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ABSTRACT
We demonstrate multiplexed readout of 43 transition edge sensor (TES) bolometers operating at 90 mK using a frequency division mul-
tiplexing (FDM) readout chain with bias frequencies ranging from 1 to 3.5 MHz and a typical frequency spacing of 32 kHz. We improve
the previously reported performance of our FDM system by two important steps. First, we replace the coplanar wires with microstrip wires,
which minimize the cross talk from mutual inductance. From the measured electrical cross talk (ECT) map, the ECT of all pixels is carrier
leakage dominated. Only five pixels show an ECT level higher than 1%. Second, we reduce the thermal response speed of the TES detectors
by a factor of 20 by increasing the heat capacity of the TES, which allows us to bias all TES detectors below 50% in transition without oscilla-
tions. We compare the current–voltage curves and noise spectra of the TESs measured in single-pixel mode and multiplexing mode. We also
compare the noise equivalent power (NEP) and the saturation power of the bolometers in both modes, where 38 pixels show less than 10%
difference in NEP and 5% difference in saturation power when measured in the two different modes. The measured noise spectrum is in good
agreement with the simulated noise based on measured parameters from an impedance measurement, confirming that our TES is dominated
by phonon noise.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0108786

I. INTRODUCTION

Transition edge sensor (TES) bolometer arrays are important
for the next generation of far-infrared (FIR) space observatories.1,2

Multiplexing techniques are essential for reading out TES arrays due
to the fact that they can decrease the number of cold electrical wires,
thus minimizing the heat load on the cold stage.2,3 Frequency divi-
sion multiplexing (FDM) is one of the most promising techniques
for the readout of TES bolometer arrays.3,4 In an FDM readout sys-
tem, each detector is in series with a specific LC (inductor-capacitor)
filter, and an array of TESs is AC voltage biased with a comb of
frequencies at the resonance frequencies of those LC-filters, typi-
cally within a bandwidth of a few MHz.4,5 The resulting comb of

currents is measured by a superconducting quantum interference
device (SQUID) and amplified by the rest of the readout chain. To
increase the number of detectors per SQUID, a digitally generated
nulling feedback signal is applied to the SQUID.6 Limited by the
speed of the feedback electronics, one readout chain can maximally
accommodate on the order of 100 pixels. The maximum number
of pixels that can be read out by one chain is called the multiplex-
ing factor. Thus, dozens of such readout chains must operate in
parallel to read out a large array of 103–104 detectors. Compared
to other promising readout techniques such as time division mul-
tiplexing (TDM)7–9 and microwave-SQUID readout,10–12 the FDM
readout techniques demonstrate a competitive performance.13,14 In
addition, the power dissipation in an FDM system is almost zero on
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the mK stage due to the passive readout elements in the FDM sys-
tem since the dissipation of the first-stage SQUID is usually within a
few nW.

Over the past decade, several FDM readout systems for TES
arrays have been developed for ground-based observatories, such as
the APEX-SZ,15 the SPT-3G,16 and the POLARBEAR.17 The state of
the art of FDM technology in ground-based applications is reported
in Ref. 16, where 206 pixels were successfully read out with six
SQUID amplifiers, leading to a multiplexing factor of 35. Further-
more, this FDM system has a relatively large frequency spacing,
which varies from about 40 kHz at the low-frequency end (≤2 MHz)
to over 60 kHz at the high-frequency range (≥3 MHz). The FDM
readout technique was successfully applied for the balloon-borne
mission EBEX18,19 and is currently being developed for the balloon-
borne explorer LSPE.20,21 Both have a multiplexing factor of 16.
The FDM readout technique is also considered for space obser-
vatories, such as the LiteBird22,23 and the far-infrared instrument
(SAFARI) on board of the SPICA.24,25 Compared to ground-based
instruments, spacecraft platforms usually have limited resources of
power, mass, and volume.24,26 Those requirements could restrict the
use of the heritage of ground-based FDM technology. The require-
ments of SPICA/SAFARI, for example, not only impose a different
configuration of the FDM readout chain than that of ground-based
systems but also require different LC filter designs, e.g., a small
frequency spacing and a compact chip design.27 Up until now,
there has been no reported FDM readout system that has been
flown in space.

Our previous work demonstrated an FDM system that has suc-
cessfully read out 60 low-noise TES bolometers.14 However, the
cross talk between pixels connected by coplanar wires in the same
bundle of wires, which are closely and parallelly packed, is very high
(more than 10%) due to their mutual inductance. High cross talk
induces a large bias current leakage, which causes electrothermal
instability and a high current noise level as well. Also, some pix-
els cannot be biased lower than 70% in transition, where annoying
oscillations occur. When those pixels are biased lower in transition,
their effective thermal response speed is too fast and is compara-
ble with the electrical response speed. This initiates the oscillations,
which lead to the unstable biasing of TES bolometers. Furthermore,
the noise spectra show some excess noise. To reduce the cross talk,
we have designed and fabricated a new TES array where microstrip-
structured wires instead of coplanar wires are used to connect all the
TES and where the thermal response time of the TES detectors is
increased by augmenting their heat capacity. We apply a microstrip
(line) as a pair of electrical bias lines to connect a TES to two bonding
pads on the array chip. The microstrip consists of a superconduct-
ing Nb conductor separated from an Nb ground plane by a dielectric
SiO2 layer. The top Nb line is 3 μm in width, while the ground
plane is 5 μm in width, both of which are 100 nm in thickness. The
SiO2 layer is 250 nm thick. The separation distance between two
microstrips (center to center) varies and is typically 320 μm. How-
ever, they become closer around TESs, with a separation distance of
10 μm within a length of about 80 μm. The increase in heat capac-
ity was realized by adding an Au layer structure instead of the Ta
absorber in our previous TESs.14 The Au layer will not absorb any
FIR radiation and thus can also mitigate the effect of possible stray
light in our dedicated electrical characterization measurements. We
do not expect our TES without the absorber to respond or absorb

submm and FIR optical signals. This was indirectly confirmed in our
lab using an extremely low noise equivalent power (NEP) TES with-
out the absorber, where the TES did not clearly show photon noise,
although the presence of the stray light was expected.28

In this paper, we report an FDM demonstration experiment in
which 43 TES bolometers were simultaneously read out. We mapped
the electrical cross talk (ECT) level of all 43 TES detectors using our
FDM system, with all the detectors biased at their nominal operat-
ing point on the transition. The ECT level is dominated by carriers
with less than 1% leakage from neighboring pixels, while the other
pixels show a level less than 0.1%. We have successfully slowed the
TES response by a factor of 20, which enables us to bias all the pix-
els lower than 50% in transition without any unwanted oscillations.
Also, we find the measured noise spectra match well with those
expected from phonon noise because no absorber is present in the
TES bolometers.

II. EXPERIMENTAL SETUP
Figure 1(a) shows the TES array, LC filters, and first-stage

SQUID used in our FDM demonstration. A zoomed photo of a TES
bolometer from the array is shown in Fig. 1(b). A square Au layer
is introduced to increase the heat capacity and thus slow down the
response speed of the detector. There is no absorber in the bolome-
ters, so our detector is in principle insensitive to any submm and
far-infrared light. Therefore, our TES bolometer will not suffer from
stray light as suggested in the previous study,14 and the noise will
be dominated by phonon noise or other excess noise (if signifi-
cant). Figure 1(c) shows the decoupled second-stage SQUID from
VTT Technical Research Center of Finland Ltd. (VTT), which is
located in the same copper sample enclosure as the TES array. The
decoupled two-stage SQUID amplifier29 decreases the readout noise,
minimizes the common inductance that is due to the inductive cou-
pling of the SQUID, and eliminates the back-action effect. The latter

FIG. 1. (a) Photo of the 176-pixel TES array and an 88-LC filter chip, half of the TES
array and 88-LC filters being connected via wire bonding. The first-stage SQUID
is shown on top. (b) A zoomed photo of one TES pixel, which contains an Au
structure to increase heat capacity. There are some unintended structures left on
some of the Si3N4 legs, which might potentially introduce non-uniformity to the
thermal conductance. (c) A photo of the second-stage SQUID, which is formed by
hundreds of SQUIDs in series.
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refers to a phenomenon where feedback noise is added to the input
signal.14 The power dissipation of the first-stage SQUID and the
second-stage SQUID is 2 and 750 nW, respectively. For this par-
ticular experiment, the high dissipation power of the second-stage
SQUID is not a concern. However, for a space application, it will
be arranged to 4 K stage, where there will usually be sufficient cool-
ing power. Microstrip wires are used between each TES detector and
the bonding pad to decrease mutual inductance in comparison with
the coplanar wires that are very close to each other in our previ-
ous array.30 Aluminum bonding wires are applied to connect the
TES chip with the LC filter chip and become superconducting at
our operating temperature. An adiabatic demagnetization refriger-
ator (ADR)30 is used to cool down the bracket. Our measurements
were performed at 90 mK, and the background magnetic field of
the TES was nulled with a coil. Due to the instability of the cooling
power and the presence of 50 Hz noise, we observed a measurement
error of 5% in the current–voltage (IV) curve and 10% in the noise
spectrum, respectively.14

Although we could reach a high multiplexing factor of up to 176
if we connected the whole TES array, the ECT level would be a factor
of 4 higher than in the case when only half of the TES array is con-
nected. Therefore, to simplify the experiment, we chose to connect
only half of the TES array to one of the LC filter chips (with 88 res-
onators) with resonance frequencies ranging from 1 to 3.5 MHz and
a frequency spacing of 32 ± 4 kHz. After performing an initial net-
work analyzer scan (NWA) via an AC bias line from 1 to 3.5 MHz,
we found 70 LC filters with a high quality factor (≥104), among the
connected 88 resonators. However, because the yield of this specific
TES array is relatively low, likely due to the deposition of an addi-
tional Au layer, eventually only 43 TES pixels with relatively sharp
transitions together with their corresponding LC filters are chosen
for our FDM experiment. The relation between pixel number and
resonance frequency is shown in Fig. 2(a). Pixel 1 corresponds to

the lowest frequency of 1 MHz, while pixel 43 corresponds to the
highest frequency of 3.5 MHz in this case. To find the precise res-
onance frequency, we perform a fine current scan (with feedback
on) within a 200 Hz bandwidth around the resonance frequency
estimated from the NWA scan while the TES devices are in their
superconducting state. Then, by fitting the measured data, the Q fac-
tor of this pixel can be calculated according to Q = f0/Δ f , where f0
is the resonance frequency and Δ f is the frequency bandwidth at
full width at half maximum, as shown in Fig. 2(b). The power inten-
sity is normalized to the peak amplitude at the resonance frequency.
The Q factor of every pixel is shown in Fig. 2(c); the Q-factors
increase with frequency according to the relation: Q∝ 2πLf 0/Rs,
where L is the inductance (3 μH) of the LC filters and Rs is the
series resistance of the circuit when a TES is superconducting, which
consists of the effective shunt resistance (∼1 mΩ) and a parasitic
resistance. Rs has a relatively constant value in each TES circuit.
There is some scatter in the Q factor performance in Fig. 2(c), which
is mainly due to the variation of the series resistance. The value
of the series resistance ranges between 1.6 and 2.7 mΩ, as plotted
in Fig. 2(d).

The bolometers are based on a Ti/Au (35/185 nm) bilayer with
an area of 20 (Length) × 80 (Width) μm2 beside a squared Au struc-
ture of 125 × 125 in area and 200 nm in thickness. Both are on a
195 × 195 μm2 Si3N4 membrane island, which is suspended from the
Si substrate by four long (400 μm), narrow (2 μm) and thin (250 nm)
Si3N4 legs. The normal resistance (RN) is 150 ± 10 mΩ according
to the resistance-temperature (RT) measurement of identical TESs
from a witness chip taken from the same wafer. The critical temper-
ature (Tc) of the TES is 127 ± 3 mK, which is derived by fitting the
measured saturation power (Psat) of the TESs at different bath tem-
peratures. This value is fairly constant (with ±2.5% variation) over
the array. The Rs is 2.2 ± 0.5 mΩ, and the common inductance is
≤3 nH from the VTT’s measurement.31 The warm electronics used

FIG. 2. (a) The resonance frequency of
the LC filter for each TES in the super-
conducting state is plotted for different
pixel numbers. (b) The measured reso-
nance of pixel 1 used to determine the
frequency and Q factor. The resonance
frequency of pixel 1 is 1020.624 kHz.
(c) The Q factor of all 43 resonators
measured at 90 mK. (d) The series resis-
tances of the circuit when each TES is
superconducting for all the pixels.
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are the same as in our previous publications.30,32 According to the
thermal time constant τ = C/G, where C is the heat capacity and G
is the thermal conductance of the TES, the response time is pro-
portional to C. Therefore, we decided to introduce an Au layer to
replace the Tantalum (Ta) absorber in the previous TES array30,33

to increase the heat capacity, which is enlarged by a factor of 6.5.34

In practice, we measured a decay time of such a TES of 20 ms
when the TES was biased at 70% of RTES/RN in transition, while
the decay time of the previous TES was 1 ms when it was at the
same point in the transition.14 We measured a slow-down factor of
20, which is larger than the designed one (6.5) due to the fact that
the effective time constant depends strongly also on the tempera-
ture sensitivity (α) of a TES. Although we have successfully slowed
our TES down, the additional deposition of Au may affect the char-
acteristics of the TES. For example, some pixels showed a wider
superconducting-normal transition than what we usually observe.
One reason could be the possible connection between deposited
Au and superconducting TiAu bi-layer, which can affect the tran-
sition shape, thus cause a drop in α. Therefore, those pixels were
excluded from our measurements, as mentioned earlier in the choice
of pixels for measurement. We noticed additional structures around
some Si3N4 legs, which could influence the value of G. The material
of the additional structure is Si3N4, presumably caused by insuf-
ficient etching.35 The normal resistance of the previous TESs was
200 mΩ. Many TES could only be biased higher than 70% in transi-
tion, which made the TES resistance (RTES) ≥140 mΩ. In the current
array, all pixels can be biased lower than 50% in transition, which
ensures RTES ≤ 70 mΩ (the normal resistance of TESs in the current
array is ∼150 mΩ). Therefore, the bias-current electric bandwidth
of the TES, which is defined as RTES/2πL becomes at least a fac-
tor of 2 smaller than in the previous experiment since the RTES is
less than half of the previous value. For the slow TES, the band-
width ratio (Ratiobw) of the frequency spacing d f0 (32 kHz) and
the electrical bandwidth (4 kHz) is 8, which is a factor of 2 higher
than that of the previous TES. Since the carrier leakage between the
neighbor pixels approximately equals (RTES/4πdf0L)2, a factor of 2
increase in the Ratiobw will cause a factor of 22 decrease in the carrier
leakage.4,14

III. RESULTS AND DISCUSSIONS
A. Map of electrical cross talk

All 43 TES pixels in the array are biased in the transition at
RTES/Rn, which ranges between 10% and 50% at 90 mK. ECT results
from the fact that part of the bias current from one detector couples
to the other detectors. This can be due to three processes, namely
carrier leakage, mutual inductance, and common inductance. The
carrier leakage occurs when part of the current at a specific fre-
quency that is intended for one detector leaks out to the other
detectors because the LC filters are not ideal. The carrier leakage
contributes typically from neighboring pixels in frequency, where
the effect becomes larger if the pixel is closer, namely the adjacent
pixels, and if the frequency space between two pixels is smaller.
More detailed descriptions can be found in our previous publica-
tion.30 By applying the ECT mapping technique described in Ref. 30,
we generate an ECT map of 43 TESs, as shown in Fig. 3. We
expect that the mutual inductance decreases significantly by using
the microstrip wires instead of the coplanar wires. This is based on

FIG. 3. Electrical cross talk (ECT) map of 43 pixels with a frequency spacing of
32 kHz. In this matrix, each row presents the ECT level of the pixels, caused by
one of the pixels with dark blue color. The number represents the pixel from 1 to
43, which follows the order of the biasing voltage frequency from 1 to 3.5 MHz.
The level of the ECT is indicated by color, quantified by the color bar in the figure.
The column presents the ECT level of the pixels, which contributes the ECT to the
pixel in dark blue (100%). ECT values of <0.1% are shown with the same color as
0.1% to make higher cross talk more visible in the map.

a simulation reported earlier,36 where for a similar wiring geometry,
the microstrip wires can reduce the mutual inductance by a factor of
43 in comparison with the coplanar wires. Here, we chose 24 Hz as
our modulation frequency for ECT measurements since the thermal
roll-off frequency of the TES bolometers is about 50 Hz and since
there is low-frequency noise present below 10 Hz.

The ECT map is formed by a 43 × 43 matrix. In each row of
the ECT map, the excited pixel number is the same as the row num-
ber with an ECT level of 100% (dark blue). The ECT levels observed
in other pixels when this one is excited are indicated by the colors
in that row. Similarly, in each column, the responding pixel num-
ber is the same as the column number and marked in dark blue. The
ECT levels observed in this pixel when others are excited are indi-
cated by the colors in that column. To highlight the pixels with an
ECT larger than 1%, we plot the ECT values that are below 0.1%
in the same color as 0.1%. In other words, in Fig. 3, we do not
make a distinction for ECT values between 0% and 0.1%. We find
92.6% of the squares in the 43 × 43 ECT matrix to be light yel-
low, meaning that their ECT levels are below 0.1%, and some of
them even approach zero (according to measured data, as low as
0.01%), although they are not visible because of the way we plot.
Those 92.6% squares with less than 0.1% ECT are the pixels that are
far away from the excited pixel in frequency space. Such a negligibly
low ECT level is expected because the contribution from the mutual
inductance should decrease significantly, for example, by an order
of 40, by replacing the coplanar wires with the microstrip wires.36

It is also because, in a carrier-leakage-dominated system, a factor of
2 increase in the frequency spacing will decrease the ECT by a fac-
tor of 4. We do observe the increased ECT levels from neighboring
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pixels around the diagonal 100% line in Fig. 3. In detail, the squares
correspond to adjacent pixels in frequency, contributing about 6.5%
of the squares, show an ECT level between 0.1% and 1%. The ECT
level between adjacent pixels is expected to vary between 0.4% and
0.7%30 according to the difference in the bias points in transition.
Therefore, the measured ECT matches well with the expected value.
Therefore, this ECT map measurement confirms that our system is
indeed dominated by carrier leakage.

We also find that there are about 0.9% of the squares show an
ECT level higher than 1%. Those 0.9% of the squares correspond
to the five pixels that have high carrier leakage (pixels 13, 29, 32–33,
41). One reason could be that those pixels have a narrower frequency
spacing (i.e., 24 kHz) than the nominal frequency spacing of 32 kHz.
Another reason could be that those pixels are not biased in a proper
transition region, as will be discussed in Sec. III C.

B. Measurements of one pixel
If ECT levels are sufficiently low, there will be negligible differ-

ences in the measured characteristics and the performance of a TES
between single-pixel mode (SPM) and multiplexing mode (MM).
Before we show the results of all 43 pixels in the array, we first focus
on presenting and analyzing the results of one pixel (pixel 1). The
measured raw current–voltage (IV) curves of pixel 1 at 90 mK in
single-pixel mode (red line) and multiplexing mode (blue line) are
shown in Fig. 4(a). The difference between the two modes is neg-
ligible. By using the normal resistance measured from the witness
chip and the current in the feedback circuit, the raw IV curve can
be calibrated and is plotted in Fig. 4(b). The deviation between two
IV curves becomes observable only when the TES is biased very
low in transition (≤5%) because the current leakage from neigh-
bor pixels is comparable to its own current.14 Figure 4(c) shows the

observed saturation power (Psat) at different bias points along with
the bias-point on the transition RTES/Rn, measured in both modes.
Psat is 44 fW in SPM and 46 fW in MM, respectively, where the
difference of 2 fW corresponds to 4.5%, which is within the measure-
ment uncertainty of 5% in IV measurements. Figure 4(d) shows the
power fit to the Psat data at different bath temperatures, measured
in SPM, with the equation: Pbath = K(Tc

n − Tbath
n). This equation

describes the power flow from the TES to the bath, where K is a
parameter scaling with the heat flux (≈2.8 × 10−11 W/Kn) and n
a factor reflecting the characteristic of the thermal legs, which is
found to be ≈3.0 for this pixel, within the expected range between
2 and 4. The G is found to be 1.5 ± 0.1 pW/K, derived from the
expression: G = dP/dT = nKTc

n−1, where the Tc is 127 ± 1 mK.
Now, the phonon noise-limited NEP,1 which is given by

√
4γkBGTc

2

with γ = 1 and kB the Boltzmann constant, is estimated to be
1.2 ± 0.1 aW/

√
Hz.

We further study the noise performance of pixel 1, which
is biased at 20% of RTES/Rn, as plotted in Fig. 5(a). The read-
out noise level is 15.5 pA/

√
Hz, as shown by the green line in

the plot. The measured current noise in black matches very well
with the simulated current noise (red). The simulated current noise
includes phonon noise (in blue), Johnson noise (orange), and read-
out noise (green). The phonon noise is calculated with the para-
meters extracted from the measurements in Fig. 4 (i.e., G, Tc) and
the impedance measurement.37 From the impedance measurement
of this pixel, we derive α to be 205, and β to be 1.7 at the operat-
ing point. Below the detector roll-off frequency (50 Hz), the phonon
noise of the blue line contributes mostly to the red line, suggesting
that the TES bolometer is phonon-noise dominated in the relevant
frequency range. The deviation between the simulated and measured
noise occurs at frequencies below 10 Hz, which is probably due to
excess noise and 1/f noise. We also noticed that the measured noise

FIG. 4. (a) Measured raw IV curve of
pixel 1, where the red line indicates data
measured in single-pixel mode and the
blue line represents the data measured
in multiplexing mode. (b) Calibrated IV
from the raw data. (c) PR curve of this
pixel. (d) A power-law fit of measured
saturation power as a function of bath
temperature. The fitted Tc is 127 mK.
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FIG. 5. (a) Plot of the measured current noise of pixel 1 at 20% in transition and the
expected noise according to the parameters derived from an impedance measure-
ment. The expected and measured current noise levels match well except for the
low-frequency range (<10 Hz); (b) Calculated responsivity of this pixel. (c) NEP
calculated with expected noise and responsivity. The NEP is 1.3 aW/

√
Hz.

at the high end of frequency is slightly higher than the simulated
total noise. The difference is probably due to the higher readout
noise caused by a different SQUID setting. It could also be an under-
estimation of Johnson noise from the load resistor. Figure 5(b)
shows the responsivity of this pixel with a value of 2.5 ×107 A/W.
Figure 5(c) shows the estimated NEP of 1.3 aW/

√
Hz from the sim-

ulated noise, which is the same as the phonon noise dominated NEP,
estimated from G and Tc.

C. Measurements of 43 pixels
Now we turn to the performance of the 43 TES bolometers in

SPM and MM. As shown in Fig. 6(a), all the detectors are biased in
the range between 10% and 50% in transition. Compared to the mea-
surements using the previous TES, which are relatively fast,14,38 now
we are able to bias all detectors below 50% in transition without any

unwanted oscillations. To increase the signal-to-noise ratio (SNR)
in the readout circuit as well as to minimize the carrier leakage, it
is preferred to bias our TES as low as possible in transition. How-
ever, some TES detectors have undesirable structures (not smooth)
when they are biased low in the transition. Therefore, we choose an
appropriate bias point where the transition is low and the IV curve
is smooth as well. Most pixels behave normally when they are biased
between 10% and 50% in transition. However, as we noticed from
the ECT map, five pixels are likely not biased in a stable operating
position on the transition. Figure 6(b) shows the TES voltage for
each TES when it is biased at the usual operating point. To calcu-
late the NEP, we, in principle, need to calculate the current noise
divided by the responsivity as expressed by Eq. (1),

NEPmeasured =
√

S2
I,measured − S2

I,read

sAC
, (1)

where NEPmeasured is the NEP derived from experiment, S2
I,measured is

the measured current noise, S2
I,read is the readout noise, and sAC is the

responsivity of the TES. The can be expressed as1

sAC = − 1
VTES

( L
τeleRTESℒ

+ (1 − Rs

RTES
)

+ i2πf
Lτ

RTESℒ
(1 −ℒ

τ
+ 1

τele
) − (2πf )2τ

ℒ
L

RTES
)
−1

, (2)

where τele is the electrical response time that can be represented by
L

Rs+RTES(1+β) with ℒ being the loop gain, and f is the signal frequency.
Since we are only interested in the frequency range lower than 50 Hz
and Rs ≪ RTES, Eq. (2) can be simplified to

sAC = − 1
VTES

(1 + β
ℒ
+ 1)

−1

. (3)

FIG. 6. (a) An operating transition range
of 43 pixels in SM (red squares) and MM
(blue squares). Each pixel has the same
bias voltage in both modes. In MM, the
transition is slightly lower due to cross
talk, although they are very close. (b)
The voltage of each TES in both modes.
(c) The current of each TES in both
modes. The current is slightly higher in
MM because it is slightly lower in transi-
tion. (d) The current noise of each pixel in
both modes. Similar to TES current, the
current noise is higher in MM due to the
TES being lower in transition.
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In practice, the loop gain ℒ is much larger than 1, so we use VTES
and replace 1

sAC
to derive the NEPmeasured by

NEPmeasured = VTES ×
√

S2
I,measured − S2

I,read. (4)

Figure 6(c) plots the TES current of each pixel in both SPM and MM.
The tendency of the decrease in the TES current corresponds to the
tendency of the increase in the transition range in Fig. 6(a), since
the TES current becomes larger when a TES is biased lower in tran-
sition. We also notice that the difference in TES current between
two modes becomes larger when a TES is biased lower in transition,
which is due to the fact that the detector is more sensitive to cur-
rent change there. The measured current noise of each pixel in both
modes is shown in Fig. 6(d). Most of the current noise values are
between 20 and 40 pA/

√
Hz, which is close to the expected phonon

noise values of our TESs, corresponding to the operating region of
the transition. Although most pixels show the same values in SPM
and MM within the measurement error, five of them (pixels 13, 29,
32–33, and 41) show a relatively large difference (>10%) between
the two modes. Those are actually the pixels with a relatively high
carrier leakage.

Psat is calculated from the calibrated IV curve of each pixel at
90 mK. The NEP and Psat of all 43 pixels, biased in the frequency
range from 1 to 3.5 MHz, measured in both SPM and MM, are
shown in Figs. 7 and 8, respectively. We found the NEPs to be

FIG. 7. (a) A measured NEP of 43 pixels in SM (red squares) and MM (blue
squares). Most NEPs are scattered around 1.2 aW/

√
Hz, but the value is the

same in both modes. (b) Difference between the NEPs in two modes. (c) Differ-
ences in NEP in percentage between SM and MM, derived from (b) with respect
to the NEP in MM; only five pixels show a difference greater than 10% because of
the high ECT level (>1%).

FIG. 8. (a) Measured saturation power of 43 pixels in the two modes. The Psat
value of each pixel is taken at 20% in the transition. Most saturation powers are
scattered around 35 fW, and the values are the same in both modes. (b) The
differences of Psat are measured in the two modes. (c) The percentage difference
in Psat between SM and MM, derived from (b) with respect to Psat in MM; only five
pixels show a difference greater than 5% because of the high ECT level (>1%).

between 0.6 and 1.8 aW/
√

Hz over the 43 pixels, with a mean value
of 1.2 aW/

√
Hz, while the Psat varies from 20 to 50 fW, with a mean

value of 35 fW. Both the measured NEP and Psat of most pixels are
the same in either SPM or MM, which is consistent with the cross
talk measurement described in Sec. III A.

Compared to the previous TES array used in Refs. 14 and 30,
which was fabricated with a wet-etching process, the uniformity
of the Si3N4 legs and thus the G should be improved for the TES
bolometers in this array because of the use of Deep Reactive Ion
Etching (DRIE). However, G still has a relatively large scatter (up
to a factor of 9). The reason could be remaining structures on some
of the Si3N4 legs in some TES, as shown in Fig. 1(b). Another source
of the non-uniformity could be the introduction of the Au structure
in our TES. It is generally known that TESs can be sensitive to any
changes in the fabrication. The variations in measured G cannot be
due to stray light because of the absence of absorbers or to cross talk
because the level is extremely low (<1%). Furthermore, any influence
from the readout system can be excluded since the scattering is not
frequency-dependent.

IV. CONCLUSIONS
In conclusion, we succeeded in increasing the response time of

our TES by a factor of 20 by adding an Au structure to the TES,
achieving an effective time constant of 20 ms at a transition bias
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point of 70% for RTES/RN . Therefore, we not only have a much
larger bandwidth ratio (frequency spacing/electrical bandwidth) of
8, but also allow the TES to be biased low in the transition without
oscillations. We have mapped the electrical cross talk of 43 pixels
in an array with a nominal frequency spacing of 32 kHz. We have
found that 38 pixels show an electrical cross talk level of less than
1%, which is dominated by the carrier leakage. Reduced cross talk is
attributed to the use of microstrip wiring in the array, which min-
imizes the mutual inductance. We also observed five pixels with a
cross talk level higher than 1% due to the reduced frequency spac-
ing and structure in the IV curves. Our study suggests that our FDM
can have a low enough ECT level to satisfy the requirement for a
space instrument such as SPICA/SAFARI. We have read out 43 pix-
els simultaneously in the frequency range 1–3.5 MHz, with an NEP
level ranging from 0.6 to 1.8 aW/

√
Hz and a saturation power vary-

ing between 20 and 50 fW. All the pixels show the same results in
single-pixel mode and multiplexing mode except for the five pix-
els with a high cross talk level. The measured noise spectrum is in
good agreement with the simulated noise based on measured para-
meters from an impedance measurement, confirming that our TES
is dominated by phonon noise. That 43 pixels were chosen out of the
half array (88-pixel) for our experiment is unfortunately due to the
nonuniformity of the available TES batch. In the future, with a more
uniform TES bolometer array and a larger readout bandwidth (up
to 5 MHz), we can foresee our FDM reading out 130 pixels in one
SQUID readout channel.

Practical FIR TES bolometers require an absorber. So, we need
to introduce the Ta absorber together with a metal structure with
a higher heat capacity. Palladium-gold (PdAu), as suggested by
Ref. 39, or Pd, as suggested by Ref. 40 can be patterned next to the
absorber on the detector. A detailed layout should be optimized for a
specific application. Pd is, in particular, attractive for this application
because its heat capacity is 11 times higher than Au.41 Furthermore,
one can also explore non-superconducting thin films as absorbers
instead of the superconducting Ta to increase the heat capacity and
thus the thermal response time.
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