functions?

2.38 List six types of packaging that a logic gate could

come in.
“Hi-Z” How do the enable properties of these gates differ
from gates such as AND and NAND?
ANSWERS TO SECTION REVIEW PROBLEMS
Section 2.1 Section 2.5

2.1 AND: “A AND B AND C AND D must be HIGH to make Y
HIGH.” 2.2. OR: “A OR B OR C OR D must be HIGH to
make Y HIGH.”

Section 2.2

2.3 When the switch is open, it provides a logic HIGH because
of the pull-up resistor. A closed switch is LOW, due to the con-
nection to ground.

Section 2.3

2.4 XOR; 2.5 NAND; 2.6 NOR; 2.7 XNOR.

Section 2.4
28 Y=ABCD

2.9 An AND needs two HIGH inputs to make a HIGH output. If
the Control input is LOW, the output can never be HIGH; the
output remains LOW. An OR output is HIGH if one input is
HIGH. If the Control input is HIGH, the output is always HIGH,
regardless of the level at the Signal input. In both cases, the out-
put is “stuck” at one level, signifying that the gate is inhibited.

Section 2.6

2.10 Viewed from above, with the notch in the package away
from you, pin 1 is on the left side at the far end. The pins are
numbered counterclockwise from that point.
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CHAPTER 3

Boolean Algebra and
Combinational Logic

CHAPTER OBJECTIVES

Upon successful completion of this chapter you will be able to:

» Explain the relationship between the Boolean expression, logic diagram,
and truth table of a logic gate network and be able to derive any one from
either of the other two.

* Draw logic gate networks in such a way as to cancel out internal inversions
automatically (bubble-to-bubble convention).

* Write the sum of products (SOP) or product of sums (POS) forms of a
Boolean equation.

* Use rules of Boolean algebra to simplify the Boolean expressions derived
from logic diagrams and truth tables.

* Apply the Karnaugh map method to reduce Boolean expressions and logic
circuits to their simplest forms.

n Chapter 3, we will examine the rudiments of combinational logic. A combinational

logic circuit is one in which two or more gates are connected together to combine sev-
eral Boolean inputs. These circuits can be represented several ways, as a logic diagram,
truth table, or Boolean expression.

A Boolean expression for a network of logic gates is often not in its simplest form. In
such a case, we may be using more components than would be required for the job, so it is
of benefit to us if we can simplify the Boolean expression. Several tools are available to us,
such as Boolean algebra and a graphical technique known as Karnaugh mapping. We can
also simplify the Boolean expression by taking care to draw the logic diagrams in such a
way as to automatically eliminate inverting functions within the circuit. M

57
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3.1 Boolean Expressions, Logic Diagrams and Truth Tables

Logic gate network Two or more logic gates connected together.

Logic diagram A diagram, similar to a schematic, showing the connection of
logic gates.

Combinational logic Digital circuitry in which an output is derived from the
combination of inputs, independent of the order in which they are applied.

Combinatorial logic Another name for combinational logic.

In Chapter 2, we examined the functions of single logic gates. However, most digital cir-
cuits require multiple gates. When two or more gates are connected together, they form a
logic gate network. These networks can be described by a truth table, a logic diagram
(i.e., a circuit diagram), or a Boolean expression. Any one of these can be derived from any
other.

A digital circuit built from gates is called a combinational (or combinatorial) logic
circuit. The output of a combinational circuit depends on the combination of inputs. The
inputs can be applied in any sequence and still produce the same result. For example, an
AND gate output will always be HIGH if all inputs are HIGH, regardless of the order in
which they became HIGH. This is in contrast to sequential logic, in which sequence mat-
ters; a sequential logic output may have a different value with two identical sets of inputs
if those inputs were applied in a different order. We will study sequential logic in a later
chapter.

Boolean Expressions from Logic Diagrams

KEY TERMS

Bubble-to-bubble convention The practice of drawing gates in a logic diagram
so that inverting outputs connect to inverting inputs and noninverting outputs con-
nect to noninverting inputs.

Order of precedence The sequence in which Boolean functions are performed,
unless otherwise specified by parentheses.

Writing the Boolean expression of a logic gate network is similar to finding the expression
for a single gate. The difference is that in a multiple gate network, the inputs will usually
not consist of single variables, but compound expressions that represent outputs of previ-
ous gates.

These compound expressions are combined according to the same rules as single vari-
ables. In an OR gate, with inputs x and y, the output will always be x + y regardless of
whether x and y are single variables (e.g., x = A, y = B, output = A + B) or compound ex-
pressions (e.g., x = AB, y = AC, output = AB + AC).

Figure 3.1 shows a simple logic gate network, consisting of a single AND and a
single OR gate. The AND gate combines inputs A and B to give the output expression AB.
The OR combines the AND function and input C to yield the compound expression
AB + C.

FIGURE 3.1
Boolean Expression from a Gate Network
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Il EXAMPLE 3.1

FIGURE 3.2
Example 3.1

Derive the Boolean expression of the logic gate network shown in Figure 3.2a.

a. Logic gate network

Solution

B — Y = AB + CD
c — CD
D_

b. Boolean expression from logic gate network

Figure 3.2b shows the gate network with the output terms indicated for each gate. The
AND and NAND functions are combined in an OR function to yield the output expression:

Y = AB + CD
[T

The Boolean expression in Example 3.1 includes a NAND function. It is possible to
draw the NAND in its DeMorgan equivalent form. If we choose the gate symbols so that
outputs with bubbles connect to inputs with bubbles, we will not have bars over groups of
variables, except possibly one bar over the entire function. In a circuit with many inverting
functions (NANDs and NORs), this results in a cleaner notation and often a clearer idea of
the function of the circuit. We will follow this notation, which we will refer to as the bubble-
to-bubble convention, as much as possible.

(Il EXAMPLE 3.2

Redraw the circuit in Figure 3.2 to conform to the bubble-to-bubble convention. Write the
Boolean expression of the new logic diagram.

Solution
A —1 AB
B — Y=AB+C+D
C
D
FIGURE 3.3
Example 3.2

Using DeMorgan Equivalents to Simplify a Circuit

Figure 3.3 shows the new circuit. The NAND has been converted to its DeMorgan
equivalent so that its active-HIGH output drives an active-HIGH input on the OR gate. The
new Boolean expressionis Y = AB + C + D. T

Boolean functions are governed by an order of precedence. Unless otherwise speci-
fied, AND functions are performed first, followed by ORs. This order results in a form sim-
ilar to that of linear algebra, where multiplication is performed before addition, unless
otherwise specified.
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Figure 3.4 shows two logic diagrams, one whose Boolean expression requires paren-
theses and one that does not.

A AB

B AB + AC
AC

c

a. No parentheses required (AND, then OR)
A — ¢ A+B
5 :D_L

C A+B+C

:(A+mm+é+q

b. Parentheses required (OR, then AND)

FIGURE 3.4
Order of Precedence

The AND functions in Figure 3.4a are evaluated first, eliminating the need for paren-
theses in the output expression. The expression for Figure 3.4b requires parentheses since
the ORs are evaluated first.

(Il EXAMPLE 3.3 Write the Boolean expression for the logic diagrams in Figure 3.5.
FIGURE 3.5 A ——4
Example 3.5 B —ee— !
Order of Precedence Y
2
C
a.

:E)——S

b.

Solution Examine the output of each gate and combine the resultant terms as re-
quired.

Figure 3.5a: Gate 1:A-B
Gate2: B- C
Gate3:Y=Gate | + Gate2=A-B+B-C

Figure 3.5b: Gate 1: P+ Q = P + O
Gate 2: Q + R
Gate 3: S = Gatel - Gate2 = (P + Q)(Q + R) = (P + 0)(Q + R)
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Note that when two bubbles touch, they cancel out, as in the doubly inverted P input
or the connection between the outputs of gates 1 and 2 and the inputs of gate 3. In the re-

sultant Boolean expression, bars of the same length cancel; bars of unequal length do not.
[ |

[l SECTION 3.1A REVIEW PROBLEM

3.1 Write the Boolean expression for the logic diagrams in Figure 3.6, paying attention to
the rules of order of precedence.

s DO—

c—1 !

D

a.
W
X

D

v -
A

b.

FIGURE 3.6
Section Review Problem 3.1

Logic Diagrams from Boolean Expressions

KEY TERMS

Levels of gating The number of gates through which a signal must pass from in-
put to output of a logic gate network.

Double-rail inputs Boolean input variables that are available to a circuit in both
true and complement form.

Synthesis The process of creating a logic circuit from a description such as a
Boolean equation or truth table.

We can derive a logic diagram from a Boolean expression by applying the order of prece-
dence rules. We examine an expression to create the first level of gating from the circuit in-
puts, then combine the output functions of the first level in the second level gates, and so
forth. Input inverters are often not counted as a gating level, as we usually assume that each
variable is available in both true (noninverted) and complement (inverted) form. When in-
put variables are available to a circuit in true and complement form, we refer to them as
double-rail inputs.

The first level usually will be AND gates if no parentheses are present, OR gates if
parentheses are used. (Not always, however; parentheses merely tell us which functions to
synthesize first.) Although we will try to eliminate bars over groups of variables by use of
DeMorgan’s theorems and the bubble-to-bubble convention, we should recognize that a
bar over a group of variables is the same as having those variables in parentheses.

Let us examine the Boolean expression Y = AC + BD + AD. Order of precedence
tells us that we synthesize the AND functions first. This yields three 2-input AND gates,
with outputs AC, BD, and AD, as shown in Figure 3.7a. In the next step, we combine these
AND functions in a 3-input OR gate, as shown in Figure 3.7b.
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FIGURE 3.7
Logic Diagram for
Y = AC + BD + AD

000

a. ANDs first

Y =AC +BD + AD

b. Combine ANDs in an OR gate

When the expression has OR functions in parentheses, we synthesize the ORs first, as
for the expression Y = (A + B)(A + C + D)(B + C). Figure 3.8 shows this process. In the
first step, we synthesize three OR gates for the terms (A + B), (A + C + D), and (B + C).
We then combine these terms in a 3-input AND gate.

FIGURE 3.8 A (A +B)
Logic Diagram forY = (A + B) b_Di
(A+C+D)B+C) B
(A+C+D)
C
D al_/
[ (B+0C)
a. ORs first
L TD
B
C — _}Y=A+BACDBC
5 ]/ ] ( )J(A +C +D)(B +C)
b. Combine ORs in an AND gate
(Il EXAMPLE 3.4 Synthesize the logic diagrams for the following Boolean expressions:

1. P= QRS + ST
2X=(W+Z+YV)V+ W+ WY

Solution

1. Recall that a bar over two variables acts like parentheses. Thus the QRS term is synthe-
sized from a NAND, then an AND, as shown in Figure 3.9a. Also shown is the second
AND term, ST.
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Figure 3.9b shows the terms combined in an OR gate.

FIGURE 3.9 Q QRS
Example 3.4 }
Logic Diagram of
P = QRS + ST . RS
S
S ST
T }
a. Combine inputs (NAND, then AND)
R Fs P = QRS + 8T
s D
T
b. First and second level gates combined in and OR
2. Figure 3.10 shows the synthesis of the second logic diagram in three stages. Figure
3.10a shows how the circuit inputs are first combined in two OR gates. We do this first
because the ORs are in parentheses. In Figure 3.10b, each of these functions is com-
bined in an AND gate, according to the normal order of precedence. The AND outputs
are combined in a final OR function, as shown in Figure 3.10c.
FIGURE 3.10 W —e——Y W+2Z+Y
Example 3.4 \Z( _—L/
Logic Diagram for X = — -
W +Z+Y)V+ W+ V)Y w W+ V
\Y

a. ORs first (parentheses)

W+Z+Y _
i — ) W+ Z + Y)V
Ly D
_ _ (W + V)Y
SUp=Eal
V —
b. Combine with ANDs (order of precedence)
%V—"—§\W+Z+Y W+ Z+ Y)V
Y 1 A Vv

Vv
OD X=MW+X+Y)V+ W+ V)Y

(W + V)Y

c. Find output (OR)
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(Il EXAMPLE 3.5

Use DeMorgan’s theorem to modify the Boolean equation in part 1 of Example 3.4 so that
there is no bar over any group of variables. Redraw Figure 3.9b to reflect the change.

Solution
P=0RS+ST=0QR+S) + ST

Figure 3.11a shows the modified logic diagram. The levels of gating could be further
reduced from three to two (not counting input inverters) by “multiplying through” the
parentheses to yield the expression:

P=0QR + QS + ST
Figure 3.11b shows the logic diagram for this form. We will examine this simplifica-
tion procedure more formally in a later section of this chapter.

Q
|_ QR +9)
R (R+9) :)—

S ——=

P=QR+S)+ST
S _
> 34}
T

a. Logic diagram of P = Q(R + S) + ST
Q QR
R _ _
> Qs P—QR+QS+8T
S f—
: ST

b. Logic diagram of P = QR + QS + ST

U

FIGURE 3.11
Example 3.5: Reworking Figure 3.9b

FIGURE 3.12
Logic Diagram for AB + C

Truth Tables from Logic Diagrams or Boolean Expressions

There are two basic ways to find a truth table from a logic diagram. We can examine the
output of each gate in the circuit and develop its truth table. We then use our knowledge of
gate properties to combine these intermediate truth tables into the final output truth table.
Alternatively, we can develop a Boolean expression for the logic diagram and by examin-
ing the expression fill in the truth table in a single step. The former method is more thor-
ough and probably easier to understand when you are learning the technique. The latter
method is more efficient, but requires some practice and experience. We will look at both.

Examine the logic diagram in Figure 3.12. Since there are three binary inputs, there
will be eight ways those inputs can be combined. Thus, we start by making an 8-line truth
table, as in Table 3.1.

AB + C
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The OR gate output will describe the function of the whole circuit. In order to assess
the OR function, we must first evaluate the AND output. We add a column to the truth table
for the AND gate and look for the lines in the table where both A AND B equal logic 1 (in
this case, the last two rows). For these lines, we write a 1 in the AB column. Next, we look
at the values in column C and the AB column. If there is a 1 in either column, we write a 1
in the column for the final output.

Table 3.1  Truth Table for Figure 3.12

A B C AB | AB+C
0 0 0 0 0
0 0 1 0 1
0 1 0 0 0
0 1 1 0 1
1 0 0 0 0
10 1 0 1
11 0 1 1
111 1 1

(Il EXAMPLE 3.6

Derive the truth table for the logic diagram shown in Figure 3.13.

g_‘:Di}
>

FIGURE 3.13
Example 3.6
Logic Diagram

Solution The Boolean equation for Figure 3.13 is (A + B)(A + C). We will create a
column for each input variable and for each term in parentheses, as well as a column for the
final output. Table 3.2 shows the result. For the lines where A OR B is 0, we write a 1 in the
(A + B) column. Where A OR Cis 1, we write a 1 in the (A + C) column. For the lines
where there is a 1 in both the (A + B) AND (A + C) columns, we write a 1 in the final out-
put column.

Table 3.2  Truth Table for Figure 3.13

A B C|A+B | A+0 | A+BA+0)
0 0 0 1 0 0
0 0 1 1 1 1
0 1 0 1 0 0
0o 1 1 1 1 1
10 0 1 1 1
10 1 1 1 1
1 1 0 0 1 0
111 0 1 0
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FIGURE 3.14
Logic Diagram

Another approach to finding a truth table involves analysis of the Boolean expression
of a logic diagram. The logic diagram in Figure 3.14 can be described by the Boolean ex-
pression Y = ABC + AC + BD.

A DT
S )

—— T\ y
D—CD_

We can examine the Boolean expression to determine that the final output of the cir-
cuit will be HIGH under one of the following conditions:

1. A=0ANDB=1ANDC=1;

2. A=0AND C=0;
3. B=0ANDD = 0.

All we have to do is look for these conditions in the truth table and write a 1 in the out-
put column whenever a condition is satisfied. Table 3.3 shows the result of this analysis
with each line indicating which term, or terms, contribute to the HIGH output.

Table 3.3  Truth Table for Figure 3.14

A B C D Y terms
0 0 0 0| 1 | ACBD
0 0 0 1 1| AC

0 0 1 0 1 | BD

0 0 1 1 o |

0 1 0 0 1 | AC

0 1 0 1 1 | AC

0 1 1 0 1 | ABC

0 1 1 1 1 | ABC

1 0 0 0 1 | BD

1 0 0 1 o |

1 0 1 0 1 | BD

1 0 1 1 0

1 1 0 0| 0

1 1 0 1 0

1 1 1 0|0

11 1 1 0

Il SECTION 3.16 REVIEW PROBLEM

3.2 Find the truth table for the logic diagram shown in Figure 3.15.

2:97}\(

FIGURE 3.15
Section Review Problem 3.2




FIGURE 3.16
Digital Circuit with
Unknown Function
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3.2 Sum-of-Products and Product-of-Sums Forms

Product term A term in a Boolean expression where one or more true or comple-
ment variables are ANDed (e.g., A C).

Minterm A product term in a Boolean expression where all possible variables ap-

pear once in true or complement form (e.g., A B C; A B C).

Sum term A term in a Boolean expression where one or more true or comple-
ment variables are ORed (e.g.,A + B + D).

Maxterm A sum term in a Boolean expression where all possible variables ap-
pear once, in true or complement form (e.g., (A + B+ C); (A + B + ()).

Sum-of-products (SOP) A type of Boolean expression where several product
terms are summed (ORed) together (e.g., ABC +ABC + ABC).

Product-of-sums (POS) A type of Boolean expression where several sum terms
are multiplied (ANDed) together (e.g., (A + B+ C)(A + B+ C)(A + B + C)).

Bus form A way of drawing a logic diagram so that each true and complement
input variable is available along a continuous conductor called a bus.

Suppose we have an unknown digital circuit, represented by the block in Figure 3.16.
All we know is which terminals are inputs, which are outputs, and how to connect the
power supply. Given only that information, we can find the Boolean expression of the
output.

The first thing to do is find the truth table by applying all possible input combinations
in binary order and reading the output for each one. Suppose the unknown circuit in Figure
3.16 yields the truth table shown in Table 3.4.

The truth table output is HIGH for three conditions:

1. When A AND B AND C are all LOW, OR

2. When A is LOW AND B AND C are HIGH, OR
3. When A is HIGH AND B AND C are LOW.

Ve Table 3.4 Truth
T Table for Figure 3.19
A || A B C Y
Mgtal 0 0 0 1
B circinl 0 0 1 0
o 1 O 0
[ 0 1 1 1
| -1 1 0 O 1
= 1 0 1 0
1 1 0 0
1 1 1 0

Each of those conditions represents a minterm in the output Boolean expression. (A
minterm is a product term (AND term) that includes all variables (4, B, C) in true or com-
plement form.) The minterms are:

1.ABC
2. ABC
3.ABC
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Since condition 1 OR condition 2 OR condition 3 produces a HIGH output from the
circuit, the Boolean function Y consists of all three minterms summed (ORed) together, as
follows:

Y=ABC+ABC+ABC

This expression is in a standard form called sum-of-products (SOP) form. Figure
3.17 shows the equivalent logic circuit.

[

1=

| if-:D—%“
| -

— - ' -, L\.B.\_. ,
L] - —] f

FIGURE 3.17 L L
Logic CircuitforY =ABC + ABC+ABC

The inputs A, B, and C and their complements are shown in bus form. Each variable
is available, in true or complement form, at any point along a conductor. This is a useful,
uncluttered notation for circuits that require several of the input variables more than once.

NOTE

We can derive an SOP expression from a truth table as follows:

1. Every line on the truth table that has a HIGH output corresponds to a minterm in
the truth table’s Boolean expression.

2. Write all truth table variables for every minterm in true or complement form. If a
variable is 0, write it in complement form (with a bar over it); if it is 1, write it
in true form (no bar).

3. Combine all minterms in an OR function.

Il EXAMPLE 3.7

Tables 3.5 and 3.6 show the truth tables for the Exclusive OR and the Exclusive NOR func-
tions. Derive the sum-of-products expression for each of these functions and draw the logic
diagram for each one.

Table 3.5 XOR Table 3.6 XNOR
Truth Table Truth Table
A B | A®B A B | A®B
0 0 0 0 0 1
0 1 1 0 1 0
1 0 1 1 0 0
1 1 0 1 1 1
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Solution

XOR: The truth table yields two product terms: AB and AB. Thus, the SOP form of the
XOR function is A @ B = AB + AB. Figure 3.18 shows the logic diagram for this
equation.

A B

2

A @ B=AB+AB

FIGURE 3.18
Example 3.7
SOP Form of XOR Function

XNOR: The product terms for this function are: A B and AB. The SOP form of the XNOR
function is A @ B = A B + AB. The logic diagram in Figure 3.19 represents the XNOR
function. i

A B

Ear;

A ®B=AB+AB

FIGURE 3.19
Example 3.7
SOP Form of XNOR Function

We can also find the Boolean function of a truth table in product-of-sums (POS)
form. The product-of-sums form of a Boolean expression consists of a number of max-
terms (i.e., sum terms (OR terms) containing all variables in true or complement form)
that are ANDed together. To find the POS form of ¥, we will find the SOP expression for Y
and apply DeMorgan’s theorems.

Recall DeMorgan’s theorems:

x+ty+z=xyz
xXyz= ; + ; + Z
When the theorems were introduced, they were presented as two-variable theorems,
but in fact they are valid for any number of variables.
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Let’s reexamine Table 3.4. To find the sum-of-products expression for ¥, we wrote a
minterm for each line where Y = 1. To find the SOP expression for Y, we must write a
minterm for each line where Y = 0. Variables A, B, and C must appear in each minterm, in
true or complement form. A variable is in complement form (with a bar over the top) if its
value is 0 in that minterm, and it is in true form (no bar) if its value is 1.

We get the following minterms for Y-

ABC

ABC

ABC

ABC

ABC

Thus, the SOP form of Yis

Y=ABC+ABC+ABC+ABC+ABC

To get Y in POS form, we must invert both sides of the above expression and apply De-
Morgan’s theorems to the righthand side.

Y=Y=ABC+ABC+ABC+ABC+ABC
= (A+B +CYA+B+-EA+ B+ C)A+B+C)A+B+ 0
This Boolean expression can be implemented by the logic circuit in Figure 3.20.

We don’t have to go through the whole process outlined above every time we want to
find the POS form of a function. We can find it directly from the truth table, following the

\V’{ .Il.l‘;l’lr 1.\‘-"’( foe I3
" *—:::,D‘ o
=
oD T D

f_Tf::¥i Ijjafuwzli
I:> I

A+BH-C

—_—

FIGURE 3.20 B B _ - L
Logic CircuitforY =(A+ B+ C)(A+ B+ C)A+ B+ C)(A + B + C)(A + B + C)

procedure summarized below. Use this procedure to find the POS form of the expression
given by Table 3.4. The terms in this expression are the same as those derived by DeMor-
gan’s theorem.
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NOTE

Deriving a POS expression from a truth table:
1. Every line on the truth table that has a LOW output corresponds to a maxterm in
the truth table’s Boolean expression.

2. Write all truth table variables for every maxterm in true or complement form. If
a variable is 1, write it in complement form (with a bar over it); if it is 0, write it
in true form (no bar).

3. Combine all maxterms in an AND function.

Note that these steps are all opposite to those used to find the SOP form of
the Boolean expression.

Il EXAMPLE 3.8 Find the Boolean expression, in both SOP and POS forms, for the logic function repre-
sented by Table 3.7. Draw the logic circuit for each form.

Table 3.7 Truth Table for Example 3.8 (with minterms
and maxterms)

A B C D Y Minterms Maxterms

0 0 0 0 1 ABCD

0 0 0 1 1 ABCD _

0 0 1 010 e A+B+C+D
0 0 1 1 1 ABCD

0 1 0 010 A+B+C+D
0 1 0 1|0 A+B+C+D
0 1 1 010 A+B+C+D
0 1 1 1 0 - A+B+C+D
1 0 0 0 1 ABCD B B
1 0 0 1 0 A+B+C+D
1 0 1 0 1 ABCD

1 0 1 1|0  A+B+C+D
1 1 0 0 1 ABCD

1 1 0 1 1 ABCD

1 1 1 0 1 ABCD -
1 1 1 1 0 A+B+C+D

Solution All minterms (for SOP form) and maxterms (for POS form) are shown in the
last two columns of Table 3.5.

Boolean Expressions:
SOP form:

POS form:
Y=@A+B+C+D)A+B+C+D)YA+B+C+D)A+B+C+D)
(A+B+C+DJA+B+C+D)A+B+C+D)
(A+B+C+D)

The logic circuits are shown in Figures 3.21 and 3.22.
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FIGURE 3.21
Example 3.8
SOP Form

FIGURE 3.22
Example 3.8
POS Form
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[l SECTION 3.2 REVIEW PROBLEM

3.3 Find the SOP and POS forms of the Boolean functions represented by the following
truth tables.

a. A B C Y b. A B C Y
0o 0 O 0 o 0 O 1
0 0 1 0 0 0 1 0
o 1 0 0 o 1 O 0
0 1 1 0 0o 1 1 0
1 0 0 1 1 0 O 1
1 0 1 1 1 0 1 1
1 1 0 0 1 1 0 1
1 1 1 0 1 1 1 0

Theorems of Boolean Algebra

The main reason to learn Boolean algebra is to learn how to minimize the number of logic
gates in a network. Boolean expressions with many terms, such as those represented by the
logic diagrams in Figures 3.21 and 3.22, are seldom in their simplest form. It is often pos-
sible to apply some techniques of Boolean algebra to derive a simpler form of expression
that requires fewer gates to implement.

For example, the logic circuit in Figure 3.21 requires eight 4-input AND gates and
an 8-input OR gate. Using Boolean algebra, we can reduce its Boolean expression to
Y=AD +ABC+ ABD + ABC. This form can be implemented with 4 AND gates and
a 4-input OR. You will use a simplification technique for this example in an end-of-
chapter problem. In the meantime, let us examine some basic rules of Boolean algebra.

Commutative, Associative, and Distributive Properties

KEY TERMS

Commutative property A mathematical operation is commutative if it can be ap-
plied to its operands in any order without affecting the result. For example, addition
is commutative (a + b = b + a), but subtraction is not (a — b # b — a).

Associative property A mathematical function is associative if its operands can be
grouped in any order without affecting the result. For example, addition is associative
((a + b) + c=a+ (b + c¢)), but subtraction is not (¢ — b) — ¢ # a — (b — ¢)).

Distributive property Full name: distributive property of multiplication over ad-
dition. The property that allows us to distribute (“multiply through’) an AND
across several OR functions. For example, a(b + ¢) = ab + ac.

AND and OR functions are both commutative and associative. The commutative property
states that AND and OR operations are independent of input order. For inputs x and y,

Theorem 1: xy = yx
and

Theorem2: x+y=y+x

The associative property allows us to perform several two-input AND or OR functions in
any order. In other words,

Theorem 3:  (xy)z = x(yz) = (x2)y
and

Theorem4: (x+y)+z=x+@OG+z=x+z2+y
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The distributive property allows us to “multiply through” an AND function across
several OR functions. For example,

Theorem 5: x(y + z) = xy + xz

and

Theorem 6: (x + y)(w + z) = xw + xz + yw + yz

Figure 3.23 shows the logic gate equivalents of these theorems.
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FIGURE 3.23
Distributive Properties

Il EXAMPLE 3.9 Find the Boolean expression of the POS circuit in Figure 3.24a. Apply the distributive
property to transform the circuit to an SOP form.

FIGURE 3.24 A i_DI

Example 3.9

Distributive Property } \%
o Py >
D

a. POS form

[o9)

A B C D

BC

— Y
AD

:)i

b. SOP form
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Solution The Boolean expression for Figure 3.24a is ¥ = _(K + B)(Z‘ + D). Using the
distributive property, we get the expressionY = A C + BC + AD + BD. The logic diagram
for this expression is shown in Figure 3.24b.

In Example 3.9, we see that the distributive property can be used to convert a POS
circuit to SOP or vice versa. In this case, the circuit was not simplified, just trans-
formed.

Il EXAMPLE 3.10

FIGURE 3.25
Example 3.10
Distributive Property

Write the Boolean expression for the circuit in Figure 3.25a. Use the distributive property
to convert this to an SOP circuit.

L

a. POS form

}Y

: ABCE

ABCF

ABDE

: ABDF

b. SOP form

Solution The Boolean expression for Figure 3.25a is AB(C + D)(E + It*) The distribu-
tive property can be applied in two stages:

Y = (ABC + ABD)(E + F)
= ABCE + ABCF + ABDE + ABDF

The logic diagram for this equation is shown in Figure 3.25b. This results in a network
that is “wider” (more gates on one level), but also “flatter” (fewer levels). The advantage of
the second circuit is that signals would pass through the network faster, since it has fewer
levels of gating. i

Single-Variable Theorems

There are thirteen theorems that can be used to manipulate a single variable in a Boolean
expression. An easy way to remember these theorems is to divide them into three groups:

1. Six theorems: x AND/OR/XOR 0/1
2. Six theorems: x AND/OR/XOR x/ x
3. One theorem: Double Inversion
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FIGURE 3.26
X AND/OR/XOR 0/1

x AND/OR/XOR 0/1
The theorems in the first group can be generated by asking what happens when x, a
Boolean variable or expression, is at one input of an AND, an OR, or an XOR gate and a 0
or a | is at the other.

Examine the truth table of the gate in question. Hold one input of the gate constant and
find the effect of the other on the output. This is the same procedure we used in Chapter 2
to examine the enable/inhibit properties of logic gates.

Each of these six theorems can be represented by a logic gate, as shown in Figure 3.26.

AMD QR ROA

x -0

A x|Y
01]0
110

B S i iV

R S S

Ifx=0,Y=0

Ifx=1,Y=0

(Can never have both inputs HIGH, therefore output is always LOW.)
Theorem7: x-0=0

x+0:
A x|Y
0] 0
1|1
B ¢t R
R S e
Ifx=0,Y=0
Ifx=1Y=1

(LOW input enables OR gate.)

Theorem 8: x+ 0=x

x®0:
A x|Y
0 0]O0
0 1 1
e s
B S S ¢
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Ifx=0,Y=0
Ifx=1Y=1

(XOR acts as a noninverting buffer.)

Theorem 9: x@ 0 =x

x-1:
A x|Y
0----- 010
0------}--1+-0
1 010
1 111
Ifx=0,Y=0
Ifx=1Y=1

(HIGH input enables AND gate.)

Theorem 10: x-1=x

x+ 1

A x
0010

[$ s S e

I 0|1

1 1|1
Ifx=0,Y=1
Ifx=1,Y=1

(One input always HIGH, therefore output is always HIGH.)

Theorem 11: x+1=1

x® 1:
A x|Y
L
L !
1 0 1
1 110
Ifx=0Y=1
Ifx=1,Y=0

(XOR acts as an inverting buffer.)

Theorem 12 x@1=Xx

x AND/OR/XOR x/x
Six theorems are generated by combining a Boolean variable or expression, x, with itself or
its complement in an AND, an OR, or an XOR function.

Again, we can use the AND, OR, and XOR truth tables. For the first three theorems,
we look only at the lines where both inputs are the same. For the other three, we use the
lines where the inputs are different.
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Figure 3.27 shows the logic gates that represent these theorems.

AND | R | A0R

e s e

ey 1

" - X E 0 w ¥ -y «
N T e
FIGURE 3.27

X AND/OR/XOR X/X

X * X
A x|Y
0O 0|0
Ot -0
I SRV v
I 1 ]1
Ifx=0,Y=0
Ifx=1Y=1

x+x
A x|Y
0 010
0111
B A R &
1 1|1
Ifx=0,Y=0
Ifx=1,Y=

Theorem 14: x +x=x

x® x:
A x|Y
0O 010
Ottt
Aot
1 1 0
Ifx=0Y=0
Ifx=1,Y=0

(Output is LOW if neither input is HIGH or if both are.)
Theorem 15: x®x =0
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XX
A x|Y
0016
0O 110
1 010
L
Ifx=0,Y=0
Ifx=1,Y=0

(Since inputs are opposite, can never have both HIGH. Output always LOW.)

Theorem 16: x-x=0

x + x:

A x|Y
Q010
0 1 1

0] 1
+------ -1
Ifx=0,Y=1
Ifx=1,Y=1

(Since inputs are opposite, one input always HIGH. Therefore, output is always HIGH.)

Theorem 17: x+x=1

x®x:
A x|Y
O 010
0 1 1
1 01
S
Ifx=0,Y=1
Ifx=1Y=1

(One input HIGH, but not both.)
Theorem 18: x®x =1

Double Inversion
The final single-variable theorem is just common sense. It states that a variable or expres-
X =X sion inverted twice is the same as the original variable or expression. It is given by:

X X
DC OD Theorem 19: x = x

FIGURE 3.28 This theorem is illustrated by the two inverters in Figure 3.28.

Double Inversion

Multivariable Theorems

There are numerous multivariable theorems we could learn, but we will look only at five of
the most useful.
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FIGURE 3.29
Theorem 22

DeMorgan’s Theorems

We have already seen DeMorgan’s theorems. We will list them again, but will not comment
further on them at this time.

Theorem 20: x_y =x+ ;
Theorem 21: x+y= )_C;
Other Multivariable Theorems

Theorem 22: x + xy =x

Proof:
x+xy=x(1+y) (Distributive property)
=x-1 (1 + y = 1; Theorem)
=x

Figure 3.29 illustrates the circuit in this theorem. Note that the equivalent is not a cir-
cuit at all, but a single, unmodified variable. Thus, the circuit shown need never be built.

X + Xy =X

y Xy

(Il EXAMPLE 3.11

Simplify the following Boolean expressions, using Theorem 22 and other rules of Boolean
algebra. Draw the logic circuits of the unsimplified and simplified expressions.

a. H=KL+ K

b. Y=(A + B)CD + (A + B)

c. W=(POR+PQES+D+P+QS+TD+S+T1

Solution Figure 3.30 shows the logic circuits for the unsimplified and simplified ver-
sions of the above expressions.

a. Letx =K, lety = L:
H=x+xy=K+Kz
Theorem 22 states x + xy = x. Therefore K + KL = K.
b. Letx = (A + B), lety = CD:
Y=x+xy=x=A+8B
c. Letx =S+ T lety = (P + Q):
Sincex +xy=x, P+ Q)S+T) + (S +T)=(S+ 1.
W=POR+PQOS+T+S+T1)
Letx =S + T, lety = (POR + P Q)
W=x+xy=x=S+T

Alternate method:
W=POR+PQS+D+P+OS+T+ S +7
By the distributive property:
W=((POR+PQ +P+QO)S+T+ (S +T7
Letx =S+ T, lety = (PQR + P Q) + (P + Q)):
W=x+xy=x=8S+T
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Slrmplifled

POR - 351G -T3—|

1 "

FIGURE 3.30
Example 3.11
Logic Circuits for Unsimplified and Simplified Expressions
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Theorem 23:
Proof:

CHAPTER 3 e Boolean Algebra and Combinational Logic

x+tyax+2=x+yz

(x + y)(x + z) = xx + xz + xy + yz (Distributive property)

= (x + xy) + xz + yz (xx = x; Associative property)

=x+xz+yz (x + xy = x (Theorem 22))
=(x + xz) +yz (Associative property)
=x+tyz (Theorem 22)

Figure 3.31 shows the logic circuits for the left and right sides of the equation for The-
orem 23. This theorem is a special case of one of the distributive properties, Theorem 6,

where w = x.

L

FIGURE 3.31
Theorem 23

| I—D Ix = :,':Il::l: + 23 B ..

_ :.4,-|_
z-—_E:)__

e yE F 2120t y2

(Il EXAMPLE 3.12

Simplify the following Boolean expressions, using Theorem 23 and other rules of Boolean

algebra. Draw the logic circuits of the unsimplified and simplified expressions.

=M+ N)M + P)

—A+B+ABA+ B+ )

Solution Figure 3.32 shows the logic circuits for the unsimplified and simplified ver-

sions of the above expressions.

Linsimplilicd

v {}_T:D__— i

=
_—}

FIGURE 3.32
Example 3.12
Logic Circuits for Unsimplified and Simplified Expressions

Simplifiad

b ————
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Theorem 23: (x + y)(x + 27) = x + yz
a. Letx =M, lety = N letz = P:

L=@x+y)x+z=x+yz=M+NP
b. Letx=Z+B, lety =AB, letz = C:

Y=Gx+yx+z=x+y:=A+B+ABC=AB + ABC
1]

Theorem24: x+xy=x+y
Proof: Since (x + y)(x + z) = x + yz, then for y = x:
xt+txy=x+x)x+y
=1-(x+y x+x=1
=x+y

Figure 3.33 illustrates Theorem 24 with a logic circuit.

w . A1y
= — . . Moy
S DY = D
. . . - ¥

FIGURE 3.33
Theorem 24

NOTE

Here is another way to remember Theorem 24:
If a variable (x) is ORed with a term consisting of a different variable (y) AND the
first variable’s complement (x), the complement disappears.

xX+txy=x+y

Il EXAMPLE 3.13

Simplify the following Boolean expressions, using Theorem 24 and other rules of Boolean
algebra. Draw the logic circuits of the unsimplified and simplified forms of the expres-
sions.
a. W=U+UV
b. P=QRS+(Q+R+ ST

J=KMK + L+ M)+ KM

Solution Figure 3.34 shows the circuits for the unsimplified and simplified expressions.
Theorem 24: x + xy = x + y

a. Letx=l_], letyZ\_/:
W=x+3y=x+y=5+\_/
b. P=QRS+ (Q+R+S)T
= QES + QﬁS T (DeMorgan’s theorem)
Letx = ORS, lety = T+
P=x+Xxy=x+y=QRS+T
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Example 3.13

Logic Circuits for Unsimplified and Simplified Expressions

c. Letx = KM, lety=(f+L+M):

J=x+Xy=x+y=KM+K+L+M
=K+L+ (M + KM) (Associative property)

=K+L+M (Theorem 22) "

The rules of Boolean algebra are summarized in Table 3.8. Don’t try to memorize
all these rules. The commutative, associative, and distributive properties are the same
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as their counterparts in ordinary algebra. The single-variable theorems can be reasoned
out by your knowledge of logic gate operation. That leaves only five multivariable

theorems.

Table 3.8 Theorems of Boolean Algebra

hed

o

® N

11.
12.

13.
14.
15.
16.
17.
18.

19.

20.
21.

22.
23.
24.

Commutative Properties
x+ty=y+x
X y=y-x
Associative Properties
x+(y+tgy=x+y +z
x(yz) = (xy)z
Distributive Properties

x(y +2) =xy +xz
x+yw+z=xw+xz+yw+yz

x AND/OR/XOR 0/1
x-0=0
x+0=x
x®0=x
x-1=x
x+1=1
x®1=x
x AND/OR/XOR x/x
X x=
x+tx=x
x®x=0
x-x=0
x+x=1
x®x=1

Double Inversion
X=x
DeMorgan’s Theorems
H=X+5
x +y=Xxy
Other Multivariable Theorems

x+xy=x
(x+yxtz)=x+yz
x+txy=x+y

Il SECTION 3.3 REVIEW PROBLEMS

3.4 Use theorems of Boolean algebra to simplify the following Boolean expressions.
a. Y=AC+ (A + O)D
b. Y=A+ C+ ACD
c. Y= (AB + BC)(AB + O)
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Table 3.9 Truth
Table for the SOP and
POS Networks in

CHAPTER 3 e Boolean Algebra and Combinational Logic

Figure 3.35
A B C Y
0 0 O 1
0 0 1 0
0 1 0 0
0o 1 1 1
1 0 0 1
1 0 1 0
I 1 0 0
1 1 0

3.4 Simplifying SOP and POS Expressions

Maximum SOP simplification The form of an SOP Boolean expression that can-
not be further simplified by canceling variables in the product terms. It may be pos-
sible to get a POS form of the expression with fewer terms or variables.

Maximum POS simplification The form of a POS Boolean expression that can-
not be further simplified by canceling variables in the sum terms. It may be possible
to get an SOP form of the expression with fewer terms or variables.

Earlier in this chapter, we discovered that we can generate a Boolean equation from a
truth table and express it in sum-of-products (SOP) or product-of-sums (POS) form.
From this equation, we can develop a logic circuit diagram. The next step in the design
or analysis of a circuit is to simplify its Boolean expression as much as possible, with the
ultimate aim of producing a circuit that has fewer physical components than the unsim-
plified circuit.

In Section 3.2, we found the SOP and POS forms of the Boolean expression repre-
sented by Table 3.9. These forms yield the logic diagrams shown in Figures 3.17 and 3.20.
For convenience, the circuits are illustrated again in Figure 3.35. The corresponding alge-
braic expressions can be simplified by the rules of Boolean algebra to give us a simpler cir-
cuit in each case.

A =]
I

— L

-

Il 1 ‘M

WV VIVIVAUIUIS

M

FIGURE 3.35
Unsimplified SOP and POS Networks

The sum-of-products and product-of-sums expressions represented by Table 3.9 are:
Y=ABC+ABC+ABC (SOP)
and

Y=A+B+COA+B+CA+B+C)A+B+C)YA+B+C) (POS)
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The SOP form is fairly easy to simplify:
Y=ABC+ABC+ABC
= (Z + A) BC+ABC (Distributive property)
=1-BC+ABC x+x=1
=BC+ABC (x-1=1x
Since we cannot cancel any more SOP terms, we can call this final form the maxi-

mum SOP simplification. The logic diagram for the simplified expression is shown in
Figure 3.36.

FIGURE 3.36 &, E
Simplified SOP Circuit

|g

¥ =AC + 4B

o1
bl

—

NOTE

Two terms in an SOP expression can be reduced to one if they are identical except
for one variable that is in true form in one term and complement form in the other.
Such a grouping of a variable and its complement always cancels.

xyz + xyz = xy(z + 2) = xy

There is a similar procedure for the POS form. Examine the following expression:
Y=@A+B+CA+B+ 0O

Recall Theorem 23: (x + y)(x + 2) = x + yz.
Letx=A+ B, lety=C, letz = C.
Y=(A+ B) + CC (Theorem 23)
=A+B+0 (xx =0)
=(A+ B x+0=x

A POS expression can be simplified by grouping two terms that are identical except
for one variable that is in true form in one term and complement form in the other.

F+y+ox+y+ta)=c+yt+tzz=x+y

Let us use this procedure to simplify the POS form of the previous Boolean expres-
sion, shown again below with the terms numbered for our reference. The numbered value
of each term corresponds to the binary value of the line in the truth table from which it is
derived.

(1 () ) (6) (7
Y=A+B+C)A+B+C)A+B+C)A+B+C)A+ B+ C)

There can be more than one way to simplify an expression. The following grouping of
the numbered POS terms is one possibility.
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FIGURE 3.37
Simplified POS Circuit
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MG A+B+C)A+B+C =B+ C
2)6):A+B+C)A+B+(CO)=B+C
©6)7):(A+B+C)(A+B+(C)=A+B
Combining the above terms, we get the expression:
Y=(@B+ C)B+ C)A + B)

Figure 3.37 shows the logic diagram for this expression. Compare this logic diagram
and that of Figure 3.36 with the unsimplified circuits of Figure 3.35. Since there are no
more cancellations of POS terms possible, we can call this the maximum POS simplifica-
tion. We can, however, apply other rules of Boolean algebra and simplify further.

Y=(B+ C)YB+ C)A + B)
= (B +AC)B + O) (Theorem 23)
=BB+BC+ABC+ACC (Distributive property)
=BC+ABC (x-xX=0)

This is the same result we got when we simplified the SOP form of the expression.
To be sure you are getting the maximum SOP or POS simplification, you should be
aware of the following guidelines:

1. Each term must be grouped with another, if possible.

2. When attempting to group all terms, it is permissible to group a term more than once,
such as term (6) above. The theorems x - x = x (POS forms) and x + x = x (SOP forms)
imply that using a term more than once does not change the Boolean expression.

3. Each pair of terms should have at least one term that appears only in that pair. Other-
wise, you will have redundant terms that will need to be canceled later. For example,
another possible group in the POS simplification above is terms (5) and (7). But since
both these terms are in other groups, this pair is unnecessary and would yield a term you
would have to cancel.

Il EXAMPLE 3.14 Find the maximum SOP simplification for the Boolean function represented by Table 3.10.
Draw the logic diagram for the simplified expression.

Solution SOP form:

® © w0 a4
Y=ABCD+ABCD+ABCD+ABCD+ABCD+ABCD



Table 3.11

Truth

Table for Section
Review Problem

A B C Y
o 0 O 0
0 0 1 1
o 1 O 1
0 1 1 1
1 0 0 0
1 0 1 0
1 1 O 1
1 1 1 0

Table 3.10 Truth Table for
Example 3.14

3.4 e« Simplifying SOP and POS Expressions 89

A B C D Y
0O 0 0 O 0
0 0 0 1 0
0O 0 1 O 0
0O 0 1 1 0
o 1 0 0 0
0o 1 0 1 0
o 1 1 0 0
0 1 1 1 0
1 0 0 O 1
1 0 0 1 1
1 0 1 0 1
1 0 1 1 1
1 1 0 O 1
1 1 0 1 0
1 1 1 0 1
1 1 1 1 0
Group the terms as follows:
8 +©: ABCD+ABCD=ABC
(10) + (11)) ABCD+ABCD=ABC
(12) +(14: ABCD+ABCD=ABD
Combine the simplified groups and apply techniques of Boolean algebra to simplify
further:
Y=ABC+ABC+ABD
=AB(C+C)+ABD
=AB+ABD
=A(B + BD) Distributive property
= A(B + D) Theorem 24: x + xy = x +y
=AB+AD
Figure 3.38 Shows the logic diagram of the simplified expression.
A
5 ——>—
Y = AB + AD
p— >
FIGURE 3.38
Example 3.14
Simplified SOP Circuit

Il SECTION 3.4 REVIEW PROBLEM

3.5 Find the maximum SOP and POS simplifications for the function represented by
Table 3.11.




90

CHAPTER 3 e Boolean Algebra and Combinational Logic

3.5 Simplification by the Karnaugh Map Method

KEY TERMS

Karnaugh map A graphical tool for finding the maximum SOP or POS simplifi-
cation of a Boolean expression. A Karnaugh map works by arranging the terms of
an expression in such a way that variables can be canceled by grouping minterms
or maxterms.

Cell The smallest unit of a Karnaugh map, corresponding to one line of a truth
table. The input variables are the cell’s coordinates, and the output variable is the
cell’s contents.

Adjacent cell Two cells are adjacent if there is only one variable that is different
between the coordinates of the two cells. For example, the cells for minterms ABC
and ABC are adjacent.

Pair A group of two adjacent cells in a Karnaugh map. A pair cancels one vari-
able in a K-map simplification.

Quad A group of four adjacent cells in a Karnaugh map. A quad cancels two
variables in a K-map simplification.

Octet A group of eight adjacent cells in a Karnaugh map. An octet cancels three
variables in a K-map simplification.

In Example 3.14, we derived a sum-of-products Boolean expression from a truth table and
simplified the expression by grouping minterms that differed by one variable. We made
this task easier by breaking up the truth table into groups of four lines. (It is difficult for the
eye to grasp an overall pattern in a group of 16 lines.) We chose groups of four because
variables A and B are the same in any one group and variables C and D repeat the same bi-
nary sequence in each group. This allows us to see more easily when we have terms differ-
ing by only one variable.

The Karnaugh map, or K-map, is a graphical tool for simplifying Boolean expres-
sions that uses a similar idea. A K-map is a square or rectangle divided into smaller squares
called cells, each of which represents a line in the truth table of the Boolean expression to
be mapped. Thus, the number of cells in a K-map is always a power of 2, usually 4, 8, or
16. The coordinates of each cell are the input variables of the truth table. The cell content
is the value of the output variable on that line of the truth table. Figure 3.39 shows the for-
mats of Karnaugh maps for Boolean expressions having two, three, and four variables,
respectively.

There are two equivalent ways of labeling the cell coordinates: numerically or by true
and complement variables. We will use the numerical labeling since it is always the same,
regardless of the chosen variables.

The cells in the Karnaugh maps are set up so that the coordinates of any two adjacent
cells differ by only one variable. By grouping adjacent cells according to specified rules,
we can simplify a Boolean expression by canceling variables in their true and complement
forms, much as we did algebraically in the previous section.

Two-Variable Map

Table 3.12 shows the truth table of a two-variable Boolean expression.

The Karnaugh map shown in Figure 3.40 is another way of showing the same infor-
mation as the truth table. Every line in the truth table corresponds to a cell, or square, in the
Karnaugh map.

The coordinates of each cell correspond to a unique combination of input variables
(A, B). The content of the cell is the output value for that input combination. If the truth
table output is 1 for a particular line, the content of the corresponding cell is also 1. If the
output is 0, the cell content is 0.
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Karnaugh Map Formats
Table 3.12 Truth FIGURE 3.40 n
Table for a Two- Karnaugh Map for Table 3.12 ™ Y
arnaugh Map for Table S
Variable Boolean
Expression e
A B Y 1 2
L |
0 0 1
0 1 1
1 0 0
1 1 0

The SOP expression of the truth table is

Y B+AB

I
2|

which can be simplified as follows:

(B + B)

h<
I
SN
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FIGURE 3.41
Grouping a Pair of Adjacent
Cells
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FIGURE 3.43
Octet

We can perform the same simplification by grouping the adjacent pair of 1s in the
Karnaugh map, as shown in Figure 3.41.

When we circle a pair of 1s in a K-map, we are grouping the common variable in
two minterms, then factoring out and canceling the complements.

To find the simplified form of the Boolean expression represented in the K-map, we
examine the coordinates of all the cells in the circled group. We retain coordinate variables
that are the same in all cells and eliminate coordinate variables that are different in differ-
ent cells.

In this case:

A is a coordinate of both cells of the circled pair. (Keep A)

Bisa coordinate of one cell of the circled pair, and B is a coordinate of the other. (Dis-
card B/B.)

Yy=A

Three- and Four-Variable Maps

Refer to the forms of three- and four-variable Karnaugh maps shown in Figure 3.39.
Each cell is specified by a unique combination of binary variables. This implies that the
three-variable map has 8 cells (since 2° = 8) and the four-variable map has 16 cells
(since 2* = 16).

The variables specifying the row (both maps) or the column (the four-variable map) do
not progress in binary order; they advance such that there is only one change of variable
per row or column. For example, the numbering of the rows is 00, 01, 11, 10, rather than
the binary order 00, 01, 10, 11. If we were to use binary order, adjacent cells in rows 2 and
3 or 3 and 4 would differ by two variables, meaning we could not factor out and cancel a
pair of complements by grouping these cells. For instance, we cannot cancel comple-
mentary variables from the pair A B C + A B C, which differs by two variables.

The number of cells in a group must be a power of 2, such as 1, 2, 4, 8, or 16.

A group of four adjacent cells is called a quad. Figure 3.42 shows a Karnaugh map for
a Boolean function whose terms can be grouped in a quad. The Boolean expression dis-
played in the K-map is:

Y=ABC+ABC+ABC+ABC
A and B are both part of the quad coordinates in true and complement form. (Discard

A and B.)
C is a coordinate of each cell in the quad. (Keep C.)

Y===C

Grouping cells in a quad is equivalent to factoring two complementary pairs of vari-
ables and canceling them.

Y=@A+AB+BC=C

You can verify that this is the same as the original expression by multiplying out the
terms.

An octet is a group of eight adjacent cells. Figure 3.43 shows the Karnaugh map for
the following Boolean expression:
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Y=ABCD+ABCD+ABCD+ABCD
+ABCD+ABCD+ABCD+ABCD

Variables A, C, and D are all coordinates of the octet cells in true and complement
form. (Discard A, C, and D.)
B is a coordinate of each cell. (Keep B.)

Y=8B

The algebraic equivalent of this octet is an expression where three complementary
variables are factored out and canceled.

Y=(A+ABC+CYD +D)=B8B

A Karnaugh map completely filled with 1s implies that all input conditions yield an
output of 1. For a Boolean expression ¥, ¥ = 1.

Grouping Cells Along Outside Edges

The cells along an outside edge of a three- or four-variable map are adjacent to cells along
the opposite edge (only one change of variable). Thus we can group cells “around the out-
side” of the map to cancel variables. In the case of the four-variable map, we can also
group the four corner cells as a quad, since they are all adjacent to one another.

Il EXAMPLE 3.15

FIGURE 3.44
Example 3.15
K-Maps

Use Karnaugh maps to simplify the following Boolean expressions:

a. Y=ABC+ABC+ABC+ABC

b. Y=ABCD+ABCD+ABCD+ABCD

Solutions Figure 3.44 shows the Karnaugh maps for the Boolean expressions labeled a
and b. Cells in each map are grouped in a quad.

G
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a. A and C are both coordinates of two cells in true form and two cells in complement
form. (Discard A and C.) _
B is a coordinate of each cell. (Keep B.)

Y=8B

b. A and C are both coordinates of two cells in true form and two cells in complement
form. (Discard A and C.) _ o
B and D are coordinates of each cell. (Keep B and D.)
Y=BD
[]
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FIGURE 3.45
Order of Terms (Three-Variable
Function)

FIGURE 3.46
Order of Terms (Four-Variable
Function)

Loading a K-Map From a Truth Table

We don’t need a Boolean expression to fill a Karnaugh map if we have the func-
tion’s truth table.

Figures 3.45 and 3.46 show truth table and Karnaugh map forms for three- and four-vari-
able Boolean expressions. The numbers in parentheses show the order of terms in binary
sequence for both forms.

The Karnaugh map is not laid out in the same order as the truth table. That is, it is not
laid out in a binary sequence. This is due to the criterion for cell adjacency: no more than
one variable change between rows or columns is permitted.
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Filling in a Karnaugh map from a truth table is easy when you understand a system for
doing it quickly. For the three-variable map, fill row 1, then row 2, skip to row 4, then go
back to row 3. By doing this, you trace through the cells in binary order. Use the mnemonic
phrase “1, 2, skip, back” to help you remember this.

The system for the four-variable map is similar but must account for the columns as
well. The rows get filled in the same order as the three-variable map, but within each row,
fill column 1, then column 2, skip to column 4, then go back to column 3. Again, “l, 2,
skip, back.”
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The four-variable map is easier to fill from the truth table if we break up the truth table
into groups of four lines, as we have done in Figure 3.46. Each group is one row in the Kar-
naugh map. Following this system will quickly fill the cells in binary order.

Go back and follow the order of terms on the four-variable map in Figure 3.46, using
this system. (Remember, for both rows and columns, “1, 2, skip, back.”)

Multiple Groups

If there is more than one group of 1s in a K-map simplification, each group is a
term in the maximum SOP simplification of the mapped Boolean expression. The
resulting terms are ORed together.

(Il EXAMPLE 3.17

Use the Karnaugh map method to simplify the Boolean function represented by Table 3.13.

Table 3.13 Truth Table for

Example 4.3
nE\ W oo
A B C D Y - : - - iR
I
0 0 0 O 1
0 0 0 1 0
0 0 1 o0 1 —- BDO
0 0 1 1 0
0 1 0 O 0 .
0o 1 0 1 1
0O 1 1 0 0
0 1 1 1 1
FIGURE 3.47
10 00 0 Example 3.17
I 0 0 1 0 K-Map
I 0 1 O 0
1 0 1 1 0
I 1 0 O 0
1 1 0 1 1
I 1 1 0 0
1 1 1 1

Solution Figure 3.47 shows the Karnaugh map for the truth table in Table 3.14. There
are two groups of 1s—a pair and a quad.

Pair:

Variables A, E and D are coordinates of both cells. (Keep AB B.) C'is a coordinate of
one cell and C is a coordinate of the other. (Discard C.)

Term: A B D
Quad:

Both A and C are coordinates of two cells in true form and two cells in complement
form. (Discard A and C.)
B and D are coordinates of all four cells. (Keep B D.)

Term: B D
Combine the terms in an OR function:

Y=ABD+BD i
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Overlapping Groups

A cell may be grouped more than once. The only condition is that every group must
have at least one cell that does not belong to any other group. Otherwise, redundant
terms will result.

Il EXAMPLE 3.18

Table 3.14  Truth Table
for Example 3.18

A B C Y
0O 0 O 1
0 0 1 1
0 1 0 0
0 1 1 1
I 0 0 0
1 0 1 0
1 1 0 1
I 1 1 1

Simplify the function represented by Table 3.14.

Solution The Karnaugh map for the function in Table 3.14 is shown in Figure 3.48, with
two different groupings of terms.
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FIGURE 3.48
Example 3.18
K-Maps

a. The simplified Boolean expression drawn from the first map has three terms.
Y=AB+AB+BC
b. The second map yields an expression with four terms.
Y=AB+AB+BC+AC

One of the last two terms is redundant, since neither of the pairs corresponding to these
terms has a cell belonging only to that pair. We could retain either pair of cells and its cor-
responding term, but not both.

We can show algebraically that the last term is redundant and thus make the expres-
sion the same as that in part a.

Y=AB+AB+BC+AC
=AB+AB+BC+AB+BC
—AB+AB+BC+ABC+ABC
=AB(1+C)+AB+BC( +A)

=AB+AB+BC "
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Conditions for Maximum Simplification

The maximum simplification of a Boolean expression is achieved only if the circled
groups of cells in its K-map are as large as possible and there are as few groups as
possible.

Il EXAMPLE 3.19

11 1

. F.Im:i_mum simplillcation
Y=B+0

FIGURE 3.49
Example 3.19
K-Maps

Table 3.15 Truth Table for
Example 3.19

A B C

>
~

[l el ]
—_—— O O

SO OO OO oo
—_ ==
—_——O O
— o= O = OO
—_—0 = O e

o o OO
—_——O O

—
—_o = O
—_— =

—_ = = =
—_— = = =
—_——0 O
—_— o = O
—_— o = O

Find the maximum SOP simplification of the Boolean function represented by Table 3.15.

Solution The values of Table 3.15 are loaded into the three K-maps shown in Figure
3.49. Three different ways of grouping adjacent cells are shown. One results in maximum
simplification; the other two do not.
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b. Lexs than maxlmum simpliflcelion

5 G, Lexs than riasibom Simplificalon
VY=REB+AB-+ D

Y=0+080

We get the maximum SOP simplification by grouping the two octets shown in Figure
3.49a. The resulting expression is

aY=B+D

Figures 3.49b and c show two simplifications that are less than the maximum because the
chosen cell groups are smaller than they could be. The resulting expressions are:

b.Y=AB+AB+D
¢.Y=B+BD

Neither of these expressions is the simplest possible, since both can be reduced by Boolean
algebra to the form in Figure 3.49a.




98 CHAPTER 3 e Boolean Algebra and Combinational Logic

Using K-Maps for Partially Simplified Circuits

Figure 3.50 shows a logic diagram that can be further simplified. If we want to use a Kar-
naugh map for this process, we must do one of two things:

1. Fill in the K-map from the existing product terms. Each product term that is not a
minterm will represent more than one cell in the Karnaugh map. When the map is filled,
regroup the cells for maximum simplification.

2. Expand the sum-of-products expression of the circuit to get a sum-of-minterms
form. Each minterm represents one cell in the K-map. Group the cells for maximum

simplification.
FIGURE 3.50 & R [ a
Logic Diagram That Can Be
Further Simplified 1 . . * 1
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FIGURE 3.51
Further Simplification of Logic Diagram (Figure 3.50)

Figure 3.51 shows the K-map derived from the existing circuit and the regrouped cells
that yield the maximum simplification.
The algebraic method requires us to expand the existing Boolean expression to get a
sum of minterms. The original expression is:
Y=ABCD+ABD+AC
The theorem (x + x) = 1 implies that we can AND a variable with a term in true and
complement form without changing the term. The expanded expression is:
Y=ABCD+AB(C+C)D+AB+B)CD + D)
—ABCD+ABCD+ABCD
+ABCD+ABCD+ABCD+ABCD
The terms of this expression can be loaded into a K-map and simplified, as shown in
Figure 3.51b. Figure 3.52 shows the logic diagram for the simplified expression.



FIGURE 3.52
Simplified Circuit
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Il EXAMPLE 3.20

FIGURE 3.53
Example 3.20
Circuit to Be Simplified

FIGURE 3.54
Example 3.20

Maximum Simplification of

Figure 3.53

Use a Karnaugh map to find the maximum SOP simplification of the circuit shown in
Figure 3.53.
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Solution Figure 3.54a shows the Karnaugh map of Figure 3.53 with terms grouped as
shown in the original circuit. Figure 3.54b shows the terms regrouped for the maximum
simplification, which is given by:

Y=AD+BD+ABC
Alternate method: The Boolean expression for the circuit in Figure 3.53 is:

Y=ABC+ACD+BCD+ABCD

LD CL
e L AEM. OO Al 11 G

ool o L| 1] n _ ool o |- | 4 o

e A0 e - Ao

o |1 ] -]l1] n o t1 L'J 1| o

vl ol o o o mlolal oo

12 n|1\'! o w| o r 1\n

oo — A Tni] — B0

& H-rhdp fra Figure 4.19 b. Maxinun skmpifcatian



100 CHAPTER 3 e Boolean Algebra and Combinational Logic

FIGURE 3.55
Example 3.20
Simplified Circuit

This expands to the following expression:
Y=ABCMD+D)+AB+B CD+A+ABCD+ABCD
=ABCD+ABCD+ABCD+ABCD+ABCD
+ABCD+ABCD

This expression can be loaded directly into the K-map and simplified, as shown in Fig-
ure 3.54b. The logic diagram for the simplified expression is shown in Figure 3.55.
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Don’t Care States

Don’t care state An output state that can be regarded as either HIGH or LOW, as
is most convenient. A don’t care state is the output state of a circuit for a combina-
tion of inputs that will never occur.

Sometimes a digital circuit will be intended to work only for certain combinations of in-
puts; any other input values will never be applied to the circuit.

In such a case, it may be to our advantage to use so-called don’t care states to sim-
plify the circuit. A don’t care state is shown in a K-map cell as an “X”” and can be either a
0 or a 1, depending on which case will yield the maximum simplification.

A common application of the don’t care state is a digital circuit designed for binary-
coded decimal (BCD) inputs. In BCD, a decimal digit (0-9) is encoded as a 4-bit binary
number (0000-1001). This leaves six binary states that are never used (1010, 1011, 1100,
1101, 1110, 1111). In any circuit designed for BCD inputs, these states are don’t care
states.

All cells containing 1s must be grouped if we are looking for a maximum SOP simpli-
fication. (If necessary, a group can contain one cell.) The don’t care states can be used to
maximize the size of these groups. We need not group all don’t care states, only those that
actually contribute to a maximum simplification.

Il EXAMPLE 3.21

The circuit in Figure 3.56 is designed to accept binary-coded decimal inputs. The output is
HIGH when the input is the BCD equivalent of 5, 7, or 9. If the BCD equivalent of the in-
put is not 5, 7 or 9, the output is LOW. The output is not defined for input values greater
than 9.

Find the maximum SOP simplification of the circuit.
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FIGURE 3.56
Example 3.21
Circuit to be Simplified
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Solution The Karnaugh map for the circuit is shown in Figure 3.57a.

We can designate three of the don’t care cells as 1s—those corresponding to input
states 1011, 1101, and 1111. This allows us to group the Is into two overlapping quads,
which yield the following simplification.

Y=D,D, + D3 D,

The ungrouped don’t care states are treated as Os. The corresponding circuit is shown in
Figure 3.57b.

D, D,
D,O;. T3 o 11N
o 00 6|6
S
pilo [t 1| ¢ D,
e ey D3D1 :I_

f— e
- D,D; 3.4

wlon |1 x| x 5
e L]

&. Karnaugh mop b. Logle duagram
FIGURE 3.57
Example 3.21
Karnaugh Map and Logic
Diagram

(Il EXAMPLE 3.22
Applications

One type of decimal code is called 2421 code, so called because of the positional weights
of its bits. (For example, 1011 in 2421 code is equivalent to 2 + 2 + 1 = 5 in decimal.
1100 is equivalent to decimal 2 + 4 = 6.) Table 3.16 shows how this code compares to its
equivalent decimal digits and to the BCD code used in Example 3.21.

2421 code is sometimes used because it is “self-complementing,” a property that BCD
code does not have, but that is useful in digital decimal arithmetic circuits.

The bits of the BCD code are designated D, Dy D, D,. The bits of the 2421 code are
designated Y, Y5 Y, Y.

Use the Karnaugh map method to design a logic circuit that accepts any BCD input
and generates an output in 2421 code, as specified by Table 3.16.

Solution The required circuit is called a code converter. Each 4-bit BCD input corre-
sponds to a 4-bit 2421 output. Thus, we must find four Boolean expressions, one for each

Table 3.16 BCD and 2421 Code

Decimal BCD Code 2421 Code

Equivalent D, D; D, D, Y, Y5 Y, Y,
0 0 0 0 0 0 0 0 0
1 0 0 0 1 0 0 0 1
2 0 0 1 0 0 0 1 0
3 0 0 1 1 0 0 1 1
4 0 1 0 0 0 1 0 0
5 0 1 0 1 1 0 1 1
6 0 1 1 0 1 1 0 0
7 0 1 1 1 1 1 0 1
8 1 0 0 0 1 1 1 0
9 1 0 0 1 1 1 1 1
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FIGURE 3.58 baly 0.0
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bit of the 2421 code. We can derive each Boolean expression from a truth table represented
by the corresponding output column in Table 3.16.

We can load the 2421 values into four different Karnaugh maps, as shown in Fig-
ure 3.58. The cells corresponding to the unused input BCD codes 1010, 1011, 1100,
1101, 1110, and 1111 are don’t care states in each map.
The K-maps yield the following simplifications:
Y4:D4+D302+D3D1
Y3 :D4+D3D2+D351
Y2 = D4 +B3Dz + D352D1
Y, =D,

Figure 3.59 shows the logic diagram for these equations. -

FIGURE 3.60
SOP and POS Forms on a
K-Map

POS Simplification

Until now, we have looked only at obtaining the maximum SOP simplification from a Kar-
naugh map. It is also possible to find the maximum POS simplification from the same map.

Figure 3.60 shows a Karnaugh map with the cells grouped for an SOP simplification
and a POS simplification. The SOP simplification is shown in Figure 3.60a and the POS

simplification in Figure 3.60b.
] 1
S
. L
11 | 1

a. S0P simplfioakhsn b. POS simpHIllcatian
Y=h{:+E T =44+ B (B4O)

_--
-\_-

When we derive the POS form of an expression from a truth table, we use the lines
where the output is 0 and we use the complements of the input variables on these lines as
the elements of the selected maxterms. The same principle applies here.

The maxterms are:

(A+ B+ 0O Top left cell
(X + B+ O) Bottom left cell
(Z + B + a Bottom right cell
The variables are canceled in much the same way as in the SOP form. Remember,
however, that the POS variables are the complements of the variables written beside the
Karnaugh map.
If there is more than one simplified term, the terms are ANDed together, as in a full

POS form.
Cancellations:

Outside pair: A is present in both true and complement form in the pair. (Dis-
card A.)

B and C are present in both cells of the pair. (Keep B and C.)
Term: B + C
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Bottom pair: A and B are present in both cells of the pair. (Keep A and B.)

C is present in both true and complement form in the pair. (Dis-

card C.)

Term: A + B

Maximum POS simplification:

Y=(A + B)YB + O

Compare this with the maximum SOP simplification:

Y=AC+B

By the Boolean theorem (x + y)(x + z) = x + yz, we see that the SOP and POS forms

are equivalent.

Il EXAMPLE 3.23

Find the maximum POS simplification of the logic function represented by Table 3.17.

Solution Figure 3.61 shows the Karnaugh map from the truth table in Table 3.17. The
cells containing Os are grouped in two quads and there is a single O cell left over.

Table 3.17 Truth Table

for Example 3.23 Simplification:
Corner quad: (B + D)

A B CD Y Horizontal quad: (A + B)
0 0 0 O 0 Single cell: (A+B+C+D)
0O 0 O 1 0 _ —
0O 0 1 o 0 Y=A+B)B+D)A+ B+ C+D) i
0o 0 1 1 0
0 1 0 0 1 FIGURE 3.61 L . )
0o 1 0 1 1 Example 3.23 AR 03y D1 It
0 1 1 0 1 POS Simplification of Table 3.17 ' . ,
0 1 1 1 1 m[ﬁ 4] -ulnp—m_&
1 0 0 O 0 ol 1 1 - 1
1 0 0 1 1
1 0 1 0 0 - . -

11 1
1 0 1 1 |1 e
1 1 0 O 1 17 | - 1 1}
1 1 0 1 0 _ -
11 1 0 |1 B op— _
1 1 1 1 1 -B+C-0)

SUMMARY

. Inequalities: x -y # x -

table, a logic diagram, or a Boolean expression.

. The output of a combinational logic circuit is always the 6.

same with the same combination of inputs, regardless of the
order in which they are applied.

. The order of precedence in a logic gate network is AND, then

OR, unless otherwise indicated by parentheses.

. DeMorgan’s theorems: x -y =x + y

+Fy=x-y 7.

=l =

. Two or more gates connected together form a logic gate network or combinational logic circuit, which can be described by a truth

xty#x+y

A logic gate network can be drawn to simplify its Boolean
expression by ensuring that bubbled (active-LOW) outputs
drive bubbled inputs and outputs with no bubble (active-
HIGH) drive inputs with no bubble. Some gates might need
to be drawn in their DeMorgan equivalent form to achieve
this.

In Boolean expressions, logic inversion bars of equal lengths



10.

11.

12.

14.

16.

cancel; bars of unequal lengths do not. Bars of equal length
represent bubble-to-bubble connections.

. A logic diagram can be derived from a Boolean expression

by order of precedence rules: synthesize ANDs before ORs,
unless parentheses indicate otherwise. Inversion bars act as
parentheses for a group of variables.

. A truth table can be derived from a logic gate network either

by finding truth tables for intermediate points in the network
and combining them by the laws of Boolean algebra, or by
simplifying the Boolean expression into a form that can be
directly written into a truth table.

A sum-of-products (SOP) network combines inputs in AND
gates to yield a group of product terms that are combined in
an OR gate (logical sum) output.

A product-of-sums (POS) network combines inputs in OR
gates to yield a group of sum terms that are combined in an
AND gate (logical product) output.

An SOP Boolean expression can be derived from the lines in
a truth table where the output is at logic 1. Each product term
contains all inputs in true or complement form, where inputs
at logic 0 have a bar and inputs at logic 1 do not.

. A POS expression is derived from the lines where the output

is at logic 0. Each sum term contains all inputs in true or
complement form, where inputs at logic 1 have a bar and in-
puts at logic 0 do not.

Theorems of Boolean algebra, summarized in Table 3.8, al-
low us to simplify logic gate networks.

. SOP networks can be simplified by grouping pairs of product

terms and applying the Boolean identity xyz + xyz = xy.
POS networks can be simplified by grouping pairs of
sum terms and applying the Boolean identity (x + y + z)
x+ty+tz=x+y.

18.

19.

20.

21.

22.

23.

24.

25.
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. To achieve maximum simplification of an SOP or POS net-

work, each product or sum term should be grouped with an-
other if possible. A product or sum term can be grouped more
than once, as long as each group has a term that is only in
that group.

A Karnaugh map can be used to graphically reduce a
Boolean expression to its simplest form by grouping adjacent
cells containing 1s. One cell is equivalent to one line of a
truth table. A group of adjacent cells that contain 1s repre-
sents a simplified product term.

Adjacent cells in a K-map differ by only one variable. Cells
around the outside of the map are considered adjacent.

A group in a K-map must be a power of two in size: 1, 2, 4,
8, or 16. A group of two is called a pair, a group of four is a
quad, and a group of eight is an octet.

A pair cancels one variable. A quad cancels two variables.
An octet cancels three variables.

A K-map can have multiple groups. Each group repre-
sents one simplified product term in a sum-of-products
expression.

Groups in K-maps can overlap as long as each group has one
or more cells that appear only in that group.

Groups in a K-map should be as large as possible for maxi-
mum SOP simplification.

Don’t care states represent output states of input combina-
tions that will never occur in a circuit. They are represented
by Xs in a truth table or K-map and can be used as Os or 1s,
whichever is most advantageous for the simplification of the
circuit.

GLOSSARY

Adjacent cell

Two cells are adjacent if there is only one vari-

able that is different between the coordinates of the two cells.

Associative property A mathematical function is associative if its operands can be grouped in any order without affecting the result.

For example, addition is associative (¢ + b) + c =a + (b +
¢)), but subtraction is not (¢ — b) — ¢ # a — (b — ¢)).

Bubble-to-bubble convention The practice of drawing gates
in a logic diagram so that inverting outputs connect to inverting
inputs and noninverting outputs connect to noninverting inputs.

Bus

form A way of drawing a logic diagram so that each true

ute (“multiply through”) an AND across several OR functions.
For example, a(b + ¢) = ac + bc.

Don’t care state An output state that can be regarded either as
HIGH or LOW, as is most convenient. A don’t care state is the
output state of a circuit for a combination of inputs that will
never occur.

and complement input variable is available along a conductor

Karnaugh map A graphical tool for finding the maximum

called a bus.

Cell

The smallest unit of a Karnaugh map, corresponding to

one line of a truth table. The input variables are the cell’s coordi-
nates and the output variable is the cell’s contents.

Combinational logic Digital circuitry in which an output is
derived from the combination of inputs, independent of the order

inw

hich they are applied.

Combinatorial logic Another name for combinational logic.

Commutative property A mathematical operation is commu-
tative if it can be applied to its operands in any order without
affecting the result. For example, addition is commutative (a +

b =
Dist

b + a), but subtraction is not (¢ — b # b — a).

ributive property Full name: distributive property of mul-

tiplication over addition. The property that allows us to distrib-

SOP or POS simplification of a Boolean expression. A Karnaugh

map works by arranging the terms of an expression in such a
way that variables can be cancelled by grouping minterms or
maxterms.

Levels of gating The number of gates through which a signal
must pass from input to output of a logic gate network.

Logic diagram A diagram, similar to a schematic, showing
the connection of logic gates.

Logic gate network Two or more logic gates connected
together.

Maximum POS simplification The form of a POS Boolean
expression which cannot be further simplified by cancelling
variables in the sum terms. It may be possible to get an SOP
form with fewer terms or variables.
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Maximum SOP simplification The form of an SOP Boolean
expression which cannot be further simplified by cancelling
variables in the product terms. It may be possible to get a POS
form with fewer terms or variables.

Maxterm A sum term in a Boolean expression where all pos-
sible variables appear once in true or complement form.

Minterm A product term in a Boolean expression where all
possible variables appear once in true or complement form.

Octet A group of eight cells in a Karnaugh map. An octet can-
cels three variables in a K-map simplification.

Order of precedence The sequence in which Boolean func-
tions are performed, unless otherwise specified by parentheses.

Pair A group of two cells in a Karnaugh map. A pair cancels
one variable in a K-map simplification.

Product term A term in a Boolean expression where one or
more true or complement variables are ANDed.

Truth Tables

3.1  Write the unsimplified Boolean expression for each of the
logic gate networks shown in Figure 3.62.

3.2 Write the unsimplified Boolean expression for each of the
logic gate networks shown in Figure 3.63.

3.3  Redraw the logic diagrams of the gate networks shown in
Figure 3.63 a, e, f, h, i, and j so that they conform to the

FIGURE 3.62
Problem 3.1
Logic Circuits
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Product-of-sums (POS) A type of Boolean expression where
several sum terms are multiplied (ANDed) together.

Quad A group of four cells in a Karnaugh map. A quad cancels
two variables in a K-map simplification.

Sum term A term in a Boolean expression where one or more
true or complement variables are ORed.

Sum-of-products (SOP) A type of Boolean expression where
several product terms are summed (ORed) together.

Synthesis The process of creating a logic circuit from a descrip-
tion such as a Boolean equation or truth table.

PROBLEMS

Problem numbers set in color indicate more difficult problems: those
with underlines indicate most difficult problems.

Section 3.1 Boolean Expressions, Logic Diagrams, and

J U UV




bubble-to-bubble convention. Rewrite the Boolean ex- 34
pression of each of the redrawn circuits.
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FIGURE 3.63
Problem 3.2
Logic Circuits
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The circuit in Figure 3.64 is called a majority vote circuit.
It will turn on an active-HIGH indicator lamp only if a
majority of inputs (two out of three) are HIGH. Write the
Boolean expression for the circuit.

W0

O ow >»
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Suppose you wish to design a circuit that indicates when
three out of four inputs are HIGH. The circuit has four in-
puts, D3, D,, Dy, and Dy and an active-HIGH output, Y.
Write the Boolean expression for the circuit and draw the

noo ] ¥ [ indicazar
;I —ae _a'rlp
|ﬁen.¢:m.| o ::l—

L:

FIGURE 3.64
Problem 3.4
Majority Vote Circuit

3.6

3.7

38

3.9

3.10

logic circuit.

Draw the logic circuit for each of the following Boolean
expressions:

a. Y=AB + BC

Y =ACD + BCD

Y=(A+ B)(C + D)

Y=A+BC+D

Y=AC+B+C

Y=AC+B+C

Y=ABD+BC+A+C

Y=AB + AC + BC

Y=AB + AC + BC

Use DeMorgan’s theorems to modify the Boolean equa-
tions in Problem 3.6, parts e, f, g, h, and i so that there is
no bar over any—group of variables. Redraw the logic dia-
grams of the circuits to reflect the changes. (The final cir-

cuit versions should conform to the bubble-to-bubble
convention.)

TR om0 &0 T

=

Write the truth tables for the logic diagrams in Figure
3.62, parts b, e, f, and g.

Write the truth tables for the logic diagrams in Figure
3.63, parts a, h, i, and j.

Write the truth tables for the Boolean expression in Prob-
lem 3.6, parts ¢, d, e, f, h, and i.

Section 3.2 Sum-of-Products (SOP) and Product-of-
Sums (POS) Forms

3.11

Find the Boolean expression, in both sum-of-products
(SOP) and product-of-sums (POS) forms, for the logic

3.12

3.13

3.14

function represented by the following truth table. Draw
the logic diagram for each form.

Find the Boolean expression, in both sum-of-products
(SOP) and product-of-sums (POS) forms, for the logic
function represented by the following truth table. Draw
the logic diagram for the SOP form only.

hN
=
a
i-<

—— e = O O OO
—_—— O O == OO
_—0 = O = O = O
OO OO = = = =

Find the Boolean expression, in both sum-of-products
(SOP) and product-of-sums (POS) forms, for the logic
function represented by the following truth table. Draw
the logic diagram for the POS form only.

EN
=
a
h<

—_————- 0 O OO
—_—— O O = = OO
—_O = O = O = O
S = O = O O~ O

Find the Boolean expression, in both sum-of-products
(SOP) and product-of-sums (POS) forms, for the logic
function represented by the following truth table. Draw
the logic diagram for the SOP form only.

A B C Y
0O 0 0 0
0o 0 1 1
o 1 0 1
o 1 1 0
1 0 O 0
1 0 1 1
1 1 0 1
1 1 1 1




3.15 Write the POS form of the 2-input XOR function. Draw
the logic diagram of the POS form of the XOR function.

3.16 Write the POS form of the 2-input XNOR function. Draw
the logic diagram of the POS form of the XNOR func-

A B C D Y
o 0 0 o0 0
0O 0 O 1 0
0 0 1 0 0
0 0 1 1 0
0 1 0 0 1

0 1 0 1 0
0 1 1 0 1

0 1 1 1 0
1 0 0 O 1

1 0 O 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 0
1 1 0 1 1

1 1 1 0 0
1 1 1 1 0

tion.

Section 3.3 Theorems of Boolean Algebra

3.17 Write the Boolean expression for the circuit shown in
Figure 3.65 Use the distributive property to transform the
circuit into a sum-of-products (SOP) circuit.

3.18 Write the Boolean expression for the circuit shown in
Figure 3.66 Use the distributive property to transform the
circuit into a sum-of-products (SOP) circuit.

3.19 Use the rules of Boolean algebra to simplify the follow-

A

;’ e

FIGURE 3.65
Problem 3.17
Logic Circuit

ing expressions as much as possible.
a. Y=AAB+C

mm OO W >

FIGURE 3.66
Problem 3.18
Logic Circuit
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b. Y=AAB+C

¢ J=K+LL

d. S=T+UVV

e S=T+VV

. Y=AB+ C)(BD+F)

3.20 Use the rules of Boolean algebra to simplify the following
expressions as much as possible.

.M=PQ+PQR
.M=PQ+POR
S=(T+U)V+(T+U)
Y=A+B+DAC+ABD

. Y=A+B+DAC+ABD

. P=(QR+ST)YQR+ Q)

L U=X+Y+W2OHWY+Y+ W2

3.21 Use the rules of Boolean algebra to simplify the following
expressions as much as possible.

aa Y=ABCD+A+B C+D+A+B
b. Y=ABCD+A+B C+D+A+B
¢ K=(LM+LMYMN~+LMN)+ MN + L)

@ -0 & 0 F o

Section 3.4 Simplifying SOP and POS Expressions

3.22  Use the rules of Boolean algebra to find the maximum
SOP and POS simplifications of the function represented
by the following truth table.

3.23  Use the rules of Boolean algebra to find the maximum
SOP and POS simplifications of the function represented
by the following truth table.

b
=
a
h<

—_———_ 0 O OO
—_—_ O O = OO
—_ O = O = O = O
—_ O = O = O = O

3.24 Use the rules of Boolean algebra to find the maximum
SOP and POS simplifications of the function represented
by the following truth table.

b
=
a
Pﬂ

—_— - O OO O
[N e = T e N )
—_0 = O = O = O
O= OO O = O ==
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3.25 Use the rules of Boolean algebra to find the maximum 3.28 Use the rules of Boolean algebra to find the maximum
SOP simplification of the function represented by the fol- SOP simplification of the function represented by the fol-
lowing truth table. lowing truth table.

A B C Y
A B C D Y

0O 0 O 0
0o 0 1 1 o 0 0 O 0
0o 1 O 0 0O 0 0 1 1
o 1 1 1 o 0 1 O 0
1 0 O 0 o 0 1 1 1
1 0 1 1 o 1 0 O 0
1 1 0 0 o 1 0 1 1
1 1 0 o 1 1 0 1
0 1 1 1 1
. 1 0 0 O 0

3.26  Use the rules of Boolean algebra to find the maximum 1 o0 o0 1 1
SOP simplification of the function represented by the fol- 1 o 1 0 0
lowing truth table. 1 o0 1 1 0

1 1 0 O 0
A B C D Y 1 1 0 1 1
1 1 1 0 1
0 0 0 0 0 11 1 1 0
0 0 0 1 0
0 0 1 0 0
0O 0 1 1 0 3.29 Use the rules of Boolean algebra to find the maximum
o 1 0 O 1 SOP simplification of the function represented by the fol-
o 1 0 1 1 lowing truth table.
0 1 I 0 0
0 1 1 1 0
1 0 0 o0 0 A B C D Y
10 0 1 I 0 0 0 0 1
10 1 0 0 0 0 0 I 0
Lo 1 ! 0 0 1 0 0
11 0 0 1 0 0 1 1 1
11 0 1 1 0 1 0 0 1
11 10 0 0 1 0 1 0
e 1 0 1 1 0 0
0 1 1 1 0

3.27 Use the rules of Boolean algebra to find the maximum 10 0 0 1
SOP simplification of the function represented by the fol- 10 0 1 0
lowing truth table. 10 1 0 I

1 0 1 1 1
1 1 0 O 1
A B C D Y 1 1 0 1 0
1 1 1 0 1
11 1 1 1

e N S e B e B e i e B e B e R e i e}

U o T B e R e R S GG S o Sl
—_— O O == OO = = OO0 = —=O0O0
—_— O, O, O, OO ~=O=O =0
SO R OO0 —=O O —



3.30

Use the rules of Boolean algebra to find the maximum
SOP simplification of the function represented by the fol-
lowing truth table.

A B C D Y
0o 0 0 O 0
0O 0 0 1 1
0o 0 1 O 0
0o 0 1 1 0
0o 1 0 O 0
o 1 0 1 0
0o 1 1 0 1
o 1 1 1 1
1 0 0 0 1
1 0 0 1 0
1 0 1 O 0
1 0 1 1 0
11 0 0 0
1 1 0 1 0
1 1 1 0 1
11 1 1 1

Section 3.4 Simplification by the Karnaugh Map
Method

3.31 Use the Karnaugh map method to find the maximum SOP

3.32

3.33

3.34

A B C D | Y

It e el e e e = O O O O O O OO
—_—_—_ 0 00O~ ==~ O0OOQ0QCOo
OO~ O OO —=O =0 O

—_— —_— 00—~ R~ OO0 R, OO~R,—~OO
—_— O, O, OO0 ~=O~=O—OOoO0o

—_
—_

simplification of the logic diagram in Figure 3.21.

Use the Karnaugh map method to reduce the following
Boolean expressions to their maximum SOP simplifica-
tions:

a. Y=ABC+ABC+ABC

b. Y=ABC+ABC+ABC+ABC+ABC

¢. Y=ABC+ABC+ABC+ABC

d. Y=ABCD+ABCD+ABCD+ABCD _
+ABCD+ABCD+ABCD+ABCD
+ABCD

Use the Karnaugh map method to reduce the Boolean ex-

pression represented by the following truth table to sim-

plest SOP form.

Use the Karnaugh map method to reduce the Boolean ex-
pression represented by the following truth table to sim-
plest SOP form.

Problems

A B C D Y
0o 0 0 O 0
0o 0 0 1 0
0o o0 1 O 0
0o 0 1 1 1
0o 1 0 O 1
o 1 0 1 1
0 1 1 0 1
0 1 1 1 1
1 0 0 0 0
1 0 0 1 0
1 0 1 0 0
1 0 1 1 1
1 1 0 O 0
1 1 0 1 0
1 1 1 0 0
1 1 1 1 1
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3.35 Use the Karnaugh map method to reduce the Boolean ex-
pression represented by the following truth table to sim-

plest SOP form.

A B C D Y
0 0 0 O 0
0 0 0 1 1
0 0 1 0 0
0 0 1 1 |
0o 1 0 0 0
0 1 0 1 1
0o 1 1 0 0
o 1 1 1 1
1 0 0 O 1
1 0 0 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 O 0
1 1 0 1 1
1 1 1 0 0
11 1 1 1

3.36  Use the Karnaugh map method to reduce the Boolean ex-
pression represented by the following truth table to sim-

plest SOP form.

A B C D Y
0 0 0 0 0
0 0 0 1 0
0 0 1 0 1
0 0 1 1 1
0 0 1 0 0
0o 1 0 1 0
0o 1 1 0 0
0o 1 1 1 0
1 0 0 O 0
1 0 0 1 1
1 0 1 O X
1 0 1 1 X
1 1 0 0 X
1 1 0 1 X
1 1 1 0 X
11 1 1 X
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3.37 Use the Karnaugh map method to reduce the Boolean ex- A B C D Y
pression represented by the following truth table to sim-
plest SOP form. 0 0 0 0 !
o 0 0 1 1
o 0 1 O 0
A B C D Y o o0 1 1 0
o 1 0 0 1
0 0 0 0 1 0 1 0 1 1
0 0 0 1 1 0 1 1 0 0
o0 0 1 0 1 0o 1 1 1 1
o0 0 1 1 1 1 0 0 0 0
o0 1 0 0 0 1 0 0 1 0
o 1 0 1 0 1 0 1 0 1
o 1 1 0 1 10 1 1 1
o 1 1 1 0 1 1 0 0 0
10 0 0 1 11 0 1 1
L0 0 1 0 11 1 0 1
10 1 0 1 IS S B 1
1 0 1 1 0
1 1 0 0 0
1 1 0 1 1 3.40 Use the Karnaugh map method to reduce the Boolean ex-
1 1 1 0 1 pression represented by the following truth table to sim-
1 1 1 1 0 plest SOP form.
3.38 Use the Karnaugh map method to reduce the Boolean ex- A B C D Y
pression represented by the following truth table to sim-
plest SOP form. 0 0 0 0 0
0o 0 0 1 0
o 0 1 O 0
A B C D Y o o0 1 1 0
o 1 0 O 1
o 0 0 O 0 0O 1 0 1 1
0o 0 0 1 1 0 1 1 0 1
0 0 1 0 0 0 1 1 1 1
0 0 1 1 1 1 0 0 0 0
o 1 0 O 0 1 0 0 1 1
0 1 0 1 1 1 0 1 0 0
0 1 1 0 0 1 0 1 1 0
0 1 1 1 1 1 1 0 0 1
1 0O 0 0 1 1 1 0 1 0
1 0 0 1 0 1 1 1 0 1
1 0 1 0 0 1 1 1 1 0
1 0 1 1 1
1 1 0 0 0
1 1 0 1 0 3.41 Use the Karnaugh map method to reduce the Boolean ex-
1 1 1 0 0 pression represented by the following truth table to sim-
1 1 1 1 1 plest SOP form.

3.39 Use the Karnaugh map method to reduce the Boolean ex-
pression represented by the following truth table to sim-
plest SOP form.



3.42 Use the Karnaugh map method to reduce the Boolean ex-
pression represented by the following truth table to sim-

A B C D Y
o 0 0 0 1
o 0 0 1 0
o 0 1 0 1
0o 0 1 1 1
o 1 0 0 0
0o 1 0 1 0
0o 1 I 0 0
0 1 1 1 1
1 0 0 0 0
1 0 0 1 0
1 0 1 O 1
1 0 1 1 1
1 I 0 O 0
1 1 0 1 0
1 1 1 0 0
11 1 1 1

plest SOP form.
A B C D Y
o 0 0 O 0
o 0 0 1 1
o 0 1 O 0
0o 0 1 1 1
o 1 0 O 0
o 1 0 1 1
o 1 1 0 0
o 1 1 1 1
1 0 0 O 0
1 0 0 1 1
1 0 1 0 0
1 0 1 1 1
1 1 0 O 0
1 1 0 1 1
1 1 1 0 0
11 | 1 1

3.43 Use the Karnaugh map method to reduce the Boolean ex-
pression represented by the following truth table to sim-

plest SOP form.

A B C D Y
o 0 0 O 1
0o 0 0 1 1
o 0 1 O 1
o o0 1 1 1
o 1 0 O 0
o 1 0 1 0
o 1 1 0 1
o 1 1 1 1
1 0 0 O 1
1 0 0 1 1
1 0 1 0 1
1 0 1 1 1
1 1 0 0 0
1 1 0 1 0
1 1 1 0 0
11 1 1 0

Problems 113

3.44 The circuit in Figure 3.67 represents the maximum SOP

simplification of a Boolean function.

Use a Karnaugh map to derive the circuit for the maximum POS

A B C D Y
0o 0 0 O 0
0O 0 0 1 0
0o 0 1 O 0
0o 0 1 1 0
0o 1 0 O 0
o 1 0 1 0
0 1 I 0 0
0 1 1 1 1
1 0 0 0 1
1 0 0 1 1
1 0 1 O 1
1 0 1 1 1
1 I 0 O 1
1 1 0 1 1
1 1 1 0 0
1 1 1 1 1

simplification.

FIGURE 3.67
Problem 3.44:
Logic Circuit

e
P
n

Repeat Problem 3.44 for the circuit in Figure 3.68.
Refer to the BCD-t0-2421 code converter developed in

Example 3.22. Use a similar design procedure to develop

o D

FIGURE 3.68
Problem 3.45:
Logic Circuit

[ )

J U

IR

the circuit of a 2421-to-BCD code converter.

3.47 Excess-3 code is a decimal code that is generated by
adding 0011 (= 3;() to a BCD code. Table 3.18 shows
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the relationship between a decimal digital code, natural ANSWERS TO SECTION REVIEW

BCD code, and Excess-3 code. Draw the circuit of a
BCD-to-Excess-3 code converter, using the Karnaugh
map method to simplify all Boolean expressions.

3.48 Repeat Problem 3.47 for an Excess-3-to-BCD code con-

verter.
Table 3.18 BCD and Excess-3 Code
Decimal BCD Code Excess-3
Equivalent D4 D3 D2 Dl E4 E3 E2 El
0 0 0 0 0 0 0 1 1
1 0 0 0 1 0 1 0 0
2 0 0 1 0 0 1 0 1
3 0 0 1 1 0 1 1 0
4 0 1 0 0 0 1 1 1
5 0 1 0 1 1 0 0 0
6 0 1 1 0 1 0 0 1
7 0 1 1 1 1 0 1 0
8 1 0 0 0 1 0 1 1
9 1 0 0 1 1 1 0 0
PROBLEMS
Section 3.1 Section 3.3
3la Y=ABC+D b OUT=(W+X+Y)Z 33a SOP:Y=ABC+ABC
Section 3.2 POS:Y=(A+B+CYA+B+C)A+B+0)
A+B+C)A+B+C)YA+B+C)
A B C y b SOP:Y=ABC+ABC+ABC+ABC
POS:Y=(A+B+C)A+B+C)YA+B+C)
0 0 0 0 (A+B+0)
0 0 1 1
o 1 0 1 Section 3.4
0 1 1 1 34a Y=ACorY=A+C 3.4b Y=__C+_Dor
0 0 0 Y=A+C+D
1 0 1 1 —
1 1 0 0 3.4c Y=AB
I 1 1 0 Section 3.5

35 SOP:Y=AC+BC POS:Y=(A+ C)B+C)
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CHAPTER

Introduction to PLLDs
and MAX+PLUS II

CHAPTER OBJECTIVES

Upon successful completion of this chapter you will be able to:

* Describe some advantages of programmable logic over fixed-function
logic.

* Name some types of programmable logic devices (PLDs).

* Use Altera’s MAX+PLUS II PLD Design Software to enter simple combi-
national circuits using schematic capture.

* Use VHDL entity declarations, architecture bodies, and concurrent signal
assignments to enter simple combinational circuits.

¢ Create circuit symbols from schematic or VHDL designs and use them in
hierarchical designs for PLDs.

* Assign device and pin numbers to schematic or VHDL designs and compile
them for programming Altera MAX7000S or FLEX10K20 devices.

* Program Altera PLDs via a JTAG interface and a ByteBlaster Parallel Port
Download Cable.

n the first three chapters of this book, we examined logic gates and Boolean algebra.

These basic foundations of combinational circuitry, as well as the sequential logic cir-
cuits we will study in a later chapter, form the fundamental building blocks of many digi-
tal integrated circuits (ICs).

In the past, such digital ICs were fixed in their logic functions; it was not possible to
change designs without changing the chips in a circuit. Programmable logic offers the dig-
ital circuit designer the possibility of changing design function even after it has been built.
A programmable logic device (PLD) can be programmed, erased, and reprogrammed
many times, allowing easier prototyping and design modification. (The industry marketing
buzz often refers to “rapid prototyping” and “reduced time to market.”) The number of IC
packages required to implement a design with one or more PLDs is often reduced, com-
pared to a design fabricated using standard fixed-function ICs.

PLDs can be programmed from a personal computer (PC) or workstation running
special software. This software is often associated with a set of programs that allow us to
design circuits for various PLDs. MAX+PLUS II, owned by Altera Corporation, is such
a software package. MAX+PLUS II allows us to enter PLD designs, either as schemat-
ics or in several hardware description languages (specialized computer languages for
modeling and synthesizing digital hardware). A design can contain components that are
in themselves complete digital circuits. MAX+PLUS II converts the design information

115
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4.1

into a binary form that can be transferred into a PLD via a special interface connected to the
parallel portofaPC. M

What Is a PLD?

Programmable logic device (PLD) A digital integrated circuit that can be pro-
grammed by the user to implement any digital logic function.

Complex PLD (CPLD) A digital device consisting of several programmable sec-
tions with internal interconnections between the sections.

MAX+PLUS II CPLD design and programming software owned by Altera Cor-
poration.

Schematic capture A technique of entering CPLD design information by using a
CAD (computer aided design) tool to draw a logic circuit as a schematic. The
schematic can then be interpreted by design software to generate programming in-
formation for the CPLD.

Compile The process used by CPLD design software to interpret design informa-
tion (such as a drawing or text file) and create required programming information
for a CPLD.

One of the most far-reaching developments in digital electronics has been the introduction
of programmable logic devices (PLDs). Prior to the development of PLDs, digital cir-
cuits were constructed in various scales of integrated circuit logic, such as small scale inte-
gration (SSI) and medium scale integration (MSI) devices. These devices contained logic
gates and other digital circuits. The functions were determined at the time of manufacture
and could not be changed. This necessitated the manufacture of a large number of device
types, requiring shelves full of data books just to describe them. Also, if a designer wanted
a device with a particular function that was not in a manufacturer’s list of offerings, he or
she was forced to make a circuit that used multiple devices, some of which might contain
functions neither wanted nor needed, thus wasting circuit board space and design time.

Programmable logic provides a solution to these problems. A PLD is supplied to the
user with no logic function programmed in at all. It is up to the designer to make the PLD
perform in whatever way a design requires; only those functions required by the design
need be programmed. Since several functions can usually be combined in the design and
programmed onto a single chip, the package count and required board space can be re-
duced as well. Also, if a design needs to be changed, a PLD can be reprogrammed with the
new design information, often without removing it from the circuit.

PLD is a generic term. There is a wide variety of PLD types, including PAL (pro-
grammable array logic), GAL (generic array logic), EPLD (erasable PLD), CPLD (com-
plex PLD), FPGA (field-programmable gate array), as well as several others. We will be
focussing on CPLDs as a representative type of PLD. Although terminology varies some-
what throughout the industry, we will use the term CPLD to mean a device with several
programmable sections that are connected internally. In effect, a CPLD is several intercon-
nected PLDs on a single chip. This structure is not apparent to the user and doesn’t really
concern us at this time, except as background information. We will look at the structure of
PALs, GALs, and CPLDs in Chapter 8. We will use the term “PLD” when we are referring
to a generic device and “CPLD” as a more specific type of PLD.

A complication in the use of programmable logic is that we must use specialized com-
puter software to design and program our circuit. Initially, this might seem as though we
are adding another level of work to the design, but when these computer techniques are
mastered, it shortens the design process greatly and yields a level of flexibility not other-
wise available.
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Let’s look at two examples, comparing the use of SSI logic versus programmable
logic.

Il EXAMPLE 4.1 Figure 4.1 shows a majority vote circuit, as described in Problem 3.4 of Chapter 3. This cir-
cuit will produce a HIGH output when two out of three inputs are HIGH. Write the Boolean
equation for the circuit and state the minimum number and type of 74HC devices required
to build the circuit. How many packages would be required to build two such circuits?

A

5 —

Y

FIGURE 4.1
Majority Vote Circuit

Solution
Boolean equation: Y = AB + BC + AC

Figure 4.2 shows the 74HC devices required to build the majority vote circuit: one
74HCO8A quad 2-input AND gate and one 74HC4075 triple 3-input OR gate. Figure 4.2
also shows connections between the devices. Note that unused gate inputs are grounded
and unused outputs are left open.

<
8

VCC

1 |
IJ‘II“II“II—IIJ‘II'LIF—I Am

= e =)
] 2 LI
TS i TT?

74HCO8A = 74HC4075

FIGURE 4.2
74HC Devices Required to Build a Majority Vote Circuit

Two majority vote circuits would require 6 ANDs and two ORs. This requires one
more 74HCO8A package.

Il EXAMPLE 4.2 Show how a CPLD can be programmed with a majority vote function, using a schematic
capture tool. State how many CPLDs would be required to build two majority vote
circuits.

Solution A CPLD can be programmed by entering the schematic directly, using PLD
programming software, such as Altera Corporation’s MAX+PLUS II. Figure 4.3 shows
the circuit as entered in a MAX+PLUS II Graphic Design File.
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INPUT AND2
Al >

INPUT AND2 OR3
B — T OuTPUT .

_j —L/
AND2

INPUT _>7

C |

FIGURE 4.3
MAX+PLUS II Graphic Design File of a Majority Vote Circuit

The design can be compiled by MAX+PLUS II to create the information required to
program the CPLD with the majority vote circuit. If a second copy of the circuit is re-
quired, the first circuit can easily be duplicated by a Copy and Paste procedure. The two
circuits can than be compiled together and used to program a single CPLD. -

4.2 Programming PLDs using MAX-+PLUS Il

Design entry The process of using software tools to describe the design require-
ments of a PLD. Design entry can be done by entering a schematic or a text file that
describes the required digital function.

Fitting Assigning internal PLD circuitry, as well as input and output pins, for a
PLD design.

Simulation Verifying design function by specifying a set of inputs and observing
the resultant outputs. Simulation is generally shown as a series of input and output
waveforms.

Programming Transferring design information from the computer running PLD
design software to the actual PLD chip.

Download Program a PLD from a computer running PLD design and program-
ming software.

Software tools Specialized computer programs used to perform specific functions
such as design entry, compiling, fitting, and so on. (Sometimes just called “tools.”)

Suite (of software tools) A related collection of tools for performing specific
tasks. MAX+PLUS Il is a suite of tools for designing and programming digital
functions in a PLD.

Target device The specific PLD for which a digital design is intended.

AlteraUP-1board A circuitboard, part of Altera’s University Program Design
Laboratory Package, containing two CPLDs and a number of input and output devices.

In order to take a digital design from the idea stage to the programmed silicon chip, we
must go through a series of steps known as the PLD Design Cycle. These include design
entry, simulation, compiling, fitting, and programming. All steps require the use of PLD
software, such as Altera’s MAX+PLUS II, a suite of software tools, to perform the vari-
ous tasks of the design cycle. Some tasks, such as design entry, require a great deal of at-
tention; others, such as fitting a design to a specified CPLD, are done automatically during
the compiling process.

We will be using MAX+PLUS 1I as a vehicle for learning the concepts that relate to
PLD design and programming. The target devices for our designs will be two Altera
CPLDs, both installed on a circuit board available from Altera called the University Pro-
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gram Design Laboratory Package. We will generally refer to this board, shown in Figure
4.4, as the Altera UP-1 board.

FIGURE 4.4
Altera UP-1 Board

Figure 4.5 shows photos of the two CPLDs used in the Altera UP-1 Board. Figure 4.5a
shows the CPLD from the MAX7000S family, part number EPM7128SLC84-7. Figure
4.5b shows the CPLD from Altera’s FLEX10K series, part number EPF10K20RC240-4.
These part numbers are meaningful and will be discussed in detail in Chapter 8.

L

FIGURE 4.5
Altera MAX7000S and FLEX10K CPLDs

In the remaining part of this chapter, we will learn how to enter a design in
MAX+PLUS II in both graphical and text format, how to compile the design, and how to
download it into either one of the CPLDs on the Altera UP-1 circuit board.

Treat this design example as a tutorial in MAX+PLUS II. Follow along with all the
steps on your own computer to get the maximum benefit from the chapter. If you do not
have access to the Altera UP-1 board or an equivalent, you can still follow through most of
the steps.
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4.3

NOTE

Although the examples in this book are created with the Altera UP-1 board in mind,
they will easily adapt to other circuit boards carrying an Altera EPM7128S or other
similar CPLD. One such board is available from Intectra Inc. For further informa-
tion, contact Intectra at:

Intectra, Inc

2629 Terminal Blvd

Mountain View, CA 94043 U.S.A.

Ph 650-967-8818 Fx 650-967-8836
intectra@best.com

www.intectra.com (Web site in Spanish only)

Graphic Design File

Graphic Design File (gdf) A PLD design file in which the digital design is en-
tered as a schematic.

Project A set of MAX+PLUS II files associated with a particular PLD design.

One way of entering PLD designs is to create a Graphic Design File. This type of file
contains a representation of a digital circuit, such as in Figure 4.3, showing components
and their interconnections, as well as specifying the inputs and output names of the
circuit.

MAX+PLUS 1II automatically generates a number of other files to keep track of the
PLD programming information represented by the Graphic Design File. These files, taken
together, represent a project in MAX+PLUS II. All operations required to create a pro-
gramming file for a CPLD are performed on a project, not a file. Thus, it is important dur-
ing the design process to keep track of what the current project is. The MAX+PLUS II
toolbar, shown in Figure 4.6, makes this fairly easy.

Hierarchy  Timing Project Save Project Save  Search
Display Simulator Programmer and Check and Simulate  for Text

- \\\\\ /
/\\‘ //

Create Open Save Undo Compiler Timing Set Project  Project Text
New File File Last Analyzer to Current Save and Search
File Action File Compile  and
Replace
FIGURE 4.6

MAX+PLUS II Toolbar

The toolbar has a number of buttons that pertain to the current project of a PLD de-
sign. The operations performed by these buttons can all be done through the regular menus
of MAX+PLUS II, but the toolbar offers a quick way to access many available functions.
Not all buttons on the toolbar in Figure 4.6 are labeled, just the ones that you will find par-
ticularly convenient at this time. You can find out the function of any button by placing the
cursor on the button and reading a description at the bottom of the window.



FIGURE 4.7
New Dialog Box
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In particular, notice the buttons that create, open, and save files (standard Windows
icons) and the button that sets the project to the current file. When creating a new file, make
it standard practice to first Save the file, then Set Project to Current File. If you do this as
a habit, you (and MAX+PLUS II) will always know what the current project is. If you
don’t, you will find that you are saving or compiling some other project and wondering
why your last set of changes didn’t work.

Another good practice is to create a new Windows folder for each new design that you
enter. Since MAX+PLUS II creates many files in the design process, the folders would be-
come unmanageable if designs were not kept in separate folders.

MAX+PLUS II installs a folder for working with design files called max2work. The
examples in this text will be created in a subfolder of max2work. If you are working in a
situation where many people share a computer and you have access to a network drive of
your own, you may wish to keep your working files in a max2work folder on the network
drive. Avoid storing your working files on a local hard drive unless you are the only one
with regular access to the computer. Examples in this book will not specify a drive letter,
but will indicate drive:\max2work\folder.

Most of these examples are also available on the accompanying CD in the folder
called Student Files. A special icon, shown in the margin, will indicate the example file-
name.

In the following sections, we will go through the process of creating a file in detail, us-
ing the majority vote circuit of Figure 4.3 as an example. The example assumes that
MAX+PLUS 1II is properly installed on your computer and running. For installation in-
structions, see the file SE_READ on the accompanying CD or the MAX+PLUS II Instal-
lation section of MAX+ PLUS II Getting Started, available from Altera.

Entering Components

KEY TERMS

Primitives Basic functional blocks, such as logic gates, used in PLD design files.

Instance A single copy of a component in a PLD design file.

To create a Graphic Design File, click the New File icon on the tool bar or choose
New on the MAX+PLUS II File menu. The dialog box, shown in Figure 4.7 appears. Se-
lect Graphic Editor file and choose OK.

Hew |

—File Type
& GuphicEdiorfie  [oo -]
© Symbal Editor file
" Tewt Editor file

 Waveform Editor file . | scf  +

k. Cancel |

Maximize the window and click the Save icon or choose Save As or Save from the
File menu. In the dialog box shown in Figure 4.8, save the file in a new folder (e.g.,
drive:\max2work\maj_vote\maj_vote.gdf) and choose OK. (If you have not created the
new folder, just type the complete path name in the File Name box. MAX+PLUS II will
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Save As |

File Mame; Imai_vn:nte.gdf

Directary iz ovmad@workhmal_vote
Files: Directories:

= o
(= max2work

ral_woke

Drives:
IE (o j

Automatic Extengion: gdf o>

T

FIGURE 4.8
Save As Dialog Box

create a new folder.) Click the icon to Set Project to Current File or choose this action
from the File, Project menu.

The first design step is to lay out and align the required components. We require three
2-input AND gates, a 3-input OR gate, three input pins, and one output pin. These basic
components are referred to as primitives. Let us start by entering three copies of the AND
gate primitive, called and2.

Click the left mouse button to place the cursor (a flashing square) somewhere in the
middle of the active window. Right-click to get a pop-up menu, shown in Figure 4.9, and
choose Enter Symbol. The dialog box in Figure 4.10 appears. Type and2 in the Symbol
Name box and choose OK. A copy or instance of the and2 primitive appears in the active
window.

FIGURE 4.9 T
E 1 Pop-up M
nter Symbol Pop-up Menu oy

Fazte
Enter Text l!
Text Size »
Font 3
Line Shyle ¥

You can repeat the above procedure to get two more instances of the and2 primitive, or
you can use the Copy and Paste commands. These are the same icons and File commands
as for other Windows programs. Highlight the and2 symbol by clicking it. Right-click the
symbol to get the pop-up menu shown in Figure 4.11 and choose Copy. You can also click
the Copy icon on the toolbar or use the Copy command in the File menu.
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Enter Symbol |

Sumboal M ame: landE‘I

Megawizard Plug-ln Manager... |

Symbol Libraries;

chmaxdworkmal_wote -
o hrmpfiles

o hmasplus2imas2libprim

c:hmarpluz2hmas2libmf ;I

Directony iz o:hvmax@workmap_wvote

Symbol Files: Directories:

= e
(= mawwork.

mal_wote

Dirives

IE c j
Cancel |

FIGURE 4.10
Enter Symbol Dialog Box

i MAX +plusz Il - c:\max?work\mai_vote\mai_vole - [maj_vote gdf - Graphic Editor] =] E3
i-'&ﬂi**ﬂm“ Fie Edit View Symbol Assign Uklies Options Window Help =1 x|
D& shn o aoanEsd R Eaal 2

3

Find Hode in Floampdan
Azzgn *
Tirming Az b
Fip Horizortal

Fip Veitical

Ratate * -
1] | k|

Copies one ormore selected Hems fram the file and places them on the Clipboarnd

BEpRllol s dp

HTiE

FIGURE 4.11
Copying a Component
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Paste an instance of the primitive by clicking to place the cursor, then right-clicking to
bring up the menu shown in Figure 4.12. Choose Paste. The component will appear at the
cursor location, marked in Figure 4.12 by the square at the top left corner of the pop-up
menu.

Enter the remaining components by following the Enter Symbol procedure outlined
above. The primitives are called or3, input, and output. When all components are entered
we can align them, as in Figure 4.13 by highlighting, then dragging each one to a desired
location.

FIGURE 4.12
Pasting a Component

MANK splur 1] - ¢ Vmae?work Ve volehma vele - Jma vobe gdl - Biaphic Edo]

. Ertm Test
= TekSos B
.o Fort ¥
| LeaSie  #

o o

Fastes a copy of the Clphosd contents =i the insertan painl

FIGURE 4.13 WA ki 11
Aligned Components

s Fmarh s vaiFums) vaile - [me) weie gl - Gisphe F o]

Connecting Components

To connect components, click over one end of one component and drag a line to one end
of a second component. When you drag the line, a horizontal and a vertical broken line
mark the cursor position, as shown in Figure 4.14. These lines help you align connections

properly.



4.3 e« Graphic Design File 125

PIN_NAME [ —L&l | e

(L ] —
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FIGURE 4.14
Dragging a Line to Connect Components
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FIGURE 4.15
Making a 90-degree Bend and a Connection

A line will automatically make a connection to a perpendicular line, as shown in Fig-
ure 4.15.

A line can have one 90-degree bend, as at the inputs of the AND gates. If a line re-
quires two bends, such as shown at the AND outputs in Figure 4.16, you must draw two
separate lines.

Assigning Pin Names

Before a design can be compiled, its inputs and outputs must be assigned names. We could
also specify pin numbers, if we wished to make the design conform to a particular CPLD,
but it is not necessary to do so at this stage. It may not even be desirable to assign pin num-
bers, since the design we enter can be used as a component or subdesign of a larger circuit.
We may also wish MAX+PLUS II to assign pins to make the best use of the CPLD’s in-
ternal resources. At any rate, we will leave this step out for now.
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FIGURE 4.16
Line with Two 90-degree Bends

Figure 4.17 shows the naming procedure. Pins A and B have already been assigned
names. Highlight a pin by clicking on it. Right-click the highlighted pin and choose Edit
Pin Name from the pop-up menu. You could also double-click the pin name to highlight it.
Type in the new name.

If there are several pins that are spaced one above the other, you can highlight the
top pin name, as described above, then highlight successive pin names by using the
Enter key.

FIGURE 4.17
Assigning Pin Names



4.4 e+ Compiling MAX+PLUS Il Files 127

4.4 Compiling MAX+PLUS Il Files

Programmer Object File (pof) Binary file used to program a PLD of the Altera
MAX series.

SRAM Object File (sof) Binary file used to configure a PLD of the Altera FLEX

series.

Volatile A device is volatile if it does not retain its stored information after the
power to the device is removed.

Nonvolatile Able to retain stored information after power is removed.

The MAX+PLUS II compiler converts design entry information into binary files that
can be used to program a PLD. Before compiling, we should assign a target device to the
design.

From the Assign menu, shown in Figure 4.18, select Device. From the dialog box in
Figure 4.19, select the target device. For the Altera UP-1 board, this would be either the
EPM7128SLC84-7 (shown) or the FLEX10K20RC240-4. The device family for the
EPM7128S device is MAX7000S.

Pin/Location/Chip... §

Timing Requirements...
Cligue...

Logic Options...
Frobe...

Connected Pinz...
Local Bauting...

Global Project Dievice Options. .
Global Project Parameters. ..

Global Project Timing Bequirements. ..
[Global Project Logic Spnthesiz...

lgnore Project Aszignments. .
Clear Project Azsignments. ..
Back-Annotate Project. .

Convert Dbzolete Azsignment Eormat

FIGURE 4.18
Assign Menu

To see the EPM7128SL.C84-7 device, the box that says Show Only Fastest Speed
Grades must be unchecked.

The compiler has a number of settings that can be chosen prior to the actual compile
process. Figure 4.20 shows some of the settings that should be selected from the Process-
ing menu of the Compiler window. You can open the Compiler window from the
MAX+PLUS II menu or by clicking the Compiler button on the toolbar at the top of the
screen.
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Device Dialog Box
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FIGURE 4.20
MAX+PLUS II Compiler Settings

Design Doctor is a utility that checks for adherence to good design practice and will
warn you of any bad design choices. (Design Doctor will not stop the design from compil-
ing, but will suggest potential problems that could result from a particular design.) The
Timing SNF Extractor creates a Simulation Netlist File, which is required to perform a
timing simulation of the design. We will perform this step in later MAX+PLUS Il designs.
(If you are not able to select the Timing SNF Extractor, then uncheck the Functional
SNF Extractor option.) Smart Recompile allows the compiler to use previously compiled
portions of the design to which no changes have been made. This allows the compiler to
avoid having to compile the entire design each time a change is made to one part of the de-
sign.

To start the compile process, click Start in the Compiler window. While in progress,
the window will look something like Figure 4.21. Message of three types may appear dur-
ing the compile process. Info messages (green text) are for information only. Warning
messages (blue text) tell you of potential, but nonfatal, problems with the design. Error
messages (red text) inform you of design flaws that render the design unusable. A PLD can
still be programmed if the compiler generates info or warning messages, but not if it gen-
erates an error.

Depending on the device chosen, the compiler generates either a Programmer Ob-
ject File (pof) or SRAM Object File (sof). The pof is used to program a MAX-series
PLD. The sof is used to configure a FLEX-series PLD. The difference is that the MAX de-
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FIGURE 4.21
MAX+PLUS II Compiler Operation

vice is nonvolatile, that is, it retains its programming information after the power has been
removed. The FLEX-series device is volatile, meaning that its programming information
must be loaded each time the device powers up.

4.5 Hierarchical Design
| KEY TERMS

Hierarchical design A PLD design that is ordered in layers or levels. The highest
level of design contains components that are themselves complete designs. These
components may, in turn, have lower level designs embedded within them.

A MAX+PLUS II Graphical Design File can be used as part of a hierarchical design.
That is, it can be represented as a component in a higher-level design. Figure 4.22 shows a
gdf that is constructed as a hierarchical design. It contains two majority vote circuits whose

maj_vote
INPUT
Al | INPUT
Bt | INPUT B Y
c1 | c AND2
OUTPUT
. }—————— [ > v
maj_vote
INPUT
A2 | INPUT A
B2 | INPUT B Y
c2 | c

FIGURE 4.22
Two-level Majority Vote Circuit (2votes.gdf)
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FIGURE 4.23
Creating a Default Symbol

outputs are combined in an AND gate. Thus, the output would be HIGH if two out of three
inputs were HIGH on both blocks labeled maj_vote. These blocks are complete designs in
their own right, and thus form a lower level of the design hierarchy.

Default Symbols and User Libraries

KEY TERMS

Default symbol A graphical symbol that represents a PLD design as a block,
showing only the design’s inputs and outputs. The symbol can be used as a compo-
nent in any Graphic Design File.

User library A folder containing symbols that can be used in a gdf file.

Top level (of a hierarchy) The file in a hierarchy that contains components speci-
fied in other design files and is not itself a component of a higher-level file.

We can create a default symbol for the majority vote circuit of Figure 4.3 from the
MAX+PLUS II File menu, as shown in Figure 4.23. This action will create a symbol file
with the same name as the Graphic Design File and the extension sym. Before creating
the symbol, make sure that the gdf is saved and that the project is set to the current file.

Project »

Mew...

Open... Chrl+0
Delete File...

Retrieve...

Cloze Ctril+F4
Save Chl+5
Save bz

|nfa... Chrl+
Size...

Create Default Symbal Nﬁ
Edit Symbiol
Create Default Include File

Frirt.... Ctrl+F
Print Setup..

Hierarchy 2

tegatsizard Plug-ln bManager

E it MAs+plus 11 AlteF4

The symbol can be embedded into a gdf, as in Figure 4.22.

Before we can use the new symbol, we must make sure that MAX +PLUS Il knows where
to find it. MAX+PLUS II looks for a component first in the present working directory, then
in the user library folders in the order of priority listed in the User Libraries dialog box.

To create a path to a user library, select User Libraries from the Options menu
(Figure 4.24) in MAX+PLUS II. In the resultant dialog box, shown in Figure 4.25,
select the appropriate drive and directories by double-clicking on the name in the Di-
rectories box. When the desired directory appears in the Directory Name box, click



4.5 e Hierarchical Design 131

Eont 3
Text Size k
Line Style k
Bubberbanding

L

Show Parameters

Show Probes

Show Pinz/Locations/Chips

Show Cligue, Timing & Local Bouting A=sighments

Show Logic Options

Shoua Al Chrl+Shift+id

L L L S LXK

Show Guidelines Chl+Shift+G
Guideline Spacing...

Color Palette... l!

Lizenze Setup...

Preferences. ..

FIGURE 4.24
Options Menu
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FIGURE 4.25
User Libraries Dialog Box

Add, then OK.
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votes.gdf

maj_vote.gdf

e4v0tes.gdf

Al

B11
Cc11

A21

B21
c21

A12
B12
C12
A22

B22
c22

FIGURE 4.26

NOTE

If you are using MAX+PLUS II on a shared computer (e.g., in a computer lab),
you should be aware that a library path that points to another user’s directory can
cause MAX+PLUS II to look there before (or instead of) looking in your directory,
resulting in the apparent inability of MAX+PLUS II to find your file.

For example, suppose you have a file called g:\max2work\my_file.gdf, where
g:\ is a network drive mapped exclusively to your user account. (i.e., everyone has
a g:\ drive mapping, unique to their user account.) Further suppose that
another user, against standard lab protocol, has created a file with the same name
on the local hard drive: c:\max2work\my_file.gdf. (Don’t think this doesn’t hap-
pen. It does.)

At compile time, MAX+PLUS II will look for my_file.gdf first in the direc-
tory where the active project resides, then in the folders specified in the user library

paths. If the user library path c:\max2work\ has a higher priority than
g:\max2work), it will compile the version of myfile.gdf found on the c: \drive.
When you make changes to the copy on the g: \drive, they will not take effect be-
cause the file on g:\ is not being compiled.

To remedy this, delete the user libraries that point to local drives, such as a:\ or
c:\. If you have no assigned network drive on your system, delete all user libraries
except for your own. Since a user library is just the name of a folder where
MAX+PLUS II should look for files, this won’t do any great harm.

Creating a Design Hierarchy

The circuit in Figure 4.22 is saved as 2votes.gdf. If we double-click on either symbol la-

2votes
INPUT
INPUT Al
INPUT B1
INPUT c1
INPUT A2
INPUT B2
co AND2
OUTPUT
—) >——— T v
2votes
INPUT
INPUT Al
INPUT B1
INPUT c1
A2
INPUT
INPUT B2
c2

Further Levels of Hierarchy (4votes.gdf)

beled maj vote, the MAX+PLUS II Graphic Editor will bring the file maj_vote.gdf to
the foreground. Thus, we say that 2votes.gdf is at the top level of the current hierarchy.
We can extend the hierarchy further by making a symbol for 2votes.gdf and embed-
ding it in a higher-level file called 4votes.gdf, shown in Figure 4.26. This circuit generates
a HIGH output if (two out of three of (A11, B11, C11) are HIGH AND two out of three of
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Hierarchy Display for Project “4votes”

(A21, B21, C21) are HIGH) OR the same is true for (A12, B12, C12) AND (A22, B22,
C22). If we double-click on either symbol for 2votes, the Graphic Editor will bring the file
2votes.gdf to the foreground.

MAX+PLUS II can display the hierarchy of a design. To see the hierarchy structure,
click the Hierarchy icon on the MAX+PLUS II toolbar (the yellow pyramid) or choose
Hierarchy Display from the MAX+PLUS II menu. Figure 4.27 shows the hierarchy for
the project 4votes. Note that the highest level has two subdesigns, each of which breaks
down further into two subdesigns. Thus, using hierarchical design and symbols for gdf or
other design files allows us to create multiple instances of a basic design (maj_vote.gdf)
and use it in many places.

In order to correctly show the hierarchy display, the top-level file of the project (in
this case 4votes.gdf) must be compiled first.

Text Design File (VHDL)

Hardware description language A computer language used to design digital cir-
cuits by entering text-based descriptions of the circuits.

AHDL (Altera Hardware Description Language) Altera’s proprietary text-
entry design tool for PLDs.

VHDL (VHSIC Hardware Description Language) An industry-standard com-
puter language used to model digital circuits and produce programming data for
PLDs.

VHSIC Very high speed integrated circuit

Syntax The “grammar” of a computer language. (i.e., the rules of construction of
language statements)

ASICs (application specific integrated circuits) Integrated circuits that are con-
structed for a specific design purpose. The term could refer to a PLD, although it
usually means a custom-designed fixed function device.

An alternative to schematic entry, and ultimately a more powerful PLD design technique is
the use of a text-based design tool, or hardware description language, such as Altera’s
AHDL (Altera Hardware Description Language) or the industry-standard VHDL (VH-
SIC Hardware Description Language). A designer creates a text file, framed within a
certain set of rules known as the syntax of the language and uses a compiler to create pro-
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gramming data much as he or she would with a Graphic Design File. Hardware description
languages can be used to generate hardware for hierarchical designs, either as components
in graphic or text files or as higher level design entities containing other designs.

AHDL, while very easy to use, has a much narrower application than VHDL because
it is one of many proprietary tools on the market aimed at the programming requirements
of a particular manufacturer’s line of CPLDs. Since VHDL is an industry-standard lan-
guage and the MAX+PLUS II compiler supports both languages, we will concentrate on
VHDL.

VHDL was originally developed by defense contractors in the U.S. and is now the
required standard for all ASICs (application specific integrated circuits) designed for
the U.S. military. It has been standardized by the Institute of Electrical and Electronics
Engineers (IEEE) and has been enjoying increasing popularity in the electronics design
community. The original VHDL standard was written in 1987 and updated in 1993 (IEEE
Std. 1076-1993). This standard and other related ones continue to undergo revision. The
current status of Std. 1076 can be determined from the IEEE Standards web site at

http://www.standards.ieee.org.

Entity and Architecture

Entity A VHDL structure that defines the inputs and outputs of a design.

Architecture A VHDL structure than defines the relationship between input, out-
put, and internal signals or variables in a design.

Port A name assigned to an input or output of a VHDL design entity.
Mode (of a port) The kind of port, such as input or output.
Signal A name given to an internal connection in a VHDL architecture.

Variable A block of working memory used for internal calculation or storage in a
VHDL architecture.

Type A set of characteristics associated with a VHDL port name, signal, or vari-
able that determines the allowable values of the port, signal, or variable.

Library A collection of VHDL design units that have been previously compiled.
Package A group of VHDL design elements that can be used by more than one
VHDL file.

IEEE Standard 1164 The standard which defines a variety of VHDL types and
operations, including the STD_LOGIC and STD_LOGIC_VECTOR types.
Concurrent Simultaneous.

Concurrent signal assignment A relationship between an input and output port
or signal in which the output is changed as soon as there is a change in input. If the

file has more than one concurrent signal assignment, they are all evaluated simulta-
neously.

Selected signal assignment statement A concurrent signal assignment in VHDL
in which a value is assigned to a signal, depending on the alternative values of an-
other signal or variable.

Comment Explanatory text in a VHDL (or other computer language) file that is
ignored by the computer at compile time.

Vector A group of digital signals or variables, usually related numerically, that
can be treated as a single multibit variable.

Bit string literal A group of bits assigned to the elements of a vector, enclosed in
double quotes (e.g., “001011”).
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Every VHDL file requires at least two structures: an entity declaration and an archi-
tecture body. The entity declaration defines the external aspects of the VHDL func-
tion; that is, the input and output names and the name of the function. The architec-
ture body defines the infernal aspects; that is, how the inputs and outputs behave with
respect to one another and with respect to other signals or functions that are internal
only.

Let us examine the structure of a VHDL design for the majority vote circuit defined in
Figure 4.1. The complete VHDL file for the majority vote circuit is shown next. The dou-
ble dashes before the first two lines are to indicate that these lines are comments. There are
also a few other comments to illustrate the use of VHDL.

—— maj_vot2.vhd
—— VHDL implementation of a majority vote circuit

—— Library contains standard VHDL logic types
LIBRARY ieee;
USE ieee.std logic 1164 .ALL;

—— Entity defines inputs and outputs
ENTITY maj vot2 IS
PORT (

a, b, c : IN STD LOGIC;

v : OUT STD LOGIC) ;
END maj vot2;

—— Architecture describes input/output relationship
ARCHITECTURE majority OF maj vot2 IS
BEGIN

y <= (a and b) or (b and c¢) or (a and c);
END majority;

NOTE

VHDL is not case-sensitive, so statements written in lowercase and uppercase are
equivalent. For example, (Y <= A AND B;) isequivalentto (y <=a and
b;).However, Altera’s style guidelines for VHDL suggest that all keywords, de-
vices, constants, and primitives be capitalized and everything else be written in
lowercase letters. The VHDL style guideline can be referred to in the MAX+PLUS
II Help menu.

The name of the entity, maj_vot2, is given in the first and last lines of the entity dec-
laration. The VHDL file that contains this entity must be named maj_vot2.vhd. Figure
4.28 shows how the design entity looks if it is converted to a symbol for use in a Graphic
Design File.

The Boolean equation for a 3-input majority vote circuitis ¥ = AB + BC + AC. In the
architecture body, we can write this operation as:

y <= (a and b) or (b and c¢) or (a and c);

The operator <= assigns the value of the right hand side of the equation to the left hand
side. Whenever there is a change in a, b, or c, the statement is re-evaluated and the new
value is assigned to y. Note that VHDL logical operators (such as and and or) have equal
precedence, so we must make the order of precedence explicit with parentheses.

The Boolean equation above is an example of a concurrent signal assignment state-
ment. Concurrent means “simultaneous.” The implication is that any number of concurrent
signal assignments can be listed in a VHDL architecture body and the order in which they
are evaluated does not depend on the order in which they are written, since all statements
are concurrent. In this way, a concurrent structure imitates combinational hardware, where
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FIGURE 4.29
VHDL Port Modes

a change in one input that is common to several circuits makes all circuits change at the
same time.

Enclosed in the entity declaration is a port definition. A port is a connection from the
PLD to the outside world. Figure 4.29 shows the possible modes of a port. Mode IN refers

BUFFER
a — X < =aandb;
>
b —
ouT

y < =XO0rg;

FIGURE 4.30
BUFFER and OUT Modes

to a port that is only for input. Mode OUT is output only. Mode INOUT is a bidirectional
port, in which data can flow in either direction, based on the status of a control input. Mode
BUFFER is a special case of OUT that has a feedback connection back into the CPLD
logic that can be used as part of another Boolean expression.

Figure 4.30 shows the difference between BUFFER and OUT modes. Port x (defined
by x <= a and b;) must be of mode BUFFER because it is fed back and used as part of
the expression for port y (defined by y <= x or c;). Porty can be of mode OUT since it
has no feedback, only an output.

In addition to defining the port modes, the entity declaration also defines what type
each port is. The type of a port, signal, or variable defines what values it is allowed to have.
Three common types in VHDL are BIT, STD_LOGIC, and INTEGER. Multibit extensions
of these types include BIT_VECTOR and STD_LOGIC_VECTOR.

Ports, signals and variables of type BIT can have a value of ‘0’ or ‘1’. When using
these values, they must be enclosed in single quotes.

The STD_LOGIC (standard logic) type, also called IEEE Std.1164 Multi-Valued
Logic, has been defined to give a broader range of output values than just ‘0’ and ‘1’. Any
port, signal, or variable of type STD_LOGIC or STD_LOGIC_VECTOR can have any of
the values listed below.

‘U’, —-- Uninitialized
‘X', —-- Forcing Unknown
‘0’, -- Forcing O

‘1", -- Forcing 1

‘Z', -- High Impedance
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‘W', —-- Weak Unknown
‘L', —-- Weak O
‘H', —-- Weak 1

‘- -—- Don’t care

“Forcing” levels are deemed to be the equivalent of a gate output. “Weak” levels are
specified by a pull-up or pull-down resistor. (“Weak™ levels are usually used in circuit
modeling, where it is important to distinguish between gate outputs and pull-up/down.
These levels will not be of importance to us.) The “Z’ state is used as the high-impedance
state of a tristate buffer.

The majority of applications can be handled by ‘X, ‘0°, ‘1, and ‘Z’ values.

To use STD_LOGIC in a VHDL file, you must include the following reference to the
VHDL library called ieee and the std_logic_1164 package before the entity declaration:

LIBRARY ieee;
USE ieee.std logic 1164 .ALL;

Table 4.1 Some Common VHDL Types

How

Type Values Written Examples
BIT Oorl Single quotes ‘0,1
STD_LOGIC U, X,0,1,Z,W,L, H, - Single quotes X0, 1,
INTEGER Whole numbers No quotes 4095, 7, -120, -1
BIT_VECTOR Multiple instances of 0 or 1 Double quotes “100110”
STD_LOGIC_VECTOR Multiple instances of U, Double “10011007,

X,0,1,Z,W,L, H, - quotes “00Z2Z211”,

“77777777”

Why use STD_LOGIC rather than BIT, if we only use ‘0’ and ‘1’ values? The usual
reason is for compatibility with existing VHDL components that might be used in our de-
sign entities. For example, the Altera Library of Parameterized Modules (LPM) contains

FIGURE 4.31 D
2-line-to-4-line Decoder
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predesigned components that are written using STD_LOGIC types. To include these com-
ponents in a VHDL design, the design must be written with STD_LOGIC types, as well.

The INTEGER type can take on whole-number values. When used in a VHDL file, an
integer is written without quotes. Table 4.1 summarizes the BIT, STD_LOGIC, and INTE-
GER types, as well as the BIT_VECTOR and STD_LOGIC_VECTOR types.

Il EXAMPLE 4.3

e decodel.vhd

edecodelvhd

edecodeZa.vhd

Figure 4.31 shows the logic diagram of a 2-line-to-4-line decoder. The circuit detects the
presence of a particular binary code and makes one and only one output HIGH, depending
on the value of the 2-bit number D, D,. Write a VHDL file that describes the decoder.

Solution The circuit has two inputs and four outputs, which are numerically related. We
could describe the two inputs as separate names, as we could the four outputs. Or, we could
show the inputs and outputs as two groups of related ports, called vectors. The elements of
the vector can be treated separately or as a group.

Case 1: separate variables

LIBRARY ieee;
USE ieee.std logic 1164 .ALL;

ENTITY decodel IS
PORT (
dl, do : IN STD LOGIC;
vOo, y1, v2, vy3 : OUT STD_LOGIC) ;
END decodel;

ARCHITECTURE decoderl OF decodel IS

BEGIN
yO0 <= (not d1) and (not do) ;
vl <= (not d1) and ( do) ;
y2 <= ( dl) and (not do);
y3 <= ( dl) and ( do) ;

END decoderl;

Case 2: vectors (elements treated separately)

LIBRARY ieee;
USE ieee.std _logic_1164.ALL;

ENTITY decode2 IS
PORT (
d : IN  STD_LOGIC_VECTOR (1 downto 0);
y : OUT STD LOGIC VECTOR (3 downto 0));
END decode2;

ARCHITECTURE decoder2 OF decode2 IS

BEGIN
y(0) <= (not d(1)) and (not d(0));
y(1) <= (not d(1)) and ( da(o));
y(2) <= ( d(1)) and (not d(0));
v(3) <= ( d(1l)) and ( d(o));

END decoder2;

In Case 2, we specify the length of the vector by the construct (3 downto 0), indicat-
ing that Y3 is the leftmost bit in the vector. We could also use the constructs (0 to 3),
(4 downto 1), or (1 to 4), depending on our requirements. Each individual element of the
vector is specified by a number in parentheses.

Case 3: vectors (elements treated as a group)

—— decode2a.vhd
—— 4-channel decoder
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—— Makes one and only one output HIGH for each
—— binary combination of (dl, do0).

LIBRARY ieee;
USE ieee.std logic_1164.ALL;

ENTITY decode2a IS
PORT (
d : IN STD LOGIC_VECTOR (1 downto 0);
y : OUT STD_LOGIC_VECTOR (3 downto 0));
END decode2a;

ARCHITECTURE decoder OF decode2a IS
BEGIN
—— Choose a signal assignment for y
—— based on binary value of d
—— Default case: all outputs deactivated
WITH d SELECT
Yy <= “0001” WHEN “00”,
“0010” WHEN “O01”,
“0100” WHEN “10”,
“1000” WHEN “11”,
“0000” WHEN others;
END decoder;
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In Case 3, we use a selected signal assignment statement to assign a value to all
bits of vector y for each combined value of vector d. For example, when d(1) = 0 and
d(0) = 0, the values assigned to y are: y(3) = 1, y(2) = 0, y(1) = 0, y(0) = 0. Similar as-
signments are made for other values of d. The result is a construct that acts much like a
truth table of the decoder circuit. The others clause is necessary to define a default case

VHDL Template ]|

Template Section;

Owerall Structure :l
Full Desigr: Counter

Full Desigr: Flipflop

Full Desigr: Tri-State Buffer

Architecture Body

Caze Statement

Component Declaration

Component Instantiation Statement

Concurrent Procedure Call

Concurrent Signal Azsignment Statement =
Conditiohal Signal Azzignment

Constant Declaration

{Epbiby Declaration

For Statement

Generate Statement [For Generate]
Generate Statement [IF Generate)
If Staterment

Libram Clauze
Park ane Neaclarating 2t
gl | »

FIGURE 4.33
VHDL Template Dialog Box
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since the STD_LOGIC_VECTOR type contains values other than ‘0" and ‘1°.
The multibit values assigned to the vectors, called bit string literals, must be enclosed
in double quotes. T

Al

B1 |
C1 [

A2 |

VHDL Templates in MAX+PLUS Il

MAX+PLUS 1I offers a shortcut to creating VHDL structure in a Template Menu. Fig-
ure 4.32 shows this menu, which is available in the MAX+PLUS II Text Editor window.
To choose a template, select the one desired from the VHDL Template dialog box, shown
in Figure 4.33.

Choosing the Entity Declaration template results in the following text:

ENTITY  entity name IS

GENERIC (_ parameter name : string := _ default value;
__parameter name : integer:= _ default value);
PORT (
__input name, __ input name : IN STD LOGIC;
___input vector name : IN STD LOGIC VECTOR (_ high
downto _ low) ;
__bidir name,  bidir name : INOUT STD LOGIC;
__output name, _ output name : OUT STD LOGIC) ;

END  entity name;

To convert this into a valid entity for our use, we delete the lines we do not need and
substitute input and output names into the template. For our majority vote circuit, we had
inputs called A, B, and C and an output called ¥. Thus, we can modify the template to yield
the entity declaration:

ENTITY maj_vot2 IS

B2 |
c2 |

FIGURE 4.34

PORT (
a, b, ¢ . IN STD LOGIC;
maj_vote
INPUT
INPUT
INPUT B
c AND2
OUTPUT
> v
MAJ_VOT?2
INPUT
a
INPUT
INPUT

GDF Containing Symbols from Other GDF and VHDL Files

Yy

END maj_ vot2;

: OUT STD LOGIC) ;

Integrating VHDL and Graphical Design Components

We can create a default symbol for the VHDL majority vote function, much as we did for
the same function in the Graphic Design File. In the Text Editor File menu, select Create
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Default Symbol. We can integrate this new symbol into a two-level majority vote circuit,
as shown in Figure 4.34. This circuit contains primitives (AND gate, input pins, and output
pin), a gdf symbol (maj_vote), and a symbol created from a VHDL file (MAJ_VOT?2).
Double-clicking on either symbol will bring forward its original design file.

4.7 Creating a Physical Design

Assignment and Configuration File (acf) A MAX-+PLUS II file that contains
information about the configuration options for a project, including assigned device
and pin numbers.

Ca Al D £ Non Sred duwn Lilin Cotow vcow b
MJHEMEEMEIE '-ﬁ_llﬁ_

maj__vote

Al palema ' n

- -
Aiplgre sslwcied ogic Amchonda] 0 & speciic chip. sndion 1o 8 pi o lgoshon sitin & chip

FIGURE 4.35
Pop-up Menu for Pin Assignments

The previous sections have concentrated on the design aspects of a project. Of course, the
ultimate goal of this procedure is to create a physical version of the design. Before we can
program our majority vote circuit into hardware, we must assign the input and output pin
numbers on the target CPLD. At that point we can recompile the design file and program
the CPLD.

Assigning Pin Numbers

Before proceeding with this step, make sure that you have assigned a device part number to
the design. Save the file and set the project to the current file.

To assign a pin number, click on the pin to highlight it, then right-click to see the pop-
up menu in Figure 4.35. Choose Assign, then Pin/Location/Chip. You could also do this
from the Assign menu at the top of the screen.
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FIGURE 4.36
Pin/Location/Chip Assignment
Dialog Box

FIGURE 4.37
Pin Assignments in ACF (Before
Copying)

Pin/Location/Chip |
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Table 4.2 Pin Assignment
for a Majority Vote Circuit

Pin Name Pin Number
Al 12
Bl 16
Cl 18
A2 15
B2 17
C2 21
Y 4

El Myl iz, @il - Togl Edilo

CHIF Zwobes

HEGIH
JE1 = PIH = 1B:
jE1 = PIM = 16;
JA1 = PIH = 12;:
DEUICE = EPMFiAZESLLEG-TF:
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HEGIH

e e e R
:|'| |
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Pin Assignments in ACF (After Copying)
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FIGURE 4.39

Pin Assignments as Seen in gdf File

We can assign pin numbers in the dialog box in Figure 4.36.

Type Al in the Node Name box, 12 in the Pin box and click Add. Type B1 in the
Node Name box, assign this name to pin 16, and click Add. Repeat this procedure until all
names are assigned, as in Table 4.2. When all assignments are complete, click OK.

We can also assign pin numbers by editing the Assignment and Configuration File
(acf), as shown in Figures 4.37 and 4.38. This technique works especially well if you need
to assign pin numbers to a sequence of numerically related inputs and outputs.

Figure 4.37 shows the acf with four pin assignments made. We can add the others eas-
ily by using a copy-and-paste procedure. Highlight the line you wish to copy and copy it to
the Windows clipboard (use Copy in the File menu or the Copy icon on the toolbar or
Ctrl-C). Paste three copies into the acf and modify them so that they represent the remain-
ing required pin assignments, as shown in Figure 4.38.

Figure 4.39 shows the input pin assignments as they appear in the gdf file.
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Programming CPLDs on the Altera UP-1 Circuit Board

ByteBlaster An Altera ribbon cable and connector used to program or configure
Altera CPLDs via the parallel port (LPT port) of an IBM PC or compatible.

JTAG Joint Test Action Group. A standards body that developed the format
(called IEEE Std. 1149.1) for testing and programming devices while they are in-
stalled in a system.

ISP In-system programmability. The ability of a PLD (such as a MAX7000S) to
be programmed without removing it from a circuit board.

ICR In-circuit reconfigurability. The ability of a PLD (such as a FLEX10K) to be
configured without removing it from a circuit board.

FIGURE 4.40
ByteBlaster Parallel Port Download Cable (By Permission of Altera Corporation)

TDI Test Data In. In a JTAG port, the serial input data to a device.
TDO Test Data Out. The JTAG signal, the serial output data from a device.

TMS Test Mode Select. The JTAG signal that controls the downloading of test or
programming data.

TCK Test Clock. The JTAG signal that drives the JTAG downloading process
from one state to the next.

JTAG Chain Multiple JTAG-compliant devices whose TDI and TDO ports form
a continuous chain connection. Such a chain allows multi-device programming.

The CPLDs on the Altera UP-1 circuit board are programmed via the programming soft-
ware in MAX+PLUS 1II and a ribbon cable called the ByteBlaster. The ByteBlaster,
shown in Figure 4.40, connects to the parallel port of a PC running MAX+PLUS II to a
10-pin male socket that complies with the JTAG standard. This standard specifies a four-
wire interface, originally developed for testing chips without removing them from a circuit
board, but can also be used to program or configure PLDs.
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FIGURE 4.41
MAX9000, MAX7000S, and MAX7000A Programming with the ByteBlaster Cable
(By Permission of Altera Corporation)
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FIGURE 4.42
JTAG Chain Device Programming and Configuration with the ByteBlaster Cable (By Permission
of Altera Corporation)

PLDs that can be programmed or configured while installed on a circuit board are
called in-system programmable (ISP) or in-circuit reconfigurable (ICR). ISP is used to
refer to nonvolatile devices, such as MAX7000S; ICR refers to volatile devices, such as
FLEX10K.

The JTAG interface has four wires, as well as power and ground connections, as
shown in Figure 4.41. Data are sent to a device from a JTAG controller (i.e., the PC) via the
TDI (Test Data In) line. Data return from the device via TDO (Test Data Out). The data
transfer is controlled by TMS (Test Mode Select). The process is driven from one step to
the next by TCK (Test Clock).

Multiple devices can be programmed in a JTAG Chain, as shown in Figure 4.42. This
connection allows both CPLDs on the Altera UP-1 Board to be programmed at the same
time. The UP-1 board also has a female 10-pin socket labeled JTAG out, which allows two
or more boards to be chained together. The choice of programming one or more CPLDs, or
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FIGURE 4.43
Hardware Setup Dialog Box

FIGURE 4.44
Programmer Dialog Box
(MAX7000S Device)

the CPLDs on one or more UP-1 boards, is determined by the placement of four on-board
jumpers. These jumper positions are explained in the Altera University Program Design
Laboratory Package User Guide. A copy of the User Guide is included in Appendix A for
reference and is available at Altera’s Web site.

The operation of the JTAG port is controlled automatically by MAX+PLUS II, so fur-
ther details are not necessary at this time. For further information on the JTAG interface,
refer to Altera Application Note 39, JTAG Boundary-Scan Testing in Altera Devices, in-

Hardware Setup |
I

Hardware Type: (=R j | 4
Mo Hardware

|V Eddress: BitBlazter Cancel
z LPE + PL-MPLI ;l

y [: Sto-Setun |
Eaud Hate: ||:| ¥ I Sel-Tiest

Farallel Port; |LF'T1 I I

HS-22E Bt

cluded in the Altera Documentation folder on the accompanying CD.

MAX+PLUS Il Programmer

To program a device on the Altera UP-1 board, set the jumpers to program the EPM7128S
or configure the EPF10K?20, as shown in the Altera University Program Design Laboratory
Package User Guide. Connect the ByteBlaster cable from the parallel port of the PC run-
ning MAX+PLUS 1II to the 10-pin JTAG header. (You may have to run a 25-wire cable

4= Programmer [_ | O]
Examine Program Verify
Program [ Security Bit

Yerify File: maj_wote.pof
Examine Device: EPM{1285LC34-7
Blank-Check Checksum: 001DEF28
Configure
Test
0 S0 100
Siop Open SCE
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(male-D-connector-to-female-D-connector) to make it reach.) Plug an AC adapter (9-volt
dc output) into the power jack of the UP-1 board.

Open the top-level file of the project you wish to download to the UP-1 board (e.g.,
maj_vote.gdf). Set the project to the current file. Invoke the MAX+PLUS II Programmer
from the MAX+PLUS II menu or click the Programmer button (the icon showing the blue
ribbon cable) on the MAX+PLUS II toolbar.

If you have never programmed a device with your copy of MAX+PLUS II, you will
need to set up the hardware configuration. Click Hardware Setup in the Options menu to

Multi-Device JTAG Chain

Multi-Device JTAG Chain Setup...

Eave dEE

Bestore JCF...

Iritiate Eommatnation fom EREE R

FIGURE 4.45
JTAG Menu
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FIGURE 4.46
Multi-Device JTAG Chain Setup

get the dialog box in Figure 4.43.

Select ByteBlaster in the Hardware Type box. Ensure that Parallel Port is the same
as the port the ByteBlaster is plugged into (usually LPT1:). Click OK. (If you have a
choice, configure your parallel port as an Enhanced Communications Port (ECP) in your
computer’s CMOS setup. For most users this step is not necessary, as the port is already
configured this way.)
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Select Programming File
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FIGURE 4.47

Select Programming File Dialog Box

If the current project was compiled with the MAX7000S device selected, the pof file

for the project will auto-
matically be available.
The Programmer dialog
box will appear as in Fig-
ure 4.44. To download,
click Program.

If the project was
compiled for the
FLEX10K device and the
device is to be configured
via a ByteBlaster, it must
be configured via the
Multi-Device JTAG
Chain available in the
JTAG menu. Select the
JTAG menu, shown in
Figure 4.45, and choose
Multi-Device JTAG

Chain Setup.

In the Multi-Device
JTAG Chain Setup win-
dow, shown in Figure
4.46, select the pull-
down menu for the de-
vice name. Select
EPF10K20. Choose
Delete All to clear the
box of any previous pro-
gramming file names.
Choose the Select Pro-
gramming File button.

The Select Pro-
gramming File dialog
box will appear, as in
Figure 4.47. Find and se-
lect the file
drive:\max2work\maj_v



S

ote\maj_vote.sof. Click
OK. Choose the Add
button in the JTAG setup
box to add the SRAM
Object File (sof) to the
list. Choose the Detect
JTAG Chain Info button
to set up the hardware for
programming.  Choose
OK. Click the Configure
button in the Program-
mer dialog box to down-
load the binary informa-
tion to the FLEXI10K
CPLD on the UP-1
board.
MMARY

Y)

A programmable logic device (PLD) is a digital device that is
shipped blank and whose function is determined by the end
user.

. PLDs offer design flexibility, reduce board space and pack-

age count, and can be used to develop digital designs more
quickly than fixed-function logic.

. Some types of PLDs include PAL (programmable array

logic), GAL (generic array logic), EPLD (erasable PLD),
CPLD (complex PLD), FPGA (field-programmable gate ar-
ray).

. Complex PLDs (CPLDs) are devices with several program-

mable sections that are interconnected inside the chip.

. PLD design and programming requires special software,

such as Altera’s MAX+PLUS II.

. PLD designs can be entered by schematic capture (Graphic

Design Files) or text-based languages, such as Altera Hard-
ware Description Language (AHDL) and VHSIC Hardware
Description Language (VHDL).

. MAX+PLUS 1I organizes PLD design files in a project.

Since many operations in MAX+PLUS II are performed on
a project, you should set the project to the current file (File
menu) whenever you change windows and make a modifica-
tion to a design file.

. Save your work every time you pause for thought.
. A MAX+PLUS II Graphic Design File (gdf) consists of

10.

22.

23.

24.

graphical symbols of components that are interconnected by
lines drawn between inputs and outputs of the components.
Circuit inputs and outputs in a gdf have special symbols. The
input and output pins must be named, but need not be num-
bered in the first stages of a design.

ship between the inputs and outputs.

The entity declaration defines ports (inputs and outputs) and
the type of each port (the range of values each port can have).
Some common types are BIT (0 or 1), STD_LOGIC (nine-
valued standard logic), and INTEGER (whole numbers).
The STD_LOGIC type can take on any of the following
values:

‘U’ ,—— Uninitialized

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
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The MAX+PLUS II compiler translates the design informa-
tion from a gdf or text file into binary data that can be down-
loaded into a PLD. For a MAX7000S, the compiler generates
a Programmer Object File (pof) to program the device. For a
FLEX10K, an SRAM Object File (sof) is generated to con-
figure the device.

MAX7000S devices are nonvolatile; they stay programmed
when the power is removed from the chip. FLEX10K devices
are volatile; they lose their programming data when power is
removed.

If a CPLD part number is not specified, the MAX+PLUS II
compiler will automatically select one. It is good practice to
assign the part number of the device before compiling, as this
can affect the accuracy of certain parts of the design process,
such as simulation. The CPLDs on the Altera UP-1 board are
EPM7128SLC84-7 and EPF10K20RC240-4.

Some useful compiler options are: Design Doctor (checks
for good design practice), Timing SNF Extractor (compiles
data required for timing simulations), and Smart Recompile
(allows part of the compile process to be skipped if only part
of a design has changed).

Compiler messages can be in green text (Info), blue text
(Warning; possible problems, but not fatal), or red text (Er-
ror; fatal, compiling stops).

MAX+PLUS I files can be arranged in a design hierarchy.
That is, a MAX+PLUS II file can contain components that
are complete MAX+PLUS II designs in and of themselves.
A file that contains other designs, but is not part of a higher-
level design, is called the top level of a hierarchy.

If the top level of a hierarchy is a gdf, lower-level designs are
embedded in the gdf as default symbols that are created from
the original design files of the components.

MAX+PLUS 1I looks for default symbols in the present
working directory, then in the directories specified as user li-
braries.

VHDL (VHSIC Hardware Description Language) is a text-
based programming language used to model and program
digital circuits.

Every VHDL file requires an entity declaration, which de-
scribes the external aspects of the design (inputs and out-
puts), and an architecture body, which describes the relation-

‘X’ ,—— Forcing Unknown
‘0’ ,—— Forcing 0

‘1’ ,—— Forcing 1
‘Z',—— High Impedance
‘W’ ,—— Weak Unknown

‘L’ ,—— Weak 0

‘H’ ,—— Weak 1
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‘-’ —— Don’t care

25. STD_LOGIC is defined in a library called ieee. To use STD
LOGIC, include the following two statements at the begin-
ning of a file

LIBRARY ieee;
USE ieee.std logic 1164 .ALL;

26. A portin VHDL is an input or output. A signal is an internal
connection, like a wire. A variable is a piece of working
memory reserved by the VHDL file.

27. The simplest way to relate inputs and outputs in a VHDL de-
sign is with a concurrent signal assignment statement, which
has the form: x <= (a and b) or c; The port or sig-
nal on the left side is assigned the value of the logic expres-
sion on the right side. (Variables are assigned with a different
operator.)

28. A port, signal, or variable can have a multiple-bit construc-
tion of type BIT_VECTOR or STD_LOGIC_VECTOR.
These structures are called vectors and can be referred to a
separate elements (e.g., y (3) <= d(1) and d(0);)or
asagroup (e.g.,y <= “1000").

29. A selected signal assignment statement can act as a truth
table in VHDL. It assigns alternative values to one or more
outputs, depending on the alternative values on one or more
inputs.

30. VHDL constructs and statements can be selected in generic
form from a template menu in MAX+PLUS II.

31. VHDL designs can be embedded in a gdf as default symbols.

32. Pin numbers must be assigned to a design before it can be
downloaded to a CPLD. Pins can be assigned in the Pin/Lo-
cation/Chip dialog box (accessed by highlighting a pin sym-
bol and right-clicking) or by editing the project’s Assignment
and Configuration File (acf).

33. An Altera CPLD can be programmed directly from a PC par-
allel port via a ByteBlaster cable.

34. The ByteBlaster cable implements a programming interface
specified by a standard (IEEE Std. 1149.1) of the Joint Test
Action Group (JTAG).

35. A JTAG port is a 4-wire interface for loading test and
programming information into one or more JTAG-compliant
devices. It consists of an input (TDI), output (TDO), mode
select (TMS), and clock (TCK).

GLOSSARY

AHDL (Altera Hardware Description Language) Altera’s

proprietary text-entry design tool for PLDs.

Altera UP-1 Board A circuit board, part of Altera’s Univer-
sity Program Design Laboratory Package, containing two
CPLDs and a number of input and output devices.

Architecture A VHDL structure than defines the relationship
between input, output, and internal signals or variables in a design.

ASICs (application specific integrated circuits) Integrated
circuits that are constructed for a specific design purpose. The
term could refer to a PLD, although it usually means a custom-
designed fixed function device.

Assignment and Configuration File (acf) A MAX+PLUS II
file that contains information about the configuration options for
a project, including assigned device and pin numbers.

Bit string literal A group of bits assigned to the elements of a
vector, enclosed in double quotes (e.g., “001011”).

ByteBlaster An Altera ribbon cable and connector used to
program or configure Altera CPLDs via the parallel port (LPT
port) of an IBM PC or compatible.

Comment Explanatory text in a VHDL (or other computer
language) file that is ignored by the computer at compile time.

Compile The process used by CPLD design software to inter-
pret design information (such as a drawing or text file) and cre-
ate required programming information for a CPLD.

Complex PLD (CPLD) A digital device consisting of several
programmable sections with internal interconnections between
the sections.

Concurrent Simultaneous.

Concurrent signal assignment A relationship between an in-
put and output port or signal in which the output is changed as
soon as there is a change in input. If the file has more than one
concurrent signal assignment, they are all evaluated simultane-
ously.

Default symbol A graphical symbol that represents a PLD de-
sign as a block, showing only the design’s inputs and outputs.
The symbol can be used as a component in any Graphic Design
File.

Design entry The process of using software tools to describe
the design requirements of a PLD. Design entry can be done by
entering a schematic or a text file that describes the required dig-
ital function.

Download Program a PLD from a computer running PLD de-
sign and programming software.

Entity A VHDL structure that defines the inputs and outputs
of a design.

Fitting Assigning internal PLD circuitry, as well as input and
output pins, for a PLD design.

Graphic Design File (gdf) A PLD design file in which the
digital design is entered as a schematic.

Hardware description language A computer language used
to design digital circuits by entering text-based descriptions of
the circuits.

Hierarchical design A PLD design that is ordered in layers or
levels. The highest level of design contains components that are
themselves complete designs. These components may, in turn,
have lower-level designs embedded within them.

ICR In-circuit reconfigurability. The ability of a PLD (such as
a FLEX10K) to be configured without removing it from a circuit
board.

IEEE Standard 1164 The standard which defines a variety of
VHDL types and operations, including the STD_LOGIC and
STD_LOGIC_VECTOR types.

ISP In-system programmability. The ability of a PLD (such as
a MAX7000S) to be programmed without removing it from a
circuit board.

JTAG Joint Test Action Group. A standards body that devel-
oped the format (called IEEE Std. 1149.1) for testing and pro-
gramming devices while they are installed in a system.



JTAG Chain Multiple JTAG-compliant devices whose TDI
and TDO ports form a continuous chain connection. Such a
chain allows multi-device programming.

Library A collection of VHDL design units that have been
previously compiled.

MAX+PLUSII CPLD design and programming software
owned by Altera Corporation.

Mode (of a port) The kind of port, such as input or output.

Nonvolatile Able to retain stored information after power is
removed.

Problems 151

Package A group of VHDL design elements that can be used
by more than one VHDL file.

Port A name assigned to an input or output of a VHDL design
entity.

Programmable logic device (PLD) A digital integrated cir-
cuit that can be programmed by the user to implement any digi-
tal logic function.

Programmer Object File (pof) Binary file used to program a
PLD of the Altera MAX series.

Programming Transferring design information from the computer running PLD design software to the actual PLD chip.

Project A set of MAX+PLUS II files associated with a partic-
ular PLD design.

Schematic capture A technique of entering CPLD design in-
formation by using a CAD (computer aided design) tool to draw
a logic circuit as a schematic. The schematic can then be inter-
preted by design software to generate programming information
for the CPLD.

Selected signal assignment statement A concurrent signal as-
signment in VHDL in which a value is assigned to a signal, de-
pending on the alternative values of another signal or variable.

Signal A name given to an internal connection in a VHDL
architecture.

Simulation Verifying design function by specifying a set of
inputs and observing the resultant outputs. Simulation is gener-
ally shown as a series of input and output waveforms.

DO \
|/

)
|/

FIGURE 4.48
Problem 4.4
4-to-1 Multiplexer

Software tools Specialized computer programs used to per-
form specific functions such as design entry, compiling, fitting,
and so on. (Sometimes just called “tools”.)

SRAM Object File (sof) Binary file used to configure a PLD
of the Altera FLEX series.

Suite (of software tools) A related collection of tools for per-
forming specific tasks. MAX+PLUS Il is a suite of tools for de-

signing and programming digital functions in a PLD.

Syntax The “grammar” of a computer language (i.e., the rules
of construction of language statements).

Target device The specific PLD for which a digital design is
intended.

TCK Test Clock. The JTAG signal that drives the JTAG down-
loading process from one state to the next.

Table 4.3 Pin Assignments for
Multiplexer Circuit

Function Pin
S1 12
SO 16
DO 15
D1 17
D2 21
D3 25
Y 4

TDI Test DataIn. InaJTAG port, the serial input data to a device.

TDO Test Data Out. The JTAG signal, the serial output data
from a device.

So
Sy
D ) Y
|/ 0
Y
| 1
Y
|/ 2
) Y
|/ 3
FIGURE 4.49
Problem 4.9

4-channel Demultiplexer



152 CHAPTER 4 e Introduction to PLDs and MAX+PLUS Il

TMS Test Mode Select. The JTAG signal that controls the
downloading of test or programming data.

Top level (of a hierarchy) The file in a hierarchy that contains
components specified in other design files and is not itself a
component of a higher-level file.

Table 4.4 Pin Assignments
for Demultiplexer Circuit

Function Pin
S1 12

SO 16

D 15

YO 4

Y1 6

Y2 8

Y3 10

Type A set of characteristics associated with a VHDL port
name, signal, or variable that determines the allowable values of
the port, signal, or variable.

User library A folder containing symbols that can be used in

o >

-

) >
w}

FIGURE 4.50
Problem 4.10
2-bit Equality Comparator

m >
NN

Table 4.5 Pin Assignments
for Equality Comparator

Function Pin
Al 12
A2 16
Bl 15
B2 17

AEQB 4

a gdf file.

Variable A block of working memory used for internal calcu-
lation or storage in a VHDL architecture.

Vector A group of digital signals or variables, usually related
numerically, that can be treated as a single multi-bit variable.

VHDL (VHSIC Hardware Description Language) An in-

B F_jz::>__'SUM
} CARRY

FIGURE 4.51
Problem 4.11
Half Adder

dustry-standard computer language used to model digital circuits
and produce programming data for PLDs.

VHSIC Very high speed integrated circuit

Volatile A device is volatile if it does not retain its stored in-

A
B ® )Di SUM
CARRY :
IN CARRY
ouT
FIGURE 4.52

Problem 4.12
Full Adder



formation after the power to the device is removed.

PROBLEMS

Table 4.6 Pin Assignments for

Full Adder
Function Pin
A 12
B 15
CARRY IN 33
SUM 6
CARRY OUT 4

Section 4.1 What Is a PLD?

4.1  List some of the advantages of programmable logic over
fixed-function logic.

4.2  What does CPLD stand for? How is it different from the
term PLD?

4.3  List some types of PLDs other than CPLDs.

4.4  Figure 4.48 shows a 4-to-1 multiplexer circuit. (The cir-

cuit switches one of four digital inputs to a single output,
depending on the states of two “select inputs.”) State the
number of 74HC type devices required to make this cir-
cuit. You may use the following devices: 74HCO04 hex in-
verter; 74HC11 triple 3-input AND gate; 74HC4002 dual
4-input NOR gate (there are no 4-input OR devices avail-
able in the 74HC family). State how many devices are re-
quired to make two multiplexers.

Section 4.3 Graphic Design File

Section 4.4 Compiling MAX+PLUS Il Files

4.5

4.6

4.7

Briefly describe the difference between a design file and a
project in MAX+PLUS II.

State two ways to set the MAX+PLUS II project to the
current file.

State the definitions of the following terms:

4.8

4.9

4.10

4.11

4.12

4.13

Problems 153

a. primitives
b. instance

Use MAX+PLUS II to create a Graphic Design File for
the multiplexer circuit shown in Figure 4.48. Save the file
as drive:\max2work\chapt4\problems\4tolmux.gdf. As-
sign pins as in Table 4.3. Set the project to the current file
and compile.

Figure 4.49 shows the circuit for a 4-channel demulti-
plexer, which switches a digital input to one of four out-
puts, depending in the states of two “select inputs.”
Figure 4.49

Use MAX+PLUS 1I to create a Graphic Design File for
the demultiplexer circuit. Save the file as
drive:\max2work\chapt4\problems\dch_dmux.gdf. As-
sign pins as in Table 4.4. Set the project to the current file
and compile.

Repeat Problem 4.9 for the 2-bit equality comparator in
Figure 4.50. This circuit generates a HIGH output when
the two 2-bit numbers A,A, and B,B, are equal. Save the
file as drive:\max2work\chapt4\problems\eq_comp.
gdf. Use the pin assignments in Table 4.5.

Use MAX+PLUS II to create a Graphic Design File for
the half-adder circuit shown in Figure 4.51. The half-
adder adds 2 bits to generate a sum and a carry output.
Save the file as drive:\max2work\chapt4\problems\
halfadd.gdf. Create a default symbol for the file and
compile, after setting the project to the current file. Do
not assign pin numbers at this time.

Use MAX+PLUS II to create a Graphic Design File for
the full adder circuit shown in Figure 4.52. The full adder
combines two bits A and B, plus an input carry from a
previous stage to generate a sum and a carry output.

Save the file as drive:\max2work\chapt4\problems\ful-
ladd.gdf. Assign pin numbers as shown in Table 4.6. Set
the project to the current file and compile.

Examine the half adder circuit in Figure 4.51 and the full
adder circuit in Figure 4.52. You should find two half
adders in the full adder circuit. Use the half adder symbol
you created in Problem 4.11 to create a full adder as a
hierarchical design, consisting of two half adders and
other logic. Save the file as drive:\max2work\chapt4\
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and Checkers

CHAPTER 5

Combinational Logic Functions

CHAPTER OBJECTIVES

Upon successful completion of this chapter you will be able to:
 Design binary decoders using logic gates.

* Create decoder designs in MAX+PLUS II, using Graphic Design Files or
VHDL.

* Create MAX+PLUS II simulation files to verify the operation of combina-
tional circuits.

* Design BCD-to-seven-segment and hexadecimal-to-seven-segment de-
coders, including special features such as ripple blanking, using VHDL and
Graphic Design Files in MAX+PLUS II.

* Use MAX+PLUS II Graphic Design Files and VHDL to generate the de-
sign for a 3-bit binary and a BCD priority encoder.

* Describe the circuit and operation of a simple multiplexer and program
these functions in VHDL.

* Draw logic circuits for multiplexer applications, such as single-channel
data selection, multibit data selection, waveform generation, and time-
division multiplexing (TDM).

* Describe demultiplexer circuits and program them using VHDL.

* Define the operation of a CMOS analog switch and its use in multiplexers
and demultiplexers.

* Define the operation of a magnitude comparator and program its function
in VHDL.

* Explain the use of parity as an error-checking system and draw simple
parity-generation and checking circuits..

Anumber of standard combinational logic functions have been developed for digital
circuits that represent many of the useful tasks that can be performed with digital
circuits.

Decoders detect the presence of particular binary states and can activate other circuits
based on their input values or can convert an input code to a different output code. Encoders
generate a binary or binary coded decimal (BCD) code corresponding to an active input.

Multiplexers and demultiplexers are used for data routing. They select a transmission
path for incoming or outgoing data, based on a selection made by a set of binary-related
inputs.

155
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5.1

Magnitude comparators determine whether one binary number is less than, greater
than, or equal to another binary number.

Parity generators and checkers are used to implement a system of checking for errors
in groups of data. M

Decoders

Decoder A digital circuit designed to detect the presence of a particular digital
state.

The general function of a decoder is to activate one or more circuit outputs upon detec-
tion of a particular digital state. The simplest decoder is a single logic gate, such as a
NAND or AND, whose output activates when all its inputs are HIGH. When combined
with one or more inverters, a NAND or AND can detect any unique combination of binary
input values.

An extension of this type of decoder is a device containing several such gates, each of
which responds to a different input state. Usually, for an n-bit input, there are 2" logic
gates, each of which decodes a different combination of input variables. A variation is a
BCD device with 4 input variables and 10 outputs, each of which activates for a different
BCD input.

Some types of decoders translate binary inputs to other forms, such as the decoders
that drive seven-segment numerical displays, those familiar figure-8 arrangements of LED
or LCD outputs (“segments”). The decoder has one output for every segment in the display.
These segments illuminate in unique combinations for each input code.

Single-Gate Decoders

The simplest decoder is a single gate, sometimes in combination with one or more invert-
ers, used to detect the presence of one particular binary value. Figure 5.1 shows two such
decoders, both of which detect an input D3D,D Dy = 1111.

D3 — D3 |
Dy — — D> . v
— Y =D3DsD1Dg . : Y =D3DsD1Dg
Dy — — D4 |
DO - Do
a. Active-HIGH indication b. Active-LOW indlsalion
FIGURE 5.1

Single-Gate Decoders

The decoder in Figure 5.1a generates a logic HIGH when its input is 1111. The de-
coder in Figure 5.1b responds to the same input, but makes the output LOW instead.

In Figure 5.1, we designate D5 as the most significant bit of the input and D, the least
significant bit. We will continue this convention for multi-bit inputs.

In Boolean expressions, we will indicate the active levels of inputs and outputs sepa-
rately. For example, in Figure 5.1, the inputs to both gates are the same, so we write
D3D,D,D,, for the inputs of both gates. The gates in Figures 5.1a and b have outputs with
opposite active levels, so we write the output variables as complements (¥ and Y).

Il EXAMPLE 5.1

Figure 5.2 shows three single-gate decoders. For each one, state the output active level and
the input code that activates the decoder. Also write the Boolean expression of each output.
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FIGURE 5.2
Example 5.1

Single-Gate Decoders
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Solution Each decoder is a NAND or AND gate. For each of these gates, the output is
active when all inputs are HIGH. Because of the inverters, each circuit has a different code
that fulfils this requirement.

Figure 5.2a: Output: Active LOW

Input code: D3;D,DDy = 1001

Y = D;D,D,D,

Figure 5.2b: Output: Active LOW

Input code: D>,D Dy = 001

Y = D,D,D,

Figure 5.2¢: Output: Active HIGH

Input code: D3;D,D D, = 1010

Y = D352D150 M

Single-gate decoders are often used to activate other digital circuits under various
operating conditions, particularly if there is a choice of circuits to activate. For example,
single-gate decoders are used to enable peripheral devices in a personal computer (PC).
A combination of binary values, called the address, specifies a unique set of conditions to
enable a particular peripheral device.

Il EXAMPLE 5.2
Application

A PC has two serial port cards called COM1 and COM2. Each card is activated when ei-
ther one of two control inputs called IOR (Input/Output Read) and IOW (Input/Output
Write) are active and a unique 10-bit address is present. /OR and IOW are active-LOW.
The address is specified by bits AgAgA;AgAsA4A3A>A [ Ag, which can be represented by
three hexadecimal digits. The decoder outputs, COMI_Enable and COM2_Enable are
both active-LOW. L _

The card for COMI1 activates when (/OR OR IOW is LOW) AND the address is
between 3F8H and 3FFH. L _

The card for COM2 activates when (IOR OR IOW is LOW) AND the address is
between 2F8H and 2FFH.

Create a Graphic Design File in MAX+PLUS II that implements the specified
decoder.

Solution The lowest address that activates COM1 is
AoAgA;AeAsAsAs AL A Ay = 3FSH = 11 1111 1000
The highest COM1 address is
AoAgA;AeAsAsAsAA Ay = 3FFH = 11 1111 1111
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A9
A8

A7
A6

A5

A4
A3

IOW
IOR

FIGURE 5.3
Example 5.2
COM Port Decoders

Since any address in this range is valid, we can represent the last three bits, A, A A, as
don’t care states. Thus, for COM1, we should decode the address:

AgAgA7AgAsALAzAA A = 11 1111 1XXX
Similarly, for COM2:
Low address: AgAgA;AqAsA4A3A>A Ag = 2F8H = 10 1111 1000
High address: AgAgA;AcAsA4A3A,A1Ag = 2FFH = 10 1111 1111
Decode: AgAgA;AcAsALA3AA A = 10 1111 1XXX

Figure 5.3 shows the gdf representation of the decoder circuit, including inputs for the
control signals JOR and IOW.

NANDS8
INPUT

INPUT

INPUT

OUTPUT
INPUT Yo > COM1_Enable
INPUT

INPUT

INPUT

INPUT BOR2

INPUT D—

NAND8

NOT

OUTPUT
)o > COM2_enable

Il SECTION 5.1A REVIEW PROBLEM

5.1 Draw a single-gate decoder that detects the input state D;D,D Dy = 1100
a. with active-HIGH indication
b. with active-LOW indication

Multiple-Output Decoders

Decoder circuits often are constructed with multiple outputs. In effect, such a device is a
collection of decoding gates controlled by the same inputs. A decoder circuit with 7 inputs
can activate up to m = 2" load circuits. Such a decoder is usually described an n-line-to-m-
line decoder.
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Y
-
B
B
-~

FIGURE 5.4
2-line-to-4-line Decoder with Enable

Figure 5.4 shows the logic circuit of a 2-line-to-4-line decoder. The circuit detects
the presence of a particular state of the 2-bit input DD, as shown by the truth table in
Table 5.1. One and only one output is HIGH for any input combination, provided the en-
able input G is LOW. The active input of each line is shown in boldface. The subscript of
the active output is the same as the value of the 2-bit input. For example, if DD, = 10, out-
put Y is active since 10 (binary) = 2 (decimal).

Table 5.1 Truth Table of a 2-to-4 Decoder with Enable

G D, D, Yo Y; Y, Y;
0 0 0 1 0 0 0
0 0 1 0 1 0 0
0 1 0 0 0 1 0
0 1 1 0 0 0 1
1 X X 0 0 0 0

If we are using the decoder to activate one of four output loads, it is possible that there are
situations where we want no output to be active. In such a case, we can deactivate all out-
puts (make them all LOW) by setting G HIGH.

We can create the 2-line-to-4-line decoder of Figure 5.4 as a graphic or text file in
MAX+PLUS II and create a symbol for it that can be used in higher-level graphic files.
Figure 5.5 shows the symbol for the decoder.

FIGURE 5.5 ! Bto4dcdr
MAX+PLUS II Graphic i :
—D Y0 [—
Symbol for a 2-to-4 Decoder 1 0 :
with Enable T bo Yi—
—G Y2 —

Y3 | —
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FIGURE 5.6
3-line-to-8-line Decoder with
Enable

D
D4
Do
G

vy|v|Y

Figure 5.6 shows the circuit for a 3-line-to-8-line decoder, again with an active-LOW
enable, G. In this case, the decoder outputs are active LOW. One and only one output is ac-
tive for any given combination of D,DD,,. Table 5.2 shows the truth table for this decoder.
Again if the enable line is HIGH, no output is active.

Table 5.2 Truth Table of a 3-to-8 Decoder with Enable

G D, D, D, Yo Y, Y, Y, Y, Ys Y Y,
0 0 0 0 0 1 1 1 1 1 1 1
0 0 0 1 1 0 1 1 1 1 1 1
0 0 1 0 1 1 0 1 1 1 1 1
0 0 1 1 1 1 1 0 1 1 1 1
0 1 0 0 1 1 1 1 0 1 1 1
0 1 0 1 1 1 1 1 1 0 1 1
0 1 1 0 1 1 1 1 1 1 0 1
0 1 1 1 1 1 1 1 1 1 1 0
1 X X X 1 1 1 1 1 1 1 1

(Il EXAMPLE 5.3

Figure 5.7 shows a partial Graphic Design File, created in MAX+PLUS II, that shows how
a 3-line-to-8-line decoder, such as the one shown in Figure 5.6, can be used in a micro-
computer memory system as an address decoder. Each block labeled 8k_sram is a mem-
ory chip capable of holding 8192 (8K) bytes of data. Since there are eight such devices, the

Application
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_ 8k_sram ~ 8k_sram
ADDR[12.0J 2 g dq 990 ADDR[12.0J— g5 o] da4.
y0 g L g
8k_sram _ 8k_sram
ADDR[12.0)[ g4 gq 991 ADDRI12.0J g gq 1995
L g L g
ADDR[15..13] [—>—NPUT___[7q[2 0] yio.77 127
INPUT
MEM_SELECT >————19 8k_sram Bk sram
_ ADDR[12..0] 2 45r dq dg2  ADDR[12.0r dq | da6
Y2 1y Y6 | g
ADDR[12..0] | INPUT___ADDR[12.0]
8k_sram _ 8k_sram
ADDR[12..0]‘ addr dq dg3 ADDRJ[12..0] addr dq ﬂ
¥ g Y7 g
dg[0..7] OUTPUT > dql0.7]
FIGURE 5.7
Example 5.3

Address Decoder for a Memory System

whole system can hold 8 X 8192 = 65,536 (64K) bytes. (Although this amount of mem-
ory may seem small by the standards of a desktop computer, it may be typical of a small
stand-alone computer system (called an embedded system or a microcontroller) that is
used in control applications.)

Each 8K block is enabled by a LOW at its G input. Briefly explain the function of the
decoder in the system.

Solution Since only one decoder output is LOW at any one time, the decoder allows
only one memory block to be active at any one time. The active block is chosen by inputs
ADDR,sADDR ,ADDR 3, which are connected to D,D,D, on the decoder. The active
memory block is the one connected to the y output whose subscript matches the binary
value of these inputs. For example, when ADDR,sADDR4,ADDR 5 = 110, the block con-
nected to y6 is active.

If the decoder is the same as the one in Figure 5.6, no outputs will be active, and there-
fore no memory block will be enabled, when G = 1. (Note that the MAX+PLUS II
Graphic Editor cannot represent an input or output with an inversion bar. Some conven-
tions would represent an active-LOW terminal with an “n” prefix, indicating “NOT” (e.g.,
nG). This is a matter of personal choice, but without such an indication it is not possible to

tell the active level of an input or output from the MAX+PLUS II Graphic Design File.)
[]

The decoders in Figure 5.6 and 5.7 have identical functions, but the symbol in Figure
5.7 shows the D inputs and Y outputs as multibit vectors or busses. Figure 5.7 also shows
how the individual signals in a bus can be connected to separate parts of the circuit in a
MAX+PLUS II Graphic Design File.

To make the connections, draw and label a line extending from each terminal. To label
a line, highlight the line by clicking on it with the left mouse button, then right-click. Se-
lect Enter Node/Bus Name from the pop-up menu and enter the text. Lines that have the
same names are automatically connected by their text references. If a line is a multiple line,
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FIGURE 5.8
Simulation Waveforms for a 2-
to-4 Decoder with Enable

toddcdr.gdf
2toddcdr.scf

it must have signal designators in brackets (e.g., y[0..7]). Individual signals from a bus
must be numbered in a way that corresponds to the multiple-bit line (e.g., y0, y1, y2, and
SO on).

Il SECTION 5.1B REVIEW PROBLEM

5.2 How many inputs are required for a binary decoder with 16 outputs? How many inputs
are required for a decoder with 32 outputs?

Simulation of a 2-Line-to-4-Line Decoder

KEY TERMS

Timing diagram A diagram showing how two or more digital waveforms in a
system relate to each other over time.

Simulation The verification, using timing diagrams, of the logic of a digital de-
sign before programming it into a PLD.

Stimulus waveforms A set of user-defined input waveforms in a simulator file
designed to imitate input conditions of a digital circuit.

Response waveforms A set of output waveforms generated by a simulator for a
particular digital design in response to a set of stimulus waveforms.

Propagation delay Time difference between a change on a digital circuit input
and a change on an output in response to the input change.

An important part of the CPLD design process is simulation of the design. A simulation
tool allows us to see whether the output responses to a set of circuit inputs are what we ex-
pected in our initial design idea. The simulator works by creating a timing diagram. We
specify a set of input (stimulus) waveforms. The simulator looks at the relationship be-
tween inputs and outputs, as defined by the design file, and generates a set of response
outputs.

Figure 5.8 shows a set of simulation waveforms created for the 2-line-to-4-line de-
coder in Figure 5.4. The inputs D1 and DO are combined as a single 2-bit value, to which
an increasing binary count is applied as a stimulus. The decoder output waveforms are ob-
served individually to determine the decoder’s response. Once we have entered the design
in the MAX+PLUS II Graphic Editor and compiled it, we can create the waveforms as
follows.

Eallu.ljl. i vel ' el o E o

SHart mioraal |1.0us

ol Valui |_ ] res Al Ons B0 Onx 1500 Cires 1L
— S L] % [ " |

= 1 1) SO 808008035080 08 800880
g 1 E ] [i] [
=g V] % r |_| I_l
- 11 X E _'_l _—I
=0 « [ ] ’
1| 1

From the File menu, select New. On the resultant dialog box, select Waveform Edi-
tor File, with a default file extension scf. From the File menu, choose Save As, then enter
drive:\max2work\chapt05\decoders\2to4dcdr.scf.
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We specify the inputs and outputs we want to view by selecting Enter Nodes from
SNF on the Node menu, shown in Figure 5.9. In the dialog box that pops up (Figure 5.10),
there are two boxes labelled Available Nodes & Groups and Selected Nodes & Groups,
with an arrow (=>) pointing from one to the other. Select the List button to show the
“available” signals and click the arrow to transfer them all to the “selected” box. Click OK
to close the box.

FIGURE 5.9 ;
Node Menu Inzert Mode... Couble-Click

Enter Hodes from SHF...

Editiade,.. Ihh bl e=Elietk
Erter Group..

[Hpgranm

Sart Mames...

Enter bemaratar,..

FIGURE 5.10
Selecting Nodes for Waveform
Editor

. I Weriry el ird o | Caew | s |

Figure 5.11 shows the simulation waveforms in their uninitialized (default) states. In-
puts and outputs are shown by symbols in front of the signal names. Inputs are at logic 0
and outputs are indicated as X or unknown values.
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FIGURE 5.11

Default Values of Simulation Waveforms
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FIGURE 5.12
Setting the End Time of a
Simulation (File Menu)

FIGURE 5.13
End Time Dialog Box

FIGURE 5.14
Setting Simulation Grid
Size (Options Menu)

We now set the timing length of the simulation. The default value is 1 s, written
1.0us. For this example, we will leave the end time at the default value. However, if we
want to change it, we select End Time (File menu, Figure 5.12) and enter the new time for
the end of simulation in the dialog box of Figure 5.13. Click OK.

Project k

Hew...

Open... Chrl+0
Delete File...

Retreve...

LCloze Ctrl+F4
Save Chrl+5
Save Az

Infa... Ctrl+

Compare... I!

Import Yectar File...
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[Ereate Wefault Sumbo|
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Time:

Cancel |

The End Time dialog sets the end of the simulation. We should also set the Grid Size,
which determines the size of the smallest time division in the simulation. To do so, select
Grid Size from the Options menu, shown in Figure 5.14. In the dialog box of Figure 5.15,
enter the value 20ns and click OK. (We will use this value for many of our simulations

v Spapto Grd
v Show Gnd

]
User Libraries...

Colar Palette. .
Licenze Setup...

Preferences. ..

FIGURE 5.15 S
Grid Size Dialog Box Grid Size B3

Grid Size:

OF.

200

LCancel |
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because it corresponds to one half period of the oscillator on the Altera UP-1 board. In the
simulator, one full period requires two grid spaces.)

When we created the simulation file, the D inputs were entered as separate waveforms.
We can join these waveforms to make a Group. Highlight both D1 and DO by clicking on
one name and dragging the mouse to the next name, as in Figure 5.16. From the Node
menu or the pop-up menu in Figure 5.17, select Enter Group. The dialog box shown in
Figure 5.18 appears, containing the most likely name derived from the highlighted group.
Either type a new group name or accept the original name by clicking OK.

FIGURE 5.16
Highlighting a Group et x w1 Dus imoral |1 0us
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Overwrite Count
Button E

FIGURE 5.19
Overwrite Count Value Dialog
Box

FIGURE 5.20
Group Input with Binary Count

Fit in Window =
Button E

FIGURE 5.21
Decoder Simulation with Enable
Always Active

As a decoder stimulus, we will define an increasing binary count on the D inputs.
Highlight the input group by clicking in the Value column. Use the Overwrite Count tool-
bar button to create an increasing binary count on the group, D[1..0]. Fill in the dialog box
as shown in Figure 5.19 and click OK. The count is increased every 40 ns (2 X 20 ns), as
shown in Figure 5.20.
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Save the file. From the MAX+PLUS II menu, bring the Simulator to the front and
click Start. When the simulation is finished (almost immediately), click Open SCF and
maximize the window. From the View menu, select Fit in Window or select the toolbar
button for this function.

The simulator output, shown in Figure 5.21, shows the result of a repeating binary
count at the decoder input when the outputs are always enabled. The outputs activate in a
repeating sequence, from YO to Y3.

You will notice that the D inputs change exactly on the grid lines, but the Y outputs
change slightly after. This is due to propagation delay, defined as the time between an
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input change and the time an output changes in response to that input. In the
EPM7128SLC84-7 CPLD, for which this simulation is created, propagation delay is about
7 nanoseconds. (The MAX+PLUS II simulator accounts for the propagation delay in dif-
ferent CPLDs.) Later simulations in this chapter will not necessarily show the delay, as the
timing chosen may be very long compared to delay times.

To see the result of the enable input, highlight the G waveform from approximately
500 ns to 1 s by dragging the mouse along this part of the waveform. Overwrite the high-
lighted part by clicking the Overwrite with HIGH button. When we run the simulation
again, we get the waveforms shown in Figure 5.8.

VHDL Binary Decoder

Selected signal assignment statement A concurrent signal assignment in VHDL
in which a value is assigned to a signal, depending on the alternative values of an-
other signal or variable.

Conditional signal assignment statement A concurrent VHDL construct that as-
signs a value to a signal, depending on a sequence of conditions being true or false.

In Chapter 4, we saw an example of how we can use VHDL to define the function of a
2-line-to-4-line decoder. For reference the description is replicated below, with the differ-
ence that the input and output ports are defined as BIT rather than STD_LOGIC types.
(This is sufficient for a combinational circuit like a decoder, as the only I/O (input/output)
values required are ‘0’ and ‘1°. If we use BIT types, we do not require a reference to the
IEEE library, as we do to define STD_LOGIC types.)

ENTITY decodel IS
PORT (
di, do : IN BIT;
v0, v1, y2, y3 : OUT BIT);
END decodel;

ARCHITECTURE decoderl OF decodel IS

BEGIN

y0 <= (not dl) and (not do);
yl <= (not dl) and ( do) ;
y2 <= ( dl) and (not doO);
y3 <= ( dl) and ( do) ;

END decoderl;

The above formulation has no enable input. If we wish to include the enable function,
we must modify the entity declaration to include that input and change the signal assign-
ment statements, as well. The new VHDL code is as follows.

ENTITY decode2 IS

PORT (
di, do, g : IN BIT;
y0, v1, y2, y3 : OUT BIT);
END decode2;

ARCHITECTURE decoder2 OF decode2 IS

BEGIN

y0 <= (not dl1) and (not d0) and (not g);
vyl <= (not dl) and ( do) and (not g);
y2 <= ( dl) and (not d0) and (not g);
y3 <= ( dl) and ( do) and (not g);

END decoder2;
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decode3.vhd

In addition to coding the Boolean expressions directly, we can use two types of
concurrent signal assignments to create decoder circuits: the selected signal assign-
ment statement and the conditional signal assignment statement. Both the Altera
VHDL manual and the Help menu in MAX+PLUS II have a section on “Golden
Rules” for VHDL. The VHDL Golden Rules suggest that you should use a selected sig-
nal assignment rather than a conditional signal assignment, if possible. This is because,
in certain cases, the selected signal assignment uses the internal circuitry of the CPLD
more efficiently.

The selected signal assignment has the form:

label: WITH _ expression SELECT

__signal <= expression WHEN _ constant value,
__expression WHEN _ constant value,
__expression WHEN _ constant value,
__expression WHEN _ constant value;

The signal indicated in the second line of the statement template is assigned one of
several expressions, depending on the constant value of the expression in the first line. The
label is optional. Examine the selected signal statement below:

circuit: WITH mode SELECT

y <= g WHEN “00”
not g WHEN “01”,
P WHEN “117,
‘1 WHEN others;

Signal y is assigned one of three values, p, ¢, or not q, depending on the status of a
two-bit variable called mode. Note that the value of y for the case when mode = “10” is
not explicitly stated. This is covered by the last clause (WHEN others), which defines a
default value for signal y of logic 1.

The following VHDL code implements a 2-line-to-4-line decoder using a selected sig-
nal assignment statement.

LIBRARY ieee;
USE ieee.std logic_ 1164 .ALL;

ENTITY decode3 IS
PORT (
d : IN STD _LOGIC VECTOR (1 downto 0);
y : OUT STD LOGIC_VECTOR (3 downto 0));
END decode3;

ARCHITECTURE decoder OF decode3 IS

BEGIN

WITH d SELECT

Yy <= “0001” WHEN “00”,

“0010” WHEN “01”,
“0100” WHEN “10”,
“1000” WHEN “11”,
“0000” WHEN others;

END decoder;

The selected signal assignment statement evaluates input d. For every possible combi-
nation of the 2-bit input vector, d, a particular value is assigned to the 4-bit vector, y. (For
example, for the case d,d, = 10 (= 2,(), the output y, is HIGH: y3y,y,;y, = 0100.)

The default case (“WHEN others”) is required because of the multivalued logic type
STD_LOGIC_VECTOR. Since a STD_LOGIC_VECTOR can have values other than ‘0’
and ‘1’, the values listed for d don’t cover all possible cases. The default output (which will
never occur if we only use ‘0’ and ‘1’ inputs) is chosen such that no output is active in the
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default case. The default case would not be required if we chose to use BIT_VECTOR,
rather than STD_LOGIC_VECTOR, since the listed combinations of d cover all possible
combinations of a BIT_VECTOR. However, it is a good practice to include the default
case, in order to account for all possible contingencies.

In order to include an enable input (g) in a decoder, we can increase the input vector
size to include the g input, as shown in the following code.

LIBRARY ieee;
USE ieee.std logic 1164 .ALL;

ENTITY decode3a IS

PORT (
d : IN STD LOGIC_VECTOR (1 downto 0);
g : IN STD_LOGIC;
y : OUT  STD LOGIC VECTOR (3 downto 0));

END decode3a;

ARCHITECTURE decoder OF decode3a IS
SIGNAL inputs : STD LOGIC VECTOR (2 downto O0);

BEGIN
inputs(2) <= gj
inputs (1 downto 0) <= d;
WITH inputs SELECT

Yy <= “0001” WHEN “000",
“0010” WHEN “001",
“0100” WHEN "“010",
“1000” WHEN “011",
“0000” WHEN others;
END decoder;

To include g and d in a single vector, we create a signal called inputs, a vector with
three elements in the sequence g, d(1), d(0). When assigning the d to the last two elements
of inputs, we must be explicit about which elements of inputs we want to use. Since d
only contains two elements and we are assigning them to two elements of inputs, we don’t
need to list the elements of d explicitly.

We can use a selected signal assignment statement to evaluate all inputs, including g ,
and assign outputs accordingly. When g = ‘0’, the decoder outputs are assigned the same
as they were in the example without the enable input. The cases where g = ‘1’ are covered
by the others clause. In this default case, all decoder outputs are LOW (inactive).

Another way to include an enable input is to use a conditional signal assignment state-
ment, which makes an assignment based on a Boolean expression. This template for the
conditional signal assignment statement is:

__signal <= _ expression WHEN _ boolean expression ELSE
__expression WHEN _ boolean expression ELSE
___expression;

The first Boolean expression in the statement is evaluated. If it is true, the correspond-
ing expression is assigned to the signal. If false, the next Boolean expression is evaluated,
and so on until a true Boolean expression is found. If none are true, the signal is assigned a
default expression, listed last in the statement.

The VHDL code below implements the decoder with an active-LOW enable. If g is
LOW, one decoder output activates, depending on the value of d. Note that the d inputs are
defined as type INTEGER, rather than BIT_VECTOR or STD_LOGIC_VECTOR. In this
situation, we don’t need to specify the number of inputs; the compiler automatically de-
fines the required inputs d1 and d0 when fitting the design to the selected CPLD. Also,
since d is of type INTEGER, we write its value in the selected signal assignment statement
directly, without quotes.
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decodedg.vhd

decode3a.rpt

LIBRARY ieee;
USE ieee.std_logic_1164.all;

ENTITY decode4g IS

PORT (
d : IN INTEGER RANGE 0 to 3;
g : IN STD LOGIC;
y : OUT STD_LOGIC VECTOR (0 to 3));

END decode4g;

ARCHITECTURE a OF decode4g IS

BEGIN

y <=  “1000” WHEN (d=0 and g='0’) ELSE
“0100” WHEN (d=1 and g='0') ELSE
“0010” WHEN (d=2 and g='0') ELSE
“0001” WHEN (d=3 and g='0') ELSE
“0000";

END a;

MAX+PLUS Il Report File

In the Altera Golden Rules, we are told to choose a selected signal assignment over a con-
ditional signal assignment because it uses the CPLD resources more efficiently. How do
we check this assertion? Is it always true? This information is stored in a MAX+PLUS 11
report file (rpt), which is created at compile time.

The compile process of MAX+PLUS II goes on behind the scenes; until now we have
not enquired about the result of this process. One of many functions of the compiler is to
reduce the design information in a graphic or text file to a series of Boolean equations that
can be programmed into a PLD.

For example, the report file decode3a.rpt, for the file that uses the selected signal as-
signment, gives us the following information under the EQUATIONS heading.

*%* EQUATIONS **

do : INPUT;
dl : INPUT;
g : INPUT;

—— Node name is ‘y0’
—— Equation name is ‘y0’, location is LC117, type is output.
v0 = LCELL( _EQO001 $ GND);

_EQO01 = !1d0 & !dl & !g;

—— Node name is ‘yl’

—— Equation name is ‘yl’, location is LC115, type is output.
vl = LCELL( _EQ002 $ GND);
_EQ002 = d0 & !dl & !g;

—— Node name is ‘y2’
—— Equation name is ‘y2’, location is LC118, type is output.
v2 = LCELL( _EQO003 $ GND);

_EQO03 = !1d0 & dl & !g;

—— Node name is ‘y3’
—— Equation name is ‘y3’, location is LC120, type is output.
v3 = LCELL ( _EQO004 S GND) ;

_EQO04 = d0 & dl & !g;

Each output is designated as a node. Let us examine the equation of one node in detail
so that we will know how to interpret the others.
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The Boolean format in the report file uses different operators than VHDL. They are as
follows:

! = NOT
= AND
OR
XOR

Ur H R
Il

Thus, the equation given as _EQ001 = !d0 & !dl & !gis equivalent to the
Boolean expression _EQ001 =d, - d; - g.

In the expression (y0 = LCELL ( _EQO001 $ GND) ;), equation _EQO01 is XORed
with GND (logic 0) and applied to an LCELL (logic cell) primitive to yield y0. The
LCELL represents one output of the CPLD. The XOR function is a way to either invert or
not invert a logic function by setting one XOR input to GND (noninverting) or VCC (in-
verting). Thus _EQOO0L1 is applied to a CPLD output without inversion.

A comment in the report file indicates that y0 is assigned to logic cell LC117 (out of
128), which corresponds to pin 75 (out of 84) on the CPLD. Other equations are assigned
to other LCELLs with other Boolean functions, as appropriate. Every pin number on the
CPLD package is permanently connected to a specific LCELL. The compiler chooses the
LCELL/pin assignments automatically; if we desire specific pin number assignments, we
must assign them explicitly before compiling.

How does this compare with the report file for the design with the conditional signal
assignment? If you examine decodedg.rpt, you will find that the Boolean equations are ex-
actly the same. Thus, we can conclude that for a simple function, such as a 2-line-to-4-line
decoder with enable, the two statement forms are easy enough for the compiler to interpret
both in the most efficient way.

Seven-Segment Decoders

KEY TERMS

Seven-segment display An array of seven independently controlled light-emit-
ting diode (LED) or liquid crystal display (LCD) elements, shaped like a figure-8,
which can be used to display decimal digits and other characters by turning on the
appropriate elements.

Common anode display A seven-segment LED display where the anodes of all
the LEDs are connected to the circuit supply voltage. Each segment is illuminated
by a logic LOW at its cathode.

Common cathode display A seven-segment display in which the cathodes of all
LEDs are connected together and grounded. A logic HIGH illuminates a segment
when applied to its anode.

Display
The seven-segment display, shown in Figure 5.22, is a numerical display device used to
show digital circuit outputs as decimal digits (and sometimes hexadecimal digits or other
alphabetic characters). It is called a seven-segment display because it consists of seven lu-
minous segments, usually LEDs or liquid crystals, arranged in a figure-8. We can display
any decimal digit by turning on the appropriate elements, designated by lowercase letters,
a through g. It is conventional to designate the top segment as a and progress clockwise
around the display, ending with g as the center element.

Figure 5.23 shows the usual convention for decimal digit display. Some variation
from this convention is possible. For example, we could have drawn the digits 6 and 9
with “tails” (i.e., with segment a illuminated for 6 or segment d for 9). By convention, we
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FIGURE 5.23
Convention for Displaying Decimal Digits

display digit 1 by illuminating segments b and ¢, although segments ¢ and f would also
work.

The electrical requirements for an LED circuit are simple. Since an LED is a diode, it
conducts when its anode is positive with respect to its cathode, as shown in Figure 5.24a. A
decoder/driver for an LED display will illuminate an element by completing this circuit, ei-
ther by supplying V¢ or ground. A series resistor limits the current to prevent the diode
from burning out and to regulate its brightness. If the anode is +5 volts with respect to
cathode, the resistor value should be in the range of 220 () to 470 ().

VCC

A A

\ 4 \ 4 \ 4
o N[N A N LN A

L a b c

a. Circuit requirements for b. Common cathode b. Common anode
an illuminated LED

FIGURE 5.24
Electrical Requirements for LED Displays

Seven-segment displays are configured as common anode or common cathode, as
shown in Figures 5.24b and c. In a common cathode display, the cathodes of all LEDs are
connected together and brought out to one or more pin connections on the display package.
The cathode pins are wired externally to the circuit ground. We illuminate the segments by
applying logic HIGHs to individual anodes.

Similarly, the common anode display has the anodes of the segments brought out to
one or more common pins. These pins must be tied to the circuit power supply (Vcc).
The segments illuminate when a decoder/driver makes their individual cathodes LOW.
Figure 5.25 shows how the diodes could be physically laid out in a common anode dis-
play.

The two types of displays allow the use of either active HIGH or active LOW circuits
to drive the LEDs, thus giving the designer some flexibility. However, it should be noted
that the majority of seven-segment decoders are for common-anode displays.
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FIGURE 5.25
Physical Placement of LEDs in a ' | a
Common Anode Display \
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Il EXAMPLE 5.4 Sketch the segment patterns required to display all 16 hexadecimal digits on a seven-

segment display. What changes from the patterns in Figure 5.23 need to be made?

Solution The segment patterns are shown in Figure 5.26.
(I O I M B
[ 1 |
) : ||

JN T N
_ () L0 __
FIGURE 5.26
Hexadecimal Digit Display Format

Hex digits B and D must be displayed as lowercase letters, b and d, to avoid confusion
between B and 8 and between D and 0. To make 6 distinct from b, 6 must be given a tail
(segment a) and to make 6 and 9 symmetrical, 9 should also have a tail (segment d). M

Decoder

KEY TERMS

BCD Binary coded decimal. A code in which each individual digit of a decimal
number is represented by a 4-bit binary number (e.g., 905 (decimal) = 1001 0000
0101 (BCD)).

A BCD-to-seven-segment decoder is a circuit with a 4-bit input for a BCD digit and
seven outputs for segment selection. To display a number, the decoder must translate the
input bits to a combination of active outputs. For example, the input digit D3D,D D, =
0000 must illuminate segments a, b, ¢, d, e, and fto display the digit 0. We can make a truth
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e bed_7seg.vhd

table for each of the outputs, showing which must be active for every digit we wish to display.
The truth table for acommon-anode decoder (active LOW outputs) is given in Table 5.3.

Table 5.3 Truth Table for Common Anode BCD-to-Seven-Segment Decoder

Digit Ds; D, D, D, a b ¢ d e f g
0 0 0 0 0 o o0 o o0 o0 o0 1

1 0 0 0 1 1 0 0 1 1 1

2 0 0 1 0 o o 1 0 o0 1 0

3 0 0 1 1 o o o o 1 1 0

4 0 1 0 0 I 0 0 1 1 0 O

5 0 1 0 1 o 1t o0 o 1 0 o0

6 0 1 1 0 1 1 0 0 O 0 O

7 0 1 1 1 0o o0 0 1 1 1

8 1 0 0 0 o o o O o0 0 o0

9 1 0 0 1 0o o0 0 1 I 0 O

1 0 1 0 X X X X X X X

1 0 1 1 X X X X X X X

Invalid Range 1 1 0 0 X X X X X X X
1 1 0 1 X X X X X X X

1 1 1 0 X X X X X X X

1 1 1 1 X X X X X X X

The illumination of each segment is determined by a Boolean function of the input
variables, D;D,DD,. From the truth table, the function for segment a is

a = 53525|D0 + 53D25]BO + 53D2D|BO

(Since the display is active-LOW, this means segment a is OFF for digits 1, 4, and 6.)

If we assume that inputs 1010 to 1111 are never going to be used (“don’t care states”,
symbolized by X), we can make any of these states produce HIGH or LOW outputs, de-
pending on which is most convenient for simplifying the segment functions. Figure 5.27a
shows a Karnaugh map simplification for segment a. The resultant function is

a = D3D,D,D, + D,D,

The corresponding partial decoder is shown in Figure 5.27b.

We could do a similar analysis for each of the other segments, but if we are program-
ming the decoder function into a CPLD, it is just as simple to write the truth table directly
into a selected signal assignment statement, as shown in the VHDL code that follows.

—— bcd _7seg.vhd
—— BCD-to-seven-segment decoder

ENTITY bcd 7seg IS

PORT (
d3, d2, di, do : IN BIT;
a, b, ¢, d, e, £, g : OUT BIT) ;

END bcd 7seg;

ARCHITECTURE seven segment OF bcd 7seg IS
SIGNAL input : BIT VECTOR (3 downto 0);
SIGNAL output: BIT VECTOR (6 DOWNTO O0) ;

BEGIN
input <= d3 & d2 & dl & dO;

WITH input SELECT
output <= “0000001” WHEN “0000”,
“1001111” WHEN “0001”,
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“0010010” WHEN “0010",
“0000110” WHEN “0011",

“1001100” WHEN “0100",
“0100100” WHEN “0101”,
“1100000” WHEN “0110”,
“0001111” WHEN “0111”,

“0000000” WHEN “1000",
“0001100” WHEN “1001”,
“1111111” WHEN others;

—— Separate the output vector to make individual pin outputs.

a <= output (6) ;
b <= output (5) ;
c <= output (4) ;
d <= output (3) ;
e <= output (2) ;
f <= output (1) ;
g <= output (0) ;
END seven_ segment;
FIGURE 5.27 D,D,
Decoding Segment
g segmenta D,D, 00 01 11 10

00 0 @ 0 0
01 1 0 0 1
11 X X X X

10 0 0 X X

Segment a

a. K — map
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b. Decoder for segment a (common anode)

The inputs D3D,D D, are defined separately, then concatenated (linked in sequence)
by the & operator to make a BIT_VECTOR called input. This is equivalent to the follow-
ing four concurrent signal assignments:

input (3) <= d3;
input (2) <= d2;
input (1) <= di;
input (0) <= doO;
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Why not simply define d as a vector? If we wish to create a graphic symbol for the
seven-segment decoder, the above method creates a symbol shown with four separate in-
puts, rather than a single thick line for a 4-bit bus input. The design will work either way.

For each value of input, a signal assignment defines the output vector, each bit of
which represents the value of one segment. For example, the first clause (*0000001”
WHEN “0000") sets all segments ON except segment g, thus displaying the digit “0”.

As a variation, we could define a signal called d_inputs of type INTEGER with
RANGE 0 to 9. The WHEN clauses would evaluate the integer values 0 to 9, as follows.

WITH d_inputs SELECT
output <= "“0000001” WHEN
“1001111” WHEN
“0010010"” WHEN
“0000110"” WHEN

“1001100” WHEN
“0100100” WHEN
“0100000” WHEN
“0001111” WHEN

~N o0 U W NP O

“0000000” WHEN 8,
“0000100” WHEN 9,
“1111111” WHEN others; —— blank

Ripple Blanking

KEY TERMS

Ripple blanking A technique used in a multiple-digit numerical display that sup-
presses leading or trailing zeros in the display, but allows internal zeros to be dis-
played.

RBI Ripple blanking input
RBO Ripple blanking output

PROCESS A VHDL construct that contains statements that are executed if there
is a change in a signal in its sensitivity list.

Sensitivity list A list of signals in a PROCESS statement that are monitored to
determine whether the PROCESS should be executed.

CASE statement A VHDL construct in which there is a choice of statements to
be executed, depending on the value of a signal or variable.

IF statement A VHDL construct within a process that executes a series of state-
ments, if a Boolean test condition is true.

A feature often included in seven-segment decoders is ripple blanking. The ripple blank-
ing feature allows for suppression of leading or trailing zeros in a multiple digit display,
while allowing zeros to be displayed in the middle of a number.

__Each display decoder has a ripple blanking input (RBI) and a ripple blanking output
(RBO), which are connected in cascade, as shown in Figure 5.28. If the decoder input
Ds;D>D,Dy is 0000, it displays digit O if RBI = 1 and shows a blank if RBI = 0.

If RBI = 1 OR D3D,D, D, is (NOT 0000), then RBO = 1. When we cascade two or
more displays, these conditions suppress leading or trailing zeros (but not both) and still
display internal zeros. L

To suppress leading zeros in a display, ground the RBI of the most significant digit
decoder and connect the RBO of each decoder to the RBI of the next least significant digit.
Any zeros preceding the first nonzero digit (9 in this case) will be blanked, as RBI = 0
AND D;D,D,D, = 0000 for each of these decoders. The O inside the number 904 is
displayed since its RBI = 1.
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FIGURE 5.28
Zero Suppression in Seven-segment Displays

Trailing zeros are suppressed by reversing the order of RBI and RBO from the above
example. ﬁlﬁ grounded for the least significant digit and the RBO for each decoder cas-
cades to the RBI of the next most significant digit.

We can implement the ripple blanking feature in a VHDL file by modifying the file
for a standard BCD- or hexadecimal-to-seven-segment decoder to include a CASE state-
ment within a PROCESS. A PROCESS is a construct containing statements that are ex-
ecuted if a signal in the sensitivity list of the PROCESS changes. The general form of a
PROCESS is:

PROCESS (sensitivity 1list)
BEGIN

statements;
END PROCESS;

A CASE statement can be one of the constructs used inside a process if we want to se-
lect among several alternatives. It takes the following form:
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sevsegrb.vhd

—— CASE statement within a PROCESS
PROCESS (_ signal name, _ signal name, _ signal name)
BEGIN
CASE _ expression IS
WHEN _ constant_value =>
__statement;
__statement;
WHEN _ constant_value =>
__statement;
__statement;
WHEN OTHERS =>
__statement;
__statement;
END CASE;
END PROCESS;

Whether the digit “0” is displayed or suppressed is conditional upon the value of RBI. This can
be tested by an IF statement within the PROCESS. An IF statement executes one or more
VHDL statements, depending on the state of a test condition. It has the following syntax.

IF _ expression THEN
__statement;
__statement;

ELSIF __ expression THEN
__statement;
__statement;

ELSE
__statement;
__statement;

END IF;

The following VHDL code demonstrates the ripple blanking function.
—— sevsegrb.vhd

ENTITY sevsegrb IS
PORT (
nRBI, d3, d2, di, do : IN BIT;
a, b, ¢, d, e, £, g, nRBO : OUT BIT);
END sevsegrb;

ARCHITECTURE seven segment OF sevsegrb IS
SIGNAL input: BIT VECTOR (3 DOWNTO O0) ;
SIGNAL output: BIT VECTOR (6 DOWNTO O0) ;

BEGIN
input <= d3 & d2 & dl1 & doO;

—— Process Statement

PROCESS (input, nRBI)

BEGIN

IF (input = “0000” and nRBI ='0’) THEN
—— 0 suppressed
output <= “1111111";
nRBO <= ‘0';

ELSIF (input = “0000” and nRBI = ‘1’) THEN
—— 0 displayed
output <= “0000001";
nRBO <= ‘1';

ELSE

CASE input IS
WHEN “0001” => output <= “1001111"; —— 1
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WHEN “0010” => output <= “0010010”; —— 2
WHEN “0011” => output <= “0000110”; —— 3
WHEN “0100” => output <= “1001100"; —— 4
WHEN “0101” => output <= “0100100”; —— 5
WHEN “0110” => output <= “0100000”; —— 6
WHEN “0111” => output <= “0001111"; —— 7
WHEN “1000” => output <= “0000000”; —— 8
WHEN “1001” => output <= “0000100”; —— 9
WHEN others => output <= “1111111"”; —— blank

END CASE;

nRBO <= ‘1';

END IF;

-— Separate the output vector to make individual pin outputs.
a <= output(6);

<= output (5) ;
<= output(4) ;
<= output(3);
<= output(2);
<= output (1) ;

(0);

Q Hh O Q Q O

<= output

END PROCESS;
END seven_ segment;

Il SECTION 5.1C REVIEW PROBLEM

5.3 When would it be logical to suppress trailing zeros in a multiple-digit display and
when should trailing zeros be displayed?

Encoders
KEY TERMS

Encoder A circuit that generates a binary code at its outputs in response to one or
more active input lines.

Priority encoder An encoder that generates a binary or BCD output correspond-
ing to the subscript of the active input having the highest priority. This is usually
defined as the input with the largest subscript value.

The function of a digital encoder is complementary to that of a digital decoder. A decoder
activates a specified output for a unique digital input code. An encoder operates in the re-
verse direction, producing a particular digital code (e.g., a binary or BCD number) at its
outputs when a specific input is activated.

Figure 5.29 shows an 3-bit binary encoder. The circuit generates a unique 3-bit binary
output for every active input provided only one input is active at a time.

The encoder has only 8 permitted input states out of a possible 256. Table 5.4 shows
the allowable input states, which yield the Boolean equations used to design the encoder.
These Boolean equations are:

Q2:D7+D6+D5+D4
Q1=D7+D6+D3+D2
Q0:D7+D5+D3+D1

The D, input is not connected to any of the encoding gates, since all outputs are in
their LOW (inactive) state when the 000 code is selected.
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3-bit Encoder (No Input Priority)
Table 5.4 Partial Truth Table for a 3-bit Encoder

D, D¢ D5 D, D; D, D, 0, 0, Qo
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 1
0 0 0 0 0 1 0 0 1 0
0 0 0 0 1 0 0 0 1 1
0 0 0 1 0 0 0 1 0 0
0 0 1 0 0 0 0 1 0 1
0 1 0 0 0 0 0 1 1 0
1 0 0 0 0 0 0 1 1 1

Priority Encoder

The shortcoming of the encoder circuit shown in Figure 5.29 is that it can generate wrong
codes if more than one input is active at the same time. For example, if we make D3 and D5
HIGH at the same time, the output is neither 011 or 101, but 111; the output code does not
correspond to either active input.

One solution to this problem is to assign a priority level to each input and, if two or
more are active, make the output code correspond to the highest-priority input. This is
called a priority encoder. Highest priority is assigned to the input whose subscript has the
largest numerical value.

Il EXAMPLE 5.5

Figures 5.30a through ¢ show a priority encoder with three different combinations of in-
puts. Determine the resultant output code for each figure. Inputs and outputs are active
HIGH.
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FIGURE 5.30

Example 5.5
Priority Encoder Inputs
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Solution

Figure 5.30a: The highest-priority active input is Ds. D4 and D, are ignored. 0,010
= 101.

Figure 5.30b: The highest-priority active input is D4. D is ignored. 0,00, = 100.

Figure 5.30c: The highest-priority active input is D5. All other inputs are ignored.

0,0,00 = 111.
[ |

The encoding principle of a priority encoder is that a low-priority input must not
change the code resulting from a higher-priority input.

For example, if inputs D3 and D5 are both active, the correct output code is 0,00, = 101.
The code for D5 would be Q,Q,0, = 011. Thus, D3 must not make Q; = 1. The Boolean
expressions for Q,, Oy, and Q, covering only these two codes are:

0, = Ds (HIGH if Ds is active.)
0, = D355 (HIGH if Dj is active AND D5 is NOT active.)
Qo = D3 + Ds (HIGH if D3 OR Ds is active.)

The truth table of an 3-bit priority encoder is shown in Table 5.5.

Table 5.5 Truth Table for an 3-bit Priority Encoder

D, D¢ Ds Dy D3 D, D, 2 O O

—_-oco0oO0cOocOoOoOo
X moocooooo
M A= OO
KX AR = oo

KM A X =o oo
HKHRHE XX =oo
HKHRHEX XX =o
N = = Y = )
——Oo o =r—oOo

—_0 = O = O =

Restating the encoding principle, a bit goes HIGH if it is part of the code for an active
input AND it is NOT kept LOW by an input with a higher priority. We can use this princi-
ple to develop a mechanical method for generating the Boolean equations of the outputs.

1. Write the codes in order from highest to lowest priority, as in Table 5.6.

Table 5.6 Binary Outputs and
Corresponding Decimal Values

0, 01 0 Code Value

OO O O = = =
OO = = OO = -
S = O = O = O
S =N WA U
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e hi_pri8a.vhd

hi_pri8b.vhd
hi_pri8b.scf

2. Examine each code. For a code with value n, add a D,, term to each Q equation where
there is a 1. For example, for code 111, add the term D, to the equations for Q,, Q;, and
Qo For code 110, add the term Dg to the equations for O, and Q;. (Steps 1 and 2 gen-
erate the nonpriority encoder equations listed earlier.)

3. Modify any D,, terms to ensure correct priority. Every time you write a D,, term, look at
the previous lines in the table. For each previous code with a 0 in the same column as
the 1 that generates D,,, use an AND function to combine D,, with a corresponding D.
For example, code 101 generates a D5 term in the equations for Q, and Q. The term in
the Q5 equation need not be modified because there are no previous codes with a 0 in
the same column. The term in the Q, equation must be modified since there is a 0 in the
Qp column for code 110. This generates the term DgDs.

The equations from the 3-bit encoder of Figure 5.29 are modified by the priority en-
coding principle as follows:

Q2:D7+D6+D5+D4
Q] = D7 + D6 + 55541)3 + 5554D2
QO = D7 + 56D5 + 5654D3 + 565452D1

VHDL Priority Encoder

The most obvious way to program a priority encoder in VHDL is to use the equations derived
in the previous section in a set of concurrent signal assignment statements, as follows.

—— hi pri8a.vhd
ENTITY hi pri8a IS

PORT (
d : IN BIT VECTOR(7 downto O0);
g : OUT BIT VECTOR (2 downto 0));
END hi pri8a;

ARCHITECTURE a OF hi pri8a IS

BEGIN
—— Concurrent Signal Assignments
g(2) <= d(7) or d(6) or d(5) or d(4);
g(l) <= d(7) or d(é)
or ((not d(5)) and (not d(4)) and d(3))
or ((not d(5)) and (not d(4)) and d(2));
g(o) <= d(7) or ((not d(6)) and d(5))
or ((not d(6)) and (not d(4)) and d(3))
or ((not d(6)) and (not d(4)) and (not d(2)) and d(1));
END a;

Although this code works, it is not terribly elegant, nor does it give any insight into the
operation of the encoder circuit. Also, if we expand our encoder output by one or more bits,
the equations become more cumbersome with each new bit and soon become impractically
large and susceptible to typing errors. A VHDL conditional signal assignment statement is
an ideal alternative for use in a priority encoder circuit. A section of VHDL code using this
format is shown below.

-— hi prig8b.vhd
ENTITY hi pri8b IS
PORT (
d : IN BIT VECTOR (7 downto 0);
g : OUT INTEGER RANGE 0 to 7);
END hi pri8b;
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ARCHITECTURE a OF hi pri8b IS

BEGIN

—— Conditional Signal Assignment

encoder:

q <= 7 WHEN d(7)=‘1’ ELSE

6 WHEN d(6)=‘1l’ ELSE
5 WHEN d(5)=‘1’ ELSE
4 WHEN d(4)=‘1’ ELSE
3 WHEN d(3)=‘'1l’ ELSE
2 WHEN d(2)=‘1l’ ELSE
1 WHEN d(1)=‘1’ ELSE
0;

END a;

Output q is defined as type INTEGER. Since it ranges from 0 to 7, the MAX+PLUS
II VHDL compiler will automatically assign three outputs: O, O, and Q. The conditional
signal assignment statement evaluates the first WHEN clause to determine if its condition
(d(7) = *17)istrue. If so, it assigns q the value of 7 (0,00, = 111). If the first condi-
tion is false, the next WHEN clause is evaluated, assigning q the value 6 (0,00, = 110)
if true, and so on until all WHEN clauses have been evaluated. If no clause is true, then the
default value (0: 0,0,0, = 000) is assigned to the output.

In the conditional signal assignment, the highest-priority condition is examined first.
If it is true, the output is assigned according to that condition and no further conditions are
evaluated. If the first condition is false, the condition of next priority is evaluated, and so on
until the end. Thus, a low-priority input cannot alter the code resulting from an input of
higher priority, as required by the priority encoding principle.

The effect is similar to that of an IF statement, where a sequence of conditions is eval-
uated, but only one output assignment is made. However, an IF statement must be used
within a PROCESS statement, if we choose to use it. The IF statement for a priority en-
coder is as shown below.

PROCESS (d)
BEGIN
IF (d(7) = ‘1’) THEN
q <= 7;
ELSIF (d(6) = ‘1’) THEN
g <= 6;
ELSIF (d(1) = ‘1’ THEN
q <= 1;
ELSE
q <= 0;
END IF;

END PROCESS;

Figure 5.31 shows the simulation of an 3-bit priority encoder. The d inputs are shown
separately, so that we can easily determine which inputs are active. The q outputs are
grouped so as to show the encoded output value as a hexadecimal number.

BCD Priority Encoder

A BCD priority encoder, illustrated in Figure 5.32, accepts ten inputs and generates a BCD
code (0000 to 1001), corresponding to the highest-priority active input. The truth table for
this circuit is shown in Table 5.7, with a simulation of the circuit shown in Figure 5.33.
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FIGURE 5.31
Simulation File for a 3-bit Priority Encoder

Table 5.7 Truth Table of a BCD Priority Encoder

Dy Ds D; D¢ Ds Dy D3 Dy Dy | Q3 0 O Qo
o 0 0 O 0O 0 0 0 O 0 0 0 0
6o 0 0 o0 0O 0 0 0 1 0o 0 0 1
6o 0 0 o0 o0 o0 o0 1 X 0 0 1 0
6o 0 0 o0 o0 o0 1 X X 0o 0 1 1
0o 0 0 0 0 1 X X X 0 1 0 0
o 0 0 o0 1 X X X X o 1 0 1
0o 0 0 1 X X X X X o 1 1 0
0 0 1 X X X X X X o 1 1 1
0 1 X X X X X X X 10 0 o0
1 X X X X X X X X 10 0 1
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FIGURE 5.33

Simulation File for a BCD Priority Encoder
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4-to-1 Multiplexer
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Derivation of the BCD priority encoder equations and development of a VHDL de-
scription of the circuit are left as exercises in the end-of-chapter problems.

Il SECTION 5.2 REVIEW PROBLEM

5.4 State the main limitation of the 3-bit binary encoder shown in Figure 5.29. How can
the encoder be modified to overcome this limitation?

Multiplexers

Multiplexer A circuit that directs one of several digital signals to a single output,
depending on the states of several select inputs.

Data inputs The multiplexer inputs that feed a digital signal to the output when
selected.

Select inputs The multiplexer inputs that select a digital input channel.

Double-subscript notation A naming convention where two or more numerically
related groups of signals are named using two subscript numerals. Generally, the
first digit refers to a group of signals and the second to an element of a group. (e.g.,
X3 represents element 3 of group O for a set of signal groups, X.)

A multiplexer (abbreviated MUX) is a device for switching one of several digital signals to
an output, under the control of another set of binary inputs. The inputs to be switched are
called the data inputs; those that determine which signal is directed to the output are
called the select inputs.
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Figure 5.34 shows the logic circuit for a 4-to-1 multiplexer, with data inputs labelled
Dy to D3 and the select inputs labelled S, and S;. By examining the circuit, we can see that
the 4-to-1 MUX is described by the following Boolean equation:

Y= D0§|§0 + D]EISO + D2S1§0 + D3S|S()
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Table 5.8 4-to-1 MUX

Truth Table
0 0 D,
0 1 D,
1 0 D,
1 1 D5

For any given combination of S;S,, only one of the above four product terms will be
enabled. For example, when $,5, = 10, the equation evaluates to:

Y =(Dy-0) + (D;-0)+ (D, 1)+ (D3-0) =D,

The MUX equation can be described by a truth table as in Table 5.8. The subscript of
the selected data input is the decimal equivalent of the binary combination S;S,.

Figure 5.35 shows two symbols used for a 4-to-1 multiplexer. The first symbol shows
the data and select inputs as individual lines. The second symbol shows the data inputs as
a single 4-bit bus line and the select inputs as a 2-bit bus.

Dy — 4

Dy Y D Y

D,

Ds

2
8.5, S
a. 4-to-1 MUX symbol b. 4-to-1 MUX symbol
showing individual lines showing bus lines

FIGURE 5.35
Multiplexer Symbols

In general, a multiplexer with n select inputs will have m = 2" data inputs. Thus, other
common multiplexer sizes are 8-to-1 (for 3 select inputs) and 16-to-1 (for 4 select inputs).
Data inputs can also be multiple-bit busses, as in Figure 5.36. The slash through a thick
data line and the number 4 above the line indicate that it represents four related data
signals. In this device, the select inputs switch groups of data inputs, as shown in the truth
table in Table 5.9.

4 Table 5.9 Truth Table for a
Dy = 4-to-1 4-bit Bus MUX
4
D, —* 4Y S So Y; Y, Y, ¥,
4
D2 O 0 D03D02D01D00
4 0 l D13D]2DIIDIO
;
Dy = 1 0 D,3D2,D,, Dy
1 1 D33D3,D3,D5
S,S,
FIGURE 5.36

4-to-1 4-bit Bus Multiplexer

The naming convention shown in Table 5.9, known as double-subscript notation, is
used frequently for identifying variables that are bundled in numerically related groups, the
elements of which are themselves numbered. The first subscript identifies the group that a
variable belongs to; the second subscript indicates which element of the group a variable
represents.

Multiplexing of Time-Varying Signals

We can observe the function of a multiplexer by using time-varying waveforms, such as a
series of digital pulses. If we apply a different digital signal to each data input, and step the
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select inputs through an increasing binary sequence, we can see the different input wave-
forms appear at the output in a predictable sequence, as shown by the simulation wave-
forms in Figure 5.37. The frequencies shown in the simulation were chosen to make as
great a contrast as possible between adjacent inputs so that the different selected inputs
could easily be seen.
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FIGURE 5.37

Simulation Waveforms for a 4-to-1 MUX

In Figure 5.37, we initially see the D, waveform appearing at the Y output when
S1So = 00, followed in sequence by the D, D,, and D5 waveforms when S5, = 01, 10,
and 11, respectively. (The S;S, input combination is shown as a single hexadecimal value be-
tween 0 and 3, labelled S[1..0].)

This simulation can be created in the MAX+PLUS II simulator by defining a base
clock pulse length (e.g., 40 ns) and assigning that to one of the inputs (D, in this case).
Other input waveforms are set to periods of 2, 4, and 8 times the base waveform period (for
Ds, D5, and D, respectively). The select input count waveforms are set to allow three cy-
cles of the longest waveform (D) to appear at Y when selected.

VHDL Implementation of Multiplexers

A multiplexer can be represented in MAX+PLUS II as a Graphic Design File, similar to
the diagram of Figure 5.34, or in a hardware description language such as VHDL.

Several different VHDL constructs can be used to define a multiplexer. We can use
a concurrent signal assignment statement, a selected signal assignment statement, or a
CASE statement within a PROCESS. We will briefly look at each form for a 4-to-1
multiplexer. Later, you will be required to extend these constructs to larger multiplexer
circuits.

Concurrent Signal Assignment

Recall that the concurrent signal assignment statement takes the form:
__signal <= _ expression;

We can use this to encode the Boolean expression that describes a 4-to-1 MUX. The
VHDL file that incorporates this statement is as follows.

—— mux4.vhd

—— 4-to-1 multiplexer

—— Directs one of four input signals (d0 to d3) to output,
—_ depending on status of select bits (s1, s0).
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mux4sel.vhd

ENTITY mux4 IS

PORT (
do, di, d2, d3 : IN BIT;
s : IN BIT VECTOR (1 downto 0);
v : OUT BIT);

END mux4 ;

ARCHITECTURE mux4tol OF mux4 IS

BEGIN

—— Concurrent Signal Assignment

y<= ((not s(1)) and (not s(0)) and doO)
or ((not s(1)) and ( s(0)) and dl)
or (( s(1)) and (not s(0)) and d2)
or (( s(1)) and ( s(0)) and d3);

END mux4tol;

While the concurrent signal assignment is fairly easy to use, it becomes cumbersome
for larger multiplexers, such as 8-to-1 or greater.

The entity declaration will be identical for the other VHDL examples. The only
change we will make will be to replace the concurrent signal assignment in the architecture
body with some other VHDL construct.

Selected Signal Assignment Statement
This construct has the following form (the label is optional):

~label:
WITH _ expression SELECT
__signal <= ___expression WHEN _ constant value,

__expression WHEN _ constant value,
__expression WHEN _ constant value,
__expression WHEN _ constant value;

The 4-to-1 MUX can be described in VHDL as follows, using a selected signal as-
signment:

ENTITY mux4sel IS

PORT (
do, di, d2, d3 : IN BIT;
s : IN BIT VECTOR (1 downto 0);
v : OUT BIT);

END mux4sel;

ARCHITECTURE mux4tol OF mux4sel IS
BEGIN
M: WITH s SELECT
y <= d0 WHEN “007,
dl WHEN “01”,
d2 WHEN “10”,
d3 WHEN “11”;
END mux4tol;

The selected signal assignment evaluates the expression in the WITH clause (in this
case, the 2-bit vector, s) and, depending on its value, selects an expression to assign to y.
Thus, if 5159 = 00, y = dy. If 5150 = 01, then y = d;, and so on for the remaining values
of 5150-
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CASE Statement within a PROCESS

In our MUX example, we could use a CASE statement as follows:

ENTITY mux4case IS

PORT (
do, di, d2, d3 : IN BIT;
s : IN BIT VECTOR (1 downto 0);
vy : OUT BIT);

END mux4case;

ARCHITECTURE mux4tol OF mux4case IS

BEGIN

—— CASE statement within a PROCESS

—— Monitor select inputs and execute if they change

PROCESS (s)
BEGIN
CASE s IS
WHEN “00” => y <= do;
WHEN “01” => y <= di;
WHEN “10” => y <= d2;
WHEN “11” => y <= d3;
WHEN others == y <= ‘0’;
END CASE;

END PROCESS;
END mux4tol;

If the select inputs change, the PROCESS statements are executed. The CASE state-
ment evaluates the select input vector, s, and chooses a signal assignment based on its
value. It is good design practice to include a default case (the “others” clause) even when
there are no obvious other cases. A default case is essential when using STD_LOGIC types
rather than BIT types, as ‘0’ and ‘1’ values do not cover all possible cases for STD
LOGIC signals. (Recall from Chapter 4 that STD_LOGIC is a nine-valued logic type, in-
corporating such things as “Don’t Care” (*-’), “Unknown” (‘X’), and “High Impedance”
(‘Z), as well as ‘0’ and ‘1°.)

Multiplexer Applications

Multiplexers are used for a variety of applications, including selection of one data stream
out of several choices, switching multiple-bit data from several channels to one multiple-
bit output, sharing data on one output over time, and generating bit patterns or waveforms.

Single-Channel Data Selection

The simplest way to use a multiplexer is to switch the select inputs manually in order to di-
rect one data source to the MUX output. Example 5.6 shows a pair of single-pole single-
throw (SPST) switches supplying the select input logic for this type of application.

Il EXAMPLE 5.6

Figure 5.38 shows a digital audio switching system. The system shown can select a signal
from one of four sources (compact disc (CD) players, labelled CD, to CD3) and direct it to
a digital signal processor (DSP) at its output. We assume we have direct access to the au-
dio signals in digital form.

Make a table listing which digital audio source in Figure 5.38 is routed to the DSP for
each combination of the multiplexer select inputs, S; and S,
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FIGURE 5.38
Example 5.6
Single-Channel Data Selection
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Table 5.10 Sources Selected by a 4-to-1 MUX in

Figure 5.38
S1 So Selected Input Selected Source
0 0 D, CD,
0 1 D, CD,
1 0 D, CD,
1 1 D3 CD 3

Multi-Channel Data Selection

Example 5.6 assumes that the output of a multiplexer is a single bit or stream of bits. Some
applications require several bits to be selected in parallel, such as when data would be rep-
resented on a numerical display.

Figure 5.39 shows a circuit, based on a quadruple (4-channel) 2-to-1 multiplexer, that
will direct one of two BCD digits to a seven-segment display. The bits Dy3Dy>Dgi D act
as a 4-bit group input, since the first digit of all four subscripts is 0. When the MUX select
input (S) is 0, these inputs are all connected to the outputs Y3Y,Y,Y,. Similarly, when the
select input is 1, inputs D3D,D;,D,, are connected to the Y outputs.

The seven-segment display in Figure 5.39 will display “4” if § = 0 (Dq inputs se-
lected) and “9” if S = 1 (D, inputs selected).
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Quadruple 2-to-1 MUX as a
Digital Output Selector
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FIGURE 5.40
Example 5.7
4-channel 4-bit MUX

quad4tol.vhd
quad4tol.scf

Draw the symbol for a multiplexer that will select one of four 4-bit channels and direct it to
a 4-bit output. Create a VHDL file that implements this function and a simulation showing
the operation of the device.

Solution Figure 5.40 shows the symbol for the 4-channel, 4-bit multiplexer. This sym-
bol is shown with the data inputs and outputs in bus form. The data inputs are labelled in
groups D, to D3, which contain the individual inputs [Dg3..Dgg] to [Ds33..D30].

A VHDL file describing this function is listed below.
-— quad4tol.vhd

ENTITY quad4tol IS

PORT (
s : IN INTEGER RANGE 0 to 3;
do : IN BIT VECTOR (3 downto 0);
dl : IN BIT VECTOR (3 downto 0);
d2 : IN BIT VECTOR (3 downto 0);
d3 : IN BIT VECTOR (3 downto 0);
y : OUT BIT VECTOR (3 downto 0));

END quad4tol;

ARCHITECTURE mux4 OF quad4tol IS

BEGIN
-— Selected Signal Assignment
MUX4 : WITH s SELECT
y <= d0 WHEN O,
dl WHEN 1,
d2 WHEN 2,
d3 WHEN 3;
END mux4 ;

Figure 5.41 shows a set of simulation waveforms for the multiplexer. The D inputs are
shown in groups of four, the value of each shown as a steady hexadecimal value. The select
inputs are grouped, showing an increasing 2-bit binary count as a hexadecimal value (0 to 3,
then repeating). As the S inputs select each group of D inputs, their combined value is di-
rected to the Y output group.
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FIGURE 5.41
Example 5.7

Simulation for a 4-channel 4-bit MUX

Time-Dependent Multiplexer Applications

KEY TERMS

Counter A digital circuit whose output produces a fixed sequence of binary states
when an input called the clock receives a series of pulses. The output advances by
one for each clock pulse (e.g., the output state of a 4-bit binary counter progresses
in order from 0000 to 1111, then repeats).

Clock A signal that controls the operation of a sequential digital circuit, such as a
counter, by advancing its outputs to the next state when it receives a pulse.

Positive edge The point on a digital waveform where the logic level of the wave-
form makes a LOW-to-HIGH transition.

A time-dependent multiplexer application is one that uses the MUX input channels one af-
ter the other in a repeating time sequence. We can create such an application by applying a
set of changing binary signals to the MUX select inputs. For this function, we can use a 3-
bit binary counter to generate a binary sequence that goes from 000 to 111 (8 states) and
repeats indefinitely, the outputs advancing by one with every pulse applied to the clock in-
put of the counter.

e R I I I A I e e e

FIGURE 5.42
Timing Diagram of a 3-bit Counter

Figure 5.42 shows the timing diagram of a 3-bit counter. The outputs 0,00, change
every time the clock signal makes a transition from LOW to HIGH. If you read the O
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waveforms from bottom to top, you will see that they generate a repeating binary sequence
(000, 001, 010, 011, 100, 101, 110, 111,000 . . .).

MUX
o
I:)1
D2
— D
3 _
— D4 Y
D5
D6
JR— D7 A
CTR DIV 8
Q2
CLOCK —> Q,
S
Q, |

FIGURE 5.43
Time-Dependent Selection of Eight Multiplexer Channels

If we connect the counter outputs 0,00, to the select inputs of an 8-to-1 MUX, as in
Figure 5.43, we will select the channels in sequence, one after the other. The counter is la-
belled CTR DIV 8 because its most significant bit output has a frequency equal to the clock
frequency divided by eight. The triangle on the clock input indicates that it is active when
the clock waveform makes a transition from one logic level to another. Since there is no in-
verting bubble on the clock input, we know that the active clock transition is from LOW to
HIGH (i.e., a positive edge).

Waveform Generation. A multiplexer and counter can be used as a programmable
waveform generator. The output waveform can be programmed to any pattern by switching
the logic levels on the data inputs. This is an easy way to generate an asymmetrical wave-
form, a task which is more complicated using other digital circuits. The circuit can also
generate symmetrical waveforms by alternating the logic levels of consecutive groups of
mputs.

Il EXAMPLE 5.8

Draw a circuit that uses an 8-to-1 multiplexer to generate a programmable 8-bit repeating
pattern. Draw the timing diagram of the select inputs and the output waveform for the fol-
lowing pattern of data inputs.

D, | Ds | Ds | D, | Dy | D, | D, | D,
0 1 1 0 0 1 0 1

Solution Figure 5.44a shows the waveform generator circuit. The output waveform
with respect to the counter inputs is shown in Figure 5.44b. This pattern is relatively diffi-
cult to generate by other means since it has several unequal HIGH and LOW sequences in
one period.
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FIGURE 5.44

Example 5.8
Programmable Waveform
Generator
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Il EXAMPLE 5.9

The programmable waveform generator in Figure 5.44 generates a symmetrical pulse
waveform having a frequency of 1 kHz when the data inputs are set as follows.

D, | Ds | Ds | D, | Dy | D, | D, | D,
0 0 0 0 1 1 1 1

How should the switches be set to generate a symmetrical 2 kHz waveform? A sym-
metrical 4 kHz waveform?

Solution

Pattern for 2 kHz:

D, | Ds | Ds | D, | Dy | D, | D, | D,
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Pattern for 4 kHz:

Time Division Multiplexing

KEY TERMS

Time division multiplexing (TDM) A technique of using one transmission line
to send many signals simultaneously by making them share the line for equal frac-
tions of time.

Time slot A period of time during which a transmitted data element has sole ac-
cess to a transmission path.

Bit multiplexing A TDM technique in which one bit is sent from each channel
during the channel’s assigned time slot.

Byte (or word) multiplexing A TDM technique in which a byte (or word) is sent
from each channel during its assigned time slot. (A byte is eight bits; a word is a
group of bits whose size varies with the particular system.)

Time division multiplexing is a method of improving the efficiency of a transmission sys-
tem by sharing one transmission path among many signals. For example, if we wish to
send four 4-bit numbers over a single transmission line, we can transmit the bits one after
the other, as shown in Figure 5.45.

00> p1 020> P30 p0TXp1 DX p21 _p23p33Xpoo

FIGURE 5.45
4 X 4 Data Stream (Bit Multiplexing)

In Figure 5.45, we see the least significant bit of the 4-bit word p0 transmitted, fol-
lowed by the LSB of p1, p2, then p3. After that, the second bit of each word is transmitted
in sequence, then all the third bits, and finally, all MSBs in sequence. Each bit is assigned
a time slot in the sequence. During that time, the bit has sole access to the transmission
line. When its time elapses, the next bit is sent and so on in sequence, until the channel as-
signment returns to the original location. This technique, known as bit multiplexing, can
be implemented by a circuit similar to the waveform generator shown in Figure 5.44.
Rather than fixed switch inputs, the data inputs would be some data source, such as a digi-
tized audio signal.

We can also arrange our circuit so that one byte (8 bits) or one word (a group of bits)
is sent through a selected channel. In this case, we must keep the channel selected for
enough clock pulses to transmit the byte or word, then move to the next one. This tech-
nique is called byte (or word) multiplexing. Figure 5.46 shows a data stream of four 4-bit
words that are word-multiplexed down a data transmission path.

000102 p03 > p10p1 1<p12_p32 p3apooy__

FIGURE 5.46
4 X 4 Data Stream (Word Multiplexing)
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Telephone companies use TDM to maximize the use of their phone lines. Speech or
data is digitally encoded for transmission. Each speech or data channel becomes a multi-
plexer data input which shares time with all other channels on a single phone line. A
counter on the MUX selects the speech channels one after the other in a continuous se-
quence. The counter must switch the channels fast enough so that there is no apparent in-
terruption of the transmitted conversation or data stream.

Il EXAMPLE 5.10

'mux_8ch.vhd
mux_8ch.scf

Draw a diagram of a circuit that uses an 8-to-1 multiplexer to share one telephone line
among eight digitized speech channels.
Write a VHDL file for the multiplexer and create a simulation to show its operation.

Solution Figure 5.47 shows the required multiplexer circuit. Each channel is connected
to a data input and a 3-bit binary counter is connected to the select inputs.

Digitized speech channels MUX
CHO DO\
D,
CH1 D,
D
CH2 i
4 Y —— Telephone
CH3 D, line
De
CH4 D,
S
S 81/0/
CHS L2
CHeé
CH7
CTR DIV 8
Q,
CLOCK — Q,
Q
FIGURE 5.47
Example 5.10
Time-Division Multiplexing of Telephone Channels
The VHDL code for the multiplexer is:
ENTITY mux 8ch IS
PORT (
sel : IN BIT VECTOR (2 downto 0);
d : IN BIT VECTOR (7 downto 0);
y  : OUT BIT);

END mux 8ch;

ARCHITECTURE a OF mux 8ch IS
BEGIN
—— Selected Signal Assignment
MUX8 : WITH sel SELECT

y <= d(0) WHEN “000”",
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d(1l) WHEN “001”,
d(2) WHEN “010”,
d(3) WHEN “011”,
d(4) WHEN “100”,
d(5) WHEN “101”,
d(6) WHEN “110”,
d(7) WHEN “111”;

END a;

The simulation is shown in Figure 5.48. For clarity, digital data are present on the
MUX inputs just before and after they are switched to the Y output. The output shows the
channel data in sequence, starting with channel 0.
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FIGURE 5.48
Simulation for an 8-bit Time-Division Multiplexer

5.4

[l SECTION 5.3 REVIEW PROBLEM

5.5 What defines whether a multiplexer application is time-dependent or not? What addi-
tional component can be added to make a MUX application time-dependent?

Demultiplexers

KEY TERMS

Demultiplexer A circuit that uses a binary decoder to direct a digital signal from
a single source to one of several destinations.

A demultiplexer performs the reverse function of a multiplexer. A multiplexer (MUX)
directs one of several input signals to a single output; a demultiplexer (DMUX) directs a
single input signal to one of several outputs. In both cases, the selected input or output is
chosen by the state of an internal decoder.

Figure 5.49 shows the logic circuit for a 1-to-4 demultiplexer. Compare this to Figure
5.4, a 4-output decoder. This circuits are the same except that the active-LOW enable input
has been changed to an active-HIGH data input. The circuit in Figure 5.49 could still be
used as a decoder, except that its enable input would be active-HIGH.
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FIGURE 5.49
4-bit Decoder/Demultiplexer

Each AND gate in the demultiplexer enables or inhibits the signal output according to
the state of the select inputs, thus directing the data to one of the output lines. For instance,
S1So = 10 directs incoming digital data to output Y.

— S — S
Binary{ 1 Yo Channel 1 Yo
input select
So Y, —— So Y, —
1 1
Y, — Y, —
Ve 2 2
r D Yo Signal — D Yo
a. Decoder b. Demultiplexer

FIGURE 5.50
Same Device Used as a Decoder or Demultiplexer

Figure 5.50 illustrates the use of a single device as either a decoder or a demultiplexer.
In Figure 5.50a, input D is tied HIGH. When an output is selected by S; and S, it goes
HIGH, acting as a decoder with active-HIGH outputs. In Figure 5.50b, D acts as a demul-
tiplexer data input. The data are directed to the output selected by S, and S,

Since a single device can be used either way, this implies that any of the VHDL bi-
nary decoder designs used in this chapter can also be used as demultiplexers.

A decoder/demultiplexer can have active-LOW outputs, but only if the D input is also
active-LOW. This is important because the demultiplexer data must be inverted twice to re-
tain its original logic values.

Demultiplexing a TDM Signal

In Example 5.10, we saw how a multiplexer could be used to send 8 digital channels across
a single line, multiplexed over time. Obviously, such a system is not of much value if the
signals cannot be sorted out at the receiving end. The received digital data must be demul-
tiplexed and sent to their appropriate destinations.
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The process is the reverse of multiplexing; data are sent to an output selected by a counter
at the DMUX select inputs. (We assume that the counters at the MUX and DMUX select in-
puts are somehow synchronized or possibly, if located close together, are the same counter.)

Il EXAMPLE 5.11

FIGURE 5.51

Example 5.11

Time-Division Multiplexing and
Demultiplexing

edmuxs.vhd

dmux8.scf

Draw a demultiplexing circuit that will take the multiplexed output of the circuit in Fig-
ure 5.47 and distribute it to 8§ different local telephone circuits. Write a VHDL file for the
demultiplexer and create a simulation file that shows its operation. Use active-LOW out-
puts for the demultiplexer. How does this affect the outputs when they are not transmit-
ting data?

Solution Figure 5.51 shows the original multiplexing circuit connecting to the new de-
multiplexing circuit. The diagram indicates that the two sides of the circuit are separated
by some distance. The clock is shared between both sides of the circuit, but is generated
on the MUX side. Both sides share a common ground. Each side of the circuit has its own
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The VHDL code for the demultiplexer is as follows. (This is the same implementation
as a 3-line-to-8-line decoder with an enable input.)

—— Decoder: set d to ‘0’; outputs are activated by

—_ binary combination of s.

—— Demultiplexer: apply data stream to d; data directed to
—_ y output with subscript same as value of s.

—— Outputs and d are active-LOW. DMUX data are inverted twice

- to keep them true.



200 CHAPTER 5 e Combinational Logic Functions

S

|www.electronictech.com

ENTITY dmux8 IS

PORT (
s : IN INTEGER Range 0 to 7;
d : IN BIT;
y : OUT BIT VECTOR (0 to 7));
END dmux8;

ARCHITECTURE a OF dmux8 IS

SIGNAL output : BIT VECTOR (0 to 7);

BEGIN
PROCESS (d, s)
BEGIN
IF (d = ‘1’) THEN
output <= “11111111”";
ELSE
CASE s IS
WHEN 0 => output <= “0l111111”";
WHEN 1 => output <= “10111111";
WHEN 2 => output <= “11011111";
WHEN 3 => output <= “11101111";
WHEN 4 => output <= “11110111";
WHEN 5 => output <= “11111011";
WHEN 6 => output <= “11111101";
WHEN 7 => output <= “11111110";
WHEN OTHERS => output <= “11111111";
END CASE;
END IF;

y <= output;
END PROCESS;

END a;

The simulation, shown in Figure 5.52, has as its input data the output of the original

FIGURE 5.52
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MUX simulation in Figure 5.48. Data are distributed to the outputs in sequence. Compare
the DMUX output data to the MUX input data in Figure 5.48.

Note that idle channels sit HIGH. This is opposite from the status of the idle MUX

lines and may affect circuit operation. If so, a DMUX with active-HIGH outputs and ac-

tive-HIGH enable should be used.




FIGURE 5.53
Line Drivers

FIGURE 5.54
4-Channel CMOS MUX/DMUX
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CMOS Analog Multiplexer/Demultiplexer

CMOS analog switch A CMOS device that will pass an analog or digital signal
in either direction, when enabled. Also called a transmission gate. There is no TTL
equivalent.

An interesting device used in some CMOS medium-scale integration multiplexers and de-
multiplexers, as well as other applications, is the CMOS analog switch, or transmission
gate. This device has the property of allowing signals to pass in two directions, instead of
only one, thus allowing both positive and negative voltages and currents to pass. It also has
no requirement that the voltages be of a specific value such as +5 volts. These properties
make the device suitable for passing analog signals.

e
Lgra —= —_—n —_—
A Anplilier b. Gafed arnplifler £. Bidirec:tisnal
ibutfert gated ampliler

(transmrealon gatef

Figure 5.53 shows several symbols, indicating the development of the transmission gate
concept. Figures 5.53a and b show amplifiers whose output and input are clearly defined by
the direction of the triangular amplifier symbol. A signal has one possible direction of flow.
Figure 5.53b includes an active-LOW gating input, which can turn the signal on and off.

Figure 5.53c shows two opposite-direction overlapping amplifier symbols, with a gat-
ing input to enable or inhibit the bidirectional signal flow. The signal through the transmis-
sion gate may be either analog or digital.

Analog switches are available in packages of four switches with part numbers such as
4066B (standard CMOS) or 74HC4066 (high-speed CMOS).

Several available CMOS MUX/DMUX chips use analog switches to send signals in
either direction. Figure 5.54 illustrates the design principle as applied to a 4-channel
MUX/DMUX.

If four signals are to be multiplexed, they are connected to inputs Dy to D5. The de-
coder, activated by S; and S, selects which one of the four switches is enabled. Figure 5.54
shows Channel 2 active (5,5, = 10).
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Since all analog switch outputs are connected together, any selected channel connects
to ¥, resulting in a multiplexed output. To use the circuit in Figure 5.54 as a demultiplexer,
the inputs and outputs are merely reversed.

Il EXAMPLE 5.12

FIGURE 5.55

Example 5.12

4097B MUX/DMUX as a Time
Division MUX/DMUX

A CMOS 4097B dual 8-channel MUX/DMUX can be used simultaneously as a multi-
plexer on one half of the device and as a demultiplexer on the other side.
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A circuit in a recording studio uses one side of a 4097B MUX/DMUX to multi-
plex 8 digital audio channels into a digital signal processor (DSP), using time division
multiplexing. The other half of the 4097B takes the processed signals from a DSP
output and distributes them to 8 channels on a digital audio tape (DAT) unit. Draw
the circuit.

Solution Figure 5.55 shows a possible circuit. The counter can be part of the DSP. An
audio source channel is selected by the counter inputs, data are sent to the DSP, where they
are processed and sent to the same channel of the DAT. The counter advances by one, se-

lecting a new channel and repeating the process. -

5.5

F D we

FIGURE 5.56
Exclusive NOR Gate

Table 5.11 XNOR

Truth Table
A B Y
0 0 1
0o 1 0
1 0 0
1 1 1

Some analog MUX/DMUX devices in high-speed CMOS include: 74HC4051 8-channel
MUX/DMUX, 74HC4052 dual 4-channel MUX/DMUX, and 74HC4053 triple 2-channel
MUX/DMUX.

Magnitude Comparators

Magnitude comparator A circuit that compares two n-bit binary numbers, indi-
cates whether or not the numbers are equal, and, if not, which one is larger.

If we are interested in finding out whether or not two binary numbers are the same, we
can use a magnitude comparator. The simplest comparison circuit is the Exclusive
NOR gate, whose circuit symbol is shown in Figure 5.56 and whose truth table is given in
Table 5.11.

The output of the XNOR gate is 1 if its inputs are the same (A = B, symbolized
AEQB) and 0 if they are different. For this reason, the XNOR gate is sometimes called a
coincidence gate.

We can use several XNORs to compare each bit of two multi-bit binary numbers. Fig-
ure 5.57 shows a 2-bit comparator with one output that goes HIGH if all bits of A and B are
identical.

FIGURE 5.57 .

2-bit Magnitude Comparator [, }DL
el
By

If the most significant bit (MSB) of A equals the MSB of B, the output of the upper
XNOR is HIGH. If the least significant bits (LSBs) are the same, the output of the lower
XNOR is HIGH. If both these conditions are satisfied, then A = B, which is indicated by a
HIGH at the AND output. This general principle applies to any number of bits:

AEQB = (A,-1 ® B,_) (4,2 @ B,2) ... (4; @ B)) - (A @ By)

for two n-bit numbers, A and B.

Some magnitude comparators also include an output that activates if A is greater than
B (symbolized A > B or AGTB) and another that is active when A is less than B (symbol-
ized A < B or ALTB). Figure 5.58 shows the comparator of Figure 5.57 expanded to in-
clude the “greater than” and “less than” functions.

Let us analyze the AGTB circuit. The AGTB function has two AND-shaped gates that
compare A and B bit-by-bit to see which is larger.
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FIGURE 5.58

2-bit Comparator With AEQB,

AGTB, and ALTB Outputs
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1. The 2-input gate examines the MSBs of A and B. If A; = 1 AND B, = 0, then we know
that A > B. (This implies one of the following inequalities: 10 > 00; 10 > 01; 11 > 00;
or 11 >01.)

2. If A; = By, then we don’t know whether or not A > B until we compare the next most
significant bits, Ay and B,. The 3-input gate makes this comparison. Since this gate is
enabled by the XNOR, which compares the two MSBs, it is only active when A; =
This yields the term (A, A, @ B, B)A(B, in the Boolean expression for the AGTB functlon

3. If A, = B, AND Ay = 1 AND B, = 0, then the 3-input gate has a HIGH output, telling
us, via the OR gate, that A > B. (The only possibilities are (01 > 00) and (11 > 10).)

ALTB

Similar logic works in the ALTB circuit, except that inversion is on the A, rather than
the B bits. Alternatively, we can simplify either the AGTB or the ALTB function by using a
NOR function. For instance, if we have developed a circuit to indicate AEQB and ALTB,
we can make the AGTB function from the other two, as follows:

AGTB = AEQB + ALTB

This Boolean expression implies that if A is not equal to or less than B, then it must be
greater than B.

Figure 5.59 shows a 4-bit comparator with AEQB, ALTB, and AGTB outputs.

The Boolean expressions for the outputs are:

AEQB = (A3 ®B3)(A; @ By)(A| @ B )(Ay @ By)

ALTB = A;B; + (A; ®B3y)A; B, + (A; @ B3)(A, ®B,)AB, + (A; ®Bs)
(A, @By)(A; D B)A(B

AGTB = AEQB + ALTB

This comparison technique can be expanded to as many bits as necessary. A 4-bit com-
parator requires four AND-shaped gates for its ALTB function. We can interpret the
Boolean expression for this function as follows.

A < Bif:

1. The MSB of A is less than the MSB of B, OR

2. The MSBs are equal, but the second bit of A is less than the second bit of B, OR
3. The first two bits are equal, but the third bit of A is less than the third bit of B, OR
4. The first three bits are equal, but the LSB of A is less than the LSB of B

Expansion to more bits would use the same principle of comparing bits one at a time,
beginning with the MSBs.
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4-bit Magnitude Comparator

[Ill EXAMPLE 5.13
Application

A digital thermometer has two input probes. A circuit in the thermometer converts the
measured temperature at each probe to an 8-bit number, as shown by the block in Figure

Probe Probe
input input
A B

Converter

A, Ay Ay A, Ay A, A A B, By By B, By B, B, B,

FIGURE 5.60
Example 5.13
Two-channel Digital Thermometer

5.60.

In addition to measuring the temperature at each input, the thermometer has a com-
parison function that indicates whether the temperature at one input is greater than, equal
to, or less than the temperature at the other input.

Draw a logic diagram showing how a magnitude comparator could be connected to
light a green LED for AGTB, an amber LED for AEQB, and a red LED for ALTB.

Solution Figure 5.61 shows the logic diagram of the magnitude comparator connected
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Probe Probe

input input
A B VCC VCC V:)C

Converter
A, Ag Ag A A A AL A, B, By B, B, By B, B, By § §
A, Ag Ag A A A AL A B, By By B, By B, B, By G Ay Rv
Comparator B T
ALTB AEQB AGTB \\ \\ \\
FIGURE 5.61

Example 5.13

Temperature Comparator Block Diagram

to the thermometer’s digital output.

When one of the comparator outputs goes HIGH, it sets the output of the correspond-
ing inverter LOW. This provides a current path to ground for the indicator LED for that
output, causing it to illuminate. m

compare2.vhd
compare2.scf

VHDL Magnitude Comparators

The most obvious way to create a VHDL representation of a magnitude comparator is to
use a concurrent signal assignment statement for each comparing function. For example,
the following VHDL code can represent the 2-bit magnitude comparator of Figure 5.57:
—— compare2.vhd

ENTITY compare2 IS

PORT (
a, b IN BIT VECTOR (1 downto 0);
agtb, aegb, altb : OUT BIT);
END compare2;
ARCHITECTURE a OF compare2 IS
BEGIN
altb <= (not (a(l)) and b(1))
or ((not (a(l) xor b(l))) and (not (a(0)) and b(0)));
aegb <= (not (a(l) xor b(l))) and (not (a(0) xor b(0)));
agtb <= (a(l) and not (b(1)))
or ((not (a(l) xor b(l))) and (a(0) and not (b(0))));
END a;

A simulation for this file is shown in Figure 5.62. The comparison outputs go HIGH to
indicate A = B, A < B, or A > B.

Although this approach works, it is not a very good one. Due to the complexity of the
Boolean equations for ALTB and AGTRB, it is difficult to type them without making errors.
(Try it!) The difficulty increases greatly with the number of required inputs.
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Simulation for a 2-bit Magnitude Comparator
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The following code for a 4-bit comparator illustrates a much more efficient method.
Since VHDL allows inputs to be represented as integers, we can define the required size of
inputs A and B and compare them using IF statements. For every comparison, we assign an
output vector consisting of bits for ALTB, AEQB, and AGTB one of the values 110, 101, or
011, for active-LOW outputs. For example, if A = 12 and B = 9, then the output vector
would be 011 (i.e., A > B). An active-LOW output will illuminate a LOW-sense LED,

such as those on the Altera UP-1 board.

—— compare4 .vhd
LIBRARY ieee;

USE ieee.std logic 1164 .ALL;

ENTITY compared4 IS
PORT (
a, b

agtb, aegb, altb

END compare4;

ARCHITECTURE a OF compare4 IS
STD_LOGIC_VECTOR

SIGNAL compare
BEGIN
PROCESS (a,b)
BEGIN
IF a<b THEN
compare
ELSIF a=b THEN
compare
ELSIF a>b THEN
compare
ELSE
compare
END IF;
agtb <=
aegb <=
altb <=
END PROCESS;
END a;

compare (2) ;
compare (1) ;
compare (0) ;

INTEGER RANGE 0 TO 15;

“llO”;

w]Q1” ;

wo11” ;

w]11” ;

OUT STD LOGIC) ;

(2 downto 0) ;

The beauty of this method is that the number of input bits can be changed by modify-
ing one number: the range of the INTEGER-type input. For example, a 12-bit comparator
is identical to the 4-bit comparator in the previous VHDL code, except that the inputs have
a range of 0 to 4095 (= 2'2—1). Using this method, we can program an EPM7128S CPLD
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with a comparator up to 28 bits wide (range of 0 to 268,435,455). If we do, however, there

is no room for anything else.

Il EXAMPLE 5.14

ecompares.vhd

Write a VHDL file that uses IF statements to compare two 8-bit numbers A and B. The de-
sign should have outputs for AEQB, ALTB, and AGTB.

Solution

—— compare8.vhd

LIBRARY ieee;
USE ieee.std logic 1164 .ALL;

ENTITY compare8 IS
PORT (
a, b : IN
agtb, aegb, altb : OUT
END compare8;

ARCHITECTURE a OF compare8 IS

INTEGER RANGE 0 TO 255;
STD_LOGIC) ;

SIGNAL compare : STD_LOGIC_VECTOR (2 downto O0);

BEGIN
PROCESS (a,b)
BEGIN

IF a<b THEN

compare <= “110";

ELSIF a=b THEN

compare <= “101";

ELSIF a>b THEN

compare <= “0117;

ELSE

compare <= “111”;

END IF;
agtb <= compare (2) ;
aegb <= compare (1) ;
altb <= compare (0) ;

END PROCESS;

END a;

KEY TERMS

5.6 Parity Generators and Checkers

Parity A system that checks for errors in a multi-bit binary number by counting

the number of 1s.

Even parity An error-checking system that requires a binary number to have an

even number of 1s.

Odd parity An error-checking system that requires a binary number to have an

odd number of 1s.

Parity bit A bit appended to a binary number to make the number of 1s even or

odd, depending on the type of parity.

When data are transmitted from one device to another, it is necessary to have a system of
checking for errors in transmission. These errors, which appear as incorrect bits, occur as a
result of electrical limitations such as line capacitance or induced noise.
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FIGURE 5.63
Parity Error Checking

Parity error checking is a way of encoding information about the correctness of data
before they are transmitted. The data can then be verified at the system’s receiving end.
Figure 5.63 shows a block diagram of a parity error-checking system.

The parity generator in Figure 5.63 examines the outgoing data and adds a bit called
the parity bit that makes the number of 1s in the transmitted data odd or even, depending
on the type of parity. Data with EVEN parity have an even number of 1s, including the
parity bit, and data with ODD parity have an odd number of 1s.

The data receiver “knows” whether to expect EVEN or ODD parity. If the incoming
number of 1s matches the expected parity, the parity checker responds by indicating that
correct data have been received. Otherwise, the parity checker indicates an error.

Il EXAMPLE 5.16

b

Data are transmitted from a PC serial port to a modem in groups of 7 data bits plus a parity
bit. What should the parity bit, P, be for each of the following data if the parity is EVEN?
If the parity is ODD?

a. 0110110

b. 1000000
c. 0010101

Solution

a. 0110110 Four 1Is in data. (4 is an even number.)
EVEN parity: P =0
ODD parity: P = 1

b. 1000000 One 1 in data. (1 is an odd number.)
EVEN parity: P = 1
ODD parity: P =0

c. 0010101  Three 1s in data. (3 is an odd number.)
EVEN parity: P = 1

ODD parity: P =0 -

FIGURE 5.64
Exclusive OR Gate

An Exclusive OR gate can be used as a parity generator or a parity checker. Figure
5.64 shows the gate, and Table 5.12 is the XOR truth table. Notice that each line of the
XOR truth table has an even number of 1s if we include the output column.

Figure 5.65 shows the block diagram of a circuit that will generate an EVEN parity bit
from 2 data bits, A and B, and transmit the three bits one after the other, that is, serially, to
a data receiver.
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Table 5.12 Exclusive
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Even Parity Checking

Figure 5.66 shows a parity checker for the parity generator in Figure 5.65. Data are re-
ceived serially, but read in parallel. The parity bit is re-created from the received values of
A and B, and then compared to the received value of P to give an error indication, P’. If P
and A @ B are the same, then P’ = 0 and the transmission is correct. If P and A @ B are
different, then P’ = 1 and there has been an error in transmission.

Il EXAMPLE 5.17

The following data and parity bits are transmitted four times: ABP = 101.

1. State the type of parity used.

2. The transmission line over which the data are transmitted is particularly noisy and the
data arrive differently each time as follows:

a. ABP = 101
b. ABP =100
c. ABP =111
d. ABP =110

Indicate the output P’ of the parity checker in Figure 5.66 for each case and state what
the output means.

Solution
1. The system is using EVEN parity.
2. The parity checker produces the following responses:

a. ABP =101
ADB=1®0=1
P=A@®B)®DP=1D1=0 Data received correctly.
b. ABP =100
ADB=1®0=1
P=(ADBDP=1®d0=1 Transmission error. (Parity bit incorrect.)
c. ABP =111
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ADB=1®1=0
P=A®BDP=0D1=1 Transmission error. (Data bit B incorrect.)
d. ABP =110
ADB=1®1=0
P=ADPBDP=0D0=0 Transmission error undetected. (B and P

incorrectly received.) -

The second and third cases in Example 5.17 show that parity error-detection cannot
tell which bit is incorrect.

The fourth case points out the major flaw of parity error detection: An even number of
errors cannot be detected. This is true whether the parity is EVEN or ODD. If a group of
bits has an even number of 1s, a single error will change that to an odd number of 1s, but a
double error will change it back to even. (Try a few examples to convince yourself this is
true.)

An ODD parity generator and checker can be made using an Exclusive NOR, rather
than an Exclusive OR, gate. If a set of transmitted data bits require a 1 for EVEN parity, it
follows that they require a O for ODD parity. This implies that EVEN and ODD parity gen-
erators must have opposite-sense outputs.

Il EXAMPLE 5.18

Modify the circuits in Figures 5.65 and 5.66 to operate with ODD parity. Verify their oper-
ation with the data bits AB = 11 transmitted twice and received once as AB = 11 and once
as AB = 01.

Solution Figure 5.67a shows an ODD parity generator and Figure 5.67b shows an ODD
parity checker. The checker circuit still has an Exclusive OR output since it presents the
same error codes as an EVEN parity checker. The parity bit is re-created at the receive end

iy Fi
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FIGURE 5.67
Example 5.18

ODD Parity Generator and Checker

of the transmission path and compared with the received parity bit. If they are the same,
P’ = 0 (correct transmission). If they are different, P’ = 1 (transmission error).

Verification:

Generator:

Data: AB = 11 Parity: P=A@® B=1® 1 =1
Checker:

Received data: AB = 11
P=(APBDP=1D1)D1=1D1=0 (Correct transmission)
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Generator:
Data: AB = 11 Parity: P=A® B
Checker:

Received data: AB = 01
P=(APBDP=0D1)D1=0D1=1 (Incorrect transmission)

[
-
@
—
[
-

Parity generators and checkers can be expanded to any number of bits by using an
XOR gate for each pair of bits and combining the gate outputs in further stages of 2-input
XOR gates. The true form of the generated parity bit is P, the EVEN parity bit. The com-
plement form of the bit is P, the ODD parity bit.

Table 5.13 shows the XOR truth table for 4 data bits and the ODD and EVEN par-
ity bits. The EVEN parity bit Py is given by (A @ B) ® (C @ D). The ODD parity bit

Table 5.13 Even and Odd Parity Bits for 4-bit Data

A B C D A®B C®D Pz P,
0 0 0 0 0 0 0o 1
0 0 0 1 0 1 1 0
0 0 1 0 0 1 1 0
0 0 1 1 0 0 0o 1
0 1 0 0 1 0 10
0 1 0 1 1 1 0 1
0 1 1 0 1 1 0o 1
0 1 1 1 1 0 1 0
1 0 0 0 1 0 1 0
1 0 0 1 1 1 0 1
1 0 1 0 1 1 0 1
1 0 1 1 1 0 10
1 1 0 0 0 0 0o 1
1 1 0 1 0 1 1 0
1 1 1 o0 0 1 1 0
S T 0 0 0o 1

P, is given by P = (A @ B) ® (C ® D). For every line in Table 5.13, the bit com-
bination ABCDPg has an even number of 1s and the group ABCDP, has an odd num-
ber of 1s.

(Il EXAMPLE 5.19

FIGURE 5.68
Example 5.19
4-bit Parity Generator

Use Table 5.13 to draw a 4-bit parity generator and a 4-bit parity checker that can generate
and check either EVEN or ODD parity, depending on the state of one select input.

EVEMSDOD

D
Sp—
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Solution Figure 5.68 shows the circuit for a 4-bit parity generator. The XOR gate at the
output is configured as a programmable inverter to give P or Po. When EVEN/ODD = 0,
the parity output is not inverted and the circuit generates P,. When EVEN/ODD = 1, the

E ::] FVEH./OND
g jg}:[)__[):,m )
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FIGURE 5.69
Example 5.19
4-bit Parity Checker

Il EXAMPLE 5.20

Draw the circuit for an 8-bit EVEN/ODD parity generator.

Solution An 8-bit parity generator is an expanded version of the 4-bit generator in the
previous example. The circuit is shown in Figure 5.70.
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FIGURE 5.70
Example 5.20
8-bit Parity Generator

™

Il SECTION 5.6 REVIEW PROBLEM

5.6 Data (including a parity bit) are detected at a receiver configured for checking ODD
parity. Which of the following data do we know are incorrect? Could there be errors in
the remaining data? Explain.

a. 010010
011010
1110111
1010111
1000101

o & 0 T
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SUMMARY

1. A decoder detects the presence of a particular binary code. 15. Generally, for n select inputs in a multiplexer, there are m = 2"
The simplest decoder is an AND or NAND gate, which can data inputs. Such a multiplexer is referred to as an m-to-1
detect a binary code when combined with the right combina- multiplexer.
tion of input inverters. 16. The selected data input in a MUX is usually denoted by a

2. Multiple-output decoders are implemented by a series of sin- subscript that is the decimal equivalent of the combined bi-
gle-gate decoders, each of which responds to a different in- nary value of the select inputs. For example, if the select in-
put code. puts in an 8-to-1 MUX are set to 5,55, = 100, data input D4

3. For an n-input decoder, there can be as many as 2" unique is selected since 100 (binary) = 4 (decimal).
outputs. 17. A MUX can be designed to switch groups of signals to a

4. MAX+PLUS II can simulate the function of a digital circuit multi-bit output. The inputs can be denoted by double sub-
by generating a set of output waveforms in response to a de- script notation, where the first subscript indicates the num-
fined set of input waveforms. ber of the signal group and the second subscript the ele-

5. VHDL constructs such as selected signal assignment state- ment in the group. For example, a MUX can have a 4-bit
ments and conditional signal assignments can describe de- set of inputs called Dy3Dg,Do1Dgo and another 4-bit input
coders. Both statement types assign alternative values to a group called D3D,D;,D,y, each of which can be
VHDL port or signal, based on the state of another port or switched to a 4-bit output called Y3Y,Y,Y, by the state of
signal. one select input.

6. A selected signal assignment statement has the form: 18. A multiplexer can be used in time-dependent applications if

a binary counter is applied to its select inputs.
label: WITH _ expression SELECT 19. Some examples of time-dependent MUX applications are
__signal <=_ expression WHEN __ constant_value, waveform or bit pattern generation and time-division multi-
__expression WHEN _ constant value, plexing (TDM).
__expression WHEN _ constant_value, 20. In time division multiplexing, several digital signals share a
__expression WHEN _ constant value; single transmission path by allotting a time slot for every sig-

7. A conditional signal assignment statement has the form: n.al, during which that signal has sole access to the transmis-

sion path.

_ signal <= _ expression WHEN _ boolean expression ELSE 21. TDM can be configured for bit multiplexing, in which a

_ expression WHEN _ boolean expression ELSE channel transmits one bit each time it is selected, or byte (or
expression; word) multiplexing, in which a channel transmits and entire
- byte or word each time it is selected.

8. SIGNALS act as internal connections in a VHDL design en- 22. A demultiplexer (DMUX) receives data from a single source
tity. They can be single lines or vectors and are declared be- and directs the data to one of several outputs, which is se-
fore the BEGIN clause of an ARCHITECTURE body. lected by the status of a set of select inputs.

9. The report file of a MAX+PLUS II project contains design 23. A decoder with an enable input can also act as a demulti-
and configuration information, including the Boolean equa- plexer if the enable input of the decoder is used as a data in-
tions that the compiler derives from the design entry file(s) of put for a demultiplexer.
the project. 24. A TDM signal can be demultiplexed by applying a binary

10. A seven-segment display is an array of seven luminous seg- count to the DMUX’s select inputs at the same rate as the
ments (usually LED or LCD), arranged in a figure-8 pattern, count is applied to the select input of the multiplexer that
used to display numerical digits. originally sent the data.

11. The segments in a seven-segment display are designated by 25. A CMOS analog multiplexer or demultiplexer works by us-
lowercase letters a through g. The sequence of labels goes ing a decoder to enable a set of analog data transmission
clockwise, starting with segment a at the top and ending with switches. It can be used in either direction.

g in the center. 26. A magnitude comparator determines whether two binary

12. Seven-segment displays are configured as common anode numbers are equal and, if not, which one is greater.
(active-LOW inputs) or common cathode (active-HIGH seg- 27. The simplest equality comparator is an XNOR gate, whose
ments). output is HIGH if both inputs are the same.

13. A seven-segment decoder can be described with a truth table 28. A pair of multiple-bit numbers can be compared by a set of
or Boolean equation for each segment function. Since the XNOR gates whose outputs are ANDed. The circuit com-
segment functions do not simplify very much, it is often eas- pares the two numbers bit-by-bit.
ier to program a CPLD with a VHDL truth table, in the form 29. Given two numbers A and B, the Boolean function A,B,,
of a selected signal assignment statement, rather than with if true, indicates that the nth bit of A is less than the nth
the Boolean equations of the decoder. bit of B.

14. A multiplexer (MUX) is a circuit that directs a signal or 30. Given two numbers A and B, the Boolean function AnEn,

group of signals (called the data inputs) to an output, based
on the status of a set of select inputs.

if true, indicates that the nth bit of A is greater than the nth
bit of B.



31. The less-than and greater-than functions can be combined
with an equality comparator to determine, bit-by-bit, how
two numbers compare in magnitude to one another.

32. A magnitude comparator can be best implemented in VHDL
by using INTEGER types for the inputs and using IF state-
ments to compare their respective magnitudes.

33. Parity checking is a system of error detection that works by
counting the number of 1s in a group of bits.

34. Even parity requires a group of bits to have an even number
of 1s. Odd parity requires a group of bits to have an odd num-
ber of 1s. This is achieved by appending a parity bit to
the data whose value depends on the number of Is in the
data bits.
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35. An XOR gate is the simplest even parity generator. Each line
in its truth table has an even number of 1s, if the output col-
umn is included.

36. An XNOR gate can be used to generate an odd parity bit
from two data bits.

37. A parity checker consists of a parity generator on the receive
end of a transmission system and a comparator to determine
if the locally generated parity bit is the same as the transmit-
ted parity bit.

38. Parity generators and checkers can be expanded to any num-
ber of bits by using an XOR gate for each pair of bits and
combining the gate outputs in further stages of 2-input XOR
gates.

BCD Binary coded decimal. A code in which each individual
digit of a decimal number is represented by a 4-bit binary num-
ber. (e.g., 905 (decimal) = 1001 0000 0101 (BCD)).

Bit multiplexing A TDM technique in which one bit is sent
from each channel during its assigned time slot.

Byte (or word) multiplexing A TDM technique in which a
byte (or word) is sent from each channel during its assigned time
slot. (A byte is eight bits; a word is a group of bits whose size
varies with the particular system.)

CASE statement A VHDL construct in which there is a
choice of statements to be executed, depending on the value of a
signal or variable.

Clock A signal that controls the operation of a sequential digi-
tal circuit, such as a counter, by advancing its outputs to the next
state when it receives a pulse.

CMOS analog switch A CMOS device that will pass an ana-
log or digital signal in either direction, when enabled. Also
called a transmission gate. There is no TTL equivalent.

Common anode display A seven-segment LED display where
the anodes of all the LEDs are connected to the circuit supply
voltage. Each segment is illuminated by a logic LOW at its
cathode.

Common cathode display A seven-segment display in which
the cathodes of all LEDs are connected together and grounded.
A logic HIGH illuminates a segment when applied to its anode.

Conditional signal assignment statement A concurrent
VHDL construct that assigns a value to a signal, depending on a
sequence of conditions being true or false.

Counter A digital circuit whose output produces a fixed se-
quence of binary states when an input called the clock receives a
series of pulses. The output advances by one for each clock
pulse (e.g., the output state of a 4-bit binary counter progresses
in order from 0000 to 1111, then repeats).

Data inputs The multiplexer inputs that feed a digital signal to
the output when selected.

Decoder A digital circuit designed to detect the presence of a
particular digital state.

Demultiplexer A circuit that uses a binary decoder to direct a
digital signal from a single source to one of several destinations.

Double-subscript notation A naming convention where two or
more numerically related groups of signals are named using two

subscript numerals. Generally, the first digit refers to a group of
signals and the second to an element of a group. (e.g., X3 repre-
sents element 3 of group O for a set of signal groups, X.)

Encoder A circuit that generates a digital code at its outputs in
response to one or more active input lines.

Even parity An error-checking system that requires a binary
number to have an even number of 1s.

IF statement A VHDL construct within a process that exe-
cutes a series of statements, if a Boolean test condition is true.

Magnitude comparator A circuit that compares two n-bit bi-
nary numbers, indicates whether or not the numbers are equal,
and, if not, which one is larger.

Multiplexer A circuit that directs one of several digital sig-
nals to a single output, depending on the states of several select
inputs.

Odd parity An error-checking system that requires a binary
number to have an odd number of 1s.

Parity A system that checks for errors in a multi-bit binary
number by counting the number of 1s.

Parity bit A bit appended to a binary number to make the
number of 1s even or odd, depending on the type of parity.

Positive edge The point on a digital waveform where the logic
level of the waveform makes a LOW-to-HIGH transition.

Priority encoder An encoder that generates a binary or BCD
output corresponding to the subscript of the active input having
the highest priority. This is usually defined as the input with the
largest subscript value.

PROCESS A VHDL construct that contains statements that
are executed if there is a change in a signal in its sensitivity list.

Propagation delay Time difference between a change on a
digital circuit input and a change on an output in response to the
input change.

RBI Ripple blanking input.

RBO Ripple blanking output.

Response waveforms A set of output waveforms generated by
a simulator tool for a particular digital design in response to a set
of stimulus waveforms.

Ripple blanking A technique used in a multiple-digit numeri-

cal display that suppresses leading or trailing zeros in the dis-
play, but allows internal zeros to be displayed.
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Select inputs The multiplexer inputs which select a digital in-
put channel.

Selected signal assignment statement A concurrent signal as-
signment in VHDL in which a value is assigned to a signal, de-
pending on the alternative values of another signal or variable.

Sensitivity list A list of signals in a PROCESS statement that
are monitored to determine whether the PROCESS should be ex-
ecuted.

Seven-segment display An array of seven independently con-
trolled light-emitting diode (LED) or liquid crystal display
(LCD) elements, shaped like a figure-8, which can be used to
display decimal digits and other characters by turning on the ap-
propriate elements.

PROBLEMS

Simulation The verification of the logic of a digital design be-
fore programming it into a PLD.

Stimulus waveforms A set of user-defined input waveforms
on a simulator file designed to imitate input conditions of a digi-
tal circuit.

Time division multiplexing (TDM) A technique of using one
transmission line to send many signals simultaneously by mak-
ing them share the line for equal fractions of time.

Time slot A period of time during which a transmitted data el-
ement has sole access to a transmission path.

Timing diagram A diagram showing how two or more digital
waveforms in a system relate to each other over time.

Section 5.1 Decoders

5.1  When a HIGH is on the outputs of each of the decoding
circuits shown in Figure 5.71, what is the binary code ap-
pearing at the inputs? Write the Boolean expression for
each decoder output.

o >
D1 “[>'||D

FIGURE 5.71
Problem 5.1
Decoding Circuits

5.2 Draw the decoding circuit for each of the following
Boolean expressions:

a. Y=D;D,D,D,
b. Y= D;D,D,D,
¢. Y=D;D,D,D,
d. Y=D;D,D,D,
e. Y=D;D,D,D,

5.3  Use a Graphic Design File in MAX+PLUS II to draw the
logic diagram of a 2-line-to-4-line decoder with active-
HIGH outputs and an active-LOW enable input. Create a
simulation file to show the operation of the circuit.

5.4  Use a Graphic Design File in MAX+PLUS II to draw the
logic diagram of a 3-line-to-8-line decoder with active-
HIGH outputs and an active-LOW enable input. Create a
simulation file to show the operation of the circuit.

5.5  For a generalized n-line-to-m-line decoder, state the value
of mif nis:

a. 5
b. 6
c. 8

DO__—l Do
{:>_| .
A

" -

__ILU
|
NS

Write the equation giving the general relation between n
and m.

5.6 A microcomputer system has a RAM capacity of 128
megabytes (MB), split into 16 MB portions. Each RAM
device is enabled by a low at a G input. Draw a logic dia-
gram showing how a binary decoder can select one par-
ticular RAM device.

5.7  Briefly describe the difference between a selected signal
assignment statement and a conditional signal assignment
statement in VHDL. State which one is the preferred
statement in VHDL files and why.

5.8a. Write a VHDL file for a 3-line-to-8-line decoder with ac-
tive-LOW outputs and no enable. Use a selected signal
assignment statement. Assign the device as an EPM
7128SLC84.

b. Write the Boolean equations for the decoder in part a,
as reported in the decoder’s MAX+PLUS II report
file. (Use the form (x -y - z+x - y - z) rather than
(x&ly&lz#ix &y & z).)

c. Change the decoder in part a so that its outputs are
active-HIGH. Compile the design and examine the
resulting report file to find the Boolean equations of
the modified design. Write the equations and state



5.9

5.10

5.11

5.12

5.13

how the compiler deals the change in output active
level.

Create a MAX+PLUS II simulation file for the decoder
in Problem 5.8.

Write a VHDL file for a 3-line-to-8-line decoder with ac-
tive-LOW outputs and an active-LOW enable input.

Create a MAX+PLUS II simulation file for the decoder
in Problem 5.10.

Write a truth table for a hexadecimal-to-seven-segment
decoder for a common anode display. Use the digit pat-
terns of Figure 5.26 as a model.

Use the truth table derived in Problem 5.12 to derive the
Boolean equations for each segment driver. Simplify the
equations as much as possible, using any convenient
method.
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FIGURE 5.72
Problem 5.17
BCD Priority Encoder
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5.21

Derive the Boolean equations for the outputs of a BCD
priority encoder, based on the encoding principle stated in
Section 5.2. Show all work.

Create a Graphic Design File in MAX+PLUS II for a
BCD priority encoder, based on the equations in Problem
5.18. Also generate a simulation for this function.

Write a VHDL file that implements the function of a
BCD priority encoder. Create a simulation file for this
function. Write the Boolean equations of the encoder, as
shown in the encoder’s report file. State how the equa-
tions from the report file compare to the equations you
derived in Problem 5.18.

Write a VHDL file that implements the function of a 4-bit
binary priority encoder. Create a simulation file for this
function.

Section 5.3 Multiplexers

5.22

Make a table listing which digital audio source in Fig-
ure 5.73 is routed to output Y for each combination of

5.14

5.15

5.16

Problems 217

Write a VHDL file for the hexadecimal-to-seven-segment
decoder described in Problem 5.12.

Modify the VHDL file for the hexadecimal-to-seven-
segment decoder from Problem 5.14 to add a ripple-
blanking feature.

Draw a diagram consisting of four seven-segment dis-
plays, each driven by a BCD-to-seven-segment decoder
with ripple blanking. The circuit should be configured to
suppress all leading zeros. Show the displayed digits and
RBO/RBI logic levels for each of the following displayed
values: 100, 217, 1024.

Section 5.2 Encoders

5.17

5.23

5.24

5.25

5.26

Figure 5.72 shows a BCD priority encoder with three dif-
ferent sets of inputs. Determine the resulting output code
for each input combination. Inputs and outputs are active
HIGH.

FU o R  TR o T S T T
|2 il 11
=

the multiplexer select inputs. (CD = compact disc;
DAT = digital audio tape.)

Draw symbols for an 8-to-1 and a 16-to-1 multiplexer.
Write the truth table for each multiplexer, showing which
data input is selected for every binary combination of the
select inputs.

Make a Graphic Design File in MAX+PLUS II for an 8-
to-1 multiplexer circuit. Also create a simulation that
shows the operation of the device.

Write the Boolean expression describing an 8-to-1 multi-
plexer. Evaluate the equation for the case where input D5
is selected.

Draw the symbol for a quadruple 8-to-1 multiplexer (i.e.,
a MUX with eight switched groups of 4 bits each). Write

the truth table for this device, showing which data inputs

are selected for every binary combination of the select in-
puts. Use double-subscript notation.
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FIGURE 5.73
Problem 5.22

Digital Audio Multiplexer

5.27

5.28

5.29

5.30

5.31

5.32

5.33
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Write a VHDL file for the quadruple 8-to-1 multiplexer in
Problem 5.26. Create a MAX+PLUS II simulation for
the design to verify its operation.

Draw the symbol for an octal 4-to-1 multiplexer (i.e., a
MUX with four switched groups of 8 bits each). Write the
truth table for this device, showing which data inputs are
selected for every binary combination of the select inputs.
Use double-subscript notation.

Write a VHDL file for the octal 4-to-1 multiplexer in the
Problem 5.28. Create a MAX+PLUS II simulation for
the design to verify its operation. Write its Boolean equa-
tions from the project report file.

Write a VHDL file for an 8-to-1 multiplexer using a con-
current signal assignment statement to encode the multi-
plexer’s Boolean equation directly. Would this be a good
method for encoding a larger device, such as a 16-to-1
multiplexer? Explain your answer.

Write a VHDL file for an 8-to-1 multiplexer using a se-
lected signal assignment statement. Would this be a good
method for encoding a larger device, such as a 16-to-1
multiplexer? Explain your answer.

Write a VHDL file for a 16-to-1 multiplexer using the
method you believe to be most efficient.

Draw the circuit of a programmable waveform generator
based on an 8-to-1 multiplexer. Draw a timing diagram of
this circuit for the following input data:

a. D7D6D5D4D3D2D1DO = 01100101

b. D;D¢DsD,D3;D,D,D, = 01010101

5.34

£
-

The data pattern in Problem 5.34b generates a symmetrical
12 kHz waveform. Write the data patterns required to pro-
duce a 6 kHz waveform and a 3 kHz waveform at the out-
put of a MUX-based programmable waveform generator.

Section 5.4 Demultiplexers

5.35

5.36

5.37

5.38

5.39

5.40

Make a Graphic Design File in MAX+PLUS 1I for a
1-to-4 demultiplexer circuit with active-LOW outputs and
an active-LOW enable input. Create a simulation that
shows how this device can be used as a demultiplexer or
decoder.

Make a Graphic Design File in MAX+PLUS II for a
1-to-8 demultiplexer circuit with active-HIGH outputs.
Create a simulation that shows the operation of the device.

Write a VHDL file that implements the function of a 1-to-
16 demultiplexer.

Briefly state what characteristics of an analog switch
make it suitable for transmitting analog signals.

Draw a diagram showing how eight analog switches
can be connected to a decoder to form an 8-channel
MUX/DMUX circuit. Briefly explain why the same
circuit can be used as a multiplexer or as a demulti-
plexer.

Draw a circuit showing how a 74HC4052 dual 4-channel
analog MUX/DMUX can be used to multiplex four trans-
mitted digital audio channels onto a phone line and de-
multiplex four received audio channels from another
phone line.



Section 5.5 Magnitude Comparators

5.41 Briefly explain the operation of the ALTB portion of the
2-bit magnitude comparator shown in Figure 5.58.

5.42 Draw the ALTB portion of a 4-bit magnitude comparator
as a Graphic Design File in MAX+PLUS II. Create a
simulation for the circuit and briefly explain its operation.

5.43 Use MAX+PLUS II to create a 3-bit magnitude com-
parator that has outputs for AEQB, AGTB, and ALTB
functions. Create a simulation that shows the operation of
this circuit.

5.44 Write the Boolean expressions for the AEQB, ALTB, and
AGTB outputs of a 6-bit magnitude comparator.

5.45 Write a VHDL file that implements the functions A < B,
A = Band A > B for two 16-bit numbers.

5.46 Write a VHDL file that implements the following six
comparison functions in a single device for two 4-bit in-
putsAand B-A<B,A=B, A=B A+ B A=B,
and A > B. Make the outputs indicate active-LOW.

5.47 Create a simulation that verifies the operation of the six-
function comparator in Problem 5.46.
Section 5.6 Parity Generators and Checkers

5.48 What parity bit, P, should be added to the following data
if the parity is EVEN? If the parity is ODD?
a. 1111100
b. 1010110
c. 0001101
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5.49 The following data are transmitted in a serial communica-
tion system (P is the parity bit). What parity is being used
in each case?

a. ABCDEFGHP = 010000101
b. ABCDEFGHP = 011000101
c¢. ABCDP = 01101

d. ABCDEP = 101011

e. ABCDEP = 111011

5.50 The data ABCDEFGHP = 110001100 are transmitted in
a serial communication system. Give the output P’ of a
receiver parity checker for the following received data.
State the meaning of the output P’ for each case.

a. ABCDEFGHP = 110101100
b. ABCDEFGHP = 110001101
¢. ABCDEFGHP = 110001100
d. ABCDEFGHP = 110010100

5.51 Use MAX+PLUS II to create a Graphic Design File for a

5-bit parity generator with a switchable EVEN/ODD out-

put. Create a simulation file to show the operation of the
device.

5.52 Use MAX+PLUS II to create a Graphic Design File for a
5-bit parity checker corresponding to the parity generator
in Problem 5.51. Create a simulation file to show the op-
eration of the device.

ANSWERS TO SECTION REVIEW PROBLEMS

Section 5.1a
5.1 The decoders are shown in Figure 5.74.
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FIGURE 5.74

Decoders

Section 5.1b
5.2 A decoder with 16 outputs requires 4 inputs. A decoder with
32 outputs requires 5 inputs.

Section 5.1c

5.3 Trailing zeros could logically be suppressed after a decimal
point or if there are digits displaying a power-of-ten exponent
(e.g., 455. or 4.55 02), that is, if the zeros are nonsignificant. The
zeros should be displayed if they set the location of the decimal
point (e.g., 450).

Section 5.2

5.4 The encoder in Figure 5.29 can have only one input active at
any time. If more than one input is active, it may generate incor-
rect output codes. The circuit can be modified according to the
priority encoding principle, as expressed by the Boolean equa-
tions for the 3-bit priority encoder, to ensure that a low-

priority input is not able to modify the code generated by a
higher-priority input.

Section 5.3

5.5 A multiplexer application is time-dependent if its channels
are selected in a repeating sequence. This can be accomplished
by connecting a binary counter to the select inputs of the multi-
plexer.

Section 5.6

5.6 Parts a and c are certainly incorrect because each has an
even number of 1s. Items b, d, and e could have an even number
of errors, which is undetectable by parity checking.
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CHAPTER OBJECTIVES

Upon successful completion of this chapter, you will be able to:

Add or subtract two unsigned binary numbers.

Write a signed binary number in true-magnitude, 1’s complement, or 2’s
complement form.

Add or subtract two signed binary numbers.
Explain the concept of overflow.

Calculate the maximum sum or difference of two signed binary numbers
that will not result in an overflow.

Add or subtract two hexadecimal numbers.

Write decimal numbers in BCD codes, such as 8421 (Natural BCD) and
Excess-3 code.

Construct a Gray code sequence.

Use the ASCII table to convert alphanumeric characters to hexadecimal or
binary numbers and vice versa.

Derive the logic gate circuits for full and half adders, given their truth tables.

Demonstrate the use of full and half adder circuits in arithmetic and other
applications.

Add and subtract n-bit binary numbers, using parallel binary adders and
logic gates.

Explain the difference between ripple carry and parallel carry.

Design a circuit to detect sign-bit overflow in a parallel adder.

Draw circuits to perform BCD arithmetic and explain their operation.

Use VHDL to program CPLD devices to perform various arithmetic func-
tions, such as parallel adders, overflow detectors, and 1’s complementers.

6

here are two ways of performing binary arithmetic: with unsigned binary numbers or
with signed binary numbers. Signed binary numbers incorporate a bit defining the sign
of a number; unsigned binary numbers do not. Several ways of writing signed binary num-
bers are true-magnitude form, which maintains the magnitude of the number in binary
value, and 1’s complement and 2’s complement forms, which modify the magnitude but
are more suited to digital circuitry.

221
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6.1

Hexadecimal arithmetic is used for calculations that would be awkward in binary due
to the large number of bits involved. Important applications of hexadecimal arithmetic are
found in microcomputer systems.

In addition to positional number systems, binary numbers can be used in a variety of
nonpositional number codes, which can represent numbers, letters, and computer control
codes. Binary coded decimal (BCD) codes represent decimal digits as individually en-
coded groups of bits. Gray code is a binary code used in special applications. American
Standard Code for Information Interchange (ASCII) represents alphanumeric and control
code characters in a 7- or 8-bit format.

There are a number of different digital circuits for performing digital arithmetic, most
of which are based on the parallel binary adder, which in turn is based on the full adder and
half adder circuits. The half adder adds two bits and produces a sum and a carry. The full
adder also allows for an input carry from a previous adder stage. Parallel adders have many
full adders in cascade, with carry bits connected between the stages.

Specialized adder circuits are used for adding and subtracting binary numbers, gener-
ating logic functions, and adding numbers in binary-coded decimal (BCD) form. M

Digital Arithmetic

Signed binary number A binary number of fixed length whose sign is repre-
sented by one bit, usually the most significant bit, and whose magnitude is repre-
sented by the remaining bits.

Unsigned binary number A binary number whose sign is not specified by a sign
bit. A positive sign is assumed unless explicitly stated otherwise.

Digital arithmetic usually means binary arithmetic, or perhaps BCD arithmetic. Binary
arithmetic can be performed using signed binary numbers, in which the MSB of each
number indicates a positive or negative sign, or unsigned binary numbers, in which the
sign is presumed to be positive.

The usual arithmetic operations of addition and subtraction can be performed using
signed or unsigned binary numbers. Signed binary arithmetic is often used in digital cir-
cuits for two reasons:

1. Calculations involving real-world quantities require us to use both positive and negative
numbers.

2. It is easier to build circuits to perform some arithmetic operations, such as subtraction,
with certain types of signed numbers than with unsigned numbers.

Unsigned Binary Arithmetic

Operand A number upon which an arithmetic function operates (e.g., in the ex-
pression x + y = z, x and y are the operands).

Augend The number in an addition operation to which another number is added.
Addend The number in an addition operation that is added to another.
Sum The result of an addition operation.

Carry A digit that is “carried over” to the next most significant position when the
sum of two single digits is too large to be expressed as a single digit.
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Sum bit (single-bit addition) The least significant bit of the sum of two 1-bit bi-
nary numbers.

Carry bit A bit that holds the value of a carry (0 or 1) resulting from the sum of
two binary numbers.

Addition

When we add two numbers, they combine to yield a result called the sum. If the sum is
larger than can be contained in one digit, the operation generates a second digit, called the
carry. The two numbers being added are called the augend and the addend, or more gen-
erally, the operands.

For example, in the decimal addition 9 + 6 = 15, 9 is the augend, 6 is the addend, and
15 is the sum. Since the sum cannot fit into a single digit, a carry is generated into a second

digit place.
Four binary sums give us all of the possibilities for adding two n-bit binary numbers:
0+0=00
1+0=01
1+1=10 (110 + 110 - 210)

1+1+1=11 (110+110+110:310)

Each of these results consists of a sum bit and a carry bit. For the first two results
above, the carry bit is 0. The final sum in the table is the result of adding a carry bit from a
sum in a less significant position.

When we add two 1-bit binary numbers in a logic circuit, the result always consists of
a sum bit and a carry bit, even when the carry is 0, since each bit corresponds to a measur-
able voltage at a specific circuit location. Just because the value of the carry is 0 does not
mean it has ceased to exist.

Il EXAMPLE 6.1

Calculate the sum 10010 + 1010.

SOLUTION
[ (Carry from sum of 2nd LSBs)
1
10010

+ 1010
11100

(Il EXAMPLE 6.2

Calculate the sum 10111 + 10010.

SOLUTION

11T (Carry bits)
111
10111

+ 10010

101001
[] |

Il SECTION 6.1A REVIEW PROBLEMS

6.1 Add 11111 + 1001.
6.2 Add 10011 + 1101.
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Subtraction

KEY TERMS

Difference The result of a subtraction operation.

Minuend The number in a subtraction operation from which another number is
subtracted.

Subtrahend The number in a subtraction operation that is subtracted from an-
other number.

Borrow A digit brought back from a more significant position when the subtra-
hend digit is larger than the minuend digit.

In unsigned binary subtraction, two operands, called the subtrahend and the minuend, are

subtracted to yield a result called the difference. In the operation x = a — b, x is the dif-

ference, a is the minuend, and b is the subtrahend. To remember which comes first, think of

the minuend as the number that is diminished (i.e., something is taken away from it).
Unsigned binary subtraction is based on the following four operations:

0-0=0
1-0=1
1-1=0

10=1=1 (2= 14p= 149

The last operation shows how to obtain a positive result when subtracting a 1 from a O:
borrow 1 from the next most significant bit.

Borrowing Rules:

1. If you are borrowing from a position that contains a 1, leave behind a 0 in the borrowed-
from position.

2. If you are borrowing from a position that already contains a 0, you must borrow from a
more significant digit that contains a 1. All Os up to that point become 1s, and the last
borrowed-from digit becomes a 0.

Il EXAMPLE 6.3

Subtract 1110 — 1001.

SOLUTION
(New 2nd LSB) —/r— (Bit borrowed from 2nd LSB)
01

1110

— 1001

0101

Il EXAMPLE 6.4 Subtract 10000 — 101.
SOLUTION
1111
10000 (original YRRR0  (After borrowing
— 101 problem) — 101 from higher-order bits)

1011
[] |
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Il SECTION 6.1B REVIEW PROBLEMS

6.3 Subtract 10101 — 10010.
6.4 Subtract 10000 — 1111.

6.2 Representing Signed Binary Numbers

KEY TERMS

Sign bit A bit, usually the MSB, that indicates whether a signed binary number is
positive or negative.

Magnitude bits The bits of a signed binary number that tell us how large the
number is (i.e., its magnitude).

True-magnitude form A form of signed binary number whose magnitude is rep-
resented in true binary.

1’s complement A form of signed binary notation in which negative numbers are
created by complementing all bits of a number, including the sign bit.

2’s complement A form of signed binary notation in which negative numbers are
created by adding 1 to the 1’s complement form of the number.

NOTE

Positive numbers are the same in all three notations.

Binary arithmetic operations are performed by digital circuits that are designed for a fixed
number of bits, since each bit has a physical location within a circuit. It is useful to have a
way of representing binary numbers within this framework that accounts not only for the
magnitude of the number, but for the sign as well.

This can be accomplished by designating one bit of a binary number, usually the most
significant bit, as the sign bit and the rest as magnitude bits. When the number is negative,
the sign bit is 1, and when the number is positive, the sign bit is 0.

There are several ways of writing the magnitude bits, each having its particular advan-
tages. True-magnitude form represents the magnitude in straight binary form, which is
relatively easy for a human operator to read. Complement forms, such as 1’s comple-
ment and 2’s complement, modify the magnitude so that it is more suited to digital cir-
cuitry.

True-Magnitude Form

In true-magnitude form, the magnitude of a number is translated into its true binary value.
The sign is represented by the MSB, 0 for positive and 1 for negative.

Il EXAMPLE 6.5

Write the following numbers in 6-bit true-magnitude form:

a. 2510 b _2510 C. 1210 d _1210

SOLUTION Translate the magnitudes of each number into 5-bit binary, padding with
leading zeros as required, and set the sign bit to O for a positive number and 1 for a nega-
tive number.

a. 011001 b. 111001 c. 001100 d. 101100 -
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1's Complement Form

True-magnitude and 1’s complement forms of binary numbers are the same for positive
numbers—the magnitude is represented by the true binary value and the sign bit is 0. We
can generate a negative number in one of two ways:

1. Write the positive number of the same magnitude as the desired negative number. Com-
plement each bit, including the sign bit; or

2. Subtract the n-bit positive number from a binary number consisting of n 1s.

Il EXAMPLE 6.6

Convert the following numbers to 8-bit 1’s complement form:

a. 5710 b. _5710 C. 7210 d. _7210

SOLUTION Positive numbers are the same as numbers in true-magnitude form. Nega-
tive numbers are the bitwise complements of the corresponding positive number.

57,0 = 00111001
—57,0 = 11000110

72,6 = 01001000
72,0 = 10110111

&0 oo

We can also generate an 8-bit 1’s complement negative number by subtracting its pos-
itive magnitude from 11111111 (eight 1s). For example, for part b:

1111111
—00111001 ( 57,0)

11000110 (—57,0) .

2's Complement Form

Positive numbers in 2’s complement form are the same as in true-magnitude and 1°s com-
plement forms. We create a negative number by adding 1 to the 1’s complement form of the
number.

Il EXAMPLE 6.7

Convert the following numbers to 8-bit 2’s complement form:

a. 571() b _5710 C. 721() d _7210

SOLUTION

a. 57 =00111001

b. —57 = 11000110 (1’s complement)
1
11000111  (2’s complement)

c. 72 = 01001000
d. =72 =10110111 (1’s complement)

1

10111000  (2’s complement) -

A negative number in 2’s complement form can be made positive by 2’s complement-
ing it again. Try it with the negative numbers in Example 6.7.
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Signed Binary Arithmetic

Signed binary arithmetic Arithmetic operations performed using signed binary
numbers.

Signed Addition

Signed addition is done in the same way as unsigned addition. The only difference is that
both operands must have the same number of magnitude bits, and each has a sign bit.

Il EXAMPLE 6.8

Add +30;y and +75;,. Write the operands and the sum as 8-bit signed binary numbers.

SOLUTION
+30 00011110
+75 +01001011
+105 01101001

L | (Magnitude bits)
(Sign bit)

Subtraction

The real advantage of complement notation becomes evident when we subtract signed bi-
nary numbers. In complement notation, we add a negative number instead of subtracting a
positive number. We thus have only one kind of operation—addition—and can use the
same circuitry for both addition and subtraction.

This idea does not work for true-magnitude numbers. In the complement forms, the
magnitude bits change depending on the sign of the number. In true-magnitude form, the
magnitude bits are the same regardless of the sign of the number.

Let us subtract 80, — 65,9 = 15, using 1’s complement and 2’s complement addi-
tion. We will also show that the method of adding a negative number to perform subtrac-
tion is not valid for true-magnitude signed numbers.

1’s Complement Method

KEY TERM

End-around carry An operation in 1’s complement subtraction where the carry
bit resulting from a sum of two 1’s complement numbers is added to that sum.

Add the 1’s complement values of 80 and —65. If the sum results in a carry beyond the sign
bit, perform an end-around carry. That is, add the carry to the sum.

8019 = 01010000

65,0 = 01000001
—65,0 = 10111110 (1I’s complement)
80 01010000
—-65 + 10111110

1 00001110
L 51 (End-around carry)
+15 00001111
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2’s Complement Method

Add the 2’s complement values of 80 and —65. If the sum results in a carry beyond the sign
bit, discard it.

80,0 = 01010000
65,0 = 01000001

—65,0 = 10111110 (1’s complement)
+ 1
10111111 (2’s complement)
80 01010000

—65 + 10111111
+15 1 00001111
L (Discard carry)

True-Magnitude Method
80,0 = 01010000

65,0 = 01000001
—65,, = 11000001

80 01010000
—65 + 11000001
? 1 00010001

If we perform an end-around carry, the result is 00010010 = 18;,. If we discard the
carry, the result is 00010001 = 17,,. Neither answer is correct. Thus, adding a negative
true-magnitude number is not equivalent to subtraction.

Negative Sum or Difference

All examples to this point have given positive-valued results. When a 2’s complement ad-
dition or subtraction yields a negative sum or difference, we can’t just read the magnitude
from the result, since a 2’s complement operation modifies the bits of a negative number.
We must calculate the 2’s complement of the sum or difference, which will give us the pos-
itive number that has the same magnitude. That is, —(—x) = +x.

Il EXAMPLE 6.9

Subtract 65,7 — 80,¢ in 2’s complement form.

SOLUTION
65,0 = 01000001

80, = 01010000
—80,¢ 10101111 (1’s complement)

+ 1
10110000 (2’s complement)

65 01000001
—80 + 10110000
11110001

Take the 2°s complement of the difference to find the positive number with the same
magnitude.

11110001 (—15)—
00001110 (1’s complement)

+ 1
00001111 (2’s complement) (+15)——
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00001111 = +15;3. We generated this number by complementing 11110001. Thus,
11110001 = —15,,. m

Table 6.1 4-bit 2’s
Complement Numbers

Decimal  2’s Complement

+7
+6
+5
+4
+3
+2

0111
0110
0101
0100
0011
0010
0001
0000
1111
1110
1101
1100
1011
1010
1001
1000

Range of Signed Numbers

The largest positive number in 2’s complement notation is a 0 followed by #n 1s for a num-
ber with n magnitude bits. For instance, the largest positive 4-bit number is 0111 = +7 .
The negative number with the largest magnitude is not the 2’s complement of the largest
positive number. We can find the largest negative number by extension of a sequence of 2’s
complement numbers.

The 2’s complement form of —7,5 is 1000 + 1 = 1001. The positive and negative
numbers with the next largest magnitudes are 0110 (= +6,¢) and 1010 (= —6,¢). If we
continue this process, we will get the list of numbers in Table 6.1.

‘We have generated the 4-bit negative numbers from — 1,4 (1111) through —7,, (1001)
by writing the 2’s complement forms of the positive numbers 1 through 7. Notice that these
numbers count down in binary sequence. The next 4-bit number in the sequence (which is
the only binary number we have left) is 1000. By extension, 1000 = —8,,. This number is
its own 2’s complement. (Try it.) It exemplifies a general rule for the n-bit negative number
with the largest magnitude.

A 2’s complement number consisting of a 1 followed by 7 Os is equal to —2".
Therefore, the range of a signed number, x, is —2" = x =< 2" — 1 for a number with
n magnitude bits.

Il EXAMPLE 6.10

Write the largest positive and negative numbers for an 8-bit signed number in decimal and
2’s complement notation.

SOLUTION

01111111 = +127 (7 magnitude bits: 27 —1=127)
10000000 = —128 (1 followed by seven Os: —27 = —128)

Il EXAMPLE 6.11

Write — 16,
a. As an 8-bit 2’s complement number
b. As a 5-bit 2’s complement number

(8-bit numbers are more common than 5-bit numbers in digital systems, but it is use-
ful to see how we must write the same number differently with different numbers of bits.)
SOLUTION
a. An 8-bit number has 7 magnitude bits and 1 sign bit.

+16 = 00010000

—16 = 11101111 (1’s complement)
+ 1
11110000 (2’s complement)

b. A 5-bit number has 4 magnitude bits and 1 sign bit. Four magnitude bits are not enough
to represent 16. However, a 1 followed by n 0s is equal to —2". For a 1 and four Os, —2"

= —2%* = —16. Thus, 10000 = —16,. -
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The last five bits of the binary equivalent of —16 are the same in both the 5-bit and 8-bit
numbers.

The 8-bit number is padded with leading 1s. This same general pattern applies for
any negative number with a power-of-2 magnitude. (—2" = n Os preceded by all 1s
within the defined number size.)

Il SECTION 6.3 REVIEW PROBLEM

6.5 Write —32 as an 8-bit 2°s complement number.

6.6 Write —32 as a 6-bit 2’s complement number.

Sign Bit Overflow

Overflow An erroneous carry into the sign bit of a signed binary number that re-
sults from a sum or difference larger than can be represented by the number of
magnitude bits.

Signed addition of positive numbers is performed in the same way as unsigned addition.
The only problem occurs when the number of bits in the sum of two numbers exceeds the
number of magnitude bits and overflows into the sign bit. This causes the number to ap-
pear to be negative when it is not. For example, the sum 75 + 96 = 171 causes an overflow
in 8-bit signed addition. In unsigned addition the binary equivalent is:

1001011
+ 1100000
10101011

In signed addition, the sum is the same, but has a different meaning.

0 1001011
+ 0 1100000
1 0101011
(Sign bit) __J (Magnitude bits)

The sign bit is 1, indicating a negative number, which cannot be true, since the sum of
two positive numbers is always positive.

A sum of positive signed binary numbers must not exceed 2" — 1 for numbers hav-
ing n magnitude bits. Otherwise, there will be an overflow into the sign bit.

Overflow in Negative Sums

Overflow can also occur with large negative numbers. For example, the addition of —80,
and —65,( should produce the result:

_8010 + (_6510) = _145]0
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In 2’s complement notation, we get:

+80,o = 01010000
—80,0 = 10101111 (1’s complement)

+ 1
10110000 (2’s complement)

+65;o = 01000001

—65,0 = 10111110 (1’s complement)
+ 1
10111111 (2’s complement)
—80 10110000

+ (—65) + 10111111
? 1 01101111
[ | (Incorrect magnitude = 111,,)
(Erroneous sign bit = 0)
(Discard carry)

This result shows a positive sum of two negative numbers—<clearly incorrect. We can
extend the statement we made earlier about permissible magnitudes of sums to include
negative as well as positive numbers.

A sum of signed binary numbers must be within the range of —2" =< sum = 2" —1
for numbers having n magnitude bits. Otherwise, there will be an overflow into the
sign bit.

For an 8-bit signed number in 2’s complement form, the permissible range of sums is
10000000 = sum = 01111111. In decimal, this range is —128 = sum = +127.

A sum of two positive numbers is always positive. A sum of two negative numbers
is always negative. Any 2’s complement addition or subtraction operation that ap-
pears to contradict these rules has produced an overflow into the sign bit.

Il EXAMPLE 6.12

Which of the following sums will produce a sign bit overflow in 8-bit 2’s complement no-
tation? How can you tell?

670 + 3310

67,0 + 6319

=9610 ~ 2210

=960 — 420

=T SIS M

SOLUTION A sign bit overflow is generated if the sum of two positive numbers appears
to produce a negative result or the sum of two negative numbers appears to produce a pos-
itive result. In other words, overflow occurs if the operand sign bits are both 1 and the sum
sign bit is O or vice versa. We know this will happen if an 8-bit sum is outside the range
(—128 = sum = +127).

a. +67,0 01000011  (no overflow;
+33,, 00100001  sum of positive numbers
100, 01100100 is positive.)
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b. +67,0 01000011  (Overflow; sum of
+63;9 00111111  positive numbers is negative.
130, 10000010  Sum > +127; out of range.)
c. +96 = 01100000
—96 = 10011111 (1’s complement)
+ 1
10100000  (2’s complement)
+22 = 00010110
—-22 11101001  (1’s complement)
+ 1
11101010  (2’s complement)
—96 10100000
-22 11101010
—118 1 10001010
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L | (Magnitude bits)
(Sign bit)

(Discard carry)

(No overflow; sum of two negative numbers is negative.)

d. +96 = 01100000
—-96 = 10011111 (1’s complement)
+ 1
10100000  (2’s complement)
+42 = 00101010
—42 11010101  (1’s complement)
+ 1
11010110  (2’s complement)
—-96 10100000
—42 11010110
—138 1 01110110
| L | (Magnitude bits)
(Sign bit)
(Discard carry)

(Overflow; sum of two negative numbers is positive. Sum < —128; out of range.) -

NOTE

The carry bit generated in 1’s and 2’s complement operations is not the same as an
overflow bit. (See Example 6.12, parts ¢ and d.) An overflow is a change in the sign
bit, which leads us to believe that the number is opposite in sign from its true value.
A carry is the result of an operation carrying beyond the physical limits of an n-bit
number. It is similar to the idea of an odometer rolling over from 999999.9 to

1 000000.0. There are not enough places to hold the new number, so it goes back to
the beginning and starts over.

6.4 Hexadecimal Arithmetic

(This section may be omitted without loss of continuity.)
The main reason to be familiar with addition and subtraction in the hexadecimal system
is that it is useful for calculations related to microcomputer and memory systems.
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Microcomputer systems often use binary numbers of 8, 16, 20, or 32 bits. Rather than write
out all these bits, we use hex numbers as shorthand. Binary numbers having 8, 16, 20, or 32
bits can be represented by 2, 4, 5, or 8 hex digits, respectively.

Hex Addition

Hex addition is very much like decimal addition, except that we must remember how to
deal with the hex digits A to F. A few sums are helpful:

F+1=10
F+F=1E
F+F+1=1F

The positional multipliers for the hexadecimal system are powers of 16. Thus, the
most significant bit of the first sum is the 16’s column. The equivalent sum in decimal is:

1510 + 110 = 1610 = 10H

The second sum is the largest possible sum of two hex digits; the carry to the next po-
sition is 1. This shows that the sum of two hex digits will never produce a carry larger than
1. The second sum can be calculated as follows:

FH + FH = 15,5 + 15,
3040
1640 + 1410
= 10H + EH
= 1EH

The third sum shows that if there is a carry from a previous sum, the carry to the next
bit will still be 1.

It is useful to think of any digits larger than 9 as their decimal equivalents. For any
digit greater than 15, (FH), subtract 16, convert the difference to its hex equiva-
lent, and carry 1 to the next digit position.

Il EXAMPLE 6.13

Add 6B3H + A9CH.

SOLUTION
Hex Decimal Equivalents
6B3 (6)(11)( 3)
+A9C + (10) ( 9) (12)
(16) (20) (15)
For sums greater than 15, subtract 16 and carry 1 to the next position:
Hex Decimal Equivalents
(Carry) — 11 (DCD
6B3 (6) (1D (3)
+ A9C + (10) ( 9) (12)
114F (D45

Sum: 6B3H + A9CH = 114FH. i
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Hex Subtraction

There are two ways to subtract hex numbers. The first reverses the addition process in the
previous section. The second is a complement form of subtraction.

Il EXAMPLE 6.14

Subtract 6B3H — 49CH.

SOLUTION
Hex Decimal Equivalent
6B3 ©) (A1) ( 3)
— 49C - @ (912

To subtract the least significant digits, we must borrow 10H (16,,) from the previous
position. This leaves the subtraction looking like this:

Hex Decimal Equivalent
(Borrow) 1
6A3 (6) (10) (16 + 3)
—49C —@ (912
217 @D -

The second subtraction method is a complement method, where, as in 2’s complement
subtractions, we add a negative number to subtract a positive number.

Calculate the 15°s complement of a hex number by subtracting it from a number hav-
ing the same number of digits, all Fs. Calculate the 16’s complement by adding 1 to this
number. This is the negated value of the number.

Il EXAMPLE 6.15

Negate the hex number 15AC by calculating its 16’s complement.

SOLUTION

FFFF
— 15AC

EAS53  (15’s complement)
+ 1

EA54  (16’s complement)

The original value, 15AC, can be restored by calculating the 16’s complement of
EA54. Try it.

Il EXAMPLE 6.16

Subtract 8B63 — 55D7 using the complement method.

SOLUTION Find the 16’s complement of 55D7.

FFFF
— 55D7

AA28  (15’s complement)
+ 1

AA29  (16’s complement)
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Therefore, —55D7 = AA29.
1

8B63
+ AA29
1 358C
(Discard
carry)
Difference: 8B63 — 55D7 = 358C. i

6.5

Table 6.2 Decimal Digits and

Their 8421 BCD Equivalents
Decimal BCD
Digit (8421)
0 0000
1 0001
2 0010
3 0011
4 0100
5 0101
6 0110
7 0111
8 1000
9 1001

Il SECTION 6.4 REVIEW PROBLEM

6.7 Perform the following hexadecimal calculations:
a. A25F + 74A2
b. 7380 — SFFF

Numeric and Alphanumeric Codes

BCD Codes

Binary-coded decimal (BCD). A code that represents each digit of a decimal
number by a binary value.

BCD stands for binary-coded decimal. As the name implies, BCD is a system of writing
decimal numbers with binary digits. There is more than one way to do this, as BCD is a
code, not a positional number system. That is, the various positions of the bits do not nec-
essarily represent increasing powers of a specified number base.

Two commonly used BCD codes are 8421 code, where the bits for each decimal digit
are weighted, and Excess-3 code, where each decimal digit is represented by a binary num-
ber that is 3 larger than the true binary value of the digit.

8421 Code

KEY TERM

8421 code A BCD code that represents each digit of a decimal number by its 4-
bittrue binary value.

The most straightforward BCD code is the 8421 code, also called Natural BCD. Each dec-
imal digit is represented by its 4-bit true binary value. When we talk about BCD code, this
is usually what we mean.

This code is called 8421 because these are the positional weights of each digit. Table
6.2 shows the decimal digits and their BCD equivalents.

8421 BCD is not a positional number system, because each decimal digit is encoded
separately as a 4-bit number.

Il EXAMPLE 6.17

Write 4987, in both binary and 8421 BCD.

SOLUTION The binary value of 4987, can be calculated by repeated division by 2:
4987, = 1 0011 0111 1011,
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The BCD digits are the binary values of each decimal digit, encoded separately. We
can break bits into groups of 4 for easier reading. Note that the first and last BCD digits
each have a leading zero to make them 4 bits long.

4987,, = 0100 1001 1000 0111gcp .

Table 6.3 Decimal Digits and

Their 8421 and Excess-3

Equivalents
Decimal
Digit 8421 Excess-3
0 0000 0011
1 0001 0100
2 0010 0101
3 0011 0110
4 0100 0111
5 0101 1000
6 0110 1001
7 0111 1010
8 1000 1011
9 1001 1100

Table 6.4 4-Bit Gray Code

True Gray

Decimal Binary  Code
0 0000 0000
1 0001 0001
2 0010 0011
3 0011 0010
4 0100 0110
5 0101 0111
6 0110 0101
7 0111 0100
8 1000 1100
9 1001 1101
10 1010 1111
11 1011 1110
12 1100 1010
13 1101 1011
14 1110 1001
15 1111 1000

Excess-3 Code

KEY TERMS

Excess-3 Code A BCD code that represents each digit of a decimal number by a
binary number derived by adding 3 to its 4-bit true binary value.

9’s complement A way of writing decimal numbers where a number is made
negative by subtracting each of its digits from 9 (e.g., =726 = 999 — 726 = 273 in
9’s complement).

Self-complementing A code that automatically generates a negative equivalent
(e.g., 9’s complement for a decimal code) when all its bits are inverted.

Excess-3 code is a type of BCD code that is generated by adding 11, (3;y) to the
8421 BCD codes. Table 6.3 shows the Excess-3 codes and their 8421 and decimal
equivalents.

The advantage of this code is that it is self-complementing. If the bits of the Excess-3
digit are inverted, they yield the 9’s complement of the decimal equivalent.

We can generate the 9°’s complement of an n-digit number by subtracting it from a
number made up of n 9s. Thus, the 9’s complement of 632 is 999 — 632 = 367.

The Excess-3 equivalent of 632 is 1001 0110 0101. If we invert all the bits, we get
0110 1001 1010. The decimal equivalent of this Excess-3 number is 367, the 9’s comple-
ment of 632.

This property is useful for performing decimal arithmetic digitally.

Gray Code

Gray code A binary code that progresses such that only one bit changes between
two successive codes.

Table 6.4 shows a 4-bit Gray code compared to decimal and binary values. Any two adja-
cent Gray codes differ by exactly one bit.

Gray code can be extended indefinitely if you understand the relationship between
the binary and Gray digits. Let us name the binary digits bsb,b,b,, with b; as the
most significant bit, and the Gray code digits gszg,g:8o for a 4-bit code. For a 4-bit
code:

83 = b3

g =bs; Db,
g1 = by ® b,
g0 = by ® by

For an n-bit code, the MSBs are the same in Gray and binary (g, = b,). The other
Gray digits are generated by the Exclusive OR function of the binary digits in the same
position and the next most significant position.
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Another way to generate a Gray code sequence is to recognize the inherent symmetry
in the code. For example, a 2-bit Gray code sequence is given by:

00
01
11
10

To generate a 3-bit Gray code, write the 2-bit sequence, then write it again in reverse
order.

00
01
11
10
10
11
01
00

Add an MSB of 0 to the first four codes and an MSB of 1 to the last four codes. The
sequence followed by the last two bits of all codes is symmetrical about the center of the
sequence.

000
001
011
010
110
111
101
100

We can apply a similar process to generate a 4-bit Gray code. Write the 3-bit sequence,
then again in reverse order. Add an MSB of 0 to the first half of the table and an MSB of 1
to the second half. This procedure yields the code in Table 6.4.

ASCII Code

Alphanumeric code A code used to represent letters of the alphabet and numeri-
cal characters.

ASCII American Standard Code for Information Interchange. A 7-bit code for
representing alphanumeric and control characters.

Case shift Changing letters from capitals (uppercase) to small letters (lowercase)
or vice versa.

Digital systems and computers could operate perfectly well using only binary numbers.
However, if there is any need for a human operator to understand the input and output data
of a digital system, it is necessary to have a system of communication that is understand-
able to both a human operator and the digital circuit.

A code that represents letters (alphabetic characters) and numbers (numeric charac-
ters) as binary numbers is called an alphanumeric code. The most commonly used al-
phanumeric code is ASCII (“askey”), which stands for American Standard Code for Infor-
mation Interchange. ASCII code represents letters, numbers, and other “typewriter
characters” in 7 bits. In addition, ASCII has a repertoire of “control characters,” codes that



238

CHAPTER 6 e Digital Arithmetic and Arithmetic Circuits

are used to send control instructions to and from devices such as video display terminals,
printers, and modems.

Table 6.5 shows the ASCII code in both binary and hexadecimal forms. The code for
any character consists of the bits in the column heading, then those in the row heading. For
example, the ASCII code for “A” is 1000001, or 41H. The code for “a” is 1100001, or
61H. The codes for capital (uppercase) and lower case letters differ only by the second
most significant bit, for all letters. Thus, we can make an alphabetic case shift, like using
the Shift key on a typewriter or computer keyboard, by switching just one bit.

Numeric characters are listed in column 3, with the least significant digit of the ASCII
code being the same as the represented number value. For example, the numeric character
“0” is equivalent to 30H in ASCII. The character “9” is represented as 39H.

The codes in columns 0 and 1 are control characters. They cannot be displayed on any
kind of output device, such as a printer or video monitor, although they may be used to
control the device. For instance, if the codes 0AH (Line Feed) and ODH (Carriage Return)

Table 6.5 ASCII Code

MSBs
000 001 010 011 100 101 110 111
0) D (2) 3) 4) (%) (6) (7)
LSBs
0000 (0) NUL DLE SP 0 @ P ’ p
0001 (1) SOH DC1 ! 1 A Q a q
0010 (2) STX DC2 ” 2 B R b r
0011 3) ETX DC3 # 3 C S c S
0100 (4) EOT DC4 $ 4 D T d t
0101 (5) ENQ NAK % 5 E U e u
0110 (6) ACK SYN & 6 F v f Y
0111 (7) BEL ETB ! 7 G W g w
1000 (8) BS CAN ( 8 H X h X
1001 (9) HT EM ) 9 | Y i y
1010 (A) LF SUB * : J Z j z
1011 (B) VT ESC + H K [ k {
1100 (C) FF FS , < L \ 1 |
1101 (D) CR GS - = M ] m }
1110 (E) SO RS . > N A n ~
1111 (F) SI uUsS / ? (0] — o DEL
Control Characters:
NUL-NUIl DLE-Data Link Escape
SOH-Start of Header DC1-Device Control 1
STX-Start Text DC2-Device Control 2
ETX-End Text DC3-Device Control 3
EOT-End of Transmission DC4-Device Control 4
ENQ-Enquiry NAK-No Acknowledgment
ACK-Acknowledge SYN-Synchronous Idle
BEL-Bell ETB-End of Transmission Block
BS-Backspace CAN-Cancel
HT-Horizontal Tabulation EM-End of Medium
LF-Line Feed SUB-Substitute
VT-Vertical Tabulation ESC-Escape
FF-Form Feed FS—Form Separator
CR-Carriage Return GS—Group Separator
SO-Shift Out RS—-Record Separator
SI-Shift In US—Unit Separator

SP-Space DEL-Delete
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are sent to a printer, the paper will advance by one line and the print head will return to the
beginning of the line.

The displayable characters begin at 20H (“space”) and continue to 7EH (“tilde”).
Spaces are considered ASCII characters.

Il EXAMPLE 6.17

Encode the following string of characters into ASCII (hexadecimal form). Do not include
quotation marks.

“Total system cost: $4,000,000. @ 10%”

SOLUTION Each character, including spaces, is represented by two hex digits as follows:

54 6F 74 61 6C 20 73 79 73 74 65 6D 20 63 6F 73 74 3A 20

T o t a I SPs y s t e m SPc o s t : SP
24 34 2C 30 30 30 2C 30 30 30 2E 20 40 20 31 30 25
$ 4, 00 0O, O0O0OO. SP@SPI 0 %

6.6

— E! I:.-_'||_|| —

FIGURE 6.1
Half Adder

Table 6.6 Half Adder Truth
Table

Il SECTION 6.5 REVIEW PROBLEM

6.8 Decode the following sequence of hexadecimal ASCII codes.

54 72 75 65 20 6F 72 20 46 61 6C 73 65 3A 20 31
2F 34 20 3C 20 31 2F 32

Binary Adders and Subtractors

Half and Full Adders

Half adder A circuit that will add two bits and produce a sum bit and a carry bit.

Full adder A circuit that will add a carry bit from another full or half adder and
two operand bits to produce a sum bit and a carry bit.

There are only three possible sums of two 1-bit binary numbers:

0+ 0=00
0+1=01
1+1=10

We can build a simple combinational logic circuit to produce the above sums. Let us
designate the bits on the left side of the above equalities as inputs to the circuit and the bits
on the right side as outputs. Let us call the LSB of the output the sum bit, symbolized by 2,
and the MSB of the output the carry bit, designated Co 7.

Figure 6.1 shows the logic symbol of the circuit, which is called a half adder. Its truth
table is given in Table 6.6. Since addition is subject to the commutative property, (A + B =
B + A), the second and third lines of the truth table are the same.

The Boolean functions of the two outputs, derived from the truth table, are:

0 0 0 0 NOTE
0 1 0 1
1 0 0 1
1 1 1 0

COUT:AB
S=AB+AB=A®B
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LD
B 7 =
FIGURE 6.2
Half Adder Circuit

— H

—%n Con —
FIGURE 6.3
Full Adder

Table 6.7 Full Adder Truth

Table
A B CIN C()U T 2
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1
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The corresponding logic circuit is shown in Figure 6.2.

The half adder circuit cannot account for an input carry, that is, a carry from a lower-
order 1-bit addition. A full adder, shown in Figure 6.3, can add two 1-bit numbers and ac-
cept a carry bit from a previous adder stage. Operation of the full adder is based on the fol-
lowing sums:

0+0+0=00
0+0+1=01
0+1+1=10
I1+1+1=11

Designating the left side of the above equalities as circuit inputs A, B, and Cjy and the
right side as outputs C, 7 and 2, we can make the truth table in Table 6.7. (The second and
third of the above sums each account for three lines in the full adder truth table.)

The unsimplified Boolean expressions for the outputs are:

COUT:KBCIN"I‘AECIN‘l'ABEIN+ABCIN
S=ABCny+ABCy+ABCy+ABCpy

There are a couple of ways to simplify these expressions.

Karnaugh Map Method

Since we have expressions for % and Cyy7 in sum-of-products form, let us try to use the
Karnaugh maps in Figure 6.4 to simplify them. The expression for % doesn’t reduce at all.
The simplified expression for Cpyr is:

COUT:AB+AC1N+BCIN

c [
sE G Al
ool o 1] I Ej
i = @ 0
. Carisimoliy =
i T @ by K-rao
10 15 @ o

FIGURE 6.4
K-Maps for a Full Adder

The corresponding logic circuits for 2 and Cpyp, shown in Figure 6.5, don’t give us
much of a simplification.

Boolean Algebra Method
The simplest circuit for Cy7-and 2, involves the Exclusive OR function, which we cannot
derive from K-map groupings. This can be shown by Boolean algebra, as follows:
Cour =ABCpy+ABCy+ABCpy+ABCy
=AB+ABCy+AB(Cp+ Cp)
=A®B Cny+AB
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H in

|
— —

(A

-—

|

H =2
. 5D
D

Loaur

FIGURE 6.5
Full Adder from K-Map Simplification

S=(AB+AB Cy+ AB+AB)Cy
=ADB)Cpn+ADB) Cpp Letx=A®B
=)?C1N+x5,N

=x® Cp

=A®B)®Cy

The simplified expressions are as follows:
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NOTE
COUTZ(A@B)CIN+AB
S=ADPB)DCy

Figure 6.6 shows the logic circuit derived from these equations. If you refer back to
the half adder circuit in Figure 6.2, you will see that the full adder can be constructed from

two half adders and an OR gate, as shown in Figure 6.7.

B & B

o ——— T )D T= (4 330 Oy

D f1=] I::] Vo A Dy,

=[A e By -« AF

FIGURE 6.6
Full Adder from Logic Gates
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Half Adder Half Adder
A B
A v - & : e By e Dy
B
LE (4T By
Cooym Gt
Cr
f C(]III
- 182 B Gy + AB
FIGURE 6.7

Full Adder From Two Half Adders

Il EXAMPLE 6.18

Evaluate the Boolean expression for 3 and C 7 of the full adder in Figure 6.8 for the fol-

lowing input values. What is the binary value of the outputs in each case?

a. A=0,B=0,Cny=1
A I b A=1,B=0,Cy=0
— b c. A=1,B=0,Cy=1
— Cin Cowr — d. A=1,B=1,Cn=0
FIGURE 6.8 SOLUTION The output of a full adder for any set of inputs is simply given by Cppyr > =
Example 6.18 A + B + Cjy. For each of the stated sets of inputs:
Full Adder a. CoprS=A+B+Cpn=0+0+1=01
b. Couyr2=A+B+Cn=1+0+0=01
c. Couyr2>2=A+B+Cny=1+0+1=10
d Copr2=A+B+Cny=1+14+0=10

We can verify each of these sums algebraically by plugging the specified inputs into

the full adder Boolean equations:

COUT:(A®B)CIN+AB
2=AD®BDCy

a. COUT:(O®O)‘1+O‘O

=0-1+0
=0+0=0
S3=0®0DI1
=0®1=1
b. COUT:(1®O)'O+1'O
=1-0+0
=0+0=0
S=(1®0)®0
=1®0=1
c. Copr=(1®0)-1+1-0
1140
—1+40=1
S3=1®20D1

1®1=0 (Binary equivalent:

(Binary equivalent: Cpp7 2 = 01)

(Binary equivalent: Cpp7 2 = 01)

COUTE =10)
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d Copr=(1®1D-0+1-1
=0-0+1
=0+1=1
S=(1D®1HDO
=0®D0=0 (Binary equivalent: Cop7 2 = 10)

In each case, the binary equivalent is the same as the number of HIGH inputs, regard-
less of which inputs they are.

Il EXAMPLE 6.19

Combine a half adder and a full adder to make a circuit that will add two 2-bit numbers.
Check that the circuit will work by adding the following numbers and writing the binary
equivalents of the inputs and outputs:

a. A2A1 = Ol,BzBl =01
b. A2A1 = ll,BzBl =10

SOLUTION The 2-bit adder is shown in Figure 6.9. The half adder combines A, and B;;
A,, B,, and C; are added in the full adder. The carry output, C,, of the half adder is con-
nected to the carry input of the full adder. (A half adder can be used only in the LSB of a
multiple-bit addition.)

Full adder Fad adder
¥ A Ae e | X 8, M.
B Ha E H.
oy
Gl_'n,_ll i ' '3::-_.'
MSE LSk
':'\.:u_  t E

FIGURE 6.9
Example 6.19
2-Bit Adder
Sums:

a. 01 + 01 =010
Alzl,Blzl C]ZI,EIZO

/—I

Ay=0,B,=0,C,=1 C,=0,3,=1

(Binary equivalent: A, A; + B, B, = C, 2, 3, = 010)
b. 11 + 10 = 101

Alzl,BIZO C]IO,EIZI

/—I

A2:1,B2:1,C1:O C2=1,22=O
(Binary equivalent: A, A; + B, B, = C, 2,3, = 101) "
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Parallel Binary Adder/Subtractor

Parallel binary adder A circuit, consisting of n full adders, that will add two
n-bit binary numbers. The output consists of # sum bits and a carry bit.

Ripple carry A method of passing carry bits from one stage of a parallel adder to
the next by connecting Cp 7 of one full adder to Cyy of the following stage.

Cascade To connect an output of one device to an input of another, often for the
purpose of expanding the number of bits available for a particular function.

As Example 6.19 implies, a binary adder can be expanded to any number of bits by us-
ing a full adder for each bit addition and connecting their carry inputs and outputs in
cascade. Figure 6.10 shows four full adders connected as a 4-bit parallel binary

adder.

—: AF— Ay L A Ay x A Ay Ay
al— E. El— B, Bl = A,
R N Ca C.
Coanr Lk Cro- G | Cowr G Cr
MsHE |
Ty 4 s vy ¥
FIGURE 6.10

4-Bit Parallel Binary Adder

The first stage (LSB) can be either a full adder with its carry input forced to logic O or
a half adder, since there is no previous stage to provide a carry. The addition is done one bit
at a time, with the carry from each adder propagating to the next stage.

Il EXAMPLE 6.20

Verify the summing operation of the circuit in Figure 6.10 by calculating the output for the
following sets of inputs:

a. A4 A'; A2A1 = 0101, B4 B'; Bz B] = 1001

b. A4A3A2A1 = 1111,B4B3 Bz B] = (0001

SOLUTION Ateach stage, A + B + C;y = Cour 2.

a. 0101 + 1001 = 1110
(510 + 910 = 1410)
A =1,B,=1,C,=0;C;,=1,2,=0
A, =0,B,=0,C;=1,C,=0,2, = 1
A;=1,B;=0,C,=0,C3=0,23=1
Ay =0,B,=1,C3=0,C,=0,2, = 1

(Binary equivalent: C, 24 33 2, 2, = 01110)
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b. 1111 + 0001 = 10000
(1510 + 110 = 1649)
A=1,B,=1,C,=0;C,=1,2,=0
=1,B,=0,C;,=1;C,=1,2,=0
As=1,B;=0,C=1:Cs= 1,85 =0
Ay=1,B,=0,C3=1;/Ci=1,5,=0

(Binary equivalent: C4 24 25 2, 2, = 10000)

S
¥
|

A1@B1

Co
FIGURE 6.11

4-bit Ripple Carry Chain

L

A1Bq

The internal carries in the parallel binary adder in Figure 6.10 are achieved by a sys-
tem called ripple carry. The carry output of one full adder cascades directly to the carry
input of the next. Every time a carry bit changes, it “ripples” through some or all of the fol-
lowing stages. A sum is not complete until the carry from another stage has arrived. The
equivalent circuit of a 4-bit ripple carry is shown in Figure 6.11.

A3B3 A4@ B4 A4 4
A,B As® By
2B L
_

Co

Ci

A potential problem with this design is that the adder circuitry does not switch instan-
taneously. A carry propagating through a ripple adder adds delays to the summation time
and, more importantly, can introduce unwanted intermediate states.

Examine the sum (1111 + 0001 = 10000). For a parallel adder having a ripple carry,
the output goes through the following series of changes as the carry bit propagates through
the circuit:

Cy2,333,%, =01111
01110
01100
01000
10000

If the output of the full adder is being used to drive another circuit, these unwanted in-
termediate states may cause erroneous operation of the load circuit.

Fast Carry

KEY TERM

Fast carry (or look-ahead carry) A gate network that generates a carry bit di-
rectly from all incoming operand bits, independent of the operation of each full
adder stage.

An alternative carry circuit is called fast carry or look-ahead carry. The idea behind fast
carry is that the circuit will examine all the A and B bits simultaneously and produce an
output carry that uses fewer levels of gating than a ripple carry circuit. Also, since there is
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4-bit Fast Carry Circuit

a carry bit gate network for each internal stage, the propagation delay is the same for each
full adder, regardless of the input operands.

The algebraic relation between operand bits and fast carry output is presented below,
without proof. It can be developed from the fast carry circuit of Figure 6.12 by tracing the
logic of the gates in the circuit.

Cy = Ay By + A3 B3 (A4 + By) + Ay B> (Ay + By)(As + By)
+ Ay By (A4 + B)(As + B3)(A, + By)
+ Co (A4 + By)(A3 + B3)(Ay + By)(Ay + By)
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We can make some intuitive sense of the above expression by examining it a term at a
time. The first term says if the MSBs of both operands are 1, there will be a carry (e.g.,
1000 + 1000 = 10000; carry generated).

The second term says if both second bits are 1 AND at least one MSB is 1, there will
be a carry (e.g., 0100 + 1100 = 10000, or 1100 + 1100 = 11000; carry generated in ei-
ther case). This pattern can be followed logically through all the terms.

The internal carry bits are generated by similar circuits that drive the carry input of
each full adder stage in the parallel adder. In general, we can generate each internal carry
by expanding the following expression:

Cn = Aan + Cn -1 (An + Bn)
The algebraic expressions for the remaining carry bits are:

C, =AB, + Cy(Ay + By)
Cy, = AB, + Ay By (A, + By) + Gy (Ay + Bo)(A, + By)

C3 = A3Bs + A, B, (A3 + B3) + Ay By (A3 + B3)(A, + B»)
+ Cy (A3 + B3)(Ay + By)(Ay + By)

Il SECTION 6.6A REVIEW PROBLEM

6.9 Refer to the logic diagrams for the ripple carry and fast carry circuits (Figures 6.11 and
6.12). How many gates must a carry bit propagate through in each device if the effect
of the carry input ripples through to the 2, bit? (See Figure 6.32 on page 273 and Fig-
ure 6.33 on page 273.)

Using VHDL Components to Implement a Parallel Adder

Hierarchy A group of design entities associated in a series of levels or layers in
which complete designs form portions of another, more general design entity. The
more general design is considered to be the higher level of the hierarchy.

Component A complete VHDL design entity that can be used as a part of a
higher-level file in a hierarchical design.

Port An input or output of a VHDL design entity or component.

Component declaration statement A statement that defines the input and output
port names of a component used in a VHDL design entity.

Instantiate To use an instance of a component.

Component instantiation statement A statement that maps port names of a
VHDL component to the port names, internal signals, or variables of a higher-level
VHDL design entity.

VHDL designs can be created using a hierarchy of design entities. Certain functions, such
as full adders, decoders, and so on, can be created once and used in many designs or mul-
tiple times in a single design.

We can create a parallel adder in VHDL by using multiple instances of a full adder
component in the top-level file of a VHDL design hierarchy. Figure 6.13 shows a graphi-
cal illustration of this concept. Each full adder shown is an instance of a component writ-
ten in VHDL, as shown in the following.

—— full add.vhd
—— Full adder: adds two bits, a and b, plus input carry
—— to yield sum bit and output carry.
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FIGURE 6.13
4-bit Parallel Adder with Ripple
Carry

ENTITY full add IS

PORT (

a, b, c_in : IN BIT;

c_out,
END full add;

ARCHITECTURE adder OF full add IS

sum : OUT BIT);

BEGIN
c_out <= ((a xor b) and c_in) or (a and b) ;
sum <= (a xor b) xor c_in;
END adder;
FULL_ADD
al | INPUT a c_out OUTPUT ——
bi | INPUT b sum OUTPUT ——
cO | INPUT c_in
FULL_ADD
a2 | INPUT a c_out OUTPUT
b2 | INPUT b sum OUTPUT ——
c_in
FULL_ADD
a3 [ INPUT a c_out OUTPUT ——
b3 | INPUT b sum OUTPUT ——
c_in
FULL_ADD
a4 [ INPUT a c_out OUTPUT ——
b4 | INPUT b sum OUTPUT ——

C

_in

ci
sum1i

c2
sum2

c3
sum3

c4
sum4

We can create the same design as in Figure 6.13 using VHDL only. To make this hier-
archical design we require:

1. A separate component file for a full adder (full_add.vhd), saved in a folder where the

compiler can find it (i.e., on a library path)

2. A component declaration statement in the top-level file of the design hierarchy

3. A component instantiation statement for each instance of the full adder component

The general form of a design entity using components is:

ENTITY entity name IS

PORT

( input and output definitions) ;

END entity name;

ARCHITECTURE arch name OF entity name IS
component declaration(s) ;

signal declaration(s);
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BEGIN
Component instantiation(s) ;
Other statements;

END arch name;

The VHDL file for a 4-bit parallel adder using full adder components is shown next.

—— add4par.vhd
—— 4-bit parallel adder, using 4 instances

add4par.vhd —— of the component full add

ENTITY add4par IS

PORT (
co . IN BIT;
a, b : IN BIT VECTOR (4 downto 1);
c4 . OUT BIT;
sum : OUT BIT VECTOR (4 downto 1));

END add4par;
ARCHITECTURE adder OF add4par IS

—— Component declaration
COMPONENT full add
PORT (
a, b, c_in : IN BIT;
c_out, sum : OUT BIT);
END COMPONENT ;

—— Define a signal for internal carry bits
SIGNAL c¢ : BIT VECTOR (3 downto 1);

BEGIN
—— Four Component Instantiation Statements
adderl: full add

PORT MAP ( a => a(1),
b => b(1l),
c in => co0,
c_out => c(1),
sum => sum (1)) ;

adder2: full add

PORT MAP ( a = a(2),
b => b(2),
c in = c(1),
c_out => c(2),
sum => sum (2));

adder3: full add

PORT MAP ( a = a(3),
b = b(3),
c in = c(2),
c_out => c(3),
sum => sum (3));

adder4: full add

PORT MAP ( a = a(4),
b => b(4),
c in = c(3),
c_out = c4,
sum => sum (4));

END adder;
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add4gen.vhd

The component declaration statement defines the ports of the component with the
same names as in the full_add.vhd. Note that the form of the component declaration state-
ment is almost the same as that of the component’s entity declaration. In effect, we are re-
defining the component entity in the top-level file of the design hierarchy.

The component instantiation statement is of the following form:

__instance_name: _ component_name
GENERIC MAP (_parameter name => _ parameter value ,
___parameter name => _ parameter value)
PORT MAP (_component port => _ connect port,
___component port => _ connect port) ;

In the generic map, a generalized parameter name can be mapped to a specific value
when the component is instantiated. For example, a parameter name can be given a value
that specifies the number of component output bits. We will not use this feature in our pre-
sent examples.

In the port map, component ports are the names of the ports used in the component file
and connect ports are the names of the ports, variables, or signals used in the higher-level
design entity. For example, the component ports of the full adder component are a, b, ¢
in, c_out, and sum. The connect ports for the instance adder1 are a(1), b(1), c0, ¢(1), and
sum(1). The ripple carry from adder1 to adder2 is achieved by mapping the port ¢_in of
adder2 to c¢(1), which is also mapped to the port c_out of adderl.

We can write the component instantiation statements more efficiently if we decide to
use all ports of the component in the order they are defined. In this case, we can simply list
the connect ports in the port map in the correct order, as follows:

adderl: full add PORT MAP (a(l),b(1),c0, c(1),sum(l));
adder2: full add PORT MAP (a(2),b(2),c(1l),c(2),sum(2));
adder3: full add PORT MAP (a(3),b(3),c(2),c(3),sum(3));
adder4: full add PORT MAP (a(4),b(4),c(3),c4, sum(4));

If we only wish to use some of the component ports or use them in a different order
than the order in which theywere originally defined, we must use the previous form of port
map (i.e.,a =>a (1), etc.).

GENERATE Statements

KEY TERM

GENERATE statement A VHDL construct that is used to create repetitive por-
tions of hardware.

The four component instantiation statements shown previously can be written in a more
general form:

adder (i) : full add PORT MAP (a(i), b(i), c(i-1), c(i), sum(i));

A statement that can be written in this indexed form can be implemented using a
GENERATE statement, which has the form:

label:

FOR index IN range GENERATE
statements;

END GENERATE;

The VHDL code that follows shows how to use the statement to create a 4-bit adder.

—— add4gen.vhd
—— 4-bit parallel adder, using a generate statement
—— and components
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ENTITY add4gen IS

PORT (
c0 : IN BIT;
a, b : IN BIT_VECTOR (4 downto 1) ;
c4 : OUT BIT;
sum : OUT BIT VECTOR (4 downto 1));

END add4gen;
ARCHITECTURE adder OF add4gen IS

——Component declaration
COMPONENT full add
PORT (
a, b, c_in : IN BIT;
c_out, sum : OUT BIT);
END COMPONENT ;

—— Define a signal for internal carry bits
SIGNAL ¢ : BIT VECTOR (4 downto 0);

BEGIN
c(0) <= c0;
adders:
FOR i IN 1 to 4 GENERATE
adder: full add PORT MAP (a(i),b(i),c(i-1),c(i),sum(i));
END GENERATE;

cd <= c(4);
END adder;

The GENERATE statement will create hardware that corresponds to the range of the
index variable, i. In this case i goes from 1 to 4, so the statement instantiates four instances
of the full adder. Since we have an input carry, an output carry and three internal carries,
we must use a 5-bit signal (BIT_VECTOR (4 downto 0))if we are to include all carry
bits in indexed form. The input carry, c0, defined in the entity declaration, is assigned to the
vector element c(0). Similarly, the output, c4, is assigned the value of the element c(4).

It is easy to expand the adder width by changing the range of the FOR GENERATE
statement. For example, to make an 8-bit adder, we change the vectors to have a width of
eight bits. The required VHDL code, shown next, requires the same number of lines of
code as the 4-bit adder.

—— add8gen.vhd
—— 8-bit parallel adder, using a generate statement
—— and components

ENTITY add8gen IS

PORT (
co : IN BIT;
a, b : IN BIT VECTOR (8 downto 1) ;
c8 : OUT BIT;
sum : OUT BIT VECTOR (8 downto 1));

END add8gen;

ARCHITEC