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Introduction Design Simulations Conclusions

The LA-Picopix project

Status update from November (VELO U2 Workshop):

https://indico.cern.ch/event/1459997/contributions/6245442/

LA-PicoPix is a large-scale hybrid pixel detector with the aim of fulfilling all  known requirements
for the LHCb VELO upgrade:

Large area A 384x256 pixel array

Timing A <50 ps,s per Hybrid (ASIC + Sensor)

Rate A Worst ASIC in Scenario A ~75 eventsBxiD(3 PdlOQust®r s | s
Radiation hardness A <1 Grad with full TMR logic design

Spatial resolution A pixel size 50T m

Design Approach:
Built from gained experienced from previous hybrid pixel detectors tracking detectors:
A Timepix (2007)A Timepix3 (2013)A Velopix1 (2016)A Timepix4 (2020)
A CERN and Nikhef design team
Directly profiting from EP-RD program:
A WP5.3: Intelligence on detector, WP5.2: IP blocks, 3EP5.5: 3D interconnects
A WP6: High Speed links
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Picopix Design Team

Top Analog Design:
CERN: RBallabriga, J. Kaplon, G. Wegzryn, V.Sriskaran
NIKHEF: C. Akgun
Top Digital Design:
CERN: X. Llopart, A. Caratelli
DLL:
CERN: GBergamin, D. Peninon-Herbaut
NIKHEF: L. Timmermans, V. Gromov
PixSEL/ ESB (EPRD WP5):
CERN: D. Ceresa, F. Brambilla, J. Dhaliwal
TFC:
CERN: F. de Benedetti
SPRINT (EPRD WP6):
CERN: G. Atzeni, SBiereigel, G. Ciapri, S. Kulis,A. Klekotko, M. Baszczyk L. Blanc, P. Moreira
RISGV / TRIGLAV (EPRD WP5):
CERN: A. Caratelli, M.Andorno, B. Denkinger, A. Nookala, R. Pejasinovic
Functional Verification:
CERN: M. Lupi, S. Scarfi, A. Pullis. Esposito
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Picopix ASICA Wide array

From 256x256 to 384x256:

Largely Improves power distribution:
A 128 A 192 Pads

VELO2 Module:
A 3(256x256)A 2 (256 x 384):

1 SPRINT (4 x 25.6Gbps):
A Better optimized bandwidth (Scenario X) for the
array size

Larger matrix makes a better use of on -pixel
clustering algorithm:
A Higher ratio of #pixels vs edges

12.8 mm

»d
»

<3.5mm
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Analog front -end picopix

V. Sriskaran
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o P—— A Traditional architecture based on the Timepix4 front end
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A Analog regular structure full custom
layout

A The process is a 90% linear shrinkage
from the 32nm technology fkawn
=55.555um i.e. 4y ,coxg 49.9995um)

A Currently evaluating the performance
of the architecture of the fronend

IX | VELO U2 WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CH |



A 64x96 Cluster arrafy 256x384 pixels array

Introduction Design Simulations

64x96 Array (Superpixel Cluster 2x2)

A 50um pitch onsilicon

A Power analysis usingoltusFi
A Pixel current ~3@ A

| 256x256 | 384x 256

Min drop
Max drop
Max-Min

96.5 mV
63.4 mV
34.2 mV

73.4 mV
30.3 mV
33.1 mV

IR values in Volts
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Min
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New EOC bias distribution to compensate for
drops along the pad edge (15 -40mV X2 max)

Sensitive to VDD drop across chip pad edge Simulation for
\ o \ Drop EO® 15mV, 40mV

, %_ ------ %g Eﬁ -------- ﬁg i{g Drop along the columg 0,35mV

(pixel supplied with/dd-dropEOE&rop)

DAC

N L S @g @g
sommomee | L[ & AR @g @g
E3

Analog Superpixel
}_“ _vitual VSS | lj

l Analog buffering

Superpixel_Cluster2x2
DAC Analog EOC perpixet
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Bias and analog signhals compensated well
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A Some effects visible on current comparator (variation of kQ®)be investigated if it could be improved
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SPAD compatible FE (Under Study)

Charged partlcle
AGrowing interest irphoton science community to use LA
Picopix+ SPADESIngle Photon Avalanche Diode)
ATDC resolution (~28srm9

AHighrate capabilityd digest dark counts

ACurrently investigating to add a parallel FE for SPADs: Bump.bond
ASPADs have so much gain that chaagwlifier + contact
discriminator need to be bypassed
AAnode readout SPADs requires 9 transistors as FE
ANo Analog current

Bump-bond

contact

ASPAD sensor typical performance:
AToAmismatch ~20ps (mimax)
AToTmismatch ~90ns (mimax)

Can keep 2 mask (top metal) revisions to connect input
pad to SPAD FE or CSA FE
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Analog Status

Bandgap reference n n n
CSA n n 0
Discriminator n n o}
Threshold equalization DAC n n 0
SPAD circuitry n 0 6
Superpixe(CSA) n n 6
Analog EneéDf-Column n n o}
10-bit voltage DAC o} 0 6
8-bit voltage DAL n n n
6-bit current DACs n o] o}
SD ADC n 0 0
SD DAE n n n

1. Design tested on silicon as an IP block
2. Design submitted in MPW by NIKHEF in 2023. Not yet characterizeeBIROAC is under design using the traditional binary e
architecture as this block is crucial for the operation.
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The Picopix TDC

Hit / \ / \
Clock + f f f f ‘E K f
TOA X TOAmeas K- X TOA meas } N
TOT X TOT meas \) X X TOTmeas X \\X
— Time-over-Threshold (ToT) ~ ~ Reference clock distribution is very critical! ~

A Proportional to energy measure A Pixel to pixel skew (static)

A Used internally for ToA time-walk correction 71 TOA is corrected without requiring a calibration per

A Can be transmitted within the packet in channel outside of the chip!

Tracking-ToT mode (and in raw-data mode) A Clock jitter (dynamic)

g J

/7 Simulation methodology for establishing IR -drop

_ _ induced clock jitter
— Time of arrival (TOA) ~

A Coarse TOAA BxID

A Fine TOAA with 3.125ns resolution

A Ultra-Fine TOAA ~40ps bins (10 bits)
Auto-calibrated TDC (each measurement)

P, V, T, Rad and Ochip variations on a
large-scale chip are critical for this resolution
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TDC changes and status
A Variable frequency clock N

A Possibility to slow down the TDC clock (usually 320MHz) down to 80MHz
A Increasing number of bits for UFOA and changes in TDC and update readout to support it

A Provides lower power consumption at the cost of longer blistime after a hit
& J

A Reduced TDC blind time of additional 31.25ns

L A 40MHz realigned locally, changed cloekiomain crossing approach, changed readout operation.

A Update in TOT counters and jumpacket readout and fix minor bugs

A Triplication of statemachines using TMRG tool

A TDC block physical implementation: ~

A Reduce drastically the buffering on reference clock by acting on skgnoups etc
for minimizing the jitter induced locally by Harop on the TDC measure

A Update TDC constraints according to the RTL changes

A Reinforcepower distributionfor VCO and overlap to the region one

A Reducedcongestionand addedlocal decoupling on VCO and clock buffers
A Scripted manual placememnd matched routingof timing-critical blocks

A Completed synthesis and physical implementatiinws

J
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Region and clock-distribution changes

A Changed clock distribution DLL and region up to TDC. — Other changes ~

A Change ADBcell clock 40MHz distribution approach to A Fix bug in backpressure when operating at high occupancy

A JUENEIER MM MEE D el =g Coi s _ A Update data readout and arbitration to maximize bandwidth
Rephase of local 40MHz clock, based on the region address A Ongoing working on minimize the latency

A ADB cell in a separated power domain

A ADB cell with scripted manual placement and matched
routing of timing-critical components

Physical design N

A Region floorplan andpower distributioncomplete

Placement offront-end, TDC, ADB celind routing of analog signals

Handling global signalshat need to propagate along the full column

A version of the physical implementation scripts is complete, but requires modifications after changes on RTL and anal&g.bloc

> D> >
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Full-chip DLL clock distribution

Unique clock source and full PVT controlled

Skewing clock allows quaststatic power consumption and

strong IR-drop reduction

Allows control of clock phase with 3-5ps skew

Brings 40MHz together with TDC clock (80, 160 or 320MHz)

~
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New ADB DLL region

Removed dPLL from Region: ‘ i\| e
A Complexity and Risk Input clock fis_t—_D"“L__\ﬁ_ Zﬁ | e
coarse  fine \gj clock 40to next region
New Region ADB: Mledbebasild o -
A Measuring clock (40MHz) Dﬁb
A TDC clock (80, 160 or 320MHz) nt@
A Trimming for static correction (power drop,
radiation, mismatch, é°

60

55 - e otarget
Status: 50 —e—1t_23c_retyp

== ffg_m40c_cbest

A Completed 45 ——8— s59_m40c_rcworst

A Verification on course fzz
©
Clock Fast Power col (full chip) | TDC processing =0
[mW] [ns] N
20
80 MHz 0.7 (67.2) <TOT + 62.5 .
160 MHz 1.04 (99.8) <TOT + 31.25 10
320 MHz 2.6 (249.6) < TOT + 15.625

*TDC processing TOT + <5 Tks
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DLL Column Static calibration

Before Correction  After Correction

15

New feature: algorithm for IR drop and mismatch correction:
A Possible control via Slow Control / RISC -V / Hardwired logic ?
A Number of cycles required: 45 (bypass (x32), relock (x32), trim)
A Should be doable for all columns in parallel

14
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On pixel event processing
4

\

Introduction

Data reduction

Design

Simulations

Conclusions

A Data filtered already at the level of the pisairay A Further reduction and compression in the periphery

0 Bandwidth reduction towards the periphery
o Significant power and IR-drop reduction

Arbitration Logic

Arbitration logic
A Transmit only Master pixel packet (can be disabled)
A ToA on master provide the highest resolution
A Design status: RTL complete

Hit-Map:
A Hit-Map of all the pixels around the master

A Or Hit-Map of the super-pixels around the master (when transmitting all ToT)

A Design status: RTL complete

Advanced on-pixel data filtering:
A Digital filtering according ToT

A Possible to add filtering according ToA, Hit-Map shape, and others features extraction.

A Design status: To be done
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5x5 is an added mode
Hitmapis always 8bits !

/
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3x3 VetoA 5 events

Examples 3x3 or 5x5

Introduction Design Simulations Conclusions

Events Acceptedl

Events Filtered I

5x5 VetoA 9 events
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16x Pixel FE 2x2 islands

4 T A R 3 ot Tt D 1B vl

Readout and control digital logic sea

Picopix region

Clock DLL block

Introduction Design Simulations

16x TDC blocks

e
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TFC

Status:

ATFC block RTL design is complete

AFollowing LHCb VELO U2 specificatiensix2 ECS TFC specs | Document 3215176 (v.1)
AQuick testbench integrates simulations with the resPafopix

ACore block merge request is currently open

e Toesepion

TFC_HEADER [20] o0 QO MA M

resync
edge_select
clk_40

clk_320

=
=
=

]

SHUTTER [3] 1: Shutter Opened; 0: Shutter Closed S -

SYNC [4] 1: Sends sync packet; tfc.in ‘ syne _ >
CAL [5] 1: Start Test Puls@alibrtion cik_320 JIRESSRIEE R te_delay s.::;:d ‘
RESET [6] 1: FE Reset (Configurable) I W e | zj‘;,;g;ji_umksg
BX_RESET  [7] 1: BxidReset z| E 2

lock_counter_re:
unlock_counter_re
Reset_320
Reset_320
cdc_auto_crossin
config _reg
Reset_40

Forecast:
ACompIete merge request
ATMRG and functional verification foreseen in the next few months
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Introduction Design Simulations

Periphery data-path

Pixel Matrix [256 x 384 pixels]
Up to 96 packets (60b) @ 40MHz 3.84 Gpackets/s Up to 96 packets (60b) @ 40MHz 3.84 Gpackets/s
(230.4 Gbps) (230.4 Gbps)
oy o iy — |y s— — = ] H H = = E
0 0 0 0 Fabric EOC Node Address 11 11  |11) 11 11 g1 11 |11 Fabric EOC Node Address 0| |0 0 0
= L || g E L g
n§|:__:’>g o G s o
w w w
@ rg — = =
g = 2 3 ]
=1 — < 8 — 2,
31 == g g < =k
@ w w w
g —_— — —_—
:, = z g | L] g
5 Q %)
id 2 i & 2
= N RIE 5
& 21 2x64b @ 40-320MHz > 53 g 2x64b @ 40-320MHz | ©
m 2 2 ]
Left Data Fabric L ﬁ ’» ﬂ ’» L Right Data Fabric
8x2x64b @40-320MHz (40.96 to 327.68 Gbps)
‘u ‘ | 1| |2| ‘3‘ ‘7‘ |s| |5 ‘4 Packet Processor Address
NN N NN NN
64b_PC _iTOT 64b_raw_tracking  Jumbo (2x64b) Jumbo (2x64b) | 64b_raw_tracking 64b_raw_tracking
Packet 72b 44b 33b
72b_PC iTOT 72b_raw_tracking = Jumbo (2x72b)  UFTOA calibration (10b) | UFTOA calibration (10b) =~ UFTOA calibration (6b)
Processor b :
4xTOT Hitmap sub-pixel
16x72b @320MHz 8x2x72b @320MHz 8x72b @320MHz 16x44b @320MHz 16x33b @320MHz
(368.6 Ghps) (368.6 Gbps) (184.32 Ghps) (225.28 Ghps) (168.96 Ghps)
Event Sorter: BXiD + p[0] + p[1] ...
Output FIFO
Event Builder
T | 1
4x 72b @320MHz 4x 72b @320MHz 4x 2x36b @320MHz 4x 3x24b @320MHz
(92.16 Gbps) (92.16 Gbps) (92.16 Gbps)
<
A Y
< Slow Control % 1 R
N Readout N
72b @clk_sc 72b @320MH;
7+: @!ZIIM;|11 72b @320MHz
~_ ~_
------------------------------------------------- ‘ SPRINT[3] ‘

’ SPRINT[0] }

k.

k.

Conclusions

— Data Fabric

RTLwith TMRG done:
Optimized asychronousFIFO
Jumbo correction

— Packet Processor

RTLwith TMRG done:
Optimized calibration division pipeline
Calibration adapted for different TDC clocks
Jumbo correction

— Output FIFO (unsorted Packets)

RTLwith TMRG done:
Slow Control Interface
Router selection 16x4
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Event Sorter and Builder:
from out -of-order hit packets to an event frame

A periphery data accumulator, that reorders
the packets in the readout datapath into
frames containing data from each event.

Design exploration in PiXESL provide sizing:
A 8 input channels @ 320 MHz

A 60 event bins (max. allowed latency)
A <26 bx latency when no saturation

A 2x module per chip

Status:

A Preliminary RTL version available.

A Dedicated Verification component available

A Place and route results:
A Power: ~120 mW @ high-rate
A Area: 3.5 mm x 1 mm

A Plan: Final version by the end of Q3 -2025

Introduction Design Simulations Conclusions

WIEY IC Tech.
2 R&D

Read-out Periphery

INPUT CHECKER Out-of-order,
Assigns packets to bin & discard late ones

1 1
L 1 Lann ,
1 1 1 1
BIN #0 BIN #4 anes | | [ BN#e
Event_ID =5
SRAM FIFO
le data width . "
~
Y

e &
Y
~
CHANNEL MANAGER
Interfaces bins data with high-
speed off-chip links

YVYVYY

ww G'¢

SORTER

BUILDER

1 mm
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On-chip processor

RISCV embedded controll er [

A Automatize recurrent control and monitoring operations

A Possibility to reprogram it at any time, making it very flexible
for new applications
A Radiation and fauktolerant design
A RTL and software toolkit generated with the SOCRATES RISCV Ibex CPU

(SOoCRAviation Tolerant Eco- System) platform fully triplicated

28nm prototype chip show very promising results: 18l@ax 14002
A Tests showcorrect operationof the core, the booting system,
the memories managementthe faulttolerantinterconnect

interruptsand peripherals Interconnect crossbar

A Singleevent tests with heawons and laser and TID-Xay
tests are scheduled for July 2025

Integration plans: Memories encoded

A Act on the slowcontrol serial port allow integration with Ui el

minimal changes to Picopix

-

A Programmable via the slovcontrol port itself Peripherals and test

] structures
A Possibility to completely disable it
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SPRINT: Silicon Photonics Radiation-tolerant Integrated Transmitter

0V9
s DUDE
, Wireline P
data_in 4+—4» Data Path | gg Serializer Driver » PN
Dat Rviithc t |_/-> . o
read_en ata Rate Contro precemphasis || v sipn | Il
Driver » P/N
4 x High Speed Transmitter T T ?
1 1
L 1 1
< .
Feedback divider /320
Output = Low Jitter
Clocks L PLL
40 ... 640 MHz —»| PFD f—>| DLF [—> DLCCO Reference
Clock
40 MHz
3V6
4 x it | DAC > | HV Cgrrent | T uHeater
Temperature ('::)'g'ttal Driver >
Control (oPr;Dr;)
Unit «| ADC Corument |
elvefiomniig | Photodiode

Wishbone Wishbone Bus
Interface and DFT

High-speed output interfaces:
Electrical: up to 4 x 12.8 Gbps

Optical: up to 4 x 25.6 Gbps
(requires SiPhlIntegrated Circuit
and 3.6V power supply)

Supported data rates:

25.6 Gbps, 12.8 Ghps, 6.4 Gbps, 5.12
Gbps, 3.2 Gbps, 2.56 Gbps, 1.28 Gbps,
640 Mbps.

Input data interface:
4 x 72 bits at 320 MHz

Custom IpGBT-like data frame with
FEC able to correct up to 30
consecutive bits

DFT features (PRBS generators.etc)
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SPRINT: Silicon Photonics Radiation-tolerant Integrated Transmitter

Builds on experiences from DART28NRZ chip (submitted in 2023)

Crucial learning: Power delivery network (PDN) engineering required to successfully
operate WDM systems

Design, implementation, integration and verification of all components required for
autonomously operating SiIPhWDM link in PicoPix making good progress

New output driver design (h igher output voltage swing required to drive  SiPh
modulators)

Temperature control loop (wavelength stabilization of SiPh modulators)

Improved jitter performance (optimized: power consumption, power delivery,
clocking block, serializer, PCB)

Data interfaces and data path logic tailored for PicoPix

Integration with Picopix project has started
Fully featured behavioral implementation of SPRINT macro available
/O pads and floorplan optimization

25
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Introduction

Picopix Bandwidth Performance Overview

Pixel Matrix [256 x 384 pixels]

Up to 96 packets (60b) @ 40MHz 3.84 Gpackets/s

Up to 96 packets (60b) @ 40MHz 3.84 Gpackets/s

(230.4 Gbps) (230.4 Gbps)
of Jo/ o 0| Fabric EOC Node Address 11 11 11 1 11 11 11 11 Fabric EOC Node Address 0 [0 0 0
=) ~ T B 2
ol & ) i, - =)
g ! > 8 g < lQ
w w w
5 I\ g T
° o — < 19, — o,
31 |B 3 2K =k
g w w w
o
= = =) ) )
© (=1 H = = r I
) g m— i+ ol — 0o
id 2 g g 2
= | 5 g | =
a N, = = =)
3] 8 2x64b @ 40-320MHz S o o 2x64b @ 40-320MHz o
m 2 2 ]
Left Data Fabric L U Right Data Fabric
| 8x2x64b @40-320MHz (40.96 to 327.68 Gbps)
0 ‘ | 1| |2 ‘a ‘ ‘ |a |5 ‘4 Packet Processor Address
‘\\.// \\w/’ \\‘//4 \\.//‘ > //.
64b_PC _iTOT 64b_raw_tracking  Jumbo (2x64b) Jumbo (2x64b) 64b_raw_tracking 64b_raw_tracking
Packet 72b 44b 33b
Processor 72b_PC iTOT 72b_raw _tracking  Jumbo (2x72b)  UFTOA calibration (10b) | UFTOA calibration (10b) =~ UFTOA calibration (6b)
4xTOT Hitmap sub-pixel
16x72b @320MHz 8x2x72b @320MHz 8x72b @320MHz 16x44b @320MHz 16x33b @320MHz
(368.6 Ghps) (368.6 Gbps) (184.32 Ghps) (225.28 Ghps) (168.96 Ghps)

~ -

~

Output FIFO

4x 72b @320MHz
(92.16 Gbps)

Slow Control
Readout

72b @clk_sc

72b @320MHz

T+: @SZIIM;|1Z

~_~

N~  ~-

Event Sorter: BXiD + p[0] + p[1] ...

Event Builder

~<2 M@t dza 'S

N &Rm{oﬂ ..........
a5

T 1
4x 72b @320MHz 4x 2x36b @320MHz 4x 3x24b @320MHz
(92.16 Gbps) (92.16 Gbps) (92.16 Gbps)
4x4 Router
72b @320MHz
o ~ )
B SPRINT[3]

k.

Fabric Node Address

[N}

=

Pixel Matrix;
<768 M@f dza FS NB 1

Design

Simulations

Data Fabric (40, 80, 160 or 320 MHz):
<5.17 M@f dza *SNAE 1 4

Packet Processor:

(<517 M@Of dza S NE 1 &

Output FIFO / Event Sorter:
- <3.84 M@f dza (FS@LAb niode &
<256 M@Qf dza (rF'Sasab mode &

SPRINT:
- <3.84 M@f dza (F'SARBEDb niode &

<256 M@f dza (F'sa8Bb mibde 4
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Introduction Design Simulations Conclusions

s |C Tech.
FH R&D
APixEShapplies the Electronic System Level concepts to pixel detectors design flow

for a cycleaccurate simulation from analog froeind to chip/system readout

LA-PicoPix virtual prototype:
A cycle accurate C++ based model with PiIxESL[1]

AThe LAPicoPimodel includes:
A Analog FronEnd
A Readout network
A Periphery data aggregation
A Output data transmission

AWith stimuli from physics simulation allows

A Validate readout network sizing
A Provide data aggregation sizing
A Estimate fulldetector performance

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CB8 |


https://ieeexplore.ieee.org/document/10832570

Simulation 0 with ESB & SPRINT @36b mode

A Input data from Tim for wide ASICs
A Simulation time ~150min

6.2 mm

Metrics Along Modules - 6.2mm 2chip - sensor_2 ASIC_O (ESB) (DART)

250 A 100
PR EFIEF v
—8— Pixel Hits per BX (Max: 206, Min: 89)
200 4 oo -m- Clusters per BX (Max: 64, Min: 49) 80
—— Avg Latency (Max: 63, Min: 54)
+ Std Dev Latency (Max: 5, Min: 1)
—m- Large Cluster [%] (Max: 18.5%, Min: 0.4%)
150 4 —A— RO Efficiency [%] (Max: 100.0%, Min: 87.3%) | 60
--4- FE Efficiency* [%] (Max: 97.5%, Min: 96.2%)
€
3
o
o
100 A og o0 40
50 A F20
..l .I._..
0 HEEE - I I O - o
0 10 20 30 40 50 60
Module
*after VETO Average Latency: 56

Percentage

Introduction Design Simulations Conclusions
Metrics Along Modules - 7.2mm 2chip - sensor_2 ASIC_0O (ESB) (DART)
250 100
FEEREEEREEIIEIIREINEEIEEIE 0140404004 ki
—&— Pixel Hits per BX (Max: 183, Min: 79)
200 A —m- Clusters per BX (Max: 61, Min: 41) I 80
—— Avg Latency (Max: 54, Min: 53)
+ Std Dev Latency (Max: 1, Min: 1)
—-m- Large Cluster [%] (Max: 20.5%, Min: 0.4%)
150 —A— RO Efficiency [%] (Max: 100.0%, Min: 99.8%) | 60
-4 FE Efficiency* [%] (Max: 97.9%, Min: 96.9%) g
g £
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&
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N .
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Simulation 0 6.2mm o with ESB & SPRINT
pico _fero _esb dart 6 2mm_2chip 35 2 0O

Issues:
u |Im|ted bandWidth Initial Time Delay [cy. @ 320MHz] & Out of Order count vs BX
e Initial Time Diffe[ence Out of Order Count
u high occupancy Lol _fisex K
.:ér' .z region memory occupancy at 100000 [ps]
* e °
— 100 1 {‘:: ;:. 14
E o :: 5
Out-of-order packets: S N }‘ 3 12
2 . % 10 4
u  ramp up between BX £ 3 'i
100 and 200 8 o Rt A : :
£ d s 6
u reach saturation T a0l oM * 2
& v 1
20 A » {g{ 2
iti i - 3 x, . : B ol AR RN 0
Initial RO time delay: 1= SRR T e v e | 0
u systematic delay ; 200 o o0 a0 7000
BX
u The system reaches a —
Self-stability Filling queue Backpressure
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Verification

Verification goals:
Slow control A Verify that random execution of slow control commands results in expected value of
configuration registers (e.g. integration of IPs)
Fast control A Verify TFC interface (locking, unlocking, etc)
Timing A Verify correctness of TOA measument (assuming low occupancy)
Readout A Verify readout protocol correctness (excluding ToA) under different occupancy levels
SEE tolerance A Verify triplication implementation (what was triplicated is correctly triplicated)
A Verify triplication intent (what was triplicated is what needs to be triplicated)
Accessory features A Calibration
A Design for Testing (DfT)
Processor A Negative test for PixCoreprocessor (make sure it does not break existing features)

Notes:

Timing and Readout are verified assuming orthogonality of functionalities
Risk that functionalities are not orthogonal is to be evaluated

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CH1 |



Region Region AAA Region Region
AARA AARAA AAA AAA
e ™ ™ e ™
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\ Y, Y, \ J
e ™ a e ™
Region Region AAA Region Region
- y, Y, \ J
( \_ N\ _f \
EoC EoC EoC EoC
. J J . J
[ Packet processor ] '
Control | i Peri logic
i [ Event sorter and builder ] '

(
L

High speed links

]
J

Introduction Design Simulations

Verification

Foreseen testbenches

PicoPix w/ configurable number of column/rows
A End-to-end data checker (pixekto-serial)
A Verify integration of IPs

/7 Event Sorter Builder

/1 PixCore

/7 SPRINT
Event Sorter Builder
A 1P testbench to achieve full coverage
SPRINT

A 1P testbench to achieve full coverage

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CH2 |

Conclusions



Verification

Medium -term plan

Consolidation of repository (estimated ~2w)

A Goal: ensure smooth integration with existing verification flow
A Cleanup of repository

7 Tmake manifests

17 Defines

A Cliosoft SOS: link to git using existing flow
Consolidation of Continuous Integration (Cl) (estimated ~2w)
A Cleanup of linting rules

A Consolidation of TMR checks

A Streamline and optimise CI flow

Consolidation of verification environment (estimated ~4/6w)
A Cleanup of verification environment

A Bring up of alive tests (integration tests, slow control, etc.)

PixESLbring up (estimated ~4/6w)

Ve

A Revive work on integration of PiXESL
A Integrate as reference model for pixel matrix

Introduction

Design

Simulations
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Picopix operating modes

Main data-driven readout modes implemented:

TRACKING MODE CLUSTER FILTERING

o Tracking mode The packet includes: o Filter large clusters Clusters large than 3x3 or 5x5 around master
[ MASTER ADDRESISULTRAFINE TOA HIT-MAP

j ] o Filter small clusters Clusters smaller than 3x3 or 5x5
o Tracking + ToT The packet includes:

[ MASTER ADDRESISULTRAFINE TOAl HIT-MAP
[ TOT OF ALL THE PIXELS

o No filtering Transmits all clusters

MASTER EXTRACTION Tracking mode Tracking mode + ToT
o0 Send cluster master Full 3x3 Hit-Map around master pixel Full 3x3 Hit-Map around the super-pixel
o Send all super-pixels Local 2x2 HitMap within super -pixel simplifying the off -chip re-clustering

EVENT PACKET Tracking mode Tracking mode + ToT

Packet size Max N of packets Packet size Max N of packets
o Raw data format 72 bits out-of-order 1.28 Geventss' 1 (32 BX ) 144 bits out-of-order ~ 640 Meventss' 1 (16 BX )
o Standard format 36 bits SORTED 2.56 Geventss' 1 (64 BX ) 72 bits SORTED 1.28 Geventss' 1 (32 B¥ )
0o Reduced- format 24 bits SORTED 3.84 Geventss' 1 (96 BX )

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CB4 |



Introduction Design Simulations

Picopix operating modes

Main frame -based readout modes implemented:

FRAMEBASED MODE

Packet size Max output rate
o Particle counting Integrate number of particle hits per pixel 72 bits 2 . 5 69Cbuntdr9d 1(64 counters/ BX)
during the shutter -open period.
Zero suppressed readout
o Integral TOT Integrate the Time-over-Threshold per pixel 72 bits 2 . 5 69pikels-1od's 1(64 pixelsToT/ BX)
during the shutter -open period.
Zero suppressed readout

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CB5 |
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Sorted Data Packets by BxiD (TOA)

Introduction D

esign Simulations

23 i i i 20 19 i i i i i i 1 10 g i i i i i i 1]
Header | HEADERBXD | _ STATUS(TBD) _ o] © 7 weaeRswe ]
1. BxiD(TOA): @40MHz 0 A
2. {¢lt ¢! {Y wSIFR2dzi Y2RS:zI fAy]l 02y FAamX | EVENT.ONT HEADEREXD |
3. Event Counter: Num of packets will follow S [6:0] (6:0] "
4. Other: TBD | ' Padding (TED) |
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Address extended from 164 17b
-UFTOAbA UFTOADL
Bn @ oA 5 4 0
3x 24bit [ o ]  Master Address | UFTOA-5b ]
1. UFTOA6b: configurable bin size (24.4 to 396ps) pﬁé%‘é‘.! } He wa
2. Master Address: 18it pixel address 45 4 2 o 2
3. 2-bitinfo: info Mast‘erAdt!ress | UII?IDA-SIJ
1. Subpixel: 2bits calculated fronHitmap pﬁgﬁ%ﬁi } He wa
2. Pileup and ortime TOT Valid 10 8 53 52 a8
3. 2-bit TOT [ o ] Master Address | UFTOA-5h ]
: 531:'0] | B T R §EH)
Pileup Valid
scale_5b_uftoa LSB[s) Range (0s)
0 24.4 781.25
1 48.8 1562.5
2 97.7 3125
3 195.3 6250
4 390.625 12500
) 781.25 25000
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Address extended from 164 17b
UFTOALObA UFTOADh
23 9 L] 1]
2x 36bhit info l Master Address ‘ UFTOA-3b |
1. UFTOAMb: bin size 24.4ps covers 12.5ns [L&0] B
2. Master Address: 1-8it pixel address a1 5 3 35 M 33 % 5w
3. Hitmap 8-bit around master pixel I""ES'F”?”‘!“B“I b SIS i A "f""ﬁff_‘d"f#
4 2-b|t info: [16:0] [B:0] Pl'l%l%_\?h"d [T:0] [16:0]
0 a . 71 70 B9 62 61 45
1. Pllgup and ortime TOT Valid - o [ F—— |
2. 2-bitTOT P%Jé,\%id K] T
Address extended from 168 17b
—Info 2bit A Info 1-bit
o @ 23 mw 9 Q
2x 36bit info o [ Master Address [ UFTOA-106 |
1. UFTOALOD: bin size 24.4ps covers 25ns e e P
2. Master Address: 1:Bit pixel address 7 4% 5 36 35 M4 27 2 24
3. Hitmap 8-bit around master pixel fpster Addreds UFTOA-106 [t Hitmap Master Address |
4. 1-bit info: el e Ve = totl
1. PileupOnrtime TOT Valid i 70 , . =
IInfoJ . H|tr?ap MastkerAdc‘Ire-ss |
FGE%J 7 T16:0]
Address extended from 164 17b
1x 72bit data 2 LA 2
1. UFTOALOb: bin size 24.4ps covers 25ns [ = "E';gf = nUFr[;;lUb~ |
2. Master Address: 1bit pixel address a7 4 43 3B 3 72 24
3. Hitmap 8-bit around master pixel or supgrixel TOT_P1 ot | Hitmap | Master Address
4. TOT_PO, P1, P2 and P3 in sygigel: 3bit TOT [6:0] (6:0] (7o) 160
7L 70 62 Bl 53 52 45
@320MHz o piteud TOT_P3 TOT_P2 | TOT_P1 |
5. Pileup: 1-bit pileup indicator B EEUN ]
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Introduction Design Simulations
Address extended from 164 17b
FTOA MEAS extended fromA4b6b

72-bit RAW tracking (Datdriven): 2 — L e L ||D°LE|
1. BXID(TOA): 1dit T [ Y .
2. UFTOALOb RAW: bin size 24.4ps covers 25ns 47 45 44 3 3 a3 24
3. Master Address: 1-bit pixel address IFroa_Mess sTdp FTOA MEAS | wimap | Master Address [
4. Hitmap 8-bit around master pixel o o = I o o O o i
3. TOA ajnd TQT _RaW data Fileupi TOT J UFTOA_STOP CAL | FTOA_CAL | l-—rc»A_TDuFrDAJrMEA$
6. 1-bit pileup indicator 7] Eao BN B [30]
72-bit fine time TOA tracking (Dat®riven): = e L &l
1. BXiD(TOA): 27it et .
2. UFTOALODb: bin size 24.4ps covers 25ns 47 3B 37 2 a7 24
3. Master Address: 1-bit pixel address Master Address I . UFTOA-L TOA (BXID)
4. Hitmap 8-bit around master pixel o 160} o o B o B
5. Master TOT: &It Fileup] TOT J Hitmap Master Address |
6. 1-bit pileup indicator 7] S ] men

b. 5 d d 23 1B 17 1 1]
72-bit PC onTOT(Frame_Ba_se , zersuppressed) PC_TOT PO [ S IE‘
1. Master Address: 1-bit pixel address BT e i
2. PC iTOT PO: A3t 47 2 a4 30 29 24
3. PC_iTOT_P1: 4t oo || PeTOTPL | . pororr ||
4. PC_ITOT_P2: 48t o N o b s e
5. PC_iTOT_P3: 11t PC_TOT_P3 | ~ ecioTP2 |

[11:0] [io]
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Introduction Design Simulations
Jumbo raw tracking (Dat®riven):

. ) pX 1413 10
ZZ—bé[XIi?[/)A\(YrVOpAaf;(g)- . [ Master Address [ T Toapan) |iDLE]
: : [16:0] [z 1]

2. UFTOALOb RAW: bin size 24.4ps covers 25n 47 45 44 3938 3130 24
3. Master Address: 1-bit pixel address IFTOA_ MEAS_STGP AL 2 [ . v | Masteraddiess |
: : : & 6] L) f6a]
4. Hitmap 8-bit around master pixel S PR e =5 - w8
5. TOA and TOT Raw data Fi|gup| Dummy | uFTOA_ STOP_CAL FTOA_CAL | FFDA_TDUFTDA_I_M
6. 1-bit pileup indicator 0 0 0 0 06 0 0 © TEa TR 0 0]
pX 1817 10
72-bit TOT: [ PC_TOT PO I Master Adress [iDLE]
ARt (i 0] [16:0]
1. Master Addrt_ass. 1bit pixel address - F— I o
2. TOT_PO: ]-'B!t [ PC_TOT F2 I PC_TOT_P1 [ PC_TOT_PO I
3. TOT_P1: 1:bit BT RN B e
4. TOT_P2: 1pit n 6 63 5 83 48
5. TOT_P3: 1pit | Dummy | PC_TOT_P3 |  PcToTP |
c " o 0 0 0 0 0 L] [1L:0]
Jumbo fine time TOA and TOT tracking (D&tdven): 23 10

I J _ TOA[BXD) |iDLE]
72-bit fine time TOA: i 5 o (L0 o 5 2“4
1. BxiD(TOA): 3_2)"[_ I Master Address J UFTOA-10b TOA (BXID) I
2. UFTOAILOb: bin size 24.4ps covers 25ns : [mu] - Ea L
3. Master Address: 1-bit pixel address 68 67 : 60 59 48
4. Hitmap 8-bit aroundsuperpixel F"E“F’| D“'“TW | Mk sl e |

0 [7:0] [16:0]

. ] 1B 17 10
72-bit TOT: o PC_TOT_PD I Master Address iDLE]
1. Master Address: 1-bit pixel address T ) 5
2. TOT_PO: 1bit 2 4 30 29 24
3. TOT_P1: 1bit !’C-E]-P% | ‘F’C_[]TJ?;]_Pll [ Fc_[L?DT]_Pq |
4. TOT_P2: 1—B!t : S ' . ' 8
5. TOT_P3: 1Bit Dummy | PC_TOT_P3 [ PC_TOT P2 I

R L ' HEY
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Conclusions

LA-Picopix is a largearea (256x384) Particle Tracking detector ASIC with <p3Q,,stiming resolution, orchip clustering
support,datadr i ven readotdl wptltdro I13.84 | 10

Targets alknown LHCDb VELO upgrade requirements
Other partners (Medipix3 and CERRNY) to contribute on the financing of the engineering submission.

Potential applications:
LHCb velo (main specifications) beam gas monitoring radiation monitoring X-Ray imaging 4D STEM
X-ray photon correlation spectroscopy  Mass spectrometry  Medical applications (SPECT/PET) etc..

Design is advancing well thanks to collaborative work with- ERD programs and project engineers

Biweekly design meetings with ~20 people (Engineers + physicists)

July Feb June Jan June
&
2024 & 2025 2026
‘ﬂﬁi I ‘ ‘
Specsv0 -8 FT Engineers Tape-Out Measurements
o ~35% RTL complete
Target submission by end of 2025 ~10% PNR_SYN

~10% Verification
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64x64 Array (Superpixel Cluster 2x2)

A 64x64 Cluster arrafy 256x256 pixels array

A 50um pitch onsilicon

A Additional vertical stripes
moved close to the matrix

A New pad layout
A Max drop 96.5mV
A Min drop: 63.4mV

A Max diff: 34.2mV

VDDA ONLY!

IR values in Volts
Max

— 0.09

= 0.06

— 0.05

— 0.04

= 001
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BACKUP MATE

On pixel event processing

4 \

Data reduction

A Data filtered already at the level of the pisairay A Further reduction and compression in the periphery

0 Bandwidth reduction towards the periphery

o Significant power and IR-drop reduction

Rows

N

250 1

2001

150 A

100 A

50 1

0

Filtering disable

theta_1000_1000_dump194

k
., ;’ I
“ L
‘1

4 .

!,

. |
I
0 50 100 150 200 250
Columns

A Design Status: RTL complete

0.0

Clustering and filtering

Filtering large clusters

hit 1000_1000 dumpl94 out

50 100 150 200

Columns

250

1.0

0.8

0.6

0.4

0.2

0.0

Rows

250 A

2004

150 A

100 A

50 A
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The Picopix ASIC organization

64 columns of 16 regions PIXEL REGION SUPERPIXEL
A — —
r \
( N ( N
© O © O : PIXEL PIXEL
Region | | Region AAA Region | | Region —< - J J
O O O O
AAA AARA AAA AAA AAA AAA PIXEL PIXEL
\_ J \\ J
(O ) (O ) o o | o o
TDC
Region || Region AARA Region || Region o o o o
ARBITRATION
\_ VAN v, - J L J
SHARED LOGIC
() ) () ) o o | o o
—
Region | | Region AAA Region | | Region
O O O O
\_ VAN v, - J L J
[ | EoC i EoC EoC i EoC ] Data manager
______________________ ] Slow-control
Packet processor !
Control | D ] ; lPe_rl Clock distribution logic
i : i logic
\ J Event sorter and bmlder] \ ; pra—— [ Hierarchical units
\_ — — ) 2 [ Flat implementation
| High speed links | =

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CH4 |



BACKUP MA

region FIFO occupancy at 50000 [ps]

PIXESILa Picopix studies
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BACKUP MAT

> > >

Pixel array readout by column

Each superpixel transmits to the next

Columns of Super-pixels are organised
in regions allowing reducing latency.

Arbitration mechanisms for handling
data transfer priorities

Design Status: RTL almost complete

PIXEL REGION:
TDC PACKET TDC PACKET
¥ ¥
[ ARBITRATION | [ ARBITRATION |
1 ]
I I
I I
TDC PACKET 1 TDC PACKET |
¥ 4 ¥ ¥
v v v v
[ ARBITRATION | [ ARBITRATION |
— —
TDC PACKET TDC PACKET
* A 4 * v
v v v v
[ ARBITRATION | [ ARBITRATION |
— —
TDC PACKET TDC PACKET
* v * v
v v v v

[ ARBITRATION |
—

[ ARBITRATION |
—

Pixel-matrix data -path

>
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BACKUP MATI

Periphery data-path

Pixel Matrix [256 x256 pixels]

(145.92 Gbps)

Up to 64 packets (57b) @ 40MHz 2.56 Gpackets/s

Up to 64 packets (57b) @ 40MHz 2.56 Gpackets/s
{145.92 Gbps)

I——

EOC0]
[
]
]

EOCIT]
EOC[28]
EOC[26]

EOC[?)
1

|| EOC[30]

EOC[3)
é
:

Left Data Fabric

3 L =
s . )
R —— (- -
wl w
% | ] g
g < = =5
w wl
z |11 g
g < R
w w
= o =
[a2) bt ©w
o o P YT — ]
=] (=] (e}
i} w ] ) )
H Right Data Fabric

8x2x60b @320MHz (307.2 Gbps)

|
L2

60b_raw_tracking

60b_PC_iTOT

Packet ., e iTOT
Processor - -

18x72b @320MHz
(366.6 Gbps)

FIFO

4x 72b @320MHz
(92.16 Ghps)

72b_raw_tracking

Jumbo {2x72b})

DART[0]

$d S48 8

Jumbo (2x60b}

Jumbo (2x60b} | 60b_raw_tracking 60b_raw_tracking
81b 44b 33b
UFTOA calibration (10b) UFTOA calibration (10b) UFTOA calibration (6b)
4xTOT Hitmap sub-pixel

16x44b @320MHz 16x33b @320MHz

(184.32 Gbps) (226.28 Gbps) (168.96 Gbps)

~ - ~ - = -

Event Sorter: BXiD + p[0] + p[1] ...

B8x72b @320MHz

Event Builder
4x 72b @320MHz 4x 2x36b @320MHz 4x 3x24b @320MHz
(92.16 Ghps) (92.16 Gbps) (92.16 Ghps)

4x4 Router

DART[3]

— PACKET PROCESSOR

Q

Full Time calibration
DLL clock skew calibration (Row and Column)
Unique time-walk correction (programable LUT 32x32)
TOA event calibration (24.4ps bin)
10b or 6b fine-time output
Digital TOSync shift adjustment (24.4ps bin and 100ns range)
Built-in TOA extender up to 32-bits(@40MHz)

Event Filtering :

Configurable TOT range

Configurable TOA range

Hitmaps hape (single pi
On-chip XY decoding
Single packet formatting

To Sorter: 24-bit, 36-bit, 72-bit

To FIFO: 72b_PC _iTOT, 72b_raw and Jumbo

xel s, L

Design Status: RTL ongoing

s hap
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BACKUP MATE

Periphery data-path

Pixel Matrix [256 x256 pixels]

Up to 64 packets (57b) @ 40MHz 2.56 Gpackets/s
(145.92 Gbps)

Up to 64 packets (57b) @ 40MHz 2.56 Gpackets/s
{145.92 Gbps)

EOC[28] =4
EOC[26]

EQC(2)
|| EOC[30]

NS
&
%)
1
]

Left Data Fabric

Packet
Processor

60b_PC_iTOT

72b_PC_iTOT

d

N
W
LB
Q
Q
s 7 | O
&
R
X /| w
/
=
@,
@40320MHz | o
o]
w . .
Right Data Fabric

— EVENT SORTER

8x2x60b @320MHz (307.2 Gbps)

3330 3330

60b_raw_tracking Jumbo (2x60b)

72b_raw_tracking Jumbo {2x72b}

18x72b @320MHz
(366.6 Gbps)

b_raw_tracking

Jumbo (2x60b)} | 60b_raw_tracking 60
81b 44b 33b
UFTOA calibration (10b) UFTOA calibration (10b) UFTOA calibration (6b)
4xTOT Hitmap sub-pixel

Bx72b @320MHz
(184.32 Gbps)

~ -

16x44b @320MHz
(226.28 Gbps)

~ -

16x33b @320MHz
(168.96 Gbps)

= -

FIFO

4x 72b @320MHz
(92.16 Ghps)

Event Sorter: BXiD + p[0] + p[1] ...

Event Builder

4x 72b @320MHz 4x 2x36b @320MHz 4x 3x24b @320MHz
(92.16 Ghps) (92.16 Gbps) (92.16 Gbps)

4x4 Router

~

Sort packets per BxID

A Cumulates packets over time and groups
them in bins based on event tag

A Sorted data readout

Design Status: RTL ongoing

| 73 | k2 ¥ ii /
_____ TTTTTTTT
B g Y

T

EVENT BUILDER
Creates output packets Header + N*Packets

Design Status: RTL ongoing
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BACKUP MATI

Periphery data-path

Pixel Matrix [256 x256 pixels]

(145.92 Gbps)

Up to 64 packets (57b) @ 40MHz 2.56 Gpackets/s

Up to 64 packets (57b) @ 40MHz 2.56 Gpac|
{145.92 Gbps)

kets/s

 C—— -
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Left Data Fabric H

8x2x60b @320MHz (307.2 Gbps)

60b_PC_iTOT 60b_raw_tracking

Packet
Processor

72b_PC_iTOT 72b_raw_tracking

18x72b @320MHz
(366.6 Gbps)

FIFO

4x 72b @320MHz
(92.16 Ghps)

S48 $IL T

Jumbo (2x60b} Jumbo (2x60b} | 60b_raw_tracking 60b_ra

81b 44b
Jumbo {2x72b} UFTOA calibration (10b) | UFTOA calibration (10b)
4xTOT Hitmap El

16x44b @320MHz
(184.32 Gbps) (226.28 Gbps)

~ - ~ -

B8x72b @320MHz

|
[
EOC[B3]

H
EOC[B2]

Right Data Fabric

w_tracking

33b

UFTOA calibration (6b)

ub-pixel

16x33b @320MHz
(168.96 Gbps)

= -

Event Sorter: BXiD + p[0] + p[1] ...

Event Builder

4x 72b @320MHz 4x 2x36b @320MHz 4x 3x24b @320MHz
(92.16 Ghps) (92.16 Gbps) (92.16 Gbps)

4x4 Router

DART[3]

DART[0]

~~ HIGH-SPEED TRANSMITTER

X

Designed by the CERN EP R&D WP6 team

Design Status: First Silicon Prototype AvailabldDART28)

WP6 design roadmap is aligned with PicoPix project.
FECO correct up to 30 consecutive bit errors

Effective data rate:
A With silicon photonics: 4 x 23.04 Gb/s = 92.16 Gb/s

A With electrical links: 4 x 11.52 Gb/s = 46.08
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IRRIYATEO. + DART pads distribution 256x256 ~50um pixels  [preliminary]
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SPRINT: High Voltage Driver

Suitable/available p-ring modulator designs need to be operated
Exclusivelyinreverse-bi as Y maxi mum bandwi dt h
With high voltage swing (> 2.5 V) Y sufficient optical
Design of a new driver with high output voltage swing (07 3.6 V)
Optimized driver structure and reduced ESD capacitance
Safe operation from a single 3.6 V supply, using only core (0.9V-r at ed) transi stors Y high

|E:
VARV
g
P \!-\:E/ ;
%z
<
»

>

3.6V g
,,,,,,,,,,, 1.8V E §
: mlBV 0.0V

n T -
Y "
ﬁ D> ' | |
L 0.0 20.0 40.0 60.0 80.C
OOV time (ps)

Contribution at TWEPP2025. (G. Ciarpi et al)

| PICOPIX | VELOU2WORKSHOP | 12JUNE2025 | XAVIER.LLOPART@CERN.CH1 |



SPRINT: Thermal Control Unit

A System that automatically locks the ring to the input laser wavelength (thermo-optical effect)

A Measurement of photodiode average current, steering of micro-heater current

input laser

Optical data out

Input laser y -

Si waveguide H-heater _
Photodiode

Drop port

Temperature
. 400K setpoint

I3OOK

PID controller

20 pm
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SPRINT: Thermal Control Unit

ADC for Photocurrent Heater current DAC

Signal conditioning front-end (programmable current . Delta-Sigma DAC core & reconstruction filter

gain) for improved resolution Linear output driver stage

Delta-Sigma Modulator (1st-order DSM with 1 bit Key design challenges:

quantizer) - High-sideofp-heat ers supplied
Digital filter for removal of out-of-band noise and reliability concern

decimation - High resolution (~12 bit)

Key design challgenges: - Architectural trade-off of efficiency, device reliability,

: : : . PDN design, on-chip area and resolution
Low input filter capacitance (= low silicon area)

Radiation tolerance (TID-induced leakage)

Signal conditioning Delta-Sigma Modulator
- :
N &
T lccout %zmﬁ -
" VNE BG.
_EI LPF | R

Contribution at TWEPP2025. (G. Atzeni et al)
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