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Low-Latency Applications
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Trigger subsystems in ATLAS
ns = otherwise data are lost » MUCTPI receives and synchronizes muon event
data @ 40 MHz
1 ( . e
> » Processes overlap handling and multiplicity
High-definition image processing » Coarse-topological information to L1Topo (M.Sc.)

us — low-latency
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LHC / MUCTPI Upgrade

More selective

More selective Upgraded MUCTPI 1
l processing larger portions
routing more detector | of information together
information to the trigger !
l Higher integration
Higher bandwidth -
; - VAT E.g. Al MUCTPI data in one
LHC upgrade — higher chances E.g. up to 4 instead of 2 B ' E ‘ ﬁ%n}{ﬂli He module instead of 18

- S T ::?‘f;';-;j:"_
muon candidates i - &

per trigger sector

of rare events o
Overlap handling in

Nominal luminosity in 2016 & any region instead of 1/16
2% in 2021-2024 sending full detector-granularity of the detector
5.7 5x in 2027-2040 muon position to L1Topo &

Sorting muon candidates in
1/2 instead of 1/16

Trigger has to be more selective
99 of the detector

to keep output rates up to 100 kHz
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Thesis Motivation

» Low-latency

— address limited storage S oetectorheat Ot “o [T
—) data are IOSt . Discarded Events
:l —-:l -
I—P* =1
» Fixed-latency =y
. . . Sector Logic Module MUCTPI Dat; (ce:t(\)::rclfion
— address pipelined processing cvantDan cventData -

EventData N+1

Level-1 Accept

N

— wrong event accepted, right “partt . :l

Data Transfer
rejected

- Part I:
Data,Processing;l
w

» Reliability
— high trigger efficiency

Bunch Crossing Clock

— fake triggers
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Part | : Data Transfer
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MUCTPI Demonstrator

» Evaluation card + custom FMC

» Demonstrate use of FPGA
transceivers and optical modules

PARARALALAAALIALLY/

‘1
.«
-
-
-
-«
-
-
-

» Latency measurements
» Demonstrate optical TTC reception
» Compare 2 jitter cleaner options

» Enable early firmware development
and integration tests
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High-Speed Serial Link Testing Techniques

~ )
™ PRBS TX
\_ l .
[ A

‘ PRBS RX |
RX ¢
‘ Error counter

N 2/

BER testing
1

estimation of error
probability < threshold
with quantifiable CL
l

No qualitative information on
how link can be improved

ELECTRICAL

Eye diagrams
1

qualitative information

!

No pass/fail result

~0.50C -0.375% -0 250 -0.135 0.000 0125 3250 C375 0.500

Mask compliance

!

Introduces pass/fail result
to eye-diagrams

20 100
OpenAreaPercentage

Open area histograms

!

Gives a performance overview,
comparative qualitative information
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BERT Firmware / Software

Python scripts  TCL control scripts

Board 1 9 i
s ﬁ - @i S :
files (}*"
= o 2Nt '
FPGA . = 5\ =
L1Topo outputs CTP outputs L1Topo outputs - — - L
k iu e —— h o : x I
sL pa;leige Latex ‘ .L | Eyecsy <« Vivado MUCTPI with
inputs reports 4 files IBERT IP FW

B Xilinx B
Xilinx GTH & Xilinx
GTY GTY GTY

IBERT IP
IBERT JBeRT " IBERT

Software: Extracts interconnectivity from schematics, controls the hardware
testing, and generate BERT tests, eye-diagrams, mask compliance, histograms,
and compiles the result to a PDF report.

IP FW IP FW

all 104 all 104
TX/RX

110 MSPAFPGATXHG RX10-00-MSP C FPGA

SFP+ QSFP+

rre - SRRV S e e

input/output inputs/outputs Contents | LY o : _ i :‘..,: i

| Dwell Type l wll BEN Horteomtal Incresnemt | Verthon! lncressest | Mise bufo |

_’m MPO RX/TX Ribbon fiber Rx/Tx = Multi-gigabit serial electrical IL - e " | | T |

'

!

‘|

Firmware: Based on Xilinx IBERT IP core. Implements l.h [.H [.]i
pattern generator and checker, error counter. Controls bl ( [.“ [.]i
several transceiver settings such as voltage and time offsets, =
emphasis, differential swing, and equalization. l l.h i

e
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MUCTPI Loopback Test Results "
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» BER testing: All links tested
at 12.8 Gb/s

20 30 40 50 S0 100

Very good opening In UCTPI V1, V2, and V3 @ 6.4 Gb/s (Run3)

OpenAreaPercentage

Ratio

» BER < 9 x 107" with CL =95 % : T

equivalent to 1 bit error per day

(Could cause 1 fake or lost trigger per

a0 90 100
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0‘20 ‘ V3
54

20 30 40 50 60 a0 100

OpenAreaPercentage

Worst 6.4 Gbl/s Best 6.4 Gb/s

If] » All links passed mask compliance test

» Different transceiver performance in V1

o . . i s -
» Very good opening in optical output to - Worst 12.8 Gh/s - Best 12.8 Gb/s

L1topo » Similar performance for V2 and V3
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Latency Evaluation Test System and Optimization Results

Off-board
LRl jitter cleaner

7 serles UItraScale

320 VIHz
6 4 Gb/s 16 buts
RX logic

Alignment

Programmable clock divider Reference clock routed directly ~ TX Flag (Trig.)

RX Flag

320 MHZ

16 bit AN | Reof. Clock

NON-DETERMINISTIC IR0 DETERMINISTICH
TRANSMITTER LATENCY TRANSMITTER LATENCY

Command
TxTnggerPulse ‘ RxTrlggerPulse
' -l » Clock fabric and data-path MGT configurations
optimized:
» Based on evaluation kits » Clock-fabric = clock routed directly when possible
» Shared reference clock driven by jitter cleaner » Data-path = memory buffers are bypassed
» Periodic sequence is transmitted and received » Overall latency = 50 ns (200 ns budget)
» Beginning of sequence is detected at TX and RX » Overall latency uncertainty = 3.125 ns (absorbed by

. synchronizer)
» To measure latency and latency-uncertainty
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Synchronization Requirements

i B
< P
System clock —T—_

Word data  BCD N[ k207 f kass | oss fcaon f cADs Jcio N -

» A: Synchronization phase offset = < 25 ns, with uncertainty of 3.125 ns

BCID

» B: Alignment phase offset > kx25ns, k=0
» C: Guarantee deterministic latency

» Synchronization IP based on dual-port memories
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Functional Verification and Calibration

Stimulusgeneration
Cocotb - Python

-180 140 120 100 9

system clock,
clock enable,
BCR

recovered clock,

control and

-39

-4U

data symbols

0

s

o

2N

alignment pulse,

alignment delay,
read pointer offset,
error counter clear

>

BCID latched,
CRC error count

/

20 qaC ol

RTL Simulator
Mentor Modelsim

@727 in Ul

4 N

N /

Control andchecking
Cocotb - Python
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Integration Tests LT,
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Part 1l : Data Processing
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Muon Sector Data Processing

Serial Link Control and Monitoring

!

104 MGTs

-

Reference

clock
— >

ONLINE EYESCAN,
PLL .CCXS, &B°'0B ERRORS

PLL LOCKS '

| CRC and BCID ERRORS

TRP FPGA

TTC CLK, 3CR, ECR, L1A, MON. ..

24 MGTs

—

TopoTOB . .
CL'})O(.:‘KS TTC CLK | e - TODO'OQ.IC3|
> » Transmitter
124 X 16
Sector Logic il “Logic ek Trigge
Receiver 9 99
CONTROL

q | | TRPLVDS
Multiplicity Transmitter

70 LVDS

!

OlaA

Readout and Event Monitoring

up to 28 NGTs

TRP Aurora

5

SL data

352 candidates d

¥

’ snapshot & playback memory 'J

\

Valid candidates Topo TOB

Sorting

Overlap
Handling

Masking

Veto l

Multiplicit
Multiplicity |°—}

200
5000 4. - _10% limit for XCVUI13P_ L 175
- 150
4000 -
| __10%limitforxcvuop ____ ____ . - 125
3000 e
o - 100 O
-
2000 - "3
- 50
1000
— [~ 25
* KLUTs
0 T T 0
16 24 32 40 48 56 64 72 80 88 96 104

» SL data = Trigger = L1Topo
» Sorting is part of the Trigger

» Run 2 sorting algorithm (26-to-2) cannot be
extended to Run 3 requirements (352-to-16)

» Sorting network is known as the fastest
method to sort data in hardware
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Sorting Networks

1
Delay of 3 stages “ ' -
(comes from data dependence)

-1 : 2 = 3 :

: : Xy — /\ —» max(Xy,X»)
| 1 e Xs

: : X3 , ) ¢
. : : . Xp —» —» min(x4,Xp)
. —-1

» Sorting networks made of comparison- - I . %

N
w
x x
w N

A N
-

>

s

l'_
x x
~ wm

exchange blocks 1 i o2 i3 i a4 s i

» Optimized in view of delay or size Sorting Networks: Merging Network:

sorts any sequence merges two sorted sequences
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352 inputs

352 inputs
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Divide-and-Conquer Method

(176.176)
merger

merger

merger

(16,16)

merger

With mergesort, before the last merging
step, 176 elements have to be sorted !!!!

Given that only the 16 highest

outputs are needed, can
we avoid sorting and merging

hundreds of elements ?

Merge-exchange

Sorting Stages

Odd-even
Merging Stages

R Sorting part Merging part Total
I Cs Im | im | Cm m C D

1 | 352 4446 0| 0 0 0 | 4446 @45
2 | 176 | 1792 1 | 1 48 5 | 3632 41
3 | 118 | 1014 2 | 2 96 | 10 | 3138 | 38
4 | 88 | 726 2 | 3 | 144 10 | 3048 38
5 | 71 | 534 3 |4 192 | 15 | 2862 | 41
6 | 59 | 407 3 |5 240 15 | 2682 36
7 | 51 | 348 3 | 6 | 288 | 15 | 2724 | 36
8 | 44 | 288 3 |7 33 15 2640 36
9 | 40 | 250 4 | 8 | 384 | 20 | 2634 | 40
10 | 36 | 216 4 | 9 432 20 2592 39
11 | 32 | 174 4 | 10 | 480 | 20 | 2394 @ 35
12 | 30 | 164 4 |11 | 528 | 20 | 2496 35
13 | 28 | 150 4 |12 | 576

14 | 26 | 138 4 |13 624

15 | 24 122 4 | 14 | R7?
16 | 22 | 111 4 |15 | 720
ST R Tt s

18| 20 96 5 | 17 @ 816

19| 19 | 90 5 | 18 | 864

20 | 18 | 82 5 |19 912

210 17 | 74 | 12 5.L.20. 1 060 | 25 | 2 |
22| 16 | 63 [0 1386 5 | 21 [ 1008 | 25 | 2394} 35 §
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Divide-and-Conquer Method - Can We Improve Further?

R Sorting part Mecrging part Total
I | method ¢ | ds | Cs S R | Ny v C D

16 | 22 ’ baddar22 | 113 12 | 1808 | 4 15 | 720 20 | 2528 | 32

22 | 1 woorhis16 | 61 9 | 1342 | 5 21 | 1008 25 | 2350 @ 34

[ O -

"’

3

3 &

£'.

R

3§

» What about using the fastest
known networks ?

» 22-key Baddar sorting network
(3 stages faster)

» (16,16) odd-even merging is
optimal

» Sand M are optimized to 16
outputs

» 32 instead of 45 stages (30 %
faster, if compared to 352-key
Batcher sorting network)

» 2496 instead of 4446
comparison-exchanges (—44 %)
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RTL / HLS Design Flows

Automatically generated

o - . . VHDL and C
Parallelization/pipelining described explicitly
cdsciatiaaiati mEE
& 4 \ u/ \D
£ Grouping into Generating pipe- Generating Vendor-specific
g % A | stages lining configurations ~  VHDL code > RTL design flow ﬂ[] FPGA g
¢ Generating & . ) ®
. comparison- ¥ oo
< exchange .
pairs . S i o iy
3 v Parallelization/pipelining inferred Generating Vendor-specific HLS-generated VHDL
& > —> .
P 4 C++ code HLS design flow
\ /
List of the 2496 - SNpy [:! Xilinx Vivado D Xilinx Vivado High-Level Synthesis D FPGA bitstream

comparison-exchange

pairs
Registers + -
HO1), 1...1 Jo—
C s s e
02, T
(1,3), . [
(2,3)] 12 s
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Sorting Network and RTL / HLS Verification

Testing I.ist of (0,1), Functional Verification USER-VHDL
comparison- (2.3) E of user-generated
exchanges 0.2) and HLS-generated HLS-VHDL
(1.3) g g VHDL
0/1 principle: If a o 5 Testing network description 5
network sorts Os and 1s, (2,3)]

| . with no implementation details
it sorts any arbitrary

number! such as parallelism and pipelining User VHDL: Mentor

@ Modelsim + Cocotb that
enables using a Python

Q 100,000 randomly testbench
selected inputs 5

_ Q Verified using the 0/1

principle HLS VHDL: Integrated
: g Available only in HLS Vivado simulator, same
230 out of 2352 (C Simulation) é Q testbench used in C
simulation

combinations
verified using the 0/1
principle

100,000 randomly
selected inputs

B =R = it it i =B ==
Z £ 2 2 = = = =

v
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RTL Results

M| H|R TNS | WHS | Power | LUT | FF | LUTR | Ags Aty ﬂ Rebuilt
5 |0 0 008 | 6.3 |63593 20281 | 0 | 00:21:12 | 00:35:18
0 1 0 0.06 | 7.25 | 62280 | 20277 | 1 | 00:22:55 | 00:35:22 0: Keeps hierarchy in svnthesis
, | 0 0 0.05 | 6.32 | 64401 | 20311 1 §15:48:26 § 00:36:54 : P . y y
. 1 0 005 | 7.22 | 61425 | 20186 | 49 § § 00:41:42 1: Flattens hlerarchy

0 0 0.04 | 502 | 56818 | 15591 | 4224 758 | 00:37:28

Number of . 3 112042 [ 22017 | 004 | 5.61 | 53696 | 15889 | 4225 | 00:17:50 | 00:42:44

registered stages , | 0] 001 0 0.04 | 4.96 |57958 | 15583 | 4225 | 23:31:01 | 00:38:21

(1 to 8) 1| 003 0 0.04 | 568 | 59333 | 15896 | 4237 | 23:32:48 | 00:42:50

5 | 0] 09 0 0.05 | 6.13 | 56395 | 24147 | 0 | 00:22:31 | 00:34:22

1| 07 0 004 | 6.84 |53216 | 24142 | 1 | 00:21:22 | 00:33:57

o 0 , | 0] 054 0 0.05 | 6.16 | 56567 | 24223 | 1 132225 | 003619 | » Clock frequency: 160 MHz (6.25 ns)
' - 1 | 066 0 0.05 | 6.93 | 59281 | 23950 | 97 | 13:07:54 | 00:35:52
0 [L) g Sorting 7) |3| ) 5 0 | 046 0 0.04 | 4.93 |50741 | 17251 | 4224 | 00:18:59 | 00:32:54 | ) H=2 — increases in up to 100X in
i ' 1| 0.02 0 0.05 | 558 | 54394 | 17581 | 4225 | 00:18:22 | 00:37:28 svnthesis time and have negative
m P , | 0] 067 0 0.04 | 4.87 | 50597 | 17316 | 4225 | 15:46:06 | 00:33:54 y o 9
D 1| 045 0 0.04 | 559 | 54490 | 17550 | 4250 | 16:23:50 | 00:38:51 timing impact
s - 5 |0 114 0 0.05 | 6.17 | 56342 | 28644 | 0 | 00:22:35 | 00:33:51
Multiplexer 1 M X (0] 0 1| 0.79 0 0.05 | 6.97 |56359 | 28638 | 1 | 00:2242 [ 00:33:16 | \ \j—(Q: H=3 — highest WNS with L=5
— { ] , | 0] 108 0 0.04 | 6.07 | 56336 | 28704 | 1 13:12:33 | 00:36:24
. 1] 055 0 0.05 | 6.76 | 65765 | 28192 | 191 | 13:28:43 | 00:40:00 (370 ps)

5 | 0] 063 0 0.04 | 4.86 | 48350 | 18964 | 4224 | 00:18:55 | 00:32:09

H . 1 | 061 0 0.04 | 5.35 | 49684 | 19262 | 4225 | 00:18:50 | 00:40:22

, | 0] 066 0 0.04 | 4.87 | 48303 | 19022 | 4225 | 13:26:41 | 00:38:50

1| 044 0 0.04 | 535 | 52831 | 19202 | 4274 | 13:43:12 | 00:37:51

. 4 | 0] 161 0 004 | 6.12 |56335 31984 | 1 | 00:23:59 | 00:33:45

- W 0 1| 1.29 0 0.05 | 6.63 |57272 131979 | 1 | 00:23:37 | 00:32:31

-l , | 0] 136 0 0.05 | 6.03 | 56336 32103 | 1 11:26:42 | 00:39:59

S | g 1| 1.28 0 0.04 | 6.66 | 64134 | 31590 | 191 | 10:14:37 | 00:37:38

iﬁi . 5 | 0] 089 0 0.04 | 4.82 | 48283 | 20999 | 4224 | 00:20:08 | 00:32:33

j;i‘T}w . 1] 075 0 0.04 | 536 | 50649 | 21262 | 4225 | 00:20:06 | 00:32:09

-y , 0] 038 0 0.04 | 4.83 | 48309 | 21021 | 4225 | 13:29:24 | 00:39:47

i ;E }M;J 1| 0.76 0 0.04 | 5.28 | 53886 | 21187 | 4274 | 12:22:54 | 00:39:40
s
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HLS Results

Options HLS HLS-driven RTL
M |II | R I | WNS | LUT WHS | Power | LUT FF

1 0 1 |-0.85 | 134521 0.04 6.37 54291 | 23144 ¢00:17:

0 1 | 1 |-0.85 ] 134521 0.04 6.33 54216 | 23144 ¢ 00:17:22 | 00:24:32 ]
4 0 4 | -0.85 | 134568 0.04 4.04 56348 | 15675 7 00:19:28 | 00:26:44 ',

1 4 | -0.85 | 134568 0.04 3.96 54017 | 15675 ¢ 00:16:25 | 00:26:07 §

1 0 1 | -0.84 | 160985 0.04 5.66 51354 | 17504 - 00:17:02 | 02:20:03

1 1 1 | -0.84 | 160985 0.04 5.67 52423 | 17498 1{ 00:20:55 | 07:42:51 §
1 0 4 | -0.84 | 138504 0.05 4.45 | 48141 | 17236 $ 00:16:22 | 00:49:01

1 4 | -0.84 | 138504 0.04 4.45 | 48648 | 17235 1 00:16:33 | 01:13:16 §

1 01 0.83 | 134521 0.04 6.27 52301 | 23968 £ 00:19:23 | 00:24:22

1 11 0.83 | 134521 0.04 6.33 52815 | 23968 § 00:19:59 | 00:24:41 §

0 1 0 4 | 0.81 | 134568 0.05 4.47 51219 | 16621 00:19:10 | 00:25:30 »
1 4 | 0.81 | 134568 . 0.04 4.44 51457 | 16621 ¢ 00:16:58 | 00:26:11 §

01 0.79 | 160985 | 57604 | -0.53 | -44.08 | 0.04 5.61 51194 | 18124 00:14:53 | 00:54:10 3

1 ! 1 1 0.79 | 160985 | 57604 | 0.04 0.00 0.04 5.53 51228 | 18124 00:14:57 | 00:35:35
1 0 4 | 079 | 138504 @ 12164 | -0.27 -2.88 0.05 440 | 46335 | 17745 00:15:29 | 00:55:11

1 4 | 079 | 138504 | 12164 @ 0.04 0.00 0.05 4.41 46864 | 17745 0 00:15:46 | 00:26:13 §

01 0.83 | 134521 # 18796 | 0.64 0.00 0.04 6.32 53134 | 24374 £ 00:22:25 | 00:25:46 f,f

0 ! 1 1 0.83 | 134521 | 18796 | 0.54 0.00 0.04 6.29 53069 | 24374 ' 00:19:27 | 00:26:14
4 0 4 | 081 | 134559 | 11000 | 0.51 0.00 0.05 4.64 52489 | 16603 £ 00:16:13 | 00:27:01 §

1 4 | 081 | 134559 | 11000 @ 0.29 0.00 0.05 4.64 52811 | 16603 § 00:16:31 | 00:26:33 §

1 01 0.83 | 160985 | 57797 | 0.14 0.00 0.04 5.50 50419 | 18330 $ 00:16:54 | 01:50:51

1 111 0.83 | 160985 | 57797 | 0.20 0.00 0.04 5.53 50947 | 18330 g 00:17:10 | 00:33:30
1 0 4 | 0.83 | 138495 | 12245  0.12 0.00 0.04 4.41 46432 | 17839 ¢ 00:17:17 | 02:12:08 5

1 ' 4 | 0.83 | 138495 | 12245  0.52 0.00 0.04 439 | 46818 | 17865 $ 00:16:31 | 00:31:57 §

1 01 0.83 | 135033 | 20120 | 041 0.00 0.05 6.42 52949 | 24773 00:18:00 | 00:26:34 i

0 1 11 0.83 | 135033 | 20120 | 0.72 0.00 0.03 6.30 52688 | 24773 00:17:35 | 00:25:34 &
1 0 4 | 0.81 | 134566 | 11487 @ 031 0.00 0.05 4.68 54463 | 17090 b 00:17:38 | 00:26:42 §

1 4 | 0.81 | 134566 | 11487 @ 0.38 0.00 0.04 4.68 53873 | 17090 § 00:18:11 | 00:26:30 }

01 0.83 | 161049 | 58315 | 0.46 0.00 0.04 5.59 50499 | 18734 00:18:17 | 00:28:58

1 ! 1 1 0.83 | 161049 | 58315 | 0.37 0.00 0.04 5.61 50595 | 18760 f 00:18:01 | 00:26:29 f
4 0 4 | 0.83 | 138502 | 12636 @ 0.62 0.00 0.04 4.36 45869 | 18262 00:26:16

1 4 | 0.83 | 138502 | 12636 @ 0.62 0.00 0.04 3.88 45896 | 18259 ¥

Iteration Interval

I1=1 A0 Y A1 )Y A2Y A3 YBo Y B1YB2)B3
A B0

» Clock frequency: 160 MHz (6.25 ns)

» M=0; lI=1 = highest WNS with L=5
(540 ps)

» lI=4 = reduces dissipated power
but also WNS

» Synthesis and Implementation time
is low for any option
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Comparative Study T
LUTR
0
0

WNS
, 037 0

Option WHS | Power
RTL{L=5, M=0,H=3,R =0}

HLS{L=5M=0,I=1,R=1}

C code has higher abstraction,
more time to design instead of
mechanical RTL tasks

Parallelization and pipelining
is not required to be described in HLS
(lower design time)

Early verification, already available Lower synthesis and
when only the functionality is

expressed in C code.

implementation
time (up to 100X)

Constiaints/
Directives
mEaEaEN
P
g Grouping into Generating pipe- Generating Vendor-specific Ats A Ars A
.‘ stages lining configurations VHDL code RTL design flow FPGA 00:21:12 | 00:35:18 | 00:17:26 | 00:24:50
- T } C Simulation C Synthesis
Generating em | " ° 00:22:55 | 00:35:22 00:17:22 | 00:24:32
comparison- SRl e l 15:48:26 | 00:36:54 | 00:19:28 | 00:26:44
exchgnge HLS P o : 16:33:34 | 00:41:42 00:16:25 | 00:26:07
pats 'L RTL AF Vivado HLS VHDL 00:17:53 | 00:37:28 00:17:02 | 02:20:03
Generating Vendor-specific Adapter | Uil Verilog 00:17:50 | 00-42-44 00:20:55 | 07:42:51
C++ code HLS design flow l l 5331:01 | 00:38:21 00:16:22 | 00:49:01
32- 42: 00:16:33 | 01:13:16
RTL Simulation Packaged IP 23:32:48 | 00:42:50
SNpy | Xilinx Vivado .| Xilinx Vivado High-Level Synthesis | FPGA bitstream
Vivado Syt Xilinx
Design G: o Plattorm
Suite nerlor | Sudio
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Summary

» Part |
» Development of MUCTPI demonstrator

» Software packages to automate the testing of hundreds of high-speed serial
links

» BER <9 X 10_16 with CL =95 % equivalent to 1 bit error per day — 1 fake or lost trigger per day

» FPGA MGT latency of = 50 ns and latency uncertainty of 3.125ns

» Synchronizer IP, 208 SL inputs with low and fixed latency.
Total data transfer latency 110 ns (200 ns total latency budget)
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Summary

» Part I
» Sorting Networks Python Package
» MUCTPI sorting network, 13 fewer steps than the 45-step 352-key Batcher

» Based on Baddar 22-key sorting network and divide-and-conquer method

» FPGA implementation MUCTPI sorting network, 31.25 ns, RTL and HLS

» Part| & Il already integrated to MUCTPI firmware and tested
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Outlook

» Automated MGT testing reused to other projects with hundreds of links
» Latency-optimized MGT configurations

» Synchronization IP design and testing

» MUCTPI sorting network experience in low-latency applications

» HLS experience in low-latency applications
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Thank You Very Much !
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Backup Slides
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Level-1 Trigger System / MUCTPI

Calorimeter detectors

3 {‘J ¢ Other Detectors
Tile calorimeter D-layver b

Nuon detectors includinLNSW Abh
y Level-1 calorimeter vy ylevel-1muon T Detector
Preprocessor Endcap Barrel | Read-Out
TaMCM | sector lugic | | sector logic FE | FE FE | | FE
e I -
Electron/ Jet/ | _ - > — FELIX
Tau Energy JIE BOUD AT ‘i.
LCMX | || | CMX | ¢ [mucter] | : ROD R0
L I P < T
E
& DataFlow
ReadOut System
Level-1 (< 2.5 ps)
Regions Of Interest RO -Loata Collaction Network
Requests

High Level Trigger

Fast TracKer HLT processing <
(FTK) Event data

suranov

» Trigger / Data Acquisition
» Event rate 40 MHz = 100 kHz (L1) = 1 kHz

» Level-1: subset-detector data, custom, 2.5 us

» MUCTPI: 200 ns

L1Muon L1Calo
Muon SL data
from 208 L§ST;° l
modules
L1Muon
Rols
L1Topo
L1Muon Topo
multiplicity l l flags
CTP

l L1A, BC, and other

timing signals
TTC

= TTC clock & data network == Trigger data synchronous to BC

» Real-time / low-latency / high-bandwidth
event selection system

» Based on Muon and Calorimeter information

» CTP takes final decision
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LHC Upgrade

LHC HL-LHC

EYETS LS3
13 TeV 13-14 TeV 14 TeV
Diodes Consolidation energy
splice consolidation cryolimit LIU Installation - . .
7 TeV 8 TeV button collimators interaction : HtL :th(i: 5to 7.5 x nominal Lumi
R2E project regnons 11 T dipole coll. nsialiation N
Civil Eng. P1-P5
i
ATLAS - CMS radlatlon
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes . . . . HL upgrade
nominal Lumi 2 X nominal LumlJ' ALICE - LHCb } 2 x nominal Lumi {

75% nominal Lumi | / upgrade
S 4000 (ultimate)




Avago MiniPODs
.| MSP FPGAs (VU160)
() TRP FPGA (KU095)
() soC FPGA (72030)
() -48vto12vDCIDC
() DDR3L SDRAM
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MUCTPI Prototype

.
a-uiztrr:: |

R AT
o A
LA

P
g;l "3 »- Ny g
~ AR AALALLLLLRLLEn Wil @

Tt
SIS = B

e

D Point-of-load DC/DC converters
D 12/24 MPO connectors
() 17C SFP module
JTAG/UART ports
|| DAQ/HLT QSFP
D IPMC mezzanine

104
Sector
Logic
Modules
(A-side)

L1Topo

cTP

L1Topo

70

Trigger
Readout

Muon Muon

Sector
Processor

TTC Sector

Processor
C

104
Sector
Logic
Modules
(C-side)

ITC T DAQ/HLT _l Ribbon fiber Rx/Tx
g Multi-gigabit serial electrical
ey LVDS electrical (low latency)
FPGA Version 1 Version 2 Version 3
MSP Ultrascale VU160 Ultrascale+ VU9P
TRP Ultrascale KU095
SoC Zynq-7000 77030 SoC Zynq Ultrascale+ ZU3EG MPSoC
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Data-Path Optimization

| TXAsync -
/ — pClO &arbox Tx s
Beacon ync -
Gearbox
™ ™
T™X | O0B | Pre/ : SATA Pattern TXPIPE
oriver| and | Post [P SO T T1PoiY [~ 00B / Generator Control [~ |
PCle | Emp -
N ‘
8B/10B b
TX \“ Phase
Clock .y Adjust -
Dividers FIFO - 128B/130B -
] Encoder
\.._
TX Phase
llématm - Interpolator -
Controller
t TXPMA & ' TXPCS
From Channel To RXEQ To RX From RX Parallel Data From RX Parallel Data
Clocking (Near-End Parzllel Data (Far-End PMA Loopback) (Far-End PCS Loopback)
Architecture PMA (Near-End
Loopback) PCS Loopback)
X19612-082217
From TX Serial From Channel From TX Parallel To TX Parallal To TX Parallel Data
Data (Near-End  Clocking Data (Near-End Data (Far-End (Far-End PCS
PMA Loopback) Architecture PCS Loopback) PMA Loopback) Loopback)
'Y
]
RX
Clock
Divid N
- Comma -
‘ | Polanty —4-» D::d
Al 88/108
o |ore - Decoder RX
EQ Fe - Interface
SIPO - RX Sync | N\
'/ ! Gearbax |
RX OOR PRBS [ 4o
Checker
-
>
|| 12881308 DBbd‘l | PCle RX R
Decoder Buffer
Algn /
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Clock-Fabric Optimization

GTYE3/4_CHANNEL (GTY Transceiver Primitive)
TXPMA TX PCS TX DATA From
Upstream PCS Blocks
- 1PN - TX DATA <
|’>P'SO<‘ TX Polarity
Phase 1;0“ L N N D TXOUTCLKPCS
Interp Coan [ rea [] ws 1
' —
00
)\ oo - X PROG.
DIV
3
TXPLLCLKSEL TX PROGCLK SEL
/10 11 00\ OOCLKS - N
QPLL1CLK ' 4 r Ll P Eielazr .
QPLLOGLX TXSYSCLKSEL Ll «| 001 on OUTOLK
CPLL TXOUTCLKPMA 010 >
TXPLLREFCLK DIV
= Rk
*100 TXPLLREFCLK DIV2 1
QPLLOREFCLK oo *2 cu<- 100
QPLL1REFCLK o TXPROGOIVCLK | 101 L~
a b /r TXDLYBYPASS T
TXOUTCLKSEL
/ REFCLK Sel \ TXOUTCLKFASRIC _
| REFCLK Distribution |~—
Output o
GTYEXE COMMON and
IBUFDS_GTE3/4 ~
MGTREFCLK[0/1)P GTYE3/4_CHANNEL
MGTREFCLK[O/1)N o
ODIV2 Output Clock to BUFG_GT N

REFCLK_HROW CK_SEL

X19647.082117

GTYE3/4_CHANNEL (GTY Transceiver Primitive)
LRX PMA RX PCS
RXPMN RX DATA to
CDR > Downstream PCS Blocks
-
RX Polarity
Control
Phase RXOUTCLKPCS
- -
Interp. I
i
RX PROG.
DIV
RXPLLCLKSE
- 10 11 DO \ EXRECW v } \
QPLLICLK LR Delay L1,
RXOUTCLKPCS Aligner
QPLLOCLK RXSYSCLKSEL *1 001 RXOUTCLK
T »
RXPLLREFCLK_DIVY
»{ 011
00 RXPLLREFCLK_DIV2 1
QPLLOREFCLK 3 »] 100
QPLLIREFCLK " WK o 101 Y
1" /r RXDLYBYPASS 1
RXOUTCLKSEL
/ REFCLK Sel \ RXOUTCLKFABRIC -

REFCLK Distribution |-—

MGT REFCLK[0/1)P

IBUFDS_GTE34

MGT REFCLKJO/1)N

ODIvV2

Output to

GTYEY4_COMMON and
GTYEX4_CHANNEL

Output Clock to BUFG_GCT

REFCLK_HROW _CK_SEL

X19663-081717
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Integration Test Results

» L1Topo module tests @ 11.2 Gb/s
» SL module tests @ 6.4 Gb/s

. , » No bit errors after 40 h run
» No bit errors after overnight run

» Very good area eye opening (50-64%)
» Very good area eye opening (58%-74%)

» 7 dB power margin for SL modules and L1Topo

| ] .
[ TTC ] w
| J

l w!
. ~ S -~ ~ o
L1o?

50

TaC SL 210y XL MPO24=—3p{  MUCTPI o Best 11.2 Gh/s
to MPO-24 406
S

T
(.
iR R )




Alignment pulse
delay select

Input control
character enable
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Svnchronization Firmware

Alignment

| pulse

Read pointer offset

Inputdata word

Recovered clock domain

Write pointer

Read pointer
and enable

Bunch Counter
Reset (BCR)

| [
)

Write pointer
and enable

BCID registor

BCID latched

and enable

4

» Dual-port memories:

Transfer Rec Clk = Sys clk addressing synchronization & alignment

For fixed phase relationship: Write and read pointers engine are enabled
simultaneously

Write side: End-of-frame character feeds write control to increment write pointer
Read side: Increments every 25 ns (40 MHz)
What happens when end-of-frame arrives at the same time the engine is enabled?

Write control adds configurable delay to alignment pulse to address latency
uncertainty

» Delay is computed from an
one-time calibration test

Alignment pulse
During calibration:

Configurable read pointer offsets to drel =10 UT
address alignment

LFLF LA L
Frame O 1l Framel

After reset:
CRC and BCID error are computed at - |
the read side for monitoring Pl =30U1 fﬂfw

and calibration

Data frame

Data fra me Frame 0O 1 Frame 1

FRAME 0 IS LOST
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X1

X2

X2

X3

X4

1

- — § :
: : : Xy
* PR .

X3

Xs

—

X

« e

.:.EI;
: . X
-‘l . s

X6

T

¢ — :
* - I :

Xs

# comparisons * 19°;

rs .

2 o3

Input opti

107 -

103 E

10! 4

10°

1

a4 5 g

mization

Sorting Networks

X1

xXy

X2

X2

X3

Xq

X5

X5

™
iy

X7

Xg

Output optimization

Odd-even mergesort optimization A
Odd-even mergesort optimization B
Bitonic mergesort optimization A
Bitonic mergesort optimization B
Merge-exchange sorting

Sorting methods

25
n

2'6 2'] 218 2 9

50

Sorting methods
Odd-even mergesort optimization A
Odd-even mergesort optimization B
Bitonic mergesort optimization A
Bitonic mergesort optimization B
Merge-exchange sorting

40 -

Dela)?o -

20 -

10 -

Within Batcher methods, merge-exchange has minimum delay

without requiring more comparison-exchanges
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0/1 Principle - Merging

Combination 15141312111009080706050403020100 } Only Sorted iﬂpUt COmbinatiOnS

—
o

» (16,16) merging:

» Total combinations: 172 = 289

© 0 N OO O A 0PN

0

e S U R U s

g A WO N = O
o

o
o
o
o
o

- [ b
~N O
o
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RTL Implementation

[: 0l ios:os 07 [os oo [0 [12]1s 17 s (19 (2021 [22]23]24
i — -
!: { | l
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RTL/HLS L1-4

[R]| TNS | WHS [ Power | LUT | FF | LUTR | Aqs An
0 |-1502 | -5574.77 | 009 | 7.01 | 100855 | 6034 0 00:21:01 | 0058:31 Options HLS HLS-driven RTL
1 | -1734 | -654735 | 005 | 791 | 60378 | 6034 0 | 00:21:19 | 00:46:00 M II R I WNS @ LUT FF | WNS INS | WHS | Power | LUT | FF LUTR | Ay | Ap
o I - . | . . . - . . g LO |1 |-23.12 | 134521 | 402 | -21.12 | -7909.24 | 0.08 | 8.11 | 73329 | 6036 0 | 00:23:59 | 00:50:44
- - — - - - - - - " [V v 2302134521 [ 402 |-2251 | -847254 | 0.13 | 8.28 | 73599 | 6038 0 | 00:25:40 | 00:46:12
0 211 [ 759616 [ 009 | 549 | 60652 [ 6034 | 0 [00:1532 | 020250 ‘T e ilin: e e sos Tis i TasiToe T o Tiis s lias
—_— 3. 14 21,02 - . A o s 4 N -
1 1-2186) -784156 | 005 | 622 35060 | 6034 — 00:16:44 | 022225 0| 1 | -2453 | 138457 | 402 | -28.25 | -10357.58 | 023 | 6.24 | 65504 | 6046 0 00:19:30 | 08:15:06
0 | -21.57 ] -7535.19 | 021 | 549 | 60699 | 6034 | 0 | 00:29:09 | 1230:44 VI T 2553 [ 138457 | %02 | -55.36 | 52831 | 0.15 | 647 | 65195 | 6045 | 0 | 00:22:53 | 00:5355
|1 |-28.14 | -9649.24 | 0.05 | 649 | 60455 | 6034 0 | 00:28:38 | 240938 ' o | 0| 2 [ 2455 138468 | 402 | 36,57 | -12005.19 | 0.06 | 6.67 | 67691 | 6041 0 | 00:21:30 | 08:09:28
0| -579 |-1617855] 009 | 696 | 98301 | 9146 0 | 00:20:46 | 0053:17 1| 2 | -2455 | 138468 [ 402 | -26.06 | -9253.09 | 0.06 | 6.76 | 69415 | 6043 | 0 [ 00:22:19 | 00:49:54
[1]-652 |-18950.93 | 0.1 765 | 61231 | 9146 0 00:19:52 | 00:45:47 N [ N ETEY 134521 | 9066 | -8.78 | -11507.93 | 0.06 | 7.46 | 73013 | 14570 | 0 | 00:27:02 | 00:35:02
0 | -553 | -1596154 | 0.05 | 693 | 98462 | 9157 0 72:48:29 | 00:54:46 " L[ 1 [-11.27 1134521 | 9066 | -7.83 | -13639.70 | 0.06 | 7.30 | 69597 | 14557 | 0 [ 00:22:22 | 00:43:00
1] -6.18 | -1822533 | 0.05 7.44 72399 | 9157 0 72:35:57 | 0053-:00 P 0 | 3 |-11.27 | 134538 | 9066 | -7.39 | -11226.14 | 0.05 | 6.05 | 66662 | 14558 0 00:20:50 | 00:42:29
0 -1441 ] -5496.41 | 0.04 5.05 63030 | 10656 0 00:15:55 | 00:55:54 1| 3 | -10.27 | 134538 | 9066 | -689 | -11390.01 | 0.05 | 6.17 | 67907 | 14555 0 00:23:26 | 00:48:05
T 1588 | -1037203 1 005 | 581 | 55055 | 10947 0 00-15-23 | 00-47-20 Lol 12,69 138457 | B168 | -17.74 | -19462.54 | 0.05 | 623 | 53674 | 13676 | 0 | 00:16:36 | 08:39:20
To - - - - - - - - 1 1 | 1 | -12.69 | 138457 | 8168 | -11.51 | -14718.08 | 0.04 | 6.06 | 57962 | 13686 | 0 | 00:20:17 | 00:48:48
N - +— - - - - - - o 1013 11269 [ 138474 | 3944 |- 1417 [ 1647729 [ 0.06 | 5.57 | 55487 | 9454 0 | 00:23:30 | 09:02:42
1 | 3 | -1269 | 138474 | 3944 | -13.27 | -16152.58 [ 0.08 | 5.64 | 55951 | 9455 0 | 00:26:37 | 00:39:42
0| -192 | -9469.74 | 0.06 | 6.62 | 73507 | 13567 | 0 | 00:19:22 | 00:47:45 01 1 | 508 | 134521 | 12151 | -2.39 | -1869.97 | 0.05 | 6.51 | 57130 | 177211 0 | 00:19:11 | 00:37-36
| 1| -257 | -12087.92 | 0.07 | 747 | 63163 | 13565 1 | 00:20:28 | 00:46:11 N LT T 508 [ 134521 [ 12151 | 219 | 192401 | 0.04 | 654 | 57263 | 17720 | 0 | 00:21:42 | 00:45:01
0| -1.78 | -811361 | 005 | 651 | 73680 | 13616 1 38:47:49 | 0055:25 L1014 ] 508 [ 134544 | 9289 | -3.13 | -2378.44 | 0.05 | 4.48 | 56203 | 14884 | 0 | 00:17:06 | 00:40:50
1| -2.15 | -1133758 | 005 | 737 74694 | 13616 1 40:50:12 | 0055:34 1| 4 | 508 | 134544 | 9289 | -275 | -2792.73 | 0.04 | 4.58 | 57212 | 14876 0 00:18:19 | 00:40:41
0| -45 | -668991 | 004 | 502 | 62277 | 16331 0 00:17:55 | 00:46:57 Lol 559 [ 138457 | 14076 | -10.05 | -5595.34 | 0.02 | 5.66 | 50444 | 19578 | 0 | 00:17:20 | 08:26:37
1| -571 | -10548.47 | 0.04 5.78 55063 | 16649 1 00:17:17 | 00:46:49 ' 1|1 | -559 | 138457 | 14076 | -7.03 | -5403.16 | 0.04 5.57 | 50895 | 19568 0 00:18:25 | 08:00:30
1 0 | 46 -7043.31 1 0.04 5.08 62585 16332 0 72:42:47 | 00:48:28 p 0| 4 5.59 | 138480 | 5628 -7.38 489543 | 0.04 4.71 53736 | 11123 0 00:26:20 | 03:59:41
1 | 557 | -10217.15 1 0.04 5.73 56460 | 16652 5 72:11:06 | 00:47:43 1| 4 -5.59 | 138480 | 5628 -5.85 ~4292.17 | 0.04 4.79 52378 | 11127 0 00:20:48 | 01:19:19
o | oo 5 205 | ¢35 | esee3 116720 5 202225 | 003558 Lol -2.86 134521 | 15378 104 -410.9@ 0.04 | 641 | 54430 [ 20911 | 0 | 00:19:20 | 00:30:54
BT east cen el 75 | e e - Sare | Shin " 1| 1 | -2.86 | 134521 | 15378 | -0.25 1152 | o004 | 652 [ 57197 (20911 ] 0 | 00:25:41 | 00:41:22
1005 = oo oo oo Ticos l 560110 1 004583 o 1014 [ 286 [ 134566 [ 11155 | 046 | 6250 | 0.04 | 5.10 | 55110 [ 16693 | 0 | 00:24:41 | 00:3201
: : : U = 1| 4| 286 | 134566 | 11155 | -052 | -133.72 [ 005 | 5.11 | 55804 [ 16694 | 0 | 00:20:21 | 00:38:34
1| -047 ] 97585 1005 | 734 | 67138 | 16724 | 25 | 27:17:57 | 0050:41 01 1 | 286 | 160985 | 55891 | -3.54 | -1807.18 | 0.05 | 5.56 | 51798 | 16376 | 4224 | 00:18:12 | 02:32:32
0| -138 | -2661.11 | 0.04 | 5.02 | 59492 | 14136 | 4224 | 00:17:26 | 00:45:20 " IU 1 | 286 | 160985 | 55891 | 541 | 154552 | 0.05 | 5.66 | 52788 | 16381 | 4224 | 00:21:07 | 00:51:04
1| -164 | -45587 | 0.04 | 571 | 58139 | 14397 | 4225 | 00:18:21 | 00:47:41 ' 0 4] 286 [ 138502 [ 6597 | -335 | -1573.54 | 005 | 488 | 49026 [ 12149 | 0 | 00:20:08 | 01:09:17
[0 -098 | 195483 | 0.04 | 503 | 59553 | 14149 | 4225 | 39:52:58 | 00:49:50 | YT 3 | 206 | 138502 | 6697 | 279 | -1210.14 | 0.04 | 4.84 | 49950 | 12146 | 0 | 00:16:59 | 00:47:46
1| -1.98 | -5498.06 | 0.05 5.8 61097 | 14418 | 4237 | 40:31:22 | 00:43:55 |




