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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-
quency 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 voltage levels
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the critical path delay), av-
erage energy savings in the range of
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is obtained
with respect to using a single-frequency and single-voltage
scheme.

1 Introduction

High-level synthesisis thetransformationfrom a behav-
ioral specificationof a systemto its RTL structurespeci-
fication [1]. The essentialtasksinvolved in synthesisare
scheduling,allocation, binding and clock selection. The
needfor low power synthesisis driven by several factors
suchas[6]: (1) demandof portablesystems(batterylife),
(2) thermalconsiderations(coolingandpackaging),(3) en-
vironmentalconcerns(naturalresources),and(4) reliability
issues.The averagepower dissipationis a concernfor the
first threefactors,whereas,peakpoweris thecritical design
concernfor reliability. Duringsynthesis,to increasebattery
life, power-delay-producthas to be minimized, whereas,
to increasebatterylife alongwithdelayreduction,energy-
delay-productshouldbeminimized.

Thethreeequationsfor a CMOScircuit are[6, 8] as

follows. Energy dissipationperoperation,
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where,
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is the effective switchedcapacitanceand
� 232

is thesupplyvoltage.
*4,5.6.

dependsnot only on thecircuit
structurebut alsoon theinputpatternappliedto thesystem.
With frequency 7 , thepowerdissipationfor theoperationis

89(:*4,5.6. �;0232 7 (2)

The delay in a device ( < 2 ) that determinesthe maximum
frequency ( 7>=@?3A ) or theclock cycle time ( B ) is

< 2 (:C � 232�D� 232FE �HGI�5J (3)

where,
� G

is the thresholdvoltage, K is a technologyde-
pendentfactorand

C
is a constant. From the above three

equations,thefollowingscanbededuced: (1) by reducing� 232 bothpowerandenergy canbesavedwhile compromis-
ing with performance(delay), (2) slowing down the CPU
by reducing7 will save powerbut not energy, and(3) vary-
ing frequency aswell asvoltagewill saveenergy andpower
while maintainingperformance.Thisformsthebasisfor our
approach.Wegenerateadatapathschedulethatwill operate
atdifferentfrequenciesatdifferentcyclesbasedondynamic
frequency clockingmechanismdevelopedin [5, 12].

Synthesis techniques incorporating various low
power features have been developed by numerousre-
searchers.TheHYPER-LPsynthesissystem[4], usesparal-
lelizationandpipeliningto reducepowerconsumption.The
SCALPalgorithmusesbothsupplyvoltagescalingandca-
pacitancereduction[11]. In [8], ILP formulations(called
MOVER) of multiple supply voltageschedulingproblem
aregivenwhichhandletiming andresourceconstraints.The
authorsin [15] presenta resourceconstrainedscheduling
algorithmthathelpsin reducingpower usingmultiple sup-
ply voltages. A schedulingalgorithm using ”shut-down”
technique,multiplexor reorderingandpipelining hasbeen
developedin [7]. A dynamicprogrammingtechniquefor



schedulingis presentedin [10]. The authorsin [14] com-
binevariablevoltageschemeandclusturedvoltagescaling
to reducepower. A heuristicschedulingalgorithmbasedon
dynamicfrequency clockingandmultiple voltagesis intro-
ducedin [16]. Two time andresourceconstrainedmultiple
voltageschedulingtechniqueareproposedin [17]. In [18],
multiple voltageresourceandlatency constrainedschedul-
ing is discussedwherepower reductionis achieved by re-
ducingswitchingactivity aswell asby reducingpowercon-
sumptionof level converters.

In this paper, we proposea schedulingalgorithm
called Dynamic Frequency Clocking Scheduling(DFCS)
usingdynamicfrequency concept[5, 12]. Initially, DFCS
groupsthe operationsin a control stepsuchthat the func-
tionalunitswith samemaximumfrequency canbeoperated
concurrently. Later, DFCS reducesthe energy of the ini-
tial scheduleby regroupingthe operationsandusingmul-
tiple voltageswithout violating the time constraints. The
algorithmhasbeenappliedto varioushigh level synthesis
benchmarksunderdifferent time constraints. The exper-
imental resultsshow that using threesupply voltage lev-
els
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(with thetimeconstraintof 1.5to 2.0timesthecritical
path) is obtainedascomparedto usinga single-frequency
clockingschemewith asinglesupplyvoltage.DFCSis suit-
ablefor dataflow intensiveapplicationssuchasDSP, image
andvideoprocessing.

2 Dynamic Frequency Clocking and
Energy Saving

In dynamicfrequency clocking, the clock frequency is
variedon-the-flybasedon thefunctionalunitsactive in that
cycle. In this clockingscheme,all theunitsareclockedby
a singleclock line which switchesat run-time. A clocking
mechanismthatvariestheclock frequency dynamicallyhas
beenshown to improve the executiontime ascomparedto
usingauni-frequency globalclock [5, 12]. Fig. 1 showsthe
unifrequency and dynamicfrequency diagrams. The Dy-
namicClockingUnit (DCU) usesaclockdividerstrategy to
generatefrequencies( 7�ND?PO ,RQ ��� ) which aresubmultiplesof
the basefrequency. The basefrequency 7�ND?PO , is the maxi-
mumfrequency of any functionalunit (FU) at themaximum
supplyvoltage.A value

�
is loadedasaninput to theDCU

which comesfrom controller. Theschemefor dynamicfre-
quency generationis shown in Fig. 2.

As discussedin section1 with referenceto theequa-
tions 1- 3, frequency scalinghelpsin reducingpower, but
not energy. The frequency reductioncreatesopppertunity
to operatethedifferentfuctionalunitsat differentvoltages,
which in turn helpsin energy reduction. DFCS finds the
appropriateclock width (frequency) for the cycle and the
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Figure2: Scheme for dynamic frequency generation

operatingvoltageof eachfunctionalunit operatingat that
cycle.

Let us considerthe following example data flow
graph(DFG) shown in Fig. 3. Let <5? and <�= bethedelays
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Figure3: Example DFG

of theadderandthemultiplier respectively at themaximum
supply voltage

�
. The DFG is sheduledto threecontrol

steps.In thecaseof singlefrequency, eachcycle hasclock
width dictatedby theslowestoperatordelay <�= . Sotheto-
tal power consumptionis givenby

' OTSVU>WYX , ( � ' =[Z � ' ?
and the total delay is < O�S\U>WYX ,]( 
 < = . In caseof dynamic
frequency clocking,we have the flexiblity of changingthe
clockwidth of eachcycle. Say, wefix theclockcyclewidth
for 3rd cycle at < ? which is smaller than < = ; this allows
us to increasethe clock width of someother cycles from< = to some <�^= without violating the time constraints. In
this case,the total delaytime is < 2Y_ U�?3=-SV` ( <�^= Za< = Za< ?
and we have < 2Y_ U�?R=4Sb`dc < OTSVU>WYX , . We exploit thesetime
slacksavailableat differentcontrolstepsfor differentfunc-



tionalunitsandreducethevoltageappropriately. Thishelps
in reducingthe energy consumptionof someunits andas
a whole. So the new energy consumptionby the DFG is
givenby

' 2Y_ U�?3=-Sb` (:' = Z ' ? Z 'fe= Z 'ge? ; since
'ge= and'ge? aresomeenergy valueslessthan

' = and
' ? we have' 2Y_ U�?3=-SV`ih ' O�S\U>WYX , ; thuswe save energy. In turn,we also

reduceaveragepowerconsumption
' 2Y_ U�?3=-Sb` Q < 2Y_ U�?R=4Sb` (if,

< 2Y_ U�?R=4Sb`@j < OTSVU>WYX , ).

3 Datapath Model

The architecturemodel consistsof a datapath,a con-
troller andaDCU asshown in Fig. 4. Thedatapathconsists
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Figure4: Target architecture

of
�

functionalunits(FUs)with registersandmultiplexors.
TheFUsperformsingle-cycle operations.A controllerde-
cideswhich FUs areactive in eachcontrol stepandthose
that arenot active aredisabled.The frequency is changed
dynamicallyand the supply voltageis assignedfrom one
of the available levels (

��� ����k
H� 
��	�Y��� ���
). The reasonbe-

hind choosingthesevoltagelevels is that theseareusedin
industrialdesign. Level convertersarerequiredsincedata
is transferredbetweenfunctionalunits operatingat differ-
ent voltages.The DCU clocksthe FUs basedon the units
operatingat eachcontrolstep.

3.1 Delay Model and Frequency Selection

Thedynamicfrequency clockingschemeclocksacontrol
stepatafrequency determinedby theunitsoperatingin that
step. The delayof a control stepis dependentnot only of
the functional unit delay but also on the multiplexor and
registerset-upandpropagationdelay. Theworstcasedelay
of a controlstepcanbewrittenas:� S ( �l#m>n�o�p�q < n6m>��n/rs��t Z �l#vuxwzy{��n/r���t Z}|;~ ��n/rs��t
where,

� S is the delayof control step
p
, the registerdelays

includetheset-upandpropagationdelays,andFU delayis
the delayof the slowestcomponentin control step

p
. The

Library Delay Delay Delay Delay
Component Type (5V) (3.3V) (2.4V)

Register set-up 3.3ns 5.9ns 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

Table1: 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

MaximumFreq 15.8MHz 8.82MHz 5.2MHz
ScaledDown Freq 14MHz 7MHz 4.6MHz

Table2: Delay values and clock frequencies

worstcasedelayof a level converteris lessthan
�P��q

asseen
from HSPICEsimulations. Using the above delaymodel,
the worst casedelaysfor library componentsareshown in
Table1 (adoptedfrom [16]). The delaycostsof the level
convertersareabsorbedin theworstcasedelayvalues.

Table2 showstheoperatingclockfrequenciesof each
functionalunit at differentvoltages.We choosea basefre-
quency andscalethe other frequenciesto a numbergiven
by

� 7 N�?RO , Q ����� , where,
� ( �������k
H�P�V�\�

. The basefrequency
to the DCU is

��&��9���
and it generatesthe frequencies�����9���

,
���9���

and
�H� $��9���

.

3.2 Energy Model

Assuming an activity of
�����

at the inputs, the aver-
age energy dissipatedfor the components,Mux, 16-bit
adder/subtractorandthe 16-bit multiplier at differentvolt-
agesis computed[16] asshown in Table3 Theenergydissi-
pation(pJ)of the16-bit level converters(from voltagelevel���

to level
�;�

) is shown in Table4 (adoptedfrom [10]).

4 DFCS Algorithm

The datapathis representedin the form of a dataflow
graph(DFG) constructedas a sequencinggraph. Fig. 5
shows sucha graphfor theHAL benchmark.Theinputsto

Component Energy Energy Energy
(5V) (3.3V) (2.4V)

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

thealgorithmareanunscheduleddataflow graph(UDFG),
the scaleddown operatingfrequencies,and the execution
time constraint B ` for the whole schedule. From the en-
ergy dissipationtables,Tables3 and4, it is observed that
to get moreenergy savings the multipliersshouldbe oper-
atedat aslow frequenciesaspossibleandthe addersat as
high frequenciesaspossible.If theadderis operatedat low
frequencies(henceat low voltage),theremaynotbeenergy
saving as the energy dissipationin level converterwill be
morethanthesaving in adder/subtractor. At thesametime,
operatingadder/subtractorat higher frequency canhelp in
meetingthetime constraints.To getmaximumenergy sav-
ingsadder/subtractorshouldnotbeoperatedalongwithmul-
tipliers in sameduty cycle. In cases,whenthey to operated
samecycle to meetthe time constraint,energy saving will
comefrom themultipliersnot from theadder/subsubtractor.

* * v2 *v1 v6 * v8 + v10

* v3 v7* + v9 < v11

-

v5-

v4

NOP v0

v12NOP

Figure5: HAL benchmark data flow graph

The algorithm is designedbasedon theseobserva-
tions. Initially, DFCS usesthe conceptof dynamic fre-
quency clockingandgeneratesa schedulesuchthattheop-
eratorsoperatingat lower frequenciesarescheduledat ear-
lier steps/cyclesandthe operatorsoperatingat higher fre-
quenciesarescheduledat later steps/cycles. Later on, the
DFCS modifies the scheduleby moving operationsfrom
onestepto anotherwith the objective of meetingthe time
constraint. It thenfinds appropriateclock cycle width and
assignesappropriatevoltage.

DFCS ( UDFG,FU, Tc )�
(01) CreatePriorityLIST ( for all ����� UDFG );
(02) DFCSSchedClock�T� = 0; //for sourcevertex
(03) SchedLIST= � � ; //sourcevertex is scheduledin �Y�V� cycle
(04) cycle = 1;
(05) while ( PriorityLIST �� NULL ) do
(06)

�
(07) �k� = TOPof PriorityLIST;
(08) if ( � �I�� SchedLISTandAllPredecessor� � � SchedLIST)then
(09)

�
(10) if ( FrequencyConstraint(cycle) ) then
(11) cycle= Max ( DFCSSchedClock) + 1;
(12) elseschdulein currentcycle
(13) DFCSSchedClock� � = cycle;
(14) PriorityLIST = PriorityLIST - ��� ;
(15) SchedLIST= SchedLIST+ ��� ;
(16) � // endif
(17) � // enddo
(18) DFCSClockBound= Max ( DFCSSchedClock);
(19) CreateCyclePriorityLIST( for all cycle ` � boundedby DFCSClockBound)
(20) CycleFreqLIST= Min ( ScaledDown Freqof all � � � ` � );
(21)

G>�
= CriticalPathDelay( CycleFreqLIST);

(22) ControlStepIndicator= 1;
(23) while ( ControlStepIndicator) do
(24)

�
(25) if (

G/�I�!G>�
) then

(26)
�

(27) ` � = FindCycleWithMinALU ( for all cycle ` � );
(28) for each���{� ` � do
(29)

�
(30) DFCSSchedClock���T���5� � ��� = DFCSSchedClock���T���5� � ��� - 1;
(31) DFCSSchedClock� � = DFCSSchedClock� � - 1;
(32) DFCSSchedClock�P� �s� � � ��� = DFCSSchedClock�P� �s� � � ��� - 1;
(33) � // endfor
(34) CycleFreqLIST= Min( ScaledDown Freqof all � � � ` � );
(35)

G>�
= CriticalPathDelay( CycleFreqLIST);

(36) � // endif
(37) while ( morethan �k�Y  of cycleshaving

Multipliers operatingat lower freq. ) do
(38)

�
(39) ` � = TOPof CyclePriorityLIST;
(40) CycleFreqLIST

� � = NextHigher( ScaledDown Freqof all � � � ` � );
(41)

G>�
= CriticalPathDelay( CycleFreqLIST);

(42) if (
G �I¡ � G � ) then

(43) ControlStepIndicator= 0;
(44) � // enddo
(45) � // enddo� // EndAlgorithm DFCS

The
8 m/pT¢/m/p < t�£v¤�¥ B (line 01) (in Fig.6) is created

from the list of all vertices such that the vertex with
the lower operatingfrequency getsthe higher priority for
scheduling;meaningwill bescheduledin a controlstepbe-
fore thelowerpriority vertices.

Vertices

0 1 2 3 4 5 6 7 9 10 11 128

v0 v12v1 v2 v3 v6 v7 v8 v4 v5 v9 v10v11

Priorities

Figure6: Vertex priority list

¦ | * ¥	§P¨Hn/� * rs¢>§ C ��� (line 02) is a datastructurethat
containsthe clock cycle step for vertex © S . It is initial-
ized to zero for the sourcevertex.

¥ª§�¨Hn/��£¤M¥ B (line 03)
is a datastructureto maintain the list of verticesalready
scheduleswhich which is initialised to the sourcevertex.
The while loop (line 05) eachtime takesthe highestprior-
ity vertex (line 07) andschedulesit in an appropriatecy-
cle checkingfor the frequency constraintviolation if all



its predecessorsarealreadyscheduled.The datastructure« r�r 8 m>n/��n/§Rn>q/q6¢/m ��� containsthe list of all predecessorsof
any vertices© S . Thefunction | m>n6¬/w�n6� §3t * ¢/��q < m/��p�� < (line
10) helpsin checkingthefrequency constraint.This makes
surethat two verticesoperatingat different frequnciesare
not scheduledon samecycle.

¦ | * ¥ * rs¢>§ C� ¢/w{� � is the
numberof controlstepsfor theschedulealreadygenerated
(shown in Fig. 7).
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Figure7: Intermediate scheduled data flow graph

* t�§Rr�n 8 m/pT¢/m/p < tM£v¤�¥ B (line 19) is the priority list
(shown in Fig. 8) for thecyclessuchthatthecyclecontain-
ing more numberof multipliers will be operatedat lower
frequency. Thedatastructure

* t�§Rr�n | m/n/¬>£v¤�¥ B (line 20) is

6543210

Cycles

Priorities

c0 c6c5 c4 c1 c3 c2

Figure8: Cycle priority list

usedto storetheoperatingfrequency of eachcycle. Initially,
eachcycle is assignedtheminimumfrequency, andthecrit-
ical delayof the scheduleis found. If the time constraint
(line 25) is not satisfied,then we find the cycle is which
the numberof ALUs usedis minimum (line 27). Some
of the control stepscanbe eliminatedout of the schedule
by moving up the verticesin that cycle (line 28-33). As
longas50%of thecyclesareoperatingat frequencieslower
than the maximumscaleddown frequency, the clock cy-
clesis assignedto thenext higheroperatingfrequency and

checkedfor timeconstraintsatisfied(line 37-44),otherwise,
onemorecontrolstepis eliminatedandabove stepsarere-
peated.Finally, propervoltagevalueassignedto thevertices
from theTable2. Thefinal scheduleddatapathis shown in
Fig. 9. The algorithmalsocalculatesthe energy valueof
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 benchmark circuits. The
processor model simulated contains two ALUs
(adders/subtractors/comparators)and two MULTs of
each operating voltages. The benchmarksused are :
Auto-Regressive (AR) filter [13], Band-Passfilter (BPF)
[2], Elliptic-Wavefilter (EWF)[9], DCT [3], FIR filter [15],
HAL differential equationsolver. The percentageenergy
savingsis calculatedas

� ' OTSVU>WYX , E ' 2Y_ U�?3=-Sb` �P#������ Q ' O�S\U>WYX , .
The results for various benchmarkcircuits are reported
in Table 5. The energy savings obtainedusing different
existing multiple voltage basedschedulingalgorithm is
shown in Table6.

6 Conclusions

This paperintroduceda datapathschedulingalgorithm
basedon dynamicfrequency clocking. The dynamicfre-
quency clocking schemecould generateenoughslack to



Bench. Time Energy Detailsfor DFCS
Circuits Cons. ® � �°¯�±T² � ® ��³ ¯�´5µ � � % Savings

1.5
G>�b¶

36186 21491 40.61
AR 1.75

G>�b¶
36186 18139 46.61

2.0
G �b¶

36186 15274 57.79
1.5
G>�b¶

27672 15187 45.12
BPF 1.75

G �b¶
27672 9350 66.12

2.0
G>�b¶

27672 8249 70.19
1.5
G>�b¶

19422 12335 36.49
EWF 1.75

G>�b¶
19422 8814 54.62

2.0
G �b¶

19422 5341 72.50
1.5
G>�b¶

30675 14611 52.37
FDCT 1.75

G �b¶
30675 14489 52.77

2.0
G>�b¶

30675 7714 74.85
1.5
G>�b¶

18696 4910 73.74
FIR 1.75

G>�b¶
18696 4877 73.91

2.0
G �b¶

18696 4820 74.21
1.50

G �b¶
13614 7808 42.64

HAL 1.75
G �b¶

13614 6821 49.90
2.0
G>�b¶

13614 4449 67.31

Table5: Eneregy savings using DFCS

Bench. % Energy Savings
DFCS [10] [17] [8] [18] [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 energy. The
functionalunitsareallowed to operateat a frequency gov-
ernedby its critical path delay. It is observed that using
threesupplyvoltagelevels

�D��� ����k
�� 
������� �M���
, an average

energy savingsof
��$�%

to
$�&M%

(with the time constraintof
1.5 to 2.0 timesthe critical path) is obtainedascompared
to usinga single-frequency clocking schemewith a single
supplyvoltage.
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