Journal of
Instrumentation siss

You may also like
- Quadrupole magnet design, manufacturin
ECON-T and ECON-D: Endcap Concentrator Q—M;‘L—O‘an?he_ac'cgmanfe‘istsfmMETL.t
efocusing beamline
ASICS for the CMS HGCAL M.B. Demirkdz, A. Avarolu, C. Seckin et al.

- Muon identification using multivariate
. X X . technigues in the CMS experiment in
To cite this article: G. Bergamin et al 2025 JINST 20 C03054 proton-proton collisions at sari(s) = 13 TeV
A. Hayrapetyan, A. Tumasyan, W. Adam
etal.

- METU-DBL: a cost effective proton

. . . irradiation facility
View the article online for updates and enhancements. E. Karaddller, S. Uzun Duran, U. Kig et al.

@ The Electrochemical Society
Advancing solid state & electrochemical science & technology

247th ECS Meeting

Montréal, Canada
D May 18-22, 2025

Palais des Congrés de Montreal

yd

Early
registration
deadline:

Unite withthe ECS.Community  apoe

This content was downloaded from IP address 194.12.158.188 on 14/04/2025 at 15:59


https://doi.org/10.1088/1748-0221/20/03/C03054
/article/10.1088/1748-0221/18/06/T06007
/article/10.1088/1748-0221/18/06/T06007
/article/10.1088/1748-0221/18/06/T06007
/article/10.1088/1748-0221/19/02/P02031
/article/10.1088/1748-0221/19/02/P02031
/article/10.1088/1748-0221/19/02/P02031
/article/10.1088/1748-0221/19/02/P02031
/article/10.1088/1748-0221/18/06/T06010
/article/10.1088/1748-0221/18/06/T06010
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjstKOlbfuSHy96CUDe82_trCDOhsfcNiMik35PQ-54-ECyPHvI02lnc5BsYDOu__wylBEGH3MBFMNksOTgZfvnmfl862h7Rh4B2h2c9DXIAewVtWH1pJoyfAtoCRPK0FrVC_WJStOO_Lz7Ga9WlBXOjAYB-YsfTllEgBXPjMA25H8e6CW8K5kZDdlHKAq_Me0CPykHKFgyCx4yWBgFs0XRaOh14bc0G2YnQOoe9E2yWVYXubOBVpSMjC4qhFOsyIyXwALH-fIPOq9eGSltn9DTzgMp_tY47bMkObxNPEe0qRyS8B4kbLfOfFNVgYe6zNEtkBDl91iMNA8D3VZWXQs1SdT8wlNNLbxSUEvl68jOQytg&sig=Cg0ArKJSzJIJih4_2Bcb&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://admanager.google.com/21821800277%23delivery/line_item/detail/line_item_id%3D6953187960%26order_id%3D2963334604%26reload%3Dtrue%26li_tab%3Dsettings

]inst PusLisHED BY IOP PUBLISHING FOR SiSSA MEDIALAB

RECEIVED: November 2, 2024
REvIsED: January 28, 2025
AccepTED: February 11, 2025
PusLISHED: March 28, 2025
TopricaL WoRKkSHOP ON ELECTRONICS FOR PARTICLE PHYSICS
UNIVERSITY OF GLASGOW, ScoTLAND, U.K.
30 SEPTEMBER—4 OCTOBER 2024

ECON-T and ECON-D: Endcap Concentrator ASICs for the
CMS HGCAL

G. Bergamin®,”! D. Ceresa®,”-! D. Coko®,"'! G. Cummings ®,%! V. Gingu®,%!
M. Hammer®,%! J. Hirschauer®,%! J. Hoff®,%!-* N. Kharwadkar ®,%! S. Kulis ®,"-!-2
M. Lupi®,”-! C. Mantilla-Suarez®,%! D. Noonan®,%! P. Rubinov®,*! S, Scarfi®,?!
A. Shenai®,%! C. Syal®,%! X. Wang®,*! R. Wickwire,*! J. Wilson®,! J. Babbar,"!
B. Bam,”-! A. Campbell,”-! P. Klabbers,*! Y. Miao,”>! R. Francisco,”> D. Gong,’>> D. Guo,/->
P. Leitao,”? P. Leroux,’? P. Moreira,”-? J. Prinzie,’> D. Yang’/-> and J. Ye/?

4 Fermi National Accelerator Laboratory, Batavia, IL 60510, U.S.A.

b European Organization for Nuclear Research (CERN), CH-1211 Geneva 23, Switzerland

“Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split,

R. Boskovica 32 Split, Croatia

dArgonne National Laboratory, Lemont, IL 60439, U.S.A.

¢ Department of Physics, Baylor University, Waco, TX 76706, U.S.A.

I Department of Physics, The University of Alabama, Tuscaloosa, AL 35401, U.S.A.

& Department of Physics, Panjab University, Sector 14 Chandigarh, India

hDepartment of Physics, Northwestern University, Evanston, IL 60208, U.S.A.

! Katholieke Universiteit Leuven, 3000 Leuven, Belgium

I Southern Methodist University, University Park, Texas, U.S.A.

E-mail: jimhoff@fnal.gov

ABsTRACT: With over 6 million channels, the High Granularity Calorimeter (HGCAL) for the CMS
HL-LHC Upgrade presents a unique data challenge. The ECON ASICs provide critical on-detector
data reduction for the 40 MHz trigger path (ECON-T) and 750 kHz data acquisition path (ECON-D) of
the HGCAL. The ASICs, fabricated in 65 nm CMOS, are rad-tolerant (600 Mrad) with low power
consumption (<2.5 mW/channel). This presentation is the first comprehensive description of the
ECON designs, first functionality and radiation tests for the ECON-T ASIC, and first results from
the full production of 75k ECON-D and ECON-T ASICs.
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1 Introduction

The CMS HGCAL is a 47-layer sampling calorimeter that features fine readout segmentation and
which replaces the existing endcap calorimeter detectors for the High Luminosity phase of the LHC
(HL-LHC) [1]. Overall, the HGCAL has more than six million channels spanning an area of 600 m?
with 0.5-1.0 cm? sensor pads. The sensor signals are digitized by HGCROC ASICs [2, 3]. This
digitized data must then be processed and zero-suppressed along two different pathways. The trigger
path is the responsibility of the ECON-T and it concentrates charge sum data that it provides to the
Level 1 Trigger at the 40 MHz beam crossover rate. The data path is the responsibility of the ECON-D
and it concentrates complete data packets at the L1A accept rate (750 kHz). Each path serializes its
concentrated data and sends it onto IpGBT ASICs [4] that are responsible for sending the information
off-detector. Inbound clock and control information is likewise received by IpGBT ASICs and then
fanned-out simultaneously to the front-end HGCROCs and the ECONS.

2 Design decisions regarding IP common to both ECON-D and ECON-T

The specifications of ECON-D and ECON-T have a great many similarities. For example, both
ECON chips receive the same 320 MHz system clock and fast command stream from the back end.
From these, both chips are required to produce the same beam synchronous 40 MHz clock. Both
designs receive slow control data as a means of user-defined programming. What differentiates the
two chips is the data frame that is received (i.e. charge sum frame (ECON-T) or triggered data frame
(ECON-D)) and the nature of the algorithm performed on that data frame. Because of the similarity in
specification, a deliberate design decision was made to make the two chips as identical in architecture
as possible. That being said, it was determined that because the data frames and data processing
algorithms were so different, it was impractical to design ECON-D and ECON-T as the same chip
with different modes of operation. Consequently:

* Both chips receive a user programmable number of 1.28 GHz serial input streams from HGCROC
front end chips (1-12 links for each chip). These serial input streams are captured by IpGBT
eRX receivers and ePortRXGroup modules [4].



* Both chips produce a user programmable number of 1.28 GHz serial output streams to be sent
to IpGBT chips for transmission off-detector (1-6 for ECON-D and 1-13 for ECON-T). These
serial output streams are driven by IJpGBT eTX drivers.

* Both chips use the same modules for Fast Command reception and interpretation [5]. This is
the same IP used in the HGCROC.

* Both chips use the same modules for word/frame alignment of input data streams. These
modules are custom ECON IP and were silicon proven in ECON prototype submissions.

* Both chips use the same serializer to prepare output streams for the ]pGBT eTX drivers. These
modules are also custom ECON IP and were silicon proven via prototype submissions.

* Both chips use the same module for slow control reception. This module is based very strongly
on the I>C-slave IP developed for the SSA chip [6, 7].

* Finally, both chips use the same IP to generate and distribute their 40 MHz master clocks and
the various asynchronous resets used on the chip (hard reset, soft reset, etc.). Like the serial
inputs and serial outputs, this is ]pGBT IP.

3 Block diagrams

The block diagrams for both chips are shown in figure 1. The highlighted blocks are the IP common
to both designs. The unique blocks such as the ECONT_core, the autoencoder,! the ECOND_core,
and the ECOND_right are responsible for data processing, outbound packet assembly, and, in the
case of ECON-D, inbound frame assembly.

The key to understanding the ECON-T is the 32-bit “trigger word” it receives every beam crossover
period from each of the 1-12 HGCROC: that connect to the ECON-T. The trigger word consists
of a 4-bit header (by defaut either 1010, or 1001, for bunch number 0) and four 7-bit floating point
Trigger Cell sums (TCs) (3 bit mantissa with 4-bit exponent). For each beam crossover period, the
TCs are independent of the TCs in the preceding and succeeding periods. The Mux-Fix-Calib block is
a switchbox that allows any physical TC to be logically moved to any location. At the same time, it
converts each TC to a 21-bit fixed-point word that is calibrated by a unique, user-defined constant.
The Algorithm block takes the ordered, calibrated trigger cell sums output by Mux-Fix-Calib and
performs one of 5 algorithms on them:

1. Threshold Sum (TS) Algorithm — Variable length, variable latency. An individual TC is
transmitted if it exceeds a user-programmable threshold. Thresholds are unique for each TC.

2. Super Trigger Cell (STC) Algorithm — Fixed length, fixed latency. Charges are summed from
groups of adjacent TC. Transmits the sum along with the address of the TC with the maximum
charge in each group. There are four STC Algorithm sub-types that vary the number of TCs
that are summed.

3. Best Choice (BC) Algorithm — Fixed length, fixed latency. Sorts the 48 TC by charge magnitude
and transmits the N TC with highest charge where N is user programmable.

IThe autoencoder has been discussed elsewhere [8] and will not be covered in detail here.



4. Repeater (R) Algorithm — The repeater algorithm takes the 22-bit data from the calibration
block, encodes with 4E+3M and passes it directly to the formatter. This algorithm is intended

for testing and debugging.

5. Auto-encoder (R) Algorithm — The AE algorithm is fully configurable network for compression

of the 48 x 7-bit TC “image” based on machine learning.

The Formatter block demultiplexes the algorithm choice and presents its results to the buffer in a

specific, internal format. Finally, the Buffer block buffers and outputs the resultant output frame.

Both designs were developed
using an assumption of “system
enforced coincidence of data”.
Since all ECONs and their asso-
ciated HGCROC: are aligned in
the same manner, connected to
the same clocks, and obey the
same fast commands, it can be
assumed that, in the absence of
errors or upsets, all HGCROCs
are always outputting related in-
formation at the same time. This
is particularly important for the
ECON-D since each HGCROC
outputs triggered data packets
over 40 successive clock peri-
ods. The system enforced coinci-
dence of data means that for each
trigger, all HGCROCs output a
header word at the same time and
channel O data at the same time,
etc. The ECOND_core utilizes
this coincidence of data to extract
information from each triggered
HGCROC data packet simulta-
neously for presentation to the
ECOND_right through the Ping-
Pong Memory. The Ping-Pong
memory allows the ECON-D to
read the next packet while out-
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Figure 1. A block diagrams for (a)ECON-T and (b)ECON-D. The
highlighted blocks are IP common to both ECON-T and ECON-D
(clocks_and_resets, eRX, ePortRxGroup, Common Aligner and (channel)
Aligner, I2C slow control, Serializer and eTX).

putting the previous packet and it unscrambles the HGCROC data. Because of the system enforced
coincidence of data, HGCROC data arrives channel ordered — each channel from each HGCROCs
arrives at the same time. The ECON-D output packet transmits data in HGCROC order — all
channels from HGCROC 1 followed by all channels from HGCROC 2, etc. ECOND_right takes
the information extracted by the ECOND_core, formats it into the ECOND packet and transmits

it to the HGCAL back-end.



4 Radiation tolerance by design

The overwhelming effort in this chip design was to achieve the extreme

radiation tolerance required by CMS. The Total Ionizing Dose toler- e oot

esult=AMBIGUOUS

esult=FAILURE

ance of 220 Mrad largely comes from our choice of technology (65 nm
CMOS). Single-event tolerance (High Energy Hadrons (HEH) flux up to
3-10%°cm™2s~!) comes from three principal mechanisms: Triple Modular
Redundancy (TMR), Tolerance By Design, and Graceful Failure.

In ECON, full-TRM with triplicated data paths, triplicated registers,
triplicated logic, triplicated voting and triplicated clocks was used ev-
erywhere possible. It was inserted in the RTL coding via the TMRG
program [9].

Tolerance by Design means that the ECON chips are designed such that
wherever possible, logic itself minimizes or eliminates Single Event Upset
(SEUs) effects. Usually this is done by taking advantage of redundancies
implicit in the system. For example, the headers of each HGCROC data
packet should be identical for every front-end connected to a particular
ECON-D. Vertical Reconstruction (figure 2) is a form of N-Modular
Redundancy that processes each bit independently. It totals the number

of observed 1 s and the number of observed 0 s and compares those totals
to a user-defined threshold. If the number of 1 s is above threshold and 0 0
the number of Os is not, the reconstructed bit is a 1 and vice-versa. If

. . . . Figure 2. Vertical Extrac-
neither total is above threshold, the reconstruction is a failure. If both are

tion and Recovery.

above threshold, it is an ambiguous reconstruction. Since Single Event

Effects (SEEs) in one HGCROC are unlikely to affect other HGCROC:s,

the Vertical Reconstruction method allows the reconstitution of critical event information in spite of
the presence of SEUs. It also permits the monitoring of failures which can facilitate the back-end
in its task of catching broken HGCROC-ECON links.

Graceful Failure acknowledges that upsets are inevitable in a high-radiation environment. Con-
sequently, even in the presence of significant upset and loss of data, there should always be a path
back to idle that will allow operation to continue for future events without external intervention. In
ECON-D all of its state machines complete the phase space set by the bit-width of the state machine
even if doing so requires the creation of “useless” states. For example, in the state machine that
governs ECOND_core, there are 48 useful states out of 64 possible states. In the event of an SEU
that forces the state machine into one of the 16 useless states, the conclusion of an HGCROC packet
will still bring the state machine back to its idle state, ready for the next packet. A data packet might
be lost due to SEU, but operation can continue.

5 Results and conclusions

The first ECON-T prototype was submitted in June of 2021 [10]; the first ECON-D prototype was
submitted in March of 2023; and final production versions of the chips were submitted for fabrication
in December of 2023.



Functional tests can be divided into three categories — those specific to ECON-T, those specific
to ECON-D, and those common to both. Extrapolating from section 2, the common tests cover data
inputs (e.g. phase alignment by fixed-phase mode, etc.), outputs (e.g. PRBS and Eye Diagrams, etc.),
Fast Commands (e.g. receive and respond to good commands; receive and respond to erroneous
commands, etc.), Alignment (e.g. automatic or manual word align, alternate IDLE words, etc.), I2C
(e.g. R/W to every register, R/W to every address, etc.), Clocks (e.g. PLL Lock to reference clock or
test clock; measurement of VCO frequency, etc.). ECON-T specific tests include Mux/Cal (e.g. All
MUX settings, all calibration values, etc.), Datapath (e.g. Threshold-Sum, Repeater algorithm, etc.),
Formatter/Buffer (e.g. Fill/Empty buffer, etc.), and Power (e.g. with/without clock, Min/Max, etc.).
ECON-D specific tests include Datapath (e.g. Pass-through mode, Event/Buffer/Orbit reconstruction
and matching, varying zero suppression thresholds, etc.), Formatter/Buffer (e.g. Verify packets, Packet
Vetos, etc.), and Power (e.g. nominal configurations and varying datasets, Min/Max, etc.).

Comprehensive chip testing of the prototypes revealed few issues and all of them minor. For
example, shield metal placed over the VCO inductor affected the locking range of the PLL in the
ECON-D prototype. Removal of this excess shield metal by Focused Ion Beam processing restored
the correct frequency. In the ECON-T prototype, an RTL bug required all inputs to be active.
Importantly, none of these minor issues affected prototype testing, and all of them were easily corrected
in the final submission. Tests of the final production chips show full functionality with no further
modifications of the digital logic necessary. A careful testbench-based analysis of “hard failures”
— e.g. power out of specification, VCO frequency out of specification, etc. — showed a 97% yield
across 900 chips. The main failure mode was power out of specification. Further robot-based testing
of 6000 chips is ongoing, but is showing yields consistent with those of the initial 900. In addition
to requiring chips to pass all functional QC tests, we plan to obtain chips for use on-detector by
preferentially selecting chips with the lowest minimum operating voltage (VDD) required to pass the
functional tests because such chips are observed to have more robust TID tolerance in TID testing.
Studies of the relationship between this minimum VDD and TID tolerance are underway. Possible
explanations include the possibility that chips with low minimum VDD have faster transistors or
smaller internal voltage drop.

Radiation testing for total ionizing dose (TID) tolerance and SEEs robustness is on-going. Thus
far, TID tests have been done using the CERN ObeliX x-ray machine at a dose rate of 9 Mrad/hr at a
temperature of -20 C with the digital power rails set in a range from 1.08 V to 1.32'V (1.20 V nominal).
Two ECON-T prototypes were tested to 300 and 660 Mrad, and three ECON-D prototypes were tested
to 660 Mrad. One production ECON-T chip was tested to 660 Mrad, and five production ECON-D
chips were tested in the range of 15-660 Mrad. In all cases, robust performance was observed at
nominal voltages with the expected TID-dependence of the IJpGBT Phase-Locked Loop capacitor
banks and phase window. A detailed analysis of ECON-D SRAM performance as a function of
temperature, operating voltage, and TID is in progress.

Three SEE test campaigns have been performed for both the prototype and production versions
of the chips using 217 MeV protons at a flux of 1 x 10° =2 x 10'®cm~2 per second resulting in a
total fluence of 4.4 x 10'* cm~2, which is approximately four times the equivalent HL-LHC fluence
for HGCAL. During these tests zero errors requiring reset and zero configuration errors have been
found. A preliminary SEU cross section in pre-voted flip-flops of 2.0 x 10714 =2.5 x 10™'% cm ™2
per bit is consistent across all tests performed thus far.
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