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What Is A Phase-Locked Loop?
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produces variable frequency output

B Reference provides input frequency/phase

" PFED compares phase of ref and VCO output
" Charge pump = simplifies loop filter implementation

" |oop filter = smooths PFD signal

" VCO
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Objective: “Lock” VCO phase to reference phase




Method of Phase Detection
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" PFD output consists of pulses whose width is
proportional to the phase error

= Phase is only observable at edges
" Smooth PFD output to produce input voltage to VCO




Impact of Changes in Phase Error
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" Pulse width varies according to phase difference

" VCO input voltage changes accordingly
= Adjusts VCO frequency and phase



Phase Lock Implies Frequency Lock

Fout = Fref
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" Any error in frequency leads to a steady accumulation
of phase error



Integer-N Frequency Synthesizer

Fref I:out = Ne*Fyet
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? US Patent 3,551,826

1968 (filing date)
N

" |Leverages frequency divider to create “indirect”
frequency multiplication

= Allows digital adjustment of output frequency in
Increments of the reference frequency



Fref Fout = N *Fres
Juur LI — MWW
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" Key constraint: Divider value, N, must be integer
= High frequency resolution requires low Fyet
= High PLL bandwidth requires high Fes

Tradeoff: Frequency resolution vs PLL bandwidth




Fractional-N Frequency Synthesis

Fref I:out = M.FeFes
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" Divide value is dithered between integer values

® Fractional divide values can be realized!

Very high frequency resolution




Classical Fractional-N Synthesizer Architecture
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" Use an accumulator to perform dithering operation
= Fractional input value fed into accumulator
= Carry out bit of accumulator fed into divider
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Integer-N Synthesizer Signals with F_ = 4.25F
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" Constant divide value of N = 4 leads to frequency
error

= Error pulse widths increase as phase error accumulates
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Fractional-N Synthesizer Signals with F_ , = 4.25F
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" Dithering allows average divide value of N =4.25

= Reset phase error by periodically “swallowing” a VCO
cycle

= Achieved by dividing by 5 every 4 reference cycles
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Key Observations for Classical Fractional-N Dithering

g
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div(t)
ref(t)

e(t)

phase
error

_' i i i i ' W4 1VCO
| . . . . . . . Period

" The instantaneous phase error always remains less
than one VCO cycle

" We can directly relate the phase error to the residue
of the accumulator that is providing the dithering
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Accumulator Operation

clk(t)
l M-bit
frac[k] V> residuelK]
Accumulator
M-bit —/—» carry_out[K]
1-bit

" Carry out bit is asserted when accumulator residue reaches

or surpasses its full scale value

" Accumulator residue corresponds to instantaneous phase

error

= Increments by the fractional value input into the accumulator
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The Issue of Spurious Tones
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" PFD error waveform is periodic

= Creates spurious tones in synthesizer output at lower
frequencies than the reference

= Ruins noise performance of the synthesizer
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The Phase Interpolation Technique
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" |Leverage the fact that the 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
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ref(t) e(t) Charge -|- Loop v(t) out(t)
Pump F|Iter

A
UL .
div(t) Divider [¢—
Nsa[m] Residue T
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® Gain matching between PFD error and scaled D/A
output must be extremely precise

= Any mismatch will lead to spurious tones at PLL output

Matching issue prevented this technique from catching on
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2-A Fractional-N Frequency Synthesis

Fref I:out = M.F*F e
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Pump Filter MASH T—A
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Modulator|
\ S_A General 2-A

Quantization Riley
Noise US Patent 4,965,531
1989 (filing date)
" Dither using a Z-A modulator JSSC ‘93

= Quantization noise is shaped to high frequencies

= Spur content of the quantization noise can be reduced to

negligible levels
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Impact of 2-4 Quantization Noise on Synth. Output
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2—A PLL dynamics
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" |Lowpass action of PLL dynamics suppresses the
shaped X-A quantization noise
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Impact of Increasing the PLL Bandwidth

Ref —»|PFD |—p] LOOP —» Out
Filter
Div T
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A
Frequency MPit A 1-bit
Selection / | Modulator ¥/
Quantization Output
Noise Spectrum Spectrum

Noise

| P
Frequency
Selection :
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2—-A PLL dynamics
" Higher PLL bandwidth leads to less quantization noise
suppression

Tradeoff: Noise performance vs PLL bandwidth




Can We Do Better?



Recent Approaches to Bandwidth Extension

" [1] C. Park, O. Kim, and B. Kim, “A 1.8GHz Self-
Calibrated Phase-Locked Loop with Precise I/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. Pamatrti, L. Jansson, and I. 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 -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
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" Goal: eliminate the fractional spurs
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Method 1. Vertical Compensation

ref(t)

div(t) _r_

" “Fill iIn” pulses so that they are constant area
= Fractional spurs are eliminated!
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Method 2: Horizontal Compensation

ref(t)

div(t) _[_

0 ool
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23 37% 777 3 3% 27 1Yy
" Use constant width pulses of ’
varying height to achieve constant  Se(’) A
area pulses' | | N | I
= Largely eliminates fractional spurs 0 Fref
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Implementation of Horizontal Cancellation

" We begin with the basic fractional-N structure
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Add a Second PFD with Delayed Divider Signal
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Scale Error Pulses According to Accumulator Residue
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A Closer Look at Adding the Scaled Error Pulses

ref(t)

Gt elkle, (t
| PFD > €l —)’[ Je4(t)
delayed
div(t) @—> e(t)

Ly
> PFD »{1-€[K] —f(»] -8[k])e2(t)

div(t)
(1-&lkl)e(t)_| — |_| —
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" Goal — keep area constant for each pulse
= It's easier to see this from a slightly different viewpoint
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Alternate Viewpoint

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

ref(t)

vy

PFD > €[K] —¥8[k]e1(t)

delayed
aivit @—» e(t)

>
PFD [(1-€[K] —f(1—8[k])ez(t)
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Implementation of Pulse Scaling Operation

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

ref(t)

*> Charge glkle.(t

— v |PFO P By o1

elaye Loo

div(t) et — O e P

. > Charge f
div(t) > PFD > Pump (1-8[k])€2(t)
1-8[k]I
Residue[k] Y. Dufour

Ly 9
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 ‘

ref(t)

Incomplete Fractional
Spur Suppression

* > Charge
T"VCO:'A delayed >PFD+ Pump h'. ‘ J I "
L divie) e[kl 4 @—»e(t)
FLI'L gvw |prp|»|Charge f Se(f)’
> Pump | A
1-g[k] At
ReS|due[k] I 0 et

DAC current
element mismatch

Proposed approach: dramatically reduce impact of these
non-idealities using mixed-signal processing techniques
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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)

T PrD [p{Charge|_ elkle,(t)

> Pump ¥
delayed
s Wt (D i
L ch 4
divi) | [PFD o0 T (1-€ Mkl eyt
1- e[k]I
Residue[K] 8[k]

—/4»| DAC
n+1 [ Mismatch 2n
Shaping 0000

" Allows up to 5% mismatch between unit elements
without degrading our desired performance targets




Eliminate Impact of Timing Mismatch

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

= Need to also swap g[k] and 1-g[k] sequence

vco_out(t) ref(t)
*> Charge glkle,(t)
ToeotA . / > PFD > Pump [ 1
>+ delayed Timing Mismatch [k @ »| Loop
: —>
v Compensation and Filter

PED | Charge f(

J"' _L div(t) | Re-synchronization >
: _> — Pump

1-€[K])e(t)

1- 8[k]I
Residue[k] 8[k]

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

" Allows up to 5 ps mismatch W|thout degrading our
desired performance targets
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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)
| | oep Lp|Charge
M > Pump ¥ Sampler
delayed | Timing Mismatch 8[k]f 2 Loop N
div(t Compensation and Filter
divity | Re-synchronization | oEp |p|Charge 4 —
> Pump ~ ’
- ‘C’[k]I Seff
Residue[k] g[k] )| A
p—

o
M
o,

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

" Eliminates issue of having non-square error pulse
shapes
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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)
; *¥| oeply|Charge
—> Vv > Pump ¥ Sampler
delayed | Timing Mismatch g[k] 4 @I/_> Loop | o
div(t) Compensation and o f Filter
i Re-synchronization Charge .
div(t) y > PFD ™ lmp <
1-8[k]I S (f
Residue[k] g[K] . ——o )| e(f) A
191 ? f

—+»| bac T :
n+1 Mismatch on 0 Fref
Shaping 0000
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Design and Simulation



Design and Simulation of ‘PFD/DAC’ Synthesizer

ref(t)

> ', [Toop out(t)
»| PFD/DAC Filter
div(t)

I |
g R/e\g <4H Divider |« ¢

Re
vy 2
frac[K] S t :
rac — —
—»| Accum
residuelk] = &[K] — L L~

@o—

" Step 1: Derive analytical model
" 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
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Analytical Model of ‘PFD/DAC’ Fractional-N PLL

PFD-referred VCC?\I-referred
Noise oise
Sc (f l S f
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S T ! 5 f
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WY aalsiniisininy C.P.  Filter VCO
(Dref I T | e(t) V(t) K CI)out(t)
| | v I o
: +>Q—> a2n 1 >é > |Cp — H(f) > T —( >
_ I
e A - ] Divider | ___ ____
Dy, [K]

I I
| |
| I
I I
- N : AL ' Based on:
- |
Quaﬁéiée;tion |W" f l n[k] — o| 27~ 2'1_1 | E Perrott et. al.,
, f L = Jz=¢”" __ 1 JSSC, Aug. 2002
0
A: 1= (1/2)"

n-bit PFD/DAC — Als reduced from 1 to (1/2)"
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Parameterized PLL Model

PIETAN
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Closed Loop Design Approach

“Bason” G =g
Performance ApprfCh LA(F)| )+ (f) r
Specifications / A(f)
{type, fo, ...} (K, fors forr o) _(Gm {for fos o}
AN="n T
>
Closed Loop Design Approach Lau and Perrott,

" Classical approach DAC, June 2003

= Indirectly design G(f) using bode plots of A(f)
" Proposed approach

= Directly design G(Jf)

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

Implemented in PLL Design Assistant Software




PLL Simulation Issues (Behavioral Level)

o L —— MWW

ref(t) e(t) Charge Loop v (t) out(t)
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" Slow simulation time

= High output frequency = High sample rate

= Long time constants m) Long time span for transients
" |naccurate results

= PFD output information conveyed in pulses
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Example: Classical Constant-Time Step Method

o annn m

ref(t) e(t)

LLS

Sample Period = Ty

(Johns and Martin,
Analog Integrated Circuit Design)

" Directly sample the PFD output according to the
simulation sample period

= Simple, fast, readily implemented in Matlab, Verilog, C++
" |ssue — quantization noise is introduced

= This noise overwhelms the PLL noise sources we are
trying to simulate



Alternative: Event Driven Simulation

J_Ir_en_r&b.—b) PFD il » N _‘ "I_I t

nn T el | l

k

l n
Tk+1

(Smedtetal, CICC "98, | gample Period Non-constant

Demir et al, CICC 94,

Hinz et al, Circuits and Systems '00)

" Set simulation time samples at PFD edges
= Sample rate can be lowered to edge rate!
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Issue: Non-Constant Time Step Brings Complications

NI TN JEC | |
ref(t) e(t) , , , t

nn T e[n] i ]

k

I n
Tk+1

Sample Period Non-constant

" Filters and noise sources must account for varying
time step in their code implementations

" Spectraderived from mixing and other operations can
display false simulation artifacts

" Setting of time step becomes progressively
complicated if multiple PLL’s simulated at once
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Is there a better way?
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Problem: Quantization Noise at PFD Output

h(t)

" Edge locations of PFD output are quantized

= Resolution set by time step: Ts

" Reduction of Ts leads to long simulation times

1 e(t) v(t)
et O — J\t —
t
Loop Filter
.
h[n] = Ts<h(Tsn)
e[n] ‘ ’ Ts v[n]
—> ‘ lnn""#""_ n —>
Loop Filter
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Proposed Approach: View as Series of Pulses

e(t)
—

e[n]

h(t)

I~

v(t)
—

h

Loop Filter
S

n] = Ts*h(Tsn)

ﬂ'ﬂmm}im N

v[n]

Loop Filter

" Area of each pulse set by edge locations

" Key observations:

= Pulses look like impulses to loop filter
= Impulses are parameterized by their area and time offset
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Proposed Method

h(t)

> _Nt Y

Loop Filter
2

h[n] = Ts*h(Tsn)

v[n]

ﬂ'lnnm:"im N g

Loop Filter

e[n]

Perrott, DAC, June 2002

" Set e[n] samples according to pulse areas
= Leads to very accurate results and fast computation
" Implemented in the CppSim Behavioral Simulator

49



Application:
A 1 MHz Bandwidth Fractional-N Frequency
Synthesizer Implementation



Design Goals

" Qutput 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
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Evaluate Noise Performance with 1 MHz PLL BW

" G(f) parameters

= 1 MHz BW, Type Il, 2"d order rolloff, extra pole at 2.5 MHz

" Required PLL noise parameters (with a few dB of margin)
= Qutput-referred charge pump noise: -105 dBc/Hz
= VCO noise: -155 dBc/Hz at 20 MHz offset (3.6 GHz carrier)

Dynamic Parameters paris. pole | 2.5e6
- e n paris. G |
ardar 1 @72 3 paris. pole |
shape & Butter  Bessel paris. O |
" Chebyl ¢ Cheby? ¢ Elliptical paris. pale |
el | | e paris. pole |
tvpe £ 1 v 2 pars. zera |
. 1179 paris. zero |

Hz [on Noeise Parameters

= ref. freq | blek Hz
Hz  On] outfreq. |3.EEE| Hz

On

— || petestor [-108 dBeHz  [on
Hz f

= || ¥CO -165 dBc/H 0
Hz On | e I_n

— freq. offset |EIIIEE Hz
Hz On

— |50 _c1&2 [an | On
Hz On| C 30405

Resulting Open Loop Parameters

alter: |

i 2 507e+006 Hz alter: |

i 1.1112+005 Hz alter: |

o I -
PLL Design Assistant

Resulting Plots and Jitter

" Transfer Functiaon
o Maoise Flot

T PolefZera Diagram
Apply " Step Response

rrns jitter: RNREE

YWritten by bMichael Perrott (hitp:Asesse-rmitl mit. edu!™ perrotf)
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L{f) (dBciHz)
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Calculated Phase Noise for Classical Fractional-N
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1-132 dBc/Hz at 20 MHz

Cutput Phase MNoise of Synthesizer
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'"""'""'""’" | = Detector Moise ]
3I‘d Order Z—A — (0 MNoise

— Total Moise 3

10°
Frequency Offset (Hz)

Lif) (4B

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

-1EEI|~
-170

—— e - U -y~ -1 RN~ -

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

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

-126 dBc/Hz at 20 MHz
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4 4 1Dﬁ T a

Frequency Offset (Hz)



L{f) (dBc/Hz)

Calculated Phase Noise for 7-bit PFD/DAC Synth

Az0f-o-dod i

Dynamic Parameters paris. pole | 2566 Hz [on Noise Parameters
is. 0
fo | leb Hz S | [On] ref. freq | Bleb Hz
order 1 w2 3 patis. pole | He |99 B cuttreq, | 3.6ed Hsz
shape & Butter  Bessel paris. Q| i
" Chebyl © Cheby?  Elliptical | Detectar | -105 dBo/Hz  [on
paris. pole | Hz On
fipple | | 4B | — || veo BES dBofH:  [on
paris. pole | Hz 0On S EEEEEy
_ _— freq. offset |2EIEE “‘ Hz " "a,
tpe £ v 2 paris. zero | Hz On Py ®
| —WsD 102 .‘:ﬂ 2110277 [0
fz#o |1,"9 paris. zero | Hz On] "3 4C5w> *

Cutput Phase Moise of Synthesizer

-F0 -

0r 7 b It PFD/DAC —— Detector Moise [
ank----+ AT FEETTTTEN — YCO Moise

— 5D Noise

: | — Total Moise 3

sop-dob iR L L L

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

e SRt aE = ELt

T ] S NG NG e

40 k---- et PRERHE D LAl PRGRIINEG L

R[=1] SR ER R

ST o] SRR C 5 ST 8 SIS S NN OO N EE: RS e $

_1?':' H H HE- HE-- H H - H H H ::
10* 10° 10° 10 10

Frequency Offset (Hz)

Resulting Plots 3Ad J#&r

" PolefZero Diagram
(" Step Fespanse

" Transter Functian
(¢ Maoige Plot

431 497 f=

rms jitter:

¢ Michael Perrott (hitp:/fasasa-mtl mit. edu/™ perrot)

-155 dBc/Hz at 20 MHz !
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Simulation of PFD/DAC Synthesizer using CppSim

' SUE2: wb_synth {schematic) --- C:/CppSim/Sue2/Suel ib/WBSynth_Examplefwb_synth.sue

wil
woh
squgneout —s=
——{ witd
zineout

freq=5a0.0e6 Hz
kwzo=1 Hzihw

rof lewvels in pfdfdac
H1 e, you mead
nit element cument
h yields 2dac_bits w1
z ywou technically, nead
iits to represent
lewels, we choosea

= dac_bits + 1

l:lLI‘lJ—

-y

pidout

w2

raf
diwv
won

noise_en

ichptot
whb_pfddac
residus

ichptiot

1 i atti—e— in
idad i =_and_h_clk
idae — shelk Fen_E_and_h=en_s_and_h

wid
warpos=1.26e-22

iz wameag=1.25e-22

oLt
wild

=347

1 o

tot

s -and-H-clk

num_dac_bits=dac_bits+1
ichp=fe-3
mismatch, en=mismatch_en
mm=stddew=mismatch_stddew
tdel_pfd_init=tdel_pfd_init
el_pfd_res=tdel_pfd_resid
d_reset=tdel_pfd_reset

=547

clk

outpint -bits=1

residy
wb_gd_middulator_bitwise
input bits=accurm_bits

in

wb_sample_and_h:-ldgh

wb_tristate_gated_noise

leadlagfitter, il7 _

win
ot —-=— in out — in
gain™1 + = ! 2%pi™fz 1)

=1 5 P 27pi"fp 00
fp=2.8eb Hz
fz=111el Hz
gain=1. 1e-9)
gain=k"71.342 10e6™5e-3)
{wheré K from PLL Design &&=t

refitter

fo=2 hef

will
wizh_with_noise

squareaut] —a-
ot —-s— vt
sineout, —

nioizeout], —

fo = 346529 Hz

bw = 210ef HzM
foffzét = 20ef Hz
roize gt _foffzet = -2

aut
Zineaut

freqaut

nh dBofHz

i
i
diw_aral

divider_jdeal

diy_wal

in

wt in ot
clk

wh-_dacdel

clk resjdie

\\\-u.ﬂb\_sd_mndulamr_b'rtwise

input bit==accum_bits
obtput bits=dac_bit=+1

DAL contral in

thiz aligns the divider and

dae: - control

time

" Phase noise plots to follow: 40e6 time steps, < 15 min




Intrinsic PLL Noise Performance

ref(t)

(= R/e\g

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

A

Reg|«H Divider |« *
AN

t A

*
fraclk] =0 Y

—»| 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
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Calculate Intrinsic PLL Noise Sources

" Estimate detector noise (dominated by charge pump)
= From SPICE Simulation, S, ,(f) = Duty*1.25e-22 A%/Hz
= Qutput-referred PLL noise due to above noise:

{1\ / \ 2 "
Scbout(f):(_) ( Nnom) ‘G(fﬂésfcp(f)

1 2 27'(' 2 2 29
= —71.3 G 0.2:1.25-10
(5-10—3) (1 ) G

== 10109(Ss, ,(f)) = —127|G(f)|? dBc/Hz

® Estimate VCO noise
= For off-chip VCO, examine data sheet:
= |nthis case, S = -155 dBc/Hz at 20 MHz offset

dvco

= For on-chip VCO, use Spectre RF or other CAD tool
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Calculate PLL Noise Due to Intrinsic Noise Sources

Dynamic Parameters paris. pole | 2566 Hz [on Noise Parameters

paris. Q| On

fo 1eb Hz
order o I - B
shape &« Butter  Bessel

" Chebyl © Cheby2  Elliptical

fipple | | db

ref. freq | hlek Hz

out freq. ‘|3‘E§% nEna,, Hz
. .—Q
Detegedt  [-127 oBoHz  [on
| ]
veoe,  [-155 JoBeHz  [on
v, i_‘_‘
freq. offzet TH!E‘ mm Hz

2, 5102, | D

paris. pole | Hz On

paris. O | On

paris. pole | Hz On

paris. pole | Hz On

type 1 o 2 pars. Zero | Hz On

f2f0 |1r’9 paris. zero | Hz

Resulting Plots and Jitter

Cutput Phase Moise of Synthesizer
HEEH Toorori:ii:iid RS

B rry

P DEHHEF P EEHEEf 1 i[— Detector Noise
SO TR R | — YCONaise ] J

" PolefZero Diagram " Transfer Function
" >tep Response f« MNoize Plot

-30 ~-~= rms jitter: |l

-10d ‘“ ‘ 'Michael Perratt (hitp:/fwwe-rtl mit e du/™ perrot)
SRLI] SEREE R R E RS S S b 1+ Eait Rt ol ol £ 5+

L(f) (dBcfHz)

" We will see that we
will need to include:

ggofee e SR b R N TG — Excess noise

PUEEEEH R IR IR . - 1/f noise

10 10 10 10 10
Frequency Offset (Hz)

-130 '---E---E_E_::::.
-140 : :
IRy MR




Simulated Phase Noise due to Intrinsic Noise Sources

sppsim simulated Phase Moise for Cell: wh_synth, Lib: YWESynth_Example, Sim: test_int_n.par

-30

-100

-110

126

-130%

L(f) (dBc/Hz)

-150

-16b0

-170

-180

" PLL Design Assistant accurately models simulated noise!

140 [ 7
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1 1 LI N N B O |

1 ) LI R N B A |
- - =-=-FA-rFrrei---
1 1 LI B B B |

Reference Spur

‘i -50 dBC at 50 MHz

fregfilt

_—— =L Lo L1l L Ll L l1lJJlL____
1 [ N 1 [ R

1 1 ] LI B )
T S S S T S
1 1 ] | I I B O |

D — .Dete.ctOE N.oigse; 0L
14 == VCO Noise

_______________

== Total Noise E E

1 1 1 1 ]
TS | rT-TTr-Tr-crTeTAATRTTT T
L 1 1 [ R B A |

Lalin Bin B |
[}

T bl
[ [
[ | (]
1 [ | [
1 1 [
______________ 4
| ' [
1 1 [ |
1 1 1
1 1 1 [ |
-=1l__1_1 i Qi
1 [}
1 [
1 [
1 1 1 [ |
1 11
I B B | AT
1 [}
1 [}
1 [
1 [
mmhm == =5 = =
1 [}
1 1 1 [ |
1 [
1 1 1 [ |
______________ g
1 [

IIII 1 1 IIIIIII
1 10

Frequency Oftzet fram Carrier (MHZ)

-54

-4

49

-54

-bd

-9

Spurs (dBc)

-109

-119

-128

-138
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2"d Order 2-A4 Fractional-N Performance

fraclk]
—>

ref(t)

—_—

>

> Loop

PFD/DAC Filter

C out(t)

div(t)
I |
o R/e\g R/e\g B

Divider |«

A

v 1 e
\V4

2nd order

2-A | residuelk] = 0

-l

" Replace accumulator with second order ¥-A modulator
" Setresidue into PFD/DAC equal to zero
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Calculate PLL Noise for 2"d Order 2-4 Synthesizer

L(f) (dBciHz)

Dynamic Parameters

fo 1eb
1
f« Butter

order w2 3

shape " Bessel

Hz

0" Chebyl ¢ Chebyd O Elliptical

ripple | |

ol
|1/9

tpe f« 2

fzffo

dB

paris. pole | 2.5e6

Hz Moise Parameters

[on

paris. Q|

paris. pole |

paris. L |

pars. pale |

parns. pale |

pars. zero |

pars. zero |

[9n] ref. freq | Bleb Hz
He  Hn] out freq. | 3.bed Hz
s E_: Cetector |—1E? dBc/Hz IE
W ol llvee s dBoHz  [on
N E ‘;mﬂ.ﬁfrse.t'f?ﬁg?.,. Hz

— fsD c1e2 ool [% n
Hz Onj 8 e >

 HsUlihig Plots and Jitter

: : HEERH : T
SRR SR P 1|7 5D Moise
- '"'""':’ HE "“1: 0T | — Detector Moise ]
Poopopiiiiis PLiits : i —— %CO Noise
BOp-o-dod- bbb b H R el Noise ]

30 fE-
150 }----

Output Phase Moise of Synthesizer

-]
R

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

] . =
----------
.

-----
[ T a2
" "

T PolefZera Diagram " Transfer Function

u " Step Responsze + Moise Flaot

rns jitter: [k

by Michael Ferrott (hitp:fessne-mitl mit edu!™ perrotf)

m 2nd grder X-A

= Click on 2"d order
S-D quantization

noise in tool

=170
10

Frequency Offset (Hz)
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Simulated Phase Noise of 2"d Order 2-4 Synthesizer

~ppSim Simulated Phase MNoise for Cell: wh S'_-,-'r‘l’[h sd2, Lib: WEIS';,»'nth E}{ample Sim: test par

—_— fre qT' It

[} 1 (] 1 [} ] | I N N O I | ] [} 1 [ IO B B B A
'—EI:I Erpliaaiie ealleBon! kadbod nite b ol ol ofl mi il oieatiallial chleilad siiod st hoalll site At 5 ol saifelioniall stfciiak dhodh diol ot M B Ik N leiioiiatinty e it icyFle Gl e B Fe | _—39
1 L] 1 1 1 ] 1 L I B B 1 1 1 L] LI I B B

: :
1 1
1 1
" :
" '
] 1 ] T 1 ]
1 1 I..I'."" g
1 1 l 1“1
1 ] 1 ] ] ] L LI | [ N B | 1 1 L I B B 1 1 1 L I B
_1|:||3. I N T NN D T TR T U L _I_LJ.J..LL___ 1 S TN TS O 1 IR AU RN [N SO __59
: | B | ] 1 _*“1. LI | ] L IR B I B B ) 1 ] 1 LI B B |
1 - I 1 ] | B [ |
1 1 1 IIIII 1 1 | lII||I
= : 1 i : : l llllll
: ] LI | ] : l llllll
f —12'3‘ . g I_ ﬂ-rr:':—:—--——:——-:r-—r—l— _____________ TTrTTr TN, T rvTTT T T _—?9 .-G-\'
(W]
rE; - (R I =
(N < '
e 1 : [ E
: =
o 1 R - SD Noise . i L 1
g 143 - -~ - - 4-- L L -1 — Detector Noise |} 1-99 A
/ 1 ] 1 1 [ I B B I | VCONO'Se
_ . ¢ 2 g | — Total Noise
: i : 1 :lll: : : : : ::III 1 1 1 1 TP 1 111 1 | I I B |
1 ] ] 1 LI B B ) ] 1 ] ] L I B B ] ] ] 1 ] L I I A 1 1 [ I |
ABR - I L e LB LRENNEE d 1119
: : - : Illll : : I llllll 1 : 1 1 l:l 1 1 1
1 ] 1 1 lllll ] ] l llllll
[} ] 1 1 :llllI : : l l llll! : 1 :: =
1 ] 1 1 | I B B B ] 1 1 | I I B |
1 ] ] 1 LI B B B ] ] 1 1 ] ] 1 ] LI I B B ) 1 ] ] 1 LI B B
_1BD ._.___I___I_._I_..J._L.Ll-l...l_........._.I.......I__L_l._LJ..LLL..__....L_..L_..L_!._.l..lJJ.L___._.I.._._.I.._J...L..I..l..l _._139
1 ] 1 1 [ I I B ) ] 1 ] ] L I B B ] ] ] 1 ] L I B B 1 ] 1 1 T 1

atl o piadenal v iEivi
0.1 1 10
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" PLL Design Assistant accurately models simulated noise!



7-bit PFD/DAC Synthesizer Performance

Delay mismatch ‘

vco_out(t) ref(t)
+ Charge
TycotA \% > PFD I Pump ¥ Sampler
>+ delayed | Timing Mismatoh a0 Loop
div(t) _ - 5| L
: . A Compensation and Filter
[: ] L div(t)y | Re-synchronization > PED |p|Charge f —
| l —> Pump N
1-8[k]I
Residue[k] 8[k] DA
—/»| DAC current
n+1 | Mismatch 2n | t
Shaping eooe elemen
mismatch

DAC current mismatch

Application of proposed noise scrambling/shaping
techniques leads to broadband noise from delay and
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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
O to At

= Calculation for At =5 ps:

1 .
S04 (F) = 7 ITNnomG(f)|° Sap, (e72771)

1 5 1272 (At)?
= [T NpomG
ST Naom GNP 2 2
(5ps)?

= (50 MHz)(71.3)2%(27)?

12
= 10109(Se, . (f)) = —107 |G(f)|? dBc/Hz
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Calculate PLL Noise for 7-bit PFD/DAC Synthesizer

L(f) (dBeiHz)

Dynamic Parameters

paris. pole

fo 1eb
order
shape

Hz

ripple |

type

| 25eb

Hz

paris. O |

Hz

~1 &2 3 paris. pole
¢ Butter ¢ Bessel paris. O |
0" Chebyl ¢ Chebyd O Elliptical paris. pole
| JE parns. pale
£ 1 v 2 parns. zera
|”9 paris. zero

fzffo

Cutput Phase Moise of Synthesizer

-B0

= ]

]
mnsmnshannn
"

o) SO

SRR REE SR T SRRl EEE TR T

aafEd

B0 ) SRS N B B

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

T RN

50 pe-- 4o -iHE

R I i L T
i 1| — S-DNoise
AL R TUTTYTTTE CTTTTiTTTT | — Detector Moise ]

Pl — VCOMNoise ||
: 1| — Total Noise

-

-170
10

Frequency Offset (Hz)

Hz
Hz
Hz
Hz

Moise Parameters

o

D00l ret. freq | 50ek Hz

[9n] out freq. | 3.bel Hz

o gununENEENE,,

— Dem::tl:ur |-107 o dBciHz IE
On i Cany I_
— . dBc/H 0
Or e n
— freq. offset | 20e6 -...HZ....
—d s 102 H.J [[1-217112)" |®
) ~ 345 .IIIIII--‘

Resulting Plots and Jitter

T PolefZera Diagram " Transfer Function
l‘"StepF’iespDnse + Moise Flaot

T

rms jitter:

2y Michael Ferratt thitp:fesnee-mitl. mit. edu/™ perrotf)

" PFD/DAC

= Adjust S-D Quant.
Noise

" Delay mismatch
= Adjust Detector noise
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Simulated PLL Phase Noise of 7-bit PFD/DAC

CppSim Simulated Phase Moise for Cell: wb_synth, Lib: WEBSynth_Example, Sim: test. par
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" PLL Design Assistant accurately models simulated noise!



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 2-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

Ahmnvin analveie
avuve adalialyolo

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

Scott Meninger

L)
Divider  mpo—
and ==
Fe-Timer S
Band Select m i
Divider .
[
-
FFOIDAC
Logic
Sample
and Hold
Logic

FFOVDALC

Thermom eter
Decode and
=hutfier

SRy =
=
o

i & &

Bias Generation and Distribution

" Implements

proposed 7-bit
PFD/DAC
structure

= 0.18u CMOS

= Circuit details
to be published
In the future

Funded by
MARCO C2S2

Op-amp
and

Zample Metwork

Fabricated by
National
Semiconductor
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Measured Phase Noise of Intrinsic Noise Sources

(_; \‘ EROFLEX | PN9000 Phase Noise Plot | Reva44z 10f22/02
|_ TEST SOLUTHING Moise Spectrum Analyser Spectrum Twpe L{fm) dBc/Hz

-60,0 -
-65.0

-F0.0
-75.0
-80.0

-85.0

90,0
-95.0 4 J”WW —
-100.0 JW\W

-105.0

-110.0
-115.0
-120.0

9,
2
-125.0 e R
-130.0 1T (T,
-1358.0 ..:""'f \
N

-140.0 — Datector Nojisa o
/ — NTO Bl \ ™
-145.0 — Total Noise N =

P

-150.0
-155.0 N
-160,0 "

P

-165.0 \ =

-170.0-4 L3 :
10k 100k, 1M 10M 100

" |C configured as integer-N synth for above measurement
= The detector noise calculation is way off!




Adjustment of Calculations to Fit Measured Result

r.C‘l EROFL_EX | PMNI000 Phase Moise Plot |  Rew4az wjeziz

TEST SCLUTIO Moise Spectrum Analyser Spectrum Tywpe L{Fm) dBcfHz

-60.0-
-65.0

-70.0
-72.0

600 1/f noise
-85.0 ,

-90.0 =t

-100.0 =

-10%.0

-110.0
-115.0
-1z0.0

-175.0 "
-130.0 ‘\"‘x
-155.0 R .

-140.0 &
-145.0

-150.0
-155.0 \
-160.0
-165.0

5

-170.0 -k A ,
10k 100k, 1M 100 100M

® Calculated noise above assumes:
= Detector noise is -103 dBc/Hz at low freq



Measured Phase Noise of 2"d order 2-4 Synthesizer

f{-:\ERC)FLE X | PN9000 Phase Moise Plot |  Rewaaz 10/zzinz
. |_ TEST SOLUTIONS Moise Speckrum analyser Spectrum Tvpe L{Fm) dBcfHz
-65.0
ko PC Power suppl
_?SID ) p p y
0.0 d coupling
-85.0 N'L» 7 —-
- iy |
o0,0 g
95,0
-100.0 e
T -

-105.0
-110.0 i \
P N

-115.0 P \
-120.0 =
-125.0 - ,.--""":-— [ '\\
-130.0 sal \‘\ h\
"] [
-135.0 - — - -
i L] — 5D Noise e ‘\\
= ] —— Detector Mojse T~
: o
145.0 P — WSO Noise L[

E —— Tatal Naoise
-150.0 \"\“*‘\M
-1585.0 NS
-160.0 s

\ %’ﬁ:""
-165.0 q || ﬁ
-170.0-} N I

1
10k 100k 1M 10m 100ar

® Calculations match measured results reasonably well
= Note: Sampler is active for this measurement



Measured Phase Noise of 7-bit PFD/DAC Synthesizer

rﬂgg@_ﬁyzx

PM2000 Phase Moise Plot

| Rewads wjeziz

Moise Spectrum Analyser

Spectrum Twpe L{Fm) dBcfHz

-60.0 -

-65.0

-70.0

-75.0

In PLL Design Asst:

-50.0

adjusted detector noise

-§5.0

to -99 dBc/Hz to match

-90.0

-95.0

-100.0

Ny ’this measured noise plot

-105.0

-110.0

-115.0

—_— S0 M Dise
— Detector Noisse
—_— O PO e
— Total Moize

= Corresponds to delay

mismatch of At =12 ps

-120.0

s

-125.0

i

-130.0
-135.0

-140.0 -

-152 dBc/Hz

-145.0
-150.0

/

at 20 MHz!

il

-155.0

-160.0

N
< Y% TR

-165.0
-170.0-

Fs

NN B

10k

100k,

1M

i
10m 100

® Calculations match measured results reasonably well
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Comparison of Measured 2" Order 2-4to PFD/DAC

mEROF EX | PNI000 Phase Moise Plot | Revaas 1ozzuz
. |
TEST SOLUTIONS

Moise Spectrum Analyser Spectrum Type L{Fm) dBcfHz

-60.0 -

-65.0

-F0.0

-2

-50.0
-85.0

-90.0

-95.0

=
L ==

bl . .j_ AT i
J _ W“ ﬁ’ S l”ﬁﬁ%alhja . ""*.M /

-100.0

-105.0

-110.0

-115.0

Suppression Plot

-120.0

-125.0

-130.0

-135.0

PFD/DAC Synth

-140.0

W% Noise Improvement Using the PFD/DAC (3.565GHz)
30 T T
|

25

-145.0

-150.0

F

N
o
T

-155.0

ente (as)

If
i
/m/
T

-1a0.0

-165.0

-170.0-

=
o
T

10k 100k 1M 10m

Measured 7-bit PFD/DAC
guantization noise suppression
IS better than 25 dB!

Phase Noise virrel
3
T

o

Offset Freq From Carrier (Hz)

10* 10° 10° 10’ 10°
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Comparison of Measured Integer-N to PFD/DAC

mERCIFLE}( | PN9000 Phase MNoise Plot | Rew 443z 10/22/02
-
|_ TEST SOLUTHONG

Moise Spectrum Analyser Speckrum Type LiFm) dBcfHz

-60.0 -
-65.0

-70.0
-75.0
-50.0

-85.0-—
-90.0

-95.0
-100.0
-105.0

-110.0
-115.0
-120.0

-125.0
-130.0
-135.0

-140.0
-145.0 —— ]

-150.0 Pt
-155.0 0
-160.0

-165.0

170,04 )
10k 100k 1M 10M 100M

" 7-bit PFD/DAC approach is within 5 dB of intrinsic
noise performance of PLL
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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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A Highly Digital Implementation of a GMSK Transmitter

Reference 3.6 GHz, 1 MHz BW, 7-bit PFD/DAC Synthesizer Band Select

4 refit) Y ( )
50 MHz > L . .
{ 5| PFDIDAC [ Filter *@* M2 {2 N | out)
div(t) 0
I A \ | ’
TR9[**Re9[ %y Divider |« 1| 1.8 GHz/900 MHz
Digital I 3 7Y
GMSK Aceum M M
Modulator . ; residue[k] = £[k] — L—"1~ )

Carrier Frequency

" A fractional-N frequency synthesizer provides highly
accurate phase/frequency modulation capability
= Multiple carrier frequencies easily achieved with digital
frequency division
= N-bit PFD/DAC extends achievable data rate for a given
noise performance (at higher frequency offsets)
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GMSK Eye Diagrams at 271 kbit/s (~900 MHz Carrier)

sim Simulated Eve Diagrams for Cell: wh_synth_overall_system, Lib: WBSynth_Example, Sim: t

" Measured
= HP 89441 Vec. Analyzer

Stoarts -2 Sy

TRACE B: Ch1 MSK1 Meos

Time (microseconds)

" CppSim simulation
= 100e6 points: <44 min

Close agreement between simulated and measured results!
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GMSK Spectra Plots at 271 kbit/s (~900 MHz Carrier)

;imulated hModulated PLL Spectrum for Cell: wb_synth_overall_system, Lib: WEBZynth_Example, !
o [ e " Measured

' : : : : ' = HP 8563E
Spectrum Analyzer

ATTEMN 1BdB UALG 4
FL HdBm 1Ad B~

Saill

-0

-100

apectrum (dBc/Hz)

-120

-140
| | | | | | | ,,.r-"'”ﬂﬂ mm
Frequency Offset from Carner (MHz)
. . . CEMTER £91. 25@MH=z SPAM 4 BEBEMH=z
. CppSIm simulation ¥REW 30k Hz ¥UBW 1@0Hz SWP 3. 40sec

= 100e6 points: <44 min



GMSK Eye Diagrams at 500 kbit/s (~900 MHz Carrier)

sim simulated Eye Diagrams for Cell: wb_synth_overall_system, Lib: WBSynth_Example, Sim: t

" Measured
= HP 89441 Vec. Analyzer

TEACE A: Chil M3K1 Meas Time

0 1 2 3 4 5 B 7
Time {microseconds)

" CppSim simulation
= 100e6 points: <44 min
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GMSK Spectra Plots at 500 kbit/s (~900 MHz Carrier)

simulated Modulated PLL Spectrum for Cell: wh_synth_owerall_system, Lib: YWBSynth_Example,
] 1 1 ] I

— fregfilt

spectrum (dBc/Hz)

-a00
nalll
-71
-0
-4

-100

-120

-130

-140

Frequency Offset from Carrier (MHzZ)

CppSim simulation
= 100e6 points: <44 min

" Measured

= HP 8563E
Spectrum Analyzer

ATTEN 1B@dBE VALG 4
FL @dBm 1Ad B~

,u-’!“ﬂf HH“M\.\
.-u-"'"f *--.._1__‘
'-_-""__.rr"' "‘-q,““
CEMTER 891. 258MH= SFAM 5. BEAMH=z
¥FBl 30k H=z ¥LBL 18EAH=z SWP 4. Z8=zec
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GMSK Eye Diagrams at 1 Mbit/s (~900 MHz Carrier)

sim Simulated Eye Diagrams for Cell: wh_synth_owerall_system, Lib: WBSynth_Example, Sim: t

" Measured
= HP 89441 Vec. Analyzer

TRACE A: Ch1 H3K1 Meos Time

Time (microseconds)

" CppSim simulation
= 100e6 points: <44 min
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GMSK Spectra Plots at 1 Mbit/s (~900 MHz Carrier)

simulated Modulated PLL Spectrum for Cell: wh_synth_overall_systemn, Lib: WEBSynth_Example, !

apectrum (dBc/Hz)

-40

Sall

-80

-100

-140

-160
-5

|
— freqfilt

Freguency Offset fram Carrier (MHz)

" CppSim simulation

= 100e6 points: <44 min

® Measured

= HP 8563E
Spectrum Analyzer
ATTEM 18dEBE AU G 4
FL BdEm 18dE-
e /
/f N
._..-w-'*""'ﬂﬁf EMM
CEMTERE 891. Z25MH=z SPAMN 1B, BEMH=z
¥FBM 2EkH=z #¥UUBL 180EH=z SWF 2. d4@=ac
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GMSK Measured Data at ~1.8 GHz Carrier Frequency

Meas Tine

ATTEM 1@dB UVAUG 5
RL BEdBEm 16d B~

SPAM 4. BEBEMH=z
SWFP 3. 4B8sec

CENTER 1.78250BGHz
¥REBW 38kHz ¥UBW 1B@AHz

271 kbit/s

A: Chil MSK1 Meoas Tine

ATTEN 18dB UALG 5
EL BdBm 1BdBs

SPAM 5. Ba8MH=z
SWP 4. ZB@=zac

CEMTER 1.7B2508GH=z
¥RBW 38k Hz ¥UBMW 10E8Hz

500 kbit/s

Meas Tine

ATTEM 18dB
EL 8dBm 1@8d B~

UAUG 4

‘f‘w‘ “ﬂwﬁ‘“‘MﬁM

CENTER 1. 78258GH=z
¥RBMW 3BkHz ¥UBW 18@Hz

SPAM 18. B8MH=z
SWF 2. 40=zec

1 Mbit/s
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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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