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Preface

An important scientific innovation rarely makes its way by gradually winning
over and converting its opponents: it rarely happens that Saul becomes Paul.
What does happen is that its opponents gradually die out and that the growing
generation is familiarized with the idea from the beginning.

—Max Planck

I must govern the clock, not be governed by it.
—Golda Meir

All pain disappears, it’s the nature of my circuitry.
—nine inch nails

In 1969, Stephen Unger published his classic textbook on asynchronous circuit
design. This book presented a comprehensive look at the asynchronous design
methods of the time. In the 30 years hence, there have been numerous techni-
cal publications and even a few books [37, 57, 120, 203, 224, 267, 363, 393], but
there has not been another textbook. This book attempts to fill this void by
providing an updated look at asynchronous circuit design in a form accessible
to a student who simply has some background in digital logic design.

An asynchronous cireuit is one in which synchronization is performed with-
out a global clock. Asynchronous circuits have several advantages over their
synchronous counterparts, including:

xiii
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1. Elimination of clock skew problems. As systems become larger, increas-
ing amounts of design effort is necessary to guarantee minimal skew in
the arrival time of the clock signal at different parts of the chip. In an
asynchronous circuit, skew in synchronization signals can be tolerated.

2. Average-case performance. In synchronous systems, the performance
is dictated by worst-case conditions. The clock period must be set to
be long enough to accommodate the slowest operation even though the
average delay of the operation is often much shorter. In asynchronous
circuits, the speed of the circuit is allowed to change dynamically, so the
performance is governed by the average-case delay.

3. Adaptivity to processing and environmental variations. The delay of a
VLSI circuit can vary significantly over different processing runs, supply
voltages, and operating temperatures. Synchronous designs have their
clock rate set to allow correct operation under some allowed variations.
Due to their adaptive nature, asynchronous circuits operate correctly
under all variations and simply speed up or slow down as necessary.

4. Component modularity and reuse. In an asynchronous system, compo-
nents can be interfaced without the difficulties associated with synchro-
nizing clocks in a synchronous system.

5. Lower system power requirements. Asynchronous circuits reduce syn-
chronization power by not requiring additional clock drivers and buffers
to limit clock skew. They also automatically power-down unused compo-
nents. Finally, asynchronous circuits do not waste power due to spurious
transitions.

6. Reduced noise. In a synchronous design, all activity is locked into a very
precise frequency. The result is nearly all the energy is concentrated
in very narrow spectral bands at the clock frequency and its harmon-
ics. Therefore, there is substantial electrical noise at these frequencies.
Activity in an asynchronous circuit is uncorrelated, resulting in a more
distributed noise spectrum and a lower peak noise value.

Despite all these potential advantages, asynchronous design has seen lim-
ited usage to date. Although there are many reasons for this, perhaps the
most serious is a lack of designers with experience in asynchronous design.
This textbook is a direct attempt at addressing this problem by providing a
means for graduate or even undergraduate courses to be created that teach
modern asynchronous design methods. I have used it in a course which
includes both undergraduates and graduates. Lectures and other material
used in this and future courses will be made available on our Web site:
http://www.async.elen.utah.edu/book/. This book may also be used for
self-study by engineers who would like to learn about modern asynchronous



PREFACE Xxv

design methods. Each chapter includes numerous problems for the student to
try out his or her new skills.

The history of asynchronous design is quite long. Asynchronous design
methods date back to the 1950s and to two people in particular: Huffman
and Muller. Every asynchronous design methodology owes its roots to one of
these two men. Huffman developed a design methodology for what is known
today as fundamental-mode circuits [170]. Muller developed the theoretical
underpinnings of speed-independent circuits [279]. Unger is a member of the
“Huffman School,” so his textbook focused primarily on fundamental-mode
circuit design with only a brief treatment of Muller circuits. Although I am a
student of the “Muller School,” in this book we present both design methods
with the hope that members of both schools will grow to understand each
other better, perhaps even realizing that the differences are not that great.

Since the early days, asynchronous circuits have been used in many in-
teresting applications. In the 1950s and 1960s at the University of Illinois,
Muller and his colleagues used speed-independent circuits in the design of
the ILLIAC and ILLIAC II computers [46]. In the early days, asynchronous
design was also used in the MU-5 and Atlas mainframe computers. In the
1970s at Washington University in St. Louis, asynchronous macromodules
were developed [87]. These modules could be plugged together to create nu-
merous special-purpose computing engines. Also in the 1970s, asynchronous
techniques were used at the University of Utah in the design of the first oper-
ational dataflow computer {102, 103] and at Evans and Sutherland in design
of the first commercial graphics system.

Due to the advantages cited above, there has been a resurgence of inter-
est in asynchronous design. There have been several recent successful de-
sign projects. In 1989, researchers at Caltech designed the first fully asyn-
chronous microprocessor [251, 257, 258]. Since that time, numerous other
researchers have produced asynchronous microprocessors of increasing com-
plexity [10, 13, 76, 134, 135, 138, 191, 259, 288, 291, 324, 379, 406]. Commer-
cially, asynchronous circuits have had some recent success. Myranet uses asyn-
chronous circuits coupled with pipeline synchronization [348] in their router
design. Philips has designed numerous asynchronous designs targeting low
power [38, 136, 192, 193]. Perhaps the most notable accomplishment to come
out of this group is an asynchronous 80C51 microcontroller, which is now used
in a fully asynchronous pager being sold by Philips. Finally, the RAPPID
project at Intel demonstrated that a fully asynchronous instruction-length
decoder for the x86 instruction set could achieve a threefold improvement
in speed and a twofold improvement in power compared with the existing
synchronous design [141, 142, 143, 144, 330, 367].

In the time of Unger’s text, there were perhaps only a handful of pub-
lications each year on asynchronous design. As shown in Figure 0.1, this
rate of publication continued until about 1985, when there was a resurgence
of interest in asynchronous circuit design [309]. Since 1985, the publication
rate has grown to well over 100 technical publications per year. Therefore,
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although Unger did a superb job of surveying the field, this author has his
work cut out for him. In the sources section at the end of each chapter, the
interested reader is pointed to an extensive bibliography (over 400 entries)
to probe deeper. Although an attempt has been made to give a flavor of the
major design methodologies being developed and used, it is impossible even to
reference every paper published on asynchronous design, as the number of en-
tries in the asynchronous bibliography [309] now exceeds 1400. The interested
reader should consult this bibliography and the proceedings from the recent
symposiums on asynchronous circuits and systems [14, 15, 16, 17, 18, 19, 20].

The book is organized as follows. In Chapter 1 we introduce the asyn-
chronous design problem through a small example illustrating the differences
among the various timing models used. In Chapter 2 we introduce the con-
cept of asynchronous communication and describe a methodology for spec-
ifying asynchronous designs using VHDL. In Chapter 3 we discuss various
asynchronous protocols. In Chapter 4 we introduce graphical representations
that are used for asynchronous design. In Chapter 5 we discuss Huffman cir-
cuits and in Chapter 6 we describe Muller circuits. In Chapter 7 we develop
techniques for timing analysis and optimization which can lead to significant
improvements in circuit quality. In Chapter 8 we introduce methods for the
analysis and verification of asynchronous circuits. Finally, in Chapter 9 we
give a brief discussion of issues in asynchronous application.

CHRIS J. MYERS
Salt Lake City, Utah
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Member, 360
Merge gate, 73
Metastable state, 333
Microprocessors
asynchronous, 323
AMULET, 323
Caltech, 323
Minimal
member, 364
state, 214
MiniMIPS example, 36
block diagram, 36
channel-level diagram, 38
decode block, 43
dmem block, 47
execute block, 45
fetch block, 42
imem block, 41
instruction formats, 36
optimized, 48
decode block, 49
structural VHDL code, 39
write_back process, 52



Minimum-transition-time
state assignment, 155
Minterm, 165
Mirror, 310
Model checking, 20, 296
Modeling timing, 260
Monotonicity, 314
Moore machine, 89
Muller, xv, 322
C-element, 7
circuits, 16, 207
school, 207
Multilevel logic synthesis
burst-mode, 188
extended burst-mode, 188
multiple-input change, 188
Multiple-input change, 132
See also burst-mode and extended
burst-mode
combinational hazards, 173
dynamic hazards, 175
hazard-free logic synthesis, 183
multilevel logic synthesis, 188
sequential hazards, 194
state assignment, 183
state minimization, 180
static hazards, 174
synthesis, 171
technology mapping, 189
Mutual exclusion element, 337
CMOS circuit, 338

N

n-ary relations, 362
Next state operator, 296
Nonadjacent, 87
Noncritical race, 155
Nondeterminism

delay, 26, 59

package, 25, 32, 347

selection, 26, 32
Nondeterministic, 32
Nondisabling rules, 118
Normal flow table, 155, 173
Normalize, 271

(6]

OFF-set, 165

ON-set, 165

One-to-one, 363

Onto, 363

Open
generalized transition cube, 177
transition cube, 172

Ordered
n-tuple, 362

INDEX

pair, 362
partitions, 159
triple, 362
Ordinary Petri net, 100
Others, 32
Out, 28
Output, 4
burst, 91
compatible, 141
semi-modular, 212
stuck-at fault model, 331
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P

Packages, 25
Pair chart, 141
Parallel
communication, 35
composition
syntax-directed translation, 78
Partial order, 315, 363
Partially ordered set, 280, 363
Partition, 155
list, 156
theory, 155
Partitioning, 190
Passive, 6, 61
Peephole optimizations, 78
See also syntax-directed translation
call module optimization, 78
enable module optimization, 78
merge module optimization, 78
select module optimization, 78
Performance analysis, 329
average-case, 329
Persistent, 111
Petri net, 9, 85, 100
See also signal transition graph
asymmetric
choice nets, 108
classifications, 107
dead, 103
enabled, 102
firing sequence, 102
flow relation, 100
free-choice nets, 107
extended, 108
initial marking, 100
k-bounded, 103
LO-live, 103
L1-live, 103
L2-live, 103
L3-live, 103
L4-live, 103
labeled, 100
live, 103
liveness, 109
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Lk-live, 104
marked graph, 107
marking, 100
characteristic, 102
MG component, 110
ordinary, 100
places, 100
postset, 100
preset, 100
reachability graph, 104
reachable, 102
markings, 102
safe, 103
safety, 109
SM component, 110
state machines, 107
transition, 100
Philips pager, 324
Pipeline synchronization, xv, 345
Pipelining, 48
Places, 100
Port, 61
declarations, 27
map, 30
modes, 28
type, 28
POSET, 280
algorithm, 280
example, 281
matrix, 280
timing, 280
Possible traces, 304
Postset, 100
Power set, 361
Prefix-closed trace structure, 304
Premature firing, 331
Premax, 271
Preset, 100
Prime compatibles, 140, 145
algorithm, 145
Prime implicant, 166
essential, 168
generation, 166
selection, 168
Principle
of abstraction, 360
of duality, 362
of extension, 360
Privileged cubes, 175, 184
Probe, 35
handshaking expansion, 61, 71
Process statement, 26
Product, 165
Progress, 314
Project, 270
Propagation delay, 334

Propositional logic, 296
Protocol verification, 296

Q

Q-flop, 345

Q-modules, 345

Quantum synchronizers, 345

Quasi-delay insensitive, 16, 323
See also speed-independent

Quiescent states, 213

Quotient set, 363

R

R-related, 209
R-sequence, 209
Racing, 155
Range, 362
RAPPID, xv, 325, 343
microarchitecture, 327
tag unit, 328
RAW hazard, 49
Reachability graph, 104
Reachable, 87, 102
markings, 102
Recanonicalization, 269
Receive, 26
parallel, 36
syntax-directed translation, 76
Receptive, 304
Reduce algorithm, 135
Reduction, 135
Reflexive, 360, 363
Region function, 230
Regions, 262
example, 262
worst-case complexity, 265
Register locking, 49
Relative
complement, 361
timing, 316
Renaming, 305
Repetition, 31-32
for loop, 33
infinite loop, 33
while loop, 33
Reply, 322
Request, 4, 57, 61
Required cubes, 174-175, 184
Reset region, 213
Reshuffling, 6, 65
Response time, 334
Restrict, 270
p-related to, 362
Row
covers, 158
dominance, 135



includes, 158
length, 138
Rules, 116, 260

S

Safe, 111
Petri net, 103
substitute, 312
Safety failures, 314
Satisfied, 118, 260
Scan paths, 332
Selection, 26, 31
case, 31
deterministic, 31
function, 32
if-then-else, 31
non-deterministic, 32
syntax-directed translation, 76
Selector module, 73
Self-checking, 331
Self-reference, 401
Self-reseting domino, 342
Self-timed, 249
See also speed-independent
Semi-modular, 212
output, 212
Send, 26
parallel, 35
syntax-directed translation, 76
Sensitivity list, 35
Sequencing event, 116
Sequential
composition
syntax-directed translation, 77
hazard, 194
hazards
burst-mode, 194
extended burst-mode, 194
multiple-input change, 194
Set, 360
builder notation, 360
region, 213
Setup time, 2, 195, 334
Shared row assignments, 197
Shortest path problem, 269
Signal
assignment
syntax-directed translation, 74
in TEL structure, 116
in VHDL, 25
transition graph, 100, 111
See also Petri net
Simple
ordering, 363
path, 87
Simply ordered set, 363

INDEX 401

Single-cube algorithm, 238
Single-cycle transitions, 112
Single-input change, 132
combinational hazards, 169
hazard-free logic synthesis, 165
state assignment, 154
state minimization, 140
Siphon, 109
Skew-tolerant codes, 80
Specification, 4
Speed-independent, xv-16, 209, 322
See also Muller circuits,quasi-delay
insensitive, and self-timed
atomic gate implementation, 225
complete state coding, 216
formal definition, 208
generalized C-element implementation,
226
hazard-free decomposition, 243
hazard-free logic synthesis, 223
limitations, 248
output semi-modular, 212
semi-modular, 212
single-cube algorithm, 238
standard C-implementation, 230
totally sequential, 210
Stable, 155, 238
state, 90
Standard C-implementation, 230
Start
cube, 177
point, 172
subcube, 178
transitions, 217
State, 208
minimization
burst-mode, 180
assignment, 14, 131
burst-mode, 183
extended burst-mode, 183
multiple-input change, 183
outputs as state variables, 163
single-input change, 154
diagram, 89, 209
graph, 112, 207, 210
coloring, 219
labeling function, 112
machine, 85
component, 110
machines, 107
minimization, 14, 131
extended burst-mode, 180
multiple-input change, 180
single-input change, 140
signal insertion, 222
transitions, 112
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variable, 12, 66
Static
0 — O transition, 169
1 — 1 transition, 169
0-hazard
multiple-input change, 174
single-input change, 169
1-hazard
multiple-input change, 174
single-input change, 169
function hazard, 173
hazards
multiple-input change, 174
Std_logic, 25, 58
std_logic_vector, 25
STG properties
live, 111
persistent, 111
safe, 111
single-cycle transitions, 112
Stoppable clock, 336
Strong
conformance, 314
precedence arcs, 121
until operator, 296-297
Strongly connected, 88
Structural
modeling, 27
pattern matching, 190
Stubborn sets, 315
Stuck-at fault model, 331
output, 331
Subset, 360
Success traces, 304
Sum-of-products, 165
SUN counterflow pipeline, 324
Switching region, 213
Symmetric, 360, 363
confusion, 107
difference, 361
Synchronization, 321
See also arbitration
error, 335
failure, 2, 333
eliminating the probability of, 336
probability of, 334
reducing the probability of, 335
problem, 321, 332
Synchronous timing, 2
Syntax-directed translation, 73
parallel composition, 78
peephole optimizations, 78
receive statement, 76
selection statement, 76
send statement, 76
sequential composition, 77

signal assignment, 74
while loop, 74

T

Tag unit, 328
T-partitions, 156
Technology mapping, 189
See also decomposition
burst-mode, 189
extended burst-mode, 189
multiple-input change, 189
TEL structures, 85, 116, 260
Temporal logic, 296
linear-time, 296
timed LTL, 300
Terminal class, 209
Terminating transition, 94
Termination, 137
Ternary relation, 362
Testing asynchronous circuits, 330
Time separation of events, 292
Time-quantified requirements, 300
Timed
always operator, 303
circuit, 17, 259, 289
tag unit, 328
event/level structure, 9
eventually operator, 303
LTL, 300
interval operators, 303
sequences, 261
state space exploration, 262
states, 260
trace theory, 314
trace, 314
until operator, 300
Timers, 260
Timing failure, 314
Tokens, 9
Total state transition relation, 296
Totally sequential, 210
Trace, 100, 303
See also allowed sequences
structure, 303-304
canonical, 310
prefix-closed, 304
theory, 303
Transit time, 249
Transition, 100
compulsory, 94
cube, 172
cubes, 171
dynamic 0 — 1, 169
dynamic 1 — 0, 169
labeling function, 111
points, 217



complete state coding, 217
restrictions, 218
signaling, 5, 63
static 0 — 0, 169
static 1 — 1, 169
subcubes, 175
terminating, 94
Transitive, 360, 363
Trap, 110
Trigger signals, 214
Trigger
cube, 239
signals, 240
Two-level logic minimization, 165
See also logic synthesis
Two-phase handshaking, 5, 63
Two-sided timing constraint, 329
Types, 25

U

U-v path, 87
Unacceptable variable, 134
Unate covering problem, 133
Unbalanced logic trees, 327
Unbounded gate delay model, 16, 207
Unconditionally compatible, 141
Unfoldings, 315
Unger, xiii
Union, 361
Unique
entry point, 92
state assignment, 113
state code, 216
Universal set, 361
University of Utah, 323
Unspecified, 156
Until operator
strong, 296
timed, 300
weak, 297
Untimed state, 260
Update
poset algorithm, 280
zone algorithm, 270
Upper bound, 364

\'%

Vacuous, 7, 65
Validation, 20
Vassign, 60
Verification, 296
circuit, 303
protocol, 296
Vertices, 85
VHDL constructs
aliases, 42

INDEX

architecture, 25
assert statement, 59
attribute, 27
buffer, 58
case, 31
comments, 25
component, 25
declarations, 29
instantiations, 29
concurrent statement section, 25
control structures, 31
declaration section, 25
entity, 25
enumerated types, 25
for loop, 33
if-then-else, 31
infinite loop, 33
library, 25
others, 32
packages, 25
port
declarations, 27
map, 30
modes, 28
type, 28
process statement, 26
repetition, 31
selection, 31
signals, 25
structural modeling, 27
types, 25
while loop, 33
Violating states, 240
covering constraint, 241
entrance constraint, 241

generalized C-element implementation

240
standard C-implementation, 241
Violations
unresolvable, 242
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w

Wait statement, 35
Weak
precedence arcs, 121
until operator, 297
Well-ordered, 364
While loop, 33
syntax-directed translation, 74
Wine shop example
discrete-time, 265
LTL, 297
patron handshaking model
3-bit dual-rail, 70
dual-rail, 68
four-phase bundled data, 64
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two wine shops, 72
two-phase bundled data, 63
POSETS, 281
problem specification, 1
regions, 262
shop handshaking model
dual-rail, 68
four-phase bundled data, 64
lazy-active, 66
reshuffled, 65
two-phase bundled data, 63
STG models, 116
synchronization problem, 332
syntax-directed translation, 73
timed LTL, 303
timed, 260
two patron example, 96
STG models, 116

VHDL handshaking model, 58
VHDL structural model, 27
winery handshaking model
3-bit dual-rail, 69
dual-rail, 67
four-phase bundled data, 64
two wine shops, 72
two-phase bundled data, 62
zones, 271

XBM machines, 93

See also extended burst-mode
directed don’t cares, 93
edge-labeling functions, 99
formal model, 98
maximal set property, 94, 96

TEL structure model, 120 /
two wine shops, 71 Zones, 267
VHDL channel model, 24 example, 271



