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.dule Overview

= |1 Prototyping/R&D phase 2017-2019, for Trigger TDR at
end of 2019 (FDR/CD2)

" |1 Preproduction phase 2020, for Trigger ESR
" |1 Production phase 2021-2023
= L1 Installation phase 2024
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Schedule Overview

= Schedule Basis

= Phase-1 Construction and Installation schedule experience
= Next slides

= R&D program concludes with subsystem interconnect test at
the end of CY19:

= Calorimeter BE - Calorimeter Trigger - Correlator
= Test provides input for Trigger TDR

= Pre-production testing concludes at end of CY20

= Production starts with a pilot run of a few cards with card
tests complete by end of CY21

= CY22 uses pilot and pre-production cards for final system integration
tests

= Full production starts with funding for parts procurement at
beginning of CY23

= Production testing complete and system shipped by end of CY23
= Testing, installation and integration at CERN in FY24
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Construction Schedule Planning

" Input: U. Wisc. CTP 7 MicroTCA Card for Phase 1 Cal. Trig.
= 12 MGT MicroTCA backplane links
= 67 Rx and 48 Tx 10G optical links

= Virtex-7 690T FPGA
= Data Processor

= ZYNQ 045 System-on-Chip (SoC)
= embedded Linux control platform

= Phase 1 Production Experience:
= 1st Proto: Q4/CY13

6 Pre. Prod. Proto: Q2-3/CY14
1st Production Board: Q1/CY15
50 Board Production Complete Q2CY15
Installation Complete: Q2/CY15
Commissioned, Operations start: Q3/CY15

= Layer-1 Calorimeter Trigger since 2016
= 21 Months: 1st prototype to pp operations

= On schedule and on budget (performance in backup)
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-struction Schedule Milestones

" FY21 » 2022Q3 system integration
= 2020Q4 preproduction test test
= 2021Q1 final production
design optimization = FY23
= 2021Q2 pilot production = 2022Q4 final procurement
procure = 2023Q1 final manufacture
" 2021Q3 pilot production = 2023Q2 final test batch 1
manufacture = 2023Q3 final test batch 2,
ship batch 1
= FY22
= 2021Q4 pilot test " FY24
= 2022Q1 system integration = 2023Q4 ship batch 2
assembly = 2024Q1-Q3 installation and
= 2022Q2 system integration integration at P5

test
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External Dependencies

® Minimal

= Since calorimeter trigger has full self-test capabilities, both
threshold and objective KPP are satisfied w/o requiring
connected inputs or outputs.

" Trigger electronics can store up sequences of test patterns
and inject them into the front end of the trigger electronics
at speed

= Trigger electronics can receive its output, process and
record this at speed for subsequent readout by DAQ.

= Because of exhaustive self-test capabilities, we can flexibly
install and commission the calorimeter trigger system
independently from CMS completion status
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.shold and Objective KPPs

CMS-doc-13237
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Critical Path and Float

Calo Trig Prod, FW and SW experience
e “Pilot runs” provide early validation of
production.

e Schedule based on successful Phase-1
Long Shutdown 3

Threshold KPP: T-KPP-TD-1
Calorimeter Trigger Construction Complete

has 9 months of float to:

CMS need-by date
Objective KPP: O-KPP-TD-1 Cal. Trigger
Installation/Commission Complete

has 14 months of float to:

CMS ready for operations
T-KPP-TD-1 has 3.8 years of float to CD-4

—Z —

O-KPP-TD-1 has 2.5 years of float to CD-4

g

Trigger ready for
CMS operations CD-4
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-Costs: Calorimeter Trigger
CMS-doc-13215

June 5-7, 2018
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-eakdown by Labor & Material
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get Profile By WBS
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-get Profile By Resource
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-Drivers: Calorimeter Trigger
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-S Cost Driver: APT

" RCT: 48 Total: 36 production boards, 4 test stand boards,
and 6 spare boards.
= 2 pre-production boards repurposed for a third test stand.

= Estimated number of boards assumes 16 bits of trigger
primitive data from each calorimeter cell being processed by
the trigger processor boards. These boards have 96 16-Gbit
input links, running 352 bits at 40 MHz. The total number of
70.4K channels is composed from 61.2K actual EB channels
and 9.2K actual HB channels.

" GCT: 3 production boards and 1 spare board.

= Number of boards is based on processing RCT output

= Cost per board: $21.19K
= Prototype and Pre-production cost: $22.94K
= Detail on next slide
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Details of APT Cost - BoE: cmsdoc-13102

Primary Item Subitem Ext. Cost Qty Unit Cost Comments
APT (Advanced

Processor--Trigger)

Fully Assembled

Board $23,374
PCB Fabrication $1,800 1.0 $1,800 Ultra-low loss material used
Heat Exchanger Assembly $750 1.0 $750 Custom design likely copper with embedded fans
Contract Assembly Solder Reflow $900 1.0 $900
Power Subsystem Components $420 1.0 $42048V input modules, secondary converters
Timing Subsystem Components $120 1.0 $120Clock circuitry
Miscellaneous Components $300 1.0 $300 Resistors, capacitors, connectors smaller ICs, etc.
Panel Hardware $75 1.0 S75Hardware including panels and handles/ejectors
(Prototype built) Mezzanine: ELM $1,250 1.0 $1,250ZYNQ-based, use Ultrascale+ family to reduce board unit cost
(Prototype built) Mezzanine: IPMC $360 1.0 $3601PMI Controller for ATCA blades per the ATCA specification
Mezzanine: PT LUT 0.0 $2,430Required for Corl Trigger
Virtex device in C2104 Package for 100 active links. XCVU9P-1FLGC2104E
quantity: 3 and more, price: $12774, XCVU9P-2FLGC2104E quantity: 3 and
Processing FPGA $12,774 1.0 $17,783 more, price: $17783; -2 device is costed.
Assuming either 12 RX or 12 TX @16G. Use present average 14G price. 16G
Optical Modules--16G $3,120 12.0 S260available soon
Optical Modules--25G 0.0 $375assuming 1 device = 4TX+4RX
RTM Board $1,505 1.0 $1,505 See itemization below
Remove 1.9% for FY17 vs FY18 $22,938 used for prototypes and preproduction
Remove following 2%/yr
escalation rate $21,191 used for pilot and final production
RTM Optical Board $1,505
Assumes ultra low loss dielectric, layer count sufficient for high quality routing
PCB Fabrication S160 1.0 $160solution between optical modules and RTM connector
Contract Asssembly Solder Reflow $100 1.0 $100
Interface logic (power, IPMI) $85 1.0 $85
Assuming either 12 RX or 12 TX @16G. Use present average 14G price. 16G
Optical components $1,040 4.0 S260available soon
Panel Hardware S75 1.0 S75Rear face panel

Misc electrical components S45 1.0 $45 Includes connector



Calorimeter Trigger Labor Costs

= Electronics Engineering and Technical work to design,
produce, and test the calorimeter trigger electronics

= Software Engineering to produce the software to program,
test, operate, diagnose, configure, validate and read out the
calorimeter L1 trigger upgrade electronics.

= This includes software to interface with the Trigger Online System

" Firmware Engineering to implement the full functionality of
the calorimeter L1 trigger upgrade electronics
* Including implementing the trigger algorithms, diagnostics, data
acquisition and readout.

= SW and FW produced in validated releases for testing cards
individually, integrated into a test system, integrated into the
final test system, full production tests, and system
installation and commissioning.

= All labor costs based on actual costs for corresponding tasks
for the Phase 1 Trigger Upgrade

= |[n most cases by the same people
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.Jrimeter Trigger Costed Labor

= Determined from Resource Loaded Schedule with durations and
levels of effort informed by analogous activities in the Phase-1
calorimeter trigger project and Phase-2 R&D experience thus far

= Phase-1 project did not break down technical project labor associated
with crates, fibers other and infrastructure vs. cards and the project
covered a single layer.

= Review of Phase-1 project resulted in estimate of effort used for Phase 2
apportioned as 60% Regional (402.6.3.1), 20% Global (402.6.3.2) and
20% Infrastructure (402.6.3.3).

= Effort is mapped onto 5 cycles:

= 2 R&D cycles: APD1 and APD2
= 3 construction cycles: 1 preproduction cycle and
2 production cycles (pilot and final).
= A typical cycle involves:

= Design, procurement, manufacturing, and testing, as well as required
firmware and software releases for development, initial, testing, and
operational.
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Calorimeter Trigger Scientific Labor

(a.k.a. contributed labor)

= Personnel:
= Wisconsin Scientist, Postdocs and Graduate Students

= Tasks:

= Testing and Operational Software
» For RCT, GCT and Infrastructure
= For Prototype, Pre-production and Production phases.

= Framework and basic software system by software engineer
professional

" Total Level of Effort
» 406.3.1 (RCT): 2.1 FTE-years
= 406.3.2 (GCT): 1.8 FTE-years
= 406.3.3 (Infrastructure): 1.0 FTE-years
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Labor: Calorimeter Trigger

(contributed)

Breakdown of calorimeter trigger contributed labor:

June 5-7, 2018

(University of Wisconsin)

(Incl. Scientist)
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(FTEs): Costed & Contributed
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-file By Resource Discipline

= “Contributed “Grad Student, Postdoc, Scientist
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June 5-7, 2018

-eter Trigger Labor Profile
(costed)
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-ontributed Labor Profile
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Value Engineering

= Standardize within US CMS Trigger Project
= Use of a single FPGA family: Xilinx Ultrascale/+

= Also used across CMS upgrade and other CERN projects

= Allows negotiation of discounts through CERN and US

distributor (Avnet) — as was done in Phase-1.

= Standardize across US CMS Upgrade Project

= Use of a common crate/backplane infrastructure

= Use same ATCA architecture as is being used by other CMS and
ATLAS subsystems

= Built to similar specifications by common vendors.
= Opportunities for pooling spares and cooperation on engineering.
= This allows use of common components such as:

= Use of standard DAQ/Trigger/Clock Interface: DTH

= Common connection to CMS data acquisition, trigger timing and
control systems.

= Developed by CMS CERN CDAQ group

" Explore alternative architectures (next slide)

June 5-7, 2018
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.rnative Architecture Studies

= Example: Use a smaller and less expensive FPGA (below)
= Fewer links per card - more cards, more layers (latency), awkward

geometry, more complexity, more cost n
=" Example: Use two cheaper FPGAs per card Charge #1
= Large usage of links and circuitry for data exchange, dividing logic

leads to inefficiencies, complex clocking to synchronize, more cost
2448 216x

12:1 ratio
9792 fibers

ECAL BE

54x 2X

To Correlator
AN

128 fibers? ’

32:1 ratio
132 fibers

36x

8 fibers?

1:1 ra'1tio HCAL BE
1152 fibers

To Global Trigger
N
4 fibers? 7

Only data fibers represented

1x

Ratios reflect nx¢ input regions to output regions
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June 5-7, 2018

ear Cost Profile
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Maturity of Design

" ATCA hardware is similar to uTCA Phase-1 System

= Prototype Cards already made capture ATCA interface
= [PMC, ELM1: control interfaces, CDB: Ethernet and physical interfaces

" Phase-2 system is based on same classes of components as
Phase-1

= Hardware, Firmware and Software based on experience of the
same team that built and wrote hardware, software and
firmware for Phase-1 trigger system

= Hardware is based upon common ATCA hardware platform also
to be used by other CMS subsystems

= Same team wrote software and firmware for Phase-1 trigger
system — scope and requirements well understood

= Requirements are detailed in Trigger Interim Document
= Schedule is designed based upon experience of Phase-1 system.
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Contingency Breakdown

" Most M&S contingency set per OPSS rules at M4: 30%,
since the same team has just built a similar technology
UTCA calorimeter trigger for Phase 1 and the dominant
costs (FPGAs, Optical components, memories) are based
on quotes.

= Exception for travel, COLA and shipping at M2: 10%.

" Most Labor contingency set per OPSS rules at L4: 30%
since the since the same team has just built a similar
technology UTCA calorimeter trigger along with
Firmware and Software for Phase 1 and the various
labor activities are based on this experience.

" Experience with Phase 2 R&D and prototyping thus far
bears this out.
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-Register: CMS-doc-13480

June 5-7, 2018

These are risks remaining after completion of R&D
program which results in a successful demonstrator
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June 5-7, 2018

Trigger and DAQ risk threats:
Approx. share of total contingency at
90% C.L. = S0.5M (5% of total)
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.aged Trigger Risks & Mitigation
= Senior Engineer becomes unavailable (Low Risk)

= Hire new engineer, subcontract to consulting firm, use FNAL engineer

= Funding is delayed (Low Risk)
= Commission with prototypes and/or fewer production boards

= Software or Firmware does not meet requirements (Low Risk)
= Hire extra expert effort to recover schedule and help personnel

= Boards are delayed (design, manufacture or testing) (Low Risk)
= Hire extra effort to speed up testing schedule

= Vendor non-performance (Low Risk)
= Acquire spending authority to use alternative vendors (while original
funds are being unencumbered).
" |Input or output electronics (non-trigger) delayed (Low Risk)

= Built in capabilities of trigger electronics provide signals for their own
inputs & outputs
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R&D Program and Risk Reduction

= R&D is well underway for some of the key technologies
to be used (optical links at >10Gbps, Ultrascale FPGAs,
large LUTSs)

= Completion of the design and manufacture of the
Advanced Processor prototype (APd1), and the
demonstrator will validate the technology by end of
2019

= R&D program of realistic firmware to demonstrate that
FPGA resource usage and latency are within specs by
time of demonstrator

= The Advanced Processor is modular with mezzanines
and RTMs for optical links, memory, control, etc.

= Limits risk impact during production
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Contributing Institutions and
Resource Optimization

June 5-7, 2018
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ltributing Institute

= University of Wisconsin — Madison

= CMS Regional Calorimeter Trigger
= Operated from 2007 — 2015

= 22 (18 + spare/test) 9U-crate 1800-card system based on 5 distinct
custom (UW-designed) high-speed ASICs and including 28 high-
speed 160 MHz backplanes, 154 Receiver Cards 154 Electron ID
Cards, 25 Jet Summary Cards, 25 Clock Cards and a 1400 card 4
Gbit/s copper serial data link mezzanine card system with associated
testing cards.

= CMS Stage 1 and Stage 2 Layer-1 Calorimeter Triggers
= 22 CTP7’s including hot spares
= Stage-1 was main calorimeter trigger for 2015 — integrated w/RCT

= Stage-2 operating in parallel since 2015 — main cal. Trig. for 2016
onward.

= 26 CTP7’s used in Phase 2 Trigger R&D Program (see Tech. Overview)
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. Personnel

= Wesley Smith (U. Wisconsin) - Professor
= CMS Trigger Project Manager 1994 — 2007, CMS Trigger Coordinator, 2007 - 2012

» Co-chair, CMS Trigger Performance & Strategy Working Group, 2012 — 2015 (Trigger Chapter of CMS HL-
LHC Technical Proposal)

= US CMS Trigger L2 Project Manager 1997 — present,
= US CMS Phase 1 Trigger L2 Upgrade Project Manager, 2013-2017

= Sridhara Dasu (U. Wisconsin) - Professor
= US CMS L3 Manager Calorimeter Trigger (construction & operations) 1998 — present
= US CMS L3 Manager Phase 1 Calorimeter Trigger Upgrade 2013 — 2017

= Sascha Savin (U. Wisconsin) — Senior Scientist
» 4 years of HL-LHC Trigger Studies, CMS Future Standard Model Physics Group Co-Convener.
= CMS Standard Model Physics Convener, Trigger Studies Group Trigger Performance Convener

= Tom Gorski (U. Wisconsin) — Electrical Engineer
= Qver a decade of engineering on the CMS Calorimeter Trigger
= Delivered final phase of original Regional CMS Calorimeter Trigger
= Delivered Phase 1 Layer-1 Calorimeter Trigger Upgrade Electronics

= Ales Svetek (U. Wisconsin) — Firmware Engineer
= 4 yrson Phase 1 Calorimeter Trigger Upgrade Firmware
» (4 yrs ATLAS Beam Conditions Monitor FW, DAQ, Commissioning, Det. Ops.)

= Marcelo Vicente (U. Wisconsin) — Firmware Engineer
= 4 yrson Phase 1 Calorimeter Trigger Upgrade Firmware + HCAL Firmware
= 2 yrson ECAL Phase 1 Upgrade Trigger Primitive Generation Electronics

= Jes Tikalski (U. Wisconsin) — Software Engineer

= 4 yrson Phase 1 Calorimeter Trigger Upgrade Software and embedded systems
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Resource Optimization

= University Resources

= U. Wisconsin has an experienced electronics engineering, technical,
firmware and software team that has delivered two successful CMS
calorimeter trigger electronics systems on schedule and on budget
using U. Wisconsin Physics Dept. lab facilities for final assembly and

testing.
= Provided additional systems for Phase 2 R&D effort
= Mutual support and task sharing through APx consortium members
= Fermilab, U. Florida, Notre Dame, U. |. Chicago, U. Virginia

= \/endor Resources

= The Wisconsin team works with experienced vendors regularly
qgualified through R&D, pre-production and production orders for
board manufacture, parts ordering and board assembly.

= Only non-vendor assembly are final parts needing installation after initial
testing (e.g. heat-sink, surface connection cables).

= Where possible, State of Wisconsin purchasing is leveraged with
placement of major parts orders through State Contract Vendors,
including AVNET (Xilinx partner).
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ES&H

= All ES&H aspects of the HL LHC CMS Detector Upgrade Project will
be handled in accordance with the Fermilab Integrated Safety
Management approach, and the rules and procedures laid out in

the Fermilab ES&H Manual (FESHM)

= We are foIIowin%our Integrated Safety Management Plan (cms-
doc-13395) and have documented our hazards in the preliminary

Hazard Awareness Report (cms-doc-13394)

® In General Safety is achieved through standard Lab/Institute
practices
= No construction, accelerator operation, or exotic fabrication
= No imminent peril situations or unusual hazards
= [tems comply with local safety standards in site of fabrication and

operation
= Site Safety officers at Institutes identified in the SOW

= Specific Safety for this WBS

= Modules similar to others built before, of medium size and no high voltage

= [ntegrated into existing well-tested and long-term performing safety

system
= All activities and personnel at CERN regulated by CERN Safety Rules

= e.g. safety training courses required of all personnel

Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule
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.Iity Assurance and Quality Control
= QA/QC for hardware: follows cms-doc-13093

= QA: All boards are designed for manufacturability, evaluated through
prototyping
= QC: Full testing at the institute before shipping to CERN.
= All tests are recorded (of all types) for individual boards in the database.
= The tests use and validate the software and firmware test releases.
= QC: After shipment and receipt at CERN there is acceptance testing in the
individual testing labs in the Electronics Integration Center (EIC) at CERN, where
the boards are retested to validate the institute test results. These tests use the

same software and firmware test releases as used in the institute testing.
(Trigger boards also have Built In Self Test usable at power-up)

= QA/QC for Firmware, Online and Offline Software

= Produced in a sequence of releases with specific functionality requirements for
ealch release to be demonstrated with specific tests defined to validate each
release.

= Requirements will include performance metrics by which the software and
firmware can be verified to satisfy the system requirements.

= Specific testing procedures will be established to certify that the software
emulation of the hardware meets requirements by specifying specific tests with
specific input and output data files.

= The releases will comply with the Software Quality Assurance procedures of the

Fermilab Software Quality Assurance Program specified in QAM 12003 and the
Software Assurance Grading and Inventory Procedure specified in QAM 12090.
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-uction and Design QA/QC

= Design
= Design reviews
= Engineering analysis
»= Engineering demonstration (with prototypes)

= Production
= Qualification testing
» |nspection
= Partial construction of initial boards — “pilot run”
= Thorough suite of tests at institute before shipment
= Tests duplicated when boards arrive at CERN
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Major System Tests

= Subsystem interconnect test at the end of CY19:

= Prototypes used

= Calorimeter BE - Calorimeter Trigger - Correlator

= AP Consortium boards have same link technologies so Calorimeter
trigger cards can temporarily serve as substitutes for Calorimeter BE to
decouple schedules.

= Correlator is identical board to Calorimeter Trigger.

= Test provides input for Trigger TDR

= System integration test Mid-CY22
= Production Pilot Boards used
= Calorimeter BE - Calorimeter Trigger - Correlator
= Final Test before production starts
= Final Major System test before shipment to CERN.
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Summary

" Project costs for M&S and Labor based on Phase-1
experience, reinforced by R&D program.

= M&S Costs validated with quotes for major parts costs

= ES&H, QA/QC plans, C&S based on experience with Phase-
1 Upgrade

" Management and Engineering teams are experienced with
sufficient design skills, having designed and built original
CMS trigger and Phase-1 upgrade.

= Firmware and software tasks based on Phase-1 models
and experience.

= Firmware development will exploit new High Level Synthesis
tools
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-e—l Project Performance

= |1 Calorimeter Trigger Control Account History superb

= Excellent performance on:

= Cost
Performance
Index

= Schedule
Performance
Index

= Actual
Value

= Planned
Value

= Earned
Value

Early minor delay
from funding delay mitigated with forward funding, recovered mid-project

June 5-7, 2018 Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule 44



June 5-7, 2018

ster: CMS-doc-13480

Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule

45



June 5-7, 2018

ster: CMS-doc-13480

Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule

46



June 5-7, 2018

ster: CMS-doc-13480

Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule

47



June 5-7, 2018

ster: CMS-doc-13480

Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule

48



June 5-7, 2018

ster: CMS-doc-13480

Wesley Smith HL LHC CMS Upgrade CD-1 Review Trigger L3 - Calorimeter Trigger Cost and Schedule

49



Labor Estimation Sanity Check

Proposed HL-LHC: BOE Sum of Preproduction through

Phase 1 Actuals for Calorimeter Trigger (Pre-prod. to end of construction): Predict HL-LHC from Phase 1: Difference Construction

Title Hourly Cost (*) Hours (**) Total Total Cost Hours Title Hours

Wisc. El. Eng. S 89.71 4325 S 388,000 ****Split part with correlator 2475 98.19% U_Eng_EL_Wisc 2521

***x*Scale Ph.1 Stage-2, Correl U_Eng_FW_Wisc

Wisc. FW Eng. CERN S 57.10 5079 $ 290,000 Split 5294 98.03% 5400

Wisc. FW. Consult S 65.74 167 $ 11,000 Note: Summed into above
Wisc. FW. Eng. S 44.29 5689 $ 252,000 Note: Summed into above
Wisc. On Site FW Eng. CERN S 50.30 1948 S 98,000 Note: Summed into above
Wisc. SW. Eng. S 44.29 5689 $ 252,000 Split effort with correlator 2505 100.59% U_Eng_SW_Wisc 2490

Wisc. Tech. S 42.70 4356 $ 186,000 Split effort with correlator 2404 103.53% U_Tech_EL_Wisc 2322

Wisc. Tech. Asst,****x* S 34.77 1841 S 64,000 Note: Summed into above

TOTAL 12678 hours (***) 12733 hours (*¥**)

(*) Labor rates shown above were the rates for the Phase-1 Upgrade Project, and are not those for the HL-LHC Proposal

(**) The Phase 1 Project assumed 2008 hours in one FTE year.

(***) The HL-LHC Proposal assumes 1768 hours in one FTE year. Because all labor is calculated in FTE units from Phase-1 actuals, the labor hours for the HL-LHC proposal have been scaled by 1768/2008
(****) For work related to the Calorimeter Trigger, there is a 50-50 split of the enginneering labor for design and prototyping between Calorimeter (402.06.03) and Correlator (402.06.05) Trigger Projects,
but this does not include production and testing (30% of engineering) so scaling is ((0.3) +(1/2)(0.7))

(*****)Phase-1 included two different Stages with different Firmware. Only scale the Stage-2 Final System FW (2/3). Adjust for common FW framework between Cal. + Correl. Trig (70%)

(¥*****)Tech Asst. was occasional labor needing training so hours derated by 60%.

WARNING: This is not the calculation of the Labor in the BOE, which was calculated for each task based on Phase-1
experience.
This is a sanity check of the overall hours resulting from this calculation.
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