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We demonstrate multiplexing readout of 60 transition edge sensor (TES) bolometers operating at 90 mK using a Fre-

quency Division Multiplexing readout chain with bias frequencies ranging from 1 to 3.5 MHz and with a typical

frequency spacing of 32 kHz. The readout chain starts with a two-stage SQUID amplifier and has a noise level of 9.5

pA/
√

Hz. We compare the current-voltage curves and noise spectra of the TESs measured in single-pixel mode and

in multiplexing mode. We also map the noise equivalent power (NEP) and the saturation power of the bolometers in

both modes, where there are 43 pixels that show not more than 10% difference in NEP and 5% in saturation power

when measured in single pixel and multiplex mode. We have read out a TES with an NEP of 0.45 aW/
√

Hz in the

multiplexing-mode, which demonstrates the capability of reading out ultra-low noise TES bolometer arrays for space

applications.

Frequency division multiplexing (FDM) is one of the most

promising techniques for the read-out of transition edge sen-

sor (TES) bolometers arrays1–3. The FDM readout tech-

nique has the advantage of being able to bias each TES in

the array individually for optimum settings and shows a com-

petitive performance4 compared to other promising readout

techniques such as the time division multiplexing (TDM)5

and the microwave superconducting quantum interference de-

vice (SQUID) readout6,7. FDM techniques are currently

being developed for ground-based observatories8,9, balloon-

borne observatories10,11 and considered for space observato-

ries, such as Lite satellite for the studies of B-mode polar-

ization and Inflation from cosmic background Radiation De-

tection (LiteBIRD)12 and the far-infrared spectrometer (SA-

FARI) proposed for the recently cancelled Space Infrared

Telescope for Cosmology and Astrophysics (SPICA)13,14.

The spacecraft platforms usually have limited resources of

power, mass and volume4,13 which could restrict the use of

the ground based FDM technology. The requirements of SA-

FARI, for example, not only impose a different configuration

of the FDM readout chain than that of the ground-based sys-

tem, but also demand different LC filter designs, e.g., small

frequency spacing and a compact chip design15.

An FDM system suitable for space platforms has three

key requirements: (a) it requires a higher multiplexing fac-

tor, i.e. a narrow frequency spacing between two adjacent

pixels, determined by the array of LC filters16, and a small

number of readout chains. The latter decreases the dissipation

power from the SQUID amplifiers and the readout electron-

ics, and also the complexity of the system16 ; (b) the noise

level of the readout must be lower than that of the TES detec-

tors, implying noise current spectral density (A/
√

Hz) SI,read

a)Author to whom correspondence should be addressed: Q.Wang@sron.nl

<
√

S2
I,ph +S2

I,Jo, where SI,read is the current noise level in the

SQUID input, while SI,ph and SI,Jo are the phonon noise and

Johnson noise of the detectors, respectively3; (c) the crosstalk

between detectors should be sufficiently low17, i.e., the mea-

sured characteristics of a TES, which are read out in a multi-

plexing mode (MM), namely measuring several bolometers

simultaneously, should be the same as when read out in a

single-pixel mode (SPM). The SPM is well calibrated and has

no crosstalk issue.

The required noise equivalent power (NEP) of TES

bolometers for SAFARI is 0.2 aW/
√

Hz. The challenge of

a low NEP readout system is to satisfy the requirements on

crosstalk while adding minimal noise. Bolometers with the

required NEP have already been realized: a single pixel TES

was reported with an NEP as low as 0.1 aW/
√

Hz18. The state

of the art of the FDM technology is reported in reference9,

where 206 pixels were successfully read out with six SQUID

amplifiers with an NEP of ∼ 30 aW/
√

Hz. Another work that

reported 176-pixel FDM readout system suffered from high

readout noise and crosstalk19. Until now, a low readout noise

FDM system suitable for readout of multiple pixels with a low

NEP (≤ 0.2 aW/
√

Hz) has not been demonstrated.

In this letter, we report simultaneous readout of 60 low NEP

TES bolometers using an FDM readout demonstrator, with a

nominal frequency spacing of 32 kHz and a low readout noise

level of 9.5 pA/
√

Hz. The TES array contains detectors with

various sensitivities, which allow us to demonstrate the FDM

for detectors with different NEPs down to 0.45 aW/
√

Hz. Our

focus is to compare the performance of TES bolometers when

they are operated in SPM or MM.

Fig.1 shows the cold electronics part of our FDM demon-

strator that contains a TES array of 176-pixels, two LC filter

chips with 88 resonators each, and SQUID amplifiers. Both

the TES array and the filter chips are exactly the same as

used in our previous work to address the crosstalk17. Co-

planar wiring lines connect all the bolometers on the detec-

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
6
5
5
7
0



Frequency division multiplexing readout of 60 low-noise transition-edge sensor bolometers 2

FIG. 1. Photo of the cold electronics part of an FDM readout demon-

strator with two SQUID chips at the bottom. One half array of 88-

pixels is connected to one of the LC filter chips. An RC (resistor-

capacitor) low pass filter is introduced to eliminate the out-of-band

resonance peaks.

tor array chip for easy fabrication, while microstrip lines are

used on the LC filter chips and to connect the LC filter chip to

the SQUID for low mutual inductance. Nowadays microstrip

lines are also used for TES arrays. All the wire bonds are

Aluminum, which is superconducting at the operating tem-

perature. All parts are mounted inside a copper sample en-

closure, which is physically closed, but has been found not

to be fully light-tight based on the results in18. An adiabatic

demagnetization refrigerator (ADR)17 is used to cool down

the enclosure. Our measurements were performed at 90 mK

and the background magnetic field of the TES was nulled by

applying a magnetic field using a Helmholtz coil17. In prac-

tice, we cannot finish all measurements within one cool-down

cycle. Therefore, due to the instability of the cooling power

and the presence of 50-Hz noise between two cooling cycles,

we observed a maximum 5% and 10% measurement error in

current-voltage (IV) curve and noise spectrum, respectively.

Compared to our setup described in reference17 we have

changed the SQUID amplifier and added a resistor-capacitor

low-pass filter (LPF), both of which are operated at the bath

temperature. The decoupled two-stage SQUID amplifier20 de-

creases the readout noise, minimizes the common inductance

that is due to inductive coupling of the SQUID, and eliminates

the back-action effect21. The latter refers to a phenomenon

where the feedback noise is added to the input signal. Ap-

plying the SQUID calibration tone method described in22, we

measured the readout noise to be 9.5 pA/
√

Hz, a factor of 2.5

lower than the readout noise reported in reference22, which

focuses on SPM. The LPF has a cut off frequency of 7 MHz,

and is introduced to minimize the unwanted out of band reso-

nance peaks at 20 MHz and 100 MHz. The series resistance in

the circuit when the TES is superconducting is 1.9±0.3 mΩ,

which comprises the shunt resistance (1 mΩ) and a parasitic

resistance. The common inductance in the SQUID input coil

is ≤3 nH. The details of the warm electronics can be found in

reference23, while a diagram of FDM system is also available

in the supplementary materials.

We connect half of the TES array to one of the LC filter

chips with resonance frequencies ranging from 1 to 3.5 MHz,

and frequency spacing of 32±3 kHz. 60 out of 88 resonators

had Q-factors ≥ 104 and were therefore chosen for our FDM

experiment. Other pixels either had resonator Q-factor that

was too low or an unusable TES, due to defects in the Si3N4

legs or issues with wire bonds.

The bolometers are made from 50×50 µm2 Ti/Au (16/65

nm) TESs connected to 100×100 µm2 Ta absorbers that are

9 nm thick and suspended on top of a 250-nm-thick Si3N4

membrane island using four 400-µm-long 2-µm wide Si3N4

legs. More device parameters can be found in reference17. For

this experiment, we measured the DC normal resistance (Rn)

of some pixels (pixels 1, 17, 29, 58) in the array separately

and found it to be 200±10 mΩ. We also found the critical

temperature (Tc) of the TESs to be 113±3 mK and to be rel-

atively constant within the array. The latter is found by fitting

the measured saturation power (Psat ) of the TESs at different

operating temperatures.

An NEP of 0.7 aW/
√

Hz is expected from the nominal val-

ues of the designed Tc (100 mK) and thermal conductance (G;

0.8 pW/K). However, by performing IV measurements at dif-

ferent bath temperatures we found that G varies from 0.16 to

1.10 pW/K, a factor of 6.8. These data were taken from seven

pixels across the entire bias frequency range. The variation

in G could not be explained by deviations in the width of the

legs since they are found to be constant and close to the nom-

inal value. Therefore we attribute the variation in G to the

wet-etching process24,25 used to fabricate the TESs.

Before addressing the properties of the 60 pixels from the

array, we focus first on one pixel, i.e. pixel 29, as an exam-

ple, operated at a biasing frequency of 2.2 MHz. Fig.2 shows

comparisons of the detector characteristics measured in ei-

ther SPM or MM. The calibrated IV curves of pixel 29 are

shown in Fig.2 (a) and are essentially same in the two modes.

However, there is a small deviation (< 5%) between the two

modes when the TES is biased at a low voltage (≤ 25 nV),

which corresponds to a relatively low part of the transition

region (RT ES/Rn < 20%) and does not affect detector opera-

tion in practice. Fig.2 (b) shows the observed Psat at differ-

ent bias points along the resistive transition, measured in both

modes. The Psat at 90 mK is 7.83 fW in SPM and 7.93 fW in

MM, with a relative difference of only 1.2%. Thus they agree

within the measurement error. The inset of Fig.2 (b) shows a

fit of measured Psat at different bath temperatures in SPM to

the equation, Psat = K(T n
c −T n

bath)
26, for the power flow to the

bath, where K is a scaling parameter for the heat flux and n is a

factor reflecting the thermal characteristics of the legs, which

ranges from 2 to 4 ( 2.5 for this pixel). G is found to be 0.43

pW/K, derived from the expression: G = dP/dT = nKT
(n−1)

c ,

where the Tc is 113 mK. Now, the phonon noise limited NEP,
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Frequency division multiplexing readout of 60 low-noise transition-edge sensor bolometers 3

FIG. 2. (a) IV characteristics of a TES bolometer (pixel 29) in SPM

(dashed lines in red) and MM (solid lines in blue). (b) Psat at different

transition points, RT ES/Rn, compared in SPM and MM. The inset of

(b) is the power plateau fit with Psat measured at different operating

temperatures. (c) Current noise spectra in SPM (red filled circles)

and MM (blue filled squares). Inset in (c) : Current noise spectra in

SPM and MM. The constant line indicates the readout noise level of

9.5 pA/
√

Hz ; (d) NEP plot at different transition points measured in

SPM and MM. There is a significant difference in the first data point

between SPM and MM because the noise increases due to oscilla-

tions in MM when the TES is biased in RT ES/Rn ∼ 0.17.

which is given by
√

4γkBGT 2
c , with γ ∼1 (for our case ac-

cording to reference26) and kB being Boltzmann’s constant, is

estimated to be 0.54 aW/
√

Hz.

The inset in Fig.2 (c) shows the full current-noise spectra

of pixel 29 at various bias points in SPM and MM. When

the detector is biased low in the transition, there can be os-

cillations that appear in the noise spectra because the TES

response time (τe f f ∼ C/αG ≈ 0.2 ms) is too close to that

of the readout electronics (τel ∼ L/RT ES ≈ 0.17 ms), causing

an underdamped response. Fig. 2 (c) plots the average cur-

rent noise values between 20 and 200 Hz at bias points in the

range RT ES/Rn = 17% to 71% in both modes. We notice that

the measured current noise levels are the same in both modes

except for bias points low on the transition (RT ES/Rn < 25%),

in good agreement with what we observed in the IV curves.

When pixel 29 is biased below 25% in transition, the time

constant of this pixel is comparable to the electrical response

time constant. In MM, a small current leakage decreases the

bias voltage of this pixel, and thus may cause oscillations and

raise the current noise level .

Fig.2 (d) shows the NEP versus bias point, derived from

the average current noise values from Fig.2 (c) after subtract-

ing the readout noise. Here the NEP is calculated by dividing

the current noise by the responsivity of 1/VT ES, where VT ES

is the TES bias voltage. We found that the differences in NEP

between SPM and MM are small and less than 10% except for

the data at the low bias of RT ES/Rn ≤ 25%. The latter are ex-

pected from the corresponding current noise. The data at the

bias of 51% for RT ES/Rn shows that the NEP is 0.72 aW/
√

Hz

in SPM and 0.79 aW/
√

Hz in MM with a difference of 0.07

aW/
√

Hz. We noticed that the NEP either in SPM or MM is

higher than the phonon noise limited NEP of 0.54 aW/
√

Hz,

as given earlier. The difference is likely due to the excess

noise26 and photon noise in the setup, to be discussed later.

We also find a clear drop of NEP at RT ES/Rn = 71% in the

same figure. In this case the NEP is underestimated due to

the use of the responsivity of 1/VT ES, which is not applica-

ble at the high bias points. The correct way to estimate the

responsivity uses the expression, (1/VT ES)(1+(1+β )/ζ )−1,

where β is the current responsivity and ζ the loop gain26. At

a bias of 71% or higher, as the bias increases, ζ decreases and

approaches 1, while β approaches 0, so the responsivity can

be no less than half of the value used at RT ES/Rn < 70%. As

will be mentioned later, this underestimation contributes to the

scattering of measured NEPs in the array.

FIG. 3. (a) Measured NEPs of 60 TES pixels in both SPM (filled

circles in red) and MM (filled squares in blue), where the abscissa in

the bottom panel is the pixel number, while that in the top panel is

the bias frequency for the pixel. The black lines between two squares

indicate the differences measured between two modes. (b) Measured

Psat of 60 pixels in both SPM and MM.

Next, we measured the properties of the full array. The

NEP and Psat of all 60-pixels, biased in the frequency range

from 1 to 3.5 MHz and measured in both SPM and MM, are

shown in Fig.3 (a) and (b), respectively. We found the NEPs

to be in a range between 0.3 and 1.8 aW/
√

Hz among the

60 pixels, while Psat varies from 2 to 25 fW. 20 out of these

60 pixels could not be biased below RT ES/Rn = 70%, due to

oscillations. Therefore, the NEP values of these pixels have

been underestimated in both SPM and MM by the same factor.

The key result of our study is presented in Fig.4, which

shows a detailed comparison of the NEP and Psat of 60 pixels

measured in SPM and MM according to the layout of TES

pixels in the array.

We found that 43 pixels out of 60 have shown a differ-
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Frequency division multiplexing readout of 60 low-noise transition-edge sensor bolometers 4

FIG. 4. (a) (a) Map of NEP according to the layout of the TES array, measured in MM. The number inside each square denotes the pixel

number; (b) Mapped differences of the NEPs between SPM and MM; (c) Mapped differences of NEP in percentage between single-pixel and

multiplexing modes derived from (b) with respect to the NEP in (a); (d) Mapped Psat according to the layout of TES array in the MM; (e) Psat

differences measured between the two modes. (f) Map of percentage differences of the Psat between the two modes.

ence of not more than 10% in NEPs and 5% in Psat between

SPM and MM. Both of these differences could be calibrated

out by measuring the response of the detectors to a known

optical source27. These results show that our FDM demon-

strator is able to measure multiple bolometers simultaneously.

Among these 43 pixels, one pixel (pixel 56) has an NEP of

0.45 aW/
√

Hz. This low NEP was confirmed by a separate

analysis using the full expression in reference26 for the NEP,

using α , β from the measured complex impedance28 and other

parameters (e.g. Tc, G) of the pixel. The latter gives a NEP of

0.43 aW/
√

Hz. This particular result thus suggests our FDM

is able to read out a low NEP level, approaching the require-

ment for SAFARI (∼ 0.2 aW/
√

Hz).

There are 17 pixels that show more than 10% difference

in the measured NEPs between SPM and MM, and even up

to 78% in the worst case, while the difference in Psat is near

zero or much less significant. The large differences in NEPs

are caused by high crosstalk, previously discovered and char-

acterized in those pixels17. Pixels 15, 16, 33, 43-47, and 53

(nine pixels in total) have high crosstalk due to carrier leak-

age and to mutual inductance in the co-planar wires, which

could be minimized by microstrip wiring17. Pixels 14, 22, 23

and 31 (four pixels) are biased at the edge of oscillations, i.e.

the TES time constant is comparable to the electrical response

time constant. In this case, a small current leakage will de-

crease the bias voltage of those pixels, which in turn causes

oscillations and raises the current noise level. Pixels 51, 54,

60 and 62 (four pixels) are operated at the higher bias fre-

quencies and have a narrow frequency spacing of ∼ 26 kHz.

This narrower frequency spacing could lead to higher carrier

leakage, thus increasing the measured NEP.

We noticed a large variation in the measured NEPs and Psat

among the 60 pixels. The known variations in G from a lim-

ited number of tested pixels can cause the phonon-noise dom-
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Frequency division multiplexing readout of 60 low-noise transition-edge sensor bolometers 5

inated NEPs to vary at least from 0.3 to 0.9 aW/
√

Hz. This

range becomes larger if we include the influence of the excess

noise29. Furthermore, there are two other mechanisms that

can increase the variation in NEP. First, the photon noise due

to optical loading from non-uniformly distributed stray light

can increase NEPs. The stray light can also lead to the under-

estimation of G. However, the latter should be a small effect

because of limited loading power25. Second, the NEPs of the

pixels that could not be biased lower than 70% in the transi-

tion can be underestimated. A further discussion is beyond

the scope of this letter.

In conclusion, we have demonstrated a low noise FDM sys-

tem to read out 60 TES pixels of an array by comparing the

NEPs and Psat measured in single-pixel mode and multiplex-

ing mode. The readout noise is below the noise from the de-

tectors. We find 43 of 60 pixels to have a difference in NEPs

of less than or equal to 10% and a difference in the saturation

power is ≤ 5%, both of which are within the measurement er-

ror range. For these 43 pixels, the low NEP is 0.45 aW/
√

Hz.

The other 17 pixels show large differences in NEPs between

the single-pixel mode and multiplexing mode that is due to the

high crosstalk level. To advance the demonstrator to an FDM

system that satisfies the requirements for space applications

like SAFARI, we need to produce an array with slower and

lower-NEP TES bolometers (≤ 0.2 aW/
√

Hz) and perform

the measurement in a fully light-tight setup. Furthermore, we

expect to be able to use our readout system up to 5 MHz4,

which enables a multiplexing factor of ≥ 130.
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