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Introduction: CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 150 m Pixel (100x150 gm) ~16m* ~66M channels
Overall length :28.7 m Microsteips (80x180 pm) ~200m* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil careying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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HL-LHC phase: possible CMS tracker layout (Tilted Geometry)
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For this studyv we used the Flat Geomet

Challenges of tracking at the HL-LHC (2026):

 140-200 piled up p-p collisions

A single bunch crossing generates thousands of
particles

 Reconstruction of particle trajectories is challenging
even offline
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With two superimposed sensors per
module we are able to filter low pr
tracks (>2 GeV). Big data transfer

reduction O(10)
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Development of a fast track reconstructor system, which can be
used in the L1 trigger of CMS at the HL-LHC with the final latency
of ~4 us

Short term goal (End of 2016):
 Develop a small prototype (demonstrator) with the current technologies
 The prototype will demonstrate that scaling the technologies and the
system we will be able to reconstruct track at L1 within 4 ys

Long term goal (After 2016):
e R&D on the system
e Construction of the system for the Phasell of LHC (~2026)

Main aspects of this approach:
 Usage of the associative memory (AM) ASICs
e Usage of latest generation FPGAs
e Usage of the Advanced TCA (ATCA) based boards for high bandwidth data
processing
e Usage of fast serial links )



Overall project
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Latency definition
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Demonstrator

Scaled to the current technology and to a single trigger tracker tower

1st ATCA shelf:
10 Pulsar llb boards
used as data source

2016: full prototype built with two ATCA shelves and 20
Pulsar llb boards equipped with PRM mezzanines and
AM chips

AM chip mezzanine

(Test large AM banks using
currently available technology)

RTM transmission (40x710Gbps)

2nd ATCA shelf:
10 Pulsar llb boards (Testbench for next gen AM

VIPRAM/Ultrascale mezzanine

chips with latency optimized)
used as system test

bench




Main feature: avoid stub combinatorics
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wtem O layer O -«? layer 1 -«? layer 2 -_?
pattern 1f ]_.* | l.-’ | I..q
pattern 2| }-.! | }-* | |-!

SSID
LaverO

SSID
Laver

SSID

SRR R R

Laver? 9

Configuration
* The combinations of coarse position stubs (SSIDs)
generated by the tracks are stored inside the AM
chip (Pattern bank)
Operation
* The SSIDs of each tracker layers are sent to the AM
input buses
* The matched road addresses are sent as AM chip

output

Features

 Majority logic
 DC bits/layer

e Ordering of the output road
e 8 available layers, 6 used in CMS

/ READOUT TREE

SSID
Laverd LI_ALF',:’ ttttt jonale



Version

Patterns

Working

Power

Package

Technology

Area

Frequency (MHz) (W) (mm?)
AMO1 1992 128 QFP 700 nm

AMO2 1998 128 QFP 350 nm

AMO3 2004 5000 40 1.26 QFP 180 nm 100
AMO4 2012 8000 100 3.7 QFP 65 Nm 14
AMO5 2014 3000 100 BGA 65 nm 12
AMOG6 2015 128k 100 3 BGA 65 Nm 150
AMO7 2016 16k 200 0.1-0.2| BGA 28 nm 10
AMO8 2018 16k| 250-400 |0.1-0.2| BGA 28 nm 10

AMO0S5: technology testing chip
AMO0G6: production chip, used in FTK ATLAS track trigger
AMO7: 28 nm technology testing chip, tests are ongoing
AMO08: testing chip in designing phase, improved data link
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Pattern bank optimisation

i

an
size

Trade-off between AM size and FPGA resources/latency:
 More patterns in the AM chip -> less demand on FPGA
 More powerful FPGA -> less patterns in the AM chip

Number of strips in a
SSID per layer

AM chip pattern bank size per tower:
* 0.5M patterns for barrel

* 1M patterns for hybrid

* 0.5M patterns for endcap

11




INFN PRM

3 PRMs available and tested

e 12 PRMs in production for
CMS/ATLAS groups

e FPGA: Kintex Ultrascale 060

12 AMO0G: total of 1.5
Mpatterns

e GTH maximum speed: 12.5
Gpbs

e Double RLD3RAM 1 Meg x
36 x 16 Banks, 1066 MHz
DDR operation

 Flash memory

PRMO06: designed to be used in the demonstrator, with its 1.5
million pattern bank can cover a full trigger tower pattern
bank (0.5-1M patterns)

1 2 Istituto Nazionale
di Fisica Nucleare



PRMO06 HW validation

Prototype delivery date: June 2016
Prototype validation date: July 2016 PRMO06 hardware tested and

2 additional PRM06s: July 2016 working as expected
. Pulsar-PRMO06 testing date: September 2016

e GTH links: IBERT PRBS7 on all links

e AM06 communication and configuration: JTAG communication (each AMO06 tested
before to be mounted on PCB: serdes’ and bank memory with built-in test)

e Serdes links: PRBS on all links

LVDS links going to FMC connector: loopback on evaluation board, static test

e All the links with the Pulsar and they are all ok

RLD3RAM: using Xilinx tools, checked the reading and writing

External flash memory: using OpenCores IP we tried basic communication

Test of the GTH links between Pulsarllb and PRM06

IBERT eyescans @12.5Gbps

INFN Mezzanine Pulsar2b
PUlsaf PRM: u74
~ e — "uUp" Q
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Two ATCA shelves fully loaded with Pulsar llb boards (20)

|

Pattern Recognition Boards

(PRB) shelf

* One trigger tower

* 10 Pulsar llb

e Some boards equipped
with PRM

Data Source Boards
 Emulated the output of
~400 tracker modules

e 10 Pulsar llb
e 100 QSFP+ optical links

Total of 12x40=480 channels, 4.8 Tbps, extensively tested running in sync, 64/66 as link

protocol
Close collaboration: FNAL, Northwestern, U. Florida, Texas A&M, SPRACE/UERJ and Peking with /'7
support of LPC INFN
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We exploit the full meshed architecture of the ATCA shelf for data delivery

Stubs from

Data delivery latency:

Each Pulsar llb receives stubs
on 40 optical links from the
rear module

Stubs arrive in a “train” which
contains stubs for up to 8
bunch crossings (BX)

New train every 200 ns

Pulsar llb FPGA sorta the
stubs BX and sends to 7 or 8
neighbors over the backplane
Backplane transfer must
complete in 200 ns

Each board can send up to
~100 stubs to each neighbor
Full mesh channels are 2x10
Gbps

* First stub to PRM at 1.2 us

e Last stub to PRM at max 1.7 us

Istituto Nazionale
di Fisica Nucleare



Data flow in the PRM

Pulsarllb PRM

Track Parameters

> to L1T I >




PRMO06 FW data flow

Pattern memory

SSIDs(RoadlD) + RoadID

: RoadlDs
Data Organizer

Stubs(RoadID) in global
coordinates + RoadlD

hips

Filtered Stubs(RoadlID) in
global coordinates

v

Track Fitter

INFN PCA



Matched pattern

SuperStrips
Layerb
Layer4d
Layer3
« Combination builder (CB) Layer?
* Returns all the combinations with one stub per layer
e All combination builder (ACB) Layer1
* Returns all the combinations with one stub per layer
adding the permutations of 5 stubs out of 6 to recover LayerO
tracking efficiency
* Track candidate builder (TCB) |
* Returns one track candidate (5 or 6 stubs, one per layer)
* Builds the track candidate using pairs of stubs from the
first three as seeds, and checking the compatibility of the
other layer stubs. The best combination of stubs is send to
the track fitter
* Pros: less fakes/duplicates, low latency in case of high
stub combinatorics
 Cons: suboptimal in case of low stub combinators Ith?



PRMO06 FW features

* Features
* Multiple clock domains: DO and TF @ 200 MHz, TCB @ 100 MHz
* Per layer DC bits
* Full trigger tower coverage
* Multiple AM chip handling (up to 12)
* Missing layer (5/6)
* Resources: about 50% of the Kintex KU060 resources have been used. ltis
possible to add 3 more TF and one more DO.
* Power consumption with the loaded FW and 12 AM chip configured: 37 W

Utilization - Post=Implementation

LUT A RN S
LUTRAM A 18%
FF A 38%
BRAM A 63%
DSP - 18%
10 76%
cT 100%
BUFG 0 3%
MMCM 4 17%
PLL A 8%
0 25 50 75 100
Utilization (%)
-,



Event testing

 Event testing is based on different

methods, each method is compared

with the others to have a full cross

checked track reconstruction threes

 Emulation: the full reconstruction =
chain is emulated using C++/Python e
code in CMSSW in float and in
integer representation OGS

e Simulation: the vhdl/sv code that is l =3
used in the FPGA mezzanine is . ( -
simulated using ModelSim. The e ‘Testeench E
RAM and AM chip latencies have o "k

been tuned according to the HW
performance.

 TestBench: using the evaluation
board we send stubs and retrieve
the fitted track parameters using GT
links.

Emulation

I Simulation




Pattern ID distribution from HW

ttPUO events
14
B CHIP1
B CHIP2
B CHIP3
B CHIP4
O0 50 100 150 200 250 300 350 400 450 | I50>(<)10
Pattern id
Patterns are loaded in the 4 AM chips in ‘popularity’ order (chip1 most
popular patterns, chip4 least popular ones)
Matched pattern distribution In ttbar events reflects it: 1st chip has larger
matches and 4th chip has fewer matches
-
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PRMO6 timing in HW

* Processing time measured for a complex event in the test stand sampling at 200 MHz

* Goal of the FW was to deal with big pattern banks and with multiple chips, processing time
reduction is considered a secondary goal:
* No target frequency: slowed down clocks for testing Processing time from the end of stubs
 No optimisation of resources: 12 TCB, relaxed delay parameters tf"fm'sf.sm:lm thke ANDO Chfpf3“3p 8
* Presence of special pattern to control the AM chip response L1E 2ot tten track ) SlERUL SRRl

1 busy tt+PU140 event: max(stubs/layer)=138, 19 matched roads from multiple chips, 15 fitted tracks

AM stub trasmission AM p.m. Mem.

(not optimized) latency reading
—————————— el >

ILA Status:Ide
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Processing time measured for a complex events in simulation (ModelSim) with the same banks and chip
configuration

Extrapolation of the processing time in case of faster clocks. Case study:
* AM chip (AM08):250 MHz

* Data Organizer: 400 MHz

* TCB: 300 MHz

* Track Fitter: 500 MHz

Processing time from the end of stubs
transmission to the AM06 chips up to
the last fitted track in output: ~1.1 us

The same event of previous slide has been sent to simulated FW/HW

3ZNFOFDO00S

1 busy tt+PU140 event: max(stubs/layer)=138, 19 matched roads from multiple chips, 15 fitted tracks

o @10 ht data

< do l0_he_dats
‘G0 j0_he_data_
Y 3000 _ssd_dats
' G0 data vakd
Y go_new_event
' g state wrte
Y do_state_read
Y amc he data
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* pm_rd én

*  pm_rd_vakd

‘  pm_rd data
‘300 read ssd
' 3010 read roa
Y @000 read &b
‘@0 read data v
‘ do_read_end

* 10 hts outd

*  0_roadd_owtl
’ s vakdl

‘  end_roadl
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’  feeshed readng
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T date vaha
‘ teh_pt_owt
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FNAL PRM

Developed to test vertically integrated associative memory (VIPRAM) technology
Currently used to push the latency low using AM emulation (FPGA) and fast links, it
demonstrates one AM for 1/4 trigger tower
e Dual Kintex Ultrascale FPGAs
e Master FPGA: PRM firmware
e Slave FPGA: AM emulation dealing
with 1/4 of the trigger tower
36 Mb low latency DDR II+ static RAM

6 GTH
Hits "
—_— ——
and e VIPRAM
Track — iy ASIC
Stubs Master *
FPGA
PRM Firmware KUO040
mor ¢ SDRJR%RS'MI. Slave
FPGA
SRAM | ERAM)
High Speed t 4GTH t 4GTH
Low Latency
Look Up Table QSFP+ QSFP+
(optional)
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chip interfaces. The
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e The stubs related to each

matched road are combined o ]
(ACB) | PU250
« Each combination of stubs is B i
fitted with a linearized fitter 4 |
e 40 clock cycle of latency T |
* Pipelined module: 1 clock L e |
cycle per fit CH MBI the oo @ 0 W86
 Both modules running at 240 o Comections: #=#sarS s H(kS)’
MHz 90— -
* With 4x3 instances of ACB+TF ol w]
latency for PU250 events: 525 o—ry |
Nns. :;_ ] — | Transverse »?
» Truncation at 480 combinations .. | gj—— | comeonen®
selects constants) L ——
First _o_f_f_isr ................... 5 ’
¢ = ¢+AR2_p (IS(Rzipf 40 clock cycle latency
: , | woney | || || |
7 —z—ARcot()I-T %cow( 2p) R e ey 14 + 14 + 12 = 40
"""""" Second order )



FNAL FW latency and performance

System latency demonstrated with the FNAL PRM and AM chip emulation
e Data delivery to the PRM starts/ends: @1.2 -1.7 us
e + Pattern recognition starts/ends: @1.85 - 2.3 us
e + Track fitting starts/ends: @2.03 - 2.53 ps
Tested with events up to PU250
1.5 ys spare latency left to final processing (duplicate removal)

System performance
e Excellent based on today’s demonstrator
e Room for additional improvements
 Bank optimization
 Dedicated banks (electrons, jets)
e Combinatorics reduction



Efficiency vs pT: 2-8 GeV, 8-100 GeV
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System perf. - Single pions

Efficiency vs pT: 2-8 GeV, 8-100 GeV
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Conclusions

A low latency track reconstruction demonstrator for L1 trigger
of CMS for HL-LHC has been built

* A system of 2 ATCA shelves demonstrated the data delivery
from the tracker front-end electronics to the PRMs

A fully equipped PRM designed with current available
hardware validated the concept of pattern matching with
multiple AM chips in parallel and the full process up to
fitting

e A PRM with an AM chip emulation showed that the pattern
matching and track fitting can be done with less than 4 us
with the future chips and technologies

 Excellent performance for muons and tracks with very good
pt resolution up to event with PU200 and double ttbar
events

3 2 Istituto Nazionale
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Timeline

High
Luminosity
LHC

LHC /HL-LHC Plan

LHC
LS1 EYETS 14 TeV 14 TeV
13-14 TeV energy
splice consolidation injector upgrade R ﬂ '
7Tey 8TeV button collimators %';s cryo Point 4 - de HL-LHC installation Raminoslly
—_— R2E project DS collimation 1P2 regions fe——
P Bz bao B faos Paos Paor mmmm“
radiation
damage
5 2 x nominal luminosity -
nominal nominal luminosity | experimentupgrade | ' experiment upgrade
experiment beam pipes / phrase 1 phase 2
. ) integrated
300 fb" 3000 fb! t-dwens

. | 5ot
—r—»

Phase 2 R&D and Design Phase 2 build-up

Istituto Nazionale
di Fisica Nucleare

34



Motivation

HL-LHC physics goals require excellent Trigger selectivity on basic
objects (leptons, jets, b-jets, MET)
This might be jeopardized by the increased level of pileup events
 Huge rate of py from heavy flavors = use better pr resolution from tracker
 Prompt electrons at L1 need to be separated from huge y = Tracker tracks

* High ET jets from (many) different primary vertices = jet-vertex association
 Photon isolation in Calorimeters compromised by large pileup = use tracks

CMS Simulation, Phase-2, < PU » = 140 SingleTau, < PU > = 140

TkColoTows (ColoTous and Troa;

Rate (kHz)
Rate (kHz)

.
FrOH T

TREmMTaus (EM and Tracks)
-

.
T

IOE'

10 20 30 40 50 20 40 60 80 100
E, threshold (GeV) p, threshold (GeV)
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Module readout

2S module
1
FE hybrid FE hybrid
- R
cBC cBC
H | ciCc cic
Service hybrid
A LpGBT ViR - @-) =

BE

} LpGBT
———y FPGA
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Route
L1 track-finding

Pattern
Track fit
Route

CTRL
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Don’t care bits

In AMchip04 it was introduced the possibility to have ternary logic (don't care) bits to achieve
variable resolution .
» For each layer: a "bin" is identified by a number with DC bits (X)

» Least significant bits of “bin" number can use 3 states (0, 1, X)
» The "bin" number is stored in the Associative Memory
[

The DC bits can be used to OR neighborhood high-resolution bins, which differ by few
bits, without increasing the number of patterns

Pixels:
0 1 4 5 IERFE; (Uslng binary format )
- “01010" selects bin 10
8 9 11 12 13 ELEEL “0001x” selects bins 2 or 3

II:I 17 18 19 20 21 22 23 “41x000"” selects bins 16 or 24
“Ox11x" selects bins 6,7,14, or 15

El2s 26 27 EENESNEONEEN | -111xc selects bins 281031

Francesco Crescioli’s slide
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INFN PRM data flow (RoadIlD/Tracks)

PRM

ol L.
Aw -

we b
- aw . aw

HSSL@2Gbps

4xHSSL @8-10 Gbps |i ‘i 4xHSSL @8-10 Gbps

Y Pulsarlb Y o




INFN PRM data flow (stubs/SSIDs)

PRM

8xHSSL @2 Gbpsf A 8xHSSL @2 Gbps

4xHSSL 8-10 Gbps 4xHSSL @8-10 Gbps

3xHSSL @10 Gbps * Pu|sar"b * 3xHSSL @10 Gbps )




FNAL PRM -

AM Emulation

AM in FPGA: Overview

O AMin FPGA: very closely follows
the AM ASIC (chip) design

o Match two silicon tiers in ASIC with two
modules in FPGA firmware

CAM Tier -> a 2D array of Patterns

I/O Tier -> input and output of fired roads

o Pipelined operation

CAM tier: processes pattern matching with
stubs for current event N

I/O tier: outputs road addresses for event
N-1 at the same time

-
= =

Globwl * Combination Builder + Track Fitter

--------------------------------------------------

/0 TIER -
Address
Input

)
1
1
]
1
)
|}
]
1
' Stubs
)
1
1
]
1
i
]
1
1
|}

Layer Road
Data Serialization | Address
R

A "CAM Tier" “VO Tier"




Pulsar llb

* FNAL developed ATCA board &
Rear transition module

- Pulsar-2b

e Virtex 7 FPGA
e« 80GTH @ up to 13.1 Gpbs

- 40 to RTM
- 28 to backplane
- 12 to FMCs

- RTM

* V2.0 (not shown) completed
in July 2014

. 10 QSFP+ (400 Gpbs)

(slide from FNAL)
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TF implementation

N
pi = Zaijxj + b;
j=1

— Extensive use of DSP unit
||§| 'D"" 'L__l"“ L=No of layers

5 C=Coordinates / layer Frequency Of 500MHZ+
-(_lélm + Initial delivery of the results 100ns latency
o | | - — + Any new result pops up every 2 ns
(LXC) = m =
| B Multiple units can run in parallel
/t::its = 0T _.EI 4 't f-t H -d d d . " =
o) [ . un_l s can fit in a mid-grade device giving
o1 2GFits/sec
4@? ~ « Fit coefficients stored in BRAM
e -ucel e {2 memory resources
m_.@m + If we can do with a small number of
SR coefficient sets, possible to fit more TF units
fes}—es in high grade devices
5]
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Track candidate builder

From the identify pattern we select an unique set of the stubs
compatible with stub pairs (seeds) from PS layers/strings

Lay 10 qq
e Simultaneously operated on (R,®) and (r,z)
Lay 9 planes
D e Alighed stubs are added into temporary
\ tracks and the best one outcome the TCB
Lay 8 e Patterns from the AM chip can be send to
\ different TCB instances
R |Lay7 &  Moderate FPGA resource occupancy
\ * High efficiency (>98%)
Lay 6 e Latency studied in case of 1000 140PU +
4ttbar events, 10 TCB instances ~ 100
Lay 5 \ clock cycle on average
z @ Good stub
@ Fake stub
) Fountain pattern (AM)
@ Current seed stub 3

43 Istituto Nazionale
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INFN Track fitter PCA

N
Principal Components Analysis (PCA) p; = Z ;i + by
e Linearization of the fit problem =1 7

p; = helix parameter
x; = stub coordinate

a;; and b; = constants, from simulations

Factorizing the 3D problem into 2 views
e R-z: 20 bins in eta (0.05 wide)
 R-@: pT bins x2 (charge)
e Rationale is to keep small the number of constants stored in BRAM
memory and to allow more fitters implemented in the FPGA

Implemented both in floating point and in integer representation (C++)
e Coordinated represented with 18 bits

e Constants represented with 24 bits
* Perfect agreement between the floating point and integer representation
fitter in C++ )

44 Istituto Nazionale
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A) Yot Sas
§) DO shubn rput r —

C) PRAM sl rput 5t

O MRAN et oot

#) 00 e rous -

P o e -

Choch 152 32w Clock 200 (833ns) &5 e

At 2533 ns, track fitting ends
At 1200 ns+ 833ns = 2033ns, track fitting starts

At 1200 ns + 650ns ~ 1850 ns, the first road with full

resolution stubs are ready for downstream CB/TF ...
At 1233 ns, the first stubs/SS arrives at AM input
At 1200 ns, first stubs arrive at PRM input from Pulsar

Works for PU140, PU200, PU250 events, and most of
the ttbar + PU200 events (except the very high tail end)

Istituto Nazionale
di Fisica Nucleare



5 100 150 200 250 300
# of stubs per tower per layer

A

Layer 8

50 100 150 200 250 300
# of stubs per tower per layer

Tracker data

0 50 100 15 200 250 300
# of stubs per tower per layer

00 50 100 150 200 250 300

# of stubs per tower per layer

50 100 150 200 250 300
# of stubs per tower per layer

S

3 Layer 10

% 50 100 150 200 250 300

# of stubs per tower per layer

Off cial deltaS cut (3 GeV inner layers, 2 GeV outer layers)

Data flow goes
from PRB to PRM
via 6 10 Gbps input
lane, each lane for
a 'ayer
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Track rate

ﬂ L ] L] 1] L) l 1 L 1 T I T 1] 1 1 ] L) 1 1 T ] T 1 1 ] ] T Ll L L]
N At 7T 7 bt L D L - - .
2 0.18F = Track Rate:
§ | ACB Track Rate: 1 2
o 0.16F ¢: = w PUO: 20
7 PUQ: 23 5 PU140: 50
0.14F i PU140: 57 E :
012 ¢ PUR00: 77 - PUR0OO: 63
0.1 + 414 -
Ee L :
008H, %4 % w E
006 i ®% | o With truncation —
oo L% 2. Vi tuncation, - 2. Wibdsinestion, o=
o SRS TR, e P
0.02}- 4 \ \l - <PU>=200 - —8— <PU>=200 —
O‘L‘A_%L,ULJLJL:I RPN NPT TSRS S SR R
0 50 0 250 300 150 200 250 300
# tracks (p_ >3 GeV) / event # tracks (p, >3 GeV) / event



