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Abstract words are correct, this allows a power saving of up to
A method for reducing the power consumption in asyn- 80% by operating at reduced voltages during sequences
chronous micropipeline-based circuits is presented. The of correct code words. Another application that has been
method is based around a new design for latch control- demonstrated is a FIR filter bank for a hearing aid [3],
lers in which the operating mode of the pipeline latches where the supply voltage is reduced when processing
(normally open/transparent or normally closed/opaque) |ow-level background noise. This kind of power saving
can be selected according to the dynamic processingstrategy would be very difficult to implement in a syn-

demand on the circuit. Operating in normally-closed  -\ronous circuit, as it would be necessary to reduce the
mode prevents spurious transitions from propagating clock speed to match the increase in circuit delay. The

along a static pipeline, at the expense of reduced : . o .
throughput. Tests of the new latch controller circuits on drawback to this methad Is the extra circuit complexity

a pipelined multiplier datapath show that reductions in nvolved in varying the supply voltage. _

energy per operation of up to 32% can be obtained by ~ The types of asynchronous circuits considered here
changing to the normally-closed operating mode. Esti- are based around micropipelines [4], where timing of
mates suggest that in a typical application which exhib- data transfers is managed at a fine grain by communica-
its a variable processing demand, a power reduction of tion between adjacent processing stages. Fundamental to
between 16- 24% is possible, with little or no impact on the design of micropipelines are latch controllers [5,6]

maximum throughput. which are responsible for negotiating data transfers
between stages and passing data through at the appropri-
1. Introduction ate time. One of the decisions that must be made when

designing a micropipeline is how the pipeline latches are

Reducing power consumption in integrated circuits is 0 be operated. If the latches are normally open (trans-
becoming increasingly important due to such driving Parent) then data is passed down the pipeline as quickly
forces as the demand for longer battery life and heat dis-aS Possible. However, any spurious transitions generated
sipation causing packaging difficulties. The absence of a PY the evaluation circuits are also propagated along the
clock in asynchronous circuits gives them some inherentWhole pipeline, wasting power. If the latches are nor-
advantages over synchronous circuits when designingma”y closed (opaque), then these transitions are blocked
for low power. A global clock causes power-consuming &t the expense of performance as the latches must be
transitions throughout a circuit even when no useful 0Pened before data can propagate.
work is being done. Also, clock distribution across acir- ~ ThiS paper describes a type of asynchronous latch
cuit can consume large amounts of power (for example controller whose operating mode can be selected by
~1/3 in the DEC Alpha [1]). means of a control signal. This allows power consump-

One of the great advantages of asynchronous circuitstion to be traded against speed with only a small increase
is that it is possible to trade power consumption against i Circuitry compared to the fixed normally-open
processing speed dynamically. In applications where thedesigns. During periods of low demand, power con-
processing demand is variable, it is possible to adapt theSUmption is minimised by selecting the normally-closed
supply voltage in order to meet the throughput require- operating mode. This represents a significant power
ments at a given instant (Adaptive Supply Voltage Scal- reduction: a study of the synchronous ARM 6 processor
ing or Just-In-Time Processing). An example has been[7] has shown that a power saving of 35% could be
demonstrated of a DCC error correction circuit [2] achieved inthe ALU simply by using a normally-closed
where an incorrect code word requires three times aslatch on its input.
much processing as a correct code word. As 95% of code



2. Protocols in Asynchronous Circuits

The latch controllers considered in this paper use a

The latch controller opens and closes the data latches
at the appropriate points in time, depending on the pro-
tocol being used and the operating mode. These operat-

four-phase communication protocol, based on Requestmg modes are shown in Figure 3, with the notation that

and Acknowledge signals, as shown in Figure 1.
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Figure 1. Four-phase Handshake Protocols

The request signal indicates that data is ready fro lrin Rout plrin RoutRin Routh—....

the preceding stage. Once the data has been latched,

when enable is high, the latch is open. The extra transi-
tion required to capture the data in normally-closed
operation slows down the response of the handshake cir-
cuit. This means that the normally-open operation is
chosen where operating speed is the most important cri-
terion. However, normally-closed operation guarantees
that no spurious transitions are propagated through the
pipeline, as the data is defined to be stable during the
period when the latch is allowed to open.

These circuits can then be built up into pipelines with
processing logic between the sending and receiving
latches. Timing is managed through either a completion
signal from the processing logic or a matched delay in
the handshake path. A typical pipeline structure is shown
in Figure 2.

acknowledge signal is sent back to allow the previot __ |, Aout e ain Aot |« Ain Aot e

stage to release the data and move to the next item to

processed. Part of the protocol definition specifies whe J_ i i

the data is to be stable (that is, when the sending latct
guaranteed to be closed). Latch controllers implemer
ing two types of protocol are considered in this paper. Go Done

the “broad” protocol, the data is held stable from th | Logic | Logic J\
assertion of Request to the removal of Acknowledge.

the “broadish” protocol, the data is held stable only du

ing the period that Request is active. These protocols
in common use in asynchronous systems as they alli
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the Request signal to also be used as an enable signal for

processing logic.
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Figure 3. Latch Controller Operating Modes



3. Reconfigurable Latch Controllers [9]. These allow the operating mode of the pipeline
latches to be selected by means of an external “Turbo”

In many applications, a high maximum throughputis Signal. When maximum throughput is required, the
required but this maximum throughput is only needed Turbo signal is made high and the latch controller circuit

for small periods of time, with periods of lower load operqtesin normally-open mode.Whenthe circuitis less
between them. This introduces the possibility of dynam- heavily loaded, the Turbo signal can be brought low. The
ically reducing power consumption during periods of latch controller circuit then operates in normally-closed
low load at the expense of reducing throughput, such asmode and spurious transitions are blocked. The modified
in the adaptive voltage scaling schemes described preVi_latch controller circuits are shown in Figure 4 and Figu_re
ously. A new form of latch controller circuit has been °- The gates labelled ‘'C* are Muller C elements, with
developed, based on the original normally-open latch asymmetrical inputs indicated by a '+' or '-' sign (affected

controller designs by members of the AMULET group ©NlY Py high or low inputs respectively).

Turbo @ nReset
Operation of Broad Protocol Latch Controller
When idle, Na is high and the state of the latch enable ;&
line is controlled by the Turbo line. The operation of the
latch controller on receiving Rin then depends on the
state of Turbo.
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If Turbo is low (normally-closed operation), receiving
Rin causes the latch to open. Once the latch is open,
the left-hand C gate drives Na low which causes the
latch to close and capture the data, and the right hand
C-gate to drive Rout high. Once the latch has finished
closing, Ain is asserted. Rin going low then resets the
input half of the circuit, and ensures that the latch
remains closed. When Aout is received, the right hand
C-gate removes Rout. i
En

8 Aout

Broad protocol latch controller

If Turbo is high (normally-open operation), receiving
Rin immediately causes Na to be driven low, causing
the latch to close and the right hand C-gate to drive
Rout high. When the latch has closed, Ain is asserted, Tobe B Rosot
and Rin going low resets the input as above. Either foeet T
Rout or Aout being high holds the latch closed, and “@

Rout is reset by receiving Aout. The left hand C-gate

ensures that the latch be released before another Rin 7
can be acknowledged. .C e c Rout

Figure 4. Broad Protocol Reconfigurable
Latch Controller
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The operation of this circuit is very similar to that of the
broad protocol controller. The main difference is that, in
this case, it is only Rout being high that holds the latch
closed. When Aout is received, the right hand C-gate
removes Rout which then gives control of the latch to Broadish protocol latch controlle
the Turbo input and allows the input stage to reset with
Rin going low.

8 Aout
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Figure 5. Broadish Protocol Reconfigurable
Latch Controller




4. Verification of New Designs In order to allow for concurrency between the input
and output cycles it is necessary to add an internal state

The key requirement of asynchronous control circuits Variable, Na (as in Figure 4 and Figure 5). Na goes low
is that they should be speed-independent, that is they!© Indicate that a Request in has been accepted and
should operate correctly regardless of the delays of indi- Acknowledge is pending. STGs for normally-open oper-
vidual circuit elements. The reconfigurable latch con- ation of the broad and brogdls_h latch controllers exist
trollers are based on conventional normally-open latch &/réady [9] and are shown in Figure 7. It can be seen
controllers that have been used previously. The first step{T0M the signal transition graphs that the reopening of
in the evaluation of the new latch controller circuits was the atches (En+) occurs immediately at the appropriate
to verify that the circuits are still speed independent and POINt of the protocol. o _
that they implement the four-phase protocols correctly FOr normally-closed operation, it is desired that the
using the Petrify tool [8]. To verify the circuits, signal Iatche_s remaln_closed until Rin is received. _Thls can be
transition graphs for correct operation were derived. Pet- 90N€ in a straightforward manner by moving the arc
rify was then used to synthesise speed independent cir2étween Rin+ and Na- so that it goes instead between
cuits and the results compared with the original circuits. Rin*+ and En+, as shown in Figure 8. The operation will

The latch controller circuits are required to synchro- then proceed correctly, with the latch opening and then
nise three distinct sequences: the input Request /C10SINg on receipt of Rin+.

Acknowledge cycle, the latch open and close cycle, and  1he primary difference between the STGs for the two
the output Request / Acknowledge cycle. The time OPerating modes is the position in the graph where the
sequences for these cycles are shown in Figure 6. latch is enabled. It is a relatively straightforward task to

The cycles have to synchronise at different points, COMPine the STGs for normally-open and normally-
depending on whether the broad or broadish protocol is closed operation by drawing a Petri net with a choice of

being implemented and in which mode the latches are toPaths depending on the state of the external Boolean
be operated. control signal Turbo. In order that circuits could be syn-

thesised from the final Petri net, it was necessary to add
conditions on the Turbo signal changing state as well.
This requirement corresponds to the hazard that would
[—\ROVW be caused by Turbo changing state during the period

+
R between Rin-Ain cycles, when the state of the pipeline
Ai;,Jr En+ AoLt+ latches is depend_ent solc—;-ly on the state of the Turbo sig-
1 nal. As the data in the pipeline is not guaranteed to be
RIN- Bn- Rout- stable at this point, closing the pipeline latches risks
metastability. The precise setup and hold times on the
Ain- Aout- data for changes in the Turbo signal are dependent on the
b setup and hold times of the pipeline latches and the prop-

agation delay from the Turbo input to the latch enables.
Figure 6. Latch Controller Cycles
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Figure 7. Broad and Broadish Protocol STGs Figure 8. Broad and Broadish Protocol STGs
for Normally-Open Operation for Normally-Closed Operation



From examination of the circuits in Figure 4 and Fig- It should be noted that this is not a truly speed-inde-
ure 5, it can be seen that the Turbo signal passes througipendent way of passing the data, as it is theoretically
an OR gate with the Rin signal. Whenever Rin is high, possible for the previous latch controller in the pipeline
the output of this OR gate will be independent of the to move onto the next input cycle before Turbo can be
state of Turbo. Changes in the Turbo signal will be iso- captured, thereby risking metastability. It is therefore
lated from the rest of the circuit, and the latch enables in necessary to ensure that the time taken to capture Turbo
particular. It was therefore chosen that Rin being high from Rin going high is much less than the time taken for
should be the condition for changing Turbo. On putting the Rin - Ain cycle of the previous stage. In practice, this
this condition into the mixed STG / Petri nets, it was is likely to always be the case as the Rin - Ain cycle is
found that speed independent circuits could be synthe-slowed by the processing delay of the previous stage.
sised and that they were identical to the original designs.  Itis necessary to develop a scheme to decide the state

of the Turbo signal at any given time. One possible
5. Controlling the Turbo signal example of how the choice of Turbo signal could be
made is shown in Figure 10. In this example, the occu-
pancy of a FIFO buffer is used to determine the operat-

i . . ing mode of the latches. This would be suitable for a
timing requirements on when the state of the Turbo sig- o T

- : . DSP type application where an operation is performed
nal can change. These timing requirements mean that it

is not possible to have a global Turbo signal. Instead, on an incoming input stream. An alternative way of con-

Turbo is passed down the pipeline by edae-trigaered trolling Turbo, in a microprocessor for example, would
P . pipeline by eage-irgg be to have it under software control. When the system
latches clocked by Rin as shown in Figure 9.

was switching into a high demand state (for example,
Turbo In Turbo Out going from idle to call mode in a digital cellular phone
system) a Turbo bit could be set and allowed to propa-

As discussed previously, it was necessary to form

P Q D Q PbQ > gate throughout the system.
p p p 6. Test Circuit Design
— = = ; ;
Rin E.‘-Rout Rin § Rout Rin §Rout L—» In order to test the new latch controller circuits, the

designs were incorporated into a substantial circuit con-
sisting of a pipelined 32x32 bit multiplier datapath. The
<—ain  Aoutl€—ain  Aout l€&—]ain _ Aout [€— block diagram of the multiplier is shown in Figure 11.
i T g The circuit has a five-stage pipeline and should therefore
* * * show a clear difference between normally-open and nor-
mally-closed operating mode. Multiplication is a typical
operation in digital signal processing, an area where low
Figure 9. Modified Pipeline with Turbo Signal power is becoming increasingly important for applica-
tions such as cellular phone handsets.
The circuit is based around arithmetic elements of the
Full / empty Turbo In AMULETSi processor [10]. Full-custom layout for the
detector datapath was chosen, as the layout cells were already
available, in order to provide more accurate results.
/ N\ Processing Pipeline Interconnection delays are becoming increasingly sig-
nificant as design rules are scaled down. A full layout
simulation displays timing behaviour significantly dif-
ferent from a circuit simulation that does not take these
interconnection lengths into account. The generation and
propagation of glitches is critically dependent on timing,
Figure 10. Controlling the Turbo Input so that precise simulations are essential for accurate
According to Demand power estimation.
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Figure 11. Multiplier Datapath Structure

Booth encoding of the multiplier is used to halve the EPIC Timemill was used to analyse the throughput of
number of additions required, and redundant carry-savethe pipeline using each latch controller. The throughput
addition is used at each stage. The partial sum and carrywas measured with different pipeline occupancies, in
is resolved using a full adder at the end of the pipeline. each case operating the reconfigurable latch controllers
The design uses the Booth multiplexer, and 4:2 compres-in both normally-open and normally-closed mode. Ran-
sor layout cells and also the full adder from the dom data was used for the multiplier input as the per-
AMULET3i ALU. Eight bits of the multiplier are  formance is not data-dependent.
encoded at each pipeline stage. Timing at each stage is EPIC Powermill was used to provide the relative
managed by an extra stripe in the datapath which mimicscomparisons of energy consumption in this study.

worst-case data along the critical path of the stage. Tests were performed with each type of latch control-
ler for different levels of pipeline occupancy. The effects
7. Tests Performed of skewing the inputs were investigated for the case of a

pipeline occupancy of one. Again, the reconfigurable
latch controllers were tested in both normally-open and
normally-closed mode and were compared in their per-
formance against the conventional normally-open latch
controllers.

The main parameters under test were the differences
in energy efficiency and throughput between the config-
urable latch controllers in normally-open and normally-

closed operating mode, and the conventional normally- L
. Power consumption is strongly data dependent, and
open latch controllers on which they are based.

The power wasted by the passage of spurious transi-° two separate sets of tests were performed. The first set

. . R was run with random input data, while the second set
tions is strongly dependent on the pipeline occupancy. If . '
U ! . s used simulated data from an 8-pole FIR low-pass filter
the pipeline is partially full then any spurious transitions :
. , . . .~ operation on an excerpt of sampled speech. Data sets
will be blocked at the first full stage. To investigate this N . .
. ] from real applications display correlations between suc-
effect a C language model was written to send input data . .
o : L cessive values which can strongly affect power con-
so as to try and maintain a certain level of pipeline occu-

. .~ sumption due to reduced numbers of changing bits, and
pancy. The model was also designed so that the arrival A . . o
of the multiplier and multiplicand could be skewed in can also have sections of low level signals which exhibit

: frequent sign changes, possibly increasing power con-

time. . I T : )
sumption. A filtering operation is typical of the input to
the multiplier in DSP applications.



8. Results col allows for the latches to be freed up before the
Acknowledge cycle has completed at the output. This
8.1. Throughput Tests overlap improves the performance of the broadish proto-
col when operating at maximum capacity, and hides the
reduced performance due to the configurable latch con-

The throughput results in Figure 12 show an increase L
troller circuit

in throughput up to an occupancy of three, after which
no further increases occur and the multiplier pipeline
operates at its maximum speed.

The broad protocol configurable latch controller ) )
shows an increase in throughput of 6.8% for the nor-  The graphs of energy consumed per operation against
mally-open case over the normally-closed case when thePiPeline occupancy in Figure 13 show that the power
pipeline is operating at maximum throughput. The dif- consumed using normally-open latch controllers
ference is greater when the pipeline was operating with décreases as the pipeline progressively becomes more
lower occupancy, with an increase of 12.4% when oper- full- This is to be expected from the simple model of spu-
ating with a single item in the pipeline at any time. rious transition propagation; transitions can propagate

The broadish protocol configurable latch controller €SS far as the pipeline becomes more congested. It is
shows an increase in throughput of 7.8% for normally- interesting to note that using normally-closed Iatch'con-
open mode over normally-closed when operating at trollers causes the energy consumed per operation to
maximum throughput. The increase in throughput when become virtually constant. _
running with single items in the pipeline is 12.5%. When using the broad protocol configurable latch

Itis to be expected that the configurable latch control- Controller the energy per operation decreases by 1.8% in
lers would have a slight performance penalty over the Normally-closed mode, as compared to normally-open
conventional latch controllers. The configurable latch Mode, when running at maximum throughput. When
controllers have an extra input to the NAND gate con- OPerating with a single input value at a time, the differ-
trolling the latch enable signal. This requires a pair of €Nce between the operating modes becomes much more
extra transistors in the gate tree, and also implies extraSignificant, with an increase in energy per operation of
capacitance. It was found that the broad protocol config- 21% for normally-open mode over normally-closed
urable latch controller had a penalty in maximum Mmode. The difference for a single input value becomes
throughput of 4.2% when compared to the fixed nor- €Ven greater whgnthe mu.ltl.pllerand multlpllcand inputs
mally-open latch controller. However, the broadish pro- are also skewed in time, giving a 32% increase in energy
tocol configurable latch controller had a negligible Peroperation.
difference in maximum throughput. The broadish proto-

8.2. Power Consumption Tests: Random Data
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Figure 12. Plot of Throughput Against Pipeline Occupancy for Latch Controller Designs
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Figure 13. Energy per Operation Against Pipeline Occupancy for Latch Controller Designs

When using the broadish protocol configurable latch pipeline. This is much less of a difference than was
controller there is a negligible decrease in energy con- observed with random input data (21%), and again is due
sumption in normally-closed mode as compared to nor- to the fact that the multiplicand input is held constant
mally-open mode at maximum throughput. The over each of the 8 FIR coefficients and that successive
difference increases to 21% when operating with a sin- multiplicand values are correlated, leading to signifi-
gle data item in the pipeline, and goes up to 32% when cantly less switching activity. Also, no increase in power
the multiplier and multiplicand inputs are also skewed in consumption was observed when the inputs were
time. skewed in time, as at least one input is always staying

constant.

8.3. Power Consumption Tests: FIR Filter
Operation Data 9. Conclusions

Figure 13 shows the same trends when using the FIR  The results show that the use of reconfigurable latch
filter data as seen with the random data. However, the controllers can make a significant difference to the
average energy consumed per operation is around halfyower efficiency of an asynchronous system. The broad-
that of the random data case. This is due to the correla-jsh protocol configurable latch controller in particular
tions between successive data values, which means thagives the possibility of reduced power consumption
fewer bits change on average than for random data. Also,without a significant impact on maximum performance
the data input is held constant while each of the 8 filter while the broad protocol configurable latch controller
coefficients is applied, leading to even less input activ- suffers a slight (4.2%) throughput penalty.
ity. It should be noted that, due to simulation time con- Improvement in overall power efficiency relies on
straints, only a few hundred sample values were there being a difference in the maximum and typical
processed. This means that there is no change in thehroughput required of the circuit. The best improve-
characteristics of the signal during the period of simula- ment in power efficiency is obtained when the pipeline
tion which may cause increased activity, such as a sec-is mostly empty during quiet periods. In the circuit under
tion of low-level signal or noise with frequent sign test, this would imply a throughput requirement 2-3
changes. times greater in the maximum case than the typical case,

When using the broad and broadish protocol config- which is a similar performance ratio to that of the Phil-
urable latch controllers, an increase in energy per multi- ips DCC error correction circuit [2]. Assuming that sim-
plication of only 7.7% and 8.3% respectively for the FIR j|ar differences in energy consumption could be obtained

filter data was observed between normally-open and for this circuit as for the test circuit using random data,
normally-closed operation with a single data item in the
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