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Abstract—Recently VCO-based filters have been used to imple-
ment feature extraction in voice recognition systems. Typically
implemented filter structures embed the VCOs in a feedback
loop. In these implementations, harmonic distortion has been
observed in the output signal. This harmonic distortion has
been attributed to ring oscillator nonlinearity but its origin
stems from a system level problem. In this manuscript we
will analyze this problem by looking at the cross modulation
of Pulse Frequency Modulation (PFM) side-bands and we will
explain how this creates the previously misunderstood harmonic
distortion. Moreover, we will propose efficient techniques to
mitigate these harmonic components and show that they can
easily be implemented in hardware.

Index Terms—VCO-ADC, Pulse Frequency Modulation, Ana-
log filters, Voice feature extraction

I. INTRODUCTION

Edge AI applications dealing with voice processing often
require efficient band-pass audio filters for feature extraction.
These filters have noise and distortion requirements of around
50 dB SNDR. In despite of this relatively modest specification,
they still represent a big share of the power and/or of the
area budget. Several structures have been published in the
recent years, ranging from quite conventional continuous time
analog filter solutions [1], switched capacitor [2], multiplexed
time domain [3] to fully digital approaches [4]. An alternative
solution is based on VCO-based filtering techniques, of which
some possible implementations were demonstrated in [5],
[6]. Also, a more general mathematical description based on
PFM was already given in [7] where it was shown that the
filter can easily be implemented by asynchronous digital logic
consisting of digital primitives such as counters and flip-flops.

Using such VCO-based filters, an efficient feature extraction
architecture was proposed in [8] and implemented in [9], [10].
Compared to analog solutions, the VCO-based approach is free
of area consuming elements (e.g. large capacitors), while being
much more power efficient than fully digital solutions.

However, VCO-based filters have a system level problem
that has not been analyzed so far and sometimes has been
partially attributed to circuit mismatch and non linearity (and
hence was considered a hardware implementation issue). The
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Fig. 1. Basic VCO-based low-pass filtering stage, the -3 dB cut-off frequency
is the loop-gain ωc = KD×KV , harmonic distortion at the output is present
regardless of the hardware implementation of the oscillators.

phenomenon is that whenever we have a loop around a VCO,
which uses a frequency modulated signal as input, harmonic
distortion components appear in the output signal.

To illustrate the problem, Figure 1 shows the system level
diagram of a VCO-based first order low-pass filter with cutoff
frequency ωc. It consists of an input VCO with gain KV that
encodes the signal Vin from an analog source (for instance
voice from a microphone) into a PFM signal. Then this signal
drives a loop containing another VCO with the same gain that
tracks the frequency of the first VCO via an up/down counter
and a DAC with gain KD. The -3 dB cut-off frequency of the
filter is calculated as ωc = KD ×KV . Assuming a sinusoidal
input, the input PFM spectrum after the first VCO contains the
input signal plus modulation side-bands at the harmonics of the
VCO rest frequency ω0/2π. In principle, the loop VCO should
respond with a first order low-pass filtered version of the input.
A behavioral simulation, even without any circuit impairments,
shows that this PFM signal contains in-band harmonics that
degrade the SNDR at the output of the filter. This paper tackles
this problem from the signal theory point of view, revealing a
distortion mechanism which is inherent to the PFM encoding
process embedded in the filter. In this paper, we will base our
discussion on a simple low-pass filter. But as we will explain,
the phenomenon occurs always when there is a feedback loop
with a PFM encoded input signal and a fed back signal which
is also PFM encoded. Hence it will also occur in band-pass
and high-pass filters that are based on feedback.
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Fig.2. (a)Phasedomain modelofaVCOintegratorand(b)practical
implementationwithaphasedetectorconsistingofageneralizedPFD,(c)
PFMbasedmodelofthepracticalVCOintegrator.

Thepaperisorganizedinthreesections.SectionIIdescribes
theoperationofaVCO-basedilterusingthePFMrepresenta-
tiontheorytoinvestigatethespectrumofthesignalsinsideof
suchailterloop.Then,SectionIIIsimulatesthenon-linearity
effectinailterandusesaDiscreteFourierSeriesanalysisto
representthesignalswithintheloopandtherootcauseofthe
distortion.FinallySectionIVproposessomesimplemitigation
techniquestotacklethedistortioninapracticalilter.

II.VCO-BASEDFILTERS

Thewellestablishedphase-domainmodelofaVCOdis-
playedinFig.2(a),providesadirectequivalencebetweena
VCOandanininiteDCgainintegrator,sincethephaseofthe
oscillatorisgivenbythetimeintegraloftheinputdependent
frequencyoftheVCO[5].However,mostpracticallyrelevant
VCOsarepseudo-digitalringoscillators[11]–[13],whichdo
notprovideaccesstotheinstantaneousphaseoftheoscillator.
Instead,theonlyavailableinformationisthepositionofedges
oftheoutputwaveform.InatheoreticalVCOanalysis,this
problemissolvedbyaddinganidealizedblock,thephase
detector,thatprovidesaccesstotheinternalphase,leading
toanidealoutputsignalVout,ideal.Averyattractivepractical
realizationisbasedoncountingtheVCOedges,andisshown
inFig.2(b).Notethatamulti-phaseringoscillatorcanbe
consideredasasinglephaseoneequippedwithamulti-bit
counter[11],uptoafrequencyadjustment.Inthespecial
casewheretheup/downcounterofFig.1canonlyhavethe
outputvalues-1,0,and1,itcollapsesintothewell-known
PhaseFrequencyDetector(PFD),ubiquitouslyusedinPLLs.
Nevertheless,theoutputsignalVout
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Fig.3.(a)aVCOwithonlyedgeinformationisaPFM.(b)ModelofaPFM
asalineargainwithaninjectionofhigh-frequencymodulationspurs.

isnotequaltothatoftheidealstructureofFig.2(a).Until
recently,thisimpededexactunderstandingofthisstructure.

Asoutlinedin[14],aVCOwithonlyedgeinformation
availableisstrictlyequivalenttoaPFMmodulator(seeFig.
3(a))producinga Diracdeltastreamof whichanytwo
consecutivetimesofoccurrencetk−1,andtkarerelatedby:

tk

tk−1

ω0
2π
+KV·Vin(τ) dτ=1 (1)

d(t)=

N

k=1

δ(t−tk), tN <t<tN+1 (2)

whereNisthenumberoffullcyclestheoscillatorhascom-
pleteduptotimetN.ThefrequencybehaviorofaPFMsignal
isextensivelystudiedin[15].Inparticularithasbeenshown
thatforsinusoidalinputs,thePFMsignald(t)canbewritten
astwocomponents:irstacomponentproportionaltotheinput
signal,andsecond,amodulationcomponentm(t)locatedat
higherfrequencies(centeredaroundintegermultiplesofthe
VCOrestfrequencyω0/2π).Thiswasexploitedin[14]to
comeupwiththemodelofFig.3(b).Herethemodulation
componentm(t)isconsideredasaspuriouserror.Forthe
operationofaVCO-basedilter,theideaisthattheseundesired
modulationspursm(t)areout-of-bandanddonotinterfere
withthedesiredbase-bandsignalscontainedinthePFM
spectra.

RevisitingthepracticalimplementationofFig.2(b),it
becomesclearthatwithinthePFMinterpretationthecounter
outputisstrictlyequivalenttoanintegrationofthePFM
outputsignald(t)

2

.Thisleadstotheequivalentdiagramof
apracticalVCOintegratorshowninFig.2(c),wherealsothe
correspondingtimedomainwaveformsarerepresented.By
embeddingone(ormore)ofsuchanintegratorinafeedback
loop,practicalilterssuchastheoneshowninFig.1,are
obtained.

TheequivalencebetweenFig.2(b)andFig.2(c)canalsobe
provenanalytically.Ononehand,wecancalculatetheintegral
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Fig.4.SimulatedoutputspectrumforaVCO-Basedlow-passilterwiththe
consideredparameters.

ofthePFMsignald(t)uptothelastDiracimpulsegenerated
attimetN:

Vout(tN)=
tN

0

N

k=1

δ(τ−tk)dτ=
N

k=1

u(tN−tk)=N (3)

Ontheotherhand,wecancalculatetheintegraloftheinput
signalVinuptotN andapply(1)toseethatbothequations
match.NotethatwehavedeinedV′in=ω0/(2πKv)+Vinas
VinwithaDCoffsettoaccountfortherestfrequencyω0:

tN

0

KV·V
′
in(τ)dτ=

N

k=1

tN

tk−1

KV·V
′
in(τ)dτ=N (4)

tN

0

d(τ)dτ=
tN

0

KV·V
′
in(τ)dτ (5)

III.IN-BANDSPURIOUSTONESINVCO-BASEDFILTERS

Figure4showstheoutputspectrumoftheilterofFig.1,
forthesimulationparametersreportedintableI,wherethe
SignaltoDistortionRatio(SDR)is59dBforabandwith
of20kHz.TheconsideredPFMblockonlyreactstorising
edgesanditsoutputisnormalizedtokeepthesameamplitude
levelfortheinputtone. Wecanobservethattheoutputdoes
notonlycontaintheilteredinputtoneandthetypicalside-
bands[15],butalsoharmonicsneartheinputtoneandalso
tonessmearedbetweenthedifferentside-bands.Basedonthe
implementationofaVCO-basedlowpassilter,weinvestigate
thisoutputspectrumaccordingtothePFMtheory.

TABLEI
SIMULATIONPARAMETERS

InputTone VCO/PFM Filter
ωin/2π Ain ω0/2π KV ωc/2π
1kHz 9mV 1MHz 1MHz/V 10kHz

Vin Vout,a
+

+

+

+
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PFM PFMPFM
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-

-

-

(a) (b)

(c) (d)
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ωc
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Vout,bVin
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Figure5presentsfourlow-passsimpliiedequivalentsys-
tems,rangingfromasystemcomposedbyjustanideal
integratoruptotheoneofFig.1,passingbydifferentvariants
whichinsertPFMblocksinthesignalpath.Theoutputsofa)
andb)canbeanalyticallycalculatedforsinusoidalinputs.The
signalsthatcomposetheoutputofsystemb)presentonlyside-
bandsaroundmultiplesoftherestfrequency.Itisclearthat

Fig.5.Equivalentlow-passilters,from(a)anidealintegratorto(d)aVCO-
basedlow-passilter.

systemsb)andc)arenotpracticaltoimplementinhardware;
however,systemc)comesinhandywhenstudyingtheoutput
spectrumofourstudycase,aswecanisolatetheeffectof
havingthePFMblockintheloopwithoutspuriousinjection
attheinputstage.Asimulatedoutputspectrumofsystemc)is
showninFig.6.Inthiscasesomeharmonicsarestillpresent,
buttheyhavealowmagnitude.Thereforeitlookslikethe
strongdegradationseeninsystemd)isduetobothinputand
in-loopPFMblocks.
Toobtaintheanalyticaloutputspectrumforeithersystem
c)ord)isnotaneasytask.Nonetheless,wecanapproximate
systemd)by meansoftheopen-loopsystemdepictedin
Fig.7. Wefeedtheoutputofsystemb)intoasecond
PFM2modulator.Theoutputofsuchsimpliiedtopologycan
beanalyticallycalculatedusingtheequationsdevelopedin
[16]butstillthisresultsinseveralininitesums.Toobtain
analyticalresults,wewillmakethefollowingapproximations
fortheinputmodulator,PFM1:irst,weonlyconsiderthe
irstmodulationside-band(neartherestfrequencyω0).Thisis
justiiedbecausethemodulationsidebandsathigherfrequency
areattenuatedbytheilter.Furthermore,wewillonlytake
alimitednumberof modulationcomponentsintoaccount
(arbitrarilychosenas7).Togetherwiththeinputtonethis
gives8frequencycomponentsrepresentedbythevectorfsb:

fsb=[fin,fo−3fin,···,fo,···,fo+3fin]. (6)

Thesamevectorialnotationcanbeusedforitsmagnitudes
andinitialphases,Asbandθsb.Now,theexpressionforthe
side-bandsM(f)ofPFM2isgivenby:

M(f)=f0

∞

q=1

∞

r1=−∞

···
∞

r8=−∞

8

k=1

Jrk(q
AsbkKV
fsbk

)

·1+
r·fsb
qf0

·e
jr·θsb− pq

Asbp
KV

fsbp
sinθsbp

·{δ[f+(qfo+r·fsb)]+δ[f−(qfo+r·fsb)]},(7)

∃q,rsuchthat(qfo+r·fsb)=nfin,n∈N. (8)

Thisequationexpressesthatnotonlytheinputsignal,butalso
componentsoftheirstside-bandgeneratedbyPFMarefed
intoPFM2.Thesecomponents(fromPFM1)aretheninturn
modulatedbythePFM2.Observing(8)wemayseethatthere
aremultiplecombinationofvaluesofr

3

thatresultinbaseband
harmonicdistortioncomponents.E.g.thecontributionofthe
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Fig.6.SimulatedoutputspectrumforFig.5(c).

Fig.7.Simpliiedversionofsystem(d)inopen-loopconiguration,delivering
aqualitativelycomparableresponse.

componentwithq=1andr·fsb=f0+2finwillgivean
harmonicdistortioncomponentat2fin.
Notethatthemechanismiscrossmodulationandhence,

onlyoccurswhenhigh-frequencyside-bandtonesofaPFM
signalmodulateanothersimilarPFMsignal.
Evenforthiscaseinwhichweareconsideringjustafew
componentsdrivingPFM2,analyzing(7)becomescompli-
cated.Insteadofananalyticalcalculation,wehavedonea
behavioralsimulation,(showninFig.8),provingtheinsight
givenby(7).Eventhoughthisapproximationdoesnotyield
theexactsamespectrumasFig.4,itsharesthesamebehaviour
withrespecttotheharmonics.

IV. MITIGATIONTECHNIQUES

Giventhefactthatlowfrequencyspectrumdegradationis
duetocross-modulationbetweenside-bandsgeneratedina
PFMmodulator,therearetwoobviouswaystotackletheprob-
lem:1)bypushingawaytheside-bandstohigherfrequencies
wheretheloopintegrationproducesmoreattenuation.This
correspondtoincreasingtheeffectiveVCOrestfrequency,
whichcanbedonebydesigningafasterVCOoralternatively
bymultiplephasesofaringoscillatorVCO[14]and2)by
placingapassivelow-passilterattheinputofthein-loopPFM
modulatorwithcutofffrequencyωfwhichfurtherattenuates
thePFMside-bands.Technique1)comesattheexpenseof
anincreaseinpowerconsumption,and/orarea.Technique2)
comesattheexpenseofanextracapacitor.Figure9black,
showsasimulationwheretheeffectiveVCOrestfrequencyis
increasedbyafactorof15.Forthiscase,theimprovementin
SDRwas44dB.Method2)isalsoaviablesolutionandfora
cutofffrequencyof125kHz,ityieldsanimprovementof21
dB.However,wecanconsideratrade-offwithregardtothe
bandwidthωfoftheextrain-loopilter.Thebandwidthshould
bemuchlargerthanthebandwidthωc
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Fig.8. Simulatedoutputspectrumforthesimpliiedopen-loopsystem
depictedinFig.7.

Fig.9.Simulatedoutputspectrumwhenusingamulti-phasesolutionwithan
equivalentf0−eq=15·f0(black),andwhencombiningmulti-phasewitha
low-passilterwithintheloop(green).

makeωflargeisthatwedonotwanttouselargecapacitors.
Butontheotherhand,thebandwidthoftheextrailtershould
belowforthismitigationtechniquetobeeffective.Themost
effectiveapproachiscombiningthetwotechniques,whichis
illustratedinthegreencurveofFig.9whereanextrailterlow
passilterintheloopwithacutoffof125kHzwasadded.This
methodeffectivelyremovestheharmoniccontentandyields
aSDRof142dB.

V.CONCLUSION

4

WehaveexplainedhowaPFMinterpretationcanbeapplied
toenableamorecompleteunderstandingofVCO-basedilters.
Thisinterpretationgivesinsightinthenatureofthehigh-
frequencyout-of-bandmodulationspursthatoccurinsucha
VCO-basedilter.Thankstothisinsight,wehaveidentiied
aninherentdistortionmechanism.Unfortunatelythissituation
alwaysoccurs whena VCO-integratorisembeddedina
feedbackloopas willnormallybethecasefora VCO-
basedilter.Hencethisproblemcanbeconsideredinherentto
VCO-basediltering.Fortunately,thePFMinterpretationalso
providestherecipetomitigatetheproblem:i.e.attenuatethe
highfrequencymodulationspursbeforetheyareappliedto
aVCOintegrator.Averysimplebuteffectivetechniqueto
dothisisbyprecedingaVCOintegratorbyalowpassilter
withacutofffrequencythatislowerthantheVCOoscillation
frequency.
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