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RD53 COLLABORATION |  &=eo m

0 RD53 Collaboration is a joint effort established in 2013 of ~24 ATLAS and CMS Institutes to develop readout chips for the HL-
LHC pixel detectors T - - e
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Initial mandate:
O Characterization of 65nm CMOS technology in radiation environment (initially 500 Mrad, then 1 Grad)
O Design of a rad-hard IP library (Analog front-ends, DACs, ADCs, CDR/PLL, high-speed serializers, RX/TX, ShuntLDO, ...)
O Design and characterization of a pixel chip demonstrator: RD53A

» half-size (reticle shared with other ASICs): 440 columns x 192 rows

= 50 x 50 ym? pixels

» design variations (3 Analog Front-Ends, 2 pixel readout architectures)

= architecture designed to be easily scalable to a full scale chip

= extensively used to characterize sensors

= thorough Analog FE characterization and review
O RD53A was successful and the feasibility of pixel chips for HL-LHC in the chosen technology was demonstrated

2018: Mandate extended to design the full-scale chips for the two experiments
O Due to different mechanical constraints, ATLAS and CMS required the two ASICs to have different size

ATLAS and CMS chips are two instances of the same common design, having different size and Analog Front-End,
according to specific requirements of the experiments
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DESIGN REQUIREMENTS

Value (ATLAS | CMS)

Technology

Max. hit rate

Trigger rate

Trigger latency

Pixel size (chip)

Pixel size (sensor)
Pixel array

Chip dimensions
Detector capacitance
Detector leakage
Min. threshold

Noise

Charge measurement
Dead time

Radiation tolerance
SEE tolerance

Power

Readout data rate

Temperature range
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65 nm CMOS

3.5 GHz/cm?

| MHz / 750 kHz
12.5 ps

50 x 50 pm?

50 x 50 pym? or 25 x 100 pm?
400 x 384 pixels / 432 x 336 pixels
20 x 21 mm?2 /21.6 x 18.6 mm?

< 100 fF (200fF for edge pixels)

< 10 nA (20nA for edge pixels)
<1000 e-

< |50 e- RMS with sensor

4-bit ToT

< 1% at 3.0 GHz/cm2

A

A

A

A

| Grad over 10 years at -15°C

A

SEU rate, innermost: ~100Hz/chip

< IWIlcm?, Serial powering <
I-4 links @ 1.28Gbits/s = max 5.12 Gbits/s
_40°C + 40°C
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RD53 TIMELINE

C N\ I

U \J
RD53A RD53B-ATLAS (ItkPix1) 1.1 RD53B-CMS (CROCv1) RD53C-ATLAS (ItkPix2) RD53C-CMS (CROCv2)
(2017) (March 2020) (June 2021) (March 2023) (Sept. 2023)

The mass production is complete and tested in variou sites using custom Wafer Probing setups

\ ,

15—
O ATLAS ItkPixv2 = 700 wafers d CMS CROCv2 - 345 wafers
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« RD53 ASICs are large and complex pixel readout chips for the HL-LHC pixel detectors

embeddlng
Power regulation to use the innovative Serial Powering technique
« Signal amplification and discrimination
« Data compression and Event building
« Capability of data aggregation from other chips for cable reduction

« Very large number of Mixed/Signal IPs, all developed inside RD53 (PLL, DACs, ADC, Temp. and Rad. sensors, ...

« Minimal I/O interface

« The design represented a challenge in terms of:
» Implementation

©)

O O O O

©)

Power distribution

Long trigger latency (12.5 pys) combined with high hit rate (3.5 GHz/cm?2) = In-pixel buffering
Complexity of implemented features

Unprecedented radiation hardness (proven to work reliably even more than 1 Grad)

SEE tolerance with fast recovery capability

Timing closure

» Verification: Verification effort spanned over 7 years, involved 10 people, used 2 different frameworks
» Human resource management: large collaborative ASIC (> 30 designers)
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 RD53 verification framework
> verify that chip outputs match outputs predicted by the framework, for randomised configurations and inputs

» Universal Verification Methodology (IEEE Std. 1800.2-2020)
» Industry standard, well-supported by tool vendors

 Metric-driven verification: simulate until the desired coverage is reached (goal is 100%)
 Functional coverage: have | exercised the DUT with all interesting inputs?

- Code coverage: have | exercised all lines of code? Have | used all possible branches? Have |
toggled all the signals?

* [|nitial framework version used for architecture studies and RD53A-RD53B verification
 Improved version implemented for final functional and SEE verification of RD53C production chips

 Use constrained randomization to test all feasible combinations of configuration and inputs plus some
directed tests for specific block verification

» Regressions with > 1700 tests to reach coverage goals

« Also used for SEE injection simulations, although only in the very last few months due to lack of
manpower with expertise
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RD53A RD53B-ATLAS RD53B-CMS RD53C-ATLAS RD53C-CMS
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——Verification (new)
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Fault campaigns and netlist simulations
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Bugs reported
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FLOORPLAN
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| pixel 4 pixels 8 x 8 pixels
50 x 50pm = Pixel = | Pixel Core
Quad '

Digital logic D— 0

D ‘ Analog island

= 0 0
35 15
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= | 8x8Pixel 8x8 Pixel 8x8 Pixel
(@] Core Core Core
U VA 7 VA
2 8x8 Pixel 8x8 Pixel 8x8 Pixel
(@) Core Core Core
O

VA WA WA

Digital Chip Bottom
Pixel array

» Digital logic synthesized for 8 x 8 pixels to form a Pixel Core

« All Cores are identical - efficient hierarchical implementation
and verification

 The number of Cores is a parameter of the common RTL
netlist

DoubleCOL DoubleCOL
Bias || | oo Bias

Analog Chip Bottom (ACB)
1 i |

DoubleCOL
Bias

70 pm
 E—

t

Digital Chip Bottom (DCB)

T ‘ 3 §

ADC Calibr.| | Bias DACs CDR/PLL| |Sensors| |Ringosc.

| ShLDO_An || ShLDO_Dig || ShLDO_An | | ShLDO_Dig | | Driver/Rec || POR || ShLDO_An || ShLDO_Dig | ShLDO_An || ShLDO_Dig |
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Chlp periphery

Analog Chip Bottom (ACB): contains all analog and
mixed/signals building block for Calibration, Bias,
Monitoring and Clock/Data recovery

Digital Chip Bottom (DCB): synthesized logic for
communication to/from chip, readout and configuration
Padframe (common to ATLAS/CMS): complex macro
containing all /O blocks with ESD protections and
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distributed ShuntLDO regulator for serial powering




Extremely complex pixel readout ASIC designed to have a minimal I/O interface:

I/O INTERFACE

Serial input
(352_,?22 . Analog Digital Chip Bottom
protocol) | - Chip Bottom
Data_out RX_Data[15:0]
Data_in ) CDR/PLL Channel Command
/ . Sync Decoder
Q\ aMD_ckk b
\ (160 MHz) BXckl o ___ ] 3
1/2/4 CML Fine delay (40 MHz) ()
outputs Cé’;g " YvY 2
@ 1.28 Gbps d 2 Global : : :Decoded |n-,|-
Aurora 64/66 Config commands =
' SER_clk X
(Xilinx) (1.28 GHz)
iali Register data
SER_out Ire——, To,Ser['lfglfg; DDD Data Pixel|Data
Hh Serializ. Builder *
Lin .A — VDDA
|: SLDO-A
I‘;t SLDO-D —> VDDD

O Input: command, control and timing

» One single 160 Mb/s differential serial link, driving up to 15 chips (4 bit addressing + broadcast)
» Custom protocol, implementing deadtime-less communication for continuous reconfiguration

» CDR/PLL recovers Data and Clock

0 Output:

INFN
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> Up to 4 x 1.28 Gb/s CML serial links for data readout (hit data + service data) compatible with LpGBT and using Aurora

64b/66b encoding
0 Power:

» |Input/output currents for serial powering
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POWER STRATEGY AND DISTRIBUTION
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SERIAL POWERING <

O ATLAS and CMS will adopt the innovative serial-powering scheme for pixel modules
» modules are connected in serial chain: “recycle” current from one module to another
» chips on the same module (up to 4) connected in parallel
* based on the ShuntLDO (SLDO) regulators integrated in the RD53 chip
« 1 SLDO for the analog domain, 1 SLDO for the digital domain operating in parallel in each chip

Up to 12 modules connected in one serial chain

| | | | Current is shared in . e
[ /o chip | | rfo chip | | rio chip | [ o chip | av parallel between readout Not sensitive to VOItage drOpS .
chips inside the same » Low mass & compact power routing
module module « On-chip regulated supply voltages, low noise
'T | | | | « Radiation hardness (1 Grad)
rlo chi rlo chi rlo chi rlo chi AV
C_) L |“"”’ I""”’ |""”’ |“"| « Only ROCs on the modules
n x AV
module
i n Min. Av ~ |.5V
|n‘o chip”r.fo chip”r!o chipl |rlo chipl AV
| [
module
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SLDO FOR SERIAL POWERING G
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s V/I curve parameters (Voffset, slope) and current sharing 1 o monz
defined by external resistors (no SEU)

% Vgt tunable by chip configuration (1.05V +1.4V, 4 bits) -

0 2 4 6 é_ 0 12 14
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SLDO FOR SERIAL POWERING G

* Input current dimensioned to satisfy the highest load, with ~15-20% headroom for stable operation to be
absorbed by the Shunt device
» In case of chip failure, its current must be absorbed by the other chips (shunts) of the module: the SLDO shunt
current capability is designed to be up to 200% of normal operation current to assure, in case of 1-2 chip power
failures on a module, that remaining chip(s) can correctly pass the serial chain current
= |\ increases - V,, increases = Need protection mechanisms
» The excess current is absorbed by the shunt devices = hot spots

IV curve

2.5 ; l
i I 1
> Y I
I Current headroom : — -
el - PRS2 N S0P J NN S Y o 41"+ 4 4 CIE Rl CIE B
w urned in _< il
shunt-LDO ..n’@ E . T module
I n I
. . L ! VvddD
Ship max > - = i B D
current Digital current & s o : VrextD <_> J Bl G
3 =T o8 : xr:‘fx_ovp i module
Chip current Analog current | ¢ ) I i VadA !
Y . Es : VrefA 'n
> el H VrextA '
Example current consumption of one readout chip 0.5 A’GQQCGQ’&OCODSG:Ccm:‘ocoz:ccomoco?m:ccom k- x;)f:.z !
* : X Fit Points
Protections: %0000 025 050 075 100 125 150 175 200 ] module

Input Current per Channel [A]

= QOver-voltage protection: V,, clamped to 2 V
= QOverload (under-shunt) protection: Vs, decreased in case shunt current goes below a certain threshold (~11 mA)
due to excess load current. Disabled by default, can be enabled by chip configuration

Xlll FEE WORKSHORP Paris, France, May 18-22, 2026 F.Loddo, INFN-Bari °



POWER DOMAINS AND ISOLATION METHODOLOGY (i

« ShuntLDOs are located in the Padframe and distributed along the full chip width (~ 20 mm)
 Two power domains - two ShuntLDOs
» 4 blocks with sets of 5 Wire Bonds per power net

Power
bars

14. 5

*41G. 6

N N Y [ I 1 I I O Y Y B N O . W RN NN NN N AR RN RN

IIIII L111] [111] [111] [111]] [11]] L1L]]
VDDA \VDDD VDDA VDDD VDDA VDDD
space for space for space for space for
decoupling decoupling decoupling decoupling T e—
capacitors capacitors capacitors capacitors

« Hot spots in the shunt devices, to be properly cooled
« Temperature sensors located near the Analog and Digital ShuntLDOs

* Analog and digital circuitry in separated deep N-wells for maximum possible substrate isolation
* Throughout the chip no active device on the global p-substrate

* Global p-substrate biased by VSUB

*  GNDA-GNDD-VSUB connected off-chip
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SUPPLY AND GROUND VARIATIONS
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Due to limited routing resources and the constraints given by the ShLDO location, RD53 chips show analog and digital supply

and ground variations both between columns and along them

Results on local ground variations vs simulation

—— Simulation
— Measurment

10 1

Local ground difference [mV]

M\NW WM

0 S0 100 150 200 250

Column number

Figure 3.25: Local ground variations from measurements and simulations are shown as a
function of column number for row 384 of the RD53B chip, measured in nillivolts (mV).

300 350 400

The measured data 1s shown in orange_ while the simulated results are in blue.

* The range of threshold tuning is capable to compensate the feature and achieve excellent threshold dispersion (~50e-)

Row

ThresholdMap after subtraction from chip 0x12283

R T T T T T T (5 N BT 2] T T T T T T

»
®

B R P D S

B© O AV D N N
PEETEFTL LSS

Column

Threshold difference [mV]

* Full chip digital power analysis (static + dynamic) not feasible due to memory limitation (>> 512 GB required): executed on 1
core-column + periphery: max DVDD+DVSS dynamic IR drop ~ 110 mV
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« Power Management represents a crucial aspect of High-Energy Physics apparatuses from multiple points of view:
o Reliability

Radiation hardness

Material budget

Cooling

Power distribution

O O O O O

 The system-level validation of a serially powered system is even more critical than the single chip testing:
o Proper evaluation of ShLDO parameters (Voffset and Slope) for an efficient current sharing > BOM of modules
o Definition of current headroom, to absorb load current variations without an excessive shunt current
o Assessment of start-up reliability of serial chains, especially at cold (-40°C)
o Stress tests to validate the protections
= As an example, during the wafer test of CMS chips we provided up to 4x the maximum expected current
(8A instead of < 2A)
= Emulate the failure of 1-2 chip of a module (by removing wirebonds)

« Serial Powering is an uncommon approach but demonstrated to be feasible. ATLAS and CMS pixel detectors for
HL-LHC are the first large systems to adopt it. Under evaluation for other large sub-systems (ALICE3, LHCb U2)
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ANALOG FRONT-END
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DIFFERENTIAL FRONT-END (ATLAS)

 Continuous reset integrator first stage with DC-coupled @
pre-comparator stage s
* Leakage current compensation circuit (LCC) for "
additional optional feedback in case of l,.;i0qe > 2 NA Bl e
« \ery low power: nominal current 34 uA . S > by

2 - o
» Two-stage open loop, fully differential input comparator R
+» 10-bit DAC for global threshold
% 4+1 bit local trimming DAC (TDAC) for threshold tuning

Threshold distribution Noise distribution

ThresholdMap_0_Projection NoiseMap_0_Projection
I T
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LINEAR FRONT-END (CMS)

* Charge sensitive amplifier

« Krummenacher feedback for return to baseline and
leakage current compensation

» Operating current: 5 uA

« Comparator

s 10-bit DAC for global threshold

s 5-bit local trimming DAC (TDAC) for threshold tuning

Tek Run: LOOGS/S{ Sample [GfEE
+

sensor
bump PAD

Injection
circuit

threshold
tuning DAC

1T

ul

V,

ref

2]
Threshold distribution
................. r Entries 145129
[ Mean 199.6
............ 0.25— StdDev  6.721
........... 0.2
0.15 * Thr.~ 1000 e-
r * Thresh. Disp.:~ 50 e-
0.1 *  Noise: ~70 e-
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DIGITAL ARCHITECTURE
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PIXEL DIGITAL ARCHITECTURE

« Hits are stored as Time-over-Threshold, associated to a time stamp
» 6-bit ToT counter, but only 4 bits are stored and read-out
» Selectable ToT dual-slope 6-t0-4 mapping for charge compression
» Selectable counting clock: 40 MHz single or dual edge (80 MHz)
« Each pixel has 8x4-bit ToT memories
» The time stamp memory is shared among 4 pixels of the same 4x1 Pixel Region
» Trigger-matching performed with programmable 9-bit trigger latency (max. 12.5 us)
* Hit-OR network for:
* Programmable self-triggering
» 11-bit Precision ToT (PTOT) + 5-bit TOA counters at 640 MHz in the chip

periphery for precise AFE measurements and sensors characterization

CROC-V1 Chip SN: CROC_4-6
14— ; ; _
_8 : Py :
OS2 e e -
(v} L W commm s il
|3 10— —
= ]
8 -
6 —=— 40 MHz 4-bit ]
a4l —=— 40 MHz 6-to-4 bit ]
C —— 80 MHz 4-bit ]
2 - —<— 80 MHz 6-to-4 bit B
0 P RS R H S S S BT S S S ST S S B S SRS N ]

15 20 25 30

Injection duration [BX]

w
(8}
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PixelLogic PixelLogic PixelLogic PixelLogic
Hit
Hit |fateh Hit ] ateh Hir ateh ] latch
_ ose[ ¥ Disc | + Disc B
BX clock| | & | Cormm & | & | Cmrmem [ToTmem ]
ToT | /3 Tol | = ToT | == ToT
counter; E=——1 counterf —— counter] E=—— lcounter,
Read — — —
—  — —
Mem ' '
Addr Y l v 1 v 1 v
gion hit region hit region hit region hit
w Data / Data Data
v .
Timestamp mem «¢ Emesiamp iotmt
Free Trig?er < "_nes amp + Lat
k/lgérrlgsrg mafch | Trigger
/ Trigger | . Trigger Id
[’7 'df? efk - Trigger Id Req
D Arbitration 4‘ Token In
| .
. U
Pixel Region Data (4 4-bit ToT) Token Out
Output True ToT bin (low edge) [BX]
4-bit 40 MHz speed 80 MHz speed
code 4-bit (DEF) | 6-to-4 bit 4-bit 6-to-4 bit
0 0 0 0 0
1 1 1 0.5 0.5
2 2 2 1 1
3 3 3 1.5 1.5
4 4 4 2 2
5 5 5 2.5 2.5
6 6 6 3 3
7 7 7 3.5 3.5
8 8 8 4 4
9 9 11 4.5 55
10 10 15 5 7.5
11 11 19 55 9.5
12 12 23 6 11.5
13 13 27 6.5 13.5
14 >14 >31 >7 >15.5




THE “BUG” OF TOT MEMORY
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* In order to fit the 8x4-bit ToT memory in each pixel, after RD53A a custom 4-bit latch was developed and integrated

in RD53B-ItkPixV1 to save ~50% area with respect to latch of the std cell library

 When we started testing RD53B-ITkPixV1, a digital current about 10 times larger than the expected was observed,

together with the wrong storage of ToT information and missing hits for some ToT codes: 7, 11, 13, 14

28

« Based on these symptoms, we realized that the bug was in the 4-bit latch, whose design was too simplified by
sharing some enable lines and removing internal buffers, causing level conflicts when 3 bits were all at “1”

» But the killing factor was that the latch had not been deeply simulated for all the input values!

* A quick mask respin was submitted with fixes to M1 and VIA12 masks to “deactivate the bug” by transforming
the 4-bit latch into a 1-bit latch, and have binary readout instead of ToT storage

>

VvDDD=1.1V
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e e gy
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|
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T T T
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 |In RD53B-CROCv1 and V2 ASICs a less compact but well designed 4-bit latch was used to have back the ToT
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DIGITAL DATA FLOW G

 Token based readout of hits in parallel for each Core
Column as soon as a valid Trigger is received

- Data are stored in a FIFO at the end of each column e el i . e B et | 2228 o )
and compressed using Binary Tree Encoder (up to | j | i | ,
faCtor Of 2) " I | i I ll llEilbf(N cks) l, I
createg encoder‘ ‘ eﬂcoder‘ ‘ encoder‘ ‘ encoder‘ ‘ encoder‘ ‘ encodel‘ ‘ encoder‘ ‘ encoder‘
here I I 1 } <= 104bick ] ' ! !
 Data are collected from all Core Columns and | ceo focn

added (104+17)b x 16

formatted in order to form a full event.

/Evtpadding. EQC buffers

ean N h / L / 5 . ! i k! i :
token H—p ;— ‘:5 EOC-out: _"w E_.aj
‘ ‘ * (128+8)b x 8
[ ¢ ]
| |

* Multiple levels of data processing, event building, data

_ : } <=136 bick "
buffering and formatting | | in: 1450 x8 “ There are 7 of
Scan Barrel shifter . DC buffers Barrel shifter these in the chip.
token — . = M E:rcehcztlail\::r?ss
. . out: 2430 x 8 ¢ - (7™ serves fewer)
« Each event is full contained and referenced by the |
associated Trigger Tag s y
" If all hits from one event don't fit in EQC buffer,
( ) this column will appear twice in the stream. 258b x 32
Stream builder
. . # Blue event being_ retriev_ed fro_m columns. g adde i CDC buffers
- Registers (“Service data”) are read-out on command | © ceeaeneeaiognuenr e | 0 40MHz lock domain
and periodically interleaved with Physics data in a I e I - AURORA clock doman
programmable ratlo (default 1 |n 50) 64b words to AURORA. Rate depends on number of Ianes+ ‘ l’ ‘

« Aurora frames are built and sent to the high speed
serializers
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MULTI-CHIP DATA AGGREGATION G

° . o = N
- . (Single Chip case h 2 — | Data Merging
Data merging is used to optimise the number of : 320 Mbls i
e-links sent off a module Primary [, 1.28 Secondary | Aurora x 2 | Primary | .28 Gbit/s
. _—»  Gbit/s > Aurora
. —> Aurora
In the outer layers, one chip of the module can be —  outputs output
configured as “primary” to aggregate serial data | control FE c(,ptmf FE#I chtmf FE#2
from one or more other “secondary” chips and \__Link ) \Link Link J
merge them with its own output g . )
2 4 — | Data Merging
Data from the secondary chip(s) is merged with Secondary |- > Primary | 1.28 Gbit/s
data from the primary chip using round robin Aurora |Secondary > Aurora
3:2::: * |Secondary | 320 Mb/s | output
Input serial data, running at 320 Mbps, are — FE#I CA“":L‘I. FE#4
oversampled by the primary chip and an concar” FE#2 Link.
automatic mechanism to find the best phase is Link controi” FE#3
implemented N Link )
X7 modules
i < DG DCITEDE _Q‘ LPeBT H é.StG'biTS/S RD53B 4 Command J | I//%\/:;;/Q: LPGBT 2.5(_3bits/s
| . [ ==Kl " [ESG, o
merging, B s = eser. merging, L 7W<]~ deser.
aitrbution = [coang ) =l 106 | aitrbution = [coang ;:,,! == [———]lee
3(4) X 1.28Ghits/5 " ' Ser. EZ_O—%/ 1; 11\ 3(8) X T.28Ghits/s ' Ser. 32‘0;9/
6(7) x 1.28Gbits/s 10Gbits/s 7 x 1.28Gbits/s 1OG. its/s
Data ‘ et | Rll:)_g?BSSB /l\ i ‘_'—“—'J = Optical
merging, —| [ 1 pixel module for 1 LPGBT " - <F 4 pixe(lj mocli.ullfs for 1 LleBT
et  |coding B )<><>C>< 3 Readout links per chip mgragt;g, 1?2;:;%;?( pFeJ‘irmrT;C;ullJee
, 3(4] x 1.28Gbits/s = 1Control link per module distribution ER|[coamals/seriatizer Gbelchips per moduls
CMS 2x| Module (Inner) 2 pixel chips per module T T 7T 3(4) x 1.28Gbits/s
CMS 2x2 Module (Outer)
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AURORA AND DATA MERGING: FEATURES AND LESSON LEARNED L

» Aurora Encoder: the chip sends two special Aurora blocks
« CB: channel bonding
» CC: clock compensation

A bug was introduced in RD53C (to fix some other bugs), such that the two configuration registers CBWait and CCWait
cannot contain 3N+1 codes, otherwise the link drops periodically
« avoid those values
» disable CC mechanism in the Aurora RX (not needed in ATLAS/CMS, since TX and RX used the same clock source)

« Data Merging is working fine and is extensively used in ATLAS and CMS modules
* However, its implementation contains a feature discovered only during chip testing
» Header search: primary chip needs to identify 2-bit header position in data from secondary chips, but 2 out of 66 (3%)
possible header positions result in frame alignment failure

« Workaround: all chips of the module must be reset at the same time or deterministic delay should be applied

« These bugs have a common root cause: shortcuts in the verification
o Simplified Aurora RX model, not implementing all functionalities to save simulation time

o Inter-chip communications not explored enough (in the direct test, primary and secondary were reset at the
same time!)

« Some of these bugs introduced in RD53C in the process of fixing other bugs
 Never assume that a simple change cannot cause damage and its verification is just a waste of time
 Every change, even a trivial one, always requires careful verification
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PHYSICAL HIERARCHY: LESSON LEARNED G

The periphery was synthesized and implemented flat
Synthesis: ~ one day
Physical implementation + Eco + signoff: ~days

Core-column controller block is replicated 50/54 times in the periphery

It would have been more efficient to implement the core-column controller block and then
instantiate it 50/54 times

It was tried in a later phase, but it would have required major modifications at RTL and in the
flow, not compatible with the urgency to go in production

Define the hierarchy since the beginning for a more efficient implementation and
verification
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RADIATION TOLERANCE
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TID i

Istituto Nazior eleare

« The TID damage mainly concerns the digital design because of the small area devices (min L, small W) - more severe
for “strength 0”

« Gate delay degradation larger at low dose-rate (LDR): more severe for “strength 0”

Delay change at 5 Mrad/h and 25 krad/h Estimated behaviour at LDR of strength 4 gates

Ratios of damage at low and high dose rate

CLKO InvO 300 Bank A
ITkPixV1.1 Chip SN 0x16278
O\Z ‘ < Gate LDRIHDR damage Dose rate: 4 Mrad/h
o . ;‘3 2501 * Dose adjusted for copper layers
£ z CLK O 4.8 =
CE S o ] ®
5 i P CLK 4 2.4 L RO A0 AT AT
()] o 9
.. : Inv 0 46 ) e o
— — £150{ o N:Nm
I —— Lk 25 3o e
o <=+ Max. allowed delay /.
NAND 0 32 £ 100
< < § 100
4 B NAND 4 1.7 Z
£ ; s L
N ”w‘“’“ S °w x 501
B ' > saanentl NOR 0 2.7
D ° e ¢
a] [a]
. . NOR 4 1.8 01 : : : .
i w2 v 5 W 5w » 0 500 1000 1500 2000 2500
Dose [Mrad] Dose [Mrad]

Extrapolated LDR Dose [Mrad*]
Design strategy:

* No minimum size digital cells & 9-track library everywhere (12-track in PLL and serializer). No strength 0.

» Irradiation corner models and extreme corners from the foundry used to predict the TID effect and design to guarantee good
timing for the digital design - Timing closure extremely challenging

+ Tests done at low temperature (-20°C) and high dose-rate, extrapolating the behaviour using the LDR/HDR correction

factor, give confidence that RD53 chips will meet TID specifications (at least 1 Grad) if operated at cold temperature
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SINGLE EVENT EFFECT PROTECTION G

L0 The expected rate per chip of Single Event Effects (SEEs) is ~ 100 Hz in the innermost layer

U Target behaviour:
« Stable operation: bias and the Clock and Data Recovery are critical for the overall chip functionality and must be very SET robust

* No power cycling: need to recover without power-cycling (detrimental for a serially powered system)

* Occasional hit/event is allowed to be lost

O Principle: protect with triplication vital circuitry (configuration registers, state machines, memory pointers ) as far as feasible within
space and power budget limits = cannot protect everything!

« a CLEAR command for fast recovery from residual SEE or operational issues
» provision for continuous reprogramming of global registers and pixel configuration

Pixel Configuration Global Configuration and state machines SEU cross-section from heavy-ion testing
+ 8 bits > 1.28 Mbit/chip *  ~90 kbit/chip
* 5 more relevant bits protected with TMR +  TMR with self-correction and triplicated clock with skew (AT ~ . RD53B Config SEU Test
without self-correction 400ps) for Single Event Transient filtering 10
* Need to continuously refresh » With protons: 400 x more SEE tolerant than unprotected
> With protons: 100 x more SEE tolerant o g 107
than unprotected SET filtering T
— D Q I_") a ‘E’ 107
. CLK 1 5
L ‘ ; || : : g 10-10 4
11° Q voter[=* #j D Q Voter : .oter ouT 3
sE B CLK 2 ] — 3
p 4+— O 1pn ® Unprotected latch
I P CLKI |m,Ds . m  TMR without correction
1 CLK 3 [: Q ‘CF(HKZ . _ ¢+ TMR with auto-correction
: ECLKB 0 20 40 60 80 100

i 2 LET(MeV. cm?/mg)
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SINGLE EVENT EFFECT PROTECTION G

The adopted triplication is functionally correct, with advantages compared to full TMR in terms of power and area
Drawbacks:
SEU cross-section # 0
Additional complexity in timing closure, especially for a large and flat design
Reduced setup margin
Requires significant buffering for hold fix
Both SEE simulations and tests (Heavy ions, protons, laser) are needed to identify vulnerabilities

As an example, a critical fault condition, causing the chip readout to get stuck, was not properly evaluated with
SEU testing because depending on high trigger rate, high hit rate, and a high SEU rate simultaneously -2
identified and fixed with SEU simulations

SET injection simulations on critical IP blocks, like Bandgap, PLL, SLVS RX/TX are also crucial to identify
weakness that cause problems in operation: bias drops, link drop-out, ...
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Istituto Nazior

« RD53 ASICs are large and complex pixel readout chips for the HL-LHC pixel detectors
« The final chips were submitted to foundry in 2023 and mass production is complete

« Representative example of a large-scale collaborative ASIC project in high-energy physics, involving approximately
24 institutes worldwide and more than 30 designers

« Beyond the challenging specifications, also the implementation and verification represented a challenge in terms
of human and computing resources

« Known bugs caused by shortcuts in verification or missing simulations. However effective workaround exist and
the chips can be used without limitations

* 10-year development: too many?

O

O O O O O

Requirements evolved over time

In-depth technology characterization

In-house development and qualification of all the IPs (~20)

Two “customers” requiring design variations with overlapping schedules and extreme pressure

Departures of key designers also had to be addressed, and finding adequate replacements took some time
The importance of verification was considered crucial since the beginning, but it had to face the difficulty in
finding the right skills in the field > great support from CERN-ESE in the last years
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THANK YOU FOR YOUR ATTENTION!
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BIAS, REFERENCES AND MONITORING G

» BIAS and Reference network is based on
o PreRegulator (2V tolerant) used to provide ~1.2V to power the Core bandgap
o Core Bandgap, to provide precise reference voltage/current with low sensitivity to temperature variations
« Tuning by means of 4 wire-bond trimming pads (no SEU), whose optimal value is found during wafer probing
» The tuned current | is used as reference to the ADC and more than 20 DACs to bias the analog Front-end, the CDR and all IPs

VDD_PRE VDD_PRE 441 « IREF
VinA VDD_PRE ~ 1.2V 4uA to Bias DACs
ﬁ 4uA 4.2
Core | v BGR I current
PreReg [~ | pon [0y b | s, | ror | itk | M _
L, VrefA VrefD < 4.0
DAC 4-bit DAC 4-bit DAC =
g
5
(W]

w
@

Except the untrimmed
current through R_IREF, all
other currents scale with
IREF_TRIM

GNDA

3.6

20 uA (un-trimmed)

IREF_TRIM pads

R_VREFA
R_VREF_ADC

GNDD_REF GNDA_REF 341 . r r r . Y y
GNDA_REF - 0 2 4 6 8 10 12 14
Trim Bit [LSB!

« The Monitoring block used to readout internal parameters (T, voltages and currents) based on a 12-bit ADC (LSB ~ 220uV)
« 5 temperature sensors in different positions (near the ShLDOs, in the centre of periphery, top/bottom of the matrix)
* Ring oscillators - measurements of digital cells speed degradation with TID
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CALIBRATION <

« Each pixel is equipped with a novel calibration injection circuit for test and calibration purpose capable to inject 2
consecutive hits of different amplitude (VCAL High-VCAL Low ; VCAL Low — GND)

* The analog injection uses two distributed voltages, provided by two 12-bit voltage DACs, to generate a precise
voltage step fed to an injection capacitor

« Two selectable ranges

«  VCAL HIGH small | Large VCAL range
—— VCAL HIGH small fit v 4
081 . VCAL HIGH large //‘/
—— VCAL HIGH large fit V4
*  VCAL HIGH small P &
S0* 0.6 4 —— VCAL MED small fit _a”
s VCAL MED large A
% VCAL MED large fit o sma” VCAL range
EN £04
>
0.2
s Bottom to top
0.0
0 500 1000 1500 2000 2500 3000 3500 4000
DAC [LSB]
» Possibility to measure the value of injection capacitor usina a dedicated circuit to define precisely the injection step
e T Teas Injection :apacital.'\ce 24
30 {MAX: 8,348
AVG: 8,158
e
1.0%
F77 77 Copmess,| [~ | Parasitic meas.| 5
| circuit | : circuit }
clkp_c D%E); i clkp,parD—:—H:‘ !
| ﬁ |
! Ctesll I l;ﬁ : 20
clkn_c | clkn_parD—‘—{ |
ST LT m
e B e e S e a
5 15
nnnnnnnn ( Mon_lnjcap. Par(
Imux_Out 1o
GADC
Y 9
xxxxx ;Cﬁxt pad
- II_ III : _
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CONTROL LINK <

The RD53 control protocol was designed to meet these requirements:

Minimise cabling and material in the detector:
Both commands clock are recovered from a single differential pair @ 160 Mbps
The periodic Sync command guarantees sufficient transitions to recover the clock

DC-balanced > AC-Coupling
Fast Commands = 16 bits, 100 ns to send; Slow Commands = variable length, up to some ms to send

High trigger rate
Trigger commands are Fast Commands with high priority

High radiation environment
The symbols are separated by a Hamming distance of 2, allowing error detection
To speed up recovery from errors, the CLEAR command, which resets the data path, is a minimum-sized Fast Command

Deadtime-less communication
Fast Commands can be interleaved by Slow Commands such as Read and Write Register

Phedd Pff UL

Control stream 77 7 Sync X WrReg X Data X /[ Data X WrReg X // Data X Sy

7/ e

Sync X WrReg X Data )( Trigger or Clear X // Data X WrReg XDa

with Fast Command inserted 7777

Write Register commands have features to auto-increment register addresses and to broadcast to up to 15 chips on a shared bus, to speed up
chip configuration - the chip can be continuously reconfigured in ~100 ms:
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SEE rates at order of magnitude level: factor 10 — 100 uncertainty

A. Non protected registers (3 out of 8 pixel config, memories):
Inner layer: | GHz/cm? * Ix10-'* ecm?/bit = ~Ix10-> Hz/bit
* Memories: ~ 9 Mbit 2 ~ 100 Hz/chip = (fake or lost hits)
* Pixel conf (non-critical bits): 435 kbit 2 4.35 Hz/chip

B. TMRed pixel configuration registers without auto correction (5 out of 8 pixel config):
Inner layer: | GHz/cm? * Ix10-'¢ cm?/bit = ~Ix10~7 Hz/bit
* Pixel conf:726 kbit > ~ 0.1 Hz/chip (I bit flip every 10 s)
No error correction mechanism built in = Errors will accumulate and as soon as two flips affect the same register the
wrong value will be stored. To avoid error accumulation, the pixel configuration registers must be
refreshed!

C. TMRed global config, state machines, critical data with auto correction :
Inner layer: | GHz/cm? * 2x10-'7 cm?/bit = ~2x10-® Hz/bit
« State machines: 90 kbit * ~2x10-8 Hz/bit = ~ 1.8 mHz/chip (I bit flip every ~ 10 min)
* Global conf: 3.4 kbit > 0.07 mHz/chip (I bit flip every ~ 4 hrs)
L Reconfiguration of Pixel and Global configuration registers ( 1.16 Mbit)
* Assuming that only 50% of downlink available for this, with some margin it takes ~ 100ms/chip 2 max rate ~ |10Hz
* A refresh every 10s (0.1 Hz) should be enough to avoid misconfigured pixels accumulation
* Deadtime-less reconfiguration: Slow Commands such as Read and Write Register are halted by Fast Commands with
high priority (Trigger, CLEAR... ) and then resumed
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SEE VERIFICATION @ RTL i
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GOOD EVENTS

SEU injection rate: 500 MHz
Acceleration: 5E6 times higher than the expected rate in the inner layer

Events
EE &

[

FAULT SIMULATION

i

Hit Sequnce Trigger SEU

35 Sequnce Sequence )
GHz/cm2 1 MHz 500MHz

GHOST EVENTS

b
=

OUTPUT
DATA

DESlGN am w0 -\.'_:-\. i e n.:“\. wwn = FAULTSIM

FAULT Filtering; List of Time [us] —_— GOODSIM

Eveants
=

GOOD EVENTS Chi p stuck

Random stability
Random Stability

DB targets
NODE COVERAG

Hit S Tri

| gqsunce SeI'tljlgugnecl'e OUTPUT - /
- _I, ]

GHz/cm?2 1 MHZ DATA B P P A

Comparison

GHOST EVENTS

REFERENCE SIMULATION nos0
Fault injection and reference simulation are run together using the S oo
same SEED.They differ for SEE-induced: I ol
* Lost hits )

. Events comparison between fault and

© Ghost hits f imulation for th SEED

. o P reference simulation for the same
* Chip stuck = vulnerability identified in RD53B - fixed

* low cross-section chip stuck still present, but fast recovery with
CLEAR command (no power cycle)

Xlll FEE WORKSHORP Paris, France, May 18-22, 2026 F.Loddo, INFN-Bari




SEE SIMULATIONS: RTL VS GATE LEVEL G

SEU injection on unprotected registers

Used naming to determine if register
is triplicated or not

SET injection simulations no yes Supported only at GL
I(r)nKp’I)ementatlon of pixel config. bits TMR is yes yes Triplication implemented at RTL
. : : Triplication  implemented  during
I?

Implementation of TMR with skew is OK* no yes synthesis > GL

. . " : Triplication  implemented  during

f)
Disabling one of the triplicated clocks is OK" no yes synthesis > GL
@GL:
@RTL: » SEU injection on triplicated nodes to check that the

» Unprotected registers

triplication insertion was properly done by the synthesis tool

» Pixel configuration registers » SET (Single Event Transients) with fixed widths of 100 ps, 250

Xlll FEE WORKSHORP Paris, France, May 18-22, 2026

ps and 500 ps in voters output and FF inputs (the last gate of
the combinatorial path driving a FF)
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SET SIMULATIONS ON CRITICAL ANALOG BLOCKS (i

Example: SET improvement of CORE bandgap
o A high rate (~5Hz for inner layer) of link drop-outs have been seen in ion/proton tests on V1 chips. Extensive
laser tests and SET injection simulations have identified the cause in the SET sensitivity of the bandgap
reference circuit, controlling biasing of all analogue blocks and the PLL VCO - Fixed in RD53C

Shooting Transistor 2 ‘

Transistor 3 — the most wmm_lms'ﬁ!..--__v
sensitive: causes jumps in

ge [20 us, 30 us]
VREF Ajump

Laser test ”s'g"a' il Eﬁﬂr %Lfa L

P freaila P P P12
N

v

Shooting transistors marked as 1,2,3
E W N T I

Solution:

* add capacitors to some sensitive
nodes

* Improvement implemented in RD53C
and confirmed in SEE measurements

Simulation

From DM15 to GND

= W £ L1
1 oo UUUUNNUDONUouUDOoonn: O O

Value of each capacitor is 0 or 10pF
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