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1 Introductry Digital Concepts 
 

 

 

Electronic circuits can be divided into two broad categories, digital and 

analog. Digital electronics involves quantities with discrete values, and analog 

electronics involves quantities with continuous values. 

 
An analog quantities is one having continuous values.  A digital quantity 

is one having a discrete set of values. Most things that can be measured 

quantitatively appear in nature in analog form. For example, the air temperature 

changes over a continuous range of values. During a given day, the temperature 

does not go from, say, 70° to 71 ° instantaneously; it takes on all the infinite 

values in between. If you graphed the temperature on a typical summer day, you 

would have a smooth, continuous curve similar to the curve in Fig.(1-1). Other 

examples of analog quantities are time, pressure, distance, and sound. 

 
 

Fig.(1-1) Graph of an analog quantity. 
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Suppose, you just take a temperature reading every hour. Now, you have 

sampled values representing the temperature at discrete points in time (every 

hour) over a 24-hour period, as indicated in Fig.(1-2). You have effectively 

converted an analog quantity to a form that can now be  digitized  by 

representing each sample value by a digital code. 

 
 

Fig.(1-2) Sampled-value representation of the analog quantity in Fig.(1-1). 

 
 

The Digital Advantages 

 Digital data can be processed and transmitted more efficiently and 

reliably than analog data. 

 Digital data has a great advantage when storage is necessary. For 

example, music when converted to digital form can be stored more 

compactly and reproduced with greater accuracy and clarity than is 

possible when it is an analog form. 

 Noise (unwanted voltage fluctuations) does not affect digital data nearly 

as much as it does analog signals. 

 Digital systems are used in communication, business transaction, traffic 

control, space guidance, medical treatment, weather monitoring, the 
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internet, and many other commercial, industrial, and scientific 

enterprises. 

We have digital telephones, digital TV’s, digital versatile discs, digital 

cameras…….. 

 

 

An Analog Electronic System 

A pubic address system, used to amplify sound so that it can be 

heard by a large audience. 

 
 

Fig.(1-3) A basic audio public address system. 

 

 

 
Digital / Analog Electronic System 

The compact disc (CD) player is an example of a system in which both 

digital and analog circuits are used. Music in digital form is stored on the 

compact disc. A laser diode optical system picks up the digital data from the 

rotating disc and transfers it to the (DAC) digital-to-analog converter. The  

output analog signal is amplified and sent to the speaker. 
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Fig.(1-4) Basic principle of a CD player. 

 
 

Binary Digits 

The two digits in the binary system, 1 & 0 are called bits, which is a 

contraction of the words binary digit. 

 
In digital circuits, two different voltage levels are used to represent the 

two bits. A 1 is represented by the higher voltage (HIGH) and a 0 is represented 

by the lower voltage level (LOW). This is called positive logic. 

HIGH = 1 : LOW = 0 

Codes: groups of bits (combinations of 1s and 0s). Codes are used to represent 

numbers, letters, symbols, instructions and anything else required in a given 

application. 

 
Logic Levels 

The voltages used to represent a 1 and a 0 are called logic levels. Ideally, 

one voltage level represents a 1 and another voltage level represents a 0. In 

practical digital circuit, a HIGH can be any voltage between a specified 

minimum value and a specified maximum value. Likewise, a LOW can be any 

voltage between a specified minimum and a specified maximum. There can be 

no overlap between the accepted HIGH levels and the accepted LOW levels. 
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Fig.(1-5) Logic level ranges of voltage for a digital circuit. 

 

 
Digital Waveforms 

 

1. The positive-going pulse: is generated when the voltage (or current) goes 

from its normally LOW level to its HIGH level and then back to its LOW 

level. 

2. The negative-going pulse is generated when the voltage goes from its 

normally HIGH level to its LOW level and back to its HIGH level. 

 
 

H H 

Rising leading Falling trailing Falling tailing Rising trailing 

edge  edge  edge  edge 

L L 

 
Positive-going pulse Negative-going pulse 

 

 

Fig.(1-6) Ideal pulses 

HIGH (1) 

Unacceptable 

LOW (0) 
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Q What about nonideal pulse? 

Q What is your information about rise time, fall time and pulse width? 

 
 

Pulse trains: series of pulses. 

Periodic pulse waveform: is one that repeats itself at a fixed interval, called a 

period (T). Frequency (F) = 1/T , measured in (Hz), when (T) in (sec). 

Nonperiodic pulse waveform does not repeat itself at fixed intervals and may be 

composed of pulses of randomly differing pulse width and/or randomly  

differing time intervals between the pulses. 

 

 

 
(a) 

 

 

 

 

 
(b) 

Fig.(1-7) Pulse waveforms. 

 
 

An important characteristic of a periodic digital waveform is its duty 

cycle. The duty cycle is defined as the ratio of the pulse width (tw) to the period 

(T): 

 
Duty cycle =( tw/T ) × 100% 

T 
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Timing Diagrams 

A timing Diagram is a graph of digital waveforms showing the  actual 

time relationship of two or more waveforms and how each waveforms and how 

each waveform changes in relation to the others. 

The clock: In digital systems, all waveforms are synchronized with a  base 

timing waveform called the clock. It is a periodic waveform in which each 

interval between pulses (the period) equals the time for one bit. The clock 

waveform itself does not carry information. 

 

 
 

Bit time T 
 

 

 

 

A  
 

 
 

Fig.(1-8) A simple timing diagram. 

 
 

Data Transfer 

1. Serial. 

2. Parallel. 

When bits are transferred in serial from one point to another, they are 

sent one bit at a time along a single conductor. To transfer eight bits in series, it 

takes eight time intervals. 

When bits are transferred in parallel form, all the bits in a group are sent 

out on separate lines at the same time. There is one line for each bit. 

     

 

clock 
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(a) Serial transfer. (b) Parallel transfer 

Fig.(1-9) Illustration of serial and parallel transfer of binary data. Only the data lines 

are shown. 

 
Basic Logic Operations 

Gorge Boole (1850s) 

Three basic logic operations are indicated by standard distinctive symbols in 

Fig.(1-6) below: 

 
 

 

 

 

Fig.(1-10) Basic logic operations and symbols. 

 

 

Logic gate is a circuit that performs a specified logic operation (AND, OR). 

HIGH (true) : LOW (false) 

NOT changes one logic level to the opposite level. 

AND produces a HIGH output only if all the inputs are HIGH. 

OR produces a HIGH output when any of the inputs is HIGH. 
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Basic Logic Functions 

The three basic elements AND, OR, and NOT are combined to  form 

more complex logic circuits that perform many useful operations and that are 

used to build complete digital systems. 

1. The arithmetic functions: 

 Addition 

 Subtraction 

 Multiplication 

 Division 

2. The comparison function: 
 

 

 
3. The code conversion function: A code is a set of bits arranged in a  

unique pattern and used to represent specified information. 

Binary BCD 

Binary Gray code 

4. The encoding function (Encoder): converts information e.g. decimal 

number into some coded form, like binary code. 

 

5. The decoding function (Decoder): converts coded information into a 

noncoded form. 

 

B 

 

A 

 
A>B 

 

 

A=B 

 
 

A<B 
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6. The data selection function: 

Multiplexer (MUX): is a logic circuit that switches digital data from 

several input lines onto a single output line in a specified time sequence. 

Demultiplexer (DEMUX): is a logic circuit that switches digital  data 

from one input line to several output lines in a specified time sequence. 

 

7. The storage function 

Flip-Flop, Registers, Semiconductor memories, Magnetic disks, ets… 

 
8. The counting function. 

 
 

Digital Integrated Circuits 

A monolithic integrated circuit (IC) is an electronic circuit that is 

constructed entirely on a single small chip of silicon. 

IC packages are classified according to the way they are mounted on printed 

circuit (PC) boards: 

 The through-hole type packages have pins (leads) that are inserted 

through holes in the PC board and can be soldered to conductors on 

the opposite side. (DIP) dual-in-line package. 

 The surface-mount technology (SMT) newer, space-saving, holes are 

unnecessary. (SOIC) small-outline integrated circuit. 

 

 

ICs are classified according to their complexity: 

1- Small-scale integration (SSI) < 12 gate/chip. They include basic gates 

and flip-flops. 
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2- Medium-scale  integration  (MSI)  12  –  99 gate/chip. They include 

encoders, decoders, counters, registers, multiplexers, small memories. 

3- Large-scale integration (LSI) 100 – 9999 gate/chip, including 

memories. 

4- Very large-scale integration (VLSI) 10,000 – 99,999 gate/chip, 

including (memories and microprocessors). 

5- Ultra large-scale integration (ULSI) >100,000. It describes very large 

memories, larger microprocessors, and large single-chip computers. 

 
 

ICs are classified according to their operation into Analog IC & Digital IC or 

both in one. 

ICs are classified according to the type of transistors (BJT) bipolar junction 

transistor and (MOSFET) metal-oxide semiconductor field- effect transistors. 

 

 

 

Finish 
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2 Number Systems 
 

 

 

1- Decimal Numbers 

In the decimal number system each of the ten digits 0 through 9, 

represents a certain quantity. These ten symbols (digits) don’t limit you to 

expressing only ten different quantities, because you use the various digits in 

appropriate positions within a number to indicate the magnitude of the 

quantity. 

36 
 

 

 

 

 

 

 

 

 
 

The position of each digit in a decimal number indicates the magnitude of 

the quantity represented, and can be assigned a weight. The decimal number 

system is said to be of base, or radix, 10 because it uses 10 digits and the 

coefficients are multiplied by powers of 10. In general, a number with a 

decimal point is represented by a series of coefficients: 

a4 a3 a2 a1 a0 . a-1 a-2 a-3 

The coefficients aj are any of the 10 digits (0, 1, 2, ……,9), and the 

subscript value j gives the place value and, hence, the power of 10 by which 

the coefficient must be multiplied. 

 
104

×a4 +103
×a3+102

×a2 +101
×a1 +100

×a0. 10-1
× a-1 +10-2

×a-2 +10-3
×a-3 

 

 

 
This digit has a 

weight of ten in 

this position 

10×3=30 

 

 

 

This digit has a 

weight of one in 

this position 

1×6=6 
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2- Binary Numbers 

This is another way to represent quantities. The binary system is less 

complicated than the decimal system because it has only two digits. It’s a base-  

2 system. 

A binary digit, called a bit, has two values 0 & 1. Each coefficient aj is 

multiplied by 2j, and the results are added to obtain the decimal equivalent of 

the number. For example, 

 
11010.11 is equal to 26.75 as follows: 

1×24 + 1×23 + 0×22 + 1× 21 + 0×20 + 1× 2-1 + 1× 2-2 

16 +  8 +  0 +  2 + 0 + 0.5 + 0.25 = (26.75)10 

 

In general, a number expressed in a base-r system has coefficients multiplied  

by powers of r. 

 
 

Now, let us begin to count in the binary system: 
 

 
 

One bit 2 values 0, 1 

Two bits 4 values 00, 01, 10, 11 

Three bits 8 values 000, 001, 010, 011, 

  100, 101, 110, 111. 

Four bits 16 values 0000, 0001, 0010, 0011, 
  0100, 0101, 0110, 0111, 
  1000, 1001, 1010, 1011, 

 

And so on…….. 

 1100, 1101, 1110, 1111. 

rn
×an + rn-1

×an-1+ …..+ r2
×a2 + r1

×a1 + 1 ×a0+ r-1
× a-1 + r-2

×a-2 +…..+ r-m a-m × 
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Decimal number Binary number 

8421 

0 0000 (LSB) least significant bit 

1 0001  

2 0010  

3 0011  

4 0100  

5 0101  

6 0110  

7 0111  

8 1000  

9 1001  

10 1010  

11 1011  

12 1100  

13 1101  

14 1110  

15 1111  

(MSB) most significant bit 

 
 

LSB (right-most bit) has a weight of 20 = 1. 

MSB (left- most bit) has a weight of 23 = 8. 

In general, with n – bit, you can count up to a number equal to: 

Largest decimal number = 2n – 1 

When n = 5, you can count from 0 – 31, (32 values). Max. number = (31)10. 

The weight structure of a fractional binary number is 

2n-1…..23  22   21 20 . 2-1 2-2 2-3 …… 2-n 

 

…... 8 4 2 1  .  0.5 0.25 0.125 …….. 
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3 – Hexadecimal Numbers 

It has (16) digits and is used primarily as a compact way of displaying or 

writing binary numbers, it’s very easy to convert between binary and 

hexadecimal numbers. 

 

Decimal number Binary number 
8421 

Hexadecimal number 

0 0000 0 

1 0001 1 

2 0010 2 

3 0011 3 

4 0100 4 

5 0101 5 

6 0110 6 

7 0111 7 

8 1000 8 

9 1001 9 

10 1010 A 

11 1011 B 

12 1100 C 

13 1101 D 

14 1110 E 

15 1111 F 

How do you count in hexadecimal once you get to F? Simply start over with 

another column and continue as follows: 

 

 

 

 
5. 

10 11 12 13 14 15 16 17 18 19 

1A 1B 1C 1D 1E 1F 20 21 22 23 

24 25 26 27 28 29 2A 2B 2C 2D……. 

With two he 

(100)16 

xadecimal digits, you can count up to FF which in decimal 25 

= (256)10 

(101)16 = (257)10 

(FFF)16 = (4095)10 

(FFFF)16 = (65535)10 
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4- Octal Numbers 

This system provides a convenient way to express binary numbers and 

codes (like Hex. Number system), it is used less frequently than hexadecimal. 

The octal number system is composed of eight digits, which are: 
 

0 1 2 3 4 5 6 7 

To count above 7, begin another column and start over 
 

10 11 12 13 14 15 16 17 

20 21 22 23 24 25 26 27 

30 31 32 33 34 35 36 37…… 

 

(15)8 

  

= 

 

(13)10 

  

= 

 

(D)16 

 

 
 

5- Binary Coded Decimal (BCD) 

The 8421 code is a type of binary coded decimal. It means that each 

decimal digit 0 through 9 is represented by a binary code of four bits: 

0 0000 

1 0001 

2 0010 

3 0011 

4 0100 

5 0101 

6 0110 

7 0111 

8 1000 

9 1001 

{1010, 1011, 1100, 1101, 1110, 1111} are invalid in 8421 BCD code. 

10 = 0001 0000 : 32 = 0011 0010 
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6- The Gray Code 

 is unweigthed. 

 is not an arithmetic code. 

 it exhibits only a single bit change from one code number to the next. 
 
 

Decimal number Binary number Gray 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 

 

 

 

 

7- ASCII 

(The American Standard Code for Information Interchange) pronounced 

“askee”. 

 It has 128 characters and symbols represented by a 7-bit binary code. 

  32 ASCII characters are nongraphic never printed or displayed and used 

only for control purposes. 

 Others are graphic symbols for printing and displaying. 
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8- Exess-3 Code 

Is unweighted code in which each code is obtained from the 

corresponding binary value plus 3. 

 

 
 

 
Binary – to – Decimal Conversion 

The decimal value of any binary number can be found by adding the 

weights of all bits that are 1 and discarding the weights of all bits that are 0. 

 
Example 

Convert the binary number 1101101 to decimal. 

Solution 

26 × 1+ 25 × 1+ 24 ×0+ 23 × 1 +22 × 1 + 21 × 0 + 20 ×1 

64 + 32 + 0 +  8 + 4 + 0 + 0 + 1= (109)10 

 

Example 

Convert 0.1011 to decimal. 

Solution 

20 × 0 + 2-1 ×1 + 2-2 × 0 + 2-3 × 1 + 2-4 × 1 

0 + 0.5 + 0.125 + 0 + 0.0625 = (0.6875)10 

 

Decimal – to – Binary Conversion 

 Sum – of – Weights Method: determine the set of binary weights whose sum 

is equal to the decimal number. 
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Example: Convert 9 to binary. 

Solution : 9= 8 + 1 “choosing numbers with power of 2 ” 

Binary weights are:  …..32 16 8 4 2 1 

1 0 0 1 

So (9)10 = (1001)2 

Example 

Convert the following 

12 = 8 + 4 = 1100 

25 = 16 + 8 + 1 = 11001 

82 = 64 + 16 + 2 = 1010010. 

 
 

 Repeated Division -by- 2 Method: 
 

12/2 = 6 reminder = 0 this is the LSB 

6/2 = 3 reminder = 0  

3/2 = 1 reminder = 1  

1/2 = 0 reminder = 1 this is the MSB 

Stop when the whole number quotient is 0. 

Example: convert 45 to binary. 

Solution: 

45/2 = 22 reminder = 1 

22/2 = 11 reminder = 0 

11/2 = 5 reminder = 1 

5/2  = 2 reminder = 1 

2/2  = 1 reminder = 0 

1/2  = 0 reminder = 1 

(45)10 = (101101)2 
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What about decimal numbers with fractions? 
 

 

Binary weights . 0.5 0.25 0.125 0.0625 

(0.625)10 = 0.5 + 0.125 

= (0.101)2 (by using sum – of – weight method) 

OR by using repeated MULTIPLECTION - by – 2 method 

0.625 × 2 = 1.25 1 this is the MSB 

0.25  ×  2 =  0.5 0 

0.5  ×  2  =  1.00 1 this is the LSB 

So      (0.625)10      = (0.101)2 

MSB LSB 

 
 

Binary to Hexadecimal Conversion 

Simply break the binary number into 4-bit groups, starting at the right- 

most bit and replace each 4-bit group with the equivalent hexadecimal symbol. 

 
Example 

 1100101001010111 = 1100 1010 0101 0111 

C A 5 7 

 Note: each group must be four bits. 

 
 

Hexadecimal – to – Binary Conversion 

Reverse the process and replace each hexadecimal symbol with the 

appropriate four bits. 
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Example 

 10AF = 1 0 A F 

0001 0000 1010 1111 

So (10AF)16 = (0001000010101111)2 

 

Hexadecimal to Decimal Conversion 

Repeated division of a decimal number by 16 will produce the equivalent 

hexadecimal number, formed by the reminders of the division. The firs  

reminder produced is the LSD. Each successive division by 16 yields a  

reminder that becomes a digit in the equivalent hexadecimal number. 

 
Note : when a quotient has a fractional part, the fractional part is multiplied by 

the divisor to get the remainder. 

 

 

Example   

(650)10 = ( ? 

Solution 

)16 

650/16 = 40  reminder = 10 = A this is the LSD 

40/16 = 2  reminder = 8 = 8  

2/16 = 0  reminder = 2 = 2 this is the MSD 

So (650)10 = (28A)16 

 

Octal – to – Decimal Conversion 

(2374)8 = 2 × 83 + 3 × 82 + 7 × 81 + 4 × 80 

= 1024 +  192 +  56 + 4 

= (1276)10 
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Decimal – to – Octal Conversion 

(359)10 = ( )8 

 

359/8 = 44 reminder = 7 this is the LSD 

44/8  = 5 reminder = 4 

5/8 =  0 reminder = 5 this is the MSD 

So  (359)10 = (547)8 

 
Octal – to – Binary Conversion 

Replace each octal digit with the appropriate three bits. 

 
 

Example 
 

(25)8 = (010 101)2  

(7526)8  =  7 5 2 6 

111 101 010 110 

 
(7526)8 = (111101010110)2 

 

Binary – to – Octal Conversion 

Start with the right – most group of three bits and moving from right to 

left, convert each 3-bit group to the equivalent octal digit. 

 
Example 

11010000100 = 011  010 000 100 

3 2 0 4 

(11010000100)2 = (3204)8 



12 
 

 

Binary – to – Gray Code Conversion 

 The most significant bit (left-most) in the Gray code is the same as the 

corresponding MSB in the binary number. 

 Going from left to right, add each adjacent pair of binary code bits to get 

the next gray code bit. 

 
For example, the conversion of the binary number 10110 to Gray code is as 

follows: 

 

 
 

Gray – to – Binary Conversion 

 The most significant bit (left-most) in the binary code is the same as the 

corresponding bit in the Gray code. 

 Add each binary code bit generated to the Gray code bit in the next 

adjacent position. 

 
For example, the conversion of the Gray code word 11011 to binary is as 

follows: 
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1- Binary Addition 

Binary Arithmatic 

0 + 0 = 0 with a carry = 0 

0 + 1 = 1 with a carry = 0 

1 + 0 = 1 with a carry = 0 

1 + 1 = 0 with a carry = 1 

 
 

Example 

11 + 11 = 110 because 11 3 

+  11 + 3 

110 6 

 

 

 
 

 
 

2- Binary Subtraction 

 
 

110 6 

+  100 + 4 

1010 10 

0 – 0  = 0 with a barrow = 0 

0 – 1  = 1 with a barrow = 1 

1 – 0  = 1 with a barrow = 0 

1 – 1  = 0 with a barrow = 0 
 

 

Example  

11 3 

- 01 - 1 

10 2 
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3- Binary Multiplication 

0 ×0 = 0 

0 ×1 = 0 

1 ×0 = 0 

1 ×1 = 1 

 
 

It involves forming partial products, shifting each successive partial product left 

one place and then adding all the partial products. 

 
Examples 

 

 

11 3 

  ×11 ×3  

11 9 

+ 11 

1001 

 

 

 
111 7 

  ×101 ×5 

111 35 

000 

  + 111  

100011 
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4- Binary Division 

This operation follows the same procedure as division in decimal number 

system. 

 
Example 

110 ÷ 11 = 10 6 ÷ 3 = 2 
 

 

10 

11 110 

-11 
 

000 

 
   11  

 

110 

-  10 

010 

- 10 

000 

 

10 
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1’s and 2’s Complement of Binary Numbers 

The l's complement and the 2's complement of a binary number are 

important because they permit the representation of negative numbers. The 

method of 2's complement arithmetic is commonly used in computers to handle 

negative numbers. 

 
Finding the 1's Complement 

The l's complement of a binary number is found by changing all 1s to 0s and all 

0s to 1s, as illustrated below: 

 
10110010 Binary number 

01001101 1 's complement 

 
 

The simplest way to obtain the l's complement of a binary number with a 

digital circuit is to use parallel inverters (NOT circuits), as shown in Fig.(2-1) 

for an 8-bit binary number. 

 
 

Fig.(2-1) Example of inverters used to obtain the 1 's complement of a binary number. 
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Finding the 2' s Complement 

The 2's complement of a binary number is found by adding 1 to the LSB 

of the l's complement. 

2's complement = (l's complement) + 1 

Example 

Find the 2's complement of 10110010. 

Solution 

10110010 Binary number 

01001101 l's complement 

    + 1  add 1 

01001110 2's complement 

 
 

An alternative method of finding the 2's complement of a binary number 

is as follows: 

1. Start at the right with the LSB and write the bits as they are up to and 

including the first 1. 

2. Take the 1's complements of the remaining bits. 

Example: 

Find the 2's complement of 10111000 using the alternative method. 

Solution 

10111000 Binary number 

01001000 2's complement 

The 2's complement of a negative binary number can be realized using 

inverters and an adder, as indicated in Fig.(2-2). This illustrates how an 8-bit 

number can be converted to its 2's complement by first inverting each bit  

(taking the l's complement) and then adding 1 to the l's complement with an 

adder circuit. 
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To convert from a l's or 2's complement back to the true 

(uncomplemented) binary form, use the same two procedures described 

previously. To go from the l's complement back to true binary, reverse all the 

bits. To go from the 2's complement form back to true binary, take the 1's 

complement of the 2's complement number and add 1 to the least significant bit. 

 
 

Fig.(2-2) Example of obtaining the 2's complement of a negative binary number. 

 

 

 

 

 

Signed Numbers 

Digital systems, such as the computer, must be able to handle both 

positive and negative numbers. A signed binary number consists of both sign 

and magnitude information. The sign indicates whether a number is positive or 

negative, and the magnitude is the value of the number. There are three forms in 

which signed integer (whole) numbers can be represented in binary: sign- 

magnitude, l's complement, and 2' complement. Of these, the 2's complement is 

the most important and the sign-magnitude is the least used. 
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The Sign Bit 

The left-most bit in a signed binary number is the sign bit, which tells   

you whether the number is positive or negative. A 0 sign bit indicates a positive 

number, and a 1 sign bit indicates a negative number. 

A 0 sign bit indicates a positive number, and a 1 sign bit indicates a 

negative number. 

 
Sign-Magnitude Form 

When a signed binary number is represented in sign-magnitude, the left- 

most bit is the sign bit and the remaining bits are the magnitude bits. The 

magnitude bits are in true (uncomplemented) binary for both positive and 

negative numbers. For example, the decimal number + 25 is expressed as an 8- 

bit signed binary number using the sign-magnitude form as 00011001. 

The decimal number - 25 is expressed as 1001100l. Notice that the only 

difference between + 25 and - 25 is the sign bit because the magnitude bits are  

in true binary for both positive and negative numbers. 

 
In the sign-magnitude form, a negative number has the same magnitude 

bits as the corresponding positive number but the sign bit is a 1 rather than 

a zero. 

 
l' s Complement Form 

Positive numbers in 1's complement form are represented the same way 

as the positive sign-magnitude numbers. Negative numbers, however, are the l's 

complements of the corresponding positive numbers. For example. using eight 

bits. the decimal number -25 is expressed as the 1' s complement of + 25 

(0001100 I ) as 11100110. 
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In the l's complement form, a negative number is the l's complement of the 

corresponding positive number. 

 
2 ' s Complement Form 

Positive numbers in 2's complement form are represented the same way  

as in the sign-magnitude and l's complement forms. Negative numbers are the  

2's complements of the corresponding positive numbers. Again, using eight bits, 

let's take decimal number -25 and express it as the 2's complement of +25 

(00011001). 

11100111 

In the 2's complement form, a negative number is the 2's complement  of 

the corresponding positive number. 

 
Example: 

Express the decimal number - 39 as an 8-bit number in the sign-magnitude, 1's 

complement, and 2's complement forms. 

Solution 

First, write the 8-bit number for + 39. 

00100111 

In the sign-magnitude form, - 39 is produced by changing the sign bit to a 1 and 

leaving the magnitude bits as they are. The number is 

10100111 

In the 1's complement form, -39 is produced by taking the l's complement of 

+39 (00100111). 

11011000 

In the 2's complement form, - 39 is produced by taking the 2's complement of 

+39 (00100111 ) as follows: 
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11011000 1's complement 

+ 1 

11011001 2's complement 

 
 

The Decimal Value of Signed Numbers 

Sign-magnitude: Decimal values of positive and negative numbers in the sign- 

magnitude form are determined by summing the weights in all  the magnitude  

bit positions where there are 1s and ignoring those positions where there are 

zeros. The sign is determined by examination of the sign bit. 

Example: 

Determine the decimal value of this signed binary number expressed in sign- 

magnitude: 10010101 

Solution 

The seven magnitude bits and their powers-of-two weights are as follows: 

 

26 25 24 23 22 21 20 

0 0 1 0 1 0 1 

Summing the weights where there are 1s, 

16 + 4 + 1 = 21 

The sign bit is 1; therefore, the decimal number is - 21. 

 
 

1‘s Complement: Decimal values of positive numbers in the l's complement 

form are determined by summing the weights in all bit positions where there are 

1s and ignoring those positions where there are zeros. Decimal values of 

negative numbers are determined by assigning a negative value to the weight of 

the sign bit, summing all the weights where there are 1s, and adding 1 to the 

result. 
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Example: 

Determine the decimal values of the signed binary numbers expressed in l's 

complement: (a) 00 010 111 (b) 11 101 000 

Solution: 

(a) The bits and their powers-of-two weights for the positive number are as 

follows: 

- 27   26     25   24    23   22     21  20 

0 0 0 1 0  1 1 1 

Summing the weights where there are 1s, 16 + 4 + 2 + 1 = +23 

 
 

(b) The bits and their powers-of-two weights for the negative number are as 

follows. - 27 26 25 24 23 22 21 20 

1 1 1 0 1  0 0 0 

Notice that the negative sign bit has a weight of  -27 or -128. 

Summing the weights where there are 1s, -128 + 64 + 32 + 8 = -24 

Adding 1 to the result, the final decimal number is -24 + 1 = -23. 

 
 

2’s Complement: Decimal values of positive and negative numbers in the 2's 

complement form are determined by summing the weights in all bit positions 

where there are 1s and ignoring those positions where there are zeros. The 

weight of the sign bit in a negative number is given a negative value. 

 
Example: 

Determine the decimal values of the signed binary numbers expressed in 2's 

complement: 

(a) 01010110 (b) 10101010 
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Solution: 

(a) The bits and their powers-of-two weights for the positive number are as 

follows: 

 
- 27   26     25   24    23   22     21  20 

0 1 0 1 0  1 1 0 

Summing the weights where there are 1s, 

64 + 16 + 4 + 2 = +86 

 
(b) The bits and their powers-of-two weights for the negative number are as 

follows. Notice that the negative sign bit has a weight of – 27 = - 128. 

- 27   26     25   24    23   22     21  20 

1 0 1 0 1 0 1 0 

Summing the weights where there are 1s, -128 + 32 + 8 + 2 = -86 

 
 

 
Range of Signed Integer Numbers That Can Be Represented 

We have used 8-bit numbers for illustration because the 8-bit grouping is 

common in most computers and has been given the special name byte. With one 

byte or eight bits, you can represent 256 different numbers. With two bytes or 

sixteen bits, you can represent 65,536 different numbers. With four bytes or 32 

bits, you can represent 4.295 x 109 different numbers. The formula for finding 

the number of different combinations of n bits is 

 
Total combinations = 2n 
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For 2's complement signed numbers, the range of values for n-bit  

numbers is 

Range = -(2n-1) to + (2n-1 - 1) 

 

where in each case there is one sign bit and (n – 1) magnitude bits.  For  

example, with four bits you can represent numbers in 2's complement ranging 

from -(23 ) = -8 to 23 – 1 = + 7. Similarly, with eight bits you can go from -128 

to + 127, with sixteen bits you can go from - 32,768 to + 32,767, and so on. 

 

 
 

 

 
 

 

 
Finish 
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3 Logic Gates 
 

 

 

THE INVERTER 

The inverter (NOT circuit) performs the operation called inversion or 

complementation. The inverter changes one logic level to the opposite level. 

In terms of bits, it changes a 1 to a 0 and a 0 to a 1. 

Standard logic symbols for the inverter are shown in Fig.(3-1), shows the 

distinctive shape symbols. 

 

 

 

Fig.(3-1) Logic symbol for the inverter. 

 
 

The negation indicator is a "bubble" (o) that indicates inversion or 

complementation when it appears on the input or output of any logic  

element. Generally, input is on the left of a logic symbol and the output is on 

the right. When appearing on the input, the bubble means that a 0 is the 

active, and the input is called an active-LOW input. When appearing on the 

output, the bubble means that a 0 is the active, and the output is called an 

active-LOW output. 
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When a HIGH level is applied to an inverter input, a LOW level will appear 

on its output. When a LOW level is applied to its input, a HIGH will appear 

on its output. This operation is summarized in Table 3-1, which shows the 

output for each possible input in terms of levels and corresponding bits. A 

table such as this is called a truth table. 

 
 

 

 
 

Fig.(3-2) Inverter operation. 

 
 

The operation of an inverter (NOT circuit) can be expressed as 

follows: If the input variable is called A and the output variable is called X, 

then 
 

X = A 

 

This expression states that the output is the complement of the input, so if A 

= 0, then X = 1, and if A = 1, then X = 0. 
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The AND Gate 

The term gate is used to describe a circuit that performs a basic logic 

operation. The AND gate is composed of two or more inputs and a single 

output, as indicated by the standard logic symbols shown in Fig.(3-3). Inputs 

are on the left, and the output is on the right in each symbol. Gates with two 

inputs are shown; however, an AND gate can have any number of inputs 

greater than one. 

 

Fig.(3-3) AND gate symbol. 

 
 

Operation of an AND Gate 

An AND gate produces a HIGH output only when all of the inputs are 

HIGH. When any of the inputs is LOW, the output is LOW. Therefore, the 

basic purpose of an AND gate is to determine when certain conditions are 

simultaneously true, as indicated by HIGH levels on all of its inputs, and to 

produce a HIGH on its output to indicate that all these conditions are true. 

The inputs of the 2-input AND gate in Figure 3-8 are labeled A and B, and 

the output is labeled X. The gate operation can be stated as follows: 

For a 2-input AND gate, output X is HIGH only when inputs A and B 

are HIGH; X is LOW when either A or B is LOW, or when both A and 

B are LOW. 
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Fig.(3-4) All possible logic levels for a 2-input AND gate. 

 
 

The logical operation of a gate can be expressed with a truth table that lists  

all input combinations with the corresponding outputs, as illustrated in Table 

3-2 for a 2-input AND gate. The truth table can be expanded to any number 

of inputs. For any AND gate, regardless of the number of inputs, the output  

is HIGH only when all inputs are HIGH. 

 
Table 3-2 The truth table for a 2-input AND gate. 

 

 

The total number of possible combinations of binary inputs to a gate is 

determined by the following formula: 

N= 2n 
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where N is the number of possible input combinations and n is the number 

of input variables. To illustrate: 

 

 

For two input variables: N = 22 = 4 combinations. 

For three input variables: N = 23 = 8 combinations. 

For four input variables: N = 24 = 16 combinations. 

 
Q/ Develop the truth table for a 3-input AND gate. 

 

 

 

 
 

 

 

 

 

Let's examine the waveform operation of an AND gate by looking at the 

inputs with respect to each other in order to determine the output level at any 

given time. In Fig.(3-10), inputs A and B are both HIGH (1) during the time 

interval, t1 making output X HIGH (1) during this interval. During time 

interval t2 input A is LOW (0) and input B is HIGH (1), so the output  is 

LOW (0). During time interval t3 , both inputs are HIGH (1), and therefore 

the output is HIGH (1). During time interval t4 , input A is HIGH 0) and  

input B is LOW (0), resulting in a LOW (0) output. Finally, during time 

interval t5 , input A is LOW (0), input B is LOW (0), and the output is 

therefore LOW (0). As you know, a diagram of input and output waveforms 

showing time relationships is called a timing diagram. 
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Fig.(3-5) Example of AND gate operation with a timing diagram 

showing input and output relationships. 

 

 
 

 
Logic Expressions for an AND Gate 

The logical AND function of two variables is represented 

mathematically either by placing a dot between the two variables, as A . B,  

or by simply writing the adjacent letters without the dot, as AB. We will 

normally use the latter notation because it is easier to write. 

 
Boolean multiplication follows the same basic rules governing binary 

multiplication: 

0 . 0 = 0 
0 . 1 = 0 

1 . 0 = 0 

1 . 1 = 1 

 
 

Boolean multiplication is the same as the AND function. 
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Fig.(3-6) Boolean expressions for AND gates with two, three, and 

four inputs. 

 

 
The OR Gate 

An OR gate can have more than two inputs. The OR gate is another of the 

basic gates from which all logic functions are constructed. An OR gate can 

have two or more inputs and performs what is known as logical addition. 

An OR gate has two or more inputs and one output, as indicated by  

the standard logic symbol in Fig.(3-7), where OR gates with two inputs are 

illustrated. An OR gate can have any number of inputs greater than one. 

 
 

Fig.(3-7) Standard logic symbol for the OR gate. 

 

 

 
Operation of an OR Gate 

An OR gate produces a HIGH on the output when any of the inputs is 

HIGH. The output is LOW only when all of the inputs are LOW. 

The inputs of the 2-input OR gate in Fig.(3-7) are labelled A and B. and the 

output is labelled X. The operation of the gate can be stated as follows: 
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For a 2-input OR gate, output X is HIGH when either input A or input  

B is HIGH, or when both A and B are HIGH; X is LOW only when both 

A and B are LOW. 

The HIGH level is the active or asserted output level for the OR gate. 

Fig.(3-8) illustrates the operation for a 2-input OR gate for all four possible 

input combinations. 

 

Fig.(3-8) All possible logic levels for a 2-input OR gate. 

 
 

OR Gate Truth Table 

The operation of a 2-input OR gate is described in Table 3-3. This 

truth table can be expanded for any number of inputs; but regardless of the 

number of inputs. the output is HIGH when one or more of the inputs are 

HIGH. 

Table 3-3 The truth table for a 2-input OR gate. 
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Operation with Waveform Inputs 

Now let's look at the operation of an OR gate with pulse waveform 

inputs, keeping in mind its logical operation. Again, the important thing in 

the analysis of gate operation with pulse waveforms is the time relationship 

of all the waveforms involved. For example, in Fig.(3-9), inputs A and B are 

both HIGH (1) during time interval t1 making output X HIGH (1). During 

time interval t2, input A is LOW (0), but because input B is HIGH (1), the 

output is HIGH (1). Both inputs are LOW (0) during time interval t3 , so  

there is a LOW (0) output during this time. During time interval t4 , the 

output is HIGH (1) because input A is HIGH (1). 

 

 

 
 

Fig.(3-9) ) Example of OR gate operation with a timing diagram 

showing input and output relationships. 
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Logic Expressions for an OR Gate 

The logical OR function of two variables is represented 

mathematically by a + between the two variables, for example, A + B. 

Addition in Boolean algebra involves variables whose values are either 

binary 1 or binary 0. The basic rules for Boolean addition are as follows: 

0 + 0 = 0 
0 + 1 = 1 

1 + 0 = 1 

1 + 1 = 1 

 

Boolean addition is the same as the OR function. 

 

Notice that Boolean addition differs from binary addition in the case 

where two 1 s are added. There is no carry in Boolean addition. 

The  operation of a 2-input OR gate can be expressed as follows: If  

one input variable is A, if the other input variable is B, and if the output 

variable is X, then the Boolean expression is 

 
X=A+B 

 

Fig.(3-10)(a) shows the OR gate logic symbol with two input variables and 

the output variable labelled. 
 

 
 

 

Fig.(3-10) Boolean expressions for AND gates with two, three, and four 

inputs. 
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To extend the OR expression to more than two input variables. a new 

letter is used for each additional variable. For instance, the function of a 3- 

input OR gate can be expressed as X = A + B + C. The expression for a 4- 

input OR gate can be written as X = A + B + C + D, and so on. Parts (b) and 

(c) of Fig.(3-10) how OR gates with three and four input variables, 

respectively. 

 

 

 
THE NAND GATE 

The NAND gate is a popular logic element because it can be used as a 

universal gate: that is, NAND gates can be used in combination to perform 

the AND, OR, and inverter operations. 

The term NAND is a contraction of NOT-AND and implies an AND  

function with a complemented (inverted) output. The standard logic symbol 

for a 2-input NAND gate and its equivalency to an AND gate followed by an 

inverter are shown in Fig.(3-11)(a), where the symbol ≡ means equivalent to. 

A rectangular outline symbol is shown in part (b). 

 

 

 
 

(a) (b) 
 

Fig.(3-11) Standard NAND gate logic symbols. 
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Operation of a NAND Gate 

A NAND gate produces a LOW output only when all the inputs are 

HIGH. When any of the inputs is LOW, the output will be HIGH. For the 

specific case of a 2-input NAND gate, as shown in Fig.(3-11) with the inputs 

labelled A and B and the output labelled X, the operation can be stated as 

follows: 

For a 2-input NAND gate, output X is LOW only when inputs A and B 

are HIGH; X is HIGH when either A or B is LOW, or when both A and 

B are LOW. 

Note that this operation is opposite that of the AND in terms of the output 

level. In a NAND gate, the LOW level (0) is the active or asserted output 

level, as indicated by the bubble on the output. Fig.(3-12) illustrates the 

operation of a 2-input NAND gate for all four input combinations, and Table 

3-4 is the truth table summarizing the logical operation of the 2-input NAND 

gate. 

The NAND is the same as the AND except the output is inverted. 
 

 
 

Fig.(3-12) Operation of a 2-input NAND gate. 
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Table 3-4 Truth table for a 2-input NAND gate. 
 

 

Negative-OR Equivalent Operation of a NAND Gate 

Inherent in a NAND gate's operation is the fact that  one or more LOW  

inputs produce a HIGH output. Table 3-4 shows that output X is HIGH (1) 

when any of the inputs, A and B, is LOW (0). From this viewpoint, a NAND 

gate can be used for an OR operation that requires one or more LOW inputs 

to produce a HIGH output. This aspect of NAND operation is referred to as 

negative-OR. The term negative in this context mean that the inputs are 

defined to be in the active or asserted state when LOW. 

 
For a 2-input NAND gate performing a negative-OR operation,  output 

X is HIGH when either input A or input B is LOW, or when both A and 

B are LOW. 

 
When a NAND gate is used to detect one or more LOWs on its inputs rather 

than all HIGHs, it is performing the negative-OR operation and is  

represented by the standard logic symbol shown in Fig.(3-13). 
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Fig.(3-13) Standard symbols representing the two equivalent 

operation of a NAND gate. 

 
Logic Expressions for a NAND Gate 

The Boolean expression for the output of a 2-input NAND gate is 
 

 

X = AB 

 
 

This expression says that the two input variables, A and B, are first ANDed 

and then complemented, as indicated by the bar over the AND expression. 

This is a description in equation form of the operation of a NAND gate with 

two inputs. Evaluating this expression for all possible values of the two input 

variables, you get the results shown in Table 3-5. 

Table 3-5. 
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The NOR Gate 

The NOR gate, like the NAND gate, is a useful logic element because 

it can also be used as a universal gate; that is, NOR gates can be used in 

combination to perform the AND, OR, and inverter operations. 

The term NOR is a contraction of NOT-OR and implies an OR 

function with an inverted (complemented) output. The standard logic symbol 

for a 2-input NOR gate and its equivalent OR gate followed by an inverter 

are shown in Fig.(3-14)(a). 

 
 

(a) (b) 

 

Fig.(3-14) Standard NOR gate logic symbols. 

 
 

Operation of a NOR Gate 

A NOR gate produces a LOW output when any of its inputs is HIGH. 

Only when all of its inputs are LOW is the output HIGH. For the specific 

case of a 2-input NOR gate, as shown in Fig.(3-14) with the inputs labelled  

A and B and the output labelled X, the operation can be stated as follows: 

 
For a 2-input NOR gate, output X is LOW when either input A or input 

B is HIGH, or when both A and B are HIGH; X is HIGH only when  

both A and B are LOW. 
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This operation results in an output level opposite that of the OR gate. 

In a NOR gate, the LOW output is the active or asserted output level as 

indicated by the bubble on the output. 

Fig.(3-15) illustrates the operation of a 2-input NOR gate for all four  

possible input combinations, and Table 3-6 is the truth table for a 2-input 

NOR gate. 

 
 

Fig.(3-15) Operation of a 2-input NOR gate. 

 
 

 
Table 3-6 Truth table for a 2-input NOR gate. 
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Negative-AND Equivalent Operation of the NOR Gate 

A NOR gate, like the NAND, has another aspect of its operation that is 

inherent in the way it logically functions. Table 3-6 shows that a HIGH is 

produced on the gate output only when all of the inputs are LOW. From this 

viewpoint, a NOR gate can be used for an AND operation that requires all 

LOW inputs to produce a HIGH output. This aspect of NOR operation is 

called negative-AND. 

The term negative in this context means that the inputs are defined to 

be in the active or asserted state when LOW. 

 
For a 2-input NOR gate performing a negative-AND operation, output  

X is HIGH only when both inputs A and B are LOW. 

 
When a NOR gate is used to detect all LOWs on its inputs rather than one or 

more HIGHs, it is performing the negative-AND operation and is  

represented by the standard symbol in Fig.(3-16). It is important to  

remember that the two symbols in Fig.(3-16), represent the same physical 

gate and serve only to distinguish between the two modes of its operation. 

 
 

 

Fig.(3-16) Standard symbols representing the two equivalent 

operations of a NOR gate. 
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Logic Expressions for a NOR Gate 

The Boolean expression for the output of a 2-input NOR gate can be written 

as 

X = A+B 

This equation says that the two input variables are first ORed and then 

complemented, as indicated by the bar over the OR expression. Evaluating 

this expression, you get the results shown in Table 3-7. The NOR expression 

can be extended to more than two input variables by including additional 

letters to represent the other variables. 

 
Table 3-7 
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THE EXCLUSIVE-OR AND EXCLUSIVE-NOR GATES 

Exclusive-OR and exclusive-NOR gates are formed by a combination 

of other gates already discussed. However, because of their fundamental 

importance in many applications, these gates are often treated as basic logic 

elements with their own unique symbols. 

 
The Exclusive-OR Gate 

Standard symbol for an exclusive-OR (XOR for short) gate is shown  

in Fig.(3-17). The XOR gate has only two inputs. 

 
 

Fig.(3-17) Standard symbol for an exclusive-OR. 

 
 

For an exclusive-OR gate, output X is HIGH when input A is LOW and 

input B is HIGH, or when input A is HIGH and input B is LOW: X is 

LOW when A and B are both HIGH or both LOW. 

 
The four possible input combinations and the resulting outputs for an XOR 

gate are illustrated in Fig.(3-18). The HIGH level is the active or asserted 

output level and occurs only when the inputs are at opposite levels. The 

operation of an XOR gate is summarized in the table shown in Table 3-8. 
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Fig.(3-18) All possible logic levels for an exclusive-OR gate. 

 
 

Table 3-8 Truth table for an exclusive-OR gate. 
 

 

 

The Exclusive-NOR Gate 

Standard symbols for an exclusive-NOR (XNOR) gate are shown in 

Fig.(3-19). Like the XOR gate, an XNOR has only two inputs. The bubble  

on the output of the XNOR symbol indicates that its output is opposite that  

of the XOR gate. When the two input logic levels are opposite, the output of 

the exclusive-NOR gate is LOW. The operation can be stated as follows (A 

and B are inputs, X is the output): 
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For an exclusive-NOR gate, output X is LOW when input A is LOW  

and input B is HIGH, or when A is HIGH and B is LOW; X is HIGH 

when A and B are both HIGH or both LOW. 

 
 

 

Fig.(3-19) Standard logic symbols for the exclusive-NOR gate. 

 
 

The four possible input combinations and the resulting outputs for an 

XNOR gate are shown in Fig,(3-20). The operation of an XNOR gate is 

summarized in Table 3-9. Notice that the output is HIGH when the same 

level is on both inputs. 

 

 
 
 

Fig.(3-20) All possible logic levels for an exclusive-NOR gate. 
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Table 3-9 Truth table for an exclusive-NOR gate. 
 

Example 

Determine the output waveforms for the XOR gate and for the XNOR gate, 

given the input waveforms, A and B, in Figure below: 

 
 

 

 
Finish 



 

 

 

 

 

 

 

 

 
 

COMBINATIONAL LOGIC CIRCUIT 

 
 
 
 
 
 

APPLICATIONS 

• There are many applications or functions of the 

Combinational Logic: 

• Adder 

• Subtracter 

• Comparator 

• Decoder 

• Encoder 

• Code Converters 

• Multiplexer 



 

BASIC ADDER 
 

• Adders are important in computers and also in other types of 

digital system in which numerical data are processed. An 

understanding of the basic operation is fundame ntal  to  the 

study of digital sys tem. 

• Thereare two types of adder: 

D Half-Adder 

D Full-Adder 

HOW? 
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Adder 
 

C onsi der z1h column 

addition of 2 binary 

numbers (A and B) 

- A1 + B; + Cin; = Cout1 
+ Su1n . 

l 

- Derive truth table 

- Populate K-n1aps 

- Obtain nlinitnized 

SOPs 

- Draw logic diagrain 

- Opti1nize with P&Ts 

Truth Table BC 

A 00 01 11 10 

0 

1 

 

S= ABC + ABC + ABC + ABC 

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

= A@BGC 

 

BC 

A 00 01 11 10 

0 
1 

 

 

C o = B C + A C + AB 

 
4 

ABC Co s 
0 0 0 0 0 

0  0 1 0 I 

0 1 0 0 1 

0 I 1 I 0 

1 0 0 0 1 

1  0 1 1 0 

I 1 0 1 0 

1  I 1 I I 

 

0 [D 0 OJ 
[D 0 (I) 0 

 

0 0 1 1 0 

0 I 1 [ 1 1 ) 

 



 

 
A Sum 

 
B Carry 

Adder 
 

 

A- -- • 
B - .......+ ---- +I 

c --. --+--1 ---------------- 1-L- 

 

S=AEBB EtlC 

 

 
 

Co=BC+ 

( +AB 

BC 

A 00 01 11 10 

0 

1  

Co=A' BC+.-ili C +AB 

=C( A'B+AB')+AB 

=C(AEBB ) + AB 
 

A - -- - 

Taking advantage of conunon B- ........+ H 

prod  uct te1ms between S and Co   c ---1>-+-+-  -   -  _-  -_  _j""--1   1        • 

we see that we can use the XOR 

gate for AEBB to reduce the gate 

count 

 

 

Half-Adder 

 
S= AEBB EBC 

 

 
Co = B C + 

+AB 
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• Recall the basic rules for binary additio n: 

O+O=O 

O+l=l 

l+O=l 

1 + 1 = 10 

• T he operation are performed hy a lo gic cir c uit ca lled a Half-Adder. 

It accepts two binary digits on its inputs and produce s two binary 

digits on its outp uts, a s um bit and a carry bit. 
 
 

INPUT OUTPUT 
 
 

 
6 

0 0 (D 0 

0 OJ 11 II 

 



 

The Half-Adder 
 

We can observe that the sum 

is 1 only if the input s are  

not equal. Therefore  the  

sum can be expressed as the 

exclusive OR of the input 

va1iables. 

E = sum 

c,..- output carry 

A andn inpul var.iubles(operund.;;) 
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The Full-Adder 

The full-adder accept  two 

input bits and an input carry 

and generates a sum output 

and an output caITy. 

The difference between  Full  

& Half-Adder is that the full• 

adder accepts an input caITy. 
 

{NPUT: Sum
 

 

 

OUTPUT 

 
 

c;,,- inJlUIl'llll'},' me111nc:,dcsigmued as er 

C...  output call)'.:,cimetuncs desigiwtctl CO 

Carry  

Cin 

Cout I: = , um 
 

 

8 

0 

0 

0 0 

0 

0 

1 

0 

0 

l 

J 

0 

C..,,= AB 

0 0 0 0 0 

0 0 I 0  

0  0 0  

0  I  0 

 0 0 0 l 

 0   0 

  0  0 

 



The Full-Adder 
 

 

 

• After A excl usive-OR with B, Cin must be e xclusive-ORed 

with theii- res ult. This means, that to imple n1ent the full-a dde r 

s um function , two 2-inputs exclusive-OR gates can beused 
 

A 

B 

 
Cin 

 
 

 
AB (A@ B) Cin 
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The Full-Adder 
 

• T he full adder ciTcuit can be constructed from two half adder 

circuits as shown 

Half-adder Half-adder 

 

--     - - - 'lum 

(,1 :B HJ GI C,n 

 

 

 

Input 

C arl.') ( " ' 

 

  ,\B  Ou1pu t l'.:u'I'). C.,.,, 

-\B + t- '±l B )C , 
 

(nl Arrangement of two half-addersto form a fuU-adder 
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1:l w B1C11, 

- - - - - 

Gates requi red 

for Two Half• 

Aclcler to 

complete one 

Full-Ad de r 

-t-1r-   - .....-t---cH 
A (±)B@Cin 

l: 
A i; 

 
 
 

B C.,.,1 

 
A ltl l l A r 1 

 

B C"1'1 

 

 

A 

Gates requi red for B 

one Full-Adder 



The Full-Adder 
 

I 

 

 

• Pi = A iEBB i 

• Gi = A iBi 

• sum Si=PiEBCi 

• ca rr y Ci+ 1 = Gi + PiC i 

A; ---..----H p. 

 
 
 
 
 
 

> ---------- S; 

Bi-, .........i --------- 1-1 



 

 

 

 

 

 

 

C;    , 
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The Full-Adder 
 

• Example: Determine the outp ut for this full-adder: 

Solutio n: 

A (X-OR) B (X-OR) Cin = 

1 0 1 = 0 with a carry of 1 
() 

 

 

 

 
 

 

 

 

 

 

 

 
 

Parallel Binary Adder 
 

Two or more full-adder are connected to form parallel binary 

adder. To add two binary numbe rs, a full-adder is req uired for 

each bit in the numb ers. So for 2-bit numbers, two adders are 

needed ; for 4-bit num bers, four adder are used and so on. 
 

G eneral format. Ut.ld 1t1on 
t) f IWO 2-hit numben.: 

/12/\ I 

+  B:?B, 

r ,.2:1 2:, 

 

 

 

CMSB ) !:  ,,,  !: 1    IL  SB ) 

E 
i\ 

 

IJ 

 
 
 
 

c(l1l, l:: 

A 8 C;,, 

(I 



 

Ccu 

0 
}:; 

1 3 

 

Parallel Binary Adder 
 

 

• Example: Dete rmine the sum gene rated by the 3-bit parallel 

adder, and show the intermediate carriers when the binary 

numbers 101 and 011 are being added. 
 

0 1 
 

 

 

 

 

 

 

 

 

l::z 

0 
14 
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Parallel Binary Adder 
 

(16) 

 
 

• Example: Determi ne the sum generated by the 4-bit parallel 

adder, 1011 Ai, 0011 Bi, 

Solution: 

0110 Ci , 1110 Si, 001 1 Ci+l 
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4-Bit Parallel Adder 
 

• The 74LS283 IC (Integrated Circuit) is a n e xample of 4-bit 

parallel adder. The pin diagram and log ic sy mbol for this IC is 

shown below. V. 

vcc 83 A3 13 A4 M 1 • C4 (5)  1} I. 
(3) 2 

(14 ) 3    A (4) 

( l 2) 4 {   1 (]) 

} 
(l5) '.l B 

( 11) 4 

I

e
n  " 2 

(7)  Co C4 (9) 

I cs> 
min 

L ogic symbol 
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Adder Expanding 
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• Cascading of four 4-bit adders to form a 16-bit adder 
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Adder Expanding 
 
 

• Ex a mple: Show how two 74LS283 adde rs ca n be connected to 

form an 8-bit parallel adders. Show output bits  for  the 

following 8-bit input numbers. 

As........A1 = 10 111001 and Bs B1= 10011110 

Solu tion: The only connec tion betwee n the two ICs is the carry 

output (pin9) of the lower order to  the  carry  input  (pin7)  of  

the high-order adder, pin7 of the lowe r-order adder is 

grounded (no caITy in put) . 

The total sum is:101010111 
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Adder Expanding 
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Subtracters 
 

 

• The subtraction of two binary numbers may be accomplished 

by taking the complement of the subtrahend and adding it to 

the minuend. By this method, the subtraction operation 

becomes an addition operation requiring full adders for its 

machine implementation. It is possible to implement 

subtraction with logic circuits in a direct manner. By this 

method, each subtrahend bit of the number is subtracted from 

its corresponding significant minuend bit to form a different 

bit. If the minuend bit is smaller than the subtrahend bit, a 1 is 

borrowed from the next significant position. The fact that a 1 

has been borrowed must be conveyed to the next higher pair of 

bits by means of a binary signal coming out (output) of a given 

stage and going into (input) the next higher stage. 
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Subtracters 
 

=AB 
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Examp le: Subtract the decimal number (78) from (123) 
 
 

123 

- 78 

45 

(A) or X 

(B) or Y 

DIFFE RENCE 

(Minue nd) 

(Subtrahend) 
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Half Subtractor 
 
 

• The half-subtractror is a combinational circuit which is used to 

perform subtraction of two bits. It has two inputs, A (minuend) 

and B (subtrahend) and two outputs D (difference) and B 

(borrow). 
 

A O!fO\\'(BO) 

 

 

 

B Dilference(D) 

 
 

BO =A@B 

 

22 

Borrow 

HalfSubtractO(· Truth Table 

Input Output 

A B DifferenCE Borrow 

0 0 0 0 

0 1 1 1 

1 0 1 0 

1 1 0 0 

 



 

 

Full Subtractor 
 

• The full-subtractor is a combinational circuit which is used to 

perform subtraction of three bits. It has three inputs, A 

(minuend) and B (subtrahend) and C (subtrahend) and two 

outputs D (difference) and B (borrow) 

Di f f eren ce = A$B$ C 

Borrow= AC+AB  + BC 

23 

FullSubtra cto-r Truth Table 

Input Output 

A B C Diff erence Borrow 

0 0 0 0 0 

0 0 1 1 1 

0 1 0 l l 

0 1 1 0 1 

1 0 0 1 0 

1 0 1 0 0 

1 1 0 0 0 

1 1 1 1 1 
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s, So 
V 

Adder-Subtractor 

• 4-Bit Adder Subtractor 

• M=O, thecircuit is an adder (BEBO= B) 

• M=1, the circuit is a subtractor (BEB1 =B, CO=1) 

                    B1 A 1 Bo Ao 
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BUFFERS 
 

D igital Buffer 
 

In a previous we looked at the digital Not Gate commonly called an inverter, and we saw that the 
NOT gates output state is the complement, opposite or inverse of its input signal. 

So for example, when the single input to NOT gate is “HIGH”, its output state will NOT be 

“HIGH”. When its input signal is “LOW” its output state will NOT be “LOW”, in other words it 

“inverts” its input signal, hence the name “Inverter”. 

But sometimes in digital electronic circuits we need to isolate logic gates from each other or have 

them drive or switch higher than normal loads, such as relays, solenoids and lamps without the 

need for inversion. One type of single input logic gate that allows us to do just that is called 

the Digital Buffer. 

Unlike the single input, single output inverter or NOT gate such as the TTL 7404 which inverts 

or complements its input signal on the output, the “Buffer” performs no inversion or decision 

making capabilities (like logic gates with two or more inputs) but instead produces an output 

which exactly matches that of its input. In other words, a digital buffer does nothing as its output 

state equals its input state. 

Then digital buffers can be regarded as Idempotent gates applying Boole’s Idempotent Law 

because when an input passes through this device its value is not changed. So the digital buffer is 

a “non-inverting” device and will therefore give us the Boolean expression of: Q = A. 

Then we can define the logical operation of a single input digital buffer as being: 

“Q is true, only when A is true” 

In other words, the output ( Q ) state of a buffer is only true (logic “1”) when its input A is true, 
otherwise its output is false (logic “0”). 

Related Products: Zero Delay Buffer 

The Single Input Digital Buffer 
 

 

 
Symbol 

 

Truth 

Table 

 
 

 
 

The Digital Buffer 

A Q 

0 0 

1 1 

 
Boolean Expression Q = A 

Read 

as: A give 

s Q 

http://www.electronics-tutorials.ws/logic/logic_9.html
http://www.electronics-tutorials.ws/logic/logic_4.html
https://www.arrow.com/en/products/clock-and-timing/zero-delay-buffers


 

The Digital Buffer can also be made by connecting together two NOT gates as shown below. The first 
will “invert” the input signal A and the second will “re-invert” it back to its original level performing a 
double inversion of the input. 

 
 

Double Inversion using NOT Gates 
 

You may be thinking “what’s the point of a Digital Buffer“? If it does not invert or alter its 

input signal in any way, or make any logical decisions or operations like 
the AND or OR gates do, then why not just use a piece of wire instead, and that’s a good 
point. But a non-inverting Digital Buffer does have many uses in digital electronics with one 
of its main advantages being that it provides digital amplification. 

Digital Buffers can be used to isolate other gates or circuit stages from each other preventing 

the impedance of one circuit from affecting the impedance of another. A digital buffer can 
also be used to drive high current loads such as transistor switches because their output drive 

capability is generally much higher than their input signal requirements. In other words 

buffers can be used for power amplification of a digital signal as they have what is called a 
high “fan-out” capability 

Digital Buffer Fan-out Example 
 
 
 
 

The Fan-out parameter of a buffer (or any digital IC) is the output driving capability or 
output current capability of a logic gate giving greater power amplification of the input signal. 
It may be necessary to connect more than just one logic gate to the output of another or to 
switch a high current load such as an LED, then a Buffer will allow us to do just that. 

Generally the output of a logic gate is usually connected to the inputs of other gates. Each 

input requires a certain amount of current from the gate output to change state, so that each 

additional gate connection adds to the load of the gate. So the fan-out is the number of 

parallel loads that can be driven simultaneously by one digital buffer of logic gate. Acting as a 
current source a buffer can have a high fan-out rating of up to 20 gates of the same logic 

family. 

If a digital buffer has a high fan-out rating (current source) it must also have a high “fan-in” 

rating (current sink) as well. However, the propagation delay of the gate deteriorates rapidly 

as a function of fan-in so gates with a fan-in greater than 4 should be avoided. 

Then there is a limit to the number of inputs and outputs than can be connected together and 

in applications where we need to decouple gates from each other, we can use a Tri-state 

Buffer or tristate output driver. 

http://www.electronics-tutorials.ws/diode/diode_8.html


 

The “Tri-state Buffer” 

As well as the standard Digital Buffer seen above, there is another type of digital buffer circuit 

whose output can be “electronically” disconnected from its output circuitry when required. This 

type of Buffer is known as a 3-State Buffer or more commonly a Tri-state Buffer. 

A Tri-state Buffer can be thought of as an input controlled switch with an output that can be 

electronically turned “ON” or “OFF” by means of an external “Control” or “Enable” ( EN ) 

signal input. This control signal can be either a logic “0” or a logic “1” type signal resulting in 

the Tri-state Buffer being in one state allowing its output to operate normally producing the 

required output or in another state were its output is blocked or disconnected. 

Then a tri-state buffer requires two inputs. One being the data input and the other being the 

enable or control input as shown. 

 

Tri-state Buffer Switch Equivalent 
 

When activated into its third state it disables or turns “OFF” its output producing an open 

circuit condition that is neither at a logic “High” or “Low”, but instead gives an output state of 

very high impedance, High-Z, or more commonly Hi-Z. Then this type of device has two logic 

state inputs, “0” or a “1” but can produce three different output states, “0”, “1” or ” Hi-Z ” 

which is why it is called a “Tri” or “3-state” device. 

Note that this third state is NOT equal to a logic level “0” or “1”, but is an high impedance state 

in which the buffers output is electrically disconnected from the rest of the circuit. As a result, no 

current is drawn from the supply. 

There are four different types of Tri-state Buffer, one set whose output is enabled or disabled by 

an “Active-HIGH” control signal producing an inverted or non-inverted output, and another set 

whose buffer output is controlled by an “Active-LOW” control signal producing an inverted or 

non-inverted output as shown below. 

 

Active “HIGH” Tri-state Buffer 
 

 
 

Symbol 

 
 

Truth Table 

 
 
 

 
 

Tri-state Buffer 

Enable IN OUT 

0 0 Hi-Z 

0 1 Hi-Z 

1 0 0 

1 1 1 

Read as Output = Input if Enable is equal to “1” 



 

An Active-high Tri-state Buffer such as the 74LS241 octal buffer, is activated when a 

logic level “1” is applied to its “enable” control line and the data passes through from its 

input to its output. When the enable control line is at logic level “0”, the buffer output is 

disabled and a high impedance condition, Hi-Z is present on the output. 

An active-high tri-state buffer can also have an inverting output as well as its high 

impedance state creating an active-high tri-state inverting buffer as shown. 

 

Active “HIGH” Inverting Tri-state Buffer 
 

 
 

Symbol 

 
 

Truth Table 

 
 
 
 

 
 

Inverting Tri-state Buffer 

Enable IN OUT 

0 0 Hi-Z 

0 1 Hi-Z 

1 0 1 

1 1 0 

Read as Output = Inverted Input if Enable equals “1” 

The output of an active-high inverting tri-state buffer, such as the 74LS240 octal buffer, is 

activated when a logic level “1” is applied to its “enable” control line. The data at the input is 

passes through to the output but is inverted producing a complement of the input. When the 

enable line is LOW at logic level “0”, the buffer output is disabled and at a high impedance 

condition, Hi-Z. 

The same two tri-state buffers can also be implemented with an active-low enable input as 

shown.Active “LOW” Tri-state Buffer 
 

 
 

Symbol 

 
 

Truth Table 

 
 
 

 
 

Tri-state Buffer 

Enable IN OUT 

0 0 0 

0 1 1 

1 0 Hi-Z 

1 1 Hi-Z 

Read as Output = Input if Enable is NOT equal to “1” 



 

An Active-low Tri-state Buffer is the opposite to the above, and is activated when a logic level “0” 

is applied to its “enable” control line. The data passes through from its input to its output. When 

the enable control line is at logic level “1”, the buffer output is disabled and a high impedance 

condition, Hi-Z is present on the output. 

 
 

Active “LOW” Inverting Tri-state Buffer 
 

 
 

Symbol 

 
 

Truth Table 

 
 
 

 
 

Inverting Tri-state Buffer 

Enable IN OUT 

0 0 1 

0 1 0 

1 0 Hi-Z 

1 1 Hi-Z 

Read as Output = Inverted Input if Enable is NOT equal to “1” 

An Active-low Inverting Tri-state Buffer is the opposite to the above as its output is enabled or 
disabled when a logic level “0” is applied to its “enable” control line. When a buffer is enabled by a 

logic “0”, the output is the complement of its input. When the enable control line is at logic level “1”, 

the buffer output is disabled and a high impedance condition, Hi-Z is present on the output. 

Tri-state Buffer Control 

We have seen above that a buffer can provide voltage or current amplification within a digital 

circuit and it can also be used to invert the input signal. We have also seen that digital buffers are 

available in the tri-state form that allows the output to be effectively switched-off producing a 

high impedance state (Hi-Z) equivalent to an open circuit. 

The Tri-state Buffer is used in many electronic and microprocessor circuits as they allow 

multiple logic devices to be connected to the same wire or bus without damage or loss of data. For 

example, suppose we have a data line or data bus with some memory, peripherals, I/O or a CPU 

connected to it. Each of these devices is capable of sending or receiving data to each other onto 

this single data bus at the same time creating what is called a contention. 

Contention occurs when multiple devices are connected together because some want to drive 

their output high and some low. If these devices start to send or receive data at the same time a 

short circuit may occur when one device outputs to the bus a logic “1”, the supply voltage, while 

another is set at logic level “0” or ground, resulting in a short circuit condition and possibly 

damage to the devices as well as loss of data. 

Digital information is sent over these data buses or data highways either serially, one bit at a 

time, or it may be up to eight (or more) wires together in a parallel form such as in a 

microprocessor data bus allowing multiple tri-state buffers to be connected to the same data 

highway without damage or loss of data as shown 

.Tri-state Buffer Data Bus Control 



 

 
Then, the Tri-state Buffer can be used to isolate devices and circuits from the data bus and one 

another. If the outputs of several Tri-state Buffers are electrically connected 

together Decoders are used to allow only one set of Tri-state Buffers to be active at any one time 

while the other devices are in their high impedance state. An example of Tri-state 

Buffers connected to a 4-wire data bus is shown below. 

Tri-state Buffer Control 
 

This basic example shows how a binary decoder can be used to control a number of tri-state 

buffers either individually or together in data sets. The decoder selects the appropriate output 

that corresponds to its binary input allowing only one set of data to pass either a logic “1” or 

logic “0” output state onto the bus. At this time all the other tri-state outputs connected to the 

same bus lines are disabled by being placed in their high impedance Hi-Z state. 

Then data from data set “A” can only be transferred to the common bus when an active HIGH 

signal is applied to the tri-state buffers via the Enable line, ENA. At all other times it represents a 

high impedance condition effectively being isolated from the data bus. 

Likewise, data set “B” only passes data to the bus when an enable signal is applied via ENB. A 

good example of tri-state buffers connected together to control data sets is the TTL 74244 Octal 

Buffer. 

It is also possible to connect Tri-state Buffers “back-to-back” to produce what is called a Bi- 

directional Buffer circuit with one “active-high buffer” connected in parallel but in reverse with 

one “active-low buffer”. 

Here, the “enable” control input acts more like a directional control signal causing the data to be 

both read “from” and transmitted “to” the same data bus wire. In this type of application a tri- 

state buffer with bi-directional switching capability such as the TTL 74245 can be used. 

We have seen that a Tri-state buffer is a non-inverting device which gives an output (which is 

same as its input) only when the input to the Enable, ( EN ) pin is HIGH otherwise the output of 

the buffer goes into its high impedance, ( Hi-Z ) state. Tri-state outputs are used in many 
integrated circuits and digital systems and not just in digital tristate buffers. 

http://www.electronics-tutorials.ws/combination/comb_5.html


 

Both digital buffers and tri-state buffers can be used to provide voltage or current amplification 

driving much high loads such as relays, lamps or power transistors than with conventional logic 
gates. But a buffer can also be used to provide electrical isolation between two or more circuits. 

We have seen that a data bus can be created if several tristate devices are connected together and 

as long as only one is selected at any one time, there is no problem. Tri-state buses allow several 

digital devices to input and output data on the same data bus by using I/O signals and address 

decoding. 

Tri-state Buffers are available in integrated form as quad, hex or octal buffer/drivers in both uni- 

directional and bi-directional forms, with the more common being the TTL 74240, the TTL 

74244 and the TTL 74245 as shown. 

Commonly available Digital Buffer and Tri-state Buffer IC’s include: 

TTL Logic Digital Buffers *74LS07 Hex Non-inverting Buffer * 74LS17 Hex Buffer/Driver 

 
 74LS244 Octal Buffer/Line Driver * 74LS245 Octal Bi-directional Buffer * CMOS Logic Digital 

Buffers * CD4050 Hex Non-inverting Buffer * CD4503 Hex Tri-state Buffer * HEF40244 Tri-state 

Octal Buffer .

 74LS07 Digital Buffer
 

 

74LS244 Octal Tri-state Buffe



 



 

Binary Codes 

Binary codes are codes which are represented in binary system with modification from the 

original ones. Below we will be seeing the following: 

Weighted Binary Systems 

Non Weighted Codes 

Weighted Binary Systems 

Weighted binary codes are those which obey the positional weighting principles, each 

position of the number represents a specific weight. The binary counting sequence is an 

example. 

8421 Code/BCD Code 

The BCD (Binary Coded Decimal) is a straight assignment of the binary equivalent. It is 

possible to assign weights to the binary bits according to their positions. The weights in the 

BCD code are 8,4,2,1. 

Example: The bit assignment 1001, can be seen by its weights to represent the decimal 9 

because: 

1x8+0x4+0x2+1x1 = 9 

2421 Code 

This is a weighted code, its weights are 2, 4, 2 and 1. A decimal number is represented in 4-bit 

form and the total four bits weight is 2 + 4 + 2 + 1 = 9. Hence the 2421 code represents the 

decimal numbers from 0 to 9. 

5211 Code 

This is a weighted code, its weights are 5, 2, 1 and 1. A decimal number is represented in 4-bit 

form and the total four bits weight is 5 + 2 + 1 + 1 = 9. Hence the 5211 code represents the 

decimal numbers from 0 to 9. 

Reflective Code 

A code is said to be reflective when code for 9 is complement for the code for 0, and so is for 

8 and 1 codes, 7 and 2, 6 and 3, 5 and 4. Codes 2421, 5211, and excess-3 are reflective, 



 

whereas the 8421 code is not. 

Excess-3 Code 

Excess-3 is a non weighted code used to express decimal numbers. The code derives its name 

from the fact that each binary code is the corresponding 8421 code plus 0011(3). 

Gray Code 

The gray code belongs to a class of codes called minimum change codes, in which only one bit 

in the code changes when moving from one code to the next. The Gray code is non-weighted 

code, as the position of bit does not contain any weight. The gray code is a reflective digital 

code which has the special property that any two subsequent numbers codes differ by only 

one bit. This is also called a unit-distance code. In digital Gray code has got a special place. 

Error Detecting and Correction Codes 

For reliable transmission and storage of digital data, error detection and correction is 

required. Below are a few examples of codes which permit error detection and error 

correction after detection. 

Error Detecting Codes 

When data is transmitted from one point to another, like in wireless transmission, or it is just 

stored, like in hard disks and memories, there are chances that data may get corrupted. To 

detect these data errors, we use special codes, which are error detection codes. 

Parity 

In parity codes, every data byte, or nibble (according to how user wants to use it) is checked if 

they have even number of ones or even number of zeros. Based on this information an 

additional bit is appended to the original data. Thus if we consider 8-bit data, adding the 

parity bit will make it 9 bit long. 

At the receiver side, once again parity is calculated and matched with the received parity (bit 

9), and if they match, data is ok, otherwise data is corrupt. 

There are two types of parity: 

Even parity: Checks if there is an even number of ones; if so, parity bit is zero. When 



 

the number of ones is odd then parity bit is set to 1. 

Odd Parity: Checks if there is an odd number of ones; if so, parity bit is zero. When 

number of ones is even then parity bit is set to 1. 

Error-Correcting Codes 

Error correcting codes not only detect errors, but also correct them. This is used normally in 

Satellite communication, where turn-around delay is very high as is the probability of data 

getting corrupt. 

ECC (Error correcting codes) are used also in memories, networking, Hard disk, CDROM, DVD 

etc. Normally in networking chips (ASIC), we have 2 Error detection bits and 1 Error correction 

bit. 

Hamming Code 

Hamming code adds a minimum number of bits to the data transmitted in a noisy channel, to 

be able to correct every possible one-bit error. It can detect (not correct) two-bits errors and 

cannot distinguish between 1-bit and 2-bits inconsistencies. It can't - in general – detect 3(or 

more)-bits errors The idea is that the failed bit position in an n-bit string (which we'll call X) 

can be represented in binary with log2(n) bits, hence we'll try to get it adding just log2(n) bits. 

ASCII Code 

ASCII stands for American Standard Code for Information Interchange. It has become a world 

standard alphanumeric code for microcomputers and computers. It is a 7-bit code 

representing 27 = 128 different characters. These characters represent 26 upper case letters 

(A to Z), 26 lowercase letters (a to z), 10 numbers (0 to 9), 33 special characters and symbols 

and 33 control characters. 



 

 

 



 

 



 

 
 
 



 

 



 

 
 
 
 

 



 

 



 

Decoder 
 

What is Decoding? 

 
Decoding is the reverse process of encoding, which converts encoded 
information back in to its original format. Encoded data can be easily decoded 
using standard methods. For example, decoding Binary Coded Decimal 
requires some simple calculations in base-2 arithmetic. Decoding ASCII values 
is a straightforward process since there is a one to one mapping between 
characters and numbers. The term decoding is also used for digital to analog 
conversion. In the filed of communication, decoding is the process of converting 
received messages in to a message written using a specific language. This 
process is not straight forward as the previously mentioned decoding schemes, 
since the message could be tampered due to the noise in the channels used 
for communication. Decoding methods such as Ideal observer decoding, 
maximum likelihood decoding, minimum distance decoding, etc are used for 
decoding messages sent via noisy channels. 

 
 
 

In digital electronics, a decoder can take the form of a multiple-input, multiple-output logic 

circuit that converts coded inputs into coded outputs, where the input and output codes are 

different e.g. n-to-2n , binary-coded decimal decoders. Decoding is necessary in applications 

such as data multiplexing, 7 segment display and memory address decoding. 

 
The example decoder circuit would be an AND gate because the output of an AND gate is 

"High" (1) only when all its inputs are "High." Such output is called as "active High output". 

If instead of AND gate, the NAND gate is connected the output will be "Low" (0) only when 

all its inputs are "High". Such output is called as "active low output". 

 
A slightly more complex decoder would be the n-to-2n type binary decoders. These types of 

decoders are combinational circuits that convert binary information from 'n' coded inputs to 

a maximum of 2n unique outputs. In case the 'n' bit coded information has unused bit 

combinations, the decoder may have less than 2n outputs. 2-to-4 decoder, 3-to-8 decoder 

or 4-to-16 decoder are other examples. 

 
The input to a decoder is parallel binary number and it is used to detect the presence of a 

particular binary number at the input. The output indicates presence or absence of specific 

number at the decoder input. 



 

Let us suppose that a logic network has 2 inputs A and B. They will give rise to 4 states A, 

A’, B, B’ . The truth table for this decoder is shown below: 

  
Fig 2: Representation of 2:4 decoder 

 

 

 
Table 1: Truth Table of 2:4 decoder 

 

 

 

Fig 1: Logic Diagram of 2:4 decoder 

For any input 

combination only one of the outputs is low and all others are high. The low value at the 

output represents the state of the input. 

 
Decoder expansion 

 
Combine two or more small decoders with enable inputs to form a larger decoder e.g. 3-to- 

8-line decoder constructed from two 2-to-4-line decoders. 

Decoder with enable input can function as demultiplexer. 

 
3:8 decoder 



 

It uses all AND gates, and therefore, the outputs are active- high. For active- low outputs, 

NAND gates are used. It has 3 input lines and 8 output lines. It is also called as binary to 

octal decoder it takes a 3-bit binary input code and activates one of the 8(octal) outputs 

corresponding to that code. The truth table is as follows: 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

Table 2: Truth Table of 3:8 decoder 



 

 
 

 

Fig 3: Logic Diagram of 3:8 decoder 



 

 
 

 
 
 
 
 
 
 
 
 

A 4-to-16 Binary Decoder Configuration. 

http://www.electronics-tutorials.ws/combination/comb_5.html


 

 
 

Inputs A, B, C are used to select which output on either decoder will be at logic “1” 

(HIGH) and input D is used with the enable input to select which encoder either the 

first or second will output the “1”. 

However, there is a limit to the number of inputs that can be used for one particular 

decoder, because as n increases, the number of AND gates required to produce an 

output also becomes larger resulting in the fan-out of the gates used to drive them 

becoming large. 

This type of active-“HIGH” decoder can be implemented using just Inverters, ( NOT 

Gates ) and AND gates. It is convenient to use an AND gate as the basic decoding 

element for the output because it produces a “HIGH” or logic “1” output only when 

all of its inputs are logic “1”. 

But some binary decoders are constructed using NAND gates instead of AND gates 

for their decoded output, since NAND gates are cheaper to produce than AND’s as 

they require fewer transistors to implement within their design. 

The use of NAND gates as the decoding element, results in an active-“LOW” output 

while the rest will be “HIGH”. As a NAND gate produces the AND operation with an 

inverted output, the NAND decoder looks like this with its inverted truth table. 

What is the difference between Encoding and Decoding? 

 

Encoding and decoding are two opposite processes. Encoding is done with the 
intension of increasing the usability of data in different systems and to reduce 
the space required for storage, while decoding converts encoded information 
back in to its original format. Encoding is done using publicly available methods 
and it can be easily reversed (decoded). For example, ASCII encoding is just a 
mapping between characters and numbers. So decoding it is straight forward. 
But decoding messages sent via a noisy channels will not be straight forward, 
because the message could be tampered with noise. In such instances 
decoding involves complex methods that are used to filter out the effect of noise 
in the message. 

http://www.electronics-tutorials.ws/combination/comb_5.html
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Encoder 
 

What is Encoding? 

 
Transforming data in to more usable formats for different systems, using a 
method publicly available is called encoding. Encoded data can be easily 
reversed. Most of the time, the converted format is a standard format that is 
widely used. For example, in ASCII (American Standard Code for Information 
Interchange) characters are encoded using numbers. ‘A’ is represented using 
number 65, ‘B’ by number 66, etc. These numbers are referred to as ‘code’. 
Similarly, encoding systems such as DBCS, EBCDIC, Unicode, etc. are also 
used to encode characters. Compressing data can also be seen as an encoding 
process. Encoding techniques are also used when transporting data. For 
example, Binary Coded Decimal (BCD) encoding system uses four bits to 
represent a decimal number and Manchester Phase Encoding (MPE) is used 
by Ethernet to encode bits. The term encoding is also used for analog to digital 
conversion. 

 
 
 

An encoder is a device, circuit, transducer, software program, algorithm or person that 

converts information from one format or code to another. The purpose of encoder is 

standardization, speed, secrecy, security, or saving space by shrinking size. Encoders are 

combinational logic circuits and they are exactly opposite of decoders. They accept one or 

more inputs and generate a multibit output code. 

 
Encoders perform exactly reverse operation than decoder. An encoder has M input and N 

output lines. Out of M input lines only one is activated at a time and produces equivalent 

code on output N lines. If a device output code has fewer bits than the input code has, the 

device is usually called an encoder. 

 

 
Octal to binary encoder 

 
Octal-to-Binary take 8 inputs and provides 3 outputs, thus doing the opposite of what the 

3-to-8 decoder does. At any one time, only one input line has a value of 1. The figure 

below shows the truth table of an Octal-to-binary encoder. 



 

 
 

 

Table 3: Truth Table of octal to binary encoder 

 
For an 8-to-3 binary encoder with inputs I0-I7 the logic expressions of the outputs Y0-Y2 

are: 

Y0 = I1 + I3 + I5 + I7 

Y1= I2 + I3 + I6 + I7 

Y2 = I4 + I5 + I6 +I7 

 

Fig 4: Logic Diagram of octal to binary encoder 

 

 
Priority encoder 

 
A priority encoder is a circuit or algorithm that compresses multiple binary inputs into a 

smaller number of outputs. The output of a priority encoder is the binary representation of 

the ordinal number starting from zero of the most significant input bit. They are often used 

to control interrupt requests by acting on the highest priority request. It includes priority 

function. If 2 or more inputs are equal to 1 at the same time, the input having the highest 

priority will take precedence. Internal hardware will check this condition and priority is set. 



 

 

Table 4: Truth Table of 4 bit priority encoder/p> 

 

Fig 5: Logic Diagram of 4 bit priority encoder 

 



 

 
 

 



 

 
 

What is the difference between Encoding and Decoding? 

 

Encoding and decoding are two opposite processes. Encoding is done with the 
intension of increasing the usability of data in different systems and to reduce 
the space required for storage, while decoding converts encoded information 
back in to its original format. Encoding is done using publicly available methods 
and it can be easily reversed (decoded). For example, ASCII encoding is just a 
mapping between characters and numbers. So decoding it is straight forward. 
But decoding messages sent via a noisy channels will not be straight forward, 
because the message could be tampered with noise. In such instances 
decoding involves complex methods that are used to filter out the effect of noise 
in the message. 

http://www.differencebetween.com/difference-between-encoding-and-vs-decoding/


 

 
 

 

 
 

The Demultiplexer 
 

The data distributor, known more commonly as a Demultiplexer or “Demux” for 

short, is the exact opposite of the Multiplexer we saw in the previous tutorial. 

 

The demultiplexer takes one single input data line and then switches it to any one of 

a number of individual output lines one at a time. The demultiplexer converts a serial 

data signal at the input to a parallel data at its output lines as shown below. 

 

1- to-4 Channel De-multiplexer 
 

 
 

 
 

Output Select 

 
 
 

Data Output 
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1 

 

0 

 

C 

 

1 

 

1 

 

D 

The Boolean expression for this 1-to-4 Demultiplexer above with outputs A to D and 

data select lines a, b is given as: 

F = abA + abB + abC + abD 

The function of the Demultiplexer is to switch one common data input line to any 

one of the 4 output data lines A to D in our example above. As with the multiplexer 

the individual solid state switches are selected by the binary input address code on the 

output select pins “a” and “b” as shown. 

 

Demultiplexer Output Line Selection 
 

As with the previous multiplexer circuit, adding more address line inputs it is 

possible to switch more outputs giving a 1-to-2n data line outputs. 

Some standard demultiplexer IC´s also have an additional “enable output” pin which 

disables or prevents the input from being passed to the selected output. Also some 

have latches built into their outputs to maintain the output logic level after the address 

inputs have been changed. However, in standard decoder type circuits the address 

input will determine which single data output will have the same value as the data 

input with all other data outputs having the value of logic “0”. 

The implementation of the Boolean expression above using individual logic gates 

would require the use of six individual gates consisting of AND and NOT gates as 

shown. 

 

4 Channel Demultiplexer using Logic Gates 
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The symbol used in logic diagrams to identify a demultiplexer is as follows. 
 

The Demultiplexer Symbol 
 

Again, as with the previous multiplexer example, we can also use 

the demultiplexer to digitally control the gain of an operational amplifier as shown. 
 

Digitally Adjustable Amplifier Gain 
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The circuit above illustrates how to provide digitally controlled adjustable/variable 

op-amp gain using a demultiplexer. The voltage gain of the inverting operational 

amplifier is dependent upon the ratio between the input resistor, Rin and its feedback 

resistor, Rƒ as determined in the Op-amp tutorials. 

The digitally controlled analogue switches of the demultiplexer select an input 

resistor to vary the value of Rin. The combination of these resistors will determine the 

overall gain of the amplifier, (Av). Then the voltage gain of the inverting operational 

amplifier can be adjusted digitally simply by selecting the appropriate input resistor 

combination. 

Standard Demultiplexer IC packages available are the TTL 74LS138 1 to 8- 

output demultiplexer, the TTL 74LS139 Dual 1-to-4 output demultiplexer or the 

CMOS CD4514 1-to-16 output demultiplexer. 

Another type of demultiplexer is the 24-pin, 74LS154 which is a 4-bit to 16- 

line demultiplexer/decoder. Here the individual output positions are selected using a 

4-bit binary coded input. Like multiplexers, demultiplexers can also be cascaded 

together to form higher order demultiplexers. 

Unlike multiplexers which convert data from a single data line to multiple lines 

and demultiplexers which convert multiple lines to a single data line, there are 

devices available which convert data to and from multiple lines and in the next 

tutorial about combinational logic devices, we will look at Encoders which convert 

multiple input lines into multiple output lines, converting the data from one form to 

another. 
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The Multiplexer 

Multiplexing is the generic term used to describe the operation of sending one or more 

analogue or digital signals over a common transmission line at different times or 

speeds and as such, the device we use to do just that is called a Multiplexer. 

 
The multiplexer, shortened to “MUX” or “MPX”, is a combinational logic circuit 

designed to switch one of several input lines through to a single common output line 

by the application of a control signal. Multiplexers operate like very fast acting 

multiple position rotary switches connecting or controlling multiple input lines called 

“channels” one at a time to the output. 

Multiplexers, or MUX’s, can be either digital circuits made from high speed logic 

gates used to switch digital or binary data or they can be analogue types using 

transistors, MOSFET’s or relays to switch one of the voltage or current inputs through 

to a single output. 

The most basic type of multiplexer device is that of a one-way rotary switch as 

shown. 

 

Basic Multiplexing Switch 
 

Related Products: Bus Switch | Digital Crosspoint | Analog Switch Multiplexer 

The rotary switch, also called a wafer switch as each layer of the switch is known as a 

wafer, is a mechanical device whose input is selected by rotating a shaft. In other 

words, the rotary switch is a manual switch that you can use to select individual data 

or signal lines simply by turning its inputs “ON” or “OFF”. So how can we select 

each data input automatically using a digital device. 

In digital electronics, multiplexers are also known as data selectors because they can 

“select” each input line, are constructed from individual Analogue Switches encased 

in a single IC package as opposed to the “mechanical” type selectors such as normal 

conventional switches and relays. 

They are used as one method of reducing the number of logic gates required in a 

circuit design or when a single data line or data bus is required to carry two or more 

different digital signals. For example, a single 8-channel multiplexer. 

Generally, the selection of each input line in a multiplexer is controlled by an 

additional set of inputs called control lines and according to the binary condition of 

https://www.arrow.com/en/products/electronic-switches/bus-switches/bus-switches
https://www.arrow.com/en/products/electronic-switches/crosspoints/digital-crosspoint
https://www.arrow.com/en/products/electronic-switches/switches-and-multiplexers/analog-switch-multiplexer
http://www.electronics-tutorials.ws/combination/comb_1.html


 

these control inputs, either “HIGH” or “LOW” the appropriate data input is connected 

directly to the output. Normally, a multiplexer has an even number of 2n data input 

lines and a number of “control” inputs that correspond with the number of data inputs. 

Note that multiplexers are different in operation to Encoders. Encoders are able to 

switch an n-bit input pattern to multiple output lines that represent the binary coded 

(BCD) output equivalent of the active input. 

We can build a simple 2-line to 1-line (2-to-1) multiplexer from basic logic NAND 

gates as shown. 

 

2- input Multiplexer Design 
 

The input A of this simple 2-1 line multiplexer circuit constructed from standard 

NAND gates acts to control which input ( I0 or I1 ) gets passed to the output at Q. 

From the truth table above, we can see that when the data select input, A is LOW at 

logic 0, input I1 passes its data through the NAND gate multiplexer circuit to the 

output, while input I0 is blocked. When the data select A is HIGH at logic 1, the 

reverse happens and now input I0 passes data to the output Q while input I1 is blocked. 

So by the application of either a logic “0” or a logic “1” at A we can select the 

appropriate input, I0 or I1 with the circuit acting a bit like a single pole double throw 

(SPDT) switch. 

As we only have one control line, (A) then we can only switch 21 inputs and in this 

simple example, the 2-input multiplexer connects one of two 1-bit sources to a 

common output, producing a 2-to-1-line multiplexer. We can confirm this in the 

following Boolean expression. 

Q = A.I0.I1  + A.I0.I1  + A.I0.I1  + A.I0.I1 

and for our 2-input multiplexer circuit above, this can be simplified too: 

Q = A.I1 + A.I0 

We can increase the number of data inputs to be selected further simply by following 

the same procedure and larger multiplexer circuits can be implemented using smaller 

2-to-1 multiplexers as their basic building blocks. So for a 4-input multiplexer we 

would therefore require two data select lines as 4-inputs represents 22 data control 

lines give a circuit with four inputs, I0, I1, I2, I3 and two data select lines A and B as 

shown. 



 

4-to-1 Channel Multiplexer 
 

The Boolean expression for this 4-to-1 Multiplexer above with inputs A to D and 

data select lines a, b is given as: 

Q = abA + abB + abC + abD 

In this example at any one instant in time only ONE of the four analogue switches is 

closed, connecting only one of the input lines A to D to the single output at Q. As to 

which switch is closed depends upon the addressing input code on lines “a” and “b“, 

so for this example to select input B to the output at Q, the binary input address would 

need to be “a” = logic “1” and “b” = logic “0”. 

Then we can show the selection of the data through the multiplexer as a function of 

the data select bits as shown. 

 

Multiplexer Input Line Selection 
 

Adding more control address lines, (n) will allow the multiplexer to control more 

inputs as it can switch 2n inputs but each control line configuration will connect only 

ONE input to the output. 

Then the implementation of the Boolean expression above using individual logic 

gates would require the use of seven individual gates consisting 

of AND, OR and NOT gates as shown. 

 

4 Channel Multiplexer using Logic Gates 



 

 

The symbol used in logic diagrams to identify a multiplexer is as follows. 

 

Multiplexer Symbol 
 

Multiplexers are not limited to just switching a number of different input lines or 

channels to one common single output. There are also types that can switch their 

inputs to multiple outputs and have arrangements or 4-to-2, 8-to-3 or even 16-to-4 etc 

configurations and an example of a simple Dual channel 4 input multiplexer (4-to-2) 

is given below: 

 

4- to-2 Channel Multiplexer 
 

Here in this example the 4 input channels are switched to 2 individual output lines but 

larger arrangements are also possible. This simple 4-to-2 configuration could be used 

for example, to switch audio for stereo pre-amplifiers or mixers 



 

 
 

 



 

 
 
 



 

 
 

 
 



 

PLA & PAL (Programmable Logic Array 
 

PLA (Programmable Logic Array) and PAL (Programmable Array Logic) are 

Programmable Logic Devices which had planes of AND and OR gates interconnected 

to each other and which could be programmed. 
 

First PLA were discovered. The block diagram of the structure of PLA inside a chip is 

shown below. 

 

 

 

As shown above, the PLA consisted of planes of input buffers and inverters, plane of 

AND gates and plane of OR gates. This structure was developed utilizing the fact that 

any logic function can be expressed as sum of product of minterms. Each of the 

connection between the planes could be connected or left disconnected and thus 

implement the desired logic function. Thus this gave a flexibility of realizing digital 

logic circuit. 
 

A closer look at the internal structure of the connection between the plane is shown 

below. 

 
 



 

In technical writing and design the following schematic drawing is commonly used 
 
 

 
 

A PAL is also a PLD (programmable Logic Device) but in case of PAL as opposed to 

PLA, the OR gate plane is fixed while the AND plane is programmable. This has 

improved performance and improved fabrication margin. That is, because a PLA have 

both programmable AND and OR planes there was higher potential that the PLD was 

corrupted. 
 

An example of PAL circuit is shown below.PAL (Programmable Array Logic) 
 
 

 

 

Difference between PLA and PAL. 
 

 

 PLA has both programmable AND and OR planes whereas PAL has only 
programmable AND planes and OR plane is fixed 

 PLA has more flexibility in the logic circuit function implementation than 
PAL 

 PAL is simpler to manufacture than PLA 
 PLA have reduced speed performance 



 

 PAL devices are manufactured in smaller 

 
 

 
 

 



 

examples 

 

 



 

 

 
 
 
 
 
 
 



 

 

 



 

 



 

 

 
 



 

 



 

Flip-Flops 

The memory elements in a sequential circuit are called flip-flops. A flip-flop circuit 

has two outputs, one for the normal value and one for the complement value of the 

stored bit. Binary information can enter a flip-flop in a variety of ways and gives rise 

to different types of flip-flops. 
 

Introduction - Basic Flip-Flop Circuit 

A flip-flop circuit can be constructed from two NAND gates or two NOR gates. These 

flip-flops are shown in Figure 2 and Figure 3. Each flip-flop has two 

outputs, Q and Q', and two inputs, set and reset. This type of flip-flop is referred to as 

an SR flip-flop or SR latch. The flip-flop in Figure 2 has two useful states. When Q=1 

and Q'=0, it is in the set state (or 1-state). When Q=0 and Q'=1, it is in the clear 

state (or 0-state). The outputs Q and Q' are complements of each other and are 

referred to as the normal and complement outputs, respectively. The binary state of 

the flip-flop is taken to be the value of the normal output. 
 

When a 1 is applied to both the set and reset inputs of the flip-flop in Figure 2, both Q 

and Q' outputs go to 0. This condition violates the fact that both outputs are 

complements of each other. In normal operation this condition must be avoided by 

making sure that 1's are not applied to both inputs simultaneously. 
 
 

 
(a) Logic diagram 

 

 
(b) Truth table 

 

Figure 2. Basic flip-flop circuit with NOR gates 
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(a) Logic diagram 

 

 
(b) Truth table 

 

Figure 3. Basic flip-flop circuit with NAND gates 
 

The NAND basic flip-flop circuit in Figure 3(a) operates with inputs normally at 1 

unless the state of the flip-flop has to be changed. A 0 applied momentarily to the set 

input causes Q to go to 1 and Q' to go to 0, putting the flip-flop in the set state. When 

both inputs go to 0, both outputs go to 1. This condition should be avoided in normal 

operation. 
 

Introduction - Clocked SR Flip-Flop 

The clocked SR flip-flop shown in Figure 4 consists of a basic NOR flip-flop and two 

AND gates. The outputs of the two AND gates remain at 0 as long as the clock pulse 

(or CP) is 0, regardless of the S and R input values. When the clock pulse goes to 1, 

information from the S and R inputs passes through to the basic flip-flop. With both 

S=1 and R=1, the occurrence of a clock pulse causes both outputs to momentarily go 

to 0. When the pulse is removed, the state of the flip-flop is indeterminate, ie., either 

state may result, depending on whether the set or reset input of the flip-flop remains a 

1 longer than the transition to 0 at the end of the pulse. 

 

http://wearcam.org/ece385/lectureflipflops/flipflops/#Figure_3
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(a) Logic diagram 

 

 

(b) Truth table 
 

Figure 4. Clocked SR flip-flop 
 

Introduction - D Flip-Flop 

The D flip-flop shown in Figure 5 is a modification of the clocked SR flip-flop. The D 

input goes directly into the S input and the complement of the D input goes to the R 

input. The D input is sampled during the occurrence of a clock pulse. If it is 1, the 

flip-flop is switched to the set state (unless it was already set). If it is 0, the flip-flop 

switches to the clear state. 
 

 
(a) Logic diagram with NAND gates 

 
 

 
(b) Graphical symbol 

 

 
(c) Transition table Figure 5. Clocked D flip-flop 
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Introduction - JK Flip-Flop 

A JK flip-flop is a refinement of the SR flip-flop in that the indeterminate state of the 

SR type is defined in the JK type. Inputs J and K behave like inputs S and R to set and 

clear the flip-flop (note that in a JK flip-flop, the letter J is for set and the letter K is 

for clear). When logic 1 inputs are applied to both J and K simultaneously, the flip- 

flop switches to its complement state, ie., if Q=1, it switches to Q=0 and vice versa. 
 

A clocked JK flip-flop is shown in Figure 6. Output Q is ANDed with K and CP 

inputs so that the flip-flop is cleared during a clock pulse only if Q was previously 1. 

Similarly, ouput Q' is ANDed with J and CP inputs so that the flip-flop is set with a 

clock pulse only if Q' was previously 1. 
 

Note that because of the feedback connection in the JK flip-flop, a CP signal which 

remains a 1 (while J=K=1) after the outputs have been complemented once will cause 

repeated and continuous transitions of the outputs. To avoid this, the clock pulses 

must have a time duration less than the propagation delay through the flip-flop. The 

restriction on the pulse width can be eliminated with a master-slave or edge-triggered 

construction. The same reasoning also applies to the T flip-flop presented next. 
 
 

 
(a) Logic diagram 

 
 

 
(b) Graphical symbol 
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(c) Transition table 
 

Figure 6. Clocked JK flip-flop 
 

Introduction - T Flip-Flop 

The T flip-flop is a single input version of the JK flip-flop. As shown in Figure 7, the 

T flip-flop is obtained from the JK type if both inputs are tied together. The output of 

the T flip-flop "toggles" with each clock pulse. 
 
 

 
(a) Logic diagram 

 
 

 
(b) Graphical symbol 

 

 
(c) Transition table 
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Figure 7. Clocked T flip-flop 
 

Introduction - Triggering of Flip-flops 

The state of a flip-flop is changed by a momentary change in the input signal. This 

change is called a trigger and the transition it causes is said to trigger the flip-flop. 

The basic circuits of Figure 2 and Figure 3 require an input trigger defined by a 

change in signal level. This level must be returned to its initial level before a second 

trigger is applied. Clocked flip-flops are triggered by pulses. 
 

The feedback path between the combinational circuit and memory elements in Figure 

1 can produce instability if the outputs of the memory elements (flip-flops) are 

changing while the outputs of the combinational circuit that go to the flip-flop inputs 

are being sampled by the clock pulse. A way to solve the feedback timing problem is 

to make the flip-flop sensitive to the pulse transition rather than the pulse duration. 
 

The clock pulse goes through two signal transitions: from 0 to 1 and the return from 1 

to 0. As shown in Figure 8 the positive transition is defined as the positive edge and 

the negative transition as the negative edge. 
 
 

 
Figure 8. Definition of clock pulse transition 

 

The clocked flip-flops already introduced are triggered during the positive edge of the 

pulse, and the state transition starts as soon as the pulse reaches the logic-1 level. If 

the other inputs change while the clock is still 1, a new output state may occur. If the 

flip-flop is made to respond to the positive (or negative) edge transition only, instead 

of the entire pulse duration, then the multiple-transition problem can be eliminated. 
 

Back to Contents 
 
 

 

Introduction - Master-Slave Flip-Flop 

A master-slave flip-flop is constructed from two seperate flip-flops. One circuit serves 

as a master and the other as a slave. The logic diagram of an SR flip-flop is shown 
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in Figure 9. The master flip-flop is enabled on the positive edge of the clock pulse CP 

and the slave flip-flop is disabled by the inverter. The information at the external R 

and S inputs is transmitted to the master flip-flop. When the pulse returns to 0, the 

master flip-flop is disabled and the slave flip-flop is enabled. The slave flip-flop then 

goes to the same state as the master flip-flop. 
 
 

 
Figure 9. Logic diagram of a master-slave flip-flop 

 

The timing relationship is shown in Figure 10 and is assumed that the flip-flop is in 

the clear state prior to the occurrence of the clock pulse. The output state of the 

master-slave flip-flop occurs on the negative transition of the clock pulse. Some 

master-slave flip-flops change output state on the positive transition of the clock pulse 

by having an additional inverter between the CP terminal and the input of the master. 
 
 

 
Figure 10. Timing relationship in a master slave flip-flop 
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Introduction - Edge Triggered Flip-Flop 

Another type of flip-flop that synchronizes the state changes during a clock pulse 

transition is the edge-triggered flip-flop. When the clock pulse input exceeds a 

specific threshold level, the inputs are locked out and the flip-flop is not affected by 

further changes in the inputs until the clock pulse returns to 0 and another pulse 

http://wearcam.org/ece385/lectureflipflops/flipflops/#Figure_9
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http://wearcam.org/ece385/lectureflipflops/flipflops/#Contents


 

occurs. Some edge-triggered flip-flops cause a transition on the positive edge of the 

clock pulse (positive-edge-triggered), and others on the negative edge of the pulse 

(negative-edge-triggered). The logic diagram of a D-type positive-edge-triggered flip- 

flop is shown in Figure 11. 

 

 
Figure 11. D-type positive-edge triggered flip-flop 

 

When using different types of flip-flops in the same circuit, one must ensure that all 

flip-flop outputs make their transitions at the same time, ie., during either the negative 

edge or the positive edge of the clock pulse. 
 

Back to Contents 
 
 

 

Introduction - Direct Inputs 

Flip-flops in IC packages sometimes provide special inputs for setting or clearing the 

flip-flop asynchronously. They are usually called preset and clear. They affect the 

flip-flop without the need for a clock pulse. These inputs are useful for bringing flip- 

flops to an intial state before their clocked operation. For example, after power is 

turned on in a digital system, the states of the flip-flops are indeterminate. Activating 

the clear input clears all the flip-flops to an initial state of 0. The graphic symbol of a 

JK flip-flop with an active-low clear is shown in Figure 12. 

http://wearcam.org/ece385/lectureflipflops/flipflops/#Figure_11
http://wearcam.org/ece385/lectureflipflops/flipflops/#Contents
http://wearcam.org/ece385/lectureflipflops/flipflops/#Figure_12


 

 

 
 

(a) Graphic Symbol 

 

 
(b) Transition table 

 

Figure 12. JK flip-flop with direct clea 
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COUNTERS 

Note how the least significant bit (LSB) toggles between 0 and 1 for every 

step in the count sequence, while each succeeding bit toggles at one-half the 

frequency of the one before it. The most significant bit (MSB) only toggles 

once during the entire sixteen-step count sequence: at the transition between 

7 (0111) and 8 (1000). 
 

: If we wanted to design a digital circuit to "count" in four-bit binary, all we 

would have to do is design a series of frequency divider circuits, each circuit 

dividing the frequency of a square-wave pulse by a factor of 2 
 

 

 
J-K flip-flops are ideally suited for this task, because they have the ability to 

"toggle" their output state at the command of a clock pulse when both J and 

K inputs are made "high" (1): 

If we consider the two signals (A and B) in this circuit to represent 

two bits of a binary number, signal A being the LSB and signal B being the 

MSB, we see that the count sequence is backward: from 11 to 10 to 01 to 00 

and back again to11. Although it might not be counting in the direction we 

might have assumed, at least it counts! 
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The following sections explore different types of counter circuits, all made 

with J-K flip-flops, and all based on the exploitation of that flip-flop's toggle 

mode of operation. 

 REVIEW: 

 Binary count sequences follow a pattern of octave frequency division: the 

frequency of oscillation for each bit, from LSB to MSB, follows a divide- 

by-two pattern. In other words, the LSB will oscillate at the highest 

frequency, followed by the next bit at one-half the LSB's frequency, and the 

next bit at one-half the frequency of the bit before it, etc. 

 Circuits may be built that "count" in a binary sequence, using J-K flip- 

flops set up in the "toggle" mode. 

Asynchronous counters 
In the previous section, we saw a circuit using one J-K flip-flop that counted 

backward in a two-bit binary sequence, from 11 to 10 to 01 to 00. Since it 

would be desirable to have a circuit that could count forward and not just 

backward, it would be worthwhile to examine a forward count sequence 

again and look for more patterns that might indicate how to build such a 

circuit. 

Since we know that binary count sequences follow a pattern of octave 

(factor of 2) frequency division, and that J-Flip-flop multivibrators set up for 

the "toggle" mode are capable of performing this type of frequency division, 

we can envision a circuit made up of several J-K flip-flops, cascaded to 

produce four bits of output. The main problem facings is to determine how 

to connect these flip-flops together so that they toggle at the right times to 

produce the proper binary sequence. Examine the following binary count 

sequence, paying attention to patterns preceding the "toggling" of bit 

between 0 and 1: 
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Note that each bit in this four-bit sequence toggles when the bit before it 

(the bit having a lesser significance, or place weight), toggles in a particular 

direction: from 1 to 0. Small arrows indicate those points in the sequence 

where a bit toggles, the head of the arrow pointing to the previous bit 

transitioning from a "high" (1) state to a "low" (0) state: 

 

Starting with four J-K flip-flops connected in such a way to always be in the 

"toggle" mode, we need to determine how to connect the clock inputs in 

such a way so that each succeeding bit toggles when the bit before it 

transitions from 1 to0. The Q outputs of each flip-flop will serve as the 

respective binary bits of the final, four-bit count. If we used flip-flops with 

negative-edge triggering (bubble symbols on the clock inputs), we could 

simply connect theclock input of each flip-flop to the Q output of the flip- 

flop before it, so that when the bit before it changes from a 1 toa 0, the 

"falling edge" of that signal would "clock" the next flip-flop to toggle the 

next bit: 
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This circuit would yield the following output waveforms, when "clocked 

"by a repetitive source of pulses from an 
 
 

 

 
The first flip-flop (the one with the Q0 output), has a positive-edge 

triggered clock input, so it toggles with each rising edge of the clock 

signal. Notice how the clock signal in this example has a duty cycle less 

than 50%. I've shown the signal in this manner for the purpose of 
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demonstrating how the clock signal need not be symmetrical to obtain 

reliable, "clean" output bits in our four-bit binary sequence. In the very 

first flip-flop circuit shown in this chapter, I used the clock signal itself 

as one of the output bits. This is a bad practice in counter design, 

though, because it necessitates the use of a square wave signal with a 

50% duty cycle ("high" time = "low" time) in order to obtain a count 

sequence where each and every step pauses for the same amount of 

time. Using one J-K flip-flop for each output bit, owever,relieves us of 

the necessity of having a symmetrical clock signal, allowing the use of 

practically any variety of high/low waveform to increment the count 

sequence. 

As indicated by all the other arrows in the pulse diagram, each 

succeeding output bit is toggled by the action of the preceding bit 

transitioning from "high" (1) to "low" (0). This is the pattern necessary 
to generate an "up" count sequence 

. A less obvious solution for generating an "up" sequence using positive- 

edge triggered flip-flops is to "clock" each flipflop using the Q' output 

of the preceding flip-flop rather than the Q output. Since the Q' output 

will always be the exact opposite state of the Q output on a J-K flip-flop 

(no invalid states with this type of flip-flop), a high-to-low transition on 

the Q output will be accompanied by a low-to-high transition on the Q' 

output. In other words, each time the Output of a flip-flop transitions 

from 1 to 0, the Q' output of the same flip-flop will transition from 0 to 

1, providingthepositive-going clock pulse we would need to toggle a 

positive-edge triggered flip-lop at the right moment: 

 
One way we could expand the capabilities of either of these two counter 

circuits is to regard the Q' outputs as anotherset of four binary bits. If 

we examine the pulse diagram for such a circuit, we see that the Q' 

outputs generate a downcountingsequence, while the Q outputs generate 

an up-counting sequence: 
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Unfortunately, all of the counter circuits shown thus far share a 

common problem: the ripple effect. This effect is seen in certain types of 

binary adder and data conversion circuits, and is due to accumulative 

propagation delays between cascaded gates. When the Q output of a 

flip-flop transitions from 1 to 0, it commands the next flip-flop to toggle. 

If the next flip-flop toggle is a transition from 1 to 0, it will command 

the flip-flop after it to toggle as well, and so on. 

However, since there is always some small amount of propagation delay 

between the command to toggle (the clock pulse) and the actual toggle 
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response (Q and Q' outputs changing states), any subsequent flip-flops 

to be toggled will toggle sometime after the first flip-flop has toggled. 

Thus, when multiple bits' toggle in a binary count sequence, they will 

not all toggle at exactly the same time: 

As you can see, the more bits that toggle with a given clock pulse, the 

more severe the accumulated delay time fromLSB to MSB. When a 

clock pulse occurs at such a transition point (say, on the transition from 

0111 to 1000), theoutput bits will "ripple" in sequence from LSB to SB, 

as each succeeding bit toggles and commands the next bit totoggle as ell, 

with a small amount of propagation delay between each bit toggle. If we 

take a close-up look at thiseffect during the transition from 0111 to 000, 

we can see that there will be false output counts generated n the rieftime 

period that the "ripple" effect takes place: 

 

 
Instead of cleanly transitioning from a "0111" output to a "1000" 

output, the counter circuit will very quickly ripple from 0111 to 0110 to 

0100 to 0000 to 1000, or from 7 to 6 to 4 to 0 and then to 8. This 

behavior earns the counter circuit the name of ripple counter, or 

asynchronous counter. 
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In many applications, this effect is tolerable, since the ripple happens 

very, very quickly (the width of the delays has been exaggerated here as 

an aid to understanding the effects). If all we wanted to do was drive a 

set of light-emitting diodes (LEDs) with the counter's outputs, for 

example, this brief ripple would be of no consequence at all. However, if 

we wished to use this counter to drive the "select" inputs of a 

multiplexer, index a memory pointer in a microprocessor(computer) 

circuit, or perform some other task where false outputs could cause 

spurious errors, it would not be acceptable. There is a way to use this 

type of counter circuit in applications sensitive to false, ripple-generated 

outputs and it involves a principle known as strobing. 

Most decoder and multiplexer circuits are equipped with at least one 

input called the "enable." The output(s) of such a circuit will be active 

only when the enable input is made active. We can use this enable input 

to strobe the circuit receiving the ripple counter's output so that it is 

disabled (and thus not responding to the counter output) during the 

brief period of time in which the counter outputs might be rippling, and 

enabled only when sufficient time has passed since the last clock pulse 

that all rippling will have ceased. In most cases, the strobing signal can 

be the same clock pulse that drives the counter circuit: 

 
Another disadvantage of the asynchronous, or ripple, counter 

circuit is limited speed. While all gate circuits are limitedin terms of 

maximum signal frequency, the design of asynchronous counter circuits 

compounds this problem bymaking propagation delays additive. Thus, 

even if strobing is used in the receiving circuit, an asynchronous 

counter 

circuit cannot be clocked at any frequency higher than that which 

allows the greatest possible accumulated propagationdelay to elapse 

well before the next pulse. 

The solution to this problem is a counter circuit that avoids ripple 

altogether. Such a counter circuit would eliminate theneed to design a 

"strobing" feature into whatever digital circuits use the counter output 

as an input, and would alsoenjoy a much greater operating speed than 

its asynchronous equivalent. This design of counter circuit is the subject 

ofthe next section. 

 REVIEW: 

 An "up" counter may be made by connecting the clock inputs of 

positive-edge triggered J-K flip-flops to the Q Outputs of the preceding 

flip-flops. Another way is to use negative-edge triggered flip-flops, 

connecting the clock inputs to the Q outputs of the preceding flip-flops. 

In either case, the J and K inputs of all flip-flops are connected to Vcc or 

Vdd so as to always be "high."  Counter circuits made from cascaded J- 

K flip-flops where each clock input receives its pulses from the output
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of the previous flip-flop invariably exhibit a ripple effect, where false 

output counts are generated between some steps of the count sequence. 

These types of counter circuits are called asynchronous counters, or 

ripple counters. 

 Strobing is a technique applied to circuits receiving the output of an 

asynchronous (ripple) counter, so that the false counts generated during 

the ripple time will have no ill effect. Essentially, the enable input of 

such a circuities connected to the counter's clock pulse in such a way 

that it is enabled only when the counter outputs are not changing, and 

will be disabled during those periods of changing counter outputs where 

ripple occurs.

 
Synchronous counters 

A synchronous counter, in contrast to an asynchronous counter, is one 

whose output bits change state simultaneously,with no ripple. The only way 

we can build such a counter circuit from J-K flip-flops is to connect all the 

clock inputstogether, so that each and every flip-flop receives the exact 

same clock pulse at the exact same time: 

Now, the question is, what do we do with the J and K inputs? We know that 

we still have to maintain the same divideby-two frequency pattern in order 

to count in a binary sequence, and that this pattern is best achieved utilizing 

the"toggle" mode of the flip-flop, so the fact that the J and K inputs must 

both be (at times) "high" is clear. However, if wesimply connect all the J 

and K inputs to the positive rail of the power supply as we did in the 

asynchronous circuit, thiswould clearly not work because all the flip-flops 

would toggle at the same time: with each and every clock pulse! 
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Let's examine the four-bit binary counting sequence again, and see if 

there are any other patterns that predict the toggling of a bit. Asynchronous 

counter circuit design is based on the fact that each bit toggle happens at the 

same time that the preceding bit toggles from a "high" to a "low" (from 1 to 

0). Since we cannot clock the toggling of a bit based on the toggling of a 

previous bit in a synchronous counter circuit (to do so would create a ripple 

effect) we must find some other pattern in the counting sequence that can be 

used to trigger a bit toggle: 

Examining the four-bit binary count sequence, another predictive pattern 

can be seen. Notice that just before a bit toggles, all preceding bits are 

"high:" 

This pattern is also something we can exploit in designing a counter circuit. 

If we enable each J-K flip-flop to toggle based on whether or not all 

preceding flip-flop outputs (Q) are "high," we can obtain the same counting 

sequence as the asynchronous circuit without the ripple effect, since each 

flip-flop in this circuit will be clocked at exactly the same time: 
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The result is a four-bit synchronous "up" counter. Each of the higher-order 

flip-flops are made ready to toggle (both Jand K inputs "high") if the Q 

outputs of all previous flip-flops are "high." Otherwise, the J and K inputs 

for that flipflopwill both be "low," placing it into the "latch" mode where it 

will maintain its present output state at the next clock pulse. Since the first 

(LSB) flip-flop needs to toggle at every clock pulse, its J and K inputs are 

connected to Vcc or Vdd,where they will be "high" all the time. The next flip- 

flop need only "recognize" that the first flip-flop's Q output is highto be 

made ready to toggle, so no AND gate is needed. However, the remaining 

flip-flops should be made ready totoggle only when all lower-order output 

bits are "high," thus the need for AND gates.To make a synchronous "down" 

counter, we need to build the circuit to recognize the appropriate bit patterns 

predictingeach toggle state while counting down. Not surprisingly, when we 

examine the four-bit binary count sequence, we seethat all preceding bits are 

"low" prior to a toggle (following the sequence from bottom to top): 

Since each J-K flip-flop comes equipped with a Q' output as well as a 

Q output, we can use the Q' outputs to enable thetoggle mode on each 

succeeding flip-flop, being that each Q' will be "high" every time that the 

respective Q is "low:" 
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Taking this idea one step further, we can build a counter circuit with 

selectable between "up" and "down" count modesty having dual lines of 

AND gates detecting the appropriate bit conditions for an "up" and a "down" 

counting sequence, respectively, then use OR gates to combine the AND 

gate outputs to the J and K inputs of each succeeding flip-flop: 

 

This circuit isn't as complex as it might first appear. The Up/Down control 

input line simply enables either the upperstring or lower string of AND 

gates to pass the Q/Q' outputs to the succeeding stages of flip-flops. If the 

Up/Downcontrol line is "high," the top AND gates become enabled, and the 

circuit functions exactly the same as the first ("up")synchronous counter 

circuit shown in this section. If the Up/Down control line is made "low," the 

bottom AND gatesbecome enabled, and the circuit functions identically to 

the second ("down" counter) circuit shown in this section. 

To illustrate, here is a diagram showing the circuit in the "up" counting 

mode (all disabled circuitry shown in greyrather than black): 
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Here, shown in the "down" 

counting mode, with the same grey coloring representing disabled circuitry: 
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Introduction 

Flip flops can store a single bit of binary data i.e. 1 or 0. But if we need to store 
multiple bits of data, we need multiple flip flops. As a single flip flop is used for 
one bit storage, n flip flops are connected in an order to store n bits of data. In 
digital electronics, a Register is a device which is used to store the information. 

 
Flip flops are use in constructing registers. Register is a group of flip flops used 
to store multiple bits of data. For example, if a computer is to store 16 bit data, 
then it needs a set of 16 flip flops. The input and outputs of a register are may be 
serial or parallel based on the requirement. 

 
The series of data bits are stored by registers is called “Byte” or “Word” where a 
Byte is collection of 8 bits and a Word is collection of 16 bits (or 2 Bytes). 

 
When a number of flip flops are connected in series, this arrangement is called a 
Register. The stored information can be transferred within the registers; these are 
called as ‘Shift Registers’. A shift register is a sequential circuit which stores the 
data and shifts it towards the output on every clock cycle. 

 
Basically shift registers are of 4 types. They are 

 
 Serial In Serial Out shift register 
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 Serial In parallel Out shift register 
 Parallel In Serial Out shift register 
 Parallel In parallel Out shift register 

 

Serial in Serial Out Shift Register 

The input to this register is given in serial fashion i.e. one bit after the other 
through a single data line and the output is also collected serially. The data can 
be shifted only left or shifted only right. Hence it is called Serial in Serial out shift 
register or a SISO shift register. 

 
As the data is fed from right as bit by bit, the shift register shifts the data bits to 
left. A 4-bit SISO shift register consists of 4 flip flops and only three connections. 

 
The registers which will shift the bits to left are called “Shift left registers”. 

 
The registers which will shift the bits to right are called “Shift right registers”. 

 
Example: If we pass the data 1101 to the data input, the shifted output will be 
0110. 

 

 

 
 

This one is the simplest register among the four types. As the clock signal is 
connected to all the 4 flip flops, the serial data is connected to the left most or 
right most flip flop. The output of the first flip flop is connected to the input of the 
next flip flop and so on. The final output of the shift register is collected at the 
outmost flip flop. 



 

 

 
 
 

In the above diagram, we see the shift right register; feeding the serial data input 
from the left side of the flip flop arrangement. 

 
In this shift register, when the clock signal is applied and the serial data is given; 
only one bit will be available at output at a time in the order of the input data. The 
use of SISO shift register is to act as temporary data storage device. But the main 
use of a SISO is to act as a delay element. 

 

Serial in Parallel Out shift register 

The input to this register is given in serial and the output is collected in parallel 
 
 

 
The clear (CLR) signal is connected in addition to clock signal to all the 4 flip 
flops in order to RESET them and the serial data is connected to the flip flop at 
either end (depending on shift left register or shift right register). The output of 
the first flip flop is connected to the input of the next flip flop and so on. All the 
flip flops are connected with a common clock. 



 

 

 
 

 

Unlike the serial in serial out shift registers, the output of Serial in Parallel out 
(SIPO) shift register is collected at each flip flop. Q1, Q2, Q3 and Q4 are the 
outputs of first, second, third and fourth flip flops, respectively. 

 
The main application of Serial in Parallel out shift register is to convert serial data 
into parallel data. Hence they are used in communication lines where 
demultiplexing of a data line into several parallel line is required. 

 

Parallel in Serial out shift register 

The input to this register is given in parallel i.e. data is given separately to each 
flip flop and the output is collected in serial at the output of the end flip flop. 

 
 

 

The clock input is directly connected to all the flip flops but the input data is 
connected individually to each flip flop through a mux (multiplexer) at input of 
every flip flop. Here D1, D2, D3 and D4 are the individual parallel inputs to the 
shift register. In this register the output is collected in serial. 



 

 
 

The output of the previous flip flop and parallel data input are connected to the 
input of the MUX and the output of MUX is connected to the next flip flop. A 
Parallel in Serial out (PISO) shift register converts parallel data to serial data. 
Hence they are used in communication lines where a number of data lines are 
multiplexed into single serial data line. 

 

Parallel in Parallel out shift register 
 

In this register, the input is given in parallel and the output also collected in 
parallel. The clear (CLR) signal and clock signals are connected to all the 4 flip 
flops. Data is given as input separately for each flip flop and in the same way, 
output also collected individually from each flip flop. 



 

 

 

 

The above diagram shows the 4 stage parallel in parallel out register. Qa, Qb, Qc 
and Qd are the parallel outputs and Pa, Pb, Pc and Pd are the individual parallel 
inputs. There are no interconnections between any of the four flip flops. 

 

 

 

A Parallel in Parallel out (PIPO) shift register is used as a temporary storage 
device and also as a delay element similar to a SISO shift register. 

 

Ring CounterIt is designed by connecting the output of the first flip flop to 

its next one and the output of last flip flop is connected again to the first one as 
input, like a feedback path. So this is called “Ring Counter”. 



 

 

 

 
 
 
 
 

The first flip flop is connected to 
high input i.e. its input is preset with logic 1 and the output of the first flip flop is 
connected to input of second flip flop and so on. 

 
Finally, the output of last flip flop is fed back as input to first flip flop. When we 
apply the first clock pulse to the arrangement; the second stage input changes to 
1 and rest inputs are 0. In this way, the input 1 is rotated around the ring. 

 

Other Type of Registers 

Apart from the above register types we have the other type of registers also. They 
are given below. 

 
 Bi directional shift register. 
 Universal shift register. 



 

These registers are also used in many applications in digital electronics. 

 
Bidirectional Shift Register 

If we shift a binary number to left by one position, this operation is equivalent to 
multiplying the original number by 2. Similarly, if we shift a binary number to right 
by one position, this operation is equivalent to dividing the original number by 2. 

 
Hence in order to perform these mathematical operations, we need a shift register 
that can shift the bits in either direction. This can be achieved by Bidirectional 
Shift Register. 

 
The entire set of shift registers mentioned above are Unidirectional Shift 
Registers i.e. they shift the data only to the right or only to the left. 

 
The bidirectional shift register can be defined as “The register in which the data 
can be shifted either left of right”. This register has mode input for right shift or 
left shift, a clock signal and two serial Data lines one each for input and output. 

 
The mode input will control the shift left and shift right operations. If the mode 
input is high (1) then the data will be shifted right. Similarly, if the mode input is 
low (0) then the data will be shifted left. The circuit of a bidirectional shift register 
using D flip flops is shown below. 

 
 

 



 

The input serial data is connected at two ends of the circuit (to AND gates 1 and 
8). Base on the mode input being high or low, only one AND gate (either 1 or 8) is 
in active state. 

 
When the mode input is high (Right / Left’ = 1), then the serial data path is 

 
AND1 – OR 1 – FF 1 – Q1 – AND 2 – OR 2 – FF 2 – Q2 – AND 3 – OR 3 – FF 3 – Q3 – 
AND 4 – OR 4 – FF 4 – Q4 (Serial Data OUT). 

 
When the mode input is low (Right / Left’ = 0), then the serial data path is 

 
AND8 – OR 4 – FF 4 – Q4 – AND 7 – OR 3 – FF 3 – Q3 – AND 6 – OR 2 – FF 2 – Q2 – 
AND 5 – OR 1 – FF 1 – Q1 (Serial Data OUT) 
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Finite State Machines 
- Sequential Circuits 

Up to now, every circuit that was presented was a combinatorial circuit. 
That means that its output is dependent only by its current inputs. Previous 
inputs for that type of circuits have no effect on the output. 

However, there are many applications where there is a need for our circuits 
to have “memory”; to remember previous inputs and calculate their outputs 
according to them. A circuit whose output depends not only on the present 
input but also on the history of the input is called a sequential circuit. 

In this section we will learn how to design and build such sequential circuits. 
In order to see how this procedure works, we will use an example, on which 
we will study our topic. 

 
So let’s suppose we have a digital quiz game that works on a clock and reads 
an input from a manual button. However, we want the switch to transmit only 
one HIGH pulse to the circuit. If we hook the button directly on the game 
circuit it will transmit HIGH for as few clock cycles as our finger can achieve. 
On a common clock frequency our finger can never be fast enough. 

 

 Moore vs Mealy Machines 
 

There are two distinct variations of the FSM abstraction which impact the 
state transition diagram notation. 
Although the FSM definition in allows an FSM 

output to depend on both the current state ss and 

current input values I1,...,ImI1,...,Im, output values 
are often constrained to reflect only the current 
state and not the input values. An FSM 
conforming to this restriction is called 
a Moore machine. The state transition diagram 
for a Moore machine typically labels nodes 
(states) with output values, and transitions with 
input combinations as shown to the right. 

 
 
 

 



2 
 

 
 
 
 

An FSM whose output reflects both 
current state and current inputs is 
termed a Mealy machine, and requires 
slightly different set of conventions for 
its state transition diagram. As Mealy 
machine outputs are not functions only 
of states, the edges of a Mealy machine 
diagram are often annotated with output 
values as well as input criteria, as shown 
on the left. Note that, unlike most of our 
clocked devices, a Mealy machine may 
have combinational paths between input 
and output terminals. Such paths 
complicate the use of Mealy machines as 
components, since combinational logic 
connecting an input to an output may 
introduce a forbidden combinational 
cycle. 

 

Although Moore and Mealy machines are both commonly used in practice, we 
focus our attention here on the simpler Moore machine formulation for our 
examples. 

 
 

 
The design procedure has specific steps that must be followed in order to 
get the work done: 

Step 1 

The first step of the design procedure is to define with simple but clear 
words what we want our circuit to do: 
“Our mission is to design a secondary circuit that will transmit a HIGH pulse 
with duration of only one cycle when the manual button is pressed, and 
won’t transmit another pulse until the button is depressed and pressed 
again.” 
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Step 2 

The next step is to design a State Diagram. This is a diagram that is made 
from circles and arrows and describes visually the operation of our circuit. In 
mathematic terms, this diagram that describes the operation of our 
sequential circuit is a Finite State Machine. 

Make a note that this is a Moore Finite State Machine. Its output is a 
function of only its current state, not its input. That is in contrast with the 
Mealy Finite State Machine, where input affects the output. In this tutorial, 
only the Moore Finite State Machine will be examined. 

The State Diagram of our circuit is the following: (Figure below) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 
State Diagram 

 
 

 

Every circle represents a “state”, a well-defined condition that our machine 
can be found at. 
In the upper half of the circle we describe that condition. The description 
helps us remember what our circuit is supposed to do at that condition. 

 
 The first circle is the “stand-by” condition. This is where our circuit 

starts from and where it waits for another button press. 
 The second circle is the condition where the button has just been just 

pressed and our circuit needs to transmit a HIGH pulse. 
 The third circle is the condition where our circuit waits for the button to 

be released before it returns to the “stand-by” condition. 

 
In the lower part of the circle is the output of our circuit. If we want our 
circuit to transmit a HIGH on a specific state, we put a 1 on that state. 
Otherwise we put a 0. 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44001.png
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Every arrow represents a “transition” from one state to another. A transition 
happens once every clock cycle. Depending on the current Input, we may 
go to a different state each time. Notice the number in the middle of every 
arrow. This is the current Input. 
For example, when we are in the “Initial-Stand by” state and we “read” a 1, 
the diagram tells us that we have to go to the “Activate Pulse” state. If we 
read a 0 we must stay on the “Initial-Stand by” state. 

So, what does our “Machine” do exactly? It starts from the “Initial - Stand 
by” state and waits until a 1 is read at the Input. Then it goes to the 
“Activate Pulse” state and transmits a HIGH pulse on its output. If the button 
keeps being pressed, the circuit goes to the third state, the “Wait Loop”. 
There it waits until the button is released (Input goes 0) while transmitting a 
LOW on the output. Then it’s all over again! 

This is possibly the most difficult part of the design procedure, because it 
cannot be described by simple steps. It takes exprerience and a bit of sharp 
thinking in order to set up a State Diagram, but the rest is just a set of 
predetermined steps. 

Step 3 

Next, we replace the words that describe the different states of the diagram 
with binary numbers. We start the enumeration from 0 which is assigned on 

the initial state. We then continue the enumeration with any state we like, 
until all states have their number. The result looks something like this: 
(Figure below) 

 
 
 

 

 

 

A State Diagram with Coded States 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44002.png
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Step 4 

Afterwards, we fill the State Table. This table has a very specific form. I will 

give the table of our example and use it to explain how to fill it in. 
(Figure below) 

 
 

A State Table 

 
The first columns are as many as the bits of the highest number we 
assigned the State Diagram. If we had 5 states, we would have used up to 
the number 100, which means we would use 3 columns. For our example, 
we used up to the number 10, so only 2 columns will be needed. These 
columns describe the Current State of our circuit. 
To the right of the Current State columns we write the Input Columns. 
These will be as many as our Input variables. Our example has only one 
Input. 
Next, we write the Next State Columns. These are as many as the Current 
State columns. 
Finally, we write the Outputs Columns. These are as many as our outputs. 
Our example has only one output. Since we have built a More Finite State 
Machine, the output is dependent on only the current input states. This is 
the reason the outputs column has two 1: to result in an output Boolean 
function that is independant of input I. Keep on reading for further details. 

The Current State and Input columns are the Inputs of our table. We fill 
them in with all the binary numbers from 0 to 

 

It is simpler than it sounds fortunately. Usually there will be more rows than 
the actual States we have created in the State Diagram, but that’s ok. 

Each row of the Next State columns is filled as follows: We fill it in with the 
state that we reach when, in the State Diagram, from the Current State of 
the same row we follow the Input of the same row. If have to fill in a row 
whose Current State number doesn’t correspond to any actual State in the 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44003.png
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State Diagram we fill it with Don’t Care terms (X). After all, we don’t care 
where we can go from a State that doesn’t exist. We wouldn’t be there in 
the first place! Again it is simpler than it sounds. 

The outputs column is filled by the output of the corresponding Current 
State in the State Diagram. 

The State Table is complete! It describes the behaviour of our circuit as fully 
as the State Diagram does. 

Step 5a 

The next step is to take that theoretical “Machine” and implement it in a 
circuit. Most often than not, this implementation involves Flip Flops. This 
guide is dedicated to this kind of implementation and will describe the 
procedure for both D - Flip Flops as well as JK - Flip Flops. T - Flip Flops 
will not be included as they are too similar to the two previous cases. The 
selection of the Flip Flop to use is arbitrary and usually is determined by 
cost factors. The best choice is to perform both analysis and decide which 
type of Flip Flop results in minimum number of logic gates and lesser cost. 

First we will examine how we implement our “Machine” with D-Flip Flops. 

We will need as many D - Flip Flops as the State columns, 2 in our 
example. For every Flip Flop we will add one more column in our State 
table (Figure below) with the name of the Flip Flop’s input, “D” for this case. 
The column that corresponds to each Flip Flop describes what input we 
must give the Flip Flop in order to go from the Current State to the 
Next State. For the D - Flip Flop this is easy: The necessary input is equal 
to the Next State. In the rows that contain X’s we fill X’s in this column as 
well. 

 
 

A State Table with D - Flip Flop Excitations 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44004.png
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Step 5b 

We can do the same steps with JK - Flip Flops. There are some differences 
however. A JK - Flip Flop has two inputs, therefore we need to add two 
columns for each Flip Flop. The content of each cell is dictated by the JK’s 
excitation table: 

(Figure below) JK - Flip Flop Excitation Table :  

 

This table says that if we want to go from State Q to State Qnext, we need to 
use the specific input for each terminal. For example, to go from 0 to 1, we 
need to feed J with 1 and we don’t care which input we feed to terminal K. 

 
 

A State Table with JK - Flip Flop Excitations 

 

 
Step 6 

We are in the final stage of our procedure. What remains, is to determine 
the Boolean functions that produce the inputs of our Flip Flops and the 
Output. We will extract one Boolean funtion for each Flip Flop input we 
have. This can be done with a Karnaugh Map. The input variables of this 
map are the Current State variables as well as the Inputs. 

That said, the input functions for our D - Flip Flops are the following: 
(Figure below) 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44005.png
https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44006.png
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Karnaugh 
Maps for the D - Flip Flop Inputs 

 
 
 

 

If we chose to use JK - Flip Flops our functions would be the following: 
(Figure below) 

 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#JKff.tbl
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Karnaugh Map for the JK - Flip Flop Input 

 

 
A Karnaugh Map will be used to determine the function of the Output as 
well: (Figure below) 

 
 
 
 
 
 
 

 

Karnaugh Map for the Output 
variable Y 

 
 

 

 

Step 7 

We design our circuit. We place the Flip Flops and use logic gates to form 
the Boolean functions that we calculated. The gates take input from the 
output of the Flip Flops and the Input of the circuit. Don’t forget to connect 
the clock to the Flip Flops! 

The D - Flip Flop version: (Figure below) 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44009.png
https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44010.png
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The completed D - Flip Flop Sequential Circuit 

 
The JK - Flip Flop version: (Figure below) 

 
 
 

 

The completed JK - Flip Flop Sequential Circuit 

 
This is it! We have successfully designed and constructed a Sequential 
Circuit. At first it might seem a daunting task, but after practice and 
repetition the procedure will become trivial. Sequential Circuits can come in 
handy as control parts of bigger circuits and can perform any sequential 
logic task that we can think of. The sky is the limit! (or the circuit board, at 
least 

https://www.allaboutcircuits.com/textbook/digital/chpt-11/finite-state-machines/#44011.png
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