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Abstract DIMS logic to create fast circuits whilst preserving many
of its beneficial properties.

Delay-insensitive dual-rail and bundled data design Many of the problems in the DIMS approach are caused
methodologies are the two main approaches used for the by the gates trying to manage the timing as well as the logic
creation of asynchronous circuits. Bundled data allows the of the function. By separating the timing and logic parts of
creation of fast, low overhead circuits, whereas dual-rail the circuit (and losing the ‘QDI-ness’), a faster circuit can
allows bit-level pipelining and true average case be created, as demonstrated with Phased Logic. The
performance. This paper presents ‘Early output’ logic, communication protocol remains QDI and timing
which combines the positive features of the two methods toassumptions are only applied in local logic.
create faster asynchronous circuits. This method allows  DIMS gates are large and slow due to the C-elements
the creation of circuits yielding performance faster than required to ensure the output only rises when all inputs are
synchronous counterparts. valid and falls only when they both return to NULL. If these

Early output implementations allow logic to create restrictions are moved into separate guarding logic the
results before all inputs are presented. The results move togates can be much smaller and faster.
the next stage, but the current stage stalls while waiting for  Effectively all the gate is now required to do is to execute
the late inputs to arrive simply to acknowledge them. This the logical operation on the dual-rail inputs. Figure 1 shows
unnecessary wait can be removed by allowing backwardsan early output OR gate compared with its DIMS
propagating ‘Anti-Tokens’ to remove the late inputs. The counterpart. The delay through the gate is equal to that of a
use of anti-tokens and improved semi-decoupled latchessingle gate stage.
allows the removal of many stalls due to unnecessary
synchronisations, thus improving the performance of the
circuit.

1. Introduction

The four-phase dual-rail [4] approach returns both wires
to zero after each transaction. This allows fully quasi delay
insensitive circuits to be created which do not need to hold
state. Delay-Insensitive Minterm Synthesis (DIMS) is the
approach usually taken to create QDI circuits. It allows .
logic to be constructed without the need for matched  Figure 1: DIMS and Early output OR gates
delays. Unfortunately DIMS gates are large, slow and  Figure 2 shows the output of DIMS and early output OR
power-hungry (fig. 1). Additionally, the four phase protocol gates. The early output gate outputs early in two cases
forces each stage to waste as much time returning to zero(marked with a *). Although this is beneficial because the
as it used to calculate the data. Although DIMS works very resultarrives at its destination sooner it does not ensure that
well in creating bit-level pipelined and perfect average all inputs have arrived.

timed circuits, the gates are too slow to compete with other DIMS OR Early Output OR
design styles. 0| N 1 0 N 1
0 0 N 1 0 0 N 1
2. Early output logic N|N|NJ|N N[N |1
1 1 N 1 1 1 1* 1

Early output logic addresses some of the problems in Figure 2: DIMS vs early output behaviour



A DIMS gate: late-arriving (unnecessary) data will begin to ripple through
1) outputs NULL when all inputs are NULL. the logic in_ parallel with its ‘valid’ signal triggerin_g its
2) executes the required logical operation removal. It is t_herefore necessary for the Ioglg designer to

_ S ) ensure that this ‘runt’ data does not both survive and have

3) only outputs a valid value when all inputs are valid. 5 syfficient delay for it to reach the an early output gate after
4) only returns to NULL when all inputs are NULL the other inputs have returned to NULL. In this

The early output only has properties 1 and 2, so some circumstance .a.false data_ packet pould be introduged.
other mechanism must be provided to ensure correct However the timing constraints on this appear to be fairly
operation. easy to meet.

2.1. Guarding 2.2. Early output states

Property 3 (above) ensures that only when allinputsinto ~ Early output gates may output a value before all inputs
a stage are valid will the result become valid. In an early are valid. This increases the speed of computation. These
output logic system this is undesirable. Instead the €arly outputstates allow the resultto move to the next stage
requirement is merely that all the inputs must have been While current stage waits for all inputs to arrive before
asserted before they can be acknowledged. acknowledging them. A good early output design will use

Figure 3 shows an example of an early output pipeline @ many of these early output cases as possible. Figure 4
stage. Two levels of C-element are used to guaranteeShOWS a possible design for a dual-rail 2:1 multiplexer
operation. The first C-elements (C1 and C2) are adjacent to@long with its truth table. Although the design is correct it
the output latches; these ‘guarding’ C-elements produce and0es not capture all early output states.

acknowledge when the output latches have captured the A S
input data —the timing of which is implicitin the (grey) data — ATBINTO L
signals — and all the contributing input stages have output N|NIN|[N]|N
valid data. These then signal an acknowledgement to the ) Q [O[NINJO*|N
input latches. This ensures that a latch will not receive an LINJNJIN
acknowledge until it is ready and raises it has output data. Z‘ g E g OO
Ri B_ (I 1| 0fN| 1| O
Output N|1IN|[N]1*
Ro c3 C1l A Latch *— O|1fJN| O] 12
S 1| 1fN| 1|1
Input  |A9 C ‘_@ ) ) )
Latch |y — j Figure 4: Early output multiplexer design
Ri Figure 5 shows an improved design which catches two
Ro >| Output extra_early output cases. This circuit will be able to create
Input  |A° /6 /6 Ai | Latch a valld. outpyt '|f both data inputs are equal and thus the
Latch |yo U NG ) select input is irrelevant.
CZ T2 A <
Figure 3: Guarding example ) >—‘ ATBINT]O |1
The second set of C-elements ensures that all the latches D_ )—‘ ﬁ E E Qi E
the data has been sent to have acknowledged before the . T NIN [T N
input latch may change. In many cases (such as C4 in fig. N[ofN[ N[O
3) these elements may be degenerate and can be removed "_D—-j olofo| oo
and in other cases optimisations are possible. B | nll i’ an hll 12
These C-elements also ensure that all relevant latches ) o1l NT o1
achieve a NULL state in between data values (property 4, S T 1l 1] 1
above).
This mechanism requires an additional ‘valid’ (Vo) Figure 5: Alternative multiplexer design

signal to accompany the data assertion. In a four-phase,
dual-rail system this may simply be provided by an OR of
the input bits. This signal may already be available within
the latch controller (see fig. 6).

There is a hazard introduced by this approach in that

By rearranging logic it is often possible to create circuits
which capture more of the early output cases. Circuits with
more early output cases will stop and unnecessarily wait for
late inputs less often.



make circuits with less internal synchronisations.

Unfortunately, the cost in performance and area of the
Although gates can output results early, guarding logic above design is very high.

ensures that a pipeline stage waits for the late inputs before

acknowledging. During this time the data on the output is 3.1. Early output semi-decoupled latch

valid and will remain so until the last input arrives. This ) _ )

stops any subsequent stages from moving more than halfa A cheaper semi-decoupled latch is required to allow

cycle ahead. The later stages can calculate the result withcircuits to operate with fewer synchronisations. All latches

the input just fed to them but, after entering the reset phase,used by early output circuits described in this paper output

they will wait for the input to return to zero. This takes time @ Validity signal. The Vo (Valid out) line is connected

and, ideally, the stage should be allowed to work on the next through C-elements to the Ao (Acknowledge out). This

set of data. allows the data signals to drop but the Ao line will remain

A latch between the stages could remove the value from high until Vo has dropped. This stops the stage from

3. Semi-decoupled latches

the input to allow the stage to complete the completing the acknowledge but later stages can complete
acknowledgement. This latch would have to wait until the the cycle and start a new one.
input has returned to zero before continuing to pass data. :
) . Ri_O Ro_O
These are the properties of a semi-decoupled latch. R.—1> Earl ?{’ 1
Figure 6 shows the standard dual-rail latch design [3] L] Ol?tr 3(“ | RO_
which has been adapted for use in early output logic. The : P
) . Ai | Latch Ao —
OR gate is used to both provide an acknowledge backwards ~ C —
and a validity forwards. Vo
Ri_O
= Ro_0 . .
)l C ——— Figure 8: Vo to Ao connection
Ao
Ri 1 O<} Using early output logic it is safe to force data to zero
= C ) Ro_1 and still ensure the stage does not complete the
T acknowledge phase. Figure 9 shows a much cheaper semi-
decoupled latch design. The cost of the two AND gates is
Al Vo very low. The latch also is faster to react to acknowledge

signals. Due to the sequencing of the transitions, each of the

Figure 6: Standard dual-rail latch AND gates can be implemented using only two transistors.

Figure 7 shows a commonly used dual-rail semi- |RiO N\
decoupled latch. The data outputs of a semi-decoupled ) C ) LaF Ro9
latch will fall once the acknowledge signal reaches it, even RI 1 o< = Ao C
if the input data has not returned to zero. The component is C \ Ro 1
much more complex than the standard dual-rail latch, and ] / g H =
it requires a C-element to store some state. The state N
holding C-element fires when the output signal is Al val
acknowledged. It remains on until the data C-elements have

returned to zero.
Ri_0

Figure 9: Early output semi-decoupled latch

Data out lines (Ro_0 and Ro_1) are driven high when the
C-elements switch high, and low when the acknowledge
becomes high. Due to this strict sequencing, the AND gate
can be created with a P-type pass transistor, to propagate the
data when the acknowledge is low and an N-type transistor
to force the signal to ground when the acknowledge is high.

Vo

Ro_1

{Ch
Al ]
In early output circuits the ‘valid out’ (Vo) signal can

Figure 7: Standard semi-decoupled latch delay a transition on the acknowledgement signal until the
The semi-decoupled property of the latch is required to latch is ready to accept it. Normally it is used to delay the
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4. Anti-Tokens




acknowledgement until the latch has some data to destroy,
or to prevent the acknowledgement from being released
until the latch has finished returning to zero. In the semi-
decoupled latch the direct relation of the data output to the
validity signal is broken. The valid signal no longer states
the condition of the outputs but is used to control the
acknowledge signal.

By asserting the valid signal before outputting any data
the latch opens itself to receive an acknowledgement. This
will happen in early output cases. Normally latches are not raise their output validity early.
ready to receive an early acknowledgement as they do not  Early output logic generates anti-tokens in early output
have any data to destroy. If the latch were to deliberately cases. The example in figure 11 shows a multiplexer with
raise the wvalid signal and receive an early only the data inputs valid. As shown in section 2.2, a 2:1
acknowledgement, the correct action by the latch would be multiplexer can be designed so that in some cases it can
to destroy the next token it receives. It can then release thecreate a valid output before the select signal arrives. Once
validity signal and allow the stage to continue working on the result arrives at the output latch, it can then
the next set of data tokens. The latch is now in a state whereacknowledge. If the acknowledgement passes through the
it will to destroy one token and then resume operating guarding logic then all the latches which do not hold any
normally. This can be thought of as holding an “Anti- data will accept anti-tokens and the latches that do will
Token”. As a latch can only hold one anti-token it has to receive an acknowledge.
prevent the following stage from giving it another early
acknowledgement. This is done by simply not raising the
valid line early.

A latch can raise its acknowledge signal even before it
receives any data, as the acknowledgement will not reach
the input latches until they all raise their valid lines. A latch
holding an anti-token can acknowledge early but has to
keep the acknowledge high until all inputs raise their valid
lines and the guarded acknowledge has activated. This is
because the latch cannot sense if the stage moved to the
reset phase by only observing the data lines. The data lines4 2. Anti-Token pipeline
never went high so the latch can’t wait for then to return to
zero. Figure 12 shows an example of an early output circuit.

To allow the latch to snoop on the state of the previous In this circuit the two data C-elements are abstracted to just
stage the guarded acknowledge line (Vi) is fed into the one and are left outside the latch to allow easier description.
latch. This allows the latch to send and receive early The C-element is driven by signal S from the latch control

Figure 10: Anti-token propagation through logic

Figure 11: Anti-token generation

acknowledgments. unit. The C-element is asymmetric because while passing
_ _ an anti-token the S signal is withdrawn before the data
4.1. Anti-tokens and logic arrives. This can cause the C-element to become metastable

. ] and so the S signal instead resets the C-element when it
Anti-tokens can move backwards through logic as well gyops. The Ai signal is combined with Vo signal to create
as FIFOs. Figure 10 shows a situation where an anti-tokenye guarded acknowledge. This can then be passed to the
has arrived at a logic stage where some of the inputs havejn syt jatch as the Ao and to the output latch as Vi. The latch
arrived. In such a case, if the remaining latches which have 5156 snoops on Ri and Ro signals. The Ri signal is observed

no output data are anti-token latches, they will receive an 4 epsyre that the data C-elements are not re-enabled while
early acknowledge and accept an anti-token. The latchesinere is still data from the previous operation.

with data will receive an acknowledge and reset to zero. If Figure 13 shows a Burst-mode machine description of
any of the latches which do not hold a data token are not the Jatch controller. State 0 is the initial state, in which

anti-token latches and have not raised their validity early outputs S and Vo are high while Vo and Ai are low. In state
then an acknowledgement cannot be completed until they g the Jatch is waiting for the sign of a token or an anti token.
receive a data token. In early output logic, it is safe to mix | the Ro+ transition happens first the latch will go through

anti-token and non—gnn—token propagating Iatf:hes together,giates 1, 2 and 3 while passing a token. And if the Ao+
as only latches which accept anti-tokens will be able to grrives first then the latch will pass an anti-token by going



passing an anti-token, the data C-elements must be
asymmetric. This allows the falling of S to force the output
low even if Ri is high. As this can cause a short glitch on
the data output the system has to rely on some timing
assumptions. The depth of the pipeline stage that a glitch
Vi Ao Vi Ao can propagate through must be shorter than the reset cycle

—{ Anti Anti i
Token Token me.
Latch Latch
Ai |Control  [y/q Ai |Control  [y/q S

Ro

Figure 12: Anti-token FIFO

Ai

through states 4 and 3. vi
Ro-Vi+/Ai-Vo-

Ao

Vo

+/S-
Ao+/S State 0 4 3 0 4 3

Ko+Ai+S- Figure 15: Anti-token passing

There is no need for arbitration in the circuit as either of
the two initial transitions (Ro+ or Ao+) will have the same
effect (Ai+). The anti-token pass is equivalent to the token
pass with the exception that during a token pass the latch
waits for the data lines to drop before continuing. As the
data lines remain low during an anti-token pass, no stall is

Figure 13: Description of the anti-token latch
Burst-mode machine

4.3. Anti-token latch behaviour

Figure 14 depicts the operation of the anti-token latch required.
when passing a token. In state 0 both S and Vo signals are

high and so both the data and the guarding C-elements are4'4' Anti-token latch schematic

?”Tedéo fl_re. Ig th|1s_r<]ax?nt1prllet;]he data C-etlr(]emengwnifllze The anti-token latch can be synthesized from the
Irst an rat|_se 0- i et a;hct fert1 mé)vedsd rcl)ugll Iat cr)] €N Minimalist description or by hand. Figure 16 shows a
_ﬁ)_ﬂSSlnglac(;%n simi arbo_ atﬁ fzn arc u?h-rals atc esl. schematic of the latch, synthesized by Minimalist[9] and
di N tcl)nfy ! eéentced €ing "’.‘fR.r.Op?.'”nﬁ. hel ¢ sngne]} then optimised by hand. The circuit is only slightly larger
Irectly Jorces R0 to drop, even RIS Suihigh. INStead oty the standard semi-decoupled latch and still keeps the
waiting for Ro to drop, Ri is tested directly to check it has :
: ._semi-decoupled property.
returned to zero before releasing the acknowledge. This 0
I_

gives the latch a semi-decoupled behaviour.
s R
Ro Ri_l F ;
Vi Data
Control
Ao
Ao

Vo |_._
sate 0 1 ¥ 2 X3 Yo i X2 X3 % Vi Vo
Figure 14: Token passing 1= C >: !
'_I'he anti-token pass is much simpler than_t_he tqken pass. o l—ﬂ:r
In figure 15 the latch receives the Ao+ transition first. Ao+
causes S to be withdrawn. As during the anti-token pass the N—@C
transitions on S are not observed, and so the circuit is not

QDI. Once Sis low any data trying to pass into the latch will : _ :
be ignored. Because Ro could rise just before S drops whilst Figure 16: Anti-token latch schematic



4.5. Anti-token/token collisions

Figure 12 showed a simple pipeline along which tokens

and anti-tokens can flow. A token and an anti-token can

collide across any latch or logic. If they collide across logic

then the input latch assumes that its data is being

acknowledged and the output latch assumes that the anti-

token was being accepted. As the output latch passing the

anti-token resets the data C-elements it does not listen to the

data lines.

If the collision happens across a latch then there are two

different scenarios. If the anti-token arrives first (Ao+) then

the S line drops and the latch refuses to listen to the data

lines. The latch then proceeds to acknowledge the input so

From To Original Standard oEuatlgzt Anti-token
S-D
S-D
Ri_?r | Ro_? 2 3 3 2
Ri_?t | Ai1 3 3 3
Ri_? Vot 3 4 3 N/A
Aot Ro_2 2 2 2 2
Aot Vol 3 4 3 5
Aot Ait N/A N/A N/A 2
Ri_?2 Ail 3 3 3 4
Ri_? Vol 3 N/A 3 4
Aol Ro_? 2 5 3 2
Aol Vot 3 6 3 2
Token Pass 14 20 16 19
Anti-Token Pass N/A N/A N/A 16
Transistor count 24 42 28 41

the collision happens across the logic of the previous stage.

If the token arrives at the same time as the anti-token
then the Ro lines could raise and soon after fall again. This
glitch can last for less than a single gate delay. The rogue
signal will then travel through the logic and even if it
reaches the output latch then the signal will be ignored. If
the logic stage is very deep then timing assumptions need
to be met for the circuit to operate correctly.

5. Results 7.

Figure 17 shows the gate delay count of all latches g
shown. The units are measured in gate delays of the
optimised versions of the latches. C-elements require 2 gateyp)
delays to switch and the optimisations remove the need to
invert the Ao line.

The early-output semi-decoupled latch gives much
improved results over the standard semi-detached latch.[3]
Aol to Vot delay is two times smaller and the overhead
over the original design is so low that it seems beneficial to
use the early-output latches as a standard latch throughou{
most designs. The anti-token latch is also only marginally
slower and in the case of Aoto Vot it is actually faster [5]
than any other latch. The only problem with using anti-
token latches as standard is their size.

6. Conclusion [6]

Early output logic looks very promising when compared
with synchronous designs for speed. It is important to
remember that although the speed improvement might be(7]
sought after, the area and power consumption costs are very
high.

Early output logic is the basis to create better features [8]
such as improved semi-decoupled latches and anti-token[g]
latches. Although these latches look very beneficial, further
work must be conducted to show where they should be
placed in a design to gain a positive effect.

Early output circuits require some timing assumptions in

Figure 17: Transition delays

the logic part of the circuits. This can be easily met if the

logic functions are less than 4 inversions deep. This
restriction requires very fine grain pipelining. A method of

finding these timing requirements and reorganising the
logic, placing delay lines or adding extra inputs to guarding
C-elements is required to allow a more flexible designs.
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