
Low­power design techniques and CAD
tools for analog and RF integrated circuits



Low­powerdesigntechniquesandCAD toolsfor analogandRFintegratedcircuits





Contents

1
PracticalHarmonicOscillatorDesign 1
JohnF.M. Gerrits

1.1 Introduction 1
1.2 Theharmonicoscillator 2
1.3 Secondorderresonatorcon�gurations 4

1.3.1 Resonatortapping 8
1.3.2 Two­portresonators 10

1.4 Practicaldesignexamples 11
1.4.1 Oscillatorin bipolartechnologyusingoff­chip resonator 13
1.4.2 Oscillatorin CMOStechnologyusingon­chipresonator 14

1.5 Conclusions 20

References 20

Index 25

vii





1 PRACTICAL HARMONIC OSCILLA TOR

DESIGN
JohnF.M. Gerrits

Centre Suissed'ElectroniqueetdeMicrotechniqueS.A.

E­mail: john.gerrits@csem.ch

An oscillatoris what you get whenyou try to build an ampli�er. This is a popular
de�nition of an oscillator. Thereis sometruth in this statement.Surely, it takesa
goodampli�er circuit to createanoscillator. It alsotakesa goodresonatorto build a
harmonicoscillator. On­chippassive componentshave evolvedconsiderablythe last
few years.Flip­chip techniqueshaveenabledhigh Q on­boardresonators.

Meanwhilesupply voltageof communicationsequipmentis decreasingwhereas
phasenoise requirementsare becomingmore and more severe. The designof an
oscillator for telecommunicationapplicationsstill constitutesa major challengefor
the electronicdesigner. This chapterproposesa well­structuredway to oscillator
designbygivingboththeoreticalconsiderationsandpracticaloscillator implementation
examples.

1.1 INTR ODUCTION
An oscillatoris anactiveelectricalcircuit thatcangenerateperiodicwaveformsoutof
constants[1]. Thisshortde�nition is illustratedin Figure12.1.

DC energy from the power supplyis transformedinto the time varying oscillator
outputsignal
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(1.1)

characterizedby thefollowing parameters

Waveform
�

AmplitudeÂ

Frequency
�

�
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Figure 1.1 Figure12.1: An oscillatorgeneratesa periodicwaveformoutof constants

In an ideal oscillator circuit, the oscillation frequency
�

�

dependsonly on the
constantsandnot on the active part. In a practicaloscillatorcircuit, the active part
doeshave an in�uence the oscillationfrequency. Part of the frequency determining
constantsmaybeconstitutedby theactivecircuit'sparasiticcapacitances.

The oscillatorcanbe morepreciselycharacterizedby its frequency accuracy and
both long andshort­termstability. Especiallythe short­termfrequency �uctuations,
often referredto as phasenoise have becomea driving factor for the oscillator
circuitsusedin today'scommunicationequipment. Low noiseoscillatorsusefrequency
selectivedevicesor resonatorsto determinetheoscillationfrequency.

1.2 THE HARMONIC OSCILLA TOR
The harmonicoscillator usesa timing reference,a passive circuit whosetransfer
functionH hasat leasttwo poles,to providetheconstantsthatdeterminetheoscillator
frequency. Figure12.2showstheoscillator'smathematicalmodel.

Figure1.2 Figure12.2: Simplemodelof theharmonicoscillator
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The timing reference de�nes the frequency wherethe oscillationconditionscan
bemet. Theampli�er circuit providesthegain requiredfor start­upandsteadystate
oscillation:

�

���

�����

andarg(AH) = 0 for start­up
�

���

�

�

�

andarg(AH) = 0 in thesteadystate

Variouspassivecircuitscanbeusedastiming referencein harmonicoscillators[3].
Thesecircuitshavepolesthatcanbeeitherrealor complex. In thischapterweaddress
oscillatorswhosetiming referenceis characterizedby two complex conjugatedpoles
and one real zero. This pole­zeropatternis usually encounteredin the frequency
selective resonatorsand resonatorcircuits usedas timing reference in low­noise
oscillatorcircuits.

A mechanismis requiredto reducethe loop gain as the oscillation amplitude
increasesin order to guaranteea well­de�ned steadystatefor the oscillator. Two
possibilitiesareavailable:

amplituderegulator(ALC)

well de�ned non­linearityin activepart

Figure12.3illustratesthetwo approaches.

Figure 1.3 Figure12.3: Oscillatoramplitudecontrol usingan ALC loop or a well­de�ned
non­linearityin theampli�er part.

The�rst solutionmeasurestheamplitudeof theoscillatoroutputsignalandusesa
feedbackstructureto control theampli�er gain. Theampli�er alwaysoperatesin its
linearregion. Oscillatorswith ALC circuitsyield

accurateamplitude
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low harmonicdistortion

Amplituderegulatorsor AutomaticLevel Control(ALC) circuitswereusedin the
very �rst quartzoscillators for watchapplications[4] andhave regainedpopularity
recently[5]. Oscillatorphasenoiseoriginatingfrom the down­conversionof noise
at harmonicsof theoscillatorfrequency doesnot occurin this typeof oscillator. The
challengein designingthesecircuitsis to minimizethenoiseaddedby theALC circuit.

Thealternative way to go is to implementa well­de�ned non­linearityin theam­
pli�er partof theoscillatorto controltheoscillationamplitude.This approachresults
in simplercircuitswhosephasenoise performanceis slightly degradedwith respect
to the linearoscillator. Figure12.4shows two circuitsthatcanbeusedto implement
a controllednon­linearity [3].

Figure 1.4 Figure12.4: Two examplesof a controllednon­linearity[3]

1.3 SECONDORDER RESONATOR CONFIGURATIONS
A resonatoris a linearfrequency selectivesystemthatstoresenergy in oneor several
resonancemodes.Theresonanceis characterizedby its frequency f

�

andqualityfactor
Q de�ned astheratiobetweenstoredanddissipatedenergy peroscillationperiodT

�

.

�
�! #"%$�&('�)+*-,/.

$
.102&/&3054�67'�,/.

�8$�&3'�)�*1,/.

9

*1,/&1:�)
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The most commonly usedresonatorsin harmonicoscillatorshave a band­pass
transferfunctionH describedby two complex polesandonerealzero.With p = j

�

, it
follows



PRACTICALHARMONICOSCILLATORDESIGN 5

�;�<� � =�>

?A@

@CB

�

=�>

? @

���

B

�

�

� �

�

�ED �

=

= >GF

D �

=H>

=

(1.3)

Somepropertiesof anoscillatorsignal,likeitsphasenoise,areusuallypresentedas
afunctionof thefrequency offset I

�

from theoscillatorfrequency
�J�

. A performance
comparisonbetweenresonatorsor oscillatorsoperatingat differentfrequenciesalso
requiresnormalizationwith respectto theoscillatorfrequency. Thesetwo featurescan
beeasilyobtainedwhenthefrequency

�

is replacedby a variablenameddetuning K

de�ned as
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Theresonatorimpedancecannow berewrittenas

�Q�

�
�

�

�ED
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L

(1.5)

This is a convenientform for furthermathematicalmanipulations.The2 R�S order
resonator is fully characterizedby its resonantfrequency f

�

, quality factor Q and
themaximumvalueof its transferfunctionH

�

. Figure12.5shows themagnitudeand
phaseof the2RTS orderresonatortransferfunction. This transferfunctioncandescribe
eitheraone­portor a two­port.

Figure12.6shows sucha resonatorcircuit madeout of a seriesconnectionof an
inductorL, a capacitorC, and an equivalentseriesloss resistanceRU . In practical
resonators,inductorlossesusuallydominateandRU is associatedwith theinductor.

Whenthis resonatoris driven by a voltagesourceV, the resonatoradmittanceY
equals
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It canbeseenthattheinductorandcapacitorvoltagearea factorQ largerthanthe
driving voltage.Theresonantfrequency f

�

, resonatorquality factor Q andresonator
power Pg�h3U aregivenby i

�e�
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Figure 1.5 Figure12.5: Transferfunctionof a secondorderresonator

Figure 1.6 Figure12.6: A seriesresonantLC circuit
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Whenthesamepassivecomponentsareconnectedin parallelanddrivenbyacurrent
sourceasshown in Figure12.7,theimpedanceZ hasa resonantcharacter.

For frequencies
�

N ˜
�M�

, theseriesconnectionof inductanceL andseriesloss
resistanceRU canbereplacedbyaninductanceL u in parallelwith anequivalentparallel
lossresistanceRu asshown in Figure12.8.
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Figure 1.7 Figure12.7: A parallelresonantLC circuit

Figure 1.8 Figure12.8: Equivalentcircuits(nearvxw )
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For theparallelresonantcircuit, the internalcurrent�o wing throughL u andC is
a factorQ largerthantheexternalcurrent.Thevaluesfor theinductanceL u andloss
resistanceRu are

Y

4

�zy

�

� �

Bs{

Y

&|N

�

B

Y

& (1.10)

l

4

�

y

�

� �

B

{

�

B

l

& N

l

& (1.11)

Thisyieldsfor theimpedanceof theparallelresonantcircuit
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Theresonantfrequency, quality factorandresonatorpoweraregivenbyi
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It is a fact that for meetingan oscillator phasenoise speci�cation, a minimum
resonatorpower is required. Figure12.9 shows two basicoscillator circuits using
eithera seriesor parallelresonantresonatorcircuit. Which circuit is to be preferred
giventhis minimumresonatorpower?

Whenaparallelresonantcircuit is used,thisresultsin ahighervoltageswingacross
theresonator. This maybethepreferredsolutionwhentheactive circuit hasenough
voltageheadroom.

Whena seriesresonantcircuit is used,this resultsin highercurrentrequiredfor
driving theresonator. Thismayappeartheonly choicewhensupplyvoltageis low and
largevoltageheadroomis notavailable.

1.3.1 Resonatortapping
In aresonatorpracticaloscillatorcircuit, wheretheresonatorcomponentsareimposed
by e.g.,IC technology, neitherof thetwo extremesshown in Figure12.9mayyield a
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Figure 1.9 Figure 12.9: Two basicoscillator circuits using one­portresonators:a) series
resonantandb) parallelresonant

circuit with therequiredspeci�cations.Resonatortapping[3] transformstheresonator
impedanceinto anintermediatevalueR• with therestriction
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Tappingcanbe interpretedasa sliding transitionbetweenthe seriesandparallel
resonantcircuit. Figure12.10shows how to implementcapacitive resonatortapping
for bothseriesandparallelresonantcircuits.

Figure 1.10 Figure12.10:Capacitive resonatortappingexamplesfor seriesandparallelreso­
nantcircuits.

Tappingdoesnothave to becapacitive. Inductivetappingcanbeimplementedby

two separateuncoupledinductors
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onesingleinductorwith a realphysicaltap.

Thechoicebetweeninductiveandcapacitivetappingis in principlefree. In practice,
thechoicedependsontheavailability of components,theirquality factor (whichmay
bea functionof thecomponentvalue),andtheavailableboardspaceor chiparea.

Veryoften,theadvantageisgoingin thedirectionof capacitivetapping,or inductive
tappingusinga physicaltap. Thelattersolutionaddsno extra components,however,
it requiresthatthetapis accessible.

Tappingof a one­portresonatorstill yields a one­portresonator. The additional
nodecreatedby tappingcanbe usedto changethe resonatorinto a two­port. This
canbe advantageousin somesituationsaswill beshown in thesectiondealingwith
practicaloscillatordesign.

1.3.2 Two­port resonators
A more�e xible approachis to useatwo­portresonatorstructurewhereseparateinput
andoutputterminalsexist. Theuseof a two­portresonatorstructuremakesresonator
input andoutput impedanceindependentof eachother. The �rst canbe chosenfor
maximumresonatorpower whereasthe latter canbe optimizedfor minimum noise
[3].

Figure12.11shows anexampleof a two­port resonatorthatcanbeinterpretedas
a parallel resonantcircuit tappedon both the input andoutputport. This resonator
combinedwith a transconductanceampli�er stageis usuallyreferredto asa Collpitts
oscillator.

Figure 1.11 Figure12.11:Two­portresonatorexample

Its transferfunctionatresonanceH
�

, its resonantfrequency f
�

andits quality factor
Q aregivenby
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Whenthe inductoris replacedby a quartzcrystal,andaninvertercircuit is added,
awidely used(notnecessarilythebest)clockoscillator emerges.Figure12.12shows
theresultingcircuit. Theoscillatorfrequency is in betweenthequartz'sresonanceand
anti­resonancefrequency, whereits impedanceis inductive.

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

1.4 PRACTICAL DESIGN EXAMPLES
This sectionpresentstwo oscillatordesignsfor differentapplicationsrealizedin dif­
ferentIC technologies.Thecommonfactoris theoperatingfrequency of 900MHz.
Table12.1showsthemostimportantcharacteristicsof thetwo oscillatorcircuits.

Table1.1 Table12.1: Main requirementsfor thetwo oscillatorcircuits

Oscillatorcharacteristic Oscillator 1 Oscillator2
IC Technology Bipolar CMOS
Resonator Off­chip, Q = 25,one­port On­chip,Q N 5, two­port
Phasenoise ­100dBc/Hz ­101dBc/Hz

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

First we will calculatethe requiredresonatorpower for the two applications.
Manipulationof Leeson's formula [6], andtakinginto accountthefrequency folding
asaresultof thesmall­signalloopgain AH Š > 1, yieldsfor theresonatorpower Pg�h3U
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In this formula L( K ) is expressedin dBc/Hz. The minimum requiredresonator
power occursfor a hypotheticallinearoscillatorwith a noise­freeactive part. In that
casethethermalnoiseenergy kT of theresonatordeterminesthephasenoise.

Figure12.13shows theresultsfor the two practicaloscillators.Sinceoscillator2
hasa moreseverephasenoise requirementandits resonatorQ is lower, it requiresa
resonatorpower that is 400 timeshigher(16 dueto L( K ) and25 dueto Q).1.2mW
versus3 ™ W.

In arealworld oscillator, thisminimumvalueis notsuf�cient. Especiallywhenthe
oscillatorcircuitsusedarenot linearoscillatorswith anALC circuit but circuitswith
a controllednon­linearity to �x resonatorpower. Thesmall­signalloop gain AH Š of
theoscillatoris chosenequalto two resultingin reliablestart­upandrejectionof AM
noise[2]. Moreover, thenoisefactor of theactivecircuit cannotbeneglectedandmay
beashigh as5 (7 dB). This resultsin a resonatorpower thatmaybe10 timeshigher
thanthetheoreticalminimumvalue.

Figure 1.13 Figure12.13:Minimum requiredresonatorpower.
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1.4.1 Oscillator in bipolar technologyusingoff­chip
resonator

Themajorchallengein thisoscillatordesignis constitutedby theexternaltankcircuit.
It hasa high resonatorquality factor but the fact that it is off­chip complicatesthe
resonatorstructure. Figure 12.14shows the equivalentcircuit seenby the on­chip
active circuit. It comprisesthe on­chip bond pads,ESD diodes,bond wires, the
packageand �nally the external resonator. The bondwires constitutehigh­quality
inductors(Q N 100). Togetherwith the on­chipcapacitanceCš

R1›

, a secondparallel
resonanceoccursthat may be strongerthanthe desiredonede�ned by the external
tankcircuit.

Figure1.14 Figure12.14:Completeresonatorstructureseenby theon­chiposcillatorcircuit.

Figure12.15showsthemagnitudeandphaseof theimpedanceseenon­chipby the
active circuit. Theundesiredmodeat about4 GHz is strongerthanthewantedmode
whentheseriesresistanceof theon­chipcapacitanceCš

R1›

is suf�ciently low.
This will result in an unwantedoscillation frequency of 4 GHz. Lowering the

bandwidthof theactive circuit by addinga low­pass�lter asshown in Figure12.16,
solvesthis problem.

ResistorsRœ

b , Rœ

B

andcapacitorCb lower the loop gainat 4 GHz thusensuring
thecorrectoscillationfrequency of this oscillatorcircuit. Theexternaltankcircuit is
constitutedby SMD componentsof thefollowing values:

L u = 5 nH (j33 • at 1 GHz)
Cu = 5 pF
Ru = 800 •
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Figure 1.15 Figure12.15:Resonatorimpedanceseenon­chip.

Thepeakresonatorcurrentis 300 ™ A resultingin a resonatorpowerPg�h3U = 40 ™ W.
Voltageswing equals240 mV peak. This swing is compatiblewith the differential
pair. No resonatortappingis required.

Thenegative impedanceZ ž seenby theexternaltankcircuit equals
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Substituting300 ™ A for theemittercurrentI ¦ of eachtransistoryieldsanimpedance
of ­370 • . This correspondsto anoverdriveAH

�

= 2.2.
Phasenoise canbe calculatedusingthe modi�ed Leeson's formula taking into

accountthe increaseof phasenoise due to the non­linearityof the active element.
Calculationyields­101dBc/Hzat 100kHz distancefrom thecarrier.
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Theoscillatorwasrealizedin a bipolar technologywith a transitionfrequency f •

= 20 GHz. Measurementswith variousexternal tank circuits showed no parasitic
oscillationsin theGHz range. Oscillatorphasenoise at 100kHz distancefrom the
carrierwasfound to be ­102dBc/Hzat an oscillatorfrequency of 767MHz and­95
dBc/Hzat anoscillatorfrequency of 1044MHz.

1.4.2 Oscillator in CMOS technologyusingon­chip
resonator

The secondoscillator is realizedin a CMOS technologyanduseson­chipInductors
andvaractordiodes. This putssomelimitationson theavailablecomponentvalues.

As an example,Figure12.17shows the availableon­chipinductor valuesandtheir
respective quality factor. It can be seenthat the quality factor is more or less
proportionalto thesquareroot of heinductancevalue.
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Figure 1.16 Figure12.16: Schematicdiagramof thebipolaroscillator;componentsL µ , C µ

andR
µ

constitutetheexternaltankcircuit.
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Figure 1.17 Figure12.17:Availableon­chipinductorsfor oscillator2

A resonatorpower of 10 mW is requiredfor this oscillator. Figure12.18shows
theresultingresonatorvoltagesandcurrentsfor one­portseriesandparallelresonant
circuits.

It canbeseenthattheseriesresonantcircuit requiresconsiderablecurrentwhereas
theparallelresonantcircuit requiresa voltageswing at the limit of availablevoltage
headroom­evenfor the lowestinductorvalue. Consideringthewish for low current
consumptiona tappedparallelresonantcircuit with low inductancevaluewaschosen
to reducetheswingat theoutputof theactivecircuit.

Figure12.19shows the tappingschemethat wasused. Not only is the resonator
tapped,but it is alsousedasa two­portsincetheinputof theampli�er is connectedto
thetopof theresonator.

Thetransferfunctionfor thetwo­portresonatoris thesameasthatof theone­port.

�Q�

X

)+¶s'

W®0©·

�

Y

4

�

�ED
�

L

(1.23)

As a resultthesmall­signalloop gainAH Š of theoscillatoris not loweredby the
tappingaction, which is advantageousfor both currentconsumptionand oscillator
noise. However, the input impedanceseenat the input of the two­portequalsb

³

B

Ru .
This resultsin half thevoltageswing.

Figure12.20shows therespective transferfunctionsof thetwo resonatorcircuits.
Figure12.21showsthecompleteoscillatorschematicdiagram.A differentialresonator
structurehelpsto further increasevoltageheadroom. CapacitorsÇ‡¸

b , and Ç‡¸

B

togetherwith resistorR¸‡¸

B

constitutetheon­chipsupplydecoupling A 45pFcapacitor
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Figure 1.18 Figure 12.18: Resonatorvoltageand current for seriesand parallel resonant
circuits

Figure 1.19 Figure12.19: A one­portanda two­port circuit with thesametransferfunction
yetdifferentinputvoltageswing.
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hasanimpedanceof ­j4 • at900MHz. TheseriesresistanceR¸‡¸

B

lowersthequality
factor of the decouplingcapacitanceand helpsto suppressresonancephenomena
causedby theinductanceof thepowersupplybondwire.

Figure 1.20 Figure12.20:Transferfunctionof one­portandtwo­portresonatorwith reduced
inputvoltageswing.
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Figure 1.21 Figure12.21:Completeoscillatorschematic.

Figure12.22showssomeof thewaveformsoccurringin this oscillatorcircuit.
Onemaywonderwhetherthe resistive sourcedegenerationby resistorsR ¹

b and
R¹

B

doesnot degradethe noiseperformanceof the circuit. Figure12.23shows the
simulatednoiseof a differentialpair for varioustransistorsizes.Theequivalentnoise
resistanceis thehypotheticalresistorvaluethatresultsin thesamecurrentnoise.

It canbeseenthattheoutputwhite noiseincreaseswith thetransistorwidth, since
the transconductancegº is proportionalto the transistorwidth. The 1/f noiseat the
input decreaseswith increasingtransistorwidth. Figure 12.24shows the effect of
resistivedegenerationuponthenoise.

Comparisonof thewhite outputnoiselevel of thedifferentialpair with transistor
width W = 50 ™ m andthatof theresistively degeneratedpairwith W = 400 ™ m, shows
exactly thesameoutputnoisevalue,equivalentto a120 • resistor. Comparisonof the
1/f input referrednoisehowever, yields a gain of 8 dB. Therefore,we expectbetter
close­inphasenoise performancefrom the oscillatorwith the larger transistorsand
resistivedegeneration.

Theoscillatornoise�gure canbededucedfrom thewhite partof theoutputnoise

”–•

�

Y

4

Y

·])+0©&�,

��»

—

(1.24)

Theoscillatorwasintegratedin a0.35 ™ m CMOSprocess.Figure12.25showsthe
measuredphasenoise. It canbeseenthattotal phasenoise equals­93 dBc/Hzat 25
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Figure 1.22 Fig. 12.22: Waveformsin theoscillatorcircuit; nodeN1 is at theconnectionof
thetwo sourcedegenerationresistors.

kHz offset from thecarrier. Thecontribution of thewhite noiseequals­100dBc/Hz
which is closeto thecalculatedvalueof –101dBc/Hz.

1.5 CONCLUSIONS
Two oscillatorcircuit examplesclearly illustratethatit is possibleto designoscillator
circuitsusingeitherexternalor on­chipinductors.Thelow quality factorof on­chip
inductorsresultsin high resonatorpower andoverall power consumption.A good
alternative is to usean inductoron a separatesubstrate�ipped onto the chip or an
inductoretchedon thePCBof thepackage(BGA).
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Figure 1.24 Figure12.24:Effectof resistive degenerationuponthenoise
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