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Abstract

1.0 - 2.0 GHz Wdeband PLL CMOS Frequen&ynthesizer

by

Chao W Huang

CMOS mixed-sighadesignhasbecomevery popularin today®semiconductoindus-
try. This paperis to demonstrata CMOS frequeny synthesizeidesign,whosepri-

mary purposeis to testthe designer€high speedmixed-signalCMOS circuit design
skill. The designuses0.25um deep sub-micronCMOS processtechnology Thus
issuessuchasnoiserejection,high frequeng parasiticeffects,leakagecurrent,power
dissipationetc. canbe exposedandthe designerbroblemsolving skills canbe exer-
cised.A new counterdesign,the Omodibed3bius counterQs alsopresentedn this
design.Furthermorethis designis usedto verify the usability of the previously setup
customdesignf3owv andstandarccell designf3ow, which may be usedfor future aca-

demic teaching purpose.
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1 INTRODUCTION

PLL-basedrequencysynthesizerareusedn manyelectronicapplicationsin thepast,
frequencysynthesizersveremainly implementedy usingdiscretecomponents-How-
ever,dueto thepackageelectricalcharacteristicqyuildingafrequencysynthesizewith
discretecomponentso meettheadvancinglesignspeecdconstraintbecomesnoreand

more difficult. This is more obvious in the growing wireless communications market.

In awirelesscommunicatiorsystemto achievehigherspeed|ower cost,smallerform
factor, and lower power dissipation,the frequencysynthesizeilis usually integrated
togethemwith othercircuitsin low-costCMOStechnologyThisin turnrequiresesnough
supply-noisdsolationfor the synthesizeto providelow phase-noiseutput.Because
of its goodsupplynoiseandcommon-modeoiserejectionpropertiesthe differential

structure is commonly used in on-chip frequency synthesizer design.

Anotherissueof on-chipsynthesizedesignis the difficulty of generatingoutputwith
wide frequencytuning range.This is becausdo havewider outputfrequencytuning
range Jargercapacitances required.SincecurrentCMOStechnologieslo not provide
good capacitance/are@tio, it is expensiveto build a large capacitorand therefore,
limits thesynthesizer'utputtuningrange.Iln orderto increasahetuningrangewith-

outincreasehe chip areausagemulti-VCO unit canbe used.Theideais to partition



outputfrequencyrangeinto sectionspneVCO is respondingo onesection.A multi-
plexerunitis usedto directthevalid VCO outputto the synthesizeputput. Therefore,
with multi-VCO structurewidertuningrangecanbeachievedvith limited capacitance

area usage.

Oneof thecorecomponent#n thefrequencysynthesizers theprogrammableounter.
Traditionalcounterdesignsarenormallybasedneitherbinaryor one-hotdesignstruc-
ture.Binary counterstructures chip-areaefficientbut givesslow performanceOnthe
otherhand,one-hotdesignprovidesgoodspeedoerformancebutis chip-areaexpen-
sive.Dueto thesdimitations,in a high-speecindwide-tuning-rangeynthesizernei-
ther binary nor one-hotdesignstructuremay be usablefor programmablecounter

design. Therefore, a new counter design structure is necessary.

In thefollowing chaptersywe will demonstrat¢he designandimplementatiorof afre-
guencysynthesizeby usingtheconceptslescribedibout.Also, we will presentanew
counterdesign the so-calledmodified Mobius counter.This counterstructurecanpro-
vide speecperformanceomparabléo one-hotdesignwhile usinglimit amountof chip

area. It also gives the benefits of lower power consumption and glitch-free output.

We will alsobriefly discusghe customdesignflow andstandarddesignflow thatare
usedin this design.To completethe demonstrationwe will alsocoverthe designand
constructionof high-speedifferential pad and genericpadscircuits. Lastly, we will

discussthe IC testand measuremenplan for the design. The completesynthesizer



designimplementatiorcomplieswith TSMC 0.250m CMOS technologyandthe pro-

totype is sent out on May 17th, 2004 for fabrication.



2 INTRODUCTION TO
THE FREQUENCY
SYNTHESIZER

2.1 Introduction

The frequencysynthesizer'ssimplified block diagramis shownin Figure2-1. In the
frequencysynthesizerthe PLL block is responsiblefor generatingan output signal
whosefrequencyis dependenbnthephaseaelationshippetweertwo inputsignals.The
phasef areferencesignal,f,.s, anda feedbacksignal,fs,, arecomparedn a phase-
frequency-detectdiPFD),andthephasdlifferencels thenconvertedy achargepump
andlow passfilter (CP/LPF)circuit into a control voltage.This voltage controlsthe
VCO to generatea signalwith thedesiredrequencyA divideris insertedon thefeed-
backpath,giving ;= f,,, =M . Sincein thelockedcondition,f,¢; andfs, mustbeequal,
fout IS sSimply equalto the productof f,of by M. Shownin Figure2-1(b)arethe simple

waveformswith M=4. By changingthe multiplication factor, M, signalswith desired

frequency can be generated.

In orderto understan@ndanalyzehefunctionalbehaviorof thefrequencysynthesizer,
it is necessaryo constructalinearmodelfor the system As we will seethefrequency

synthesizers anon-lineardevicebutit canbemodelledasa lineardevicesinceunder



Figure 2-1. Simpli®ed block diagram ancaveforms for a frequeryc

fref_’ __________________ fout fout_mmmmmm

' | PFD —>{ CP/LPF —» VCO >
_I’ : | |
PLL | ffb
fref
]./M < ~ —
ffb
(a) Block diagram (b) Typical waveforms with M=4

normaloperationthe systembehavedairly linearly. In this chapterwe will startby
briefly discussingeachbuilding block andits linearmodel.We will thencombinethe
modelsandanalyzethe synthesizesystemasawhole. Sincewe intendto concentrate
on circuit designhere,anin-depthdiscussiorof eachbuilding block andits modelis
beyondthe scopeof this thesis.More information canbe acquiredfrom [Dai03] and

[Rabaey02].

2.2 Frequency Synthesizer Basics

As seenn Figure2-1(a),thefrequencysynthesizehasfour subblocks:PFD,CP/LPF,
VCO, andfeedbacldivider blocks.The PFDblock s usedto determinehe phasedif-
ferencebetweenthe referenceandfeedbacksignals.Dependingon the input signals'
phaserelationship,i.e. oneleadsor lagsthe other,the PFD producesan appropriate

outputsignal.This is bestdescribedvith the PFD phasecharacteristicplot shownin



Figure2-2,in which, Ag= phase, ,Bphase;eeqnack - 1NE PIOt Showsthatthe PFDis anonlin-
eardeviceandit hasalinearphaserangewithin 360 degreesWhenthe synthesizers
in locked statethe phaseerror betweenfeedbackandreferencesignalsare normally
small, which is well within the PFD's linear operatingregion. Therefore,in locked

mode, we can consider the PFD block a linear device.
Figure 2-2. PFD phase error vs g\ plot.

Average V
out

The phasefrequencydetectordescribedabovecanbe implementedoy a digital state

machinewhosestatediagramandschemati@areshownin Figure2-3. ThePFDdesign
producesion-complementargutputsUP andDN. TheUP signalis usedfor increasing
thevalueof controlvoltageandthereforejncreasinghe outputfrequencyof theVCO.
A DN signaldoesthe exactly oppositejob, andis usedfor lowering the outputfre-
guency.Theduty cycle of eachsignalis dependenon the phaserelationshipbetween

thetwo inputsignalsandtheir phasaifference Assumingf,q¢is leading theDN signal



remainsnactivewhile the UP signalbecomeactivewith a duty cycle of g—‘r‘; , asshown

in Figure2-4. When 4, leads, the UP and DN signals behave exactly the opposite.

Figure 2-3. State diagram and schematic of PFD

| — -—

fﬂ; arrives fref arrives h > i = upP

fﬂJ arrives _ f  arrives b
UP=0 rst
‘@ DN=0 Vdd ' :—_
frei arrives f, arrives rst DN
D Q0 ————

f, —»>ck

(a) State diagram (b) Schematic

Figure 2-4. Sample vaveforms for PFD/CP/LPF combination.

frer

upP

Sincethe UP andDN signalsaredigital signals theymustbe convertednto ananalog
voltageto controlthe VCO. A chargepumpanda low-passfilter unit serveshe pur-
pose.Shownin Figure2-5is onepossibleémplementatiorof a CP/LPFunit. It consists

of two switchedcurrentsourceshat pumpchargesnto or out of the low-passfilter



accordingto the PFD outputs.VCO controlvoltage,V,; riseswhenUP is activeand
the amountof voltagechanges dependenbn the duty cycle of the UP signal,which

can be seen in Figu&4. Similarly, \,,; decreases when DN is active.

Figure 2-5. Schematic of a chge pump

UP Oy
Vout
DN O——7vy CP
Icp
Gnd Gnd

Let us considerthe casewhenthe referenceclock is leadingthe feedbackclock. The
average output current from the charge pump is then given by

DtUPDactive
out ~ Icp T ' (2-1)

In which, T is the periodof thereferenca‘requency.‘l’herefore,tUF’DTaCtive is simply the

duty gscle of UP signal. Thus, we &

=1 Re (2-2)

Iout cP 271
Equation2-2 canbe appliedto the casesvhenthefeedbacksignalis leadingtherefer-
enceclockaswell, with bothphaseesrrorandoutputcurrentnegative Hence thetrans-

fer function of the PFD and charge pump can be expressed as



Lout _ Icp
EP(S) = E’[ (2‘3)

In simplestcasealow-pasdilter canbe madeasonecapacitoiconnectedrom limited-
impedancesignalline to ground,asshownin Figure2-5. Its transferfunctionis then

given by

Vout(s) _ 1
lout sECp

(2-4)
Theoutputvoltagefrom thelow-pasdilter is fed into the voltage-controlledscillator
unit. Therearetwo typesof VCO designsthat are widely usedin the industry, ring
oscillatorVCO andLC VCO. An LC VCO offersgoodphasenoiseperformancetHow-
ever,its requiringspecialfabricationprocesspccupiesnuchbiggerarea,andnarrow
tuning rangepropertiesmakeit unsuitableto be usedin our design.Therefore,we
chooseto usearing oscillatorfor the VCO. Thetransfercharacteristiof a VCO unit
can be described as

fvco(t) = cho x Vout(t) ' ( 2'5)

Integrating on both sides, we have
(R/co(t) = Kyeo ;Vout(t)dt’ (2'6)

yielding the transfer function

qDOUt KVCO
(s) = . 2-7
Vout S (27

Theoutputsignalgeneratedby the VCO unit is thenfed backto the PFDvia adivider unit.

The feedback divider carries the functigp= m 5., which is in our case,, = =

1
M —veco®

out?



With eachsubsystem'sinearmodeldefined,we cannow constructa linearmodelfor
the frequencysynthesizesystem.The combinedsynthesizer'dinear modelis shown

in Figure2-6. The model gives a closed-loop transfer function

lﬂ) 1 Ko
D(S) 2n s[C, s

H(s) = D (5

. 2-8
1+i leD 1 Dcho ( )
MDZ_n s[C S

Figure 2-6. Linear model of the frequensynthesizer

| ¢
Cfm ;/\ lcp 1 Kveo ;’)Ut

L s
y

A

Figure 2-7. Schematic of modi®ed loop ®lter

I v
Icp Vout P out

T ] T
(a) Second order filter (b) simplified filter
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Theclosed-loomsystemcontaingwo imaginarypoles ,which suggesthatthe systems
unstableln orderto stabilizethesystemamodifiedloop-filter unitis usedto addazero

and pole to the system, as shown in Figiti#a). The zero and the pole are given by

1
Q)Z:E (2'9)
P
C,+C
-t -
Wy RC,C, (2-10)

CapacitorC, is usedfor suppressingheripple noisecausedy R-C, loop andcanbe
neglectecaslong asit is muchsmallerthanC,,. Thus,theloopfilter canbe simplified
to the circuit shown in Figur2a-7(b). The pole of the system becomes

1

(A)p DR—CZ , ( 2-11)
the loop filter's transfer function becomes
Vout 1+sRC,
—2(s) = 2-12
Iout( ) <C, (2-12)
yielding the new frequency synthesizer's close loop transfer function
| 10
ﬁ |:cho%R + c o
H(s) = p (2-13)

2 cp cp
s +sR ™ Echo + 21IMC vco
p

Thereforethenaturalfrequencyw, , dampingfactor ¢, andloop bandwidthew,,, canbe

written as

W, = ZH'\(;'pCp [cho (2—14)
R [lepCp X
(= 2N 21tM l:cho (2 15)
I Ky .oR
Wypr = 200, = %. (2-16)



To keepthe systemstableyet to havefastsettlingtime, «, = 4w, andw, = %wlpf are

used [Wolaver91].

2.3 Phase Noise and Timing Jitter Issues

Sincemostapplicationsrequirecleanand preciseclock signals,making a frequency
synthesizewith low output phasenoiseandtiming jitter is a major concernin this
design.Becausehe PLL as part of the synthesizesystemis an analogcircuit, it is
inherentlysensitiveto noiseandinterferenceln particular,aring oscillator,which is
usedin our VCO design,is the biggest phasenoise and timing jitter contributor
[Kim90]. Otheranalogblocksincludingthe chargepumpandtheloop filter alsopro-
ducesignificanteffectson the systemin termsof phasenoiseandtiming jitter. There-
fore, a designwith high supply and substratenoise rejection, such as one using
differentialcircuit structuras desirableln ourdesignwe haveadoptedhedifferential
VCO circuittopologyin [Dai03] andchargepump/looffilter's in [LiI0O0]. Detaildiscus-
sion on the circuit topologiesandtheir impactto the systemphasenoiseandtiming

jitter can be obtained from the sources.

2.4 Conclusions

In this chapter,we havereviewedthe basicknowledgefor a frequencysynthesizer
design.We havealsobriefly studiedeachof the synthesizer'souilding blocksandits
transferfunction aswell asthe linear modelandtransferfunction for the synthesizer

itself. In theend,we haveshortly reviewedthe importanceof minimizing phasenoise

12



andtiming jitter in afrequencysynthesizeandoneof thepossiblesolutionswhichwe
usedn ourdesign.Thischapteiservesasafoundationfor designanalysisn laterchap-
ters.Circuit designandanalysisfor eachbuilding block of the frequencysynthesizer

will be presented in the following chapters.
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3 PHASE-LOCKED LOOP

3.1 Introduction

In this chapteywe will demonstratéhe phase-lockdloop block design.A PLL block
is thecoreof ourfrequeny synthesizedesign Becausat is asystemcontainingmary
analogsub-circuitsjt canbe usedto testthe designers analogexpertise Also, sinceit
hasmary designconstrainghatwill be showvn in thefollowing partof the chapterwe
will useafull-customdesign ow for the PLL blocklayout.Beforepresentinghe PLL

design, let us ®rst look at the design speci®cation for the frgogsgribesizer

Table 3-1. The frequeng synthesizes design speci®cation.

Input reference frequenc 1.0 MHz
Output frequeng 1.0 - 2.0 GHz, step 2.0 MHz
lock-in time <1l.0ms
Paver consumption <200 mW
Process technology comply with TSMC 0.25um CMOS
Supply wltage 2.5+0.2V

Sinceoneof thisdesignintentionsis to testthe standaratell setandpadsthatwerepre-
viously createdanoutputfrequeng rangefrom 1.0to 2.0 GHzwith 2.0MHzresolution
is desirable as canbe seenfrom the table. Sincethe maximumoutputfrequeng is
twice asfastasthe minimumoutputfrequeng, by insertinga numberof divide-by-two

divider stagesn the outputpath,the systemis ableto generate frequeng rangefrom

14



DC upto 2 GHz.Thereforewe canusetheoutputsignalto testthemaximumfrequeng

the standardcell setsand padscansupport.However, sucha wide rangecancreatea
numberof potentialissuesjncluding the dif®cultyof building a VCO unit thatcovers
thisoutputfrequeng rangeandanincreasef loop ®ltersize.In thefollowing sections,

we will shav how to conquer these issues.

3.2 Voltage-Controlled Oscillator

As mentionedefore we chooseo usea CMOSring oscillatorratherthananLC-tank
for our VCO design.This is becauseat givesa wider tuning rangeand usessmaller
designarea.However, it is still dif®cultto constructan oscillatorthatcanprovide 1.0
to 2.0 GHz outputfrequeng. In orderto solve thisissue we cameup with a VCO unit
design whose block diagram is ghoin Figure3-1.

Figure 3-1. VCO block diagram.

low

— frequency —

Select veo Select
Vout D—E—J/O_ _Q\I;E—D f
O O out
Ss1 sS2

high

— frequency —
VCO

15



Unlike atypical VCO unit, theonein our designcontainstwo VCO cells,eachgener-
atingasubsebf thefrequeng rangej.e.thelow frequengy VCO generatefrequencies
from 1.0GHzto 1.49GHz;andthe otheronegenerateshe frequenciegrom 1.49GHz
to 2.0GHz A SELsignalis usedto choosevhichVCO to use By carefullydesignthese
VCO blocks,we canhave themcover thefull rangeof frequeng outputwhile having

similar valuesof %’ This is importantsinceit helpsto reducethe systemarea.
Equation2-16 on pagell, suggestghat with constant%’, lep and R can remain
unchangedT hereforewe canuseonechagepumpandloop ®lterin thedesignrather
thantwo. As we shall seelater, usingone setof CP/LPFunit reducessystemareaby

40%.

In thefollowing sectionwe will coverthecircuit designandcomponensizingcalcula-
tions. For demonstratiompurposesye usethe designparametergivenin [Rabag02],

which are re-listed indble3-2. These a&lues will be used in later chapters.

Table 3-2. Parameters for manual model of generic @@8CMOS process (minimum lengthwdee).

05 ; 2 1

Vio(V) vV Vpsat(V) K'(A/V?) AV
NMOS 0.43 0.4 0.63 115x10°° 0.06
PMOS +0.4 +0.4 +1 +30x10°° +0.1

3.2.1 Design of VCO Célls

An n-stagenverteroscillatorblock diagramis shavn in Figure3-2. The VCO design
usesa fully differentialstructurein orderto achieze good supply andsubstratenoise
rejection.Sincewe partitionthe outputfrequeng rangeinto two parts,we usea 3-stage

VCO to generatehelowerrangefrequeng output,anda 2-stagevVCO for the upperof

16



rangeoutput.For theinverterdelaystagedesignwe usethecircuittopologyin [Dai03].

The schematic of thewerter delay cell design is sko in Figure3-3.

Figure 3-2. n-stage imerter oscillator VCOifO1I,n=2)

9 Ve+
Ve+ n 2 Ve+
L i+ —t i+
o o-
o+ . o+
—t i G—— i
Ve- Ve-
0 ve-

Figure 3-3. Schematic of ring oscillator delay stage.

Ve- > Mo
vdd
Vi [ M1 M3 ® C M5 M7 ] v
D Ve
o > o o
[ M2 M4 M6 M8 ]
Gnd

Ve+ D—\‘ m10
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Shawn in the®guretransistordvil, M2, M7 andM8 togetherform differentialinverter
pairs,M9 andM10 arethecurrentlimiting devices,whichareusecdto controltheoutput
frequenyg; andM3-M6 form a pair of latches.The additionalof latchesinto the tradi-

tionalinverteronly structurechangeshedelaystageinto adesignwith hysteresisThis

17



is dueto the additionaldelaythatis causedoy the latches.With this extra delay it is
possibleto obtaina 180 degreesignalphaseshift at ®nitefrequeng with a minimum
of two stagesSincethisis therequirementor aring oscillatorto oscillate,anoscillator
containingonly 2 stagess possible As mentionedefore theVCO is thebiggesiphase
noiseandtiming jitter contritutorin the system Sincephasenoiseandtiming jitter are
accumulatedby eachdelaystagen thering, minimizingthenumberof stagesn aVCO

unit can greatly reduce the system phase noise and timing jitter

It is canbe shavn thatthe sizeratio betweerthelatchandtheinverterpair decideghe
total delayof astagelf we canchangehe effective widthsof theinverterpair, we can
alsochangethe outputfrequeng of thering oscillator M9 andM10 areusedexactly
for this purposelncreasinghedifferentialcontrolvoltagesappliedattheinputsof M9
andM10is equialentto increasingheeffective widthsof M1, M2, M7 andM8 by And
thus,causeghe outputfrequeng to rise. To simplify the circuit analysisthatis shovn

below, we are going to renve M9 and M10 from the circuit.

3.2.1.1 Circuit Analysis

To understandhow the oscillatorcircuit works, let us ®rstlook at the stepresponsef
thedelaycell. Figure3-4 shavs anexamplecasewherestepsignalsarrive attheinputs
Vi+ andVi-. SincetransistorsMi1 andM8 arein cut-off modein this example,they are

removed from the schematic.
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Figure 3-4. Step response when,V0->1
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At t=0, bothM2 andM7 areon, andcreatingthetwo currentpathsshowvn in thefigure.
SinceM3 andM6 arestill on, the outputstatesremainunchangedintil whenVg + =
V1N OF Vg- = Vgt V1p At thatmomenteitherM4 or M5 turnson. Dueto the positive
feedbackformed by the latch pairs, both outputsswitch statesrapidly. Now, let us
defne thisis thethresholdpoint of the delaystagejn which, Vi+ = Vy, andVi- =V g4
- Vi At thresholdpoint, M2 and M7 arein saturationandM3 andM®6 arein linear

mode. On Ocurrent path 10, wesha

2

Kn' W2 w Vel
T qaEVrp)Vrpt TH. (3-1)

R YRV A DAYy
d_ZLMZ( th— TN) ~— p M3E( TN —

Solving for V,, we get

2
Wyws w2 O VIO
Vi = Vo + |2 043 (Vg £V g % Vo) Vopt —E0. (3-2)
th ™ J Cos EW‘MZ HVInEY g ® Vre)Vre® 5

WheneachNMOS andPMOSpair have equalstrength Equation3-1 andEquation3-
2 alsoapplyto Ocurrenpath20 Noticethatwhenthesizeof thelatchesandall the gate

lengths stay constant\s just a function of the werters' efective width.
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Now, let us studytherelationshipbetweerthe thresholdvoltageandoscillatoroutput
frequeng by usingthe2-stageoscillatorasanexample.ThebasicRC modelandexam-
ple waveformsareshavn in Figure3-5. Ry is theequivalentdrive resistorandCy is the
equialentinput capacitorof a delaystage.In orderfor the systemto oscillate,Vpg
mustcrossover thedelaycell thresholdvoltageVy, att = % afterVpg startsrising, so
that it can trigger the méstage. Therefore, we Yeathe follaving equation:

Figure 3-5. RC model of a 2-stage ring oscillator

D(iﬁv R
_Loq Lo
X

Gnd Gnd

delay cell delay cell

(a) RC model
T T
T O *zrdcgd,  Vad *ZRdC
Vin = Vrpe [ = Vaadl te 95+ e Y, (3-3)
1 + ¢2RICY

Solving for T, we get

Vg + A/(3Vdd £2V,))(2V % Vdd)g

T = 4RdCg n[3 3-4
9 i 2(Vgg*Vip) 0 (34)

Accordingto [Dai03], thecircuit noisecanbeviewedasequvalentto avariationin the

thresholdvoltage Vy,. Thus,to minimizenoise,wewantd"'TT to beassmallaspossible.
th

Solving V;, from Equatior3-4, we get

Vi, 00.8V 4 = 2.0V (35)
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Combining it with Equatior3-2, we hae

Wus Lmz
— W 02.1, 3-6
Lms M2 (3-6)

For a 3-stageoscillator resultscanbe obtainedusingsimilar analysis Optimal Vy, for

a 3-stage oscillator isg=1.8V. Therefore,

\%’f Ebl_v'\:i 01.6. (3-7)
Equation3-6 and Equation3-7 only give the optimal size relationshipbetweenlatch
andinverterpair. We thususethemasa guidelineanduseHSpiceto ®ndthe transistor
sizesthat give both similar oscillatorsgain andoptimal noiseperformanceTable3-3

lists the deice sizes for the VCO cells we use in our design.

Table 3-3. Device sizes for the VCO delay cells.

Cell Device(s) | M1/M7 M2/M8 M3/M5 M4/M6 M9 M10
Delaycell M 3 3 3 3 2 2
for
2 stage W (um) 35 14 15 6 52 21.4
VCO L (um) 0.24 0.24 0.24 0.24 0.24 0.24
Delaycell M 12 12 2 2 2 2
for
3 stage W (um) 8.75 35 10 4 17.5 7
VCO L (um) 0.24 0.24 0.24 0.24 0.24 0.24

Figure3-6 shavs a sampleHSpiceplot of the 2-stageVCO outputperiodvs. control

(Dout

7 isamonotonicfunctionwithin -0.1Vto 2.5V controlvolt-

voltage con®rminghat

ctrl

agerange.AcquiredcornercaseK,,., valuesfrom simulationarelisted on Table3-4.
NoticetheK,./M valuesof thetwo VCO typesarevery closeto eachother This gives

us the ability to one CP/LPF for both VCO blocks in our design.
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Figure 3-6. Example of the 2-stage VCO output as a function .V
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Table 3-4. Corner case {, values.
Sampling frequenc 2.0 GHz 1.49 GHz 1.49 GHz 1.0 GHz
VCO type 2-stage VCO 3-stage VCO
Kyco (MHZ/V) 120 540 90 440
M 2000 1490 1490 1000
KyedM (MHz/V) 0.06 0.36 0.06 0.44

3.2.2 Design of VCO Switching Units

As mentionedbefore,it requirestwo extra switchingunits,asshavn in Figure3-1,in
orderto useoneCP/LPFunit for multiple VCOs.We will now analyzethedesignanal-
ysisfor bothunits.For simplicity, we usesingle-endedersiondesignsn thefollowing
analysis.Let us ®rstlook at the designfor Switch S1, whoseschematids shawvn in
Figure3-7.In thedesign,M1, M2, M3, andM4 form a passinggateMUX structure.
Accordingto theselectsignalSEL, theinput VCO controlsignalis routedto eitherthe

A or B output.In orderto reducecross-couplinghoisegeneratedy the unusedvCO
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unit, we wantto shutit off completely Therefore fransistoraM5 andM6 areaddedto
thedesignsothatwhentheVVCO is not chosenijts control voltagesaresetto reversed
maximumandthus,shutoff the VCO completely BecauseS1 connectghe LPF unit
andtheVCOs,its parasiticvalueis addedo the LPF gain. Thus,it is extremelyimpor-
tantto keepthe channekesistanc&own in ordernotto alterthe LPF gain. In thetech-
nology we are using, a minimum size, W/L=1, fully on NMOS has an equialent
resistanceralueof 13kq and31ka respectrely for PMOS.Usingthe minimumsizing
transistors for S1 will de®nitely break the linear model we use.

Figure 3-7. Schematic of VCOs switch unit S1 (single-endetsion).
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T
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Gnd N Gnd
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Table 3-5. Device sizes for the switch unit S1.

Devices M1/M3 M2/M4 M5/M6
M 12 12 12
W (um) 10 25 2
L (um) 0.24 0.24 0.24
Req (Q) 26 25 130
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To lower the equivalentresistanceRe, we cansimply increasethe transistors'W/L
ratio, sinceRg is inverselyproportionalto the W/L ratio. The tamget Rq is choserto
belessthan30 Ohm,whichis compareabléo interconnectvire resistancelncreasing
thedevice sizesalsoincreaseheir paraciticcapacitancesn out®naldesigntheoverall
paraciticcapacitancef Switch S1is approximately210fF, which canbe neglected,
sinceC,, in theLPFunitwhichis in thepicofaradrangeandhencedominatesThe®nal
device sizesareshown in Table3-5. Noticethatthesizesof M5 andM6 aresmall. This
is becausehey arenotonthe LPF path,andthereforetheir sizesdo notaffectthe LPF

gain and can bedpt minimum.

Figure 3-8. Schematic of VCOs switch unit S2 (single-endedsion).
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Table 3-6. Device sizes of VCOs switch unit S2.

Devices M1/M3 M2/M4
M 1 1

W (um) 2 5

L (um) 0.24 0.24

Switchunit S2usesa pasgjatestructuresimilarto thatof S1.1ts schematigs shavnin
Figure3-8. SinceS2is usedfor passinghigh speedsignals,we needto keepits input

parasiticcapacitanceaslow aspossibleso asnot to createextra loadson the VCOs,
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changingtheir gains. Thus,smallsizedevicesareusedin S2,whosesizesarelistedin

Table3-6

Oncewe have constructedhe VCO unitandacquiredheK,,., valueswe canmove on

to the chage pump and loop ®lter designs.

3.3 Charge Pump and L oop Filter

From Equations2-9, 2-11, and 2-16 we can seethat the chage pump currentlg, is
inverselyproportionafto R, while R itself is directly proportionatto C, andC,. Since,
in the procesdechnologywe areusing,capacitorsaare expensve devicesto make, we
wantto avoid the useof very large capacitorsiTo reducethe sizesof C, andC, while
keepingw,,, w,, and w, unchangedwe cancut down the chage pump currentand
increasdhe R value.Sinceresistorsusea decentamountof areaaswell, it is wise to

choose thealues that gie optimal space usage.

3.3.1 Design Analysis

Before carryingon with further calculationswe needto choosethe appropriatdoop
bandwidthfor the ®Iter A rule-of-thumbselectionis to make theloop bandwidth1/10

of the PFD updaterate[Razavi02], which is equalto the input referencesignalin our

ont
case. Therefore, w, = =% = 222 . Thus, we have , = imac’ 2, and

5 rad

w, = BTX10° . Thelock-intimefor aPLL with aPFDis approximatedyy Equation3-
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8, in whichfg,is theinitial frequencyerror,N is thefeedbacldividerratio,andK is the

loop bandwidth [Wolaver91].

8f
%0, (3-8)
NK

TpO

In our case the worst casefrequeng erroris 1.0 GHz, andthe divider ratio is 1000.
Therefore the lock-in time is approximately800us, which meetsour designrequire-

ment.

With all the above datagiven,we now cancalculatethe valuesfor the R andC compo-
nentsandfor thechagepumpcurrents Sincethemaximumovershoobf thecontrolvolt-
ageoccurswhentheloop gain is minimum, we usethe minimumkK,,./M, 0.06 MHz/V,

for component calculationsalble3-7shavs the alues we use in our design.

Table 3-7. CP/LPF designalues
lep R Co C,
10pA 157kQ 255pF 16pF

Sincethe CP/LPFdesigndecideghefunctionalcorrectnessf aPLL designwrongcal-
culationscanalmostcertainlyguarante¢hefailureof adesign.Thus,we decidedo use
MATLAB Simulinkto verify the correctnessf theloop ®lterdesign.Simulink allows
usto createa mathematicamodelfor the systemandsimulatethe systems behaior.
The simulationspeedis incredibly fastcomparedto Spice simulation.Betteryet, it
comeswith a genericPLL modelsothatwe canmodify the modelto suit our design

needsFigure3-9 andFigure3-10shov the modi®edPLL modelwe usedin Simulink

26



andoneof its outputexample,in which,we fr=1.0 MHz

andfq=100MHz.With all four

Kyco COrnercaseswhichareshavn in Table3-4, beingsimulatedtheproperchoiceof

loop ®ltercomponenvaluesis veri®ed Now, we cancontinuewith the circuit imple-

mentation.

Figure 3-9. MATLAB Simulink PLL model.
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Figure 3-10. Simulink simulation output for N=1000.
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3.3.2 Design I mplementation

Thehardestlecisionto makefor theLPFimplementations whattypeof capacitosstruc-
tureto use.In the procesgechnologywe areusing,we have theoptionsof usingspecial
Poly-InsulatofPoly (PiP) or Metal-InsulatorMetal (MiM) structureto build the high
precisioncapacitorspr usingMOS structurefor area-e®cientbut substrate-noise-sen-
sitive capacitorsSincethe MOS capacitorstructuregives6 timesmorecapacitanceer
areathanthe PiP/MiM structurefor the samearea,we decidedto useit in our design.
Furthermorethis leadsto a moreportabledesignsincePiP/MiM structureis not avail-
ablein someprocesseslo reducethe noiseeffects,we usethefollowing techniquesn

the layout design:

¥ place the capacitors aarfavay as possible from all digital units, including VCO
and the PFD

¥ place double guard-rings around the capacitor units
¥ use dedicated analogwer and ground supplies

A MOS capacitorstructures shavn in Figure3-11.Theoverall capacitancés thegate
capacitancavhentheMOS is turnedon plustheparasiticcapacitancethatexist onthe
sourceanddrainterminals.Whenthe gatecapacitancés substantiallfargerthanpar-
asiticcapacitanceshe overall capacitanceanbe approximatedy C=C,,WL. There-

fore, we vant to construct the diee with lage gate length and small junction area.
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Figure 3-11. MOS capacitor structure and its characteristic plot.
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Fromthecharacteristiplot we seethatthecapacitancgalueremainsonstanbncethe
deviceis on.HSpicesimulationshavsthattheturn-onvoltageis 1V for aPMOSdevice
and0.7V for aNMOS device. Dueto thebody effect, they arebiggerthanthedevices'
thresholdvoltagesasexpected.Sincethe differential VCO control voltagerangesare
1.2-2.5Vfor V+ and0-1.3Vfor V-, we usePMOScapacitorontheV .+ pathand

NMOS ones on the M- path to ensure the dees are on during normal operation.

For the chage pumpunit, we usethe designsuggestedh [Li00]. The completesche-
matic of the CP/LPFunit is shovn in Figure3-12 andthe device sizesarelisted in
Table3-8. In this design transistordvil to M12 form a chage pump,which takesdif-
ferentialinput signalsUP, UP/, DN, andDN/ from PFD units. Controlledby the input
signals,transistordVi9 to M12 act as currentsteeringswitches,decidingwhich of 4
chage-pumpcurrentpathsareon. Sincethey don't drav muchcurrentthesefour tran-
sistorsaredesignedo beweakdevices.Keepingthemweakalsohelpsreduceoadon
the input signals,which allows for fasterswitching times. The amountof current
pumpedn or drainedout from the LPF unitsis regulatedby the currentmirror circuit

formedby transistordM1 to M8, with thecurrentsourceshavnin Figure3-13.Thecur-
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rentsourcecircuit is a modi®edV-referencedself-biasedcascodeadesign,which has

nice features such aswer supply rejection and Ige \oltage swing.

Figure 3-12. Differential CP/LPF unit.
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Table 3-8. Device sizes of CP/LPF unit.

Devices | M1/M2 | M3/M4 | M5/M6 | M7/M8 | M9/M10 | M11/M12 | M13 | M14 | M15 | M16
m 1 1 1 1 1 1 5 10 | 10 5

W (pm) 24 24 9.6 9.6 0.48 0.48 24 | 50 | 20 | 9.6

L (um) 0.96 1.44 1.44 0.96 0.48 0.96 0.96| 0.24| 0.24| 0.96
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Figure 3-13. Current source for CP/LPF unit.
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Table 3-9. Device sizes of current source.

Devices | M1/M2 | M3/M4 | M5/M6/M8 | M7 | MO/M10 | M11/M12 | M13/M14/M16 | M15

m 1 1 1 1 1 1 1 1
W (um) 30 6 24 24 75 2.4 9.6 9.6
L(um) | 0.96 | 1.44 096 |1.44| 0.96 1.44 0.96 1.44

Shown in Figure3-13, the alue of currentdis given by

%
los = logs = & - (39
For a current mirror system, wevea
o - 0
Tout Ea/—_vq?EF = lrer Ea/—_v%ut : (3-10)

Applying it to our design,asanexample,we have | oy&lcp, IREFcs MouEM1/M3 in
Figure3-12,andMre=M8/M7 in Figure3-13.Therelationshipappliesto eachcorre-
spondingdevice pairs.By choosinghe correctdevice sizeratios,a10ua chage-pump

current can be generated.
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Continuingwith the CP/LPFdesign,we seethata differentialampli®erU1l, aswell as
two 281 kOhmresistorsarealsoincludedin the design.They actasa common-mode
feedbackecircuit to maintainthe commonmodevoltagelevel of the differentialoutput
pair. The designschematids shavn in Figure3-14.Large valueresistorsareusedso
thatthey won't draw currentlevelssigni®canenoughto altertheloop gainvalues.The
®nalstageof the CP/LPFaretwo source-follaver units. Their purposeis to shift the
LPF outputvoltagesto within the VCO controlvoltagerangerequirementswhich are
from1.2Vto 2.5V for V + andfrom OV to 1.3V for V-. Theamouniof voltageshift

is equal to the ¥ of the deice, which can be found by solving the equation

K'W
Iy = Er(VgSiVT)2(1+)\VdS). (3-11)

Figure 3-14. Common-mode feedback ampli®er
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Table 3-10. Device sizes for common-mode feedback ampli®er

Devices M1 M2 M3/M4 M5/M6 M7/M8
m 1 1 24 1 1

W (um) 40 40 9.6 9.6 9.6

L (um) 0.96 1.44 0.96 1.44 0.96
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3.4 Phase-Frequency Detector

Sincethe PFD updaterateis 1.0MHz,whichis in the low frequeng range thecircuit
implementatiorof the functionalblock shovn in Figure2-3 is ratherstraightforvard.
Thedesignwe useis from [Maneatis96with addednverterdelayunitsto eliminatethe
hazardconditionsandthe deadzoneissue assuggesteth [Dai03]. Theschematialia-

gram and déce sizes (with L=0.2dm) are shwn in Figure3-15.

Figure 3-15. Schematic for phase-frequendetector unit.
=P:2.1i E E
ref [>—=———+ N:.96 > >
L—FP:Z
N:0.9
T FP:2.16
[ P21 ; ;
P2 | nas . . I
Do Lo o
N:2
N:2

DN/

Notice thatthe outputsof PFD areUP/andDN/. Sincethe CP/LPFrequiresUP, DN,
UP/, and DN/ signals,two single-ended-to-dié€rential signal corvertersare usedto
generatehe UP andDN signals.Theschemati@ndeachgatesizesof thecorverterare

shavn in Figure3-16. Aqain, we use L=0.24n for the deices.

33



Figure 3-16. Schematic of single-ended-to-@ifential signal coverter
>® ><}D our
ﬁ:}Q—D out/

In the signalcorverterdesign,extrainvertersanda passgateareusedto ensuremini-

mum delay between the complementary outputs.

3.5PLL Simulation

To verify thefunctionality of the PLL block, we cancompletethe loop by usingsome
®xed divider countersthenperformreal time simulationson the system.lt is worth-
while to do this before ®nishingthe completefrequeny synthesizedesignfor the
reasonof reducingthe simulationtime. This is becausehe PLL unit is an analog
device,andtheVCO unitsproducehighfrequeny outputs jt requiresasmalltime step
in simulation to achieve high accurag. However, the PLL unit locking time is
extremelylongcomparedo theoutputfrequeny period,microsecondss. picoseconds
in this case Full realtime simulationwould requirehugeamountsof CPUtime. To cut
down the simulationtime, we uses®xed dividerson the feedbacKoop ratherthanthe
morecomplicategprogrammablelividerunit. Thus,simulationcanbedonewithoutthe
programmabl@livider beingbuilt. Thefollowing aresomesamplevaveformscaptured

from the HSpice simulation results.
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From Figure3-19we canseetherearetwo noisesshaving on the outputsignals,one
with 1 ps periodandtheotherwith 10 ys. Thehighfrequeng oneis thenoisecoupled
fromthephase-frequerydetectoroutputso eliminatethe2dead-zone@andthelow fre-

gueng oneis thenoisepassedhroughthelow pass®ltersinceit hasthe bandwidthof

21t o 5 rad
0 - 21x10 ooy

Wypr =

3.6 Physical Layout

As mentionedat the beginning of this chapterthe PLL is ananalogsystemwith tight
constraints,including substrateand power noise rejection, power dissipationand
crosstalkHence thedesignneedgo bedoneusingafull customdesign ow. The ow

we use is shen in Figure3-20.

Figure 3-20. Full-custom design a.
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In this custom o w, we have createdscripts,includingscriptsfor DRC,LVS, ERC,and

simulation, as well as global rule ®les to minimize human interaction withhe o

The following is a list of guidelines we used during the PLL design.
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Wide transistors are 2folded® to reduce S/D junction area atelrgsistance;

layout differential circuits symmetrically to suppress thieefof common-mode
noise and\een-order nonlinearity;

digital signals are distriied in complementary form to reduce the net amount of
coupled noise;

“oorplan the noise sensi analog elementsvay from digital noise sources;
use dedicated analogwer and ground supplies for the analog elements;

place double guard ring around all semsittircuits and noise source circuits;
®Il unused area with de-coupling capacitors to redusepand ground noise.

The plot of the PLL block layoutis shavn in Figure3-21. 1t alsoindicatesthe ®nal
placemenbf eachsub-block Noticethattheloop®lteroccupiesnorethanhalfthePLL
blockarea.Thereforeusingonesetof CP/LPFwith multiple VCOsgreatlyreduceghe

overall chip size in our design.

Figure 3-21. Layout plot of PLL block.

PED VCO Switch S1
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3.7 Conclusions

In this chapterwe have demonstratethe designandcircuit analysisof a PLL block.
SinceaPLL isacomple analogdevice, thisdesignprovidedchallengeso thedesigner
in analogcomponendesign.Theseincludedthe consideratiorof effectsfrom digital
elementsn atypical deepsub-micronCMOS processechnology The analogcompo-
nentsdesignincludesdesignof differential operationalampli®ers analog®lters,a
chage pump,a phase-frequerncdetectoy currentmirrors, a common-moddeedback

loop, and wltage-controlled oscillators.

Becausef its complity, thedesignof the PLL block usesa full customdesign ow.
Thereforejt notonly helpsthe designeito understandhe ow structure put alsover-

i®es the proper construction of the desigw for future uses.
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4 COUNTERS

4.1 Introduction

Aswehavediscusseth Chapter2,theVCO outputfrequeng f, ;andthefeedbacKre-
queny fg, have therelationshipthatfy, = o,/ M, where,M is thedivisor of thefeed-
backloop. Further whenthe frequeny synthesizeis in the locked state,f,of = fy,.

Therefore whenthe systemis locked, f,,; = M xf,; . By changingthe valueof M, the

ref -
synthesizecangenerate rangeof frequenciesA programmabldrequeng divideris
usedo generatehedivisor, M. It canbeassimpleasahighspeedligital programmable

counter which is what we use in our design.

Thecounterdesignwe usefor thefrequeng synthesizers the so-calledpulseswallow
frequeng divider. Its block diagramis shavn in Figure4-1. Thecircuit is governedby

the folloving equation:

M = 2(PIN+9) (4-1)

count
In the equationthe S valueis the numberassociatedavith the programmableounter
By changinghe S value,thetotal numberof countsof thesystenmcanbe programmed.

Since the output frequeng rangeis divided betweentwo VCOs, as explained in

Chapter3, two setsof P andS areneededThe calculated® andS valuesareshowvn in
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Table4-1. Insteadof building two separatesetsof circuits, we usedonegenerall-256
programmableounterfor Sanda249/372variablecounterfor P. Basedontheexternal
inputs,adecodercontrolcircuit choosesvhich countingmodesthe countershouldbe
in.

Figure 4-1. Pulse swllow frequeng divider.

Program
Prescaler Prescaler Counter
n . . . out
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A
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v
°
e
1 Counter
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Table 4-1. Counting alues for the pulse sllow frequeng divider.

Frequeng range P (counts) (N+1)/N (counts) S (counts) Total counts
1GHz - 1.49GHz 249 3/2 1to 247 998 to 1490, step 2
1.49GHz - 2GHz 372 3/2 1to 256 | 1490 to 2000, step 2

As oneof our designgoals,we wantedto testthe performancef the standarccell set
andthe custompadswe were using. However, sincethe projectwas not intendedto
characteriz¢hecell set,thetestwaslimited to checkinghow fastthecellsandthe pads
couldberun,reliably. Thereforejt wasdesirablefor testpurposesto designa system
thatcould generatea setof frequenciesangingfrom onethatthe cellsandpadscould
mostlikely work underto onethatwould causethemto fail. For this reasonwe put

anothemprogrammableounteron the high frequeny prescaleoutputs.The complete
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block diagramfor the counterunit with the teststructureis shovn in Figure4-2. The
signalfi,,, is usedto testtheperformancef standaratellsandpads Its valueis de®ned
: M1
as: flow = M_foref '
Figure 4-2. Block diagram of counter unit.
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Currentlywe have two DFF designson hand:onehasclock-to-Qdelayof 180psand
the other's is 300ps.Sincetiming constrainsare generallythe biggestissuein a high
speeddigital design,to bettersimulatetheseissueswe chooseto usethe low speed

DFF with a clock-to-Q delay of 300ps in our counter design.

4.2 Design and Circuit Analysis

With the given f,,.(MAX)=2.0GHz, Figure4-2 shows that the countersS and P are
requiredto supportup to 500MHz of input clock signal. For the designof these

counterstherearetwo typesof countingschemesrecommonlyused:binary, andone-
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hot. An implementationusing the binary schemeprovides greaterarea ef®cieny
becauseét only requiresn registersfor 2" counts.However, dueto the extra decoding
logic overheadsucha designmay not be suitablefor high speedapplicationsOn the
otherhand,a one-hotcountereasily out-performsary othercounterdesigndueto its
minimal decodinglogic overheadBut sinceit requiresoneregisterfor eachcounting
state,one-hotcountingschemebecomesxtremelyarea-&pensve for a designwith a
large numberof countingstatesDueto the high speedandnumberof countingstates,
neitherschemeprovidesareasonableolutionfor our design.By carefully evaluating
the counters timing constraintand the characteristiof our cell set,we decideon a
modi®edM bius counterdesignthat meetsthe performanceconstraintsvhile provid-

ing good area @icieng.

4.2.1 Modified Mobius Counter

The bit patternof a 4-bit Mobius counteris shavn in Figure4-3,in which eachletter
represents countingstateof the counterandthe numberdn a stateshav the statusof
eachbit. The M bius counterhastwo adwantagesover a one-hotcounterdesign:it
occupieshalf the sizeanduseshalf the dynamicpower. Fromthe countingpatternwe
canseethatann-bit M bius countercanrealize2n counts.Thus,usinghalf thenumber
of registersaM bius counterachievethesamenumberof countsthataone-hotcounter
doesThiscutsdownthedesignareausageby half. Further sincethereis only onelogic
transactioron eachcountratherthanthe two onthe one-hotcase the M bius counter

consumes only half the switchingwer of the one-hot counter
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Figure 4-3. 4-bit M bius counter counting pattern.

IIOOOOII \ II1000II II1100II II1110II
A I g S I
bit order: [0..3]
||0001II l IIOOllII II0111II II1111|I
H [ s 1 F 99

A M bius countercanbeimplementedasa chainof DFFs,with theinputof eachDFF
connectedo the outputof the previous one,exceptfor one DFF, whoseinputis taken
from the complementeautputsignal of the previous FF, asshavn in Figure4-4. A
global resetsignalshavn in the schematids requiredto setthe counterto its initial
state.

Figure 4-4. schematic of a 4-bit M bius counter
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4.2.2 Circuit Implementation

From its unique counting pattern,the currentstateof the countercan be found by
detectinghe®edge®of thebit pattern Herewe de®nehefalling edgeof the patternas
a transitionin which a bit completesswitchingfrom O1'to O0'state,while the rising

edgestheopposite Sinceonly onetransitionoccursin eachcount,we cansimply com-
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parethe two consecutie bits to detectthe edgeof the pattern.For instancejf we see
Bit [2] = 1" and[3] ='0", we know thebit patternsrising edgehasarrived at StateD,
andtherefore the counteris in StateD. Anotherexampleis whenboth Bit [3] and[0]
arein logic "0' state we know thefalling edgehasarrived at StageA, andsodoesthe
counter Thedetectiorcircuit for eachcountstatecanbeimplementeavith two NAND
gates,onefor eachedge.Two typesof detectioncircuit areshavn in Figure4-5. The
specialunit is for the DFF which input is connectedo the complemenbutputof the
previousoneandthegeneralboneis for otherDFFs.A NAND gatecomparegheinput
andthe complemenbutputof a DFF If speci®@atternedgehasarrived at the input,
the NAND will output™0', otherwise jts outputremains'1'. Sincea NAND gatecan
only detectonetypeof edge two gatesarerequiredto take careof bothrising andfall-
ing edgeslindeed,with addeddetectingunits,the M bius counters outputis turning
into one-hot(or one-cold,jn ourcase)style. This givesusthebene®of replacingexist-
ing one-hotdesigndirectly with our designaslong asthe timing requirements ful-

®lled.

4.2.3 Timing Analysis

Usingextradetectiorcircuitsincreaseshecounters clock-to-Qdelay Sincethedetec-
tion circuits areidenticalto eachother this extra delayis independenbf the present
stateof thecounter Thus,regardlessof the countingstate the overall clock-to-Qdelay
is equalto a DFF's clock-to-Qdelay plus a maximumof onetwo-input NAND gate

propa@tiondelay With approximatelyl20psof propagtiondelayonour NAND gate,
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it givesaround420psoverallclock-to-Qdelay In contrastjn abinarycounteyin which
thedecodersarenormally built usingmulti-level logic usinggateswith morethantwo
inputs,the propagtiondelaysaredifferentdependingnthecurrentstate Sothe over-
all clock-to-Qdelayhasto accommodatéhe worstcasedelay whichis expectedo be

much lager than the clock-to-Qalue in our design.
Figure 4-5. Pattern edge detection circuit.

falling edge at [1] rising edge at [1] falling edge at (3] rising edge at [3]
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Generic detection unit Special detection unit

(comparing QO against Q1/) (comparing QO against Q1)

Both the P andS counterdn our designneedto countmorethan200 statesUsingthe
M bius counterdesign,eachcounterstill usesmorethan100registers.To reducethe
counterarea,a two stage self-timedM bius countercircuit designis used.The sche-
matic of a simplecircuit is shavn in Figure4-6. We seethatthe countercontainstwo
M bius chains,with onechaintakingits clock signalfrom the ip outputof the other
one. Therefore this examplecountercountsup to 8X8=64 counts.This is gain goes
with a correspondingacri®cean the counters performanceThe critical path of the

systemis highlightedin the schematicwhich now goesfrom the clock input of the
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Figure 4-6. 64-count 2 stages M bius counter
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bottomchainto oneof thetop chainoutputs.Thedelayis estimatedo beaboutlns,or
twice thedelayof onechainplusthedelayfrom thebuffers,which areusedto take care
of theheavy fan-outonthesecondlocktree.With the 2-stagestructure pnly 16 DFFs
arerequiredfor the256-statecounterand20 DFFsfor the249/372-stateounter There-

fore, thestructuregivesgreatreductionsn area.Theschematic®f the S andP counter

designs are shn in Figures 4-and 4-8respecirely.

To reducetheoverall clock-to-Qdelays theoutputsof the S andP countersareregister
buffered,asshavn in Figure4-7 andFigure4-8. With theaddedregistersatthe output,
the overall clock-to-Q delay should again be closeto a registers clock-to-Q delay
However, thefastestlock ratethatthesystemcansupporis still restrictedby theinter-

nal critical pathdelay Carefulcalculationandsimulationshavedthatthe overall delay

meets the system speed requirement.
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Figure4-7. Schematic of 256-state programmable

To make the counterprogrammablegeachoutputof the counteris comparedwith the
correspondingxternalinput by usinga XOR gate.For a 256-statecountey two groups
of 16 pinsarerequired.We usetwo designschemego reducethe numberof external
pins neededor counterprogrammingbinary codinganda shift registersystem.n a

binarycodingsystemadecoderconvertsinputbinarydigitsinto one-hotdigits. There-
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Figure 4-8. (249/372)-state &«
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fore, 8 I/O pins are neededfor each256-statecounter To further reducethe total
numberof pins,a shift registersystemis insertedn front of the inputsof thedecoder
Thereforewith 4 pins, TRST, TCK, TIN, andTOUT, we canloadany numberof digits
into the chip. Sincethesecircuits run in the low frequeng digital regime, we have
decidedto usea standarccell design ow for their designs Detailedinformationwill

be cwered in Sectiod.4.
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Figure 4-9. 3/2 prescaler
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Sincetheclock-to-Qdelayof the DFF is 300psfastenoughto carrya2GHzclock sig-
nal,it isdirectlyusedo constructhedivide-by-two prescalewhoseschematics there-
fore not shavn here.The schematiof 3/2 prescaleiis shovn in Figure4-9. Because
ary glitch duringmodeswitchingis unacceptableye have designedhis counterwith

the unique counting pattern st in the ®gure, which eliminates the glitch issue. The

details of the design implementation may be obtained from the ®gure.
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4.3 Simulation and M easur ement

Circuit simulationsfor a typical high speeddigital circuit shouldinclude functional
simulationandtiming simulation.Functionakimulationis intendedo verify thedigital
circuit's functionality under all possible input/output conditions. It is normally done at
the structurallevel, in which circuits undertestaredescribedusingan HDL language
andaresimulatedusingtools suchasModelSim. Thesesimulationsare performedin
thediscreteime domain,detailednformationsuchasinterconnectlelaysandparasitic
componentbeingusuallyneglected.This helpsgeneratesimulationresultsquickly. To
furtheranalyzethe circuit behaior for issuesncluding but not limited to racecondi-

tions and critical path delays, a detailed timing simulation is needed.

Initially, it wastaken for grantedthat the functioning of the counterunit wassimple
enoughthatit wasadmissibleto skip thefunctionalsimulation.We only performedhe
specialcasefunctionalchecksunderHSpicewhile doingtiming simulations However,
doingsocangreatlyincreasehechanceof desigrfailure,asthecountermunithasalarge
numberof statessomeof which mayhave input/outputcombinatiorthatcancausehe
unit to malfunction. Thesemay not surfaceuntil a completecheckis done.Unfortu-
nately we did notrealizethis issueuntil we wereat the ®nalstageof designwhenthe
tape-outdatewasapproachingSincewe did not have thetime to go backand®xthe

issue, we had to takthe risk which should not Y& existed in the ®rst place.
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We hadrun morethan20 timing simulationswith differentinput setupsonthe counter
unitsandall of thempointedfor the properfunctioningof the unit. Again, this cannot
guarantedunctionalcorrectnessf the unit underall input/outputconditions;rather it
only givesussomehopefor the properfunction of the®naldesign.Thefollowing ®g-
uresshav afew waveformscapturedrom the Spicesimulationoutput. The measured
systems clock-to-Qdelayis around340ps,closeto a DFF modules clock-to-Qdelay

which is around 300ps. This agrees with ourjongs conclusion.

Figure 4-10. Sample vaveforms from 1-256 programmable counter

Voltage

Voltage

e

Voltage Voltage
~

o =

age
)

Volt

o

70n 80n

51



4.4 Physical L ayout

For speederformanceeasonsye useacustomdesign o w ontheprescalerandother
counterdesignsHowever, thelayoutof low performanceircuit blockssuchas4-to-16
decodersredoneusingpartsof the standard-cellesign o w. Sincewe have described
the detailsof the customdesign ow in Chapter3, we arenot goingto repeatit here.
Let ustake a look at the standardcell design ow we usedfor this design.The idea
behinda standard-cell-basedkesignis to reusealimited library of cellsandreplacethe
laborintensve placementndroutingwork with CAD automateglacementndrout-
ing. Figure4-11shaws atypical ASIC standarctell design ow, in which, the grayed
blocksarethe oneswe usedin this design.Otherblocksarenot useddueto eithersoft-
wareaccesgdimitation or simplicity of the designitself, exceptfor the constructiornof

the cell library which has already been done prior to this design.

Hereis thelist of all thetoolsthatareusedfor the ow. All thescriptsandrule ®lesthat
werecreatedor this projectarebasedntheseools.However, similartoolsfrom other

CAD tool vendors may be used as well.

RTL coding: \erilog HDL,;

RTL simulation: ModelSim;

logic synthesis and optimization: Design Compiler;
placement and routing: SEDSM,;

Detailed routing: SEDSM and MAX;

Post layout static timing analysis: HSpice.
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Figure 4-11. Typical Standard Cell Design
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Noticethatin the@Detailedrouting® step,acustomlayouttool, MAX, is used.Thetool
is usedfor manuallyinsertingextra viasfor designreliability reasonsOncethe ASIC
block is constructedit is usedin the customdesign ow 2as-is° for the restof the

design.

The folloving ®gure shas the layout plot of the counter design.
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Figure 4-12. Layout plot of programmable counter design.
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Figure 4-14. Layout plot of 4-16 decoder design.

4.5 Conclusions

Due to the fasttiming and large-numbercounting requirementstraditional counter
designgncluding binary and one-hotdesignscannotprovide reasonableolutionsfor
our design.Therefore,we have comeup a new type of counter called the modi®ed
M bius counter In this chapter we have coveredthe conceptsinvolved in this new
designandits implementationin a high speedligital design,adesigner/designeéeam
oftenhasto modify traditionalcircuit designor comeup with anew designin orderto
ful®ll thedesigngoals.Our counterdesignis a gooddemonstratiorfor it. Also, to fur-
thertestthe designers problemsolving skills, we have tightenedthe timing constrain

by usingalow-speedFF designin our counterimplementationThus,it canbeimag-
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inedthatby usingafasterDFF design bettercountermperformancenaybeachieed. At
theendof thischapterwe have alsobrie y shavn theuseof astandaratell design o w.

It has been used on theMapeed circuit block designs including the 4-16 decoders.
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5 PADSAND PACKAGING

5.1 Introduction

Thedesignof thefrequeng synthesizehasbeenplannedor fabricationsothatwe can
verify the designimplementationandits performanceFor this purpose we needto
have a setof padsto use.Sincemostpadscomplyingwith TSMC 0.25umprocesgech-
nologyareproprietaryintellectualpropertiestherearea lot of regulationsandrestric-
tions to usethem. Thus, we decidedto designour own padsand make them public
accessiblen the future. After all, the paddesignfalls into the mix-signaldesignarea.
Furthermoreseveraldesignconstraintshatareassociatedo paddesign,suchaseESD

protection, are good to kmofrom a designes vievpoint.

To shortenthe designcycle, we decideto usethe Tanner0.25umpad packagefrom
MOSIS asareferenceAll thelow-speedradsdesignthatwe needareincludedin the
packageHowever, we alsoneedto build a new high-speedligital padin orderto sup-
port the signalsgeneratedrom the VCO block. In our design,signalswith frequeny
ashighas2.0GHzarerequiredto passoutsidethe packageThus,it isimpossibleto use
traditionalfull swing digital outputpadsfor thesesignals.This canbe seenfrom the

following reason Assumingthe packageve usehasthe pin electricalcharacteristiof
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5nH inductanceand 10pF capacitancefor a 2Ghz, 2.5V signalswing, the switching

current is:

Thereforegvenif we usededicatedroltagesupplypinsfor thesepads thevoltagedrop

on the supply becomes:

_d _ 00mA _
Vdrop = La = 5nH% = 2V.

With 2V supplyvariation,the deviceswill be putout of operation.To solwe this prob-
lem, we candesignthe circuit to lower the outputsignalswingto 100mVy,. Thus,the
supply noisebecomesl60m\, Further we usedifferential structurein our designso
thatthe supplynoisewill be reducedascommon-modeoise.Now, let us®rstlook at
theimplementatiorof the high-speedlifferentialpad.Otherpaddesignswill be cov-

ered in the latter part of this chapter

5.2 High Speed Differential Pads

Becausef the noiseissueaddressetdefore,it is acommonpracticeto uselow-swing
differential pad for high-speedsignals.The pad circuit designwe usedis shavn in
Figure5-1. It is basicallyan ECL circuit structure.The outputvoltageswingis con-
trolled by the supplyvoltages.Thesevoltageswill be suppliedby a pair of dedicated

power pins. Using dedicatedsupply voltagescan 1) allow the userto setthe desire
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Figure5-1. Schematic of high speed
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outputvoltageswing; 2) increasehetestabilityof the circuit; and3) reducethe power
noiseinferenceto the restof the chip. Fromthe schematicone may arguethe output
signalsdo nottrackeachotherduringmodeswitching,andtherefore arenot differen-
tial. Trackingduringmodeswitchingis notimportantin thiscaseThisis becausevhen
thedigital signal's voltageswingis reducedthe switchingtime of asignalbecomerel-
atively shortby comparingwith thesignalperiod.Thereforejt canbeneglectedandthe

signal pair are considered fdifential.

Shaown in the schematiciwo resistersare addedin the output path. They act asthe
sourceterminatorsto reducethe high-speedsignal bouncingissue.Sincethe output
signalwill beconnectedo 50 Ohmcable theoutputimpedancef thedriver shouldbe
assmallaspossible RecallthatRqis inverselyproportionalto W/L ratio. Thus,Req=
200hmwill give usreasonablemalloutputimpedancevithin affordablechiparea.To
furtherreducethe sizeof the driver, device sizesof M2/M4/M5/M7 arereducedThis

is possiblesincecurrent o wing throughtransistorsvi4 is mirroredby thecombination
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of (M1-M2) andcomparedwith the drain currentof M3, device sizesof M2 andM4
canbereducedoroportionallywhile maintainingthe circuit functionality. Final circuit
designhasagainof arounds. High gainis notnecessargincethecircuit carriesdigital

swing signals. The ®naldee sizes of the design is st in Table5-1.

Table 5-1. Device sizes of high speed fiifential pad driers.

Devices M1/M6 M2/M5 M3/M8 M4/M7
M 28 4 28 4

W (um) 14 14 5.6 5.6

L (um) 0.24 0.24 0.24 0.24

To complywith TSMC procesgechnologyadditionalESD protectioncircuit is added.
Sinceit is similar to the protectioncircuits usedin the generapurposepads,they will
becoveredin the GeneraPurposdladssection.Theplot of thedifferentialpadslayout
is shavn in Figure5-2.

Figure5-2. Layout plot of diferential pads
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5.3 General Purpose Pads

The general-purpospadswe usecanbe classi®ednto threecateyory: regular powver
pads, analog power/referencepads, and digital /0O pads.To comply with TSMC

0.25um process technolqdySD protection circuit is added to each pad.

5.3.1 ESD Protection Circuit

The so-calledground-@te MOS (ggMOS) structureESD protectioncircuit is usedin
this designsinceit is oneof the simplestMOS ESD protectiondevice structuresThe
circuit schematiags shovn in Figure5-3. TheggMOSESD protectionstructurehasthe
advantageof providing @zero® leakagaundermormaloperationsandanactive dischag-
ing pathduringESDevents.It is preferablealsobecaus¢he ggMOSis a natureoption
in CMOS technologies.Detailed ggMOS schemeexplanation can be found in
[Wang02].To obtainhigherESD protection,high voltagedevicesand multiple-®nger
structuresarealsousedin thisdesign Figure5-4 shavs thelayoutof abasicpadstruc-
ture. The structure dimensions are complied with MOSI®yChip rules.

Figure 5-3. ggMOS ESD protection scheme.
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Figure 5-4. A pad structure with ggMOS ESD protection.
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5.3.2 Power Pads

The structureof regular power padsis shavn in Figure5-5. CorrespondingggMOS

devices are remeed since thgare not used during ESbents.

Figure5-5. Schematic of peer pads.
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5.3.3 Analog Power Pads and Reference Pad

Sincededicatedpower pins for analogcircuits are usedin this design,the interface

devicesbetweerthedigital andanalogcircuitssuchasPFDandVCO becomesensitve
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to ESD damageTo preventthe problem,we needto addESD protectionbetweerthe

digital andanalogpower lines, aswell asbetweenanalogreferenceand power lines.

The schematics of analogwer pads and the reference pad arevshio Figure5-6.

Figure 5-6. Schematics for analog wer pads and reference pad.
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5.3.4 Digital 1/O Pads

Gnd

Thedigital input, output,andbi-directionalpadsareconsideredsdigital I/O pads.In

fact,a bi-directionalpadcanalsobe usedasa input or outputpad,with controlpin tie

to eitherlogic "0' or "1'. Thereforewe only needthebi-directionalpadfor our design.

The schematicof the bi-directionalpadis shavn in Figure5-7. It is adoptedfrom

Tannerdigital bi-directionalpad design.The device sizeswe usedin our designare

shavn in Table5-2. Con®rmedwith spice simulation,the pad functionsproperly at

10MHz frequeng, whichful®lls our designrequirementThemaximumfrequeng this

padcansupportwill be measuredvith our testplan. The layout plot of the bi-direc-

tional pad is shon in Figure5-8.
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Figure5-7. Schematic of the bi-directional digital pad.
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Table 5-2. Device sizes for the bi-direction pad.

Devices | MI/M4 | M2 | M3/M6 | M5 | M7 | M8 | M9 | M10 | M11/M13 | M12/M14
M 5 4 5 4 |1 1] a1 6 6

Wum) | 624 [6.24] 36 | 36624 36| 30| 30 6.24 3.6

L(um) | 0.36 |0.36| 0.36 |0.36|0.36|0.36|0.48| 0.48| 0.36 0.36

Figure 5-8. Layout plot of the bi-directional pad.
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5.4 Packaging

Thediewill bepackagedn ceramicLeadlessChip Caree(CLCC)44 pin packagepro-

vided by MOSIS. The ceramicpackages usedratherthanplasticonefor the similar

electrical characteristicover all of its pins. However, the pin characteristicand its

modelis not provided by the vendor which becomesanissuewhenwe try to charac-
terizethe pads After evaluatingthe similar packageselectricalcharacteristicthatare

availableto us,we have comeout an estimatedoin modelfor the CLCC-44package,
which is shavn in Figure5-9.

Figure5-9. Pin model of CLCC-44 package.
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This modelis usedin all padscharacterizationandthetop-level chip simulation.The

chip is praven functional under this package model.

TheCLCC-44providedby MOSISofferscavity sizeof 7.62mm x 7.62nm. And the max-
imum die sizecanputin the packagds 6.98smm x 6.985mm . Sinceour designmeasures
1.5mmx 1.5mm, it canbe easily ®tinto the CLCC-44 packageFigure5-10 shows the

layout plot of our ®nal design.

65



Figure5-10. Layout plot of frequencsynthesizer design (including pads).

1.500mm

1.500mm
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© OTHER DESIGN
|SSUES

6.1 Introduction

In the previousthreechaptersye have demonstratethecircuit designandimplemen-
tation of the frequeny synthesizedesign.We have also coveredmostof the design
issueswhich areassociatedo our designandprocesgechnologyit is compliedwith.

However, therearestill someimportantdesignissueghathave notbeenaddressediVe

will discuss these issues in this chapter

6.2 Power Dissipation

It is importantto reducethe enegy consumptiorof a chip design.Over budgetpower
dissipatiorcanleadto severalseriougssuesFirstly, for abatteryoperatedievice,more
circuit power dissipatiormeandessoperatiortime. Secondlythecircuit maydrainout
morecurrentthata setof power andgroundpins cansupply andtherefore partof the
circuit may not gettingenoughpower to maintainits functionality. Thirdly, the circuit
performancenaybereducedr circuit itself becomesinstabledueto exceedheatgen-

erated. Lastlyexceed heat mayen cause pfsical damage to the chip.
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In a deep-sub-micro@€MOS digital circuit design,the primary contributorsto power
dissipationare circuit switching (dynamic power dissipation)and leakagecurrent
(staticpowerdissipation) Amountof power consumedby circuit switchingdepend®n
amountof chages being transferredduring switching. Hence, shutting down the
unusedcircuit, reducingthe clock rate,or usingminimum device sizescanreducethe
circuit's dynamic power dissipation.However, thesetechniquescannotbe usedin
reducingthe static power dissipationcausedy leakagecurrent.This is becausen a
de®nedprocesstechnology the magnitudeof a device's leakagecurrent mainly
depend®nthedevice size.lts valuecanbe estimatedas |, .. = K q%/ , WhereK is a
function of the technology Thus,to reducethe static power dissipation deviceswith
larger thanminimum channellengthshouldbe used.However, changingdevice sizes
canjeopardythe circuit's performanceandnoiseimmunity, which may not be accept-
ablein certainsituations.Thereforethe designeihasto evaluatedthetrade-ofs during
thedesign.Trade-ofs betweerspeedpower dissipationandnoisearemoreobviousin
analogcircuit design,since analogcircuits require constantpower consumptionto

maintain their proper operations.

Thefollowing list shavsthemaintechniquesve usedn ourdesignto reducethepower

dissipation:

shut devn the VCO block when it is not being used;

use less amount of reference current in a current source and choose correct ratio to
generate required supply current in an analog circuit;

self timed counter to reduce the clock rate;
reduce supplyaitage on lav voltage swing dierential drver.
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After appliedthesetechniquesthe systemis expectedio consumel75mW of power:
50mW from all digital circuits anddigital pads;100uW from currentsource;50mwW
from all analogcircuits, including VCOs; and 75 mW from low voltageswing differ-

ential pads. Thus, the design meets thegududget, which is less than 200mwW

6.3 Noise Reduction

As mentionedopreviously, analogcircuits areextremelysensitve to noise.ln a mixed-
signal environment,noise generatedy digital circuit switchingis the biggestnoise
contributor. Suchnoisecanpassthroughinterconnectross-talk power lines,andsub-
strateto analogcircuitsandcausesnalfunction.Thus,it is veryimportantto reducethe
noiseinterferencebetweercircuit blocks.To reducethe noiseinterferencewe usethe

following guidelines in our design:

encircleall sensitve analogcomponentsvith doubleguard-ringto reducesubstrate
noise;

place digital blocksdr avay from analog blocks encircle them with double guard-

ring to reduce substrate noise from escaping;

apply separate peer/ground pairs to analog and digital blocks, with ESD protec-

tion circuit connected betweendvgets of pwer;

use diferential circuit structure in a noisy\eronment to reduce the common-
mode noise;

shut dovn the un-used VCO to reduce switching noise;

distribute high speed digital signals in complementary form to reduce the net
amount of coupled noise;

®Il empty area with bypass capacitor cells to reduce therdme frustration
caused by circuit switching;

Allocateenoughpower/groundpinsandassignall unusedpinsfor power or ground.
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Notice someof them have beenmentionedin the previous chapters\We re-list them

here for the completeness of the list.

6.4 Design for Test

During the design,we have appliedseveral DFT techniquesn orderto make the fre-
gueng synthesizetC moreeasilytestableWewill discussachof themin thefollow-

ing section.

FromChapter2 we canseethedifferentialVCO controlvoltagescarryalot of valuable
information,including the PLL settlingtime, properoperationof the LPF block, UP
andDN currentmatchingin the CP block, andproperfunction of the common-mode
feedbacKkoop. Thereforeijt is usefulif we canmonitortheVCO controlvoltagesxter-
nally. Pullingthecontrolvoltagesstraightoutfrom thesignalpathis notanoptionsince
extraparasiticcapacitanceanalterthegain of the LPF unit. To minimizetheimpactto
thecontrolsignals fwo sourcefollower circuitsareusedto generatéhemonitoringsig-
nals,which will passthroughtwo analogreferencepadsto outsideworld. Therefore,

VCO control wltage signals can be monitoredernally.

Secondchangewe have madeassociatedo DFT is usingseparatgower/groundpins
for thehigh-speedlifferentialpad.As mentionedn Chapters, onereasorto usesepa-
ratepower/groundpinson thedifferentialpadis for betterpower noiserejection.More
importantly we want to allow exible changeof the pad's supply voltages.This is

becausehe differentialpadwe useis a completelynew design,thuswe do not know
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exactlyunderwhatconditionthepadcanoperateroperly By usingseparat@owerand
groundsupplieswe have thefreedomof choosingdifferentsetupto testandcharacter-

ize the pad more thoroughly

Thelastchangewne have madeis within the shift registerblock. We have usedthe DFF
with addedasynchronougesetability to constructheshift registers.Thus,in theevent
thattheregisterblock stopshifting, we canhardresetthe block externallyto putit into
aknow statesothatthefrequeny synthesizemayremainpartially functional. Without
theasynchronousesetability, the programmableountercanbein any randomstates,

and therefore it is impossible teaduate the synthesizerfunctionality

Theabove threechangesanhelpincreasinghe testabilityof the design.Hence they

can reduce the time spending on IC test and measurement.

6.5 Dummy Metal/Pad Insertion

To comply with the TSMC assemblystressrelief rules, dummy metal and padsare
insertedafter the ®nal placementand wiring. Dummy metal and pad insertionare
importantsinceit canreducehewire width andspacevariation[BernsteinO2andpre-
ventsurfaceconcaity from happeningduring chemicalmechanicapolishing(CMP).
TCL scriptsareusedio generatehedummymetalautomaticallyandmanualplacement
areusedfor dummypadinsertion.Figure6-1 shavs someexamplesof dummymetal

and pad ®II.
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sembly stress relief ®II.

Dummy pad ®I/

\ Metal ®II
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{ WHOLE CHIP
SIMULATION AND
TEST PLAN

7.1 Introduction

Sincethefrequeng synthesizechip designis plannedo befabricatedacompletechip
simulationis requiredaccordingto the vendors agreementAlso, a chip testandmea-
surementplan is necessaryfor designevaluation. The ®rstpart of this chapteris
intendedto shav the whole chip simulationsetupwe useandits result. Thenwe will

explain our test plan for the chip test and measurement.

7.2 Whole Chip Simulation

Wholechip simulationis necessarginceit is requiredby the vendor andmoreimpor-
tantly, it is thelastdefenceof a successfutiesign Besidegestingthe designfunction-
ality undernormalcondition,suchsimulationshouldalsotestthe designs temperature
and supply voltagenoisetolerancesBefore startingthe simulation,we needto con-
structthedriver andload modelsof the circuitsthatwill beconnectedo thechipunder
test. Sinceeachoutputof the designis plannedto be connectedo 50 Ohm coaxial

cable,a500hmresistowith oneterminalconnectedo thegroundcanbeusedfor sim-
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ulatinganoutputload.Constructingnputdriversarealsosimplesinceall inputsignals

arelow frequeng. Thus,simple spicepulsegeneratorcanbe usedasinput drivers.

Figure7-1 shavs the actual test emonment we use on the whole chip simulation.

Figure 7-1. Setup of top-leel simulation.
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Dueto thefactthatthe coreof thefrequeng synthesizeis aPLL unit, it become®ne
of the mostdif®cultcircuitsfor spicesimulation.During the simulation,we have suf-
feredissuesuchassimulationcorvergenceandtime-stepresolutionthatfailedthesim-
ulation process.Thanksto nev computerupgradein Prof. Brewer's lab, we have
managedo run afew casegletailedwhole chip simulationsto checkthe designfunc-

tionality after reducingthe simulationaccurag. The simulationresultsare listed in

Table7-1.
Table 7-1. Test result of whole chip simulations.
Temp TEMP = 30°C TEMP = 80°C
M counts 998 1490 | 1492 | 2000 998 1490 | 1492 | 2000
2.7 passed| passed| passed| passed| passed| passed| passed| passed
\(/s)d 2.5 passed| passed| passed| passed| passed| passed| passed| passed
2.3 passed| passed| passed| passed| passed| failed* | passed| failed*

Noticethatthesystentailedto lockwhenTemp = 8o°c, Vdd=2.3V andM=1490/2000.
Extrasetof simulationsareperformedwith TEmMp = 70°c while keepingeverythingelse
the same.The extra simulationshave con®rmedhat the systemlocks properlyunder

the nev condition.

Basedon thewhole chip simulationresults we arecon®dento saythefrequeng syn-
thesizercircuit maintainsits functionality in ambienttemperaturéoetweensocc and
70°c with 5% supplyvoltagevariation.Unfortunately dueto the spicelimitation, sim-
ulationresultscannotbe usedto validatethe performancef thefrequeng synthesizer
suchasphasenoise.Validationof performancas to be coveredin chip testandmea-

surement.
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7.3 Test and M easurement Plan

Thefrequeng synthesizedesignhasbeensubmittedo thefabricationvendoron May
17th,2004. Testchipswill be sentbackwithin eightweeks.We have preparecdh test

plan for the design, which will be described in this section.

The planis designedo validatethe testchip's functionality and measurets perfor-
mance.Performanceneasurementwill include phasenoise,timing jitter, operation
temperaturegange,andpower dissipationmeasurement®ue to the outputfrequeny
requirementa printed circuit board (PCB) test platform is requiredto completethe
above testand measurementslhe following is the list of the guidelineswe will be

using on the PCB design.

use crystal oscillator to generate input reference clock;

keep short trace between the crystal oscillator and the input of the test chip, and
avoid using vias;

high speed digital outputs will be route to sigd-mount SMA connectors, &g
keep the trace short andogd using vias;

test chip will be mounted on PCB by using agg-mount LCC soek with 1pF
max pin capacitance;

digital input will be intercing with PCs parallel port;

three sets of peer and ground will be praded via &ternal paver supplies for
“exibility;

In thetestervironment,a computerwith parallelportwill be usedto programthe fre-
gueng synthesizes programmableounterandscanregisters.Outputsignalswill be
fedinto oscilloscopeandspectrumanalyzerto measuresynthesizes timing jitter, set-

tling time, andphasenoise.Threeprogrammabl@ower supplieswill coordinateo the
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computerto provide supplyvoltagesVCO inputvoltageswill bemonitoredconstantly
by a digital multi-meterwith PC interfaceandthe resultswill be loggedby the com-

puter

Sincethe synthesizepperatesn picosecondange thejitter measurementsanbedif-
®cultto measureCourtesyof Teradynewe will be ableto accesgo high speedoscil-
loscopeto completethetestandmeasuremenEor futureconsiderationabuild-in DFT
circuit will be usefulin the measurementdf PLL jitter andotherspeci®egarameters.
The completelC testandmeasuremenwill be performedin Fall, 2004 andthe ®nal

result will be submitted to MOSIS as part abfication agreement.
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8 CONCLUSIONS

In thisthesiswe ®rstdiscussedhedesigrandimplementatiorof frequenyg synthesizer
in adeepsub-micronCMOS procesgechnologyFrequeng synthesizerandPLLs are
widely usedin high-speedligital and mixed-signallC designs.Thus, it is especially
valuablefor adesigneworkingin this ®eldto have knowledgefor frequeny synthesis
andPLLs. Moreimportantly frequeny synthesizerss acomples systenthatinvolves
mary generalhigh-speeddigital and mixed-signaldesignissues.By designingand
implementinga frequeng synthesizerthe designers problemsolving skills in such
®eldcanbewell exercised Also thedemandof IC designsn deepsub-micronCMOS

technology ma# it desirable to use such kind of technology to implement the design.

We alsointroduceda new type of counterdesignwhichis basedntraditionalM bius

counterstructure Suchdesignis provenproviding betterdesignareaandspeederfor-
mancecombinationPipelinestructureis alsousedin the designto furtherimprove the
countemperformanceThestandaraell design o w we have developedpreviously have
beenusedn partof thecounterdesign.Thereforethesuccessf thisdesigncanbeused

to prove the correctness of the desigmw.o

Thenwe reviewedtheconstructiorof padsfor thetechnologywe areusing.Sincemost

of the padsare proprietaryIPs, it will be valuableto provide public accessiblepad
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designsto help future researchessingcompliedprocesgechnology The padsetwe
createdincludesa high-speeddifferential pad that is to be characterizedOnce its

parameters are captured, the set is complete for high speed design usage.

Finally, we provided the whole-chipsimulationresults.The theoreticalwork in this
thesids supportedy extensve simulation We alsodescribedhetestandmeasurement

plan for IC testing after the test chip is sent back frabmi€ation.

Dueto its compleity, this frequeng synthesizedesignprojecthasbeenquite over-
whelming for a novice designer However, after completingthe circuit designand
implementation] have gainedenoughexperienceto feel comfortablewith this high-

speed mird-signal design.
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