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Abstract

In thisresearchMOS CurrentMode Logic (MCML) in sub-thresholdsub-Vth)operation
hasbeen st timeinvestigatedandappliedto clock generatiorcircuitry.

Sub-thresholaperations known to be the optimumpoint of operationin termsof power
speednetric, however, it is sensitve to temperatur@ndvoltagevariationdueto the exponen-
tial natureof thisregion. In orderto achieve robustlogic operationover PVT variation,voltage
swing from high to low logic level is controlledboth staticallyanddynamically: The static
controlhasbeendoneby settingenoughvoltageswingto corvey logic level to the next stage.
A DC input-outputmodelis proposedo analyzeprocessvariationand mismatcheffect, and
togethemwith Monte Carlo simulationresult,the necessaryoltageswing wasspeci ed. The
voltageswingis alsocontrolleddynamicallyby replicabiascircuit anda proposedurrentbias
circuit .

A studyon coupling phenomenaf ring oscillatorsstemmedrom phasenoiseanalysis,
andmathematicabehaior modelwasvalidatedby Spectresimulation.

In theendof researchsub-thresholdCML is appliedto 3-stageing oscillatorsto gener
ate2G-Hzclock signalwith 40uAand1.25V power consumption.Onbundreding oscillators
wereimplementedn a samedie of 900nmCMOS procesgo collectthe dataof notonly varia-

tion effect but alsocouplingeffect of oscillators.
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1 Intr oduction

Sub-thresholdr weakinversionoperationwhich usesleakagecurrenthasbeenregardedasthe
mostpower-ef cient region. Our researchs ultra low power clock generationandthis region,

wherethe gm/ld hits the maximumvalue, is the choicetaken. However, it hasbeenunattracte

for mary applicationghatrequirefastprocessingimessinceMOS transistorsareslow whenthey

are operatingin this region. Currently it is appliedto somelow-power applications, watches,
pace-makrs,andhearingaids. Also, emeging ultra low-power applicationssuchasdistributed
sensometworksareanatural t for sub-thresholdircuits[3].

It is well known thatin CMOS technologieseyond 90nm,leakagepower is oneof the most
crucial designcomponentdfor CMOS static logic [4]. However, the good news for the sub-
thresholdregion is that gatecurrentis negligible relative to sub-thresholdurrentbecausét rolls
off muchfasterwith VDD. Otherleakagecomponentsuchasgate-inducedrainleakagg GIDL)
andpn-junctionleakagearealsonggligible in sub-thresholdegion.

The badnews is that the sub-thresholdaturrentis very sensitie to temperatureand processvari-
ation, which, in turn, limits the robustnesf the sub-thresholdogic [5]. Thesevariationscause
uctuationsin thevoltageswhich have exponentialeffect onthe sub-threshol@urrents.

In orderto alleviate this problem,a fully differentialstructuredCMOS CurrentMode Logic
(MCML) canbe utilized. It bringshigherimmunity to supplynoiseandprocessvariation. Other
advantageousharacteristicof MCML are lower crosstalkowing to the reducedoutputvoltage
swing, andlower generatedoiselevel owing to the constantcurrent o wing throughthe supply
rails [6]. Especially for the clock generationdifferential clock outputscanbe distributedasa
twisted pair which magneticallydecoupledo adjacentignallines. Furthermore|ow-swing dif-
ferentialclock treesare seento have 25-42% lesssensitvity to power supplynoiseand6% less
sensitvity to manugcturingvariationthansingleendedclock trees[4]

If we areallowedto implementsomefeedbacKkricks to thecircuits,thereareseveralstabiliza-
tion schemedo look into. ReplicaBias Circuit proposedy [7] stabilizedoperatingfrequeng of
a processopover cornercasesof devices, supplyvoltage,andtemperaturdoy controlling current
sourceof MCML with PLL [8]. Recently[9] shovedthatMCML candynamicallycontrol PVT
variationin 0.5-GHzto 2.5-GHzfrequeng-range.The on-goingresearchearetamgetingMCML
functioningin the active region, and MCML operatingin sub-thresholdegion hasnot yet been
fully explored.A paperby CanilloandToumazoy6] is the rst onewhich discussesubthreshold
MCML. However, no further researchresultshave beenreportedsincethen. This researchrst
time investigatesub-VthMCML in anapplication.

In this paper we rst explore the natureof sub-thresholdMOS currentmodelogic (Sub-Vth



MCML) to shav necessaryoltageswing, logic structure,andbiascircuitriesfor safelogic op-
erationover PVT variation. Togethemwith dynamicalcontrol by ReplicaBias Circuit, this static
controlguaranteesafeoperationof sub-VthMCML.

As a partof UWB project,ultra low power clock generatiorwasattemptedand 2G-Hzring
oscillatorswith 1.25V, 10uA power consumptiorwasfabricatedn 90 nm processA studyonthe
couplingphenomenaf oscillatorsstemmedrom phasenoisestudy of oscillators,andaddedat

theendof thisresearch.



2 Sub-thresholdMOS Curr ent Model Logic

2.1 CMOS Characteristicsin SubthresholdRegion

The MOS in sub-thresholdegionis known to follow exponentialaw lik e abipolartransistordoes

[6];

iVgsi iVgsi iVygsi

lsub=1o €™t € ™ (1 eVt ) (1)
where,
lo= L—n(F) (2)
Cq
n=1+ — 3
c.. (3)

= DIBL Coefcient

Dueto the exponentialnatureof (1), this operationakegion needso be carefullyused.From
this equationwe canalsonoticethattemperature),, andaspectatio ‘C’—n“ shouldbe considered
asmainvariationandmismatchfactors.As explainedin thefollowing section NMOS differential
pair in sub-VthMCML needsto be designedo stayin this region throughoutthe entire logic
operation.

2.2 Designof Sub-thresholdMOS Curr ent Mode Logic

MCML is structuredas a differential pair as shovn in Fig.5.6.2. This is currentsteeringtype
of logic: whenoneinput voltageis higherthanthe other whole currentdravn by the bottom
currentsourcegoesthroughthat branch, and the other branchdoesnot conductary current.
Therefore high stateof thelogic is VDD, andlow stateis VDD  Vswing. In sub-threshold
MCML, theNMOS differentialpairis designedo operatdn sub-thresholdegion, andthe bottom
NMOS currentsourcels in saturatiorregion. The operationregion of PMOSload depend®nthe
amountof sourcecurrentrequired. Sincesub-thresholdegion of CMOS resembleghat of Bipo-
lar, MCML operatingin sub-thresholdegion is soma&vhatanalogoudo Emitter CoupledLogic
(ECL) of Bipolar technologywhich is pretty maturetechniqueand hasbeenusedin high-speed
logic for almostthreedecade The PMOSIloadis equialentto a resistancevhich hasimpedance

of Rp = Vinmax =lss- We controltheresistvity of the PMOSloadwith a ReplicaBias Circuit,
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(8 MOS Current Mode (b) ReplicaBiasCircuit
Logic (MCML)

Figurel: MCML

Fig.1(b),asproposedn [7]. In orderto keepparasiticcapacitancat the outputassmallaspossi-
ble, thesizeof PMOSIloadis sizedto be minimumwhichis goodin termsof PDPmetric.
OnedifferencebetweerMCML operatingn stronginversionandsub-thresholdegionis thatsub-
thresholdMICML hasconstanswitchingthresholdvoltagede ned by thermalvoltageV, = kT=q
from the samemechanismas bipolar Emitter CoupledLogic, ECL, wheren is the slopefactor
de nedin (3).

Vin  3nV;= 117V (n 15) 4

In contrastthe switchingthresholdvoltageof stronginversionMCML is de ned by theover-drive

voltage,Vdsat,andit requiresmorecareto maintainproperinput signallevel.

s

Vin Visat = k(W=L) (5)

Thebiaspointandsizing of devicesaredecidedby thefollowing condition,andthe sizing of de-

vicesis showvn in Tablel;

1: InputVoltageSwing: Vipmin = 200mV from (4)
2 : CurrentSource:l ss = 1uA for 2GHzoscillationfor 3-stageing oscillator

PMOSLoad | NMOS DifferentialPair | NMOS CurrentSource
0:1=0:12 0:1=0:12 1:4=6:5

Tablel: Sizeof device [um=um] in 90nmMCMOSProcess
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Input-Outputresponsef the sub-VthMCML is plottedby HSPICEIin Fig.2. We have found
this responsés not symmetricin outputmagnitudewise which is differentfrom CMOS inverter
responseThereasorof thisasymmetrywill beexplainedin thesubsectior2.5

The maximumspeeds the main concernwhensub-VthMCML is usedin clock generatiorcir-
cuits. In orderto verify the maximumspeedf operation We cancheckAC simulation.A setting
of simulationcango lik e this;

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

117mVin theoperationfrequeng.

2: Putappropriatdoading,for exampleFO4loading.

3: Do AC analysisontheassumptiorthatsmallinputandoutputswingof MCML canberegarded
assmallsignal.

4: Seekfor upperlimit which is the frequeng wherethe gain dropsto unity on the assumption
thattheres next stage.

In this setting, the maximumfrequeny is extractedas around1GHz from Fig.3. In orderto
achieve 2-GHz oscillation frequeng, we needto put two currentsourcesin parallel at the tail

currentsource.
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2.3 Delay Energy Metric of MCML vs CMOS Static Logic

We arenow goingto discussdelayandpower scenario.Delay, Pover, andPower Delay Product

of MCML areknown to have dependengcon VDD, outputdevice size,andsourcecurrent[10];

N C V
Duvcve =N R Czli (6)
PMCML: N | VDD (7)
Ewem. = N2 C V VDD (8)
N V
PDycve =N | VDD Cliz N? C VDD V (9)
N3 C2 vDD V32
EDumcmL = (10)

,whereN is thenumberof the stagesn thecritical path, V istheoutputvoltageswing,C is the
total outputcapacitanceandl is thebiascurrent.In contrastthoseof CMOS staticlogic depends

alsoon Vth, andthereforethereis anoptimal VDD andVth combinationexists[11];

N C VDD
D = 11
CMOS %(VDD Vith) (11)
1
Pcmos=N C VDD? ——— (12)
DCMOS
PDcmos= N C VDD? (13)
N2 2 C? VvDD?
ED = 14
CMOS ™ "K(VDD  Vth) (14)

where is de ned astheratio of wiring plusjunctioncapacitances;,, to theinputcapacitancef
thegate,C, ¢, andK representsermsindependensdf device width andvoltage.Simulationgives
EDP's of CMOSinverterandsub-VthMCML asin Fig. 4.

Thedependengcof VDD is aspredictedoy the modelin Eq. (6) - (14), andthe crossingpoint
of two cunesis approximatelyaround0.6V.
Now, we areinterestedn the quantitatve valueof the crossingsectionof two curves. Whenwe
plot EDP for both casedor differentvalueof , wewill nd aninterestingfacton MCML. The
following istheEDPfor = 0.6(Fig. 5(a))and1.5(Fig. 5(b)). ( Dashedine : Sub-VthMCML,
solid line : CMOS Inverter) The physicalmeaningof is the factorshaving the shortchannel
effect

1d/ (Vs Vi)© (2 (15)

In themodernprocesses, is estimatedo belessthanone,andFig.5(a)shovsthatcase .Recently
Heydari[5] shovedMCML in active region hasbetterEDPin higherfrequeng region, andthisis
pointing at the uppercrossingpoint of Fig. 5(a). Whenwe alsoshift our eyesto the lower VDD

side,we nd thatthereis anothercrossingpoint which indicatesthat MCML hassuperiorEDP

7
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Figure4: Enegy DelayProduct(EDP)of MCML vs StaticCMOS (FO4)

whenthe VDD goesdown. At this point, the counterparCMOS inverterslows down enoughand
MCML is moreadwantageous.
Now we try to estimatewherethe lower crossingpointwill be. By equatingeq.(14)andEq.(10),
we get

VDD

2 1
VDD Vth:(T

whenwe assumeaeasonablealuesof | = 1uA; VDD < 1V;K = 10Qu.

) (16)

Thisresultultimatelyconcludeshesamefactaswhatg,, =l4 curve of CMOStransistolis showving;
om=l4 curveis themetricof power-speecef ciency, andit hitsthemaximumpointatsub-threshold
region. In our calculation,vVDD lower thanVy, is moreor lesstheregion whereMCML is more
efcient than CMOS staticlogic, andin this situation, MCML falls on the category of sub-Vth
MCML. Thus, from the two casesof , we canconcludethat usingMCML for low frequeng
usages adwantageousver CMOSstaticlogic eitherit is operatingn shortchannebrlongchannel
model. Thiscanbeunderstoodntuitively. SinceMCML ips itslogic statemmediatelyafterthere
is slight differencebetweentwo inputs, it is astablelogic. Astablelogic is analogoudo seesw.
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: EDP of CMOS InverterandSub-VthMCML

to causethis change andthereforeit is never wastingeven leakagecurrent. Thus, this sub-Vth
MCML takestheadvantageof recenteaky processandcanrealizepower ef cient logicin middle

to low frequeng operation.

2.4 Delay of Cascaded_ogic of Sub-Vth MCML

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

modeledas RC delay model exactly sameas Static CMOS logics whereR is controlledby the
replicabiascircuit, andC is parasiticcapacitancén the outputnodes.Thereforewe canusesame
techniqueo controldelaysuchas’Logical Effort” or "EImore delaymodel”.

Delay is expectedto decreasdoy controlling back gatevoltage. Back gateplays a role asthe
secondgateandit basicallyhelpsto increasethe gm of a transistor Another currentmodel of

sub-thresholdransistoris shovn andit includesthefactorof Vs asa gate.

W KT 2 @ mvee nvgs Vs
=1 4 ° e n 1 e u (17)

Eventually [12] proved that a transistorwhoseback gateis connectedo the gateof itself has
smallerdelaythannormaltopologyon the conditionthattriple well processs available.It means
thatincreasdn currentdrive overweightsthe increasein gatecapacitance However, we cannot
expectthisbene t from Vbsin thegenericsub-thresholdCML logicsbecause¢herewill bemulti

layeredparasiticcapacitancén morecomplex logics.



2.5 GenericDC Input-Output Model

The DC characteristiof MCML in sub-thresholdegion hasnot beenmodeledin the literature.
In orderto analyzeprocessvariationandmismatcheffect on thelogic, the modelfor bothNMOS
differentialpairandPMOSIloadingareindispensableln this sectionwe will shov amodelwhich
is preciseenoughto determinghedesignspeci cationandsimpleenoughto graspthephenomena
intuitively.

Dueto thedifferentialnatureof MCML, the summatiormnf currentfrom two branchess constant
|1+ 12= Is(Const) (18)

Here,we proposeresistancenodelof PMOSloadingasavariableresistanceandtheinput-output
expressions goingto be dervedfrom this resistancenodelandthe currentequationsgq.(3)and
Eq.(18). The following is the proposedesistancenodelwhich nearly dependson voltagedrop
acrossatransistor;

R(Vgs) = a Vgt b (19)

In reality, R(Vys) is notreally a straightline asshown in Fig.6, however, in orderto facilitatethe

following calculation,we assumehis modelfor now. Ohm's law shouldhold for the currentl 4

PMOS Load

_ag.ar 1t ((VS(Uaddlt) — vS(YOUTN®)) / 18("/M2/d

—B&@Ki

—13¢K _
—12@K _
—140K ,
—1B@K ,

—ZEdm —1d6m oo 18@m 2dEm
de [ V)

Figure6: Impedancef PMOSLoad

andvoltagedropacrosshe PMOSloadingVs:

V,
R(Ves) = -2 (20)
Fromthe above two equationsye get,
1 b
lq= = —_a 21
7 a a Vgs+ b (21)

10



Figure7: Id-Vds Cure of PMOSloadingof MCML

We comparehis equationto therealbehaior of 1d-Vds curve of PMOSIloadingdepictedn Fig.7
Whenthe outputof the branchis high, Vygs = 0, andall the currentdravn by the currentsource
o wsin theotherbranch.Therefore] 4 is zero,andthis modelshavs that situation.On the other
hand,whenVys becomessufciently large toward low logic level, all the currentdravn by the
currentsource o wsin this branch;l 4 shouldcorvergeinto constantvaluel ss. Thus,1=ashould
converge to the valueof currentsource |l ss. bis interprettedasresistive value of PMOSloading
whenVys = 0. Hencewe call thisbas”residueresistance”.

FromEqQ.(1)and(21), we obtaintheinput-outputmodelof sub-thresholdMCML.

b

Von= VDD (22)
pta
b
Vop= VDD (23)
T+a
where,
I
1= ﬁ (24)
+ e i
I
1+ e ™

Theplot of Eq.(23)and(22) areshavn in Fig. 8(b), andwe canverify thatthe proposednodelis
agoodapproximatiorof the HSPICEsimulationresultin Fig.8(a).

11
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Figure8: Positve/Neggative Input-OutputResponsef MCML

2.6 Input Output Model with Replica Bias Cir cuit

Undertheconditionof usingReplicaBiasCircuit [7],we cancontrolvoltageswingof MCML from
outsideof the IC. Supposéhatthe controlledvoltageswingdovnto VDD Vgying , andoneof
the differentialnodesswingto Vsying Whenall the currentfrom the currentsourcel s 0 wsonly

to thatbranch.This conditionis re ectedto the Eq.(21)

1 b
=- ___a 26
SS a a VSWing + b ( )
andtransformedo,
1 b
a= — 27
I Ss szing ( )

Substitutingeq. (27) to Eqg.(23)and(22), theinput-outputresponsavith ReplicaBias Circuit turn

outto beasfollows;

b
Von= VDD —— (28)
€ |n:st szing
b
Vop= VDD —— (29)
€ :lst + szing

Theresultingdifferentialoutputcanbe expressedvith 4, | 55, andbin theend;
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1 1
Vod = b Iss ( s T 2 Vi, ) (30)
1 a lg+e Wt 1 a lgt+te v
4 Vin
b Iss szing2 ( 1+e ™t )

= 2 Vin 2 Vin
(be™t 155+ Vawing)(blss + € ™t Vswing)

(31)

3 Robust DesignSchemefor Sub-Vth MCML

In orderto securdahelogic operatiorof Sub-VthMCML, thevoltageswingVsying andbiascurrent
| s play mainroles. In the following chapters,rst, mismatchandvariationanalysisdetermines
voltageswing Vsying ,» andsubsequentlya new currentreferencecircuit is proposedo stabilizel g

over voltageandtemperaturevariation.

3.1 Variation and Mismatch

Processvariationis cateyorizedinto two typesin differential modelogic. Oneis the common
modevariationwhich is referredas”variation”; the otheris the differentialmodevariationwhich
is called”mismatch”in this paper Dueto the exponentialnatureof subthresholaperation pro-
cessvariationanddevice mismatchareto be carefully concernedn sub-VthMCML. Thanksto

the commonmodenatureof MCML, variationof power supplyVDD doesnot comeinto play.

Variationandmismatchwill beanalyzedseparately

In this section,we aregoingto mathematicallyanalyzevariationand mismatchcontrilbution with

Mathematicaandtheseresultswill be comparedo the circuit simulationresultsby Spectrein-

cludingMonte Carlosimulation.

3.1.1 Variation Effect

Thevariationeffect of differentialoutputEq.(30)is evaluatedasits dervativesonb, | 55, andV;.

Variation Effect by b

2 Vin 4 Vin
2 vin 4 Vin 2
V od _ € vt ( 1+ e ™ )l ssszing szl szs Vs%ving)

b 2 \\//in 2 2 \\//in 2 (32)
(be Wt lss+ Vswing)?Elss + € ™t Vsying)
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Variation Effect by | ¢
2 Vin 4 Vin
Vod_ b e™™ ((1+e™ )Vouing PIE  Vidiing) (33)

I 2 Vin 2 2 Vin 2
ss (be Wi+ szing) (blss+ e i szing)

Variation Effect by Vt

V2 (12 (14 €™ )+ 40E ™0 | Vawing + (1+ €™ )V2:0) Vi

2 Vin
Vod _ 2be Vi l'ss swing
- 2 Vin 2 Vin_
Vit thz(be Wi |ggt szing)2 (blss + e ™ swing)2 (34)
Variation Effect by Vsying
Vod _ b ( 1+ 4 n\\;tin )I szsvswing (2b2 m\;tin lss + szing + 4 yn n\\;tin szing) (35)
= - 2 X 2
szing (bzn%| ss T szing) (b'ss + Zn%vswing)

Basedon thesemodel equationsnov we can plot the variation of outputvoltage Voq with

maximuml10%variationfrom eachfactorsnamelyb;| ss; V;; Vswing -

DVod of 10% b DVod of 10% Iss

0.002 0.002
0.001 0.001
-G. 20.05 0.05 o1 DVin 0.1 gz DVin
-0.001
-0.00

(@) Vog with 10%b Variation (b) Vog with 10%lssVariation

DVod of 10% nVt DVod of 10% Vswing

0.02
0.067
005 0.01
0025
07 01 0. 02 VN 52 o1 01 gz DVin
-0.0025
-0.005 -0.
-0.0075
20.02

(c) Vog with 10%Vt Variation (d) Voq with 10%Vswing Variation

Figure9: VariationEffect for EachFactor

Whatwe canclearly seefrom theseplotsin Fig.3.1.1is the effect of Vsying is the dominantfactor
in variation effect which changegnaximumvoltageswing. This variation stemsfrom not only
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the size variationof PMOS loading, but alsofrom the variationfrom strengthof feedbackioop
of ReplicaBias Circuit. Theotherfactorsproducethe gaindifferencein switchingactiity, but the
datais shaving thattheirin uence s quitesubtle.

Theworstcasesituationcanberealizedoy summingthepreviously derivedvariationeffectstoward

the samepolarity.

. V, V, V, V,
Vod]with allyariations = I ss o + Vt o + b od + biod (36)
I ss Vt b szing

The worst caseinput-outputresponsesvith  0; 5; 10%variationof b, | s5,V; areshovn to be
comparedo thecircuit simulationresultby SpectreIn this comparison\WW=L variationof PMOS
is assumedo reciprocalto the b andalsoVsying - i.€. In orderto express+10% variationof W=L
in schematicswe setb :  10% Vswing : 10% On the otherhand, W=L variationof NMOS
is proportionalto 1ss. Ontop of | variation,V; variationwhich hasoppositepolarity of W=L
variation hasbeenaddedin Mathematicasimulationto emphasizehe worst effect of variation
from NMOS differentialpair.

In this processpveralltendenyg causedy thevariationof NMOS differentialpairandPMOS
loadingis similar: Variationof PMOS loading causessigni cant voltageswing variationin the
output. However, the model calculatedoy Mathematicahasfour timeslessin uence on voltage
swingthanoneby Spectrewhich shavs thatlinearimpedancanodelof PMOSloadis not good
enough.We have examinedthis modelin anotherprocessandin that procesghis mathematical
modelshovedgoodmatchingto simulationmodel. Dueto theimmaturity of sub-thresholanodel
in Spectresimulation,we may have seerthis discrepang from a procesgo theother
Thoughonecancomeup with the solutionof increasinghe sizeof PMOSIloadingin orderto sup-
pressthe variationeffect of PMOSloading,increasingsize of PMOSloadingwill causeincrease
thecapacitveloadingof MCML. In thissub-threshol@dICML, loadingeffecthasagreatin uence
to slow down thelogic, andsizingis notagoodsolution. Consideringhefactthatwe have Replica
Bias Circuit to controlthe voltageswing, the simpleandbestsolutionrenderstself to setup the

voltageswingwith enoughmamgin.

FromFig.3.1.1,we canconcludehat 10%variationof critical parameterslo not bring detri-
mentaleffect on MCML if we putenoughmamgin to thevoltageswing controlledby ReplicaBias
Circuit. Fromthe dataof Spectre the worst casevoltageswingis abouthalf of the centervalue,
andtherefore the appropriatevoltage swing givento the ReplicaBias Circuit shouldbe double

thenVt whichis around400mV, Shortly, we will beled to the sameconclusionfrom theresultof
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Figurel0: VariationEffect Analysisby MathematicaandSpectre

Monte Carlosimulation.

3.1.2 Mismatch Effect

Mismatcheffectsfrom PMOSIloadingandNMOS differentialpair aregoingto be studiedin this
section. From the samemechanismasin the variationanalysis,mismatchof PMOS loadingis
characterizeavith bandVsying , Wwhereaoneof NMOS differentialpair is with | s andV;.
Mismatchappearssoffsetof zero-crossingoint of differentialouputof anMCML. Thecritical
situationoccurswhenthis mismatchis too large, andthe differentialoutputsremainin the same
levelevenif Vin 6 0Themismatcheffectestimatedy theproposednodelis plottedby Mathe-

matica,andcomparedo the schematisimulationby Spectre Thedifferentialoutputvoltagewith

16



mismatchis calculatedas(23) minus(22), andreducedo thefollowing expressiorn

Voo = bl + b2 IssZ szingz 37
0os — 2 Vin 2 Vin ( )
e Mu by b lssp+ €Wz szingz
I'ss1 Vsw ing 1

The worst settingsof four parameteréor NMOS andPMOSaresubstitutedo the (37) andcom-
paredto the schematisimulation:

DC Respanse
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Figurell: MismatchEffect Analysisby MathematicaandSpectre

From thesedata,we canconcludethat the proposedmodelis well expressingthe mismatching
effect of therealcircuit, andthe mismatchof maximum2% doesnot producesigni cant effecton
theMCML operation.
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3.1.3 Monte Carlo Simulation of Delay and Swing

In orderto graspstatisticaldataof mismatchand variation effect, Monte Carlo simulationhas
beenattemptedThetest-benchs includingMCML buffer, ReplicaBiasCircuit, andCurrentBias
Circuit whichis goingto be explainedin thefollowing section.The datumobsered wereoutput
voltageswinganddelay Delayis directly correspondetb the processvariationof oscillationfre-

queng of ring oscillatordiscussedh thelatersections.

Variation [ Fig.12(a)]

Variationdoesnothave asmuchasin uence onswingcomparedo whatwe have seenin the Spec-
tre simulationin the previouschapter Thisis becausehis Monte Carlosimulationis includingthe
replicabiascircuit. As far asfeedbackfunctionis working, swingis controlledto bethereference
swingvalue. Whereasthe delayis in uenced by variationwith 16% standarddeviation sincethe
biascurrent,whichis proportionalto the speedchangeswith variationof devices. This variation
is expectedo bemendedy post-procesgesistortrimming.

Mismatch [Fig.12(b)]

Mismatchsimulationresultfrom Monte Carlosimulationseemdo be problematiccomparedo the
goodresultfrom Spectresimulationin the previoussection.Thereasoris, Monte Carlosimulation
includesmismatchin theall circuitswhereaghe previous mismatchsimulationonly includemis-
matchesn abuffer. Swinghas50% standardieviation, andit is necessaryo setthevoltageswing
to bedouble.Delaycanberescuedy post-preocesgesistortrimming from the sameargumentin
variation.

Mismatch + Variation [Fig.12(c)]

The last graphis shawing the resultwherethe circuit experiencesoth mismatchand variation,
andit shavs almostsameresultasin mismatch. Therefore we cansaythat underthe feedback
functionof replicabiascircuit, variationeffectis suppressedndmismatchis goingto beacritical
factorin MCML. However, settingvoltageswing with enoughmaigin and post-processesistor

trimming to controlbiascurrentwill greatlyenhanceyielding.
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3.2 Robustnessto VDD and Temperature Variation

We now switchour focusto thedynamiccontrolschemeof the sub-VthMCML.

In the currentmodelogic, referencecurrentl s5 is one of the main factorsto decideone stage
delayfrom (6), which is differentfrom the caseof CMOS static logic whosedelayis decided
by VDD (11). Oncewe canobtainrobustl s, thenthe voltageswing of MCML is dynamically
controlledby ReplicaBiasCircuit [7]. Thus,referencecurrentgenerations thekey to thesuccess
in this researchRolustnesgo the externalervironment,especiallyvoltagesupply uctuation and
temperaturehangejs critical characteristi¢or integratedcircuits. MCML operatedasedon the
sourcecurrent,l 55, which controlledby the gatevoltageof currentsource.Therearetwo schemes
for robust clock generationn MCML circuits. In the casewherethe frequeng is supposedo
lock to a referencesignal,negative feedbackstructureof PLL will forcetheloop to be lockedto
thereferencesignaldisregardingPVT variationfactorsin the circuit itself. However, in the other
casewheretheMCML circuitis to generatareferenceclock frequeng, stabilizingcurrentsource
| s Over PVT variationis required. In this section,we proposea currentbias circuit which can
minimizetheeffectof voltagesupplyandtemperatureariationwhile keepingpower consumption
aslow as10uA andvoltagesupplyas1.25V.

3.2.1 Supply Voltageand Process

It is well-known scenariathatas CMOS processshrinks,voltagesupplylowersdown. The con-
ventionalregulationtechniqueof supply voltageis band-gapreferencecircuitry which usesVye
of Bipolor device. In band-gapeferencecircuit, Ve staysaround0.7 V over procesgo process,
andit is not simple to implementthis circuit for sub-1V voltagesupply As a natural t to the
sub-1Vvoltagesupply sub-VthCMOS referencecircuit hasemeged. Recently severalmethods

to producesub-1Vvoltagesupply have beenpublishedasin the Table.2showns. As proposedn

Ref | Publication| VDD[V] | Power[A] | Tempco[ppm/de] | Line Reg[ppm/V]
[13] | ISCAS 97 0.9 42u 120 571K

[14] | JSSCO03 1 3.6u 50 38K

[15] | JSSC97 1.2 100n TO4 100K

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

[17] | JSSCO03 0.9 5u 3K NA

Table2: Sub-1VCurrentReferenceCircuits
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[9], thering oscillatorconsistingof CMOS inverterscansecurePVT variationrobustsignalsince
thefrequeng of this type of ring oscillatoris proportionalto therail to rail voltageamount.How-
ever, the outputreferencevoltageof referencebiascircuit goesdown to almosthalf of the original
supplyvoltage,andtheoscillationfrequeng is constrainedy this referencesoltage.Ontheother
hand,the speedof thering oscillatorstructuredvith MCML doesnot dependon the supplyvolt-
ageV DD but onthecurrentsourcd . If thereis a currentreferencecircuit whichworkssub-1V
voltagesupply MCML haspossibilityto easilygenerateobust clock signalundersub-1VVDD.
In the modernprocesspne stagedelay of static CMOS logic hasseendramaticalchangeswith
both temperatureandvoltagesupply variation. Table 3 is shaving the in uence of temperature
andvoltagesupplyvariationon onebuffer stagedelayfor two differentvoltagesupplyin a90 nm
process.As the voltagesupplylowers,in uence of PVT variationbecomesnoreandmoresig-
ni cant, andit is necessaryo compensatbothervironmentalfactorsin realtime. In this section,

we proposean ultralow power currentreferencecircuit with functionof temperatureandvoltage

supplyrejection.
VDD VDD td temp td
1.0 10% 10% || -40 85 8%
0.5 10% 25% | -40 85 3%

Table3: VDD, TempVariationln uence on InverterDelayfor VDD=0.5-V and1-V
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3.2.2 Current Bias Cir cuit

We proposedthe currentreferencecircuit shovn in the g. 13 to producethe controlledgate
voltageRCN to MCML circuits. We now derive the temperatureand VDD dependencef the
proposecurrentreferencecircuit in thefollowing subsections.

VDD

M1 M2

Rx

wa | o RCN
M5 ;I—H M6

-

Figurel3: CurrentReferenceCircuit

Temperature Dependenceof Curr ent Bias Cir cuit

The sub-thresholdoltageof CMOS hastemperatur@lependencasshownn in Fig.14.

Figurel4: CMOSVth Temperaturd®ependeng
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If we cangeneratehedifferenceof NMOS andPMOSVth's, andits temperatur@glependence
lookslike asin Fig. 15.

Figurel5: CMOS Vth differenceof Temperaturéependeng

Thecircuit in Fig.13bringsthedifferencebetweerthresholdvoltageof NMOS andoneof PMOS,
Vr = jVthp] Vthn, acrosgheresistorRx underthe conditionthattwo horizontalcurrentpaths
have sameamountof currentwhenthe conditionin (38) is satis ed.
To= 39)
Thevalueof this voltagedropis constantn DC with negative temperaturelependencelherefore,
if we canprepareappropriateaesistancevith negative temperaturelependencehenthe current
goingthroughthis resistancébecomemoreor lesstemperaturéndependentDesiredtemperature

dependencacrosgheresistancé&kx canbederivedfrom Ohm'slaw (20);

Y | R

= +

'=vT TR T (39)
1V 1R

= _ + -
RT ' TRT (40)

—== — = T=0 (41)

Thus,therequiredtemperaturelependencef theresistorRx s,
R 1V
= 42
T I T (42)

In the processavailable,Vth of PMOSandNMOS have the following characteristicin Table4;

The delayconditionfor the threestagering oscillatorof 2GHz oscillationrequiresl = 2uA and

23



Vth[V] | tempco[V/deg]
PMOS | -369.6m 539.1u
NMOS | 270.8m -676.4u

Table4: Vth characteristiof CMOS

Rx is decidedaccordingto | .

Vk = jVthpj
_ W

RX__:

Therequiretemperatureoefcient is calculatedasfollows from (42),

Vthn = 0:1V

10K Ohm

Vr _ Vthp Vthn
T T T
= ( 6764u) 5391u= 1377u[V=ded
R Ve, _ o
— 7 =| = 1377uV=1UA =

137.7[0Ohm=ded

(43)

(44)

(45)
(46)

(47)

Unfortunately we could achieve only 14%of cancellationin the availableresistors.Unsicillicide

P+ poly resistorhasnegative temperatureoefcient, but becausdR, needgo sufce (44),it can

not perfectlysufce (47)atthe sametime.
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Simulation Resultsof Curr ent Bias Cir cuit

Fig.16arethesimulationresultsof the currentreferencesircuit with VDD andTemperaturswept.

(@ Vr vsVDD (b) VR vsTemp

(c)lss vsVDD (d)lss vsTemp

Figurel6: DC Simulationof CurrentReferenceCircuit

Numericalresultfrom the Fig.16is summarizedn Table5.

Temp -4085C |Iss 6:7% | 1.072Kppm/dey
VDD 10% | Iss 2% 160K ppm/V

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

the simplicity of our circuit mightbestill attractve to a certainapplication.

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

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

[14] | JSSCO03 1 3.6u 50 38K

[15] | JSSC97 1.2 100n TO4 100K

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

[17] | JSSCO03 0.9 5u 3K NA
thiswork 1.25 2u 1K 160K

Table6: Sub-1VCurrentReferenceCircuits

Thesevariationon| ¢ is proportionallyre ectedto frequeng of threestagering oscillatorswhich
will be mentionedn the next subsectiord.1.1. Dueto thelack of appropriataesistordevice, we
cannotshaw the effectivenessf this methodin the simulationin termsof temperatureobustness.
Still this currentreferencecircuit suppresse¥DD variationeffect on currentvaluel ss with low

power consumption.
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3.3 Monte Carlo Simulation Result

Monte Carlo simulationhasbeendoneto estimatethe distribution of constantcurrentvalue. The
resultbelow is shoving thatmeanvalueis 1:006uA with standarddeviation of 172nA (17%).If we
neglectingthetemperaturelependenceancellationwe canenhancats yielding by trimming the
resistorRy.

Figurel7: MismatchEffect of CurrentBias Circuit
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3.4 Logic Synthesisand Robustness

In this section tipsto designsub-thresholdMCML logic will bediscussedAs anexample,we are
goingto implementa AND/NAND logic. It is very straightforwardto implementMCML logic;
rst, write Karnaughmap,thenconnect’0” nodesto F(AND) and”1” nodesto F (NAND) asin
"(a) crudeAND/NAND”. Subsequentlyremove "always-ondifferential pair” from topologyto

minimize numberof transistorsas”(b) minimizedAND/NAND”.

I Bn 1E j} B
A
f RCN
(a) CrudeAND/NAND (b) Minimized

AND/NAND

Figure18: AND/NAND Implementationn MCML

Eventhough(b) is alwaysutilized in the overthresholdMCML, remaoving "always-on”diff pair
is not a goodideain the caseof sub-thresholdMCML. In (b), just after A turnson, sourcenode
of B andBn is still chaged,andcannot be fully conductve. Consequentlychage beginsto be
restoredn thedrainnodeto causea humpin F despitethe factthatF hasto remainin low level.
In (a), whenright half of the circuit shutdown againbecausesourcevoltageof B and Bn has
beenchagedup, left half of sourcevoltageof B andBn is still low enoughto drav somechage.
Meanwhileright half nodeis dischagethroughA, and(a) doesnot shav a big spike asin (b).

Eventhoughthis symmetricMCML cannot solve the problemthoroughly safeoperationcanbe
guaranteedip to certainoperationaffrequeng. As [5] proposedusingstronginversionMCML,
theseintermediatechagescanbe dischagedusingextra circuitry with the costof extra power.
(Back gatebiaswasexpectedto help dischage parasiticcapacitancelhowever, it is obsenedthat
it cannotbe afundamentahelpfor this problem.)
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(a) Responsef (a)

(b) Responsef (b)

Figurel9: TransientResponsef Crudevs Minimized NAND/AND
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4 Clock Signal Generationwith Sub-Vth MCML

As anapplicationof sub-thresholdMCML, clock generatiorfor a UWB systenmproposedy [18]
waschosen.In orderto generate2-GHz clock signalin ultra low power, 3-stagering oscillator
wasimplemented. Comparedo LC-tank oscillator, its phasenoise characteristids inferior by
far. However, thelenientfrequeng stability requiremenbf 10%in ultralow power transcerer

systemproposedy [18] allows usto adoptinverterring type of oscillator

4.1 Ring Oscillator

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

They concludedhatthree-stageing oscillatorhasminimumijitter sincethereductionof oscillation
frequeng to thedesiredvalueis obtainedby meanf the x edcapacitance€, ratherthanby the
voltagedependentapacitancesf transistors.Fromthis result,we adoptedthree-stagestructure

for ourring oscillator

4.1.1 Required Gain and PhaseShift

The conditionfor oscillationin athree-stagescillatoris

1. ClosedLoop Phaseshift = 180degree

2. ClosedLoopGain=1

We usethe simpli ed modelin Fig.32for theanalysisasin [20].

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

GmR
1+ j #

3

H(G!) = (48)

where,! rc = 1=RC.
In orderto maintainoscillation,H (j ! ) needdo satisfymagnitudeandphaseshift conditionatthe
desiredirequeny of oscillation! ,
\ H(j!) = 18deg (49)
JHGH) =1 (50)
Therefore,eachstageexperience$0 degreeof phaseshift, andthe following conditionswill be

derived.

GmIB 2 (51)

o
wl

fo= 5> Rc 2 (52)

More generalizedolutionfor N-stagering oscillatorcanbefoundin thereferencd21].

Figure21: Body Plot of Ring OscillatorTransferFunction

On the otherhand,thereis anotherfamousformulato calculateoscillationfrequeng of ring os-

cillator. The oscillationfrequeny of N -stagering oscillatorsis expressedvith one stagedelay
Dmcmi in (6).
1 I

M~ 2Nty 2N C V (53)

Sincethe pre-layoutC is around0.5fF, 1I=2.19uA, V = 04V,R = V=] = 1826K Ohm
givesusaround2.11Ghzoscillationin Spectresimulation. Hand-calculatiorresultedby (52) and
(53) areshawn belov. We cansaythat(53) givescloserresultto the simulationresult.

fo= 302GHz (54)
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(a) SingleOscillator (b) Layout(10umx 10um)

Figure22: SingleOscillator

fring is basedon small signalmodelof transistorsandit give us optimistic resultsincecircuit is
not alwaysoperatingn smallsignalregion.

Thelayoutof eachring oscillatorcell is shavn below, andit occupieslOumx 10umarea.Dueto
the high sensitvity to parasiticcapacitancering oscillatorlayoutneedso be symmetric. We did
not put dummybuffers at eachstagedo achiese perfectsymmetryin orderto save area.Parasitic
capacitancavas extractedfor this layout and post-layoutsimulationwas checled. Due to the
parasiticcapacitancebetweereachstagesvhich arein the orderof 0.5fF post-layoutfrequeng
endedup with four-fold slower value,500MHz. Thereforejn orderto achieve 2-GHzoscillation,
we needto increasethe biascurrentby 4-times,and power consumptiorof a single oscillatoris
4 6UA = 24uA underl.25-Vvoltagesupply

4.2 PVT Variation Effect

3-stagering oscillatorwastestedwith the currentreferencecircuit (subsectior8.1.3)andReplica
BiasCircuit[7] over 10%VDD uctuation, and-40to 85 degreetemperatureéange(Fig.23).

The variationof frequeng is thussummarizedsin Table7. FromEQq.(53),frequeng is propor
tional to biascurrentl = |, andtherefore thefrequeng variationis almostconsistentvith the

currentvariationin Table.5

Temp -4085C |freq 9:8%
VDD 10% |freq 3:3%

Table7: Isswith Temp,VDD variation
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(a)FreqvsVDD (b) FreqvsTemp

Figure23: Fregenyg Variation
5 CoupledOscillator Array

In orderto measurespaciousvariationof frequeng, onehundredring oscillatorsweremountedn

asamedie. Oneimportantcharacterisitiof oscillatoris phasenoise.Phaseloiseof ring oscillator
is known to beinferior to thatof LC oscillator Now, our interestis directedto a simplequestion:
"Is phasenoisegoingto decreaser increasef abunchof oscillatorscoupledeachother?”. As a
sidetopic of this researchye investigateccoupling/injectioneffect on phasenoisein a oscillator
array

5.1 History

Synchronizeascillationis nothingbut a naturalphenomenavhich canbe seenn mary situations
aroundus. It hasbeenstudiedfor morethantwo decadesspeciallyin the eld of chemistry
biology, andphysics.In the eld of electronicsradarsystemsr mm-wave communicatiorarethe
emeqging elds whichareactively usingthis phenomena.

York andhis groupin Universityof California,SantaBarbarahasshovn the couplingphenomena
of an oscillationarray by meansof electriccircuits [22], andthey proved the decreas®f phase
noiseasbeingproportionalto the numberof coupledoscillators. This chapteris devotedfor this
longresearclnistoryof synchronizeascillationphenomendpllowedby dervationof phasenoise
predictionin anoscillatorarray

Eventhoughmostof usdo notreally noticeit, synchronizedscillationphenomenas appearing
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in mary situationsaroundus: *

Circadianrhythms

Many living organismssynchronizeo the day-nightcycle.

Electricalgenerators

All of the generatorgproducingpower on a power grid mustbe synchronizedo one
another

Josephsofpunctionarrays

Josephsofunctionsare fabricated microscopicdevicesthat behae as compactelec-
tronicoscillators anddifferentgeometricarrangementsf Josephsojunctionsform systems
of oscillatorsthathave beenfoundtheoreticallyto exhibit synchronization.

Heart,intestinalmuscles

The musclesin your heart,for example,mustall be synchronizedo createa coherent
beat.

Menstrualcycles

It hasbeenfound thatthe menstruakyclesof womenwho live togetheroften synchro-

nize.
Fire ies

Certainspeciesof re ies have beenfound to synchronize creatingswathsof light
turningon andoff atthesametime.

Applause

In EasterrEurope,it is customaryto clapin synchrory afteragoodperformance.

Active researchio modelthis naturalphenomendasbeenconductedor over decadesn diverse

elds suchasbiology, chemistry physics,andelectronicsIn the history, a Dutch scientist,Chris-
tian Huygens rst time recordedhis obsenation of coupledoscillator synchronizationn 1665
[23]: while con ned to bedby iliness, he noticedthat the pendulumsof two clockson the wall

movedin unisonif theclockswerehungcloseto eachother He postulatedhatthe couplingof the

lvideoof mechanicasynchronizatiophenomenahttp://physics.wu.edu/StudentResedw@05/BryarDariels/index.html
, BryanDaniels
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mechanicalibrationsthroughthe wall drove the clocksinto synchronization[]L Sincethis Huy-
gens nding, two streamsf researchet understané populationof coupledoscillatorsappeared
[24],[25]. Oneis on"Macro Model” andthe otheris on"Micro Model” of coupledoscillators.

Figure24: ResearchHistory of CouplingOscillatorArray

Theresearcton”Macro Model” startedrom Wiener's researcton collective synchronizatiomphe-
nomenausing Fourierintegrated-basedethodin 1958. This researchs thereaftercontinuedby
Winfree. He formulatedan equationgoverning phasetransitionof coupledlimit-cycle oscilla-
tors and presentedconceptof a phasesensitvity functionin 1967. In 1984, Kuramotoapplied
Winfree's approachto systemsof identical oscillatorswith equally weighted, purely sinusoidal
couplings,and derived well-known phasebasednonlineardifferential equationmodel for cou-
pledoscillatorsystemsHe alsodevelopeda steady-satéocking conditionwhich hasbeenshovn
to successfullypredictbifurcationof phaseransitionsin coupledoscillatorsystem.This research
formedthefoundationof today's synchronizeascillatorresearchin the eld of chemistrybiology
andphysics.Themodelshovn by Kuramotois asfollows;

d KX
el : .
el i + N - sin( ; i) (56)

,where is the phaseof eachoscillator ! is the naturalfrequeny of eachoscillator N is the
numberof oscillators,andK is the couplingconstant.

Kuramotoshonved couplingconditionof oscillator: whenK is largerthanthethresholdvalueK ,
couplingoccurs.

Recently Roychavdhury developedsimpleralgorithmto calculateKurokava's coupling model,
andshowedits applicationfor imageprocessing26].

The otherstreamof research’;Micro Model” of coupledoscillators,openedhe doorsto threebig
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Figure25: Locking Conditionfrom KuramotoModel

techniquesn the eld of electronics:mm-wave power combining,electronicheamscanningand
modelocking for pulsegenerationAfter VanderPol modeledheoscillatorphenomenasing2nd
ordernonlineardifferentialequationsn 1934,Adler derivedadifferentialequatiorthatrelateshe
oscillatorphaseo theinjectionsignalparametersandalsoshavedlocking frequeng range[27].

d .
a:!0 Ling + 1 msin ) (57)

wherethelocking frequeny is,

Mo
I'm = 20A (58)

Following Adler's researchKurokawa appliedwork of Van der Pol to the injection of mi-
crowave oscillatorsin 1973[28]. Finally, thesetheoreticalresearctad startedbeingappliedto
electroniccircuit by two pioneers Stephamand York. Especially York derived a setof coupled
nonlineardifferentialequationgor couplednonlinearoscillatorsbasedn Adler'sandKurokava's
works. York's work extendedmicro modelof coupledoscillatorto macromodel. Stepharn 1986
andYork in 1993respectrely proposechen methodto form evenly spacedhasedrom 1-D cou-
pled oscillatorarrayby injecting frequeng or phaseo thetwo ends[29,[22]. Thistechniquehas
beenappliedto power combiningpurposesn mm-wave circuits.

York alsolater shaved that if a signalwith cleanphasenoisepro le getsinjectedto oscillator
array[30]. Thistechniques calledas”Injection Locking”, andwidely usedto generatéow phase
noisesignals[31]. Recently quadraturesignalgeneratiorwasachievedin 60GHzapplicationby

applyingthisinjectionlocking techniquen couplingoscillator[32].
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5.2 Oscillator Coupling

Oscillatorcouplingis cateyorizedinto "Unilateral Coupling” and”Bilateral Coupling”.
"Unilateral Coupling” is the phenomenavhenthe frequeng of an oscillatorchangedo the fre-
queng of the otheras shown in the Fig.26 from [25]. This happensvhenthe powers of two

oscillatorsarenotequialent.

Figure26: (a)Unilateral(b)Bilaterallnjectionof NonlinearOscillator

In our ring oscillatorarray all the oscillatorsaresame.In this case the latter couplingtype, "Bi-

lateralCoupling”is supposedo be anappropriatenodel. In this case hegative feedbackgontrol
eachoscillators,andthey aregoingto belockedin the samefrequeng, furthermorejn the same
phaseThefamousAdler'sequationEq.(57) is shawving this bilateralcouplingin the steadystate:

d .
G- o it ' msin( ) (59)
I O(SteadyState) (60)
| . . |
= sin {(——2) (61)
m
This modelis alsocalledasKurokava modelaftersmalltransformation.
. 201
= sin 1(|—Q|f’—sf 1) (62)
0 linj
where = i and ! =1, ;. Fortheapplicationof power combining,people

control ! j,; to control the outputangle in Eq.(59). In the caseof our ring oscillator array

injectionfrequeng is sameasnaturalfrequeng,

Thereforefrom (59), we concludehatthephase®f adjacentoupledoscillatorsn anarrayshould

besame.
= (64)
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5.3 PhaseNoisein Oscillator Array

In this sectionwe discusghe effect of oscillatorcouplingontheir phasenoise,andshowv the hand
calculationandsimulationresultin theend.

Effect of Coupling on PhaseNoise

In the previoussectionwe have seerthatmultiple oscillatorwill pull eachotherand,in thesteady
state they corvemeto the samefrequeny andthe samephase Assumingthatif oneof the oscil-
lator is exposedto externalnoise,and experiencegphaseshift, thenthis oscillatoris expectedto
be pulled backin to the previous phasethanksto the bilateralfeedback/couplingxisting in this
oscillatorarray Thus,phaseuctuation is suppressedndthe phasenoiseis expectedto decrease
by someamount.The uncorventionalsolutionfor phasenoisereductionin couplingN oscillators

wasprovedin [30],[25]. Quantitatvely, the phasenoiseis decreasetly afactorof 1=N .

Lo 1. _.
J totalJz! WJ ijﬁncoupled (65)

In [20], anothemway to understandhis 1=N suppressionf phasenoiseis given.

If the ouputvoltagesof N identicaloscillatorsareaddedin phasethenthe total carrierpower is
multiplied by N 2, whereaghe noisepower increasesdy N. Thusthe phasenoiserelative to the
carrierdecreaseby afactorN atthe costof a proportionalincreasen power dissipation.

PhaseNoiseCalculation

A formulato calculatephasenoiseof aring oscillatoris referencedrom [20]. We usedR =182.6K

asbeingusedto calculate(55).
. P_—— R !, 2 P—
PhaseNoise= L( !)[dBc= Hz]= 8kT§ - = 857dBc= Hz (66)

Now, spectreRF simulationgivesa muchworsephasenoiseresultas 60dBc:IO HzatlMHz
offset from carrierfrequeny of 2GHz. From (65), whenall the 100 oscillatorsin an array are
coupled,andthe expectedohasenoiseis 60 20= 80dBc:p Hz.

Figure of Merit on PhaseNoiseand Power

Phasenoiseandpower consumptiorarein thetrade-of relationshig33],anda FoM of oscillators

canbecalculatedasfollows;
- |
FoM = L( ! )[dBc:p Hz] + 10Log(Pgc[mW]) Zdog(%) (67)

where,L( !): Total single sidebandphase-noisespectraldensity and Py.: Total VCO power

consumption
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However, evenif thephasenoiseof ring oscillatorwill bedecreasedswe increaséhenumber
of coupledoscillators,FoM remainssamesincethe power also increasesalong the numberof
oscillators.In Table8, we compare=oM andareaof LC tank oscillatorfrom arecenttechnology
to our sub-VthMCML ring oscillator Thus,FoM cannotbe amelioratedby meansof coupling.

FOM@1MHz[dB] | PhaseNoise[dBc/Hz]| Areajmm?]
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

Oscillator hasintrinsic FoM, and LC-tank oscillator hasbetterinanecharacteristicsn termsof
FoM. In therecentstudyin [35] alsopointedoutthislimitation of this schemeHowever, thesmall
sizeandportability of ring oscillatoris still attractve to a systemwhich hassomeenduranceo

variationof frequeng to certainextent.

5.4 Coupling Range

So far, we have not speci ed the condition of coupling. In fact, the coupling condition of ring
oscillatorhasnotyet beenshowvn in ary literature. On the otherhand,the couplingconditionand
couplingrangeof LC oscillatorwasshavn by mary sources:[27],[1]and graphicallyshavn in
Fig. 27.

Figure27: Phaseshift in aninjection-locked LC-tank Oscillatorfrom [1]
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Empirical resultsreportedin [1] and[21] shovedreally narrav locking rangesof both LC-tank
andring oscillators.In caseof LC-tankoscillators thisis causedy its high Q, andthey oftenend
up with weakly coupledstateasshowvn in [1], [2]. In [2], two nominallyidentical LC-tank oscil-
latorswerefabricated andthe differenceof their oscillationfrequencies1.02GHzand 1.04Ghz,
wasonly few percent. Still, high Q of LC-tank oscillatorshinderedoscillatorsfrom couplingto
eachother andthey shavedthetypical frequeng characteristicef weakly coupledoscillatoras
showvn in Fig. 28.([1],[2]) Whenthe couplingis not strongenough frequeng spectrumbecomes

like somethinghatof modulatedsignal.

Figure28: OutputSpectrdJnderMutual Pulling Conditionfrom [2]

In the caseof ring oscillator quality factorQ is aroundl. If we optimistically assumehatthe
sametheorycanbe appliedto ring oscillators,it canbe expectedto have large locking range,and
to be easierto couple. However, the reportediocking rangeof ring oscillatorsin [21] is only 2%
despitethe hand-calculatiomango aslargeas30% 2

In statusquo, peoplehave foundit quite hardto coupleoscillatorin their free runningcondition,
andthey ratherinject cleansignalandexploit the constanphaseshift appear®over coupledoscil-
lator [32], [22], [30]. Sincethe mainapplicationof oscillatorcouplingis mm-wave trancever or
power combining,evenfor 0:1% of locking rangereportedn [32], thefrequeng to controlis few

tenMegaHz.

2The authorconcludedthat injection ef ciency lowers dueto the parasiticcapacitancet the device wherethe

signalis injected.
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In orderto compardhelocking rangeof LC-tankoscillatorsin Fig27to thatof ring oscillators,
we applythe sameconceptas[1] for LC-tankoscillator
Assumingthat the sameinjection currentl;y; is injectedto the tail currentwhich inducesphase

shift to eachstageof athreestagering oscillatot

(a) CurrentinjectedRing Oscillator (b) ResultedPhaseshift in Ring Oscillator

Figure29: InjectedRing OscillatorModel

Let'sde ne thephaseshiftin asinglestageas whichcancelout torecoversystemnto oscillation,

then,
|

= =tan ! — (68)
+ RC

whichcorrespondso theEq.(5)in [1]. FromEqg.(2)in [1], injectioncurrentl ;; , oscillatornominal

currentl 4sc, andanglebetweerl i, andl o5 arerelatedto

Figure30: GeometridRelationshipof InjectedCurrentandOscillatorCurrent

, andthe geometriccalculationgoesasfollows.
. linj SIN
sin = g o (69)

2 2 .
I dsc T I inj + 2 oscl inj COS

This equationis furtherreducedvhenwe assume j << | ogc.

sin = sin Vi (70)

I osc
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, Whichimplies is small,andwe canassumehattan sin . Thus,(70)and(68) give

I osc I osc '

sin = —tan = T (71)
inj linj ! rc
. I ! . !
=sin! X=X~ sin! — (72)
linj ! Rc FL
Herewe de ne locking rangeas
| linj |
L 7 ' RC
IOSC
Now, we canplot (72),andmarkthelimit of thelock rangewhich occurswhensin = 1.

Figure31: Phaseshiftin anlinjection-locledRing Oscillator

Differentfrom LC-tank oscillator, Injection locking occursif ! j;; << ! rc. Sincewe assumed
thatlin; << lqsc, theupperlimit is muchsmallerthanone. This resultshavs thatring oscillator
canlock only to quite low frequeng, andring oscillatorarrayscannotbe lockedto eachotherin
free-runningstate.

Now we noticethe mechanisnof couplingoscillation,andits necessargondition. Our specula-
tion is thattwo characteristicsf ring oscillatorcausehis narrav locking rangeof ring oscillators.
The rst oneis gain condition: Sincea ring oscillator needsto satisfy gain conditionin (51), a
frequeny to belockedneeddo beatleastlowerthan! . In contrastl C-tankoscillatorhasband
pass Iter pro le aroundresonanfrequeng, andit hashigh enoughgain eventhe frequeng of
operationshifts to higherfrequeng thanits resonanfrequeng. The secondoneis phaseshift
condition: Phasecharacteristic®f low pass lter is not symmetriclik e that of bandpasdlter of
LC-tankoscillator andthe phasaangewhichring oscillatorcantake aroundoscillationfrequeny

I o IS quite narrawv. Also, the one-polemodelwe usedin Fig.32which allows phi to befrom 0 to

=2 whereag2ndordersystenof LC-tankallowsfrom =2to =2

Thus,we canconcludethata oscillatorwhich canbe coupledeasilyaroundthe desiredfrequeng
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I ges IS LC-tankoscillatorof | , = ! 4es With low-Q inductor, or ring oscillatorwith ! ges << !,
Couplingrangeandphasenoisearein trade-of relationship.Sincetheresultrevealsthefactthata
systemwith bandpasscharacteristicss idealto causecouplingto its twin brotherswe cansimply
cascaddnigh passandlow passlters to realizebandpasscharacteristics.

5.5 Weakly Coupling Oscillator Behavior

As shavn in Fig.28,weakly coupledLC tank oscillatorhashigherorderdistortioncharacterized
by afrequeng ! ,. We areinterestedn the caseof ring oscillator andfollow the samecalculation
procedurdo obtain! , for ring oscillator

Asin Eq(16)in [1], if we addinstantaneousput frequeny asd =dt, thentotal input frequeng
canbeexpresseds! + d =dt. Therefore(72)is goingto be,

d

—_ I + dt
tan = —dt (73)
!RC

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

signalwith frequeng ! ;; but with phaseshift attheoutput.

Figure32: Weakly CoupledRing OscillatorBilateralModel

Vin = Vinj COS!inj t (74)
Vout = cog! inj T+ ) (75)
Vx = Vin + Vout (76)

With theassumptiorof Vi, << Vo,
VX Vosccoi! inj t+ ) [1] (21)

After signalgoesthroughring oscillator phaseshift shouldbe addedasin Eq(22)of [1].
( )
I+ 4

I+
+ RC
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Comparedo the (75), [

stan t La I+E = (78)
* RC
From[1],
d d
G G [1] (24)
tan( ) v—”"sin [1] (26)

From(78),[1] - (24),[1] - (26), we cangetAdler's equationfor ring oscillators.

d Vinj .
i V'O”:C! rc SIN iy (79)
5.5.1 Locked State
Underlocked conditioni.e. steadystate,
d
~ =0
dt
and(79)yieldsthelocking rangeasin (72).
. 1 IOSC '
= sin — (72)
linj ! Rc

5.5.2 Weakly Locked State

In underlocked condition,(79) mustbe solved. (79) canberewritten as

d

Vinj_| i -
VOSC - RC Sln - inj

= dt (80)

R
Theintegral of (80)= dt canbesolvedasafunctionof timet.
Z Z

d = dt (81)

Vin_ i I
VOSC - RC Sln +inj

Thegenerakolutionof this equationis givenin AppendixA:

Z q Z
a+ bsin at (82)

The solutionof theabove equationis
r

1 bztan t =tan=+
a2 2



By usingthis formula, (81) becomes

. c 'p It
tan— = Yo + tan — 83
2 Pinj D ing 2 (83)

I 'y It
| .. + 1. tan? (84)

s :inj :inj

2 Vinj 2 4 2 2

''b (Minj ) v IrC = | i e (85)
0sC

By usingthis equationwe canevaluatebehaior of outputfrequenyg ! i, t + for two casef
l'inj outof lockingrange.
Quasi-Lock

"Quasi-Lock”is de ned asthestatewhere! iy is slightly fasterthanlowerlocking range.i.e.

Pinj > 1L

i o

Underthis condition, transientoehaior of quasi-loclked systemcanbe analyzed.From (84) and
(85),
q

(85):1p= 12, 12 0O

! ! I pt I'p I pt

84):tan-= ——+ —° tan-> 1+ tan—-
(84 2 Vinj Vinj 2 Vinj 2

Thereforetheplot of thetahascycle of ,Z—b , andstaysin 5 for mostof thetime whichis different

from the caseof LC-tankoscillatorstaysin =2

Figure33: OutputPhaseshift of Ring Oscillatorin Quasi-Lock
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Outputfrequeng is

! inj T a = inj L sin ! inj (86)
= I_ sin (87)
! inj sin (88)

which s depictedin thefollowing gure. Contrastto LC-tank oscillatorsoutputfrequeng range

from!,; to!,+ !, outputof ring oscillatorsspandrom ! to! . PDFfunctionof ring oscil-

Figure34: OutputFrequeng Behavior of Ring Oscillatorin Quasi-Lock

lator canbe estimatedrom theoutputfrequeng analysisshovn above. Theestimatedlistribution

of PDFandoutputspectrumareroughly expectedasbelow;

(a) PDF (b) Spectrum

Figure35: OutputPDFandSpectrunof Quasi-Locled Ring Oscillator
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FastBeat

"FastBeat”is de ned asthe statewhere
Pig >> 1

We conductedhe sameanalysisasin "Quasi-loclked”, andobtainedthe following results.Again,
(84) and(85) in this caseareapproximatedsbelow;

q_—_—
(85):!b: 'Iznj 'E !inj
! ! Ipt 'y Ipt
84):tan; = S ® tan-2= 0+ tan —-
(64) 2 Vinj Vinj 2 Vinj 2
Ipt
tan —
2

In thiscase, isalmostproportionako! , t, andlinearlychangesstime goesby. It doesnot stay
in speci c angleaswe saw in the Quasi-Locled state.Therefore putputsignallookslik e slipping
all thetime.

Figure36: OutputPhaseShift of Ring Oscillatorin FastBeat

Outputfrequeng asafunctionof timet is

Ping + %: 'L sin L osin! gt (89)

which givessimilar resultasin Quasi-locledcase.
In conclusion,both in Quasi-Locled andin FastBeatstatesoutputspectrumof ring oscillators

hassymmetricdistribution with respecto zeroHz, andthe maximumpower of spectrumis around
thelimit of lockingrange! |
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Figure37: OutputFrequeng Behaior of Ring Oscillatorin FastBeat

5.6 Spectre Simulation

In orderto verify thecalculationdonein the previoussubsectionwe simulatedocking phenomena
by Spectre Two differentinjectionscenariosretested.The rst scenaridalls onto thesettingwe
calculatedn theprevioussectionhoweverin orderto applyto thesimulationresultin this section,

it requiresmodi cation in avariable.

5.6.1 Common-modelnjection

The rst scenaridas wheninjectoincurrentcomesascommonmodenoise.ldeal VCVS ( Voltage
ControlledCurrentSource)was usedto inject currentproportionalto injection signalto the tail
currentsourceasin the calculationmodelin Fig.29. The valuesof injectedcurrenti;,; andos-
cillation currentiysc areiipy =  0:6uApeak andiyse = 1:92A(DC) 0:377uApeak, andfree
runningoscillationfrequeng wasf , = 2:.56GH z.

In the previous section,we calculatedthat ring oscillatorlocks to injectedsignalwhich hasfre-
queng within the locking range! rc :Ot In the caseof our ring oscillator ! ¢ = 1GHz, and
locking rangeis approximatelyaround1GHz.

Signalwith 0.5GHz,1GHz, 1.5GHz,2GHz, 3GHz, and4GHz were injectedto resultin the
following spectrumin the outputof ring oscillator(Fig. 38) Outputspectrunshows free-running
signalmodulatedby injectedsignal,andit hasharmonicsatf, fi, . The power of harmonics
follows low passcharacteristic®f ring oscillator andthis injection systemcanbe modeledasa
combinationof multiplier andlow passlter [21].

Whenwe inject further slower frequenciesp.1GHz,0.25GHz,and0.5GHzasin Fig.39. We
seethe seconcharmonicincreasesp to the power equivalentto free runningsignalf . Interest-
ingly enoughthespectrunis not symmetricrespecto free-runningspectrumandit resembleso

the spectrumpredictedfor quosi-lockingin Fig.35. This is becausehe signalwhich shouldhave
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beenusedin the calculationsn the previoussectionwasnot! i, , but! , !, sincethissecond

harmonicis the signalwhich goesaroundthe loop in the caseof common-modénjection.

Figure38: OutputSpectrunof SignallnjecterdRing Oscillator

Figure39: OutputSpectrunof Slow SignallnjectedSignals

49



We are not going to modify all the equationsand graphsprovided in the subsectiorb.4, but
will shav theimportant gures asfollows.

Therevisedlocking rangegraphof common-modénjectedring oscillatoris in Fig. 40

Themodi ed lockingrangeis! 2 = (!, ! L), andnow it hasbandpassharacteristictike LC-
tankoscillator This resultveri es the symmetricspectrumn Fig. 38. Althoghthelocking range
is simularto that of LC-tank oscillatot signalgoing aroundthe ring oscillatoris ! , !, and

muchlower frequeng thanfreerunningfrequeny ! ,. Thus,thering oscillatorsstill do notlock
to eachotherin free-runningoscillation.

Figure40: Phaseshift in an Common-Moddnjection-locked Ring Oscillator

After replotting the output spectrumof Common-modeanjectedring oscillatorin Fig. 41, we
con rmed thatthe simulationresultmatchego the calculationmodel. Differentfrom the Quasi-

Locking stateof LC-tank oscillator ring oscillatorshows low pass Iter type of weakly coupled
phenomenasestimatedn Fig. 41.

(a) PDF (b) Spectrum

Figure41l: OutputPDFandSpectrunof Quasi-Locled Common-ModdnjectedRing Oscillator

As a conclusionbf this subsecionwe succeededh validatingthe calculationin 5.4 with themod-
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i cation of calculation:we needto replace! i, with!, !, After thismodi cation, simulation
resultby Spectranatchedo the calculation.

The modelproposedoy [21] analyzedthis type of injection locking in the way of commutating
mixer analysis,but they have not mentionedweekly-coupledbehaior. They useddifferentap-

proachto calculatelocking range andwe have not comparetheirsandoursquantatvely, but two

equationshave similar shape.

In the oscillationarraywhich wasfabricatedn the endof this researchthe outputspectrum
of oscilltorsshouldbe similar to the resultof this SpectreSimulationbecauséehe injectionmech-
anismis indirectly via substratavithout usingary kind of differentialcoupler This simulation
concludeghatwe cannotexpectary modi cation in phasenoiseby couplingeffect.

In themodel,we assumedhatdifferentialnatureof the outputis still keptundercurrentinjec-
tion. However, whenwe inject currentto tail current,we modulatebiasconditionof differential
pair and cannotsustainthe small signalmodelin Fig.29: If the power of injectionis too strong,
it even collapsedifferentialnatureof outputswing. In the next section,a singalis goingto be

injectedin differentialmanner
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5.6.2 Differential Injection

Differential injection currentwas injectedby VCCS (Voltage Controlled Current Source)with
the samemagnitudeas small signalcurrentin free-runningoperation(Fig. 5.6.2). Wheni s =
1:92ADC 0:377uApeak, Gmof VCCSwasgm;, = 1:5uS whichgivesij,;; = 0:3uApeak.

1

ouT OuT-

n-| Kinj |
RCN|

Figure42: Differentiallnjection Scheme

We have obtainedthe following differentialoutputspectrumwith injection frequeng of 0.1-
GHz,1-GHz,2-GHz,2.5-GHz,3-GHz,and4-GHz.

Theresultshovs similar behaior asLC-tankoscillatorlocking phenomenavith aslight effect
from low passlter characteristics.
Whenthe injectedfrequeng is low, free-runningsignalandinjectedsignal coexist, but injected
signalhassmallmagnitude Whentheinjectedsignalcomescloserto free-runningrequeng, there
is Quasi-Lockingstateatfi,; = 2GH z which hassamepro le asthatof LC-tank oscillator As
the frequeng getshigher the oscillationof the ring oscillatortracksthe injectedsignaluntil the
endof lockingrange. At fi,; = 4GH z whichis outsideof locking range thering oscillatoris not
inject-locked,andstaysin thefree-runningstate.
In [32], Hajimiri andhis groupusedsignalcouplerdo injectdifferentialsignalsto VCOs. In order
to verify this simulationresult, we alsoneedto usethis kind of differential couplingtechnique
or PLL asin Razai's paper[1]. Differentiallnjectionseemgo be morestableinjectionmethod,
however it requiresextra costof hardware.

52



Figure43: OutputSpectrurmunderDifferentiallnjection
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6 Fabricated IC and its MeasurementData

An IC belowv was fabricatedin ST Microelectronics90nm processto validate ultra low power
operationof sub-thresholdCML. The chip consistsof a one-hundredscillatorarray current

biascircuit, andperipherals.

(a) Top System (b) Layout

Figure44: FabricatedC, Immx 1mm
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6.1 One-hundred Oscillator Array

An oscillatorconsistf threesub-thresholdMCML buffers. From[19], threestagering oscillator
waschoserto achieze minimumphasenoise.In orderto turn on/off andreadout selectedscilla-
tors,we have

- Two separate®DDs in aring to turn on/off oscillators(Fig.45)

- Read-ouswitchesbetweertwo outputbuffersto selectvely outputoscillatingsignals.(Fig.46)

(@ A Single (b) Row/ColumnON/OFFSelector
Ring Oscillator

Figure45: OscillatorON/OFFScheme

Figure46: OscillatorRead-OutScheme

55



Onehundredoscillatorwith ON/OFFSwitchesandRead-ouSwitcheswvaslayoutinto 100um
x 100umarea.Switchesarecontrolledby the parallelsignalssentfrom SPI(SerialParallel Inter-

face).

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

Figure47: Layoutsof Oscillators
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6.2 MeasurementResult

6.2.1 Current Bias Cir cuit

Bias currentl ss was measuredor multiple valuesof VDD, andthe dataare shovn below is
comparedo simulationresults. The measurementatadeviated from simulatedvalue after 1V,

whereadiasvoltageRCPandRCN aremostlyfollowing thetrendof simulatedvalues.

(@)lss vsVDD (b)RCN,RCP vsVDD

Figure48: VDD Dependencef CurrentBias Circuit

6.2.2 SingleOscillator

The Outputof thesingleisolatedoscillatoraretakenout asanalogoutputwhich canbe monitored
by a spectrumanalyzerandas 16-timedivided digital outputwhich canbe monitoredby oscillo-
scope.

The gure below areshaving theanalogoutputspectrumn two differentcondition. The rst one
is whenonly the single oscillatoris runningandthe secondoneis whensomeoscillatorsin the
arrayarerunningatthe sametime.

The measureascillationfrequeny andphasenoiseof isolatedsingleoscillatorwas9.19MHz at
1MHz offset and-26.96dBc. This resultwas quite inferior to the post-layoutsimulationresult,
500MHz and-60dBc.

In the second gure, oncesomeoscillatorsin the array startrunning, we canseethatthe single
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oscillatoris perturbedby injectedsignalfrom the otheroscillators,andits spectrumis aboutto
change. Whenwe turn on more numberof oscillators,the spectrumpeakdisappearedandthe
singleoscillatorstoppedwvorking.

From 5.4, we know thatring oscillatorcannotbe coupledaroundits free-runningfrequeng, but
lower frequeng thanthat. We expectedto seethe oscillatorscoupledin low frequeng, but we

saw the oscillationeventuallystoppedn this onechip we measured. The measuredrequeng of

(a) FreeRunningOscillator (b) Perturbed~reeRunningOscillator

Figure49: FreeRunningOscillatorAnalog Output

(a) FreeRunningOscillator (b) Perturbed~reeRunningOscillator

Figure50: FreeRunningOscillatorDigital Output

rst harmonicswith sweptcurrentis plottedbelov. From (53) or (52), we know that frequeng
shouldbe proportionalto biascurrentl s, andtheresultshows this tendeng. However, sincenow
our currentbiascircuit alsohaslineardependencon VDD asin Fig.48(b),we arenot quite sure
if thisfrequeng is purelyfrom | 4.
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Figure51: OscillationFrequeng vs Iss

6.2.3 1000scillator Array

Due to the mistale in the logic, we could not control the output of oscillator and we cannot
locatetheoscillatorwhichis outputtingits oscillationsignal. However, we canseethevariationof
frequeny overthearray

Figure52: OscillationFrequeng Variationin the Array
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7 Conclusionsand Futur e Dir ections

MOS CurrentMode Logic operatingin Sub-thresholdegion was investigatedn this research.
Whenwe look at Enegy Delay Product,this type of logic is superiorto CMOS staticlogic for
voltagesupplyaroundVy, .

Themainconcernaboutsub-thresholdobgic is its high sensitvity to PVT variation.
Feasibilitystudyhasbeenperformedby analyzingmismatch/ariationeffect with newly proposed
currentbiascircuit. Voltageswingof 0:4 V wasdeterminedo belarge enoughto corvey logic
to thenext stageevenunderprocesyariation/mismatchThis valuewasdoublechecled by botha
proposedonlinearinput-outputmodelandMonte Carlo simulation. Currentbiascircuit sustains
stability of biascurrentover voltageandtemperaturel.072Kppm/dey and160K ppm/V, for only
1.25V and2uA power consumption.

Clock signalgeneratiorwasselectedo shav thevalidity of sub-VthMCML, and3-stageing
oscillatorwasdesignedandfabricated Post-layousimulationshavs 2GHz oscillationwith 26uA
currentconsumptiorsolelyin oscillatoritself underl.25-V voltagesupply

As an extendedtopic of this researchgouplingphenomenaf oscillatorswasstudied. Phase
noiseof oscillatorswere provedto decreasgroportionallyto the numberof oscillatorscoupling
[30]. However, therelatedresearchesvereall donefor LC-tank oscillator In this researchthe
locking condition and weakly coupledstatewere mathematicallysolved in the samemanneras
in [1], andthe resultwas veri ed by Spectresimulation. Ring oscillator showns quite different
coupling phenomenaomparedo LC-tank oscillators,and most notevowrthy factis thata ring
oscillatordoesnot coupleto eachotheraroundits free-runningrequeng.

By using ST Microelectronics90nm CMOS processcurrentbias circuit, a single oscillator,
and100-oscillatorarraywerefabricated.The measurescillationfrequeny andphasenoisewere
9.19MHz at 1MHz offset and-26.96dBcwhich were quite inferior to the simulationresult.Due
to somemistalesin design,somefunctionsof chip are not working, andin orderto verify the
mathematicatalculationsve have done,remale of the designis necessary
In this researchyve looked into ultra low power logic, andtheoreticallywe shaved its potential,
andhopefullythis cateyory of researchwill becontinuedn thefuture.
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Appendix A: General Solution ®

We wantto evaluate 7
d
_ 90
a+ bsin (%0)
wherea= 1!, !j; andb= I.
Remembethat, by de nition of sec
1
— = 91
oS sec (92)
Now, rst factwe requireis
1
1+ tan® = = = se€ = 92
2 cog; 2 (92)
Secondactwe requireis
d 1 1
—tan = = = Zsel- 93
d 2 2cog 5 2 2 ©3)
Lookingbackat (90), we write it down asfollows
Z
d _ d
a+ bsin 2btan 5
7 at 1+tan 225
_ d (1+ tan?5;)
~_ a(l+tan?;)+ 2btan,
_ d seé;
B a(l+ tan?;) + 2btan 5
Now substitutingx = tan s,
1
dx = Zseé=d 94
X 23e 5 (94)
Therefore,
z z
d B 2dx
a+ bsin afl + x2) + 2bx
2 dx
= _= > =
a  x+2°+1 5
Now we needanotherfact
z dx 1
- = — 1 =
NCI ktan (x=K) (95)

3This calculationis by courtesyof Pulkit Grover, pulkit@eecs.berdey.edu
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Therefore,

d
a+ bsin
Now substitutex = tan 5.
t =
Therefore,
r 03
1 —ztan

a
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