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Outline

" Fast offset compensation for CDR limit amps

® Fractional-N based DLL

" Low-jitter multiplying DLL

" Sub-harmonic injection-locked oscillator

M.H. Perrott



A 3.125 Gb/s Limit Amplifier in CMOS with 42 dB
Gain and
1us Offset Compensation

Ethan A. Crain, Michael H. Perrott
Massachusetts Institute of Technology



A Fast Acquisition Limit Amp
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Acquisition time of CDR is limited by slow response

of limit amp offset correction loop (typically
milliseconds)

Goal: improve speed of offset correction




Motivation for Offset Compensation

A=A DI DA > oo

Voffset |
Vin"-qtﬂ"ifﬁt% Voffset

Without offset compensation the output of high gain
amplifiers can saturate due to offset voltage alone

M.H. Perrott



Motivation for Offset Compensation

Offset

Veontrol Comp. i

A #’L f1-14-

Voffset \

Vin AACA-

Offset compensation is required for high gain amplifiers
to prevent the output from saturating due to offset

Classical offset compensation methods
suffer from long compensation times

M.H. Perrott




Why long settling times matter

V
Voffset control| Offset < Il ]L

W_\'Fm:}\m p m -!-\T}- L
/

Vin

Compensation only happens once in one-to-one links
Typical offset compensation time ~ 1ms

M.H. Perrott



Why long settling times matter
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The compensation time determines how
quickly we can switch between channels

M.H. Perrott




Outline

Proposed method
Peak detector design
System Details
Measured results
Conclusions

L4 4
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Proposed Method — Key Assumptions

Vcontrol Offset [<—
Comp. |-

—> >
f'Vln C A(s) cht r
Voffset

e Assume that the data path is differential
and the two data paths have approximately
equal gains

e Assume that we are processing NRZ data

e [ he output-referred offset is equal to the
difference in output common-mode levels

M.H. Perrott



Proposed Method — Key Assumptions

Veontrol Offset

Comp.

R0V * ©_> A(s)
Voffl-”set
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Vout
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M ' Voffset — max[v—l—]
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Traditional Peak Detector

M.H. Perrott

|bias(i) :I_CL

Consider operation of traditional
CMOS peak detector
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Operation During Track Phase

1 V Ibias Ibias
T o e Slew Rate o
Vin—[ .
| = VO : e't/‘f
| I
Tdata T << Tdata

Fast Offset Compensation — Large [,

M.H. Perrott 13



Operation During Hold Phase

Droop = Iy;, - _Tgcga

Tdata Ibias CP

Droop proportional to both I;,. and T,
Data dependent droop — Jitter (ISI)

Small Jitter — Small ;.

M.H. Perrott
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Trade-Off for Traditional Peak Detector

[rade-off betwen settling time and jitter
performance due to Inter-Symbol Interference!

Vin ”:

|bias(i) TCL

Fast Settling — Large I;,s Low Jitter — Small Iy;,s

Can we modify the design to
iImprove the trade-off?

M.H. Perrott
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Proposed Solution

T

Ibias I

Add switch device that is controlled
by the input

M.H. Perrott
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Proposed Solution — Track Phase

1 V Ibias Ibias
T x ¥ Slew Rate « o
Vin e e -
| = VO : e't/‘f
| I
Tdata T << Tdata
Ibias T &

Same operation as original peak detector circuit

M.H. Perrott
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Proposed Solution — Hold Phase

Vin 'I: e —
l J l—: Vo Droop=0

Tdata 4 |

Ibias ‘I‘CL

Droop is ideally independent of both I;,. and Ty,

Can achieve small jitter with a large Iy;,s

M.H. Perrott 18



Proposed Solution — Differential Design

Source
Followers
V|n+ +* < D R P V|n'
|
I ==
V0+ | i T — - Vo—

Switch / |
Devices  |bias

Use inputs to switch Iy,,. between
the two source-follower circuits

M.H. Perrott



Proposed Solution — Operation

Vin"‘ Vin-
J_ L ——1L I
L ! V0+ ,‘VO_ g
Tdata I 1 Tdata
L CL CL
i e M Rt
| Droo

. Ibias-Alt A Jroop
i ’_E <; __I_Ja;a_ ‘ bias@ 1 | |

Incomplete switching causes non-zero droop

M.H. Perrott



Proposed Solution — Operation

Vin+. I ) Vin-
an—n- V0+A I 1 VO' _l-d—b-:_
| data CL'L J‘CL Tdata
s L L g LT e
Droop Al Hbias-Al | |

S ‘ biE]S@ ‘ T << Tdata

Incomplete switching causes non-zero droop
Simultaneously achieve fast offset
compensation and low droop

M.H. Perrott



Multi-Tap Compensation

/
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Analog Mux
and
Select Logic
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" Dynamic multi-tap control loops are required
" Peak detector at each amplifier output
" All loops have matched gain

M.H. Perrott
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Test System — Die Micrograph

’ 1000um X
T " e 3.125Gb/s limit-amp.
‘ 42dB gain
5GHz BW
I '« Compensation
time < 1us
= luns e Meet OC48 jitter specs.
i ﬁ < 4pspys @ 2.5Gb/s

1000um

2

Total area: 1mm
Active area: 0.5mm?
Supply Voltage: 1.8V
Total Power: 338mW
Power of LA & Offset
Compenstion: 113mW

i 4

Fabricated in National Semiconductor’s
M.H. Perrott 0.18um CMQOS process 23



Test System — Measured Results

Eye diagrams with 2.5mV,, PRBS 23! — 1 input

Offset Compensation Settling time ~ 1us
2.5Gb/s — Jitter = 3.71ps RMS 3.125Gb/s — Jitter = 5.90ps RMS

Horizontal Scale: 100ps/div Vertical Scale: 50mV/div Horizontal Scale: 100ps/div Vertical Scale: 50mV/div

Veontrol Offset |
Comp. |-
——
f-vm f A(s)
Voffset
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Test System — Measured Results

Offset Compensation Settling time ~ 1us

Data Rate
Input Amp | 1.0Gb/s 2.5Gb/s | 3.125Gb/s
2.5mVpp 3.94 3.71 5.90
10mVpp 2.65 2.86 6.30
50mVpp 113 2.52 7.98
Meets OC-48 Jitter Spec (< 4.0ps RMS) down to V;, ,, = 2.5mV

Vcontrol Offset [

Comp. |-

f-vm g’ A(s)

Voffset
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M..

Test System — Measured Results

Control voltage step-response with a 5.0mV,, PRBS 231 — 1 input

Compensation Settling time goal ~ 1us
3. 125Gb/3 — Jitter = 5.75ps RMS

Compensation Settling time goal ~ 0.33us

3. 125Gb/s — Jztter = 5.90ps RMS

|

635n5

1usS -

|
I
B

“-I-.......

Vcontrol

FBOEVin* é
Voff;set

Horizontal Scale: 200ns/div Vertical Scale: 5mV/div

Horizontal Scale: 200ns/div Vertical Scale: 5mV/div

Offset [
Comp. |-

|

e
A(s) Vout - .
e
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Summary

M.H. Perrott

Proposed peak detector design enables a 71000x
improvement in the trade-off between settling
time and output jitter by changing relationship
between peak detector bandwidth and output
droop

Implemented and tested system with proposed
offset compensation method that has 2.5mVpp
input sensitivity and that meets 0OC48 jitter
specifications (< 4ps RMS @ 2.5Gb/s)

Behavior model download:
= http://www.cppsim.com
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A Delay-Locked Loop using a Synthesizer-based
Phase Shifter for 3.2 Gb/s
Chip-to-Chip Communication

Chun-Ming Hsu, Charlotte Y. Lau, Michael H. Perrott
Massachusetts Institute of Technology



Delay-Locked Loop for Data Recovery

>
retimed
data(t) ..

Loop
M PD > fijter

I o=

" |In some applications, a reference clock that is
perfectly matched in frequency to data sequence is

available

= Phase mismatch is present due to different propagation
delays between clock and data on the PC board

" A delay-locked loop limits adjustment to phase (as

opposed to phase and frequency)
= Faster, and much simpler to design than PLL structure

M.H. Perrott



Delay-Locked Loop using Phase-Interpolator

>
retimed

Loop
> Filter

adjusted i i

cll;(t) ||||||||||||

__________________________

FF
______ Phase i-n_t_e?p_x_)l-a_tb-r_ - Adjusted clk Phase
" Infinite delay range and good jitter performance

B |ssue:

Good matching needed for accurate phase control,
but future processes promise high variation ...

M.H. Perrott
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Can we eliminate the need for good matching?



Proposed DLL

data(t) Bang-Bang
d Detector

Loop
Filter

g
retimed

 data(t)

adjusted
clk(t
>( )

clk(t) | Phase J
Shifter

A

up/dn

" Use Z-A frequency synthesizer as a phase shifter

M.H. Perrott
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VCO-based Phase Shifter

Vetri(t) Pout(t)

_____________________

om Em Em o Em o Em Em o o o o

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

o= Em Em Em Em Em Em Em Em Em Em Em Em Em o o o Em Em Ew
e Em e Em o Em o e Em E Em B Em Em Em Em Em Em Em

AV+K,T,- 2T = 27/2"

" VCO output phase increases or decreases by a step
when a pulse is fed into it

" Fine phase resolution and infinite range are achieved

Issue1: How to control the VCO frequency accurately?

Issue2: How to control the phase step accurately?
M.H. Perrott 33




Solution: Synthesizer-based Phase Shifter

T
e

%V " " Vetri(t) Gout(t) _/h[\..jm,—
—AV : " AV- f{,-Tp- 21
. > Td «

fref
clk(t) = + M —»| PFD || Sﬂﬂﬁe — ?ﬁ&?

T Divider [« \
<—Td—> I_

%f Tl ] = _Tn[k] _~—e

VX Modulator Afe
Af 1y Kot l 2T0Af T

(I)out(t)

" Use a PLL to lock VCO frequency to received clock

" Use 2-A technique in digital domain to control the
VCO phase

M.H. Perrott



Most Synthesizer Applications Look at Frequency

f
clk(t) = =M

M—
Fout(t)=N.F« fref
N Charge N Loop
PFD Pump Filter

Digital Input

fractional-N frequency synthesizer

Divider (¢ Output Frequency
—T """"""""" (N+1)fres
1 nik e
Modulator fref/2 Nefro
""""""""" re
" Fractional output frequency is provided by a
35
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Here We Will Look at Phase ....

> T4«

. fref Charge Loop d)out(t):O-F‘ 2T
Clk(t) —» +M | PFD [ Pump —) Filter
Digital Input I_ Divider (¢ Output Phase
NENEEEEEEEEEEEEEEE
nd n I _Tn[k]
W Tl 1207 | Modulator :

" Phase step decreases together with pulse height

Phase step is determined only by the number of bits of
the Z-A modulator =» No process, voltage, and

temperature (PVT) variations

WL H. P e .



Design Consideration of the Phase Shifter

clk(t) = + M [ PFD ¥ gg;rge
1 -
Tyg—>
Af ¢ ' —T
0 -.I.-.———-.I-..———.- oo = 2-A n[
_Af [ Modulator

(I)out(t)
Loop
| Filter '< :) [ g
Divider [« \

2TC'Af°T 27'E°Af°2T

" Wait enough time before feeding next pulse to allow
proper settling of VCO phase -Pm > 1/bandwidth |

" How to implement a simple 2-A modulator?

M.H. Perrott



Phase Shifter Guided by Staircase Input

fref Gout(t)
ok(t) | +M [=>{ PFD [ S [ et

l I I— Divider

4 v 4 \ 4 —T
+P| Differentiator |-, 2ndz-oArder n[k]

2T/16 ¥

1/16
o—Lnnnn_ n » ____________________________________

> fref VCO Phase

" Use a differentiator to generate the pulses from a
staircase input

M.H. Perrott
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Phase Shifter Guided by Up/Down Counter
o) - + 1 3] profof groee Lofcer
fref IR=1/T4 l_ +R I I— Divider

Vv 4 \'4 4 v
up/dn —» Up/Down +P| Differentiator |-»| 2nd-order
Counter >-A

d)out(t)

116 ¥ 216 ¥
f 1/16 W
0_:—'_'_'_'_|_'_ » o—Lnnn  n » ____________________________________

Counter Output VCO Phase

" VCO phase shifts according to Up/Down counter

M.H. Perrott



Phase Shifter Guided by Up/Down Counter (cont’d)
o) +f + 1 3] proff el e
fof /IR=1/T4 l_ +R I I— Divider

V 4 V 4 V
up/dn —{ Up/Down +P| Differentiator |-»| 2nd-order
Counter >-A

(I)out(t)

Up/Down Counter Output VCO Phase

" VCO phase shifts according to Up/Down counter

M.H. Perrott
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Phase Shifter Guided by Up/Down Counter (cont’d)

o) +f « m |3 proff e f e

fof/R=1/Ty +R l l— Divider
L 5

N4 5
up/dn —>| Up/Down +D| Differentiator |- 2nd-order
Counter Z-A

(I)Out(t)

Up/Down Counter Output VCO Phase

" Phase resolution improves by increasing number of bits

in the hardware
M.H. Perroftt



Problem: Up/Down Counter Overflows
fre Dout(t)
clk(t) o +M (3] PFD {—af S1ar9e | Loov ‘

fref /IR=1/Ty l_ +R l I l— Divider

v 4
up/dn —p{ Up/Down +P| Differentiator || 2nd-order
Counter >-A

Up/Down Counter Output VCO Phase

-15/16"~

" Large negative pulse caused by overflow rotates VCO phase by
a large step in the wrong direction

" Phase shifter provides a phase range of only 2n
M.H. Perrott



Solution: Add Overflow Signal to Output
clk(t) —bl +M E; PFD _;l gl:\rerl]rge _’l tﬁfeﬁ Gout(t)

for/R=1/Tg l_ +R l l_ Divider
_Tn[k]

vV 4 \4
up/dn —p{ Up/Down -I—Pl Differentiator 2nd-order
Counter >—A
,I Overflow
—I"1—| detector ’

1
I
1/16 +

O_I'I_Tl_l'l_”_ﬂ_

>Tav L1516

Up/Down Counter Output 1/16 " ' VCO Phase /}/’5*

0

" Generate a +1 pulse to cancel the undesired -15/16 pulse
" Phase shifter provides an infinite phase range

M.H. Perrott
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Quantization Noise of Phase Shifter

fref dout(t)

clk(t) = +M || PFD ] Sharse [y Loop

fret/IR=1/Ty 1— +R l l_ Divider |«
_Tn[k]

4
up/dn —{ Up/Down|—! Differentiator |—| 2nd-order

Counter >—A
TF=1-Z-1 NTF=(1-Z-1)2 "

/ 40 dB/dec

f
2nd-order
Quantization noise

" Second-order quantization noise exists

® Transfer function of a differentiator is the same as noise

transfer of a first-order 2-A modulator
M.H. Perrott



Quantization Noise of Phase Shifter (cont’d)

fref (t)
clk(t) 9 + M f; PED _’l Charge | | Loop Dout

Pump Filter
fref/R=1/le— +R I I L Divider [«
Up/Down 1st-order - - J n(k]
up/dn —{ YP —> — Differentiator

Counter 2—A
NTF=1-21 W TF=1-Z1 QY NTFou =(1-2-12

/( 20 dB/dec / 40 dB/dec

f f
1st-order 2nd-order
Quantization noise Quantization noise

I B,
N e e e e

" Change the order of differentiator and modulator

" Same quantization noise obtained with a first-order Z-A
modulator =» Less circuit complexity

M.H. Perrott 45



Proposed 2-A Modulator

fref
clk(t) —>| +M [ PFD [ poanse

fref/R=1/Tdr +R I l

v v
up/dn —p| Up/Downlf 1st-order Ly pifferentiator
Counter LA

~ =
.....

......

______

- -

-
-
-
-
-
-
- -
_____
-

| &bt | g 8-bit
up/dn—+»{U/D Counter[--+ ¥ First-order

| » A (1.0)

E 2\ E E 2\

__________ AT .
(1/Td~1MHz)T— 512 |« l

" Output is three-value (1,0,-1)
" Divider with three division ratios (N-1, N, N+1) is necessary

(~533MHz)

M.H. Perrott 46



Proposed 2-A Modulator (cont’d)

up/dn —»{U/D Counter
A
fq < T

—_———————

up/dn —»| Up/Down

=
-
-
-
-
-
-
-
-
-
-
-

8-bit

(~1MHz)

" Multiple first-order Z-A Modulators are used

M.H. Perrott

= Bit number decreases as operating frequency increases
= Metastability and synchronization problems are avoided

Easy Design and low power

n[k
—»| 1st-order L\ pifferentiator —>[ ]
Counter | 2—A L
:—:;;5-.'.‘.'-__----_________________'_'::~_'~:~;;~_~\.-,_”_‘::~_.
g | sbit |5 | 5bit |2 [ 2bit |iq: 5
~H-p{1st -order [——»| 1st-order [~ 15t -order -1 Diff. [——> nlk]
| Z-A A oA |
3 A - E
LA 1 ' :
+32 T <8 4—1— %2|1 ® freq
(~33MHz) (~267MHz) (~533MHz)

47



Proposed 2-A Modulator (cont’d)

n[k
up/dn —| Up/Downl_} 1st-order | 3| pifferentiator —[i
Counter | 2—A i
e g:‘:,:;:"_'_’_—____--------------------::'.“.::":2:_:\--.,..::‘.":-I
| 8bit fig | sbit |5 | 5bit |2 [ 2bit | 5
up/dn —»{U/D Counter[=4»{1st -order {—+»| 1st-order [—+>| 1st -order -.-\-:-p D/itf_ — n[k]
: | A >-A 2-A v :
: | A E E E
1 I\ : 1 P 1
S I_ N A i _________________ U U N
fq ¢ <8 + 2 I‘ freq
(~1MHz) (~33MHz) (~267MHz) (~533MHz)

M.H. Perrott

o
AR

.r‘

K I'I'II i

Blue: 533-MHz Modulator
Green: 267-MHz Modulator
Red: 33-MHz Modulator

Q AR
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Proposed 2-A Modulator (cont’d)

n[k
up/dn —b| Up/Down| ! 1storder || pifferentiator — o8
Counter _ 2—A ) _
LI -,\_
: S-bit 8. 8-bit 9 1st5-ct))r|::1er 2 2-Dit 51 E E
up/dn—=»{U/D Counter{=+{ 1st -order | $_A —4—p| 1st-order Mg D/itf_ : —pn[K]
: Ll A _ A | -
. L ~267MHz) a—1 :
\ | (=1MHz) | 1 } [(~33MHz) A L :
1 /\ : 1 /\ A ' 1 1 +
l___l_I_____, v A 0 U ] -
+
fq< +32 ¢ <8 [—e <2 |< . * freq
T 1| (~533MHz)
= »D Q »ID Q »D Q :>'
up overflow ._»> ._»> »> m :
D D
D D

down overflow |

= o o e o o o= o =

overflow detector

" Overflow signals are realigned to main signals in each domain

" OQutput is still three-value even with the extra adder
M.H. Perrott 49



Proposed DLL

data(t) Bang-Bang
d Detector

Loop |

Filter

clk(t) | Phase
Shifter

]

>
retimed
data(t)

adjusted
clk(t
>( )

up/dn

" Use Bang-Bang detector for phase comparison

M.H. Perrott
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Proposed Bang-Bang Architecture

retimed
data(t)
—>
3.2 Gb/s
data(t) Bang-Bang f
P >
Detector

clk(t) | Phase ‘ T I I. r

Shifter adjusted clk(t) I

1

—>
up/dnT < T |
QV

d
1/Tq~ 1MHz

" An analog integrator, whose output is saturated to VDD
or GND, is used to accumulate bang-bang detector
output

M.H. Perrott 51



DLL Prototype Chip for 3.2 Gb/s Communication

integrator
retimed data(t) |
i
3.2 Gb/s data(t) 3| BBPD
1.6 GHz clk(t)  charge pump__ T
> .3 :
L ' I Y adjusted
1 | | :
vv E :E fﬁfeﬁ ! clk(t)
. ! ' —>
PFD :I i :@L‘_" >

-_—m e mm m mm e ? mm e e e e e = ===

533 MHz m L T 11 T 3.2 GHz

Bandwidth ~ 4MHz A _Tn[k]
Modulator

up/dn 1MHz
QD

= 8-bit Z-A modulator 2> 1.4° phase resolution

= Simple analog components without need of good matching
M.H. Perrott




Chip Microphotograph

g-éang
Détector  integrator

BIIEO buff
: Uit divide=by-5/6/

Loop ]
B divide-by-3

~l

M.H. Perrott

" Implemented by
0.18um CMOS
Process

® Core Area:
600um X 700 um

"= 18V,55mA
(excluding 1/O
buffer)

53



DLL Measured Jitter

Fie Conrol Setp Messure Calbraie  Ulilties  telp e R | Fle Conrol Sewp Messure Calbrale Ullities  Help 2o wso1 (/]
k Miod Eve/Mask Moo

I/ 2 RS

(

..

| |
S Measure ./ Measure 2|
rrrrrrr current i ni o [ [E=EA NN total meas
GO0

: il iz i aE Eas Setup iz
Jitter RMS( 3 29.72 ps 298,10 ps 30,41 ps a7g & Inin Litter RHSC 3 3.52 ps 397 ps 3.R3 ps
m itter RMS(4y 4,77 p 4 .69 p 4.80 p: 870 m

nnnnnnnn > SSLC I B

1 cale:20 pidiv cale: 747 miAdive Time: 1000 ps/dive Trigger Lewvel: 1 cale:20 uldiv 2 cale:a2 7 mhdiv 3 cale: S0 phi i 4 cale:49 3 myAdive Time: B3 2 psddiv - Trigoer Level
ffset-133.2 un ffsetS3.0 my I Dela¥:24.444? ns I i ' ffset-133.2 piy ffset0.0 %W ffset? 2 ui ffset:-3.7 mY I De\ax-?d 0406 s I i i
= |Left: 3.2Gb/s PRBS 231-1
[] NI | INRW & 1 s m e emeememem e e e e e e e e e e e o = o=,

Setup
& Info

cale: 700 mdiv
fset:479.0 mY

3 cale: a0 phvdiv
ffsel:7 .2yt

. . .-7' EFrom Measurement :

= Single-ended clock jitter < 4.8ps , : 3.4 ps from thermal noise (mainly !

. . ' 1 from VCO and pum .

= Single-ended data jitter < 30.5ps ' d pume) !

v 1 From Behavior Simulation :

u nght 32Gb/s PRBS 231 -1 \ ! jitter due to bang-bang detector and |
) . . \ ' Z—Amodulator is on the same order '

= Differential clock Jitter < 37ps d . as the thermal noise i

®E BER < 10-12 .‘: Remaining Jitter !
'Il probably from output buffer :

M.H. Perrott 54



Non-ISI-limited DLL Jitter

File Control Setup Measure Calibrate  Utilities  Help 01 &por 2008 1854] m

RZEye Meas ~

-

1 cale:20 pidiv
ffset-133.2 un

cale: 70.0 mbdiv 3 cale: a0 phvdiv cale: 747 miAdive Time: 1000 ps/dive Trigger Lewvel:
ffset:d 7.0 my [fsety .2 uh ffset:53.0 m I Dela¥:24.444? s I i m*

" 1.6Gb/s PRBS 27-1

= Single-ended clock Jitter < 4.7ps
= Single-ended data jitter < 5.2ps
" BER <1012

M.H. Perrott



Conclusion

" A DLL architecture is proposed
= Z-A synthesizer is used as the phase shifter
= A compact and low-power 2-A modulator
= Simple Bang-bang detector is used for phase detection

" Prototype is implemented for 3.2 Gb/s chip-to-chip
communication

" The DLL provides a digitally-controlled phase
adjustment with fine-resolution and infinite-range that
Is not sensitive to PVT variations

®" The overall architecture is insensitive to mismatch

= Well suited for more advanced CMOS processes with
high variability

M.H. Perrott
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Low Jitter, Highly Digital,
MDLL-based Clock Multiplier

Belal M. Helal, Matthew Z. Straayer,
Gu-Yeon Wei' and Michael H. Perrott



Motivation

" |ssue: Clock multiplication using phase-
locked loops complicates the design of
digital chips.

" Goal: Achieve a highly digital clock
multiplier that can be easily ported
across different CMOS processes.

= Do not compromise on jitter performance

We will present a non-PLL based clock
multipliers that achieves sub-ps jitter performance

M.H. Perrott
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PLL: Typical Architecture for Clock Multiplication

Phase Charge
I [ Ref Eetector Pump
PD —| CP —>
Div +N <
_| 4|- Divder
"= Application determines VCO type
= Lowest noise - LC oscillator
= Smallest area - Ring oscillator

0000000000000000000000000000
® LC oscillator

o VCOAmp v ./\/\/
E-Ramp% i Vin_.fzc %L <

s
R

Ring oscillator j_\_/_\_[
Vuut

vl

...........

-7}
Sl

VvCO

Loop VCEﬂ' Out
Filter 4# )“"’

JUUUUuTr

" How to reject the high phase noise of a ring oscillator?

M.H. Perrott
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Rejection of High Phase Noise in Ring Oscillators

()

Pout

PFD-referred
VCO-referred

Noise e
oise
So,e(f)
F— -20 dB/dec
Dpyeo fo +
f
0
Dyeot)
V(t) KV (Dout(t)
H(f) > — —r—
if
Loop
Filter VCo

1 e
N

Divider
® Phase noise contributors: VCO and PFD noise

= Affected differently by PLL bandwidth, f,
" VCO noise: high-pass filtered PFD noise: low-pass filtered

= Tradeoff: bandwidth 1 > VCO noise | , PFD noise 1
" Can we suppress VCO noise without large bandwidth?

M.H. Perrott




Time Domain View: Reducing VCO Jitter

! I

b ou

! o e 0 .

: Ring Oscillator : MCNeIII, JSSC,

Phase Charge eo - - === =4 June 1997
p ~~MCO. -7
LT RetJeRqr pump Coap] Ve () O log G(AT)
> i

GSS__

Accumulating

J itter\

|IIIIIIIII | > log AT
TLoop

" Problem: Jitter accumulates with
time according to loop dynamics

to a steady state level, G,

log G(AT)
A

" Solution: reset jitter at a rate faster
than the loop BW

- 7 Gnew 1/ I [ X N ]
How? A/VM , > log AT
M.H. Perrott TLoop 61




Multiplying DLL Concept

Sel [~ L
Ref il d
Mux Y[ \ _yl\
Accumulated jitter / Clean edge
from Ref

" Goal: Create a higher frequency clock from an input
reference signal

" Replace jittery edge with clean Reference edge
= Accumulated jitter is periodically removed

M.H. Perrott 62



The Benefit of the MDLL Approach

Ye, Jansson, Galton, Vtune 100/

JSSC, Dec. 2002 ‘ :’Z
-115+

M.H. Perrott

-95 |

= Free running VCO
=== MDLL VCO (open loop)

sz

-130+

L(f) [dBc/Hz]

-125¢

&
...
>

-135F

140}

o0t o1
Frequency Offset from Carrier ( Normalized to Fgf )

Phase noise of ring oscillator is suppressed by the
periodic multiplexing of reference edge

Transfer function approximates a 15t order high pass filter
B fhpfz fres 1 4

High bandwidth suppression of phase noise
independent of loop bandwidth
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Deterministic Jitter in MDLLs

1

Vtune
_|["L=» too high
I = too low
[T L= just right

Ref

" Key issue: Need to precisely tune ring oscillator frequency

" Offset in frequency results in inconsistent period
-> deterministic jitter

Goal: Reduce deterministic jitter to the level of random jitter

M.H. Perrott 64



M.H.

Deterministic Jitter Observed in Output Spectrum

" Deterministic jitter shows
up as reference spurs

" Relationship by Fourier
analysis

" Spur (dBc)/20
A=T . x10

Deterministic Jitter can be
estimated from reference spurs

erroftt

Spur Level [dBc]

Sel | - L
Ref ﬁI | A
Mux |||||||\_|_
out [T M ML
A A

() |
0 -

-5

-10

-15 dBc

-20

-25

-30

-35 ——

40

« 1]

1.4

1.5 1.6 1.7 1.8
Frequency [GHz]
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Classical Analog Approach

:"’J'_ Lsel
I 7>{Phase |, [oop [Veune Farjad-Rad et. al., JSSC, Dec. 2002.
| Detect Filter
:' ® \ : Sel_l_'l I__I
E  Out Ref_}_l )
e C Mux LR R
, ——>| Logic |« : — > —

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

" Key idea: Compare edges of MDLL output and reference
to detect error (A)

= Integrate error to adjust V..

" The problem: Mismatches and offsets in the phase
detector and integrator limit reduction of A

Low deterministic jitter is challenging to achieve
M.H. Perrott 66




Proposed Detection Approach

Period

Ref —

" Compare cycle periods of MDLL output

" Infer error (A) from difference between cycle periods
of the MDLL output

LComparison of same signal eliminates path mismatch

M.H. Perro



Detection of the Output Period

?
Period
Out Detect i Vtune

: § Sel _[T] M

+ Out  Ref B ) |
Ref Mux ELRLMLML M= IRLILLE

5 Select |« +N]es4 Out_FLiurru=mururs

; ' — — — > —
: Logic |« ; T+FA T T+A T

" Need an accurate period detector

= Error removal is limited by the effective resolution of the
detector

" A digital detector has many advantages

= Time-to-digital converter (TDC)
M.H. Perrott

68



Scrambling TDC (developed by Matt Straayer)

x[0] x[1]
Ring Oscillator
— ! Enable Input -I

Logic [~ -

Y |—[$o—-[$o~~[$o—‘ —IVW
! Oscillator ;
TR T ' Phases :
Reset v

—>P Counters

\%)/

Input »D Register
* Out

Out ' 11 ¢ 10

" Gated Ring Oscillator (GRO) is ON during the measured period

" Raw resolution is one inverter delay

" Quantization noise is scrambled (and first order noise shaped)
v cEffective resolution improved by averaging 69



Using the GRO in the proposed MDLL Architecture

TD
GRO —C>

Div,, —»|Enable
Out Logic Enable Vtune

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

: ‘ Sel _T1 M
E + Out Ref_,)_l ) -
Ref - Mux TR ML ML RS
5 Select |+ +Nje4 : out LU uuurur
. Logic | : Enable [ L™ L_| L ™ L
"""""""""""" "T+A* T *T+A* T
TDC IT+A o7 IT+A o7

" Div,, selects two output periods per reference cycle

" Sub-picosecond effective resolution is possible
" Ty =90 ps, Fs =100 MHz, BW = 10 KHz - Eff. Res. ~ 0.7 ps

GRO Detects the Output Period Accurately

M.H. Perrott 70




Digital Correlator Extracts the Error

GRO T—DC> Correlator m

Div, —»|Enable r i |

Out Logic Enable Viune

: : Sel _[T [
+ Out Ref_,}_l ) L
Ref — Mux TR ML ML R LT
: Select |[¢—+N|«s : out [T LU~ uururur
p R — ) —
"""""""""""" "T+A* T *T+A* T
TDC IT+A o7 IT+A o7

" Digital version of correlated double-sampling technique
M.H. Perrott



Close the Loop

Div, —»|Enable r i o= ?

GRO T—DC> Correlator ﬂ Accum. ->|E%(i|-> Lowpass _‘

Out Logic Enable Vtune
: ‘ Sel _ 11
E + Out Ref_,)_l ) |
Ref - - Mux TLRLML ML MERLTLLE
Select | +Nle4 out [ LU Lo
" Logic | : Enable @ L™ L_| L I L
. ! —) ) —
"""""""""""" T+A* T+ *T+A T
T T
TDC I A o7 I A 'T

" Digital accumulator _— P
= Infinite DC gain Corr \% \’%
= No DC offsets
= Allows low bandwidth without leakage or large area

" V..ne adjustment only needs to track thermal variations
M.H. Perrott ‘UN€
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MDLL Prototype

Div,, GRO

Correlator |

L> Enable r

N

Logic | | Enable '

2-A

DAC | RC Filt.

FPGA Vtune

Select
Logic

" Two custom 0.13um CMOS ICs
= GRO (Matt Straayer) and core MDLL structures

" FPGA

= Digital Correlator, Accumulator and digital XA-modulator
" Discrete 16-bit DAC and RC lowpass filter (3 MHz pole)

MDLL Core IC

\\M

%Mz

UI\IH i\lﬂ |
*""I\!I\I\IEHI\I\!

= DAC using 8 effective bits (by using the XA-modulator)

M.H. Perrott
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Power Consumption and Area

L fenatie] | e

Logic | | Enable ' FPGA Vtune

Div,, GRO | Correlator || Accum || Z-A [-»{ DAC | RC Filt. -‘

MDLL Core IC
Vi lll!n Y

'ﬁ"'ﬂl

GROIC

|:| -[ I 4 ;
\||.|| o= 1
**"'nmm m il | I

Select
Logic

Div2x<J A

" Core MDLL
= Area: 0.04 mm?
= Power: 3.9 mW

" GRO-based TDC
= Area: 0.02 mm?
= Power: 1.2 mW

M.H. Perrott



Circuit Details



Multiplexed Ring Oscillator

» L0 Select Logic
Out,
to Divider and Enable Logic

—D°—>I to output buffer

7 N

/ N
/ 0- ot \
<« < _ ,|+ u-\
Ref
1 i rz: I: S2D
? Refm\TuneF-"; J;"-Tunec Slmllar 0.
Sel

Dai, Harjani, ASIC-
SOC, Sep. 2001

" Balanced differential loading
-> Better PSRR and 1/f noise

" Five delay stages, no external connections to multiplexer
-> Faster edges - better multiplexing

M.H. Perrott 76



Select Logic and Enable Logic

Out1 I Sel Last Div
W\—D Q > Sel Divider —{D Qf--
“' Stage I8 T

Div—> R -1S

Divoy Jogren DQES-{R
0ut1—DQ > >
r Mode Out3

" Select Logic
= Mostly standard cells
=~ Relaxed timing
= Sel at middle of output transition
-> better multiplexing

Il
Q —Enable

" Enable Logic
= Simple implementation
= Single path detection
M.H. Perrott 77



Measured Overall Jitter

Div,, GRO ]| Correlator || Accum | Z-A || DAC | RC Filt.

|—> Enable r ?-b PP

Logic |  Enable FPGA Vtune

"D
D

Out
1.6 GHz

486 GSa/s 524 kpts I S ¢ Rocced 8 -
1

o‘ EV_‘ :f e‘ an .| on .| O

" Measured overall jitter:
= 928 fs (rms)
= 11.1 ps (peak-to-peak)

Sub-picosecond jitter

-5, Hits 38.10 Mhits H
Y Scale 42.966 khits/ 928.28 fs

an
ode 40 fs Peak 150.1 khits

Y Offset 0 hits pxlo 69.8% p-p 11.10 ps
x scale 2.00 ps/ H*Zo 95.3% Min -5.97 ps
M.H. Perrott X position -428 fs u3o 99.6% Max 5.13 ps



Jitter Estimation from Measured Ref. Spur and Ph. Noise

f@' MER & G58B.1 HMHz ¥hase Moise 5.000d48) Ref -100.0dBcHz
= Carrier 1600002729 GHz 2.8916 dBm
EREF 18.8 dEBEm AT ZA@ dB E8.231 dE 70,00 I TR 538320 dE<Tt
FEAE . B . . R . . R . 2: 10 kHz 97,9717 dBciHz
LOG : : : : P : : : : 7500 3T 100 kHz -110.352% dBe/Hz
: s . . . . . . 41 1 MHz -117.5509 dBc/Hz
1@ | e TR TR RS LT TR e TR TR 000 Cio10 MHE ~116. 6426 dBerHz
de . B . . . : N . B: 20 MHz -126.7766 dBcsHz
500 Zp 2 Mg =131 0100 dBc/Hz
MARKER & : : : : a0.00 ma]l}‘sis Eang ¥ IE]I]I Raﬂg
58.1 MH=z L v In@gyrsl;?se?ngets 3304 dow %0 oz
‘-E2.21 dE ; ; : ; 3500 RAtS N §-mrad
ST SO S S SO AOURTP R SO S RRRUE SUPRUR SURURRTT -100.0
-105.0
P SR SRS SRR el SRR SR SRS SRR g
SC FS| s o i e st st s et st e s et e 150
CORE : : : : : : : :
. . . . . . . . -1z20.0
TR -
: : : : : : : : : o
CENTER 1.86888 GHz SPAN 126.8 MHz h
#EES BW 18 kH=z WEBW 18 kH=z SWF 2.58 e -135.0
-140.0
-145.0
S0 i o] i i) pay
| IF Gain 40dE Freq Band [200M-7EHz LS Ot =150kHz S95pts

Stop 40 MHz BT

" Reference spur: -58.3 dBc
- Deterministic jitter: = 760 fs (peak-to-peak)

" Random jitter : 679 fs (rms)
= From integrated phase noise (1 kHz to 40 MHz)

Sub-picosecond of estimated random and deterministic jitter
M.H. Perrott 79




Performance Comparison

(Figure-of-merit)

[ISSCC 2002] | [CICC 2006] [CICC 2006] This work
Output Frequency (GHz) 2.0 1.216 0.176 1.6
Reference Frequency
(MH2) 250 64 8 50
Reference Spur (dBc) -37 -46.5 | -70 (estimated) -58.3
Deterministic Jitter (ps pp)
estimated from meas. Spurs 7.06 3.89 1.80 0.76

M.H. Perrott
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Performance Comparison

[ISSCC 2002] | [CICC 2006] [CICC 2006] This work
Output Frequency (GHz) 2.0 1.216 0.176 1.6
Reference Frequency
(MH2) 250 64 8 50
Reference Spur (dBc) -37 -46.5 -70 (estimated) -58.3
Deterministic Jitter (ps pp) 7.06
estimated from meas. Spurs | (reported DJ: 3.89 1.80 0.76
(Figure-of-merit) 12)
Random Jitter (ps rms) N/A N/A 5 (1.8 simulated) 0.68
from integrated phase noise (1 kHz to 10 MHz) | (1 kHz to 40 MHz)
1.62 ps (rms) (1@5 '156(?rrl;|3§) 0.93 ps (rms)
Overall Jitter 13.11 ps (p-p) 12' 9pps (0-D) N/A 11.1 ps (p-p)
25 khits 12 2 khits 30.1 Mhits
Technology (CMQOS) 0.18 um 0.18 um 0.18 um 0.13 um

M.H. Perrott
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Conclusion

Digital Period Correlator
= Detects tuning error without path mismatch
= Enables a digital loop filter

Highly-digital tuning technique
= Avoids analog non-idealities
= Enables low bandwidth without leakage or large area

Highly digital MDLL

= 1.6 GHz from 50 MHz reference

= Significantly-reduced deterministic jitter
= Sub-picosecond jitter

M.H. Perrott
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A Low Noise Programmable Clock Multiplier
based on a Pulse Injection-Locked Oscillator
with a Highly-Digital Tuning Loop

Belal M. Helal, Chun-Ming Hsu, Kerwin Johnson, and
Michael H. Perrott



Motivation

fref Ref
I I L=

Clock
Multiplier

Out fout = N fref
—_ LI LI LIl

" Goal: clock multiplication of a clean reference source

= Applications: high performance data links, ADCs,

processors, etc.

" Our approach: sub-harmonic injection-locking of an

LC oscillator

[

f

out :
A

f

ref

2f

ref

ooooooo

3 fref 4 fref

oooooooo

How do we achieve very low jitter levels?

M.H. Perrott
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Sub-Harmonic Injection-Locking of an LC Oscillator

[Toso et al., ISSCC 2008]

losc  Vosc subharmonic
-Gm 1 'I', injection-locked reference spur

free-running ! :
1] oscillator of subharmonic

1
Ar\/ phase noise injection-locked
£ oscillator

)
A}
A

R L C |pu|5e oscillator N
R=1/G, I # phase noise.:\4 !

Ref N N
|pu|se — - — fof >fl4 fref > f
\ERAVAVAVAVAVAVY, ®  [Razavi, JSSC 2004]

" Sub-harmonic injection locking can be achieved with current
pulses

" Pulses have rich harmonic content to lock to
" Oscillator locks its voltage peaks to the pulses
" Locking bandwidth proportional to the injected charge

M.H. Perrott 85



Problems with Current Pulse Injection Locking

[Toso et al., ISSSC 2008] ng@

Ref N
|pu|se _I

Vosc ’\/\/\/\/\ﬁc .

" Asymmetric injections in differential oscillators
-> large reference spurs

" Current pulses have constant level even at ideal tuning
-> Oscillator amplitude is disturbed periodically

- increased reference spurs
M.H. Perrott 86




Proposed Pulse Injection-Locked Oscillator (PILO)

------
A"
‘—

Ref
Injpulse

:‘: ““
I_l) ~Vosc
Vosc ‘

Out

-
L] -
---------

" |njection lock by shorting the tank instead of using
constant current pulses

" Injected pulse shifts phase towards zero crossing

" Minimal disturbance to oscillator amplitude when injected

with narrow pulses and properly tuned
M.H. Perrott 87



The Need for Continuous Tuning

.......
. .,

.....
-------

LY
~
~
3

.....
-------

-
~
~
~

.....
-------

M.H. Perrott

IOSC

< +
Vv Lé C %"Vtune Vosc
oscC —
|

Ref
Injected pu

Vosc\ [

N Ve <

VOSC ‘

e

< \
J1

)

DA VA VA VAN
T LT E

N
11

4

Injected pulse
11

Vtu he

=» too high

= too low

= jdeal
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How do we achieve continuous tuning?



Proposed Tuning Approach

" Leverage a tuning technique originally developed for
Multiplying Delay-Locked Loops (MDLLs)

= See Helal et al., JSSC, April 2008

M.H. Perrott
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Output Period Detection

Period

Out ™| Detect[>

P RS thune
! |’ E Ref | 1 _
: . ] Out I . I } }‘
. | Pulse |Injpulse Injected l N njpulse I

Ref —>» > ,
LB L ot FEMNNLANr
: —!
: PILO ; T+A T

......................... \ + ; 1
" Compare cycle periods of PILO output

" Infer error (A) from difference between cycle periods
of the PILO output

" Use this information to control V.

LComparison of same signal eliminates path mismatch

M.H. Perro



Detection of the Output Period

?
Period
Out [ petect[>
2ul Hin thune
E r | E out Ref }_| Y L
1 . 7 : u .
Ref —» Pulse Injpulse> Injected fo- Injpulse
= =1 ot MMM ULE
: :
: PILO ; 'T+A" T+

" Need an accurate period detector

= Error removal is limited by the effective resolution of the
detector

" A digital detector has many advantages

= Time-to-digital converter (TDC)
M.H. Perrott
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Scrambling TDC

Gated Ring Oscillator

gTTTTTmTmmmmmsmsssmmmssses , [Helal, Straayer, et al., JSSC 2008]

, _Enable :

l—lﬁo-hlﬁo«—ﬁo—‘ Enable _| i i 1

""""""""""""" l Oscillator_:{\W \/VV\'

Reset v < v FAWAY —\'\' /\
»>>  Counters Rl . V. \/i RA'AY/ '

Count
\@/ Count

> Logicf»p Register

Enable v Out Out - ‘i1 - 1.0

<5

" Gated Ring Oscillator (GRO) is ON during the measured period

" Quantization noise is scrambled (and first order noise shaped)
= Effective resolution improved by averaging

" We are using a new version of the GRO

= Details in Straayer, et al., VLSI 2008
M.H. Perrott 93



Using the GRO in the proposed PILO Architecture

TDC
GRO|—>
Enable
1 I
Out ™ Logic [ Enable g
U Y ——— F Vtune
: f : Ref [ L
: . . |Out I . I )’ )’
. | Pulse |Injpulse Injected l.' > njpulse 1
Ref = !
[ Gen yeo I Out M MMM
E : Enable _[— BL_[ L | L1 L
' PILO : > >
N LEEEEECEE PR T+AT T CTHAY T
T+A T+A
TDC | LR e 1

" Oversampling improves the effective resolution significantly
" Ty, =20 ps, Fs =100 MHz, BW = 1 kHz
-> Effective resolution ~ 90 fs

| GRO detects the output period accurately |

M.H. Perrott



Digital Correlator Extracts the Error

l-y GRO E’; Corr/eJator C_orL

Enable t .

La .

Out Logic | Enable
U Y e —— F Vtune
; |’ ‘ Ref o 1 L
: . —t ] Out I . I ) )’
. | Pulse |Injpulse Injected l., njpulse I

Ref —» G > VCO !
: en : Out Moo erurur
5 : Enable [ W1 I mL_I L
| PILO [ —> > >
femmmm s e s e ’ "T+A* T *T+A" T

TDC o7 IT+A o7
+ + =
; A ; A
Corr o o

" Digital version of correlated double-sampling technique

IT+A

M.H. Perrott



Close the Loop

1—» GROF—5 Correlator Corp Accum. || DAC L owpass

Enable AN 2 A

> : ~

Out ™| Logic [ Enable 2 Viune -‘
Lo ——
- |’ : Ref I 1 g
: . — 1 Out I . I }‘ }‘
.| Pulse |Inipulsejpjected L> njpuise |

Ref —» G VCO .
L= : Out M MMM e mnmnr
5 : Enable [ WL I mL_I L
: PILO ; — o
e EELEPEEPEPP R . "T#A® T 0 CTHAT T

TDC T+A T+A

" Digital accumulator
= Infinite DC gain Corr a a

= No DC offsets
= Allows low bandwidth without leakage or large area

" V. .. adjustment only needs to track thermal variations
M.H. Perrott

tune
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PILO Prototype

Ref FPGA
50 MH Bul 8 | Correlator |8 8
> Guers1e > GRO[A> Accum/Dump 7 Acgym i ZZA 7
- PN PaN
llnjpulse ? I
Injected| Out _[Enabl Enabl Correl subclk
njecte u nabple nanie orrelator
EEAALIN ‘ (@ Fref/ M)
VCO |3.2 GHz| Logic N (@2 Fref) Timing
VtuneT RC Filt. DAC ‘_

" Custom 0.13um CMOS IC
= Active area: 0.4 mm?
= Active Power: 28.6 mW

" FPGA
= Accumulator and digital ZA-modulator
" Discrete 16-bit DAC and RC lowpass filter (500 kHz pole)
= DAC using 8 effective bits (by using the A-modulator)

M.H. Perrott 97



Circuit Details



Proposed PILO Implementation

;u: N |
Pulse Generator Full Swing Buffer
Ref_T.[>o_[>o_[>o_3,_[>c \ Inipulse | | |va\/»|'E' |[: I
I_I Vosc Out
. T 4
Cap
Bank
Vtune
IN Ml
Ibias —1d l Ui

" Differential Injection by shorting
= Minimizes deterministic jitter by preserving injection symmetry
" Narrow pulses minimize effect on Q of the tank

= Minimal residual effect when tuned
M.H. Perrott 99



Enable Logic

+2/3 +2/3 +2/3 imi
VCO Out—| IN ouT ——1 IN ouT w! IN ouT b-» [similar to
Voucher, et al,

~4— modoyt mod;, | ¢—— Mmodout mod;, | ¢—— Mmodout mod,, |-~
modp dou p | mod; dou p | moda d°" o JSSC 2000 ]

T — 1

modp _| |—| l—

mod) emeuJd W [
mod2 [ L T
A

" Asynchronous Modular divider
" Pulse width of mod, ~ multiples of VCO periods
-> Enable signal from any mod output (with reasonable width)

" Simple implementation and low power consumption
M.H. Perrott 100



Enable Logic: Divider Step Control

VCO out |Asynchronous Pulsed-Output | Enable LT_’LDigital Correlated | COIT

—> Frequency Divider GRO TDC
(Divide by 2 to 127) ‘ Double-Sampler

Enable
Lp D Q| Divider Step Control _ Ref N | N L
Ref —»d (performed off-chip) Injected pulse

VCOout 1 M rr
Enable _| L | L

THA' CT CTHAT T

GRO TT+A TT TT+A TT
+ - + -
Corr &% 2:%

" GRO TDC must capture periods that includes the injected pulse
-> Divider stepped until Ref rises during Enable

M.H. Perrott 101



Measured Results



Measured Phase Noise (Open-loop tuned PILO)

FPhaze Moize 50004 Ref -90.00dBc/Hz

30,00 ’ Carrier 3,200004429 GHz -2.5126 dBm
' =1z 1 kHz -107 .0491 dBc/H=z
e 2: 10 kHz | -117.0626 dBc Hz
' 2: 100 kHz | -123.2796 dEcAHz
00,0 o I 4: 1 KMH=z -12F.5185 gﬂcﬁz
S - E: 10 MHz -122.3108 dBc/Hz
w0 & pen oop e 20 MH=z -134.5343 dBEc/Hz
Lo == Moz —
tuned PILO Faﬂa:llg.rg'iE Farge Xz Fu]l]l Fange
-110.0 Arnalysrs Range Yo Fu Frange
(3.2 GHZ) Intg Moise: -57.7834 dBc /20 MHz
1150 RMS Notse: 1.52402 mrad
i 104.513 mdeg
70,0 EMS Jitter: 90,723 fsec
Fesidual FM: 132.5607 kH=z
-12E.0
-120.0 3
-135.0
1 [
1400 Reference 36 dB increase
-145.0 .
Source if scaled to the
-1E0.0
(50 MHz) | |output frequency
-1EE.0
-1e0.0
1650 M
D A it i 75 i
| IF Gain 30dB Freq Band [300M-FGHz] LD Opt [=150kHz EChpts |

Phaze Moize | Start 1 kHz Stop 20 MHz BEEIEE

" Random jitter: 91 fs (rms)

= From integrated phase noise (1 kHz to 20 MHz)
M.H. Perrott 103



Measured Phase Noise (close-loop tuned PILO)

pPhaze Moise 5.000dR) Ref -70,00dB.c/Hz

70,00 } Cartier 3200004443 GHz 251428 dBrn
' 1: 1 kHz -9C.1217 dBc/H=
21 10 kHz -10s.1642 dBc/Hz
-75.00 I: 100 kHz -121.2031 dBc/Hz
4: 1 MHz -127.362¢ dBc/Hz
-80,00 Bt 10 MH=z -131.5144 dBc/Hz
g3 20 MH=z -135.473F dBc/Hz
£5.00 =7: 40 MHz  -142.3862 dEc/Hz
=_| HD'!EE = _I_l
- Aralwsis Range X: Fu Fange
-30.00 Closed Ioop Aralysis Rangs ¥: FHH.;I Ra:}ge
Intg MNoise:z -54.4150 dEc 40 MHz
500§ Tuned RMS Moise: 2.69007 gr'ad
154.132 mdeg
00,0 (3_2 GHz) RMS litter: 132.793 fzec
Rezidual |[FM: 25.14583 kHz
-105.0
-110.0
-115.0
-120.0
-125.0 Open-loop
e Tuned
-135.0 (32 GHZ)
-140.0
-145.0
U i 1l prr) i
| IF dain 30dE Freq Band [200M-7GHz] L Cpt [=150kHz] | C5pts

Phaze Moize Start 1 kHz Stop 40 MHz BERIER

" Random jitter: 134 fs (rms)

= From integrated phase noise (1 kHz to 40 MHz)
M.H. Perrott 104



Measured Reference Spurs and Est. Deterministic Jitter

or- MERER & 49.9 HMH=z
EEF .8 dEm AT 18 dB -62.37 dBE
FEAK , . , , > , :
LOG : : 57'<
i@ |- Fee e e e Je EEERETERE: S TERTES
dE : : :
HHEKER& ............................................................. ......... .........
49.9 MH=z : :
4.8 mwz ) 63:4.dB. | ...
: 50 MHz )I :
: LI LI TSI TTURTTN R REREES
CEMTER 2.2888 GH=z SPAaH 1568 .8 MHz
#RES BMW 28 kH=z VEBW 28 kH=z SHP 588 msec

" Reference Spur: -63.4 dBc

" From Fourier analysis: A~T_ . x 1 Q°pur(dBe)/20

-> Estimated deterministic jitter ~ 211 fs (peak-to-peak)
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Performance Summary

Process 0.13 um CMOS
Core Area 0.4 mm?
Core Power 28.6 mW

Output Frequency 3.2 GHz (up to 4 GHz)

Reference
Frequency

Reference Spur | -63.4 dBc

50 MHz

Deterministic 211 fs (peak-to-peak),

Jitter estimated from measured reference spurs
Random 134 fs (rms),

Jitter from integrated phase noise (1 kHz to 40 MHz)
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Future Research Area: Optical PILO

e

sl 0 3
I

" RF output from an optical reference input

" Leverage Mode-Locked lasers
= Train of very short optical pulses
= Ultra-low jitter in the range of 10’s fs to sub-fs

M.H. Perrott 107


http://www.wilsonindustries.com/

Conclusions

" Clock multiplication by injection locking
= Lower jitter than typical PLLs
= Achieved continuous tuning

" Pulse Injection-Locked Oscillator (PILO)

Injection by shorting minimizes deterministic jitter when tuned

= PILO based clock multiplier with highly-digital tuning

M.H. Perrott

3.2 GHz from 50 MHz reference

Random jitter: 134 fs (rms)

Deterministic jitter: 211 fs (peak-to-peak)

Avoids analog non-idealities

Enables low bandwidth without leakage or large area
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