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I: INTRODUCTION

The text, Fundamentals of Logic Design,5th edition, has been designed so that it can
be used either for a standard lecture course or for a self-paced course. The text is divided into 20
study units in such a way that the average study time for each unit is about the same. The units
have undergone extensive class testing in a self-paced environment and have been revised based
on student feedback. Study guides and text material were expanded as required so that almost all .
students can achieve mastery of all of the objectives. For example, the material on Boolean algebra
and algebraic simplification was expanded from 1% units to 2% units because students found this
topic difficult. A separate unit was added on going from problem statements to state graphs because
this topic was difficult for many students.

The textbook contains answers for all of the problems that are assigned in the study
guides. This Instructor s Manual contains complete solutions to these problems. Selutions to the
remaining homework problems as well as all design and simulation exercises are also included in
this manual. In the solutions section of this manual, the abbreviation FLD stands for Fundamentals
of Logic Design (5thed.).

Information on the self-paced course we teach using the textbook is available at
www.ece utexas.edu/proiects/ee316. This website also links to an updated errata list for the
text. In addition to the textbook and study guides, teaching a self-paced course requires that a set
of tests be prepared for each study unit. This manual contains a sample test for each unit.

1.1 Using the Text in a Lecture Course

Even though the text was developed in a self-paced environment, the text is well suited for
use in a standard lecture course. Since the format of the text differs somewhat from a conventional
text, a few suggestions for using the text in a lecture course may be appropriate. Except for the
inclusion of objectives and study guides, the units in the text differ very little from chapters in a
standard textbook. The study guides contain very basic questions, while the problems at the end of
each unit are of a more comprehensive nature. For this reason, we suggest that specific study guide
questions be assigned for students to work through on their own before working out homework
problems sclected from those at the end of the unit. The unit tests given in Part 4 of this manual
provide a convenient source of additional homework assignments or a source of quiz problems.
The text contains many examples that are completely worked out with detailed step-by-step
explanations. Discussion of these detailed examples in lecture may not be necessary if the students
study them on their own. The lecture time is probably better spent discussing general principles and
applications as well as providing help with some of the more difficult topics. Since all of the units
have study guides, it would be possible to assign some of the easier topics for self-study and devote

the Tectures to the more difficult topics.

Working with a class composed largely of Electrical Engineering and Computer Science
sophomores and juniors, we cover the 18 units (all units except 6 and 19) of the text in one
semester. Units 8, 10, 12, 16, 17, and 20 contain design problems that are suitable for simulation
and lab exercises. The design problems help tie together and review the material from a number of
preceding units. Units 10, 17, and 20 introduce the VHDL hardware description language. These
units may be omitted if desired since no other units depend on them.

1.2 Some Remarks About the Text

In this text, students are taught how to use Boolean algebra effectively, in contrast with
many texts that present Boolean algebra and a few examples of its application and then leave it to
the student to try to figure out how to use it effectively. For example, use of the theorem
X +yz = (x +y)(x + z) in factoring and multiplying out expressions is taught explicitly, and detailed
guidelines are given for algebraic simplification.



Sequential circuits are given proper emphasis, with over half of the text devoted to this
subject. The pedagogical strategy the text uses in teaching sequential circuits has proven to be very
effective. The concepts of state, next state, etc. are first introduced for individual flip-flops, next
for counters, then for sequential circuits with inputs, and finally for more abstract sequential circuit
models. The use of timing charts, a subject neglected by many texts, is taught both because it is

a practical tool widely used by logic design engineers and because it aids in the understanding of
sequential circuit behavior.

The most important and often most difficult part of sequential circuit design is formulating
the state table or graph from the problem statement, but most texts devote only a few paragraphs
to this subject because there is no algorithm. This text devotes a full unit to the subject, presents
guidelines for deriving state tables and graphs, and provides programmed exercises that help
the student learn this material. Most of the material in the text is treated in a fairly conventional
manner with the following exceptions:

(1) The diagonal form of the 5-variable Karnaugh map is introduced in Unit 5. (We find that
students make fewer mistakes when using the diagonal form of 5-variable map in comparison
with the side-by-side form.) Unit 5 also presents a simple algorithm for finding all essential
prime implicants from a Karnaugh map. _

(2) Both the state graph approach (Unit 18) and the SM chart approach (Unit 19) for designing
sequential control circuits are presented.

(3) The introduction to the VHDL hardware description language in Units 10, 17, and 20
emphasizes the relation between the VHDL code and the actual hardware.

13 Using the Text in a Self-Paced Course

This section introduces the personalized system of self-paced instruction (PSI) and offers
suggestions for using the text in a self-paced course. PSI (Personalized System of Instruction)
1s one of the most popular and successful systems used for self-paced instruction. The essential i
features of the PSI method are v 0
(a) Students are permitted to pace themselves through the course at a rate commensurate with
their ability and available time. '
(b) Astudent must demonstrate mastery of each study unit before going onto the next.
(¢} The written word is stressed; lectures, if used, are only for motivation and not for
transmission of critical information.
(@) Use of proctors permits repeated testing, immediate scoring, and significant personal
interaction with the students.

lhese1actors woik together to motivate studernts toward a highlevel of achievement in a well-
designed PSI course.

The PST method of instruction and its implementation are described in detail in the
following references:
Keller, Fred S. and J. Gilmour Sherman, The Keller Plan Handbook, W. A. Benjamin, Inc., 1974.
Sherman, I.G., ed., Personalized System of Instruction: 41 Germinal Papers, W. A. Benjamin,
Inc., 1974, :
Results of applying PSI to a first course in logic design of digital systems are described in
Roth, C.H,, “Continuing Effectiveness of Personalized Self-Paced Instruction in Digital Systems
Engineering”, Engineering Education, Vol. 63, No. 6, March 1973.

The instructor in charge of a self-paced course will serve as course manager in addition to
his role in the classroom. For a small class, he may spend a good part of his time acting as proctor
in the classroom, but as class size increases he will have to devote more of his time to supervision
of course activities and less time to individual interaction with students. In his managerial role, the
instructor is responsible for organizing the course, selection and training of proctors, supervision of
proctors, and monitoring of student progress. The proctors play an important role in the success of
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a self-paced course, and therefore their selection, training, and supervision is very important. After
an initial session to discuss proper ways of grading readiness tests and interacting with students,
weekly proctor meetings to discuss course procedures and problems may be appropriate.

A progress chart showing the units completed by each student is very helpful in
monitoring student progress through the course. The instructor may wish to have individual
conferences with students who fall too far behind. The instructor needs to be available in the
classroom to answer individual student questions and to assist with grading of readiness tests
as needed. He should make a special point to speak with the weak or slow students and give
them a word of encouragement. From time to time he may need to settle differences which
arise between proctors and students,

Various strategies for organizing a PSI course are described in the Keller Plan
Handbook. The procedures that we use for operating our self-paced digital logic course are
described in “Unit 0”, which is available on the web: www.ece.utexas.edu/projects/ee316. At
the first class meeting, we hand out a copy of Unit 0. The students are asked to read through
Unit 0 and take a short test on the course procedures. This test is immediately evaluated so
that the student can complete Unit 0 before the end of the first class period. In this way, the

student is exposed to the basic way the course operates and is ready to proceed immediately
with Unit 1 in the textbook.

During a typical class period, some of the students will spend their time studying but
most of the students will come prepared to take a unit test. At the beginning of the period, the
instructor or a proctor will be available to answer student questions on an individual basis.
Later in the period, most of the time will be spent evaluating unit tests. We have found that
a standard 50 minute class period is not long enough for a PSI session. We usually schedule
sessions of 1)z or 2 hours or longer depending on class size. This allow adequate time for a
student to have his questions answered, take a unit test, and have his test graded. Interactive
grading of the tests with the student present is an important part of the PSI system and
adequate time must be allowed for this activity. If you have a large number of students and
proctors, you may wish to prepare a manual for guidance of your proctors. The procedures
that we use for evaluating wunit tests are described in a Proctor’s Manual, which can be
obtained by writing to Professor Charles H. Roth.

1.4. Use of Computer Software

Three software packages are included on the CD that accompanies the textbook. The first is
a logic simulator program called SimUaid, the second is a basic computer-aided logic design program

called LogicAid, and the third is a VHDL Simulator called DirectVHDL. In addition, we usec the
Xilinx ISE software for synthesxzmg VHDL code and downloading to CPLD or FPGA circuit boards.
The Xilinx ISE software is available at nominal cost through the Xilinx University Program (for

information, go to www.xilinx,com/univ/overviewhtml), A “Webpack” version of the Xilinx software
is also available for downloading from the Xilinx.com website.

SimUaid provides an easy way for students to test their logic designs by simulating them.
We first introduce SimUaid in Unit 4, where we ask the students to design a simple logic circuit such
as problem 4.13 or 4.14, and simulate it. SimUaid is easy to learn, and it is highly interactive so that
students can flip a simulated switch and immediately observe the result. In Unit 8, students design a
multiple-output combinational logic circuit using NAND and NOR gates and test its operation using
SimUaid. Students can use the simulator to help them understand the operation of latches and flip-flops
in Unit 11. In Unit 12, we ask them to design a counter and simulate it (one part of problem 12.10). In
Unit 16, students use SimUaid to test their sequential circuit designs. They can also generate VHDL
code from their SimUaid circuit, synthesize it, and download it to a circuit board for hardware testing.
In Unit 18, students can use the advanced features of SimUaid to simulate a multiplier or divider
controlled by a state machine.
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LogicAid provides an easy way to introduce students to the use of the computer in the logic
design process. It enables them to solve larger, more practical design problems than they could by
hand. They can also vse LogicAid to verify solutions that they have worked out by hand. Instructors
can use the program for grading homework and quizzes. We first introduce LogicAid in Unit 5. The
program has a Kamaugh Map Tutorial mode that is very useful in teaching students to solve Kamnaugh
map problems. This tutorial mode helps students learn to derive minimum solutions from a Kamaugh
map by informing them at each step whether that step is correct or not. It also forces them to choose
essential prime implicants first. When in the KMap tutor mode, LogicAid prints “KMT” at the top of
each output page, so you can check to see if the problems were actually solved in the tutorial mode.

Students can use LogicAid to help them solve design problems in Units 8, 16, 18, 19 and other
units. For designing sequential circuits, they can input a state graph, convert it to a state table, réduce

the state table, make a state assignment, and derive minimized logic equations for outputs and flip-flop
inputs.

The LogicAid State Table Checker is useful for Units 14 and 16, and for other units in which
students construct state tables. It allows students to check their solutions without revealing the correct
answers. If the solution is wrong, the program displays a short input sequence for which the student’s
table fails. The LogicAid folder on the CD contains encoded copies of solutions for most of the state
graph problems in Fundamentals of Logic Design, 5th Ed. If you wish to create a password-
protected solution file for other state table problems, enter the state table into LogicAid, syntax
check it, and then hold down the Ctrl key while you select Save As on the file menu. The Partial
Graph Checker serves as a state graph tutor that allows a student to check his work at each step while
constructing a state graph. If the student makes a mistake, it provides feedback so that the student can

correct his answer. The partial graph checker works with any state graph problem for which an encoded
state table solution file is provided.

The Direct VHDL simulator helps students learn VHDL syntax because it provides immediate
visual feedback when they make mistakes. Our students use it for simulating VHDL code in Units 10,

17, and 20. Students can simulate and debug their code at home and then bring the code into lab for R

synthesis and hardware testing.

1.5. Suggested Equipment for Laboratory Exercises

Many types of logic 1ab equipment are available that are adequate to perform the lab
exercises. Since most logic design is done today using programmable logic instead of individual
ICs, we now recommend use of CPLDs or FPGAs for hardware implementation of logic circuit

resent-we-are-using-the Digil S a2GhimeCoolramer
XCR 3064 CPLD. This CPLD has an adequate number of logic cells to implement the lab
exercises in the text. The board has 8 switches, 4 pushbuttons, 8 single LEDs, and two 7-segment
LEDs.. The board also has a breadboard area. Information about this board and other CPLD and
FPGA boards made by Digilent can be found on their website, www.digilentinc.com. We use the
board in conjunction with the Xiliinx ISE software mentioned earlier.




II. SOLUTIONS TO HOMEWORK PROBLEMS
Unit 1 Problem Solutions

1.1(a) 757.25,

161757 0.25
16147 15 16
16{2 rI5=F, (4).00

0 12

5. 757.25 .= 2F5.40,,
=0010 1111 0101.0100 0000,
2 F 5 4 0

L1(9) 35689,

16356 0.89
16|22 14 16
16[1 16 (14).24

0 1l 16
(3).84

16

(13).44

16

(7).04

.. 356.89,,= 164.E3
=0001 0110 0100.1110 0011,
1 6 4 E 3

12(2) EBL6,=Ex16*+Bx16'+1 x 169+ 6 x 167
=14 %256+ 11 x 16 + 1 +6/16 =3761.375,

11101011 0001.011(0),
E B 1 6

72613, =7x8+2x+6x8+1+3 x 8!

=7x512+2x64+6x8+1+3/8=3761375

111 010110001.011,
72 6 1 3

1.1(b) 123.17,,
16 1123 0.17
1617 1ll __16
0 17 (2).72
16
(11).52
16
(8).32

~123.17,,=TB.2B
= 0111 1011.0010 1011,
7 B 2 B

1.1 (d) 1063.5,,

161063 0.5
16166 17 16
16j4 12 (8).00

0 4

. 1063.5,,=427.8
= 0100 0010 0111.1000
4 2 7 8

2

1.2(b) 59D.C, =5 % 162+ 9 x 16!+ D x 16°+ C x 16
=5x256+9 x 16 + 13 +12/16 = 1437.75,,
0101 1001 11011100,
5. 9 D C

26356,=2x8+6x8+3 x8'+5x8+6x 8!
=2x512+6x64+3x8+5+6/8=1437.75

010110011 101.110,

2

6 3 5 6
1:3 3BA2S =3 T4+ H 0% 140214 () 1457:15;
+5 x1472 16| 1457 0.11
=588+ 154+ 10 +0.1684 = 752.1684 16191 11 16
l 1615 rl1=B,, (1).76
61752 - 0.1684 0 15 16
61125 2 6 (12).16
6120 15 (1).0104
613 12 6 2. 145711, = 5B1.1C,,
0 13 (0).0624
6 S5 ,B, 1 1 C
(0).3744 1.4 (b) 5B1.1C,,=010110110001.00011100, =2661.070,
6 26 61 070
(2).2464
6 1.4 (c) 5B1.1C, =11 23 01.01 30,
(1).4784 5Bl11C

- 3BA.25, = 752.1684, = 3252.1002,

1.4(d) DECA =D x 16 +Ex 16'+ C x 16°+ Ax 16
=3328+224 + 12 + 0.625 =3564.625



1.5 (2) .
1111 (Add) 1111 (Sub)
+1010 —-1010 x1010
11001 0101 -~ 0000
1111

11110

0000

011110

U

10010110

1.6,1.7,1.8 See FLD p. 625 for solution.

1.10 (a) 1305375,

16 | 1305 0375
16181 19 __16
5 1l (6).000

©. 1305.375,,= 519.600,,
= 0101 0001 1001.0110 0000 0000,
5.1 9 6 0 0

110 () 30112,

161301 0.12
16{18 113 __16
1 2 (1).92

16

(14).72

-.301.12,,= 12D.1E,
= 0001 0010 1101.0001 1110,

1 2 D 1 E

1.11 (a) 101 111010100.101 , =5724.5,
=5x8+Tx82+2x81+4x8+5x8§!
=5%x512+7Tx64+2x8+4+5/8
=3028625,

1.5 (b, ¢)See FLD p. 625 for solution.

1111 (Multiply)

110 () 11133,

16 111 0.33
6 r1l5=F, 16
(5).28

16

(4).48

. 111.33, = 6F.54,
= 0110 1111.0101 0100,
6 F 5 4

1.10 (d) 1644.875

16| 1644 0.875
16102 rl2 __16
6 16 (14).000

~. 1644.875 = 66C.E00
=0110 0110 1100.1110 0000 0000,
6 6 C E 0 0

1.11 (b) 100 001 101 111.010, =4157.2,
=4x8+1%x82 5x8+7x8+2x g
=4x512+1x64+5x8+7+28
=2159.25,

1011 1101 0100.1010, =BD4.A
Bx16'+Dx16'+4 x 16 +A x 167
11 x 256+ 13 x 16+ 4+ 10/16
=3028625,,

1

112 (8) 375.54,=3 x64+7 x 8+ 5+ 5/8 + 4/64 = 253.6875

31253 0.69
3184 1l 3
3[28 10 (2).07

319 1l 3
313 10 (0).21
3 3
0 1l (0).63

3

(1).89

- 375.54,=100101.2001,

6

1000 0110 1111.01002=86F.416
=8x162+6x16'+F x16°x 4 x 167!
=8 x256+6x%x16+15+4/16
=2159.25 ,

112 (b) 384.74,,

41384 0.74
4196 10 4
4124 10 (2).96

416 10 4
411 12 (3).84
0 rl 4
(3).36

- 384.74 )= 12000.233113,...

-



1.12(c) AS52.A4,=10x121+5x 11 +2+10/11 +4/121

=1267.94,,
911267 0.94
91140 17 9
9115 15 (8).46
911 16 9
0 1l (4).14

- AS2.A4 =1267.94, = 1657.8427..

1.14 (a) 2983 63/64, =

812983 0.984
81372 17 8
8146 14 (7).872
9|5 16 8

0 15 (6).976

. 2983 63/64,, = 5647.76, (or 5647.77,)
=101 110 100 111.111 110,
(or 101 110 100 111.111 111,

114 () 190031732,

811900 0.969
81273 r4 8
8129 15 (7).752
913 15 8

0 13 (6).016

- 1900 31/32,, = 3554.76, = 011 101 101 100.111 110,

1.15(a)

111 1

11
1111 (Add) 1111 (Subtract)

1.13 1110212.20211,

01 11 0212.2021 10 =1425.673,

Base 3 | Base 9

00 0

01 1

02 2

10 3

11 4

12 5

20 6

21 7

22 8

1.14 (b) 93.70,,

8193 0.70
8|1l 15 8
8(1 13 (5).60
0 rl 8
4).80

- 93.70,,=135.54, = 001 011 101.101 100,

1.14 (d) 109.30,,
81109
8113
811
0

5
15
rl

- 10930,, = 155.23,

0.30
8

(2).40
8

(3).20

=001 101 101.010 011,

1.15(b) 1
1101001 (Add)

irt 11
1101001 (Sub)

1001 1001 110110 110110
11000 0110 1001111t HOO01
1111 Multiply) v 1101001 (Mult)
1001 \ 110110
1111 0000000
0000 1101001
o111 11010010
‘0000 1101001
001111 1001110110
1111 0000000
0000000
10000111 1001110110
1101001
100100000110
1101001
1011000100110



1.15(c)

110010 (Add) 110010 (Sub) 110010 (Multy  1.16(a) 10100100 ®) 10010011
11101 11101 11101 01110011 01011001
1001111 10101 110010 0110001 00111010
000000
0110010 "
110010 (© 11110011
“11111010 10011110
110010 01010101
1010001010
110010
10110101010
1.17(a) 101110 Quotient 1.17(b) ' 11011 Quotient
101 11101001 1110 )IT0000001
101 1110
1001 10100
101 1110
1000 11000
_101 1110
110 10101
101 110
11 Remainder 111 Remainder
1.17(S) 1100 Quotient
1001 JITTOOTO
1001
1010
1001
110 Remainder
1.18(b) 100011 Quotient
1011 )TT000001T
1011
1.18 (a) 10111 Quotient 10001
110 10001101 _1011
110
1011 1011
_110 10 Remainder
1010
_1i0
1001 1.19
110
11 Remainder 4321
‘ 0j0000
110001
2lo010
1.18(c) 1011 Quotient 30100
1010 ){T110100 1
1010 4]1000
10010 511001
1010 6[1010
l?g?g 711100
110 Remainder —§——1i-1—-
911110

9154 =1110 0001 1001 1000



1.20 5-3-1-1 is possible, but 6- 1.21 5-4-1-1 is not possible, 1.22 Alternate
4-1-1 is not, because there because there is no way to Solutions:
is 1o way to represent 3 repre:nt 3or8. 6-3-2-11is 6221
or9. possible: T

Alternate —O—M
Solutions: 6321 1]0001
5311 0[0000 zjooto O
o0loo00 TTooo1 310011  (0101)
ooo1 w0 20010 oo
2]10011 310100 Sjoltit
3{0100 alo101 611000
4]0101 (01I0) Slo110 Jiio01
S11000 <1000 gl1010 (1100)
6l1001 (1010 —TToo1 9l1011 (1101)
741011 8[1010
811100 9l1100 1100 0011 = 83
911101 (1110)
1.23 Altemate 1.24 Alternate
Solutions: Solutions:
5221 7321
070000 0j0000
_1_ 0001 110001
210010 (0100) 210010
30011 (0101) 310100 (0011)
410110 410101
511000 5]0110
61001 60111
711010 (1100) 711000
811011 1oty 811001
911110 911010
Al1100 (1011)
Bil1101
ITICO0I10=94 - B
B4A% = 11010101 1100 1010
Alt:, = " * 1011 *
1.25 (a) 222.22 1.25 (b) 18381
16222 0.22 161183 0.81
16|13 rl4 16 16111 17 16
0 113 (3).52 0 ril (12).96
16 16
(8).32 (15)36
s, 22222, —DE 38 . 183. 81 —B7 CF

= 1000100 1000101 0101110 0110011 0111000

D E

3

= 10000100110111 0101110 1000011 1000110

8 B 7



1.26 (a) In 2’s complement In 1I’s complement 1.26 (b) In 2’s complement In 1°s complement
(<10)+ (~11) (=10) + (-11) 10} + (~6) (-10) + (~6)
110110 110101 110110 110101
110101 110100 11010 111001
(1)101011 (-21) 1101001 (1)110000 (-16) 1101110
1 1
101010 (-21) 101111 (-16)
1.26 (¢) (-8)+(~-11) -8+ (11 1.26 (d) 11+9 11+9
111000 110111 001011 001011
110101 110100 001001 001001
(101101 (-19) 1101011 010100 (20) 010100 (20)
1
101100 (-19)
1.26 (&) -1+ (—4) I+
110101 110100 1.27 (a) 01001-11010
111100 111011 In 2°s complement In 1’s complement
(1)110001 (-15) 1101111 01001 01001
1 + 00110 + 00101
110000 (-15) 01111 01110
1.27 (b) In 2’s complement In I’s complement  1.27 (c) 10110 10110
11010 11010 +_10011 +_10010
+ 00111 + 00110 (1H01001 101000
(1)00001 100000 overflow 1
1 01001
00001 overflow i
1.27 (d) 11011 11011 1.27 (e) In 2’s complement In 1’s complement
+11001 +11000 11100 11100
(1)10100 110011 +_01011 +_01010
1 (1)00111 100110
10100 1
00111
1.28 (a) In 2°s complement In 1’s complement 1.28 ®) 01011 01011
11010 11010 + 01000 + 00111
+ 01100 + 01011 10011 10010
(1)00110 100101
1
00110
1.28 (¢) 10001 10001 1.28 (d) 10101 10101
+ 10110 + 10101 + 00110 + 00101
(1)00111 100110 11011 11010
overflow 1
00111
overflow

10



Unit 2 Problem Solutions

21 See FLD p. 626 for solution.

2.2 (2) Inbothcases, if X =0, the transmission is 0,and if =~ 2.2(b) In both cases, if X = 0, the transmission is YZ, and
X =1, the transmission is 1. if X = 1, the transmissionis 1.

X X X X

i//' F=ve 0T %j:Hj
.——c/ = - 0——/ = :]—

X Y Y Z Y VA

23 For the answer to 2.3, refer to FLD p. 626

24(@) F=[A1)+ @AY +E+BCD=A+E+ BCD 24() Y=(AB'+(AB+B))B+A=@AB'+B)B+4

=(A+B)B+A=AB+B+A=A+B

23(@) (A+B)(C+B)D'+B)(ACD'+E) 25M®) @@'+B+C)A'+C'+D)(@B +D)
= (AC + B) (D' + B) (ACD' + E) By Th. 8D =(A4'+C'+BD) B'+ D)
= (ACD' + B) (ACD' + E) By Th. 8D {By Th. 8D with X =A4'+ C%
=ACD'+ BE By Th. 8D =A'B'+ B'C'+BBD +AD'+ C'D'+ BDD'

=AB'+AD'+CB'+CD’

2.6(@) AB+CD'=(4B+C) AB +DY) 2.6 () WX+ WYX+ Z¥X =X(W + WY' + Z¥)
=@+CYB+CYA+DYB+D) =X(W +ZY) {By Th. 10}

=X(W+Z) (W + ¥)

2.6 (c) ABC +EF + DEF' = A'BC + E(F +DF") 26(d) XYZ+W'Z+XQ7=ZXY + W +X0)
=ABC+E(F +D)= (ABC +E) (ABC +F+D) =Z{W'+ XY + Q)]
=(A'+E)(B+E)(C+E)(A'+F+D) =ZW'+X) W'+ Y+ Q) By Th. 8D

B+F+D)C+F+D)

26() ACD'+CD'+AC=D'(AC+C)+AC 26(f) A+BC+DE=(A-+BD+D)(A+BC+E)
=D'"(A+C) +AC By Th 11D =(A+B+D)(A+C+D)(A+B+E)
=D'+AC)A+C'+A4C) (A+C+E)
=D +A) D'+ C)(A+C'+4") By Th. 11D
=(A'+D)(C+D)

27(@) (A+B+C+D)(A+B+C+E)(A+B+C+F) 27(b) WXYZ + VXYZ + UXYZ = XYZ (W + V + U)

=A+B+C+DEF ! By first distributive law (Th. 8)
Apply second distributive law (Th. 8D) twice }
U
: S
E- i W X
F - B 7
C

2.8(a) [(AB)'+CDJ]' =AB(CD)' =ABC +D" 28(®) /A +B(C'+D)]'=ABC' + D))’
=ABC + ABD' =A'B'+(CC'+D))=A'"B'+CDY)=AB' + A'CD’

28() (A+B)C)'(A+B)(C+4)

=(AB+C) (A +B)ICA = (AB + C)ABC'
= A'BC'
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2.9 (a)

2.10 (a)

2.10 (¢)

2.10 (€)

2.11 (a)

2.11 ()

2.11 (e)

2.12 (a)

2.12 (c)

F=[A+B)'+(A+A+B))]A+A+B))
= (A + (A+ B))' By Th. 10D with X~(A+(A+B)")'
=A"Y4+B)=AB

2.10 (b)

X

2.9 (b)

G=(®+s +T) PTR + )] T}

=R+S+T)'PTR+S)+T
=T"+RSTY)PRS)T =T+ PRSTT=T"

X Y
4’;?’:} b 4__“/}./._ __

2

.10 (d)

{?._/_} 45?

2.10 ()

45}[5} {ﬁ? J»[i} {5}

AB'C + AB'C)'=1 ByTh 5

A+B+CDA+B)'=A+B+CD

By Th. 11D

[AB'+ (CD)' +EF|CD = AB'CD + E'FCD
ByTh. 8

X +YZ)X+Y7)'=0 ByTh. 5

W+ X)\'"X+Y+Z+VIW)=VW+X)(Y+2)

2.11 (b)

2.11 (d)

2.11 ()

2.12 (b)

2.12 (d)

%5:}/

}d}

AB+CD)+B+CD=B+CD ByTh.10

(A'B+ CDY)(A'B + CE) =AB + CD'E By Th. 8D

(A'+BC)DE +F)'+ (DE +F)
=DE+F+A4'+BC ByTh 11D

(W +X'+ Y)W + X'+ YZ) =X+ YZ By Th. 9D

V' + WXV + WX+ Y'7)=V'+ WX

2.12 (e)

2.13 (a)

213 (¢)

2.14 (a)

By Th. 11

)

W'+ X)YZ' + (W' + X)'YZ' = YZ' By Th.9

Fl =AQ4+B¥(B+B)=O+B+B=B
F3 = [(4B + C)'DJ[(AB + C) + D]

=(4B+C)D (AB+C) + (AB+C)'D
= (B + C)'D By Th. 5D & Th. 2D

ACFB+E+ D)

12

2.12 (f) |

2.13 (b)

2.13 (d)

2.14 (b)

By Th. 10D

V'+U+W)WX+Y+UZ)+ WX+ UZ'+ ¥)
=WX+UZ'+Y By Th 10

F2=AA"+AB'=A'+AB'=A'+ B’

Z=[(A+B)C]'+ (4+B)CD = [{A + B)C]' + D
By Th. 11D with ¥ = [(4 + B) CJ’
=AB'+C'+D’

W+Y+Z+VUX



2.15 (a)
2.15 (b)
2.15 (¢)

2.15 (d)
2.15 (¢)

2.15()
2.16 (a)

2.16(c)

2.17 (a)

2.17 (¢)

2.18 (a)

2.18 (c)

HT+JK = HT +HET +K) = H + D' + HH'+ )T + K)

ABC + A'B'C + CD'=C(AB + A'B"+D') = C[(A'+ B){A + BY) + D'] = C(A' + B+ D)(4 + B' + D)

AB' +ACD + ADE' = A(B' + CD + DE") = A[B'+ D(C + E")] =A(B' + D)B' + C +E))

AB'C + B'CD’ + EF" = AB'C + B'CD' + EF' = B'C (A + DY) + EF' = (B'C + EF) (A + D' + EF)
=(B'+E)(B'+F)(C+E)(C+F')(A+D'+E)(A+D'+F)

XY+ WX + WY =XWY+ W)+ WY =XW+ )+ WP =X+ W)X +Y) W +Y+ W)W +Y+Y)

=@ WYX Y)W+ )

AB'+ (CD'+E) =AB'+ (C+ E)D'+E) = (AB'+ C + E)(AB'+ D' + E) |
=@A+C+E)B'+C+E)A+D'+E)B'+D'+E)

W+XYZ=(W+X)W+Y)(W+2)

AB'C +B'CD'+BE'=B'(A'C +CD'+E)
= B[E’+ C(A’ + D] |
=BIE'+C)£'+AI+DI)

[XY)'+ X +Y)Z] =X+ Y+ (X +Y)Z
=X'"+Y+Z ByTh 11Dwith Y= X"+ Y1)

(4" + BY' + (ABC)" + CDY
= (A'+BY4'B'C(C + D) = A'B'C

F=[A'+B)B]C+B=[A"+B+BjC+B
=C+B

H=[WX'{X' +Z)]'=W+X+YZ

2.16 (b)

2.16 (d)

2.17 )

2.17 (d)

2.18 (b)

2.19

VW +XY'+ 2

= (V+X+Z)(V+Y'+Z)(W+X+Z)W+Y'+Z)

ABC + ADE' + ABF’ = A(BC + DE' + BF')
=A[DE'+ B(C + F')]
=ADE'+ B)(DE'+C + F)
=AB+D)B+ENC+F +D)C+F'+E)

X+ T(EZ+W))) =XVZ+ W) =XYZW
(A+B)CD'+ (4 +B)'=CD’+ (A + B)’

=CD'+AB’

G = [(AB)'(B + C)]'C = (4B + B'C')C = ABC

F=U+X+W)(Y+X+Y) (V+2)
=(V+X+ WY)WV +2) =V+ZX+WT)
By Th. 8D with X = V

T
i’ B A BT e

2.20 (a)

F=ABC + A'BC + AB'C + ABC'
= BC + AB'C + ABC'(By Th. 9)

=C (B +AB") + ABC'=C (A+ B) + ABC'
By Th. 11D)

=AC + BC+ ABC'=AC + B (C + AC’)
=AC+B (A +C)=AC + AB + BC

13

)

2.20 (b) Beginning with the answer to (a):
F=A4B+ C) + BC

B A1,
¢ B F
[ ]
C_

Alternate solutions:
F=AB+ CA +B)
F=AC+BA +C)



g

W' XY+WZ

W'+Z

3
I

W'+ )W +X7)

0000

o

0001

06010

0011

0100

0101

0110

0111

1000

1001

1010

1011

1100

1101

1110

1111

221() ABC

A+C

(=] o) ol ful o) ol ol fol Lol Lol o) o) fo) fok fo i =

»—-o~o»—-o~oooocoooo§

O[O = 1O O~ —O|O|OIC|O|O

AB+C' | (A+C)AB+C)

— O =t O m= O[O o [t |t f et | et | oo

[HPY S U U U U u puiy puig ju Fo 2 =2 I=1 F=2 k=] =)

B
Q

AB+AC'

000
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001

010

011

100
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110

st [t [rmt ot frt [ O = | O

111

221(c) xyz

X+Y

L I =l Bt K= e K =)

X+Z

e OI=1O IO | O

E+NX'+2)

S

._-»—-ooooooé

SO OO0 0

—[—=lol—=|oclolo

XZ+X'Y

000

001

010

011

— o= |—=|Oo|~=|Ool—]|—|Oo]lo|Oo|olo|C

¢
I

100

. 101

‘110

OmIOIDIOIOIO

111

2-21(d) xyz

—lmlm]lRle]l—~lolo

ol ot re] -] -

N

el K= Ll KR N Vol Ra- Nar)

XY+YZ+X'Z

OOOO—-HOO:

e

XY+X'7

000

0

001

010

011

100

101

110

111

H—‘OOOOOO&

laall Rl Ko Rl Bl Revl Rl flond
oooo——-'o»—-os

—~|=lolol—=lo]|~

= OO =[O —
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221 yyz | x+vlv+z | X2 | e+ x+2) | Gp)0+2)
000 | © 0 1 0 0
001 0 1 1 0 0
010 | 1 1 1 1 1
011 1 1 1 1 1
100 | 1 0 0 0 0
101 1 1 1 1 1
110 1 1 0 0 0
111 1 1 1 1 1

2.22 E+0oP=Xx1, X=X
[XAY)YPP=XY'+Y, XV)P=X+7Y

Unit 3 Problem Solutions

e W)(wuw
=W+ X)W LX) WX+ Z) W+T+2)

=W X)W+ Y+ )] (W3 Y+ Z)
L)V VB 2 (Y o2

—[W+X (Y +2Z)] W'+ V(X +2)] =WY' (X + Z) + WX' (¥ + Z) {Using (X + ¥) (X' + 2) = XV +XZ with X=W)
= WYX + WY'Z' + WXY + WXZ

3.6(b) (@A+B+C+D) A +B +C+D)(A'+C)(A+D)B+C+D)

+C+D)A' fC)A+D) = (B+C+D)(A'D+AC) {(Using (X + ¥) (X' + 2) = XY + XZ with X = A}

W REAL 57D 40

1 II

3.7(a) BCD+CD'+BCD+CD
N\

=CD+ C'D'+BD) = (C'+D) [C+[D'+BD)] {Using (X +¥) X'+ Z) =XT + XZ with X=C}
=(C'+D)fC+ @' +B) D' +D)]=(C"+D)(C+D'+B) '

3.7(M) ACD'+ABD'+ACD +BD . ' ‘

)

=D'(AC'+AB) + D(A'C+B) ’
=D'[(A'+B) (A+ C)] +D [(B'+A) B'+C)] {Using XY + X'Z ='(X"+ I) (X + Z) twice inside the brackets}
=[D+(A'+B)(A+C)][D'+ B +4) B +C)] {UsingXY +XZ=(X"+1Y)(X+Z) withX = D}
=MD+A'+B)(D+A+C)D'+B'+4)(D'+B'+C) {Using the Distributive Law}
38 V SEPNRA
F=AB®[(A=D) +D] =AB® (4 +A'D'+ D) =AB® (AD' + D) = AB® (A’ + D)
= (4B)'(A' + D) + AB(A' + D)' = (A’ + B)) (4" + D) + AB(AD))
=A'+BD+ABD' {Using X+ ¥) X+ 2) =X +YZ} =A'+BD'+BD {UsingX+XT=X+1Y}
3.9 ADBC = (4 ® B) (A ® C) is not a valid distributive law. PROOF: LetA=1,B=1,C=0.
LHS: A®BC=1®1:-0=1®0=1L RHS: UO®BUBSO=01@1H{1®&0)=0-1=0.

15



3.10 (a)

3.10 (¢)

.

312

3.13 (@)

X+W)TDZ) + XW ' 3.10 () (A®BC)+ BD +ACD = ABC +A(BC)'+ BD +
=X+ W)(YZ'+ Y'7) + XW' ACD
,\}1( : =ABC+AB'+C") +BD + ACD
=XXZ'+ XX'Z + WYZ' + 7 4 ' =ABC + AB'+ AC' + + ACD
L Y
Using Consensus Theorem .~ =ABC+AB'+AC' +AD + BD + 4200
WYZ'+ WY'Z+ XW' : (Add consensus term AD, eliminate ACD)

=ABC +AB'+ AC'+ BD
(Remove consensus term AD)

(A'+C'+D) (' +B+C) (A+B+D)(A+C+D)

=@A@'+C'+D)B+C'+D) (4 % ) (At8-+D) A+ C+ D) Add consensus term
- /f—f@ T

' f
=A'+B+C)(A+B+D)
=@A'+C'+D)B+C'+D)(A+C+D) Removing consensus terms

(A+B'+C+E) (4 +B’+D’+E)-(B’+C’+D'+E9 =[A+B'+(C+E)(D'+E)J(B'+C+D'+E)
=(A+B+DE+CE)(B'+C'+D'+E)=B"+(4 +DE'+ CE)(C'+D'+E)
: CD’ {Add consensus term}

=B'+AC'+ AD' + AE' + (Z&{'E'+é§,'+9'ﬁ’+ CDE=B'+ 4EE’+%§’+AE'+ CD'+CBT + DB

=B'+ AC'+ AE'+ CD' + D'E"

CRE +AB'D'+ ABCE + ABD = A'B'D' + ABD + BCD'E

Proof: LHS: 4 'E+ BCDE + %’B’Q’ + Aﬂﬁ + ,47B_D Add consensus term to left-hand side and use it to
: eliminate two consensus terms

=BCD'E + A'B'D' + ABD This yields the right-hand side. (/ X

. LHS =RHS T

@'+ C’+D)(A'-IFC)(B+C’+D9(4_’)—§-‘F’C) C+D

=(C'+ DB + 4'D) (C¥AD) = C (BD + A'D') + (CA'D) {Using XY + X'Z = (X + Z)(X' + ¥) with X = C}
=CBD + CAD' + C'A'D

3.13(b)

3.13 (¢)

3.13(d)

3.13 (¢)

3.14 (a)

(A'+B'+C)(A+C+D)(4+B) (4'+ D) (46T

=[A'"+D(B'+C)] [A+B(C+D)] =AD (B'+ C) + A'B (C + D) = ADB' + ADC' + A'BC + A'BD"

(' +B'+C) (A+D) (A +B+D) (4 +B) (TF DY )

=[A'+ (B'+C) (B +D)] (4 +BD) = (4'+ BC + BDY) (4 + BD)) {ByTh. 14 with X = B}
=4 (BC +B'D!) + A'BD' {By Th. 14 with X = 4}
" =ABC+ AB'D' + A'BD’ ‘

(A+B+C)(A'+B' +D)(4'+B'+C) (4 +B+D)=(A+B+CD)(4'+B+ D)
=A(B'+CD}+4(B+CD) {ByTh. 14 with X' =A} = AB'+ AC'D' + A'B + 4'CD

(A+B+C)(4+C+D)(4'+B'+C) (4'+C'+D) = (4 + C+BD) (4'+ C'+ B'D)
=A(C'+B'D) + A(C + BD) = AC' + ABD’ + A'C + A'BD
Alt. sola's: AC'+A4'C +B'CD' + BC'D (or) AC' + A'C + A'BD + B'CD’ (or) AC' + A'C + AB'D' + BC'D

ABCR+ A'B'CD + CD'= A'B'CD + CD' = C(4'B'D +D) = CD'+ 4'B) {By Th. 11D with Y=D=CD'+4B'C &k

16



3.14 (b)) AB'C'+CD'+BCD'=AB'C'+D'(C + BC) =AB'C' + D'(C + B) =AB'C'+ CD' + BD'

314() A+BY(A'+B' +D) B +C+D)=B'+A(A'+D) (C+D)=B"+AD (C+ D) = B'+ ACD

3.14(d) A'+B+C'+D)(4'+C'+D+E) (A'+C'+D +E) AC

=[4'+C'+ (B+D) (D+E) (D+EYJAC {By Th.8D twicewith X =4'+ ('} =[A'+ C'+ @+D)DJ AC
=[A'+C'+DJAC=ACD

3.15(a) AB'C+ACD +ABC + BCD'=C'(AD + BD') + C (A'B'+ AB)
=C'"[(A+D)B+D)] +C [(A'+B) A4+ B)] {ByTh. 14 twice withX = D and X = B}
=[C+A+D)B+D)][C'+ A" +B)(A+B)] {ByTh 14withX =C}
=(C+A+DY)(C+B+D)(C' +A'"+B) (C'+A4+B) {ByDistributive Law}

315®) AB+AB' +BCD'+BCD'=B'(4'+CD) +B (A +CD)
=B+A4'+CD)B'+4+CD) {ByTh 14withX = B}
=B+A'+C)B+A'+D)B'+A+C)B'+4+D)

3.15(c) AB-+A'BC+B'C'D +BC'D'=B'[AC+CD] +B[A+CDJ=B[(C+D)(C'+AY] +B[(A+C) (4 +D)]
—[B+(C+D)(C'+ A)[B'+ (A +C)(A+D)] =(B+C+D) B+C'+A) B'+A+C) (B'+4+D)

3.15() ACD+ABD'+ACD'+BD =D (AC'+B)+D'(AB'+A'C)=D(B+A)B+C)+D B +4) (A+()
=[D'+ B +A) B+C)][D+ (B +A) (A+C) =@ +B+4) D'+ B +C) (D +B'+4) D +4+C)

315(c) WXY+WXY +WIZ+XYZ' =WY X +X +2) +XVZ' = WY +XYZ' =Y (W +XZ) =Y (W +X) (W +Z)

3.16(a) (AB®C)+CD'=(AB)IC+ABC'+CD'=@A'+B)C +ABC'+ CD'=C (A'+B) + C'(AB + D))
—(C'+A'+B)(C+D’+AB) (C'+A'+B)(C+D'+4) (C+D'+B)

316 () C'(A®D)+CD+AD =C'[A'D' +AD] +CD +A'D =A'CD' + ACD + CD + AD = A'C'D' + D (C + AC" + 4)
=ACD' +D(C+A'+CY=ACD' +D=D+AC" ="'+ D) (C"+D)

317() X@NBZ=XD (¥ D Z) Proof.
LHS: letX®Y=A4.
AP Z=AZ'+AZ=X®NZ'+ XOY)'Z=FDPY)Z'+ X=Y)Z {By(3-18)onFLD p. 61)
=XY+XT)Z + XY +XY)Z
=XYZ2'+ XY Z'+ XYZ+XYZ
RHS: LetY@© Z=B.

X®B=XB'+XB=XTOZD)'+ X AP =XX=D+XXBZ)=X[YZ+YZ']+X [YZ'+ 7]
=XYZ+XY'Z'+ X'YZ'+ XYT'Z .. LHS=RHS ‘

317(0) X=1=Z=X=(Y=Z) Proof:
LHS: LetX=Y =A4.
A=D)=AZ+AZ7 =X=Y)Z+XA=N)'2'=X=sY)Z+X®Y)Z'= (XY+X’Y)Z+O(Y’+X’Y)Z’
=XYZ+XYZ+XY'Z' +XYZ
RHS: LetY=Z =B.

(X=B)=XB+XB'=X{T= Z)+X”'(Y )=XY=Z)+X(YDZ) = X[YZ+YZ]+X'[Y’Z+YZ]
=XYZ+XY'Z'+X'YZ+XYZ' . LHS=RHS

1

4

) 1 ' r ! + 1 f= ¢ ’ L r 12 '= 1 ¥ r ’
3.18 (a) BC'D’+ABC +£D+ABD A'BD BB\ +ABC’+ ABD + ABD' = ABC' + AB'D + ABD

3.18 (b) WY+ WYZ+XY'Z+WX'Y+WXZ=WTY +WYZ+XB+WXY+WXZ=W7Y+ WYZ+ WXTY+ WXZ
T T T A

=WY+ WXT+WXZ

17



3.18 (c) (B—"'@)(A+/B+C)(A'+/C+D)(B'+C'+Di)=(4+B+C)(A'+C+D) (B'+C'+D")

3.18 (d) WYY + WXZ + WY'Z+W'Z’=W+ KQF’-{— VVY'Z-}-E{_'Z’-{-X_%_’Z:W,Y’Z'* W'Z'+ XYZ

XYZ (add consensus term)

3.18 (e) A,Bie' + BCD'+ 4D +§'CD +f'BD =BCD'+BCD + ABD

3.18 (O (A+B+C)(B+C'+D)@J-7&—PDJ(A’+B'+D’)=(A+B+C)(B+C'+D)CA’+B'+D’)
N AN

3.19

3.20

3.21

Z=ABC+DE +ACF +4D'+ ABE'=A (BC + CF + D'+ BE) + DE

= (A + DE) (DE + BC + CF + D' + BE") {By
=(A+D){(A+E)BC+CF+D'+E+BE)

Th. 8D with X = DE}

=(A+D)(A+E)(D'+E+B'+BC+CF) {Since E + BE'=E + B}
=(A+D)(A+E)(D'+E+B'+C+CF) {Since B' + BC =B' + C}
=A+D)(A+E){[D'+E+B'+C) {Since C + CF = C}

=(A+DE)(D'+E+B'+C)

=AD" Y+ AB' + + + "+ imi . +XY = =
4D +)1< AC DE D};a' D/Bt {eliminate consensus term AF; use X + XY = X where X = DE}

=AD'+AB'+ AC + DE

F=A'B+AC + BC'D' + BEK + BDF = (A + B) (A’ + C) + B (C'D' + EF + DF)
=[{(A+B)(A'+C) +B] [(A+B) (A'"+C) + CD' + EF + DF]

~(44B) (A C+B) (4 +B+C'D'+ EF + DF) (4' + C+ CD'+ EF + DF)
B¥C

C¥D :

= MT+B)( : (C 4 B) (A4B+CH
X

FFTDF) (A4'+ C + D' + EF + DF)

=(A+B)(B+C)(A'+C+D'+FE+DF)=(A+B)(B+C)A'+C+D'+F +FE)

=(A+BB+C)A'+C+D'+F)
=B+AC)A'+C+D'+F)

=(AB+B BD'+BF+AC+A95"+A
~ 7~

=AB+BD'+BF + AC
use consensus, X + XY =X where X = AC

XYZ'+ XVZ=X+YZ) X'+ YD) =X+ Y) X+ Z) X'+ Y) X'+ 2) X+ Z)

7

3.22 (a)

3.22 (0

“@XAY)X+Z) AR D) KX +2Z) (Y +2) =

=@+Y)X'+Z) (Y +Z)

&y AZ) @'+ 2) (1+2)

Alt: X+ 1) (X' + Z) (X + Z) by adding (Y' + Z) as consensus in 3rd step

xwtxyr'tyz=yx+txz)+tyz=xy+yz+yz
=xyFy=y

Alternate Solution: xy +xyz'+yz =y (x +x2' + z)
=y@tZ+z)=yEx+l)=y

'tzt (' ty) 2

=xY+ (¥'+y) {By Th. 11D with ¥ = z}

=xpltx'ty=x+x+y=Il+y=]

Allxy' +z+x'+y)z'=(g'+2)+ (xp'+2)' =1

3220) (o' +2) k+y)z= (' txz+y)z
‘ =Wzt tyz=xz+yz

Alternate Solution: (xy' + zf xty)z=z(x+y’)

=zx:+zy'
322(@) dd @' +c)+ad' b+ +B +¢)(b+c)

= net !’ 7 13! r.’
abd+}{&d+a_bvc_i +a?~(+g_g +gg
) . W

=a'b'd + a'bd’' + b'c' + be'
Other Solutions: b'e’ + be + a’c'd' + a'b'd
b'e' + be +a'c'd + a'ed
be' + bc +a'bd' + a'ed
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3.22 (e)

3.22 ()

3.23 (a)

3.24

3.25 (b)

wi'+ .x'{' + § +w?%'+x'z Add redundant term
=W +txy +yz+ w2 +xz
Vi\ y'tyztwz'txz

=xV' +yz + w2 + x4 Remove redundant term

=xy' +yz+wk'

[(a'+d +be)(b+d-+ac)] +bed +acd
=ad(b+c)+bd (@ +c)+bed +a'cd
=abd+g%_1+abd +_b_%d +ble'd +a'cd

I 7
cd b
= abd +}€\H'_+g'g_i' +cd=abd+ b'd + c'd
AT '+4g'+BCD+A'CD'+ABc+A§:J'
=4‘l_)_ +AC +B@ +A}C'consensus

=AD'+AC'+ BCD

WXY'+ (WY'=X) + (Y © WZ)
=WXY' + WYX+ W'Y)'X +Y WZ)'+ YWZ

=Wﬂ“ W+Y)X+Y W +Z)+ Y WZ
T WX XY+ WY YIS WYZ T

=X7'+ W€+X‘Y+ W'Y+ YZ'+ %WY

—XY'+ WX+ WY+YZ +

=X+WX'+WY+YZ

Alternate Solutions: F=W7T + WX'+ WZ' + XY’
F=YZ'+ WX+XY'+ WY
F=WX+XY+XZ'+ WY'
F=WX+XY'+WZ'+ WY'

NOT VALID. Counterexample: a=0,b=1,c=0.

DILIQ

EHS=0;RHS=1:

'BCD, +A'BCDy BEF+ CDE'G+ADEF+ABAF

~ ABD + BEF + CDE'G + 4 p&“ (consensus)

=ABD + BEF + CDE'G

A'ﬁ’g"+ABD+(_{'E+4,eﬁ' '+ ACD +d_5i"£’

Y
=B'C'+ ABD + A'C + AC'D
I 4

=B'C'+ABD +4'C

VALID: a'b + blc +c'a
=ab(e+c)+(@+a)be+ (b+b)ac’
“=g'be + a'be’+ ab'c + a'b'e + ape' + able’

=a'c + be' + ab'
Altemate Solution: a'h + b'c + c'a

Add all consensus terms: ab’, be', ca’
.. We get =§~'{+‘x’§+ + ab' + be' + ca’
: gy

=ab'+ bc'+ca'

VALID. Starting with the right side, add consensus

3.25 (d)

—This equationrismot-always
valid.

In fact, the two sides of the equation are
complements: f(a+ b)) (b +c¢) (c +a)]

= [(b+ac}(a+c)] =[ab+ ac + bc]'

=@ +b)@+c) ¥ +c)

VALID: LHS =xy’' + xz + y2'

consensus terms: 'z, xz', x'y
=§)<-<¥\’z +}z{+ vz +xz'+ x*
= 72
N i ol
N7

=y'z + xz' +x'y = RHS

terms
RHS =abec + ab'c’ + b'ed + be'd + acd + ac'd
1 T 4

)

=abe + ab'c' + bled + be'd + + a¢’

=abc + ab'c' + b'ed + be'd + ad = LHS

[

NOT VALID. Counterexample: x=0,y=1,z=0,
then LHS =0, RHS = 1. ... This equation is not
always valid. In fact, the two sides of the equations
are complements.

LHS=(x+y y+2z)(x+2z)
=fx+p)+G+z)+Ex+2)]

=&y +yz+xZ)' =[x+ z) +yz]’
=[&"+y2Z) ¢+ 2+ yZ)]

=[x"+ty) &' +2) ¢+ z)]

FE Y)Y ) (' +z)
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3.26 (b)

3.26 (©)

3.27 (a)

3.27 (c)

3.28 (a)

VALID: LHS =abc' + ab’c + b'e'd + bed

consensus terms: ab'd, abd

=abc'+ ab'e + b'e'd + bed + ab'd +[;zbd
a

abc' + ab'c + ad + bed + b'c'd = RHS

3.26 (a)

VALID:
IHS=X'+Y)X=Z})+ X+ V)(XDZ)
=X'+Y)XZ'+XZ) + X+ ¥) (X'Z + XZ)
=X7'+X¥L' + XV'Z + XYZ + X7' + 3%

=X7'+ XY +XY)Z + XZ'
=ZI+ZX®Y)=7'+(X®Y)=RHS

LHS=W'+ X+ Y)W+ X'+ D)W+ Y+ Z) =W+ X+ Y)W+ X' + ) X'+ 2))
=W AX+Y) W+ XYV +YZ) =W XT'+YZ) + WEX+Y") = WXY + WYZ+ WX + WY’
consensus terms: Xy XYz

=WXY' +WYZ+ WX+ WY +XYZ+XY = N+ WX'Z+WYZ+XYZ+ WX+ Z’f+X’Y'

= WS+ W'YZ + XYZ + WX + !=WYZ+XYZ+ WX+XT
gz Ve

LHS =ABC + A'CD! + ABD' + ACD =AC (B +D) +A'D'(B+C) = (A +D'(B+C)) (4'+ CB + D))

=(A+D)A+B+C)A'+C)A'+B+D)=@A+D’ +Cy ' T+ '+
( X! Cg(A )f : tD)=(A+D)A+B+CHA' +C) 4 ) B+ C'+D)
consensus: B+C'+D

=@ D) ALBST) U+ Q) BLC'+D) = (4+D) (4'+ ) (B + C'+ D) = RHS

VALID. [4+B=C]=[D'(4 + B) =D'(C)]
[4+B=C]=[4D' + BD' = CD"

VALID. [4 + B=C]=[@4 + B) + D = (C) + D]
[A+B=C]l=[A+B+D=C+D]

AC' + BC + AB"+ A'BD + BC'D’ + ACD'

3.27 (b) NOT VALID. Counterexample: 4 =1, B=C =0

3.27 (d)

3.28 (b)

andD=1thenLHS =0-0+0-0=0

RHS=0"1=0=LHS
butB+C=0+0=0;D=1#£B+C
. The statement is false.

NOT VALID. Counterexample: C=1,4=B=0

andD=1then LHS =0+0+1=1
RHS=1+1=1=LHS

butA+B=0+0=0#D

. The statement is false.

A'CD'+ BC'D + ABC' + A'BC

Consensus terms: (1) BC usmg AT+ AB’

(2) A'B using A'C' + BC (3) AC using AB' + BC
() AB'D’using B'C'D' + ACD'

Using 1,2,3: A'C'+ BC + AB' + A8D + e
+ 420"+ B'C'+ A'B + AC = A'C’ + BC + AB’
(Using the consensus theorem to remove the added
terms since the terms that generated them are still
present.)

20

Consensus terms: (1) ABC'using A'CD’ + BC'D
() ACD using AB'C' + BC'D (3) BC'D' using

'A'CD’ + ABC’ (4) ABD"using A'C'D'+ ABC (5)

'A'BD using BCD + ABC

Using 1: AC'D'+ BC'D + AB'C' + 4BC + AB,

which is the minimum solution.



Unit 4 Problem Solutions

4.1 See FLD p. 628 for solution.
4.2 ABCDE vy |z 42{(a) Y=ABCDE' +ABCDE'+ABCDE'
0 000 0 |(essthan 10 gpm) +
1 000 O |(atleast 10 gpm) + 42(b) Z=ABCDE'+ABCD'E'+ ABCDE'
1100 O |(atleast 20 gpm) + |+
1110 O [(atleast30gpm) +
1111 O }(atleast40 gpm) +
1111 1 [(atleast50 gpm)
4.3 F,=Ym(0,4,506);F,=Yym@0,3467);F +F,=3m(034,56,7)
General rule: F, + F, is the sum of all minterms that are present in either I, or F,.
2" 21 21 2%
Proof: LetF = %a,m,; F, =§bjmj; F +F, =§aim‘. *—)2_% bjmj= agn, +am, +am, + ..
i= = t= = zn_l
+bm +bm +bm,+..=(a +b)m, + (@ +b)m +(a,+b)m,+... =E(a,+ b)m,
i=0
44 (a) 2"=22=21=16
44
(b) x y ZO zl 22 23 z4 zﬁ zﬁ sz 28 zQ zlﬂ 211212 zl} 2142!5
00!01 01010101010101
01{10 01 1001100110011
10(0 0001 11100001111
110 00000001 1111111
o Z;}i‘x “Q“A}e} B R "\;\ R
t w :';\ R % oa
® Y
4.5 Alternate
Solutions
ABCID E Flz ABCI|D E Flz ! These truth table entries were made don't cares because
oool1 11 ABC=T110and ABC =010 cai iever occur
2 These truth table entries were made don't cares because
001 XxX*1 |1 when Fis 1, the output Z of the OR gate will be 1 regardless
010 XXt IX of its other input. So changing D and E cannot affect Z.
011 lxexzr1 11 01111 1X11 3 These truth table entries were made don't cares because -
" ; when D and E are both 1, the output Z of the OR gate will
100(X*0 00 be 1 regardless of the value of F. .
101 | X2X1 |1 4 These truth table entries were made don't cares because
110 1x2x x| x when one input of the AND gate is O, the output will be 0
T111x0o0lo 1110 X olo regardless of the value of its other input.

4.6 (a) . Of the four possible combinations of d, & d,, d, =1 and d, = 0 gives the best solution:

F=ABC'+ABC+ABC'+ ABC=AB'+ AB

4.6 (b) By inspection, G = C when both don’t cares are set to 0.
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4.7 (a)

Exactly one variable not complemented: F=AB'C

+ABC'+ AB'C'=Y m(1, 2, 4)

4'8 (a) F(“LB; C; D)=Zm(0, 1’2>3’ 43 5, 678> 9; 12)
Refer to FLD for full term expansion

47(b) Remaining terms are maxterms: . 48(b) F(4,B,C ,D)=T1M(7,10, 11,13, 14,15)
F=[1M(@0,3,5,6,)=(4+B+C) (4 +B'+ (" Refer to FLD for full term expansion
(A'+B+C')(A'+B’+C)@4'+B'+C')

4.9() F=abe'+ b (@a+al)(c+c')=abe' +ab'e + ab'e’

48 ABCD A F +a'b'e +a'b'c; F=YmO,1,4,5,6)

0000 |0Ox0=0<2 1 .

0001 |0x120<2 3 4.9 (b) Remaining terms are maxterms: F=TIM2,3,7)
0010 |0x2=0<2 1 4.9 (¢) Maxterms of F are minterms of F*:
0011 [0x3=0<2 |1 F'=Ym@2,3,7)

0100 |1x0=0<2 1 4.9(d) Minterms of F are maxterms of F™:
0101 |1x1=1<2 [}1 F'=[1M(0,1,4,5,6)

0110 |1x2=2<2 1

0111 (1x3=3>2 0

1000 |2x0=0<2 1

1001 |2x1=2<2 1

1010 |2%x2=4>2 0

1011 |2x3=6>2 0

1100 |3%x0=0<2 1

1101 {3x1=3>2 0

1110 |3x2=6>2 0

1111 {3x3=9>2 0

4.10 Fa, b,c,d)=(a+lb+d) (a'ii-c)(a’+b'+c’)(a+b+c'+d')
=(a+b-il-c+d)(a+b-ll-c'+d)(a'+c+l:b'+dd')(a'+b'+c'+d)(a’+b’+c’+d’)(a+b+c'+d')
=(a+b+c+d)(a+b+c'+d)(a’+b+c+d)(a'+b+c+d’)(a'+b’+c+d)(a'+b’+c+d’)

@+b'+c'+d)@+b'+c'+d)@+b+c' +d)

410 (a) F=3m(1,4,5,6,7,10,11) 410 () F=]]M(0,2,3,8,9,12, 13, 14, 15)

410(c) F'=Ym(0,2,3,8,9,12, 13,14,15) 4.10 (d) F'=11M(1,4,5,6,7,10 11)

4.11 (a) difference, d=x®y®b, b, =bx'+ xYy, +by,

b

itl

000

001

010

011

100

101

110

111

—mlojololmmim|o]|o

—|olol—=lo|~|~]|o|N
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4.11 (b) 4, =5 b, is the same as c,,, with x, replaced by x,'

4.12 See ]FLD p. 629 for solution.



4.13 Z=ABCD'+ABCD +ABCD' 4.14

Z=A'BC'D + ABCD' + A'BCD +
ABCD |z
+ ABCD' + ABCD + A'BCD ABCD |2 AB'C'D' + AB'C'D + ABCD"
0001 |1 A'BCD 0001 {0 | =ABD+ABC'+ ABC + A'BCD'
0010 |0 | =ABC"+ABC + ABCD' + 0010 |0 | =4B'+A4'BD + A'BCD' + A'BC
0011 |o A'BCD + BCD + B'C'D’ 001110 (Added consensus terms)
(Added consensus terms) s Z=AB'+ A'BD + A'BC
010010 } . z=ABC'+4BC +BCD + 010010
o101 |o BCD' ’ 0101 |1
0110 |0 01101
A’ '
0111 |1 B'_D._ 0111 |1 fg—
1000 (1| €' 10001 ] -
1001 fo] 47 oot} .
1010 o] C- 7 10101 | B Z
D -]
1011]0 Ig— 10111
1100]o| p_] 11000 A
1101 [0 Bv_j_ 11010} B
C'—
1101 ] § 11100
1111 |1 1111 ]0

4.15 (a) The buzzer will sound, if the key is in the ignition switch and the car door is open, or the seat belts are not fastened.
B K D S’
.. The two possible interpretations are: B =KD + S'and B = K(D + S

4.15(b) You will gain weigl_g‘ if you eat too mucg, or you do not exercise enough and your metabolism rate is too low,
W F ) E M )
.. The two possible interpretations are: W= (F+E)Mand W =F + EM

4.15(c) The speaker will be damaged,if the yolume is set too high and loud music is played or the stereo is too powerful,
D vV M s

- The two possible interpretations are: D = VM + Sand D =V @M + S)

4.15(d) The poads will be very slippery, if it Snows, or it rains and there is oil on the road.
vV S R 0

=. The two possible interpretations are: V=(S+R)Qand V=8 + RO

4.16 Z=AB + AC + BC 4.17 Z =(ABCDE + AB'CD'EY)"; Y = ABCDE
4.18 (a) 13 =D,  =0001101; .. X =A'B'C'DEF'G 4.18 (b) 10, =0001010; .. ¥ = A'B'C'DE'FG'

4.18(c) 0,,=0000000,; 64, =1000000,; 31,, = 0011111,; 127, = 1111111, 32, =0100000; . Z = (4'B)' = A + B
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4.19 FF,=T1M(0,3,4,5,6,7). General rule: F \F, is the product of all maxterms that are present in either F, or F,.
Proof: :
) 2y 2" M
LetF,= | | (a,+ M) F, = [ b, + M), F 7, = T[(a,+ M) [1¢+m)
j=0 i=0 j=0

i=0

=@ ¥ M) (b + M) (a,+ M) (b + M) (0, + M) (b, + M) .. = (a,b, + M) (ajb, + M) (a,b, + M)

2) e
3"

= H(aibl + Ml)
i=o0

Maxterm M, is present in F. F,iffap,=0. Maxterm M, is present in F, Viff @, =0. Maxterm M, is present in F, iff
a,=0. Therefore, maxterm M ,is present in F\F, iff it is present in F’ \OrF,

420 [EcDlrGR ]| @WFA BCD)= 4.22 abed]s] ®/=Zm,2,4,556,10,11,
: 3. m(5,6,7,10,11,13,14,15) 12, 14, 15)
00000100 CTIM©,1,2.3,4, 8,9, 12) 00000 _
0001j0000f : 0001 11] ®)sf=11M(0,3,7,8,9,13)
0010}0100| MG(AB,C,D)= 001011
0011 0000 Zm(0,2,4,6) 0011 O (c)f'=Zm(0,3,7,8,9,13)
A =T1M(Q,3,5,7,8,9,10,11,
0100f0101 12,13, 14, 15) 010011 1 @sr-T1M01,2,4,5,6,10,11,
010111000 0101 ]1 12,14, 15)
011011100} ()H(4,B,C,D)= , 0110]1
011111010 Zm(7,11,13,14,15) 0111 lo Youcanalsoworkthisproblem
= 0,1,2,3,4,5,6,8,9, Igebraically, as in problem 4.21.
100010001 H{\g(l,z),Z 10000l e raically, as in problem
10010000 | 10010}
1010/1000| (dMJABCD) = 10101
101111010 Zm(:i%izils’slg)wlo 1011 |1
11000001 "HH(I’S)”””’ ’ 110011
ft1o1f1011} 7 11010
1110|1011 11101
1111|1010 1111 {1

4.21 You can also work this problem using a truth table, 4.21 (@) =Y m0,2,3) 421 () f=TIMQ1,4,5,6,7)
as in problem 4.22.

fla,bc)=a'(b+c)=ab+a'c'=ab(c+c)+ 421 () f'=%m(1,4,5,6,7) 4.21 (d) f'=TIM(O, 2,3)

a b+ c=abrrabhrFabe v abe

mJ m2 m2 mo
423(a) F(4,B,C,D)=3m(3,4,58,9,10,11, 12, 14) 423 () F(A,B,C,D)=]IM(,1,2,6,7,13,15)
F=AB'CD + A'BC'D' + ABC'D + ABCD' + . F=(A+B+C+D)(A+B+C+D")
ABC'D + AB'CD" + AB'CD + ABC'D’ + ABCD' A+B+C'+D)(A+B'+C'+D)

(A+B'+C'+D) (4'+ B'+C + D)
CA'+BI+CP+DI)

4.24 () F(4,B,C,D)=%m@,3,4,7,8,9, 11,12, 13, 14y =4 B'CD'+ A'B'CD + A'BC'D' + A'BCD + AB'C'D’ +A4AB'CD

mo ms m m m m

. ‘ 7 7] 9
+AB'CD + ABC'D' + ABC'D + ABCD'
my, mp, m, my,

4.24(b) F (4, B, C,D)=HM(1,2,5,6,_,L0,_15)=(A+B+C+D’)(A+B+C'+D)(A B +C+DYA+B'+C'+D)
) ' , oM, M, M, M,
A +B+C'+D)(A'+B' +C'+ D)
M M

10 15
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4.25 (a) If don'tcares are changed to (1, 1), respectively,
F,=AB'C'+ ABC + ABC + ABC
=AB'+ AC,

4.25 (¢) If don't cares are changed to (1, 1), respectively
F,=(A+B+C)A+B+C)=A+B

4.26 ABC|D E Flz ! These truth table entries
o0 o were made don't cares
0 11 because ABC = 110 and
00110 1 X2|1 | ABC =011 cannever
0100 x2 1|1 | occur
" .
011X XXX These truth tal')le entries
" were made don't cares
10010 1 X211 | pecause when one input
101]0 X*1 |1 | ofthe OR gate is 1, the
110X X xt]x | output will be 1 regardless
11111 x1lo f)f the value of its other
nput.

4.27(a) G4, B, C) =¥ m0,7)=[IM(,2,3,4,5,6)

4.28

4.25 (b) If don't cares are changed to (1, 0), respectively
F,=ABC+ABC'+AB'C' + ABC'=C'

4.25 (d) If don't cares are changed to (0, 1), respectively
F,=AB'C'+ABC + AB'C' + ABC
=BC'+ BC

427() G,MA,B,C) =Y m0,1,6,7)=TIM2,3,4,5)

428(b) Y=A+B+C+D)A+B+C+D)
(A+B+C'+D)(A+B'+C+D)
(A'+B+C+D){A'+B'+C'+ D)

Z=(A+B+C+D)A+B'+C+D)
A+B'"+C'+D)(A'+B+C+D
A'+B+C'+D)(A'"+B'+C+D)
(14[+B’+C,+D')

25

5ol Txr 7] ®X=4BCD 429 [IEcDIwEr 7] ®X=ABCD+4BCD’
- : +A'B'CD + ABC'D’
00001010004 y-4pcD+ABCD + 000010011 + A'BC'D + A'BCD
00011 ]001 A'BCD' + A'BCD + 00010100 + A'BCD + ABCD’
0010]|1}o001 AB'C'D + ABCD' + 00100100 +AB'CD + AB'CD’
AB'CD + ABC'D'" + + AB'CD + ABC'D
oo11|2 o010 11]010
oo oo ABCD + ABCD' 00 1ol + ABC'D + ABCD'
0100[0100 T ABCD
010112 1010|Z=4ABCD+ABCD'+ 01010101
011021010 A'BCD'+ A'BCD + 011010101 | Y=ABCD'+ ABCD +
01113 |011 ﬁfgl+$§?+ 0111]0110 ﬁgg*ww’*
1000] 1 [001 1000|0100
10012 {010 10010101 | Z=ABCD'+ABCD +
1010|2010 1010[0101 A'BC'D + A'BCD" +
1011|3011 10110110 AB'CD + ABCD"+
ABCD+ABCD +
1100] 2 010 1100|0101 BCD
11013 [o11 1101]0110
11103 ]o11 11100110
1111]4]100 11110111

4290m) Y=(A+B+C+D)A+B+C'+D)
MA+B+C'+D)(A+B'+C+D)
A+B'+C+D)A+B'+C'+D)
A'+B+C+D)(A'+B+C+D)
A'+B+C'+D)A'+B+C'+D)
(A'+B'+C+D)

Z=(AA+B+C+D)(A+B+C'+D)
A+B'+C+D)(A+B'+C'+D)
A'+B+C+D)(A'+B'+C+D)
A" +B'+C'+D)



4.30

4.33

ABCD STUV |WXYZ 4.31 ABCD STUV |WXYZ
0000 10x5=00 |0000{0000 0000 |0x4+1=01 |0000{0001
0001 |1x5=05 [0000]0101 0001 |1x4+1=05 |0000]0101
0010 |2x5=10 [0001]0000 0010 |2x4+41=09 0000|1001
0011 [3x5=15 {0001]0101 0011 {3x4+1=13 |0001|0011
0100 ([4x5=20 (00100000 0100 4x4+1=17 |0001 {0111
0101 |5x5=25 [0010]0101 0101 |5x4+1=21 |0010}0001
0110]6x5=30 [0011}0000 0110 |6x4+1=25 [0010]0101
01111]7x5=35 |[0011]0101 0111 |7x4+1=29 |0010[1001
1000 |8x5=40 01000000 1000 |8x4+1=33 [0011]0011
1001 |9x5=45 0100|0101 1001 |9%x4+1=37 001110111
Note: Rows 1010 through 1111 have don't care Note: Rows 1010 through 1111 have don't care
outputs. outputs.
S=0,T=A,U=B,V=C,W=0,X=D,Y=0, §=0,T=0,U=BD+BC+4,

Z=D

V=BCD+BCD'+A, W=BCD'+ BCD,
X=BCD+BD'Y=BCD+ BCD'+A4,Z=1
Notice that the sign bit X, of the 4-bit number is

extended to the leftmost full adder as well.

A A R (N
| C c, c, Cy
Cy=] FA. FA. |« FA. |« FA. FA. k0
t 1 ; I t ot tt t
¥ 3 nL X nox Yo Xo
X3
XY | Sum Cout
R T
10 1 0 Y J__ out )
11] 0 1 |
S5 Sy Sy 8o |
C. C,
HA | 2 H.AT._CJL HA | 2] HA
Sl S |
X3 %0 %4 Xo
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Unit 5 Problem Solutions

5.3 (a) 53(b) 53 () 5.3 (d)
a . d r X
b < o 1 e f C. 1 5 t 0 1 Yy z 0 1
00 [;J cc ifdiD oc | L1 00| O l;J
01 ) SRy o1 |1 o1|lm| ¢
11 11 111 11 | {T 1]
10 [(@0D 1c m e @ 10 L_@l
fl = ac+abe+bc 2 = d'¢' +d'f+ ef* £3=r+t fA=x7z+y+xz
5.4 (a) 5.4 (b) 5.4 (c)
A B AB A B
coD cC_ 01 11 10 cD €0 €1 11 10 CD 00 Cl 11 10
001 1 [1__1] Ll__ 00 ll 1M 1] oc|1{1}1]1
01 o 01 1 01170 (’o“ 11 @T
111D M T 11T il 11| 1 LQJ 101
10 7\ |'1 \J [1“ wlalt i Lq_ icl1y1fl1|1

F=BD+BCD+ABC+ABCD+BD'

5.5(a) See FLD p. 630 for solution.

F=D+BC+AB

F = (A+B+D)(B+C+D"

5.5 (b) C1Cy '
X1X2 N_0C_ 01 11 1C
ccle|lol@lc
Z = CiX X+ CiXXp + GOX{Xy + CX o+ CIC2%5
c1 Nl o] ¢ ' v
i) o || e {Z = CiX g+ CiXX5 + QOXX5 + CR o+ GGy
el ol ¢ Z = CiX X+ CiXX5 + GOX[X5 + CX Ko+ GX Xy
5.6 (a) AB 36 (b) AB
cD €o ¢i 11 10 cD 0C_01 11 1C
oo | M, [;J* co |l o] o |[2¥]
01U 1), ct|lc|@TM, ¢
11 11D al 11 E Wl J|c
L= o eyl o |
F=ABC+AD+BCD+ABD +BCD' F = AC+BD +BD+AD
Alt F= ABC+AD+BCD+ABD +ABC Al: F = AC+BD +BD+ AB

A (¥) indicates a minterm that makes the
corresponding prime implicant essential.

AD —m,, AB'C'—m, B'CD—m, ;ABD'—m,,

(*) Indicates a minterm that makes the
corresponding prime implicant essential,

- t . \l \
BD—m , orm g ; A'C—m,, BD'>m, orm,,
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5.6 () A B 5.7 (a) A B

) CC_01 11 10 cro 00 01 11 1c
(@D ' i} [
L ce W) 1 a7
o1 x| ¢ | o |lx c1
x|l cjoll, 1D
10 |[X ﬂ 0 |liu em 0]
F = AD'+ B +CD' F = ACD'+ACD+BCD'+ABCD +ABD
(*) Indicates a minterm that makes the Alt F = ACD'+ACD+BCD' + ABCD +ABC

corresponding prime implicant essential,

C'D'—rmu; A‘D'——»ms; B‘—-)m“J orm,

5.7 (b) 5.7 (c) 5.7 (d)
A B AB AB
cCD CC 01 11 1c cD 00 €1 11 10 cD CO €1 11 10
co D oc:1)oL1: - 00jlojclx|o
c1 |1 or| o |@D]| o o1 |fx ] 1T17] x)
11 ] |x m 11 0 rI] c ﬁ‘| 11 [1 1 X1
10 {1 t}jJ 10] 0 u f 1000} c|la]a
F=AB+ACD+ABC  F=BCD +ABC+ABC+BCD + AD' F=D+AC
5.8 (a)
. AB , A B
cD 00 Cl 11 10 ¢ D 00 C1 11 10
00 F)] B o )] oc| o m clo
onlld[1]1]: o1{o ||t
N{FEIR 0 : m|xlxixio
wf1lldlx|1 10D o | x [
E=(CHDHBHCHA+B+EIAC+D) F=ABE+ACD+BCD
5.8 (b)
A B AB
cD 0C 01 1l 1C c D oc 01 11 1c
cc c! 11i(x
] cclcl@aa®| x
Cyrp CJ cL{Mto|o]c
111 lL_X, 1 11 XTXTT
Wl o 11107
! 1 iwcfx{ol|lx|c

F = (A'+C)(B+D) (B+D)(C'+ D) F - ABD4BCD +CD

Alt: F = (A+C)B+D)(B+D YB+C)
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1 1 C 5]
co
1 7 X 0
s 1 /1 : r F=(A'+B'+C+E)(A'+B+C +D)(A+B'+C+E)(B' +D+E)(A+C+D)(A'+C+
a Cl D+E)(A'+B' +C +E)
. 1 o 0 1
e X T ic 1
11
X 1 1 X
1 kil 1
10
1 1 [0] 1
B C
DE 00 . 01 11 10
1 c c
00
X X 0
¢ L c c
A Ol " f A | F=ACE+ACD+ADE+ABCD+CDE+ABCDE +BCE + ABD
7 = c ¢ /A Al: F = ACE+ACD+ADE+ABCD'+CDE+ABCDE +BCE + ABE'
11 AR -l
I 11/ 118D
c o ¢
10 /
s 0 /11|
5.9 () B C B C
DE 00 01 11 10 DE 00 01 11  1iC
' ] c c c
co |* -d 00 A Vi /
O 1 X 1 0 T 1
o | T T o ] N 7 c
a ¢ X 1 1A x|/ X 0
l/c ‘“9/ 1 1 /% c 1 ¢
11 11
) 1 1 ol 0 il b\ 0
1 i1 C 1 | 1) c c
10 / / 10 e a [t =

F=ACD+ABE+CDE+ABCD'+ABDE +BCE
F=(A'+B'+E)(A'+C +D+E)(C+D'+E")

(A+B+D'+E)(A+B+C)(B'+D+E") F=ACD+ABE+CDE+ABCE +ARCD+BDE
Altd F= ACD'+ABE+CDE+ABCD'+ABDE +BDE

F=ACD+ABE+CDE+ABCE +ABDE' +BDE
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5.10 (a) b e

S.10 (by b ¢
de co c1 11 10 e cC_ ¢l 11 ic
co / oc 4— ,/
1 d N 4 Z N1 7 <11
I N
Cl o1 ’Q
a A ] a 104
]/C 1 J/O // 1
1
1 - 11 yﬁﬂ
10 1C 4
] SV
- H : « ly» 23 et [/ 14
Essential prime implicants: C'D'E’ G, m, ) Prime implicants: ABDE, A'D'E', CD'E, A CE',
A'CE'(mN), ACE (m,), A'BDE (m) ACE, AB'C, BCE, C'D'E'. A'CD
511 B c 5.12 (a) A B
DE 00 01 11 10 CD 0C 01 11 1¢
0o |1 Tl 1 ] celel|f1)] o | lu
__\0 /| 1 L] e cifcilijjo| ¢
T ¢ 1 T
a 01 < v 5 %- 11 N )
1 1
0 N ¢ 1 Y oy
ollif 1 o|
F=ABD'+A'B+AC+CD
10 |SAELAXTZ F=[IMQ, 1,9, 12,13, 14)= (A+B + C+ D)
1 1 1 1 (A+B+C+DY(A'+B'+ C+D)
(A'+B'+C+D)(A'+B'+C' + D)
F=(A‘+B+C')(A‘+D’+E)(A+B‘+E‘)(A+C+E') (A'+B+C+DY
(A+tB+C+D)(A+B+C+D)(C+D+E)
Alt: F = (A'+B+C')(A'+D‘+E)Q\+B'+E') (A+C+E)
(A+B+C+D)(A+B+C+E)(C+D +F) 5.13 A B
cD 0C 01 11 1C
ce F_T
5.12 (b) AB allldadm
C D CC 01 11 10 | A
00 fl" c LlJ 0 11 W ]
|||ty e ld| o]
117 0 c 0 0 F=ACD+BCD+BC+AC
10] 0| ¢ m R Minterms My, 1y, m, my, m,, mw,wand m“can.be
i made don’t cares, individually, without changing
F' = ABC'+ABD +ACD the given expression. However, if m, orm,, is
- made a don’t care, the term BC'D or the term ACD'
S12(9 A B (respectively) is not needed in the expression.
cD CC 01 11 1¢
~co (c] 1l
alld]: |

11| 1 1 1 1

1011@1

F = (A+B+D)(A+B+C)(A+C+D)



5.14 (a) 5.14 (b) 5.14 (c) 5.14 (d) 5.14 (¢)

A D R A N
BC 02 EF c 1 ST C 1 BC C 1 PQ 0 1
00 U cc 1 oc [l ] @ cc W 00
01 m ci (1l 01 1 c1 o1 m
11 U 11 1 11 1 un @D 11 ﬂ LlJ
10 T 1ic T 1c T 10 LIJ
A 19 il
F'= AC+AC F2 = EF+DE+DF F=T+R F=BC+AC F=NP+NQ
514 () 5.15 (a) 5.15 (b) 5.15 (c) 5.15 (d)
X a D p s
Yz o 1 b c o1 EE 01 qr cC__ 1 tu 01
00 _17 0o |3 oc | ® cc | @D 00 |
o1 |la|m o1 |{CITD o1 |y | x c1 [’q o1 | fa}| x
11 0|1k 11 "1" 11| X 11 U m 11 1] x
] c 10 W 1c o ic I 0| g
F=Y+XZ+XZ f=ab+ab+be G = DEF+DFE' F =pr+qr+pq F=g¢
f=ab+ab+ac G = DEF+DF F =pq+prtqr
G = DEF+ET
5.15 () 5150 5.16 (a) 5.16 (c)
2 e f N c 1 AB AB
b ¢ 0 1 4 J CcD O 01 11 10 c D 00 Cl 11 10
00 L}J ce ((}‘ﬂ L 00 | (1) oc| 1 (o_ (C1] )
o1 | 1D ¢ lL 01|11 o1 1 {{{Q kIl @
11 m - X 111 M| 11l ]y
10| ) L;J 1c fx__l] |l WUTD wlifrla]
— ot v = d%e +f! N ]
F =ad+bc+ab g = de'+f 516(b) F = AB+CD'+ABC F = (B+C)(A+B+D)(A+C)(A+B+D)
F=ab+bc +ac
317 (a), () A B 5.17 (¢) A B
crC 00 01 131 1iC coD €O 01 11 10
K|
ccffTN|clo ool 11|70
(BT I ) ' o1 {1 |11z
i flr | 1fiecfo 0 I O o )
et | )| ¢ |aT UEELEE
F=A+CD+BCD F=(A+C+D)A+C+D)(A+B+D)

Alt: F = (A'+ C+D)(A'+C+D') (A+ B+ C)
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5.18 (a) CC.XX ]z
00001]0
0001140
0o10lo0
0011}1
0100|o0
01011
0110/ 1
0111}o0
1000(1
10011
101010
1011]1
110011
110110
1110]0
111111

5.19 (c)

A B
cCD CO €1 11 10
00 () X

o1 |1 |l

11 1

10

(L

F = ACD+AB+BCD

5.19 (b)

CcCD

5.18 (b) o C,
% X, £C_ 01 11 1cC
co it 1|1
ciilcjlr o1
11 ©| 111
10 1| @I
F = (Cr+ Cot X) (Cr+ X1+ Xp) (Cr+ G+ X+ X)
G+ O+ X+ X) (Cl+ X+ X ) (C1 + Gy + Xy)
5.19 (a)
A B
C D CC_ 01 11 1c
co m
c1 1) U
LD O
w1
S

F=ABC+BCD+A'C+ABD +ABRD

Alt F = ABC'+BCD+A'C+ABD +BCD

5.19 (d)
) W X
Y % 00 C1 11 1¢
oc] 1 lL 1
01 T T
{1} 1 X
1ic X {S{‘j

F=XY+WZ+YZ+WZ
J’F =XY+WY+WZ+WZ
Alf:

A B
00 Cl 11 10

o@D [aT

01
11 ¥ X
10§ [1

F = ACD' +B'CD' + A'BD'

Alt F = A'C'D'+BCD + A'B'C
5.19 (e)
AB
cD 0C 01 11 1¢
cc| ¢ Lx Tl 1]
calc|ofll] ¢
m|l@{o]lalc
ic| ¢ [1 “l‘l >q

F=ABCD+BD'+AD+AB

5.20 (a)
A B

cD CC 01 11 1c
co (1)

c1[@1T_1)

11[1‘_1_ 1

10

F=AD+ABC+CD+BD

F=xXYv+wy+wz+wx

5.20 (b)
A B

cD 0C 0l 11, 1C
celella|mle
calmdiolaT
1y c ({1 Thf ¢
e |G

F=BCD+CD'+BD'+BC+ABRB
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5.20 (c)
A B

CD 00 C1 11 10
oc | 1 e
01 ™
11 X
1T I 1T

[ |

F=BD'+CD+ACD



5.24 (b) A B

CD CC_ 01 11 10
00 FL] c LlJ 0
o || ¢ D
mjofetfol]o
101 0 [ ¢C [i] 0

5.258 A B
cD CC 01 11 10
00
01 P X | L Xl
11 Ll 1M x|
10 W
F=D+ABC

5.28 (a) B
C E]\ [of¢]

Cl 11 10

N
co .
T 1
l* *
Cl
A k3 %
1
g
11
1
1 1 1
10
1 1

(*) Indicates a minterm that makes the

corresponding prime implicant essential.

5.24 (¢)

5.26

5.27

5.28 (b)

A B

cr 0001 11 1C
CC(f:]lL(_IJl
alld|: |

1141 1 1 1

1c11(c]1

L

F = (A+B+D)(A+B+C)(A+C+D)

Prime implicants for f*: abc'e, ac'd', ab'e', a'ce,
b'c'de, c'd'e, a'd'e

Prime implicants for f: a'd'e', ace, a'ce', bde', abc,
bee', b'c'de, a'c'de, a'be'd, ab'de '

For F: b'c'de, a'ce, ab'e!, ac'd, abc'e, c'd'e, a'd'e

For G: ab'ce, a'bed, a'bde!, cde, b'de, a'b'c'd, a'c'e’

B C
DE cC Cl 11 1C

\ 1\
o BTN
L AT ny
1
01 Vd L
_LA 7 1 % ujl
VL
0 11 Z
1]
' 1]
1cC ~
] VAN

a'b'd, cd'e', be'd'e, bed!, ac'de’, ab'ee!, ab'de’, a'c'dle,

a‘b'd'—-»m", cd'e'—m,,; be'de—m,,, b'ed'—m, A a'bc'e, a'bc'd, be'de', a'bde’, a'bee'
5:29-(a) BT
D E 00 01 11 ic
1 e
00 A
b\ 1] 111
AL
A 01 /_
L ] | |
0 B
AT
11 / 4
1 1] Uy
1] Al X
10 | 4
i L

F=ABC+ABC+ABCD+CDE+ABD'+BCDE +A'CE

Alt: F = ABC+ABC'+ABCD+CDE +ABD +BCDE+ABE
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5.29 (b)

B C
DE cC €1 11  1i¢
i T I )
ot Z il F=ABCE+ABCD +BCDE+ABDE +ABDE+ACDE +
. : A'BDE + ABCE
A Ol .
1 2 L 4 F=ABCE+ABCD +BCDE+ABDE +ABDE+ACDE +
70 AU AT A a BCDE+ABCE
11
: 1] F=ABCE+ABCD'+BCDE+ABDE +ABDE+ACDE +
BCDE+ACDE
1c
5.30 B C 5.31 B C
DE 00 01 11 10 DE cC.C1 11 19
0 0 ¢
co 4 ce D
T 0 1 ¢ 1 1
o | ZT | 1
c1
1A = A ¢ lA i
0 0 c c 1 7%
11 11 I
0 0 1 1 X W
0 T ¢ 1 7171
10 ic
0 7 0 c A X
F = AR+ BCDE + BCD + BICDE! + ABCT) + ABCE + F ~ABCDE' + BC)' + ABDE' + AB'CE' + ACDE + ACDE
ADE
5.32 (a) W X
Yy z 00 0l 11 10
X ¢ I c
co
0 0 7 0
T i
c1 N
v 0 0 1
1
% 1 1 1 1
11
0 0 0 0
o c il
10
X 0. - noh;
F=v'xw/'z‘+m+2+wx'yz'+vwx ] '
5.32 (b) W X 5.33 (a) B C
© vz 0C__ 01 11 1c DN CO 01 11 10
1 ' d 1 o v 1 0
00 _ co
1 1 c 0 1 0 i
I 1 1 1 ; 0 g 1 1
1
l" X 0 1 1A 1 1 0 0
) 1 1 ZE e o q 1 1
11 A L1 /
0 7 s 1 017 0
@ 1 1 0 1 1
10 10
/x /o 1 1 1 0 /
F=(X+![+Z)£V+!['+Z')[V+X'+Z')[V+X'+!"] F=(C+D+E)(A‘+B)(A+B')(A+C'+D'+E')
Vit wtz) Alt: F = (C+D+E)(A+B)(A+B)(B+C+D+E) & v

35



5.33 (b) B C
D E CO . Cl 11 10
1 0 1
Co
1 o1}
WAl . e R o
a CL F=(C+D)Y(A+D+E)(B+C+E)(A+B+C+D)
) 1 1 1 q (A+C+E)(B+C+E)
/c L o] 1 1 N
C 1] t F=(C+D)(A+D+E)(A+B+C)(B+C+E)
LX / 7 0 /\\Q (A‘+B'+C’+D)(B+C‘+E)
0 1 C
10 17, i
1 o1
3.34 (a) w X
vy z co c1 11 10
i 1 1 C
co |
C| 1 1 1
0 1 @) 1 F = (v'+w‘+x'+y+z')(w+y'+z')(v+y’)(w+x+y)
s C1 (V+x+y+z)(WHx+y)
i c 1 1 1
7t 1 F = (V+WH Xy +2) (WHy+2) (VHY) W+ x+y)
11 / 0\ 0 / [¢ Alt: (V'+ W'+X+Z)(W'+X+y‘)
1 1 1 c F=(wtxty+z)(wHy+z)(v+y)(w+x+y)
10 >< (HwHR+Z ) (x+Hy'+2)
C 0 0 O ’
5.34 (b) B C 5.35 (a) A B
CE co c1 11 10 ¢ D 0C 01 11 1¢C
P 4 ce | M
Cco [1—
% Y o |
B cl L @l
Cl
a 0 /J 11'_q T
v
W T I o
X
0 b F=ACD+BCD+BC+AC
10. A 1 m,, m;,, orm;, change the minimum
1 .
- N AT ' V v sum ot products, removing A'C', BC'D,
F=(C+D+E)yA+C+D)(A'+B+C +D) or ACDY, respectively.
A+C+D)B+D +E)(A+C+E)
8.36.(2) N
A\ W X
5.35 (b) AB v z 00 01 11 1c
cCD , CC 01 11 10 00 A /
00 1 il
01 1 [1 L 1 01
o1 [( w v g > g
11 | 0L ' T
11
10 \L >
1
F=CD+BD+AR 10

Changing m, to a don't care removes C'D from the

solutior.
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X |T 1]

—+

F=vey+vwz +xyz+vwy +vwyzr +wxz
my mg Mgy

F = VXY +HVWZ +Hxyz+v Wiz + vwxy + w'y'z
F=vRy+vwzZ +xyz+vwxy +vwyz +wy'z
F=vxy+vwz+xyz+vwxz +vwyz + wyz
5.36 (b) V'WZ'm,; Xyz—m

. ]
i VXY'—m,



Unit 6 Problem Solutions

62() 0001v 1,5 0-01 a'cd 6.2 (b)

> oo 1.9 -00l bed 0 0000v 0,1 000-abe 1,3.57 0--1 a'd
9 v 01-1 abd > - able --1 a
12 iigé/ g’ ’1]1 12»1 abd | ooo1s 0,8 -000bed 537 W 6%
LS UM a 8 1000v 1,3  00-1v 6,7,14,15  -11- bo
7 0111v 12,14 11-0 abd' m L5 0-01v
11 1011v" 7,15 -111 bed ’ o &S T
14 1130v 11,15 1-11 acd g giié; ‘33’ ;0 éol‘ijbd
15 1111v’ 14,15 111- abe s -

10 1010v" 5,7 01-1v
Prime implicants: a’c'd, b'c'd, a'bd, ab'd, 7 o0111v 6,7  011-Y

abd', bed, acd, abe d4 1110v 6,14  -110v
15 1111v 10,14 1-10 acd

7,15 -111v

14,15 111-v

Prime implicants: a'b'e’, b'e'd’, ab'd', acd' a'd, be

6.3 (a) 1 57 9 11 12 14 15

L5 a'c'd

1,9  bled I l
57 abd f=abd' +a'cd + ab'd + bed
9,11 abd f=abd' +b'c'd + a'bd + acd

12,14 abd'
7,15  bed

X

11,15 acd %
14,15 abe

6.3 (b) 0 1 3 5 6 7 8 10 14 15

1,3,5,7 a'd

6,7,14,15 be & & f=a'd+bc+able+abd
0,1 a'b'e’ ' f=a'd + bc + b'e'd + ab'd’

0,8 b'e'd' ;( f=a’d+ be + bc’d + acd’
8,10 abd' I-—I '
10, 14 acd'
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6.4

1 o0001v }1,3 00-1v 1,3,5,7 0--1 a'd
2 o0010v |1,5 0-01v 1537 —
4 pio00v 11,9 -001vY 1,5,9,13 --01 c'd
3 oo011v }2,3 001-v 155513 —F
5 0101v |2,6 0-10v 2,3,6,7 0-1- a%c
6 0110v |2,10 -010 bed. |2:6:37 —i—
9 1001v |4,5 010-v 4,5,6,7 01-- a'b  Prime implicants: b'cd’, a'd, ¢'d, a'c, a', bc',
10 1010v |4,6 01-0v 4,5,12,13 -10- bd pd
12 1100v 4,12 ~100v 4657 ot—
7 o111v |3,7 0-11v 442513 —36—
13 1101v |5,7 01-1v 5,7,13,15 -1-1 bd
15 1111v |5,13 -101v 5-135F15 —-+—%
6,7 011-v
9,13 1-01v
12,13 110-v
7,15 -111iv
13,15 11-1v
13,15 11-1v
1 3 4 5 6 7 10 12 13
1,3,5,7 a'd ¢
1,5,9,13 c'd 1 ](
2,3,6,7 ac j=_b___+ bled' +a'd + a'b
4,5,6,7 a'b f=be +bled' +cd+a'e
4,5,12,13 be Ter: S=bc'+b'ed' +a'c+a'd
5,7,13,15 bd ]( )[
2,10 b'ed' ®
6.5 1 ooo1v |1,5 o©-01v 1,5,9,13 --01 cd
4 01i00v {1,9 -001v 9533 —0%
8 1000v |4,5 010-v 4,5,12,13 -10- be'
5 o0101v 4,12 -100v 412513 R
9 1001v |8,9 100~v 5,7,13,15 -1-1 bd
12 1100v |8,12 1-00v 53K % .. o , ,
T o111v |5.7 01-17 8.9 12.13 1-0- ac Prime implicants: ¢d, be', bd, ac', ad, ab
11 1011v |5,13 ~101v 812,513 36—
13 131037 19, 11 10-31v 9, 11,1315 —1——31 ad
14 1110v 9,13 1-01v 91315 =3
15 1111v (12,13 110-v 12,13,14,15 11-- ab
12,14 11-0v 1241315 33—
7,15 -111v
11,15 1-11v
13,15 11-1v
14,15 111-v
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65m» 9 12 13 15
(contd) Pl (1,5,9,13) od | x X
P2 (4,5,12,13) be' X x
P3 (5,7,13,15) bd X X
P4 (8,9,12,13)  ac X X X
P5 (9,11,13,15) ad X X X
P6 (12,13, 14,15) ab X X
GV+P4+Rﬂ07+P4+P®&%#f?*?f#ﬁbﬁ%ﬁfﬁﬂ%+P5+Rﬁ
= (P4 + PIP2 + P1P6 + P2P5 + P5P6) (P3 + P5 + Po)
=P3P4 + P4P5 + P4P6 + P1P2P3 + PIP2PRS + PIR2Dg + pIpspe
+ PIPSP6 + P1P6 + P2P3PS + P2P5 + P2P5P6 + P3PSP6 + P5P6 = |
F = (AC' + BD) or (AD + BC") or (AD +AC) or (AB + AD) or (4B +ACY) or (4B + C'D)
P4 P3 PS P2 PS5 P4 P6 Ps P6 P4 P6 Pl
6.6 (a) AB ap E=0 ap E=
c D CO 01 11 10 ¢t 60 €1 11 1¢C ¢ p CC 0l 11 10
00l 1|1 oc | (T_ co (X—_X]
01| E | 1 1 01 1 m c1 {1_1} X
11 11E|x 11 |1 LYJ 11 XD
10 X ic & : 10 X
F:MSD+W51 =A4B+A4C'D' + MSO= A’C'D"‘“A'B“‘AB’D MS. = A'C* + ACD {
ABD + E (4'C" + ACD) MS, = A'C' + BCD
or E (4'C' + BCD) '
6.6 (b) AB ap E=F=G=0 Ap ETLF=G=0
’ CcD CO 01 11 10 cD CO 01 11 10 C'D 00 Ci 11 10
00§ 1 F|E 00 { M oc "X} [1—
o1l xlac|1l|x 01} |x m | x 01 _yJ X @
11 1 X 1 % XTI AT %
10{ x| E| x 10| & X ekl ylx
MSy= AB'+ABD MS;= BC'+AC .
MS;= BC'+BC
A B F=LE=G=0 AB G=LE=F=0 _
cD CO 01 11 10 ¢CD 0C 01 11 1¢ o S
0o | x . el = Z=AB'+ABD +E (BC' + A'C) +

F (4B) + G (AD)

01| % x| x c1[‘x—-qxx '

11 x| x|Ix lllL_YJX
X

10| % ) ic

X

MS,~ AB MS, =A'D or C'D or BD
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6.7(@) o 0000v 0.4 0-00 acd 6.7 (b)
4 0100v 14,5 010- abe 2 o0010v |26 0-10aed |4,512,13 -10- be'
3 0011v 3,7 0-11 a'ed 4 0100V 2, 10 -010 bled' 4’ 12’ 5,}3 -t
5 0101v |3,11 -011 bled 5 o0101v [4,5 010-v 9,11,13,15 1--1 ad
2 1001v 157 01-1 abd 6 0110V 4,6 01-0abd |$B:4-t5 +—=
7 0111‘/ 5,13 -101 bc'd 9 1001{ 4:' 12 __100‘/
11 1011v |9,11 10-1 abd 10 1010v [513 -101¥
13 1101v 19,13 1-01 acd 12 11007 9,11 10-1v
1 1011v |9,13 1-01v

Prime implicants: a‘cd’, a’be’, a’ed, 13 1101v [10,11 101- abc
b'ed, a'bd, be'd, ab'd, ac'd 15 11117 |12,13 110-¥

11,15 1-11v

13,15 11-1v

Prime implicants: ad, be', a'ed’, b'ed’, a'bd’, ab'c

6.8 (a) 0 3 4 5 7 9 11 13
0,4 acd ®——1
4,5 a'be!
3,7 a'cd f=a'cd +a'ed +ab'd + bc'd
3,11 bed I l X [=a’e'd' + ac'd + a'bd + b'ed
5,7 a'bd
5,13  bed )
9,11 abd k l
9,13  acd I
6.8 (b) 2 4 56 9 10 11 12 13 15
2,6 ol B f=bc'+.ad + a'ed + bled’
2,10 bed X f=bc'+ad + aled' + ab'e
4,6 a'bd' * 1 J=bc"+ad+a'bd + b'ed’
10, 11 ab'c X
4,5,12,13 be *—6 & I
9,11,13,15 ad & K
69() 1 og001v |1,3 o00-1v 1,3,9,11 -0-1 bd
2 o010v |1,9 -001v 5354t %
4  0100v 12,3 001-v 2,3,10,11 -01- be
3 0011 {2,10 -g0lov 5163 —83—
9 1001v 4,12 -100bcd [3,7,11,15 —-11 cd
10 1010v }3,7 0-11v TR —ix Prime implicants: be'd’, b'd, b'c, ed, ad, ac, ab
12 1100v |3,11 -011v 9,11,13,15 1--1 ad
7 o0111v |9,11 10-1v 9134315 +—%
11 1011v (9,13 1-01v 10,11, 14,15 1-1- ac
13 1101v {10,11 101-v S 3
14 1110v 10,14 1-10v 12,13,14,15 11-- ab
15 1111v {12,13 110-v 24315 H—
12,14 11-0v
7,15 -111v
11,15 1-11v
13,15 11-1v
14,15 111-v
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6.9 (a) 2 3 47 91112 13 14
(contd) 4, 12 be'd' ® —y
1,3,9,11 b'd f=be+bed + cd+ bd + ab
2,3,10, 11 b'c & S=blc+be'd + cd + ad + ab
3,7,11, 15 cd 6 S=ble+bcd +¢d+ad+ac
9,11,13,15 ad 3
10,11,14,15 ac l I
12,13,14,15 ab A
69M 0 oooov |0,1  o0po-v 0,1,8,9 -00- b'¢
1 o0001v {0,8 ~000v 6819 86—
8 1000v [1,5 0-01v 1,5,9,13 --01 ¢'d
5 0101v |1,9 -001v 55513 —61—
6 o0110v |89 100-v 8,9,10,11 10-- ab’
9 1001v [8,10 10-0v 81694 16— Prime implicants: a'bd, a'be, b'c’, ¢'d, ab’, ac’
10 1010v [8,12 1-pov 8,9,12,13  1-0- ac
12 1100v [5,7 01-1 abd |842:943 3—o—
7 0111v |5,13 -101v
11 1011v |6,7 011- abe
13 1101v |9,11 10-1v
9,13 1-01v
10,11 101-v
12,13 110-v
01 56 8 9 11 13
5,7 a'bd
6,7 a'be ® Sf=abc +be' +ab'+ c'd
0,1,8,9 b ®
1,5,9,13 «c4d l
8,9,10,11 ab -®
8,9,12,13 ac¢ '

6.9(c) f=ab+bc+abc'+bd+ed 6.10

£ 1y ) 4 i 2N I By vl b 1
J=aotoctabcvad+d

Prime implicants: abe’, be'd, a'bd, b'ed, a'c, a’b'd’

f=ab+bc+ab'e'+ad+a'e J=abe'+ b'ed + a'c + a'b'd'+ a'bd

S=abc'+ bled + a'c + a'b'd'+ be'd
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6.11 0 00000¥ |0,2  000-0v 0,2,4,6 00--0v 0,2,4,6,8,10,12,14 0---0 A'E'
2 00010v |0,4 00-00v 0,2,8,10 0-0-0v 6,2 816,462, 14 66—
4 00100V |0,8 0-000v 0,2,16,18 ~00-0 B'CE'| 6:4;8;12;2,6;160,14 6—¢
8 01000v |0,16 -0000V 6426 e0—=e
16 10000v |2,6 00-10v 0,4,8 12 0--00v
6 00110v {2,110 o0-010v 682310 666
9 01001v |2,18 -0010v 68412 o066
10 01010v |4,6 001-0v 16,218 —66—6
12 01100v [4,12 0-100v 2,6,10,14 o0--10v
18 10010v |8,9 0100~ 216614  6—16
7 o00111v |8,10 o10-0v 4,6,12,14 0-1-0v
11 01011v |8,12 0Q1-00v 12614 6
13 01101v 16,18 100-0v 8,9,10,11 010-- ABC'

14 01110v }6,7 0011~ A'B'CD|8,9,12,13 01-0- ABD
19 10011v }6,14 o0-110v 816; 91 66— :
21 10101v |9,11 010-1v 8,10,12,14 01--0v
29 11101v 19,13 (01-01v 812913 66—
30 11110v [10,11 0101-v 812164 01—0

10,14 01-10v

12,13 o0110-v

12,14 o11-ov

18,19 1001~ AR'C'D

13,29 -1101 BCDE

14,30 -1110 BCDE'

21,29 1-101 ACDE

0 2 6 7 8 10 11 12 13 14 16 18 19 29 30

6,7 AB'CD &
18, 19 AB'CD r@
13,29 BCDE
14,30 BCDE' R
21,29 ACDE
0,2, 16,18 BCE' R
8,9,10,11 ABC' —Q
8,9 12,13 ABD I
0,2,4,6,8,10,12,14 AR X *

F=BCDE'+ ABCD +B'CE'+ A'BC'+ A'B'CD + BCDE + AE'

)

l

t
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612(a)

00000v |0,1 0000-v 0,1,2,3 000~—v 0,1,2,3,89,10,11 0-0-- A'CY

1 oo0001v |0,2 000-0v 0,1,8,9 0-00-v 65852510 o—o—
2 oo0010v |0,8 0-000v 6213 86— 627810539 H  o—o—
8 01000v |1,3 000-1v 0,2,8, 10 0-0-0v
3 00011v |1,9 0-001v 6;:8:1;9 —06—
6 00110v |1,17 -0001v 0821 6—6-6
9 01001v 2,3 0001-v 1,3,9,11 0-0-1v
10 01010v |2,6 00-10 ABDE'| 5934+ 6~6—t
17 10001v |2,10 0-010v 1,9,17,25 --001 C'DE
20 10100v |8,9 0100-v 17925 —00%
11 01011v |8,10 o010-0v 2,3,10,11 o0-01-v
21 10101v 3,11 o0-011v 2167313 6—-01—
25 11001v [9,11 o010-1v 8,9,10,11 010~-v
28 11100v 19,25 -1001v 8-16;9 1 616—
23 10111v 110,11 0101-v
30_11110v |17,21 10-01 ABDE
31 11111v [17,25 1-001v

20,21 1010~ ABCD

20,28 1-100 ACDE

21,23 101-1 AB'CE

28,30 111-0 ABCE'

23,31 1-111 ACDE

30,31 1111- ABCD

0 1 2 3 6 8 9 10 11 17 20 21 23 25 28 30 31

2,6 ABDE' —)
17,21 ABDE ¥ X
20,21 AB'CD' 4
20,28 ACDE' L N
21,23 AB'CE J
28,30 ABCE'
23,31 ACDE ,
30,31 ABCD
1,9,17,25 CDE —_—
0,1,2,3,8,9,10,11 A'C' ®—I——JH—I—-®—®

J=A'C'+ CDE + A'B'DE' + ACDE + ABCE' + ABCD'

—_ /ali my; 40
F=AC+CDE+AB

[/ nYrlSNNNY VakaY:nll

Ay

FEoV=1-N

ABDE'

S=BD + CDE' + A'BCE + AB'D'E + AB'CD' +

BCDE’

D+ ACDE+ABCE <+

6.12(b) f=BD + CDE'+ A'BCE + AB'C'D' +B'CD'E +

ADCLD

6.13 F=BD'+ABD +A'B+A'C' + BC'
F=BD'+ABD +AB+AC' +CD
F=BD'"+AB'D+AB+CD+AD'

Prime implicants: ace, cd'e, b'ce, a'ce’, a'b'c, a'ed’,
a'b'de, c'de’, a'd'e’

Essential prime implicants are underlined:
F=gce +c'd'e'+ a'ce’ + a'b'de + a'ed'
F=gce +clde' +ake' +abde + cde

43



6.15

1 000001V 1,3 0000-1v 1,3,17,19 0-00-1 A'CDF
2 000010V 1,17 0-0001v 17319 60—

16 010000V 2,3 00001-v 2,3,18,19 0-001- A'CDE
32 100000V 2,18 (0-0010v 218315 666

3 000011v 16,17 01000-v 16,17,18,19 0100-- A'BCD'
17 010001 16,18 (0100-0v 1618115 6366—

18 010010V 16,48 -10000 BCDEF

48 110000v 32,48 1-0000 ACDEF

19 010011V 13,19  0-0011v

26 0110107 17,19 o0100-1v

28 011100v 18,19 01001-v

15 001111 A'B'CDEF {18.26 01-010 ABD'EF

29 011101v 26,30 011-10 A'BCEF

30 0111107 28,29 01110~ ABCDE

39 100111 AB'C'DEF |28,30 0111-0 A'BCDF'

63 111111 ABCDEF

1 2 3 16 17 18 19 26 32 39 48 63
15 A'B'CDEF
39 AB'C'DEF ®
63 ABCDEF ®
16, 48 BCDETF ] (
32,48 ACDET ®——~—-I
18,26 A'BDEF
26, 30 A'BCEF ©
28,29 A'BCDE'
28,30 A'BCDF'
1,3,17,19 A'CDF & )
2,3,18,19 A'CDE & l\
16,17, 18,19 A'BCD'

6.15 (@) G =AB'C'DEF + ABCDEF + A'CDF + A'C'D'E +AC'DE'F' +A'BC'D' +A'BD'EF"
G = AB'CDEF + ABCDEF + A'CDF + A'C'D'E +AC'D'E'F' +A'BC'D' + A'BCEF*

6.15 (b) Essential prime implicants are underlined in 6.15 (a).

6.15 (c) If there were no don't cares, prime implicants 15, (26, 30), (28, 29), and (28, 30) are omitted. There is only one
minimum solution. Same as (a), except delete the second equation.

+

6.16 (a) Prime implicants: ABD'EF, ABC'D'F, AB'CDE'F, G = BCEF + ABCDEF' + A'BCDE'F' + A'BDEF +
ACDEF, A'BCDE'F', BCEF, A'BDEF, BCDEF + ABDEF + ACD'EF
BCD'E'F, ABCD'E, ABD'EF', AB'CEF", G = BCEF + AB'CDE'F' + A'BCDE'F' + A'BDEF +
A'B'CDEF' BC'DE'F + ABDEF + ABCD'E
G = BCEF + AB'CDE'F' + A'BCDE'F' + A'BDEF +
BCDE'F + ABCD'F + ACDEF
G = BCEF + AB'CDE'F' + A'BCDE'F' + A'BDEF +
BC'DE'F + ABCD'F + AB'CD'E
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6.16 (b)

6.17

6.18 (a)

6.19 (a)

Essential prime implicants are underlined in
6.16(a).

Prime implicants: 4C, AD", AB, CD,BD,AD

Minimum solutions: (4D’ + CD); (AD' + BD);
(4B + BD); (AB + CD); (AB + A'D)

A B
0C_01 11 1¢

ce [fm 4]

CD

Cl

-

[
F=ACD + BCD' +AD'+E@BC + BD)
MS MS,

0 1

@

11

1Cifx

Each minterm of the four variables A,B,C D
expands to two minterms of the five variables A B
C, D, E. For example, m L(AB,C.D)=ABCD
=ABCDE' + ABCD'E

=myA.B,C.D.E) + m(AB,C,DE)
B C
D E 00 01 11 10
Cco L
1 X 1
A
c1
1’* /1 X o
2 P 71 y
WA 1 ol |
1o & byt /
/ / A1

6.16 (c)

6.18 (b)

6.19 (b)

6.20

If there are no don’t cares, the prime implicants are:

ABDEF, ABC'D'F, AB'CDE'F", ACD'EF.
A'BCDE'F', BCEF, ABDEF, BC'D'E'F

G = BCEF + AB'CDE'F’ + ACD'EF + ABCDEF"
+A'BDEF + BCD'E'F + ABC'D'F

G = BCEF + AB'CDE'F' + ACD'EF + A'BCDE'F"
+A'BDEF + BC'D'E'F + ABD'EF

A B
CoO 01 11 10

lG (x]] E)

01 ] T XIDT

cD

11 % E |

10 | { DI X F

Z=IC'D +A'CD ’|+E@C' +B'D) +F£CD') + G[A ’C'r)
MS MS, MS MS

0

Prime implicants: A'C'D’, A'B, ABD, A ‘CE, ACDE,
BCDE, BC'DE

F=4CD"+AB +ABD + A'CE + ACDE
F=4CD'+ AB+ AB'D + A'C'E + BCDE

CcD .
6C 01 11 1¢

lO~—7ﬂ i

* This square contains 1 + B, which reduces to 1.

F=ACD+AB+ABD+ACE+BCDE
F=ACD+AB+ABD+ACE+ACDE

G=CEF+DEF+A4 LQF’Q +B G;Fg
MS MS, S,

0



7.1 ()

7.1 (b)

7.2 (2)

Unit 7 Problem Solutions

ab
c d cCC 01 11 10
00 O LlJ o} u

010c0L1J

nomoo
100@0[1]

f=abd+abc+abec+abd

Sum of products solution requires 5
gates, 16 inputs

oo@l'ﬂl

oL {01t Q11

11110 1 (0 0

wo{ld| 1 |lo]1

f=(@+bYa+b)@atc+d)(b+c+d)
f=(@+bY@+b)b+c+d)b+c+d)
f=@+b)Y@@a+b)@a+c+d)@+c+d)
f=(@+b)@a+b)®+c+d)@+c+d)
Product of sums solution requires 5 gates,

14 inputs, so product of sums solution is
minimum.

Beginning with the minimum sum of products Beginning with a minimum product of sums

solution, we can pet

f=ab(c+d)+ab (¢ +d)

5 gates, 12 inputs

So sum of products solution is minimurm.

ACD + ADE' + BE' + BC!'+ AD'E'
=E'"(AD +B) + ADE'+ C' (AD + B)

F=(AD +B) (E + C) + ADE'
*NG 2 4

2

solution, we can get
f=(a+b)(a +b")(d+ac'+ac)
2 772

2 2 4

6 gates, 14 inputs

7.2({) AE + BDE + BCE + BCFG + BDFG + AFG
=AE + AFG + BE (C + D) + BFG (C + D)

F=E+FG[A+B(C+D)]

2 2
2 2

Zs

2
4 levels, 6 gates, 13 inputs

0

4 levels, 6 gates, 12 inputs
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13 F{a b c,dn=a'bd +ac'dord (a'b + ac) =d(a+b)(a'+c")
You can obtain this equation in the product of sums form using a Karnaugh map, as shown below:

AND-OR NAND-NAND OR-NAND NOR-OR
a’'— a'— a a
= o i ;
=D e 2 F
a— a ' a’ ‘ a’
c'— ¢’ — .
- =l 2D 2
F=a'bd+ac'd (F)'=[(a'bd)'(ac'd)’]' F)'=[(a+b'+dYa'+c+d)]' (F)'=(a+b'+d)'+(a'+c+d")’
F)'=[(a’bd+ac'd)']’
~ OR-AND NOR-NOR AND-NOR NAND-AND
a' a' a - a —]
Dl = =
SID=IDE N o PO R )or
[ [
d d d d
=d(a+b)(a"+c’) (F)'=[d"+(a+b)"+(a'+c)]’ (F)'=[d"+a'b"+ac]’ (F)'=d(a'b))'(ac)’
(F)'=[[d(a+b)(a'+c))"]’
A B A B
cD CC_0l1 11 10 crC 00 01 11 1¢C
oololclol|o cclimylolo] ¢
01] 0 m 1D Ci{icl 14111
111 0 Lﬂ 0| o mjct| 1 | TT0
wlo|lcjofo 1w ifgT o € cr
F=ACD+ABD = (A+B)D)A+C)
74 F{4,B,C D)=3% m5,10,11, 12,13) F=ABC'+BCD +AB'C =BC' (A +D)+AB'C
A B F=BC'(A+D)+AB'C
cD CO 01 11 10 0 >1/3
15285 15, € T O 3
orjo (T (@] o 2
] nlolclo m 4 gates, 10 inputs
w 1w0{o|lcl|o LlJ

A’
F=BCD+ABC+ABC D' —{DOB‘—-%
c
, _)mF
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73

AoR /TR

LIl Ll

F( b c,dn=abd+acdord (@'b+ac’)=d(@+b)(@+c)
You can obtain this equation in the product of sums form using a Kamaugh map, as shown below:

AND-OR

F=a'bd+ac'd
(F)'=[(@bd+acd)]

!

!

c

=D
d

F=d(a+b)(a'+c!)

OR-AND

[ )F

o R

o

(F)'=[{{d(a+b)(@'+c)) T’

A

00
01
11

10

7.4

B
CC 01

11 10

Q C

0 ¢}

° 10

gD

o |W

0 0

¢] C

0 0

F=ACD+ABD

D
D

F)'=[(@'bd)'(acd) ]

NAND-NAND

NOR-NOR

C

d!

A

ccC

c1

11

ic

(F)'=[d"+(a+b)'+(a'+c")']'

OR-NAND NOR-OR

i) ;
a a'
C

(F)'={(a+b'+d}a'+c+d")]' F)'=(a+b'+d) +(a'+c+d)'

AND-NOR NAND-AND
a1 a—
c —] ¢ - _
] F D
[
d’ d

(F)'={d+a'b"+ac]’ (F)'=d(a'b)'(ac)"

B

00 01 11 -1iC
Tyl o | o c] ’
et 11]12
clr 10
il ol lc

F=(A+B){@D)A+C)

F{4,B,C D)= m,10,11, 12,13)

F=ABC'+BCD +AB'C=BC' (A+D)+AB'C

A B F=BC'( A+D)+ABC
CcD cCo0 01 11 10

00 0 C 0

orto (@l o 2

11lolcto m ‘ 4 gates, 10 inputs

wloflcloll

F=BCD+ABC+ABC

SO
B
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7.5

AB ‘ Z=(A+C+D)(A' +B'CD)

celCTo | m| 1

Cli{ 1|1 0 c

1] 1| eyl 2

w| || c

2

4 gates, 10 inputs

3

Z= (A+C+D)(A+D)(A+C) A+ B) g
D A’ ;
A
C
D
7.6  Z=ABC+AD+CD' B
=A(BC +D)+CD' Jo—
g B
4 -
Bs:
=Y
D"'—]
7.7 Z =AE +BDE + BCEF
=E(A+BD +BCF)
=E[A+B D +CF)]
1.8 For the solutipn to 7.8, see FLD P, 633
7.9 A B ' A B
cD CC 01 11 10 CD N\ 00 CL 11 1¢
00 oc L_ﬂ
01 m rl'—_l‘ 01 m
11 m Ll 11 hJ
10 ™D ic —q O )
FI=ACD +AD+ABD F2=AD'+ABD+ACD
6 gates
7'10 .f;(A:BaCaD)=Zm(3’4:6:9’ 11)
fz(A,B,C,D)=Zm(2,4,8, 10,11, 12)
5, 4,B,C,D)=3m(3,6,7,10, 11)
A B o A B A B
cD CC 0L 11 .1C cD Co_01 11 10 c b 00 €1 11 10
co W 00 DD oc
c m o1 01
1D L@: 1 A 1M @:
10 rl] 101 I 1c W m

Fil=ABD+BCD+ABD

F2=ABC+BCD'+BCD'+ACD
F2=ABC+BCD +BCD'+ABD'
11 gates
48
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7.11 A

Fl=(A+C)(A+DB)(A4B+CXA+B+C"H

Cl

11

10

1

1

i

¢

B

7.12 B
cD €O 01 11 10
00 m @_OJ 1
oL ng 1t
N N O R A |
10| 1 1

7.13 (a) Using F = (F")' from Equations (7-23(b)), p. 194:

[

)

F1 = (A+B+CYB“+D)

cC

D

Cl

11

ic

B
ocC 01 11 1c¢
i(o 1
119l
(A
eld|: ]l

F2 = (B4+C+DYA+B'+CYA+CHABC)

F2 = (A+B+D)Y A'+B4CYA+CYA+B+C")

8 gates
A B

CC 01 11 1ic¢
co m I @™
Cl LQJ 1 \Q_| €
11 ] 1 1 1 1
100( 11411}

F2 = (A+B+CYB+C+DYA+C)
9 gates

AB

D CO €1 11 10
00 | TG 0l 1
01 to___g 1|1
11 —q 1)1 (U‘
0l gl1]1 @_

F3 =(B+C+D)(A+CYB+C")

J, = [(ABD)" (ABD)" (ABCY)" (B'C)J'; f, = [C" (ABD)']'; f, = [(BC)' (AB'C)' (ABD)']'

A’
3
D...

DS

D

¢

D2

-
iDL
B

\

7.13 (b) Using F = (F")' from Equations derived in problem 7.12:
£=[(A+B+Cy+@ +D)]
f,=[(A+B+C)+ (@B +C+D) +(A'+C)]"
f,=[B"+C+D)y+A+CYy+B+C)Y'

[@3e~1N

14

(willee]

A A Ay s

~
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7.14 (b) Beginning with the sum of products solution, we

cd CC_01 11 10 get
co [5| Bilemin f=ab+ab'+d'(ac+ach
=ad'b+tab +d@+c)fa+tc—
o [En ! m ' 6 gates, 14 inputs
11 M 1 UEU 1
But, beginning with the product of sums solution
010 1D I-OJ L above, we get
=fa+b+tcd)(@+b+cd)—S5gates, 12
f={(@+b+c)@a+rb+d)(@+b+d)@+b+c) I= /{ / 8

inputs, which is minimum
5 gates, 16 inputs

andf'=a'b + ab' + b'ed' + ac'd’
f=ab+ab' +a'ed + bc'd'

(two other minimun solutions) ' 2
5 gates, 14 inputs minimal : b
, . - F
a— ¢
Z}CD L
a’'—
¢ —
d'—
, F
a'—
b
T
b'—
7.15 (a) From K-maps: 7.15 (b) From K-maps:
F =a'c + be'd + ac'd — 4 gates, 11 inputs F =cd + ac + b'c'— 4 gates, 9 inputs
F=fa+b+c)(c+d (a+c)—4gates, 10 F=@®"+c¢)(a+c'+d) —3 gates, 7 inputs,
inputs, minimal minimal

O TR

)

)F
X

<%

-

. 8

vivl
g

7.15(¢) From K-maps: ‘ 7.15 (d) From K-maps:
F=ad+a'ed + bed F=a'b + ac + bd' — 4 gates, 9 inputs, minimal
=ad + a'ed' + a'bc — 4 gates, 11 inputs F=@+b@+c+d)@+b+c
F=(a+c)(a'+d) (a+b+d)—4gates, 10 =f(a+b)(@+c+d)((b+c+d — 4gates,
inputs, minimal 11 inputs
a a'—
c b —
a’ a —
) >
d:D- d ¢
a b —
d d'—
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7.16 (a) In this case, multi-level circuits do not improve the 7.16 (b) Too many variables to use a K-map; use algebra.

solution. From K-maps: Add ACE by consensus, thenuse X + XY =X
F =ABC'+ ACD + ABC + AC'D — 5 gates, 16
inputs, minimal KBQE + ABEF + ACD' + ABEG + XEQE +ACE
F=(@A'"+B+C)A+C+D)A’'+C'+D)
(A + B + C') — 5 gates, 16 inputs, also = ABEF + ACD' + ABEG + ACE
minimal '
Either answer is correct. F=ABE (F+G)+ AC (D' + E)
A
B
C'
A -
C_._4
b~ F
A'
B_—_
C—-
A’
Cl.—-
D
7.17 (a) TBCDTF ] F=IIM©,1,2,4,8)
0 10000140
1 10001 1{0
7.17 (b) AB F=(+C+D)(A+B+C)
2 /001010 CD 00,01 11 10 (A+B+D)B+C+D)
3 10011 |1 oo @@ | 1 | (] =(A+D+BC)YB +C +A4D) ot
4 1010010 =({A+C+BD}B+D+AC)or
s o101 1 SO EEE =(C+D+A4B)4+B +CD)
11f 1 1 1 1
6 011011 This solution has 5 gates, 12 inputs.
7 o111 {1 o) 1|11 Beginning with the sum of products
8 {1000}0 requires 6 gates.
911001 |1
10101011
11y1011 |1 Cﬂ%
T, e 4.
121110071 "4
B—L_/H
1311101 }1 ‘ c F
141110 {1 B D
1571111 |1 ' A -
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7.18 (a) F(w,-x,y,z) =x+y+z)x'+y+z)w

OR-AND NOR-NOR AND-NOR NAND-AND
x X X' x'—
’ ’ — —
, y = 27
x! x' x X —
o Py =D =D
z ,— z Z— Z — [
w w' w' w
From Kamaugh map: F = wxy + wxy' + wz
AND-OR NAND-NAND OR-NAND NOR-OR
W — W — wl’ w"
x x — x! x!
y - ¥ y Dl y
w— w—] w' ] w'
x— F xj~jO—jch x Dﬁ}F x F
| vy y ‘ Yy
W W w'’ w'
z - z— z' z'
718 (b) Fia,b,c,d)=Y m(4,5,8,9,13)
From Kmap:
F=a'be'+ ab'e' + be'd
F=a'bc'+ ab'e’' + ac'd
F=c'fatb)(@+b'+d
AND-OR NAND-NAND OR-NAND NOR-OR
a’ I al- a a
br bl_—( ’ bID—L b’
¢’ ' c'— c c
a — a —4 1 a' r ar
ST+ S e SO e F
[ C — 4 c
c' | ' c P
d d a—f d—l—
OR-AND ' NOR-NOR AND-NOR NAND-AND
a a a'— a—
b :D‘L b b'— b
ar a; a — a— ]
br f’ br 1‘ b ] F b'—*‘_})ﬂ F
d " ) d d— d
c < c !
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7.19 (a) x
y 2z 1
6ol 1|1
01| 1]1@©
il 1 1
10 €O

F=@+z)x+y+2z)

From Kmap:
F=@'+z)(x'+y+z)

r

N &

D
>

F = (B+C)(B+D)(A+C)(A+D)

719 (b) X
y z o 1 (x') x' ] x' x'
or _, r
oo | @D z Y= (Z) oy —
01 [ y’_l yv
, 5 — 2D =D
11D Z z' —
10yo0]c y y
Z — 7 —
F=yz+yZ+x¥y
F=yz+yz2 +xz
7.20 (a) Using OR and NOR gates:
A B
cbp CO 01 11 10 a—q a
oofMclo}lo b—o b _
S— s
ort|f1ll c 1o o c' ¢! s
ullarrrrTon| 4d-9 d
10 | {1} clolo
F = AB'+CD
7.20 (b)
e Using NOR-gates-enly: ; 57
cD cc 01 11 10 , ,
" ' ] a a
THE Dl
c c
| — -
01| 1 E_Lo 0 b . b S
o N I T T A d d
10| 1 [’c—roT'q a'D a
— d d



7.21 (a)

NAND gates:
F=D'+BC+A4B

(Refer to problem 5.4 for K-map)
NOR gates:
F=A+B'"+D)B+C+D)

7.21 (b) NAND gates:
F=a'bc'+acd + b'ed’
(Refer to problem 5.8(a) for K-map)
NOR gates:
F=@®'+ch(c'+d)@a+btc)@+c+d

7.21 (¢) NAND gates: 7.21 (d) NAND gates:

F=a'bd+ be'd' + ¢d F=ABCD'+ A'CE + C'DE + A'DE + ABCDE" +
(Refer to problem 5.8(b) for K-map) ACD +B'CE'+A'B'D
NOR gates: F=ABCD'+A'CE + C'DE + ADE + ABCDE' +
F=®+d®'+d)@+ec) ' +c) ACD +B'CE'+ ABE'
F=0b+d®'+d) (@ +c)(c'+d (Refer to problem 5.9(a) for K-map)

NOR gates:

7.21 (¢) NAND gates: = ' ' ' '
F=A'CD'+A'BE'+CDE+AB'C'D'+B'D'E+ABDE' F g, : g:}é) «{AEB C('A :g), J(:(ICT_,_BEJ; c'+D)
F=A'CD'+ABE'*‘CDE'*‘AB'C’E""‘ABCD"‘BDE (Ay+ C +D +E') (AI+BI+CI+EI)
F=A'CD'+A'BE'+CDE+AB'DE'+AB'C'E'+B'D'E
F=ACD'+4 'BE’+CDE+ABDE'+AB'CE+BCE 7.21 (f) NAND gates:

(Refer to problem 5.9(b) for K-map) F=CD+AB+AD +AB'C'

NOR gates: (Refer to problem 5.22(a) for K-map)

F = +C'+D+E)(C+D'+E)(/1'+B'+E) NOR gates:

(A+B+D'+E)(A+B+C)(B'+D+E) F=({+B+D)(A'+B"+D)(A'+CY)

7.21 (g) NAND gates:

[=xv"+wp' + wzt+ wz'

J=xy' +wp' + wx' + wz

S=xy' +wy' + yizt wz'

(Refer to problem 5.22(b) for K-map) ;

NOR gates: )

J=w+x'+tz) Wty +z)w+y+z)

J=w+x"+2) fw+y +z) (W +x'+y)

7.22 (a) B C 7.22 (b) f=(b'+d'+ae)(b+c'+de')(a+c+d)

I Co Cl 11 10
1 1 1 ’
co
0 1 IU— e’ b’
1 1 1 d'
At /ﬂ % 1 2
1 ! b F
I I 1 o A1 1/ [ S
1 {0] a
1 1 74N c
10 1 N d

=0+ +d B+ +e)(b’+d’+e)
fate+d)@+b'+d)
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723 AB
cD CO_01 11 10

001’0[0@

o1 | 1{leit 1} lg

1111 C 1 1

10] 1]1C [6—.61

f=@+d@+b+c)fa+b)
=(a+b)fa'+d(b+c)]
={a+b) @ +bd+cd

724 (a) Z =abelf+c'ef+def+gh
=ef(ab+c'+d) +gh

e
-

F =abde' +a'b'+ ¢
=(a+b')(a'+ bde') +c
=f(a+ b +c¢)fa +c+ bde))

7.25

a

bl

c
b’ F
d’ -
e a

4

Alternate: F = (a’+ b +¢) (b'+ ¢ + ade’)

7.27 (a) A B
rn\ oC 0l 11 1C

N

L T )

724 (b) Z=(a'+bte+f)(c'+a' + by +a' + b)(g+h)
=ja"+b+cd (e+f)](g+th

b4
z
h a
c b
e d
S
7.26 F=xyz + xvp'w’ + xvp’z’

= xyz + ' @+ W)

w |
Z — X

ole

co | W
c1 D
nta | |
10 [I]

F=BCD+BCD+ABD +ACD

F=BCD+BCD+ABD +ABD

Draw AND-OR circuit and replace all gates with
NAND:s.

1] 1 1 1

L]

© F=(B+C+D)(B+D)(A+D)(A+B+C)

©

101(0

Draw OR-AND circuit and replace all gates with
NORs. ‘
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7.27() F=B (4D +CD)+B'(AD'+CD)

4"
D_

7.28 (a) A B

cD CC 01 11 10

00| @

@

6]

1110

®

@

F=ABCD + ABC'D' + AB'C'D + A'BCD' +
AB'CD+ABCD

| e

Alternative:

F=A4"(BD'+BD)+ D @[BC +BC)
=D(A'B+BC)+B'(AD'+CD)
=A"(BD'+ (D) + D (BC + BCY)
=D (4C + BC!) + B'(A'D’ + CD)

7.28 (b) A B
cD 0C 01 11 1C,

cCci1 0 1 C

crc [l | 1
1)1 (L] 1 (T
el e 1 | @]
F=(A+C+D)B+C +D)(A+B +C)

(A+B'+D")(A'+B+D)(A'+B+C")
B +C+D') (A +C +D)

7.28 (¢) Many solutions exist. Here is one, drawn with alternate gate symbols.
F=A4"(BCD'+B'CD + BCDY) + A (BCD + BCD' + BCD)
=A"(B'(CD'+CD) + BCD") + A (B(C'D' + CD) +BCD)
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7.29 (a) F=ABC'+ BD +AC + BCD' A B
=B +AC)+C A+ BD) C D 0C 01 11 1¢C
cof ¢ 0

cr|c (U] 1]

niclla

c
c
8
w0TD| o [l la@]

Many NOR solutions exist. Here is one. A B
F=B+C)A'+C+D)(A+B+D)(A+B"+C'+D) CD 0C 01 11 1C
=B+C)[A+B+D)B'+C'+D)JA'+C+D) ot ¢ CHNSh
=B+C)[AC+D)+A'B+D) B +C'+D)]
=(@B+C) [A(C+D)+A"BC'+D) +BDY] 61.@1 RN
11 th 11}
wli1|l@jr]|1

Cr

7.29 (b) AB
C D cCO 01 11 10

oooc[lJo

or|lofclo|@®

11 (3 3T l] 0

100@_0

F=ACD+BC+ABCD+ABD

F=CB+AD)+A4BCD +BD)
=C@B+AD)+A[B' +D) B +CD)}

A B
cCD 00 €1 11 10

AP

A = LSS

o1 | @9 1

11 1 1 1 m

c 0 1 C |

Rk F=@+C+D)A'+B+C)B+D)(A+C)
F=(A+C)(B+D)(A+B+C)(B+C+D) =(C+AB'+D)) B+D A +C))

7.30 AB F=%m0,1,2,3,4,5,7,9,11,13,14,15)

cD CC 01 11 10 F=D+AB'+A'C'+ ABC

oo (T 7 =D+ A"(B'+ ) + ABC

i/

o1 |jail U} 11 Alternate solution:
Aog)| Forasmoarso

11

10 |2 W

F=AB+AC+D+ABC
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7.30 (c)

731  Z=A[BC'+D +EF +GH)]

6o

H—{>o—d
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7.32

a b ab ab
cd CO 01 11 10 c d 00 €1 11 ¢ cd 0C 01 11 1¢C
00 LD x oc _1] o) F co Q&
o1 01 __)5) Ll_ C1 X R]
11 F—"q 11 11 1 1J
10 lx 1 1c X 10 1)
fl =bcd +ac £2 =b'd +hod' fi=ab+ad+bcd
8 gates
7.33 A B A B
CcD €O 01 11 10 CD 00 Cl 11 10
00 LlJ oc | M L;J
01 1) 0141 r_[]
11 [1 Z 111 Ll_]
10 o] 2 M 1c | W A
F=AC+ABD+ABD F = AB+ABD+ABD
6 gates
7.34 x x x
v z 0 1 Yy z [¢] 1 Yy z 9] 1
00 m 00 ocC (1]
01 l;j oL @D o1 @I
11| @ nie 11
101D 10 (0)] v b B 0]
f1=x'yz+x‘yz'+ﬂ‘ f2=!‘_7:+x'yz+xyz' f3 =xy+yz+xyZ+xyz
8 gates
7.33 (a) b Nab —
c d CO 01 11 10 c d 00 ClL 11 10
001 1 LC CJ bj ocy}| 1 1 1 )

01] 1 1 1 1

11{1

10112

i

=

J

01'7)] 1 1 {C—

uld|letoll]

1C 1 1 1 m
[¥

fi=@tb+d) @ tc' +d)(®d +d) —6 gates

fi=(@'+b+d) (bte' +d)(®d+d)
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ab ab
cd CC 01 11 1¢ cd co €1 11 10
co L;J cjolo 00 Ll__;J 0
c1 _q 1D [1“ o1jo |@ID]|o
11 _1J C ¢} L 111 0 c C ¢}
10 m [ 0 0 10 m F[—'—I] 0
fl f2

Circle 1's to get sum-of-products expressions:
fi=>bcd+ a'b'd' + b'd — 6 gates

£, = be'd + gb'd + b

Then convert directly to NAND gates.

7.36 (a) Circle 0’s

ab ab B

c d coO C1 11 10 c 4 CO €1 11 10 £

00| @CTD! L] 1 00 O [[cT] 0 Lt

or{1)1]1]1 orl111im] o bk

' ET

R

11| 1| (0] 1 njrypry@ta 4

,_=3'"

10|{o Jlo f cJl o) 10111411 3'

= ' , #

fi =@+c+d+)(E+d) f = @tetd)@+c)(@'+b' +d) £
7 gates

7.36 (b) Circle 1's to get sum-of-products expressions:

ab ab
cd CC 01 11 1c c d cC 01 11 10
cojc|cyfrt D oololcjofo
CL | 1 1 ) 01 F,_'q 0 0
unf|o|c|acd n @l d|o @]
wl{clclcto : 10| T TTD
fi =ac'+dd+bed fy = ad+cd+bcd
7 gates
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1.37 (a) a b ab
cd CoO 01 11 10 cd CC_01 11 10 b -]

00 00 L1__1J =

g SHEE %’ZJLD“ﬁ |
11 TD 11D I d —
1° e DJ fz

M
bldle
A

h

fy =bc+bed+abed f, = bd'+bcd+abcd

=9

|

7.37 (b)
ab A B

cd 00 Cl 11 10 CcC oc_01 11 1ic
oc @I 0T ¢ 'Q_ cc j]
01 | @0 \o_| c1l{dl o ] D
11 11 o) 1
1c _ﬂ !'o_' 1c —q (5‘ D

a o [T oY

a
[
dl

fy = (b+d)(c+d)(pto)(atctd) b= @t Cr@ter ) S
] e
b
C
d’
7.38 (2) ab ab

cd CO 01 11 10 cd 0C_ 01 11 1¢
00 h__lj o} o cc (I‘_q of¢c
oijofclolo c1 Ll____lJ ol c¢
c
c

mmlol@|o]o 11 ©loic
10 [1-—1] L 1ic L I )
f1r=a'd'+‘a;'b;c_d+£§: f2 = a'¢+abedtacd
7.38 (b) . i

cd o 01 11 10 c d CO_CL 11 10
00} 1 | 1 {fo]0] 00| 1|1 |09
ol | CI T o LD o1 1| 1if g
nro| 1 |lo | 1T 1 L.ﬁ:
of1f1]1}1 wlictrol i1l

fl=(a+c)@+d)(c+d) (b tc+d) 2 = (@+¢)(@rd) bt d)@+c +d)
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7.39 (a) The circuit consisting of levels 2, 3, and 4 has OR gate outp
leaving the AND gates at level 1 unchanged. The result is:

DL

¢ —

g._

NG

BDE:
By

uts. Convert this circuit to NAND gates in the usual way,

7.39 (b) One solution would be to replace the two AND gates in (a) with NAND gates, and then add inverters at the output.
However, the following solution avoids adding inverters at the outputs:

Fi=[ta+b)c+d] '+
=ace'+ b'ce’ +de’' + acf + b'ef + df

=ce'(a+ b)+de'+f) +cf(a+h)

F,=[ta+b)c+g]E +)h
=h(ace' + b'ce' + acf + b'ef) + gh (e’ + )
=h[ce'fa+b)+cfla+b)]+gh(+f)

a’'
b )c

i,

=a

O
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8.6 ! L (S IS N 8.7 AB

W — : ! — cD oc o1 11 ¢ |

X : — \ co o
i I 1 |

Y I [ I + + t I + Ccil

Vo [T
v . L . L 11 D
2 N I
ol 5 10 15 20 25 30 35 4 7(ns) e .
L
Z = ACD+ACD +BCD'

8.8 A=Z,B=0,C=2=X;D=2Z-0=0, . .
E=Z,F=0+0+X=X;G=(0"2)y=0'=1; Static 1-hazards lie between 1000<>1010 and
H=(X+1)’=1'=0 00100011

Without hazards: Z' = AC'D'+ A'CD + B'CD' +
A'B'C + ABD'
8.9 A=B=C=1,50F=(A+B"+C)A'+B+C)
(A +B'+C)=1
But, in the figure, gate 4 outputs F =0, indicating
something is wrong. For the last NOR gate, F =
1 only when all its inputs are 0. But the output
of gate 1 is 1. Therefore, gate 4 is working
properly, but gate 1 is connected incorrectly or is
malfunctioning.
8.10(a) F(A,B,C,D)=3% m(0,2,5,6,7,8,9,12,13,15)
There are 3 different minimum AND-OR solutions to this problem. The problem asks for any two of these.
A B A B AB
C D CoO 01 11 10 CcCD CoO C1 11 10 C D 00 C1 11 10
00 [ D) Y] oo | W ] 00 |1 R
01 (1 1] 1J 01 SRR AR S o1 P T 1|
11 Ll__l‘ 11 M| 1 11 ll 1
101 T D 10 1 10 {QF:D
F=BD+AC+ACD +BCD F=BD+AC+ABD+ABC F=BD+AC+ABD +ACD
Solution 1: 1-hazards are between Solution 2: 1-hazards are between Solution 3: 1-hazards are between
0000++0010 and 01110110 0010<>0110 and 00001000 0111«>0110 and 00001000
' Without Tazards:
F'=BD +AC'+B'C'D' +A'CD' +
ABD'+ABC
£.10 (b) A B
cD 00 C1 11 10 ‘
ocC O i
A B
01 [0] > D 0oC 01 11 1cC
11 Ld 0 co ©
1c 1 ¢ ﬂ
F=(A+B+D)(A+B +C+D)(A'+C +D) 1 c
(A+B+ C') 10 cID
0-hazard is between 1011«+0011

Either way, without hazard:
F'=(A+B+D)(A+B'+C+D)(A'+C'+D)
B+C'+D)A'+B+C)
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Unit 9 Problem Solutions

9.1 See FLD p. 636 for solution. 9.2 See FLD p. 636 for solution.
9.3 See FLD p. 637 for solution. 9.4 See FLD p. 637 and Figure 4-4 on FLD p.99.
95 yoy1y2y3 abe Yo ¥y v, ¥ Yo ¥ v,y Yo V1
¢o c1 11 10 00 ¢ 10 00 €1 11 10
0000fo000| %% 273 —— 2
oojojcjojo octo{MIM|o oct o |(T M2
1000]001
X100|011 3 6T T A o | T B o {f1 [r TTaf] 2
XX101101 S0 T N O I Y 11@111J i1 [ 2
XXX1j111 SR I T O O I T ) icftoejo|c|o lClellllj
a=y3ty, b=ytyy © = ¥ty Yt
9.6 See FLD p. 638 for solution. 9.7 See FLD p. 638 for solution.
9.8 See FLD p. 638-639 for solution. 9.9 The equations derived from Table 4-6 on FLD
p. 101 are:
!, 1
910  Note: A,=A'and A = A, EquationsforA, foutxyxbb ++"xy;: ; ;bxy b+ wb,
throughA can be fou.nd using Karnaugh maps. See - .
FLD p. 640-641 for answers, See FLD p. 639 for PAL diagram.
9.11 (a) F =C'D'+ BC'+ A'C — Use 3 AND gates 9.11 (b)) F=AB'+C'D'~» Use 2 AND gates
( F'=[C'D'+BC'+ A'CJ' = [C' (B +D") + CA'J’ F'=(4'B'+ C'DY)’
=[{(C+B+D) A" +C)]' =[A'+C) (A'+ D) (B'+C) B'+D)J'
=B'C'D + AC — Use 2 AND gates =AC + AD +BC +BD — Use 4 AND gates
9.12 (a) See FLD p. 641, use the answer for 9.12 (b), but 9.12 (b) See FLD p. 641 for solution.
leave off all connections to 1 and 1'.
913 Slﬂg“bhﬂ.nﬂcﬂ ovzxymmxuu theorem: BT
=ab'cde’ + be'd'e + a'ed'e + ac'de’ ) D E cC Cl 11 10
=b'(acde' + a'cd'e + ac'de’) + b (c'd'e + a'cd'e + acde') ' 0 0 0
=b'fade’' (¢ + ¢} + a'ed'e] + b [(c' + a'd) d'e +acde'] c¢ ¢ c c c
=b'(ade' + a'cd'e) + b (c'd'e + a'd'e + ac'de’) o 5 T
The same result can be obtained by splitting a Karnaugh map, as a C1
shown to the right. 1 ¢ o T
) 0 0 0
11
c c c c
] 0 juil
ic
C ¢ c c
B=0 =1
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9.14 There are many solutions. For example:
JO—N *Io\
Jl_Il _Il
1, Jo— Iz
J3—1s . il .
— 14 — 14
—1s ~—1s
—1s J,—1s
T e
04 A1lB
215 (a) xye, |SumC 0 — 0 —
000 |o o i" 8—~
001 |1 0 0| 1 |
010 |1 0 1 —] Sum | Cout
011 0 1 0— 1 —
100 |1 o T 1
101 {0 1
10 1o 1 XYCy XYCy,
111 1 1
9.15 (b) 9.15(c) X 0
X’ X —
C! 0 X Sum X Cout
Cin 4P| Sum Cin Cout X 1
1 Y Cy, Y G
X XY
9.16 (a) <vb, |Dir B, | 0_ 0
000 (0 O 1 — 1—
001 |1 1 (1)'“ i”—
010 |1 1 1] Diff | Bout
o011 o 1 0 — 0 —|
100 |1 o 0-— 0—]
101 (o o 1— 11—
110 10 © X Y By XY B,
11 |11
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9.16 (b) 9.16 (¢ X 0
, Bin § , Diff § , Boy
. i 1
Bin Do Dif Bout b 1
B, Y B, Y B,
XY XY
9.17 For a positive number A, [A] = A and for a negative ? A
number A, |A| = -A. Therefore, if the pumber is p 3
negative, that is A[3] is 1, then the output should be 3 'D"‘ FA N\
the 2's complement (that is, invert and add 1) of the 0—— 7
input A. A
4; 43
%) \:-l ]
FA.
0 A
A
Ay 4 > output
Ay P>o] L
\ FA. :}—»
0 —
Ay 43
Ao o] L]
0 FA. ;—»
1 — /
f‘
0 As
9.18
.
10 — mg
I — I A 2404 10 i
I, | z B —| decoder {72 > Z
M3 I !
o _—L—r\l
A—B I _l)__
9.19 9.20 (a) ) -
B
, 3-t0-8 lt
Y — Decoder E;-
v o— 1
B in — o— N Bout
b
D=3 m(1,2,4,7),Bout=Y m(1,2,3,7)
9.20 (b) —
X — P ) D
3t0-8 B ||
Y — Decoder -
Bin — b DBout
o—
D =TI M(,3, 5, 6), B ,=1I1M(0,4,5,6) )
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9.21

> a
If any of the inputs y, throughyy, is 1, then d of the
b 8-t0-3 decoder should be 1. But in that case, ¢,
Yo al or ¢, of one of the 4-to-2 decoders will be 1. So
Yy~ 4-to-2 [b T S d=ctey
y. priority C . .
27 encoder {1 If one of the inputs y,, y,, y,, and y, is 1, then
Y3 — a should be 1, and b and ¢ should correspond
¥y, — a, to a, and b, respectively. Otherwise, a should
y4 1 4402 [P I ¢ be 0, and b and ¢ should corresond to a, and
}’5 priority 02 ! b, respectiv'ely. Soa=c,b=ca,+c)a,and
yG_ encoder | 2 c=chb,+eb.
7 ] é .
E d
222 ' a abcdefghls 555, C, Meaning
db— s 000000 O0O0|X XXX X [(0000isanot valid input)
Ny e 28¢5 _’S3 00110011]0011 0[0+0=0)
2 y
dl 01010110[1000 0]|@+3=5
ROM
L, 0 _";‘ 101001110100 1 |@7+4=1D)
€ ——» ™ 00
<f—>
Ny — Cout
g —
| A —»
983 [Rs7U | vWrz 9.23 (b) w8
000010000 R — 244_.V TU 0C_ 01 J;_lc
00010001 S—s “*% Lowy ¢ R
001040010 7T_|ROM | |y c1 % | 1
sroofaror] Y1 [ g 1
1c 1 /!«
V101 (0110 L
01101000 V=ST+R
011171001 “s
looolio10 TU 0cC 01 11 1¢
1001]1100 ceielagdlc
1010 JXXXX i C D1
1011 | XXXX 17D | o |lx | @
1100 | XXXX el e lolx %
1101 [XXXX
1110 JXXXX W =8TU+STU+RU+STU
1111 [XXXX
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9.23 (b)

RS S | A
(contd) T U CO 01 11 10 Do—-
oofolc|lk]|d T—= R’—}
o1l o|acd®| o Rﬂ}
U—
trjolclxyx S — B
D] ¢ oy z’}i}}
Y =STU+STU+RU g’—}{
U.__
: SDiin
U cCO 01 11 10 , ]
ool o™ o g:
o1|@®jc|x|o 5,: i _
1|l oiCID|( X “;Sr":
U]
10 0 C X X R:j_
Z = RSTU+STU+STU ‘;,:DO—_D&
U ‘
D
T__
7
923 [RstU|vwyz 224@ [gsTU [vWwrz
-11-{1000 0000|0000
100- (1000 00010001
1--01|0010 001010100
1--110100 0011|0010
-011 310100 0100 | XXXX
-101 {0110 0101 | XXXX
-100]0101 0110]0101
-010 10010 0111 |XXXX
0001|0001 100011100
-111 {0001 1001|1010
I OTuU FOuU0
1011]1001
1100 | XXXX
1101 [XXXX
111010110
1111 [XXXX
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9.24 (b) R S R S R —] |
T U €C_01 11 10 TU CC_01 11 1c }—}V
ool o|x|x|mMm col ¢ | @RI D 5" ‘
R':]
orlo |l x| x| ctlecilxklixlfo r
U’.—.
mlof{xlixin mlcefrRixlto R —
T | W
wjofcloll w1y dfo U S
R
V=RS W = RTU+RTU +8 S__}L
R'—
R 8 R S T — Y
TU €C 01 11 10 Ty 0C 01 11 1¢ U —
colo|x|tm@M]| o ccle|®ix|c I;., DD_I—-
or| o | x |E]D a |@I®| x| c g,:
1| O | [{] o ulc || e E:}L
wlofcliyio R
W ie|cfllole {1 }}Z
Y = RTU+RTU+RS - R : ) ‘
Z =RTU+RS+RTU R’—%Do_"
S‘_.
224 [rsTU |VWYZ RSTU | vWwYZ
10--11000 or 10--11000
-1 --10100 01--10101 9.25 (a) A B
0-10}0100 11--10110 cD o¢C 01 11 1¢
1-00]0100 0-10]0100 ccloli|1ln
11--10010 1-00]0100 ali]1|co
0-11(0010 0-1110010
1-0110010 1-01]0010 e 0910
01--10001 0-01710001 cprp14]111
0-0110001 1-11]10001
Fi=(A+B+C+DYA+C+D)C'+ D)
1-11]10001
9.25 (a) V\B P e
{(contd) Ao CE—O0T—3F1+—316 d'-u.
00 1111} 1 ,
a
(4
NEnc= S D=
nllldli]s a
101 )1}1]1 lc) F
d
FK=(A+B+C+DYA'+C+D)A+DY) a
d

Alternate solution:
F=@+b+ct+td(a+tc'+d)(@+d)
Fo=(@+b+ct+td)(a+tb +d)(c+d)
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9.25 (b) abcd|FF, a b c d
(cd’) --101}11 < 1 s
(bd’) -1-01]11 ]}; ; § ?
(ad') 1--0 11 ed'
(ac) 1-1-3101 bd’
1 ad'
(@cd)j0-011{10 ae
3 a'c'd
R F
926 [48cD [wxyz A B A B
YYYIEEE cto 00 C1 11 10 ¢ CO Cl 11 10
oc| o 'I—'E‘ 1 00| CID{x|o
0001|1000
00101001 o1 [T | x|| ¢ or| o | ¢ |X I
001111100 iy | x| % 11 I X
0100111110 1c li 1 | ] | 1wl o &__XJ %
0101}1010 ! —
011011101 W =AD+C+B+AD X =ACD+CD+AD+BC
01111111 4]
10001011 D
1001|0101 4 By
AB A B [
c D 0C_ 01 11 1¢ c D 0G 01 11 1ic¢ /61": L
col gD |kl coj 1 % |l D'
_ c —
. clc @ e c1 R D Jo! —] >°‘X
“ " AP |
1lcile X 11 (1 X B—je
. A N L C__ .
10 0
e CRREIE o=
Y=AD+BD+ACD Z=AD+BC+BD D —
Alt: Z=A+BC+BD B—Dc
D — —'—W
B!\ Z
o P
9.26 (b) abed |WXYZ 9.26 (¢) '
-1--11000 a b ¢ 4
--1-J1000 ! 4 y
CEEN X v|v|v|y
1--0J1010 * b
0-0010110 x t ¢
--114Jj0100 aat
3 ad
1--1]0101 Al ! Iy
-11-410101 cd
S1-10010 % o ¥ ad
— bC
-0-010001 bd
I bldl
w XY Z
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9.27 (a) See solution for 7.10

abed|f f, [, a b c d

10-1[100 1 ' ~

-011[101 ? ?%

01-0]100 —x | abid

101-{011 —X *—bjgg,

-010|010 B 1 abe

-100]0 10 ” bled’

1-00fo10 F ; bed

011-[001 I e
N 12 fs

9.27 (b) See solution for 7.34 9.27 (¢) Because a PLA works with a sum-of-products

expression, see solution for 7.36(b), not (a).

xyz L1 S
011 |1 10 abed ) J,
010 |1 01 1-0-110
10- 11 01 - 0110
TTEEE 011 |11
110 |0 11 0--1101
--10]0 1
X zZ
< ‘}:%? a b [ d
XVz
xgv,zr % ac’
xp' L c'd
;_ﬁr o S bed
’ 'd
. T il ad
N 12 /3 I
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9.28

9.29

Z=IABC' + IA'B'C + IA'BC' + LABC + IAB'C' + IAB'C + IABC' + I ABC
=XA'+XAwhere X, = B'C' + IB'C + IBC' + I BC and X, = I B'C' + I B'C + I BC' + I BC

For an 8-to-3 encoder, using the truth table given in
FLD Figure 9-16, we get
a =yA+y( +y£ +y7

Note: Unused inputs, outputs, and
wires have been omitted from this
diagram.

b=y, YV, t WYYV Y Yy, Y,

C =YYV VYA VY VY t Yy vy Ty,
d=a+b+c+y,

Alternative solution for simplified expressions:
b=yy/ v +yy/y +y, +y,

CEY VYt VIV YVt Y,
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9.29
(contd)

Note: Unused inputs, outputs,
and wires have been omitted
from this diagram.

Y _D—-
Y _[>
y,_-[}
yﬁ}
Dy
¥s .[>
yG_L\{
Vq _D
—%
>

L\o'*

—%F

9.30 F=CDE+ CDE + AD'E + AB'DE' + BCD

9.30 (@) F=A'B'CDE + CDE + D'E + DE) + A'B (CD'E + CDE + D'E + CD) + AB' (CDE + CDE) +
AB (CD'E + CDE + CD)

9.30 (b) F=BC'(A'DE +A'DE) + B'C (D'E +DE + ADE +A'DE') + BC' (AD'E) + BC (D'E + DE + AD'E + D)

9.30 (¢) F=A'C"(DE +BDE") + A'C (D'E + DE + D'E + B'DE" + BD) + AC'(0) + AC(D'E + DE + BD)

9.30 (d) Use the expansion about 4 and C

B F BDE |F.F F
F =AC(,) + ACE) + AC() D Luto [0 000 (000
where F, F, F, are implemented in lookup tables: E -
001 |1 11
B F,
D LuT1 (4 010110
E F 1011011
0 100 [0 00
B - £ 101|111
D Lur3 314 C 110 |0 11
E 111 {0 11
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9.31 F=BDE'+A4AB'C + C'DE'+ A'BC'D

9.31(a) F=AB'(DE'+ C'DE) + A'B (CDE'+C'D) + AB' (D'E'+ C + C'D) + AB (CDE!)

9.31(b) F=BC'(DE'+DE") +B'C (D'E'+A4) + BC'(DE'+ AD) + BC (0)

9.31(c) F=A'C'(BD'E'+DE'+BD) + A'C (BDE') + AC' (B'D'E' + DE') + AC (BD'E' + B")
In this case, use the expansion about B and C to implement the function in 3 LUTs:

F=B'C'(F,) + B'C(F) + BC'(E,) + BC(0)
Here we use the LUTs to implement F, F',, F, which are functions of 4, D, E

A~ ADE |F,F F,
g' LUTO 000 [1 10
i 001 {000
D LUT1 610 (1 01
E - 011 ({001
A - 100 [1 10
1£~ LUT2 101 |0 10
110 |1 11
111 {010
9.32 For a 4-to-1 MUX: G,=0
Y =AB'T,+ ABL + ABI, + ABI, G4_B_ G
=A"(B', + BL) + ABT, + BL) 37 LUTO
=A'G +AF, where G =B, + BI; F=BT,+Bl, = Gy=Iy]
Gl=11_
Set programmable MUX so that Y is the output of Y
MUX H. Fq=0
LUT1
F1=I3——

Unit 10 Problem Solutions

10.1 See FL.D p. 642 for solution. 10.2 See FLD p_642 for solution,

—~

10.3 See F1D p. 643 for solution. 104 See FLD p. 643 for solution.

10.5 See FLD p. 643 for solution.
Notes: The function vec2int is found in bit_pack, which is in the library bitlib, so the following declarations are
needed to use vec2int:

library bitlib;
use bitlib.bit_pack.all;

If std_logic is used instead of bits, then the index can be computed as:
index <= conv_integer(A&B&Cin); where A, B, and Cin are std_logic.

conv_integer is found in the std_logic_arith package.
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10.6 See FLD p. 643 for solution.

10.8 See FLD p. 644 for solution.

Add the following to the answer given on FLD p. 644:
Addout <= '0' & E + Bus;

Sum <= Addouf(3 downto 0,

Cout <= Addout(4);

10.9 See FLD p. 644 for solution.

10.10  The network represented by the given code is:

P—] L
M
0— N R

10.7

See FLD p. 644 for solution,

Notes: In line 8, "00"&a converts a to a 18-bit
std_logic_vector. The overloaded “+” operators
automatically extend b, ¢, and d to 18 bits so that
the sum is 18 bits. In line 9, sum(17 downto 2)
drops the lower 2 bits of sum, which effectively
divides by 4 to give the average. Adding sum(1)
rounds up the value of fif sum(1) = 1.

(1) Statement (a) will execute as soon as either P or Q change. Hence, it will execute at 4 ns.

(2) Since the NAND gate has a delay of 10 ns, L will be updated at 14 ns.

(3) Statement (c) will execute when the value M changes. It will execute at 19 ns.

(4) R will be updated at 19 + A ns, since A is the default delay time when no delay is explicitly specified.

10.11 (a) H <= not Anand B nor not D nand E:
(Note: not happens first, then it proceeds from left to
right)

10.12

S
S P

10.11(b) AN <= notAafter 5 ns;
C <= AN nand B after 10ns;
F <= not D after &ns;
G <= C nor F after 16ns;
H <= G nand E after 10ns;

10.13 L =X (Since 1 and 0 in the resolution function
yields X)
M=0
N=1 (1 overrides Z in the resolution function)

10.14 (a) The expression can be rewritten as:

F <= (({not £) & "011") or "000100"} and (not D);
Evaluating in this order, we get:
F=000110

10.14 (b) LHS: not("101" & "011") ="010100"
RHS: (100" &“101" and "010" & “101") ="000101"
Since LHS > RHS, the expression evaluates to FALSE

16
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10.15 library bitlib;
use bitlib.bit_pack.all;

entity myrom is

port (A, B, C, D: in bit; W, X, Y: out bit);

end myrom;

architecture table of myrom is

type ROM16_3 is array(0 to 15)of bit_vector(0 to 2);
constant ROM1: ROM16_3 := ("010", "111", "100", "110", “011", "110",
"001"' IGOOON' IIOOOII, II111II' ll100ll' II01 Oll' "001", "100", II101“’ IIOOOII);

signal index: integer range 0 to 15;
signal temp: bit_vector(0 to 2);
begin
index <= vec2int(A&B&C&D);
temp <= ROM1(index);
W <= temp(0);
X <= temp(1);
Y <= temp(2),
end table;

10.16 (a) databus <= membus when mRead ='{'
else"2Z2777277";
databus <= probus when mWrite ='1'
else "Z227277277",

10.17 (a) with C&D select
F <= not A after 15ns when "00",
B after 15ns when "01",
not B after 15ns when "10",
0’ after 15ns when "11%;

10.18 (a) entity mynand is
port(X, Y: in bit; Z: out bit);
end mynand;

architecture eqn of mynand is
begin

Z <= X nand Y after 4 ns;
end eqn;

10.16 (b) The value will be determined by the
std_logic resolution function. For example, if
membus = "01010101" and probus = "00001111",
then databus = "0X0XX1X1"

10.17 (b)F <= not A after 15ns when C&D ="00"
else B after 15ns when C&D = "01"
else not B after 15ns when C&D ="10"
else ‘0" after 15ns;

10.18 (b) entity main is
port(A, B, C, D: in bit; F: out bit);
end main;

architecture eqn of main is
component mynand is

port(X, Y: in bit; Z: out bit);
end component;

signal E, G: bit;

begin
n1: mynand port map(A, B, E); .
n2: mynand port map(C, D, G);
n3: mynand port map(E, G, F);

end eqn;
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Unit 11 Problem Solutions

111 Z respondé to X and to Y after 10 ns; ¥ responds to 11.2 See FLD p. 646 for solution. For part (b), also use
Z after 5 ns. See FLD p. 646 for answer. the following Karnaugh map. Don’t cares come
from the restriction in part (a).
11.3 P and Q will oscillate. See FLD p. 646 for timing i o R )
chart. pny
ccti ¢ X
11.4 See FLD p. 647 for solution. Rl I 1
1114 iy
11.5 See FLD p. 647 for solution. 1c] ¢ |l
Q* = R+HQ
11.6() [sro[o+ s 11.6 (b) See FLD p. 647 for solution.
R C 1
000] 0 ° I
001} 1 11.7 See FLD p. 647 for solution.
01010 ci|@ [
01110 pcypo 1.8 See FLD p. 647 for solution.
10041 wlclo
101] 1 .
T Q* = RQ+SR 119 See FLD p. 648 for solution.
111¢ 1
11.10  See FLD p. 648 for solution.
11.11 11.12  For every input/state combination with the
condition SR = 0 holding, each circuit obeys the
S | | | | ‘ | next-state equation 0* =S + RQ. WhenS=R=1,
in (a), both outputs are 1, and in (b), the latch holds
R I | | | its state.
0 | ]
11.13
D - L ]
; y L] 1 1 1 :
| [ [~ I
[} 1 t 1 1
0 [ 1 ]
sl 1 1 [ L
f} 1 3 1 ]
R i 1 ]
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14 Clock I I AN S
S e B R
2 I 21 N T .
P o

11.15 (a)

" s 11.15 (b) A set-dominant FF from an S-R FF—The
SRQ O R C c_ 1 arrangementwillensurethatwhenS'=R=1,S1=1,
0000 cc] e [m R=0,and 0*=1.

ol e

o110 11 ¢ 5 A S 9
10011 ictc il CK->
10141 ’
1101 Q" = S+RQ R— )RI A
11141

11.16

Clock | I O R
st [ 1
R , [ |
ol i ]

11.17 (a)-

OPox| ™ 1 M1 1
J : 1 . |
1 I .
@ol 1 |
OFe) — T
HEOO crogk I Y I
Y | | [
@D | i [
® 7 ] |
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------- 11.23

11.19
Clock| [ 1 { 1 [1 ™1 ]
| [ [ 1 [
I 1 ]
) | ! |
T i DL
2 S I T ——
5'' 100 15 20 25 30 35 40 45' 50 #(ns)
11.20
Clock 1Pt 1 I
PreN | { ]
r | I I
el I L
11.21
Clock S N s N A |
CIeN 1] I L
D
Q] I l I
% [ [ |
11.22 (a) 11.22 (b) R will not be ready until D goes through the
D S 0 inverter, so we must add the delay of the inverter to
the setup time:
CK-p Setup time=1.5+1=2.5ns
R Q' Propagation delay for the DFF:
WhenD =0, then =0, and R =1, s0 O* = 0 2.5 ns (same as for the S-R flip-flop, since the
When D ’ thon S = l’ and R = 0’ s0 OF = 1' propagation delay is measured with respect to the
’ ’ ’ ) clock)

+V

+V
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Unit 12 Problem Solutions

12.1 Consider 3 x Y=Y+ Y +7, that is, we need to add ¥ to itself 3 times. First, clear the accumulator before the first
rising clock edge so that the X-register is 000000. Let the Ad pulse be 1 for 3 rising clock edges and let the I register
contain the desired number (y,3,3,3,¥,%,) Which is to be added three times. The timing diagram is on FLD p. 650.
Note: CirN should go to 0 and back to 1 before the first rising clock edge. Ad should be 1 before the same clock

edge. However, it does not matter in what order, that is, Ad could go to 1 before C/rN retums to 1, or even before it
goes to 0.

12.2 Serial input connected to D, for left shift. 12.3 See FLD p. 650 for solution.
Sh=0,L =1 causes a left shift.
Sh=1,L =1 or0 causes a right shift

Serial Out £ C
A
10, 10, 10, to,

St

SH 4-bit Parallel In

Ld 7| Parallel Out
Clock N Shift Register

h 3 3

D; D, | Dy ‘Do

12.4 (3)

Present Flip-Flop
State Next State Inputs
DCBA\D'CBA" | T, T.I.T, I | | |
0000jJ0001 jJO00O1 D D c C B' B A A
soro oo Tooor] 2 ||tz L |
00110100 [0111 1
0100J0101 0001 |
0101|0110 0011 Clock
011010111 0001
: As explained in Section 12.3, it can be seen that 4 changes on every
011111000 1111 . —
pulse: T, =1
10001001 0001 B changes.only when4-=1:-T,=A
100111010 |l0011 C changes only when both Band A = 1: T.=AB
) 1010101110001 D changes only when 4, B, and C=1: T,=ABC
101111100 0111
; 110011101 |00O01
1101|1110 (0011
111011111 10001
111110000 {1111
12.4 (b) The binary counter using D flip-flops is obtained 125 Equations for C, B, and 4 are from Equations (12-
by converting each T flip-flop to a D flip-fiop by 2) on FLD p. 335. Beginning with (b) of Problem
adding an XOR gate. 12 .4 solutions,
D*=D@®CBA =D'CBA + D(CBA)'
See FLD p. 650 and Figure 12-15 on FLD p. 335. =DCBA+DC'"+B'+A4")

=D'CBA + DC'+ DB'+ DA'
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12.6 [n the following state graph, the first flip-flop (C) .+ - ot
takes on the required sequence 0,0,1,0,1, 1, c c c
(repeat). B A O 1 B A 01 B A o 1
oc|lWi o 00 0 o0} o | ¢
© CEA|CEA W B
000 001 011 © o} 01{ O u 01 [1—_1']
@ @ 001|100 11| x| % 11| X | X 11 x]
@ @ 0tojro1t lcmo 10{o]c 1o'l_1‘c
011 | XXX i
@ 100|010 A= cA B'=CB ct= A+CB
101 110
1101000
111 XXX
12.7 (a) CBA \c:Brat ct B* I
C c c
000 | XXX | ga 0 1 B A c 1 B A c 1
001 1011 ool x| ¢ oci{@®| o ce | [E&1D
010 110 01| O ﬂ oL ]Il O ClLL 0
011110160
100|001 1o |W i fo nfc|m
101100 0 D 1] 1) c| ¢ LlJ
110 {111 Ct= CA+BA' B'= C+BA' +
111 101 = A= CB+CB+BA
: A'=CB+CB+CA
For D flip-flop: 000 goes to 011 because D D, D, = 011
127() 1. T, Ta
c c e:
B A o 1 B A C 1 B A 0 1.
0o LD o U
s = €O Pl 17 OO ra (T}
o110 C cilWw]| ¢ or| oW
1o ¢ 1mlc|@® 111@®| ¢
10 m ¢, wlc|c 0] 0 |(T
Te = CA'+BA'

TB= CB'+CBA

For T flip-flop: 000 goes to 110 because T,T, T, = 110
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12.8 (a)

CBA |C'BA* ct BY

At
c c c
000 {XXX B A 0 1 B A 1 B A 0 1
0011011 ool x| ¢ celxlo oo| x| 1
010 (110
o1 o1 cr] 1] o0 o1y 1o
0111010
100 1001 i1jof1 1110 1i1jo}1
101 1100 w0t 1} 1 iwclil1 001
110 111
111 101
Jo K Jg Kg Ia Ka
C C C C o} C
B A 0 1 BA 0 1 B A 0 1 BA 0 1 B A 0 1 BA 0 1
00 lL_xJ oc | &1 D co|m!| ¢ 00| X | % oc| X 00| X Pz]
01| 0| X o1 | x{o crjjily ¢ 01| X rX] o1} x [ I® 01| o LlJ
11| 0 X 1l x| o 11 x| % 11{ 0 lﬂ 11 | X | {X 11 m ¢
10 rL_‘X] mc|ixt|o 10 {gg X 10l 0| ¢ ic|ojl 10 l&i X
o =A K, = BA' L=c Ky=Ca I,=¢C Kp=CB+CB
In state 000,
J.=A'=1,K,=BA4'=1,C"=C'=1
J,=C'=1,K,=CA=0,B"=1
J,=C=0,K,=CB'+CB=0,4"=4=0
So the next state is C*B*A* =110
12.8 (b)
S, RC SB RB SA R}\ {
c c o Y c C
B A 0 1 BA\O 1 B A C "1 BA N_C 1 B A 0 1 BA
00 X | € o0 | @D colmlct. CoO}l X | X 00| X l;J cclx]0
o1] o x o1 | x | o cifiif] ¢ c1| ¢ [X] 01| X { ¢ 1] c 1@
10| x 11l x| o 11 =] e 11| ¢ LLJ 110 x 11| My o
SO I A ) ol o T 10 4 X O S O ) 1010 [1] 1€ ©
Se=BA' R = BA' Sp=C' Rp=CA Sp= CA' Rp= CB+CBA
Sc= CA' '
b
In state 000,

S§,=BA'=0,R,=BA'=1,C*=0
§,=C'=1,R,=C4=0,B"=1
§,=CA'=0,R,=CB+CBA=0,4"=4=0
So the next state is C*B*4* =010
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0
00 OO}OX 000 1]001
01 001 011
01 10}1x 011|111
11 111|101
10 1O}xo 101|100
00
01 100 {000
SR
1 11 X1
ct Me Ne
C c C
B A 0 B A 0 1 B A 0 1
o0t O c 00 0 e 00 X C
01{ 0} 1 o1{ o0t % 01 {X__I]
111111 11 ) 11 l&——lj
101 X X 10 lx 10| ¥ X
¢ Mg =B Nc=a4A
B+ Mp Np
C c c
B A 0 B A 0 1 B A 0 1
00 c ool ofc oc|imM| x
o1{1]c¢ o1 m c o1 )i | =
11} 1]c¢ 11 lng X 12 ili] o
10| x| x 10| x| x e |lW] x
B Mp = C'A Ng =C
i\ c Mpn Na
BA 0 1 C c
B A C 1 B A 0 1
ool 1] ¢
colml o 00 | @
orl1lc¢
c1ylx] x o1 ¢
T 11
H 1R X 111 1]
) 10| x§|x
10]|W] x 10 | I xl
: A*
Mg = C Np =C+B

12.10 ' See Lab Solutions for Unit 12 in this manual.

12.11 ' The flip-flops change state only when Ld or Sh= 1. So CE = Sh + Ld. Now only a 2-to-1 MUX is required to select
~ the input to the D flip-flop.

D ¢,

CE




1212 (2) When ShLd = 00, the MUX for flip-flop i selects O, to hold
When ShLd = 01, the MUX for flip-flop i selects D, to load.

its state

When ShLd = 10 or 11, the MUX for flip-flop  selects 0, to shift left.

LQ D +0, D 1410, D 110, D
3 T 2 H 1 —* 0 T SI
4 Dy <P D, <P D, <P D,
. © . Sh
Ld
Clk
1212 () O} = Ld'SH'Q, + LdSh'D, + ShQ,; O} = Ld'Sk'Q, + LdSh'D, + ShQ,; Q; = Ld'SK'Q, + LdSh'D, + ShQ,
Q, =Ld'Sh'Q, + LdSh'D  + ShSI '
12.13  Notice that Sk overrides Ld when Sh=Ld = 1
Clock| [ [ 1 M [ 1 ]
Sh : | . : ; ; N
Ld . i N 1 I
U ! i i 1 l N
Op : : : 12.14 (b)
SI=0 , X | Similar to problem 12.4 (b),
o5 i ; — D,=E®DBCA. Dy, D, Dy, and D,,
. . remain unchanged.
| ] t I ¥ | | ] ]
E' E
12.14 (a) Similar to problem 12.4 (a), T, = ABCD. | |
7,77, and T, remain unchanged. E' E /!\ Dy
A__Ie Clk Q
Clk | E
11 m—
1215  4-bit Johnson counter using J-K flip-flops:
s Q4 30 Qs 2 Q i Q —l
] K4 A Qi K; A Q3 K A Q5 Kl A Q) 4]

Starting in 0000: 0000, 1000, 1100, 1110, 1111, 0111, 0011

CLK

, 0001, (repeat) 0000, ...

Starting in 0110: 0110, 1011, 0101, 0010, 1001, 0100, 1010, 1101, (repeat) 0110, ...
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12.16

WhenU=1,D =0, add 001. When U =0, D=1, subtract 1; add 111. :
When U =0, D =0, no change: add 000. l
U=1,D =1, can never occur. 0O, 01 O
So add the contents of the register to X, X X, where X, = X =D and Dy Dy Dy e
X,=D + U. (Note: tosave the OR gate, let X, =D and C, = U.) T F ¥
Sy Sy S
3-BIT ADDER Gy e-0
h I Yo X X X
11
D D
DU
RV @ scp [aBCD DA Dy
AB AB
000010001 cD CO 01 11 10 CD 00 €1 11 10
00010010 00 k1 00 {h-—xl
00100011 o1 % o1 ll__li
001110100
0101j0110 10 [X_‘X] 10 fl_“x] X
011040111 D BCII)‘ AD: Bé)D+BIC +BD
= + = ] J ‘]
0111[1000 A Ds
1000]1001 D Dy
100110000 AB AB
c D CC 01 11 10 CcD CO C1 11 10
1010} XXXX co X oo |l la x4
1011 jXXXX
1100 | XXXX o R e I o1 %
’ 1101 | X XXX 11 X | x 11 X | X
(_‘ 1110 [XXXX 10| CTTTXT™™ 10| TTE R
1111 XXXX i i
Dc = ACD+CD' Dp =D
12.17 (b) See table 12-7 (c) on FLD p. 345.
A B AB AB A B
cr 0C 01 11 1C D cC 01 11 10 coD CO 01 11 10 C D co 01 11 10
co-f—-e—t-ofxtx 004—o0—|-x4x1-o 66-1—6——6—1-%—6 SO - T %%
cifclofx|x o1jof.x|x1}o0 01r1—_1]xo ol [ x]x|x
e || x T I D I 11[L_zjxx kx| x|x
iclcio|lx]x wo|loft x| x|x wlx|xlx|x ol laxlx
Jo =BCD Jy =CD Jc = AD ph=1
AB AB AB AB
cD ocC 01 11 1¢ D cC 01 11 10 cD €O €1 11 10 C D CO 01 11 10
ceixlix|xte ool xlc|x|x oo x| x|x|x 00| R TX X R
leXXXI] o1 | x]clx|x 01rxxxx] o1l |1 |x |2
kel x x| o 11| @ T XTI bl x4 il 1t x| x
welx| x|l xi{x 10 clx|x wlolc|x|x ik | x x|y
Ko =D Kg =CD Kec =D Kp=1




12.17 (c) See table 12-5 (c) on FLD p. 342,

Sa Sp Sz Sp
A B AB A B A B
¢ D cC 01 11 10 cD 0C 01 11 1C CD 0C 01 11 1C cD co €1 11 10
00 x| x co x| x cc X ool lxls
01 X c1 x| x aal@I™Di x 01 X
11 | x 11D X | &1 11 X 11 X | X
10 X | x 10 x| x| x wlxtxlx]x | CTTTXA
Sy = BCD Sg = BCD Sc = ACD Sp =D
R
A Rg R N
A B A B N D
cCD cC 01 11 10 cD cc 01 11 10 AB A B
cD oc 01 11 1C ¢ Co_cl 11 10
x| X
0o | % ol x XX celx{x|x|x 00 X
01 | &I XTI XD c1| % X | x :
€1 X oL | T TTX[Y
Hpx XX 11 | x 1| O bl x4
107 X X X X 10] X b4 X 1c X % 16 % %
R, = CD Rp = BCD =
Ry = AD
Ry = BD
12.17 (d) See table 12-4 on FLD p. 339.
T Tq Te Tp
AB A B A B A B ;
cb cc_01 11 10 cCD CC 01 11 10 CD CO €1 11 10 COD ¢O €1 11 10 |
00 X 00 X 00 X Wi T ITXTN
01 X1 01 X || x orjft 1] x|
11 (AEREDY] XJ NIOITETD 11 Ll_____l_] X | X BN I S I B D G
10 X | X 10 x| x 10 x| x ol |l izl
TA=R(‘D+AT) TB"CD TC__AI'D TD'—i

12.17 (e) Use equations to find next states for unused states.

State 1101: J,=BCD=0,K,=D=1,4"=0
J,=CD=0,K,=CD=0,B'=B=1
J.=AD=0,K,=D= 1,C*=0
J,=LK,=1,D'=D'=0

So the next state is 0100. Other next states can be found
in a similar way. "
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1218  [CEeplapcn | 1218@ D,=ABCD'+AD; D,=BD + BC + AD' D, =CD + BC'D' + AD', D, = D'
0000]1001 1218 (®) J, =BCD', K, =D J, =AD" K, =CD'; J,=BD'+ AD", K, =D J, =1,
0001{0000 K,=1
0010[0001
001110010 12.18 (¢) §,=ABCD' R, =AD, 8, =ACD' R, =BCD' ot ACD’;

SToo oo 8,=BD'C'+AD'", R, =CD",S, =D R, =D
010110100 1218(d) 7, =BCD' T, =BC'D' + AC'D’; T, = CD'+ BD' + AD; T, = |
0110f0101

o111jorio | 12180

10000111

10011000

1010 |XXXX

1011 |XXXX

1100 [XXXX

1101 [XXXX

1110 [XXXX

1111 |XXXX

1219 5o Tase 1219 (a) D, =B'+AC; D, = AC + BC: D= A'B + AB'
000 | XXX 1219 () J, =B’ K, = BC; J, =AC, K, = A'C; J,= A'+ B, K = AB' + AB
001|100
010011 1219 (c) T,=AB'+4BC; T, = ABC + AB'C; T, = AB'+ A'C' + B'C' + ABC
011|001 ' , , , ,
oo o1 1219 (d) S, =B\ R, =BC"; S, =AC,R,=A'C; S, = AB + AB, R~ AB' + AB
{ 1011111 12.19 (¢) State 000 goes to 100, because D D,D,, = 109.
' 110|010
111110
RO 4pc [asc A+ B+
A A
R@ g0 M 000]100 B C ¢ 1 B C c
001]000
01 CcC 1 1 Cco C
00 11}x1 010 | XXX
01110 01— Cl C 1 Cl C 1
00
01 IO}XO 1001101 11{c| o 11{¢ {1
10 101 {111 1cix!x wl| x| x
10 11‘}1X 110 [XXX
11 8‘1)}ox 111]011 a
‘ B C ¢ 1
cC C
Cl C 1
11 1 1
1C X X




1220 L, =B, M, =C, L, =AM, =A'"+C; L =AB,
(contd) M =4’

A A A A A A
B C 0 1 BC o 1 B C C 1 BC 0 1  BC C 1 BC c 1
o0l x{c oc| o| x ccim| 00 1] o X o C
01| X | ¢ 01r1—1{] ciffxf] x o1 ||z} ¢ mhjo c1ilx]| %
11 (X_‘_.[] 11 Ll__lj 11411 0 11 | X X 11| ¢ 0 MK X
10 IL_XJ 1C| X | % il x 10 x] 10 x| x X
Ly =B My =C Ly = A' Mp = A'+C' Lc = AB Mc = A’
“21 Typcp [a4B'CD' |J,K,J.K,J.K.J.K,|  Using Kamaughmaps: o _ .
0000|0011 [OXOX1X1X jzz‘éfgf:ﬁiﬁi%jgoraK‘*C+D’
00010100 JOX1XO0XX1
001010101 OX1XX11X
001110110 JOX1XX0X1
01000111 |JOXX01X1X
010111000 J1 XX10XX1
011011001 1 X X1 X11X
0111|1010 1 X X1 X0X1
10001011 | X0 OX1X1X
100111100 | X0 1X0XX1
101011101 [ X0 1XX11X
101111110 [ X01XX0X1
11001111 | X0X01X1X
1101 JXXXX [ XX XXX XXX
1110 [XXXX XX XXX XXX
1111 [XXXX [ XX XXX XXX
12.22 Clock | Input Accumulator | Addend
Gycle-Data—-Enln-| EnAd-{ LdAc-|-I.dAd-{—Register—|Register{-Bus-{-——Description
0 18 1 0] 1 0 0 0 18 | Input to accumulator
1 13 | 1 0 0| 18 0 13 | Input to addend
2 15 0 1 1 "0 18 13 31 | Sum to accumulator
3 93 1 0 0 1 31 13 93 | Input to addend
4 47 0 1 1 0 31 93 124 | Sum to accumulator
5 22 1 0] 0 1 124 93 22 }Input to addend
6 0 0 1 0 0 124 22 146 | Sum on bus

Note: Register values change after the clock edge. So a value loaded from the bus appears in the register on the next
clock cycle after the load signal and bus value are present.
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12.23 (a, b)

8 X | 8NANDgates| T 3
ol b < e
f A y
8
8 E 18 L\n_/[ 438 ) &
0 R El
, CE CE CE CE 8
Ey En A En g } En C En D Ep
Ck o> Ck o> it Ck 9 Ck o

2_10_4

O_ =
__|decoderbs- :D—
1 D-L_D)—- E,

12.23 (c) Call the values beginning in the A & D registers X end ¥, respectively. We want C =X + Y = (X'7")". Invert using
M'=1NAND M. To invert a value on the right side, in register C or D, we will need a 1 on the left side, in register 4
or B. This can be accomplished using 1 = 0 NANL (anything.)

There are several solutions using different registers. Here is an example:

Clock
Cycle |GG, E, EE, Description
1 00 0 11 }INANDA=A"=X"—A4
2 |01 1 10 |[ONANDB=1-—-B
3 11 1 01 |BNANDD=1NANDY=Y'—D
4 10 0 01 |ANANDD=X'NAND Y =X+Y—C

Alternate three-cycle solution:
Use X +Y=X+XY = (X" XT))

Clock
Cycle |GG, E, EE, Description
1 00 0 11 {INANDA=A'=X">4
2 11 0 01 ANAND D=XF'=+D
3 10 0 01 JANANDD=X"(XT7))'=X+Y—-C

12.24 (a) For bit reversal using the D inputs of the shift

register: Sh=0,Ld=1 Ld i ] [
D0, 0 G
SI —
Ck—p>D; D, Dy D,
L 4 J'y A
| P—

12.24 (b) Same as Figure 12-10 (b) on FLD p. 331, except that for the "11" input of each MUX, instead of I, Q, 0, orQ, use
0, Q1 O, or Q,, respectively. Also, replace Sh with 4 and Ld with B.
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Unit 13 Problem Solutions

13.2 Notice that this is a shift register. At each falling clock edge, O, takes on the value O, had right before the clock edge,
Q, takes on the value ), had right before the clock edge, and Q, takes on the value X had right before the clock edge.
For example, if the initial state is 000 and the input sequence is X' = 1100, the state sequence is = 100, 110, 011, 001,
and the output sequence is Z = (0)0011. Z is always Q),, which does not depend on the present value of X. So it’sa
Moore machine. See FLD p. 653 for the state graph.

13.3(2) A4*=A4K]+AY =4 (B +X) + A'(BX + BX)

Present Next State
B* =B'JB+BKB’=AB’X+B A'+ XY State (4*Bh
Z=48 AB |x=0 x=1]%
" - 00 | o 10]o
X X 01 11 o1 {o
AB 0 1 A B C 1
ool o] 1 celelo 1m o1 10 |1
10 10 11 0
or| 1] ¢ c1| 141
11 0 1 11 1 0 0 1 0
1
1011 iwclc|a ‘% %‘%‘% 1
133() X= 01 1 0 O 13.3 (¢) See FLD p. 653 for solution.
AB=00 00 10 11 O1 11
Z=(© 0 6 1 0 1
13.4 (2)
X gl X ¢l X Q1 X ¢l
02 ©3 00 €1 11 10 Q2 Q3 00 Cl1 11 1cC Q2 Q3 oC 01 11 1¢C Q2 ¢3 co C1 11 10(
oolofo]cto cclclofolc celatlraia ocolojofl1iu
0l (6] 0 C ¢} Cl 1 1 1 1 cl 1 1 1 1 01 ¢} 0 1 1
11 0 0 C 0 11 1 1 1 1 11 c ¢} 1 1 11 1 1 C 0
10 1 1 1 1 1cC C 6] o] C 1C C [¢] 1 1 10 1 1 C [¢]
Q,t=D. At otT=D Y4
~T T Q2 u2 =3 3

Z depends on the input X, so this is a Mealy machine. Because there are more than 2 state variables, we cannot put
the state table in Kamaugh Map order (i.e. 00, 01, 11, 10), but we can still read the next state and output from the
Kamaugh map. For example, when the input is X = 1 and the state is Q,Q,0, = 110, we can read the next state and
output from the X2 0,0, = 1110 position in the Kamaugh maps for @, 0.}, 0}, and Z. So in this case, the next state
is QO 0 =101 and the output is Z= 0. The entire table can be denved from the Karnaugh maps in this manner.
Note: We can also fill in the state table dlrectly from the equations, without using Karnaugh maps. See FLD p. 653
for the state table and state graph.

13.4 (b-d) See FLD p. 654 for solutions.
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13.5 (a) Mealy machine, because the output, Z, depends on 13.5 (b)

Z
the input X as well as the present state.

X A
13.5 (¢c-d) See FLD p. 654 for solutions. B C 00 01 11 10
’ 00 0 0 1 1

014§ 0 0 1 1

111 1 1 0 0

10] 1 1 0 0

Note: Not all Kamnaugh map entries are needed.
See FLD p. 654 for the state table.

13.6 (a) After arising clock edge, it takes 4 ns for the flip-flop outputs to change. Then the ROM will take 8 ns to respond to
the new flip-flop outputs. The ROM outputs must be correct at the flip-flop inputs for at least the setup time of 2 ns
before the next rising clock edge. So the minimum clock periodis (4 + 8 + 2)ns = 14 ns.

13.6 (b) The correct output sequence is 0101. See FLD p. 655 for the timing diagram.
13.6 (¢) Read the state transition table from ROM truth tabls, See FLD p. 655 for the state graph and table.

Present Next State
State @'en Z

00, |X=0 x=1|x=0 x=1
00 10 10 0 0
01 00 1 0 0
10 11 o1 0 1
11 01 1 1 1

Alternate solution: -Using Karnaugh map order, swap states S, and S, in the graph and table.

13.7 (a) Notice that Z depends on the input X, so thisis a

X X X
Mealy machine. 0l Q2 0 1 01 Q2 cC 1 Q1 02 c 1
07 =J,0/+K/Q, =X0,0,+ X0, oc oo SEIE oc|cfa
Q) =J,0,+ K0, =XQ/0/+ X0,
Z=0,9X=X0Q,+X'Q, 01| o | 1 cif{1}o o1} 1]o0
11140 11|10 1mli1]o
Present | Next State ic|l1fo 1wcfc|o iwc|lc|
State State (CRieRy' 7 .
00, |x=0 x=1{x=0 x=1 Qr* Q2 z
8, 00 |0 01| o 1
S 01 01 10 1 0
s, 11 11 00 1 0
S, 10 10 00 | 0 1

Alternate solution: Swap states S,and S,



B Clock ml
X111 o
O L L l
Uy i L : uﬁ I.
VA | :
o T T
Jake :

13.8 (a) Notice that Z does not depend on this input X, so this is a Moore machire.
Q=X X0, +00,+X0,
=0 X +X)+Q, X[+ X=X+ X0+ X0, + X0,

Z=00,
X1l X2 X1l X2 - ClL
Q1 ¢2 cCo 01 11 10 Cl Q2 CO 01 11 10 Q2 0 1
00 0 [ C ¢} 00 0 1 1 T cl o 1
01 0 C 1 1 01 1 1 1 1 11 0 0
11 1 1 1 i 11 1 1 0 i Z
10 0 C 1 0 10 [¢] C 0 0
Q1+ Q2+
Present . Next State
State State XX, Z
Q,Q2 00 01 11 10
S, 00 00 01 01 01 0
-S'1 01 01 01 11 11 0
S2 11 11 11 10 11 0
S3 10 00 00 10 00 1
13.8 (b) 13.9
Clock| | | | | T 1 | T Clock | 1 ]. T
] T T T T ' X | L l | :
X] l I N 0 '———o————-‘ !
t T T t t t \ 1 1 !
+ t i '—'——1
X l l . | I | , i 1 ' Q2] '
” t T T T | | !
] ] 1 ) ! | Q3 [ 1 .
Ql I { I | | j 7 _j,_l : I
| ] ; ) | I T o’
Q2 ] I l ! | Jalse
7 : : : : '1 Correct output: Z=1,0,1, 1
] 1 1

|
Correctoutput: Z=0,0,0,1,1,0

— ——
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13.10

Clock o
X7 o
Ol 1
Oa] —

03
Z

Jalse

AV
Jalse

Correct output: Z=0,0,1,1

13.11 (a)
X Q1 X ¢l X el X Q1
C2 03N\ _CC 01 11 1C Q2 Q3 00 Cl 11 10 Q2 Q3 00 01 11 1iC Cc2 Q3 CO 01 11 10
cot ¢ C 0 1 oc| o 0 C [ cC| 1 1 1 1 00] 0 C 1 1
CL| C C 0 1 o141 1 1 1 crt] 1 1 1 1 01] o c 1 1
11 C C 0 1 1111 1 1 1 114§ C o] 1 1 11 1] 1 0 0
10§ 1 1 1 1 1c| 1 1 c C ic| ¢C ¢} 1 1 1010 1 1 0 0
D - Qf Dy~ Qf Dy Qf z
Present Next State
State State Q@00 A
OO, |X=0 X=1|1X=0 X=1
S, 000 001 101 0 1
{ S, 001 011 111 0 1
i S, 010 110 101 1 0
S, 011 010 111 1 0
S, 100 001 001 0 1
S, 101 011 o1l 0 1
S, 110 110 101 1 0
S, 111 010 o011 1 0]
13.11 (b) Clock 13.11 (c) From diagram: 0,1,(0),1,0,1
) ) From graph: 0,1,1,0,1
X 1 il ,I X : (they are the same, except for the false output)
\ ; N PR
9 : | . I | L_ ~ 13.11 (d) Change the input on the falling edge of the clock
0y i I L l— (assuming negligible circuit delays).
O3 [ j
z N
U u 1
' Jalse '

94



13.12 (a)

X Q1 X 01 X ¢l X 01
€2 O3\ CC 01 11 10 02 ¢3N\_CO0 Cl 11 10 02 03™\_00 C1 11 1C £2 ©3\\_CC 01 11 10
ool1|l1]o]o oofoti1t1ja cclecloflifa oof1]1tolo
ot{o|clo]o or{o}ct1jf cifclotli]n orfolclitlt1
1i1|{ofciojo 11{o|l¢c|c|o 1i{cli1]1]c mjoflc|i]n
10f1i1{ofo iocjol1t1}o icjec{rjilec iol1}{1{o0]o
D~ Qf D= Qf D;-QF Z
Present Next State
State State ©'gon 7
P00, | X=0 X=1[X=0 X=1
S, 000 100 o1 1 0
S, 001 000 011 0 1
S, 010 100 000 1 0
S, 011 {000 o000 | 0 1
S, 100 110 011 1 0
S. 101 000 011 0 1
S, 1o fm on| 1 o
S, 111 joor oo0t| o 1
13.12 (b) 13.12 (¢)
. + " | ; ; From diagram: 101(0)11
. From graph: 101 11
Clock r‘l r! [—! r,l I—! (they are the same, except for the false
| output)
ol [—
' ' ' ' ' 13.12 (d)
| 1
0, , l ' ) I Change the input on the falling edge of the
K * clock (assuming negligible circuit delays).
| I_—_1 [ | ¢
Q3 L | l
. ' ' ! !
Z ! l I_ I t i
| | \false | |
13.13 Clock Cycle Information Gathered ' Present Next State
State @eh Z
1 0,0,=00,X=0=2=1,0'0: = 01 , VG
2 00,=0L,X=0=2=0;X=1=2=1,0°0' =11 20, |x=0 x=1]0 1
3 00,=11,X=1=2=1,X=0=2=0,0'0! = 10 00} ot 10 p110
4 00,=10,X=0=2=1,X=1=Z=0,0'0: =00 uJo njoll
5 00.=00,X=1=2=0,0'0¢ = 10 | 104 100 110
6 00,=10,X=1=(Z=0) X=0= (Z= 1), 0'0! = 11 1 j10 o jojl
7 0,0,=11,X=0=(Z=0;X=1=(Z=1),0'Q =01
8 0,0,=01,X=1=(Z=1% X=0=(Z=0),0'Q¢ =00
9 0,0,=00,X=0=(Z=1)
Note: Information inside parentheses was already obtained in a previous
clock cycle. :
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13.14 Clock Cycle Information Gathered Present Next State 7
1 0,0,=00,X=0=Z=0,0'0: =10 sute 1} @@
2 00,=10,X=0>2=1,X=1>2=0,0'0; =01 0% |X=0 x=1]0 1
3 0,0,=0L,X=1>2=0,X=0=2=1,0°0' = 10 0 |10 1o}t
4 0,0,=10,X=0>(Z=1),Q'0 =11 | OL_} 10 00 }]1]0
5 0,0,=11,X=0=>2=0,0'0" =11 101010
6 0,0,=11,X=0>(Z=0;X=1=2=1,0'0: =01 LI L N N
7 0,0,=01,X=1=(Z=0), 0!0: =00
8 0,0,=00,X=1Z=1,0/0: =11
9 0,0,=11,X=1=3(Z=1)
Note: Information inside parentheses was already obtained in a previous
clock cycle.
13.15 Clock Cycle Information Gathered
1 0,0,=00,X.X, =01 = Z,Z,= 10, )’} = 01
2 0,0, =01, XX, =01 =27 =01,XX,=10 = Z,Z,= 10, 0’07 = 10
3 0,0,=10,X,X, =10 = Z,Z, = 00; XX, = 11 = Z,Z, =00, 0'Q* =0l
4 00,=0LX X, =11=27 =11, XX =01 = (Z,2,=01), 070 =11
5 00,=11,XX, =01 =ZZ =01
Note: When Q 0, =01, the outputs Z Z, vary depending on the inputs X X, so this is a
Mealy machine.
Present o 4
State [ XX,= XX~

00,00 o1 11 1000

oo Jrorjelef2fo]o]e
?
?
?

01 P11 2110
11 P I O A
10 ?

7101 ?

13.16 (a) v ——I—I | T
1

cod [| [] [

0, § o

0; S

Z, [ :

Z _\ : R
A%

Correct output: Z7,=10,10,00,01
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13.16 (b) | present 0:0; ZZ

State | XX,= XX=
00,100 01 10 11§00 01 10 11
00 |00j00]01]101]10]10}10}10
01 1Mj11j10110j00j10{01}11
10 11j00]11}100}]00]00]} 01101
11 10j01]110}101{00]00]00]00
13.17
Transition table using a straight binary state
assignment: Clock l l l I J i l.
= X | 1 I'_I—'I I | |'__T_
esent Next State t 1 1 T T t
State State ©0;00 Z i '—_——I | ! !
— — —— — Q] 1 L] 1 1
0,00, |X=0 x=1|x=0 x=1 . . ‘ . x !
| | I——#——-
S, 000 | 001 Ol | 0 0 0, '—-—1 | ! 1
S, 001 010 011 0 0 |
s, 010 001 011 | 0 1 05 | I | |
S, 011 1060 000 0 0 | | I—-—-l 1 | '—1
3
S, 100 011 000 0 1 Z L L . .
l I | I
Correctoutput Z=0,0,1,0, O 1
13.18 (2) STS 100 15ns 2(l)ns 2515 30ns I
u nmr-v—w-t—l-»-‘n llllr-fﬂ-ﬂ-hlll ty
Clock
xl T
4 [
B 1 B
/1 — ——
K, | )
J3=Ks |
z{ | I ‘

All flip-flop inputs are stable for more than the
setup time before each falling clock edge. So the
circuit is operating properly.

13.18 (b) If X is changed early enough:

Minimum clock period = Flip-flop propagation delay + Two NAND-gate delays + Setup time
=4+(3+3)+2=12ns

X can change as late as 8 ns (two NAND-gate delays plus the setup time) before the next falling edge without causing
improper operation.
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13.19

Clock]| l ' | l | ‘ I l I I I '
4 S L R .
I i | | i I
[ i
L : S
| | | r—-—‘—-—‘
C | ) | ! |
| } | } | |
X e R e N
l f + } |
Z 1 l._l | L_I-_l Il ]
I ! 1 1 false | |
At B+ c+
XA XA X
B C cC 01 11 1C B C 00 C1 11 10 B C
co| C 1 0 1 oc| o 0 1 1 ceC
Cij 1 1 0 0 011 1 0 1 C cl
11{1}1{o0}o mi{1|ofl1ic 11
107 € 1 o 1 ic| 0 0 1 1 1C
From the Kamaugh maps, we can get the state table
that follows:
Present Next State 13.20
State State AYB*CH Z
ABC |X=0 X=1|X=0 X=1
S, 000 000 110 1 0
S, 001 111 001 0 0
S, 010 000 110 1 1
S, 011 111 001 0 1
S, 100 100 011 1 0
S 101 101 011 1 0
S, 110 100 010 1 1
S, m 101 011 0 1
13.20 Present 4B zz,
(contd) | State | State |XX,= Xx=
AB j00 01 10 11j00 O1 10 11
S, 00 J11}j01}10[{00([10}10|00]0OC
S, 01 | 11101101101 {11}00] 11 }OC
S, 10 {10{00}10| 1001|0001 ]OC
S, i1 {10]j00}11}01 00|00} 00§00

Correct output: Z=10101

Deriving the State Table:
JK flip-flop equation: Q*=JQ'+ K'Q
LAT=EXCHXCYA' + XA
[As,J, =X'C +XC' K, =X, Q = 4]
=AXC +AXC'+ X4
Similarly, BY = XC' + X4 + X'A'C
C*=0"-C+@XBA) C'=C+XBA
Z=XB+XC'+XB4
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A XA

00 01 11 1¢ B C CO 01 11 10
o 0 1 c 001 1 1 C 0
1 1 1 1 o1 o 1 C 0
1 1 1 1 11] 0 C 1 1
c 0 (o] c 10} 1 1 1 1
—_ !

R =X, (X[ +B)

S=X!(X+B)

A+ = A[@X,) (] + B)]' + X (] + BY
=A@+ XB) + XX + X'
A*=AX]+ AX B'+ X X+ XB’'

T=X/BA+XBA'

B*=BT"+BT
=B(XBA +XBA)'B' (XBA + XBA)'
=B [(XBA)'"(XB'A)] + XBA'
=B[(X,+B'+A4) (X, +B+A)]+XBA'
=(BX, + BA) (X, + B+ 4) + X;BA’
=BX, + BX,+ BXA + BAX,+ BA'+ X/BA'
=XB1+1+4+4)+A"(B+XB)
=XB+AB+XA'




Unit 14 Problem Solutions

14.4 Typical input and output sequences: The state meanings are given in the following table:

X= 0100000101011.. ‘
Z=(0)0000000111..(output remains 1)
X= 111110111111000101..

Z=(0)000000000000111111..(output remains 1)
X= 010101..

Z=(0)000111 .. (output remains 1)

Name | Meaning

Reset

One0,no 1’s
>Two 0’s,no 1’s

>Two O’sand one 1
> Two 0’s and > Two 1’s
>0nel,no0’s

>Two 1’5, n0 0’s

See FLD p. 656 for state graph.

>Two 1’s and one O
One 0 and one 1

R PR R RN Rl el Kl Beay Aig)

14.5 Typical input and output sequence:

X=001010110010100..
Z,=000101000000000 ... (output remains O after 100 received)
Z,=000000000100001 ... (at this point, the sequence 01 has occurred, so Z, =0 from now on)

The graph needs two distinct parts. The first checks for 010 and 100. If 100 is received, we proceed to the second

part of the graph, which checks only for 100. The two parts are joined by a one-way arc, so once in the second part it
is impossible to go back to the first.

See FLD p. 656 for state table and graph.

The state meanings are given in the following table:

Name | Meaning

S, |Reset

M Last input was 0, 100 has never occurred

S, | Last input was 01, 100 has never occurred

S, Last input was 1, 100 has never occurred
|5, | Last input was 10, 100 has never occurred.
S, | Last input was 0, 100 has occurred at least once
S Last input was 1, 100 has occurred at least once

[
S, | Last input was10, 100 has occurred at least once
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14.6 This should be solved in the same way as Example = on FLD p. 406. Assign a state to each possible input (00, 01, 11,
10) with an output of 0, and another state to each input with an output of 1. This gives eight states.
See FLD p. 657 for the state table.

State | Z=0 State | Z=1
S, | Last input was 00 S, | Last input was 00
S, ] Last input was 01 S, | Last input was 01
S, | Last input was 11 §, | Last input was 11
S, | Last input was 10 §, | Lastinput was 10

Each input takes you to the state defined by that input (e.g. an input of 01 takes you to either S, or §,). The only thing

in question is whether the output is 0 or 1. Determine the output by checking whether the last two inputs correspond
to the three input sequences.

Alternate Solution: Notice that when Z = 0, “causes the output to become 0” is the same as remaining constant, and

“causes the output to become 1> is the same as toggling the output. The situation is similar when Z = 1. So we can
use only four states, as follows:

State Meaning Next State
S, | Z=0 and last input was either 00 or 01 State | XX, =00 01 1110 | Z
S, | Z=0 and last input was either 10 or 11 S 5 855 8 10
S, | Z=1 and last input was either 00 or 10 S S, 58510
S, ] Z=1 and last input was either Ol or 11 S, S, 868 8 |1
S, S8, S5 8 8, |1

Note: The state table with 8 states reduces to this 4-state table using methods in Unit 15.

00,01 1011 10,11

14.7 (a) Typical input and output sequence:

X=00100110001101001...
Z=11000011110001110 ... ‘

See FLD p. 657 for state graph.

State Meaning

S, {Number of 1’5 is divisible by three
S, | Number of 1’s is one more than divisible by 3
S, | Number of 1°s is two more than divisible by 3
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14.7 (b) Typical input and output sequence:

X=000011110001101111..
Z=010100100000010010...

See FLD p. 657 for state graph.

State

Meaning

Number of 1°s is divisible by three, no 0’s

Number of 1°s is one more than divisible by 3, no 0’s

Number of 1°s is two more than divisible by 3,n00’s

Number of 1°s is divisible by three, number of 0’s is odd

Number of 1°s is one more than divisible by 3, number of 0°s is odd

Number of 1°s is two more than divisible by 3, number of 0’s is odd

Number of 1°s is divisible by three, number of 0°s is even and <0

Number of 1’s is one more than divisible by 3, number of 0’s is even and < 0

gg(a qc") mf/_) V‘UJ AO) LJCQ N('/_) r‘Go OCQ

Number of 1°s is two more than divisible by 3, number of 0’s is even and <0

14.8 (a) Typical input and output sequence:

X,=1001001110..
X,=1000110011..
Zl=0'001001010...
zZ,= 0100100001 ...
* Regardless of any value of N.

See FLD p. 657 for state table.

State Meaning
S, |Reset
S, | Previous input was 00
S, | Previous input was 01
S, | Previous input was 10
S, | Previous input was 11

14.8(b) Similar to part (a), but we need a separate state for each
possible output and previous input.

See FLD p. 658 for state table.

State

Meaning

Reset state / current output is = 00

Previous input was 00 / current output is = 00

Previous input was 00 / current output is =01

Previous input was 01 / current output is = 10

Previous input was 01 / current output is = 00

Previous input was 01 / current output is = 01

Previous input was 10/ current output is = 10

Previous input was 10 / current output is = 00

Previous input was 10 / current output is = 01

RCRRE R AR RN KR el UeeR B}

Previous input was 11 / current output is = 10

7!

=3

Previous input was 11 / current output is = 00
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14.9 (a)

State Meaning
S, | Previous output bit was 0
§, | Previous output bit was 1
14.9 (b) State Meaning
S, Output bit is 0
S, Output bitis 1

14.9 (c) A false output occurs in NRZI just before the input
NRZ goes from 1 to 0.

14.10

14.12

See FLD p. 658 for solution.

Plot 0’s horizontally. Plot 1’s vertically. Receiving:
a 0 takes us one state to the right. Receivinga 1
takes us one state down. The outputisa 1 only in
the “three 0’s or more, one 1 or more” state:

See FLD p. 658 for state table.

D ED
oo

14.9 (d) Notice that the Moore output is delayed to the next
clock cycle.

1411

14.13

See FLD p. 658 for state table.

See FLD p. 659 for state graph.

State

Meaning

S,

1}

Reset

1

Button pressed. First full clock cycle with
Z=1.

Second full clock cycle with Z = 1.

Third full clock eycle with Z=1.

Fourth full clock cycle with Z=1.

wlnlnla

o

X has not yet returned to 0.

* When this point in the graph is reached,
011 has been received, and we are only
looking for 011 to occur again.
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State Meaning ’ Next State VAV

S, |Reset State [ X=0 X=1| X=0X=1
S, | Previous input was 0/ 011 has not occurred So| S, S 00 00
S, | Previous input was 01 / 011 has not occurred Sy S S, 00 00
S, | (No sequence) / 011 has occurred Sy S 5 00 | o1
S, | Previous input was 0/ 011 has occurred S, S, S, 00 00
S, | Previous input was 01 / 011 has occurred S S, S 00 %
S, | Previous input was 1/ 011 has not occurred Ss S, S, 00 01
S, | Previous input was 10 / 011 has not occurred Ss S, S 00 00

S, S, S, 10 00




14.14 Next State

State | X X,=000110 11 |Z
S, N A K
S S S8 S, 8, |0
S, S, 8,8, 8, |1
S, S, 8,8, 8, |1

State Meaning
S, | Z=0,last input was 10 or 11
8, | Z=0, last input was 00 or 01
S, Tz= 1, last input was 00 or 10
S, | Z=1,lastinput was 01 or 11

Alternate solution has 8 states, similar to problem 14.6:

State Meaning Next State
S, | Z=0, last input was 10 (reset) State |XX;,=00011011 |Z
S Z= 0, last input was 00 Sy 5. 555 |0
8, |Z=0, last input was 01 S 5585 |0
S, | Z=0,last input was 11 Sy 5, 85868 |0
S, {Z=1, last input was 10 S, 5. 555 |0
S, | Z=1, last input was 00 S, 5 8 8, 8 |1
S, | Z=1,last input was 01 Sy Ss 8 S, S |1
S, | Z=1,last input was 11 Ss 555 8 |1
S, S, S8, 8, |1 1.
14.15 (a) We need four states to describe the_ 0 0, o \
1’s received, as there are four possible ! 9 0

remainders when dividing by four. An
input of 1 takes us to the next state in
cyclic fashion. An input of zero leaves
us in the same state.

14.15 (b) Now, expand the state graph into two dimensions: one for 1’s and the other for 0%s. We need two states to describe
the zeros, odd and even.

1

Left column: odd zeros
Right column: even zeros

First row: Remainder =0
Second row: Remainder =1
Third row: Remainder=2
Fourth row: Remainder = 3

As part (a)




14.16 (a) We need four states, one for each of the possible past inputs. The next state is just the one that describes that input.
The output Z, is formed by adding the value of the present state to the present input. Z, is found in a similar way:

Next State ZZ, State Meaning
State | 00 01 10 11 | 00 01 10 11 S, | Previous input was 00 (0)
S, 1% 8. S, S, 00000010 S, | Previous input was 01 (1)
S 188 8 S 00001011 S, | Previous input was 10 (2)
S 18 5 8,5, |0010 11 11 S, | Previous input was 11 (3)
S, |8 S 5, 8 110111111

14.16 (b) The Moore version is less intuitive. Again, we need

: Previous XX,
a state for each past input. 'We donot, however, need Input | State | 00 01 10 11{ZZ,
a state for every possible output (this would give 4 00 S S 5 s S| oo
4 = 16 states) since some outputs never occur. For 0 b 2 5 8
instance, if the last input was zero, Z, cannever be 1, 00 S, 8, 5, S S| 10
because anything multiplied by zero is zero. In fact, 01 S, |S, S, S, S § 00
nly ten stat ded: '
only ten stales are nee 01 53 So Sz S& S, 10
Note: The output can never be 01. If two integers ol S, 18 5 8 S| 1
between 0 and 3 multiply to a number greater than 2, 10 S 185 5 5|00
their sum is also greater than 2,ie. (Z,= 1) = (Z, = 1) 10 S 1S, 8, 8, 5] 10
10 S, 1S, 8, 8, 8,111
11 S, 18, 85, 8,8 |10
11 S, ]S 8§, 8, 85] 1

14.17  There are two identical parts: one with an output o’
0 and one with an output of 1.

State Meaning

S, S, Previous input was 0

S,, S, Previous inputs were 01
S, S, Previous input was 1 / Reset (S,)

14.18  There are two identical parts: one with an output of 0 and one
with an output of 1.

State Meaning
S, Reset
S Previous input was 1
S, Previous inputs were 10
S, Previous inputs were 101 (first 101)
S, Previous inputs were 10 (start of second 101)
S, Previous inputs were 00
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14.19  This is another problem similar to 14.10. Plot the
number of 0’s horizontally and the number of pairs
vertically:

no0's one zero two zeros three zeros

four zeros

PRy
to SO to SO to SO

Present Next State 2z,
Pairs | O’s State |00 01 10 11 |00 O1 10 11
0 0 S, S, 8 8 S5 10 0 00
1 0 S, S S 8. S 10 0 00 ,
1 1 S, 5,8 S S 10 0 00 Note: There is a seven-state solution.
1 2 S, S 8,85 5 |10 0 00 :
2 0 S, S, 5 885 |0 0 00
2 1 S S, 85 5 S 100 00
2 2 S, § 8, 85,8 11 0 00
2 3 S, S, 85 S5 S 11 1 10
2 4 S, S 5 85 |11 1 11

14.20  0O’s are plotted horizontally. 1°s are plotted
vertically.

Next State
State | X=0 X=1

wlo

Y Y2y IS
Ll E=0 Kol E=F E_ N Kl NN

KR NR U] Ho- T Ae-) 5]
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14.21

Next State ZZ Staate | Meaning
State | X=0 X=1 {X=0 X= S, |Reset, 0111
. 19
L o1
L jotl

14.22 XX,
State } 00 01 10 11| Z
S 15, S5 S, 8, 0.
S 185, S5 8,810
S, |S§, S8, 8, 810
S, 1S, 8, 8, 8,11
State Meaning
S, | Reset
S, | Previous input was 01, Z=0
S, | Previous input was 10, Z=0
S, | Z=1 (Until input 00)
14.23  Example: X=001100110101 Next Stato 7
£=001110111101 State | X=0 X=1|X=0 X=1
Note: Overlapping sequences are allowed.
S, S, S, 0 1
State | Meaning S S, S 0 1
' S, | No sequence S, S, S, 0 1
S, |0 S, S, S, 0 1
S, |00 S, S8, 1 1
S, ]001 :
S, 10011
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14.24

Next State
State | X=0 X=1]2Z
S, S, S |0
S S, S, |0
S, S, S8 |0
S, S S, |0
S, S S |0
S, S, S, |1
S, S S, |0
State Meaning
§ |Nol’s
S, | One 1 infirst group
S, | Two 1’s in first group
S, | First group 11 complete, had exactly two 1’s
S, |One 1 in second group
S, | Two 1’s in second group (Z = 1)
S, | “Disqualified” state (Z = 0)

1425 To delay by two clock periods, we need to
remember the previous two inputs. So we have
four states, one for each combination of two inputs:

Next State VA
State [ X=0 X=1|X=0 X=1
S, S, S 0 0
S S, S, 0 0
S, S, S| 1 1
S, S, S, 1 1
State Meaning
S, | Previous two inputs were 00
§, | Previous two inputs were 01
S, | Previous two inputs were 10
S, | Previous two inputs were 11

Note: Just go to the state that represents the last
two inputs.
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14.26 This is the same as 14.25, except that we need to
remember the last three inputs. So we have eight
states:

Next State z
State [ X=0 X=1}X=0 X=1
S, S, S, 0 0
S, S, S, 0 0
S, S, S, 0 0
S, S, S, 0 0
S, S, S, 1 1
S, S, S, 1 1
S, S, S, 1 1
S, S, S, 1 1
Note: The state number expressed in binary gives
the last 3 inputs.
14.27 Next State SV
State | X=0 X=11X=0 X=1
s, | s S 00 10
S, S, S, 10 00
S, S, S, 00 10
S, S, S, 00 10
S, S, S, 10 00
S, S, S, 10 01
State Meaning
S, |No bits received
8, | One bit received
S, | Two bits received, Carry-in=0
S, | Two bits received; Carry-in =1
S, | Three bits received; Carry-in= 0
S, | Three bits received; Carry-in = 1
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14.28

14.29

Next State DB
State | X=0 X=1 |X=0 X=1
S, S, S, 00 10
S, S, S, 10 00
S, S, S, 10 00
S, S, S, o0 10
S, S, S, 11 00
S, S, S, 00 10
State Meaning
S, | No bits received
S, | One bit received
S, | Two bits received; Borrow-in = 1
S, | Two bits received; Borrow-in = 0
S, | Three bits received, Borrow-in = 1
S, | Three bits received; Borrow-in = 0

This is similar to 14-15, and should be answered in

the same way. See the solution to 14-15 for more

information.

Horizontally: Number of 1°s modulo 3
Vertically: Number of 0°s modulo 3.

Next State
State | X=0 X=1\|7YZ
S, S, S, 00
S S, S, 01
S, S, S, 10
S, S, S, 00
S, S, S, 01
S, S, S, 10
S, S, S, 00
S, S, S, 01
S, S, S, 10
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14.30

14.31

This problem is essentially a circular counting
exercise. Pairs of 1°s take you further around the
state graph. Pairs can overlap, so if the last input
was a 1, and the present input is a 1, you move on.
If the sequence is interrupted, you branch off while
you wait for the next 1. Then, you go back to the

cycle of counting.
Next State
State | X=0 X=1|TYZ
S, S, S, 00
S, S, S, 00
S, S, S, 01
S, S, S, 01
S, S, S, 10
S, N 10
S S, S, 11
S, S, S, 11

We notice that input ABXX becomes output A4BB.
It can be seen that it is not necessary to remember
both 4 and B at once. We remember 4 for the first
two clocks and B for the next two. Notice that if
the output were, say, ABAB, we could not do this.

Next State A
State | X=0 X=1 |X=0 X=1

S, S, S, 0 1
S, S, S, o 0
S, S, S, 0 0
S, S, S, 1 1
S, S, S, 0 0
S, S, S, 1 1
S, S, S, 1 1
State | Meaning

S, Reset

S, 14=0

S, |4A=1
S,S, |B=0
S.S, |B=

110
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14.32  This problem is simply addition. We need a state to describe every possible sum of money entered, i.e., O¢ to 45¢ in

5¢ intervals.

Just go to the state with the correct sum. The 25¢ state dispenses the product (R = 1) and resets. States above this in
value cascade down to S, by giving out a nickel. When they get to S, the product is dispensed.

Present NDQ
$ State | 000 100 010 001 { RC
00 S, S, § S, S |00
.05 S S S, 8 S |00
.10 S, S, §, S, §]00
15 S, S, §, S S, 100
20 S, S, S 5, S, 100
25 S, S, - - -1{10
30 S, S, - - - |o1
35 S, S - - -lo
40 S, S, - - - 101
45 S, S - - - ]01
14.33 (a) Look at Figure 1f1-19, FLD p. 408, 10 see that 1 L,
Manchester 01 gives NRZ 00 !
Manchester 10 gives NRZ 11 @-@-@
Other Manchester inputs are presumed not to occur. 0/0 o/]
Next State VA
State | X=0 X=1[|X=0 X=1
S, S S, 0 1
S, - S, 0* 0
S, S, - 1 1*
* Filled in to prevent False outputs.

14.33 (b) This is the same as the Mealy, except that we need
two reset states, one with an output of zero, the
other with an output of 1. Invalid inputs never

occur,
Next State
State | X=0 X=1\|Z
S, S, S, 0
M - S, 0
S, S, - 1
S, S, S, 1
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W*\\\\/ﬁ/‘

Jalse ouiputs
Note: Moore output is delayed one clock cycle of CLOCK?2.

14.34

State Meaning
S, Reset
S, Onre ring, waiting for two (or answer)

S5, 8, S, | One, two, or three rings, respectively;
waiting for four (or answer)

S, Activate answering machine; wait for
it to answer




Unit 15 Problem Solutions

15.1 (a) Implication chart afier one pass: Complete implication chart
B| X B| X
A=H
C F-H C C=sE=G
X X e
EE o[X[ex [
C-D | B-D S B-D
E><A-F Al | AF EXXA—HM
F IR | XIXXX F IR X XIXIX
o | Rl X oIX B[ [ X
1| eo | XX XIXELX] B e | XX XXX
A B C D E F G A B C€C D E F @G
Reduced state table: 151 (b) B =C because /= H, (and also because C = 1)
F = Hbecause B = H, (and also because F = G), and
Next State Output B = Hbecause the output differs for X=0.
State | X=0 X=1| X=0X=1 So use the sequence X = 100.
A A C 1 0
B C F 0 0 Input: | X: 1 0 0
c B 4 o 1 9 Starting | Z: 0 1 0
il B _F ! 0 nB: |Sate:(B) F B
Starting | Z: 0 1 1
nG |ste:(G) H H
So (B, 100) =010 # 011 = A(G, 100), and B=G.
(Alternative: (8, 110)=001 # 000 = 2,(G, 110).
Also, 1 (8, 00101) =A.(G, 00101), but this requires
15.2 b | oe a=bh an X of length 5.
c=Ee
) [+ - h Ef
d=g=i
| d
v 2NN K - - ~See FLD p:-660-for : e
reduced state table.
e h-f
I & 2
g g
g a-b
h i iNce |
g-d
i hf hf |
b £ a-b
a b c d e f g h
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15.5 (b) Excluding 0000, there are 7 possible columns. All possible non-repeating combinations are given here. Those with
repeating rows are crossed out; 29 assignments remain to try.

0 000 000 000 000 000 000 000
0 001 001 001 001 001 001 001
1 010 010 011 011 010 010 011
1/0 100 101 100 101 110 111 110
23 (124) (125  (126) (127) (134 (135  (136)
000 0 000 000 000 000 0 000 000
001 1 011 011 011 011 1/1 001 001
011 oRo 001 001 001 001 0X1 110 110
111 L/O\L 100 101 110 111 1/0 010 011
137 4 146) 147 (156) )] 6 234 (235)
000 000 000 0 000 000 0 000 000
001 001 011 0\l /1 011 011 1/1 011 011
111 111 100 11 101 101 141 111 160-
010 011 001 0/0 001 010 0/1 001 101
236) 237 245) 46 247 256) 5 267 (345)
0600 0 000 000 000 000 000 000 000
011 1/1 011 011 011 111 111 111 111
101 1R1 101 101 111 001 001 611 011
100 0 110 111 101 010 011 001 101
(346) 4 G46)  (B57) (367 (456) (45T (467 (567)
15.6 (a) Group (S, S, S, S,)and (S, S, 85 8. A A
' o) 0 1 BcC c 1
One possible assignment: 00| 8| s co F
S, =000 S, =111
S2 =100 Ss =011 ) 01| 84| S3 Cl 1
S,=101 S,=010 s ls i ;
S, =001 S, =110 el v
10| S| s 10 W
Z=A
1.6 () L (S,8) (5,5 S, 8) (S, )Y A X A
O: (8,89 (S8, 8) 5, (8. 8) (S, S)v B C 0 1 BC 00 c1 11 10
(S5 S S S (S, 8) oc | 81| s oc T WUleclmr
Adjacencies that are satisfied are checked (v")
01| 871 85 01__1J o| ¢ |kl
One possible assignment: 1185 s 1nlololcllp
S, =000 S,=101
S,=010 S, =110 : 1C | 82 S welomyc |1
S,=011 S, =001 x
S,=111 S, =100 DA = AB +XAC+XA
ArBtCt
N X A :
X A B C 00 01 11 1¢ State | ABC |X=0 X=1
BC €o_o1 [ll 10 co | TS S, 1 ooo | 101 111
oo @Ml S, oot | 110 100
ctjcio|Wle
|l lw!t o S, 010 000 110
|| cic
1mlolclolo S, 011 001 100
icyc m cle S, 100 101 011
10| 0 | @3 1
S 10 010 01
1] DC = BC'+XBC+XAB+XAC : . . 1
DB = XBC+ABC+XC+XAB S, 110 111 010
S, 1 111 [ o001 o000
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15.7 (a) Gudelines: 15.7 (b) See FLD p. 661 for solution.

15.8 (a)

15.8 (b)

159

1. (4, D, F)(C,E)(4, D)(C,E) (B, F)
2. (EDy<2(D, B) (4, O)x2 (B, F)

3. (4,B,D,F(CE

See F1LD p. 661 for one good solution.

Guidelines: Q &y Cy
1. (B, D)y<2(C, D)x2 (4, B) Q, 0 1 G C 1 G 0 1
2. (B,D)(4,C)4,C, B)(A,B,C, D) oyalc] cjalc]| ejalp

3. (4, B)x2 (B, D)x2 (C, D)x2

1{B}| D i|B|C 1|{Cci B

Best assignment: 4=00,B=01,C=10,D=11 Satisfiesall (B, D)not (C, D)not
adjacencies satisfied satisfied
¢l Q2 Q1 Q2 Q1 g2 :
X1 X2 cCC 01 11 10 X1 X2 00 Cl1 11 10 X1 X2 00 C1 11 10
oolofclof1 oc{of1]|14o0 oclojojcyo
cil1{clo}o orlo|l1la]o orltolofc]|o
11loj1la1|z 11j14i1]ctlo 11 o fl_'T 0
1wl1|1]ofo iclrt1{cio w010 ll Y| o
+
Q1 ezt Z1 =Xt
¢l Q2 QL Q2 o1 Q2
X1 X2 CC 01 11 10 X1 X2 0C 0l 11 1¢ X1 X2 0C 01 11 1¢C
cof o] c fr\ ) ccfcloltolc ccicjo [1
01T | ¢ l;J T citlcjololc cafc|o @ 1
1i1lofmiol o 11 m ) m ¢ 11lclo]ollr
10 |1 WT 111 1c Ll_] 0 llJ c icic|o] o iy
Tl =X1X2'+ QIQ2X1'+ T2 = QI'Q2X1 +Q1 Q2 X1 72 = Q1 Q2 +QI X1
QI'Q2X1 + Q2'X1'X2

See FLD p. 661 for solution using Q, Q, and Q,.
Alternate solution using O, O, and o,
D, =X'Q,+XY'Q,
D, =XQ, + XQ, + X'Q,
D,=YQ +XTQ,
P=XQ +XQ, +XQ,
'=X0, + 0,
§=X'0, +XY'Q,
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15.10 (2) b Next State Output
State | X¥=0 X=1} X=0X=1
c gf % =h a a c 1 0
czb b c d 0 1
d c a b 0 0
. d d a 0 0
e d-f
J h-g
£
g (kg
h | h-a >< >< g-a
b d
? ¢ A 1511 @) 3oy
15.10 (b) Input: 00 c-e
Output starting in state ¢: 01 (state -2 state a-2 state a) c a=b=
Output starting in state d: 00 (state d% state d%» state d) c=e
d|ab |ec.
e-c |a-b
1511 (b) e bed
— e a—d
¢ b=d a-b
g=h ! S o
d b-d c=f a a
¢ J7a J;
e -d -d
g £ £ a b c d e
S g-h
d-b
g Present Next State
State |00 01 1110 | Z
h ‘/ a a c ¢ a |0
- c c a fall
! S S S a aa |l
< a
a b c d e b g h
Next State zZ
State | X=0 X=1]|X=0 X=1
b c 1 0
e b 1 0
g b 1 1
c g 1 0
g g i 0 1
j a a 0 1
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1512 ()

ash=j
b=e
? d=k Present Next State
. S=i State | 00 01 11 10 z
‘1 o a b f ¢ g 0
0
7 p b b ¢ f g
/g ¢ addf 1
g . SN d a ¢ b g 1
A g ; S S S rd 0
h | b-e i A g a d g a 0
i- I . z,
i [ CA k-d J'k— e, 1~
f',',g' s » 8-
J R, I I e-b i
» 1= c, y 1
k >< a ¢ | h-a
a b c d f g h i J
15.12 (b) b
c |a> a=d=j
: b=e=i=k
d | k-i c=f=h
Present Next State Z
‘ sza;ﬁh State 00 01 11 10 |00 O1 11 10
S |a ¢ a-d a a a a g b 1 0 00
i-k [ b c ¢ g a 0O 0 0O
g ¢ g c abl|l 0 00
g cagb |01 00
h | a a-d a~ c-h ’
i-k K
i c-h fh
|k a-d
J / } o a-j
) Z, 1P i-k %
k fc S, h-c h-¢
a-d
a b c d e f g h i J
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1513 (@) S, =e=f,S,=c=d, S,=8,=a=b 15.13 (b) M N
Since every state in N has an equivalent state in M, and X=0 1 =0 1
vice versa, N and M are equivalent. 3 S, 5, y 7 111
5, e | B-5, | B-5, S, S, S, C E CIlo
@ z D-S |Cc-§ S, S, S, E A C10
s, E-S,|E-S, iy - S,=5, =FC= D A=B
D=8 -5, - 1 Note: S,=A
S| E=S, | F-S6, §=C
A-S, | B-S, S,=E
S,|E-S, | F-§,
A-S, | B-S,
A4 B C D E F
15.14 (a) Setdon’tcare to S, 50 S, = S,: Setden’t care t0 S50 S, =S
Present { Next State Present | Next State
State | X =0 1 | Output State | X=0 1 | Output
,SD S, S, 0 St St S 0
A S, S, 0 S S, S, 0
S, S, S, 1 St Sy S 1
5, | 5,5 0 S | ss] o
15.14 X X= 011
®) S 1S5 [ ¥ N0 1514() =
S — Sl N1 N1 Z = (0) 0 1 ].
L . Z'=0)010
S S ! 5= 8 05¢ 0
2 85 (o
S, N3
-
S | S LS < 0 Sy~ S«:)
3 — 3 — SJ _ SS
S S| S Ss
S, and S} have no corresponding states,
.. N and N' are not equivalent.
15.15 (a) Setdon’tcare to 050§, =85, = S: Set don’t careto 0508, =8,=S,:
Present | Next State Output Present | Next State Output
State | X=0 1{X=0 X=1 State | X=0 1 (|X=0 X=1
S, S, S, 0 0 S st st 0 0
S, S, §, 1 1 St S St 1 1
S, S, S, 0 1 S st 8 0 1
S, S, S, 1 1 St St S 0 1
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1515 0[5 TS o7 15.15(c),;(j (1)(1>
2 2=00
Sl 3_ 3
%
S, ¢ 2 5
- 2
S3 2_ }
“
5 S) 5 S5

No equivalent states.

15.16 (a) Invert all three columns of assignment (iv), and

15.16 (b) Equivalent assignments to each column having 000
then swap the first and last columns. Then (i)

as the starting state. Invert any column with 1 in

and (iv) are the same, therefore, Assignment (iif) = the first row.
Assignment (iv).
(@) -(c;) | dii-c; [ iv-cic, | v-c,
S,{ 000 000 000 000
15.16 (c) Many state assignments are not equivalent to S, 101 001 100 110
(i) through (v), for example: S, o11 100 001 100
101 or Ol S| 100 101 | 101 | 010
000 101 S,| o010 | o | 110 | 001
o011 000 S;}] 110 | o0 | o010 | ou
100 100
010 010
110 110
1517 (@) Straight Equivalent State Assignments (any three)
Binary
Assignment 270G G906 606 6 TrETIoTe ¢
000 000 000 000 000 000
001 001 100 010 010 100
010 100 010 001 100 001
011 101 110 011 110 101
100 010 001 100 001 010
101 ol 101 110 011 110
110 110 011 101 101 011
111 111 111 111 111 m
15.17 (b) Mat}y stat.e assigmpents are not equivale.nt to the 111 11 etc.
straight binary assignment, for example: 101 001
110 010
100 on
on 100
010 101
001 000
000 110
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1518 (2) 1. (4, H) (B, &) 4, D) (E, G)

2. D GOEHBRHEGECAHMC)EA

D, B)
3.4, C,E G (B D EH)

Ly X1l Q1
Consider Guideline #3 only: LaD3N( 0 L 0 @2 Q3N CC 01 11 10
C1 Q1 OC| A | H coylycicimMlo
Q2Q3 9] 1 Q2Q3 0 1
cc| 8| A col.ol1 oLy DI F Do
il ol e a1l ol 11| G| B 1| cfcipl e
11l e | & ualol1 icl e |cC 0| D|W| o
1c| H| G 0] 011 DI = X1'Q2Q3 + X1'Q2 Q3' + X1 Q1
2-Q X 01 X Q1
02 03N\ 0C 01 11 1C 02 03N\_ 0C 01 11 1¢C
celc|o|mTy ce T L4 T
ct]clo L_lJ c1__;J o}o L
11 (1_1‘ ol ¢ 11{clolo]c
wilbddlole ic| ¢ F——q c
D2 = X'Q2+X Q2 D3 = QI'Q2' + Q1 Q3'
1519 (a) 1. (4, C)x2v (B, C)<2v (4, D) 15.19 () X1 X2
2. (4, CyY (B,D)Y (4,B, DY Gl D2N\_0C 01 11 1¢C
A, B, C, Dy colclclal
3. (4, D)y
Adjacencies that are satisfied are checked () cifcjirjof1
mfli1{cl1io
o1
ez c 1t wlc|lclilo
clalc
l+
1 B Q
X1 X2
Gl 02N\ 0C 01 11 1¢
oroS 2,Z, co
0,0,]00 01 11 10 {00 01 11 10 '
00 |00 00 10 10 |01 01 O1 O1 Ctl1 1|1
11 {1101 1101 |11 11 11 11 nlilil1l:
10 00 00 11 01 {11 11 00 OO
10 111
01 01 11 0010 {01 01 01 Q1
Q2
15.19 (b)
{contd) X1 X2
X1 X2 Ql Q2 ‘CCI Ol, X 11 1C X1l X2 X1l X2
@F Q2 \_C(C o1 lLl 10 ol xR €l G2\ €0 01 11 10 ¢l 02\_CO0 01 11 10
ool ol c|llnm } mmy
cr) x| [% x lix vopojcjoqo oo x|x (X__X]
orlo|M|olh o
B et olh o R I I I oryog¢ ll——ﬂ
ll X X X X d I' 11 ll X
10 m I o | X "X_—X] 1tfolctolo
1oxx[x e 1ooch 101 X X | x| x
' Kl = XI'X2 + X1 X2' + X2'Q2
J1 = XIX2 Q2 +X1 X2 ’s - e N
1 Q2 +X1X2+X1Q KI = X1'X2 + X1 X2' + X1'Q2 2-x10Q K2 = X101 k .’

15.18 (b) Consider Guidelines #1, 2:
A=000,B=111,C=110,D =001, E =010,
F=101,G=011,H=100
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1520 (2) g

15.20 (c)
(contd)

\X
c2 Q3
co
cl
11

10

X
¢2 Q3
Co
Ccl
11

10

1520 (0) 1. (4, O (B, D)V (C,E)Y

2. (4,B)Y (C,E) (A4,D) 4, C)¥ B,D)Y
3. 4, C EW B,DyYV
Adjacencies that are satisfied are checked (v)
A=000,B=100,C=001,D=101,E=011

All are satisfied except (4, D)

C 1% A=F=H
- B=I
D D=G
E | X >< -
F|A-H
B-I - -
G>< - AF
H | A-F - H-F
-B\ | I-B
I ‘/ - 3
A B C D E F G H
Next State
State [ X=0 X=1]X
A A B 1
B C E 0
C A D 1
D C A4 0
E B D 1
01 X ¢l
0C 01 11 1cC Q2 ¢3 00 CiL 11 10
clc!oi(M@M oclofo l_l] 0
¢c|lc]olz o1{o|loflctlo
(1 T T X110 11tofjx|xtio
LX X 1 X 1ic| X | x [X] X
Q1t = Q2+X Q1 ' Q2 =XQ10Q3
01 X ¢l
CC 01 11 1cC 02 03 00 €1 11 10
c | x 'X_—q VO IETTIT TR
clx|[ix]1 vollix 1)1l x
(1 X |IX |1 nmiIx| x| x
lx X | ¥ i X wlklxixlx
J1 = Q2+X Kl =1

Alternate:
O3} Q1
97300 c_1 CoQ3 0 1
00|l A B oc] A
01| C D 01| C
11| & 11| E
10 ic|B|D
15.20 (¢
© 0;0;0;
0,00, |X=0 1 z
000 000 100 1
100 001 011 0
001 Q00 101 1
101 001 000 0
011 100 101 1
X Q1 o3
€2 03\ €0 01 11 10 c2 03
00| 0 {{M 1J 0 00
or}lo|fifl o m 01
mtolkk|x l;J 11 X
10} x | (¥ ﬂ X 10 X
Q3* = X'Q1 +X QI'Q3 + Q1 Q¥ Z=Qr
X Q1 X Q1
2 ©3™\_C0 01 11 10 g2 Q3 CC 01 11 10
cololc Ll_J 0 COETE XTI
orlotclolo Cliix [ x| x|x
x| xix|x i fxixta
10| x| x F{] X wliglxix!ly
2 =XQ1Q3¥ K2 1




15.20 (d)

X 01 X ¢l
c2 Q3 OC 01 11 1cC Q2 3 00 €1 11 10
colciadT™H!c oc Yl X F? X
Cl X X X X 01 1 0 1 ¢}
11 X X X X 11 1 X X 0
10| % L_}; X 1w x|t x
3 = QI K3 =XQUI'+XQl

Output Z equation is the same for D and J-K flip-flops.
(Actually, it is the same for any flip-flop.)

1521 (®) g Present | Next State
- State | X =0 1 |Output
C IR S A=] A A C 1
- B=H B B A 1
D D=F C cC G 1
D A C 0
E >< x E DE]| o
7 ‘/ - G E D 0
G >< .
H B-H |-
) 14 4
| BT DD DX
A B C D E F G H
15.21 (b) 1. (4, D)x2 Cy
2. (4,C)<2 (4, B) (C, G) (D, Ey<2 QAN 01
3. 4.B,.C) (D,E, G cclalo
There are several solutions. Here is one satisfying
all guidelines: c1i Ccya
A=000,B=010,C=001,D=100,E =110, 1
G=101
1C) B | &




15.21 (C) Q+Q+ + ¥ ¢l X ¢l
00.0 =01 7z 02 03N\_00 €l 11 10 02 3N\ 00 C1 11 10
100201 000 001 1 oclolofc]c oofololcj|o
010 010 000 1 o1l o | (TN q 01] 0 ﬂ clo
001 001 101 1 11 | % (& I ® 11 m lzl [x] X
100 000 001 0 U U
10 100 110 o ic| o [1 1{] ¢ wiWwlolWl]o
101 110 100 0 Dl =Q1Q3+Q1Q2+XQ3 D2 = XQI'O2+XQ1 Q3 +X Q1Q2
X Q1 01
c2 03 CC 01 11 10 02 03 c
00 [¢] C E cclm 0

D
01‘_I] cyio F‘ c1l}i1 o]
11_5} X x lL

1=l x
10fo|lclolo 1icliidt o
D3 = QI'Q3 + X Q2'Q3' Z = QI

15.21 (d) Again, Z=Q}:

X Q1 X Q1 X Q1
¢z Q3 CC 01 11 1C Q2 ¢3 CoO Ci 11 10 Q2 ¢3 cCo Cl 11 10

colc XX}t o0 colof|lcjctio o0f o} ¢ (1_1—11
c1] ¢ | X rx—"q o1{ o0 (I] ci{o 01] X | X l&_j
11| 21 x LX____YJ 11| X b(J X1 X XX x| %

b4

101 € X 0 101 X | X | X} X 10y 0 cqjcC 0

1 =XQ3 2 =XQ1Q3 B =XQY
X Q1 X ¢l X Q1

Cc2 Q3 cCC 01 11 1icC Q2 Q3 00 €1 11 1icC c2 ¢3 coO 061 11 10
Co | & 1 113 cCi X ’Sq X 'X] 00| X ’T_a X
Cl1}| X c [ X ClLE X {IX]) X | IX 011 0 1 1 0
11} XX | X1 X 11X | X} X X 11X [ ]R] X
10| X [ 0| X ) Wy ctWwy 0 W 10 X | X X
i
Kl = Q2'Q3' - K2 =XQ1+XQl K3 =0Q1

124



15.22 Present | Next State Output h Q4 L. (S S1 8)(S;,, S5, S (S, S, 89
State |X=0 1|X¥=0 X=1| 0,0\ _0 1 § E§,,§4)§Slb%)x2(33,34)’<2(Szass)
© NP VP P30 9y
Sy 51 0 o0 00 | So 8,=000.8, =010, S,=011,8, =101, 5, =001,
S, S, S, 0 0 §,=110
S, S, 81 1 o 01} Sq| S3
S S. S 0 0 Q1+Q1+Q3+ 4
3 s 22 11 | S, 000, |x=0"1 |x=0 x=1
5y 51 0 0 000 010001| 0 0
Ss S S, 0 1 10181 Ss 010 010011 0 0O
011 101 001 1 0
101 110 011 0 0
001 101 001 0 0
110 010 011 0 1
15.22 (a) -
X o1 X ¢l X ¢l X ¢l
€2 03N CC_ 01 11 10 02 03N\ 00 Cl, 11 1iC 02 03N\ 00 €1 11 10 02 ¢3\_00 €1 11 10
00 x| x ce |l | @ oc x | @17 oc x| 1§
01 [1“—1* c1 1)1 01 _11 1 |’I“ 01
11 ll X 11 X | X 11 __1J XX u__ n|idcaa| x
10 ic !(1 Lli 1)1 1) 1C ! 1 1C m
Qr =xqQ3 Q2" = XQ3'+Ql +Q2 Q3 Q3t = QI'E3 +X Z=XQ2Q3+XQiQ3
15.22 (b) X ol % o1 x o
Q2 03 00 C1 11 1C o2 03 OC C1 11 10 @2 03 CO 01 11 10
ce [X X KR oc x| x| x ool x| M| x
c1 1] X 01] X X 01 1
1 x ||| = 11 | €T XD 11 % | x
ic [X 10X 1¢ 10f x| ¥
Rl = X +Q3' R2 = Q2 Q3 R3 = X'Ql
X Q1 X 01 X ¢l
02 €3\ €0 01 11 10 Q2 @3N\_0C Ol 11 1C 02 03N\ 00 €1 11 10
00 % | x ce |l | = oc x | @1
' 01 c1 1)1 o1} x x| x
e
11 L_YJ b4 11 x| x 11 x|x|ix|x
10 ic [x X‘__z, h:¢ 1C @ |y
S1 =XQ3 82 = X'Q3' +Ql S3 =X

One alternative assignment:

(®) D, =X0/0; + 0, + X0,0},D,= X, D, =X,

Q2% .
CI\ 00 01 11 10 Z=XQ/0,+X0 0,
ct o0 1 2
1 3 5 4 (b) Sl :XQ] IQ;’ + sz' R] =XQ1Q2, + Qy’ S2 =-X:

R2 :Xl‘. “(“‘3 = X!Q2”. R3 :‘X’. A =XIQ1'Q2 +XQ1Q3
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1523

10

Present | Next State ONON O
State |X=0 1 z 00,0, [ X=0 1 Z
S, S, &, 0 000 010 001 0
S S, S, 0 001 011 000 0
S, S, S, 0 010 110 001 0
s, s, 8 | o 110 110 111 | 0
S, S, S, 1 111 111 110 1
S, S, S, 0 011 111 000 0
01 G L. (S, 8) (S, SY (S, S, (S, S
C3 00 01 11 10 2. (Sp Sz) (So, SS) (Sla S_—,) (S3> S4)>(2 (Soa S4)
dol21s 5, =000, S, =001, S, =010, S, = 110, S, =111,
S,=011
11154 Guideline 3 is of no use for this state table.
15.23 (a)
X 01 X Cl
11 10 Q2 ©3N_0C 01 11 1C Q2 ¢3N\_00 Cl 11 10
o x|x|o cclelxlxlec ot x| x|x]|x
olx|x1{o cijec|x|x]|¢C o1 | x| x| x|x
1|l1y1fo0 11 F[—_K x| c 11pxfojctx
1{1}1lo0 10|l X|c wclfxlo|clx
oL I =XQ2 Kl =0
X 01
o1 X ¢l
cc o1 11 1c @2 @3N\ gLt ol 11 30 ., Q 00 CL 11 10
1l xlxlo 0 |TTRA|[X]|oO oclx| x| x|m
1 lxlxlo or it {xl{x]o ol x 1 %1 % |k
1l1]1lo IR 1{ololclh
11|10 ey )x iclo{ojc |
+ =
02 2n=X K2 = X QU
Q1 X Q1 % ¢l
Co 01 11 10 Q2 Q3 0C 01 211 1C o2 ¢3 00 C1 11 10
O]l X X{1 CClC XTI oct x| x 1l @™
1 X{xX]o0 CLI X | XX | ¥ o1fol xilxkla
1 1L{0]O MJX ]| XX} X m1lololir t 1
olcl1]1 wejcjol|wlyl el x| x
03" B=X K3 =X
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15.23 (b)
X 01

G2 03N\ _¢CC 01 11 10
colofx|x]o
or1|o|x|x|o
11 m clojo
10 [;J clo]o

Tl = X'QI'Q2

X 01

g2 03N\ _0C 01 11 1C
co (I‘—X] x| ¢
c1 h_j x|c
1n|lcf{ofo m
10]lclofo Lﬂ

X
Q2 03

cc
C1
11

1cC

T2 = X'Q2 +X QI'Q2

Q1
0C 01 11 1C
C X | X1
C X X 1
C 0 1 1
¢ | ot
T3 =X



15.24  See solutions to 14.13 for the state table. 070707 7
I' (Soa Sl’ S—,) (S2’ Sﬁ) (Saa S4, SS) (Soa Sﬁ) (Sp S—‘) Q Q Q X:}O 2 i X:O X:l
535559 602) : 001 100 00 00
L. (S, S (S, 8) (S, Sx2 (S, S,) (S, SHx2
ALY 001 001 110 00 00
(43 5)
0L (S, S, 858,89 (S, 89 110 010011 | 00 01
o ' 011 111 011 00 00
1
0,03 c 1 111 111 101 00 00
CC| So | Se 101 111 011 00 01
Cl| S| Ss 100 010100} 00 00
010 001 110 10 00
11§ Sy | Sy
10| S| S
X 01 X 0 X Q1
Q0,04 cCoO 01 11 10 Co03 OC 01 11 1¢C C50, cC 01 11 10
oolofc|@ ccieimlolc co clolo
or| o [M] o |2 cil ¢ || cal AT o
w i i@y o 11D ) ot @y un (el
0] cpoifdy c| ¢ |W|C™D wo|WiclWfo
Q1+=X’Q2Q3 +X1QIQ3 Q2+ =X'§21 + QI'QZQ,? + Q3+ =X'Q1' + Q2Q3 + Q1Q3+
+XQ1’Q2’ +XQ1’Q3’ + XQ2!23+XQ2Q3’ XQ)Q)
X0,0;+0Q,00,
X g X 0
0,83 0C 01 11 1¢ 0,03 00 €1 11 10
ccC C 0 0 C ocC 0 0 C Q
cijc|lololc orfoto|l@io
11 C 0 ¢} C 11 o] 0 C 0
ici®jo]| o] ¢ iclolo|@] o
2= XQ'Q,Q; Zy= XQQQ3+XQQ,Q;
15.25  See FLD p. 656 for the state table. 00 7
L (Sm Sl) (Sp S3) (Sp Ssa S7) (So) Sza S;) (Sp ‘S; QQ2Q1 “X'=¥02 i X=0 X=1
(SS’SGa S7)
IL (S, 8) (S, 5) (S, SH*2 (S, 8,) (S, S)x2 000 o1 011 ) 00 00
.. S) 001 001 010 00 00
L (S, 8,5, 8,80 (S, ) 010 111011} 10 00
S0=000,S1=001,S2=010,S3=011,S'4= 111, 011 111 011 00 00
S, =110, 5, =100, §,= 101
111 110 010 01 00
110 110 100 00 00
100 101 100 00 00
101 110 100 01 00
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15.25

(contd)
¥ 0 X X Gy LSl
Q,Cs Co 01 11 10 0,C4 00 _C1 11 10 G Q3 €co_o01 131 10 C29; €O 01 11 10
colo|l1]111lo0o0 ocfot x| x]c o0y X1 €O} X " oo]lo|lclo]o
ortol1]110 or{o|{x|x]|o 0l XxyC o} X oci1joflcflolo
1mmt1]1]0fo 11[1—‘7])(0 11 x4} c @D 11lo|clo]o
icl 11140 1c l;__x]x ¢} 1] X]CcjolXx w|@lcio]o
Qf 5= XQ, Ki= XQ;Qs Z, = XQQ,Q;
N X Q
LG 0,¢ OC 01 11 1C 2O X0
0,0, ™\_CO_ 01 11 10 2 3co PR P 0, Q4 CO 01 11 10 Cp04 co o1 11 10
opj ol ctolf1 m 00| X 1 X lz,] X oojolc|ofoO
cil ¢ [I] 0 u
onfol1fol1 orl x| x|x|x 01| o ﬂ 0o
111] X lzl Xl X
11 1 1 1 1 114§ 0 C 0 0 1110 u 0 0
wlxlxlx|x
10f 1 1 0} 1 104{ 0 C m 4] 10 o c 0 0
+ Jp = XQQs+ XQQ; '
_Q2 Kp= XQQ3 Zy=XQQ3
X X L
0,8, co 01 11 10 2% 00 €1 11 10 0,0, cC 01 11 10
ool 1{1lo}]1 00 ] (1 Nl c il col x X | [x x]
orir]c|o}o 01 lx x ||x crl e ||r [
1mmf{1yctltol i % x| xix 1iwtcelirtallo
10l1fjclola 0] 1jtojc ] 10 x x|l x| x
+
% T3= QI +XQ; Ky= Q+X Q3
15.26  Row reduction of the solution to 14.6 given on FLD p. 657 easily gives 4 states. Renaming them gives:
Prosent | Next State .tS:;lp. 100 in this manual for the state 00}
State |00 01 1110 | Z e 0001 1110 Z
s |s s 55 o] LCeSps@sae,s)es,s) Q&oQZ 00 01 0100 | 0
) 0 P1 P1 Y% 1. (SO’SI) (S'o, SPSs) (So’ SZ, S3) (Sz’ S3)
s |s s 8.8 ]o I (S,,S) (S, S,) , 01 |00010111]0
S, S, 8,8, 8 |1 S,=00,8,=01,5,=10,§,=11 10 11011 1000 | 1
S, 18, 8. 868 [1 11 jionnion |1
Q Xy X» % Xy Q1
Qo 0 1 C, O CO Cl 11 10 € 00 01 11 1iC Q 1
C| S0} 52 oojolclc]|o celc M| ¢ M 0 m
1181 Ss orfolc|Mm|o e | ¢ I W 1)0 Llj
11 ] [1 1] L;J (1_ 11 ¢ [ 1J c 4-Q,
10 | L ﬂ o L ic| ¢ le clc

D) = XX, Q+ X{Q+ X
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15.27

See answers to 14.14 for the state table.

)+
The four-state table is minimum. 0.0, 00 (?11 Qlii 10| z Qle o 1
I. (So= SX)X3 (So’ Ss) (Sv Sz)(Sz’Ss)x3 00 lor ol ool
IL (S, 8,) (Sp Sy S (Sp 8 (S, S, S 0 So| S3
Il (8, 8)(S,S,) oL Jo1011100]0 _
11 11101110} 1 11 S 82
10 111000101} 1
X1 Xo 0
X1 Xp 1
0 €,N\_C0 01 11 10 QBN 0c o1 11 1c LN 0 1
oofofclolo co 7]‘ °1°¢ ol o m
o1l olclo m culfdll ylot ¢
LM L 11 0 1
11 P q f‘ LlJ 17D o | o @I
10 Ll 1}_1} 0 10 f{layytofolfc Z=0Q
Dy = X/'Q;+ X1X3Q,+ X,Q D, = XX+ X{Q +X3Q,Q,
15.28
WA WA WA
B C 0C 01 11 1i¢C B C 00 Cl1 11 10 B C 00 €1 11 10
ccfeclololc oclol1]1l1 ocf{1)1]c]a
cilc|1la]a c1frlojcl|ec ot|lof1]c|o
11l1lofrte 11laflolc] 1o 11|12
1iclrli]od 1c{1lo]|1ic iclojolc]t
TA TB Tc
WA WA
W A B C
B C ocC 01 11 1¢ B C 0C 01 11 1C 00 €1 11 10
celeclrli]e colc|r{rf1 tliyijegt
cijclolo]1 caji1lofolec otprjoprfi
111 |1lo}lc mjclitii]e myprjpofecygo
icl1lola] 1w0jcl1lola wpojojegt
) 'y B¥ c
A'BCT A Present | Next State VA 0=1=3=5
ABC =0 1 0 1 State W=0 1 0 1
000 0010114 0 O o 1 3 0 0
001 ~011101} 0 O 1 3°5 0 0
010 100 111 1 O 2 4 7 1 0
011 1010001 O O 3 5 0 0 0
100 111 110 0 O 4 7 6 0 0
101 000001 O O 5 0 1 00
110 010 100 1. 0 6 2 4 1 0
111 1100101 0 O 7 6 2 00
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15.28 I. None

(contd) 1L (4, 7)Y (6, ) (2,4 (2,6)V
Assignment:
§,=000,8,= 100, S, =111, S, = 110, 5, = 101

‘ Present | Next State | Output Present | Next State | Output
BCN\_0 1 State [W=0 1 | 0 1 State {W=0 1 | 0

0C | So | S2 S, S, S,{00 000 000 000 | 0 0

o1 s S, S, S, |10 100 111101} 1 0

" S S, S, S, oo 111 101 110} 0 ©

: s, s, S, [0 o0 110 100 111 0 0

e Se s, S 8,100 101 110100 0 0

T input equations derived from the transition table using Kamaugh maps:
T,=0, T,=WA; T,=WB+AB; Z=WABC’

15.29 By inspecting incorning arrows, we get:
D, =QF =XTQ, +XYQ,
D, = Q" =XQ, + Y'Q, +X1'Q,
D,=Q," =X7Q,+XQ, + XTQ,
D3 = Qs+ = YQI +XQ2 +X’Y’Q3
S =Y +XQ,
P=XY0Q,

15.30 By inspecting incoming arrows, we get:
Q) =D, =XTQ +YQ +XYQ,
Q=D =XY'Q +XIQ + Y0,
Q,"=D,=XYQ +XT'Q, +X'YQ, +XIQ,
Z=XT1Q +XYQ, + XYQ,=XT1Q +1Q,

Unit 16 Problt;m Solutions

1

16.1-16.14 See Lab Solutions in this manual.

16.15  See FLD p. 662 for solution. '16.16  See FLD p. 662 for solution.

16.17 (a) The state meanings are given in the following table:

Name | Meaning

Ay No 1’s have occurred

S, ] Omne 1 has occurred (an odd number < 2)

S, |Two 1’s or an even number of 1’s> 2
have occurred

S, | An odd number of 1’s > 2 has occurred.
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o

16.17 (b) Next State
State | X=0 X=1 Z
s, 1 s s |o
S, 1 s S | o
S, 1| 8 s ] o
S, | s, s |1
I: (1,3)
I: (0, 1)(1,2)(2,3),
2i
byN_0 1
013, |5,
118,18,
ai+1bi+l .
State | ap, |X=0 X=1] Z
S, Joo | oo 10 }| 0
S 1] 10 o0 | o
S, for] o0 11| o
s, | 1n 11 o0 | 1

)
e |-

H
"

S
(@2

a4 = X'y tx;a)
X3
a. b; 0 1
00 0 C

daE
n | e

100@

bisy = by 3

Mote: Solution on FLD p.
&§=01,5,=10,5,=11.

16.17 (c) Since no 1’s have occurred, a, and b; are the same

asS,or,a,=0,b,=0;

} first cell

I

a,= xoa0'+ x,'a, = X,
b=b,+xa, =0
16.17 (d) X x
LJL, l
p | Celll
0——b1,]

Cell 2

1 e

z=a_,b

622 uses state assignment S, = 00,

xf
| 43 |
b3 bn Celln
S P Zn,]

Output

N e A
bn+ Circuit

16.18 (2) N,= O = (Q, + FB, + CALL)R! = QR! + FBR! + CALLR!
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16.18 (b)

Name | Meaning

S, | Staying on first floor

Moving from first to second floor
Staying on second floor
Moving from second to first fioor

| Lajlaln

16.18 (c) With the state assignment §; =00, §, =01, §,= 10, §, = 11, we have:

Dl

16.19 (a)

=FS5,0/0,+ FS/Q, + 0,05,
R =FS.0,0,+NQO,,
DOWN =FS'0,0, + NN;DCQ, 05,

D, =FS;0, + FS|Q,0, + N\N,DCQ,Q, + NN,DCQ 0,
R,=FS,0/0,+N,0,0,, UP=FS,0,0,+NN,DCO,0,
DO=FS50/0,+FS,0,0, +NQ0; + NQO,O;

LRH'
5 H
SO
000000
LH—"1RH, T % O\LRH RH'
5, 5, H R S, Ss Ss
LEP \_011600 LI \_001000 000100/ pp 000110/ v 000111
H -
H H
H H
\j
H s, H

111111

Outputs: IC, LB, LA, RA, RB, RC

16.19 (b) First, assign LC=Q,LB=Q,,LA=0Q,,RA=Q,,RB=Q_RC = O So §,=000000, S, = 001000, S, = 011000, etc.

This state machine has too many state variables to use Karnaugh maps. Instead, we will write down equations for
each flip-flop by inspection. '

First consider Q. Q, = 1 in states S, or S, only.

S, is reached whenever H = 1 and we are not already in S,: H(Q,0,0,0,0.0). But§, is the only state in which
both @, =1 and O, =1, so assuming we are always in a valid state, we can use H(Q,0,) =HQ, + HQ/. Note:

Any combination of one left light and one right light will also work, i.e. HQ, + HQ.,.

S, i reached whenever we are in §, and L. = 1 while /= 0: LH 0/0,0,00/0, ButQ,=1whenever Q,=1,
and Q, = Q, = O, =0 whenever Q, =0. So we can use LH'Q/Q,.
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1619()+ SoD,=LH'Q/Q,+HQS+HQ/ =LQ'Q,+HQ,+ HQ/ (using X + XY =X +Y)
{contd) Similarly O, = 1 in states S, S, and S, only.

¥

* 5, and S, are reached whenever we are in S, or §; and L = 1 whlleH 0.
IH Q ’QngQ 0,0, +LH'Q/Q)0,0/0.0/ = ’Q ‘0,00,
But again, Q, = O, = Q, = 0 whenever (!, = 0, so D2 = LQl'Q3 +HQ; + HQ,
We can also get by inspection: D, =LQ]’Q4' +HQ/+ HQ; D,=RQQ/+HQ, +HQ,
Ds =RQ4Q6’+ HQ; +H 41" D6 = RQstl+ HQ:: + HQ;

16.19 () | state | LRE =000 001 010 011 100 101 110 111 | LC LB LA RA RB RC
S, S, § S S8 8§ S - - 0 0 0 0 0 O
S, S S, 8 S, S8 8§ - - 0 01 0 0 O
S, S S 5 S S S - - 01 1 0 0 O
S, S, S, § S S8 S - - 1 1 1.0 0 O
S, S 8§ 8 s S5 S8 - - 0O 0 01 0 0
S, S S, 8 S S 8 - - 0O 0 01 1 ©
S, S S, 8§ S S8 S - - 0 0 0 1 1 1
S, S S S S S S - - 1 1 1 1 1 1
L S,S,S S, S,, S for S, in LRH = 001, 011, 101 ¢
S, S S,) for S, in LRH = 010 0 1
(S, S’ S S S7)forS in LRH = 100 00 |8, |5
II. Every state matches S, and S But S, and S, match the best, so (S, §,)*(many times)
. (5.5, S,,8)(S,. S, Ss, S) etc. 015,83
L 11 18,18
From LogicAid:
So D, =HQ, + RQ,0,0;+ HQ, + LO/Q)0. + HQ,+ RQ Q0] 10

D, = RH'Q,0/0,+ RIQ0, + LHOO.0;

D, =LHQ/Q .0+ LH'Q/0)0,+ RH'Q,0,

LC=00,; LB=Q0/+0/0,; LA=0Q0/+0/0+000/
RC= Q1Q2'Q3 + QI'Q Qg’ RB = Q Q 'Q + Q'z~3’ R4 = QIQ; + Q2Q3

Other minimum solutions can be found for D, and D, with this assignment.




16.20 RE' FR'PL' Note: This state graph
assumes that only one of
the buttons ST, PL, RE,
and FF can be pressed at
any given time. The graph
is incompletely specified
and must be augmented
before using LogicAid. For
example, the arc from REW

ST RE to PLAY should be labeled
PL ST' FF".

ST VE P SI"RE'PL
ST M ST'M’
SBAC ) ST'M ST (@
R ; A
P
R
ST ————»] F
RE——-» o
FF——» : b g
r— D, ST'FFPSQ/0.0, + ST REFLOI0L0, +STMO,
>CK D2=STFFQ1Q2’Q3+STREQ1Q2Q3
+ST'RE'PL'Q, 0, + ST'FF'PL'Q, Q;
PLA D, =ST"RE'FF Q0! 0, + ST'RE'FF' Q,
Q + . ’ '’ L i’ 14 " r
2 D o +ST'FF'PLQ, Q!+ ST'RE'Q, Q, + ST'M'Q,
+8T'Q, Q, + ST'RE'PLQ! Q]
L Lok P=0/00; R=00/+00; F=00,+00;
0 5 o,
>—C>CK ,
Clock i
)
16.21 (a)
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16.21 (b)

Next State

State {x. =0 x = Z
S S, S, 0
S, S, S, 1
S, S, S| 1
S, S, S, 0

al+1bi+l

ab 1x=0 x=1| Z
00 00 11 0
11 10 01 1
10 10 11 1
01 01 01 0

16.21 (cy a,=b, =0

a = +0)(x/+1)=x
b=+ (x,+0)=x,

16.21 (d)

NG

by C 1

0S8,

18518,
X3 X3

a; by 0 1 a; by c 1
00 ﬂ 1 cc LCJ 1
01 @ m cr} 1|1
11] 1 ng 11 1@ 1
0] 1 1 1cC ‘q 1

31 = (G ta) (b)) by = (b)) (x+a)

q

1 i i
a a3 an I+l
— - oo o —> L 7
Cell 1 Cell 2 Celln
by _b_3, _________ ﬂ, _bn;l,

Unit 17 Problem Solutions

17.1 See FLD p. 664 for solution.

17.2 See FLD p. 665 for solution.

173 (=) ’Q§7)Q(|6)Q(15)Q(J4) Q$3)Q(|2)Q(1)Q(|0)
|
- oo e
] o ) o— LOAD
S ENT —C0 _ENT
cLxk—> Up/Down :%P CLK — Up/Down :%II\,IP
] i | 1 | 1 1 1
D(ND(6)D(S)D4) DE)D(2)D(1)D(0)
See FLD p. 665-666 for solutions. :
17.4 See FLD p. 666-667 for solution. | 17.5 See FLD p. 667 for solution.

)
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17.6 (a, b) See FLD p. 667-668 for solutions.

— 71
;(21“'" L —»72
— 24X4 Q1+ 5 Q
Q1. ROM CLK—b
2
Q Q2 5 G
CLK— ‘\

17.7 (a) See FLD p. 668 for solution.

Ql(l) QI(Z)
0 0
CE AN D CE A D
Y ?

IdAj > CLK CLK
LdB

[ — |
LdA AQ1) LdA'LdB B(1) LdAA(2) LdA'LdB B(2)

17.7 () Q) 02)
. | |
0 0
CE A D CE {?\ D
LdAD CI‘,?K CLK
LdB
1 o LdA 1 oN—LdA
4Q) BQ) AQQ) B®)

17.8 See FLD p. 668 for solution.
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17.9 library IEEE;
use [EEE.STD_LOGIC_1164.ALL;

use |[EEE.STD_LOGIC_ARITH.ALL,;
use [EEE.STD_LOGIC_UNSIGNED.ALL;

entity srif is

port (clk, s, r: in std_logic;

q, qn : out std_logic);

end siff;
architecture Behavioral of srff is
signal qint : std_logic:='0";

begin

q <= qint;

qn <= not qint;

process(cik)

if clk'event and clk='1' then

if (not s and r)="1' then qint <= 0",
elsif (s and not r)="1' then gint<="1",
elsif (s and r)="1" then qint<="; end if;

end if;
end process;
end Behavioral;

17.11
asynchronous clear and preset.

17.12 0

B\

Qint\\ 8

- begin"” O T

Arising edge triggered D-CE flip flop with

Ld——»

8-bit Register

|
Clk 1\8

D

17.10 library IEEE;
use |[EEE.STD_LOGIC_1164.ALL;
use |[EEE.STD_LOGIC_ARITH.ALL;
use |[EEE.STD_LOGIC_UNSIGNED.ALL;
— D-G Latch
entity dglatch is
port (d, g : in bit;
q : out bit);
end dglatch;
architecture Behavioral of dgiatch is
begin
process(g, d)
begin
if g='1' then q <= d; end if;
end process;
end Behavioral,;
- D flip flop using D-G latches
library IEEE;
use IEEE.STD_LOGIC_1164 ALL;
use [EEE.STD_LOGIC_ARITH.ALL;
use |[EEE.STD_LOGIC_UNSIGNED.ALL;
entity dff is
port (d, clk : in bit;
q : out bit);
end dff;
architecture Behavioral of dff is
component dglatch is
port (d, g: in bit;
' q : out bit);
end component;
signal p, clkn : bit;
begin
clkn <= notclk;
dg1 : dglatch port map(d, clkn, p);
dg2 : dglatch port map(p, clk, q);
end Behavioral;

library IEEE;
use [EEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity myreg is
port(en, Id, clk : in std_logic;
d:in std_logic_vector(7 downto 0);
q: outstd_logic_vector(7 downto 0));
' end myreg;
, architecture Behavioral of myreg is
signal gint : std_logic_vector(7 downto 0):="00000000";
begin
q <= gintwhen en ='1' else "222272777%
process(clk)
begin
if clk’ event and clk="'1' then
if id="1" then gint <= d; end if;
end if;
end process;
end Behavioral;
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17.13

library IEEE;

use IEEE.STD_LOGIC_1164.ALL,

use IEEE.STD_LOGIC_ARITH.ALL;

use I[EEE.STD_LOGIC_UNSIGNED.ALL,
entity encoder is

port (y0, y1, y2, y3 : in bit;
a, b, ¢ : out bit);

end encoder;
architecture Behavioral of encoder is

begin
process(y0, y1, y2, y3)
begin .
if y3="1"then a <= "1, b <="1", c <= "
- y3 has highest priority
elsif y2="1' then
a<="1"b<="0%c<= MY
elsif y1="1" then
a<='0%b<="c<="1}
elsif y0="1' then
a<=0b<=0c<="1"
elsea <='0" b<='0, c <=0 end If;
end process;

17.14

library IEEE;
use IEEE.STD_LOGIC_1184.ALL,;
use [EEE.STD_LOGIC_ARITH.ALL,
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity comparator is
port (a, b : in std_logic_vector(3 downto 0);
agb, alb, aeb ; out std_logic);
end comparator,
architecture Behavioral of comparator is
begin
process(a, b)
begin
if a > b then agb <='1"; alb <= '0'; aeb <= '0,

elsif a < b then agb <= ‘0", alb <="1'; aeb <="'0",

else agb <= ‘0", alb <='0"; aeb <= '1"; end If;
end process;
end Behavioral;

end Behavioral;

17.15 library IEEE; 17.16
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity super is

library IEEE,

use IEEE.STD_LOGIC_1164.ALL,

use IEEE.STD_LOGIC_ARITH.ALL,

use [EEE.STD_LOGIC_UNSIGNED.ALL,;

port (a: in std_logic_vector(2 downto 0),
d:in std_logic_vector(5 downto 0);
rsi, Isi, clk : in std_logic;

q : out std_logic_vector(5 downto 0));

end super;
architecture Behavioral of super is
signal qint: std_logic_vector(5 downto 0);

begin
q<= qmt1
process(clk)
begin
if clk’ event and clk="1" then
caseais
when "111"=> qint <= d;
when "110"=> gint <= qint-1;
when "101"=> gint <= qint+1;
when “100"=> qint <= “111111";
when “011"=> qint <= "000000";
when "010"=> gint <= rsi&qint(5 downto 1);
when "001"=> gint <= gint{4 downto 0)&lsi;
when others=> NULL;
end case;
end if;
end process;

end Behavioral;
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entity bed_seven is
port (bcd : in bit_vector(3 downto O);
seven : out bit_vector(7 downto 1)),
end bed_seven;
architecture Behavioral of bed_seven is
begin
process(bcd)
begin
case bcd is
when "0000"=> seven <="0111111";
when "0001"=> seven <= "0000110";
when "0010"=> seven <="1011011";
when "0011"=> seven <= "1001111%,
when "0100"=> seven <="1100110";
when "0101"=> seven <="1101101";
when "0110"=> seven <= "1111101",
when "0111"=> seven <= "0000111",
when "1000"=> seven <= "1111111";
when "1001"=> seven <="1101111";
end case;
end process;
end Behavioral; \



Unit 18 Problem Solutions

18.3 See FLD p. 669 for circuit. Notice that the O 18.4 See FLD p. 670. AND-ing with x, is like M/Ad if
output of the flip-flop is b, while the D input is b__. x,is 1. Shifting is like moving from AND gates
mmvolving x, to those involving x,, or from x, to x,.

185 See FLD p. 670. Compare to divider state graph of
FLD Figure 18-11.

18.6 See FLD p. 670.

18.7 (a) Overflow occurs only on division by 0, so
V=Y vy =0, vy vy, v, + )

18.7 (b) - (d) See FLD p. 671.

18.8 See FLD p. 671.

' 189 The ONE ADDER is similar to a serial adder, except that there is only one input. This means that the carry will be
added to X. Thus, if the carry flip-flop is initially set to 1, 1 will be added to the input. The signal I can be used to
preset the carry flip-flop to 1.

Let S, represent Carry = 0, and let S, represeat Carry = 1. The state graph is as follows:

Sh' ¢ Q
/O X Sh 0o 1 X Sh c 1
wimMm| 1 ocC 0)
o1 {0 C) or{lgt1l
11} ol ! 1 1141 m
10flg] 1 ic| lQJ

Q"= Q(h'+X) Z = (Q+X) (Q+X) (X +8h)
Z = (Q+X)(Q+X) (Q+8h)

cnc—P o'

Xor Q'
Sh
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18.10 (2)

18.10 (b)

18.10 (d)

product
- ACC -
Load R : sT 4, 3 2 1) 0
C lsn L o
o M A N ]
X 3
NS * bt
Clk Y A A Y ~ ~ —~
T multiplier
R Cy 4-BIT ADDER
0 (Do, bttt
L St ~ —~ -~
multiplicand
v
1810(c) 9 0 0 0 O{1 0 1 add
1011
0 101 1|L 01 shift
00101T1]10 shift
000101 1]l add
1011
011011 1[;‘ shift
001101171
Present Next State Ad Sh Load Done }'1 (Sg Sg,) @ v S§) (Sg; Sg} @ e Sg)
State |SA£:00 011011 | 00 01 10 11 - 5 8) (5, 8) (5,59 (5, 5
L (S, 5, 5,)(S, S, S, ete.
s, S, 8, 8, 8, |0000 0000 0010 0010
S, S, S, S, S, |0100 1000 0100 1000 o (Other assigaments are
s, S5, 8, 8, S, |0100 0100 0100 0100 BON_O 1 possible)
s, s, 8, S S, |0100 1000 0100 1000 00|, |8, ,
s, S, S, S, S, |0100 0100 0100 0100 o o1 s
S, S, S, S, S, |0100 1000 0100 1000 i
s, s S, 8, S, |0100 0100 0100 0100 ol I B,
s, S, S, S, 8 |0001 0001 0001 0001 10 | 5, | 8
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18.10 (d) For this assignment, from LogicAid:
(contd) J =SB'C'+MC; K, =M'+B+C; J,=AC; K, =ACY Jo=4B; K.=AB; Ad=MABC'+MAC;
Sh=MA+MC+AB+AC; Load=StAB'C; Done =A'BC'

4 N3
< ] N
A A A 4 1\ A A
! M
0—»is1
k] Yl %] B | U |G| Q| Q| Q
Ld /|L D, Dy D; D, D, D, D, D,
S SN N S SO SO S S,
E 5 3
NS 5 \\3 \\3
N 4 0 I multiplierl
add?]
4. Y4
S —Ad
OR gates, AND |—»Sh
gates, & inverters | — [d
M —s] implement the — Done
equations from .
18.10 (d) J 4
Clk P>
K
»J Bp—
Clk >
X
J C
Clk B>
» K
18.11 (a) product
( Acc - O
Load g 77 6, 5, 4, 3 2y 1 0
C lsh A L
oML J ol ¢ 4 i b |
y 3 b A 4
N : ot f
T Clk \J ¥ h J Y ' ———
multiplier
R Cs 5-BIT ADDER
0 Done
L | St i T \Tr T i
| iphi
o multiplicand
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imultiplicandi
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18.11 (b) See solutionto 18.10 (b). 18.11 (c) 000000O0IL10
18.11 (d) 028288011
Graph is same as 18.10, so from LogicAid, using 510100011
the same state assignment: 001010 0‘311
D, =StAB'C' + MAB'C' + MA'C 10100
= 5L 011110
D, =AC + 4B 001111
D, =AB'+ BC + AC
Ad, Sh, Ld, Done: See solution to 18.10 (d)
StM A BC |D, D, D, Ad Sh _LdDone St—a] > Ad
1-00010]1 00 0 0 1 0 Mo —Sh
11001 0 0 1 0 0 0 —1d
- Clk —> L—s Done
-1 ¢ -1 1 0 0 1 O 0O O
A
- - 0 -1 o 1 0 0 O O O PLA D Q
- - 11 - 0O 1 0 0 1 0 O Clk -
- -10-]0 01 0 0 0 0 B
- -01]0 01 0 0 0 0 +p o}
- 1-11]0 01 0 1 0 0 cik b
-0 % - - 0O 0 0 0 1 0 © C N
-0 - - 0O 0 0 0 1 O 0 b o
- - 010 o 0 0 0 O o0 1 Clk -
ad
1\ A A
4| M
0-—»{ gI
ST %] % %[G]% A%
Ld | Dg| D, | Dy | Dy | D, | D, | D, | D, | D,
e S I
N
A NpIpAA Y B L
Ld Ad ' N W W Y W YW} 0 1
0 0 0 ] 0 0 \‘ N
L [ralefrale{ralefralelmal—0 N__ 13
+1| A 4{ 4[ f 3 4\ A ﬂk @—E}

shift
add

shift
add

Oou‘shift
000



18.12 (a) 1812 (b)

State | Counter X  |StM KAdsh
S, 00 |000000111 {1 1 010
S, 00 |011001111 {O 1 0 O 1
S, 01 |001100111 |0 1 0 1 O
S, 01 |100101111 {0 1 0 0 1
S, 10 |o10010111 [0 1 1 1 0
S, 10 |101011111 JO 1 1 O 1
s, 00 |010101111 0 1 O 0 O

18.13 (a) (alternate solution)
1T T T T AT T T T T }
e il |9 |9
c <] Full <7 P _b6 | Funt bs=0
bg | Subtracter Subtracter | Subtracter
N
X7 0 X6 X5
Y Y
% "
divisor
18.13 (b)
Sh
X7 | X6 | Xs | ¥4} X3 | X2 | X1 | Xo ,Ldfe-
b A A —
‘4 v\ Y Su |Sh
Subtracter-
Comparator ¢ »| Control St
Ay
bttt —
0 | Divisor Chk
BB@ 51010001 1|
11 shift C=0
101001140
11 sub. C=
010001 1{1 shiiC=0
10001 1f1 0
11 sub. C=
00101 1§11 smftC=0
010111110
11 shiftt C=0
1 011l1100
11 sub. C=1
010111101 shitC=0
10111010
11 sub. C=1
010j21011 C=0
. —
remainder quotient
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18.14 (2) Tl 18.14 (b) 7
X7 | Xg | X5 | Xq4 | X3 | X2 | X1 . Ld[ (]
A 1A |A A A A
Yl vl vl vl Yy Sul (Sh
Subtracter-
Comparator ¢ »| Control St
A V
rrfrrr L=
0 Clk
Ya | Y3 | V21
18.14 (¢
© _ . alternate solution__ 47 9 ds 9 ds
: Comparator C : 1 T T
1 ]
Comparator C¢— F.A. [« FA <« FA <« FA |« FA [e-1
X7 1 X6 V4 X5 )3 X4 3 N
1814 510110 1 18.15 (a) B!
1101 shift C=0
1011010
1101 sub.C=1
01001111
1101 shift C=0
1001 1]J1 0O
1101 sub.C=1
0011011

remainder  quotient
18.15 (b)Do =8t'Q,+KQ, +KQ,;, D =810 + KB'Q, + KBQ, D,=KBQ +KBQ, R= StQ,
Sh=KBQ, +KBQ +KBQ,+KBQ,=K'Q +KQ, X=KQ +KBQ +KBQ,=KQ +BQ +KBQ,

1816 (@) _ e : \
Sk St
T
Clk So l 2" | Counter
L4 , j A
: Controller Clk
AN Ly
18.16 (b)
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18.16 () D, = S'Q, + KQ, + KQ,;
Sh=KX,Q, +KX,0 +KX0Q +KQ;

18.17 (a)
St —s Control
7
Cik K
l ComgL <
Clk
18.17 (b)

1817() L (S,,S)%2 (5,8, (S, S)

D, =KX)Q + 810,

D,=KX0Q +KQ,;

IL (S, $)*2 (S,,S,) (S, S)x2

From Karmnaugh maps:
D, =0y =510, + KQQ,

. Dl = Q 1+ = St,'
Alternative: Qg = St + StKKQ,

Sh =810,

St

L

1

1

0

1

0

18.18 (b)

Clr= 510,

Er=KXQ; SI=KXQ, +KX0,
L>SI . ) S1
»lSh Shift Register A {4
FaN
| .
Clk Logic |, -
3 b | Network
»lSh Shift Register B
|
Clk
Present StK Sh
State 00 01 1110 }00 01 1110
S, 8,8, 5 5S Joo 11
S |- -s8s |- -11
S, |8 8 55 {0000

18.17 () SI = C'ab + Cab' + Ca'b

ST y

Logic
Network

¢l S,
18, |s,
18.18 (a)
. L
St —» i SI ] )
C —» Control s | Shift Register A
! T
Cik C
K 1k
0 —»S1 . .
Counter | Sh Shift Register B
- >
Clk Clk !
State Meaning
Reset
Find AND of 4 & B
ZShD Find XOR of A & B
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18.18 (¢) Q; =SrQ, + KQ, +KQ,; O
Q, =81C'Q, +K’Q
Sh = §tCQ, +StC'Q +K'Q, +KQ, +K’Q +KQ,
D =StCQ, + K'Q, +KQ,

= SICQ, + K'Q;;

St C KQ,0,0, |0 0r 0; Sk D
0--1--]10020 0
--1-1-}1 00 11
--1--1]1 0 01 0]
11-1--]01 011
--0-1-l0 101 1
10-1--/0 0110
--0--1]00 110

18.19 (a)

x|

Control St

B

C; C,

18.19 ((Z) ‘]A = By KA ;—'B,- J.B =St + A; KB =];
Sh=St+A+B, M= Cl'Cz + Xo,Clcz

18.20 (b)

18.21
p St, -
St/o /LdAc, Enin /0

18.18 (d) Change C'to D'in 18.17 (@)
SI=D'ab + Dab' + Da'b

18.19 (b)

Note: M can be determined independently of the
state of the system, so it is not included in the state

graph.
18.20 (2)
1A
=B
r> SI ,'\
0 Clk A _]
Ld
v Counter [}
Controller Clk ¥ 3
i
book N (
St

State } 00 01 11 10 { OO0 O1 11 10

s, |'s s, 8 s [000000 001 001

s, s s, - - Jolooor - -

S, |s, 8 - - [100000 - -
D,=KQ,+K'Q; D,=St+KQ; A=KQ;
B=K'Q; Ld=St+KQ, :

-~ - »Frndd
Enln, LdAd St —»] - »-1.cdAd
Control »Enin

/Enad, Ldde  Clk-b —-Ldde

I Done

_/Done, EnAd, LdAc

Entn, LdAd
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CT2LD1 Done = ZER] ZER2 Q; CLR = STQ";
< ZERI ZER2/D LD2 =STQ" LD1 = STQ' + ZER1 ZER2' Q;
%@: e s, CT1 = ZERI'Q; CT2 = ZER] ZER2' Q
St
/ID2LDI CLR 18.22 (c) (N, + 1)N, cycles
ZER1 ) »
cril
18.23 (a) IZEROC' EERO// 18.23 (b) D = EZERO' Q + StQ ’,‘ Done = EZERO Q,'
EZERO *DOWN CLR = S10Q°
st /Done LOAD = StQ' + IZEROC EZERO' Q
AWED {s, DOWN = IZERO' EZERO' Q
S UP = IZERO EZERO' Q
/CLRLOAD
IZERO EZERO', 18.23 (d) The quotient counter reaches 1111,and UP =1
“UP LOAD again.
18.23 (¢) N, + (N /N,) cycles (round down) 18.23 (¢) The quotient will count upward forever, and Done
will never be 1.
18.24 »
\1\ 8
i
Tid .8 bit regist S st
s DN gister Ld - load N into register
Ld| |Su ! ) and clear counter
Clk D U
St —»} A Su - load subtracter output
Control | ¢ - . .
Circuit B 8-bit subtracter into register
. Y Inc - increment counter
Clk K8
-T— B - borrow
"000“ N
N4
»[Cir b
Inc -D1t counter 1 f
T\ =
Cli odd integer

When the done signal comes on, square root is in the 4-bit counter

St '
Le B :
M@u Inc
St} 0 1 .
%

%,

one
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19.1

19.3

19.5

19.7

19.9

19.11

19.12(b) |

See FLD p. 672 for solution.

See FLD p. 672 for solution.

See FLD p. 673 for solution.

See FLD p. 674 for solution.

See FLD p. 674 for solution.

Unit 19 Problem Solutions

19.2

19.4

19.6

19.8

19.10

19.12 (a)

150

See FLD p. 672 for solution.

See FLD p. 673 for solution.

See FLD p. 674 for solution.

See FLD p. 674 for solution.

See FLD p. 675 for solution.




19.13

19.14

Sg/Done

S3/

S4/

Sh

Sh

Sa/

1 rirmriyri

5

So

151

Clock

19.15

State

St

Su



e > Done State | 0,0, 8t M K |Q7 0F 4d Sh Load Done
— Load S |000--J0 0 0 0O O O
M —»
—*>Sh s, Joo1--jo 1 0o 0o 1 o0
K~ —>Ad s, o1 -00fo 1 0o 1 0 o
pa [PE e
Clk - 1 S
s, [t - -ofo 1 0 1 0 o
D& s, J11--1f1 o o 1 o o
Clk > s, J1o---Jo 0o 0o o o 1
19.17 (a) 19.17 (b)
cok| [0 [ [ [ [ [ [ 448 4man i)y
o S t S i Vv l S 1 S | y t S ] S =B‘¥2 +AX2 a’l,+X3)
State |50, S | S | & 08 &S 1 S 8 B*=AB'(X!+ X X!) + ABX] + A'BX] + {AB}
W 1 1. A, € ABRG + A%
= : , : : . ; Z,=A+B+X; Z,=ABX: Z,=ABXX,
2 1 ]I l» 1 1 ]l i
X3 : : : | : : [ | In the preceding equations, curly brackets ({})
7 I L L I indicate a don’t care term.
] 1 || ) 1
A s
A

19.17 () PLA table obtained by tracing link paths:

State |AB XXX, |4'B* 227,

00 -0- 1| 01 010
g |00 o01- ] 10 101
* lToo 110 | 01 100

00 111 | 10 100
¢ ot _-o- [ or 100
1 .

01 -1- | 10 100
g [10 0-- | o1 100
2

10 1-- | 00 100

19.17 (d) 2° x 5 ROM

152

AB XXX | 4B 222,
00 000 | o1 010
00 001 | 01 010
00 010 | 10 001
00 o1 | 10 101
00 100 | o1 010




;/—\ .

19.18 (a) .

19.19 (a)

19.18 (b) See answer to 18.23 (b) on page 149.

19.19 (b) See answer to 16.18 (c) on page 132,
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19.20

S7/mnu |
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19.21

19.22




Unit 20 Problem Solutions

20.1 See FLD p. 676 for solution. 20.2 See FLD p. 676-677 for solution.

20.3 Replace line 12 with: 20.4
signal State, Nextstate: integer range G to 5;
Replace lines 27 - 33 with:

See FLD p. 677-678 for solution.

when 112|3]4 => 205 See FLD p. 678 for solution.
if M ='1"' then Ad <='1",
Nextstate <= State;
else Sh <='1", Nextstate <= State +1; end if; 20.6

wheri 5=> Done <= 1" Nextstate <= 0: See FLD p. 679 for solution.
Replace lines 39 - 41 with:
if Load = '1' then ACC <="00000" & MPlier; end if,

if Ad ='1' then ACC(8 downto 4) <= addout; ACC(0) <='0"; end If;

20.7 Replace line 14 with: 20.8
signal Counter: integer range O to 4; Clk -
signal State, NextState: integer range O to 3; Rb
After line 22, add: »
K<='1'when Counter=3 else '0", Reset_
Replace lines 33 - 36 with: Test Sum Dice
when 2 => >
if C ='1* then Su <="'1"; NextState <= 2; Bench Roll Game
elsif K = '1' then Sh <='1"; NextState <= 3;
else Sh <= '1'; NextState <= 2, end if;  Win
when 3 =>
Replace line 47 with: Lose
if Sh = "1 then Dividend <= Dividend (7 dowmto 0) & 'O
Counter <= Counter + 1; end if;
20.8 Entity and architecture for DiceGame goes here.
(contd)
entity GameTest is process
end GameTest; begin
architecture dicetest of GameTest is foriin O to 11 loop
component DiceGame Rb <='1"; — push roll button
port (CLK, Rb, Reset : in bit; wait until roll = "1";
Sum: in integer range 2 to 12; wait until clkevent and clk = ‘1",
Roll, Win, Lose: out bit); Rb <= '0"; - release roll button
end component; wait until roll <="'0",
signal rb, reset, clk, roll, win, lose: bit; sum <= Sumarray(i),
signal sum: integer range 2 to 12; - read roll of dice from array
type arr Is array(0 to 11) of integer; : wait until clk'event and clk = '1",
constant Sumarray:arr = (7,11,2,4,7,5,6,7,6,8,9,6); wait until cikevent and clk =*1";
.begin if win ='1' or lose = '1' then reset <= ‘1
CLK <= not CLK after 20 ns: : end if;
Dice: Dicegame port map(rb,reset,clk,sum,roll,win lose); wait until cikevent and clk =1
reset <= '0"
Contintued next column . end loop;
wait, - test completed, do not execute process
again

end process;
end dicetest;
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20.9 Replace lines 6 - 11 with: _
Port (Dividend_in: in std_logic_vector(4 downto 0);
Divisor: In std_logic_vector(4 downto 0);
St, Clk: in std_logic;
Quotient: out std_jogic_vector(4 downto 0);
Remainder: out std_logic_vector(4 cownto 0);

Replace lines 14 - 17 with:
signal State, NextState: integer range 0 to 6;
signal C, Load, Su, Sh, V: std_logic;
signal Subout : std_logic_vector (4 downto 0);
signal Dividend: std_logic_vector (3 dovmto 0);

Replace lines 19 - 23 with:
Subout <= Dividend(9 downto 5) - Divisor;
C <= not Subout (4);
Remainder <= Dividend (9 downto 5);
V <="'1" when Divisor = "00000" else '0"
Quotient <= Dividend (4 downto 0);
State_Graph: process (State, St, C, V)

Replace line 25 with:
Load <='0'; Sh <= '0"; Su <="'0"

Replace lines 28 - 33 with:
if (St="1") then
if (V="0") then Load <='1"; NextState <= 1;
else Nextstate <= 0; end if;
else Nextstate <= 0; end if;
when 1 => Sh <=1'; NextState <= 2;
when2{3]4|5=>

Replace line 36 with:
when 6 =>

Replace lines 45 - 47 with:
if Load = "1’ then Dividend <= “00000" & Dividend_in; end if;
If Su ='1' then Dividend(9 downto 5) <=: Subout; Dividend(0) <= ‘1% end if;
if Sh ='1" then Dividend <= Dividend (8 downto 0) & '0"; end if:
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8.A

III. SOLUTIONS TO DESIGN, SIMULATION,
AND LAB EXERCISES
Solutions to Unit 8 Design Problems

Problems 8.A through 8.S are combinational logic design problems using NAND and NOR gates.
Problems 8. A through 8.R are of approximately equal difficulty so that different students in the
class can be assigned different problems. We ask our students to use the following procedure:
(1) Derive a truth table for the assigned problem.
(2) Use Karnaugh maps to derive logic equations in sum-of-products or product-of-sums form
depending on whether NAND gates or NOR gates are required.
(3) Enter the truth table into LogicAid, derive the logic equations, and check the answers
against the results of step (2).
(4) Draw a circuit of AND and OR gates, trying to minimize the number of gates required by

using common gates where appropriate. Factoring or multiplying out is required in some
cases. '

(5) Convert to NAND or NOR gates as specified.

(6) Simulate your answer to (5) using SimUaid, and verify that the circuit works correctly.
Use switches as inputs and probes or a 7-segment indicator as outputs.

In Unit 10, we ask our students to implement the same design problem using VHDL, synthesize

it and download it to 2 CPLD on a hardware board that has switches, LEDs, and 7-segment
indicators.

For each design problem, the solutions that follow show a SimUaid circuit that meets the problem
specifications, but the solution does not necessarily use the minimum number of gates. Each
solution shows the truth table and the equations derived using LogicAid, and in several cases the
Karnaugh maps are shown to help identify common terms.

ABCD | X, X, X, X, X, X, X, X, =BD'+BD+A+CD = BD'+BCD + A+ CD (used in circuit)
0o [1 111110  ZBPrEDrAsEC
0001 {0 110000 O
: X, =C'+D+B
001011 101101 X, = BD'+BC+BCD+CD"
001111, 111001 X, = BD'+CD"
0100 f0 110011 X, =CD'+BC'+BD'+4
0101 {101 1011 X, = BC+BC’'+ A+ CD' (used in circuit)
oiojo 01111 1 X, =BC+BC'+A+BD'
011141 1 1 000 O
10001111111 This solution uses 15 gates and 41 gate inputs.
100111110011

Students are allowed to use a maximum of 18 gates.
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8.A, continued X X, e

A B AB A B
cD 0¢ 01 11 1C CD cO C1 11 10 CD 00 €1 11 10
CO__lJ ’x—'t'lj__ 0TI T T TD | oc |{1 T3 11
c1 D 2 01] 1 X [f1 or |1 T} X} 1)
NI ixTa N\ Orrrxim il jh | ®] x
10 j x__‘fg I 10} 1 % jlx 1c 1 X
X,= BD'+BCD+A+CD X, = B+CD+CD X;=C+D+B
Xy Xs Xg
A B A B A B
CD ¢O. €1 11 10 cD 00 €1 11 10 cCD CO 01 11 1C
00 1] x |1 00| 1) x |l I oo |1 |fa I &)
01 ) 01 X 01 11| x]] 1
1111 x X 11 X | X 11 % | %
T | 10 ™ 10 [1 | %
1 i $ + 1 t
X,= BD'+BC+BCD+CD' Xs= BD'+CD' Xs = CD+BC+BD'+A
S
A B
cCD CO €1 11 10
T 1
00 Pl x]] 1]
01 [1 xJ 1

11'—I] X I'X"“'
10__1J f _ﬂ_g

u t

Xy=BC+BC+A+BD

1
t

Iy

oW

l._
>

f

ol.‘
o
=l
fq uf fq vQw

l_.
°
w

7

|~
o
(2]

¢

You
iﬁ
[P

X4

¢

o

ofé
v R
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it

I

C+B

CD +
CD+

NN
([l

B'+CD+CD'+4

D'+ C+A (used in circuit)
D'+C+B
CD+BD+BCD'+AC' (used in circuit)
CD+ACD'+B'D+AC’

BD
AT

=AD +BC+CD+AC' (used in circuit)
=AD+BC+AC'+BD

This solution uses 15 gates and 38 gate inputs.

Students are allowed to use a maximum of 16 gates.

ABCD| X, X, X, X, X, X, X,
WX XXXXXX
0001 [ X X X XXX X
MO IX XX XXXX
001141111110
01001011 0000
010111101101
011011 11 1001
0111101 1 001 1
10001 01 1011
00111011111
1010{1 110000
1011J1 111111
110011111011
—:)— 0 A

A'
é—- 0 B
ST
o ¢

C'

C—
D

C—
D

)x:
B )Xz

o ) X3
D_.

)

B

5
)X6
g
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o

8.C

ABCDE

00000
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111
11000
11001
11010
11011
11100
11101

—_ s O O O KN m OO O ONU MK OOODOOHNOODOO O
»—a»—-o»—oo;><;><oo»—~»——oo><:><—-—-ooooxxoooooo bt

O Ot O XRME O O~ O M OO OO N KOODOO O DN

O N O OMMOOOCOoOOH MR ORO—O RO OooO DN

W =AC+D)B+C)({C+E) = A + BDE) (used in circuit)
W =AC+D)B+C)(@D'+E)
W =AC+D)({C+E)B+D)
W =AC+D)B+D) D +E)
X=(C+D)B+C+E)(A+C)B+C) =
(B+C) (T +ADB'+ E")) (used in circuit)
X=C+D)B'+C+E)B+C)(A+D)
X=@C+D)B+CY{A+D)B'+D'+E)
X=(@C+D)B'+C+E)B+D)(A+D)
X =(C+D)B+D)A+D)B'+D +E)
X=(C+D)(A+C)B+C)B'+D +E)
X=(C+D)B +C+E)(A+C)B+D)
X=(@C+D)A+C)B+D)B'+D'+E)
Y= (A+B)(A~+D)B+E)[D+E)A'+B'+D'+E) = (4+BD) (E +BD)
(A'+B'+D'+E) = (AE +BD)A'+B'+D'+ EY
Z = BE

This solution uses 14 gates and 32 gate inputs.

Student are allowed to use a maximum of 15 gates.

t/ﬂ-g::
4 B
lE -

+ 0 c
[o4

+ o D
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8.D ABCDE

00000
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100

W=AC+ABDE
X=BC+ABD+ADE'

Y =ABD+ABE+ADE+BDE'
Z =BE

This solution uses 14 gates and 38 gate inputs.

Students are allowed to use a maximum of 14 gates.

a O1 A 01

Fa 1 X
11
X X X
2.

X Z
X X X

x“
4 » = =

W =AC+ABDE X =BC+ABD+ADE
X Z
B C BC
D E 00 01 11 10 DE 00 01 11 10

10101
10110

10111

AOl// a0 .

11000

11001

11 11

11010
11011
11100

X X X

— e e, oo oMM oo oco Moo oo o O MMOOOODOODOIT
I O OO NN OO OO RN~ O HKOOOO OO M
—_— O O = O MM e O O~ O M MO R = OO KOO OO |~
—_- O e O~ oMM O oo OO~ OoO—ROmOMMXOoOOoODODO ([N
=
N

11101
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8.E

ABCD

L)
]

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

n-db—t»—lo-ly—icpd»—-»—-v—to’—!p-»—-.—-»-A_?ﬂ

wc_a.—o»—a.—a-u.-n—dp—&v—-ﬂ»—-a’-d.—»—ah?{

...\._.._-._a._-._-oy_.._.o._.n,_.._-.a._»._-wk

-—t'—-r-lv-u-Ov—d»—lv—tv-do'-r—Ap-dp-v—-“N
Ov—-lOn—-»—‘Ov-dv—-C)r—O»—-dr-p—-»—t»—lu?q
»—-r—uo»—a»—a—ﬁcb—aooo-—-u—tun—v—to?ﬁ
ot bt ek CD) b e b D = = OO O OO

N =D
3 A
e B
1 B
B X c—
‘__{>7,B' D':l:"
S
;— 0 c
—
c
o

F

X =AB+A'C+BD+

CD’ (used in circuit)
X, =AC'+BC+BD+AD'
Xi=AD+BC+CD%AB’
X, =AC'+BD'+CD+AB'
X = AB+CD+AD'+ BC'
X = AD+BD'+A'C+ B'C'
X, =A'+C'+BD'+BD
X; =AC+BD+CD'+

AB' (used in circuit)
X;=AB+BC+AD+CD’
X, = AB+CD+AC'+ BD'
X;=AD%BD+BC+A@
X, =AD'+BC'+CD+AB'
X;=AC+BO+AD+BD'
x; =AB+AC+BD+

C'D' (used in circuit)
X, = X,
X, = BD+BD'+CD'+

: AB’ (used in circuit)

X;=BD+BD+CDWAD'
X;=BD+BD+AD%BC'
X;=BD+BU+AF+B@
X, = AB'+CD'+4C
X, =BC+AD+AC

This solution uses 17 gates and 44 gate
inputs.

Students are allowed to use a maximum of
18 gates.

G s W N -
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8.F ABCD

0000
0001
0010
0011
0100
010t
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

T SR o S s Il = K
SR N e i s e t
Bl s B B e D DD O e LR
Mo DA DD e DO NN © e P
Mo b o m i o b oMM o O |
><:-—‘><:><1C>>—'—-'-><'-‘>4><°°°"‘m><
D DO s D P © O |

<
>

Y

= A+ B'C + BD' (used in circuit)
A+BC+CD'

A+BD'+CD

A'+C'+D

C'+D'+4

AC'+ B'D'+ AB + 4'C D (used in circuit)
AC'+ABC+AD' +CD’
=AC'+ABC+BD'+4D'

= AC'+AB'C+BD'+AB

= AC'+BD'+AD'+ACD

= ACD'+ACD+ACD+ABCD’
=CD'+B+AC'+AD’

= AC+AC'+ A D' (used in circuit)
= AC+AC'+CD’

(L | I

AR e Ra oot Re HaRelie o e

~

This solution uses 18 gates and 51 gate inputs.

Students are allowed to use a maximum of 20 gates.
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»—A.—au—-x—-»-a.—a»-au—-»—-»—a’--—-v—t'—lt—‘»—-OOOOOOOOOOOOOOOO

K N3N2NINO | M3M2MIMO M3 = N2NINO+N3+KN2NI = N3+ N2NIK + NO)
5000 0001 M2 = N2NI'+ K'N2NO' + N2'NI NO + KN2'NI =
N2NI' + K'N2 No' + N2' N1(K + NO)
8 g (1) (1) 8 8 i ? MI = K'NINO'+ K NI'+ NI'NO =
K'NINO' + NI'E + NO
001110100 M0 = K'NO'+ KNO —
01001 0101
0101 0110 This solution uses 13 gates and 31 gate inputs.
0110 1(] 0111
0111 1 0060 Students are allowed to use a maximum of 13 gates.
1000 {1001
1001 1010 M3
1010141011 N NPD?
1011 1100 g X T@ND
11001] 1101 D ©
1101 1110 ,
1110|1111 L . =D "
1111 [ XXXX M*—[DT 2 D;S)
00001} 0010 N NI —]
000100011
00101} 0100
0o011)]0101 T b
0100 ] 0110 l[; Nz
0101|0111
01101} 1000
0111|1001 + N
1000|1010 lt o
1001|1011
106101100 Mo
1011|1101 R . . o
11001} 1110 e
1101|1111 ‘E No M
1110 XXXX
1111 | XXXX
ABCD | X, X, X, X, X, X, X, X, =AC+D+B+AC
0000 [1 111110 % A BCe B
000l 1111111 > _ . 8
0010 [01 10000 LAy D ABABC
0011 |1 111011 X = BC'+D+AB +AC’
0100 11101101 X, =D+AB+AB'+BC' (used in circuit)
0101 | X X X XXX X X, =D+AB+AB +AC'
0110 |1 111001
0111 XXX XXXX This sclution uses 17 gates and 45 gate inputs.
000 |01 10011
1001 I X XXXXXX Students are allowed to use a maximum of 20 gates.
1001011011
1011 [XXXXXXX
100 {1 011111
101 X XX XXXX
110 {1 1100600
1 | XXX XXXX
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8.H, continued

%&5 @WJJ

Y.
LIM
L]

5

81  ABCD|X X, X, XX,X,X,
0000 {X X X XX X X
0001 {X X X XX X X
0010 |1 111110
0011 {0 110000
0100 [1101101
0101 [11 11001
0110 {0 11001 1
011 {101101 1
10001011111
0001 {1 110000
0101111111
011111011

il

I

R RN FaRaRa oo Na e e e e
l

BD'+C'+BD+A4
B'C + C'D + BD' (used in circuit)

BC+AD'+CD

BD+CD'+B(C'

BD +AC'+CD’

D+C+4

= D+ C+B' (used in circuit)

q
I

.y

BD'+BD+AC+ CD' (used in circuit)

BD'+BD+AC+BC'
BD'+BD+A4C+A4C’

BD'+ C'D'
BC+AC+BD'

B+AC+AD'

= B+AC+ CD’' (used in circuit)

This solution uses 15 gates and 38 gate inputs.

Students are allowed to use a maximum of 17 gates.
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8.J

ABCDE

00000
00001
00010
00011
00100
00101
00110
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10010
10011
10100
10101
10110
10111

»-n--o--.—l»-—lb—lOO»-l»—-.-lu—dl—looo.—-v—dt—tu—‘oooo g

P-—‘P—‘b-‘i—-‘r—‘O'-‘Ob—-‘l—-‘b—l’-JOD—loo—lv—doo»—lb—‘oo ;.<

»—a»—ab—-»‘»—ﬂv—AOO»—Ah-‘u—loo»—a»—aO»AOHO'—lOHo ~

H.—A»—A.—-—-OHO.—-HHOHOD—OOOOOOOOO N

W= @A+B+C)(+D)B'+C+E) (used in circuit)
W=@A+B+C)(C+D)A+C+E)
X=@A+B+D)E'+C+E)(A'+C+E)B +C+D) (used in circuit)
X=@U+B+D)E'+C+E)(A'"+C+E)(C+D+E)
X=@+B+D)E'+C+EYyA'+C+E)(A+C+D)

Y=(A+B+E)B' +C+D'+E)(4'+C+D) A+ D +F) (used in circuit)
(A+B+E)B'+C+D'+E)(A'+C+D)B'+D +E)
(A+B)(C+E)(A+D+E) (used in circuit)

= (A+B)(C+E)(B'+D+E)

i

Y
VA
z

This solution uses 17 gates and 51 gate inputs.

Students are allowed to use a maximum of 19 gates.
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8.K ABCDEYW X Y Z W =AB

X =BC+AB
oo [0000  F 7R s |
00010 10 0 0 0 Z=ACDE+BDE+ABCD'+ABCD'+ABCD+ABCE +

ACD+ACE = DEB +A'C) + BDA'C + AC) +

00011 10 0 0 1 ABC'D +E) + ACD +E) =
8818(1) 8 g g i DE(B +A'C) + BD'(A + C)(A' + C) + ABC! (D + E) + AC(D + E)
00110 jO G 10 This solution uses 19 gates and 47 gate inputs.
00111 100 1 0
01000 O 0 10 Students are allowed to use a maximum of 22 gates.
01001 0O 11
01010 JO O 1 1
01011 [0 0 1 1
01100 {01 0 0
01101 |01 0 O L, .
01110 |0 1 0 0 L
01111 [0 1 0 1 l—{>~ £
10000 [0 101 .
10001 O 1 01 .
10010 {0 1 10 /E
10011 |01 10
10100 [0 110 PR <
10101 {0 1 11 L/—@
10110 1 01 1 1
10111 {0111 L 5
11000 1 0 0 0 -
11001 {1 0 0 O /—Lg’
11010 |1 000
11011 1 0 0 1 Lo, E

T

8.L ABCD | X X, X, X, X, X, X, X, =(@A+B+C+D)(B'+C'+D)
X, = (B+C)(A+B+D)
Wi [1001111  GTAEEiDIdsCLD)
X, =(A+B'+C+DIB+C' +D)A'+C'+D)

0010 11001111 X,= @B +D)B +C)(A'+D) = (B'+D)(B'+C'+ D) (4'+D)
0011 1 111110 X, = (4'+C'+D) (A +B'+D)(A+B +C) (used in circuit)
0100 0110000 X, =@ +C'+D){A+B'+C) (B +C'+D)
0101 |1 101101 X, =A+C'+D)(A+B'+D)[B'+C+D)
0110 11 1 1 100 1 X, =(A+B+C'+D)A+B +C+D)A'+C'+ D)
0111 1o 110011
00011011011 This solution uses 18 gates and 50 gate inputs.
100011011111
vw0l1110000 Students are allowed to use a maximum of 18 gates.
011 j1111111
110011111011
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8.L, continued A B A B A B

CD 00 C1 11 10 2D o0 01 11 10 CD cCO 01 11 10
oc 00 ‘@} ol oo | d
01 X o1 of x |lo| 01| D | x
11 (CREY 11 X 11 X
1c X 10 [U] X 10 m X
X, = (A+B+C+D)(B+C+D) Xy = (B+C)(A+B+D) X; = (A+B+D)(A+C+DY
A B A B A B
¢ D 00 €1 11 10 cD 00 €1 11 10 cD CC 01 11 1¢
0cC ©) 00 lo_ lc| _o] 00
01 X 01 X 01 Lc_) X
11 D 11 o 11 X
1c ) 10 p‘“ﬁ 'ﬂ 10 (| €
X, = (A+C+D)(B+C+D)(A+B+C+D) Xs=(B+D)B+C+D)(A'+D) X, = (A% C+D){A+B+C)(A+B+D)
NGA B
CcCD 00 Cl1 11 10
00 ©
01 X
1110 X
10 &rDo

X, = (A+C+D)(A+B+C+D)(A+B+C+D)

L

Y88 HuGY
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8. M

ABCD| X, X, X, X, X, X X, X =WX+Z) (¥ +2
: X, =@ +Y+2VW+Z)(W+Y'+Z)W+X+Y) (used in circuit)
00 | X X XXX XX 2 P ' )
8001 1110111 X2=O{'+Y+Z)_(W+Z)(W+X+Y)(X’+Y+Z)
X,=X+Y+Z)W'+Z)W+Y'+2) X+ I'+Z)
0101001 1111 ?
1 X, = X+ Y+ Z) X+ Y+ Z) (X' +Y'+2) 0+ 7)
0wWirf1001110 X, =X +)X+YV+2)
0lc0j 0111101 X, = X+Y'+2Z)
01011001 } 11 X, = W'+ Y)W +Y+Z) (used in circuit)
011011 000111 X, =W+I)X+Y+2Z)
011111111011 X =X+YV+ZVW+Z) (W +Y)
1000{01 10111
worloooo110 This solution uses 19 gates and 50 gate inputs.
101010111100
Students are allowed to use a maximum of 22 gates.
X
Z
Y
1 Z X1
—_0_—/0, ¥ /
|_‘ o w ' xg ):>——-‘
Y
T 0 X

7 4
55 s

N

|O
NI

NPy N
j?
ﬁ

] =

=Ds

DU NV I SV S e
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8N  ABCDE| X Y Z X = A'BC(D +E) (D' + EY)
0000 10 0 o Y = ABE(C + D) (C' + D)
00001 | 0 0 0 Z= (A+B)(A+C,"+{)'+}’3‘)(A'+1'3'+,C+'D'+E')(j,3'+’C'+D+E') =
00010 1 0 0 0 A+B)(A+C'+D'+E)(B'+E) (A'+C+D) (C'+D)

_ 00011 1 0 0 0 This solution uses 17 gates and 41 gate inputs.

00100 | 6 0 O :
00101 { 0 0 0 Students are allowed to use a maximum of 19 gates.
00110 1 0 0 O
00111 0 0 O
01000 | 0 0 1 N A
01001 10 0 1 e =
01010 { 0 0 1 [_{>= N 03 > ‘>° X
01011 | 0 0 1 N &
01100 { 0 0 1 n B E .' "
01101 |1 0 0O '
01110 | 1 0 0 A/L[gc;* ’é@—-——\
oIt o o0 1t
10000 10 0 1 L c BIS > > v
10001 0 0 1 I E - E )
10010 1 0 0 1 ’ c ’_ '_
10011 | 0 0 1 L °
10100 | 0 0 1 P o |
10110 1 0 O 1
10111 | 0 0 1 L E j :
11000 { 0 0 1 B 4
11001 | 0 0 1 M@ = '1: , ?
11010 | 0 O 1 lg P "
1mommjfo1o0 c .
11100 1 0 0 1 D E ‘
11101 0 1 0 =
11110 { 0 0 1 D
11111 {0 0 1

80  ABCD|X X,X,X,X,X,X, X,=(@A+B+C+D)(B'+D)=A+B+C+D)B'+C' +D)B'+C+D)
0000 {1 111110 ?;g;g:g))w
0001 {0 110000 X:=(B+C+D')(B’+C+D)(B'+C'+D’)
01001 101101 X, =D'(B+C) = D'(B' +C+D)
0111111001 X, = (A+B+D)B+C)(C' +D)
01000110011 X, =(MA+B+C)B' +C'+D)
1011011011
0166011111 This solution uses 18 gates and 48 gate inputs.
OiImmtiir1110000
100011111111 Students are allowed to use a maximum of 19 gates.
00111110011

171



8.0, continued

% X5 X3 X4
KB AB AB AB
cp 0001 11 10 cD 00 01 11 10 cp 00 01 11 10 COD 00 01 11 10
00 D 00 X 00 X 00 (o]
011 @ X 01 [emne:s] o1 X 1T x | @
11 Xpx 1 X|x 11 x| x 11 I X
10 ol 10 ol x 10] x| & 10 x| x
X=(A+B+C+D)(B+C+D)(B+C +D) Xp= B+ C+D)(B+C+D) X3= (B+C+D) X4— B+CH+D)(B+C+D)B+C+D)
Xs Xg Xy
AB AB A B
cD 00 o1 11 10 cD 00 01 11 10 cD 00 01 11 10
00 D 00 b4 00 ro] X
o | ETTTFY o1 x alld]| |x
1 [l lolx @ o | x [{X)] 11 T x
10 XX
10 _(l X Lx_ 10 X X
X5= D)(B+C+D) K= (C+DYB+C)(A+B+ D) X;= (B+C+D)(A+B+C)
To save one gate, use:
X, =@B+C+DYB+CYA+B+D)
<L A
_Q/” L .
B
C
B
1. B

I...

B
< 4
D

=

=5y

B
D
B
C

oQw
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ABCD| X, X, X, X, X, X, X, X =(A+C+D)A+BY)
0000 |1 111110 RPN
0001 |0 110000 ;T @A DY ,
X, =(A+C+D)A+B)A +C'+D)
0010 11111001 X,=BA+C+D)A+C+D)(A'+C+D)(4'+C' +D) =
001111101101 B'(A+(C+DY)(C'+D)) (A'+C+D)(4'+C'+ D)
00 I XXX XXX X X, = (A+D)A+B+C)(C'+D)
0101 [ XXX XXXX X, = (A+C) @'+ C'+D)
01010110011
Ol X XX XXXX This solution uses 21 gates and 50 gate inputs.
00011111011
me1li1111111 Students are allowed to use a maximum of 21 gates.
10001011111 R A
10111110000 "L[>A —DT _
110 | X XX XXX X =
101 [X XX XXXX L =D
moj1011011 = . — x2
M {XXXXXXX ’_LD—"—“ >
S =
ZK : =D =}
D s ‘
=D
:D»—%}—
293’—
ABCD | X, X, X, X, X, X, X, ? = Z+%+CC’,;(§)CAI;"’+BC;C2
00001111110 = A B CHA' B
0001 [ 1111111 pldxExd
= A+B+C'+D)(A'+B+C)(A'+B'+ C)
0010 |0 110000 X = Cld'+B) = Cd' =B+ C)
001111111011 X, = (A+C'+D)(A+B'+C)(A'+B'+C)
0100} 1 101101 X, =(A+B+D)(A'+B'+(C)
0101 [ X X X XX XX
0110 11 11 1001 This solution uses 15 gates and 40 gate inputs.
0l [ X XX XXXX
10010110011 Students are allowed to use a maximum of 17 gates.
1000 | X X X XXXX
10001011011
011 [ X XXXXXX
1000101 1111
10l [ X XX XXXX
M0 [1110000
MiXXXXXXX
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10.B

10.C

BCD(0) —* L+ GRAY(0)

Bep) — 1% 4 Lo Gravay

BCD(2) —» ROM |, Grav()

BCD(3) — — GRAY(3)

Test Sequence: BCD =0010, 0101, 1001.

Command Sequence:

library bitlib;
use bitlib.bit_pack.all;

entity rom is

port (bcd : in bit_vector(3 downto 0),
gray : out bit_vector(3 downto 0)},
end rom;
architecture eqn of rom is

type rom16_4 is array (0 to 15) of bit_vector (3 downto 0);
constant rom1 : rom16_4 ;= (“0000, “0001", “0011", *0010",
“0110”, “1110°, *1010”, “1014", “1001", “1000", others =>
“41117);

force bed 0010 ;g;il index : integer range O to 15,_
run 5ns : :
index <= vec2int(bcd),
force bed 0101 gray <= rom1(index),
run 5ns end eqn;
force bed 1001 !
run 5ns
Output (from DirectVHDL):
Time bcd gray index
0 ns 0010 0011 2
5 ns 0101 1110 5
10 ns 1001 1000 9
Note: See solution to Problem 4.33 for derivation of the half-adder -- Code for the half adder
entity ha is
A ) S1 e Sum port (a, b: in bit;
Half-Adder | () _ | Half-Adder | Cy s, ¢ : out bit);
B——»
—'| —L_D_’ end ha;
Cout  architecture eqn of ha is
Cin begin
s<=axorb
Test Sequence: abein=001,011,111,110,100. c<=aand b,
end eqn;
- Code for the full adder
Command SCqUCIlCCZ forcea1 entity fais
force a 0 run 5ns port (a, b, cin : in bit;
forceb 0 force cin O sum, cout : out bit):
force ¢cin 1 run 5ns end fa; ' '
run 5ns force b 0 architecture egn of fa is
force b1 run 5ns component ha is
run Sns port (2, b : in bit
s, ¢ out bit);
Output (from DirectVHDL): end component,
Time a b cin sum cout ¢2 ¢l sl signal s1, ¢1, ¢2 . bit;
Ons 'O' '0" '1" '1' '0' '0' ‘0" 'O’ begin
5ns '0" "1 '1' 'O0' "1 '1' '0' '1' ha1: ha port map(a, b, s1, ¢1);
10 ns "1" 1" '1' "1 "1 ‘0 1 'O ha2: ha port map(s1, cin, sum, c2);
15 ns ‘1" "1' '0' '0" '1* '0' '1' 'O cout <=c¢1orc2;
20 ns ‘1" 'O’ 'O0" ‘1" ‘0" 0" '0" '%1° end eqn;
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10.D

N
3-t0-8 | %

line V3
decoder Ya

%D—-mum(l)
yj A X
Ye I—ED— count(0)

Y7

A —

B—>

€ —s

- Code for the 3 to 8 decoder
entity decoderis
port (a, b, ¢: in bit;
y0, ¥1, y2, y3, v4, y5, y6, y7 : out bit);
end decoder;
architecture egn of decoder is
begin
y0 <= not a and not b and not c;
y1 <=not a and not b and ¢;
y2 <= notaand b and notc;
y3 <= notaand b and ¢;
y4 <= a and not b and not c;
y5 <= a and not b and ¢;
y6 <= a and b and notc;
y7 <=aandbandc;
end eqn,;
- Code for the main module
entity fa is
port (a, b, ¢ in bit;
count : out bit_vector(1 downto 0));
end fa;
architecture egnof fa is
component decoder is
port (a, b, ¢ : in bit;
y0, ¥1, ¥2, ¥3, y4, ¥5, ¥6, y7 : out hit);
end component;
signal y0, y1, y2, y3, y4, y5, y6, y7 : hit;
begin
d1: decoder port map(a, b, ¢, ¥0, y1, ¥2, y3, y4, y5,
6., y7);
count(0}) <= y1 or y2 or y4 or y7,
count{1) <= y3 or y5 or y6 or y7;

Test Sequence: abec=000,010,110,111,011.

Command Sequence:

end eqn;

Output (from DirectVHDL):

Time a b ¢ county?7 y6 y5 y4
0 ns !0! lol Iol 00 10! lol Iol l0|
5 ns lo' lll IO| 01 lol lo' Io' lol
10 ns '11 '1! Iol lo lol l1I lo! |0!
15 ns lll lll lll 11 Ill lol lo' |0l
20 ns lol lll ll' 10 Iol lol IOQ 10!

179

forcea 0
forceb 0
forcec 0
run 5ns
force b1
run 5ns
force a 1
run S5ns
force ¢ 1
run 5ns
forcea 0
run 5ns
y3 y2 yl y0
Iol lol lol "1‘
Q' 1t ot 'O
lol Io| '0! Io!
0" 0" ‘0" 'O
|1l lol IOI |0|



10.E

BCD(0) —*
16x7

ROM

BCD(1) —»
BCD(2) —*

BCD(3) —+]

— Seven(0) = X1
— Seven(1) = X2
— Seven(2) = X3
— Seven(3) = X4
— Seven(4) = X5
— Seven(5) = X6
—» Seven(6) = X7

Test Sequence: BCD = 0000, 0001, 1000, 1001.

Command Sequence:
force bed 0000

run 5ns

force bed 0001

run Sns

force bed 1000

run 5ns

force bed 1001

run 5ns

Output (from DirectVHDL):

Time bcd seven
0 ns 0000 3f
5ns 0001 6

10 ns 1000 7f

15 ns 1001 6f

index
0

1
8
9

library bitlib;

use bitlib.bit_pack.all;

entity rom is
port (bed : in bit_vector(3 downto 0);
seven : out bit_vector(6 downto 0));

end rom;

architecture egn of rom is
type rom16_7 is array (0 to 15) of bit_vector (6
downto 0);
constant rom1 : rom16_7 := (*0111111”, “0000110",
“1011011”, “1001111”, “1100110", “1104101",
“11111017, "00001117, “1111111", “1101111", others
=> "0000000™),
signal index : integer range 0 to 15;
begin
index <= vec2int(bcd);
seven <= rom1(index);

end eqn;
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10.F

A 3.15-8
line
B ——3! decoder

C oyl

entity decoder is
portt (a, b, ¢ : in bit;
v0, v1, ¥2, ¥3, y4, y5, v6, y7 : out bit);
end decoder;
architecture eqn of decoderis
begin
y0 <= not a and not b and not c;
y1 <= nota and not b and ¢;
y2 <= nota and b and not¢;
y3<=notaandbandc;
y4 <= a and not b and notc;
yS <=aand notb and c;
y6 <=a and b and notc;
y7 <=aand band ¢
end eqn;
- Code for the main module
entity main is

port(a, b, ¢ in bit; Test Sequence: .
output : out bit); abec=000,100,101,001,011.
end main;

architecture eqn of main is
component decoder is

port (a, b, ¢ : in bit; Command Sequence:

¥0, ¥1,¥2, y3, y4, 5, y6, y7 : out bit); gi gg
end component; force ¢ O
signal O, y1, y2, y3, y4, y5, ¥6, y7 : bit; run 5ns
sigrfal x1, X2 : bit; force a 1
begin run 5ns
d1: decoder port map(a, b, ¢, y0, y1, y2, y3, y4, y5, force ¢ 1
¥8, yZ), . run Sns
x1<=y0ory1 or y2 force 2 0
X2 <= y5 or y6 or y7; run 5ns
output <=x1 or x2; force b 1
end eqgn; run 5ns
Output (from DirectVHDL):

Time a b ¢ output y7 y6 y5 y4 y3 y2 yl y0o x2 x1

0 ns Iol lol !0! ll! IOI Iol IOI lol Iol Iol 101 lll lol 91'

Sns 1" '0" '0" 'O 0" 0" 0" 1t ‘o' ‘0" 'e" '0" '0' 'O’

10 ns '1' ‘0" "1 '1° 0" 0" 1" 0" '0* "0 '0' 'O’ 1" 'O’

15 ns lol lol lll l1' IOI IOI |0l l0| 10' lol )1! '0' Ioi lll

20 ns ‘0" '1' '1' 'O 0" 0" 0" 0" 1T ‘0" '0' 0" ‘0" 'O’
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10.G

x'—
y v
X |
y D ” b
ba bi— )
y ]
b—

- Code for the full subtracter
entity sub1is
port (X, Y, bin : in bit;
D, bout : out bit);
end subt;
architecture egn of sub1 is
begin
D <= X xorY xor bin after 5 ns;
bout <= (not X and bin) or (not X and Y) or (bin and
Y) after 5 ns;
end egn;
— Code for the 4 bit subtracter
entity sub4 is
port (X, Y : in bit_vector(3 downto 0);
bin : in bit;
D : out bit_vector(3 downto 0);
bout : out bit);
end sub4;
architecture egn of sub4 is
component sub1 is
port (X, Y, bin : in bit;
D, bout : out bit);
end component,
signal b : bit_vector(3 downto 1);
begin
FS0 : sub1 port map (X(0), y(0), bin, D(0), b(1)):
FS1:sub1 port map (X(1), y(1), b(1), D(1), b(2));
FS2 : sub1 port map (X(2), ¥(2), b(2), D(2), b(3)};
FS3 : sub1 port map (X(3), y(3), b(3), D(3), bout);
end eqn;
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XY XY, XY o Yo
Test Sequence: 1100-0101, 0110-1011
Command Sequence:
force X 1100
force Y 0101
force bin 0
run 25ns
force X 0110
force Y 1011
run 25ns
Output (from Direct VHIDL):
Time X Y bin D bout b
0 ns 1100 0101 '0' 0000 '0' 000
5 ns 1100 0101 '0' 1001 '0' 001
10 ns 1100 0101 'O’ 1011 'O’ 011
15 ns 1100 0101 '0' 1111 '0" 111
20 ns 1100 0101 '0' 0111 'O’ 111
25 ns 0110 1011 'O’ 0111 '0' 111
30 ns 0110 1011 '0" 0011 '1' 011
35 ns 0110 1011 '0' 1011 '1' o011



10.H D library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
1 use |[EEE.STD_L OGIC_ARITH.ALL;

Cont =D(10) . use I[EEE.STD_LOGIC_UNSIGNED.ALL;
1 Sum=D(9 downto 0) entity shifter is
port (Rin : in std_logic;
10-bit Adder A in std_logic_vector(7 downto 0);
- B : out std_logic_vector(7 downto 0);
j, 10 %10 Lout : out std_logic);
w— - end shifter; .
T3 "00"&C architecture Behavioral of shifter is
begin
l___l— T jl’ B(0) <= Rin;
; - B(7 downto 1) <= A(6 downto 0);
;1 8bit Shifter fe—0 Lout <= A(7)
X3 end Behavioral,
—t— library IEEE;
—ﬂ 8-bit Shifter fe0 use IEEE.STD_LOGIC_1164.ALL;
1 * . use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
C entity mult3 is

port (C : in std_logic_vector(7 downto 0);
D : out std_logic_vector(10 downto 0});
Test Sequence: C = 10100101, 11111111 end mult3;
architecture Behavioral of muit3 is
component shifter
port (Rin : in std_logic;

Command Sequence: A in std_logic_vector(7 downto 0);
force C 10100101 B : out std_logic_vector(7 downto 0);
run 10ns Lout : out std_logic);
force C 11111111 end component;
run 10ns signal E, F : std_logic_vector(7 downto 0),
signal L1, L.2: std_logic;
begin

Shifter1 : shifter port map{'0’, C, E, L1),
Shifter2 : shifter port map('0’, E, F, L2);
D<=(0&L1&L2&F)}+C;

end Behavioral;

Output (from DirectVHDL):
Time C D F E L2 tl
0 ns 10100101 01100111001 1001010C¢ 01001010 '0" '1°'

10 ns 11111111 10011111011 11111100 13111310 '1* '1°
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10.1 " — Code for the 4 to 2 priority encoder

4-t0-2

encoder | & b use |[EEE.STD_LOGIC_1164.ALL;
' use |[EEE.STD_LOGIC_ARITH.ALL;
‘l d use|EEE.STD_LOGIC_UNSIGNED.ALL,
. 402 ;z entity four_to_two_pe is
Y(4:7) =t priority [°2 R port (v : in std_logic_vector(0 to 3);
encoder {22 L a1, b1, ¢c1: out std_logic);
: end four_to_two_pe; .
architecture equation of four_to_two_pe is
begin
a1 <= y(2) or y(3);
b1 <= y(3) or (y(1) and not y(2)),
Test Sequence: Y = 00000000, 10000000, ¢1 <= y(0) or y(1) or y(2) or y(3);
11000000, ..., 11111111 end equation; '
library IEEE;
use [EEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use |EEE.STD_LOGIC_UNSIGNED.ALL;
Command Sequence: - Code for the 8 to 3 priority encoder
force y 00000000 entity eight_to_three_pe is
run Sns port (v : in std_logic_vector(0 to 7);
force y 10000000 a, b, ¢, d: out std_logic);
run 5ns end eight_to_three_pe;
force y 11000000 architecture Structure of eight_to_three_pe is
run 5ns component four_to_two_pe
force y 11100000 port (y : in std_logic_vector(0 to 3);
un Sns a1, b1, c1: out std_logic),
force y 11110000 ) end component;
run Sns signal a1, b1, ¢1, a2, b2, c2: std_logic;
force y 11111000 begin
run &ns four_to_two_pe1: four_to_two_pe
force y 11111100 port map (y(0 to 3), a1, b1, c1),
run 5ns four_to_two_pe2: four_to_two_pe
force y 11111110 port map (y(4 to 7), a2, b2, c2),
run Sns a<=c2,
force y 11111111 b <= a1 when c2 ='0" else a2;
run 5ns ¢ <=b1 when c2="0"else b2;
d <= y(0) or y(1) or y(2) or y(3) or y(4) or y(5) or
¥(6) or y(7);
—d <="'0'when y=0 else '1'; (alternate solution for d)
end Structure;
Output (from DirectVHDLY):
Time vy A b ¢ d ¢z b2 a2 c1 bl al

0 ns 00000000 '0' '0' '0' '0' 'O’ o' 'o' "ot o
5 ns 10000000 'O’ '0O' 'O' '1' 'O0' 'O' 'O’ '1' '0' 'O’
10 ns 11000000 ‘0" 'O' '1' "1' '0' 'O' '0' ‘1" '1" 'O’
15 ns 11100000 'O' *1' 'O '1' 'o0' 'O '0' '1i" ‘0" '1'
20 ns 11110000 '0' '1' "1’ '1' ‘0" '0' 'O' '1' ‘1’ '1'
25 ns 11111000 '1' '0' 'O' '1' '1' 'o0' 'o' '1' '1' '1'
30 ns 111131100 ‘1" ‘0" "1' "1' ‘'3' '1' '0" '1' 1" 'L
35 ns 11111110 '1" '1* 'O0' '1' '1" ‘0" '1' '1' 't '1°
40 ns 11111111 1" '1*' '1' ‘1" "1’ "1' "1 '1' '1' '1°

1834



10.J

(7:4) D(3:0) Command Sequence:

force A 11011011
force B 01110110

Sout| 4-bit 4-bit run 10ns
Ponte—o= e adder [T1 force A01110110
) force B 11011011

run 10ns

Test Sequence: 11011011-01110110,
A(7:4) B(7:4) A(3:0) B(3:0)

library IEEE;
use IEEE.STD_LOGIC_1164 ALL,;
use IEEE.STD_LOGIC_ARITH.ALL;
use |EEE.STD_LOGIC_UNSIGNED.ALL,
entity adderd is
port (X, Y : in std_logic_vector(3 downto 0);
in : in std_logic;
S : out std_logic_vector(3 downto 0);
cout : out std_logic),
end entity;
architecture addeqn of adder4 is
signal sum : std_logic_vector(4 downio 0},
begin ’
sum <='0'& X +Y + cin,
S <= sum(3 downto 0);
cout <= sum{4),

end addeqn;
Output (from DirectVHDL):
Time A b D

01110110-11011011

library [EEE;
use [EEE.STD_LOGIC_1164.ALL;
use |[EEE STD_LOGIC_ARITH.ALL;
use |[EEE.STD_LOGIC_UNSIGNED.ALL,;
entity subtracter8 is
port{A, B : in std_logic_vector(7 downto 0);
D : out std_logic_vector(7 downto 0);
bout : out std_logic);
end entity;
architecture subegn of subtracter8 is
component adder4
port (X, Y : in std_logic_vector{3 downto 0);
cin : in std_logic; '
S : out std_logic_vector(3 downto 0);
cout : out std_logic),
end component,
signal b1, cout : std_logic;
signal notB : std_logic_vector(7 downto 0);
signal D1, D2 : std_logic_vector(3 downto 0),
begin
notB <= not B;
ADDERA : adder4 port map(A(3 downto 0),
notB(3 downto 0), '1', D2, b1);
ADDERB : adder4 port map{A(7 downto 4),
notB(7 downto 4), b1, D1,cout),
D <=D1&Dz
bout <= not cout;
end subegn, ‘

bout boutl bl notB D2 D1

0 ns 11011011 01110110 01100101 'C" '1° '1' 10001001 0101 0110
10 ns 01110110 11011011 10011011 '1' '0O' 0" 00100100 1011 1001
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10.K

S1—»f 2-to-4 B8

52 decoder

line ‘L A>E  force d 010101
/

Test Sequence: s1s2 = 00,01, 10, 11

Command Sequence:
force a 000111
force b 101010
force ¢ 111000

forces1 0
forces2 0
run 5ns
forces2 1
run Sns
forces1 1
forces2 0
run 5ns
force s2 1
run 5ns

library IEEE; library |IEEE;

use [EEE.STD_LOGIC_1164.ALL,; use [EEE.STD_LOGIC_1164.ALL:

use IEEE.STD_LOGIC_ARITH.ALL; use [EEE.STD_LOGIC_ARITH.ALL:

use |EEE.STD_LOGIC_UNSIGNED.ALL,; use |[EEE.STD_LOGIC_UNSIGNED.ALL,;
entity tsb is entity pkcis

port {(A: in std_logic_vector(5 downto 0);
B : in std_logic;
Z : outstd_logic_vector(5 downto 0));

port (A, B, C, D : instd_logic_vector(5 downto 0);
E : out std_logic_vector(5 downto 0});
s1, s2:in std_logic);

end tsb; end pke;
architecture Behavioral of tsb is architecture Behavioral of pke is
begin component isb

Z <=Awhen B ='1' else “ZZ22777":
end Behavioral;

port (A: in std_logic_vector(5 downto 0);
B in std_logic;
Z : out std_logic_vector(5 downto.0));
end component;
signal internal : std_logic_vector (3 downto 0);
begin
internal(0) <='1' when (s1 ='0' and s2="0') else '0";
internal(1) <='1' when (s1 ='0' and 2="1") else '0";
internal(2) <= '1" when (s1 = '1' and s2='0") else '0%
internal(3) <= '1' when (s1 ='1' and s2="1") else '0";
tsb0 : tsb port map{A, internal(0), E);
tsb1 : tsb port map(B, internal(1), E);
tsb2 : tsb port map(C, internal(2), E);
tsb3 : tsb port map(D, internal(3), E);

end Behavioral;

Output (from DirectVHDL):
Time A b C D

E sl s2 nternal

0 ns 000111 101010 111000 010101 000111 'C' '0' 0001
5 ns 000111 101010 111000 010101 101010 'G' '1' 0010
10 ns 000111 101010 111000 010101 111000 '1' '0' 0100
15 ns 000111 101010 111000 010101 010101 "1’ "1' 1000
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10.L Count library IEEE;
use IEEE.STD_LOGIC_1164 ALL,;
4 use |[EEE.STD_LOGIC_ARITH.ALL,
T - use |[EEE.STD_LOGIC_UNSIGNED.ALL,
Cout A5 Sum entity ROM4_3is
port (ROMin : in std_logic_vector(0 to 3);
3-bit adder ROMout : out std_logic_vector(0 to 2));
4 L A end ROM4_3;
B C D 3 architecture Behavioral of ROM4_3 is
I 73 * | type ROM16X3 is array (0 to 15) of std_logic_
ROM, ROM, ROM; vector(0 to 2);
constant ROM1: ROM16X3 := (“000", 001", 001",
3 3 3 “010", “001”, *010", “010”, *011", *001", “*010", “010%,
“011°, “0107, “011”, “011", “1007);
A(11:8) A(7:4) A(3:0)

signal index : integer range 0 to 15;
begin
index <= conv_integer{ROMin};
ROMout <= ROM1(index);

end Behavioral,

library IEEE;
Test Sequence: A = 111111111111, use |EEE.STD_LOGIC_1164. ALL,
010110101101, 100001011100 use IEEE.STD_LOGIC_ARITH.ALL;

use |IEEE.STD_LOGIC_UNSIGNED.ALL,
entity 1ab10l_soln is
port (A: in std_logic_vector(11 downto 0,
count : out std_logic_vector(3 downto 0));

Command Sequence: end lab10l_soln;

architecture Behavioral of lab10l_soin is .
Er:g:\s111111111111 _ " component ROM4_3
: port (ROMin: in std_logic_vector(0 to 3);
ﬁﬁ;cgémmwm”m ROMout: out std_logic_vector(0 to 2));
: end component; ‘
];3;02;;100001011100 signal B, C, D : std_logic_vector(0 to 2);
begin

RO1 : ROM4_3 port map (A(11 downto 8), B);
ROZ : ROM4_3 port map (A(7 downto 4), C}),
RO3 : ROM4_3 port map (A(3 downto 0), D);
count<=*0"&B+C +D;

end Behavioral;

Output (from DirectVHDL):

Time A COINTD C b

0 ns 111113111313111 13100 3100 100 100
5 ns 010110101101 0111 011 010 010
10 ns 1000010131100 0101 010 010 001
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10.M

Di(2) Di(1) Di(0)
b Full - Full Full b
° Subtracter Subtracter Subtracter

M2 N©2 M@ NI M(0) N(0)
library bitlib;

use bitlib.bit_pack.all;
entity FSub is
port (X, Y, Bin : in bit;
Bout, Dout : out bit);
end FSub;
architecture Behavioral of FSub is

type ROM8x2 is array ( 0 to 7 ) of bit_vector(Oto 1),

constant ROM1 : ROM8Bx2 :=(“00",
u105‘ -0011' -00!' -117:)'
signal index : integer range O to 7,
signal F : bit_vector(0 to 1);
begin
index <= vec2int(X&Y&Bin),
F <= ROM1(index);
Bout <= F(1);
Dout <= F(0);
end Behavioral;
library bitlib;
use bitlib.bit_pack.all;
entity lab10m is
port (M, N : bit_vector (2 downto 0);
Bl : in bit;
BO : out bit;
DI : out bit_vector(2 downto 0));
end lab10m,;
architecture arch of lab10m is
component FSub
port (X, Y, Bin : in bit;
Bout, Dout : out bit);
end component;
signal C : bit_vector (2 downto 1);
begin
SBO : FSub port map (M(0), N(0), Bl

117, 11", 017,

» C(1), DI(O));

SB1 : FSub port map (M(1), N(1), C(1), C(2), DI(1));
SB2 : FSub port map (M(2), N(2), C(2), BO, DI(2));

end arch;
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Test Sequence: 110-010 w/ borrow input of 1,
011-101 w/ borrow input of 0

Command Sequence:
force M 110

force N 010

force Bl 1

run 5ns

force M 011

force N 101

force BI 0

run Sns

Output (from DirectVHDL):

Time M n BI BO DI C
0 ns 110 010 1" '0' 011 11
5 ns 011 101 '0' '1' 110 00



Solutions to Unit 12 Design and Simulation Problems

Problem 12.10 is a simulation exercise where students are required to design and simulate a counter. The problem

has 14 parts of equal difficulty, so that different students can be assigned different parts. We ask students to do the
following preparation and lab work:

1. Read Unit 12 in the course textbook, completing Study Guide parts 1 through 5.

2. Read Section 2.2, “Simulating Flip-Flops with SimUaid” in the SimUaid User s Guide on the CD.

3. Answer the following questions:

(a) How can a D flip-flop be set to logic 0 without using the clock input?
(b) How can it be set to logic 1 without using the: clock input?
(c) Explain the term Asynchronous Input.

4. Design a counter that counts in the sequence assigned to you. Use D flip-flops, NAND gates, and inverters.
Draw your circuit explicitly showing all connections to gate and flip-flop inputs. Explicitly means that you
should draw in all wires, don’t just label the inputs and outputs. Show switches connected to the Preset
and Clear inputs of the fiip-flops. Use one switch for all clears and a separate switch for each preset.

- 5. Explain in detail how you can set the flip-flops to the two missing states not in the prescribed counting sequence
without using the clock input. Your explanation should describe each change you make to a switch position.
After you have cleared or set a flip-flop, in what position (0 or 1) should you leave the switches?

6. After a proctor has approved your preparation, go to one of the computer labs and work through the exercise
for simulating a D flip-flop using SimUaid, found in Section 2.2 “Simulating Flip Flops with SimUaid” of the
SimUaid User s Guide on the CD.

7. Enter your circuit from part 3 into SimUaid. In the space below, draw the complete state graph determined

experimentally using your SimUaid circuit. Include the 6 states in the counting sequence and the 2 states not in
the sequence.

The complete solution for problem 12.10(a) follows. The solutions for parts (b) through (n) are similar, so only the
state table, D flip-flop input equations (derived using Karnaugh maps), and the state graphs determined in part 6 are
given. The D flip-flop input equations can also be derived using LogicAid by entering a state table with zero input

variables.

12100 [c B A |c'B* A c N\ ¢ c
0 00 0 0 1 B A 0 1 B A 1 B A 0 1
001 [0 1 1 00} 0 Y] 00] 0 | @ 00 r1__>q
010 |6 0 O 01| 0 QJ o1 |{(@ [T 01 | (@) 1J
011 |1 0 1
1 00 |X X X 11|1@} o0 11| 0 | 1 1111 o
1 01 41 1 1 10] 0| x 10| 0 | ¥ 10l 0| x
110 {XX X
111 01 60 Dy = CBA+CH Dy = BA+C D, = B'+CA
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12.10(a) (continued)
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State graph determined experimentally:

100 110

‘—> 000 — 001 — 011 —» 101—>» 111—>» 010—|

121000) [ B A lcrB* A*
0 00 0 1 1
0 01 X X X
010 1 1 0O
011 1 01
1 00 X X X
1 01 1 1 1
110 0 0 O
1 11 0 1 0

*Dc= C'B+BA Do= CB+CBH'
*Dp= C'A'+CA *D,= B +CA

Circuit based on equations marked * was used to obtain the following
state graph

100——001

l—>000 — (il —» 101———»111——»010——»1101
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12.10(c)

12.10(d)

12.10(e)

121009

CBA |[C'B" At
000 1 1 0
0 01 0 0 0
010 jX X X
011 X X X
1 00 1 0 1
1 01 0 0 1
110 1 1 1
I 11 1 0 0
C B A |[C'B*A*
0 00 1 0 O
0 01 1 1 0
010 (X X X
011 X X X
1 00 |0 O 1
1 01 1 1 1
1 10 1 0 1
1 11 0 0 0O
C B A |[C"B* At
000 (0 1 O
0 01 X X X
010 1 1 1
011 1 1 0
1 00 |[X X X
1 01 0 1 1
110 |0 0 O
1 11 1 0 1
CBA |C'B*A*
0 00 I 0 O
0 01 1 1 1
010 X X X
011 X X X
1 00 {0 0 1
1 01 0 0 ¢
1 10 1 0 1
1 11 1 1 0

*Dc= A'+B

*Dy= CA'+BA
*D,= CB +BA'

D,=CB+CA

Circuit based oa equations marked * was used to obtain the following
state graph

010 011
N\

‘—v 000 —»110 —» 111 —» 100 — 101 —» 001—]

*De= C' +BA+BA' *Dp= BA
*D,= CB+BA' D,=CB+CA

Circuit based cn equations marked * was used to obtain the following
state graph

011 010

. N

rOOO —» 100 — 001 —» 110—» 101 —» 111—1

Dc=CB+EA Dg= C'+B
D,=CBA'+CA '
State graph determined experimentally:

001 100

rOOO — 010—» 111 —» 101 —» 011 —> 110—]

De= C'+B Dg= CA+BA
D= CA+CA .

State graph determined experimentally:

010 011

~\

|—>000———>100——> 00l — 111 —» 110—» 101—]
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12.10(g)

12.10(h)

12.10(i)

12.10()

C BA |[C'BY A"
0 00 6 1 0
0 01 1 1 0
010 1 1 1
011 X X X
1 00 X X X
1 01 0 0 1
110 0 0 O
111 1 0 1
C BA |C"BYA*
0 00 I 0 1
6 01 1 1 0
010 0 1 1
011 0 0 1
1 00 X X X
1 01 0 1 O
1 10 0 0 O
1 11 X X X
CBA |C'BY A"
000 1 0 0O
o 61 1 1 0O
010 60 0 1
011 X X X
1 00 0 1 0
1 01 X X X
1 10 1 1 1
1 11 0 0 O
C BA |C'BY A*
0 00 0 0 1
0 01 1 1 1
010 1 1 0
011 0 0 O
1 00 X X X
1 01 X X X
110 0 1 1
1 11 01 0

Do= CA+CB+BA Dy
D,= CB+CA

Cl

State graph determined experimentally:

100 011
W \a

[—v 000 ——» 010— 111 — 101—> 001 —> 110—\

*De= CB' *Dy= BA+CBA'
*D,= CB+CA' D,= CB+BA'
D,= CA'+BA

Circuit based on equations marked * was used to obtain the following state
graph

100 111

o

[—> 000 —» 101—» 010 —» 011 ——» 001 —» 110—-\

*Do=CB +CBA *Dy= CA'+CA
D= CA'+BA *Dy= BA

Circuit based on equations marked * was used to obtain the following
state graph

101 011

N

‘—> 000 —» 100 —» 010—» 001 —» 110 —> 111 —l

Dc= BA+CBA’
D,=B+CA

Dp= BA+BA'+C
State graph determined experimentally:
101 100

{—> 000 —» 001 —» 111 —— 010 —» 110 —>» 011—\
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12.10¢k) TRt AT *Dc= CB' +B'A *Dy= CHB'
cBA ICB *D, = BA+BA' D, = B'A+CB
0 00 1 0 O
0 01 1 ¢ 1
010 {0 0 1 Circuit based o equations marked * was used to obtain the following
011 |X X X state graph
011 110
1 00 0 1 0
1 o1 |1 1 1 N N
T 1 0 X X X |—>000-——->100———>010—>001—>101——>111—]
1 11 0 0 0
12.10() CBA Ct Bt A* DC= A D= CA'+BA
D,=CA+(CB+BA
0 00 o 1 1
0 01 1 0 0
010 X X X . .
o 11 1 1 State graph detzrmined experimentally:
1 00 |0 0O 010 101
101 |XX X . \a
1 10 0 0 1 000 —» 011 —» 111 —» 110 —» 001—» 100
1 11 I 1 0O |_> _‘
1210m) [C 5 A | B+ A+ D= B +CA Dy=BA'+C
Dp= CBA'+CB
0 0O 1 0 0
0 01 X X X
010 0 1 1
State graph determined e i tally:
011 00 0 grap *permentaly
1 00 |1 11 001 101
101 |X X X N
1 10 j0 1 0 000 —» 100 —» 111 —» 110 —» 010—» 011
1 11 1 1 O r _]
12.10(n) CBA CtB* A+ De=CB+A D= CB'+A+CB
DA= CB' +(C'A
0 060 0 1 1
0 01 X X X
010 1 0 O
0 11 T 1 1 State graph determined experimentally:
100 1000 001 101
1 01 X X X
110 J01 0 rooo-» 01— 11— 110 —» 010— 100
1 11 1 1 0O §|




Solutions to Unit 16 Design and Simulation Problems

Problems 16.1 through 16.14 are Mealy sequential circuit design and simulation problems. These problems are of
approximately equal difficulty so that different students can be assigned different problems. In this exercise, students
first complete their designs using gates and D flip-flops. They then test their designs using the SimUaid simulator.

Next, they convert their design to VHDL, synthesize the VHDL code, and download it to a CPLD board to test their
design using hardware.

We ask our students to use the following procedure:

)

@
&)
@
&)

©

Y

Derive a state graph and state table for the assigned problem. Reduce the table to a minimum number of
states. Check the reduced table using the LogicAid state table checker. Encoded solution files are found in
the Lab16 folder on the CD.

Make a state assignment using the guidelines. Derive the transition table, and then derive the D flip-flop
input equations and output equation(s) using Karnaugh maps.

Use LogicAid to derive the same equations and verify that the equations derived in step (2) are correct.
Then derive one or more sets of equations for different state assignments using LogicAid.

Design the circuit using NAND gates, NOR gates, and three D flip-fiops. Choose the equations from step
(3) that lead to the lowest cost circuit, and make sure that it meets the specifications.

Input the logic circuit into SimUaid using switches for the X input, clock, reset, and preset inputs. Use
probes for the Z output and flip-flop outputs. Use SimUaid to verify the transition table by presetting the
flip-flops to each state and observing the next state and outputs. Then use SimUaid to manually test the
operation of the circuit by applying the required test sequences and observing the outputs, being very careful
to read the outputs at the proper time.

Replace the clock and X input switches with a clock module and an input device. Program the input device
to produce the proper test waveform. Display the simulator timing waveforms for clock, X, Z, and the flip-
fiop outputs. Print the waveforms and mark the times to read the Z output. Verify that the output sequence
1s correct.

Replace the X and reset switches and the Z probe with a checker module (found on the SimUaid device
menu), run the checker and verify that the circuit passes the test. The checker automatically generates
input sequences and verifies that the output sequences are correct. Test files to use with the checker will be
provided in the SimUaid/Checkers directory on the updated version of the CD.

After a proctor has verified that your design is correct and meets specifications, you will implement your design in
hardware using the following steps:

©)
¢
&
®

Use SimUaid to generate a VHDL file from your circuit file.
Use the Xilinx ISE software to synthesize the circuit from the VHDL file.
Generate a programming file and download it to the XCR 3064 on the hardware board.

Test your circuit manually using the switches on the hardware board for the clock, reset, and X inputs. Use
the same test sequence as you did in step (5).

(10) If you have an automatic hardware tester available, connect it to the circuit board and verify that your circuit

passes.

The solution for 16.1 includes the complete SimUaid circuit and the VHDL code generated by SimUaid. The other
solutions only give the logic equations for the flip-flop inputs and for Z.
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16.1 X=0 1]xX=0 1 Assignment by guiii/elines:
S, 1 8 §} 0 0 L (1,3,4) (2,5 (0,1,2,4,%)
;|8 sl o o v v o a's
s|s s|o o @I 0D @3 @y 6
S, | 8 s 0 o m. (0,1,2,3) (4,5)
s,| s, s 1 o
ss| s, 8|1 o A
B C 0 1
00 | So
From Q" maps: 0115
AY=XBC+XABC B '=X+C+B Cr=3C+X Z=XA
11§ Sy | 8y
10 | 53] 54

L PreA
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X -
5% o ACP See p. 204 for VHDL code
IN generated by SimUaid.
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Test sequences:

To generate waveforms, replace the X

a) X= 001101001010100010010010 switch with and the CLK switch
Z = 000000010100001001101101 with m_
b)) X= 110011001010100101010010 The input device should’be programmed to
©Z= 000100010100001010000101 generate the corresponding waveform.
X 10n7d. 10 20 30 40 50 60 70 80 90 100 110
(20 ns/div) RERIEREREANENNARRRIARERN RN RERRIRRERERRERARRRNERRERE SRR RT
CLK 1 W WU s U AN S Yy U e NG s Y Sy AU s P it TS B
X 0 i ! | ﬂ J 1 | 1 I
A 0 | i | i ] { | i I
B 0 el
c L I I I S 1 J 1 I 1 f L
A 0 IR [ 1 f 1o
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16.2

163

X=0 1 |{X=0 1
s, | s, s,{o o
s;1s, s|o o
s,|s, s|lo o
s, |s s|]o o
s, | s, s| o0 1
s, | s, s| o 1

as 16.1, except interchange X and X' throughout

Guidelines and state assignments are the same as for16.1

Flip-flop and output equations and logic circuit are the same

A" =XA'C+ABC +X'A'C' Bf=C C'=B" Z=XA+XA
or A* =XA'C + ABC+ X'B'C'

Test sequence: X = 1100 0010 1010 0110 1110 0001 1001 0101 1101 OON

Z= 0000 1000 0100 1100 0010 1010 0110 1110 0001 1001

197

Test sequences  a) = 110010110101011101101101
= 000000010100001001101101
b) X = 001100110101011010101101
= 000100010100001010000101
X Z
B H Y bl LYy b
0 01 110 0 0 O
01 0 0}j0 0 0 1
01 0 110 0 1 0
01 1 00 0 1 1
o011 1§40 1 0 O
1 0 6 0j0 1 O 1
1 0 0 110 1 1 0
-1 01 0j0 1 1 1
1 01 1|1 0 O ¢
11 0 01 0 O 1
A
X=0 1 X=0 1 B C 0 1
S S S 1 0
s|s s|1 o 00 ] %o
s,| 8, s, | 0 1 Assignment by guidelines: 01818z
S;1 8 S 0 1 L (1',/2) (5:/6) (3:/4)
S, S5 S 1 0 v v v 11 S4 S3
1. 1,2 3,49 6,6)
s,| s, s, | 0 1 / y
s;] - s, | - o . (0,1,4) (2,3,5) 10 | Se | S5
From Q+ maps:




16.4 X Z

L h Y ity H Y Y
00 0 0}j0 1 1 0
00 0 110 1 1 1
0 01 011 0 O O
0 01 1|1 0 0 1
01 0 0]J1 01 O
61 0 111 0 1 1
01 1T 01 1 0 O
011 1|1 1 0 1
1 0 0 0jJ1 1 1 O
10 0 1}1 1 1 1

X=0 1{X=0 1

S, S, 8§ 0 1

S, S, 8 1 0

S, S, S 1 0

S, 8, S| 0O 1

S, S, S§,]1 0 1

5, 8, - 1 -

From Q* maps:

AT=XB'+AC+AB'+XAB B*=C Ct=p

A
B 0 1
00 | Sp
01 31
11| S3| 8
101 Sg4 | Ss
Assignment by guidelines:
v v
L 4,5 (2,3
v v
IL. (2.3) &3
v v
. 0,3,9 (1,2,5
Z=XA'+XA

Testsequence: X= 0000 1000 0100 1100 0010 1010 0110 1110 0001 1001

Z= 0110 1110 9001

16.5

From Q* maps:
At=X B'=A'+C+X

Test sequences: a)

b)

1001 0101 1101 0011 1011 OI11 1111
X=0 1|x=0 1
s, | s, s | o o
s,| s, s{ 0 o
s,1s 8| o0 o
s,| s, s{ 1 o
s,| s, s| o 1
. o 0o o0
Assignment by guidelines: S S 5
v v v v
L ©,1,4 23,5 3,5 (1,4 A
v v B C 0 1
IL 1,5 1,2»n 3.9 @45
00| So | Ss
Ct=XA'+AB Z=XAB +XABC 01
114 511 S
= 0011011110010100
= 0000110000000100 10| 84 S5

X=  1010001111011000
Z= 0010000000010100
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16.6

From Q" maps:

X=0 1 |X=0 1 A
S S, 8§ 0 0 e -
o 1 4 00| Sol s,
8, s, §| 0 O
S, 8, 8| 0 0 01] 51|54
S, s, 5,1 0 1 11| s3l s
S S S 0o 0
4 1 5 10
8, 5 5| 0 O
Assignment by guidelines:
v v v
L ©,1,3,49 (1,3) 2,4.5)
v v
I8 14 1,2n G5 1.3
v
II. 0,1,2,4,5)

A*=X+AB B*=AC'+XA+AB Cr=X+A+C Z=XAB

X =
Z=

Test sequences:

a)

X =
Z =

b)

16.7

s
f
o

010100010110
000100000100

101010110101
000010100000

w2

2 uUJ R L

[72]

w

From Q" maps:
A*=A+XB B*=XAB

Test sequences: a) =

b)

Cr=XC+XC

(9]
~
__UJ -t

(2]
724

[N
)

72}
W o
n W
Pl

o
w

th Uy U3
O - o - O O

L 2

N

w

00| Sp

011 59

11| S3

- 0 O o O Ol

10| Sz

Assignment by guidelines:

L
I

0110010100
0000100111

101111001110
000000001011

v v ’
0,2) (1,3) 2,49 G.95
v
210 (3,00 41D G0 45n
v
0,1,3) 2,9

Z=XAC+XAC +XBC'



168 X=0 1|x=0 1 A
S s 8 0 0 5 e 21
o 1 5 00 | Sg
s,1's, s,/ o o
s,| s, s,] 0 o 01 | S3
S3 S‘ S4 0 1 11 | Sq 51
8, S, S 1 o 1052 5,
S, S, 5] 06 0
Assignment by guidelines:
v v v
L 0,3,4,5 (1,2) ©0,1) (,45
v v
IL 2.3 L,43 2,5 4,5
v
jne 0,1,2,5)
From Q* maps:
A'=X B'=X+A'+C CT=XA'+XBC'+AC Z=XBC+XABC
Test sequences: a) X = 000100011010
Z= 000000001100
b) X= 111001000110
Z= 000100000011
169 X=0 1|x=0 1 A
BC 0 1
8, S, 8] 0 © ;
00| Sp| S=
S, |8 s o o
S,1 8 S| 0o o 01 51
S3 S‘ Ss 1 0 11 | S4 | S5
s,| s, s,] 1 o
10 S
s; 1 s, st 1 1 z
Assignment by guidelines:
v v v
I 0,5 (1,2,49) (0,1,5 (2,3,9
v 4 v v
I G4 1,5n 2,5 2,3
v
I 0,12 3.4

From Q' maps:
A"=A'+B'+C'+X B'=B+XC Cr=XB+ABC+XB'C Z=XBC+ABC

Test sequences: a) X= 10010010001}
Z= 010011011000

b) X= 011000011011
Z= 001100000100
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16.10

16.11

8 4 2 -1|18 4 2 1 A X
Cc 0
0O 0 0 0]0 0 00 B .
O 0 0 1¢- - - - 00 0
o 01 0]- - - - 01| 51| S2
0 01 1}- - - 11} S3| Sy
01 0 00 1 0 O
010 10 011 10| 5] Se
01 1 0|0 0 1 0
0 1 1 1/0 0 0 1
1 00 0{1 0 0 O
1 006 1]0 1 1 1 Assignment by guidelines: X=0 1|X=0 1
01 00 1 1 0 v v v
: L 1,2 3.4 .6) S S S) 0 1
101 110 1 01 VR s, s s|o 1
1 1 0 ol- - - = IL L2 G4 6,6 ! 3
v v S, 8% S 1 0O
Lo - - - - L. ©,1,3,5) (2,9 s, 8 s o0 1
LR 5,1 s S| 1 o
1 11 1{1 0 0 1
s,| s, s| 0o 1
From Q* maps: S 5 5 - 0
A"=XB'+X'AC B*=C C'=B' Z=XA'+XA
Test sequence: X = 0000 0010 1010 0110 1110 0001 1001 0101 1101 1111
Z= 0000 0010 1100 0100 1000 0001 1110 0110 1010 1001
X=0 1|X=01 A
S s sl 1 o B e —
(1} 1 2 00 SO
S, | 8 s 0 1
s, S, sj1 o© 011 56| Ss
s,| s s| 1 o 11| 83 8,
S s, 81| o 1
A ¢ s : 10| 82451
s, | s, s8]0 1
S| s, s | 1 -
Assignment by guidelines:
v v v
L 1,2) (5,6) (3,9
R4 v v
II. 1,2 3,49 6.6
v v
1. 0,2,3) (1,4,5

From Q* maps:
A" =XBC'+XABC +XABC B*=C" Ct=B Z=XA+XA'

Test sequence: X = (0000 1000 0100 1100 0010 1010 0110 1110 0001 1001 0101

Z= 1010 0110 1110 0001 1001 0101 1101 0011 1011 Ol11 1il1
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16.12 X z X=0 1|X=0 1
0 0 0 01 01 0 S, 1 S, 8| 0o 1
0 0 0 1{1 0 O 1 S, S, §, 1 6
0 01 0f1 00O ,1 s, 8| o 1
001 1/01 11 s, s, s| 0o 1
010 0f0 110 s;ls, sl 1 oo
010 1{01 01 s;| S, S| 1 0
01 1 0{0100 ;1 S S| o0 -
6 1 1 1{0 0 1 1

A
1 00 O0J]0 0O 1 O 5o -
1 0 0 110 0 01 Assignment by guidelines: 00 | So
1 01 0|lo 0 00 v v
L L2 56 G4 01| se | st
N v v
1. L2 3.4 6.6 11| 53| S4
v v ’
0. ®,2,3) (1,4,5) 10| s
From Q" maps:
A*=XBC+XABC +XABC B*'=C' C'=B Z=XA+XA
Test sequence: X = 0000 1000 0100 110C. 0010 1010 0110 1110 0001 1001 0101
Z= 0101 1001 0001 111C 0110 1010 0010 1100 0100 1000 0000
1613 X=0 1 |X=0 1 A
1
s,| s, s,| 0 o BCO .
0 S
s,| s, s,|] 0 o o
s,| s, s;] 0o o 01| 1| Sq
5,1 8 810 0 11 S3
s,{ s, s;{f o o 0 »
s, s, s,{f 1 o :
Assignment by guidelines:
v v v v
L 1,2,49 3,5 O, (23,5
v v v s
IL 0.1 02 23 G 25
v
I ©,1,2,3,4)

From Q" maps:
A*=X'C+A B*=XA C'=XAC+XAC +B Z=XBC

Test sequences: a) X= 100100110101
= 000000000010

b) X= 101000101010

= 000000000101



- 16.14

From Q* maps:

A*=X'tA B'=XB+XAC Ct*=XC+XC Z=XC+XBC

X=0 1|X=01 A
s, | S, S| 0 o B e
: . 00
S| s, sl o 1
S, S, S,{ 0 1 01
Ss Sz Sz 1 0 11
s, s s| o o "
Assignment by guidelines:
v v v
L 0.4 1,2 3,9
v v
IL ©G.1D 249 @3)% 13
v v
. 0,4 (1,2
Test sequences: a) X=
b X=

SO S4

Sy

S3

10001101001
00001100100

00001010001
00000110100

VHDL code for Problem 16.1 automatically generated by SimUaid follows. This code can be synthesized
and downloaded to a CPLD or FPGA board for testing

- This file has been automatically generated by SimUAid.

library ieee;

use [EEE.STD_LOGIC_1164.ALL;
use IEEE.STD_L OGIC_UNSIGNED.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;

library SimUAid_synthesis;

use SimUAId_synthesis.SimuAid_synthesis_pack.all;

entity lab16p1 is

port(CLK, PreA, PreB, PreG, Clear, X:in STD_LOGIC:

Z,A,B,C X0,C
)3
end lab16p1;

LK_0: out STD_LOGIC

architecture Structure of lab16p1 is
signal B_p, Vnet 0, Vnet_1, Vnet_2, Vnet_3, Vnet_4, C_p, Vnet_5, Vnet_6, Vnet_7,

begin
VHDL_Device_0:
VHDL_Device_1:
VHDL_Device_2:
VHDL_Device_3:
VHDL_Device_4:
VHDL_Device_5:
VHDL_Device_6:
VHDL_Device_7:
VHDL_Device_8:
VHDL_Device_9:

Dflipfiop port map (CLK, Vnet_5, PreB, Clear, Vnet_3, B_p);
Dflipflop port map (CLK, Vnet_6, PreC, Clear, Vnet 4, C_p);
nand2 port map (Vnet_0, Vnet_1, Vnet_2);

nand4 portmap (X, A_p, Vnet_3, C_p, Vnet_1);

nand3 port map (X_p, C_p, B_p, Vnet_5);

nand2 port map (Vnet_7, X_p, Vnet_6);

nand2 port map (B_p, C_p, Vnet_7);

inverter port map (X, X_p);

nand2 port map (X_p, Vnet 9, Vnet_11);

inverter port map (Vnet_11, Z);

VHDL_Device_10: nand3 port map (X_p, Vnet_3, Vnet_4, Vnet_0);

VHDL_Device_11: Dflipflop port map (CLK, Vet 2, PreA, Clear, Vnet_9,A_p);

B <= Vnet_3;
C <=Vnet_4;
A <=Vnet 9;
CLK_0<=CLK;
X 0<=X;

end Structure;
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X_p, Vnet_8, Vnet_9, Vnet_10, Vnet_11, Vnet_12, Vnet_13, A_p, Vnet_14, Vnet_15: STD_LOGIC:



17.A

Solutions to Unit 17 Simulation and Lab Problems

Problems 17.A through 17.M are relatively easy VHDL problems that use a register, counter, or other clocked device.
We ask students to write VHDL code for their assigned problem, and then simulate, test, and debug their code. We

have provided appropriate test sequences for each of these problems in the solutions that follow. We ask students to
turn in simulation waveforms that demonstrate the operation of their code.

In addition to solving one of the above problems, we ask students to perform the following lab exercise:
(1) Write behavioral VHDL code that implements the state machine that you designed in Unit 16 (one of
problems 16.1 through 16.14). Use a case statement to represent the state table as illustrated in FLD
Figure 17-16. Use two processes — one for the combinational logic and one for the state register. Add an

asynchronous reset input.

(2) Simulate the VHDL code and verify that it vorks correctly. Use the same test sequences that you used in

Unit 16.

(3) Synthesize the VHDL and download it to a hardware board for testing, (We use the Xilinx ISE software for
synthesizing the code and programming an XCR 3064 CPLD.)
(4) Verify the correct operation of the hardware implementation of the state machine using the same procedures

as in Unit 16.

Test data:
- reset
-s5etSi=010011000000

Command sequence:

force CLK0 0, 1 100 -repeat 200

force CirN 1 0,0 25, 1 50

force S10 80, 1 280, 0 480, 0680, 1 880,
1 1080, 0 1280, 0 1480, 0 1680, 0 1880,
02080, 0 2280

library IEEE;
use |[EEE.STD_LOGIC_1164.ALL;
use |[EEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL,;
entity Lab17Ais
port (CLK, CIrN, St : in std_logic;
SO : out std_logic);
end Lab17A;
architecture Behavioral of Lab17A s
signal Q : std_logic_vector(7 downto 0):="00000000";
begin

run 2800ns S0 <= Q(O0);
process(CItN, CLK)
begin
if CIrN="0' then Q <= "00000000%;
elsif CLK' event and CLK='1' then
Q <= Sl & Q(7 downto 1); end if;
end process;
end Behavioral;
Signal _|10ns 1400ns 1800ns 11200ns 11600ns 12000ns 12400ns 12300ns
CLK
cen| 1F
s1| Tl l 1 ] ]
SO f | [ 1
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17.B

17.C

Q(I3) Q(|2) Q(ll) Q(IO)

En—»
C —»

CLK —

4-bit Counter pP—PreN

Test data:

- preset
-setEn=01111111111111
~setC= 00000111111111

Command sequence:
force CLK 0 0, 1 100 -repeat 200
force PreN1 0, 025,150

library IEEE;
use |IEEE.STD_LOGIC_1164.ALL;
use |[EEE STD_LOGIC_ARITH.ALL,;
use |[EEE. STD_LOGIC_UNSIGNED.ALL;
entity Lab17B is
port (CLK, PreN, En, C :in std_logic;
Qout : out std_logic_vector (3 downto 0});
end Lab17B; :
architecture count4bit of Lab178B is
signal Q : std_logic_vector (3 downto 0);
begin
Qout <= Q;
process(PreN,CLK)
begin
if PreN ='0' then Q <="1111%;
elsif CLK'event and CLK ='1' then
ifEn='0'then Q <= Q;

force C O elsif En="1'and C ='0'then Q <= Q +1;
force En 0 elsif En="""and C ="1"then Q <= Q + 3;
run 200 end if;
force En 1 50 end
run 800 end process;
force G150 end countdbit;
run 1800
Signal | |Ons 1400ns 1 800ns 11200ns 11600ns 12000ns 12400ns {2800ns
o3 < [N [ VO [ T U (OO [y S [ AN O O e O O o Oy O s O
PreN| U
En}{_____ |
C ]
Qout ULt 10 {! 12 13 10 ) &) ¢ XF X2 )& 13 1B b
library IEEE;

use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use |[EEE.STD_LOGIC_UNSIGNED.ALL;
entity counteris - .
port (CLK, CIrN : in std_logic;
Count : out std_logic_vector{0 to 2));
end counter;
architecture Behavioral of counter is
type ROMBX3 Is array(0 to 7) of
std_logic_vector(0 to 2);
constant ROM1 : ROM8X3 := ("010", "011", 100",
101", 1107, "1117, "001", "000");

Test data:

- Counter sequence: 000, 010, 100, 110, 001, 011,
101, 111, 000 ...

signal Q, ROM_out, Index, D : std_logic_vector(0 to 2);
begin
Index <= Q;
ROM_out <= ROM1(conv_integer(index)};
Count <= Q;
D <= ROM_out;
process(CLK, CIrN)
begin
if CIrN="0" then Q <="000";
elsif CLK'event and CLK ='1’ then Q <=D; end If,
end process;
end Behavioral;

Command sequence:
force CLKO 0, 1 100 -repeat 200
force CIrN 1 0,025, 1 50

run 2000ns
Signal ||0ns 1400ns |800ns 11200ns 1600ns 12000ns
ck | J LI LT LIS LI 1L 7L LI
Clear .U
commt{00Z ¥ Y611 3 | NS (S N S !
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17.D

17.E

*CLKout — 1 in states

reset when F-0 1and?

reset when F—0

CLK—P [-CLKout
Counter
Reset
logic
F
Test data:

- reset
-setF=000001111111000000

Command sequence:
force CLK 0 0, 1 100 -repeat 200
force F 00, 1 1000, 0 2400

library IEEE;
use IEEE.STD_LOGIC_1164.ALL,;
use |[EEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity Lab17D is
port (CLK, F : in std_logic;
CLKout : out std_logic);
end Lab17D;
architecture Behavioral of Lab17D is
signal count : integer range O to 2 := 0;
signal Rst : std_logic;
begin
CLKout <= '0' when count = 0 else '1"
Rst <='1' when F ='0" and (count = 1 or count = 2)
else '0",
process(CLK)
begin
if (CLK'event) and (CLK = '1")) then
if Rst ="'’ then count <= 0;
elsif count = 2 then count <= 0;
else count <= count + 1; end if;
end if;
end process;
end Behavioral;

run 3600ns
§2000ns 1240003 12800ns §3200ns 13600ns
|
g H s IO ma I o N
| library IEEE;
o 8-bit serialein, serial out e fg Use IEEE.STD_LOGIC_1164 ALL;
nght-left shift register use IEEE.STD_LOGIC_ARITH.ALL;
use I[EEE.STD_LOGIC_UNSIGNED.ALL;
? ' I ? entity Lab17E is
port (Clk, CirN, En, R, RSI, LSI: in std_logic;
Ck En R CIN RSO, LSO : out std_logic);
) end Lab17E;
T::;:tata. architecture Behavioral of Lab17E is

-setLSI=1; RSI=0

- set En =0 for 2 clock cycles

- set En = 1 for the rest of the test
- Shift Right 9x

- Shift Left 9x

Command sequence:

force Clk 0 0, 1 100 -repeat 200
force CIltN 10,025,150

forca LSI 1

force RSIO

force En00, 1400

force R 10, 0 2200, 1 4000

run 4000ns

1800ns

11200ns

11600ns

signal gint: std_logic_vector(7 downto 0);
begin
" RSO <= qint(0);
LSO <= qgint(7);
process(CIrN, Clk)
begin
if CirN="0" then qint <= “00000000";
elsif Clk' event and Clk="1' then
if En="1' and R="1" then qgint <= LS1&qint(7 downto 1);
eisif En='1" and R='0' then
gint <= qint(6 downto 0)&RSI; end if;
end if;
end process;
end Behavioral;

£2000ns 12400ns 12800ns 13200ns 13600ns
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v ‘b .
17.F LSO RSO library IEEE;

T use |EEE.STD_LOGIC_1164.ALL;
LS[—sf 6-bit S‘i“gl'lh’i’ﬁs‘m“‘.ls:’“t «—RSI  yse lEEE.STD_LOGIC_ARITH.ALL;
right-left shift register use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity Lab17F is
port (Clk, CIrN, R, L, RSI, LS : in std_logic;
RSO, LSO: out std_logic);

A
I l |
Ck L R CuN

end Lab17F;
Test data: architecture Behavioral of Lab17F is
- reset ’ signal Q: std_logic_vector(S downto 0);
-setLSI=1;RSI=1 begin
-setR=0101000 RSO <= Q(0);
-5etL=0011000 LSO <= Q(5);
process(CIN,Clk)
Command sequence: begin
force Clk 0 0, 1 100 -repeat 200 if CirN =0 then Q <= “000000";
force CiN 10,025,150 elsif Clk' event and Clk="1' then
force LSI 1 if L="0"' and R='1' then
force RSI 1 Q <=RSI&Q(5 downto 1);
force R0 0, 1 200, 0 400, 1 600, 0 800 elsif L="1' and R="0' then
force L0 0, 1 400, 0 800 Q <= Q(4 downto 0)&LSI; end If;
run 1000ns end if;
end process;
end Behavioral;
Signal {|0Ons 200ns 1400ns 600ns 800ns 11000ns
Clk J ] ] } J ___ |
cuN | "L
R o e 1
L | ‘
RSI
LSI
RSO | U , f
Lso|d 1
17.G library IEEE;
Accout use IEEE.STD_LOGIC_1164.ALL;
use [EEE.STD_LOGIC_ARITH.ALL;
use [EEE.STD_LOGIC_UNSIGNED.ALL;
entity acc_6bit is
. . b—CirN port (CLK, CIrN, Ad, CI : in std_logic;
G-bit rogister 4—cix D: in( std_logic_vector(5 downto g);
CO : cut std_jogic;
Accout : out std_logic_vector(5 downto 0));
Addout end acc_6bit:
eI a;'chit'e:mreslfder:avioral of acc;__gbit isto 0
. signal Acc : std_logic_vector own N
0 6-bit adder +—Ad  signal Addout : stdilogic_vec(tor(a downto 0);
begin
Addout <= (0'&Acc) + D + Cl;
CO <= Addout(6);
- Accout <= Acc;
D(5:0) process(CLK, CIrN)
Test data‘ begin
- Teset if CirN = '0' then Acc <= "000000";
-set D 111100 for one clock cycle elsif CLK'event and CLK ='1' then
- set D = 111100 for the rest of the test if Ad ='1' then
- set CI =0 for the first clock cycle, 1 for the rest Acc <= Addout(5 downto 0); end If;
of the test end if;
- set Ad =1 for 3 clock cycles end process;
Ad = 0 for the next 2 clock cycles end Behavioral;
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17.G, continued

Command sequence: ;
force CLK 0 0, 1 100 -repeat 200 Signal|10ns 12000 1400ns 1600ns 1800ns
CLK J l ] i ] ] J | J
force CIrN 10, 0 25, 1 50
force Ad 1 CiN | L
B
force CI1 0 Ad
force D 111011 D|3B A3
run 200ns & § P
force CI 1 co|E__I
force D 111100 Accout FQOO 3B 138 135
force Ad 1 0, 0 400
run 800ns library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
17H Q3) Q2) Q1) Q) use IEEE.STD_LOGIC_ARITH.ALL;
i | | i use [EEE.STD_LOGIC_UNSIGNED.ALL;

le—En entity counter is

U port (CLK, CirN, En, U, : in std_logic;

4-bit up-down counter b CHN Q : out std_logic_vector(3 downto 0));

end counter;
G—CLK architecture Behavioral of counter is
Test data: 5|gnbaelg Vi\rI‘ std_logic_vector(3 downto 0):="0000";
- reset Q<= W
-set En=1 for 10 clock cycles process(CIrN, CIk)
-set U =1 for 4 clock cycles then U =0 for the begin
rest of the test if CirN = 'O'then
Command sequence: W <="0000";
force CLK O 0' 1 100 ..repeat 200 elsif CLK'event and CLK="1' then
force CIrN 1 0,0 25, 1 50 if En ='1" then
force En 10, 0 2000 IfU ="1"then W <= W+1;
force U 1 0, 0 800 elsif U ='0' then W <= W-1; end If;
run 2000ns end if;
end if;
end process;
end Behavioral;

Signal|10ns {200ns  |400ns  |600ns  |800ms  |{1000ns  |1200ns  |1400ns  }1600ns  [1800ns
ewl__ T T oLt v D 5+ i1
ar| U :

En
U |
Q| X 1z 18 & B e i B F E
171 architecture Behavioral of counter is
Q&S) Q?‘) Q?) ng) Q(Il) Q(|O) sigr;,al \;\I: std_logic_vector(5 downto 0):="000000"
| egin
S,
6-bit up-down counter j«—D prmb:ZféPreN' CLK)
p—PreN if PreN = '0* then
4—CIK W <= *111111";

library IEEE;
use [EEE.STD_LOGIC_1164.ALL;
use [EEESTD_LOGIC_ARITH.ALL;
use |[EEE.STD_LOGIC_UNSIGNED.ALL;
entity counter is
port (CLK, PreN, U, D : in std_logic;
Q : out std_logic_vector(5 downto 0));
end counter;
Test data:
- preset
-s5etU=000111
-setD=111000

elsif CLK'event and CLK="1' then
ffU="1"andD ="'0' then W <= W+1;
eisif U ="'0"and D ='1' then W<=W-1; end if;
end if;
end process;
end Behavioral;

Command sequence:

force CLK 0 0, 1 100 -repeat 200
force PreN 1 0, 025, 1 50

force UD O, 1 600

force D10, 0 600

run 1200ns

208



17.1, continued

17.J

Signal ||0Ons 200ns 400ns 600ns 800ns 1000ns 1200ns
CLK J | J i ] ]
PreN| LJ
U ]
D L
Q[W3F_GE 13D 13C 13D 2E 3F
Test data:
S,,_f‘,di-ct;:r - set Memin = 100001, Ld =1, Sel = 11
] - set Memin = 000000, Ld =0, Sel = 11
Memin -setLd=1
6 - set Memin = 010010, 001100, 000111
. while Sel= 10, 01, - 00
Ld - i 6 -setLd =0, Memin = 111111
ck 6 byt Memour
A - set Sel = 11, 10, 01, 00
Command sequence: -
force CLK 0 0, 1 100 ~epeat 200 .
force Memin 100001 0, 000000 200, 010010 400,
001100 600, 000111 800, 111111 100Q
force Ld 1 0, 0 200, 1 400, 0 1000
force Sel 11 0, 11 200, 10 400, 01 600, 00 800,
11 1000, 10 1200, 01 1400, 00 1600
run 1800ns
iibrary IEEE; —Code for tri-state buffers

use [EEE.STD_LOGIC_1164 ALL;
use [EEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED ALL
entity Lab17J Is
port ( Memin : in std_logic_vector(S downto D);
clk, Ld : In std_logic; L
Sel : in std_logic_vector(1 downto 0);
Memout : out std_logic_vector(5 downto 0));
end Lab174;
architecture Behavioral of Lab17.J is
signal Sel_a, Sel_b, Sel_¢, Sel_d: std_logic;
signal Reg_a, Reg_b, Reg_c, Reg_d:
std_logic_vector(5 downto 0Y;
begin
—Code for 2-to-4 decoder
Sel_a <= not Sel(1) and not Sel(0);
Sel_b <= not Sel(1) and Sel{0);
Sel_c <= Sel(1) and not Sel(0);
Sel_d <= Sel(1) and Sel(0);

Signal 1200ns

Memout <= Reg_a when Sel_a = 1’ else "Zz7777";
Memout <= Reg_b when Sel_b = ‘1’ else "zzZ777";
Memout <= Reg_c when Sel ¢ = ‘1’ else *ZZzZZZ":
Memout <= Reg_d when Sel_d = ‘1’ else "Z777277",
~-Code for Registers
process(clk)
begin
If clk'event and clk = 1’ then
If (Sel_a and Ld) = "1’ then
Reg_a <= Memin; end If:
if (Sel_b and Ld) = ‘1’ then
Reg_b <= Memin; end if;
if (Sel_c and Ld) = 1’ then
Reg_c <= Memin; end if;
if (Sel_d and Ld) =1’ then
Reg_d <= Memin; end if;
end if;
end process;
end Behavioral;

1400ns 1600ns 1800ns 11000ns 11200ns 11400ns 11600ns
Clk ] Jj I LT 1 I L ] ] j 1 ] ]
Sel|3__ 12 i 10 . &) N ¢ X (1]
14 L
Memin | 21 300 X2 B¢ 07 3E
Reg_a| UU Y017
Reg b| 14T X0C
Reg c| 111 112
Reg 4| LU 121
Sel_a J L ]
Sel b l l I
Sel ¢ J 1 L
Set d L J L
Memout | 11U Y21 JOU 12— YOO 00U Y070l 12 10C ) (114
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17.K Test data: library IEEE;

- set Cl¥N =1 for 3.5 clock cycles use IEEE.STD_LOGIC_1164.ALL;
= for the next half clock cycle use lEEESTD_LOGIC_ARITH ALL,
1 for the rest of the test use [EEE.STD_LOGIC_UNSIGNED.ALL;

entity shift_reg1210is

-setL =1 for 5 clock cycles port (CLK, CIrN, Sh, S1, L : in std_logic;

=0 for the next 3 clock cycles D - In std_logic_vector (3 downto O);
= 1 for the rest of the test Q : out std_logic_vector (3 downto 0));
-setSI=1 end shift_reg1210;
-setD=0101 architecture parallel_ShReg of shift reg1210is
- set Sh=0 for 1 clock cycle signal Qint : std_logic_vector (3 downto 0);
=1 for the next 5 clock cycles begin
= () for the rest of the test Q <= Qint
process(CLK, CIrN)
Command sequence: begin
force clk 1 0, 0 100 -repeat 200 if CIrN = '0" then Qint <= "0000";
force cirN 1 0, 0600, 1 700 elsif CLK'event and CLK =0’ then
force | 1 0, 01000, 1 1600 if Sh = '1' then Qint <= S! & Qint (3 downto 1);
force si 1 elsif Sh ='0' and L = "1 then Qint <= D; end if;
force d 0101 end if;
force sh 00, 4 200, 0 1200 end process;
run 1800 end parallel_ShReg;
Signal} {0ns 1200ns 1400ns 1600ns 1 800ns 1000ns 1200ns 11400ns 1600ns
Clk ___J L__J L[ 1 J 1 |  E— I t— |
CitN — 1T
13 p—— I —
SI -
L ! J
DiS_.
Q| HEN DI (R ' SR S € 3
17.L Q7 QO Q) A4 QB) A AN AV library IEEE;
N R VR A N NN N | use [EEE.STD_LOGIC_1164.ALL;
Sh—»l p—CIrN use IEEE.STD_LOGIC_ARITH.ALL;
8-bit accumulator use IEEE.STD_LOGIC_UNSIGNED.ALL;
Ad—w 4—CLK entity sregister Is

port (CLK, CIrN, Ad, Sh : in std_logic;

T T 1 1 1 ]
D(D D) D) D) DE) D2 D) DO D: in std_logic_vector(7 downto 0);

Q- out std_logic_vector(7 downto 0));

Test data: end sregister,— gie_ ( N
- reset architecture Behavioral of sregister is
- set Ace = 01100000 signal Acc: std_logic_vector(7 downto 0):= "01100000";
- setD = 11100010 begin
- set Ad =1 for 2 clock cycles Q <= Acc;

= () for the rest of the test - process(CLK, CIrN)
- set Sh =0 for 2 clock cycles begin

=1 for 2 clock cycles if C‘IrN ='0' then Acc <= "00000000",

= 0 for the rest of the test elsif CLK'eventand CLK ='1' then

_ifAd="1"then Acc <=Acc+D;
elsif Sh = 1’ then Acc <= Acc(B downto 0)&'0";
else Acc <= Acc; end if;
end if;
end process;
end Behavioral;

Command sequence:

force CLK 0 0, 1 100 -repeat 200
force CIrN 10,025,150

force D 01100000

force Ad 1

run 200ns

force D 11100010

force Ad 1 0, 0 400

force Sh 00, 1 400, 0 800

run 1200ns
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17.L, continued

Signal

{Ons 200ns 400ns 600ns 800ns 11000ns 1200ns
CLK | f | I ] | ‘ I
cuN| L]
Ad 1
sh|T ] ] |
D| 60 ) (20)
Q |68 Y60 Y4z 124 Y48 Y90
17.M Q7) QA6) Q(5) Q) Q3) K2) Q1) Q) library IEEE;
1 ] 1 ] ] | | ] use IEEE.STD_LOGIC_1164.ALL;
A use IEEE.STD_LOGIC_ARITH.ALL;
8-bit sccumulator use IEEE.STD_LOGIC_UNSIGNED ALL:
B —»]

entity Labi7M is

D(I7) D(‘6) DI(S) Dl(4) D}3) DEZ) Dél) D(0)

Test data:
-set D =10011010
- set Acc = 11100010
- set AB = 00 for 3 clock cycles

= 01 for the next 3 clock cycles

= 10 for the next 3 clock cycles

= 11 for the rest of the test

Command sequence:

force CLK 00, 1 100 -repeat 200
force D 11100010

force A 1

force BO

run 200

force D 10011010

force ACO, 1 1200

force B 0 0, 1 600, 0 1200, 1 1800

port(CLK, A, B : in std_logic;
D : in std_logic_vector(7 downto Q)
Q: out std_logic_vector(7 downto 0));
end Lab17M:
architecture Behavioral of Lab17M is
signal Acc : std_logic_vector(7 downto Q);
begin
Q <= Acg;
process(CLK)
begin
if CLK'event and CLK="{' then
If (A and B)="1' then Acc <= Acc-D;
elsif (A and not B)='1' then Acc <= D;
elsif (not A and B)='1" then
Acc <= '0'&Acc(7 downto 1); end if;
end If;
end process;
end Behavioral;

run 2400
Signal |)0ns 1400ns 1800ns 11200ns 11600ns 12000ns 12400ns
CLK .
A ] j
B ] L |
D|{E2__BA
Q| TUEZ 7138 _IC_)9A X00__¥66___ICC
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20.A

Solutions to Unit 20 Lab Design Problems

As a final lab assignment in our course, we ask studerts to solve one of the problems 20.A through 20.L. Each of
these problems is designed to fit on a small CPLD or FPGA circuit board with 8 input switches, 4 pushbuttons, and 8
LEDs. We ask our students to follow the procedure given on FLD p. 608. In addition to the given specifications, they
should include an asynchronous reset input to set the state machine controller to the proper initial state. Students are
asked to use a de-bounced pushbutton to manually clock their circuit and observe the step-by-step operation.

Some problems require all 8 switches for input data. In this case, one of the pushbuttons can be used for the start
signal. For problems 20.A through 20.D, the 7 or 8 switches serve as an input bus for loading both the dividend and

the divisor.
__1‘_& ‘ ,81

c _.§:1 7 s;h sjg T Py

0 Lais i i H { : i

N A - - ~— Dividend L

Ne—1 T T

R 5.BIT SUBTRACTER ]

c }
opt=— & 1 1 1 1
L %7 3T 2] HE
—wy i | |
] AR ) .

__L-’Do e C/]l\k Dmf;m 4 Bus_in |3:0]
Note: commented code is for 20.B
One process:

library |IEEE;

use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL,;
entity divider Is
port ( Bus_in: in std_logic_vector(6 downto O},
St, Clk, Reset: in std_logic;
Quotient: out std_logic_vector(2 downto.0);
—Quotient: out std_logic_vector(3 downto 0);
Remainder: out std_logic_vector(4 downto C);
—-Remainder: out std_iogic_vector(3 downto 0);
Overflow : out std_logic; -V
Done : out std_logic) ;
end divider;
architecture Behavioral of divider is
signal State : integer range O to 6;
—signal State : integer range O to 7,
signal C : std_logic;
signal Subout :std_logic_vector(4 downto 0);
~signal Subout :std_logic_vector(3 downto 0);
signal Dividend: std_logic_vector(7 downto C);
signal Divisor: std_logic_vector(3 downto 0);
~signal Divisor: std_logic_vector(2 downto O);
begin
Subout<=Dividend(7 downto 3)-{'0" & Divisor);
—-Subout<=Dividend(7 downto 4)<'0' & Divisor);
C<=not Subout(4);
—C<=not Subout(3);
Remainder<=Dividend(7 downto 3),
--Remainder<=Dividend(7 downto 4);
Quotient<=Dividend(2 downto 0);
—Quotient<=Dividend(3 downto 0);
process{CLK, Reset)
begin
if Reset = "1’ then State <=0,
elsif CLK'event and CLK='1'then
case State is
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when 0 =>

If St="1"then
Dividend<='0'& Bus_in;
State<=1; Overflow <="0";
else State <=0; end If;
when 1 =>
Divisor <= Bus_in (3 downto 0);
. —Divisor <= Bus_in (2 downto Q);
State <= 2;
when 2=>
if C="1'then
State <=0;
else
Dividend <= Dividend(6 downto 0) &'0';
State<=3; end if;
when 3)4 =>
—when 3}j4/5 =>
if C="1' then
Dividend(7 downto 3)<=Subout;
~-Dividend(7 downto 4)<=Subout;
Dividend(0) <="1"
State<=State;
else
Dividend<=Dividend(6 downto 0) &'0',
State<=State+1; end if;
when 5=>
~when 6=>
if C="1' then
Dividend(7 downto 3)<=Subout;
~Dividend(7 downto 4)<=Subout;
Dividend(0) <='1'; end if;
State <=6;
- State <= 7,
when 6=> - done state is optional
—when 7 =>
State <= 0;
end case;
end If;
end process;



20.A, continued

One process continued:

Done <= '1' when State=6 else ‘0",

—~Done <= '1' when State=7 else '0";

Overflow <='1' when State = 2 and C ='1' else '0"
end Behavioral;

Two process:

library |[EEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL,;
use IEEE.STD_LOGIC_UNSIGNED.ALL:
entity divider is
port (Bus_in : In std_logic_vector (6 downto 0);
St, Clk, Reset : in std_logic;
Done, Overflow : out std_logic;
Quotient : out std_logic_vector(2 downto 0);
—Quotient : out std_logic_vector(3 downto 0);
Remainder : out std_logic_vector(4 downto 0));
~Remainder : out std_logic_vector(3 downto 0));
end divider;
architecture Behavioral of divider Is
signal State, NextState : integer range 0 to 6;
—signal State, NextState : integer range 0 to 7;
signal C,Ld1, Ld2, Su, Sh : std_logic;
signal Subout :std_logic_vector(4 downto 0);
—signal Subout :std_logic_vector(3 downto 0);
signal Dividend: std_logic_vector(7 downto 0);
signal Divisor : std_logic_vector (3 downto 0);
—signal Divisor : std_logic_vector (2 downto Q);
begin )
Subout<=Dividend(7 downto 3) - ('0’ & Divisor);
—Subout<=Dividend(7 downto 4) - ('O’ & Divisor);
C<=not Subout(4);
~C<=not Subout(3);
Remainder<=Dividend(7 downto 3);
—Remainder<=Dividend(7 downto 4);
Quotient<=Dividend(2 downto 0};
—Quotient<=Dividend(3 downto 0);
process(State, St,C)
begin
Ld1 <='0'; Ld2 <="'0"; Sh <=0 Su <='0",
case State is
when 0 =>
if St ="1' then
Ld1 <="1"
NextState<=1;
eise
NextState <=0; end if;
when 1=>
Ld2 <=1
NextState <= 2;

Waveform for 1110111/ 1111 = 111 remainder 01110:

Signal [10ns 200ne

when 2=>
if C="1' then
NextState <=0,
else
Sh <="1",
NextState<=3; end If,
when 3|4 =>
—when 3[4{5 =>
if C="1'then
Su <="1";
NextState<=State;
else
Sh <="1"
NextState<=State+1;
end if;
when 5 =>
—~when 6 =>
if C="1"' then
Su <=1 end If;
NextState <=6;
when 6 =>
NextState <= 0;
end case;
end process;
proces$(CLK, Ressat)
begin
If Reset = '1' then State <= 0;
elsif CLK'event and CLK="1' then
State<=NextState;
If Ld1="1' then Dividend<='0'& Bus_in; end If:
if Ld2='1* then
Divisor <= Bus_in (3 downto 0); end if;
-Divisor <= Bus_in (2 downto 0); end it
if Su="1' then
Dividend(7 downto 3)<=Subout;
~-Dividend(7 downto 4)<=Subout;
Dividend(0) <='1*, end If,
if Sh='1' then .
Dividend<=Dividend(6 downto 0) &'0"; end if;
~ end if; )
end process;
Done<='1' when State=6 else '0";
—Done<="1' when State=7 else '0"
Overflow <= '{' when State=2 and C ='1' else 0"
end Behavioral;

1400ns 1600ns 1800ns 110008 11200ns 1140009 11600ns
x| T 1 I L T LI
st L
Reset | _[1
Bus_in | 7L YoF
Divisor { 11 b i
Dividend | TL_YI7 — °E ) vl YEE ) vk YIE - ]
Done i | —
Overflow | 1I___
Quotient |17 6 _ ) i B[] ) /2 X6 7
Remainder | TU. JOE YiD ) (TS XD YOE iz ()]
State | 0L 1) 3 iz ) 3 )G (]
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20.B

20.C

For the corresponding code for the one and two
process solutions, refer to problem 20.A.
Commented lines are used for this problem and the
lines above the commented ones are used for 20.A.

Note: commented code is for 20.D

One process:

library |EEE;

use IEEE.STD_LOGIC_1164.ALL;

use |EEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity divider20c_1 is

port ( Bus_in : in std_logic_vector (7 downto 0);

St, Clk, Reset: in std_logic;
Done, Overflow : out std_logic;
Quotient : out std_logic_vector (4 downto 0);
—Quotient : out std_logic_vector (2 downto 0);
Remainder : out std_logic_vector (3 downto (}));

—~Remainder : out std_logic_vector (5 downto 0)); '

end divider20c_1;
architecture Behavioral of divider20c_1 is
signal State : integer range 0 to 8;
—signal State : integer range O to 6;
signal C ; std_logic;
signal subout : std_logic_vector (3 downto 0);
—slgnal subout : std_logic_vector {5 downto 0);
signal Dividend: std_logic_vector (8 downto 0);
signal Divisor : std_logic_vector (2 downto O},
—slgnal Divisor : std_logic_vector (4 downto 0);
begin
subout <= Dividend(8 downto 5) - ('0'&Divisor);
—subout <= Dividend(8 downto 3) - ('0'&Divisor);
C <= not subout (3);
—C <= not subout (5);
Remainder <= Dividend (8 downto 5),
—Remainder <= Dividend (8 downto 3);
Quotient <= Dividend (4 downto 0);
—-Quotient <= Dividend (2 downto 0);
process (Clk, Reset)
begin
if Reset = '{* then State <=0,
elsif Clkevent and Clk = '1' then
case State Is
when 0 =>
if St="1' then
Dividend <="'0' & Bus_in;
State <= 1;
else
State <= 0; end if;
when 1 =>
Divisor <= Bus_in (2 downto O);
—Divisor <= Bus_in (4 downto 0);
State <= 2;
when 2 =>
if C ='1"' then State <= (;
else
Dividend <= Dividend{7 downto 0) & ‘0";
State <= 3; end if;
when 3|4/5|6 =>
-when 3}4 =>
it C="1"then
Dividend (8 downto 5) <= subout;
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20.C, continued

—Dividend (8 downto 3) <= subout,
Dividend (0) <= '1"; State <= State;
else
Dividend <= Dividend (7 downto 0) & '0';
State <= State + 1; end If;

when 7 =>
—when 5 =>
if C ='1'then

Dividend (8 downto 5) <= subout;
--Dividend (8 downto 3) <= subout;
Dividend (0) <= '1"; end if;
State <= 8;
—State <= 6;
when 8 =>
--when 6 =>
State <= 0;
end case;
end if;
end process;
Done <= ‘1 when State = 8 else '0';
—Done <= '1' when State = 6 else '0",
Overflow <='1'when State =2and C =
end Behavioral;

Two process:

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use |EEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity divider20c_1 is
port (Bus_in : in std_logic_vector (7 downto 0);
St, Clk, Reset : in std_logic;
Done, Overflow : out std_logic;
Quotient : out std_logic_vector (4 downto D)
—~Quotient : out std_logic_vec¢tor (2 downto 0),
Remainder : out std_logic_vector (3 downto 0));
~Remainder : out std_logic_vector (5 downto 0));
end divider20c_1;
architecture Behavioral of divider20c_1 is
signal State, NextState : integer range O to 8;
--signal State, NextState : integer range 0 to 6;
signal C, Sh, Su, Ld1, Ld2: std_logic;
signal subout ; std_logic_vector (3 downto 0);
—signal subout : std_logic_vector (5 downto 0);
signal Dividend: std_logic_vector (8 downto 0);
signal Divisor : std_logic_vector (2 downto 0);
~signal Divisor : std_logic_vector (4 downto 0);
begin
subout <= Dividend(8 downto 5) - ("0'&Divisor);
—subout <= Dividend(8 downto 3) - ('0'&Divisor);
C <= not subout (3);
—~C <= not subout (5);
Remainder <= Dividend (8 downto 5);
—Remainder <= Dividend (8 downto 3);
Quotient <= Dividend (4 downto 0);
—Quotient <= Dividend (2 downto 0);
process (State, C, St)
begin
Sh <='0'; Su <="'0 Ld1 <="'0'; Ld2 <=0},
Overflow <= '0% Done <= 0
case State is
when § =>
if St='1’ then Ld1 <="'1"; NextState <=1,

1! else 'O



20.C, continued
Two process continued:

else NextState <= 0; end if;
when 1 =>
Ld2 <= *1"; NextState <= 2;
when 2 =>
if C ='1' then NextState <= 0; Overflow <="'1",
else Sh <= '1'; NextState <= 3; end if;
when 3|4{5|6 =>
—when 3}4 =>
If C ='1* then Su <="'1", NextState <= State;
else Sh <='1'; NextState <= State + 1; end if;
when 7 =>
—when 5 =>
if C = '{' then Su<="'1"; end if;
NextState <= 8;
--NextState <= 6;
when 8 =>
—when 6 =>
Done <='1"; NextState <= 0;
end case;
end process;
process (Clk, Reset)
begin
if Reset ='1' then State <= 0;
elsif Clk'event and Clk = '1* then
State <= NexiState;
if Ld1 ="1' then
Dividend <="'0' & Bus_in; end if;
ifLd2 ="1"then
Divisor <= Bus_in (2 downto 0); end if;
—Divisor <= Bus_in (4 downto 0); end if;
if Sh ="1'then

Dividend <= Dividend (7 downto 0) & '0", end if;

if Su="'1'then
Dividend (8 downto 5) <= subout;
—Dividend (8 downto 3) <= subout;
Dividend (0) <="'1"; end if;
end if;
end process,
end Behavioral;

20.D For the corresponding code for the one and two
process solutions, refer to problem 20.C.
Commented lines are used for this problem and the
lines above the commented ones are used for 20.C.

Z20.E Block diagram and state graph for 20 E-20.H are

similar to Fig 18.7 and 18.8, respectively in FLDS.
However, modifications to the block diagram and
state graph need to be made for each problem to
obtain the correct solution.
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20.E, continued

One process:
library |EEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL,
use {[EEE.STD_LOGIC_UNSIGNED.ALL;
entity muttiply is
port {Clk, St, Reset : in std_logic;
Mpilier : in std_logic_vector(3 downto 0),
Mcand : in std_logic_vector(2 downto 0);
Done: out std_logic;
Product: out std_logic_vector(6 downto 0)),
end multiply;
architecture Behavioral of multiply Is
signal state: integer range O to 9,
signal ACC: std_logic_vector(7 downto 0);
alias M: std_logic is ACC(Q);
begin
Product<= ACC(6 downto 0);
process(Clk, Reset)
begin
if Reset = '1° then State <= 0;
elsif Cik'event and Clk="1' then
case state Is
when 0 =>
if St="1' then
ACC(7 downto 4) <= "0000";
ACC(3 downto 0) <= Mplier;
state <= 1;
end if;
when1]3|5]|7 =
iftM="1"then
ACC(7 downto 4)<=
('0'&ACC(6 downto 4))+Mcand;
state <= state + 1;
else :
ACC <="'0' & ACC(7 downto 1);
state <= state + 2;
end if;
when2|4|6|8=>
ACC <='0' & ACC(7 downto 1),
state <= state + 1;
when 9 =>
state <=0;
end case;
end if;
end process;
Done <='1' when state = 9 else '0';
end Behavioral;

Two process:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE STD_LOGIC_ARITH.ALL,;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity multiply is

port ( Clk, St, Reset : in std_logic;

Mplier : in std_logic_vector(3 downto 0);
Mcand : in std_logic_vector(2 downto 0);
Done: out std_logic;

Product: out std_logic_vector(6 downto 0)),
end multiply;



20.E, continued

20.F

Two process continued:

architecture Behavioral of multiply Is
signal state, nextstate: integer range 0 to 9;
signal ACC: std_logic_vector(7 downto 0);
alias M: std_logic is ACC(0);
signal addout : std_Jogic_vector(3 downto 0);
signal Load, Ad, Sh: std_logic;
signal test: std_logic := 0"
begin
Producte= ACC(6 downto 0);
addout<=('0' & ACC(6 downto 4)) + Mcand ;
process(state,St,M)
begin
Load <="'0"; Ad <='0"; Sh <='0"; Done <= '0";
case stats Is
when 0 =>
if St="1' then Load <="1' ;nextstate <= 1;
else nextstate <= 0; end if;
when 1}3|5{7 =>

when 9 =>
Done <= '1'; nextstate <= 0;
end case;
end process;
process(Clk, Reset)
begin
If Reset = '1' then State <= 0;
elsif Clk'event and Clk="1' then
if Load ="' then
ACC(7 downto 4) <= *0000";
ACC(3 downto 0) <= Mplier; end If;
if Ad ='1' then
ACC(7 downto 4) <= addout; end if;
if Sh="1"then
ACC <='0' & ACC(7 downto 1); end If;
state <= nextstate;
end if;
end process;

if M ='1'then Ad <='1" end Behavioral;

nextstate <= state + 1;
else Sh <="1"; nextstate <= state+ 2; end if;
when 2|4|6{8 =>
Sh <='1"; nextstate <= state + 1;

Waveform for 1111 X 011 = 1101001

Signal |i0ns 1200ns 1400as 1600ns +800ns 11000ns 11200ns 11400ns 11600ns 11800ns
Clk | .. f 1 [ 1 i 1 | { j 1 ! L f L I | | 1 [
St 1
Reset _J'L
Mplier | E
Mceand | 2
Done { L
Product | TT_JOF. XF BF ) )3 37 &7 163 3 ) (5
State | X1 4] &) ) £ )61 . (I ¢ ) 63 ) i1 10
One process:
library IEEE; case State is
use [EEE.STD_LOGIC_1164.ALL; when 0 =>
use |[EEE.STD_LOGIC_ARITH.ALL; If St="1"then

use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity 20F_1procis
port (Clk, St, Reset : in std_logic;
Mplier : in std_logic_vector (2 downto 0);
Mcand : in std_logic_vector (3 downto 0);
Product : out std_logic_vector (6 downto
)
Done : out std_logic );
end 20F_1proc;
architecture Behave of 20F _1procis
signal Acc: std_logic_vector (7 downto 0);
signal State : integer range 0 to 7;
signal M : std_logic;
begin
M <= Acc (0);
Product <= Acc (6 downto 0);
process (Clk, Reset)
begin
if Reset = '1' then State <=0;
elsif Clk'event and Clk = '{' then
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Acc (7 downto 3) <= "00000";
Acc (2 downto 0) <= Mplier;
State <= 1;
else State <= 0; end if;
when 1[3|5 =>
ifM ="1"then
Acc (7 downto 3) <=
('0'&Acc(6 downto 3) + Mcand),
State <= State + 1;
else
Acc (7 downto 0) <=
'0" & Acc (7 downto 1);
State <= State + 2;
end if;



20.F, continued

One process continued:

when 2}4|6 =>
Acc (7 downto 0) <=
‘0" & Acc (7 downto 1);
State <= State + 1;
when 7 => State <= 0;
end case;
end if;
end process;
Done <='1' when State = 7 else '0';
end Behave;

Two process:

tibrary |IEEE;
use IEEE.STD_LOGIC_1164.ALL,;
use |[EEE.STD_LOGIC_ARITH.ALL,;
use |[EEE.STD_LOGIC_UNSIGNED.ALL;
entity 20F_2procis
port (Clk, St, Reset: in std_logic;
Mcand : in std_logic_vector (3 downto O);
Mplier : in std_logic_vector (2 downto 0);
Product : out std_logic_vector (6 downto 0);
Done : out std_logic );
end 20F_2proc;
architecture Behave2 of 20F_2proc is
signal NextState, State : integer range O to 7,
signal Ld, Ad, Sh: std_logic;
signat Acc : std_logic_vector (7 downto D);
signal Addout : std_logic_vector (4 downto 0);
signal M : std_logic;
begin
M <= Acc (0);
Product <= Acc (6 downto 0);
Addout <= Acc (7 downto 3) + ('0'&Mcand);
process (State, St, M)
begin
Sh <= '0'; Ad <="'0"; Ld <="0"%
case State is
when 0 =>
if St ="1" then Ld <="1"; NextState <= 1;
else NextState <= 0; end If;
when 1|3{5 =>

If M ='1' then NextState <= State + 1; Ad <="1",;

else NextState <= State + 2; Sh <='1"; end if;

when 2]4]6 => NextState <= State + 1; Sh <= 1"

when 7 => NextState <= 0;
end case;
end process;
process (Clk, Reset)
begin
if Reset = '1' then State <= 0;
elsif Cik'event and Clk ="1' then
State <= NextState;
if Ld ='1' then
Acc (7 downto 3) <= "00000";
Acc (2 downto 0) <= Mplier;
elsif Ad = ‘1’ then
Acc (7 downto 3) <= Addout;
elsif Sh="1"then
Acc (7 downto 0) <=
0" & Acc (7 downto 1);
end if;
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20.F, continued

end If;
end process; )
Done <='1' when State = 7 else '0';
end Behave2;

One process:

library |EEE;
use [EEE.STD_LOGIC_1164.ALL;
use I[EEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL,
entity multiplier is
port(Clk, St: in std_logic;
Mplier : in std_logic_vector(2 downto 0);
Mcand : in std_logic_vector{4 downto 0);
Done : out std_togic;
Product: out
std_logic_vector(7 downto 0):="00000000");
end multiplier;
architecture behavioral of multiplier is
signal State: integer range 0 to 7;
signal Acc:
std_logic_vector(8 downto 0):="000000000";
alias M: std_logic Is Acc(Q);
begin
Product<=Acc(7 downto 0);
process(Clk, Resst)
begin
if Reset = *'1* then State <=0;
elsif Clk'event and Clk="1' then
case State is
when 0 =>
if St="1" then
Acc(8 downto 3)<="000000";
Acc(2 downto 0)<=Mplier;
State<=1,
end if;
when 1}3]5 =>
if M="{' then
Acc(8 downto 3)<=
0'&Acc(7 downto 3)+Mcand;
State<=State+1;
eise
Acc<="0'&Acc(8 downto 1);
State<=State+2;
end if;
when 246 =>
Acc<='0'&Acc(8 downto 1);
State<=State+1;
when 7 =>
State<=0;
end case;
end if;
end process;
Done<='1' when State =7 else '0’;
end behavioral;



20.G, continued

20.H
Two process:

library |IEEE;
use |[EEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL,;
use I[EEE.STD_LOGIC_UNSIGNED.ALL,;
entity muitiplier2 is
port (Clk, St : in std_jogic;
Mpiier : in std_logic_vector{2 downto 0);
Mecand : in std_logic_vector(4 downto 0);
Done : out std_logic;
Product : out
std_logic_vector(7 downto Q) := "000000C0");
end multiplier2;
architecture Behavioral of muttiplier2 is
signal State, NextState : integer range O to 7,
signal Acc:
std_logic_vector(8 downto 0) := "000000000",
alias M : std_logic is Acc(0);
signal Load, Ad, Sh : std_logic;
_ signal Addout : std_logic_vector(5 downto 0O);
begin
Product <= Acc{7 downto 0);
addout <= ('0' & Acc(7 downto 3))+Mcand;
process(State, St, M)
begin
Load <="'0" Ad <="'0%; Sh <="0"; Done <= '0";
case State is
when 0 =>
if St ='1' then Load <="'1'; NextState <= 1;
else NextState <= 0;
end if,
when 13]5 =>
if M ='1' then Ad <= '1"; NextState <= State-r1;
else Sh <='1"; NextState <= State+2,
end if;
when 2|46 =>
Sh <= '1'; NextState <= State+1;
when 7 =>
Done <="'1"; NextState <= (;
end case;
end process;
process(Clk, Reset)
begin
if Reset ='{' then State <= 0;
elsif Clkevent and Clk="1' then
if Load = ‘1’ then Acc(8 downto 3) <= “000000";
Acc(2 downto 0) <= Mplier; end If;
if Ad = '1' then Acc(8 downto 3) <= addout; end if;
if Sh = '1" then Acc <='0"' & Acc(8 downto 1); end if;
State <= NexiState;
end if;
end process;
end Behavioral;
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One process:

library IEEE;
use IEEE.STD_LOGIC_1164 ALL;
use |[EEE.STD_LOGIC_ARITH.ALL;
use |[EEE.STD_LOGIC_UNSIGNED.ALL;
entity multiplier358 Is
port (clk, st, Reset In std_logic;
mplier: in std_logic_vector(4 downto 0);
mcand: in std_logic_vector(2 downto 0);
product: out std_jogic_vector(7 downto
0y,
done: out $td_logic),
end multiplier358;
architecture Behavioral of multiplier358 Is
signal state, nextstate: integer range 0 to 11;
signal acc: std_logic_vector(8 downto 0),
alias m: std_logic Is acc(0);
begin ’
product <= acc{7 downto O);
process(clk, Reset)
begin
if Reset = ‘1" then State <=0;
elsifclk'event and clk = ‘1’ then
case state is
when 0 =>
ifst='1"then
acc(8 downto 5) <= "0000",
acc{4 downto Q) <= mplier;
state <= 1;
else
state <=0;
end if;
when 1[3|5]7]9 =>
if m =1 then
acc(8 downto 5) <=
(‘'0'&acc(7 downto 5)) + meand;
state <= state + 1;
else
‘ace <= '0'&acc(8 downto 1);
state <= state + 2;
end If,
when 2}4/6]8]10 =>
ace <= '0’'&acc(8 downto 1);
state <= state + 1;
when 11 =>
done <='1"; state <= 0;
end case;
end Iif;
end process;
end Behavioral;



20.H, continued

20.1

Two process:

library IEEE;
use IEEE.STD_LOGIC_1164.ALL,;
use IEEE.STD_LOGIC_ARITH.ALL,;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity multiplier358 is
port (clk, st, Reset: in std_logic,
mplier: in std_logic_vector(4 downto 0);
mcand: in std_logic_vector(2 downto 0};
product: out std_logic_vector(7 downto 0);
done: out std_logic);
end multiplier358;
architecture Behavioral of multiplier358 is
signal state, nextstate: integer range 0 to 11
signal acc: std_logic_vector(8 downto 0);
alias m: std_logic Is acc(0);
signal addout: std_Jjogic_vector(3 downto 0);
signal Id, ad, sh: std_logic;
begin
product <= acc(7 downto C);
,addout <= (‘0'&ace(7 downto 5)) + mecand;
process(state, st, m)
begin
ld <='0'; ad <='0"; sh <="'0;
case state is
when 0 =>
If st= ‘1" then Id <= ‘1"; nextstate <= 1;
else nextstate <= 0; end if;

when 1[3]5|7|9 =>
if m =1’ then ad <= '1’; nextstate <= state + 1;
else sh <= '1"; nextstate <= state + 2; end If;
when 2}4(6]8]10 =>
sh <= *1'; nextstate <= state + 1;
when 11 =>
done <='1"; nextstate <= 0;
end case;
end process,
process(clk, Reset)
begin
if Reset = ‘1’ then State <= 0;
elsif clk'event and clk = "1' then
if |d = ‘1"then
acc(8 downto 5) <= “0000";
acc(4 downto 0) <= mplier;
end if;
if ad = '1’ then
acc(B downto 5) <= addout; end if;
if sh =1’ then
acc <= ‘0'&acc(8 downto 1); end If;
state <= nextstate;
end If;
end process;

end Behavioral;

™ Overfl
sum; Sum . Logi‘é:>W =V
Accumulator 8 Ll’
‘it Done ,ghdSl X7 | Xe | X5 | Xg | X3 X21 X1 %Xg ; sum;
1
braa|| B 18
»(0) inb
V= Control |LdB (# Addend : "-ﬁm * ;iltilér
Ovf<— Circuit |gp IS
wish | Y7 (Y6 |Ys|{YalV¥3| Y2 V1|Yo[—* .
fK A ¢ Ci+1
Counter Clk ‘_. Q D
Clk Q CEp)
One process:
library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use |[EEE.STD_LOGIC_ARITH.ALL;

use |[EEE.STD_LOGIC_UNSIGNED.ALL;
entity 1ab20I_1p is

port ( clk, st, Reset : in std_logic;
inbus : In std_logic_vector(7 downto 0);
sum : out std_logic_vector(7 downto 0);
done, ovf : out std_logic);

end lab201_1p;

architecture Behavioral of 1ab20i_1p Is
~X=Acc

signal XY : std_logic_vector(7 downto 0);
signal Ci,Ciplus,Sumi K,V.cati cat2 : std_logic;
signal State : integer range O to 3;
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. 20.1, continued
One process continued:

signal Count : std_logic_vector(2 downto 0);
begin

catl <='0"; — Needed to use the 7 segment display

cat2 <= '1'; - to provide a 9th LED
Sumi <= X(0) xor Y(0) xor Ci; — 1-bit adder
Ciplus <= (Ci and X(0)) or
(Ci and Y(0)) or (X(0) and Y(0));
sum <= X;
done <= '1' when state = 3 else '0";
V <= (sumi and not Y(0) and not X(0))
or (not sumi and Y(0) and X{0));
K <='1' when Count = 7 else ‘0"
-- Control state machine
process (clk, Reset)
begin
if Reset = '1’ then State <=0,
elsif clk'event and clk="0'then
case State is
when 0 =>
if St ='1' then

X <= inbus; - load accumulator from bus

Ci <='0" — Clear the carry bit
Count <= "000"
State <= 1; end if;
when 1 =>
Y <= inbus;
State <= 2;
when 2 =>
if K='0"'orV ='0' then — shift
X <= Sumi & X(7 downto 1);
Y <= Y{(0) & Y({7 downto 1);
Ci <= Ciplus;
Count <= Count + 1; end if;
if K='0' then State <= 2;
elsif V = '0' then State <= 3;
else State <= 0; end if;
when 3 =>
State <= (;
end case;
end if;
end process;
Ovf<='{'whenV="'1"and State=2and K="1
else 'O
end Behavioral;

Two process:

ibrary |lEEE;
use IEEE.STD_LOGIC_1164.ALL;
use [EEE.STD_LOGIC_ARITHALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity lab20l_2p is
port( clk, st, Reset : in std_logic;
inbus : in std_logic_vector(7 downto 0);
sum : out std_logic_vector(7 downto 0);
ovf, done : out std_logic);
end lab201_2p;
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architecture Behavioral of 1ab20l_2p is
~ X = Accumulator
signal X,Y : std_logic_vector(7 downto 0);
signal Sh,Ci,Ciplus,Sumi,K,LdA LdB V,catl cat2 : std_logic;
signal State, NextState : integer range O to 3;
signal count : std_logic_vector(2 downto 0);
begin
catl <= ‘0’; -~ Needed {o use the 7 segment display
cat2 <= ‘1"; - To provide a 9th LED
Sumi <= X(0) xor Y(0) xor Ci; - 1-bit adder
Ciplus <= (Ci and X(0))
or (Ci and Y(D)) or (X(0) and Y(0));
sum <= X;
V <= (Sumi and not Y(0) and not X(0}))
or (not Sumi and Y(0) and X(0));
K <= '1" when count=7 else ‘0';— Contro! state machine
process (State,StK,V)
begin
LdA <= ‘0'; LdB <='0"; Sh<='0’;
Ovf <= ‘0'; Done <= "0,

case State is
when 0 =>
if St =1’ then
LdA <= ‘1"; - load accumulator from bus
NextState <= 1;
eise
NextState <= 0; end If;
when 1 =>
LdB <= '1"; NextState <= 2;
when 2 =>

if K='0"then Sh <='1’; else
ifV = ‘0 then Sh <='1"; NextState <= 3;
else ovf <= ‘1'; NextState <= Q; end if;
end if;
when 3 =>
done <= ‘1"; NextState <=0;
end case;
end process;
process{clk, Reset)
begin
if Reset="'1' then State <=0;
elsif cik'event and clk="0" then
State <= NextState;
if LdA="1"then
X<=inbus;
count <= "000"; — Initialize counter
Ci <='0'; — Initialize carry
elsif LdB = ‘1’ then Y<=inbus;
elsif Sh="1' then
-- Shifting both ACC and Addend
X <= Sumi & X(7 downto 1);
Y <= Y(0) & Y(7 downto 1);
Ci <= Ciplus; — store carry
count <= count + 1; end if;
end If;
end process;
end Behavioral;



20.1, continued

Signal
Clk
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20.J Same as solution for 20.1 except change

all 7'sto 6's.

20K One process:

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use IEEE.STD_LOGIC_UNSIGNED.ALL;
entity lab20K_1p is
port ( cik, st, Reset : in std_logic;
inbus : in std_logic_vector(7 downto 0);
diff : out std_logic_vector(7 downto 0);
done, ovf : out std_logic);
end lab20K_1p;
architecture Behavioral of lab20K_1p is
signal XY : std_logic_vector(7 downto 0); — X =
Accumulator
signal Bi,Biplus,diffi, K,V,cat1,cat2 : std_logic;
signal State : integer range O to 3;
signal Count : std_logic_vector{2 downto 0);
begin

if K="0" then State <= 2;
elsif V = '0' then State <= 3;
else State <= 0; end if;
when 3 =>
State <=(;
end case;
end If;
end process;
Ovf<="""whenV="1'and State=2and K="1'
else '0;
end Behavioral;

cat! <= ‘0’; - Needed to use the 7 segment display
cat? <= *1"; — To provide a 8th LED
diffi <= X(0) xor Y(0) xor Bi; — 1-bit adder
Biplus <= (Bi and not X(0)) or (Bi and Y(0)) or (not
X(0) and Y(0));
diff <= X;
done <= ‘1" when state = 3 else ‘0";
V <= (diffi and Y(0) and not X(0)) or (not diffi and
not Y(0) and X(0));
K <='1"when Count = 7 else ‘0";
- Control state machine
process (clk, Reset)
begin
if Reset ='1' then State <= Q;
elsif cikevent and cik="0" then
case State is
when 0 =>
if St="'1"then
X <= inbus; — load accumulator from bus
Bi <='0"; — Clear the borrow bit
Count <= "000"; State <= 1;
end if;
when 1 =>
Y <= inbus; State <= 2;
when 2 =>
if K='0' or V ='0' then -- shift
X <= Diffi & X(7 downto 1);
Y <=Y(0) & Y(7 downto 1),
Bi <= Biplus;
Count <= Count + 1; end if;

Two process:

library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.STD_LOGIC_ARITH.ALL;
use [EEE.STD_LOGIC_UNSIGNED.ALL;
entity iab20K_2p is
port (clk, st, Reset : In std_logic;
inbus : in std_logic_vector(7 downto 0);
diff : out std_logic_vector(7 downto 0);
ovf, done : out std_logic);
end lab20K_2p;
architecture Behavioral of lab20K_2p Is
signal X,Y : std_logic_vector(7 downto 0); — X = Accumulator
signal Sh, Bi,Biplus,diffi,K,LdA,LdB,V : std_logic;
signal State, NextState : integer range O to 3;
signal count : std_logic_vector(2 downto 0);
signal cat1, cat2 : std_logic;
begin
cat! <=‘0’; — Needed to use the 7 segment display
cat2 <= ‘1", — To provide a Oth LED
diffi <= X(0) xor Y(0} xor Bi; - 1-bit adder
Biplus <= (Bi and not X(0)) or (Bi and Y(0) and X(0)} or
(not X(0) and Y(0));
diff <= X;
V <= (diffi and Y(0) and not X(0)) or {not diffi and not
Y(0) and X(0});
K <='1" when count=7 else ‘0"
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20.K, continued

Two process contimued:

— Control state machine
process (State, StK,V)
begin
LdA <=‘0’; LdB <='0"; Sh <=‘0';
Ovf <= ‘0"; Done <='0",
case State is
when 0 =>
if St='1"'then
LdA <= ‘1"; — load accumulator from bus
NextState <= 1;
else
NextState <= 0; end if;
when 1 =>
LdB <="1";
NextState <= 2;
when 2 =>
if K='0' then Sh <=‘1"; else
if V = ‘0" then Sh <='1"; NextState <= 3;
else ovf <= '1’; NextState <= 0; end if;
end if;
when 3 =>
done <= '1"; NextState <= (;
end case;
end process;

process(clk, Reset)
begin
if Reset ='1' then State <=0;
elsif cik'event and clk="0’ then
State <= NextState;
if LdA ="'1' then
X<=inbus;
count <= "000"; — Initialize counter
Bi <="'0" — Initialize borrow
elsif LdB ="'1' then Y<=inbus;
elsif Sh="1' then
~ Shifting both ACC and Addend
X <= diffi & X(7 downto 1)
Y <=Y(0) & Y(7 downto 1);
Bi <= Biplus; - store borrow
count <= count + 1;
end if;
end if;
end process;
end Behavioral;

20.L Same as solution to 20.K except change
all 7's to &'s.
0M Dividend >
) Ld
X(16:8) E X(7:0) Sh
' < LA S Note: Su loads subtracter
y A i ) . I ote!
¥ L Quotient Clk output into X(16:8) and
C
Subtracter and Comparator KE Counter sets Xpto 1.
1 s
0 > St
Y(7:0) Sy ] Control s Done
- Divisor ——» Clk— 14
Two process:
library |EEE;

use |IEEE.STD_LOGIC_1164.ALL;
use [EEE.STD_LOGIC_ARITH.ALL;
use [EEE.STD_LOGIC_UNSIGNED.ALL,;
entity Divi6 is
port (CLK, St. Reset : in std_Jogic;
Dvend : In std_logic_vector(15 downto 0);
Dvsor : In std_logic_vector(7 downto 0);
Quotient : out std_logic_vector(7 downto 0);
Remainder : out std_logic_vector(8 downto 0);
V, Done : out std_logic);
end Divig;
architecture Behavioral of Divi6 is
signal state, nextstate : integer range 0 to 2;
signal X : std_logic_vector(16 downto 0); - dividend register
signal Y : std_logic_vector(8 downto 0); - divisor register
signal C, Sh, Su, Load, K: std_logic;
signal Count: std_logic_vector(2 downto 0};
signal subout : std_logic_vector(8 downto 0);
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20.M, continued

Two process continued:

begin
Quotient <= X(7 downto 0);
Remainder <= X(16 downto 8);
K <="1*when Count = 7 else ‘0",
Subout <= X(16 downto 8) - Y,
C <= not Subout(8);
process (state, St, C, K}
begin
Load <='0"; Sh <='0"; Su <="0"
V <='0" Done <="0";
case State is
when 0 => if St =*1' then Load <= '1';
nextstate <= 1; end if;
when 1 =>
if C = '1' then V <=*'1'; nextstate <= Q;
else Sh <='1'; nextstate <= 2; end if;
when 2 =>
if C =1’ then Su <="1" nextstate <= 2;
else
Sh<="1"
If K ='0' then nexistate <= 2;
else nextstate <= 3;end if;
end Iif;
when 3 =>
If C = '1* then Su <='1"; nextstate <= 3;
else Done <= '1'; nextstate <= 0; end If;
end case;
end process;
process(clk, Reset)
begin
if Reset = '1' then State <=0;
elsif clk'event and clk = ‘1" then
if Load =*1' then
Count <= "000"; X <="'0'&Dvend; Y <= 0'&Dvsor; end If;

if Sh = '1' then
X <= X(15 downto 0) & '0"; Count <= Count + 1; end If;
if Su ='1' then

X(16 downto 8) <= Subout; X(0) <="1'; end If;
state <= nextstate;
end if;
end process;
end Behavioral;
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IV. SAMPLE UNIT TESTS

NAME __PASSWORD DATE
(signature)

READINESS TEST - UNIT 1 - FORM A

Please answer the following questions carefully without any reference to outside notes. Check your

answers before you turn in your paper since an essentially perfect score is required before you go on to the
next unit.

1. Multiply in binary: 11011
x 1011

2. Convert (7813.400), to hexadecimal (base 16). Carry out your answer to 3 places past the “point”.

3. Add the following numbers in binary. Use 2’s complement to represent negative numbers. Use a
word length of 5 bits (including sign). Indicate if an overflow occurs.

@ 10+ 6  (b) —12+(-14)  (©) 3+(-12)  (d) 12+(-15)

4. If possible, construct an 1-4-2-3 weighted code for decimal digits. If not possible, explain why. If
possible, express 673 decimal in 1-4-2-3 code.

5. Why are binary numbers used in digital computers?
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NAME , PASSWORD DATE
(signature)

READINESS TEST - UNIT 2 -FORM A
(Issue a theorem sheet with this test)

1. Using a truth table, prove that
X' +Z)=Xx¥Z'

2. Simplify each of the following expressions
(A'C + B'+ DF")[4 + C'+ B'+ DF’] =

(AC + B')(G+F+DE) (AC + B)'=
X+YZ+ DX+ NEX+2Z)=
A+ BC+1)(B'+C'+BCF)=

PO(MN'P'+ NR+R'S")R'=

3. Factor as much as possible: (Your answer should be in product-of-sums form)
Z+XYQ + XYP =

4. Find D'if D =(F' + G'H)E

”

5. Tllustrate the following theorem using a circuit of switches.

X+YZ = (X+Y)X+Z)
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NAME PASSWORD DATE
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READINESS TEST - UNIT 3 - FORM A
1. Is the following statement always true? Justify your answer.

Ifab’+ [b +b(a +bc)l’ = [a + a'(ac + b)] (a +b"), thena = b’

2. Factor as much as possible to obtain a product of sums:

wWYzZ+ Wuv+ wy'«+ wy?

3. Each time you apply a theorem, mark your paper clearly to indicate which terms were used to add or
delete other terms, or indicate which terms were: combined. Simplify algebraically: (answer should be
a sum of 3 ferms)

A+B'+C'"+DYB+C+DYB'+C'+D)A'+B+C+D)

4. Simplify to obtain a sum of 3 terms:
(4=B)(CD® B") + ABCD
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(signature) ‘
READINESS TEST - UNIT 4 - FORM A

A switching circuit has three inputs (4, B, C) and one output (2). If 4= 0, the output Z is the
exclusive-OR of B and C. If 4 =1, the output is the equivalence of B and C.
a) Find the truth table for Z.

b) Write the minterm expansion for Z in decimal form and in terms of 4, B, C.
c) Write the maxterm expansion for Z in decimal form and in terms of 4, B, C.

Without using a truth table, find (a) the minterm and maxterm expansions for F in algebraic and
decimal forms, and (b) the minterm and maxterm expansions for F” in decimal form.

F4,B,C) =A + B'C'+ BC

. Write an equation for the following sequence (use only 3 variables for the right-hand side) : The

overflow indicator ¥ will turn on iff X'is negative, Y is positive and D is positive, or if X is positive, ¥
is negative and D is negative.

Design a 4-bit adder/subtracter using four full adders and four exclusive-OR gates. When Su = 1, the
circuit should output 4 — B, otherwise it should output 4 + B. Remember that B'=B ® 1. {Assume
that negative numbers are represented in 2’s complement).
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NAME PASSWORD DATE
(signature)

READINESS TEST - UNIT 5 - FORM A
1. Fab cde)=Em,1,2,6,7,8,16,17,19,20,25,26,29,31) + = d(3,5,18,27)
(2) Find the essential prime implicants of F and indicate the minterm which makes each one essential.

(b) Find a minimum sum-of-products expression for .

b ¢
de 00 01 11 10
16 20 28 24
00
0 4 12 8
17 21 29 25
01
1a 1 5 13 g
/0 19 23 31 27
11
3 7 15 11
18 22 20 25
10
2 6 14 10

2. Fla b, ¢ d)=2m(1,11,12,14) + = d(0,10)
(a) Find all of the prime implicants of F".

(b) Find 2 minimum product-of-sums for F.
Note: F'is specified in (a) and F'in (b).
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READINESS TEST - UNIT 6 - FORM A

. Find two different minimum sum-of-products expresstions for F using the Quine-McCluskey
procedure:

F=3'm(2,4,5,10,11,13, 14, 15) + Y d(1, 8)

Circle the essential prime implicants in your answer and specify the minterm(s) that make each one
essential.

2. What theorem is used when combining terms in the Quine-McCluskey procedure?

Why is is unnecessary to compare two terms which have the same number of 1’s (that is, why is it
unnecessary to compare two terms in the same group)?

3. Find a minimum sum of products for G using a 4-variable Kamaugh map.
G =A4'BD'+ A'C'D'+ A'BDE + ABD'F + AC'D'F
(A'B'CD’is a don’t care term)
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READINESS TEST - UNIT 7 - FORM A

1. Find a2 minimum 3-/evel NOR circuit to realize
f(4,B,C,D)=Y m(0,2,4,6,7,9,11,12,13,15) (5 gates)
Do not use gate symbols with input bubbles in your final answer.

2. (a) Design a minimum 2-level NOR-NOR circtit to realize
FX Y, Z W)=2m(5,13,15)
(b) Convert the circuit from part (a) to a 2-level NAND-AND circuit.
Do not use gate symbols with input bubbles in your final answer.

3. Find a minimum 2-level NAND gate circuit to simultaneously realize
F4,B,C,D)=2m(1,3,5,7,8,9,13)
Fy4,B,C,D)=2m(1,3,5,7,8,10,13)

(Hint: Minimum solution has 6 gates)
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(signature) '
READINESS TEST - UNIT 9 - FORM A

1. (a) Given the following PLA connection diagram, specify the PLA contents in table form.
A B C D

YRR

3

N

e

(b) Give the logic equations realized by the PLA
(c) What size ROM would be required to realize the equations?

(a) Write the logic equation for the output of an 8-to-1 MUX with control inputs B, C, D.
(b) Implement a 4-to-1 MUX having control inputs 4, B using gates.

(c) Implement a 4-to-1 MUX using a 2-to-4 decoder and tri-state buffers to select one of the MUX
inputs.

3. Z(a,b,c,de)=abcd'+ ac'de’ + a'bd'e + bde
(a) Expand the above expression about the variable a

(b) Use the expansion in part (a) to realize the function using two 4-variable LUTs and a 2-to-1 MUX.
Specify the LUT inputs.

(c) Show the truth table for one of the LUT:.

231



NAME PASSWORD DATE
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READINESS TEST - UNITR1 - FORM A
TIME LIMIT 60 MINUTES

1. For the following function, find the simplest sum-of-products form algebraically. (Hint: Minimum
solution has three terms)

F=(+B+D)(+B+D)y([C+D)C+D)

2. Find 2 minimum 2-level multiple output NOR-NOR realization for the two functions given by the PLA
table below. (Hint: Minimum solution has seven gates)

wxyz|ff
011-410
1-00(11
1011)11
10-0)11
-1-0j01
1-1-101
00-1400

3. Given F=AB'C+ BCD'+A'C'D+ABD+B'CD'
(2) Find the maxterm expansion in decimal notation.

(b) Find a minimum 3-level circuit of AND anc OR gates (no particular order of gates implied). The
minimum solution has 4 gates and 8 inputs. '

4. B and C are initially zero. Assume 10 ns gate dzlays and complete the timing diagram below.
A ] ‘ 1 | 1 4 § | i
o )oDB coATT L
: 5 o
'. L
] | | i

l
|
1
{
{
10 20 30 40 SO 60 70 80 os
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READINESS TEST - UNIT 10 - FORM A
1. Write a conditional signal assignment statement that represents the following circuit.

A—

B ~{>o
4=
C_.._.

2. Draw a circuit that implements the following VHDL code:
A<=BornotC and D;
D <= not D after 5 ns;

3. A3-t0-8 decoder can be represented by a truth table with inputs X, X, X, and outputs
D,D,D,D,D,D, D, D, Write a complete VHDL module that implements the decoder using an

8 words x 8 bits ROM. Include the array type declaration and the constant declaration that defines the
contents of the ROM

— D,
X1 — L D
Xy — .
X3— .

Dy

4. Evaluate the following expression for 4 ="010" and B ="110";
(TEST is of type Boolean)

TEST<=(A&Bornot(B&A)) <(B&Aand notA&A)
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READINESS TEST - UNIT 11 - FORM A

1. An M-N flip-flop behaves as follows:
If MN = 11, the flip-flop is set to @ =0.
If MN =01, the flip-flopis setto O =1.
If MN = 10, no change of state occurs.
If MN = 00, the flip-flop changes states.
Derive the characteristic (next state) equation for this flip-flop.

2. Complete the following timing diagram for a rising edge triggered D-CE flip-flop with a clear input.
cok| [ [ M M 1 ¢
Cex 7] | 1

CE[+ | | T

DI 1 ]

3. For the latch given below,

a) If L =wW=0, what value will P and Q assume?

b) IfL is now changed to 1, what value will  and Q assume?

¢) If Wis now changed to 1, what value will P and @ assume?

d) If Wis now changed to 0, what value will P and Q assume?

e) What restriction must be placed on L and ¥ so that O will always equal P'?

L 0
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READINESS TEST - UNIT 12 - FORM A

1. Consider the following Loadable Counter with an Asynchronous Clear, Assuming that Count (Cr) is 1
throughout, and that D _D,D, are 010, complete the timing diagram.

* CirN|Ld |Ct| C* | B* | A*
3 ‘
0 X1 X 0 0 0
Ct — 0
) b CIrN 1 |1 |X|D.|D,|D,
Ld— A 3’3 1 ool c | B A
Clock 1 0 | 1 [PresentState+ 1

cos| [ [ [ 1 [ ] [

CirN | |

Ld | | |
Oc
Op
Q4

2. AY-Z flip-flop behaves as follows:
If YZ = 01, the flip-flop does not change state.
If YZ =11, the flip-flopis setto O =1.
If YZ = 10, the flip-flop changes state.
The input combination YZ = 00 is not allowed.
a) Complete the table below using don’t cares where possible.
b) Realize the following next state equation for Q using a YZ flip-flop. 0* = QAB'+ A'B + OB. Find
equations for ¥ and Z.
QQ'|YZ
00

01
10
11

3. A 3-bit counter uses three different types of flip-flops as follows:
Fhip-flop 4 is a D flip-flop.
Flip-flop Bis a T flip-flop.
Flip-fiop C is a J-K flip-flop. :
Design the counter so that it counts in the following sequence:
ABC =000, 010, 100, 101, 111, 110, 011, 000,
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READINESS TEST - UNIT 13 - FORM A

1. a) Forthe given circuit, construct a transition table and a state graph. B

X
z
X'
B ' A A’
T K A J
i 1
ck B ck X

X 4

b) Complete the following timing chart. Indicate at what times Z has the correct value and specify

the correct output sequence.
Initially 4 =B =0.

cosk| [ 1 [ 1 [
x| /1 T

A
B
Z

2. Draw a general model of a Moore circuit with m inputs, n outputs, and k¥ D flip-flops.
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READINESS TEST - UNIT 14 - FORM A

. A Mealy sequential circuit has one input and two outputs. When the fourth input is received, the
circuit outputs Z, = 1 if the majority of the inputs are 0’s, Z,= 1 if the majority are 1’s, and Z = Z =1
if the number of 0’s and 1’s is the same. The circuit then resets. Find a state graph and state table.
Also specify what each state in your graph corresponds to. (Any solution with 12 or fewer states is

acceptable). Hint: The outputs depend only on the total number of 0°s and 1’s received and not on the
sequence. Thus 0 1 and 1 0 should go to the same state.

2. A Moore circuit has one input and one output. The output is initially zero. The output is the same

as the input just received, unless the input sequence 1011 occurs, in which case the output stays 1
thereafter. Derive the state graph and table for the circuit.
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READINESS TEST - UNIT 15 - FORM A

1. State tables for circuits N, and N, are given below. Are the circuits equivalent? Justify your answer.

N |o 1]o 1 N lo 1]o0 1
s |s, s [0 o0 41c Dlo o
s, |s, s |1 0 Bl4d 4|0 0
s, |s, s, |0 o0 cl{c pjo o
s, |S, S 10 o0 plB pl1 o
s, |s, s |0 o

2. Reduce the following Moore state table to a minimum number of states.

NN R Y
] =ta
a0 N NS
O o= o = OIN

mEmbaw
oy oD 0l8

3. (a) The following state table is to be realized using D flip-flops. Make a suitable state assignment
which will lead to an economical circuit. Assign 000 to S,and 010 to S,. Show how you arrived at

your state assignment.
(b) For the assignment obtained in (a) derive the input equations for the flip-flops and the output
equation.
0 140 1
S, 18, S0 0
S 18 S |1 0
S, 18 S5,10 1
S 18, 5,]0 1
S |s, S i1 1
S8 S, 111
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READINESS TEST - UNIT 17 - FORM A

1. Draw a diagram to show the hardware that the following VHDL code represents. Use a D-CE flip-flop
and gates. '

if CLK'svent and CLK ='1' then
if LDA="'1'then C <=Aor B;
eisif LDB = '1' then C <=B,;
end if;

end if;

2. Write a VHDL process using a case statement that represents the following MUX:

1—1,
D—J,
0—I,
1—{1,
DI,

I

3. Write a VHDL code module that implements the following state table. Assume that all state changes
occur on the rising edge of the clock. Use two processes. Use a case statement with if-then-else

statements.
Present Next State
State | X=0 | X=1 | Output
SO S0 82 0
S1 SO S2 1
S2 S2 S3 1
S3 S3 S1 0

4. Write a VHDL process to represent a 4-bit counter that will increment on every falling edge of the
clock. The counter has an asynchronous, active low reset that overrides the clock. Specify the type of
the signal that represents the counter output.
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READINESS TEST - UNIT 18 - FORM A

1. This problem concerns the design of a serial adder/subtracter with accumulator for 4-bit numbers as
shown below.

SI . Xin _ | Xou
ot 1}\ X3 x? X1| %o Combinational | sum
I Logic
Clock Circuit Full
0 ST ; Adder
Clock | Control }Sh olsh | Y31 Y2] V1| Yo Yin fout
> . . 2N
Circuit T carry
yy Clock
) D
K
Q D«
in - {¢—Clock
-Ditl coun /Fr Q‘ CE
Clock

The combinational logic circuit has an input D which determines whether addition or subtraction

will take place. When D = 1, the contents of registers X and Y are added together. When D =0, the
contents of registers X and Y are subtracted (i.e., X — Y). The control circuit has one output (Sh) and
two inputs—a start signal St and a counter output signal K. The counter counts the number of shifis,
and outputs a signal of X = 1 when itis 111 (after 7 shifts). Assume that D is not changed during

the operation of the adder/subtracter. Assume negative numbers are represented in 1°s complement.
Subtraction should be done by adding the 1’s complement. Note that 8 shifts are required: 4 to do the
initial addition and 4 more to add on the end-around carry.

(a) Construct a state graph for the control circuit (3 states). The operation should begin when St is set
to 1. St may be 1 for one clock cycle, or it might remain 1 for many clock cycles, even after the
addition is completed. Make sure that the circuit does not begin again affer it is finished! The start
signal must be changed back to 0 to reset the: control circuit.

(b) Design the control unit using D flip-flops and any kinds of gates.

(c) Design the combinational logic circuit.

2. (a) Draw ablock diagram for a parallel divider which is capable of dividing a positive 8-bit binary
number by a positive 4-bit binary number tc give a 4-bit quotient. Use a 9-bit dividend register, a
4-bit divisor register, a subtracter-comparator block and a control block.

(b) Show the contents of the dividend register and the value of C at each clock time when 49 is

divided by 6. (C is the comparator output and should have a value of C = 1 if subtraction can take
place without a negative result).

(c) Under what conditions will overflow take place?
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READINESS TEST - UNIT 19 - FORM A

1. This problem concerns the design of a digital system which multiplies two binary numbers by the
repeated addition method. The block diagram of the system is shown below. When a start signal (57)
is set to 1, the accumulator is cleared and the multiplier is loaded into a counter. The multiplier is then
added to the accumulator and the counter is decremented until the multiplication is complete. The
control then goes to a stop state and tums on a completion signal (K). The circuit then resets when St

is changed back to 0. Draw an SM chart for the control circuit which has 3 states. Control signals are
defined as follows:

C = clear accumulator L = load multiplier

D = decrement counter A = add multiplicand to accumulator
Z =1 when the count is 0

K
Chr

C

Wy -x

Accumulator Ad ,______]7 Control S
E L

Circuit ¢— Clk

y A Y Clk Z
Adder > Iﬁ:c Counter
.Y
T I=————- ! o
. ~— _/ Clk ;V____J
Multiplicand Multiplier

2 (a) Realize the following SM chart using a PLA and D flip-flops that trigger on the falling edge of the

clock pulse. Draw a block diagram and give the PLA table (Do not simplify the equatlons )
(b) Complete the timing diagram.

P | | | ! { |
- ] — :
- T S !
(1 1
So

R S UG IS N o
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