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ABSTRACT
We have characterized and mapped the electrical cross talk (ECT) of a frequency division multiplexing (FDM) system with a transition edge
sensor (TES) bolometer array, which is intended for space applications. By adding a small modulation at 120 Hz to the AC bias voltage of one
bolometer and measuring the cross talk response in the current noise spectra of the others simultaneously, we have for the first time mapped
the ECT level of 61 pixels with a nominal frequency spacing of 32 kHz in a 61× 61 matrix and a carrier frequency ranging from 1 MHz to
4 MHz. We find that about 94% of the pixels show an ECT level of less than 0.4%. Only the adjacent pixels reach this level, and the ECT
for the rest of the pixels is less than 0.1%. We also observe higher ECT levels, up to 10%, between some of the pixels, which have bundled
long, parallel coplanar wires connecting TES bolometers to inductor–capacitor filters. In this case, the high mutual inductances dominate. To
mitigate this source of ECT, the coplanar wires should be replaced by microstrip wires in the array. Our study suggests that an FDM system
can have a relatively low ECT level, e.g., around 0.4% if the frequency spacing is 30 kHz. Our results successfully demonstrate a low electrical
cross talk for a space FDM technology.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032929

I. INTRODUCTION
Direct detection of the cosmic radiation that contains abundant

information about the universe is an important way to address fun-
damental astronomical questions such as the history of the universe
and the origins of galaxies, stars, and planets.1,2 Cosmic radiation
covers the full electromagnetic (EM) spectrum, ranging from the
radio, the microwave, the sub-mm, and the far-infrared to gamma-
and x-rays. The Transition Edge Sensor (TES) is one of the most
promising direct detectors because of its high sensitivity and its
wideband response to EM radiation. TES based receiver instruments
have been widely used for ground-based telescopes and are also can-
didates for future space telescopes. TES bolometers operating in
the sub-mm and far-IR range approach the photon noise limit, in
which the detection performance is limited by fluctuations in the
arrival rate of photons at the detector instead of the intrinsic noise

of the detectors. Consequently, increasing the number of detectors
can enable higher mapping speeds, as well as covering a large field
of view. Large TES arrays with thousands of pixels are needed for
future ground and spaceborne telescopes.3–5 A key challenge in real-
izing such large arrays has been multiplexing the signals between the
detectors on the cold stage at the extremely low cryogenic temper-
ature of ≤100 mK and the electronics at room temperature. Mul-
tiplexing limits the number of cold wires and, thus, minimizes the
heat load on the cold stage, which is particularly vital for space tele-
scopes, where the cooling power is limited by the available electrical
power and the restrictions on the total mass.

Frequency division multiplexing (FDM) is one of the read-
out systems used for multi-pixel readout6 of TES arrays. The
other popular readout technology is time division multiplexing
(TDM).7,8 In an FDM readout system, the detectors are in series
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with inductor–capacitor (LC) filters and are AC biased simultane-
ously, where the bias frequencies are the resonance frequencies of
their corresponding LC filters.9 The FDM system has several advan-
tages; for example, there is no noise penalty with the increasing
number of detectors per readout channel, the LC filters are passive
elements with no power dissipation, and each detector bias can be
adjusted independently so that all the detectors can be biased opti-
mally, mitigating the effects of detector non-uniformity, e.g., the
superconducting critical temperature (Tc) across the array.

FDM readout systems are being used in a number of instru-
ments for ground-based telescopes for detecting cosmic microwave
background (CMB) and sub-mm wavelength radiations, such as the
Atacama pathfinder experiment Sunyaev-Zel’dovich (APEX-SZ),10

the South Pole Telescope (SPT),11 and the Polarization of Back-
ground Radiation (POLARBEAR).12 They are also being consid-
ered for balloon-borne mission Large-Scale Polarization Explorer
(LSPE)13,14 and future spaceborne instruments such as SPace
Infrared telescope for Cosmology and Astrophysics/SpicA FAR
infrared Instruments (SPICA/SAFARI),15,16 Advanced Telescope for
High ENergy Astrophysics/X-ray Integral Field Unit (ATHENA/X-
IFU),17,18 and Lite satellite for the studies of B-mode polarization
and Inflation from cosmic background Radiation Detection (Lite-
Bird).19 Usually, fewer readout channels are available in spaceborne
instruments than in ground-based ones. This means that the num-
ber of pixels per readout channel (i.e., multiplexing factor) is higher,
which leads to a narrower frequency spacing between two neighbor-
ing resonators and makes it more difficult to keep the electrical cross
talk (ECT) level low.

The ECT is defined as the undesired signals that a detector
receives from the electrical circuits instead of the signal from the sky

or an optical source in the lab. A high ECT can induce errors in the
detected signal, decrease the dynamic range, and even destabilize the
detector to impede the multiplexing.

It is, therefore, important to characterize and understand the
ECT across an array using any new FDM readout system. However,
few experimental studies are found in the literature. An ECT study
on a TES array with an FDM readout system with carrier frequencies
between 350 kHz and 850 kHz and a frequency spacing of 75 kHz has
reported a maximum ECT level of 0.4%, where one TES was excited
by LED light and responses of five dark pixels were measured.6 If
two systems have the same capacitance and same frequency spac-
ing, the higher carrier frequency means a lower inductance, which
can lead to a higher carrier leakage. A preliminary measurement was
also reported that characterized the ECT by introducing x-ray pulses
to TES micro-calorimeters, reading the other five pixels with a fre-
quency spacing of at least 200 kHz.20 The importance of the wiring
to TES bolometers on the array chip has been simulated to relate
high mutual inductance to the ECT in our lab,21 but no dedicated
experiments on the effect of the wiring have been reported so far.

In this paper, we experimentally study the ECT in our FDM
system that reads out 61 TES pixels with a nominal frequency sep-
aration of 32 kHz. We present a method to measure and map the
ECT among all the pixels connected, identify the major sources of
the ECT, and discuss ways to improve them.

II. FDM WITH BASEBAND FEEDBACK
Figure 1 shows an electrical schematic diagram of the FDM

readout with baseband feedback (BBFB) that we used for the
ECT study. TES bolometers are connected in series with narrow

FIG. 1. FDM readout electrical schematic with baseband feedback (BBFB). The DAC provides AC bias voltages in the frequencies corresponding to the resonance
frequencies of LC filters for the TES bolometers. The currents through TES bolometers are summed at the input coil of the SQUID amplifier, indicated by point A. The
SQUID amplifies the amplitude-modulated signals at its output. After further amplification by the room-temperature LNA, the signal (at point B) is demodulated to I and
Q information, then collected by using a CORDIC (COordinate Rotation DIgital Computer). In the feedback process, these signals are re-modulated and applied to the
feedback coil (at point C) of the SQUID with appropriate phase shifts to cancel out the SQUID output.
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TABLE I. FDM readout system parameters.

TES normal state resistance: 200 mΩ SQUID input inductance: 1.5 nH
TES critical temperature:110 mK Inductance of LC filters: 3 μH
TES Ti/Au bolometer size: 50 × 50 μm2 Capacitance of LC filters: 1 nF–9 nF
TES Ta absorber size: 100 × 100 μm2 Carrier frequency f0: 1 MHz–4 MHz
TES Si3N4 legs volume: 400 × 2 × 0.25 μm3 Frequency spacing Δf: 32 ± 3 kHz
Designed NEP level: 0.7 aW/√Hz Δf/f0: 0.08–0.32
SQUID mutual inductance: 27 μA/Φ0 Readout current noise: 20 pA/√Hz

bandpass cryogenic LC filters.22 The room-temperature demulti-
plexer (DEMUX) electronics generates a comb of tones (i.e., carriers)
with frequencies ranging from 1 MHz to 4 MHz. Each of these tones
is tuned to match the resonance frequency of one of the LC filters
and provides an AC voltage bias to the corresponding TES. The LC
filters also reject the wideband Johnson noise in the circuit. The TES
currents are summed at the input coil of a superconducting quan-
tum interference device (SQUID) amplifier. The signal at the output
of the SQUID amplifier is essentially an amplitude-modulated ver-
sion of the AC bias signal with a phase shift due to the electronics and
wire harness. After further amplification by using a low noise ampli-
fier (LNA) at room temperature, the output signal is demodulated
to recover the bolometer electrical signals or optical signals if there
is a sky source. These signals are then re-modulated using the same
carrier tones with appropriate phase shifts and added to cancel out
the SQUID output when applied to the feedback coil of the SQUID.
This scheme is known as BBFB. A common shunt resistor (Rshunt)
of 100 mΩ is used to provide a bias voltage for all the bolometers.
The cryogenic electronics, including TES bolometers, LC filters, and
SQUID, are at a temperature below the critical temperature (Tc) of
a TES, typically at the base temperature of a cooler, while both the
front-end electronics and DEMUX board are at room temperature.

All the measurements described in this paper are performed in
an environment, intended to be dark, i.e., with no designed optical
signals to the bolometers. However, there might be some influence
of stray light that contributes to photon noise, which could increase
the noise level in the measured noise spectrum. In this paper, the
signals we use for the electrical cross talk study are well above the
detector noise, so the presence of stray light has negligible influence
on our conclusions. The signals in the TES array are only electrical,
AC bias tones from the DAC (digital-to-analog) device in an SRON
homemade DEMUX board. All the signals are added in the summing
point and then amplified by the SQUID. We demodulate the out-
put signal to I and Q parameters to analyze and re-modulate them
with a delayed carrier for the BBFB.23 We expect the ECT to happen
mainly in the cold part of the FDM readout system. The ECT can be
caused by a number of mechanisms,6 but here, we focus on the most
important sources to introduce the ECT in an FDM system.

The ECT described in this paper can be attributed in general to
a combination of carrier leakage, mutual inductance (Lmutual), and
common inductance (Lcommon). Carrier leakage occurs when part of
the current at the specific frequency that is intended for one detector
leaks out to the other detectors because the LC filters are not per-
fect. Mutual inductance and common inductance are indicated in
the cryogenic electronic part of Fig. 1. The mutual inductance is the
magnetic coupling between two TES bias circuit branches,21 which

can happen not only between the wires but also between the coils in
the LC filters. The common inductance is the total sum of the induc-
tance after the summing point, including the inductance of the input
coil of the SQUID. The presence of common inductance makes the
resonance frequencies of the circuit slightly different than those of
the LC filters, which effectively means that the detectors are biased
slightly off-resonance. Table I contains some of the main parameters
of our FDM readout system.

III. EXPERIMENTAL SETUP
Figure 2 shows the cold electronics part of our FDM setup,

designed as a prototype of the SAFARI instrument on SPICA.24 It
contains a 176-pixel TES array chip in between two LC chips with
88 resonators each and a SQUID amplifier as indicated. These are
mounted inside a copper bracket, which is designed to be light-tight.
It also holds a Helmholtz coil to eliminate the background magnetic
field (not visible in Fig. 2). A Janis adiabatic demagnetization
refrigerator (ADR)25 is used to cool down the bracket. The lowest
temperature it can reach is 50 mK, but with a relatively short
operating duration. When it is operated at 90 mK, the ADR can run

FIG. 2. Photo of the cold electronics part of the FDM readout system with the TES
array chip in the middle, LC filter chips on the two sides, and the SQUID chip at the
bottom. The array contains 176 pixels. The half array of 88 pixels, 84 bolometers,
and four resistors is connected to simplify our measurement and analysis. The LC
filters connect with the TES array via microstrip lines in the LC filter chip, bonding
wires, long coplanar wiring, and wires around TESs in the TES array chip. All the
chips are mounted inside a light-tight copper bracket at 90 mK, which is not shown
in the figure.
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for more than 10 h, stabilized with a temperature variation of less
than 0.01 mK. Thus, most of our measurements were performed
at 90 mK.

In the 176-pixel bolometer array, each bolometer has a TiAu
TES with an area of 50 × 50 μm2 and a 100 × 100 μm2 thin Ta opti-
cal absorber. Both are defined on a Si3N4 membrane island, which
connects with the Si substrate at the bath temperature through four
long (400 μm), narrow (2 μm), and thin (0.25 μm) Si3N4 legs,24

which determine the thermal conductance between the TES and
the thermal bath. The bolometers have a Tc of about 110 mK.
The designed Noise Equivalent Power (NEP) of the TESs is
0.7 aW/√Hz. With a similar TES structure, we can provide an
ultra-low NEP of 0.2 aW/√Hz.26 It is worth mentioning that eight
of the pixels in the array are just simple resistors for calibration
purposes.

The LC filters consist of low-loss dielectric capacitors and
inductors and have a Q-factor of 10 000 or higher at 90 mK. The
inductance of all the inductors is designed to be 3 μH, while the
capacitance of the capacitors varies from 1 nF to 9 nF in order to
adjust the frequency for each pixel, targeting an equal frequency
spacing of 16 kHz. In reality, the total capacitance of an LC filter is a
combination of the capacitance of a bias capacitor (e.g., Cb) and that
of the capacitor in the filter (e.g., C f ), as illustrated in Fig. 1. The

ratio between the filter and bias capacitances is 10 nominally, and
each pair acts as a voltage divider in the bias circuit. The bias fre-
quency ranges from 1 MHz to 4 MHz for the full array using two LC
chips. To simplify the experiment, we choose to connect only half of
the TES array to one LC filter chip (88 pixels connected) so that the
frequency spacing is doubled (32 ± 3 kHz). Aluminum wire bonds
are used for connecting the chips in the mK stage.

The SQUID amplifier used is a single-stage SQUID developed
at the National Metrology Institute in Germany (PTB), and the
readout current noise of the SQUID-LNA chain is 20 pA/√Hz.27,28

Before starting a multiplexing readout measurement, we use
a network analyzer (NWA) to measure the resonance frequencies
of all the LC filters. Eventually, we selected 61 TES pixels that are
connected to LC filters with a Q-factor higher than 10 000 for ECT
measurements. Fine tuning of a resonance frequency is done by
looking for a peak in the frequency scan when a TES is operated in
the superconducting state. Then, we fix the frequency and choose an
appropriate phase delay for remodulation that allows us to close the
BBFB loop stably. This process is called locking a pixel.

When all 61 TES pixels are simultaneously locked in their
superconducting to normal transition, we take the current–voltage
(IV) curve and the current noise spectrum of each pixel for a gen-
eral health check of the FDM readout system and then start to

FIG. 3. (a) Zoomed photo of long, parallel coplanar wires in a number of bundles to connect TES bolometers to the bond pads. The coplanar wires are several centimeters
long and have additional meander structures to adjust all the wires in the same bundle to have the same length. Different bundles of wires are circled in different colors. (b)
Map of the connected pixels in the half array; pixels sharing the same bundle for the wiring are indicated by backgrounds of the same colors. (c) Map of the LC filters with
the numbers corresponding to those of the pixels in the array in (b).
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characterize the ECT. Figure 3(a) shows an enlarged picture of the
wiring on the TES array chip and the LC filter chip, where the Nb
coplanar wiring is defined on the TES array and is electrically con-
nected to the LC filter chip by wire bonds. On the LC filter chip,
the wiring is made of microstrip lines, which are the superconduct-
ing Nb wires, sandwiched with an SiO2 insulating layer. To decrease
the mutual inductance between the coils in the LC filters, the TES
pixel neighbors in the frequency space are not the physical neigh-
bors, as shown in Fig. 3(c). Meander structures in the coplanar wires
are introduced to compensate for different wiring lengths to fix the
frequency spacing. Those long coplanar wires that are bundled in
parallel and marked by the same color in Fig. 3(b) cause potential
ECT among the corresponding pixels due to the mutual inductance
of the closely packed wire loops.

IV. FORMS OF ELECTRICAL CROSS TALK
A. Carrier leakage

Due to carrier leakage, parts of the bias currents intended for
other detectors leak into each detector. These are off-resonance bias
currents with various frequencies that add up quadratically and
can potentially destabilize the detector biasing when the total sum
becomes comparable to the detector’s own on-resonance bias cur-
rent. The carrier leakage current ratio between the on-resonance

pixel and a neighboring pixel approximately equals to ∣ R2
TES

(2ΔωL)2 ∣,
where Δω = 2πΔ f , Δ f is the frequency separation between two adja-
cent pixels, L is the inductance of the LC filters and equals 3± 0.1 μH,
and RTES is the resistance of the TES at its operating point.6 Our
bolometers are usually biased in the transition with the resistance at
30% of the normal state resistance Rn, which is 200 mΩ. The relative
carrier leakage current is calculated to be 0.25% if the frequency sep-
aration is 32 kHz. This number increases to 1.0% if the frequency
spacing decreases to 16 kHz, which is the case if the full array is
connected. This carrier leakage current dependence on frequency
spacing has been separately verified with our LT-Spice model of the
TES LC resonators. The carrier leakage comes not only from the
neighboring pixels but also from the others in the array. To account
for all the carrier leakage contributions, we need to consider all the
off-resonance pixels by the following equations. The impedance of a
TES and its connected LC filter as a unit in Fig. 1 can be expressed as

Zn = 1
1

j2π f nL+RTESn
+ j2π f nC f n

+ 1
j2π f nCbn

, (1)

where fn is the resonance frequency of the LC filter, and C fn and
Cbn are the capacitances of the capacitor in the LC filter and the bias
capacitor, respectively. The leakage current amplitude through the
TES and LC filter unit can be written as a unit voltage divided by the
impedance Zn,

Yn = 1
Zn

. (2)

Then, the leakage current through the TES branch can be seen as the
shunt of the total current through the TES and LC filter unit,

In = Yn ⋅ 1
1

j2π f nL+RTESn
+ j2π f nC f n

⋅ 1
j2π f nL + RTESn

. (3)

Figure 4(a) shows the calculated currents in 88 detectors using
Eqs. (1)–(3) with the 32 kHz frequency spacing. The frequency span

FIG. 4. (a) Simulated currents of 88 TES pixels, biased in the transition with 30%
of the normal state resistance, are plotted in colors as a function of frequency. The
black curve is the current of pixel 44 in the middle of the frequency span, which has
a maximum carrier leakage from neighbors on both sides. (b) The calculated ECT
due to carrier leakage from all the other pixels to pixel 44. (c) The ratio of the total
off-resonance leakage current to the total bias current for each pixel expressed as
a percentage. The first and the last pixel are at the two ends of the frequency span
and have the lowest cross talk levels because they have neighbors on only one
side in frequency space.

is chosen to be from 1 MHz to 4 MHz, which is similar to our exper-
iment. All the pixels are biased at 30% in their transition. The pixels
are numbered sequentially in the frequency span, where pixel 1 is at
the lowest frequency and pixel 88 at the highest. Pixel 44, which is in
the middle of the frequency span, is chosen to illustrate the carrier
leakage current in Fig. 4 because it has the highest number of neigh-
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bors on both sides. This leads to a higher carrier leakage than the
pixels at the two ends of the frequency span as shown by Fig. 4(c),
where the neighbors from only one side contribute. Figure 4(b)
shows the calculated ECT of pixel 44 due to carrier leakage, con-
tributed by all the other pixels. ECT from each pixel to pixel 44 in
this case is calculated by quadratically dividing the leaking current
of this particular pixel by the current of pixel 44 since the leaking
current is off-resonance. The highest ECT, which is 0.25%, comes
from the nearest neighbors. The total leaked current from all the
other pixels to each pixel can be calculated by quadratically adding
individual leaked currents; this is ≤0.8% of the total bias current, as
shown in Fig. 4(c). The ECT value due to carrier leakage will decrease
with increasing frequency spacing and will increase with increasing
bias voltage, causing the TES to operate higher in the transition. For
example, the ECT level will become 0.69% when a detector is biased
at 50% of the normal resistance.

B. Mutual inductance
To bias and readout each bolometer in the array, two super-

conducting wires are required. They form a current loop through
the TES, which consists of the wires connecting the TES through
two Si3N4 legs, long coplanar wires to further connect bonding pads,
bonding wires, and microstrip wires on the LC filter chip, as shown
in Fig. 3(a). Because of the mutual inductance between these loops,
part of the bias current from one detector couples to the other detec-
tors, causing cross talk. The closer the loops, the higher the mutual
inductance between them, while for the ones that are far apart, the
coupling is negligible. The mutual inductance contributed by copla-
nar wiring in the array chip has been simulated previously,21 where
the long coplanar wires that connect TES bolometers to LC filters can
introduce a relatively high mutual inductance, which accounts for
59% of the total mutual inductance. It is important to note that in the
simulation, the mutual inductance due to LC filters accounts for 31%
of the total mutual inductance, but this value is significantly lower in
our experiment. This is due to the fact that the LC filter chips have
been redesigned here so that the resonators that are neighbors in res-
onance frequency are not physical neighbors. The same simulation
also shows that microstrip wires make a small contribution (1.4%) to
the total mutual inductance. Therefore, the mutual inductance that
comes from coplanar wires is expected to be the dominant factor in
our case.

C. Common inductance
Due to common inductance, the resonance frequencies of the

circuit, including TES, LC filter, and SQUID, are slightly different
from the frequencies of the LC filter in series with the detectors.
Large common inductance forces us to operate the detectors far off-
resonance, which enhances the cross talk level, so it is important
to keep that as low as possible. The common inductance includes
coupled inductance of SQUID feedback coil, inductance from wire
bonds, and geometric inductance of the lines.6,29 In our case, the
common inductance is dominated by the input coupling inductance
of the SQUID. The common inductance in our setup can be probed
by a Network Analyzer (NWA) scan through the feedback line.24

As shown in Fig. 5, each LC filter appears as a peak and a valley in
such a scan. It is known24 that the frequencies corresponding to the
peaks are determined by the sum of the inductance of the LC filters

FIG. 5. Network analyzer scan through the feedback line. The inset focuses on
the resonance of pixel 29 at f0 = 2236 kHz, where the frequency difference Δ f 0
between the peak and the valley is 0.61 kHz, which corresponds to a common
inductance of 1.64 nH.

and the common inductance, while the valleys are the signature of
the resonance frequencies of the LC filters only (f0). The common
inductance can then be derived from the following expression:

Lcom = L
⎡⎢⎢⎢⎢⎣
( f 0

f 0 − Δ f 0
)

2

− 1
⎤⎥⎥⎥⎥⎦

, (4)

where L is the inductance, f0 is the resonance frequency of an
LC filter, and Δ f 0 is the frequency difference between a peak and
a valley. Looking closely at f0 = 2236 kHz (Fig. 5 inset), Δ f 0 is
0.61 kHz, with L = 3 μH; using Eq. (4), we find that our setup has
a common inductance of only 1.64 nH. In the absence of any com-
mon inductance, the resonance frequencies are solely determined by
the capacitances and the inductances (LC filters) that are in series
with the TES detectors. However, in the presence of a common
inductance, the same number of resonators are observed but all the
resonance frequencies are slightly shifted. When Lcom ≪ L, the fre-
quency shift can be written as Δ f 0 ≈ 0.5 f 0Lcom/L. When we operate
at these resonance frequencies, we are slightly off-resonance in ref-
erence to what is defined by the LC filters. This translates to an
additional impedance (Zcom) in series with the detectors in the same
branch circuit, which is Zcom = 4πΔ f 0L, and substituting the Δ f 0
value mentioned above, it can also be written as Zcom = 2πf 0Lcom.
If this impedance becomes comparable to the TES resistance at the
operating point, it will affect the level of cross talk by increasing the

carrier leakage as illustrated by the formula ∣ R2
TES+Z2

com
(2ΔωL)2 ∣. The Zcom

provides a negligible increase in carrier leakage in the low-frequency
range due to the low value of Zcom. This impedance will become large
(about 40 mΩ) at the high end of our bias frequency range. When we
bias the high-frequency detectors at 50% transition (about 100 mΩ),
the ECT level will increase from 0.69% to 0.79% due to this common
impedance. Therefore, even in the highest bias frequency, the influ-
ence of common inductance is very small. In addition, the common
inductance will indirectly affect the ECT through the off-resonance
and frequency separation argument. The off-resonance due to com-
mon inductance in our highest frequency of 3900 kHz is only
1.07 kHz, which means that this largest frequency shift gives 3.3%
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shift in frequency with respect to the 32 kHz separation in our
case. In summary, the 1.64 nH common inductance will give a neg-
ligible influence on the ECT in the operating frequency range of
1 MHz–4 MHz.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Three-pixel measurement

Our technique for characterizing the ECT is as follows: We
choose three bolometers first, pixel 24 in the middle and its two
adjacent pixels 23 and 25. First, we bias all three detectors at their
usual operating point, 50% in the transition. In our FDM system, it
is possible to set a low-frequency amplitude modulation of different
kinds on a fraction of the full amplitude of the AC bias signal. This
is a powerful tool that can be used for triggering or other diagnostic
purposes such as measuring the complex impedance of the detec-
tors.30 We use this to excite pixel 24 by sine-wave modulating 1%
of its bias voltage at a frequency of 120 Hz. We choose 1% because it
gives us a sufficiently large signal, well above the noise level but at the
same time creates no obvious harmonics that disturb the noise spec-
tra. There is nothing special about the 120 Hz other than being well
within the detector response speed and away from the power line fre-
quency of 50 Hz and its harmonics. Since this modulation frequency
is much lower than the AC bias frequency (i.e., 1 MHz–4 MHz), the
measured ECT is independent of the exact modulation frequency,
and any frequency within the detector band serves our purpose. We
now record the current noise spectra of these pixels simultaneously.
In the absence of the ECT, only the excited pixel is expected to have
a peak at 120 Hz in its noise spectrum. If peaks at 120 Hz also appear
in the noise spectra of other pixels, it means that part of the modu-
lated bias of the excited pixel also biases other pixels, and the ratio of
peaks can be used as a measure of the cross talk. Figure 6(a) shows

FIG. 6. (a) Current noise spectra of three neighboring pixels, where pixel 24 is
excited by 1% modulation at 120 Hz on its AC (MHz) bias voltage. The spectra are
recorded simultaneously using the FDM readout. The line at 240 Hz in pixel 24 is
a harmonic of the modulation. Some lines beyond 5 kHz are the noise lines due
to DEMUX and FEE electronics. (b) The current noise spectra of the three pixels
around 120 Hz normalized to the peak at 120 Hz in pixel 24.

the demodulated noise spectra of these three pixels in a frequency
span from 1 kHz to 100 kHz, where we will focus on the peaks at
120 Hz. We define the peak at 120 Hz in the spectrum of pixel 24 as
the excited peak and in the spectrum of pixel 23 or 25 as the respond-
ing peak. The ratio of a responding peak to the excited peak is
attributed to the level of ECT between two pixels. Figure 6(b) shows
the normalized peaks on a logarithmic scale, where the ECT for pix-
els 23 and 25 is measured as 0.7% and 1.0%, respectively. The ECT
level can be well explained by the carrier leakage simulation, which
gives a 0.69% ECT level with detectors biased at 50% in the transi-
tion. The higher ECT between pixel 24 and pixel 25 is expected since
the frequency space between these two pixels is 30 kHz and slightly
less than the frequency spacing between pixel 23 and 24, which is 35
kHz. Furthermore, the operating point of the TES can also influence
the ECT, because the cross talk due to carrier leakage decreases as
the operating point goes lower in transition. First, our TES bolome-
ters are typically operated in a range of 30%–50% of the resistance
transition. When we start with the three-pixel experiment, we bias
them at 50% transition. Because of the higher resistance at this bias
point, a higher ECT due to carrier leakage is expected. Then, for the
measurement with the entire array, ideally we want to bias all our
detectors at the 30% transition but we were not able to do so due to
the fact that the detectors’ response speed was too fast at this bias
point and caused oscillations. To avoid this, some of the pixels were
biased at 50% transition or higher.

B. 61-Pixel TES array measurement
Now, we extend the method to map the ECT across the TES

array. Once all the pixels are biased in the transition and are locked,
the FDM system can measure the current noise spectra of all con-
nected pixels in the array simultaneously. Then, we apply the same
method as that for the three-pixel measurement to the whole array,
going from the first pixel to the last. For each excited pixel, we record
the ECT levels in the other 60 pixels and form a 1 × 61 array, shown
as one row in Fig. 7. We assign a value of 100% for the excited pixel
itself that is marked in black in that row. In this way, we can summa-
rize the ECT level for all 61 pixels to generate the 61 × 61 matrix,
as shown in Fig. 7. Pixel 1 corresponds to the lowest frequency
of 1 MHz, while pixel 61 corresponds to the highest frequency of
3.9 MHz in this case. The noise level around 120 Hz, which we
call the background noise, can influence the accuracy of the mea-
surement, especially for those pixels that are far away from the
excited pixel in frequency and show a weak response. Therefore,
before calculating the ratio of the peaks, we quadratically subtract
the background noise from all the peaks.

We repeat this process by exciting each pixel one by one and
reading out the noise of the entire array to map out the ECT as
shown in Fig. 7. In each row, the excited pixel number is the same as
the row number and marked in black. The levels of the ECT observed
in other pixels when this one is excited are illustrated by colors in
that row. Similarly, in each column, the responding pixel number
is the same as the column number and marked in black. The lev-
els of the ECT observed in this pixel when others are excited are
illustrated by colors in that column. About 94% of the squares in
the 61 × 61 ECT matrix are blue, meaning that they are below the
0.4% level, suggesting that some of them approach zero. The pix-
els that are far away from the excited pixel in the frequency space
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FIG. 7. Electrical cross talk level of 61 pixels out of a TES array readout simulta-
neously in a multiplexing mode by using an FDM system. In this 61 × 61 matrix,
each row presents the cross talk level of the pixels, caused by one of the pixel with
black color. The number represents the pixel from 1 to 61, which follows the order
of the biasing voltage frequency from 1 MHz to 4 MHz. The level of the cross talk
is indicated by color, quantified by the color bar in the figure, where we plot the
level only up to 1% for clarity. If the level is above 1%, the color will be the same
as that for 1%. We add a black boundary “◻” to the filled red square “■” for the
points with the ECT higher than 10%. The column presents the cross talk level of
the pixels, which contribute the cross talk to the pixel in black. Row 8 and column
8 are marked to stress the comparison in their level distributions.

are expected to show a negligibly low cross talk level if the car-
rier leakage is the dominant mechanism. Those pixels adjacent, for
example, to pixel 8 in the matrix have an ECT level around 0.4%.
This value can be explained by the overall carrier leakage level in
our setup with a nominal frequency spacing of 32 kHz and with
TES bolometers biased at 30%–50% in the transition region. A num-
ber of high-frequency biased pixels, or the high pixel numbers from
46 to 61, show high ECT levels of 0.4%–1% to their adjacent pix-
els. We refer to the right bottom corner of the matrix in Fig. 7.
This is partly because the cross talk due to the mutual inductance
increases with the resonance frequency. Another reason is that the
higher the frequency, the larger the frequency shift due to the com-
mon inductance, leading to a higher carrier leakage. This can be seen
by rewriting Eq. (4) as

Δ f 0 =
f 0(
√

Lcom
L + 1 − 1)

√
Lcom

L + 1
. (5)

Since the common inductance is constant, the frequency shift is
proportional to the resonance frequency. Therefore, the bolometers
with higher bias frequencies, e.g., 3 MHz, will have a larger shift
of resonance frequency than those with lower bias frequencies of
1 MHz. In column 19, the high ECT levels that appear between row
1 and 14 are due to pixel 19 that was not biased stably when pixel
1–14 were excited.

FIG. 8. (a) Measured cross talk level of 61 pixels except for pixel 8, which is used
as the excitation. The dataset is the same as row 8 in Fig. 7, but is now plotted
numerically. (b) Cross talk level of 61 pixels from column 8 in Fig. 7.

In Fig. 8, we focus on pixel 8 and take a closer look at the data
in the eighth row and column of the cross talk map. We see that
although there are similarities between Figs. 8(a) and 8(b), they are
not exactly the same. This means that the ECT caused by pixel 8 to
the rest of the array is different from that caused by the rest of the
array to pixel 8. This is expected in our system because of the non-
uniformity of the TES array and the fact that not all the pixels are
biased at the exact same point in the transition. Thus, the bolometers
have a different responsivity, and therefore, the ECT map is non-
symmetric. In addition, the cross talk due to mutual inductance is
proportional to the resonance frequency, which means that the cross
talk from a high-frequency pixel to a low-frequency pixel is higher
than the other way around. In other words, even if all the bolometers
were the same and also operated under the same bias condition, we
would not have expected a symmetric ECT map. It is interesting to
note that, although some of the pixels have a large frequency sepa-
ration from the excited one, they show a high level of ECT of 1% or
more and together form approximately diagonal patterns across the
cross talk map, visible in Fig. 7. For example, there are high levels of
ECT between pixels 8, 21, 22, 50, and 51.

The high ECT level is most likely due to the high mutual induc-
tance in the coplanar wires that connect bolometers to LC filters. In
our setup, pixels 8, 21, 22, 50, and 51, which appear to have a high
level of ECT, make use of long, parallel coplanar wires, which are
closely packed in a bundle as circled in Fig. 3(a) and grouped in the
same color in Fig. 3(b). To prove this hypothesis, we assume a high
ECT level among the bolometers that use the long coplanar wires in
a common bundle, but no difference in the amplitude. These pixels
are marked in black in a new 61 × 61 matrix in Fig. 9(a). As we can
see, these pixels form approximately parallel, diagonal patterns in
the matrix. To have a comparison with the measurement, we now
overplot Figs. 7 and 9(a), resulting in Fig. 9(b). We find that the
parallel, diagonal-lined distribution matches reasonably well with
the measured high ECT pixels distributed along or in the vicinity
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FIG. 9. (a) Pixels (represented by filled
squares in black) connected with long,
coplanar wires in a bundle, assumed to
have a high cross talk due to mutual
inductance, are shown on a 61 × 61
matrix; their distribution is character-
ized by a number of parallel, diago-
nal lines. (b) The pixels with the high
cross talk in (a) are now represented
by empty squares with a black bound-
ary “◻” and are superimposed with 50%
transparency to the measured cross talk
matrix from Fig. 7, where the measure-
ment data also show the parallel, diago-
nal line distribution as in (a). For clarity,
those pixels with the ECT level above
10% are illustrated by empty squares
with a red boundary “◻.”

of the simulated diagonal lines, although the pixels from the mea-
surement are slightly scattered. Therefore, we believe that we have
confirmed that those pixels observed with a high ECT level in Fig. 7
are due to higher mutual inductances contributed by the bundled
long, coplanar wires.

One could simulate the effect of the mutual inductances in
detail by considering the width, length, and distribution of all the
coplanar wires to quantify the magnitude of the ECT in order to
compare with the measurement. However, this is beyond the scope
of this paper.

The high ECT for the pixels with long coplanar wires in a bun-
dle is expected from the earlier simulation.21 However, this is the
first time experimental confirmation of this effect. To reduce this
particular form of the ECT, one should introduce wires with low
mutual inductances. Microstrip wires seem to be the best choice,
as they are used in the LC filter chips. Furthermore, the microstrip
wiring allows dense packing of many wires, making connections for
more pixels feasible for a given array size. A microstrip wire is a
“sandwich” structure: a superconductor on the top, a dielectric layer
in the middle, and another superconductor on the bottom, while
coplanar wires mean parallel superconducting wires on the top of
a substrate.

Our study is also a part of the experimental demonstration of
an FDM prototype for the SAFARI instrument on SPICA. Through
reading out half of the array, we have established the following
understanding. First, the common inductance has a negligible effect
on the ECT; second, carrier leakage can cause the ECT, which
depends strongly on the inter-pixel frequency spacing. In our exper-
iment, we have shown that only adjacent pixels have a strong effect,
which can cause the ECT to be 0.4%, but the remaining pixels have
a negligibly low level of the ECT. The 0.4% ECT is slightly higher
than the theoretical value (0.25%) due to the fact that many pixels
are biased in higher than 30% of the normal resistance at the transi-
tion or have the frequency spacing smaller than 32 kHz. Although no
measurement has yet been performed, with the full array connected,
due to the reduction of the inter-pixel frequency spacing by a fac-
tor of 2, we expect the ECT of neighbors to reach 1.0% and the total
off-resonance bias current level to be 3.2%. The total off-resonance

bias current is the quadratic summation of all off-resonance bias
currents due to carrier leakage calculated using Eq. (3), as shown
in Fig. 4(c). Finally, the higher mutual inductances contributed by
long coplanar wires closely packed in a group can introduce a severe
ECT. Therefore, the overall ECT level is dominated by the high ECT
caused by mutual inductance. However, this can be mitigated by
using microstrip wiring in a TES array. Furthermore, the length of
the wires will become significantly shorter in practice, which also
helps reduce the mutual inductance.

The latest design of the SAFARI instrument (SAFARI 4.2)
requires a multiplexing factor of 120 with the same frequency span
of 1 MHz–4 MHz, implying a frequency spacing of 25 kHz between
pixels. Based on our current study, we expect the leakage current to
dominate the ECT so that the level of the ECT of nearest neighbors
is only 0.45%, while the total off-resonance bias current level will be
around 1.3%. This is relatively small and is considered acceptable for
the instrument.

VI. CONCLUSION AND OUTLOOK
We have developed a new method to characterize and map

the ECT of an FDM system with a TES bolometer array, which is
a SAFARI FDM readout prototype. By introducing a small mod-
ulation at 120 Hz in the AC bias voltage to one pixel, and mea-
suring the response in the noise spectra of other pixels, we have
for the first time mapped the ECT level of 61 pixels in an array,
with a nominal frequency spacing of 32 kHz in a 61 × 61 matrix.
We have found that about 94% of pixels show an ECT level of less
than 0.4%. Among them, only the adjacent pixels reach that level,
while the ECT level of the remaining pixels is less than 0.1%. For
cases with ECT levels below 0.4%, the carrier leakage dominates
the ECT. We also observe a higher ECT level, up to 10%, from the
pixels that have bundled long, parallel coplanar wires. Those pixels
contribute to the ECT in the 61 × 61 matrix with a unique distri-
bution characterized by a number of parallel, diagonal lines, which
match reasonably well with the hypothesis of the high mutual induc-
tance. To mitigate the ECT due to high mutual inductances, the
coplanar wires should be replaced by microstrip wires. Our study
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suggests that our FDM can have a relatively low ECT level, e.g.,
around 0.4% if the frequency spacing is about 30 kHz. Since the base
line for the SAFARI instrument is to have a frequency spacing of
25 kHz–30 kHz in the FDM readout and microstrip wiring on the
detector arrays, our results promise low ECT levels in the eventual
system.

In practice, all detectors are exposed to light and their carri-
ers are modulated at the same time. We argue that our experiment
reflects the right levels of electrical cross talk in practice when the
detectors are exposed to very weak optical signals, which were the
prime science case for SAFARI/SPICA. Since the excited modula-
tion signals in our case are very small, we are certainly within the
small signal regime and the system operates linearly. This was con-
firmed by applying 1%, 5%, and 10% modulation excitation and
seeing that the measured ECT levels scaled with the level of exci-
tation. This means in first order that, if multiple pixels are excited
at the same time, the total cross talk signal on the other pixels will
be the linear sum of the cross talk signals of those excited pixels,
when excited one by one. We were not able to confirm this exper-
imentally, since our firmware only allows for modulation of one
carrier at a time but this is something that can be implemented in the
future.

The study of the cross talk and non-linear effects under rela-
tively high optical load that brings the detectors to near saturation
is vital and has a major impact on calibration philosophy of the
instrument. We recognize that a thorough cross talk analysis needs
to address such conditions, too, but this is beyond the scope of this
manuscript.

To fully characterize the crosstalk of a TES array–FDM sys-
tem, one should also include an optical cross talk. In the case of the
SAFARI instrument, the leak of an optical signal from one feedhorn
to others in the array can cause an optical cross talk. Unlike the ECT,
the optical cross talk occurs mainly in physical neighbors. To mea-
sure the optical cross talk, our setup needs to be upgraded by adding
a feedhorn array in combination with an optical source, which is
considered to be the next step toward a full demonstration of the
SAFARI prototype.
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