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eCDRPLL Macrocell - Architecture O

NS
[
Radiation-hard and phase deterministic CDR & PLL
e Sub 10 ps rms jitter
Two Frequency Multiplier modes Clock and Data Recovery
* VCO@240MHz - 40, 60, 120 and 240 MHz * VCO@320 MHz
simultaneous output clocks — 40, 80, 160 and 320 MHz simultaneous
— Full 360° phase shift with 260 ps resolution output clocks
— Targets GBT-FPGA/backend applications — 40, 80, 160 and 320 Mb/s selectable output
. VCO@320 MHz — 40, 80, 160 and 320 MHz recovered data
simultaneous output clocks — Uses reference-less VCO calibration (no

external clock required)
— Full 360° phase shift with 195 ps resolution
— data pushed-out on clock’s falling edge

— Full 360° phase shift with 195 ps resolution
— Targets TTC/e-link applications

e Built-in-self-test for mismatch characterization
(to be run at production time)

clock input clock ouputs .
Q
bt psClock ouputs
< e
7))
. clock ouputs )
data input P 2
data ouput c psData ouput
o —_—
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eCDRPLL Macrocell - Implementation O

S

Radiation-hard and phase deterministic CDR & PLL
* 130nm CMOS technology (up to M6 metal stack)
e 1.2V
* 0.52 mm? footprint

Silicon proven
* Now available to the community as a macrocell
* Cliosoft repository
* Functional verilog model
* Digital core triplicated using TMRG tool and highVT cells

* Digital on top w/ timing and abstract files included

allows a digital flow integration 1037 um

& n

 Documentation available at
www.cern.ch/proj-gbt/eCDR-PLL

502 pum
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Motivation cun))

Developed within the GBT framework as a macrocell for the front-end ASICs

* Front-End (FE) application example
— eCDRPLL with 40 MHz reference generating 40 and 320 MHz clocks

A
32C|\|:|0Huzt Fixed phase wrt 40 MHz

320 MHz ||||||||||
clockout .

40 MHz clockout

40 MHz clock

eCDRPLL 320 MHz clockoyt
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Motivation cun))

Developed within the GBT framework as a macrocell for the front-end ASICs

* Front-End (FE) application example 4
— eCDRPLL with 40 MHz reference generating 40 and 320 MHz clocks

A
32cToHuzt Fixed phase wrt 40 MHz

: Y
320 MHz ”””' ”' _T
clockout - : :

40 MHz clockout

»

time

douT

FE

40 MHz clockout

40 MHz clock

eCDRPLL 320 MHz clockoyt

Continuous readout
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Motivation cun))

Developed within the GBT framework as a macrocell for the front-end ASICs

* Front-End (FE) application example 4 Particle i
— eCDRPLL with 40 MHz reference generating 40 and 320 MHz clocks hit
— The front-end analog output is out of phase \

aPixOut

dPixOut

A
10 I\I:]Hzt ‘ Fixed phase wrt 40 MHz
clockou

: P
320 MHz ”H”' H' J
clockout - : *

40 MHz clockout

>

time

dPixOut douT

FE

40 MHz clockout

40 MHz clock

SR LN -0 MH: clockout

Continuous readout
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Motivation cun))

Developed within the GBT framework as a macrocell for the front-end ASICs
* Front-End (FE) application example $Particle | :

— eCDRPLL with 40 MHz reference generating 40 and 320 MHz clocks hit

— The front-end analog output is out of phase \ .

— Solution: phase shift the 40 MHz clock

aPixOut

dPixOut

A
32!\:::»[ ‘ Fixed phase wrt 40 MHz

P
320 MHz ”H”' H' J
clockout - :

40 MHz clockout

»

time

dPixOut douT

FE

40 MHz clockout

40 MHz clock
320 MHz clockout

Continuous readout
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Motivation cun))

Developed within the GBT framework as a macrocell for the front-end ASICs
* Front-End (FE) application example $Particle | '

— eCDRPLL with 40 MHz reference generating 40 and 320 MHz clocks hit

— The front-end analog output is out of phase \ .

— Solution: phase shift the 40 MHz clock

— Clock resources for the readout (clock multiplication)

aPixOut

dPixOut

A
32CTOH:t ‘ Fixed phase wrt 40 MHz

P
320 MHz ”H”' H' J
clockout - :

| time

40 MHz clockout

»

douTo

dPixOut douT1

douT2
douT3

{dOUT7, dOUTS, ..., dOUTO}

>

douT4

dOUT5

dOUT..
40 MHz clockout |

douT?7

40 MHz clock
320 MHz clockout

Continuous readout
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eCDRPLLUs simplified PLL topology B

S
[
Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO
refClk
VCOClockPhases[15:0]
vcoClockOut
feedbackCloc
psClocksOut
y N
refClk
. - M e i IOUt
feedbackClock
up Vcontrol
down
time PooEd Pooid Hi time
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eCDRPLLUs simplified PLL topology B

S
[
Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO
refClk
o VCOClockPhases[15:0]
vcoClockOut
feedbackCloc
psClocksOut
y N - -
refClk
: : : - - Iout . .
feedbackClock : —
up Vcontrol
.
down :
time PooEd Pooid Hi time
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eCDRPLLUs simplified PLL topology B

S

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter

filter

refClk

VCO

VCOClockPhases[15:0]

vcoClockOut

psClocksOut

M - A
refClk r

: - Iout
feedbackClock
up r Vcontrol

-t
down F

time P Poobd P time
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eCDRPLLUs simplified PLL topology B

S
C
Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO
refClk
VCOClockPhases[15:0]
vcoClockOut
feedbackCloc
psClocksOut
y N
refClk
. . = . e i IOUt
feedbackClock
down
time PooEd Pooid Hi time
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eCDRPLLUs simplified PLL topology B

S

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO

refClk

VCOClockPhases[15:0]

vcoClockOut

psClocksOut

,

out

feedbackClock

up control

down

A 4

time P R E time
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eCDRPLLUs simplified PLL topology B

S

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO

refClk

VCOClockPhases[15:0]

vcoClockOut

psClocksOut

refClk

out

feedbackClock r

up I- Vcontrol /I
down r

A 4

time Do Do o time
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eCDRPLLUs simplified PLL topology B

S

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO

refClk

VCOClockPhases[15:0]

vcoClockOut

psClocksOut

,

out

feedbackClock

up I- Vcontrol /
down I-

A 4

time P R E time
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eCDRPLLUs simplified PLL topology B

S

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO

refClk
(ﬁ' VCOClockPhases[15:0]
vcoClockOut

psClocksOut

refClk : |

out

feedbackClock

up control

down I-

A 4

time Do Do o time
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eCDRPLLUs simplified PLL topology B

S

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO

refClk

VCOClockPhases[15:0]

vcoClockOut

psClocksOut

refClk |

out

feedbackClock

up control

down I-

A 4
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eCDRPLLUs simplified PLL topology B

S
o
Phase & Frequency Detector @ charge pump & Loop Ring Oscillator Phase Shifter
filter VCO
refClk
VCOClockPhases[15:0]
vcoClockOut
feedbackCloc
psClocksOut
AV,
I t
Vcontrol *
Vcontrol

— Behaves as a 2" order negative feedback loop
— 1, Rand C control the loop dynamics

— Can be optimized to achieve best performance with relation to : N R ¥
the input refClk EE Y g time

cp’
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eCDRPLL’s sources

of noise )

Phase & Frequency Detector @ charge pump & Loop Ring Oscillator

B/

filter VCO

refClk

Phase Shifter

VCOClockPhases[15:0]
vcoClockOut

psClocksOut

Mismatches in the PLL loop filter will create jitter ,

>

= lepup NOt exacly the same as |, yown out

— Leakage in the loop filter

Parasitic capacitances in the loop filter
— Noise in the VCO
— Process variation

V

control

The closed loop will try to self-correct mismatches
The mismatches can be revealed by open-loop operation

- RC-type response

time
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eCDRPLUs BIST cun))

The BIST allows to estimate mismatches from the open-loop response

refClk
. 4

PFD_ref Phase & Ring

PFD_vco Frequency Chi;goe F;ﬁ:;f & Oscillator
Detector P VCO

BIST state -
. N-Divider
machine

feedbackClock

feedbackClock

Phase
Shifter

counter0,
counterl,
VCO counter
- counter4

refClk counter

BIST

* To be run at production time (wafer probing), saving time in the long run
* Correspondence between the PLLs jitter and the BIST results
Removes the need for lenghly jitter measurements with high-end equipment

The BIST state machine controls the PFD inputs with a predefined stimuli

— The VCO frequency is forced to go up and down during the amont of time

— Differences between starting and finishing VCO frequencies will reveal any mismatches in the loop
The VCO frequency is monitored by the VCO counter and stored at each step
* The refClk counter is used as a reference counter to calculate the VCO frequency

Investigations for Minimum Invasion Digital Only Built-In “Ramp” Based Test Techniques for Charge Pump PLL's, Martin John Burbidge et al, ETW’02

cern.ch/proj-gbt/eCDR-PLL Pedro.Leitao@cern.ch



eCDRPLUs BIST cEn)

N4
[

The BIST allows to estimate mismatches from the open-loop response

refClk
. 4

PFD_ref

Phase &
feedbackClock

Ring
PFD_vco Frequency Chi;goe r;l:;np & Oscillator
Detector pHiter VCO
Phase
Shifter
BIST state

. X N-Divider
machine

feedbackClock

counter0,
refClk counter

counterl,

VCO counter

n
>

counter4

A

At
PFD_ref |||H|| v'\
PFD_vco |||‘||| \

Each step has a well known
4 parameterized duration At
(At = M/frefCIk)

AN

Vcontrol

time
counter2 counter3 counter4

counterO counterl
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eCDRPLUs BIST cun))

The BIST allows to estimate mismatches from the open-loop response

With the loop

closed and in

steady state
the counting is
\well known

PFD_ref |||‘|||
PFD_vco |||‘|||

Vcontrol

counterO

time
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Pedro.Leitao@cern.ch



eCDRPLUs BIST cun))

The BIST allows to estimate mismatches from the open-loop response

With the Ioop\ \

closed and in

steady state
the counting is
\well known

Loop is opened
f(PFD,,,) = f(PFDyco)
At is used to count

AN

PFD_ref|||‘||||||‘|||
PFD_vco|||‘||||||‘|||

Vcontrol

counterO counterl

time
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eCDRPLL's BIST

c@l
\\_/
®
The BIST allows to estimate mismatches from the open-loop response
. N\ AN
\glllotsr:afihaenlg(i): Loop i f(PFDexq) = f(PFDyco)/2
P is opened This will force
steady state f(PFD,,,) = f(PFDyco) Veontrol to 26 down
the counting is At is used to count duringgAt
well known
N\ AN AN
PFD_ref|||‘||||||‘|||
[ U ULUL UL UL
E
S
> \
time
counter0 counterl
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eCDRPLL's BIST

c@/
\\_/
®
The BIST allows to estimate mismatches from the open-loop response
. N\ AN
\glllotsr:afihaenlg(i): Loop i f(PFDexq) = f(PFDyco)/2
P is opened This will force
steady state f(PFD,,,) = f(PFDyco) Veontrol to 26 down
the counting is At is used to count duringgAt
well known
AN N\ N\
/ N
Counting time At
f(PFD.,) = f(PFDyo)
PFD_ref|||‘||||||‘||| |||‘|||
- [T UUULUUUHUUUL
o
S
>
time
counter( counterl counter2
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eCDRPLL's BIST

cmﬂl
\\_/
°
The BIST allows to estimate mismatches from the open-loop response
With the loop \ f(PFD...) = f(PFD )/2\ \
closed and in Loop is opened T;’I‘; will forc\:aco f(PFD,,)/2 = f(PFDyo)
steady state f(PFD,,,) = f(PFDyco) Veontrol t q This will force Vcontrol
the counting is At is used to count con ;Zriromggzt own to go up during At
well known
AN AN AN AN
/ \
Counting time At
f(PFD.,) = f(PFDyo)
< T UL LUULULLL
o [JTU LU UUL LT
: / /
_ /
2
5
>
time
counterO counterl counter2
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eCDRPLL's BIST

c@l
\\_/
°
The BIST allows to estimate mismatches from the open-loop response
With the loop \ f(PFD...) = f(PFD )/2\ \
closed and in Loop is opened T;’I‘; will forc\:aco f(PFD,,)/2 = f(PFDyo)
steady state f(PFD,,,) = f(PFDyco) Veontrol t q This will force Vcontrol
the counting is At is used to count con ;Zriromggzt own to go up during At
well known
AN AN AN — AN :
Counting time At N Counting time At
f(PFD) = (PFDy o) f(PFDeq) = fPFDuco)
< T UL UUUYULUY UL
o [JTU LU UUL LT UL
4
_ /
2
5
>
time
counterO counterl counter2

counter3
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eCDRPLUs BIST cEn)

\
N\ g
[
The BIST allows to estimate mismatches from the open-loop response
With the loop \ \ \ ; \
- _ f(PFD,,,) = f(PFDyco)/2 _ No mismatches if
cIose: andin f Loop |s_ofpened This will force f[gl-DFD?ﬁ){z = f(PFDvco)I counterl, counter3
t;tea yns:cti?mtei iif?a"é)e; t(opzc?";?[) Vcontrol to go down T ;S W or;:e \@or;t;o and counter4 are
e counting is u during At 0 80 up auring the same
\well known \ \ \ \
/ T
\ . .
Counting time At Counting time At
(PFD ) = f(PFD, o) (PFDex) = fIPFDyco)
e [T UUULTUUUTUUUHUUTL
oses | [T UL UL L LU L Uyt
/|
B y/
e
=
S
>
time
counterQ counterl counter2 counter3 counter4
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eCDRPLUs BIST cun))

The BIST allows to estimate mismatches from the open-loop response

BIST Simulation — Charge-pump currents mismatch

450
counterO counterl counter2 counter3 counter4

VCO frequency 400

250 — +10%%*1 558, 19 ps rms jitter

& «————— 0%*I.,55 0.9 ps rms jitter

- -10%* |58, 20 ps rms jitter

VCOfreq (MHZ)
w
8

19.2269 ps,rms
8.8951 ps,rms
2.4045 ps,rms
0.8872 ps,rms
2.6388 ps,rms 7

250

frequencyCounter

200
9.2915 ps,rms
20.3712,ps,rms
150 ' ' ' : — = Around 50 ps test time
0 10 20 30 40 50 60
time (us)
To be run at production time; relies on a statistical method refClk=320MHZ:VCO=320MHz
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eCDRPLUs BIST cun))

The implemented BIST allows to estimate mismatches from the open-loop response

BIST Simulation — Charge-pump currents mismatch

350
340 .
330 -

=)

I - | o . .

2 320 — Will be necessary to characterize

o some devices to create the BIST mask

‘6 310 ]

0

>

300

290
BIST MASK

280 [
lIO 1I5 2IO 25 30 3I5 4IO 4I5 5I0
time (us)
mmmmmm
+1% 3216 3220 2994 3234 3240
-1% 3216 3210 2968 3191 3182 2.4
To be run at production time; relies on a statistical method refClk=320MHz;VCO=320MHz
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eCDRPLL Clock Phase Shifter O

C1[2:0]
O

fbDivider[2:0] CS0[2:0]

v

3-bit
clock[0] Register

3-bit

Register

CS180[2:0] clock40MHz

3hit I
Register
clock160MHz

~
7

clockPhaseCoarse[2:0] CS180_1[2:0]

3-bit 3-bit
Register Register

clock[13]
clock[14]
clock[15]
clock[0]
clock[1]
clock[2]
clock[3]
clock[4]

1

1

1
fbDivider[2:0] = {clock160, clock80, clock40} |
1
1
1
1
1
1
1
1
1
1
I
. clock(5]
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

clock[15:0] = VCOclock, equally spaced

clock320MHz
O >

clock[6]
clock[7]
clock[8]
clock[9]
clock[10]
clock[11]
clock[12]

Phase
Selection
Logic

clockPhaseFine [3:0]
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eCDRPLLs CDR topology )

Clock and Data Recovery (CDR) can be used to recover the bit rate clock from the
data transmision
» Useful for FEs when the mass budget limits the number of links

The CDR is PLL based, however

* The CDR needs to lock to random data, rendering the PFD useless
* To overcome this the eCDRPLL employs a Phase Detector
— The phase detector only takes a decision when there are dataln transtitions
* A Frequency Detector is added to aid frequency locking (£25% of data rate)
* The remaining blocks are shared

retimedData

dataln

Phase Detector

Ring
Oscillator
VCO

Charge pumps
& Loop filter

\ 4

Frequency

detector psClocksOut

retimedData psDataOut
—_—

feedbackClock_inQuadrature

feedbackClock_inPhase N-Divider
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eCDRPLLs CDR topology )

Locking mechanism
* Necessary to bring the VCO within a few percent of the data rate
— Frequency detector has limited locking range
* Two methods are implemented

— Initiate the loop in PLL mode by supplying an external clock

— Reference-less calibration method by means of a Wien-Bridge
* Necessary to disable the phase detectors, charge pumps and the loop filter

 After locking mechanism has finished
— The FD will have to acquire frequency lock, and only after, the PD will be able to acquire lock

retimedData

dataln
Phase Detector

Ring

Charge pumps &

Loop filter Oscillator

VCO

Frequency

detector psClocksOut

Wien-Bridge _ Phase
retimedData Shifter psDataOut

feedbackClock_inQuadrature

feedbackClock_inPhase N-Divider
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eCDRPLL's CDR Reference-less locking C\E\/RD’

Reference-less locking mechanism
* The method is based on balancing the DC voltage of a Wien-Bridge
A switched capacitor acts as a resistance inversely proportional to the frequency
There is no voltage supply dependance as the the equilibrium voltage is given by R1/R2
* The loop makes the circuit temperature and supply tolerant
* Radiation also shown to have a negligible impact on the circuit

relative frequency variation, %
o

Ring
Oscillator
VCO
-0.5
8-Divider
-1.0 ; . . ;
-40 -10 20 50 80 110

temperature, °C

fsw,eq N ﬁRc : Csw

F. Tavernier, Wien bridge-based calibration circuit for CDR applications
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eCDRPLL Analog Block Diagram cEn)

N, S
@
feedbackDataClock _InQuadradure
YRS dividedClocks
eedbackDataClock_InPhase o
= Feedback Divider
feedbackClock_InPhase (8/6/4/2 / 1)
feedbackClock_40MHz
Phase
Frequency . Wien-Bridge
—_ Detector H
©
= PFD/PD
=
Charge i 5 clock240_320MHz >

Pump Loop filter
clock120_160MHz

\ 4

Phase
Detector

clock60_80MHz

v

retimedData vControl \QEEZAG\ULa Ay - a2 clock40MHz

v

dataOut

\ 4

Frequency UL CLoi
Detector

retimedData

dataln

refClk
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eCDRPLL High Level Block Diagram o)

N,

IoadROMDlgltal Core= enablePD . clock_in
Mode[1;0] R enablePFD data_in
dataRate[1:0] _ enableFD
reﬂ:req[l.o] § externalCalib c|ock40_ps -
: " internalCalib R clock60_80_ps _
°
- State Machine e = clock240_320_ps
aRese , E
readOnly status 8 dataOut_ps R
‘ Clock40 L testSignals
<« smCloc S g >
B
control R _| ipstantLock O
value§| = ©
lockDetected LockDetector < freq0utOflock c
) <<
BISTsignals

State Machine

[
»

status

Frequency

BIST rest Counter

ts

S
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eCDRPLL (Digital Core)

CE/RW
.

S

The digital core is comprised of

e State machine
— Power up state machine

— If the user has not preconfigured the loop filter parameters, the state machine will load the read-only values

at power up
— Enables the reference-less locking when in CDR mode
— Has built-in watchdog to recover from loses of lock

reset=1
smReset 0 E— PLL Mode 2
Sets analog core in
PLL240 or PLL320 | 58 qalelel<=rale UL RS lock=1

[
>

for lock

reset=0

waitForVCO 1 Wien-Bridge CDR Mode

Wait # of cycles until
the power supply
ramps up

Sets analog core in Sets analog core in
ODLEYVM \Vien-Bridge mode CDR mode and waits
and waits # cycles for lock

timeout

Ready 5

Monitors the lock
signal

ready =1

lock=0
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eCDRPLL floorplan W)

1037 pm

State machine
ROM
BIST control

Filter 1 S N-Divider
Capacitor 3 : A% b : Phase
1 : . Shifter

502 um

Wien-bridge
Module

* Digital on Top (highVT library used)
* Power mesh grid comprised of M5 and M6

Pedro.Leitao
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The eCDRPLL — Experimental Results
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eCDRPLL cun))

~7
[
Velopix ASIC
« The eCDRPLL was instantiated in the Velopix 128 double columas (14.08 mm)
ASIC SP63 sP63 SP63 SP63 SP63
— Used to synthesize 40, 80, 160 and 320 MHz
clocks SP62 SP62 SP62 SP62 SP62

PLL mode (VCO@320MHz)
LHC-40 MHz reference clock

SP61 SP61 SP61 5P61 5P61

Separated power domain for the macrocell

E PixelHit
g: Processor
* The eCDRPLL macrocell was characterized as a =
sub-circuit of the Velopix ASIC 2 #3 o
= "5
& =
“ % B
5P2 5P2 <j ,E c 5P2 5P2
]
=
SF1 3F1 #j * Cf 3F1 5Pl
Pixel Array
SPO 3P0 SPO 3P0 3P0
| EoC }--«[ EoC | EoC | EoC |---{ EoC |
E [‘Olltﬂ[',
% DACs sxsec A\ |_PLL
eCDRPLL J/ | SLOW CONTROL Drivers | [*IMING; FAST CTRL |
Macrocell
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eCDRPLL cun))

Test board
* External LVDS clock input

Dedicated SLVS test clock output
Uses a FPGA-based readout system (SPIDR) developed at NIKHEF (NL) to control the Velopix

Chipboard developed at Univ. Santiago de Compostella
All power supplies externally tied together to an 1.2V FEASTMP
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Some Results )

Some Results
PLL Mode works across all frequency division ratios
CDR Mode works across all data rate division ratios and locking methods

PLL BIST
— BIST passed behavioural test but there is not enough statistics yet

Radiation campaign
— Scheduled to Dec 2016 in a Velopix parasitic run

PLL PLL CDR CDR
40 MHz input (+8) | 320 MHz input (+1) | 80 Mb/s input (+4) | 320 Mb/s input (+1)

Phase shifter Max {INL, DNL} < 0.6 LSB on all modes
Locking range 7 to 77 (MHz) 27 to 436 (MHz) 70-82 (Mb/s)? 216 —-370 (Mb/s)?
Power consumption (mW) 13.4 15.4 To be tested To be tested

48.9 ps clock out? 13.1 ps clock out?
4.2 mUl data out® 4.0 mUl data out®

Jitter (rms)

2 2
(320 MHz clock output/dataout) pusfpe 1.9 ps

IReference-less locking method
21-ps total jitter rms input clock; phase noise measurement with 10kHz to 10MHz BW
31mUIl rms PRBS-7 data input; time domain measurement with jitter analysis using 2" order PLL recClk with default BW

cern.ch/proj-gbt/eCDR-PLL Pedro.Leitao@cern.ch



eCDRPLL's PLL performance )

Test setup for Jitter measurement

* The jitter measurement setup was done using

— Clock source: Agilent 81133A, 3.35GHz Pulse Pattern Generator (sub 1-ps rms jitter output)
* White noise jitter was injected by modulating the output clock phase
* An arbitrary waveform generator (Agilent 33250A) was used to inject white noise with different amplitudes

— Signal Source Analyzer: Agilent E5052B
* The jitter was measured by integrating the phase noise measurements within a 10kHz to 10MHz bandwidth

* The measurements were automatized with a full parameter scan in mind

GPIB

Signal source
Waveform ¢ = analyzer
generator [g

s

Clock synthesizer

ethernet
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Review — what is phase noise? @)

N\ g

What is phase noise?

* The phase noise is the frequency domain representation of the fluctuations in the phase of a signal - it
measures the phase stability of a signal

* |t is equivalent to a jitter measurement (which is done in time domain) after integrating the phase noise
* Phase noise is specified in dBc/Hz at a given offset in relation to the carrier frequency

UL fu=s U UL f= w00

A A A 4? A
. wn
Phase noise S —
©
] o (dBc) 2=
2 2 i
o o 535
o o O m
O T —_—
0N ~—
—
()]
o ; o
o
o

| freq u'ency freq u'ency | freq u'ency
f ke \/ fo fo f

f=fct/fo

fffol PhaseNoise - df
Totaljittety,,,s =
s 2Tt feqrrier [HZ]

(s)

dBc = level in dB relative to the carrier
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eCDRPLL PLL Jitter Characterization &N

N\ g

Phase noise measurement; N =8
Integration band: 10 kHz : 10 MHz

Cap = 100 pF refCk T = 0.9 ps
40 + — rms .
Res = 15.5 k2 clockOut TJ __ =7.3 ps
rms
lcp =12 pA
-60 _
-80 _

-100 \—J«——Afw\ |

-120 N

N
N
o
T
l

-160 .

Phase Noise (10.00dB / Ref -20.00dBc/Hz)

80— i i e
102 103 10* 10° 109 107
Frequency (Hz);
refClock = 40.0 MHz; clockOut = 320.0 MHz

DUT: refClk=40MHz, VCO@320MHz, clkOut=320MHz

cern.ch/proj-gbt/eCDR-PLL Pedro.Leitao@cern.ch



eCDRPLL PLL Jitter Characterization &N

N\ g

Phase noise measurement; N =8
Integration band: 10 kHz : 10 MHz

~~ [ T L AL R | T II
+18 dBc DC gain due to pF refCk TJ __=0.9 ps ]
multiplication factor k) clockOut TJ_ =7.3 ps
20log,,(8) = 18dB ms

-80 7

-100 \——‘———“"“\ |

-120

N
N
o

PLL follows the source noise that
160 falls well within the loop’s BW

Phase Noise (10.00dB / Ref -2(

-180 o dominant after the loop’s BW
102 103 104 10° 108\ ro
Frequency (Hz);
refClock = 40.0 MHz; clockOut = 320.0 MHz

VCO noise starts to be \‘

DUT: refClk=40MHz, VCO@320MHz, clkOut=320MHz
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eCDRPLL PLL Jitter Characterization o)

/7
[
Measured Ters, N =8, Cap = 100 pF Measured Ters, N =8, Cap = 100 pF
Sweeping Icp and R; refCIkTJIrmS =10ps Sweeping Icp and R; refCIkTers =5.0ps
12 12
10 - 10 +
8F E 8F E
= L = = L [l
g° g 8" g
4+ = 4+ =
2 -
0
R (k) R (kQ)
Measured Ters, N =8, Cap = 100 pF Measured Ters, N =8, Cap = 100 pF
Sweeping Icp and R; refCIkTers =9.8ps Sweeping Icp and R; refCIkTJr <= 7.0 ps
12
10 -
8F E 8F E
= L [ = L [
5" 5"
(7] (7]
3 3
4+ = 4+ s
2F 2F
0 1 1 1 1 1 1 1 0
2 4 6 8 10 12 14 2 4 6 8 10 12 14
R (k) DUT: refClk=40MHz, VCO@320MHz, clkOut=320MHz R (k)
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eCDRPLL PLL Jitter Characterization o)

NS
[
Measured TerS, N =1, Cap = 100 pF Measured TerS, N =1, Cap = 100 pF
Sweeping Icp and R; refCIkTerS =0.8ps Sweeping Icp and R; refCIkTers =47 ps
12 12
2 2
2 : < E
= P = s
8 g 8 g
%] 7]
3 o
= =
2 -
0 I 1 1 i 1 — L
2 4 6 8 10 12 14
R (k) R (kQ2)
Measured TerS, N =1, Cap = 100 pF Measured TerS, N =1, Cap = 100 pF
Sweeping Icp and R; refCIkTerS =10.0 ps Sweeping Icp and R; refCIkTerS =7.4ps
12
14 .
& &
= 12 i < g
= 10 E =~ =
8 g 8 g
8 g @
(3] (5]
= =
6
2 -
0 1 1 1 1 1 i — 1 0 O 1 1 1 1 1 i — 1

2 4 6 8 10 6 8 10 12 14
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eCDRPLL PLL Jitter Characterization o)

NS
@
Measured TerS, N =1, Cap = 100 pF Measured TerS, N =1, Cap = 100 pF
Sweeping Icp and R; refCIkTerS =0.8ps Sweeping Icp and R; refCIkTers =47 ps
12 12
2 2
2 : < E
=2 P = s
8 g 8 g
%] 7]
3 o
= =
2 -
0 I 1 1 i 1 — !
2 4 6 8 10 12 14
R (k) R (k2)
Measured TerS, N =1, Cap = 100 pF Measured TerS, N =1, Cap = 100 pF
fCIkTerS =10.0 ps Sweeping Icp and R; refCIkTerS =7.4ps
INPUT JITTER
BW (|
Damp. Factor T
14 E E
= 12 i < £
= 10 E =~ =
8 g 8 B
8 g @
(3] (5]
= =
6

0 0

2 4 6 8 10 6 8 10 12 14
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eCDRPLL PLL Jitter Characterization &N

refClk .. vs clockOut,
jitter jitter

25 T T T T
refClk TJ
rms
clockOut TJ
rms
Intercp = 6.5 ps
20 r A
. Cap =100 pF
2 Res = 2.5k
2 15 |- lcp = 8.8 uA |
ﬂh
|_
o
o
S
)
S 10+ |
=
5 - -
5 10 15 20 25

Measured refClk Td __ (ps)
rms

DUT: refClk=320MHz, VCO@320MHz, clkOut=320MHz
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eCDRPLL PLL Phase Shifter )

N\ ard
[
40 MHz clock DNL
T T T T T . 1 T T T
350
O  ideal phases
—¥— measured phases 05+
300 f Fo
m
n 0
|
_ 250 i -0.5
o))
[0)
S ] Y S R S S
200 1 i
% 0 20 40 60 80 100 120
< output tap
- INL
g_ 150 ] 1 - - - - T '
S
O

100

50

0 ‘_ I I I I I 1

0 20 40 60 80 100 120 -1 ' ' ' ' ' '
0 20 40 60 80 100 120
output tapl] tout t
output ta
Step = 195.3 (ps) P P
Phase shifter has
DUT: refClk=40MHz, VCO@320MHz, clkOut=40MHz 128 taps
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eCDRPLL CDR Performance C\D/

Test setup — CDR jitter performance

* The measurement setup was done using
— Data source: Agilent 81133A, 3.35GHz Pulse Pattern Generator (sub 1ImUI rms jitter output)

* Generating PRBS-7 data input
* An arbitrary waveform generator (Agilent 33250A) was used to inject white noise with different amplitudes

— Reference Clock: CG635, 2.05 GHz Synthesized clock generator
* Synchronized timebase with Agilent 81133A to ensure SPIDR is synchronized with the Velopix

— High speed scope with recClk application: Agilent DSA91204A Digital Analyzer
* EZJIT Complete app, 2™ order PLL, default bandwidth

— No parameters sweep was performed

GPIB
Clock synthesizerT
‘L —— o High speed
- - | 3 . scope

Waveform ¢
8ENErator [prerr——

)

0.

Y B

o T 5 % 5@

PRBS-7 generator

ethernet

Pedro.Leitao@cern.ch
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eCDRPLL CDR @ 320 Mb/s cun))

CDR mode; PRBS-7 @ 320 Mb/s

10
130
9l dataOut (320 Mb/s) | |
clockOut (320 MHz) =
~ 87 125 E
: g
E | | &
E 120 £
= °f 1N
Q
E 5t i S
© 115 o
_,‘E AN
S 4r ] ®
© 4 o
E 110 3
S 37 110 S
5 5
O , L | 3
45 8
tr mUI = 3.125ps ||
0 : ! ] | 0
0 2 4 6 8 10 Cap =500 pF
Input jitter (mUI,rms) Res = 0.5 kQ
lpp = 0.8 HA
lep = 12.8 PA
1ImUl=3.125ps
DUT: dataln=320Mb/s PRBS-7, VCO@320MHz, clkOut=320MHz
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eCDRPLL (CDR results) @)

Test setup — CDR BER data transmision test
* A PRBS-7 checker was implemented in a FPGA to check correct data transmission

* Only one test output pin available on the Velopix Eye-opening monitor
100 ' f '

A A 7\ /

40Mbps
5 80Mbps
107 160Mbps

BER

0 0.5 1 1.5 2

GPIB

Waveform ~
generator (g

PRBS checker

ethernet
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eCDRPLL (CDR results) @)

Measurement — CDR BER data transmision test (eye-opening scan)
* A PRBS-7 checker was implemented in a FPGA to check correct data transmission
* The FPGA’s sampling clock was swept with 78 ps resolution
* A 2 seconds durantion BER was performed per sampling point

Eye-opening monitor

100 -
_\\ V—h
1021 \ /
1041
x
L
m
100+
1078 1 40Mbps
80Mbps
160Mbps
320Mbps
-10 1 1 I T
10
0 0.5 1 1.5 2 BER = 2. errors
Ul Y transData

\
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summary @)

N\ g
O

A Radiation-hard and phase deterministic CDR & PLL was implemented and tested
* 130nm CMOS technology, (up to M6 metal stack)

Two Frequency Multiplier modes Clock and Data Recovery
e VCO@240MHz - 40, 60, 120 and 240 MHz * VCO@320 MHz
simultaneous output clocks — 40, 80, 160 and 320 MHz simultaneous
— Full 360° phase shift with 260 ps resolution output clocks
« VCO@320 MHz — 40, 80, 160 and 320 MHz — 40, 80, 160 and 320 Mbps selectable output
simultaneous output clocks recovered data
— Full 360° phase shift with 260 ps resolution — Noexternal clock required
e Built-in-self-test for mismatch characterization ~ Full 360" phase shift with 195 ps resolution
(to be run at production time) — data pushed-out on clock’s falling edge
Silicon proven Contributions (alphabetically)
* All working modes have passed e eCDRPLL Macrocell
* Sub 10 ps rms jitter — Paulo Moreira
« Macrocell available to the community — Pedro Leitao
* Verilog model and timing files available ~ Rui Francisco

— Xavi Llopart
* Velopix team

Compatible with a digital on top flow
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ePLL vs eCDR vs eCDRPLL cun))

N\ g

c
_ ePLL Macrocell (2012) eCDR Macrocell (2013) eCDRPLL Macrocell

Tech.

Modes of operation

Startup Locking
Mechanism

Supply Voltage

Nominal VCO frequency

Phase Shifting resolution

Input Frequencies

Input Data Rates

Outputs

Filter Programmability

Power consumption (max)

Size

130nm CMOS

PLL

Reference (PLL)

15V

320 MHz

e/ 1E

40, 80, 160 MHz

160 and 320 MHz

Yes, no state machine
41.5 mW

324 x 387 um

130nm CMOS

PLL (initial locking mechanism)
CDR

Reference (acts as a PLL)
Reference-less (uses Wien-Bridge)

1.5V
320 MHz
fuco/16
40, 80, 160, 320 MHz

40, 80, 160, 320 Mb/s

40, 80, 160, 320 MHz and data

Yes, no state machine
34.5 mW

425 x 930 um

130nm CMOS

PLL240, PLL320
CDR320

Reference (PLL240, PLL320, CDR320)
Reference-less (CDR320)

1.2V

320 MHz (PLL320, CDR320)
240 MHz (PLL240)

e/ 1E

40, 80, 160, 320 MHz (PLL320)
40, 60, 120, 240 MHz (PLL240)

40, 80, 160, 320 Mb/s (CDR320)

40, 80, 160 and 320 MHz (PLL320)
40, 60, 120 and 240 MHz (PLL240)
40, 80, 160, 320 MHz and data (CDR320)

Yes, with power-up state machine

<15 mW (PLL)
<28 mW (CDR, budget)

420 x 960 pm

cern.ch/proj-gbt/eCDR-PLL
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eCDRPLL (PLL circuit operation) A

feedbackDataClock _InQuadradure
feedbackDataClock_InPhase
feedbackClock_InPhase

feedbackClock_40MHz

dividedClocks
Feedback Divider

(8/6/4/2/1)

Phase
Frequency . Wien-Bridge
—|— Detector H
©
= PFD/PD
- Charge clock240_320MHz |
Pump
clock120_160MHz |
Phase ) >
S Detector | W == v .. D @ ARG clock60_80MHz R
Loop-Filter + ”
aifimredbEE vControl N\ PAR\ Iz =« -.... Shifter clock40MHz >
P dataOut
Frequency up, down
Detector
Pump
retimedData
dataln = analog
= data
refClk = cONtrol
= |lock
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eCDRPLL (PLL circuit topology)

NV
°

divRatio == analog

h = ata
m—— control

m—— clock

feedbackClock_InPhase Feedback Divider dividedClocks[3:0]
(8/6/4/2/1)
IcpPFD_PD

clock240_320MHz|

Phase PFD/PD vControl VCo SRR clocki20 160MHz|

efClk Frequency Charge Loop-Filter 240 MHz Shifter I
o = >

Detector Pump 320 MHz § T —— -

g >

enablePhases S selPhaseShift I

NG NG NG NG NG NG NG

> > S S S S S >

FHT

feedbackDividerSlice
Voter Logic Reg

RRRARRR

PhaseShifterSlice
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eCDRPLL (VCO)

C

Eﬁw

cern.ch/proj-gbt/eCDR-PLL

|

(o]

(o] (] [e] [zl

(o]

=g

292.5
135
315°

157.5°

FY

(=)

tititats

in
5

202.5° e—o<

180°
270°

247.5°

VY

337.5°

8-stage differential ring-oscillator
8x D2S converters to generate full-swing output phases (f,../8)
Inverters are used to generate the additional 8 phases in order to save power

Additional 8x D2S converters could have been used if the VCO phase equalization was critical

Sub 5-ps pk-pk jitter VCO

Pedro.Leitao@cern.ch




eCDRPLL (VCO — delay cell) C\/)’

vControIo-Ii

woff Yo in

- +
out vBias out

S

=

* pMOS differential pair with pMOS current source - control voltage (vControl) referred to the
supply voltage
— vControl higher - VCO slower
 Active load consisting of a current source and a diode to avoid the need of a common-mode
feedback circuit and still have enough small-signal gain
* Gate voltage (vBias) of the nMOS current sources derived by means of a replica biasing circuit

Feedbact
8/6/

k Divider
4/2/1)
oo Phase

ol Shifter
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eCDRPLL (Phase Frequency Detector) (&)

N V4
[
up
@
refClk
refclk ..................... E ....................................
feedbackClock :
up I-
feedbackClock Bl | e baad ) IV | IS
. h o
down down . ... , _ ! ...

* Linear relationship between the duration of up/down pulses and the phase error
* PFD is sensitive to phase and frequency errors
» Sequencial PFD; delay cell is used to avoid dead-zone at expense of gain linearity
— {up=0, down=0} = no current is sourced/sink from the loop filter > maintain vControl
— {up=0, down=1} - VCO is too fast; decrease VCO frequency - increase vControl
— {up=1, down=0} - VCO is too slow; increase VCO frequency - decrease vControl
— {up=1, down=1} = no current is sourced/sink from the loop filter > maintain vControl

Feedbacl
8/6/

k Divider
4/2/1)
vco
Hz Phase.

240M1 .
ttttttt 20 MHz Shifter
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eCDRPLL (Charge Pump Loop Filter) (&)

N\ ard
®
10 . .

iy - * Non-linearities

I o — Fast turn-on/off times

I'| * Current steering technique will keep bias

"iX‘ ‘gX" current on at all times

_down down _down down
“— ||| vcontrol — Unequal sink and source currents;
* The loop filter is charged ou discharged by

o are both high every clock cycle

* Solution. Current sources with long length
_UP‘XF" - and consequently high output impedance;
added 2 source followers to improve the

_up-XF~ up

+
Res
\_NI T the current difference when UP and DOWN

rJ 10:1 11 accuracy of the current copy
— Parasitic capacitance at the drain of the
current sources
ik * Charge sharing takes place eveytime one of
refc I the current sources is connected to the loop
filter
| * Solution. Unity-gain amp to equalize the drain
feedbackClock : L voltage of the current sources to the control
voltage

up

|
TSR | N -

Feedback Divider

Ws“m*
VE Phase

240 MHz
320 MHz

PFD/PD.
Charge
Pump

Loop-Filter
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eCDRPLL (Charge Pump Loop Filter) &)

72
[
x10 .
d e Operating mode
11 ¢ 1. VCO faster than refClk — VCO is early
A + up=0,down=1
* Decrease frequency
_down down down down ) ]
- * Source current flows into the loop filter
o * Sink current flows out of the amplifier
lout VControl
+ =3
Res
= Cap
_up up _up up
10:1 11 ﬂ
refClk
feedbackClock
o |
F 1 b
down.....ceeunen. E i | I |
1 E 2 3 i 4§ 5 6 Phase PFD/PD vco Ph
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eCDRPLL (Charge Pump Loop Filter) (&)

NS
®
x10 R .
r Operating mode
11 r-‘ 1. VCO faster than refClk — VCO is early
k * up=0,down=1
_down._ig. down _down T, * Decrease frequency

* Source current flows into the loop filter

o * Sink current flows out of the amplifier
lout VControl .
+ Roe 2. refClk has arrived — PFD delay
\-Nl 1 + up=1,down=1
up _up

* No current flows to the loop if sink = source current

Cap
_up'-XF~ up
10:1 1:1
refClk
feedbackClock I
e I
1 Tereraresn

down

1 2 3 4 5 6 Phase PFD/PD vco Phase

Frequency Charge Loop-Filter 240 MHz Shifiar
- Detector Pump 320 MHz
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eCDRPLL (Charge Pump Loop Filter) (&)

72
[
x10 .
d e Operating mode
11 1. VCO faster than refClk — VCO is early
J * up=0,down=1
* Decrease frequency
_down down down down ) ]
- * Source current flows into the loop filter
o * Sink current flows out of the amplifier
lout VControl .
+ Roe 2. refClk has arrived — PFD delay
- 1 e up=1,down=1
= Cap * No current flows to the loop if sink = source current
L up _up_XF_, » 3. PFDinreset state
* up=0,down=0
rJ 10:1 11 ﬂ * No current should be sourced/sink
refClk

feedbackClock I

up

| _
down |7 | -

2 3 4:5 6

Feedback Divider

. 4/2/”*
VE Phase

240 MHz
320 MHz Shifter

Phase
Frequency
Detector

PFD/PD.
Charge
Pump

Loop-Filter
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eCDRPLL (Charge Pump Loop Filter) (&)

N4

| =  Operating mode

11 j 1. VCO faster than refClk — VCO is early

* up=0,down=1

* Decrease frequency
_down down down down ) ]
- * Source current flows into the loop filter
o * Sink current flows out of the amplifier
gl lout i VControl fClk h ved del
7==‘ Ros 2. refClk has arrived — PFD delay
- N e up=1,down=1
= Cap * No current flows to the loop if sink = source current
L up _u%_, » 3. PFDinreset state
* up=0,down=0
10:1 11 :( * No current should be sourced/sink
t i 4. VCO slower than refclk — VCO is late

* up=1,down=0

* Increase frequency
* Source current flows into the amplifier
refClk * Sink current flows out of the filter

feedbackClock I

up

| _
down |7 | -

2 3 4:5 6

Feedback Divider

. ‘mm*
VE Phase

240 MHz
320 MHz Shifter

PFD/PD.
Charge
Pump

Phase
Frequency
Detector

Loop-Filter
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eCDRPLL (Charge Pump Loop Filter) (&)

N7
®
x10 R .
r Operating mode
11 r-‘ 1. VCO faster than refClk — VCO is early
k * up=0,down=1
_down._ig. down _down T, * Decrease frequency

* Source current flows into the loop filter

o * Sink current flows out of the amplifier
lout VControl .
+ Roe 2. refClk has arrived — PFD delay
\-Nl 1 + up=1,down=1
up _up

* No current flows to the loop if sink = source current

Cap
_up,_XF. » 3. PFDinreset state
* up=0,down=0
10:1 11 * No current should be sourced/sink
£ e 4. VCO slower than refclk — VCO is late
* up=1,down=0
* Increase frequency
* Source current flows into the amplifier
refClk | : * Sink current flows out of the filter
5. VCO has arrived — PFD delay
* up=1,down=1
feedbackClock L
: * No current flows to the loop if sink = source current
up I
1 Tereraresn
down | : I-
1 2 3 4 5 6 Phase PFD/PD vco Ph
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eCDRPLL (Charge Pump Loop Filter) (&)

N\ g

| =  Operating mode

11 1. VCO faster than refClk — VCO is early
J * up=0,down=1
* Decrease frequency
_down down down down ) ]
- * Source current flows into the loop filter
o * Sink current flows out of the amplifier
lout VControl .
+ Roe 2. refClk has arrived — PFD delay
- 7 ! * up=1,down=1
= Cap * No current flows to the loop if sink = source current
L up _up_XF_, » 3. PFDinreset state
* up=0,down=0
10:1 11 a * No current should be sourced/sink
t i 4. VCO slower than refclk — VCO is late
* up=1,down=0
* Increase frequency
* Source current flows into the amplifier
refClk | : *  Sink current flows out of the filter
5. VCO has arrived — PFD delay
* up=1,down=1
feedbackClock L
: * No current flows to the loop if sink = source current
6. PFDin reset state
up |- * up=0,down=0
1 i
down | : I-
1 2 3 4 5 6 Phase PFD/PD vco Ph
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eCDRPLL (Charge Pump Loop Filter) (&)

7
[
x10 .
d e Operating mode
1. VCO faster than refClk — VCO is early
* up=0,down=1
* Decrease frequency
_down down
* Source current flows into the loop filter
o * Sink current flows out of the amplifier
lout VControl .
Roe 2. refClk has arrived — PFD delay
* up=1,down=1
Cap * No current flows to the loop if sink = source current
L » 3. PFDinreset state
* up=0,down=0
10:1 * No current should be sourced/sink
t i 4. VCO slower than refclk — VCO is late
* up=1,down=0
* Increase frequency
* Source current flows into the amplifier
refClk | : *  Sink current flows out of the filter
5. VCO has arrived — PFD delay
* up=1,down=1
feedbackClock L
: * No current flows to the loop if sink = source current
6. PFDin reset state
up |- * up=0,down=0
1 i
down | : I-
1 2 3 4 5 6 Phase PFD/PD vco Ph
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eCDRPLL (PLL Analysis)

N4
divRatio
feedbackClock_InPh|==1=1s |of1s @BJiViTs =] dividedClocks[3:0]
(8/6/4/2/1)
enable IcpPFD PD
Phase PFD/PD Phase
Frequency Charge Loop-Filter 240 MHz :
Shifter —
Detector Pump 320 MHz clock40MHz _
selPhaseShift I

OF OEyco

BEprp
OF ¢

e z
refClk Loop filter
i F(s)

Divider

F (s)
DIVIDER s

efeedbackCIk

eEDIVIDER

2
PhaseShifter

out

FPHASESHIFTER(S)
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eCDRPLL (PLL Analysis) @)

Loop filter
F(s)

8feedbackclk

Bacr PhaseShifter

FonasesiFrer(S)

Divider
Foiper(S)

PFD and charge pump Loop filter vco PhaseShifter
I 1 Kyco Fps(s) =1
Fppp(s) = Kppp = ZL;; F(s) =R+ s Fyco(s) = ps(

N

Divider

Oreeavackcie _ 1
bvco N

Oaivere _ 1

\ Ovco M

N
PLL
Oour _ Ovco  Bour Oour  _ Fppp($)F (s)Fyco(5) Bawcie Fos (5)
Orefcik  Orer Bvco Orefcik 4 T Fopp (S)F(5)Fyco (s) 9feegbackak Ovco
vco
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eCDRPLL (PLL Analysis) @)

The eCDRPLL can be approximated to a 2"d order type-Il negative feedback loop when in steady-state!

N\ 1
N
Oout _ Fprp(S)F(S)Fyco(s) 1 Oour wj(Ts + 1)
Orercik 1 4 Frrp(S)F(S)Fyco(s) M g Orefcic 2 20wy, w?
1+ N N + NS + N
N\ N\
N
. . L ¢ > T=RC
R, filter resistance (Ohm)
C, filter capacitance (Farad) \
I¢p, charge-pump current (A) \\
*————> w. = Icpcho
K0, gain of the VCO in steady-state (rad/V) n | 2nCN
N, division ratio N\
M, clock output ratio \\
N
¢ B H, = —
Wy, Natural frequency (rad/s) LY
7, settling time N\
&, damping factor N\
- _twp,  RCw,
$=7% =73
\

cern.ch/proj-gbt/eCDR-PLL Pedro.Leitao@cern.ch



eCDRPLL (parameter exploration) @)

N4

Parameter exploration
* The loop parameters (K, I.,, R and C) will dictate the loop’s performance

* The VCO oscillating at steady state (240 MHz and 320 MHz) will give the K,
— Extracted VCO transfer function
— The 3 corners (CO, typical, C2, high gain, and C15, low gain) were used for stability studies

VCO transfer function
L] L]

800 T T
@ 240 MHz (MHz/V) | @ 320 MHz (MHz/V) ety
Corner — C15: S§/-20°C/1.08 V

C15 (low gain) 673.4 512.4 sool , i
CO (typical) 960.4 943.9 //
/
C2 (high gain) 1163.9 1212.6 ool

frequency [MHz]

arget=320MHz c24
/// target=240MHz

.......................... %

200

AL ¥ A A1 A
04 05 06 0.7 038 0.9 1 11
control voltage [V]
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eCDRPLL (parameter exploration) @)

N\ g

Parameter exploration
* The loop parameters (K, I.,, R and C) will dictate the loop’s performance

* To select the parameters’ range the following contrains were selected as middle point
— Bandwidth lower than 1 MHz

— Damping factor between 0.7 and 1.4
* Damping factor < 0.7 will cause ringing to transient responses

K,col RCw
vcoicp _ n _
w, = |[—= <1 MHz &= =
2nCN 2
natural frequency for Ko = 943.90 MHz/V damping factor for Ko = 943.90 MHz/V 4 stability plot for Ko = 943.90 MHz/V
4 16.5 — 10 ¥
s C = 10 pF : \ @B c-10pF | s stability limit
3.5 == C = 5e+02 pF \0 @ c=50pF === overload limit ¥
152 | €D C = 500 pF O Cc=10pF
- ~ © cCc=50pF
3 \% <h\\\)\\ ,|L_© c=s0pF #
10
25 k
9.9 &
g R g \ % T -y
- —— © i\ < =
" 6.6 AN ™0
15 T
/ § \.“ \\\o 10°
target T \ \ \Qt »
1 L~ ~_ .E.N\“ L
—] 33 s /
/ ——" 0. F\
0.5 ), i
e N
— 2
0—— 0 ) T S .
0 2.4 4.8 7.2 9.6 12 0 2.4 4.8 7.2 9.6 12 10 10 10 10 10
lep [HA] lep [HA] o [rad]

Example: VCO@320MHz, refClk@40MHz, CO
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eCDRPLL (parameter exploration) @)

N\ g

Parameter exploration

* The loop parameters (K., .., R and C) will dictate the loop’s performance

cp’

* The parameters range were selected as follow
- lcp
* Current of the phase and frequency detector charge pump can range from 0 to 12 pA with a 0.8 pA step
— Resistor
* The filter resistor can range from 0.5 to 15.5 kQ with a 1 kQ step
— Capacitor
* The filter capacitance can range from 10, 50, 100 to 500 pF

* The eCDRPLL's PLL performance can be optimized depending on the input reference clock
— If the reference clock is clean, the PLL should follow the reference clock
* BW 1, damping factord,
— If the reference clock is dirty, the PLL should only follow the reference clock average
* BW J, damping factor T

— Higher damping factors (critically or overdamped) might improve SEU robustness
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eCDRPLL (parameter exploration) @)

N\ g

Parameter exploration

* The loop parameters (K., .., R and C) will dictate the loop’s performance

cp’

* A simplistic verilog model of the PLL was used to estimate the PLL’s jitter performance
— A reference clock with a white-noise jitter (2.5ps, 5ps and 10ps rms) was used

PFD’s delay to avoid dead-time of 400 ps

Loop mismatches:
* Charge pump with a leakage current of 1% of LSB (8 nA) and 1% mismatch between sink and source current

* Afilter type (R-C1)| | C2 was used in the model where C2 simulates the parasitic capacitances of the charge-pump
switches and the VCO

VCO with 1-ps rms jitter (normal distribution) and extracted transfer function
Feedback divider and phase shifter with back annotation pnr delay values

No power supply variations

No charge sharing or clock feedthrough modeling
Typical case only

* The loop filter parameters were swept to ensure the PLL behaviour
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eCDRPLL (CDR circuit operation, 1/2)

Cg{W
.

N4

D Phase
Frequency
> Detector

Phase
Detector

D

retimedData

D
Frequency

Detector

/

up, down

up, down

feedbackDataClock _InQuadradure

PFD/PD
Charge
Pump

® "

FD
Charge
Pump

feedbackDataClock_InPhase

feedbackClock_InPhase
feedbackClock_40MHz

Wien-Bridge

Loop-Filter

vControl

dividedClocks

Feedback Divider
(8/6/4/2/1)

clock240_320MHz

\ 4

clock120_160MHz

\ 4

clock60_80MHz

Phase
Shifter

v

clock40MHz

retimedData

v

dataOut

dataln

refClk

analog
data

control

clock
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eCDRPLL (CDR circuit operation, 2/2) ()

feedbackDataClock _InQuadradure

dividedClocks
feedbackDataClock_InPhase

Feedback Divider

feedbackClock_InPhase (8 / 6 / 4 / 2 / 1)
feedbackClock_40MHz

D Phase
Frequency Wien-Bridge
> Detector

up, down

PFD/PD
Charge o\ © clock240_320MHz

\ 4

Pump
clock120_160MHz

\ 4

Phase

Detector .
/ Loop-Filter Phase

vControl \OREYI N\ IZray ... Shifter cllord Y b

clock60_80MHz

v

retimedData

v

dataOut

\ 4

Frequency up, down
Detector

retimedData

dataln = analog
= data

refClk m— cONtrol
= clock
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eCDRPLL (CDR steady state)

S
[
divRatio analog
m— data
—— coONtrol
m—— clock
feedbackDataClock_InQuadradure o
e edbackDataClock 1noh Feedback Divider dividedClocks(3:0]
eedbackDataClock_InPhase
(8/6/4/2/1)
enable IcpPFD_PD {Res, Cap}
Phase up, down PFD/PD clock240_320MHz |
Charge
Detector &
= — Pump clock120_160MHz |
retimedData . veontrol vco clock60_80MHz _
enable Loop-Filter 240 MHz o= >
av4
320 MHz 8 clock40MHz _
Lé >
Frequency up, down enablePhases >
dataOut
dataln Detector retimedData et >
L 4
selPhaseShift

Steady-state operation
* A rotational Frequency Detector is added to increase the locking range
* Only the Alexander phase detector remains at use during steady-state
* The remaining blocks are shared with the PLL mode
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eCDRPLLs CDR topology @)

Alexander Phase Detector Alexander Phase Detector

dataln

(o}
Q
—+
=2
=}

A A A A A
recClk |
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eCDRPLL (CDR parameter exploration) C\j

Parameter exploration
* The loop parameters (K, I.,, R and C) will dictate the loop’s performance

* A bangbang CDR can be modeled as two branches [Walker model]
— Proportional, or bang-bang branch
— Integral branch

mm

- . —>{D a
* To ensure stability, the phase variation due to a Kop
the integral branch should be higher than the AYAS Kveo
proportional branch \i_,_./j
Integral Branch
KycoRI I N3 Divide by M |
Jeg =N f2 - Jint = %KVCOfT
\ veo veo Fig. 6. Simplified clock recovery loop.
\ V A ]
To achieve the best jitter figure :x A x:x A X: data in
Kyco is fixed
I, should be as low as possible
cp
R should be as low as possible //\VA\/L Veontrol
\ C should be as high as possible Veontrol g
> time
Kyco in Hz/V Ref |
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eCDRPLL (CDR parameter exploration) (&)

Parameter exploration

* The loop parameters (K., .., R and C) will dictate the loop’s performance

cp’

* A simplistic verilog model of the CDR was used to estimate the CDR’s jitter and estability
performance
— PRBS-7 data input with a white-noise jitter (2.5ps, 5ps and 10ps rms) was used
— Loop mismatches:

* Charge pump with a leakage current of 1% of LSB (8 nA) and 1% mismatch between sink and source current

* A filter type (R-C1)| | C2 was used in the model where C2 simulates the parasitic capacitances of the charge-pump
switches and the VCO

— VCO with 1-ps rms jitter (normal distribution) and extracted transfer function
Feedback divider and phase shifter with back annotation delay values

— No power supply variations
— No charge sharing or clock feedthrough modeling
— Typical case only

* The loop filter parameters were swept to ensure the CDR behaviour
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eCDRPLL (Digital Core) @)

The digital core is comprised of

* ROM block

— Holds known-good values for power up
— These values can be overriden by the user
* BIST Module
— The implemented BIST module is designed to automatically estimate relative leakage and mismatch in the
forward path while in PLL mode

* Designed to be used during production testing (wafer probing)
* Removes the need to do lengthly jitter measurements with high-end equipment
* Jitter estimation by measuring the forward path response while in open-loop
* Low impactin area and power

e The digital core was triplicated using the TMRG tool
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C0[2:0]

fbDivider[2:0]

3-bit

clock[0] Register

clockPhaseCoarse[2:0]

Clock Phase-Shifter

CS0[2:0]

3-bit

Register
CS180([2:0]

clock40MHz

CS180_1[2:0]

3-bit 3-bit

Register

Register

clockPhaseFine [3:0]

clock[13]
clock[14]
clock[15]
clock[0]
clock[1]
clock[2]
clock[3]
clock[4]

3-bit
Register

clock80MHz

clock160MHz

clock320MHz

clock[5]
clock[6]
clock[7]
clock[8]
clock[9]
clock[10]
clock[11]
clock[12]

Phase

v
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$180_1[0] =~

/_ 160 MHz Phase Shifter
S180[0] _—

clockPhaseCoarse[3:0]

160 MHz =

\ / \ / \ /T
$180[0] 7 \ 7 / \ 7
so0] |\ / ' I / \ /
c1(0] / \ / / ' \ \ / \
x FF + Adder delay \
NN 1N
—> & FFdelay \ )
co[o] / \ / \ /
foDivider[0] / ] /
/ \ / / / \ / \
CDR “internal”_dela /
0:0 |
1:22.5 | '|—|—|—|—‘—|—‘—I—| —
2:45 |—
3:67.5 Clock phases:
roo :,—l—l—l—l—l 0,1,2,3 - 5[1807]
5:112.5 _|—|—|7|—|—|_/ 1
Clock phases:
ews L 1L Tl asezsswus | [ |
7:157.5 m S[0] _|—|7
y
9: loz 5 l— Clock phases: ) |—|7
N e R S A e [T vy e T B
10: 225 —l I—I—I7|—|—L e —|—|_
11: 247.5 _l |—|—|—|—| |_|—|—|_
13:292.5 ml—l—l—r
15:337.5

[ N S sy O e T e H e I
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_ 80 MHz Phase Shifter

$180_1[1]

S180[1]

SO[1]

C1[1]

clockPhaseCoarse[3:0]

Co[1]
80 MHz = fbDivider[1]

N\ —> /&;‘F delay \

— F \ /
A\ —)I/‘f— ( FE delay ( \
—>  f—— FF+Adder dé@ \ \ \ /
X AN NCEERN

—> &—FF delay

A\ LA
/ / /\ /
_/ /2 A /

0:0

1:22.5

2:45

3:67.5

4:90

5:112.5

6:135

7:157.5

8:180

9:202.5

10: 225

11:247.5

12:270

13:292.5

14:315

15:337.5

Clock phases:
N e B e IR v

—|—|—|7|—|—|_f Clock phases: L 7 L

| | | | | | 4,5,6,7,8,9,10,11 > L L

B e B e VNI s SR — 1
- Clock phases:

| 12,13,14,15 > s[180°+ | [

| L I ] 3607] S

-

[ S I S e e N e T e T

[ N S sy O e T e H e I

.
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Data Phase-Shifter (1/2)

data_out Ds0

~
7 |

clock[0]

iiData

DS180_1

3-bit

Register

clock[13]
clock[14]
clock[15]
clock[0]
clock[1]
clock[2]
clock[3]
clock[4]

clock320MHz

1

1

1

1

1

1

1

1

1

1

1

l

: clock[5]
: clock[6]
| clock[7]
: clock[8]
| clock[9]
1 clock[10]
! clock[11]
1 clock[12]
1

1

1

1

1

1

1

1

1

1

1

Phase
Selection Logic

clockPhaseFine [3:0]

Shared with the Clock Phase-Shifter
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Data Phase Shifter

S G X ’ X : X s X 5 X :
E— &—— CDR “internal” delay
DO 3( 0 X 1 x 2 X 3 4 X 5
A
DSO 9( 1 A 0 A ) 2 3 4
2
DS180 — 1 X 0 X - X 2 X 3 X 4 X s
A - N
DS180_1 2 X / 1 A 0o > = 1 X 2 X 3 X 4
7
T e | e L T N e N
1:225 J—l—I—LI|_|—|_I—| —
2:45 m [
3:67.5 1 [ ] Clock phases:
o - 0,1,2,3-> D[1807]
4:90 m_l—I—l
5:112.5 l—l—l_/ |_|—|_
Clock phases:

6:135 4,56,7,89,10,11> | [ |
7:157.5 D[0] /_lj
8:180 =
9:202.5 l— Clock phases: |—|

257 [ L [T [T 12,13,14 155 ppso+ | L |
10:225 _l |—|—|7|—|—|_k i —|—|_
11:247.5 _l I—l—I—I—l |—|—|—|_
15:337.5

[ N S sy O e T e H e I
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BIST

CEfW
\

Locked
counter0 =816

counterl = 809
fVvCO =316.9

Experimental Result; testCycles = 5; gatingCycles = 50;

450

400

w
[6)]
o

O Frequency (MHz)
w
o
o

250

200

BIST
refClk = 40MHz, VCO@320MHz

T

Cap =100 pF
Res = 15.5 kOhm
lcp =12 UA

counter2 =765
fvCO = 297.6

o

counter4 = 789
fVCO =314.4

counter3 =795 h
fvCO = 313.0
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