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1 PRACTICAL HARMONIC OSCILLATOR

DESIGN
JohnF.M. Gerrits

Cente Suissal'Electroniqueet de MicrotedniqueS.A.

E-mail: john.gerrits@csem.ch

An oscillatoris whatyou getwhenyou try to build anampli er. Thisis a popular
de nition of anoscillator Thereis sometruth in this statement.Surely it takesa
goodampli er circuit to createanoscillator It alsotakesa goodresonatorto build a
harmonicoscillator On-chippassive componenthave evolved considerablythe last
few years.Flip-chiptechniqueshave enablechigh Q on-boardresonators.

Meanwhile supply voltage of communicationsequipmentis decreasingvhereas
phasenoise requirementsare becomingmore and more severe. The designof an
oscillator for telecommunicatiorapplicationsstill constitutesa major challengefor
the electronicdesigner This chapterproposesa well-structuredway to oscillator
desigrby giving boththeoreticalconsideatiorsandpracticaloscillata implementation
examples.

1.1 INTRODUCTION

An oscillatoris anactive electricalcircuit thatcangeneratgeriodicwaveformsout of
constantgl1]. Thisshortde nition is illustratedin Figure12.1.

DC enepy from the power supplyis transformednto the time varying oscillator
outputsignal

(1.1)

characterizetyy thefollowing parameters
s Waveform
= AmplitudeA

= Frequenyg
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constants
active | Aft)
c circuit = /_\_/_\_/
power
supply

Figure1.1 Figurel2.1: An oscillatorgeneratesa periodicwaveformout of constants

In an ideal oscillator circuit, the oscillation frequeng dependsonly on the
constantsand not on the active part. In a practicaloscillatorcircuit, the active part
doeshave anin uence the oscillationfrequeng. Part of the frequeng determining
constantsnay be constitutedby the active circuit's parasiticcapacitances.

The oscillatorcanbe more preciselycharacterizedby its frequeny accurag and
bothlong andshort-termstability. Especiallythe short-termfrequeng uctuations,
often referredto as phasenoise have becomea driving factor for the oscillator
circuitsusedn today'scommunicatio equipment. Low noiseoscillatorsusefrequengy
selectve devicesor resonatorso determinghe oscillationfrequeng.

1.2 THE HARMONIC OSCILLATOR

The harmonicoscillator usesa timing reference,a passve circuit whosetransfer
functionH hasatleasttwo poles.to provide theconstantshatdetermingheoscillator
frequeng. Figure12.2shovstheoscillator's mathematicamodel.

Amplifier

A

timing
reference
H

Figure1.2 Figurel2.2: Simplemodelof the harmonicoscillator
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The timing reference de nes the frequeny wherethe oscillation conditionscan
be met. Theampli er circuit providesthe gain requiredfor start-upandsteadystate
oscillation:

andarg(AH) = 0 for start-up
andarg(AH) = 0 in the steadystate

Variouspassie circuitscanbeusedastiming referencein harmonicoscillatorg3].
Thesecircuitshave polesthatcanbeeitherrealor complex. In thischaptemwe address
oscillatorswhosetiming referenceis characterizethy two complex conjugatedgoles
and onereal zero. This pole-zeropatternis usually encounteredn the frequeny
selectve resonatorsand resonatorcircuits usedas timing reference in low-noise
oscillatorcircuits.

A mechanismis requiredto reducethe loop gain as the oscillation amplitude
increasedn orderto guaranteea well-de ned steadystatefor the oscillator Two
possibilitiesareavailable:

= amplituderegulator(ALC)

= well de ned non-linearityin active part

Figure12.3illustratesthetwo approaches.

ALC

v |
|

Resonator Resonator

Figure 1.3 Figure 12.3: Oscillator amplitudecontrol usingan ALC loop or a well-de ned
non-linearityin theampli er part.

The rst solutionmeasureshe amplitudeof the oscillatoroutputsignalandusesa
feedbackstructureto control theampli er gain. The ampli er alwaysoperatesn its
linearregion. Oscillatorswith ALC circuitsyield

m  accurateamplitude
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m  |ow harmonicdistortion

Amplituderegulatorsor AutomaticLevel Control(ALC) circuitswereusedin the
very rst quartzoscillators for watchapplicationg4] and have regainedpopularity
recently[5]. Oscillatorphasenoiseoriginatingfrom the down-conversionof noise
at harmonicf the oscillatorfrequeny doesnot occurin this type of oscillator The
challengen designinghesecircuitsis to minimizethenoiseaddedoy the ALC circuit.

The alternatie way to go is to implementa well-de ned non-linearityin the am-
pli er partof theoscillatorto controlthe oscillationamplitude. This approactresults
in simplercircuits whosephasenoise performancas slightly degradedwith respect
to the linear oscillator Figure12.4shaows two circuitsthatcanbe usedto implement
acontrollednon-linearity [3].

Vout
Iin

VL

YVout v 7~ lin

[aut, lout

ol

Win

Vin

Figure 1.4 Figurel2.4: Two examplesof a controllednon-linearity[3]

1.3 SECOND ORDER RESONATOR CONFIGURATIONS

A resonatoris alinearfrequeng selectve systemhatstoresenegy in oneor several
resonancenodes.Theresonancés characterizetly its frequeng f andqualityfactor
Q de ned astheratio betweerstoredanddissipatedenegy peroscillationperiodT .

(1.2)

The most commonly usedresonatordn harmonicoscillatorshave a band-pass
transferfunctionH describedy two complex polesandonerealzero. Withp=j , it
follows
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(1.3)

Somepropertieof anoscillatorsignal lik eits phasenoise, areusuallypresenteds
afunctionof thefrequeng offset  fromtheoscillatorfrequeny . A performance
comparisorbetweenresonatorsor oscillatorsoperatingat differentfrequencieslso
requiresnormalizatiorwith respecto theoscillatorfrequeng. Thesewo featurescan
beeasilyobtainedwhenthefrequeny is replacedby a variablenameddetuning
de nedas

S (1.4)

Theresonatoimpedanceannow berewritten as

(1.5)

This is a corvenientform for further mathematicamanipulations.The2 order
resonator is fully characterizedy its resonanfrequeng f , quality factor Q and
themaximumvalueof its transferfunctionH . Figure12.5shavsthemagnitudeand
phaseof the2 orderresonatotransferfunction. Thistransferfunctioncandescribe
eithera one-portor a two-port.

Figure 12.6 shavs sucha resonatorircuit madeout of a seriesconnectionof an
inductor L, a capacitorC, and an equivalentserieslossresistanceR . In practical
resonatorsinductorlossesusuallydominateandR is associatedvith theinductor

Whenthis resonatoiis driven by a voltagesourceV, the resonatoradmittanceY
equals

(1.6)
It canbeseenthattheinductorandcapacitoivoltagearea factorQ largerthanthe

driving voltage. Theresonanfrequeng f , resonatoquality factor Q andresonator
power P aregivenby

- (1.8)
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Figure 1.6 Figurel2.6: A seriesresonant.C circuit

S (1.9)

Whenthesamepassiecomponentareconnectedh parallelanddrivenby acurrent
sourceasshavn in Figure12.7,theimpedance& hasaresonantharacter

For frequencies ~ , the seriesconnectionof inductance. andseriesloss
resistanc® canbereplacedyaninductancé in parallelwith anequivalentparallel
lossresistancd&k asshownin Figure12.8.



Figure 1.7 Figurel2.7: A parallelresonant.C circuit
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Figure 1.8 Figure12.8: Equivalentcircuits(near

)
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For the parallelresonantircuit, the internalcurrent o wing throughL andC is
afactorQ largerthanthe externalcurrent. The valuesfor theinductance.  andloss
resistancé&k are

(1.10)

(1.11)

Thisyieldsfor theimpedancef the parallelresonantcircuit

B (1.12)

Theresonanfrequeng, quality factorandresonatopower aregivenby

S (1.13)

SR — — (114

— (1.15)

It is a fact that for meetingan oscillator phasenoise speci cation, a minimum
resonatompower is required. Figure 12.9 shavs two basicoscillator circuits using
eithera seriesor parallelresonantesonatorcircuit. Which circuit is to be preferred
giventhis minimumresonatopower?

Whenaparallelresonantircuitis usedthisresultsin ahighervoltageswingacross
theresonatar This may be the preferredsolutionwhenthe active circuit hasenough
voltageheadroom.

Whena seriesresonantircuit is used,this resultsin highercurrentrequiredfor
driving theresonatarThis mayappeatheonly choicewhensupplyvoltageis low and
largevoltageheadrooms notavailable.

1.3.1 Resonatortapping

In aresonatopracticaloscillatorcircuit, wheretheresonatocomponentsreimposed
by e.g.,IC technologyneitherof the two extremesshowvn in Figure12.9mayyield a
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Figure 1.9 Figure 12.9: Two basicoscillator circuits using one-portresonators:a) series
resonanandb) parallelresonant

circuitwith therequiredspeci cations.Resonatotapping[3] transformgheresonator
impedanceénto anintermediatevalueR  with therestriction

(1.16)

Tappingcanbe interpretedas a sliding transitionbetweenthe seriesand parallel
resonantircuit. Figure12.10shavs how to implementcapacitve resonatotapping
for bothseriesandparallelresonantircuits.

Figure 1.10 Figurel2.10: Capacitve resonatotappingexamplesfor seriesandparallelreso-
nantcircuits.

Tappingdoesnot have to be capacitve. Inductive tappingcanbeimplementedy

= two separateincouplednductors
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= onesingleinductorwith arealphysicaltap.

Thechoicebetweerinductiveandcapacitvetappingisin principlefree. In practice,
thechoicedepend®ntheavailability of componentstheir quality factor (which may
beafunctionof thecomponentalue),andthe availableboardspaceor chip area.

Veryoften,theadvantagds goingin thedirectionof capacitvetappingor inductive
tappingusinga physicaltap. The latter solutionaddsno extra componentshowever,
it requiresthatthetapis accessible.

Tappingof a one-portresonatorstill yields a one-portresonatar The additional
nodecreatedby tappingcanbe usedto changethe resonatoiinto a two-port. This
canbe advantageousn somesituationsaswill be shovn in the sectiondealingwith
practicaloscillatordesign.

1.3.2 Two-port resonators

A more e xible approachs to useatwo-portresonatorstructurewhereseparaténput
andoutputterminalsexist. The useof atwo-portresonatostructuremakesresonator
input and outputimpedanceandependentf eachother The rst canbe chosenfor
maximumresonatompower whereashe latter canbe optimizedfor minimum noise
[3].

Figure12.11showns anexampleof atwo-portresonatorthatcanbeinterpretedas
a parallelresonantircuit tappedon both the input and outputport. This resonator
combinedwith atransconductancampli er stageis usuallyreferredto asa Collpitts
oscillatot

Figure1.11 Figure12.11: Two-portresonatoexample

Its transferfunctionatresonancel , its resonanfrequeng f andits quality factor
Q aregivenby

(1.17)

— (1.18)
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R (1.19)

Whentheinductoris replacedoy a quartzcrystal,andaninvertercircuit is added,
awidely used(not necessarilghe best)clock oscillator emeges.Figure12.12shavs
theresultingcircuit. Theoscillatorfrequeng is in betweerthequartzsresonancend
anti-resonancérequeng, whereits impedances inductive.

Figure 1.12 Figure 12.12: A legendaryclock oscillator circuit, the quartz operatesn its
inductive region

1.4 PRACTICAL DESIGN EXAMPLES

This sectionpresentswo oscillatordesignsfor differentapplicationsrealizedin dif-
ferentIC technologies.The commonfactoris the operatingfrequeng of 900 MHz.
Table12.1shavsthe mostimportantcharacteristicef thetwo oscillatorcircuits.

Tablel.1 Tablel2.1: Main requirementsor thetwo oscillatorcircuits

Oscillator characteristic Oscillator 1 Oscillator 2
IC Technology Bipolar CMOS
Resonator Off-chip, Q = 25,0ne-port  On-chip,Q 5, two-port
Phasenoise -100dBc/Hz -101dBc/Hz

@ f=100kHz @ f=25kHz
Supplycurrent <1mA <10mA
Supplyvoltage 1.5V 3V

First we will calculatethe requiredresonatorpower for the two applications.
Manipulationof Leesons formula [6], andtakinginto accounthe frequeng folding
asaresultof thesmall-signaloopgain AH > 1, yieldsfor theresonatopower P
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(1.20)

In this formula L( ) is expressedn dBc/Hz. The minimum requiredresonator
power occursfor a hypotheticalinearoscillatorwith a noise-freeactive part. In that
casethethermalnoiseenegy KT of theresonatodetermineshe phasenoise.

Figure 12.13shaws the resultsfor the two practicaloscillators. Sinceoscillator2
hasa moreseverephasenoise requirementindits resonatoQ is lower, it requiresa
resonatopower thatis 400timeshigher(16 dueto L( ) and25 dueto Q).1.2mW
versus3 W.

In arealworld oscillator, this minimumvalueis notsufcient. Especiallywhenthe
oscillatorcircuitsusedarenot linearoscillatorswith anALC circuit but circuitswith
acontrollednon-linearity to x resonatopower. Thesmall-signaloop gain AH of
the oscillatoris choserequalto two resultingin reliablestart-upandrejectionof AM
noise[2]. Moreover, thenoisefactor of theactive circuit cannotbeneglectedandmay
beashighas5 (7 dB). This resultsin aresonatopower thatmaybe 10 timeshigher
thanthetheoreticaiminimumvalue.

Figure 1.13 Figure12.13: Minimum requiredresonatopower.
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1.4.1 Oscillator in bipolar technologyusing off-chip
resonator

Themajorchallengen this oscillatordesignis constitutecby theexternaltankcircuit.
It hasa high resonatomquality factor but the factthatit is off-chip complicatesthe
resonatorstructure. Figure 12.14 shaws the equivalentcircuit seenby the on-chip
active circuit. It comprisesthe on-chip bond pads,ESD diodes,bond wires, the
packageand nally the externalresonatar The bondwires constitutehigh-quality
inductors(Q 100). Togetherwith the on-chip capacitanceC , a secondparallel
resonanceccursthat may be strongerthanthe desiredone de ned by the external
tankcircuit.

Figure 1.14 Figurel2.14: Completeresonatostructureseenby theon-chiposcillatorcircuit.

Figure12.15shavsthe magnitudeandphaseof theimpedanceseenon-chipby the
active circuit. Theundesirednodeat about4 GHz is strongerthanthe wantedmode
whenthe seriesesistancef theon-chipcapacitanc€  is sufciently low.

This will resultin an unwantedoscillation frequeng of 4 GHz. Lowering the
bandwidthof the active circuit by addinga low-passlter asshowvn in Figure12.16,
solvesthis problem.

ResistorR , R andcapacitorC lowertheloop gainat4 GHz thusensuring
the correctoscillationfrequeng of this oscillatorcircuit. The externaltankcircuit is
constitutedoy SMD component®f thefollowing values:

L =5nH(j33 atlGHz)
C =5pF
R =800
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Figure1.15 Figure12.15: Resonatoimpedanceseenon-chip.

Thepeakresonatocurrentis 300 A resultingin aresonatopoverP =40 W.
Voltageswing equals240 mV peak. This swingis compatiblewith the differential
pair. No resonatotappingis required.

Thenegativeimpedanc& seerby theexternaltankcircuit equals

— (1.21)

SubstitutingB00 A for theemittercurrentt  of eachtransistoyieldsanimpedance
of -370 . Thiscorrespondso anoverdrive AH =2.2.

Phasenoise canbe calculatedusingthe modi ed Leesons formula takinginto
accountthe increaseof phasenoise dueto the non-linearityof the active element.
Calculationyields-101dBc/Hzat 100kHz distancerom the carriet

S (1.22)

The oscillatorwasrealizedin a bipolartechnologywith atransitionfrequeng f
= 20 GHz. Measurementsvith various external tank circuits shoved no parasitic
oscillationsin the GHz range. Oscillatorphasenoise at 100 kHz distancefrom the
carrierwasfoundto be -102 dBc/Hz at an oscillatorfrequeng of 767 MHz and-95
dBc/Hzatanoscillatorfrequeng of 1044MHz.

1.4.2 Oscillator in CMOS technologyusing on-chip
resonator

The secondoscillatoris realizedin a CMOS technologyand useson-chipInductors

andvaractordiodes. This putssomelimitations on the available componentalues.
As an example,Figure 12.17shaws the available on-chipinductor valuesandtheir
respectie quality factor It can be seenthat the quality factor is more or less
proportionalto the squareroot of heinductanceralue.
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Figure 1.16 Figure12.16: Schematiaiagramof the bipolaroscillator;components. , C
andR constitutethe externaltankcircuit.
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Figure1.17 Figure12.17: Availableon-chipinductorsfor oscillator2

A resonatompower of 10 mW is requiredfor this oscillator Figure12.18showns
theresultingresonatoroltagesandcurrentsfor one-portseriesandparallelresonant
circuits.

It canbe seernthatthe seriesresonantircuit requiresconsiderableurrentwhereas
the parallelresonantircuit requiresa voltageswing at the limit of availablevoltage
headroom-evenfor the lowestinductorvalue. Consideringhe wish for low current
consumptiora tappedparallelresonantircuit with low inductancevaluewaschosen
to reducethe swingatthe outputof the active circuit.

Figure 12.19shaws the tappingschemehatwasused. Not only is the resonator
tappedjput it is alsousedasatwo-portsincetheinput of theampli er is connectedo
thetop of theresonatar

Thetransferfunctionfor thetwo-portresonatoris the sameasthatof theone-port.

S (1.23)

As aresultthe small-signalloop gain AH  of the oscillatoris not loweredby the
tapping action, which is advantageougor both currentconsumptionand oscillator
noise. However, the inputimpedanceseenat the input of thetwo-portequals R .
Thisresultsin half thevoltageswing.

Figure12.20shaws therespectre transferfunctionsof the two resonatocircuits.
Figurel2.21shavsthecompletescillatorschematicliagram.A differentialresonator
structurehelpsto further increasevoltage headroom. CapacitorsC ~ , andC
togethewith resistoR  constituteheon-chipsupplydecaipling A 45pFcapacitor
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Figure 1.18 Figure 12.18: Resonatowoltage and currentfor seriesand parallel resonant
circuits

Figure 1.19 Figure12.19: A one-portanda two-portcircuit with the sametransferfunction
yetdifferentinput voltageswing.
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hasanimpedancef-j4 at900MHz. TheseriegesistancdR lowersthequality
factor of the decouplingcapacitanceand helpsto suppresgesonancgghenomena
causedy theinductanceof the power supplybondwire.

1-port resonator voltage = 2-port resonator output voltage

Magnitude
1-port resonator voltage = 2-port resonator output voltage
2-port resonator input voltage
Phase

2-port resonator input voltage

1-port resonator voltage = 2-port resonator output voltage

Figure 1.20 Figure12.20: Transferfunction of one-portandtwo-portresonatomwith reduced
inputvoltageswing.
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Figure1.21 Figurel2.21: Completeoscillatorschematic.

Figure12.22shavs someof thewaveformsoccurringin this oscillatorcircuit.

Onemaywonderwhethertheresistve sourcedegenerationby resistorsR  and
R doesnot degradethe noiseperformanceof the circuit. Figure 12.23shaws the
simulatednoiseof a differentialpair for varioustransistorsizes. The equivalentnoise
resistancés the hypotheticakresistorvaluethatresultsin the samecurrentnoise.

It canbeseenthatthe outputwhite noiseincreasesvith thetransistowidth, since
thetransconductancg is proportionalto the transistorwidth. The 1/f noiseat the
input decreasesvith increasingtransistorwidth. Figure 12.24 shows the effect of
resistve degenerationuponthenoise.

Comparisorof the white outputnoiselevel of the differential pair with transistor
widthW =50 m andthatof theresistvely degenerategairwith W =400 m, shavs
exactlythesameoutputnoisevalue,equialentto al20 resistor Comparisorof the
1/f input referrednoisehowever, yields a gain of 8 dB. Therefore,we expectbetter
close-inphasenoise performancdrom the oscillatorwith the larger transistorsand
resistive degeneration.

Theoscillatornoise gure canbededucedrom thewhite partof the outputnoise

S (1.24)

Theoscillatorwasintegratedin a0.35 m CMOSprocessFigure12.25shavsthe
measuregbhasenoise. It canbe seernthattotal phasenoise equals-93 dBc/Hzat 25
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V(top)

V(D1)

V(G1)

V(N1)

Figure 1.22 Fig. 12.22: Waveformsin the oscillatorcircuit; nodeN1 is at the connectiorof
thetwo sourcedegenerationresistors.

kHz offsetfrom the carrier The contrikution of the white noiseequals-100 dBc/Hz
whichis closeto the calculatedvalueof —101dBc/Hz.

1.5 CONCLUSIONS

Two oscillatorcircuit examplesclearlyillustratethatit is possibleto designoscillator
circuits usingeitherexternalor on-chipinductors. The low quality factorof on-chip
inductorsresultsin high resonatompower and overall power consumption.A good
alternatve is to usean inductoron a separatesubstrateipped onto the chip or an
inductoretchedon the PCB of the packaggBGA).
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