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ABSTRACT

We present a hybrid microwave superconducting quantum interference device (SQUID) multiplexer that combines two frequency-division
multiplexing techniques to allow multiplexing a given number of cryogenic detectors with only a fraction of frequency encoding resonators.
Similar to conventional microwave SQUID multiplexing, our multiplexer relies on inductively coupling non-hysteretic, unshunted rf-
SQUIDs to superconducting microwave resonators as well as applying flux ramp modulation for output signal linearization. However,
instead of utilizing one resonator per SQUID, we couple multiple SQUIDs to a common readout resonator and encode the SQUID input sig-
nals in sidebands of the microwave carrier by varying the flux ramp modulation frequency for each SQUID. We prove the suitability of our
approach using a prototype device and argue by means of fundamental information theory that our approach is particularly suited for read-
ing out large cryogenic bolometer arrays.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087994

Cryogenic detectors, such as superconducting transition edge
sensors1,2 (TESs) or magnetic microcalorimeters3,4 (MMCs), are
among the most sensitive devices for measuring incident power or
radiation. Using an ultra-sensitive thermometer, based on either
superconducting (TESs) or paramagnetic (MMCs) materials, as well
as an appropriate readout circuit, they convert the input signal into a
change in current or magnetic flux that can be precisely measured
using wideband superconducting quantum interference devices
(SQUIDs).5 While the maturity of fabrication technology allows build-
ing detector arrays of virtually any size, the lack of suitable SQUID
based multiplexing techniques presently somehow limits the number
of detectors that can be used in practice.

Existing SQUID multiplexers rely on time-division,6

frequency-division using MHz7,8 or GHz carriers,9–11 code-
division,12 or hybrid13–15 multiplexing schemes. Among those,
microwave SQUID multiplexers9–11 (lMUXs) are the devices of
choice when it comes to read out ultra-large scale detector arrays
employing tens or hundreds of thousands of individual detectors.
For a lMUX, each readout channel comprises a non-hysteretic,
unshunted rf-SQUID,16 which transduces the detector signal into a
change of amplitude or phase of a microwave signal probing a
superconducting microwave resonator that is inductively coupled

to the SQUID. For actual multiplexing, many readout channels,
each comprising a microwave resonator with unique resonance
frequency, are capacitively coupled to a common transmission line
(feedline). This allows for simultaneously monitoring the state of
all detectors by injecting a frequency comb and continuously
measuring the amplitude or phase of each carrier.

The channel capacity of the transmission line ultimately limits
the number of detectors than can be simultaneously read out using a
single lMUX.17 In practice, however, there are several effects reducing
the maximum channel count. Most importantly, cryogenic amplifiers
used for boosting the multiplexer output signal limit the usable fre-
quency range and set the noise level of the overall system. Saturation
power and third-order intercept point of these amplifiers further
reduce the channel capacity.18 Moreover, the signal rise time sets the
response time and, hence, the bandwidth of the resonators and, thus,
limits their density in frequency space. The latter results from the
necessity of spacing the resonators far enough to minimize inter-
resonator crosstalk due to the overlap of Lorentzian resonance tails.19

Hybrid multiplexing techniques might allow to tackle resulting chal-
lenges and potentially even allow to use the channel capacity of
the transmission line more efficiently. As an alternative to existing
hybrid techniques,13–15 we present a hybrid multiplexing technique
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combining conventional microwave SQUID multiplexing and flux
rampmodulation based cryogenic SQUIDmultiplexing.8

For conventional lMUXs [see Fig. 1(a)], flux ramp modulation20

causes a sawtooth shaped variation of the magnetic flux threading the
SQUID loops and, thus, a periodic modulation of the SQUID induc-
tances. The effective modulation frequency fmod ¼ ImodMmodframp=U0

depends on the slope Imodframp of the flux ramp as well as the mutual
inductance Mmod between the SQUID and the modulation coil. Here,
framp denotes the ramp repetition rate. It must be chosen such that an
external signal is quasi-static within the period of the flux ramp. An
external flux signal, hence, causes a quasi-static phase shift of the
SQUID response that is proportional to the input signal.

In contrast, our hybrid microwave SQUID multiplexer
(HlMUX), [see Fig. 1(b)] relies on inductively coupling N individual
non-hysteretic, unshunted rf-SQUIDs, each connected to an individ-
ual detector, to a single resonator. To encode the signal information of
the N SQUIDs in sidebands of the microwave carrier, we vary the
modulation frequency fmod;i for each SQUID. For this, we were all
modulation coils in series and inject a periodic, sawtooth-shaped cur-
rent signal with amplitude Imod and repetition rate framp into the com-
mon modulation coil. As we systematically vary the mutual
inductanceMmod;i between modulation coil and SQUID loop (see dis-
cussion below), the modulation frequencies fmod;i are unique. For this
reason, superimposing the responses of all SQUIDs onto a single
microwave carrier allows reconstructing the individual signals by
means of demodulation of the multiplexer output data stream with the
known modulation frequencies fmod;i. With this HlMUX approach,

each microwave resonator, hence, reads out N rf-SQUIDs in parallel.
Compared to conventional lMUXs, this reduces the number of reso-
nators and probe tones required for reading out a fixed number of
detector channels by a factor of N.

For proving the suitability of our approach, we designed, fabri-
cated, and characterized a non-optimized HlMUX prototype that is
based on lumped-element microwave resonators, each being formed
by a meander-shaped inductor L, an interdigital capacitor C as well as
a load inductor LT connected in series (see Fig. 2). The latter is geo-
metrically shaped such that it evenly couples to N¼ 3 independent
non-hysteretic rf-SQUIDs via the mutual inductance MT. Using an
interdigital coupling capacitor CC, each resonator is coupled to a com-
mon coplanar waveguide (CPW) transmission line allowing the carrier
signals sent from a dedicated room-temperature readout electronics to
pass by the resonators. The CPW ground plane covers a big fraction of
the chip surface and is perforated with 4� 4 lm2 square holes to
avoid motion of trapped vortices within the ground plane potentially
degrading the internal quality factor of the microwave resonators.

Each rf-SQUID forms a gradiometer to minimize the influence
of external disturbances emerging from background magnetic fields
and is coupled to in total three coils, i.e., the load inductor LT for cou-
pling the SQUID to the resonator, the input coil Lin to couple the sig-
nal into the SQUID loop, and the common flux ramp modulation coil
Lmod. For varying the mutual inductances Mmod among the SQUIDs
that are coupled to the same microwave resonator, we connect locally
superconducting inductances Lpar;i in parallel to the modulation coil
[see Fig. 2(b)]. In comparison with varying the geometric overlap
between the modulation coil and the SQUID loop as we have used for
our flux ramp modulation based MHz frequency-division multiplex-
ing (FDM) SQUID multiplexer,8 this approach is beneficial as it allows
for fine-trimming the mutual inductances in a post-processing step to
guarantee matching the boundary conditions for the modulation fre-
quencies (see discussion below).

We mounted the fabricated prototype multiplexer on a custom-
made sample holder, connected the chip electrically to a custom
printed circuit board using ultrasonic wedge bonds and immersed the
setup into a liquid helium transport dewar. Due to space constraints
within the measuring dipstick, we could not use a cryogenic high elec-
tron mobility transistor (HEMT) amplifier for boosting the multi-
plexer output signal. We used instead two room-temperature
microwave amplifiers. For basic device characterization, we used a vec-
tor network analyzer in combination with an arbitrary waveform gen-
erator injecting a static flux or flux ramp signal into the modulation
line. For multiplexing demonstration, we used our custom software
defined radio (SDR) based readout electronics21,22 to continuously
stream the output signal of the multiplexer. Demodulation of the mod-
ulated signal was then performed offline.

Figure 3(a) shows the measured dependence of the resonance fre-
quency frðImodÞ of an example resonator on the strength of a dc cur-
rent through the modulation coil as well as the expected behavior that
was calculated using an adaption of our most recent analytical model
of a microwave SQUID multiplexer.23 The agreement is excellent and
shows that the device behavior can be reliably predicted. Moreover,
Fig. 3(b) depicts a time section of three demodulated output data
stream when injecting three different signals into the input coil of the
SQUIDs. The input signals are clearly resolved, hence proving that our
multiplexing approach is working as intended. As the noise level of the

FIG. 1. (a) Schematic circuit diagram of a conventional microwave SQUID multi-
plexer (lMUX). It comprises M readout resonators that are each capacitively cou-
pled to a common transmission line and inductively coupled to a non-hysteretic,
current-sensing rf-SQUID to read out M input signals. For output signal linearization
by means of flux ramp modulation, a modulation coil is inductively coupled to each
SQUID. (b) Schematic circuit diagram of a hybrid microwave SQUID multiplexer
(HlMUX). It comprises M/N readout resonators to read out M input signals. For
this, each readout resonator is inductively coupled to N non-hysteretic, current-
sensing rf-SQUIDs modulating together the resonance frequency. For distinguishing
the individual signals and output signal linearization, a flux ramp modulation coil is
coupled to the individual SQUIDs of a readout resonator with different strength to
yield sideband modulation.
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present measurement is rather high due to the missing cryogenic
HEMT amplifier, we have not performed a comprehensive crosstalk
measurement. However, using the time traces shown in Fig. 3(b), we
can determine an upper limit of the crosstalk between SQUIDs on the
same resonator for the given cryogenic setup of than 1.1%.
Furthermore, the perfect agreement with our multiplexer model let us
expect that noise levels close to that of conventional lMUXs can be
achieved. However, we have to expect a noise penalty as we will
explain in the following paragraphs.

The signal bandwidth per readout channel, the multiplexing fac-
tor, i.e., the number of readout channels that can be simultaneously
read out using a single transmission line, as well as the achievable noise
level are three key figures of merit that benchmark any cryogenic mul-
tiplexer. To check for these benchmarks, we consider a single readout
resonator to which N non-hysteretic rf-SQUIDs are coupled. To mini-
mize crosstalk, we must ensure that different carrier frequencies are
not multiples of each other to prevent that carrier signals are contami-
nated by higher harmonics of other carrier signals. Since the ramp rep-
etition rate framp is identical for all SQUIDs, the modulation frequency
fmod;i ¼ Amod;iframp can only be varied by changing the modulation
amplitude Amod;i according to

Amod;1 < Amod;2 < � � � < Amod;N < 2Amod;1 (1)

with Amod;i 2N. For simplicity, we assume that each ramp segment is
fully used for phase reconstruction, i.e., we neglect that in real applica-
tions, the data stream is typically truncated to remove transients, etc.20

The modulation amplitudes must, hence, be integers for the demodu-
lation algorithm to work reliably. As the signal sampling rate is identi-
cal to the ramp repetition rate framp, the latter should be as high as
possible. Moreover, the effective modulation frequencies fmod;i must be
smaller than a limit frequency flim existing due to the finite resonator
response time, thus requiring the modulation amplitudes to be mini-
mized. To ensure both, unique and integer-valued modulation

amplitudes Amod;iþ1 � Amod;i P 1, the smallest difference between
them is unity. If we choose the minimum value as the difference
between smallest and highest modulation amplitudes, we, hence, yield

Amin
mod;N þ 1¼! 2Amin

mod;1 ! Amin
mod;1 þ N¼! 2Amin

mod;1 ! Amin
mod;1¼! N: (2)

The signal bandwidth is limited by the modulation frequency of the
SQUID with the largest modulation amplitude for which we yield
according to the previous discussion the relation f max

mod ¼ fmod;N

¼ ð2N � 1Þframp.
We usually want to maximize framp to yield a high sampling rate

of the signal. We, therefore, fix fmax
mod ¼ flim / DfBW. Here, DfBW

denotes the bandwidth of the readout resonator. We introduce the
density of SQUIDs in frequency space qSQ ¼ NSQ=Dftot ¼ N=
ðDnoptDfBWÞ, where Dftot is the full bandwidth available that is usually
limited by cryogenic amplifiers used to boost the tiny multiplexer out-
put signals. Moreover,NSQ is the total number of SQUIDs of all multi-
plexer channels that can be read out using a single feedline and Dnopt
denotes a guard factor ensuring that the spacing between neighboring
resonators is sufficiently large to minimize interchannel crosstalk. This
yields the result

2N � 1ð Þframp ¼ flim / DfBW /
N

qSQ
(3)

from which we immediately conclude:

frampqSQ /
N

2N � 1ð Þ ¼
1 forN ¼ 1;
1
2

forN !1:

8<
: (4)

We aim for maximizing the product frampqSQ to yield a large density
of SQUIDs as well as a high signal sampling rate. From Eq. (4), we see
that the maximum is reached for N¼ 1, i.e., the channel capacity of
the feedline is most effectively used for conventional microwave

FIG. 2. (a) Composite image of the layout (left) and a microscope picture (right) of one of the non-hysteretic rf-SQUIDs that are used as parametric inductor to modulate the
resonance frequency of the individual microwave resonators. The SQUID is formed by four superconducting loops that are connected in parallel. On top or below of each loop,
the load inductor (blue), the input coil (green), and the modulation coil (pink) are running. The notation of the different inductance refers to Fig. 1. (b) Composite image of the
layout (left) and a microscope picture (right) of two neighboring HlMUX resonator channels. The resonators are formed by lumped element Nb based resonators. The reso-
nance frequency is set by varying the length and number of the fingers of the interdigital capacitor. The load inductor (blue) is inductively coupled to three independent current-
sensing SQUIDs (green, yellow, red) to read out three signals with only one readout resonator. For varying the mutual inductance Mmod;i between the different SQUIDs and the
load inductor, gradiometric spiral inductors of different sizes are connected in parallel to the modulation coil of each SQUID. In the layout picture, the input signals for validating
our readout concept are shown.
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SQUID multiplexing. The largest penalty, i.e., frampqSQ / 1=2, occurs
in the limit of N !1, for which an infinitely large amount of
SQUIDs is coupled to a single readout resonator. For the hybrid
microwave SQUID multiplexer, the necessity for distinct modulation
frequencies between SQUIDs coupled to the same resonator prohibits
the modulation with the minimum amplitude for all SQUIDs, leading
to a less efficient use of the available bandwidth.

In addition to the bandwidth penalty, hybrid microwave SQUID
multiplexing possesses another disadvantage with respect to noise caused
by the cryogenic amplifier chain. The flux-to-voltage transfer coefficient

Vmax;i
U / Dfmax;i

res

DfBW

ffiffiffiffiffiffiffiffi
Pexc
p

(5)

determines the effective flux noise in the ith SQUID that is caused by the cryo-
genic amplifier chain. Here, Df max;ires denotes the maximum resonance

frequency shift caused by the ith SQUID andPexc is the power of the resonator
probing signal. Flux ramp modulation works best if the resonator bandwidth
DfBW equals the total resonance frequency modulation amplitude
Dfmax;totres ¼

P
Dfmax;ires . Assuming that all SQUIDs have the same modula-

tion amplitudeDfmax;ires , we, hence, yield

Vmax;i
U /

ffiffiffiffiffiffiffiffi
Pexc
p

N
: (6)

For applications requiring a large number of readout channels, the
total readout power Pexc;tot ¼ NresPexc is limited by the saturation
power of the HEMT amplifier rather than the optimal readout power
for each channel. With hybrid SQUID multiplexing, the number of
resonators Nres required to read out a fixed number of SQUIDs is
decreased by a factor of N. If the overall readout power Pexc;tot is kept
constant, this allows increasing the readout power per channel Pexc
accordingly. For this reason, the total penalty to the flux noise per
channel caused by the HEMT is given by

SU;HEMT;i ¼ N~SU;HEMT: (7)

Here, if ~SU;HEMT is apparent HEMT related flux noise of a single read-
out channel of a conventional microwave SQUID multiplexer with the
corresponding set of device- and readout parameters.

Our simple discussion predicts a penalty in both, the maximum
readout channel density and the apparent flux noise of a single readout
channel of a hybrid SQUID multiplexer as compared to a conventional
microwave SQUID multiplexer. We would, hence, have to doubt
whether hybrid microwave SQUID multiplexing is a useful technique
for the readout of cryogenic detector arrays. However, there are strong
benefits regarding the fabrication of actual devices. If a microwave
SQUID multiplexer is used to read out detectors with a small signal
bandwidth, e.g., for bolometric applications, the channel capacity of the
feedline allows for the simultaneous readout of a tremendous number
of detectors.24 For a conventional microwave SQUID multiplexer, real-
izing a high channel count requires the fabrication of a large number of
resonators, which must be evenly spaced in frequency space to mini-
mize crosstalk due to the overlap of Lorentzian resonance tails.19 As the
channel number increases, resonator spacing gets significantly smaller,
thus requiring stringent fabrication tolerances to keep the variation of
resonance frequencies small as compared to the frequency spacing.
Spacing neighboring resonators with a resonance frequency variation
below 1 kHz, for example, would require to control the length of the
last finger of an interdigital capacitor of a lumped-element microwave
resonator [see Fig. 2(b)] with a tolerance better than 5 nm. This preci-
sion is quite hard to achieve using non-industrial photolithography
equipment, e.g., stepper-based deep ultraviolet (DUV) projection
immersion lithography, or time-consuming, e.g., using electron beam
lithography. Moreover, tile-and-trim processes25,26 have not yet proved
to yield this ultimate level of accuracy when using conventional lithog-
raphy equipment. In case that manufacturing accuracy rather than the
Shannon capacity of the feedline becomes the limiting factor for the
number of channels within a microwave SQUID multiplexer, hybrid
microwave SQUID multiplexing, hence, supports to increase the multi-
plexing factor as a smaller number of resonators with larger frequency
spacing is required to read out a fixed number of SQUIDs. As the scal-
ing is similar to time-division multiplexing, the inherent noise penalty
can even be diminished for TESs by increasing the mutual inductance
between SQUID and its input coil.27 For MMCs, however, the noise

FIG. 3. (a) Dependence of the measured resonance frequency of one HlMUX res-
onator readout channel on a dc-current driven through the current modulation coil.
The solid line depicts the prediction of the course as yielded by an adaption of our
most recent analytical lMUX model.23 The inset shows two example resonance
curves for points in the plot marked by a red triangle or a green square. (b)
Measured magnetic flux Usig injected in SQUID “SQi” vs time t as derived from the
demodulation of the output signal of one readout resonator of our HlMUX. The test
signals that have been applied to the input coils of the different SQUIDs are illus-
trated in Fig. 2(b). The solid lines show the injected input signals.
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penalty of hybrid microwave SQUID multiplexing might remain an
issue and forces to build detectors with utmost sensitivity.28

In conclusion, we have presented a hybrid microwave SQUID
multiplexer combining two frequency-division multiplexing techniques
to allow multiplexing a given number of cryogenic detectors or other
low-impedance signal sources with only a fraction of readout resonators
used for frequency encoding. It relies on the combination of conven-
tional microwave SQUIDmultiplexing and flux rampmodulation based
cryogenic SQUID multiplexing and provides a rather easy way to more
efficiently use the channel capacity of a microwave transmission line.
However, due to inherent penalties with respect to the maximum read-
out channel density as well as the apparent flux noise of a single readout
channel, our approach turns out to most useful when fabrication accu-
racy becomes the limiting factor for increasing the channel count within
a microwave SQUID multiplexer. For this reason, our approach is par-
ticularly suited for bolometric applications requiring a huge number of
small-bandwidth cryogenic detectors.
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