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( tifr Outline

» Evolution of Embedded Systems (ES)
* Microcontroller, FPGA, ...

» Applications of Embedded Systems to the GRAPES-3 Experiment
* FPGA based high-speed scalar
* Triggerless Muon DAQ System (TM-DAQ) for GRAPES-3 experiment

» Applications of Embedded Systems to the CMS Experiment

* FPGA based GF-Radiation Monitoring Detector DAQ system

» Trigger Primitive System for HGCAL Detector : Design and fabrication of high end FPGA based
(VU7P) trigger primitive generation system for HGCAL detector

e Summary
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( tifr

* High level code (like *‘c’) are converted into
ALU instructions (assembly language).

 This assembly program is stored into the
program memory

* Instructions are executed one by one in ALU.

* Processes need to be scheduled to use the ALU
(processing) resources.

* All serial operation
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& tifr Field Programmable Gate Array (FPGA)

* The most common FPGA architecture consists of an
array of logic blocks, typically referred as Configurable

FAarararn

Logic Block (CLB)
* CLBs are interlinked and linked to 1/0O blocks via LJLJLJL .
complex connection matrix. r 1 r 1 r 1 r 1
* Programming the FPGA creates a hand links between 7 h J L J L J L J
the logic blocks and 1/0s. Fararars
* Many logic operation can happen simultaneously. # # # 4 # 4 # #

e ol o ol L

!
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( tifr FPGA Design Flow

* Design Entry in HDL (Verilog/VHDL) * Increase flexibility and performance of

« Synthesis of the design into RTL the FPGA many fold

schematic * RAM (distributed and block)

« Complete design is broken into * DSP blocks
fundamental logic elements « Encoders/Decoders

* Implementation (mapping and routing) * Phase Lock Loop (PLL)\

* Generation of the memory map « Operational Clock Frequency
(programming file) « Typically 100-250 MHz

* Once FPGA is programmed with the map, « Communication Modules e.g. PCl, PCle ...

the design is hardwired.
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(S tifr How complex systems can we build?

* Basic combinational and sequential logic circuits
* Memory controllers, display drivers ..
* High Speed communication interfaces: few Mbps to Multi Gbps

* Digital signal processors:
* Complex high throughput video processing
* Machine Learning

* Complex ASIC prototyping, Micro-processor inside FPGA
e System on Chip (SoC)
 And much more ...We will discuss some of the cutting edge applications
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(@ tifr GRAPES-3 Muon Detector
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* Building block: Proportional counter (PRC) built during KGF era and still being used for last 35 years!

* Layer: Array of 58 proportional counters

* Module: Four Layers arranged in orthogonal layers

» Station: 4 Modules housed under single concrete structure
» Existing size: Four Operational Stations (576 m?)

* Threshold: 1 GeV in a Vertical direction

* Muon Trigger: OR of 58 counters in a layer (Layer-OR) followed by
AND of Layer-OR of each of four layer within 3 us

* Trigger Rate: 50 kHz (~4 Billion muons per day)
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(@ tifr Muon Detector
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(Ctifr High Speed 32-channel scalar

* ACTEL PROASIC3E FPGA and a W S -
. E w—— 232255 ¢
PIC18F87J50 microcontroller at heart. ik R ’E S
* Very high speed (up to 10 MHz) and , ——
accurate counter. SRS
* General Purpose FPGA development f’fﬁ‘
board. ‘ 8. o s

This embedded system has been used extensively for GRAPES-3 Proportional Counter
testing (muon rate/pulse width measurement) including data data acquisition and
many other applications..
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(@ tifr HF Radiation Monitors

Objective of the monitors:

v’ Long term monitoring of the absorbed dose and neutron
flux to estimate the expected degradation of fibers,

electronics, PMTs and to measure the shielding efficiency.

v Additional monitoring of the HF itself performance for

future re-calibration etc.

e Control and Monitoring of 16 channels (detectors):
— Control ON/OFF signaling (TTL)
— 32-bit count of asynchronous pulses (TTL), rate 1MHz
— Voltage and Current Monitoring (Range: 0-10V)

e Readout: 10 Hz with Ethernet

06 May 2022 Shashikant R Dugad 12



(& tifr Block Diagram of the HFRADMON DAQ

Power & INTERFACE BOARD
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User LED’s  JTAG Programming header User Switches
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and
Interlock

Interlock
connector—>
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TIFR= ;n:olI x8-01
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# 1

Power Indicator [EETIEEGE —— * The hardware has been
R -~ i i “ e EEe successfully installed and
L T s commissioned at P5 at CERN
= _Bapin * NoO issues reported
oo Connect1 o § comecior » Data is recorded online for
2| = = debugging and monitoring
il purpose

ICSP Programming header
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(@ tifr Triggerless Muon DAQ Concepts and Physics Horizon

 What is Triggerless Muon Data?
* Record each and every hit due in proportion counter (Time and Pulse Width)
* Record the hit rate of PRC, various triggers, temperature etc.

* Pulse Width with a resolution of 10 nano-second
* Absolute pulse arrival time with a resolution of 10 nano-second

* Do physics dependent reconstruction of raw data in offline mode
* Rigidity dependent study of Moon Shadow o
 Transient Phenomenon o=
* Thunderstorm Physics :l_ Better time resolution,  °
* Solar Physics muon multiplicity

* Air Shower Physics :
* Air showers at large zenith angles, muon rich showers, 7 e vl e ek ko e tead ko

G3

Electric Field

o
T T

s

Cosmic Muon Puzzle
* New Physics
* Search for tachyons, low beta particles (monopoles, WIMP etc.), serendipitous searches
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(& tifr Existing DAQ Streams for Muon Detector

Existing DAQ

Two DAQ streams: Mu-Main and Mu-Angle EAS-Triggerl_ ilPPS-GPS
I 2 1
Mu-Main: Width and Time of each PRC w.r.t. ' Digital - EAS Muon Data Card - !
. . Wave DWM 1 no. DAQ :
Air shower trigger Memory | | Control ol i
cad [ 7| card . 1 1
Mu-Angle: Trigger rates in 15x15 angular bin Layer0, 1,283 (EWM) lno. |, M°“'t°1f:jtaCafd — |
. b L I nos. . |
histograms are recorded for 10 seconds T T MuonMainDAQ :

interval
N R v o [
10+ large area PCB boards per modules ! — .
| Pulse Module ¢ > Commonlcr:):tro Car :
Large Deadtime: 12 -20 % ' tateh || control T |
[ Card Card o0 Cord 2 :
. . P ar P N

Td resolution: 167 ns (Relative) | Anes Anos. 1e—» 1 no. — !
1 |

. , Muon Angle DAQ
Arrival Time: Not measured sttt :

Width resolution: 333 ns

e ~10 Hardware power intensive cards per module
PWA spectrum measured for 1 channel (1000 designed in 20" century still working but difficult
sec) at a time in each layer time to maintain !

No direct PRC’s CRM

4F and Any3F at each second
Other folds — time multiplexed

* Limited physics scope

Zenith Angle measured up to Up to 45°

w
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(& tifr H-RORC (ALICE Board)

High-Level-Trigger (HLT) Read-Out Receiver Card (H-RORC) was
used at LHC Point 2, CERN, Geneva during Run | phase of LHC

* System Requirement
» Adequate 1/Os for digital output proportional counter
* Timing resolution, Excellent DSP ability, Memory

Xilinx Virtex-4 FPGA (XC4VLX40)

* High performance logic application series

Clocks: 100 MHz & 50 MHz
* Can be scaled up / down inside FPGA

DDR SDRAM (EDD2516A)
* 4 Physical chips of 32 Mbytes each

Tyco connector

* 158 Usable I/O Pins
* 2 Layers (118 PRCs) per board
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(@ tifr TM-DAQ/TCT Team

Hardware Tasks:

* Firmware Development and
Integration for TM-DAQ System
(Pankaj Rakshee, RSK, Al)

* Design of Fabrication of Interface
Card for TM-DAQ System
(K Manjunath, PR, RSK, AJ)

* Time Calibration Trigger System for
GRAPES-3 Experiment
(Atul Jain, PR, RSK)

* Communication Protocols Used in
TM-DAQ System

Software Tasks: (R Suresh Kumar, PR, AJ)

* Development of Software Framework for Monitoring, Analysis ...
(Hari Haran)

* Development of GUI for Data Quality Monitoring (Siddiq Shareef, Hari Haran)
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(£ tifr System Block Diagram

Master Interface Card

l 1
| Alice Board
WBSTEER | _Leve o 1O
Layer 0 & 2 Il Translator FPGA: DDR Interface

|
EAS - Trigger, >

1PPS - GPS : N B2B SPI UsSB
TCT- Trigger! N — T T T YY" ,_ _ _:
______ : Alice :Board : DAQ PC
Level : :
;| Translator " FPGA DDR | l
Layer1 &3 | : | offli
: | : ine
g Analysis

Slave Interface Card
EAS — Extensive Air Shower
PPS — Pulse Per Second
B2B — Board-to-Board
FTDI — Future Technology Devices International Ltd.
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( tifr Block Diagram - Firmware

1PPS | Z
NCS 5 SPI ; * B2B - Board to Board
_________________ T i * CRC - Cyclic Redundancy Check
i | <i | : « CRM - Count Rate Monitoring
SVM [+ —# CrRM | | ptm | — Il:JTS?BI o « CWE - Control Word Exchange
' Ale itk | B ] E mo|° DDR- Dual Data Rate
; l ] { v ; i : 1 . * FTDI - Future Technology
| | | | i Seliitiieatioy Devices International Ltd.
| TRIG : PWT :::—:-,.: DDR ! * HWM - Hardware Monitoring
| i ] I I o i * NCS - Noise Control System
| u o o « PTM - Precision Time
| B2B || 4o TEMP |E| if CRC |! CWE Management
| - o = L « PWT - Pulse width & Timing
- signal g core « SPI - Serial Peripheral Interf
. ' Measurements | ! .- Smart erial Peripheral Interface
:___I?f?_cfs_'?'_r]_g___. USSS I : : }I:rgc—efsln—g—r - Algorithms  SVM -Signal Validation Module
e « TEMP - Temperature
| .
i Auto L | Lwm « TRIG - Trl.gger |
Reset * USB - Universal Serial Bus
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( tifr

Time Calibration Trigger (TCT) System

* GRAPES-3 Experiment has multiple Data Streams
* Sc-Main, Sc-Rate, Nal, TM-DAQ (MuMain + MuAng), EFM

* Need a common timestamp for quick and reliable combined analysis
* TCT is FPGA based system that accomplishes this task

AHELL EEREE Module — 0 (Even/0dd)
—] Time Calibration Trigger oaule
1 PPS (GPS) 0. Rx (TCT) Module — 1 (Even/0dd)
Module — 2 (Even/0dd)
—p

1 PPS (GPS) Module — 3 (Even/Odd)
EAS Trigger g

EAS Trigger
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. (@]
& tifr Hardware Monitoring (HWM) and Auto Reset

Bit | 19 |18 17| 16 | 15 | 14 13 12 11 (10| 9 8 7 6 5 4 3 2 1 0
Des | DO | DI | SS | SCK | HW | DDR | DDR3 | DDR2 | DDR1 | T3 | T2 | T1 | TCT | EAS | FTDI | WR | RXF | TXE | PPS [ INIT

BO - INIT : After HW initialization and common for all B16 - SCK : (SPI Serial Clock) Activity within 2 sec
checks B17 - SS : (SPI Slave Select) Activity within 2 sec
B1 - PPS: 3-5 pulses in 4 sec duration B18 - DI: (SPI Data in) Activity within 2 sec

B2, B3, B4 - TXE, RXF & WR : Some activity within 1 sec B19 - DO: (SPI Data out) Activity within 2 sec

B5 - FTDI : ANDing of TXE, RXF & WR
B6 - EAS : 15 -80 counts in 1 sec

B7 -TCT :9-11 pulsesin 1 sec

BS B9 B10-T1. T2 & T3 : 5°C-60°C * Anintelligent action taken by both FPGA and computer after
sensing critical problem and DAQ run is resumed automatically

Auto Reset System:

B11, B12, B13 - DDR1, DDR2 & DDR3: init_flag, err_flag
etc. from DDR controller * Continuous hardware, FPGA firmware status, DAQ-computer

B14 - DDR : ANDing of DDR1, DDR2 & DDR3 software and data monitoring
B15 - HW : ANDing of FTDI & PPS
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()
(C tifr Comparison
Sr. No. Parameter Existing DAQ TM-DAQ
1 Systems 2 systems (Mu-main & Mu-angle) | 1 System
2 Hardware 10+ Boards 2 boards
3 Dead Time 12-20% Very small (< 0.1%)
4 Td resolution 167 ns Not applicable
5 Arrival Time Not measured 10 ns
6 Width resolution 333 ns 10 ns
7 PWA 1 channel for 1000 sec in each All PRC’s, 4F, Any3F, EAS, TCT
layer time multiplexed
8 CRM * No direct PRC’s CRM * Al PRC’s
* 4F and Any3F at each second » All fold signals (4F, Any3F, 3F, 2F)
e Other folds = time multiplexed |+ Layer OR signals
(1in 14 at a time) * Box OR signals
9 Mu-Angle Histogram of 10s packets Each hit with arrival time (10ns)
10 | Zenith Angle Up to 45° Up to 90°
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Data Quality Monitoring

100MHz Temperature Vs. Frequency

~ - hi
z - Entries 40182
© 760 Mean 44.39
w - Mean y 666.7
:': - Std Dev 0.4145
@ - Std Devy 6.443
& 740— 14 Hz/ Degree Underflow [
g - Overflow )
4 - Integral 5.133e+04
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= 7201— 221 ndf 1660 /71
o - p0 128823
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6801—
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225 — Mean y 2126
C Std Dev  2.494e+04
C Std Dev y 14.48
220 — | |
o i | "
=
C(CU 215 r‘ ‘
(%)
= I 1\ | | 2
! I I >
3 2100ff \ Q
(&) H | ‘ o
205|— |
200{—
E ! \ !
26/06 26/06 26/06 26/06 27/06
00:00 06:00 12:00 18:00 00:00
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X-axis: 100e6 - Observed frequency(Hz) + ((Temp-40)*14)(Hz)

h2
10 Entries 40182
E Mean 1272
: Std Dev 5.593
| Underfiow o
Overtiow 0
10° = Integral 4.018e404
= Skewness 0.07141
- 22/ ndt 1733/8
- Constant 1.145e404 £ 6.522e+01
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10
1
TENTE BTN SRTINTI S 1Y A ST TN BN SArRNTENT AN SN SRR
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PWA spectrum for S1_M2_L1_P11
PWA_Spec_s1_m2_I1_p11
B Entries 1.654702e+07
10000 — Mean 2189
L Std Dev 1086
L %2/ ndf 1335/587
8000 — Constant 9818 £ 6.2
~ Mean 1678 £ 0.4
Sigma 360.6 + 0.8
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Y- L L L L i roest
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C o
(€ tifr Study of trigger window

SW_4F_Corrected_Trig_PRC_delT (x10 ns), Flag=ALL

= h_sw_4f_corr_trig_delTO
5 B Entries 1244386
107 S3_M1 3uSec Mean 55.83
B 4|.|SGC 10000 Std Dev 42.2
il 6uSec B
107 =" 8000 [—
= H B
8 [
g 3 6000 [—
o 10°E— B
4 H B
N 4000 —
10% =— B
- 2000 |—
10 5 0
= oo e o b b e b e ey ey ey by by
0 100 200 300 400 500 600 7C 50 100 150 200 250 300

Anninte (vANKe)

Tail on left side is mostly due to random hit forming HW 4F trigger

Hit Pattern A: X X X X Hit Pattern B: X XX XX
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PWA spectrum for S1-M0-L0-B6 (Time: Wed 20220223 000000 - Wed 20220223 235959)

. [ ] T v
\ tifr i -1

Pas

Entries = 19040966 =g 10000

10000 f= Overflow = 505 (0.0%) ™ Overflow = 1715 (0.0%)
Peak = 1564.0 o Peak = 19642 -
5 Sigma = 266.0 b Sigma = 288.7
s 45000
5000 fe= -
L o
L -
n " M| ; .

P50 P51

=g 10000

Entries = 19860897 “ Entries = 19641779

Overflow = 5760 (0.0%) Overflow = 2443 (0.0%)

Peak = 28189 Peak =2134.4

5000 fum
Sigma = 419.9 Sigma = 3238

.
P52 P53 10000
Entries = 19172340 Entries = 19485944
10000 fpum -

Overflow = 907 (0.0%) Overflow = 4014 (0.0%)

Peak = 17359 Peak = 2204.7

Sigma = 279.5 Sigma = 3304

5000 = -

P54 P55

PWA Spectrum

10000 fpm Entries = 19222430 - Entries = 20155008
Overflow = 9933 (0.1%) Overflow = 6857 (0.0%)
s i
Peak = 1790.3 ~ Peak = 2595.3 =] 5000
5000 f Sigma =277.9 - Sigma = 399.8
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(@ tifr Software Framework

Single Muon
‘/RaWDatamBmarVFormat I A I

| |90t:m

v Raw DatainROOTFormat W2[IITITIITTTT I T T T T T T T T T WM T T T T T T I T T T T T T I T T T T T TN T T T I T T T T T T T T T  Jesem
v/ Data Quality Monitoring WO ITTTTTTTTIT T T T I T I T T T T [T T T T T T T T T T T T T T BT T T T T T T T T T T T Joem

v’ Shift Summary Plots Y A O
0 8 16 24 32 40 48 56
v’ Graphical User Interface :
: Large Angle Muon
‘/forEventDlspIay L3I T T T T T I T T T T I T T T T T T T T T T I T T I T I I I T T T T T I I I TTTITIT] [T T T T T Jooem
Reconstruction of Muons 0 A A [T T T T T T T T TTTT Jesem
* Physics Analysis ... to begin R X 0 P ™ o o N [T T T T T T T T T T T T T T T T Jaoem
after data validation LoIIIIIIIIIIIIIII—mIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIlcm
0 8 16 24 32 40 48 56‘5

Three Uncorrelated Muon (4F-PRC)_Time (us) vs Layer No.
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(£ tifr HGCAL Data Flow: Front-End To Backend

* TPG board will have 96 1/0 optical links

e Xilinx VU9P Ultra-scale + FPGA chosen for the job

* 104 high speed transceiver capable of 25/16 Gbps.
* As of now 16 Gbps maximum to be used

| 8 0 Data concentrator (for
P e LA e /)}%‘l Stage 1 Stage 2
Neod ' 27" and LpGBT links ;---- :
V?E Hexa-Board ‘ -----

/

M 1
—_— F
— P
g i— P35
On Detector g i——= —— i |
S ! 14 CE-E layers p— -
Q! 28 boards —_ O !
g ! —i "
w : : '
we** |\ [ /7 2 aassa= '
:
H 1
.—
H—
—
H
:
~4000 links 24 CE-H layers 2304 links 24 boards 288 links
40 Tbit/s 20 boards 20 Thbit/s 2 Thbit/s
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(& £ifr- Trigger Primitive Generator (TPG) board

* Raw data coming from selective sensors on LpGBT links
* Only the first and subsequent alternate layers from the CE-E, i.e. 14 of the first 28 layers.
* All 24 of the CE-H layers.

Different types of raw data
e 2x2 sum and 3x3 sum
* Sum all channels read by HGROC (energy map)
* Zero suppressed at FE, thus different latency (size) at each BX

Maximum latency (set by FE concentrator) to 12 BX: 300 ns

Two stage system (identical hardware)
* Trigger primitives passed on to central L1 correlator to take L1 decision (within 5 us)
* VU9P FPGA daughter card on common hardware board

TIFR has successfully completed two major responsibilities:

* Development of PCle framework: HDL framework for FPGA, driver and software for PC. Integrated into
standard uHAL framework and subsequently algorithm development framework

* Design and Fabrication of Xilinx Virtex Ultrascale Plus FPGA (VU9P) Daughter Card (DC)
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. [ ]
& tifr Manufacturing of Serenity and Daughter cards in India

® Collaborated with Micropack, Hyderabad

® Careful layer stack re-design (16L) as per Micropack capability and available materials without compromising
specifications of the design

® Two daughter card versions and Serenity successfully fabricated in India!
® Extensive QC being carried out at TIFR before assembly

® Test stand with Serenity being setup at TIFR

VU9p R
v%@s%‘zm ~londoy

v :
[ R A AT AR
DE:VUIP-SM1 212
L TN VIR

FPGAIO GTY( GTY FPGA I/O
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(C tifr Summary

* Future of Digital Signal Processing is indeed embedded into the ES
* Parallel Processing, Machine Learning, High Speed Communication etc.

* Engineering team of the DHEP is well poised to extract the best using ES as per
the given application

» Students should be trained and encouraged to participate in such activities of core
importance

Acknowledgement: Several slides adapted from presentations of:
Atul, Hari, Irfan, Manju, Pankaj, Raghu, Siddiq, Suresh
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