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DHN Integrated Circuit DesignDHN Integrated Circuit DesignDHN Integrated Circuit DesignDHN Integrated Circuit Design

•• Established in Sept. 2005Established in Sept. 2005pp
•• Design Expertise:Design Expertise:

–– Crystal OscillatorsCrystal Oscillators
–– Phase Locked LoopsPhase Locked Loops
–– General Analog/Mixed Signal DesignGeneral Analog/Mixed Signal Design

Dale NelsonDale Nelson•• Dale NelsonDale Nelson
–– Ph.D. in Electrical Engineering from Purdue Univ.Ph.D. in Electrical Engineering from Purdue Univ.
–– Over 27 patentsOver 27 patentsOver 27 patentsOver 27 patents
–– Worked for Bell Labs Worked for Bell Labs Lucent Lucent AgereAgere, and , and 

Innovative Wireless Innovative Wireless TechnologiesTechnologies
Adj t P f t th U i it f P l iAdj t P f t th U i it f P l i
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–– Adjunct Professor at the University of PennsylvaniaAdjunct Professor at the University of Pennsylvania
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Dale Nelson

Crystal OscillatorsCrystal OscillatorsCrystal OscillatorsCrystal Oscillators

•• Found in almost all electronic devices:Found in almost all electronic devices:Found in almost all electronic devices:Found in almost all electronic devices:
–– Disk drivesDisk drives
–– Computer mother boardsComputer mother boardspp
–– TelephonesTelephones
–– Cell phonesCell phones
–– Televisions, RadiosTelevisions, Radios
–– Watches, ClocksWatches, Clocks

C ff M kC ff M k–– Coffee MakersCoffee Makers
–– Uninteruptible Power Supplies (UPS)Uninteruptible Power Supplies (UPS)
–– Electric ToothbrushesElectric Toothbrushes
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–– Electric ToothbrushesElectric Toothbrushes



U.P.S.U.P.S.
Crystal on other side of board in this area
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Board in UPSBoard in UPSBoard in UPSBoard in UPS

Cr stal
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Crystal

Electric ToothbrushElectric ToothbrushElectric ToothbrushElectric Toothbrush
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Electric ToothbrushElectric ToothbrushElectric ToothbrushElectric Toothbrush
Crystal
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Why use a crystal?Why use a crystal?Why use a crystal?Why use a crystal?

•• Accuracy with respect to:Accuracy with respect to:Accuracy with respect to:Accuracy with respect to:
–– TemperatureTemperature

Supply VoltageSupply Voltage–– Supply VoltageSupply Voltage
–– Time (Aging)Time (Aging)

Q lit F t “Q”Q lit F t “Q”•• Quality Factor “Q”Quality Factor “Q”

Q = 2 π Energy stored during a cycleQ = 2 π
Energy lost during a cycle
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Crystal “Q”Crystal “Q”Crystal QCrystal Q
“Q” Value Ranges

RC passive circuitRC passive circuit 00--0.50.5

IC I d tIC I d t 44 2525IC InductorsIC Inductors 44--2525

Golf ballGolf ball 1010

Discrete InductorsDiscrete Inductors 2020--10001000

Ch h B llCh h B ll 50005000Church BellChurch Bell 50005000

CrystalsCrystals 10k10k--3M3M
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B i GB i GBasic GateBasic Gate
CrystalCrystalC ystaC ysta

OscillatorOscillator
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Basic Gate Crystal Oscillator Basic Gate Crystal Oscillator 
Start UpStart Up
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Basic Gate Oscillator Steady StateBasic Gate Oscillator Steady StateBasic Gate Oscillator Steady StateBasic Gate Oscillator Steady State
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Crystal Oscillator Transient Crystal Oscillator Transient 
SimulationsSimulations

•• Good for:Good for:
–– Determining signal amplitude, duty cycleDetermining signal amplitude, duty cycle
–– Crystal Drive Level Crystal Drive Level (power dissipation of crystal)(power dissipation of crystal)yy (p p y )(p p y )

–– Start up characteristics (start up time???)Start up characteristics (start up time???)
–– Chewing up lots of computer simulation timeChewing up lots of computer simulation timeChewing up lots of computer simulation timeChewing up lots of computer simulation time

•• Does NOT tell much about:Does NOT tell much about:
Margins over PVTMargins over PVT (P V lt T t )(P V lt T t )–– Margins over PVT Margins over PVT (Process, Voltage, Temperature)(Process, Voltage, Temperature)

–– Useful frequency range of designUseful frequency range of design
Wh i it d t kWh i it d t k–– Why your circuit does not workWhy your circuit does not work
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Crystal Oscillator Transient Crystal Oscillator Transient 
Simulation SuggestionsSimulation Suggestions

•• Select “Options” in Select “Options” in AnalysisAnalysis ChooseChoose ““trantran””pp yy
–– Use “Use “traponlytraponly””
–– Set “Set “maxstepmaxstep” to ~1% of target period” to ~1% of target period

•• For fast starting, you may need to set an “initial For fast starting, you may need to set an “initial 
condition” on the “1LC” node in the crystal condition” on the “1LC” node in the crystal 

d ld lmodel.model.
–– In ADE window: In ADE window: SimulationSimulation ConvergenceConvergence Aids…  Aids…  

opens “Select Initial Condition Set”opens “Select Initial Condition Set”opens Select Initial Condition Setopens Select Initial Condition Set
–– Set voltages so some current flows through the Set voltages so some current flows through the 

inductor.inductor.
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Crystal Oscillator Transient Crystal Oscillator Transient 
Simulation Suggestions (cont)Simulation Suggestions (cont)

•• I like to use the “Enable” input to start theI like to use the “Enable” input to start theI like to use the Enable  input to start the I like to use the Enable  input to start the 
simulation with the oscillator “off”, and then simulation with the oscillator “off”, and then 
turn it “on”.turn it “on”.turn it on .turn it on .

•• Some have used a pulsed current source Some have used a pulsed current source 
across the crystal to startacross the crystal to startacross the crystal to start.across the crystal to start.

•• Turning on “transient noise” for the “Turning on “transient noise” for the “trantran” ” 
simulation can be useful if you want tosimulation can be useful if you want tosimulation can be useful if you want to simulation can be useful if you want to 
start at DC “on” equilibrium, high Q.start at DC “on” equilibrium, high Q.
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Crystal SpecificationsCrystal Specificationsy py p
•• Typically, Crystal Manufacturers provide:Typically, Crystal Manufacturers provide:

–– Fundamental or Overtone (Harmonic)Fundamental or Overtone (Harmonic)Fundamental or Overtone (Harmonic)Fundamental or Overtone (Harmonic)
–– Target Frequency at a specified CTarget Frequency at a specified CLOADLOAD

–– Target Frequency accuracy (in Target Frequency accuracy (in ppmppm))
–– Maximum ESR (Effective Series Resistance)Maximum ESR (Effective Series Resistance)
–– Maximum CMaximum CSHUNTSHUNT

–– Maximum Drive LevelMaximum Drive Level
–– Temperature Range, Temperature Range, ∆∆ppmppm over temperature, or a over temperature, or a 

plot of frequency versus temperatureplot of frequency versus temperatureplot of frequency versus temperatureplot of frequency versus temperature
–– Mechanical information for mounting to PWBMechanical information for mounting to PWB
–– Other information pertinent to manufacturing such as Other information pertinent to manufacturing such as p gp g

soldering temperature informationsoldering temperature information
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Crystal InformationCrystal InformationCrystal InformationCrystal Information

•• Typical Data Sheets doTypical Data Sheets do NOTNOT include:include:Typical Data Sheets do Typical Data Sheets do NOTNOT include:include:
–– All Crystal Equivalent Circuit ParametersAll Crystal Equivalent Circuit Parameters

Q value or rangeQ value or range–– Q value or rangeQ value or range
–– Any information about overtones for Any information about overtones for 

fundamental mode crystalsfundamental mode crystalsfundamental mode crystalsfundamental mode crystals
–– Any information about fundamental mode for Any information about fundamental mode for 

overtone crystalsovertone crystalsovertone crystalsovertone crystals
•• Sometimes you can get more information Sometimes you can get more information 

by contacting the manufacturerby contacting the manufacturerby contacting the manufacturer.by contacting the manufacturer.
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Typical Crystal ModelTypical Crystal ModelTypical Crystal ModelTypical Crystal Model
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Parameters: cshunt, fs1, esr1, and q1

Fundamental and 3Fundamental and 3rdrd Harmonic Harmonic 
Crystal ModelCrystal Model

Parameters: cshunt fs1 esr1 q1 fs3 esr3 and q3
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Parameters: cshunt, fs1, esr1, q1, fs3,  esr3, and q3



Crystal ImpedanceCrystal ImpedanceCrystal ImpedanceCrystal Impedance

Fundamental
Third

Harmonic
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Crystal ReactanceCrystal ReactanceCrystal ReactanceCrystal Reactance
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Crystal ReactanceCrystal ReactanceCrystal ReactanceCrystal Reactance
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Crystal TuningCrystal TuningCrystal TuningCrystal Tuning

•• Crystals are “Tuned” to a particularCrystals are “Tuned” to a particularCrystals are Tuned  to a particular Crystals are Tuned  to a particular 
frequency tolerance for a specified frequency tolerance for a specified CloadCload..

Can be “Series” tuned or “Parallel” TunedCan be “Series” tuned or “Parallel” Tuned–– Can be Series  tuned or Parallel  TunedCan be Series  tuned or Parallel  Tuned
–– Since a Gate oscillator works in the “Parallel Since a Gate oscillator works in the “Parallel 

Resonance” region you normally wantResonance” region you normally wantResonance  region, you normally want Resonance  region, you normally want 
“Parallel Tuned” crystals“Parallel Tuned” crystals
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Crystal CCrystal CLOADLOADCrystal CCrystal CLOADLOAD

•• CCLOADLOAD specification:specification:CCLOADLOAD specification:specification:
–– Represents tuning fixture capacitance plus Represents tuning fixture capacitance plus 

added parallel capacitance across crystaladded parallel capacitance across crystaladded parallel capacitance across crystal.added parallel capacitance across crystal.
–– Larger CLarger CLOADLOAD provides better immunity (less provides better immunity (less 

frequency pulling) due to your board andfrequency pulling) due to your board andfrequency pulling) due to your board and frequency pulling) due to your board and 
package parasitic capacitancespackage parasitic capacitances

–– Smaller CSmaller CLOADLOAD provides:provides:LOADLOAD pp
•• Lower power dissipation inside crystalLower power dissipation inside crystal
•• Better ability to tweak frequency with trimmer cap. Better ability to tweak frequency with trimmer cap. 
•• More tuning range with a tuning More tuning range with a tuning varactorvaractor..
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Reactance Plot with CReactance Plot with CLOADLOADReactance Plot with CReactance Plot with CLOADLOAD
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Reactance Plot with CReactance Plot with CLOADLOADReactance Plot with CReactance Plot with CLOADLOAD
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Crystal EquationsCrystal EquationsCrystal EquationsCrystal Equations

⎤⎡ 1C
( ) ⎥

⎦

⎤
⎢
⎣

⎡
+

+
= 1

C0C2
1CFF

LOAD
SL ( ) ⎦⎣ C0C

FL =    Parallel Load Resonant Frequency  (MHz)
FS =     Series Resonant Frequency (MHz)
C1 =     Motional Capacitance (pF)
C0 Sh t C it ( F) (i h t)C0 =     Shunt Capacitance (pF) (i.e. cshunt)
CLOAD = Load Capacitance (pF)
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CCLOADLOAD in Oscillator Circuitin Oscillator CircuitCCLOADLOAD in Oscillator Circuitin Oscillator Circuit

CC CC ++
CCLOAD1LOAD1 CCLOAD2LOAD2

CCLOADLOAD = C= CPARPAR +  +  
CCLOAD1LOAD1 + C+ CLOAD2LOAD2

CCPAR  PAR  is the effective capacitance due to your is the effective capacitance due to your 
PWB and IC package You can alsoPWB and IC package You can alsoPWB and IC package.  You can also PWB and IC package.  You can also 
separate your parasitic capacitance into separate your parasitic capacitance into 
between the two paths and from each pathbetween the two paths and from each pathbetween the two paths and from each path between the two paths and from each path 
to ground. to ground. 

For CFor C = C= C CC ≈ 2 C≈ 2 CFor CFor CLOAD1 LOAD1 = C= CLOAD2LOAD2, C, CLOAD2 LOAD2 ≈ 2 C≈ 2 CLOADLOAD
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Crystal ESRCrystal ESRCrystal ESRCrystal ESR

•• ESR = Effective Series ResistanceESR = Effective Series ResistanceESR = Effective Series ResistanceESR = Effective Series Resistance
–– Can be different at different “Drive Levels”Can be different at different “Drive Levels”

Can change if crystal is over drivenCan change if crystal is over driven–– Can change if crystal is over drivenCan change if crystal is over driven
–– Often 1/5Often 1/5thth the Max. specifiedthe Max. specified

For very low drive levels the ESR can beFor very low drive levels the ESR can be–– For very low drive levels, the ESR can be For very low drive levels, the ESR can be 
much higher much higher Start up margin requiredStart up margin required

Crystal RLC Model is a MODELCrystal RLC Model is a MODEL•• Crystal RLC Model is a MODEL, Crystal RLC Model is a MODEL, 
–– there are no such components hidden inside there are no such components hidden inside 

the packagethe packagethe package.the package.
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GM Cell Oscillator (Ideal)GM Cell Oscillator (Ideal)( )( )
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ADE Window for GM Cell OscillatorADE Window for GM Cell OscillatorADE Window for GM Cell OscillatorADE Window for GM Cell Oscillator
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Setting upSetting up
stabilitystability
analysisanalysisanalysisanalysis

Narrow Range

Lots of Points
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GM Cell Oscillator (Ideal)GM Cell Oscillator (Ideal)GM Cell Oscillator (Ideal)GM Cell Oscillator (Ideal)

Select
Desired
iprobe
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GM Cell loopGain Output Set UpGM Cell loopGain Output Set UpGM Cell loopGain Output Set UpGM Cell loopGain Output Set Up
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UsingUsing
CalculatorCalculatorCalculator Calculator 

set upset up
dB anddB anddB anddB and
phasephase

ofofofof
loopGainloopGain
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GM CellGM Cell LoopGainLoopGain PlotPlotGM Cell GM Cell LoopGainLoopGain PlotPlot

GainMargin
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GettingGettinggg
dB dB andand
phase ofphase ofphase of phase of 
loopGainloopGain

30-Nov-2009 DHN Integrated Circuit Design 38

Getting dB Getting dB and phaseand phase of  of  loopGainloopGain
(I ADE Wi d(I ADE Wi d T lT l R lR l B )B )(In ADE Window:  (In ADE Window:  ToolsTools ResultsResults Browser)Browser)
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Left
Right
Half

PlHalf
Plane

Plane
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Only +j region shown,  -j region is reflection about real axis at j0

Negative Resistance Test BenchNegative Resistance Test BenchNegative Resistance Test BenchNegative Resistance Test Bench
C1

v1 v2

C2

gm-gm

it

s C1 v1 + it =0             v1 = - it
s C1

-gm v1 + it – s C2 v2 = 0
s C1

gm
C1

( + 1) it = s C2 v2 v2 =                            it
( 1 +              )

gm
s C1

s C1
( ) t 2 2 t

s C2

Zin = = = ─v2 – v1
gm + j ω (C1 + C2)s (C1 + C2) + gm
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Zin                                                
it ω2 C1 C2s2 C1 C2

Negative Resistance Test Negative Resistance Test BenchBenchgg
with feedback resistor addedwith feedback resistor added

CC1
v1 v2

C2

-gm

Rf

it

(C C )
Zin =               =       

v2 – v1

it

s (C1 + C2) + gm

s2 C1 C2  + s (C1 + C2)/(C2 Rf)  + gm/Rf
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GM Cell Negative ResistanceGM Cell Negative ResistanceGM Cell Negative ResistanceGM Cell Negative Resistance
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GM Cell Negative ResistanceGM Cell Negative ResistanceGM Cell Negative ResistanceGM Cell Negative Resistance
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Gate Oscillator Negative ResistanceGate Oscillator Negative Resistance
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Gate Oscillator Negative ResistanceGate Oscillator Negative Resistancegg
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Gate Oscillator Negative ResistancGate Oscillator Negative ResistanceeGate Oscillator Negative ResistancGate Oscillator Negative Resistancee
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Gate Oscillator Negative Gate Oscillator Negative 
ResistanceResistance

Rules of Thumb:Rules of Thumb:Rules of Thumb:Rules of Thumb:
•• Desirable: The absolute value of the Desirable: The absolute value of the 

negative resistance should be 10X thenegative resistance should be 10X thenegative resistance should be 10X the negative resistance should be 10X the 
maximum ESR.maximum ESR.
E ti l Th b l t l f thE ti l Th b l t l f th•• Essential: The absolute value of the Essential: The absolute value of the 
negative resistance must be 5X the negative resistance must be 5X the 

i ESRi ESRmaximum ESR.maximum ESR.
–– Applies to your worst PVT cornerApplies to your worst PVT corner
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Gate Oscillator Negative Gate Oscillator Negative 
ResistanceResistance

Why????Why????Why????Why????
•• Potential for low amplitude oscillationPotential for low amplitude oscillation

N “di it l” t t f llN “di it l” t t f ll–– No “digital” output from cellNo “digital” output from cell
–– An “inverter” will always be near max. currentAn “inverter” will always be near max. current

ffff–– Insufficient drive levelInsufficient drive level
–– Poor duty cycle if there is a “digital” outputPoor duty cycle if there is a “digital” output

•• Potential for not oscillating at allPotential for not oscillating at all

30-Nov-2009 DHN Integrated Circuit Design 50

Negative Resistance versus Negative Resistance versus 
Stability AnalysisStability Analysis

Negative ResistanceNegative Resistance Stability AnalysisStability AnalysisNegative ResistanceNegative Resistance
•• Covers a broad range of Covers a broad range of 

frequenciesfrequencies

Stability AnalysisStability Analysis
•• Gives margin for specific Gives margin for specific 

crystal modelscrystal modelsqq
•• Can infer start Can infer start 

up/oscillation fromup/oscillation from
M CM C

yy
•• Must run all PVT for each Must run all PVT for each 

crystal modelcrystal model
L t i l tiL t i l ti–– Max. CMax. CLOADLOAD

–– Max. ESRMax. ESR
–– Lots more simulationsLots more simulations

Strategy:  Do a significant amount of your design workStrategy:  Do a significant amount of your design work
using Negative Resistance first, run Stability andusing Negative Resistance first, run Stability and
Transient simulations after your design is stableTransient simulations after your design is stable
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Transient simulations after your design is stable.  Transient simulations after your design is stable.  

Transient Simulations needed forTransient Simulations needed forTransient Simulations needed forTransient Simulations needed for

•• Determining or verifying your output duty cycleDetermining or verifying your output duty cycleDetermining or verifying your output duty cycle Determining or verifying your output duty cycle 
to core specificationto core specification

•• Average Power draw from the suppliesAverage Power draw from the suppliesg ppg pp
•• Signal Amplitude at terminalsSignal Amplitude at terminals
•• Crystal Drive levelCrystal Drive levelCrystal Drive levelCrystal Drive level

I usually use a reduced Q (400 to 1000) to lessen I usually use a reduced Q (400 to 1000) to lessen 
simulation time required The lowered Qsimulation time required The lowered Qsimulation time required.  The lowered Q simulation time required.  The lowered Q 
provides accurate information for the above provides accurate information for the above 
parameters.parameters.pp
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Crystal Oscillator Cell General Crystal Oscillator Cell General 
RequirementsRequirements

Although the primary function is to provide aAlthough the primary function is to provide aAlthough the primary function is to provide a Although the primary function is to provide a 
digital output signal based on a crystal digital output signal based on a crystal 
based oscillator two other functions arebased oscillator two other functions arebased oscillator, two other functions are based oscillator, two other functions are 
highly desirable:highly desirable:

•• Power Down to a near zero power drainPower Down to a near zero power drain•• Power Down to a near zero power drain Power Down to a near zero power drain 
conditioncondition
Th bilit t d i i l i t th ICTh bilit t d i i l i t th IC•• The ability to drive a signal into the IC core The ability to drive a signal into the IC core 
using an ATE source instead of a crystalusing an ATE source instead of a crystal
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Gate Oscillator InternalsGate Oscillator Internals
1) Basic CMOS Inverter1) Basic CMOS Inverter

Advantage:  Transconductance is sum of  P1 and N1
Drawback:  Transconductance and Power vary widely over PVT
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y y

Gate Oscillator InternalsGate Oscillator Internals
2) NMOS Inverter2) NMOS Inverter

Advantage:  Transconductance and Power more controlled over PVT
Drawback:  Must design low power Bias Generator that reduces PVT
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sensitivity.

Many Other OptionsMany Other OptionsMany Other OptionsMany Other Options

•• In published literature, GM cell based In published literature, GM cell based p ,p ,
approaches have been used.approaches have been used.

•• Amplitude limiting or a form of AGC can be Amplitude limiting or a form of AGC can be p gp g
added to control amplitude of oscillation and added to control amplitude of oscillation and 
drive leveldrive level
–– AGC dynamics are tricky due to high Q of crystalAGC dynamics are tricky due to high Q of crystal

•• Getting a low power design requires a more Getting a low power design requires a more 
ff ti t t lff ti t t l t d tt d t ththeffective way to get large effective way to get large transconductancetransconductance than than 

the two circuits shown in the previous slides.the two circuits shown in the previous slides.
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Special SituationsSpecial Situations
Overtone OscillatorsOvertone Oscillators

•• Require a “trap” to prevent oscillating atRequire a “trap” to prevent oscillating atRequire a trap  to prevent oscillating at Require a trap  to prevent oscillating at 
the fundamental.the fundamental.

An extra inductor is needed outside ICAn extra inductor is needed outside IC–– An extra inductor is needed outside ICAn extra inductor is needed outside IC
–– Helps by improving negative resistance at the Helps by improving negative resistance at the 

higher frequencyhigher frequencyhigher frequencyhigher frequency
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Overtone OscillatorOvertone Oscillator
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Overtone Oscillator Negative ResistanceOvertone Oscillator Negative Resistance
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Overtone OscillatorOvertone OscillatorOvertone OscillatorOvertone Oscillator
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Special SituationsSpecial Situations
“32kH ” O ill“32kH ” O ill“32kHz” Oscillators“32kHz” Oscillators

•• Sub 100kHz oscillatorsSub 100kHz oscillators
–– Need a much larger effective feedback Need a much larger effective feedback 

resistorresistor
–– Perhaps open loop biasingPerhaps open loop biasing
–– Tend to be much larger cells physically than Tend to be much larger cells physically than g p y yg p y y

MHz range designsMHz range designs
•• Transistor Area is smallTransistor Area is small
•• Resistors take the most areaResistors take the most area
•• Capacitors the next most.Capacitors the next most.

CC•• Low Low PowerPower LowLow CurrentCurrent LargeLarge value bias value bias 
resistors.resistors.
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The Oscillator that wouldn’t stopThe Oscillator that wouldn’t stopThe Oscillator that wouldn t stopThe Oscillator that wouldn t stop

•• The external crystal and two loadThe external crystal and two loadThe external crystal and two load The external crystal and two load 
capacitors are where the high current capacitors are where the high current 
resonance isresonance isresonance is.resonance is.
–– When the oscillator bias is turned of, XOUT dc When the oscillator bias is turned of, XOUT dc 

drops to VSS level but the oscillation (ringing)drops to VSS level but the oscillation (ringing)drops to VSS level, but the oscillation (ringing) drops to VSS level, but the oscillation (ringing) 
signal goes below VSSsignal goes below VSS

–– NTUB resistors were used for ESD protectionNTUB resistors were used for ESD protectionNTUB resistors were used for ESD protectionNTUB resistors were used for ESD protection
–– The two NTUB resistors (The two NTUB resistors (output,inputoutput,input) created ) created 

a lateral NPN transistor.a lateral NPN transistor.
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The Oscillator that wouldn’t stopThe Oscillator that wouldn’t stop
(continued)(continued)

•• Think of the lateral NPN as having itsThink of the lateral NPN as having itsThink of the lateral NPN as having its Think of the lateral NPN as having its 
Emitter at XOUT, its collector at XIN, and Emitter at XOUT, its collector at XIN, and 
its base at VSS:its base at VSS:its base at VSS:its base at VSS:
–– Pulling the XOUT below ground turns on the Pulling the XOUT below ground turns on the 

transistortransistortransistortransistor
–– The pullThe pull--up PMOS on XIN is not strong up PMOS on XIN is not strong 

enough to dominate, so XIN voltage is pulledenough to dominate, so XIN voltage is pulledenough to dominate, so XIN voltage is pulled enough to dominate, so XIN voltage is pulled 
to a near normal value, putting the Inverter in to a near normal value, putting the Inverter in 
an active gain situation, sustaining the an active gain situation, sustaining the 
oscillation. oscillation. 
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The Oscillator that wouldn’t stopThe Oscillator that wouldn’t stop
(continued)(continued)

•• Using an external resistor RUsing an external resistor RDAMPDAMP in the XOUTin the XOUTUsing an external resistor RUsing an external resistor RDAMPDAMP in the XOUT in the XOUT 
path limited the emitter current for the parasitic path limited the emitter current for the parasitic 
lateral NPN transistor.lateral NPN transistor.
–– Now the oscillator stopped as intended.Now the oscillator stopped as intended.
–– Layout of cell was modified to separate and guard Layout of cell was modified to separate and guard 

i NTUB i t f f t d i i th ti NTUB i t f f t d i i th tring NTUB resistors for future designs in that ring NTUB resistors for future designs in that 
technology.technology.

–– My preference is to use wide poly resistors instead ofMy preference is to use wide poly resistors instead ofMy preference is to use wide poly resistors instead of My preference is to use wide poly resistors instead of 
NWELL/NTUB resistors if possible for the ESD NWELL/NTUB resistors if possible for the ESD 
resistors.resistors.
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The Oscillator that ran at The Oscillator that ran at 
240MHz240MHz

•• The PWB design was very concerned aboutThe PWB design was very concerned aboutThe PWB design was very concerned about The PWB design was very concerned about 
skew of his digital bus signalsskew of his digital bus signals
–– Gave those signals top routing priorityGave those signals top routing priority
–– Resulted in crystal being placed about 3” from ICResulted in crystal being placed about 3” from IC

•• The inductance of the paths created an LC tank The inductance of the paths created an LC tank 
that oscillated instead of the intended crystal that oscillated instead of the intended crystal 
oscillationoscillation

Fi d b i h d b id i i h iFi d b i h d b id i i h i–– Fixed by cutting path and bridging cut with a resistor Fixed by cutting path and bridging cut with a resistor 
to kill the Q of the unwanted tankto kill the Q of the unwanted tank
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The Oscillator that wouldn’t startThe Oscillator that wouldn’t startThe Oscillator that wouldn t startThe Oscillator that wouldn t start

•• Initially, looking at the crystal signals, appearedInitially, looking at the crystal signals, appearedInitially, looking at the crystal signals, appeared Initially, looking at the crystal signals, appeared 
to be just low level noiseto be just low level noise

•• Further investigation revealed about a 900MHz Further investigation revealed about a 900MHz gg
oscillation.oscillation.

•• Layout was much better than previous case, but Layout was much better than previous case, but y p ,y p ,
viasvias in the PWB paths to the crystal added in the PWB paths to the crystal added 
capacitance and inductancecapacitance and inductance

•• A resistor to kill the Q of the parasitic inductance A resistor to kill the Q of the parasitic inductance 
solved the problemsolved the problem

Moral:  Always provide space for RMoral:  Always provide space for RDAMP DAMP on PWB.on PWB.
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My PostMy Post--layout simulation doesn’t layout simulation doesn’t 
show any negative resistanceshow any negative resistance

•• Output buffer had several inverter stagesOutput buffer had several inverter stagesp gp g
•• At one point, there was a minimal cross over of At one point, there was a minimal cross over of 

the output of the third inversion stage to the XIN the output of the third inversion stage to the XIN 
signal as I recallsignal as I recall
–– In this design, the output buffer picked from the XIN to In this design, the output buffer picked from the XIN to 

i d t li d t limprove duty cycleimprove duty cycle
–– The inverters were scaled exactly as the one for the The inverters were scaled exactly as the one for the 

core oscillatorcore oscillatorcore oscillatorcore oscillator
–– Caused a Miller multiplication of the capacitance, Caused a Miller multiplication of the capacitance, 

perhaps a factor ~1000perhaps a factor ~1000
–– Shielded cross over to eliminateShielded cross over to eliminate
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Board Level MethodsBoard Level MethodsBoard Level MethodsBoard Level Methods
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Measuring Drive LevelMeasuring Drive LevelMeasuring Drive LevelMeasuring Drive Level

Using a small resistor (RMEASURE) ~1Using a small resistor (RMEASURE) ~1ΩΩ ororUsing a small resistor (RMEASURE) 1Using a small resistor (RMEASURE) 1ΩΩ or or 
a current probe in that path measure the a current probe in that path measure the 
ac current (ac current (rmsrms) I) IMMac current (ac current (rmsrms)  I)  IMM

•• The internal current through the ESR The internal current through the ESR 
i t h ld b (1+i t h ld b (1+CshuntCshunt// ) l) lresistor should be (1+resistor should be (1+CshuntCshunt//CloadCload) larger.) larger.

•• Drive Level =  ESR (1+Drive Level =  ESR (1+CshuntCshunt//CloadCload))22 IIMM22

CloadCload is ~is ~Cload2Cload2//2222
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Determining Design MarginDetermining Design MarginDetermining Design MarginDetermining Design Margin

•• Increase RMEASURE until the oscillatorIncrease RMEASURE until the oscillatorIncrease RMEASURE until the oscillator Increase RMEASURE until the oscillator 
won’t start up any more.won’t start up any more.

If the value is >>Max ESR for your crystalsIf the value is >>Max ESR for your crystals–– If the value is >>Max. ESR for your crystals, If the value is >>Max. ESR for your crystals, 
you have adequate margin.you have adequate margin.

Notes:Notes:Notes:Notes:
1.1. Don’t use a Don’t use a wirewoundwirewound potentiometer with lots potentiometer with lots 

of inductanceof inductanceof inductanceof inductance
2.2. Be sure you don’t add lots of inductance.Be sure you don’t add lots of inductance.

•• PerhapPerhap use a surface mount resistor 2X Max ESRuse a surface mount resistor 2X Max ESR•• PerhapPerhap use a surface mount resistor 2X Max. ESRuse a surface mount resistor 2X Max. ESR
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Board Level ConsiderationsBoard Level ConsiderationsBoard Level ConsiderationsBoard Level Considerations

1.1. Always layout your PWB to make provision forAlways layout your PWB to make provision for1.1. Always layout your PWB to make provision for Always layout your PWB to make provision for 
RdampRdamp..

2.2. The two capacitors to ground and the crystal The two capacitors to ground and the crystal p g yp g y
are the primary resonant circuitare the primary resonant circuit

–– Keep very close togetherKeep very close together
–– Keep ground contact for capacitors together if Keep ground contact for capacitors together if 

possiblepossible
33 K th th f k t t l h tK th th f k t t l h t3.3. Keep the paths from package to crystal short Keep the paths from package to crystal short 

(<1’’ if possible with minimum of (<1’’ if possible with minimum of viasvias..
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ConclusionConclusion

•• Designing a robust crystal oscillator requires Designing a robust crystal oscillator requires 
care and attention to details.care and attention to details.

•• Board Level components and layout are critical Board Level components and layout are critical 
t f l d it f l d ito successful designto successful design

•• I write OCEAN scripts to:I write OCEAN scripts to:
R th h th N ti R i t C dR th h th N ti R i t C d–– Run through the Negative Resistance Curves and Run through the Negative Resistance Curves and 
extract tables for Data Sheetsextract tables for Data Sheets

–– Run stability analysis over corners and crystal modelsRun stability analysis over corners and crystal modelsRun stability analysis over corners and crystal modelsRun stability analysis over corners and crystal models
–– Run transient simulations as batch jobsRun transient simulations as batch jobs

•• SubSub--divided by process corner to get parallel effort divided by process corner to get parallel effort 
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