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Outline

" Example of high performance digital frequency
synthesizer
= Goal: wide bandwidth (500 kHz) and low phase noise
= Techniques to achieve low implementation complexity
= Example of high performance mixed-signal clock and
data recovery
= Goal: low jitter and full integration with compact area
= Techniques to achieve low implementation complexity

M.H. Perrott



Going Digital ...

I“““ref(t) A
— | Phase nalog |
Detect —> Loop Filter

out(t) I“““

VCO
4 iDividerl(
JUT eft) J[ Time | J] pigitat | out(t) [][]][
_-tc_)- Loop Filter
Digital DCO Staszewski et. al.,
4 i Divider |< TCAS II, Nov 2003

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

= Time-to-Digital Converter (TDC)

= Digitally-Controlled Oscillator (DCO)

M.H. Perrott
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Examine Noise Performance: Narrow-Bandwidth Case

" Assumptions:

= delay = 20ps
= carrier freq.
= 3.6GHz

= reference freq.

= 50MHz
- PLL BW
= 50kHz
= 3rd order AX

L(f) (dBc/Hz)
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" VCO noise dominates performance everywhere ...
" Don’t need very high TDC resolution
" A-ZX fractional-N quantization noise is not an issue

Perrott



Examine Noise Performance: Wide-Bandwidth Case

n Assumptions: 40 . :__Output Phas_se Nmse_of Synthesuer

= delay = 20ps

= carrier freq.
= 3.6GHz

= reference freq.
= 50MHz

= PLL BW
= 500kHz

= 3" order AX
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" Noise dominated by TDC at low frequencies

" Noise dominated by AX fractional-N noise at high

frequencies
M.H. Perrott



To Meet High Performance Applications like GSM....

" Assumptions:

delay = 6ps
carrier freq.
= 3.6GHz

reference freq.

= 50MHz
PLL BW

= 500kHz
3rd order AX
(20dB lower)

L(f) (dBc/Hz)
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Need 6-ps TDC resolution and 20dB cancellation of A-X
fractional-N noise to achieve 500kHz bandwidth

M.H. Perrott



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

M.H. Perrott



Key Enablers: GRO and 42 Frac-N Noise Cancellation
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® GRO offers low
noise at low
frequency offsets

" AY fractional-N noise
cancellation offers
low noise at high

frequency offsets
M.H. Perrott
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Proposed Multi-Path GRO TDC

Enable©° Delay Stage #1

N39.HI N43.H‘ N47.LJ|

2.4u'm 2.4um 0.6um
Enable
Enatle )

Hsu, Straayer, Perrott
ISSCC 2008

" Average delay per stage is reduced from 35ps to 6ps

T = Noise shaping further improves effective resolution



Reduction of Fractional-N Quantization Noise

—» 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 to counter this effect

M.H. Perrott
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Previous Analog Quantization Noise Cancellation

T

ref(t) PED

Residual Noise Due to

/Gain Mismatch!!
_— out(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

M.H. Perrot
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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
M.H. Perrott
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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[k] '« _ _ _\; _______ B
®  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

v pelopCC 2007 Time (microseconds)



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)[’
DQ
Control
GRO
nwrapping

\ 4
Noise
count[k] qlK] Cancellation
"I Divider and > £o0p
<
AX
div <

Coarse-Tune
Filter

fK]|

»D

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

M.H. Perrott 14



Dual-Port LC VCO

_’hﬂ | et~ BX i
2 |_:(~._| 3 4-bit MIM !

X Capacitor
I_°M ox | | Array :

i aie ;

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

0000 :

volt

____________________________

" 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
M.H. Perrott 15



VCO Varactor

LJ 0,

N-well

P-sub

® Accumulation-mode varactor used for both coarse
and fine frequency tuning

= Coarse varactor is 16 times the size of fine varactor

= Provides good ratio of capacitance versus voltage
variation with limited supply voltage

M.H. Perrott
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Switched Structure for Coarse Cap Tuning

VDIG

S.T. Lee et.al.,
JSSC, Dec 2004

VP C
" MaO0 provides low differential resistance for caps

= Ma3 and Ma4 provide low bias voltage to minimize Ma0
channel resistance when Ma0 is turned on

= Minimizes impact on Q of tank

" Ma2 provides high bias when Ma0 is turned off

= Keeps voltage at n1 and n2 defined and prevents turn-
on of Ma0

M.H. Perrott
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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- I tput
M.H. Perrott HHi-SUupply output range 18



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|

M.H. Perrott
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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 /(2%°C,,.4)*50MHz
= Determined by capacitor ratio

un perrore ™ Easlly changed by using different C, .

20



Now Let’'s Examine Divider ...

eflt) e
¥ stop - error[k]
Asynchronous
_ Divider
RV —I +64/651..1127|<—VCO
c‘l'k out T
Nsd —Pp|in
3rd-ord AX

' GRO start(t)
i GRO stop(t)
i <« “—
\ Phase Error Phase Error

*

® |ssues:

= GRO range must span entire reference period during
initial lock-in

M.H. Perrott
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Proposed Divider Structure

ref(t) .
iz DI e —>error[k]
- - ) 2
retiming Asynchronous
flip-flop _ Divider
div(t) +16/17l../31|<—VCO
Y M
clk out| N2—p
Nsg—|in N3—>

3rd-ordAx No

_______________________________________________________________

. GRO start(t)

Divide value

div(t) E
:|=No*N+N*+N,

' GRO stop(t)

_______________________________________________________________

" Resample reference with 4x division frequency

VH Perrot | Lowers GRO range to one fourth of the reference period



Proposed Divider Structure (cont’d)

CONN
S al—eslston —p error[k]
. _/ 7 Counter
retiming o—>breset _I_I_l'rl_ Asynchronous
flip-flop _ l.»inc;. Divider
div(t) +16/17)..131/¢—VCO
Y N N1
clk outp—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

M.H. Perrott

= Prevents extra jitter due to divide-value dependent delay

23



Asynchronous Divider Structure

N =23 | a | +23 |8 | +23 | our
—>|IN ouT —»| IN ouUT | IN ouT ——p
modgy: mMod;, [¢—— modyy,; modj, |[¢—— mody,; modi, [¢—
CON CON CON Vdd
CONg CON; CON,

<— 8+ CON,+2° + CON,*21 + CON,*22 —>»
IN _ruuyuuyyyuuuyyuyuyg

A 7 L LI LI LI LI
B _| iz I A L N
OuT_| L B

" Vaucher et. al., “A Family of Low-Power Truly Modular
Programmable Dividers ...”, JSSC, July 2000

M.H. Perrott
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Implementation of 2/3 Sections in Modular Approach

___________________________________________________________________

—+2/3 Circuits
i L LATCH LATCH i
o ] Yo o o g |
clk © ok Q¢ i. ouT
IN— o}
mod,,; 4 i i
i LATCH LATCH i
: D ( J— D ( | i
i N \__—<——mod;,
clk clk Control
¢ Qualifier !
l\ Circuits |
CON

" Same as discussed on day 2 of this class

M.H. Perrott 25



Implementation of 2/3 Section

____________ Flip-Flop ________.
I¢
_l
I fout
+—
—
CON’ L SR S T ] e
m gup—— - pp——— T |
i | H| |
A &= 1 e
CH AR e F | T
: H——<—moD;,
T =
~ Platch § 4 N-Latch

CON MOD ¢
" Combines logic gates into TSPC latches
= Requires only 1 ma at 3.6 GHz operation in 0.13u CMOS!

M.H. Perrott
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Dual-Path Loop Filter

switch .

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

e[kl=™\ _c)( - / :
- c +—=—--0.5Vpp
1.1 I:HZIIR o-plcoarse-Tune (t) o :
1st-order Filter Vf(t) v I

o . 0.5Vpp
WI
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
M.H. Perrott



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

M.H. Perrott
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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?

M.H. Perrott

29



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!
M.H. Perrott 30



Linearized Model of PLL Under Fine-Tune Operation

! first-order 1 :
: Gain IR > 1-z-1 * :
: 1-0( 1
_:» K2 [» Toz' [ 1 Gain @: :
: »| K, :
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 >
=aj2nfT _:
chiv[k] z=e) S—jZTCf
divider CT-DT
1

< <
Nnom T

" Standard lead-lag filter topology but implemented in
digital domain

= Consists of accumulator plus feedforward path
M.H. Perrott 31




Linearized Model of PLL Under Coarse-Tune Operation

TDC first-order DAC
Sain R Accum. Gain DT-CT VCO
Prelk] 71 7 e = 1 o
21 A v 2nK,c| Tout
O o PR B T
s=j2nf
q)diV[k] Divider
oo T mTTTTTmT T ) CT'DT
1 1 :
Sl —»C? —
: 1 :
] < I
1 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
M.H. Perrott 32



VCO Buffer Implementation

2nd- stage buf. To Pad
(Driving 500hm load

from instrument)

|
Ik

1st-stage buf.

1st-stage buf.

To Divider

" Consists of inverters with self-biased first stage
= AC coupling from VCO output into buffer

= Achieves low noise (as will be seen in far-out phase
noise in measured results)

M.H. Perrott 33



Die Photo

'w.. T .-T..T.....T......'..T.....,.....'.T.T.‘..‘.’.._..'.'J‘? " 0.13-uym CMOS
: !’ l = Active area: 0.95 mm?

i ® Chip area: 1.96 mm?
1 " Vpp: 1.5V

'6isé ;| ® Current:
&Corr| | - 26mA (Core)
— elatif :

= 7mA (VCO output
buffer at 1.1V)

Loop|

= nes s *!' [GRO-TDC:

- v = "'": i::i‘ ;;'_‘:"; ,g E

P SE m—> B - 5 3ma
‘.-...... - 157X252 um?

- .
— i *

M.H. Perrott 34



Power Distribution of Prototype IC

Divider
DAC

21.0mW

VCO (46%)

VCO Pad Buffer
Total Power: 46.1mW

" Notice GRO and digital quantization noise
cancellation have only minor impact on power

(and area)
M.H. Perrott
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Measured Phase Noise at 3.67GHz

 Agilent E5052A Signal Source Analyzer

Start 1 kHz

M.H. Perrott

PPhase Moise 10,00d4B) Ref -20,00dBcHz u
20.00 p Canier 3665713010 GHz  -3.1209 dBm
3 1: =20 kHz -108.3277 dBcfHz
oz =2t 100 kHz -106.4772 dBc/Hz
-3l 3: 400 kHz -105.9197 dBEc/H=z
4: 600 kHz -112.5893 dBciHz
-40,00 E: 3 MHz -132.8954 dBc/Hz
6t 20 MHz  -150.2191 dBcrHz
50,00 == Nonse|=—
Analysis Range X: Full Range
Enii Analysis Range Y: Full Range
&U.U0 Intg Noise: -49.5517 dBc /|40 MHz
EMS Noise: 4.702032 mrad
-70,00 269,808 mdeg
RMS 1itter: 204.453 fsec [ |
20,00 Fesidual FM: &.08537 kH=z
-30.00 without noise
1000 -
~ cancellation
-110,0 i
-120,0 e S
-130,0 -108 dBCIHZ , IS
@400kHz v 4" :
s with noise
1600 cancellation 6
150 dBc/Hz
-180.0 Py @-MZ

Stop 40 MHz BTN

Suppresses
quantization
noise by
more than
15 dB

Achieves
204 fs

(0.27 degree)
integrated
noise (jitter)
Reference
spur: -65dBc

36



Calculation of Phase Noise Components

-40 T T T ————m
R R VCO Noiso

S Finepath ZA Quantization Noise

~.11i| — — — Fine=tune DAC Thermal

: Coarse-tune DAC Thermal
SRR SRR Divider Noise (1% left)

—8OF e GRO Noise .

: Close-loop Noise

|
o
o
T

-100

dBc/Hz

_120l Ml R I R i
-140

-160+ T i

-180

foffset

" See wideband digital synthesizer tutorial available at

M.H. Perrott http:/lWWW'CPPSIm'com



Measured Worst Spurs over Fifty Channels

-0 Integer boundary:
55 [(50MHze73) A
2 :
T -60
3 -65 i’
7 . e e 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 boundary

M.H. Perrott



Co

" Digital Phase-Locked Loops look extremely promising

nclusions

for future applications

= Very amenable to future CMOS processes
= Excellent performance can be achieved

" A low-noise, wide-bandwidth digital A fractional-N
frequency synthesizer is achieved with

= High performance noise-shaping GRO TDC
= Quantization noise cancellation in digital domain

" Key result: <250 fs integrated noise with 500 kHz
bandwidth

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

M.H. Perrott
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Mixed Sighal CDR Example



Clock and Data Recovery Circuits for SONET

: : Data

Ootical Optical fiber "gpticalto | 1n | Clock and
ptica’l () —»| Electrical —p{ Data Clk
Transmitter Conversion Recovery |—p
al‘-'::::::::::::::: ---------------------------------- ) oa

retimed data(t)
>
data(t) clk(t) :

—| Phase Analog
Detect —> Loop Filter —>

OO0 OOOO0Oe®e®eg

" Function: recover clock from input NRZ data stream
= Want to support multi-rates: 2.5 Gb/s, GbE, 622 Mb/s, 155 Mb/s

" Structure: phase-locked loop with an appropriate phase
detector

" Focus: analog, digital, or hybrid (i.e., mixed-signal)

implementation?
M.H. Perrott



Key Jitter Performance Metrics for SONET

retimed

uLsr

data(t)

—> Phase
Detect

Analog
Loop Filter

*

VCO

= Jitter generation: amount of jitter produced by PLL
= Achieved by designing low noise PLL

= Jitter tolerance: amount of input jitter tolerated by PLL
= Achieved through appropriate design of phase detector

= Jitter transfer: required filtering of input jitter
= Achieved by properly designing transfer function of PLL
= Key challenge: need < 0.1 dB peaking in transfer function

M.H. Perrott
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The Woes of an Analog PLL Implementation

retimed

uLsr

data(t) clk(t)
—p| Phase Analog
Detect | | Loop Filter *@"" JUULAr
X .. Vco

g
3
©
5
|
|
ww—

" Goal: integrated loop filter

" |ssue: required cap value too large (100 uA charge pump):

- 2.5 Gb/s (OC-48): 4 nF
- 155 Mb/s (OC-3): 64 nF

M.H. Perrott

Jitter Peaking
¢ [ I p— -

freq

43



Consider A Digital CDR ...

retimed
data(t) v, (,
2B HHHH
data(t) Phase Analog CIk(t)_i-_i-_i-_i-l_i-_i-
—> Detoct | Loop Filter[
VCO
*
‘ retimed
data(t) e, (' -
A HHHEHE
data(t) | Phase Digital Digital KO nafAnnl
—»| _.to- _>Loop FiIter‘_’ VCO 'rJ-J--“J-J-
Digital |
*

" Digital loop filter allows:
= Easy integration of loop filter

= Easy configurability for multi-rate operation
M.H. Perrott
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Digital VCO Implementation

’---------

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

\ Digital

- ®
-
-
-
-
-
-
--
-

Staszewski et. al.,
TCAS-Il, Nov 2003

|
0
;
: 000 ——
s| W (5] T T T
Digital _ | & |>C| ol ¢ _( _f _f
2) ¢ 8] 4] |
......... — p retimed.
......... _. data(t)
data(t) Phase Diai i . . i
gital Digital
| -to- [|Loop Filter[ ] vCO clk(t)
Digital

& ISSCC, Feb 2004

" Other researchers have demonstrated a “digital” LC
VCO using a switched capacitor bank

" |ssue: better suited for 0.09u rather than 0.25u CMOS

M.H. Perrott
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Hybrid VCO Implementation

.l -------------------------------------------------------------- \'
B =
i BN P
E O’ 1 :Analogi
i Analog (<) HWW (5) ' T T *°°°*T AT
= = ' '
\ Digital o ol ! L { £ ! Digital E
1 TTITToTomomomomomononens )
......... retimed g
T > data(t)
data(t) | Phase Diqi o :
gital Hybrid
> o 1 Loop Filter[ P[P [ vco clk(t)
igita
1 A Hegazi et. al.
JSSC, Dec 2001
Frequency Digital cap
Acquisition settings

" Advantages

= Low phase noise, easy implementation in 0.25u CMOS
M.H. Perrott



Bang-Bang Structure as Digital Phase Detector?

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

retimed
data(t)

PR
cococcococscscscococococococon®

clk(t) =
n) phase
DQ D QH—/ error(t)
S > I
C|k(t) - r r,_atch
”.. -------- retimed
S = > data(t)
data(t) [Phase | Diai
gital Hybrid
> -to- ¥ Loop Filter —>{DIAP

Digital

VC(; clk(t)
4 digital capsT

" Advantages: purely digital implementation with low
complexity and low clock loading

B |ssue: leads to nonlinear CDR behavior
M.H. Perrott
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A Closer Look at the Bang-Bang Detector

retimed data(t)

data(t) DQI DQ .’ ------------------------------ ]
clk(t) IrpReg Y o §data(t){—J\ —
|__> A ! clk(t) |_| |_| LT

pala ey — . i
CIk(t)} I_flLat!-h :\ _________ e :

" Phase error output consists of pulses of fixed area
that are either positive or negative

= Nonlinear phase detection!

" |ssue: PLL dynamics become nonlinear
= Difficult to meet SONET Jitter Transfer Specification
= Prone to limit cycle issues

M.H. Perrott



A Flash Phase-to-Digital Converter?

o
3
—_
=

'---------------~

" Chain several bang-bang detectors through delays
= Allows multi-level phase detection with digital structure
= Similar to time-to-digital converters of other researchers
= Staszewski et. al., TCAS-Il, Nov 2003 & ISSCC, Feb 2004

" |ssues:
= High power consumption (multi-GHz operation required)
= High clock loading (complicates VCO buffer design)

= Prone to limit cycle issues
M.H. Perrott
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An Analog Phase Detector?

Phase e .

error(t) E > o E

+\ /- ! data(t) —

] ]

; : : : )

D ID O L LT
. ' i '

data(t) m—4D Q DQ -rgtlmed \ phase | A
ata(t) '

- — I :error(t) :
Reg Latch L !

clk(t) =

" Hogge detector popular in analog CDR designs

" Advantages
= Low complexity, power consumption, and clock loading
= Leads to linear PLL dynamics

" |ssue
= We need a digital output!

M.H. Perrott



Proposed Phase-to-Digital Converter

data(t) =

Hogge Detector

phase >
error(t)
+ —
I I
retimed
_;) Q ?_Q - data(t)
Reg Latch

clk(t) m»

digital
—a» phase
error(t)

—a» clk2(t)

A/D
4 N
IN
ouT
Input Output
CLK CLK

J

" Combine Hogge Detector with a high speed A/D

® |ssues:

= Want high resolution (i.e., to achieve high linearity)
= Want low power, low clock loading, and compact area

M.H. Perrott
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Proposed A/D Approach

Continuous-Time

Hogge Detector _First Order >-A
v )
lod —’—E——4— - lsd [ E
0 0
- N R ' digital
] D Q= phase
] - i error(t)
D I : T Cint :
. ' (]
data(t) m—4D Q D qH-me Fétimed ;
data(t) '
g4 g2l : . '
Reg | Latch —~2 > clk(t)
clk(t) = o J

" A first order continuous-time Sigma-Delta A/D

= Achieves high resolution, low power, low clock loading,
compact area

" How could this work??

= Can easily clock at GHz speeds (i.e., high oversampling)

VLH Perrott = Hogge output provides random dithering source for free



Phase-to-Digital Converter Implementation Details

= Start with Hogge Detector/Charge Pump implementation

phase
error(t) 1 L
lod —>— :' \:
+ data(t) ;
= : : L :
v clk(t) : | -
R A : I - =
: hase I | :
retimed v P ;
data(t) m—HD Q D Q= ta(t) o error(t) !
> T E phase E
Reg Latch ' offset I
clk(t) m B il ’

" |ssue 1: Hogge detector is prone to phase offsets
= Caused by unequal delays for XOR input signals
= Degrades jitter tolerance performance

M.H. Perrott



Improvement of Phase Offset of Hogge Detector

phase
error(t)

lod —>—
A

! +\/— |
Buffer N r.l
l-l >j , phase _ |
data(t) = DQ DQ DQ retimed ; |

-

data(t . error(t)
> J- ™ .I' ( ) l
Reg |_Latch Latch :

2]
x
—_
=
]

------‘

_----------'

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

clk(t) m |-

" Extra latch improves matching of loads of Reg and Latch
" Extra buffer ideally matches clk-to-Q delay of Reg

M.H. Perrott



Challenge of 2.5 Gb/s Operation in 0.25u CMOS

phase

error(t) [ | oo oo oo momoes
Ipd e :I s:
+‘, ‘,_ i data(t) i i

:': 'J: ' :

] ]
Buffer E CIk(t)J_ - E
0 - ]
|D :  phase | :
data(t) m» DQ DQ D Q= rg;‘{:&;’ , error(t) :
I |t : — :
] ]
Reg |_Latch Latch ' <200 ps J

clk(t) = ‘ececcccccccccccccnaa- .

"= XOR outputs have pulse widths < 200 ps at 2.5 Gb/s

= Complicates efforts to achieve reasonable linearity and
phase detector range

M.H. Perrott



A Combined XOR/Charge Pump Topology

Buffer

data(t) = | DQ

DQ DQ
D> I =fj
|-Reg |_Latch Latch
clk(t) =

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

=5 A Ak
|a.--|_-',l A F'—_|-E

retil-*r;e-ci ----------------------
data(t)

" Limits short pulse width signals to low impedance nodes
= Fast pulses occur at source nodes of devices
= Note: XOR outputs feed into “low impedance” capacitor

" Combined implementation saves power and area

M.H. Perrott
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Bias Network with Simple Common-Mode Feedback

Iblas

Buffer &3

data(t) =

N d
P q

L F TvbiaSq {J
-f %— *Ibias

®
R
retimed

DQ

DQ

J

Q= data(t)

—J

Latch

Latch

clk(t) ‘Reg |_

" Common-mode feedback sets voltage according to
voltage of top PMOS devices

= Size PMOS devices appropriately for desired voltage
" Achieves high impedance with compact design

M.H. Perrott
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First Order, CT, Sigma-Delta A/D Topology

i 4 oLl
N Vpias « int int
P ] q ¢
Ibias¢ -i L- *Ibias 1
T X Amp
{ D o
® D QH
Buffer &3 L lds
ﬂ E retimed )\
| D data(t
data(t) = DQ DQ DQ -a 2 = ph_err(t)
|—L |— J —J |— —2F = ph_err(t)
clk(t) mp—o] Reg | Latch | Latch - clk2(t)

= Simple design allows high speed clocking
" Metastability behavior improved with:

= Inclusion of Amp

= Slight reduction of clock frequency (i.e., 1.25 GHz)
M.H. Perrott
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Digital Loop Filter and D/A Implementation

] ‘.
0 0
: v :
E I|n _} out E
i _— —{ H(z) [>|DIAP> |
! )
0 -1 0
0 0
' — — '
' 0
e _
et I:etimed

e > data(t)

data(t) | Phase Diai ,
gital Hybrid
—>| -to- Loop Filter —P DA veo [T clk(t)
Digital
* digital capsT

" Goal: digital implementation of analog lead/lag filter
" |Issue: requires D/A with >> 1 MHz bandwidth, high
resolution

= An easier D/A implementation is preferred ...
M.H. Perrott



Proposed Hybrid Loop Filter Approach

ler —> %

--------------\

P
v

‘ |1

I 1
/

=

I|nt—>
T —»{ Hint(z) | D/A
et I:etimed
e > data(t)
data(t) | Phase Hvbri -
l ybrid Hybrid .
-to- Loop Filter —| DA vVCO clk(t)
Digital
* digital capsT

" Lead/Lag filter can be decomposed into two paths
= Feedforward path (high bandwidth, easy in analog domain)
= Integrating path (low bandwidth, hard in analog domain)

= Tal : : . .
VL H Perrott Digital domain provides a compact implementation



Overall Hybrid Loop Filter Structure

O

(0]

2]

3

9.. \ 4
S =
v
Sl | ]
v

7

>
‘\‘@/

1-z1| "|DIA
. et I:etimed
R > data(t)
data(t) | Phase Hvbri -

l ybrid Hybrid .

-to- Loop Filter —| DA VCO clk(t)

Digital
* digital capsT

" Accumulator acts as digital integrator

= Sigma-Delta D/A allows high resolution with easy
implementation

o P'ermgtecimator lowers operating speed of accumulator and D/A N



Walk Through of Decimator Implementation

1
-1

data
—>

—>| Digital

clk

Phase

1L

ph_err

to

>

clk2

Kint
1-7

1

ACCUM

ouT
IN

>P

X—-A
D/A

, VCO

. Unused

I LSB
Info

—>

" Consider simply running accumulator at full rate
= Would need to run at GHz speeds in 0.25u CMOS

= High power!

" Key observations

= Accumulator output has higher resolution than needed by

VCO input

Input

= We do not need the LSB portion of the accumulator output

M.H. Perrott
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Split Accumulator into LSB and MSB Sections

ACCUM }——
ouT ° 2—A VCO
® 5| D/A Input
— D Up Down |—ou0uy
clk2
1 LA
AJ0Ld
—| Pha sIN  ouT|? A sg
—p| Diqi - Info
S LRigital 5 o—p ACCUM |

" Key observations:

= We only need one line of communication between LSB
and MSB sections (i.e., carry signals)

= We only need to generate the carry out signal of the LSB

section

= We can replace the LSB section with a decimator
structure and still preserve all relevant information

M.H. Perrott
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First Pass at Decimator Implementation

ittt % out| ¢ 22>

' : »| DAC

:IN D—DQ - —»D Up Down |—p

' ouT | clk2 -

]

l (ﬂk2ler— H
1 " Level to 1= Ripple Transition —1— _______ oo oo...
0 Transition Counter to Level ! IN }
Pherr [N E e N s >D—-i

OUT [=|+2P -2 +2 OuT [ iclk2 ouT,
clk2 -|-> l—» © -l §
" We can implement the LSB accumulator with a ripple

counter
= Issue: ripple counter counts transitions

= Solution: use appropriate translators to convert
between voltage levels and transitions

" Next step: we have achieved an efficient LSB

wh pero @ccumulator, but not a lower operating frequency

vVCO
Input

)
\
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Final Decimator Architecture

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

AN : ACCUM |}—
220 A ¢ |lza] . veco
! : OuUT| o >
. : e D/A Input
; - : W Up Down }—»
g - 11X
.'c-‘ --------------- ; -.’.
Level to'-, Decimated Transition
Transition "+, Ripple Counter to Level
h_e
PR-C55IN outl»| o bl o bl o |—|In
clk2 = = =
T’ YENNENEITZ:

" Re-clock divide-by-2 stages of ripple counter at
progressively lower clock frequencies

= Aligns ripple counter transitions to lower frequency
clock boundaries

" MSB Accumulator now runs at 1/16 of the original
frequency in the above example

M.H. Perrott 65



Overall CDR Architecture

Phase-to-Digital Converter

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

I —>\

. . >
Hogge| |« |l 1 Analog Feedforward
I‘;' Det. [*]% A _:’_1ﬂ.][ Path
' AN A '
I‘ 4 F'y 'l
Digital Integration Path
Data In
(2.5 Gbls) s-Al T,
-»DeC—>Accum—>DIA-> l; ->\ Vref I
PN D\
Nl g + digital
cap
Clk . Clk2 I Clk16 settin
- gs
25 GHz) T =2 %125 6hn) (156 MHz)
%
buffer

" We have achieved:
= A low power, compact, highly linear phase-to-digital structure
= A low power, compact, highly configurable hybrid loop filter

= Compatible with existing hybrid VCO structures achieving

excellent phase noise in 0.25u CMOS
M.H. Perrott 66



Die Photo

Digital?ACcum.
&
Other Digital
Loglc -

spp 9 9 | | peee

~Limit! Amp & i ||
-~ Front-end ||
: . Conditioning'

4AF Al 4 h 4L 4 dh WA A

M.H. Perrott

" Supply Voltage

2.5Vor33V

" Typical current

170 mA (2.5 Gbls)

" Supported data rates

2.7 Gb/s (FEC)
2.5 Gb/s (OC-48)
Gigabit Ethernet
622 Mb/s (OC-12)
155 Mb/s (OC-3)

Minimum input

10 mV (differential)

Package size

5mm X 5mm
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Measured Jitter Tolerance and Transfer at 2.5 Gb/s

Measured Jitter Tolerance and Transfer at 2.5Gb/s

—g—Jitter Tolerance
e Jitter Transfer

- -E- - Tolerance Mask
- =X~ = Transfer Mask

N
o

Jitter Transfer - dB

N
o

+ -20

-25

100
=
Q
o
c
o
° \
E 1 ' :
’ : \\0& ‘
»
0.1 W W
100 1000 10000 100000 1000000 10000000 1E+08
Frequency - Hz
M.H. Perrott

SONET performance
specifications met at
all data rates:

Jitter transfer (typ.)
= Peaking < 0.03 dB

Jitter tolerance (min)
= >0.3 UL, (>1MHz)

Jitter generation
= 3 mUl rms (typ.)

= 25 mUlI pp (typ.)
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Measured Eye Diagrams at 2.5 Gb/s

Fle Edi Wiew Setup Utliies Help | Triggered | Tekmonix _ |5 |  File Edit Wiew Setup Utiities Help [Triggered | Telronic |5 =]

M.H.

%I%l ﬁ‘lwlmlc | FIun.-"StoplAc:q Mode ISampIe J TrlglExternaI Direct J _II 190-?”1"" %IEI %l %l T |@|"1L|C | Fiun.-"StoplAcq ModelSampIe TrlglExternalDlrect J_" ‘IQU.?m'v' %IE'
""" mlﬂlﬁ*|§ IEyePattern.-"Dptlc:al 'l ["_l[_l["_l&flﬁll_lﬂ_[lﬂl*l Qlﬁbl*l[_lﬁlﬁ I :l\f\.lm_z*|§

| 11 15000 ddliv 17 15000 Widiv

Measurement
11 PkPk 439.8mY

Measurement
B G FlRk 420 my
sk |7 C2 PPk 418 mY

2C2 PkPK 426 2mY

o65.0mY - 1|-|||||; felive

| |1SDDmWIE| E IMam Ql@l I‘IDDDpS.*dI IE|1954un IE A:5E PM 7ATAT | |1SDDmW.E| E IMaln Ql@;l I1DDDpSe‘dl lElwmon IE 507 PH 741 7401

" Best Case Conditions " Worst Case Conditions
= Input data: 2 Vp-p diff. = Input data: 10 mVppd
= Pattern: PRBS 27-1 = Pattern: PRBS 251-1

= Temperature: 25° C = Temperature: 100° C
= Jitter: 1.2 ps RMS = Jitter: 1.4 ps RMS

Perrott

69



What about the digital cap settings?

--- Digital frequency acquisition example ---



Referenceless Frequency Acquisition

Locked, Small Jitter Locked, Large Jitter Frequency Offset

jitter jitter edge sweep
& ; +—> ; —
data_in mn idata_in I_I_“I]]][I]I idata_in
clk | | i clk i clk
4 4 ¢ 4 4 ¢ 4 4 4
0° 180° (0° - 0° 180° (0° 0° 180° Q°
90° : 90° : 90°
. i ' ’.-l..,.. E /. ..... g
o .

.-~ Forbidden .. _| .. e
Zone 270 5 2700

/ Lo [

180°-= ~0° :180° — 0°: 180°- — 0°
: : Ul N\ * \/’
N i ¥ Bit Error ™. /

270°
= Utilize a “Forbidden Zone” to infer frequency lock
= Use this information to determine digital cap settings

M.H. Perrott 71



A Bit Error Detector Based on Forbidden Zone

Locked, Small Jitter :' Reg Latch \:
j{it_t»er : data_in » o D Q D Qfo— :
[ r :
data_in Ml i clk O [ I-G :
ok T _I_ E buffer Interp Reg Lat E
4 4 A ] D Q D Q !
0°c 1800 0° ; clkp b e -‘ |
! :
90° : :
e E ber _reset m I-Reg :
3 ] JDber_event D Q-ber_detect:
H ]

180°= 0o ! ]
. ‘\ | P4

........ .. Forbidden

2700 Zone
" Key idea: sample input data at two different times
= Change ber_detect value if the two results are different
" Implementation: achieve delayed clock with less than
it parrar ON€ buffer delay by using interpolative register
.M. Ferro
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Interpolative Latch

" Effective latch time occurs between rising edges of
input clocks (i.e., clk and clkp)

= Adjustment of |, ,/l,;.., allows adjustment of latch time

= Choose |;,.; = |, IN this application
M.H. Perrott
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Combined Hogge Detector and Bit Error Detector

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

i Hogge Detector T ph_error
s +\ - 5
: buffer :
‘ F Reg | Latch ‘ Latch | Latch
data_in = E D Q D Q D Q D Q—Ebdata_out

o g T T

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

lllllllllllllllllllllllllllllllllllllllllllllllllllll

Interp Reg Lat o Bit Error

D of—p oo -gl Detector :
— I-c.l‘ -‘g £  (simplified)
2 |o

buffer

clkp

Reg Diff-to-Sngl

ber_reset »
U o ——m ber_detect

ber_event
: Sngl-to-Diff _—)> )

llllllllllllllllllllllllllllllllllllllllllllllllllllll

" Sensing of bit errors adds minimal overhead to Hogge Det.

= Note: Diff-to-Sngl and Sngl-to-Diff converters interface to

lower speed signals (ber_reset and ber_detect)
M.H. Perrott



Sensing Bit Errors

ber_reset '
S ! |
ber_event | n_n : n . 'n —
ber_detect | | ! T U L'—Il |_L
| | ] | —
BER counter I [ |
. | lﬁl
i 2.5MHz
data_in = ° D Q b Q
T
o | [B— [F—II
buffer PR RN BN LRERENENRNENNENNNERNRRSENHSEHNHNHNNERHS! IIIIIIIIII. llllllllllll ‘.
interp xeg Lat Bit Error :

clkp

(o]
D af—p oo -8| Detector :
— I-c.l' -‘g £  (simplified)
2 | .

ber reset m Reg Diff-to-Sngl

—m ber_detect

ber_eventLt) Q "
: Sngl-to-Diff _—>) ) :

llllllllllllllllllllllllllllllllllllllllllllllllllllll

" For robust operation, only detect whether at least one
bit error occurs within period of 2.5 MHz clock

= BER Counter increases by one if the above occurs
M.H. Perrott 75




Overall System with Referenceless Frequency Acq.

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

ol I —»\
data_in Hogge .........................
—| Det. 1229 Analog Feedforward Path
— & A - -
BE Det. -1 i -
A Digital Integration Path
4 & | drrmrmrmememsessssssssssssssssssssssas sy
clic| | clkp : Ly| Dec. —»| Accum > —-Aps| |,
T T %
clk2 I clk16
buffer |  TTTTTTTTTITTTIII T n e
2.5 GHz
digital cap
settings

»| ber_detect

ber reset

center_accum digital_cap_set

Referenceless Frequency

Cap Settings during

Acquisition Algorithm Frequency Acquisition
clk_dig A loss_of lock ber
» 5 2.5 MHz T l l Current Cap [
—|< 2= 1024 Setting

Time

" Digital cap settings are updated as shown when bit
error counts exceed a threshold value

M.H. Perrott
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State Diagram for Referenceless Frequency Acq.

N t
" Fast initial check reset 3 state 1
. Step Digital Caps lol =1
of cap Settlng (336 cap settings)

= Allows speedy N 4
visitation of all State 2

Fast evaluation
but sensitive to

cap settings

Evaluate over 16 Cycles

long string of

6.6us| (center_accum =1) transitionless bits
Assumes a ¢ ber_count < 16
wro.ng ca_p State 3 Robuzaggainst
setting will Evaluate over 48 Cycles| transitionless bits
usually yield a 19.6 us| (center_accum =0) and BER < 1e-3

high BER count

" Progressively

¢ ber_count <43

State 4
Evaluate over 512 Cycles

Robust against
8000
transitionless bits

slower checks of

_ 209.7 us and BER < 2e-3
cap settlng ¢ ber_count < 501
= Protects against State 5
false selection of Save VCO cap settings lol=0
209.7 us

a cap setting

Evaluate over 512 Cycles
ber_count < 501

M.H. Perrott 77



Example: No Jitter, High Transition Density

0 Ul Jitter, 1/2 Transition Density

VCO Input

Feedforward Output

fAccumuIator Output} (Integratidn Path)

W~~~ eercane -
0 i i i i i

Y

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Simulation Sample Number (X1000)

HJJJHFH Digital Cap Settifngs (Least Significaht Caps)

" BER counter goes to zero when correct digital cap
setting is achieved

M.H. Perrott 78



Measured Referenceless Frequency Acquisition

2.60

2.55

2.50

2.45

2.40

2.35

VCO Frequency (GHz)

2.30

2.25

Measured Referenceless Frequency Acquisition

Vgl 1 | | .I’
v VH/ |

l Vlu'l!’ i
| N W/

-0.5 -0.25 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Time (MS)

" Change data input from 2.5 Gbit/s to 2.4 Gbit/s

M.H. Perrott

In this case, frequency acquisition completes in <2 ms
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Example: High Jitter, Low Transition Density

5 Ul Jltter at 100 kHz 1/6 Transmon DenS|ty
‘ 3 - VCO Input

0.5

-0.5 i i i i i i
0.2 | ' ! Feedforwaﬁd Output |
-0.2
5000 f f f B
~Accumulator Output (Integration Path) |
-5000 . ‘ ‘ ‘
400 F ! ! !
I : _ BERCounter
0 | 1 ]
5 ! ! ! ! ! !
JJHJJJHJJ{H{HJHHJHHJ{HJ - Digital Cap Settings (Least Significant Caps)
0 i [ i i i i
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Simulation Sample Number (X1000)

BER Counter continues to have non-zero values even
after correct digital cap setting is achieved

= This information can be used to estimate BER of CDR

M.H. Perrott
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Measured BER Estimation versus Actual BER

Measured BER Estimate Vs Actual BER

900
800
700
600
500
400 [ % Tod I P
200 |
100

0
1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03

Actual BER
" Above measured results occur across:
= Worst case split lot corners
= Temp: -40 to 85 degrees C, Voltage supply: 1.62 to 3.63 V

BERANA (mV)

M.H. Perrott
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Conclusion

" Mixed-signal techniques allow high performance to be
achieved with low power and compact area

= Phase-to-digital converter: combined Hogge PD and First
Order Sigma-Delta A/D

= Hybrid Loop Filter
= All-digital frequency acquisition with minimal overhead

" Measured results confirm high performance

= All SONET specifications met with 1.2 ps typical rms jitter
= Referenceless frequency detection with BER monitor

Mixed-signal design philosophy:
Leverage both analog and digital circuits such that
their relative strengths are fully utilized

M.H. Perrott
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