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* Background and motivation
* FLAME readout ASIC
* Readout architecture and components

* Data processing
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 ECALp inherits from LumiCal — compact electromagnetic calorimeter with small Moliere
radius developed for luminosity measurement at ILC (and, later, CLIC) by FCAL

e Barrel-shaped sampling calorimeter with 20 layers (30 for CLIC) of 3.5mm thick tungsten
absorbers interspersed with silicon sensors placed in 1Imm gap

e With not-so-bright future of ILC (and before LUXE), FCAL switched to general R&D on
compact electromagnetic calorimeter with the need of new readout

LumiCal
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Requirements for the readout dedicated to the R&D on compact calorimeter:
e DESY test beam line (up to 5 GeV electrons) or cosmic muons as sources
* Triggered or triggerless operation
* Fast, with event rate in range of several thousand events per second
* As flexible (experiment-agnostic) as possible:
* No data processing, triggering or buffering in ASIC
* Alltriggering and processing done in FPGA, to allow for easy
reconfiguration of the system

For this purposes a new readout ASIC, called FLAME (Fcal Asic for Multiplane
rEadout) developed in 2018 by AGH.

Complete DAQ system, based on Zynq UltraScale+ FPGA developed in 2019.



i D FLAME ASIC

AG H UNIVERSITY

FLAME is a 32-channel readout ASIC for silicon sensors, working as a waveform digitizer.

 Two 16 readout channel blocks (almost two ASICs on one die) sharing common biasing and
slow control circuitries

* Each readout channel equipped with front-end and 10b SAR ADC

* Two 5.2 Gbps serializers, one per each 16 channels block, with:

* 8/10b encoding
 Multi-phase PLL for fast clock generation

e SST driver - )
— Final
(. FLAMEchannelx16 )\ ( am ) (" Initial ) corinlrer ™\ .
serializer Data
in[31:0] 10-bit > Encoder SST out[1:0]
| FE . > 260-bit 20-bit D
ADC lﬁﬂt output output
20 MSps 8b/100 20 MS 260 MS 4 }
pS ))| 584 Gts 520 Gbps 52 Ghps. 20 phases, 260 Mz o
X \_ J ain
) A + x1 6j 20 MHz =13 < Multi-phase PLL | 50 izl | clock
P —— N 260 MHz < -
ampling cloc _°<|_°<|_°<|_
20 MHz
o )

X2
Chaqnel it Slow > SPI with data out
biasing control
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* Charge sensitive preamplifier with two switchable gains:
* High gain —up to 200 fC with MIP sensitivity, dedicated for 5 GeV electrons at DESY
 Low gain—up to 6 pC for electromagnetic shower core
* Fully differential CR-RC shaper with 50 ns peaking time
 Krummenacher feedback
 Pedestal trim-DAC Krummenacher
* Internal calibration é :

Global

 10b SAR ADC —s
 Sampling rate up to 50 MSps I—s
« DNL, INL<0.5LSB ) >~ |

o—|%¢
! ): B — 10-bit 10-bit
¢ ENOB > 95 T GND + >. E < ADC output
e Ultra low power T 4 F

A
A
=&

aK

Internal

consumption, below calibration ) — a son
Charge sensitive Pole-zero Differnential SAR ADC
1mW at 50 MSpS preamplifier cancellation CR-RC shaper

* Nominal sampling rate — 20 MSps
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ASIC fabricated in 130nm CMOS
in two runs, 2019 and 2021

¥

X

Die size:
3.7 x4.3 mm?

In total more than 100 ASICs
tested and used for testbeams
and laboratory measurements
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FLAXE — FLAME for LUXE experiment, with completely new digital backend matching the

beam structure — only 10 bunch crossings per second

Build-in DAQ memory for 64 ADC samples from all 32 channels

* Triggered by the BX clock of the experiment, with data readout through SPI bus

1000 ASICs fabricated in 2024 — production failed due to manufacturing problems

Only few ASICs working, 99% suffering from excessively large power consumption

IN[31:0] D

[ Mixed-mode channel K Digital backend

10-bit :>
SAR ADC

=<
|\

RAM :>‘ SP }i.:?
Its slave
64 samples

- of 384 bits Main CLK
T T x32 \ | 1 -
Calibration]| | Biasing ‘ Acquisition
pulse it __control J | slow control
| DACs configuration
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Readout architecture

One readout board (FEB) per each
LumiCal (or ECALp) sensor:

256 pads (channels)

8 FLAME ASICs / FEB

16 serial data links / FEB

83.2 Gbps / FEB of data stream

DAQ system based on Zynqg
UltraScale+ FPGAs, hosted on COTS

Trenz TEO808 modules

One FPGA module / FEB
Embedded Linux for system
control and data uplink through
1 Gbps UDP Ethernet

10 Gbps uplink to DAQ PC

1Gbps

UDP: data uplink
TCP: control dowlink
WebSocket: monitoring

Ethernet

16/24 x 1Gbps — 10Gpbs Ethernet switch

>
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~

Trenz TEO808

N\

Zynq
UltraScale+

16x GTH
N 4 J

16 Y,

Backpl
| Backplane

\
ARM + Linux |

\

N\

Zynq
UltraScale+

16x GTH

Trenz TEO808

-

-
"ARM + Linux

Trenz TE0808

16 Y,

-

Zynq
UltraScale+

16x GTH

~
[ ARM + Linux

o ow J
16 Y,

A

16x 5.2Gbps
data upllnk 16

\_ Readout board )

(8x :IS_%ME

(

o

\
Silicon sensor
256 channels

/
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\_ Readout board Y,

4 N
Silicon sensor
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N\ J
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Similar FEB
devElOped
prEViOUS/y
for LumiCal

USB-C connectors: 16 x 5 Gbps data uplink, power supply, slow control
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For 2025 LUXE testbeam, 256 FEB channels
distributed between two sensors

12 columns x 13 rows one left sensor

e 8 columns x 12 rows on right sensor (+4 pads)

Main motivation — to test how the gap between
sensors influence energy and spatial resolution
of the ECALp

11
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FEBs with sensors

in mechanical
frame
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DAQ — FPGA architecture

FPGA (custom logic, System Verilog)

SAXI
bus

Slow TCP/IP
control stack

-
--m me.

¢ >
! ' ! P
GTH Rx FLAME package
core decapsulator _
[ GTH Rx | . [ FLAME package c10§k PSP
core ~| decapsulator _an amplitude DAQ >
timestamp and time of
. synchronizer arrival
X16 . reconstruction
r 1 r , .
GTH Rx | , | FLAME package -

core

decapsulator

DMA

DDR4
RAM

Embedded Linux on
ARM processor

Zynq architecture — “regular” FPGA combined with quad-core ARM Cortex—A53

UDP -
stack

:
DAQ,PC

1Gbps
ethernet

FPGA part responsible for receiving FLAME data, decapsulating and aligning packages,
data preprocessing (DSP) and online reconstruction using deconvolution
Processed data passed to embedded Linux through DMA engine
Embedded Linux for fast and effective development of UDP/TCP protocols, slow control
and configuration

13
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Without beam clock (e.g. cosmic muons) ADC sampling is asynchronous with FE pulse

12 T T ' T T T T | ‘ T T - FE pUISe
- 1+ . - . t t
® Qin ——
S o8¢t |Vfr0nt—end(t)| — C ( ) e “sh
= feed \Tsh
£ 0.6
©
o L
N 04 o ADC samples
T 02 . .
£ - : * Digital filter (FIR) samples d.
§ O & = | S S T N e
0.2 T S ST S T _Tsﬂ _2T3mp
-100 0 100 200 300 400 500 di =v;—2e Tshy,_q+e Tshy_,
Time [ns]

Amplitude A and time of arrival (TOA) t, reconstructed as, respectively, weighted sum
and ratio of two non-zero d; samples, output from FIR digital filter

TsmP‘ti‘Tsh TOA dy
Tsh€ s d, ~smp
A= (d; +dy) “Tomp to = ; -
Tn —tog| 1 —e 7sh 2 T Tan
Amplitude STP 0 d, Te %
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Data preprocessing and reconstruction performed online for all 256 channels:

e Common mode calculation and subtraction

* Pedestal subtraction (with procedure for pedestal calculation in embedded Linux)
 Rough pulse detection (to exclude from CM calculation channels with signal)

* FIR digital filtering Raw data
* Detailed signal detection for zero P
. / data multiplexer
suppressing (ZS) | | | |
¢ Amp“tUde and TOA reconStrUCtion Raw supbetdfascttailon dei;gion subtfaMction I:(IdF:ecfolnlvt.e)r
. . ADC A . T .
using deconvolution data |-\ . N\ N AT N

Outgoing data can be (on demand) composed of
« Raw ADC samples (default)

e Partially processed samples

e 7S reconstructed data (online monitoring)

Y

self trigger

Y

Signal
recognition

e

Y

N

Amplitude and time
reconstruction

-

(ZS)

!

self trigger

Main data
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Data from all FPGA boards collected using EUDAQ producer on a dedicated PC.

Raw ADC samples and ZS reconstructed data stored on HDDs, with ZS data extracted to
webpage-based data quality online monitoring.

During 2025 testbeam 11 FEBs were instrumented
 915.2 Gbps of continuous data stream from FLAMEs
l83-2 Gbps lZ =9152Gbps | » Reduced by FPGAs to 1.2 Gbps at 1 kHz event rate

e System stable up to 2 kHz (>2 Gbps of outgoing data)

FEB | - - - | FEB | x11

TLU| | FPGA | - - - | FPGA | x11

13 kB/evT 1 Gbps ETH l

SWITCH

10 Gbps ETH 143 MBps

1.2 Gbps @ 1kHz 3 \
ONLINE // | |

MONITOR

Raw ADE: samples
Zero Suppresed

ZS

<

HDD
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Complete readout system for compact electromagnetic calorimeter developed and
successfully used in testbeam campaigns in last six years
e 32-channel, low power FLAME readout ASIC, with 10b ADC in each channel and

two 5.2 Gbps data serializers
 FPGA-based DAQ system with online data processing and reconstruction

Design adapted for ECALp testbeam due to the production failure of new ASIC, FLAXE
Readout system successfully used with 11 layers, during 2025 testbeam of ECALp
* FPGAs farm handling and processing almost 1 Tbps of incoming data

e System fully stable at 2 kHz event rate, with >2 Gbps of outgoing data

EUDAQ producer with website-based frontend for remote access to system control
and data quality monitoring developed and successfully used
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Average power consumption per channel
3.1 mW / channel

* Analogue front-end: 1.25 mW/channel

« ADC : 0.33 mW/channel
e Digital backend : 0.45 mW/channel
e PLL : 0.55 mW/channel
e SST driver : 0.55 mW/channel

Total ASIC consumption: 100 mW
* Analogue front-end: 40.0 mW

« ADC :10.6 mW
* Digital backend :14.4 mW
* PLLs :17.6 mW

e SST drivers :17.6 mW

® Analogue FE
mADC
Digital
EPLL
W SST driver
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Shaper output [ADC]

Pulse amplitude [ADC]

FLAXE — front end performance
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Website-based online monitoring and DAQ control — remote access

Online Monitoring

CUTTRGTTIERTY

GUI Start Run
Prep Trig Dist

Stop Run

Calibration & Configuration

Reset Timestamp

Configure FPGA

ASIC Control

ASIC Reset

Validate ASICs

Triggering & Debug

Target x): | OXFFFFFF

0x0001

System Maintenance

Kill Process:

KILL PROCESS

Light Mode Clear Plots ‘

Online Monitoring

[+]

DAQ Control Statistics

Plane 0 Channel Amp
Channel Amplitude - Plane 0

Get Pedestals

Equalize Links

50
Ampiitude

Plane O Hit Count Map ' M,
Hit Count Map - Plane 0

Command Trigger

Send Debug Cmd

Channel Y

Trigger Dist Configuration

Channel Amplitude Distributions (1D)

Plane 1 Channel Amp
Channel Amplitude - Plane 1

T T

80
Ampitude
Cluster Amplitude Distributions
Amplitude Hitmaps (2

Hit Count Maps (2D)

Plane 1Hit Count Map | v
Hit Count Map - Plane 1

Light Mode

Clear Plots

HW Monitor

Plane 2 Channel Amp
Channel Amplitude - Plane 2

Plane 2 Hit Count Map ' Ma
Hit Count Map - Plane 2

Channel Y

18
Channel X
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Examples of online reconstructed data:

Entries

h_amplitude _plane10
@ 1400(— Entries 21206
= N Mean 27.47
w = Std Dev 17.64
1200[— :
- Without absorber
1000}
800
600/—
400 —
200|—
O B 1 1 1 1 1 | I 1 1 1 R P |
0 20 40 60 80 100

A;lnzpqitude

 Without absorber — pure Landau-Gauss distribution, MPV around 15 LSB
* After one absorber layer (1 X,) — one, two and three MIP peaks visible

h_amplitude plane9
— Entries 99020
B Mean 46.83
5000— Std Dev 33.92
n After 1 X,
4000 —
3000|—
2000—
1000/—
0 B | | 1 ‘ | | 1 | | l | 1 | | 1 | | ‘ 1 | | 1 1 |
0 60 80 100 EnQpIitude
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Data preprocessing

Example of data preprocessing:

Raw ADC samples (left) from a single event and single FEB (256 channels)

Pedestal subtracted data (center) — sine oscillation visible
« Common mode subtracted data (right) — oscillation removed almost completely
 Two dead (not responding/misbehaving) channels can be clearly seen after CMS

Raw ADC data

140]-

1204, .
ool FEELE BT 1S
T e = H

80\ ~ N e DO B *‘( —¥- 7.7-'"_ B =

ADC Value - Pedestal

o
T T T

Pedestal subtracted

Dead

channels

20

Sample ID

ADC Value - Pedestal - CM

20[

! | L
Ell Ti‘ﬁfﬁ;‘lt:ﬁ“i iR ENS=SE

0

Pedestal and CM subtracted

0

5

10

15

20 Sample ID
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