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9.1 Introduction
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Fig. 5-1 Block Diagram of Sequential Circuit
Two major types of sequential circuits: depending on timing of
their signals
+ Asynchronous sequential circuits
—The transition happens at any instant of time

—Do not use clock pulses. Change of internal state occurs when there is
a change in input variables
* Instability problem: may become unstable at times
—Storage elements work as time-delay device
* May be regarded as a combinational circuit with feedback
* Synchronous sequential circuits
—The transition happens at discrete instants of time
—The circuit responds only to pulses on particular inputs
—Storage elements are affected only with the arrival of each pulse

3

Chapter 9 Asynchronous Sequential Logic

9-1 Introduction

9-2 Analysis Procedure

9-3 Circuits With Latches

9-4 Design Procedure

9-5 Reduction of State and Flow Tables
9-6 Race-Free State Assignment

9-7 Hazards

9-8 Design Example

Block Diagram of an Asynchronous Sequential Circuit
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Asynchronous Sequential Circuits

* Timing Problems
— synchronous circuit: eliminated by triggering all flip-flops with
the pulse edge
— asynchronous circuit: change immediately after input changes

» Asynchronous Sequential Circuits
—no clock pulse
— difficult to design

Figure 9-2 Asynchronous Sequential Circuit Example
1. Excitation variables as
Y outputs and secondary
x D—‘Df Y1 variables as inputs
Y,=xy, + X'y,
Y, =xy,’ + X'y,
2. Plot functions in a map

y, 3. Combine all maps into a
> transition table

— stable state: y=y,y, (circled)
4. Complete the state stable
oy — check if unstable states will

— delay elements: the propagation delay el al e 0 I = ” reach a stable state finally
— must attain a stable state before the input is changed to a by _ st PR e g F9.9-2
new value o 1 0 ol 1 1 o1 11 '[}]I MR P
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9-2 Analysis Procedure Flow Table
* A flow table

*The procedure
1.Determine all feedback loops
2.Assign Y/'s (excitation variables), y,'s (secondary variables)
3.Derive the Boolean functions of all Y|'s
4.Plot each Y function in a map

* the y variables for the rows
« the external variable for the columns

5.Combine all the maps into one transition table
* showing the value of Y=Y,Y,...Y, inside each square
6. Circle the stable states and derive the state table
» those values of Y that are equal to y=y,y,...y, in the same row

Asynchronous sequential circuit (vs. sequential circuit)

*Total state of the circuit: combine internal state with input value
— eg. Figure 9-3(c) has 4 stable total states: y,y,x=000, 011, 110, and 101,
and 4 unstable total states: 001, 010, 111, and 100
*There usually is at least one stable state in each row

— a state transition table with its internal state being symbolized with letters

— Figure 9-4(a) is called a primitive flow table because it has only one
stable state in each row

— Figure 9-4(b): two states, a and b; two inputs, x, and x,; and one output, z

X
0 1

a @ b XpX7
00 01 11 10
b| ¢ @ a |(@)0|(@)o0|@.0]| b0
¢ @ d bla.,0ofa,0f®)1[®)o either in state a or state b, and
output 0 or 1, respectively

d| a @ (b) Two states with two + Maintain in state b if the inputs
inputs and one output change from 10 to 11 and
maintain in state a if the inputs
changes from 01 to 11

Figure 9-4(b)

* If x,=0, the circuit is in state a

* If x, goes to 1while x, is 0, the
circuit goes to b

 With inputs x,x,=11, it may be in

(a) Four states with
one input
Figure 9-4. Examples of Flow Tables




Derivation of a Circuit Specified by Flow Table

* state assignment = state equation = logic diagram
X1 X2 X,

00 o1 11 10 e
, 00 01 11 10 00 01 11 10

a @,0 @,U @0 b ,0 0 QD ({1\ @ I ol o 0 0o | o

blaofa0|@1|@®of 1] o | o [(D)]C) tfofof1]o

(b) Map for output

I=x1%2¥y

(a) Transition table
Y=xx'2+x1y

3 Z
X1

-
=
=y

(c) Logic diagram

(b) Two states with two
inputs and one output

Figure 9-5

Example of Race Conditions

Noncritical race Critical race

X X X x
0 1 0 1 0 1 0 1
Y12 Yi¥ya Y1y y1y2

00 @ 11 00 @ 11 00 11 00 @ 11
01 14 01 01 @ 01 11

11 @ 11 01 11 11 @
10 11 10 11 10 @ 10 @

(a) Possible transitions: (b) Possible transitions:  (a) Possible transitions: (b) Possible transitions:

®

00 —=11 00— 11—01 00— 11 00 —=11
00— 01—=11 00 —= 01 00 —= 01 00— 01—-11
00— 10—>11 00— 10—=11—>01 00— 10 00—10

Fig. 9-6 Examples of Noncritical Races Fig. 9-7 Examples of Critical Races
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Race Conditions

*Race condition
— occur when two or more binary state variables change value

in response to a change in an input variable
* When unequal delays are encountered, a race condition may cause the
state variables to change in an unpredictable manner
* Y4, Yo ..., ¥; may change in unpredictable manner in response to a
change in x
-00—> 11
*00—>10—>110r 00> 01— 11
— a noncritical race
« if they reach the same final state
 otherwise, a critical race: end up in two or more different stable states
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Figure 9-8 Examples of Cycles

*Races may be avoided
—race-free assignment: only 1 state can change at any one time (Section 9-6)
—Directing the circuit through inserting intermediate unstable states with a
unique state-variable change

*A cycle: When a circuit goes through a unique sequence of unstable states

X X X
0 1 0 1 0 1
Yiy2 X1¥2 yiy2
00 @ 01 00 @ 01 00 @ 01
01 11 01 11 01 11

11 10 11 @ 11 10
10 @ 10 10 01

(c) Unstable

|——)()1 =0l = l(]—l
12

(a) State transition:
00—=>01—>11—>10

(b) State transition:
00—01—11
Fig. 9-8 Examples of Cycles




Stability Considerations

* An unstable condition will cause the circuit to oscillate between
unstable state
— Care must be taken to ensure that the circuit does not become unstable
— a square waveform generator?
.'l'| .\'j
00 o1 11 10

’7 1 0 @ 0 0
X2

(a) Logic diagram (b) Transition table

Fig. 9-9 Example of an Unstable Circuit

» Column 11 has no stable states: with input x,x, fixed at 11, the values of Y
and y are never the same
«State variable alternates between 0 and 1 indefinitely as long as input=11
* If each gate has a propagation delay of 5 ns, Y will be 0 for 10 ns and 1 for
next 10 ns, resulting a square-wave waveform with 20 ns period, or 50Mhz

SR Latch with Two Cross-coupled NOR Gates

) R 00 01 . 11 10
’ : v=¢ 1 NG
5 o| @@
.
1 fﬁ 0 0 m
(¢) Circuit showing feedback . oS

s Y=SR'+RYy
(2) Crossed-coupled circuit Fig. 9-10 SR Latch with NOR Gates ) — (Sd;'l{"r:n\:altt::::ﬁ'rl; 0
S RO Q' * Excitation variable:
1 0|1 0 Y = ((S+y)'+R)' = (S+y)R' = SR'+R'y
0 0|1 0 (AfterSR=10) <Derive the state transition table
0 1]0 1 —With SR=10, output Q=Y=1
0 0[0 1 (AfterSR=01) * changing S to 0 = Q remains 1
1 100 —With SR=01, output Q=Y=0
» changing Rto 0 = Q remains 0
—With SR=11, Q=Q'=0
+ violate Q and Q’ are the complement of each other
* an unpredictable result when SR: 11 — 00
— if S goes to O first, Q remains 0
— if R goes to O first, Q goes to 1
*To analyze a circuit with an SR latch, first check the condition SR=0 holds at all times
*Then use the reduced excitation function Y=S+R'y to analyze the circuit

(b) Truth table
—With SR=0
«SR' +SR=S(R+R)=S
*Y=8SR+Ry=S + Ry

13 «If both S and R can be 1 at the same time, use the original excitation function 15
9-3 Circuits with Latches S’R’ Latch with NAND Gates
. . S S R 0 Q'
* Asynchronous sequential circuits ! Q ——t
— were know and used before synchronous design [ 0 1 (After SR = 10)
*SR Latch v i kb
. . 11 1 0 (After SR = 01)
—the use of SR latches in asynchronous circuits produces a ) o o i -
more orderly pattern R
.. o (b) Truth table
» the memory elements clearly visible (a) Crossed-coupled circuit SR
* reduce the circuit complexity 3 00 01 11 10
— two cross-coupled NOR gates or NAND gates ) }_y o0 ol 1 | @ @
R (eser) . Stet 0 1 OO o
g r Y =5+ Rywhen S'R' =0
; ok (c) Circuit showing feedback (d) Transition table
S (set) 2 R (reset)
” Figure 9-11 Excitation variable: Y = [S(Ry)] = S’ + Ry o




Figure 9-12 Analysis Example
X >0 D Ry .

Latch Excitation Table

« If not satisfied, it's possible that the circuit may not operate properly

4.Evaluate Y=S+R’y for each NOR latch or Y=S’+Ry for each
NAND latch

5. Construct a map with the y’s representing the rows and the x
inputs representing the columns

6.Plot the value of Y=Y,Y,...Y, in the map

7.Circle all stable states where Y=y. The resulting map is then

the transition table 18

y .
oooomo(x )qxo

L= » excitation table: lists the required inputs S and R for each of the
o - . : possible transitions fromy to Y
t o D ' First obtain S and R inputs — To find the values of S and R during the design/implementation process
. S1=X4Y Sy=X1X, .
R=x'%; Ro=%, Y4 o0 o F 10
" o . = . . . y . ”
- % r gh:(ii |; iRX (3 (;s satisfied ; \ / 1 § v | s R
- ] G C O.@ 0 0] 0 X
[_H SaRp=xiXx; ¥,=0 0 1|1 o0
4@ : @ S F @ 1 010 1
ol - LN 1 1| x o0
X1 Y=8R'+R'Yy
Yiv2 '_f' “' ” '” Y=8+R'ywhenSR =10 (b) Latch excitation table
o | ()| (@)] o | () *Derive the excitation functions (by Y=S+R’y) Fig. 9-10 (d) Transition table Fig. 9-14
or [ ( :'{1:) (@ n | on Yi=S R =X Yo H (X HXo) Y1 =X Yo XYy +XoY Derived from the latch transition table of Fig. 9-10(d)
= it Yo=S5t Ry Y, =X XoH (Xa Y4 )Y o =X o XoY oY1 'Y *Remove the unstable condition SR=11
1l oo (1) (\l_l)' 10 *Derive the transition table *i.e. to change from y=0 to Y=0, SR can be either 00 or 01= S must be 0
10] 00 @ 11 CI_!D 17 19
Procedure for analyzing an asynchronous Implementation Example
sequential circuit with SR latches Transition table = Logic circuit - )
Logic circuit = transition table/map X1 T
1.Label each latch output with Y, and its external feedback path DT k g f) i
. . . 0 1
(ifany) withy,fori=1,2, ...,k OJ(O][O; 0 1|1 o0
. . . . 1 0 0 1
2. Derive the Boolean functions for S, and R inputs in each latch oo MO 1 1] x o -
3.Check whether SR=0 for each NOR latch or whether S’'R’=0 (a) Transition table (b) Latch excitation table (e) Circuit with NOR latch
for each NAND latch FEHE gty s
X1Xp X1Xo Y

00 01 11 10 y 00 01 11 10

L{ 0 ()X@lll() 0

(c) Map for § = xx", (d) Map for R=x", . R
(f) Circuit with NAND latch

*Derive (c) and (d) from (a) by referencing (b)
*Use the complemented values for S and R of NOR latch to derive the circuit

for NAND latch: S=(x,x,’) and R = x, 20




Procedure for implementing a circuit with SR
latches from a given transition table

1. Given a transition table that specifies the excitation function
Y=Y,Y,...Y,, derive a pair of maps for S; and R,

2. Derive the simplified Boolean functions for each S; and R,
— DO NOT make S; and R, equal to 1 in the same minterm square

3. Draw the logic diagram
— for NAND latches, use the complemented values of those S, and R,
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9-4 Design Procedure - B
«Start from the statement of problem and ’ e
culminate in a logic diagram ’ Ok

Example: Design specifications c[(@.0 s
—a gated latch

—two inputs, G (gate) and D (data) E - (@.0]
—one output, Q ¢ i i
*G =1: Qfollows D
*G =0 : Q remains unchanged fFl(H -,
« 1st step: derive transition table and flow table
— no simultaneous transitions of two variables DG 00 01 11 10
— state a: after inputs DG=01
— state b: after inputs DG=11 al c,- Ol b, =] =,
—only one stable state in each row
Table 9-2 Gated-Latch Total States bl == | g~ @' 1l e,~
Inputs Output
c @)0 a!_ s d’_
State D G Q Comments = [\ "7
S 0 D = Q because G = | DG=01 dl ¢,- | -,-| b,- @,0
b I 1 | D = Qbecause G = | DG=11 |f——F—J=====x
¢ a0 0 After state a or d e f,f S— ]
d 1 0 0 After state ¢ @
e Fifig 1 After state b or f f s 1| g = == | e ,=
Elnrmg s I After state e @ —

Fig. 9-16 Primitive Flow Table

Debounce Circuit

* Mechanical switch: as input signal

» Debounce circuit
—remove the series of pulses that result form a contact bounce
and produce a single smooth transition of the binary signal

N e N

Ground A—»B ——— » A—>

Fig. 9-15 Debounce Circuit
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Reduction of the Primitive Flow Table

» Two or more rows in the primitive flow table can be merged if there are non-
conflicting states and outputs in each of columns (formal procedure is given
in next section)

— Primitive flow table is separated into two parts of three rows each

DG DG
00 0l 11 10 00 01 11 10
a | c,- (rt.() b,-|-.,- b ; G ,— @.1 &~
c @.ﬂ a,-|-,-1d,- e | fi-|=-,-18b,- @ 1
d | &= | =5 | b= Q—D-“ f @.1 . ,— o~ | e,
(a) States that are candidates for merging
DG DG

00 01 11 10 00 01 11 10

acd |(©), 0@ 0| b,-|@.0 a |@o0|G@o]|b.-|@o0
bef (1] a,-|@).1]|()1 b |@®).1|a.-|®).1]|E)1

(b) Reduced table (two alternatives) 24




Transition Table and Logic Diagram

DG DG
00 01 11 10 v El ot L 10
] 0 0 1 1]
a a)0 (;j 0| b ,-|(a)0
1 1 0 1 1
v @] o -|@1]®
(a) Y= DG+ G'y
DG
ﬁ 00 01 11 10
¥
DG of o o [ X1 0
00 01 11 10
: - = 1 1 Xo 1 1
o |Co)xo|(o)o|1,-[(o)o0
(byQ =Y
1 (i). 1| o. (]) 1 (\1) 1 Fig. 9-18 Transition Table and Output Map for Gated Laich

« State assignment
— discussed in details in Sec. 9-6

— a:0, b:1

— Assign don’t care: X=1 for y=0 and
X=0 for y=1 = Q=Y

D

Fig. 9-19 Gated-Latch Logic Diagram 5

Assign Outputs to Unstable States

the unstable states have unspecified output values
*no momentary false outputs occur when circuit switches between stable states
0—0 = 0: assign 0 if the transient state between two 0 stable states
1—>1 = 1: assign 1 if the transient state between two 1 stable states
0—1, 150 = don’t care: assign don’t care if the transient state between
two different stable states

b,- o | o
(®).0 x| o

¢ ®,1 d, - 1 1
@)1 X | 1

(a) Flow table (b) Output assignment
Fig. 9-21 Assigning Output Values to Unstable States 27

a @,0

b|c,-

d a,—

DG
, 00 o011 10
0| o 0 1 0
1| 1 0 1 1
Fig. 9-18(a) Y = DG + G'y
DG
, 00 o1 1110
0] o 0 ‘/I 0
1| x 0 b J X
$=DG
DG
, 00 ol 1 10
0] x g | x

B
9

R
(a) Maps

=D'G

for § and R

SR Latch Implementation

Use the procedure outlined in Sec. 9-3
» Obtain S=DG and R=D’G from Fig.9-18(a) by
referencing the latch excitation table

y Y| S R
0o 0] o0 x
0 1 1 0
1 0|0 1
1 1| x 0

Latch excitation table

» Draw the circuit with SR latch
D ) S

G —

-0

Y

e

(b) Logic diagram
FIG. 9-20 Circuit with SR Latch 26

Summary of Design Procedure

0. Problem definition: state the design specifications

1. Interpretation: Obtain a primitive flow table from the given
design specifications (Section 9-4; most difficult)

2. State reduction: reduce flow table by merging rows in primitive
flow table (Section 9-5; implication table, merger diagram)
—Reduce equivalent states and compatible states

3. State assignment: assign binary state variables to each row of
the reduced flow table to obtain the transition table
—Eliminates any possible critical races (Section 9-6)

4. Output assignment: assign output values to the dashes
associated with the unstable states to obtain the output maps

5. Simplification: Simplify the Boolean functions of the excitation
and output variables and draw the /ogic diagram
—can be drawn using SR latches (Section 9-3)

28




9-5 Reduction of State and Flow Tables Equivalent and Reduced States

* Reduction of state and flow tables _ ENE 4 e anicio O Revend
- Equiva|ent states ® qu“valent states Poesgnt Next State Output
— Compatible states: there are unspecified states/outputs - (a,b) Sete. i et a0 k-1

» Equivalent states: for each input, two states - (d,e), (d,9), (e,9) = (d,e,Q) 1
— give exactly the same output and « Reduced states : AP 55 e
— go to the same next states or to equivalent next states — (a,b), (c), [d,e,g), (f) : o / 0 I

* Demonstrate . State table d 3 i tre 4

— (a,b) are equivalent if (c,d) are equivalent : @ o t f
— (a,b) imply (c,d) f ¢ b 0., =0
— (cd) imply (a,b) Table 9-5

— both pairs are equivalent Reduced Stote Table

Table 9-3 State Table to Demonstrate Equivalent States

Next State Output

P Next State Output Present
State x=0 x=1 x=0 x=1
a d a 0] 0
a c b 0 | ¢ o y 0 I
b } { d a 0 | d # o | 0
¢ a d I 0 f . p 0 (
d } { b d | 0 — — il : J_
29
Implication Table ~ » - (2) For same outputs, Merging of the Flow Table
Table 9-4 State Table to Be Reduced mark ‘v’ for pairs with ging
Nt btas O ¢ x x same next states, or ) .
Present _ . - o YUtPY enter next states *Consider the don't-care conditions
State x=0 x=1 x=0 x=1 d x| x| % to be checked L . .
— combinations of inputs or input sequences may never occur
SRR N W Chockeach ]« x| x| v . tible: two | letel ified states that can b
b c a0 o paiofstates compatible: two incompletely specified states that can be
‘ g f 0 1 forpossible S i i
i R e 4 euni)vaIence flea (S8 | x| x| x combined, even not equivalent
e a d y 0 — for each possible input:
1 s b (4] 0 2 x ¥ Xld.e |d,e ® -~
5 | 0 ! - - + they have the same output whenever specified and
a 4 c [ [
y « their next states are compatible whenever they are specified
bld.e (3) Make successive
(1) Mark ‘x’ for pairs . . passes to dletermln?c
with different outputs : equivalences o . indi i i
S P remaining pairs Procedure for finding a suitable group of compatibles for
x| x| «x afoxox X . merging a flow table
A o« p x| x| x| v bg/d(,g)g;n;()(ljuzci 1. determine all compatible pairs by using the implication table
D [ and (e,g) 2. find the maximal compatibles using a merger diagram
fle,d c, . . - . H
X Xa- o e 3. find a minimal collection of compatibles that cover all the states and is
NN “ g| x| x| x|aev|aev| x closed

= b F d B I Fig. 9-22 Implication Table a b c d P f 30




Step1of 3. Find | |,
Compatible Pairs

Step 3 of 3. Closed Covering Condition

o o ol vl (1) Check Tf compatible. or - Closed covering: the set of chosen compatibles must cover all
to be checked the states and must be closed
al ¢,- [(@0]b,-]|-,- - V|d.e v — closed: no implied states or the implied states are included within the set
f T — implied states: entered in the checked square of the implication table
elc, ' . .
bl -.-|a,- [®1] e~ ‘ Yles * * Figure 9-23 / Figure 9-24(a) Example
le.s y BIL ¥ — Compatible pairs: (a,b) (a,c) (a,d) (b,e) (b,f) (c,d) (e,f) ¢
cl[(@o|a,-|-.-]a.- i ‘ J: — Maximal compatibles: (a,b) (a,c,d) (b,e,f)
D . g
¢ ot — no implied states
dl ¢, |-,-|b,-|@0 bl v — Chosen set: (a,c,d) (b,e,f)
(2) Make successive passes « all six states are included: covering all states
el fi-1-.-1b6.-|(1 el  V|dex to determine compatibility * no implied states: closed
of remajning pairs bG DG
f @.l 2o || s | e al - Jld.ex| (noimplied states) 00 01 11 10 0001 11 10
— . e i, ¢, 6 ), a ) - | (@), a|l @) 0 ((_: L0 b, - '/r_{).ﬂ
(a) Primitive flow table ele.rx|  v|PeXl x atio e 1| @.0[@0 5.~ [@.0 @0 =
Fig. 9-231 Fltl;l\gli:nlgtlmsl\i‘éatdion("['nhles c.f X S d
Compatible pairs: (a,b) (a,c) f d,ex b f G) 1fa,- ||| b @,I a4 = @.1 @.I Fig. 9-24 (a) Maximal compatible:
d) (b.e) (b.f) (c,d) (e.f N v Xerx| v sl s (@.5) (oo ) (e )
(a,d) (b.e) (b/f) (c,d) (e)f) i sl Toa Rt s
7 A A d 7 33 ig. 9-17 (b) Reduced table (two alternatives) 35
~ Step 2 of 3. Find Maximal Compatibles L Closed and Unclosed
Maximal compatibles: a group of compatibles that contains all the possible
combinations of compatible states ¢ x|d,eV * Figure 9-25 Example (given (a) implication table)

merger diagram

— an isolated dot: a state that is not compatible to any other state

—a line: a compatible pair

— a triangle: a compatible with three states

— an n-state compatible: an n-sided polygon with all its diagonals connected

Figure 9-23 Example
*Compatible pairs: (a,b) (a,c) (a,d) (b,e) (b,f) (c,d) (e,f)
*Maximal compatibles: (a,b) (a,c,d) (b,e,f)

Fig. 9-24 Merger Diagrams
d (b) Maximal compatible:

(a) Maximal compatible: (a, b,) (a,¢, d) (b.e,f) (a.b,e.f) (b.c,h) (c.d) (g)(ce) 34

— compatible pairs
(a,b) (a,d) (b,c) (c,d) (c.e) (d,e)
— maximal compatibles
(a,b) (a,d) (b,c) (c,d,e)
* Case | - chosen compatibles: (a,b) (c,d,e)
— cover all the states
— not closed: (b,c), implied by (a,b), not included
* Case Il — chosen compatibles: (a,d) (b,c) (c,d,e)
— cover all the states
— closed: implied states (b,c) (d,e) (a,d) included
— the same state can be repeated more than once

d|b,cvV X|a,dV

a b c d
(a) Implication table

Compatibles (a,b) (a, d) (b c) (c,d, e)
Implied states (b, c) (b, c) (d,e) (a,d)
(b, c)

(c) Closure table
(b) Merger diagram 36




9-6 Race-Free State Assignment

*Race-free: avoiding critical races
—Only one variable changes at any given time
—may allow noncritical race
*Adjacent assignment
— Condition: binary values of states between which transitions occur only
differ in one variable
« tedious process: test and verify each possible transition between two
stable states
—m variables required for a flow table with n rows: 2™ > n
* No critical race for assigning a single variable to a flow table with two rows
* Transition diagram: pictorial representation of all required

transitions between rows

—Try to find only one binary variable changes during each state transition

— If critical races exist, add extra rows to obtain race-free assignment
*Two methods for race-free state assignment

— shared-row method

— multiple-row method

Flow Table with an Extra Row

X1x2 XX
00 01 11 10 00 01 11 10

@ a b d /u) a =00 b =01 a=00 GID 01 10 ([_)(_})
1\._/) N - > =

b a (b‘), (:D I b =01 00 (L:I_I_\) @ 11
| JOlOO | o |O]@]®

d |l a ¢ | d=10 c=11 d=10] 00 = 1 =

(a) Flow table
Fig. 9-27 Flow Table with an Extra Row

(b) Transition diagram
Fig. 9-28 Transition Table

* An extra row labeled d is added
— critical-race transition a — ¢ becomes a=00 — d=10 — c=11
— noncritical-race transition ¢ — a becomes ¢c=11 — d=10 — a=00
— no stable state in row d: two dashes represent unspecified states that
* can be considered don’t-care conditions
» must not be d=10, or becomes stable state

37 39
Three-Row Flow-Table Example Four-Row Flow-table Example
i 01'” -\‘_wl_l % , , a=00 a— 00 01 11 10
. a b @ d @ a b
a @ b c @ - hj
h
b @ d @ a
bl a @ @ = I. Show states Il. Assignment
and transitions ¢ c=11 ¢ G) a b @
c a @ @ @ (a) Flow table (b) Transition diagram v
Fig. 9-26 Three-Row Flow-Table Example d c @ (@ [+ d c
1. Derive the transition diagram from the flow table (a) Flow table (b) Transition diagram
— Uni-directed line: one-way transition
— Bi-directed line: two-way transition Fig. 929 Four-Row Flow-Table Example
2. State_ _aSS|gnment:_z_aSS|gn a=00, b=01, c=11 Figure 9-29 Example: 4 states/rows
— critical race: transition a — ¢ . - .
_ noncritical race: transition ¢ — a — Require a minimum of two state variables
Race-free assignment: add an extra row to the flow table to — Diagonal transitions c—a and b—d make adjacent assignment impossible
avoid the critical race — Therefore, at least 3 binary state variables are needed
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Assignment for Four-Row Flow Table

a =000 b =001
y1y2 ] 1
vi 00 01 11 10 . 100
0 a b C g
| 1
1/ —%
1 e d f d=101  f=111 ¢ =011
-

(a) Binary assignment (b) Transition diagram

Fig. 9-30 Choosing Extra Rows for the Flow Table

* Figure 9-30: assignment for the 4-row flow table
— Original states: a, b, cand d
— Extra states: e, fand g

* Expanded to a seven-row table that is free of critical races
- a—>d= a—»e—d
- d—c= d—=f-c
- c—>a=c—>g—a

* |t is suitable for any four-row flow table »

Multiple-Row Method

* Methods for race-free assignment 00 0l__11___ 10
— shared-row method: adding extra rows 000=a,| b @ &

— multiple-row method: multiple equivalent

(o)
states for each stat Y @

. . N1 =az by a
* less efficient but easier to apply

(J')
» Multiple-row method for 4-row flow table O 7o [ @ "

— original state a is replaced by a1 and a2
110 = by @ d) ba az
00 o1 11 10

— each original state is adjacent to three states
011 =¢ 5
a|l o [()| ¢ |(o) ————> “ @ ol @

b (D d G) a ya¥3 100 = ¢ Qz) ajy
00 01 11 10
— Y1
C (Q a b @ ol a by ¢ dy 00=dif « @

®|®] *

d ¢ @ @ ¢ 1] e ds as by 101 =ds] e @

Fig. 9-29 (a) Flow table Fig. 9-32 (a) Binary assignment Fig. 9-32 (b) Flow table
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State Assignment to Modified Flow Table

00 01 11 10 00 01 11 10

@ @ 000 = a @ e

d b
@ " 001 = b @ d @ i
b G) ol =c @
@ s

a

g b

b
b @ d
C

[)l():g I - =

d

i
®

Fig. 9-29 (a) Flow table 110 = _ . _ .
a =000 b =001

1ni=f c = - c

01=d| s @ @ f

100 =¢e - - d -

d =101 f=111 c=011

. ) Fig. 9-31 State Assignment
Fig. 9-30(b) Transition diagram

to Modified Flow Table 2

9-7 Hazards

* In the design of asynchronous sequential circuit, the circuit
— must be operated in fundamental mode with only one input changing at
any time, and
— must be free of critical races
* Hazards: unwanted switching transients at the output
— because different paths exhibit different propagation delays
— May cause the circuit to malfunction
* in combinational circuits: may cause temporary false-output value
* in asynchronous sequential circuits: may result in a transition to a wrong
stable state
— Need to check for possible hazards and determine whether causing
improper operations
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Hazards in Combinational Circuits
*hazard: a condition where a single variable change produces a

momentary output change when no output change should occur

X1 = 1
] 0—>1
X2 =0 I

.T]:l

(a) AND-OR circuit Fig. 9-33 Circuits with Hazards (b) NAND circuit

*Assume all inputs are initially set to 1 <Fig.9-33(b) is a NAND implementation
—gate1 =1, gate2 =0 = gate3 = 1 of Fig.9-33(a)

*Consider a change of X, from 1t0 0 — Y=XXy#X,'X5 = (X1 +X,')(X;+X3)
—gate1 =0, gate2 =1 = gate3 = 1

*Hazard: inverter delay may cause
gate1=0 to change before gate2=1
—gate1=0,gate2=0=gate3=0

Hazard-Free Circuit
* The remedy: enclose the two minterms in question with another

product term
— the circuit moves from one product term to another
— additional redundant gate
» General solution: cover any two minterms with a product term

common to path
X3X3
00 or 11 10

X

0 ( q
= § —
1 h ) 6 1 1) X2 )
(a) Y =xjx + x'5x;3
00 01 11 10 X3 —

M
| |Job

M Y=x1x2+x2x3+x1x3
47

Fig. 9-36 Hazard-Free Circuit

— momentary gate3=1—0—1!
45 Fig. 9-35 Maps Demonstrating a Hazard and its Removal
X2X3 . . . .
Types of Hazards . T Hazards in Sequential Circuits
' In general, no problem for synchronous design, but a momentary incorrect

01
X
1 1 p— 1
g S S oy BN e Ny HEY I 1
(a) Static 1-hazard (b) Static 0-hazard (c) Dynamic hazard =
Fig. 9-34 Types of Hazards Il 1 LI 1

change three or more
when 0—1 or 1—0

Fig. 9-35(a) Y = xjx2 + x'5x3
(both product terms have x,)

» Whenever the circuit must move from one product term to another, there is a
possibility of a momentary interval when neither term is equal to 1, giving

rise to an undesirable 0 output

* Detected by inspecting the map: the change of input results in different

product term covering the two minterms
— minterm 111 in gate 1 and minterm 101 in gate 2

* When a circuit is implemented in sum of products (AND-OR or NAND gates),
the removal of static 1-hazard guarantees that no static 0-hazards or

signal fed back in asynchronous sequential circuit may cause the circuit to go

to the wrong stable state Figure 9-37 Example:
+state yx,x,=111 and

a1 ——- input x, 10
*next state should be 110
Vit _+hazard: output Y may go to
R TE2Y 0 momentarily
« feeds back to gate 2 before
O 2 X, enter gate 2
« the circuit will switch to
incorrect stable state 010
X1X2

(a) Logic diagram

X1Xx2
00 01 11 10 00 01

@O [@] » M
(O 00 D] U

10

dynamic hazards will occur
— If the momentary input causes the OR output to change from 0 to 1, the (b) Transition table (c) Map for ¥
output will maintain at 1 after the propagation 46 Fig. 9-37 Hazard in an Asynchronous Sequential Circuit 48




Implementation with SR latches

Asynchronous sequential circuits with SR latches
*A third input to the gate from the complemented side of the latch

Q' avoids static hazards (maintained at 1 or 0)
—a momentary 0 signal at the S or R inputs of NOR latch has no effect
—a momentary 1 signal at the S or R inputs of NAND latch has no effect

e ) = Figure 9-38 Example:
% 0 «Consider a NAND SR latch
: S=AB+CD and R=A’C
b | y [ ~ complement the inputs for NAND
A’ —
¢ D @)
Q=(Q'S)=[Q(AB)(CD)T

S=(AB+CD)'=(AB)(CDY
b—y— 0
5 4DJ LU —generated in Fig. 9-38(b) with

o R=(A’CY
2-levels of NAND gates

shown in Fig. 9-38(a)
A > Q"
2 4‘: (b)

Fig. 9-38 Latch Implementation 49

*Boolean function for output Q

9-8 Design Example

Summary of design procedure
1. Problem definition: state the design specifications
2. Interpretation: derive the primitive flow table (Section 9-4)
— total states: depend on # of input variables and # of secondary variables
3. State reduction: reduce the flow table by merging the rows
(Section 9-5)
— Reduce equivalent states and compatible states by using implication
table and merger diagram to meet the closed covering condition

4. Race-free state assignment (Section 9-6)
— adjacent assignment with transition diagram to avoid critical races
— shared-row method and multiple-row method

5. Obtain the transition table and output map
— Simplify the Boolean functions of the excitation and output variables

6. Obtain the logic diagram using SR latches (Section 9-3)

Example: design a negative-edge-triggered T flip-flop

51

Essential Hazards

* Essential Hazards: due to unequal delays along two or more

paths that originate from the same input
— Another type of hazard may occur in asynchronous sequential circuits
« Static or dynamic hazards are resulted from delays of different inputs
* It cannot be corrected by adding redundant gates
— Solution: adjust the amount of delay in the affected path
« the delay of feedback loops > delays of other signals that originate from
the input terminals
» Tends to be specialized

50

1. Design Specifications

Design a negative-edge-triggered T flip-flop
— Variables
* Two inputs, T (toggle) and C (clock), and
* one output, Q
— Functions
* Output state is complemented if
— T=1and
— the clock C changes from 1 to 0 (negative-edge triggering)
+ Otherwise, output Q remains unchanged
— under any other input condition

Note that this circuit can be used as a flip-flop in clocked sequential circuits,
the internal design of the flip-flop is an asynchronous problem
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2. Primitive Flow Table ' Merging of the Flow Table' (cont.)
00 01 T(" 11 10 00 01 rc 11 10 Derlve the reduced ﬂOW table (Flg. 9'42)
Table 9-6 Specification of Total States 1 . 1 o Compatible pairs:
Sopufs'” Ouip) ol o [ [ o B s (a7) (b,g) (b.h) (c,h) (die) (df) (&.) (gh) -
e L ST S s b o ® )6 [g.-]--| .- @01 w ol . *Maximal compatible set L
ot by oofie o MERERERED, | | _ | (@h (bgh) (ch) (de
,Ils I[ tll : l”-.it[:;tll-lll.llll:i‘::l o ]a:"’i P @ 1 S [ 7 @ 1| a5 al|l-,-|Ff.-[(a)0O] b,- —covering all states
aret] 0 0 After state c.e o PO I P (states h and f are repeated)
e 0 0 0 Afterstate d or f d - - @.0ld | e= | == | a.- |@.0f i I il i —closed: no implied states
! 0 | 0 After state e or a | | . &
4 ( After states b or h - | |~ : & || i Wil | Fig. 9-41 Merger Diagram
; If: I' : _-\r]lx'r \:LJ:'\‘H g Or ¢ £ QD’“ e .r ®"' Fiz | =mam | M '_J ' @ - i TC i it o i TC i 6
TR :j> (
; : A el b P [ W)Y (el (PEe dle-|-.-]a,-[@:.0
Differ by one variable and f @0 . Qo | af| e [D0 @0 6.~ | a| d- [@.0|@.0|B)-
«a,c: T=1, C=T = Q=initial values ¢ l@n ] s [ i, | o 5ot e|l@o]|r-|-.-]a.-
ob,d: T=.1,_C=\L :>_Q=Q - | [ I b g h @ 1 @.l c,— @ 1 b @ 1 @1 - @_[
+e,f,g,h: T=0 = Q=unchanged h ™ ) sye |& | a0 | e | =55 fle.-|@Dola,-|-,-
Fig. 9-39 Primitive Flow Table g |@a|n.-|-.-|b.- ghl g1 @.l @.1 di-| c|b,- @.l @.l d,—
1. Fill in one square in each row belonging to the stable state
2. Enter dashes in those squares whose input differs by two variables from the hl g -|@1|e,-]-.- def|(©0 D0 | a- [@.0] al@.0|@.0] a,~ |0
mpLIt CorrGSpon.dmg o the Stabl.e state s Fig. 9-39 Primitive Flow Table (a) (b)
3. Unstable conditions are determined by utilizing Table 9-6 53 Fig 9-42 Reduced Flow Table o
i a,¢ (2) mark ‘v’ for pairs .
3. Merging of the Flow Table s 4. Race-free State Assignment
% : i tates, t
*Derive Fig. 9-40 S G e T g I i e TC
implication table ~ « | -.- | f.- |[(@.0] b .- e checked 0__or 11 10 a=00 b =01
from Fig. 9-39 flow - >
table g i | @ i | im QD' A ;::r foh / al d,- |(a)0 @ 0 @_- A A
— Compatible pairs: . ' A sles | A v ]
(a) (b,g) (bh) (ch) |~ | "~ |14 b|@.1|B)1 | e |1 —>
(d,e) (d.f) (e,f) (g,h) y @.0 glfih so.a [B8 x5
—noimplied states ~ “ | | | [\ —T— :
P | it o vl fer | <] c|lb.- |@1 @] - 9 Y
(1) Mark X’ fi e|@.0ffi- |- fdm| ox| @ 7 ¢ @ € T =z d=10 c=11
ark 'x’ for . Fig. 9-43 Transition Diagram
g pairs with | , o] e i . (3) Make successive d @-U @-U a,- |(d@),0 & g
different ' | : ' S|l passes to determine
‘ 2 outputs . equivalences of Fig. 9-42(b) Reduced Flow Table
: - g |@- 1 b~ |- |0~ | 22X X|mex remaining pairs
; oy elo.ax|eexlrax| v * Draw transition diagram Fig. 9-43 from the reduced flow table
. AN O I B )@
1 — I leex|nax] ] — four stable states
Fig. 9-39 Primitive Flow Table a,cX|a,cx
y B P ] P P P — no diagonal lines
i - o x dex|egx * Find the race-free state assignment by adjacent assignment
h a,ex% v v e, fx|fihx x v
: " o e —a=00, b=01, c=11, d=10
a b c d ¢ i £ Fig. 9-40 Implication Table 54 56




5. Obtain the Transition Table and Output Map

TG

o TC 10

oo 1 10 [ 1 10 00
yiya nnyz
P e iy PR
al| d.- ((a).0 |(a).0 |(b).- a=00| 10 n@ G@ ol ol o 0 0 X
A1 . _ | 5l ~
b{b) 1 [(B)1 | c= |(B)1 p=o1| (o1)|(on)| 11 [(or)| o 1 1 1 1
sl b hd = =0 (R AL 2 y Y|SR
- s | 000X
= ol ol _ - ( ¥
c|lb,— |(e)1 |(e)1 | 4, =11 ot f(1 @ 10 u 1 1 1 X 01110
~ — ~ 10(01
— A\ " P PN
d|(d).0 @},n a,~ |(d).0 d=10 f\HD (0)| oo Q:D 1wl o 0 0 0 1lxo

Fig. 9-42(b) Reduced Flow Table

(a) Transition table

(b) Output map @ = vy

Fig. 9-44 Transition Table and Output Map

Fig. 9-14(b) Latch excitation table

TG

Summary

Chapter 9 Asynchronous Sequential Logic

iz, 00 0™ 10 .. a1 10 yiyy 0001 T 10y, 00 01°T11 10
wl|liJfolofofowfol]x xJ| x oo fo]o |/T\‘- ol x| x| x| o
ol o | o | 1 | o | m |x\| x|lo|lx|o| x| x| x l\;\;_. ool oo o]l o
mn| o | x l\x Il x| n | ' J ololo nn|lx| x| x]|o|nulo|ofolfM
10 /{“\ x| ol x| 1w0] o 0 [‘"]"‘-l o 10fo]ofo]ofi0x|x|x]|X)

(a) S, =y TC+y'> T'C’ (b) Ry = »

T'C +y, TC

(©) 8=y, TC"

Fig. 9-45 Maps for Latch Inputs

(A Ry =y, TC'
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9-1 Introduction

9-2 Analysis Procedure
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9-4 Design Procedure

9-5 Reduction of State and Flow Tables
9-6 Race-Free State Assignment

9-7 Hazards

9-8 Design Example
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6. Obtain the Logic Diagram Using SR Latch

L

T

| and one output, Q

>
%«D‘Y'

Fig. 9-46 Logic Diagram of Negative-Edge-Triggered T Flip-Flop

— two SR latches, one for
each state variable
*Use two NAND latches with two
or three inputs in each gate

*Two state variables, Y, and Y,,
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