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1 Abstract

Several designs of self-timed (some of which spead independent) latch circuits are
presented. These ae used in the speeal independent (SI) implementation d two
conseautive binary assgnment statements. Isaues sich as logic reduction, uili sation d
well known, simple comporents, and respornse speed improvement are dedt with in
detail . The techniques employed can be used in designing other asynchronous circuits
where regularity and moduarity are important isaues.

2 Problem

In studying asynchronows communication mechanisms (ACMs) [1], the problem of
implementing two conseautive binary assgnment statementsin afully Sl fashionwas
encourtered. This problem is dated below:

Two binary assgnment statements,

X=Y,
y.=a.

wherex, y, a 0 {0, 1}, areto beimplemented with Sl hardware. The “start” signal
(request) for the first statement is recaved from the environment of the arcuit. When
both statements are completed, a “done” signal (adknowledgement) isto beissued by
the drcuit to the environment. This handshakeis shown in Figure 1.

It shoud be noted that the sequence of assgnment statementsisimportant. In ather
words, in the murse of exeaution d these two statements, x is assgned the old value of
y andy is assgned the value of a.
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Figure 1 Basic handshake protocol of circuit.

An obvous, nonspead-independent solution existsin the form of “shifting registers’ as
shownin Figure 2.
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Figure 2 A simple implementation of two consecutive assignments.

If the latches in Figure 2 are of the master-slave (MS) type, the rising edge of the dock
pulse can be used to trigger the masters and the falli ng edge the slaves. Thisimplements
the two statementsin “parallel” logic.

In redity, of course, the parall elism does not speed upthe resporse asit still requires
two sequential latch adions to implement ead o the two statements.

In addition, thisis not an SI solution and requires the environment to determine the
timing of both stages of the two statements. Spedficdly, the length of the dock puseis
not diredly dependent onthe adual completion d the master part of the a¢ion andthe
completion d the slave part of the a¢ionis not colleded for future use.

3 Sdf-timed considerations

The requirement that the sequential nature of the two statements must be strictly
observed meansthat at least two separate layers of latch adion must be used in the
implementation. These can be in the form of either master-slave pairsin a parall el
solution a single layer latches conreded in seriesin asequential solution. The interest
in smplicity implies that we only seek solutions with two layers of latch adion.

Therefore, to further clarify what a self-timed solution must provide, we establi sh a set
of more detail ed handshake protocols for the drcuit. Thisis siown in Figure 3. It
impliesthat both layers of latches need to be cnneded to completionlogic, or produce
their own completion signals, to serve atherequired “done,” and “done,” signals.
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Figure 3 Detailed specification of self-timed solutions.

4  Direct solution

A completely SI master-slave latch can be foundin [2] andisused in [3]. This circuit
can be immediately adapted for use here by inserting it into the shifting register scheme
in Figure 2. A modified form of thislatch isused here andis shown in Figure 4.
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Figure 4 Self-timed master-dave latch circuit its symbol.

Ascan beseenin [3], thiscircuit is quite slow in the original form where the completion
logic isimplemented with asingle ammplex gate, providing speeal independence Here
we have used separate gates to increase performance, leaving the question d spedad
independence open. If the layout is caried ou in-house, assumptions can be made so
that thisis not a problem to worry abou. Simulations have shown that the not strictly S|
circuit adopted here provides areasonable resporse time. However, the logic
expenditureisfairly large. As snown in Figure 5, the cmplete design using this
technique dso includes a C-element to colled the done signals from the two latch peirs
and a D-element which manages the start-done handshake. Both of these ae very quick
and simple implementations which do na impede the performance of the overall circuit
too much.

The handshake deamupging D-element isindependently proposed in [2] and[4]. The
implementation adopted hereis suggested in [2]. This implementation comprising four
two-inpu NOR gates and an inverter is siown in Figure 6. Being completely Sl, this
circuit hasthe STG shown in Figure 7, which is an econamic way of managing the four-
phase protocol for the overal start-dore handshake.
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Figure5 Self-timed shifting register solution.
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Figure 6 Speed independent D-element circuit and its symbol.
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Figure 7 STG of D-element.

5 Decomposition and synthesis

The dired attempt to modify the shift register solution to a self-timed solutionis not
satisfadory. Further improvements are d@tempted by decomposing and refining the
problem whil e using automatic synthesis whenever passble. Thistednique is employed
to generated several solutions.

5.1 Simplified data path
The most obvious decompasitionis to dvide the data handling fadliti es from anything

else.

Sinceit has been establi shed that any solution d the problem must have two layers of
latch adion, the parall el solution daes nat provide any red benefitsin resporse time,
espedally when there is aneed to trigger the secondlayer of latch adion by the
completion d thefirst layer. If asingle statement can be implemented with asingle
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layer of latch adion, a sequentia solution would have the same resporse time s a
parall el one, al other things being equal.

Thelogicd next step isto try and find single layer latches that producetheir own dore
signalsand are smplein design, invalving aminimal number of smple gatesin the
forward path. One such latch can then be used to implement eat of the statements,
providing amuch simplified data path.

Such a basic latch with completion logic has been foundin [2] andis shown in Figure 8.
The completionlogicisaso very simple, compared with that foundin Figure 4.
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Figure 8 Speed independent latch circuit and its symbol.

By using two such latchesin series, the system can be decompaosed into threeparts as
shown in Figure 9. Here we adopt the conventional terminology of cdling the input
latch the “master” and the output latch the “slave” and index the signals of these latches
with the letters m and s, respedively.
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control logic
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Figure 9 Two simplelatches with control logic.

5.2 Sequential control logic design

The antrol logic is nealed to maintain the protocols gedfied in Figure 3. A more
detail ed speaficaionin the form of STG, comprising four-phase handshake protocols,
isgivenin Figure 10.

The signal smrepresents the state “done” of the slave latch and the “start” of the master
latch. In ather words, it is where the transition d adion from the slave to the master
happens. The entirely sequential nature of the STG spedfies an Sl design whichis
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potential y delay insensitive, if the latches used are required to na isuue
adknowledgement reset signals (as- and a,-) before their datainputs have been cut off.
Thisisthe cae for the latch circuit in Figure 8.

:start+—> [t —= st — [ — a5 —» SITH = [+ 3,
dorne- -« s —=— start- -e— dornet —e— g, <= - 4:

Figure 10 Specification STG of the control part of Figure9.
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Figure 11 Simple control logic using D-elements.

By observing the STGsin Figure 10 and Figure 7, it is clea that handshake demuging
devices, such asthe D-element, can be used to oltain asymmetricd design of the
control part. Such a solutionwith D-elementsis shown in Figure 11.

This olution hes the advantage of employing simple dements, all of which have asmall
number of layers of simple gates with a minimum number of inpusin the forward path.
It isalso completely SI and delay insensitive. The @ntrol logic isimplemented with two
identicd circuits (D-elements) which are mnneded by the intermediate signal sm.

The pricepaid to oltain delay insensitivity isto have a ompletely sequential STG
including the resetting phases. If assumptions can be made &ou the resetting
charaderistics of the latches used, faster solutions may be obtained by adding
paral elism into the control logic STG.

5.3 Paralle solution with direct Pet ri f y synthesis

From Figure 8, it is clea that the input of the latch is cut off when the signal r- (- or
r<, depending onthe latch) isrecaved by it. Thisimpliesthat the environment does not
need to wait for the signal a- (a.- or as-, depending on the latch) to safely change the
datainpu. Asauming that r- affeds the latch more quickly than it does the environment,
this sgnal can be safely used to generate the dore signal for the environment. This
asumptionisreasonable in the latch circuit we have dhosen to use (Figure 8) andthe
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likely environment in which it will be found.Spedficdly, we ae propaosing to
implement the control logic and the latches on the same dchip and arrange them
adjacently in the layout. Therefore the wire delay for signal r from the @ntrol logic to
the latch will be negligible and it will take one gate delay for r- to shut the datainput of
the latch dff. The shortest time the environment will need to affed a dhange & the data
inpu of thelatch islikely to be many timesthat. If r- is used to generate dore, the
function d signa a- then becomes purely the maintenance of the four-phase handshake
protocol.

Based onthis assumption,amore dficient STG of the control logic isgiven in Figure
12. The resetting phases for both adknowledgements are runin paralle with the main

path.
(—kas- ﬁ (07 Anr ﬁ
start+ —m rot+ —— gt = [~ [+ -t [
C;dore -«— dStart- -« doret <—>

Figure 12 Parallel STG for the control logicin Figure9.

The @ntrol logic can then be synthesised with Pet r i f y based onthis STG
speaficaion. However, athough the STG is clealy regular including two essentialy
identicd parts, the result from Pet r i f y does not show any apparent regularity. Thisis
given below:

done= @ Dﬂ;

rm :@[{E@‘Frm);
r, = csgla, BtartEsg+r, );

csg =csgla, +1,)+a, EsG ;

csc, = csG,[t_ + start.

This circuit uses four latches andis excessvely complex. The benefits of the simplified
data path are negated by having the large antrol logic. Obvioudly, Pet ri f y doesnot
provide solutions with regularity.

5.4 Faster speed independent solution based on modified D-elements

A comparison d the STGsin Figure 10 and Figure 12 indicaes that a manual
decompasition d the control logic into two identicd modified D-elements may provide
the answer for afaster solution. The STG for such an element would need to be
modified from the sequential one to the concurrent one shown in Figure 13.
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Figure 13 Modified STG of the control element for thefirst latch.

Pet ri fy wasused to synthesise a ¢rcuit with thismodified STG. After asmall
manual optimisation, the modified D-element shown in Figure 14 is obtained.
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Figure 14 Modified D-element with parallel resetting of a,.

Instead of the dl-simple gate solution in Figure 6, this D-element contains a C-element.
However, the C-element can be implemented as a symmetricd circuit with pass
transistors, which isfast [5] and helps to redise the potential savings ontime &
prescribed by the modified STG of Figure 13.

A faster Sl solutionis obtained by using this version d D-element to control both
latchesin Figure 11.

5.5 Fast non speed independent solution

The performanceof the arcuit in Figure 11 can be further improved by modifying the
handshake deauging elements 0 that eventsre- and r+ happen “almost”
simultaneoudly. “ Almost” in this nse means that these ae enabled at the same time
and “fired” within a predictable small delay. Timing assumptions accepted in this
example result in anon-Sl circuit.

An STG of the modified deauping element, cdled aB-element, is s1own in Figure 15.
Such a drcuit provides the nesting of the setting handshake phases (r1+ - ro+ - axt)
and the @ncurrent exeaution d the resetting phases (a;+ — ri- andro- - ap-). The
dotted arc shows the adual causal relationin the darcuit implementation.

The drcuit implementation shown in Figure 16 is completely SI, though non @rsistent
and nonsemi-moduar. It may happen that the transition s- caused by a;- beaomes
interrupted by r;-, thus forming a glitch at s. However, this glitch doesnot result in a
hazard at the output r,, because signals arrive & the AND gate in the foll owing order: s-
- - » St - ryt+, i.e. monaonotsly.
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Figure 15 STG of B-element.
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Figure 16 Circuit implementation of B-element.

If both D-elementsin Figure 11 are replacal by B-elements, a passhbility occurs that re-
happens after r+ has brought a new dataitem to the inpu of the slave latch (change of
y). Thisposshility is eliminated by careful consideration d gate delays. In the propased
implementation, ast causes a chain o events, which branchesinto two parallel paths at
a; of theright-hand ceaouping element. Starting from the bifurcation pant, it takes 3
gate delays (the AND gate is represented by aNAND-NOT pair) to propagate the signal
to re. The number of gate delays in the path which goes through the left-hand decouging
element and the master latch to the data inpu of the slave latch is 4, which is sufficient
[6] to guaranteethe order r< — change of .

6 Simulation results

All circuits presented here have been pu through the VLSI design flow of Cadence,
using the AMS-0.6um toadlkit, with some of the figures taken diredly from their
Cadence schematics. Anaogue simulations using Cadence Spedre have been carried ou
for al circuits based onidenticd assumptions abou the techndogy and operating
environment. Overall resporse times (from start+ to donet) have been recorded for all
circuits. These aegivenin Table 1.

S| M/S shifting register (Sedion 4 4.61rs
D-element control logic (Sedion 5.9 4.15r8
Pet ri fy synthesised control logic (Sedion 5.3 5.41rs
Modified D-element control logic (Sedion 5.9 3.33r8
B-element control logic (Sedion 5.9 1.69rs

Table 1 Performance comparison of all solutions.
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The timing values are averages from multiple simulationrunsin order to eliminate the
effeds of such fadors as data values and initia condtions. The results confirm the
intuitive nation that the majority of timeis gent in the control logic, when fast data
paths are enployed. It isalso qute dea that using theresult of Pet ri fy diredly
withou having considered the optimum refinement and decompositionis not in genera
agoodidea The improvement obtained by using B-elementsis sgnificant.

As expeded, nologicd function violations or hazards were observed duing all
simulation sessons.

7 Conclusions and discussions

Thiswork started ou asthe finding of ad hac hardware solutions to the problem of two
conseautive binary assgnment statements with a requirement of self-timing and speed
independence The solutions themselves turned ou to be degant and systematic enough
to be shown in their own right.

By concentrating on well known and simple dementsit is possble to achieve better
logic dficiency andfaster resporse. The general techniques of these solutions can be
applied to amuch wider field where two latches need to be “strung up” sequentialy in
an SI manner. For instance, it can be used to implement the drcuits which assemble two
half bytesinto awhade byte proposed in [7], or by extension, any similar circuits which
asEmble two dataitems of the same size into a data item twicethe size (two bytesinto a
16-bit word, etc.).

These solutions can be gplied to sequentia statements numbering more than two, in
which case amodified shift register, with eaty master and slave pair conneded using the
tedhniques shown here can be employed.

These tedhniques can also be used to develop genera purpose master-slave pairsthat are
Sl internaly.

The design methoddogy of decompasiti or/refinement combined with automatic
synthesis has again been shown to be dfedive. The arrent shortcoming of such
synthesistodsasPet ri fy in deding with regular solutions has been demonstrated.

Thiswork is suppated by the EPSRC Comfort and HADES projeds at Newcastle
University.
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