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A Typical Integer-N PLL

fVco = Nfref
-

Reference
Oscillator I
Vie()
ref( Phase/ > |
Frequency —— VCO
f ——»{ Detector > .
ref iep(1) R
I Ci—
“T
Charge Pump Loop Filter
<~ N =
vdiv(t) -< T
ref '
Vryef
Vdiv
icp 7/

3/

Discrete feedback pulses' = unstable unless PLL BW <, /10
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Integer-/NV PLL Limitations

Phase/ [—»
Charge .
Frequency Pum —» Loop Filter —>
Reference [ Detector ™ P

Oscillator

*N |

Have fundamental resolution/bandwidth/noise tradeoff
Lower f,,.(larger N) for a given f,
= finer tuning resolution
= lower bandwidth (slower settling)
= larger VCO noise contribution

= larger in-band divider, reference, and charge pump
noise contributions
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Integer-/NV PLL Limitations

Example: Bluetooth channel frequencies from a 19.68 MHz crystal

Jrer =40 kHz frco =2.402 GHz
g +k MHZE
>G +492 —— Phase/ o) cpaoe Loop
Freq. —> A
|:| | —> Detector —>| Pump Filter
I

19.68 MHz

2 60050 +25 k |-

Problem: Must design loop bandwidth to be less than 4 kHz!

— Can’t meet the 200 ps settling requirement
— Can’t meet the Bluetooth phase noise requirements
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A Bad Fractional-N PLL
Example Revisited (k=1 case):

> Phase/ | Charge Loop
Freq. — L -
D }_ Detector —> Fump Filter frco=2.403 GHz

on average
19.68 MHz (‘ ( ge)
< 122 + y|n] |«
V
»| Shift Register with 51 T
ones and 441 zeros y[n]

Idea: Periodically switch divider modulus between 122 and 123 so
the average modulus 1s 122 + 51/492
— Have desired VCO frequency (at least on average)

— Loop bandwidth can be up to almost 2 MHz
= Periodic switching causes large spurious tones at multiples

of 40 kHz
= At low frequencies the tones see little loop suppression
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Observations From These Fractional-/V PLLs

Jro—*

Phase/
Freq.
Detector

Charge Loop
Pump Filter

— > _/;)co

<~ N+y[n] |«

?

* y[n] must be integer-valued with a sample-rate of fref

e The PLL lowpass filters y[n] measured at the VCO 1nput, so
Jvco = (N + lowpass filtered version of y[n]) - £,

Conclusion: Would like (y[n] — 51/492) to be zero-mean with most
of its power outside the PLL’s bandwidth
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A Good Fractional-N PLL**

Example Revisited (k=1 case):

> l;‘l:ii]e/ — > Charge
|:||7 Detector —> FPump

19.68 MHz

Loop
Filter

—>
freo=2.403 GHz

2 122 +y|n] |

V
—51/492 —p| Digital AX
¢ Modulator

-
-
0

.....

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

.

—"'

Idea: Use a digital AX modulator to quantize o such that the
quantization noise 1s zero-mean and has most of its power outside

the PLL bandwidth. Then

Jrco=122+a) - £,

= Have precise frequency control without excessive phase noise

= Can also modulate VCO by changing a each reference period
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Quantizer Example

There are many types of AX modulators, but most involve feedback
around uniform quantizers.

. . N y

Example: a 9-level uniform quantizer Al

3__

24

9-Level

y————— T —— 14
Quantizer .
45-35-25-1.5 | |05 1.5 25 3545

] N

34

44

eq_y_r /\eq=y—r
r ¥y 0.5 r
0.5 ’
<—"No-overload range" —»
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Quantizer Example

Such quantizers alone do not have well-behaved quantization noise:

48 kHz sinusoid plus white
noise (SNR = 100 dB) ——»
sampled at 48 MHz

9-level Lowpass Filter
Quantizer (BW =500 kHz)

2 |
Ao J_’_\_L\_\_I_IJ_I_\_“\_\_IJ
N ]
0 500 1000 1500 2000
sample
| 21 ]
EoWpPasS Biktes A0
Bandyyidth [ |
10* 0 10° 107 0 500 1000 1500 2000
Hz sample

In the 0-500 kHz band, the SNDR 1s only 14 dB
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AX Modulator Example’

A second-order AX modulator using the same 9-level uniform
quantizer:

x[n] 9-Level yln]
{ Delay { Delay > Quantizer[ T 7 >
AN /|\ Y
fs| 2 Js

Can show:

yin]=x[n=-2] + e [n]-2¢[n—1]+e [n—2]

'

AY. Modulator Quantization Noise (call it e,s [72])

Idea: The quantization noise, e [#], 1s subjected to two zero-
frequency zeros whereas the signal is just delayed

= Quantization noise power 1s mostly at high frequencies
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AX Modulator Example

Unlike the quantizer alone, the AX modulator has well-behaved
quantization noise:

48 kHz sinusoid plus white Second-Order Lowpass Filter
noise (SNR = 100 dB) ™| AX Modulator ™ (BW = 500 kHz) >
sampled at 48 MHz

0 500 1000 1500 2000
sample
20 |
A0 /\/\/
DI ]
~160E o 00 10° 107 0 500 1000 1500 2000
Hz sample

In the 0-500 kHz band, the SNDR 1s 84 dB with no spurious tones!
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The AX Modulator Example in a Fractional-N PLL

Example 1 Revisited (k=1 case):

i

19.68 MHz

51/492

So——

Phase/ |,
Freq.
Detector —™

Charge
Pump

Loop

Filter

c,,= 2.403 GHz
—>

(0,27}
pseudo-random
bit sequence

< 122 + y[n]

2nd-Order
Digital AX
Modulator

___4

yin] =

{_19 09 19 2}

B dither

dBc/Hz

-60f

-801

-1601-

-180—

PLL Phase Noise from AX Only

-100-. Lol

a40f

5

10

6 7 8

PLL phase noise from the AX modulator meets the Bluetooth local
oscillator requirements for the 50 (but not 500) kHz BW case
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AX Modulator Limitations

The AX quantization noise must go somewhere—ideally, above
the PLL bandwidth (up to f,,,/2)

—> Phase noise spec places limit on PLL bandwidth

Increasing the AX modulator order® puts more of the quantization
noise above the PLL bandwidth, but the PLL has limited filtering
capabilities

— Higher than 3"-order AX modulation rarely used

Must use dither, e.g., 1-bit pseudo-random LSB dither’-3, to
eliminate spurious tones in y[n]

AX modulators with 1-bit quantization are rarely used because
they require max {x[n]|} — min{x[n]} < | which limits the
achievable output frequencies, and dithering does not eliminate
spurious tones
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Contributors to the PLL’s Phase Noise

Vre(f) ——>

—

Phase/ [,

Freq.

Detector ™

Vai(?)

Charge
Pump

icp(t)

_y Vetrl (t )

_> vvco(t)
R
é Cl ;

G

T L

L(;op Filte;

The PLL’s phase noise, 0,,,(¢), depends on:

0,.(1) = reference oscillator phase noise,
0,c0(t) = VCO phase noise,

0,.(t) = divider phase noise,

0 ,rp(1) = PFD phase noise,
i (1) = charge pump and loop filter noise (referred to the loop

filter input), and
e s[n] = AX modulator quantization noise (Slide 12)
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“Linearized” Fractional-N PLL Model’

> Vctrl(t)
L

Oppp (1) i,(1) HVCO(t)
(t) QPLL 4
»é »é o zis) [ »é}a "
S
1
N+« |
| - _—1-
olt—nT , )
‘9di|v(l‘ ) -1 "Z; ( ref) £z (1) Q{b\o
27 ey [n]—> 1f2_1 X X&Qﬁ\ge
\% S
wherez, . (s) = —<— (5)
Lep (s) i?)
cp R
| 1+ sRC, - ==
C+C s[1+sRC,C, /(C, +C,)] T L
Loop Filter

and K-, = VCO gain (Hz/V)
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Fractional-/NV and Integer-/N PLL Model Differences

Oppp (1) £,(1) 0,co(t)

Href (t) »é Il: % ZLF(S) . 27Z'KVCO % _HiLL (t)
A)

NG

0, (1)

Shaded region is the only difference between fractional-N and
integer-N PLL linearized models

Usually, N >> a, so fractional-N PLLs have the same loop equations
and noise transfer functions (except for AX quantization noise) as
integer-N PLLs
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AY. Modulator Quantization Noise Path
Opep (2) () Orco(t)
% 0
(t) »é »é o ZLF(S) >27T[<VCO _iLL(t)
s
|
N +a
|
T
| 2 _Q
| > 8(t-nT,)
0, (1) 771 n:_oo £xs()
27w e [n]— — X

The PSD of ¢,,(7) for an L™"-order

AX. modulator:
2(L-1)
{2 sm( H

2

12f,.,

nf
Jrer

(f)=

5Az

\/-PLL Bandwidth
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A Secondary Effect of the AX Modulator

QPFD (t) l.n (t) QVCO (t)
T

%\/ Op,, (2
> 24(s) _ 27K, T (2)

I
|
t nT
ediv (t) Z_l
2w e |n]—

Fractional-N PLL charge pump pulses are wider than integer-NV
charge pump pulses by | | .
D penslk]

1
2

Jrco
which has a variance of 1/(6f,,?) or 1/(2f,-,*) for a AX modulator

order of 2 or 3, respectively

—> This increases the effect of charge pump noise on 6,,,()
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Fractional-/NV PLL Design Example

Local oscillator PLL for a direct conversion Bluetooth receiver:

Requirements:

* Crystal frequency: 19.68 MHz (other crystals are easier)

* PLL output frequencies: f,,=2.402 GHz+ kMHz, k=0, ..., 78
* Loop bandwidth: Jfew> 40 kHz

* Phase margin: PM > 60°

 Total PLL phase noise: <-120 dBc/Hz at >3 MHz from f,,

Assume:

Reference source, VCO, divider, PFD and charge pump have been
designed and meet noise specifications provided the AX modulator
and loop filter each contribute < -130 dBc/Hz at 3 MHz from f,,

Design Tasks:

e Choose AX modulator and frequency plan
* Choose loop filter component values
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Fractional-/NV PLL Design Example

Assume a 2nd-order AX modulator 1s sufficient (will verify later):

freo = 2.402 GHz

>O > l;l;aeile/ — | Charge | | Loop + k MHz
il — | Detector —>| Pump Filter
|

19.68 MHz

m

<~ N+y[n] =

2nd-Order (2-bit quantizer in AX
m/492 Digital A _* modulator, 4-modulus
Modulator | ylr]l=1{-1,0,1,2}  divider)

{0, 27"} LSB dither

Frequency Plan:

e Togethk=0,1,...,0rl8: set N=122, m=k25 + 26

e Togethk=19,21,...,0r38: setN=123, m=(k—19)25+9
e Togethk=39,41,...,0r57: setN=124, m =(k—39)25+ 17
e Togeth=258,60,...,0r78: setN=125 m = (k—58)25
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Fractional-/NV PLL Design Example

Relevant loop equations: (derived from linearized model!®)

PM—tanl( j where b:g+1
2\b C,
;o _IKigoR b=l
22N b
RC, = Vb
27 f o
o [ 4
Sy, ()., =10-log YD Gin2| 2L (fwj dBc/Hz,
oy 3 ref i ﬁ’ef _ f
valid for f > ¢ +G
27RC,C,
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Fractional-/NV PLL Design Example

Calculations: (for K-, = 200 MHz/V, I =200 pA)
1) Choose b =15 in PM equation to get PM = 62°
2) Solve S, (3-10°Hz)| =130 dBe/Hz to get fy, =44 kHz

AY only

QPLL

3) Use the f;, equation to get R =915 Q
4) Use the RC, and b equations to get C, = 153 nFand C, = 1.1 nF

Phase Noise:

-60 : : -
—— "Exact" simulation
80 - v Linearized Model

T -

dBc / Hz
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Reference Spurs and Fractional Spurs

Vielt) ——> Phase/ o) 000 Loop
(f ) Freq. 3 vvc0(t)
ref —> Detector —>| Pump Filter (freo)

Vair(%)

<~ N+tyln] |«

LSB dither
| \/ A

é Digital AZ |
a Modulator y[n]

PLL phase noise always contains spurious tones (“spurs”):

» Have reference spurs at multiples of f, - (like integer-N PLLs)

» Have fractional spurs at multiples of af,.r modulo .
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Fractional Spur Overview

Example
o Phasel |+l Cparee Loo frco=2.413 GHz
Freq. S — oop — >
|:| | —> Detector —> Fump Filter
I
12 MHz
< 201 + y|n] |«
LSB dither

V
112 — é | Digital AX |
&= Modulator

— fractional spurs at multiples of af, .= 1 MHz

In general, a PLL lowpass filters most fractional spurs
» Effective only for spurs above PLL bandwidth
» Spurs within PLL bandwidth are unfiltered (typ. > —60dBc)

—> design restrictions on a, f,,., and the PLL bandwidth
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Overview of Fractional Spur Mechanisms

Vegf(f) ——>{ Phase/ ) cpapoe
Freq.
—> Detector —>| Fump

Vain(Z)

Loop
Filter

LSB dither

<~ N+yln] =

o

V
Digital A~
Modulator

f

Mechanism 1:

yin]

Recall: fyco = (N+a)f,er

Nonlinear coupling ot v, (7) and v, .,(?) (o1 v, (7))
e.g., [Nth harmonic m v, ()]*v,. (1) = of,,, spur

Mechanism 2:

Nonlinear distortion of AX quantization noise by non-ideal
analog circuits (little known because same spur frequencies as
Mechanism 1)
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Fractional Spur Mechanism 1

* Parasitic coupling of v, (¢) and v, .,(?) (or v, (1)) cause fractional

SpUrs

» The greatest opportunities for such coupling occur in the PFD and
CP because they process signals aligned to v, () and v, (7):

V() ———> Phase/ |,

Charge

Loop

Freq.
(frer) loeecd |l pump Filter

Detector

Vair(%)

LSB dither

<~ N+ty[n] =

_> vvco(t)
(fvco)

e

V
Digital AX
Modulator

yin]
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Fractional Spur Mechanism 1

Power supplies to the PFD and CP are the main coupling paths

Example: Vop

bond wire

Via (1)
5 PED ’\/\J\ﬂ”"
o) > . Via (1)
. f
[ Reset ] Vre]( )

T o V1)

Vdiv(t )

* The v, (7) edge causes ringing through the V', bond wire

* If ringing persists to the next v (7) edge, the bottom flip-flop
output 1s affected by v, (7) as well as v, (7)

= nonlinear coupling ot v, () and v, (7)
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Solution: Offset Current to Separate PFD Edges'’

PFD Charge Pump| (Offset Current
D
Vryef 7 ! 156
” Reset > /
{— ‘ — Li. To loop filter
Vdiv | Reset > Lep - _ >
1 1 | 8Tyco )
D 0 %) I
— | diagram
V 1A% .
fl_/ &trlggered
* Dumps fixed charge lop / \\\\\\\\ on Vi
into loop filter each T r e | )

* This separates edges of v, ,and v,
= V', ringing has time to die out

e Similar to method presented in [10]
e But current source mismatches cause big reference spur!
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A Simple Method to Reduce the Reference Spur

Can use a sampled loop filter to reduce the reference spur (and
improve AX noise cancellation — details later)!!-14

Example: !’
I V2
lm(t) sw ) _ }
Vctrl(t) I ]
nCi—— Ci—=— | -
e - T
1 1% L S R
_ —_ —_ _ 1%
Sampled Loop Filter

» Switch 1s open only when i, # 0 (e.g., 25 ns per reference period)
—> no reference spur from current source mismatches

 Charge 1njection is impulsive so it sees R = open circuit and 1s
well-cancelled by the half-size dummy switches
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Fractional Spur Mechanism 2

Nonlinearities come from the analog circuits:

==
- ~
o ~ o=
——
'~

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

“running sum of eq[n]’J

Vi) — Phase/ Charge Loop
(fref) LIRS Pum " Filter > Vieol?)
! —> Detector [ P freo)

Vair(Z)

<~ N+y[n] |«

LSB dither

V
I é | Digital AX |
* Modulator | y[nr] =a +e¢,|n]

[f the nonlinearity applied to e [#] or its running sum causes spurs,
then the PLL’s output signal contains spurs

©2010 IEEE International Solid-State Circuits Conference ©2010 IEEE



Fractional Spur Mechanism 2

Example: Effect of second-order distortion:

2nd-Order

0.002 Digital AX
Modulator

LSB Dither

— ()

* Similar results occur with other types of non-linear distortion

* Similar results occur regardless of the type of AX modulator and
dither used

— The AX modulator 1s the root cause of the problem!
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Plausibility Demonstration of Mechanism 2

Q: How can nonlinear distortion create spurs from a “spur-free”
sequence?

A: The following example gives a simple plausibility demonstration

., 21,0,£1,0,41,0,£1,0,... = ()* > ...,1,0,1,0,1,0,1,0,...
white noise offset +]V‘S/ 2 spur

The randomness 1s sufficient to ensure that the imnput 1s spur-free, but
1t 1s insufficient to ensure that 1ts square 1s spur-free.
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Details of Mechanism 2

2"-Order AZ Modulator
round to | | y[n]
a-»%—)— D Q D Q1™ nearest >
- i) - s integer
d[n] clk clk
periodic ]
1l SEQUENCES rrrrmrmme e

roundto| Yy T
» nearest i -y [1]

integer

Where<x> = fractional part of x, and LxJ =X— <x>

Each periodic sequence has spurs. Randomness from the dither
prevents spurs in y[#n], but not in y*[n] for k> 1

— must minimize analog circuit nonlinearity

©2010 IEEE International Solid-State Circuits Conference ©2010 IEEE



Nonlinearity: Modulus-Dependent Divider Delays

Vye(f) ———>

Phase/ |,

Charge

Freq. —

—> Detector —> Pump in® | &
G —— vctrl(t)
G
[

Vi) Loop Filter

+ N+yln] <

yln] I

—» Vyeo (t)

Problem: Modulus-dependent divider delays, 1.e., error in v, () that
depends upon y[n], can be a major source of nonlinearity

Solution: Resynchronize divider output to nearest VCO edge or at
least a higher-frequency edge within divider >
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Nonlinearity: Charge Pump Dead Zone

The “obvious” way to control the charge pump leads to a “dead
zone” which causes nonlinearity:

Vyel)
@ 1 Va’z'v(t ) —

_ 7/ U [
U270 den(t) D
b/ L N B ) R e I
* Charge 1n icp(?) pulse
1
Actual vs A
L dealion —o —ldeal /2
— ulses: __¥ l —
P ,. difference
V__ l between v, A7)
_f—tr_ and vi,(9)
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Nonlinearity: Charge Pump Dead Zone

Observation: The charge in the i ,(¢) pulse changes linearly with
the phase difference between v, (7) and v, (¢) provided the current
sources are on long enough to fully settle

Example Charge in icp(?) pulse
+ . icp(?) pulses A
i when D=0
v/ icp(?)
> —/1/-— Phase diff
D/ _/1/_ » between Vv, A7)
- and v;,(7)
( ) [ o
+ _ﬂ,. --------- Ideal
L flvr —— Actual
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Charge Pump Dead Zone Nonlinearity Solution!®

Ideally, i () = 0 when both CP current sources are on, so for each
i-p(?) pulse, turn both on long enough to settle (at least 7)), with the
i-p(?) pulse formed by their difference:

I
@ ‘v’re](»f) |

ivt
U7, ienlt) V(1) _
e U _
D/ D
1o LB (T B B
* 1 —> <=
; B > <D

This eliminates the dead zone, but increases CP noise and
mismatches cause a periodic ripple which adds to the reference spur
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Charge Pump Dead Zone Nonlinearity Solution!®

PFD Details: PFD CP
D 0 < + > 7
re t
Vrefl) g Reset U >
Ty | >icp(f)
e > Resel
P 0 (V1
0 to reset delay = T ——
Vret)
Vdiv(t)
U
D
Ideal ip(f) --rrememmmred frroporremem e e
—P 47 5
P —» <D
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Nonlinearity: Positive-Negative CP Mismatch

Nonlinearity arises from mismatched positive and negative currents:

Charge 1n icp(f) pulse
<- ) A
+ 1, CP+

CP
— > Phase diff
> between v, ()
and v,;,(7)

D/
@ ler-

The slope discontinuity implies nonlinear behavior

©2010 IEEE International Solid-State Circuits Conference ©2010 IEEE



Nonlinearity: Positive-Negative CP Mismatch

Q: What’s so hard about matching current sources?

A: The voltages across the p and »n current sources do not track and
they span a wide range depending on the PLL frequency

lcp+ + VDD o Vctrl(t)

5 @
D/
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Nonlinearity: Positive-Negative CP Mismatch

ln = T Tntl — Il
| — -« —> -«
* [CP+ vref(l)
Vdiv(t) _
v/ icp(?) U -
D
D/ [CP+; +ICP+_]CP— +
icp(f) 7
* lep- —» - + CP-
TD TD

+—><—

(The T, delay 1s to eliminate the dead zone as described previously)
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Nonlinearity: Positive-Negative CP Mismatch

A closer look at typical charge pump pulses:

Ideal Nonlinear Constant
Part Error Offset Error

Positive
CP Pulse

A\

“EONNN

=T, ItHf;I
, = .+ Il
7 T 7
% CPulse % u
%ﬂ %/ A@fob\em\
Total Charge s to be L
%gtn —7,)(Lcp. +]CP—2+ ltn 4 (]CP+ i]cp—j + const

o /

Desired Term TV
Nonlinear Term
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Positive-Negative CP Mismatch Solutions

Solution 1: Increase output impedance of charge pump current
sources (but this requires headroom)

Solution 2: Actively balance the charge pump current sources
using replica bias and an op-amp feedback circuits!'’ (works well
for narrow-band PLLs, but increases settling time)

Solution 3: Modify PFD and charge pump so good matching is
only required between like current sources'®

Solution 4: Use a charge pump offset (Slide 32) so only one

charge pump current source carries phase information, and use a
sampled loop filter (Slide 33) to avoid a large reference spur!?
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A Fundamental Fractional-N PLL Tradeoff

()

Reference
Oscillator

frequency: f.r

PFD and| ‘o()
Charge — » VCO
» Pump
R
Ci —— Vctrl(t)
G
L 1
Loop Filter
e N+yln] [«

.. but 1t also:

* reduces PLL settling time
* reduces sensitivity to VCO pulling _(,

N
Digital AX
Modulator

frequency:
(N + a) fref

Tradeoff: Widening the PLL bandwidth
greatly increases phase noise...

—-60

PLL Phase N01se from AX Only
~ | HH|BW 500kHz|

* enables an on-chip loop filter

* enables in-loop transmit modulation
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Idea Behind AX Phase Noise Cancellation

PFD and| ‘() AZ Quantization
Charge | — coo Noise

Reference [—| Pump )
Oscillator R e
Cl —T Vctrl(t)
PLL

G
r — Noise

L(;op Filte;

< N+tyln] a————ecee

4

~ \ « Each CP pulse is mostly AZ
Digital AZ at '
—| pisifal A% yln] quantization noise
Digital Logic e But the AYX quantization noise
1s known, so 1t can be cancelled
with a DAC
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A AY Phase Noise Canceling Fractional-N PLL

Use a wide PLL bandwidth but cancel the AX quantization noise
prior to the loop filter 10 12-14, 18-19

@—»PFD and i (1)
Charge — .
Reference — Pump ?

C, =

Oscillator
— Vctrl(t )

Current
DAC

L L
Loop Filter
<~ N+yln] < (
il A
Jmoaln] Digital AZ y[n]
Modulator ~
» zZ
. 1 > 5
a + LSB dither —ens[n] -z | —egln]
Digital Logic
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AY. Phase Noise Cancellation

Q‘ /iD 4D Residual AZ noise in v,,(7):
_A
iy ‘ v

@—»PFD and ip(?)
Charge — VCO f—
frequency:
1 (N+@) frer
€ —— Vclrl(t)

Reference » Pump
Oscillator
frequency: f,.r
G
L 1
Loop Filter
<~ N+yln] < [‘
A
voe — Digital A~ y[n]
™ Modulator »é -
- z
+ > -
—exs[n] 1-z! —ep[n]
Digital Logic

The DAC cancels most of the AX quantization noise prior to
loop filter so PLL bandwidth need not be small
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Effect of DAC Gain Error

i M
R
% G =< >vm1(t)

“T

ipl(1)
5

N
.

T ipac(?)

Ipacd) —

L(;Op Filte;

Residual AX noise in v, (7) —A#

 DAC gain error degrades the phase noise cancellation

* Passive matching is sufficient in many cases when f, 1s large
enough (e.g., > 35 MHz)

* Each halving of f, rincreases the phase noise from DAC gain
error by 6(L—") dB (L = AX order)'

» Adaptive gain calibration can be used for low f, . cases'
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Outline

 Summary of Integer-N PLL Limitations

* The Idea Behind Fractional-N PLLs
 Delta-Sigma Modulation Overview
 Fractional-N PLL Dynamics

e Spurious Tones in Fractional-N PLLs
 Fractional-N PLL Bandwidth Enhancement

« 1C Implementation Examples (bonus slides: not presented)
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A Direct Method of Adaptive Calibration?’

i

TiDAC(t)

A Sign-LMS algorithm adjusts A/

bias

until DAC gain 1s correct

* Term proportional to e, [n] remains in v, if DAC cancellation 1s

not perfect

ctr

* Since sgnie [n]}*e[n] = |e.[n]|, integrator ramps up or down
until A/, . 1s adjusted properly
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What’s the Catch?

igp(1)
R

r.’ U URUUNIRUR
11% G = | | Veui(t) I ‘ w >f

1

TiDAC(t)

201 pSD of
 sgn{e.,[n]}

m 0
iS
—20 ]
: —40 . : :
J. . X / 102 10" 107
Normalized Frequency (rad/s)

* v, can have a large DC component (it sets the VCO freq)
* Hence, the LMS loop contains a large sgnie [n]} term

* Butsgn{e,[n]} contains large spurious tones

* To suppress the tones, the LMS loop BW must be very low

—> Very slow calibration settling, e.g., 1s in prior art
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A Fast-Settling Adaptive Calibration Technique!®

Idea: Split the VCO’s varactor into 2 parallel halves; use the
common-mode voltage to control the VCO and the differential-
mode voltage to control the calibration loop

- I_l @

* VCO 1s controlled by 1ts common-mode input voltage, but 1s
insensitive to differential-mode voltage

 The differential-mode voltage 1s now available to
independently control calibration loop
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A Fast-Settling Adaptive Calibration Technique

Q
N

—»| PFD/
Charge
— Pump

~(vCo —P—7—

)
=

3
\)

I s

* Two parallel half-sized loop filters and varactors create
differential signal path for calibration loop

e Multiplication by £1 performed by current steering
e Calibration feedback loop 1s DC-free
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The Calibration Loop Signal Path

Les
CR=—= - ’\/2\15\/
icp+iDAC R (ZCP * ZDAC )sgn{eCp [n]} C1/2 :: :: C2/2
—_—> /.’
|® p— p—
— 1 § )|
/4 T~
sgnieq[n]}  — ;E AZ \I +—_|

\ | =
/1 Differential-Mode Half Circuit

\ |
/1

The calibration loop 1s controlled by a differential-mode signal
that has no DC component

—> Calibration signal does not have to be filtered out by the
calibration loop

— Can have a wide calibration loop BW!
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The PLL Signal Path

1 Len
C\R2=—
Vryef 1 2R
—» PFD and| "7/
Charge /: > vco >
— > Pump
. ' 2R
TZDAC Ci\R2—<
Fosmieny L T
~ N +y[n] [«
"9 _[PFD and|’
Charge |— [:—>
» Pump TiDAC .
. ¢ ——
G
€ L
<N +yln] <
Common-Mode Half Circuit

The VCO output 1s insensitive to calibration signal
—> Calibration does not affect operation of PLL!
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Example PLL IC 1: Block Diagram!®

12 MHz = ——
0 T
22—
Vref ; =
» PFD and
{>C Charge ’: f(@
> Pump '\/
2R
C/2 _——
1
Cy/2
1T . )
— &Em <
[ AIbiats k \
<~ N+yln] = F
A
2nd-Order 3 26
|-> Digital A y[n] sgn{ }
» Modulator x 19 § = * 18 y Dithered |10 Se%nﬁel\l}[ted
—ens[n] | 1=z |—eqln] Quantizer [ ’ Encod
16 AT z cp * ncoder
16
1 Pseudo-Random
Number Generator 8 12 MHz Digital Logic

Integrated Circuit

Output frequency: 2.4-2.5GHz; bandwidth: 730kHz
Technology: 0.18um CMOS; Supply Voltage: 1.8V
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Example PLL IC 1: DAC Topology

-+ 10
XDAC| | el

Segmented

IRYPWV |
LJIuivl

Encoder

x2 1-bit DAC >

2 1-bit DAC >

1 1-bit DAC>—

Y~ Y~ V= = Y~ Y= Y= Y= e = =

Ipac(?)

«1 1-bit DAC >

Segmented dynamic element matching used to eliminate harmonic
distortion from non-ideal DAC weights and pulse shapes 2!
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Example PLL IC 1: 1-bit DAC Circuit Details

Xpac(n] Segmented
—% 5! DEM
Encoder

T+ Y~ Y~ = = — —_ —_

[

x1 1-bit DAC

ipac(?)

——

Enn

x1 1-bit DAC =3

To
Loop
Filter
-
| Charge
|

I
I
I
ceror |
|
I
I
I

ipac(?) .%)

M, and M, used to minimize injection of channel charge into loop

filter
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Example PLL IC 1: Die Photograph

N\ A u WY J

- \ 0\1 QGWLBW.M

S
DS
I
=

2.2 mm

UUUWUUUL

E
F
s
.
e

48 v
ALY

N\

N
A TR
‘ -_— 1,*_

IA
I‘

e H e "“

F.

— s
-~

2.2 mm ]
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Example PLL IC 1: Measured Phase Noise

i Agilent 85:51:28

Carrier Power -14.47 dBm Atten .00 dB Mkr 1 2.85385 MHz
Ref —58.88dEc/Hz -124.79 dBc/Hz
10.00 )
dB/

i L
i Calibration Enabled ]. L
DAC Enabled)=} M
2 kHz Frequency Offset 20 MHz
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Example PLL IC 1: Performance Details

Design Details

Technology TSMC 0.18 pm 1P6M CMOS
Package and Die Area 32 pin TQFN, 2.2 x 2.2 mm’
Reference Frequency 12 MHz

Output Frequency 2.4—-2.5GHz

Loop Bandwidth > 730 kHz

Measured Core Current Consumption (at 1.8V)

VCO and Divider Buffer 6.9 mA

Divider 5.8 mA

CP (dynamic biasing enabled) | 2.7 mA

Digital 0.5 mA 20.9 mA
DAC 3.6 mA

Calibration 1.4 mA

Measured Worst Case Integer-N Performance

Phase Noise @ 100 kHz —104 dBc/Hz

Phase Noise @ 3 MHz —126 dBc/Hz

Reference Spur —55 dBc

Measured Worst Case Performance with DAC and Calibration
Disabled

Phase Noise @ 100 kHz —88 dBc/Hz

Phase Noise @ 3 MHz —91 dBc/Hz

Fractional Spur (@ >3 MHz —45 dBc

Reference Spur —52 dBc

Measured Worst Case Performance with DAC and Calibration
Enabled

Phase Noise @ 100 kHz —101 dBc/Hz

Phase Noise @ 3 MHz —124 dBc/Hz

Fractional Spur @ >3 MHz —62 dBc

Reference Spur —53 dBc
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Example PLL IC 1: Measured Spur Performance

2 Agilent BE:27:03
a Mkrl 300 MHz

Ref —16 oBm Atten 18 dE -66.579 dB

Sarmp @ Y

Log i

16

dB/
oo |db 20 b
(Fractional (Reference
Conb ) Camilie)
oPNUl) oNUl)

LaAy |

30 l

WL $2 AT

53 FC

aA . )J K’\ é 2 f

£l : '

e e W L

swp L. pd W‘“"""”“W

-66.579 dB R e
Center 2408 AR GHz Span 2B MHz
#Res BH 1608 kHz YBH 1688 kHz Sweep 764 ms (681 pts)
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A AX Modulator Replacement??

19

200 —A—>

Ist

Quantization
Block

18

+’

x[n]

2nd

Quantization
Block

~ 000 ——»

16th

Quantization
Block

Successive Requantizer

20—d
Xdln] ——

syln]=

even value,
odd value,

if x,[n]=even,
if x,[n] = odd.

d™ Quantization Block

216¢, = integer (resolution of a is 2719)

©2010 IEEE International Solid-State Circuits Conference

e,[n] 1s a linear combination of the s5,[n] sequences

s,[n] sequences must have properties desired of e [7]

©2010 IEEE

yln]=ate,[n]

Each quantization block divides by two and quantizes by one bit

LSB of s [n] + x [ n] 1s zero so discarding it implements +2



Must Design Good s [n] Sequences

Quantization block operation:  x,,,[n]= %(xd [n]+s, [n])
In this work, have designed s [ 7] to:

1. Ensure that the bit-width of x,,,[#] 1s that of x [#] minus one
= parity of s [n] must equal parity of x [7]
= magnitude of s [7] must not be too large

2. Keep ¢ [n] bounded (= 1%-order shaped PSD)

3. Preventspursin (s [n])?,p=1,...,5,and (¢ [n])?,g=1,2,3
(this requires s [n]e {0,£1,+2,+£3})

where 7,[n] 1s the running sum of s [7]

Tradeoff: Achieving item 3 increases power of s [7]

Phase noise cancellation circumvents this problem
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The Quantization Block Details

19-d Combinatorial Logic Truth Table:

20—d |
[/] |1/2
n
xd LSB of x,[#] (discard LSB)
&1
Combinatorial
Logic D Q9

% b
- [, 171
rdan Ldlri—1|

£+

%)

Pseudo-

Random

Number
Generator

d™ Quantization
Block

v
Xagr1[n]

t [n] = running sum of s [#]

LSB of x,[n] =0 LSB of x,[n] =1
tyn—1] raln] saln] | | tin—1] raln] Sq[n]
2 >0and <3| O 2 <—-lor>4| —1
2 <—-lor>4| -2 2 >0and <3| -3
1 <—-lor>6| 0 1 >land<3 1
1 >0and <5| 2 1 <—-lor>4| —1
0 Oorl 2 1 0 -3
0 <-lor>4| 0 0 >0 1
0 2or3 -2 0 <-I -1
-1 <-lor>6| 0 —1 >]land <3| —1
-1 >0and<5| 2 —1 <—-lor>4 1
-2 >0and <3| O —1 0 3
-2 <—-lor>4| 2 —2 <-lor>4 1

—2 >0and <3| 3

t [n] kept bounded = 1%'-order PSD shape

No spursin (s [#])?,p=1,2,...,5,and (¢ [n])9,q=1,2,3
See [22] for the math
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Example PLL IC 2: Block Diagram'’

12MHz | v, -
— |:| — | [~ 7| _PFDand Lo, _|Sampled Loop
| Charge Pump | T Tidac Filter
lOC
‘[>O' Offset Current 1-b
Pulse I-DAC
Generator ];ank
< N+yln] |
A

vV

13
—1 V7]

12 MHz Digital Logic

216 19 Successive
/ ‘ Requantizer
= 19 Z_l 18
-

26
. Segmented
Dithered |10 g
Quantizer [~ . DEM
Encoder

* fyco € 2.4 GHz ISM band; /.= 12 MHz; PLL BW =975 kHz

» Phase noise cancellation with calibration (not shown) as in [19]

 Also contains a AX modulator for comparison
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Example PLL IC 2: Meas. Close-In Fractional Spur

10 dBidiv__Ref -20.00 dBm _Atten: 6dB
: ; S 1
Successive Requantizer | |
With offset current
With sampled loop filter
70.45 dB

Center 2.4359500 GHz - Span 250.0 kHz
#Res BW 9.1 Hz VBW 9.1 Hz Sweep (FFT) ~810 ms (1001 pts]

©2010 IEEE International Solid-State Circuits Conference ©2010 IEEE



Measured Fractional Spur Levels

Example PLL IC 2

Comparison between AX Modulator and SR with and without

offset current:
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Example PLL IC 2: Measured Output Spectra

10 dBidiv~ Ref -20.00 dBm Atten: 6dB

Log
-30.0 I I
-40.0
40 dB

oo Conventional Loop Filter
. 70 dB /

Y /
700 /| Sampled Loop Filter
-50.0 / //
-80.0 ﬁ#%\ /

EJERN'S

e o o et Ay B e
-110
Center 2.43595 GHz Span 25.00 MHz
#Res BW 13 kHz VBW 15 kHz Sweep 424 ms (1001 pts)
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Example PLL IC 2: Performance Table

Design Details

Technology

0.18 um 1P6M CMOS

Package and die area

32 pin TQFN, 2.2 x 2.2 mm”

Reference frequency, output frequency band

12 MHz, 2.4 —-2.5 GHz

Measured loop bandwidth

975 kHz

Measured Current Consumption (Vpp = 1.8V)

VCO and divider buffer 5.9 mA
Divider 7.3 mA
Charge pump, PFD, and buffers 8.6 mA Core
Offset current pulse generator 0.6 mA 27.1 mA
Digital 1.9 mA
DAC 2.8 mA
Bandgap ref, crystal buffer, external buffer 9.8 mA
Measured Fractional-N Performance
Phase noise at 100 kHz -98 dBc/Hz
Phase noise at 3 MHz -121 dBc/Hz
Worst case inband fractional spur’ -64 dBc
Worst case reference spur -70 dBc

TOver 4 IC copies each measured with 100 valuesof 0 <a <1

©2010 IEEE International Solid-State Circuits Conference
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Example PLL IC 2:Die Photograph
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Conclusion

Have Discussed:

* Integer-N PLL Limitations

* The Idea Behind Fractional-N PLLs
 Delta-Sigma Modulation Overview

 Fractional-N PLL Dynamics

* Spurious Tones in Fractional-N PLLs

* Fractional-N PLL Bandwidth Enhancement
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