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Abstract

This paper presents an algorithm for efficient distributidbrtompletion detection blocks in a dual-
rail self-timed circuit to ensure correct computation of tompletion signal. Layer-wise optimisation
technique is used with the width of layers selected so astisfiséiming constrains and use the least
possible number of completion detection blocks.

1 Introduction

Dual-rail self-timed circuits do not have a clock and requivmpletion detection to be used to generate
a signaldone which informs the environment that the circuit has producedect data on the output and
all its internal gates are in stable state. Because oéahlg propagation effect [4] it is not enough only
to check that the circuit outputs are ready. The circuit campce correct output data much earlier than
all its internal gates come to a stable state. As a resultetivdonment can switch circuit inputs from
codeword to spacer too early. If the spacer propagates thste a codeword it can eventually overtake the
codeword that leads to hazards in the single-spacer priditjcand even to incorrect functionality in the
alternating-spacer protocol [4].

A possible implementation of completion detection bloaksthe dual-rail logic is shown in Figure 1.
As the single-spacer protocol uses all-zeroes combing@6hto represent a spacer and combinations
{01} and {10} to encode values 0 and 1 it is possible to use apn©OR gate (see Figure 1(a)) to check
if the wire has switched from a spacer to a codeword or viceevand produce thaone signal. In case of
the alternating-spacer protocol a spacer can also be edesdeombination {11} and hence a XOR gate
should be used to distinguish between spacers and codeassii®wn in Figure 1(b).

dual-rail wire dual-rail wire

e e — o e e — o

(a) single-rail protocol (b) alternating-spacer protocol

Figure 1: Completion detection blocks
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(c) Layer-wise optimisation

Figure 2: Completion detection optimisation
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The obvious way to ensure the correct computation of the ¢etiop signal is to check not only the
outputs of the circuit but the outputs of all the internalagat This simple way is very inefficient albeit
speed-independent [3]. The example circuit in Figure 2(a) needs 12 completietedtion blocks using
this approach (actually same as the total number of gatéeeinitcuit). Completion detection blocks are
marked asd. Efficientimplementations of a multi-input C-element tisatised to produce thdone signal
can be found in [1]. Note that inputs of the circuit needn’thecked with completion detection blocks as
the environment confirms their stable state withgbesignal.

There are several possible ways to decrease the number pfetion detection blocks used for correct
computation of thelone signal [3]. They are based on relative timing constrairiterefore the circuit is
no longer speed-independent. One of these methquxhswise optimisation. The method assumes that
the longest delay of circuit stabilisation is determineditgycritical path. Therefore it is enough to put
completion detection blocks only on the outputs of the gatethe critical path. The result of application
of this optimisation to the same circuit is shown in Figurb)2(Only 6 completion detection blocks are
used here as the circuit has a critical path composed of $esdthey are marked as gray in the figure).
Unfortunately the assumption of the method is incorrectinagal case as for some input transitions shorter
paths can have longer delay of stabilisation. To increasedlability of the method it is possible to select
several paths for completion control instead of the criitbcee only. But still this won't guarantee the correct
behaviour of completion detection logic without compudatlly complex dynamic timing analysis [2].

Another method of optimisationayer-wise optimisation, is more reliable and promising. It relies
on relative timing of gates in the circuit and skips some tays gates without completion detection, as
shown on Figure 2(c). The layers of gates that were skippetharked with gray (6 gates were skipped in
total). For example, the three gates in the last layer nédéenthecked for completion because the multi-
input C-element producindpne signal is very slow in comparison with simple boolean gatestherefore
these three gates will stabilise and produce output befedmpletion signals from the previous gates
propagate the through completion detection blocks and teéef@ent. Same observation is used to skip
completion detection in the other two layers. In [3] the \idf layers is kept almost constant throughout
the circuit but in fact careful timing analysis of given aiitallows the width to be increased from layer
to layer and eventually obtain substantial reduction torthmber of used completion detection blocks.
This paper presents an algorithm for refined layer-wisenaiptition that uses layers of width potentially
growing in geometric progression.

2 Layer-wise optimisation refinement

To start description of the algorithm two timing functiorfsosid be introduced. Lef(C) denote the
maximum time for acircuit C' to stabilise on all possible input transitions. Also &) denote the
minimum time for thecircuit C' outputs to stabilise on all possible input transitions. Note tii&f’) is
responsible for stabilisation of all the internal gate€’oivhile ¢(C') is responsible for outputs @f only.
Both functions should takearly propagation effect into account. The least possible delay of the multi-input
C-element will be denoted as.. Knowledge of the implementation of the multi-input C-elemhcan be
used to calculate the delay more accurately for differgrars This paper however uses only conservative
lower bound on the delaxz for the C-element. The algorithm needs only minor modifaragifor any
given particular implementation of the multi-input C-elent.

Now it is possible to derive the width of the first laykg (layers are counted from the right side of the
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circuit). Its width is determined by the following inequti

f(Lo) < Ac

Itis quite easy to understand the reasoning behind: thédirst L., has no completion detection blocks
attached to it and therefore it has to stabilise completefpie the completion signal from the previous
layer propagates through the C-element. After observiagwie can derive a bit more complex constraint
for the second layek :

f(L1) < Ac +g(La)

Here layerL; must stabilise not later than its outputs stabiligel(;) term) and completion detection
from them passes through the C-elemehg(term). Up to now there is no difference between the usual
layer-wise optimisation and the new refinement. But the taimgs for the next layel, are already
different. In the usual layer-wise optimisation we bounelwidth of L5 by:

f(L2) < Ac + g(La),

which is similar to layel; . But the refinement is that the constraint for width can be relaxed in the
following way:

f(L2) < Ac+g(L1 U Ls)

The reasoning behind is that layles must stabilise not later than all outputsiof stabilise (L, UL>)
term) and the completion detection from them passes thr@Qiglement A\ term). It is hard to realise
now why there should be completion detection blocks aftgerd., if they are not mentioned iany
constraint at all. The reason is that these blocks are usgfidmeorrect computation of completion signal
for layer L, but for correct computation of that fdr;. When stating the constraint for layés it was
assumed that its inputs will change simultaneously. Butithaot true if the layer is not the leftmost in
the circuit. Completion detection blocks standing befdve flayer implicitly solve this problem. They
guarantee correctness of either completion signal figror completion signal frond.

The general inequality for laydr,, can be now easily derived by induction:

f(Ln) < Ao+ 9(Up—y L)

The above inequality implies that the width of layley is greater than the width df,,_;. The exact
growth factor is determined by particular circuit but it che estimated to be greater than one. That
can optimise the number of used completion detection blsigksficantly. Figure 3 shows the result of
application of the refined layer-wise optimisation to theamyple circuit. Only 4 completion detection
blocks are used here that is the best result obtained wirdift optimisation techniques.

Algorithm for the refined layer-wise optimisation (shownrfilgorithm 1) can be easily written to have
O(H - n) complexity wheren is the number of gates in the circuit afifl is its averagédeight, i.e. the
average number of gates that can be attached to a cut of théteiithout violation of the topological
order of gates in the circuit. In the example circHitis equal to 3 approximately. Note that the algorithm
uses conservative estimations of functighandg as their exact evaluation is too time consuming and
practically intractable. The estimations used are basdthdimg critical paths.
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Figure 3: Refined layer-wise optimisation

The algorithm works on dual-rail circuits and therefore @pes ondual pairs of gates. A dual gate is
a pair of gates in the dual-rail circuit whose outputs formualdvire.

The algorithm is iterative. In each iteration a dual pair deled to the partially constructed circuit.
The pair to add is selected from candidates that can be addée partially constructed circuit without
violation of the topological order of gates in the circuitn@ng these pairs the one that minimigé¢s,,) —
9(Up—; L) is selected. If no dual pair of gates can be added withoustiah of constraintf(L,,) <
Ac + g(U,_, Li) the current layer is considered finished and new layer statiss iterative technique
allows the estimations of functiornfsandg to be obtained in constant time for every gate pair addedgo th
layer, thereby reducing time complexity.

Algorithm 1 Refined layer-wise optimisation

Gven : G- set of gates of the circuit;
Result: L - set of layers for conpletion detection;

n=0; // current |ayer
whi | e( G # Q)
{
Let Q:UZ:1 ka
<Sel ect pair (z,y) of dual gates such that:>
1) ze€G and ye€G;
2) all outputs of x and y are in QU Lo;
3) flxaUyULyp)—g(zxUyUQ) is mnimsed.

if flzUyULy) <Ac+g(zUyUQ)then

{ <Add z and y to current |ayer L,>;
<Delete x and y from G>.

}

el se

{
n++; // Layer L, is finished.

}

}
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3 Conclusions

A refinement to the layer-wise optimisation technique ofig3yresented. Theoretical results appear to be
promising but their practical use is to be determined yet Réy feature of the technique is that it is based
on relative timing characteristics of circuit paths and pgkise of delays in signal propagation through
layers and a multi-input C-element.

The presented algorithm for layer-wise optimisation istgdast that allows it to be used for large
circuits. It is not linear though with respect to circuitesiand further optimisations are most probably
possible.
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