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e Rich physics but challenging condition at HL-LHC (pileup at 200!)

e How to keep reasonable threshold at Level 1?

e Tracking!
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https://cds.cern.ch/record/2714892/files/CMS-TDR-021.pdf
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Phase 2 Outer Tracker
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® pr modules to reject low pr tracks
Dt Tz ® Reduce data by factor 10-20
vaeuby ® Two stage processing:
® Data Trigger & Control (DTC) — Track
Finder
ezt @ ]5k-25k stubs per bunch crossing (25ns)
® Need tracks within 5 ps after collision
b/s/board @ ~300 tracks with pT > 2 GeV

Stub Pass
LITTTTTT T [TTTTTTTITTT I TTTI
1+4mm
[HEEEREEEER RENERNNERENNEREE NEEEEEEEER
H
<100 pm
yl pT>2G6V

Detector nonant
boundaries

Detector
nonant

R. Zou (Cornell) 4

July 19,2023



Parallelization

e Track Finder uses hourglass-shaped nonant
® To avoid cross-sector communication
e 18 time slices per nonant: 9 x 18 = 162 TFP boards
e FEach TFP board: 48 input, 6 output optical links @ 25 Gb/s

x24 DTCs per detector ¢ sector;
X9 detector ¢ sectors each DTC transmits to two
neighbouring TF nonants (36 TFPs)

w
: \24 x18 time slices per nonant;
4 each TFP receives input data from two
neighbouring detector ¢ sectors (48 DTCs)
DTC
gEoa 18
Track Finding ¢ '\\
nonant
x9 TF nonants in ¢
, TFP
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‘ R
DTC
Detector ¢ x9 detector ¢ sectors
sector
DTC TFP
Outer Tracker . _
Data Trigger & Control Track Finder Processor
Hourglass shape eliminates need
of cross-sector communication
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Hardware Plan

Design

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Pilot Production = cooiiivn BNl ‘ Float

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029
1 e —

L.S3 HL-LHC

Now

e Apollo ATCA platform will be used for TFP (talk, paper)

e Rev2 design fully evaluated
® C(Clock related updates, upgraded components, Halogen-free material
e 2 VUI3P FPGAs, 100+ optical links @ 25 Gb/s (+352 inter FPGA links)
e Link integrity tests, power/thermal performance

e Target optical engine (12 ch x25 Gb/s Firefly) still in prototype phase
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https://indico.cern.ch/event/1019078/contributions/4444387/
https://iopscience.iop.org/article/10.1088/1748-0221/17/04/C04033
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All Firefly links tested @ 25
Gb/s & achieved BER <
10-16

Next: no major design change
anticipated for pilot production
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From Stubs to Tracks

Tracklet = pair of stubs for seeding Project to other layers Fit to all stubs
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e Three major steps to tracks:
e Seeding — Projection — Fitting
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Tracking Performance

e Expected tracking performance based on simulation
e High efficiency across pr/1
® Precise zp resolution for vertex association
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Firmware Implementation

InputRouter

InputStub
® Algorithm divided into HLS/HDL modules ! R
ubs Pattern
® (Connected by RAMs when necessary SHSHD Recognization

ILS)

y

TrackletProcessor

® FEach module tested individually
® Auto-generated HDL top level TrackletProjection

® Feature:

TrackletParameter

e Fixed latency target: 4 us

® New event received @ every 450 ns

progress)

® Processing speed: 240 MHz

Fit (HDL)

OutputFormatter
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Firmware Integration

® Goal: build firmware for full detector step by step
® A ‘skinny’ chain was demonstrated on Apollo revl

® (Covering a very small detector region
® 1000 ttbar events + 200 PU

Events in agreement (%)

Pattern recognition alone 98.1
Fit alone 100

® Moved on to full barrel project (2/3 of full) on Apollo
rev2
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Full Barrel Project

® Seeding & stub matching only in barrel layers s

. . . Worst Negative Slack (WNS): -0.638 ns
e Started with pattern recognization modules only

Total Negative Slack (TNS):  -4295.708 ns
Number of Failing Endpoints: 25225
Total Number of Endpoints: 1230879

e Challenging to meet timing requirement (240 MHZz)  timing constraints are not met.
® Timing failure comes from routing issues

VU13P LUTS FF BRAM DSP
Total 364145 494844 923 1176
Available 1728000 3456000 5376 12288
Utilization (%) 21.1 14.3 34.3 9.6
v
Setup
® Machine learning based Vivado firmware Worst-Nagative Slack LhbGE, “atene

Total Negative Slack (TNS):  -6.893 ns
Number of Failing Endpoints: 261
Total Number of Endpoints: 1088097

implementation strategy helped

Timing constraints are not met.
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https://docs.xilinx.com/r/en-US/ug949-vivado-design-methodology/Using-Intelligent-Design-Runs

Congestions & Solutions

® [ots of congestions between two modules (TP& MP)
® Adding and optimizing pipelines helped

e Xilinx Ultrascale+ FPGAs use Stacked Silicon Interconnect (SSI)
technology
e Multiple silicon dies stacked and connected through an interposer
e FEach silicon die is called a Super Logic Region (SLR)
® A lot of our issues come from signals crossing SLRs 2 2T 2 1% 15
SLLR il ,:;A,;-;a,,_;%;:%; B

VUI13P-2

Need to use floor planning
to reduce SLR crossings!
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Floor planning reduced SLR crossings:
18503 — 7305

Setup

Worst Negative Slack (WNS): 0.015 ns
Total Negative Slack (TNS):  0.000 ns
Number of Failing Endpoints: 0

Total Number of Endpoints: 1095408

VUI3P.2 VU13P.2

e Full barrel project passed timing!

e Pattern recognization modules only

e Pipelines, various trials of floor planning and implementation strategy
e Moving on to integrate with Kalman Fitter and test on Apollo rev2
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Summary

® L1 Track Trigger Upgrade: crucial to achieve physics goals

® Firmware Status:
® Demonstrated full algorithm chain with narrow coverage on Apollo revl
e Full barrel project passed timing requirement
® [ earned a lot about timing optimization strategies
® Moving on to test on Apollo rev2
e Aim to demonstrate full detector coverage this year
® Algorithm to be split between two FPGAs

® Hardware Status:
® Rev?2 design fully validated
® No major design change anticipated in Pilot production
® Optical engine readiness the biggest uncertainty
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Backup
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Tracking Usage at L1
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ower Measurement

e Read out
current from

the 12V

e Read out
current from
each
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MCU POWER N

Power for MCU, 12C buffers, 12C pullups

W 3WeA ) vmew |

GENERAL POWER

Power for FireFlys, Clock Distribution, GTY Vi
regulators (3.3v i .8V)

N
E—

. Blue ovals indicate resistor current sensors for
regulators that do not have built-in sensing.

@ Bright yellow circles indicate power switching sequence. A value
of “0” indicates that the regulator output is enabled as soon as
12v is applied to the board.

PART Dark yellow rectangles are voltage regulators.

NET Beige rectangles show power net names.

:

0.85V 160A > Blue arrows show voltage and current ratings.

19
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Link Quality Check

e Eye diagrams: 2D scan in Unit Interval (UI) and voltage
e (Qualitative check, takes longer time
e Bathtub curves: 1D scan in Ul @ voltage midpoint
e Extrapolatable
e Both measure jitter probability distribution function (PDF)
e Deterministic jitter: systematic effects such as crosstalk, duty-cycle-
distortion
® Random jitter: accumulation of random process. Gaussian

uuuuuuuuuuu

Good eye | Bad eye
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Link Integrity Tests

e All Firefly links tested @ 25 Gb/s and achieved BER < 10-16
e Eye diagrams performed to check margins: all big and open
e Only reflect path between receiver & FPGA due to clock-data recovery

e FEvaluated 12 ch 25 Gb/s Firefly prototype-2: satisfactory margin on Apollo rev2

™ RX Status

MGT_XOY16/TX MGT_X0Y16/RX 25.781 Gbps
MGT_XOY17/TX MGT_XO0Y1 7/RX 25.766 Gbps
MGT_XO0Y18/TX MGT_X0Y18/RX 25.782 Gbps
MGT_X0Y19/TX MGT_X0Y19/RX 25.781 Gbps
MGT_X0Y32/TX MGT_X0Y32/RX 25.781 Gbps
MGT_XOY33/TX MGT_X0Y33/RX 25.781 Gbps
MGT_XOY34/TX MGT_X0Y34/RX 25.781 Gbps
MGT_XO0Y35/TX MGT_X0Y35/RX 25.781 Gbps
MGT_XO0Y36/TX MGT_X0Y36/RX 25.781 Gbps

Voltage (Codes)

R. Zou (Cornell)

Bits

1.083E16
1.083E16
1.083E16
1.083E16
1.083E16
1.083E16
1.083E16
1.083E16
1.083E16

Errors

0EO
QEQ
0EOQ
0EO
0EQ
0EQ
OEQ
0EOQ
0EO

BER

BERT Reset

Reset

9.237€.17
9.237€17

9.237617 |

Reset |

9.237E-17
8.237E-17
9.237€-17
9.237E-17

9.237E17 |

Reset |

TX Pattern

PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit

9.237E-17 PRBS 31-bit
A Typical Eyescan

Unit Interval

0

¢ € € ¢ € ¢ ¢ < < <

PRBS tests in Vivado GUI

RX Pattern

PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit
PRBS 31-bit

€ € € ¢ <€ ¢ ¢ < < KL

TX Pre-Cursor

0.00 de (00000)
0.00 dB (00000)
0.00 dB (00000)
0.00 dB (00000)
0.00 dB (00000)
0.00 de (00000)
0.00 dB (00000)
0.00 dB (00000)
0.00 de (00000)
0.00 dB (00000)

¢ € € € ¢ ¢ ¢ < < <

TX Post-Cursor

0.00 de (00000)
0.00 dB (00000)
0.00 dB (00000)
0.00 de (00000)
0.00 dB (00000)
0.00 dE (00000)
0.00 dB (00000)
0.00 dB (00000)
0.00 de (00000)
0.00 dB (00000)

BER

5.0e-03

1.0e-03
5.0e-04

1.0e-04
5.0e-05

1.0e-05

¢ € € ¢€ ¢ ¢ ¢ ¢ ¢ <

TX Diff Swing

950 mV (11000)
950 mv (11000)
950 mv (11000)
950 mV (11000)
950 mV (11000)
950 mv (11000)
950 mv (11000)
950 mVv (11000)
950 mV (11000)
950 mv (11000)

¢ € € ¢€ ¢ ¢ ¢ ¢ ¢ <

DFE Enabled
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