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What is a Phase-Locked Loop (PLL)?

'----------‘
o
c
[
—
=
o
c
=
=

]
.........
n -
=" -

[T refcd pnase |2 Anaiog Y0 out(t) [|J1]

Detect Loop Filter

VCO de Bellescize
* Onde Electr, 1932

" VCO efficiently provides oscillating waveform with
variable frequency

" PLL synchronizes VCO frequency to input reference
frequency through feedback
= Key block is phase detector
* Realized as digital gates that create pulsed signals



Integer-N Frequency Synthesizers
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" Use digital counter structure to divide VCO frequency
= Constraint: must divide by integer values

® Use PLL to synchronize reference and divider output

Output frequency is digitally controlled




Integer-N Frequency Synthesizers in Wireless Systems
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" Design Issues: low noise, fast settling time, low power



Fractional-N Frequency Synthesizers
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" Dither divide value to achieve fractional divide values
= PLL loop filter smooths the resulting variations

| Very high frequency resolution is achieved |




Going Digital ...
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" Digital loop filter: compact area, insensitive to leakage
" Challenges:

= Time-to-Digital Converter (TDC)

= Digitally-Controlled Oscillator (DCO)



Outline of PLL Short Course

" Analog frequency synthesizers
= Integer-N synthesizers and PLL background
= Fractional-N synthesizers
" Digital frequency synthesizers
= Modeling and noise analysis
= Time-to-digital conversion



Outline of Integer-N Frequency Synthesizer Talk
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" Overview of PLL Blocks
" System Level Modeling

= Transfer function analysis

= Nonlinear behavior

= Type |l versus Type Il systems
" Noise Analysis



Popular VCO Structures

LC oscillator
VCO Amp
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" LC Oscillator: low phase noise, large area
" Ring Oscillator: easy to integrate, higher phase noise



Model for Voltage to Frequency Mapping of VCO

LC oscillator

Ring oscillator
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Vbias
Input Voltage

Fout(t) = Kpv(t)
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Model for Voltage to Phase Mapping of VCO

" Time-domain frequency relationship (from previous

S1de) F()ut(t) — K’Uv(t)

" Time-domain phase relationship

t t
b, (1) = /_OO 27 F ., (T)dT = / 2n Kyv(7T)dT
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" Intuition of integral relationship between frequency and

phase: VF, = o

out(t)
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out(t)
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Frequency-Domain Model for VCO

" Time-domain relationship (from previous slide)

L
b, (1) = f_oo 2n Kyv(T)dT

" Corresponding frequency-domain model

---------------------------------------------------

Laplace-Domain i Frequency-Domain
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---------------------------------------------------

12



Divider

" Implementation Counter

N m»— count value

out(t) m——>

out

—» div(t)

O Ty Uuu Uy

div(t)

N=6
" Time-domain model
= Frequency: 1
Fyin(t) = N out ().
= Phase:

t 1 1
dez'v(t) — [—oo QWNFOUL‘(T)dT — NCDOUf(t)
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Frequency-Domain Model of Divider

" Time-domain relationship between VCO phase and
divider output phase (from previous slide)

1
q)dz'v(t) — Ncbout(t)

" Corresponding frequency-domain model (same as
Laplace-domain)
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Phase Detector (PD)

" XOR structure
= Average value of error pulses corresponds to phase error
= Loop filter extracts the average value and feeds to VCO
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XOR Phase Detector Characteristic
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Frequency-Domain Model of XOR Phase Detector

" Assume phase difference confined within O to = radians

= Phase detector characteristic looks like a constant gain

element
avg{e(t)}

/\gai”: 2/Im 14 gain :2/"/\
I I Dyt - Dy
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" Corresponding frequency-domain model
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Loop Filter

" Consists of alowpass filter to extract average of
phase detector error pulses

" Frequency-domain model

---------------------------------------------------

Frequency-Domain
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Overall Linearized PLL Frequency-Domain Model

" Combine models of individual components

Laplace-Domain Model

XOR PD .
yemmmmmmmmmm———— . Loop Filter VCO
D,1(1) :' : e(t) v(t) Do(t)
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Open Loop versus Closed Loop Response

" Frequency-domain model

Pk . Loop Filter VCO
Dref(t) : 2 E e(t) J He v(t) R K.V (DOUI(B
+<> Tl jf
(Ddt-(-t;-r ----------- Divider
\Y L )
= |
" Define A(f) as open loop response

2 Ky\ 1
A = —H — | =
(f) = ZH(f) (j f) -

" Define G(f) as a parameterizing closed loop function

= More details later in this lecture

G(f) =

A(S)

14 A(f)
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Classical PLL Transfer Function Design Approach

1. Choose an appropriate topology for H(f)
® Usually chosen from a small set of possibilities

2. Choose pole/zero values for H(f) as appropriate for
the required filtering of the phase detector output

" Constraint: set pole/zero locations higher than
desired PLL bandwidth to allow stable dynamics to
be possible

3. Adjust the open-loop gain to achieve the required
bandwidth while maintaining stability

" Plot gain and phase bode plots of A(f)
" Use phase (or gain) margin criterion to infer stability
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Example: First Order Loop Filter

" Overall PLL block diagram

----------------

e(t)

" Loop filter

e(t) Ry v(t)
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Closed Loop Poles Versus Open Loop Gain

Evaluation of Closed Loop Pole
Phase Margin Locations of G(f)
' I
Open loop s [20l0g|A(f)] N CX mish
gain ﬂ !
increased
Dominant '
pole pair B ¥
0dB ;
AX
Re{s}
0
-90° ;
A X
-120°1 '
B X
-150°- ;
-180° - Ve X

" Higher open loop gain leads to an increase in Q of

closed loop poles s



Corresponding Closed Loop Response

Frequency Response of G(f) Step Response of G(f)

5dB T C 1471
0dB B
-5dB T A

B

" |ncrease in open loop gain leads to
= Peaking in closed loop frequency response
= Ringing in closed loop step response



The Impact of Parasitic Poles

" Loop filter and VCO may have additional parasitic
poles and zeros due to their circuit implementation

" We can model such parasitics by including them in
the loop filter transfer function

" Example: add two parasitic poles to first order filter

et) Ry v(t)
BD—AMA—e—— Parasitics —m»

- 10 = (5570 (s77) (5377
S \L+Gf/ ) \L+df ) \L+if/ s
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Closed Loop Poles Versus Open Loop Gain

Evaluation of
Phase Margin

Open loop 20log|A(M)]
gain ﬂ
increased \
0dB NS
E\i:\fp H fp2fp3
i\
[ , B
angle(A(f)) A A
-90° obeeoheeones
........ — PM = 72° for A

-165° -
(o]

-180

-240° 4

-315° -

PM =51° for B

PM =-12°for C

Closed Loop Pole
Locations of G(f)

Im

4

Dominant
pole pair

{s}

X C

Re{s}

XC
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Corresponding Closed Loop Response

Closed Loop Frequency Response

0dB

Frequency

Closed Loop Step Response

" Increase in open loop gain now eventually leads to

Instability

= Large peaking in closed loop frequency response
= Increasing amplitude in closed loop step response
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Response of PLL to Divide Value Changes

,emmmmmmmmmmmmaas . Loop Filter VCO
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" Change in output frequency achieved by changing the
divide value

" Classical approach provides no direct model of
Impact of divide value variations

= Treat divide value variation as a perturbation to a linear
system

» PLL responds according to its closed loop response



Response of an Actual PLL to Divide Value Change

" Example: Change divide value by one

Synthesizer Response To Divider Step
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= PLL responds according to closed loop response!



What Happens with Large Divide Value Variations?

" PLL temporarily loses frequency lock (cycle slipping
occurs)

Synthesizer Response To Divider Step
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= Why does this happen?
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Recall Phase Detector Characteristic

avg{e(t)}

&gain: -2/lm 14 gain :2/7‘/\
I I Dret - Dy
—T —TC/N MQ T
-1

" To simplify modeling, we assumed that we always
operated in a confined phase range (0 to «)

= Led to asimple PD model

" Large perturbations knock us out of that confined
phase range

= PD behavior varies depending on the phase range it
happens to be in
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Cycle Slipping

" Consider the case where there is a frequency offset
between divider output and reference

= We know that phase difference will accumulate

ref(t)

\ \ N\ N NS

div(t)

" Resulting ramp in phase causes PD characteristic to
be swept across its different regions (cycle slipping)

avgie(h)}

/\gain: 2lm 14 gain :2/71:/\
I I Dref - Dyiy
~T —n/\ M/Z T
-1
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Impact of Cycle Slipping

" Loop filter averages out phase detector output
" Severe cycle slipping causes phase detector to
alternate between regions very quickly

= Average value of XOR characteristic can be close to
Zero

= PLL frequency oscillates according to cycle slipping
= In severe cases, PLL will not re-lock
= PLL has finite frequency lock-in range!

XOR DC characteristic
cycle slipping

- g
1 1 /u\ ( /u\ : 1 - .
' _;t \ ;.c \/ 3In \) S/ nln \At (Dref q)dlv
1

/
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Back to PLL Response Shown Previously

" PLL output frequency indeed oscillates
= Eventually locks when frequency difference is small enough

Synthesizer Response To Divider Step
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= How do we extend the frequency lock-in range?
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Phase Frequency Detectors (PFD)

" Example: Tristate PFD

up(t)
140 qQ
ref(t) m» > Q +l
R
’_C- ﬁl—)—‘e(t)
14poRo
div(t) m L, 5| down®

Ref(t) I IIJ
i—i
i

wo
Down(t) ” H

1_
B ﬂ
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Tristate PFD Characteristic

" Calculate using similar approach as used for XOR
phase detector

avg{e(t)}
1__
gain = 1/(2m)
o N
- (Dref - (Ddiv

21

-1+

N
v

phase detector
range = 4x

" Note that phase error characteristic is asymmetric
about zero phase

= Key attribute for enabling frequency detection
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PFD Enables PLL to Always Regain Frequency Lock

" Asymmetric phase error characteristic allows positive
frequency differences to be distinguished from
negative frequency differences

= Average value is now positive or negative according to
sign of frequency offset

= PLL will always relock

Tristate DC characteristic

cycle slipping
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Another PFD Structure

® XOR-based PFD

ref(t)

div(t)

e

+ div/2(t) L
> oH + Hp Sq
. a . rp_3
Divide-by-2 Phase  Frequency
Detector Detector
ref(t) } A A A
avey P f | N r
ref/2(t) I

div/2(t)

e(t)

LI
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XOR-based PFD Characteristic

" Calculate using similar approach as used for XOR phase
detector avgle(t)

gain =1/w

TN
/ -2 0 T 2n 41 /5n (Dref (de
-1

& AN
A 7

phase detector
range = 2n

" Phase error characteristic asymmetric about zero phase

= Average value of phase error is positive or negative during
cycle slipping depending on sign of frequency error



Linearized PLL Model With PFD Structures

" Assume that when PLL in lock, phase variations are
within the linear range of PFD

= Simulate impact of cycle slipping if desired (do not
Include its effect in model)

" Same frequency-domain PLL model as before, but
PFD gain depends on topology used

Tristate: a=1
PFD XOR-based: o=2 )
jemmm i . Loop Filter VCO

Dref(t) 'O" o]t e® [ ] VO [Ty | Pould
’ - > > >
L+ 2n| . Y if
Rk St '
Dy (1) Divider
1 <
N
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Type I versus Type Il PLL Implementations

" Type |: one integrator in PLL open loop transfer
function

= VCO adds on integrator
= Loop filter, H(f), has no integrators

" Type ll: two integrators in PLL open loop transfer
function

= Loop filter, H(f), has one integrator

Tristate: a=1
PFD XOR-based: o=2

yemmmmmmmmm . Loop Filter VCO
Dret(t) E G oL E e(t) y v(t) Ky Do y¢(t)
’ - > > >
' 2n| ® if
1 — 2 ]
(I)div(t) Divider
1 Ry

N




VCO Input Range Issue for Type | PLL Implementations

" DC output range of gain block versus integrator

Integrator /
0

—»%—»

Gain Block

—» K ——

" |ssue: DC gain of loop filter often small and PFD
output range is limited

= Loop filter output fails to cover full input range of VCO

VDD —

No - Output Range
Integrator of Loop Filter
‘ Gnd —
ref(t) e(t) Loo v(t) out(t)
> P
— | PFP | Filter >
| VCO
Divider .
N[K] I
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Options for Achieving Full Range Span of VCO

" Typel

= Add a D/A converter to provide coarse tuning
= Adds power and complexity
» Steady-state phase error inconsistently set

" Typell

= Integrator automatically provides DC level shifting
* Low power and simple implementation
= Steady-state phase error always set to zero

Course
Tune

Type |

—| D/A

Output Range
of Loop Filter

No
Integrator

¥

e(t)

C.P.

Loop
Filter

\

(1

VDD —

Gnd —

V(b

e(t)

Type Il

Output Range
of Loop Filter

VDD —

Contains
Integrator

‘ Gnd —

C.P.

Loop | VO

Filter
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A Common Loop Filter for Type Il PLL Implementation

" Use acharge pump to create the integrator
= Current onto a capacitor forms integrator
= Add extra pole/zero using resistor and capacitor

" Gain of loop filter can be adjusted according to the
value of the charge pump current

" Example: lead/lag network

e(t)

i(t t
= Charge I()) VL)

Pump

Ry

—C,
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Charge Pump Implementations

" Switch currents in and out:

Single-Ended Differential

up(t)
= loue(t)
lout(t) |
down(t) e(t) e(t)

=]

i

o
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Modeling of Loop Filter/Charge Pump

" Charge pump is gain element
" Loop filter forms transfer function

Charge Loop
Pump Filter

e(t) v(t)

 ——— Icp —> H(S)

" Example: lead/lag network from previous slide

_ 1 1+35f/f-
H(f) = (wsum) 1+ 5f/f»
Comm = Cid-Co fo = 1 /= C1+ Co

2TR1C5’ 2nR1C1C5
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PLL Design with Lead/Lag Filter

" Overall PLL block diagram
PFD XORTtrJizfsaetg; g:; Charge _
omTTTmmmmmmm e . Pump Loop Filter VCO

Der(t) o  e(t) v(t) K Dy (1)
. . > |c —> — v
Q 2n | P H(D if >
Sk S :
Dy (1) Divider
v i J
N
" Loop filter
sCsum 1“jf/fp

" Set open loop gain to achieve adequate phase margin
— Set f, lower than and f; higher than desired PLL bandwidth

47



Closed Loop Poles Versus Open Loop Gain

Evaluation of
Phase Margin

Closed Loop Pole
Locations of G(f)

Y Ref{s}

. | Im{s}
pen loop 20log|A(f i
gain ﬂ glAM)| CX
increased :
' Dominant
BX pole pair
0dB AN f :
f, | T — A
Do \C Non-dominant i -9
bl le :
b B po ' KN R
: : A - ": > .
P —- ? : o i
angle(A(f)) ' A H \ B co /0
120% c e R — / * R4
FR I __PM=54°for B : VRt
) = PM =53°for A A
S Y A =+ PM =55°for C
240% m e e N
0 B *
“160% mmmm e e\ i
-180% - C X

" Open loop gain cannot be too low or too high if
reasonable phase margin is desired
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Impact of Parasitics When Lead/Lag Filter Used

" We can again model impact of parasitics by including
them in loop filter transfer function

e(l Charge i()t) V(1)

— o Parasitics —=»
Pump
R
=C, % 1

——C,

" Example: include two parasitic poles with the lead/lag
transfer function

_ 1 1+]f/fz< 1 )( 1 )
H —
) (Scsum) L+3f/fp \X+35f/fp2) \1+3f/Fp3
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Closed Loop Poles Versus Open Loop Gain

Evaluation of Closed Loop Pole
Phase Margin Locations of G(f)

Im{s}
o’x C

Dominant .
1 *
pole pair R
L4

gain

Open loop ﬂ 20log|A(f)|
increased

OdB_ 1 f

\ Non-dominant
i \ c poles

' B

| A

CLRIiiIIn- —= PM = 38° for B

s Re{s}

>X

angle(A(f))

120°

-140°

-160°

-180°

< pM=-7forC

" Closed loop response becomes unstable if open loop
gain is too high
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Negative Issues For Type Il PLL Implementations

Peaking caused by Step Responses for a Second Order
|G(f)] undesired pole/zero pair G(f) implemented as a Bessel Filter

\/ 9 147 Typell: f/fo=1/3
S _ B
foo/f, 2 Type II: f./fo = 1/8
c 1+ [/..--=
<
©
()
N 0.6
(4]
£
o
pa
sy e e o e
z 0
Frequency (Hz) Normalized time: t*fo

" Parasitic pole/zero pair causes
= Peaking in the closed loop frequency response
= Extended settling time due to parasitic “tail” response
= Bad for wireless systems demanding fast settling time
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Summary of Integer-N Dynamic Modeling

® | inearized models can be derived for each PLL block

= Resulting transfer function model of PLL is accurate for
small perturbations in PLL

= Linear PLL model breaks down for large perturbations
on PLL, such as a large step change in frequency

= Cycle slipping is key nonlinear effect

" Key issues for designing PLL are
= Achieve stable operation with desired bandwidth

= Allow full range of VCO with a simple implementation
= Type Il PLL is very popular to achieve this

52



Frequency Synthesizer Noise in Wireless Systems

From Antenna  PC board

and Bandpass _tace

Filter —O Z, )—b :Tq?gﬁggg

1 1
Reference ! Frequency
Frequency Synthesizer

*

VCO

To Filter

LO signal

Phase

ll’dﬂoBe

f
fo

" Synthesizer noise has a negative impact on system
= Receiver — lower sensitivity, poorer blocking performance
= Transmitter — increased spectral emissions (output spectrum

must meet a mask requirement)

" Noise is characterized in frequency domain
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Phase Noise Versus Spurious Noise

" Phase noise is non-periodic  g_

ol
So,,,(1)
dBc/Hz --. 4 @ M

[ N

-f, f,
= Described as a spectral density relative to carrier power

L(f) = 10109(S¢,,,(f)) dBC/Hz

® Spurious noise is periodic  S_(f) fs_pg.r
-x--le (ldspur)z
“ a8, “=1 o
il il
_fo fo

= Described as tone power relative to carrier power

d
20Iog( Spw) dBcC

spur
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Sources of Noise in Frequency Synthesizers

Reference Reference Charge Pump VCO Noise
Jitter Feedthrough Noise
| | | OdB/dec
f
‘ 1 1/T

ref(t) e(t) Char v(t)
I gel, Loop
PFD Pump Fllter @ ’

nnrt veo
div(t) Divider |«
Divider

Jitter t T
N

f

" EXtrinsic noise sources to VCO
= Reference/divider jitter and reference feedthrough
= Charge pump noise



Modeling the Impact of Noise on Output Phase of PLL

Divider/Reference Reference Charge Pump :
Jitter Feedthrough Noise VCO Noise
Se. (f
Sa, () SN0 S, o, ()
l ‘ I l ‘ \QjB/dec
0 b3 T3 : ; f
Dji[k] €spur(t) Lepn(t) D, (1)
e(t) vi) [k, N\ Poul)
lcp H(f) > it | g
Charge Loop
Pump Filter vCo
l <
N
Divider

" Determine impact on output phase by deriving
transfer function from each noise source to PLL
output phase

= There are a lot of transfer functions to keep track of!
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Simplified Noise Model

PFD-referred VCO-referred
Noise Noise
Se, () Se,,(f)
l | ‘\Qﬁ;/dec
0 T | 0 f
en(t) (I)vn(t)
(Dref[k] :' oL ‘: e(t) V(t) KV | (Dout(t)
T+ E : le H(f) > if | —
'\__—_ _____________ ; Charge Loop
PFD PUMp Filter veo
Py, K] -
<
N
Divider

" Refer all PLL noise sources (other than the VCO) to
the PFD output

= PFD-referred noise corresponds to the sum of these
noise sources referred to the PFD output
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Impact of PFD-referred Noise on Synthesizer Output

PFD-referred VCO-referred
Noise Noise
Se, () Se,,(f)
l | ‘\Qﬁ;/dec
0 T | 0 f
en(t) (I)vn(t)
(I)ref[k] :' oL ‘: e(t) V(t) KV | (Dout(t)
n 2 [ lop | H() —|—; H——
'\__—_ _____________ ; Charge Loop
PFD PUMp Filter veo
Py, K] -
<
N
Divider

" Transfer function derived using Black’s formula

cbout — IcpH(f)Kv/(]f)
en 14+ a/2m)lepH(f)Ky/(G)(1/N)
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Impact of VCO-referred Noise on Synthesizer Output

PFD-referred VCO-referred
Noise Noise
Se, () Se,,(f)
l | ‘\Qﬁ;/dec
0 T | 0 f
en(t) (I)vn(t)
(I)ref[k] :' oL ‘: e(t) V(t) KV | (Dout(t)
n 2 [ lop | H() —|—; H——
'\__—_ _____________ ; Charge Loop
PFD PUMp Filter veo
Py, K] -
<
N
Divider

" Transfer function again derived from Black’s formula
D put — 1
DPyn, 1 ‘|‘&/(QW)IcpH(f)Kv/(jf)(1/N)
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A Simpler Parameterization for PLL Transfer Functions

PFD-referred VCO-referred
Noise Noise
Se, () Se,,(f)
l | ‘\QIB/dec
0 T 0 f
en(t) D, (1)
Dokl | o1t e VO K, | A Peal®)
?@_' on | o HO 1
e 2 Ch L
PFD Puar;gpe Filtor veo
Py, K] -
N <
Divider
" DefineG(fas |y AU | alwayshasagain
— o1 Onhe a
1+ A(f)

= A(f) is the open loop transfer function of the PLL

A(f) = o/ 2m)IpH(f) Ko /(GF)(1/N)



Parameterize Noise Transfer Functions in Terms of G(f)

® PFD-referred noise

CDOUL‘ — IcpH(f)Kv/(]f)
en 1+ a/@m)IpH(f)Ko/(Jf)(1/N)
_2n . a/@CmIpHDK/GHA/N)
a 14 a/2m)lpH(f)Ko/(Gf)(1/N)
_ 2r A(f) 2_7T
== NH_A(f) =|—NG()

® VCO-referred noise

Cbout . 1

Don 1 + O‘/(zﬂ')[cpH(f)K’U/(jf)(]—/N)
_ 1 _ . AN |,
S1rag it ag LY




Parameterized PLL Noise Model

PFD-referred VCO-referred
Noise Noise
S, (f) SPG
‘ | ‘ WB/dec
0 T ! 0 f
e, (t) D,(t)
) 21 g
\ 2MN-G(f) VAR Y0
fO fO

q)npfd (t) (Dnvco(t)

Divider Controll (1)
of Frequency Setting >

n Do (1)
(assume noiseless for now) \-/

" PFD-referred noise is lowpass filtered
" VCO-referred noise is highpass filtered

" Both filters have the same transition frequency values
= Defined as f,



Impact of PLL Parameters on Noise Scaling

PFD-referred VCO-referred o

Noise Noise ' on |2 )

Se, (7 Sa,, (1 L aN|Se, (D

" = H

-20 dB/dec i ‘% < i

E _g (DVI"I( ) E

0 T f 0 f Vol E

en(t) (I)vn(t) i f E

! | o i

) 2T g E i

R CANRCTO N WA PRl : 5

0 0 : :

: :

cI)npfd(t) (Dnvco(t) E E

! 1

! 1

D, (1) E E

Divider Control d (t O (t | |
of Frequency Setting V) > —|— OUt(Z E E
(assume noiseless for now) U E |
\ ,l

-----------------------------

" PFD-referred noise is scaled by square of divide value
and inverse of PFD gain

= High divide values lead to large multiplication of this noise
" VCO-referred noise is not scaled (only filtered)
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Optimal Bandwidth Setting for Minimum Noise

PFD-referred VCO-referred
Noise Noise
Se, (f) So,,(f)
‘ | ‘ \st/dec
0 T ! 0 f
en(t) (I)vn(t)
N\ [ZEN-ao VAR Y
f, o f5

cI)npfd (t) (Dnvco(t)

Divider Control (1)
of Frequency Setting >

(assume noiseless for now) U

D e ettt bbbkl Y

" Optimal bandwidth is where scaled noise sources meet
= Higher bandwidth will pass more PFD-referred noise
= Lower bandwidth will pass more VCO-referred noise
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Resulting Output Noise with Optimal Bandwidth

PFD-referred VCO-referred pTTIIIIITE IS
Noise Noise
Se, (f) S, (1) »
-20 dB/dec "9
8
3
0 T f 0 f @
en(t) q)vn(t)
N\ [ZNec VAR R
fo ¢ fo

q)npfd (t) (Dnvco(t)

Divider Controll (1)
of Frequency Setting >

_I_ q)out(tz
(assume noiseless for now) U

e e ittt

-----------------------------

" PFD-referred noise dominates at low frequencies
= Corresponds to close-in phase noise of synthesizer

" VCO-referred noise dominates at high frequencies
= Corresponds to far-away phase noise of synthesizer
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Summary of Noise Analysis of Integer-N Synthesizers

" Key PLL noise sources are
= VCO noise
= PFD-referred noise
= Charge pump noise, reference noise, etc.

" Setting of PLL bandwidth has strong impact on noise
= High PLL bandwidth suppresses VCO noise
= Low PLL bandwidth suppresses PFD-referred noise
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Fractional-N Frequency Synthesis

Fref I:out = M.FeFpet

e annnt

ref(t) e(t) [ch arg e Loop v(t) out(t)
Pump Filter

L |
div() | D|V|der Kingsford-Smith
US Patent 3,928,813

1974 (filing date)
T e 9 — “"”Jlnﬂaﬂatlﬂnqmuaurw
Modulator '

" Divide value is dithered between integer values
" Fractional divide values can be realized!

‘ Very high frequency resolution
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Outline of Fractional-N Synthesizers

" Traditional Approach
" Sigma-Delta Concepts
" Synthesizer Noise Analysis
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Classical Fractional-N Synthesizer Architecture

e(t
ref(t) —»[prp| S0y Loop 4>® > out(t)

div(t) + N/N+1 |«

frac[K] \V4 1-bit
—| Accumulator

carry _out[k]

...........................

" Use an accumulator to perform dithering operation
= Fractional input value fed into accumulator
= Carry out bit of accumulator fed into divider



Accumulator Operation

clk(t)

|

M-bit

frac[k] \Y%
—/—»| Accumulator

—/—» residue[K]

/

/—» carry_out[K]

1-bit

" Carry out bit is asserted when accumulator residue

reaches or surpasses its full

scale value

= Accumulator residue increments by input fractional

value each clock cycle
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Fractional-N Synthesizer Signals with N =4.25

cayoutt | L} L4 1 L4 4 Ly

out) A
svo LALLM ULy U
o UMV
R ESEEEEEENEE .

phase error(t) |

® Divide value set at N =4 most of the time

= Resulting frequency offset causes phase error to
accumulate

= Reset phase error by “swallowing” a VCO cycle
= Achieved by dividing by 5 every 4 reference cycles
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The Issue of Spurious Tones

M1

ref(t) —»|PFD|—>

A

div(t) ¢——

A 4

e(t)

Loop
Filter

—N/N+1

—p out(t)

frac[k] \V4
—| Accumulator

...........................

" PFD error is periodic

1-bit

carry_out[K]

= Note that actual PFD waveform is series of pulses —the
sawtooth waveform represents pulse width values over time

" Periodic error signal creates spurious tones in synthesizer

output

= Ruins noise performance of synthesizer
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The Phase Interpolation Technique

’l/l/(lt)/l/ e
=
Loop
ret(t) —» PiD +>_CA> > Filter
div(t) ¢ At —N/N+1
o A
*

~®

—> D/A

—p ouft(t)

frac[k] N
—/—»| Accumulator | residue[k]  1_pjt
M-bit f

l‘\ M-bit

carry_out[k] /

" Phase error due to fractional technique is predicted
by the instantaneous residue of the accumulator

= Cancel out phase error based on accumulator residue
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The Problem With Phase Interpolation

7
ref(t) —» PiD +>_CA> > :;ﬁfe'? @» out(t)
div() ———L T NN+ |
o 7y
3

—> D/A

frac[Kk] N F M-bit

—/—»| Accumulator | residue(k] 1-bit
M-bit

carry_out[k] /

® Gain matching between PFD error and scaled D/A
output must be extremely precise

= Any mismatch will lead to spurious tones at PLL output
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Is There a Better Way?



A Better Dithering Method: Sigma-Delta Modulation

Time Domain

e VTR —
M-bit Input Diaital TA 1-bit Analog Output
| Noawao [ 12 P\ [

Frequency Domain

Digital Input  Quantization Analog Output
Spectrum Noise Spectrum

| /g |

Input > > \ —
2—A

" Sigma-Delta dithers in a manner such that resulting
guantization noise is “shaped” to high frequencies
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Linearized Model of Sigma-Delta Modulator

k] B S (€M)=

_ NTF [H,2)|
g ] Z:eJanT
st 9K
X[K k
gullN Py /0 . ) D
Z:ej21th

" Composed of two transfer functions relating input and
noise to output

= Signal transfer function (STF)
= Filters input (generally undesirable)
= Noise transfer function (NTF)
= Filters (i.e., shapes) noise that is assumed to be white
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Example: Cutler Sigma-Delta Topology

X[K] ulk] ylK]
+>O 9 > -r'_rrr ———b
+A

&0
H@) - 1 elk]

" Qutput is quantized in a multi-level fashion

" Error signal, e[k], represents the quantization error

" Filtered version of quantization error is fed back to

Input
= H(z) is typically a highpass filter whose first tap value is 1
" je,H(Zz)=1+a,z'+a,z? .-
= H(z) — 1 therefore has a first tap value of O

» Feedback needs to have delay to be realizable
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Linearized Model of Cutler Topology

(K]

X[K] ulk] ylk] X[K] ulk] ylk]
D[] e Gy
+1 +1

oY e
H(z) - 1 e[k] HE) - 1 e[K]

" Represent quantizer block as a summing junction in
which r[k] represents quantization error

= Note:

elk] = ylk] — ulk] = (ulk] 4 r[k]) — ulk] = r[k]

" |tis assumed that r[k] has statistics similar to white
noise

= This is a key assumption for modeling — often not true!



Calculation of Signal and Noise Transfer Functions

(K]

X[K] ulk] ylk] X[K] ulk] ylk]
D[] e Gy
+1 +1

e
H(z) - 1 e[k] HE) - 1 e[K]

" Calculate using Z-transform of signals in linearized
model Y (2) = U(2) + R(2)
= X(2) + (H(z) — 1)E(2) + R(2)
= X (2) + (H(2) — 1)R(z) + R(z)

= X(z)+ H(2)R(z2)
= NTF: H.(z) = H(z)
= STF: H(z)=1

80



A Common Choice for H(z)

H(z) = (1—z2z"Hm™

= |H(?™ )| = |(1 = e772™/1)m

Magnitude
N
T

Frequency (Hz)

1/(2T)
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Example: First Order Sigma-Delta Modulator

ylK]

® Choose NTF to be XMJ;Q ulkl, "’JJJIT
+A
.I_

Hy(z) =H(z)=1-2z"1 E«
H(z) - 1 elK]

" Plot of output in time and frequency domains with

Input of . 27
P 2[k] = 0.5 4+ 0.25 sin (—k)
100
1 wem [
[ )
= S
E | =
= 1l =
S i 'c
< Il =
=
ou | L I L JU | A D A U S S
0 Sample Number 200 0 Frequency (Hz) 1/(2T)
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Example: Second Order Sigma-Delta Modulator

" Choose NTF to be X[k]Jr,Q uK o yIk]
+A ‘
+

Hn(2) = H(z) = (1 — 2~ 1)?2 ﬁ)
H@) - 1 e[kl

" Plot of output in time and frequency domains with

Input of . (27r )
k| =0.540.25 —k
z[k] + sin 100

Magnitude (dB)

Amplitude

0 o é'arh'ble‘Numbér 200 0 Frequency (Hz) 1/(27T)
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Example: Third Order Sigma-Delta Modulator

" Choose NTF to be X[k]Jr,Q uK o yIk]
+A ‘
+

Hy(z) = H(z) = (1 —271)3 ﬂ)
H@z) - 1 elk]

" Plot of output in time and frequency domains with

Input of . ( 27 )
kl =05+ 0.25 —k
z[k] + sin 100
o 2frr el w el 1tk g ok 2
i i lm! I |1mn ’ll:(ulyvnq!(l(a
oo,
_3 . ‘ ‘ ‘ ‘

Sample Number 200 0 Frequency (Hz) 1/(2T)

o
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Observations

" Low order Sigma-Delta modulators do not appear to
produce “shaped” noise very well
= Reason: low order feedback does not properly

“scramble” relationship between input and quantization
noise

= Quantization noise, r[Kk], fails to be white
" Higher order Sigma-Delta modulators provide much
better noise shaping with fewer spurs

= Reason: higher order feedback filter provides a much
more complex interaction between input and
guantization noise
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Warning: Higher Order Modulators May Still Have Tones

" Quantization noise, r[k], is best whitened when a
“sufficiently exciting” input is applied to the modulator

= Varying input and high order helps to “scramble”
Interaction between input and quantization noise

" Worst input for tone generation are DC signals that are
rational with a low valued denominator

= Examples (third order modulator with no dithering):

x[k] = 0.1 E x[k] = 0.1 + 1/1024

Magnitude (dB)

Magnitude (dB)

0 Frequency (Hz) 1/(2T) 0 Frequency (Hz) 1/(2T)



Fractional Spurs Can Be Theoretically Eliminated

" See:

= M. Kozak, I. Kale, “Rigorous Analysis of Delta-Sigma
Modulators for Fractional-N PLL Frequency Synthesis”,
IEEE Transactions on Circuits and Systems I:
Fundamental Theory and Applications, vol. 51, no. 6, pp.
1148-1162, June 2004.

= S. Pamarti, I. Galton, "LSB Dithering in MASH Delta—
Sigma D/A Converters"”, IEEE Transactions on Circuits
and Systems I. Regular Papers, vol. 54, no. 4, pp. 779 —
790, April 2007.
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MASH topology

X[K] ry[k] ro[k]

—»| AM; [K] ] ZAM,[K] [—

v

SAMS[K] )
/

yaK] yz'[kll yolk] \

1-zt (1-z1)?

@ ulk] @ ylK]
> I I >

® Cascade first order sections

" Combine their outputs after they have passed through
digital differentiators

" Advantage over single loop approach
= Allows pipelining to be applied to implementation
= High speed or low power applications benefit
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Calculation of STF and NTF for MASH topology (Step 1)

X[K] ry[k] ro[k]

—»| AM; [K] ] ZAM,[K] [— SAMS[K] )

yaK] yz'[kll yolk] \

1-zt (1-z1)?

@ ulk] @ ylK]
> I I >

" Individual output signals of each first order modulator

v

y1(2) = @(2) —(1—z"Hri(2)
y2(2) = ri(z) —(1—2"Hra(z)
y3(z) = ra(z) —(1 =27 H)ra(z)

" Addition of filtered outputs
y1(2)
(1 —2z"Hya(2)
(1 — 27 H2y(2)
z(z) = (1= 271)°r3(2)

I+ +
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Calculation of STF and NTF for MASH topology (Step 1)

X[K] ry[k] ro[k]

—»| AM; [K] ] ZAM,[K] [—
/

yaK] yz'[kll yolk] \

1-zt (1-z1)?

f ulk] S\ VK
@ VM,
Overall modulator behavior

y(z) = 2(2) — (1 — 27 1)3r3(2)

= STF: H(z) =1
= NTF: H.(z) =(1-2z%)3

v

SAMS[K] )
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Sigma-Delta Frequency Synthesizers

Fref |:out = M.F*Fyef
Juur L
ref(t) o e(t) Charge Loop I_('L@_out(t)
. Pump Filter

. |
div(t) | Divider I< Riley et. al.,
JSSC, May 1993

Nsa[m \ N[m] M+1
Modu|ator M J]_l-L-I_l-I-I.l_I-IJ-I_ll.l_I_l-I

\ >—-A
Quantization
Noise f

" Use Sigma-Delta modulator rather than accumulator
to perform dithering operation

= Achieves much better spurious performance than
classical fractional-N approach

91



The Need for A Better PLL Model

PFD-referred VCO-referred
Noise Noise
Se, () Se,(f)
\QﬂB/dec
0 T | 0 f
en(t) D, (t)
(Dref[k] : o . e(t) v(®) K (Dout(t)
: — = lco —— H(f) o Y I —
-+ 2n_|: P if !
'\__—_ _____________ / Charge Loop
PFD Pump Divider Filter Veo
@y, K] -
<
N
N[k]—T

® Classical PLL model

= Predicts impact of PFD and VCO referred noise sources

= Does not allow straightforward modeling of impact due
to divide value variations

» This is a problem when using fractional-N approach
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Fractional-N PLL Model

PFD-referred VCO-referred
Noise Noise
Se (f Sy, (f
£l )l oy (P \stldec
- f - f
. 0 /T 0
Tristate: o.=1
PFD 'XOR 0=z  ©n(t) Loop D, (1)
=== —--— oo C.P.  Filter VCO 0
D ,[K] 1 T 1 ée(t) v(t) K @, ,(t
. | I Y
AE:.@_.%R : ()= 1o o] HEP =
R "] Divider ________
(I)div[k] : 1 ; i :
| N T |
S (ej27'ch) : rfom _+ :
cn | : Dy (K] | Perrott et. al.
- - I
Quantization n[k] — o 21 Zl_l r JSSC, Aug. 2002
Noise f | 1-z 7=al2HT :

" Closed loop dynamics parameterized by

A(f) _alepH(f)Ky
T acp) | Ve A =g T

G(f) =




Parameterized PLL Noise Model

PFD-referred VCO-referred
Noise Noise
Se. (| Sy, (f)
\st/dec
s A 0 T 0 f
Quantization En(t) CDvn(t)
Noise l l

S, (eT) R Zn\ - G(f) i em

0 ) T-G(f) 4 Pin i)
n[k 71D, Dy (t Dt
[ ] o 1 -2211 [ ]> R dIV( 20 out(z
Z=ej2nﬂ'

" Design revolves around choice of 2-A and G(f)
= We will focus on G(f) design here
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A Well Designed Sigma-Delta Synthesizer

fo = 84 kHz
-60

70| PRDreferred i
80l noise

190 fomema b L

A Y
N L. T TS
RS

SL00f- - Ry

H0F - AT IR Ve O-referred T
- ..
-120{" ’

noise(f) ]
S
130} S ST N
agof o TR

Xy, . outvnt T
‘~~A

Spectral Density (dBc/Hz)

ABOF i i SN

160 Lo Do : REEE
10 kHz 100 kHz 1 MHz 10 MHz

ff Frequency
0

" Order of G(f) is set to equal to the Sigma-Delta order
= Sigma-Delta noise falls at -20 dB/dec above G(f) bandwidth

" Bandwidth of G(f) is set low enough such that synthesizer
noise is dominated by intrinsic PFD and VCO noise



Impact of Increased PLL Bandwidth

Spectral Density (dBc/Hz)

84 kHz

fo =

fo = 160 kHz

=

noise

BN 1

70| PEDrefered i

cooi o \JCO-referred

noise

~§
. ~: - .
~
NS
~

70 |- . PFD-referred ... 0.0
noise

Spectral Density (dBc/Hz)

100 kHz

1 MHz

ff Frequency
0

1OOI kHz 1 l\l/lHZ
t
UT f Frequency

" Allows more PFD noise to pass through
" Allows more Sigma-Delta noise to pass through
" Increases suppression of VCO noise
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Impact of Increased Sigma-Delta Order

Spectral Density (dBc/Hz)

-60

70 |
80 L. ..

-90

_100:“7'7.'7'?:'7".7. BN S

-120¢F-

m=2

ol T Ry

-130t+- S

) LI SRS N

ABOL. S N

-160
10

PED-referred i L
noise S

kHz 100 kHz 1 MHz 10 MHz

f Frequency
0

W -

70 |. PED-referred . ... ioiiino o]

noise

CTw

T Veorefered
R ‘:\‘::\ So (f) ]

Rao o noise

TEGOUIL

t
fo

" PFD and VCO noise unaffected

® Sigma-Delta noise no longer attenuated by G(f) such
that a -20 dB/dec slope is achieved above its bandwidth

10 kHz 100 kHz

1 |VI|HZ
t
Frequency 1T
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Impact of 2-4 Quantization Noise on Synth. Output

Ref —p|PFD —p] LOOP —» Out
Filter
Div |
=N/N+1 [¢&—

Frequency M-bit >—A 1_b¢it |
Selection 7 Modulator

Quantization Output
Noise Spectrum Spectrum

Selection
O\ > Fou

PLL dynamics

Noise
P
Frequency ’é
|
|
2—A

" Lowpass action of PLL dynamics suppresses the
shaped X-A quantization noise



Impact of Increasing the PLL Bandwidth

Ref —|PFD —| LOOP —>®——> Out
Filter
Div ‘
2 N/N+1 |[¢——

Frequency M-bit T-A 1_b¢it |
Selection 7| Modulator

Quantization Output
Noise Spectrum Spectrum

Noise

r PP
Frequency ¢
Selection :

»@ > R\ —> Fout

2-A PLL dynamics
" Higher PLL bandwidth leads to less quantization noise
suppression

Tradeoff: Noise performance vs PLL bandwidth ‘
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A Cancellation Method for Reducing Quantization Noise

Charge e(t) r(t) Loop V“@_"Ut(t)
Pump Fllter

UL T veo
div(t) i_ | D|V|der ‘

qlk] >—A Quantization
Nsa[K] S—A DAC I Noise Suppression

Modulator
NK] |

Pamarti et. al., f
TCAS II, Nov 2003

" Key idea: quantization noise can be predicted within
the digital Z-A modulator structure

" |ssue: cancellation is limited by analog matching
= Achieves < 20 dB cancellation in practice

J

ref(t)

P
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Improved Cancellation Through Inherent Matching

JU
ref(t) ((t) v(t) out(t)
N T R [y
ter
.t veo
div(t) | D|V|der ‘
i‘ a[k] >—A Quantization
Nsa[K] S—A Noise Suppression
Modulator
NIK] ]

Meninger et. al., f
TCAS Il, Nov 2003

" Combined PFD/DAC structure achieves inherent
matching between error and cancellation signal

= > 29 dB quantization noise cancellation achieved
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Improved Cancellation Through Continuous Calibration

Jur MWW
t t v(t
ref(t) PED Charge e(t) () L_oop () Oit(:)
Pump | + Filter
- VCO
L —
div(t) i_ | Divider ‘4—
a[k] $ >_A Quantization
Nsa[K] S—A > DAC Noise Suppression
Modulator -
gain N[K] l

v | v

Gupta et. al., ‘LMS Algorithm‘ f
ISSCC, Feb 2006

" Gain of DAC is adjusted in an adaptive manner using
LMS algorithm

= > 30dB noise cancellation achieved 102



Summary of Fractional-N Frequency Synthesizers

" Fractional-N synthesizers allow very high resolution to
be achieved with relatively high reference frequencies

= Costis introduction of quantization noise due to dithering
of divider

" Classical fractional-N synthesizers used an accumulator
for dithering
= Quantization noise cancellation was attempted
" Sigma-Delta fractional-N synthesizers improve
guantization noise by utilizing noise shaping techniques
= Key tradeoff: PLL bandwidth versus phase noise
= Quantization noise cancellation has made a comeback

103



	Short Course On Phase-Locked Loops� IEEE Circuit and System Society, San Diego, CA��Analog Frequency Synthesizers
	What is a Phase-Locked Loop (PLL)?
	Integer-N Frequency Synthesizers
	Integer-N Frequency Synthesizers in Wireless Systems
	Fractional-N Frequency Synthesizers
	Going Digital …
	Outline of PLL Short Course
	Popular VCO Structures
	Model for Voltage to Frequency Mapping of VCO
	Model for Voltage to Phase Mapping of VCO
	Frequency-Domain Model for VCO
	Divider
	Frequency-Domain Model of Divider
	Phase Detector (PD)
	XOR Phase Detector Characteristic
	Frequency-Domain Model of XOR Phase Detector
	Loop Filter
	Overall Linearized PLL Frequency-Domain Model
	Open Loop versus Closed Loop Response
	Classical PLL Transfer Function Design Approach
	Example:  First Order Loop Filter
	Closed Loop Poles Versus Open Loop Gain
	Corresponding Closed Loop Response
	The Impact of Parasitic Poles
	Closed Loop Poles Versus Open Loop Gain
	Corresponding Closed Loop Response
	Response of PLL to Divide Value Changes
	Response of an Actual PLL to Divide Value Change
	What Happens with Large Divide Value Variations?
	Recall Phase Detector Characteristic
	Cycle Slipping
	Impact of Cycle Slipping
	Back to PLL Response Shown Previously
	Phase Frequency Detectors (PFD)
	Tristate PFD Characteristic
	PFD Enables PLL to Always Regain Frequency Lock
	Another PFD Structure
	XOR-based PFD Characteristic
	Linearized PLL Model With PFD Structures
	Type I versus Type II PLL Implementations
	VCO Input Range Issue for Type I PLL Implementations
	Options for Achieving Full Range Span of VCO
	A Common Loop Filter for Type II PLL Implementation
	Charge Pump Implementations
	Modeling of Loop Filter/Charge Pump
	PLL Design with Lead/Lag Filter
	Closed Loop Poles Versus Open Loop Gain
	Impact of Parasitics When Lead/Lag Filter Used
	Closed Loop Poles Versus Open Loop Gain
	Negative Issues For Type II PLL Implementations
	Summary of Integer-N Dynamic Modeling
	Frequency Synthesizer Noise in Wireless Systems
	Phase Noise Versus Spurious Noise
	Sources of Noise in Frequency Synthesizers
	Modeling the Impact of Noise on Output Phase of PLL
	Simplified Noise Model
	Impact of PFD-referred Noise on Synthesizer Output
	Impact of VCO-referred Noise on Synthesizer Output 
	A Simpler Parameterization for PLL Transfer Functions
	Parameterize Noise Transfer Functions in Terms of G(f)
	Parameterized PLL Noise Model
	Impact of PLL Parameters on Noise Scaling
	Optimal Bandwidth Setting for Minimum Noise
	Resulting Output Noise with Optimal Bandwidth
	Summary of Noise Analysis of Integer-N Synthesizers
	Outline of Fractional-N Synthesizers
	Classical Fractional-N Synthesizer Architecture
	Accumulator Operation
	Fractional-N Synthesizer Signals with N = 4.25
	The Issue of Spurious Tones
	The Phase Interpolation Technique
	The Problem With Phase Interpolation
	Is There a Better Way?
	A Better Dithering Method:  Sigma-Delta Modulation
	Linearized Model of Sigma-Delta Modulator
	Example:   Cutler Sigma-Delta Topology
	Linearized Model of Cutler Topology
	Calculation of Signal and Noise Transfer Functions
	A Common Choice for H(z)
	Example:  First Order Sigma-Delta Modulator
	Example:  Second Order Sigma-Delta Modulator
	Example:  Third Order Sigma-Delta Modulator
	Observations
	Warning:  Higher Order Modulators May Still Have Tones
	Fractional Spurs Can Be Theoretically Eliminated
	MASH topology
	Calculation of STF and NTF for MASH topology (Step 1)
	Calculation of STF and NTF for MASH topology (Step 1)
	Sigma-Delta Frequency Synthesizers
	The Need for A Better PLL Model
	Fractional-N PLL Model
	Parameterized PLL Noise Model
	A Well Designed Sigma-Delta Synthesizer
	Impact of Increased PLL Bandwidth
	Impact of Increased Sigma-Delta Order
	Impact of S-D Quantization Noise on Synth. Output
	Impact of Increasing the PLL Bandwidth
	A Cancellation Method for Reducing Quantization Noise
	Improved Cancellation Through Inherent Matching
	Improved Cancellation Through Continuous Calibration
	Summary of Fractional-N Frequency Synthesizers

