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Abstract

During the last decadeseveral Real-Tme Operating
SystenfRTOS)hardware acceleators havebeenproposed.
The acceleators perform operating systemfunctionality
traditionally implementedn softwae. While their effects
on predictabilityand speedupsavebeenstudied their im-
pact on systemenegy consumptionis still unknown.Asa
first steptowards comparisonof enegy efficiencybetween
HW-RTOSsand SWRTOSs,this paperpresentsan enegy
characterizationof the different operating systenrcalls of-
fered for an in-housedevelopedRTOS hardware accelea-
tor calledRealTime Unit (RTU). Theobtainedresultsshow
thata RTUconsumesbout0.16 mW/MHZzfor a 1.8V0.18-
micron processand that the powerconsumtioris indepen-
dent of the functionit performs. The power consumtion
variancesare within 4 percentof the avelage value Even
duringtheidle periodshuge amountof poweris wasteddue
to unwantedactivity triggered by the clock. We believethat
if a HW-basedRTOS:is to beata SWRTOSbasedsystenin
termsof enegy consumtionpoweroptimizationtechniques
sud as gatedclocking needsto be usedfor the hardware
acceleator.

1 Introduction

RTOSaregainingpopularitywhenbuilding todayscom-
plex embeddedystems.They provide a hardwareabstrac-
tion inorderto simplify the userinterfaceandthey actasa
resourcemanageffor applications.RTOSsprovide helpful
facilitiessuchasschedulingsupportfor periodicandaperi-
odictasks,semaphoregndinter-processommunication.

Several specializedhardware units have beenproposed
[8, 2, 7, 1Q] to boostoperatingsystemperformanceandto
increasepredictabilityin the system.By moving OS func-

tionality traditionallyperformedn softwareto aspecialized
hardware unit systemcall speedupsip to 5 timeshasbeen
reported9] comparedo corventionalsoftware OS.

During thelastyearsthe interestfor loweringthe power
and enegy consumtionof digital systemshasincreased.
Enegy efficientdesigncanbeachievedby applyingpower
optimizationtechniquest eachlevel of abstractiorandfor
every componentin the system,including the operating
system.Studiesshaow thatthe operatingsystemaccountfor
a significantfraction of an embeddedystemsenegy con-
sumption[5, 4]. Work by Acquaviva et al. alsoindicates
thatthe knowledgeof the enegy behaiour of the RTOS s
importantfor the effectivnessof powver managemenpoli-
cies[1].

As a first stepto investigatepossibleenegy savings
whenaddinga HW-RTOSkernelto a SoC,anenegy char
acterizationof the differentsystemcalls performedby an
inhousedevelopedRTOS hardwareacceleratocalledRTU
is performed.Until now therehasbeenno reportsdescrib-
ing the power consumtiorof RTOS hardwareaccelerators.

Therearesereralreasonso believethata RTOSutilizing
aspecializechardwareacceleratofor the operatingsystem
could beata corventional SWARTOS. A RTOS hardware
acceleratoreplacespartsof the SWin a RTOS with spe-
cialized hardware andthereforethe SW part of the RTOS
decreasesignificantly Specializechardwaregenerallyare
moreefficientin termsof powerandperformancéhangen-
eral purposedesigns.Also sincethe SW-partof the RTOS
decreasesvhenutilizing an acceleratgrthe numberof in-
structionsexecutedon CPU andthe numberof instruction
fetchedfrom memorydecreasesMoreover, cachemisses
will alsoslightly bereducedsincethereis lesscompetition
of the cachelines whenthe amountof softwareis scaled
down. In a corventionalSW-RTOSthe applicationis inter-
ruptedevery OSclocktick by thekernelto traversethrough
taskqueuedgo checkif ataskswitchneedgo bedone.In a
systemwith the RTU runningin parallelwith therestof the



systemtheapplicationwill only beinterruptedvhenatask
switchneedgo beperformed.

This paperis organisedasfollows. Section2 describes
the real-time acceleratorand its functionality. Section3
presentshe methodologyto characterizéhe power anden-
ergy consumtiorfor the differentservicesprovided by the
RTU. Section4 presentghe resultsobtainedfrom simula-
tions and analyseshe results. The paperis summarised
in section5 with someconcludingremarksand section6
pointsout directionson future work.

2 RTU-Real-TimeKerned in Hardware

Hardware support to increaseperformanceand pre-
dictability in real-time operatingsystemshave beenpro-
posedin [8, 2, 7, 10]. The Real-Time Unit, RTU by
Lindh et. al. [2, 7], is a co-processomith supportfor
real-time kernel servicessuch as processschedulingand
managemen{create, terminate, etc), interprocesscom-
munication (IPC, messagesend/receie), synchronisation
(semaphoresgndl/O interrupthandling. The RTU runsin
parallelwith the target systems CPU. Although the func-
tionality is implementedn hardwarea thin softwarelayer
abstractsthe hardware from the applicationprogrammer
The CPU interfacewith the RTU by memory-mappingo
its CPU-independantegisterinterface. Via this interface,
system-callsare placedby writing to dedicatedsystem-call
registers.Thehandshakingchemeguaranteethefunction-
ality independenbf CPU, bus, andRTU clock frequeng.
Togainthebestspeeduptheacceleratoshouldbeplacedas
closeaspossibleto the CPUto minimizetheregisteraccess
times. Hence,a SoCsolutionwith a RTU on-chipattached
tothelocal CPUbusis anattractive solution,comparedvith
having it off chip.

Figure 1 shaws the basicbuilding blocks of the RTU.
The core partis the schedulemwhich schedulegprocesses
on-line (pre-emptve priority scheme)and dispatchegro-
cessexecution. Connectedn betweenthe schedulerand
the programming/lisinterface,a setof functionalmodules
implementsthe variousservicesin the RTU, suchasman-
agemenbf theschedulerlPC,semaphoreglockandtimer
managemenProcessontext-switchingis notifiedto CPUs
usinginterruptscausinghandlersn softwareto performthe
actualcontext-switching.

The RTU usedin this papersupportsl6 tasks,8 priori-
tiesand4 externalinterrupts.All timersarehandledwith a
resolutionof 1 uS.

3 Methodology

The RTU wassynthesizedndpower optimizedaccord-
ing to flow shawn in figure 2 using the Synopsy®Pesign
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Figure 1. Basic building blocks of the RTU

Compiler tool setusinga 1.8V UMC 0.18 micron pro-

cess[12]. After the synthesisprocessthe resulting gate
level netlistis simulatedusinga RTL-level simulatorcalled

Modelsim Throughoutthe whole simulationthe testbench
stimulatesthe RTU with systemcalls while the switch-

ing activity is recorded.A power optimizationtool called

PowerCompilerthen optimizesthe designwith respectto

the power consumtionusingthe swithing actiity file gen-

eratedrom the gate-level simulation.
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Figure 2. Synthesis and Power Optimization
flow

To characterizethe power consumtionfor the differ-
entcalls new simulationof the power optimizedgate-level
netlistis donewith atestbenchihatgeneratesneswitching
actwity file for eachsystencall performedoy theRTU. The
executiontimesarealsorecordedo beableto calculatethe
enegy for eachcall. For the power analysisa tool called
SynopsyPesignwer is used. The tool performspower



estimationat gate-lerel for eachone of the swithing activ-
ity files correspondindo a systemcall. DesignPaver can
predictthe averagepower within 10to 25 percentof power
analysisresults,using a transistoflevel simulatorsuchas
SPICE.Figure 3 shavsthe power analysisflow.
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Figure 3. Power analysis flow

Sincethe RTU worksin parallelwith the CPU It is im-
portantthat during the idle period (when no systemcall
requestsarrive to RTU) the unit should consumeas little
poweraspossible Hence,t is alsoimportantto analysehe
power consumptiorduringidle periods.

4 Results

By using DesignPaver for automatedoower optimiza-
tion for the RTU, theaveragepower consumtionalecreased
with about 40 percentto about 2.5 mW when running
the RTU at 16 MHz. If translatedto mW/MHz the re-
sultis 0.16mW/MHzwhich is approximatelythe half of a
ARM7TDMI core[11]. Switchingpowercomprise®6 per
centof the total power consumtion,henceleakagepower
is ignoredin this analysis. Sincethereis not much func-
tional actvity insidethe RTU while not servicingary re-
guestdrom the CPU onecouldexcpectthatthe power con-
sumptionduring idle periodswould be lower than when
performinga systemcall. But the resultsfrom the power
estimationsshavn in table4 stateshe opposite:the power
consumptioris independentdf whatfunctionthe RTU per
forms. Thevariationsfrom the averagevalueis lessthan4
percent.Theenegy consumtiorof thedifferentcallsrange
from 4.9nJto 11.8nJdueto differencesn executiontimes
of thesystemcalls.

Eventhoughthereis not muchfunctionalactiity within
theRTU it consumes considerablemountof power. This
is causedvy all the unnecessargwitchingactiity. Recall
that evenif input signalsof the circuit are constantthere
couldbealot of switchingactiity for transistorcausedy
the clock. The power consumptiorfor a corventionalflip-
flop without activity on theinput is 42 percentof the con-
sumptionwhen switching the input every cycle [6]. This
is one explanationof the obtainedresults. Also, the clock
network consume®.55 mW of power constantlywhich is
aboutonefifth of thetotal power consumtion Anotherrea-
sonis thatthe OStick is Lusin this simulationwhichmeans
that the timer queuesinside the RTU is traversedcontin-
iously.

System Call Power Duration Energy
threadcreate 2.53mW | 41cycles| 6.43nJ
tsw.on 2.52mW | 51cycles| 7.96nJ
threadblock 2.50mW | 68cycles | 10.54nJ
threadyield 247mW | 77cycles| 11.79nJ
threaddelete 2.48mW | 86¢cycles| 2.11nJ
threadstart 2.53mW | 41cycles| 6.43nJ
threaddelay 2.45mW | 68cycles | 10.33nJ
init_periodtime 2.52mW | 41cycles| 6.41nJ
startperiod 2.62mW | 41cycles| 6.66nJ
wait for_next_period | 2.46mW | 68cycles| 9.46nJ
semaphorereate | 2.48mW | 41cycles| 6.30nJ
semaphorgpend | 2.56mW | 56cycles | 8.89nJ
semaphoreaelease | 2.55mW | 41cycles| 6.48nJ
irg-init 2.45mW | 32cycles| 4.86nJ
irg_wait 2.44mW | 68cycles | 10.29nJ

task switch 2.50mW | 51cycles| 7.90nJ

idle 2.46mwW N/A N/A

Table4: Power andenegy characterizatiorof the system
calls

5 Conclusions

This paper presentsan enegy characterizationof a
RTOS hardwareacceleratocalled RTU. Simulationsshaov
thatthe power consumptiorof the RTU is almostindepen-
dentof whatactionit performs. The unit consumesbout
2.5mW for a 0.18 micron processat a clock frequeng of
16 MHz. Also, the resultsshowv that power consumption
during idle periodsare approximatelythe sameas during
systemcalls. The variationfrom the averagepower con-
sumtionis lessthan4 percent.Sincethe RTU worksin par
allel with the restof the systemit will wastepower during
theidle periods. Hence,we believe thatthe RTU needsto
befurtherpower optimisedto be ableto competewith con-
ventional SWFRTOSs. Sincemary of the flip-flops in the
RTU are non-actve mostof the time and waisting power



for every clock cycle, clocked gatinglooks like a promis-
ing techniqueto decreas¢he power consumtiorduringidle
periods.

6 Futurework

To decreaséhe power consumptiorsignificantly a low
power versionof the RTU will be designedoy usingtech-
niguessuchasgatedclocking. Both automaticnsertionof
gateclockswith toolsandmanualinsertionwill be consid-
ered. After characterizatiorof the power-optimizedRTU,
the power and enegy consumtionof the remaining SW
layer of the RTOS needsto be modeled. A corventional
RTOSenepy characterizatiomwith andwithouta RTU will
be compared.To modelthe enegy consumtiorof the SW
RTOS systemcalls we plan to extendedthe architectural
simulatorSimpleScalaf3] to be ableto simulatea whole
applicationtogetherwith a RTOS. For applicationsthat
heavily usethe RTOS functionswe believe thereis great
potentialfor enegy reductionby usinga power optimized
RTOShardwareacceleratar
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