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CONTEXT AND MAIN GOAL

At hadron collliders:

• Common problem: 
identification of particle 
tracks in vertex detector

Huge amount of 
produced data

• Limited amout of events 
can be transferred 

Data reduction must 
be performed 

Trigger system 

• Particle track 
recognition in real time
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DEDICATED HARDWARE

Pattern recognition problem can be 
solved by an Associative Memory 

(AM) chip

Integrated 
circuit

Content 
Addressable 

memory

Maximum level 
of parallelism

Comparison
of input data 
with a set of 
precomputed 

patterns stored 
in a memory

Select few 
tracks among 
several tracks

1990: AM chip v.1 – ASIC CMOS 700 nm with 128 patterns 

1998: AM chip v.2 – FPGA same of AM chip v.1 

2004: AM chip v.3 – ASIC CMOS 180 nm with 5000 patterns
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AMCHIP APPROACH
Two common memory devices are RAMs and CAMs. The 
Associative Memory is an evolution over the concept of CAM

Type Function Application

RAM write data at address 

read data from address

common memory device used for data 

storage in information technology

CAM write data at address

find addresses that 

match data

sparse database search, cache, routing 

tables

AM write segmented data

at address find 

addresses that match a

combination of segments 

within a data sample

combinatorial pattern matching,

CDF SVT, ATLAS FTK, in future CMS, ATLAS 

FTK++, and interdisciplinary application with 

IMPART and IAPP

It is more than a memory device, it is an engine to solve a class of combinatorial 
problem
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AMCHIP TREND

Since 2010:

•AM chip v. 4 designed 
and characterized 2012 
– area: 14 mm² – cost: 
50 k€ – 8 
kpattens

Since 2011:

•AM chip v. 5-mini@sic designed and characterized 2012 – area: 
4 mm² – cost: 20 k€ – 256 pattens for cell test

•AM chip v. 5-mpw designed and characterized 2013 – area: 12 
mm² – cost: 75 k€ – 5 kpattens

•AM chip v. 6 under design; to be submitted in Dec. 2014 – area: 
160 mm² – cost: 550 k€ – 128 kpattens -
421 millions transistors

2015-2017 
IMPART+RDPHASE_2

•AM07 chips will be  
designed and characterized 
within the project for several 
disciplines:

•Image analysis

•DNA sequencing

•Trigger DAQ (CMS* + 
ATLAS)

65 nm 65 nm 28 nm + FPGA
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*https://cds.cern.ch/record/2263760/files/CR2017_117.pdf

https://cds.cern.ch/record/2263760/files/CR2017_117.pdf


AM09
DEC 2022 

area: 150 mm²

SCHEDULE FOR THE NEXT CHIPS

AM08 AM09 

AM07

OCT 2016

SUBMISSION

AM07

SEP 2017

CHARACTERISATION

AM08

JUN 2017
LOCK SPECS

AM08

DEC 2020 
SUBMISSION

AM08

MAR 2021
CHARACTERISATION
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Chip name Transistor count Year Brand Technology Area

Core 2 Duo Conroe 291,000,000 2006 Intel 65 nm 143 mm²

Itanium 2 Madison 6M 410,000,000 2003 Intel 130 nm 374 mm²

Core 2 Duo Wolfdale 411,000,000 2007 Intel 45 nm 107 mm²

AM06 421,000,000 2014 AMteam 65 nm 168 mm²

Itanium 2 with 9 MB cache 592,000,000 2004 Intel 130 nm 432 mm²

Core i7 (Quad) 731,000,000 2008 Intel 45 nm 263 mm²

Quad-core z196[20] 1,400,000,000 2010 IBM 45 nm 512 mm²

Quad-core + GPU Core i7 Ivy Bridge 1,400,000,000 2012 Intel 22 nm 160 mm²

Quad-core + GPU Core i7 Haswell 1,400,000,000 2014 Intel 22 nm 177 mm²

AM09 1,684,000,000 2019 AMteam 28 nm 150 mm²

Dual-core Itanium 2 1,700,000,000 2006 Intel 90 nm 596 mm²

AMCHIP DESIGN COMPLEXITY VS CPUS
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http://en.wikipedia.org/wiki/Core_2_Duo
http://en.wikipedia.org/wiki/Itanium_2
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DESIGN METHODOLOGY

More repetitive parts have 
been design “by hand” with 

a full custom approach

More complex logics have 
been design with automatic 

tools based on standard cells 
(synthesis, place & route)

MIXED APPROACH



DESIGN METHODOLOGY

MIXED APPROACH



DESIGN METHODOLOGY

MIXED APPROACH

Full custom

Standard 
cells



DESIGN METHODOLOGY

MIXED APPROACH

More 
repetitive 

parts

More 
complex 
logics



AM09 COMPLEXITY
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AM06 and AM09 are two of the most 
complex chips designed within CERN 

collaboration

Comparison rate:

AM09 about 0.2 zeta comparisons per second per chip

AM06 about 15 exa comparisons per second per chip

18 settembre 2020



18 settembre 2020 SIF - CONVEGNO 2020 14

AM04: THE FIRST PROTOTYPE FOR FTK



THE XORAM CELL
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Based on the 
previous 65 nm 

XORAM cell

Based on the 
XOR boolean 

function, 
instead of the 

NAND and 
NOR functions

Is made of a 
6T SRAM cell 

connected to a 
6T-XOR gate

18 settembre 2020



18 settembre 2020 SIF - CONVEGNO 2020 16

AM05: THE LAST PROTOTYPE FOR FTK
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AM06: THE INDUSTRIALIZED CHIP FOR FTK



NEW OPTIMIZED CELLS
With similar power save methods 
we designed two new cell tech:

DOXORAM

KOXORAM
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Italian Patent: A. Annovi, L. 

Frontini, V. Liberali, A. Stabile, 

“MEMORIA CAM”, 

UA2016A005430
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FULL CUSTOM CELL: 
ENERGY CONSUMPTION VS AREA
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KOXORAM

DOXORAM

XORAM – 28 nm

XORAM – 65 nm

18 settembre 2020

factor x30 

w.r.t to AM03

used for CDF

factor x4 

w.r.t to AM06

used for FTK
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AM07: THE PROTOTYPE
FOR INTERDISCIPLINARY
APPLICATION
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COMPUTER VISION FOR SMART CAMERAS AND 
MEDICAL IMAGING APPLICATIONS

Smart cameras capture high-level description of a scene and perform  
real-time extraction of meaningful information
 Current compression algorithms: few seconds are required 

 For safety-critical applications (e.g., transports, or personnel tracking in a dangerous 
environment), latency could lead to serious problems.

1M. Del Viva, G. Punzi, and D. Benedetti. Information and Perception of Meaningful Patterns. PloS one 8.7 (2013): e69154.

Del Viva et al algorithm1 studied how to reproduce initial stage of the brain visual processing: find contourns 

off-line 
simulation 

results
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FUTURE DEVELOPMENTS

Automated medical diagnosis:

• Huge amount of image data

• time-varying images 

• very accurate resolution

Real-time applications for MRI 
fingerprint in collaboration with the 

INFN-Pisa research group 

• Guido Buonincontri’s CSN5 funded 
project in 2015 and PUMA project

IMPART-based system performance:

• Human exome: 1.5 % subset of the human 
genome (25 million nucleotide pairs)

• Nucleotide encoding: FASTA format (at 
least 4 bits are needed)

• Whole exome alignment with this device:
~ 4 s 

Commercial machines performance:

• Bowtie based machines: 1 CPU hour

DNA application

Speed improvement factor is about 900x

Medical application
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AM08 AND AM09

AM08 is a 12 kpatterns 1 and AM09 is a 3×128 kpatterns low power CMOS
associative memories organized as 3 (AM08) or 96 (AM09) 4 kpatterns cores
respectively.

It is fabricated using very high performance, high reliability CMOS technology
at 28 nm (HPC – 10 metal layers + RDL).

The AM08 and AM09 devices are well designed for high energy
applications, and particularly well suited for ATLAS trigger applications.

The AM08 and AM09 operate with a nominal power supply of 1.0V and all
data inputs and outputs are fully LVDS18 compatible.

The LVDS18 I/O have been designed to works at 1 Gbps.

• AM08 prototype: small area MPW prototype to test all the full custom 
features, the VHDL logic and the I/O. This chip must be fully functional with 
smaller memory area than the final ASIC; 

• AM09pre pre-production: full area ASIC to be fabricated with a full-mask 
set pilot run. Production corner wafers will be created; 

• AM09 production: full area ASIC with refinements for the mass production. 
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CONCLUSION AND SOCIAL IMPACT

This innovative 
systems 

ameliorate the 
efficiency of 
many HEP 

trigger system

Smart cameras 
with this system 

could be 
installed in 

remote 
environments 

(forests or 
mountains)

DNA sequencing
could benefit 

from the project

The system 
could be also 
used to better 
filtering the 
fingerprint 
magnetic 
resonance 

images (MRI)

Several applications could benefit from the project outcome.



BACKUP A. Stabile
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FAST TRACKER (FTK) 

Il trigger sul momento trasverso mancante è la chiave di numerose 
misure di Fisica: gli articoli riportano rispettivamente la prima 
evidenza del decadimento 𝐻 → 𝑏ത𝑏 e la ricerca di nuovi fenomeni 
fisici
 FasTracKer (FTK) è il processore usato per il run2 di LHC e permetterà di migliorare i 

trigger calorimetrici usati finora aggiungendovi l’identificazione dei vertici primari 
per sopprimere l’effetto del pile-up. 

La selezione di muoni isolati è critica per la ricerca di nuova fisica, 
come ad esempio in SUSY dove i muoni ad alto momento trasverso o 
i decadimenti ad alta massa (Z′ → 𝜇𝜇 ). O meglio ancora per lo 
studio di processi del modello standard come ad esempio W →
𝜇𝜈 o Z → 𝜇𝜇.

Con le informazioni di tracciamento disponibili in anticipo da FTK, si 
può  calcolare l’isolamento usando solamente le tracce che puntano 
allo z0 delle tracce dei muoni. 
 Questo isolamento basato su tracce rimuove ogni necessità di utilizzo di dati 

energetici mantenendo un’alta efficienza per i muoni singoli/isolati in un ambiente 
ad alto pileup. 
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THE FTK SYSTEM
The whole FastTraKer (FTK) system stores one billion (109) patterns (31 Ebit/s) 

 8 Mpatterns per board (128 boards)

 128 kpatterns per chip (64 AM chips / board)

 A pattern is composed by 18 bits × 8 words
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Major concerns:

• high pattern density                        
 large silicon area

• I/O signal congestion at board 
level (solution: 2 Gbit/s serial 
links)

• Maximum power limited by 
cooling (because we are fitting  
8192 AMchips in 8 VME crates): 
250 W per AM board

1A. Andreani et al., \The AMchip04 and the processing unit 

prototype for the FastTracker,“ IOP J. Instr. 7 (2012) C08007
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Questo paper racconta di 
come FTK migliora le 
performance di trigger
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HARDWARE FOR THE TRACK 
TRIGGER (HTT)
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from the TDAQ TDR of 2019
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HTT ARCHITECTURE

Several reasons motivate this decision, 

which include considerable experience in 

the AM technology, the potential for 

short latency, a lower power budget and 

less demanding space requirements 

compared to other technologies, its cost 

effectiveness and the independence of its 

cost from the commodity computing 

market, availability of in-house 

expertise, and the capability to evolve 

the HTT system for

use in the hardware-based Level-1 

trigger, should ATLAS need to change to 

a dual L0/L1 trigger system
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