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Abstract
Due to larger buses(length,width) and deepsub-micron ef-
fectswhere coupling capacitancesbetweenbus lines are in
the sameorder of magnitudeas basecapacitances,power
consumptionof interconnectsstartsto havea significantim-
pact on a system’s total power consumption. We present
novel addressbus encodingschemesthat take coupling ef-
fectsinto consideration. Thebasisis a physicalbus model
that quantifiescoupling capacitances. As a result, we re-
port power/energysavingson theaddressbusesof up to 56%
compared to the bestknownordinary power/energy efficient
encodingschemes.Thereby, we exceedthe only to-dateap-
proach that also takes coupling effects into consideration.
Moreover, our encodingschemesdo not assumeanya priori
knowledgethat is particular to a specificapplication.

1 Introduction
Oneof the(many) effectsin deepsub-microndesignsarecou-
pling capacitancesbetweenclosebuslines.Thespatialclose-
nessof bus lines increasesthewire-to-wire capacitancesthat
muchthat it mayevenexceedthebasecapacitanceof a wire
i.e. the wire-to-metallayer � capacitance� . Therefore,with
thesecouplingeffects in mind, the numberof switchingac-
tivities on a bus (i.e. all transitionson all bus lines) do not
necessarilyreflectthe power/energy that is consumedby the
bus.However, thiswastrue(see[1]) for non-deepsub-micron
designs� . Hence,encodingmechanismsfor buspower/energy
reductionthatsolelyrely onminimizing thenumberof transi-
tionsarenotefficientany more.In fact,any efficientencoding
schemefor deepsub-micronbusesshouldbebasedon a pre-
cisephysicalbusmodel.
Early work on minimizing the transitionactivities on buses
has beenconductedby Stan/Burleson[2]. They transmit�

Wedenotemetallayerasthelayeronachip layoutthatcarries0V.�
Note that we implicitly assumethat power consumptionof CMOS cir-

cuits is dueto switchingactivity only. Leakagecurrentsmight alsobecome
a larger sourceof power consumptionin the futurebut switchingactivity in
CMOScircuitswill continueto bethemainsourceof power consumption.�

In this context we saynon-deepsub-micron designswhenwe meande-
signswherethe spatialproximity of bus lines or devicesetc.doesnot lead
to couplingcapacitancesthat are in the sameorderof magnitudeasthe in-
trinsic (i.e.base)capacitances.
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the invertedword throughthe bus when the HammingDis-
tance(HD for simplicity) of thenon-invertedword would re-
sult in HD ��
���� with 
 being the numberof bus lines.
Panda/Dutt[3] approachedtheproblemof reducingswitching
activities of addressbussesby investigatingvariousscenarios
for memorymappingschemes.Benini et al. [5] presentedan
adaptive approachfor encodingsignalsthat are transmitted
throughwidebuses.Theexploitationof correlatedaccesspat-
terns(likein addressbuses)hasbeenstudiedin [3] (seeabove)
by usingGray Codeencodingaccordingto Methaet al. [6]
andSuet al. [7]. Benini et al. [8] have improveduponGray
Codethrougha methodthatbenefitsfrom thefact thata high
numberof patternsin addressbusesareconsecutive. Working
ZoneEncodinghasbeenproposedby Musoll et al. [9]. They
encodeaccordingto where on anaddressword switchingac-
tivity actuallytakesplace.A synthesismethodfor a spatially
adaptive bus interfaceis presentedby Acquaviva/Scarsi[10].
Zhanget al. [11] segmenta bus and thus exploit the effect
of having smallereffectivebuscapacitancesthatapplyduring
bus transitions. Stan/Burleson[12] focuson low power en-
codingtechniquesunderconsiderationof influenceson pos-
sible areaand performanceimpacts. A recentapproachby
Sotiriadis/Chandrakasan[4] thatis closeto our approachalso
takesinto considerationthecapacitancesbetweenwiresrather
thanjust thewire-to-metal-layercapacitance. Their staticen-
codingtechnique(i.e.anencodingtechniquethatis fixed)ob-
tainsresultsof anaverageof 40%powersavings.
We addressthe low power bus encodingproblem through
the introductionof theExtendedTransitionActivity Measure
ETAM that we useto control oneof our encodingschemes.
Furthermore,we presenta physicalbusmodelthatquantifies
thesizesof couplingandbasecapacitances.Our novel adap-
tive (it canbechangedover time in orderto adaptto different
patternson theaddressbus)busencodingschemeeventually
takescouplingeffectsinto consideration.That is why we are
ableto achievepower/energy savingson theaddressbusesof
upto 56%comparedto thebestknown ordinarypower/energy
efficientencodingschemes(GrayCodeencoding).
Thispaperis structuredasfollows: thefollowingSection2 in-
troducesourphysicalbusmodelandshowsits characteristics.
This busmodelis thebasisfor our encodingschemesin Sec-
tion 3. In Section4 weshow theeffectivenessof ourschemes
by meansof an extensive setof applicationsthat we usedto
applyour technology. Finally, Section5 givesaconclusion.

2 Physical Bus Model and its Characteristics
Fig. 1 shows a simplified sectionalview througha coupleof
bus lines. ��� is what we call the basecapacitancesince
it is the intrinsic capacitancebetweenthe bus line and the
metallayer(s). ������� ��� � is thecouplingcapacitancebetween



Figure1: Physicalbusmodel

bus line � andbus line ���! (not all couplingcapacitances
are shown in Fig. 1). A simple formula for thesecapaci-
tancescannotbe given becausethe crosssectionshapeof
the bus lines is actuallyneithera rectanglenor a circle. But
we can very closely approximatethe solution by assuming
that the crosssectionshapeof a bus line is a numberof
circular crosssectionsfor which solutionscanbe found di-
rectly throughthe solution of the correspondingdifferential
equations.Consequently, we canrepresenttheper-lengthca-
pacitance�#"�%$ for line � as a superpositionof the baseca-
pacitance�#"�&� (wire to metal) and a coupling capacitance�#"����� ��� � (wire to wire) between� andtheclosestright neigh-
bor �'�( : )�#"�+* �#"�&� � �#"�,��� �-� �

* .0/21 �4365�785 /.094:
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(1)

Thefactors. / and T / representthecorrectionfactorsthatal-
lowsusto deploy simpleequationsfor thesolutionof thedif-
ferentialequationratherthanusingnumericalmethods[ .
Fromageometrical/physicalpointof view, thereexist various
waysto minimize � "�&� and � "�\��� �-� � (andthusminimize the
implied energy consumption.Thebasicwaysare(discussion
appliesto Eq.1):] Distance between metal layer and bus line

It influencesthe sizeof �#"�&� . The larger the distance^
is thesmallerbecomes�#"�&� . ^ is determinedby the

technologyprocess.] Cross section shape of bus lines
Thesmaller= and _ are(pleasenotethat _ is implicitly
containedin . / accordingto theaboveexplanation)the
smallerbecomes�#"�&� .] Distance between two adjacent bus lines
A largerdistancè reduces� "�\�W� ��� � .

If ` growsbeyondacertainsizethenthespace(i.e.chiparea)
becomesunacceptablylarger sincethis distanceis between
all adjacentbus lines anda bus canbe very large (typicallya

For brevity reasonswemayfrom now onusethetermcapacitancewhen
weactuallymeanper-lengthcapacitance.b

Pleasenote that our bus capacitancemodel doesneglect capacitances
resultingfrom wiresin otherlayersof thechip layout.c

It canbe proved that this approximationis actuallyvery accuraterep-
resentation.Thereasonwhy we provided thesimplified formulawithin this
paperis thatit canconvenientlybeusedto explain thecharacteristicslike the
relationshipbetweendfegih and dfej hlk h-m � . However, for brevity reasonsthe
proof (obtainedby simulation)is not givenhere.

Figure2: Shown arethreepossiblecrosssectionshapesfor buslines

32 or 64 lines). Thougha reductionof thecrosssectionarea
( n =po _ ) is beneficialfor reducing� "�&� , thereis atechnolog-
ical limit to doso:sincethevoltageq XrX is givenfor acertain
technologyandaccordingto thata certaincharge(numberof
electrons)haveto betransferredduringaswitchingphase,the
currentdensity st� ?u=vo _ D is a constant.Otherwise,the bus
line might bedestroyedthroughoverheating.
In deepsub–microndesignsthisproblemis solvedby consid-
ering different form–factors (crosssectionshapes)asshown
in Fig. 2. Thoughthe crosssectionareais nearlyconstant,
form–factor c) is more compactin termsof chip areathan
a) and b) but it also leadsto a higher coupling capacitance�#"����� ��� � dueto increased= (seeEq.1). Form–factora) is not
usedfor deepsub–microndesignsbecauseof the discussed
chip areadisadvantage. This is a major differencebetween
”non deepsub–microndesigns”anddeepsub–microndesign.
Form–factorb) representsa good compromiseand is being
usedby us. Lateron we will seewhat this meansin termsof
thesizeof �#"�\�W� ��� � in relationto �#"�v� .
Sofar, weonly consideredonecouplingcapacitancebetween
one bus line and only one other adjacentbus line. In fact,
couplingcapacitancesarepresentbetweenany two bus lines
(thoughthey differ in size, of course). For example,let us
assumebus lines areenumeratedfrom w to 
�xy where 

representsthetotalnumberof buslines.Thetotalcapacitance
for busline w is givenby thefollowing formula:� "/ * � "�\� �z� "� / � � �{� "� / � � �}|~|~|>�z� "� / � ��� �
In general,wecanformulate:

� "� * � "� � ��� ����� / � �>�� �
� � "�\��� � 1>< �6:
�
?�� �M�Q� � Df1
� �W� �4� (2)

Thecomponentsare:] �#"����� � : Thecouplingcapacitancebetweenline � andline� .] < �6:I�
?�� �8�%� � D : Representsthe shield–factor since bus
linesbetweenany two otherbuslinesrepresenta shield
thusdiminishingthe otherwisehighercouplingcapaci-
tance.] � ��� � :
Thisfactorreflectsthefactthattherecan,or cannot,bea
couplingcapacitancebetweenany two lines. For expla-
nation,let usassumethatline � is switchingfrom ”low”



Figure3: All relevant switchingcasesbetweenbus line � andbus line � areshown (Not shown: the trivial casewhere � not
switching)

to ”high”. If, at the sametime, line � is alsoswitching
from ”low” to ”high” thanthereis at no point in time a
differencein thevoltagelevel betweenthesetwo lines.
Thus,line � doesnot ”see” any couplingcapacitanceto
line � . Neitherdoesline � i.e. �#"����� � * �#"� � � � * w .
Sameholdsif bothlineshaveatransitionfrom ”high” to
”low”. However, if oneline hasa transitionfrom ”low”
to ”high” andthe otherhasa transitionfrom ”high” to
”low” (or vice versa)than thereis a coupling capaci-
tancesincethereis a differencein the voltagelevel ofq XrX before the switching takes place. This assumes
that switching takes placeat the samepoint in time� .
Hence,thereis acouplingcapacitance.All four relevant
casesareshown in Fig. 3. Accordingly we obtain the
following for � ��� � :
� ��� � *!� w � case1, case2 �� case3, case4 (seeFig. 3 for cases)

Thisbusmodelhasvariousimportantcharacteristicsthatwill
bekey for ourencodingschemes.We will discussthecharac-
teristicsin thefollowing.
As we can seefrom the factor � �W� � of the bus capacitance
model,theactualswitchingcapacitance�#"� of a busline � de-
pendson:

a) thebehavior of all otherbuslinesduringtheswitch-
ing of busline �

b) whetherbusline � switchesor not. In thetrivial case
(not shown in Fig. 3) it is not. Energy, however, is
only consumedby a bus line if thereis a high/low
or low/high transition. In that caseit is obviously
importantwhetherthe temporalprecedingvalueof
thesamebusline is differentto thepresentor not.

Pointb) is obviousandthebasisfor busencodingtechniques
that have beenproposedso far. However a) is new: since
we do have a couplingcapacitancethat is in the sameorder
of magnitude(detailsaregivenlater)asthebasecapacitance,
the existenceof the portionsof the couplingcapacitancede-
pendsonthebehavior of theotherbuslinesandthusit is time
dependent.�

Wecanmakethisassumptionthoughphysicallythetwo signalsmayhave
a skew dueto layout issues,slightly differentsignalspeedthroughmanufac-
turing tolerancesetc.

Figure4: Capacitanceprofile of a 32 bit busaccordingto thetech-
nologyshown in Table1

In summary, a veryimportantcharacteristicof our busmodel
is that the capacitanceand, consequently, the energy con-
sumptionfor transmittinginformationvia a thebusvariesde-
pendingon theactivityof theotherbuslines.
Table1 givesan overview of the characteristicsin termsof
theactualcapacitances.Thevaluesarebasedona w�|� ~� ,  �| ��q
CMOSprocessandhave beenobtainedby simulationsusing
ourbusmodel.

Technology Parameters and Bus Characteristics
Technology /~� � /8������ � � � �
Basecapacitance�@�� � PE���¡ £¢¥¤ �¦¨§ $ � � �M��©
ª¬« PP2RI­® £¢y¤ �¦�§ [M�8� � ��©
ª¬« P
Coupl.capac.of two adj. lines �¯�¤ ¦W° ¦-±¡² �M) � ³M´ ©
ª¬« P�¯�µ®¶ ¦¸· /~� [M��©
ª¬« P�¯�¹�ºQ»�¶@¼¾½ $ /~� �M�Q©
ª¬« P�¯�¿ ¦�À ¹�º¨»%Á~¶@¼¾½ « �¯�¿ ¦�À µQÁ
¶ ¦¸· seeEq.2 for �@�¦ ) ´~� ³ �>Â

Table1: Technologyparametersandbus characteristics(all
capacitancesareper-length)

It is interestingto seethat Ã .��f? ¢ � �¦ D �>Ã\� V ? ¢ � �¦ D nÄ �Å i.e.a
spread15x in energy consumptionfor submittingone32-bit
word via thebus. In theworstcasethereis:



Figure5: Shown arethebustransitionsperbusline for anapplica-
tion (MPEGII encoder)

� "�¡P2RI­ * � "� � ¢(Æ�Ç¨ÈBÉ µ ° Ê Ê ÊË° ¹¯Ì ²%Í�° Ç�ÎÀ�¦ ���\� ?W� �W� � � < �6:I�
?�� �8�%� � D�D
with Ï �
Ð0Ñ / � �Ë�Ë� � �p� ��Ò � �>�� � � �W� � *  

(3)whereasin the bestcase�#"�¡PE�-� * �#"� holds(whenall � ��� �
equal0). Fig. 4 shows thenormalizedmaximumcapacitance
increasesfor all bit linesof a 32-bit bus. That is themax.ca-
pacitanceof eachbit line (accordingto Eq.3 it is setin rela-
tionshipto thesmallestmaximumcapacitance

min
� Ï � Ð0Ñ / � �Ë�Ë� � ��� �MÒ � "�tP2RI­ � (4)

of all bit lines. In Fig. 4 weactuallyshow theincreasein [%].
We canseethat themax.capacitanceof bit line 16 is around
25%biggerthanthemax.capacitanceof bit line 0 or bit line
31. Weexploit theseandothercharacteristicsfor a low power
encoding.

3 Encoding Schemes
Ourgoalis to minimizethepower/energyconsumptionthatis
relatedto transmittinginformationvia a bus. Therefore,we
studythecharacteristicsof addressbustransactionsasshown
in Fig. 5. Obviously, the addressspaceof the applicationis���¾� bytewide(pleasenotethatfrom thetransitionswecannot
tell where in theaddressspacetheprogramis locatedbecause
thosebits thatnever changehave zerotransitions).Thechart
(Fig. 5) showsadecreasingnumberof transitionwith increas-
ing bus lines which looks like a counterprofile. In addition,
many bit lines arenot used. Otherapplications(MPEG en-
coderprofile) show similar characteristicswith the only dif-
ferencethat theaddressspacemight vary (sizeof anapplica-
tion).
3.1 Adaptive Cross Connection Scheme ACCS
Theseobservationscanbeusedfor power/energyefficienten-
codingsincewe canassignthe mostactive bit lines to those
bus lines that are expectedto have the smallestcapacitance
(seeFig.4). Therefore,we defineawindowasÓrÔ k Õ0Ö Ó×ÓEØYÙzÚBÛuÜ¨Ý6ÞIÝàß\Û�ÙáÓ�ÓâßâãBÜ¾ÝåäæÛ�Ü�Ý�Ü¾Û¬çâè®Ü¾Ý�Ü¨Û'éëê�Óæßâã
ì

(5)
with

U
, = beingthe lower andupperborderbit positionsof

thewindow, respectively, _í_ thewindow sizein bits and T8_
the bus size in bits. Thuswe candefinea crossconnection
schemeas Ó îQï�ð
ñ®ò8îQó k ô Ö Ó�Ó � Øfõ ÙöÓ ÷8øBù0ðBúMò
û k ô Ö Ó�Ó � Ø

Figure6: An examplefor a window definition

andan exampleis shown in Fig. 6. The sizeof a window_í_ is a compromisebetweenhardwareeffort (moresmaller
windowscostmorehardware)andobtaininga high shieldef-
fect (windows with high transitionactivities shouldbe sepa-
ratedby windows with no transitions). Sincedifferentap-

ü ýlþ ÿ ���

� ���� ���

	�
 ��
���� ��� �������

��� � �

! "�#%$�&'$)( * +�,%-/.'-10

Figure7: ACCSschemes1 and2 for a32 bit bus

plicationshavedifferentaddressspaces,we implementedtwo
schemes,bothmaximizingthenon-transitionareas(white ar-
easin Fig. 7) betweentheexpectedhigh transitionareas(grey
areasin Fig. 7). Which schemeis active at a certaintime is
decidedby theoperatingsystemthatknowstheaddressspace
of anapplication/process.Scheme1is for largeaddressspaces
whereasScheme2is for smallerones.
3.2 Locally Spatial Invert Scheme LSIS
Through the ACCS schemewe obtained,amongothers,a
scenariowhere windows with high transition activities are
shieldedagainsteachotherresultingin minimizing effectsof
coupling capacitances.However, we did not minimize the
transitionactivities and coupling capacitanceeffects within
a particular window (though we minimized the potential
power/energy consumptionto assignhigh activity windows
to low capacitanceareasof the bus). This is the goal of the
schemeLSIS (Locally SpatialInvert Scheme)introducedin
thefollowing. PleasenotethatLSIS is appliedupontheout-
put of ACCS.
Let us first definewhat we call the ExtendedTransitionAc-
tivitiy MeasureETAM for a window _ SW� C ? _í_ D (asdefinedin
Eq. 5) In orderto make theformulareasierreadablewe sim-
ply use _ to denotethewindow. Furthermore,let usassume
that T ­ is thex.thbit within awindow with

2 ­ beingthevalue
of thatbit (i.e.

2 ­4365�w �~ 87 ). Thus,we candefinetheETAM
measureasfollows

ETAM 9;:=<?> �
@ ô ¦BADC 9 �BE hGF EIH �h �KJ ��E hGF ELH �h �8M �

@ ô Ç ADC k ô ÇONP ô ¦ 9
E h�F E?Q <R<

(6)

Thereby
2 � �� givesthe valueof bit T � at time � x  i.e. the

temporalpredecessingvalue. Thus,
2 �TS 2 � �� determines

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



ETAM measureor not. Fig.8givesan ideaon how ETAM is
measuredU usingan exampleof two stages.In the first stage
the portion of the ETAM measurecontributedby � * . �  
is demonstrated.Thedottedline shows the scopethat is im-
portantfor thecalculationof therespectiveETAM portion. It
equalsto 2. In thecaseof � * . � � (right partof Fig.8) the
respectiveETAM portionis 0 sincethebit beingvieweddoes
not performa transition.
It is veryimportantto notethatETAM asshown doesNOT vi-
olatethecausalityprincipleasit might seemfrom theFig. 8.
Therefore,pleasenotethatthebuswordreferringto time � x� 
is storedin a register. But even the bus word for time � is
storedin a registersincetheword is not yet put on thebus(it
is just in the I/O registerof a device, for example)andthus
ETAM doeswork asintendedby Eq.6.

Figure8: ETAM measureexplainedby meansof anexample.

Accordingto Eq.6 everyvalueof abit differentto thebit un-
derreview iscontributing1or0 to thevalueof ETAM depend-
ing onwhetherit is differentin valueor not. Thateachcontri-
bution is equallysized(1 or 0 with no othervaluesallowed)
is justified by our capacitancemeasurethat givesus values
of basecapacitancecomparedto couplingcapacitancesof the
closestneigbors(a maximumof threeleft or right neighbors
in a 4-bit window) thatareapproximatelythe sameandthus
contribute the sameto the power/energy consumption.Fur-
thermore,the shieldeffect makesmoredistantcouplingca-
pacitancesneglibible. This is thejustificationto useawindow
sizeof 4 bits. Also, this window sizeresultsin a reasonable
hardwareamountto implement.
In thenext stepweuseETAM asameasurewhetherweshould
invert the informationin thewindow or not. Pleasenotethat
our ETAM schemeis ableto measuretheimpactof coupling
capacitances.A HammingDistancemeasure,asusedfor reg-
ular invert schemeswould not leadto a reasonableimprove-
mentin power/energy consumption.It would only reducethe
numberof transitions. But the numberof transitionsdo not
necessarilyreflect the amountof power/energy that is con-
sumed.Our wholeLSIS schemeworksaccordingto the fol-
lowing procedure:For all windowstheETAM measureis cal-
culated(lines1-2). If theETAM measureexceedshalf of the
maximumvalue(dependentonthewindow size _í_ ) thenit is
counted(lines3-5). After all ETAM measuresarecalculated,
it is determninedwhethermorethanhalf of thewindowshave
a high ETAM value. If that is the casethe information in
thewindows is transmittedinverted.This is theLSIS encod-
ing scheme.Pleasenotethatdecodingcanbedoneinversely.
Only 1 extrabit line is usedfor thatsinceall windowswill be
invertedor not (majority vote).
Pleasenotethat this codeexplainsonly the strategy. It does
not in any wayreflecttheimplementationthat,of course,is in
hardware.
The bus interface (not shown) integrates both encoding
schemesACCSandLSIS. First, it is decidedwhetherACCS

Strategy of LSIS Scheme
1) For All windows Ó hWVYX
2) determineETAM Ö Ó h Ø
3) If ETAM Ö Ó h ØfäâòIî%ï8Z\[ û^] Ö Ó�Ó�ØB_K`
4) Then
5) Ýba ò8îQï8ZYcöÙ ã
6)
7) If Ýba ò8îQï8Z!ä ÖRd ÓTa�e'f4ø~Ó�÷~ØB_O`
8) Then
9) For All windows Ó h)V\X
10)

a�ehg�ò
ð
î Ö Ó h Ø
11) done.

Figure9: Thestrategy of ourLSIS Scheme

Figure10: Genericpartof applicationsystem

Scheme1or ACCSScheme2is to be used.This dependson
theexpectedsizeof theaddressspaceof thecurrentlyrunning
program/process.Actually, in our casetheOperatingSystem
will write the program/processsize to an I/O register from
whereit is readby a comparatorthat activateseitherACCS
Scheme1or ACCSScheme2.Then,the LSIS schemeis fol-
lowing by countingtheETAM valuesfor the individual win-
dows and,by majority vote, all singlewindows areinverted
or not. Thus,besidestheencodedbuslineswehaveonemore
outputthatis usedfor thedecodingsideof thebusto properly
decode.Pleasenotethatencoding/decodingis doneon-the-fly
i.e. it doesnotcostanadditionalcycle. Ourcurrentdesignfor
thebusencodinginterfaceusesapproximately400gates.
Within our whole encodingschemes,first ACCS is applied
then LSIS. Pleaselet us summarize. The whole scheme
ACCS i LSISmakesuseof:] the profile of a deepsub–micronbus whereit is more

energyefficientto transmitinformationvia theouterbus
lines] the generalcharacteristicof an addressbus that trans-
mitsaddressesin acounter-likemannerwhenexecuting
aprogram/process] the minimizationof couplingcapacitancesby dividing
buslinesinto windowsandseparatingthosewindowsin
orderto makeuseof theshieldeffect.

In thenext sectionwe show theresultsobtainedby applying
ourACCS i LSIS scheme.

4 Results
We applied our encodingschemesto several SOC designs
(set–topbox, digital cameraetc.). Fig. 10 shows the generic
partof thesystemwith asplit addressbus(A-Bus1,A-Bus2).
Theencodingscheme(GrayCodeEncoding)wecompareour
encodingschemesto what wasappliedto the samesystems
underexactly the sameconditions. Tab. 2 shows the results
with theapplicationnameshown in thefirst column.Thenext
columnshows the instructioncachesizes.The third column



I$ Num.
Energy [Joule]

[%]Imp [%]Imp

App. sz. Transact. j ¤ k8lnm�l o0¤¡¤plrqbk8lsm�l k8lnmBl ¿ o�¤¡¤tlOq
A-Bus1 A-Bus2 A-Bus1+2 A-Bus1 A-Bus2 A-Bus1+2 A-Bus1 A-Bus2 A-Bus1+2 LSIS)

128 1.28e-08 1.76e-08 3.05e-08 1.23e-08 1.70e-08 2.93e-08 6.84e-09 9.44e-09 1.62e-08
I3D 512 19,911 2.08e-08 4.38e-09 2.51e-08 2.00e-08 4.22e-09 2.42e-08 1.11e-08 2.33e-09 1.34e-08 -3.61 -46.60

2K 2.27e-08 1.08e-09 2.38e-08 2.19e-08 1.04e-09 2.29e-08 1.21e-08 5.78e-10 1.27e-08

1K 1.95e-05 6.78e-06 2.63e-05 1.90e-05 6.60e-06 2.56e-05 1.42e-05 4.95e-06 1.92e-05
CMP 2K 23,976,781 2.29e-05 1.15e-06 2.40e-05 2.23e-05 1.12e-06 2.34e-05 1.67e-05 8.42e-07 1.75e-05 -2.70 -26.97

8K 2.36e-05 7.44e-09 2.36e-05 2.29e-05 7.24e-09 2.29e-05 1.72e-05 5.43e-09 1.72e-05

128 1.34e-08 3.52e-08 4.86e-08 1.29e-08 3.39e-08 4.69e-08 7.53e-09 1.98e-08 2.73e-08
DIS 512 34,368 1.45e-08 3.35e-08 4.81e-08 1.40e-08 3.23e-08 4.64e-08 8.29e-09 1.90e-08 2.73e-08 -3.67 -43.16

4K 3.39e-08 1.01e-09 3.49e-08 3.27e-08 9.80e-10 3.37e-08 1.90e-08 5.71e-10 1.96e-08

256 1.12e-05 3.70e-06 1.49e-05 1.12e-05 3.68e-06 1.49e-05 6.85e-06 2.25e-06 9.10e-06
KEY 512 9,849,864 1.26e-05 1.51e-06 1.41e-05 1.25e-05 1.50e-06 1.40e-05 7.65e-06 9.18e-07 8.57e-06 -0.52 -39.28

8K 1.35e-05 7.00e-09 1.35e-05 1.34e-05 6.96e-09 1.34e-05 8.20e-06 4.25e-09 8.20e-06

2K 3.42e-05 1.76e-06 3.60e-05 3.40e-05 1.75e-06 3.57e-05 2.02e-05 1.04e-06 2.13e-05
MPG 4K 22,408,513 3.50e-05 4.40e-07 3.54e-05 3.48e-05 4.37e-07 3.52e-05 2.07e-05 2.60e-07 2.10e-05 -0.67 -40.75

16K 3.52e-05 1.44e-07 3.53e-05 3.49e-05 1.44e-07 3.51e-05 2.08e-05 8.58e-08 2.09e-05

128 6.51e-07 3.39e-06 4.05e-06 6.45e-07 3.37e-06 4.01e-06 2.81e-07 1.47e-06 1.75e-06
SMO 512 1,716,150 2.69e-06 7.55e-10 2.69e-06 2.66e-06 7.48e-10 2.66e-06 1.16e-06 3.26e-10 1.16e-06 -0.84 -56.71

2K 2.69e-06 7.55e-10 2.69e-06 2.66e-06 7.48e-10 2.66e-06 1.16e-06 3.26e-10 1.16e-06

256 6.36e-08 1.21e-06 1.28e-06 6.25e-08 1.19e-06 1.26e-06 3.01e-08 5.78e-07 6.08e-07
TRK 512 520,860 4.29e-07 6.09e-07 1.03e-06 4.21e-07 5.98e-07 1.02e-06 2.03e-07 2.89e-07 4.92e-07 -1.73 -52.55

2K 7.94e-07 9.00e-10 7.94e-07 7.80e-07 8.84e-10 7.81e-07 3.76e-07 4.27e-10 3.77e-07

Table2: Resultsof ourencodingschemes(window size= 4 bit)

givesthetotalnumberof addressbustransactions(thisshould
notbeconfusedwith transitions)thathavebeenexecuted.The
quality measureof our encodingschemeis theenergy that is
consumedontheaddressesbusescomparedto energyefficient
addresscodingschemeslike GrayCoding(GC). It is impor-
tant to notice that unlike otherwork we do not measurethe
quality of our encodingschemesin termsof the numberof
total transitionssincethey do not reflectpower/energy con-
sumptionthroughcouplingeffects.
We have examinedthreeencodingschemes:thefirst oneis a
GrayEncodingschemethatweuseasthestandardto compare
our resultsto. The secondis our ACCSandthe third oneis
ACCS i LSIS (LSIS appliedon top of ACCS).For eachen-
codingschemetheenergyconsumptionis shown,split into the
partsconsumedbyA-Bus1,A-Bus2andthetotal(A-Bus1+2).
Theenergyof onesinglebustransactionis calculatedthrough:

u *  >�®� 1 ��� ��
� � / ? � "� 1Kv �xwDy D 1 q �XrX

with v �xwzy beingthe lengthof the respective bus (pleasere-
memberthat �#"� representstheper-lengthcapacitance)with �#"�
calculatedaccordingto Eq. 2). Finally, the lastcolumngives
the percentagein energy savings of ACCS i LSIS compared
to GrayCodeencoding.Weyield energy savings(sameholds
for powersavings)of up to 56%with anaverageof 44%.The
columnleft to thatshows intermediateresultsi.e. only ACCS
applied.Not surprisingly, ACCSdoesnot directly contribute
much to the final results. The main purposeof ACCSis to
provide a higher optimizationpotentialfor LSIS that is ap-
plied afterwards. In this sense,ACCScontributesimplicitly
morethanthenumberscanexpress.
We observe that the energy savings arequite high compared
to ordinary schemes(like the Gray Code encodingthat is
the benchmarkencodingschemefor addressbuses). The
reasonis that ordinary schemesto not take into consider-
ationspower/energy consumptionthroughcoupling capaci-
tancesandthuscannotoptimizefor it.
Thereis alimitation to ourapproach:ourapproachis effective
only on high capacitancebusessincethe encodingschemes
implementedas hardware also consumepower/energy that
couldotherwiseexceedthesavings. Note that this limitation
only excludestheapplicationof our schemesto smallmicro–
processorsthathave small internalbuses.However, for typ-
ical SOCsthat featurelong busesconnectingvariouscores,
ourmethodis veryefficient.

5 Conclusions
We have presenteda novel adaptive addressbus encoding
schemefor low powerdeepsub–microndesigns.Unlikeordi-
naryschemes,theschemeis basedon ourphysicalbusmodel
that takes coupling capacitanceeffects into account. The
schemeis appliedin thetwo stagesACCSandLSIS.Together
they eventually lead to power/energy savings of up to 56%
comparedto theGrayEncodingschemethatis consideredthe
bestlow transitionencodingschemefor addressbuses.
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