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Abstract—
Modern high-performance asynchronous circuits depend on timing con-

straints for correct operation, so timing analyzers are essential asyn-
chronous design tools. In this paper, we present a 13-valued abstract wave-
form algebra and a polynomial-time min-max timing simulation algorithm
for use in efficient, approximate timing analysis of asynchronous circuits
with bounded component delays. Unlike several previous approaches, our
algorithm computes separate propagation delay bounds from each circuit
input to each internal gate. This is useful for analyzing asynchronous cir-
cuits, where the relative transition times of the inputs may not be known
a priori, unlike synchronous circuits. We also describe an efficient recon-
vergent fanout analysis technique that helps in increasing the accuracy of
simulation. We have applied our algorithm to build an efficient timing anal-
ysis tool for extended burst-mode circuits (a class of timing-dependent asyn-
chronous circuits) implemented in the 3D design style [1]. Our tool analyzes
gate-level 3D circuits assuming bounded component delays and determines
safe timing constraints for correct operation. Although our results repre-
sent conservative approximations of the true timing requirements in the
worst case, experiments indicate that our technique is efficient and fairly
accurate in practice.

Keywords— Approximate timing analysis, asynchronous circuits, ex-
tended burst-mode circuits, min-max timing simulation, polynomial-time
analysis reconvergent fanout analysis, 3D circuits,

I. INTRODUCTION

As designers strive to improve the performance of hardware
systems, there has been a revival of interest in asynchronous
design techniques. Traditional asynchronous design styles,
such as delay-insensitive (DI) and speed-independent (SI) de-
signs [2], [3], [4], [5], [6], [7], [8], [9], generate robust cir-
cuits that function correctly regardless of component delays (SI
circuits require wire delays to be negligible compared to gate
delays). However, these circuits often have significant hard-
ware overhead and suffer from degraded performance, rendering
them unattractive for many applications. Practical asynchronous
circuit designs geared towards high-performance applications,
therefore, make judicious timing assumptions and exploit avail-
able knowledge of signal transition timing [10], [11], [12], [13],
[1]. This results in fast and low-overhead circuits that depend on
certain timing constraints for correct operation. Precise values
of these constraints depend on the actual gate and wire delays.
Since statistical variations in IC fabrication process, operating
conditions, etc. result in uncertainties in gate and wire delays,
it is important to analyze asynchronous circuits with uncertain
component delays to check for violations of internal timing con-
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straints, and to discover constraints on input timing that are suf-
ficient to ensure correct operation. Timing simulation that de-
termines upper and lower bounds on signal propagation delays,
given unknown but bounded component delays, is called min-
max timing simulation.

Timing analysis techniques for synchronous circuits are not
directly applicable to asynchronous circuits. Synchronous tim-
ing analyzers work under the assumption that the relative tran-
sition times of all circuit inputs are known; for example, it is
commonly assumed that all inputs to a synchronous circuit tran-
sition simultaneously. In contrast, the relative transition times of
the inputs to asynchronous circuits are often not known a priori.
In fact, it is often necessary to determine constraints on the in-
put transition times that ensure correct operation of the circuit.
In this paper, we describe an efficient algorithm for approximate
min-max timing simulation of combinational circuits, for use in
timing analysis of asynchronous circuits. As an application, we
describe an efficient timing analysis tool for a class of practi-
cal asynchronous circuits, called extended burst-mode circuits
implemented in the 3D design style [1].

The work described in this paper analyzes asynchronous cir-
cuits at the gate level. Since the delays of gates and wires can
be bounded by considering extreme “corner” cases of process-
ing and operating conditions, we use the bounded wire delay
model: each gate and wire is assumed to have a delay that lies
within specified bounds. The delays considered in this paper
are pure delays — they simply translate the input waveform in
time and do not suppress narrow pulses, unlike inertial delay el-
ements. We also assume that all gate and wire delays are uncor-
related. Although a certain degree of correlation can be modeled
by using the tracking delay model of Lam and Brayton [14], it
is beyond the scope of this paper.

We view an asynchronous circuit as a combinational network
with some (or all) of its outputs fed back as inputs to the net-
work. This is the classical Huffman model of asynchronous
circuits [15]. Our approach to timing analysis consists of the
following steps applied to the combinational network obtained
by cutting the feedback loops:

1) First, we identify gates with potentially spurious transitions
or hazards [16] on their outputs, generated as a result of tim-
ing constraint violations. We call these gates problem gates. In
order to identify problem gates efficiently, we use a 13-valued
abstract waveform algebra.
2) Second, we determine bounds on the signal propagation de-
lays from each circuit input to each problem gate, using min-
max timing simulation. Since computing exact bounds on signal
propagation delays is computationally intractable [17], we use a
polynomial-time algorithm that quickly computes approximate
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bounds on the signal propagation delays. Existing polynomial-
time algorithms for min-max timing simulation [18], [19] pro-
duce overly pessimistic results in the presence of reconvergent
fanouts in the circuit, so we have incorporated an efficient recon-
vergent fanout analysis technique in our algorithm to increase
the accuracy of the results.
3) Last, we use the signal propagation delay bounds computed
above to derive timing constraints on the circuit inputs that en-
sure correct operation of the circuit.

To illustrate the practical utility of our min-max timing sim-
ulation algorithm, we have developed an efficient timing anal-
ysis tool for a class of practical asynchronous circuits, called
extended burst-mode circuits implemented in the 3D design
style [1]. Given a functionally correct 3D circuit that operates
correctly if all timing constraints are satisfied, the tool deter-
mines bounds on global timing constraints required for correct
circuit operation. Experiments on a suite of 3D benchmarks in-
dicate that our technique is efficient and fairly accurate in prac-
tice.

The remainder of this paper is organized as follows. Sec-
tion II describes related work on bounded delay timing analy-
sis of asynchronous circuits and min-max timing simulation. In
Section III, we describe a 13-valued abstract waveform alge-
bra for succinctly representing waveforms and efficiently iden-
tifying problem gates. Section IV describes a polynomial-time
algorithm for min-max timing simulation of combinational cir-
cuits. This forms the core simulation engine of our timing anal-
ysis technique. Section V describes an application of our tech-
nique to timing analysis of extended burst-mode circuits im-
plemented in the 3D style. We briefly review extended burst-
mode specifications and 3D circuits, describe a procedure for
efficiently identifying problem gates in 3D circuits, and show
how min-max timing simulation can be used to obtain timing
constraints for correct circuit operation. A timing analysis tool
for 3D circuits is also described. Section VI presents results of
applying our timing analysis tool to a suite of 3D benchmarks.
Finally, we conclude the paper in Section VII.

II. RELATED WORK

A large number of min-max timing simulators [18], [20],
[21], [17], [22], [19], [23], [24], [25] are described in the lit-
erature. However, most of these are not suitable for our purpose
because: (a) they require the user to specify the relative tran-
sition times of the primary inputs, which is contrary to our re-
quirements: we would like to determine constraints on primary
input transitions that guarantee correct operation of the circuit,
or (b) they have exponential time-complexity in the worst case,
which makes them unattractive for analyzing large systems, or
(c) they produce overly pessimistic results in the presence of
reconvergent fanouts. We briefly discuss a few representative
works below.

Ishiura has shown that the problem of computing exact
bounds on signal propagation delays is computationally in-
tractable in general [17]. The problem stems from an exponen-
tially large number of combinations of component delays that
must be considered in the worst case. Devadas et al. [26] have
shown that an exponential number of events may be generated
in certain circuits in response to a single input transition. There-

fore, event-driven simulators that keep track of all events are
inherently inefficient.

One of the earliest polynomial-time algorithms for approx-
imate min-max timing simulation of combinational circuits is
that of Breuer and Friedman [18]. Unfortunately, their analysis
is extremely pessimistic in the presence of reconvergent fanouts.
Another interesting work is that of Ulrich, Lentz, Demba and
Razdan [19]. Their algorithm has a complexity that is polyno-
mial in the circuit size and computes separate propagation de-
lays from each primary input and fanout point to each gate out-
put. However, their technique of eliminating false glitches [19]
produces overly pessimistic results in the presence of nested re-
convergent fanouts.

Time-symbolic simulation (TSS) [27] and coded time-
symbolic simulation (CTSS) [28] are two well-known tech-
niques for hazard detection and timing verification of asyn-
chronous circuits with bounded component delays. Devadas et
al. [25] have also addressed the problem of verifying a gate-
level implementation of an asynchronous circuit with bounded
wire delays. Although these methods yield exact solutions, their
worst-case complexity is exponential in the circuit size for each
set of input transitions simulated. Pruning techniques [26] can
be used to reduce simulation time to a certain extent. While
pruning works well for some examples, the simulation complex-
ity is still high, and can be exponential in the circuit size in the
worst case. Additionally, the effectiveness of pruning strongly
depends on the interval during which the output is observed;
widening the interval can result in a significant increase in run-
ning time.

In his dissertation [24], Lindermann described a sophisticated
timing simulator, called MTV, and compared it to an earlier sim-
ulator, called SCALD [20]. While the results of MTV are more
accurate than those of SCALD [24], MTV does not guarantee
exact bounds on signal propagation delays in all cases, despite
its worst case exponential complexity.

Lavagno et al. [11] have described a procedure for enforcing
ordering of signal transitions in asynchronous circuits synthe-
sized from Signal Transition Graphs (STG) by inserting delay
buffers. Their method uses delay bounds from the circuit inputs
to internal gates to estimate the required buffer delays. However,
they do not address the problem of efficiently computing the sig-
nal propagation delays. As discussed above, this is a non-trivial
problem. The work described in this paper could potentially
be used to obtain the delay bounds required in Lavagno et al.’s
method. However, a discussion of this is beyond the scope of
the paper.

III. 13-VALUED WAVEFORM ALGEBRA

We now describe a 13-valued abstract waveform algebra
for succinctly representing signal transitions and for efficiently
identifying gates with spurious transitions or hazards on their
outputs. Although the details are somewhat different from pre-
vious work, we are essentially following a long tradition of haz-
ard analysis using multi-valued logic [29], [18], [30], [31]. We
assume that all feedback loops of the asynchronous circuit have
been cut. 13-valued simulation is performed on the underlying
combinational network.

We represent the waveform on each wire or gate output us-
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ing a triple
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represent the initial and final
states of the signal and are assigned values from � , � and 

( 
 represents � , � or changing repeatedly). The

�
compo-

nent represents the intermediate behavior of the signal and is
assigned a value: � (stable high), � (stable low), � , � (single
rising/falling transition), or 
 (potentially multiple transitions).
Using this representation, there are two constant values:
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 ; two clean transitions:
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 ; and two signals that have binary values to begin with

but eventually become undefined,
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 and
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 .
Every Boolean function can be extended to operate on values

from the 13-valued algebra. Consider an assignment of values������������������

to � input variables of a Boolean function � . We

define a trajectory to be a sequence of assignments of Boolean
values to the input variables, where exactly one variable changes
value from one element of the sequence to the next. The assign-
ment of 13-valued waveforms to the inputs represents a set of
trajectories in the points of an � -dimensional Boolean hyper-
cube. Each trajectory starts in a subcube defined by the vector
of start values (

���
for each input � ) and ends in a subcube defined

by the vector of end values (
���

).
When an input variable has a constant binary value for

� �
, the

Boolean value of the variable must have the value
���

at every
point in the trajectory. If

����� � or � , the Boolean variable must
change exactly once in the proper direction along every trajec-
tory. If

� � � 
 , the Boolean value of the variable can change
arbitrarily in the trajectory. Let

��������� �!�	���"

represent the value

of the Boolean function � on the 13-valued input values. If � is
constant throughout the start subcube,

� �
is the constant value.

Otherwise,
� � � 
 . The definition of

� �
is similar. If the value

of � throughout every trajectory is a constant � or � , �#� has that
value. If � changes from � to � ( � to � ) exactly once on every
trajectory,

� �
has the value � ( � ). Otherwise,

� �
has the value
 .

As an example, consider a 2-input AND function, with input
waveforms

� � � � � � 
 and
� � � � � � 
 . Fig. 1 shows a 2-dimensional

Boolean hypercube with the start and end subcubes circled (the
binary values of the inputs are represented as ordered pairs). The
AND function evaluates to � in both these subcubes, so

�$�%�� � � � . The trajectories corresponding to the input waveforms
are: &�� � ��')(*&�� � �+')(,&-� � �+' and &.� � ��'/(,&�� � ��')(*&�� � �+' , as
shown in Fig. 1. The AND function evaluates to � at all points
in the first trajectory. However, it changes from � to � and then
to � along the second trajectory. Therefore, we assign

� � � 
 ,
and the 13-valued output of the AND function is

� � � 
 � � 
 . For
efficiency, the behavior of standard gates on all 13-valued inputs
can be pre-computed and stored in a table. 13-valued simulation
of a combinational circuit then proceeds in the obvious way:
gates are processed in topological order and the 13-valued wave-
form on each gate output is determined from the waveforms on
its inputs by looking up the table.

IV. POLYNOMIAL-TIME MIN-MAX TIMING SIMULATION

We now describe a polynomial-time algorithm for computing
approximate bounds on signal propagation delays from each pri-

010010010212212212

313313313414414414515515515616616616

717717717818818818

9191919191919:1:1:1:1:1:;;;;
;;;;
;;

(0,0)

(1,1)

(0,1)

(1,0)

Fig. 1. Illustrating trajectories in 13-valued simulation.

mary input to each gate in a combinational circuit. This forms
the core simulation engine of our asynchronous timing analysis
technique. We consider circuits composed of basic gates (AND,
NAND, OR, NOR, NOT and delay buffers). We model wire de-
lays by inserting a delay buffer along each wire. For notational
convenience, we refer to the output of a gate < by the same label
( < ) and view each primary input as a gate with zero inputs. We
also assume that the delay from an input = of gate < to its output
lies in the interval > ?A@�B C ��D @�B CFE . It should be understood that this
is actually a function of the signal values (rising/falling), output
capacitance, etc. The gate delay model is as shown in Fig. 2.
Each input waveform is delayed by the corresponding input-to-
output delay. A zero-delay functional block is then used to gen-
erate the output waveform. In the remainder of this paper, we
will refer to the inputs of the zero-delay functional block as the
inputs of the gate.

p

q
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],[ ,, GqGq Dd
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Fig. 2. Gate delay model.

A. Basic Min-Max Timing Simulation

There are two inputs to our timing simulator: (i) a combi-
national circuit with delay bounds annotated on each gate, and
(ii) an input stimulus consisting of 13-valued waveforms associ-
ated with the primary inputs. The output of our simulator is an
assignment of 13-valued waveforms to each gate in the circuit.
In addition, each gate is annotated with a set of intervals, one
for each primary input � , giving bounds on the signal propaga-
tion delay from � to the output of the gate for the given input
stimulus.

The following data structures are associated with each gate< , and are updated as the algorithm executes.I A JLKLMON � field which stores a 13-valued waveform.I An array ? � M�>P�1QRQ�Q max primary inputsE of tuples &.S ��T ' .? � M�> ��EUQ S stores a lower bound on the signal propagation delay
from primary input � to the output of < , and ? � M�> ��EUQ T stores an
upper bound on the same delay. If the transition on � does not
cause a transition on < , we assign <VQ ? � M�> ��E � &�WYX ��Z X[' .

The top-level algorithm is shown in Fig. 3. For each gate,
a 13-valued output is first determined by looking up a pre-
computed table. If the result is a constant value, 13-valued
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evaluation guarantees that for all possible orderings of the gate
input transitions, the constant value is produced at the out-
put of the gate, so no further analysis is required. Otherwise,
a more detailed and costly analysis is performed by function���������	��
��
��� �����

.

�������
��������
�� � ��!"� #%$�&

1. Sort gates topologically.
2. (a) for each gate < (includes primary inputs)

for each primary input �<VQ ? � M�> ��E � &�WYX ��Z X[' ;
/* G not affected by transition on i */

(b) for each transitioning primary input �� Q ? � M�> ��E � > � � � E ;
3. for each gate < in topological order

(a)
�
����' ()�
�*$���!+#,�	�-��./���10��	2��3��4 � � &�< ' ;

(b) if ( <VQ J"KLMON �65� � � � � � � 
 or
� � � � � � 
 )���������	��
��
��� ����� &.< ' ;

Fig. 3. Top-level algorithm.

To understand how function
�����7�8�	�

������ �����

works, we de-
fine potential sensitization of a gate as follows. Gate < is said
to be potentially sensitized to a transition on gate input = if the
transition on = potentially causes a transition on the output of< . The action of

�6���7�8�	�

��
��� �����
can then be summarized as

follows: For each input = of < , we determine whether < is po-
tentially sensitized to the transition on = . If it is, the signal prop-
agation delays from the primary inputs to = are used to update
the corresponding delays from the primary inputs to < .

To determine whether < is potentially sensitized to = , we need
to know all possible combinations of values on the other gate
inputs at the time = transitions. In general, this requires exam-
ining all possible orderings between all gate input transitions,
which is not efficiently computable for circuits with reconver-
gent fanouts. We, therefore, use a conservative approximation:
For each gate input 9 that is different from = , we try to determine
if the transition on 9 is ordered relative to that on = . If we can-
not detect an ordering, we conservatively assume that the tran-
sitions on = and 9 overlap. However, if an ordering is detected,
the ordering information is used to determine if < is potentially
de-sensitized to = or if hazards on the output of < are masked.

The simplest way to detect an ordering between = and 9 is
to check if both = and 9 are affected by transitions propagating
from only one primary input � . If so, the delay bounds from � to =
and 9 can be used to determine the ordering of transitions, if any.
However, this can produce overly pessimistic results since the
correlation of signal propagation delays arising from reconver-
gent fanouts is ignored. In addition, if multiple primary inputs
affect = or 9 , the above strategy cannot predict an ordering of
transitions on = and 9 because the relative transition times of the
primary inputs are unknown. Therefore, the naive strategy for
detecting ordering of transitions outlined above may not be very
useful in practice. Nevertheless, for simplicity of explanation,
we will first describe the min-max timing simulation algorithm
assuming the naive strategy. We will return to the topic of de-
termining more accurate ordering information by reconvergent
fanout analysis in Section IV-B.

���������	��
��
��� ����� &.<;: gate '
for each transitioning gate input = of <

1. for each other gate input 9 of <
(a) Determine if transitions on = and 9 are ordered.
(b) Using ordering information:

for each primary input � that affects =
9
� = � � most-sensitizing value of 9 at the

earliest time a transition on � reaches = ;
9�M = � � most-sensitizing value of 9 at the

latest time a transition on � reaches = ;
2. if ( < has a potential hazard)

Use ordering information between gate input
transitions to determine if hazard is masked.

3. if (hazard is masked)
(a) Update < .value to hazard-free waveform.
(b) if (new < .value

�Y� � �+�A� 
 or
� �A�+� 
 )<VQ ? � M�> ��E � &UWYX �RZ X ' for all primary inputs � .

4. else
for each primary input � that affects =

/* Let = be connected to the output of gate <=< */
(a) Using 9

� = � values:
if < is potentially sensitized to transition on == Q ? � M�> ��EUQ S � <><�Q ? � M�> ��E�Q S W ? @�B C ;<VQ ? � M�> ��E�Q S �@?6A+B &�<VQ ? � M�> ��E�Q S � = Q ? � M�> ��EUQ S�' ;

(b) Using 9�MP= � values:
if < is potentially sensitized to transition on == Q ? � M�> ��EUQ T � <><�Q ? � M�> ��E�Q T W D @�B C ;<VQ ? � M�> ��E�Q T �@?�C
D &.<VQ ? � M�> ��EUQ T/� = Q ? � M�> ��EUQ T ' ;

Fig. 4. Basic min-max timing analysis.

Let 9 be an input of < different from = and let the 13-valued
waveform on 9 be

������� ����

. If we know that 9 transitions before= , then the final value of 9 , namely

�.�"���"����

, is used to deter-

mine the sensitizability of < to = . Similarly, if we know that 9
transitions after = , the initial value of 9 , namely

�����	��� ��

, is used.

However, if we are unable to determine any ordering between
the transitions on = and 9 , the value

������� ����

is used, represent-

ing that 9 may be at its
�

or
�

values or transitioning in between
when = transitions. Hence, the value of 9 used is the “most-
sensitizing value” for determining the potential sensitizability
of < to = . Specifically, we never de-sensitize a gate to a tran-
sition on an inputs unless we detect an ordering between input
transitions that causes the gate to be de-sensitized.
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Fig. 5. Computation of FHGJI�K and FHL I-K .

Fig. 4 shows the steps in function
���������	��
��
��� �����

. To de-
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termine whether = is affected by primary input � [in steps 1(b)
and 4], we check to see if = Q ? � M�> ��E is different from &UWYX �RZ X ' .
The 9

� = � and 9�MP= � terms used in step 1(b) of
�����7�8�	�

������ �����

are illustrated in Fig. 5. The test for potential hazards in step 2
essentially checks whether the output of < is one of

� � � 
 � � 
 ,� � � 
 � � 
 , � � � 
 � � 
 and
� � � 
 � � 
 . To determine whether a poten-

tial hazard is masked in step 3, we take into account the ordering
of gate input transitions determined in step 1(a) and recompute
the 13-valued waveform at the output of < . If the

�
-component

of the resulting waveform is not an 
 , the potential hazard is
masked. For example, if one input input of an AND function
falls before the other input rises, then the output of the function
is
� � � � � � 
 , and not

� � � 
 � � 
 . Fig. 6 shows the results of ap-
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Fig. 6. Basic min-max algorithm applied to example circuit. Gate delays shown
are [min, max].

plying the min-max timing simulation algorithm to an example
circuit constructed from subcircuits adapted from [17]. It is as-
sumed that the naive strategy for detecting transition orderings
is used. Since the circuit is symmetric with respect to � � and
��� for the given input stimulus, the delay bounds from ��� to
the internal gates are identical to those from � � . The results are
more pessimistic than the reader might expect because transi-
tions propagating from multiple primary inputs affect the inputs
of each gate and the relative transition times of the primary in-
puts are unknown. A careful manual analysis shows that the
bounds computed for gates � , � and �$� are conservative. Sim-
ilarly, the 13-valued waveforms on the outputs of gates � and�R� are pessimistic: these gates actually have stable � at their
outputs.

Theorem 1 If a transition on primary input � propagates to the
output of gate < , the minimum propagation delay from � to <
is bounded below by <VQ ? � M�> ��EUQ S and the maximum propagation
delay from � to < is bounded above by <VQ ? � M�> ��EUQ T .

Proof: We first introduce notation and terminology used
in the proof. A controlling value of a basic gate is an input value
that determines the output value of the gate regardless of the
other input values, e.g., � input to an AND or NAND gate. A
non-controlling value is a value that is not a controlling value
for the gate. As shown in Fig. 2, a gate input is an input to the
zero-delay functional block in the gate delay model. All times

are assumed to be relative to the time of transition of � . The
earliest time that a transition on � reaches = is denoted S @ , and
the latest time is denoted

T @ . All gates that feed the inputs of
gate < are assumed to have topological indices less than that of< . The theorem is proved by complete induction on the indices.
Basis: Step 2(b) of the top-level algorithm (Fig. 3) ensures that
the claim is true for all primary inputs.
Hypothesis: Let the claim be true for all gates with indices less
than or equal to � .
Induction: Consider gate < (not a primary input) with index� W � . We assume that < is affected by primary input � and show
that <VQ ? � M�> ��E�Q S is a lower bound of S�C ; the proof that <VQ ? � M�> ��EUQ T
is an upper bound of

T C is similar.
Suppose the transition on � propagates through gate input = in

order to reach the output of < at time S C . By definition, < is
potentially sensitized to = at time S C and S @�� S C . Since = is an
input of < , its topological index is no greater than � . Therefore,
by hypothesis, = Q ? � M�> ��EUQ S � S�@ and hence, = Q ? � M�> ��E�Q S � SU@ � S-C .

There are two cases that need to be considered:
(A) If the algorithm finds that < is potentially sensitized to =
at time = Q ? � M�> ��EUQ S , by definition, the 9

� = � values indicate that <
is sensitizable to = . Therefore, by step 4(a) of

�����7�8�	�

������ �����
,<VQ ? � M�> ��E�Q S � = Q ? � M�> ��EUQ S � S C .

(B) If the algorithm finds that < is not potentially sensitized
to = at time = Q ? � M�> ��EUQ S , then primary input � affects one or more
other inputs of < that control < at that time. Let � be the con-
trolling input (or one of the controlling inputs in case of a tie)
with the largest ��Q ? � M�> ��EUQ S value (not WYX , which would indicate
� is not affected by � ). Since < has no controlling inputs at
time S-C , S	� � S-C . By the induction hypothesis, ��Q ? � M�> ��EUQ S � S
� ,
so ��Q ? � M�> ��E�Q S � S C . The proof is completed by showing that<VQ ? � M�> ��E�Q S � ��Q ? � M�> ��E�Q S .
By our choice of � , when we consider � in the outermost loop
of function

�6���7�8�	�

��
��� �����
, we find that all other control-

ling inputs of < have potentially transitioned to non-controlling
values by time ��Q ? � M�> ��EUQ S . In addition, since ��Q ? � M�> ��EUQ S � S C ,
no gate input 9 can settle to a final controlling value before
��Q ? � M�> ��E�Q S . Therefore, by the induction hypothesis, all gate inputs
9 that transition to a final controlling value have 9LQ ? � M�> ��EUQ T��T�
�� ��Q ? � M�> ��E�Q S . The most-sensitizing values for � computed
in step 1(b) of

���������	��
��
��� �����
, therefore, indicate that < is

potentially sensitized to � at time ��Q ? � M�> ��EUQ S . By step 4(a) of���������	��
��
��� �����
, <VQ ? � M�> ��EUQ S � ��Q ? � M�> ��EUQ S � S-C .

B. Reconvergent Fanout Analysis

Reconvergent fanouts are signals that branch out from the out-
put of one gate and converge back at the inputs of another gate.
It is well-known that they are the cause of pessimism in conven-
tional min-max timing simulation [18], [19]. In this section, we
describe an efficient technique to conservatively detect order-
ing of signal transitions in the presence of reconvergent fanouts.
This helps in improving the accuracy of our simulation.

Given a combinational circuit and a set of primary input tran-
sitions, we define the following two relations on the gates:I Gate <�� enables gate <�� , if <�� cannot transition until the
transition on <�� has propagated to one of its inputs. Fig. 7a
shows an example. The enables relation can be represented by
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Fig. 7. Enables and stabilizes relations.

an enabling-graph, where <�� and <�� are represented by ver-
tices, and a solid directed edge is drawn from <�� to <�� (see
Fig. 7a). If the minimum propagation delay from < � to < � is? � B � , the edge is labeled with the weight ? � B � . Mathematically, ifS � denotes the time when < � starts transitioning, S � � S
��W ? � B � .I <�� stabilizes <�� , if <�� can no longer transition after the last
transition on < � has propagated to < � . Fig. 7b shows an ex-
ample of this relation. Here, the output of <�� cannot transition
after the

� � � � � � 
 transition on <V� reaches <�� and causes it to
stabilize to 1, so <V� stabilizes <�� . This is graphically repre-
sented by a stabilizing-graph, where a dotted directed edge is
drawn from < � to < � (see Fig. 7b). If

D � B � represents the max-
imum propagation delay from < � to <�� , this edge is assigned
the weight

Z/D � B � . Mathematically, if
T �

denotes the time when< � ends transitioning, then
T � � T � W D � B � .

The above relations depend on the particular input stimulus be-
ing simulated, which is implicit.1
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Fig. 8. enabling and stabilizing DAGs for Fig. 6.

Each of the above relations defines a partial order on the gates.
The corresponding graphs are, therefore, directed acyclic graphs
(DAGs). Fig. 8 shows these DAGs for the circuit and primary
input stimulus of Fig. 6, superimposed on each other. The vertex
�
The enables and stabilizes relations were called waits for and yields to in a

preliminary work [32].

corresponding to gate � has been labeled < � . For clarity, we have
not shown some edges that are implied by transitivity.

Let us now consider the following sequence of edges in Fig-

ure 8: < ��� �( <�� �( <�� . The information represented by
these edges is:

T	� � T	
 Z ���[S�
 � S � W�� . This implies thatS 
 Z T 
 � � W &OS � Z T � ' . However, we know from the 13-valued
annotations in Fig. 6 that each of <�� , < � and <�� has a clean
transition on it. Consequently, both S � and

T	�
represent the tran-

sition time of <�� , and similarly for <�� and < � . It then follows
that S 
 Z#T 
 � � , so <�� transitions at least � time unit after < � .
This implies that the hazard on � � in Fig. 6 actually does not
occur.

The method for detecting transition orderings outlined above
can be generalized. We first superimpose the enabling and sta-
bilizing DAGs for a given circuit and primary input stimulus.
A directed path in the resulting graph is a sequence of vertices&.<�� � <�� � QRQ�Q�<��!' such that an enabling or stabilizing edge exists
from < � to < ��� � for all � in � through � Z � .
Theorem 2 Let there be a directed path from < � to <�� satisfy-
ing the following constraints.
1. Each gate < � (other than < � and < � ) in the path has a clean
transition on it.
2. The summation of all edge weights along the path is positive.
3. If < � has a potential hazard on it, the first edge in the path,� <�� � <�� 
 , is a stabilizing edge.
4. If <�� has a potential hazard on it, the last edge in the path,� <�� � � � <�� 
 , is an enabling edge.
Then < � starts transitioning after < � has stabilized to its final
value.

Proof: Let &�< � � < � � Q�QRQ�< � ' be a directed path satisfying
the constraints. It is assumed that the ����� edge,

� < � � < ��� � 
 , has
weight � � . First, consider the case where

� < � � <�� 
 is a stabi-

1
w

G G GG 1 2 n-1 n

w w w
2 n-2 n-1

Fig. 9. A path in the superimposed DAGs.

lizing edge and all other edges are enabling edges, as shown
in Fig. 9. The information represented by this path can be ex-
pressed by the following set of inequalities:

S	� � T � � T � W�� ��� S � � S	� W�� ���
...

S � � � � S � � � W � � � � � S � � S � � � W�� � � � Q (1)

Note that since all intermediate gates have clean transitions (re-
quired by constraint 1), S � is the same as

T �
for all gates < � other

than <�� and <�� . Therefore, the inequalities in (1) hold regard-
less of the type (enabling/stabilizing) of the intermediate edges.
It follows from inequalities (1) that

S�� Z T � � � � �!
��" � � � ��# Q (2)
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Therefore, if
#

is positive, we have S � � T � . In other words, <��
starts transitioning only after < � has stabilized to its final value.

Now, suppose
� <�� � <�� 
 is an enabling edge. Constraint 3

requires that < � must have a clean transition. This implies S � is
the same as

T � , so the set of inequalities (1) still apply. Similarly,
if the final edge

� <�� � � � <�� 
 is a stabilizing edge, constraint 4
requires that <�� must have a clean transition. Therefore, S � is
the same as

T � and inequalities (1) apply.
The above theorem guarantees that the technique described
above never reports a false ordering of transitions. Note, how-
ever, that the technique is conservative and may fail to report
some orderings that would have been detected by a more expen-
sive and detailed analysis.

When constructing a path in the superimposed DAGs in ac-
cordance with constraints 1, 3 and 4, if a cycle is formed, the
length of this cycle must be non-positive. To see why this is so,
note that constraint 1 implies that at most one gate in the cycle
can have a hazard on its output. Moreover, if there is one such
gate < , it must be the first as well as the final gate in the directed
path, i.e., <�� � <�� � < , since all intermediate gates must have
clean transitions. In this case, by constraint 3, the edge out of< must be a stabilizing edge and by constraint 4, the edge into< must be an enabling edge. Given these edges, it can be easily
shown (using the same technique used to derive inequality (2))
that S C Z%T C � # , where

#
denotes the length of cycle. SinceS C � T C , we have

# � � . However, if all gates in the cy-
cle have clean transitions, then for any gate <=< in the cycle, S�C��
is the same as

T C � . Depending on whether the edges coming
into and going out of <�< are enabling or stabilizing edges, we
have S C � Z[T C � � # or

T C � Z S C � � # or S C � Z S C � � # orT C�� Z T C�� � # . Since S�C�� equals
T C�� , the inequality reduces to# � � in each case.

Since cycles are of non-positive length, the problem of find-
ing a path of positive length can be solved using the Bellman-
Ford longest path algorithm [33] with the additional constraints
1, 3 and 4. In fact, since the lengths of paths between multiple
pairs of vertices may be needed when applying this technique to
determine multiple transition orderings, a longest-path variant
of Floyd-Warshall’s all-pairs shortest paths algorithm [33] may
be used to compute the longest path lengths between all pairs
of vertices. If there are ��� gates, this takes �V&O� �� ' time. The
results may be stored and subsequently used by the min-max
timing simulation algorithm to determine if pairs of transitions
are ordered. Note, however, that an algorithm that computes an
underestimate of the true longest path would also suffice for our
purpose, as long as the underestimate is � � . Such an underes-
timate can often be efficiently computed by considering only a
subset of all the paths.

Computing the enabling and stabilizing DAGs for a given cir-
cuit and input stimulus is straightforward. We process gates in
topological order. Let < be a gate with a potential transition
on its output and let = be a transitioning input of < . To deter-
mine whether = enables < , we hold = at its initial state (

�����	��� ��

)

and allow all other transitioning inputs of < to transition. If
13-valued evaluation now indicates that < does not have a po-
tential transition on its output, = is said to enable < . We also
consider another situation that arises in practice. Suppose the
set of transitioning inputs of < is �	= � � QRQ�Q.= �	� . If there exists

a gate < < that enables each =�
 in this set, then < < also enables< . This is because a stable gate must be enabled by at least
one of its inputs for it to transition, and each transitioning in-
put is enabled by <�< . Once we have determined these simple
relations, the transitive property can be used to add new edges
in the enabling DAG. When computing edge weights, if there

exists a sequence of edges <�< <
�(,<><��( < and if the current
weight of edge <>< < (*< is � , its new weight is easily seen to
be

?�C
D &�� � K W � ' . The procedure for computing the stabiliz-
ing DAG is very similar. It is easy to see that for a circuit with��� gates, each DAG can be constructed in �V&.� �� ' time by first
constructing the edges as indicated above, and then invoking the
transitive closure algorithm [33].

We have used our reconvergent fanout analysis technique in
the basic min-max timing simulation algorithm to determine
more accurately whether a gate is de-sensitized to one of its in-
puts. Since our analysis never reports a false ordering of transi-
tions, gates are never falsely de-sensitized. Consequently, delay
bounds computed by the min-max algorithm with reconvergent
fanout analysis are still conservative, though often more accu-
rate than before.

If the enabling and stabilizing DAGs are constructed and an-
alyzed once using the all-pairs longest paths algorithm and the
results stored and subsequently utilized, the complexity of the
min-max timing simulation algorithm with reconvergent fanout
analysis is �V&O� �� W � � Q � @ � Q � ���������� ' , where � � is the number of
gates, � @ � is the number of primary inputs and � ��������� is the max-
imum fanin of a gate. For efficiency, the current implementa-
tion does not compute the transitive closure of each DAG, and
uses underestimates of longest path lengths. This results in a
more conservative and efficient analysis which has complexity
�V&O���LQ � @ � Q � ���������� Q ���� ' , where ���� is the number of incoming en-
abling edges or outgoing stabilizing edges at a gate. The worst
case value of ���� � � � ; in practice, however, it is a small num-
ber, typically �R� or less. For technological reasons, � ��������� is
also typically � or less. Consequently, the observed complexity
is �V&.��� Q � @ � ' .
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Fig. 10 shows the results of applying our min-max timing
simulation algorithm with reconvergent fanout analysis to the
circuit of Fig. 6. It may be verified that all the computed delay
bounds and 13-valued waveforms are exact.

V. APPLICATION: TIMING ANALYSIS OF EXTENDED

BURST-MODE CIRCUITS

We now describe an application of our technique to timing
analysis of a class of practical asynchronous circuits. Specifi-
cally, extended burst-mode circuits implemented in the 3D de-
sign style [1] are analyzed. Although this discussion focuses on
3D circuits, it is likely that circuits designed by other burst-mode
implementation methods, such as locally clocked circuits [34],
[13] or circuits synthesized by the ACK tool [35], [36], can be
analyzed by similar techniques. However, we will not discuss
them in this paper.

S2 S0 S1

��� ycs / ��� xcs /

�� yc / �� xc /

Fig. 11. Example of extended burst-mode specification.

A. XBM Specifications: A Review

Fig. 11 shows an example of an extended burst-mode (XBM)
specification [1] of a circuit that works as follows: If the mode
bit � is 1 when it is sampled by the rising edge of signal � , then
output � follows � for one cycle while output � remains 0. If the
sampled value of � is 0, � follows � for one cycle and � remains
0.

Signals enclosed within angle brackets, such as
� ��W 
 , repre-

sent conditional signals.
� ��W 
 and

� � Z)
 denote “if � is 1” and
“if � is 0” respectively. Signals which are not enclosed within
angle brackets are called edge signals. An edge signal with aW or a

Z
(e.g., �RW in Fig. 11) constitutes a terminating edge,

whereas one with a � (not shown in Fig. 11) is a directed don’t
care [1]. A terminating edge �$W denotes a ��(*� transition of
� if � was initially � , and no transition if � was initially � . The
interpretation of � Z is similar. A directed don’t care is a signal
that can change exactly once in a multi-state path of the state
transition diagram (it is a “don’t care” because the specification
does not care where along the path the change occurs). A termi-
nating edge that is not immediately preceded by a directed don’t
care (e.g., � Z during � � (���� preceded by �$W during ��� (�� �
in Fig. 11) is called a compulsory edge. If a conditional signal is
not specified in a state transition, it may transition freely during
the state transition. Edge signals must, however, remain stable
if they do not participate in a state transition. Details of XBM
specifications are described in Yun’s thesis [1].

An input burst consists of a non-empty set of input edges,
at least one of which must be a compulsory edge. The edges
may appear in any order. An output burst consists of a possi-
bly empty set of output edges. When the circuit is in a given
state, and all conditional signals are stable at their desired val-
ues, the arrivals of all terminating edges in an input burst cause

the corresponding output burst to be generated and the machine
to transition to the specified next state.

B. 3D Implementation of Burst-Mode

The 3D design style for extended burst-mode circuits was de-
veloped by Yun, Nowick and Dill [37], [38], [39], [1]. The hard-
ware implementation of a 3D circuit consists of a combinational
network implementing the next state function, with some of its
outputs fed back as inputs to the network. The 3D synthesis
method guarantees that if the feedback paths are opened, the
combinational logic implementing the next state function is free
of function and logic hazards [16], regardless of gate and wire
delays. A 3D implementation of the extended burst-mode spec-
ification in Fig. 11 is shown in Fig. 12.
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Fig. 13. Phases in the operation of a 3D circuit.

Given an input burst, the response of a 3D machine is com-
prised of two or three phases, depending on the circuit imple-
mentation (see Fig. 13). During the first phase ( � � ), transi-
tions applied to the primary inputs propagate forward through
the combinational network and give rise to transitions on the pri-
mary outputs and/or state variables. These are fed back as inputs
to the combinational network, and the second phase of operation
( � � ) follows. During this phase, the fed back signal transitions
propagate forward through the combinational network. If there
are only two phases of operation, all signals in the circuit sta-
bilize at the end of this phase. Otherwise, transitions on some
primary outputs or state variables are produced at the end of this
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phase, which are again fed back as inputs to the circuit. All
signals in the circuit stabilize at the end of the third phase.

There are certain global timing constraints when the sequen-
tial behavior of a 3D circuit is considered.
1) Fundamental-mode requirement: A minimum time interval
must elapse between the last primary output transition of the
current burst and the first compulsory input transition of the
next burst. This is the classical fundamental-mode environmen-
tal constraint of asynchronous circuits [40], [16].
2) Minimum feedback delay requirement: The feedback paths
should have some minimum delay in order to avoid essential
hazards [16] – a problem specific to asynchronous sequential
circuits.
3) Setup and hold-time requirement: Each conditional signal
that is sampled by an input burst must remain stable from a cer-
tain setup-time before the first compulsory transition to a certain
hold-time after the last terminating transition in the input burst.
In the remainder of this paper, we assume that the 3D design
is functionally correct. In other words, any malfunctioning of
the circuit is attributable solely to violations of the above timing
constraints.

C. Useful Properties of 3D circuits

Functionally correct 3D circuits have special properties which
simplify their timing analysis. These are summarized below:
1) Any hazard appearing on the outputs of the combinational
network during the first phase is due to setup-time violations.
2) Assuming there are no setup-time violations, any hazard ap-
pearing on the outputs during the second and third phases is ei-
ther due to insufficient feedback delays or hold-time violations.
3) Assuming there are no setup-time, feedback delay or hold-
time constraint violations, any hazard appearing on the out-
puts when two consecutive input bursts are applied is due to a
fundamental-mode constraint violation.
Because of these properties, it is desirable to analyze the com-
binational part of a 3D circuit for each phase of each extended
burst-mode state transition separately. This effectively isolates
the effects of different types of timing constraint violations from
each other, simplifying the analysis of each potential violation.

Another important property of 3D circuits is the absence of
cyclic dependencies between timing constraints. The values of
hold-time and fundamental-mode constraints depend on (i) dif-
ferences in signal propagation delays along different paths in the
combinational circuit, and on (ii) feedback delays. However,
the minimum feedback delays as well as setup-time constraints
are determined solely by the differences in signal propagation
delays along different paths in the combinational circuit. Con-
sequently, feedback delays and setup-time constraints may be
determined before the values of the other constraints are known.
Once the feedback delays are determined, they can be used to
compute the hold-time and fundamental-mode constraints.

D. Identifying problem gates

As noted earlier, a problem gate is a gate that has a hazard or
spurious transition on its output, generated as a result of a timing
constraint violation. To identify problem gates efficiently, we
analyze each phase of operation of each extended burst-mode

state transition separately. The combinational network is simu-
lated under the following two conditions.
1) First, we assume there are no timing constraint violations and
perform a 13-valued simulation. All gates with potential hazards
or spurious transitions on their outputs are marked.
2) Second, we assume that a particular timing constraint is vio-
lated, and re-simulate the circuit.
Gates that were not marked in step � , but have potential haz-
ards on their outputs in step � are identified as the problem gates
for the timing constraint violation assumed in step � . To see
why this is so, notice that gates that were marked in step � had
potentially spurious transitions despite all timing constraints be-
ing satisfied. 3D design guarantees that these transitions will
eventually get masked before reaching the outputs of the circuit.
Therefore, the gates that were free of spurious transitions in the
first pass but have potential hazards in the second pass are the
ones where the timing constraint violation potentially manifests
itself.
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As an example, consider the 13-valued annotations in the cir-
cuit in Fig. 14 (the delay bounds shown alongside the gates and
wires will be needed later in Section V-E). This circuit is the 3D
circuit of Fig. 12 with the feedback loops cut open. We wish to

simulate the state transition � � � �������Z ( � � (see Fig. 11) and iden-
tify problem gates where minimum feedback delay violations
are manifested, under the assumption that = � � � � � � � � � � � 

and 9

� � � � � � � � � � � 
 in state � � (it can be easily verified that
these are the unique stable values of the feedback inputs in state
� � ).

The first phase of operation of the 3D machine is simulated
as follows. Since no conditionals appear in the input burst of

� � � �������( ��� , we set the conditional input � to
� 
 � 
 � 
 
 to

model the fact that it can transition freely. Edge input � is set to� � � � � � 
 to model a falling transition on it. The result of our 13-
valued simulation is shown in Fig. 14. Gates � and � potentially
have spurious transitions

� 
 � 
 � � 
 on their outputs, although
no global timing constraints have been violated. Therefore, we
mark these gates (shown shaded in Fig. 14).

Then, we simulate the second phase of operation of the ma-
chine. The

� � � � � � 
 transition on feedback output = in Fig. 14
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is copied over to = � and, similarly, the
� � � � � � 
 on � is copied

over to � � . The assumption that all global timing constraints
are satisfied implies, in this case, that the delays in the feedback
paths are sufficient. Consequently, input � would have settled
to
� � � � � � 
 by the time the transitions on = and � reach = � and

� � . Therefore, we assign
� � � � � � 
 to � and

� 
 � 
 � 
 
 to � and
re-simulate the circuit. The simulation results are not shown
here due to space constraints, but it can be easily verified that
no spurious transitions or hazards are generated in this phase.
Therefore, no gates are marked in this phase.
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Fig. 15. Identifying problem gates, and min-max timing analysis. Gate and
wire delays shown are [min, max].

Finally, we relax our assumption about feedback paths having
sufficient delays and re-simulate the circuit with a

� � � � � � 
 tran-
sition on � , a

� � � � � � 
 transition on � � and a
� � � � � � 
 transition

on = � . This models the fact that the transition on � could po-
tentially interact with the transitions on the feedback inputs � �
and = � at some internal gate if the feedback paths were too fast.
The result of our simulation is shown as 13-valued annotations
in Fig. 15. Gates � , � , � and � were not marked in earlier passes,
but exhibit potential hazards now. Therefore, these are the prob-
lem gates where insufficient feedback delays can cause spurious
transitions during the state transition � � (�� � .

E. Timing constraints for 3D circuits

We now use the min-max timing simulation algorithm of Sec-
tion IV to compute signal propagation delay bounds from the
primary and feedback inputs to the problem gates identified
above. In general, problem gate < has a potential hazard on its
output if transitions propagating from two circuit inputs � and
�

(primary or feedback) do not reach the gate in the correct or-
der. However, (using the notation of Section IV-A) the transition
from

�
can be made to reach gate < before the transition from �

by requiring that
�

transition at least ? � <VQ ? � M�> � EUQ T Z <VQ ? � M�> ��EUQ S
time units before � . Since the delay bounds computed by
our min-max timing simulation algorithm are conservative, this
guarantees that the transition from

�
reaches < no later than that

from � .
As an example, consider the delay annotations in the circuits

in Figs. 14 and 15. Fig. 14 shows signal propagation delay
bounds for gates � and � computed during the first phase of sim-

ulation, and Fig. 15 shows signal propagation delay bounds for
gates � and � computed during the final phase of simulation.2

The bounds in Fig. 15 indicate that a transition on primary input
� takes a maximum of � time units to reach the output of gate
� , whereas a transition on � � takes a minimum of � time units
to reach the output of the same gate. In order to ensure that the
transition on � reaches the output of gate � before the transition
on feedback input � � (which is required to meet the feedback
delay constraint), � � must transition at least � Z � � � time
units after � transitions. However, � itself transitions at least
� time units after � transitions (obtained from Fig. 14). There-
fore, the additional feedback delay needed in the � ( � � path is
� Z � � � time units. A similar analysis for gate � indicates that= � must transition at least � time units after � transitions. How-
ever, we know from Fig. 14 that = transitions at least

�
time units

after � transitions. Consequently, we do not need any additional
delay in the = ( = � path. This shows how inherent circuit
delays may obviate the need for inserting additional feedback
delays. Note that although gates � and � as well as � and � are
the designated problem gates in Fig. 15, ensuring the absence
of hazards at gates � and � automatically eliminates any hazards
at gates � and � . Therefore, gates � and � do not give rise to
additional feedback delay constraints.

The method for determining minimum feedback delays de-
scribed above can be extended to determine setup-time and hold-
time constraints in 3D circuits. Setup-time constraints are ob-
tained by ensuring that the desired values of sampled condi-
tionals reach every problem gate before the sampling edges.
Hold-time constraints are analyzed by ensuring that an edge that
de-sensitizes a problem gate to a transition propagating from a
conditional input, reaches the gate before a change in the con-
ditional signal (from its sampled value to an undefined value)
propagates to the same gate. The de-sensitizing edge must prop-
agate through a feedback path before it reaches the problem
gate, so we express the hold-times in terms of signal propaga-
tion delays through the combinational circuit and the feedback
paths involved. Once all state transitions in the extended burst-
mode specification have been analyzed and the feedback delays
determined, the computed feedback delays are used to deter-
mine the actual values of the hold-time constraints. To deter-
mine fundamental-mode constraints, we simulate each pair of
consecutive state transitions, � � ( � �V( � � , in the extended
burst-mode specification and model interactions between transi-
tioning feedback signals of the � � ( � � transition and transi-
tioning primary inputs of the � � (�� � transition. Here, too, the
constraints are first expressed in terms of feedback path delays;
once the delays are known, the actual values of the fundamental-
mode constraints are readily determined.

F. 3D timing analysis tool

The ideas described above have been implemented in a timing
analysis tool for 3D asynchronous finite state machines. The
structure of the tool is shown in Fig. 16.

The top-level analyzer cuts the feedback loops to obtain a
combinational network. For each phase of each extended burst-
mode state transition, it then determines the 13-valued stimuli to

�
For clarity, not all delay bounds are shown in the figures.
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3D States State Inputs Gates Analysis Min. Setup Hold Fnd-mode
Benchmark Transitions Times(s) feedback Time Time constrnt.

ircv 16 22 8 107 1.375 0.000 1.361 7.140 4.789
ircv-bm 8 10 7 58 0.309 0.000 0.000 4.488 1.959
ircv-csm 8 10 7 64 0.339 0.000 0.519 4.015 1.497

isend 24 32 8 247 7.738 0.000 1.028 8.189 3.996
isend-bm 12 15 7 104 1.052 0.000 0.492 7.231 3.751
isend-csm 12 15 7 81 0.698 0.000 0.924 6.226 3.589

trcv 16 22 8 96 1.318 0.000 0.995 5.594 2.715
trcv-bm 8 10 7 58 0.332 0.243 0.080 5.501 2.073
trcv-csm 8 10 7 59 0.328 0.000 0.681 3.775 1.395

tsend 22 30 8 182 4.761 0.000 2.632 7.777 3.403
tsend-bm 11 14 7 65 0.466 0.000 0.371 5.860 2.600
tsend-csm 11 14 7 69 0.492 0.000 0.757 3.984 1.102

biu-dma2fifo 12 15 6 81 0.711 0.000 0.213 7.390 2.550
biu-fifo2dma 11 13 6 77 0.590 0.298 0.592 4.753 1.357
scsi-init-send 7 8 5 33 0.105 0.000 0.213 2.564 0.044
scsi-targ-send 7 8 5 41 0.155 0.000 0.000 4.172 0.540

pscsi 45 62 11 350 17.171 0.000 0.000 0.000 3.505

TABLE I

TIMING ANALYSIS OF 3D CIRCUITS. ALL CONSTRAINTS ARE IN TERMS OF DELAY OF INVERTER WITH FANOUT 4.
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Fig. 16. Timing analysis tool for 3D circuits.

apply to the inputs of the combinational circuit, and invokes the
13-valued simulator. Directed don’t cares and non-compulsory
terminating edges are modeled assuming they are transitioning
in the appropriate direction, since that would lead to the worst
case conditions as far as the violation of timing constraints is
concerned. Problem gates for each type of global timing con-
straint violation are identified; then the min-max timing simula-
tor is invoked. Timing information and 13-valued output wave-
forms computed by the simulator are fed back to the top-level
analyzer, which uses them to determine: 1) timing constraints
for correct circuit operation and 2) 13-valued waveforms and
timing information to copy from the outputs to the correspond-
ing feedback inputs. These are passed on to the 13-valued sim-
ulator and the min-max timing simulator for the next pass of
analysis. The iteration continues until the tool has examined
every extended burst-mode state transition for setup, hold and
feedback timing constraint violations, and also examined every

pair of consecutive state transitions for fundamental-mode tim-
ing constraint violations. The timing analysis is completely au-
tomated: given a 3D circuit with delay annotations on the gates
and wires and the corresponding extended burst-mode specifi-
cation, the tool produces timing constraint values that guarantee
correct operation of the circuit.

The complexity of our timing analysis technique is
�V&O� � ��� ����� � � ������� Q �	� ��� � � ��
 ' , where � ��� ����� � � ������� represents the
number of state transitions in the extended burst-mode specifi-
cation and

� � � � � � ��
 is the complexity of our min-max timing
simulation algorithm.

VI. EXPERIMENTAL RESULTS

We have evaluated our tool by applying it to a suite of ex-
tended burst-mode benchmarks synthesized according to the 3D
design style. The goal of the experiments was to evaluate the
speed and accuracy of the tool. While one might argue about
the input parameters used, e.g. percentage variations of delays,
the algorithm is not terribly sensitive to them.

The number of states, state transitions, primary inputs and
gate count of each benchmark are presented in the first four
columns of Table I. The column labeled “Analysis Time” lists
the time taken by our tool to exercise all extended burst-mode
state transitions and determine global timing constraints for each
benchmark. The CPU times shown are on a DEC 5000/240 ma-
chine. These times do not include the time required to read in
the extended burst-mode specification and 3D circuit descrip-
tion, and the time to topologically sort the gates, which are not
significant.

The nominal gate delays are estimated using a Hitachi CMOS
gate library [41]. The gate delays used in our experiments are
assumed to vary within &.��Q �+? � �AQ �R?L' , where ? is the nominal gate
delay. Since we do not have post-layout information about wire
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delays, wire delays are assumed to be zero. The reader may
wonder about the usefulness of considering � �$��� delay varia-
tions, but it does not matter much for the experiments. In fact,
the percentage variation is a tunable parameter of the tool that
can be changed to examine the effects of other delay variations.

The timing constraints obtained for each benchmark are re-
ported in the final four columns of Table I. All constraints
are normalized with respect to the delay of an inverter with
fanout of 4 (FO4 delay). “Min. feedback” is obtained by de-
termining the minimum delay required in each feedback path
for each extended burst-mode state transition, and then taking
the maximum of these delays over all state transitions and all
feedback paths. “Setup Time” is obtained by determining the
setup time for each sampled conditional signal in each extended
burst-mode state transition, and then taking the maximum of
these values over all state transitions and all conditional inputs.
The “Hold Time” constraint is similarly computed. To obtain
fundamental-mode constraints, we determine the minimum de-
lay that must elapse between the last output transition of the
present burst and the first compulsory input transition of the next
burst, for each pair of consecutive state transitions. “Fnd-mode
constraint” is then obtained by taking the maximum of all these
values over all pairs of consecutive state transitions.

We have manually checked the accuracy of our results for all
benchmarks except “pscsi” by running the timing analysis tool
in a debugging mode. In this mode, whenever a timing con-
straint is detected, and is larger than was previously detected,
the tool prints out the state of the entire circuit with delay an-
notations. We then manually check to see whether the timing
constraint reported by our tool is correct. Although this process
is very painstaking, it is feasible for the benchmarks shown since
the sizes of the circuits involved are not huge. The benchmark
“pscsi”, however, was too large for manual inspection. We have
found that timing constraints identified by our tool are accurate
for all the 3D benchmarks except “pscsi”, which could not be
checked. Even for “pscsi”, our tool conservatively estimates
that no additional delays need to be inserted in the feedback
paths. Therefore, feedback delays are definitely not needed.
The fundamental-mode constraint for “pscsi” also seems quite
reasonable (approximately 3.5 inverter delays).

To evaluate the gain in accuracy obtained with our reconver-
gent fanout analysis technique, we also ran our tool on several
3D benchmarks with the reconvergent fanout analysis turned off.
Table II shows the results of our experiments on some of the
benchmarks which produced differences in results. In this ta-
ble, we report hold time (HT) constraints and fundamental-mode
(FM) constraints of 3D circuits obtained using our reconvergent
fanout analysis technique (“-r”) and without it (“-b”). The bold-
faced entries indicate that our reconvergent fanout analysis re-
sults in less conservative constraints than those obtained with
the basic algorithm.

As an interesting aside, our analysis shows that for practical
3D circuits, additional feedback delays are almost never needed
– the inherent circuit delays are sufficient to ensure that essential
hazards do not occur. Setup-time constraints seem reasonable;
however, the maximum hold-times are large because the ma-
chine often has to wait for feedback signals in the third phase
of operation to de-sensitize internal gates to the conditionals.

3D HT-b HT-r FM-b FM-r
Benchmark

ircv 7.140 7.140 4.998 4.789
ircv-bm 5.130 4.488 2.995 1.959

trcv 6.525 5.594 3.201 2.715
trcv-bm 5.637 5.501 2.073 2.073

tsend-bm 5.915 5.860 2.737 2.600
biu-dma2fifo 7.390 7.390 3.402 2.550
biu-fifo2dma 4.753 4.753 2.074 1.357
scsi-targ-send 4.172 4.172 0.628 0.540

TABLE II

COMPARISON OF RESULTS ON 3D BENCHMARKS. ALL CONSTRAINTS ARE

IN TERMS OF DELAY OF INVERTER WITH FANOUT 4.

Note that this is an artifact of the design style, not of the timing
analysis tool. Fundamental-mode timing constraints for the 3D
benchmarks also seem reasonable, since the environment will
require a few gate delays’ time to react to the primary output
transitions.

VII. CONCLUSION

We believe that for maximum performance, asynchronous de-
signs of tomorrow must exploit knowledge of the timing of their
components and the environment. Hence, timing analyzers will
be essential asynchronous design tools. However, exact timing
analysis with bounded component delays is computationally dif-
ficult. This paper proposed a polynomial-time technique for ap-
proximate min-max timing simulation of combinational circuits,
for use in timing analysis of asynchronous circuits. As an appli-
cation, an efficient timing analysis tool for extended burst-mode
circuits implemented in the 3D design style has been described.
Although our results represent conservative approximations to
the true timing requirements in the worst case, experiments in-
dicate that they are fairly accurate in practice. This suggests that
polynomial-time approximate timing analysis techniques hold
some promise for efficient timing analysis of asynchronous cir-
cuits. As an interesting aside, the results indicate that environ-
mental timing requirements of practical 3D circuits are usually
not very severe.
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