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Abstract

In this paper, we describe a new datapath scheduling al-
gorithm called DFCS based on the concept of dynamic fre-
quency clocking. In dynamic frequency clocking scheme,
all functional units in the datapath are driven by a sin-
gle clock line that switches frequency dynamically at run
time. The algorithm schedules lower frequency operators
at earlier steps and delays higher frequency operators to
later steps. Next, it regroups some of the higher frequency
operators with low frequency operators so as to meet the
time constraint. During this phase, DFCS assignes the fre-
guency for each cycle and the functional unit with the cor-
responding voltage. The algorithm has been applied to var-
ious high level synthesis benchmark circuits under different
time constraints. The experimental results show that using
three supply voltagelevels (5.0, 3.3V, 2.4V") and time con-
straints ({1.5,1.75 and 2.0} * the critical path delay), av-
erageenergy savingsin therange of 46% to 68% is obtained
with respect to using a single-frequency and single-voltage
scheme.

1 Introduction

High-level synthesiss thetransformatiorfrom a beha-
ioral specificationof a systemto its RTL structurespeci-
fication [1]. The essentiatasksinvolved in synthesisare
scheduling,allocation, binding and clock selection. The
needfor low power synthesisis driven by several factors
suchas|[6]: (1) demandof portablesystemgbatterylife),
(2) thermalconsiderationgcoolingandpackaging)(3) en-
vironmentalconcerngnaturalresources)and(4) reliability
issues.The averagepower dissipationis a concernfor the
first threefactors whereaspeakpoweris thecritical design
concerrfor reliability. During synthesisto increasebattery
life, power-delay-producthasto be minimized, whereas,
to increasebatterylife alongwithdelayreduction,enegy-
delay-producshouldbe minimized.

Thethreeequationdor a CMOS circuit are[6, 8] as
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follows. Enegy dissipationperoperation,
E = CetVig 1)

where,C.y ¢ is the effective switchedcapacitancend Vyq
is the supplyvoltage.C. ;s dependsiotonly on the circuit
structurebut alsoontheinput patternappliedto the system.
With frequeny f, the power dissipatiorfor theoperationis

P =CepsVif 2

The delay in a device (t;) that determineshe maximum
frequeng (fqz) Or theclock cycletime (T) is

Vid
ta k(Vdd - Vr)e )
where, Vr is the thresholdvoltage,a is a technologyde-
pendentfactorand & is a constant. From the above three
equationsthefollowings canbe deduced (1) by reducing
Va4 both power andenepgy canbe savedwhile compromis-
ing with performancgdelay), (2) slowing down the CPU
by reducingf will save powerbut notenegy, and(3) vary-
ing frequeng aswell asvoltagewill savze enegy andpower
while maintainingperformanceThisformsthebasisfor our
approachWe generate datapattschedulghatwill operate
atdifferentfrequenciestdifferentcyclesbasedndynamic
frequeng clockingmechanisndevelopedin [5, 12].

Synthesis techniques incorporating various low
power features have been developed by numerousre-
searchersTheHYPER-LPsynthesisysteni4], usegaral-
lelizationandpipeliningto reducepower consumptionThe
SCALP algorithmuseshoth supplyvoltagescalingandca-
pacitancereduction[11]. In [8], ILP formulations(called
MOVER) of multiple supply voltage schedulingproblem
aregivenwhichhandletiming andresourceonstraintsThe
authorsin [15] presenta resourceconstrainedscheduling
algorithmthathelpsin reducingpower usingmultiple sup-
ply voltages. A schedulingalgorithm using "shut-davn”
technique multiplexor reorderingand pipelining hasbeen
developedin [7]. A dynamicprogrammingtechniquefor



schedulingis presentedn [10]. The authorsin [14] com-
bine variablevoltageschemeand clusturedvoltagescaling
to reducepower. A heuristicschedulingalgorithmbasedon
dynamicfrequeng clockingandmultiple voltagesis intro-

ducedin [16]. Two time andresourceconstrainednultiple
voltageschedulingechniqueareproposedn [17]. In [18],

multiple voltageresourceandlateng constrainedschedul-
ing is discussedvherepower reductionis achieved by re-
ducingswitchingactiity aswell asby reducingpower con-
sumptionof level corverters.

In this paper we proposea schedulingalgorithm
called Dynamic Frequeng Clocking Scheduling(DFCS)
usingdynamicfrequeng concept[5, 12]. Initially, DFCS
groupsthe operationsn a control stepsuchthat the func-
tional unitswith samemaximumfrequeng canbeoperated
concurrently Later, DFCSreducesthe enegy of the ini-
tial scheduleby regroupingthe operationsand using mul-
tiple voltageswithout violating the time constraints. The
algorithmhasbeenappliedto varioushigh level synthesis
benchmarksunder different time constraints. The exper
imental resultsshav that using three supply voltage lev-
els(5.0V, 3.3V, 2.4V), anaverageenepgy saving of 46% to
68% (with thetime constrainbf 1.5to 2.0timesthecritical
path)is obtainedas comparedo usinga single-frequeng
clockingschemaewith asinglesupplyvoltage.DFCSis suit-
ablefor dataflow intensive applicationssuchasDSP image
andvideoprocessing.

2 Dynamic Frequency Clocking and
Energy Saving

In dynamicfrequeng clocking, the clock frequengy is
variedon-the-flybasedon thefunctionalunitsactive in that
cycle. In this clocking schemeall the units are clocked by
a singleclock line which switchesat run-time. A clocking
mechanisnthatvariesthe clock frequeng dynamicallyhas
beenshawn to improve the executiontime ascomparedo
usingauni-frequeng globalclock[5, 12]. Fig. 1 shavsthe
unifrequeny and dynamicfrequeng diagrams. The Dy-
namicClockingUnit (DCU) usesaclock divider strateyy to
generatdrequencies fpqse /2n) Which are submultiplesof
the basefrequeng. The basefrequeny fi, . is the maxi-
mumfrequeng of ary functionalunit (FU) atthemaximum
supplyvoltage.A valuen is loadedasaninputto the DCU
which comesfrom controller The schemdor dynamicfre-
gueng generatioris shavn in Fig. 2.

As discussedn sectionl with referencedo the equa-
tions 1- 3, frequeny scalinghelpsin reducingpower, but
not enegy. The frequeng reductioncreatesopppertunity
to operatethe differentfuctional units at differentvoltages,
which in turn helpsin enegy reduction. DFCS finds the
appropriateclock width (frequeng) for the cycle and the
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Figure2: Scheme for dynamic frequency generation

operatingvoltageof eachfunctional unit operatingat that

cycle.
Let us considerthe following example data flow

graph(DFG) shavn in Fig. 3. Lett, andt,, bethedelays
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Figure3: Example DFG

of theadderandthe multiplier respectiely atthemaximum
supply voltageV. The DFG is sheduledto three control
steps.In the caseof singlefrequeng, eachcycle hasclock
width dictatedby the slowestoperatordelayt,,. Sotheto-
tal power consumptioris givenby Ejsipg. = 2E, + 2E,
andthe total delayis tsingze = 3tm. In caseof dynamic
frequeng clocking, we have theflexiblity of changingthe
clock width of eachcycle. Say we fix theclock cycle width
for 3rd cycle at ¢, which is smallerthant,,; this allows
us to increasethe clock width of someother cyclesfrom
t., to somet} without violating the time constraints. In
this case the total delaytime is tqynamic = t}, + tm + ta
andwe have tgynamic = tsingle. We exploit thesetime
slacksavailableat differentcontrol stepsfor differentfunc-



tional unitsandreducethevoltageappropriately This helps
in reducingthe enegy consumptionof someunits and as
a whole. Sothe new enegy consumptionby the DFG is
givenby Egynamic = Em +Eq + E,_, + E_ ; sinceE,, and
E;, aresomeenepgy valueslessthan E,,, and E, we have
Eiynamic < Esingte; thuswe save enegy. In turn, we also
reduceaveragepower consumptionE gy namic/taynamic (if,

tdynamic > tsingle)-

3 Datapath Model

The architecturemodel consistsof a datapath,a con-
trolleranda DCU asshownnin Fig. 4. Thedatapattconsists
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Figure4: Target architecture

of n functionalunits (FUs)with registersandmultiplexors.
The FUs performsingle-g/cle operations.A controllerde-
cideswhich FUs are active in eachcontrol stepandthose
thatarenot active aredisabled. The frequeng is changed
dynamically and the supply voltageis assignedrom one
of the availablelevels (5.0V, 3.3V, 2.4V). The reasonbe-
hind choosingthesevoltagelevelsis thattheseareusedin
industrial design. Level corvertersare requiredsincedata
is transferredbetweenfunctional units operatingat differ-
entvoltages. The DCU clocksthe FUs basedon the units
operatingat eachcontrolstep.

3.1 Delay Modd and Frequency Selection

Thedynamicfrequeng clockingschemeslocksacontrol
stepatafrequeny determinedy the unitsoperatingn that
step. The delay of a control stepis dependentot only of
the functional unit delay but also on the multiplexor and
registerset-upandpropagatiordelay Theworstcasedelay
of acontrolstepcanbewritten as:

d; = 2 xregisterdelay + 2 x muzdelay + FUdelay

where,d; is the delayof control stepi, the registerdelays
includethe set-upandpropagatiordelays,and FU delayis
the delay of the slowestcomponenin control stepi. The

‘ Library ‘ Delay ‘Delay Delay Delay

Component Type (5V) (3.3V) (2.4v)
Register set-up 3.3ns | 59ns | 10.1ns
Register propagation| 3.3ns 5.9ns 10.1ns

Multiplexor | propagation| 6.0ns | 10.8ns| 18.4ns
add/sub propagation| 15.4ns | 27.8ns | 47.3ns

Multiplier propagation| 43.7ns | 78.9ns | 134.2ns

Tablel: Delay values for 16-bit components

Component Delay Delay Delay
(5V) (3.3V) (2.4V)
add/sub 35.0ns 62.2ns 105.3ns
MaximumFreq 28.5MHz | 16.07MHz | 9.49MHz
ScaledDown Freq 28MHz 14MHz 7MHz
Multiplier 63.3ns 113.3ns 192.2ns
Maximum Freq 15.8MHz | 8.82MHz 5.2MHz
ScaledDown Freq 14MHz 7MHz 4.6MHz

Table2: Delay values and clock frequencies

worstcasedelayof alevel corverteris lessthanins asseen
from HSPICE simulations. Using the above delay model,
the worst casedelaysfor library componentsare shavn in
Table 1 (adoptedfrom [16]). The delay costsof the level
convertersareabsorbedn theworstcasedelayvalues.

Table2 shavstheoperatingclockfrequencie®f each
functionalunit at differentvoltages.We choosea basefre-
gqueny andscalethe otherfrequenciedo a numbergiven
bY (frase/2n), Wwhere,n = 1,2, 3, .... The basefrequeny
to the DCU is 28 M Hz and it generateghe frequencies
14MHz,7TMHz and4.6 M H 2.

3.2 Energy Model

Assumingan actiity of 0.5 at the inputs, the aver
age enegy dissipatedfor the components,Mux, 16-bit
adder/subtractoandthe 16-bit multiplier at differentvolt-
ageds computed16] asshovnin Table3 Theenegy dissi-
pation(pJ)of the 16-bitlevel corverters(from voltagelevel
V1 tolevel V2) is shawn in Table4 (adoptedrom [10]).

4 DFCSAIlgorithm

The datapathis representedh the form of a dataflow
graph (DFG) constructedas a sequencinggraph. Fig. 5
shaws sucha graphfor the HAL benchmarkTheinputsto

Component| Enegy | Enegy | Enegy
(5V) 3.3V) | (24v)

Mux 9pJ 4pJ 2pJ
add/sub 57pJ 25pJ 13pJ
Multiplier 2202pJ | 960pJ 507pJ

Table3: Energy dissipation of functional units



V1-V2 2.4V 3.3V 5.0V
2.4V - 53.04 | 139.4
3.3V 21.53 - 178.1
5.0V 22.5 61.4 -

Table4: Energy dissipation in level converters

thealgorithmareanunschedulediataflow graph(UDFG),
the scaleddown operatingfrequenciesand the execution
time constraintT,. for the whole schedule. From the en-
ergy dissipationtables, Tables3 and 4, it is obsened that
to getmoreenegy savings the multipliers shouldbe oper
atedat aslow frequenciesaspossibleandthe addersat as
high frequenciesspossible.If theadderis operatecatlow
frequencieghenceat low voltage) theremaynotbeenegy
saving asthe enegy dissipationin level corverterwill be
morethanthe saving in adder/subtractoAt the sametime,
operatingadder/subtractoat higherfrequeny canhelpin
meetingthe time constraints.To getmaximumenepy sa/-
ingsadder/subtract@houldnotbeoperatedlongwithmul-
tipliersin sameduty cycle. In caseswhenthey to operated
samecycle to meetthetime constraint,enegy saving will
comefrom themultipliersnotfrom theadder/subsubtractor
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Figure5: HAL benchmark data flow graph

The algorithmis designedbasedon theseobsera-
tions. Initially, DFCS usesthe conceptof dynamic fre-
gueng clockingandgenerates schedulesuchthatthe op-
eratorsoperatingat lower frequenciesrescheduledit ear
lier steps/gclesandthe operatorsoperatingat higher fre-
guenciesare scheduledat later steps/gcles. Lateron, the
DFCS modifiesthe scheduleby moving operationsfrom
one stepto anotherwith the objective of meetingthe time
constraint. It thenfinds appropriateclock cycle width and
assignesppropriatevoltage.

DFCS (UDFG, FU, Tc)

{
(01) CreatePriorityLIST ( for all v; € UDFG);
(02) DFCSSchedClock, = 0; //for sourcevertex
(03) SchedLIST= wo; //sourcevertex is scheduledn 0*" cycle
(04) cycle=1,;
(05) while ( PriorityLIST £ NULL ) do
(06) {
(07) wv; = TOPof PriorityLIST;
(08) if (v; ¢ SchedLISTandAllPredecessqy; € SchedLIST)hen
09) {
(10) if (FrequengConstraint(cycle)) then
(11) cycle= Max ( DFCSSchedClock+ 1;
(12)  elseschdulein currentcycle
(13) DFCSSchedClock = cycle;
(14)  PriorityLIST = PriorityLIST - v;;
(15) SchedLIST= SchedLIST+ v;;
(16) } // endif
(17) } /l enddo
(18) DFCSClockBound= Max ( DFCSSchedClock
(19) CreateCyclePriorityLIST( for all cycle ¢; boundedby DFCSClockBound
(20) CycleFreqLIST= Min ( ScaledDown Freqof all v; € ¢; );
(21) Ts = CriticalPathDelay( CycleFreqLIST);
(22) ControlStepindicator 1;
(23) while ( ControlSteplndicatoy do
(24){
(25) if (Ts > T )then
26) {
(27)  ¢; =FindCycleWthMinALU ( for all cyclec; );
(28) for eachw; € ¢; do
@9 {
(30) DFCSSchedClocK . (v;) = DFCSSchedClocK,cq(v;) - 1;
(31) DFCSSchedClock = DFCSSchedClock - 1;
32) DFCSSchedClocky, cc(v;) = DFCSSchedClocl, ce(v; ) - 1
(33)  } /l endfor
(34) CycleFreqLIST= Min( ScaledDown Freqof all v; € c; );
(35) T =CriticalPathDelay( CycleFreqLIST);
(36) }// endif
(37) while (morethan50% of cycleshaving
Multipliers operatingatlowerfreq. ) do

{
(39) ¢; = TOPof CyclePriorityLIST
(40)  CycleFreqLIST, = NextHigher( ScaledDown Freqof all v; € ¢; );
(41) T, = CriticalPathDelay( CycleFreqLIST);
(42) if (Ts <= T.)then
(43) ControlStepindicator 0O;
(44) 1}/l enddo
(45) } // enddo

} I/ EndAlgorithm DFCS

The PriorityLIST (line 01) (in Fig.6) is created
from the list of all vertices such that the vertex with
the lower operatingfrequeng getsthe higher priority for
schedulingmeaningwill bescheduledn a controlstepbe-
fore thelower priority vertices.

vO|vl|v2|v3|v6 |Vv7|v8|v4 |v5|VvI v1i0Nv11lv12| Vertices

0O 1 2 3 4 5 6 7 8 9 10 11 12 Priorities
Figure6: Vertex priority list

DFCSchedClock,, (line 02)is a datastructurethat
containsthe clock cycle stepfor vertex v;. It is initial-
ized to zerofor the sourcevertex. SchedLIST (line 03)
is a datastructureto maintainthe list of verticesalready
schedulesvhich which is initialised to the sourcevertex.
The while loop (line 05) eachtime takesthe highestprior-
ity vertex (line 07) and schedulest in an appropriatecy-
cle checkingfor the frequeng constraintviolation if all



its predecessorare alreadyscheduled.The datastructure
AllPredecessor,,; containsthe list of all predecessoref
ary verticesv;. Thefunction FrequencyConstraint (line
10) helpsin checkingthe frequeng constraint. This makes
surethat two verticesoperatingat differentfrequnciesare
not scheduledn samecycle. DFCSClockBound is the
numberof control stepsfor the schedulealreadygenerated
(shonvnin Fig. 7).
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Figure7: Intermediate scheduled data flow graph

CyclePriorityLIST (line 19) is the priority list
(shovnin Fig. 8) for the cyclessuchthatthe cycle contain-
ing more numberof multipliers will be operatedat lower
frequeng. ThedatastructureC'ycle FreqLIST (line 20)is

cO|c5| c4{cl | c3| c2|c6 Cycles

0 1 2 3 4 5 6  Priorities

Figure8: Cycle priority list

usedo storetheoperatingrequeng of eachcycle. Initially,
eachcycleis assignedhe minimumfrequeng, andthecrit-
ical delay of the schedulds found. If the time constraint
(line 25) is not satisfied,thenwe find the cycle is which
the numberof ALUs usedis minimum (line 27). Some
of the control stepscan be eliminatedout of the schedule
by moving up the verticesin that cycle (line 28-33). As
long as50%of the cyclesareoperatingat frequenciesower
than the maximum scaleddown frequeng, the clock cy-
clesis assignedo the next higheroperatingfrequeng and

checledfor time constrainsatisfiedline 37-44),otherwise,
onemorecontrol stepis eliminatedandabove stepsarere-

peatedFinally, propervoltagevalueassignedo thevertices
from the Table 2. Thefinal schedulediatapathis shovn in

Fig. 9. Thealgorithmalso calculateshe enegy value of

theschedule.
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Figure9: Final scheduled data flow graph

5 Experimental Results

The DFCS algorithm has been implemented in
C and applied to selected benchmarkcircuits. The
processor model simulated contains two ALUs
(adders/subtractors/comparatorgnd two MULTs of
each operating voltages. The benchmarksused are :
Auto-Reagressie (AR) filter [13], Band-Rassfilter (BPF)
[2], Elliptic-Wavefilter (EWF)[9], DCT [3], FIR filter [15],
HAL differential equationsolver. The percentagenegy
savingsis calculateths(E;ingie — Edynamic) *100/ Egingie -
The results for various benchmarkcircuits are reported
in Table5. The enegy savings obtainedusing different
existing multiple voltage basedschedulingalgorithm is
shown in Table6.

6 Conclusions

This paperintroduceda datapathschedulingalgorithm
basedon dynamicfrequeng clocking. The dynamicfre-
queng clocking schemecould generateenoughslack to



Bench. Time | Enegy Detailsfor DFCS |

‘ Circuits Cons. [ Esingle | Fdynamic | % Saings |
157, 36186 21491 40.61
AR 1.75I, 36186 18139 46.61
2.0T¢p 36186 15274 57.79
1571, 27672 15187 45.12
BPF 1.78Tp 27672 9350 66.12
2.0T¢p 27672 8249 70.19
15T, 19422 12335 36.49
EWF 1.78T,yp 19422 8814 54.62
2.0T, 19422 5341 72.50
1.5Tp 30675 14611 52.37
FDCT 1.75T, 30675 14489 52.77
2.0T, 30675 7714 74.85
157, 18696 4910 73.74
FIR 1.75I, 18696 4877 73.91
2.0T¢p 18696 4820 74.21
1.507 13614 7808 42.64
HAL 1.78Tp 13614 6821 49.90
20T, 13614 4449 67.31

Table5: Eneregy savings using DFCS

Bench. % Enegy Savings |
| DFCST TI0] [ 1TI77 [ 8T T 18] [ T[16] |
AR 41-58 | 40-63 | 16-20 | 16-59 | 38-76 | 3-53
BPF | 45-70 - - - - -
EWF 36-73 | 44-69 | 13-32 | 11-50 | 13-76 | 53-54
FDCT 52-75 | 43-69 - - - -
FIR 74-74 - 16-29 | 28-73 - 53-53
HAL 43-67 | 41-61 - - 22-77 -

Table6: Eneregy saving using schedulings

apply reducedvoltageswhich in turn saves enegy. The
functionalunits areallowed to operateat a frequeng gov-

ernedby its critical pathdelay It is obsened that using
threesupplyvoltagelevels (5.0V, 3.3V, 2.4V), an average
enegy savings of 46% to 68% (with the time constraintof

1.5to 2.0 timesthe critical path)is obtainedascompared
to usinga single-frequeng clocking schemewith a single
supplyvoltage.
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