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Why Are Digital Phase-Locked Loops Interesting?

" Performance is important
= Phase noise can limit wireless transceiver performance
= Jitter can be a problem for digital processors

" The standard analog PLL implementation is
problematic in many applications

= Analog building blocks on a mostly digital chip pose
design and verification challenges

= The cost of implementation is becoming too high ...

Can digital phase-locked loops offer
excellent performance with a lower
cost of implementation?




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

" Use PLL to synchronize reference and divider output

Tradeoff: Resolution vs PLL Bandwidth




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

‘ Tradeoff: Noise versus PLL Bandwidth ‘




The Issue of Quantization Noise
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2 A Quantization Noise

" Limits PLL bandwidth
" Increases linearity requirements of
f

phase detector




Striving for a Better PLL Implementation



Analog Phase Detection

] :
. phase error :
E [~ :
: ref(t)_l 1 r E
E div(t) ! | | E
: ; '
E error(t) _ [ r E
]
p -----------------------------------------------------f"
JUUNT et Toraee L Anatog 1y /A )2u JULLT
Detect Loop Filter

div(t)* i Divider |<

" Pulse width is formed according to phase difference
between two signals

" Average of pulsed waveform is applied to VCO input



Tradeoffs of Analog Approach
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VCO

" Benefit: average of pulsed output is a continuous, linear
function of phase error

" |ssue: analog loop filter implementation is undesirable



Issues with Analog Loop Filter
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" Charge pump: output resistance, mismatch
" Filter caps: leakage current, large area



Going Digital ...
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" Digital loop filter: compact area, insensitive to leakage
" Challenges:
= Time-to-Digital Converter (TDC)

= Digitally-Controlled Oscillator (DCO) 10



Outline of Talk

" Overview of Key Blocks (TDC and DCO)

" Modeling & CAD Tools

" High Performance TDC design

" Quantization Noise Cancellation

" DCO based on an efficient passive DAC structure
" Divider Design

" Loop Filter Design

" Prototype with measured Results
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Classical Time-to-Digital Converter
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" Resolution set by a “Single Delay Chain” structure
= Phase error is measured with delays and registers

" Corresponds to a flash architecture

[~ X X X X XXX XXX XXX XXX XXX xxd



Impact of Limited Resolution and Delay Mismatch

Phase Detector
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" Integer-N PLL

= Limit cycles due to limited resolution (unless high ref noise)

" Fractional-N PLL
= Fractional spurs due to non-linearity from delay mismatch
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Modeling of TDC
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" Phase error converted to time error by scale factor: T/2xn
" TDC introduces quantization error: ¢ [K]
" TDC gain set by average delay per step: A4t



A Straightforward Approach for Achieving a DCO

Analog
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" Use a DAC to control a conventional LC oscillator
= Allows the use of an existing VCO within a digital PLL
= Can be applied across a broad range of IC processes
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A Much More Digital Implementation

5
igs

4 )
0 ]
0 ]
. { S .
; R v
] _E 10 [ ]
: <] O (s :J_J_,”J_ Digital ! |
: ] s| v T T =T Control | ;
] ' (]
0 Q _EII ) 4 II_—:L Sl | _C _( _(4— : '
' = 2 )
" —/ L . ;
JU et | Time | [ pigital | out(t) [][]]][
-to- Loop Filter
Digital St ]
DCO aszewski et. al.,
div(t) 4 [

Divider |< TCAS II, Nov 2003

" Adjust frequency in an LC oscillator by switching in a

variable number of small

capacitors

= Most effective for CMOS processes of 0.13u and below
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Leveraging Segmentation in Switched Capacitor DCO
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" Similar in design as segmented capacitor DAC structures
= Binary array: efficient control, but may lack monotonicity
= Unit element array: monotonic, but complex control

" Coarse and fine control segmentation of DCO

= Coarse control: active only during initial frequency tuning
(leverage binary array)

= Fine control: controlled by PLL feedback (leverage unit

element array to guarantee monotonicity) .



Leveraging Dithering for Fine Control of DCO

-------------------------------------------
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" |Increase resolution by X-A dithering of fine cap array

" Reduce noise from dithering by

= Using small unit caps in the fine cap array

= Increasing the dithering frequency (defined as 1/T)

= Assume 1/T, = M/T (i.e. M times reference frequency)
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Noise Spectrum of a Switched Cap DCO

5
T

{ Y
f'5<’ — T — ;g<,"' i J_ J_”‘J_ Digital i
S s| VT T T~ Control !
Y P Bl e
et Y S P

® Phase noise

= Same as for
conventional
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Modeling



Overall Digital PLL Model

TDC DCO
i TDC-referred ! :’ DCO-referred i
] : Noise ! ! Noise i
1 Sy (ei2nfT ' ' So. (f ]
: tq( ) E i CDn( ) \_20 dB/dec :
] ]
: &f i i ‘—f :
: tqgk] TDC {  Loop ! On(t) |
: Gain | Filter ! DT-CT j
O k] 1 | ielk] | 1 D (t)
T l-’(f)—> ——H—| 2 [ T [ X "

' 27 del] ; | > :
1 Jozmem ssji2ef |}

Dy k] Divider_______________ R

=' CT-DT |

]

] 1 1 ]

[ 4 4 [

: T

' )

\\ --------------------- &

" TDC and DCO-referred noise influence overall phase noise
according to associated transfer functions to output

B Calculations involve both discrete and continuous time
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Key Transfer Functions
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" TDC-referred noise
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Utilize G(f) as a Parameterizing Function

tqlk] TDC Loop Dp(t)
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" Define open loop transfer function A(f) as:

A(f) = (1) Aty )H (e IYT K, /(275 ) (1/N)
" Define closed loop parameterizing function G(f) as:

A(f)
14 A(S)

= Note: G(f) is a lowpass filter with DC gain = 1

G(f) =
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Transfer Function Parameterization Calculations

® TDC-referred noise

Pout (1) Dtg) H(7?™T)YT2w Ky /(275 f)

tq 1+ (1/Aty)H(ei2"TYTK, /(25 f)(1/N)
_ 2nNA(f) i
“1rag |TNEW)

" DCO-referred noise
(Dout L 1
®p 14 (1/Dtg)H(eI2TITYT Ky /(275 f)(1/N)
1 14+ A A _

1 —-G(f)

T1+ A 14 AW

24



Key Observations
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" TDC-referred noise

D ot ' Lowpass with a DC
% = 27NG(f) gain of 2nN

® DCO-referred noise

D oyt —_— Highpass with a high
=1-G(f) frequency gain of 1

n

How do we calculate the output phase noise?
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Spectral Density Calculations
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Phase Noise Calculation

TDC-referred DCO-referred

Noise Noise " TDC noise
Sty (e Sa,(f) \\_20 aBidec DT to CT calculation
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*tq[k] #pn(t) gi?fgseet :t low frequency

% 27N-G(f) [;_ 1-G(f)
\ " DCO noise

= CT to CT calculation

D e(t) =~ Dominates PLL phase
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Example Calculation for Delay Chain TDC

" Ref freq = 1/T =50 MHz . A2

— 3.4-10"101G(H)I?

’ . j21 t e E

Out freq = 3.6 GHz  Stq(e)? fT)l v 1; ! :
—~ N = % — 72 *tq[k] 5
: '\ |27N-G(f)

" Inverter delay = 4t = 20 ps : fo Nl
QAtgel i 1 ¢ 2At(:ZlelE

S 00 (F) e —|2wNG(f)| A ) T|2ﬂ;|G(f)| T
tdc E

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

" Note: G(f) =1 at low offset frequencies

‘ 10109(3.4-10719) = —094.7 dBc/Hz (at low offset freq.) ‘
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Closed Loop PLL Design Approach

Closed-Loop
Performance
Specifications
{f,, type, order}

Open-Loop
Design G(f)= A7)
Approach Open-Loop 1+A(f) Closed-Loop
> Characteristics > Transfer
|A(f)] £LA(T) < Function
{K.fp,fz, ...} G(f) G(f)
Alf)= 1-G(f)
>

Proposed Closed Loop Design Approach

" Classical open loop approach

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

" Proposed closed loop approach
= Directly design G(f) by examining impact of its

specifications on phase noise (and settling time)

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

Lau and Perrott,
DAC, June 2003

Implemented in PLL Design Assistant Software

http://www.cppsim.com
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Evaluate Phase Noise with 500 kHz PLL Bandwidth

" Key PLL parameters:
= G(f): 500 kHz BW, Type Il, 2"d order rolloff
= TDC noise: -94.7 dBc/Hz
= DCO noise: -153 dBc/Hz at 20 MHz offset (3.6 GHz carrier)

2 PLL Design Assistant E”E”‘S__q
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" Chelyl O Cheby? ¢ Elliptical -

out freq. |3.EEE|

Detectar |—94.?
WCO |-153
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[paris. zera |

freq. offset |2EIeE

§D ol Il _n||

Nk Ral-

on]
j__n‘ll
g

|
ort
o]

[paris. zera |

Flesulﬂng Plots and Jitter

" PolefZero Diagram " Transfer Function
" Step Response f* Moise Plot

1e3 160 500

PLL Design Assistant YWitten by Michael Perratt (hitp:/fwsw-mtl mit eduf™ perratt)



Calculated Phase Noise Spectrum with 500 kHz BW

Output Phase Noise of Synthesizer

-60 oo D DI

— Detector l\ioisé
Dol DIl U - : | = VCONoise

-10F- AR AR AR A EERRN R : | — Total Noise

8ok ;”;;;;;;””fmﬁﬁfjii ,,,,,, X GSM Mask

: - Overall PLL : : (Referenced to S
R Phase No|se """"""

3 6 GHz carrler) ............ N
aoof c

- DCO Noise™ N\ \A

el i i i i iiiimE p il N
10° 10* 10° 10° 107
Frequency Offset (Hz)

TDC noise too high for GSM mask with 500 kHz PLL bandwidth
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Change PLL Bandwidth to 100 kHz

" Key PLL parameters:
= G(f): 100 kHz BW, Type = 2, 2"9 order rolloff
= TDC noise: -94.7 dBc/Hz
= DCO noise: -153 dBc/Hz at 20 MHz offset (3.6 GHz carrier)
J PLL Design Assistant =3

File Edit Templates
Dynamic Parameters paris. pole | Noise Parameters
ref. freq | b0ek

fo 4 [i0es & paris.Q_|

order "' wmunBd% 3 paris. pole |
shape & Butter ( Bessel paris. O |
" Chebyl € Cheby?  Elliptical

ripple | | db

out freq. | 3.6ed

Detector |—94.?
VCO |-153
freq. offset |2IZIEE

sD o102 D
34 FE—n||

Resulting Open Loop Parameters Resulting Plots and Jitter

paris. pole |

paris. pole |

paris. zera |

on]
o]
o]
o]
o]
o]
o]
o]

paris. zera |

d 3.004e+010 ; " FolefZero Diagram " Transfer Function
_ e — " Step Response f* Moise Plot
N 1.531e+005

1e3 |4E|e5 160 -0

ENET 164,961 s

PLL Design Assistant YWritten by Michael Perratt (hitp:ffsses-mtl mit eduf™perratt)
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Calculated Phase Noise Spectrum with 100 kHz BW

Output Phase Noise of Synthesizer

L ] L] L] !!!!I L] L
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GSM mask is met with 100 kHz PLL bandwidth




Loop Filter Design using PLL Design Assistant

" PLL Design Assistant allows fast loop filter design
= See Section 4 of Supplemental Slides
= Assumption: Type = 2, 2"d order rolloff

A PLL Design Assistant

File Edit Templates

1 1 —byz7 1
() = Krr (7= =)

1 —ayz1
fo | 100e3
ordler 1 &2 3 = Where:
shape & Butter  Bessel 1 1
" Chebyl 7 Chebyz  Elliptical a‘]_ — b]_ —
At K rwp\ a
K p= del ( p) L
T/N | Ky \wz/ by

" PLL Design Assistant provides the
"2 e err PLE Dlesign Ase values of K, w, = 2xf , w, = 2nxf,




Example Digital Loop Filter Calculation

" Assumptions
= Ref freq (1/T) = 50 MHz, Out freq = 3.6 GHz (so N =72)
= Aty = 20 ps, K, =12 kHz/unit cap
= 100 kHz bandwidth, Type =2, 2"d order rolloff

J PLL Design Assistant 1 ]. - bl Z_l
File Edit Templates H(Z) = KLF ( _1> _1
SRl A Rl 1
fo | 100e3 Hz 1
order ~1 &2 3 b]_ e — 9987
shape « Butter  Bessel - ]_ —I— 27T]_OKHZ/50MHZ
" Chebyl € Cheby?  Elliptical
ripple| | dB 1
a1 = =] .9811
14 27153kHz/50MHz

" alte

Restiling Opert agp Par: _ [Atg\3-1010 153 9811 1
4l 2 004e+010 LE — T/N 12kHZ 10 9987 5OMHZ

s 1.531=+005 Hz site

Hz alte
0. te At At
o _ del \ g 75 — del 1 0,75
8w PLb esign Ase T/N Tidco
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Verify Calculations Using C++ Behavioral Modeling

" I5a M +7 CppSim Module " Schematic
| »”  Description . ]
TR _+1/: Name = Hierarchical
l $—C- @1* Inputs, Outputs description of
| >R -T i Parameters
:I_T:D a | |\ Code system
| P o topology
—» prp—|Charge| , Lo _,®__, " Code blocks
ump ilter cpr e
T = Specification
Divider ————— of module
l ~~<. behavior
v CppSim Module i
s AY | \  Description using
— Modulator | Name templated
' Inputs, Outputs C++ code
“ Parameters
1 Code

® Behavioral environment allows efficient architectural
investigation and validation of calculations

= Fast simulation speed is essential for design investigation
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CppSim — A Fast C++ Behavioral Simulator

f SUEZ: sd_synth_fast {schematic) --- C:/CppSim/SueZ2... E@ -) Plot for CppSimView --- Library: CppExampl... E@

File ‘window Edit Sim | Simulated Signals for Cell: 5

sum_junct =7 i"fp 1) sum_junct

W — in

100 200 300 400

gain”

1) div sineat
¥ - xiff ’7
¥ fi:=1.84a0

Save ko .eps File  Sawve ko figFile  Save bo Clipboard  Zoom i 100 200 300 400

" testpar " tastirl
TIME

S_l,lnc:h| Load ‘

aut

Load and Replaot | =

win
Reset Mode List -
so_in

Back | Fu:urward‘ div_wval
xi12_xor_out

Create Matlab Code ‘

| plotsigix'sd_inxvin:pfdout’

CppSim: C++ Behavioral Simulation

Written by Michael Perrott (hitp:fAessss-mtl mit edu,/™ perratf)

http://www.cppsim.com
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How Do We Improve TDC Performance?

Two Key Issues:
* TDC resolution
* Mismatch




Motivation

TDC-referred
Noise

*tq[k]

27N-G(f)

Low PLL Bandwidth

DCO-referred
Noise

Stq(ejznfT) ‘ Sd)n(f) ‘ \_20 dB/dec
f f

#Dn(t)
[é_ 1-G(f)

. dBc/Hz

DCO

" PLL bandwidth
dramatically influences
relative impact of TDC
and VCO noise

Want high PLL
bandwidth?

Need low
TDC Noise

High PLL Bandwidth .

dBc/Hz

TDC
Noise

DCO E
Noise!
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Improve Resolution with Vernier Delay Technique

-P: :1-De|ay
div(t) _J™ m» 1
—1 = 1
— I = 1 >elK]
—d mo
' = 0
ref(t) I
= 4= Delay
Vernier div(t) _JT’ = 1
— = 1
div(t) Delay Delay Delay 1l - 1 o[k]
Ul =o
| = 0
—
—1 H— Effective
T resolution:
Ay Delay-Delay?2
= ‘4= Delay2
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Issues with Vernier Approach

" Mismatch issues are more severe than the single delay
chain TDC

= Reduced delay is formed as difference of two delays

" Large measurement range requires large area
= Initial PLL frequency acquisition may require a large range

=», 4 Delay

Vernier div(t) _[T = 1
— = 1

div(t) Delay Delay Delay il - 1 o[k]
Ul =o
[ = 0
ref(t) —l

— .
T Effective
T resolution:
Ay Delay-Delay?2
= ‘4= Delay2
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Two-Step TDC Architecture Allows Area Reduction

Single Delay Chain

h

Vernier
Delay Delay Delay

[ ]
Del Dela Dela e
div(t) po Y Y 1 e /J
DT
P o 1P ofy 10 afp*°* oo || Reo ||
, N N Reg Reg Reg
Reg Reg Reg D D D |
[ ]
ref(t) : . Delay2 | Delay2 | Delay2 ¥
—: Logic| __, —»@—»
< Coarse *~~"Fine

Ramakrishnan, Balsara
VLSID ‘06

= Single delay chain provides
coarse resolution

" (Folded) Vernier provides

fine resolution

‘
4
8=
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Two-Step TDC Using Time Amplification

Single Delay Chain

Time Single Delay Chain

Amplifier

Delay Delay Delay

ref(t)

11 ]eee

Logic

Simplified view of: Lee, Abidi
VLSI 2007

= Single delay chain provides
coarse and fine resolution

" Time amplification is used

to improve resolution

—) ——

Coarse *~"Fine
e[k] e[k]
: U
E Amplification :
» Delay < of Time :
A I O
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Leveraging Metastability to Create a Time Amplifier

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

S

Lol in(t) out(t)
ref(t) =4
Tim_e_ ’ Latch
in(t) Amplifier Atjn Atjn
out(t) » < -» ¢
ref(t) | ref(t)
ref(t)

out(t) / out(t)

> « > . e
Atout Atout

2 4
1 4
L 4
N E R R N N P N R N

L 4
.-------------'

Simplified view of: Abas, et al., Electronic Letters, Nov 2002
(note that actual implementation uses SR latch)

" Metastability leads to progressively slower output
transitions as setup time on latch is encroached upon

= Time difference at input is amplified at output
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Interpolating time-to-digital converter

Tq
>«
Delay Delay Delay Start J : =1 \
Start A = 1
XX = 1
T
St T T T T T
OL|> : 1 1 Registers . | > €Tstop™ 1
| VYT el
> | = 0
Out Stop I_
Henzler et al., ISSCC 2008 -> Tin €

" Interpolate between edges to achieve fine resolution
" Cyclic approach can also be used for large range

Out
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An Oscillator-Based TDC

‘e[k] 3

Phase Error[1] Phase Error[2]
Ring Oscillator . < > < ”
Vag cmmmmmmmmmmmnemnee . div(t) H
: ref(t) 1 E E !_
: Osc(t) :
Reset E
"elf_(:) r’k Counter Countk] :
Logic lCount[k] ' " : :
g : : : :
div(t) L,t, Register : : . :

e[k] 3 .
" Output e[k] corresponds to the number of oscillator
edges that occur during the measurement time window
" Advantages
= Extremely large range can be achieved with compact area
= Quantization noise is scrambled across measurements
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A Closer Look at Quantization Noise Scrambling

Phase Error[1] Phase Error[2]
< < < >

<

Reset
ref(t) r’k Counter

Count[k]

L | — |
L : :
g B Jcountg o : T sl
divi)  Lsp Register Error[k] ~ 0~~~ IREEEEEEEEE -
¥ e[K] : : -al] :
e[Kk] : 3 : : 3 :

" Quantization error occurs at beginning and end of each
measurement interval

" As arough approximation, assume error is uncorrelated
between measurements

= Averaging of measurements improves effective resolution 18



Deterministic quantizer error vs. scrambled error

N Scrambled
P Deterministic ot
. Deterministic . with minimal noise quantization
— error
Averaged Tq"i 5"_
TDC (L
Output —_
(code) —
> » >
TDC Input (ps) TDC Input (ps) TDC Input (ps)

(a) (b) (c)

" Deterministic TDC do not provide inherent scrambling
" For oversampling benefit, TDC error must be scrambled!

" Some systems provide input scrambling (AX fractional-N PLL),
while some others do not (integer-N PLL)
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Proposed GRO TDC Structure



A Gated Ring Oscillator (GRO) TDC

Phase Error[1] Phase Error[2]
< < < >

Reset
ref(t) r’k Counter

L, : : .

L : :

g I 1C°”“‘“‘] Quant. \'1 al1] gt \1 al2] g
div(t) I—»P Register Error[k] &¢ "~~~ ¢ T T [

‘e[k]

o]
r—
o
M
o]
—
—
R

e[k] : 3 : :
" Enable ring oscillator only during measurement intervals
= Hold the state of the oscillator between measurements
" Quantization error becomes first order noise shaped!
= e[k] = Phase Error[k] + g[k] — gq[k-1]
= Averaging dramatically improves resolution!

o1



Improve Resolution By Using All Oscillator Phases

Phase Error[1] Phase Error[2]

Ring Oscillator < >. 4 ’:

-------------------- . div(t) J ' :
! Enable ' : ; -
ref(t) | E ! : !_

[ Osc__:/\(\(\{\: M
Reset Phases(t) : [\ [\ AWAWAY
ref(t) Counters -
L> Logic

I—>

div(t) ‘ Count[k]

Register

‘e[k]

Helal, Straayer, Wel,
Perrott VLSI 2007

e[k] :
" Raw resolution is set by inverter delay
= Effective resolution is dramatically improved by averaging s



GRO TDC Also Shapes Delay Mismatch

Enable

Measurement 1 |I—‘OT‘OT‘OT$OT$OT$OT$OT[$OT§O-|
YooY oY Y vy oy vy
Enable
Y oY oY Y Yy vy
Enable

" Barrel shifting occurs through delay elements across
different measurements

= Mismatch between delay elements is first order shaped!
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Simple gated ring oscillator inverter-based core

Enabled Ring Oscillator Disabled Ring Oscillator
7 J J J J
E—I—I—I—I E['—l['—l['—l['—l['
4L 4G 40 Y e
———— L
(a) (b)
Enable — Delay Element
Gate the oscillator by switching A Enab,e-[IM—4
the inverter cores to the
power supply Vo _IEM3voi

[
Enable | M,



GRO Prototype

ol
. 15 Stage Gated Ring Oscillator _q :|
E,':.,: g ol enable(t)T K:' } oo
i

enable |
Straayer, l l :
Perrott Logic —> error[k]

= GRO implemented as a custom ﬁ l‘llll*HI
0.13 um CMOS IC A l“ m!

' ‘.iiur} It

l.’

I

N I_lil""’" _




Measured GRO Results Confirm Noise Shaping

enable
........................... —c|

?

}

Ml
15 Stage Gated Ring Oscillator :|
]I,|,|,|,|,|,|’|[ Variable - S enable(t) K:._q } ee
T Delay |: g @ T
:l- (X X ) j
; enable
o Vol 5 i
.. Input variable ; Harmonics due | — Logic — error[k]
delay signal H to nonlinearityof | ...,
20¢ Ny | variable delay | *eeenl
%10» l A | 4ﬂi l]'lﬂ'f.'l..rfﬁ[r_
§ oL f .h 'lmlll } {
gt B
20 \A//\/ Noise sha|_oed ﬂlil “!II ﬂ l
quant. noise ! If. rJ zum[l iim
%01 0.1 1 10 100 f ‘ I - .| . .H

Frequency (MHz) = : 56



Measured deadzone behavior of inverter-based GRO

N
o
—
=
0
o

-
w0

-
o

—
=]

g /’_/

Averaged GRO-TDC Output
)

| | | i Z 13.60
Mps 10 /
i i ' : i 13.55

-
%))

Variable Delay Control Input Variable Delay Control Input

(@) (b)
Deadzones were caused by errors in gating the oscillator
GRO “injection locked” to an integer ratio of Fq

Behavior occurred for almost all integer boundaries, and
some fractional values as well

Noise shaping benefit was limited by this gating error



Next Generation GRO: Multi-path oscillator concept

Single Input Multiple Inputs
Single Output Single Output
o (]
.. 0.

" Use multiple inputs for each delay element instead of one

" Allow each stage to optimally begin its transition based on
information from the entire GRO phase state

" Key design issue is to ensure primary mode of oscillation
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Multi-path inverter core

Vi.i

_L": Vi Lee, Kim, Lee
— JSSC 1997

Vi1

1

(a) Asymmetrically skewed inverter

v; CICC 2005

(b) Multiple skewed inverters

L :[L Yiajp "—&ltl

Viiik-1,d Vi3 ;4 Vi1,
l5 l5 IS

(c) Unrestricted connections

V._.
Mohan, et. al., il[

Vi-iK-1
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Proposed multi-path gated ring oscillator

Delay Stage #1

Enable

Hsu, Straayer, Perrott
ISSCC 2008
Oscillation frequency near 2GHz with 47 stages...

Reduces effective delay per stage by a factor of 5-6!

Represents a factor of 2-3 improvement compared to previous

multi-path oscillators
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A simple measurement approach...

N-Stage Gated Ring Oscillator

r[;,ﬁ& S e

Start Counters : : :
L> Logic .
r~ 6« 6« 6« O S S
Stop Count[k]é<
P Register Helal, Straayer, Perrott
¥ e[K] VLSI 2007

" 2 counters per stage * 47 stages = 94 counters each at 2GHz
" Power consumption for these counters is unreasonable

‘ Need a more efficient way to measure the multi-path GRO
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Count Edges by Sampling Phase

y R y Tin[k] N
15-Stage Gated Ring Oscillator - d - -
................................ Enable
g L : I L] L
. : 33
-&o—— eece —50- :
FDI ° IDI" : ‘ o |
...... l 200 ™ b Out[k]
v 3 — 3 Quantized Out[k-1]
—>p Reglsters : Counter Phase
L Residual
StaLl‘: I_§ Ij l (XX} ’_I L 4 (max = 30)
> Logic State-to-Phase Logic x2N Multiplier
Count
Stop Residue R oun
g Count
Phase[k] ...................................................................
Differentiator Phase[k] 56 63
Youtlky  -Phaselk-1] | -50 .56
" Calculate phase from: Outfk] 6 7
= A single counter for coarse phase information (keeps track of
phase wrapping)

= GRO phase state for fine count information
" 1 counter and N registers - much more efficient



Proposed Multi-Path Measurement Structure

EnabIeIEna ble EnabIeIEna ble

O 12 >
Ny | % A
\ Unpredictable /A ':”
transition NN transition
sequence per cell

(a) (b)
" Multi-path structure leads to ambiguity in edge position
" Partition into 7 cells to avoid such ambiguity
" Requires 7 counters rather than 1, but power still OK



Prototype 0.13um CMOS multi-path GRO-TDC

Start

kil Y Timing Enable 47-stag_|e
S'tﬂ» Generation %astsiclllzglrg
CLK 2
S State
B Register
start. YYIVYYY
1234567
U2 > Measurement
=R sy
CLK J —»>  Adder

" Two implemented versions:
= 8-bit, 500Msps
= 11-bit, 100Msps version
" 2-21mW power consumption depending on input duty cycle

1.0 mm

Straayer et al., VLSI 2008
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Measured noise-shaping of multi-path GRO

65,536 pt. FFT

(Hanning window + 20x averaging)

inputof . ||
12psp 1\ 11

o
o

o))
=)

|||||
TTTTTTTTT

o
o

Power Spectral Density
(dB ps?/Hz)
=

©
=)

(S
Ideal variance of

: Ll L LLLL L L Ll bl L LL L L Ll : :;: .
oise of 80fs;m in IMHz BW ) sPR duantzer
-100 '
104 105 106 107
Frequency (Hz)
(a)

" Data collected at 50Msps

279.2

N
~
©
=)

278.8

Filtered TDC Output

278.6
0

TDC Output after 1MHz LPF

1.2ps

40 80 120 160 200
Time (us)

(b)

" More than 20dB of noise-shaping benefit
= 80fs, . integrated error from 2kHz-1MHz
" Floor primarily limited by 1/f noise (up to 0.5-1MHz)
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Measured deadzone behavior for multi-path GRO

Variable Delay Control Input
(a)

Averaged GRO-TDC Output

2824

N
(o]
N
w

282.2

2821

282.0

281.9

281.8

281.7

281.6

Variable Delay Control Input

(b)

" Only deadzones for outputs that are multiples of 2N

= 94,188, 282, etc.

= No deadzones for other even or odd integers, fractional output

" Size of deadzone is reduced by 10x
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The Issue of Quantization Noise Due to
Divider Dithering



The Nature of the Quantization Noise Problem

—» Out
I = N/N+1 ‘4
Frequency VHoit 1-bit
Selection Modulator
uantlzatlon Output
0|se Spectrum Spectrum
»~ Noise

Frequency | B g
Selection =

AY.  PLL dynamics

" Increasing PLL bandwidth increases impact of AX
fractional-N noise

= Cancellation offers a way out!
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Previous Analog Quantization Noise Cancellation

Residual Noise Due to

/Gain Mismatch!!
_— out(t)

JUr
re&’; _’% -l_l—d—l— T

’

J{ B VCO
L

Gain =
Control

Nsq[m]

Divider ‘4—

*

Pamarti et. al., JSSC Jan 2004
Gupta et. al., JSSC Dec 2006

" Phase error due to Az is predicted by accumulating

AX quantization error

" Gain matching between PFD and D/A must be precise

Matching in analog domain limits performance
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Proposed All-digital Quantization Noise Cancellation

Scale Factor

Digital out(t)
Filter

Divider |47

X

Hsu, Straayer, Perrott
ISSCC 2008

" Scale factor determined by simple digital correlation

" Analog non-idealities such as DC offset are completely
eliminated
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Details of Proposed Quantization Noise Cancellation

| ]
| I

| I

| I

—k\"_‘"‘—-—.—

Estimated X)t—1t——\ "@‘ :
Quantization Factor 1.1-MHz !
)

Error [ 1st-order 1
x[kl '« _ _ _\; _______ _
®  Correlator out is accumulated |

and filtered to achieve scale factor 10—4 »
= Settling time chosen to be around Settling tlme
10 us 0.5 ~10 us
" See analog version of this 0.0
technique in Swaminathan et.al., 10 15 20 25 30 35 40

ISSCC 2007 Time (microseconds)



Proposed Digital Wide BW Synthesizer
Quantization —_
ref(t) | GrO _ ‘ Digital ( ) out(t)
TDC —> C Nmﬁe . —> Loop Filter
ancellation DGO
II Dividerl(

" Gated-ring-oscillator (GRO) TDC achieves low in-band
noise

" All-digital quantization noise cancellation achieves low
out-of-band noise

" Design goals:
= 3.6-GHz carrier, 500-kHz bandwidth
= <-100dBc/Hz in-band, <-150 dBc/Hz at 20 MHz offset
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Overall Synthesizer Architecture

- o omm o o mm oEm o oEm o Em o o oo

50-MHz E
J‘|_|'|_|‘ Fine-Tune |

Start Filter
ref(t)[’
D Q

Coarse-Tune
Filter

fK]|

»D

Control
GRO
nwrapping

A 4

Noise
count[k] qlK] Cancellation
"I Divider and > £o0p
AT |$

div

Note: Detailed behavioral simulation model available at
http://www.cppsim.com

73



Dual-Port LC VCO

_’hu : |"T\"| BX E
2 ot~ — 4-bit MIM !

Capacitor!
I_°M ox | | Array l

i aie ;

freq. . : _‘ﬁ‘ i
A ' : ﬂ*&x :
/ |‘ : H 16X :] } Dual :
1111 ° P : Varactors !
fﬁmzw ‘-‘ i alagl :
1000 4 |
0001 __——R;--80 MHz/V

0000 :

V0|t i
1

" Frequency tuning:
= Use a small 1X varactor to minimize noise sensitivity
= Use another 16X varactor to provide moderate range
= Use a four-bit capacitor array to achieve 3.3-4.1 GHz range
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Digitally-Controlled Oscillator with Passive DAC

I ° I
'Ry X (32-M){ o

JE:_ 5 1 F:D-T-ﬂ 16X

L out(t)
‘f\Lclk1 clk, T C

g l ./ ® 1X varactor minimizes

RuXM { Q Cléad L noise sensitivity
: i . Ti3aN ./ ® 16X varactor provides
: ' uX (32-N) :’ moderate range

= A four-bit capacitor

" Goals of 10-bit DAC array covers 3.3-4.1GHz

= Monotonic
= Minimal active circuitry and no transistor bias currents

= Full-supply output range
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Operation of 10-bit Passive DAC (Step 1)

Cload R, =550hm
C, = 30fF

Cy X (32-N)
" 5-bit resistor ladder; 5-bit switch-capacitor array

= Step 1: Capacitors Charged

~ Resistor ladder forms V|, = M/32¢V, and V,; = (M+1)/32V,
where M ranges from 0 to 31

= N unit capacitors charged to V,,, and (32-N) unit capacitors
charged to V|
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Operation of 10-bit Passive DAC (Step 2)

¥ clkq clk;

o
Ru X (32-M){ e\ E
CuXN
VL o clkq clk

[ J
® -
RuXM{ g Cload R =55
u = 950hm

= C, = 30fF
Cy X (32-N)

" Step 2: Disconnect Capacitors from Resistors, Then
Connect Together

= Achieves DAC output with first-order filtering
= Bandwidth = 32+ C /(2r*C,,.4)*50MHz

= Determined by capacitor ratio

= Easily changed by using different C,__4
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Now Let’'s Examine Divider ...

eflt) o
¥ stop - error[k]
Asynchronous
_ Divider
divi) —I —64/651..1127|<—VCO
c‘l'k out T
Nsd —Pp|in
3rd-ord AX
' GRO start(t)
. GRO stop(t)
| <« -«
l Phase Error Phase Error

® |ssues:

= GRO range must span entire reference period during

initial lock-in
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Proposed Divider Structure

GRO
ppstart
D Q—epp stop

- = ) 2
retiming Asynchronous
flip-flop ‘ Divider

div(t)

ref(t)

—error[k]

\ 4

c\I’k out
Nsd_’ in

3rd-ord AZ

_______________________________________________________________

. GRO start(t)

Divide value

div(t) E
.| =No+N,+N,+N,

' GRO stop(t)

_______________________________________________________________

" Resample reference with 4x division frequency
= Lowers GRO range to one fourth of the reference period



Proposed Divider Structure (cont’d)

o) e
S al—eslston —p error[k]
Nl 2 Counter
retiming o—>breset _I_I_l'rl_ Asynchronous
flip-flop _ l.»inc;. Divider
div(t) +16/17)..131/¢—VCO
Y N N1
clk out|—=2 >
Nsd-(No+N1+N3) —|in N3—»
3rd-ordAX No
§ GRO start(t)
div(t)

GRO stop(t)

_______________________________________________________________

" Place A dithered edge away from GRO edge
= Prevents extra jitter due to divide-value dependent delay



Dual-Path Loop Filter

switch .

Fine-Tune Vi(t) —
il Filter -’@-’ reset I

elkl-»[\ —03( Ve(t) / ’

- c —~— 0.5Vpp

1.1 l\gHZ"R o Coarse-Tune (t) : : I
1st-order Filter Vf(t) v D

o . 0.5Vpp
W'
Step1: Step2: Step3:

reset Coarse-Tune Fine-Tune

m Step 1: reset

= Step 2: frequency acquisition
= V_(t) varies
= V{t) is held at midpoint

= Step 3: steady-state lock conditions

= V_(t) is frozen to take quantization noise away
= A2 quantization noise cancellation is enabled



Fine-Path Loop Filter

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

—— 62.5 kHz : 3.1MHz

AX

f

1.1MHz
DAb

Accum
3 1st-ord:

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

1.1-MHz Coarse-Tune

1st-order |lIR Filter

y 4
BW=3.1MHz
Cload=2.5pF
H 1X

l — [Fe-{IHy16X
— out(t)

" Equivalent to an analog lead-lag filter
= Set zero (62.5kHz) and first pole (1.1MHz) digitally
= Set second pole (3.1MHz) by capacitor ratio

" First-order A2 reduces in-band quantization noise
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Linearized Model of PLL Under Fine-Tune Operation

Accumulator

! first-order 1 :
: Gain IR > 1-z-1 * :
: 1-0( 1
_:» K2 [» Toz' [ 1 Gain @ ! :
| »| K, t:
e e,
TDC ~~~. Loop -~~~ DAC
Gain Filter A Gain DT-CT VCO
Drerl K] T 1 | elk] Y 27Ky | Pout(t)
— \"4
_> 27[ -> Atdel _> H(Z) -> 1 -> ZB _> S B 4
=aj2rfT -
@ i [K] z=e s=j2rf
divider CT-DT
Nnom T

" Standard lead-lag filter topology but implemented in

digital domain

= Consists of accumulator plus feedforward path
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Same Technique Poses Problems for Coarse-Tune

o-»[ Fine-Tune
Filter

P @

ekl \ <4 /T : x
1.1-MHz Accum(-@®— > Ing!
1st-order IIR E BW=3.1MHz out(t)
: Cload=2.5pF

I 1
1 ]

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

oarse-Tune Filter

" DAC thermal noise impacts
performance due to the
higher coarse VCO gain

62.5 ’k 11|V| = Can we somehow lower
3.1M the DAC bandwidth?
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Fix: Leverage the Divider as a Signal Path

‘ Fine-Tune DA
DA
Filter __/ .
elkl-> 1\ —‘k‘i 10 MSBs om> ﬂu-r—u 16X
1.1-MHz L—bAccum —>|DA 3|
1st-order IIR BW= 382kHz ’\(’\}—bout(t)
e Cload=20pF
flk] ToTDC
—» Ksc <+— divider «

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

Ferriss, Flynn

ISSCCO07
oV " Bypass to divider for feed-
1625k 1.1M J forward path allows coarse
382k 3.1M DAC bandwidth to be

Push Filter Corner  dramatically reduced! "



Linearized Model of PLL Under Coarse-Tune Operation

TDC first-order DAC
Sain R Accum. Gain DT-CT VCO
Prelk] 71 [ ek < 1 -
21 A v 2nK,c| Tout
" P o P e
' s=j2nf
q)dW[k] Divider
oo T mTTTTTmT T ) CT'DT
1 1 :
Sl —»C? —
: 1 :
] < I
" Nnom :

" Routing of signal path into Sigma-Delta controlling
the divider yields a feedforward path
= Adds to accumulator path as both signals pass back
through the divider
= Allows reduction of coarse DAC bandwidth

= Noise impact of coarse DAC on VCO is substantially

lowered
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Die Photo of Prototype

.;;..,...........,.T--T..T..T.,I.I.’.ﬁ_...;',.....'.T.T.T.......'J-? = 0.13-pym CMOS

| w1 = Active area: 0.95 mm?
|| = Chip area: 1.96 mm?
1 =V, ,: 1.5V

‘| ® Current:

. = 26mA (Core)

= 7mA (VCO output
buffer at 1.1V)

GRO-TDC.:
= 2.3mA
= 157X252 um?
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Power Distribution of Prototype IC

Divider
DAC

Ref. Buffer

GRO-TDC

VCO (46%)

15%
(15%) Digital

VCO Pad Buffer

Total Power: 46.1mW

" Notice GRO and digital quantization noise
cancellation have only minor impact on power
(and area)
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Measured Phase Noise at 3.67GHz

 Agilent E5052A Signal Source Analyzer

PPhase Moise 10,00dB) Ref -20,0048cHz

-20.00 p

Carier 3.665713010 GHz  -2.1209 dBm

-20.00

-40.00

80,00

-60.00

70,00

-80.00

-90,00

-110.0

-120.0

-120.,0

-140.0

-1E0.0

-160.0

1000

-108 dBc/Hz

@400kHz

1: 20 kHz -105.3277 dBc/Hz
=2: 100 kHz -106.47F% dBcsHz

I: 400 kHz -108.9197 dBcAHz

4: 00 kHz -112.589% dBc/Hz

C: 3 MHz -132.5954 dBc/Hz
6t 20/MHz -150.2191 dBc/Hz
== Nonhseé|=—

fnalysis Range X: Full Range
Malysis Range ¥: Full Range
Intg Noise: -49.551F dBc / 40 MHz
FMS Moise: 4.70203 mrad
269,808 mdeg
RMS 1itter: 204.453 fszec
Residual FM: &£.08337 kHz

without noise
~cancellation

Tt Jl.

with noise
cancellation

5

-150 dBc

/Hz

1ase Moise Start 1 kHz

|

. @20MHz

Stop 40 MHz BTN

Suppresses
quantization
noise by
more than
15 dB

Achieves
204 fs

(0.27 degree)
integrated
noise (jitter)
Reference
spur: -65dBc
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Calculation of Phase Noise Components

-40 j oo j oo . R . LR |
S S VCO Noise

Lo Finepath XA Quantization Noise
~iiii| = — — Fine=tune DAC Thermal

: Coarse-tune DAC Thermal

Divider Noise (1% left)

GRO Noise i

-] — — — Ref Noise
: Close-loop Noise

|
(2]
o
T

|
(0]
o
T

-100

dBc/Hz

L1200k T T T NS
-140

-160F - T e NS L

-180

foffset

" See wideband digital synthesizer tutorial available at
http://www.cppsim.com
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Measured Worst Spurs over Fifty Channels

-0 Integer boundary:
55 [(50MHze73) A
o :
T -60
3 -65 wi’
7 . e
=70 RAR IR m“o:om’“ i o Raae ¥ ecoes
.75 \ \ : \
3.62 3.63 3.64 3.65 3.66 3.67

frequency (GHz)

® Tested from 3.620 GHz to 3.670 GHz at intervals of 1 MHz

= Worst spurs observed close to integer-N boundary
(multiples of 50 MHz)

" 42dBc worst spur observed at 400kHz offset from boundary91



Conclusions

" Digital Phase-Locked Loops look extremely promising
for future applications

= Very amenable to future CMOS processes
= Excellent performance can be achieved
" Analysis of digital PLLs is similar to analog PLLs
= PLL bandwidth is often chosen for best noise performance
* TDC (or Ref) noise dominates at low frequency offsets
= DCO noise dominates at high frequency offsets
" Behavioral simulation tools such as CppSim allow
architectural investigation and validation of calculations
" TDC structures are an exciting research area
= ldeas from A-to-D conversion can be applied

Innovation of future digital PLLs will involve joint
circuit/algorithm development
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