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Abstract—MEMS microphones are usually DC biased with
a voltage exceeding 10V and a large resistance, requiring a
charge pump and a high-ohmic link between the ASIC and the
MEMS. This DC biasing is needed to obtain enough sensitivity
for medium to high quality microphones. This manuscript inves-
tigates capacitance-controlled oscillators which allow to directly
connect the MEMS sensor to the oscillator; this solution is prone
to scaling. A new type of configuration (referred to as Cross-
Connected Sensor) is presented and discussed. Its main advantage
is the increase in the sensitivity and, when integrated in an ADC
architecture, in the achievable SNR. The proposed solution is
intended for Human-Machine Interface applications given their
moderate SNR requirements.

Index Terms—ADC, VCO-ADC, MEMS microphone, HMI,
time-encoding

I. INTRODUCTION

In the last years much research has been focused on
Voltage-Controlled Oscillators (VCOs)-based ADCs, which
have proved to be adequate to digitize signals coming from
MEMS sensors (e.g. microphones). Among their advantages,
the main one is the mostly digital nature, which relaxes the
constraints related to power consumption and facilitates the
scalability to deep sub-micron processes and the read-out
electronics implementation [1]. MEMS microphone interface
circuitry is usually based on the capacitance-to-voltage con-
version. In order to achieve the required sensitivity, a large
bias voltage (obtained by a charge pump) and a large bias
resistor are needed [2]. The main drawbacks of this approach
are clearly explained by [3]. The goal of this work is to
analyze whether the combination of charge pump and VCO
might be substituted with a MEMS Capacitance-Controlled
Oscillator (MCCO) that directly reads the output signal of the
MEMS microphone (i.e. capacitance signal) without any bias-
ing circuitry. In general, the performance of open-loop VCO-
based ADCs is bounded by the nonlinear voltage-to-frequency
conversion accomplished through the VCO. To solve this issue,
many authors moved to a closed-loop configuration where
a high loop gain shrinks the VCO input signal span [4].
In case of MCCOs, the signal which controls the oscillator
is very small and, therefore, the capacitance-to-frequency
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conversion can be represented with sufficient accuracy by a
linear approximation. However, the sensitivity of grounded
MEMS capacitance-controlled ring oscillators (cf. Part II-A)
is not sufficiently high to detect small capacitance variations
and to provide satisfactory SNR results. Our research has been
focused on finding a way to increase the sensitivity of MCCOs
without increasing chip cost and occupied area. Our strategy
involves the connection of the sensor between two nodes of the
ring oscillator (RO). This principle improves the capacitance-
to-frequency sensitivity and, consequently, the estimated SNR.
Although results are not sufficient to be an implementable so-
lution in high-end audio acquisition applications, it might still
be valuable for low-power applications demanding moderate
SNR. Indeed, in Human-Machine Interface (HMI) applications
prominently used in wearable electronics (i.e. voice detection
and keyword recognition), a moderate SNR can be sufficient,
while power budget and available chip area are critical. In
Part II, RO-based MCCOs are described with an emphasis
on the Grounded Sensor (GS) configuration compared with
the proposed Cross Connected Sensor (CCS). In Part III,
CCS configuration is modeled and explained; then, a design
example is given and simulated at transistor-level. Conclusions
are drawn in Part IV.

II. MEMS CAPACITANCE-CONTROLLED OSCILLATOR

A. Grounded Sensor Configuration

Some authors have already studied the possibility to directly
control an oscillator with a MEMS sensor [5]–[7]. Inter alia,
ROs are relevant due to their great compatibility with CMOS
processes and their ease of scalability. In this manuscript, each
tap of the RO is intended as a single-ended CMOS inverter.
In GS configuration, the MEMS sensor is connected as shown
in Fig. 1(a). The MEMS capacitance CMEMS modulates the
propagation delay of just one of the RO taps. Consequently,
the oscillation frequency f osc is affected. Following the same
approach of [8], it is possible to demonstrate that the oscilla-
tion frequency of the circuit in Fig. 1(a) can be approximated
as:

f osc,1GS =
I

V DD(C ′
OXWLN + CMEMS)

(1)



(a)Onegroundedsensor

(b)Twogroundedsensors

(c)Cross-connectedsensor

Fig.1:Differentconnectionsofthecapacitivesensortothe
RO.

where C′
OX isthegatecapacitanceperunitarea,VDD the

supplyvoltage,W,LandN arerespectivelythegatewidth,
thegatelengthandthenumberoftaps.CurrentIisthe MOS-
FETdraincurrentwhichlowsduringthepropagationdelay.
Assumingthatduringmostofitoneofthetwotransistorsis
insaturationregion,itresultsthatI≈ µCox

′

2
W
L (VDD−VT)
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beingµthecarrier mobilityandVT thethresholdvoltage.
Equation(1)providesinterestinginsightsonthecircuit:

• Oscillationfrequencyisinverselyproportionaltothesum
ofalltheloadcapacitorsconnectedtotheRO.

• Manytapsorbiggatecapacitors(comparedto CMEMS)
reducethesensitivitytothe MEMScapacitance.

• ThetermI·(VDDC′
OXWLN)−1approximatestheoscil-

lationfrequencyifthe MEMScapacitorisremoved.The
insertionofMEMScapacitancecanberepresentedbythe

term 1+
CMEMS

C′
OXWLN

−1

.

The MCCOsensitivitycanbederivedfrom(1)as:

k1GS=
∂fosc

∂CMEMS
=−

I

VDD(C′
OXWLN +CMEMS)2

(2)

Thesensitivityisnotconstantanddependsonthe MEMS
capacitance,butsound-inducedvariationissosmallthatwe
canjustcomputesensitivityattherestvalueofthe MEMS
capacitor. Thesensorshouldbedominantovertheother
loadcapacitorsinthecircuitbut,atthesametime,thetotal
amountofcapacitorsinthe ROshouldpermitasuficient
oscillationfrequencyandsensitivitytoreachthetargeted
SQNRperformance.Ifmorethanonegroundedsensorisused,
sensitivityincreasesandoscillationfrequencydecreases;in
caseoftwo MEMSsensors(Fig.1(b)),oneobtains:

fosc,2GS=
I

VDD(C′
OXWLN +2CMEMS)

(3)

Fig.2: Oscillationfrequencyagainst MEMScapacitancein
GSandCCScases(simulationattransistor-level).

Fig.3:Comparisonbetweenanalyticalformulaeandsimula-
tionresults.

k2GS=−
2I

VDD(C′
OXWLN +2CMEMS)2

(4)

Equations(3)and(4)revealthattheoscillationfrequency
isequivalentto(1)withdouble MEMScapacitance;instead,
sensitivityistwicethevaluethatwouldhavebeenobtained
ifdoublingthevalueofone MEMScapacitance. However,
addingmore MEMSsensorsmakesthechipbulkierandmore
expensive.Itisofinteresttoboostas muchaspossiblethe
sensitivityconsideringonlyone MEMSsensor.

B. Cross-ConnectedSensorConiguration

TheconnectionofthesensorbetweentwophasesoftheRO
(cf.Fig.1(c))increasesthe MCCOsensitivity.Asshownin
Fig.2,adjacentphasesshouldbechosentohaveanimprove-
ment.Inthis way,thesensitivitytothe MEMScapacitance
isevenmorethanusingtwodifferentgroundedsensors.The
workingprinciplebehindthisisexplainedinPartIII.Sofar,
letusmodeltheCCScapacitanceasanequivalentnumberβ
ofgroundedcapacitors.Thisleadsto:

fosc,CCS=
I

VDD(C′
OXWLN +βCMEMS)

(5)

kCCS=−
βI

VDD(C′
OXWLN +βCMEMS)2

(6)

Thisapproximationpermitsagoodittingofthesimulation
results,whichderivefromtransistor-level modelsofthecir-
cuit.ThisisshowninFig.3forthethreeconsideredcases.
InFig.4,thedifferentsensitivityformulaedeinedby(2),(4)
and(6)areplottedinabsolutevalue.TheCCScaseprovides
thebestsensitivitybyusingjustone MEMSsensor.



Fig.4:Absolutevalueofsensitivityagainst MEMScapaci-
tance;plotsareobtainedthankstoanalyticalformulae.

III.CCSWORKINGPRINCIPLE

In[9],theinluenceofacapacitorconnectedbetweenthe
inputandtheoutputnodeofaCMOSinverterisanalysed.Our
aimistobetterunderstandwhythiseffectmaybebeneicial
forthesensitivityandtofurtherdetailtheworkingprinciple
withtime-dependentsubcircuits.Themostrelevantsubcircuits
aredepictedinFig.5;time-domainwaveformsrepresenting
thephasesϕ

i
(i.e.input)andϕ

i+1
(i.e.output)arereported

inFig.6.Forthesakeofclarity,thei-thNMOSandPMOS
arethetransistorwiththedrainconnectedtothei-thnode.
Letusanalysethecaseofarisingedgeattheinput.At
thebeginning,theonlytransistorsswitchedonarethei-th
andi+1-thPMOSETs(cf.Fig.5(a)).CCScapacitance(which
isinitiallypre-chargedbutwiththeoppositepolarity)forces
somecurrenttolowintotheoutputnodeandthischargesthe
i+1-thloadcapacitorabovethepowersupplylevel.Asaresult,
sourceanddrainterminalsofthei+1-thPMOSarereversed.
Thiseffect(dependentonthecrossconnectedcapacitance)
createsapre-shootontheoutputvoltage waveformand
contributestotheoscillationfrequencymodiication.Atthe
sametime,inputsignalfacesitsowntransitionwithaslope
mainlydeterminedby i-thloadcapacitor. Whentheinput
voltagelevelreachestheNMOSthresholdvoltage,thei+1-
thNMOSturnsoninsaturationregion(cf.Fig.5(b)).The
outputvoltagestartsdischargingandthei+1-thPMOSslowly
turnsoff.Short-circuitcurrentispreventedinthisway[9].As
soonassubcircuit(b)isvalid,theinputsignaldramatically
slowsdownitsgrowth(cf.Fig.6);thisisduetotheMiller
effectcreatedbytheCCScapacitanceandtheNMOSin
saturationregion.Thishappensafterthattheinputvoltage
hasalreadycrossedtheiftypercentofthefullscalerange;
therefore, MEMSinluenceonthepropagationdelayofi-th
inverterisnegligible.Subcircuit(c)startswhenthePMOSis
turned-off;iftheinputvoltageisapproximatedasconstant,
aconstantcurrentchargesthe MEMScapacitorandslows
downtheoutputfallingedge;infact,itreducesthedischarging
currentofthei+1-thloadcapacitance.Whenthetransitionis
almostover,theNMOSreachesthetrioderegion,asshown
insubcircuit(d)andtheinputsignalincreasespeedsup.If
aninputfallingedgeisconsidered,thereisnoMillereffect
duetothesubcircuittopology(cf.subcircuit(e));asshown
inFig.6,inputfallingtransitioniscompletedduringthe

pre-shootontheoutputvoltage.Thealmostconstantcurrent
givenbythei+1-thPMOSinsaturationregionwillcharge
theoutputloadcapacitanceandreversethevoltagepolarity
acrosstheMEMScapacitancecomparedtothebeginningof
thetransition.Thecurrentlowingintothe MEMSreduces
thechargingrateoftheoutputcapacitance.Thepropagation
delayofthei+1-thinverterisstronglyrelatedtotheMEMS
capacitancebecauseofthepre-shootandthereducedslopeof
ϕ
i+1
transitions.TheMEMScapacitorintroducedintheROis

subjecttoachargefrom−VDDtoVDDintheirsthalfofthe
inputswitchingperiodandadischargefromVDDto−VDD
inthesecondpart(cf.Fig.6).Overall,itcanbeassumedthat
theMEMSsensorisDCunbiasedbeingtheaveragevoltage
acrossitequaltozero.Soundpressureistransformedinto
afrequencymodulatedsignalandcanbedemodulatedand
digitizedwiththehelpofsomecountersandauxiliarylogic.
Inordertoestimatethecurrentconsumptiononecanaddthe
contributionduetothechargeandthedischargeoftheMEMS
capacitor.Ifwereducethemodeltosubcircuits(c)and(d)and
assumethatineachofthetwocasestheinitialchargeisfully
dissipatedandthenrechargedwiththeoppositepolarity,the
averagecurrentconsumptionresultsin:

iavg=foscVDDC
′
OXLN(Wn+Wp)+4CMEMS (7)

wheretheoscillationfrequencyisitselfdependentonthe
MEMScapacitance.Equation(7)islikelytooverestimate
theaveragecurrentsincearelevantpartofthechargeand
dischargeoftheCCScapacitorhappensduringthepre-shoot,
wherethecurrentconsumptionissupposedtobereduced.As
adesignexample,aive-stageROhasbeensimulatedina
130nmCMOStechnologynodewiththefollowingtransistor
sizes:Ln=Lp=2µm,Wn=15µmandWp=30µm.
Theimplemented modelforthe MEMSsensorincluding
theelectricalparasiticelementsisshowninFig.7(a):itis
composedbyanominalMEMScapacitanceCMEMS,aseries
resistanceRsandtwoparasiticcapacitorsCp1andCp2between
eachofthetwoterminalsandthesubstrateofthe MEMS.
Sinceoneofthetwoparasiticcapacitorsissupposedtobe
verybig(e.g.Cp2intheschematic),evenbiggerthanthe
MEMScapacitoritself,ourstrategyistoshortitoutby
connectingtheMEMSsubstratetooneoftheROphases(i.e.
ϕi+1).Therefore,theotherparasiticcapacitor(i.e.Cp1)isalso
connectedacrossaROtapandwillintroduceapenaltyinthe
sensitivityandtheoscillationfrequency.Inoursimulations
weassumethatCMEMS =0.8pF(restvalue),Rs=2kΩ
andCp1=150fF.Resultingaveragecurrentconsumption
isslightlyaffectedbytheparasiticelements;regardlessof
theirpresence,iavgisaround83µAwithVDDequalto1V.
InTableI,themainresultsarereported.TheA-weighted
SNRcomputationrelatestheinputsignal(assumedasa
sinusoidal MEMScapacitancevariationwhoseamplitudeis
9fFat1kHz)totheinputreferredphasenoise[10].Instead,
asforthequantizationnoise,asystem-modelhasbeencreated
andalltheROphasesareprocessedbycountersandthen
summedtoincreasetheeffectiveoscillationfrequency[11].
Countersareresetatthesamplingfrequencyof2.75MHz.

0.8 pF 
-1GS 
-2GS 
-ccs 

0.5 1  1.5 2 2.5 3 3.5 
MEMS Capacitance (pF) 



(a) (b) (c)

(d) (e)

Fig.5:Subcircuitsduringcommutations;(a),(b),(c)and(d)representtheinputrisingedge;(e)belongstothefallingedge.

Fig.6:Time-domainwaveformsrelatedtophasesϕ
i
,ϕ

i+1
and

thedifferentialvoltageacrossthesensor.Eachrectangleis
associatedtoasubcircuitshowninFig.5.

(a)Parasiticmodelof
the MEMSsensor

(b)Amplitudespectrum of a digitized
sinewave

Fig.7:ParasiticmodelandSQNRcomputation.

Assumedanalogbandwidth(ABW)is6.8kHz.Resultingirst-
ordernoise-shapedamplitudespectrumisshowninFigure7(b)
andresultingSQNRisestimatedas58.9dB.

IV. CONCLUSION

Theresultsshowthat CCSconigurationovercomesthe
performanceofGSarchitecture.Thesensitivityisactuallyim-
proved. Moreover,theanalysisofCCSconigurationworking
principlecanbeeasilygeneralizedtoallthecapacitorscon-
nectedbetweentheinputandtheoutputofaCMOSinverter
(e.g.gate-draincapacitance).Previousanalysesmodeledthem
withthe Millerequivalentbyassumingthatthegainofthe
stageisequalto−1.Inthis manuscript,thereisadeeper
insightonthetime-dependencyofthe Millereffectandits
consequencesontheinputandoutputwaveform.Concerning
totheshowndesignexample,agoodpowerconsumptionhas
beenreachedandtheSNRestimateofthe MCCO-basedADC

TABLEI:Designexampleresults.

Parasitic Results
Elements fo kCCS SNRA-w

no 17.1MHz −9.8kHzfF−1 55.6dBA

yes 15.8MHz −8.1kHzfF−1 54.4dBA

conirmsthatthisideacanbeconsideredincaseoflowor
moderateSNRrequirements.
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