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Asynchronous Sequential Circuits

@ Asynchronous sequential circuits do not use a clock or flip-flops for state
variables.

@ Changes in state occur in response to changes on the inputs.

@ This chapter describes single input change (SIC) fundamental-mode
asynchronous circuits.

@ Only one input allowed to change at a time.
@ Time between input changes must be sufficient for the circuit to stabilize.
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Analysis of the SR Latch

N JAN Q

(b) Circuit with modeled gate delay

Present Nextstate
state | SR=00 01 10 M
y Y Y Y Y

0 @@ 1 ©
1 Do (o

(b) State-assigned table
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FSM Model for the SR Latch

Present Next state OUtpUt
state | SR=00 01 10 Q

A OION-: @0
B (B) A (B) A| 1

(a) State table
SR
TGO OO
| 10
11

(b) State diagram
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Mealy Representation of the SR Latch

Present Next state Output, Q
state. | SGR=00 01 10 11 [00 01 10 11

A (W@ B ()]0 o
B B a (B A1 - 1 -

(a) State table

SR/Q
10/ -

00/0 00/1
1o 10/1
11/0

01/ -
11/-

(b) State diagram
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Terminology

@ state table = flow table.
@ state-assigned table = transition table or excitation table.
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General Model of a Sequential Circuit

Wy - — %1
[ ] .
Inputs : : Outputs
w, - Combinational — 2z,
- circuit
| =
A=
Present-state - Next-state
variables - variables
I Y,
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Analysis of Asynchronous Circuits

Cut feedback paths and insert delay element.

o Input to delay element is next-state, and output is the present-state.
e Cut set may not be unique.

Derive next-state and output expressions from the circuit.
Derive the excitation table.

Derive a flow table.

Derive a state diagram, if desired.
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An Asynchronous Circuit

w3
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Excitation and Flow Tables

Presen Nextstate
state | wawi = 00 01 10 11 | Output
24 AR AR/ I 72 4 z

00 o1 10 1
01 11 "1
10 00
11 () 10 10 10

(a) Excitationtable

o = O o

Presen Nextstate Output

state | wow1=00 01 10 11| Z

A A B Cc D| o0

B D® D D| o

c A © © ©| 1

D @ c c c| o
(b) Flow table
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Modified Flow Table

Present Next state Outp ut

state | w1 =00 01 10 11 z

A A B C -

B
C
D

SAOIC)
|
O
o = o o
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State Diagram

Wowy

01
00 A/0 B/0 01

00
11

- D/0 00
1x

x1
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Flow Table for a Simple Vending Machine

Present Next state Output

state |y, =00 01 10 11| Z
A A B C —| o0
D — —1| o
A (© © —| 1
(D) c —| o

wWo=dime W4 = nickel

B
C
D
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Synthesis of Asynchronous Circuits

Devise a state diagram.
Derive the flow table.
Minimize number of states.

Derive excitation table.

°
°

°

@ Perform race-free state assignment.

o

@ Obtain next-state and output expressions.
o

Construct a hazard-free circuit.
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Parity-generating Asynchronous FSM

(a) Statediagram

Preseni__ Nextstate | oytput
State | y=0 w= z

OO w

>© o>
o @ w
o = 2o

(b) Flow table
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State Assignment

Presen Nextstate
state | w=0 | w= 1| Output
y2y Y2 Ys z
00 o | o
01 10 1
10 11 1
11 00 0

(a) Poor state assignment

Present] Nextstate
state | w=0 | w= 1 | Output
Y2y Y2 Yi z
00 01 0
01 1 1
11 10 1
10 g:)) 0
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Circuit that Implements the FSM

Chris J. Myers (Lecture 9: Asynchronous) ECE/CS 3700: Digital System Design



Synchronous Solution
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Arbitration Example

Requestl
Grantl Device 1 <;:(>
. Shared
Arbiter Request2 resource
Grant2 Device 2 <:>
(a) Arbitration structure
Request (1) —
Grant (g) — \|

(b) Handshake signaling
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State Diagram for the Arbiter
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Implementation of the Arbiter

Present] Nextstate Output
state | ,ri=00 01 10 11| %%

A @ B C —| 00

B A (® c 01

c A B © ©] 10

(a) Flowtable

Presen Nextstate

state | reri= 00 01 10 11 | Output

y2y YaYi %0
Al 00 01 10 — | 00
B 01 00 10 01
cl| 10 00 01 10
D| M — 01 10 —| dd

(b) Excitationtable
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The Arbiter Circuit

THIS CIRCUIT IS WRONG!

” O—
81

Ya

o) O

=
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State Reduction

@ Usually start with primitive flow table (i.e., a single stable state per row).
@ Asynchronous FSMs likely have many unspecified (don’t care) entries.

@ Two-step state reduction process:

o Apply partitioning procedure in which don’t care entries must match.
e Merge rows exploiting don'’t cares.
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Derivation of an FSM for the Simple Vending Machine

(a) Initial state diagram
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Derivation of an FSM for the Simple Vending Machine

Present Nextstate Output
State | py =00 01 10 11| Z
A A B c —| o
B D - -] o
C A - © -| 1
D @® E F -| o
E AE - -| 1
F A - B -| 1

(b) Initial flow table
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Derivation of an FSM for the Simple Vending Machine

Present Nextstate Output
State | py =00 01 10 11| Z
A A B c -] o0
B p® - -| o
C A - © - | 1
D ® E F -| o
E AE - -| 1
F A - B - 1

(b) Initial flow table

P = (AD)(B)(CF)(E)
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Derivation of an FSM for the Simple Vending Machine

Present Nextstate Output
State | py =00 01 10 1M z
A A B c - 0
B D - | o
c A - © -| 1
D ® E F - 0
E AE - -| 1
F A - ® | 1
(b) Initial flow table
P = (AD)(B)(CF)(E)

P. = (A)(D)(B)(CF)(E)
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Derivation of an FSM for the Simple Vending Machine

Present Nextstate Output
State | py =00 01 10 11| Z
A ® B c - 0
B D - | o
c A - © -| 1
D ® E F - 0
E AE - -| 1
F A - ® | 1
(b) Initial flow table

P = (AD)(B)(CF)(E)

P. = (A(D)(B)(CF)(E)

Ps = P;
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First-step Reduction of the Vending Machine FSM

Present Next state Output
state | py =00 01 10 11| Z
A ) B C —| o0
B p B — —| o
C A — (© —| 1
D @ E ¢ —| o
E AE — —| 1
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Flow Table for a Simple Vending Machine

Present Next state Output

state |y, =00 01 10 11| Z
A A B C —| o0
D — —1| o
A (© © —| 1
(D) c —| o

wWo=dime W4 = nickel

B
C
D
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Merging Procedure

@ May be many possibilities for row mergers.
@ Two states S; and S; are compatible if there are no state conflicts for any
input valuation. For each input valuation, one of the following is true:

e Both S; and S; have same successor, or
e Both S; and S; are stable, or
e The successor of S; or S; or both is unspecified.

@ S;and S; must also have same output when specified.
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A Primitive Flow Table

Present Next state Output
state | yowy =00 01 10 11 z

A (A) H B

I @ mm OO W
|
O O O = 2 a O o
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Merger Diagram which Preserves the Moore Model

B D
¢ . ®
* * e
H G F E
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Reduce Moore-type Flow Table

Present Next state Output
state | oy =00 01 10 11 z

A A (A B D

-~ o o ©

B
C _
D
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A Primitive Flow Table

Present Next state Output
state | yowy =00 01 10 11 z

A (A) H B

I @ mm OO W
|
O O O = 2 a O o
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Complete Merger Diagram

B C
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State Reduction Procedure

@ Use partitioning to eliminate equivalent states in primitive flow table.

@ Construct merger diagram.

© Choose subsets of equivalent states with each state in only one subset.
© Derive reduced flow table.

© Repeat 2 to 4 until no reduction.
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Flow Table for Example 9.8

Present Next state Output
state | wown=00 01 10 11| Z
A ® F c —| o
B A — H| 1
c G — (© bp| o
D - F - (|
E G — (B p| 1
F - ® - k| o
G @8 4 —| o
H - L E | 1
J G - —-| o
K ~ B E ®| 1
L AL — k| 1
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Flow Table for Example 9.8

Present Next state Output
state | wewi=00 01 10 11| Z
A A F c —| o
B A - H| 1
c 6 — © ol o
D - F - @]
E 6 — ® o 1
F -® - k| o
G @38 4 —| o
H - L e W] 1
J 6 — @ —| o
K -8 e ®| 1
L AQD - k| 1
P = (AG)(BL)(C)(D)(E)(F)(HK)(Y)
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Flow Table for Example 9.8

Present Next state Output
state | wowi=00 01 10 11| Z
A ™ F c —| o
B A — H| 1
c 6 — © bl o
D - F - @] 1
E ¢ - (B b| 1
F -® - x| o
G @8 J -] o
H - L e W 1
J 6 - @ -| o
K -8B E ®| 1
L AL - k| 1
P = (AG)(BL)(C)(D)(E)(F)(HK)(J)

Po = (A)(G)(BL)(C)(D)(E)(F)(HK)(J)
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Flow Table for Example 9.8

Present Next state Output

state | wowi=00 01 10 11 z

A ™ F c —| o

B A — H| 1

c 6 — © bl o

D - F - @] 1

E ¢ - (B b| 1

F -® - x| o

G @8 J -] o

H - L E ® 1

J 6 - @ —| o

K -8B E ®| 1

L AL - k| 1
PL = (AG)(BL(C)D)ENF)(HK)()
P> = (A)(G)(BL)(C)(D)(E)(F)(HK)(Y)
P; = P
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Reduction Obtained by Using the Partitioning Procedure

Present Next state Output
staté | wowi =00 01 10 11 z
A (A) F . c —| o
B A — H| 1
c G — () b| o
D — F — (D] 1
E ¢ — () o| 1
F — () - H| o
G @B J —| o
H — B8 E (H)|
J c — (W —| o
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Merger Diagram

B A C
[ ®
H F J E
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Reduction Obtained from the Merger Diagram

Present Nextstate Output
state | yows =00 01 10 11 z
A (A)(An) c B 0

B A D 1
C c — (c)b| o
D c A (0 (D] 1
G @ B (6 —| o
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Merger Diagram
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Reduced Flow Table for Example 9.8

Present Next state Output
state | wows =00 01 10 11| Z
A @A) c B| o
B A D 1
C (B (©)b| o
D c A (0 (| 1
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Flow Table for Example 9.9

Present Next state Output
state | wowri =00 01 10 11 z
A @ G E 0
B - ® b| o
C F@C — H| 1
D —c E (®| o
E A — (E) D| 1
F Fc v —| o
G K (6 — b| 1
H - £ (W] 1
J F — Q) bl o
K (K) B —
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Flow Table for Example 9.9

state |wewn=00 01 10 11| Z

A A e E —| o

B K —(® bp| o

c F@© — H| 1

D —¢c e (@ o

E A — ® b 1

F ®c v - o

G K @ — b 1

H - — B ® 1

J F-—Q@ ool o

K ®c B —| o
Pi = (AFK)(BJ)(CG)(D)(E)(H)
Po = (A)(FK)(BJ)(C)(G)(D)(E)(H)
P; = P>
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Reduction Resulting from the Partitioning Procedure

Present Next state Output
sat | wewi=00 01 10 11| Z
A (A ¢ E 0
B F — (® bp| o
c F(C — H| 1
D — ¢ e (0| o
E A — (E) D| 1
F F)c B —| o
G F (@ — D| 1
H - - @ 1
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Merger Diagrams

A B C D
. e
[} [ ]
G E

(a) Preserving the Moore model

H C G
¢ —— 0 °
¢ ? ————o
E D F B

(b) Complete merger diagram
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An FSM Specified in the Form of a Mealy Model

Present Next state Outputz

staté | wowy =00 01 10 11|00 01 10 11
A @ G E — -
B - ® D - 0 O
C F @ Hl- 1 — 1
D — C E @ - - — 0
E A —® D|l- - 1 —
F ®c B —-|0o - 0o -
G F @ D| — 1 — —
H - - E@®@ - - 1 1
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Reduced Flow Table for Example 9.9

Present Next state OUtpUtZ
state | oWy =00 01 10 11|00 01 10 11

A W B D @0 — 1 1
B c B @® blo 1 0o o
c ©@ B Alo 1 0 1
D A c ®DD|- - 1 0
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Flow Table for Example 9.10

Present Next state OUtpUt
state | wewi=00 01 10 11| Z

(A) B C
F®

F - ©
@Gc
(E) — H
(FH) E ¢ —
p (G — H

T © MmO o W
>

| T T |

- O O O -~ O O o
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Flow Table for Example 9.10

Present Next state Output
state | wawi=00 01 10 11| Z
A W B c —| o
B F - H| o
c F —(© H| o
D ® e c —| 1
E A(E - H| o
F FHE c —| o
G D @ - H| o
H c ¢ (W 1
Pi = (AF)(BEG)(C)(D)(H)
P, = (AF)(BE)(G)(C)(D)(H)
Py = P
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Reduction after the Partitioning Procedure

Present Next state Output
state | wowi =00 01 10 11 z
A A B c —| o
B A — H| o
C A — () H| o
D @ 6 ¢ —| 1
G D (g — H| o
H — 6 ¢ (| 1
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Merger Diagram

Chris J. Myers (Lecture 9: Asynchronous) ECE/CS 3700: Digital System Design



Reduced Flow Table for Example 9.10

Present NeXt state Outp utz
stateé | y,wy = 00 01 1100 01 10 M

A @@@Dooo—
D @®® A ©O®}1 o — 1
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State Assignment

@ Impossible to ensure that a change of two or more state variables occur
at the same time.

@ To achieve reliable operation, should make state variables change one at
atime.

@ Hamming distance is number of bits different in two bit strings.
@ Ideal state assignment has Hamming distance of 1 for all state transitions.
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Transitions

Present Nextstate
state | w=0 | w= 1| Output
y2yt Y2 Yi z
00 01 0
o1 | 10 1
10 11 1
11 o @] o

(a) Poor state assignment

Present Nextstate
state | w=0 | w= 1 | Output
yay1 Ya Y z
00 01 0
01 11 1
11 10 1
10 :)O:J 0

(b) Good state assignment

Chris J. Myers (Lecture 9: Asynchronous)
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A =00

D=10 wel Cc=11

0 4 0

w = v w =

A = 00 - B =01
w=1

(b) Corresponding to Figure 9.14 b

: Digital System Design



Transitions for the Arbiter

Presentl Nextstate Output
state | ror =00 01 10 11| %9
A (A B Cc —| 00
B A C 01
c A B (© ©| 10
(a) Flow table

Present Nextstate Output
state | rri=00 01 10 11| P9
A A B c —| 00
B A (B D 01
c A b (© @©| 1
D - B C —| 10
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c=10
\01
oolv o
N
A =00 _01’ B =01

c=10 A0 D=1
01

oo| | 10 01| | 10
P

A =00 _01’ B =01

(b) Using the extra stat®




Transition Diagram

@ Transition diagram illustrates all transitions in a flow table.

@ Good state assignment means no diagonals in the transition diagram.
@ Must embed the transition diagram onto a k-dimensional cube.

@ n state variables can be embedded onto an n-dimensional cube.
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Relabeled Flow Table

Present Next state OUtpUt
state | .., =00 01 10 11| 929

- 00
01

4 (3)
(1) (5)| 10
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Transition Diagrams

C = 10 C = 10
1,4 2,4 1,4,2 24,1
A =00 1,2 B =01 A =00 12,4 B =01
(a) Transitions in Figure 9.50 (b) Complete transition diagram
Cc=10
1,4,2
A =00 1,2,4 B =01

(c) Selected transition diagram

Chris J. Myers (Lecture 9: Asynchronous) ECE/CS 3700: Digital System Design



An Alternative for Avoiding a Critical Race

Present Nextstate Output
state | =00 01 10 11| %9
A ® B Cc —| 00
B A® A ®| o
c A A © © 10
(a) Modified flow table

Present Nextstate

state | rora =00 01 10 11 Output

Y2yt Y. Y, for%el
00 ©@ o1 10 —| o0
01 00 00 01
10 00 00 . 10

Chris J. Myers (Lecture 9: Asynchronous)

(b) Modified excitation table

ECE/CS 3700: Digital System Design




Deriving Transition Diagrams

@ Derive relabeled flow table.
e Transitions through unstable states that lead to stable state are given the
same number.

@ Represent each row of flow table by vertex.
@ Join V; and V; by edge if they have same number in any column.

@ For any column in which V; and V; have same number, label edge with
that number.
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Flow Tables

Present Next state Output
state | wowi =00 01 10 11| %%
A ® B c ®W| oo
B D c| o
c A © b ©]| 10
D B — @® A| 1

(a) Flow table

Present Nextstate Output
state | w,w, =00 01 10 11| Z&

A @ 4 7 @ o0

B ® @ 7 6| o

c 1 & 17 ®| 10

D 3 — @ 2| n

(b) Relabeled flow table
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Transition Diagrams

D =10 7 c=1 D =10 3,7 B =11
37 7
7 7
2, 17 6, 2,7 47 67
A =00 4,7 B =01 A =00 1,7 CcC=01

(a) First transition diagram (b) Second transition diagram

D =10 37,4 B=1

27,4 6,7

A =00 1,7 Cc=01
(c) Augmented transition diagram

ECE/CS 3700: Digital System Design
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Realization of an FSM

Present Next state Outputzzz1
state | wowi=00 01 10 11[00 01 10 11

A ® b D ®|00 00 11 00
B D Cc|o1 o1 11 01
c A © B ©|-0 10 1- 10
D B B ® A|[-1 0o- 11 00
(a) Modified flow table
Present Nextstate Output
state | waw1=00 01 10 11|00 01 10 11
y2y1 Y2Yi 2221

A| 00 10 10 (0|00 00 11 00
B| 1 @ () 10 ot| o1 o1 11 o1
cl| o 00 (@) 1 -0 10 1- 10
Dl 10 1M1 0|-1 0- 11 00

(b) Excitation table
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FSM for Example 9.14

Presen Nextstate Output
state [ wowy =00 01 10 11| 2&
A Mm@ c B| 00
B A D 01
c © 8B (© bl 10
D c A D D
(a) Flow table
Presen Nextstate Output
state | wows=00 01 10 11| %%
A W@ 6 4| 00
B 1 3 7 @] o1
c 3 3 (& 8| 10
D 5 2 () 11
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(b) Relabeled flowtable
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Transition Diagrams

A 1,4 B A 1,4 B
6 7 6 7 3

2 3 2 P F
7" E 3

D 58 c D 58G58 C

(a) Transition diagram (b) Augmented transition diagram

G
58
7
D E
58
¥,
2l ¢l 3 T F 2
6 3 :ry3
y
A 1,4 B 1

(c) Embedded transition diagram
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Modified Flow Table for Example 9.14

Present Nextstate Output
state | w,wy, =00 01 10 11| 22

A (A (@A) c B| 00

B A ® e (B) o
C © F (© 6| 10
D c A @ @
E - - D | -
F - B ~ | o
G cC - - D| 1-

(a) Modified flow table
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Modified Excitation Table for Example 9.14

Present Nextstate
state | waws = 00 01 10 11 | Output
yay2 YaYa Vi Z271

A | 000 100 001| 00
B| 001 000 011 01
c| 100 101 10| 10
p| o010 110 000 11
E| o11 - - o010 - | -1
Fl 101 - o001 -~ | o1
G| 110 10 - - o0 1-

(b) Excitation table
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FSM for Example 9.14

Presen Nextstate Output
state [ wowy =00 01 10 11| 2&
A Mm@ c B| 00
B A D 01
c © 8B (© bl 10
D c A D D
(a) Flow table
Presen Nextstate Output
state | wows=00 01 10 11| %%
A W@ 6 4| 00
B 1 3 7 @] o1
c 3 3 (& 8| 10
D 5 2 () 11

Chris J. Myers (Lecture 9: Asynchronous)

(b) Relabeled flowtable
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Modified Flow Table

Present Nextstate Output

state | oy =00 01 10 11 | 2221

A1 c1 B1| 00
A2 (A2 (A2 a1 B2| 00
B A1 B2 01
B2 r2 (B) D2 01
c1 (c) c2 () b1 10

c2 @ B1 @ D2 | 11
D1 c1 a2z (D) @)|

D2 c2 D1 1

(a) Modified flow table
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Embedded Transition Diagram

C2 5,8 D2
» .

e .

Bl B2

1,4 1,4 Yo

/ ! o

Al A2
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Modified Excitation Table

Present Nextstate
state | wews= 00 01 10 11 | Output
yay2y1 YaY: Vi Z2Z1

Al 000 100 010 00
A2 001 000 011 00

B1 010 000 011 01
B2 011 001 111 01
C1 100 110 101 10
Cc2 110 010 1 10
D1 101 100 001 "
D2 111 110 101 @ @ "

(b) Excitation table
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FSM for Example 9.14

Presen Nextstate Output
state [ wowy =00 01 10 11| 2&
A Mm@ c B| 00
B A D 01
c © 8B (© bl 10
D c A D D
(a) Flow table
Presen Nextstate Output
state | wows=00 01 10 11| %%
A W@ 6 4| 00
B 1 3 7 @] o1
c 3 3 (& 8| 10
D 5 2 () 11

Chris J. Myers (Lecture 9: Asynchronous)

(b) Relabeled flowtable
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State Assignment with One-hot Encoding

State Present Nextstate Output
assignment| State |y, =00 01 10 11| Z&Z
0001 A A @A E F| 00
0010 B F c (B)| o1
0100 C © H © 1| 10
1000 D oy © @) 1
0101 E — - c —| -0
0011 F A — — B| o
1010 G - — D —| -
0110 H - B — —| o
1100 | cC — — D| 1-
1001 J - A — —| 00
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@ In asynchronous circuits, undesirable glitches must not occur.

@ Glitches caused by structure of circuit and propagation delays are called
hazards.

@ Designer must eliminate all hazards from an asynchronous circuit.
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Definition of Hazards

1
0
1> 1 0—0
(a) Static hazard
1
0
1—0 0—1

(b) Dynamic hazard
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Circuit with a Static Hazard
T Dy

A1

=y

(a) Circuit with a hazard

X1%2
3 00 01 11 10

W

(b) Karnaugh map
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Hazard-free Circuit

—) >
-

(c) Hazard-free circuit

X1%2
"3 00 01 11 10

W)

(b) Karnaugh map
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Removal of Static 1-Hazards

@ Hazard exists whenever 2 adjacent 1s in a K-map are not covered by a
single product.

@ To remove all static hazards, find a cover that includes each pair of
adjacent 1s.
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Two-level Implementation of a Master-slave Flip-flop

(a) Minimum-cost circuit

CD CD
Yuds 00 01 11 10 Yud's 00 01 11 10
f‘\
00 1 00
01 1 01

an
1)

11

]
IOQ

ik Hifn
U ol | 1)
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Hazard-free Master-slave Flip-flop

(c) Hazard-free circuit

CD CcD
Ymds 00 01 11 10 YmYs 00 01 11 10
N
00 1 00
01 1 01 1

|
Jl-

nf1 [ 11[(1 RIE
0|y 1J_‘\1, 10[1_1

(b) Karnaugh maps for Y,and Y in Figure 9.6a
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Do Not Need to Include All Prime Implicants

X1%2

XAX
374 00 01 11 10

00| d d

o1 d
T
11 |1 1|l 1

10 lgL__.l Jl D
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Static Hazard in POS Circuit

X
! P _‘(I —
Xy
Xy —
f
X a
(a) Circuit with a hazard _‘(3 f
XXy

00 01 11 10

Nt -

Lo 1 1 1

(b) Karnaugh map (c) Hazard-free circuit
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Circuit with a Dynamic Hazard

—| [®— One gate delay

B3

X5, X3, Xy

(a) Circuit

f | [

(b) Timing diagram
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Significance of Hazards

@ A glitch in an asynchronous circuit can cause the circuit to enter an
incorrect state and possibly become stable in that state.

@ Next-state logic must be hazard-free.

@ Synchronous circuits can have hazards as long as they are stable by the
setup time of the flip-flops.
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Concluding Remarks

@ Analysis of asynchronous circuits.
@ Synthesis of asynchronous circuits.

e State reduction
o State assignment
e Hazard-free logic design

@ More details on asynchronous design in ECE/CS 5750.
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