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Abstract. A designmethodologysuitablefor aneffectivelow powerVLSI implementationof a largeclassof digital sig-
nalprocessingalgorithmsis presented,whichshowsto beparticularlywell-adaptedto fulfil therequirementsof portable
and autonomousmicrosystems.Startingwith the precisespecificationsof the applicationalgorithms,an appropriate
schedulingmethodis first appliedto optimize the dataflow, followed by an assignmentmethodwhich producesthe
detailedarchitecture.The actualVLSI implementationis thenperformed,resortingto commerciallogic synthesisand
place&routetools.As anexample,the implementationof analgorithmsuitablefor all-digital hearingaidsis discussed.
Theresultingsiliconareais lessthan20mm2 for a 1µm CMOSprocess,andthemeasuredpowerconsumptionatasam-
pling rate of 16kHz is about 300µW at 1.2V.
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1. Intr oduction
In the fields of telecommunications,hearingaids, and
electronicinstrumentation,thereis animportantdemand
for newgenerationsof high performanceportableappli-
cations.Therequirementsof suchapplicationsaremani-
fold, and can be expressedin terms of improved
functionalities,enhancedminiaturization,and reduced
power consumption to extend the system autonomy.
For flexibility andefficiencyreasons,thesignalprocess-
ing facilities to be incorporatedaremoreandmorereal-
izeddigitally on dedicatedASICs.However,in orderto
achieveoptimalsolutionswith respectto thepowercon-
sumption,the designsshouldbe performedcoherently
and carefully at all levels, including the algorithmic,
architectural, logical, and layout levels.
This paperproposesa contribution to the designand
optimizationof low power VLSI architecturessuitable
for effective implementationsof various digital signal
processing(DSP)algorithmssuchasFIR andIIR filters,
adaptivefilters, andFouriertransforms,with aparticular
strengthon the power consumptionwhich should be
kept as low as possible.
Thesecondpartof this paperpresentstheprinciplesfor
low powerandtheselectedarchitecture.Thethird partis
devotedto thetop-downmethodologywherethespecial
optimisationtools are explained.The fourth part con-
cernsanapplicationexamplewith measurementsresults
and a last part presents some conclusions.

2. Processor architecture
For digital CMOS circuits, the power consumptionis
knownto beessentiallydeterminedby thedynamiccon-
sumption, which can be expressed as [Pigu92]:

P = f · Ceq · Vdd2 (EQ 1)

wheref is theclock rate,Ceq theequivalentcapacitance,
andVdd thesupplyvoltageof theconsideredcircuit. All
three quantities should be kept as low as possible.
Substantialsavingscanbe achievedwith respectto the
equivalent capacitanceCeq by strictly limiting the
processingactivities to the resourcesproviding a direct
contribution to the requiredcomputations.Hence,the
next principles were applied:
a) Idle modules should be set into a power-saving

STAND-BY mode.
b) The processor architecture and modules should be

organizedin awayto limit theoveralldatatransferto
the strict minimum, local data traffic being preferred
versus global traffic.

c) Largermemoriesshouldbesplit into asetof smaller
memories, where a single one is active at a time.

Also, the structuralregularity of most DSP algorithms
shouldbe utilized to simplify both the schedulingand
the hardware implementation.
Finally, there is a global trade-off to be determined
betweenf, Ceq, andVdd in order to obtain the optimal
powerconsumption.Indeed,reducingthesupplyvoltage
lowers the maximum achievableclock rate due to the
increasedsignal propagationdelay. Hence,in order to
copewith therequiredcomputationthroughput,it is usu-
ally necessaryto extendthe parallelismof the architec-
ture [Chan92],which in turn will havean effect on the
equivalentcapacitance!In this context,the architecture
shouldbeflexible enoughto let thedegreeof parallelism
be best fitted to the considered application.

2.1  Hardware model
The architecturedeterminesthe type of hardwareused
for the implementationof the algorithms.It has to be
definedin suchaway thatit canbeusedfor a largeclass
of algorithms.Thearchitecturemustalsobewell suited
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for the associatedoptimisationtools (next section)and
enable low power solutions.

Thehardwareis composedof mainly four typesof build-
ing blocs (figure1):

• Thefunctionalunits to performtheoperationsof the
algorithmto implement.Eachoperationmusthavea
correspondingfunctional unit able to perform the
calculation.Most commonoperationsin digital sig-
nal processingare covered by an optimized low
powerfunctionalblocs library. For specificneedsit
is possible to extend this library.

• The memoriesto storetemporarydata,longer term
data and the constants.Normal registers,register
files or RandomAccessMemories(RAM) can be
used.

• The interconnectionsto transfer the data between
functional units and memories.In order not to be
limited by data transfers,eachfunctional unit and
eachregisterhasits own outputbusthatcanbecon-
nectedto any input. Of course,after optimisation,
only the necessary connections will be implemented.

• The controller to generateall signalsfor datatrans-
fers and functional units. As the target is to imple-
ment data independentsignal flow graphs, the
controller can be realised with a simple state
machine.

Inputandoutputsareconsideredin thismodelassimpli-
fied functional units. Inputs look like constants
(figure1) and outputs like an outputlesssingle input
functional unit.

Thegatedclockconceptis usedthroughoutthedesignto
limit theactivity of eachpartto thestrictminimum.Reg-
istersare placedat the input(s) of the functional units
keepingstabledatawhentheyareidle. This concepthas
alsotheadvantagethatregisterscanstoredataovermul-
tiple cycles without any input multiplexer as it is the
casefor puresynchronousdesigns.To guarantyproper
work with gatedclocks, it is necessaryto take special
careat the logic synthesisphaseby introducingdelay
constrains on the clock signals.

3. Top-down design methodology

Consideringthecomplexityof implementingDSP(Dig-
ital SignalProcessing)algorithmsontoparallelarchitec-
tures on silicon, it is necessaryto resort to a design
methodologysupportedby aCAD environmentsuitedto
the specificities of the problem.

Therefore, a design methodology for low power
microsystemshasbeendeveloped.It follows a top-down
approach(fig. 2) allowing first to specifytheDSPalgo-
rithm at high level andto simulateit. In a secondstep,
the implementationis optimizedby the schedulingand
the assignmentof the algorithm’s operations.Finally,
thecircuit canberealizedin anASIC (ApplicationSpe-
cific IntegratedCircuit) or on anFPGA(Field Program-
mable Gate Array).

Commercialtoolsareusedfor thespecification,thesim-
ulations,thelogic synthesisandtheplaceandroute.The
resourceallocation,definingonwhich typeof functional
unit eachoperationhasto beperformed,hasto bedone
by the user.

Special tools, suited for low power architecturehave
beendevelopedfor theschedulingandassignmentsteps.
They useoptimizedfunctional units, selectedfrom the
resourcelist, andthe targetarchitecturedescribedin the
previous section.

Themethodologyandit’s relatedtoolsallowsin particu-
lar:

• To reducetheclock frequencyto saveenergyand/or
to meetthespecificationat very low supplyvoltages
(around 1Volt),

FIGURE 1. Hardware model
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FIGURE 2. Top-down design methodology
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• To exploreseveraldesignalternativesthankto a fast
turn around time to,

• To design maximum throughput architectures,
• To producea cost effective solution for mediumto

high production volumes,
• To reuse previously developed blocs.

3.1  Scheduling
Theschedulingprocessis particularlyimportantto opti-
mizethethroughputor, for voltagescaling,to maintaina
given throughputand simultaneouslyto minimize the
amount of resources and so the silicon area.
This processis implementedusing the so called “Tabu
Search”optimisationtechnique[Glo93]. It is a timecon-
strainedalgorithm;thecontrol stepnumberis fixed and
theresourcenumberis optimized.Thisprocessis ableto
handleinter-iterationparallelismby animplicit retiming
(relocationof the delaysof a data flow graph) in the
sameway as in [Hee92].Rateoptimal (definedby the
critical loop of a givenalgorithm[Ger92])architectures
canthusbesynthesised.Theobjectivefunction to mini-
mize in this step is given in equation2.

This costfunctionincludesalsoregisterandbuscosts.It
is alsostraightforwardto copewith otherscostsin order
to account for signal statistics for instance.

3.2  Assignment
Theusedassignmentprocessis derivedfrom [Mign91].
It’s task is to bind the scheduledoperationson specific
functionalunitsandto handlethememorizationof inter-
mediatedata.It is an iterativeprocesswhosegoal is to
minimize the amount of interconnection resources.
At eachcontrol step,the costof the assignmentof each
operationandregisteron all resourcesis computed,tak-
ing into accountthe global costsof the actualsolution.
Then an optimal permutationis found by resolving a
matching in bipartite graph problem. The processis
repeated over several iterations of the data flow graph.
Theassignmenttool is fastandespeciallywell suitedfor
handlingregularstructureswhich arefrequentin digital
signal processing.
Furtherpower reductionscan be achievedwhen signal
statistics are considered [Cha96].

3.3  VHDL output
The previousoptimizationprocessesare followed by a
VHDL writer which producesa synthesizableRTL
(RegisterTransferLevel) descriptionof the hardware.
Themultiplexersat theinputsof thefunctionalunitsand
registerscanbe implementedwith standardstatic logic
element or with tri-state drivers.

4. Application example
As an applicationexample,the implementationof an
adaptivespeechprocessingalgorithm suitable for all-
digital hearingaids will be discussed.The considered
algorithm aims at improving the speechintelligibility/
quality by spectral sharpening.

Thebloc diagramof thealgorithmis shownin figure3.
The input signal goes first through a high-passfilter.
Thenananalysiscombinedwith anadaptationconsider-
ing patient data suppliesa joined FIR-IIR filter with
coefficients.The FIR-IIR filter is realizedwith lattice
structures for their good numerical properties.

Thecompletedataflow graphis madeof somehundreds
elementsfrom which 68 areMAC (Multiply andACcu-
mulate) operations.

4.1  DSP implementation

This algorithm was first implementedand testedon a
commercial DSP, the TMS320C50. The algorithm
requires783 instruction cycles for eachinput sample.
This leadsto 12.5MIPS (MegaInstructionsPerSecond)
or a clock rate of 25Mhz for a 16 kHz samplingrate.
The power consumption is then about 15mW at 3.3V.

4.2  ASIC implementation

The samealgorithm is implementedin an ASIC using
the presentedmethodology.To meet the throughputat
voltagesas low as 1 V, two MAC units are used.One
MAC unit is devotedto theoperationsof theupperpart
(ACF on figure3) andthe otheronefor the signalpath
SF.Besidesthoseunits,anALU andsomespecificfunc-
tional blocs are used.

The schedulingcan be done in 35cycles per sample,
resultingin a instructionfrequencyof only 560kHz for a
16kHz sampling rate.

The patientdataarecopiedfrom an externalEEPROM
into an internalRAM at resettime. The circuit hasalso
all necessaryserial interfacesfor the communication
with the Analog to Digital and Digital to Analog con-
verters.

The logic synthesisandthe placeandroutearerealised
with the COMPASStools with the low powerstandard
cell library CSEL_LIB for ALP1lv, a 1 µm technology
from EM Microelectronic Marin, Switzerland.

Ctotal ni ci⋅
i

∑= (EQ 2)

where:Ctotal is the total cost, ni the numberof
resourceof typei andci thecostof resourcetype
i, given by the user.

k0, k1, ..., kn

FIR IIRHP
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OutputInput
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FIGURE 3. Block diagram of the digital hearing
aid
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The final chip sizeis lessthan19mm2 for thecoreand
22mm2 includingpads(figure4). Thegatelevelsimula-
tions have shown a power consumption of about
250µW at 1.2V supply voltage.

In anup to date0.35µm 5 metalstechnology,thesilicon
area of the core would be only about 2.5mm2.

4.3  Measurements results

Ten test chips were fabricated and encapsulatedin
DIL 24 packages.The functional test is made on a
HP16500logic analysismainframewith a vectorgener-
ationcardandananalysiscard.Fromthetenchips,nine
are functionally correct.

Theaveragepowerdissipationis 295µW at 1.2V which
is a slightly higherthansimulated.This cancomefrom
the influenceof the initialisation phaseon the average
simulatedconsumption.The computingpart is in fact
idle during the EEPROM download at reset time.

Themeasuredbehaviourof thepowerconsumptionver-
sussupply voltage is shown in figure5. This measure

confirms the validity of equation1 for the dynamic
powerconsumptionwhereP = k • Vdd2 with k constant.

The linear function of the power versusfrequencyhas
alsobeenverified showingthatthestaticpoweris negli-
gible.

5. Conclusion
This paperproposesa completetop-downmethodology
for the low power VLSI implementationof DSP algo-
rithms on hardwiredarchitectures.The input algorithm
is describedwith a data flow graph. Schedulingand
assignmentof the operationsare performedautomati-
cally on a targetarchitecturewith dedicatedtools,opti-
mized for low power. Finally the architecture is
translatedin a Register Transfer Level synthesizable
VHDL code.

Thismethodologyis in particularintendedto beusedfor
portableandautonomousmicrosystems,andwasapplied
asanexampleto theimplementationof a spectralsharp-
ening algorithm for digital hearing aids.
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