Clock FrequencySelectionfor Power-optimized Bus-basedSoC Designs

Abstract

In this paperwe proposea clod frequencyselectional-
gorithmthat optimizessystem-on4tip bus powerconsump-
tion underlatencyand area constaints. Experimentake-
sultsfor the AMBA AdvancecHigh-performanceBus Pro-
tocol (AHB) showan average of 35% powerconsumption
reduction,compaed to clodking the bus and processorat
thesamefrequency

1 Intr oduction

In recentyearstheadwancedn VLS| andmaterialstech-
nology have enabledthe integration of several instruc-
tion processorsand peripheralson a single chip. The
AdvancedMicrocontrollerBus Architecture(AMBA) and,
mores'&)euﬂcallylts AdvancedHigh-performancdus pro-
tocol (AHB) [1] arewidely adoptedstandard$or SoCcom-
munication. The adoptionof protocolssuchasAHB facil-
itatesright-first-timedevelopmentencouragemodularde-
sign,andmakesthe proces®f testingeasier AHB is asyn-
chronousprotocolthatrequiresthatthe busclock is routed
to all interfacesconnectedo thebus. o

As the SoCsizesincreasesystemclock distribution net-
work wires increasein numberand length, resulting in
higherdriven capacitance Moreover, capacitancelsoin-
creasesn proportionto the numberof interfacesconnected
to thesystembus. The power consumptiorof theclock dis-
tribution network andsystembus areincreasingn propor
tionto this (oftenunnecessangrowth in drivencapacitance
andclockfrequeng. o

In mary casegshe clock distribution network canbe the
largestcontributorto total integratedcircuit (IC) powercon-
sumption[2, 3, 15 . Marny approachesim at reducing
clock power consumptiorby reducingvoltageswing[2] or
clockload[4]. Theapproachpresentedn this paperis or-
thogonalto, andcanbeusedin conjuctionwith, thesetech-
niques.

(?n bus-basedsoC designs the systembus fre%uen_? is
generallythe sameas the processoffrequeng [5]. This
simplifiesthe interfacebetweenprocessoandbus. More-
over, no processorcycles are lost while transferringdata
betweenthe processoandthe systembus. However, other
designtechniquesanresultin superiorpower andenegy
consumption. ] ]
~ The processingelementsincludedin SoCsare becom-
ing more sophisticatedthey now normally includea local
(dedicated)evel of memoryhierarchy CPU cores[5], for
example,comewith oneor morecachesandASICsinclude
buffers. Somecoresincludescratctpadmemoriesto which
critical dataor instructionsare mappedfor improved per
formance. This local memoryallows computatiorto con-
tinuein parallelwith AHB bustransactionskor example,a
hardwareunit thatexecutesan algorl_thmcontamln%a loop
maybeexecutingoneiterationof theinnerbodyof theloop
while requestinghedatafor thenext iterationfrom thebus.
Onprogrammableorestheoperatingsystenmcanswitchto
a new executionthreadwhile anotherthreadis waiting for
a long transactioron the systembus. The factsthat com-
putationand communicationrmay proceedin paralleland

processingelementsneednot stall while waiting for data
decouplesan increasein bus lateny from systemenegy
consumptionaslong aslateng constraintsirehonored.
SoC designersshould use bus clock frequenciesthat
minimize power consumptiorin the systemclock network
while preventingthe bus clock frequeng from causingyi-
olationsof communicatiorlateny constraintor floorplan
areaconstraints.In this paper we proposea technigueto
selectthe bus frequeng resultingin minimal power con-
sumptionunderconstraintson lateny and floorplanarea.
Althoughour approactusesa specifictype of bus protocol
and specificcircuits as interfaces(seeSection2) in order
to presentconcreteexperimentalresults,our analysiscan
be easily extendedto othertypesof bus architecturesand
interfaceghatusesimilar bustopologiesandprotocols.

2 BasicParametersand Assumptions

In this section we describeour systemmodel. Note that
weassumédloorplanningof alreadyexistingdevicesis com-
Blete, i.e., the positionsof the componentsinterfaces and

uslogic areknown.

2.1 Components

Eachcomponentvorks at a predefinedixed clock fre-
qgueng, fe. This frequeng is usedfor schedulingopera-
tions on the component.Eachcomponenis connectedo
oneor moreinterfaces gachof which enableommunica-
tion with the bus. The componentsnay have multiplexed
addressand databussesjndicatedby m. = 1, or separate
addressanddatabussesjndicatedby m; = 0. Finally, we
assumehatthe numberof databuslines Ndl;, addresus
lines,Nalg, controllines,Ncl;, andresponséines,Nrl, are
known. The controllines specifythetype of transactiorto
perform.Responséinesdescribethe outcomeof a transac-
tion. Staticon-chipmemoriesareaspeciakcomponentype.
They do notwork at a fixed clock frequeng, but arechar
acterizedby their longestaccesdimes, i.e., the maximum
time they requireto performareador awrite.

2.2 Interfaces

All interfacesare AHB-compatibleandareconnectedo
the AHB. Eachinterfacecanbe a masteror a slave. Com-
ponentgnvoke communicatioroperationgreadsor writes)
via their masterinterfaces. Slave interfacesreceve com-
municationoperationsand passthemto their components.
After acomponenexecutesanoperationjts slave interface
responddo themasterthatinvokedthe operation.
~ Theinterfaceswvork atthebusclockfrequeng, fuus. Each
interfaceis synthesizedasedon the needsof the compo-
nentit connectdo the bus. The maximumunusedareabe-
tweena componentc, andone of its interfaces,i, canbe
usedto placethe synchronizatioriogic for dataexchange
betweerc andi. This areais calledAS; (areaslack). The
areaslackwill be modeled atthe system-lgel, asaninte-
ger indicating the numberof minimum-sizecells that can

eplacedbetweerthecomponenandoneof its interfaces.
Theuseof areaslackallows theaccuratgredictionof wire
lengthsbeforeclock selection.



| Symbol | Definition

I lateny of acom-op
d relative deadlingfor the com-op
A time thatthe com-opoccupieghebus
Texe timefor thecomponento performthereador write
operation
r binary valuethatindicateswhetherthe operations
aread(1) or write (0)
Nb numberof useful databits transferredduring the
com-op
B numberof beatsof thecom-op
p numberof invocationsot the cOom-0Oppersec

Table 1. Com-op Parameters

2.3 Communication Operations

Com-opsarereador write operationsnvoked by a spe-
cific masterinterfacefor a specificslave. Eachcom-op,k,
hasa lateng, lx, anda deadline dy, measuredn seconds.
For the SoCarchitecturdo bevalid, all com-opsmustmeet
their deadlinesj.e. ¥k € com-ops: Iy < dy. Furthermore,
eachcom-opimposesan executiondelay tee, 0N the spe-
cific componenthatis involved for its execution. There-
fore, if the components a memoryand the com-opis a
readoperation,tee is the duration, startingfrom the time
atwhich controllinesarevalid, requiredby the memoryto
sendthedata.tee is alsomeasuredn secondsinddoesnot
includethetime to transmittheaddressindthe datavia the
AHB bus. Thetime a com-opoccupiesthe busis repre-
sentecby A. In thiswork, we do not considersplit transac-
tions. Therefore\ is alwaysgreaterthantee. Thenumber
of usefuldatabits transferredduring one com-opis repre-
sentedby Nb, e.g.,if thecom-opwritesanASCII character
thenNb = 7. Eachcom-ophasan averageinvocationrate,
Pk, the numberof invocationsper second. The numberof

beatsfor a com-opis denotedby B. For asingle-beatrans-
action,3 = 1; for aburst, > 1. Finally, a binaryvalue,r,

indicatesthetype of com-op;r = 1 for readoperationsand
r = O for write operations.

2.4 Clock Domains

SoCsmay containmultiple clock domains. The global
systemclock is the AHB clock routed as an H-tree net-
work. Thisclocksignalis distributedusingamultiple driver
schemd10]. Eachcomponentexceptmemoriesmayhave
adifferentclock frequeny and,therefore a differentclock
domain.We assumehatphase—lockdIoops?PLLs) for the
majorcomponentsirealreadypresentn thefloorplanin or-
derto reduceclock skew betweerthe componens andthe
AHB clock, andto generatethe component local clock
signal,if necessary1Q].

2.5 Data TransfersbetweenClock Domains

The procesof transferringdatabetweeninterfacesand
componentsiependn the bus clock. If fyys is a multi-
ple or divisor ot f., wherec is a componenbdf the system,
synchronizatioogic neednot be addecdbetweerthesedo-
mains. Propagatiorand setuptimes provide upperbounds
on fpys. Moreover, setupandholdtimesof f,,s mustbeless
thanafl Tcs of the system.

If fous is notamultiple or adivisorof f¢, abridgeis nec-
essaryto ensuresafedatatransferbetweendifferentclock
domains.In this work, we userationalclockingcircuits[9]
as bridgesbecausehey allow boundson transferlateng.
Note that other non-uniformclock frequengy communica-
tion schemeshat supportboundedateny arealsoappro-
priate[16].
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Figure 1. Rational Clocking

2.6 Bridges

If the frequenciesare relatedas follows: f?—“S = é the

coincidenceperiod Txy =Y - Tc = X - Tous WhereX andY
areintegers.

Basedon the coincidenceperiod,a scheduleof safeand
unsafecyclesfor transferscanbe determined9]. Herewe
assumethat double buffering approachis used (seeFig-
ure 1). Moreover, f; is alreadyfixed and fypys iS chosen
by the describedprocedurebefore synthesisof the ratio-
nal clocking circuit. Therefore,off-line schedulingcanbe
usedwith a look-up table of predefinedrequencies.This
look-uptable canbeimplementedoy a NOR-basedserial-
accesse®OM [11]. Decodingsignalsaregeneratedy a
circular shift-register The numberof ROM cells needed
is 4- X in the bus’s clock domainfor a coincidenceperiod
Txy definedasbefore. The shift-registerwill be of X flip-
flops. The lengthof eachbit-line will be X - Leer, where
Lcen is the correspondinglimensionof the ROM cell. The
sameequationsthis time basedon Y, canbe usedto find
the characteristic®f the look-up tablein the components
domain. o ) )

_ Two transmitregistersand onereceie registerareused
in eachdomain. If the interfaceis a master then the

componenttransmitsaddress,control, and data signals.
Therefore,the two component-sidéransmitregistersand

the one interface-sideregister need be no larger than

max(Ndl¢,Nalc + Ncl¢) bits. The mastefto-component
registerswill have Ndl + Nrl flip-flops. Slave interfaceand

componentegistersareequalin numberandsize.Only the

directionsof the registerschangeas the addresscontrol,

andwrite databits aretransferredrom the interfaceto the

componentThecomponenthentransmitsthe dataandre-

sponsebits. In eachcasemultiplexor inputshave the same
sizesastheregisters.

The frequeny dividersare countersof size [logX] + 1
and[logY] + 1. We assumehathalf of theROM cellscon-
tain minimum-sizeNMOS transistors.Therefore thereare
2-X (2-Y) transistorsn the bus's (componens) look-up
table. In addition, thereare 4 PMOS transistorssizedto
prechagethebit lines.
~ The binary variablerat is usedto indicatewhetherra-
Elonal gl)ockmg is usedfor an interface (rat = 1) or not

rat= 0).



| Symbol | Definition |

fe operatingclockfrequeny for component
me binary variableindicatingwhether(m = I) or not
(m¢ = 0) component multiplexesaddresanddata

busses

AS areaslackbetweera componenandoneof Its In-
terfaces

rat binaryvariableindicafingwhetherationalclocking

is usedfor aninterface(rat = 1) or not(rat = 0)
Table 2. Component and Interface Parameters

3 Clock FrequencySelection

In the following sections,we describeseveral SoC pa-
rameterghatdependnthebusclock frequeng.

3.1 HardwareLogic - Area

The areaslackfor eachinterfaceis indicatedby aninte-
er numberof referencecells that may be placedbetween
theinterfaceandthe componentWe estimatethe areacost

of the synchronizatiormardwareby countingthe numberof
requiredflip-flop (Nf¢), ROM (N;om), andmultiplexor cells

(Nmux). Eachtype of cell will be assigneda weightw de-
nptlnglghenur_nberof (minimal-size)eterencecellsit occu-
ies. The weightsalsoincorporatewiring overheadcosts.
hereforetheareaof theaddedogic for aninterfacei is be
expresse@s

AA = Wit - Nt +Wrom- Nrom~+ Wmux- Nmux

In orderfor the solutionto bevalid: Vi € interfaces AA <
AS. After finding theratiosX andY, for which X - Tpys =
Y - T, the numberof cells of eachtype canbe computedn
constantime by usingtheformulasin Section2.6.

3.2 Effect onLatency
The worst caselateng for a single-beatom-op,k, fol-

lows:
lk = tem +tarb + Ak 1)
wherel is thetime k occupieghebus:

tec +lexe

T
Tbus -‘ bus

)\k = tiransfert+ ’V

tcm is the time thatis lostin the exchangeof control, ad-
dress,anddatabetweenthe componenandthe masterin-
terface;tarp is thetime thatthe masterinterfacewaitsto be
grantedthe bus; tyansfer is the time to transfercontrol, ad-

dress,anddatabetweerthe masterandthe slave interfaces
usingAHB; tg: is thetime lostin the exchangeof control,
addressanddatabetweerthe slave interfaceandthe com-
ponentattachedto it; andte is the time it takesfor the
slave to executethe operation.For corvenienceve will de-
note the time spenton the slave sidein bus cyclesasts.

Therefore,

tec +lexe
tg = Ti
bus

] Tous @)

3.2.1 Component-MasterCommunication

tcm dependon the numberof requiredtransfersbetween
tﬁe interfaceandthe componentaswell asthe latengy of
eachtransfer Thenumberof transfersvariesdependingn
com-opandprotocol. Many solutionshave beenproposed
for interface synthesisbetweendifferent protocols[6, 7].
We assumehatinterfacesbetweerdifferentprotocolscon-
sist of registersand straight-forvard combinationallogic

for translationof controlandhandshakingignals.If more
complicatednterfacesaredesiredtheanalysigpresentedh

this papercanbe easilyextended.For a single-beabpera-
tion we assumehe numberof transferd¢o begivenby:

Nby
T =|—|+Tk- 1 3
Ruc {Ndlcb ke + (3)
Thefirst partoperands the numberof requiredtransferdan
casethecomponensbuslinesNdlc arelessthantheuseful
bits Nby transferredduring the com-opk. If the operation
is awrite (Tx = 1) thenonemoredataexchangeds neededf
the dataandaddresdussesaremultiplexed (g = 1). The
responsef the slave will needonemoretransterfrom the
interfaceto thecomponent.

The time for eachtransferdependson the systemand
comleone.ntlockfrequenmeslf ratc = 0, thenit takesone
clock period of the slowest-clockdomainfor eachtrans-
fer Tmax= maxTc + Thus). However, in the caseof rational
clocking, T¢ + Thus+ 2Tmax time is neededor eachtrans-
fer, asshavn in Figurel. Eachtransferthroughthe bridge
cant&et&ounded)y Tmax[9]- Thereforethemaximumtime
neededs:

tcm = rate TRuc Tmax+ ra'[cTF'?i\/IC(Tc + Thus+ 2Tmax)

3.2.2 Arbitration

In this work, the arbiteris assumedo implementa FIFO
protocol. Thetime typ Spendswvaiting to grantthe busde-
pendson the numberof mastersconnectedo the bus and
uponthe longest-runnindus com-opof eachmaster The
worst-cas¢ime, measureth busclockcycles,for acom-op
initiatedby masteii is

M
tarb = )\ma{n - (M - 1)Tbus+ Tbus (4)
m=1,m#i

This is the casewhenall otherM — 1 masterdhave already
issuedtheir highest-lateng com-ops. The total lateng is

the sumof worst-casdatenciegminusM — 1 cycles(to ac-
countfor addressanddatapipelining). After arequestrom

masteri is issuedthe arbitersamplest atthe beginning of

thenext cycle. Thereforeatmost,onecycleis addedo tap.

Theworstcasearbitrationtime is the samefor all com-ops
of thesamemaster

3.2.3 Transfer Time throughthe AHB

The AHB protocolrequiresoneclock cycle to transferthe
control and addresssignalsfrom masterto slave. In the
eventof awrite operationdatais transferrealuringthesub-
sequentlock cycle. After the operationis executedby the
componenattachedo theslaveinterface,onemorecycleis
requiredto transfertheresponsdérom the slave [1]. There-
fore, thetotal time spentiransferringdatathroughthe AHB

IS —
tiransfer= (24 T) Tous

3.2.4 Com-Op Execution

This term dependson the com-opand the componenton
which the com-opis executed doesnot vary with fy,s, and
is consideredknown (seeSection2.3).

3.2.5 Component-Slave Communication

tsc, like tom, dependson the numberof requiredtransfers
betweennterfaceandcomponentiswell asthe lateng of
eachtransfer For a single-beatoperationthe numbeérof
transferds givenby Equation3.



Memory Memory slave interfaces have level-sensitie
latchegnsteadof edge-triggeredip-flopsfor thereaddata
andresponseignals.By requiringthe memoryaccessxe-
cutiontime, tere, andthe propagatiordelay tp, throughthe

slave latch, the AHB wires,and AHB logic to belessthan

Tous: the slave bustime, ts, is zero. The delayis included
in oneof thetransfercycles. To ensurethe zerooverhead
in thismemoryaccesgasethelongestmemoryaccessime

addedo thepropagatiordelayis includedin the constraints
for the maximumfrequeng of the bus. In additionwe re-

quireNby < Nlc.

Non-memory, Non-rational Communication By defini-
tion, texe accountdor two transfersit is the durationfrom
componeninput to response.Therefore the total time in
this casds

te = texe + (TRSC— 2) 'Tmax T
S Tbus bus

As seerfrom theabore equationjf morethantwo transfers
arerequired their delayis equalto thelongestclock cycle:

Tmax= maxX(Tpus, Tc)-
Rational Clocking Transfers When rational clocking
logic is neededthe situationis similar to communication

betweenthe componentndthe masterinterfaces. In this
caseasseenn Figurel, thetotal delayis

to— TRsc(Thus+ 2Tmax) + texe
N Tbus

-‘ Tbus

3.2.6 Burst Transactions

The above discussionwas limited to single-beattransac-
tions. For an 3-beatbursttransactiorthe lateng of acom-
op k onthebusfollows:

)\k = (B - 1)tm+ B(ttransfer+ ts) (5)

wherety, is the time spentat mastercomponentommuni-
cationin buscycles.For simplicity, we will assumehatthe
componentg, attachedo the masterinterfacewill always
producethe valuesof the signalsfor onebeatof the trans-
actionone cycle T after receving the responsdrom the
previousbeat. Thus,tm = [tom/ Tous| Thus: Thetotal lateny

of thecom-opis givenby Equationl. We assumehateach
beatof the burststartsonly afterthe previousresponséias
reachedhe componentttachedo the master This trades
off interfacesimplicity for com-oplateng.

3.2.7 Lower and Upper Bound for the Bus Frequency
In orderfor the systemto meetits lateng constraintsthe
following inequality must hold for every com-opk: dyx —
[y > 0. Thecom-opwith minimumd representghetightest
deadlinefor the systemjndependentf the busfrequeng.

From the previous sectionsit canbe shavn that, in the
bestcase A = 2Tys andty, = 2Ty, The deadlinemustbe
metevenif all othermasterdhave alreadyrequestedhe bus
andwill executetheirtransactiondirst. The best-casarbi-
trationtimetyyy is thereforeMTy,s. Since

in thebestcase,

. M+4
mind — (M + 4)T, 0= f —
(M +4)Tous > 0= fous> mind
Any valueof fyys that doesnot satisfythis inequalitywill
leadto at leastone com-opthatwill not meetits deadline
undersomeorderingof operation®onthebus.

The upperboundof the clock frequeng canbe derived
aftertiming analysisbasedon the SoCfloorplan. The bus
clock frequengy must satisfy the constraintsimposedby
propagatiordelays,set-uptimes, hold times, and longest
memoryaccesgimes, allowing a memoryaccesgo com-
pletein onebuscycle.

3.3 Power

We will first analyzethereductionin power consumption
for the clock network alreadypresentn the SoC.We will
thenestimatahepower consumptiorof theadditionallogic
requiredby the proposedechnique.

3.3.1 Power Consumptionon the Clock Network

A clock network's power consumptionis the sum of its
staticanddynamicpower Phcic = Payn+ Pgat. Thedynamic
power consumedn the clock network is given by the fol-
lowing equation: Pyyn = ded - Chelk - fous In this equation,
Vyg is alreadyfixed for a specifictechnology In orderto
computethe éffect of changingfpus, an estimateof Cpcik,
theeffective capacitancef thebusclock network, is neces-
sary Our methodof estimatingclock network capacitance
is basedbntheliterature[10, 12}, i.e.,

Cheik = Corivers + C\Niring +CpLis+ CRegisters/Latches

Drivers Power Estimation The contritution of the
driversof the clock network to the power consumptiorwill
be e.stlmatedJsm%J the modelsand formulas presentedn
thellterature[&IZ]. n total thereis onedriverfor eachmain
branchof theH-treenetwork. Moreover, thereis onedriver
for eachinterfaceandonefor the arbiter The driver of an
interfacewill alsobe utilized by the bus clock domainreg-
istersof the bridge, if ary, betweenthe interfaceand the
correspondingomponentSincea choiceof fy,s canadda
bridgeandincreaseheloadfor thedrivers,it mayincrease
thenumberof thestageseededindby thatthestaticpower
on the drivers. Therefore the static power for the drivers
will becomputedor everynew frequeng.

Wiring Power Estimation The total clock treewire ca-
pacitanceds the sumof the capacitancén the H-tree. The
wire lengthL for the main branchesf the network canbe
foundfrom thefloorplanof the system.The contribution of
eachwire to thetotal capacitanceCuyire, is Cint junit—lengh - L,

whereCin /unit—lengn IS foundby summinghewire parallel-

plate capacitanceer unit lengthandthe interwire capaci-
tanceesumateﬂa

PLLs Power Estimation With the exception of the
phase-frequenycdetectoyandpotentiallythe frequengy di-
vider beforeit, all otherelementf the PLLs belongto the
clockdomainsof individualcomponentsAnalyticalformu-
lascanbe usedto computethe bus clock loadon the phase
detectorandthe frequeng divider [12]. Therewill be one
PLL for eachclock domain. Therefore,the effective ca-

acitance®f all PLLs mustbe addedto obtainCpis. The
eakagepower for the PLLsis relatively small[12] andwill
beignored.

Registers and Level-Sensitve Buffers Power Estima-
tion The capacitancef the arbitersand interfaceregis-
tersmay be estimatedusinganalyticalformulas[12]. The
slave interfacesattachedto memory componentontain
level-sensitve buffers for the read dataand responsesig-
nals. Eachlatch of the buffer will be consideredo pro-
ducehalftheloadof anflip-flop. Thesumoverall registers
and level-sensitve buffersin the bus clock domainyields
CRegisters/Latches

In additionto increasingthe clock network’s capacitve
load,theregistersconsumeeakagepower, transitionpower,



anddatapower. This power doesnot dependon the selec-
tion of theclockfrequeny for_thereglstersn theinterfaces.
Thereforejt will notbe consideredn the estimationof the
clock network power.

3.3.2 Power Consumptionon the Bridges

In the following sectionswe will analyzethe power con-

ts)u_r(}rptlonoverheadesuItlngfrom theinsertionof additional
ridges.

Static Power For the staticpower we will usethe model
describedin the literature [14] Pgatic = VadNKdesigieak-
Section2.6 describeshow to computethe numberof flip-

flops and multiplexor inputs for a specific fpys. We will

assume/yq fixedfor a specifictechnology N, Kgesign and
lleakcanbefoundin theliterature[14]. Forfindingthestatic
power of ROM transistorsthe formulasin the BSIM3v3
manual[17] areusedwith the properW for eachtransis-
tor andassumingemperaturef 100°C.

Componentand BusClock Power Theequationsn Sec-
tion 2.6 are usedto estimatethe numberof flip-flops and
in the transmit, receize, and shift registers. Their power
consumptionandthatof eachcomponens prechagetran-
sistors,areusedto determinecomponentlock power con-
sumption. Register and prechage transistorpower con-
sumptionis alsoconsideredvhencomputingthe bus clock
power consumption.

Transition and Data Power This sectiondescribeghe
estimatiorof flip-flop power consumptiorf13].
_ Doublebuffering at the transmitterof the bridgeresults
in transitionand datapower consumptionduring eachbit
transition. The recever usesonly oneregister Therefore,
on_lly its transitionpoweris considered. ]
heregistersusedfor transferhetweerdomainschange

valuesbasedon com-opandtransfertype. Whenflip-flops
areusedfor addressread,or write databits, their switch-
ing actvities are high comparedo the flip-flops usedfor
controlandresponseransfers.Therefore the contribution
of thelatterflip-flops may be neglected.For a 3 beatcom-
op, k, theaveragenumberof transitionson thedatalinesis
btpiP = B%ka.

We assumethat the addressesf differentcommunica-

tionoperationarenotcorrelated Thereforeduringthefirst
beatof a com-op,half of the addresits typically change
values. We assumethat log(p) transitionstake placedur
ing remainingcom-ops. The bit transitionsduring an ad-
dresstransferbetweenthe invoking componentcl andits

correspondingnasterinterfaceis btpit = INalg + (B —
1)logp.

The bit transitionson the insertedlogic will occuronly
if rational clocking is usedbetweena componentand its
interface.Sincetwo componentsreinvolvedfor eachcom-
opthetotal bit transitiongperinvocationwill be

btpi, = ratc (btpit™ + btpiR) + ratco(btpik? + btpi?)
Thebit transitiongpercycle, ak, for aspecificclockdomain
with periodT anda com-opk with averageinvocationrate

of py is ax = btpipkT. Thus,thepowerresultingfrom k in
thatdomainis

1 1 .
P = EVdZdCO‘kf = R = EVdZdCbtp|kpkﬂ' f=
1 .
=P = EVdZdCbtplkpk (6)

NotethatP is independenotf thefrequeng of the specific
domain.In thisequationthecapacitanceg, is givenby the

transitionand datacapacitancef the flip-flops. The sum
of theresultingpower consumptionfor all com-ops gives
power overheaddueto additionalbridges.

Additional Dynamic Power on Bridges We modelthe
additionaldynamicpower consumedy the ROM compo-
nentsasfollows. In every cycle, it is assumedhathalf of
the bit lines changevalues. This impliesthattwo bit lines
in eachROM areprechagedandtwo aredischagedin the
samecycle. In eachcycle, oneword line is deactvatedand
anotheiis activated.Finally, two transitionsoccurevery cy-
cle for eachshift-register

4 ProposedAlgorithm

 Figure2 illustratesthe proposedilgorithm. After choos-
ing avaluefor fys, it is necessarpeedto establisitheval-

uesof rat for eachcomponenaswell astheratiosX andY

(seeSection2.6). Usingthesevalues thealgorithmchecks
areaandlateny constraints.We assumehatthe fy,s and
fe of eachpomﬁonenaremtegers. Euclid’s algonthm#S]
is usedto find the greatestommondivisor (GCD) of fpys
and f¢ for eachcomponent.If the GCD is equalto fpys Or
fc thenno bridgeis needed.Otherwise theratiosX andY

will be found by dividing fyys and f¢, respectrely, by the
GCD. Note that the optimization algorithm considersthe
areaandpower costsot thelook-uptablesusedfor commu-
nicationbetweerdifferentclocking regions. Euclid’s algo-

rithm completesafter O (Ilg(min( foys, fc))) and cansafely

boundedby O (Ig f12¥), where {13 is the upperboundfor

thebusfrequeng asdescribedn Section3.2.7.Euclid’sal-
gorithmis executed\; timesfor eachfrequengy fy,s, where
N is the numberof components.

Checkingthe lateng constraintsor all com-opsin the
systemcanbedonein O(C) time,whereC is thetotalnum-
berof com-ops.Thealgorithmfirst findsthe A valuefor all
com-ops. Then, basedon the known A values,the worst
casearbitration lateny and Worst-caselatengl are com-
puted. The latenciesarethencomparedo the deadlineof
the communicatioroperations The areaconstraintcanbe
checledin O(l) time, wherel is the numberof interfaces
in thesystem.

Having establishedhe rat valuesof the components,
power consumptionestimationfor a specific fy,s can be
donein O(I +C) time. For the clock network, we con-
siderall threelevels of the H-tree (seven branches). The
numberof PLLsis boundedy N, andthe numberof inter-
faces], is greatetthanor equalto N.. Theoverheadhower
resultingfrom the bridgescanbe foundin O(1 +C) time,
sincethe transitionpower is foundin O(C) andthe other
power consumptiorvaluesarefoundin O(l) time. There-
fore, the pawer computationcanbe computedn O(l +C)
time for a specific foys. The total run time for check-
ing areaandlateng constraintsand power computations
O (Nclg fi2*+1 +C)

The proposedalgorithm variation of the binary search.
Thesearchs initialized with the processos frequeng [5].

In eachstepof the algorithma new frequeng, fS\t, is ob-

tained. For this frequeng, anda setof neighborfrequen-
cies, the lateny andareaconstraintsare checled andthe
systempower consumptions estimatedIf thelateng con-

straintsaremetfor fS or oneof the neighborvaluesthen

max _ fcur i min _ fcur

buar = foid. Othemfsi,mbus = - Thenext frequeny
L fnax; f ,

visited is f$iL = w with the updatedvalues. The
neighborfrequenciedor 5 arethe closestvaluesto f3t

for which at leastone of the rat; valuesis zero. For each
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component, thesevaluesaregivenby
cur cur
frlleiglf: = |Lue fc, rl1]ei Ic= bus fe
fc 9 fC

For thesevalues,we expectlocal minimum for the power
asthe insertedlogic for componentt is eliminated. The
algorithm keepstrack of the frequeng that producesthe
minimum power and satisfiesall constraints,and termi-
nateswhen a precisionthresholdfor the frequeng value
is reachedi.e., foir = 2

Thenumberof iterationsof thebinarysearchapproachs
boundedoy log fi2%. The numberof frequenciewisitedin
eachiterationis 2N; + 1. Therefore thetotal runningtime

for this algorithmis: O (N21g? 12+ Nclg fna{1 +C}).

bus bus

5 Experimental Results

The proposedapproachhasbeenappliedto two SoCs.
The first usesa 0.2 rocessand the secondone uses
a 0.18um process. The floorplansof the two benchmarks
can be seenin Figure 3. The floorplan dimensionsare
4.3mmx4.17mmand4.8mmx6.3mm. In the first case,
the initial frequeny was set to the processorfrequeng,
66MHZ(55]. All lateny constraintsaremetandno bridges
areneededn thiscontroldesignbecausall frequenciesire
divisorsof the processos frequeng. The proposedalgo-
rithm chosea 33MHz frequeng for the 0.25um SoC. At
this frequeng, two bridgesarerequired,onefor the Vector
QuantizatiorDecoderandonefor Sobelhardwareunit. All
latecry constraintsare satisfiedand the power of the final
designwhich includesthe power of the clock network and

Benchmark Power (mWw) Reduction
Initial Design | FinalDesign | in Power
0.251m 6.97 5.56 20.2%
0.18m 8.01 3.94 50.8%

Table 3. Results for the two SoCs

the overheadpbower of theinsertedbridges wasreducedy
20.2%,asindicatedin Table3.

For 0.18m design, the initial bus frequeny was
144MHz, equal again to the processorfrequeng. No
bridgesare neededor this frequeng andall lateng con-
straintsare satisfied. The %[oposedalgorlthm selecteda
frequeny of 48MHz. For this frequeng, two bridgesare
required,onefor the Sobelhardware unit and onefor the
Interrupt Controller For this case,the power consump-
tion wasreducedby 50.8%,as indicatedin Table3. The
improved power savings are the resultof a larger on-chip
memoryreducingthe numberof time consumingaccesses
to off-c |rp memory As a result, althoughdeadlineshave
beenscaledbasedon frequeny changesanduserrequire-
ments,the frequeng canbe reducedsubstantiallywithout
violating the lateny deadlines.Moreover, asSoCsizein-
creasedthe clock network wires becamemore important
relative to the overheadresultingfrom additionalbridges
in the clock andthe componentdomains. For both SoCs,
thelateng increasedoesnot affectenegy consumptionas
computatioroccursin parallelwith communication.

6 Conclusions

This paperhaspresentedn approachor selectingsys-
tembusfrequeng in orderto optimizepower consumption
underconstraintson areaandlatengy. Comparedo clock-
ing busandprocessoat the samefrequeng, this approach
reducepowerconsumptiorpy averageof 35%for theAHB
SoCdesigndor whichit wasused.In thefuture,we planto
extendthis approachor usewith additionalbus protocols
andfor the multi-layer AHB architecture.
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