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How Ar e PLLOS

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

A Skew Cancellation (e.g. phase  -aligning an internal clock to
the 1/0O clock) (May use a DLL instead)

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

A Reference Clean -Up (e.g. low -pass filter source -synchronous
clock in high -speed 1/O)

A Frequency Synthesis IS the focus of this course.
A Design Priority? Frequency and/or phase accuracy?
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What is.a PLL?

ANegative feedback control system where f
input clock align to rising edges of output clock

AMathematical model of frequency synthesizer

fin f

tracks f,, and rising edges of

out

—— [ hase. ——
V,.(t)" sinl2of,t) = Locked — V,(t)" sin(2o Nf,t)
APhase = Ufrequency
r0)=20p(0) a + 16)= o5 L
AWhen phase - - locked, fOut = Nfin - fout = Nfin
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Charge -Pump PLL Block Diagram
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A Sampled -system (phase -error is input variable)
A Phase error is corrected by changing frequency ( f(t) = U f(t)

A Resistor provides means to separate correction of frequency error
from correction of phase error
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Components in'a Nutshell

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

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

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

AVCOZ low - swing oscillator with frequency proportional to control
voltage

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

AFeedback 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?

A PLL acts as a low - pass filter with respect to the reference

modulation. High

-frequency reference |jitter is rejected

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

-Spectrum

A PLL acts as a high -pass filter with respect to VCO jitter
AfiBandwi dtho is the

modul ati on f

begins to lose lock with the changing reference ( -3dB)
Fou lower BW Fou BW
F rejects F |
ref | gy ref noise veo higher BW
rejects
VCO noise
> >
log(frequency) log(frequency)
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Closed - Loop PLL Transfer Function

ATransfer function describes how P
reference phase. i.e. RefClk phase modulation

A Analyze PLL feedback in frequency  -domain
I Phase is state variable, not frequency

T A"so0o I's the reference modul ati on
oscillation frequency

I Assumes continuous -time (not sampled) behavior
AH(s)= fu/f . =G(sS)/(1+G(s)) A closed -loop gain

AG(s) = (K ofs)l ,F(s)*e ~sT4/M A open -loop gain
I where i,
A K,, =VCO gain in Hz/V

A |, = charge pump current in Amps

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

A M = feedback divisor

A T, = delay in feedback -loop (e.g. FBDIV, Tpfd/2)
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PLL Components in Frequency
Domain

ref @ ferr
— >
—

PFD

Vctl(s) / Icp(s) =

(1+s*rcl)

s*( (cl+c2)+(s*rcl*c2)

VCO
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Closed -loop PLL Transfer Function

AH()= v,2(1+s/ v,)/(s 2+2sz y + v 2
i where
A v, = undamped natural frequency (rad/s)
A v, = stabilizing zero=1/RC  , (rad/s)
A z = damping factor
i 2nd-order (two poles p1,p2 and one zero)
i 2nd-order ignores C , cap and feedback delays

AIf z< 1, complex poles lead to damped oscillation
i Real A exponential decay( z V),Imag A oscillation( V)

Alf z>1,zandplcancel: BW( -3dB)~2s z
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Wh at | . S ca NZer C

AThe fiZer o0 o f-loop thaasfecfunctisndsd
the frequency in radians/s where the gain of the
Integral and proportional paths are equal.

AClassic loop: v, =1/RC , (rad/s)

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

A log(Gain) vs. log(Modulation Frequency)

A 2 poles @ origin,

Open-Loop Gain (dB)

1 zero @ wz, 1 pole @wp

A

-40dB/dec
-20dB/dec
| | | Iog(wmog)
\ \ \ o
wz wn wc wp
wz = 1/RC1 -40dB/dec
wp = 1/RC2

wc = crossover frequency
wn = natural frequency
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Bandwidth

A Undamped Natural Frequency:
T vy, =sgrt(K o *l o,/(M*C 1)) inrad/sec
I where
AK,, =VCOgainin Hz/V
A |, = charge pump current in Amps
A M = feedback divisor
A C, = large LPF capacitor

A For stability: v /2 p <~1/15 reference frequency
A Typical value: 500 kHz < v /2 p < 10MHz
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Stability, Damping, and Phase Margin

A Damping Factor: z=R *C,* v /2
I Dimensionless, Usually ~ 0.45< z<-~2
I Lower end of range for low period jitter
I Higher end of range for accurate ref phase tracking
I Ry provides means to set stability independent of bandwidth
A f., (degrees) =(180/ p)*(atan( Vv *RC ;)T atan( v *RC,)-v *T 4, )
I v, ==crossover frequency
A frequency where open  -loop gain G(s) = 0dB
I For stability: 1/RC ; (zero) < v, <1/RC , (parasitic pole)
I Typical Range: 1.2* v, < v_ <25 v,

A Phase margin degradation due to PFD phase error sampling
T -f_ovIT /2
I z-domain analysis is more accurate

A Phase margin ( f,)~100* z (for z <0.5)
I Usually45 ° <PM<70 °
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Loop Dynamics vs. OSR

A Assumes continuous

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

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

OSR Phase Peaking(dB) BW(-3dB)
(wn(Hz)/f(ref) Margin( °) (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

A Sampling nature of PFD A frequency -domain aliasing
I Can 0t -pdsdfilter ref noise before PFD sampling funl i ke A/ DOG6s

I Need z -domain analysis for accurate PLL modeling I analogous to
sample -and-hold

A Phase of modulation with respect to ref affects aliasing

i e.g. ref modulation at %2 * f of - NO jitter if sampled at O °,180 °, max at
90°,270 °
A Modulation at frequencies > Nyquist (f ot/2) appears at other frequencies

i eg.f =100MHz A ref modulation at 99MHz looks just like 1MHz ref
modulation to the PLL

I continuous -time model says that PLL should reject more 99MHz noise
than 1 MHz noise

4 fREFCLK

F faw

out

Iin

>
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PLL Response vs. Damping
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Phase Tracking vs. Damping

A Phase Tracking vs. Damping
A Closed - loop Transfer Function (4 /f )

APhaseTracking At hi nk fAaccumul atedo per.i
error

A Peaking at low and high damping factors A bad

A Peaking at high damping due to smoothing capacitor pole
(1/RC ,) and/or under -sampling (Gardner)

A Peaking very sensitive to (1/RC ,) at high R

A Min peaking w/damping ~ 1.0 - 15ifC ,~5%*C

A Typical peaking: 1 i 3dB (CPU high -end, 10 low -end)
A For lower peaking, damping > 2 and C, small

A Simulation Condition (following slides): C >, =06.7%*C
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Closed -loop Transfer Function

PLL Transfer Function {(Phase Out/In) vs. Damping

15.00 T
10.00 ¢ =
5.00 - AR ~D=0.1
0.00 : =_gﬁgé!ﬂé\\ ——D=0.3
5.00 + N Do0.7
dB_.,0 00 \\\\ —— D=1.0
-15.00 + \ \\ — b1
- '\ R — D=2.0
-20.00 ¢ \ \- D=3.0
-25.00 £ N —— D=5.0
-30.00 - <
-35.00 F | 4
0.01 0.10 1.00 10.00 100.00
\ﬂﬁnndfuuh
Copyright, Dennis Fischette, 21

2007




PLL Phase Transfer Function (FB/Ref) vs. Damping
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Phase Response vs. Damping
(time -domain)

A Transient Simulation Conditions (behavioral model):
I step reference phase by 2  p radians. Observe phase overshoot
I C,=10%*C , (highendof C , range requires lower 2)

A Less ringing and overshootas  z A 1
A Severe under -damping A slow ringing and overshoot
A Severe over -damping A fast ringing and overshoot

A Ringing at high damping due to smoothing pole (large RC 5)
and/or low over -sampling
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Phase Response (TerrfTstep) to 8 NS Ref Phase Step
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Phase Response (TerrfTstep) to 8 NS Ref Phase Step
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Frequency Response vs. Damping

VO Freq (dfif) Response to 8 NS Ref Phase Step
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VIO Freq {(dfff) Response to 8 NS Ref Phase Step
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Jitter and Phase Noise
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Phase Noise and Timing Jitter

A Phase Noise (frequency domain) a Jitter (time domain)
A Noise is frequency - dependent with random & deterministic
components

A VCO and loop filter resistor often largest sources of noise

PLL Output Frequency Domain

Vout (t) , Sin(zp 1:outt + fn (t))
A VS. l-—’//A\\\-
f phase ¢ ¢
noise/ out out
e jitter Time Domain
”~ M - T

» time
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