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Abstract

In this research,MOSCurrentModeLogic (MCML) in sub-threshold(sub-Vth)operation

hasbeen�st time investigatedandappliedto clockgenerationcircuitry.

Sub-thresholdoperationis known to betheoptimumpointof operationin termsof power-

speedmetric,however, it is sensitive to temperatureandvoltagevariationdueto theexponen-

tial natureof thisregion. In orderto achieverobustlogic operationoverPVT variation,voltage

swing from high to low logic level is controlledboth staticallyanddynamically: The static

controlhasbeendoneby settingenoughvoltageswingto convey logic level to thenext stage.

A DC input-outputmodelis proposedto analyzeprocessvariationandmismatcheffect, and

togetherwith MonteCarlosimulationresult,thenecessaryvoltageswingwasspeci�ed. The

voltageswingis alsocontrolleddynamicallyby replicabiascircuit andaproposedcurrentbias

circuit .

A studyon couplingphenomenaof ring oscillatorsstemmedfrom phasenoiseanalysis,

andmathematicalbehavior modelwasvalidatedby Spectresimulation.

In theendof research,sub-thresholdMCML is appliedto 3-stagering oscillatorsto gener-

ate2G-Hzclocksignalwith 40uAand1.25Vpowerconsumption.Onehundredring oscillators

wereimplementedon asamedieof 90nmCMOSprocessto collectthedataof notonly varia-

tion effectbut alsocouplingeffectof oscillators.
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1 Intr oduction

Sub-thresholdor weakinversionoperationwhich usesleakagecurrenthasbeenregardedasthe

mostpower-ef�cient region. Our researchis ultra low power clock generation,andthis region,

wherethe gm/Id hits themaximumvalue,is thechoicetaken. However, it hasbeenunattractive

for many applicationsthatrequirefastprocessingtimessinceMOS transistorsareslow whenthey

areoperatingin this region. Currently, it is appliedto somelow-power applications; watches,

pace-makers,andhearingaids. Also, emerging ultra low-power applicationssuchasdistributed

sensornetworksareanatural�t for sub-thresholdcircuits[3].

It is well known that in CMOStechnologiesbeyond90nm,leakagepower is oneof themost

crucial designcomponentsfor CMOS static logic [4]. However, the good news for the sub-

thresholdregion is thatgatecurrentis negligible relative to sub-thresholdcurrentbecauseit rolls

off muchfasterwith VDD. Otherleakagecomponentssuchasgate-induceddrainleakage(GIDL)

andpn-junctionleakagearealsonegligible in sub-thresholdregion.

The badnews is that the sub-thresholdcurrentis very sensitive to temperatureandprocessvari-

ation,which, in turn, limits the robustnessof thesub-thresholdlogic [5]. Thesevariationscause

�uctuationsin thevoltageswhich haveexponentialeffecton thesub-thresholdcurrents.

In orderto alleviate this problem,a fully differentialstructuredCMOS CurrentMode Logic

(MCML) canbeutilized. It bringshigherimmunity to supplynoiseandprocessvariation. Other

advantageouscharacteristicsof MCML arelower crosstalkowing to the reducedoutputvoltage

swing,andlower generatednoiselevel owing to theconstantcurrent�o wing throughthesupply

rails [6]. Especially, for the clock generation,differentialclock outputscanbe distributedasa

twistedpair which magneticallydecoupledto adjacentsignallines. Furthermore,low-swingdif-

ferentialclock treesareseento have 25-42% lesssensitivity to power supplynoiseand6% less

sensitivity to manufacturingvariationthansingleendedclock trees[4]

If weareallowedto implementsomefeedbacktricks to thecircuits,thereareseveralstabiliza-

tion schemesto look into. ReplicaBiasCircuit proposedby [7] stabilizedoperatingfrequency of

a processorover cornercasesof devices,supplyvoltage,andtemperatureby controllingcurrent

sourceof MCML with PLL [8]. Recently, [9] showedthatMCML candynamicallycontrolPVT

variationin 0.5-GHzto 2.5-GHzfrequency-range.Theon-goingresearchesaretargetingMCML

functioningin the active region, andMCML operatingin sub-thresholdregion hasnot yet been

fully explored.A paperby CanilloandToumazou[6] is the�rst onewhichdiscussessubthreshold

MCML. However, no further researchresultshave beenreportedsincethen. This research�rst

time investigatessub-VthMCML in anapplication.

In this paper, we �rst explore thenatureof sub-thresholdMOS currentmodelogic (Sub-Vth

1



MCML) to show necessaryvoltageswing, logic structure,andbiascircuitriesfor safelogic op-

erationover PVT variation. Togetherwith dynamicalcontrol by ReplicaBias Circuit, this static

controlguaranteessafeoperationof sub-VthMCML.

As a part of UWB project,ultra low power clock generationwasattempted,and2G-Hz ring

oscillatorswith 1.25V, 10uA powerconsumptionwasfabricatedin 90 nm process.A studyon the

couplingphenomenaof oscillatorsstemmedfrom phasenoisestudyof oscillators,andaddedat

theendof this research.

2



2 Sub-thresholdMOS Curr ent Model Logic

2.1 CMOS Characteristics in SubthresholdRegion

TheMOSin sub-thresholdregion is known to follow exponentiallaw likeabipolartransistordoes

[6];

I sub = I o � e
j Vgs j
nV t � e�

j Vds j
nV t (1 � e

j Vds j
Vt ) (1)

where,

I o = �
Wn

Ln
(
kT
q

)2 (2)

n = 1 +
Cd

Cox
(3)

� = DIBL Coef�cient

Dueto theexponentialnatureof (1), this operationalregion needsto becarefullyused.From

this equation,we canalsonoticethat temperature,Vt , andaspectratio Wn
L n

shouldbe considered

asmainvariationandmismatchfactors.As explainedin thefollowing section,NMOSdifferential

pair in sub-Vth MCML needsto be designedto stay in this region throughoutthe entire logic

operation.

2.2 Designof Sub-thresholdMOS Curr ent Mode Logic

MCML is structuredas a differential pair as shown in Fig.5.6.2. This is currentsteeringtype

of logic: when one input voltageis higher than the other, whole currentdrawn by the bottom

current sourcegoesthrough that branch,and the other branchdoesnot conductany current.

Therefore,high stateof the logic is VDD, andlow stateis VDD � Vswing. In sub-threshold

MCML, theNMOSdifferentialpair is designedto operatein sub-thresholdregion,andthebottom

NMOS currentsourceis in saturationregion. Theoperationregion of PMOSloaddependson the

amountof sourcecurrentrequired.Sincesub-thresholdregion of CMOSresemblesthatof Bipo-

lar, MCML operatingin sub-thresholdregion is somewhat analogousto Emitter CoupledLogic

(ECL) of Bipolar technologywhich is pretty maturetechniqueandhasbeenusedin high-speed

logic for almostthreedecade.ThePMOSloadis equivalentto a resistancewhich hasimpedance

of Rp = � Vin;max =Iss. We control theresistivity of thePMOSloadwith a ReplicaBiasCircuit,

3



RCP
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(a) MOS Current Mode

Logic (MCML)

���

���

RCP

RCN

Vswing

VDD

VDD

-
+

(b) ReplicaBiasCircuit

Figure1: MCML

Fig.1(b),asproposedin [7]. In orderto keepparasiticcapacitanceat theoutputassmallaspossi-

ble, thesizeof PMOSloadis sizedto beminimumwhich is goodin termsof PDPmetric.

OnedifferencebetweenMCML operatingin stronginversionandsub-thresholdregion is thatsub-

thresholdMCML hasconstantswitchingthresholdvoltagede�ned by thermalvoltageVt = kT=q

from the samemechanismasbipolar Emitter CoupledLogic, ECL, wheren is the slopefactor

de�ned in (3).

� Vin � 3nVt = 117mV (n � 1:5) (4)

In contrast,theswitchingthresholdvoltageof stronginversionMCML is de�nedby theover-drive

voltage,Vdsat,andit requiresmorecareto maintainproperinput signallevel.

� Vin � Vdsat =

s
2I ss

k(W=L)
(5)

Thebiaspoint andsizingof devicesaredecidedby thefollowing condition,andthesizingof de-

vicesis shown in Table1;

1 : InputVoltageSwing: � Vin;min = 200mV from (4)

2 : CurrentSource:I ss = 1uA for 2GHzoscillationfor 3-stagering oscillator

PMOSLoad NMOS DifferentialPair NMOSCurrentSource

0:1=0:12 0:1=0:12 1:4=6:5

Table1: Sizeof device [um=um] in 90nmCMOSProcess

4



Figure2: DC Responseof MCML

Input-Outputresponseof thesub-VthMCML is plottedby HSPICEin Fig.2. We have found

this responseis not symmetricin outputmagnitudewisewhich is differentfrom CMOS inverter

response.Thereasonof thisasymmetrywill beexplainedin thesubsection2.5

Themaximumspeedis themainconcernwhensub-VthMCML is usedin clock generationcir-

cuits. In orderto verify themaximumspeedof operation,We cancheckAC simulation.A setting

of simulationcango like this;

1: Setinput signalmagnitudeas200mV, sincewe have to maintainthe outputswing to be over

117mVin theoperationfrequency.

2: Putappropriateloading,for exampleFO4loading.

3: Do AC analysisontheassumptionthatsmallinputandoutputswingof MCML canberegarded

assmallsignal.

4: Seekfor upperlimit which is the frequency wherethe gaindropsto unity on the assumption

thatthere'snext stage.

In this setting, the maximumfrequency is extractedas around1GHz from Fig.3. In order to

achieve 2-GHz oscillation frequency, we needto put two currentsourcesin parallel at the tail

currentsource.

5



Figure3: AC Responseof MCML
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2.3 Delay Energy Metric of MCML vs CMOS Static Logic

We arenow going to discussdelayandpower scenario.Delay, Power, andPower DelayProduct

of MCML areknown to havedependency on VDD, outputdevicesize,andsourcecurrent[10];

DM CM L = N � R � C =
N � C � � V

I
(6)

PM CM L = N � I � VDD (7)

EM CM L = N 2 � C � � V � VDD (8)

PDM CM L = N � I � VDD �
N � C � � V

I
= N 2 � C � VDD � � V (9)

EDM CM L =
N 3 � C2 � VDD � � V 2

I
(10)

,whereN is thenumberof thestagesin thecritical path,� V is theoutputvoltageswing,C is the

total outputcapacitance,andI is thebiascurrent.In contrast,thoseof CMOSstaticlogic depends

alsoonVth, andthereforethereis anoptimalVDD andVth combinationexists[11];

DCM OS =
N � C � VDD

k
2 (VDD � Vth) �

(11)

PCM OS = N � C � VDD 2 �
1

DCM OS
(12)

PDCM OS = N � C � VDD 2 (13)

EDCM OS =
N 2 � 2 � C2 � VDD 2

k(VDD � Vth) �
(14)

where� is de�nedastheratioof wiring plusjunctioncapacitances,Cp, to theinputcapacitanceof

thegate,Cr ef , andK representstermsindependentof devicewidth andvoltage.Simulationgives

EDP's of CMOSinverterandsub-VthMCML asin Fig. 4.

Thedependency of VDD is aspredictedby themodelin Eq. (6) - (14),andthecrossingpoint

of two curvesis approximatelyaround0.6V.

Now, we areinterestedin thequantitative valueof thecrossingsectionof two curves. Whenwe

plot EDP for bothcasesfor differentvalueof � , we will �nd an interestingfacton MCML. The

following is theEDPfor � = 0.6(Fig. 5(a))and1.5(Fig. 5(b)). ( Dashedline : Sub-VthMCML,

solid line : CMOS Inverter) The physicalmeaningof � is the factorshowing the shortchannel

effect

I d / (Vgs � Vth )1=� (� � 2) (15)

In themodernprocesses,� is estimatedto belessthanone,andFig.5(a)showsthatcase.Recently

Heydari [5] showedMCML in activeregionhasbetterEDPin higherfrequency region,andthis is

pointingat theuppercrossingpoint of Fig. 5(a). Whenwe alsoshift our eyesto the lower VDD

side,we �nd that thereis anothercrossingpoint which indicatesthat MCML hassuperiorEDP

7



Figure4: Energy DelayProduct(EDP)of MCML vs StaticCMOS(FO4)

whentheVDD goesdown. At thispoint, thecounterpartCMOSinverterslowsdown enough,and

MCML is moreadvantageous.

Now we try to estimatewherethelower crossingpoint will be. By equatingEq.(14)andEq.(10),

we get

VDD � Vth = (
2 � I � VDD

K
)1=� � � (16)

whenweassumereasonablevaluesof I = 1uA; VDD < 1V; K = 100u.

Thisresultultimatelyconcludesthesamefactaswhatgm=Id curveof CMOStransistoris showing;

gm =Id curveis themetricof power-speedef�ciency, andit hitsthemaximumpointatsub-threshold

region. In our calculation,VDD lower thanVth is moreor lesstheregion whereMCML is more

ef�cient thanCMOS static logic, and in this situation,MCML falls on the category of sub-Vth

MCML. Thus, from the two casesof � , we canconcludethat usingMCML for low frequency

usageis advantageousoverCMOSstaticlogic eitherit is operatingin shortchannelor longchannel

model.Thiscanbeunderstoodintuitively. SinceMCML �ips its logic stateimmediatelyafterthere

is slight differencebetweentwo inputs,it is astablelogic. Astablelogic is analogousto seesaw.

A quite subtlechangein the weight balancebringsthe systemto the oppositestate. The power

to causethis suddenchangeis ”current” in MCML. Sub-VthMCML is using”leakagecurrent”

8
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Figure5: EDPof CMOSInverterandSub-VthMCML

to causethis change,andthereforeit is never wastingeven leakagecurrent. Thus,this sub-Vth

MCML takestheadvantageof recentleaky process,andcanrealizepoweref�cient logic in middle

to low frequency operation.

2.4 Delay of CascadedLogic of Sub-Vth MCML

Next, we would like to discussthe cascadedeffect on Sub-VthMCML. The delayof MCML is

modeledasRC delaymodelexactly sameasStaticCMOS logics whereR is controlledby the

replicabiascircuit, andC is parasiticcapacitancein theoutputnodes.Therefore,wecanusesame

techniqueto controldelaysuchas”Logical Effort” or ”Elmore delaymodel”.

Delay is expectedto decreaseby controlling back gatevoltage. Back gateplays a role as the

secondgateand it basicallyhelpsto increasethe gm of a transistor. Anothercurrentmodelof

sub-thresholdtransistoris shown andit includesthefactorof Vbs asagate.

I sub =
W
L

�
kT
q

� 2

e
(1 � n ) Vbs

Ut e
nV gs

Ut

�
1 � e

jVds j
Ut

�
(17)

Eventually, [12] proved that a transistorwhoseback gateis connectedto the gateof itself has

smallerdelaythannormaltopologyon theconditionthattriple well processis available.It means

that increasein currentdrive overweightsthe increasein gatecapacitance.However, we cannot

expectthisbene�t from Vbsin thegenericsub-thresholdMCML logicsbecausetherewill bemulti

layeredparasiticcapacitancein morecomplex logics.
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2.5 GenericDC Input-Output Model

The DC characteristicof MCML in sub-thresholdregion hasnot beenmodeledin the literature.

In orderto analyzeprocessvariationandmismatcheffect on thelogic, themodelfor bothNMOS

differentialpairandPMOSloadingareindispensable.In thissection,wewill show amodelwhich

is preciseenoughto determinethedesignspeci�cationandsimpleenoughto graspthephenomena

intuitively.

Dueto thedifferentialnatureof MCML, thesummationof currentfrom two branchesis constant;

I 1 + I 2 = I ss(Const) (18)

Here,weproposearesistancemodelof PMOSloadingasavariableresistance,andtheinput-output

expressionis goingto bederivedfrom this resistancemodelandthecurrentequations,Eq.(3)and

Eq.(18). The following is the proposedresistancemodelwhich nearlydependson voltagedrop

acrossa transistor;

R(Vds) = a � Vds + b (19)

In reality, R(Vds) is not really a straightline asshown in Fig.6,however, in orderto facilitatethe

following calculation,we assumethis modelfor now. Ohm's law shouldhold for the currentI d

Figure6: Impedanceof PMOSLoad

andvoltagedropacrossthePMOSloadingVds:

R(Vds) =
Vds

I d
(20)

Fromtheabove two equations,weget,

I d =
1
a

�
b
a

a � Vds + b
(21)
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Id

VdsVswing

Figure7: Id-VdsCurveof PMOSloadingof MCML

Wecomparethisequationto therealbehavior of Id-Vdscurveof PMOSloadingdepictedin Fig.7

Whenthe outputof thebranchis high, Vds = 0, andall thecurrentdrawn by the currentsource

�o ws in theotherbranch.Therefore,I d is zero,andthis modelshows thatsituation.On theother

hand,whenVds becomessuf�ciently large toward low logic level, all the currentdrawn by the

currentsource�o ws in this branch;I d shouldconvergeinto constantvalueI ss. Thus,1=a should

converge to thevalueof currentsource,I ss. b is interprettedasresistive valueof PMOSloading

whenVds = 0. Hence,wecall thisbas”residueresistance”.

FromEq.(1)and(21),weobtaintheinput-outputmodelof sub-thresholdMCML.

Von = VDD �
b

1
I 1 + a

(22)

Vop= VDD �
b

1
I 2 + a

(23)

where,

I 1 =
I ss

1 + e
� 2� Vin

nV t

(24)

I 2 =
I ss

1 + e
+2� Vin

nV t

(25)

Theplot of Eq.(23)and(22) areshown in Fig. 8(b),andwe canverify thattheproposedmodelis

a goodapproximationof theHSPICEsimulationresultin Fig.8(a).
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(a)SpiceSimulation

-0.2 -0.1 0.1 0.2
DVin

1.05

1.15

1.2

1.25
Vout

(b) matlabmodel

Figure8: Positive/NegativeInput-OutputResponseof MCML

2.6 Input Output Model with ReplicaBiasCir cuit

Undertheconditionof usingReplicaBiasCircuit [7],wecancontrolvoltageswingof MCML from

outsideof theIC. Supposethat thecontrolledvoltageswingdown to VDD � Vswing , andoneof

thedifferentialnodesswing to Vswing whenall thecurrentfrom thecurrentsourceI ss �o ws only

to thatbranch.Thisconditionis re�ectedto theEq.(21),

I ss =
1
a

�
b
a

a � Vswing + b
(26)

andtransformedto,

a =
1

I ss
�

b
Vswing

(27)

SubstitutingEq. (27) to Eq.(23)and(22), theinput-outputresponsewith ReplicaBiasCircuit turn

out to beasfollows;

Von = VDD �
b

e
� 2� Vin

nV t

I ss
+ Vswing

(28)

Vop = VDD �
b

e
+2� Vin

nV t

I ss
+ Vswing

(29)

Theresultingdifferentialoutputcanbeexpressedwith Vt , I ss, andbin theend;
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Vod = b� I ss � (
� 1

1 � a � I ss + e
� 2� Vin

nV t

+
� 1

1 � a � I ss + e
+2� Vin

nV t

) (30)

=
b� I ss � Vswing

2 � (� 1 + e
4� Vin

nV t )

(be
2� Vin

nV t I ss + Vswing )(bIss + e
� 2� Vin

nV t Vswing )
(31)

3 Robust DesignSchemefor Sub-Vth MCML

In orderto securethelogic operationof Sub-VthMCML, thevoltageswingVswing andbiascurrent

I ss play main roles. In the following chapters,�rst, mismatchandvariationanalysisdetermines

voltageswingVswing , andsubsequently, anew currentreferencecircuit is proposedto stabilizeI ss

overvoltageandtemperaturevariation.

3.1 Variation and Mismatch

Processvariation is categorizedinto two typesin differentialmodelogic. One is the common

modevariationwhich is referredas”variation”; theotheris thedifferentialmodevariationwhich

is called”mismatch” in this paper. Dueto theexponentialnatureof subthresholdoperation,pro-

cessvariationanddevice mismatchareto be carefully concernedin sub-VthMCML. Thanksto

the commonmodenatureof MCML, variationof power supplyVDD doesnot comeinto play.

Variationandmismatchwill beanalyzedseparately.

In this section,we aregoingto mathematicallyanalyzevariationandmismatchcontribution with

Mathematica,andtheseresultswill be comparedto the circuit simulationresultsby Spectrein-

cludingMonteCarlosimulation.

3.1.1 Variation Effect

Thevariationeffectof differentialoutputEq.(30)is evaluatedasits derivativeson b, I ss, andVt .

Variation Effect by b

� Vod
� b

= �
e

2� V in
nV t � (� 1 + e

4� V in
nV t )I ssVswing

2_(b2I 2
ss � V 2

swing )

(be
2� V in

nV t I ss + Vswing )2_(bIss + e
2� V in

nV t Vswing )2
(32)
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Variation Effect by I ss

� Vod
� I ss

= �
b� e

2� V in
nV t � (� 1 + e

4� V in
nV t )Vswing

2_(b2I 2
ss � V 2

swing )

(be
2� V in

nV t I ss + Vswing )2 � (bIss + e
2� V in

nV t Vswing )2
(33)

Variation Effect by Vt

� Vod
� Vt

= �
2be

2� V in
nV t � I ssV 2

swing (b2I 2
ss � (1 + e

4� V in
nV t ) + 4be

2� V in
nV t I ssVswing + (1 + e

4� V in
nV t )V 2

swing )� Vin

nV 2
t (be

2� V in
nV t I ss + Vswing )2 � (bIss + e

2� V in
nV t Vswing )2

(34)

Variation Effect by Vswing

� Vod
� Vswing

=
b2 � (� 1 + 4� V in

nVt
)I 2

ssVswing (2b2� V in
nVt

I ss + Vswing + 4� V in
nVt

Vswing )

(b2� V in
nVt

I ss + Vswing )
2
(bIss + 2� V in

nVt
Vswing )

2 (35)

Basedon thesemodel equations,now we can plot the variation of output voltageVod with

maximum10%variationfrom eachfactors,namelyb;I ss; Vt ; Vswing .

-0.1 -0.05 0.05 0.1
DVin

-0.002

-0.001

0.001

0.002

DVod of 10% b

(a) � Vod with 10%b Variation

-0.2 -0.1 0.1 0.2
DVin

-0.002

-0.001

0.001

0.002

DVod of 10% Iss

(b) � Vod with 10%IssVariation

-0.2 -0.1 0.1 0.2
DVin

-0.0075
-0.005

-0.0025

0.0025
0.005

0.0075

DVod of 10% nVt

(c) � Vod with 10%Vt Variation

-0.2 -0.1 0.1 0.2
DVin

-0.02

-0.01

0.01

0.02
DVod of 10% Vswing

(d) � Vod with 10%VswingVariation

Figure9: VariationEffect for EachFactor

Whatwe canclearlyseefrom theseplotsin Fig.3.1.1is theeffect of Vswing is thedominantfactor

in variationeffect which changesmaximumvoltageswing. This variationstemsfrom not only
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the sizevariationof PMOSloading,but alsofrom the variationfrom strengthof feedbackloop

of ReplicaBiasCircuit.Theotherfactorsproducethegaindifferencein switchingactivity, but the

datais showing thattheir in�uence is quitesubtle.

Theworstcasesituationcanberealizedbysummingthepreviouslyderivedvariationeffectstoward

thesamepolarity.

Vodjwith a l lv ar iations = � I ss
� Vod

� I ss
+ � Vt

� Vod

� Vt
+ � b

� Vod

� b
+ � b

� Vod

� Vswing
(36)

The worst caseinput-outputresponseswith � 0; 5; 10%variationof b, I ss,Vt areshown to be

comparedto thecircuit simulationresultby Spectre.In this comparison,W=L variationof PMOS

is assumedto reciprocalto thebandalsoVswing . i.e. In orderto express+10% variationof W=L

in schematics,we setb : � 10%; Vswing : � 10%. On the otherhand,W=L variationof NMOS

is proportionalto I ss. On top of I ss variation,Vt variationwhich hasoppositepolarity of W=L

variationhasbeenaddedin Mathematicasimulationto emphasizethe worst effect of variation

from NMOS differentialpair.

In thisprocess,overall tendency causedby thevariationof NMOSdifferentialpair andPMOS

loading is similar: Variationof PMOSloadingcausessigni�cant voltageswing variationin the

output. However, the modelcalculatedby Mathematicahasfour timeslessin�uence on voltage

swing thanoneby Spectre,which shows that linear impedancemodelof PMOSload is not good

enough.We have examinedthis modelin anotherprocess,andin thatprocessthis mathematical

modelshowedgoodmatchingto simulationmodel.Dueto theimmaturityof sub-thresholdmodel

in Spectresimulation,wemayhaveseenthisdiscrepancy from aprocessto theother.

Thoughonecancomeupwith thesolutionof increasingthesizeof PMOSloadingin orderto sup-

pressthevariationeffect of PMOSloading,increasingsizeof PMOSloadingwill causeincrease

thecapacitiveloadingof MCML. In thissub-thresholdMCML, loadingeffecthasagreatin�uence

to slow down thelogic,andsizingis notagoodsolution.ConsideringthefactthatwehaveReplica

BiasCircuit to control thevoltageswing, thesimpleandbestsolutionrendersitself to setup the

voltageswingwith enoughmargin.

FromFig.3.1.1,wecanconcludethat� 10%variationof critical parametersdonotbringdetri-

mentaleffect on MCML if weput enoughmargin to thevoltageswingcontrolledby ReplicaBias

Circuit. Fromthedataof Spectre,theworstcasevoltageswing is abouthalf of thecentervalue,

andtherefore,the appropriatevoltageswing given to the ReplicaBias Circuit shouldbe double

thenV t which is around400mV. Shortly, we will beled to thesameconclusionfrom theresultof
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Figure10: VariationEffectAnalysisby MathematicaandSpectre

MonteCarlosimulation.

3.1.2 Mismatch Effect

Mismatcheffectsfrom PMOSloadingandNMOS differentialpair aregoingto bestudiedin this

section. From the samemechanismas in the variationanalysis,mismatchof PMOSloading is

characterizedwith bandVswing , whereasoneof NMOS differentialpair is with I ss andVt .

Mismatchappearsasoffsetof zero-crossingpoint of differentialouputof anMCML. Thecritical

situationoccurswhenthis mismatchis too large,andthedifferentialoutputsremainin thesame

level evenif � V in 6= 0 Themismatcheffectestimatedby theproposedmodelis plottedby Mathe-

matica,andcomparedto theschematicsimulationby Spectre.Thedifferentialoutputvoltagewith

16



mismatchis calculatedas(23)minus(22),andreducedto thefollowing expression;

Vos = �
b1

e
�

2� Vin
nV t 1

I ss 1
+ b1

Vsw ing 1

+
b2 � I ss2 � Vswing 2

b2 � I ss2 + e
2� Vin
nV t 2 Vswing 2

(37)

Theworstsettingsof four parametersfor NMOS andPMOSaresubstitutedto the(37) andcom-

paredto theschematicsimulation:
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(a)MismatchEffect from PMOS(M) (b) MismatchEffect from PMOS(S)

-0.2 -0.1 0.1 0.2
DVin

-0.2

-0.1

0.1

0.2

Vod with NMOSW• L, Vth Mismatch

2%
1%
- 2%
- 1%
0%

(c) MismatchEffect from NMOS(M) (d) MismatchEffect from NMOS (S)

Figure11: MismatchEffectAnalysisby MathematicaandSpectre

From thesedata,we canconcludethat the proposedmodel is well expressingthe mismatching

effect of therealcircuit, andthemismatchof maximum2%doesnotproducesigni�cant effect on

theMCML operation.
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3.1.3 Monte Carlo Simulation of Delay and Swing

In order to graspstatisticaldataof mismatchand variationeffect, Monte Carlo simulationhas

beenattempted.Thetest-benchis includingMCML buffer, ReplicaBiasCircuit, andCurrentBias

Circuit which is goingto beexplainedin thefollowing section.Thedatumobservedwereoutput

voltageswinganddelay. Delayis directlycorrespondedto theprocessvariationof oscillationfre-

quency of ring oscillatordiscussedin thelatersections.

Variation [ Fig.12(a)]

Variationdoesnothaveasmuchasin�uenceonswingcomparedto whatwehaveseenin theSpec-

tresimulationin thepreviouschapter. This is becausethisMonteCarlosimulationis includingthe

replicabiascircuit. As farasfeedbackfunctionis working,swingis controlledto bethereference

swingvalue.Whereas,thedelayis in�uencedby variationwith 16% standarddeviation sincethe

biascurrent,which is proportionalto thespeed,changeswith variationof devices.This variation

is expectedto bemendedby post-processresistortrimming.

Mismatch [Fig.12(b)]

Mismatchsimulationresultfrom MonteCarlosimulationseemsto beproblematiccomparedto the

goodresultfrom Spectresimulationin theprevioussection.Thereasonis,MonteCarlosimulation

includesmismatchin theall circuitswhereasthepreviousmismatchsimulationonly includemis-

matchesin abuffer. Swinghas50% standarddeviation,andit is necessaryto setthevoltageswing

to bedouble.Delaycanberescuedby post-preocessresistortrimming from thesameargumentin

variation.

Mismatch + Variation [Fig.12(c)]

The last graphis showing the resultwherethe circuit experiencesboth mismatchandvariation,

andit shows almostsameresultasin mismatch.Therefore,we cansaythat underthe feedback

functionof replicabiascircuit, variationeffect is suppressed,andmismatchis goingto beacritical

factor in MCML. However, settingvoltageswing with enoughmargin andpost-processresistor

trimming to controlbiascurrentwill greatlyenhanceyielding.
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(a)Variation

(b) Mismatch

(c) Variation+ Mismatch

Figure12: MonteCarloSimulationResult
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3.2 Robustnessto VDD and TemperatureVariation

We now switchour focusto thedynamiccontrolschemeof thesub-VthMCML.

In the currentmodelogic, referencecurrentI ss is one of the main factorsto decideone stage

delay from (6), which is different from the caseof CMOS static logic whosedelay is decided

by VDD (11). Oncewe canobtainrobust I ss, thenthevoltageswingof MCML is dynamically

controlledby ReplicaBiasCircuit [7]. Thus,referencecurrentgenerationis thekey to thesuccess

in this research.Robustnessto theexternalenvironment,especiallyvoltagesupply�uctuation and

temperaturechange,is critical characteristicfor integratedcircuits. MCML operatesbasedon the

sourcecurrent,I ss, whichcontrolledby thegatevoltageof currentsource.Therearetwo schemes

for robust clock generationin MCML circuits. In the casewherethe frequency is supposedto

lock to a referencesignal,negative feedbackstructureof PLL will force the loop to be lockedto

thereferencesignaldisregardingPVT variationfactorsin thecircuit itself. However, in theother

casewheretheMCML circuit is to generateareferenceclock frequency, stabilizingcurrentsource

I ss over PVT variationis required. In this section,we proposea currentbiascircuit which can

minimizetheeffectof voltagesupplyandtemperaturevariationwhile keepingpowerconsumption

aslow as10uAandvoltagesupplyas1.25V.

3.2.1 Supply Voltageand Process

It is well-known scenariothatasCMOS processshrinks,voltagesupplylowersdown. Thecon-

ventionalregulation techniqueof supplyvoltageis band-gapreferencecircuitry which usesVbe

of Bipolor device. In band-gapreferencecircuit, Vbe staysaround0.7 V over processto process,

and it is not simple to implementthis circuit for sub-1Vvoltagesupply. As a natural�t to the

sub-1Vvoltagesupply, sub-VthCMOSreferencecircuit hasemerged.Recently, severalmethods

to producesub-1Vvoltagesupplyhave beenpublishedasin the Table.2shows. As proposedin

Ref Publication VDD[V] Power[A] Tempco[ppm/deg] Line Reg[ppm/V]

[13] ISCAS`97 0.9 42u 120 571K

[14] JSSC̀ 03 1 3.6u 50 38K

[15] JSSC̀ 97 1.2 100n T 0:4 100K

[16] ISCAS'04 1 100u 1.3K 100K

[17] JSSC̀ 03 0.9 5u 3K NA

Table2: Sub-1VCurrentReferenceCircuits
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[9], thering oscillatorconsistingof CMOSinverterscansecurePVT variationrobustsignalsince

thefrequency of this typeof ring oscillatoris proportionalto therail to rail voltageamount.How-

ever, theoutputreferencevoltageof referencebiascircuit goesdown to almosthalf of theoriginal

supplyvoltage,andtheoscillationfrequency is constrainedby this referencevoltage.On theother

hand,thespeedof thering oscillatorstructuredwith MCML doesnot dependon thesupplyvolt-

ageVDD but on thecurrentsourceI ss. If thereis acurrentreferencecircuit whichworkssub-1V

voltagesupply, MCML haspossibility to easilygeneraterobustclock signalundersub-1VVDD.

In the modernprocess,onestagedelayof staticCMOS logic hasseendramaticalchangeswith

both temperatureandvoltagesupplyvariation. Table3 is showing the in�uence of temperature

andvoltagesupplyvariationon onebuffer stagedelayfor two differentvoltagesupplyin a 90 nm

process.As the voltagesupplylowers,in�uence of PVT variationbecomesmoreandmoresig-

ni�cant, andit is necessaryto compensatebothenvironmentalfactorsin realtime. In this section,

we proposeanultra low power currentreferencecircuit with functionof temperatureandvoltage

supplyrejection.

VDD � VDD � td � temp � td

1.0 � 10% � 10% -40
 85 � 8%

0.5 � 10% � 25% -40
 85 � 39%

Table3: VDD, TempVariationIn�uence on InverterDelayfor VDD=0.5-V and1-V
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3.2.2 Curr ent Bias Cir cuit

We proposedthe currentreferencecircuit shown in the �g. 13 to producethe controlledgate

voltageRCN to MCML circuits. We now derive the temperatureandVDD dependenceof the

proposecurrentreferencecircuit in thefollowing subsections.

M1 M2

VDD

M3

Rx

M6M5

M4 RCN

Figure13: CurrentReferenceCircuit

Temperature Dependenceof Curr ent Bias Cir cuit

Thesub-thresholdvoltageof CMOShastemperaturedependency asshown in Fig.14.

Figure14: CMOSVth TemperatureDependency
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If we cangeneratethedifferenceof NMOS andPMOSVth's,andits temperaturedependence

lookslikeasin Fig. 15.

Figure15: CMOSVth differenceof TemperatureDependency

Thecircuit in Fig.13bringsthedifferencebetweenthresholdvoltageof NMOSandoneof PMOS,

VR = jVthpj � V thn, acrosstheresistorRx undertheconditionthattwo horizontalcurrentpaths

havesameamountof currentwhentheconditionin (38) is satis�ed.

� n
Wn3

Ln3
= � p

Wp4

Lp4
(38)

Thevalueof thisvoltagedropis constantin DC with negativetemperaturedependence.Therefore,

if we canprepareappropriateresistancewith negative temperaturedependence,thenthe current

goingthroughthis resistancebecomemoreor lesstemperatureindependent.Desiredtemperature

dependenceacrosstheresistanceRx canbederivedfrom Ohm's law (20);

� I =
� I
� V

� V
� T

� T +
� I
� R

� R
� T

� T (39)

=
1
R

� V
� T

� T +
� 1
R2

� R
� T

� T (40)

In orderto nullify thetemperaturedependenceof current,

� I
� T

=
1
R

�
� V
� T

�
V
R

� R
� T

�
� T = 0 (41)

Thus,therequiredtemperaturedependenceof theresistorRx is,

� R
� T

=
1
I

� V
� T

(42)

In theprocessavailable,Vth of PMOSandNMOS have the following characteristicsin Table4;

Thedelayconditionfor the threestagering oscillatorof 2GHzoscillationrequiresI = 2uA and
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Vth[V] tempco[V/deg]

PMOS -369.6m 539.1u

NMOS 270.8m -676.4u

Table4: Vth characteristicof CMOS

Rx is decidedaccordingto I .

VR = jVthpj � V thn = 0:1V (43)

Rx =
VR

I
= 100K Ohm (44)

Therequiretemperaturecoef�cient is calculatedasfollowsfrom (42),

� VR

� T
=

� V thp
� T

�
� V thn

� T
(45)

= (� 676:4u) � 539:1u = � 137:7u[V=deg] (46)

� R
� T

=
� VR

� T
=I = � 137:7uV=1uA = � 137:7[Ohm=deg] (47)

Unfortunately, we couldachieve only 14%of cancellationin theavailableresistors.Unsicillicide

P+ poly resistorhasnegative temperaturecoef�cient, but becauseRx needsto suf�ce (44), it can

not perfectlysuf�ce (47)at thesametime.
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Simulation Resultsof Curr ent Bias Cir cuit

Fig.16arethesimulationresultsof thecurrentreferencecircuit with VDD andTemperatureswept.

(a)VR vsV DD (b) VR vs Temp

(c) I ss vs VDD (d) I ss vsTemp

Figure16: DC Simulationof CurrentReferenceCircuit

Numericalresultfrom theFig.16is summarizedin Table5.

Temp -4085C � Iss � 6:7% 1.072Kppm/deg

VDD � 10% Iss � 2% 160K ppm/V

Table5: Isswith Temp,VDD variation
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Whenwe put this resultto thepreviousworks,thework by [14] is superiorto ours.However,

thesimplicity of ourcircuit mightbestill attractive to acertainapplication.

Ref Publication VDD[V] Power[A] Tempco[ppm/deg] Line Reg[ppm/V]

[13] ISCAS`97 0.9 42u 120 571K

[14] JSSC̀ 03 1 3.6u 50 38K

[15] JSSC̀ 97 1.2 100n T 0:4 100K

[16] ISCAS'04 1 100u 1.3K 100K

[17] JSSC̀ 03 0.9 5u 3K NA

� thiswork 1.25 2u 1K 160K

Table6: Sub-1VCurrentReferenceCircuits

Thesevariationon I ss is proportionallyre�ectedto frequency of threestagering oscillatorswhich

will bementionedin thenext subsection4.1.1. Dueto thelack of appropriateresistordevice, we

cannotshow theeffectivenessof thismethodin thesimulationin termsof temperaturerobustness.

Still this currentreferencecircuit suppressesVDD variationeffect on currentvalueI ss with low

powerconsumption.
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3.3 Monte Carlo Simulation Result

MonteCarlosimulationhasbeendoneto estimatethedistribution of constantcurrentvalue. The

resultbelow is showing thatmeanvalueis 1:006uA with standarddeviationof 172nA(17%).If we

neglectingthetemperaturedependencecancellation,we canenhanceits yielding by trimming the

resistorRx .

Figure17: MismatchEffectof CurrentBiasCircuit
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3.4 Logic Synthesisand Robustness

In thissection,tips to designsub-thresholdMCML logic will bediscussed.As anexample,weare

going to implementa AND/NAND logic. It is very straightforward to implementMCML logic;

�rst, write Karnaughmap,thenconnect”0” nodesto F(AND) and”1” nodesto �F (NAND) asin

”(a) crudeAND/NAND”. Subsequently, remove ”always-ondifferentialpair” from topologyto

minimizenumberof transistorsas”(b) minimizedAND/NAND”.

BB Bn

AAn

RCN

RCP
F F

(a)CrudeAND/NAND

BBn

A

RCN

An

RCP

F F

(b) Minimized

AND/NAND

Figure18: AND/NAND Implementationin MCML

Eventhough(b) is alwaysutilized in theover-thresholdMCML, removing ”always-on”diff pair

is not a goodideain thecaseof sub-thresholdMCML. In (b), just afterA turnson, sourcenode

of B andBn is still charged,andcannot be fully conductive. Consequently, charge begins to be

restoredin thedrainnodeto causeahumpin F despitethefactthatF hasto remainin low level.

In (a), when right half of the circuit shut down againbecausesourcevoltageof B andBn has

beenchargedup, left half of sourcevoltageof B andBn is still low enoughto draw somecharge.

Meanwhileright half nodeis dischargethroughA, and(a)doesnotshow abig spikeasin (b).

EventhoughthissymmetricMCML cannot solve theproblemthoroughly, safeoperationcanbe

guaranteedup to certainoperationalfrequency. As [5] proposedusingstronginversionMCML,

theseintermediatechargescanbedischargedusingextracircuitry with thecostof extrapower.

(Backgatebiaswasexpectedto helpdischargeparasiticcapacitance,however, it is observedthat

it cannotbea fundamentalhelpfor thisproblem.)
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(a)Responseof (a)

(b) Responseof (b)

Figure19: TransientResponseof CrudevsMinimizedNAND/AND
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4 Clock SignalGenerationwith Sub-Vth MCML

As anapplicationof sub-thresholdMCML, clock generationfor a UWB systemproposedby [18]

waschosen.In orderto generate2-GHz clock signal in ultra low power, 3-stagering oscillator

was implemented.Comparedto LC-tank oscillator, its phasenoisecharacteristicis inferior by

far. However, the lenientfrequency stability requirementof � 10%in ultra low power transceiver

systemproposedby [18] allowsusto adoptinverterring typeof oscillator.

4.1 Ring Oscillator

In [19], differentialring oscillatorswith differentnumberof stagesarecomparedin termsof jitter.

They concludedthatthree-stageringoscillatorhasminimumjitter sincethereductionof oscillation

frequency to thedesiredvalueis obtainedby meansof the�x edcapacitancesCL ratherthanby the

voltagedependentcapacitancesof transistors.From this result,we adoptedthree-stagestructure

for our ring oscillator.

4.1.1 Required Gain and PhaseShift

Theconditionfor oscillationin a three-stageoscillatoris

1. ClosedLoopPhaseShift = 180degree

2. ClosedLoopGain= 1

We usethesimpli�ed modelin Fig.32for theanalysisasin [20].

Figure20: 3-stageRingOscillator
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Its openloop transferfunctionH (j ! ) is,

H (j ! ) =

 
� GmR

1 + j !
! RC

! 3

(48)

where,! RC = 1=RC.

In orderto maintainoscillation,H (j ! ) needsto satisfymagnitudeandphaseshift conditionat the

desiredfrequency of oscillation! o

\ H (j ! ) = 180deg (49)

jH (j ! )j = 1 (50)

Therefore,eachstageexperiences60 degreeof phaseshift, andthe following conditionswill be

derived.

GmR = 2 (51)

f o =
! o

2�
=

p
3

RC � 2�
(52)

Moregeneralizedsolutionfor N-stagering oscillatorcanbefoundin thereference[21].

Figure21: BodyPlot of Ring OscillatorTransferFunction

On theotherhand,thereis anotherfamousformula to calculateoscillationfrequency of ring os-

cillator. The oscillationfrequency of N -stagering oscillatorsis expressedwith onestagedelay

DM CM L in (6).

f r ing =
1

2 � N � td
=

I
2 � N � C � � V

(53)

Sincethepre-layoutC is around0.5fF, I=2.19uA,� V = 0:4V, R = � V=I = 182:6K Ohm

givesusaround2.11Ghzoscillationin Spectresimulation.Hand-calculationresultedby (52) and

(53)areshown below. Wecansaythat(53)givescloserresultto thesimulationresult.

f o = 3:02GH z (54)

f r ing = 1:82GH z (55)
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(a)SingleOscillator (b) Layout(10umx 10um)

Figure22: SingleOscillator

f r ing is basedon small signalmodelof transistors,andit give usoptimistic resultsincecircuit is

not alwaysoperatingin smallsignalregion.

Thelayoutof eachring oscillatorcell is shown below, andit occupies10umx 10umarea.Dueto

thehigh sensitivity to parasiticcapacitance,ring oscillatorlayoutneedsto besymmetric.We did

not put dummybuffersat eachstagesto achieve perfectsymmetryin orderto save area.Parasitic

capacitancewas extractedfor this layout and post-layoutsimulationwas checked. Due to the

parasiticcapacitancesbetweeneachstageswhich arein theorderof 0.5fF, post-layoutfrequency

endedup with four-fold slowervalue,500MHz. Therefore,in orderto achieve2-GHzoscillation,

we needto increasethe biascurrentby 4-times,andpower consumptionof a singleoscillatoris

4 � 6uA = 24uA under1.25-Vvoltagesupply.

4.2 PVT Variation Effect

3-stagering oscillatorwastestedwith thecurrentreferencecircuit (subsection3.1.3)andReplica

BiasCircuit [7] over � 10%VDD �uctuation, and-40 to 85 degreetemperaturerange(Fig.23).

Thevariationof frequency is thussummarizedasin Table7. FromEq.(53),frequency is propor-

tional to biascurrentI = I ss, andtherefore,thefrequency variationis almostconsistentwith the

currentvariationin Table.5

Temp -4085C � freq � 9:8%

VDD � 10% freq � 3:3%

Table7: Isswith Temp,VDD variation
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(a)F reqvs VDD (b) F reqvsTemp

Figure23: Freqency Variation

5 CoupledOscillator Array

In orderto measurespaciousvariationof frequency, onehundredring oscillatorsweremountedin

asamedie. Oneimportantcharacterisiticof oscillatoris phasenoise.Phasenoiseof ring oscillator

is known to beinferior to thatof LC oscillator. Now, our interestis directedto a simplequestion:

”Is phasenoisegoingto decreaseor increaseif a bunchof oscillatorscoupledeachother?”. As a

sidetopic of this research,we investigatedcoupling/injectioneffect on phasenoisein a oscillator

array.

5.1 History

Synchronizedoscillationis nothingbut anaturalphenomenawhichcanbeseenin many situations

aroundus. It hasbeenstudiedfor more than two decadesespeciallyin the �eld of chemistry,

biology, andphysics.In the�eld of electronics,radarsystemsor mm-wavecommunicationarethe

emerging �elds whichareactively usingthisphenomena.

York andhisgroupin Universityof California,SantaBarbara,hasshown thecouplingphenomena

of an oscillationarrayby meansof electriccircuits [22], andthey proved the decreaseof phase

noiseasbeingproportionalto thenumberof coupledoscillators.This chapteris devotedfor this

longresearchhistoryof synchronizedoscillationphenomena,followedbyderivationof phasenoise

predictionin anoscillatorarray.

Eventhoughmostof usdo not really noticeit, synchronizedoscillationphenomenais appearing
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in many situationsaroundus: 1

� Circadianrhythms

Many living organismssynchronizeto theday-nightcycle.

� Electricalgenerators

All of the generatorsproducingpower on a power grid mustbe synchronizedto one

another.

� Josephsonjunctionarrays

Josephsonjunctionsare fabricated,microscopicdevices that behave ascompactelec-

tronicoscillators,anddifferentgeometricarrangementsof Josephsonjunctionsform systems

of oscillatorsthathavebeenfoundtheoreticallyto exhibit synchronization.

� Heart,intestinalmuscles

The musclesin your heart,for example,mustall besynchronizedto createa coherent

beat.

� Menstrualcycles

It hasbeenfoundthat themenstrualcyclesof womenwho live togetheroftensynchro-

nize.

� Fire�ies

Certainspeciesof �re�ies have beenfound to synchronize,creatingswathsof light

turningon andoff at thesametime.

� Applause

In EasternEurope,it is customaryto clapin synchrony afteragoodperformance.

Active researchto modelthis naturalphenomenahasbeenconductedfor over decadesin diverse

�elds suchasbiology, chemistry, physics,andelectronics.In thehistory, a Dutchscientist,Chris-

tian Huygens�rst time recordedhis observation of coupledoscillator synchronizationin 1665

[23]: while con�ned to bedby illness,he noticedthat the pendulumsof two clockson the wall

movedin unisonif theclockswerehungcloseto eachother. Hepostulatedthatthecouplingof the

1Videoof mechanicalsynchronizationphenomena:http://physics.owu.edu/StudentResearch/2005/BryanDaniels/index.html

, BryanDaniels
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mechanicalvibrationsthroughthewall drove theclocksinto synchronization[1]. Sincethis Huy-

gens�nding, two streamsof researchesto understandapopulationof coupledoscillatorsappeared

[24],[25]. Oneis on ”Macro Model” andtheotheris on ”Micro Model” of coupledoscillators.

Figure24: ResearchHistoryof CouplingOscillatorArray

Theresearchon”Macro Model” startedfrom Wiener's researchoncollectivesynchronizationphe-

nomenausingFourier-integrated-basedmethodin 1958. This researchis thereaftercontinuedby

Winfree. He formulatedan equationgoverningphasetransitionof coupledlimit-cycle oscilla-

tors andpresentedconceptof a phasesensitivity function in 1967. In 1984,Kuramotoapplied

Winfree's approachto systemsof identicaloscillatorswith equallyweighted,purely sinusoidal

couplings,and derived well-known phasebasednonlineardifferential equationmodel for cou-

pledoscillatorsystems.He alsodevelopeda steady-satelocking conditionwhich hasbeenshown

to successfullypredictbifurcationof phasetransitionsin coupledoscillatorsystem.This research

formedthefoundationof today'ssynchronizedoscillatorresearchin the�eld of chemistry, biology

andphysics.Themodelshown by Kuramotois asfollows;

d� i

dt
= ! i +

K
N

NX

j =1

sin(� j � � i ) (56)

,where� is the phaseof eachoscillator, ! is the naturalfrequency of eachoscillator, N is the

numberof oscillators,andK is thecouplingconstant.

Kuramotoshowedcouplingconditionof oscillator:whenK is largerthanthethresholdvalueK c,

couplingoccurs.

Recently, Roychowdhury developedsimpleralgorithmto calculateKurokawa's couplingmodel,

andshowedits applicationfor imageprocessing[26].

Theotherstreamof research,”Micro Model” of coupledoscillators,openedthedoorsto threebig
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Figure25: LockingConditionfrom KuramotoModel

techniquesin the�eld of electronics:mm-wave power combining,electronicbeamscanning,and

modelockingfor pulsegeneration.After VanderPolmodeledtheoscillatorphenomenausing2nd

ordernonlineardifferentialequationsin 1934,Adler derivedadifferentialequationthatrelatesthe

oscillatorphaseto theinjectionsignalparameters,andalsoshowedlocking frequency range[27].

d�
dt

= ! o � ! inj + � ! msin( � � ) (57)

wherethelocking frequency is,

� ! m =
! o�
2QA

(58)

Following Adler's research,Kurokawa appliedwork of Van der Pol to the injection of mi-

crowave oscillatorsin 1973[28]. Finally, thesetheoreticalresearchhadstartedbeingappliedto

electroniccircuit by two pioneers,StephanandYork. Especially, York derived a setof coupled

nonlineardifferentialequationsfor couplednonlinearoscillatorsbasedonAdler'sandKurokawa's

works.York'swork extendedmicromodelof coupledoscillatorto macromodel.Stephanin 1986

andYork in 1993respectively proposednew methodto form evenlyspacedphasesfrom 1-D cou-

pledoscillatorarrayby injectingfrequency or phaseto thetwo ends[29],[22]. This techniquehas

beenappliedto powercombiningpurposesin mm-wavecircuits.

York also later showed that if a signalwith cleanphasenoisepro�le getsinjectedto oscillator

array[30]. This techniqueis calledas”Injection Locking”, andwidely usedto generatelow phase

noisesignals[31]. Recently, quadraturesignalgenerationwasachievedin 60GHzapplicationby

applyingthis injectionlocking techniquein couplingoscillator[32].
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5.2 Oscillator Coupling

Oscillatorcouplingis categorizedinto ”UnilateralCoupling”and”Bilateral Coupling”.

”Unilateral Coupling” is the phenomenawhenthe frequency of an oscillatorchangesto the fre-

quency of the other as shown in the Fig.26 from [25]. This happenswhen the powers of two

oscillatorsarenotequivalent.

Figure26: (a)Unilateral(b)BilateralInjectionof NonlinearOscillator

In our ring oscillatorarray, all theoscillatorsaresame.In this case,thelattercouplingtype,”Bi-

lateralCoupling” is supposedto beanappropriatemodel.In this case,negative feedbackscontrol

eachoscillators,andthey aregoing to belocked in thesamefrequency, furthermore,in thesame

phase.ThefamousAdler'sequation,Eq.(57), is showing thisbilateralcouplingin thesteadystate:

d�
dt

= ! o � ! inj + � ! msin( � � ) (59)

! 0(SteadyState) (60)

 � � = sin � 1(
! inj � ! o

� ! m
) (61)

This modelis alsocalledasKurokawamodelaftersmalltransformation.

� � = sin � 1(
2Q
! o

I osc

I inj
� ! ) (62)

where� � = � o � � inj and� ! = ! o � ! inj . For the applicationof power combining,people

control ! inj to control the output angle� in Eq.(59). In the caseof our ring oscillator array,

injectionfrequency is sameasnaturalfrequency,

! inj = ! o (63)

Therefore,from (59),weconcludethatthephasesof adjacentcoupledoscillatorsin anarrayshould

besame.

 = � (64)
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5.3 PhaseNoisein Oscillator Array

In thissection,wediscusstheeffectof oscillatorcouplingontheirphasenoise,andshow thehand

calculationandsimulationresultin theend.

Effect of Coupling on PhaseNoise

In theprevioussection,wehaveseenthatmultipleoscillatorwill pull eachotherand,in thesteady

state,they convergeto thesamefrequency andthesamephase.Assumingthat if oneof theoscil-

lator is exposedto externalnoise,andexperiencesphaseshift, thenthis oscillatoris expectedto

be pulled backin to the previous phasethanksto the bilateralfeedback/couplingexisting in this

oscillatorarray. Thus,phase�uctuation is suppressed,andthephasenoiseis expectedto decrease

by someamount.Theunconventionalsolutionfor phasenoisereductionin couplingN oscillators

wasprovedin [30],[25]. Quantitatively, thephasenoiseis decreasedby a factorof 1=N .

j ~� � total j2 !
1
N

j ~� � i j2uncoupl ed (65)

In [20], anotherway to understandthis1=N suppressionof phasenoiseis given.

If theouputvoltagesof N identicaloscillatorsareaddedin phase,thenthe total carrierpower is

multiplied by N 2, whereasthe noisepower increasesby N . Thusthephasenoiserelative to the

carrierdecreasesby a factorN at thecostof a proportionalincreasein powerdissipation.

PhaseNoiseCalculation

A formulato calculatephasenoiseof aring oscillatoris referencedfrom [20]. WeusedR =182.6K


 asbeingusedto calculate(55).

PhaseNoise = L(� ! )[dBc=
p

H z] = 8kT
R
9

� ! o

� !

� 2
= � 85:7dBc=

p
H z (66)

Now, spectreRF simulationgivesa muchworsephasenoiseresultas� 60dBc=
p

H z at 1M H z

offset from carrier frequency of 2GH z. From (65), whenall the 100 oscillatorsin an arrayare

coupled,andtheexpectedphasenoiseis � 60� 20 = � 80dBc=
p

H z.

Figure of Merit on PhaseNoiseand Power

Phasenoiseandpowerconsumptionarein thetrade-off relationship[33],anda FoM of oscillators

canbecalculatedasfollows;

F oM = L(� ! )[dBc=
p

H z] + 10Log(Pdc[mW ]) � 20log(
! o

� !
) (67)

where,L(� ! ): Total single sidebandphase-noisespectraldensity, andPdc: Total VCO power

consumption
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However, evenif thephasenoiseof ring oscillatorwill bedecreasedasweincreasethenumber

of coupledoscillators,FoM remainssamesincethe power also increasesalong the numberof

oscillators.In Table8, we compareFoM andareaof LC tankoscillatorfrom a recenttechnology

to our sub-VthMCML ring oscillator. Thus,FoM cannotbe amelioratedby meansof coupling.

FoM@1MHz[dB] PhaseNoise[dBc/Hz] Area[mm2]

LC oscillator[34] -180 -132 0.15

1 sub-vthMCML Ring Osc -146 -60 0.0001

100sub-VthMCML Ring Osc -146 -80 0.01

Table8: FoM andAreaof LC Oscillatorandsub-VthMCML Ring Oscillator

Oscillatorhasintrinsic FoM, andLC-tank oscillatorhasbetterinanecharacteristicsin termsof

FoM. In therecentstudyin [35] alsopointedout this limitation of thisscheme.However, thesmall

sizeandportability of ring oscillator is still attractive to a systemwhich hassomeenduranceto

variationof frequency to certainextent.

5.4 Coupling Range

So far, we have not speci�ed the conditionof coupling. In fact, the couplingconditionof ring

oscillatorhasnot yet beenshown in any literature.On theotherhand,thecouplingconditionand

couplingrangeof LC oscillatorwasshown by many sources:[27],[1],andgraphicallyshown in

Fig. 27.

Figure27: Phaseshift in anInjection-lockedLC-tankOscillatorfrom [1]
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Empirical resultsreportedin [1] and[21] showed really narrow locking rangesof both LC-tank

andring oscillators.In caseof LC-tankoscillators,this is causedby its highQ, andthey oftenend

up with weaklycoupledstateasshown in [1], [2]. In [2], two nominally identicalLC-tankoscil-

latorswerefabricated,andthedifferenceof their oscillationfrequencies,1.02GHzand1.04Ghz,

wasonly few percent.Still, high Q of LC-tank oscillatorshinderedoscillatorsfrom couplingto

eachother, andthey showedthe typical frequency characteristicsof weaklycoupledoscillatoras

shown in Fig. 28.([1],[2]) Whenthecouplingis not strongenough,frequency spectrumbecomes

likesomethingthatof modulatedsignal.

Figure28: OutputSpectraUnderMutualPullingConditionfrom [2]

In the caseof ring oscillator, quality factorQ is around1. If we optimistically assumethat the

sametheorycanbeappliedto ring oscillators,it canbeexpectedto have largelocking range,and

to beeasierto couple.However, thereportedlocking rangeof ring oscillatorsin [21] is only 2%

despitethehand-calculationcango aslargeas30%. 2

In statusquo,peoplehave foundit quitehardto coupleoscillatorin their freerunningcondition,

andthey ratherinject cleansignalandexploit theconstantphaseshift appearsover coupledoscil-

lator [32], [22], [30]. Sincethemainapplicationof oscillatorcouplingis mm-wave tranceiver or

powercombining,evenfor 0:1%of locking rangereportedin [32], thefrequency to controlis few

tenMegaHz.

2The authorconcludedthat injection ef�ciency lowersdue to the parasiticcapacitanceat the device wherethe

signalis injected.
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In orderto comparethelockingrangeof LC-tankoscillatorsin Fig27to thatof ring oscillators,

we applythesameconceptas[1] for LC-tankoscillator.

Assumingthat the sameinjection currentI inj is injectedto the tail currentwhich inducesphase

shift � to eachstageof a threestagering oscillator.

(a)CurrentInjectedRingOscillator (b) ResultedPhaseShift in Ring Oscillator

Figure29: InjectedRingOscillatorModel

Let'sde�ne thephaseshift in asinglestageas� whichcancelout� to recoversystemtooscillation,

then,

� � = � = tan � 1

�
�

!
! RC

�
(68)

whichcorrespondsto theEq.(5)in [1]. FromEq.(2)in [1], injectioncurrentI inj , oscillatornominal

currentI osc, andanglebetweenI inj andI osc arerelatedto � .

Figure30: GeometricRelationshipof InjectedCurrentandOscillatorCurrent

, andthegeometriccalculationgoesasfollows.

sin� =
I inj sin�

q
I 2

osc + I 2
inj + 2I oscI inj cos�

(69)

This equationis furtherreducedwhenweassumeI inj << I osc.

sin� = sin�
I inj

I osc
(70)
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, which implies� is small,andwe canassumethattan� � sin� . Thus,(70)and(68)give

sin� =
I osc

I inj
tan� =

I osc

I inj

!
! RC

(71)

� = sin � 1

�
I osc

I inj

!
! RC

�
� sin � 1

�
!
! L

�
(72)

Herewede�ne locking rangeas

! L �
I inj

I osc
! RC

Now, wecanplot (72),andmarkthelimit of thelock rangewhich occurswhensin� = � 1.

Figure31: PhaseShift in anInjection-lockedRing Oscillator

Dif ferentfrom LC-tank oscillator, Injection locking occursif ! inj << ! RC . Sincewe assumed

that I inj << I osc, theupperlimit is muchsmallerthanone. This resultshows thatring oscillator

canlock only to quite low frequency, andring oscillatorarrayscannotbe lockedto eachotherin

free-runningstate.

Now we noticethemechanismof couplingoscillation,andits necessarycondition. Our specula-

tion is thattwo characteristicsof ring oscillatorcausethisnarrow lockingrangeof ring oscillators.

The �rst oneis gain condition: Sincea ring oscillatorneedsto satisfygain condition in (51), a

frequency to belockedneedsto beat leastlower than! o. In contrast,LC-tankoscillatorhasband

pass�lter pro�le aroundresonantfrequency, andit hashigh enoughgain even the frequency of

operationshifts to higher frequency than its resonantfrequency. The secondoneis phaseshift

condition: Phasecharacteristicsof low pass�lter is not symmetriclike thatof bandpass�lter of

LC-tankoscillator, andthephaserangewhichring oscillatorcantakearoundoscillationfrequency

! o is quitenarrow. Also, theone-polemodelwe usedin Fig.32which allows phi to befrom 0 to

� =2 whereas2ndordersystemof LC-tankallows from � =2 to � � =2.

Thus,we canconcludethata oscillatorwhich canbecoupledeasilyaroundthedesiredfrequency
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! des is LC-tankoscillatorof ! o = ! des with low-Q inductor, or ring oscillatorwith ! des << ! o.

Couplingrangeandphasenoisearein trade-off relationship.Sincetheresultrevealsthefactthata

systemwith bandpasscharacteristicsis idealto causecouplingto its twin brothers,wecansimply

cascadehighpassandlow pass�lters to realizebandpasscharacteristics.

5.5 Weakly Coupling Oscillator Behavior

As shown in Fig.28,weaklycoupledLC tankoscillatorhashigherorderdistortioncharacterized

by a frequency ! b. Weareinterestedin thecaseof ring oscillator, andfollow thesamecalculation

procedureto obtain! b for ring oscillator.

As in Eq(16)in [1], if we addinstantaneousinput frequency asd =dt, thentotal input frequency

canbeexpressedas! + d =dt. Therefore,(72) is goingto be,

tan� =
! + d 

dt

! RC
(73)

Now, we usethe samemodelasin Fig.6 in [1], meaningthat systemhaslocked to the injection

signalwith frequency ! inj but with phaseshift � at theoutput.

Figure32: WeaklyCoupledRing OscillatorBilateralModel

Vin = Vinj cos! inj t (74)

Vout = cos(! inj t + � ) (75)

VX = Vin + Vout (76)

With theassumptionof Vinj << Vosc,

VX � Vosccos(! inj t +  ) [1] � (21)

After signalgoesthroughring oscillator, phaseshift shouldbeaddedasin Eq(22)of [1].

Vout � Vosccos

(

! inj +  + tan � 1

 

�
! + d 

dt

! RC

!)

(77)
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Comparedto the(75),

 + tan � 1

 
! + d 

dt

! RC

!

= � (78)

From[1],

d 
dt

�
d�
dt

[1] � (24)

tan(� �  ) �
Vinj

Vosc
sin� [1] � (26)

From(78),[1] - (24),[1] - (26),wecangetAdler'sequationfor ring oscillators.

d�
dt

= �
Vinj

Vosc
! RC � sin� � ! inj (79)

5.5.1 Locked State

Underlockedconditioni.e. steadystate,

d�
dt

= 0

and(79)yieldsthelockingrangeasin (72).

� = sin � 1

�
I osc

I inj

!
! RC

�
(72)

5.5.2 Weakly Locked State

In underlockedcondition,(79)mustbesolved.(79)canberewrittenas

d�

� Vinj

Vosc
! RC sin� � ! inj

= dt (80)

Theintegralof (80)=
R

dt canbesolvedasa functionof time t.
Z

d�

� Vinj

Vosc
! RC sin� � ! inj

=
Z

dt (81)

Thegeneralsolutionof thisequationis givenin AppendixA:
Z

d�
a + bsin�

=
Z

dt (82)

Thesolutionof theaboveequationis
r

1 �
b2

a2
tan

�
�

p
a2 � b2

2
t
�

= tan
�
2

+
b
a
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By usingthis formula,(81)becomes

tan
�
2

=
Vinj

Vosc
! RC

� ! inj
+

! b

� ! inj
tan

! bt
2

(83)

! L

� ! inj
+

! b

� ! inj
tan

! bt
2

(84)

! b �

s

(! inj )2 �
�

Vinj

Vosc
! RC

� 2

=
q

! 2
inj � ! 2

L (85)

By usingthis equation,we canevaluatebehavior of outputfrequency ! inj t + � for two casesof

! inj outof locking range.

Quasi-Lock

”Quasi-Lock” is de�ned asthestatewhere! inj is slightly fasterthanlower locking range.i.e.

! inj > ! L

! inj � ! L

Underthis condition,transientbehavior of quasi-lockedsystemcanbeanalyzed.From(84) and

(85),

(85) : ! b =
q

! 2
inj � ! 2

L � 0

(84) : tan
�
2

=
! L

� ! inj
+

! b

� ! inj
tan

! bt
2

� � 1 +
! b

� ! inj
tan

! bt
2

Therefore,theplot of thetahascycleof 2�
! b

, andstaysin � �
2 for mostof thetimewhich is different

from thecaseof LC-tankoscillatorstaysin � =2.

Figure33: OutputPhaseShift � of RingOscillatorin Quasi-Lock
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Outputfrequency is

! inj +
d�
dt

= ! inj � ! L � sin� � ! inj (86)

= � ! L � sin� (87)

� ! inj sin� (88)

which is depictedin thefollowing �gure. Contrastto LC-tankoscillatorsoutputfrequency range

from ! inj to ! o + ! l , outputof ring oscillatorsspansfrom � ! L to ! L . PDFfunctionof ring oscil-

Figure34: OutputFrequency Behavior of Ring Oscillatorin Quasi-Lock

latorcanbeestimatedfrom theoutputfrequency analysisshown above. Theestimateddistribution

of PDFandoutputspectrumareroughlyexpectedasbelow;

(a)PDF (b) Spectrum

Figure35: OutputPDFandSpectrumof Quasi-LockedRingOscillator

46



FastBeat

”FastBeat” is de�ned asthestatewhere

! inj >> ! L

We conductedthesameanalysisasin ”Quasi-locked”, andobtainedthefollowing results.Again,

(84)and(85) in this caseareapproximatedasbelow;

(85) : ! b =
q

! 2
inj � ! 2

L � ! inj

(84) : tan
�
2

=
! L

� ! inj
+

! b

� ! inj
tan

! bt
2

� 0 +
! b

� ! inj
tan

! bt
2

� � tan
! bt
2

In thiscase,� is almostproportionalto ! b � t, andlinearlychangesastimegoesby. It doesnotstay

in speci�c angleaswesaw in theQuasi-Lockedstate.Therefore,outputsignallookslikeslipping

all thetime.

Figure36: OutputPhaseShift � of Ring Oscillatorin FastBeat

Outputfrequency asa functionof time t is

! inj +
d�
dt

= ! L � sin� � ! L � sin! bt (89)

which givessimilar resultasin Quasi-lockedcase.

In conclusion,both in Quasi-Locked andin FastBeatstates,outputspectrumof ring oscillators

hassymmetricdistributionwith respectto zeroHz, andthemaximumpowerof spectrumis around

thelimit of locking range! L
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Figure37: OutputFrequency Behavior of Ring Oscillatorin FastBeat

5.6 Spectre Simulation

In orderto verify thecalculationdonein theprevioussubsection,wesimulatedlockingphenomena

by Spectre.Two differentinjectionscenariosaretested.The�rst scenariofallsonto thesettingwe

calculatedin theprevioussection,howeverin orderto applyto thesimulationresultin thissection,

it requiresmodi�cation in avariable.

5.6.1 Common-modeInjection

The�rst scenariois wheninjectoincurrentcomesascommonmodenoise.IdealVCVS ( Voltage

ControlledCurrentSource)wasusedto inject currentproportionalto injection signalto the tail

currentsourceasin the calculationmodel in Fig.29. The valuesof injectedcurrenti inj andos-

cillation currenti osc arei inj = � 0:6uApeak andi osc = 1:923uA(DC) � 0:377uApeak, andfree

runningoscillationfrequency wasf o = 2:56GH z.

In the previous section,we calculatedthat ring oscillator locks to injectedsignalwhich hasfre-

quency within the locking range! RC
I inj

I osc
. In the caseof our ring oscillator, ! RC = 1GH z, and

locking rangeis approximatelyaround1GHz.

Signalwith 0.5GHz,1GHz, 1.5GHz,2GHz, 3GHz, and4GHz wereinjectedto result in the

following spectrumin theoutputof ring oscillator.(Fig. 38) Outputspectrumshows free-running

signalmodulatedby injectedsignal,andit hasharmonicsat f o � f inj . The power of harmonics

follows low passcharacteristicsof ring oscillator, andthis injection systemcanbemodeledasa

combinationof multiplier andlow pass�lter [21].

Whenwe inject furtherslower frequencies,0.1GHz,0.25GHz,and0.5GHzasin Fig.39. We

seethesecondharmonicincreasesup to thepower equivalentto freerunningsignalf o. Interest-

ingly enough,thespectrumis notsymmetricrespectto free-runningspectrum,andit resemblesto

thespectrumpredictedfor quosi-lockingin Fig.35. This is becausethesignalwhich shouldhave
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beenusedin thecalculationsin theprevioussectionwasnot ! inj , but ! o � ! inj sincethis second

harmonicis thesignalwhichgoesaroundtheloop in thecaseof common-modeinjection.

Figure38: OutputSpectrumof SignalInjecterdRingOscillator

Figure39: OutputSpectrumof Slow SignalInjectedSignals
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We arenot going to modify all the equationsandgraphsprovided in the subsection5.4, but

will show theimportant�gures asfollows.

Therevisedlocking rangegraphof common-modeinjectedring oscillatoris in Fig. 40

Themodi�ed locking rangeis ! 0
L = (! o � ! L ), andnow it hasbandpasscharacteristicslike LC-

tankoscillator. This resultveri�es thesymmetricspectrumin Fig. 38. Althogh thelocking range

is simular to that of LC-tank oscillator, signalgoing aroundthe ring oscillator is ! o � ! inj and

muchlower frequency thanfreerunningfrequency ! o. Thus,thering oscillatorsstill do not lock

to eachotherin free-runningoscillation.

Figure40: PhaseShift in anCommon-ModeInjection-lockedRing Oscillator

After replotting the output spectrumof Common-modeinjectedring oscillator in Fig. 41, we

con�rmed that thesimulationresultmatchesto thecalculationmodel. Dif ferentfrom theQuasi-

Locking stateof LC-tank oscillator, ring oscillatorshows low pass�lter typeof weakly coupled

phenomenaasestimatedin Fig. 41.

(a)PDF (b) Spectrum

Figure41: OutputPDFandSpectrumof Quasi-LockedCommon-ModeInjectedRing Oscillator

As aconclusiontof thissubsecion,wesucceededin validatingthecalculationin 5.4with themod-
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i�cation of calculation:weneedto replace! inj with ! o � ! inj After thismodi�cation, simulation

resultby Spectrematchesto thecalculation.

The modelproposedby [21] analyzedthis type of injection locking in the way of commutating

mixer analysis,but they have not mentionedweekly-coupledbehavior. They useddifferentap-

proachto calculatelocking range,andwe have not comparetheirsandoursquantatively, but two

equationshavesimilarshape.

In theoscillationarraywhich wasfabricatedin the endof this research,the outputspectrum

of oscilltorsshouldbesimilar to theresultof this SpectreSimulationbecausetheinjectionmech-

anismis indirectly via substratewithout usingany kind of differentialcoupler. This simulation

concludesthatwecannotexpectany modi�cation in phasenoiseby couplingeffect.

In themodel,weassumedthatdifferentialnatureof theoutputis still keptundercurrentinjec-

tion. However, whenwe inject currentto tail current,we modulatebiasconditionof differential

pair andcannotsustainthe small signalmodelin Fig.29: If the power of injection is too strong,

it even collapsesdifferentialnatureof outputswing. In the next section,a singal is going to be

injectedin differentialmanner.
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5.6.2 Differential Injection

Differential injection currentwas injectedby VCCS (VoltageControlledCurrentSource)with

the samemagnitudeassmall signalcurrentin free-runningoperation(Fig. 5.6.2). Wheni osc =

1:923uAD C � 0:377uApeak, Gmof VCCSwasgminj = 1:5uS whichgivesi inj = � 0:3uApeak.

RCP

RCN

IN- IN+

OUT+ OUT-

K Inj

Figure42: DifferentialInjectionScheme

We have obtainedthe following differentialoutputspectrumwith injection frequency of 0.1-

GHz,1-GHz,2-GHz,2.5-GHz,3-GHz,and4-GHz.

Theresultshowssimilarbehavior asLC-tankoscillatorlockingphenomenawith aslighteffect

from low pass�lter characteristics.

Whenthe injectedfrequency is low, free-runningsignalandinjectedsignalcoexist, but injected

signalhassmallmagnitude.Whentheinjectedsignalcomescloserto free-runningfrequency, there

is Quasi-Lockingstateat f inj = 2GH z which hassamepro�le asthatof LC-tankoscillator. As

the frequency getshigher, theoscillationof the ring oscillatortracksthe injectedsignaluntil the

endof locking range.At f inj = 4GH z which is outsideof locking range,thering oscillatoris not

inject-locked,andstaysin thefree-runningstate.

In [32], Hajimiri andhisgroupusedsignalcouplersto injectdifferentialsignalsto VCOs.In order

to verify this simulationresult,we alsoneedto usethis kind of differentialcouplingtechnique

or PLL asin Razavi' s paper[1]. Dif ferentialInjectionseemsto bemorestableinjectionmethod,

however it requiresextracostof hardware.

52



Figure43: OutputSpectrumunderDifferentialInjection
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6 Fabricated IC and its MeasurementData

An IC below was fabricatedin ST Microelectronics90nm processto validateultra low power

operationof sub-thresholdMCML. The chip consistsof a one-hundredoscillatorarray, current

biascircuit, andperipherals.

(a)TopSystem (b) Layout

Figure44: FabricatedIC, 1mmx 1mm
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6.1 One-hundred Oscillator Array

An oscillatorconsistsof threesub-thresholdMCML buffers.From[19], threestagering oscillator

waschosento achieveminimumphasenoise.In orderto turn on/off andreadout selectedoscilla-

tors,wehave

- Two separatedVDDs in a ring to turnon/off oscillators(Fig.45)

- Read-outswitchesbetweentwo outputbuffersto selectively outputoscillatingsignals.(Fig.46)

(a) A Single

RingOscillator

(b) Row/ColumnON/OFFSelector

Figure45: OscillatorON/OFFScheme

Figure46: OscillatorRead-OutScheme
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Onehundredoscillatorwith ON/OFFSwitchesandRead-outSwitcheswaslayoutinto 100um

x 100umarea.Switchesarecontrolledby theparallelsignalssentfrom SPI(SerialParallel Inter-

face).

(a)100RingOscillatorswith Switches (b) 100 Ring Oscillator Layout, 100um x

100um

Figure47: Layoutsof Oscillators
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6.2 MeasurementResult

6.2.1 Curr ent Bias Cir cuit

Bias current I ss was measuredfor multiple valuesof VDD, and the dataare shown below is

comparedto simulationresults. The measurementdatadeviatedfrom simulatedvalueafter 1V,

whereasbiasvoltageRCPandRCN aremostlyfollowing thetrendof simulatedvalues.

(a) I ss vs V DD (b) RCN , RCP vs VDD

Figure48: VDD Dependenceof CurrentBiasCircuit

6.2.2 SingleOscillator

TheOutputof thesingleisolatedoscillatoraretakenoutasanalogoutputwhichcanbemonitored

by a spectrumanalyzerandas16-timedivideddigital outputwhich canbemonitoredby oscillo-

scope.

The�gure below areshowing theanalogoutputspectrumin two differentcondition.The�rst one

is whenonly the singleoscillator is runningandthe secondoneis whensomeoscillatorsin the

arrayarerunningat thesametime.

Themeasuredoscillationfrequency andphasenoiseof isolatedsingleoscillatorwas9.19MHzat

1MHz offset and-26.96dBc. This resultwasquite inferior to the post-layoutsimulationresult,

500MHzand-60dBc.

In the second�gure, oncesomeoscillatorsin the arraystartrunning,we canseethat the single
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oscillator is perturbedby injectedsignal from the otheroscillators,and its spectrumis aboutto

change.Whenwe turn on morenumberof oscillators,the spectrumpeakdisappeared,andthe

singleoscillatorstoppedworking.

From 5.4, we know that ring oscillatorcannotbe coupledaroundits free-runningfrequency, but

lower frequency thanthat. We expectedto seethe oscillatorscoupledin low frequency, but we

saw theoscillationeventuallystoppedin this onechip we measured.Themeasuredfrequency of

(a)FreeRunningOscillator (b) PerturbedFreeRunningOscillator

Figure49: FreeRunningOscillatorAnalogOutput

(a)FreeRunningOscillator (b) PerturbedFreeRunningOscillator

Figure50: FreeRunningOscillatorDigital Output

�rst harmonicswith sweptcurrentis plottedbelow. From (53) or (52), we know that frequency

shouldbeproportionalto biascurrentI ss, andtheresultshows this tendency. However, sincenow

our currentbiascircuit alsohaslineardependency on VDD asin Fig.48(b),we arenot quitesure

if this frequency is purelyfrom I ss.
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Figure51: OscillationFrequency vs Iss

6.2.3 100Oscillator Array

Due to the mistake in the logic, we could not control the output of oscillator, and we cannot

locatetheoscillatorwhich is outputtingits oscillationsignal.However, wecanseethevariationof

frequency over thearray.

Figure52: OscillationFrequency Variationin theArray
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7 Conclusionsand Futur eDir ections

MOS CurrentMode Logic operatingin Sub-thresholdregion was investigatedin this research.

Whenwe look at Energy Delay Product,this type of logic is superiorto CMOS static logic for

voltagesupplyaroundVth .

Themainconcernaboutsub-thresholdlogic is its highsensitivity to PVT variation.

Feasibilitystudyhasbeenperformedby analyzingmismatch/variationeffectwith newly proposed

currentbiascircuit. Voltageswingof 0:4 � V wasdeterminedto belargeenoughto convey logic

to thenext stageevenunderprocessvariation/mismatch.Thisvaluewasdoublecheckedby botha

proposednonlinearinput-outputmodelandMonteCarlosimulation.Currentbiascircuit sustains

stability of biascurrentovervoltageandtemperature,1.072Kppm/deg and160K ppm/V, for only

1.25Vand2uA powerconsumption.

Clocksignalgenerationwasselectedto show thevalidity of sub-VthMCML, and3-stagering

oscillatorwasdesignedandfabricated.Post-layoutsimulationshows2GHzoscillationwith 26uA

currentconsumptionsolelyin oscillatoritself under1.25-Vvoltagesupply.

As anextendedtopic of this research,couplingphenomenaof oscillatorswasstudied.Phase

noiseof oscillatorswereprovedto decreaseproportionallyto thenumberof oscillatorscoupling

[30]. However, the relatedresearcheswereall donefor LC-tank oscillator. In this research,the

locking conditionandweakly coupledstateweremathematicallysolved in the samemanneras

in [1], and the result was veri�ed by Spectresimulation. Ring oscillator shows quite different

couplingphenomenacomparedto LC-tank oscillators,andmostnotewowrthy fact is that a ring

oscillatordoesnotcoupleto eachotheraroundits free-runningfrequency.

By usingST Microelectronics90nmCMOS process,currentbiascircuit, a singleoscillator,

and100-oscillatorarraywerefabricated.Themeasureoscillationfrequency andphasenoisewere

9.19MHz at 1MHz offset and-26.96dBcwhich werequite inferior to the simulationresult.Due

to somemistakesin design,somefunctionsof chip arenot working, and in order to verify the

mathematicalcalculationswehavedone,remakeof thedesignis necessary.

In this research,we looked into ultra low power logic, andtheoreticallywe showedits potential,

andhopefullythis categoryof researchwill becontinuedin thefuture.
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Appendix A: GeneralSolution 3

We wantto evaluate Z
d�

a + bsin�
(90)

wherea = ! 0 � ! inj andb= � ! L .

Rememberthat,by de�nition of sec�

1
cos�

= sec� (91)

Now, �rst factwe requireis

1 + tan2 �
2

=
1

cos2 �
2

= sec2
�
2

(92)

Secondfactwe requireis

d
d�

tan
�
2

= �
1

2cos2 �
2

= �
1
2

sec2
�
2

(93)

Lookingbackat (90),wewrite it down asfollows
Z

d�
a + bsin�

=
Z

d�

a + 2btan �
2

1+tan 2 �
2

=
Z

d� (1 + tan2 �
2)

a(1 + tan2 �
2) + 2btan �

2

=
Z

d� sec2 �
2

a(1 + tan2 �
2) + 2btan �

2

Now substitutingx = tan �
2,

dx = �
1
2

sec2
�
2

d� (94)

Therefore,
Z

d�
a + bsin�

=
Z

� 2dx
a(1 + x2) + 2bx

=
� 2
a

Z
dx

�
x + b

a

� 2
+ 1 � b2

a2

Now weneedanotherfact
Z

dx
x2 + k2

=
1
k

tan� 1(x=k) (95)

3Thiscalculationis by courtesyof Pulkit Grover, pulkit@eecs.berkeley.edu

61



Therefore,

Z
d�

a + bsin�
=

� 2
a

1
q

1 � b2

a2

tan� 1 x + b
aq

1 � b2

a2

Now substitutex = tan �
2.

t =
� 2

p
a2 � b2

tan� 1 tan �
2 + b

aq
1 � b2

a2

Therefore,

r

1 �
b2

a2
tan

�
�

p
a2 � b2

2
t
�

= tan
�
2

+
b
a

62



References

[1] BehzadRazavi. A studyof injection locking andpulling in oscillators. IEEE Journal of

Solid-StateCircuits, 2004.

[2] BehzadRazavi. Mutual injectionpulling betweenoscillators.IEEECICC, 2006.

[3] BentonH, Alice Wang, and AnanthaChandrakasan.Modeling and sizing for minimum

energy operationin subthresholdcircuits. IEEEJournalof SolidStateCircuits, 2005.

[4] DeepakC Sekar. Clock trees:differentialor singleended? IEEE ISQED, 2005.

[5] PayamHeydari andRavindranMohanavelu. Designof ultrahigh-speedlow-voltagecmos

cml buffersandlatches.IEEETransactionof VLSISystems, 2004.

[6] F. CannilloandC. Toumazou.Nano-power subthresholdcurrent-modelogic in sub-100nm

technologies.IEEEElectronicsLetter10th,Vol. 41,No.23, 2005.

[7] MasayukiMizuno et al. A ghz mosadaptive pipeline techniqueusingmoscurrentmode

logic. IEEEJournalof Solid-StateCircuits, 1996.

[8] KrishnakumarSundaresanet al. Processand temperaturecompensationin a 7mhz cmos

clockoscillator. IEEEJournalof Solid-StateCircuits, 2006.

[9] M. Brownlee,P. K. Hanumolu,K. Mayaram,andU. Moon. A 0.5-ghzto 2.5-ghzpll with

fully differentialsupplyregulatedtuning. IEEEJournalof Solid-StateCircuits, 2006.

[10] JasonMusicerandJanRabaey. Moscurrentmodelogic for low power, low noisecordiccom-

putationin mixed-signalenvironments.InternationalSymposiumon Low PowerElectronics

andDesign, 2000.

[11] AnanthaChandrakasanandRobertW. Brodersen.Minimizing powerconsumptionin digital

cmoscircuits. Proceedingsof theIEEE, 1995.

[12] HandrawanSoelemanet al. Robustsubthresholdlogic for ultra-low power operation.IEEE

TransactionsonVLSISystems, 2001.

[13] Y. Deval andJ.P. Dom. 1-volt ratiometrictemperaturestablecurrentreference.IEEEISCAS,

1997.

[14] Giustolisi andG. Cutri. A low-voltagelow-power voltagereferencebasedon subthreshold

mosfets.IEEEJournalof Solid-StateCircuits, 2003.

63



[15] H.J.Oguey andD. Aebischer. Cmoscurrentreferencewithout resistance.IEEE Journal of

Solid-StateCircuits, 1997.

[16] DipanjanSenguptaandResve Saleh.Power-delaymetricsrevisitedfor 90nmcmostechnol-

ogy. IEEE ISQED, 2005.

[17] Serra-GraellsandHuertas. Sub-1-vcmosproportional-to-absolutetemperaturereferences.

IEEEJournalof Solid-StateCircuits, 2003.

[18] N. Pletcher. Micro power radio frequency oscillatordesign. Master's thesis,UC Berkeley,

2007.

[19] FrankHerzelandBehzadRazavi. A studyof oscillator jitter due to supplyandsubstrate

noise.IEEETranson Circuit andSystems, 1999.

[20] BehzadRazavi. A studyof phasenoisein cmososcillators. IEEE Journal of Solid State

Circuit, 1996.

[21] T. H. LeeR. J.Betancourt-Zamora,S.Verma.1-ghzand2.8-ghzcmosinjection-lockedring

oscillatorprescalers.IEEESymposiumon VLSICircuits, 2001.

[22] RobertA. York. Scanningoscillatorarraysfor low cost transceivers. IEEE International

SymposiumonSignals,Systems,andElectronics, 1995.

[23] M. Nijof f. Jiugemsoeuvrescompletesdechristiaanhuygens.In TheHague, TheNetherlands:

CocieteHollandaisedesSciences, 1893.

[24] Ted Heath. Beamsteeringof nonlinearoscillatorarraysthroughmanipulationof coupling

phases.IEEETRANSACTIONSONANTENNASAND PROPAGATION, 2004.

[25] Paolo F. Maccarini. Advancesin NonlinearPhasedArrays. PhD thesis,The Universityof

California,SantaBarbara,2002.

[26] XiaolueLai andJaijeetRoychowdhury. Fastandaccuratesimulationof coupledoscillators

usingnonlinearphasemacromodels.IEEEproceedings, 2005.

[27] R. Adler. A studyof lockingphenomenain oscillators.IEEEproceedings, 1973.

[28] Kaneyuki Kurokawa. Injectionlocking of microwave solid-stateoscillators.IEEE proceed-

ings, 1973.

[29] K. D. Stephan. Inter-injection-locked oscillatorsfor power combiningandphasedarrays.

IEEETransMicrowaveTheoryTech, 1986.

64



[30] Heng-Chia,XudongCao,UmeshK. Mishra, andRobertA. York. Phasenoisein coupled

oscillatorarrays.IEEEMTT-SDigest, 1997.

[31] PeterKinget et al. An injection-lockingschemefor precisionquadraturegeneration.IEEE

JSSC, 2002.

[32] JamesF. Buckwalter, Aydin Babakhani,AbbasKomijani, andAli Hajimiri. An integrated

subharmoniccoupled-oscillatorschemefor a 60-ghzphased-arraytransmitter. IEEE Trans

on MicrowaveTheoryandTechniques, 2006.

[33] Ali Hajimiri andTomasLee. A generaltheoryof phasenoisein electricaloscillators.IEEE

Journalof Solid-StateCircuits, 1998.

[34] Huijung Kim andBummanKim et al. A low phase-noisecmosvco with harmonictunedlc

tank. IEEE,Transof MicrowaveTheoryandTechniques, 2006.

[35] Luca RomanoandAndreaL. Lacaitaet al. 5-ghzoscillatorarraywith reduced�ick er up-

conversionin 0.13-umcmos.IEEEJournalof Solid-StateCircuits, 2006.

65


