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Designing a Sequential Circuit

\ Problem statement | 1. Listall cases
- — 7 N / 2. Draw a feasible one
Initial state graph & table
{ generation ] 1. Row matching
) ’ \/‘ 2. Implication table
State reduction
: v : Refined state table & graph
State assignment
) 2 _ Transition table
Choice of FFs
> v . K-map
Derivation of FF input eq. &
X output eq. )
4 W )
Circuit realization &
L timing chart )
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Design Example—Code Converter

Seq. ckt design



BCD to Excess-3 Conversion

BCD = excess-3

Add 3 to BCD (0~9)
Serial I/0 with the LSB first

Xg = X = X5 = X3
Zo > 21 > Z, > Zg
Reset to initial state after receiving 4 inputs

BCD Code

—>

XaX,X,X, | converter

time: t;t, t; t,

I

Clock

Seq. ckt design

Excess-3
— >

237,717
Lttt

X Z
Input Output
(BCD) (excess-3)

time: t;t, 1, t, t,t 1 1,
0000 0011
0001 0100
0010 0101
0011 0110
0100 0111
0101 1000
0110 1001
0111 1010
1000 1011
1001 1100

(1010~1111) X X X X



Serial Code Conversion (1/8)

State graph: list all cases
X Z

Input Output
(BCD) |(excess-3)

time ot ty | taty by &

0000 | 0011
0001 | 0100 °
0010 | 0101
0011 |0110 b 04 1/0
[ 0100 |O0111 ]

0101 1000
0110 1001
0111 11010 on1 1/0 0/0 1/1

1000 1011
1001 1100

1010~1111| x x X ° G e e
t, 0/0 1/1 0/1 1/0 0/1 1/0 0/ 1/0

t3 0/Q 1/1 |0/0 0/0 0/1 /0/0 \1/1 |[0/1 0/0 0/1




Serial Code Conversion (2/8)

State table Input Present

sequence | Present | Next state | Output (2)
time [(LSB first) | state | X=0 X=1|X=0 X=1

>
o
O
-
o

ty | reset

0

00
01
10
11

000
001
010
011
1 100
101
110
111

>>|oZ2<r|MOm
R Rrlooor | o

VT ZrXae—TITIOMMO|IO®
>>>>>2>>P>IA~—IT MO
PRPPRPOOOOO||RrRFrRrRroOo|lor
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Serial Code Conversion (3/8)

State reduction
Row matching
Use don’t cares

M=N=P
H
E

|
F=G

Seq. ckt design

=J=K=L

Input Present
sequence | Present | Next state | Output (2)
time |(LSB first) | state [ X=0 X=1[X=0 X=1
t, | reset A B C 1 0
0) B D EF 1 0
bl 1 C E EG | 0o 1
00 . D H HL 0 1_\
, 01 E |7 M 1 0
2 10 F—9—MN i 0
11 H—6—HiKk—Mp 11— 06
000 | H A A | 0 1)
001 i A A 0 T
010 J A = O =
011 K A = o) =
3 100 L A . 0 -
101 (M A - 1 =
110 N A 1
111 P A 1




Serial Code Conversion (4/8)

Reduced state table Present
7 states | Present | Next state | Output (2)
time | state X=0 X=1|X=0 X=1

ty A B C 1 0

B D E 1 0

Ll ¢ E E 0 1

i D H H 0 1

2 E H M 1 0

t, H A A 0 1

M A - 1 -

Seq. ckt design



Serial Code Conversion (5/8) o o 1

00 A B
State assignment
[ states = 3 FFs 01 C
Present | Next state | Output (2)
ﬁme state [ X=0 X=1[X=0 X=1 11 H 5
t,| A B C 1 0
1 S 10| M| E
¢ D H H 0 1
2 E H M 1 0 Q' Q" Q5" Z
ty H A A 0 1 Q:Q,Q; [ X=0 X=1|X=0 X=1
M A - - 000 |[100 101|] 1 O

100 (111 110
101 (110 110
111 (011 011
110 (011 010
011 |000 00O
010 000 XxXxX
- 001 XXX XXX

— Transition table

<SIMOOm>

X POPFPOOFPR
X X RPOPRFRPPEFO

Seq. ckt design



(6/8)

Choose D FFs

Derive FF input eq. & output eq.

XQ,
Q,0Q; 00 01 11 10
4 ™
ooff1 | 2| 1| 1
0L X 1 1 X )
11 O 0 0 0
10 0 0 0 X
D1:Q1+:Q2’

Seq. ckt design

Q1+Q2+Q3+
Q:Q,Q;| X=0 X=1|X=0 X=1
A 000 1100 101{ 1 0
B 100 111 110} 1 0
C 101 |110 110] O 1
D 111 011 011] O 1
E 110 |011 010] 1 0
H 011 (000 OOO(| O 1
M 010 | 000 xxx| 1 X
XQ, 001 | xxXx XXX [ X X
Q,Q; 00 01 11 10
4 )
00l O 1 1 0
01| x 1 1 X
11 O 1 1 0
10 0 \‘1 1;/ X
D2:Q2+:Q1




(7/8)

Choose D FFs

Derive FF input eq. & output eq.

XQ,

Q,Q5 00 .Ol. 11 10
ol o [l1] o |2
01 X 0 0 Q&
|l o |G ] 1)] o
10 0 (I] 0 X

D= Q3+—Q1Q2Q3+5< Q,Q,+XQ,'Q,’

Seq. ckt

Q1+Q2+Q3+
Q,Q,Q;| X=0 X=1 X=0 X=1
A 000 1100 1011 1 0
B 100 111 110} 1 0
C 101 |110 110] O 1
D 111 011 011] O 1
E 110 (011 010 1 0
H 011 |000 00O O 1
M 010 | 000 xxx| 1 X
XQ, - 001 | XXX XXX X X
QQN_20 01 11 10
00 Ll 1J 0 0
4 )
01 X 0 1 X
1( 0 0 [\ 1 1)
10 (1 11 0 X
1 Z=X’Q'3'+XQ3




Serial Code Conversion (8/8)

Realize

circuit

/ Combinational circuits \

OO0
w NP

B

X|£0
|

D

QOO
I\)_I—“

-

o

Q2

Qs

/ Output function \

Cj
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Ag
><l_
s

States )
D OQ—Q;
FF1
> Q_Q]'
D Q—Q
FF2
> Q—q/
D Q
FF3 | Qs
> Q' Qs
PAN

\_




Sequential CKTs Using ROMs and PLAS

Combinational circuits States Output function
ROM/PLA FFs ROM/PLA

Seq. ckt design



Sequential Circuit Design with ROMs/PLAs

BCD to excess-3 code converter

State table Transition table
Present
Present | Next state | Output (2) Q,"Q," Q5" A
state | X=0 X=1|X=0 X=1 Q:Q,Q;| X=0 X=1|X=0 X=1
A B C 1 0 A 000 001010 1 0
B D E 1 0 B 001 011100 1 0
C E E 0) 1 C 010 100100 0 1
D H H 0) 1 D 011 101101 0 1
E H M 1 0 E 100 101110 1 0
H A A 0) 1 H 101 000000 0 1
M A - 1 - M 110 000 xxx 1 X
- 111 XXX XXX X X

Seq. ckt design



Using a ROM and D FFs? (1/2)

Realize it using a ROM and D FFs
Realize D FF input eq. and output eq. by a ROM

XQ1Q2Q3 ZDlDDS

- X—> 00O0O 1001
Lo | o ROM 0001|1011
put | 16 Words 0010|0100
lines | Q277 x4 Bits 0011|0101
| Qs 0100|1101
llll 0101 00O00O

0110 1000

\ZDlDZD? 0111 xXxXXX
4outpuvtlines 100010010

1001 0100

1010 1100

1011 1101

11000110

1101 1000

1110 XX XX

Seq. ckt design 1111 XX XX




Using a ROM and D FFs? (2/2)

Seq. ckt design

ROM
16 Words
x 4 Bits

> /7

Q"
— | D, .
1
—d>cK
Q1
D, Q,
= o
Clock




Using a PLA and D FFs? (1/2)

XQ, XQ;

Q,Q3 01 11 10 Q,03 00 01 11 10
00 ( 1 1 1} 00 0 1 1 0
01 L 1 1 X J 01 X 1 1 X
11 0 0 0 11 0 1 1 0
10 0 0 X 10 0 1 1 X

D,;=Q;*=Q; D,=Q;*=Q,

Seq. ckt design

D,=Q,"=Q;’
D,=Q,"=Q,
D3=Q3"=0Q,Q,Q3+X'Q,Q;5+XQ,'Q;’
Z=X'Q;"+XQ;

Realize it using a PLA and D FFs
Realize D FF input eq. by a PLA

XQ; XQ1

QON_00 01 11 10 g\ 00 01 11 10
00 0 U 0 m 00 1 1 0 0
01 X 0 0 w 01 X 0 1 X
11 0 (1 1 ) 0 11 0 0 l 1 1 J
10 0 m 0 X 10 1 0 X

D3:Q3+=Q1Q2b3+k,QlQ3'+X Q,'Q;

Z=X'Q3"+XQ,




Using a PLA and D FFs? (2/2)

D,;=Q,"=Q,’
D,=Q,"=Q,
D3;=Q3"=0Q;Q,Q3+X'Q;Q;+XQ,'Q,’
Z=X"'Q3"+XQ,
4 input
lines 4 x4 PLA
s :
— AND OR
7 Array Array
B

/

K word lines

K #2"n

Seq. ckt design

\

|

l

f

4 output lines

Product | Inputs | Outputs
term |XQ; Q Q3|2 Dy D, Dy
Q,' --0-1]0100
Ol -1--]1]0010
Q,Q,0; -111(0001
X'0,Q;" 101 -0|0001
XQ;'0," |12 00-]10001
X'05' O--0]11000
XQs 1--1]1]1000

AND OR

plane plane




Design of Iterative Circuits

A comparator

Seq. ckt design



Iterative Circuits

An iterative circuit consists of a number of identical cells

Interconnected by aregular structure

The design is very similar to that of a sequential circuit
The simplest form: a unilateral iterative circuit

A linear array of combinational cells

Signals between cells traveling in only one direction
Parallel-input parallel-output

Xl
¥
Ry C1eII A
v
Zl

Seq. ckt design

X2 XB

y )

Cell |3 | Cell |2
> [ 3 [°*°
v v

ZZ ZB

Cx )
v

. j‘)i Cell j;l.
v

4 /




Design of a Sequential Comparator (1/5)

Form of iterative circuit for comparing binary numbers
X = X1 XoX5... X,

Y =VY1Y5Y3---Yn
time ttt;...1

X1, Y1 MSB (most significant bit)

4 )
X1 Y1 X2 Yo X Y Xn Yn
a;—> 2) a—s)ooof)i iio-oo—a; MOU’[DU’[—)Z(X<Y)
1 Cell Cell Cell Cell Net- s Zl(X—Y)
b,—> 1 b% g b—3)ooo-£)i> / bAilo-oo—bﬁ» /7 h) work —>Z§(X>Y)
- /

T~

Have to wait for
a; and b; and
then compare
Seq. ckt design



Design of a Sequential Comparator (2/5)

State table Z,(X<Y)

Siv1 Z,(X=Y)

S |xy;=0001 11 10 [Z,Z,Z, Z5(X>Y)
X=Y S0 So SZ SO Sl 010
X>Y Sl S]_ Sl Sl Sl 001
X<Y SZ SZ Sz SZ SZ 100

Transition table
State assignment: S,:00 S,:01 S,:10

CH O
ab, [xy,=00011110|(z,Z,Z,4
X=Y 00 00100001|010
X>Y 01 01010101{001
X<Y 10 101010101100

Seq. ckt design



Design of a Sequential Comparator (3/5)

Typical cell

Output

Seq. ckt design

— I [}
Zz—a n+1b n+1

X: Y. a, —a +X. y X: Vi b..,=b+xy.'a’
' o0 o '1i 10 N 00 T 10
a; b; a; b;
00 0 u 0 0 00 0 0 0 q
/
01 0 0 0 0 01 1 1 1 1
11 /x X X x\ 11 X X X X J
\__
N
10 1 1 1 1 10 0 0 0 0
\__ J
bnf”*l 0 1 bnj”*l 0 1 D, 10 1
0 ﬂ 0 1 0
1 w 1 X 1 ( 1 x)




Design of a Sequential Comparator (4/5)

Circuit Yi Xi

Typical cell '—D%
T

Output ckt Ay > Z,(X<Y)

bi+1

Z,(X=Y)

Seq. ckt design D — Z5(X>Y)



Design of a Sequential Comparator (5/5)

Complete circuit
X = X1 XoX5... X,
Y = Y1YY3---Yn
time tt,t;... 1

X1, Y1-
Xns Yn-

MSB (most significant bit)
LSB (least significant bit)

Typical Cell
(see pp. 25)

Adjyq S D q, > 7
. ‘ L(X<Y)
4 \
Clock —4>CK :>_) Z,(X=Y)
bi+1 > D bi > 7
o 4 J(X>Y)
C|ock—o>CK




Summary: Designing a Sequential Circuit

Problem statement List all cases

1.
v / 2. Draw a feasible one
1

/  \\

Initial state graph & table
generation Row matching

) ’ / 2. Implication table
State reduction

J .

. v . Refined state table & graph
State assignment
2 _ Transition table

Choice of FFs
v ’ K-map
Derivation of FF input eq. & )
output eq.
v

Circuit realization &
timing chart

Seq. ckt design
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