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Multiplexing technology based on SQUID for readout of
superconducting transition-edge sensor arrays
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Jianshe Liu(刘建设), and Wei Chen(陈炜)†
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Multiplexing technologies based on superconducting quantum interference devices (SQUIDs) are crucial to cryogenic
readout of superconducting transition-edge sensor (TES) arrays. Demands for large-scale TES arrays promote the devel-
opment of multiplexing technologies towards large multiplexing factors and low readout noise. The development of mul-
tiplexing technologies also facilitates new applications of TES arrays in a wide range of frequencies. Here we summarize
different types of SQUID-based multiplexing technologies including time-division multiplexing, code-division multiplex-
ing, frequency-division multiplexing and microwave SQUID multiplexing. The advances and parameter constraints of each
multiplexing technology are also discussed.

Keywords: superconducting transition-edge sensor arrays, superconducting quantum interference devices,
multiplexing technology, cryogenic readout
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1. Introduction

Superconducting transition-edge sensors (TESs) are
highly sensitive for incident energy or power at cryogenic tem-
peratures. Since TESs are applicable to a broad wavelength
range, cryogenic detectors based on TESs have a wide range
of applications. TES microcalorimeters can achieve excellent
energy resolution when detecting high-energy photons such as
x rays and gamma rays.[1–5] TES bolometers are widely used
in cosmic microwave background (CMB) experiments due to
low noise level and good response linearity.[6–10] TES single
photon detectors have high detection efficiency and photon-
number-resolving capability, which can meet the measurement
requirements in the field of quantum optics.[11–15] These ap-
plications drive the development of large-scale TES arrays to
further improve collection efficiency, counting rate and sensi-
tivity of TESs. Superconducting quantum interference devices
(SQUIDs) are one of the most sensitive sensors of magnetic
flux, which are typically used as amplifiers to detect phys-
ical quantities that can be converted into magnetic flux.[16]

Because the SQUID amplifier has low input impedance, low
noise and low power dissipation, it is preferred for the readout
of the TES detector.[17,18]

However, as the number of TES detectors in the array in-
creases, the complexity of wiring and the thermal load pose
great challenges to the cryogenic readout. Therefore, it is
essential to employ SQUID-based multiplexing technologies
in which multiple TES detectors share one readout line. The
scale of TES arrays largely depends on the number of TES de-

tectors per readout line, which is referred to as the multiplex-
ing factor. To increase the scale of TES arrays and to boost
the performance of readout circuits, different multiplexing
schemes have been proposed and developed. Currently, these
schemes include time-division multiplexing (TDM), code-
division multiplexing (CDM), frequency-division multiplex-
ing (FDM) and microwave SQUID multiplexing (MW-Mux).
No matter which scheme is employed, the first step is to limit
the bandwidth of all TES signals to avoid aliasing of out-of-
band noise into the signal bandwidth.[19,20] After bandwidth
limitation, TES signals from different channels are combined
into a small number of readout lines and transmitted to room-
temperature electronics for demodulation and identification.
In order to achieve the accurate measurement and the scal-
able readout of TES signals, these multiplexing schemes focus
on improving circuit architectures, electronical components,
control algorithms and room temperature hardware. As for
applications of various spectrometers and astronomical tele-
scopes, emerging readout systems need to measure thousands
of TES detectors while maintaining low readout noise and low
crosstalk.

Despite great advances in SQUID-based multiplexing
technologies, they still need to be optimized. As the scale
of TES arrays continues to extend, the design requirements
for multiplexing technologies increase, which mainly focus
on the multiplexing factor, readout noise, channel-to-channel
crosstalk and operational complexity. Due to parameter con-
straints in readout circuits, it is difficult for each technology to
satisfy the requirements simultaneously. From the perspective
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of practical applications, the choice of multiplexing technolo-
gies is generally a trade-off among these design requirements.
In view of this, this paper summarizes the different types of
SQUID-based multiplexing technologies and discusses their
parameter constraints. The sections are organized as follows:
Section 2 briefly introduces the readout circuit of the TES and
the orthogonal modulation functions used in different multi-
plexing technologies. Sections 3–6 describe circuit architec-
tures and parameter constraints of each technology. Section 7
compares characteristics of these multiplexing technologies.
Section 8 gives a summary and outlook.

2. Readout circuit of TES

The superconducting transition-edge sensor is essentially
a thermistor.[21,22] The measurement of TES signals is of suc-
cess by measuring the change of TES resistance induced by the
energy of incident photons. Figure 1 shows the schematic of
the readout circuit of a single TES. In the TES bias circuit, the
TES resistance RTES is in parallel with a bias resistor Rbias and
in series with an input coil Lin and a Nyquist coil LNyq. The
bias resistor with resistance being much smaller than the TES
resistance is used to realize the voltage bias of the TES. The
voltage-biased TES operates at the electro-thermal negative
feedback (ETF), exhibiting fast response and low noise.[23,24]

The Nyquist coil is used to construct an L/R low-pass filter
in the TES bias circuit, where the inductance L indicates the
total inductance of the input coil and the Nyquist coil, and the
resistance R indicates the total resistance of the bias resistor
and the TES. This L/R low-pass filter can effectively limit the
bandwidth of the TES signal, avoiding the aliasing of high-
frequency noise. The current flowing through the TES is in-
ductively coupled to a SQUID (SQ), generating a flux in the
SQUID loop. The voltage across the SQUID varies accord-
ing to the flux-voltage characteristics of the SQUID. Then, the
output voltage of the SQUID is transmitted from the cryogenic
stage to the room-temperature preamplifier. The role of the
SQUID is providing the necessary transimpedance gain for the
TES current to suppress the noise of preamplifier. In order to
keep the output of SQUID in a small linear regime, the read-
out circuit employs a flux-locked loop (FLL)[25] in which the
feedback current is inductively coupled to the SQUID through
a feedback resistor Rfb.

The TES coupled to the SQUID has been proven to show
excellent single-pixel performance. However, for TES arrays,
it is difficult to have a readout line for each pixel because each
readout line brings a thermal load to the measurement system.
In this case, SQUID-based multiplexing technologies, which
can dramatically reduce the number of readout lines, are nec-
essary for the readout of large-scale TES arrays.

In SQUID-based multiplexing technologies, different or-
thogonal modulation functions are used to encode and decode
the TES signals.[26–28] In TDM, the functions are N low-duty-
cycle square waves. In CDM, the functions correspond to an
N-dimensional Walsh matrix in which N must be a power of
two. In FDM, the functions correspond to N sinusoids which
modulate TES signals to different frequencies. The functions
of MW-Mux are similar to that of FDM. Therefore, the signif-
icant difference among these multiplexing technologies is the
schemes used to combine and distinguish TES signals from
different channels. These schemes are divided into time do-
main and frequency domain. In the following, this paper
details these multiplexing schemes in the sequence of TDM,
CDM, FDM and MW-Mux.

TES bias

SQ

Preamp

Low temperature  Room temperature  

RTES

Rbias

Rfb

LNyq

Lin

Ibias

Vout

Vb

Fig. 1. Schematic of the readout circuit of a single TES. The SQUID
chip (red solid box) generally consists of a SQUID amplifier, an input
coil and a feedback coil. The Nyquist chip (red dotted box) generally
consists of a bias resistor and a Nyquist coil.

3. Time-division multiplexing

At present, TDM is well-established for the readout of
TES arrays. In the TDM circuit, each TES is equipped with
a SQUID amplifier, which together constitute a pixel. In an
individual column, TDM turns on each row of SQUIDs se-
quentially and combines the signals from different pixels into
a common readout line.

3.1. TDM circuit architecture based on flux summing

The mature version of TDM circuits is based on an archi-
tecture which utilizes an approach of flux summing.[29] Fig-
ure 2 shows the schematic of this version. In each unit pixel,
the TES is inductively coupled to a first-stage SQUID ampli-
fier (SQ1). All the TESs operate in voltage-biased mode and
remain active all the time. The SQ1 of each row is turned on
by applying the row-address current (Iad) to the correspond-
ing row-address line. Then, the current signal from SQ1 at
a time is passed to a common second-stage SQUID (SQ2)
via an intermediate summing coil. Next, the current signal
from SQ2 is amplified by a third-stage SQUID array which is
connected to room-temperature electronics. The entire TDM
circuit uses a flux-locked loop (FLL) to keep the output sig-
nal of SQUID arrays within a small linear range. Each col-
umn in the circuit shares a feedback line through which a
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proportional-integral feedback signal (Vfb) is inductively cou-
pled to SQ1s. The FLL is either traditional analog integra-
tor circuits[30] or digital feedback control circuits (DFB).[31,32]

This version of TDM circuits has been fielded in a variety of
x-ray spectrometers.[33–35] The circuit architecture in Fig. 2 is
a three-stage SQUID configuration. Actually, the architecture
can be either two-stage or three-stage, as long as the configu-
ration provides sufficient power gain for TES signals.

TES S
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il
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SQUID array
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TES bias SQ2 bias
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SQ1

SQ2

Row address current
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Fig. 2. Schematic of an N-row TDM circuit. The figure is taken from
Ref. [29].

3.2. TDM circuit architecture based on superconducting
switch

The TDM circuit above has a complex layout, and its row
switching rate is not high enough. After iterative upgrades,
TDM circuits have evolved into some new versions.[36–38]

Compared with TDM circuits based on the flux summing,
these versions remove the intermediate summing coil and in-
troduce additional superconducting switches actuated by mag-
netic flux. Figure 3 shows the schematic of an N-row TDM
circuit based on the flux-actuated superconducting switch. In
each unit pixel, the superconducting switch (marked by a
red dotted box) is in parallel with an input SQUID (SQ1 or
SQ2· · ·SQN) and an addressing resistor Radd. The addressing
resistor is used to dissipate the weak loop current and its resis-
tance needs to be smaller than the SQUID dynamic resistance
to reduce its voltage noise. These superconducting switches
are shorted in the non-address state. When a row-address cur-
rent is applied to one switch, the switch is turned on while the
others in the column are left shorted. In this situation, the sig-
nal from one SQUID is measured only once in one cycle of the
row-address current. Compared with TDM circuits based on
the flux summing, TDM circuits based on the superconducting
switch have faster row switching rate and lower readout noise.

One form of the superconducting switch is the Zappe-
style interferometer.[39] It includes tow-junction, three-

junction and even multiple-junction configurations. In these
configurations, Josephson junctions are connected in parallel
by superconducting inductors and the feed point of the bias
current is flexible. The bias current of the Zappe-style inter-
ferometer is set to be smaller than the critical current of the
Josephson junction. Under this condition, the interferometer
is in the zero-voltage state and the load of the interferometer is
effectively shorted. When the critical current is reduced below
the bias current by the external control current, nearly all the
junction current flows into the load. The threshold curve of
the Zappe-style interferometer can be adjusted by the critical
current of the Josephson junction, the inductance and the feed
point of the bias current, making the Zappe-style interferome-
ter adaptable to different applications.

Row address current

Iad1

I
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1

I
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I
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d
N

Iad2

t

t

IadN

t

trow
Radd

Ibias

Input 1SQ1

Unit 
pixel

Out
Feedback
current

Input 2SQ2

Input NSQN

Switch

Fig. 3. Schematic of a TDM circuit with flux-actuated superconducting
switches. The figure is taken from Ref. [36].

Another form of the superconducting switch is the
SQUID-based switch.[36] The switch is essentially a SQUID
with the extremely small loop inductance. In this SQUID,
the screening parameter (βL � 1) is so small that the critical
current of the SQUID approaches to zero at half-integer flux
quanta. Similarly, the hysteresis parameter βC needs to be suf-
ficiently small to ensure that the current-voltage characteristics
of this SQUID is non-hysteresis. The operation of the SQUID-
based superconducting switch is as follows. The bias current
(Ibias) of the entire loop is selected to be not only slightly
larger than the current (Isq) used to bias the input SQUID, but
also smaller than the critical current (Ic) of the SQUID-based
switch at integer flux quanta. When the flux through the switch
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is of integer flux quanta, the switch is in the superconducting
state and the input SQUID is shorted. When a current that
generates a flux of half-integer flux quanta is applied to the
row-address line, the switch is in the resistive state and most
of Ibias flows into the input SQUID. As long as circuit param-
eters are designed properly, the current flowing into the input
SQUID can be equal to Isq used to activate the input SQUID.
The SQUID-based switch is generally in the form of a SQUID
series array (SSA) to minimize loading of the activated input
SQUID. The input SQUID can be either a single one or an
array. An array configuration is preferable because it can im-
prove the noise impedance match between SQUIDs and room
temperature electronics.[40–42]

In the TDM circuit with superconducting switches dis-
cussed above, the number of row-address lines (used to turn
on rows of SQUIDs) increases with the increase of the multi-
plexing factor, adding the burden of wiring. In order to allevi-
ate the burden, an advanced two-level switch is proposed.[43]

Figure 4 shows a simple example of the two-level switch. N
superconducting switches are divided into N1 groups (the first
level), and each group contains N2 switches (the second level),
i.e., N = N1×N2. In this new architecture, the number of row-
address lines reduces from N1×N2 to N1+N2. This advantage
becomes significant when the scale of TES arrays expands.
However, extending the switches to multi-level structure com-
plicates the design of cryogenic chips and room-temperature
electronics.

ON

N1 N2

Fig. 4. The simple two-level switch layout. The figure is taken from
Ref. [43].

3.3. Parameter constraints in TDM

In practical applications, TDM has its own parameter
constraints. On the one hand, TDM imposes strict require-
ments on the sampling frequency. When rows of a TDM cir-
cuit are turned on sequentially, the row time which dwells on a
row is denoted as δ trow. For an N-row TDM circuit, the frame

rate at which all the pixels in each column are measured can be
expressed as fframe = 1/(Nδ trow). According to the Nyquist–
Shannon theorem, the frame rate needs to satisfy the following
condition to prevent high-frequency noise from aliasing into
the signal bandwidth:

fframe > 2 fL/R, (1)

where fL/R is the cut-off frequency of the L/R low-pass filter in
the TES bias circuit. The inductance L is the sum of the input
inductance, the Nyquist inductance and the stray inductance.
The resistance R is the total resistance in the TES bias circuit.
Meanwhile, the TES under electrothermal negative feedback
(ETF) should satisfy the following condition[44] to ensure the
stability of the device:

fL/R >
(

3+2
√

2
)

fTES, (2)

where fTES is the thermal response frequency of the TES. The
sampling frequency fsample, which denotes as the switching
rate between adjacent rows, is N times the frame rate. Com-
bining the conditions above, the sampling frequency is limited
to the following condition:

fsample > 2N
(

3+2
√

2
)

fTES. (3)

It can be seen that TDM requires an extremely high sampling
frequency when it is used to read out fast photon signals or
a large number of pixels. In addition, when the TDM circuit
switches from one row to the next, SQUIDs require a settling
time to establish a stable state due to the transient response of
the electronic components.[45] As a result, the time that can be
used to sample is even shorter than the row time, presenting
an additional challenge to the sampling frequency. Although
an extra inductor in series with TES can limit the signal band-
width and thus reduce the settling time, it comes at the expense
of the reduction of signal-to-noise ratio (SNR).

One the other hand, the multiplexing factor of TDM is
largely limited by the SQUID noise. The TES in the TDM
circuit operates at all times while SQUIDs of each row only
operate in a cycle of 1/N. In this case, the effective band-
width of the SQUID noise is N times larger than that of the
TES noise, resulting in the input-referred current noise of the
SQUID increasing by

√
N. This is generally referred to as the√

N noise penalty in TDM. Therefore, a large N may not be
appropriate for TDM because the input-referred current noise
of the SQUID needs to be smaller than the current noise of
a single TES to prevent TES signals from being annihilated.
Although the input-referred current noise of SQUID can be
reduced by increasing the mutual inductance between the in-
put coil and the SQUID, the signal slew rate is also increased.
An increased signal slew rate is difficult for the TDM circuit to
establish the FLL,[46] causing the degradation of TES signals.
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As a mature multiplexing technology, TDM has been
widely used for the readout of arrays of microcalorimeters and
bolometers. When TDM is applied to TES microcalorime-
ters, a TDM circuit based on the superconducting switch,
with 160 ns row times and the equivalent flux noise of
0.19 µΦ0/

√
Hz, achieves 2.55 eV resolution in a 32-row ar-

ray of x-ray TESs.[38] In addition, the readout of a TES array
with 256 gamma-ray TESs is demonstrated, showing energy
resolution of 53 eV at 97 keV.[47] For the measurement of the
B-mode polarization of CMB, a TDM system achieves a mul-
tiplexing factor of 128 in the array of TES bolometers.[48] Due
to the simplicity in operation and the maturity in circuit archi-
tectures, TDM is considered to be suitable for the multiplexed
readout of different TES arrays.

4. Code-division multiplexing

CDM is another scheme in the time domain, which has
great potential for the readout of large arrays of TESs or fast
pixels. In the implementation of CDM, the signals from TES
detectors are coupled to the SQUIDs through different polar-
ity combinations which correspond to the Walsh matrix. The
original TES signals can be reconstructed from the raw out-
put by the inversion of Walsh matrix. Like TDM, CDM rows
are turned on by applying row-address current. The differ-
ence between them is that TDM rows are sampled only once
in each frame while CDM rows are sampled at all times.[49] In
this case, the signal-to-noise ratio of CDM increases by

√
N,

compensating for the degradation of
√

N SQUID noise. Un-
like TDM, CDM does not suffer from the

√
N noise penalty.

Therefore, CDM does not require so large mutual inductance
between the input coil and the SQUID as TDM to suppress
the effective SQUID noise, relaxing the requirements for the
dynamic range of the SQUID. At present, there are two ap-
proaches to CDM, namely flux summation (Φ-CDM) and cur-
rent steering (I-CDM), which are based on different mecha-
nisms.

4.1. Flux-summation architecture

Φ-CDM achieves different coupling polarities between
the signal and the SQUID by changing the direction of the in-
put coil in the TES bias circuit.[50] Figure 5 shows a schematic
of a four-row Φ-CDM circuit which is based on a three-stage
SQUID architecture. In the Φ-CDM circuit, the polarity com-
bination of each row used to encode TES signals corresponds
to the Walsh function. As with TDM, each row of the Φ-
CDM circuit is turned on by applying row-address currents
in sequence. TES signals with different polarity combina-
tions are coupled to the first-stage SQUIDs (SQ1). Next, the
signals from different rows are passed to a common SQUID
amplifier (SQ2) through an inductive coil. The signals from
SQ2 are amplified by a SQUID array and transmitted to room-
temperature electronics for demodulation. The original TES
signals can be demodulated and identified according to the
inversion of Walsh matrix. When any SQUID in the circuit
is taken for observation, all the TESs are connected to this
SQUID. The SQUID noise in CDM can be improved because
the SQUID in each row observes the Walsh-coded TES sig-
nals simultaneously. Φ-CDM is developed straightly based on
TDM and shares similar low-pass filters with it.
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Fig. 5. Schematic of a four-row Φ-CDM. The figure is taken from Ref. [50].
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4.2. Current-steering architecture

In I-CDM, the polarity switching of TES signals is re-
alized through a single-pole double-throw (SPDT) switch.[51]

Figure 6 shows the schematic of a four-row I-CDM circuit and
an SPDT switch integrated with a TES bias circuit. The SPDT
switch consists of two SQUID-based switches connected in
parallel. Each branch contains a SQUID-based switch (actu-
ally a DC-SQUID with the extremely small loop inductance),
a series resistor Rser, and an inductive coil coupled to the sum-
ming coil. The coupling polarity between one branch and the
summing coil is positive (mutual inductance +M) while the
other is negative (mutual inductance−M). The critical current
of the DC-SQUID with the extremely small loop inductance
approaches zero at half-integer flux quanta. In the implemen-
tation of I-CDM, a flux offset of Φ0/2 is applied to one of

the SQUID-based switches in the SPDT to make the critical
current of that switch reduce to a minimum. In this case, one
SQUID-based switch becomes resistive state (RN) while the
other keeps superconducting state. Since the normal resistance
of the SQUID-based switch is much larger than the series re-
sistance, i.e., RN � Rser, almost all of the TES current flows
through the superconducting SQUID-based switch. The cou-
pling polarity between the TES signal and the summing coil
can be adjusted by applying row-address currents to generate
0 or Φ0/2 flux in the entire SPDT switch. The row-address
currents in I-CDM correspond to the Walsh matrix. The dif-
ference between row-address currents in Φ-CDM and I-CDM
is that currents in Φ-CDM are applied sequentially to rows in
a cycle while currents in I-CDM are simultaneously applied to
rows.
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Fig. 6. Schematic of a four-row I-CDM circuit and an SPDT switch integrated with a TES bias circuit. The figure is taken from Ref. [51].

4.3. Parameter constraints in CDM

Each CDM approach has its own parameter constraints.
In Φ-CDM, TESs are inductively coupled to the SQUID in
different rows through different polarity combinations. Since
the input coil of each TES needs to be routed to all the first-
stage input SQUIDs, the large routing length presents a great
challenge to the fabrication process. In I-CDM, the coupling
polarity is modulated by an SPDT switch placed in the TES
bias circuit. However, the resistive SQUID-based switch ap-
pears as an additional load resistance in series with the TES,
interfering the measured TES current. In addition, the voltage
across the resistive SQUID-based switch can easily induce the
Josephson oscillation at the frequency of V/Φ0.[49]

Both CDM approaches also have some constraints in

common. Firstly, the coupling polarity in the first channel of
CDM is always positive, which easily induces large crosstalk
from feedback signals of other channels.[51] In practical appli-
cations, the first channel is usually used to characterize com-
mon coherent noise sources and the rest are used to read out
TES detectors. Secondly, CDM is vulnerable to the signal loss.
Since each SQUID in a column is a necessary component to
obtain the encoded TES signal, a failed SQUID can result in
the loss of an entire column of TES signals. To solve this prob-
lem, an error correction (EC) which replaces one TES with
a constant signal is used to recover TES signals in the case
of a failed SQUID.[52] A configurable error correction inte-
grated with a cryotron switch in the TES bias circuit is also
demonstrated.[53] In room-temperature electronics of CDM, a
complex set of algorithm software is required to perform the
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Walsh encoding. Meanwhile, the channel crosstalk caused by
parallel readout needs to be optimized.[54]

Despite the constraints above, CDM has some distinctive
advantages. Since every TES in CDM is sampled during ev-
ery switching cycle, information about photon arrival time can
be obtained from the modulated data stream.[49,51] In addition,
using the periodic characteristics of SQUID response, binary
addressing is expected to reduce the number of row-address
lines from N to log2 N.[55] Since CDM does not suffer from the√

N noise penalty, CDM has potential for the readout of fast
signals. In some demonstrations of small-scale TES arrays, the
readout noise of a Φ-CDM circuit used to read out x-ray TESs
is about 19 pA/

√
Hz at high frequencies[50] and an I-CDM

circuit is not degraded by the
√

N SQUID noise penalty.[51]

With the development of CDM technology, Φ-CDM stretches
to a 32-channel circuit in which 30 modulated TESs achieve
2.77 eV energy resolution at 5.9 keV.[56] In addition, some hy-
brid readout schemes, which combine CDM with other mul-
tiplexing schemes, are expected to increase the multiplexing
factor and to improve the circuit performance.[57–59]

5. Frequency-division multiplexing

FDM combines and distinguishes signals from different
channels in the frequency domain, which is an attractive tech-
nology for the readout of TES arrays and has some different
characteristics.

5.1. FDM circuit architecture

In the implementation of FDM at MHz frequencies, the
TES detector is ac-biased.[60,61] Figure 7 shows the schematic
of an N-channel FDM circuit. In each unit pixel, the TES re-
sistance RTES is connected with an inductor L and a capacitor
C to form an LCR filter on the sub-Kelvin stage. The TES
resistance and the inductor in all channels are the same while
the capacitor is different from each other. In each channel, the
bandwidth for the TES detector is expressed as R/2πL and the
resonant frequency of the LCR filter is determined by the value
of the capacitance. Bias carriers with different frequencies are
applied to TES bias circuits and thus TES signals are mod-
ulated to high frequencies. The LCR filter of each channel
is used to pass through the target carrier frequency and sup-
press out-of-band signals and noise. When the TES resistance
RTES changes, the corresponding carrier is amplitude modu-
lated and the TES signal is encoded in sidebands above and
below the carrier. These encoded TES signals from different
channels are coupled to a common SQUID amplifier (typically
a SQUID array) on the Kelvin stage. Then output signals of
the SQUID are passed to room-temperature electronics for de-
modulation.

SQ

L

300 mK 4 K 300 K

Out

Bias comb 

Nulling comb

CN C C C

SVifi

S-Vifi

RTES

Fig. 7. Schematic of an N-channel FDM circuit. The figure is taken
from Ref. [61].

Since signals from individual channels are coupled to a
common SQUID amplifier, the dynamic range of the SQUID
that can accommodate the carrier signals is limited. In order to
extend the dynamic range of the SQUID, a carrier comb with
a phase shift of π , which is referred to as the nulling comb, is
injected at the input of the SQUID to cancel the carrier signals
applied to TESs.[62] Another effective way to this problem is
feedback. Some studies have shown that baseband feedback
(BBFB)[63] or digital active nulling (DAN)[64] can increase the
dynamic range of the SQUID, allowing an increased number
of TES detectors per readout SQUID. The complexity of code
for BBFB is comparable to the code for frame-delayed flux
feedback used in TDM, which is important for practical ap-
plications of FDM. The improvement to the dynamic range of
the SQUID can also be reached by increasing the number of
SQUIDs for readout within a dissipation budget constraint.

5.2. Parameter constraints in FDM

Since the bandwidth of the SQUID amplifier can be lim-
ited to the same bandwidth as the TES, FDM does not suf-
fer from the

√
N noise penalty.[65] In addition, TES signals in

FDM are generally modulated to high frequencies, avoiding
the effect of low frequency noise.

However, FDM has its own problems. Firstly, compared
with the dc-biased TES in TDM and CDM, the ac-biased TES
in FDM shows resolution degradation.[66,67] Secondly, the size
of filter elements in FDM is slightly larger than that in TDM
and CDM. The inductor in FDM is effectively same as the
Nyquist inductor in TDM or CDM, and the capacitor in the
optimally dimensioned circuit is approximately the same size
as the inductor.[68] In an optimal case, the size of filter el-
ements of FDM is twice that of TDM or CDM.[69] Thirdly,
the crosstalk effect in FDM circuits makes it difficult to accu-
rately demodulate carriers and identify TES signals in room-
temperature electronics. It has been suggested that one of
the reasons for the crosstalk effect is due to the nonlinear-
ity of the SQUID response.[70] Some other contributions to
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channel-to-channel crosstalk include the coupling between in-
ductors of different channels, bias carrier leakage and non-
zero SQUID/wiring impedance.[71] In order to prevent channel
crosstalk, the frequency space between adjacent resonances
needs to be sufficiently separated.[72,73]

In the demonstration of the readout of x-ray mi-
crocalorimeters, an FDM circuit based on BBFB can multiplex
16 TES detectors with a sufficient post-demodulation gain-
bandwidth product and SNR.[63] As the readout system con-
tinues to develop, the dynamic range of the SQUID is greatly
increased, extending the number of TES microcalorimeters per
readout SQUID in the FDM circuit to 40.[74] FDM is also
widely used in readout circuits of TES bolometers. As for
a 64-pixel bolometric setup, the noise level of its FDM circuit
is about 10 pA/

√
Hz.[75] With the development of FDM, the

number of TES bolometers in each readout channel reaches
about 160.[76]

6. Microwave SQUID multiplexing
Another technology for reading out signals in the fre-

quency domain is MW-Mux. Because MW-Mux can provide
hundreds of MHz or even several GHz bandwidths for the
whole readout circuit, it attracts extensive attention in recent
years.

6.1. MW-Mux circuit architecture

MW-Mux retains the key attribute of dc-biased TES de-
tectors as with TDM and CDM. Figure 8 shows the schematic
of a microwave SQUID multiplexing circuit. In the MW-Mux
circuit, each TES is coupled to an intermediate SQUID. The
SQUID can be either a DC-SQUID[77] or a dissipationless
RF-SQUID.[78–80] Each SQUID is coupled to a high-Q mi-
crowave resonator which has a unique resonant frequency.
The TES current is inductively coupled to the SQUID and
generates a flux in the SQUID. The change of the flux re-
sults in a change in the Josephson inductance of the SQUID,
causing a shift in the resonant frequency of the correspond-
ing resonator. The microwave SQUID multiplexer contains

RTES

Flux ramp

TES bias

HEMT

Resonator

RF SQUID

Fig. 8. Schematic of a three-pixel microwave SQUID multiplexing cir-
cuit. The figure is taken from Ref. [81].

many resonators which are all coupled to a common coplanar
waveguide (CPW) readout line. The frequency shifts induced
by TES signals are probed by applying a comb of microwave
signals to the CPW readout line.[81] The probed signals are
amplified by a high-electron-mobility transistor (HEMT) am-
plifier at 4 K and then passed to room-temperature electronics
for demodulation.

6.2. Flux ramp modulation

Since the flux-voltage characteristics of the SQUID is pe-
riodic, the feedback loop is required to keep the response of
the SQUID in a linear range and to bias the flux at a sen-
sitive point of the SQUID response curve. Typically, TDM,
CDM and FDM are all configured with feedback loops. Nev-
ertheless, the flux-locked loop seems not to be compatible with
MW-Mux. An alternative approach for MW-Mux is flux ramp
modulation.[82] When a periodic sawtooth-shaped current sig-
nal is applied to a common modulation coil and generates
a linearly rising flux ramp of an integer flux quanta in the
SQUID, the SQUID response changes according to its flux-
voltage characteristics. The flux ramp repetition rate framp

corresponds to the effective sampling frequency of TES sig-
nals. When framp is larger than the slew rate of the input sig-
nal, the phase shift of the flux-voltage characteristics is a lin-
ear function of the amplitude of the input signal. A change
of one flux quantum corresponds to a phase shift of 2π . The
phase shift can be determined by using software-defined radio
(SDR)-based readout electronics.[83]

Flux ramp modulation can not only provide a linear mea-
surement for the input signal, but also increase the usable dy-
namic range of the SQUID. In practical applications, different
types of TES detectors have different requirements on framp

and the bandwidth of the resonator is adjusted according to
framp. The bandwidth of the resonator can be set by adjusting
the strength of the capacitive coupling between the resonator
and the CPW readout line.

6.3. Parameter constraints in MW-Mux

The significant advantage of MW-Mux is the large read-
out bandwidth. The large readout bandwidth enables MW-
Mux to measure a large number of TES detectors simultane-
ously. Alternatively, MW-Mux can allocate sufficient band-
width for each pixel, which is suitable for the readout of TES
detectors with rapid signal rate and high bandwidth require-
ments. In practical applications of MW-Mux, the number
of TES detectors in each readout channel (the multiplexing
factor) is limited by the allowable resonance spacing and the
available bandwidth of room-temperature electronics.

Firstly, the sufficient resonance spacing in MW-Mux is
required to reduce channel-to-channel crosstalk because the
overlapping tails of Lorentzian resonance profiles have influ-

108501-8



Chin. Phys. B 31, 108501 (2022)

ence on the sensitivity of the entire readout system. The res-
onance spacing is associated with allowable level of crosstalk
and the input signal slew rate. In general, when resonance
spacing is roughly 10 times the bandwidth of the resonator,
the channel crosstalk can be kept below 0.1%.[84,85] Secondly,
the readout bandwidth of MW-Mux is typically limited to 4–
8 GHz, but practical readout bandwidth of the entire system is
determined by the room-temperature electronics. For probing
the phase shift of resonant frequencies, the control electron-
ics generate the tones at baseband and mix them up to mi-
crowave frequencies. For flux ramp demodulation, the read-
out electronics adopt a software-defined algorithm to identify
the phase shift of the SQUID response. With the significant
increase in the number of TES detectors in each readout chan-
nel, it is challengeable for room-temperature electronics to
generate and demodulate such a large number of microwave
signals to satisfy the readout requirements of large-scale TES
arrays.[86] Room-temperature electronics of MW-Mux are be-
ing developed and optimized to expand the total readout band-
width.

The first demonstration of MW-Mux showed that the
equivalent flux noise was about 0.5 µΦ0/

√
Hz.[87] To date,

there are many applications based on MW-Mux. In the demon-
stration of the readout of γ-ray TES microcalorimeters, MW-
Mux achieves a multiplexing factor of 128 and a sampling fre-
quency of 62.5 kHz.[88] When MW-Mux is used to read out 38
x-ray TESs simultaneously, it achieves a sampling frequency
of 500 kHz and an excellent noise level of 9 pA/

√
Hz.[89]

Since MW-Mux can provide sufficient bandwidth for each
TES detector in which the signal switching rate is rapid, it
is also considered to be suitable for the readout of optical
TES arrays.[90] As for the readout of arrays of TES bolome-
ters, MW-Mux is used to construct a 1820-channel multiplexer
within a 4–8 GHz readout band.[91]

7. Characteristics of different multiplexing tech-
nologies
SQUID-based multiplexing technologies make the read-

out of large-scale TES arrays feasible. In order to advance
SQUID-based multiplexing technologies over a wide fre-
quency range, optimization and improvement for the entire
readout system are required. Since each technology has its
own advantages and disadvantages, finding a balance among

its characteristics to realize a high-performance readout sys-
tem is an important topic. Table 1 compares characteristics
of different multiplexing technologies. When one multiplex-
ing technology is applied to TES microcalorimeters and TES
bolometers separately, the multiplexing factors of the two de-
vices are different. Since TES microcalorimeters are used to
detect x rays and gamma rays, and TES bolometers are used
to detect sub-mm and microwave signals, they have differ-
ent requirements for the pixel bandwidth. In general, TES
microcalorimeters require larger pixel bandwidth than TES
bolometers, which imposes restrictions on the multiplexing
factor of TES microcalorimeters in the case that the total band-
width of the readout system is limited. In Table 1, the multi-
plexing factors of TES microcalorimeters and TES bolometers
are separately stated and the readout noise corresponds to the
noise level achieved at the same multiplexing factor. The de-
velopment goals of multiplexing technologies are to achieve
large multiplexing factor while ensuring low readout noise of
the entire system. Besides the multiplexing factor and the
readout noise, some other characteristics such as the crosstalk,
the chip area occupied by the filter element and the complex-
ity of room-temperature electronics, also need to be taken into
account in practical applications.

TDM is competitive in the characterization and the read-
out of small-scale TES arrays because of its simplicity. Never-
theless, due to the slow row switching rate and the

√
N noise

penalty, TDM is difficult to achieve a large multiplexing factor,
especially for the multiplexed readout of fast photon signals.
CDM adopts the Walsh matrix to encode TES signals, which
is promising in improving the circuit performance and enhanc-
ing the scalability of TES arrays. However, the Walsh encod-
ing also brings complex designs to CDM circuits. FDM mod-
ulates TES signals to high frequencies to reduce the effect of
low-frequency noise, but the ac bias of the TES detector places
an inherent constraint on FDM circuits. MW-Mux is expected
to significantly increase the scale of TES arrays and read out
fast photon signals due to the large readout bandwidth. Al-
though MW-Mux is promising in the scalable readout, much
work needs to be carried out on its room-temperature elec-
tronics. As for TES arrays with different types and different
pixel numbers, selecting an appropriate multiplexing scheme
enables the entire readout system to achieve an optimized per-
formance.

Table 1. Characteristics of different multiplexing technologies.

Multiplexing Multiplexing factor Readout noisea (µΦ0/
√

Hz)
Room-temperature electronics

scheme Calorimeter Bolometer Calorimeter Bolometer
TDM 32[38] 128[48] 0.19[38] – Frame-delayed flux feedback[38]

CDM 32[56] – 0.17[56] – Walsh coding[49]

FDM 40[74] ∼ 160[76] 0.18[74] 0.2[76] Baseband feedback[63]

MW-Mux 128[88] ∼ 1820[91] 2.0[88] 4.5[91] Flux ramp modulation[82]

aThe readout noise is usually denoted as the non-multiplexed flux noise of the entire readout system and referred to the first-stage SQUID.
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8. Summary
SQUID-based multiplexing technologies are compatible

with a variety of cryogenic applications. This paper focuses
on the multiplexed readout of TES arrays and reviews differ-
ent types of multiplexing technologies including TDM, CDM,
FDM and MW-Mux. Overall, SQUID-based multiplexing
technologies are necessary for the readout of TES arrays.
New applications that require large-scale TES arrays empha-
size the importance of developing multiplexing technologies
with large multiplexing factors and low readout noise. As
advances continue in circuit architectures, room-temperature
control and readout systems, SQUID-based multiplexing tech-
nologies are expected to meet the demands of future arrays of
TES detectors.
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