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Research Interest: Next-Gen TDAQ Systems
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Heterogeneous real-time computing architectures
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KINTEX

UltraSCALE*

VIRTEX

UltraSCALE+

VIRTEX

UltraSCALE+

ZYNQ™

UltraSCALE+

ZYNQ™

RFSoC

Experience with VirtextUS+, ZynqUS+, RFSoCs, targeting Versal and Versal-RF in the future
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Cryogenic Superconducting Circuits ﬂ(IT

Karlsruher Institut fur Technologie

Metallic Magnetic Calorimeters )

Highly precise, single particle _
detectors (1.6 eV at 6 keV) Key Requirements

e Operated at very low
temperature |(<100 mK)

Microwave SQUID multiplexed

> e Interfaced with microwave

Superconducting Quantum Bits signals (1-12 GHz)

e |arge signal bandwidth

Building block for quantum requirements < 500 MHz

computing

J

A. Stehli (KIT)

Large arrays of Cryogenic Circuits require Frequency Division Multiplexing
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Software Defined Radio (SDR) System Arch. ﬂ(IT
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Software Defined Radio (SDR) DAQ System with a frequency mixing stage
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ECHo Experiment

The Electron Capture '®*Holmium experiment (ECHo)

Investigates the upper limit of the electron neutrino mass
Analyzes the energy spectrum in the electron capture process of '®3*Ho
Uses metallic magnetic calorimeters (MMCs) BW > 1 MHz

Parallel readout oI: 12.000 sensors uging microwave SQUID multiplexing approach
400 channels per i i sonances between 4-8 GHz
a
[ M resonators with rf-SQUID
| 7~
‘|| f‘ P s ~ ~ N

inputs\m) MMM f2 f5 output signal
R L && EXEy:
—> RF line

—>» magnetic coupling
—> particle energy

~ ! f:—‘ E

sensors (MMCs)

m
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ECHo detector + uMUX:

D. Richter (U. Heldelberg)
Ho'%3 spectrum

Counts/0.2eV

L I I L L
0.5 1 15 2 25
Energy (keV)

Massively parallel detector array with 400 resonators per readout line
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ECHo SDR-DAQ System Arch. <o ) @)= T
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Gartmann et al., J Low Temp Phys (2022) Karcher et al., J Low Temp Phys (2022

Muscheid et al.. J Low Temp Phys (2024) Niedig et al.. IEEE TAS preprint (2025)
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Custom designed electronics with discrete ADCs and DACs and a wideband frequency mixer board
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ECHo Digital Signal Processing ‘

=70
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a 500 MSPS (20 GB/s)

Data rates:
Digitization of ADC with
frequency comb Internal DDC ) 10 parallel data streams

Tone separation info PN® Iyl P4z ({61!
TDM-Scheme Stage ) 20 parallel TDM streams

Recovery of raw
sensor signal

a 32 x 15.625 MSPS|(40 GB/s)
Demodulation
i 20 parallel TDM streams
a 32 x 1.953 MSPS (10 GB/s)
Extraction of :
relevant samples Event Detection _
) Single data stream

with 8 MSPS|(32 MB/s)

Karcher et al.. J Low Temp Phys (2022)
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. UNSAM
QUBIC Experiment u

Goal: Measurement of the B-mode E&iﬁ Fll
polarization of the Cosmic Microwave Plte ~ &=

Background (CMB) radiation
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Superconducting sensors

QUBIC is a telescope at the northern Argentinian Andes which measures the CMB
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Qubic next-gen SDR-DAQ Eﬁﬁgéﬁi’f’@? -
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© ZCU216  SFBB

Gen3 RFSoC-based TDAQ with similar firmware modules
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BULLKID-DM Experiment /\Fz (NN

ISEILUE Istituto Nazionale di Fisica Nucleare

kg-scale, low-threshold and 1 B A BB SR SR R oF
low-background Dark Matter v
(<1 GeV) experiment

<R

Istituto Nazionale di Fisica Nucleare

T AT
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3. assembly
4.5 mm deep grooves gy
- 6 mm pitch

- chemical etching

0.5 mm thick common disk:

- holds the structure
- hosts the KIDs

KID array
- 60 nm aluminum film

- 60 KIDs lithography Fasembly 60 dices 0.35 g each
- 3D-printed Cu holder 1 dout)i
- Aluminum case IEagouLing

common disk $
0.5 mm

carvings
4.5 mm

DM/v DM /v

BULLKID-DM requires 16 readout channels each with 145 KIDs and online data processing to trigger on events
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BULLKID-DM SDR-DAQ System Arch.
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BULLKID-DM DAQ system based on RFSoC Gen3, Analog Mixer not needed
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Simultaneous Qubit Measurements . . Mptq.,be ﬂ(IT
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* Measurement data —— Damped sine fit
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Parallel rabi experiment on a 5-qubit device
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Scalability

Up to 4 Readout Outputs
(1/Q or Direct-RF)

Up to 4 Readout Inputs
(I/Q or Direct-RF)

Up to 12 Control Outputs
(5-7 GHz Direct-RF)

—

Synchronization

Digital Unit Cell
Digital Unit Cell
Digital Unit Cell

Digitale Pulse

Frequency Multiplexing

g |

Patented QiCell FW

3x “Small” FPGAs (but

8-bit @ 125 MHz via LVDS-SerDes
(4-bit trigger / channel @ 250 MHz)

Additionally AXI-C2C for configuration of the

DAC FPGAs (via regular SerDes)

RFSoC Module

Backplane many 1/Os) act as 15
\ channel flux pulse AWG
1
I LVDS Trigger DAC LVDS
RFSoC Gen 3 : 9 FPGA
XCZU49DR : 15-pairs Board 1050 pins
1
: C°”"g'5b‘i’tg 012 |1 |vDS Trigger | DAC LVDS
! 15-pai EPG/S 1050 pi
- 2xQ readout | | pairs oar pins
(multiplexed) ! .
~12x X/Y control | 1 LVDS Trigger F?'-’%C;\ LVDS
- 45x fl |
Sx flux contro 15-pairs Board 1050 pins

Physikalisches
Institut

Up to 15 Flux Outputs
(2 GSIs, 16-bit LVDS DAC)

Up to 15 Flux Outputs
(2 GSIs, 16-bit LVDS DAC)

Up to 15 Flux Outputs
(2 GS/s, 16-bit LVDS DAC)

ATCA Carrier

(:‘Bm@s @SOLID ﬂ(IT
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qubit B ® u . °

coupler

~Z2 3 2 8 2 3

ATCA Crate Rack
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Modular QiController i 1 & \_sBRIGS OSOUD ﬂ(IT

FLUX DAC NODE RFSOC HUB

* Amplitude vs
detuning Rabi time Rabi

Gartmann et al., IEEE CS (2024)

Ardila-Perez et al., IEEE CS (2024) Schldsser et al., IEEE CS (2024)

QSOLID ATCA boards designed
in collaboration with Julich ZEA2

e FluxDAC Node
e RFSoC Hub

QutmcmP‘

wesaicie | SRS QIC-10Q commissioned at
lm = S8 Julich PGI-13 Prof. Barend’s lab
. .. B with measurements of a 5-Qubit
5] 7. &%= device from Chalmers Uni.

©Gartmann
24 channel Delft Circuit flat cables
at IPE’s KryoDAQ Lab for “cQED”
project with Prof. loan Pop

4
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IPE Tooling for Zynq Ultrascale+ ﬂ(IT
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User =={ Python client |
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RPU (FreeRTOS)}

APU (Linux) ’

FPGA
([ AxiIp Cores )
T
[ DaG ] | APC J RFSoC
k 2 1
( RF electronics
it
[ Experiment ]
= Digital signals  —AXIl4 bus

% Analog signals

Karcher et al., IEEE TNS (2021)

Fuchs et al.., AMC preprint (2025)

o [HI Ay

project

) ] build contalner
s configuration
general

source files \ . —_—> >
@ devicetree
project

source files
hh%

block packages
of other blocks

resulting block
builder package

Tooling centered around the MPSoC/RFSoC, SoCks and the gRPC protocol
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Summary ﬂ(IT

Karlsruher Institut fur Technologie

Readout electronics for cryogenic
detector systems, with emphasis on
frequency multiplexing (e.g., ECHo,
QUBIC, BULLKID-DM, etc.).

Key contributions to the quantum
computing stack, focusing on bridging
the cryogenic—to-room-temperature
interface with the QiController (e.g.,
PtQube, QBrigs, QSolid, etc.). _ '

Delivering scalable, easy-to-use, and | 1] SRRk
cost-efficient readout solutions for §: "
next-generation experiments in : .' s
coordination with DRD5 (Quantum ARRRAEEES | 1
Agh‘-ﬁhﬁiﬁ; o

Detectors) and DRD7 (Electronics).

QSOLID QiController
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Experience:

KIT: DAQ for Cryogenic Circuits (Detectors & Qubits) ﬂ(IT

Karlsruher Institut fur Technologie

Full-stack DAQ development for
low-temperature Detectors (MMCs,
MMBs, KIDs) and Superconducting
Qubits using custom designed boards
and COTs boards

e  Generic radio frequency (RF) analog
front-end targeting various applications. e )
e  Tools and methods for building T T
firmware/software for heterogeneous
devices (MPSoCs, RFSoCs) ZynqUS+ Board
(DTS-100G)
Interests:
e Develop DAQ systems targeting future
large-scale arrays of low-temperature
detectors (to be coordinated with DRD5)
e R&D on firmware modules for online MMCs/ KIDs / Qubits

currently installed at

data processing specifically for
IPE KryoDAQ Lab

frequency-division multiplexed (FDM)
detectors

V] l: [ ‘n‘l" (|

R y ;
HDM RF Board DirectRF Board

X|I|nx ZCU216
RFSoC eva board

19

20.11.2025 Luis Ardila-Perez - Readout Systems for Cryogenic Circuits Institute for Data Processing and Electronics (IPE)



QiControIIer - System Architecture ﬂ(IT
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g e

User PC ! i [ Python Driver ] E
"“N;{W‘a;k"'"t """""""" RS Cesmmmmmm———— =
RFSoC
[ ServiceHub [2]] [ Taskrunner [4]] a
Processors a
Bus | |
Programmable Logic Synchronization
Digital P A —%]
DACs and ADCs 3 3 3
(@] O
] ?? £ £ £
Analog ** % % f—g' c
HF Board 4 5 || 8 &
LA\ JL A\ Digitale Pulse T A\
HF {; ff
o \ Frequency Multiplexing
— > Cryostat with Qubit Chip _ )

Qubit characterization, full-stack ownership, defining the classical-quantum interface.
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Remote Procedure Calls and the gRPC Library ﬂ(".

Calling and called context in different processes or systems

callireturn Example Service
function

syntax = "proto3";
(un)pack Y

package dac;

transport

service DACService {
Shared mediu rpc SetDACValue(Param) returns (Empty) {}
e.g. Ethernet }

message Empty {}

transport
message Param {

(un)pack uint64 value = 1;
boolean enable = 2;
}

Karlsruher Institut fur Technologie

« TCP/IP based

» Interface description:
protobuf language

« Code generation for
various languages
(client agnostic)

« Support for data
streams

GRPC
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ServiceHub Architecture

C++ server
daemon

Daemon supplies
Plugins with information
and infrastructure

(logging, config, ...)

Daemon utilizes
hardware watchdog and
provides a software
watchdog

ServiceHub on PS

Infrastructure

rPIugin Store

[Plugin il ]—/

{ Plugin 2 =

lIIIIII

P

-

'Plugin N
gRPC Stubs
Control Layer

-/
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Plugins, Endpoints &
Versions can be listed
via side-channel

gRPC calls are
forwarded to plugins

Endpoints are created
with system device-tree
info or configuration
values
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System Test with Remote Rack

Automatic control via gitlab runner process
Platforms with SSH, gRPC interface, USB/IP
Remote accessible instruments (e.g. oscilloscope)

@ipe.Test
class check core id():
def init (self, dut):

‘cap_zcul02 ti', 'qup_rfsoc 2rec'}

self.run_for_image = {'cap_frm_zcul62 ti',

UuAWN e

o

def setup(self):
self.channel = grpc.insecure_channel (f"{dut}:50058")
self.stub = pimc_pb2 grpc.PIMCServiceStub(self.channel)

© © -

@ipe.decorators.StartState(states.platformRdy)
def run_test(self):

corelD = self.stub.GetCoreId(pimc_pb2.Empty())
ipe.EXPECT EQ(coreID.chip id,655
ipe.EXPECT_EQ(coreID.chip version,

. Reserve Flash Setup Execute

Luis Ardila-Perez - Readout Systems for Cryogenic Circuits

Reboot &

sanity
check
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Upload
Artifacts
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IPE KryoDAQ Lab

e The cryogenic DAQ lab for characterization and
development of next generation cryogenic detector
trigger and readout electronics TDAQ
(full chain evaluation)

e Mobile version Bluefors LD250 cryostat (<10mK)

S21 [dB]

sEARRIRRIRBEIRE

Frequency [GHz]
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