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INTRODUCTION

continuously varying signal (voltage or cur-
A rent) iscalled an analog signal. For example,

asinusoidal voltageisananalog signal. Inthe
previous chapter, we studied the behaviour of diodes
andtransistorsprimarily fromtheanal og or continuous-
signal point of view. Inananalog electronic circuit, the
output voltage changes continuously according to the
input voltage variations. In other words, the output
voltage can havean infinite number of values. A signal
(voltage or current) which can have only two discrete
valuesiscalled adigital signal. For example, asguare
wave is adigital signal. The semiconductors devices
(e.g. diodes, transistors etc.) can be designed for two-
state operation viz., saturation and cut off. Inthat case,
theoutput voltagecan haveonly twostates(i.e., values),
either *low or high. An electronic circuit that is de-
signedfor two-stateoperationiscalledadigital circuit.

*  Theexact value of voltageis unimportant if the voltage

is distinguishable as low or high.
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The branch of electronics which deals with digital circuitsis called digital electronics. When
most of us hear the term digital, we immediately think of “digital calculator” or “digital computer”.
Thisisattributed to the dramatic way the low-cost, powerful calculatorsand computers have become
accessibleto an average person. Now digital circuitsare being used in many e ectronic products such
as video games, microwave ovens and oscilloscopes. Digital techniques have also replaced alot of
the older “analog circuits’ used in consumer products such asradios, TV setsand high-fidelity sound
recording and playback equipment. In this chapter, we shall discuss the fundamental aspects of
digital electronics.

26.1 Analog and Digital Signals

(i) Analogsignal. A continuously varying signal (voltage or current) is called an analog sig-
nal. For example, an alternating voltage varying sinusoidally is an analog signal [See Fig. 26.1]. If
such an analog signal isapplied to theinput of atransistor amplifier, the output voltage will also vary
sinusoidally. This is the analog operation i.e., the output voltage can have an infinite number of
values. Due to many-valued output, the analog operation islessreliable.

(if) Digital signal. A signal (voltage or current) that can have only two discrete valuesiscalled a
digital signal. For example, asquarewaveisadigital signal [SeeFig. 26.2]. Itisbecausethissignal has
only two vauesviz, +5V and 0V and no other value. Thesevauesarelabelled asHigh and Low. The
High voltageis+ 5V and the Low voltageis 0 V. If proper digital signal is applied to the input of a
transistor, the transistor can be driven between cut off and saturation. In other words, thetransistor will
have two-state operationsi.e., output is either low or high. Since digital operation has only two states
(i.e, ON or OFF), it isfar more reliable than many-valued analog operation. It is because with two-
states operation, all the signals are easily recognised as either low or high.

v
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5V f---

0 \/ >t 0 >t

Fig. 26.1 Fig. 26.2

26.2 Digital Circuit

An electronic circuit that handles only a digital signal iscalled a digital circuit.

The output voltage of adigital circuit is either low or high and no other value. In other words,
digital operation is a two-state operation. These states are expressed as (High or Low) or (ON or
OFF) or (1 or 0). Therefore, adigital circuit is one that expresses the values in digits 1's or O's.
Hence the name digital. The numbering concept that uses only the two digits 1 and O is the binary
numbering system. Therefore, thefirst step would be to discuss this number system.

26.3 Binary Number System

A number system is a code that uses symbolsto count the number of items. The most common and
familiar number systemisthe decimal number system. The decimal number system usesthe symbols
0,1,2,3,4,5,6,7,8and 9. Thus, thedecimal system uses 10 digitsfor counting theitems. A binary
system usesonly two digits (0 and 1) for counting theitems. The reader may wonder how to count the
itemsin abinary system. Let ussee how it isdone.
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Counting in Decimal and Binary systems. Figure 26.3 shows the counting of stonesin deci-
mal aswell asbinary system. Asyouwill see, the counting in the binary number systemisperformed
much the same way asin the decimal number system.

Stones Decimal Binary
No stone 0 0
° 1 1
X 2 10
XX 3 11
xXxx) 4 100
XXxx) 5 101
XXX 6 110
XXX 7 111
XXX 8 1000
XXX 9 1001

Fig. 26.3

(i) Letusfirst see how itemsare counted in decimal system. In this system, the count starts as
0,1,....,9. After 9, weareto write the next number. To do so, we use the second digit of the decimal
system (i.e, 1) followed by thefirst digit (i.e., 0). So after 9, the next number is10. The count again
continuesas 10, 11, 12 ....., 19. After 19, we usethethird digit of the system (i.e., 2) followed by the
first digit (i.e., 0) and the count continues as 20, 21, .... etc. Inthisway, we get the number upto 99.
In order to represent a number next to 99, we use three decimal digits (100). That isto say second
digit of the decimal system (i.e., 1) followed by two first digits (i.e, two zeros).

(if) Letusnow turnto binary system. Notethat 0 and 1 count inthebinary systemisthe sameas
inthedecimal counting. To represent 2 stones, we use the second binary digit (i.e., 1) followed by the
first (i.e., 0). Thisgivesbinary number 10 (read as one-zero and not ten) as an equivalent of 2 inthe
decimal system. Likewise, 3inthe decimal system can berepresented by the binary number 11 (read
asone-one and not eleven). After this, thetwo binary digits are exhausted. We shall usethree digits
to represent the next binary number. Thus, to represent 4 (four), we use the second binary digit
followed by two first binary digits. Thisgivesthe binary * 100 (read as one-zero-zero) as equivalent
to4inthedecimal system. Hereisasimpleway to find binary equivalents. Each timethetwo digits
1 and 0 in one position are exhausted (counted as high as they will go), a 1 is added at the left, all
digitstotheright are made 0, and the count continues. The reader may apply thissimpleruleto find
next binary numbers.

Notes:

(i) Eachbinary digit (Oor 1) isreferredtoasabit. A string of four bitsiscalled asanibble and
eight bits make abyte. Thus, 1001 isanibble and 10010110 is a binary byte.

(if) The binary number system is the most useful in digital circuits because there are only two
digits (0 and 1).
26.4 Place Value
Consider the decimal number 642. This can be expressed as:

642 = 600+40+2
Note that inamultidigit decimal number (i.e., 642 in the present case), each position hasavalue

that is 10 times the value of the next position to itsimmediate right. In other words, every position
can be expressed as:

*  Notethat the procedure is similar to that which was used to write 100 (hundred) in the decimal system.
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642 = 6x10°+4x 10" +2x 10°

Thus, wefind that values of various positionsin adecimal number system are powersof 10i.e.,
equal to the number of digits used in the system. This number is called base or radix of the system.
Thus, the decimal system has base of 10 (ten).

For the decimals, the digit to the extreme right is referred to as the least significant digit (LSD)
because its positional value or weight isthe lowest. For the decimal number 642, 2 isthe LSD. The
left-most digit in the decimal number isthe most significant digit (MSD) becauseits positional value
or weight isthe highest. For the decimal nhumber 642, 6 isthe MSD with a value of 600.

Binary number system. Inthebinary number system, only two digits (0 and 1) areused. There-
fore, the base of this systemis2. In abinary number, each position has avalue that is 2 times the
value of the next position to itsimmediateright. 1n other words, every position can be expressed by
2 raised to some power. We know that binary number 1001 is equal to the decimal number 9. This
can be readily shown as under :

1001 = 1x2°+0x2°+0x2'+1x2°=9
For binary numbers, the digit at the extreme right is referred to as least significant bit (LSB).

In the binary number 1001, the 1 at the right is the LSB. The left-most digit is called the most
significant bit (MSB). In the binary number 1001, the 1 at the left is the MSB with the value of 8in
decimal terms.
26.5 Decimal to Binary Conversion
There are many methods to perform this conversion. The method described here is called double-
dabble because it requires successive divisions by 2. This method can be summarised as under :

Divide progressively the decimal number by 2 and write down the remainder after each division.
Continuethis processtill you get a quotient of 0 and remainder of 1, the conversion is now compl ete.
The remainders, taken in reverse order, form the binary number [See Fig. 26.4].

Note that 13 isfirst divided by 2, giving a quotient of 6 with aremainder of 1. Thisremainder
becomes the 2° position in the binary number. The 6 isthen divided by 2, giving aquotient of 3 with
aremainder of 0. Thisremainder becomes the 2* position in the binary number.

Continuing this procedure, the equivalent binary number is 1101.

Decimal number

\
+ 2 = 6 with aremainder of 1 2° LSB
/ . .
6+ 2 =_3 with aremainder of 0 2!
— - -
3+ 2 =1 with aremainder of 1 2
1 *{ 0 with aremainder of 1 2° MSB
Fig. 26.4
Example 26.1. Convert the decimal number 37 to its equivalent binary 2 |37
number. > T18-1
Solution. Using double-dabble method, we find that the equivalent binary > l9-0
number is100101. Itisausua practiceto mention the base of the number system. S Ta-1
ThedeC|maI system has a base of 10 while binary system has a base of 2. <120
(37),, = (100101), ==
Note This notation avoids the confusion that may arise because decimal _2]1-0
number alsoinvolvesthedigitsOand 1. Thus, (101),,denotesthe decimal number 0-1

hundred one while the binary number (101), is equivalent to decimal number 5.
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Example 26.2. Convert the decimal number 23 to its equivalent binary number.

Sol ution. Using double-dabble method, we find that the equivalent binary number is 10111.
(23),, = (10111),

) 2| 23
Notethat binary number 10111 hasfive bits. 2 11-1
26.6 Binary to Decimal Conversion —g gj
Binary numbers can be converted to equivalent decimal numbersquiteeasily. Sup- 21 1-0
pose you are given the binary number 110011. Its conversion to equivalent deci- 0-1

mal number involvesthe following two steps: 11 0 0 1 1
(i) Placethedecimal value of each position of the binary number. ~. —,  ~, 2 1 .0
(il) Add al the decimal valuesto get the decimal number. 2z 2z 2

Thus, (110011), = 1x2°+1x2*+0x2°+0x2%+1x2"+1x2°
= 32+16+0+0+2+1=51
(110011), = (51),,

Note. In binary to decimal conversion, all positions containing O can be ignored. Only add the
decimal values of the positions where 1 appears. Thus, in case of the above binary number,

(110011), = 1x2°+1x2*+1x2"+1x2°

32+16+2+1=51

Example 26.3. Convert the binary number 110001 to its equivalent decimal number.
Solution. The binary number along with its decimal values of various positionsis shown.

(110001), = 1x2°+1x2*+1x2° 110001
= 32+16+1=49 22 22222 ot 2°
or (110001), = (49),,

26.7 Octal Number System
The octal number system hasaradix of eight so that it useseight digits: 0,1, 2, 3,4,5,6and 7. The
position weightsin the system are powers of eight. The digit positions of first six powersof eight are:
=1 ; 8'=8 ; g=64
8 =512; 8'=4096 ; 8 =32768

The octal number systemisfrequently used indigital circuitsdueto two principal reasons. First,
it can beeasily converted to binary. Secondly, thereare significantly fewer digitsin any given octal number
than in the corresponding binary number so that it is much easier to work with shorter octal numbers.

1. Decimal-to-Octal Conversion. To convert adecimal number to octal, we employ the same
repeated-division method that we used in decimal-to-binary conversion. However, here the division
factor is 8 instead of two. The following examplesillustrate decimal-to-octal conversion.

(i) To convert decimal number 91 to octal number, the procedure is as under :

Division Remainder
91+8 = 11 3 (LSB)
11+8 =1 3
1+8 =0 1 (MSB)

. (91),, = (133)4
(||) As another example, consider the conversion of decimal number 266 to octal number.
Division Remainder
266+8 = 33 2 (LSB)
33+8 =4 1
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4+-8 =0 4 (MSB)
(266)1y = (412)g
2 Octal-to-Decimal Conversion. An octa-to-decimal conversion can be done in the same

manner as a binary-to-decimal conversioni.e. simply add up the position weights to obtain the deci-
mal number. The following examplesillustrate octal-to-decimal conversion.

(i) To convert octal number (133), to decimal number, the procedure is as under :

Position weights g g g
Octal number 1 3 3
(133) = (8°x 1) +(8"x3)+(8°x3)
= 64+24+3=091

. (133)g = (91)y
(||) As another example, consider the conversion of octal number (372), to decimal number.
Position weights g g g
Octal number 3 7 2
(372) = (8 x3)+ (8 x7)+ (8 x2)
192+ 56 + 2 =250
(372)g = (250)y,

3 Octal-to-Binary Conversion. Theadvantage of oc- Octal and Binary Equivaents
tal number system isthe ease with which an octal number can Octal Digit Binary Bits
be converted to a binary number and vice-versa. It is because 0 000
eight isthe third power of two, providing adirect correlation
between three-bit groupsin abinary number and the octal dig- 1 001
itsi.e. each three-bit group of binary bits can be represented 2 010
by one octal digit. Therefore, conversion from octal to binary 3 011
is performed by converting each octal digit to its 3-bit binary 4 100
equivalent. The eight possible digits are converted as shown 5 101
in the adjoining table. 6 110

(i) Theconversion of octal number (472) to binary num- 7 111

ber is done as under :

4 7 2

1 1 1
100 111 010

Therefore, octal 472 is equivalent to binary 100111010i.e.
(472); = (100111010),
(i) Asanother example, consider the conversion of octal number (5431)4 to binary number.

5 4 3 1
101 100 011 001

Therefore, octal 5431 is equivalent to binary 101100011001 i.e.
(5431); = (101100011001),

4. Binary-to-Octal Conversion. The conversion of binary number to octal number issimply
the reverse of the above process. The bits of the binary number are grouped into groups of three bits
starting at the LSB. Then each group is converted to its octal equivalent. To illustrate this method,
consider the conversion of binary number (100111010), to octal number. The procedure is as under:
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100 111 010

\ 1 1
4 7 2

(100111010), = (472),

Note that there are fewer digits in the octal number than in the corresponding binary number.
Therefore, it is much easier to work with shorter octal numbers.

Sometimesthe binary number will not have even groups of 3 bits. Inthat case, we can add one or
two Osto theleft of the M SB of the binary number tofill thelast group. Thispoint isillustrated below
for the binary number 11010110.

011 010 110

—_— = Y=

3 2 6
Note that a0 is placed to the left of the M SB to produce even groups of 3 bits.
Example 26.4. Convert the following decimal numbersto octal equivalent.

(i) 76 (if) 255 (iti) 372
Solution.
0] Division Remainder
76+8 =9 4 (LSB)
9+8 =1 1
1+8 =0 1 (MSB)
o (76)0 = (114)g
(i) Division Remainder
255+8 = 31 7 (LSB)
31+8 =3 7
3+8=0 3 (MSB)
. (255),, = (377)q
(iii) Division Remainder
372+8 = 46 4 (LSB)
46+8 = 5 6
5+8 =0 5 (MSB)
(372)yy = (564)g

Example 26.5. Convert octal number (24.6)4 to the equivalent decimal number.
Solution.

(246)g = (2x8)+(@4x8)+(6x87
= 16+4+0.75=20.75
(24.6), = (20.75),,

Example 26.6. Convert (177),, to its 8-bit binary equivalent by first converting to octal.
Solution. We shall first convert (177),, to its equivalent octal number as under :

Division Remainder
177+8 = 22 1 (LSB)
2+8 =2 6

2+8 =0 2 (MSB)

(177)y = (261)g
We now convert the octal number (261), to its equivalent binary number as under :
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2 6 1

1 L 1
010 110 001

Therefore, the binary equivalent is010110001. We remove the leading zero to expressthe result
as 8 hits

(177),, = (10110001),
26.8 Hexadecimal Number System

The hexadecimal system usesaradix of 16. Therefore, Hexadecimal Decima | Binary
it has 16 possible digit symbols. The first ten digitsin 0 0 0000
the hexadecimal system are represented by the num- 1 1 0001
bers 0 through 9 (0, 1, 2, 3,4, 5, 6, 7, 8 and 9) and the
letters A though F are used to represent the numbers 2 2 0010
10, 11, 12, 13, 14 and 15 respectively. The adjoining 3 3 0011
table showsthe rel ationships among hexadecimal, deci- 4 4 0100
mal and binary. Note that each hexadecimal digit rep- 5 5 0101
resents a group of four binary digits. 6 6 0110
Asistrue for binary and decimal numbers, each 7 7 0111
digit in the hexadecimal system has apositional value 8 8 1000
or weight. For the right most digit of ahex (abbrevia-
tion for hexadecimal) number, the positional weight is 9 9 1001
16° (= 1), the next digit to the | eft hasapositional weight A 10 1010
of 16' (= 16) and so on. The positional weight distribu- B 11 1011
tion of ahex number system is given below: C 12 1100
16° 162 16! 16° D 13 1101
% 49 256 16 1 E 14 1o
F 15 1111

1. Decimal-to-Hex Conversion. To convert a
decimal number to hex number, the technique isthe same as used for decimal-to-binary conversion or
decimal-to-octal conversion. Recall that we did decimal-to-binary conversion using repeated divi-
sion by 2 and decimal-to-octal conversion using repeated division by 8. Likewise, decimal-to-hex
conversion is done using repeated division by 16. Let us illustrate the decimal-to-hex conversion
procedure. Suppose we are to convert the decimal number 423 to hex number.

Division Remainder
423+16 = 26 7 (LSB)
26+16 = 1 10

1+16 =0 1 (MSB)

(423))p = (LAT7)yg
Notethat 10 isrepresented by the letter A.

2. Hex-to-Decimal Conversion. In order to convert a hex number to its decimal equivalent,
simply add up the position weight of each digit in the hex number. Thefollowing exampleillustrates
thisconversion.

(3 x 169 + (5 x 16Y) + (6 x 16%
768 + 80 + 6 =854
. (356),5 = (854),,
3. Hex-to-Binary Conversion. The conversion from hex to binary is performed by convert-

ing each hex digit to its 4-bit binary equivalent (See above table). The following exampleillustrates
this point. Here, we shall convert hex number (9 F2),, to its binary equivalent.

(356) 4
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9 F 2
d \ d
1001 1111 0010
(9F2),6 = (100111110010),

4. Binary-to-Hex Conversion. The conversion from binary to hex isjust the reverse of the
above process. The binary number is grouped into groups of four bitsand each group is converted to
its equivalent hex digit. The following example illustrates this point. Here, we shall convert binary
number (1110100110), to its * equivalent hex number.

0011 1010 0110
—— —— —_

3 A 6
(1110100110), = (3A6).4

Example 26.7. Convert decimal number 541 to hexadecimal.

Solution.
Division Remainder
541 +16 = 33 13 (LSB)
33+16 = 2 1
2+16 = 0 2 (MSB)

(541),, = (21D)4

Example 26.8. Convert decimal number 378 to a 16-bit number by first converting to hexa-
decimal.

Solution.
Division Remainder
378+16 = 23 10 (LSB)
23+16 = 1 7
1+16 = 0 1 (MSB)

Thus (378),,= (17A ), We can easily convert this hex number to binary 000101111010. There-
fore, we can express (378),, as a 16-bit binary number by adding four leading Os.

(3878),, = (0000000101111010),
Example 26.9. Convert (B2F),, to octal.
Solution. It iseasier to first convert hex to binary and then to octal.

(B2F),; = 1011 0010 1111 .... conversion to binary
= 101 100 101 111 ... 3-bitgroupings
= 5 4 5 7

(B2F)ys = (5457)q

26.9. Binary-Coded Decimal Code (BCD Code)

Circuits and machines can deal readily with binary numbers, but people are used to working with
decimal numbers. Moreover, there are considerably fewer decimal digitsrequired to represent anum-
ber than there are binary. It ismuch easier to remember just afew digitsthan it isto remember many.
Thus whenever there is an interface between digital circuits and people, the interface data usually
takesthe decimal from. Asaresult, thedigital circuits must utilise some binary code to conveniently
represent the decimal numbers. The code used for this purposeis called BCD code. In a BCD code,
each decimal number is represented by a 4-bit binary number. For example, to convert decimal
number (489),, to BCD, the procedure is as under :

*  Zeros are added, as needed, to complete 4-bit group.
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4 8 9
0100 1000 1001 BCD | Decimal

Note that the highest BCD value that a4-bit binary number could represent | code digit
is 9 which would be (1001), in binary. Clearly, only the 4-bit binary numbers =554, 0
from 0000 through 1001 are used. 0001 1

The adjoining table shows the BCD code. Each of the decimal digits (0 0010 5
through 9) is represented by its binary equivalent. Since a decimal digit can be
aslargeas9, four bits are required to code each decimal digit (the binary code 0011 3
for 9is1001). 0100 4

Note that each decimal digit is assigned a4-bit binary number even though | 0101 5
the binary equivalent may require fewer than four binary places. Thisway, cir- | 0110 6
cuits which use BCD always handle the string of binary bits in four - place | 0111 7
groups. When using BCD code, remember that all zerosmust beretained, unlike | 1090 8
a binary number where leading zeros can be dropped. The BCD code is used 1001 9

when it is necessary to transfer decimal information into and out of a digital
machine. Examples of digital machinesincludethe digital clocks, calculators, digital voltmetersand
frequency counters.

Example 26.10. What decimal number is represented by the BCD string given below ?
0100 0000 0010

Solution. Divide the BCD number into 4-bit groups and convert each to decimal.
0100 0000 0010
—_ — ——
4 0 2
Therefore, the equivalent decimal number is (402) .
Note. To avoid confusion between BCD and true binary, a BCD string is often separated into
groups of 4 binary bits or a subscript BCD is sometimes attached to the string asillustrated under :

0100 0000 0010 or 010000000010 g-p
26.10 Logic Gates

A digital circuit with one or more input signals but only one output signal is called a logic gate.

Sincealogic gateisaswitching circuit (i.e. adigital circuit), its output can have only one of the
two possible states viz., either a high voltage (1) or a low voltage (0) — it is either ON or OFF.
Whether the output voltage of alogic gateishigh (1) or low (0) will depend upon the conditions at its
input. Fig. 26.5 shows the basic idea of a *logic gate using switches.

Sol/ S%/ Truth Table
© ° S S, Bulb S S, Output
BULB
1 open open OFF 0 0 0
— 4 <:>§ open | closed OFF 0 1 0
closed | open OFF 1 0 0
closed | closed ON 1 1 1
@) ) (iii)

* Initself, thecircuit isnot actually alogic gate but thelogicissimilar. Theactual gate circuitsare made
with diodes and transistors. In other words, switches S, and S, are replaced by diodes or transistors.
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(i) WhenS, and S, are open, the bulb is OFF.
(i) When S, isopen and S, closed, the bulb is OFF.
(i) When S, isopenand S, closed, the bulb is OFF.
(iv) Whenboth S, and S, are closed, the bulb is ON.
Note that output (OFF or ON) depends upon the conditions at the input.

The four possible combinations of switches S; and S, are shown in the table on the previous
page. Itisclear that when either of the switches (S, or S)) or both are open, the bulb isOFF. Inbinary
language, when either of the inputs or both the inputs are low (0), the output is low. When both
switches are closed, the bulb is ON. Interms of binary language, when both the inputs are high (1),
the output ishigh. Itisusual practiceto show the conditions at the input and output of alogic gatein
the binary form as shown in the table on the previous page. Such atableiscalled truth table.

Theterm “logic” is usually used to refer to a decision-making process. A logic gate makes logical
decisions regarding the existence of output depending upon the nature of the input. Hence, such
circuits are called logic circuits.

26.11 Three Basic Logic Gates

A logic gateisacircuit that has one or more input signals but only one output signal. All logic gates
can be analysed by constructing atruth table. A truth tablelistsall input possibilities and the corre-
sponding output for each input. Thethreebasiclogic gatesthat make up all digital circuitsare (i) OR
gate (ii) AND gateand (iii) NOT gate. We shall first discussthesethree basic logic gates and then the
combination of these gates. The following points may be noted about logic * gates:

(i) A binary OrepresentsOV and binary 1 represents+ 5V**. Itiscommon to refer to binary O
as LOW input or output and binary 1 as HIGH input or output.

(if) A logic gate has only one output signal. The output will depend upon the input signal/
signals and the type of gate.

(i) The operation of alogic gate may be described either by truth table or Boolean algebra.

26.12 OR Gate

An OR gateisalogic gate that hastwo or moreinputs but only one output. However, the output Y of
an OR gateis LOW when all inputsare LOW. The output Y of an OR gateisHIGH if any or all the
inputs are HIGH.

It is called OR gate because the output is high if any or al the inputs are high. For the same
reason, an OR gate is sometimes called “any or all gate’. For example, consider a 2-input OR gate.
The output Y will be high if either or both inputs are high.

OR gateoperation. Fig. 26.6 (i) showsoneway to build a2-input OR gate while Fig. 126.6 (ii)
showsits simplified schematic diagram. Theinput voltages are labeled as A and B while the output
voltageisY. Notethat negativeterminal of the battery isgrounded and correspondsto O state (LOW
level). The positive terminal of the battery (+5 V) correspondsto 1 state (HIGH level). There are
only four input-output possibilities.

* A gatecan beregarded asabarrier which when closed prevents the passgae of information but if open
allows the signal/signals to pass through freely.

** Indigital systems, the binary information is represented by two voltage levels, generally +5V and O V.
So 5V isused to represent binary 1 and 0V is used to represent binary 0.

T Asyou can seein Fig. 26.6 (ii) that output is high when either or both of the input switches are closed
but not when both are open.
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(i) When both A and B are connected to ground, both diodes are non-conducting. Hence, the
output voltageisideally zero (low voltage). Intermsof binary, whenA=0and B=0,then Y=0as
showninthetruth tablein Fig. 26.6 (iii).

4 ,D' -7
1—o q P A B Y
o—pr— % T [ e T o o | o
E— B Dz R 1 5 0 1 1
=5V L Y — sy RL Y
T L T 1 0 1
= N L 1 l IR
° (0) (i) (i)
Fig. 26.6

(if) When Aisconnected to ground and B connected to the positive terminal of the battery, diode
D, is forward biased and diode D, is non-conducting. Therefore, diode D, conducts and the output
voltageisidealy +5V. Intermsof binary, when A=0and B =1, then Y =1[SeeFig. 26.6 (iii)].

(iif) When A is connected to the positive terminal of the battery and B to the ground, diode D, is
onand diode D, isoff. Againtheoutput voltageis+5V. Inbinary terms, when A=1and B=0, then
Y =1[SeeFig. 26.6 (iii)].

(iv) When both A and B are connected to the positive terminal of the battery, both diodes are on.
Sincethediodesarein parallel, the output voltageis+5V. Inbinary terms, when A=1and B=1, then
Y =1[SeeFig. 26.6 (iii)].

Itisclear from the truth table that for OR gate, the out-
y putishighif any or all of theinputsare high. The only way to
Inputs :Z} YOutput g€t alow outputisby having all inputslow. Fig. 26.7 shows
B thelogic symbol of OR gate. Notethat the symbol has curved
Fig. 26.7 line at the input.

Boolean expression. The algebra used A+B = Y
to symbolically describelogic functionsiscalled Boolean algebra. The“+” sign 0+ 0 - 0
in Boolean algebra refers to the logical OR function. The Boolean expression 0+1 B 1
for OR function is _
1+0 = 1
A+B=Y
1+1 = 1
T
OR symbol

The adjoining table shows possibilities for the inputs. According to thistable, when 0 is ORed
with O, theresult equals 0. Also, any variable ORed with 1 equals 1. The OR function can be summed
up as under :

0 ORedwithOequals 0
0 ORedwithlequals 1

1 ORedwith1equals 1

26.13 AND Gate

The AND gateisalogic gate that has two or more inputs but only one output. The output Y of AND
gateis HIGH when al inputs are HIGH. However, the output Y of AND gateis LOW if any or all
inputs are LOW.
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It is called AND gate because output is HIGH only when all the inputs are HIGH. For this
reason, the AND gate is sometimes called “al or nothing gate”. For example, consider a 2-input
AND gate. The output will be HIGH when both the inputs are HIGH.

AND gate operation. Fig. 26.8 (i) showsoneway to build a2-input AND gatewhile *Fig. 26.8
(i) showsits simplified schematic diagram. There are only four input-output possibilities.

4 D
1 A B
LI o 6 4| B Y
%—K— R, Y Y 0 0
r— D, I 1 I 0 1 0
=5V 1 — 5V L
p— — = —_ 5 1 0 0
1 T 1 1 1 1
0 (i) (i) (i)

Fig. 26.8

(i) When both A and B are connected to ground, both the diodes (D, and D,) are forward biased
and hence they conduct current. Consequently, the two diodes are grounded and output voltageis zero.
In terms of binary, when A=0and B=0, then Y =0 asshown in truth tablein Fig. 26.8 (iii).

(i) When A is connected to the ground and B connected to the positive terminal of the battery,
diode D, is forward biased while diode D, will not conduct. Therefore, diode D, conducts and is
grounded. Again output voltagewill bezero. Inbinary terms,whenA=0andB=1,thenY=0. This
fact isshown in the truth table.

(iif) When B is connected to the ground and A connected to the positive terminal of the battery,
the roles of diodes are interchanged. Now diode D, will conduct while diode D, does not conduct.
Asaresult, diode D, is grounded and again output voltage is zero. In binary terms, when A= 1 and
B =0, then Y=0. Thisfactisindicated in the truth table.

(iv) When both A and B are connected to the positive terminal of the battery, both the diodes do
not conduct. Now, the output voltage is+5 V because thereis no current through R, .

It is clear from the truth table that for AND gate, the output is high if all the inputs are high.
However, the output islow if any or all inputsarelow. Fig. 26.9 showsthelogic symbol of AND gate.
Thisisthe symbol you should memorise and use from now on for AND gates.

Boolean expression. The Boolean expression for AND functionis

A.B=Y
T
AND symbol

where the multiplication * *dot stands for the AND operation. The adjoining table shows the possi-
bilitiesfor theinputs. Tabletellsusthat 0 ANDed with any variableequals0. Also, 1 ANDedwith 1

equalsone. The AND function can be summed up as under : AB = Y
0 ANDed with 0 equalsO Inputs A _}Y Output 0.0 = 0
0 ANDed with 1 equals 0 B —| 0.1 = 0
1 ANDed with 1 equals 1 Fig. 26.9 1‘1) - ‘i

*  Notethat two switches used to represent the OR function were connected in parallel. If the switchesare
connected in series[See Fig. 26.8 (ii)], AND function isobtained. The output ishighif both the switches
are closed. The output will be low if either switch is open.

**  Note that the multiplication dot is often omitted, so expression may appear asAB =Y.
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26.14 NOT Gate or Inverter

TheNOT gateor inverter isthesimplest of all logic gates. It hasonly oneinput and one output, where
the output is opposite of theinput. The NOT gateisoften called inverter becauseit invertsthe input.

+V

A Y
Output
0 |1 Input 4 Y=4
0
) (if) (iti)
Fig. 26.10

Figure 26.10 (i) shows a *typical inverter circuit. When A is connected to ground, the base of
transistor Q, will become negative. Thisnegative potential causesthetransistor to cut off and collec-
tor current is zero and output is + V volts. In binary terms, when A=0, Y = 1. If sufficiently large
positive voltageisapplied at A, the base of the transistor will become positive, causing the transistor
to conduct heavily. Therefore, the output voltageis zero. In binary terms, whenA=1, Y=0. Fig.
26.10 (ii) showstruth tablefor an inverter. Itisclear from thetruth tablethat whatever theinput to the
inverter, the output assumes opposite polarity. If theinput isO, the output will be 1; if theinputisi,
the output will be 0.

Figure 26.10 (iii) showsthelogic symbol for NOT gateor inverter. Notethat small bubble onthe
inverter symbol representsinversion. The Boolean expression for NOT function is

Y = A
Note that bar above the input A representsinversion.

IfA=0,then Y=0o0rY=1.
IfA=1then Y=1 or Y=0.

26.15 Combination of Basic Logic Gates

The OR, AND and NOT gates are the three basic circuits that make up all digital circuits. We shall
discuss afew combinations of these basic circuits.

(i) NAND gate. Itisacombination of AND gate and NOT gate. In other words, output of
AND gate is connected to the input of aNOT gate asshownin Fig. 26.11 (i). Clearly, the output of a
NAND gate is opposite to the AND gate. Thisisillustrated in the truth table for the NAND gate.
Note that truth table for NAND gate is developed by inverting the outputs of the AND gate.

The Boolean expression for NAND function is
Y = AB

ThisBoolean expression can beread as Y = not A. B. To perform the Boolean algebra operation,

*  Notethat resistors R, and R form avoltage divider between ground and the negative voltage.



Digital Electronics B 743

first the inputs must be ANDed and then the inversion is performed. Note that output froma NAND
gate is always 1 except when all of the inputs are 1. Fig. 26.11 (iii) shows the logic symbols for a
NAND gate. Thelittle bubble (small circle) on theright end of the symbol meansto invert the AND.

- Inputs Output
nputs A | B | AND(Y) | NAND (Y)
y _ Output _
4 V=48 {>c Y=AB ol o 0 1 4 _}Y
— 1|o 0 1 B—
0| 1 0 1
1 1 1 0
(i) (i) (it)
Fig. 26.11

(i) NOR gate. Itisacombination of OR gate and NOT gate. In other words, output of OR gate
is connected to the input of a NOT gate as shown in Fig. 26.12 (i). Note that output of OR gateis
inverted to form NOR gate. Thisisillustrated in the truth table for NOR gate. It isclear that truth
table for NOR gate is developed by inverting the outputs of the OR gate.

| ; Inputs Output
nputs ;
y V=4 +B Output A| B OR (Y") NOR (V)
5 ) H[>0—Y=A_+B ol o 0 | Aﬂy
110 0 B
01 1 0
1 (1 1 0
(@) (i1) (iti)
Fig. 26.12

The Boolean expression for NOR functionis
Y = A+B

This Boolean expression can beread as Y = not A or B. To perform the Boolean algebra opera-
tion, first the inputs must be ORed and then the inversion isperformed. Notethat output froma NOR
gateishigh (1) only when all theinputsarelow (0). If any of theinputsishigh (1), the output islow

(0). Fig. 26.12 (iii) showsthelogic symbol for aNOR gate. Thebubble (small circle) at the'Y output
indicatesinversion.

26.16 NAND Gate as a *Universal Gate

The NAND gate is universal gate because its repeated use can produce other logic gates. Thetable

below showshow NAND gates can be connected to produceinverter (i.e., NOT gate), AND gateand
OR gate.

* It may be noted that NOR gateis also a universal gate.
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Logl.c Symbol Circuit using NAND gates only
Function ’ :
L
- A
Inverter A 4|>PA
D-e | DD
A.B
AND B B—D"“[ — Y
A T : Y’
; miDoy
A+B Y
or ) o .
B _E j
Yﬂ

Fig. 26.13

(i) NOT gatefrom NAND gate. Whentwo inputsof NAND gate | A B(=A)
are joined together so that it has one input, the resulting circuit isNOT [ 0
gate. Thetruth table also shows thisfact.

A|B|Y]|Y
O 0| 1]O0
1,010
o1 1]0
111|011

(i) AND gatefrom NAND gates. For
this purpose, we use two NAND gates in a manner as shown above.

1 1

Y
1
0

The

output of first NAND gate is given to the second NAND gate acting as in-
verter (i.e, inputs of NAND gate joined). The resulting circuit isthe AND
gate. Theoutput Y’ of first NAND gate (AND gate followed by NOT gate) is

inverted output of AND gate.
The second NAND gate acting

asinverter further invertsit so that the final output Yis
that of AND gate. Thetruth table also shows thisfact.

(ilf) OR gatefrom NAND gates. For thispurpose,
we use three NAND gates in amanner as shown above.
The first twvo NAND gates are operated as NOT gates
and their outputs are fed to the third. The resulting cir-
cuitisOR gate. Thisfact isaso indicated by the truth table.

26.17 Exclusive OR Gate

The name exclusive OR gate is usually shortened to XOR gate. The XOR gate can be obtained by
using OR, AND and NOT gates as shown in Fig. 26.14 (i).

Fig. 26.14 (ii) showsthe truth table for XOR gate. The table showsthat the output isHIGH (1)
if any but not al of theinputsare HIGH (1). Thisexclusivefeature eliminatesthe similarity tothe OR
gate. The OR gatetruthtableisalso given so that you can compare the OR gate truth table with XOR
gatetruth table. Thelogic symbol for XOR gateisshownin Fig. 26.14 (iii). Notethat the symbol is
similar to that of OR gate except for the additional curved line at the input side.

A | B|Y=A|Y=B| Y
0 | o 1 1 0
1|0 0 1 1
0 | 1 1 0 1
1 |1 0 0 1
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A Inputs Output
A| B OR XOR
:Z>_° 0|0 0 0 Igputs Output
y |1]o 1 1 2 :X>— Y
0] 1 1 1
B 1|1 1 0
)/"
(@) (i) (iif)
Fig. 26.14
Thelogic operationsin the circuit are as under :
A B A B A-B=Y A-B=Y" Y=Y +Y
0 0 1 1 0 0 0
1 0 0 1 0 1 1
0 1 1 0 1 0 1
1 1 0 0 0 0 0

Note that 0 ANDed with 1isOand 1 ANDed with 1is 1.

Example 26.11. Obtain the truth table for the circuit shownin Fig. 26.15 (i).

Solution. Figure 26.15 (ii) showsthetruth tablefor thecircuit. Thetruth table can be obtained
very easily if the reader remembers the following simple Boolean operations:

p 4
A[B | Y=4+B_|¥=Y'4
} Y=(4+B). 4 U 0 0
1|0 1
01 1 0
1] 1 1 1
(0 (i)

Fig. 26.15

(i) 0*ORedwith0O=0; 10Redwith1=1; 1ORedwithO=1
(i) 0**ANDedwithO=0; O ANDedwith1=10; 1 ANDedwith1=1

Thus, when A=0and B=0, then AORedwithB=0i.e.,, Y =0. When Y’ (= 0) isANDed with
A (=0), theresultis0. Againwhen A=1andB =0, then AORedwithBisli.e, Y =1. NowY’
(=1) ANDed with A (= 1), theresultis 1.

Example 26.12. Obtain the truth table for the circuit shown in Fig. 26.16.

*  Notethat A+ B means A ORed with B.
**  Notethat A . B means A ANDed with B.
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4 [ A

L

Fig. 26.16
Solution. Thetruth table for the circuit is shown below :
A B A Y=A-B B Y=Y+B
0 0 1 0 1 1
1 0 0 0 1 1
0 1 1 1 0 1
1 1 0 0 0 0

(i) WhenA=0 andB=0,then A=1. Now Y isequal to A (= 1) ANDedwithB (=0). The

resultisO. ThenY’ (= 0) ORed with B(=1) isli.e,Y=1.

(i) WhenA=1andB=0,then A=0. Now Y’ isequal to Z(: 0) ANDedwithB (=0) andthe
resultisOi.e, Y =0. ThenY (=0) ORed with B(=1 isli.e, Y=1.
The reader can proceed in asimilar way to find the other output values.

26.18 Encoders and Decoders

A digital circuit can process numbersin binary form. However, most of the information we handleis
indecimal form. Therefore, adigital machine must perform the following functions:

(i) Convert the information from deci-
mal to digital (binary) form.

(if) Processthedigital information.

(iif) Convert the digital output back to
decimal form.

The circuit that converts decimal form to
digital (binary) formiscalled encoder and the
circuit that convertsdigital formto decimal form
iscaled decoder. Fig. 26.17 shows encoding
and decoding in adigital calculator. Herethe
input isthe decimal number 5 punchedin at the
keyboard. The encoder changes the decimal
number 5to thedigital form asthe binary digit
0101. The central processing unit (CPU)
contains digital logic circuits for necessary
calculations. Here all operations are
carried out in binary form. The output of

Encoders and Decoders
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OUTPUT

<

BINARY 0101

Fig. 26.17

CPU is fed to the decoder which changes the binary signal back to the decimal form. The output
display isin the decimal form, showing the original number 5.

26.19 Advantages and Disadvantages of Digital Electronics

Theworld of electronics can be classified as either digital or analog circuits. Anincreasing majority
of applicationsin electronics use digital techniquesto perform operations that were once performed
using analog methods. It isworthwhile to give advantages and disadvantages of digital electronics.

Advantages. The chief reasonsfor the shift to digital technology are :

(i) Digital systems are generally easier to design. It is because the circuits that are used are
switching circuitswhere exact values of voltages or currents are not important, only therange (HIGH
or LOW) inwhich they fall isimportant.

(if) Digital circuits provide greater accuracy and precision. It is because digital circuits can
handle as many digits of precision asyou need ssmply by adding more switching circuits. Inanalog
systems, precisionisusually limited to three or four digits because the values of voltage and current
are directly dependent on the circuit components.

(iif) Digital circuitsarelessaffected by noise. Supriousfluctuationsin voltage (noise) are not as
critical in digital systemsasin analog systems. It isbecausein adigita circuit, the exact value of a
voltage is not important as long as the noise is not large enough to prevent us from distinguishing a
HIGH fromaLOW.

(iv) More digital circuitry can be fabricated on IC chips. Analog system uses such devices
(high-value capacitors, inductors, transformers) that cannot be economically integrated. For this
reason, anal og systems cannot achieve the same degree of integration as digital circuits.

(v) Information storageiseasy with digital circuits.



748 W Principles of Electronics

Disadvantages. (i) Thereal world ismainly analog. However, the digital circuits can handle
only digital signals. This necessitates encoders and decoders which increase the cost of the equip-
ment.

(if) There are situations where using only analog techniques is simpler and more economical.
For example, the process of signal amplification ismost easily accomplished using analog circuitry.

However, advantages of digital techniques outweigh the disadvantages. For thisreason, we are
fast switching to digital techniques.

26.20 Boolean Algebra

Digital circuits perform the binary arithmetic operations with binary digits 1 and 0. These opera-
tions are called logic functions or logical operations. The algebra used to symbolically describe
logic functionsis called Boolean algebra. Boolean algebraisaset of rulesand theoremsby which
logical operations can be expressed symbolically in equation form and be mani pul ated mathemati-
cally. As with the ordinary algebra, the *letters of alphabet (e.g. A, B, C etc.) can be used to
represent the variables. Boolean algebra differs from ordinary algebrain that Boolean constants
and variables can have only two values ; 0 and 1. There are four connecting symbols used in
Boolean algebraviz.
(i) equassign (=) (i) plussign (+)
(iif)y multiply sign (+) (iv) bar (-)

(i) Equalssign (=). The equals sign in Boolean algebra refers to the standard mathematical
equality. In other words, the logical value on one side of the signisidentical to the logical value on
the other side of the sign. Suppose we are given two logical variablessuchthat A=B. Thenif A=1,
thenB=1andif A=0,thenB=0.

(if) Plussign (+). Theplussignin Boolean algebrarefersto the logical OR operation. Thus,
when the statement A + B = 1 appearsin Boolean algebra, it means A ORed with B equals 1. Conse-
quently, either A= 1 or B =1 or both equal 1.

(iif)y Multiply sign (:). The multiply sign in Boolean algebra refers to AND operation. Thus,
when the statement A - B = 1 appears in Boolean agebra, it means A ANDed with B equals 1.
Consequently, A =1 and B = 1. The function A - B is often written as AB, omitting the dot for
convenience.

(iv) Bar sign (-). Thebar signin Boolean algebrarefersto NOT operation. The NOT hasthe
effect of inverting (complementing) the logical value. Thus, if A=1,then A=0.

26.21 Boolean Theorems
We now discuss the basic Boolean theoremsthat are useful in manipulating and simplifying Boolean
expressions. For convenience, we divide the theoremsinto two groups :

(i) Singlevariabletheorems

(if) Multivariabletheorems

(i) Singlevariabletheorems. These theorems refer to the condition when only one input to
thelogic gateisvariable. Table 26.1 gives single variable Boolean theorems.

*  For example, A might represent a certain digital circuit input or output and at any time, we must have
either A=0orA=1.
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Table 26.1
Theorem 1 : A+0=A
Theorem 2 : A-1=A
Theorem 3: A+A=1
Theorem 4 : A-A=0
Theorem5: A+A=A
Theorem 6 : A-A=A
Theorem 7 : A+1=1
Theorem 8: A-0=0
Theorem 9 : i: A
Theorem 1. (A+0=A). Thistheorem can be verified
by ORing avariableAwithaOandisillustratedin Fig. 26.18. 4 =1 ) > Output v=1
Here one input to OR gateis always 0 and the other input A 0
canbeavaluelor 0. WhenAisat 1, theoutputis1whichis
equal to A. WhenAisat O, theoutput isOwhichisalso equal A4=0 w Y=0
0

to A(=0). Therefore, avariable ORed with Oisequal to the
value of thevariable. Thisiseasy to remember since 0 added
to anything does not effect the value of the variable, either in
regular addition or OR addition.

Fig. 26.18

Theorem 2. (A.1=A). Thistheorem can be verified by ANDing avariable Awithal andis
illustrated in Fig. 26.19. Here oneinput to AND gateisaways 1 and the other can be avalue 1 or O.
If Ais 1, the output of the AND gateis 1 because both the

A=1 — Output inputsarenow 1's. If AisO0, the output of the AND gateisa
| } ¥Y=1 0. Therefore, a variable ANDed with a 1 is equal to the
value of the variable (A - 1 = A). Thisis easy to remember
A=0 — Output because AND operation isjust like ordinary multiplication.
J————Y=0
1 — Theorem 3.
— A=1 Output
Fig. 26.19 (A+A=1). This 5 | :D—Y:1
theorem can be eas-
ily explained. If avariable A and its complement (A) are 40 j > Output Y=1
ORed, theresultisalways 1. If Aisa0,then 0+ 0=0+1=1. A4=1
If Aisal, then 1+1=1+0=1. Fig. 26.20 illustrates this Fig. 26.20
theorem.
oy . . A=1 Output
Theorem 4. (A- A= O) . Thistheorem statesthat if a  _ 37 Y=0
variable Ais ANDed with its complement, the result is zero. 4=0
This s readily apparent because either A or A will always 4= Output
beO. Therefore, when oneof theinputsto an AND gateisO, -, ) r=0

the output isalways 0. Fig. 26.21 illustrates this theorem.
Theorem5. (A+ A= A). Thistheorem statesthat when

Fig. 26.21

avariable Ais ORed with itself, the output is equal to thevariable. Thus, if Aisa0,then0+0=0and
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if Aisal, then1+1=1. Fig. 26.22 illustrates this theorem.

A=1 Output
A=1 } r=1 Theorem 6. (A -A=A). Thistheorem statesthat if a

variable A is ANDed

A4=0 wyzo with itself, the result 4 =1 D Output |
A=0 is equal to the vari- 4=1

" able. Forexample, if 4 _ Output
Fig. 26.22 A=0,then00=0and |, Y=0
if A=1,then1-1=1. For either case, the output of an AND
gate is equal to the value of theinput variable A. Fig. 26.23 Fig. 26.23

illustrates thistheorem.
Theorem 7. (A+1=1). Thistheorem statesthat when
A=1 Output avariable AisORed with 1, the outuput is always equal to
. :I>— Y=1 1. Fig. 26.24 illustrates thistheorem. Oneinput to an OR
gateisalways 1 and the other input A can be either 1 or O.
A4=0 w Y=1 Now 1 on an input to OR gate produces 1 on the output
1 regardless of the value of the variable on the other input.

Fig. 26.24 Theorem 8. (A-0=0). Thistheorem states that vari-

able A ANDed
— > Output
Y=0

with 0 always produces 0. Recall that any timeoneinputto 4 =1
0
variable A on the other input. Thistheoremisillustratedin 4 —9 — Output
Fig. 26.25. 0 J———71=0

an AND gateisO, theoutput isO regardless of the value of the

1 >c A=0 Fig. 26.25
0 > I-1 Theorem 9. (A= A). This theo-

rem statesthat if avariable Aiscomple-
mented twice, the result is the variable
itself. Starting with A and inverting
(complementing) it once gives A. In-
verting it once more gives A— the original value. Thistheoremisillustrated in Fig. 26.26.

Duality Principle. Before moving to multivariable theorems, this would be the right place to
mention an important property of Boolean algebra called duality principle. It is stated below :

The duality principle states that a Boolean expression remains valid if operators OR and AND
are interchanged and 1's and O's in the expression are also interchanged.

In order to understand this principle, consider the Boolean Theorem 1 viz.

A+0 = A

According to duality principle, this Boolean expression remainsvalid if OR functionisreplaced

by AND functionand O by 1. Inthat case, the Boolean expression becomes :
Al = A

Note that this is Boolean Theorem No. 2. Therefore, Boolean Theorem 2 is dual of Boolean
Theorem 1 and vice-versa. Applying duality principle, Theorem 4 is dual of Theorem 3 and vice-
versa, Theorem 6 isdual of Theorem 5 and vice-versa, Theorem 8 is dua of Theorem 7 and vice-
versa. To apply duality principle to a Boolean expression, we simply interchange OR and AND
operator and replace 1'sby O'sand O'sby 1's.

(i) Multivariabletheorems. Thesetheoremsrefer to the condition when more than one input
to the logic gate are variable. Table 26.2 gives multivariable Boolean theorems.

A
A=0

N
Il

>O_
>A

Fig. 26.26
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Table 26.2

Theorem 10 : A+B=B+A

Theorem 11 - A.B=B-A } Commutative Law

Theorem 12 : A+(B+C)=(A+B)+C e

Theorem13 : A-(B-C)=(A-B)-C } AssociativeLaw

Theorem 14 A-B+C)=A-B+A-C o
Theorem15 : (A+B)-(C+D)=A-C+B-.-C+A-D+B-D }D'St”b““"eLaW
Theorem 16 A+A-B=A

Theorem 17 (A+ B):_A'E }DeMorgan’sTheorems

Theorem 18 : (A B)=A+B

Thefollowing points may be noted about these theorems :

(a) Theorems 10 and 11 obey commutative law. This law states that the order in which the
variables are ORed or ANDed makes no difference.

) o = ) >—
A+B — B+4
B 4

Fig. 26.27

A—— B——
AB BA
B A—

Fig. 26.28

Figure 26.27 illustrates the commutative law as applied to the OR gate while Fig. 26.28 illus-
trates the commutative law as applied to an AND gate.

(b) Theorems 12 and 13 obey associative law. Thislaw statesthat in the ORing or ANDing of
several variables, the result is the same regardless of the grouping of the variables.

4 A+B+C 4 A+B
B
B —_—
c
c C A+B+C

Fig. 26.29

A= A—
}—4BC
5 AB

B+
B—]
BC

Fig. 26.30
Figure 26.29illustratesthe associative law as applied to the OR gate, while Fig. 26.30illustrates
the associative law as applied to an AND gate.

(c) Theorems 14 and 15 obey distributive law. Thislaw statesthat a Boolean expression can
be expanded by multiplying term-by-term just the same asin ordinary algebra.
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B A
C B—1
= AB+ AC
A—]
D —
Fig. 26.31
Fig. 26.31 illustrates the distributive law in terms of gate implementation.
(d) Wewill prove Theorem 16 by factoring and using Theorems 2, 7, 10 and 14.
A+A-B = A-1+A-B ...Theorem 2
= A-(1+B) ...Theorem 14
= A-(B+1) ...Theorem 10
= A1 ...Theorem 7
= A ...Theorem 2

(e) Theorems 17 and 18 are the two most important theorems of Boolean algebra and were
contributed by the great mathematician named De Morgan. Therefore, these theoremsare called De
Morgan’ stheorems.

26.22 De Morgan’s Theorems

De Morgan’stheorems are extremely useful in simplifying expressionsin which a product or sum of
variablesisinverted. The two theoremsare:

() (A+B)=AB
(i) (AB)=A+B
(i) Thefirst De Morgan’s theorem may be stated as under :
When the OR sum of two variables is inverted, this is equal to inverting each variable
individually and then ANDing these inverted variablesi.e.,
(A+B)= A'B
Inthis expression, A and B are the two variables. TheL.H.S. isthe complement of the OR sum
of thetwo variables. The R.H.S. isthe AND product of individual inverted variables.
(if) The second De Morgan’s theorem may be stated as under :
When the AND product of two variables is inverted, this is equal to inverting each variable
individually and then ORing themi.e.,
(AB) = A+B
In this expression, A and B are the two variables. The L.H.S. is the complement of the AND
product of the two variables. The R.H.S. isthe OR sum of theindividual inverted variables.

26.23 Operator Precedence

The operator precedence for evaluating Boolean expressionis (i) parenthesis (ii) NOT (iii) AND and
(iv) OR. In other words, the expression inside the parenthesis must be evaluated before all other
operations. The next operation that holds precedence is the complement, then followsthe AND and
finally the OR. For example, consider the Boolean expression :

A+B.(C+D)
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The segquence of operationswill be :
(i) Theexpression inside the parenthesis (i.e. C + D) will be evaluated first.
(ii) Then B will be evaluated.
(iii) Thentheresultsof thetwo (i.e. B and C + D) will be ANDed.
(iv) Finally, theresult of the product will be ORed with A.

Example 26.13. Using Boolean algebraic techniques, simplify the following expression :
Y= A-B-C-D+A-B-C-D+A-B-C-D+A-B-C-D
Solution. Y= A-B-.C-D+A-B-C-D+A-B-C-D+A-B-C-D (i)
Step 1: Take out the common factors as below :
Y = BCD(A+ A+BCD(A+A)
Sep2: Apply Theorem 3 (A+Z:1) :
Y = BCD +BCD
Siep 3: Again factorise:

Thisisthe smplified form of exp. (i).
Example 26.14. Using Boolean techniques, simplify the following expression :
Y = AB+AB+C)+B(B+C)
Solution. Y = AB+AB+C)+B(B+C) (1)
Sep 1: Apply Theorem 14 (distributive law) to second and third terms:
Y AB+AB+ AC+ BB+ BC
Sep 2: Apply Theorem6 (B -B=B):
Y = AB+AB+AC+B+BC
Sep 3: Apply Theorem 5 (AB + AB = AB) :
Y = AB+AC+B+BC
Sep 4 : Factor B out of last 2 terms :
Y = AB+AC+B(1+CQC)
Sep5: Apply commutativelaw and Theorem7 (1+C=C+1=1):
Y =AB+AC+B-1
Sep6: Apply Theorem2(B-1=B):
Y = AB+AC+B
Step 7 : Factor B out of first and third terms:
Y = BA+1)+AC
Sep8: Apply Theorem7(A+1=1):
Y = B:-1+AC
Sep9: Apply Theorem2(B-1=B):
Y = B+AC
Thisisthe smplified form of exp. (i).



Example 26.15. Smplify the following Boolean expressions to a minimum number of literals:

Y=

AB+ AC + BC

A+ AB

A+ AB+ AB

A+ B (A+A)

A+B

A+B

AB+ AC + BC

AB+ AC +BC - (A+ A)
AB+ AC+ ABC + ABC
AB(1+C)+ AC (1+B)
AB+ AC

[ A=A+ ABfrom Theorem 16]

[** A+ A =1from Theorem 3]
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(i) Y= A+AB (ii)
Solution. (i) Y =
v =
(ii) Y =
Y =

AB+ AC

Example 26.16. Determine output expression for the circuit shown below and simplify it using

De Morgan’s theorem.

il e

D
Fig. 26.32
Solution. The output expression for the circuit shown aboveis:
Y = [(A+B)-C-D]
Using De Morgan’stheorem :
Y = (A+B)+C+D
Y = A+B+C+D
Example 26.17. Find the complement of the expressions given below :
0) Y = ABC+ABC
(i) Y = A+(BC+EC)
Solution. (i) Y = ABC+ABC
Y = (ABC+ ABC)
Applying De Morgan’s theorem :
Y = (ABC)-(ABC)
Again applying De Morgan’s theorem to the each expression inside the brackets :
Y = (A+B+C)-(A+B+C)
(ii) Y = A(BC+BC)
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Y = A(BC+BC)

Applying De Morgan’s theorem :
Y = A+(BC+BC)

Again applying De Morgan’s theorem to the expression inside the bracket :
Y = A+(BO)-(BC)

Applying De Morgan’s theorem for the third time we get :
Y A+ (B+C)-(B+C)
or Y = A+BC+BC
Example 26.18. Smplify the following Boolean expressions :
(i) Y=(A+B+C)-(A+B)
(i) Y=AB+ABC+ ABC
(iii) Y= 1+ A(B-C+ BC + BC) + ABC + AC

(iv) Y= (A+B+C)+(B+C)
Solution. (i) Y

(A+B+C)-(A+B)
= A-A+A-B+B-A+B-B+C-A+C-B
Using A-A = A weget,
Y = A+AB+AB+B+AC+BC

= A+AB+B+AC + BC [- AB+AB = AB]
= A+B+AC+BC [- A+AB = A]
= AQ1+C)+B(1+C)
= A-1+B-1 [~ 1+C=1]
. Y = A+B
(ii) Y = AB+ABC+ ABC
= AB+AB (C+C)
= AB+AB [ C+C =1]
Y = AB
(iii) Y = 1+A(B-C+BC+BC)+ABC+AC
Usng 1+A = 1, weget,
Y = 1+ ABC +AC [* 1+ A(BC+BC+BC) =1]
= 1+AC
Y =1

Thus, because of thefirst term Y reducesto 1. Therefore, any Boolean expression ORed with 1,
resultsin 1.

(iv) Y = (A+B+C)+(B+C)
Applying De Morgan’s theorem :
Y = (A+B+C) - (B+C)
Again applying De Morgan’s theorem :
Y = (A-B-C)-(B-C) =0 [ B-

Wl
[
o
@)
Ol
[
=)
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Example 26.19. Smplify the following Boolean expression :

Y = ABD+ABD

Solution. Y = ABD+ABD
Factoring out the common variables A B (using Theorem 14), we get
Y = AB(D+D)
UsingTheorem3, D+D = 1
- Y = AB-1
Using Theorem 2, we get,
Y = AB

Example 26.20. Smplify the following Boolean expression :
Y = (A+B)(A+B)
Solution. Y = (A+B)(A+B)
The expression can be expanded by multiplying out the terms [Theorem 15].
Y= A-A+A-B+B-A+B-B
Using Theorem4, A-A = 0. AlsoB.B = B [Theorem ].
Y = 0+A-B+B-A+B
A-B+AB+B
Factoring out the variable B [ Theorem 14], we have,
Y = B(A+A+])
Using Theorem7, A+1 = 1.

Y = B(A+))
Againusing Theorem7, A+1 = 1
. Y =B-1
Finally, using Theorem 2, we have,
Y =B

26.24 Combinational Logic Circuits

We can combine two or more logic gatesto form alogic circuit or digital circuit. When the resulting
logic or digital circuit has no feedback and no memory, it is often called combinational logic circuit.

A logic circuit consisting of two or more logic gates that has no feedback and no memory is
called a combinational logic circuit.

A combinational logic circuit isconstructed using OR, AND and NOT gates. Therefore, thebasic
building block for combinational circuitsisthelogic gate. Since acombinational logic circuit hasno
feedback and no memory, its output depends only on the current value of itsinputs.

26.25 Boolean Expressions for Combinational Logic Circuits

A combinational logic circuit (or digital circuit) often consists of several different logic gates, inter-
connected in such away as to perform a specific logic function. By using the laws, theorems and
techniques of Boolean algebra, we can find the Boolean expression for any combinational logic
circuit. Let usfind Boolean expression for some logic circuits.
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(i) Fig. 26.33 shows a logic circuit. It~ 4
consists of two AND gates and one OR gate. G,
Each of thethree gateshastwo input variables.

Because gate G, is an AND gate and its two

inputs are A and B, its output is AB. The gate E Y=4B +(CD
G, isaso an AND gate and its two inputs are

Cand D so that itsoutput isCD. Thegate G; ¢——
isan OR gate so that itsoutput isthe ORing of G, D
AB and CD, producing AB + CD. Therefore,
the Boolean expression for the output of this
logic circuitis

AB

Fig. 26.33

Y=AB+CD

(if) Fig. 26.34 shows alogic circuit consisting of two AND gates and one OR gate. There are
four (A, B, C and D) input variables.

C

CD
D
B+ CD
B
A (B ‘D
A e
Fig. 26.34

The variable C is ANDed with D and its output is CD. Then CD is ORed with B, giving an output
(B + CD). Thissumisthen ANDed with A, resulting in the following Boolean expression :
Y = A(B+CD)
(i) Fig. 26.35 shows alogic circuit consisting of three AND gates and one OR gate. There are
six input variablesviz. A, B, C, D, Eand F.

A— )AB
B_

B ——1
lC)_ BCD Y=A4AB+ BCD + EF

D
F JE—
Fig. 26.35

Thevariables A and B are ANDed to produce AB, B, C and D are ANDed to produce BCD and E and
F are ANDed to produce EF. Theinput to OR gateisAB, BCD and EF so the output of thisgateisthe
ORing of theinputsi.e.

Y = AB+BCD+EF
26.26 AND and OR Operations in Boolean Expression

Itisvery important tointerpret AND and OR operationsin the Bool ean expression. Sometimes, there
may be confusion as to which operation (AND or OR) in a Boolean expression is to be performed
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first. For example, the Boolean expression *A - B + C can be interpreted in two different ways viz
(i) A-BisORedwithCor (ii) AisANDed withtheterm B + C

In order to avoid this confusion, it will be understood that if Boolean expression contains both
AND and OR operations, the AND operations are performed first unless there are brackets in the
expression in which case the operation inside the brackets isto be performed first. Thisisthe same
rulethat isused in ordinary algebrato determine the order of operations. Let usillustrate thisimpor-
tant point with examples.

(i) Consider the Boolean expression:
Y=A- B+ C. Sincethere are no bracketsin this
expression, AND operation is to be performed ~ 4° ] 4-B
first. In other words, first Aand Bare ANDedto ~ Be——— c Y=4-B+C
produce A - B and then A - B is ORed with C to
givethefinal function: Y= A- B+ C. Thelogic Fig. 26.36
circuit representing this Boolean expression is shown in Fig. 26.36.
(if) Consider the Boolean expression: Y = (A + B) - C. Since A + B is in the bracket, the
OR operation is to be performed first. In
other words, A is ORed with Bto give (A +B) ::zw
and then (A+ B) iSANDed with CtoproduceY B C.__D_‘ Y=@+5-C
= (A + B) - C. The logic circuit representing )
this Boolean expression is shown in Fig. 26.37. Fig. 26.37

Example 26.21. Write the Boolean expres-

A
sion for the digital circuit shown in Fig. 26.38. BW—L
Solution. The output of G, isA+ B. This
output of G, is NANDed with C to yield Y = c
(A + B) C - Notethat bracket around (A + B)is

Fig. 26.38
required otherwise the expression may be inter-

preted that Ais NORed with B C.

Example 26.22. Write the Boolean expression for the logic circuit (digital circuit) shown in
Fig. 26.39.

A4 _
A>T\ Zgc
¢ i
y ATDE_.Y=ZBC(A D)
A+D
D
Fig. 26.39

Solution. Therearetwo AND gates (viz. G, and G;) and one OR gate (G). Also the circuit has
two inverters. Theinput Aisfed to G, through theinverter. Therefore, A, Band CareANDed by G,

to produce an output of ABC. Thei nput AisORed with D by G, to produce an output of (A + D). The
inputs ABC and (A + D) to G, are ANDed to produce the final output :
Y = ABC (A+ D)

*  Recall that it indicates A ANDed with B and can be expressed as A-B or AB.
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Example 26.23. Write the Boolean expression for the digital circuit shown in Fig. 26.40.

A

A+B S
5 A+B)C
cCo— I
D+ (4 +B)-C
D
Yw+@¢?yqa,///

Fig. 26.40
Solution. The output of G, isA + B. Then (A + B) and C are ANDed to produce an output of
(A+B)C.ltiseasytosee (A + B) C andD are ORed by G;to produceanoutputof D+ (A+ B) - C .

Finaly, D + (A + B) -C and E are ANDed by G, to produce the final output Y given by ;

Y=[D+(A+B)C]-E
Example 26.24. Illustrate the commutative law of (i) addition and (ii) multiplication of two
variables.
Solution.

(i) The commutative law of addition states that the order in which the variables are ORed
makes no difference. Thislaw for the addition of two variables A and B can be written as :

A+B = B+A

A B
C) > = LT ) >ae
B A

Fig. 26.41

Fig. 26.41 illustrates the commutative law as applied to the OR gate.

(if) Thecommutativelaw of multiplication statesthat the order in which thevariablesare ANDed
makes no difference. Thislaw for the multiplication of two variables A and B can be written as:

AB = BA
A

B
Boe——— Ao |

Fig. 26.42

Fig. 26.42 illustrates the commutative law as applied to the AND gate.

Example 26.25. lllustrate associative law of (i) addition and (ii) multiplication as applied to
Boolean algebra.

Solution.

(i) Theassociative law of addition statesthat in the ORing of severa variables, theresult isthe
same regardless of the grouping of the variables. Thislaw for the addition of the three variables A, B
and C can be written as:

A+(B+C) = (A+B)+C
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4 4
A+B+0) A+B
B
5 Brc - U+B)+C
c c
Fig. 26.43

Fig. 26.43. illustrates this law as applied to OR gates.

(if) The associative law of multiplication states that it makes no difference in what order the
variables are grouped when ANDing several variables. Thislaw for the multiplication of the three
variables A, B and C can be written as:

A(BC) = (AB)C

A - .
A(BC)
~F —
B— BC =
| June

Fig. 26.44

Fig. 26.44 illustrates thislaw as applied to AND gates.
Example 26.26. Illustrate distributive law as applied to Boolean algebra.

Solution. This law states that ORing several variables and ANDing the result with a single
variableisequivaent to ANDing the single variable with each of the several variablesand ORing the
products. The distributive law can be written for three variables (A, B and C) as under :

A(B+C) = AB+BC

A
B

B
Cc

AB+AC

y AB+0O) = y

C

Fig. 26.45

Fig. 26.45 illustrates the distributive law in terms of gate implementation.

Note. Thecommutativelaw, the associative law and the distributive law of Boolean algebraare applicable
regardless of the number of variables involved.

26.27 Truth Table from Logic Circuit

The output of alogic circuit for the given inputs can be determined directly from the circuit without
using the Boolean expression. The procedure is to take a given set of inputs and work through each
gate of the circuit to determine the final output. Let usillustrate
the procedure with an example. Consider the logic circuit shown
inFig. 26.46. It consists of two AND gatesand one OR gate. Each
of the three gates has two input variables. Each of the input vari-
ables can be either a high (1) or alow (0). Since there are four
input variables, there are 16 possible combinations of the input
variables (24 =16). We shall develop thetruth tablefor the circuit
without using the Boolean expression for the circuit. Fig. 26.46
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First, supposeeachinputislow (i.e. A=0,B=0, C=0and D =0). Under thiscondition, we shall
examinethe output of each gateinthecircuit to arrive at thefinal output Y. If theinputsto gate G, are
low (0), the output of G, islow (0). Also the output of G, islow (0) because both inputs are low (0).
Thetwo low inputsto G, also makeits output low (0). Therefore, the output of thelogic circuitislow
when all theinputsarelow as shown in thetruth table. Similarly, we can find the output of the circuit
for the remaining 15 input combinations.

Truth Table
Y=AB +CD

Inputs G, Output G, Output G, Output
B CD (AB) (CD) Y

00
01
10
11
00
01
10
11
00
01
10
11
00
01
10
11

RlRr|FRP|IFP|IFP|IFP|FR|RP|lO|lO|lO|O|O|O|O|O|>

RPlRP|IP|P|IO|O|OC|O|FR|FP|FRP|IFP|IO|O|O|O

[l Bl Bl Bl Hel ol ol ol jol fol ol fol fol fol fo il o)
P|O|CO|OCO|IFRP|O|OC|O|FR,|O|O|O|F,|O|OC|O
RPlFRP|IP|IPIP|IO|OCO|O|FR,|O|O|O|IF,|O|OC|O

Note. We can aso construct the truth table by devel-
oping the Boolean expression from the logic circuit. The
logic circuit shown above (See Fig. 26.46) is redrawn as
shown in Fig. 26.47. The Boolean expression for thislogic
circuitis

Y=A4B + CD

Y = AB+CD
Now simply put in the values for each combina-

tion of inputs and use the Boolean rules and laws to
determinethefinal output Y. For example, when A=1,
B=1,C=1andD =0, thefina output is

Y = AB+CD
1.1+10
1+0

=1

Similary, we canfind Y for the remaining 15 input combinationsto get the truth table shown above.

Fig. 26.47
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26.28 Developing Logic Circuit from its Boolean Expression

We have seen how we can derive the Boolean expression for a given logic circuit. We now do the
opposite i.e. create the logic circuit from its Boolean expression. Consider the following Boolean
expression :
X = AB+CD

The function is composed of two terms, AB and
CD, and it contains four variables. The first term is
formed by ANDing A and B and the second term is
formed by ANDing C and D. Thesetwo termsarethen
ORed to form the function X. Thelogic gates required
to implement X = AB + CD are asfollows:

(i) Twotwo-input AND gatestoform AB and CD. Fig. 26.48

(if) Onetwo-input OR gateto formthefinal func-
tion X (= AB + CD).
Thelogic circuit that performsthe function X = AB + CD is shown in Fig. 26.48.

Example 26.27. Drawn the logic circuit that implements the expression X = AB + CDE.
Solution.

X = AB+ CDE

The function is composed of two terms, AB
and CDE, and it containsatotal of fivevariables.
Thefirst termisformed by ANDing A and B and
the second term is formed by ANDing C, D and
E. These two terms are then ORed to form the
function X. Thelogic gatesrequired to implement
X=AB + CDE areasfollows:

(i) Onetwo-input AND gateto form AB. Fig. 26.49

(if) Onethree-input AND gatetoform CDE.

(iif) Onetwo-input OR gate to form the final function X (= AB + CDE).

Thelogic circuit that performsthe function X = AB + CDE is shown in Fig. 26.49.

Example 26.28. Draw the logic circuit that implements the expression X = AB + BC.
Solution.

X = AB+ BC

The function is composed of two terms, AB and BC, and it contains three variables. The first
termisformed by ANDing Aand B and the

second term isformed by ANDing 8 and 4 4B Y= 4B + BC
C. Thesetwo terms arethen ORed toform B
thefinal function. Thelogic gates required

(i) Oneinverter toform B. ¢

(if) Twotwo-input AND gatestoform Fig. 26.50
ABand BC.

=l

toimplement X=AB + BC areasfollows:

(iii) One two-input OR gate to form the final function X (= AB + BC).
Thelogic circuit that performs the function X = AB + BC isshownin Fig. 26.50.
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Example 26.29. Draw the logic circuit that implements the expression X = AB (CD + EF).
Solution.

X = AB(CD +EF)

A breakdown of this equation shows that the term AB and theterm CD + EF are ANDed. The
term ABisformed by ANDing the variables A and B. Theterm CD + EF isformed first by ANDing
Cand D, ANDing E and F and then ORing these two terms. The logic gates required to implement
X=AB(CD +EF)areasfollows:

(i) Oneinvertertoform D .

(i) Two two-input AND gatesto form CD and EF.

(iii) Onetwo-input OR gateto form CD + EF.

(iv) Onetwo-input AND gateto form AB.

(v) Onetwo-input AND gateto form X [=AB (CD + EF)].

B
¢ D D@ }X—AB CD+E
D_DOL - ( F)

Fig. 26.51
Thelogic circuit that forms the function X = AB (CD + EF) isshown in Fig. 26.51.

26.29 Sum-of-Products Form

The sum-of-products form of a Boolean expression consists of two or more AND terms (i.e. prod-
ucts) that are ORed together. For example, AB + CD is a sum-of-products expression. Here AND
terms AB and CD are ORed (added). Other examples of thisform are:

(i) ABC + ABC

. — — A—

(i) ABC + DEF + AEF . }

(i) A+ BCD + EFG
Thewm-of-product_sisavery useful form fg: BCD Y=AB + BCD + EF
of aBoolean expressionduetothestraight-  p—
forward manner is which it can be imple-
mented in logic gates. For example, Fig.
26.52 showsthelogiccircuit that resultsin -~ £ _DL
asum-of-productsform. It hassimply two ~ F —

steps: ANDing and then ORing. Therefore, Fig. 26.52
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thisform isalwaysonly atwo-level gate network i.e. the maximum number of gatesthrough which a
signal must pass in going form input to output is two (excluding inversions, but these can also be
worked in).

26.30 Simplification of Boolean Expressions

The form of Boolean expression determines how many and which types of logic gates are needed as
well as how they are connected together. The more complicated the Boolean expression, the more
complex the logic circuit will be. It is, therefore, desirable to simplify an expression as much as
possible to get the simplest logic circuit. Note that the new expression can be used to implement a
logic circuit that isequivalent to the original logic circuit but contains fewer gates and connections.
While simplifying a Boolean expression, the following two steps may be very helpful:

(i) Puttheorigina expressioninto the sum-of-productsform by the repeated use of rules, theo-
rems and techniques of Boolean algebra.

(if) Onceitisinthisform, the product terms are checked for common factors and factoring is
performed wherever possible.

[llustration. Fig. 26.53 showsthelogic circuit. The Boolean expression for this circuit is
X = ACD + AB (CD + BC)

We requirefive AND gates, two OR gates and two invertersto implement this expression. In all,
nine gates are needed. We shall now use laws, rules and techniques of Boolean algebra to get the
simplest expression for the given function.

4 {}c

B

-

Step 1. Apply distributive law to the second term by multiplying the term CD + BC by AB.
Theresultis:

Fig. 26.53

X = ACD + ABCD + ABBC

Step 2. Applying the rule BB = B to the third term, we have,
X = ACD + ABCD + ABC

Step 3. Notethat Ciscommon to every term so that it can be factored out using distributive law.
X = C(AD + ABD + AB)
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Step 4. We seethat the term AB appears in the last two terms within the bracket and can be
factored out of those two terms.

X

C[AD + AB (D +1)]
SinceD+1=1, X = C (AD + AB)

It appears that this equation cannot be simplified any further, but is can be written in a slightly
different way by applying the distributive law (thisresults in the sum-of-products form):

X = ACD + ABC

A
D > D I—ﬂADC
L
3 X =ACD + ABC
>
B | ABC
C
Fig. 26.54

Implementing this equation (i.e. X = ACD + ABC) into the logic circuit, it only requires two
three-input AND gates, two inverters and one two-input OR gate as shown in Fig. 26.54. Note that
this minimised circuit is equivalent to the original circuit of Fig. 26.53 but only requires five gates
(instead of nine).

Example 26.30. Smplify the expression :
X = ABC + ABC + ABC + ABC
Solution.
X = ABC + ABC + ABC + ABC
Step 1. Notethat thefirst twotermshave BC ascommon factorswhilethelast two termshave

AB as common factors.

X

BC (A+ A) + AB (C + C)
Step2. A+ A=1andC+C =1 sothat:

X BC-1+ AB-1

Step 3. Since BC-1 = BC and AB-1=AB so that :
X = AB+ BC
Note that not only is the Boolean expression simplified, but so isthe resultant logic circuit.
Example 26.31. Smplify the expression :
X = AB+AB+C)+B(B+C)
Solution.
X = AB+tAB+C)+B(B+C)
Step 1. Applying distributive law to the second and third terms, we have,
X = AB+AB+AC+BB+BC
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Step 2. Now BB = Band AB+ AB=AB sothat :
X = AB+AC+B+BC
= B(1+C)=B1=B

Step 3. B+BC
X = AB+AC+ B

Step 4. Factoring B out, we have,

X = B(A+1)+AC

Step5. A+1l=1sothaB(A+1)=B1=B.

X = B+AC

The original expression issimplified asfar asit can go. Once you get acquainted with Boolean
simplification techniques, you can combine many individua steps.

Example 26.32. Smplify the circuit of Fig. 26.55 (i).

A— A—>—

BH)&D}X B—phd>— x
rebsl

® (i)
Fig. 26.55
Solution. The Boolean expression for the circuit shownin Fig. 26.55 (i) is
X = (A+B)(A+B)
Step 1. Multiplying out to get the sum-of-products form, we have,
X = AA+ AB+ BA+ BB
Step 2. Now AA =0and gg =0sothat:
X = AB+ AB
This expression is implemented in Fig. 26.55 (ii). If you compare the circuit with the original

circuit, you see that both circuits contain the same number of gates and connections. Therefore, the
simplification process has not produced a simpler circuit but it has produced an alter native circuit.

26.31 Binary Addition

The addition of two binary numbersis performed in exactly the same manner as the addition of
decimal numbers. Infact, binary addition issimpler, because we have only two digits (0 and 1). When
adding binary numbers, the following rules apply :

0+0=0

1+0=1

1+1 =10=0+ carry of 1into next position
1+1+1=11=1+ carry of 1into next position

It is not necessary to consider the addition of more than two binary numbers at a time. It is
because the circuitry that actually performs the addition in a digital system can handle only two
numbers at atime. When more than two numbersareto be added, thefirst two are added together and
then their sum is added to the third number and so on.

Examples. Let usillustrate binary addition with two examples.

* Thisisthe dternate symbol for the inverter.
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(i) Letusadd thefollowing two binary numbers:
101
+010
111

Theadditionisdone column by column starting at theright asit isin the decimal number system.
For thefirst column, 1 + 0= 1 and for the second column, 0 + 1 = 1. For the third or last column, 1 +
0= 1. Thisproduces a sum of 111.
(if) Letusnow add the following two binary numbers:
10111
+ 10010

101001

For thefirst column, 1 + 0 = 1. In the second column, we have, 1 + 1 =10 = 0 with acarry of 1.
For the third column, we have, 1 + 0 + carry of 1 =1 + 1 = 10 = O with acarry of 1. For the fourth
column,1+ 0+ 0=1+0= 1. For the fifth column, we have 1 + 1 = 10 = O with acarry of 1. This
produces a sum of 101001.

Binary addition is the most important arithmetic operation in digital systems. It is because the
operations of subtraction, multiplication and division as they are performed in most modern digital
computers and calculators actually use only addition as their basic operation. To be an intelligent
worker on digital equipment, you must master binary addition.

26.32 Electronic Adders

Alogic circuit that performsthe function of binary additioniscalled electronic adder or adder. The
adder circuit consists of properly connected logic gates. There are usually two forms of the adder in
common applicationsviz. (i) half adder (ii) full adder.

(i) Half Adder (HA). A logic circuit that can add two binary bitsis called a half adder (HA).
Fig. 26.56 (i) showsthe block symbol for the half adder. The adder circuit would need two inputsand
two outputs. Thetwo inputsarefor thetwo digitsto be added, either O or 1. One output terminal isfor
the sum of the two inputs and the other output isfor the carry, if necessary. Fig. 26.56 (ii) showsthe
addition table of the adder and can be thought of asatruth table. The numbers being added are on the
input side of the table. The truth table has two output columns, one column for the sum and one
column for the carry. The sum column is labeled with summation symbol X. The carry column is
labeled with C,. The C_ standsfor carry output or carry out. Thusthe half adder circuit hastwo inputs
(A, B) and two outputs (Z, C).

Truth Table
Inputs Outputs
Inputs Outputs B A = c,
4 0 0 0 0
Half Z (Sum) 0 ] ] 0
adder 1 0 1 0
B— Co(Carry out) 1 1 0 ]
. Binary digits to| Sum OClzlltrry
@ be added <OR | AND

(i)
Fig. 26.56
The half adder would behave according to the truth table shown in Fig. 26.56 (ii). Take acareful

look at the truth table. The output columns (sum and carry) can be produced by using two gates as
under :
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() Thesum columnisthe output of XOR gate. Half Adder
Remember that XOR gate has HIGH output whenei-  ["PUts Outputs
i i i 4 —9
ther el nput is HIGH but not when both inputs are the . XOR 5 (Sum)

(b) The carry column is the output of the AND

gate. Both inputs must be HIGH for thereto beaHIGH | AND C, (Carry out)
in the output.
Thus we can produce half adder using a two-in- Fig. 26.57

put AND gate and atwo-input XOR gate as shown in
Fig. 26.57. The half adder circuit adds only the LSB column (1s column) in a binary addition prob-
lem. Thereasonisthat it has no input for acarry-in.

(ii) Full Adder (FA). A full adder adds two binary bits plus a carry input (C;) to produce the
sum () and carry (C,) outputs. Fig. 26.58 (i) showsthe block diagram of afull adder. It isformed by
using two half adder circuits and an OR gate as shown in Fig. 26.58 (iii). Note the carry-in input
which requires the extra half adder. The output of the OR gate forms the carry-out (C_) output.

Truth Table
Inputs Outputs
Cin B A z G
0 0 0 0 0
Cip—— ) 0 0 1 1 0
Full 0 1 0 1 0
Inputs 4 —— dger Outputs 0 1 1 0 1
1 0 0 1 0
B— Co 1 0 1 0 1
' 1 1 0 0 1
@) 1 1 1 1 1
Carry + B+ A4 Sum Sl?fry
ii
Full Adder @)
A p)
G )
" Half
4 A z B | adder |Co
Half
B B | adder |Co @7 Co
(iii)
Fig. 26.58

Thefull adder hasthreeinputs: C,,, A and B. These three inputs must be added to get the X and
C, outputs. Fig. 26.58 (ii) showsthetruth tablefor afull adder. It showsall the possible combinations
of A, B and C,,,. The full adder is used for binary addition in all places except the 1s place which

means 2s, 4s, 8s etc.

26.33 Flip-Flops

A flip-flop is a bistable circuit made up of logic gates. A bistable circuit can exist in either of two
stable states indefinitely and can be made to change its state by means of some external signal. The
most important use of this property isthat aflip-flop can “store” binary information. We have seen
that alogic gate can make alogical decision based on theimmediate conditionsat theinput terminals.
However, the gates normally do not have a memory characteristic to retain the input data. On the
other hand, flip-flops have the valuabl e feature of remembering. The reason isthat aflip-flop circuit
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is bistable. Because the flip-flop’s output remains at a 0 or 1 depending on the last input signal, the
flip-flop can be said to “remember”. Another namefor theflip-flop isbistable multivibrator. We shall
discuss two important types of flip-flopsviz (i) R-Sflip-flop and (ii) J-K flip-flop.

(i) R-SFlip-Flop. The *R-Stypeisthe basic flip-flop logic circuit. Fig. 26.59 (i) shows the
logic symbol for an R-Sflip flop. It has two inputs called set (S) and reset (R). The two outputs are

labeledasQand Q . Inflip-flops, the outputs are always opposite or complementary. In other words,

if output Q =1, then output Q =0andsoon. Notethe small bubblesfor inversion at the Sand Ri nput
terminals. The bubbles show that this FF has active LOW inputs. Logic Oisrequired to activatethe R
or Sinput.

Truth Table

Mode of Inputs ouiizuis
operation S R Q Q
Inputs Outputs Prohibited 0 0 1 1
Set —4S Q Normal Set 0 1 1 0
FF Reset 1 0 0 1
Reset———<qR  Q (C,\fc’,?'g‘)ame”tary Disabled 1 1 No change

0] @
Fig. 26.59

The exact behaviour of aflip-flop isdefined by itstruth table shown in Fig. 26.59 (ii). In the left
column, the four modes of operation are :

(a) Prohibited mode. When the Sand Rinputs are both O, both outputsgo to alogical 1. Thisis
called aprohibited statefor the flip-flop. Thismodeis not used becauseit drives both outputs HIGH.
A flip-flop must operate with complementary outputs.

(b) Set mode. The second line of truth table showsthat wheninput SisOand Ris 1, the Q output
issettological 1. Thisiscalled the set mode. InthisFF, the bubble at Smeansthat aL OW here makes
Q go HIGH.

(c) Reset mode. Thethird line of the truth table shows that when input Ris0 and Sis 1, output
Qisreset (cleared) to 0. Thisis called the reset mode. In this FF, the bubble at R meansaL OW here
resets Q to makeit LOW.

(d) Disabled mode. Thefourth line of thetruth table showsbothinputs(Rand S) at 1. Thisisthe

idle or at rest condition and leaves Q and Q in their previous complementary states. Thisis called

disabled state because there is no change. The outputs stay as they were, with Q either set or reset.
Because of the disabled mode, the flip-flop “remembers’ the preceding state by remaining at that
state until it is switched. That operation is possible because aflip-flop is abistable circuit.

(if) J-K Flip-Flop. The JK flip-flop is probably the most widely used and is considered the
universal flip-flop because it can be used in many ways. The logic symbol for the J-K flip-flop is
illustrated in Fig. 26.60 (i). Theinputslabeled J and K are the datainputs. The input labeled CLK is

the clock input. Outputs Q and Q are the usual normal and complementary outputs.

Fig. 26.60(ii) showsthetruth table for the J-K flip-flop. Thistable shows four useful modes of
operation. When the J and K inputs are both 0, the flip-flop isin the hold (or disabled) mode. In the
hold mode, the data inputs have no effect on the outputs. The outputs “hold” the last data present.
Lines 2 and 3 of the truth table show the reset and set conditionsfor the Q output. Line 4 of the truth

* Itisreset/set type flip-flop and hence the name R-Sflip-flop.
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tableillustrates the useful toggle position of the 3K flip-flop. When both datainputs J and K are at
1, repeated * clock pulses cause the output to turn off-on-off-on-off-on and so on. This off-on action
islike atoggle switch and is called toggling. Each clock pulse toggles the outputs to switch to their

opposite states.
Truth Table
Mode of Inputs Outputs
ode o
operation —
Data J G Normal & CLK J|K|Q|Q Elfjftepit%
No No change
Inputs Clock CLK Outputs el J_I_ v e change | - disable
0 Set | | 1({0]1]0 Set to 1
l
Changes to
Toggle | | 1| 1| Toggle | opposite
state
(i)
Fig. 26.60

MULTIPLE-CHOICE QUESTIONS

1. The binary number 10101 is equivalent to
decimal number

(i) 19 (i) 12

(i) 27 (iv) 21
2. Theuniversal gateis......ccccooeeuene.

(i) NAND gate (ii) OR gate

(iif) NOT gate (iv) noneof theabove
3. Theinverter is.......ccoeenen.

(i) NOT gate (i) OR gate

(iif) AND gate (iv) noneof theabove

4. Theinputs of aNAND gate are connected

together. The resulting circuit is
(i) ORgate (i) AND gate
(iif) NOT gate (iv) noneof theabove

5. TheNOR gateis OR gatefollowed by
(i) AND gate (i) NAND gate
(iif) NOT gate (iv) noneof theabove
6. The NAND gateis AND gate followed by

(i) NOT gate
(iif) AND gate

(i) OR gate
(iv) noneof theabove

7. Digital circuit can be made by the repeated
USe of .o

(i) ORgates (if) NOT gates
(i) NAND gates (iv) noneof theabove
8. Theonly functionof NOT gateisto
(i) stopasigna
(if) invertinput signal
(iif) act asauniversal gate
(iv) none of the above

9. Whenaninput signal 1isappliedtoaNOT
gate, the output is

@iy o
(i) 1
(iii) eitherOor 1
(iv) none of the above
10. In Boolean algebra, the bar sign (-) indi-

(i) OR operation

(i) AND operation
(iif) NOT operation
(iv) none of the above

* The clock pulses occur at some fixed interval, say after every 10 microsecond.
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11. Thegiven Boolean expressionis 13, (A+ B) = e,
Y=AB+BA (i) A+B (i) A-B
IfA=1andB=1,thenY= (i) A-B (iv) none of the above
(i) 1 (i) 0 —
14. . TR
(iii) either1orO0 (iv) none of the above (_A ?) _ o
12. In Boolean algebra, the plus sign (+) indi- (i) A+B (i) A-B
0z (= (i) A-B (iv) none of the above
(i) AND operation 15. A+ A B = oo
(if) OR operation (i) B (i) A
('_”) NOT operation (i) A+B (iv) none of the above
(iv) none of the above

11.

Answersto Multiple-Choice Questions
(iv) 2. (i) 3. (i) 4. (iii) 5. (iii)
(i) 7. (iii) 8. (ii) 9. (i) 10. (iii)
(ii) 12. (ii) 13, (iii) 14. (i) 15. (ii)
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Chapter Review Topics

Write a short note on analog and digital signals.
What isadigital circuit ?

What is binary number system ?

How will you make decimal to binary conversion ?
How will you make binary to decimal conversion ?
What isalogic gate ?

What are the three basic logic gates ?

Describe OR function with a 2-input OR gate.
Explain AND function with a 2-input AND gate.
What isaNAND gate ?

. What isaNOR gate ?

How will you obtain NOT gate from NAND gate ?

. What isindicated by plus (+), dot (.) and bar (—) in a Boolean expression ?

State De Morgan’s theorems.

. What are encoders and decoders ?

Problems

1. Convert decima number 23 into equivalent binary number. [(10111),]

Simplify the expressonY= AC D+ ABC D. [Y= AC+BD]

Simplify the expression Y = (m to one having only single variables inverted.
[Y=AC+BD]

Find the complement function of Y= ABC + ABC. [A+B +C)(A+B+ C)]

. Simplify the expression Y=A-B+A- B. [Y =A]

Simplify theexpressonY=A-B-C+B - C. [Y=B-C]
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7. Simplify the following Boolean expression to a minimum number of literals:

Y = A(A+B) [Y =AB]
8. Simplify the following Boolean function to a minimum number of literals:
Y = ABC+ABC+AB [Y=AC+AB]
9. Simplify theexpression: Y = (A+B)(A+C)(B+C) [Y=(A+B) (A+C)]
10. Find the complement of the function :
Y = A(BC+BC)H [Y =A+(B+C) (B +C)
11. Draw thelogic circuit for the following Boolean expressions :
(i) Y=ABC+ D (i) Y=(EG +B)H
Ans. A
= >
Y G
B
o B
H

@ (i)

12. A logic circuit is given by the Boolean escperssion: Y= Ans. 4 —

‘AB+C . Draw the logic circuit for this expression. B —
13. Writethe Boolean expressionsfor thelogic circuits shown C Y
in Fig. 26.61.

(iii)
A — E
B— F &
: Y >
> wiDsl
H_

(i) (ii)

Fig. 26.61

[Ans.:-(() Y= AB+C+D (i) Y= (E +F)(GH)
14. Write the Boolean expression for the logic circuit shown in Fig. 26.62.

A_
B —

: o

Fig. 26.62

[Ans.:- Y= (AB +C) DE ]
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Write the BCD code for 829.
[100000101001]
What is the decimal number for 10000111000 BCD ?
[438]

=
= o
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. What is the meaning of sign . in Boolean expression ?

Discussion Questions

Why islogic circuit name so ?

What is the importance of digital techniques ?

Why is analog system unreliable ?

What is the importance of NAND gate ?

What is Boolean algebra ?

What is the importance of De Morgan’'s theorems in Boolean Algebra ?
What is the meaning of + sign in Boolean expression ?

Give two differences between decimal and binary systems.

What are the disadvantages of digital circuits ?

What are the advantages of Boolean theorems ?

What isauniversal gate ? Why isit so named?

Most of information we handleisin decimal form. Will adigital circuit process thisinformation as
such?

What roleis played by encoder and decoder?
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