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Abstract

This paper presentsan in-depth case study in high-
performanceasyn@ironousadderdesign.A recentmethod,
called“speculativecompletion”,is used.Thismethoduses
single-rail bundleddatapathsout alsoallowsearly comple-
tion. Five new dynamicdesignsare presentedor Brent-
Kungand Carry-Bypassaddes. Furthermog, two new ar-
chitectuies are introduced,which target (i) small number
addition, and (ii) hybrid operation. Initial SPICE simu-
lation and statisticalanalysisshowperformancamprove-
mentsup to 19%on randominputsand 14%on actual pro-
gramsfor 32-bit adders, and up to 29% on randominputs
for 64-bitaddess, over compagnble syndronousdesigns.

1 Intr oduction

Asynchronougdesignis enjoying a resugence,with a
mary recenttechnicalandpracticaladvanced1]. In princi-
ple,asynchronousystemsgromiseseveraladvantagesver
synchronousystems{i) low power sinceanasynchronous
componenttomputesonly when necessary(ii) high per-
formance sinceglobal clock distribution andsynchroniza-
tion canbeavoided;and(iii) scalabilityandeaseof design
sincethereareno globaltiming constraints.
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Thepromiseof high-performanceéatapathss especially
attractve. In principle,a numberof componentfave data-
dependenbehavior fastoperationon certaininputs, and
slower operationon otherinputs. Therefore following the
RISCphilosophyof “making the commoncasefast”, asyn-
chronousdatapathdhave the potentialto outperformsyn-
chronougdesignson averagenputs.

In practice though this potentialis oftendifficult to real-
ize. Existingmethoddor asynchronoudatapattdesigncan
incur significant performanceoverhead,undercuttingthe
potentialbenefits.The goal of this paperis to designhigh-
performanceasynchronoudatapatttomponentsyhichare
fasterthansynchronouslesignsaandyethave low areaover
head.

A numberof approachesare beenproposedo design
asynchronouglatapathcomponents. Most fall into one
of two catgyories,dependingon how completionis deter
mined: bundleddataandcompletiondetection

A bundleddata designusesa worst-casemodeldelay;
designedto exceedthe longestpath throughthe subsys-
tem([6, 1]. This delaymay beaninverterchainor arepli-
catedportion of the critical path. This methodhasbeen
widely used[4, 3, 2, 5]. Themainadwantagss thata stan-
dardsynchronougi.e., non-hazard-free$ingle-mil imple-
mentationmaybe used soimplementationareeasyto de-
sign, andhave low power andlimited area. However, the
key disadwantageis that completionis fixed to worst-case
computationregardlesof actualdatainputs!?

A completiordetectiormethod1, 7] detectsvhencom-

1Unlike synchronouslesign though,delaymaigins may be somavhat
tighter sincetiming constraintarelocalized.



putationis actually completed. The datapathis typically
implementedn dual-rail, whereeachbit is mappedto a
pair of wires, which encodeboth the valueandvalidity of
thedata.Differentencodingscheme$ave beenused such
as4-phaskZand2-phasd EDR(se€[1]), andthemethods
have beenappliedto a numberof designg8, 7]. In princi-
ple, this approachtasthe advantagethatthe datapathtself
indicatesvhencomputationis actuallycompleted The key
disadantagein mary applicationsijs thatacompletiorde-
tectionnetworkis usuallyrequired,addingsereralgatede-
lays betweencompletionandits detection. Furthermore,
the increasedviring and switchingactiity often resultin
muchgreaterareaand power consumption.An alternatve
scheme current-sensingcompletiondetection avoids the
detectionnetwork [9], but requiresspecialcurrentsensors
andstill requiresanumberof gatedelaysof overhead.

In recentwork [12], we introduceda new methodfor
designingasynchronougatapaticomponentsgalledspec-
ulative completion The methodhasmary adwvantagesof
the bundleddataapproachsuchasthe useof a single-rail
synchronouslatapathUnlike bundleddatathough several
differentmatcheddelaysare used: a worst-casamodelde-
lay, andoneor morespeculativedelays.Thereforea com-
ponentcanoperateatseveralpossiblespeedsA speculatie
delay allows early completion,andis disabledfor worst-
casedata. However, unlike completiondetectionmethods,
earlycompletiondetectioroccursin parallelwith thedatap-
athcomputationnot aftercomputatioris complete.There-
fore,completionoverheads minimal.

As aninitial casestudy we presenteda designfor an
asynchronouBrent-Kungadder{12]. This studywasquite
limited: only onegate-level designwaspresentedin addi-
tion, thoughcarefulgate-lerel analysisvasincluded wein-
cludedno SPICEsimulations.Ourfocuswasonly on static
CMOSdesign,andoneparticularcomponendf our design
(“modified sumgeneration”wascomplex.

The contribution of this paperis a detailedcasestudyof
the designof high-performancesynchronousdders,us-
ing speculatre completion. The focusis on dynamicim-
plementations. Detailed SPICE simulationsare provided
for 5 designsincludingbothBrent-KungandCarry-Bypass
adders.

We first shav thatthe useof dynamiclogic cansimplify
thedesignof speculatie adders Both 2-speechnd3-speed
designsarepresentedfor 32-and64-bitaddition.

We thenintroducetwo new variantarchitectures.The
first is designedo handleaddition of small numbes, and
allows very early completion.Small-numberdditionis an
importantspeciakasewhicharisesn two commonproces-
sor applications: (i) sign-extendedaddition, and (ii) non-
randominput distributions. Sign-extensionof an operand
commonlyoccursin processorsiuring branchtarget ad-
dresscalculation(for conditional branches)and effective

addresscalculation (for memory data transfers). Non-
randominput distributions occur when running code se-
guencedor actualprogramsin this case pperandsnaybe
statisticallyskewed towardssmall numbers.We introduce
thearchitectureandapplyit to Brent-Kungadders.

The secondarchitecturds a hybrid design which com-
binesspeculatre completion(for earlycasesith comple-
tion sensingfor othercases) Thegoalis to avoid comple-
tion sensingoverheador early casesbut obtainthe benefit
of variablecompletionsensingor slower cases.We intro-
ducethe hybrid architectureandapplyit to a carry-bypass
adder

Finally, SPICEanalysisand detailedexperimentalper
formanceevaluationsof the addersare presentedassum-
ing bothrandomandnon-randoninput distributions. Non-
randominput distributions were obtainedfrom an ARM
simulator evaluatedover a small set of programs(e.g.,
espressoandbenchmarkge.g., dhrystone).Initial results
indicateperformancemprovementsangingup to 19%on
randominputs, and 14% on experimentalinputs, for 32-
bit addition,and29% on randominputsfor 64-bit addition,
over comparablesyndironousadders.

The casestudiesin this paperaremeantto demonstrate
theviability of this approactfor high-performancelesign.
It isimportantto notethatspeculatre completionis notlim-
ited to Brent-Kung or Carry-Bypassadders.It canbe ap-
plied to otheraddersaswell asmultipliersandothercom-
ponentswvhich exhibit data-dependemperation.

2 Background: Speculatve Completion

This sectionreviewsthebasicspeculatie completionar
chitectureaspresentedn [12)].

2.1 BasicArchitecture

A standardsingle-railbundleddatapathis shavn in Fig-
urel(a). Thefunctionblock canbeimplementedisingsyn-
chronoug(i.e., non-hazard-freegingle-raillogic. A single
modeldelayis used,with input req andoutputack. This
delayrecevesa request,req, whendatainputs are valid,
andwill produceanack only afterthefunctionoutputsare
valid. This matcheddelaymustbe slowerthanthe function
block underall physicalconditionsandall datainputs.

Figure 1(b) shawvs the basicarchitectureof our specu-
lative completiondatapath. Thereare threekey features.
First, we usemultiple model delays onefor worst-case
andthe remainingonesfor speculatre completion. These
speculatre delaysallow differentspeedsof early comple-
tion. For example,in a ripple-carryadder an “average-
case”delay might be usedif adderinputsresultin short
carry chains;a “best-casedelay might be usedif thereis
no carrychain(e.g., if anoperands 0).

Secondanabort detection network is associatedvith
eachspeculatie delay Thenetwork determinesf thecore-
spondingspeculatie completionmust be aborted,due to
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Figure 1. Comparison of (a) standar d bundled
datapath, and (b) speculative completion dat-
apath

worst-casedata. Abort detectionis computedin parallel

with datapathcomputation. The abortsignalis allowedto

glitch. Theonly timing requirements thatit becomestable
andvalid fasterthanthe speculatie delay

Interestingly the abortdetectionnetwork doesnot need
to detectheexactconditionsfor abort.Insteadthenetwork
can be simplified, to safely approximatethe abort condi-
tions. In particular theabortdetectiometwork mustdetect
all worst-casedata, whereabortis required. However, it
may alsoabortfor some“best-case’'inputs,whereabortis
unnecessaryThe only impactof an unnecessargbortis
to producea late completionsignal. Safeapproximatiorof
abortconditionscanbe usedto simplify theabortdetection
logic.

Thethird feature modified resultlogic, is notvisible in
Figurel(b). With speculatre completionearlycompletion
is allowedwhenresultscanbe producedearly In practice,
though,somedatapathsio notallow earlygeneratiorof re-

sults. For example,in certainadderdesigns(seebelow),
evenif all carriesare computedearly, thesecarriesmust
passthrough several levels of logic before producingthe
correctsum. Therefore bypasdogic is required,to allow
the sumto be generatedisingtheseearly carries. Further
detailsappeain thenext subsection.

2.2 APreliminary Gate-Level Study: Brent-Kung
Adder

We now review our previouscasestudy[12]: thedesign
of Brent-Kung 32-bit binary lookaheacdcarry (BLC) adder
using speculatie completion. The designwas gate-level
only; nosimulationsverepresentedThefocusof thestudy
wason staticimplementations.

2.2.1 BLC Adder Design

A parallel 32-bit carry-lookaheadadder of Brent and
Kung[10, 11] is shovn in Figure2. This adderusesa bit-
wise,or binary; lookaheadarry(BLC) method.ln aCMOS
implementatiorof this adder the stackdepthof eachgate
is 2, andthe gatefanoutload is usually2. The designis
amenabléo regularlayout.

The 32-bit adderproducesall propagatgp) andgener
ate (g) signalsin Level-0 and producesa sumin Level-6.
Thecritical pathfrom inputto outputis therefore7 gatede-
lays. BetweenlLevel-OandLevel-6,theaddercomputeghe
cumulatve P and G valuesin parallelfor eachof the 32
bit slices.Specifically Level-1 computesll 2-bit P andG
values(whereP;' = p;-p;—1 andG} = gi+pi-gi-1),
Level-2 computesall 4-bit values(whereP? = P!. P!,
andG? = G} + P! - G}_,), andsoon. In Level-6, the
ith sumbit, s;, is computedasthe XOR of propagatéit p;
(takenfrom Level-0), andthe final generatebit (or “carry-
out”) G7_, of theprecedingstage(takenfrom Level-5).

2.2.2 Speculative Adder Design
Thespeculatreaddemuseghesamebasicdatapathbut with
severalmodifications We review thethreecomponents.

Completion Network

Figure3 shavs a block diagramof our speculatie comple-
tion network. For simplicity, inverterchainsare usedfor
modeldelays put replicatedbortionsof thecritical pathcan
be usedinstead.In this figure, eachinverterdelayroughly
correspondgo the delay of one level in the BLC adder
Therearetwo modeldelaypaths. Theworst-caselelaypath
has7 gatedelays.Thespeculatredelaypathhasonly 5 gate
delays,andappliesto casesvhereall final generatevalues
areavailablein Level-3(i.e., no usefulcomputatioroccurs
in Level-4andLevel-5).

Abort DetectionNetwork

Thekey componenbf thedesignis theabortdetectiomet-
work, which generateshe abortsignal. By early comple-
tion, we meanthat all final generatesignalsare available
in Level-3: no furtherchange®occuron generatesignalsin
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Level-4or Level-5. By latecompletionwe meanthatsome
final generatesignalis not availablein Level-3: it is com-
putedin Level-4 or Level-5 (i.e., differs from its Level-3
value).

In [12], a necessaryonditionfor late completionwas
presented:

Condition 2.1. Late completioncan only occurif there
existsa run of 8 consecutivé.evel-0propagatesignals.C
Theresultis justifiedasfollows. At thenth level, agenerate
function of the ith stageis computedas: G}' = G?’l +
PG}, wherej = i — 2"~ (ignoringthealternat-
ing inversionsin theactualimplementation)Clearly, G7' is
thesameasthe generatef theprecedindevel, G;"‘l if the
propagateerm,P[‘_l, is 0. Forthegivendetectionp = 4,
so eath Level-4 geneate signal is the sameas the corre-
sponding_evel-3geneatesignalif ead Level-3propagate
signalis 0. EachLevel-3 propagatesignalis effectively the
productof arun of 8 consecutie Level-0 propagatesignals.
Sucha conditionis calledan 8-p run. Therefore the goal
of theabortdetectionnetwork is to detectary 8-p run,and
abortif oneoccurs.

For efficiengy, this conditionis further safelyapproxi-



mated,to producesimplernetworks. As an example,con-
siderthe productec = pg pr ps. This productcovers, or
detectsthe 8-p run from p3 to p1g. If therun occurs,then
¢ = 1. However, if therun doesnot occur, thenc mayor
may not be setto 0. Theuseof ¢ simplifiesdetectionand
detections “safely approximate”.c is never 0 whenan8-p
runoccurs.

In generala productcoversasetof 8-p runs. For exam-
ple, c coversthe 8-p runsfrom 1 — 8 through6 — 13. To
designan abort detectionnetwork, productsare selected,
eachof which detectsa setof 8-pruns. Theabortdetection
network is constructeaut of asumof suchproductswhich,
togetheycoverall possible8-pruns. If any 8-p runoccurs,
thenetwork will detectit.

A numberof differentabortdetectionnetworks canbe
used. Eachimplementatiorusesa differentsafeapproxi-
mationto exactabortdetection.

3-Literal Products. Eachproductcontainsa run of 3
p-signals(in Level-0). The network containss products;it
is given by equation:pspspr + p11p12p13 + pP17P18P1e +
D23P24P25 + P2opaop31- Productpspepr coversthe8-pruns
from stage: O through7, 1 through8, ..., 5 through12.
Thatis, if any of theserunsoccurs,this productwill be 1.
Similarly, theremainingfour productscover theotherruns.

4-Literal Products. Each productcontainsa run of
4 p-signals;there are 5 products. The sum-of-products
equationis: papspepr + poprop11P12 + P14P15Pr6P1T +
P1oP20P21P22 + P2ap2spep2r- Eachproductcoversfewer
8-p runsthanin the preceding3-literal productimplemen-
tation,thoughthe sametotal numberof productss used.

5-Literal Products. Eachproductcontainsa run of 5
p-signalsithereare? products.The sum-of-productgequa-
tionis: pspapspepr + PrPsPoP10P11 + P11P12P13P1aP15 +
DP15P16P17P18P19 + P19P20P21P22P23 + P23P24P25D26P27 +
p27D2s8P20P30P31- Notethatin this case,adjacenproducts

overlap;thatis, they have aliteral in common.

Alternative augmentecbort networkscanbe designed,
whichuse“kill” signalsaswell (see[12]).

The abortdetectionnetwork is allowedto have hazards.
The only requirements thatit producea stableandvalid
resultfasterthanthe speculatie delay Becausehis net-
work is critical, the designemustoptimizeits performance
to meetthistiming requirement.

Modified Sum Generation
The final componenf the designhis sum generation. In
a basicBrent-Kungadder evenif all carriesare computed
early, an early sum cannotbe generatedseeFigure 4(a)).
The problemis that eachsum bit, sum;, usesa generate
signalonly from Level-5: sum; = p; & G3_,. Therefore,
bypasdogic is neededto allow the sumto usea Level-3
generatsignal:G3_,.

A gate-level solutionis shavn in Figure4(b). The sig-
nalsareorderedfor fastcompletionusingG3_; andslower
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Figure 4. Sum Generation for Brent-K ung
Adder

completion(with additional overhead)using G2 ;. The
late-ensignalsare describedn moredetailin [12]. Basi-
cally, alate-enablesignalis the outputof anabortdetection
product,which coversthis sumbit. Eachlate-ensignalis
broadcasto the sumbitswhichit covers.

This solutionis fairly complex. Onereasonis that, in
a static CMOS implementation,internal nodesare never
reset,so their stateis in generalunknovn. During early
completionpncelevel-3G signalsarevalid andstable the
goalis to usethemfor earlysumgenerationUnfortunately
the valuesof Level-5G signalsare unknown at this point.
Therefore,complex sumgeneratiorogic is neededto in-
surethat a valid early sumis produced,using Level-3 G
signals regardlesf thevalueson Level-5 G signals.

3 BasicDynamic Brent-Kung Adders

We now introducethe first classof nen speculatre
designs: basic dynamic implementationsof Brent-Kung
adders. Dynamic logic allows two key improvements:
(i) greatlysimplified sumgeneration{ii) fastabortdetec-
tion logic. We presentdesignsfor (i) 32+32bit addition,
usingl speculatre delay(i.e., 2-speed)and(ii) 64+64bit
addition,using2 speculatie delays(i.e., 3-speed).

3.1 BasicDynamic P/G Cell.

A basicdynamiccell is shavn in Figure5. Thecell is
usedfor P;/G; generationin Level-1throughLevel-5. The
staticimplementatioralternatecdbetween; /G; andP; /G
in adjacentevels. In contrastthe dynamicimplementation
usesnverterssoit producesP/G ateachlevel. Theinitial
Level-Op;/g; valuesareproducedisingdynamicXOR and
AND gatesrespectiely (notshawvn).

3.2 Dynamic Adder Design: Overview.

Completion Network.
A matchedcompletionnetwork for a 32+32bit dynamic
Brent-Kung addercan easily be built. Figure 6 shavs



Figure 5. Basic dynamic cell: Brent-K ung
adder
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Figure 6. Basic completion network: Brent-
Kung adder

two matcheddelaypaths: (i) a speculatie path,assuming
Level-3 G signalsareusedfor sum,producingDonecqriy;
and (ii) the default path, assumingLevel-5 G signalsare
usedfor sum,producingDone e

Thematchedlelaypathsconsisiof replicatedbasiccells
for P/G generation.At the left, initial signals, Piummy1
and Pummy2 aresetto 1in Level-0. As aresult,in each
subsequenievel, the P; outputbecomesdl, in turn. In the
final stagein eachpath(Level-3in speculatre, Level-5in
default),theG; inputsaretiedto 1, andG; inputsaretied to
0, producinga final G; outputof 1 only afterinput P, = 1
arrives. Thesesignalsare eachfed into an XOR, to match
the sumgeneratioriogic. Finally, theresultingDonecariy
and Doneqe Signalsare fed into a MUX (not shavn in
the figure) which is controlledby the abortdetectionnet-
work. The resultingcompletionnetwork contrikuteslittle
areaoverheado theentireadder

Abort DetectionNetwork.

A dynamicimplementationof an abort detectionnet-
work is shavn in Figure?. This particulametwork is the 4-
literal/5-productnetworkdescribedn the previoussection.
A similarimplementatiorcanbe usedfor othernetworks.
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Figure 7. A dynamic abort detection network:
Brent-K ung adder

The network hasonly 2 levelsof logic (ignoringinvert-
ers),andpull-down stackdepthis 2. The network is small,
fastand hasa low abortrate. The network allows early
completion(i.e., no abort) on 72% of randominputs. As
shavn in Section6, even a more complex abort network
(a 5-literal/7-productnetwork) easily meetsthe timing re-
guirementgdeterminesbortin lessthanlns, muchfaster
thanthe speculatre delaypath).

Modified Sum Generation.
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Figure 8. Dynamic modified-sum generation:
Brent-K ung adder

Dynamiclogic allows a greatlysimplified designof the
sumlogic. In thestaticdesignof theprevioussectionmod-
ified sumlogic wascomplicated.The problemwasthatin-
ternal nodesare not resetand, therefore,their stateis in
generalinknonn. Thereforecomplex modifiedsumgener
ationlogic wasneededto producea valid earlysumresult.
In addition, late-enablesignalshadto bedistributedto the
differentsummodules.

In contrastwith dynamiclogic, all nodesareresetduring
theprechagephasesovaluesof internalnodesareknown.



Thenew dynamicimplementatiorfor modifiedsumlogicis
shawvn in Figure8(a). The ith sumis givenby: s; = p; ®
(G, + G5_,). Here,G3_, istheearly(Level-3) carryout
fromthei—1 stageG? , isthelate(Level-5)carryoutfrom
thei — 1 stageandp; is theith Level-0 propagateit. No
late-ensignalneedto bedistributed.

This schemeproducesa correctsumin every case. If
completionis late (i.e., abortoccurs),theneither (i) G
andG3 _, areboth 1, (i) G? ; andG? , areboth O, or
(i) G2, is1andG? , is0. TheremainingcaseG? , isO
andG?_, is 1, cannotoccur, sinceG?_, is a positive unate
functionof G?_,. In all casesG? | + G3_; = G?_,, so
thecorrectlate sumis producedlf completionis early(i.e.,
no abortoccurs)thencase(iii) cannotoccur, otherwisean
abortwould have occurred. If G2 | = 1, thenG? | +
G? |, = 1 asdesired regardlesof whetherG? , hashad
time to be setto 1. Similarly, if G3_; = 0, thenG?_; +
G3 ., =0.

Theabove schemextendsnaturallywhentherearemul-
tiple speculatie delays:eachappropriatecarly G signalis
fedinto the OR gate,asshavn in Figure8(b).

3.3 Adder Examples.

In the Resultssection,we will considertwo basicdy-
namicBrent-Kungadders.
32+32BK Adder (2-speed). Level-0is p/g generation,
Level-1 throughLevel-5 is P/G generationand Level-6
is sumgeneration. The 5-literal/7-productabort network,
describedabove, is used. The adderoperatesat 2 speeds.
Thereis onespeculatie path,which allows early comple-
tion after Level-3 G signalshave beenusedfor sumgener
ation.
64+64 BK Adder (3-speed). Level-0is p/g generation,
Level-1throughLevel-6is P/G generationandLevel-7is
sumgenerationln this casetheadderoperatesit 3 speeds.
There are two speculatie delay paths,allowing (i) very
early completionafter Level-3 G signalshave beenused
for sumgenerationor (ii) earlycompletionafterLevel-4G
signalshave beenusedfor sumgeneration.

The very early abort detection network detectsall
8-p runs using 12 products, each with 4 literals:
PapsPeP7 + Pop1oP11P12 + P14P1s5P16P17 + P19P2oP21P22 +
DP24p25P26P27  +  P209P30P31P32  +  P34P3spP3ePsr  +
P39D40P41D42 + D4a4aPasPa6P47 +
P49P50P51P52 + D54Ps5Ps6Ps7 + PsoPeoPe1Dez- 1he early
abort detection network detectsall 16-p runs using 6

products,eachwith 8 literals: pspopiop11p12013P14P15 +
DP17P18P19P20P21P22P23P24 + P26D27P28P29P30P31P32P33 +
DP35P36P37P38P39P40P41P42 + P44D45P46P47P48P49P50P51 +
P53P54P55P56P57P58P59P60 -

4 Handling Small Numbers
We now introducetwo variantarchitecturesto handle
additionof smallnumbers.

Small-numbeadditionis animportantspecialkcasearis-
ing in several processomapplications.By a small number
we meana numbemwith smallmagnitudegitherpositive or
negative. Ourfocuswill beonadditions,A + B, whereone
particularoperandsay B) is, or maybe,small. In contrast,
A maybelarge.

The goal of this work is to allow very early completion
when handlingsmall numbers. Specifically for a 32+32
bit Brent-Kung adder our goal is to producean early sum
usingLevel-2G signals In contrastthe basicdynamic32-
bit Brent-Kung adderin the previous sectionusedLevel-3
G signalsfor earlysum.

Small-numberadditionoccursin two commonapplica-
tions: (i) sign-extensionand (i) non-randominput distri-
butions Sign-exttensionof an operand,from, say 16- to
32-hits,oftenoccursin RISC processorsluringbranchtar-
getaddresgalculation(for conditionalbranchesandeffec-
tive addressalculation(for memorydatatransfers).Non-
randominput distributionsoccurin actualcodesequences
for real programs. In particulay evenin ALU add opera-
tions, without sign-extension,actualoperandsnay be sta-
tistically skewedtowardssmallnumberqseealso [13]).

In eachcase,very early completionis often possible,
sincecarry chainsareoften short. However, therearetwo
major problemsn applyinga basicspeculatre architecture
for thesecases.First, abortdetectionlogic becomegjuite
comple, sincemary shortcarry chainsmustbe detected.
At the sametime, abortdetectiorlogic mustbe evenfaster
sinceavery early speculatre delayis used.

We now describetwo variantsof the speculatie archi-
tectureto handlesign-extensionandnon-randomnputs.

4.1 Sign-Extension

Thefirst designis a 32+32bit Brent-Kungadderwhere
the secondoperand,B, is a 16-bit sign-extendedinteger.
Thegoalisto allow veryearlycompletionj.e., usingLevel-
2 G signalsfor thesum.

Considertwo operandsA = asiaszg - ..aja0 and B =
b31b3p . ..b1bg, Where B is sign-extended16-bit number;
thatis, b31 = b3g = ... = big = bis. We shallreferto bits
15 to 31 asthe upperbits, andto bits 0 to 14 asthe lower
bits. Sincethe upperbits of B areidentical(all 0 or all 1),
abortdetectioncanbe greatlysimplified.

Our basicstratay is to usepartial abort detection we
detectabort conditionsonly in the lower bits (roughly).
However, theproblemwith thisapproachs thatlongcarries
in upperbits arestill possible!This problemis addresseth
thesequel.

Complete Abort Detection.

A completeabort detectionnetworkcould be used,to de-
tectall long carries. To allow very early completion,us-
ing Level-2 G signals,it is sufficient to checkfor ary 4-
p run,i.e., run of 4 consecutie Level-0 propagatesignals,



Pi...pi+s. If no4-prunoccursthenno latecompletionis
necessaryasa corollaryof Condition2.1.

A completeabortdetectiometwork mustdetectevery 4-
p run,from 0 — 3 to 28 — 31. For example,using3-literal
products:productp, pap3 detectswo 4-p runs,0 — 3 and
1—4; p3paps detectdwo 4-pruns,2 — 5 and3 — 6; etc. The
resultingnetwork has15 productsanddetectsall 4-pruns.

Partial Abort Detection.

A betteralternatve is to usea partial abort detectionnet-
work. The network is muchsimpler;it only detectghe 4-p
runsfrom 0 — 3 through15 — 18. Theimplementatioris
shovnin Figure9.

To prove that this partial network is sufficent, two
caseanustbe considereddependingon whetherthe sign-
extendedoperand B, is positive or negative.

Casel: B Is Positive.

In this case the key obsenationis that eachupperbit,
1 (1 = 15...31), is eithera propagate (p) bit (i.e., p; =
a; ®b; = 1) orakill (k) bit (i.e., k; = @ - b; = 1). No
uppergeneite(g) bit (i.e., g; = a; - b;) canoccur, sincebits
bis — b31 areall 0.

We now shav thatonly 4-prunsupto 15 — 18 neecto be
detectedConsidettherun, 15— 18. Thisis acrosswerrun:
it is thelowest4-prunthatcontainsonly sign-etensiorbits
of B. In thiscasebits 15 — 18 canhave only p or k values.

Supposd5 — 18 isa4-prun(i.e., containsall p values).
In this case,an abortis required,sincea long carry chain
(length> 4) throughbit 19 may occur, resultingin a late
sum.

Alternatively, supposel5 — 18 is nota4-p run. In this
caseno carrychainis possiblein the higherbits. In partic-
ular, somebit j € 15...18 is nota propagatdp) bit, soit
mustbeakill (k) bit. Thisbit, j, effectively kills any carry
into the next bit, 19. As a result,no carry out will occur
in any higherbit, sincethesebits areeitherp or k£, andnot
g. Thereforeno carrychainoccursin the upperbits, sono

higher4-pruns(16 — 19...28 — 31) needto be detected.

Thepartialabortdetectiometwork cansafelybeused.
Casell: B Is Negative.

In this case the key obsenationis thateachupperbit, i
(: = 15...31), is now eithera propagatebit or a geneiate
bit. No upperkill bit canoccur, sincebits b15 — b3, areall
1.

This casds dualto the positive case put thereis asubtle
difference:long carry chainscannow be geneiatedin the
upperbits! For example, supposeusy is 1, and bits as;
throughasg areall 0. Bit 20 is a generatebit (sincebsy is
1), while bits 21 — 28 arepropagatéits formingan8-p run
(sincebs; — bog areall 1). Thereforeacarrychainof length
8 occurs,generatedn bit 20. Thesecarry chainscancause
late changesn the uppersumbits. Our goal is to avoid
detectinghesdongupperbit carrychainsyetstill produce
acorrectearlysum.

We now provethatonly 4-prunsupto 15— 18 needto be
detectedAgain,considetthecrosseerrun, 15 — 18. Here,
bits 15 — 18 canhave only p or g values.

Supposd 5 — 18 isa4-prun (i.e, all p values).In this
case,anabortis required,sincea long carry chaininto bit
19 may; or may not, occut The abortis required,since
the valueof sumi9 cannotsafelybe resohedduring early
completion:it depend®nwhetherthecarryinto 15 actually
occurs.

Alternatively, supposd 5 — 18 is nota4-prun. We shav
thatevery higherbit now hasa carryout.In this case some
bit j € 15...18 is not a propagatdp) bit, soit mustbea
generatgg) bit. This bit, j, effectively generatesa carry
into the next bit, 19. Sinceeachupperbit is eitherp or g,
this carryinitiatesa carry chain,insuringthatevery higher
bit, 7 > 5 (whetherp or g) producescarryout.

As anexample supposg = 17, theupperbits 23 and28
areg, andtheremainingbits 18 — 22, 24 — 27 and29 — 31
areall p. Here,17 is g, initiating a carrychain,of length5,
throughthep-runfrom 17 — 22, andinsuringa carryoutof
eachof thesebits. Theremainingg bits, 23 and28, already
initiate carry chainsinto p-runs24 — 27 and29 — 31, re-
spectvely. Thereforegveryupperbit producesa carryout.

In this case,long carry chainsin upperbits canoccut
And yet, this conditionof “all-carryouts”in upperbits can
be usedto insurea correctearly sum, in spite of the long
carrychains.

Modified Upper Sum Generation.

Thesolutionis to modify the uppersumbits. We first show
that, for eachupperbit i, a; is the correctsum; for early
completionandp; G?_, isthecorrectsum; for latecom-
pletion. Thisresultis justifiedbelow.

In Casd (B is positive), if thereis no abort,we shaved
thatthereis nocarryoutfrom ary upperbiti, i > 18. There-
fore,anupperbit sum,sum;, ¢ > 18, is:

pi®carryout;—1 = p; B0 = p; = a;Db; = a; 0 = a;.

In Casdl (B is negative),if thereis noabort,we shaved
thatthereis alwaysa carryoutfrom every upperbit 7, i >
18. In this caseanupperbit sum,sum;, i > 18, is:

pi ®carryouti 1 =p; D1l =Pi=a; ®b;=a, 1=
a; ®0 = a,.

In eachcase,if thereis no abort, the ith uppersum bit
is sum; = a;. This resultholds, regardlessof long carry
chainsin theupperbits (in Casell).

Basedon this result, modifiedsumlogic for the upper
sumbits sum;, ¢ > 19, mustbedesignedFigure10 shavs
our new implementationEachupperbit is implementeds:
sum; = p; ® (G2_, + b157). Here,Z is theabort signal,
andby5 is the sign bit of the 16-bit operand® The AND of

2A fasteralternatie is to useproduct,p1sp16p17p1s, asthe Z signal.
This productdetectsthe cross-oer run, 15 — 18, andcansafelyreplace
abort, for the sign-extensioncase.However, timing constraintsvereeas-
ily metusingabort asZ.
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signalsZ andb;; is broadcasto eachof theseuppersum
bits. If thereis no abort,theseuppersumbits generatehe
correctresult, a;, quickly, evenin Casell (B is negative)
wheretheremaybelong carry chainsin the upperbits.

To seethatthis uppersumlogic is correct,considerthe
two cases.In Casel, B is positive, so b5 is 0. Therefore,
sum; = p; ® (G}, +0) = p; ® G} _,. For earlycomple-
tion, thereareno uppercarries,so Gl_1 remainsat 0, and
sum; =p;®0=p; =a; Db; = a; 0 = a;. Forlate
completion,sum; = p; & G3_,, asdesired.In Casell, B
is negative, so by5 is 1. For early completion,Z = 0, so
sum; =p;i®(G5_ 1 +b152) =pi® (G2 +1) =p;®1 =
Pi=a; ®b; =a; D1 = a;. Forlatecompletion,Z = 1, so
sumi =piB(G3_1+b157) =pi®(G}_,+0) = pidG? ;.
In both casesthe logic produceghe correctsum: q; if no
abort,otherwisep; © G2,

As shavn in Section6, the partial abortdetectionnet-
work and modifieduppersumlogic easilymeetall timing
constraintsThey allow veryfastcompletionusingLevel-2
G signals.

4.2 Case2: Non-RandomlInput Distrib utions.

Our seconddesignis a 32+32 bit Brent-Kung adder
wherethesecondperand B, is frequentlysmall Thiscase
arisesin practice,wherea 32+32bit adderreceves non-
randominput distributions, e.g., when running programs
wheretheinputsareskewedto smallnumbers.

This casels moregenerathanCasel, since B may not
alwaysbeasign-etendedl6-bitnumber Again,thegoalis
to allow very early completion after Level-2 (not Level-3)
G signalsareproduced.

Our solutionis a simple modificationof our approach
for sign-extension.We simply checkif operandB is asign-
extendednumber If it is, very early completionis used(if

thereis no abort),asbefore.If not,thedefaultlate comple-
tionis used(usingLevel-5G signalsto producehesum).
Two hardwaremodificationsareneededoverthe Casel
design. First, a signextendp detectionnetwork is added,
to checkif B is a sign-extendednumber This network
consistsof two subnetverks, upperg and upper;. Out-
put upperq is the NOR of bits b5 — b3;, anddetermines
if thesebits areall O; if so, B is a sign-etendedpositive
number Outputupper; is the AND of bits b;5 — b3;, and
determinesf thesebitsareall 1; if so, B is asign-etended
negative number OperandB is a sign-extendednumberif
signextendp = upperg + uppery = 1.
Secondgsignextendp is usedto augmenthe abortde-
tection network. In particular the term signextendp =
upperg - upper; is ORedwith the original abortnetwork.
The new abort detectionnetwork is shavn in Figure 11.
An abort occursif a 4-p run is detectedin the lower
bits (as before), or if B is not a sign-extendednumber
(signextendp = 0). Theideais that,if B is nota sign-
extendednumber we consenratively abort,sincea 4-p run
mayoccurin theupperbits, andwill notbedetected.
Thereareno changeso uppersumbits; the samemple-
mentationsareusedasin signextension(seeFigurel0).

5 Hybrid Carry-BypassAdder

This sectionillustrateshow the abortdetectionscheme
canbe efficiently combinedwith existing completionsens-
ing stratgies.Ourgoalis to avoid completionsensingver-
headfor fastcasesput obtainthe benefitof variablecom-
pletionsensindor slower cases.

We target a dynamic32-bit asynchronousarry-bypass
adder(CBA), illustratedin Figure12(a)[15]. The adder
containseight 4-bit dual-rail Manchestecarry groupsthat
generatedual-rail carry signals, as illustrated in Figure
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12(b). For bit i, eitherc! or ¢! rising signifiesthat the
carry generationis completed. Becausehe carry bits can
completein ary order, the completionsensinglogic must
detectwhenall 32 carrybits arecompleted Thus,thecom-
pletionsensindogic consistf a32-bitOR-AND network.

Figurel12(c)illustratesourimplementatiorconsistingof
atreeof dominologic gateshatwe optimizedto minimize
the worst-casedelay Specifically the delay from c3; to
thedonesignalgoesthroughtwo fast2-inputdominoAND
gateswhile thedelayfrom othercarrysignalssuchasc; go
throughup to threeadditionaldominogates.

Thesumlogic is fasterthanthefastesctompletionsens-
ing delayandthusis guaranteedtio completebeforedone+
is generatedIn fact,done+occursup to 1 nsafterthelast
sumbit changestepresentingignificantdelayoverhead.

In order to reduce completion sensingoverhead,we
combinethe completionsensinglogic with a speculatre
completionscheme,as illustratedin Figure 13. Here,a
matchedaverage-casedelayline, qualifiedwith the output
of an abort network, is ORed with the existing variable-
delaycompletionsensingnetwork. Whenan early caseoc-
curs,bothinputsto the OR gatewill rise,but thefirsttorise
causedone+, signifying completion. Sincethe matched
delayline is fast,we canoftensave a significantfraction of
the completionsensingoverhead. For the non-earlycases
(abort = 1), only the completionsensingnetwork rising
causesione+

A statisticalanalysisby Garsideet al. [14] guidedour
choiceof abortdetectionnetworks. He obsenedthatreal
dataoften exhibits a two-humpeccarry-chainengthdistri-
bution, one hump neara carry-chainlength of 5 andone
muchcloserto theworst-caseSincetheoriginaladdermwas
alreadydesignedo minimizeworst-casealelay we choseto
targettheabortnetwork towardsadditionshaving very short
carry-chains.

As illustratedin Figure 14, the abortdetectionnetwork
consistsof a group of eight 4-p productterms. The up-
per7 termsform the mainportionof the detectiometwork,
whereeachd-ptermbridgesconsecutie 4-bit groups.(The
role of the bottom 8th termwill be discussedhortly) To
avoid chage-sharingroblemsthese4-bit productsareim-

plementedn two levelsof dominogates.Essentiallythese
productsdetectwhen the maximum effective carry-chain
delay consistsof 5 consecutie carry propagate®r more,
assuminghatall carry delaysareequalandthatthe carry-

bypassdelayequalsa carrydelay In reality, however, the

carry bypassdelay and the carry propagatebetweend-bit

groups,referredto as inter-group propagate are signifi-

cantly larger thanthe otherscarry propagatelelays. Con-

sequentlyusingthis 4-p network the average-casmatched
delaymustbelargerthan:

e PGdelay+ 1 carrybypasst 1 carry propagater sum
delayand

e PGdelay+ 3 carrypropagates 1 inter-grouppropa-

gate+ sumdelay
Notice thatin the both equationsthe generatiorof the

group propagatesignal doesnot appear This is because
it is usuallynotin the critical path,i.e., it is stableby the
time the carry mustbe bypassedThis, however, is not the
casefor the group propagateof the first 4-bit group. To
addresshis problem, we could make the matcheddelay
longerto accountfor this delay However, this makesthe
hybrid schemeneffective in reducingaverage-caseelay
Thus,insteadwe abortif this casels detectedusingan8th
productterm, consistingof p1 - p2 - p3 - p4.
6 Results

We completedthe transistodevel designof the four
addersn 0.5 micronHP CMOS14TBthree-metaprocess.
Thissectiondescribe®ur SPICEanalysigo determinevar-
iouscritical delays aswell asstatisticalanalysisto obtaina
measuref average-casperformance.

6.1 SPICE Analysis

We simulatedall designsusing Mentor GraphicsAc-
cusim (SPICE)simulatorat 50°C with a 3.3V power sup-
ply. For eachof thefour Brent-Kung Adders,we simulated
afew inputcasesandreporttheresultsin Tablel.

ColumnAbortindicatesthe delayrequiredfor the abort
network to complete.For the 64-bit design,the delaysfor
bothabortnetworksaregiven. For eachdesignthecolumns
G2 throughG6 shaw the delayof the Donesignal, for the
variousmatchedlelaypaths.For example,G2indicateshe



Figure 12. (a) Top-le vel view of 32-bit carry-bypass adder; (b) dual-rail Manchester carry-chain; and (c)
two of the four 8-bit groups constituting the domino logic implementation of the completion sensing

tree.

donesignalfor very fastcompletion,wheresignal Level-
2 G signalsareusedto generatehe sum.In eachexample,
thesecolumnshave acheckmarkf theassociatedelayrep-
resentghe delayof theaddition. Thelastcolumn,Lastbit,
givesthe delayof thelast-changingumbit. All delaysare
in nano-seconds.

We alsoperformedSPICEanalysisonthe Hybrid Carry-
BypassAdder and presenta breakdevn of delaysfor var
ious examplesin Table2. The columnPGK Gen. Delay
provides the delay for generatingthe p;, g;, and k; sig-
nals;it is a constanfor all examples. The columnComp.
Detect, providesthe delaythroughthe completionsensing
tree. This givesanindicationof thedelayof theadderif no
abortnetwork existed. ThecolumnMatchedDelaycontains

thedelayof thematchedlelayline; it is essentiall}constant
for all examples. The columnLastBit identifiesthe delay
of the last sumbit changingalongwith its bit #. The col-
umnDoneprovidesthe actualdelayof the adder Thelast
column, Savedis the differencebetweenthe actualadder
delay(givenby the Donecolumn)andthe adderassuming
no abortnetwork wereused(given by the CompletionDe-
tect. column). This givesan indicationof how muchtime
theabortnetwork saved.

6.2 Statistical PerformanceAnalysis

We statisticallyanalyzedthe average-casperformance
of four of the speculatre-completioradderswe described:
the 32-bit BK, the 32+16-bitBK, the 32-bit+smallBK, and
the32-bitHybrid CBA. For eachof theseaddersve consid-
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ered

e randomdata,whereeachoperandit has0.5 probabil-
ity of being1, and

e realdata,obtainedoy runningbenchmarlprogramson
anARM simulatorin whichwe incorporatedsoftware
performancemodelsof our addersderived from our
SPICEanalysis.

For the random case only, we also considered64-bit
BK adders(the real datawas for 32-bit additionsonly).
We comparedour speculatie Brent-Kung addersto syn-
chronousBrent-Kungaddersfo demonstrat¢he advantage
of speculatre completion. For our hybrid CBA, however,
we comparedo anasynchronousompletion-sensinGBA
without speculatre completion,to demonstrat¢he advan-
tageof the hybrid approach.

Random Data. The analysison randomdataindicates
that speculatie completionyields significantperformance

improvementsOnaveragethe64-bhitBK speculatieadder
is 29% fasterthan a 64-bit synchronoudBK adder The
32+32-bitBK adderis 19% faster and the 32+16-bitBK

adderis 8%fasterthana32-bitsynchronou8K adder The
32-bit resultsaresummarizedn Table 3. (The Tableonly
liststhe32-bitadderssincetheARM simulationsvereonly
for 32-bitaddition.)

Real Data. We obtainedreal databy runningan ARM
simulatoron four benchmarkprogramsand analyzingall
the additions and subtractionsperformedby the ALU.
Theseoperationsare partitionedinto threesets. The first
partition consistsof branch-tagetadditionsin which a 24-
bit sign-extendedoffset is addedto a 32-bit PC address.
The secondpartition consistsof addresscalculationsin
which 24-bit sign-extendedoffsetis addedo a 32-bitbase-
address. The third partition consistsof arithmetic(ALU)
32-bitadditions.



SPICESimulationof Brent-Kung Adders

SPICESimulationof 32-bit Hybrid Carry-Bypas#\dder

Last PGK | Comp. | Matched | Abort | Last
Example Abort G2 G3 G4 G5 G6 bit Example Gen. | Detect. Delay Gen. Bit Done | Saved
64+64bit BK Adder 1.71 | 1.88 2.42 ACBEC2A7+ 1.18/
7FFFFFFFFFFFFFFF4| 0.86/ EEC45692 0.54 1.83 1.59 24 1.65 0.18
0000000000000000 1.09 V| 2.33 || FFFFFFFF+
00000000000001FF+ 00000001 0.54 4.39 1.55 0.93 - 4.52 -0.13
0000000000000001 1.01/- Vv 1.87 0000001F+ 1.74/
000000000000001F+ 00000001 054 | 217 152 107 | 5 | 233 | -0.16
0000000000000001 -/- Va 1.64 F8000000+ 1.64/
3FB000000000001F+ 00000000 0.54 1.88 1.60 31 1.66 0.22
0010000000000001 - v 1.68 | | O1FDFDFC+ 1.69/
32+32b% BK Adder 163 513 00040404 054 | 2.19 1.54 - 9 | 170 | 049
00000001+ _ ) )
7FFFFFFF 0.81 v 2.11 Table 2. SPICE simulation of 0.5 micron Hy-
63A9CB2B+ brid Carry-Bypass Adder at 50°C and 3.3V on
BA26A3D9 v 1.55 various inputs.
32+16bit BK Adder 1.41 2.15
OFFBO0400+
00000FOD Vv 1.29
gggggggg" 008 053 ing performancgudgmentswe believe that both real and
OEEFCO00T : : randomdatashouldbe critically analyzed.
00004F0D 0.89 188 Resultsare presentedn Table 3. The 32+16-bit BK
70F84000+ adderhadthe lowestaveragedelay (8.52%improvement)
FFFF880D 0.98 2.08 | andlowestindividualdelay(on dhrystone 1 3.5%improve-
7OFFCO00+ ment) for branchcalculations. The 32+smallBK adder
FFFF880D v Loo | ; lativel | d4d lcul
Z0FECO00T 'owever, performsrelatively poorly on addresscalcula-
FFFFOB77 W 108 | tions, primarily becausehe percentagdor very fastcom-
32+small-number pletion is particularly low in the Dhrystonebenchmark.
BK Adder 141 2.14 This suggestshat, for this application,a three-tierecabort
OFFB0400h+ network ableto completeaftereitherG2 or G3maybepre-
80000FODh 0.87 v 1.29 . . .
OFFB0Z00NT ferred. Dueto thelack of time, sucha circuit could not be
00000FODh v 1.29 simulatedusing SPICE and thus a more detailedanalysis

Table 1. SPICE simulation of 0.5 micr on Brent-
Kung Adders at 50°C and 3.3V on various in-
puts.

Sincein our benchmarkprogramghe branch-tagetoff-
setcould alwaysbe representeavith lessthan16-bits,we
usedthe branchpatrtition to analyzeour 32+16-bitadder
Furthermoresinceasignificantfractionof addresgalcula-
tionsinvolved numberswith lessthan 16-bits,we usedthe
addresgartitionto analyzeour 32+smallBK adder Table
3 reportsthe averageimprovementbtainedfor eachdata
partition.

As mentionecearlier it hasbeenobsenedthatrealdata
is often skawed towardsthe worst case,exhibiting longer
averagecarry-chainlengthsthanwould be predictedusing
randomdata[14]. For thisreasonasynchronouaddersof-
ten perform poorerin practicethan a theoreticalanalysis
usingrandomdatamight expect. However, it is alsoim-
portantto notethatresultsfrom real dataoften exhibit sig-
nificantvariancesandcanbe a manifestatiorof the unique
propertiesof an individual benchmark. Thus, when mak-

couldnotbepresented.

We also obsened a high variancein the performance
of the CBAs. The hybrid CBA doessurprisinglywell for
addressaindbranchcalculationspver a baseasynchronous
CBA, but is often slow whendoing arithmeticadds. Sim-
ulationsshaw that the percentimprovementdelivered by
the abortdetectionnetwork rangedfrom 1.4% (Dhrystone
arithmetic)to 19.84%(Dhrystonebranches).
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StatisticalPerformancé\nalysisof VariousAdders

32-bit | 32+16-bit | 32+small | 32-bit
DataSetSource BK BK BK CBA
Randomdata
Avg. % Early 80.0 34.4 N/A N/A
Avg. Delay 1.73 1.90 N/A N/A
% Improvement 19 8 N/A N/A
Branch calculationspartition
% Early
Dhrystone 56.90 55.70 N/A 63.60
Espresso 52.80 41.30 N/A 45.50
Compilerl 40.30 30.00 N/A 47.10
Compiler2 8.50 21.50 N/A 7.70
Avg. % Early 39.62 37.12 N/A 40.97
Avg. Delay 1.94 1.88 N/A 2.43
% Impr ovement 5.17 8.52 N/A 11.88
Addr esscalculationspartition
% Early
Dhrystone 73.60 N/A 8.40 68.20
Espresso 63.40 N/A 27.50 43.30
Compilerl 45.80 N/A 14.10 41.40
Compiler2 67.00 N/A 26.70 65.20
Avg. % Early 62.45 N/A 19.18 54.53
Avg. Delay 1.83 N/A 2.01 2.18
% Improvement || 10.96 N/A 2.04 15.50
Arithmetic calculationspartition
% Early
Dhrystone 11.30 N/A N/A 10.00
Espresso 33.30 N/A N/A 31.30
Compilerl 24.10 N/A N/A 22.30
Compiler2 22.40 N/A N/A 20.90
Avg. % 22.77 N/A N/A 21.12
Avg. Delay 2.03 N/A N/A 3.27
% Impr ovement 0.90 N/A N/A 3.25
Table 3. Statistical performance analysis on

random and ARM-sim ulation data.




