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Outline
Key points we will cover

« Product Overview

Introduction to the CAEN digitizer family.

- Latest Developments

Highlights of new firmware updates and advancements introduced this year.

- Hardware Benchmarks
Performance testing of the acquisition system with a focus on data transport limits and network

optimization strategies.

- Software Benchmarks
Analysis of software-side performance, processing bottlenecks, and solutions for efficient data

decoding and handling.
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Digitizer 2.0
Many flavors — VME & Desktop

2740/2745
64/8 32/8 16/4
125 MS/s @ 16 bit | 500 MS/s @ 14 bit 1 GS/s @ 14 bit
x100 (2745 only) x20 x10

84 ms per channel

« USB3.0
« 1 GbETCP
« 10 GbE UDP New compact
desktop version
coming soon.
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The Challenge
From Gbit to 10GBit: Architecture of a Streaming Readout Setup

5GB DDR4 DDR4 @ 1GB
' - — UDP (NEW JUMBO FRAME)
Not included {} ZYU“!QL(AL)E* s 0 oS
~800 MB/s @ MTU 1500
/ FPGA .~ 34GB/s ARM ~1140 MB/s @ MTU 9000
HV '
i Acquisition | 300 me/s bedded
Logic Embe e
— SW S >
JESD ", TCP
CONJROL - USB 3.1 (CDC-ECM/RNDIS)
1 E ~280 MB/s
- 1GbE
~110 MB/s
Trigger Docker
& Sync Container
. Accessible b
DIGITAL /05 €— Logic AL SOFTWARE
> « Web Interface
i « C Libraries and Demo (open source)
DDR4 | 1GEB » Python/LabVIEW bindings

WaveDum p2 (Open Source)
CoMPASS

Open FPGA available
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Context

Readout Paradigms: Triggered vs Streaming

Digitizer
Local L
- trigger Digitize
v
Ring
Buffer
High throughput
Global .
. » Acquire
trigger
External
> . Store
Trigger
v
Post
process

Digitizer 2.0 - Triggered and Streaming Readout

Triggered Readout

Two firmware families:

Waveform recording (a.k.a. Scope)
Common trigger (an event contains the
waveforms of all channels)
Big events (24 + 2 bytes per sample):

+ Timestamp

«  Waveforms

Digital Pulse Processing (DPP)
Individual trigger (an event contains

only one channel)

Many flavors (PHA, QDC, PSD, CFD,

ZLE, DAW, Open DPP)

Small events (16 or 8 bytes):
Channel

Timestamp

Energy and PSD
Flags

Waveforms (optional)

Streaming Readout

Digitizer

Local
trigger

Digitize

—

High throughput l

)

Delay
Buffer

Acquire

Global
Trigger

Build

)

A

Process

'

Store
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The Role of Jumbo Frames
Impact on 10 GbE Streaming

The Standard MTU (1500 B), default for all devices in all network

« To maximize throughput and minimize interrupts, the application must process large UDP datagrams (up to ~64 kB).
« On standard MTU (1500 B), sending datagrams larger than the MTU requires IP fragmentation.

But fragmentation is dangerous

« Reassembling fragments is CPU-intensive for the OS.

« If asingle fragment is lost in the network, the OS drops the entire UDP datagram.

* In high-throughput UDP streams, this amplifies data loss significantly.

The Jumbo Frame Solution (9000 B)

« Allows sending ~9 kB payloads in a single, unfragmented frame.

- Balances datagram size to keep application wake-ups at a reasonable rate, drastically lowering OS workload.

* Fully compatible with modern 10GbE network infrastructure.

Jumbo Frames are not just about
bandwidth: they are about CPU
efficiency and link reliability.
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Methodology

Measuring readout throughput on two possible scenarios

In the next slides, we present results acquired with both the following experimental setups, using a minimal

demo software based on the CAEN FELib, the official C library to interact with digitizer:

Setup #1 Setup #2
Triggered Readout Streaming Readout
1 x VX2730 (Triggered Readout) 1 x VX2730 (Streaming Readout)
Triggered (Scope firmware) Streaming (DPP PSD firmware)
32 GB 32 GB
Intel XL710-BM1 (4 SFP+ link) Intel XL710-BM1 (4 SFP+ link)
Ubuntu 24.04

# Increase OS receive buffer

sysctl -w net.core.rmem max=2000000000
sysctl -w net.core.rmem default=2000000000
# Increase 0OS queue size

sysctl -w net.core.netdev max backlog=65536
# Maximize NIC receive ring buffer

ethtool -G <interface name> rx 4096

s # Enable OS Jumbo frame support

CAEN ip link set ethl <interface name> 9000
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Triggered Readout: Results

Saturation Analysis (Raw Waveform recording, external trigger)
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&= 1us
== 10 ps
5 100 ps

10 wfy= 1 ms
)
=3
=,
@ 10
(1]
1
et
c
)
>
w 3

10 F

10°

1 2 4 8 16 32
Number of Enabled Channels

Tools for Discovery

Experimental setup:
» Scope 10GbE UDP firmware
o 24+2*N_CH*N_SAMPLES bytes/event

Measured data throughput:
« Board: ~1140 MB/s

Additional consideration:

» Possibility to stream 1 ch @ 500 Msps
« Limited by UDP throughput

« No UDP data losses detected

How to further increase event rate:

» Reduce record length

« Decimation

* Move to DPP streaming readout, with
onboard data processing
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Streaming Readout: Results

Saturation Analysis (List Mode, self-triggered)

Board Hit Rate [Mcps]
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Experimental setup:

DPP-PSD 10GbE UDP firmware
(streaming readout)

16 bytes/hit (channel, timestamp,
energy and PSD, flags)

External trigger @ 8 MHz

Measured throughput:

Channel: 8 Mcps/ch
Board: ~40 Mcps

Additional consideration:

Single channel throughput up to ~8
Mcps/ch, but board still limited at ~40
Mcps

Not limited by 10GbE UDP bandwidth
Rate limited by event sorting algorithm
within the FPGA

No UDP data losses detected
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Readout Software
The online decoding bottleneck of CAEN FELib

Depending on acquisition configuration, CAEN FELib ReadData may return:

- Raw data: .
« Binary blob directly from FPGA, to be processed online or offline with custom algorithms FELI b

— no bottleneck

- Decoded data (asynchronously decoded in a library thread, buffered internally):
- Triggered readout: Single event per trigger (timestamp + all waveforms)
— no bottleneck, tested up to 1 Mcps
- Streaming readout: Single hit per event (timestamp, energy, PSD, flags, optional waveform)
— bottleneck at 5.6 Mcps (~85 MB/s with 16-bytes hits)
Possible improvements:
« Implementing batch processing on Raw data (multiple hits per API call) to reduce context switch overhead
« Adopting a multi-threaded producer-consumer architecture for parallel event processing

« Using a CPU with higher single-thread performance (e.g., higher clock frequency)
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Readout Software

An overview on CoMPASS performances

CAEN also provides COMPASS, a multiparametric DAQ software for multi-board streaming acquisitions.
CoMPASS is built on top of CAEN FELib and is significantly more complex than raw readout, as it handles advanced
features including:

» Multi-board event synchronization and ordering

« Hardware coincidence detection across boards

« Software-level event filtering and cuts

» Real-time data visualization and monitoring

Due to this additional processing overhead, CoMPASS exhibits a software-level bottleneck limiting throughput to

approximately ~1 Mcps per setup.
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Summary

Conclusions and possible future developments
Jumbo Frame Support

Added support for MTU 9000 bytes, reducing per-packet overhead and improving 10 GbE readout
efficiency.

Throughput Analysis

Characterized performance across triggered and streaming readout firmwares, identifying

bottlenecks and opportunities for further optimization.

Max board Rate Throughput Bottleneck
Depends on record length ~1140 MB/s 1OG.bE ubPp
(physical layer)
Firmware
SRaE BOUSES (event sorting algorithm)
Software
>.6 Mcps REE (context switches)
~1 Mcps ~15 MB/s SCRWAE——
(complex data processing)
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Thank you
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Streaming Readout: Results with waveforms
List Mode + Waveforms Saturation Analysis

We assumed 16 bytes per hit in previous slides, but the size could be optionally increased with additional
information:
«  Waveforms
« 1 8-bytes header word, followed by up to 4095 8-bytes waveform words
« Available both in official CAEN DPP firmware and Open FPGA
« User words:
« 8 bytes per word
* Open FPGA only

This increase a lot the size of a hit. For example, a hit with 1024 16-bit samples takes 2072 bytes.
In these conditions, the board hit throughput is drastically reduced because it is dominated by the 1140 MB/s
10GbE UDP bandwidth and depends on the acquisition configuration.
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