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Abstract

This paper degribes an invegsigaton of potenial
advanages and 1isks of appling an aggresive
asynchionousdesgn mehodobgy D Intel Architeclure.
RAPPID ( RevoVing AynchmonousPentum® Procesor
Instruction Decodet), a prototype IA32 instruction
length decodng and geeling unt, was implemengd usng
self-timed techniquesRAPPID chip was fabricated ona
0.25m CMOS poces and teted siccesfully. Resilts
show significant advantages—in particular, performance
of 2.5-4.5ingtructiongnS—iith manageal# risks usng
this desgn technology. RAPPID achievweetimesthe
throughputand haf the latency, dssipating only half the
power and rquiring aboutthe ssme aea asan exgting
400MHz clocked cicuit.

1. Introduction

The RAPPID regarchprojectgarted in 1995in Intel
Israel Dedgn Center, amd conpleted in 1998 n Intel’s
Strategc CAD Lab in Oregn. The goal of the project
was to demonstrate the dhty to design highspeed
asynchronous circuits as a @ential sdution for
microprocesor desgn if ard when clocked desgn
becones too dificut. The RAPPID project aggressiwly
applied selftimed technigqies to evaluate therisks,
conmpared prospecty adantages aginst a conparable
commercial  prodwt, ard dewloped a useful
methodology.

Power, process ariations, ard increased clock
frequency present érmidable challenges ey, with
increasing risk indture pocess generatis. Selftiming
presents ptential sdutions to same of thesechallenges
and is alreadyused inindustry in restricted érms. This
work makes a coparisan between theinstruction length

decodig and steering logic of a 400MHz abcked desgn
and RAPPID in order to ewluate the risk versus reward of
using nore aggressivesdf-timing.

Selftimed nethodology utilizes handshaking to
guarantedunctionality. These potocols are othogonal to
implementation media, and have beenused or slown to
work in techndogies ranging from relays and vacuum
tubes to TTL, MOS, and RSFQ @vices andin multiple
implementation styles. Therebre, it stould be possibleto
implement selftimed circuits using anyfuture circuit or
implementation techndogy that krings ait advantages in
performance or pover.

The RAPPID rrethodology addstiming information to
handhaking [3], which enalles snaller, nore testale,
faster,andlower power circuits. Havever, it intraduces a
potential risk d increasedfailure rate if timing margins
are tight. This risk can ke addressedin the iture with
beter desgn ard verificaion tools.

RAPPIDwas implemerted ona 0.25nCMOS proces.
The desgn uses gatic ard domino gates from a gardard
synchronous library, with a few custom circuts, suwch as
C-elenerts.

Potential adiantages D full self-timing in
microprocessors oude nicroarchitectual charges that
incorporate multiple frequency domains and pipelining
tecmiques trat nmetch a particliar problemrather than a
chip-wide corstraint. For exanple, RAPPID combines
frequency domains operaing at approxmately 3.6GHz,
900MHz, ard 700MHz. Sif-timed deiyns canresilt in
adwantages in power corsumption, performance aml
latercy. We disciss eachof these issas inmore detail in
the bodyof the paper.

The perceied risks at tle startof this desig included
testalility, sensitivity to noise o contral lines, timing
verification and potertial area imrease. Somof these
risks have beenassessed drare presded.



The desig was notivated by the obseration that
instruction length eécaling caild pose a Iottleneck in
varialde length instructio set architectures. sAreported
in [1], our analsis of the Rentium variade length
instructian set revealedwo principa findings (Figurel):
First, the average instructidength isabout three bytes,
ard instructions longer than seven bytesarerare. Secoml,
very few instruction types are usedrequently. RAPPID
design «ploits these findings.
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Figure 1: Pentium inst ruction set statistics;
bar graphs show relativ e dynamic fr equencies,
line gr aphs indicate cumulativ e frequencies.

RAPPID conprises thee stags. The Length Decoder
receives a siteenbyte cacle line and speciatively
computes B instructian lengths in prallel, assurimg that
eachbyte startsa new instruction. A Tag Unit in the first
byte of an instructio passes a tagaivnstreamto the frst
byte of the next instructio; 4x16 Tag Units are
intercomectedin a torus. The instructions are roted on
four se@rate &@-hit crosskar channels tthe aitput.

In the rest b this paper we presentthe RAPPID

microarclitecure, eplain the desgn methodology,
conpare RAPPID to a cotenporaryclocked desigq, and
discuss theisks vesus ewards.

2. RAPPID microarchitecture and basic
operation

RAPPID receiwes 16byte wide irstruction cacle lines
at its irput, extracts tke instructions, ard placeseach
instruction separately in the aitput buffers. As showvn in
Figure 2, sixteen parallel legth decoders are grtoyed,
which speclatively conpute the lergth as if a rew
instriction began at eachbyte position. A torusdike
distributed tagging anccrosskar switching circuit with 16
columns and4 rows packs the ptes intoinstructions and
steers teminto four ouput buffers. Thesedimensions are
desiged to balace thte awerag conputationrates.

The input FIFO

The Input FIFO (IF) tolds 16byte wide input cacle
lines. The FIFO is aninstructicn delivery mechanism
designed to operate fster than the lengtibecale and
instruction steering Unit (DU). Keepg instructian
delivery off the critical @th allows us to measure
unbiased maimum DU performance. The FIFO is
asynchronous, hit its implementation details are nb
described &re, as it is sed oy asan interfaceto the
tester.Since RAPPID decodimg operationis faster ttan
the testers ahlity to suply new data, the dta, ace
loadedin the FIFO, are reirculated. The FIFO is loaded
saidly through ascan regista. Ona the FIFO is filled,
RAPPID operationstarts, ad the lines are readrém the
FIFO. The FIFO can be read cglically, erabling
cortinuous operationfor performance measuemnerts. The
FIFO containsinstruction bytes, andthree aditional hts
for eachbyte, irdicating whether this byte is wed (U),
whether it is the ifst byte d a pedcted taken lbanch
instruction (B), ard whether it is a brarch target (T). The
predction and target lits are drived from the BB
(brarch target buffer). If a line conains a predicted tadn
brarch, the bytes following the em of the bramh
instruction up to the end of the line andfrom the
beginning d the next line, which contains the branch
target, up to the branch target are marked unusel, i.e.,
their U bits are cleared. fe first line ater reset starts at

the frst byte (byte 0.
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Figur e 2: RAPPID micr oarchitectur e

Every byte in the IF iscontrolled seprately, sothe IF
effectively consists & sixteen segrate 1-bit wide
parallel FIFOs. This structure allass the indvidual bytes
to be transérredto the DU when needd without having
to wait for the DU to accept #hrext line infull.

The Length Decoding and Steering Uit

The core of RAPPID is the Length Decodirg ard
Steering Unit (DU). The DU casists & 16 identical
blocks, or columns, ore for eachinput byte, am four
output buffers. Each clumn consists & a Byte Unit (BU),
comprising the Bite Latch, Byte Catrol, and Length
Decoder, ad four idertical Tag Units (TU) and Crossbar
Switches (XB. The Length Decdler implementation is
optimized for common instructions, such that length
decodig for conmon opcodess faster than for rare oms
[1]. The TUs ard XBs are arraged in 16 columns and
four rows, wrapped arond in a torts. EachXB in the four
rows is comected to amouput buffer.

Eachcolumn receives a bye from the instruction line
at the headf the IF, latches it in th&yte Latch, and
performs a speclative lergth decodiig assming that an
instruction starts at that byte. Each T waits for the
following three eerts to occu (See Figre 4):

1. TAGIN: A tag arrives from ore of the reighboring

columns ypstream

2. INSTRDY: Length calculatia for the cdumn is
completed and the instructio is read, meaning
that all the instructio bytes are readin their Byte
Latches.

3. XBRDY: The XB of the rowis readyto accept a
newinstruction.

Once trese thee eerts occu, which may happenin ary
order, the tagged TU performs the bllowing three
operations in grallel:

1. Send the tag tahe TU in thecoumn of the next
instructian’s first byte in the next rav.

2. Transkrs the instructio bytes, almg with
additional information on the length and prefixes,
to its row’s XB, which in turn brwards themto
the autput buffer.

3. Notifies its coumn’s BU that the instructio has
been trangfrredfrom the Byte Latch tothe XB.

Thatis, orce the (speclative) lergth calcdation has been
conpletedat the column receivng the tagard the XB in

the row of the receivng TU is ready(INSTRDY and

XBRDY have been asseted), the next tagged TU can

immediately perform the aboe three operatiosn

WhenaBU is ndified by one d its four TUs that the

instruction has leen trangrred to the XB (operation 3
above), it gpens its Byte Latch, which permits decaling of
the next instructin to begin if it is availabe. The BU also



natifies the other BUs ntaning theremaining bytes of
this instruction thatthey may open their Byte Latches. In
this way, the length dcaling (which is a lag latency
operation of bytes fom the rext cacte line starts asoon
as tte bytes fomthe prevous line heve beencorsumed.

The columns ard rows are arraged in a toris. Herce
eachrow is a rirg arownd that tors. As the tagwraps
arownd the torus and crossesfrom column 15 backto
column O, it falls to the next rav. TUs in thefourth row
sendthe tag tothe rst ron. The geration would be
balancedif the taggeccdumn haddecaded the length of
the irstruction by the time the tagreaclesit. Similarly, the
corresponding XB would have had to complete the
trarsfer of the prevous instruction before the tagreactes
it. Thus, in a prfectly balanced situation, the TAGIN,
INSTRDY, armd XBRDY everts would occu
simultaneausly. Unfortunately this is nd always the case
becawse tle latey of length decodiy depenls on the
opcode, ad special case andling of brarches, long
instructions andprefixes incurs a Inger latency

The following exanple denonstrates tle pathof the
tag through theTUs, assuning aseguence of 3-byte long
instructians, as shen by the arrevs in Figure2: Column
0 rowOE column 3 rowlE column 6 row2E column
9 row 3 E column 12 row0 E column 15 row 1 E
column 2 row2E ...

Balanced design. RAPPID's eration consists of

indepenlent selftimed cyles. The ngjor cycles are(see
Figure 3):

From Input FIFO

The lergth decodilg ard instruction readycycle.
This cycle accepts a Ity from the IF, decodeghe
instructian length (as all necessabytes becane
available), and generates tle Instruction Ready
flag (based orthe calclated lemgth ard the Byte
Read bits from the Byte Latches @& the renaining
bytes in the instructio).
The steerig logic cycle. This cycle aligns
instruction bytes from the Byte Latches and
forwards themto the autput buffer over the XB
Tag cycle. This cycle directlyforwards tte tagto
the start & the next instructiom, and also
synchronizes awnl orders te aboe two cycles.
Each cycle hes its claracteristic latety that can be
indepenertly optmized basd on performance trgets.
The lergth decodiy cycle is optinized for common
instructions [1]. The tagcycle is optinized for conmon
lengths, as discased belowThe steerig logic cycle is
matched to the throughput and latency of the output
buffers. We can conpose tlese cygles, &ng
asynchronous protocols, ina scaleableaShion to achieve
the target system perbrmance. This architectue is
scaleable inboth the horizontal (length decodimy cycle)
ard vertical (steerig logic cycle) dimensions. We can
increase the performance through additiond parallelism to
acheve target perbrmance.

LENGTH 16 byte columns
DECODING Each operating at 0.72 GOPS average rate
CYCLE e Combined average rate 0.72x16=11.5 GOPS
On average, 5 instructions / cache line
Effective average rate 0.72x5=3.6 GIPS
16x4=64 Tag units
TAG Combined rate 3.6 GIPS
CYCLE 4-step top-down cycle at 0.9 Cycles/nS
On average, 5-step left-right cycle at 0.72 Cycles/nS
\ 4
4 output buffers
STEERING Each operating at 0.9 GIPS
LOGIC Combined rate 3.6 GIPS
CYCLE

Figure 3: RA PPID computation cy cles and execution rates

Each cycle is balaned if the function can conplete
just bebre its reslis are regired. The cycle times are
deternined bythe scale ath wap factors. Asuming an

averag instruction length of three, each 16-byte cacte
line hdds alout five instructims. Therebre the length
decodig and tag cycles are balased if the TAGIN to



TAGOUT latercy is ore fifth of the decodig latercy.
The XB latencyis four times the tag ayle latency hence
the TU ard XB rows are scaled toofir instarces to leep
the steerimg logic cycle balaed relatie to the otler two.
RAPPID was desiged to nminimize tre TAGIN to
TAGOUT latercy (ard hence the tag cycle time); the
other two cycles were scaled to mich the awrage tag
cycle time.

These thee irtertwined cycles deronstrate ore
adwvantage of the asynchronous solution. The TAG cycle
achieves thre awerag rate of3.6 GIFS (close to 4.5 GIB
in same of the tests, as reped below), consuning on
average 720M cach lines per ®cord. Lines with fewer
than five instructions (@verage length geater than three
bytes) are corsumed faster, wiereas lies wth slorter
instructions are cosumed slover. The tagcycle, beimg a
centralpoint of gathering andlistributing instructias, is
the perbrmance-ritical conporert in this archtecture.
The steerig logic cycles are slelded fom variations in
the lergth decodimy cycle bythe tagcycle.

The Length Decoder is optiized for conmmon
opcodes based on ou berchmark aralysis, which
indicates tht 15% ofthe decodig PLA minterns are
used 90% of the time. The lergth decodig for common
opcodesis dore wsing donino logic; furthermore, the
decodng of the nost common opcodess pushedcloserto
the outputs [1]. The rare opcodesre decodeddng a
slower, selftimed NORNOR R.A.

Handling long instructions. RAPPID's DU is gtimized
for instructins up to seven ltes Ing, which canstitute
99.8% of the ca®s Longer instructions (up to 11 bytes)
are handed through a separate, slower protocol. Thus,
each TU can tag the seen TUs in sewen neighboring
columns downstream in the next row down, and be tagged
by any of theseven TUs in theseren néghboring columns
upstreamin the prevous row up. The tag are sehvia
dedicated poito-point lines. There are sean taglines at
the input ard ouput of eachTU.

Instructins longerthan seven yies are transfredto
two XBs andoutput buffers in two consecutiverows. The
first four bytes d the instructio (head are transfrredto
the XB in the rav containing the taggedrU for the
instructian's first byte, andthe renaining bytes (tail) are
transkrred to the XB in the nextrow down. When the
calcdated length is greater tlan sewen, the Byte Control
signds the columns @ntaining the fifth byte of the
instruction, throughthree dedicated lines, tha it holds the
first byte of the instructio's tail. The fifth byte's Byte
Control modifiesthe length to 4, 5, 6, or 7, basl onthe
three bits receied from the first byte's column (for total
instruction length of 8, 9, 10, or 11, rgecively), ard
serds an ackiowledgnert to the first byte's column.
Upon receivng this ackowledgmert, the first byte's

column modifies the Length Decoder's autput to four.
The taggedTU in that cdumn then @erates as ifthe
instructian length were four. Faur bytes are transfredto
the XB (togetherwith anindication that it is the headf a
long instructim), andthe tag is sent tthe TU in the ffth
byte's cdumn, in the next rav down. The fifth byte's
column operatesas if it were the frst hyte d a shot
instructian. It transkrs the tail tothe XB in the tagged
TU's row, andsend the tag tahe first byte of the next
instructian.

Instruction prefix bytes, incluihg lengthmodifying
prefixes, are dndled ina sinilar manner.

Handling branch instructions. When a cacte line
cortains a predicted tadn brarch instruction, the tag
should be routed from the TU of the brarch instruction's
first byte tothe TU of the branch targes first byte. The
target always resides irthe rext cacle line (sincethe fetch
unit is designed to fetch the target cacle line of predicted
taken brarches), so tte bytes inbetweenthe brarch ard
the targetinstruction are skipped. The first bytes d the
brarch ard target instructions are narked in the input
FIFO with B and T bhits, respectively, and the unusel
bytesin betweenthe lranch andtarget instructios have
their used(U) bits reset.The B and T bits from the Byte
Latch areroutedto all four TUs in that ctumn. When a
brarch instruction is tagged, the correpording TU does
not forward the tag tothe frst byte following its length
since that Bte nay na be the start & the target
instructian. Instead a special tag is sent tthe next rav
that assertsthe INJECT signa. Eachrow has a local
INJECT signal that is routed to all TUs in that rev.
When a rows INJECT signal and a column's T bit are
asserteda tag is generated br that TU ard the rows
INJECT signalis de-asserted This forwards the tag fom
the branch to the target instruction without tagging
intermedate bytes. Fran that mint onward, the operation
continues namally.

The logic generatingthe B, T, and U bits is nd
implementedin RAPPID. They are spplied predecoded
in the IF.

3. RAPPID circuits

We briefly degribe wo principal RAPPID circits.
The Tag Unit circuit denonstrates tle wse of puse logc
ard redwced landshake, whereas te Byte Control circuit
provides sane insight intothe canplexity of the dsign.

The Tag Unit circuit

The Tag Unit (TU) is reporsible for trarsferring the
tag fom the cdumn containing the first byte of an



instructian to the cdumn containing the fifrst byte of the
next instruction. There are seven Tagln inputs to each
TU, and seven TagOut outputs (Figure 3. Additionally,
special Tagin ard TagOut lines are sed for brarch
handling.

Transgkrring the tag to the next T involves a {ill
requestacknowledge handshake cycle when using speed-
indepemlent protocols. his mears that for eachof the
seven TagOut outputs there shadd be a TagOutAck
acknowledge signd. Sud a structure would significantly
conplicate am slow down the TU logic ard wiring. In
order to simplify the inplementation, theTagOut signds
are inplenented as selfimed puses, elinmating the reed
for acknowledgmen signals. The pused inplementation
is carect aly uncer thefollowing timing assumptions[2,
3]

- When a TU send the tag plse tothe next T, the
receiing TU is readyto accept it, i.e. ¢ self
reseting signa TagArrived  (Figure 4) is df,
The TagOut pulse is wide enough to cause the
state trarsition in the receivng TU, i.e. tle
TagArrived  signa becones asserted, an
The TagOut pulse is narow enough sub tha it
is deasserted bebre the TagArrived
indicationin the receivng TU is deasserted.

The first assumtion is satisied by the
microarclitecture. Whena TU serts the tagdownstream
it resets its internalagArrived  indication. The next
time ths TU canreceiw a tagis after the tag has wrapped
around The tag shalld make at least four haps (over the
four rows) before returning tothe sam TU. This delay
can be guaranteedo be longer than the tim it takes to
reset thelfagArrived  indication.

The secod ard third assunptions are satised by
carefil circut desigh. The TagOut outputs ae generated
from the TagArrived indication, which is in turn
generatedy a selfresetting circuit.

InsthyB:D
XBRdy

Length, = — ) © TagOut,
Length, >— ) . Tagout,
Tagln, TagArrived
Tagin, 5— = ) D TagOut
Tagin, Length, O———/ !

Figur e 4: Tag Unit cir cuit (par tial diagr am, not
show ing br anch contr ol lines)

This timed circuit was “handdesigned with the
Relative Timing methodology [3] ard time-verified n
part with ATACS [4]. The circuits inplementing the
handshake irterfaces beteenthe TU, the Byte Control
andthe Crosslkar were alsooptimized using sinilar timed
circuits ard Relative Timing methodology.

Byte Unit circuit

The Byte Unit is shavn in Figure 5 The Byte Latchis
a simple transg@rent latch. kength decading ey require,
for same instructians, hits from the following threebytes.
In addition, if a lergth-modifying prefix byte prececksthe
instruction, o if the lyte is @t of a long instructim,
additional cantra bits from upstreamare required. The
length decoder prodees seven ore-hot ercoded length
bits.

The Byte Controller FSM (BC) acknowledges the IFas
soon asanincoming byte is latched If the kyte is marked
unusel, the BC issues a pulse on the ByteRdy line.
Otherwise, it clees the latclandinitiateslengthdecading
(by asseting the latchDecale signal) and assets (non-
pused) ByeRdy. The InstructionReady FSM (IR) waits
for both the lccally decaded length andthe ByteRdy
signd from L-1 ndghboring oolumns downstream (if the
locally decaded length isL), before generating InstRdy
for the TU.

Once a tagarrives at tle column (TagArrived  in
Figure 4is set) the lengthatder is ndified (this signal
is neead for handing prefixed and long instructians).
Furthermore, once the tag is sat out (one of the TagOut
signalsin Figure 4is set), inplying alsothat all kytes d
the present instruction have been steered out through the
XB, the AckGen FSM (AG) instructs IR ard BC to get
the rew byte. IR then serds the correspoding Preenpt
signds (acknowledging ByteRdy) downsteam to the
remeining bytes d the instructio so that the length
decoders dr these colmns can abort and reset upon
receivng the Freenpt signals.

At the (ronfirst-byte) colunns that do rot receiwe the
tag, the IDs may output the length cde andthe IRs nay
generate IrstRdy. However, as soonas Preenpt is
receiwed (atter signaling ByteReady, the BU is reset.

The control circuits in BU were designal using the3D
synthesis tol [5, 6 and optimized using theRelative
Timing methodology [3]. The acual circuit enploys some
pulsed signding and partial handshaes.
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4. RAPPID test results and corparisons

RAPPID silicon arrived in May 98 (the layut is
shawn in Figure §. It testedsuccessflly, andthe results
are eyplained ard aralyzed below

Performance

RAPPID's measwed decodig ard steerig
performance & in the ramge of 2.54.5 instructions per
nanosecom. This is approimately three times the
performance ofa g/nchronous threeissue deggn clocked
at 400MHz hat achieves a peakdecodng ard steering
performance of 1.2 nstructions per rBec. RAPPIDS
performanceis very data depettert, ard these reslis are
valid for an awrag instruction stream cortaining
common instiuctions d up to seven bytes long. RAPPID
is not optimized for uncammon instructions, and the
effectsof rare, long, brarch ard prefxed irstructions on
performance are not repored. Noke that RAPPIDS
steerimg logic isswes bur instruction streans ratler than

three, sahe canparism is nd completely fair.

RAPPID's performance was nmeasuied at ominal Vcc
(1.8V) ard Temperatue, while performance for clocked
desig includes Vcc ad tenperatue margins. However,
it is na necessaryo adl the nargins toRAPPID, since
asynchronous circuits actwly work faster ina sytemif
the Vcc andtenperature caditions aremore favorahe.
This is in contrast tosynchranous parts, which are linited
by the systemclock RAPPID was testedat varying levels
of Vcc for a siset of the instructions, amd wes
determined to be operational in the rangd.0-2.0V. The
partwas not tested aboe 2.0V.

The latencyfrom the Byte Latch tothe Outmt Buffer
for common length-two instructions ha keen found to be
only 42%that of the 400MHz cbcked circuit. The nain
reasos for the redwed lateoy are tle abseoe of clock
boundaries at vkich the Bst deta nust wait, and the fact
thatthe instructins are transfreddirectly to the Outpit
Buffers through theXB switches. In a clocked designwith
a multiple issue rate theirkt instructim becames reag
before the last, de tothe serial naturefdength é&cading,
but it still has towait for the clak edye kefore thenext



pipe stag can process it. In the asychronous
implementatio, everyinstructian is transérredas son as
it becames available andthe time for which an instructia
waits is nd frequencydependent.

8 COLUMNS
| | | | | | u

8 COLUMNS
|| ] || ||

>

Input FIFO
(32 lines)

Length D ecode r
and column contr ol

4 Tag Unitand
X-Bar Switch rows
OO

Figur e 6: RAPPID layout (3.1" 3.5mm)

Table 1 contains performance measwemerts for sone
individual instructions. Tests X0-X8 use different mixes
of length-ane and length-two instructions. These ninetests
corsist of a single 16-byte wide cack line with 0 to 8
lengthtwo instructics followed by 16 to O lengthone
instructins (test X consists & i lengthiwo instructions
followed by 16-2i length-me instructions). The length-
two instructims in the X tests vere d the type wherein
the length can dédeternmined by exanining the frst byte.
Test 10 consists 6 eight lengthtwo instructions, wherethe
secaod byte is a M@R/M byte, which complicateslength
calculation [7]. A timing problem (setuptime at the length
decaler input) restrictedfull use d the input FIFO in
sone cases, so &opted to se a single cacte line. The
single cacle line is repeatedlyead fom the head ofthe
input FIFO, lkeepirg the FIFO loop df the critical path
The tests sed to neaswe the power also cotributed to
the perbrmance measuemerts.

The measued performance rumbers vere correlated
with the COSMOS sitich-level, unit-delay simulator, and
found to have an excellent ceelation. This enatted usto
estimate the prformance d tests thatdled on silicon.

Test Throughput Silicon/ No. Of No. of Test Desciption
[Inst./nSec.] COSMOS Instructions Lines

X0 4.42 Si 16 1 16 Length 1
X1 4.41 Si 15 1 1 Length 2, 14 length 1
X2 4.39 Si 14 1 2 Length 2, 12 length 1
X3 4.48 Si 13 1 3 Length 2, 10 length 1
X4 4.44 Si 12 1 4 Length 2, 8 Length 1
X5 4.34 Si 11 1 5 Length 2, 6 Length 1
X6 4.21 Si 10 1 6 Length 2, 4 Length 1
X7 4.12 Si 9 1 7 Length 2, 2 Length 1
X8 4.00 S 8 1 8 Length 2
10 3.29 Si 8 1 8 Length 2 wModRM
Poweril 2.44 COSMOS 74 21 1* Integer pover tes
Poweri2 2.49 COSMOS 72 20 2" Integer pover tes
Powerf 2.93 COSMOS 81 26 FP Power test
Mix0 3.48 COSMOS 77 14 Length 1-5 mix
Mix1 3.35 COSMOS 98 18 Length 1-7 mix
C3#4 3.10 COSMOS 5 1 4 Length 3 1 Length 4
C223 3.65 COSMOS 6 1 2 Length 2, 4 Length 3

Table 1: RAPPID performance t ests




Power

RAPPID power measurean silicon is canparedto the
simulated power d the layic performing the length
decoding (marking) and instuction stering for a
comparable clockd circut. The conparisonwas made
using the integer gwer test fom the Pentium power test
suite. The results shw that RAPPID consunes alout one
half the erergy as tte clocled desig.

Since execuion times difer greatly between these
desigs, we calcuated the erergy requred to execute one
loop ofthe te$ progam The AHFO was placedin amode
where it would nat cycle the instructins. This permitted
us toavdd aliasing ar power resultswith the high energy
FIFO circdt but limited s to ewaluating a sirgle cacte
line at a tine. Therebre we measuwed the powver of each
instruction individually. The inner loop of the Pertium
integer power test catains ten instructizs, so we
generatedten separate tests, eanfeasuing the powver of
one d the instructios. Each suchest consistsof one
instruction from the Fentium test @dded by length one
instructins to the endof the line. Knaving the power
consuned by the length e instruction, we could
calculate the @wer for individual instructiols andthe
conplete test site.  These reskls conpare pProcessors
execting at different speeds ah orly conpare a sigle
test;a nore accuate conparisonstould include a pover-
performance curve over a larger instruction mix, which is
beyond the sope ofthis reearch

RAPPID was nd optimized for low power, andits
suwperior eficiercy is dwe ory to its asychronous design
ard ou specific agnchronous desgn methodologies. In
particular, data (instuction bytes) are nat moved around
unlessnecessarythey are stored oty once, inthe Byte
Latch.

Area

RAPPID's area is copared to tle area ofa circlit
performing the similar functionality designedon the sare
0.25m process. Appleto-apple area coparison is
difficut becase of the different requremens,
performance, aml mcroarclitecture. The prircipal
souces ofinaccuacyare:

1. The threeissueinstructin steering Igic in the
clocked design cortained corsiderably more
functionality than the cmparalle four issue
circuit in RAPPID.

2. Significart differerces eisted between the
floorplars.

3. RAPPID doesnt hande the instructia pointer,
illegal opcodes, togus banches, anchas aly

length-nodifying prefix handling.

4. Sone of the clocled circuts cortain unrelated

logic, andisdating the relevantats is dfficult.

5. RAPPID layout is nd optimized for density due to

resairce lintations.

Our aralysis shows that RAPPID corsumes 22% largr
area tlan the clocled design. This is a \ery reasoable
area pendty for the improvements in throughput, latency
ard power. Incorclusion ou aralysis indicatesthat there
is no eviderce for a large area pesity inherert to
asynchronous design.

Testallity

Testalility is considered a nmgjor potential risk br
asynchronous circuits, mainly becage the prodwetion
testersare clockbased, ath the tested deees fave to
exhibit a clockaccuate behvior. A chip thatincludesan
asynchronous unit @es nd behave in this way. Two
common ways to work arownd this problem are to
surround the asychronous unit by a scarregster aml test
it using Built-In Self Test (BIST), andto use aly test
vectors which are known to exhibit predictable behavior
with respecto the clock For fully asyichronous chips, a
new type of tester \ill be required. Another testalility
isste in selftimed circlts, wherein the correctbehavior
of the circuit épends m relative dlays, is that there iy
be faults that are ot represeted or are ot detectable
using thecommon stud-at fault and delay models.

In RAPPID we used a BST approachin which we
created a cellar auomaton to feedvectorsto RAPPID
[8]. A signature aralyzer is placed ornthe ouput to
obsenre the signal states. Tie ouput signals ard sone
input signals were comected to tk sighature aralyzer.
One nodification was mede to the cellular autmaton to
testfor two-opcode instructians which were tao rare tobe
generatedby the autonaton. A similar modification is
requred to generate segarces of prefixes, bt was rot
implemerted.

The BIST logic was nd implementedon silicon due to
schedule constraints. It was designal a schematics level,
and simulated using COSMOS sitch-evel fault
simulator. Faults vere injectedin one column only, and
only in one of the Tag Units in this cdumn, in order to
keep rutime reasoable. e expect tle cowerage for all
blocks to be nearlyidenticalindependent of their position
in the array

The stuk-at fault coverage for the Tag Unit was
98.6%, afer elimnating the utestable wak feedback
faults in the donino keepers. e correspoding coverage
for the rest ofthe column (Lermgth Decoderand Byte
Control) is 91.2%, lackhg mainly becase the prefix
handing logic was nd exercised. Andysis of the
uncetectedfaults revealedan interesting fye which is



specifc to selftimed circlits. These circits include sone
transistos which are there in er to allow the circuit to
function correctly under a range of delays on gaes and
wires. Thesetrarsistorsmay becone reduindant under a
specifc assigmert of delays, as is tle casewith the unit
delay model in COSMOS. Tis is anissuefor production
testing as well, since the codition at test tire nay be
different than redired for detecting the &ult. We
obsered sone undetected #ults that are de to a
redundant transistounder the circuis relative élays.

Silicon debugging

Debugging a asynchronous drcuit on silicon without
direct probing may be anissie sirce tte circlit is self
timed, amnl ore camot stop tke clock ard scanout the
state signals. fis is esgcially true with the selfresetting
pulsed circuits usedin RAPPID, since ly the tine the
circuit stgps, the signalshave alreag returnedto their
initial states. Aspecial cebug feature vas designed in
RAPPID to facilitate silicon debugging. Eight Lts in the
scanin chain are dedicated to ithfeatue. Eachbit, when
set, bocks the resetting fo an internal state signal.
Additional logic required to implenent this tocking is
minimal. In most cases, it redued addirg just one input
to an alreag existing gate. A these aditions were done
off the critical paths, since the resetgth is usuallynon-
critical. The frozen state sigals were then scamed ou
and observed. The debugging I@ic enabled us to identify
three dfferent tinming-relatedfailures d the first silicon
we receiwed in avery short time. We made a qick fix for
one ofthem which proved to be correct ahallowed us to
test the devce.

5. Discussion

We summarize some of our key observations below. In
the early design stag, we learred how to optimize
asynchronous dreuits mainly for high performance at the
microarclitecture level:

Optimize for the conmon cases: W optimized tre
tagging drcuit for up to seven bytes and thelength
decoder ér conmon instructions [1].

Employ timing assunptions, direct signding and
pulsed lodc to awid the full handshake overhead
[3].

Use a oe-hot domino circuit with autamatic
completion detection, e.g., br the length dcader.
Scalalte parallel gperation can lalance the varios
operatiom ratesfor periormance: We ged four
rows of tagging units anautput buffers to match
tagging tine tothe instruction steering tire.
Preenpting asynchronous circuits is possible: W

enployed it in the length dcaler to restart the
decdaling in non-first-bytes, as Wl as in case b
prefixes andong instructiams.

Synchronization that requires wde irefficient
gatescan at times ke deferred by sgitting the
design into concurrent paths and moving the
synchranization to a less exgnsive I@ation. Fa
exanple, RAPPID does ot synchronize all
sixteen bytes at the ingt; rather, the ¥es
proceedsalong corcurrernt patts, am orly get
synchronized at the most opportine time by the
Tag Units.

In the later stagesf dhe design, keyobservatins were
mostly relatedto methods for asynchranous contral circuit
optimizations [3:

- Relative tining assurmtions were usedo simplify
the caoitra circuits thus increasing their
performance.

Relative timing assumtions were adled to the
formal verificationtool ANALYZE.

Pulsed pipeline caontral simplified the circuit and
increased peodfmance.

Footed raber than unfooted donino may yield a
faster circut due torelaxed race caditions.

Selftimed circuits are apotential sdution to future
desgn problens like dely variaons ard clock
distribution. We are investigating the adapive
synchronization steme for communication among units
on chip in the preseoe of large clock skew [9] ard a
schene to enbed selftimed modules without significant
latencypenalty in globally synchraous systens [10]. We
are also desiing a conplete CAD system for timed
circuit desgn [11, 12, 13], ad areworking on Desgn for
Testablity (DfT) sdutions for the unetectalle faults in
selftimed circuts. Sich CAD ard design techiques area
potertial sdution to the isses we will face inthe future,
given current trends of increasing dock frequency,
intercannect @dlays, anddelay variatins.

6. Conclusion

Ou agyressive desgn methodology for ag/nchronous
systens has resulteth a circuit thatachieveshreetimes
the perbrmance of its high-performance conmercial
synchronous countepart, incurring haf the latency and
consuming half the pwer, ata comparabe silicon area.
We havefound that the nain limitation to exdoiting this
potential is the lack bappropriate CAD tools.
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