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1. Short-term Frequency/Phase/
Amplitude Stability
1. Short-term Frequency/Phase/ 
Amplitude StabilityAmplitude StabilityAmplitude Stability 



Types of Phase and Amplitude NoiseTypes of Phase and Amplitude Noise 

SignalSignal 
SpectralSpectral 

AmplitudeAmplitude 
(dB)(dB) 

Carrier SignalsCarrier SignalsAdditiveAdditive
MultiplicativeMultiplicative 

(i.e., 1/f AM & 1/f PM)(i.e., 1/f AM & 1/f PM) 

(dB)(dB) 
Baseband flickerBaseband flicker 

(1/f) noise(1/f) noise 

Signal Frequency (Hz)Signal Frequency (Hz)fofo fo’fo’ 
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Additive Noise (independent of signal level)Additive Noise (independent of signal level) 

�� Amplifier additive noise level is related to the input signal level, theAmplifier additive noise level is related to the input signal level, the 
amplifier noise figure, the device temperature.amplifier noise figure, the device temperature. 

�� Amplifier input noise power = KTBF =Amplifier input noise power = KTBF = 174dBm/Hz + F(dB)174dBm/Hz + F(dB)�� Amplifier input noise power KTBFAmplifier input noise power KTBF --174dBm/Hz + F(dB)174dBm/Hz + F(dB) 
where K=Boltzman’s constant, T=300K, B=bandwidth = 1Hz, andwhere K=Boltzman’s constant, T=300K, B=bandwidth = 1Hz, and 
F=noise figure.F=noise figure. 

�� Carrier signalCarrier signal toto noise ratio (dBc/Hz)noise ratio (dBc/Hz) 174 + F(dB)174 + F(dB) Psignal (dBm)Psignal (dBm)�� Carrier signalCarrier signal--toto--noise ratio (dBc/Hz)noise ratio (dBc/Hz) --174 + F(dB)174 + F(dB) Psignal (dBm)Psignal (dBm) 
�� Since ½ noise is AM and ½ is PM, the CarrierSince ½ noise is AM and ½ is PM, the Carrier--signalsignal-toto-PM noisePM noise 

ratio isratio is --177 + F(dB)177 + F(dB) –– Psignal (dBm).Psignal (dBm). 
�� If/ h h lifi i d t/ i i thIf/ h h lifi i d t/ i i th�� If/when the amplifier is operated at/near gain compression, theIf/when the amplifier is operated at/near gain compression, the 

“additive” (i.e., white) noise level can increase by several dB.“additive” (i.e., white) noise level can increase by several dB. 
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Characteristics of Multiplicative NoiseCharacteristics of Multiplicative Noise 

�� Multiplicative noise isMultiplicative noise is notnot independent of carrier signal level.independent of carrier signal level. 
�� An example of multiplicative noise is a noise component in theAn example of multiplicative noise is a noise component in the

transmission gain magnitude (AM noise) and phase (PM noise)transmission gain magnitude (AM noise) and phase (PM noise)transmission gain magnitude (AM noise) and phase (PM noise)transmission gain magnitude (AM noise) and phase (PM noise) 
in an amplifier.in an amplifier. 

�� The noise component can equivalently occur in a transistor, forThe noise component can equivalently occur in a transistor, for 
example, as noiseexample, as noise--like variation in the translike variation in the trans--conductance (gm)conductance (gm)example, as noiseexample, as noise like variation in the translike variation in the trans conductance (gm)conductance (gm) 
or the junction capacitance.or the junction capacitance. 

�� Device multiplicative AM and PM noise levels usually are nonDevice multiplicative AM and PM noise levels usually are non-
identical.identical. 

�� Multiplicative noise level can be affected by nonMultiplicative noise level can be affected by non--linearity (i.e., inlinearity (i.e., in-
compression amplifier operation).compression amplifier operation). 

�� Multiplicative noise most often occurs as flickerMultiplicative noise most often occurs as flicker-ofof-amplitudeamplitudepp pp 
and flickerand flicker--ofof--phase modulation, or 1/f AM and 1/f PM.phase modulation, or 1/f AM and 1/f PM. 
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v quartz resonatorv quartz resonator                  

Characteristics of Multiplicative NoiseCharacteristics of Multiplicative Noise
(continued)(continued) 

�� The spectral level of the 1/f AM and PM noise decreases at aThe spectral level of the 1/f AM and PM noise decreases at a 
rate of 10dB/decade with increasing carrier offset (modulation)rate of 10dB/decade with increasing carrier offset (modulation) 
frequencyfrequencyfrequencyfrequency 

�� In (oscillator sustaining stage) transistor amplifiers:In (oscillator sustaining stage) transistor amplifiers: 

zz Relatively low1/f AM and PM noise is observed inRelatively low1/f AM and PM noise is observed in 
silicon bipolar and HBT transistor amplifiers operatingsilicon bipolar and HBT transistor amplifiers operating 
at and below Lat and below L--bandband 

zz Highest 1/f AM and PM noise is observed in microwaveHighest 1/f AM and PM noise is observed in microwavezz Highest 1/f AM and PM noise is observed in microwaveHighest 1/f AM and PM noise is observed in microwave 
GaAs FET amplifiersGaAs FET amplifiers 

�� 1/f AM and PM noise is also observed in passive devices.1/f AM and PM noise is also observed in passive devices. 
1/f ariation in crystal and SAW impedance(s)1/f ariation in crystal and SAW impedance(s)1/f variation in quartz crystal and SAW resonator impedance(s)1/f variation in quartz crystal and SAW resonator impedance(s) 
is often the main source of nearis often the main source of near--carrier noise in oscillators usingcarrier noise in oscillators using 
these resonatorsthese resonators 
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Characteristics of Multiplicative NoiseCharacteristics of Multiplicative Noise
(continued)(continued) 

�� Other mechanisms resulting in carrier signal noiseOther mechanisms resulting in carrier signal noise--modulationmodulation 
include:include: 
zz Noise on device DC power suppliesNoise on device DC power supplieszz

ia measurementia 

Noise on device DC power suppliesNoise on device DC power supplies 
zz NoiseNoise--like environmental stress (especially vibration)like environmental stress (especially vibration) 

�� 1/f AM and 1/f PM noise levels vary (widely) from vendor1/f AM and 1/f PM noise levels vary (widely) from vendor-toto-
vendor for imilar performance devices andvendor for imilar performance devices andvendor for similar performance devices and can varyvendor for similar performance devices and can vary 
significantly for the same component on a devicesignificantly for the same component on a device--toto-devicedevice 
basis.basis. 

�� It is necessary to evaluate noise performance vIt is necessary to evaluate noise performance v measurement�� It is necessary to evaluate noise performance via measurementIt is necessary to evaluate noise performance via measurement 
of enough purchased/sample devices to yield statistical data.of enough purchased/sample devices to yield statistical data. 

�� In an oscillator, amplifier 1/f PM noise is converted to higherIn an oscillator, amplifier 1/f PM noise is converted to higher 
level 1/f FM at carrier offset frequencies less than 1/2level 1/f FM at carrier offset frequencies less than 1/2πτπτ, where, where ττqq ,, 
is the open loop delay, primarily due to the resonator.is the open loop delay, primarily due to the resonator. 
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“Typical” Semiconductor Component 1/f PM“Typical” Semiconductor Component 1/f PM
Multiplicative Noise LevelsMultiplicative Noise Levels 

-110 

-120 

-130 

Phase 
Noise 
Sideband 

X-band GaAs Amp. 

X-band Schottky Mixer 
& X-band HBT amp.130 

-140 

Sideband 
Level 
(dBc/Hz) 

& X band HBT amp. 

L-band Bipolar and HBT 
Amp. 

-150 

-160 
HF-VHF Bipolar Amp. & 
HF-UHF Schottky Mixer 

1 10 100 1K 10K 100K 1M 
-170 

Carrier Offset Frequency (Hz) 
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“Passive” Component 1/f Instability“Passive” Component 1/f Instability 

�� The nonThe non--semiconductor components in the oscillator circuit alsosemiconductor components in the oscillator circuit also 
exhibit shortexhibit short--term instability.term instability. 

�� “Passive  components (resistors, capacitors, inductors, reverse“Passive  components (resistors, capacitors, inductors, reverse-
biased, varactor diodes) exhibit varying levels of flickerbiased, varactor diodes) exhibit varying levels of flicker--ofof-
impedance instability whose effects can be (but are usually not)impedance instability whose effects can be (but are usually not) 
comparable t higher than to that of the ustaining tagecomparable t higher than to that of the ustaining tagecomparable to or higher than to that of the sustaining stagecomparable to or higher than to that of the sustaining stage 
amplifier 1/f AM and PM noise.amplifier 1/f AM and PM noise. 

�� The oscillator frequency control element (i.e., resonator) canThe oscillator frequency control element (i.e., resonator) can 
hibit d i l l f fli khibit d i l l f fli k ff ffexhibit dominant levels of flickerexhibit dominant levels of flicker-ofof-resonantresonant frequencyfrequency 

instability,instability, especially acoustic resonators.especially acoustic resonators. 
�� In anIn an open loopopen loop sense, the resonator instability can be plottedsense, the resonator instability can be plotted 

as flickeras flicker-ofof-phasephase noino se (induced on a carrier signal passingise (induced on a carrier signal passing 
through the resonator).through the resonator). 
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Resonator Open Loop Phase InstabilityResonator Open Loop Phase Instability 

-110 

-120 

-130 

Phase 
Noise 
Sideband Low Noise HF/VHF BAW 

X-band GaAs Amp. 

X-band Schottky Mixer 
& X-band HBT amp.130 

-140 

Sideband 
Level 
(dBc/Hz) 

Low Noise UHF SAWR/STWR 

& X band HBT amp. 

L-band Bipolar and HBT 
Amp. 

-150 

-160 
HF-VHF Bipolar Amp. & 
HF-UHF Schottky Mixer 

1 10 100 1K 10K 100K 1M 
-170 

Carrier Offset Frequency (Hz) 
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Commonly Used Measures of OscillatorCommonly Used Measures of Oscillator
Signal ShortSignal Short--Term Frequency StabilityTerm Frequency Stability 

Time Domain:Time Domain: σσyy(τ)(τ) = Two= Two sample deviation (square rootsample deviation (square root 
Allan Variance)Allan Variance) 

Frequency Domain:Frequency Domain: 

σσyy((ττ) = ½ () = ½ (yyk+1k+1--yyk)k)22>> 

LL(f) = 10LOG ((f) = 10LOG (SSφφ(f)/2)(f)/2) 
For small modulation indices,For small modulation indices, LL(f) = single sideband phase(f) = single sideband phase 
noisenoise-toto-carrier power ratio in a 1Hz bandwidth at a offsetcarrier power ratio in a 1Hz bandwidth at a offset 
frequency f from the carrier (frequency f from the carrier (dBcdBc/Hz)/Hz) 
SSφφ(f) = Spectral density of the phase fluctuations (rad(f) = Spectral density of the phase fluctuations (rad22/Hz)./Hz). 
SSyy(f) = Spectral Density of the fractional frequency(f) = Spectral Density of the fractional frequency 

fluctuations (1/Hz)fluctuations (1/Hz)fluctuations (1/Hz).fluctuations (1/Hz). 
SSyy(f) = (f/(f) = (f/ννoo))22SSφφ(f),(f), LL(f) = 10LOG((f) = 10LOG(SSφφ(f)/2)(f)/2) 
ννoo = carrier frequency= carrier frequency 
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Types of Frequency/Phase Noise SpectraTypes of Frequency/Phase Noise Spectra 

Flicker of frequencyFlicker of frequency 

Random walkRandom walk 
40dB/decade40dB/decade Frequency DomainFrequency Domain 

L(f) 
(dBc/Hz) White phaseWhite phaseFlicker of phaseFlicker of phase 

White frequencyWhite frequency 
20dB/decade20dB/decade 

Flicker of frequencyFlicker of frequency 
30dB/decade30dB/decade 

0dB/decade0dB/decade 

ττ --11 

10dB/decade10dB/decade 

1Hz1Hz 
FrequencyFrequency 

σσyy((ττ)) 

ττ 
ττ --11 

ττ 1/21/2 

Time DomainTime Domain 

ττ --1/21/2 

ττ 00 

1sec1sec 
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Conversion from Frequency to Time DomainConversion from Frequency to Time Domain 

�� If the nature of the noise spectra is known toIf the nature of the noise spectra is known to 
dominate over a large carrier offset region, the Allandominate over a large carrier offset region, the Allan 
Variance can be calculated from the frequencyVariance can be calculated from the frequency 
domain data using the appropriate conversiondomain data using the appropriate conversion 
equations. The equations differ, depending on theequations. The equations differ, depending on theequations. equations differ, dependingequations. equations differ, depending 
type of noise (random walk, etc.).type of noise (random walk, etc.). 
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ShortShort--Term Frequency/Phase/Time StabilityTerm Frequency/Phase/Time Stability
RelationshipsRelationships 

νν00 = carrier frequency= carrier frequency 

νν00LL(f) in(f) indBc/Hz = 10LOG(SdBc/Hz = 10LOG(Sϕϕ(f)/2) = 10LOG[((f)/2) = 10LOG[( ff ))22Sy(f)/2Sy(f)/2 

S y (f) = Hα f α 

α = 
Sy(f) = a σ y(t) 
a = 

f = fourier frequencyf = fourier frequency 

a 
(white phase) 

(flicker noise) 

((2π )2 τ2f 2)/(3f
h
)2 

1 ((2 π )2τ2f 
2 
)/(1.038+3ln (ωτ )) 

(white frequency) 

(flicker frequency) 

2τ 

1/((2f)ln (2)) 

0 

-1 

(random walk frequency) 6/(2π)2τ f 
2 

-2 
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Example: Conversion from Frequency toExample: Conversion from Frequency to 
Time DomainTime Domain 

Suppose a 100MHz Crystal Oscillator signal spectrumSuppose a 100MHz Crystal Oscillator signal spectrum 
in the region around f=100Hz is flickerin the region around f=100Hz is flicker--ofof--frequencyfrequencyin the region around f 100Hz is flickerin the region around f 100Hz is flicker ofof frequencyfrequency 
with:with: 

LL(f=100Hz) =(f=100Hz) = --120dBc/Hz120dBc/Hz 

Then Sy(f) in the same regionThen Sy(f) in the same region 
= (10= (10LL(f)/10(f)/10)2f/)2f/ννoo = (10= (10-1212)(200/10)(200/1088)=2X10)=2X10-2222/f/f 

And (from the conversion formula for flickerAnd (from the conversion formula for flicker--ofof-
frequency noise):frequency noise): 

σσyy 
22((ττ) in the region) in the region yy (( ) g) g 

ττ = 1/f = 1sec = (2)(ln(2))(Sy(f))(f) = 2.77X10= 1/f = 1sec = (2)(ln(2))(Sy(f))(f) = 2.77X10--2222 
therefore,therefore, σσyy((ττ) = 1.66X10) = 1.66X10--1111 
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Oscillator Viewed as a Two TerminalOscillator Viewed as a Two Terminal 
Negative Resistance GeneratorNegative Resistance Generator 

Zin at fo = jXr + RrZin at fo = jXr + Rr 

InputInput 
MatchingMatching 

NegativeNegative 
ResistanceResistance OutputOutput 

ResonatorResonator & Frequency& Frequency 
TuningTuning 
CircuitsCircuits 

(Gain) Stage(Gain) Stage 
IncludingIncluding 
AGC/ALCAGC/ALC 

MatchingMatching 
CircuitCircuit 

LoadLoad 

Zin at fo = jXin + Rin (Rin is negative)Zin at fo = jXin + Rin (Rin is negative) 

Conditions for startConditions for start- up: Xr =up: Xr = -Xin Rr + RinXin Rr + Rin<< 00Conditions for startConditions for start up: Xrup: Xr Xin, Rr + RinXin, Rr + Rin<< 00
Steady State: 

Xr =

Steady State: 

Xr = -

-Xin, Rr + Rin = 0Xin, Rr + Rin = 0 
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Oscillator Viewed as a FeedforwardOscillator Viewed as a Feedforward 
Amplifier with Positive FeedbackAmplifier with Positive Feedback 

ResonatorResonator 
oror 

ResonatorResonator 
MatchingMatching 
& Tuning& Tuning 
CircuitsCircuits 

Delay LineDelay Line GGM3M3,, φφM3M3GGRR,, φφRR 

ResonatorResonator 
MatchingMatching 

andand 
TuningTuning 

LoadLoad 

AmplifierAmplifier 
(Gain) Stage(Gain) Stage 

IncludingIncluding 

GGM1M1,, φφM1M1 OutputOutput 
MatchingMatching 

GGAA,, φφAA 

GGM2M2,, φφM2M2 

TuningTuning 
CircuitsCircuits 

AGC/ALCAGC/ALC CircuitCircuit 

Conditions for startConditions for start--up: Gup: GM1M1GGAAGGM2M2GGM3M3GGRR>>1,1, φφM1M1++φφAA++φφM2M2++φφM3M3++φφRR == 2N2Nππ radiansradians 

Steady State: GSteady State: GM1M1GGAAGGM2M2GGM3M3GGRR= 1,= 1, φφM1M1++φφAA++φφM2M2++φφM3M3++φφRR == 2N2Nππ radiansradians 
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ALC / AGC Must OccurALC / AGC Must Occur 

�� Types of automatic level control (ALC) and/orTypes of automatic level control (ALC) and/or 
automatic gain control (AGC):automatic gain control (AGC): 

(1) Instantaneous signal amplitude limiting/waveform(1) Instantaneous signal amplitude limiting/waveform 
clipping via sustaining stage amplifier gainclipping via sustaining stage amplifier gain 
compression or separate diode waveform clipping.*compression or separate diode waveform clipping.* 

(2) Gain reduction using a feedback control loop. The(2) Gain reduction using a feedback control loop. The 
oscillator RF signal is DCoscillator RF signal is DC--detected, and the amplifieddetected, and the amplified 
detector output fed to a variable gain control elementdetector output fed to a variable gain control element 

*Symmetrical diode waveform clipping provides better (harder)*Symmetrical diode waveform clipping provides better (harder) 

(i.e., PIN attenuator) in the oscillator.(i.e., PIN attenuator) in the oscillator. 

limiting, compared to singlelimiting, compared to single--ended clipping, and appears toended clipping, and appears to 
provide more immunity from the effects of diode noise. The leastprovide more immunity from the effects of diode noise. The least 
noisy form of transistor amplifier gain compression is singlenoisy form of transistor amplifier gain compression is single-
ended current limiting rather than voltage limiting (saturation)ended current limiting rather than voltage limiting (saturation) 

20 

ended current limiting, rather than voltage limiting (saturation).ended current limiting, rather than voltage limiting (saturation). 
SingleSingle--ended limiting is soft limiting.ended limiting is soft limiting. 
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Oscillator TurnOscillator Turn--On BehaviorOn Behavior 

�� Oscillation is initiated by spectral components ofOscillation is initiated by spectral components of 
circuit noise and/or DC turncircuit noise and/or DC turn--on transients occurring aton transients occurring at 
the frequency where the small signal conditions forthe frequency where the small signal conditions for 
oscillation are satisfied.oscillation are satisfied. 

�� TurnTurn time is determined b the:time is determined b the:�� TurnTurn--on time is determined by the:on time is determined by the: 
zz initial noise/transient spectral signal level,initial noise/transient spectral signal level, 
zz steadysteady--state signal level,state signal level,zz steadysteady state signal level,state signal level, 
zz oscillator loop (resonator loaded Q) delay,oscillator loop (resonator loaded Q) delay, 
zz and small signal excess gainand small signal excess gain 
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Conversion of Phase to FrequencyConversion of Phase to Frequency
Instability in an OscillatorInstability in an Oscillator 

Resonator,Resonator, 
MultiMulti--pole Filter,pole Filter, 

1/2πτ 

or Delay Lineor Delay Line 

AA δδf =f = δφ/2πτδφ/2πτ 

--δφδφ 

�� If a phase perturbation,If a phase perturbation, δφδφ occurs in an oscillator component (i.e., sustainingoccurs in an oscillator component (i.e., sustaining 
stage amplifier phase noise), the oscillator signal frequency must change instage amplifier phase noise), the oscillator signal frequency must change in 

�� This conversion results in significant signal spectral degradation at carrier offsetThis conversion results in significant signal spectral degradation at carrier offset 

�� The amount of signal frequency change caused by the phase perturbation isThe amount of signal frequency change caused by the phase perturbation is 
related to the oscillator loop group delay (i.e., resonator loaded Q).related to the oscillator loop group delay (i.e., resonator loaded Q). 

order to maintain constantorder to maintain constant (2(2nnππ radians) loop phase shift.radians) loop phase shift. 

�� This conversion results in significant signal spectral degradation at carrier offsetThis conversion results in significant signal spectral degradation at carrier offset 
frequencies withinfrequencies within f=1/2f=1/2πτπτ wherewhere ττ is the loop group delayis the loop group delay (1/2(1/2πτπτ == BW/2 for aBW/2 for a 
single resonator).single resonator). 

�� The conversion process can be described by:The conversion process can be described by: 
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ττ  oscillator closed    oscillator closed   

PMPM--toto--FM Noise Conversion in an OscillatorFM Noise Conversion in an Oscillator 

Additional signal noise degradationAdditional signal noise degradation 

PhasePhase 
NoiseNoise 

Additional signal noise degradationAdditional signal noise degradation 
due to resonator FM noisedue to resonator FM noise 

Oscillator closed loop signal FM noiseOscillator closed loop signal FM noise 
due to sustaining stage open loop PMdue to sustaining stage open loop PM 

SidebandSideband 
LevelLevel 

(dBc/Hz)(dBc/Hz) 
1/f FM1/f FM 

due to sustaining stage open loop PMdue to sustaining stage open loop PM 
noisenoise 

Oscillator sustaining stage openOscillator sustaining stage open 

1/f PM1/f PM 
white FMwhite FM 

white PMwhite PM 

loop PM noiseloop PM noise 

Carrier Offset Frequency (Hz)Carrier Offset Frequency (Hz)1/21/2πτπτ 

ττ = oscillator closed loop group delay= oscillator closed loop group delay 
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loop group delayloop group delay 
1/21/2πτπτ = BW/2 for a single (1 pole) resonator= BW/2 for a single (1 pole) resonator 
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Characteristics of “Ideal” ResonatorCharacteristics of “Ideal” Resonator 

�� High group delay (high resonator loaded Q)High group delay (high resonator loaded Q) 
�� For microwave signal generation: high operating frequencyFor microwave signal generation: high operating frequency 
�� Low lossLow loss 
�� Moderately high drive capabilityModerately high drive capability 
�� Low frequency sensitivity to environmental stress (vibration,Low frequency sensitivity to environmental stress (vibration,

temperature, etc.)temperature, etc.) 
�� Good shortGood short--term and longterm and long--term frequency stabilityterm frequency stability 
�� Accurate frequency setAccurate frequency set-on capabilityon capability 
�� External frequency tuning capabilityExternal frequency tuning capability 
�� No undesired resonant modes or higher loss in undesiredNo undesired resonant modes or higher loss in undesired

resonant modes or undesired resonant mode frequencies farresonant modes or undesired resonant mode frequencies farqq
from desired operating frequencyfrom desired operating frequency 

�� Low cost: high manufacturing yield of acceptable devicesLow cost: high manufacturing yield of acceptable devices 
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Characteristics of “Ideal”Characteristics of “Ideal” 
Oscillator Sustaining StageOscillator Sustaining Stage 

�� Low multiplicative (1/f AM and especially 1/f PM) noiseLow multiplicative (1/f AM and especially 1/f PM) noise 
�� Low additive noise (good noise figure)Low additive noise (good noise figure) 
�� Drive capability consistent with resonator drive level and lossDrive capability consistent with resonator drive level and loss 
�� Low noise in the ALC/AGC circuits or in the amplifier itself whenLow noise in the ALC/AGC circuits or in the amplifier itself when 

operated in gain compressionoperated in gain compression 
�� Low gain and phase sensitivity to DC supply and circuitLow gain and phase sensitivity to DC supply and circuit

temperature variationstemperature variations 
�� Low group delay (wide bandwidth)Low group delay (wide bandwidth) 
�� High load circuit isolationHigh load circuit isolation 
�� High MTBF; minimal number of adjustable componentsHigh MTBF; minimal number of adjustable components 
�� Ease of alignment and testEase of alignment and testgg
�� Good DC efficiencyGood DC efficiency 
�� Low cost: high manufacturing yield of acceptable devicesLow cost: high manufacturing yield of acceptable devices 
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3. Types of Resonators and Delay 
Lines
3. Types of Resonators and Delay 
LinesLinesLines 
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      Dielectric  Dielectric    

  

    

    

Types of Resonators and Delay LinesTypes of Resonators and Delay Lines 

5. Cavity, Waveguide5. Cavity, Waveguide
1. Lumped Element (L1. Lumped Element (L--C)C) 
2. Acoustic2. Acoustic

4. Dielectric4. Dielectric
2. Acoustic 

4. Dielectric 

Bulk Acoustic Wave (BAW)Bulk Acoustic Wave (BAW)
Surface Acoustic Wave (SAW)Surface Acoustic Wave (SAW)
Surface Transverse WaveSurface Transverse Wave

6. Optical Fiber6. Optical Fiber
7. Whispering Gallery7. Whispering Gallery 
Mode, Sapphire DielectricMode, Sapphire Dielectric

Bulk Acoustic Wave (BAW) 
Surface Acoustic Wave (SAW) 
Surface Transverse Wave 

6. Optical Fiber 
7. Whispering Gallery 
Mode, Sapphire DielectricSurface Transverse WaveSurface Transverse Wave 

(STW)(STW)
3. Distributed Element3. Distributed Element 
(transmission line)(transmission line) 

Mode, SapphireMode, SapphireSurface Transverse Wave 
(STW) 

Mode, Sapphire Dielectric 

(transmission line)(transmission line) 
HelicalHelical 
Microstrip and StriplineMicrostrip and Stripline 
Dielectric Loaded CoaxialDielectric Loaded CoaxialDielectric Loaded CoaxialDielectric Loaded Coaxial 

Highlighted types used inHighlighted types used in 
lower noise oscillatorslower noise oscillators 
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Quartz Acoustic ResonatorsQuartz Acoustic Resonators 

Desirable PropertiesDesirable Properties 
�� Very high QVery high Q 

Undesirable PropertiesUndesirable Properties 
�� 1/f FM noise that often exceed1/f FM noise that often exceed

effects of sustaining stage 1/feffects of sustaining stage 1/f 
�� Controllable (selectable)Controllable (selectable) 

frequency temperaturefrequency temperature 
coefficientcoefficient 

�� Excellent longExcellent long term and shortterm and short 

sustaining stage 1/fsustaining stage 1/f 
PM noisePM noise 

�� UnitUnit-toto-unit 1/f FM noise level.unit 1/f FM noise level. 
variation; high cost associatedvariation; high cost associated 
with l yield f l noisewith l yield f l noise�� Excellent longExcellent long--term and shortterm and short-

term frequency stabilityterm frequency stability 
�� Relatively low vibrationRelatively low vibration 

sensitivitysensitivity 

with low yield of very low noisewith low yield of very low noise 
resonatorsresonators 

�� BAW resonator drive levelBAW resonator drive level 
limitations: 1limitations: 1--2mW for AT2mW for AT--cut, 5cut, 5-sensitivitysensitivity 

�� Relatively low costRelatively low cost 
�� Moderately small volumeModerately small volume 

(especially SAW STW)(especially SAW STW) 

7mW for SC7mW for SC--cut, even lowercut, even lower 
drive for low drift/agingdrive for low drift/aging 

�� NonNon--uniform vibration sensitivityuniform vibration sensitivity 
�� FOM (loaded Q) decreases withFOM (loaded Q) decreases with (especially SAW, STW)(especially SAW, STW) 

�� Well defined, mature technologyWell defined, mature technology 
�� FOM (loaded Q) decreases withFOM (loaded Q) decreases with 

increasing frequencyincreasing frequency 
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Quartz Acoustic Resonators, continuedQuartz Acoustic Resonators, continued 

Quartz Crystal Electrical Equivalent CircuitQuartz Crystal Electrical Equivalent Circuit 
(for widely used AT(for widely used AT--cut and SCcut and SC--cut crystals)cut crystals) 

C = Static capacitanceCo Static capacitance 

Anharmonic and higher,Anharmonic and higher, 
oddodd--overtone resonance(s)overtone resonance(s) 

Third overtone resonance,Third overtone resonance, 

Fifth overtone resonance,Fifth overtone resonance, 
ff approxapprox 5f5fss 

Fundamental resonance,Fundamental resonance, 
ffss=1/(2=1/(2ππ(LmCm)(LmCm)0.50.5)) 

f approx 3ff approx 3fss 

Lm Cm Rs 
ss (( ( )( ) )) 

�� LLmm = motional (series) inductance= motional (series) inductance 
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�� CCmm = motional capacitance= motional capacitance 

�� RRss = series resistance 2= series resistance 2ππffss/R/Rss = unloaded Q= unloaded Q 
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Improvements in Acoustic ResonatorImprovements in Acoustic Resonator
PerformancePerformance -- 1985 to 19991985 to 1999 

YearYear Resonator TypeResonator Type FrequencyFrequency Noise Level,Noise Level, SySy(f=100Hz)(f=100Hz) PmaxPmax VirbrationVirbration 
((mWmW)) SensitivitySensitivity(( )) yy 

NominalNominal BestBest (parts in 10(parts in 10-1010/g)/g) 

19851985 22 5 to 205 to 205th OT AT5th OT AT-cutcut 80MHz80MHz 1.5X101.5X10-2424 3X103X10-2525 

19851985 Raytheon SAWRaytheon SAW 500MHz500MHz 5X105X10-2525 1X101X10-2525 5050 5 to 505 to 50 

19891989 5th OT AT5th OT AT-cutcut 40MHz40MHz 2X102X10-2525 4X104X10-2626 22 10 to 3010 to 30 

80MHz80MHz 
100MHz100MHz19891989 3rd OT SC3rd OT SC-cutcut 5X105X10-2525 1X101X10-2525 77 3 to 103 to 10 

19951995 5th OT SC5th OT SC-cutcut 160MHz160MHz 1X101X10-2525 2X102X10-2626 77 3 to 103 to 10 

19951995 SAWTEK STWSAWTEK STW 1000MHz1000MHz 5X105X10-2424 1X101X10-2424 100100 1 to 31 to 3 

19991999 FEI OT SCFEI OT SC-cutcut 100MHz100MHz ?????? 22X10X10-2626 ?????? ?????? 
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LL  with  with  noise floor achieved at 640MHz  noise floor achieved at 640MHz 

                      

DielectricDielectric--Filled Coaxial ResonatorsFilled Coaxial Resonators 
metalmetal--plated, dielectric rodplated, dielectric rod 

with platedwith plated--thru holethru hole 

metal tabmetal tab 

�� Very popular in wireless hardwareVery popular in wireless hardware 
�� High drive capabilityHigh drive capability�� High capabilityHigh capability 
�� One piece, plated construction results in low vibration sensitivityOne piece, plated construction results in low vibration sensitivity 
�� Unloaded Q is only moderate (proportional to volume)Unloaded Q is only moderate (proportional to volume) 
�� LL(100Hz)=(100Hz)=-100dBc/Hz, with100dBc/Hz, with --178dBc/Hz noise floor achieved at 640MHz178dBc/Hz noise floor achieved at 640MHz�� (100Hz)(100Hz) 100dBc/Hz,100dBc/Hz, 178dBc/Hz178dBc/Hz 

using large volume resonators as multiusing large volume resonators as multi--pole filter oscillator stabilizationpole filter oscillator stabilization 
elementselements 

�� Even though resonators are “passive”, excess 1/f noise has beenEven though resonators are “passive”, excess 1/f noise has been
measured in large volume high delay devices with variations in 1/f noisemeasured in large volume high delay devices with variations in 1/f noise 
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measured in large volume, high delay devices with variations in 1/f noisemeasured in large volume, high delay devices with variations in 1/f noise 
level of up to 20dBlevel of up to 20dB 
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Dielectric ResonatorsDielectric Resonators 

AdvantagesAdvantages 
�� High Q at highHigh Q at high 

DisadvantagesDisadvantages 
�� Substantial Q degradation unlessSubstantial Q degradation unless 

cavity volume is large compared tocavity volume is large compared to 
(microwave) frequency(microwave) frequency 

�� No measurable resonator 1/fNo measurable resonator 1/f 
noisenoise 

cavity large comparedcavity large compared 
that of dielectric (low order modethat of dielectric (low order mode 
resonances)resonances) 

�� Highest Q with modest volumeHighest Q with modest volume 
�� High drive capabilityHigh drive capability 
�� NearNear--zero temperaturezero temperature 

coefficient for some ceramiccoefficient for some ceramic 

occurs above Coccurs above C--band whereband where 
sustaining stage amplifiers aresustaining stage amplifiers are 
primarily GaAs sustaining stageprimarily GaAs sustaining stage 
amplifiers exhibiting relatively highamplifiers exhibiting relatively highdielectric materialsdielectric materials 

�� Amenable to mechanicalAmenable to mechanical 
adjustment and electronicadjustment and electronic 
frequency tuningfrequency tuning 

amplifiers exhibiting relatively highamplifiers exhibiting relatively high 
1/f AM and PM noise1/f AM and PM noise 

�� Resonator frequency sensitivity toResonator frequency sensitivity to 
vibration is typically 10 to 100 timesvibration is typically 10 to 100 times frequency tuningfrequency tuning 
higher, compared to BAW, SAWhigher, compared to BAW, SAW 
resonatorsresonators 
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Multiple Resonator Use Can Provide LowerMultiple Resonator Use Can Provide Lower
NoiseNoise 

�� Multiple resonators can be cascaded (isolated by amplifiers) orMultiple resonators can be cascaded (isolated by amplifiers) or 
used in multiused in multi--pole filters in order to increase the oscillator openpole filters in order to increase the oscillator open 
loop signal path group delayloop signal path group delayloop signal path group delay.loop signal path group delay. 

�� Analysis shows that for aAnalysis shows that for a given, net insertion lossgiven, net insertion loss, increasing, increasing 
the filter order beyond 2the filter order beyond 2--pole does not result in significantpole does not result in significant 
increase i delayincrease i delayincrease in group delay.increase in group delay. 

�� The group delay increase (going from 1 pole to 2 poles) for netThe group delay increase (going from 1 pole to 2 poles) for net 
loss in the range 3dB to 15dB is 17% to 60%.loss in the range 3dB to 15dB is 17% to 60%. 
zz Increasing the number of poles does result in an increase in theIncreasing the number of poles does result in an increase in the 

bandwidth over which the group delay is maximum.bandwidth over which the group delay is maximum. 
zz Use of a single, multiUse of a single, multi--pole filter at a given, net insertion loss resultspole filter at a given, net insertion loss results 

in approximately the same delay as a cascade of resonators havingin approximately the same delay as a cascade of resonators having 
the same overall insertion loss.the same overall insertion loss. 
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Optical Fiber Delay LinesOptical Fiber Delay Lines 
AdvantagesAdvantages 

�� High delay possible: tens ofHigh delay possible: tens of
microsecondsmicroseconds 

DisadvantagesDisadvantages 
�� Detector and/or microwaveDetector and/or microwave

amplifier noise may limitamplifier noise may limit 
�� Low optical signal strength lossLow optical signal strength loss

in fiberin fiber 
�� OptoOpto--electronic Oscillatorelectronic Oscillator 

amplifier mayamplifier may 
attainable performanceattainable performance 

�� RF amplifier 1/f PM noise levelsRF amplifier 1/f PM noise levels 
areare notnot independent of carrierindependent of carrier 
frequencyfrequency(OEO) signal generation directly(OEO) signal generation directly

at microwaveat microwave 
�� NearNear--carrier noise level (i.e., setcarrier noise level (i.e., set 

by the delay) is “theoretically”by the delay) is “theoretically” 

frequencyfrequency 
�� For low noise signal generation,For low noise signal generation,

long fiber length results inlong fiber length results in
conditions for oscillation beingconditions for oscillation beingby the delay) is theoreticallyby the delay) is theoretically 

independent of carrierindependent of carrier 
frequencyfrequency 

�� Possible generation of multiple,Possible generation of multiple,
selectable f ignalsselectable f ignals 

satisfied at multiple, closelysatisfied at multiple, closely-
spaced frequencies requiring aspaced frequencies requiring a
high Q, RF filter to select thehigh Q, RF filter to select the 
desired frequencydesired frequency

selectable frequency signalsselectable frequency signals 
(spaced at the reciprocal of the(spaced at the reciprocal of the
delay time)delay time) 

�� Selectable (reciprocal of delay)Selectable (reciprocal of delay)
frequencies are nonfrequencies are non--coherentcoherent 
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OptoOpto--Electronic Oscillator (OEO)Electronic Oscillator (OEO) 
Optical fiberOptical fiber 

delay =delay = ττ 
Bandpass filter selectivityBandpass filter selectivity 

LaserLaser ModulatorModulator DetectorDetector 

BandpassBandpass uWaveuWave BandpassBandpass 
FilterFilter Possible operating frequencies separated by 1/Possible operating frequencies separated by 1/ττAmpAmp 

�� Other refinements include use of a second, shorter length optical fiberOther refinements include use of a second, shorter length optical fiber 
for selection (infor selection (in-phase reinforcement) of a specific frequency signal andphase reinforcement) of a specific frequency signal and 
use of carrier suppression for additional noise reduction.use of carrier suppression for additional noise reduction. 

�� ApproximatelyApproximately --84dBc/Hz at fm=100Hz demonstrated at 10GHz using84dBc/Hz at fm=100Hz demonstrated at 10GHz using
carrier suppression. This level of nearcarrier suppression. This level of near-carrier PM noise is comparablecarrier PM noise is comparablepppp pp 
to that obtainable using a quartz crystal oscillator signal or SAWto that obtainable using a quartz crystal oscillator signal or SAW 
oscillator signal, frequency multiplied to microwave.oscillator signal, frequency multiplied to microwave. 

35 Reference: JPL:1995Reference: JPL:1995--1999 Freq. Contr. Symp.1999 Freq. Contr. Symp. 
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Spectral Tradeoff: NearSpectral Tradeoff: Near--Carrier vs NoiseCarrier vs Noise 
Floor PerformanceFloor Performance 

SS--Band Dielectric Resonator OscillatorBand Dielectric Resonator Oscillator 
Signal Multiplied to XSignal Multiplied to X--BandBand 

10dB typ.10dB typ. 

15dB typ.15dB typ. 1GHz Quartz SAW or STW Oscillator1GHz Quartz SAW or STW Oscillator 
Signal Multiplied to XSignal Multiplied to X--BandBand 

LL(f)(f) 
(dBc/Hz)(dBc/Hz) 

100MHz Quartz Crystal Oscillator100MHz Quartz Crystal Oscillator 
Signal Multiplied to XSignal Multiplied to X--BandBand 

10dB typ10dB typ 

10dB typ.10dB typ. 

Carrier Offset Frequency (Hz)Carrier Offset Frequency (Hz) 

10dB typ.10dB typ. 
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NOTE: The plots do not differ by 20LOG(frequency ratio) because the loaded Q values and drive 
level capability associated with each resonator technology are different. 



                  

Whispering Gallery Mode, SapphireWhispering Gallery Mode, Sapphire
Dielectric ResonatorsDielectric Resonators 

�� Dielectric loss in sapphire is very low at room temperature andDielectric loss in sapphire is very low at room temperature and 
rapidly decreases with decreasing temperature.rapidly decreases with decreasing temperature. 

�� HighHigh--order “whispering gallery” mode ring and solid cylindricalorder “whispering gallery” mode ring and solid cylindrical 
resonators have been built that exhibit unloaded Q values, at Xresonators have been built that exhibit unloaded Q values, at X-
band, of 200,000 at room temperature and 5 to 10million atband, of 200,000 at room temperature and 5 to 10million at 
liquid nitrogen temperature.liquid nitrogen temperature. 

�� This ultraThis ultra--high resonator Q results in oscillators whose Xhigh resonator Q results in oscillators whose X--bandband 
output signal spectra are currently superior to that attainableoutput signal spectra are currently superior to that attainableoutput signal spectra are currently superior to that attainableoutput signal spectra are currently superior to that attainable 
using any other resonator technology.using any other resonator technology. 
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Whispering Gallery Mode, SapphireWhispering Gallery Mode, Sapphire
Dielectric Resonators: IssuesDielectric Resonators: Issues 

�� Resonator volume (including hermetic, cooled enclosure) isResonator volume (including hermetic, cooled enclosure) is
relatively large.relatively large. 

�� The ultraThe ultra-low phase noise spectrum exhibited by the oscillator islow phase noise spectrum exhibited by the oscillator is 
degraded by correspondingly lower levels of vibration.degraded by correspondingly lower levels of vibration. 

�� For cryoFor cryo--cooled resonators, cryocooled resonators, cryo--cooler vibration, MTBF, cost, etc.cooler vibration, MTBF, cost, etc. 
constitute overall hardware performance issues. Vibrationconstitute overall hardware performance issues. Vibration-free, TEfree, TE-
coolers are inefficient with limited cooling capability. Resonantcoolers are inefficient with limited cooling capability. Resonant 
frequency temperature coefficient is large at elevated (i.e., TEfrequency temperature coefficient is large at elevated (i.e., TE-
cooler) temperatures.cooler) temperatures.cooler) temperatures.cooler) temperatures. 

�� Addition of temperature compensating materials usually degradesAddition of temperature compensating materials usually degrades
resonator Q.resonator Q. 

�� GaAs sustaining stage amplifiers exhibit high 1/f PM noise thatGaAs sustaining stage amplifiers exhibit high 1/f PM noise that 
degrades oscillator neardegrades oscillator near--carrier signal spectral performance. Noisecarrier signal spectral performance. Noise 
reduction feedback circuitry adds cost/volume/complexity to thereduction feedback circuitry adds cost/volume/complexity to the
oscillator circuitoscillator circuit 
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oscillator circuit.oscillator circuit. 



  ( ) pp

Measured Performance: TEMeasured Performance: TE--Cooled,Cooled, 
Sapphire DROSapphire DRO 

Poseidon Scientific Instruments (PSI) Sapphire DRO 
Phase Noise at 9GHz 
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4. Sustaining Stage Design and 
Performance
4. Sustaining Stage Design and 
PerformancePerformancePerformance 
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The Transistor Viewed as a ReactanceThe Transistor Viewed as a Reactance--plusplus--
Negative Resistance GeneratorNegative Resistance Generator 

Zin (ideal voltageZin (ideal voltage-controlled current source)controlled current source) 
= Z1 + Z2 + gm(Z1)(Z2)= Z1 + Z2 + gm(Z1)(Z2) 
If Z1 and Z2 are reactances, Z1=jX1, Z2=jX2, andIf Z1 and Z2 are reactances, Z1=jX1, Z2=jX2, and 
Zin = j(X1+X2)Zin = j(X1+X2) --gm(X1)(X2)gm(X1)(X2) 
wherewhere gm(X1)(X2) is the negative esistance tgm(X1)(X2) is the negative esistance t 

Z1Z1 

wherewhere --gm(X1)(X2) is the negative resistance termgm(X1)(X2) is the negative resistance term Z2Z2 

�� Normally, capacitors are used for the reactances X1 and X2.Normally, capacitors are used for the reactances X1 and X2. 
�� At microwave frequencies, transistor junction capacitance mayAt microwave frequencies, transistor junction capacitance may 

comprise a significant part or all of the reactance.comprise a significant part or all of the reactance. 
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The Transistor Viewed as a NegativeThe Transistor Viewed as a Negative
Resistance Generator (atResistance Generator (at ωωo)o) 

Zin (ideal voltageZin (ideal voltage--controlled current source)controlled current source) 
Z1Z1 Z2Z2 

Z3Z3 

= (Z1)(Z2)/(Z1+Z2+Z3) + 1/gm= (Z1)(Z2)/(Z1+Z2+Z3) + 1/gm 
If Z1=1/jIf Z1=1/jωωC1, Z2=1/jC1, Z2=1/jωωC2, and Z3=jC2, and Z3=jωωLs+RsLs+Rs 
and if, atand if, at ωω== ωωoo, Z1/Z2/Z3 are resonant, Z1/Z2/Z3 are resonant 
(Z1+Z2+Z3 = Rs)(Z1+Z2+Z3 = Rs)(Z1+Z2+Z3 Rs),(Z1+Z2+Z3 Rs), 
then Zin atthen Zin at ωω== ωωoo == -1/(1/(ωωoo 

22C1C2Rs) +1/gmC1C2Rs) +1/gm 

�� Normally capacitors used the impedances Z1 and Z2Normally capacitors used the impedances Z1 and Z2�� Normally, capacitors are used as the impedances Z1 and Z2.Normally, capacitors are used as the impedances Z1 and Z2. 
�� Z3 is normally an inductor, and the net resonant resistance ofZ3 is normally an inductor, and the net resonant resistance of 

the series combination = Rs, includes that portion of Rs due tothe series combination = Rs, includes that portion of Rs due to 
th th i i l l d i ll h l i hth th i i l l d i ll h l i hthe the circuit external load resistance as well as the loss in thethe the circuit external load resistance as well as the loss in the 
inductor.inductor. 
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Use of Unbypassed Emitter Resistance forUse of Unbypassed Emitter Resistance for 
Gain (Negative Resistance) StabilizationGain (Negative Resistance) Stabilization 

Zin = j(X1+X2)Zin = j(X1+X2) -- (X1)(X2)/(RE+1/gm)(X1)(X2)/(RE+1/gm) 

wherewhere --(X1)(X2)/(RE+1/gm) is the(X1)(X2)/(RE+1/gm) is the 

X1X1 

RERE wherewhere (X1)(X2)/(RE+1/gm) is the(X1)(X2)/(RE+1/gm) is the 
negative resistance termnegative resistance term 

X2X2 

�� The addition of RE stabilizes the negative esistance (makes itThe addition of RE stabilizes the negative esistance (makes it�� The addition of RE stabilizes the negative resistance (makes itThe addition of RE stabilizes the negative resistance (makes it 
more dependent on RE then on gm.more dependent on RE then on gm. 

�� In addition, unIn addition, un--bypassed emitter resistance constitutes onebypassed emitter resistance constitutes one 
th d f d i i 1/f PM i l lth d f d i i 1/f PM i l lmethod for reducing transistor 1/f PM noise levels.method for reducing transistor 1/f PM noise levels. 
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Crystal Oscillators with Crystal Placement inCrystal Oscillators with Crystal Placement in
Different Portions of the CircuitDifferent Portions of the Circuit 

Q1Q1 

RERE 

C1C1 

C2C2 

LsLs 

RsRs 

Q1Q1 

C2C2 

basic oscillator circuitbasic oscillator circuit 
C1C1LsLs 

Q1Q1 
C1C1 

Q1Q1 

C2C2 

LsLs 

RsRs 

crystal operation at fscrystal operation at fs 

RERE 
C2C2 

crystal operation above fscrystal operation above fs 

Y1Y1 

crystal operation at fscrystal operation at fs 
where Zwhere ZY1Y1 = Rs (i.e., Z=RE)= Rs (i.e., Z=RE) 

crystal operation above fscrystal operation above fs 
where Zwhere ZY1Y1 = j= jωωLs + RsLs + Rs 
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Methods for Reducing Discrete TransistorMethods for Reducing Discrete Transistor
Sustaining Stage 1/f PM NoiseSustaining Stage 1/f PM Noise 

�� Use unUse un--bypassed emitter resistance (a resistor or the resonator itselfbypassed emitter resistance (a resistor or the resonator itself 
connected in series with the emitter.connected in series with the emitter. 

�� Use high frequency transistors having small junction capacitanceUse high frequency transistors having small junction capacitance 
and operated at moderately high bias voltage to reduce phaseand operated at moderately high bias voltage to reduce phase 
modulation due to junction capacitance noise modulation*.modulation due to junction capacitance noise modulation*. 

�� Use heavily bypassed DC bias circuitry and regulated DC supplies*Use heavily bypassed DC bias circuitry and regulated DC supplies* 
�� Consider the use of a baseConsider the use of a base--band noise reduction feedback loop*.band noise reduction feedback loop*. 
�� Extract the signal through the resonator to the load, thereby usingExtract the signal through the resonator to the load, thereby using�� Extract the signal through the resonator to the load, thereby usingExtract the signal through the resonator to the load, thereby using 

the resonator transmission response selectivity to filter the carrierthe resonator transmission response selectivity to filter the carrier 
noise spectrum.noise spectrum. 

* From* From the NIST Tutorial 1/f AM and PM Noise i Amplifiersthe NIST Tutorial 1/f AM and PM Noise i Amplifiers 
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FromFrom the NIST Tutorial on 1/f AM and PM Noise in Amplifiersthe NIST Tutorial on 1/f AM and PM Noise in Amplifiers 
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II

          

Extraction of the Oscillator Signal ThroughExtraction of the Oscillator Signal Through
the Resonatorthe Resonator 

C1C1 

LsLs 
RsRs 

Q1Q1 
C2C2 IIY1Y1 

Q2Q2 MatchingMatching 
NetworkNetwork 

RRLLY1Y1 

Y1Y1 NN22(I(IY1Y1))NN11(I(IY1Y1)) 

NN22:1:1 

Transformer sometimes usedTransformer sometimes used 
to step up current into Q1 Q2to step up current into Q1 Q2 

1:N1:N11 

to step up current into Q1,Q2to step up current into Q1,Q2 
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Discrete Transistor Oscillator Example:Discrete Transistor Oscillator Example:
Low Noise, VHF Crystal OscillatorLow Noise, VHF Crystal Oscillator 

+VDC+VDC+VDC+VDC 
Ferrite beadsFerrite beads 

to prevent UHFto prevent UHF 
oscillationoscillation 

RLRL 

Ref. bias (RF level adjust)Ref. bias (RF level adjust) 

Cascode transistorCascode transistor 

Y1Y1 
Symmetric diodeSymmetric diode 

clippingclipping 

Cascode transistorCascode transistor 
configurationconfiguration 

(large ratio of Po/P(large ratio of Po/PY1Y1)) 
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 ft should be  circuit is  ft should be  circuit is 

  resonator outresonator out ofof band band 

Discrete Transistor Sustaining StagesDiscrete Transistor Sustaining Stages 

AdvantagesAdvantages 
�� Low CostLow Cost 

DisadvantagesDisadvantages 
�� For low noise, transistors withFor low noise, transistors with 

high ft should be used; circuit ishigh ft should be used; circuit is 
�� PrePre-fabrication and postfabrication and post-

fabrication design and designfabrication design and design 
change flexibilitychange flexibility 

�� Biasing flexibilityBiasing flexibility 

high used;high used; 
then susceptible to highthen susceptible to high
frequency instability due tofrequency instability due to
layout parasitics and losslayout parasitics and loss--lessless 
resonator outresonator out--ofof--bandband �� Biasing flexibilityBiasing flexibility 

�� Efficiency (DC powerEfficiency (DC power 
consumption)consumption) 

impedanceimpedance 

�� Difficulty in predicting orDifficulty in predicting or
measuring 1/f AM and PM noisemeasuring 1/f AM and PM noise
using 50 ohm test equipmentusing 50 ohm test equipment
since actual sustaining stagesince actual sustaining stage--toto-
resonator circuit interfaceresonator circuit interface 
impedances are not usually 50impedances are not usually 50 
ohms.ohms. 
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 low  AM and PM noise. low  AM and PM noise.

Advantages of Modular AmplifierAdvantages of Modular Amplifier
Sustaining StagesSustaining Stages 

�� Amplifiers are easily characterized using 50 ohm test equipment (amplifierAmplifiers are easily characterized using 50 ohm test equipment (amplifier 
ss-parameters, 1/f AM , 1/f PM, and KTBF noise).parameters, 1/f AM , 1/f PM, and KTBF noise). 

�� Availability of unconditionally stable amplifiers eliminates the possibility ofAvailability of unconditionally stable amplifiers eliminates the possibility of�� Availability of unconditionally stable amplifiers eliminates the possibility ofAvailability of unconditionally stable amplifiers eliminates the possibility of 
parasitic oscillations.parasitic oscillations. 

�� Amplifiers are available (especially silicon bipolar and GaAs HBT types)Amplifiers are available (especially silicon bipolar and GaAs HBT types) 
exhibiting low 1/f AM and PM noise.exhibiting low 1/f AM and PM noise.exhibiting 1/fexhibiting 1/f 

�� Certain models maintain low noise performance when operated in gainCertain models maintain low noise performance when operated in gain 
compression, thereby eliminating a requirement for separate ALC/AGCcompression, thereby eliminating a requirement for separate ALC/AGC 
circuitry in the oscillator.circuitry in the oscillator. 

�� Amplifier use allows a building block approach to be used for all of theAmplifier use allows a building block approach to be used for all of the 
oscillator functional suboscillator functional sub--circuits: amplifier, resonator, resonator tuning,circuits: amplifier, resonator, resonator tuning, 
resonator mode selection filter, etc.resonator mode selection filter, etc. 

�� Relatively low cost amplifiers (plastic, COTS, HBT darlington pairRelatively low cost amplifiers (plastic, COTS, HBT darlington pair 
configuration) are now available with multiconfiguration) are now available with multi--decade bandwidths operatingdecade bandwidths operating 
from HF to microwave frequencies.from HF to microwave frequencies. 
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Silicon Bipolar Modular Amplifier:Silicon Bipolar Modular Amplifier:
Measured 1/f PM NoiseMeasured 1/f PM Noise 

1/f PM noise (10dB/decade)1/f PM noise (10dB/decade) 

White PM noise (floor)White PM noise (floor) 

50 



                                                                                                                    

150150

      

“Typical” Component 1/f PM Multiplicative“Typical” Component 1/f PM Multiplicative
Noise LevelsNoise Levels 

--110110 

--120120 

--130130 

PhasePhase 
NoiseNoise 
SidebandSideband 

XX--band GaAs Amp.band GaAs Amp. 

XX--band Schottky Mixerband Schottky Mixer 
& X& X--band HBT amp.band HBT amp.130130 

--140140 

SidebandSideband 
LevelLevel 
(dBc/Hz)(dBc/Hz) 

& X& X band HBT amp.band HBT amp. 

LL--band Bipolar and HBTband Bipolar and HBT 
Amp.Amp. 

--150150 

--160160 
HFHF--VHF Bipolar Amp. &VHF Bipolar Amp. & 
HFHF--UHF Schottky MixerUHF Schottky Mixer 

1 10 100 1K 10K1 10 100 1K 10K 100K 1M100K 1M 
--170170 

Carrier Offset Frequency (Hz)Carrier Offset Frequency (Hz) 

51 



ff

Modular Amplifiers: General CommentsModular Amplifiers: General Comments 

�� Generally, amplifier vendors do not design for, specify, or measure deviceGenerally, amplifier vendors do not design for, specify, or measure device 
1/f AM and PM noise.1/f AM and PM noise. 

�� It is usually necessary to evaluate candidate sustaining stage amplifiers inIt is usually necessary to evaluate candidate sustaining stage amplifiers in 
terms of measured 1/f AM and PM noise at intended drive level (i.e., in gainterms of measured 1/f AM and PM noise at intended drive level (i.e., in gain 
compression when the oscillator will not employ separate ALC/AGC).compression when the oscillator will not employ separate ALC/AGC). 

�� Amplifier S21 phase angle sensitivity to gain compression, as well as gainAmplifier S21 phase angle sensitivity to gain compression, as well as gain 
magnitude and phase sensitivity to DC supply voltage variation (noise) mustmagnitude and phase sensitivity to DC supply voltage variation (noise) must 
be considered.be considered. 

�� Silicon bipolar amplifiers and HBT amplifiers operating below LSilicon bipolar amplifiers and HBT amplifiers operating below L--bandband 
normally exhibit lower levels of 1/f AM and PM noise, compared tonormally exhibit lower levels of 1/f AM and PM noise, compared to 
microwave amplifiers.microwave amplifiers. 

�� The evaluation must be performed on a large enough quantity of devices toThe evaluation must be performed on a large enough quantity of devices to 
gain accurate insight into statistical variations in 1/f PM noise level.gain accurate insight into statistical variations in 1/f PM noise level. 
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Modular Amplifier Oscillator DesignModular Amplifier Oscillator Design
Example: Low Noise, SAWR OscillatorExample: Low Noise, SAWR Oscillator 

SAWRSAWR XsXs SAWRSAWRXsXs 

SAWRSAWRSAWRSAWR 

looploop 
phasephase 
adjustadjust 

XX XXSAWRSAWRSAWRSAWR XsXs XsXs 

�� Xs is a selectXs is a select--inin--test inductor or capacitor to align SAWR center frequency.test inductor or capacitor to align SAWR center frequency. 
�� Four, cascaded combinations of SAWRs and amplifiers were used toFour, cascaded combinations of SAWRs and amplifiers were used to

increase loop group delayincrease loop group delayincrease loop group delay.increase loop group delay. 
�� We achievedWe achieved --124dBc/Hz at fm=100Hz at fo=320MHz.124dBc/Hz at fm=100Hz at fo=320MHz. 
�� The technique requires accurate tracking between resonators over time andThe technique requires accurate tracking between resonators over time and 

temperature.temperature. 
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Modular Amplifier Oscillator DesignModular Amplifier Oscillator Design
Example: Low Noise, HF OscillatorExample: Low Noise, HF Oscillator 

Zs = Rs at foZs = Rs at fo 

RpRp RpRpGGAA = 14dB,= 14dB, 
φφ = 180= 180oo 

Lumped element, quarterLumped element, quarterTune inputTune input 
φφAA 180180 wavelength lineswavelength lines 

ZoZo22 = 50Zx= 50Zx 
AA 

�� The net, series resistance of the crystal + varactorThe net, series resistance of the crystal + varactor--inductor tuning circuit, act ininductor tuning circuit, act in 
combination with parallel (Rp) resistors, like a “pad” whose characteristic impedance is Zx.combination with parallel (Rp) resistors, like a “pad” whose characteristic impedance is Zx. 

�� The two, quarterThe two, quarter-wavelength lines yield 90wavelength lines yield 90oo phase shift each and match 50 ohms to Zx atphase shift each and match 50 ohms to Zx at 
fo, provide improper phase shift below fo and attenuation above fo, thereby preventingfo, provide improper phase shift below fo and attenuation above fo, thereby preventing
oscillation at other crystal resonant modes.oscillation at other crystal resonant modes. 

�� Demonstrated performance:Demonstrated performance: --156dBc/Hz at fm=100Hz at fo=10MHz using third overtone156dBc/Hz at fm=100Hz at fo=10MHz using third overtone 
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5. Oscillator Frequency 
Adjustment/Voltage Tuning
5. Oscillator Frequency 
Adjustment/Voltage TuningAdjustment/Voltage TuningAdjustment/Voltage Tuning 



tt

XsXs ResonatorResonator

b db d

Methods for Providing OscillatorMethods for Providing Oscillator 
Frequency TuningFrequency Tuning 

XsXs ResonatorResonator φφ ResonatorResonator 

AA 

φφ ResonatorResonator 

AA 

sustaining stagesustaining stage sustaining stagesustaining stage 

�� Xs = variable reactance in series with the resonator used to vary theXs = variable reactance in series with the resonator used to vary the 
overall resonant frequency of the resonatoroverall resonant frequency of the resonator--reactance combination.reactance combination. 

�� φφ = variable phase shifter used to force the oscillator signal frequency to= variable phase shifter used to force the oscillator signal frequency to 
change to a (new, 360change to a (new, 360oo loop phase shift) frequency that varies within theloop phase shift) frequency that varies within the 
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Oscillator Frequency TuningOscillator Frequency Tuning 
Reactance TuningReactance Tuning Phase Shift TuningPhase Shift Tuning 

Carrier signal is maintained atCarrier signal is maintained at 
center of the transmission responsecenter of the transmission response 

Carrier signal moves within theCarrier signal moves within the 
resonator transmission responseresonator transmission response 

of the resonatorof the resonator--reactancereactance 
combination.combination. 

passpass--band; tuning range isband; tuning range is 
restricted to less than the passbandrestricted to less than the passband 
width.width. 

Impedance transformation is oftenImpedance transformation is often 
required between the resonator andrequired between the resonator and 
the tuning circuit.the tuning circuit. 

Phase shift circuit can bePhase shift circuit can be 
implemented as a 50 ohm device.implemented as a 50 ohm device. 

For lectronic (voltage) tuning theFor lectronic (voltage) tuning theFor electronic (voltage) tuning, theFor electronic (voltage) tuning, the 
placement of the phase shift tuningplacement of the phase shift tuning 
circuit in the oscillator effects thecircuit in the oscillator effects the 
sideband response of the oscillator,sideband response of the oscillator, 
and must be taken into account inand must be taken into account in 
phasephase--locked oscillator applications.locked oscillator applications. 
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Phase Shift TuningPhase Shift Tuning 

��Modulation frequency response affected byModulation frequency response affected by 
placement of phase shifterplacement of phase shifter 

Tuning voltageTuning voltage delay =delay = ττ 
φφ ResonatorResonator 

AA 

VCO GainVCO Gain 
actual gain constantactual gain constant 

sustaining stagesustaining stage 

modulationmodulation 

desired gain constant = Ko/sdesired gain constant = Ko/s 
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modulationmodulation 
frequencyfrequency1/21/2πτπτ 
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Methodology of Linear Frequency TuningMethodology of Linear Frequency Tuning
Using Abrupt Junction Varactor DiodesUsing Abrupt Junction Varactor Diodes 

�� A resonator operated at/near series resonance exhibits a nearA resonator operated at/near series resonance exhibits a near--linearlinear 
reactance vs frequency characteristic.reactance vs frequency characteristic. 

�� Connection of a linear reactance vs voltage network in series with theConnection of a linear reactance vs voltage network in series with the 
resonator will then result in a circuit whose overall resonant frequency vsresonator will then result in a circuit whose overall resonant frequency vs 
voltage characteristic is nearvoltage characteristic is near--linear.linear. 

�� The same holds true for a parallel connection of a parallel resonantThe same holds true for a parallel connection of a parallel resonant 
resonator and a linear susceptance vs voltage circuit.resonator and a linear susceptance vs voltage circuit. 

�� Impedance transformation between the resonator and the tuning circuit isImpedance transformation between the resonator and the tuning circuit is 
often required to increase tuning range using practical value components inoften required to increase tuning range using practical value components in 
the tuning circuit.the tuning circuit. 

�� Use of backUse of back--toto-back varactor diodes in the tuning circuits has been found toback varactor diodes in the tuning circuits has been found to 
eliminate effects of tuning circuit diode noise n oscillator signal spectraleliminate effects of tuning circuit diode noise n oscillator signal spectral 
performance.performance. 
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a = oa = o        =         = 
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Obtaining Linear Reactance vs VoltageObtaining Linear Reactance vs Voltage 

LLpp 
LL 

CCvv 

LLss 

�� For abrupt junction varactor diodes, C = K/(V+For abrupt junction varactor diodes, C = K/(V+φφ))γγ wherewhere φφ == 
potential 0 6 volts andpotential 0 6 volts and = 0 5= 0 5contact potential 0.6 volts at room temp, andcontact potential 0.6 volts at room temp, and γγ 0.50.5 

�� To achieve nearTo achieve near--linear reactance vs voltage using abruptlinear reactance vs voltage using abrupt 
junction varactor diodes, 1/(LpCvo) =junction varactor diodes, 1/(LpCvo) = ωωoo 

22/3 where Cvo is the/3 where Cvo is the 
varactor diode capacitance t the band center voltage Vvaractor diode capacitance t the band center voltage Vvaractor diode capacitance at the band center voltage Vovaractor diode capacitance at the band center voltage Vo 

�� For zero reactance at the band center tuning voltage, Ls=Lp/2For zero reactance at the band center tuning voltage, Ls=Lp/2 
�� The reactance vs voltage slope at the band center voltage isThe reactance vs voltage slope at the band center voltage is 
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0.3750.375ωωooLp/(vo+Lp/(vo+φφ)) 



ATAT C t F d t lC t F d t l

(pp )(pp )

250250

(pp )(pp )

11 R tR t  

SAWRSAWR 500500 55 R tR t

C i l R tC i l R t 150150 5050 Ph ShiftPh Shift  

Linear Tunable Low Noise Oscillators:Linear Tunable Low Noise Oscillators: 
Typical ResultsTypical Results 

Resonator TypeResonator Type Tuning RangeTuning Range 
(ppm)(ppm) 

Error from LinearError from Linear 
(ppm)(ppm) 

Tuning Circuit TypeTuning Circuit Type 

ATAT--Cut FundamentalCut Fundamental 
Quartz CrystalQuartz Crystal 

20002000 55 ReactanceReactance 

ATAT--Cut FundamentalCut Fundamental 
Quartz CrystalQuartz Crystal 

SCSC--Cut OvertoneCut Overtone 
Quartz CrystalQuartz Crystal 

250250 

1010 

11 

0.50.5 

ReactanceReactance 

ReactanceReactance 

SAWRSAWR 

STWSTW 

500500 

500500 

55 

100100 

ReactanceReactance 

Phase ShiftPhase Shift 

Coaxial ResonatorCoaxial Resonator 
Band pass FilterBand pass Filter 

150150 5050 Phase ShiftPhase Shift 
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6. Environmental Stress Effects6. Environmental Stress Effects 



EnvironmentallyEnvironmentally--Induced Oscillator SignalInduced Oscillator Signal
Frequency ChangeFrequency Change 

�� Resonator/Oscillator signal frequency change can beResonator/Oscillator signal frequency change can be 
induced by changes in:induced by changes in: 
zz TemperatureTemperature 
zz PressurePressure 
zz Acceleration (vibration)Acceleration (vibration) 
zzOther (radiation, etc)Other (radiation, etc) 
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VibrationVibration 

�� Vibration constitutes the primary environmental stress affectingVibration constitutes the primary environmental stress affecting 
oscillator signal shortoscillator signal short--term frequency stability (phase noise).term frequency stability (phase noise). 

�� Although resonator sensitivity to vibration is often the primaryAlthough resonator sensitivity to vibration is often the primary 
contributor, vibrationcontributor, vibration --induced changes in the noninduced changes in the non-resonatorresonator 
portion of the oscillator circuit can be significant.portion of the oscillator circuit can be significant. 

�� High Q mechanical resonances in the resonator and/or nonHigh Q mechanical resonances in the resonator and/or non-
resonator oscillator circuitry and enclosure can cause severeresonator oscillator circuitry and enclosure can cause severe 
signal spectral degradation under vibration.signal spectral degradation under vibration. 

�� NonNon--linearities (surfaces “hitting” under vibration) can createlinearities (surfaces “hitting” under vibration) can create 
phase noise at frequencies in excess of the maximum vibrationphase noise at frequencies in excess of the maximum vibration 
frequency.frequency. 
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Vibration: An ExampleVibration: An Example 
�� A 100MHz crystal oscillator can exhibit a phase noise sidebandA 100MHz crystal oscillator can exhibit a phase noise sideband 

level at 1KHz carrier offset frequency oflevel at 1KHz carrier offset frequency of --163dBc/Hz.163dBc/Hz. 
�� The fractional frequency instability is Sy(f=1000Hz) = 1X10The fractional frequency instability is Sy(f=1000Hz) = 1X10--2626/Hz./Hz. 
�� The corresponding phase instability, SThe corresponding phase instability, Sφφ(f),(f), is 1X10is 1X10-1616 radrad22/Hz./Hz. 
�� The crystal vibration level that would degrade the atThe crystal vibration level that would degrade the at--rest oscillatorrest oscillatory gy g 

signal spectrum, based a crystal frequency vibration sensitivitysignal spectrum, based a crystal frequency vibration sensitivity 
valuevalue ΓΓff = 5X10= 5X10-1010/g is quite small: Sg(f) = Sy(f)//g is quite small: Sg(f) = Sy(f)/ΓΓff 

22 = 4X10= 4X10-88 gg22/Hz./Hz. 
�� The corresponding allowable signal path dimensional change,The corresponding allowable signal path dimensional change,�� The corresponding allowable signal path dimensional change,The corresponding allowable signal path dimensional change, 

based on a wavelength of 300cm is: 48 angstroms/Hzbased on a wavelength of 300cm is: 48 angstroms/Hz1/21/2.. 
�� In the 50In the 50--ohm circuit, a capacitance variation (due to vibrationohm circuit, a capacitance variation (due to vibration-

induced printed board or enclosure cover movement) of: 6X10induced printed board or enclosure cover movement) of: 6X10-77 induced printed board or enclosure cover movement) of: 6X10induced printed board or enclosure cover movement) of: 6X10 
pF/HzpF/Hz1/21/2 would degrade the atwould degrade the at--rest signal spectrum.rest signal spectrum. 
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Methods for Attenuating Effects of VibrationMethods for Attenuating Effects of Vibration 

�� Vibration isolation of resonators or of entire oscillatorVibration isolation of resonators or of entire oscillator 
�� Cancellation vie feedback of accelerometerCancellation vie feedback of accelerometer--sensed signals tosensed signals to 

oscillator frequency tuning circuitry or to the (SCoscillator frequency tuning circuitry or to the (SC-cut crystal)cut crystal) 
resonatorresonator 

�� Measurement of individual (crystal) resonator vibration sensitivityMeasurement of individual (crystal) resonator vibration sensitivity 
magnitude and direction and use of matched, oppositelymagnitude and direction and use of matched, oppositely--orientedoriented 
devicesdevices 
zz Use of multiple, unmatched oppositelyUse of multiple, unmatched oppositely--oriented devicesoriented devices 

�� Reduction of resonator vibration sensitivity via resonator designReduction of resonator vibration sensitivity via resonator design 
(geometry, mounting, mass loading, etc.)(geometry, mounting, mass loading, etc.) 
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“Poor Mans” Method for Reducing Quartz“Poor Mans” Method for Reducing Quartz 
Crystal Vibration SensitivityCrystal Vibration Sensitivity 

yy 

�� Two Crystals: partialTwo Crystals: partial
cancellation in z and xcancellation in z and x 
directions no cancellation in ydirections no cancellation in y yy xx 

zz 

aa bb 

cc dd 

directions, no cancellation in ydirections, no cancellation in y 
directiondirection 

�� Four Crystals: partialFour Crystals: partial
cancellation in x y and zcancellation in x y and zcancellation in x, y, and zcancellation in x, y, and z 
directionsdirections 

�� Crystals connected electrically in seriesCrystals connected electrically in series 

�� 5:1 reduction in vibration sensitivity magnitude has been5:1 reduction in vibration sensitivity magnitude has been 
achieved using four crystalsachieved using four crystals 

67 



gg

t t t t tt t t t t  

Measurement of Oscillator/ResonatorMeasurement of Oscillator/Resonator
Vibration SensitivityVibration Sensitivity 

�� The entire oscillator or resonator alone can be mounted on aThe entire oscillator or resonator alone can be mounted on a 
shaker for determination of vibration sensitivity.shaker for determination of vibration sensitivity. 

zz Resonator vibration sensitivity measurements can be made withResonator vibration sensitivity measurements can be made with 
the resonator connected to the oscillator sustaining stage orthe resonator connected to the oscillator sustaining stage or 
connected in a passive phase bridge.connected in a passive phase bridge. 

�� The effects of vibration in the coaxial cable connections fromThe effects of vibration in the coaxial cable connections from 
the DUT on the shaker to the stationary, measurementthe DUT on the shaker to the stationary, measurement 

b k i i ll fb k i i ll fapparatus must be taken into account, especially forapparatus must be taken into account, especially for 
measurement of devices having very small values of vibrationmeasurement of devices having very small values of vibration 
sensitivity.sensitivity. 
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Test Results for 40MHz Oscillator SustainingTest Results for 40MHz Oscillator Sustaining
Stage and Coaxial CablesStage and Coaxial Cables 

Coaxial cableCoaxial cable 
50 ohm flexible coaxial50 ohm flexible coaxial 
cablecable 

approx 15 microapprox 15 micro--radiansradians 
per gper g 

50 ohm semi50 ohm semi--rigid coaxialrigid coaxial approx 5 microapprox 5 micro--radiansradians50 ohm semi50 ohm semi rigid coaxialrigid coaxial 
cablecable 

approx 5 microapprox 5 micro radiansradians 
per gper g 

Sustaining StageSustaining Stage 
Open loop measurementsOpen loop measurements 
for a 2.5X2.5 inch PWBfor a 2.5X2.5 inch PWB 
mounted on corners withmounted on corners with 

approx 1.5 microapprox 1.5 micro--radiansradians 
per gper g 

(vibration(vibration--induced phase shift increases with carrierinduced phase shift increases with carrier frequency)frequency) 

no adjustable componentsno adjustable components 
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7. Oscillator Circuit Simulation 
and Noise Modeling
7. Oscillator Circuit Simulation 
and Noise Modelingand Noise Modelingand Noise Modeling 



  

CAD Small Signal Analysis/Simulation ofCAD Small Signal Analysis/Simulation of
Oscillator CircuitsOscillator Circuits 

�� Small signal analysis is useful for simulating linear (startSmall signal analysis is useful for simulating linear (start--up)up) 
conditions.conditions. 

�� Simulation of steadySimulation of steady--state condition is possible if/when largestate condition is possible if/when large 
signal (i.e., insignal (i.e., in--compression) device scompression) device s--parameters or ALC diodeparameters or ALC diode 
steadysteady--state impedance values are known.state impedance values are known. 

�� Circuit analysis/simulation should include component parasiticCircuit analysis/simulation should include component parasitic 
reactance (inductor distributed capacitance and loss,reactance (inductor distributed capacitance and loss, 
component lead inductance, etc). For circuits operating at andcomponent lead inductance, etc). For circuits operating at andp , ) p gp , ) p g 
above VHF, printed board/substrate artwork (printed tracks, etc)above VHF, printed board/substrate artwork (printed tracks, etc) 
should also be included in the circuit model.should also be included in the circuit model. 
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CAD Small Signal Analysis of OscillatorCAD Small Signal Analysis of Oscillator
CircuitsCircuits 

�� Two port analysis is most appropriate for oscillator circuitsTwo port analysis is most appropriate for oscillator circuits 
employing modular amplifier sustaining stages. Open loopemploying modular amplifier sustaining stages. Open loop 
simulation in a 50 ohm system is valid for simulation of closed loopsimulation in a 50 ohm system is valid for simulation of closed loopsimulation in a 50 ohm system is valid for simulation of closed loopsimulation in a 50 ohm system is valid for simulation of closed loop 
performance only when the loop is “broken” at a point where eitherperformance only when the loop is “broken” at a point where either 
the generator or load impedance is 50 ohms (i.e., at the amplifierthe generator or load impedance is 50 ohms (i.e., at the amplifier 
input or output if the amplifier has good input or output VSWR).input or output if the amplifier has good input or output VSWR).input or output if the amplifier has good input or output VSWR).input or output if the amplifier has good input or output VSWR). 

�� One port (negative resistance generator) analysis is useful whenOne port (negative resistance generator) analysis is useful when 
simulating discrete oscillators employing transistor sustaining stagesimulating discrete oscillators employing transistor sustaining stage 
circuitrycircuitrycircuitry.circuitry. 
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CAD Small Signal Simulation of OscillatorCAD Small Signal Simulation of Oscillator 
CircuitsCircuits 

�� CAD circuit simulation can (and should) include circuit analysis atCAD circuit simulation can (and should) include circuit analysis at 
outout-ofof--band frequency regions to make sure conditions forband frequency regions to make sure conditions for 
oscillation are only satisfied at the desired frequencyoscillation are only satisfied at the desired frequencyoscillation are only satisfied at the desired frequency.oscillation are only satisfied at the desired frequency. 

�� Frequency bands where undesired resonator resonant responsesFrequency bands where undesired resonator resonant responses 
occur (i.e., unwanted crystal overtone resonances) should beoccur (i.e., unwanted crystal overtone resonances) should be 
analyzed.analyzed. 

�� CAD circuit simulation results can be experimentally checked usingCAD circuit simulation results can be experimentally checked using 
an Automatic Network Analyzer (ANA).an Automatic Network Analyzer (ANA).y ( )y ( ) 

�� Simulation also allows optimization of element values to tune theSimulation also allows optimization of element values to tune the 
oscillator, as well as statistical analyses to be performed foroscillator, as well as statistical analyses to be performed for 
determination of the effects of component tolerancedetermination of the effects of component tolerancedetermination of the effects of component tolerance.determination of the effects of component tolerance. 
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Simulation of the Sustaining Stage PortionSimulation of the Sustaining Stage Portion
of a Crystal Oscillatorof a Crystal Oscillator 

+VDC+VDC 
�� Cx and Cy values optimized toCx and Cy values optimized to 

provide Zin =provide Zin = --70 + j0 at 100MHz.70 + j0 at 100MHz. 

RLRLCxCx CyCy 

RcRc 
�� Zin calculated from 50MHz toZin calculated from 50MHz to 

1GHz to insure negative1GHz to insure negative 
resistance is only generated overresistance is only generated over 

VbiasVbias 

only generatedonly generated 
a small band centered at 100MHza small band centered at 100MHz 
(note use of Rc).(note use of Rc). 

Y1Y1 
Zin = impedance (negativeZin = impedance (negative 

resistance)resistance) 

ZZALCALC �� Large signal condition (where theLarge signal condition (where the 
negative resistance portion of Zinnegative resistance portion of Zin 
drops to 50 ohms = crystaldrops to 50 ohms = crystal 

‘seen’ by the crystal‘seen’ by the crystal 
resonatorresonator 

resistance) simulated by reducingresistance) simulated by reducing 
the ALC impedance value.the ALC impedance value. 
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100MHz Oscillator Sustaining Stage Circuit100MHz Oscillator Sustaining Stage Circuit
Simulation: 80MHz to 120MHzSimulation: 80MHz to 120MHz 

+ 

�� Zin =Zin = -- 70 + j0 at70 + j0 at 
100MHz100MHz 

+ + 
+ 

+ 
+ 

+ 
+ 

+* 
* 

* 

* 

* 
* 

* 

+ 

+ 

+ 

+* 

+ 

+ 

* 
* 

* 
* 

* * 

* 
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100MHz Oscillator Sustaining Stage Circuit100MHz Oscillator Sustaining Stage Circuit
Simulation: 50MHz to 1.5GHzSimulation: 50MHz to 1.5GHz 

�� 33 ohm collector resistor33 ohm collector resistor 
installed in the circuitinstalled in the circuit 

�� Note that the real part ofNote that the real part of 

+ + + + + 

+ 
+ 

+ 
+ 

+ 

* 

* 

* 

* 

* 
* 

* 

* 

* 
* 

�� Note that the real part ofNote that the real part of 
the impedance remainsthe impedance remains 
positive everywherepositive everywhere 
except at the desiredexcept at the desired 

+ 
+ 

+ 
+ 

+ + + + + 
+* 

* 

* 

* 

* 

* 

frequency band atfrequency band at 
100MHz100MHz 

�� This fact indicates theThis fact indicates the 

* 

circuit will only oscillatecircuit will only oscillate 
at the desired frequencyat the desired frequency 
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Results of 100MHz Oscillator SustainingResults of 100MHz Oscillator Sustaining
Stage Circuit SimulationStage Circuit Simulation 

�� 50MHz to 1.5GHz;50MHz to 1.5GHz; 
collector resistor (Rc)collector resistor (Rc) 
removedremoved 

+ + + 
+ + + + + + + 

+ 
+ 

+ + 

+ 

* 

�� Note that the real part ofNote that the real part of 
the impedance becomesthe impedance becomes 

* * * 
* 

* * * 
* 

* 

* 

* 

* 

* 

impedanceimpedance 
highly negative1.15GHzhighly negative1.15GHz 

�� This fact points to aThis fact points to a 

+ 

* 

* 

�� This fact points to aThis fact points to a 
probable circuitprobable circuit 
oscillation at/nearoscillation at/near 
1.1GHz1.1GHz 
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80MHz Crystal Oscillator Using Modular80MHz Crystal Oscillator Using Modular
Amplifier Sustaining Stage and Diode ALCAmplifier Sustaining Stage and Diode ALC 

RF Level set viaRF Level set via 

loop phase shift set and SCloop phase shift set and SC-cutcut 
crystal b mode suppression circuitcrystal b mode suppression circuit 

RF Level set viaRF Level set via 
Zener diode voltageZener diode voltage 

value selectionvalue selection 
TP1TP1 TP2TP2 

RFRF 
AmplifierAmplifier 

+VDC+VDC 

PowerPower 
DividerDividerAmplifierAmplifier DividerDivider 

RF OutputRF Output 

�� Output signal nearOutput signal near-carrier (1/f FM) noise primarily determined bycarrier (1/f FM) noise primarily determined by 
crystal self noisecrystal self noise 

�� TP1TP1-toto-TP2 voltage is maximized via trimmer capacitorTP2 voltage is maximized via trimmer capacitor 
adjustment. The voltage level is a measure (verification) ofadjustment. The voltage level is a measure (verification) of 
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80MHz Modular Amplifier Oscillator Circuit80MHz Modular Amplifier Oscillator Circuit
SimulationSimulation 

�� Open Loop TransmissionOpen Loop Transmission 
Response: 79.998MHz toResponse: 79.998MHz to 
80 002MHz80 002MHz+ 80.002MHz.80.002MHz. 

�� Note that the excess gainNote that the excess gain 
is approximately 3dB.is approximately 3dB. 

+ 
+ 

+ 

+ 

+ * 

* 

* 

* 

* 

* 

�� The loaded Q of theThe loaded Q of the 
crystal in the circuit iscrystal in the circuit is 
approximately 50,000.approximately 50,000. 

+ 

+ 

+ 

+ 
+ 

+ 

* 

* * 

* 

* 
* 
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80MHz Oscillator Circuit Simulation80MHz Oscillator Circuit Simulation 
Effect of 5% tolerance in inductors and capacitorsEffect of 5% tolerance in inductors and capacitors 

�� 99% of the time, the99% of the time, the 
effect on open loopeffect on open loop 

+ 
+ 

response is a phaseresponse is a phase 
shift off of nominal ofshift off of nominal of 
less than 15 degreesless than 15 degrees 

+ 

+ + 

+ 

+ 

+ 

+ 

(2.5ppm frequency(2.5ppm frequency 
error without circuiterror without circuit 
frequency adjustment).frequency adjustment). 

+ + + 
+ 

+ 
+ + 

+ 

+ 
+ + 

�� 90% of the time, the90% of the time, the 
phase shift error is lessphase shift error is less 
than 10 degrees.than 10 degrees. 
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Simple Oscillator Noise Modeling*Simple Oscillator Noise Modeling*
(Open loop(Open loop--toto--closed loop method)closed loop method) 

�� Model the open loop noise of each functional subModel the open loop noise of each functional sub--circuitcircuit 
(i.e., sustaining stage amplifier, tuning circuit, ALC/AGC(i.e., sustaining stage amplifier, tuning circuit, ALC/AGC 
circuit, and the resonator), usually as having a flickercircuit, and the resonator), usually as having a flicker-ofof-
phase and a white phase noise component.phase and a white phase noise component. 

Steps:Steps: 
1. Express theExpress the open loopopen loop noise of each component asnoise of a Seach component as a Sφφ(f)/2 noise(f)/2 noise 

power spectral density function of the form:power spectral density function of the form: 

Steps:Steps: 

1010K1/10K1/10/f+10/f+10K2/10K2/10 

K1 = 1Hz 1/f PM noise level, in dBc/HzK1 = 1Hz 1/f PM noise level, in dBc/Hz 

K2 = white PM noise “floor” level, in dBc/HzK2 = white PM noise “floor” level, in dBc/Hz, c/, c/ 

Reference: Mourey, Galliou, and Besson, “ A Phase Noise Model to Improve the Frequency 
Stability of Ultra Stable Oscillator” Proc 1997 IEEE Freq Contr Symp 
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Simple Oscillator Noise Modeling (cont.)Simple Oscillator Noise Modeling (cont.) 

Steps, continued:Steps, continued: 
2.2. Add each of the noise power numeric values for theAdd each of the noise power numeric values for the 

cascaded devices together.cascaded devices together. 

2a.2a. Also, apply the appropriate, normalized frequencyAlso, apply the appropriate, normalized frequency-
selective transmission responses (as a function ofselective transmission responses (as a function ofselective transmission responses (as a function ofselective transmission responses (as a function of 
frequency offset from the carrier), including that of thefrequency offset from the carrier), including that of the 
frequencyfrequency--determining element (i.e., resonator) todetermining element (i.e., resonator) to 
those component noises that are “filtered” by thethose component noises that are “filtered” by thep yp y 
responses along the signal path. In most cases, theresponses along the signal path. In most cases, the 
transmission responses of the nontransmission responses of the non--resonator circuitsresonator circuits 
are broadband and are not included in modeling.are broadband and are not included in modeling. 
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Simple Oscillator Noise Modeling (cont.)Simple Oscillator Noise Modeling (cont.) 

3.3. Calculate the oscillatorCalculate the oscillator closedclosed loop signal PM noise sideband level asloop signal PM noise sideband level as 
(for example):(for example): 

LL(f) 10LOG[(((S(f) 10LOG[(((Sφφ (f)/2) (S(f)/2) (Sφφ (f)/2))(H(f)/2))(H (f))) (S(f))) (Sφφ (f)/2))(H(f)/2))(H (f))(f))LL(f) = 10LOG[(((S(f) = 10LOG[(((Sφφ11(f)/2)+(S(f)/2)+(Sφφ22(f)/2))(H(f)/2))(Haa(f)))+(S(f)))+(Sφφ22(f)/2))(H(f)/2))(Hbb(f))+(f))+ 
SSφφ33(f)/2...)(f)/2...)((1/2((1/2πτπτ))22+1)+1)]] 
zzH(f) terms are the normalized transmission responses of frequencyH(f) terms are the normalized transmission responses of frequency 
selective circuitry as a function of carrier offset (modulation) frequency,selective circuitry as a function of carrier offset (modulation) frequency, 
andand ττ is the open loop group delay. The primary selectivity functionis the open loop group delay. The primary selectivity function 
and delay are those of the frequency determining element (resonator,and delay are those of the frequency determining element (resonator, 
multimulti-pole filter, delay line, etc).pole filter, delay line, etc).p , y , )p , y , ) 
zzTheThe((1/2((1/2πτπτ))22+1)+1) term accounts for the conversion of open loop phaseterm accounts for the conversion of open loop phase 
fluctuations to closed loop frequency fluctuations in the oscillator.fluctuations to closed loop frequency fluctuations in the oscillator. 
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 a flicker a flicker ofof  fluctuation  that is added  fluctuation  that is added 

                      

Helpful Hints for Simple Oscillator NoiseHelpful Hints for Simple Oscillator Noise
ModelingModeling 

�� The shortThe short--term frequency instability of the frequencyterm frequency instability of the frequency--determiningdetermining 
element can be modeled either as:element can be modeled either as: 

(a) having a open loop (normally flicker(a) having a open loop (normally flicker ofof phase) phasephase) phase(a) having a open loop (normally flicker(a) having a open loop (normally flicker--ofof--phase) phasephase) phase 
fluctuation spectrum that is then also “filtered” by thefluctuation spectrum that is then also “filtered” by the resonatorresonator 
transmission response, ortransmission response, or 
(b) a flicker(b) a flicker--ofof--frequency fluctuation spectrum that is addedfrequency fluctuation spectrum that is added(b)(b) frequency spectrumfrequency spectrum 
separately to the calculated oscillator signal noise spectrumseparately to the calculated oscillator signal noise spectrum 
(not subject to the ((1/2(not subject to the ((1/2πτπτ))22+1) term).+1) term). 

�� The advantage of modeling the frequencyThe advantage of modeling the frequency--determining elementdetermining element 
instability as an open loop, phase fluctuation spectrum is that theinstability as an open loop, phase fluctuation spectrum is that the 
spectrum used can be data collected from separate, phase bridgespectrum used can be data collected from separate, phase bridge 
measurements of the phase instability induced onto a carrier signal bymeasurements of the phase instability induced onto a carrier signal by 
the device with corrections made for any differences in inthe device with corrections made for any differences in in--bridge vs inbridge vs in-the device with corrections made for any differences in inthe device with corrections made for any differences in in bridge vs inbridge vs in 
oscillator circuit loadingoscillator circuit loading 
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Oscillator Noise ModelingOscillator Noise Modeling -- VibrationVibration 

�� The vibrationThe vibration--induced noise can be modeled similarly by enteringinduced noise can be modeled similarly by entering
the vibration power spectral density function (including thethe vibration power spectral density function (including the 
transmission responses of vibration isolation systems used,transmission responses of vibration isolation systems used,p y ,p y , 
unintentional mechanical resonances, etc), together with theunintentional mechanical resonances, etc), together with the 
frequency and/or phase sensitivities of the oscillator functional subfrequency and/or phase sensitivities of the oscillator functional sub-
circuits to vibration.circuits to vibration. 

�� Normally, the most sensitive element is the resonator.Normally, the most sensitive element is the resonator. 
�� The vibrationThe vibration--induced PM noise is then simply added to the noiseinduced PM noise is then simply added to the noise 

power numeric in the spreadsheet…either as vibrationpower numeric in the spreadsheet…either as vibration--induced,induced, 
l h i bilit (th d ith h hl h i bilit (th d ith h hopen loop phase instability spectrum (then converted with the otheropen loop phase instability spectrum (then converted with the other 

open loop noises to the closed loop noise) or as vibrationopen loop noises to the closed loop noise) or as vibration--induced,induced, 
resonator frequency instability spectrum added to the calculatedresonator frequency instability spectrum added to the calculated 
oscillator closed loop noise.oscillator closed loop noise.pp
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Typical Plotted Result with Effects ofTypical Plotted Result with Effects of
Mechanical Resonance(s)Mechanical Resonance(s) 
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8. Oscillator Noise 
De-correlation/Noise Reduction 
8. Oscillator Noise 
De-correlation/Noise Reduction 
TechniquesTechniques 



    

d l )d l )

Methods to Reduce Noise Internal to theMethods to Reduce Noise Internal to the 
Oscillator CircuitOscillator Circuit 

�� Use the resonator impedance and/or transmissionUse the resonator impedance and/or transmission 
selectivity to “filter” the noise at carrier offsetselectivity to “filter” the noise at carrier offset 
frequencies beyond the resonator halffrequencies beyond the resonator half-bandwidth.bandwidth. 

�� Use parallel sustaining stage amplifiers (amplifier 1/fUse parallel sustaining stage amplifiers (amplifier 1/f 
PM noise dePM noise de correlation)correlation)PM noise dePM noise de--correlation).correlation). 

�� Use multiple, series connected resonators (resonatorUse multiple, series connected resonators (resonator 
1/f FM noise de1/f FM noise de--correlation).correlation).))

�� Use multiple resonators in an isolated cascade orUse multiple resonators in an isolated cascade or 
multimulti--pole filter configuration (increased loop grouppole filter configuration (increased loop group 
delay).delay). 
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Example:Example:
Multiple Device Use for Noise ReductionMultiple Device Use for Noise Reduction 

ResonatorResonator ResonatorResonator ResonatorResonator 
ResonatorResonator 

AA 

AA 

PowerPower 
DividerDivider 

PowerPower 
CombinerCombiner 

PowerPower 
DividerDivider ResonatorResonator PowerPower 

DividerDivider 
AA 

AA 

�� Noise dNoise d correlation incorrelation in 

AA 

�� Cascaded amplifierCascaded amplifier�� Noise deNoise de--correlation incorrelation in 
amplifiers and/oramplifiers and/or 
resonatorsresonators 

�� Cascaded amplifierCascaded amplifier-
resonators to increase loopresonators to increase loop 
group delaygroup delay 
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Additional Methods for Reducing NoiseAdditional Methods for Reducing Noise
Internal to the Oscillator CircuitInternal to the Oscillator Circuit 

�� Consider sustaining stage amplifier noise reductionConsider sustaining stage amplifier noise reduction 
via:via: 
zz noise detection and basenoise detection and base--band noise feedback (toband noise feedback (to 

phase and amplitude modulators)phase and amplitude modulators) 
zz feedfeed forward noise cancellationforward noise cancellationzz feedfeed--forward noise cancellationforward noise cancellation 
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phasephase
shiftershifter

DivDiv

pp

                                    

Examples:Examples:
Noise Reduction TechniquesNoise Reduction Techniques 

VoltageVoltage 
controlledcontrolled 

ResonatorResonator 

PwrPwr 
PwrPwr 
DivDiv ResonatorResonator 

phasephase 
detectordetector 

AmpAmp 
VoltageVoltage 

controlledcontrolled 
phasephase 
shiftershifter PwrPwr 

CombComb 

carrier nullingcarrier nulling
AmpAmp 

AmpAmp 

LoopLoop 
amp/filteramp/filter phasephase 

CombComb 

LoopLoop 
amp/filteramp/filter 

postpost--nullingnullingphasephase 
detectordetector 

postpost nullingnulling 
uwave amplifieruwave amplifier 

Use of resonator response toUse of resonator response to 
increase phase detector sensitivityincrease phase detector sensitivity 

Carrier nulling with postCarrier nulling with post--nulling uwavenulling uwave 
amplifier used to increase phase detectoramplifier used to increase phase detectorincrease phase detector sensitivityincrease phase detector sensitivity 

(JPL and Raytheon)(JPL and Raytheon) 
amplifier used to increase phase detectoramplifier used to increase phase detector 
sensitivity (Univ. Western Australia andsensitivity (Univ. Western Australia and 
Poseidon Scientific Instruments)Poseidon Scientific Instruments) 
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140140

Advantages of Noise Feedback in XAdvantages of Noise Feedback in X--Band, SapphireBand, Sapphire
Dielectric Resonator (DR) OscillatorsDielectric Resonator (DR) Oscillators 

�� Lower Noise with 60 times lower QLower Noise with 60 times lower Q 

PhasePhase 
--110110 

--100100 Northrop Grumman Oscillator using double frequency 
conversion sustaining stage and low order mode DR 

at 77K, Q=350,000 (1995 IEEE FCS) 

NoiseNoise 
SidebandSideband 
Level,Level, 
dBc/HzdBc/Hz 

--130130 

--120120 Hewlett Packard Oscillator using no noise 
feedback and high order mode DR 

at 28K, Q=20million (1993 IEEE FCS) 

--150150 

--160160 

--140140 PSI Oscillator using high sensitivity noise 
feedback and high order mode DR 

at 300K, Q=200,000 (1996 IEEE FCS) 

--170170 

160160 

--180180 
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Amplifier Noise Reduction via FeedAmplifier Noise Reduction via Feed--forwardforward 
Cancellation*Cancellation* 

(no noise down(no noise down--conversion to baseconversion to base--band)band) 
*amplifier operated linearly*amplifier operated linearly 

AA 
AA 1/f noise introduced1/f noise introduced 

by amplifierby amplifier 

1/f noise cancelled1/f noise cancelled 

InputInput powerpower 
dividerdivider 

fffofo 

fffofo 
(subtracted out)(subtracted out)AA 

noisenoise 
AmpAmp 

signalsignal dividerdivider 

powerpower 
combinercombiner 
(nuller)(nuller) postpost--nullnull 

amplifieramplifier 
AA 

fffofo 
subtractionsubtraction 

AA noise enhancement:noise enhancement: 
carrier nulled, butcarrier nulled, but 

1/f noise not nulled1/f noise not nulled 

AA 
AmpAmp 
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ff 



Methods to Reduce Noise External to theMethods to Reduce Noise External to the 
Oscillator CircuitOscillator Circuit 

�� External active (phaseExternal active (phase--locked VCO) or passive,locked VCO) or passive, 
narrownarrow-band spectral cleanup filtersband spectral cleanup filters 

�� Overall subsystem noise reduction via feedback orOverall subsystem noise reduction via feedback or 
feedfeed--forward noise reduction techniquesforward noise reduction techniques 
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UHF VCO Phaselocked To HF CrystalUHF VCO Phaselocked To HF Crystal
Oscillator:Oscillator: 
�� Oscillator noise reduction can be accomplished via external filters:Oscillator noise reduction can be accomplished via external filters: 

zz passive filterpassive filter 
zz phasephase--locked oscillatorlocked oscillator 

�� Provides nearProvides near--carrier noise of HF crystal oscillator plus low noisecarrier noise of HF crystal oscillator plus low noise 
floor of UHF VCO (PLL BW APPROX. 5KHz)floor of UHF VCO (PLL BW APPROX. 5KHz) 
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Overall Subsystem Noise Reduction using aOverall Subsystem Noise Reduction using a
DiscriminatorDiscriminator 

�� Large delay needed to obtain high detection sensitivityLarge delay needed to obtain high detection sensitivity 
�� Large delay implies high delay line loss and/or smallLarge delay implies high delay line loss and/or small 

resonator bandwidthresonator bandwidth 
�� Can achieve similar noise levels by using the same, highCan achieve similar noise levels by using the same, high 

delay device in a microwave oscillatordelay device in a microwave oscillator 

Quadrature (phase)Quadrature (phase) Video amp/filterVideo amp/filter 

delay device in a microwave oscillatordelay device in a microwave oscillator 

“Noisy“Noisy 
microwavemicrowave 
input signalinput signal 

PowerPower 
dividerdivider 

detectordetector 

detected basedetected base--band noiseband noise 
fed back or fed forwardfed back or fed forward 

Frequency DiscriminatorFrequency Discriminator 

to a voltageto a voltage--controlledcontrolled 
phase shifter to cancel outphase shifter to cancel out 
carrier signal phase noisecarrier signal phase noise 

PowerPower 
dividerdivider 

OutputOutput 

microwave delay linemicrowave delay line 
or resonator, delay=tor resonator, delay=t 
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9. Summary9. Summaryyy 



    

Designing the Optimal OscillatorDesigning the Optimal Oscillator 

�� Identify the oscillator/resonator technology bestIdentify the oscillator/resonator technology best 
suited for the application (to meet the specification).suited for the application (to meet the specification). 
zzOperating frequencyOperating frequency 
zz Unloaded QUnloaded Q 
zz Drive levelDrive level 
zz ShortShort--term stabilityterm stability 
zz Environmental stress sensitivityEnvironmental stress sensitivityzz Environmental stress sensitivityEnvironmental stress sensitivity 
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Designing the Optimal OscillatorDesigning the Optimal Oscillator 

�� Identify the optimum sustaining stage design to beIdentify the optimum sustaining stage design to be 
used.used. 
zz Discrete transistorDiscrete transistor 
zzModular amplifierModular amplifier 
zz Silicon bipolar, GaAs, HBT, etc.Silicon bipolar, GaAs, HBT, etc. 
zz ALC, AGC, or amplifier gain compressionALC, AGC, or amplifier gain compression 

�� Determine if f noise reduction techniquesDetermine if f noise reduction techniques�� Determine if use of noise reduction techniques,Determine if use of noise reduction techniques, 
including multiple device use, noise feedback, feedincluding multiple device use, noise feedback, feed-
forward noise cancellation, vibration isolation, etc isforward noise cancellation, vibration isolation, etc is 
needed.needed. 
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Verify Oscillator DesignVerify Oscillator Design 

�� Perform CAD circuit analysis/simulation.Perform CAD circuit analysis/simulation. 
�� Know or measure the resonator shortKnow or measure the resonator short--term frequencyterm frequency

stability.stability. 
�� Know or measure the sustainingKnow or measure the sustaining--stage 1/f PM noisestage 1/f PM noise

and carrier phase sensitivity to DC supply variation atand carrier phase sensitivity to DC supply variation atand carrier phase sensitivity to DC supply variation atand carrier phase sensitivity to DC supply variation at 
the operating drive level.the operating drive level. 

�� Know or measure the resonator and nonKnow or measure the resonator and non-resonatorresonator 
i i ib i i i i i d k h i li i ib i i i i i d k h i lcircuit vibration sensitivities and package mechanicalcircuit vibration sensitivities and package mechanical 

resonance characteristics.resonance characteristics. 
�� Qual test the final prototype oscillator to verifyQual test the final prototype oscillator to verify 

performance.performance. 
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The Optimal Oscillator:The Optimal Oscillator:
‘Wish List’ for Future Improvements‘Wish List’ for Future Improvements 

�� Improvements in resonator performanceImprovements in resonator performance 
zz New resonator types having higher Q, higher driveNew resonator types having higher Q, higher drive

capability, higher frequency, smaller volume, bettercapability, higher frequency, smaller volume, better 
shortshort-term stability, and lower vibration sensitivityterm stability, and lower vibration sensitivity 

��Microwave (sustaining stage) transistors/amplifiersMicrowave (sustaining stage) transistors/amplifiers 
with lower levels of 1/f AM and PM noisewith lower levels of 1/f AM and PM noise 
zz New semiconductor designs, materials, processingNew semiconductor designs, materials, processing 
zz Simplified ircuit noise reduction schemes (feedbackSimplified ircuit noise reduction schemes (feedbackzz Simplified circuit noise reduction schemes (feedback,Simplified circuit noise reduction schemes (feedback, 

etc, using low cost ICs)etc, using low cost ICs) 
�� Improved vibration sensitivity reduction schemesImproved vibration sensitivity reduction schemes 

zz Cancellation, feedback control, mechanical isolation,Cancellation, feedback control, mechanical isolation, 
etc.etc. 
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Finally Finished!!

(Thanks for your patience)
Finally Finished!! 

(Thanks for your patience)(Thanks for your patience)(Thanks for your patience) 
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