~~
fD‘ﬂ

BERKELEY LAB

AD Fabric: a NIFTY solution to 4D

Pixel Detectors
21.10.26

COORDINATING PANEL ON ADVANCED DETECTORS . A P SUINEE

Instrumentation and detector R&D workshop

20-23 October 2026 University of Washington - Seattle, WA

Timon Heim, Graham Anderson, Rebecca Carney,
Caleb Ceravolo (UW), Maurice Garcia-Sciveres,
Deion Fellers, Alexis Mulski - LBNL

2 UNIVERSITY OF 1
"5 CALIFORNIA




ECRP (FY26-FY30)

e Goal: develop 4D Pixel detector
readout chip technology

e Aiming to add O(50ps) timing
precision to Pixel detectors

e | everage work done in LDRD in
FY22/23, specifically Big Rock
AFE

e EXxploring collaboration with
SLAC/FNAL

e (Co-design with detector
simulation -> directly understand
physics performance impact

Timon Heim

NIFTY (FY26-FY28)

e Goal: develop Pixel detector
readout chip technology with on-
chip intelligent networks

e |mprove on classic column based
readout by implementing mesh
networking

e Emerging intelligence from simple
routing rule set

e | ooking for scalable architecture
to full reticule size or even to wafer
level

Drivers /jﬂ

BERKELEY LAB

CMOS + X

e Goal: develop Pixel detector
readout chip technology suitable
for direct deposition of thin film
Sensors

e Awards 28nm shuttle run In

e 4mm by 4mm size

e (Can receive full 12” wafers

e [Enables: industrialization of
process at wafer scale

CPAD 2026
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The Compromise
4D Fabric - Chip “PixCanvas”

Goal: develop a Pixel detector readout chip in 28nm CMOS for a

4mm by 4mm chip size, 50um by 50um pixel pitch -> 64 x 64 pixel matrix

No high-precision timing, no TDC -> 25ns time stamp but using high speed
AFE

Pixel Matrix organized in 8 x 8 pixel cores, cores organized in network mesh,
cores flat synthesized as digital sea with analog islands

Triggered readout with up to 40MHz trigger rate (streaming), ~12us buffering
Digital-on-top design flow, verification with cocoTB, co-design against ATLAS
ITK and MAIA (Muon collider) simulation

Removal of high precision timing removes major analog work not
feasible before Dec 2026

Digital-on-top design flow is foundation to all future developments

Emphasis on scalable and modular digital architecture to serve future
chip versions and increase design iteration speed
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Traditional Readout Architecture i

BERKELEY LAB

e Pixel Matrix organized in columns of Cores (8x8 pixels)
(e.g ITkPix is 48 by 50 cores)

e (ores interconnected only within column (up/down)

¢ One shared column bus for data transmission to end-of-
column buffer

e Joken bus to arbitrate usage of column bus and return of
token signals all hits from one event have been read

e One core column processes only one trigger at a time in
chronological order, different core columns can work on
different triggers

e 2-stage Core column concentrator reads events in order
from end-of-column buffer -> event building

e Pro: highly optimized, low latency data transfer, built-in
event building

e (Con: single point failure can affect large number of pixels,
no load balancing

Timon Heim 4 CPAD 2026



NIFTY Architecture vl

BERKELEY LAB

o connected in 2D Mesh (shown here NSEW
mesh)

e End-of-column concentrators become the “root” of
the network, cores try to route data towards any root

e EOC concentrators are followed by a fully connected
layer to

e We are evaluating if need intermediate laters for
routing or timing reasons

e Each collects data from one specific
time-slice as informed by the trigger table

=0]e:

Concentrator ° are each connected to thelr own data

output

e (Configuration is injected at the root level by the
config generator

Timon Heim 5 CPAD 2026



A

400um

Original RD53 Layout, PixCanvas Analog Island size might vary

3

2x2 Analog Island

50um x 50um pitch

Flat synthesized
Digital logic

Timon Heim

400um

Stripped digital Core from RD53 - ITkPixV2
ToT of Hits is saved with associated timestamp
Trigger of timestamp marks data to be readout

16 x 4 Pixel Regions read out through common data
bus arbitrated through token

ik e Core Block Diagram

RD53 Core Layer

f16x

4 Pixel Region

Times

Memory

&2X2 Analog
Front-End

< 14x LE [4x TE

Tttt

tamp

ToT Memory

v Rd Token

Rd Token
+ Trig ID
+ Timestamp

Readout Data

Control >

\_ T 8x8 Pixel Digital Core )

I
Trig ID
Timestamp

~~
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A

Analog Front-End design from Pebbles
chip, see talk about it at CPAD 2023!

CPAD 2026



https://indico.slac.stanford.edu/event/8288/contributions/7644/

Core Block Diagram ol

e Network Core interfaces with NSEW Neighbors BERKELEY LAB

e (Can receive data on all edges at the same time

e Underlying RD53 core acts as 5th input r RD53 Core Layer

e Send data only on one edge at a time

e Interface is bidirectional, S & W operate in positive edge
domain, while N & E operate in negative edge domain

v

e Memory acts as FIFO

Neighbors

e Router contains intelligence to know where to route data,
receives status info (e.qg. buffer fill status, data
acknowledge) of neighboring cores

\ 4 \ 4
Data to NSEW

Data from NSEW
Neighbors

\4

e Performs failure detection of neighbors

e (Configuration also received via network

e Data contains some information related to routing to avoid
loops

Trig ID Status Info from
Timestamp NSEW Neighbors

e Qverall goal: make core as autonomous as possible, to
avoid single core malfunction from impacting others

Timon Heim 14 CPAD 2026



Data Generation

Sources: random, ATLAS ITk
simulation, MAIA simulation

One data packet loaded into
network layer per cycle (packet can
hold up to 4 pixel hits)

Emulating triggering by random
sampling

Networking

Each Core can transmit one data
packet on one edge each cycle
Each can receive from all incoming
edges (including its own pixels) at
the same time

No back-pressure mechanism, data
Is simply dropped if network buffer
overflows

Each Core has finite memory

Routing

Each Core has an individual router
Router decides on which edge to
transmit data for every cycle

Router knows which edges have
smaller, larger, or equal distance to
the root nodes

Router has information about buffer
status from connected nodes

Timon Heim

Toy SIm /\\ﬂ

BERKELEY LAB

Failures

e (Can simulate failures and
failures
e Any data routed into a failed core
will be dropped
e Data generated in failed core not

—

. II
|
. J

counted
Skats Settings Hit Map
N S o=  0ooooooo SO = -
4 Founds:  OOOOODOO 0 ptl m |Zat ioN

Throughput: 000 psr
Dalvered: 00000000
Lost: 00000000

e Simulation written in such a way

Hops O .00

Hops Lost 000 that we can optimize each
E et component with machine learning
WStati fai e (Currently though: fixed a lot of
. e parameters to reduce phase
. space

e Some constraints from physical

|
"
Lri

Play with it yourself:
https://nifty.Ibl.gov/www/simulation/

Framework also used for NIFTY-LArPix development! See talk by Rebecca and poster by Deion!

8 CPAD 2026


https://indico.global/event/17230/contributions/170156/
https://indico.global/event/17230/contributions/170178/
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Heat Map: Data

TopCompStaticO 2dmesh generated

Column

ATLAS ITk Layer 0 u=200

(Generated ﬁﬂ

BERKELEY LAB

No global structure, random

Can contain some structure at pixel
level (clustering)

Only simulate “triggered” data,
random trigger with configurable
average frequency

No global structure, random

Can contain some structure at pixel
level (clustering)

Only simulate “triggered” data,
random trigger with configurable
average frequency

CPAD 2026




Choice /jﬂ
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Hexagonal Mesh

opology

Diagonal Mesh Octagonal Mesh

Timon Heim 10 CPAD 2026



Heat Maps /\\ﬂ

BERKELEY LAB

Hexagonal Mesh

TopCompStaticO 2dmesh moved

TopCompStaticO hexagonal moved

2D Mesh

Column

Column

TopCompStaticO diagonal-mesh moved

TopCompStaticO octagonal moved

Diagonal Mesh Octagonal Mesh

Column

Column

Timon Heim 11 CPAD 2026
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HO FPS

HNode key:

Eop-L transt - delivered
cenkter gueue ~ max buf
bobt-L dist ko root

bok-F congestion drops

IFIT

Skats Settings

Topology Comparison

Run S00:

Hit Map

Scors aooooooo
Founds: 00000000

Throughput: 000 p-T

W= == a00aaaag

Lost: ao0aooaa

Hops Lk .00

Hops Lost: 000

Diszbled: 0O0000O0E

[ Static Fail
Il Temp Fail

12
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HO FPS

Node key:

top-L transit ~ delivered
cenkter gueue ~ max buf
bobt-L dist ko root

bot-F congestion drops

GER

Skats Settings Hit Map

Score: aooooooo
Founds: Co000000
Throughput: 000 p- T
Delvered: 00000000
Lost: a000oaao

Hops OK: =100
Hops Lost: =100

Diszbled: 0O00OOO0B

[ Static Fail
Il Temp Fail
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No static failures

TopCompStaticO 2dmesh moved

Column

400000

300000

200000

100000

13

Heat Maps Il

TopCompStaticO diagonal-mesh moved

Column

~~
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400000
300000
200000

100000
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15% static failure (beige cores)

TopCompStaticl5 2dmesh moved

Column Column

Timon Heim 14 CPAD 2026



15% static failure (beige cores)

TopCompStaticl5 2dmesh lost

Column

Timon Heim 15 CPAD 2026



Core needs to build around analog pixel
island (2x2). Other than square geometry
could be possible but might come at cost
of routing density

2D Mesh topology:

Y )

A

Real estate for core
Interconnects limited
by overlap.
Interconnect density
limited

\4

A

N

N L L

Timon Heim

Core Tiling and Tcpology

16

|dea for hex topology:

~

LLLLLLLY

Only half or less the
space available for

interconnects

-
\ L

~~
fD‘ﬂ

RERKELEY LAB

Less space for
network connections
might be ok, as we
have to send
additional signal
vertically!

CPAD 2026




e Have rudimentary Networked Core written in RTL and interfaced with

stripped RD53 core CO re RT L S't at us :ﬁ ﬂ

 Writing verification at the same time as developing RTL BERKELEY LAB
RTL GitLab Page:

e Full verification run as part of Cl, produces automatic coverage reports*

and documents RTL hierarchy

‘ . PixCanvas &

e Some issues trying to accelerate simulation with e.g. ventilator due to
aggressive clock gating to reduce power

e 3x3 Core simulation still runs fast enough to for Cl (O(min)), while larger
networks are feasible for milestones

Weeks age

weeks

2 wieeks

e (Current focus: transition from open source tooling (Icarus) to licensed
tools (Questasim) to generate better coverage reports & integrate design

In digital-on-top flow
/ Automatic generation of documentation, verification,
and reports through continuous integration

Functional coverage report

Slgna 'S | 100.00% TOTAL COVERAGE (1 module(s))
. 300 ns . .
Time pixel_logic_tb
| 100.00%overall
IIIIIIIIIIIIQIKIQ.
] >
K CoreAddrIn[5:0] ' 100.00%align
: . B o ) . 1 2950.01ns INFO cocotb.NetworkCoreDual Injected 1 packets; occupancy=0
1 Co re_mem_valld ™ COre 1 ' 100.00%region_hit 3137.51ns INFO cocotb.regression netcore_dual_tb.conflict_test passed
- ™ 1 3137.51ns INFO cocotb.regression
: data bUS Up ln [ 36 a 0] B | 100.00%addr etttk e o ok ek ek sk ok ok sk ek ke ek ks ek ek ok ok sk ok sk ok sk ke e ek ok ek ok ok ok
I . n y — ] *%x TEST STATUS SIM TIME (ns) REAL TIM
pﬁtu”ildplq Dpiq]l‘ 7040C68+ ] \ I 100.00%align_cross E (s) RATIO (ns/s) *x
CoreAddrIn([5:0] = \ *********************************************************************************************
——_ I 100.00%occupancy *% netcore_dual_tb.multi_inject_test PASS 162.50
core mem valid : Core 2 X 0.04 4581.41 . s co
—_ —_ *% netcore_dual_tb.local_mem_test 5
- = , Toggle coverage report -t e
data bus up in[36:0] & 040C6B+ 99 ge rep G0 32wl
d — b — d_ - 41.89% TOTAL TOGGLE COVERAGE (5 module(s)) *x netcore_dual_tb.local_mem_test_over PASS 562.50
ata bus dn O.L36 : Ol B41E6B+ ——~——{B40C6B+ — 0.62 3618727
ol gl gl i g G g gl e L J - = \ 34.37% digital_core_tb o 02 S6790.84 *x netcore_dual_tb.local_mem_test_under PASS 562.50
1 = . .
] CO reAdd rIn [ 5 * 0 ] : \ ] 3 *% netcore_dual_tb.local_bypass_test PASS 437.50
= 37.82% latency_mem_tb 6.01 43512.35 %
. —" —
] co re_mem_valld : Core 3 X *% netcore_dual_tb.overflow_test PASS 437.50
] . - 16.85% netcore_dual_tb e.61 50380.808 *x
R data_bUS_U P 1n [36 - 0] : 041E6B+ 040C6B+ ’ - - ** netcore_dual_tb.conflict_test PASS 412.50
) . 0.61 56379.50
# data bus dn 0[36:0]" 04286B+ —— 041E6B+ 040C6B+ 71.82% pixel_logic_tb
- m "o " — e e e e e e e e e e e e e e v e e s e e e e e e s e v e e v e e e e e e e e e e e o e e e v e e e e e s e e e e e e e ok ek dedkededeok S e e e e de e de e de de de dede de e e de
48.58% pixel_region_tb *x TESTS=7 PASS=7 FAIL=6 SKIP=0 3137.51
8.11 28626.22 ok
oA A KA A A KKK H kA A KA A A KA KKK KK KK KA A KKK A A A KA KK KKK
VCD info: dumpfile /builds/4d-fabric/pixcanvas/sim/buildfiles/sim_build/netcore_dual_tb/toggle.vcd opened for output.
malias | aauina dinantanu 'Thuildelld_Eahninlnivaanuacs leim/hnil dEilas!
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End of Chip Loglc Event Building I

| | BERKELEY LAB

Roots Push ¢

* One per core column 1-deep W@@@ | Exact number of concentrators,
e Pushes data to intermediate layer depending lelolle intermediate layers, and event
on Trigger ID Push buffers depends on expected hit
Intermediate rate and wanted trigger rate.
Event Buffer
- N-dee RTL should be parametric to
Intermediate Layer y ~ T : adapt/scale easily!
u
e Concentrates data from specific trigger ID Round-Robin N = number of
e Memory depth will depend on number of A EOC concentratars
event buffers and Clk speed [ Event ] Event
e Could have multiple layers if intermediate Butter Buffer

buffers to overcome routing/timing Total time to collect event:

constraints Time to wait after last data fragment has been received:

Latency Count Distribution — eocnBasic
mean = 162.65
== median = 161
+10 = 42.15
- p99 = 263
- p99.5 = 291

o0
o

()]
o

e At time of trigger is assigned an event ID
(specific trigger time)

e Only collects data from that specific event ID

e FEventis considered complete, after no data
has been received for X number of cycles

e Data for events that cannot be assigned an
event buffer will be dropped

Success (%)
S
o

N
o

20 24 28 32 36 40 44
eocn_countdown

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320
Latency

—&— diagonal-mesh / smartmod 2dmesh / smartmod  —e— hexagonal / smartmod

Timon Heim 18 CPAD 2026



Summary & Plans il

BERKELEY LAB

e 4D Fabric project aims to ultimately develop fully fletches 4D Pixel detector technology

e Intermediate stepping stone: PixCanvas chip to build scalable digital architecture for pixel readout
chips — the “fabric”

e Joy simulation framework helped guiding design choices or clearly points towards potential future
Improvements

e RTL and verification are progressing well @ Now have enough meat to tackle digital-on-top design flow

e Analog designs to be leveraged from past 28nm submission

Special shoutout to

e Recently started working on adding new analog elements (Bias DACs) with University of Hawaii Graham and Caleb who did
most of this work during a
SULLI internship and will
continue as undergraduate
researchers:

Graham Anderson
. Undergraduate Student

e December 2026 submission will be tight, but does not seem completely unreasonable ... stay tuned

e Next iteration will aim at adding high precision timing into the design — add the “4D” to the “fabric”

e Wil need to tackle some major challenges, but network topology also opens new opportunities

Caleb Ceravolo
Undergraduate Student
Poster by Caleb e
x —1ecu vhflri’\"" ’\:

Timon Heim 19 CPAD 2026


https://indico.global/event/17230/contributions/169741/

BERKELEY LAB

Backup
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o The Overarching Goal il

Analog Front-End BERKELEY LAB

28nm CMOS

O 4D Pixel Detectors
for next-gen Colliders

On-chip
Bias Generation

ligh temporal resolution (<30ps)
High spatial resolution (<25um)
99% detection efficiency

Low Power/Low Mass

Extreme readout bandwidth
On-chip data processing
Extreme radiation tolerance
Wafer-scale detectors

~——% Pebbles/
Metarock

PixCanvas

Digital-on-top
Design Flow

Scalable
Network
Architecture

System
Integration

Timon Heim 21 CPAD 2026



Router Optimization i

BERKELEY LAB

w_occSweep5

data/ATLAS _hitfile_flat_ LO_moduleO0_MOD.root Parameters

static_fail_pct
| ordwidtn | 4

0903020202020001 0802404342431 8545,0471+9849 09030202020200071 08094043424 348454064714849 node_pixel_width
gcc (o)cC gcc gc(, gcc gcc gcc g(f. (O)Cc (o)cc 8(.(’ gc(, gcc g'(’(, gc(, gcc gc(, gcc g({(, g'cc‘\' O oacc gcc gcc (O)Cc (o)cc 8(.(’ (O)Cc gcc (O)Cc g(f. (o)cc gc(, gcc g({(, g'c(, g({(, gcc ‘gccgc(, ‘gc(,\'
P B BN B B B A B B B B B B B B BN A A S QNN IW P20 20 20 20 20 20 20 P8 P20 P20 00 20 0 2w Ow P . .
node_pixel_height
gen_chance 1.0
@ © © © © © © © D
DIV ST T A G U GO SO O S SO SO en_amount
.o’b-é)\-é,\g,\é)\c;)\o?mmo,mqmmmm gen_
gen_period
gen_period_stochastic
temp_fail_dur_min
temp_fail_dur_max 20

1

Simple Router

=
U
o

e Ranks edges by score, picks the
lowest score

e Score = distance to root + buffer
status

Average Latency

U
o

Root Spread (Stdev of packets moved)

Smart Router

)]

e Ranks edges by score, picks the
lowest score

e Score = distance to root + W *
buffer status

Success (%)

B
o

1.0

N
o

Adj Latency (Lat - #Hops to root)

0003020202 0%20201 0202404342424 545404714,9549 Colad 0202020202071 0202404342424 845404714249
. 202 0.20:20:20:70:.20-70:.0:20:214.21. 2124247424322 .2 ) 2 0--0:.20.20.20.70.20.70.. 0207432142320 2424242222

d . d CC oCC AL oL L oL oL GCC AL L GCC AL 5L ACE AL CC GCC CC oL oCC CC 5CC AL 5CC L AL oL ACC L L GCC AL 5L ACC ACE oCC GCC oCC L oCC
[ Welgl'lt W to be Opt””' Zed 205%0 O\ O O O O O O O O O O O O O O O P B e 0 205%0 O O\ O OO0 O O O O O O O B O O P B O P P

B simple smartmod
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Topology Comparison | o

BERKELEY LAB

Metrics vs gen_period
data/ATLAS_hitfile flat LO_module0 MOD.root Parameter Value

# of cycles from data entering network

' max edges
smaller = better Sigma of number of packets routed by each root _edg 1

smaller = better

static_fail_pct 0.0

o0
o
N

temp_fail pct 0.0
grid_width 48
grid_height 50

(*)]
o
N -

BN
o
1

= [
o w
o (@)
1 ||

buffer_size 10
rounds 500000

) - ’ node pixel width |8

gen_period gen_period node_pixel height | 8

# of cycles from data entering network minus min. Number of hops ~ Number of packets routed out / total number of packets gen chance 1.0

smaller = better higher = better
250 - 100 - - gen_amount 1

Average Latency
Root Concentration

%)

o

N P
N
o

A -

gen_period_stoc 1

200 - 80 -

temp_fail dur min |5

()]
o
N

150 : :
] temp_fail dur_ max | 20

Success (%)
S
o

1007 local_info 1

W_ocCC 1.0
w_dist 1.0

%))
o
[

Adj Latency (Lat - #Hops to root)

3 1 2 3
gen_period gen_period
Gen period -> smaller = more data

o

—&— diagonal / simple  —e— diagonal-mesh /simple == 2dmesh /simple —e= hexagonal /simple == octagonal/simple
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Topology Comparison |l o

BERKELEY LAB

Metrics vs static fail pct
data/ATLAS hitfile flat LO_module0 MOD.root Parameter Value

# of cycles from data entering network

Sigma of number of packets routed by each root max_edges 1
smaller = better

o smaller = better temp_fail_pct 0.0
300 1 grid_width 48
20 grid_height 50
2003 buffer_size 10
rounds 500000
node_pixel width 8

150 -

Average Latency

Root Concentration

100 -

%)
o
M

node_pixel _height | 8

static_fail_pct static_fail_pct gen chance 1.0

# of cycles from data entering network minus min. Number of hops Number of packets routed out / total number of packets gen_amount

smaller = better 100 - higher = better

gen_period

200 - j ;
; 80 gen_period_stoc

temp_fail_dur_min

150 A 4
: 60 - .
’ temp_fail dur_max

Success (%)

100 - ]
I 407 local_info

50 - ~o 2_4._,_:—4-'-5-""""{ 20 ] W_0CC

w_dist

Adj Latency (Lat - #Hops to root)

6 9
static_fail_pct static_fail_pct

—&— diagonal / simple  —e— diagonal-mesh / simple  —e= 2dmesh /simple —e= hexagonal /simple =@ octagonal / simple
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How to identify dynamic failures? Fal I u re DeteCt | O n BERKELEY LAB

e To reduce logic/power use data to test neighboring cores

e Means protection cannot be perfect, but identification circuit Source of temporary failures?
becomes trivial

e (Core B “acknowledge” transmission of data to the original e Single Event Effects (SEE) can upset logic
source of the data Core A, if Core A does not receive and cause abnormal behavior until reset
acknowledgment -> disables transmission to Core B for e Physical damage to chip can manifest in
some period of time temporary failures lasting from single

e Tests for multiple failures at the same time: event to failed until reset
e Data from Core A does not arrive in Core B
e (Core B does not save data correctly
e Core B is “noisy” and flooded with other data
e (Core B cannot send data onwards

1. Data is generated in Core A Core A L
2. Core A routes Data to Core B ‘ v
3. Core A starts countdown timer, §
J -

(Vp)]

©
&0
U

sends acknowledge to Core A
5. Core A receives acknowledgment b

A" Core B

in time and edge to Core B stays

Core B saves data >
4. Core B routes data to next core & * I

ol 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
SPeiDIes temp _fail pct

I I —@— diagonal-mesh / smartmod 2dmesh / smartmod  —e— hexagonal / smartmod
—@= failure_test = interval_count =M= failure test = none  =s= failure_test = perfect
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How to identify dynamic failures? Fal I u re DeteCt | O n BERKELEY LAB

e To reduce logic/power use data to test neighboring cores

e Means protection cannot be perfect, but identification circuit Source of temporary failures?
becomes trivial

e (Core B “acknowledge” transmission of data to the original e Single Event Effects (SEE) can upset logic
source of the data Core A, if Core A does not receive and cause abnormal behavior until reset
acknowledgment -> disables transmission to Core B for e Physical damage to chip can manifest in
some period of time temporary failures lasting from single

e Tests for multiple failures at the same time: event to failed until reset
e Data from Core A does not arrive in Core B
e (Core B does not save data correctly
e Core B is “noisy” and flooded with other data
e (Core B cannot send data onwards

—t

. Data is generated in Core A Core A
. Core A routes Data to Core B
Core A starts countdown timer,

Core B saves data >
4. Core B routes data to next core & ‘ I

W N

(=]
=
(V)]
wn
Q
()
o
-
(Vg

©
&0
U

sends acknowledge to Core A

5. Core A receives acknowledgment ) Core B
in time and edge to Core B stays
bl 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
SPeiDIes temp _fail pct
" J
I I —@— diagonal-mesh / smartmod 2dmesh / smartmod  —e— hexagonal / smartmod
—@= failure_test = interval_count =M= failure test = none  =s= failure_test = perfect
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How to identify dynamic failures? Fal I u re DeteCt | O n BERKELEY LAB

e To reduce logic/power use data to test neighboring cores

e Means protection cannot be perfect, but identification circuit Source of temporary failures?
becomes trivial

e (Core B “acknowledge” transmission of data to the original e Single Event Effects (SEE) can upset logic
source of the data Core A, if Core A does not receive and cause abnormal behavior until reset
acknowledgment -> disables transmission to Core B for e Physical damage to chip can manifest in
some period of time temporary failures lasting from single

e Tests for multiple failures at the same time: event to failed until reset
e Data from Core A does not arrive in Core B
e (Core B does not save data correctly
e Core B is “noisy” and flooded with other data
e (Core B cannot send data onwards

—t

. Data is generated in Core A

. Core A routes Data to Core B
Core A starts countdown timer,
Core B saves data

4. Core B routes data to next core &
sends acknowledge to Core A

Core A
5. Core A receives acknowledgment
{

L N

(=]
=
(V)]
wn
Q
()
o
-
(Vg

©
&0
U

|

I —@— diagonal-mesh / smartmod 2dmesh / smartmod  —e— hexagonal / smartmod

Core B

in time and edge to Core B stays
enables

0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
temp _fail pct

v
e
v

—@= failure_test = interval_count =M= failure test = none  =s= failure_test = perfect
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How to identify dynamic failures? Fal I u re DeteCt | O n BERKELEY LAB

e To reduce logic/power use data to test neighboring cores

e Means protection cannot be perfect, but identification circuit Source of temporary failures?
becomes trivial

e (Core B “acknowledge” transmission of data to the original e Single Event Effects (SEE) can upset logic
source of the data Core A, if Core A does not receive and cause abnormal behavior until reset
acknowledgment -> disables transmission to Core B for e Physical damage to chip can manifest in
some period of time temporary failures lasting from single

e Tests for multiple failures at the same time: event to failed until reset
e Data from Core A does not arrive in Core B
e (Core B does not save data correctly
e Core B is “noisy” and flooded with other data
e (Core B cannot send data onwards

—t

. Data is generated in Core A
. Core A routes Data to Core B
Core A starts countdown timer,

Core B saves data >
4. Core B routes data to next core & *

Core A
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sends acknowledge to Core A
5. Core A receives acknowledgment ) Core B

in time and edge to Core B stays
ol 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
SPeiDIes temp _fail pct

‘ I —@— diagonal-mesh / smartmod 2dmesh / smartmod  —e— hexagonal / smartmod
—@= failure_test = interval_count =M= failure test = none  =s= failure_test = perfect
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How to identify dynamic failures? Fal I u re DeteCt | O n BERKELEY LAB

e To reduce logic/power use data to test neighboring cores

e Means protection cannot be perfect, but identification circuit Source of temporary failures?
becomes trivial

e (Core B “acknowledge” transmission of data to the original e Single Event Effects (SEE) can upset logic
source of the data Core A, if Core A does not receive and cause abnormal behavior until reset
acknowledgment -> disables transmission to Core B for e Physical damage to chip can manifest in
some period of time temporary failures lasting from single

e Tests for multiple failures at the same time: event to failed until reset
e Data from Core A does not arrive in Core B
e (Core B does not save data correctly
e Core B is “noisy” and flooded with other data
e (Core B cannot send data onwards

—t

. Data is generated in Core A
. Core A routes Data to Core B
Core A starts countdown timer,

Core B saves data >
4. Core B routes data to next core & * I

Core A
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sends acknowledge to Core A
5. Core A receives acknowledgment ) Core B

in time and edge to Core B stays
ol 0.0000 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009
Sgeibics temp _fail pct

I I —@— diagonal-mesh / smartmod 2dmesh / smartmod  —e— hexagonal / smartmod
—@= failure_test = interval_count =M= failure test = none  =s= failure_test = perfect
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IC Design

System
Specification

Logic Design

Circuit
Design

Physical
Design

Verification
& Sign-off

Users, HUB (Concierge

Service)

https://nw-ai-hub.org/sites/default/files/media/file/28nmshuttle-townhall-webinar-slides-mar-2026.pdf

Aggregation of
Design Set-up

Super-die
Aggregation

Incorporate
Alignment Marks

“+X” Process
Test Structures

Graphic Design
System (GDS)

Users, HUB (Concierge Service),
Wafer Brokerage

Dedicated
Full-Mask
CMOS Run

Foundry,
Wafer Brokerage,
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Manufacturing

Post CMOS

Coring or Dicing

Vendors,
HUB, users

Processing

Users, HUB

Packaging
& Testing
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Digital-on-top Design Flow /jﬂ

BERKELEY LAB
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RD53 Readout Architecture /jﬂ

Hit-map
created
here

Core-col
address
added

Scan
token

<=136 b/clk

« |fall hits from one event don't fit in EOC buffer,
( ) this column will appear twice in the stream.

(#) Blue event being retrieved from columns.
Green event retrieval will begin when no
blue hits are left in column buffers.

16b/(N clks)

<= 104b/clk

EOC-in:
(104+17)b x 16

EOC buffers

—‘\
< EOC-out
(128+8)b x 8

(#)

in: 145b x 8

256b/clk

There are 7 of

. DC buffers : these in the chip.
e a4 —— Each serves 8
out: 249b x 8 D core columns

(7" serves fewer)

Stream builder

Tag added |

64b words to AURORA. Rate depends on number of lanes

: CDC buffers

‘- 40MHz clock domain
(240+17)b x 64 4 AURORA clock domain

BERKELEY LAB
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TopCompStaticl5 2dmesh moved TopCompStaticl5 2dmesh lost TopCompStaticl5 hexagonal lost
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Hybrid Technology Sensor material
Bump bonds /

| |
o \ s Fllm on Re
150 -
J150um O(10um) 4 — o
25-150umI T 25-150umI '

CMOS
Readout Chip

Film on Readout Chip (FORC)

e (Goal: deposit sensor material onto
CMOS Pixel readout chip to enable low
mass and highly scalable Pixel detectors

e Allows independent readout chip and
sensors development

e [ DRDin FY24/25 to investigate thin film

sensors using facilities available at LBNL.:

e Semiconductor Detector Lab (SDL)
e Molecular Foundry
e UC Berkeley Nanolab

e Primary sensor materials investigated:

J : known caveats but should yield
functioning detector
J (Indium Gallium Zinc Oxide):

very high electron mobility and can
theoretically yield equivalent amount
of electron/hole pairs than crystalline
silicon

Timon Heim

s, (g L
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Status

e Three prong investigation:
e 1. Identify suitable materials and understand
required processing/stackup
e 2. Understand and test constraints of direct
deposition on CMOS chips
e 3. Test industrialization and scalability of
process
e Do currently not have functioning prototype
e Had to learn a lot of material science, many of
steps we want to do are unorthodox (>1um thick
layers, substrates, deposition constraints)
e \ery close to hopefully first working a-Si prototype
e Some more work needed for IGZO due to more
complicated material stackup/processing

~~
fD‘ﬂ

BERKELEY LAB

adout Chip

Al 100 nm

Si3N4 100 nm

S1 Wafer 4” 525 um

Schematic Cross-Section
(Not drawn to scale)
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