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today: mostly focused on detector readout
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Cryogenic microcalorimeters
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Cryogenic microcalorimeters

semiconductor thermistors

(resistance of highly doped semiconductors)

R

T

transition edge sensors

(resistance at S/N transition of superconductors)

R
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metallic magnetic calorimeters (MMCs)

magnetic penetration depth thermometers (MPTs)
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Magnetic microcalorimeters
metallic magnetic calorimeter magnetic penetration depth 

thermometer

magnetization of a paramagnetic 
material

penetration depth of a          
superconducting material

large variation of magnetization        
at mK temperature 

large variation of penetration depth  
at mK…K temperature 

Top = 10…50 mK Top = 10 mK…10 K

H H
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Superconducting quantum interference devices

L: loop inductance

Josephson junction
I: bias current

δ1δ2

I1I2

Φ = B A⋅

SQUID = quantum electromagnetic equivalent 
of an optical interferometer 
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SQUID-based detector readout

60 µm

dc-SQUID = magnetic flux to voltage / current converter 

compatibility with mK operation temperatures

low power dissipation: Pdiss ~10 pW…1 nW


near quantum-limited noise performance: ε ~1 h possible
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Two-stage SQUID setup with flux-locked loop

300K< 100 mK

cryogenic SQUID-based amplifier chain with ultrafast feedback electronics

large system bandwidth: 1…10 MHz

linear relation between input and output signal

impedance matched

key features:
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Alternative concept: Flux ramp modulation
quasi-continuous SQUID characteristic measurement


by applying sawtooth-shaded current signal through modulation coil
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K. W. Lehnert et al., IEEE Trans. Appl. Supercond., 17 (2007) 705

J. A. B. Mates et al., Appl. Phys. Lett. 92 (2008) 023514


J. A. B. Mates et al., J. Low Temp. Phys. 167 (2012) 707
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Transformer-coupled detectors

64 pixel X-ray detector

X-ray polarimeter

4096 pixel Molecule Camera

present workhorse:

transformer-coupled meander-shaped 
pickup coil
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Integrated detectors

electroplated absorber (Au)

temperature sensor

parallel-gradiometric SQUID

inductively coupled field generating coil

persistent current switch

thermal link to heat bath

feedback coil

post connecting absorber and sensor

M. Krantz, SK et al., IEEE Explore - ISEC 2019

M. Krantz, PhD thesis, Heidelberg University (2020) 
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Integrated detectors

detector geometry with 
superconducting flux transformer

integrated detectors don’t suffer from transformer losses, but are affected by SQUID power dissipation

direct detector readout

(SQUID integrated in pickup coil)

M. Krantz, PhD thesis, Heidelberg University (2020)

V. Zakosarenko et al., Supercond. Sci. Technol. 16 (2005) 1404-1407


R. Stolz et al., IEEE Trans. Appl. Supercond. 15 (2005) 773-776
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Tackling power dissipation of integrated detectors

isolating SQUID shunts by placement on SiO2 membranes

(decoupling of SQUID and sensor)

M. Krantz, PhD thesis, Heidelberg University (2020) 



HIRSAP Workshop 2021Oct. 6th, 2021 Institute of Micro- and Nanoelectronic Systems14

Key features of MMCs
fast signal rise time


τrise < 100 ns
excellent energy resolution

ΔEFWHM = 1.6 eV @ 6 keV

linear detector response

NL = 1.2% @ 6 keV

outstanding interplay between ultra-sensitive paramagnetic thermometer

and near-quantum limited superconducting electronics device

S. Kempf et al., J. Low Temp. Phys. 193 (2018) 365
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MMC all around the world…

atomic / molecular physics

▪ X-ray spectroscopy

▪ highly-charged ions

▪ molecular ion chemistry

▪ X-ray polarimetry

nuclear physics 

▪ nuclear isomer state of 229Th

▪ nuclear forensics

▪ nuclear safeguards

▪ gamma spectroscopy

radiation metrology

▪ α−, β−, and γ−spectroscopy
▪ Q-value measurements

▪ measurements of EC spectra

particle / astroparticle physics

▪ neutrino mass determination

▪ search for 0νββ decay
▪ dark matter searches


(axions, sterile neutrinos)
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Neutrino mass investigation using 163Ho

Auger 

electrons

photons
electron

neutrino
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Idea: Calorimetric measurement of the energy spectrum of the electron capture decay of 163Ho

A. De Rujula, M. Lusignoli, Phys. Lett. B 118 (1982) 429
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Neutrino mass investigation using 163Ho

Auger 

electrons

photons
electron

neutrino
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Idea: Calorimetric measurement of the energy spectrum of the electron capture decay of 163Ho

A. De Rujula, M. Lusignoli, Phys. Lett. B 118 (1982) 429

endpoint region of energy spectrum affected

by finite electron neutrino mass
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Previous and recent measurements
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MMC based measurements

P. Ranitzsch et al., Phys. Rev. Lett. 119 (2017) 122501

C. Velte et al., Eur. Phys. J. C 79 (2019) 1026
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Pixels, pixels, pixels…

100 × 75 140 × 105 500 × 375

no. of pixels (for given area) determines picture resolution

(image) resolution
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Crab Nebula - NGC 1952

X-ray optical infrared

© NASA

© NASA © NASA © NASA

megapixel X-ray camera
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Pixels, pixels, pixels…

number of events determined by number of pixels and measurement time

statistics

L. Gastaldo et al., Eur. Phys. J Special Topics 226 (2017) 1623 - 1694

example: ECHo-1M plans to measure ~1014 Ho-163 decays

10 Bq/px
1 detector for 3.2 × 105 yr

105 detectors for 3.2 yr
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High-resolution superconducting sensors (HSS)

20102000 20302020

1.000.000 pixels1 pixel 100 pixels 100.000 pixels

HSS (long term)

@KCOP

4 / 6 inch substrate

50 wafers per month

HSS (short term)

@IMS

university cleanroom“handmade“

single pixel 

fabrication

 2 / 3 inch  substrate

1 – 2 wafers per month

4 inch substrate 

10 wafers per month

ultra-large-scale 

experimentssingle pixels medium-sized


detector arrays
large-scale 

experiments

HSS = large-scale production and development center for high-resolution superconducting sensors

(jointly operated by IPE, IMS and KIP)
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Readout of large-scale detector arrays
simplest idea: multiply single-channel detector readout


• number of wires

• parasitic heat load

• costs

• complexity

scaling sets practical limit on array size 

(at least for cryogenic devices)
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Readout of large-scale detector arrays
simplest idea: multiply single-channel detector readout


• number of wires

• parasitic heat load

• costs

• complexity

scaling sets practical limit on array size 

(at least for cryogenic devices)

more sophisticated: readout scheme minimizing electronic channels (‘soft’ multiplexing)

L. Gamer et al., J. Low Temp. Phys. 184 (2016) 839 - 844

but: degradation of detector 
performance
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Cryogenic multiplexing

MUX

communication channel
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DEMUX
coaxial cable

indivdiual

signals modulation combination transmission demodulation indivdiual


signals

signal flow

multiplexing technique / multiplexer

method by which multiple signals are combined into one ‘physical’ channel

to share a scarce resource. 

multiplexing

(muxing) 
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FRM based dc-SQUID multiplexer

SQ1 SQ2

idea: series connection of dc-SQUIDs simultaneously flux ramp modulated via common modulation coil 
coupled differently to each SQUID
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FRM based dc-SQUID multiplexer

SQ1 SQ2SQ1+2

idea: series connection of dc-SQUIDs simultaneously flux ramp modulated via common modulation coil 
coupled differently to each SQUID
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FRM based dc-SQUID multiplexer

D. Richter, SK et al., Appl. Phys. Lett. 118 (2021) 122601

’simple’ realization of frequency-division multiplexing

suitable for reading out tens of individual detectors 

modulation technique that had been originally developed for lineariz-
ing the output signal of a microwave SQUID multiplexer.11 It relies on
injecting a periodic, sawtooth-shaped modulation current signal
IrampðtÞ into the modulation coil of a current-sensing SQUID to
induce a linearly rising flux ramp with an amplitude of several flux
quanta inside the SQUID loop causing the SQUID output voltage to
vary according to its flux-to-voltage characteristic. The flux ramp repe-
tition rate sets the effective sampling rate and, hence, the signal band-
width. It is chosen such that the input signal appears to be quasi-static
within a time frame of the flux ramp. In this configuration, the input
signal leads to a constant magnetic flux offset causing a phase-shift of
the flux-to-voltage characteristic that depends linearly on the actual
amplitude of the input signal. Determining this phase shift, e.g., using
Software-defined radio (SDR)-based readout electronics, provides an
intrinsically linearized measure of the input signal. A phase-shift of 2p
corresponds to a magnetic flux change of one magnetic flux quantum.

Figure 1(a) shows a schematic circuit diagram of a four-channel
multiplexer that is based on our multiplexing approach. Four SQUIDs
(one SQUID for each readout channel) are connected in series and dc-
current biased such that the voltage VSQ across the array is the sum of
the output voltages VSQ;i of the individual SQUIDs. Each SQUID is
equipped with a tightly coupled input coil with mutual inductanceMin

that is connected to the actual signal source, e.g., a superconducting
pickup coil or a cryogenic detector. Furthermore, the SQUIDs are
equipped with modulation coils, each having a different mutual induc-
tance Mmod;i (the choice of values is discussed below), which are seri-
ally connected. By injecting a sawtooth-shaped current signal IrampðtÞ
into these coils, a linearly rising flux ramp is induced inside each
SQUID loop. The actual amplitude of the flux ramp (magnetic flux
signal inside the SQUID loop in units of U0) depends on the mutual
inductance Mmod;i and the amplitude of the modulation current, the
latter being adjusted such that multiple flux quanta are induced inside
each SQUID loop. For this reason, the flux ramp causes the output
voltage VSQ;i of the i-th SQUID to vary according to its flux-to-voltage
characteristic, where the number of periods depends on the height of
the flux ramp [see Fig. 1(b)]. The periodic oscillation of the output
voltage VSQ;iðtÞ of the i-th SQUID, hence, acts as a carrier signal,

which is phase-modulated by the signal source connected to the
SQUID input. In case that the mutual inductancesMmod;i are properly
chosen, the carrier frequencies fc;i ¼ Iramp;ppMmod;iframp=U0 are
unique and can be set by the amplitude Iramp;pp and repetition rate
framp of the modulation signal. Since each time frame of the flux ramp
is used to acquire exactly one sample of the input signal, the flux ramp
repetition ramp framp simultaneously defines the effective sampling
rate of the signal and is, hence, adjusted to the requirements of the spe-
cific application. For this reason, the carrier frequencies are, in prac-
tice, mainly set by the amplitude Iramp;pp of the modulation signal. The
series connection of the individual SQUIDs allows us to sum the car-
riers into the output voltage VSQ across the entire array [see Figs. 1(c)
and 1(d)]. By channelizing this overall output voltage signal VSQðtÞ for
each cycle of the flux ramp using, for example, digital down converters
combined with subsequent low-pass filters, the phase of the individual
carriers can be continuously monitored and acquired in real-time. In
this sense, N signals can be simultaneously read out using only two
bias lines as well as two lines connected to the common modulation
coil. However, the number of readout channels that can be simulta-
neously multiplexed is ultimately limited by wideband SQUID noise,
which adds on the different carrier signals and whose amplitude
increases as

ffiffiffiffi
N
p

.
To demonstrate our multiplexing approach, we designed, fabri-

cated, and characterized a four-channel prototype multiplexer. We
used our well-established fabrication process for Nb/Al-AlOx/Nb-
Josephson tunnel junctions12 as well as a SQUID design that we had
previously developed. The SQUID layout is, hence, not optimized with
respect to this multiplexing application. More precisely, the SQUID
impedance is not matched to the line impedance, the flux-to-voltage
transfer coefficient is not maximized, and the on-chip wiring is not
optimized for transmitting high-frequency signals. We, therefore, had
to expect a reduced signal to noise ratio. Figure 2(a) shows an optical
microscope photograph of one of our fabricated multiplexers. The
common modulation coil and the bias lines are colored in blue and
orange, whereas the input coils are colored in red. In addition to the
electrical contact pads that are required for multiplexer operation and
that are marked with colored dots, additional pads for initial

FIG. 1. (a) Schematic circuit diagram of a four-channel dc-SQUID multiplexer. It is based on a series array of four current-biased dc-SQUIDs, each being equipped with a tightly cou-
pled input and modulation coil. A periodic, sawtooth-shaped current signal IrampðtÞ is driven through the common modulation coil and the voltage VSQ across the SQUID series array is
measured. The currents Isig;iðtÞ represent exemplary input signals as used for demonstration purposes. (b) Modulation current IrampðtÞ (blue) and resulting output voltage VSQ;iðtÞ
(red) of the individual SQUIDs. For better visibility, we used a rather low amplitude of the flux ramp. In actual experiments, the flux ramp amplitude is much higher and several tens of
periods are induced. (c) Output signal VSQðtÞ of the SQUID array. (d) Fast Fourier transform F ½VSQðtÞ% of the voltage signal VSQðtÞ as acquired during one cycle of the flux ramp.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 122601 (2021); doi: 10.1063/5.0044444 118, 122601-2

VC Author(s) 2021

simplest possible prototype (proof-of-concept) with four individual readout channel 
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Prototype layout

D. Richter, SK et al., Appl. Phys. Lett. 118 (2021) 122601

diagnostics are placed on the left side of the chip. The latter allows us,
for example, to tap the individual SQUID voltages VSQ;i or to modu-
late the flux of only a subset of the entire SQUID array. The SQUIDs
are parallel gradiometers consisting of four planar, single-turn coils
that are connected in parallel [see Fig. 2(b)]. Each coil is built by two
superconducting loops of different size that are connected in series.
The bigger loop is used to tightly couple the input coil, while the
smaller loop is used to couple the modulation coil. This arrangement
allows spatially and thus inductively separating the input and modula-
tion coil to avoid parasitic coupling of the flux ramp into a potential
superconducting input circuit as formed, for example, when connect-
ing a superconducting pickup coil to the SQUID input. The Josephson
tunnel junctions are located in the lower part of the SQUID and are
resistively shunted to ensure a non-hysteretic behavior of the SQUID.
The SQUID is equipped with SQUID loop shunts to damp the funda-
mental SQUID resonance.

For our prototype device, we aimed to equally space the mutual
inductancesMmod;i in the rangeMmod;min ! Mmod;i < 2Mmod;min with
i ¼ 1;…; 4 and Mmod;min being the mutual inductance of the weakest
coupled SQUID. This prevents higher harmonics of the carrier signals
to appear in the target carrier frequency range and ensures that an
integer number of flux quanta is induced in each SQUID loop when
injecting a proper modulation signal into the common modulation
coil. The latter is essential to avoid the occurrence of voltage transients
in the flux-to-voltage characteristics that potentially emerge in case
that the magnetic flux threading the SQUID loop is different before
and after the ramp reset. We set the mutual inductance Mmod;i by
adjusting the overlap of the modulation coil and the underlying
SQUID loop. For the tightest coupled SQUID, i.e., the SQUID with
the largest mutual inductanceMmod;i, the modulation coil runs directly
on top of the SQUID loop [see Fig. 2(c)] to yield the highest possible
magnetic coupling factor. For the other SQUIDs supposed to be
weaker coupled, the diameter of the modulation coil is reduced [see,
for example, Fig. 2(d) for the weakest coupled SQUID]. We performed
numerical inductance calculations of our SQUID design by means of

InductEx13 and managed to adjust the overlap to yield almost equally
spaced mutual inductance values in the range 29:3 pH ! Mmod;i

< 58:6 pH. However, the precision of the performed simulations as
well as to a minor degree fabrication inaccuracies, e.g., layer thickness
inhomogeneities across the wafer as well as alignment errors, led to a
slightly non-uniform spacing for the final prototype device. We thus
had to deal with voltage transients during the ramp resets deteriorating
the phase determination and increasing the white noise level. To avoid
this kind of complication for future devices, we plan to use a similar
wiring strategy as presently used for code-division multiplexing.8 In
particular, we are going to build two-dimensionalM#N multiplexers
for which the N modulation coils within a row and the M SQUIDs
within a column are serially connected to each other. Assuming that
the mutual inductance values within a row are virtually identical, in
particular after optimizing the fabrication process, this scheme allows
us to inject individual flux ramp signals to each column and thus to
ensure that each SQUID is modulated with an integer number of flux
quanta.

We mounted the fabricated prototype multiplexer on a custom-
made sample holder, electrically connected the chip by means of
ultrasonic wedge bonds, and immersed the setup enclosed with a soft-
magnetic and superconducting shield into a liquid helium transport
dewar. We dc-biased the multiplexer using the low-noise bias current
source of a commercial high-speed dc-SQUID electronics14 and
amplified the voltage drop across the array by means of a capacitively
coupled, low-cost amplifier cascade.15 For synthesizing the modulation
signal, digitizing the output voltage of the multiplexer as well as real-
time channelization and phase determination, we employed a proto-
type SDR electronics we had previously developed for operating a
microwave SQUID multiplexer.16,17 The electronics comprises a
Xilinx Zynq UltraScaleþ FPGA board18 as well as ADC19 and DAC20

evaluation boards. The latter are connected to the FPGA board via
FMC connectors and are synchronized via an external 10MHz refer-
ence. To avoid a degradation of the linear rise of the flux ramp, we
replaced the input transformers of the DAC board by inductive

FIG. 2. Optical microscope pictures of the prototype four-channel dc-SQUID multiplexer device presented within this paper. For clarity, the SQUID bias lines, the modulation
coil, and the input coils are colored (compare Fig. 1). (a) Overview of the entire chip. (b) Magnification of the dc-SQUID “SQ1.” (c) and (d) Magnification of the part of the
SQUID loop of the SQUIDs “SQ1” and “SQ4” to which the modulation coil is inductively coupled.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 122601 (2021); doi: 10.1063/5.0044444 118, 122601-3

VC Author(s) 2021

modulation coil coupling adjust by overlap between coil and SQUID loop
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FRM based dc-SQUID multiplexer

D. Richter, SK et al., Appl. Phys. Lett. 118 (2021) 122601

modulation technique that had been originally developed for lineariz-
ing the output signal of a microwave SQUID multiplexer.11 It relies on
injecting a periodic, sawtooth-shaped modulation current signal
IrampðtÞ into the modulation coil of a current-sensing SQUID to
induce a linearly rising flux ramp with an amplitude of several flux
quanta inside the SQUID loop causing the SQUID output voltage to
vary according to its flux-to-voltage characteristic. The flux ramp repe-
tition rate sets the effective sampling rate and, hence, the signal band-
width. It is chosen such that the input signal appears to be quasi-static
within a time frame of the flux ramp. In this configuration, the input
signal leads to a constant magnetic flux offset causing a phase-shift of
the flux-to-voltage characteristic that depends linearly on the actual
amplitude of the input signal. Determining this phase shift, e.g., using
Software-defined radio (SDR)-based readout electronics, provides an
intrinsically linearized measure of the input signal. A phase-shift of 2p
corresponds to a magnetic flux change of one magnetic flux quantum.

Figure 1(a) shows a schematic circuit diagram of a four-channel
multiplexer that is based on our multiplexing approach. Four SQUIDs
(one SQUID for each readout channel) are connected in series and dc-
current biased such that the voltage VSQ across the array is the sum of
the output voltages VSQ;i of the individual SQUIDs. Each SQUID is
equipped with a tightly coupled input coil with mutual inductanceMin

that is connected to the actual signal source, e.g., a superconducting
pickup coil or a cryogenic detector. Furthermore, the SQUIDs are
equipped with modulation coils, each having a different mutual induc-
tance Mmod;i (the choice of values is discussed below), which are seri-
ally connected. By injecting a sawtooth-shaped current signal IrampðtÞ
into these coils, a linearly rising flux ramp is induced inside each
SQUID loop. The actual amplitude of the flux ramp (magnetic flux
signal inside the SQUID loop in units of U0) depends on the mutual
inductance Mmod;i and the amplitude of the modulation current, the
latter being adjusted such that multiple flux quanta are induced inside
each SQUID loop. For this reason, the flux ramp causes the output
voltage VSQ;i of the i-th SQUID to vary according to its flux-to-voltage
characteristic, where the number of periods depends on the height of
the flux ramp [see Fig. 1(b)]. The periodic oscillation of the output
voltage VSQ;iðtÞ of the i-th SQUID, hence, acts as a carrier signal,

which is phase-modulated by the signal source connected to the
SQUID input. In case that the mutual inductancesMmod;i are properly
chosen, the carrier frequencies fc;i ¼ Iramp;ppMmod;iframp=U0 are
unique and can be set by the amplitude Iramp;pp and repetition rate
framp of the modulation signal. Since each time frame of the flux ramp
is used to acquire exactly one sample of the input signal, the flux ramp
repetition ramp framp simultaneously defines the effective sampling
rate of the signal and is, hence, adjusted to the requirements of the spe-
cific application. For this reason, the carrier frequencies are, in prac-
tice, mainly set by the amplitude Iramp;pp of the modulation signal. The
series connection of the individual SQUIDs allows us to sum the car-
riers into the output voltage VSQ across the entire array [see Figs. 1(c)
and 1(d)]. By channelizing this overall output voltage signal VSQðtÞ for
each cycle of the flux ramp using, for example, digital down converters
combined with subsequent low-pass filters, the phase of the individual
carriers can be continuously monitored and acquired in real-time. In
this sense, N signals can be simultaneously read out using only two
bias lines as well as two lines connected to the common modulation
coil. However, the number of readout channels that can be simulta-
neously multiplexed is ultimately limited by wideband SQUID noise,
which adds on the different carrier signals and whose amplitude
increases as

ffiffiffiffi
N
p

.
To demonstrate our multiplexing approach, we designed, fabri-

cated, and characterized a four-channel prototype multiplexer. We
used our well-established fabrication process for Nb/Al-AlOx/Nb-
Josephson tunnel junctions12 as well as a SQUID design that we had
previously developed. The SQUID layout is, hence, not optimized with
respect to this multiplexing application. More precisely, the SQUID
impedance is not matched to the line impedance, the flux-to-voltage
transfer coefficient is not maximized, and the on-chip wiring is not
optimized for transmitting high-frequency signals. We, therefore, had
to expect a reduced signal to noise ratio. Figure 2(a) shows an optical
microscope photograph of one of our fabricated multiplexers. The
common modulation coil and the bias lines are colored in blue and
orange, whereas the input coils are colored in red. In addition to the
electrical contact pads that are required for multiplexer operation and
that are marked with colored dots, additional pads for initial

FIG. 1. (a) Schematic circuit diagram of a four-channel dc-SQUID multiplexer. It is based on a series array of four current-biased dc-SQUIDs, each being equipped with a tightly cou-
pled input and modulation coil. A periodic, sawtooth-shaped current signal IrampðtÞ is driven through the common modulation coil and the voltage VSQ across the SQUID series array is
measured. The currents Isig;iðtÞ represent exemplary input signals as used for demonstration purposes. (b) Modulation current IrampðtÞ (blue) and resulting output voltage VSQ;iðtÞ
(red) of the individual SQUIDs. For better visibility, we used a rather low amplitude of the flux ramp. In actual experiments, the flux ramp amplitude is much higher and several tens of
periods are induced. (c) Output signal VSQðtÞ of the SQUID array. (d) Fast Fourier transform F ½VSQðtÞ% of the voltage signal VSQðtÞ as acquired during one cycle of the flux ramp.
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simplest possible prototype (proof-of-concept) with four individual readout channel 

transformers with passband of 15 kHz and 100MHz. This allowed
synthesizing adequate flux ramps signals. However, we later figured
out that the effective ac-coupling still distorted the flux ramp linearity
manifesting as a change of slope of the ramp during each cycle. The
resulting carrier frequency change within each time frame significantly
deteriorated the phase determination and ultimately led to an
increased white noise floor. For this reason, we plan for dc-coupled
DACs to be used in later applications. For channelizing and demodu-
lation of the continuously sampled output voltage signal, we used digi-
tal downconversion with subsequent low-pass filtering for phase
estimation.

We comprehensively characterized the multiplexer varying, for
example, the flux ramp repetition rate framp or the amplitude Iramp;pp

of the modulation current IrampðtÞ. The resulting carrier signal fre-
quencies were in the frequency range between 10 and 50MHz and the
effective sampling rate was in the range between 200 kHz and
1.2MHz. This potentially allows us, for example, to read out some
tens of high-speed cryogenic microcalorimeters with sub-ls rise time.
Figure 3 shows as an example the four output signals when connecting
test signal generators to the input coils of channels SQ2 to SQ4, run-
ning the multiplexer with a flux ramp repetition rate of framp ¼ 1MHz
and adjusting the amplitude to yield carrier frequencies of about 26.6,
32.5, 38.0, and 45.5MHz. The input signals are clearly resolved. This
proves that our multiplexing technique is performing as intended. The
crosstalk between different channels was measured by applying a sinu-
soidal test signal to one channel and measuring the spectral intensity
of the associated frequency bin in the other channels. For all channels,

the crosstalk is below -40 dB. The white noise level of all four channels
is about 25 lU0=

ffiffiffiffiffiffi
Hz
p

and, therefore, seems to be rather high.
However, several sources contribute to this elevated noise level whose
influence should be minimized for future devices by optimizing the
overall setup. This includes the small SQUID flux-to-voltage transfer
coefficient, the voltage noise of the used amplifier cascade, the noise
penalty due to flux ramp modulation,11 the remaining non-linearity of
the flux ramp, the impedance mismatch, and the non-optimized
device design.

In conclusion, we demonstrated a MHz frequency-division dc-
SQUID multiplexing technique. We showed that our approach avoids
some drawbacks of other existing multiplexing techniques and allows
for reading out signal sources with the MHz signal bandwidth at cryo-
genic temperatures. In combination with the large dynamic range21

that is comparable to or even higher than the dynamic range of stan-
dard setups using the flux-locked loop and that results from convert-
ing the input signal into a phase shift, our multiplexing approach
paves the way for realizing various applications requiring a simple
setup, large signal bandwidth, and dynamic range as well as low noise.

We would like to thank T. Wolf as well as the cleanroom team
of the Kirchhoff-Institute for Physics for their great technical
support during device fabrication. This work was performed in the
framework of the DFG research unit FOR 2202 (funding under
Grant No. EN299/7-2). The research leading to these results has
also received funding from the European Union’s Horizon 2020
Research and Innovation Programme, under Grant Agreement No.
824109. Furthermore, we greatly acknowledge funding from the
German Federal Ministry of Education and Research (funding
under Grant No. BMBF FKZ 05P19VHFA1).

DATA AVAILABILITY
The data that support the findings of this study are available

from the corresponding author upon reasonable request.

REFERENCES
1R. L. Fagaly, “Superconducting quantum interference device instruments and
applications,” Rev. Sci. Instrum. 77, 101101 (2006).

2C. Enss, ed., Cryogenic Particle Detection (Springer, Berlin/Heidelberg, 2005).
3W. B. Doriese, K. M. Morgan, D. A. Bennett, E. V. Denison, C. P. Fitzgerald, J.
W. Fowler, J. D. Gard, J. P. Hays-Wehle, G. C. Hilton, K. D. Irwin, Y. I. Joe, J.
A. Mates, G. C. O’Neil, C. D. Reintsema, N. O. Robbins, D. R. Schmidt, D. S.
Swetz, H. Tatsuno, L. R. Vale, and J. N. Ullom, “Developments in time-
division multiplexing of x-ray transition-edge sensors,” J. Low Temp. Phys.
184, 389–395 (2016).

4R. H. den Hartog, M. P. Bruijn, A. Clenet, L. Gottardi, R. Hijmering, B. D.
Jackson, J. van der Kuur, B. J. van Leeuwen, A. J. van der Linden, D. van Loon,
A. Nieuwenhuizen, M. Ridder, and P. van Winden, “Progress on the FDM devel-
opment at SRON: Toward 160 pixels,” J. Low Temp. Phys. 176, 439–445 (2014).

5J. A. B. Mates, G. C. Hilton, K. D. Irwin, L. R. Vale, and K. W. Lehnert,
“Demonstration of a multiplexer of dissipationless superconducting quantum
interference devices,” Appl. Phys. Lett. 92, 023514 (2008).

6K. M. Morgan, B. K. Alpert, D. A. Bennett, E. V. Denison, W. B. Doriese, J.
W. Fowler, J. D. Gard, G. C. Hilton, K. D. Irwin, Y. I. Joe, G. C. O’Neil, C.
D. Reintsema, D. R. Schmidt, J. N. Ullom, and D. S. Swetz, “Code-division-
multiplexed readout of large arrays of TES microcalorimeters,” Appl. Phys.
Lett. 109, 112604 (2016).

7C. D. Reintsema, J. Beall, W. Doriese, W. Duncan, L. Ferreira, G. C. Hilton, K.
D. Irwin, D. Schmidt, J. Ullom, L. Vale, and Y. Xu, “A TDMA hybrid SQUID
multiplexer,” J. Low Temp. Phys. 151, 927–933 (2008).

FIG. 3. Magnetic flux excitation dUi injected in SQUID “SQi” vs time t derived from
the demodulation of the output voltage signal of the prototype MHz dc-SQUID multi-
plexer. The test signals that have been applied to the input coils of the different
SQUIDs are illustrated in Fig. 1(a). The solid lines result from averaging 50 neigh-
boring points to increase visibility.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 122601 (2021); doi: 10.1063/5.0044444 118, 122601-4

VC Author(s) 2021

concept validated!



HIRSAP Workshop 2021Oct. 6th, 2021 Institute of Micro- and Nanoelectronic Systems29

GHz frequency-division multiplexing (GHz-FDM)
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Non-hysteretic rf-SQUIDs
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Non-hysteretic rf-SQUIDs
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Microwave SQUID Multiplexing

1 HEMT amplifier + 2 coaxes              ~1000 detectors

SDR-based

readout electronics 

flux ramp

modulation

microwave SQUID

multiplexer (µMUX)

Irwin et al., Appl. Phys. Lett. 85 (2004) 2107

Mates et al., Appl. Phys. Lett. 92 (2008) 023514


Kempf et al., J. Low Temp. Phys. 175 (2014) 853

Kempf et al.,  AIP Advances 7 (2017) 015007
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ECHoMUX - µMUX for the ECHo experiment

input coil

feedline

modulation

coil

coupling

capacitor

load inductor

ground 

connection

non-hysteretic

rf-SQUID

16 channel MUX based on CPW resonators 

▪ frequency range ~ 4.5 GHz … 4.8 GHz

▪ resonator bandwidth ~ 1.0 MHz

▪ frequency shift Δfr ~ 1.2 MHz 

▪ frequency spacing ~ 20 MHz

▪ SQUID screening parameter βL ~ 0.6

▪ input coil inductance Lin ~ 1.5 nH (impedance matched to MMC)

D. Richter, PhD thesis, 2021 + in preparation
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Readout electronics

FPGA Dev Board DAC 

ADC

O. Sander et al., IEEE Trans. Nucl. Sci. 66.7 (2019)

N. Karcher et al., J Low Temp Phys 200, 261–268 (2020)

flux ramp

RX

tuningTX

local

oscillator

from cryostat
• Board: 	 Xilinx Zynq UltraScale+ ZCU102

• DAC: 	 Texas Instuments DAC38J84 EVM 

	 4x 2.8 GSPS, 16 Bit

• ADC: 	 Texas Instuments ADS54J69 EVM,

	 2 x 500 MSPS, 16 Bit

to cryostat

development by IPE @ KIT
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Readout electronics
development by IPE @ KIT

next generation: new readout electronics allows for 5 x 80 = 400 channel readout with optimal power 

FPGA-Board ADC/DAC-Board mixing stage
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ECHoMUX - some results

∆EFWHM ≈ 19 eV

time traces of 16 detector pixels single raw data trace 'typical‘ spectrum sum spectrum

64 pixel detector array connect to µMUX (latest generation); full online demodulation 

first truely multiplexing demonstration of magnetic microcalorimeters

some issues still to be resolved (ongoing)
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ECHoMUX - technology challenges

guide for 

the eye

∆EFWHM = 27.9 eV

Ch8

∆EFWHM = 10.2 eV

Ch16

internal quality factor of Nb microwave resonators significantly affects achievable energy resolution 

further optimization of fabrication technology 
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µMUX - theory challenges
readout noise is HEMT limited
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use high readout power!
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µMUX - theory challenges
readout noise is HEMT limited
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existing models
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µMUX - theory challenges
readout noise is HEMT limited
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use high readout power!

low Prf

optimal 
readout power

model too complex to perform empirical or analytical optimization

NEW!
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µMUX modeling

+ HEMT noise

+ SQUID noise

+ resonator noise

+ µMUX power dependence

+ resonator response time

+ flux ramp demodulation

+ readout parameters

+ resonator geometry

C. Schuster, SK et al., submitted to J. Low. Temp. Phys. + in preparation
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µMUX modeling
‚empirical‘ optimization of a microwave SQUID multiplexer rather complex


due to the existence of various physical effects, noise sources, readout techniques etc.

simulation agree qualitatively very well with experiments, fine-tuning of simulation parameters ongoing

simulation based optimization in future feasible

experimentsimulation
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MMCs for cosmology (LLAMA-QUBIC)
QUBIC and LLAMA plan to explore the inflation age of the universe by detecting and characterizing 

primordial B-modes of the cosmic microwave background polarization
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QUBIC TDR Version 1.0 (May 12, 2017)

4.2 San Antonio de los Cobres, Argentina

As mentioned earlier, we have chosen to install the QUBIC first module in Argentina, near the city of San Antonio
de los Cobres, in the Salta Province. This site has coordinates (24°11’ 11.7” S; 66°28’ 40.8” W ) and an altitude of
4869m a.s.l. It is located in the plateau known as “La Puna” in Argentina, and “Atacama” in Chile. The site is located
⇠180km from the Chajnantor site where other millimeter-wave experiments are located (ALMA, ACTPol, PolarBear)
and offers similar atmospheric properties (see Fig.129).

Figure 129: Alto Chorillos site in Argentina, near San Antonio de los Cobres, province of Salta. The position for
other astronomical instruments location in Chile is also shown (red cross).

In Figure 130 we can see the position of the chosen site for QUBIC along with the LLAMA position. LLAMA is a
project for the installation of an ALMA-like antenna lead by an Argentina-Brazilian collaboration7. This project had
conducted the site characterization studies, in particular related to atmospheric opacity shown in Section 4.1. In Fig-
ure 130 is posible to see the relative position of QUBIC and LLAMA. The magenta polygon is the 400 hectares area
allocated by the government of the Salta province to CONICET for scientific use only. The corresponding decree can
be found in the official web site of the government: http://boletinoficialsalta.gob.ar/NewDetalleDecreto.
php?nro_decreto=824/14. In this figure we can also see the gas pipeline (green line) that will feed the gas gen-
erators for LLAMA and the Vega lagoon, from which the water needed for both instruments can be extracted. A
high-speed internet connection to San Antonio de los Cobres will be available soon thanks to the installation of an
optical fiber in the near future.

Figure 130: Views of the chosen QUBIC site in Argentina along with the LLAMA [64] location and logistic installations
planned to be installed during 2017 and funded by MinCyT and the Province of Salta. In magenta the limits of the
allocated area for scientific use from the Salta government.

7http://www.iar.unlp.edu.ar/llama-web
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LLAMA small-angular scale detection
QUBIC large-angular scale detection

both experiments plan

to use a cryogenic receiver!
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QUBIC
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Figure 2: Sketch of QUBIC (see text for explanation)

where 'HWP(t) is the angle of the HWP at time t , S I/Q/U the sky signal at frequency ⌫ convolved with the syn-
thesized beam (see Figure 3). With a scanning strategy offering a wide range of polarization angles on the sky and
thanks to the HWP rotation, one can recover1 the synthesized images of each of the three Stokes parameters I, Q
and U. In contrast with traditional interferometry, the observables of QUBIC are not the visibilities (Fourier Transform
of the observed sky for modes corresponding to the baselines), but the synthesized image, which is nothing else
but the observed sky filtered to the modes corresponding to the baselines allowed by our instrument. This particular
feature is a crucial one in QUBIC as each of these modes can be calibrated separately using the « self calibration »
procedure (see section 1.2.3 and [36]) allowing QUBIC to reach an unprecedented level of instrumental systematics
control.

One important aspect of the QUBIC design is the presence of the polarizing grid right after the half-wave plate,
ie very close to the sky. It may appear undesirable from the sensitivity point of view to reject half of the photons at
the entrance of the instrument. However, this a very nice feature from the point of view of polarization systematics
because this is associated with bolometers that are not polarization sensitive: the rejection of the undesidered
polarization with the polarizing grid is very efficient and whatever the cross-polarization of the rest of the instrument,
the detectors will measure the polarized sky signal modulated by the HWP. This means that we expect a very low
level of instrumental cross-polarization for QUBIC.

1.2.2 The QUBIC synthesized beam and map-making

In QUBIC, each primary horns pair defines a baseline (a Fourier mode on the sky) that is transmitted through the
instrument and forms an interference fringe on the focal planes. In the standard « sky observing » mode, the fringes
formed by all the baselines are coherently combined on the focal and form a synthesized image of the sky, which
is the sky image convolved by the QUBIC synthesized beam than can be calculated from the combination of all
baselines.

The QUBIC horn array and synthesized beams are shown in Figure 3. As can be seen on this Figure (left
1It is worth noting that given the approximate cost of 5 kø for a traditional correlator, a 400 elements traditional interferometer would require

˜80000 of them (one per baseline) and would therefore cost the amazing price of ˜400 Mø. Using an optical combiner as in QUBIC therefore
appears as a very cheap way (by a factor ˜100) of performing interferometry with a large number of channels, leading to a better sensitivity thanks
to the use of bolometers.

Page 10

TES with SQUID readout and cryogenic SiGe ASICS
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Figure 85: I(�) measurement using a vector analyzer allows to obtain the SQUID V(�) transfer function (left and
bottom right). From this measurement given for different SQUID biasing, the SQUID I(V) curve can be reconstruct
as shown in the right: Y axes is Vsquid[V], X bottom is Iin[A] equiv. to � and X top is the SQUID biasing Isquid[A].

Figure 86: Topology of the 128 to 1 multiplexer sub-system (4x32 SQUID + 1 ASIC). Integration of 32 SQUIDs (1
collumn) with bias capacitors and filter devices.
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Figure 80: Pictures of the 256 TES array being processed (left) and being integrated for the test (right)

Figure 81: Detection Chain including TES, TES biasing (Rsh), SQUID, ASIC (LNA) and Warm Digital Readout
(ADC+FPGA). Feedback with DAC and Rf b is also shown.

3. ASIC (LNA i.e. low noise amplification + Biasing + multiplexer clocking) 77 K

4. Warm LNA 300 K

5. Warm Digital ReadOut (ADC + FPGA) 300 K

Therefore, the cold readout described in this section refers to the TES voltage biasing, the SQUID multiplexers and
the ASIC.

TES voltage biasing : This is the first part of the readout chain. Indeed, TES is wildly used when large number
of detector is needed due to the strong Electro Thermal Feedback (ETF) which homogenize the detector
responses even if unavoidable fabrications inhomogeneity’s exists. However, strong ETF is obtained only if
TES are voltage biased. This means that the voltage across the TES must be fixed independently to the TES
resistance (which varies with the noise, the scientific signal and the background). To passively ensured such
fixed voltage across a TES (operating resistance about 100 mK) the TES voltage biasing sources must have
a Thevenin’s resistance smaller than the TES operating resistance. To provide such extremely low output
resistance voltage sources at deep cryogenic temperatures, a simple current biased Ibias shunt (very low
value) resistor is used. This shunt resistance is thus the Thevenin’s resistance of the obtained TES biasing
and is chosen with a value = 10 m⌦ (which is lower than the TES operating resistance, that amounts to a few
hundreds of m⌦). The TES voltage is then roughly fixed to VT ES = Rsh ⇥ Ibias. The 10 m⌦ shunt resistors
are placed in the SQUID PCB (Printed Circuit Board) at 1K. The Ibias current is provided by the Warm Digital
Readout adjusted by the FPGA trough a specific slow differential DAC.

SQUID stage : SQUIDs fabrication and testing is described in Sect. 2.4.3. We concentrate here on the current
front-end readout of the TES that also provides the multiplexing.

Page 66
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LLAMA

signals generated by them. These signals will be acquired and processed by a back-end that will 

use an FPGA (Field-Programmable Gate Array). For these stages, a Xilinx Zynq UltraScale + 

MPSoC ZCU102 FPGA is proposed, with an ADS54J69 Dual-Channel, 16-Bit, 500-MSPS 

Analog-to-Digital Converter, and a DAC39J84 Quad-Channel, 16-Bit, 2.8-GSPS, 1x- 16x 

Interpolating Digital-to-Analog Converter, both from Texas instruments. 

Bolometers, SQUIDs and LNAs (Low Noise Amplifiers) will be inside a cryostat, while the front-

end and back-end will be outside it at room temperature. A block diagram of the instrument 

electronics is shown in Fig. 4. 

Work is currently being performed on the microelectronics of the bolometer (GDTyPE / CNEA, 

ITeDA and the University of Heidelberg/Germany) and on its associated electronics (ITeDA and 

KIT - Karlsruher Institut für Technologie/Germany).  

 

 

Fig. A: Block diagram to be built: Microtechnology, LNA, Front-End and Back-End. PhD 

plan of 4 engineers in ITeDA in double doctorate UNSAM-KIT 

 

receiver technology for LLAMA not yet fixed; MMBs (magnetic microbolometers) are one of the possible option 
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MMBs for LLAMA

T��MMB ��� QUBIC � A������� C������

Figure 1: A proposal for the physical implementation of the MMB for QUBIC
1 17

T��MMB ��� LLAMA � A������ C������

Figure 2: A proposal for the physical implementation of the MMB for LLAMA2 17

absorber coupled detectors antenna coupled detectors

see talks of Juan Bonaparte and Juan Manuel Geria
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µMUX applications

large bandwidth per channel

~100 kHz to 1 MHz

bolometric applications calorimetric applications

e.g. Richter et al., in preparatione.g. Dober et al., Appl. Phys. Lett. 118 (2021) 062601

small bandwidth per channel

~100 Hz to 1 kHz

frequency distance between resonators:

~1MHz to 10 MHz

(potential) frequency distance between resonators:

~1kHz to 10 kHz

guard factor to minimize crosstalkguard factor to minimize crosstalk
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Fabrication tolerances
example: (semi-) lumped element resonator

CL

<latexit sha1_base64="7Ejd9eggIN/qilW1l8rE9Yx83qk="></latexit>

�l
bolometric applications require a ultra high fabrication accuracy

(not feasible with non-industrial fabrication methods)

<latexit sha1_base64="atEEgjFfgLOezMvJxklX6DhSt4U="></latexit>

�l < 5 nm
<latexit sha1_base64="vwcESTuhBDbCwJXjrS+sKsYGmdM="></latexit>

�f < 1 kHzfor

calorimetric applications require a high fabrication accuracy

(feasible with advanced fabrication methods, e.g. tile and trim)

<latexit sha1_base64="BPr6dz6doO+Sry4noDWLkVXj28s="></latexit>

�f < 1MHz
<latexit sha1_base64="mZP9q/kkzre4PfrEY5vBpnvV0K4="></latexit>

�l < 5µm for
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Fabrication tolerances

UV/DUV stepper litho-
graphy

e-beam lithography

FIB milling

….

bolometric applications require a ultra high fabrication accuracy

(not feasible with non-industrial fabrication methods)

example: (semi-) lumped element resonator

CL

<latexit sha1_base64="7Ejd9eggIN/qilW1l8rE9Yx83qk="></latexit>

�l

<latexit sha1_base64="atEEgjFfgLOezMvJxklX6DhSt4U="></latexit>

�l < 5 nm
<latexit sha1_base64="vwcESTuhBDbCwJXjrS+sKsYGmdM="></latexit>

�f < 1 kHzfor

advancing fabrication

methods

alternative readout

concepts

Hydra detectors

hybrid multiplexing

….
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FRM-based hybrid µMUXing

couple several independent 
SQUIDs to single resonator

unique FRM-carrier frequency 
for each SQUID

‘conventional‘ µMUXing FRM-based hybrid µMUXing
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Prototype: HyMUX

coplanar

waveguide

rd-SQUIDs
250µm

FRM carrier frequency adjusted by using parallel inductors
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HyMUX - characterization
apply dc current through modulation coil and measure resonance frequency 

state-of-the-art multiplexer model predicts device characteristics very well

dc modulation coil current / µA

re
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nc

e 
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 / 

G
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HyMUX - characterization

non-optimized 
microwave setup 
(no HEMT etc.)

operation at 4.2 K

SQ 1 SQ 2 SQ 3
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HyMUX - the ultimate swiss army knife?

(modulation) frequencies of FRM-carrier must be unique

modulation amplitudes must be integers

modulation amplitudes must not be integer multiples of each other

finite resonator response time limits highest FRM-carrier frequency

SQUID 1 SQUID 2 SQUID 3

<latexit sha1_base64="GX5DLPkoaQITGKgOvNPT3J4Ws6k="></latexit>

fmod = Amodframp

= MmodImodframp

FRM carrier frequency

effective sampling rate

(set by detector)
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Monte carlo simulation
Monte-carlo simulation framework for µMUX modeling and optimization


<latexit sha1_base64="z1qhqBTSMGaq6XgRp1MVjlVGUYE="></latexit>

⇥
p
2

<latexit sha1_base64="HbBX3fnH7l6fYxwJI0Jacv5wzgU="></latexit>

fmax
ramp

µMUX simulation for calorimetric detectors (                                       )
<latexit sha1_base64="WtAI6KZ5VS6tAQ7KeWTVCQGk/0M="></latexit>

�fBW ' �fmax
res ⇠ 1MHz

accepted noise 
degradation factor: 

<latexit sha1_base64="z1qhqBTSMGaq6XgRp1MVjlVGUYE="></latexit>
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Monte carlo simulation
Monte-carlo simulation framework for µMUX modeling and optimization
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Monte carlo simulation
Monte-carlo simulation framework for µMUX modeling and optimization
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Monte carlo simulation
Monte-carlo simulation framework for µMUX modeling and optimization
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µMUX simulation for calorimetric detectors (                                       )
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feasible technique for bolometers but likely not for calorimeters
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Summary and conclusion
magnetic microcalorimeters and SQUIDs

▪ flexible low-temperature detectors

▪ described by standard equilibrium thermodynamics

▪ wide range of applications

	 

multiplexed detector arrays

▪ FRM based dc-SQUID multiplexing for medium-sized arrays

▪ microwave SQUID multiplexing for large-scale arrays

▪ hybrid microwave SQUID multiplexing for bolometric arrays


future work	

▪ multiplexer optimization and maturing

▪ fabrication technology

▪ bolometric arrays

T��MMB ��� LLAMA � A������ C������

Figure 2: A proposal for the physical implementation of the MMB for LLAMA2 17
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▪ wide range of applications

	 

multiplexed detector arrays

▪ FRM based dc-SQUID multiplexing for medium-sized arrays

▪ microwave SQUID multiplexing for large-scale arrays
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future work	

▪ multiplexer optimization and maturing

▪ fabrication technology

▪ bolometric arrays
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Figure 2: A proposal for the physical implementation of the MMB for LLAMA2 17 Thank you for your attention!
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Multiplexed magnetic microcalorimeter arrays for astroparticle physics


Sebastian Kempf

HIRSAP Workshop 2021 | Hybrid Meeting KIT - Online | November 2nd, 2021


