Velopix, a new hybrid pixel readout
ASIC for the LHCB VELO LS2 upgrade
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Outline

Introduction to the VELO upgrade (Martin)

The VeloPix chip (Martin):

— Velopix FE (Rafa)

— Digital pixel (+eCDRPLL) (Xavi)

— Super Pixel, EOC, periphery and GWT (Tuomas)

Measurements (Jan)
Conclusion (Jan)
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Introduction to LHCb and its upgrade

 LHCb is a dedicated experiment searching for new physics by studying CP violation
and rare decays of b and ¢ quarks

* Forward angle spectrometer with excellent vertex resolution and PID
* Detector upgrade in 201922020 for 5x higher luminosity and improved efficiency
* No more hardware trigger - all data data read out and sent to CPU farm

ESE Seminar 8th November 2016 4



Vertex Locator Upgrade

LHCb will be
upgraded in
201952020
- very tight planning

Vertex detector surrounding collision region
— Invacuum
— Close to the beam: 5.1 mm

* From silicon strips to pixels
* New R/O chip VeloPix, derived from Timepix3
* In total 624 ASICs, ~41 Mpixels

* Trigger-less readout (~2.9 Thits/s)
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= VELO module

* One module =4 sensors with 3 VeloPix ASICs each
* 256x256 pixels/ASIC, 55 x 55 um? pixels

e ASICs thinned to 200 um

e All silicon module, minimal CTE mismatch

e Sisubstrate with m-channel evaporative CO, cooling
— sensors<-25°C

Sensor signal at end-of-life ~7000 e-

~43 mm

sensor

O, cooling pipes

Kapton \
< Hybrid N

VeloPix

=

M Siticon VeloPix

zooI

""" 20 pm overlay
sensors sensor
(outline showing sensors 50 pm Kapton
on back of module)

15 pm copper

25-50 pm glue

» bumps

:] microchannels

CF support cooling Si microchannel
tubes connector cooling plate
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THED|
ASIC challenges: data rate & radiation hardness

* Sensor and ASIC exposed to high, non-homogeneous, radiation fluence
— Only part of the pixel matrix gets the full dose of ~ 370 Mrad
— TID at periphery of chip is factor 10 lower

* For data rates calc. we assume collisions in every LHCb bunch crossing

— in reality only 2/3 of bunches collide I
— would require a lot of memory to level out [g 50F- ..o D3t rates per ASIC (Gbps)
— = assume peak rates for ASIC design i 40F e N I I
. . . . ~ i E 3
* Data flow simulations using physics 30E - M 25— —
Monte Carlo data | . ., O _—
of <
* No trigger, all data sent off chip S S S 2 N
* Hottest ASIC gives ~15 Gbps 10_ 25
R — O
e ASIC design starting point: Timepix3 IR S S R A —
S B ] P T T T R
-20 0 20 40
X [mm]
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From Timepix3 =2 Velopix

Timepix3 (2013)

VeloPix (2016)

Pixel arrangement

256 x 256

Pixel size

55 x 55 pm?

Peak hit rate

80 Mhits/s/ASIC

800 Mhits/s/ASIC

50 khits/s/pixel
Readout type Continuous, trigger-less, TOT Continuous, trigger-less, binary
Timing resolution/range 1.5625 ns, 18 bits 25 ns, 9 bits
Total Power consumption <l5W <3W

Radiation hardness

400 Mrad, SEU tolerant

Sensor type

Various, e- and h+ collection

Planar silicon, e- collection

Max. data rate

5.12 Gbps

20.48 Gbps

Technology

IBM 130 nm CMOS

TSMC 130 nm CMOS

ESE Seminar 8th November 2016




VeloPix Project Overview

* Design started in June 2013 (after Timepix3 submission)
 Change of technology (IBM 130nm - TSMC 130nm)

* The chip was submitted as an engineering run on May 2016
*  First wafers received on 315t August

* Fabricated (and diced) chips back at CERN on 7t September
*  First beam tests done on 6" November

* Production testing later this year (624 chips)

* Irradiation campaign in the future with sensors bonded

VeloPix wafers
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VeloPix Chip Architecture

128 double columns

A J

+

. P|Xe| matrlx 1 SP63 SP63 SP63 SP63 SP63
— 256 x 256 pixels 1 1 1 tll 1
. . SP62 SP62 SP62 SP62 SP62
— 128 x 64 super pixels (2x4 pixels each)

[ \
— @40MHz PixelHit

Process.

:

e Packet-based architecture:

— 8 pixels/packet + 9 bit time stamp =2 30%
reduction in data rate

10-bit ToA
@40 MHz

256 rows

SP2 SP2

 Data-driven readout: [ ] [Tl [
SP1 SP1 SP1 SP1

— 20 Mpackets/s/double column : I\ " :
\ SPO SPO SPO SPO SPO
40, 80, 160 and 320 MHz TMR clock domains

T U V VvV

SP2 SP2

Super pixel

NgENgENgENgN

O T O 110

in the periphery Eoc | | EoC | EoC [ Eoc | | EocC
Left Fabric | Center I Right Fabric
. . . Node

* 1to 4 configurable serializers (GWT) s e o [ |
SLOW CONTROL AxGWT TIMING, FAST CTRL

e Similar to the GBT frame T

 " Frame[127:0]| 0OxA, 4b parity | Packet 0 | Packet 1 | Packet 2 | Packet 3 |
.n/ - - e,
/ %"”'M-«.,,M
Packet [29:0] [ Address 13b | Time stamp 9b | Hitmap 8b l
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VeloPix pixel schematic

: From previous
Common for 8 pixels pres
SuperPixel

<€ > €
Front-end (Analog) Front-end (Digital) Super pixel (Digital)
Leakage | LEliter i %
Current . FIFO (2X18) 2 %
compensation Pixel memory :3)— e)
e
Input l 1 1 | abitiocal ’
Threshold
Synchronizer 6-bit LFSR:
& Counter Data Node
Clock gating Shift Register
Tuomas g3
————————————————————— —qr-lé_-g
| =
TpA TpB Global threshold S o o Clock BXID To the next
(LSB= ~15¢) £ 3 © (40/80 MHz) SuperPixel
c o 0
wn o
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Specifications

Parameter Value

Technology

Number of pixels

Analog front-end size

Analog supply voltage

Detector capacitance

Detector polarity

Maximum of charge distribution
Leakage current

Minimum threshold

Pile-up

Time of arrival resolution
Operating temperature (in experiment)

Analog power consumption

TSMC 130nm CMOS

256 x 256 @ 55 um pitch
55x14.5 pm

1.2V

50 fF

Optimized for electron collection
16ke” (200um Si @ 80e"h* pairs per um)
Up to 12nA/pixel (non-uniform)
~500e

Discharge of 16ke™ charge in 300ns
25ns

-30°C<T<0°C

~6.1uW/pixel
200mW/cm? (250mW/cm?) (constant)
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FAB 6 (NMOS)

u-'&' Foo =
oo | il BRACS O15_013 E
oo el B RACYS (22 013 'k Laaanik oy
| s s i Limited NMOS leakage current (in

el RS 1 003 H
L., = 2mm | 800d Fab)
ILeak a ;
: el OS2 1
[77| i AOE 2 4
|| e i3 100 4
F: | i MELT _mriri
- MA_4_1
[ =t bt 102 KL S
i RN O15_ 013

|| e mai_1_p3 4 i St Fﬂ‘{_'_',._.__.__

pre-rad 100K im 10Mm 100M

TID (rad)
Avth (mV)

0

-40

-80
-120
ELTs do not move! R mair

-160 i iiiiiig i Qi ; i:._::wu\.mfh.'{f..

pre-rad 100K 1M 10M 100M
TID (rad)

lon degradation<5%

FAB 14 (NMOS)

7 =@=NMOS_015_013
e NMOS_022_013
— NMOS_035_013

ILeak

+i === NMOS_047_013
+ wflfm NMOS_1_013

NMOS_4_013
e NMOS_4_022
T i NMOS_4_047

Measurements at 25C

Regular NMOS

4 At-30C the peakis
~4 times higher

ELT or hvth NMOS

H :
i it
pA

P
pre-rad 100K M 10M 100M

TID (rad)

The annealing at -30°C is much faster in HVT
transistors wrt regular transistors

2 Fabs showed different results in terms of
leakage for the NMOS transistors

We decided to design for the worst case i.e.:

NMOS transistors either ELT or HVT
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The front-end circuit

$ 4-bit offset calibration

FB

Vout disc

—




— vdda . =T vdda

j I VBias_ Ikhc%lf X 2:)| |7

Bias block
shared
between 2
adjacent

ixels
VOUT P

LICR vdda
R vdda —_
\.I =l= Cieai=700fF
Segmented in 4 in / —II
the direction of Csz S5fF
the length 1
1
vdda
Ileak V
< IN
¢ —] - A
Vfbk I; VSSa
4| ELT
-HV

-

Vfbk '
ELT

The inner terminals of the ELTs
are connected to Vx (to minimize
Cdb (current source) and Csb
(input pair)

/VELT |

vssa_ik

Vbias_lkrum

pd

/

= fi7 Dummy (matching I

+«— and decoupling)
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Vbias_preamp_casc
x1

vssa_ik

LHCD dda — vdda
LD vad
1.2v Vg(ia VBias_ Ikhalf
o —— C,..,.=700fF |
T ‘
C.,=5fF
11
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vdda
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I Vbias _lkrum
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T ELT

A 4

\v/

Seminar,

VSSa |

f(%rember 2016

vdda
830nA

Vbias_preamp H

¢ Vour

Vin_casc H

REG_ELT

vll

vdda
2x830nA

—=

X2

HVT_ELT

lZ5ﬂA
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WéThe choice on the capacitance for C ;5

Capacitance per unit area (F/um?)

8E-15

7E-15

6E-15

5E-15

4E-15

3E-15

2E-15

1E-15

oSN

= Cgate_ PMOS_LVT (fF/um2)
= Cgate_PMOS_REG (fF/um2)

= Cgate_PMOS_HVT (fF/um2)
= Cgate_ NMOS_LVT (fF/um?2)
= Cgate_ NMOS_REG (fF/um?2)

/ Cgate_NMOS_HVT (fF/um2)
= Cgate_ NMOSCAP_gndConn (fF/um2)

AW/
==:::=‘<:._/’/' \\
0 0.2 0.4 0.6 0.8 1 1.2
Voltage (V) +——— (VX)

, | Cacimplemented as a PMOS LVT

| For Power Supply Rejection Ratio
Vie© seminaforNminimization of its gate leakage current! 18

| P2
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The comparator

* Designed for minimizing time-walk of the
system (target below 25ns)

* Designed based on cascading low gain stages
was selected

* Constant current consumption in analog part
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BSY  Gain V4, BW ~40MHz

1.2V e

—

VOUT_sl-

VCAS ‘
4| ELT, reg

IE
Q 9
—

VTHR
4| ELT, reg

1

OUT_s1+ Vo UT_s2-

Gain ~3.2, BW “40MHz

1.2V -

—

1.2pA

I

€ °

leq_BAR

Vin VOUT_sl- “:

ELT, reg

VOUT_sZ+
.——

:” Vour s1+

1.2pA



L) Analog

Gain ~40

ipgll

Analog_Disc_Out : Digital_Disc_Out

o

I
|
|
I
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I
I
I
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I
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I
I
I
I
I
I
I
I hvt
I
|
I
|
I
I
I
I
I
I
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I
I
I
I
I
I
I
I
|
|

\Y/ i V
OUT s2 “: LT hut ‘ OUT s2+

Inverter B XL

1
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Simulation ToA, ToT

124 600
o
12210
o 500 g
1200
i
118 400
o
0o
& 11610 D 8
£ £
< i = 300
o (@]
— 114+© =
@ g
1120 200
110 o
100
108 o) o o )
o (o) f
106 0
0 10 20 30 40 0 10 20 30 40
Qin(ke-) Qin(ke-)

Threshold at 750e-, reference pixel (bottom column).

Corners: typ,ff ss, radiation corners (at"100Nirad'ahd 400Mrad)
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X2

Implementation of the DAC

VbiasDAC local l
I x1

X2

VbiasDACcasc H

VbiasDACcasc local l(:

55nA

55nA

—

“fey

VbiasDAC \

l 110nA
ELT

r—

l |_DACOULtL

l |_DACOutR
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VbiasDAC and VbiasDACcasc are provided from the periphery. / Less loading to the DAC in the periphery.
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(9

Leakage current

/ T

compensation capacitor

Target transistor DAC

Blocks “double pixel”

Test

Feedback /

capacitor

NMOS transistors on DNW

Ikrum current sources

Shielding

Most contacts are double

Left/right most columns
different schematic and
layout

Dimensions 29um x 55um

ca pacitoN

@[F)E]EJ

U'M @@

\

:

Preamplifier

Input transistors

IKRUM current sources

Test pulse switches

Comparators

25
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X. LLOPART
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e

»eit:o €CDRPLL (simplified) Block Diagram

feedbackClocks

Divider

refClk40MHz

Phase /
Frequency
Detector

2.56 Gb/s

A\

smCtrl[x:x]
smCtrl[x:x]

(8/6/4/2)

smCtrl[x:x]

vcoClock

vControl

Loop filter

recoveredData

smCtrl[x:x]

%
\

extControl[x:0]

State Machine

smCtrl[x:0]

clock240_32QMHz
>

clock120_16QMHz
>

Phase
Shifter

cIock60_80N§z

clock40MHz

resampledData

—>

smCtrl[x:x]

http://cern.ch/proj-gbt/eCDR-PLL
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P Leitao ePLLCDR Description

e Radiation-hard and phase deterministic PLL & CDR
— TSMC 130nm, 960 x 420 um

 Two Frequency Multiplier modes

— VCO@240MHz - 40, 60, 120 and 240 MHz simultaneous output clocks
* 260-ps phase shift resolution
* Targets GBT-FPGA/backend applications

— VCO@320 MHz — 40, 80, 160 and 320 MHz simultaneous output clocks
* 195-ps phase shift resolution
» Targets typical TTC/e-link applications

— BIST for jitter characterization (to be run at production time)

* Clock and Data Recovery

— VCO@320 MHz only
* 40, 80, 160 and 320 MHz simultaneous output clocks
* 40, 80, 160 and 320 Mbps selectable output recovered data
* Uses reference-less wien-bridge VCO calibration (no external clock required)
* 195-ps phase shift resolution (data pushed-out on clock’s falling edge)

http://cern.ch/proj-gbt/eCDR-PLL
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» ,eitso EPLLCDR preliminary experimental data

Measured source jitter VS PLL output jitter
40MHz-VC0O320-clock240_320MHz_voted
Integration band: 10.0 kHz : 10.0 MHz

| I

35 1 T T
7 30 F TJPLL _
o Cap =100 pF TJSource
w25 Res = 11.5 kOhm Intercp = 15.4 ps |

N
o
I

Icp = 8.8 UA /

Measured TJ(rm
S o
I I
| |

a
T
|

5 10 15 20 25 30 35
Measured Source Jitter TJ(rms) (ps)

* Jitter measured using the * Phase Shifter
phase noise (Agilent E5052B) _ INLand DNL < 0.5 LSB
— Input Clock: C L.
D 40 Wiz (Agilent 81133A) * PLL full characterization on
— Output Clock: goIng
. 320 MHz  CDR and BIST are still being
* PLL w/ Default parameters characterized
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CERN TSMC 130nm HD Library
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VOTERI B XL TSMC HVTN

VOTERI3_B_XL_TSMC_HVTN

Truth Table
INPUT | OUTPUT
Allc|z | z
0

0

]
1
1
0

e ="

x

[ [y oy Y

1=

Pin Capacitance Information

test Cell Library: Process, Voltage 1.20, Temp 25.00

. net2s, fi.ﬂg=r=:'.
mi

.

7777777777
Vi

Pin C Max C.
Cell Name in Cap(pf) ax Cap(pf)
a [ B [ ¢ z [ u
VOTERI3 B XL TSMC_HVTN 000442 | 000413 | 000402 | 010100 | 0.10100

.. pmoslvg TRAT
Pat rpeh®
[ 380
E CO
- Te=5En

7 m?ap:l_

Leakage Information

2.46
pum

nrmestvhyt

)

777777

v

A

3.68 um

Leakage(nW)
Cell Name
Min. | Ave | Mas.
VOTERI3 B XL_TSMC_HVIN 000000 | 012682 [ 032031
Delay Information
Delay(ns) to Z rising :
Delay(ns)
Cell Name Timing Arc(Dir)
Min Mid Max
Z1-Z (FR) 002528 | 016214 | 129370
A=ZRR) 013665 | 038323 | 239742
VOTERI3 B_XL_TSMC_HVIN
B->Z (RR) 011776 | 036529 | 237046
C->Z (RR) 013377 | 036643 | 224325
Delay(ns) to Z falling :
Delay(ns)
Cell Name Timing Are(Dir)
Min | Mid | Mas
717 R anoiRd | onidans | 11dean
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Velopix Pixel

3 Top Pixel
o
3 |
1 o
6-bit Pixel
b Configuration St w0
: Register (TMR) 8 oceS sl < TOToverfiowil:O
Y E) % E
S = ! P S '
= o ) | & 2 |
© o O
= [} o | E ~ |
(@) (-3 s < n
= = 5] o < | g5 !
& 3 = 5 £ o 1 Pixel Hit & 5 [
b s ‘2 e = = s o Shutter © (7
& o 3 (@) 1 | ) - Clk_count )
= = o = 9 s ) ° I Processor I =
= &= o= — —
5 & 2 ] s o 5 ® o ! PixelLogic | &
© |z s | o| & 2| 8| & UGG oS S g E
£ 5 o & 8 ®
- - -_— 153
g ] % Bottom Pixel
; g
()]
° =
(%]
0 0 Reads the 6-bit Shift Register
0 X XX X X 0 1 Read Reads back the 6-bit PCR
1 1 Reads the 6-bit SEU status from the PCR
1 X X Write Writes the 6-bit PCR
00 Valid event generated if TOT, oocyreq 2 0
01 Valid event generated if TOT, >1
0 0 0 Data acquisition - g - measured
10 Valid event generated if TOT  oocyreq = 2
1 11 X X X Valid event generated if TOT . cureq 2 3
0 0 Integrating TOT up to 63 counts
1 XX 1 Data debug Integrating PC up to 63 counts
1 0 acquisition 1-hit integrating TOT up to 63 counts
1 1-hit integrating PC up to 63 counts
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TOT Processpr

<>

* Event-by-event processor
* Very useful to correctly set a hit in BxID

e Events below TOT threshold are ignored _/
;

* Most noise events can also be filtered

N

TwH#2> 25ns !

E

TOT threshold TOT clocks Fix _delav to
valid event

00 0 50ns

01 1 75ns

10 2 100ns

11 3 125ns
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Simulation of TOT processor

Peak Time 25ns
Return to zero 12.5ns/Ke"
ENC 60e",
Threshold mismatch 30e,
Gain 35e-/mV
Analog Threshold ~570e"
Pixels tested 64
TestPulses per Qin/pixel 100

Best setting: TOT=01 = 100% Qindetected = 1.0 Ke"

7000
6000
5000

v

£ 4000

3

33000
2000
1000

7000
6000
5000

v

£ 4000

>

S 3000
2000
1000

— TOT1_onTime
TOTO_offTime
TOTO_all

eam eoThreshold

02 04 06 038 1 1.2 14 16 1.8
Qin [e]

| J

' TOT1_onTime
TOT2_onTime

| TOT3_onTime

e eoThreshold
05 1 15 2 25 3 35 4 45 5 55

Qin [e]
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T. POIKELA
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Sensor

8 analog
Front-ends

Double column datapath

8 digital
Front-ends

Timestamping @ 40 MHz

FIFO
Data

Size =2
packets

Previous

Node

Register

Next
Node

Up to 20 -
Mpackets/s Super pixel packet:
Super pixel Addr 6b | ToA10b | hitmap 8b
column
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Periphery datapath

64x up to 20 Mpackets/s

64x up to 20 Mpackets/s

64 EoCs

---------- = - - - - - - o o - - o

64 EoCs

Left
L Data Fabric

Mpackets/s/node

Router/
Scramblers/
Framing

- 4 x5.12 Gbps Data
GWT link
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0,0

EoC Data Fabric

64 EoC Blocks (Periphery left side) Periphery
Right side
y4 » / ~ /. ~
) 7 ) 0,1 7 ;0’15 ) 7 > LO RO
L / > L » L1 R1
1,0 | 4 1,1 T z »1,15 < z » Center
\ 4 , , v , \ 4 , , Node
2;0 < z > 211 < z 2,15 < 4 > L2 R2
Y data[29:0]) N , T -
3,0 ¢ 4 > 3,1 ¢ 7 »3,15 < . L3 R3
handshake
_ 20.4
0|1/2]3
Channel: IR 3
30b @ 160 MHz Gbps
Packet
Router
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Packet processors (Center node)

Filtered Latency: T1-T0

Proc LO ZEEGE

Filtered

Packet packets

Proc L1

Filtered

Packet packets

Proc L2

Filtered

Packet
packets

Proc L3
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EoC Data Fabric Node

Double column

A S Beturns the maximum count for a node, baszed on its address, The higher the
data emptY/read *  maximum count is, the less local priority iz assigned to Eol block connected]]
v v * to that node,
*
functi tomatic i T _max_ t
EOC BIOCk b:?€3ag]nmzdécaén ,gEitﬁ?OﬁDgpinr‘_shiFt
A if (prior_sbfft > 00 bhegin
if (rpfe_addr == (DNODES_PER_SECTION-2))
em pty/read i {{INODES_PER_SECTION-1) - node_addr) »» prior_shift) + 1:
°mpty/ S:Er'letu"n [ {(IMODES_PER_SECTIOM-1) - node_addr) ¥ prior_shift):
< - > . return (((ONODES_PER_SECTION-1) - node_addr) >3 prior_shiftl:
read ® > FSM § WwWrite wction: get_max_count
full
v
Arbiter get_max
% 4-bit counter | count() Q
(@) ®)
2 O
n 304 pd
= %
v
O > 1 empty/read | @
> FIFO y Z
— 2x 30 bits // >
D— // > 0
30
30
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({564 Packet Router

Input ID

30b :

Round robin

=
!
(@]
—
5
c
=
@]
o

Round robin

Round robin

vOQ 3,3 '
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Router and output block

Fixed latency

Channel
Mask [3:0]

4x 30b 4x 30b 4x 128b
Scrambler s 4 Framing Eamm d S€rializer —p»

PeE Framing Be===" Serializer —>>

MHz DOR

128b registers:i 16-to-1b Output
parity + header Ser. | drivers

Packet
Router
(4x4
crossbar)

EoC Data Fabric

Scrambler = 4 Framing Base d Serializer
—>

Scrambler Framing B 4 Serializer

Scrambler

160
MHz
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* Low power 5.12 Gbps byte-interleaved serializer and wireline transmitter

GWT (NIKHEF)

VDD_CORE

__________ |
| |
data =
8bit @ Reg | . 6Mixe |
820MHz ~ <8:15> | "PPUAS® | serialized data @ 5.12 Gbps |
L ) o—@
posedge > | * |
ffffffffffffffffffffffffff | |
data =p Re |

8bit @ <0 §> 1 @ o—o I
320MHz : | |
. F—s o I

negedage
e A t |
| i |
| Multi-phase DLL Edge- |
I phOI pth phZI ph3T phlSI combiner I
I Voltage-controlled Delay Line pw’ A I
| pQ_1 |
I Fref] —’Pup p.h—2’ N I

> Phase | CPout _ Ventr

I Detect((:)r fadn L pgéb |
| oo IL L | oy |
3201:/[Hz : Charge-pump L(»f‘l‘l;léllss p]% 15 :
L —

de: 13mA ,
ripples: <2mV p-p

<30mW/channel

=

de: TmA ,

ripples: <2mV p-p

3Q
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Clock distribution

: clk_en Control & config domain
~ | Data in/out
80 MHz ECS Master Registers
(slow control)
' Data domain
EZIF_) 955 Master 40
40 MHz Data in
(system)
P
TMR:
40, 160, 320 Datapath Dat t
ata ou
(GWT)
P
320 MHz >
(TFC)
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Velopix: TMR/RadHard design

* Pixel Matrix (<400Mrad):

— Only NMOQOS ELT transistors used in analog front-end
— Full TMR in FSM & configuration FFs:

* Pixel configuration = Asynchronous self correcting TMR latch
— Pixel data flip-flops (FF) unprotected

— Custom made HD Standard cell library (74 cells) with HYT NMOS HVT
and regular PMOS:
e Standard cell library characterized at 400 Mrad, High-Vt NMQOS + Std PMOS

* Periphery (<50Mrad):
— Full TMR in FSM & configuration FFs
— Data path unprotected



i

VeloPix

Analog front-end
16 x 55 um?

. fo
CIOCES: | i

Double column:
* 512 pixels
* 64 super pixels

] ik}
.2

TRTE MR PNE T AL SN b W S - —

Full matrix: ([ Pixel & Superpixel
i Loglc(HD L|brary)

128 Double columns
~190 Mtransistors
14.8nF digital decoupling
(thick gate)

T AN e

NS

Active Periphery:

* 40, 80, 160 and 320 TMR clocks

* HVT TSMC (tcb013ghphvt library)
* AnF digital decoupling (thin gate)

FOFPEFEFFENAENFEENr "N RNE SHE R END SHE NP SNNEENNP Y AENNNNE * NENNENPF S SN END
R LA A B AL '”"I\“’(' rr.v,p'r "‘(.-.\Tr, FARW ORISR T fn l:.",‘ ';‘. [ ‘r\
F |

4‘ ' ..nac,,l- -..ac..-

— 14.14mM"m MM} — —
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J. BUYTAERT
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VeloPix test readout system

* SPIDR-readout system developed at NIKHEF (NL)
* Based on a Virtex VC707
* Similar as Timepix3. -> Large reuse of soft & firmware.
* Chipboard developed at Univ. Santiago De Compostella.
* Not final LHCb readout.

e

ST

_
VeloPix w

-

..
Oy
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Measured power consumption (@nominal
settings):
Analog suuply < 480 mW
Digital:
Periphery < 380mW

Pixel Matrix <350mW (idle, i.e. clock
distribution only)

@High rate ~+300mW (simulated)
Total="~1.5W @High rate

Slow and Fast control fully functional.
Pixel matrix Configuration and readout
On-chip biasing DACs (next slide)

Internally measured packet latency (@low
rate)

eCDRPLL (CERN) total jitter @320MHz <6ps

rms

256 rows

r 3

128 double columns

VeloPix: General Measurements

A J

SP63

SP63

SP62

SP62

SP63
[
SP62
|

PixelHit
Process.

SP2

SP1

SPO

SPO

V

V

e

Super pixel

NgENgENgENgH

)
)
B

SPO

V

10-bit ToA

@40 MHz

SP63

SP63

11l

SP62

SP62

SP2

SP2

SP1

SP1

SPO

SPO

V

V

EoC

| | Eoc |

Left Fabric

EoC

[ Eoc | |

EoC

| Center

Node

—

Right Fabric

router

| PLL | | Efuses |

SLOW CONTROL

| Ax GWT

TIMING, FAST CTRL
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VeloPix on-chip biasing DACs

DAC_IKRUH ===  DAC_IFIXELDAC == DAC_YFREAHF_CAS = DAC_VCASDISC == DAC_VREFSLYS == DAC_VTHR

| 8 bit DAC’s 4 TestPulse (~31.25e" LSB) ]
I / Range : > ~25 ke

N /

S 10 bit DAC

/,><
4
/

N
wl

[R')]
@
@

14 bit DAC implemented as
16 x 10bit DAC with offsets)

VTHR (~15e" LSB)
Range: 15.3 ke

a 32 64 96 128 168 192 224 256 266 320 392 384 416 4486 488 512 544 576 608 648 672 TF64 F36 766 S88 832 864 8§96 926 968 992 1624
CCCCC de
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e VeloPix Serializers (GWT)

* Alow power (¥20mW) 5.12 Gbps byte-interleaved serializer and wireline
transmitter (NIKHEF).

* Voltage driver, large swing (1.6 V diff)
* Measure internally generated PRBS15 signal with scope 2 Measured BER<1012

24 Oct 2016 5:21 PM |

Eye of VeloPix PRBS15 stream

File Control Setup Trigger Measure Analyze Utilities Help

[ et e R O OERT
: p

DJaa 62.81 ps

DDJpp 35 f? ps DCD 5.90 ps

ISIpp 32.28 ps Trans 6.557587 M
DDPWS 18.18 ps
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)
FE Measurements

* Front end characterization measurements done through the
slow control readout.

. From previous
Common for 8 pixels pres
SuperPixel

Super pixel (Digital)

<€

= £

. u o=
6-bit TMR FIFO {2x18}) 25

: ]
Pixel memory IS
Addr (6-bit) | T0A (10-bit) | Hitmap (8-bit) =~ 3

o =

%3]

Synchronizer 6-bit LFSR:

& Counter DET:) Node
Clock gating Shift Register Manager

—*———————-
SNOUOIYIUAS

aae}lspueq

Clock BXID To the next

(40/80 MHz) SuperPixel

Global threshold
(LSB=~15e")

DatalQ

Shutter
TPulse
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ﬁiqcb

Count rate

70

60

50

S
o

30

20

10

0
5600

5650

5700

5750

Front-end gain:
(test pulses in one pixel)

0.0154 e"/DAC,z*~> 1 DAC,q; = 0.38mV > 24.6 mV/ke

Test pulse amplitude in e-(*)

O

0

1063
2156
3469
4500
5656

DACCode

Global threshold level

5800 5850 5900 5950 6000 6050

6100

Charge [Ke-]

7.00 W‘
6.00 y = 0.0154x - 87.128
R? = 0.9991
5.00
3
4.00
(4
3.00 ‘
2.00 ¥
1.00 e
0.00 .
5600 5700 5800 5900 6000
DACCode
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DACCode

6200

6100

6000

5900

5800

oot
....
....

48
96
144
192
240

Front-end gain uniformity
(test pulses in 32 pixels)

64.72 DAC,cg/ke- > 1 DAC ¢, = 0.38mV >
24.6 mV/ke (0.81 mV/ke- rms) = ~3.3% gain variation

1.00

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

56

104
152
200
248

~3.3% front-end gain variation

....... ..
o :
.. .......
°
. 3.00
Energy [Ke-]
16 o
® 64 =
112 -
® 160 -
208 »
@® Average @ @ ceceeees inear (Average]
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....
....

4.00

® 32

® 380
128

® 176
224

}> y = 64.729x + 5660.9

R?=0.9991

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

5.00
40
® 88
136
® 184
232

6.00
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%
Pixel ENC.

[Threshold scan over noise floor in PC mode]

' (0,2)3.2rms -
60 + (32,2) 3.3rms ——
(64,2) 2.9rms ——
1 (96,2) 2.8rms ——
55 | 8 p|XeIS (128,2) 3.4rms ——
(160,2) 2.7rms
(192,2) 3.2rms ———
50 + (224,2) 3.1rms -
L ]
*
| | *
45 + A —
ry
40 |- 1
35 + —
2
C H ~
3wl Typically ~60 enc
25 + —
20 + -
15 -
10 + —
5 L 4
0 I I ; I o I I I
1350 1360 1370 1380 13390 1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500

THR_DAC
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Counts

12000

10000

8000

6000

4000

2000

O ENC
——ENC fit

1

4
Threshold DACCode

ENC of full matrix.

5

Peg= 4.14 (62.9 €)*
0.,=0.27 (4.1e,,.)*

Measured ENC of all pixels
Threshold scan over noise floor
* All pixels at code OxF

No trend visible

6 ¥ Auto update preview

4.5

rone: [ [ ] ]5]
Min level: [0
Ll ——|
wmax level: [ 6
[ lok —f——— |waming
™ Autorange: |Min -Max -

I~ Countrate Time:

I ritngan:

S 33 PN PR [

21“ &

Color map: Jet hd
Filter chain: None hd

*@gain of 25mV/ke"
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8000

7000

6000

5000

4000

Counts

3000

2000

1000

1200

O  Threshold=0xO0F
@ Threshold=0xOF fit

0O Threshold=0x0
@ Threshold=0x0 fit

=== Threshold equalized

1250 1300 1350

Threshold Equalization.

Heq= 1446
0, 2.65 (40.3 e )*

1400 1450 1500 1550 1600 1650
DAC Code

ESE Seminar 8th November 2016

Unequalised Threshold distribution:
* All pixels at code 0x0
* No trend visible.

-
“» Breview for Medipix Control 1 (dummy 2001,

=
L ] 5 g At % Colormap:  [ret =
BT O st ra
X {column number) 256 Fiter chain: — |hione =l

T L Frame: [0 = -Updat .
i % Min level: | 1200 Inder

I Lock = WeETg

" Maxlevel:[ 1700
I Lock T3 bt
"~ I aumrange: |Min -Max -

“J. T Countrate Time:
o
= Ellelelala]

10

= 97 13 14 15 16 w0

= T S [192, 25]
il Count: 1512.8
R o | Min: 0

Max: 1800

° | Total: 9.92326+4007
Mean: 1514.2

Std. dev.:  28.057

1335 1350 1575

1700 ¥ Auto update preview

*@gain of 25mV/ke"
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Summary of pixel measurements

Pixel gain ~24.6 mV/Ke-
Pixel to pixel gain variation ~3.3%
Pixel ENC 62.9 e
Pixel to pixel threshold mismatch 410 erms
Pixel to pixel threshold mismatch calibrated (Threq) 40.3 erms
Expected minimum threshold > 450 e-

Threshold equalization only calculated not measured on chip
All measurements assuming Ctest=5fF
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Bumps on a Velopix chip

k! Ll ~0 :
EHT = 10.00 kv Signal A = SE2 Date :27 Oct 2016 EHF=10100k SIFRRASSRa Dais 2, Ocl 2010
WD = 4.1 mm Photo No. = 16083 Time :20:32:54 WD = 42mm Photo No. = 16079 Time :20:28:40

=

SEM images done by S. Vahanen (Advacam)
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e Velopix Modules

 Bumping to the 200 um n-p Hamamatsu Si sensor
8 3x1 modules and 6 single sensors available
* Not thinned = Experiment requires thinning to ~200 um

B8 LHCD LHCb :";.f.

: S40 S41 '.
i LHCb LHCb LHCb :,_
¥ S42 S43 :
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(G First source measurements
[S40 single sensor]

* Image taken through the ECS
(Slow Control) in photon
counting mode

ESE Seminar 8th November 2016

File Options View Service Frames

256 AR
u
T

-
* Preview for Medipix Contrel 0 (dum

14.25

Fe55 600s Thr ~900 e

 Minlevel: |0 Under
I Lok +———— [waming

4! [ Autorange: [Min - Max <

EoEERAE E

256 Filter chain: MNone hd

57 [¥ Autoupdate preview

framer [0 [z

Max level: | 57 Over
W Log [y | warning

™ Countrate Time:

IV Histogram:

10 .

0 10 20 30 4 50

[x.¥]: [82, 25¢]
Count: 23

Min: 0

Maix: 57

Total: 1.736e+006
Mean: 25,43

Std. dev.: 7.3415

Color map: Jet hd

62



Beamtest

e First VeloPix in testbeam last Sunday
* Image taken through 1 GWT link
e Hitmap from 1 SPS spill (~5 sec)

* Received 2.6 Million Superpixel packets with 3.42
Million pixel hits:

250 — Numbers consistent with #tracks recorded by the
Timepix3 telescope (upstream of VeloPix)
200 , — Linking of VeloPix hits to telescope tracks to be
' done
150
100 e g * Note that this is only 0.1% of the rate capability

of VeloPix !

0 50 100 150 200 250
column
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Still to do...

Obtain calibration with X-ray sources:
— Extract correct FE characterization (ENC, gain...)

Read the chip at full bandwidth with all GWT (20 Gbps):

— where to find such beam?

Whole setup test using: GBT as clock reference, optical
drivers, 200m of fibers and miniDaq

TID and SEU irradiation campaigns

Production testing later this year at CERN



LHCD

Conclusions

* VeloPix ASIC designed in 130nm CMOS for the LS2 VELO upgrade

* First results show the chip is alive and eyes open:
— Power < 2 W/ASIC, DACs working, pixels functional
— Pixel: Gain ~25 mV/Ke- and ENC 63 e- (no sensor)
— GWT serializer working

* All measurements, so far, indicate that the Velopix chip is fully
functional as designed:

— First source images taken in photon counting mode : Slow Control
— First beam test through the binary readout chain @ low rate
— Scheduled TID and SEU campaigns to validate design robustness
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VeloPix Contributors

 ASIC designers:

— R.Ballabriga, V.Gromoy, X.Llopart, S.Miryala, T.Poikela, J.D.Schipper and
W.Wong

* |P Blocks:
— eCDRPLL: R. de Oliveira and P. Leitao
— Band-Gap: S. Michelis

e Support, readout and Testing:

— J. Alozy, M.van Beuzekom, H.Boterenbrood, B. van der Heijden, J.
Buytaert, M.Daldoss and E.Lemos




