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Velo Upgrade Sensor EDR1-2 June 2015

The Upgraded VELO is…
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VELO halves closed

front view projected view of sensors

52 modules 
Module pitch: 
N*25 mm
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LHCb VELO Upgrade
LHCb Upgrade
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Introduction Upgraded Vertex Locator Testbeams Epilogue

Module

Module description

All module components made of silicon
) minimal mismatch in thermal expansion coefficient

2 tiles mounted on each side
3 chips in a row bump-bonded to a single sensor form a tile

Layout

Module
Basic building blocks are 14� 14 mm2 pixel chips.
Three chips in a row are flip-chipped to a common silicon sensor.
Each module contains four sensor “tiles” arranged in an L shape.
Two tiles glued to back, two tiles to front of microchannel cooling substrate (400µm Si).

x 

y 

28 August 2014 Eddy Jans                          2 VELO Upgrade meeting 

What needs to be defined ? 
• The naming of the tiles, since there LVQ·W a real long and short side  
     anymore. 
 
• What defines the z-position of a module ? 
     The center of the substrate ? 
 
• What defines the position of a pixel ? 
     The center of the pixel, as this is  
     unambiguous ? 
 
• Dimensions of the substrate ?  
     When will the decision about the  
     size of the wafer be taken ? 
 
• Dimensions of the hybrid ? 
     Especially in the y-direction. 
 
• Overlap between tiles on either side of the module.  

Conceptual module design.
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Nikhef in the VELO upgrade

Sensor VeloPix

Test and characterisation of 
prototype sensors in combination 

with Timepix3 ASIC

Development of the VeloPix ASIC. 
In particular: design of a new 

serialiser block

LHCb experiment Upgrade Test beam Conclusions

ASIC
Velopix
The upgraded VELO will be based on Velopix ASIC (successor
of Timepix3) 55 µm x 55 µm pixel size, 256 x 256 matrix

• Binary readout
• Hit rate up to 900 MHits/s. (Above 15.1 Gbit/s)
• Data driven readout: each hit is time-stamped, labeled and

sent off chip immediately in a superpixel structure
• Radiation hard up to 400 MRad
• Submission planned for 2015 Q4

Mean number of particles crossing an ASIC per event

Álvaro Dosil Suárez The LHCb VELO Upgrade 28/05/2015 9 / 25
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Sensors
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Baseline: n-on-p, 200 μm thick, 450 μm guard ring size 

Hamamatsu 
• n-on-p (200 μm thick) 
• implant width: 35 μm, 39 μm 
• guard ring size: 450 μm, 600 μm

Figure 10: Two di�erent pixel implant sizes implemented in the HPK single sensors. The
left figure shows the standard size, and the right figure the “challenging” design.

Figure 11: Edge layout of HPK 3◊1 sensors.
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Micron 
• n-on-p (200 μm thick) 
• n-on-n (150 μm thick) 
• implant width: 36 μm 
• guard ring size: 450 μm, 250 μm, 150 μm

(a) Bridging pixels between adjacent ASICS (b) Guard ring and edge design

Figure 8: Details of the Micron design.

Table 2: Sensor types included in the Hamamatsu mask design.

Implant width [µm] Edge width [µm]
Single 35 450
Single 39 450
Single 35 600
Single 39 600
Triple 35 450
Triple 35 600

3.2 Hamamatsu (HPK)127

The sensors are manufactured from float-zone p-doped silicon with a resistivity according128

to specifications of 3≠8 k� cm. The production of n-on-n sensors would have been possible129

only with a significantly longer delivery time and was therefore not pursued. Inter-pixel130

insulation is implemented using common p stops. All sensors have a nominal thickness131

of 200 µm. The passivation openings have a diameter of 20 µm. The backside is covered132

with a 1.1µm Al layer.133

The wafer layout and nomenclature is illustrated in Fig. 9. The majority of the wafer is134

devoted to the standard 450µm guard ring design. Extra 600µm guard ring sensors are135

provided in case of HV tolerance issues with the narrower guard ring. In addition single136

sensors and test structures take up the remaining space on the wafer. Table 2 summarises137

the single and triple sensor variants included in the mask design. The triple sensors only138

have as variation two di�erent guard ring widths. The single sensors add the “challenging”139

option of the larger 39µm implant. The detail of the pixel area is given in Fig. 10.140

As shown in Fig. 11, the inner guard ring is connected to the ground row of the ASIC141

while the outer guard ring is floating.142

9

Sensors irradiated both uniformly and non-uniformly at KIT, IRRAD, JSI and 
Birmingham at different fluence (4 and 8 x 1015 neq/cm2)
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Timepix3 Telescope

Dedicated telescope to provide particle track position and time at high rate  
• pointing resolution ~2 μm for a 180 GeV beam 
• up to 5 million tracks/s reconstructed

Test$beam$$
•  Commissioned$the$TimePix3$telescope$in$July/August$2014$at$CERN$PS$

•  Successful$test$beam$campaign$at$CERN$SPS$in$November/October$2014$and$May$
2015$$

–  CharacterizaIon$of$prototype$assemblies$

–  High$rate$test$of$TimePix3$

–  Irradiated$sensors$were$also$tested$

01/06/2015$ S.Richards$VERTEX$2015$ 16$

4 + 4 Timepix3 planes

Device Under Test
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Sensor Characterisation

Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV 
tolerance >1000 V

Charge 
Collection > 6000 e-

Efficiency > 99% 
uniform

Spatial 
Resolution excellent

Edge Effect none

we want to maintain the high performance of the 
current VELO despite the higher rate and non 
uniform irradiation (8 x 1015 neq/cm2 at the closest 
edge after 50 fb-1)

Introduction Upgraded Vertex Locator Testbeams Epilogue

Sensors

Sensor characteristics

200 µm thick
(exploring other thicknesses too)
400-450 µm wide guard rings
n-on-p (n-on-n)
Vendors

Micron
Hamamatsu

Radiation hard up to ⇠ 1016 neq/cm2

Non-homogeneous irradiation (factor 40
difference from hottest to coolest point)

First prototype sensors arrived recently.
Lab & beam tests are ongoing.

Number of tracks / chip / bunch crossing.

Picture of a 3 ⇥1 tiles on a hybrid board.

Panagiotis Tsopelas The LHCb Vertex Locator upgrade 6

mean number of particles 
per bunch crossing
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Tested before and after 
irradiation!

Results from the whole testbeam crew
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mean number of 
particles per event
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in vacuum,  
even after non-uniform 

irradiation!

we want to maintain the high performance of the 
current VELO despite the higher rate and non 
uniform irradiation (8 x 1015 neq/cm2 at the closest 
edge after 50 fb-1)

Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV 
tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e-

Efficiency > 99% 
uniform

Spatial 
Resolution excellent

Edge Effect none

Tested before and after 
irradiation!

Results from the whole testbeam crew
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Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV 
tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e- ✔ ✔ ✔

Efficiency > 99% 
uniform
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Edge Effect none

Tested before and after 
irradiation!

Results from the whole testbeam crew

we want to maintain the high performance of the 
current VELO despite the higher rate and non 
uniform irradiation (8 x 1015 neq/cm2 at the closest 
edge after 50 fb-1)
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Irradiated Results - Voltage scan

• Comparison of different 
uniformly irradiated 
assemblies. 

!
• S15, best efficiency (half 

radiation dose cf others). 
!
• Larger implant (S17, blue) 

helps efficiency (cf S22, 
black).

Preliminary

Fig: Efficiency as a function of bias voltage for 
different uniformly irradiated assemblies.
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Requirement HPK Micron  
n-on-p

Micron  
n-on-n

HV 
tolerance >1000 V ✔ ✔ ✔

Charge 
Collection > 6000 e- ✔ ✔ ✔

Efficiency > 99% 
uniform ✔ ✔ ✔

Spatial 
Resolution excellent ✔ ✔ ✔

Edge Effect none ? ? ?

Tested before and after 
irradiation!

Results from the whole testbeam crew

TimePix3 ASIC

Pixel matrix 14.08 mm

inactive area
55 μm

Th
ic

kn
es

s

Guard rings

we want to maintain the high performance of the 
current VELO despite the higher rate and non 
uniform irradiation (8 x 1015 neq/cm2 at the closest 
edge after 50 fb-1)
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Excess in the first column!      

this represents a problem 
because it leads to 

higher occupancy 
and data rate 

issue

worse resolution 
for first measured 

point
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Charge Distribution Edge Columns for Different Sensors

HPK 200V Micron 200V 
n-on-p

Micron 200V 
n-on-n 

(450 µm guard ring)

Micron 200V 
n-on-n 

(250 µm guard ring)
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Edge

HPK 200V Micron 200V (n-on-p)

Micron 200V 
(n-on-n)

14 14

Micron 200V 
(n-on-n)
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Charge Distributions

HPK Micron 200V (n-on-p)

Micron 200V
(n-on-n)

15 15

Micron 200V
(n-on-n)
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Micron n-on-p

Charge Collection Region

x te
le
 =

 0

The angle runs allow to understand that the charge 
distribution is due to a tilted collection region

-12 deg

0 deg

+12 deg
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x te
le
 =

 0

The slope indicates that an excess of 
charge occurs at the backplane side

Charge Collection Region

Micron n-on-p
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Charge Distributions

HPK Micron 200V

Micron 200V 
(n-on-n)

18 18

Micron 200V
(n-on-n)
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x te
le
 =

 0

Charge Collection Region

Micron n-on-n

The angle runs allow to understand that the charge 
distribution is due to a tilted collection region

-12 deg

0 deg

+12 deg
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x te
le
 =

 0

The slope indicates that a loss of 
charge occurs at the backplane side

Charge Collection Region

Micron n-on-n
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Future Plans

21

• Challenging requirements on sensor: high fluence and non 
homogeneous irradiation 

• The Timepix3 Telescope allowed to test beautifully all the sensor 
designs we have, before and after irradiation (of different type 
and dose) 

• We investigated many different aspects of the sensors: some 
designs show already good results 

• New prototypes requested with small change in sensor 
dimensions: expected in August 

• In Summer we will test the prototype of final design!

INFIERI 7th Workshop - 14/04/2016



VeloPix vs Timepix3
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Timepix3 VeloPix

Readout Type continuous, triggerless, 
ToT

continuous, triggerless, 
binary

Timing Resolution 1.6 ns 25 ns

Power Consumption < 1.0 W cm-2 < 1.5 W cm-2

Pixel Matrix, 
Pixel Size

256 x 256, 
55 x 55 μm2

256 x 256, 
55 x 55 μm2

Radiation Hardness not specified 400 Mrad,  
SEU tolerant

Peak Hit Rate 80 Mhits/s/ASIC 900 Mhits/s/ASIC

Sensor Type various,  
e- and h+ collection

planar silicon, 
e- collection

Max Data Rate 5.12 Gbps 20.48 Gbps

Technology 130 nm CMOS 130 nm CMOS

increased data rate!

radiation hardness



VeloPix Architecture
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VeloPix Matrix Layout



VeloPix Architecture
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VeloPix Matrix Layout
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Figure 51: Block diagram of the VeloPix ASIC. Groups of 8 pixels are combined in super-pixels,
which are the basic readout units.

pixel to less than 200 ns even for large signals. Signals close to threshold will su↵er from
time-walk and risk being tagged with the wrong timestamp. Therefore, the pixel features a
digital threshold in addition to the (analog) comparator threshold. This digital threshold
removes hits which have a small charge and hence large timewalk, and thereby assures
that each hit is assigned to the correct bunch crossing. The use of a second threshold
raises the e↵ective threshold by several hundred electrons. This is not expected to have a
large impact on the e�ciency and minimises the contamination of data with out-of-time
hits.
Although the pixels are read out in binary mode, the front-end is capable of performing
a charge measurement via a constant discharge current and Time over Threshold (ToT)
counting. This feature is useful for calibration and monitoring of the detectors, but the
readout of ToT information is only foreseen for at a low rate via the slow control interface.

64

• Super-pixel packet (2x4 pixels): 
30% reduction of the data rate vs 
single-pixel 

• Analog front-end sets 2 thresholds 
(chip-wide and trim DAC) + digital 
threshold on hit charge  

• Data gathered column wise in the 
EoC logic 

• Data from EoC routed to 4 output 
serialisers



Output Logic
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Scrambler

Scrambler

Scrambler

Scrambler

Framing

Framing

Framing

Framing

Packet
Router
(4x4 
crossbar)

Serializer

Serializer

Serializer

Serializer

128b-to-8b 
serialiser

160
MHz

40
MHz

320 MHz
DDRReadout 128-bit 

register

Non-scrambled 80 

GWT3 3 12

GWT
10%

EoC fabric
12%

Periphery clock tree
4%

EoC block
10%

Slow control
2%

SP column (avg)
19%

Digital front-end
5%

Analog front-end
37%

GWT: Gbps data serialiser and Wireline Transmitter 

• 5.12 Gbps serialiser in 130 nm technology 
• low power consumption: serialiser 15 mW, 

wireline driver 45 mW 
• 4 GWT units on each VeloPix contributing only 

10% to the chip power budget



VeloPix Status
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• All basic building blocks are ready and where possible already in 
execution design rule checks:  submission at the end of April  
(the goal is one submission only!) 

• The engineering run will take 6 weeks 
• 6 wafers back mid-June 
• Next tests done in parallel: bench tests will require a couple of 

months 
• When ready from Advacam (VeloPix bump bonded to the sensor), 

the assemblies will be tested in the testbeam: aiming at August 
• At the end of the year will start the production



VeloPix Test Setup
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• SPIDR based system dedicated for VeloPix testing  

• worked very well for Timepix3 testing 

• chipboard already sent for production                 expected soon!

quad 10 GbEVeloPix  

chipboard

SPIDR 

(VC707)

VeloPix Chipboard



Summary
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Sensor: 
• very good results so far! 
• new prototype sensors expected for the August testbeam 

VeloPix: 
• submission at the end of the month 
• preparation of setup to test the VeloPix in progress  
• planned parallel bench tests to save time 

Sensor + VeloPix: 
• testbeam in August, or at the latest in November

INFIERI 7th Workshop - 14/04/2016



Back Up
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Why closer to the beam?

it scales with the radius r1 of the 
first measured point on the track

Large  Impact  Parameter
Tra

ck  f
rom

  se
con

dar
y  ve

rtex

Figure 10: Signature of B decay products from a B

+ ! J/ K

+ candidate event in LHCb data.
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In this formula r1 is the radius of the first measured point on the track; pT is the
transverse momentum of the track; x/X0 is the fractional radiation length before the
second measured point, which includes the foil, any dead area of silicon traversed, and the
material of the first measured point; �1 and �2 are the measurement errors on the first and
second point, respectively; and �

ij

represents the distance between i and j, where i and j

can be 0 (the vertex), 1 (the first measured point), or 2 (the second measured point).
This formula gives an indication of the driving factors behind the design. The presence

of the r

2
1 term indicates that the first measured point should be as close to the interaction

point as possible, which is achieved by designing the minimum possible inner dimensions,
reducing the size of the guard rings, and having as many stations as possible. The
presence of the

p
x/X0 term shows on the other hand, the importance of reducing the

number of stations, of having the stations as thin as possible, and of reducing the material
contribution of the RF foil which encapsulates the detector secondary vacuum volume. The
e↵ect of this material term on the impact parameter resolution as a function of transverse
momentum is illustrated, for the current VELO, in Fig. 12, discussed below. The final term
in Eq. 1 illustrates the importance, for high momentum tracks, of maintaining the best
possible precision. Additional considerations enter the design, in particular the importance
of having stations surrounding the interaction region including the negative z side for
reconstruction of backward tracks, in order to measure the primary vertices as accurately

12

Tracks originating from secondary vertices with large impact parameters 
are the principal signature of beauty and charm hadrons  in LHCb

performance of the detector evaluated in terms of impact parameter 
resolution
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Sensor Types
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n-on-n 
• n+ pixel electrodes collect e-  
• depletion starts from backplane 
• under irradiation: type inversion  

the sensor turns to n-on-p 
• double sided process, but preferred 

when high irradiation

n-on-p 
• n+ pixel electrodes collect e-  
• depletion starts from pixel side 
• under irradiation: increase of the p-

type effective doping concentration 
• single sided process, therefore easier 

to realise

INFIERI 7th Workshop - 14/04/2016

5.4 OVERVIEW OF A SENSOR

p+ backplane

n bulk  

depletion  
starts 

from the back 

pitch

n+ pixel 

electrode interpixel isolation

Thursday, 17 December, 15

(a) n-on-n

p+ backplane

p bulk  

depletion  
starts 
from 

the implants 

ohmic contactpitch

interpixel isolation
n+ pixel 

electrode

Tuesday, 19 January, 16

(b) n-on-p

Figure 5.12: Cross section of a sensor with n

+ type pixel electrodes in (a) n-type or
(b) p-type bulk. Note that depletion starts from the backplane in the n-on-n sensor
in contrast to the n-on-p where depletion starts from the pixel electrodes.
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(b) p-type bulk. Note that depletion starts from the backplane in the n-on-n sensor
in contrast to the n-on-p where depletion starts from the pixel electrodes.
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Doping Concentration
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Non Irradiated 

• HPK:  4.5 x 1012  cm-3 
• Micron n-on-p:  < 1.2 x 1012  cm-3 
• Micron n-on-n:  < 1.4 x 1012  cm-3

After Irradiation 

• effective doping:   Neff ~ 1013  cm-3
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In the LHC Upgrade…
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08/03/2016 LHCb Week, CERN 3

In context of CMS Phase I pixel upgrade (BPIX),  NA62 GTK 

Size  
VELO surface area 1243 cm2  

52 modules, 41 M pixels 
(c.f. 48M pixels in current CMS) 

VELO CMS upgrade 

LHCb VELO Upgrade Pixels

2016/2017

2020

08/03/2016 LHCb Week, CERN 4

LHCb VELO Upgrade Pixels

Size  
VELO surface area 1243 cm2  

52 modules, 41 M pixels 
(c.f. 48M pixels in current CMS) 
 
Irradiation Environment 
8x1015 neq/cm2 for our 50 fb-1 

Equivalent to LHC upgrades 
Irradiation: MRad 

In context of CMS Phase I pixel upgrade (BPIX),  NA62 GTK 

VELO  

CMS phase I pixel upgrade  

NA62 GTK
VELO surface area: 

1243 cm2 , 41M pixels

SIZE

IRRADIATION 8 x 1015 neq cm-2 after 50 fb-1

COOLING

CO2 for CMS

microchannels 
for NA62

both 
for LHCb



Timepix3
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Sensors are tested in combination with 
Timepix3 ASIC  
VeloPix (based on Timepix3) is still under 
development

Velo Upgrade Sensor EDR1-2 June 2015

Sensor Prototyping

1818

ASIC

~42 mm

Sensor tile 

ASIC ASIC

elongated  
pixels

~14 mm
Basic Unit: Triple Sensor 
4.3 x 1.5 cm 
Both triples and singles produced 
Bonded to dedicated Tpx3 hybrid 

Timepix3  
• matrix 256x256 square pixels 
• pixel size 55x55 μm2 
• can measure simultaneously ToA and ToT 

(can be converted to charge) 
• gives a timestamp with 1.6 ns accuracy 
• calibration with test pulse, crossed 

checked with radioactive sources

this makes Timepix3 ideal 
for sensor testing!
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Charge Collection
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Charge collection
• The amount of collected 

charge for clusters 
associated to tracks is 
modeled by a 
Landau+Gaussian
convolution.
• Uses the calibration

made with test 
pulses.

S.Richards

19/1/2016 Velo Upgrade Testbeam - Kazu Akiba 12

Charge collected example 
Before Calibration

Example of charge collected 
before calibration

Timepix3 allows to measure 
the ToT

we can convert ToT counts in 
number of electrons via test 

pulses

(a) Calibration curve (b) Distribution of p1

Figure 16: Typical calibration curve of a single pixel obtained from a testpulse scan (left)
and distribution of the slope parameter (p

1

) for a complete chip (right).

Figure 16(a) shows a typical calibration curve of a pixel, and Fig. 16(b) shows a distribution257

of the slope parameter of the calibration (p
1

) for all pixels in a chip.258

The testpulse calibration method was validated for one of the assemblies by comparing259

it to the characteristic lines from a 241Am source. The absolute calibration was also260

cross-checked using X-rays with several energies from the LNLS synchrotron in Brazil.261

17

Calibration curve for a single pixel
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Edge
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Efficiency at the Edge
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Angled runs: S26 (n-on-p)
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bias -380 V 
angle -12 deg

Tracks

• The point of maximum charge collection moved 
• Linear charge deposit still present 

• We gain charge from the front part of the sensor
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Angled runs: S26 (n-on-p)
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bias -380 V 
angle +12 deg

Tracks

• The point of maximum charge collection moved, in the opposite direction this time 
• Linear charge deposit disappears 

• We gain charge from the front part of the sensor
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Angled runs: S33 (n-on-n)
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bias -500 V 
angle -12 deg

Tracks

• The point of maximum charge collection moved 
• Still some loss in the last pixel, but there is a steep transition within the boundary of 

the last pixel 

• The loss of charge is due to the back part of the sensor
INFIERI 7th Workshop - 14/04/2016
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Angled runs: S33 (n-on-n)

bias -500 V 
angle +12 deg

Tracks

• The point of maximum charge collection moved 
• The charge loss extends a bit more 

• The loss of charge is due to the back part of the sensor
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