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Introduction
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How Are PLLôs Used?

ÅFrequency Synthesis (e.g. generating a 1 GHz clock from a 
100 MHz reference in a CPU)

ÅSkew Cancellation (e.g. phase -aligning an internal clock to 
the I/O clock) (May use a DLL instead)

ÅExtracting a clock from a random data stream (e.g. serial -
link receiver)

ÅReference Clean -Up (e.g. low -pass filter source -synchronous 
clock in high -speed I/O)

ÅFrequency Synthesis is the focus of this course.

ÅDesign Priority? Frequency and/or phase accuracy?
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What is a PLL?

ÅNegative feedback control system where fout tracks f in and rising edges of 
input clock align to rising edges of output clock

ÅMathematical model of frequency synthesizer
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Charge -Pump PLL Block Diagram

ÅSampled -system (phase -error is input variable)

ÅPhase error is corrected by changing frequency ( f(t) = Ú f(t) dt)

ÅResistor provides means to separate correction of frequency error 
from correction of phase error
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Components in a Nutshell

ÅPhase-Frequency Detector (PFD): outputs digital pulse 
whose width is proportional to sampled phase error

ÅCharge Pump (CP): converts digital error pulse to analog 
error current

ÅLoop Filter (LPF): integrates (and low -pass filters in 
continuous time) the error current to generate VCO control voltage

ÅVCO: low -swing oscillator with frequency proportional to control 
voltage

ÅLevel Shifter (LS): amplifies VCO levels to full -swing

ÅFeedback Divider (FBDIV): divides VCO clock to generate 
FBCLK clock for phase comparison w/reference
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PLL Feedback Loop Theory
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What Does PLL Bandwidth Mean?

ÅPLL acts as a low -pass filter with respect to the reference 
modulation. High - frequency reference jitter is rejected

ÅLow - frequency reference modulation (e.g., spread -spectrum 
clocking) is passed to the VCO clock

ÅPLL acts as a high -pass filter with respect to VCO jitter

ÅñBandwidthò is the modulation frequency at which the PLL 
begins to lose lock with the changing reference ( -3dB)
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Closed -Loop PLL Transfer Function

ÅTransfer function describes how PLL responds to ñexcessò 
reference phase. i.e. RefClk phase modulation

ÅAnalyze PLL feedback in frequency -domain

ïPhase is state variable, not frequency

ïñsò is the reference modulation frequency, not reference 
oscillation frequency

ïAssumes continuous - time (not sampled) behavior

ÅH(s) = ffb /fref = G(s)/(1+G(s)) Ąclosed - loop gain

ÅG(s) = (K vco /s)I cpF(s)*e -sTd/M  Ą open - loop gain

ï where ferr

ÅKvco = VCO gain in Hz/V

ÅI cp = charge pump current in Amps

ÅF(s) = loop filter transfer function in Volt/Amp

ÅM = feedback divisor

ÅTd = delay in feedback - loop (e.g. FBDIV, Tpfd/2)
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PLL Components in Frequency 
Domain
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Closed - loop PLL Transfer Function

ÅH(s) = vn
2 (1+ s/ vz) / (s

2+2s zvn + vn
2)

ï where

Åvn = undamped natural frequency (rad/s)

Åvz = stabilizing zero = 1 /RC 1 (rad/s)

Åz= damping factor

ï 2nd-order (two poles p1,p2 and one zero)

ï 2nd-order ignores C 2 cap and feedback delays

ÅIf z< 1, complex poles lead to damped oscillation

ï Real Ą exponential decay( zvn) , Imag Ą oscillation ( vn)

ÅIf z> 1, z and p1 cancel: BW( -3dB) ~ 2s zvn
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What is a ñZeroò?

ÅThe ñZeroò of the closed- loop transfer function is 
the frequency in radians/s where the gain of the 
integral and proportional paths are equal.

ÅClassic loop: vz = 1 /RC 1 (rad/s)

ÅConcept can be applied to loop filters that do not 
contain a resistor.
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Open -Loop Transfer Function

Ålog(Gain) vs. log(Modulation Frequency)

Å2 poles @ origin, 1 zero @ wz, 1 pole @wp
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Bandwidth

ÅUndamped Natural Frequency:

ïvn = sqrt(K vco*I cp/( M*C 1))  in rad/sec

ïwhere 

ÅKvco = VCO gain in Hz/V

ÅI cp = charge pump current in Amps

ÅM = feedback divisor

ÅC1 = large LPF capacitor

ÅFor stability: vn/2p< ~1/15 reference frequency 

ÅTypical value: 500 kHz < vn/2p< 10MHz
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Stability, Damping, and Phase Margin

ÅDamping Factor: z= R lpf * C 1 * vn /2
ï Dimensionless, Usually ~ 0.45 < z< ~2
ï Lower end of range for low period jitter
ï Higher end of range for accurate ref phase tracking
ï Rlpf provides means to set stability independent of bandwidth

Åfm (degrees) = (180/ p)*(atan( vc*RC 1)ïatan( vc*RC 2) -vc*T dly )
ï vc == crossover frequency 

Å frequency where open - loop gain G(s) = 0dB
ï For stability: 1/RC 1 (zero) < vc < 1/RC 2 (parasitic pole)
ï Typical Range: 1.2* vn < vc < 2.5* vn

ÅPhase margin degradation due to PFD phase error sampling
ï -f= vc*T ref / 2
ï z-domain analysis is more accurate

ÅPhase margin ( fm) ~ 100 * z (for z< 0.5)
ï Usually 45 ° < PM < 70 °
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Loop Dynamics vs. OSR

ÅAssumes continuous - time model. Damping = 0.8, wn = 3.7MHz

Åfm=62 ° , BW( -3dB)=8.8MHz, Pk=2.1dB (w/no delay)

OSR 
(wn(Hz)/f(ref)

Phase 
Margin( ° )

Peaking(dB) BW( -3dB) 
(MHz)

4.5 -4 26 10.6

6.7 18 11 12.6

7.6 24 8.0 13.1

8.9 29 6.0 13.4

10.7 35 4.6 13.5

13.3 40 3.6 13.1

17.8 46 3.0 12.1

26.7 51 2.6 10.9

53.4 56 2.3 9.1
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Aliasing in a Sampled Loop

ÅSampling nature of PFD Ą frequency -domain aliasing

ï Canôt low-pass filter ref noise before PFD sampling ïunlike A/Dôs
ï Need z -domain analysis for accurate PLL modeling ïanalogous to 

sample -and -hold
ÅPhase of modulation with respect to ref affects aliasing

ï e.g. ref modulation at ½ * f ref . No jitter if sampled at 0 ° ,180 ° , max at 
90 ° ,270 °

ÅModulation at frequencies > Nyquist (f ref /2) appears at other frequencies
ï e.g. f ref =100MHz Ą ref modulation at 99MHz looks just like 1MHz ref 

modulation to the PLL
ï continuous - time model says that PLL should reject more 99MHz noise 

than 1 MHz noise
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PLL Response vs. Damping
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Phase Tracking vs. Damping

ÅPhase Tracking vs. Damping

ÅClosed - loop Transfer Function ( ffb /fref )

ÅPhase Tracking Ą think ñaccumulatedò period jitter or phase 
error

ÅPeaking at low and high damping factors Ą bad

ÅPeaking at high damping due to smoothing capacitor pole 
(1/RC 2) and/or under -sampling (Gardner)

ÅPeaking very sensitive to (1/RC 2) at high R

ÅMin peaking w/damping ~ 1.0 - 1.5 if C 2 ~ 5% * C 1

ÅTypical peaking: 1 ï3 dB (CPU high -end, IO low -end)

ÅFor lower peaking, damping > 2 and C2 small

ÅSimulation Condition (following slides): C 2 = 6.7% * C 1
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Closed - loop Transfer Function
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Phase Response vs. Damping 
(time -domain)

ÅTransient Simulation Conditions (behavioral model):

ï step reference phase by 2 pradians. Observe phase overshoot

ï C2 = 10% * C 1 (high end of C 2 range requires lower z)

ÅLess ringing and overshoot as zĄ 1

ÅSevere under -damping Ą slow ringing and overshoot

ÅSevere over -damping Ą fast ringing and overshoot

ÅRinging at high damping due to smoothing pole (large RC 2) 
and/or low over -sampling
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Frequency Response vs. Damping
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Jitter and Phase Noise
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Phase Noise and Timing Jitter
ÅPhase Noise (frequency domain) ª Jitter (time domain)

ÅNoise is frequency - dependent with random & deterministic 
components

ÅVCO and loop filter resistor often largest sources of noise
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