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Summary of Design Procedure for
Sequential Circuits

1. Derive state table (and/or state graph)

B Given the problem statement, determine the required relationship
between the input and output sequences and derive a state table

B For many problems, it is easiest to first construct a state graph
2. Reduce state table

B State minimization by row matching or using an implication table
3. Perform state assignment

u rlogzmT flip-flops are needed to encode m states
4. Form transition table

B Substitute the assigned flip-flop states for each state in the reduced
state table

5. Derive flip-flop input equations and output functions
B Plot next-state maps and input maps for each flip-flop to derive the
flip-flop input equations
6. Realize flip-flop input equations and output functions using
available logic gates
7. Check design
B Use signal tracing, computer simulation, or lab testing




Design Example — Code Converter

O Convert BCD to excess-3 code

B Add 3 to a binary-coded-decimal
digit in the range O to 9

B Assume serial input and output
with the least significant bit first

B Reset to initial state after
receiving every 4 inputs
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Design Example — Code Converter

[0 Step 1: derive state table and state graph
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Design Example — Code Converter

I
[0 Step 2: Reduce state table
Input Next Present Next Present
Sequt_ence State Output (2) State Output (2)
Received Present — _ Present
Time (LSB first) state | X=0 1| X=0 1 Time State X=0 1| X=0 1
t, reset A B C 1 0 t, A B C 10
t 0] B D F 1 O t, B D E 1 0
1 1 C E G 0 1 C E E 0 1
00 D H L o 1 t, D H H 0O 1
t 01 E I M 1 0 E H M 1 0
2 10 F J N 1 O
t, H A A 01
11 G K_P 1 0 M A - 1 -
000 H A A 0O 1
001 ! AA 0 1 The matching assumes, under
010 J A - o -t— .
011 K A _‘%/ X=1, the next state is A and Z=1
4 100 L A _- Q - - tching i
101 M A - 1 g - e matcning Imposes no
110 N A -4+—1 -4+ particular condition on these
111 P A - 1 - don’t cares

Design Example — Code Converter

] In reducing a state table by row matching,

sometimes there can be multiple incompatible

choices in matching a row

Example

Next Present

Present State Output (2)
State X=0 1 X=0 1
Q Q S 0O 1
R - - - 1
S S Q 1 -

R can be matched with either Q or S, but not both




Design Example — Code Converter

] Step 3: Perform state assignment

B Need 3 flip-flops for 7 states

Reduced state table

Next Present
Present State Output (2)
Time | State X=0 1 X=0 1
ty A B C 1 O
t, B D E 1 O
C E E 0O 1
t, D H H 0 1
E H M 1 O
ty H A A 0 1
M A - 1 -

Assignment map

Qy
Q,Q3 o 1
00| A | B
01 C
11| H | D
10| M | E

An even better assignment?
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Design Example — Code Converter

] Step 4: Form transition table
Next Present
State Output (Z2)
- Present
Transition table Time | State X=0 1|X=0 1
t, A B C 10
Q1+Q2+Q3+ Z Y B D E 1 0
C E E 0 1
X=0 | X=1| X=0 | X=1
QuQ2Q, t, D H H 0 1
A 000 0] 1 1 0] E H M 10
B 100 11 10 1 0 t, H A A 0 1
cl| 101 10 ||110 | © 1 M A - 1 -
D 111 11 11 0 1 Q.
Qe 0 1
E 110 11 10 1 0
00| A B
H 011 0 0 0 1
01 C
M 010 0 X 1 X
- 001 X X X X HiH )0
101 M E 10




Design Example — Code Converter

0 Step 5: Derive flip-flop input equations and

output functions

XQ, XQ,
X Q Q Q| z D, D, D, Q,Q\ 00 01 11 10 Q,Q\ 00 01 11 10
0O O 0 0 1 1 0 0 00 fl 1 1 1] 00| O 1 | 1)| o
0O O 0 1 X X X X 01 lx 1)1 XJ o1 X (2| 2ff X
©c o0 1 011 0 00 11{ofofo]o 1mfofli] 1]l o
0O O 1 1 O O O o0 o 1z 11 x
01 0 O0|1 1 1 1 10J0j0JO0]X 10 L
0O 1 0 1 0 1 1 0 ' — +—

D.= += D,= f—

0 1 1 0 1 0 1 1 1 Ql QZ 2 QZ Ql
0O 1 1 1 0 0 1 1 XQ, XQ,
10 0 O|O0O 1 0 1 Q,QN\ 00 01 11 10 Q,ON\ 00 01 11 10
10 0 1) x x x X oof o [l)] o [[1] ooflalalofo
10 1 0fx x x X o1l x| o] o |[x o1| X | o |1 x]
1 O 1 1 1 0 0 O —
11 0 0|0 1 1 O 1o |(a]a]|o 1fofoflafd)
11 0 1|1 1 1 O 10] o |[1]] o | x (1) o] x
1 1 1 0 0 0 1 0 o I 1
11 1 1|1 0 1 1 D3=Q3"=0Q;Q,Q3+X'Q;Q5+XQ;'Q5’ Z=X"Q3'+XQ3

11

Design Example — Code Converter

[0 Step 6: Realize circuit

D Q
FF1

D Q
FF1

D Q
FF1




Design of Iterative Circuits

0 Many of the design procedures used for sequential circuits can be

applied to the design of iterative circuits
B E.g., the design procedure used for the (sequential) serial adder of
Unit 13 can be applied to the design of the parallel adder of Unit 4

O Unilateral iterative circuit is the simplest form of an iterative
circuit
B A linear array of combinational cells with signals between cells
traveling in only one direction

X, X, X, X, X,
l l l l l
ol Cell [%2f cell |8 cell [% & | cell [ &n) cell |
1 1 2 3 i n
l l l l l
Z, Z, Z, Z, z,

X; and Z; are the primary input and output, respectively, of cell i
a; and a;,; resemble the present state and next state, respectively, of cell i
13

Design of Iterative Circuits
Design ot a Comparator

0 Compare two n-bit binary numbers
X=X X,..Xx,and Y =y y,...y,
and determine if they are equal or which one is
larger if they are not equal

B Assume x,; and y, are the most significant bits (we plan
to do the comparison from left to right)

X1 Y1 X2 Yo Xi Y Xn Yn
a, l | a, l | a, a l | a,, a, ! a,,,
— Cell [ Cell [ 7 cell [ Cell Output ™ Z1(X<Y)
b2 2 b3 b | bi+l bl’l n bn+1 Net_ _’ZZ(X:Y)
e © @ 0 —p f——b ¢ ¢ ¢ —p > Work L5 Z3(X>Y)

A 4

A 4

= 1
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Design of Iterative Circuits
Design of a Comparator

] Steps 1,2: derive and reduce state table
Si+1
S, |xy=00 01 11 10 |Z, Z, Z,

X=Y S, So S S, S; |0 1 0O ZyIX<Y

X>Y S, S; S S, S;|0 0 1 ZyiX=Y

X<Y S, S, S, S, S,|1 0 O Z3:X=Y
] Steps 3,4: Perform state assignment and form

transition table
11011 ]

a b |xy=00 01 11 10|z, Z, Z, Statesafg'gmme”t

00 00 10 00 01| 0 1 O 50:01

0 1 01 01 01 01|0 O 1 81:10

1 0 10 10 10 101 O © -
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Design of Iterative Circuits
Design ot a Comparator

] Steps 5,6: derive and realize cell input and

output functions

. Vi X
Typical cell for comparator S
1
XiYi XiYi : < 1
ab\[ 00 01 11 10  gp\ 00 01 11 10 ! :}Eﬁ”
oofo[laJ{o]o oolo ool a_! ) |
orfoflo|o]o orf2 |22 [ld :' > Lai. !
w|(x [ x [ x]x) 11 x| x | x | x) ! :b
ofla |[1]] 1 |1 10lo|o|o]o ! 1> }:};_Hl
' ¥ J— L] 1] b ! I
a1 = +X"yb; b, =bi+Xy'a, I_:—[>°— b E
Output circuit for comparator
An+1 A+ A+
bre-2 L b0 1 br-2_ 1 Ana Z2(X<Y)
ol |7 of1) 0 Z,(X=Y)
1 (X 1 X 1 !1 X! b1 Z3(X=Y)
Zi=an,,  Zy=an byt Zg=bgy, 16




Design of Iterative Circuits
Design of a Comparator

0 Sequential comparator

XI yi

a 4 . Qg q

S "1 Pa > Z,(X<Y)
Typical Cell Clock—9> CK :DD_’ _

Z,(X=Y)

bi+ .
b, — - | D, d > Z3(X>Y)

Clock—9> CK

t1 t2 tn
X=Xy Xo.o Xp -
Y=V, VYo... Y.

time

17

Design of Sequential Circuits Using
ROMs and PLAs

0 For a Mealy sequential circuit, the combinational
part can be realized using a ROM (PLA)

B For the circuit with m inputs, n outputs, and k state
variables, we need k D flip-flops and a ROM with m+k
inputs (2™*k words) and n+k outputs

O Similarly, for a Moore sequential circuit, the next-
state and output combinational subcircuits can be
realized using two ROMs (PLASs) or, alternatively,
a single ROM (PLA)

18




Design of Sequential Circuits Using
ROMs

0 Example

B Realize the prior BCD to excess-3 code converter using a
ROM and D-FFs

State table Transition table
Present
Present | Next State | Output (2) Q. Q, Q5" Z
state |[X=0 1 |[X=0 1 Q:Q,Q3 | X=0 X=1 |X=0 X=1

A B C 1 O A 00O 001 010 1 0

B D E 1 0o B 001|011 100 | 1 O

c E E o 1 C 010 [100 100 | O 1

D H H 0o 1 D 011 101 101 0] 1

E H M 1 0 E 100 101 110 1 0

H 101 000 000 0 1

H AA 0 1 M 110 000 - 1 -
M A - 1 -

Design of Sequential Circuits Using
ROMs

0 Example (cont'd)

B Realize the prior BCD to excess-3 code converter using a
ROM and D-FFs

Truth table X & Q @12 D B, D
O 0 0 0|1 1 0 O X —)
0O O 0 1 X X X X ROM
O 0 1 0|1 o 0 O 4 input | Q; —»
O 0 1 12/0 0 0 O lines
01 0o O0|1 1 1 1 Q, —! 16 Words
0O 1 0 1/0 1 1 O ;
0 1 1 o0]1 0o 1 1 Qs — x4 Bits
0O 1 1 1]|/0 o0 1 1 1 l
10 0 O|0O 1 o0 1
1 0 0 1 |x x x X Z D1 D2 D3
1 O 1 0 X X X X
10 1 1|1 0 0 O oo
11 0 0|0 1 1 o0 4 output lines
11 0 1|1 1 1 o0
11 1 0]|l0 0 1 0O
11 1 1|12 0o 1 1
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Design of Sequential Circuits Using
ROMs

0 Example (cont'd)

B Realize the prior BCD to excess-3 code converter using a
ROM and D-FFs

X—» > 7
Q +
1 N Dl Ql
ROM
—a3> CK
16 Words | Q2 [ D, Q
x 4 Bits 2
0—C>CK
Q5"
> D3 Q3
1—C>CK
Clock
21

Design of Sequential Circuits Using
PLAs

0 Example

B Realize the prior BCD to excess-3 code converter using a
PLA and D-FFs

Assignment map Transition table
Q.
Q,Q3 0 1 Q:"Q" Q3™ Z
Q,Q,Q; | X=0 | X=1 | X=0 | X=1
of|aAa|B =
A| 000 100 | 101 1 0
o1 c B| 100 111 | 110 1 0
c| 101 110 | 110 0 1
1lulo D| 111 011 | 011 0 1
E| 110 011 | 010 1 0
ol vle H| o011 000 | 000 0 1
M 010 000 XXX 1 X
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Design of Sequential Circuits Using
PLAs

0 Example (cont'd)

B Realize the prior BCD to excess-3 code converter using a
PLA and D-FFs

XQ, XQ,

Q,0\ 00 01 11 10 Q,Q\ 00 01 11 10
ooffr |1]1]1) oofo |1 ]1)o
or|x [ 1)1 x or| x [[2 | 2]] x
11{o|lo]ofo 12]lofla]1llo
10lo|o]|o|x 1ofojla] 1| x

D,;=0Q,"=Q; D,=Q,"=Q,
XQ, XQ,

Q,0020 0L 11 10 Q,0N\,00 01 11 10
ool o [la)] o |[2 oollal oo
o1l x| o] o |lx o1 x| o |[1]Xx]
11l o (x| 1]|o 11{o o [lald)
10| 0 [[1]] o | x 10|t 1)] o] x

T 1 1
D3;=Q3"=Q;Q,Q3+X'Q;Q3'+XQ,'Q,’ Z=X"Q3'+XQ3 23

Design of Sequential Circuits Using
PLAs

0 Example (cont'd)

B Realize the prior BCD to excess-3 code converter using a
PLA and D-FFs

PLA table

X Ql Q2 Q3 Z Dl D2 D3

Q" - - 0 -10 1 0 O

Q - 1 - -]10 O0 1 O

QQ0;, - 1 1 1,0 0 0 1
XQQy 0 1. - 0|0 O O 1 D;=0Q,"=Q;
XQ,;Q, 1 0 0 -|0 O O 1 D, =Q;"=0Q;

XQ; 0 - - 0|1 0 O O D3 = Q3" = Q;Q,Q35+X'Q1Q35'+XQ,'Q;’

X0, 1 - - 1|1 0 0 0 Z=XQ,+XQ,

& J \ J

Y Y

AND plane OR plane
24




Design of Sequential Circuits Using
PAL:s

0 Example

B A segment of a sequential PAL realizing the next-state
equation Q* = D = A'BQ'+AB'Q

A A'B B ' Clock En
[ 75
% S T N D Q & Q
- AB'Q :
A—| $ ! Q \
Q' Inverting
B—I/> ﬁ\ Tri-State

Q Output
Buffer

(. J
~

Programmable AND Array
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