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Outline of PLL Lectures

" Integer-N Synthesizers
= Basic blocks, modeling, and design
= Frequency detection, PLL Type

" Noise in Integer-N and Fractional-N Synthesizers
= Noise analysis of integer-N structure

= Sigma-Delta modulators applied to fractional-N
structures

= Noise analysis of fractional-N structure
" Design of Fractional-N Frequency Synthesizers and
Bandwidth Extension Techniques
= PLL Design Assistant Software

= Quantization noise reduction for improved bandwidth
and noise
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Design of Frequency Synthesizers

® Focus on fractional-N architecture since it is
essentially a “super set” of other PLL synthesizers

= If we can design this structure, we can also design
classical integer-N systems
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Frequency-domain Model
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Review of Classical Design Approach

Given the desired closed-loop bandwidth, order, and
system type:

1. Choose an appropriate topology for H( f)
" Depends on order, type

2. Choose pole/zero values for H(f) as appropriate for the
required bandwidth

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, Type | with Parasitic Poles

Evaluation of
Phase Margin
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First Order, Type |: Frequency and Step Responses

Closed Loop Frequency Response Closed Loop Step Response

0dB

Frequency Time
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Limitations of Open Loop Design Approach

" Constrained for applications which require precise
filter response

" Complicated once parasitic poles are taken into
account

" Poor control over filter shape

" |nadequate for systems with third order rolloff
= Phase margin criterion based on second order systems

¥

Closed loop design approach:
Directly design G(f) by specifying dominant pole and
zero locations on the s-plane (pole-zero diagram)
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Closed Loop Design Approach: Overview

" G(f) completely describes the closed loop dynamics

= Design of this function is the ultimate goal
Open Loop

Design = Al
Performance Approgach LA(F)| () 1+A(f)
P > > G(f)

Specifications LA(f) (o f }
{type, fo. ... K oy fon - e | V2

U=

>
Closed Loop Design Approach

" Instead of indirectly designing GG(f) using plots of A(f),
solve for GG(f) directly as a function of specification

parameters
= Solve for A(f) that will achieve desired G()

" Account for the impact of parasitic poles/zeros
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Closed Loop Design Approach: Implementation

" Download PLL Design Assistant Software at

" Read accompanying manual

" Algorithm described by C.Y. Lau et. al. in “Fractional-N
Frequency Synthesizer Design at the Transfer Function
Level Using a Direct Closed Loop Realization
Algorithm”, Design Automation Conference, 2003
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http://www-mtl.mit.edu/research/perrottgroup/tools.html

PLL Design Assistant

-) Plot for PLL Design Assistant
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Definition of Bandwidth, Order, and Shape for G(f)

f
0 0 f
rolloff =
. -20n
1G()] % dB/decade
(dB) v

" Bandwidth —f,
= Defined in asymptotic manner as shown

" Order—n
= Defined according to the rolloff characteristic of G(f)
" Shape
= Defined according to standard filter design
methodologies
= Butterworth, Bessel, Chebyshev, etc.
M.H. Perrott MIT OCW 4,



Definition of Type

" Type I: 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
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Loop Filter Transfer Function Vs Type and Order of G(f)

H(s) Topology For Different Type and Orders of G(f)

Type | Type |
1+s/w
Order 1 KLp KLp . =
KLp 1+s/w
K V4
Order 2 T+siw, P S(+siwy)
K K, p(1+s/w
Order 3 LP : Lp( 2) :
1+s/(WpQp)+(s/wp) s(1+s/(wpQp)+(s/w,)7)

Nnom

where KLP =K

’ Kylepot

Calculated from software

" Practical PLL implementations limited to above
= Prohibitive analog complexity for higher order, type
" Open loop gain, K, will be calculated by algorithm

= Loop filter gain related to open loop gain as shown above
M.H. Perrott MIT OCW 4,



Passive Topologies to Realize a Second Order PLL

Type |, Order 2 Type II, Order 2
Idac
DAC —>» | — Vout
R
Iin B I § Vout — C1 % 1
i C,
Vout — R1 Vout _ 1 1+SR1C2
Iin 1+SR1C1

Iin B S(C1+C2) 1+SR1C”

" DAC is used for Type | implementation to coarsely
tune VCO

= Allows full range of VCO to be achieved
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Passive Topologies to Realize a Third Order PLL

Type |, Order 3 Type I, Order 3
Idac L,
DAC > |m . . m VOUt
L1
Iin Vout — C1 R1

= C, R, T C,

Vour _ R Vour _ 1 1+sR,C,
n 1+sR(Cy+s°L4Cy ln S(C4+Cy) 1+sR,Cy+s”L,Cy

where C”= C1 C2/(C1 +C2)

" Inductor is necessary to create a complex pole pair
= Must be implemented off-chip due to its large value
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Problem with Passive Loop Filter Implementations

" Large voltage swing required at charge pump output
= Must support full range of VCO input
" Non-ideal behavior of inductors (for third order G(f)
implementations)
= Hard to realize large inductor values

= Self resonance of inductor reduces high frequency
attenuation

Alternative: active loop filter implementation

M.H. Perrott MIT OCW 17



Guidelines for Active Loop Filter Design

" Use topologies with unity = Perform level shifting in

gain feedback in the feedback of opamp
opamp = Fixes voltage at charge
= Minimizes influence of pump output
opamp nhoise
Use current
to achieve
R, R, level shift Level
WW MWW < Shift
6 L Element
—2 - =
Vnoise,in .
vV Set nominal Vit
+ out voltage to V + o
o

" Prevent fast edges from directly reaching opamp inputs

= Will otherwise cause opamp to be driven into nonlinear

region of operation
M.H. Perrott MIT OCW 44



Active Topologies To Realize a Second Order PLL

Type |, Order 2 Type II, Order 2
lgac R, _ C,
DAC |—< AW L — |
o = C; _
Vout —— Vet
in  E— » + I, = . + Vout
~Vret —Vret
Vou _ Ry Vour _ 1#SR4(C4+Cy+Cy)
o 1SRGy ln ~ sC,(1+sR,Cy)

" Follows guidelines from previous slide

" Charge pump output is terminated directly with a high
Q capacitor
= Smooths fast edges from charge pump before they
reach the opamp input(s)

M.H. Perrott MIT OCW 19



Active Topologies To Realize a Third Order PLL

Type |, Order 3 Type Il, Order 3
C, C,
n ::
R, R, R, ?f R,
lgac | WW YWA——¢ W | —wWW—
DAC [— L, . —_/ c.
Iin —
- Vout - Vou’t
VIR + EVER +
Vref Vref
Vout _ -R, Vout _ -1 1+sR,C4

Iin 1+S(R1+R2)C2+32R1R2C1C2 Iin S(C1+C2) 1+SC”(R1(1+C1/C3)+R2)+32R1R2C1C”
where C”= C2C3/(C2+C3)

" Follows active implementation guidelines from a few
slides ago
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Example Design

" Type I, 39 order, Butterworth, f, = 300kHz, f/f = 0.125
= No parasitic poles

" Required loop filter transfer function can be found from
table:

Kir(1+3)
2
(1+am+ ()

NnomK
OéIcpKrU

= H(s) = where

Krp =

M.H. Perrott MIT OCW 21



Use PLL Design Assistant to Calculate Parameters

S
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Amplitude

Resulting Step Response and Pole/Zero Diagram
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Impact of Open Loop Parameter Variations
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iz O
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" Open loop parameter variations can be directly entered
into tool
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Amplitude

Resulting Step Responses and Pole/Zero Diagrams

Closed Loop Step Respanse w10 Closed Loop Pale and Zera Lacations in the S-plane
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" Impact of variations on the loop dynamics can be
visualized instantly and taken into account at early
stage of design
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Design with Parasitic Pole

" Include a parasitic pole at nominal value f, =1.2MHz
Krr(1+3)

H(s) =
2
S S S
(14 + () ) (1425
pxp P pl
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fa [300e3 Hz N TPy on | [ teq [veluo? »
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= K, f,and @, are adjusted to obtain the same dominant
pole Iocatlons
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Noise Estimation

" Phase noise plots can be easily obtained

= Jitter calculated by integrating over frequency
range
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L(f) (dBc/Hz)

Calculated Versus Simulated Phase Noise Spectrum

Without parasitic pole:
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L(f) (dBc/Hz)

Calculated Versus Simulated Phase Noise Spectrum

With parasitic pole at 1.2 MHz:

Simulated Phase Noise of SD Freq. Synth.

60 Output Phase Noise of Synthesizer 50
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E
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Noise under Open Loop Parameter Variations

Output Phase Noise of Synthesizer

60

- === SD Noise

DI IIIz | === Detector Noise
- - :-::- | === \/CO Noise

T oioil | === Total Noise

80F i M EEEEE O VR e
: Do AN N\

DAt WERE W

; R T Y\ T
8057 10° 10° 10/ 108

Frequency Offset (Hz)

RMS jitter = 11.678ps (min), 18.211ps (max)

" Impact of open loop parameter variations on phase
noise and jitter can be visualized immediately
M.H. Perrott
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Conclusion

" New closed loop design approach facilitates:
= Accurate control of closed loop dynamics
= Bandwidth, Order, Shape, Type
= Straightforward design of higher order PLL’s
= Direct assessment of impact of parasitic poles/zeros

" Techniques implemented in a GUIl-based CAD tool

" Beginners can quickly come up to speed in designing
PLL’s

" Experienced designers can quickly evaluate the
performance of different PLL configurations

M.H. Perrott MIT OCW 31



Bandwidth Extension of Fractional-N Frequency
Synthesizers
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Impact of 2-4 Quantization Noise on Synth. Output

Ref —»

Div T—

PFD

—»

Loop
Filter

—>®——> Out

M-bit

Frequency
Selection 7 Modulator

2-A

Frequency
Selection

= N/N+1 |[¢——

Quantization
Noise Spectrum

1-bit |

¥

Output
Spectrum

Noise
o

=

PLL dynamics

" Lowpass action of PLL dynamics suppresses the
shaped Z-A quantization noise
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Impact of Increasing the PLL Bandwidth

Ref —»

Frequency >-A
Selecton 7 —” Modulator

Loop
PFD > Cijror —>®——> Out
Div ‘
+N/N+1 [———
1-bit |
Quantization Output
Noise Spectrum Spectrum

Frequency ' ¢

Selection @
i > § \

2-A

Noise

=

—> Fout

PLL dynamics
" Higher PLL bandwidth leads to less quantization noise suppression

Tradeoff: Noise performance vs PLL bandwidth ‘

M.H. Perrott
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Recent Approaches to Bandwidth Extension

" [1] C. Park, O. Kim, and B. Kim, “A 1.8GHz Self-
Calibrated Phase-Locked Loop with Precise 1/Q
Matching,” IEEE JSSC, May 2001.

" [2] K. Lee, et. al., “A Single Chip 2.4GHz Direct-
Conversion CMOS Receiver for Wireless Local Loop

Using Multiphase Reduced Frequency Conversion
Technique ,” IEEE JSSC, May 2001.

" [3] S. Pamarti, L. Jansson, and l. Galton, “A Wideband
2.4GHz Delta-Sigma Fractional-N PLL With 1Mb/s In-
Loop Modulation”, IEEE JSSC, Jan 2004

" [4] E. Temporiti, et. al., “A 700kHz Bandwidth X-A
Fractional-N Frequency Synthesizer with Spurs

Compensation and Linearization Techniques for
WCDMA Applications”, IEEE JSSC, Sept 2004

We will focus on our own approach in this talk
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Examine Classical Fractional-N Signals

ref(t) _|_
o J._ n | 2 _._L
v 11 | 1 |2 1

Se(f) ! Fractional
A Spurs A
j f

0 I:ref

Blw

" Goal: eliminate the fractional spurs

M.H. Perrott
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Method 1: Vertical Compensation

ref(t) | L | _I_
div(t) _r_ : :

0 Fref

" “Fill in” pulses so that they are constant area

= Fractional spurs are eliminated!
M.H. Perrott MIT OCW 4,



Method 2: Horizontal Compensation

ref(t)

L LT
oo FLELELTTELELEL
L

" Use constant width pulses of ’
varying height to achieve constant Se(f)
area pulses

= Largely eliminates fractional spurs
M.H. Perrott



Implementation of Horizontal Cancellation

" We begin with the basic fractional-N structure

ref(t)
— e

out(t)
Loop
> Filter ( )
PFD [ e,(t)

reft) _[] [
avy LALLM R
e MMM
+R/§g<— Divider |« o

A A

N[K] —
M.H. Perrott MIT OCW 39
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Add a Second PFD with Delayed Divider Signal

ref(t) J— j
dI d — . :
e1(t)JIlI1='|iil"ﬂ_
ref(t)
> PFD > e,(t)
delayed Loop out(t)
div(t) | Filter
_>
o PFD [ e,(t)
div(t)
ref(t) _|_ _|_
J'I Arfdnnn
— Reg |« Reg |« Divider |«
A A
1T 7
N[k] —
M.H. Perrott
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Scale Error Pulses According to Accumulator Residue

eit) LML

delayed
div(t)

R EEEE

ref(t)

PFD > lk] —f[kleﬂt)

delayed Loop out(t)
div(H OaalE

PFD [>1-€[K] —7:1-8[k])ez(t)

ref(t) _I_I_I_I_I_I_I_l_l_l_l_l_r
av) LML FLELML

(1-s[k])e2(t)j—i |—| ;| -| I_I

vy

div(t)

$-|Reg ¢4 Reg i« Divider |« .
A N\ A
fraclk] [~V ; :
rac m =
—3p| Accum —» residuelk] = ¢lk] ] —"] —
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A Closer Look at Adding the Scaled Error Pulses

ref(t)
Elkle,(t
': PFD | £[K] —5'[ le(t)
delayed
div(t) §|—)—> e(t)
_>
> PFD »{1-€[K] (1—8[k])82(t)
div(t)
(1-8[k])92(t)Jl_ — |_| -
[kle,(t)

ety i

|
’J

1| EEIEREET W)
A 0 ddJd

" Goal — keep area constant for each pulse
= It’s easier to see this from a slightly different viewpoint

M.H. Perrott
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Alternate Viewpoint

" The sum of scaled pulses can now be viewed as
horizontal cancellation

ref(t)

PFD | €[K] —¥8[k]e1(t)

>
delayed
aivit) > )

>
> PFD »1-€[K] —f(1 -8[k])e2(t)

div(t)
(1-&lk)e,)_[ —
elkle (1

M.H. Perrott A4 44 daa dd 4 a4t MiToew



Implementation of Pulse Scaling Operation

" Direct output of a differential current DAC into two
charge pumps

ref(t)
— > Charge E[k]e,(t)

— >PFD"Pump_),
elaye

divi) et (D 5P |
, > Charge f

divi) _ |PFD[> 9 (1-g[K])e, ()

1 8[k]I
Residue[K] ? \ ® T Y D
AN T 1T 91 ® . Dufour
f US Patent 6,130,561
° 0000 1998 (filing date)

" |ssue: practical non-idealities kill performance
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Primary Non-idealities of Concern

Delay mismatch Incomplete Fractional
— Spur Suppression

Tyco+A _*:PFD—>CPhuar;9pe SERE N

Rl delayed

: div(t) ekl __ g-)-»e(t)’

FLIL gve ®|prp||Charge Se(f)

> Pump
A o o A f
O I:ref

18[k]I
Residuelk
esiduelk] . ® ? ? ’ T

N — 1T
2" 0000
DAC current

<L element mismatch

rroposed approach: dramatically reduce impact of these
n

on-idealities using mixed-signal processing techniques
M.H. Perrott MIT OCW ,c




Eliminate Impact of DAC Current Element Mismatch

" Apply standard DAC noise shaping techniques to
shape mismatch noise to high frequencies

= See Baird and Fiez, TCAS Il, Dec 1995
ref(t)

e Charge elk ,(
elaye
div(t et D F
_ )
divt) | PO Garee f(1-8[k])92(t)
1- a[k]I
Residue[K] [k]

—A»| DAC
n+1 | Mismatch 2n
Shaping 0000

= Allows up to 5% mismatch between unit elements

without degrading our desired performance targets
M.H. Perrott MIT OCW ,




Eliminate Impact of Timing Mismatch

" Swap paths between divider outputs in a pseudo-
random fashion

E[kle4(t)

Loop
Filter

(1-g[k])e,(t)

= Need to also swap ¢[k] and 1-¢[k] sequence
vco_out(t) ref(t)
; —> pED k| Charge
TycotA \4 > Pump
> e delglx\//%c; Timing Mismatch ek 4
J |_| |_ Compensation and
|| [ dlv(t) Re-synchronization "PFD_»Charge
> Pump
1- s[k]I
Residue[k] 8[k]
—/» DAC
n+1 | Mismatch

Shaping

RieS

" Allows up to 5 ps mismatch W|thout degrading our
desired performance targets

M.H. Perrott

MIT OCW



Improve Horizontal Cancellation Performance

" Sampling circuit accumulates error pulses before
passing their information to the loop filter

= A common analog trick used for decades

vco_out(t) j ref(t)
*> PFD+Charge
> v > Pump ¥
Sampler
delayed | Timing Mismatch g[k]f 2 Lpop N
div(t) Compensation and Filter
div(ty | Re-synchronization | oep |p|Charge —
> Pump \v4 ’
1-8[k]I S.(f
Residuelk] glk]
! e f

—+»| pac |—+»?
n+1 | Mismatch| on 0 Fref
Shaping 0000

" Eliminates issue of having non-square error pulse

shapes
M.H. Perrott MIT OCW 48




For More Details on This Approach

" Theory and simulations presented in TCAS Il paper
= Meninger and Perrott, TCASII, Nov 2003

vco_out(t) ref(t)
; —1”|prp |p|Charge
—> v > Pump ¥ Sampler
delayed | Timing Mismatch glk]4 ~ > Loop 5
div(t) Compensation and N Filter
i Re-synchronization Charge 1T
div(1) il Y P
1-8[k]I (0
Residue[k] E[K]
! ? ? ? ? ? ;

—+»| pac ¥ !
n+1 | Mismatch| on 0 Fref
Shaping 0000

M.H. Perrott MIT OCW 49




Design and Simulation of ‘PFD/DAC’ Synthesizer

ref(t)

> |, [Coop out(t)
»| PFD/DAC Filter
div(t)

I |
¢ Reg Reg [« Divider |« o
A A
frac[k] \V/ * t -
—p| Accum M M
. - ] "]~
residue[k] = ¢[K]

= Step 1: Derive analytical model
u Step 2: Design at system level
® Step 3: Simulate at system level (CppSim)
= Step 4: Simulate at transistor level (SPICE)

Iterate between all of these steps in practice

M.H. Perrott MIT OCW 50



Analytical Model of ‘PFD/DAC’ Fractional-N PLL

PFD-referred VCO-referred
Noise Noise
S (f)l So,(f)
Ep Dy WB/deC
5 T J f
PFD Tristate: a=1 en(t) Loop Dyn(t)

mmmmm o C.P. Filter VCO
D f[K] 1 T |1 e(t) v(t) K D, (t)
:+.Q_. 0= ()] o |-+{ H( |
|

I Divider ________
(Ddiv[k] : 1 . I
| ¢ :
jorfT 1 | Moo T - |
o Sale™) . : ALY ! Based on:
- |
Quaﬁ(t)iizsaetion Wl n[k] — o| 27~ 2'1_1 | i Perrott et. al.,
! f L = Jz=¢"" 1 JSSC, Aug. 2002
Az 1=(1/2)"
n-bit PFD/DAC — A is reduced from 1 to (1/2)"
M.H. Perrott MIT OCW 51



Parameterized PLL Model

PFD-referred VCO-referred
i Noise
Se (] N s, ()
-20 dB/dec
S—A \
Quantization f
Noise 0 1T 0 f

Sq(ejZm‘T) lEn(t) q)vn(t) l

WlA R 21N, + G() F 1-G(f)
; f \.@/
A 1= (1/2)"

T'G(f) (Dtn,pll(t)
LN prn LY cbdw(tgé Pout)
1-Z" fo

A(S) _algpH(f)Ky
T+ acp | Where A =y i

M.H. Perrott MIT OCW 50
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Application:
A 1 MHz Bandwidth Fractional-N Frequency
Synthesizer Implementation

M.H. Perrott MIT OCW



Design Goals

" Output frequency: 3.6 GHz
= Allows dual-band output (1.8 GHz and 900 MHz)
" Reference frequency: 50 MHz
= Allows low cost crystal reference
" Bandwidth: 1 MHz
= Allows fast settling time and ~1 Mbit/s modulation rate

" Noise: <-150 dBc/Hz at 20 MHz offset (3.6 GHz carrier)

= Phase noise at the 20 MHz frequency offset is very
challenging for GSM and DCS transmitters

» GSM: -162 dBc/Hz at 20 MHz offset (900 MHz carrier)
» DCS: -151 dBc/Hz at 20 MHz offset (1.8 GHz carrier)

Simultaneous achievement of the above bandwidth
and noise targets is very challenging

M.H. Perrott MIT OCW 54




Evaluate Noise Performance with 1 MHz PLL BW

" G(f) parameters

= 1 MHz BW, Type Il, 2"9 order rolloff, extra pole at 2.5 MHz
" Required PLL noise parameters (with a few dB of margin)

= Output-referred charge pump noise: -105 dBc/Hz

= VCO noise: -155 dBc/Hz at 20 MHz offset (3.6 GHz carrier)

Dynamic Farameters paris. pole | 2 5ek Hz [on Noise Parameters
is. 0
fo |1EE Hz pats | EI ref. fraq |5IJEE Hz
order 1 2 3 paris. pole | Hz ﬁl outfreg. [ 3.629 Hz
shape & Butter  Besseal paris. O | ﬂl
¢ Chehyl ¢ Cheby? ¢ Elliptical - Detector |-105 dBoHz  [on
paris. pole | Hz On O | i I_
i - dBc/Hz 0
fipple | | B || pais pole | He o] cf "
y -1 e 2 ) | D_I freq. offset |2EIBE Hz
pe . paris. zero Hz f
_ SD_c1¢2 fon | jon]
fz/fo E paris. zero | Hz EI C30C40CFE
Resulting Open Loop Parameters Resulting Plots and Jitter
alter:| ﬂl " FaolefZero Diagram " Transfer Function
e —— Annl ™ Step Response v Moige Plot
" 2 507e+006 Hz alter: | ﬂl PRl
=8 1.1172+005 Hz alter: | ﬂl 1023 e Ul
Clp:_ alter: | ﬂl rms jiter: PR
PLL Design Assistant Wtitten by Michae! Perrott (hitp:fiwaw-rmtl mit eduf™ perrot)

M.H. Perrott

MIT OCW



Lif) (dBeiHz)

RTun] S

o) et

-130
-140
S]] S

ABOf----d- e dE b

Calculated Phase Noise for Classical Fractional-N

Dutput Phase Moise of Synthesm
B0 —

Er

-0

-0

2'"0I Order Z—A

: —_— SDNmse
7| —— Detector Moise

— YCO Moise |
— Tuotal Moise

anp----+

A20f-ne

_______

70 A H R AR A HHH il

| -132 dBc/Hz at 20 MHz

Cutput Phase Moise of Synthesizer

10°
Frequency Offset (Hz)

HEHHHEH H HEHEH | H HEHEHEHEHHH
’ g g 1[5 Naise
"' —— [Detector Moise ]
V| — V2O Moise
| = Total Moise 1

ey s

These do NOT meet
our target of
-150 dBc/Hz at 20 MHz
(3.6 GHz carrier freq.)

M.H. Perrott

10°
Frequency Offset (Hz)

MIT OCW ¢



Calculated Phase Noise for 7-bit PFD/DAC Synth

L(f) (dBe/Hz)

Dynamic Parameters paris. pole | 256 Hz  fon Noise Parameters
is. O
fo | 1eb Hz Rafts | EI ref. freq | H0ek
order ~1 &2 3 paris. pale | Hz EI outfreq. | 3.6ed Hz
shape & Butter ¢ Bessel paris. Q| EI
" Chebyl ¢ Cheby?2 " Elliptical : Detector  |-105 dBc/Hz ﬁ
patis. pole | Hz On
fipple | | 8 || peris. pole | = o vco  [155 cBeHe [on
_ freq. offset | 20eb ““ Hz "..
tvpe 1 v 2 paris. zero | Hz EI
| Sh 102 ;uﬂ|121 12"
fzffa 11/ paris. zero | Hz ﬂl C 3405
Cutput Phase Moise of Synthesizer
B0 r—r—rrrry r———r—r—rrrr
P — 5.0 Noige " PolefZero Diagram ¢ Transfer Function
70F-- 7 blt PFD/DAC —~ —— Detector Moise [ ¢ " Step Fesponse * Moise Flot

-130

-170

PR

RTLT] S

)| Seeeeen e
20 - - d k-

140 fp---24
RT-'o] SER
RT:'s] SEN I

_______

______

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

-------

10

10°

Fregquency Offset (Hz)

M.H. Perrott

10

4314497 1=

tms jitter:

wy Michael Perrott (hitp:fessvse-rtl mit edu/™ perrotf)

-155 dBc/Hz at 20 MHz !

MIT OCW g,



Simulation of PFD/DAC Synthesizer using CppSim

f SUE2: wb_synth (schematic) --- C:/CppSim/Sue2/Suelib/WBSynth_Examplefwb_synth.sue

warpos=1.25e-22
wameg=1.25e-22

ol wb_tristate_gated_noise

Wi xid =10

squEneogt —s——— raf noise_an aﬁ'&% xlllg —arole and Flld leadlagfilter, 17 wep_with_noisé
— | wetn — ichptit ot | MO-Sa R And_hilg

sineaut out l_ WG ichptot . inH—-ett—e— in ot —e— in ogt — in o oout —e— wetd
wb_pfddac idag . =_and_h_clk gain™(1 + =/ { 27pi™z 1) . sineout, — sineout
. . in : refiltar
fraq=50.0=6 Hz — residue idac —— shclk’ien = and F=an = and h =71 w5 0 27pi"p )
kweo=1 Hai! - - == B fio=2 Saf nojseot, — fraqout
- = and-H_clk fp=2.8ef Hz o= T ERGed Hz

r of lévels in pfdidac num_dac_bitz=dac_bits+1 fi‘ﬂ:::;ﬁ '1-::-9) kv = 3108 Harv
W1 (i, you nesd ichp=fe-3 9 : foffset = Z0e6 Hi
nit element curment mizmatch_en=mismatch_en gain=E"7 1. 3002 10667 5e-1) noize_gt_foffset = -255 dBe/Hz
h yizlds 2%dac_bitsH1 mmstdded=mizsmatch_stddew (wharé K from PLL Design Asst.)
& you technically need tdel_pfd_init=tdel_pfd_init
iits to represent el_pfd_res=tdel_pfd_resid

levels, we choose
= dac_bits + 1

win squaraout, —a- dut

in

0

0
div_wal

254

divider_jdeal

X dac- eontrol
clhk residy i ot ————————— in ot ————=
whb_sd_madulator_bitwise
input bits=acourm_bits clk resjidie clk
outplit bits=1 \w_sd_modulatnr_hitwiﬂe wh-_dacdel
— imput hi‘t.s=accum_.hi'ts thiz aligns the divider and
altput bits==dac_bits+1 DAL cantrol in time

Phase noise plots to follow: 40e6 time steps in 10 min
M.H. Perrott MIT OCW 58




Intrinsic PLL Noise Performance

ref(t)

> |, [Toop out(t)
»| PFD/DAC Filter
div(t)

A

¢+ Reg Reg|«H Divider |« o
A A

A
vt 3
fraclk] =0
—»| Accum

residuelk] =0

" Set fractional portion of divide value to zero
= Leads to residue variation of zero
= No quantization noise!

Need to calculate and simulate impact of detector and VCO
noise

In essence, operate as integer-N synthesizer

M.H. Perrott MIT OCW 59



Calculate Intrinsic PLL Noise Sources

" Estimate detector noise (dominated by charge pump)
= From SPICE Simulation, S, (f) = Duty*3e-22 A?/Hz
= Output-referred PLL noise due to above noise:

0 2 5 5
S0l = (7] (ZNaom) " IGUP 8151
\{cp/
( 1 ‘\ /2_ S\ N2
5) (7713

Valdray —22
1T )|

— AN 2 1N
_\: U.L+-O° 1U

\J

= 10109(Sqe_.(f)) = —123|G(f)|* dBc/Hz

" Estimate VCO noise
= For off-chip VCO, examine data sheet:
* |n this case, S, ., = -155 dBc/Hz at 20 MHz offset
= For on-chip VCO, use Spectre RF or other CAD tool

M.H. Perrott MIT OCW 60



Calculate PLL Noise Due to Intrinsic Noise Sources

Lif) {(dBc/Hz)

Ciynamic Parameters

paris. pole ‘ 25eb Hz
paris. & |
fo ‘186 Hz
order c1 G2 38 RGPS | Hz
shape @® Butter  Bessel paris. Q |
" Chebyl " Chebyz " Elliptical paris. pole ‘ Hz

ripple ‘ ‘ dB .

paris. pole ‘ Hz
type 1 2 paris. zero ‘ Hz
fz/fo | 119 paris. zera ‘ Hz

Output Phase Noise of Synthesizer
—60 HL H H :"::E! ' H HERHERLL L) H H HE -
i i — Detector Noise
(1 e i Al B & & o EEELEEE SELEE EEt bbb o o B ERLECEEE LEEE o — VCO Noise
Total Naise
53 ) SRS SR - O RO WU U SN SO -5 EOOUOUOUS SN WU OO - SN SO
e e e B T - R K - Rl o SRR (R
U 1) SRR SN SN 08-SO SO0 0 5 WU SRS SO S S -0 - S SO
20 bbb R e el g
-130 Boooooadbonats T e o = =TTt SIS
A4 - b e R R N e
LT o T st et L R PRE
L e e e il a e e St
_1704 iiiiiiii5 i iiiiiiiB . .
10 10 10 10 10
Frequency Offset (Hz)

M.H. Perrott

Maize Farameters

E ref. freq ‘ bled Hz
o out freq. ‘S.Seg Hz
on (LN N
.
— | Dotects® F123 Y. deom: [on
On .‘ .
— W VCGs ‘—155 » dBoHz |0n
on Oa ‘0
— fred. et |20eb Hz
on ey thppnns®
—IWSD 12 on ‘ Dn|
On 8 4 C5

R esulting Ploks and Jitter

" Pole/Zero Diagram " Transfer Funclion
" Step Response @ MNoise Plot

10e3 10086 170

ms jiﬁer: 70295 f5

by Michael Perrott (http:hwwew-mtl. mit.eduf™ perrott)

" We will see that we
will need to include:

= Reference noise
= 1/f noise
MIT OCW ¢,



Simulated Phase Noise due to Intrinsic Noise Sources

CppSim Simulated Phase Noise for Cell: wb_synth, Lib: WBSynth_ Example Slm test_int_n.par
o e
B0 e
~ Reference Spur ‘i i
w4 4-59

~-50dBcat50 MHz =~ |

A0 b e 160

-100

-120

-130

-140

L(f) (dBc/Hz)

17555,52 — Detector Noise ;f , o 1.
| —vconNose | 109
-] = Total Noise .

-150

-160 24119

-170 1-129

L] L i i
01 1 10
Frequency Offset from Carrier (MHz)

" PLL Design Assistant accurately models simulated noise!
M.H. Perrott MIT OCW ,




2"d Order 2—A Fractional-N Performance

ref(t)

> |, [Coop out(t)
»| PFD/DAC Filter
div(t)

A

¢ Reg Reg [« Divider |« *
2\ 2\ Yy
vt 1
frac[k]

\4
———| 2nd order —'_LI"—"‘—"‘—"LHJ"—

2-A residuelk] = 0

" Replace accumulator with second order *-A modulator
" Set residue into PFD/DAC equal to zero

M.H. Perrott MIT OCW 63



Calculate PLL Noise for 2"d Order 2-4 Synthesizer

Dwnaric Parameters paris. pole |2_5e6 Moize Parameters
aris. Q
fo ‘ 1e6 Hz P ‘ ref. freq ‘ H0eb Hz
order c1 &2 3 pars. pole | out freq. ‘8.699 Hz
shape @ Butter " Bessel paris. i ‘ 5
. Detector - dBc/Hz | an
" Chebyl  Cheby2 ¢ Elliptical paris. pole | ‘
fipple | | 4B . VCO 155 dBcHz |_On
paris. pole | oo
rawolieE g e Hz
type 1 ® 2 paris. zero | “; L'.
o SD 1 @2 e ‘ Onl
fzffo ‘ / paris. zero | c8c4acEu
o i i
Output Phase Noise of Synthesizer F{Eﬂﬂhng Plots and Jitter
—60 H H R H H HE !!E‘I H H I
gobe i i diddiii G B Piip b — D;e[t)eggfﬁoise 1 (" Pole/Zero Diagram (" Transfer Function
— VCO Noise " Step Response i Noise Plot
B e 111 R £ My a1 — Total Noise
N
AR T | PSR SRR -V > ool SN O -0 SR S . 01535 S S
o N T = L T N . yy Michael Perrott (http:fitwwsw-mitl mit edu/™perrott)
5

M.H. Perrott

Freguency Offset (Hz)

m 2nd grder *-A

= Click on 2" order
S-D quantization
noise in tool
MIT OCW ,



Simulated Phase Noise of 2"d Order 2-A4 Synthesizer

CppSim Simulated Phase Noise for Cell: wb_synth_sd?2, Lib: WBSynth_Example, Sim: test.par

‘ oL fredfilt

-100

T
>

A

L(f) (dBc/Hz)

-120

Spurs (dBc)

140

— SD Noise
—— Detector Noise
— VCO Noise
—— Total Noise

LR

-160

180 ] s

..;i&)i.1 L iiiiii% L iiiiii1i0
Frequency Offset from Carrier (MHz)
" PLL Design Assistant accurately models simulated noise!
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7-bit PFD/DAC Synthesizer Performance

Delay mismatch ‘

vco_out(t) ref(t)
—> Charge
TveotA V > PFD P> PUMD
i delayed | Timing Mismatch e[K]
J_l_l_l_'v() Compensation and
| | | | d|v(t) Re-synchronization "PFD_»Charge
—P Pump
1-8[k]I
Residue[k] g[k]
—/»| DAC
n+1 | Mismatch 2n
Shaping 0000

Loop
Filter

DAC
current
element

mismatch

DAC current mismatch

Application of proposed noise scrambllng/shaping
techniques leads to broadband noise from delay and

M.H. Perrott

MIT OCW ge




Impact on PLL Noise due to Non-idealities of PFD/DAC

" Impact of DAC mismatch

= Lowers achievable quantization noise suppression

= Negligible in this case
" Impact of delay mismatch

= Model as white reference noise uniformly distributed from

0 to At
= Calculation for At = 5 ps:
VAN 1 m‘n’r ~~ L P\ 9m 7 Jf_)f;rfT\
‘bcbout(j) - fll IV U(I)' chjztke )
1 2712 (AL)?
L NGO
= = ITNwomG(HIP| 2| 255
2
— (50 MHZ)(71 Q\QMT\Q(SDS)
\PV WITHZ T 1.9/ (£ 12

= 101l0g(S¢_,(f)) = —107|G(f)|* dBc/Hz

M.H. Perrott

MIT OCW



Calculate PLL Noise for 7-bit PFD/DAC Synthesizer

L(f) (dBe/Hz)

=170

Dynamic Parameters

Cutput Phase Moise of Synthemzer

paris. pole |E.EEE

Hz

Hz

fo G Hz et
order ~1 &2 3 paris. pole |
shape & Butter  Bessel paris. &
" Cheby1 ¢ Cheby2 © Elliptical paris. pole |
"Pple | | 5 patis. pole |
paris. Zero |

paris. zero |

T 1 gt
O R i El Rl D Nmse
SOp----5--i :-1 i7TT| — Detector Moise [
H H l HE g

I i | —— VCO Noise
il i ':J” —— Total Noise i

=] S

BT11] SEERESE -

o
Aok

RES W A
RYe] S

480 oo -

R S

______

_________

Rt LRl L

10t 10

M.H. Perrott

Freguency Offset (Hz)

10°

Hz
Hz
Hz

MNoise Parameters

ref. freq | S0eh Hz
On out freq. | J.6eS Hz
] Cetector |—1 o7 dBc/Hz IE
n
= vco‘__Lusa....,_. dBcHz  [on

fﬁg Dﬁaet 20eh

..llll
SO ¢ 2 ETW
3 45

=
S

“’ Hz
21M0/2°7 [on

=
S

HEHEHEHEEER

" Transfer Function
(« MNoise Plot

" PolefZera Diagram
" Step Response

rms jitter:

v Michael Ferrott (hitp: Aweeen-mit] mit edus™ perrott)

" PFD/DAC

= Adjust S-D Quant.
Noise

" Delay mismatch
= Adjust Detector noise

MIT OCW gg



Simulated PLL Phase Noise of 7-bit PFD/DAC

CppSim Simulated Phase MNoise for Cell: wh_synth, Lib: WESynth_ E}{ample =im: test.par

HL i 1 i H
1 ] 1 1 ] ] ] ] 1
1 L T T I 1 L N T B A 1 O N B B A — ﬂ"eqflt
1 ] L] LI B B B A 1 ] L] L] L] L]
—BD s et o 2y Tt 1ol? wlll ¥ rpi ieaBamdienbiaciiecr liaciiaot saBaafl slhci Lol pE B AF i oibesiiosBacies! siieatiach LBy SRt sl e N i g ool T T by | | il B By | _—49
' [ T A ' [ T AR 1 [ A 1 N
1 [ T A A A 1 [ A ' [ A ' b g
1 ] 1 ] ] ] 1
1 1 ] 1 1 ] ] 1 1 1 1
_1':"3. e I.-l_I..I.J.I.I-_--_I._-I.-l.-l-.I.J.IJ.I.----.I.--J.-J-I.-I-I-I.I— __59
] L] 1 ] LI B B B | 1 ] LI B B )

ilL

_"]"]B.____i___g__i__i :.:..:_‘l'u{___y__x__ __LJ.IL

-1203 —-—-i—--i—-r- rrrn—-—-—i--—E-—I-—:—l-H'r'r— - -t TAiTr----t--t1-1-raaa --7/49
T~ Ty
I
= -136G +-39 %
(]
= =
E _.1-.:1B 1 1] 1] L I I B ) 1 __99 a
— - 50 0 000000 ST B Sot ooooe 0
183 F----- - -k A=< C - - - - — SD Noise PeH TS --.. 1-t444H 4-109
5t Rt 1| — Detector Noise | } 1+ NJ. IR

1 ] I:EEE i :_VCONOiSe E 1] L I I I ] 1 LI I B ]
183 - - ~rrro-----r--rl — Total Noise  [-r-T 3 1-119

41-129

1 L 1 1 L I B A 1 L] L] L] L I I B B 1 ] L L] L I I B 1 ] L]
_1?':' i T ] i iy TR T R TR R T e . . W Yy 4 |
1 L} L] 1 LI I B A 1 L} L} L} LI O B B 1 1 L} L} LI B 1 1 L} L}

_1B|:| ____E___E__L_l I_LLL_____L__L L_I_LJ.J.LL____L__L J. LJ.JJJ..L____J.__J. J LJ_I_IJ_ __"]39

P L1l R R L
0.1 1 10
Frequency Offset from Carrier (MHz)

" PLL Design Assistant accurately models simulated noise!
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Summary of Design/Simulation Results

" The PLL Design Assistant can be used to model the
impact of
= Intrinsic PLL noise sources
= Quantization noise due to X-A dithering of divide value
= Suppression of quantization noise by n-bit PFD/DAC

= Impact of delay and current mismatch on PLL phase
noise

" CppSim simulations confirm the accuracy of the
above analysis

How do PLL Design Assistant calculations
compare to measured results?
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A 1 MHz BW Fractional-N Frequency Synthesizer IC

Scott Meninqger ‘ Thermom eter
g Degﬁffeﬂ:rnd [ | Implements

NMri=l=l=l=l=lnl=l=l=l=f=1= proposed 7-bit
. S—— . I PFD/DAC
= ‘ structure
Divider -'-"H -. ﬂHﬂHHH HH = 0.18u CMOS
_and = -"“““““::Il L : = Circuit details
Band Selact - ,. ml T ' to be published
Divider

in the future

- . L-
PFD/DAC —rll i ! : Funded by
e I ] - MARCO C2S2
Sample -E | i 18 "'-'-- Dpéﬁgp
Elﬂlljnsighj .E . | . — | . -'-h-_ Sample Metwork
== ; F e - P .
[ . : i Fabricated by
Eymf=|=js = =lmfuy=|=§ | National
. S Semiconductor

FFOVDAC Bias Generation and Distribution
M.H. Perrott MIT OCW



Measured vs Calculated Phase Noise (Integer-N)

-10

Calculated and Measured Phase Noise

-100

-110

-120

T0t8.| NOlse

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

; | — Total Noise

L(f) (dBc/Hz)

-140

-150

-160

-170

s

VCO Noise

SALFLFAL

Detector Noise

— Detector Noise
— VCO Noise

| [ Measured N0|se

10°

= Issue: we did not consider reference jitter and 1/f noise

M.H. Perrott

10°

Frequency Offset (Hz)
® Calculated noise is way off!
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Adjustment of Calculations to Fit Measured Result

-10

Calculated and Measured Phase Noise

-90 ks 7 Y DRSS

MR

-110 I

L(f) (dBc/Hz)

B P} SR IRE RN

160 |

| vCONoise| @ il

Total Noise 6. . i i iiRg i iiiiiiii il

—— Detector Noise
: | — VCO Noise
ivi | — Total Noise

: | ® Measured Noise

Detector Noise E

-170
10

3 4

4]
10

Frequency Offset (Hz)

Calculated noise now assumes:
= Detector noise is =107 dBc/Hz with 1/f corner of 130 kHz

M.H. Perrott
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Back Extraction of Reference Jitter

S, |REF(f) =

2
At?z’tt T (2%) - (NnomT)? - |G(f)|? '

/

Accounts for PFD structure
with reduced i,

" Assuming G(f) = 1:

S¢Out|REF(f) — 10(_107/10%

2 — T Ydown
= Atj?:tt — SCDOW‘REF ) (27 Npom )2 ) C%up
" Assuming N, =73, T=1/50MHz, i /ij,,, = 1/5

= Aty = 3.08ps
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7-bit PFD/DAC Synthesizer Vs Integer-N Configuration

# Agilent ES0524 Signal Source Analyzer

25 Agilent E5052A Signal Source Analyzer

—_—_,_,rnpfHoro
MPhase Moise 5.000dB) Ref -70,00dBc/Hz MPhase Moise 5.0004B) Ref -70.00dBc/Hz
- Carvier 3565635611 GHz  -2.1885 dBm A Carier 3565535513 GHz  -2.1955 dBm
70,00 pp 7000
0 75.00
0.00 it -80.,00
; PFD/DAC Synthesizer #o08 .
50,00 - -90.00 PFD’DAC SynthGSIzer
-4 o |—1 | ["rek .00 T
.100.0 -100.0
-105.0 105.
110.0 1

Integer-N Synthesizer

| Integer-N Synthesizer

13 -120.0

-125.0 125.0

-130.0 -130.0

-135.0 -135.0

-140.0 -140.0

-145.0 -145.0

-1585.0 155,00

-160 =160,

-165 -1

170 M 10M

595t 595pis Comes||
Phase Swapping Enabled Phase Swapping Disabled

" Left: Phase swapping enabled
= Timing mismatch converted into broadband noise
" Right: Phase swapping disabled

= More fractional spurs, lower broadband noise
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Adjustment of Calculations to fit Measured Results

Calculated and Measured Phase Noise

-70

e

400 }----4 R i LT DI g rawes Tty
Total Noise}/

) e dodal L R ] E S T R cosalssfucl

______________

A2 -t mi-ti i TGO Nowe |t

L(f) (dBc/Hz)

T 1| | SRRSO g ) SR R IL =5 2 < S
- ¥ o

_________

———————

J...\.,-.:
SRR 4

HE - H H
—— S-D Noise
—— Detector Noise
—— VCO Noise
—— Total Noise

® Measured Noise

o
pa

140 F----- s s e e L gk o PR S ol
. // N\

150 b----- /’ ------- el b i) | Quant.iz-aztion Noisfe|---- --\';- BN

T R P // jal e oo De

ector Noise [-:- £ 4-F

L

170 2

Frequency Offset (Hz)

® Calculated noise now assumes:

= Detector noise is -100 dBc/Hz with 1/f corner of 20 kHz
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Back Extraction of Timing Mismatch Using the Model

1A2

2
out‘At T 12 (QWNnom) IG(f)l%

" Assuming G(f) = 1:

_ —100/10
Sq)out|At T 10( / )
—— 12T ‘
= A2, =8 -
t2 D out | Ay (QWNnom)Q‘

" Assuming N __ =73, T=1/50MHz = A, =10.7 ps
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Measured Noise Suppression

-5 Agilent E5052A Signal Source Analyzer

Phase Moise 5.000dB) Ref -70.00dBc/Hz
70,00 }' Carmier 3,565530438 GHz -2.2806 dBmn

2nd Order XA Synthesizer

-75.00

Measured Quantization Noise Suppression (7bit PFD/DAC)
30— e e

L
26F B ahtE:
.7 [ RO

o PFD/DAC Synthesizer N THIN L L . il

dB
o

10° 10' 10° 10° 10’ 10
Offset Freq From Carrier (Hz)

"  Comparison of 7-bit PFD/DAC synthesizer with 2"d order XA
Synthesizer

" Low freq noise ~2dB worse because of phase swapping
" | 29dB quantization noise suppression measured at 10MHz !
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Measured Noise Suppression: No Swapping

% Agilent E50524 Signal Source Analyze

MPhase Moise 5.000dB/ Ref -70.00dBcMHz
70,00 p

Camier 3565534368 GHz

-2.2179 dBm

. ,\_
S —————

2nd Order XA Synthesizer

\ UL
¥ o
J-.. L ¥

PFD/DAC Synthesizer

-

10M

Sdpts|  Comes)

Measured Quantization Noise Suppression (7bit PFD/DAC)

10° 10° 10’ 10°
Offset Freq From Carrier (Hz)

" Demonstrates that timing mismatch is degrading our
maximum suppression by 2 dB (when swapping)

" Spurs occur due to gain error from timing mismatch

M.H. Perrott
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Summary of Calculation/Measured Results Comparison

" Comparison of PLL Design Assistant results to
measured data allow back extraction of key
parameters:

= Intrinsic noise

= Detector and VCO noise
= PFD/DAC nonidealities

= Delay mismatch value

" Future work: better low frequency noise accuracy
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Conclusions

" Fractional-N frequency synthesizers are about to
undergo dramatic improvement in achieving high PLL
bandwidth with excellent noise performance

= The PFD/DAC approach presented here is only one of
many possibilities to achieve this goal

" Design and simulation methodologies are starting to
emerge
= Analytical modeling of noise can be quite accurate
= The PLL Design Assistant can be useful in this area

= Behavioral simulation can be used to verify analytical
models

= CppSim offers a convenient and fast framework for this

Research into High Bandwidth PLL
Architectures is at an Exciting Crossroads
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