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Abstract

Dueto larger buses(length, width) and deepsub-micon ef-
fectswhele coupling capacitancedetweenbus lines are in
the sameorder of magnitude as base capacitancespower
consumptiorof interconnectsstartsto havea significantim-
pact on a systens total power consumption. We present
novel addressbus encodingschemesthat take coupling ef-
fectsinto consideation. Thebasisis a physicalbus model
that quantifiescoupling capacitances. As a result, we re-
port power/enegy savingson the addressbusesof up to 56%
compaed to the bestknownordinary power/enegy efficient
encodingschemes. Thereby we exceedthe only to-dateap-
proach that also takes coupling effectsinto consideation.
Moreover, our encodingschemesdo not assumeany a priori
knowledg thatis particular to a specificapplication.

1 Introduction

Oneof the(mary) effectsin deepsub-microndesignsarecou-
pling capacitancebetweerclosebuslines. The spatialclose-
nessof buslinesincreaseshe wire-to-wire capacitancethat
muchthatit may even exceedthe basecapacitancef a wire

i.e. the wire-to-metallayer ! capacitanck Therefore,with

thesecoupling effectsin mind, the numberof switchingac-
tivities on a bus (i.e. all transitionson all bus lines) do not
necessarilyeflectthe power/enegy thatis consumedy the
bus. However, thiswastrue (se€[1]) for non-deesub-micon

designg. Hence encodingmechanisméor buspower/enegy
reductionthatsolelyrely on minimizing the numberof transi-
tionsarenotefficientany more.In fact,ary efficientencoding
schemdor deepsub-micronbusesshouldbe basedon a pre-
cisephysicalbusmodel.

Early work on minimizing the transitionactvities on buses
has beenconductedby Stan/Burleson2]. They transmit

1we denotemetallayer asthelayeron a chip layoutthatcarriesOV.

2Note that we implicitly assumehat power consumptiorof CMOS cir-
cuitsis dueto switchingactvity only. Leakagecurrentsmight alsobecome
alarger sourceof power consumptiorin the future but switchingactiity in
CMOScircuitswill continueto bethe mainsourceof powver consumption.

31n this context we saynon-deepsub-micon designsvhenwe meande-
signswherethe spatialproximity of buslines or devices etc. doesnot lead
to coupling capacitancethat arein the sameorder of magnitudeasthe in-
trinsic (i.e. base)capacitances.
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the invertedword throughthe bus when the HammingDis-
tance(HD for simplicity) of the non-invertedword would re-
sultin HD > N/2 with N being the numberof bus lines.
Panda/Dut{3] approachetheproblemof reducingswitching
activities of addresdussesy investigatingvariousscenarios
for memorymappingschemesBenini etal. [5] presentedn
adaptve approachfor encodingsignalsthat are transmitted
throughwide buses.Theexploitationof correlatechccespat-
terns(likein addresduseshasbeenstudiedn [3] (seeabolef
by using Gray Codeencodingaccordingto Methaet al. [6
andSuetal. [7]. Beninietal. [8] have improveduponGray
Codethrougha methodthatbenefitsfrom the factthata high
numberof patterndn addresdusesareconsecutie. Working
ZoneEncodinghasbeenproposedy Musoll etal. [9]. They
encodeaccordingto where on anaddressvord switchingac-
tivity actuallytakesplace.A synthesianethodfor a spatially
adaptve businterfaceis presentedby Acquaviva/Scars[10].
Zhanget al. [11] segmenta bus and thus exploit the effect
of having smallereffective bus capacitancethatapplyduring
bus transitions. Stan/Burlesor{12] focuson low power en-
codingtechniquesunderconsideratiorof influenceson pos-
sible areaand performancempacts. A recentapproachby
Sotiriadis/Chandrakasdd] thatis closeto our approactalso
takesinto consideratiorthe capacitancebetweerwiresrather
thanjustthewire-to-metal-layecapacitance Their staticen-
codingtechniqud(i.e. anencodingechniquehatis fixed)ob-
tainsresultsof anaverageof 40% power savings.

We addressthe low power bus encodingproblem through
theintroductionof the ExtendedTransition Activity Measue
ETAM thatwe useto control one of our encodingschemes.
Furthermorewe presenta physicalbus modelthat quantifies
the sizesof couplingandbasecapacitancesOur novel adap-
tive (it canbe changedvertime in orderto adaptto different
patternson the addressus) bus encodingschemeaventually
takescouplingeffectsinto consideration Thatis why we are
ableto achieve power/enegy savings on the addresusesof
upto 56%comparedo thebestknown ordinarypower/enegy
efficientencodingschemeg¢Gray Codeencoding).
Thispaperis structurecdasfollows: thefollowing Section2 in-
troducesur physicalbusmodelandshowsits characteristics.
This busmodelis the basisfor our encodingschemesn Sec-
tion 3. In Sectiond we shav the effectivenes®f our schemes
by meansof an extensie setof applicationsthatwe usedto
applyourtechnology Finally, Section5 givesa conclusion.

2 Physical BusModel and its Characteristics

Fig. 1 shawvs a simplified sectionalview througha coupleof
bus lines. Cp is what we call the basecapacitancesince
it is the intrinsic capacitanceébetweenthe bus line and the
metallayer(s). Cc ;,i+1 is the couplingcapacitancéetween
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Figurel: Physicalbusmodel

busline andbusline (not all coupling capacitances
are shovn in Fig. 1). A simple formula for thesecapaci-
tancescannotbe given becausethe cross section shapeof
the buslinesis actually neithera rectanglenor a circle. But
we can very closely approximatethe solution by assuming
that the cross sectionshapeof a bus line is a number of
circular crosssectionsfor which solutionscan be found di-
rectly throughthe solution of the correspondinglifferential
equations.Consequentlywe canrepresenthe perlengthca-
pacitanceC; for line asa superpositiorof the baseca-
pacitanceCy ; (wire_to_meta) and a coupling capacitance

Ce ;i1 (Wireto_wire) between andtheclosestight neigh-
bor

Cz' CBi CC ,i+1
2
- DR (@)
i - - i - -1
Thefactors and representhe correctionfactorsthatal-

lows usto deploy simpleequationdor the solutionof the dif-
ferentialequatiorratherthanusingnumericalmethods.
Fromageometrical/physicgloint of view, thereexist various
waysto minimize Cp ; andCy ; ; ., (@andthusminimize the
implied enegy consumption.The basicwaysare(discussion
appliesto Eq. 1):

Distance between metal layer and busline

It influencesthe sizeof C ;. The larger the distance

is thesmallerbecomesC'B ;- Iisdeterminedy the

technologyprocess.

Cross section shape of buslines

Thesmaller and are(pleasenotethat isimplicitly

containedn  accordingto the above explanation)the

smallerbecomeg’}; ;.

Distance between two adjacent buslines

A largerdistance reducesCc ; ;-

If growsbeyondacertainsizethenthespace(i.e.chiparea)
becomesunacceptablyarger sincethis distanceis between
all adjacentbus lines and a bus canbe very large (typically

For brevity reasonsve mayfrom now on usethetermcapacitancevhen
we actuallymeanper-lengthcapacitance

Pleasenote that our bus capacitancenodel doesneglect capacitances
resultingfrom wiresin otherlayersof the chip layout.

It canbe proved that this approximationis actually very accuraterep-
resentation.The reasorwhy we provided the simplified formula within this
paperis thatit cancorvenientlybeusedto explainthecharacteristicfike the
relationshipbetween and 1~ However, for brevity reasonghe

proof (obtainedby simulation)is not givenhere.
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Figure2: Shavn arethreepossiblecrosssectionshapegor buslines

32 or 64 lines). Thougha reductionof the crosssectionarea
) is beneficialfor reducingC’ ;, thereis atechnolog-
ical limit to doso: sincethevoltage is givenfor acertain
technologyandaccordingto thata certainchage (humberof
electronshaveto betransferredluringaswitchingphasethe
currentdensity / is a constant. Otherwise,the bus
line might be destryedthroughoverheating.
In deepsub—micrordesignghis problemis solved by consid-
ering differentform—factos (crosssectionshapeshsshavn
in Fig. 2. Thoughthe crosssectionareais nearly constant,
form—factor ¢) is more compactin termsof chip areathan
a) andb) but it alsoleadsto a higher coupling capacitance
C¢ ;i1 duetoincreased (seeEq.1). Form—factora)is not

usedfor deepsub—microndesignsbecauseof the discussed
chip areadisadwantage. This is a major differencebetween
"non deepsub—micrordesigns”anddeepsub—micrordesign.
Form—factorb) representsa good compromiseandis being
usedby us. Lateronwe will seewhatthis meansn termsof
thesizeof C¢, ; ;4 in relationto C ;.

Sofar, we only considerednecouplingcapacitancbetween
one bus line and only one other adjacentbus line. In fact,
couplingcapacitanceare presenbetweenany two bus lines
(thoughthey differ in size, of course). For example,let us
assumebus linesareenumeratedrom to N where N
representthetotal numberof buslines. Thetotal capacitance

for busline is givenby thefollowing formula:
¢ Cgi Co 1 Co p Co, 1
In generalwe canformulate:
1
C; Cg Coy - i ()
, i
Thecomponentsire:
: Thecouplingcapacitanceéetweerine andline

CC i,

. Representghe shield—&ctor since bus
lines betweenary two otherbuslinesrepresent shield
thusdiminishingthe otherwisehighercoupling capaci-
tance.

i, -
Thisfactorreflectsthefactthattherecan,or cannotpea
couplingcapacitancéetweerary two lines. For expla-
nation,let usassumehatline is switchingfrom "low”
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Figure3: All relevantswitchingcasesetweerbusline andbusline

switching)

to "high”. If, atthe sametime, line is alsoswitching
from "low” to "high” thanthereis at no pointin time a
differencein the voltagelevel betweenthesetwo lines.
Thus,line doesnot"see” ary couplingcapacitanceo
line . Neitherdoesline i.e.Cq Co i

Sameholdsif bothlineshave atransitionfrom "high” to
"low”. However, if oneline hasatransitionfrom "low”
to "high” andthe otherhasa transitionfrom "high” to
"low” (or vice versa)thanthereis a coupling capaci-
tancesincethereis a differencein the voltagelevel of

beforethe switching takes place. This assumes
that switching takes place at the samepoint in time .
Hence thereis acouplingcapacitanceAll four relevant
casesare shown in Fig. 3. Accordingly we obtainthe
following for ;, :

casel, case?

case3. casel (seeFig. 3 for cases)

i’

This busmodelhasvariousimportantcharacteristicghatwill
bekey for our encodingschemesWe will discusghecharac-
teristicsin thefollowing.

As we can seefrom the factor ; of the bus capacitance
model,the actualswitchingcapacitance€’; of abusline de-
pendson:

a) thebehaior of all otherbuslinesduringthe switch-
ing of busline

b) whetherbusline switchesor not. In thetrivial case
(notshowvn in Fig. 3) it is not. Enegy, however, is
only consumedbdy a bus line if thereis a high/low
or low/high transition. In that caseit is obviously
importantwhetherthe temporalprecedingvalue of
thesamebusline is differentto the presenbor not.

Pointb) is obviousandthe basisfor busencodingtechniques
that have beenproposedso far. However a) is new: since
we do have a coupling capacitancehatis in the sameorder
of magnitudgdetailsaregivenlater) asthe basecapacitance,
the existenceof the portionsof the coupling capacitancele-
pendsonthebehaior of theotherbuslinesandthusit is time
dependent

We canmale thisassumptiothoughphysicallythetwo signalsmayhave
askew dueto layoutissuesslightly differentsignalspeedhroughmanutc-
turingtolerance®tc.

areshowvn (Not shavn: the trivial casewhere not
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Figure4: Capacitancerofile of a 32 bit busaccordingto thetech-
nologyshavn in Table1

In summarya veryimportantcharacteristicof our busmodel
is that the capacitanceand, consequentlythe enegy con-
sumptiorfor transmittinginformationvia a thebusvariesde-
pendingon the activity of the otherbuslines.

Table 1 givesan overview of the characteristicén termsof
theactualcapacitanceslThevaluesarebasena , 2
CMOS processandhave beenobtainedby simulationsusing
ourbusmodel.

[ Technology Parameters and Bus Char acteristics |

Technology T
12

Basecapacitance&” i 222
313

Coupl.capacof two adj. linesC 3

C

C 11

C C seeEq.2for C

Table 1: Technologyparametersand bus characteristicgall
capacitanceareperlength)

It is interestingo seethat o/ c i.e.a

spreadl5x in enegy consumptiorfor submittingone 32-bit
word via thebus. In theworstcasethereis:
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Figure5: Shavn arethe bustransitionsperbusline for anapplica-
tion (MPEGII encoder)

Gi Cp Coi i -

with s 1, i i
whereasn the bestcaseC; Cg holds (whenall (i:?)
equal0). Fig. 4 shawvs the normalizedmaximumcapacitance
increasedor all bit linesof a 32-bit bus. Thatis the max.ca-
pacitanceof eachbit line (accordingto Eqg. 3 it is setin rela-
tionshipto the smallestmaximumcapacitance

1 G (4)

of all bit lines. In Fig. 4 we actuallyshow theincreasen [%].

We canseethatthe max. capacitancef bit line 16 is around
25%biggerthanthe max. capacitancef bit line O or bit line

31. We exploit theseandothercharacteristicfor alow power
encoding.

3 Encoding Schemes

Ourgoalis to minimizethe power/enegy consumptiorthatis
relatedto transmittinginformationvia a bus. Therefore,we
studythe characteristicef addresdustransactionsasshovn
in Fig. 5. Obviously, the addressspaceof the applicationis
2! bytewide (pleasenotethatfrom thetransitionswe cannot
tell wherin theaddresspacehe programis locatedbecause
thosebits that never changehave zerotransitions). The chart
(Fig. 5) shavs adecreasingrumberof transitionwith increas-
ing buslineswhich looks like a counterprofile. In addition,
mary bit lines are not used. Otherapplications(MPEG en-
coderprofile) shov similar characteristicsvith the only dif-
fere)ncethatthe addresspacemightvary (sizeof anapplica-
tion).

3.1 Adaptive Cross Connection Scheme ACCS
Theseobsenationscanbe usedfor power/enegy efficienten-
codingsincewe canassignthe mostactive bit linesto those
bus lines that are expectedto have the smallestcapacitance
(se€eFig.4). Thereforewe defineawindowas

min

[}

5
with ,  beingthe lower and upperborderbit positions(og
thewindow, respectiely, thewindow sizein bits and
the bus sizein bits. Thuswe candefinea crossconnection
schemeas

bw = 32 bit

a=12,b=15 wwl = 4 bit
[T [ B T [ [ | souce
0 31
‘ ‘ ‘ ‘ M*‘*M . target
0 d=24,0=27 3

Figure6: An examplefor awindow definition

and an exampleis shawvn in Fig. 6. The size of a window
is a compromisebetweenhardware effort (moresmaller
windows costmorehardware)andobtaininga high shieldef-
fect (windows with high transitionactiities shouldbe sepa-
ratedby windows with no transitions). Sincedifferentap-
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Figure7: ACCSschemed and2 for a32 bit bus

plicationshave differentaddresspaceswe implementedwo
schemesbhoth maximizingthe non-transitiorareagwhite ar-
easin Fig. 7) betweerthe expectechigh transitionareaggrey
areasn Fig. 7). Which schemes active at a certaintime is
decidedby the operatingsystenthatknowstheaddresspace
of anapplication/processSthemels for largeaddresspaces
whereassdemeds for smallerones.

3.2 Locally Spatial Invert SchemeL SIS

Throughthe ACCS schemewe obtained,amongothers, a
scenariowhere windows with high transition actvities are
shieldedagainsteachotherresultingin minimizing effectsof
coupling capacitances.However, we did not minimize the
transition actvities and coupling capacitancesffects within
a particular window (though we minimized the potential
power/enegy consumptionto assignhigh activity windows
to low capacitancareasof the bus). This is the goal of the
schemeL SIS (Locally Spatiallnvert Scheme)ntroducedin
thefollowing. PleasenotethatLSIS is applieduponthe out-

utof ACCS.

et usfirst definewhat we call the ExtendedTransition Ac-
tivitiy MeasureETAM for awindow | (asdefinedin
Eq.5) In orderto make the formular easiereadableve sim-
ply use to denotethewindow. Furthermorelet usassume
that isthex.thbit within awindow with  beingthevalue
of thatbit (i.e. ). Thus,we candefinethe ETAM
measuresfollows

ETAM 1 1

(6)
Thereby , ! givesthevalueof bit ; attime i.e.the
temporalpredecessingalue. Thus, ; i 1 determines

whetherbit ; hasa high/low or low/high transition(=1) or
not (=0). Accordingly this specificbit will contribute to the



ETAM measureor not. Fig.8 givesanideaon how ETAM is

measuredising an exampleof two stages.In the first stage
the portion of the ETAM measurecontributed by

is demonstratedThe dottedline shows the scopethatis im-

portantfor the calculationof therespectie ETAM portion. It

equalsto 2. In the caseof 2 (right part of Fig.8) the
respectre ETAM portionis 0 sincethebit beingvieweddoes
not performatransition.

It is veryimportantto notethatETAM asshavn doesNOT vi-

olatethe causalityprinciple asit might seemfrom the Fig. 8.

Therefore pleasenotethatthebuswordreferringto time

is storedin a register But even the bus word for time is

storedin aregistersincetheword is notyet puton the bus (it

is justin the I/O registerof a device, for example)andthus
ETAM doeswork asintendecby Eq. 6.

W W
> >
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Figure8: ETAM measurexplainedby meansof anexample.

Accordingto Eq. 6 every valueof abit differentto the bit un-
derreview is contributing 1 or O to thevalueof ETAM depend-
ing onwhetherit is differentin valueor not. Thateachcontri-
bution is equallysized(1 or 0 with no othervaluesallowed)
is justified by our capacitanceneasurethat gives us values
of basecapacitanceomparedo couplin%capacitanceef the
closestneigbors(a maximumof threeleft or right neighbors
in a 4-bit window) that are approximatelythe sameandthus
contribute the sameto the power/enegy consumption. Fur-
thermore,the shield effect makes more distantcoupling ca-
pacitancesieglibible. Thisis thejustificationto useawindow
sizeof 4 bits. Also, this window sizeresultsin areasonable
hardwareamountto implement.

In thenext stepweuseETAM asameasuravhethemwe should
invert the informationin thewindow or not. Pleasenotethat
our ETAM schemaes ableto measurghe impactof coupling
capacitancesA HammingDistancemeasureasusedfor reg-

ular invert schemesvould not leadto a reasonablémprove-
mentin power/enegy consumptionlt would only reducethe
numberof transitions. But the numberof transitionsdo not
necessarilyreflect the amountof power/enegy that is con-
sumed.Our whole LSIS schemeworks accordingto the fol-

lowing procedurefor all windowsthe ETAM measurés cal-

culated(lines 1-2). If the ETAM measurexceedshalf of the
maximumvalue(dependenbnthewindow size ) thenit is

counted(lines 3-5). After all ETAM measurearecalculated,
it is determninedvhethemorethanhalf of thewindows have

a high ETAM value. If thatis the casethe informationin

thewindows is transmittednverted. This is the LSIS encod-
ing scheme Pleasenotethatdecodingcanbe doneinversely

Only 1 extrabit line is usedfor thatsinceall windowswill be
invertedor not (majority vote).

Pleasenotethat this codeexplainsonly the stratgy. It does
notin ary way reflecttheimplementatiorthat,of coursejsin

hardware.

The bus interface (not shown) integrates both encoding
schemeACCSandLSIS. First, it is decidedwhetherACCS

Strategy of LSIS Scheme
1) For All  windows
2) determineETAM
3) If ETAM

4)  Then

5) -

6)

7)) If -

8) Then

9) For All  windows
10)

11) done.

Figure9: Thestrategy of ourLSIS Scheme
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Figure10: Genericpartof applicationsystem

Schemelor ACCS Schemeds to be used. This dependson
theexpectedsizeof theaddresspaceof the currentlyrunning
program/processActually, in our casethe OperatingSystem
will write the program/processize to an I/O register from
whereit is readby a comparatotthat activateseither ACCS
Schemelor ACCSScheme?2 . Then,the LSIS schemss fol-
lowing by countingthe ETAM valuesfor the individual win-
dows and, by majority vote, all singlewindows areinverted
or not. Thus,besideghe encodeduslineswe have onemore
outputthatis usedfor thedecodingsideof thebusto properly
decodePleasaotethatencoding/decoding doneon-the-fly
i.e.it doesnot costanadditionalcycle. Our currentdesignfor
thebusencodingnterfaceusesapproximately400gates.
Within our whole encodingschemesfirst ACCSis applied
then LSIS. Pleaselet us summarize. The whole scheme
ACCS LSISmakesuseof:

the profile of a deepsub—micronbus whereit is more

Ie_negy efficientto transmitinformationvia the outerbus

ines

the generalcharacteristicof an addressbus that trans-

mits addressem a counterlike mannemwhenexecuting

aprogram/process

the minimization of coupling capacitanceby dividing

buslinesinto windows andseparatinghosewindowsin

orderto make useof the shieldeffect.

In the next sectionwe show the resultsobtainedby applying
ourACCS LSISscheme.

4 Resaults

We applied our encodingschemego several SOC designs
(set-topbox, digital cameraetc.). Fig. 10 shows the generic
partof the systemwith a split addresdus (A-Busl,A-Bus2).
TheencodingschemdgGray CodeEncoding)we compareour
encodingschemego what was appliedto the samesystems
underexactly the sameconditions. Tah 2 shaws the results
with theapplicationrnameshown in thefirst column. Thenext
columnshaws the instructioncachesizes. The third column
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1$ Num. [%]imp [%]imp
App. z. Transact. | |

ABusl | ABus2 | A-Busl+2 | A-Busl | ABus? | ABusl+2 | A-Busl | A-Bus2 | A-Busl+2 LSIS)
78 [ 128608 | L76608 | 305608 [ 123608 [ 170608 | 293608 | 684600 | 044600 | 162608 |

13D 19,911 [ ZUBeUB | 4.38e-UY | 251eU8 | ZUUeUS | 422609 | 7Z47eU8 | LIIe-US | 233609 | L3468 | -3.61 -46.60
[ 227608 [ T.USeUY | 2.386-U8 | Z2.I19e-U8 | L.U4e-UY | Z2.296-U8 | L.2IeU8 | 5./8e-10 | L.Z7eU8 |
K [ 195605 | 6.786:06 | 263605 [ LU0eU5 [ 660606 | 256605 | LT.A2e05 [ 495606 | LU2e05 |

cMP 23,976,781 [ 229605 | LI56U6 | 24UeU5 | 223605 | LI2eU6 | 234605 | 167605 | 842607 | L75605 | -2.70 -26.97
[Z36605 | 744609 | 236605 | 2.29605 | 724809 | 229605 | L.72605 | 543609 | L.72605 |
78 [ 137608 | 352608 | 486608 | L2008 | 339608 | 4060608 | 753600 | LUBe08 | 273608 |

DIS 34,368 [ T.456-U8 | 3.356-U8 | 4.Ble-US | L.4Ue-US | 3.236-U8 | 4.64eU8 | B2UeUY | TUUeU8 | Z./36U8 | -3.67 43.16
[3396-U8 [ LUIeUY | 3.496-U8 | 3.2/6-U8 | U.BUe-10 | 3.376:U8 | LUUeU8 | 5./Ie-I0 | LU6e-U8 |
756 [ LI2e05 | 3.70606 | TLA9e05 [ LIZe05 [ 3.686:06 | 149605 | 6.856:06 [ 2.756:06 | OU.10606 |

KEY 9,849,864 | T.26605 | 51606 | 41605 | L.256°05 | L.506U6 | LAUeU5 | 765606 | U.I8e-07 | 857806 | -0.52 39.28
[ TI35605 | 700609 | I.35605 | 1.34605 | 696609 | 134605 | 820606 | 4.25609 | B.20606 |
7K [ 342605 | L76606 | 360605 [ 340605 [ 175606 | 357605 [ 202605 [ 104606 | 213605 |

MPG 22,408,513 [ 3.50e-U5 | 44Ue-U7 | _3.546-U5 | 348eU5 | 437607 | 352605 | ZU7eU5 | 26007 [ _ZI0eU5 | -0.67 40.75
352605 [ T.44e07 | 3.536U5 | 349605 | 144607 | 3.516U5 | ZUBeU5 | B.58eU8 | 209605 |
78 [ 651607 | 339606 | 405606 [ 645607 [ 337606 | AUIe06 | ZBIe07 [ LA7e06 | L75606 |

SMO 1,716,150 [ZB9e-U6 | 7.556-10 | 2.69eU6 | Z66eU6 | 748e-10 | 266606 | L.I66U6 | 326610 [ LI6eU6 | -0.84 56.71
[ 269606 | 7.556-10 | 269606 | 2.666U6 | 7.486-10 | 266606 | L.I66°06 | 3.266-10 | L.I66°06 |
756 [ 636608 | 121606 | 128606 [ 625608 [ 110606 | 126606 | 301e08 [ 578607 | 608607 |

TRK 520,860 [ 42907 | 6.09eU7 | _LU3eU6 | 471607 | 598607 | LUZe-U6 | 2U3e-U7 | 289607 | 492607 | -173 52,55
[ 794607 [ U000 | 794607 | 7.B0e-U7 | BBAe-10 | 7BIeU7 | 3.76607 | 4.27eI0 | 377607 |

Table2: Resultsof ourencodingschemegwindow size= 4 bit)

givesthetotal numberof addresbustransactiongthis should
notbeconfusedvith transitionsthathave beenexecuted.The

quality measureof our encodingschemaes the enegy thatis

consumeantheaddresseusescomparedo enengy efficient

addressodingschemesike Gray Coding (GC). It is impor-

tant to notice that unlike otherwork we do not measurehe

quality of our encodingschemesn termsof the numberof

total transitionssincethey do not reflect power/enegy con-

sumptionthroughcouplingeffects.

We have examinedthreeencodingschemesthefirst oneis a

GrayEncodingschemehatwe useasthestandardo compare
our resultsto. The seconds our ACCSandthethird oneis

ACCS LSIS (LSIS appliedon top of ACCS).For eachen-

codingschemeheenegy consumptiors shovn, splitinto the

partsconsumedby A-Bus1,A-Bus2andthetotal (A-Bus1+2).
Theenegy of onesinglebustransactioris calculated¢hrough:

1
/2
i

Ci B 2
with g beingthe lengthof the respectie bus (pleasere-
membethatC; representtheperlengthcapacitanceyith C;
calculatedaccordingto Eq. 2). Finally, thelastcolumngives
the percentagén enegy savings of ACCS LSIS compared
to Gray Codeencoding.We yield enegy savings (sameholds
for power savings) of up to 56%with anaverageof 44%. The
columnleft to thatshavs intermediateesultsi.e. only ACCS
applied. Not surprisingly ACCSdoesnot directly contritute
muchto the final results. The main purposeof ACCSis to
provide a higher optimizationpotentialfor LSIS that is ap-
plied afterwards. In this sense ACCS contributesimplicitly
morethanthe numbersanexpress.
We obsene that the enegy savings are quite high compared
to ordinary schemegqlike the Gray Code encodingthat is
the benchmarkencodingschemefor addressbuses). The
reasonis that ordinary schemeso not take into consider
ations power/enegy consumptionthrough coupling capaci-
tancesandthuscannotoptimizefor it.
Thereis alimitation to ourapproachourapproachs effective
only on high capacitancéusessincethe encodingschemes
implementedas hardware also consumepower/enegy that
could otherwiseexceedthe savings. Note that this limitation
only excludestheapplicationof our schemeso smallmicro—
processorshat have smallinternalbuses. However, for typ-
ical SOCsthat featurelong busesconnectingvariouscores,
our methodis very efficient.

5 Conclusions

We have presenteda novel adaptve addressbus encoding
schemédor low power deepsub—micrordesignsUnlike ordi-

naryschemesthe schemas basedn our physicalbus model
that takes coupling capacitanceeffects into account. The

schemas appliedin thetwo stagesACCSandLSIS. Together
they eventually lead to power/enegy savings of up to 56%
comparedo the Gray Encodingschemehatis consideredhe

bestlow transitionencodingschemdor addresduses.
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