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UNITI 

NUMBERSYSTEM&BOOLEANALGEBRA 

 

A digital system can understand positional number system only where there are a few symbols called 

digits and these symbols represent different values depending on the position they occupy in the 

number. 

Avalueofeachdigitinanumbercanbedeterminedusing 

 
 Thedigit 

 
 Thepositionofthedigitinthe number 

 
 The base of the number system (where base is defined as the total number of digits availablein 

the number system). 

DecimalNumberSystem 

Thenumber system that weusein ourday-to-daylifeisthedecimalnumbersystem.Decimalnumber system 

has base 10 as it uses 10 digits from 0 to 9. In decimal number system, the successive positions to 

left of the decimal point represents units, tens, hundreds, thousands and so on. 

Each position represents a specific power of the base (10). For example, the decimal number 1234 

consists of the digit 4 in the units position, 3 in the tens position, 2 in the hundreds position, and 1 in 

the thousands position, and its value can be written as 

 
 

 

(1×1000)+(2×100)+(3×10)+ (4×l) 



 

 

AsacomputerprogrammeroranITprofessional,youshouldunderstandthefollowingnumbersystems which 

are frequently used in computers. 

 

step NumberSystem&Description 

1 BinaryNumberSystemBase2.Digitsused:0,1 

2 OctalNumberSystemBase8.Digitsused:0to7 

3 HexadecimalNumberSystemBase16.Digitsused:0 9, 

Letters used: A- F 

 

 

BinaryNumberSystem 
Characteristics 

 
 Usestwodigits,0and1. 

 
 Alsocalledbase2number system 

 
 Eachpositioninabinarynumberrepresentsa0powerofthebase(2).Example:20

 

 
 Last position in a binary number represents an x power of the base (2). Example: 2xwhere 

xrepresents the last position - 1. 

(1×103)+ (2×102)+ (3×101)+(4×l00) 

1000+ 200+30+1 

1234 



Example 

BinaryNumber:101012 

 
CalculatingDecimalEquivalent– 

 

Step BinaryNumber DecimalNumber 

Step1 101012 ((1×24)+ (0×23)+(1×22)+(0× 21)+(1×20))10 

Step2 101012 (16+ 0+4 +0+ 1)10 

Step3 101012 2110 

 

 

Note:101012isnormallywrittenas10101. 

OctalNumberSystem 
Characteristics 

 
 Useseightdigits,0,1,2,3,4,5,6,7. 

 
 Alsocalledbase8number system 

 
 Eachpositioninanoctalnumberrepresentsa0powerofthebase(8).Example:80

 

 
 Last positionin anoctal numberrepresents an x powerof the base (8). Example: 8xwhere x 

represents the last position - 1. 



Example 

OctalNumber−125708 

 
CalculatingDecimalEquivalent– 

 

Step OctalNumber DecimalNumber 

Step1 125708 ((1×84)+ (2×83)+(5×82)+(7× 81)+(0×80))10 

Step2 125708 (4096+ 1024+ 320+56+ 0)10 

Step3 125708 549610 

 

 

Note:125708isnormallywrittenas12570. 

HexadecimalNumberSystem 
Characteristics 

 
 Uses10digitsand6letters,0,1,2,3,4,5,6,7,8,9,A,B,C,D,E,F. 

 
 Lettersrepresentsnumbersstartingfrom10.A=10,B=11,C=12,D=13,E=14,F=15. 

 
 Alsocalledbase16numbersystem. 

 
 Eachpositioninahexadecimalnumberrepresentsa0powerofthebase(16).Example160. 



 Lastpositioninahexadecimalnumberrepresentsanxpowerofthebase(16).Example16x where x 

represents the last position - 1. 

Example: 

HexadecimalNumber:19FDE16 

 
CalculatingDecimalEquivalent− 

 

Step BinaryNumber DecimalNumber 

Step1 19FDE16 ((1×164)+(9×163)+(F×162)+(D×161)+(E×160))10 

Step2 19FDE16 ((1×164)+(9×163)+(15×162)+(13×161)+(14×160))10 

Step3 19FDE16 (65536+36864+3840+208+14)10 

Step4 19FDE16 10646210 

Note−19FDE16isnormallywrittenas19FDE. 

 
Therearemanymethodsortechniqueswhichcanbeusedtoconvertnumbersfromonebaseto 

another.We'lldemonstrateherethefollowing− 

 

 DecimaltoOtherBaseSystem 

 OtherBaseSystemtoDecimal 

 OtherBaseSystemtoNon-Decimal 

 Shortcutmethod−BinarytoOctal 



 Shortcutmethod−OctaltoBinary 

 Shortcutmethod−BinarytoHexadecimal 

 Shortcutmethod−HexadecimaltoBinary 

DecimaltoOtherBaseSystem 
Steps 

 
 Step1−Dividethedecimalnumbertobeconvertedbythevalueofthenewbase. 

 
 Step2−GettheremainderfromStep1astherightmostdigit(leastsignificantdigit)ofnew 

basenumber. 

 
 Step3 −Dividethequotientofthepreviousdividebythenewbase. 

 
 Step4−RecordtheremainderfromStep3asthenextdigit(totheleft)ofthenewbase 

number. 

RepeatSteps3and4,gettingremaindersfromrighttoleft,untilthequotient becomeszeroinStep3. The last 

remainder thus obtained will be the Most Significant Digit (MSD) of the new base number. 

 

Example: 

DecimalNumber:2910 

 
CalculatingBinaryEquivalent− 

 

Step Operation Result Remainder 



 

Step1 29 /2 14 1 

Step2 14 /2 7 0 

Step3 7 /2 3 1 

Step4 3 /2 1 1 

Step5 1 /2 0 1 

As mentioned in Steps 2 and 4, the remainders have to be arranged in the reverse order so that the 

first remainder becomes the Least Significant Digit (LSD) and the last remainder becomes the Most 

Significant Digit (MSD). 

DecimalNumber−2910=BinaryNumber−111012. 

OtherBaseSystemtoDecimalSystem 
Steps 

 
 Step1−Determinethecolumn(positional)valueofeachdigit(thisdependsonthepositionof 

thedigitandthebaseofthenumbersystem). 

 
 Step2−Multiplytheobtainedcolumnvalues(inStep1)bythedigitsinthecorresponding columns. 

 Step3 −SumtheproductscalculatedinStep2.Thetotalistheequivalentvalueindecimal. 

 

Example 



BinaryNumber−111012 

 
CalculatingDecimalEquivalent– 

 
 

 

Step BinaryNumber DecimalNumber 

Step1 111012 ((1×24)+ (1×23)+(1×22)+(0× 21)+(1×20))10 

Step2 111012 (16+ 8+4 +0+ 1)10 

Step3 111012 2910 

BinaryNumber−111012=DecimalNumber− 2910 

OtherBaseSystemtoNon-DecimalSystem 
Steps 

 
 Step1 −Converttheoriginalnumbertoadecimalnumber(base 10). 

 
 Step2−Convertthedecimalnumbersoobtainedtothenewbasenumber. 

 

Example 

OctalNumber−258 

 
CalculatingBinaryEquivalent− 

 

Step1−ConverttoDecimal 



 

Step OctalNumber DecimalNumber 

Step1 258 ((2×81)+ (5×80))10 

Step2 258 (16+ 5)10 

Step3 258 2110 

OctalNumber−258=DecimalNumber− 2110 

 

Step2−ConvertDecimaltoBinary 

Step Operation Result Remainder 

Step1 21 /2 10 1 

Step2 10 /2 5 0 

Step3 5 /2 2 1 

Step4 2 /2 1 0 

Step5 1 /2 0 1 

DecimalNumber−2110=BinaryNumber−101012 Octal 

Number − 258= Binary Number − 101012 



Shortcutmethod-BinarytoOctal 
Steps 

 
 Step1−Dividethebinarydigitsintogroupsofthree(startingfromtheright). 

 
 Step2 −Converteachgroupofthreebinarydigitstooneoctaldigit. 

 

Example 

BinaryNumber−101012 

 
CalculatingOctalEquivalent− 

 

Step BinaryNumber OctalNumber 

Step1 101012 010 101 

Step2 101012 2858 

Step3 101012 258 

BinaryNumber−101012=OctalNumber−258 

Shortcutmethod-OctaltoBinary 
Steps 

 
 Step1−Converteachoctaldigittoa3digitbinarynumber(theoctaldigitsmaybetreated as 

decimalforthisconversion). 



 Step2−Combinealltheresultingbinarygroups(of3digitseach)intoasingle binary 

number. 

 

Example 

OctalNumber−258 

 
CalculatingBinaryEquivalent− 

 

Step OctalNumber BinaryNumber 

Step1 258 210510 

Step2 258 01021012 

Step3 258 0101012 

OctalNumber−258=BinaryNumber− 101012 

Shortcutmethod-BinarytoHexadecimal 
Steps 

 
 Step1−Dividethebinarydigitsintogroupsoffour(startingfromtheright). 

 
 Step2−Converteachgroupoffourbinarydigitstoonehexadecimalsymbol. 

 

Example 

BinaryNumber−101012 



CalculatinghexadecimalEquivalent − 
 

Step BinaryNumber HexadecimalNumber 

Step1 101012 0001 0101 

Step2 101012 110510 

Step3 101012 1516 

BinaryNumber−101012=HexadecimalNumber−1516 

Shortcutmethod-HexadecimaltoBinary 
Steps 

 
 Step1 −Converteachhexadecimaldigittoa4digitbinarynumber(thehexadecimaldigits 

maybetreatedasdecimalforthisconversion). 

 
 Step2−Combinealltheresultingbinarygroups(of4digitseach)intoasingle binary 

number. 



Example 

HexadecimalNumber− 1516 

 
CalculatingBinaryEquivalent− 

 

Step HexadecimalNumber BinaryNumber 

Step1 1516 110510 

Step2 1516 0001201012 

Step3 1516 000101012 

HexadecimalNumber−1516=BinaryNumber−101012 

 
In the coding, when numbers, letters or words are represented by a specific group of symbols, it is 

said that the number, letter or word is being encoded. The group of symbols is called as a code. The 

digitaldataisrepresented,storedandtransmittedasgroupofbinarybits.Thisgroupisalsocalledas binary 

code. The binary code is represented by the number as well as alphanumeric letter. 

AdvantagesofBinaryCode 
Followingisthelistofadvantagesthatbinarycodeoffers. 

 
 Binarycodesaresuitableforthecomputerapplications. 

 
 Binarycodesaresuitableforthedigitalcommunications. 

 
 Binarycodesmaketheanalysisanddesigningofdigitalcircuitsifweusethebinarycodes. 



 Sinceonly0&1arebeingused,implementationbecomeseasy. 

Classificationofbinarycodes 
Thecodesarebroadlycategorizedintofollowingfour categories. 

 
 WeightedCodes 

 Non-WeightedCodes 

 BinaryCodedDecimalCode 

 AlphanumericCodes 

 ErrorDetectingCodes 

 ErrorCorrectingCodes 

WeightedCodes 
Weighted binary codes are those binary codes which obey the positional weight principle. Each 

positionofthenumberrepresentsaspecificweight.Severalsystemsofthecodesareusedtoexpress the 

decimal digits 0 through 9. In these codes each decimal digit is represented by a group of four bits. 

 



 

Non-WeightedCodes 
Inthistypeofbinarycodes,thepositionalweightsarenotassigned.Theexamplesofnon-weighted codes are 

Excess-3 code and Gray code. 

Excess-3code 

The Excess-3 code is also called as XS-3 code. It is non-weighted code used to express decimal 

numbers.TheExcess-3codewordsarederivedfromthe8421BCDcodewordsadding(0011)2or 

(3)10toeachcodewordin8421.Theexcess-3codesareobtainedasfollows− 

 

Example 

 



GrayCode 

It is the non-weighted code and it is not arithmetic codes. That means there are no specific weights 

assigned to the bit position. It has a very special feature that, only one bit will change each time the 

decimal number is incremented as shown in fig. As only one bit changes at a time, the gray code is 

calledasaunitdistancecode.Thegraycodeisacycliccode.Graycodecannotbeusedforarithmetic operation. 
 

ApplicationofGray code 

 Graycodeispopularlyusedintheshaftposition encoders. 

 
 Ashaftpositionencoderproducesacodewordwhichrepresentstheangularpositionofthe shaft. 



BinaryCodedDecimal(BCD)code 
Inthiscodeeachdecimaldigit isrepresentedbya4-bitbinarynumber.BCDisawaytoexpresseach of the 

decimal digits with a binary code. In the BCD, with four bits we can represent sixteen numbers (0000 

to 1111). But in BCD code only first ten of these are used (0000 to 1001). The remaining six code 

combinations i.e. 1010 to 1111 are invalid in BCD. 
 

AdvantagesofBCD Codes 

 
 Itisverysimilartodecimalsystem. 

 Weneedtorememberbinaryequivalentofdecimalnumbers0to9only. 

DisadvantagesofBCDCodes 

 TheadditionandsubtractionofBCDhavedifferentrules. 

 
 TheBCDarithmeticislittlemorecomplicated. 

 
 BCDneedsmorenumberofbitsthanbinarytorepresentthedecimalnumber.SoBCDisless efficient 

than binary. 

Alphanumericcodes 
Abinarydigit orbit canrepresent onlytwosymbolsasithasonlytwostates'0'or'1'.Butthisisnot enough for 

communication between two computers because there we need many more symbols for 



communication.Thesesymbolsarerequiredtorepresent26alphabetswithcapitalandsmallletters, numbers 

from 0 to 9, punctuation marks and other symbols. 

Thealphanumericcodesarethecodesthatrepresentnumbersandalphabeticcharacters.Mostlysuch codes 

also represent other characters such as symbol and various instructions necessary for conveying 

information. An alphanumeric code should at least represent 10 digits and 26 letters of alphabet i.e. 

total 36 items. The following three alphanumeric codes are very commonly used for the data 

representation. 

 
 AmericanStandardCodeforInformationInterchange(ASCII). 

 ExtendedBinaryCodedDecimalInterchangeCode(EBCDIC). 

 FivebitBaudotCode. 

ASCIIcodeisa7-bitcodewhereasEBCDICisan8-bitcode.ASCIIcodeismorecommonlyused worldwide while 

EBCDIC is used primarily in large IBM computers. 

ErrorCodes 

Therearebinarycodetechniquesavailabletodetectandcorrectdataduringdatatransmission. 

 
Therearemanymethodsortechniqueswhichcanbeusedtoconvertcodefromoneformatto another. We'll 

demonstrate here the following 

 
 BinarytoBCDConversion 

 BCDtoBinaryConversion 

 BCDtoExcess-3 

 Excess-3toBCD 



BinarytoBCDConversion 
Steps 

 
 Step1--Convertthebinarynumbertodecimal. 

 
 Step2 --ConvertdecimalnumbertoBCD. 

 
Example−convert(11101)2toBCD. 

 

Step1−ConverttoDecimal 

BinaryNumber−111012 

 
CalculatingDecimalEquivalent− 

 

Step BinaryNumber DecimalNumber 

Step1 111012 ((1×24)+ (1×23)+(1×22)+(0× 21)+(1×20))10 

Step2 111012 (16+ 8+4 +0+ 1)10 

Step3 111012 2910 

BinaryNumber−111012=DecimalNumber− 2910 

 

Step2−ConverttoBCD 

DecimalNumber−2910 

 
CalculateBCDEquivalent.Converteachdigitintogroupsoffourbinarydigitsequivalent. 



 

Step DecimalNumber Conversion 

Step1 2910 0010210012 

Step2 2910 00101001BCD 

Result 

 

BCDtoBinaryConversion 

Steps 

 
 Step1--ConverttheBCDnumbertodecimal. 

 
 Step2--Convertdecimaltobinary. 

 
Example−convert(00101001)BCDtoBinary. 

 

Step1-ConverttoBCD 

BCDNumber−(00101001)BCD 

 
CalculatedecimalEquivalent.Converteachfourdigitintoagroupandgetdecimalequivalentforeach group. 

(11101)2=(00101001)BCD 



 

Step BCDNumber Conversion 

Step1 (00101001)BCD 0010210012 

Step2 (00101001)BCD 210910 

Step3 (00101001)BCD 2910 

BCDNumber−(00101001)BCD=DecimalNumber−2910 

 

Step2-ConverttoBinary 

Usedlongdivisionmethodfordecimaltobinaryconversion. 

 
DecimalNumber−2910 



CalculatingBinaryEquivalent− 
 

Step Operation Result Remainder 

Step1 29 /2 14 1 

Step2 14 /2 7 0 

Step3 7 /2 3 1 

Step4 3 /2 1 1 

Step5 1 /2 0 1 

 

 

AsmentionedinSteps2and4,theremaindershavetobearrangedin thereverseordersothatthe first 

remainder becomes the least significant digit (LSD) and the last remainder becomes the most 

significant digit (MSD). 

DecimalNumber−2910=BinaryNumber−111012 

 
Result 

 

(00101001)BCD=(11101)2 



BCDtoExcess-3 
Steps 

 
 Step1--ConvertBCDtodecimal.

 
 Step2--Add(3)10tothisdecimalnumber.

 
 Step3--Convertintobinarytogetexcess-3code.

 
Example−convert(1001)BCDtoExcess-3. 

 

Step1−Convertto decimal 

(1001)BCD= 910 

 

Step2−Add3todecimal 

(9)10+(3)10=(12)10 

 

Step3−ConverttoExcess-3 

(12)10=(1100)2 

 
Result 

 

Excess-3toBCDConversion 
Steps 

(1001)BCD=(1100)XS-3 



 Step1 --Subtract(0011)2fromeach4bitofexcess-3digittoobtainthecorrespondingBCD code.

Example−convert(10011010)XS-3toBCD. 

 

Result 

 

 

 
Complementsareusedinthedigitalcomputersinordertosimplifythesubtractionoperationandfor 

thelogicalmanipulations.For eachradix-rsystem (radixrrepresentsbaseofnumbersystem)there are two 

types of complements. 

 

S.N. Complement Description 

1 RadixComplement Theradixcomplementisreferredtoasther's complement 

2 DiminishedRadixComplement Thediminishedradixcomplementisreferredtoasthe(r-1)'scomplement 

GivenXS-3 number =10011 010 

Subtract(0011)2 =00110011 
 

 
BCD=0 110 0111 

(10011010)XS-3=(01100111)BCD 



Binarysystemcomplements 
Asthebinarysystemhasbaser=2.Sothetwotypesofcomplementsfor thebinarysystem are2's complement and 1's 

complement. 

1's complement 

The1'scomplement ofanumber isfoundbychangingall1'sto0'sandall0'sto1's.Thisiscalledas taking 

complement or 1's complement. Example of 1's Complement is as follows. 
 

2's complement 

The2'scomplement ofbinarynumber isobtainedbyadding1totheLeast SignificantBit(LSB)of1's complement of the 

number. 

2's complement = 1's complement + 1 

Exampleof2'sComplementisasfollows. 



 

 

 
Binaryarithmeticisessentialpartofallthedigitalcomputersandmanyotherdigitalsystem. 

BinaryAddition 
Itisakeyforbinarysubtraction,multiplication,division.Therearefourrulesofbinaryaddition. 

 

Infourthcase,abinaryadditioniscreatingasum of(1+1=10)i.e.0iswritteninthegivencolumn and a carry of 

1 over to the next column. 



Example− Addition 

BinarySubtraction 
SubtractionandBorrow,thesetwowordswillbeusedveryfrequentlyforthebinarysubtraction. There are 

four rules of binary subtraction. 
 

Example− Subtraction 

 

BinaryMultiplication 
Binarymultiplicationissimilartodecimalmultiplication.Itissimplerthandecimalmultiplication because only 

0s and 1s are involved. There are four rules of binary multiplication. 



 

 

Example− Multiplication 

BinaryDivision 
Binarydivisionissimilartodecimaldivision.Itiscalledasthelongdivisionprocedure. 

 

Example− Division 



 

 

 

 
HexadecimalNumberSystem 
Followingarethecharacteristicsofahexadecimalnumbersystem. 

 
 Uses10digitsand6letters,0,1,2,3,4,5,6,7,8,9,A,B,C,D,E,F. 

 
 Lettersrepresentsnumbersstartingfrom10.A=10,B=11,C=12,D=13,E=14,F=15. 

 
 Alsocalledbase16number system. 

 
 Eachpositioninahexadecimalnumberrepresentsa0powerofthebase(16).Example−160

 

 
 Lastpositioninahexadecimalnumberrepresentsanxpowerofthebase(16).Example− 16x

 

wherexrepresentsthelastposition- 1. 



Example 

HexadecimalNumber−19FDE16 

 
CalculatingDecimalEquivalent− 

 

Step BinaryNumber DecimalNumber 

Step1 19FDE16 ((1×164)+(9×163)+(F×162)+(D×161)+(E×160))10 

Step2 19FDE16 ((1×164)+(9×163)+(15×162)+(13×161)+(14×160))10 

Step3 19FDE16 (65536+36864+3840+208+14)10 

Step4 19FDE16 10646210 

Note−19FDE16isnormallywrittenas19FDE. 

HexadecimalAddition 
FollowinghexadecimaladditiontablewillhelpyougreatlytohandleHexadecimaladdition. 



 

 

Tousethistable,simplyfollowthedirectionsusedinthisexample−AddA16and516.LocateAinthe X column 

then locate the 5 in the Y column. The point in 'sum' area where these two columns intersect is the 

sum of two numbers. 

 

Example− Addition 

A16+516=F16. 



 

 

HexadecimalSubtraction 
The subtraction of hexadecimal numbers follow the same rules as the subtraction of numbers in any 

othernumbersystem.Theonlyvariationisinborrowednumber.Inthedecimalsystem,youborrowa group of 

1010. In the binary system, you borrow a group of 210. In the hexadecimal system you borrow a 

group of 1610. 

Example-Subtraction 

 
 

 
Boolean Algebra is used to analyze and simplify the digital (logic) circuits. It uses only the binary 

numbersi.e.0and1.It isalsocalledasBinaryAlgebra or logicalAlgebra.Booleanalgebrawas invented by 

George Boole in 1854. 



RuleinBooleanAlgebra 
FollowingaretheimportantrulesusedinBooleanalgebra. 

 
 Variableusedcanhaveonlytwovalues.Binary1forHIGHandBinary0forLOW. 

 
 Complementofavariableisrepresentedbyanoverbar(-).Thus,complementofvariableBis 

represented as . Thus if B = 0 then = 1 and B = 1 then = 0. 

 
 ORingofthevariablesisrepresentedbyaplus(+)signbetweenthem.ForexampleORingof A, B, C is 

represented as A + B + C. 

 LogicalANDingofthetwoormorevariableisrepresentedbywritinga dotbetweenthemsuch as A.B.C. 

Sometime the dot may be omitted like ABC. 

BooleanLaws 
TherearesixtypesofBoolean Laws. 

 

Commutativelaw 

Anybinaryoperationwhichsatisfiesthefollowingexpressionisreferredtoascommutativeoperation. 
 

Commutativelawstatesthatchangingthesequenceofthevariablesdoesnothaveanyeffectonthe output of a 

logic circuit. 

Associativelaw 

Thislawstatesthattheorderinwhichthelogicoperationsareperformedisirrelevantastheireffect is the 

same. 



 

 

Distributivelaw 

Distributivelawstatesthefollowingcondition. 
 

ANDlaw 

TheselawsusetheANDoperation.ThereforetheyarecalledasANDlaws. 
 

ORlaw 

TheselawsusetheORoperation.ThereforetheyarecalledasOR laws. 
 

INVERSIONlaw 

ThislawusestheNOToperation.Theinversionlawstatesthatdoubleinversionofavariableresultsin the original 

variable itself. 
 



LOGICGATES 

 
Logicgatesarethebasicbuildingblocksofanydigitalsystem.It isan electroniccircuithavingoneor 

morethanoneinputandonlyoneoutput.Therelationshipbetweentheinputandtheoutputisbased on a 

certain logic. Based on this, logic gates are named as AND gate, OR gate, NOT gate etc. 

ANDGate 
AcircuitwhichperformsanANDoperationisshowninfigure.Ithasninput(n>=2)andoneoutput. 

 

Logicdiagram 

 

TruthTable 

ORGate 



AcircuitwhichperformsanORoperationisshowninfigure.Ithasninput(n>=2)andoneoutput. 
 

Logicdiagram 

 

TruthTable 

NOTGate 
NOTgateisalsoknownasInverter.IthasoneinputAandoneoutputY. 

 

Logicdiagram 

 



TruthTable 

NANDGate 
ANOT-ANDoperationisknownasNANDoperation.Ithasninput(n>=2)andoneoutput. 

 

Logicdiagram 

 

TruthTable 



NORGate 
ANOT-ORoperationisknownasNORoperation.Ithasninput(n>=2)andoneoutput. 

 

Logicdiagram 

 

TruthTable 

XORGate 

XOR or Ex-OR gate is a special type of gate. It can be used in the half adder, full adder and 

subtractor.Theexclusive-ORgateisabbreviatedasEX-ORgateor sometimeasX-ORgate.Ithasn input (n 

>= 2) and one output. 



 

 

Logicdiagram 

TruthTable 

 

XNORGate 
XNOR gate is a special type of gate. It can be used in the half adder, full adder and subtractor. The 

exclusive-NORgateisabbreviatedasEX-NORgateorsometimeasX-NORgate.Ithasninput(n>= 2) and one 

output. 
 

Logicdiagram 



 

 

TruthTable 



UNIT II 

GateLevelMinimization 

Introduction to Karnaugh Maps 

 

The Karnaugh map (or K-map) is a visual way of detecting redundancy in the 

SOP. 

TheK-mapcanbeeasilyusedforcircuits with2,3,or4 inputs. 

 

Itconsistsofanarrayofcells,eachrepresentingapossiblecombinationofinputs. 

• The cells are arranged to that each cell’s input combination differs 

from adjacent cells by only a single bit. 

• ThisiscalledGraycode ordering – itensuresthatphysicalneighbors are 

the array is logical neighbors as well. (In other words, neighboring 

bit patterns are nearly the same, differing by only 1 bit). 

 



Notethatthenumbersare notinbinaryorder,butarearrangedsothatonlyasingle bit 

changes between neighbors. 

 
Thisone-bitchangeappliesattheedges,too.Socellsinthesamerowontheleft and right 

edges of the array also only differ by one bit. 

Note:Thevalueofaparticularcellisfoundbycombiningthenumbersat the edges 

of the row and column. 
 

 

 

 

 
Also,ingeneral,itiseasiertoordertheinputstoaK-mapsothattheycanbe read like a 

binary number. (Show example.) 

So,wehavethisgrid.Whatdowedowithit? 

• We put 1's in all the cells that represent minterms in the SOP. (In 

otherwords,wefindthe1'sinthetruthtableoutput,andput1'sin the 

cells corresponding to the same inputs.) 



 

Let’sdothisinrelationtothe2-inputmultiplexer example: 
 

 

If there are two neighboring 1's in the grid, it means that the input bit change 

betweenthetwocellshasnoeffectontheoutput,andthusthereisredundancy. This leads 

to a basic strategy. 

Basic Strategy: 

Group adjacent 1's together in square or rectangular groups of 2, 4, 8, or 16, such 

that the total number of groups and isolated 1's is minimized, while using as large 

groupsaspossible.Groupsmayoverlap,sothataparticularcellmaybeincludedin more 

than one group. 

(Recallthatadjacencywrapsaroundedgesof grid.) Applying 

this to the multiplexer example: 
 



So,consideringthebestoptionabove(i),noticethefollowing: 

1. Bchangesbuttheoutputdoesn’t,soBisredundantinthisgroup (See 

comment 1, below). 

2. Achangesbuttheoutputdoesn’t,soAisredundantinthisgroup (See 

comment 2, below). 

 

 

So,wewriteoutBooleanexpressionsforeachgroup,leavingouttheredundant elements. 

That is, for each group, we write out the inputs that don’t change. 

Themultiplexerexample,withtwogroups,givesustwo terms, 

Y=SB+S’A,whichisthesameaswhatweachievedthroughusing Boolean 

algebra to reduce the circuit. 

So,wecansummarizethis processintoabasicsetofrules: 



RulesforK-Maps 

1. Eachcellwitha1mustbeincludedinatleastone group. 

2. Trytoformthelargestpossiblegroups. 

3. Trytoendupwithasfewgroupsaspossible. 

4. Groupsmaybe insizes thatare powersof 2:2 0=1, 21= 2,22=4, 23
 

=8,24=16,... 

5. Groupsmaybesquareorrectangularonly(includingwrap-aroundat the 

grid edges). No diagonals or zig-zags can be used to form a group. 

6. Thelargeragroupis,themoreredundantinputsthereare: 

i. Agroupof1hasnoredundantinputs. 

ii. Agroupof2has1 redundantinput. 

iii. Agroupof4has2redundantinputs. 

iv. Agroupof8has3redundantinputs. 

v. Agroupof16has4redundantinputs. 



Thefollowingsimpleexamplesillustraterule6 above. 

 



 

Examples 

 

2- inputExample: 

 

 

Directfromtruth table: Y=A’B’ +A’B+ AB’ 

3- inputExample: 
 

Directfromtruth table:Y=A’BC’+A’BC+ AB’C’+ABC’+ABC 

A B Y 

0 0 1 

0 1 1 

1 0 1 

1 1 0 

 

A B C Y 

0 0 0 0 
0 0 1 0 

0 1 0 1 

0 1 1 1 

1 0 0 1 

1 0 1 0 

1 1 0 1 

1 1 1 1 

 



 

 

 

ABCD Y 

0000 1 

0001 0 

0010 1 

0011 0 

0100 0 

0101 1 

0110 0 

0111 1 

1000 1 

1001 0 

1010 1 

1011 0 

1100 0 

1101 1 

1110 1 

1111 1 

 



useaK-maptoreducethefollowing4-input circuit. 
 

 

ABCD Y 

0000 1 

0001 0 

0010 1 

0011 0 

0100 1 

0101 1 

0110 1 

0111 1 

1000 1 

1001 0 

1010 1 

1011 0 

1100 1 

1101 1 

1110 1 

1111 1 

 



UNIT III 

COMBINATIONALLOGICCIRCUITS: 

 

 

Combinational circuit isa circuit in whichwe combine the different gatesin the circuit, for example encoder, decoder, multiplexer anddemultiplexer.Some 

of the characteristics of combinational circuits are following − 

 Theoutputofcombinationalcircuit atanyinstantof time,dependsonlyonthe levelspresentatinput terminals. 

 

 Thecombinational circuitdo notuseanymemory.Theprevious stateof input doesnot haveany effecton thepresent stateofthe circuit. 

 

 Acombinationalcircuit canhave annnumberof inputsandm numberof outputs. 

 

Block diagram 

 

 

 

 

 

 

We'regoingtoelaboratefewimportantcombinationalcircuitsasfollows. 

HalfAdder 

Half adder isacombinationallogic circuitwithtwoinputsandtwooutputs.The halfaddercircuitisdesignedtoaddtwosinglebitbinarynumberAand 

B.Itisthebasicbuildingblockforadditionoftwosinglebitnumbers.Thiscircuithastwooutputscarryand sum. 

 

Block diagram 



 

 

TruthTable 
 

Circuit Diagram 
 

FullAdder 

Full adder is developed to overcome the drawback of Half Adder circuit. It can add two one-bit numbers A and B, and carry c. The full adder is a three 

input and two output combinational circuit. 



Block diagram 
 

TruthTable 
 

Circuit Diagram 



 

 
 

 

 

Half-Subtractors 

Half-subtractor is a combination circuit with two inputs and two outputs (difference and borrow). It produces the difference between the two binary bits 

at the input and also produces an output (Borrow) to indicate if a 1 has been borrowed. In the subtraction (A-B), A is called as Minuend bit and B is 

called as Subtrahend bit. 

TruthTable 



 

 

Circuit Diagram 
 

Full-Subtractors 

The disadvantage of a half subtractor is overcome by full subtractor. The full subtractor is a combinational circuit with three inputs A,B,C and two output D 

and C'. A is the 'minuend', B is 'subtrahend', C is the 'borrow' produced by the previous stage, D is the difference output and C' is the borrow output. 

TruthTable: 



 

 

Circuit Diagram 
 



 

N-BitParallelAdder 

TheFull Adder is capable of adding only two single digit binary number along with a carry input. But in practical weneed to add binary numbers which 

are much longer than just one bit. To add two n-bit binary numbers we need to use the n-bit parallel adder. It uses a number of full adders in cascade.The 

carry output of the previous full adder is connected to carry input of the next full adder. 

4- BitParallel Adder 

In the block diagram, A0and B0represent the LSB of the four bit words A and B. Hence Full Adder-0 is the lowest stage. Hence its Cinhas been 

permanently made 0. The rest of the connections are exactly same as those of n-bit parallel adder is shown in fig. The four bit parallel adder is a very 

common logic circuit. 

Block diagram 
 

N-BitParallelSubtractor 

The subtraction can be carried out by taking the 1's or 2's complement of the number to be subtracted. For example we can performthe subtraction (A- 

B) by adding either 1's or 2's complement of B to A. That means we can use a binary adder to perform the binary subtraction. 

4BitParallelSubtractor 



The number to be subtracted (B) is first passed through inverters to obtain its 1's complement. The 4-bit adder then adds A and 2's complement of B to 

produce the subtraction. S3S2S1S0represents the result of binary subtraction (A-B) and carry output Coutrepresents the polarity of the result. If A > B 

then Cout = 0 and the result of binary form (A-B) then Cout= 1 and the result is in the 2's complement form. 

Block diagram 

 



CarryLookAheadAdder 

 

Inripplecarryadders, thecarrypropagation timeisthemajorspeedlimiting factor. 
 

 

 

 

 

Mostotherarithmeticoperations,e.g.multiplicationanddivisionareimplementedusingseveraladd/subtractsteps.Thus,improvingthespeedof addition will 

improve the speed of all other arithmetic operations. 

Accordingly,reducingthecarrypropagationdelayofaddersisofgreatimportance.Differentlogicdesignapproacheshavebeenemployedto overcome the carry 

propagation problem. 

Onewidelyusedapproachemploystheprincipleofcarrylook-aheadsolvesthisproblembycalculatingthecarrysignalsinadvance,basedonthe input signals. 

Thistypeofadder circuitiscalled ascarrylook-aheadadder(CLAadder).Itis basedonthefactthatacarry signalwillbegeneratedintwo cases: 

(1) whenbothbits AiandBiare1, or 

(2) whenoneof thetwobitsis 1and thecarry-in(carryoftheprevious stage)is 1. 

Tounderstandthecarrypropagationproblem, let’sconsider thecaseof adding twon-bitnumbersAand B. 

http://implement-logic.blogspot.com/2011/08/half-adder-circuit.html
http://implement-logic.blogspot.com/
http://implement-logic.blogspot.com/2011/08/half-adder-circuit.html
http://4.bp.blogspot.com/-HQQ2kikbdnQ/TsLL4Wt_QtI/AAAAAAAAAM0/HM9FRVrOmyk/s1600/Capture.PNG


 

 

 
 

 

 

TheFigureshowsthefulladdercircuitusedtoaddtheoperandbitsintheithcolumn;namelyAi&Bi andthecarrybitcomingfromtheprevious column (Ci). 

 

 

Inthiscircuit, the2 internalsignals Pi and Giaregiven by: 

 

Theoutputsum andcarry canbedefinedas : 

http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://4.bp.blogspot.com/-e6Ep1aHKMH4/TsLMSixPl6I/AAAAAAAAAM8/8ZJx1lt3SM8/s1600/Capture1.PNG
http://4.bp.blogspot.com/-dGBnfqyTzYA/TsLMqaDjNaI/AAAAAAAAANE/igNTX5tS2ow/s1600/Capture2.PNG
http://2.bp.blogspot.com/-MAY1nzQYyyY/TsLM3tR6WVI/AAAAAAAAANM/N51iamT-Qi4/s1600/Capture3.PNG


 

 

GiisknownasthecarryGeneratesignalsinceacarry(Ci+1)isgeneratedwheneverGi=1,regardlessoftheinputcarry(Ci). 

PiisknownasthecarrypropagatesignalsincewheneverPi=1,theinputcarryispropagatedtotheoutputcarry,i.e.,Ci+1.=Ci(notethatwheneverPi 

=1,Gi=0). 

ComputingthevaluesofPiandGionlydependontheinputoperandbits(Ai&Bi)asclearfromtheFigureandequations. Thus, these 

signals settle to their steady-state valueafter the propagation through their respective gates. 

Computed values of allthe Pi’s arevalid one XOR-gate delay after theoperands A and B are madevalid. 

ComputedvaluesofalltheGi’sarevalidoneAND-gatedelayaftertheoperandsAandBaremadevalid. The 

Boolean expression of the carry outputs of various stages can be written as follows: 

C1=G0+ P0C0 

C2=G1+ P1C1=G1+ P1(G0+ P0C0) 

=G1 + P1G0+ P1P0C0 

C3=G2+P2C2=G2+P2G1+P2P1G0+P2P1P0C0C4 = G3 

+ P3C3 

=G3 +P3G2+P3P2G1+P3P2P1G0+P3P2P1P0C0 

http://implement-logic.blogspot.com/2011/07/universal-gate-nor.html
http://implement-logic.blogspot.com/2011/07/universal-gate-nor.html
http://2.bp.blogspot.com/-VGeOx1xYrAE/TsLNHHb6cxI/AAAAAAAAANU/cJq0GM1hWpE/s1600/Capture4.PNG


Ingeneral,theithcarryoutputisexpressedinthe formCi=Fi (P’s,G’s,C0). 

Inotherwords, each carrysignalisexpressedasadirectSOPfunctionofC0ratherthanitsprecedingcarrysignal. 

SincetheBooleanexpressionforeach outputcarryisexpressedinSOPform,itcanbeimplementedintwo-levelcircuits. The 2-

level implementation of the carry signals has a propagation delay of 2 gates, i.e., 2τ. 

The4-bitcarry look-ahead(CLA)adder consistsof3levelsof logic: 
 

 

 

 

First level:Generates all the P & G signals. Four sets of P & G logic (each consists of an XOR gate and an AND gate). Output signals of this level 

(P’s & G’s) will be valid after 1τ. 

Second level: The Carry Look-Ahead (CLA) logic block which consists of four 2-level implementation logic circuits. It generates the carry signals 

(C1, C2, C3, and C4) as defined by the above expressions. Output signals of this level (C1, C2, C3, and C4) will be valid after 3τ. 

Thirdlevel: FourXORgateswhichgeneratethesumsignals(Si)(Si=Pi⊕Ci).Outputsignalsof thislevel(S0,S1, S2,andS3)will bevalidafter 4τ. 

http://implement-logic.blogspot.com/2011_07_01_archive.html
http://2.bp.blogspot.com/-IAnwx-n9vbE/TsLNW4GLqgI/AAAAAAAAANc/nznr7uTU9OM/s1600/Capture5.PNG


 

Thus,the4Sumsignals(S0,S1,S2&S3)willallbevalidafteratotaldelay of4τcomparedtoadelayof(2n+1) τforRippleCarryadders. For a 4-bit adder 

(n = 4), the Ripple Carry adder delay is 9τ. 

ThedisadvantageoftheCLAaddersisthatthecarryexpressions(andhencelogic)becomequitecomplexformorethan4bits. Thus, CLA 

adders are usually implemented as 4-bit modules that are used to build larger size adders. 

BCDAdder 

 

IftwoBCDdigitsareaddedthentheirsumresult willnotalwaysbeinBCD. 

Consider the two given examples. 

 

 

 

Inthe firstexample,resultisinBCDwhileinthesecondexampleitisnotin BCD. 

FourbitsareneededtorepresentallBCDdigits(0–9).Butwithfourbitswecanrepresentupto16values(0000through1111).Theextrasix values (1010 through 1111) 

are not valid BCD digits. 

Wheneverthesum resultis >9, itwill notbe inBCDandwillrequirecorrectionto getavalidBCD result. 

http://4.bp.blogspot.com/-2tCMXHG-pRo/TsN4WbyDFdI/AAAAAAAAAN0/i7c452MHQqg/s1600/Capture8.PNG


 

 
 

 

Correctionisdonethroughtheadditionof6totheresulttoskipthesixinvalidvaluesasshownin thetruthtablebyyellowcolor. Consider the 

given examples of non-BCD sum result and its correction. 

http://4.bp.blogspot.com/-cjBfCSIZK74/TsN4lMUJUeI/AAAAAAAAAN8/0ZXGx-SrKvo/s1600/Capture9.PNG


 

 

 

ABCDadderis acircuitthatadds twoBCDdigitsin parallelandproducesasumBCDdigitand acarryout bit. 

The maximum sum result of a BCD input adder can be 19. As maximum number in BCD is 9 and may be there will be a carry from previous stage 

also, so 9 + 9 + 1 = 19 

Thefollowing truthtable shows allthe possiblesum results whentwo BCDdigits are added. 

http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://1.bp.blogspot.com/-6CRlzZYRz1A/TsN43j82Q9I/AAAAAAAAAOE/8l7bcBGmMwQ/s1600/capture+10.PNG


 

 

 

 

ThelogiccircuitthatchecksthenecessaryBCDcorrectioncanbederivedbydetectingtheconditionwheretheresultingbinarysumis01010 through 10011 (decimal 

10 through 19). 

It can be done by considering the shown truth table, in which the function Fis truewhen the digit isnot a valid BCD digit. It can be simplified using a 

5-variable K-map. 

Butdetecting values 1010through 1111 (decimal10 through 15)canalso be doneby using a4-variable K-map asshown in thefigure. 

http://4.bp.blogspot.com/-X8PqzpuJJjc/TsN5LCHfp5I/AAAAAAAAAOM/0PucuiyJksM/s1600/Capture11.PNG


 

 

 

Valuesgreaterthan1111,i.e.,from10000through10011(decimal16through19)canbedetectedbythecarryout(CO)whichequals1onlyfor these output 

values. So, F = CO = 1 for these values. Hence, F is true when CO is true OR when (Z3 Z2 + Z3 Z1) is true. 

Thus,thecorrectionstep(adding0110)isperformedifthefollowingfunctionequals1: F = CO 

+ Z3 Z2 + Z3 Z1 

Thecircuit oftheBCDadder will beas showninthe figure. 

http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://2.bp.blogspot.com/-PcOTNgM8_xY/TsN5b2KMBWI/AAAAAAAAAOU/tf9bdWHDvlo/s1600/Capture12.PNG


 

 

 

The two BCD digits, together with the input carry, are first added in the top4-bit binary adder to produce the binary sum.The bottom 4-bit 

binaryadder is used to add the correction factor to the binary result of the top binary adder. 

Note: 

1. WhentheOutputcarry isequaltozero,thecorrectionfactorequalszero. 

2. WhentheOutputcarryisequaltoone,thecorrectionfactoris0110. 

 

Theoutputcarry generatedfrom thebottombinary adderis ignored,since it suppliesinformation alreadyavailableat theoutput-carry terminal. 

http://implement-logic.blogspot.com/2011/11/binary-parallel-addersubtractor.html
http://1.bp.blogspot.com/-4X39Y2Gi27E/TsN5sTN6WVI/AAAAAAAAAOc/DlVh-VMWzh4/s1600/Capture13.PNG


A decimal parallel adder that adds n decimal digits needs n BCD adder stages. The output carry from one stage must be connected to the input carry 

of the next higher-order stage. 

Binary Multiplier 

 

Multiplicationofbinarynumbersisperformedinthesamewayaswithdecimalnumbers.Themultiplicandismultipliedbyeachbitofthe multiplier, starting from the 

least significant bit. 

Theresultofeachsuchmultiplicationformsapartialproduct. Successivepartialproductsareshiftedonebittotheleft. The product 

is obtained by adding these shifted partial products. 

Consideranexampleof multiplication oftwonumbers,say AandB(2bits each),C= Ax B. 

ThefirstpartialproductisformedbymultiplyingtheB1B0 byA0.ThemultiplicationoftwobitssuchasA0 andB0 producesa1ifbothbitsare1; otherwise it produces a 0 

like an AND operation. So the partial products can be implemented with AND gates. 

Thesecondpartial productisformed bymultiplyingtheB1B0byA1andisshiftedoneposition totheleft. 
 

 

 

The twopartialproductsare addedwithtwohalfadders(HA).Usuallythere are more bitsinthe partialproducts,andthenitwill be necessaryto use Full 

Adders. 

http://www.google.com/url?sa=t&rct=j&q&esrc=s&source=web&cd=3&ved=0CDEQFjAC&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FRestricted_partial_quotients&ei=lj7dTtHmA87Osga35KnGCw&usg=AFQjCNEMIeRDNuahTuFVQqAC0awrtAVt2A&sig2=oPhWla-rC7Imc5zrg4Tttw
http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://3.bp.blogspot.com/-J_s5VAZT5zM/TsOTtCYw3xI/AAAAAAAAAOk/JEVrmr0Ykek/s1600/Capture16.PNG


 

 

 

The least significant bit of the product does not have to go through an adder, since it is formed by the output of the first AND gateas shown in the 

Figure. A binary multiplier with more bits can be constructed in a similar manner. Consider another example of multiplying two numbers, say A (3- 

bit number) and B (4-bit number). 

Eachbitof A(themultiplier)isANDedwith eachbit ofB(the multicand)asshown intheFigure. 

http://implement-logic.blogspot.com/2011/11/bcd-adder.html
http://implement-logic.blogspot.com/2011/07/normal-0-false-false-false-en-us-x-none.html
http://3.bp.blogspot.com/-DRQRs1u8E4s/TsOT7NuO0zI/AAAAAAAAAOs/WF9APXSqIew/s1600/Capture17.PNG


 

 

 

The binary output in each level of AND gates is added in parallel with the partial product of the previous level to form a new partial product. Thelast 

level produces the final product. 

 

Since J = 3 and K = 4, 12 (J x K) AND gates and two 4-bit ((J - 1) K-bit) adders are needed to produce a product of seven (J + K) bits. Its circuit is 

shown in the Figure. 

Note that 0 is applied at the most significant bit of augend of first 4-bit adder because the least significant bit of the product does not have to go 

through an adder. 

 

Digital Comparator 

 

Another common and very useful combinational logic circuit is that of the Digital Comparatorcircuit. Digital or Binary Comparators are made up 

from standardAND, NOR and NOTgatesthat comparethedigital signals present at theirinput terminals and produce an output depending upon the 

condition of those inputs. 

 

For example, along with being able to add and subtract binary numbers we need to be able to compare them and determine whether the value of 

input A is greater than, smaller than or equal to the value at input B etc. The digital comparator accomplishes this using several logic gates that 

operate on the principles of Boolean Algebra. There are two main types of Digital Comparatoravailable and these are. 

http://implement-logic.blogspot.com/2011/11/bcd-adder.html
http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html
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http://www.electronics-tutorials.ws/combination/comb_8.html
http://1.bp.blogspot.com/-oKtaEz9DVUI/TsOUJOEX_JI/AAAAAAAAAO0/MKENiCtqVdo/s1600/Capture18.PNG


 1.IdentityComparator–anIdentityComparatorisadigitalcomparatorthathasonlyoneoutputterminalforwhenA=Beither“HIGH”A 

=B =1 or“LOW”A = B =0 

 2.MagnitudeComparator–aMagnitudeComparatorisadigitalcomparatorwhichhasthreeoutputterminals,oneeachforequality,A= Bgreater than, 

A > Band less than A < B 

 

Thepurposeof a DigitalComparatoristo compareaset ofvariables or unknownnumbers, forexampleA(A1,A2, A3, …. An, etc)against that of a 

constant or unknown value such as B (B1, B2, B3, ….Bn, etc) and produce an output condition or flag depending upon the result of the comparison. 

 

For example, a magnitude comparator of two 1-bits, (A and B) inputs would produce the following three output conditions when compared to each 

other. 

 

 

Whichmeans:A isgreater than B,A isequal toB,andA isless than B 

 

Thisisusefulifwewant tocomparetwovariablesandwanttoproducean outputwhenanyoftheabovethreeconditionsareachieved. Forexample, produce an 

output from a counter when a certain count number is reached. Consider the simple 1-bit comparator below. 

http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html
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http://www.electronics-tutorials.ws/combination/comb_8.html


1-bitDigital Comparator Circuit 

 

 

 

 

Thentheoperationofa1-bitdigitalcomparatorisgiveninthefollowingTruthTable. Digital 

Comparator Truth Table 

Inputs  Outputs   

B A A>B A=B A<B 

0 0 0 1 0 

0 1 1 0 0 

1 0 0 0 1 

1 1 0 1 0 

 

Youmaynoticetwo distinct featuresabout thecomparatorfrom theabove truth table. Firstly, thecircuit does notdistinguishbetween eithertwo “0” or two 

“1”‘s as an output A = B is produced when they are both equal, either A = B = “0” or A = B = “1”. Secondly, the output condit ion for A = B 

resembles that of a commonly available logic gate, the Exclusive-NOR or Ex-NOR function (equivalence) on each of the n-bits giving: Q = A ⊕ B 

http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html


Digital comparators actually use Exclusive-NOR gates within their design for comparing their respective pairs of bits. When we are comparing two 

binary or BCD values or variables against each other, we are comparing the “magnitude” of these values, a logic “0” against a logic “1” which is 

where the term Magnitude Comparator comes from. 

 

As well as comparing individual bits, we can design larger bit comparators by cascading together nof these and produce a n-bit comparator just as 

we did for the n-bit adder in the previous tutorial. Multi-bit comparators can be constructed to compare whole binary or BCD words to produce an 

output if one word is larger, equal to or less than the other. 

 

A very good example of this is the 4-bit Magnitude Comparator. Here, two 4-bit words (“nibbles”) are compared to each other to produce the 

relevant output with one word connected to inputs A and the other to be compared against connected to input B as shown below. 

 

4-bitMagnitudeComparator 

 

 

 

Decoder 

A decoder is a combinational circuit. It has n input and to a maximum m = 2n outputs. Decoder is identical to a demultiplexer without any data input. It 

performs operations which are exactly opposite to those of an encoder. 

Block diagram 

http://www.electronics-tutorials.ws/combination/comb_8.html
http://www.electronics-tutorials.ws/combination/comb_8.html
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ExamplesofDecoders are following. 

 

 Codeconverters 

 BCDtosevensegment decoders 

 Nixie tubedecoders 

 Relayactuator 

2to4LineDecoder 

The block diagram of 2 to 4 line decoder is shown in the fig. A and B are the two inputs where D through D are the four outputs. Truth table explainsthe 

operations of a decoder. It shows that each output is 1 for only a specific combination of inputs. 

Block diagram 
 

 



TruthTable 

 

 

LogicCircuit 
 



inthistopicwewilltrytodiscussaboutCombinationalLogicImplementationfulladdercircuitwitha decoderandtwoORGates. To do this at 

first we need to review the truth table of Full Adder circuit. 

TruthtableofFullAdderCircuit 
 

 

 

INPUT OUTPUT 

abc S C 

000 0 0 

001 1 0 

010 1 0 

011 0 1 

100 1 0 

101 0 1 

110 0 1 

111 1 1 

 

Fromthetruthtablewehavebeenfoundthat 

S(a,b,c)=sum(1,2,4,7).,C(a,b,c)=sum(3,5,6,7) 

 

 

Astherearethreeinputsand eightmin-terms, so haveto use3 to8 linedecorder. Thegeneratestheeightmin-terms fora, b,c. 

 

TheOR Gate foroutput Sforms thesumof min-terms1, 2, 4and 7. The OR Gate outputC formsthesum ofmin-terms 3, 5,6 and 7. 

http://implement-logic.blogspot.com/2011/08/decorder.html
http://implement-logic.blogspot.com/2011/08/full-adder-circuit_16.html
http://en.wikipedia.org/wiki/Decoder


Circuit Diagram 
 

 

 

 

 

A function with a long list of min-terms requires an OR Gate with a large number of inputs. A function F having a list of K min-terms can be 

expressed in itscomplemented form F’ with 2^n-K min-terms. If the number of min-terms in a function is greater than 2^n/2, then F’ can be 

expressed with fewer min-terms than required for F. In such a case, it is suitable to use a NOR Gate to sum the min-terms of F’. The output of the 

NOR Gate will generate the normal output F. 

The decoder method can be used to implement any combinational circuit. It is necessary to implementing with comparing to all other possible 

implementations to determine the solution. 

Encoder 

Encoder is a combinational circuit which is designed to perform the inverse operation of the decoder. An encoder has n number of input lines and m 

number of output lines. An encoder produces an m bit binary code corresponding to the digital input number. The encoder accepts an n input digital 

word and converts it into an m bit another digital word. 

http://implement-logic.blogspot.com/2011/07/universal-gate-nor.html
http://implement-logic.blogspot.com/2011/07/universal-gate-nor.html
http://implement-logic.blogspot.com/2011/08/decorder.html
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Block diagram 
 

ExamplesofEncodersare following. 

 

 Priorityencoders 

 DecimaltoBCDencoder 

 Octaltobinaryencoder 

 Hexadecimaltobinaryencoder 

PriorityEncoder 

Thisisaspecialtypeofencoder.Priorityisgiventotheinputlines.Iftwoormoreinputlineare1atthesametime,thentheinputlinewithhighest 

priority will be considered. There are four input D0, D1, D2, D3and two output Y0, Y1. Out of the four input D3has the highest priority and D0has the 

lowest priority. That means if D3= 1 then Y1Y1= 11 irrespective of the other inputs. Similarly if D3= 0 and D2= 1 then Y1Y0= 10 irrespective of the other 

inputs. 

Block diagram 



 

 

TruthTable 
 

LogicCircuit 



 

 
 

 

 

Multiplexers 

Multiplexer is a special type of combinational circuit. There are n-data inputs, one output and m select inputs with 2m = n. It is a digital circuit which 

selects one of the n data inputs and routes it to the output. The selection of one of the n inputs is done by the selected inputs. Depending on the digital 

code applied at the selected inputs, one out of n data sources is selected and transmitted to the single output Y. E is called the strobe or enable input 

which is useful for the cascading. It is generally an active low terminal that means it will perform the required operation when it is low. 

Block diagram 



 

 

 

Multiplexerscomeinmultiplevariations 

 

 2 : 1 multiplexer 

 4 : 1 multiplexer 

 16 : 1 multiplexer 

 32:1multiplexer 

Block Diagram 



 

 

TruthTable 
 

 

 

Demultiplexers 

A demultiplexer performs the reverse operation of a multiplexer i.e. it receives one input and distributes it over several outputs. It has only one input, n 

outputs, m select input. At a time only one output line is selected by the select lines and the input is transmitted to the selected output line. A de- 

multiplexer is equivalent to a single pole multiple way switch as shown in fig. 

Demultiplexerscomeinmultiplevariations. 

 

 1 : 2 demultiplexer 

 1 : 4 demultiplexer 



 1 : 16 demultiplexer 

 1:32demultiplexer 

Block diagram 

 

 

 

 

 

 

 

 

 

TruthTable 
 



UNIT IV 

SEQUENTIALLOGICCIRCUITS: 

Thecombinational circuitdoesnotuseany memory.Hencethepreviousstateofinputdoesnothave any 

effect on the present state of the circuit. But sequential circuit has memory so output can vary based 

on input. This type of circuits uses previous input, output, clock and a memory element. 

Blockdiagram 
 

 

FlipFlop 

Flip flop is a sequential circuit which generally samples its inputs and changes its outputs only at 

particular instants of time and not continuously. Flip flop is said to be edge sensitive or edgetriggered 

rather than being level triggered like latches. 

SR Latch 

 

Thebistableelementisabletorememberorstoreonebitofinformation.However,becauseit does not 

have any inputs, we cannot change the information bit that is stored in it. In order to 

changetheinformationbit,weneedtoaddinputs tothecircuit.Thesimplestwaytoaddinputsis 

toreplacethetwoinverterswithtwoNANDgates.Thiscircuitis called a SRlatch. In additionto the two 

outputs Q and Q', there are two inputs S'and R'for set and reset respectively. Following the 

convention, the prime in S and R denotes that these inputs are active low. The SR latch canbe in 

one of two states: a set state when Q = 1, or a reset state when Q = 0. 



 
 

 

To make the SR latch go to the set state, we simply assert the S'input by setting it to 0. 

Rememberthat 0 NAND anything givesa1, hence Q=1 and thelatch is set. If R'is not asserted 

(R'= 1), then the output of the bottom NAND gate will give a 0, and so Q'= 0. This situation is 

shown in Figure 4 (d) at time t0. If we de-assert S'so that S'= R'= 1, the latch will remain at the 

set state because Q', the second input to the top NAND gate, is 0 which will keepQ = 1 as shown 

at time t1. At time t2we reset the latch by making R'= 0. Now, Q'goes to 1 and this will force Q to 

go to a 0. If we de-assert R'so that again we have S'= R'= 1, this time the latch will remain at the 

reset state as shown at time t3. Notice the two times (at t1and t3) when both S'and R'are de-

asserted. At t1, Q is at a 1, whereas, at t3, Q is ata 0. When both inputs are de-asserted, the SR 

latch maintains its previous state. Previous to t1, Q has the value 1, so at t1, Q remains at a 1. 

Similarly, previous to t3, Q has the value 0, so at t3, Q remains at a 0. 

 

 



If both S' and R' are asserted, then both Q and Q'are equal to 1 as shown at time t4. If one of the 

input signals is de-asserted earlier than the other, the latch will end up in the state forced by the 

signal that was de-asserted later as shown at time t5. At t5, R' is de-asserted first, so the latch 

goes into the normal set state with Q = 1 and Q' = 0. 

 

A problem exists if both S' and R' are de-asserted at exactly the same time as shown at time 

t6. If both gates have exactly the same delay then they will both output a 0 at exactly the same 

time. Feeding the zeros back to the gate input will produce a 1, again at exactly the same time, 

whichagainwillproducea0, andso on andon.Thisoscillatingbehavior,calledthecriticalrace, will 

continue forever. If the two gates do not have exactly the same delay then the situation is similar 

to de-asserting one input before the other, and so the latch will go into one state or the other. 

However, since we do not know which thefaster gate is, therefore, we do not know which state 

the latch will go into. Thus, the latch’s next state is undefined. 

S-RFlipFlop 

It is basically S-R latch using NAND gates with an additional enable input. It is also called as level 

triggered SR-FF. For this, circuit in output will take place if and only if the enable input (E) is made 

active. In short this circuit will operate as an S-R latch if E = 1 but there is no change in the output if 

E = 0. 

Block Diagram 

 

Circuit Diagram 

 



TruthTable 
 

 

Operation 
 

S.N. Condition Operation 

 

 

1 

 

 

S = R = 0 :No change 

If S = R = 0 then output of NAND gates 3 and 4 are forced to 

become 1. 

Hence R' and S' both will be equal to 1. Since S' and R' are the 

input ofthebasicS-R latch using NANDgates,there will beno 

change in the state of outputs. 

 

 

2 

 

 

S = 0, R = 1, E = 1 

Since S = 0, output of NAND-3 i.e. R' = 1 and E = 1 the output 

of NAND-4 i.e. S' = 0. 

Hence Qn+1=0andQn+1bar =1.Thisisreset condition. 

 

 

3 

 

 

S = 1, R = 0, E = 1 

Output of NAND-3 i.e. R' = 0 and output of NAND-4 i.e. S' =1. 

Hence output of S-R NAND latch is Qn+1= 1 and Qn+1bar = 0. 

This is the reset condition. 

 

 

4 

 

 

S = 1, R =1, E = 1 

As S = 1, R = 1 and E = 1, the output of NAND gates 3 and 

4both are 0 i.e. S' = R' = 0. 

HencetheRacecondition willoccurin thebasic NANDlatch. 

MasterSlaveJKFlipFlop 

Master slave JK FF is a cascade of two S-R FF with feedback from the output of second to input of 

first. Masteris apositivelevel triggered. But dueto thepresenceoftheinverterin theclockline, the 

slavewillrespondtothenegativelevel.Hencewhentheclock=1(positivelevel)themasteris 



activeand theslaveis inactive. Whereas when clock=0 (lowlevel)theslaveis active and master is 

inactive. 

Circuit Diagram 

 

 

 

TruthTable 
 

 

 

 

 

Operation 
 

S.N. Condition Operation 

 

1 

 

J= K = 0 (No change) 

When clock = 0, the slave becomes active and master is 

inactive. But since the S and R inputs have not changed, the 

slave outputs will also remain unchanged. Therefore outputs 

will not change if J = K =0. 

2 J = 0 and K = 1 (Reset) 
Clock=1−Masteractive,slaveinactive.Thereforeoutputsof 

themasterbecome Q1=0and Q1bar =1.That means S=0and 



  R =1. 

 

Clock = 0 − Slave active, master inactive. Therefore outputs of 

the slave become Q = 0 and Q bar = 1. 

Again clock = 1 − Masteractive, slave inactive. Therefore even 

with the changed outputs Q = 0 and Q bar = 1 fed back to 

master,itsoutputwillbeQ1=0andQ1bar=1.ThatmeansS 

=0 and R =1. 

 

Hence with clock = 0 and slave becoming active the outputs of 

slave will remain Q = 0 and Q bar = 1. Thus we get a stable 

output from the Master slave. 

 

 

 

 

3 

 

 

 

 

J = 1 and K = 0 (Set) 

Clock = 1 − Master active, slave inactive. Therefore outputs of 

themasterbecomeQ1=1andQ1bar=0.ThatmeansS=1and R =0. 

Clock = 0 − Slave active, master inactive. Therefore outputs of 

the slave become Q = 1 and Q bar = 0. 

Again clock = 1 − then it can be shown that the outputs of the 

slave are stabilized to Q = 1 and Q bar = 0. 

 

 

 

 

 

4 

 

 

 

 

 

J = K = 1 (Toggle) 

Clock = 1 − Master active, slave inactive. Outputs of master 

will toggle. So S and R also will be inverted. 

Clock = 0 − Slave active, master inactive. Outputs of slave will 

toggle. 

These changed outputs are returned back to the master inputs. 

But since clock = 0, the master is still inactive. So it does not 

respond to these changed outputs. This avoids the multiple 

toggling which leads to the race around condition. The master 

slave flip flop will avoid the race around condition. 

DelayFlipFlop/DFlipFlop 

Delay Flip Flop or D Flip Flop is the simple gated S-R latch with a NAND inverter connected 

between S and R inputs. It has only one input. The input data is appearing at the output after some 

time. Due to this data delay between i/p and o/p, it is called delay flip flop. S and R will be the 

complements of each other due to NAND inverter. Hence S = R = 0 or S = R = 1, these input 

condition will never appear. This problem is avoid by SR = 00 and SR = 1 conditions. 



Block Diagram 
 

Circuit Diagram 
 

TruthTable 
 

 

 

 

 

Operation 
 

S.N. Condition Operation 

1 E = 0 Latchisdisabled.Hence nochangein output. 

 

2 

 

E = 1 and D = 0 

If E = 1 and D = 0 then S = 0 and R = 1. Hence irrespective of the 

present state, the next state is Qn+1= 0 and Qn+1bar = 1. This is the reset 

condition. 

3 E = 1 and D = 1 IfE=1andD=1,thenS=1andR=0.Thiswillsetthelatchand 



  Qn+1=1 andQn+1bar=0 irrespectiveof thepresent state. 

ToggleFlipFlop/TFlipFlop 

Toggle flip flop is basically a JK flip flop with J and K terminals permanently connected together. It 

has only input denoted by T as shown in the Symbol Diagram. The symbol for positive edge 

triggered T flip flop is shown in the Block Diagram. 

Symbol Diagram 
 

Block Diagram 
 

 

TruthTable 
 

Operation 
 

S.N. Condition Operation 

1 T = 0, J = K = 0 Theoutput Q andQ barwon't change 

2 T = 1, J = K = 1 Outputwilltogglecorrespondingtoeveryleading edgeofclocksignal. 



REGISTER 

 

Flip-flopis a1 bit memory cell which can beused forstoring thedigital data.Toincreasethestorage 

capacity in terms of number of bits, we have to use a group of flip-flop. Such a group of flip-flop is 

known as a Register. The n-bit register will consist of n number of flip-flop and it is capable of 

storing an n-bit word. 

The binary data in a register can be moved within the register from one flip-flop to another. The 

registers that allow such data transfers are called as shift registers. There are four modes of 

operations of a shift register. 

 

 SerialInputSerial Output 

 SerialInputParallelOutput 

 ParallelInputSerialOutput 

 Parallel Input Parallel Output 

SerialInputSerialOutput 

Letalltheflip-flopbeinitiallyintheresetconditioni.e.Q3=Q2=Q1= Q0=0.Ifanentryofafour 

bit binary number 1 1 1 1 is made into the register, this number should beapplied to Dinbit with the 

LSB bit applied first. TheDinput of FF-3 i.e. D3is connected to serial datainput Din. Output of FF- 3 

i.e. Q3is connected to the input of the next flip-flop i.e. D2and so on. 

Block Diagram 
 

Operation 

Before application of clock signal, let Q3Q2Q1Q0= 0000 and apply LSB bit of the number to be 

entered to Din. So Din= D3= 1. Apply the clock. On the first falling edge of clock, the FF-3 is set, and 

stored word in the register is Q3Q2Q1Q0= 1000. 



 

Apply the next bit to Din. So Din= 1. As soon as the next negative edge of the clock hits, FF-2 will 

set and the stored word change to Q3Q2Q1Q0= 1100. 
 

Applythenextbittobestoredi.e.1toDin.Applytheclockpulse.Assoon asthethirdnegativeclock edge hits, 

FF-1 will be set and output will be modified to Q3Q2Q1Q0= 1110. 
 

SimilarlywithDin=1andwiththefourthnegativeclockedgearriving,thestoredwordinthe register is 

Q3Q2Q1Q0= 1111. 
 

TruthTable 



 

Waveforms 
 

 

 

 

BidirectionalShiftRegister 

 If a binary number is shifted left by one position then it is equivalent to multiplying the original 

number by 2. Similarly if a binary number is shifted right by one position then it is equivalent to 

dividing the original number by 2. 

 Henceif wewant to usetheshift register to multiply and dividethegivenbinary number, thenwe 

should be able to move the data in either left or right direction. 

 Such a register is called bi-directional register. A four bit bi-directional shift register is shown in 

fig. 

 There are two serial inputs namely theserial right shift datainput DR, and theserial leftshift data 

input DL along with a mode select input (M). 



Block Diagram 
 

 

 

 

 

Operation 
 

S.N. Condition Operation 

 

 

 

1 

 

 

 

WithM=1 −Shiftright operation 

IfM=1,thentheANDgates1,3,5and7are 

enabled whereas the remaining AND gates 2, 4, 6 

and 8 will be disabled. 

The data at DRis shifted to right bit by bit from 

FF-3 to FF-0 on the application of clock pulses. 

Thus with M = 1 we get the serial right shift 

operation. 

 

 

 

2 

 

 

 

WithM=0 −Shiftleftoperation 

When the mode control M is connected to 0 then 

theANDgates2,4,6and8areenabledwhile1, 

3,5 and7 are disabled. 

 

The data at DLis shifted left bit by bit from FF-0 

to FF-3 on the application of clock pulses. Thus 

with M = 0 we get the serial right shift operation. 



UniversalShiftRegister 

A shift register which can shift the data in only one direction is called a uni-directional shift register. 

A shift register which can shift the data in both directions is called a bi-directional shift register. 

Applying the same logic, a shift register which can shift data in both directions as well as load it 

parallely, is known as a universal shift register. The shift register is capable of performing the 

following operation − 

 

 Parallelloading 

 Lift shifting 

 Right shifting 

The mode control input is connected to logic 1 for parallel loading operation whereas it is connected 

to 0 forserial shifting. With modecontrol pin connectedto ground, theuniversal shift register acts as a 

bi-directional register. For serial left operation, the input isapplied tothe serial input which goes to 

AND gate-1 shown in figure. Whereas for the shift right operation, the serial input is applied to D 

input. 

Block Diagram 
 

 

 

Counter is a sequential circuit. A digital circuit which is used for counting pulses is known counter. 

Counter is the widest application of flip-flops. It is a group of flip-flops with a clock signal applied. 

Counters are of two types. 

Asynchronousorripplecounters. 

Synchronous counters. 



Asynchronousorripplecounters 

The logic diagram of a 2-bit ripple up counter is shown in figure. The toggle (T) flip-flop are being 

used. But we can use the JK flip-flop also with J and K connected permanently to logic 1. External 

clock is applied to the clock input of flip-flop A and QAoutput is applied to the clock input of the 

next flip-flop i.e. FF-B. 

Logical Diagram 
 

 

 

 

 

 

Operation 
 

S.N. Condition Operation 

1 Initiallyletboth theFFs beinthereset state QBQA=00 initially 

 

 

 

 

 

2 

 

 

 

 

 

After1stnegative clockedge 

As soon as the first negative clock edge is 

applied, FF-A will toggle and QAwill be 

equal to 1. 

QAis connected to clock input of FF-B. 

Since QAhas changed from 0 to 1, it is 

treatedasthepositiveclockedgebyFF-B. 

There is no change in QBbecause FF-B is 

a negative edge triggered FF. 

QBQA=01after thefirstclock pulse. 

 

 

3 

 

 

After2ndnegativeclock edge 

Onthearrivalofsecondnegativeclock edge, 

FF-A toggles again and QA= 0. 

The change in QAacts as a negative clock 

edgeforFF-B.Soitwillalsotoggle,and 



  QBwill be1. 
 

QBQA=10 afterthesecond clock pulse. 

 

 

 

 

 

4 

 

 

 

 

 

After3rdnegativeclockedge 

On the arrival of 3rd negative clock edge, 

FF-A toggles again and QAbecome 1from 

0. 

Since this is a positive going change, FF- 

B does not respond to it and remains 

inactive. So QBdoes not change and 

continues to be equal to 1. 

QBQA=11 afterthethird clock pulse. 

 

 

 

 

5 

 

 

 

 

After4th negativeclock edge 

On the arrival of 4th negative clock edge, 

FF-A toggles again and QAbecomes 1 

from 0. 

This negative change in QAacts as clock 

pulseforFF-B.Henceit togglestochange 

QBfrom 1 to 0. 

QBQA=00 afterthefourthclock pulse. 

 

TruthTable 
 



Synchronouscounters 

If the "clock" pulses areapplied to all the flip-flops in a counter simultaneously, then such a counter 

is called as synchronous counter. 

2-bitSynchronousupcounter 

The JAand KAinputs of FF-A are tied to logic 1. So FF-A will work as a toggle flip-flop. The JBand 

KBinputs are connected to QA. 

Logical Diagram 
 

Operation 
 

S.N. Condition Operation 

1 Initiallyletboth theFFs beinthereset state QBQA=00 initially. 

 

 

 

 

2 

 

 

 

 

After1stnegative clockedge 

As soon as the first negative clock edge is 

applied, FF-A will toggle and QAwill 

change from 0 to 1. 

But at the instant of application ofnegative 

clock edge, QA , JB= KB= 0. Hence FF-B 

will not change its state. So QBwill remain 

0. 

QBQA=01after thefirstclock pulse. 

 

 

3 

 

 

After2ndnegativeclock edge 

On the arrival of second negative clock 

edge, FF-A toggles again and QAchanges 

from 1 to 0. 

ButatthisinstantQAwas1.SoJB=KB= 



  1andFF-Bwilltoggle.HenceQBchanges 

from 0 to 1. 

QBQA=10 afterthesecond clock pulse. 

 

 

4 

 

 

After3rdnegativeclockedge 

On application of the third falling clock 

edge, FF-A will toggle from 0 to 1 but 

there is no change of state for FF-B. 

QBQA=11 afterthethird clock pulse. 

 

 

5 

 

 

After4thnegativeclock edge 

On application of the next clock pulse, 

QAwill change from 1 to 0 as QBwill also 

change from 1 to 0. 

QBQA=00 afterthefourthclock pulse. 

Classificationofcounters 

Depending on the way in which the counting progresses, the synchronous or asynchronous counters 

are classified as follows − 

 

 Up counters 

 Downcounters 

 Up/Downcounters 

UP/DOWNCounter 

UpcounteranddowncounteriscombinedtogethertoobtainanUP/DOWNcounter.Amode 

control (M) input is also provided to select either up or down mode. A combinational circuit is 

required to be designed and used between each pair of flip-flop in order to achieve the up/down 

operation. 

 

 Typeof up/down counters 

 UP/DOWNripple counters 

 UP/DOWNsynchronouscounter 

UP/DOWNRippleCounters 

IntheUP/DOWNripplecounteralltheFFsoperateinthetogglemode.SoeitherTflip-flopsorJK 

flip-flops are to be used. The LSB flip-flop receives clock directly. But the clock to every other FFis 

obtained from (Q = Q bar) output of the previous FF. 



 UP counting mode (M=0) − The Q output of the preceding FF is connected to the clock of 

the next stage if up counting is to be achieved. For this mode, the mode select input M is at logic 0 

(M=0). 

 DOWNcountingmode(M=1)−IfM=1,thentheQbaroutputoftheprecedingFFis connected to the 

next FF. This will operate the counter in the counting mode. 

Example 

3-bitbinaryup/downripplecounter. 

 

 3-bit−hencethree FFsare required. 

 

 UP/DOWN−Soamode control inputisessential. 

 

 For a ripple up counter, the Q output of preceding FF is connected to the clock input of the next 

one. 

 For a ripple up counter, the Q output of preceding FF is connected to the clock input of the next 

one. 

 For a ripple down counter, the Q bar output of preceding FF is connected to the clock input ofthe 

next one. 

 Let the selection of Q and Q bar output of the preceding FF be controlled by the mode control 

input M such that, If M = 0, UP counting. So connect Q to CLK. If M = 1, DOWN counting. So 

connect Q bar to CLK. 

BlockDiagram 

 

TruthTable 



 
 

Operation 
 

S.N. Condition Operation 

 

 

 

 

 

1 

 

 

 

 

 

Case1−WithM =0(Upcountingmode) 

If M = 0 and M bar = 1, then the AND 

gates 1 and 3 in fig. will be enabled 

whereas the AND gates 2 and 4 will be 

disabled. 

Hence QAgets connected to the clock 

input of FF-B and QBgets connected to the 

clock input of FF-C. 

These connections are same as those for 

the normal up counter. Thus with M = 0 

the circuit work as an up counter. 

 

 

 

 

 

2 

 

 

 

 

 

Case2: With M= 1 (Down countingmode) 

If M = 1, then AND gates 2 and 4 in fig. 

are enabled whereas the AND gates 1 and 

3 are disabled. 

Hence QAbar gets connected to the clock 

input of FF-B and QBbar gets connected to 

the clock input of FF-C. 

These connections will produce a down 

counter. Thus with M = 1 the circuitworks 

as a down counter. 



ModulusCounter(MOD-NCounter) 

The 2-bit ripple counter is called as MOD-4 counter and 3-bit ripple counter is called as MOD-8 

counter.Soingeneral,ann-bitripplecounteriscalledasmodulo-Ncounter.Where,MODnumber = 2n. 

Typeof modulus 

 

 2-bitupordown (MOD-4) 

 3-bitupordown (MOD-8) 

 4-bit up or down (MOD-16) 

Applicationofcounters 

 Frequencycounters 

 Digitalclock 

 Time measurement 

 A to D converter 

 Frequencydividercircuits 

 Digitaltriangularwave generator 



UNIT-5PROGRAMMABLE DEVICES 

 

A memory is just like a human brain. It is used to store data and instruction. Computer memory is 

the storage space in computer where data is to be processed and instructions required for processing 

are stored. 

The memory is divided into large number of small parts. Each part is called a cell. Each location or 

cell has a unique address which varies from zero to memory size minus one. 

For example if computer has 64k words, then this memory unit has 64 * 1024 = 65536 memory 

location. The address of these locations varies from 0 to 65535. 

Memoryis primarilyof two types 

 

 InternalMemory−cachememoryandprimary/mainmemory 

 

 ExternalMemory−magneticdisk/opticaldisk etc. 
 

CharacteristicsofMemory Hierarchyarefollowingwhenwegofrom topto bottom. 

 

 Capacityinterms ofstorageincreases. 

 Costperbitof storagedecreases. 



 Frequencyof access ofthememoryby theCPU decreases. 

  AccesstimebytheCPUincreases. 

RAM 

A RAMconstitutestheinternalmemoryoftheCPUforstoringdata,programandprogramresult.It 

isread/writememory.Itiscalledrandom accessmemory(RAM). 

 

Since access time in RAM is independent of the address to the word that is, each storage location 

inside the memory is as easy to reach as other location & takes the same amount of time. We can 

reach into the memory at random & extremely fast but can also be quite expensive. 

RAM is volatile, i.e. data stored in it is lost when we switch off the computer or if there is a power 

failure. Hence, a backup uninterruptible power system (UPS) is often used with computers. RAM is 

small, both in terms of its physical size and in the amount of data it can hold. 

RAM is of two types 

 

 Static RAM (SRAM) 

 DynamicRAM(DRAM) 

Static RAM (SRAM) 

Thewordstaticindicatesthatthememoryretainsitscontentsaslongaspowerremainsapplied. 

However, data is lost when the power gets down due to volatile nature. SRAM chips use a matrix of 

6-transistors and no capacitors. Transistors do not require power to prevent leakage, so SRAM need 

not have to be refreshed on a regular basis. 

Because of the extra space in the matrix, SRAM uses more chips than DRAM for the same amount 

of storage space, thus making the manufacturing costs higher. 

StaticRAMisusedascachememoryneedstobeveryfastandsmall. Dynamic RAM 

(DRAM) 

DRAM, unlike SRAM, must be continually refreshed in order for it to maintain the data. This is 

done by placing the memory on a refresh circuit that rewrites the data several hundred times per 

second. DRAM is used for most system memory because it is cheap and small. All DRAMs are 

made up of memory cells. These cells are composed of one capacitor and one transistor. 

ROM 

ROMstandsforReadOnlyMemory.Thememoryfromwhichwecanonlyreadbutcannotwriteon it. This 

type of memory is non-volatile. The information is stored permanently in such memories during 

manufacture. 



A ROM, stores such instruction as are required to start computer when electricity is first turned on, 

this operation is referred to as bootstrap. ROM chip are not only used in the computer but also in 

other electronic items like washing machine and microwave oven. 

FollowingarethevarioustypesofROM− 

MROM (Masked ROM) 

The very first ROMs were hard-wired devices that contained a pre-programmed set of data or 

instructions. These kind of ROMs are known as masked ROMs. It is inexpensive ROM. 

PROM(ProgrammableReadOnlyMemory) 

PROMisread-onlymemorythatcanbemodified onlyonceby auser.Theuserbuys ablankPROM and 

enters the desired contents using a PROM programmer. Inside the PROM chip there are small fuses 

which are burnt open during programming. It can be programmed only once and is not erasable. 

EPROM(Erasable andProgrammableReadOnlyMemory) 

The EPROM can be erased by exposing it to ultra-violet light for a duration of upto 40 minutes. 

Usually, an EPROM eraser achieves this function. During programming an electrical charge is 

trapped in an insulated gate region. The charge is retained for more than ten years because thecharge 

has no leakage path. For erasing this charge, ultra-violet light is passed through a quartz crystal 

window (lid). This exposure to ultra-violet light dissipates the charge. During normal use the quartz 

lid is sealed with a sticker. 

EEPROM(ElectricallyErasableandProgrammableReadOnlyMemory) 

The EEPROM is programmed and erased electrically. It can be erased and reprogrammed about ten 

thousand times. Both erasing and programming take about 4 to 10 ms (millisecond). In EEPROM, 

any location can be selectively erased and programmed. EEPROMs can be erased one byte at atime, 

rather than erasing the entire chip. Hence, the process of re-programming is flexible but slow. 

SerialAccessMemory 

Sequential access means the system must search the storage device from the beginning of the 

memory address until it finds therequired pieceof data.Memorydevicewhichsupports such access is 

called a Sequential Access Memory or Serial Access Memory. Magnetic tape is an example of serial 

access memory. 

DirectAccessMemory 

Direct access memory or Random Access Memory, refers to conditions in which a system can go 

directly to the information that the user wants. Memory device which supports such access iscalled a 

Direct Access Memory. Magnetic disks, optical disks are examples of direct access memory. 

CacheMemory 



Cache memory is a very high speed semiconductor memory which can speed up CPU. It acts as a 

buffer between the CPU and main memory. It is used to hold those parts of data and program which 

aremost frequentlyused byCPU.Thepartsofdataand programs,aretransferredfromdisktocache 

memory by operating system, from where CPU can access them. 

Advantages 

 

 Cachememory is fasterthan main memory. 

 Itconsumeslessaccesstimeascomparedtomainmemory. 

 Itstorestheprogramthatcanbeexecutedwithina shortperiodoftime. 

 Itstoresdatafortemporaryuse. 

Disadvantages 

 Cachememoryhaslimitedcapacity. 

 Itisvery expensive. 

Virtual memory is a technique that allows the execution of processes which are not completely 

available in memory. The main visible advantage of this scheme is that programs can be larger than 

physical memory. Virtual memory is the separation of user logical memory from physical memory.  

This separation allows an extremely large virtual memory to be provided for programmers when 

only a smaller physical memory is available. Following are the situations, when entire program is 

not required to be loaded fully in main memory. 

 Userwrittenerrorhandlingroutinesareusedonlywhenanerroroccurredinthedataor computation. 

 Certainoptionsandfeatures ofaprogram maybe used rarely. 

 

 Many tables are assigned a fixed amount of address space even though only a small amountof 

the table is actually used. 

 Theabilitytoexecuteaprogramthatisonlypartiallyinmemorywouldcountermany benefits. 

 LessnumberofI/Owouldbeneededto loadorswapeach userprograminto memory. 

 

 Aprogramwouldnolongerbeconstrainedbytheamountofphysicalmemorythatisavailable. 

 Each user program could take less physical memory, more programs could be run the 

sametime, with a corresponding increase in CPU utilization and throughput. 



AuxiliaryMemory 

Auxiliary memory is much larger in size than main memory but is slower. It normally stores system 

programs,instructionanddatafiles. Itisalsoknownassecondarymemory.Itcanalsobeused asan 

overflow/virtual memory in case the main memory capacity has been exceeded. Secondary 

memories cannot be accessed directly by a processor. First the data/information of auxiliarymemory 

is transferred to the main memory and then that information can be accessed by the CPU. 

Characteristics of Auxiliary Memory are following − 

 Non-volatilememory −Dataisnotlost whenpoweriscut off. 

 

 Reusable − The data stays in the secondary storage on permanent basis until it is not overwritten 

or deleted by the user. 

 Reliable−Datainsecondarystorageissafebecauseofhighphysicalstabilityofsecondary storage 

device. 

 Convenience−Withthehelpofacomputersoftware,authorisedpeoplecanlocateandaccessthe data 

quickly. 

 Capacity−Secondary storagecan storelargevolumes ofdata in sets of multiple disks. 

 

 Cost−Itismuchlesser expensive tostoredataonatapeor diskthan primary memory. 

 

Thenextthreecombinationalcomponents wewillstudy are:ROM, PLA,and PAL. 

 

ROM's PLA's and PAL's are storage Components. This might seem like a contradiction because 

earlier we said that combinational components don't have memory. This apparent contradiction 

results from an incomplete definition of the term combination component. A more precise 

definition is: a combinational component is a circuit that doesn't have memory of past inputs. 

(The outputs of a combinational component are completely determined by the current inputs.) 

The data in the storage components we are about to study are stored at design time before the 

component is added to a circuit. The data stored in sequential circuits comes from the inputs that 

are received while the component is active in the circuit. 

 

The storage components that are the topic of this lecture can be used to implement Boolean 

functions. This may also be the most efficient implementation. If the function is moderately 

complex a SSI implementation (individual gates) may be expensive in terms of the number of 

gates that have to be purchased and in terms of the number of connections required to wire them 

together. When a function is implemented inside a ROM, PLA, or PAL there is only one IC to 

purchase and fewer connections. 



Ann xm ROM canstore the truthtable form functions definedon log2n variables: 

 

 

Example: Implementthe followingfunctionsinaROM: 

 

F0=A 

 

F1=A'B'+AB 

 

SinceaROMstores the completetruth table of a function (oryou could say that aROMdecodes every 

minterm of a function) the first step is to express each function as a truth table. 

 

A B F0F1 

00 01 

01 00 

10 10 

11 11 

 

Forthediscussionthatfollowsitmaybehelpfultokeepinmindthecanonicalformofthe function also: 

 

F0= AB' + AB 

F1=A'B'+AB 



Weuseaspecial notationto showtheROM implementation of a function: 

 

 

The image above shows how a 4x3 ROM can be used to implement the two functions F0and F1. 

(Note, there is room in the ROM for 3 functions of two variables. F2isn't used. I'm showing a 

ROM with an unused portion to demonstrate that a ROM may still be the most efficient 

implementation even when large sections of the ROM go unused.) You can imagine a decoder 

inside the ROM that decodes the inputs A B. Just like the decoder we defined earlier, one output 

line is selected for every unique set of inputs. If the selected output line is connected to an OR 

gate the function associated with the OR gate will have a value of 1 for the particular set of 

inputs. 

 

A single vertical line that intersects 4 horizontal lines represents potentially 4 different lines or 

connections.This isanotationalconveniencewe willusewhentalkingaboutROM's,PLA's,and PAL's 

because it makes the diagrams much easier to read. 

 

The circles at the intersection of two lines indicate a connection. Connections are either formedat 

thefactoryorin the field. Iftheyareformed in thefield aspecial programmableROMis used. One 

type of programmable ROM is a ROM that has a fuse at every connection. Fuses at connections 

not wanted are burned by running high current through the fuse. What is left are the connections 

that define the data within the ROM. 

 

Observations 

 

 Notveryefficientimplementationofsparse functions. 

 A ROM that implements two functions does not require twice the number of gates as 

aROM that implements one function. (The decoder is shared by every output function.) 



ProgrammableLogic 

 

A programmable logic device works like a ROM but is a more efficient solution for 

implementing sparse output functions. (Not all minterms are decoded.) 

 

Therearetwotypes ofprogrammablelogic devices: 

 

 PLA(ProgrammableLogicArray) 

 PAL(ProgrammableArrayLogic) 

 

Wesuggested earlier thataROM hadadecoderinside it.Youcould visualizethis as: 

 

 

The image above also defines two terms we will use to distinguish between PLA and PAL 

devices: 

 

 ANDArray-thisistheportionofthedevicethatdecodestheinputs.TheANDarray determines 

the minterms decoded by the device. A ROM decodes all possible minterms. 

 OR Array - this is the portion of the device that combines the minterms for the definition 

of a function. 

 

PLA 

 

A PLA is a programmable logic device with a programmable AND array and a programmable 

OR array. 

 

A PLA with n inputs has fewer than 2n AND gates (otherwise there would be no advantage overa 

ROM implementation of the same size). A PLA only needs to have enough AND gates to decode 

as many unique terms as there are in the functions it will implement. 



Because we can control the AND array and there is a limit to the number of terms that can be 

specified in the AND array, it may be more economical to simplify the function before 

implementingitwithaPLA.IfyoudosimplifythefunctionandintendtoimplementwithaPAL device 

you should also keep in mind that product terms can be shared between functions. (Product 

sharing is when two functions share a product term decoded by the AND array. For example, in 

the image below the product term AB is shared between F0and F1.) 

 

Example: Implement the functions F0F1we introduced above using a PLA with 2 inputs, 3 

product terms, and 2 outputs. 

 

TheunprogrammedPLA fromthemanufacturelooks like: 

 

 

Afterprogramming forthetwofunctions F0F1thestate ofthe PLA is: 

 

 

Notice that we only need three AND gates because there are only three unique minterms in the 

functions F0and F1. Also, notice that since we have control over the OR arrays we can share the 

minterm AB in the definitions of both functions. 



Note, there may be an advantage to simplifying the functions before implementing. In the 

example used here there is no advantage. The simplified form of the functions F0and F1still 

require 3 unique product terms. Because product terms can be shared between functions its 

important to look for common product terms when simplifying. 

 

PAL 

 

APALisa programmablelogicdevice withaprogrammable ANDarrayand afixedOR array. 

 

A PAL has a fixed OR array. For example, here is what an un programmed PAL might look like 

straight from the manufacture: 

 

 

A fixed OR array makes the device less expensive to manufacture. On the other hand, having a 

fixed OR array means you can't share product terms between functions. 

 

Example:Implementthe functionsF0F1weintroducedaboveusingthePALgiven above. 

 

For this implementation we will need to simplify the functions F0F1because the PAL we are 

given has an output function that can accommodate only one product term. The simplified form 

of the functions is: 

 

F0=A 

 

F1=A'B'+AB 

 

Afterprogrammingfor thetwofunctions F0F1thestateofthePAL is: 



 

 

So, in summary: 

 

 APLAdevicehasaprogrammableANDandprogrammableOR array 

 APAL devicehas aprogrammable ANDand fixedOR array 

 (YoucouldalsosaythataROM hasafixedAND andprogrammableOR array) 

 

When implementing with a ROM there is no advantage to minimizing the functions since the 

input is fully decoded. When implementing with a PLA there may be an advantage tominimizing 

the expression but you also have to keep in mind that product terms can be shared between 

functions. So, when you are minimizing one function you need to consider the form of other 

functions and watch for product terms that can be shared. When implementing with a PAL there 

may also be some advantages to minimizing the function first. However, since you can't share 

product terms with a PAL you don't have to consider the form of other functions when 

minimizing. 

 

FLASH MEMORY 

 

Dr.FujioMasuokaiscreditedwiththeinventionofflashmemorywhenheworkedforToshibain the 

1980s. Masuoka’s colleague, Shoji Ariizumi, coined the term flash because the process of 

erasing all the data from a semiconductor chip reminded him of the flash of a camera. 

 

Flash memory evolved from erasable programmable read-only memory (EPROM) and 

electrically erasable programmable read-only memory (EEPROM). Flash is technically a variant 

of EEPROM, but the industry reserves the term EEPROM for byte-level erasable memory and 

applies the term flash memory to larger block-level erasable memory. Devices using flash 

memory erase data at the block level and rewrite data at the byte level (NOR flash) or multiple- 

byte page level (NAND flash). Flash memory is widely used for storage and data transfer in 

consumer devices, enterprise systems and industrial applications. 

http://whatis.techtarget.com/definition/semiconductor
http://whatis.techtarget.com/definition/EPROM
http://whatis.techtarget.com/definition/EEPROM-electrically-erasable-programmable-read-only-memory
http://searchstorage.techtarget.com/definition/byte
http://searchstorage.techtarget.com/definition/byte
http://searchsoa.techtarget.com/definition/page


Howflashmemoryworks 

 

A basic flash memory cell consists of a storage transistor with a control gate and a floating gate, 

which is insulated from the rest of the transistor by a thin dielectric material or oxide layer. The 

floating gate stores the electrical charge and controls the flow of the electrical current. 

 

 

Electrons are added to or removed from the floating gate to change the storage transistor’s 

threshold voltage to program the cell to be a zero or a one. A process called Fowler-Nordheim 

tunneling removes electrons from the floating gate. Either Fowler-Nordheim tunneling or a 

phenomenon known as channel hot-electron injection traps the electrons in the floating gate. 

 

When erasing through Fowler-Nordheim tunneling, a strong negative charge on the control gate 

forces electrons off the floating gate and into the channel, where a strong positive charge exists. 

The reverse happens when using Fowler-Nordheim tunneling to trap electrons in the floating 

gate. Electrons are able to forge through the thin oxide layer to the floating gate in the presence 

of a high electric field, with a strong negative charge on the cell’s source and the drain and a 

strong positive charge on the control gate. 

http://whatis.techtarget.com/definition/transistor
http://searchsolidstatestorage.techtarget.com/definition/floating-gate
http://whatis.techtarget.com/definition/dielectric-material
http://whatis.techtarget.com/definition/charge-electric-charge
http://whatis.techtarget.com/definition/current
http://whatis.techtarget.com/definition/electron
http://whatis.techtarget.com/definition/voltage


 

 

With channel hot-electron injection (or hot-carrier injection), electrons gain enough energy from 

thehigh current in the channel and attracting chargeon the control gate to break through thegate 

oxide and change the threshold voltage of the floating gate. 



 

 

Electrons are trapped in the floating gate, whether a device containing the flash memory cell is 

powered on or off, because of the electrical isolation created by the oxide layer. 

 

EPROMandEEPROMcellsoperatesimilarlytoflashmemoryinwriting,orprogramming,data, but 

theydifferfromflash memory in the way they erasedata.An EPROMis erased by removing the 

chip from the system and exposing the array to ultraviolet light to erase data. An EEPROM 

erases data electronically at the byte level, while flash memory erases data electronically at the 

block level. 

 

NORvs.NANDflashmemory 

 

Therearetwotypesof flashmemory:NORand NAND. 

 

NOR and NAND flash memory differ in architecture and design characteristics. NOR flash uses 

no shared components and can connect individual memory cells in parallel, enabling random 

access to data. A NAND flash cell is more compact in size, with fewer bit lines, and strings 

together floating-gate transistors to achieve greater storage density. NAND is better suited to 

serial rather than random data access. 

http://whatis.techtarget.com/definition/NOR-flash-memory
http://whatis.techtarget.com/definition/NAND-flash-memory
http://whatis.techtarget.com/definition/parallel
http://whatis.techtarget.com/definition/serial


NOR flash is fast on data reads, but it is typically slower than NAND on erases and writes. NOR 

flash programs data at the byte level. NAND flash programs data in pages, which are larger than 

bytes but smaller than blocks. For instance, a page might be 4 kilobytes (KB), while a block 

might be 128 KB to 256 KB or megabytes in size. NAND flash uses less power than NOR flash 

for write-intensive applications. 

 

NOR flash is more expensive to produce than NAND flash and tends to be used primarily in 

consumer and embedded devices for boot purposes and read-only code-storage applications. 

NAND flash is more suitable for data storage in consumer devices and enterprise server and 

storage systems due to its lower cost per bit to store data, greater density, and higher 

programming and erase speeds. 

 

Devices such as a camera phone may use both NOR and NAND flash in addition to other 

memory technologies to facilitate code execution and data storage. 

 

Prosandconsofflashmemory 

 

Flash is the least expensive form of semiconductor memory. Unlike dynamic random access 

memory (DRAM) and static RAM (SRAM), flash memory is nonvolatile, offers lower power 

consumption and can be erased in large blocks. Also on the plus side, NOR flash offers fast 

random reads, while NAND flash is fast with serial reads and writes 

 

A solid-state drive (SSD) with NAND flash memory chips delivers significantly higher 

performance than traditional magnetic media such as hard disk drives (HDDs) and tape. Flash 

drives also consume less power and produce less heat than HDDs. Enterprise storage systems 

equipped with flash drives are capable of low latency, which is measured in microseconds or 

milliseconds. 

 

The main disadvantages of flash memory are the wear-out mechanism and cell-to-cell 

interference asthediesgetsmaller.Bitscanfailwithexcessivelyhighnumbersof program/erasecycles, 

which eventually break down the oxide layer that traps electrons. The deterioration can 

distortthemanufacturer-setthresholdvalueatwhichachargeisdetermined tobeazerooraone. Electrons 

may escape and get stuck in the oxide insulation layer leading to errors. 

 

Anecdotal evidence suggests NAND flash drives are not wearing out to the degree once feared. 

Flashdrivemanufacturershaveimproved endurance andreliabilitythrougherrorcorrectioncode 

algorithms, wear leveling and other technologies. In addition, SSDs do not wear out without 

warning. They typically alert users in the same way a sensor might indicate an underinflated tire. 

http://searchstorage.techtarget.com/definition/kilobyte
http://searchstorage.techtarget.com/definition/megabyte
http://whatis.techtarget.com/definition/embedded-device
http://searchwindowsserver.techtarget.com/definition/boot
http://searchstorage.techtarget.com/definition/DRAM
http://whatis.techtarget.com/definition/SRAM-static-random-access-memory
http://searchstorage.techtarget.com/definition/solid-state-drive
http://searchstorage.techtarget.com/definition/hard-disk-drive
http://searchstorage.techtarget.com/definition/tape
http://whatis.techtarget.com/definition/latency
http://whatis.techtarget.com/definition/microsecond
http://whatis.techtarget.com/definition/millisecond
http://searchsolidstatestorage.techtarget.com/definition/NAND-flash-wear-out
http://searchsolidstatestorage.techtarget.com/definition/solid-state-storage-program-erase-cycle
http://searchsolidstatestorage.techtarget.com/definition/solid-state-storage-program-erase-cycle
http://searchsolidstatestorage.techtarget.com/definition/write-endurance
http://searchnetworking.techtarget.com/definition/ECC
http://searchsolidstatestorage.techtarget.com/definition/wear-leveling


NANDflashmemorystorage types 

 

NAND flash semiconductor manufacturers have developed different types of memory suitable 

for a wide range of data storage uses cases. NOR flash memory types 

 

ThetwomaintypesofNORflashmemoryareparallelandserial (alsoknownas 

serialperipheralinterface). NOR flash originally was available only with a parallel interface. 

Parallel NOR offers high performance, security and additional features; its primary uses include 

industrial, automotive, networking, and telecom systems and equipment. Serial NOR flash has 

lower pin counts and smaller packaging and is less expensive than parallel NOR. Use cases for 

serial NOR include personal and ultra-thin computers, servers, HDDs, printers, digital cameras, 

modems and routers. 

 

Flashmemoryproducers andproducts 

 

Major manufacturers of NAND flash memory chips include Intel, Micron, Samsung, SanDisk, 

SK Hynix and Toshiba. Major manufacturers of NOR flash memory include Macronix, 

Microchip, Micron, Spansion and Winbond. Flash memory is used in enterprise server, storage 

and networking technology as well as a wide range of consumer devices, including USB drives, 

mobile phones, digital cameras, tablet computers, PC cards in notebook computers andembedded 

controllers. For instance, NAND flash-based SSDs are often used to accelerate the performance 

of I/O-intensive applications. NOR flash memory is often used to hold control code such as the 

basic input/output system (BIOS) in a PC. Flash memory is seeing growing use forin-memory 

computing to help speed performance and increase the scalability of systems that manage and 

analyze enormous amounts of data. 

 

Content-addressable memories (CAMs) are hardware search engines that are much faster than 

algorithmic approaches for search-intensive applications. CAMs are composed of conventional 

semiconductor memory (usually SRAM) with added comparison circuitry that enable a search 

operation to complete in a single clock cycle. The two most common search-intensive tasks that 

use CAMs are packet forwarding and packet classification in Internet routers. 

 

1 101XXA 

 

2 0110XB 

 

3 011XXC 

 

4 10011D 

http://whatis.techtarget.com/definition/serial-peripheral-interface-SPI
http://whatis.techtarget.com/definition/serial-peripheral-interface-SPI
http://whatis.techtarget.com/definition/Intel
http://searchstorage.techtarget.com/definition/USB-drive
http://searchcio-midmarket.techtarget.com/definition/PC-Card
http://whatis.techtarget.com/definition/controller
http://searchsolidstatestorage.techtarget.com/definition/flash-based-solid-state-drive-SSD
http://whatis.techtarget.com/definition/input-output-I-O
http://whatis.techtarget.com/definition/BIOS-basic-input-output-system


 

The routing parameters that determine the complexity of the implementation are the entry size, 

the table size, the search rate, and the table update rate. Present IPv4 addresses are 32 bits long 

and proposed IPv6 addressesare128 bits long. Ancillary information like thesourceaddress and 

quality-of-service(QoS) informationcanballoon IPv6routingtableentrysizesto288—576bits. 

Currently, routing table sizes are about 30,000 entries but are growing rapidly. Terabit-class 

routers must perform hundreds of millions of searches per second in addition to thousands of 

routing table updates per second. 

 

There are many software-based methods to implement the address lookup function [RSBD01], 

although not all can meet the above requirements. For example, software-based binary searching 

accomplishes the task if the lookup table is ordered. Binary searching has O(log n) time 

complexity in addition to the extra time required to insert a new entry in the table. Almost all 

algorithmic approaches are too slow to keep up with projected routing requirements. In contrast, 

CAMs use hardware to complete a search in a single cycle, resulting in constant O(1) time 

complexity. This is accomplished by adding comparison circuitry to every cell of hardware 

memory. The result is a fast, massively parallel lookup engine. The strength of CAMs over 

algorithmic approaches is their high search throughput. The current bottleneck is the large power 

consumption due to the large amount of comparison circuitry activated in parallel. Reducing the 

power consumption is a key aim of current CAM research. 

 

LineNo. Address(Binary) OutputPort 

1 101XX A 

2 0110X B 

3 011XX C 

4 10011 D 

 

There are two basic forms of CAM: binary and ternary. Binary CAMs support storage and 

searching of binary bits, zero or one (0,1). Ternary CAMs support storing of zero, one, or don't 

care bit (0,1,X). Ternary CAMs are presently the dominant CAM since longest-prefix routing is 

the Internet standard. Figure1 shows ablockdiagram ofa simplified 4 x 5 bit ternaryCAMwith a 

NOR-based architecture. The CAM contains the routing table from Table 1 to illustrate how a 

CAM implements address lookup. The CAM core cells are arranged into four horizontal words, 

each five bits long. Core cells contain both storage and comparison circuitry. The search linesrun 

vertically in the figure and broadcast the search data to the CAM cells. The match lines run 

horizontally across the array and indicate whether the search data matches the row's word. An 

activatedmatchlineindicatesamatchandadeactivatedmatchlineindicatesanon-match,called 



a mismatch in the CAM literature. The match lines are inputs to an encoder that generates the 

address corresponding to the match location. 

 

 

A CAM search operation begins with pre-charging all match lines high, putting them all 

temporarily in the match state. Next, the search line drivers broadcast the search data, 01101 in 

the figure, onto the search lines. Then each CAM core cell compares its stored bit against the bit 

on its corresponding search lines. Cells with matching data do not affect the match line but cells 

with a mismatch pull down the match line. Cells storing an X operate as if a match has occurred. 

The aggregate result is that match lines are pulled down for any word that has at least one 

mismatch. All other match lines remain activated (pre-charged high). In the figure, the two 

middle match line remain activated, indicating a match, while the other match line discharge to 

ground, indicating a mismatch. Last, the encoder generates the search address location of the 

matchingdata. In theexample,theencoderselects numericallythesmallest numberedmatchline of 

the two activated match line, generating the match address 01. This match address is used as the 

input address to a RAM that contains a list of output ports as depicted in Figure 2. This 

CAM/RAM system is a complete implementation of an address lookup engine. The match 

address output of the CAM is in fact a pointer used to retrieve associated data from the RAM. In 

this case the associated data is the output port. The CAM/RAM search can be viewed as a 

dictionary lookup where the search data is the word to be queried and the RAM contains 

theworddefinitions.WiththissketchofCAMoperation,wenowlookatthecomparisoncircuitryin the 

CAM core cells. 

 

CHARGECOUPLEDDEVICE(CCD) 

 

Fundamentally, a charge coupled device (CCD) is an integrated circuit etched onto a silicon 

surface forming light sensitive elements called pixels. Photons incident on this surface generate 

chargethatcanbereadbyelectronicsandturnedintoadigitalcopyofthelightpatternsfalling 



on thedevice. CCDscomein awidevariety of sizes and types and areused in manyapplications 

from cell phone cameras to high-end scientific applications. The charge-coupled device was 

invented in 1969 at AT&T Bell Labs by Willard Boyle and George E. Smith. 

 

Basicsofoperation 

 

An image is projected through a lens onto the capacitor array (the photoactive region), causing 

each capacitor to accumulate an electric chargeproportional to thelightintensity at thatlocation. 

Aone-dimensionalarray,usedinline-scancameras,capturesasinglesliceoftheimage,whereas a two-

dimensional array, used in video and still cameras, captures a two-dimensional picture 

corresponding to the scene projected onto the focal plane of the sensor. Once the array has been 

exposed to the image, a control circuit causes each capacitor to transfer its contents to its 

neighbor (operating as a shift register). The last capacitor in the array dumps its charge into a 

charge amplifier, which converts the charge into a voltage. By repeating this process, the 

controlling circuit converts the entire contents of the array in the semiconductor to a sequence of 

voltages. In a digital device, these voltages are then sampled, digitized, and usually stored in 

memory; in an analog device (such as an analog video camera), they are processed into a 

continuous analog signal (e.g. by feeding the output of the charge amplifier into a low-pass 

filter), which is then processed and fed out to other circuits for transmission, recording, or other 

processing. 

 

Field-programmablegatearrays (FPGAs) 

Field-programmable gate arrays (FPGAs) are reprogrammable silicon chips. Ross Freeman, the 

cofounder of Xilinx, invented the first FPGA in 1985. FPGA chip adoption across all industriesis 

driven by the fact thatFPGAs combine the best parts of application-specific integrated circuits 

(ASICs) and processor-based systems. FPGAs provide hardware-timed speed and reliability, but 

they do not require high volumes to justify the large upfront expense of custom ASIC design. 

 

Reprogrammable silicon also has the same flexibility of software running on a processor-based 

system, but it is not limited by the number of processing cores available. Unlike processors, 

FPGAs are truly parallel in nature, so different processing operations do not have to compete for 

the same resources. Each independent processing task is assigned to a dedicated section of the 

chip, and can function autonomously without any influence from other logic blocks. As a result, 

the performance of one part of the application is not affected when you add more processing. 



 

Figure 1.One of the benefits of FPGAs over processor-based systems is that the application logic 

is implemented in hardware circuits rather than executing on top of an OS, drivers, and 

application software. 

DefiningtheParts ofanFPGA 

Every FPGA chip is made up of a finite number of predefined resources with programmable 

interconnects to implement a reconfigurable digital circuit and I/O blocks to allow the circuit to 

access the outside world. 
 

Figure2. TheDifferent PartsofanFPGA 

FPGA resource specifications often include the number of configurable logic blocks, number of 

fixed function logic blocks such as multipliers, and size of memory resources like embedded 

block RAM. Of the many FPGA chip parts, these are typically the most important whenselecting 

and comparing FPGAs for a particular application. 



Theconfigurablelogicblocks(CLBs)arethebasiclogicunitofanFPGA.Sometimesreferredto as slices 

or logic cells, CLBs are made up of two basic components: flip-flops and lookup tables (LUTs). 

Various FPGA families differ in the way flip-flops and LUTs are packaged together, so it is 

important to understand flip-flops and LUTs. 
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