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Brief Introduction to CRES and Project 8

CRES = Cyclotron Radiation Emission
Spectroscopy

. — Wo _ e Cyclotron radiation
K Y E + m, frequency

 Tritium endpoint frequencies:

B 095T 0.02T
Wy, 26 GHz 560 MHz

« Experiment requires careful radiation
detection and readout chain

* Project 8 will combine CRES with an
atomic tritium source to be the next-
generation of tritium neutrino mass
measurement
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Two Cavity-Based CRES Experiments ,“o/

)\
Cavity CRES Apparatus (CCA) Low Frequency Apparatus (LFA)
 Signal extraction: rectangular  Signal extraction: patch antennas
waveguide

* Frequency: 560 MHz
* Frequency: 26 GHz
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Reading out CRES Data

Radiation captured

Phase |l Tritium Event

922 |—
Downconversion to - - 10
IF band 921g= %
N 920 = 8
L 5
Digitization S ot0f E
O - = 6
o) = =
, N o918— - =
Downconversion to > -
C I~ — —
baseband S 917~ = e 4
g - e
LL — =
916 [— : - -
Trigger e = . - = 2
915 — = - = = = B
. . —Tl-llllIII|III_IlIllllIIllllll_llllll‘l_lllllll_ll _0
Write to disk 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (ms)
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Reading out CRES Data W

Radiation captured

Phase |l Tritium Event

922 |— =
Downconversion to 1 = _ 10 Features
IF band 921:_ = v’ Set of tracks
— - - represents
920 8
— : g ~ = electron
Digitization 5 o10 = ?g lifetime in the
5 = - = detector
o - = ° g
: o918 - < v Jumps are
Downconversion to > F s : g from scattering
baseband S o17 s = = -
@ - : — - v Slope is
- 916 — ] - = = energy loss
Trigger e = . - = . 2
915— = = - - = ]
. . —T I-l | | [ I | | | I_I [ | O I | l [ I | | | 1 I_I | Y I | ‘l_l I | | | I_I | _0
Write to disk 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Time (ms)
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Reading out CRES Data @/«/\

A\
Radiation captured CCA Simulated Electron
— 160210°
. I -
Downconversion to T - Features
IF band 3 s v' Set of tracks
E 150 — represents
C ey = electron
Digitization 145 = lifetime in the
3 detector
) 140:— =l v
Downconversion to - el Jumps are
haseband - : from scattering
E v Slope is
130 — = energy loss
Trigger b == v Sidebands due
E to axial motion
. . B ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
Write to disk 120, 0.001 0.002 0.003 0.004 0.005
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. . 0. Signal input:
CCA?* Signal Processing 26 GHz

* Inherited directly from Phase Il

1. Analog Signal Chain

‘o

_ FOACH ConditioningStage  ____________Highfre
I . I []
ROACH-2 Digitizer " —|it—{ }—* ==
(0-16 GHz) " . : /

__________________ ' R O .
—
Z
Realtime Spectrum a
Analyzer (0-6 GHz) N
B00-2060 MHz ki =
; Crscillator Q
HP Synithesizer N

%
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CCA Signal Processing

2. Digital (FPGA) Signal Chain

11-bit amplitude _
10-bit phase 2-bit phase
4 ADC & —>{}16 Ay . V22—
a4 ’
127-order 4th-order IIR ?‘l
FIR =
»FFT >
8192-point

Nucl. Instrum. Meth. A 1081 (2026)
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CCA Signal Processing

%
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-
N ;
Input:Packets
from ROACH

Producer node:
Packet receiver

y

Transformer node:
ROACH receiver

Time-domain

Raw-data blocks

Frequency-
domain
packets

Transformer node:
Frequency-mask
trigger

Trigger
flags

3

Transformer node:
Event builder

Consumer node:
Triggered writer

\_. Output:

Trigger
flags

Egg files

(9202) 180L V "B\ "wnuisu| "[onN
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CRES Event Trigger “‘//\/

Average Spectrum + Trigger Mask Event Trigger Window
. 93 . = —
220~ TN —— Power mean ] Pre-trigger time 16
W y =
Z f \ —  Power std. dev. 92 — == Initial trigger 1
200+ ! \ — Spline fit j et Continue writing
o ] ----  Scaled mask =aq] = 12
€ 1801 B T '] ="
> = = 10
& 160 390 e z
g S : 80
D o 5=
= e .
S 1401 £ 891 - == 6
= T 4
_ _ —
120 88 S - :
] ] g = 4 -2
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100~ r—+ + T 1T * r v T + 7+ ¥ T T T 7T T * * T 1 e e e e B e e e o e B S B 0
0 20 40 60 80 100 -0.5 0.0 0.5 1.0 1.5
Frequency (MHz) Time (ms)

Nucl. Instrum. Meth. A 1081 (2026)
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Hardware Systems ,\,“//s‘//

Y
For the CCA: For the LFA:
Reconfigurable Open Architecture RF System on Chip (RFSoC)
Computing Hardware v2 (ROACH2) . FPGA + ADC + DAC
 FPGA + ADC daughter boards . Made by Xilinx

* Developed by the CASPER*
collaboration

f -
I B .
[ conneeconenn
fennnnicnr I'

* Collaboration for Astronomy Signal Processing and
Electronics Research

o

Pacific Northwest
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0. Signal input: /\/‘I-
)\\“‘“‘(

~560 MHz v

.

LFA Signal Processing

1. Analog Signal Chain
“ 3. Digital (Software) Signal Chain

Conditioning &
[J——— ; ;"j" - - i R\ 4 /ﬁﬁﬁ """"
RFSoC Digitizar - e e }—* + o _
o~ . Input:Packets
{0-1.3 GHz) : . ' 0 from ROACH
I I p— *, —————————— N Producer node:
N % : Packet receiver
. Realtime Spectrum a .
.'. Analyzer (0-6 GHz) o - | Raw-data blocks

:. E00-2060 MHz 24'5_'GH'= ’(l\;; Transformer node: Frequency-

. HF Synthesizer Uscillator N : ROACH receiver \domain

. — - packets

:. Transformer node:
:' Frequency-mask
2. Digital (FPGA) Signal Chain N trigger
N ime-domain -
RS ackets Trigger
. . .0* P flags
11-bit amplitude _
10-bit phase 2-bit phase Transformer node:
Event builder

Trigger
Consumer node: flags

%—h¢16 g—bJ,Z—P

ADC

(9202) 180L V "B\ "wnuisu| "[onN

= Triggered writer
|1:I2F§-order 4th-order IIR Q \_. N output:
e q m Egg files
8192-point

Nucl. Instrum. Meth. A 1081 (2026)
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Reading out Multiple Modes W‘/

* Different modes have different
spatial sensitivities

= Can help us understand position in Ch2
the detector

» Use readout at different locations to
be sensitive to each mode (or a
linear combination) of the modes

* Channels digitized independently
but recorded with timestamps

* Analyze coherently

Pacific Northwest
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Antenna Array: the Path Not Taken ’“‘/%‘/

)\
Experimental Concept Signal Processing Architecture
* Inward-looking antenna array * Digitize data by antenna channel
« Beamforming used to identify electron « Linear combinations of channels form
locations “beams”

* Analyze beams for signals

Front End 1 Compute 1

Broker 1

ot
P

Front End 2

Broker

Control |
Front End 3 :
> Broker 2
Front End 4 Compute 3

Records Blocks Events

=%-1__% Compute 2 | Storage

Conclusion: Cavity-based experiment DAQ is vastly simpler!

"
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Summary OIS

» Signhals from CRES electrons are microwave RF radiation

» The front-end system has its roots in the technologies developed for
radioastronomy

* We use modern RF signal processing techniques to identify and record
transient femtowatt signals

» Current signal processing for the CCA uses the previous phase’s system

 Future signal processing for the LFA will be simpler, with no analog
downconversion needed

* We're studying the use of multiple cavity modes and multiple channels to
optimize signal detection

AAAAAAAAAAAAAAAAAA



Multiplexing readout schemes
for low temperature detectors




Why do we multiplex?

* each LTD requires readout wiring between room temperature and the
cold stage of a dilution refrigerator at tens of mK

* there are a few multiplexing schemes available for both TESs and MMCs
(both rely on a current signal)

* a good candidate needs to provide a large bandwidth and a good
multiplexing factor, along with low x-talk

* two are of particular interest

* microwave SQUID multiplexing (Appl Phys. Lerr. (2013) 103, 202602) = already
in use for keV detectors by HOLMES

* Kinetic Inductance Current Sensors (KICS) (Comzun. Fno. 3 (2024) 1, 160) =>
demonstrated for NIR TESs, under development for keV TESs



Disclaimer

I'll refer here to the multiplexing applied to TES, but similar arguments
can be made for MMCs (with a few differences)



Microwave SQUID multiplexing
* the multiplexing 1s naturally achieved with microwave microresonators:

fn
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Microwave SQUID multiplexing

* the objective 1s to detect a current signal: a rf-SQUID translates the
current information into magnetic flux, and hence mutual inductance

f, fn

4—@ : RFH\;O EREYRRY! QIQ

<« <4

.___-T:}Ie _____ ::"_)RFOUT
Y v

Microwave o = o o ° &= .7 . . .
Synthesizers = 8| = 5| = 5| =) [ :
2w 2 = 2w B | _

o & o &l 6 c|
52| gl 5 2 g I -
=N AN s 2 g e ]
! . 5 ]
1 I B 7
| i 5 | _
rf-SQUID [ v S 0 %2 0
#1 X 2 K #n Magnetic Flux (I)S

SQUIDs are very sensitive to current signals, but have a non-linear
(periodic) response = it is necessary to linearize its response



Microwave SQUID multiplexing

* the objective 1s to detect a current signal: a rf-SQUID translates the

current information into magnetic flux, and hence mutual inductance
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Microwave SQUID multiplexing

in this scheme the ramp frequency is the

* 3I(t) =2 Oh(t) =2 do(t)

f fn

LA A

() ;9):[9 ------- g

Microwave
Synthesizers

Microwave
Resonator #1

Microwave

/

Resonator #2

I
I
I
I
I
I
I
I
1
I
I
I
4

Microwave

Resonator #n

- + - t
C ) rf- SQUID

Flux Modulation

+
=||I W RHH #1

:

ITES : l

TES Bias R‘_]Wt

—h_pa AR e nc_‘.n;rx nn,rn:. nn‘nglnle‘J“‘,.‘m".‘".1 ,‘-

e 1"\~P“. TREM T SR e W >

10

signal sampling frequency

T T T T
ramp

free oscillations
transient

T

"~ Time [ms]

scheme currently in use in HOLMES for
acquiring physics data, such as
Phys. Rew. Lett. 135 (14), 141801




Microwave SQUID multiplexing

-20dB
attenuator

-20dB
attenuator

,,,,, wk == == DCblocks
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40K
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probe in
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202.0

H
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s
o
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Spectral Density [pA/VHz)

18.0

Read out noise
32 Channels, no TES bias applied

Flat noise due to the
load resistor

Flat noise due
"R, to the read-out
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196 pA/\/E ___________________________ RigEss s
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Microwave SQUID mux: BW considerations

* Afres= 2 frampNg, ng, = 2 flux quanta per ramp period
framp( f. Sampl) > — requirement to avoid distortion
* fn = 8Afres crosstalk suppression

* each resonator requires a BW equal to

* the current SDR-based DAQ used in HOLMES (ROACH2) has a total
BW fADC = 512 MHz~

—10us

Ny ‘}DC ! AD;;) — 32 TESs/ROACH2 board

Trise slowed down electrically on purpose to match the BW of the readout. The underneath
thermal signal is much faster = time resolution limited by the sampling time




Kinetic Inductance Current Sensors (KICS)

* novel scheme, so far demonstrated for NIR photons ,

* relies on kinetic inductance vs current flowing in a
superconductor:

GHz]
=)

IZ

L(D) ~ L, L+g+

* when patterned into a resonator, fi. depends on the

cy [

current /

0
urrent [HA]

* at low currents, the response is basically flat

* to work in the current-sensitive region;an ,
. . . . f (I) —
additional persistent current is added = e

* any additional current from the detectors is detected
as a frequency shift



Kinetic Inductance Current Sensors (KICS)

* first prototype produced at FBK within the HOLMES+ collaboration

Design (GDS) of KICS Microscope image of microfabricated KICS 450

e A
|

inductors &
bonding pads

-50.0+

resonator:
IDC
inductor

-52.5+

|S| [dB]

-55.0 bias current

coupling
inductors

=B57.5

—-60.0+

microstrip
transmission —— —-62.5-
line

—-65.0

6.8 7.0 75 7.4
Frequency [GHz]

Al patch (superconducting
switch)

step 1: apply a bias current while keeping the temperature TXICS > T > TSWItCh of the superconducting switch (in the
current prototype: TXICS ~ 11.8K, TSWiteh ~ 1.2K)



Kinetic Inductance Current Sensors (KICS)

* first prototype produced at FBK within the HOLMES+ collaboration

G—|IF—w—se

v Microscope image of microfabricated KICS

inductors &
bonding pads

resonator:
IDC
inductor

coupling
inductors

I

microstrip
transmission ——
line

0.0 05 1.0 1.5 2.0
Current [mA]

Al patch (superconducting
switch)

step 2: lower T below TSVt and remove the bias: the resonator will detect a current signal from a TES w/o ramp
modulation
—> current prototypes successfully tuned with persistent current



KICS: BW considerations
* Afres=2frampiip, B,

r
1 . 11 .
* Afres= requirement to avoid distortion
res )
Mlrise
* fn = 8Afres crosstalk suppression
* each resonator requires a BW equal to a factor 60

increase in the mux factor respect to SQUID mux
* additional benefit from new RF-SoC boards, with larger BW

* sampling time 0.1 us =2 lower pup contribution



ECHo electronics
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ECHo-100k Detector Design

® Frequency band: 4-8 GHz
® 400 Channels, 800 MMCs

IN
® Spacing 10 MHz
VA

modulation

/
@ Detector bandwidth: 1.6 MHz

® 15 systems for 12k detectors

VAN
mod
RO ELD
Lin

= eventin = I ouT
% channel 3 %
3 —> 3 1
> >
fi 6 fa fy T i b fy fy f HEMT
Transmission line
-T-C _L _L _LCOUPIing
C Common

AW

capacitor
coil
®
rfSQUIDO

LC-resonator

Input coil
Detector

KIT



Software-Defined Radio approach

al
~ = P mwr T Dullll*
FPGA =
gl TITIT
~ "

/ Detector array
ADC | — —

I LE

Y Y
room-temperature domain cryogenic domain

Usable for readout of microwave SQUID multiplexed MMC and TES, as well as KID and KICS

KIT



ECHo-100k DAQ Architecture

® Digital signal processing on FPGA
® DAC + ADC operate at 1 GS/s
® Merge 5 bands of 800 MHz

® Mix from baseband to RF

= —
e —

= —

=T —

Xilinx ZynqUS+
Dual Quad
ARM R5 ARM A53

CPU CPU

FPGA

Cryostat

800 MHz with
80 channels
B1 B2 B3 B4 - B5 h
o N A A A
oy ?Oz 5 {Oe 6 {O@ {oy 7 {O& 8 fIGHZ
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ECHo-100k Hardware

RF-Frontend Conversion Stage

N
Ngp
38
© 0
0%
b}
o<
wo

2=

ST

Three custom boards for modular architecture

FPGA-Board




ECHo-100k Firmware

_70_
_80_
g —901
[a4]
2 ~100
Q.
PL —-110+
____________________________________________________________________ —120+
' 5 X ‘ ‘ X ~1301
. I ! . . I
[ Multi-Channel- Fluxram Event X 4.8 4.9 5.0 5.1 5.2
160 GbpS : J ; ‘: I DDC ' Demodulatii)on Detection T frequency £/ GHz
; ,‘ JESD204 RX Polyphase . | | :
1 Channelizer . | ] \
: I | Multi-Channel- N Fquramp ‘ Event . |
+ . DDC Demodulation Detection ! 200
Q 160 Gbps | | , ] B I I :
> < | JESD204 TX — — . P 8 180 1
LL . : 'Multi-Channel- s Fquramp N Even_t | ! g
< ! DDC Demodulation Detection 1 1601
) ! Polyphase . . ; I » 1 8
N~ i 1 1
L0 . Comb Channelizer | Multi-Channel- Fluxramp Event ! 140+
! eneration emodulation etection 1
) G i DDC D dulati D i 120
= ; ! 1 ] ] | ] ]
S Y ) E 3 0 50 100 150 200 250
time t/ ms
5 I ,
4 Gbps
< P JESD204 TX |« AT AXI Switch DMA  «— @ AXS <
Generation Switch
~30 Mbps [PS
P P Ethernet _ | Application
user € ~ 7| Processor

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
timet/ms

Real-time data processing on FPGA to reconstruct detector signals and reduce data rate
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Current status

® 15 Units assembled & commissioned

@ Fully functional firmware

- Carrier tone generation
- Fluxramp generation

Analysis of reconstructed pulse:

- Frequency demultiplexing

- Trigger System

0.6 1

® Successfully used in small-scale measurements Z0i1 o

— 160
024 — 80
— 40

® Verification with digital detector emulator —3

=001

2 00 B e s e b et

KIT
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ECHo-LE Requirements

Lessons learned from ECHo0-100k DAQ:
e Development of custom hardware is laborious

® 800 detectors per MUX: 25 systems « FPGA — Converter interface is difficult to setup
 Complex hardware architecture, not adaptive

® Goal: Readout of 20.000 MMCs

® DAQ work packages from ERC Grant:
— Assembly of 10 additional systems }

— Integration of Tone Tracking feature
\ Enhanced readout capability:

e Extension of FPGA firmware

 Static readout tones limit multiplexing factor

New DAQ systems will be improved using previous knowledge

KIT



ECHo-LE Hardware Proposal

® AMD offers single-chip solution: RFSoC

@ Advantages:
— Higher integration
— Easier interface to converters
- Higher sampling rates

® Same architecture (Zynq UltraScale+)

8 XCZU49DR device:
- 16 DAC with 10 GS/s
— 16 ADC with 2.5 GS/s

MPSoC

Processing System

CPU

GPU

USB

Programmable Lo

gic

DSP

Memor!

Yy

PCle

—p

RFSoC

Processing
System

Programmable
Logic

RF Front-End

ADC

DDC

DAC

RFSoC ‘

Clock board ‘

RF signals ‘

KIT




ECHo-LE Hardware Architecture

® RFS0C system
ZCU216 Evaluation board

SoM with custom base board

® Custom adapter card
Map DAC / ADC to RF channels
Low pass filter for signal conditioning
Connector for fluxramp board

® Analog front-end from ECHo0-100k

Test setup:

Adapter board
with LP filters

ECHo0-100k
RF-Frontend

RFSoC-based setup to evaluate performance

ZCU216 RFSoC
Eval Board

KIT



[ ]
ECHo-LE Firmware PL
TS ETEEEE T EEEEEEEEEEEEmmmmmmmmmmmmmmmmmmm
' 1
, 3 Multi-Channel- 3 Fluxramp Event !
E DDC Demodulation Detection 1
3 PI:)Iyph?se 1 i I 1
1 Channelizer - !
3 Multi-Channel- 3 Fluxramp 3 Event !
: DDC Demodulation Detection 1
[ | [ I
! 1
! 3 Multi-Channel- 3 Fluxramp 3 Event '
. R I E S D 204 P I ' Peljphase DDC Demodulation Detection .'
1
eplace J rotoco o L) Sophase = | =
s , Multi-Channel- Fluxramp 3 Event '
0 < > RFdc f DDC Demodulation Detection '
04 : :
1
® Use RFdc (AMD IP-Core) . G
1 Generation
1
________________________________________________ SX .
— Up-/ Downmixing . |
uxramp .
<] Generation gaswiteh DA <] Switch <
— Interpolation/ Decimation PS
user < Ethernet |€> o —

® Firmware migration complete

Type |MPSoC (ZU19EG)| RFSoC (ZU49DR) | ECHo-LE FW

® More DSPs enable additional LUT 523k 425k 323k

_ Logic cells 1143k 930k 544k
algorithms Memory 80.4 Mb 73.5 Mb 34.8 Mb
DSP 1968 4272 1334
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RFSoC Characterization

—— ECHo DAQ 1 GHz
—-601 =¥ ZCU216 1 GHz
_ — ZCU216 2 GHz
9 —80
%—100*
B ZCU216 comparable to ECHo hardware E10)
—-1401
® Clock quality limited by eval card, could o — m —
0 Devia’:cLi(())n from ca}r(i)er[Hz] +0
be improved with custom clock board e 5 lousfime dy s micance
o

—— ECHo DAQ 1 GSPS

ZCU216 1 GSPS
| =—— 2ZCU216 2 GSPS

® Higher sampling rates of DAC and ADC

|
N
o

Improve SFDR

Relative Amplitude [dBc]
5 4
Q o

Previous work:

M. Garcia et al., "RFSoC Gen3-based SDR Characterization for the Readout System of Low-Temperature Bolometers"
R. Gartmann et al., "Evaluating the RFSoC as a SDR readout system for Magnetic Microcalorimeters” 0 100 200 300 400 500

Frequency [MHz]

|
©
o

RFSoC-based DAQ shows comparable performance as custom hardware

KIT



Tone Tracking

® Resonance frequency moves periodically T ... ... .o ..
® Variable input power at HEMT amplifier, o - \ /
may lead to clipping 3.l \ O\
® Track resonance frequency with readout tone %_15_
< ll.-'
. ; -— Original Resonance
. ReqU|rementS ey | : —- Shifted Resonance
- adaptive tone generation I T I
55326 5532.65 5532.7 5532.76 5H532.8 553285 5532.9 553295 56533
Frequency (MHz)

— control loop to correct frequency error

Firmware feature currently under active development

KIT



Conclusions

® 15 ECHo0-100k DAQ systems ready for use
® 10 additional systems for ECHo-LE

"‘\

U U
Mmooalt e

® New systems will be based on RFSoC
® Similar performance, higher clock rates

® Tone Tracking under active development

in:
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=
o IR
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RAL Universie V.
Low-noise and low-drift Front-end
ASICs design

for astronomical telescopes QUBIC, ATHENA, (CMB-S4)

Damien PRELE - APC CNRS IN2P3 / Univ. Paris Cité
14th of April 2026 - NuMass 2026 - KIT Karlsruhe
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QUBIC readout



QUBIC readout chain : SQUID multiplexing

D. Préle et al. Capacitively-Coupled SQUID Bias for Time Division Multiplexing doi 10.1007/s10909-014-1129-1
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QUBIC : ASIC SQmMux128

Clk

Serial bus
VEe Ve

Clocking 6
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D. Préle et al A 128 Multiplexing Factor Time-Domain SQUID Multiplexer DOI DOI 10.1007/s10909-015-1449-9
M. Piat et al. QUBIC IV: Performance of TES Bolometers and Readout Electronics arXiv:2101.06787
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0.1 b . : : :
10Hz 100 Hz 1 kHz 10 kHz 100 kHz
frequency

3
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ATHENA readout



X-ray Photon

X-IFU - Detectors and readout \

absorber

Micro-calorimeters based on transition edge sensors (TES)

. T i\ : thermometer
g ~ —— . Au/Bi/Au absorber
; e Au/Bi \
\ — ' Absorber )
\ - ) _ o
| - @
— « . ' 5
—." 8% R — = J/‘, Q |
Wl : B firme
\ » W —‘_Hj‘_—‘ : SiN Membrane
o i i O
| et BT e i |
3,
“.\ 1 ; -
\ < - - a
i R e E
(0]
( AY4 AY4 AY4 \ 8
TES L squin | ~asic ORE £
+Dbias / ] .9
circuit Iy {ADC < G X Vg > §
Isg —
Irgs - {DAC | < FB > o
g ) L
%’ IrB w
Rg < RrTES H—<Isq >
Tpias > @ .l. <lIps > FPGA
1as
~ J L )L L )

L. Gottardi & S. Smith Transition-Edge Sensors for Cryogenic X-ray Imaging Spectrometers DOI 10.1007/978-981-16-4544-0_22-1



One TDM column

X-IFU - readout / multiplexing chain TDM

WEEE DRE

The warm front-end
electronics - WFEE
@ 300 K

,,
|
|
AP
—m AC
<




e ASIC technology consolidation WFEE ASIC developments

v AwaXe_v3 full ASIC using AMS350nm BiCMOS tech. (2020)

. : -> dose & latch up tests->
used in WFEE demonstration models

-> last opportunity in 2025 to
build an AMS ASIC with TMR

AwaXe védana, v4.5DAC, v4.5LNA, v5bus, AwaXe_v6/EM using ST130nm BiCMOS tech. (2 e
-> Dose test up to
200 krad end 2023 (report dellvered)

-> SEE tests

see -> ASIC deSIgn evolution of A THENA X IFU warm front-end electronics.
S. Chen, D. Préle, M. Gonzalez, J. Mesquida, B. Courty, M. Punch,

L. H. Arnaldi, B. Ton, J. Lesrel, Proc. Volume 13093, v

Space Telescopes and Instrumentation 2024:
Ultraviolet to Gamma Ray; 130934J (2024)
doi. 10.1117/12.3020115




Highlight ASIC technology



The ASICs

SQmux128 AMS350 2016 (SQUIDbias+Row@+LNA 40-50K)
-> Integrated in QUBIC (50K)

see technical Design Report : https://arxiv.org/pdf/1609.04372

AwaXe_v3 AMS350 2020 (2ch SQUIDs+TES bias+LNAs+HK 300K)

-> Integrated in X-IFU WFEE DM (300K)

AwaXe_VvEM ST130 2024 (2ch SQUIDs+TES bias+LNAs+HK 300K)

-> not yet tested

S. Chen, D. préle, M. Gonzalez, J. Mequida et al. doi. 10.1117/12.3020115

1mm

oy e _’,:“ o 4
‘ A

M



https://arxiv.org/pdf/1609.04372

Bipolar technology for low-noise IC front-end



Bipolar (BJT/HBT) vs MOS for low-noise analog electronics

Flicker noise :

fc:

MOSFET

K 1,

Af
" Cox WL fe8m

K 3

Cox WL 8kpT

BJT & HBT

o K12

e Af

input voltage [nV/VHZz]

100 yVA/Hz

10 uVAWHz

1 uVWHz

100 nVA/Hz

10 nVAHz

Noise HBT/BJT vs MOS

\ same Ic = Ids = 10 pA

\

]

/

R | '/' |
o
(G
-~

u lIIIIII

infgm Y NMOS_HS_12 (1.3u/130n)
infgm Y NMOS_HS_12 (4u/400n)
infgm Y NMOS_LV_12 (1.3u/130n)
in/gm Y NMOS_LV_12 (4u/400n)
in/gm Y NMOS_HS_25 (2.8u/280n)
infgm Y NMOS_HS_25 (4u/400n)
inf/gm Y NMOS_STD_25 (2.8u/280n)|
in/gm Y NMOS_STD_25 (4u/400n)
inf/gm Y NPN_HV EL=0.6u CBE
inf/gm Y NPN_HS EL=0.6u CBE
infgm Y NPN_MV EL=0.6u CBE
infgm Y NPN_HV EL=1.84u CBE
inf/gm Y NPN_HS EL=1.84u CBE
inf/gm Y NPN_MV EL=1.84u CBE

1Hz

10 Hz 100 Hz 1 kHz 10 kHz

100 kHz
Frequency [Hz]

1 MHz 10 MHz 100 MHz
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FET vs Bipolar noise - a large transconductance (gm) is required

2 Ia~2
> Output current noise : S;, =4kgT=3"~ &m + K2 Fret
—_— _Sip _8ksT | Kk I~
> Inputvoltage noise: S, = 2 = 3g, T g
241 Rpp I5™
» Input voltage noise S,,,= 4k TRpp’ + g €+K ij;~
m
_ 4kgT Rpp I~
ol K Fro1

a=x2

» Input current noise S;, =2qgIgp+K f§=1




Transconductance M S/ IJA (BJT/HBT 38 us/uA, MOS 30 ps/uA)

“The g/l ratio is also better with a bipolar transistor” - Analog Design Essentials, Willy M. C. Sansenf Textbook

1

35 -
30 |
: HBT
i — Igm/lc NPN_HS
Ry T -= gm/lc _
TSITEse,, MOS — gmllds NMOS_STD_25
— <=+ gm/lds NMOS_HS_25
e == gm/lds NMOS_HS_12

=+ gm/lds NMOS_LV_12

gm/lc gm/Ids [S/A]
o 3

-
o

IIIIIIIIIIIIIIIIIIIIIII

1 uA 10 UA 100 yA
Ic Ids [A]



typical differential LNA topology

input gain :
“ o |Gaing| = Ry = 4lc. R
Q4 R| = gm X L_kBTX L
Fi In_ out,
Q1 Q2 Q3 o Zin = R/gm

out_

C output drivers :
21c Zout = 1/gm
=kT/ql

(Rpp + Rs)hii )2 | 2lc | 4kpT/Ry
Rpp' + Rs + hi1 gz, g2,

&9y = \/5 X A4kpT Rpp + 2qIp X (

15



Optimisation regarding F

Vee

Re
VeEa

Ver Q4
VBE4
Viem Q1| Vem V4 —— Vocu
VB% |
| Ve I

Voou = Vee — IcRe — Vi

Voltage Density +/S,[nV /v H z]
—_
=
\

with DC coupling, output
common mode is linked
with the gain

Icker NoISe Bao TON PhD thesis (2023-2026)

T T T T T T

R Inpdt noise 'o'bfi'mize'd rég'al;dih'gj'biasi‘ng current Ic

\/Svtim = InV/VHz

[ // P :
” % .
i P IR Rt ]
7 G E
/ . L
P T
- AbEt iy
- / s auvt®’ ]
/ “".“ ]
pre g :
B i A T .
,,,, .
3 // ----- ke s 3
: Al .
i 'o"e(--"' -
/ vV SU,RC i A Sv,Bshot T Tuaal Sv,flicker @ 1 Hz e P Sv,tot @ 1 Hz =
F oo — \/Sv,Cshot \/SU,RBB — \/Sv,flicker @ 1 Hz — \/Sv,tot @ 1000 Hz
”
g T =5 T3 = T3
B 10~ 10~ 107 10~ 10~

Collector Current [A]

102



Optimisation regarding Flicker noise Bao TON PhD thesis (2023-2026)

T T T T T T T T T T T T T

Y
and this 5| == Total Noise @ 77K, 1 Hz = = Total Noise @ 300K, 1 Hz //
depend Wlth the 10 _ === Total Noise @ 77K, 1000.0 Hz == Total Noise @ 300K, 1000.0/1—19’/,‘

7 /7
temperature R
7 /7

Voltage Density +/S,[nV /v H z]
—_
o

H
=

R / Sv,lim = 1nV/

T (A [/ R U mm—T
Collector Current [A]



Mismatch vs Flicker noise Bao TON PhD thesis (2023-2026)

Z; mismatch 0 %
Z; mismatch 5 %
. Z; mismatch 10 %
ZL ZL g 102 Z; mismatch 15 %
2
I.n+ in_ _-I_z_‘
Q1 Q2 c '
8 101
)
o
2/(_‘ %
>
100_

1071 10° 10! 102 103
Frequency (Hz)



OpenLoop \\\
Gain ~ 700 V/V *\

OpenLoop \ W
Gain = 700 V/V

Instrumentation
amplifier :

¥ ey out! \oang
; \

e Fixed .
differential gain % ™

B s,
A% . Gt e
: - S .
\\
.
;
\
;
;
:
.
;
1
;
:
.
;

e matched input Z %

. . 100 - { \ .

Impedance St Bvna
12 mVp, b ><>< | : g 2R; Gaingtager = 1+ % ! § 2R; Gaingtager = 1+ % ! 50 Q
\\\ 100 Q //l \\\7 /I \ 3

T =7V/V , =23V/V AWV
wm.L n f

ADC/DRE
1 Vpprsr
100 € load

e Lownoise
(low R1)

I 2(kpT)?
CoptR%: (B) —3 IC

) RS =e —> 2 gy
" " 5 alc,,, ¢ " Rg
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Diff LNA AMS : Low noise / low gain drift LNA (AwaXe v3)

M1 F—<P—+ M2 M3 +—4>—+ M4

1»—'?33 Q?‘— KQS
5.46k
Hgi - o ot N
'\ﬁ 260
IN_ o 5.46k oOUT_
AMMN—o
(P4mA (P2mA (Y)ZmA (P.SmA(P (P14mACP

kT
|Gainp| = gm X np X i =np VIcand T
qlc

D. Préle et al, Gain drift compensation with no-feedback-loop DOI 10.1117/12.2232357

e
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Low Noise Diff binary DAC - Reference division

| |,AJ i | pAJ
® I_\Qu Q12

1
Q% l
Iref is divided to T J
agn . . > Q13
mitigate it's noise odeni)
contribution Dy
‘/ee
I, range :
For TES bias: [0, 2.2 mA]
For SQUIDs: [0, 600 pA]
slowDAC * o
| boX-  b1X  b2)X B3} baX b5} beX BT X Yout(sink)
I, ~22mAy !
' 1425 x| 4 |8 x [16 x 32 x 64 x 128 x 256 x 512
o~ | i | | I = Fa | S
| N N NG N N fa2e N fale Q%m@
Vee

S. Chen et al. Monolithic amplifier and current biasing for SQUID readout - AwaXe_v4 DOI: 10.1117/12.2629890
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Low thermal drift current reference

Vee
6 6 6 6 B EPR G 6, A6 i1 e
CTAT OC1/T
Vbe
Tout1 Y

— 40 pF Tout2Y — 40 pF
PTAT XT
Vi




ASIC technologies
W P

base link

Bipolar breakdown voltage Bvceo, NPN/PNP V

=9
= 2
| 2 .
emltte‘r/SiGe base b= E
. = | & ¢
oxide = S S =
collector ol = &
= M 2, e
= = £ i
T | = s S = |z | E
£ | 2 S = Z s || ¢
: 4 - Ay = S % A
= = S D o . = | A = wn o i)
) S T2z e | R|E| 2 S < Y
credit D. Charrier = = = E = Q|| g O = 8
GF, SiGe 8XP | 130 180/90 E 4 250 ? X | X | no 3.3 1.2/2.5 yes 4/9
XFAB, XHO035 | 350 | 1k/130 | E | 4 | ? | 52 | 7 |77 | yes| 5.5/45 3.3/5 |yes| 1/10
X 2 o 180 1k/130 E 5 o 90 | 7 | 75 | yes 5.5—20/5.5-20 1.8/5 yes 1.6/2.3
IHP, SGB25V | 250 250/130 E 2(3) 75 ? X | X | no 2.5-3.3-T 2 257 i 2/.8
IHP, SG13S 130 250/130 E 4 250 7 X | X | no T 1.3 % /4 4.4/.8
Tower, SiGe | 180 | 250/130 | X 1 ? T 7] 7 | yes ? 4
NXP 250 < X ? ? ? 71 7 |yes ? ?
ST, OMW @ 3 717

last vear




Low-noise input impedance matching



Low noise active input impedance matching (Miller effect)

~ €n-int
Ry N\Q\m Vin Vout 250
AN
c 1000 [ 200
= I, Ry - e
S 2
Vout _ T H(f) i 100 -
e R
en=0 0
L[ H(f)]
b - 50
100
7. — V1 . Vin o be i
in — — = : I .
—I —_— . 1 H NETETERTTY| TR ETTT] B PETTT T B EETTY BRI ETTT B E T TTT] B ST
fb Vout + Vm T (f) 10° 10! 102 10®° 10* 10° 10° 107 108
be Frequency [Hz]

M. Gonzalez et al. Imﬂedance Matching Between SQUID and Warm Amplifier for TES Readout in TDM
for the ATHENA X-IFU Instrument DOI: 10,1007/s10909-024-03085-2

& Fully differential broadband LNA with active impedance matching for SQUID readout doi.org/10.1007/s10909-022-02836-3



Differential gain bandwidth measurements with matching

108 CH "
% :] ' 4/10
500 [
-10dB Ry

F he+ Vin = Vit — Vi, Z;> . 5
o

e=et —e Vius = it .
5092 -10dB By Gain of ~160 V/V
% [ ] 2 Vpp LNA
—I:I—. vy = & output
-10dB "~ ia 1 Vpp loaded output

26
M. Gonzalez et al. Impedance Matching Between SQUID and Warm Amplifier for TES Readout in TDM m
for the ATHENA X- IFB Instrument DOIg10 1007/s10909- 024 03085-2 P 1 25 Vpp



Low noise measurements

100 Q thermal noise V4kTR :
1.3 nVAAWHz @ 300 K/ RT
0.65 nVAHz @ 77 K

—_ )
o

Input voltage noise density [nV /v Hz|-
o
et

-> active matching divide the signal AND the noise Ra

—
T

|

|

T T T T T

I YTYITIOT T TPVIAAAT T PPTVOVMT 7
Short circuit
1002 loaded @ RT -

1002 loaded @ 77K -

Extrapolated (load @ 0K)

vl | sl

10t

102

I R R R vl i | L L
103 10* 10° 105 107

Frequency [Hz|

Ry SR445A x625
500

NN 20 \

1009 at 77K g:iJ / .
— R
- v
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Cryogenic front-end IC design



Solid-state physics and semiconductors

4 Energy

- Semiconductors
Small (few eV) energy gap

Fermi level

Insulator

Intrinsic
_ N type Degenerate

Conduction process need
Thermal activation (kT)

Metal

29



Electron density [cm”-3]

—~h

—k

—k

-
~N

S
>

=
O

| S} () A A OO | I T T T 1Tl

1000 500 250 200
1 h

T T | T

Intrinsic

Usual operation
temperatures

|

|

125 100 77 TI[K]
I

I I I I I I

carriers density as function of T

. Freezeout

S

5

10

1000/T [1000/K]
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Electron density [cm”-3]

1‘717 -

n,=n, = \/NCN‘. exp(

—k

—

o
<N

.,
(%) ]

1000 500

250 200 125

100

77 TIK]

! | | I | | | |

-E, )
kgT '\\*-\\ _

o o E
for 7=

kyInN N, =2k, In[N, =N,

n_,n, Electron and intrinsic density

E_=N_N, Band gap . Density of states in the conduction and valence band
k, Boltzmann constant and 7 the bulk temperature

N,. N, donors and acceptors concentration

1

I

carriers density as function of T

n type silicon

L1 1 111

’1(‘ = \/N([ 2

for T

|

N (-—E(I )
764 kgT
—=eXp
- I.“'

"k, InN N, -2k, In|N, - N |

I 1 1 1118

S

5
1000/T [1000/K]

10

15
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MQOS transistor as function of temperature

Cox
Ip(Vps) = 5= YW (Vs — Vin)?

w 1
= |gml = HCox ™ (Vs — Vin) ox Y2
10.8 mS 8
C
. ]
106mS ©
: 3 é
T 400 LA - —404mS O
o " " &)
= : ‘ -
© 300pA —02mS ©
= ; : .
© - )
5 200 pA — 10
— also Kink effect
i (stronger in nMOS)
ot —mm——— ! Solution : adding many

. 05V 1V 15V oV
gate-source voltage bulk contacts around

nMOS W/L=5 pm / 0.5 ym (data from E Voisin Thesis) M OS tl’a ns | StO rs 32



_ MLy N i AE i/ 5i6e — AE

- : - Busr sice = €Xp £ =
SiGe Bipolar transistor (T) W5 Noy ksT
Ly N g —AE
Porsi . CXp p—
T U WEN kT

10 pA/um?
1 yAlum?
A pAlum?

10 nA/um?

1 nA/um?2 ¢

05V o6V 0.7V o8V



Flicker noise (T)

in MOS

10-10

107"

10-12

[VZ/Hz]

2 10713

S

1e-14

1e-15 SR BRI AR 10° 151
10' 10° 10° 10* 10" 10° 10° 10* gy,
measurements 28nm technology (a) nMOS and (b) pMOS at 300
and 4 K for Vov = 0 Vand Vds = 20 mV. Notice that the noise
amplitude at 4 K is higher than the one at 300 K s ssssovsis ot o1, vnserstansing ene

Excess 1/f Noise in MOSFETs at Cryogenic Temperatures - 2023 34



Flicker noise (T)

In HBTs .
SiGe LNA input noise (Ic =1 mA)

N
% : . 5 . 300K

z 11 NI ., ‘..»&)m e, RO W
‘E' s >

()}

0.1 L g gl . ol L i i el L e gl "
100 Hz 1 kHz 10 kHz 100 kHz
frequency

en = g— with g, = £—= = I¢ fixed by the required input noise
m 35
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From MHz range TDM/FDM readout to uMux/KIDs readout

(Manuel Gonzalez — APC — Research prospectives)

e Develop cryogenic RF low-noise amplifiers (LNAs) in the 1-8 GHz range using SiGe
BiCMOS ASIC technologies

e Identify key system requirements: noise performance, dynamic range, power
consumption, footprint, and channel count

e Target applications: superconducting detector readout (TES, MKIDs) and quantum
computing

e Design and evaluate integrated, scalable cryogenic LNAs for high-multiplexing
architectures
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