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Abstract

1.0 - 2.0 GHz Wideband PLL CMOS Frequency Synthesizer

by

Chao W. Huang

CMOSmixed-signaldesignhasbecomevery popularin todayÕs semiconductorindus-

try. This paperis to demonstratea CMOS frequency synthesizerdesign,whosepri-

marypurposeis to testthedesignerÕs high speed,mixed-signalCMOScircuit design

skill. The designuses0.25um deepsub-micronCMOS processtechnology. Thus

issuessuchasnoiserejection,high frequency parasiticeffects,leakagecurrent,power

dissipation,etc.canbeexposedandthedesignerÕs problemsolvingskills canbeexer-

cised.A new counterdesign,theÒmodiÞedMšbius counterÓis alsopresentedin this

design.Furthermore,this designis usedto verify theusabilityof thepreviously setup

customdesignßow andstandardcell designßow, which maybeusedfor futureaca-

demic teaching purpose.
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1 INTRODUCTION

PLL-basedfrequencysynthesizersareusedin manyelectronicapplications.In thepast,

frequencysynthesizersweremainly implementedby usingdiscretecomponents.How-

ever,dueto thepackageelectricalcharacteristics,buildingafrequencysynthesizerwith

discretecomponentsto meettheadvancingdesignspeedconstraintbecomesmoreand

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

In awirelesscommunicationsystem,to achievehigherspeed,lowercost,smallerform

factor, and lower power dissipation,the frequencysynthesizeris usually integrated

togetherwith othercircuitsin low-costCMOStechnology.Thisin turnrequiresenough

supply-noiseisolationfor thesynthesizerto providelow phase-noiseoutput.Because

of its goodsupplynoiseandcommon-modenoiserejectionproperties,thedifferential

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

Anotherissueof on-chipsynthesizerdesignis thedifficulty of generatingoutputwith

wide frequencytuning range.This is becauseto havewider outputfrequencytuning

range,largercapacitanceis required.SincecurrentCMOStechnologiesdonotprovide

goodcapacitance/arearatio, it is expensiveto build a largecapacitorand therefore,

limits thesynthesizer'soutputtuningrange.In orderto increasethetuningrangewith-

out increasethechip areausage,multi-VCO unit canbeused.Theideais to partition
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outputfrequencyrangeinto sections,oneVCO is respondingto onesection.A multi-

plexerunit is usedto directthevalid VCO outputto thesynthesizeroutput.Therefore,

with multi-VCO structure,widertuningrangecanbeachievedwith limited capacitance

area usage.

Oneof thecorecomponentsin thefrequencysynthesizeris theprogrammablecounter.

Traditionalcounterdesignsarenormallybasedoneitherbinaryorone-hotdesignstruc-

ture.Binarycounterstructureis chip-areaefficientbutgivesslowperformance.Onthe

otherhand,one-hotdesignprovidesgoodspeedperformance,but is chip-areaexpen-

sive.Dueto theselimitations,in a high-speedandwide-tuning-rangesynthesizer,nei-

ther binary nor one-hotdesignstructuremay be usablefor programmablecounter

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

In thefollowing chapters,wewill demonstratethedesignandimplementationof a fre-

quencysynthesizerby usingtheconceptsdescribedabout.Also, wewill presentanew

counterdesign,theso-calledmodifiedMobiuscounter.Thiscounterstructurecanpro-

videspeedperformancecomparableto one-hotdesignwhile usinglimit amountof chip

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

We will alsobriefly discussthecustomdesignflow andstandarddesignflow thatare

usedin this design.To completethedemonstration,we will alsocoverthedesignand

constructionof high-speeddifferential padandgenericpadscircuits.Lastly, we will

discussthe IC test and measurementplan for the design.The completesynthesizer
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designimplementationcomplieswith TSMC 0.25 CMOStechnologyandthepro-

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

µm
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2 INTRODUCTION TO
THE FREQUENCY
SYNTHESIZER

2.1 Introduction

The frequencysynthesizer'ssimplified block diagramis shownin Figure2-1. In the

frequencysynthesizer,the PLL block is responsiblefor generatingan output signal

whosefrequencyis dependentonthephaserelationshipbetweentwo inputsignals.The

phasesof a referencesignal,fref, anda feedbacksignal,ffb, arecomparedin a phase-

frequency-detector(PFD),andthephasedifferenceis thenconvertedby achargepump

andlow passfilter (CP/LPF)circuit into a control voltage.This voltagecontrolsthe

VCO to generateasignalwith thedesiredfrequency.A divider is insertedon thefeed-

backpath,giving . Sincein thelockedcondition,fref andffb mustbeequal,

fout is simply equalto theproductof fref by M. Shownin Figure2-1(b)arethesimple

waveformswith M=4. By changingthemultiplication factor,M, signalswith desired

frequency can be generated.

In ordertounderstandandanalyzethefunctionalbehaviorof thefrequencysynthesizer,

it is necessaryto constructa linearmodelfor thesystem.As wewill see,thefrequency

synthesizeris a non-lineardevicebut it canbemodelledasa lineardevicesinceunder

f f b f out M÷=
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normaloperation,the systembehavesfairly linearly. In this chapter,we will startby

briefly discussingeachbuilding block andits linearmodel.We will thencombinethe

modelsandanalyzethesynthesizersystemasa whole.Sincewe intendto concentrate

on circuit designhere,an in-depthdiscussionof eachbuilding block andits modelis

beyondthe scopeof this thesis.More informationcanbe acquiredfrom [Dai03] and

[Rabaey02].

2.2 Frequency Synthesizer Basics

As seenin Figure2-1(a),thefrequencysynthesizerhasfour subblocks:PFD,CP/LPF,

VCO, andfeedbackdivider blocks.ThePFDblock is usedto determinethephasedif-

ferencebetweenthe referenceandfeedbacksignals.Dependingon the input signals'

phaserelationship,i.e. one leadsor lagsthe other,the PFD producesan appropriate

outputsignal.This is bestdescribedwith thePFDphasecharacteristicsplot shownin

(a) Block diagram (b) Typical waveforms with M=4

Figure 2-1. Simpli®ed block diagram and waveforms for a frequency



6

Figure2-2,in which, . Theplot showsthatthePFDis anonlin-

eardeviceandit hasa linearphaserangewithin 360degrees.Whenthesynthesizeris

in lockedstate,the phaseerror betweenfeedbackandreferencesignalsarenormally

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. Vout plot.

The phasefrequencydetectordescribedabovecanbe implementedby a digital state

machine,whosestatediagramandschematicareshownin Figure2-3.ThePFDdesign

producesnon-complementaryoutputsUPandDN. TheUPsignalis usedfor increasing

thevalueof controlvoltageandtherefore,increasingtheoutputfrequencyof theVCO.

A DN signaldoesthe exactlyoppositejob, and is usedfor lowering the output fre-

quency.Theduty cycleof eachsignalis dependenton thephaserelationshipbetween

thetwo inputsignalsandtheirphasedifference.Assumingfref is leading,theDN signal

∆φ phaseref phaseÐ f eedback=
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remainsinactivewhile theUPsignalbecomeactivewith adutycycleof , asshown

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

Figure 2-3. State diagram and schematic of PFD

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

SincetheUPandDN signalsaredigital signals,theymustbeconvertedinto ananalog

voltageto control theVCO. A chargepumpanda low-passfilter unit servesthepur-

pose.Shownin Figure2-5 is onepossibleimplementationof aCP/LPFunit. It consists

of two switchedcurrentsourcesthat pumpchargesinto or out of the low-passfilter

∆φ
2π
-------

(a) State diagram (b) Schematic
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accordingto thePFDoutputs.VCO controlvoltage,Vout, riseswhenUP is activeand

theamountof voltagechangeis dependenton theduty cycleof theUP signal,which

can be seen in Figure2-4. Similarly, Vout decreases when DN is active.

Figure 2-5. Schematic of a charge pump

Let usconsiderthecasewhenthe referenceclock is leadingthe feedbackclock. The

average output current from the charge pump is then given by

. ( 2-1)

In which,T is theperiodof thereferencefrequency.Therefore, is simply the

duty cycle of UP signal. Thus, we have

. ( 2-2)

Equation2-2canbeappliedto thecaseswhenthefeedbacksignalis leadingtherefer-

enceclockaswell, with bothphaseerrorandoutputcurrentnegative.Hence,thetrans-

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

Vdd

Gnd Gnd

UP

DN

Vout

CP

Icp

Icp

Iout Icp

tUP acti veÐ

T
-------------------------⋅=

tUP acti veÐ

T
-------------------------

Iout Icp
∆φ
2π
-------⋅=
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. ( 2-3)

In simplestcase,alow-passfilter canbemadeasonecapacitorconnectedfrom limited-

impedancesignalline to ground,asshownin Figure2-5. Its transferfunction is then

given by

. ( 2-4)

Theoutputvoltagefrom thelow-passfilter is fed into thevoltage-controlledoscillator

unit. Thereare two typesof VCO designsthat arewidely usedin the industry,ring

oscillatorVCO andLC VCO.An LC VCO offersgoodphasenoiseperformance.How-

ever,its requiringspecialfabricationprocess,occupiesmuchbiggerarea,andnarrow

tuning rangepropertiesmakeit unsuitableto be usedin our design.Therefore,we

chooseto usea ring oscillatorfor theVCO. Thetransfercharacteristicof a VCO unit

can be described as

. ( 2-5)

Integrating on both sides, we have

, ( 2-6)

yielding the transfer function

. ( 2-7)

Theoutputsignalgeneratedby theVCO unit is thenfedbackto thePFDvia adividerunit.

The feedback divider carries the function , which is in our case, .

Iout

∆φ
-------- s( )

Icp

2π
------=

Vout

Iout
----------- s( ) 1

s Cp⋅
-------------=

f vco t( ) Kvco Vout t( )×=

φvco t( ) Kvco Vout t( ) td
0

t

∫=

Φout

Vout
----------- s( )

Kvco

s
------------=

f i n M f out⋅= f f b
1
M
----- f vco⋅=
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With eachsubsystem'slinearmodeldefined,wecannowconstructa linearmodelfor

the frequencysynthesizersystem.Thecombinedsynthesizer'slinearmodelis shown

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

. ( 2-8)

Figure 2-6. Linear model of the frequency synthesizer.

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

H s( )
Φout s( )
Φi n s( )
-------------------

Icp

2π
------ 1

s Cp⋅
-------------

Kvco

s
------------⋅ ⋅

1
1
M
-----

Icp

2π
------ 1

s Cp⋅
-------------

Kvco

s
------------⋅ ⋅ ⋅+

-------------------------------------------------------------= =

Gnd

Cp

R

VoutIcp

Gnd

C2

Gnd

Cp

R

VoutIcp

With C2 << Cp

(a) Second order filter (b) simplified filter
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Theclosed-loopsystemcontainstwo imaginarypoles,whichsuggestthatthesystemis

unstable.In ordertostabilizethesystem,amodifiedloop-filterunit isusedtoaddazero

and pole to the system, as shown in Figure2-7(a). The zero and the pole are given by

( 2-9)

( 2-10)

CapacitorC2 is usedfor suppressingtheripple noisecausedby R-Cp loop andcanbe

neglectedaslong asit is muchsmallerthanCp. Thus,theloop filter canbesimplified

to the circuit shown in Figure2-7(b). The pole of the system becomes

, ( 2-11)

the loop filter's transfer function becomes

, ( 2-12)

yielding the new frequency synthesizer's close loop transfer function

. ( 2-13)

Therefore,thenaturalfrequency , dampingfactor , andloopbandwidth canbe

written as

( 2-14)

( 2-15)

. ( 2-16)

ωz
1

RCp
----------=

ωp

Cp C2+

RCpC2
-------------------=

ωp
1

RC2
----------≅

Vout

Iout
----------- s( )

1 sRCp+

sCp
-----------------------=

H s( )

Icp

2π
------ Kvco⋅ sR 1

Cp
------+ 

 

s2 sR
Icp

2πM
------------ Kvco

Icp

2πMCp
------------------- Kvco⋅+⋅ ⋅+

----------------------------------------------------------------------------------------------=

ωn ζ ωl pf

ωn

Icp

2πMCp
------------------- Kvco⋅=

ζ R
2
----

IcpCp

2πM
------------- Kvco⋅=

ωl pf 2ζωn

IcpKvcoR

2π M⋅
-----------------------= =
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To keepthesystemstableyet to havefast settlingtime, and are

used [Wolaver91].

2.3 Phase Noise and Timing Jitter Issues

Sincemostapplicationsrequirecleanandpreciseclock signals,makinga frequency

synthesizerwith low outputphasenoiseand timing jitter is a major concernin this

design.Becausethe PLL aspart of the synthesizersystemis an analogcircuit, it is

inherentlysensitiveto noiseandinterference.In particular,a ring oscillator,which is

used in our VCO design, is the biggestphasenoise and timing jitter contributor

[Kim90]. Otheranalogblocksincludingthechargepumpandthe loop filter alsopro-

ducesignificanteffectson thesystemin termsof phasenoiseandtiming jitter. There-

fore, a design with high supply and substratenoise rejection, such as one using

differentialcircuit structureis desirable.In ourdesign,wehaveadoptedthedifferential

VCO circuit topologyin [Dai03] andchargepump/loopfilter's in [Li00]. Detaildiscus-

sion on the circuit topologiesandtheir impact to the systemphasenoiseandtiming

jitter can be obtained from the sources.

2.4 Conclusions

In this chapter,we havereviewedthe basicknowledgefor a frequencysynthesizer

design.We havealsobriefly studiedeachof thesynthesizer'sbuilding blocksandits

transferfunctionaswell asthe linear modelandtransferfunction for the synthesizer

itself. In theend,we haveshortlyreviewedtheimportanceof minimizing phasenoise

ωp 4ωl pf= ωz
1
4
---ωl pf=
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andtiming jitter in afrequencysynthesizerandoneof thepossiblesolutions,whichwe

usedin ourdesign.Thischapterservesasafoundationfor designanalysisin 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 chapter, we will demonstratethephase-lockedloop block design.A PLL block

is thecoreof our frequency synthesizerdesign.Becauseit is asystemcontainingmany

analogsub-circuits,it canbeusedto testthedesigner'sanalogexpertise.Also, sinceit

hasmany designconstrainsthatwill beshown in thefollowing partof thechapter, we

will useafull-customdesign̄ o w for thePLL block layout.BeforepresentingthePLL

design, let us ®rst look at the design speci®cation for the frequency synthesizer.

Sinceoneof thisdesignintentionsis to testthestandardcell setandpadsthatwerepre-

viouslycreated,anoutputfrequency rangefrom1.0to2.0GHzwith 2.0MHzresolution

is desirable,ascanbe seenfrom the table.Sincethe maximumoutput frequency is

twiceasfastastheminimumoutputfrequency, by insertinganumberof divide-by-two

dividerstagesin theoutputpath,thesystemis ableto generatea frequency rangefrom

Table 3-1. The frequency synthesizer's design speci®cation.

Input reference frequency 1.0 MHz

Output frequency 1.0 - 2.0 GHz, step 2.0 MHz

lock-in time < 1.0 ms

Power consumption < 200 mW

Process technology comply with TSMC 0.25um CMOS

Supply voltage V2.5 0.2±
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DCupto2GHz.Therefore,wecanusetheoutputsignalto testthemaximumfrequency

thestandardcell setsandpadscansupport.However, sucha wide rangecancreatea

numberof potentialissues,includingthedif®cultyof building a VCO unit thatcovers

thisoutputfrequency rangeandanincreaseof loop®ltersize.In thefollowing sections,

we will show how to conquer these issues.

3.2 Voltage-Controlled Oscillator

As mentionedbefore,wechooseto useaCMOSring oscillatorratherthananLC-tank

for our VCO design.This is becauseit givesa wider tuning rangeandusessmaller

designarea.However, it is still dif®cultto constructanoscillatorthatcanprovide 1.0

to 2.0GHzoutputfrequency. In orderto solve this issue,wecameupwith aVCO unit

design whose block diagram is shown in Figure3-1.

Figure 3-1. VCO block diagram.

Vout f

low

frequency

VCO

high

frequency

VCO

SelectSelect

out

S1 S2
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Unlike a typical VCO unit, theonein our designcontainstwo VCO cells,eachgener-

atingasubsetof thefrequency range,i.e.thelow frequency VCO generatesfrequencies

from 1.0GHzto 1.49GHz;andtheotheronegeneratesthefrequenciesfrom 1.49GHz

to 2.0GHz.A SELsignalis usedto choosewhichVCO to use.By carefullydesignthese

VCO blocks,we canhave themcover thefull rangeof frequency outputwhile having

similar valuesof . This is important since it helps to reducethe systemarea.

Equation2-16 on page11, suggeststhat with constant , Icp and R can remain

unchanged.Therefore,wecanuseonechargepumpandloop®lterin thedesignrather

thantwo. As we shall seelater, usingonesetof CP/LPFunit reducessystemareaby

40%.

In thefollowing sectionwewill cover thecircuit designandcomponentsizingcalcula-

tions.For demonstrationpurposes,we usethedesignparametersgivenin [Rabaey02],

which are re-listed in Table3-2. These values will be used in later chapters.

3.2.1 Design of VCO Cells

An n-stageinverteroscillatorblock diagramis shown in Figure3-2. TheVCO design

usesa fully differentialstructurein orderto achieve goodsupplyandsubstratenoise

rejection.Sincewepartitiontheoutputfrequency rangeinto two parts,weusea3-stage

VCO to generatethelowerrangefrequency output,anda2-stageVCO for theupperof

Table 3-2. Parameters for manual model of generic 0.25CMOS process (minimum length device).

NMOS

PMOS

Kvco

M
------------

Kvco

M
------------

µm

VT0 V( ) γ V0.5( ) VDSAT V( ) k′ A V2⁄( ) λ V 1±( )

0.43 0.4 0.63 115 6±×10 0.06

0.4± 0.4± 1± 30 6±×10± 0.1±
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rangeoutput.For theinverterdelaystagedesign,weusethecircuit topologyin [Dai03].

The schematic of the inverter delay cell design is shown in Figure3-3.

Figure 3-2. n-stage inverter oscillator VCO ( )

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

Shown in the®gure,transistorsM1, M2, M7 andM8 togetherform differentialinverter

pairs,M9 andM10 arethecurrentlimiting devices,whichareusedto controltheoutput

frequency; andM3-M6 form a pair of latches.Theadditionalof latchesinto thetradi-

tional inverter-only structurechangesthedelaystageinto adesignwith hysteresis.This
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is dueto theadditionaldelaythat is causedby the latches.With this extra delay, it is

possibleto obtaina 180degreesignalphaseshift at ®nitefrequency with a minimum

of two stages.Sincethis is therequirementfor aring oscillatorto oscillate,anoscillator

containingonly 2 stagesis possible.As mentionedbefore,theVCO is thebiggestphase

noiseandtiming jitter contributor in thesystem.Sincephasenoiseandtiming jitter are

accumulatedby eachdelaystagein thering,minimizingthenumberof stagesin aVCO

unit can greatly reduce the system phase noise and timing jitter.

It is canbeshown thatthesizeratiobetweenthelatchandtheinverterpairdecidesthe

totaldelayof astage.If wecanchangetheeffectivewidthsof theinverterpair, wecan

alsochangetheoutputfrequency of thering oscillator. M9 andM10 areusedexactly

for thispurpose.Increasingthedifferentialcontrolvoltagesappliedat theinputsof M9

andM10 is equivalentto increasingtheeffectivewidthsof M1, M2, M7 andM8 byAnd

thus,causestheoutputfrequency to rise.To simplify thecircuit analysisthatis shown

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

3.2.1.1 Circuit Analysis

To understandhow theoscillatorcircuit works,let us®rstlook at thestepresponseof

thedelaycell. Figure3-4showsanexamplecasewherestepsignalsarriveat theinputs

Vi+ andVi-. SincetransistorsM1 andM8 arein cut-off modein thisexample,they are

removed from the schematic.
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Figure 3-4. Step response when Vi+: 0->1

At t=0,bothM2 andM7 areon,andcreatingthetwo currentpathsshown in thefigure.

SinceM3 andM6 arestill on, the outputstatesremainunchangeduntil whenVo+ =

VTN or Vo- = Vdd+ VTP. At thatmoment,eitherM4 or M5 turnson.Dueto thepositive

feedbackformed by the latch pairs,both outputsswitch statesrapidly. Now, let us

define this is thethresholdpoint of thedelaystage,in which,Vi+ = Vth andVi- = Vdd

- Vth. At thresholdpoint, M2 andM7 arein saturationandM3 andM6 arein linear

mode. On Òcurrent path 1Ó, we have

.  (3-1)

Solving for Vth, we get

.  (3-2)

WheneachNMOS andPMOSpair have equalstrength,Equation3-1 andEquation3-

2 alsoapplyto Òcurrentpath2Ó.Noticethatwhenthesizeof thelatchesandall thegate

lengths stay constant, Vth is just a function of the inverters' effective width.
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Now, let usstudytherelationshipbetweenthe thresholdvoltageandoscillatoroutput

frequency by usingthe2-stageoscillatorasanexample.ThebasicRCmodelandexam-

plewaveformsareshown in Figure3-5.Rd is theequivalentdriveresistorandCg is the

equivalentinput capacitorof a delaystage.In orderfor thesystemto oscillate,VTPB

mustcrossover thedelaycell thresholdvoltageVth at afterVTPB startsrising,so

that it can trigger the next stage. Therefore, we have the following equation:

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

.  (3-3)

Solving for T, we get

.  (3-4)

Accordingto [Dai03], thecircuit noisecanbeviewedasequivalentto avariationin the

thresholdvoltage,Vth. Thus,tominimizenoise,wewant tobeassmallaspossible.

Solving Vth from Equation3-4, we get

.  (3-5)
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Combining it with Equation3-2, we have

.  (3-6)

For a 3-stageoscillator, resultscanbeobtainedusingsimilar analysis.OptimalVth for

a 3-stage oscillator is Vth=1.8V. Therefore,

.  (3-7)

Equation3-6 andEquation3-7 only give the optimal sizerelationshipbetweenlatch

andinverterpair. We thususethemasaguidelineanduseHSpiceto ®ndthetransistor

sizesthatgive bothsimilar oscillatorsgain andoptimalnoiseperformance.Table3-3

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

Figure3-6 shows a sampleHSpiceplot of the2-stageVCO outputperiodvs. control

voltage,con®rmingthat is amonotonicfunctionwithin -0.1Vto 2.5Vcontrolvolt-

agerange.AcquiredcornercaseKvco valuesfrom simulationarelistedon Table3-4.

NoticetheKvco/M valuesof thetwo VCO typesareverycloseto eachother. Thisgives

us the ability to one CP/LPF for both VCO blocks 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
for

2 stage
VCO

M 3 3 3 3 2 2

W 35 14 15 6 52 21.4

L 0.24 0.24 0.24 0.24 0.24 0.24

Delaycell
for

3 stage
VCO

M 12 12 2 2 2 2

W 8.75 3.5 10 4 17.5 7

L 0.24 0.24 0.24 0.24 0.24 0.24

WM3

LM3
------------

LM2

WM2
------------ 2.1≅⋅

WM3

LM3
------------

LM2

WM2
------------ 1.6≅⋅

µm( )

µm( )

µm( )

µm( )

Φout

Vctrl
-----------
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Figure 3-6. Example of the 2-stage VCO output as a function of Vctrl.

3.2.2 Design of VCO Switching Units

As mentionedbefore,it requirestwo extra switchingunits,asshown in Figure3-1, in

orderto useoneCP/LPFunit for multipleVCOs.Wewill now analyzethedesignanal-

ysisfor bothunits.For simplicity, weusesingle-endedversiondesignsin thefollowing

analysis.Let us ®rstlook at the designfor Switch S1, whoseschematicis shown in

Figure3-7. In thedesign,M1, M2, M3, andM4 form a passinggateMUX structure.

Accordingto theselectsignalSEL,theinputVCO controlsignalis routedto eitherthe

A or B output.In orderto reducecross-couplingnoisegeneratedby theunusedVCO

Table 3-4. Corner case Kvco values.

Sampling frequency 2.0 GHz 1.49 GHz 1.49 GHz 1.0 GHz

VCO type 2-stage VCO 3-stage VCO

Kvco (MHz/V) 120 540 90 440

M 2000 1490 1490 1000

Kvco/M (MHz/V) 0.06 0.36 0.06 0.44

P
er

io
d 

(s
ec

.)

Vctrl (V)

0.7n

0.6n

0.5n

0.4n

0 2.51.0 1.5 2.00.5
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unit, we wantto shutit off completely. Therefore,transistorsM5 andM6 areaddedto

thedesignsothatwhentheVCO is not chosen,its controlvoltagesaresetto reversed

maximumandthus,shutoff theVCO completely. BecauseS1connectstheLPF unit

andtheVCOs,its parasiticvalueis addedto theLPFgain.Thus,it is extremelyimpor-

tantto keepthechannelresistancedown in ordernot to altertheLPFgain. In thetech-

nology we are using, a minimum size, W/L=1, fully on NMOS has an equivalent

resistancevalueof 13 and31 respectively for PMOS.Usingtheminimumsizing

transistors for S1 will de®nitely break the linear model we use.

Figure 3-7. Schematic of VCOs switch unit S1 (single-ended version).

Table 3-5. Device sizes for the switch unit S1.

Devices M1/M3 M2/M4 M5/M6

M 12 12 12

W 10 25 2

L 0.24 0.24 0.24

Req 26 25 130

kΩ kΩ

SEL/ SEL/

GndGnd

M1
M2

M3
M4

M5 M6
SEL

IN

OUT1
OUT0

µm( )

µm( )

Ω( )
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To lower the equivalentresistance,Req, we cansimply increasethe transistors'W/L

ratio, sinceReq is inverselyproportionalto theW/L ratio. ThetargetReq is chosento

belessthan30Ohm,which is compareableto interconnectwire resistance.Increasing

thedevicesizesalsoincreasetheirparaciticcapacitances.In out®naldesign,theoverall

paraciticcapacitanceof Switch S1 is approximately210fF, which canbe neglected,

sinceCp in theLPFunit which is in thepicofaradrangeandhencedominates.The®nal

devicesizesareshown in Table3-5.Noticethatthesizesof M5 andM6 aresmall.This

is becausethey arenoton theLPFpath,andtherefore,theirsizesdonotaffect theLPF

gain and can be kept minimum.

Figure 3-8. Schematic of VCOs switch unit S2 (single-ended version).

Switchunit S2usesapassgatestructuresimilar to thatof S1.Its schematicis shown in

Figure3-8. SinceS2 is usedfor passinghigh speedsignals,we needto keepits input

parasiticcapacitanceaslow aspossibleso asnot to createextra loadson the VCOs,

Table 3-6. Device sizes of VCOs switch unit S2.

Devices M1/M3 M2/M4

M 1 1

W 2 5

L 0.24 0.24

SEL/ SEL/

S
E

L

M1
M2

M3
M4

IN1
IN0

OUT

µm( )

µm( )
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changingtheir gains.Thus,smallsizedevicesareusedin S2,whosesizesarelistedin

Table3-6

OncewehaveconstructedtheVCO unit andacquiredtheKvco values,wecanmoveon

to the charge pump and loop ®lter designs.

3.3 Charge Pump and Loop Filter

From Equations2-9, 2-11, and2-16 we canseethat the charge pumpcurrentIcp is

inverselyproportionalto R, while R itself is directly proportionalto Cp andC2. Since,

in theprocesstechnologywe areusing,capacitorsareexpensive devicesto make, we

want to avoid theuseof very largecapacitors.To reducethesizesof Cp andC2 while

keeping , , and unchanged,we cancut down the charge pumpcurrentand

increasetheR value.Sinceresistorsusea decentamountof areaaswell, it is wise to

choose the values that give optimal space usage.

3.3.1 Design Analysis

Beforecarryingon with further calculations,we needto choosethe appropriateloop

bandwidthfor the®lter. A rule-of-thumbselectionis to make theloop bandwidth1/10

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

case. Therefore, . Thus, we have , and

. Thelock-in timefor aPLL with aPFDisapproximatedbyEquation3-

ωl pf ωz ωp

ωl pf

2πf ref

10
--------------- 2π 5×10

rad
Vsec

------------= = ωz
1
2
---π 5×10

rad
Vsec

------------=

ωp 8π 5×10
rad

Vsec
------------=
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8, in whichfeo is theinitial frequencyerror,N is thefeedbackdividerratio,andK is the

loop bandwidth [Wolaver91].

.  (3-8)

In our case,the worst casefrequency error is 1.0 GHz, andthe divider ratio is 1000.

Therefore,the lock-in time is approximately800 , which meetsour designrequire-

ment.

With all theabove datagiven,we now cancalculatethevaluesfor theR andC compo-

nentsandfor thechargepumpcurrents.Sincethemaximumovershootof thecontrolvolt-

ageoccurswhentheloop gain is minimum,we usetheminimumKvco/M, 0.06MHz/V,

for component calculations. Table3-7shows the values we use in our design.

SincetheCP/LPFdesigndecidesthefunctionalcorrectnessof aPLL design,wrongcal-

culationscanalmostcertainlyguaranteethefailureof adesign.Thus,wedecidedto use

MATLAB Simulink to verify thecorrectnessof theloop ®lterdesign.Simulink allows

us to createa mathematicalmodelfor thesystemandsimulatethesystem's behavior.

The simulationspeedis incredibly fast comparedto Spicesimulation.Better yet, it

comeswith a genericPLL modelso thatwe canmodify themodelto suit our design

needs.Figure3-9 andFigure3-10show themodi®edPLL modelwe usedin Simulink

Table 3-7. CP/LPF design values

Icp R Cp C2

157 255pF 16pF

TP

8f eo

NK2
-----------≅

µs

10µA kΩ
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andoneof its outputexample,in which,wefr=1.0MHz andfq=100MHz.With all four

Kvco cornercases,whichareshown in Table3-4,beingsimulated,theproperchoiceof

loop ®ltercomponentvaluesis veri®ed.Now, we cancontinuewith thecircuit imple-

mentation.

Figure 3-9. MATLAB Simulink PLL model.

Figure 3-10. Simulink simulation output for N=1000.
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3.3.2 Design Implementation

Thehardestdecisiontomakefor theLPFimplementationiswhattypeof capacitorstruc-

tureto use.In theprocesstechnologyweareusing,wehavetheoptionsof usingspecial

Poly-Insulator-Poly (PiP) or Metal-Insulator-Metal (MiM) structureto build the high

precisioncapacitors,or usingMOS structurefor area-ef®cientbut substrate-noise-sen-

sitivecapacitors.SincetheMOScapacitorstructuregives6 timesmorecapacitanceper

areathanthePiP/MiM structurefor thesamearea,we decidedto useit in our design.

Furthermore,this leadsto a moreportabledesignsincePiP/MiM structureis not avail-

ablein someprocesses.To reducethenoiseeffects,we usethefollowing techniquesin

the layout design:

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

¥ place double guard-rings around the capacitor units

¥ use dedicated analog power and ground supplies

A MOScapacitorstructureis shown in Figure3-11.Theoverallcapacitanceis thegate

capacitancewhentheMOSis turnedonplustheparasiticcapacitancesthatexist onthe

sourceanddrainterminals.Whenthegatecapacitanceis substantiallylargerthanpar-

asiticcapacitances,theoverall capacitancecanbeapproximatedby C=CoxWL. There-

fore, we want to construct the device with large gate length and small junction area.
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Figure 3-11. MOS capacitor structure and its characteristic plot.

Fromthecharacteristicplot weseethatthecapacitancevalueremainsconstantoncethe

deviceis on.HSpicesimulationshowsthattheturn-onvoltageis 1V for aPMOSdevice

and0.7V for aNMOSdevice.Dueto thebodyeffect, they arebiggerthanthedevices'

thresholdvoltages,asexpected.SincethedifferentialVCO controlvoltagerangesare

1.2-2.5Vfor Vctl+ and0-1.3Vfor Vctl-, weusePMOScapacitorsontheVctl+ pathand

NMOS ones on the Vctl- path to ensure the devices are on during normal operation.

For thechargepumpunit, we usethedesignsuggestedin [Li00]. Thecompletesche-

matic of the CP/LPFunit is shown in Figure3-12 and the device sizesare listed in

Table3-8. In this design,transistorsM1 to M12 form a chargepump,which takesdif-

ferentialinput signalsUP, UP/,DN, andDN/ from PFDunits.Controlledby theinput

signals,transistorsM9 to M12 act ascurrentsteeringswitches,decidingwhich of 4

charge-pumpcurrentpathsareon.Sincethey don't draw muchcurrent,thesefour tran-

sistorsaredesignedto beweakdevices.Keepingthemweakalsohelpsreduceloadon

the input signals,which allows for fasterswitching times. The amountof current

pumpedin or drainedout from theLPF units is regulatedby thecurrentmirror circuit

formedby transistorsM1 to M8, with thecurrentsourceshown in Figure3-13.Thecur-
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rent sourcecircuit is a modi®edVt-referencedself-biasedcascodedesign,which has

nice features such as power supply rejection and large voltage swing.

Figure 3-12. Differential CP/LPF unit.

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 24 24 9.6 9.6 0.48 0.48 24 50 20 9.6

L 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.

Shown in Figure3-13, the value of current Ics is given by

.  (3-9)

For a current mirror system, we have

.  (3-10)

Applying it to our design,asanexample,we have Iout=Icp, IREF=Ics, Mout=M1/M3 in

Figure3-12,andMREF=M8/M7 in Figure3-13.Therelationshipappliesto eachcorre-

spondingdevicepairs.By choosingthecorrectdevicesizeratios,a10 charge-pump

current can be generated.

Table 3-9. Device sizes of current source.

Devices M1/M2 M3/M4 M5/M6/M8 M7 M9/M10 M11/M12 M13/M14/M16 M15

m 1 1 1 1 1 1 1 1

W 30 6 24 24 75 2.4 9.6 9.6

L 0.96 1.44 0.96 1.44 0.96 1.44 0.96 1.44
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50K
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Continuingwith theCP/LPFdesign,weseethatadifferentialampli®er, U1, aswell as

two 281kOhmresistorsarealsoincludedin thedesign.They actasa common-mode

feedbackcircuit to maintainthecommonmodevoltagelevel of thedifferentialoutput

pair. Thedesignschematicis shown in Figure3-14.Largevalueresistorsareusedso

thatthey won't draw currentlevelssigni®cantenoughto altertheloopgainvalues.The

®nalstagesof theCP/LPFaretwo source-follower units.Their purposeis to shift the

LPF outputvoltagesto within theVCO controlvoltagerangerequirements,which are

from 1.2Vto 2.5Vfor Vctrl+ andfrom 0V to 1.3Vfor Vctrl-. Theamountof voltageshift

is equal to the Vgs of the device, which can be found by solving the equation

.  (3-11)

Figure 3-14. Common-mode feedback ampli®er.

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 40 40 9.6 9.6 9.6

L 0.96 1.44 0.96 1.44 0.96

Id
K ′
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----- Vgs VT±( )2 1 λVds+( )=
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3.4 Phase-Frequency Detector

SincethePFDupdaterateis 1.0MHz,which is in thelow frequency range,thecircuit

implementationof the functionalblock shown in Figure2-3 is ratherstraightforward.

Thedesignweuseis from [Maneatis96]with addedinverterdelayunitsto eliminatethe

hazardconditionsandthedeadzoneissue,assuggestedin [Dai03]. Theschematicdia-

gram and device sizes (with L=0.24 ) are shown in Figure3-15.

Figure 3-15. Schematic for phase-frequency detector unit.

Notice that theoutputsof PFDareUP/ andDN/. SincetheCP/LPFrequiresUP, DN,

UP/, and DN/ signals,two single-ended-to-differential signal convertersare usedto

generatetheUPandDN signals.Theschematicandeachgatesizesof theconverterare

shown in Figure3-16. Again, we use L=0.24  for the devices.
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Figure 3-16. Schematic of single-ended-to-differential signal converter.

In thesignalconverterdesign,extra invertersanda passgateareusedto ensuremini-

mum delay between the complementary outputs.

3.5 PLL Simulation

To verify thefunctionalityof thePLL block,we cancompletetheloop by usingsome

®xed divider counters,thenperformreal time simulationson the system.It is worth-

while to do this before®nishingthe completefrequency synthesizerdesignfor the

reasonof reducingthe simulation time. This is becausethe PLL unit is an analog

device,andtheVCO unitsproducehighfrequency outputs,it requiresasmalltimestep

in simulation to achieve high accuracy. However, the PLL unit locking time is

extremelylongcomparedto theoutputfrequency period,microsecondsvs.picoseconds

in thiscase.Full realtimesimulationwouldrequirehugeamountsof CPUtime.To cut

down thesimulationtime,we uses®xeddividerson thefeedbackloop ratherthanthe

morecomplicatedprogrammabledividerunit.Thus,simulationcanbedonewithoutthe

programmabledividerbeingbuilt. Thefollowing aresomesamplewaveformscaptured

from the HSpice simulation results.
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Figure 3-17. Simulated differential VCO control voltage.

Figure 3-18. Simulated reference and feedback signals.

Figure 3-19. Simulated control voltage after the PLL is locked.
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FromFigure3-19we canseetherearetwo noisesshowing on theoutputsignals,one

with 1 periodandtheotherwith 10 . Thehigh frequency oneis thenoisecoupled

fromthephase-frequency detectoroutputstoeliminatetheªdead-zoneºandthelow fre-

quency oneis thenoisepassedthroughthelow pass®ltersinceit hasthebandwidthof

.

3.6 Physical Layout

As mentionedat thebeginningof this chapter, thePLL is ananalogsystemwith tight

constraints,including substrateand power noise rejection, power dissipationand

crosstalk.Hence,thedesignneedsto bedoneusingafull customdesign̄ o w. The¯o w

we use is shown in Figure3-20.

Figure 3-20. Full-custom design ¯ow.

In thiscustom¯o w, wehavecreatedscripts,includingscriptsfor DRC,LVS,ERC,and

simulation, as well as global rule ®les to minimize human interaction with the ¯ow.

The following is a list of guidelines we used during the PLL design.

µs µs

ωl pf

2πf ref

10
--------------- 2π 5×10

rad
Vsec

------------= =
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· Wide transistors are ªfoldedº to reduce S/D junction area and gate resistance;

· layout differential circuits symmetrically to suppress the effect of common-mode
noise and even-order nonlinearity;

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

· ¯oorplan the noise sensitive analog elements away from digital noise sources;

· use dedicated analog power and ground supplies for the analog elements;

· place double guard ring around all sensitive circuits and noise source circuits;

· ®ll unused area with de-coupling capacitors to reduce power and ground noise.

The plot of the PLL block layout is shown in Figure3-21. It also indicatesthe ®nal

placementof eachsub-block.Noticethattheloop®lteroccupiesmorethanhalf thePLL

blockarea.Therefore,usingonesetof CP/LPFwith multipleVCOsgreatlyreducesthe

overall chip size in our design.

Figure 3-21. Layout plot of PLL block.
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3.7 Conclusions

In this chapter, we have demonstratedthedesignandcircuit analysisof a PLL block.

SinceaPLL is acomplex analogdevice,thisdesignprovidedchallengesto thedesigner

in analogcomponentdesign.Theseincludedtheconsiderationof effectsfrom digital

elementsin a typical deepsub-micronCMOSprocesstechnology. Theanalogcompo-

nentsdesignincludesdesignof differential operationalampli®ers,analog®lters,a

chargepump,a phase-frequency detector, currentmirrors,a common-modefeedback

loop, and voltage-controlled oscillators.

Becauseof its complexity, thedesignof thePLL block usesa full customdesign¯o w.

Therefore,it not only helpsthedesignerto understandthe¯o w structure,but alsover-

i®es the proper construction of the design ¯ow for future uses.
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4 COUNTERS

4.1 Introduction

Aswehavediscussedin Chapter2, theVCOoutputfrequency foutandthefeedbackfre-

quency ffb have therelationshipthatffb = fout / M, where,M is thedivisor of thefeed-

back loop. Further, when the frequency synthesizeris in the locked state,fref = ffb.

Therefore,whenthesystemis locked,fout = . By changingthevalueof M, the

synthesizercangeneratea rangeof frequencies.A programmablefrequency divider is

usedtogeneratethedivisor, M. It canbeassimpleasahighspeeddigital programmable

counter, which is what we use in our design.

Thecounterdesignweusefor thefrequency synthesizeris theso-calledpulseswallow

frequency divider. Its blockdiagramis shown in Figure4-1.Thecircuit is governedby

the following equation:

 (4-1)

In theequation,theS valueis thenumberassociatedwith theprogrammablecounter.

By changingtheSvalue,thetotalnumberof countsof thesystemcanbeprogrammed.

Since the output frequency range is divided betweentwo VCOs, as explained in

Chapter3, two setsof P andS areneeded.ThecalculatedP andS valuesareshown in

M f ref×

Mcount 2 P N S+⋅( )=
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Table4-1. Insteadof building two separatesetsof circuits,we usedonegeneral1-256

programmablecounterfor Sanda249/372variablecounterfor P. Basedontheexternal

inputs,adecodercontrolcircuit chooseswhichcountingmodesthecountersshouldbe

in.

Figure 4-1. Pulse swallow frequency divider.

As oneof our designgoals,we wantedto testtheperformanceof thestandardcell set

andthe custompadswe wereusing.However, sincethe projectwasnot intendedto

characterizethecell set,thetestwaslimited to checkinghow fastthecellsandthepads

couldberun,reliably. Therefore,it wasdesirable,for testpurposes,to designasystem

thatcouldgeneratea setof frequenciesrangingfrom onethatthecellsandpadscould

mostlikely work underto onethat would causethemto fail. For this reason,we put

anotherprogrammablecounteron thehigh frequency prescaleroutputs.Thecomplete

Table 4-1. Counting values for the pulse swallow frequency divider.

Frequency range P (counts) (N+1)/N (counts) S (counts) Total counts

1GHz - 1.49GHz 249 3/2 1 to 247 998 to 1490, step 2

1.49GHz - 2GHz 372 3/2 1 to 256 1490 to 2000, step 2
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block diagramfor thecounterunit with the teststructureis shown in Figure4-2. The

signalflow is usedto testtheperformanceof standardcellsandpads.Its valueis de®ned

as: .

Figure 4-2. Block diagram of counter unit.

Currentlywe have two DFF designson hand:onehasclock-to-Qdelayof 180psand

the other's is 300ps.Sincetiming constrainsaregenerallythe biggestissuein a high

speeddigital design,to bettersimulatetheseissues,we 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 fvco(MAX)=2.0GHz, Figure4-2 shows that the countersS andP are

requiredto supportup to 500MHz of input clock signal. For the designof these

counters,therearetwo typesof countingschemesarecommonlyused:binary, andone-

f l ow
M1
M2
-------- f ref×=
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hot. An implementationusing the binary schemeprovides greaterareaef®ciency

becauseit only requiresn registersfor 2n counts.However, dueto theextra decoding

logic overhead,sucha designmaynot besuitablefor high speedapplications.On the

otherhand,a one-hotcountereasilyout-performsany othercounterdesigndueto its

minimal decodinglogic overhead.But sinceit requiresoneregisterfor eachcounting

state,one-hotcountingschemebecomesextremelyarea-expensive for a designwith a

largenumberof countingstates.Dueto thehigh speedandnumberof countingstates,

neitherschemeprovidesa reasonablesolutionfor our design.By carefullyevaluating

the counter's timing constraintand the characteristicof our cell set,we decideon a

modi®edM�bius counterdesignthatmeetstheperformanceconstraintswhile provid-

ing good area ef®ciency.

4.2.1 Modified Möbius Counter

Thebit patternof a 4-bit Mobiuscounteris shown in Figure4-3, in which eachletter

representsa countingstateof thecounterandthenumbersin a stateshow thestatusof

eachbit. The M�bius counterhastwo advantagesover a one-hotcounterdesign:it

occupieshalf thesizeanduseshalf thedynamicpower. Fromthecountingpatternwe

canseethatann-bit M�bius countercanrealize2ncounts.Thus,usinghalf thenumber

of registers,aM�bius counterachievethesamenumberof countsthataone-hotcounter

does.Thiscutsdown thedesignareausageby half.Further, sincethereis only onelogic

transactionon eachcountratherthanthetwo on theone-hotcase,theM�bius counter

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

A M�bius countercanbeimplementedasachainof DFFs,with theinputof eachDFF

connectedto theoutputof thepreviousone,exceptfor oneDFF, whoseinput is taken

from the complementedoutputsignalof the previous FF, asshown in Figure4-4. A

global resetsignalshown in the schematicis requiredto set the counterto its initial

state.

Figure 4-4. schematic of a 4-bit M�bius counter.

4.2.2 Circuit Implementation

From its uniquecountingpattern,the currentstateof the countercan be found by

detectingtheªedgeºof thebit pattern.Herewede®nethefalling edgeof thepatternas

a transitionin which a bit completesswitchingfrom Ô1'to Ô0'state,while the rising

edgeis theopposite.Sinceonlyonetransitionoccursin eachcount,wecansimplycom-
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parethe two consecutive bits to detecttheedgeof thepattern.For instance,if we see

Bit [2] = `1' and[3] ='0', we know thebit pattern's rising edgehasarrivedat StateD,

andtherefore,thecounteris in StateD. Anotherexampleis whenbothBit [3] and[0]

arein logic `0' state,we know thefalling edgehasarrivedat StageA, andsodoesthe

counter. Thedetectioncircuit for eachcountstatecanbeimplementedwith two NAND

gates,onefor eachedge.Two typesof detectioncircuit areshown in Figure4-5. The

specialunit is for theDFF which input is connectedto thecomplementoutputof the

previousoneandthegeneraloneis for otherDFFs.A NAND gatecomparestheinput

andthecomplementoutputof a DFF. If speci®cpatternedgehasarrivedat the input,

theNAND will output`0', otherwise,its outputremains̀ 1'. Sincea NAND gatecan

only detectonetypeof edge,two gatesarerequiredto takecareof bothrisingandfall-

ing edges.Indeed,with addeddetectingunits, theM�bius counter's outputis turning

into one-hot(or one-cold,in ourcase)style.Thisgivesusthebene®tof replacingexist-

ing one-hotdesigndirectly with our designaslong asthe timing requirementis ful-

®lled.

4.2.3 Timing Analysis

Usingextradetectioncircuitsincreasesthecounter'sclock-to-Qdelay. Sincethedetec-

tion circuits areidenticalto eachother, this extra delayis independentof the present

stateof thecounter. Thus,regardlessof thecountingstate,theoverall clock-to-Qdelay

is equalto a DFF's clock-to-Qdelayplus a maximumof onetwo-input NAND gate

propagationdelay. With approximately120psof propagationdelayonourNAND gate,
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it givesaround420psoverallclock-to-Qdelay. In contrast,in abinarycounter, in which

thedecodersarenormallybuilt usingmulti-level logic usinggateswith morethantwo

inputs,thepropagationdelaysaredifferentdependingonthecurrentstate.Sotheover-

all clock-to-Qdelayhasto accommodatetheworstcasedelay, which is expectedto be

much larger than the clock-to-Q value in our design.

Figure 4-5. Pattern edge detection circuit.

Both theP andS countersin our designneedto countmorethan200states.Usingthe

M�bius counterdesign,eachcounterstill usesmorethan100registers.To reducethe

counterarea,a two stage,self-timedM�bius countercircuit designis used.Thesche-

maticof a simplecircuit is shown in Figure4-6. We seethat thecountercontainstwo

M�bius chains,with onechaintakingits clock signalfrom the¯ip outputof theother

one.Therefore,this examplecountercountsup to 8X8=64 counts.This is gain goes

with a correspondingsacri®cein the counter's performance.The critical pathof the

systemis highlightedin the schematic,which now goesfrom the clock input of the
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bottomchainto oneof thetopchainoutputs.Thedelayis estimatedto beabout1ns,or

twicethedelayof onechainplusthedelayfrom thebuffers,whichareusedto takecare

of theheavy fan-outonthesecondclock tree.With the2-stagestructure,only 16DFFs

arerequiredfor the256-statecounterand20DFFsfor the249/372-statecounter. There-

fore,thestructuregivesgreatreductionsin area.Theschematicsof theSandPcounter

designs are shown in Figures 4-7 and 4-8 respectively.

To reducetheoverallclock-to-Qdelays,theoutputsof theSandPcountersareregister

buffered,asshown in Figure4-7andFigure4-8.With theaddedregistersat theoutput,

the overall clock-to-Q delay shouldagain be closeto a register's clock-to-Q delay.

However, thefastestclockratethatthesystemcansupportis still restrictedby theinter-

nalcritical pathdelay. Carefulcalculationandsimulationshowedthattheoveralldelay

meets the system speed requirement.

Q

Q/

D

RST

Q

Q/

D

RST

Q

Q/

D

RST

Q

Q/

D

RST

RST

CLK

Q

Q/

D

RST

Q

Q/

D

RST

Q

Q/

D

RST

Q

Q/

D

RST

RST

x2x0 x1 x3

0x 1x 2x 3x

group of buffers

Figure 4-6. 64-count 2 stages M�bius counter.



47

To make thecounterprogrammable,eachoutputof thecounteris comparedwith the

correspondingexternalinputby usingaXOR gate.For a256-statecounter, two groups

of 16 pinsarerequired.We usetwo designschemesto reducethenumberof external

pinsneededfor counterprogramming:binarycodinganda shift registersystem.In a

binarycodingsystem,adecoderconvertsinputbinarydigits into one-hotdigits.There-
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fore, 8 I/O pins are neededfor each256-statecounter. To further reducethe total

numberof pins,a shift registersystemis insertedin front of theinputsof thedecoder.

Therefore,with 4 pins,TRST, TCK, TIN, andTOUT, wecanloadany numberof digits

into the chip. Sincethesecircuits run in the low frequency digital regime, we have

decidedto usea standardcell design¯o w for their designs.Detailedinformationwill

be covered in Section4.4.
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Sincetheclock-to-Qdelayof theDFFis 300ps,fastenoughto carrya2GHzclocksig-

nal,it isdirectlyusedtoconstructthedivide-by-twoprescalerwhoseschematicis there-

fore not shown here.Theschematicof 3/2 prescaleris shown in Figure4-9. Because

any glitch duringmodeswitchingis unacceptable,we have designedthis counterwith

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

details of the design implementation may be obtained from the ®gure.
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CTRL = 0 >> count 2
CTRL = 1 >> count 3

Counting sequence

CTRL = 1
11�>00
00�>10�>01�>00

CTRL = 0
11�>01
00�>10
01�>10�>01

From C2 to C3: when OUT goes from 0 to 1.
Therefore, Q0Q1 = 10
Q0Q1 next is always = 01
When C3, next will be 00
Thus, window for CTRL to change from 0 to 1 needs to be less than 2xCK�2x(NAND prop delay) � (Inv prop delay) �(setup time) 

CK(min) = 1ns

CTRL to D0 delay = 250ps

Will boost the performance

if connect QB to second FF

via an inverter.

i.e. CTRL needs to arrive within 
2ns − 0.24ns − 0.1ns = 1.57ns
after the output rise edge

Figure 4-9. 3/2 prescaler.
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4.3 Simulation and Measurement

Circuit simulationsfor a typical high speeddigital circuit shouldinclude functional

simulationandtiming simulation.Functionalsimulationis intendedto verify thedigital

circuit's functionality under all possible input/output conditions. It is normally done at

thestructurallevel, in which circuitsundertestaredescribedusinganHDL language

andaresimulatedusingtoolssuchasModelSim.Thesesimulationsareperformedin

thediscretetimedomain,detailedinformationsuchasinterconnectdelaysandparasitic

componentsbeingusuallyneglected.Thishelpsgeneratesimulationresultsquickly. To

furtheranalyzethecircuit behavior for issuesincludingbut not limited to racecondi-

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

Initially, it wastaken for grantedthat the functioningof the counterunit wassimple

enoughthatit wasadmissibleto skip thefunctionalsimulation.Weonly performedthe

specialcasefunctionalchecksunderHSpicewhile doingtiming simulations.However,

doingsocangreatlyincreasethechanceof designfailure,asthecounterunit hasalarge

numberof states,someof whichmayhave input/outputcombinationthatcancausethe

unit to malfunction.Thesemay not surfaceuntil a completecheckis done.Unfortu-

nately, wedid not realizethis issueuntil wewereat the®nalstageof design,whenthe

tape-outdatewasapproaching.Sincewe did not have the time to go backand®xthe

issue, we had to take the risk which should not have existed in the ®rst place.
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Wehadrunmorethan20 timing simulationswith differentinputsetupson thecounter

unitsandall of thempointedfor theproperfunctioningof theunit. Again, this cannot

guaranteefunctionalcorrectnessof theunit underall input/outputconditions;rather, it

only givesussomehopefor theproperfunctionof the®naldesign.Thefollowing ®g-

uresshow a few waveformscapturedfrom theSpicesimulationoutput.Themeasured

system's clock-to-Qdelayis around340ps,closeto aDFF module's clock-to-Qdelay,

which is around 300ps. This agrees with our previous conclusion.

Figure 4-10. Sample waveforms from 1-256 programmable counter.
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4.4 Physical Layout

Forspeedperformancereasons,weuseacustomdesign̄ o w ontheprescalersandother

counterdesigns.However, thelayoutof low performancecircuit blockssuchas4-to-16

decodersaredoneusingpartsof thestandard-celldesign̄ o w. Sincewehavedescribed

thedetailsof thecustomdesign¯o w in Chapter3, we arenot going to repeatit here.

Let us take a look at the standardcell design¯o w we usedfor this design.The idea

behindastandard-cell-baseddesignis to reusea limited library of cellsandreplacethe

laborintensive placementandroutingwork with CAD automatedplacementandrout-

ing. Figure4-11shows a typical ASIC standardcell design¯o w, in which, thegrayed

blocksaretheonesweusedin thisdesign.Otherblocksarenotuseddueto eithersoft-

wareaccesslimitation or simplicity of thedesignitself, exceptfor theconstructionof

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

Hereis thelist of all thetoolsthatareusedfor the¯o w. All thescriptsandrule®lesthat

werecreatedfor thisprojectarebasedonthesetools.However, similar toolsfrom other

CAD tool vendors may be used as well.

· RTL coding: Verilog 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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Noticethatin theªDetailedroutingºstep,acustomlayouttool,MAX, is used.Thetool

is usedfor manuallyinsertingextra viasfor designreliability reasons.OncetheASIC

block is constructed,it is usedin the customdesign¯o w ªas-isº for the rest of the

design.

The following ®gure shows the layout plot of the counter design.

Figure 4-11. Typical Standard Cell Design
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Figure 4-12. Layout plot of programmable counter design.

Figure 4-13. Layout plot of 8-bit shift register.
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Figure 4-14. Layout plot of 4-16 decoder design.

4.5 Conclusions

Due to the fast timing and large-numbercountingrequirements,traditional counter

designsincludingbinaryandone-hotdesignscannotprovide reasonablesolutionsfor

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 implementation.In ahighspeeddigital design,adesigner/designerteam

oftenhasto modify traditionalcircuit designsor comeupwith anew designin orderto

ful®ll thedesigngoals.Ourcounterdesignis agooddemonstrationfor it. Also, to fur-

ther testthedesigner's problemsolvingskills, we have tightenedthetiming constrain

by usinga low-speedDFFdesignin ourcounterimplementation.Thus,it canbeimag-

57um
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inedthatby usingafasterDFFdesign,bettercounterperformancemaybeachieved.At

theendof thischapter, wehavealsobrie¯y shown theuseof astandardcell design̄ o w.

It has been used on the low speed circuit block designs including the 4-16 decoders.
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5 PADS AND PACKAGING

5.1 Introduction

Thedesignof thefrequency synthesizerhasbeenplannedfor fabricationsothatwecan

verify the designimplementationand its performance.For this purpose,we needto

haveasetof padsto use.Sincemostpadscomplyingwith TSMC0.25umprocesstech-

nologyareproprietaryintellectualproperties,therearea lot of regulationsandrestric-

tions to usethem.Thus,we decidedto designour own padsandmake thempublic

accessiblein thefuture.After all, thepaddesignfalls into themix-signaldesignarea.

Furthermore,severaldesignconstraintsthatareassociatedto paddesign,suchasESD

protection, are good to know from a designer's viewpoint.

To shortenthe designcycle, we decideto usethe Tanner0.25umpadpackagefrom

MOSISasa reference.All thelow-speedpadsdesignthatwe needareincludedin the

package.However, we alsoneedto build a new high-speeddigital padin orderto sup-

port thesignalsgeneratedfrom theVCO block. In our design,signalswith frequency

ashighas2.0GHzarerequiredto passoutsidethepackage.Thus,it is impossibleto use

traditionalfull swing digital outputpadsfor thesesignals.This canbe seenfrom the

following reason.Assumingthepackagewe usehasthepin electricalcharacteristicof
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5nH inductanceand10pFcapacitance;for a 2Ghz,2.5V signalswing, the switching

current is:

.

Therefore,evenif weusededicatedvoltagesupplypinsfor thesepads,thevoltagedrop

on the supply becomes:

.

With 2V supplyvariation,thedeviceswill beput out of operation.To solve this prob-

lem,we candesignthecircuit to lower theoutputsignalswingto 100mVpp. Thus,the

supplynoisebecomes160mV. Further, we usedifferentialstructurein our designso

thatthesupplynoisewill bereducedascommon-modenoise.Now, let us®rstlook at

the implementationof thehigh-speeddifferentialpad.Otherpaddesignswill becov-

ered in the latter part of this chapter.

5.2 High Speed Differential Pads

Becauseof thenoiseissueaddressedbefore,it is a commonpracticeto uselow-swing

differential pad for high-speedsignals.The pad circuit designwe usedis shown in

Figure5-1. It is basicallyan ECL circuit structure.The outputvoltageswing is con-

trolled by thesupplyvoltages.Thesevoltageswill besuppliedby a pair of dedicated

power pins. Using dedicatedsupply voltagescan 1) allow the userto set the desire

I C
td

dV
10pF

2.5V
250ps
---------------⋅ 100mA= = =

Vdrop L
td

dI 5nH 100mA
250ps

------------------⋅ 2V= = =
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outputvoltageswing;2) increasethetestabilityof thecircuit; and3) reducethepower

noiseinferenceto therestof thechip. Fromtheschematic,onemayarguetheoutput

signalsdo not trackeachotherduringmodeswitching,andtherefore,arenot differen-

tial. Trackingduringmodeswitchingis notimportantin thiscase.Thisis becausewhen

thedigital signal'svoltageswingis reduced,theswitchingtimeof asignalbecomerel-

atively shortby comparingwith thesignalperiod.Therefore,it canbeneglectedandthe

signal pair are considered differential.

Shown in the schematic,two resistersareaddedin the outputpath.They act as the

sourceterminatorsto reducethe high-speedsignalbouncingissue.Sincethe output

signalwill beconnectedto 50Ohmcable,theoutputimpedanceof thedrivershouldbe

assmallaspossible.RecallthatReq is inverselyproportionalto W/L ratio.Thus,Req=

20Ohmwill giveusreasonablesmalloutputimpedancewithin affordablechiparea.To

furtherreducethesizeof thedriver, device sizesof M2/M4/M5/M7 arereduced.This

is possiblesincecurrent̄ o wing throughtransistorsM4 is mirroredby thecombination

M1 M2

M3 M4

M5 M6

M7 M8

Gnd

Vdd Vdd

Gnd

IN�

IN+

OUT−
OUT+

20

20

Frequency Synthesizer
cell: diffpad file: /usr1/research/chao/freqsyn/doc/thesis/pic/diffpad.sue
owner: chao last modified by: chao Tue Jun 01 13:41:02 PDT 2004

Figure 5-1. Schematic of high speed
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of (M1-M2) andcomparedwith thedraincurrentof M3, device sizesof M2 andM4

canbereducedproportionallywhile maintainingthecircuit functionality. Final circuit

designhasagainof around5.High gainis notnecessarysincethecircuit carriesdigital

swing signals. The ®nal device sizes of the design is shown in Table5-1.

To complywith TSMCprocesstechnology, additionalESDprotectioncircuit is added.

Sinceit is similar to theprotectioncircuitsusedin thegeneralpurposepads,they will

becoveredin theGeneralPurposePadssection.Theplot of thedifferentialpadslayout

is shown in Figure5-2.

Figure 5-2. Layout plot of differential pads.

Table 5-1. Device sizes of high speed differential pad drivers.

Devices M1/M6 M2/M5 M3/M8 M4/M7

M 28 4 28 4

W 14 14 5.6 5.6

L 0.24 0.24 0.24 0.24

µm( )

µm( )

glass
opening

glass
opening

ggPMOS ggNMOS
ECL

driver

300um



61

5.3 General Purpose Pads

Thegeneral-purposepadswe usecanbeclassi®edinto threecategory: regularpower

pads,analog power/referencepads,and digital I/O pads.To comply with TSMC

0.25um process technology, ESD protection circuit is added to each pad.

5.3.1 ESD Protection Circuit

Theso-calledground-gateMOS (ggMOS)structureESDprotectioncircuit is usedin

this designsinceit is oneof thesimplestMOS ESDprotectiondevice structures.The

circuit schematicis shown in Figure5-3.TheggMOSESDprotectionstructurehasthe

advantageof providing ªzeroº leakageundernormaloperationsandanactivedischarg-

ing pathduringESDevents.It is preferablealsobecausetheggMOSis anatureoption

in CMOS technologies.Detailed ggMOS schemeexplanation can be found in

[Wang02].To obtainhigherESDprotection,high voltagedevicesandmultiple-®nger

structuresarealsousedin thisdesign.Figure5-4showsthelayoutof abasicpadstruc-

ture. The structure dimensions are complied with MOSIS' TinyChip rules.

Figure 5-3. ggMOS ESD protection scheme.

Vdd

Gnd

I/O

ggNMOS

Vdd

ggPMOS
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Figure 5-4. A pad structure with ggMOS ESD protection.

5.3.2 Power Pads

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

devices are removed since they are not used during ESD events.

Figure 5-5. Schematic of power pads.

5.3.3 Analog Power Pads and Reference Pad

Sincededicatedpower pins for analogcircuits areusedin this design,the interface

devicesbetweenthedigital andanalogcircuitssuchasPFDandVCO becomesensitive

ggPMOS ggNMOSglass
opening driver

I/O

circuit

300um

Vdd

Gnd

I/O

ggNMOS

Vdd

I/O

ggPMOS

Gnd
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to ESDdamage.To prevent theproblem,we needto addESDprotectionbetweenthe

digital andanalogpower lines,aswell asbetweenanalogreferenceandpower lines.

The schematics of analog power pads and the reference pad are shown in Figure5-6.

Figure 5-6. Schematics for analog power pads and reference pad.

5.3.4 Digital I/O Pads

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

fact,a bi-directionalpadcanalsobeusedasa input or outputpad,with controlpin tie

to eitherlogic `0' or `1'. Therefore,weonly needthebi-directionalpadfor ourdesign.

The schematicof the bi-directionalpad is shown in Figure5-7. It is adoptedfrom

Tannerdigital bi-directionalpaddesign.The device sizeswe usedin our designare

shown in Table5-2. Con®rmedwith spicesimulation,the pad functionsproperly at

10MHzfrequency, whichful®llsourdesignrequirement.Themaximumfrequency this

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

tional pad is shown in Figure5-8.
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AVdd

Vdd

Gnd
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Figure 5-7. Schematic of the bi-directional digital pad.

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

Table 5-2. Device sizes for the bi-direction pad.

Devices M1/M4 M2 M3/M6 M5 M7 M8 M9 M10 M11/M13 M12/M14

M 5 4 5 4 1 1 4 1 6 6

W 6.24 6.24 3.6 3.6 6.24 3.6 30 30 6.24 3.6

L 0.36 0.36 0.36 0.36 0.36 0.36 0.48 0.48 0.36 0.36
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5.4 Packaging

Thediewill bepackagedin ceramicLeadlessChipCareer(CLCC)44pin packagepro-

videdby MOSIS.Theceramicpackageis usedratherthanplasticonefor thesimilar

electricalcharacteristicsover all of its pins. However, the pin characteristicand its

modelis not providedby thevendor, which becomesan issuewhenwe try to charac-

terizethepads.After evaluatingthesimilarpackages'electricalcharacteristicsthatare

availableto us,we have comeout anestimatedpin modelfor theCLCC-44package,

which is shown in Figure5-9.

Figure 5-9. Pin model of CLCC-44 package.

This modelis usedin all padscharacterizationsandthetop-level chip simulation.The

chip is proven functional under this package model.

TheCLCC-44providedby MOSISofferscavity sizeof . And themax-

imum die sizecanput in thepackageis . Sinceour designmeasures

, it canbe easily®t into the CLCC-44package.Figure5-10 shows the

layout plot of our ®nal design.

1

5pF

5nH

Gnd

OUTIN

7.62mm 7.62× mm

6.985mm 6.985mm×
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Figure 5-10. Layout plot of frequency synthesizer design (including pads).
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6 OTHER DESIGN
ISSUES

6.1 Introduction

In thepreviousthreechapters,wehavedemonstratedthecircuit designandimplemen-

tation of the frequency synthesizerdesign.We have alsocoveredmostof the design

issueswhich areassociatedto our designandprocesstechnologyit is compliedwith.

However, therearestill someimportantdesignissuesthathavenotbeenaddressed.We

will discuss these issues in this chapter.

6.2 Power Dissipation

It is importantto reducetheenergy consumptionof a chip design.Over budgetpower

dissipationcanleadto severalseriousissues.Firstly, for abatteryoperateddevice,more

circuit powerdissipationmeanslessoperationtime.Secondly, thecircuit maydrainout

morecurrentthata setof power andgroundpinscansupply, andtherefore,partof the

circuit maynot gettingenoughpower to maintainits functionality. Thirdly, thecircuit

performancemaybereducedor circuit itself becomesunstabledueto exceedheatgen-

erated. Lastly, exceed heat may even cause physical damage to the chip.
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In a deep-sub-micronCMOSdigital circuit design,theprimarycontributorsto power

dissipationare circuit switching (dynamic power dissipation)and leakagecurrent

(staticpowerdissipation).Amountof powerconsumedby circuit switchingdependson

amount of charges being transferredduring switching. Hence,shutting down the

unusedcircuit, reducingtheclock rate,or usingminimumdevice sizescanreducethe

circuit's dynamic power dissipation.However, thesetechniquescannotbe usedin

reducingthe staticpower dissipationcausedby leakagecurrent.This is becausein a

de®nedprocesstechnology, the magnitudeof a device's leakagecurrent mainly

dependson thedevice size.Its valuecanbeestimatedas , whereK is a

functionof the technology. Thus,to reducethestaticpower dissipation,deviceswith

larger thanminimumchannellengthshouldbeused.However, changingdevice sizes

canjeopardythecircuit's performanceandnoiseimmunity, which maynot beaccept-

ablein certainsituations.Therefore,thedesignerhasto evaluatedthetrade-offs during

thedesign.Trade-offs betweenspeed,powerdissipation,andnoisearemoreobviousin

analogcircuit design,sinceanalogcircuits requireconstantpower consumptionto

maintain their proper operations.

Thefollowing list showsthemaintechniquesweusedin ourdesignto reducethepower

dissipation:

· shut down 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 supply voltage on low voltage swing differential driver.

Ids leak± K L
W
-----⋅=
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After appliedthesetechniques,thesystemis expectedto consume175mW of power:

50mW from all digital circuits anddigital pads;100uWfrom currentsource;50mW

from all analogcircuits, includingVCOs;and75 mW from low voltageswingdiffer-

ential pads. Thus, the design meets the power budget, which is less than 200mW.

6.3 Noise Reduction

As mentionedpreviously, analogcircuitsareextremelysensitive to noise.In a mixed-

signalenvironment,noisegeneratedby digital circuit switching is the biggestnoise

contributor. Suchnoisecanpassthroughinterconnectcross-talk,power lines,andsub-

strateto analogcircuitsandcausesmalfunction.Thus,it is very importantto reducethe

noiseinterferencebetweencircuit blocks.To reducethenoiseinterference,we usethe

following guidelines in our design:

· encircleall sensitiveanalogcomponentswith doubleguard-ringto reducesubstrate
noise;

· place digital blocks far away from analog blocks encircle them with double guard-
ring to reduce substrate noise from escaping;

· apply separate power/ground pairs to analog and digital blocks, with ESD protec-
tion circuit connected between two sets of power;

· use differential circuit structure in a noisy environment to reduce the common-
mode noise;

· shut down the un-used VCO to reduce switching noise;

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

· ®ll empty area with bypass capacitor cells to reduce the power line frustration
caused by circuit switching;

· Allocateenoughpower/groundpinsandassignall unusedpinsfor poweror ground.
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Notice someof themhave beenmentionedin the previous chapters.We re-list them

here for the completeness of the list.

6.4 Design for Test

During thedesign,we have appliedseveralDFT techniquesin orderto make the fre-

quency synthesizerIC moreeasilytestable.Wewill discusseachof themin thefollow-

ing section.

FromChapter2 wecanseethedifferentialVCO controlvoltagescarryalot of valuable

information,including the PLL settlingtime, properoperationof the LPF block, UP

andDN currentmatchingin theCPblock, andproperfunctionof thecommon-mode

feedbackloop.Therefore,it is usefulif wecanmonitortheVCO controlvoltagesexter-

nally. Pullingthecontrolvoltagesstraightoutfrom thesignalpathis notanoptionsince

extraparasiticcapacitancecanalterthegainof theLPFunit.To minimizetheimpactto

thecontrolsignals,two sourcefollowercircuitsareusedto generatethemonitoringsig-

nals,which will passthroughtwo analogreferencepadsto outsideworld. Therefore,

VCO control voltage signals can be monitored externally.

Secondchangewe have madeassociatedto DFT is usingseparatepower/groundpins

for thehigh-speeddifferentialpad.As mentionedin Chapter5, onereasonto usesepa-

ratepower/groundpinson thedifferentialpadis for betterpowernoiserejection.More

importantly, we want to allow ¯exible changeof the pad's supply voltages.This is

becausethedifferentialpadwe useis a completelynew design,thuswe do not know
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exactlyunderwhatconditionthepadcanoperateproperly. By usingseparatepowerand

groundsupplies,wehavethefreedomof choosingdifferentsetupto testandcharacter-

ize the pad more thoroughly.

Thelastchangewehavemadeis within theshift registerblock.WehaveusedtheDFF

with addedasynchronousresetability to constructtheshift registers.Thus,in theevent

thattheregisterblockstopshifting,wecanhardresettheblockexternallyto put it into

aknow statesothatthefrequency synthesizermayremainpartially functional.Without

theasynchronousresetability, theprogrammablecountercanbein any randomstates,

and therefore it is impossible to evaluate the synthesizer's functionality.

Theabove threechangescanhelp increasingthetestabilityof thedesign.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 andpadsare

insertedafter the ®nalplacementand wiring. Dummy metal and pad insertionare

importantsinceit canreducethewire width andspacevariation[Bernstein02]andpre-

ventsurfaceconcavity from happeningduringchemicalmechanicalpolishing(CMP).

TCL scriptsareusedto generatethedummymetalautomaticallyandmanualplacement

areusedfor dummypadinsertion.Figure6-1 shows someexamplesof dummymetal

and pad ®ll.
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Figure 6-1. Metal and assembly stress relief ®ll.

Dummy pad ®ll Metal ®ll
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7 WHOLE CHIP
SIMULATION AND
TEST PLAN

7.1 Introduction

Sincethefrequency synthesizerchipdesignis plannedto befabricated,acompletechip

simulationis requiredaccordingto thevendor's agreement.Also, a chip testandmea-

surementplan is necessaryfor designevaluation. The ®rst part of this chapteris

intendedto show thewholechip simulationsetupwe useandits result.Thenwe will

explain our test plan for the chip test and measurement.

7.2 Whole Chip Simulation

Wholechipsimulationis necessarysinceit is requiredby thevendor, andmoreimpor-

tantly, it is thelastdefenceof a successfuldesign.Besidestestingthedesignfunction-

ality undernormalcondition,suchsimulationshouldalsotestthedesign's temperature

andsupplyvoltagenoisetolerances.Beforestartingthe simulation,we needto con-

structthedriverandloadmodelsof thecircuitsthatwill beconnectedto thechipunder

test.Sinceeachoutputof the designis plannedto be connectedto 50 Ohm coaxial

cable,a50Ohmresistorwith oneterminalconnectedto thegroundcanbeusedfor sim-
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ulatinganoutputload.Constructinginputdriversarealsosimplesinceall inputsignals

are low frequency. Thus,simplespicepulsegeneratorscanbe usedasinput drivers.

Figure7-1 shows the actual test environment we use on the whole chip simulation.

Figure 7-1. Setup of top-level simulation.

Shown in the®gure,Block ªcompleteºis thespicemodelof thedesignwith all parasitic

parametersextractedfrom the ®nallayout GDS ®le.To bettermonitor the system's

behavior, coupletestpointsareinsertedin thespicemodelof thechipdesign.Suchtest

points includecurrentsourceoutputs,low pass®lteroutputs,andoutputsfrom each

VCO cell.
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^.tran 5u 1000u $ UIC

^.option probe

^.probe tran v(ao) v(aob)
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^.probe tran v(xn1) v(xp1) v(xnt1) v(xpt1)

^.probe tran v(xn) v(xp) v(xnt) v(xpt)

^.probe tran v(tp2n) v(tp2p) v(tp3p) v(tp3n)
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^.option ACCURATE DELMAX = 10p
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Dueto thefactthatthecoreof thefrequency synthesizeris aPLL unit, it becomesone

of themostdif®cultcircuits for spicesimulation.During thesimulation,we have suf-

feredissuessuchassimulationconvergenceandtime-stepresolutionthatfailedthesim-

ulation process.Thanksto new computerupgradein Prof. Brewer's lab, we have

managedto run a few casesdetailedwholechip simulationsto checkthedesignfunc-

tionality after reducingthe simulationaccuracy. The simulationresultsare listed in

Table7-1.

Noticethatthesystemfailedto lock when , Vdd=2.3V, andM=1490/2000.

Extrasetof simulationsareperformedwith while keepingeverythingelse

thesame.Theextra simulationshave con®rmedthat thesystemlocksproperlyunder

the new condition.

Basedon thewholechipsimulationresults,wearecon®dentto saythefrequency syn-

thesizercircuit maintainsits functionality in ambienttemperaturebetween and

with 5%supplyvoltagevariation.Unfortunately, dueto thespicelimitation, sim-

ulationresultscannotbeusedto validatetheperformanceof thefrequency synthesizer

suchasphasenoise.Validationof performanceis to becoveredin chip testandmea-

surement.

Table 7-1. Test result of whole chip simulations.

Temp

M counts 998 1490 1492 2000 998 1490 1492 2000

Vdd
(V)

2.7 passed passed passed passed passed passed passed passed

2.5 passed passed passed passed passed passed passed passed

2.3 passed passed passed passed passed failed* passed failed*

TEMP 30°C= TEMP 80°C=

TEMP 80°C=

TEMP 70°C=

30°C

70°C
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7.3 Test and Measurement Plan

Thefrequency synthesizerdesignhasbeensubmittedto thefabricationvendoronMay

17th,2004.Testchipswill be sentbackwithin eight weeks.We have prepareda test

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

The plan is designedto validatethe testchip's functionality andmeasureits perfor-

mance.Performancemeasurementswill includephasenoise,timing jitter, operation

temperaturerange,andpower dissipationmeasurements.Dueto theoutputfrequency

requirement,a printedcircuit board(PCB) testplatform is requiredto completethe

above testandmeasurements.The 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 surface-mount SMA connectors, again
keep the trace short and avoid using vias;

· test chip will be mounted on PCB by using surface-mount LCC socket with 1pF
max pin capacitance;

· digital input will be interfacing with PC's parallel port;

· three sets of power and ground will be provided via external power supplies for
¯exibility;

In thetestenvironment,a computerwith parallelport will beusedto programthefre-

quency synthesizer's programmablecounterandscanregisters.Outputsignalswill be

fed into oscilloscopeandspectrumanalyzerto measuresynthesizer's timing jitter, set-

tling time,andphasenoise.Threeprogrammablepowersupplieswill coordinateto the
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computerto providesupplyvoltages.VCO inputvoltageswill bemonitoredconstantly

by a digital multi-meterwith PC interfaceandthe resultswill be loggedby thecom-

puter.

Sincethesynthesizeroperatesin picosecondrange,thejitter measurementscanbedif-

®cultto measure.Courtesyof Teradyne,we will beableto accessto high speedoscil-

loscopeto completethetestandmeasurement.For futureconsideration,abuild-in DFT

circuit will beusefulin themeasurementof PLL jitter andotherspeci®edparameters.

The completeIC testandmeasurementwill be performedin Fall, 2004andthe ®nal

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

In thisthesis,we®rstdiscussedthedesignandimplementationof frequency synthesizer

in adeepsub-micronCMOSprocesstechnology. Frequency synthesizersandPLLsare

widely usedin high-speeddigital andmixed-signalIC designs.Thus,it is especially

valuablefor adesignerworking in this®eldto haveknowledgefor frequency synthesis

andPLLs.More importantly, frequency synthesizersis acomplex systemthatinvolves

many generalhigh-speeddigital and mixed-signaldesignissues.By designingand

implementinga frequency synthesizer, the designer's problemsolving skills in such

®eldcanbewell exercised.Also thedemandof IC designsin deepsub-micronCMOS

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

Wealsointroducedanew typeof counterdesign,which is basedontraditionalM�bius

counterstructure.Suchdesignis provenproviding betterdesignareaandspeedperfor-

mancecombination.Pipelinestructureis alsousedin thedesignto furtherimprove the

counterperformance.Thestandardcell design̄ o w wehavedevelopedpreviouslyhave

beenusedin partof thecounterdesign.Therefore,thesuccessof thisdesigncanbeused

to prove the correctness of the design ¯ow.

Thenwereviewedtheconstructionof padsfor thetechnologyweareusing.Sincemost

of the padsare proprietaryIPs, it will be valuableto provide public accessiblepad
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designsto help future researchesusingcompliedprocesstechnology. Thepadsetwe

createdincludesa high-speeddifferential pad that is to be characterized.Once its

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

Finally, we provided the whole-chipsimulationresults.The theoreticalwork in this

thesisissupportedbyextensivesimulation.Wealsodescribedthetestandmeasurement

plan for IC testing after the test chip is sent back from fabrication.

Due to its complexity, this frequency synthesizerdesignprojecthasbeenquite over-

whelming for a novice designer. However, after completingthe circuit designand

implementation,I have gainedenoughexperienceto feel comfortablewith this high-

speed mixed-signal design.
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