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Abstract

We describe an automated method (3D-map) for determin-
ing near-optimal decomposed generalized C-clement (gC)
implementations of extended burst-mode asynchronous
controllers. Average-case optimization is performed so
that frequent paths are accelerated, possibly at the expense
of less frequent paths. The overall effect, as quantified us-
ing Elmore delay analysis, is a circuit that has near-optimal
performance for the average or common case.

1 Introduction

Asynchronous circuits are inherently event-driven. In other
words, they react to the changes in the environment as they
occur; they do not need to wait for the clock tick. There-
fore, it makes little sense to measure the performance of
asynchronous circuits in the worse-case scenario. Instead,
it should be measured for the average case.

In this paper, we discuss an automated method (3D-
map) that maps synthesized logic for extended burst-mode
asynchronous controllers [8] into average-case latency op-
timized generalized C-element (gC) implementations. The
3D-map starts with a gC implementation [9] whose set and
reset functions are described in hazard-free minimal sum-
of-products form, selects a signal ordering that minimizes
average-case latency, creates a representation that shares
common subexpressions of products, and decomposes the
gC elements using static gates, if necessary or advanta-
geous,

This work was motivated by the Intel Asynchronous In-
struction Length Decoder project, in which many asyn-
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chronous controllers were manually translated from syn-
thesized logic equations to transistor-level netlists. Fur-
thermore, no automated tools were available to assist the
designers with optimizing the design for the average case.
An ensuing research effort to close this gap led to precur-
sors of this work by Beerel et al {2, 1], which were devoted
10 optimizing average-case cycle time of gate-level burst-
mode controllers.

In this paper, we extend the work by Beerel et al for
small-to-medium size controllers designed in custom cir-
cuits at the transistor-level — a prevalent design style for
controllers used in the Intel Instruction Length Decoder
as well as in many other practical asynchronous designs
{10, 4]. QOur tool optimizes the design for average-case la-
tency of gC implementations of extended burst-mode con-
trollers. In many practical applications, we found that the
settling times of control circuits after genecrating output
changes is negligible relative to the response times of the
circuits’ environment. Hence, we decided that latency is a
motre important parameter to optimize than cycle time.

Burns presented a general method for decomposing
state-holding elements, such as generalized C-elements,
in [3]. However, Burns’'s method is limited to speed-
independent circuits, hence not suitable for generalized
fundamental-mode circuits [8] synthesized by the 3D tool.
Furthermore, his approach does not filter out decomposi-
tions that may induce transient short-cicuit conditions (see
section 3.3.2).

3D-map uses an efficient heuristic to weed out poten-
tially suboptimal circuits. It selects a signal ordering that
optimizes the average-case delay, and removes all other or-
derings from consideration in determining the final circuit
topology. When compatible with the selecled signal order-
ing, common transistors are shared among several prod-
ucts, which has an effect of reducing the input loading as
well as of reducing the area. In order to minimize charge



sharing effects, 3D-map only allows sharing of transistors
at the bottom of the stack; i.e., near ground/Vy,. Sharing
transistors at the top of the stack causes the node that fans
out to unshared branches to have relatively large capaci-
tance. This may lead to a significant charge-sharing prob-
lem if shared transistors turn on without a current path to
ground/Vyy. 3D-map re-maps or decomposes the gC cir-
cuit with ordered inputs, using gCs with maximum stack
length of 4 and static gates with maximum fanin of 3. El-
more delay is used to evaluate the performance of each po-
tential decomposition.

3D-map accelerates average-case latency by up to
22.6%, according to our experiments. A key reason for de-
veloping 3D-map was the need for an automated means of
shortening long series stacks. Long series stacks can cause
a circuit to fail due to charge sharing. 3D-map finds an
implementation that minimizes the average latency within
a constraint that imits the stack length to an acceplable
level. Even small designs are very tedious to decompose
and verify by hand, and the process is error-prone. Failure
to consider a large number of options is also liable to yield
solutions with significantly lower performance than those
chosen by 3D-map.

The rest of the paper is organized as follows. Section
2 gives an overview of extended burst-mode circuits and
our average-case optimized technology mapping procedure
for the gC circuits synthesized by the 3D tool. Section 3
discusses our approach to technology mapping in detail.
Experimental results are presented in section 4. Section 5
contains some concluding remarks.

2  Overview

This section describes extended burst-mode circuits, and
an overview of the average-case optimized technology
mapping, using a simple example.
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Figure 1: Biu-fifo2dma specification.
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2.1 Extended Burst-Mode Circuits

Figure 1 describes an extended burst-mode state machine
{biu-fifo2dma) with 4 inputs (ok, cnigtl, fain, dackn) and
2 outputs (frout, dreg). Signals enclosed in angle brack-
ets, such as cntgt!, represent conditional or level signals.
{cntgtl +) and (cntgt! —} denote the conditional clauses
“if cargtl is high” and “if cnzgel 1s low.” Signals not en-
closed in angle brackets, such as ok, fain, and dackn are
edge signals. Edge inputs ending with + or — are trigger
signals; the ones ending with * are directed don’t cares. If
a state transition 1s labeled with a directed don’t care ax*,
then the following state transition must be labeled with ax,
a+ or a—. A trigger signal ¢+ denotes a0 — 1 transition
of a if @ was initially 0, and no transition at all if ¢ was ini-
tially 1. A sequence of state transitions labeled with a¢* and
terminated with a+ represents a single 0 — 1 transition of
& at any point in the sequence.

If a state transition is not labeled with a level signal, the
signal may change freely during the transition. However,
if an edge signal is not mentioned tn a transition, it is not
allowed to change.

Circuit Operation

Initially, or after completion of the previous output/state
variable transitions, the machine waits for new input tran-
sitions to arrive. When the machine detects all of the trig-
ger transitions, il generales new output/state variable tran-
sitions. As in the 3D implementation of extended burst-
mode circuits, no fed-back output or state variable change
arrives at the gate input until all of the specified edges in
the output and state burst have appeared at the gate out-
put. These conditions are met by inserting delays in the
feedback paths as necessary.

GC Implementation

The 3D-gC synthesis tool produces hazard-free two-level
AND-OR circuits for both set logic ( fset) and reset logic
{ freset). The N stack of the generalized C-element in Fig-
ure 2 is simply the N stack of the fully complementary
complex AND-OR-NOT gate that implements feq.; the P
stack of the generalized C-element is the P stack of the full
complementary complex AND-OR-NOT gate that imple-
ments freset-

2.2 Statistical Analysis

Statistical analysis plays a crucial role in selecting the
average-case optimized circuit. We use Markov chain anal-
ysis to derive the relative frequency of each state transition.
This information is used to order the signals in the order
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Figure 2: Biu-fifo2dma circuit (zp and z) gates not shown).

of frequency when creating the series stacks, as well as to
evaluate the optimality of the decomposed circuits. Our
analysis is similar to that used in the gate-level average-
case optimized technology mapping of burst-mode circuits
[2].

We model the state transitions of the circuit with a
stochastic process, assuming that the probability of each
state transition depends only on the current state — the
key assumption for the Markov chain analysis. The long
term frequency of a transition t, denoted I1,, is the unique
non-negative solution to the equations:

>

t':sink(t")=source(t)

Znt = 1,

ted

Ht = Ht’ . P'f‘(t) (l)

(2)

where Pr(t) is the conditional probability of state transi-
tion t and 4 is the set of state transitions in the burst-mode
machine.

2.3 Technology Mapping Example

We present an overview of the technology mapping proce-
dure, 3D-map, using an example. Figure 3 shows a burst-
mode specification ALUT with conditional probabilities an-
notated. For example, conditional probability Pr(t3_g) of
the environment steering the circuit to make a transition
from state 2 to state 0 1s 10% whereas the conditional prob-
ability of state transition ¢33, Pr{ts_3}, is 90%.

We describe the method by showing how a circuit that
implements LT/ — is derived. The process is as follows: (1)
the state machine is annotated with long term frequencies
as shown in Figure 4; (2) the optimal signal ordering is
determined based on the relative frequencies of the trigger
signals that enable LU — (highlighted in the figure); (3) a
baseline circuit (without decomposition) is created based
on the signal ordering; (4) the weighted Elmore delay of
every legal decomposition of the baseline circuit (with the
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Figure 3: ALU/1 specification with conditional probabilities
annotated,

same signal ordering) is computed, in order to select the
circuit with the optimal average-case delay.

2.3.1 Computing Transition Statistics

Markov chain analysis is used to determine long term fre-
quencies (annotated inside the parentheses). For example,
the long term frequency, II,, ., of transition {50 from
state 6 to state O is 0.024 and that of t5_.3 15 0.206.

The next step is to select all transitions that enable
LU, (ts—3,ts o), and normalize the long term frequen-

cies of these transitions: Il , = %?;]36 = 0.9 and
o, ., = %%4 = 0.1. These normalized values are used to

weight the delay values obtained in the following analysis.

2.3.2 Signal Ordering

Once the normalized long term frequencies of the transi-
tions involving LU/ — are computed, we find all trigger sig-
nals that enable LU —, (start, EvDone, M1A). For each
trigger signal in t5_ 3 and t5_n, we sum the long term fre-
quencies of the transitions in which the trigger signal ap-
pears.

start: I, _, = 0024
EvDone: 1, ., +1; ., = 023
MIA: I, .. = 0206
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Figure 4: ALU! specification with long term frequencies
annotated,

These sums are compared to determine the optimal trig-
ger signal ordering: signals with larger sums are placed
closer to the output. In this example, the trigger signals are
ordered ( EvDone,M1A,start). Below these signals in the
stacks are trigger signals that enable LU+ but not LU —,
followed by all other signals (e.g. level signals) used in the
circuit (there are none in this case).

2.3.3 Creating the First Cut

The first cut of the circuit is created by mapping the sum of
products to a series/parallel network, attempting to share
the transistors starting at the bottom of the stack (clos-
est to ground or Vyaq) while maintaining the trigger signal
ordering determined above. For example, abd + bed =
{ab + be)d, for signal ordering (a, b, ¢, d). The circuit for
LU — is shown in Figure 5. Note that transistors are sized
so that the effective resistance (or drive) of each stack is
equal to that of an nMOS transistor with W/L = 4A : 2.

2.3.4 Decomposition

We then explore all possible decompositions of the first cut,
limiting the longest stack size o 4 and static gate fanins
to 3. One possible decomposition is depicted in Figure 6.
In order to determine the best decomposition, we compute
delay values for all transitions that cause LU —. If there is
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Figure 5: The first cut of ALUT LU circuit: ¢ = Ch =
19.2fF. Cour = 63.6fF; W and R of all pMOS transistors
are 16 and 2.5 K respectively.

more than one trigger signal per transition, we compute the
delay for each trigger signal, assuming that it is the [ast to
switch, and use the mean of the delays.

Ml M3 EvDone —] _Ci 8A
mia—q[16r sp T
Cl —| o
EvDone

T“qT

Coul

start

fset
-

Figure 6: Decomposed ALUI LU circuit: €, = O =
19.2fF.Cy = 96fF Cou, = 58.8fF,; resistance of
pMOS transistors with W = 16, pMOS with W = 84,
and nMOS with W = 8M are 2.5KQ, 5K, and 25K
respectively.

ts_.3: Trigger signals for this transition are FuDone and
M1A. The delay from EvDone— to z+ is the time it takes
to charge Cyy¢ through M and Mo, which is 2 x 2.5 x
58.8 = 294ps. The delay from MIA— to z+ is the sum of
the time it takes to charge C through M, and the time it
takes to charge Coyy¢ through M, and M5, which amounts
10 2.5 % 19.2 4+ 5 x 58.8 = 342ps. Since we do not know
which trigger signal actually switches last, we average the
two delays: 2244342 = 318ps.




ts_.o: Trigger signals for this transition are EvDone and
start. The delay from EvDone+ to x+ is the sum of
the static NAND gate delay and the delay to charge Cout
through Mj, whichis 5 x 19.2 + 5 x 58.8 = 390ps. The
delay from sfarf+ to x+ is slightly higher because start
is placed farther away from the output of the NAND gate:
(2.5 x 9.6 + 5 % 19.2) + 5 x 58.8 = 414ps. Again, since
we do not know which trigger signal actually switches last,
we average the two delays: &;ﬂ = 402ps.

2.3.5 Computing Weighted Delay

Now that we have delay values for the two transitions, we
can compute the weighted delay using the normalized long
term frequency values computed earlier: I, , x 318 +
ﬁtuw x 402 = 326ps. This value is compared to the
weighted delay for each decomposition, in order to se-
lect the decomposition with the minimum weighted delay.
The decomposition shown in Figure 6 yields the minimum
weighted delay in this example. Note that this solution uses
a static gate, which slows down tg_,; (infrequent path) con-
siderably. However, reducing the stack length to 1 in this
infrequent path enables us to reduce the diffusion contact
capacitance of My. This, in turn, reduces Cl,,;, which en-
ables the frequent path to be sped up enough to minimize
the weighted delay.

3 Technology Mapping

Technology mapping is a process of translating a technol-
ogy independent logic equation into a technology depen-
dent netlist. In our case, sum-of-products representations
Of zsey and Zpeqet are mapped to a decomposed generalized
C-element that implements z. For clarity of exposition, we
limit our discussion to deriving a circuit for z+; the same
process is used, independently, to create z—.

3.1 Signal Ordering

To minimize input-to-output delay, late-arriving signals
should drive transistors closest to the output. In that way,
the capacitance on the nodes below will already have been
discharged by the time the late input changes occur at the
transistors closest to the output.

To determine which signals should be placed closest
to the output, we make use of the statistics derived ear-
lier. For each output transition, z+, we determine a set of
transitions {...,t;,...} in which z+ is enabled. For each
transition t,;, we examine the trigger inputs for the transi-
tion, Each trigger input is “credited” with the long term
frequency of every transition (t,) it enables. These cumu-
lative long term frequencies determine the trigger signal
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ordering: the signal with the highest value is placed at the
top of the stack. Signal ordering, once determined, remains
fixed for all decompositions. The signal ordering used in
this way drastically reduces the search space, which other-
wise would be prohibitively large, without sacrificing the
optimality of the solution significanily.

Remaining signals are ordered to facilitate sharing at the
bottom of the stack. Signals that trigger z— transitions but
not z+ are added immediately below the trigger signals for
z+, followed by all other signals at the bottom of the stack.

3.2 Sharing Transistors

In order to reduce the area and the input loading of the
circuit, 3D-map shares common variables amongst prod-
uct terms. However, 3D-map allows sharing transistors at
the bottom of the stack only, closest to ground/Vyy, be-
cause sharing at the top of the stack may introduce charge-
sharing problems. Note that satisfying both the signal or-
dering requirement and the requirement to share transis-
tors only at the bottom of the stack disallows certain shar-
ing. For example, z = ab + ac cannot be re-mapped to
z = a(b + ¢) when ordering (a, b, ¢) is imposed.

3.3 Decomposition and Selection

We need to consider decomposing the stacks in order to
limit stack length. Long series stacks are unattractive for
two reasons: (1} the worst-case delay of the stack increases
quadratically with the stack size; (2} the charge sharing
problem may become significant enough to cause the cir-
cuil to fail. Although it is possible to reduce series resis-
tance using larger transistors, doing so increases the gate
capacitance, which slows down the input transitions. Fur-
thermore, it increases the capacitance between series tran-
sistors (C; o« 2W,,) as well, which aggravates the charge
sharing problem. By decomposing, we eliminate long se-
ries stacks, thus alleviating charge-sharing problems.

3.3.1 AND Decomposition

Any series of transistors in a gC stack may be represented
as an AND function. An AND function can be imple-
mented using a series of transistors. On the other hand,
the same AND function can be implemented as a single
nMOS (pMOS) transistor driven by a static AND (NAND)
gate. In general, parts of series stacks may be implemented
with a transistor driven by a static gate, while the remainder
is implemented as series transistors. We use either NOR or
NAND static gates as depicted in Figure 7.
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Figure 7. (a) Four possible decompositions of a 3-input
N-stack; {(b) Four possible decompositions of a 3-input P-
stack,

3.3.2 Checking Legality of Decompositions
Short Circuits

The decomposition step must not create a circuit that gen-
erates excessive short-circuit current during transitions. No
signal that enables a gC stack, say an N-stack, to turn on in
any state transition can be used to disable a P-stack through
a static gate [9]. That is, if any signal is critical in disabling
a P-stack when an N-stack turns on, it must drive a transis-
tor in the P-stack directly, not through a static gate. Other-
wise, that static gate would delay the P-stack from turning
off until some time after the N-stack turns on, creating a
short circuit condition.

aT
b44 b s :
a T ;

x AT
¢ £ «bi [

4 AND gate delay
Short circuit current
(a)

(b)

Figure &: Short-circuit condition caused by decomposition:
(a) a simple example using a static AND gate and one tran-
sistor in place of two series transistors; (b) conditions un-
der which using the static gate allows short-circuit current
1o flow during a transition,

Without loss of generality, assume that « is a trigger
signal and a+ causes zge Lo rise (an N-stack to turn on)and
Zreset 10 fall (some P-stacks to turn off). Then the necessary
and sufficient condition for short circuit is:
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There exists 7, j such that p, ; =@X where X #
1 and Zreset — Zi H)' Pi -

3D-map performs this check automatically.

Hazards

The decompositions used in our method do not create haz-
ards, because recursively decomposing an AND gate with
smaller AND gates is hazard-free [5, 6]. Because the 3D
tool creates hazard-free realizations, the circuits decom-
posed by our tool do not contain hazards.

3.3.3 Evaluating Decompositions

For every legal decomposition, 3D-map calculates the
average-case delay of the z+ portion of the circuit. 3D-
map assigns transistor widths, from which resistance and
capacitance values can be derived, and then computes El-
more delays for all transitions in which z+ is enabled.

The first step is to select transistor widths, the key pa-
rameter used in modeling the circuit. We assign widths so
that the effective resistance along each path from gC out-
put to Vygq/ground is approximately equal to that of a single
nMOS transistor with W = 4. We assume that pMOS de-
vices have rwice the resistance of nMOS devices.

Clearly, adding static gates to reduce the stack size or
adjusting transistor widths to normalize the drive of each
stack causes the loading of input buffers to vary. 3D-map
assumes that both true and complement forms of inputs are
available through separate buffers (drivers) and the drive of
each buffer is sufficiently large so that small perturbation
in the loading has little effect on input buffer delay.

Resistance of a transistor is parameterized in terms of
Rn, the resistance of one square of transistor channel
(L = W). L is fixed at 2A, so the number of squares is
‘VLV = % Gate and diffusion contact capacitance (Cy, Cy)
are parameterized in terms of transistor width in units of
A. We assume that diffusion contacts are not shared. In
other words, capacitance between two series transistors is
the sum of the diffusion contact capacitances of both tran-
sistors.

2
= =R
R e (3

The total capacitance on node x (see Figure 9} is C; =
Cyq + Cload, where Cy is the diffusion contact capacitance
of the transistor at the top of the stack to be decomposed
and Clpad is the sum of the capacitance contributed by out-
put inverter pairs as well as diffusion contacts from other
stacks. Because not all of these values are known a priori,
3D-map assumes that Cleaq 15 equivalent to approximately
6 INVI (W =8)X:4)).
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Figure 9: An RC model of a gC element: (a) An N-stack
of gC element (inverters omitted); {b) Corresponding RC
model.

A simple RC model of the circuit is created by substitut-
ing every transistor with a resistor and adding a capacitor
on every node, as shown in Figure 9. We compute the de-
lay from the latest arriving input to output using the Elmore
delay model [7]. Assuming that M} (k € 1...n)is the last
transistor to turn on, the delay from ay. to x is computed as

below: 7
D R

j=1

n

D=

i=k

Cia (5)

where n is the number of resistors in the stack. All other in-
puts are assumed to have stabilized in advance. Transistor
chains between the trigger point and ground are modeled
as a series resistor network; capacitors € through Cy_
are assumed to have been discharged in advance.

Example: Three examples of Elmore delay calculation
are depicted in Figure 10. Figures 10ab illustrate input
transitions a+ and b+ turning on a simple 2-input N-stack.
If a+ occurs later than b+, then the delay from a+ to out —
is RiCy + (Ry + R»)C;. Otherwise, the delay from b+
to out- is (R; + R2)Cy. Figure 10 shows a 3-input N-
stack decomposed into a NOR gate and a 2-input N-stack.
The delay from @— to out—, assuming that @ is the latest
arriving trigger signal, is 2RoCo + R1C) + {R) + R3)Ca.

3.3.4 Decomposition Selection

To select a decomposition, we use statistically weighted
Elmore delay values. For z+4, we select the set of state
transitions {...,¢,,...} in which z+ is enabled. We then
calculate the delay for each transition £, and compute the
average-case delay value using statistics derived earlier.
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Figure 10: Elmore delay model: (a) a+ arrives late; (b) b+
arrives late; (c) @ is the latest arriving trigger signal.

In order to find a decomposition that yields the minimum
average-case delay, this process is repeated for every legal
decomposition.

For each state transition ¢, in which z+ is enabled, and
for each trigger signal a; in t,, we calculate the delay from
a; to output, assuming that a, is the last trigger input to
switch, Since we do not have sufficient information about
the environment to determine which trigger signal switches
last, we 1zke the arithmetic mean of the delay values ob-
tained for all trigger signals in ¢,.

Si?ﬂlj;}b—l -/ 3
3;1‘:43%[;}»1 RS 2R

Figure 11: Don’t-cares in state transitions ([a,b,¢] =
[#,1,1]): (a) @ = 0, hence left side of circuit is OFF (b)
a = 1, hence left side of circuit is ON, reducing resistance
oR|R=2E&.

(a)

(b)

Although don’t care signals can never enable an cutput
to switch, they may alter the resistance of certain paths.
Hence they may introduce multiple possible delay values,
as shown in Figure 11. Again we have a practical limita-
tion on the amount of information we can request from the
designer. Therefore we assume that it is equally probable
for a don’t care signal to assume 0 or 1. We calculate the






