
5.10 EXERCISES� � For the following circuit:
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a. Compute the maximum delay,i. Assuming that all inputs are available bothuncomplemented and complementedii. Assuming only uncomplemented inputs are available andan additional gate must be added to complement eachinputb. Compute the maximum delay from input C to the output,assuming that all inputs are available both uncomplementedand complemented.
w � � We are building an adder to add the 32-bit constant

10101010101010101010101010101010
to an arbitrary 32-bit number. We will implement this with 16identical adder modules, each of which will add 2 bits of thenumber to the constant (10) and a carry from the next lower pairof bits and produce 2 bits of the sum and the carry to the next bits. A block diagram of part of this is shown below:

2-bitadder
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5.10 Exercises 349

The problem each 2-bit adder solves is
ca b1 0y s t

a. Show a truth table for that 2-bit adder (it has three inputs, a, b,and c, and it has three outputs, y, s, and t), and find minimumSOP expressions for each output.b. Compute the delay from the c input of each module to the y output of that module and the total delay for the 32 bits.� � We want to build a circuit to compute the two’s complement ofan n-bit number. We will do this with n modules, each of whichcomplements that bit and then adds the carry from the next lowerbit. Thus, the first three bits of a block diagram of the circuit willlook like

a. Show a block diagram for each of the boxes using NANDgates. (Design the first—on the right—box specially.) b. Compute the delay for n bits.c. Improve the speed by designing 2 bits at a time. Show aNAND gate circuit and compute the total delay.� � We want to build an adder to simultaneously add three multidigitbinary numbers. Design a single bit of that adder. It has threeinputs for that digit, x, y, and z, plus two carry inputs, u and v(since you may have a carry of 0, 1, or 2). There are three outputs,a sum, s, and two carries, f and g. Show a truth table and find theminimum sum of products expressions for the three outputs.� � Design a circuit to multiply two 2-bit numbers—a, b and c, d andproduce a 4-bit product—w, x, y, z. Show a truth table and theequations.
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� � We need to determine whether a three-bit number, a3, a2, a1, isequal to another number, b3, b2, b1, or if it is greater than thatnumber. (We do not need an output for less than.)a. Show how the 7485 would be connected to accomplish this.b. Implement this with AND and OR gates.c. Assuming that the 7485 costs $1, what must 7400 seriesAND and OR gate packages cost to make the AND/ORimplementation less expensive?
w � . Consider the following circuit with an active high output decoder.Draw a truth table for X and Y in terms of a, b, and c.

	 � We wish to design a decoder, with three inputs, x, y, z, and eightactive high outputs, labeled 0, 1, 2, 3, 4, 5, 6, 7. There is no enableinput required. (For example, if xyz 5 011, then output 3 would be1 and all other outputs would be 0.)The 
 � � 
 building block is a two-input, four-output decoder(with an active high enable), the truth table for which is shownbelow.
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Draw a block diagram of the system using as many of thesebuilding blocks as are needed.
w � � We want to implement a full adder; we’ll call the inputs a, b, and cand the outputs s and cout. As always, the adder is described by thefollowing equations:

s(a, b, c) 5 om(1, 2, 4, 7)cout(a, b, c) 5 om(3, 5, 6, 7)
To implement this, all we have available are two decoders (asshown below) and two OR gates. Inputs a and b are availableboth uncomplemented and complemented; c is available only
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5.10 Exercises 351

uncomplemented. Show a block diagram for this system. Be sureto label all of the inputs to the decoders. 

� � � Design, using AND, OR, and NOT gates, a priority encoder withseven active low inputs, 19, . . . , 79 and three active high outputs,CBA that indicate which is the highest priority line active. Input 19is highest priority; 79 is lowest. If none of the inputs are active, theoutput is 000. There is a fourth output line, M, which is 1 if thereare multiple active inputs.� � � Implement the function
f (x, y, z) 5 om(0, 1, 3, 4, 7)

using two-way multiplexers.� � � In the following circuit, the decoder (DCD) has two inputs andfour (active high) outputs (such that, for example, output 0 is 1if and only if inputs A and B are both 0). The three multiplexerseach have two select inputs (shown on the top of the box), fourdata inputs (shown on the left) and an active high enable input(shown on the bottom). Inputs A, B, C, and D are select inputs;inputs N through Z are data inputs. Complete a truth giving thevalue of F for each of the 16 possible select input combinations.(Comment: For some values, F 5 0; for one value, F 5 W.)

EN9 A B 0 1 2 3
1 X X 0 0 0 00 0 0 1 0 0 00 0 1 0 1 0 00 1 0 0 0 1 00 1 1 0 0 0 1

0123
EN 9

A
B� � � Show the block diagram for a decoder, the truth table for whichis shown below. The available components are one-, two-, and three-input NAND gates. (A one-input NAND is an inverter.)� � � � � � � � � � � � �

E1 E2 a b 1 2 3
0 X X X 1 1 1
X 0 X X 1 1 11 1 0 0 1 1 11 1 0 1 0 1 11 1 1 0 1 0 11 1 1 1 1 1 0
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� � � The following circuit includes a multiplexer with select inputs,A and B, and data inputs, W, X, Y, and Z:

Write an algebraic equation for F.� � � For the following sets of functions, design a systemi. Using a ROMii. Using a PLA with the number of product terms showniii. Using a PAL
a. F(A, B, C) 5 om(3, 4, 5, 7)G(A, B, C) 5 om(1, 3, 5, 6, 7)H(A, B, C) 5 om(1, 4, 5) (4 product terms)b. W(A, B, C) 5 om(0, 1, 4)X(A, B, C) 5 om(0, 3, 4, 7)Y(A, B, C) 5 om(1, 2, 6)Z(A, B, C) 5 om(2, 3, 6, 7) (4 product terms)
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5.10 Exercises 353

c. f(a, b, c, d ) 5 om(3, 5, 6, 7, 8, 11, 13, 14, 15)g(a, b, c, d ) 5 om(0, 1, 5, 6, 8, 9, 11, 13, 14) (6 product terms)d. F(A, B, C, D) 5 om(1, 2, 6, 7, 8, 9, 12, 13)G(A, B, C, D) 5 om(1, 8, 9, 10, 11, 13, 15)H(A, B, C, D) 5 om(1, 6, 7, 8, 11, 12, 14, 15)(8 product terms)� � � We have found a minimum sum of products expression for eachof two functions, F and G, minimizing them individually (nosharing):
F 5 W9X9Y9 1 XY9Z 1 W9ZG 5 WY9Z 1 X9Y9

a. Implement them with a ROM.b. Implement them with a PLA with four terms.c. For the same functions, we have available as many of thedecoders described below as are needed plus 2 eight-inputOR gates. Show a block diagram for this implementation. Allinputs are available both uncomplemented and complemented.
ABEN19EN2

0123

EN19 EN2 A B 0 1 2 3
X 0 X X 0 0 0 01 X X X 0 0 0 00 1 0 0 1 0 0 00 1 0 1 0 1 0 00 1 1 0 0 0 1 00 1 1 1 0 0 0 1

Note that this chip is enabled only when EN19 5 0 andEN2 5 1.� � � Consider the following three functions, f, g, and h of the fourvariables, a, b, c, and d, whose minimum solutions (treating eachas a separate problem) are listed below. Throughout, all variablesare available only uncomplemented:
f 5 b9c9d9 1 bd 1 a9cdg 5 c9d9 1 bc9 1 bd9 1 a9b9cdh 5 bd9 1 cd 1 ab9d

a. Implement them with a ROM.b. Implement them on a PLA with six terms. c. Implement them using only decoders of the type shown below(as many as needed) and three OR gates (each with as manyinputs as you need). (No other gates are allowed.) Logic 0 andlogic 1 are available.
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� 	 � We have three functions, X, Y, Z of the four variables, A, B, C, D.Note: Each part can be solved without the other:
X(A, B, C, D) 5 om(0, 2, 6, 7, 10, 13, 14, 15)Y(A, B, C, D) 5 om(2, 6, 7, 8, 10, 12, 13, 15)Z(A, B, C, D) 5 om(0, 6, 8, 10, 13, 14, 15)

a. Implement with a two-level NAND gate circuit. This can bedone using only prime implicants of the individual functionswith 13 gates. With sharing, it can be done with 10 gates.Assume that all variables are available both complemented anduncomplemented.b. Implement these functions using a ROM.c. Implement this with 2 three-input (plus active low enable)decoders as shown below, plus a minimum number of AND,OR, and NOT gates.

d. Implement it with a PLA with eight terms. (You may not needto use all of them.) e. Implement them with the PAL shown in the text.� � � Implement the 2-bit adder of Section 5.1.2 using the PAL ofSection 5.6.3. The problem is that one of the output functionsrequires 7 terms and another 12. This can be overcome by buildingthe carry between the 2 bits and using that output as another inputto compute s1 and cout.� � � In Solved Problem 16, we designed a converter from excess 3 to 2 of 5 code. In this exercise, we want to do the reverse, that is
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design a converter from 2 of 5 code to excess 3. There will be fourfunctions of five variables. We will assume that only legitimatedigit codes are input; thus, there will be 22 don’t cares on eachmap. All inputs are available both uncomplemented andcomplemented.a. Map each of the four functions and find all minimum sum ofproducts and product of sums solutions for each of the fourfunctions individually.b. Our building blocks consist of integrated circuit chips. We canbuy any of the following chips:
7404: 6 inverters7400: 4 two-input NAND gates 7402: 4 two-input NOR gates7410: 3 three-input NAND gates 7427: 3 three-input NOR gates7420: 2 four-input NAND gates 7425: 2 four-input NOR gates

All chips cost the same, 25¢ each.Find one of the least expensive ($1.00) implementationsof the four outputs. (The gates on any chip may be used aspart of the implementation of more than one of the outputs.)Show the algebraic expression and the block diagram for thesolution.c. Find two solutions, one of which uses only 7400 and 7410packages, and a solution that uses only NOR gates. Each ofthese must cost no more than $1.00. (Of course, one of these isthe solution to part b.)d. Implement this with a ROM.e. Implement this with a PLA.f. Implement this with the PAL described in the text.� � � We have a special eight-segment display, as shown below. 

We want to display the numbers from 0 to 15, as shown on the nextfigure, where a dashed line means an unlit segment and a solid linea lit one. Note that for 6 and 9, one segment each may be lit orunlit, as you wish.
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Design three versions of a system that accepts as an input a4-bit number, A, B, C, D and produces the eight outputs, X1,X2, . . . , X8 under each of the following constraints. (All inputsare available both complemented and uncomplemented.)a. Each output is minimized independently using a two-levelNAND gate circuit, where minimum is minimum numberof gates, and among those with the same number of gates,minimum number of gate inputs. (Each function must be asum of prime implicants of that function. A gate can be sharedamong functions only if it implements a prime implicant ofeach function.) (Minimum solution: 32 gates, 95 inputs.)b. Two-level NAND gates, using a minimum number of thefollowing modules:
Type 7400: 4 two-input NAND gatesType 7410: 3 three-input NAND gatesType 7420: 2 four-input NAND gatesType 7430: 1 eight-input NAND gate

(There is a solution that uses 11 modules.) (Note: The solutionto part a uses 13 modules.)c. A PLA with the minimum number of terms.For parts a and b, show the maps, the equations, and a blockdiagram.� � � We have a decimal digit stored in excess 3 code. The bits of thecode are labeled w, x, y, z (from left to right). We wish to displaythat digit on a seven-segment display. The layout follows. Note thatthere are two ways to display a 6, a 7, and a 9; choose whichever ismost convenient. The display requires a 1 to light a segment and a0 for it not to be lit.
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5.10 Exercises 357
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Design the four-input, seven-output device that takes the codefor the digit produces the signals to drive the display. If any of theunused input combinations are applied to your device, the displayis to be blank, that is all the outputs from the device are to be 0.Assume that the four inputs are available both uncomplementedand complemented.We are looking for three different designs for this. For each,show the maps, the algebraic equations, and a block diagram.Please use color to make your solutions readable. For the first twoparts, indicate how many of each type of package you need (7400,7410, 7420, 7430). But minimum is defined as minimum number ofgates, and among those with the same number of gates, minimumnumber of gate inputs.a. First, find a minimum cost two-level NAND gate solution suchthat all terms are prime implicants of the individual functions.Only terms that are prime implicants of each function are to beshared. When there are multiple solutions, one answer willoften lead to more sharing than others.b. Second, reduce the number of gates by doing more sharing(including terms that are not prime implicants). c. Third, implement this with a PLA, which has four inputs,seven outputs, and 12 product terms.� � � For the following three functions (of five variables)
f(a, b, c, d, e) 5 om(0, 2, 5, 7, 8, 10, 13, 15, 16, 21,23, 24, 29, 31)
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g(a, b, c, d, e) 5 om(2, 5, 7, 10, 13, 15, 16, 18,20, 21, 22, 23, 25, 27)h(a, b, c, d, e) 5 om(2, 9, 10, 12, 13, 14, 16, 18,20, 22, 28, 29, 30, 31)
a. Find a minimum sum of products solution for each. Show themaps and the algebraic equations for each.b. Find a minimum solution, assuming a two-level NAND gatecircuit. All variables are available both uncomplemented andcomplemented. Show the maps, the equations and a blockdiagram of the circuit. Also, indicate how many 7400 seriespackages you need (that is 7400, 7410, 7420, 7430). (It can bedone with no more than 12 gates.)c. Find an implementation that uses as few two-input NANDgates as possible. No gate may be used as a NOT. Show theequations and a block diagram of the circuit. (Comment: Thesolution may be derived from part a or from part b or somecombination thereof.)d. Show an implementation with a PLA with five inputs, threeoutputs, and 10 product terms.� � � Consider the following three functions:

f(a, b, c, d, e) 5 om(2, 3, 4, 5, 8, 9, 12, 20, 21, 24, 25, 31)g(a, b, c, d, e) 5 om(2, 3, 4, 5, 6, 7, 10, 11, 12,20, 21, 26, 27, 31)h(a, b, c, d, e) 5 om(0, 2, 3, 4, 5, 8, 10, 12, 16, 18,19, 20, 21, 22, 23, 24, 28, 31)
All variables are available both uncomplemented andcomplemented.a. Consider each as a separate problem and find all the minimumSOP expression(s). Both f and h have multiple solutions.b. Assume that 7400, 7410, 7420, and 7430 packages areavailable at 25¢ each. Show the number of each sizegate, how many of each package is required, and the totalcost for a two-level solution. (Take advantage of sharingONLY if the same term is a prime implicant of more thanone function.)c. For each function (again using the solutions of part a), find asolution that only uses 7400 and 7410 packages (25¢ each)(no four- or eight-input gates). Show the maps, the equations,
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indicating sharing, and a block diagram. Show the number ofeach size gate, how many of each package is required and thetotal cost for a two-level solution.d. Take maximum advantage of sharing to try to reduce the cost of a two-level solution. Use 7400, 7410, 7420, and 7430 packages (25¢ each). Show the maps, the equations,indicating sharing, and a block diagram. Show the number of each size gate, how many of each package is required, andthe total cost for a two-level solution.e. Implement this using a ROM and also using a PLA with fiveinputs, 12 product terms, and three outputs. � � � Design a system that has as its inputs a number from 1 to 10 andprovides as its outputs (eight of them) the signals to drive the displaydescribed below. The inputs are labeledW, X, Y, and Z and arenormal binary. The input combinations 0000, 1011, 1100, 1101,1110, and 1111 will never occur; they are to be treated as don’tcares. The available building blocks are 7400, 7410, and 7420integrated circuits. The design should use the minimum number ofpackages (which is five for all cases). The solution should includethe maps for each of the functions and a block diagram of the circuit.The display allows for the representation of Roman numerals(except that IIX is used to represent 8, whereas it is normallywritten as VIII).There are a total of eight segments in the display, labeled Athrough H, as shown below.

Version High: To light a segment, a 1 is placed on the appropriatedisplay input (A, B, . . . , H ).Version Low: To light a segment, a 0 is placed on the appropriatedisplay input (A, B, . . . , H ). Note that for this version, each inputis just the complement of the one for Version High.
There are two ways to represent a 5 on this display. Left: Light segments A and C (or E and G).Right: Light segments B and D (or F and H).

A CB D
E

F

G
H
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This is really four separate problems, one for each version ofthe design.

5.11 CHAPTER 5 TEST (60 MINUTES)� � Implement the following functions using only two of the decodersdescribed below and two 8-input OR gates.
f(w, x, y, z) 5 om(0, 4, 5, 6, 7, 12, 15)g(w, x, y, z) 5 om(1, 3, 12, 13, 14, 15)

360 Chapter 5 Designing Combinational Systems

Left
1 2 3 4 5

6 7 8 9 10
Right

1 2 3 4 5

6 7 8 9 10

The following illustration shows all digits as they should becoded for each of these, with a lit segment represented by a boldline and an unlit segment represented by a dashed line.E
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