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Chapter 1 

Introduction 
 

 

 

 

      In this chapter, the background of far-infrared astronomy as 

the scientific motivation of this thesis is briefly introduced in 

section 1.1. An overview of direct detection techniques and an 

introduction to transition edge sensors (TES) are given in section 

1.2. The three most promising multiplexing techniques for TES 

arrays are described in section 1.3. Finally, the structure of this 

thesis is highlighted in Section 1.4. 

 

 



Chapter 1. Introduction 

 

2 

 

1.1 Far-infrared astronomy 

      Far-infrared (FIR) radiation, defined usually as wavelengths between 30 

and 300 μm or the frequencies between 1 and 10 THz, is used by astronomers 

to investigate and understand the origins of planets, stars, and galaxies [1-3]. 

In the night sky, William Herschel and Bart Bok have observed dark patches 

where starlight is obfuscated, which show the effect of dust in our Galaxy. The 

dust grains absorb and scatter starlight at ultraviolet (UV) and optical 

wavelengths. However, the FIR blackbody radiation is from the dust itself. 

Because FIR has a long-wavelength, thus, a low photon energy, which means 

no absorption, but emission from dust. 

      The FIR range contains an extremely abundant and diverse cluster of 

characteristic features, the most important of which are [2,3]: 

(1) Atomic fine structure lines emission and absorption from the interstellar 

medium (ISM), the most prominent examples being [OI], [NII], [CI], [CII], as 

well as [OIII]; 

(2) Molecular gas features, especially CO, H2O, etc, and gas that are unique to 

the FIR range like HD; 

(3) Absorption and emission features which come from original and processed 

ices, as well as crystalline silicates; 

(4) Continuous emission and absorption from dust grains with a temperature 

between ~15 K and ~100 K. The dust is heated by ultraviolet starlight while it 

cools through thermal emission in the FIR. 

The diagnostic value of the FIR radiation makes it useful to understand a wide 

range of cosmic questions, among which the history of galaxies and the origins 

of stars and planets are attractive and important [3]. In particular, star 

formation is one aspect of the baryon cycle in galaxies, which is a key aspect of 

galaxy evolution [4-6]. 

      The investigation of the ISM can help us understand the above questions 

since the ISM includes cool gas and dust between the stars, which emit mostly 

FIR photons. Astronomers observe FIR photons from the ISM to study its life 

cycle, which includes the information of forming stars. As shown in Fig. 1.1, 

the life cycle of gas in galaxies can be divided into five phases, each of which 

plays a role in the formation of galaxies and stars [4,5].  
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Fig. 1.1 The cycle of gas in galaxies from interstellar clouds to stars and planets 

(Figure courtesy of G. A. Cruz Díaz using NASA images). We can utilize FIR 

radiation to study the life cycle of gas in galaxies by detecting molecular 

rotational lines to get the information we need to answer fundamental 

questions of modern astronomy. 

 

Since the Earth's atmosphere is opaque to FIR radiation, space-based 

observations are required, motivating the development of FIR space 
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telescopes. The capabilities of the next generation of FIR instrumentation 

could be largely enhanced by combining a large and cold telescope with 

instruments employing state-of-the-art sensitive detectors [7]. For example, 

by taking advantage of the cold telescope (~8K) with a low emissivity 

(~0.01%), the SPace Infrared telescope for Cosmology and Astrophysics 

(SPICA) mission (planned until 2020) is capable of detecting radiation in the 

sky-limited background, aiming to achieve extraordinarily high sensitivity. 

Such a cold telescope can achieve at least two orders of magnitude with better 

sensitivity than what has been reached to date as shown in Fig. 1.2, creating 

significant new possibilities for FIR astronomy [7,8]. Although the SPICA 

mission has been cancelled, the frequency division multiplexing (FDM) 

technology that is described in this thesis could be used in other FIR space 

telescopes as well as those in other wavelengths. For example, the Lite satellite 

for the studies of B-mode polarization and Inflation from cosmic background 

Radiation Detection (LiteBIRD) [9] is a cosmic microwave background (CMB) 

telescope that is being developed now. FDM is the technology to read out about 

4000 TES bolometers operating within a frequency range between 40 and 400 

GHz, requiring a multiplexing factor of 68 (68 pixels read by one 

superconducting quantum interference device (SQUID)-based channel). The 

operating frequencies  for the LC filters are planned to be 1-5 MHz. In addition, 

the recently released US decadal survey describes TES together with SQUID-

based readout as a potential technology for Origins Space Telescope (OST) or 

the flagship mission [10]. 
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Fig. 1.2 The sensitivity comparison of the SPICA instruments (inside black 

dashed circle) with other infrared facilities [7]. Those facilities are space-

based observations, for example, Herschel was a space telescope covering the 

far infrared and submillimeter waveband. The sensitivity of SPICA/SAFARI is 

100 times greater than that of the Herschel space telescope. 

1.2 Direct detection 

      We can use FIR detectors to detect radiation from our galaxy and other 

galaxies, which is critical to answer fundamental questions in modern 

astronomy [3,7]. There are two types of detection techniques: heterodyne 

detection, which means not only the radiation signal but also the spectral and 

phase information are detected. Heterodyne detection naturally achieves a 

very high spectral resolution (R) of ≥ 106, but also suffers from the sensitivity 

limitation due to quantum noise [1]. Therefore it is usually used for the FIR 

observations of our Milky Way and nearby galaxies. Direct detection, which 

means the incident radiation power will be detected by a detector without 

spectral and phase information. It has some advantages over heterodyne 

detection with respect to the sensitivity and the pixel number, or the 

sensitivity and the field of view. Direct detectors, unlike the presence of 

quantum noise in heterodyne detection, can have extremely high sensitivity, 

characterized by the Noise Equivalent Power (NEP). Their sensitivity is often 

limited by the background noise of a warm telescope. Therefore, direct 

detection in combination with a cold telescope is the choice to detect, for 

example, the FIR radiation from distant galaxies, where the FIR radiation 

received by the telescope is extremely weak. This section describes three types 

of direct detectors that can measure low radiation power.  

      Three types of direct detectors are under development: superconducting 

transition edge sensors (TESs) [11,12], kinetic inductance detectors (KIDs) 

[13, 14], and quantum capacitance detectors (QCDs) [15,16]. The first two are 

more mature. For example, TES detectors have been used in Submillimetre 

Common-User Bolometer Array 2 (SCUBA-2) on the former James Clerk 

Maxwell Telescope (JCMT) [17], KIDs are being used in the New IRAM KID 

Array (NIKA) on the Institut de RadioAstronomie Millimétrique (IRAM) [18]. 

The next sections describe these detectors in more detail. 
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1.2.1 Brief introduction to KIDs and QCDs 

      KIDs are based on the sensitivity of the surface inductance of a 

superconducting film to the absorbed electromagnetic radiation power 

through the phenomenon of Cooper pair breaking. The detection processes of 

KIDs are shown in Fig. 1.3 [13]: 

(a) Photons are absorbed in the superconducting film operated below its 

transition temperature, breaking Cooper pairs to create quasi-particles or 

electrons;  

(b) The detector is essentially based on an LC resonator circuit, where the 

kinetic inductance can be changed by the absorbed photons; 

(c) A dip is produced in the transmission of the LC circuit at the resonance 

frequency. This resonance is shifted to a lower frequency and its amplitude is 

reduced due to the change of the inductance and due to the presence of the 

dissipative electrons; 

(d) It also produces a phase shift of a microwave probe signal transmitted 

through the circuit. 

      KIDs are suitable to form a large array because of their easy readout. 

Although KIDs apply frequency multiplexing similar to what has been 

developed for TES (the main topic of this thesis) they operate in the microwave 

GHz frequencies in combination with a wideband low noise amplifier (LNA). 

The latter allows for a high multiplexing factor of ~1000 pixels/per LNA.       

KIDs have progressed rapidly and have been used on several ground-based 

instruments [13] such as the Multicolor Submillimeter Inductance Camera 

(MUSIC) on a Sub-millimeter Telescope Caltech Submillimeter Observatory 

(CSO) in Hawaii. The sensitivities of KIDs are comparable with TES and have 

been fabricated in a larger array (more than 1000 pixels). Now the sensitivity 

of KIDs in a kilo-pixel array reaches an NEP of ~3×10-19 W/√Hz [19]. However, 

for space applications, a few wide band LNAs (4-8 GHz) with sufficiently high 

gain (≥30 dB) may need a cooling power of > 4 mW at the 4K stage, which is 

still a challenge [20]. The total power dissipation is expected to be dozens of 

μW for thousands of TES using SQUIDs at 4K stage. KIDs have never been 

selected for a space mission, whereas TES bolometers have, therefore KIDs are 

considered as less mature than TES technology. The latter, for example, is the 

technology, indicated for the proposed National Aeronautics and Space 

Administration (NASA) space mission of OST [2]. 
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Fig. 1.3 The working principle of KIDs [13]. (a) Photons with energy ℎ𝜈 higher 

than 2Δ will break Cooper pairs. (b) The inductance of the LC resonator will be 

changed with changing the density of quasi-particles. (c) and (d) The changed 

inductance will shift the resonance frequency and also the phase. 

      QCDs rely on the extreme susceptibility of the single Cooper-pair box, a 

mesoscopic superconducting device, to pair-breaking radiation. As shown in 

Fig. 1.4 (a), the single pair box consists of a small island of superconductors 

connected to a ground electrode via a small tunnel junction. The island is 

biased with respect to the ground through a gate capacitor. Since it is 

sufficiently small to exhibit quantum behavior, its capacitance becomes a 

strong function of the presence or absence of a single free electron. Similar to 

a KID, the photons create electrons. Then a single electron entering or exiting 

the island in a QCD (via tunneling through the junction) produces a readily 

detectable frequency shift. The frequency shift is then sensed by a change in 

the phase of the microwave passing through the feedline. QCDs have 

demonstrated extraordinary high sensitivity, but they still need to show a 

large array and also have never been operated on a telescope. So in 

comparison with KIDs and TES, they have a lower TRL (technology readiness 
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level) than TES and KID [2]. The sensitivity of an QCD array of 25 pixels 

reaches an NEP of ~2×10-20 W/√Hz at 200 µm wavelength [16]. 

 

 

Fig. 1.4 The working process of QCDs [15]. (a) Radiation coupled to a reservoir 

via the antenna, and (b) By breaking Cooper pairs, photons generate 

quasiparticles which tunnel in and out of a small island which is capacitively 

coupled to the readout resonator. Changing the capacitance will in turn change 

the resonance frequency of the resonator. (c) Simulation of quantum 

capacitance signals for different radiation levels. 

 

1.2.2 Brief introduction to TESs 

      A TES consists of a superconducting film with a steep resistive transition 

between the superconducting to the normal state, acting as a thermometer 

[11]. In practice, we usually bias the TES in its low transition region (See Fig. 

1.5 (a)), where the resistance of the transition is proportional to the increased 

temperature. 

      When a TES is applied as a bolometer, it consists of a TES thermometer and 

an absorber, both of which are thermally well connected, but are poorly 

connected to the bath with a low thermal conductance (G). A TES bolometer is 

schematically shown in Fig. 1.5 (b). When radiation in the sub-mm or FIR is 

absorbed, the temperature of the absorber and TES increases. As a result, 

there is an increase of the TES resistance. Knowing the change of the TES 

resistance and thus the temperature, and the G, one is able to quantify the 

absorbed radiation power. 
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      A TES can also be applied as a calorimeter, for example, to detect X-ray 

photons. A calorimeter is a device that measures the amount of heat deposited 

in a sample of material. A calorimeter differs from a bolometer. The former 

measures energy, while the latter measures power. By applying different 

absorbers and radiation-coupling schemes, a TES can be used in a wide range 

of wavelengths from millimeters to X-rays. 

      TESs either for bolometers or calorimeters  need an external readout 

circuit as shown in Fig. 1.5 (c). The TES is voltage biased through the shunt 

resistance, and the low level signal from the TES is first amplified by a low 

noise SQUID, which is the amplifier suitable for the TES that has an unusually 

low impedance of roughly ~100 mΩ. 

      For a practical TES, the measured transition width in the presence of 

operational bias current is usually a few mK and is really narrow. For example, 

in a typical Ti/Au TES as shown in Fig. 1.5 (d), its normal resistance is 150 mΩ 

and it has a Tc of ~90 mK. Here the bilayer Ti/Au is a superconductor, whose 

Tc is adjustable by choosing a correct combination of thicknesses of Ti and Au. 

When the temperature changes by 1 mK around Tc, the resistance of this TES 

will change more than 10 mΩ. So, its resistive transition width is extremely 

narrow. There are a number of  reasons that can affect the transition 

characteristic of a TES and the non-uniformities in the Tc of the bilayer. They 

include an external magnetic field, the transport current densities when 

approaching the critical current density, the magnetic field induced by the 

transport current, and the changes in temperature within the TES due to Joule 

heating or other sources of power. The transition characteristic of a TES can 

also be influenced by its geometry, by the defects in the boundaries of the 

bilayer, and by imperfections in the film itself. However, the transition width 

is finite even though the TES film is uniform with near-zero applied current 

and no external field [11]. 

      The transition temperature Tc of a TES must be chosen in order to achieve 

the needed sensitivity and response time, and also to match a practical 

cryogenic system. The sensitivity and response time of a TES depends strongly 

on the transition temperature due to the Tc dependence of the heat capacity, 

thermal conductance, thermal noise, and other factors. Fortunately, the 

transition temperature can be altered to a desired value by using the bilayer, 

based on the proximity effect in a normal/superconducting bilayer [11,21,22]. 

A transition temperature of ~100 mK is chosen for space missions, such as 

SPICA because of the adiabatic demagnetization refrigerator (ADR), and ~ 400 
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mK if a 3He cooler is used. More details about the mechanism of the TES will 

be discussed in Chapter 2. 

      TES technology has been used for a number of ground-based observatories. 

The third generation South Pole Telescope (SPT-3G) for the CMB has 16,000 

bolometers with a NEP of ~3×10-17 W/√Hz [23]. SCUBA-2 on the former JCMT 

has an array of 5120 pixels for each band (450/850μm in the wavelength) with 

a NEP of ~2 × 10-16 W/√Hz  [24]. The Electron Capture Decay of 163Ho to 

Measure the Electron Neutrino Mass with sub-eV sensitivity (HOLMES) 

applies TES calorimeters to detect the spectrum of the Holmium (163Ho) 

between 0.05 and 3 keV [25]. 

      TESs were used for the High-resolution Airborne Wideband Camera Plus 

(HAWC+) with an NEP of ~6.6×10-17W/√Hz and were selected for the HIgh-

Resolution Mid-infrarEd Spectrometer (HIRMES) with an NEP of 2.2 ×10-17 

W/√Hz  [26,27], at the airborne, Stratospheric Observatory for Infrared 

Astronomy (SOFIA) observatory [28]. 
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Fig. 1.5 (a) The typical RT (resistance-temperature) curve of a TES. The 

transition of the superconducting film from zero resistance to normal 

resistance, the sharpness of the transition line indicates its use as a sensitive 

thermometer, and the bias point is obtained by applied-voltage or magnetic 

field to make best use of the transition region. (b) Thermal model for a TES 

thermometer. TES-based bolometers and calorimeters consist of structures 

performing three crucial functions: thermalization of the input radiation, 

measurement of the variation in the temperature as a result of input radiation, 

and thermal isolation and mechanical support of the measurement structures. 

(c) Electrical model for a TES thermometer. The temperature change of the 

TES is transferred to the current change of the electrical circuit, which is read 

out by a SQUID. (d) A scanning electron microscope (SEM) picture of a Ti/Au 

TES detector [21]. 

 

      TESs are selected for the 4500 bolometers with a NEP ~1×10-17 W/√Hz, to 

be prepared for the space mission of the Lite satellite for the studies of B-mode 

polarization and Inflation from cosmic background Radiation Detection 

(LiteBird) [9]. TES calorimeters of more than 3500 detectors with energy 

resolution 2–2.5 eV are being developed for Advanced Telescope for High 

ENergy Astrophysics/X-ray Integral Field Unit (ATHENA/XIFU) [29]. TES 

calorimeters are also candidates for the Hot Universe Baryon Surveyor (HUBS), 

which plans to have 3600 pixels with an energy resolution 0.6-2 eV ( at 0.1-2 

keV) [30]. 

      TES bolometers were also planned for the use in the SpicA FAR infrared 

Instruments (SAFARI) on board of SPICA [6-8]. Unfortunately, SPICA as one of 

ESA M5 mission candidates was cancelled by the European Space Agency (ESA) 

in 2020. As for the sensitivity of SAFARI, the SRON bolometer team and a Jet 

Propulsion Laboratory (JPL) team have demonstrated TES bolometers with a 

NEP down to 1×10-19 W/√Hz [21,31]. 

1.3 Multiplexing readout of TES array 

      In the FIR, TES detectors are approaching the photon statistics limit, which 

means their performance is dominated by the fluctuations in the arrival rate 

of photons at the detector, and not by the intrinsic noise of the detectors 

themselves [32]. Therefore, to increase the mapping speed and field of view in 

an instrument, the number of detectors should be increased instead of further 
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improving the sensitivity of the detectors, leading to the demand for TES 

arrays. Besides lower noise and a larger field of view, array receivers improve 

the image quality because sensitivity differences between pixels are washed 

out by scanning the array across the sky. This is especially important for 

ground-based instruments, but it helps those in space too. The SQUID 

amplifiers, the readout, and bias wiring will introduce heat load, which in turn 

will need more cooling power to cool down the detectors. So, to minimize the 

heat load on the detector cold stage and reduce the complexity of the cold 

wiring, a multiplexing readout technique is a must. 

      SQUID current amplifier multiplexing commonly makes use of time division 

multiplexing (TDM) [33,34], frequency division multiplexing (FDM) [35-37], 

and Walsh code division multiplexing (CDM) [38]. The state of the art of all of 

the three readout techniques are partly related to the need of applications. 

Therefore, the choice of each type of the readout system should be based on 

the requirements of a real instrument, such as mass, volume, power 

consumption, electrical-magnetic shield, and harness length [39]. The GHz 

frequency division multiplexing technique using microwave SQUID (MW-Mux) 

is maturing for TES [40], especially for ground-based applications. The next 

subsections will describe the various multiplexing schemes. 

1.3.1 Time division multiplexing (TDM) and code division 

multiplexing (CDM) readout  

      TDM is one of the most mature techniques for reading out a TES array until 

now, in which TES detectors are DC-biased. Each TES connects with a SQUID 

that acts as an on/off switch. For a TES array with N × M pixels, N rows of 

detectors are read out one by one by switching on its SQUID sequentially, and 

detectors in M columns are read out in parallel. The readout signal then is 

amplified by a series of second-stage SQUIDs and a LNA. Since the detectors in 

N rows are biased with the same bias voltage, TDM requires high uniformity 

of an TES array. Hundreds of TES pixels can be read out within the sampling 

time of the TES array if the switching speed of the TDM is fast enough. The 

latest TDM technique development at the National Institute of Standards and 

Technology (NIST) shows a fast switch of rows with 128 ns and a total row 

time of 160 ns [41]. A TDM system with a total of 128 multiplexing factors is 

reported for bolometers [34]. A NIST 8 columns ×  32 rows TDM readout 

system for a TES calorimeter has been developed with an energy resolution 

2.16 eV at 6.9 keV [42]. A major disadvantage of TDM is the noise penalty with 

the increase of multiplexing factors in each column. The unfiltered noise above 
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the Nyquist frequency, at which rate all pixels in one column are sampled, is 

aliased into the signal band. Therefore, the SQUID noise level will increase by 

a factor of √N  with an increasing multiplexing number N. This sets a 

fundamental limit for the maximum multiplexing number for a large TES array 

of the noise. Another disadvantage of TDM is its architectural complications. 

The TDM system needs wiring for the columns and rows between channels, 

whereas the FDM system needs just one set of wires per channel,  thus there 

is no coupling between channels. For FDM, the channels are fully parallel and 

independent. If one wire fails, then the readout system will lose only one 

channel. However, in a TDM system,  if one wire fails, then the readout system 

will lose a whole column of channels. Until now, the TDM-based readout 

system, like FDM,  has not been flown in space yet.  

       The CDM readout system diminishes the SQUID noise level that comes 

from the aliasing effect, which is an advantage compared with current TDM 

technique [43,44]. In CDM, Walsh matrices are applied for TES encoding, and 

instead of measuring one TES at a time, the signal from all TES detectors in one 

column is summed together simultaneously with different polarity patterns. 

In CDM, as in TDM, the TES detector is DC-biased, and the bandwidth of the 

SQUID must also be much larger than the Nyquist sampling frequency, which 

increases the SQUID noise level by a factor of √N. However, CDM will not suffer 

from an increase of the noise. Because pixels in the same column are read out 

simultaneously with different polarities, each input signal has N different 

independent samples, which increases the signal to noise ratio (SNR) by a 

factor of √N. The improvement of SNR compensates for the increase of the 

SQUID noise. The challenge for CDM is the complexity of the SQUID fabrication 

due to the encoding and coupling polarity [39]. CMD has the potential to 

achieve a large multiplexing factor [38] with further improvement of the 

fabrication of the SQUID. So far, a 32 channel CDM readout system for 

calorimeters is reported with an energy resolution of 2.7 eV at 5.9 keV [44]. 

Until now, the CDM has not been used  in a telescope to perform science 

measurements in the sky. 

1.3.2 Frequency division multiplexing (FDM) readout 

      In an FDM readout system, TES detectors are voltage-biased by sinusoidal 

carriers at different frequencies ranging usually from 1 to 5 MHz. Each TES has 

a unique resonance frequency set by its own high-quality factor (high-Q) 

inductor-capacitor (LC) bandpass filter, which limits the out of band noise and 
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provides the single frequency AC bias voltage to the TES [11,32,35]. A digital 

to analog converter (DAC) built in demultiplexer (DEMUX) electronics at 

room-temperature is used to produce the comb of the AC bias voltages to the 

LC filters. Each LC circuit filters out all AC bias currents except for the one at 

the resonant frequency for the TES. First of all, all the signals from an TES array 

are summed in the sum-point before being amplified by a SQUID amplifier. 

Then, the signal is amplified by an LNA, which is located in the front-end 

electronics (FEE) at 300 K. After the signal is transported through an analog to 

digital converter (ADC) that is also located on the DEMUX board, one can 

demodulate the combined signals to provide their information of both 

intensity I and phase Q. Finally, the re-modulated signal is sent to the sum-

point of the SQUID, performing as the baseband feedback (BBFB) to increase 

the dynamic range of the SQUID and to reduce the input impedance of the 

SQUID [34]. More information about the FDM working principle is shown in 

Fig. 2.4 in Chapter 2. 

      There is no noise penalty of the FDM system with an increase of the 

multiplexing factor. Compared with TDM and CDM, where the SQUID acts as a 

switch, the LC filters are passive elements that have less power consumption, 

which is especially crucial for space applications. Theoretically, there is zero 

power dissipation on the mK stage by the FDM cold electronics, unless the 

SQUID is also located in the mK stage. The FDM system has a much easier 

cryogenic scheme than TDM and CDM since it has only one ( or the first-stage) 

SQUID to sum signals from all TES detectors. FDM also has a higher effective 

usage of the bandwidth compared to the other two readout techniques. It was 

a challenge for the fabrication of high-Q LC filters with precisely designed 

resonance frequency, but following progress in lithography and design, now 

LC filters with high uniformity and high accuracy of resonance frequency can 

be used in an FDM readout system [45]. Since TES detectors are voltage-biased 

in MHz, the non-linear Josephson effect influences the performance of the TES 

(especially for calorimeters), which becomes an issue for the FDM readout 

system. Recently, the understanding of the physical process of TES under AC 

bias leads to an optimization design of the TES calorimeter, which minimizes 

the influence from the non-linear Josephson effect [39]. The state of the art of 

an FDM for calorimeter is the readout of 37 pixels simultaneously with an 

energy resolution of 2.2 eV at 5.9 keV [46]. For the FDM readout for bolometers, 

the demonstration of 60 pixels is reported with an NEP as low as 0.45 aW/√Hz 

[47]. More detailed information of the FDM readout technique will be reported 

in this thesis Chapter 2 and 5-7. 
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1.3.3 Microwave SQUID multiplexing (MW-Mux) readout 

      Compared with the MHz bandwidth readout techniques, such as the TDM, 

CDM, and FDM, an MW-Mux system provides a much larger multiplexing factor 

for TES detectors per readout channel due to the use of a GHz bandwidth 

LNA[48]. An MW-Mux system makes use of a frequency division multiplexing 

mechanism. But, TES detectors are DC-biased, while each TES is coupled to a 

radio-frequency SQUID (rf-SQUID) that has a resonance frequency modulated 

by a high-Q resonator, which is inductively coupled to a common microwave 

feedline. All the signals in TES detectors are read out simultaneously and 

amplified by a rf-SQUID first, then go through a high bandwidth (4–8 GHz) 

cryogenic high-electron-mobility transistor (HEMT) amplifier. Although there 

are some challenges for the MW-Mux, for example, the complexity of the 

design of rf-SQUID operating at mK temperatures and the difficulties of the 

fabrication of resonators, the MW-Mux has the potential to offer a readout 

system for a very large (>1,000,000 pixels) TES array. So far, a gamma-ray TES 

detector array readout with a 128 multiplexing factor has been reported [40]. 

Recently, 38 TES calorimeters with an energy resolution 3.3 eV at 5.9 keV are 

read out with a MW-Mux readout [48]. Recently, both KIDs and MW-Mux need 

a Giga sample per second (GSPS) ADCs and DACs. The power consumption of 

GHz ADCs and DACs is much higher than MHz ADCs and DACs that are used in 

FDM systems. Therefore, there are challenges in building room temperature 

readout electronics for KIDs and MW-Mux with power consumption that is 

acceptable for space applications. A brief summary of different multiplexing 

techniques and their states of the art are shown in Table.1.1. 

Table 1.1 Summary of multiplexing systems 

Multiplexing 

technique 

Readout 

bandwidth 
Bias 

TES 

number 

per SQUID 

Multiplexing factor 

TDM 1-5 MHz 
DC 

voltage 
one 

32 × 8 for calorimeter 

[42] 

32 × 4 for bolometer [34] 

CDM 1-5 MHz 
DC 

voltage 
one 

32 for calorimeter [44] 

- 
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1.4 Thesis outline 

      The research in this thesis enriches our knowledge of the FDM technique 

for reading out TES bolometer arrays. Developing and understanding an FDM 

system, which is eventually capable of reading out a large TES bolometer array 

(>1000) for space applications, specifically for SPICA/SAFARI, is the main goal 

of my Ph.D research. The following steps are taken to reach the main goal: 

(1) A fundamental requirement of a FDM readout system is the readout noise 

level that is lower than the signal of the detectors. Therefore, the first step is 

to quantify the noise level of the readout chain using a noise model since the 

warm electronics usually contribute a considerable amount of readout noise. 

(2) In an FDM system where a number of pixels are read out by a SQUID 

amplifier, all the signals from TES detectors will be summed up and amplified 

by the SQUID. Step 2 is to optimize the SQUID performance during the 

operation with the help of the calibration tone method. 

(3) Electrical crosstalk (ECT) among pixels in an array is unavoidable when 

they are read out by an FDM system. Minimizing ECT is essential. The third 

step is to map the ECT within an array using an FDM demonstrator, and is also 

to understand different mechanisms, which cause ECT and determine the 

amplitude of ECT. 

(4) As a successful demonstration, the performance of detectors read out in 

multiplexing mode (all the pixels are measured simultaneously) should be the 

same as what is measured in single pixel mode. Step 4 is to demonstrate an 

FDM readout of a 60-pixel array by comparing the measured NEP in both 

single-pixel mode and multiplexing mode. Within step 4, we also repeat the 

experiment by replacing it with a new TES array, which has microstrip wiring 

FDM 1-5 MHz 
AC 

voltage 

multiple 

(~10-100) 

37 for calorimeter [46] 

60 for FIR bolometer [47] 

MW-Mux 4-8 GHz 
DC 

voltage 
one 

128 for Gamma-ray 

calorimeter [40] 

38 for calorimeter [48] 
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and has TESs with a longer response time in order to reduce the ECT and also 

to allow operation at the preferred biasing points. 

      The thesis is organized as follows: Chapter 2 introduces the theory behind 

TES bolometers and FDM readout. Chapter 3 describes a noise model to 

characterize warm electronic noise. Chapter 4 reports a calibration tone 

method used for SQUID setting's optimization. Chapter 5 describes a new 

method used to map the electrical crosstalk of an FDM system. Chapter 6 

reports the demonstration of an 60-pixel FDM readout system for low NEP TES 

bolometers. Chapter 7 shows the FDM readout of 43 pixels using slow TESs 

and also micro-strip wiring structures. Chapter 8 gives a summary of the 

whole thesis and an outlook. 
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Chapter 2 

Background of transition 

edge sensor and frequency 

division multiplexing 

system  
 

 

      In Chapter 1, a basic introduction of the definition and 
classification of the TES system is given. In the first section of this 
chapter, some aspects of the basic theory of TES physics are 
discussed, focusing on the performance of a single TES bolometer. 
In the second section of this chapter, the working principle of the 
FDM readout system, which aims to read out a TES bolometer 
array, is described. In addition, many practical techniques and 
suggestions for the FDM readout system are reported based on 
my own laboratory experience. 
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2.1 Transition edge sensor (TES) physics 

      In this section, the theories for TESs, specifically for the bolometers at Far 

Infrared (FIR), are discussed. However, the discussions can also be applied for 

another type of TES detectors, namely, calorimeters. 

      As described in section 1.2.2, a TES bolometer consists of three key 

structures to fulfill the requirement of a sensitive FIR detector. The first 

structure is the TES bilayer, which measures the change in the temperature as 

a result of the input radiation. By using the superconducting proximity effect 

[1], which usually has a combination of normal-metal/superconductor 

materials, the Tc of a TES can range from 50 to 150 mK. However, one can 

design a different range of Tc by choosing the thickness of each layer in the 

bilayer. Different types of TES bilayer have been reported for detection at 

submm, FIR and γ-ray wavelengths, for example, Ti/Au [2,3], Mo/Au [4,5] 

bilayers for bolometers and calorimeters. The second structure is an absorber, 

which receives the radiation power and then thermalizes it with the TES. The 

absorber should be thermally well connected with the TES detector, either by 

direct attachment with the TES or indirect connection with the TES via a 

thermal link. For an FIR bolometer, the absorber can be a superconducting film 

with a much higher critical temperature than the Tc of the TES, but with a low 

energy gap, which can absorb the targeted radiation. Such a thin film can have 

its normal sheet resistance to be the same as the impedance of free-space. In 

the example shown in Fig. 1.5 (d), the thin film Tantalum (Ta) absorber has a 

200 × 200 μm2 size and a thickness of 8 nm, which provides a 377 Ω/◻ normal 

sheet resistance that matches the free-space impedance. The Ta absorber has 

a Tc of ~1 K and remains superconducting when it is at the low limit of 

radiation power, so the absorber does not affect the time constant when it is 

in the dark or at the low radiation limit. In this case, the radiation is coupled 

to the absorber through a feedhorn. There are also other ways to couple the 

radiation, such as an antenna for the bolometers in some CMB applications [6]. 

The CMB peaks at mm and submm wavelengths. The third structure is the 

thermal legs, which provide the thermal isolation and mechanical support of 

the detector structures. The thermal legs connect the suspension structure, 

typically a Si3N4 membrane, which holds the TES bilayer and absorber, with a 

heat sink at a bath temperature. The thermal conductance G is determined by 

the cross-section and length of the thermal legs. The long, narrow, and thin 

Si3N4 legs ensure the low thermal conductance of the detector, which is crucial 

to achieve an extremely low NEP, required by some space FIR applications 
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such as SAFARI. To further understand the performance of a TES bolometer, 

some physical parameters are described in the following subsections. 

2.1.1 TES bolometer steady-state power 

     We discuss the TES bolometer to be read out by a SQUID current amplifier. 

In this case, we make use of the voltage-bias for the TES to minimize loading 

effects, which increase the SQUIDs amplifier noise [7]. The voltage-bias also 

minimizes the Johnson noise contribution of the load resistor.  

      In the electrical scheme shown in Fig. 1.5 (c), a bias current Ib is applied to 

a shunt resistor Rshunt in parallel with a SQUID input inductance Lin, and a TES. 

In practice, there is also a parasitic resistance of the wires in the circuit. Now 

we call “the series resistance” (Rseries) that contains both the resistance of the 

shunt resistor and the parasitic resistance. Since the Rseries (~1 mΩ) is much 

smaller than the resistance of the TES RTES (~100 mΩ) if the bilayer is Ti/Au, 

the TES bolometer circuit can be represented by a Thevenin-equivalent circuit 

consisting of a bias voltage Vbias = IbRseries . The discussions of TES’s 

performance are based on the Thevenin-equivalent circuit. 

      The thermal and electrical response of a TES bolometer are essential for 

the detection performance as they determine the speed of a TES bolometer. 

There are two coupled differential equations, where the thermal equation 

defines the temperature T of the TES, while the electrical equation represents 

the current I [7]. 

Firstly, the state variable T is presented in a heat power-balance Equation 

(2.1): 

 

C
δT

δt
= −Pbath + PJ + Psignal,                                        (2.1) 

 

where C is the heat capacity, including both the capacity of the bilayer and the 

absorber. Pbath is the power flowing from the TES to the heat sink at a bath 

temperature, PJ  is the Joule power dissipation according to V2/R, and Psignal 

represents the power of the incoming signal. 

Secondly, another state variable I is determined by an electrical Equation (2.2): 
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L
δI

δt
= Vbias − IRseries − IRTES,                                         (2.2) 

 

where L is the inductance, Vbias is the Thevenin-equivalent bias voltage, I is the 

electrical current across the TES, and RTES  is the DC resistance of the TES, 

which is generally a function of both temperature and current. 

      For TES bolometers, the incoming signal is relatively small [7], so it is 

suitable to use the small-signal limit around the steady-state values of the 

resistance R0 , temperature T0 , and current I0  to linearize the nonlinear 

differential equations [7]. With the assumption of a power-law dependence of 

the power flowing into the heat bath, Equation (2.3) is obtained: 

 

Pbath = K(Tn − Tbath
n ),                                               (2.3) 

 

where the pre-factor K is a parameter scaling with the heat flux, and n is a 

thermal conductance exponent that reflects the feature of the thermal legs, 

which usually ranges from 2 to 4. Since the thermal conductance G ≡

δPbath/δT = nKTn−1 , δT ≡ T − T0 , K can be expressed as G/n(Tn−1), and the 

above equation can be expanded in small signal around T0 to generate a linear 

expression: 

 

Pbath ≈ Pbath0 + GδT.                                             (2.4) 

 

The values of K and n are determined by the nature of the thermal link to the 

heat bath. The steady-state power flow to the heat bath Pbath = PJ + Psignal , 

where the steady-state Joule power is PJ = V0
2/R0 = I0

2R0 and the steady-state 

signal power is Psignal. 

      Therefore, a similar linearization for the resistance of a TES could be 

performed by expanding in small signal around R0, T0, I0, and with δI ≡ I − I0: 

 

RTES ≈ R0 +
∂R

∂T
|I0

δT +
∂R

∂I
|T0

δI.                                    (2.5) 
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      In a TES bolometer, the two most important parameters used for 

calculating the signal-to-noise ratio (SNR) of the detector are the temperature 

sensitivity α as well as the current sensitivity β, both of which are unitless and 

logarithmic parameters. These two parameters are expressed in Equation (2.6) 

and (2.7) respectively: 

 

α ≡
∂logR

∂logT
|I0

=
T0

R0

∂R

∂T
|I0

,                                          (2.6) 

β ≡
∂logR

∂logI
|T0

=
I0

R0

∂R

∂I
|T0

.                                         (2.7) 

 

By rewriting Equation (2.5) with α  and β , the new expression for the 

resistance of the TES is: 

 

RTES ≈ R0 + α
∂R0

∂T0
δT + β

∂R0

∂I0
δI.                                    (2.8) 

 

Equation (2.8) demonstrates the dependence of the resistance of a TES on both 

the temperature and the current. 

      Similar to the resistance of a TES, the Joule power can also be expanded in 

small signal around R0, T0, and I0 as: 

 

PJ = I2R = (I0 + δI)2R ≈ PJ0
+ 2I0R0δI + α

PJ0

T0
δT + β

PJ0

I0
δI.               (2.9) 

 

      Knowing the linearization of differential equations, we can study the 

Current-Voltage (IV) curves to characterize the performance of a TES 

bolometer. The IV curves can be measured experimentally, and can give the 

basic properties of the TES bolometer and thus the noise performance.  

      Here we use the measurement results of a Ti/Au TES at a bath temperature 

of 90 mK to discuss the IV curve. The Tc of the TES is 113 mK. There is a tilt 

line in the first left part of the IV curve in Fig. 2.1 (a), which indicates the 

existence of the series resistance Rseries. The designed shunt resistance is 1 

mΩ, which is dominated in the series resistance. 



Chapter 2. Background of TES and FDM system 

28 

 

      The TES operates in the IV transition range instead of in the 

superconducting state. Therefore, it is essential to calibrate the raw IV curve 

by eliminating the voltage of the series resistor. In practice, the current 

through the TES and the series resistors is the same, and the change of the 

current ITES in the TES will be detected by the SQUID as ISQUID. The turn ratio 

Rratio between the SQUID input and output mutual inductance determines the 

relation between those two currents as  ITES = ISQUID/Rratio . Usually, the 

resistance of a TES when it is in the normal state (Rn) will be determined by a 

Resistance-Temperature (RT) curve or a direct DC 4-points measurement 

above its Tc. With known parameters of bias voltage Vbias, current in SQUID 

ISQUID, and normal resistance Rn, the calibration of the raw IV curve can be 

performed. The calibrated IV curve is shown in Fig. 2.1 (b), which 

demonstrates that in the transition region of the TES, when the voltage 

increases, the current of the TES decreases quickly, indicating that the 

resistance in the transition region increases steeply as shown in Fig. 1.5 (a).  

 

 

 

Fig. 2.1 (a) The raw IV curve of one TES detector measured at 90 mK. (b) The 

calibrated IV curve. (c) The power plot with TES biased at different positions. 
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(d) Fitting of power plateau of the TES as determined from the curves 

displayed in (c) at different bath temperatures ranging from 70 to 115 mK. 

 

      With the formula PTES = ITES × VTES , the calibrated IV curve can be 

transferred to a Power-Resistance (PR) curve also known as a power plateau, 

as shown in Fig. 2.1 (c). The value of RTES/Rn represents the positions of a TES 

at transition, which equals 1 when a TES is normal. The saturation power 

denotes at which power a TES will go into normal state while the effective 

saturation power denotes the maximum incident power which brings the TES 

into the normal state. The values of the effective saturation power are usually 

determined by the first flat part of the power plateau.  

      Since the resistance of a TES will be influenced by not only current but also 

temperature, the RTES will depend on bath temperature even at the same bias 

voltage. Therefore, the IV curve and PR curve, and thus the effective saturation 

power will be different at different bath temperatures, as shown in Fig. 2.1 (d). 

The effective saturation power of the TES decreases with an increase of the 

bath temperature. Because the total saturation power that makes the TES 

normal is the combination of power from the bath and effective saturation 

power, the higher power from the bath means a lower effective saturation 

power. By fitting the saturation power at different bath temperatures with 

Equation (2.3), the parameters Tc, K, and n can be determined, based on which 

the thermal conductance G can be derived.  

      The saturation power of a TES needs comprehensive consideration. If the 

saturation power is too high, a large bias-voltage is required to bring the TES 

into its transition region, causing a high current noise when it is read out. On 

the other hand, if the saturation power is too small, the TES will have a limited 

dynamic range to detect far-infrared radiation. Normally, the saturation power 

is approximately twice the maximal incident power.  

2.1.2 Electro-thermal feedback and stability of TES 

    In this subsection, the influence of the electro-thermal feedback (ETF) and 

the stability criterion of a TES will be discussed since it needs to work stably. 

A TES is operated in the linear part of its transition range. Therefore, ETF is 

needed to make a TES system functional for sky observations, as TES devices 

would be highly non-linear without strong ETF.  
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      Because the resistance of a TES has a dependence on both current and 

temperature, there is a feedback relation between electrical and thermal 

response, which is called ETF. The ETF can be positive or negative. A positive 

ETF feedback occurs under the condition of current-bias ( Rseries ≫ RTES ), 

because, as the temperature increases, the resistance increases as well, 

causing an increase of the Joule power PJ = I2R, leading to the TES detector 

being unstable.  

     A negative ETF occurs in the case of voltage-bias saturation (RTES ≫ Rseries). 

With increasing temperature, the increased resistance causes a decrease in the 

Joule power PJ = V2/R , causing the TES detector to be stable. There are 

significant advantages of negative ETF over a positive ETF. For example, when  

a positive ETF is used, the amplifier will easily become unstable due to the 

increasing Joule power. On the contrary, when the TES detector is operated 

with negative ETF, the increasing temperature is reduced by the decrease of 

the Joule power, making the TES detectors stable. The negative ETF makes the 

circuit more uniform and reproducible because the closed-loop gain is 

determined by the bias-circuit rather than the amplifier itself. Furthermore, 

the negative ETF can also speed up the TES detector response by accelerating 

the decrease process of the incident power. Meanwhile, the decrease in the 

response time will lead to an increase in the dynamic range of useful 

bandwidth of the TES. Another important advantage of negative ETF is the 

ability to keep the TES to be operated in a linear range, which is useful for 

astrophysics measurements. 

      A TES performs as a damped harmonic oscillator [8]. Therefore, without 

the consideration of an ETF, the intrinsic thermal time constant of a TES is: 

 

 τ0 =
C

G
.                                                     (2.10) 

 

A dimensionless parameter is derived from Equation (2.9) to describe the low-

frequency loop gain of the ETF: 

 

ℒ =
PJ0α

GT0
.                                                    (2.11) 
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      We are interested mostly in TESs that are voltage-biased and read out by 

SQUIDs. In this case, the inductance L of the TES is small, so that the rise and 

fall times (the time to come back to the steady state after the incident radiation) 

can be represented by the electrical time constant τele of bias circuit and the 

effective thermal time constant τeff, respectively: 

 

τele =
L

Rseries+RTES(1+β)
 ,                                          (2.12) 

τeff =
τ0

1+
(1−Rseries/RTES)ℒ

1+β+Rseries/RTES

 .                                          (2.13) 

 

      When the rise time is equal to the fall time, the TES is in the critically-

damped condition. If the rise time is shorter than the fall time, the TES is over-

damped. In contrast, if the rise time is longer than the fall time, the TES is 

under-damped. The criterion for the stability of a TES when it is over-damped 

is: 

 

RTES >
(ℒ−1)

(ℒ+1+β)
Rseries.                                         (2.14) 

 

Since ℒ and β are not smaller than 0, the criterion is automatically satisfied 

when the TES resistance RTES > Rseries , indicating that an over-damped, 

simple, linear, voltage-biased TES is always stable. Therefore, to keep a TES 

stable, one should avoid the under-damped behavior. 

      The general solution of the critical-damped equation is 
τeff

τele
= 3 + 2√2 with 

β = 0 [7,8], therefore, the stability criterion of a TES is: 

 

τ0

1+
(1−Rseries/RTES)ℒ

1+Rseries/RTES

≥ (3 + 2√2)
L

Rseries+RTES
.                                 (2.15) 

 

Equation (2.15) indicates that, to keep a TES in a stable operation condition, 

the fall time τeff should be at least  a factor of 3 + 2√2 times longer than the 

rise time τele, which is essential to design TES detectors. 
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      Fig. 2.2 (a), (b) show the fall time of a ‘fast’ TES detector with a heat capacity 

C of 4 fJ/K, while (c), (d) show the response time of a ‘slow’ TES with a C of 26 

fJ/K. The thermal conductance G of the ‘fast’ and ‘slow’ TES is the same and 

equal to 0.8 pW/K. Therefore, the thermal time constant of the ‘slow’ TES is 

over 6.5 times longer than that of the ‘fast’ TES. The rise time τeff ~ 54 μs with 

the inductance L of 3 μH , and RTES  of 88 mΩ  at ~50% in transition, which 

indicates a stable fall time should be >0.2 ms. The fall time is smaller when the 

TES operates at a lower position in its transition due to the loop gain becoming 

higher. 

      Fig. 2.2 (b) shows the fit of the fall time of the ‘fast’ TES when it is biased at 

70% in the transition. The fall time decreases from 0.9 ms to below 0.2 ms 

quickly when the ‘fast’ TES is biased below 50% in the transition, causing 

oscillations due to instability. Fig. 2.2 (d) shows the fall time of the ‘slow’ TES 

is 20 ms when it is biased at 70% in the transition, this value stays above 0.2 

ms until very low (5%) in the transition. Therefore, compared to the ‘fast’ TES, 

the ‘slow’ TES can be biased lower in transition, leading to higher SNR and 

lower crosstalk [9].  
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Fig. 2.2 (a) The time series data of a TES with a smaller response time when a 

TES is biased at 70% in the transition. An oscillation is about to happen. (b) 

The zoomed and fit plot of (a), the effective response time is 0.9 ms. (c) The 

time series data of a TES with a high response time value, which is also biased 

at 70% in the transition. (d) The zoomed and fit plot of (c), the effective 

response time is 20 ms. 

 

We measured the fall time of ‘slow’ TES to be 20 ms when the TES is biased 

at 70% of RTES/Rn in transition, while the ‘fast’ TES fall time is 0.9 ms when it 

was at the same transition. We measured a larger slow-down factor (20) than 

the designed one (6.5) , which is due to the fact that the effective time constant 

depends very strongly on the thermal responsivity (α) of a TES. Our detailed 

measurements of ‘fast’ and ‘slow’ TESs will be described in Chapter 6 and 

Chapter 7, respectively.  

2.1.3 Responsivity and noise of TESs 

      In a SQUID-based readout system, the SQUIDs measure the change of 

current, therefore, the responsivity S, which defines the ability to transfer the 

incident power to the change of the current, is an important parameter. The 

current responsivity α described in subsection 2.1.2 only shows the properties 

of the TES itself, while S represents the characteristics of both the TES and the 

readout circuit. 

In an AC voltage-biased circuit, the responsivity of a TES at low frequency (≤

100 Hz) can be expressed as: 

 

SAC = −
1

ITESRTES
(

L

τeleRTESℒ
+ (1 −

Rseries

RTES
))−1,                               (2.16) 

 

where −
1

ITESRTES
= −

1

VTES
, by expanding τele  with Equation (2.12) 

L

τeleRTESℒ
~

1+β

ℒ
, and 1 −

Rseries

RTES
~1 with Rseries ≪ RTES. The VTES is the root mean 

square (RMS) value in the calculation. Therefore, in a system with a high loop 

gain (e.g. ≥ 20), the responsivity SAC could be represented by the inverse of 

the TES voltage ~ 
1

VTES
. 
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      In general, four types of noise sources can be detected in a TES bolometer. 

They are Johnson noise, phonon noise, photon noise, and excess noise. The 

current noise contributed by each noise type can be calculated by multiplying 

the noise equivalent power (NEP) with the responsivity SAC. 

      Johnson noise is the electronic noise produced by the agitation of the 

electrons inside an electrical conductor under equilibrium conditions, even 

without applied voltage. The NEP and current noise of Johnson noise is 

described by two equations: 

 

NEPJohnson = √4kBTbathITES
2 RTES(1+2β)(1+(2πfτ0)2)

ℒ2 ,                         (2.17) 

SI,Johnson
= NEPJohnson × SAC,                                        (2.18) 

 

where kB is Boltzmann's constant, Tbath is the bath temperature for the TES, 

and f is the frequency of the noise. 

      Comparing with Johnson noise, phonon noise arises from the random 

exchange of phonons. Phonon noise is also referred to as thermal fluctuation 

noise, generated by the random exchange of the energy between a heated 

object and its surrounding environment. Each phonon has an energy of order 

kBT. The NEP and current noise of phonon noise is given by [7]: 

 

NEPphonon = √4γkBTC
2G,                                             (2.19) 

SI,phonon
= NEPphonon × SAC,                                           (2.20) 

 

where γ is a factor ranging from 0.5 -1 , depending on the thermal gradient 

along the thermal link to the bath, Tc is the critical temperature of the TES, and 

G is the thermal conductance between the TES and the bath. Since in a high 

loop gain electrical circuit, the NEPJohnson is usually negligible, the NEPphonon 

dominates. The NEPphonon of the TES is determined by the critical temperature 

Tc and the thermal conductance G, which means that a low Tc and a low G are 

needed for an extremely low NEP, such as what is required for SAFARI. How 

to design and fabricate a low NEP TES detector is described in detail in [10,11]. 
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      Photon noise describes the noise from the incident radiation power, which 

comes from the sky and/or other optical sources. This thesis will focus on 

experiments in the dark, without a targeted optical source, therefore, the 

photon noise described here mainly comes from stray light. The NEP and 

current noise of photon noise can be expressed as [12]: 

 

NEPphoton = √2Psignalhν,                                            (2.21) 

SI,photon
= NEPphoton × SAC,                                           (2.22) 

 

where Psignal  is the incoming radiation power, hν  is the intensity-weighted 

average photon energy, h is the Plank constant, and ν is the frequency of the 

radiation. 

      As for the excess noises, they are the noise beyond the three types of noise 

described earlier. The first type of the excess noises is dependent on the 

thermal circuit model of the detector, which is referred to as the internal 

thermal fluctuation noise (ITFN); the second type has the same frequency 

dependence as Johnson noise voltage in the sensor, which is referred to as 

excess electrical noise; the third type is excess low-frequency noise in the TES, 

sometimes with a 1/f dependence, which is referred to as low-frequency noise. 

All the excess noise types,  especially ITFN and low-frequency noise, must be 

kept as low as possible since they will increase the NEP [7]. 

      In a dark measurement without optical signal, the NEP of a TES is 

dominated by the NEPphonon, which can be estimated from the parameters TC 

and G, and which can be determined from the measurement described in 2.1.1. 

However, in practice, since a TES is in an electrical circuit, NEPElectrical  is 

determined by all noise sources discussed previously and can be calculated 

with the measured total current noise and responsivity. Since the current 

noise from the entire readout chain SI,readout
 will be quadratically added to the 

other current noises to form the total measured current noise SI,total
, the 

NEPElectrical can thus be written as: 

 

NEPElectrical = √(SI,total

2 − SI,readout

2 ) × SAC.                                (2.23) 
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      By taking all the types of noise into account, one can build a noise model to 

compare with the measured current noise data.  An example is shown in Fig. 

2.3. The red line is the total noise composed of phonon noise, Johnson noise, 

and readout noise, calculated with the measured parameters. The noise model 

matches well with the measured data except at frequencies below 10 Hz. This 

deviation probably is not only due to the low-frequency noise that comes from 

a Pulse Tube Cooler (PTC), which is a part of the mK cooler to operate a TES, 

but also some excess noise. More detailed information about the noise fit is 

discussed in Chapter 7. We focus on the study of detector performance 

between 10 Hz -100 Hz to analyze phonon noise and readout noise. The 

analysis and optimization of low frequency noise is important for a real flight 

module, however it is beyond the scope of this thesis. 

 

 

 

Fig. 2.3 The noise model compared to measured data. The noise model in red 

matches well to the measured data, only deviating below ~10 Hz due to low-

frequency excess noise.  
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2.2 Frequency division multiplexing (FDM) readout system 

     The characteristics and performance of a TES bolometer have been 

discussed in the previous section. To have a high detection rate or mapping 

speed and achieve a large field of view through a telescope, a single TES is not 

sufficient, actually a TES array is needed, which needs a multiplexing 

technique to read out many pixels simultaneously. This thesis will focus on the 

frequency division multiplexing (FDM) readout system, which had been 

planned to be the readout system for SAFARI until 2020. A brief introduction 

to an FDM system is given in subsection 1.3.2, and this section introduces some 

key elements in the FDM readout chain from cryogenic to room temperature, 

including inductor-capacitor (LC) filters, superconducting quantum 

interference devices (SQUID), front-end electronics (FEE), and room-

temperature demultiplexer (DEMUX). 

      A diagram of the SAFARI prototype FDM readout system is shown in Fig. 

2.4. A TES bolometer array is connected in series with 88 narrow bandpass 

cryogenic LC filters. A local oscillator (LO) together with a digital-to-analog 

converter (DAC), both of which are located on DEMUX board at room 

temperature provides the MHz frequency, sinusoid bias voltages. After a 

voltage division between the large resistors at room temperature (~50 kΩ) 

and the shunt resistor, the bias voltage is applied to each TES with its 

resonance frequency defined by the LC filter. All the signals are summed up 

together in the SQUID, which is in the same bracket with the TES and LC filter 

chip. The advantage of putting the SQUID in the mK stage is to minimize the 

electrical loom length, which decreases the readout noise and crosstalk. The 

signal amplitude modulated by the SQUID is then amplified by a LNA at room 

temperature. After going through an analog-to-digital converter (ADC), the 

signals are demodulated to the amplitude and phase data, which are used for 

analysis. Meanwhile, the data summed together with the bias carrier after 

adjusting the phase that is due to the delay in electronics, will perform 

feedback to null the input signals in the SQUID. 
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Fig. 2.4 Schematic figure of the FDM readout system. The TES array, the SQUID, 

and the high Q (>104 at 90 mK) LC filters are mounted at the mK stage inside 

the ADR cooler. The AC bias tones are summed up at the sum point (A) before 

amplification by the SQUID and the LNA (B). The re-modulation and delay 

correction is performed to cancel the input signal, namely, the baseband 

feedback (C). The modulated signal contains I and Q information for further 

analysis. 

 

2.2.1 Cryogenic inductor-capacitor (LC) filters 

      The LC filters  are a key element for the FDM system and for each pixel set 

an unique frequency. The purposes of the LC filters are:  

(1) Filtering out all the applied comb AC bias currents for the other pixels in 

the TES array except for the one current. Because each LC filter has a different 

value capacitor, the difference of which is usually a few nF, it sets a unique 

frequency for each TES detector, so the different-frequency bias currents can 

be distinguished among TES pixels. For example, in the SAFARI FDM system, 

the inductance of each inductor is the same (3 μH), while the capacitance of 

the capacitors varies from 1 nF to 9 nF to set the unique frequency for each 

pixel and to keep the same frequency space (32 kHz) between two pixels [9]. 

(2) Making it possible to have a low-impedance voltage bias for each TES at 

the central frequency of its LC filter. The voltage bias of each TES pixel is 
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produced by the AC bias current in the shunt resistor, which is separately sent 

to each pixel at a different central frequency so as to bias the TES detector in 

its transition region and to make it possible not to interrupt other pixels even 

when it is broken [13]. 

(3) Blocking the wideband noise from other pixels. The LC filter can decrease 

the out-of-band noise from the other pixels in the FDM readout chain [14]. 

     The key requirement for the LC filters is a high-quality factor Q to guarantee 

the voltage bias precision of the TES detectors, where the low dielectric loss 

capacitors and low magnetic loss inductors are needed [15]. The Q factor of an 

LC filter can be described as: 

 

Q =
∆f0

f0
=

2πf0LLC

R
=

1

R
√

LLC

CLC
.                                           (2.24) 

 

where f0  is the unique resonance frequency for the TES detector, R is the 

resistance of the TES circuit, which is dominated by RTES when a TES is biased 

in transition and dominated by Rseries when a TES is in the superconducting 

state, LLC  and CLC  are the inductance and capacitance of the LC filter, 

respectively. 

      The resonance frequency f0 is determined by the parameters of an LC filter: 

 

f0 =
1

2π√LLCCLC
.                                                   (2.25) 

 

While the bias-current bandwidth of the TES is defined by the equation: 

 

B =
R

2πLLC
.                                                      (2.26) 

 

Therefore, the unique frequency of each TES pixel is designed by changing the 

value of the capacitance, while preserving the same frequency spacing and 

bandwidth of each TES by keeping the same inductance of each TES pixel. 
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      Fig. 2.5 (a) shows a photo of an 88-LC filter chip used in the SAFARI FDM 

system, while Fig. 2.5 (b) is a diagram of one LC unit that contains two LC filters, 

which are far apart in resonance frequency. The design of the LC unit makes 

the LC filter chip more compact, which is essential for a space instrument like 

SAFARI [16]. The physical neighbors of the LC resonators are designed not as 

the frequency neighbors to eliminate mutual inductance. The inductors in the 

LC filter chip are formed by two Nb-based gradient spiral coils, while the 

capacitors consist of two Si:H-based capacitors, where one is for the bias and 

other is the main capacitor, the two of them having a ratio of 1:9. Detailed 

information about the design and fabrication can be found in [17-19]. The LC 

filter chip is connected with the TES chip via Al (superconducting) wire 

bonding. 

 

 

 

Fig. 2.5 (a) Photo of an 88-LC filter chip. There are 44 LC units where each 

contains two LC resonators that are not resonance frequency neighbors to 

keep the design compact and avoid mutual inductance. (b) Design diagram of 

one LC unit. Each inductor has two spiral coils, while each capacitor contains 

two capacitors with different values.  

 



Chapter 2. Background of TES and FDM system 

41 

 

      In the readout system, the resonance frequency ranges from 1 to 4 MHz, 

where the lower limit is set by the size of the capacitors and the upper limit is 

determined by the length of the harness wiring from the warm to the cold-

stage in the setup [17]. A network analyzer (NWA) scan is performed via the 

AC bias line at 90 mK to detect all resonators in the readout chain, as shown in 

Fig. 2.6 (a). From the NWA scan, there are 65 peaks, indicating 65 resonators 

successfully coupled with TES and SQUID. Since at 90 mK the TESs are 

superconducting, the quality factor (Q) of the LC filter is limited by the series 

resistance. 

      A fine scan around the resonance peak is done to determine the resonance 

frequency as well as to calculate the Q factor, as shown in Fig. 2.6 (b). The 

calculation is done in a few steps: Firstly, apply a small amount of voltage (≤1 

nV) to a TES, which acts as a signal and is low enough to keep the TES in a 

superconducting state. Secondly, scan the frequency of the small bias voltage 

over a small range (~1 kHz) around the rough peak found from the NWA scan. 

The peak frequency is the resonance frequency. Finally, normalize the 

measured data and then calculate the Q factor with Equation (2.24). With this 

method, the Q factors of all resonators can be quantified, as shown in Fig. 2.6 

(c). The Q factors of LC filters ≥ 104 indicate that these LC resonators meet the 

requirement of Q > 2350 f0 (MHz) for our baseline Ti/Au based TES pixels in 

the arrays for the SAFARI instrument [18]. As expected from Equation (2.24), 

the Q factors increase with frequency since the inductance of LC filter LLC and 

series resistance Rseries  are the same in all the resonators. Although all Q 

factors are higher than 104, there are a few resonators, whose Q factor drops 

from the typical values. In practice, those resonators will not be used in the 

measurements. The analysis of electrical crosstalk is described in Chapter 5.  
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Fig. 2.6 (a) A NWA scan is applied via a bias line ranging from 900 kHz to 3900 

kHz at 90 mK. There are 65 resonators detected in total. (b) Normalized fine 

scan data, where the peak is the resonance frequency, which can be used to 

calculate the Q factor. (c) The Q factors of all resonators. 

 

2.2.2 Superconducting quantum interference devices (SQUIDs) 

      TES detectors are sensitive enough to detect extremely small levels of 

incident radiation (e.g. 1 aW), resulting in a small current change (~10 pA). 

Therefore, the change of the current needs to be amplified first to generate a 

high enough signal that can be further amplified by room-temperature 

electronics. DC Superconducting quantum interference devices (DC-SQUIDs) 

are current amplifiers that are easily impedance-matched to a low-resistance 

TES. SQUIDs not only can read out a single TES but also are capable of 

multiplexing the readout of a number of TES pixels, leading to the possibility 

for a large array of TES. 
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      Flux quantization and Josephson tunneling are two physical phenomena of 

a SQUID amplifier [20]. Through the Josephson effect [21], a SQUID transfers 

a current change through the input inductor to superconducting Josephson 

junctions, thus generating a voltage [22]. Therefore, by applying a fixed bias 

current to a SQUID (DC current bias the Josephson junction), the current 

variation in the SQUID input coil can be measured by the change of SQUID 

output voltage. As shown in Fig. 2.4, a typical two-stage SQUID amplifier 

consists of four parts: the input coil that sums the current through the TES 

circuit; the Josephson junctions in a superconducting loop that generate 

voltage as the SQUID output; a series-array-SQUID amplifier that is used to 

obtain the larger voltage, which is enough to drive the room-temperature 

amplifier without an obvious increase in noise; and the feedback loop that is 

used for nulling the input signal in the SQUID. 

Compared with a typical current amplifier that usually has a fixed gain, a 

SQUID amplifier has the non-linearity property due to its periodical and 

curved response function, as shown in Fig. 2.7 (a). The current in the input 

inductor can be calculated by the division of feedback current and turn ratio 

of the SQUID. The derivative of the output voltage with feedback current is 

shown in Fig. 2.7 (b), illustrating the non-linearity of the SQUID response. In 

practice, only a small, approximately linear range in the middle of 

positive/negative slope can be used to amplify the signal from the TES 

detector. Therefore, to have a larger operation range of the SQUID, feedback 

must be applied to null the signal in the SQUID. Details of the characterization 

of a SQUID by a calibration tone measurement are described in Chapter 4. 
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Fig. 2.7 (a) The SQUID output voltage is periodical and non-linear with the 

current in the input coil, which can be represented by the value of current in 

the feedback loop. (b) The derivative of the output voltage, which shows the 

non-linearity of the SQUID response.  

 

      Single-stage and two-stage SQUIDs have been used sequentially in the 

SAFARI FDM system [9,15,22,23]. The single-stage SQUID, which is fabricated 

by the National Metrology Institute of Germany (PTB) has a designed current 

noise of 8 pA/√Hz [24], as shown in Fig. 2.8 (a). Fig. 2.8 (b) shows a two-stage 

SQUID made by the Technical Research Centre of Finland (VTT), which has a 

designed current noise of 3 pA/√Hz [25,26]. In both cases, the SQUIDs are 

located on a designed Printed Circuit Board (PCB), operating at the same bath 

temperature as the TES (~50mK), which is connected to the TES chip by wire-

bonds. To eliminate the out-of-band resonance (OBR), a Resistor-Capacitor 

(RC) low pass filter is in series with the SQUID circuit, with a resistance of 2 Ω 

and capacitance of 10 nF [24]. In practice, the readout noise of the single-stage 

SQUID is found to be 24.5 pA/√Hz , being a factor of 3 higher than the designed 

value. To have a higher SNR and eliminate the influence of back-action noise 

[9], the two-stage SQUID is then used in the SAFARI FDM system. With the 

same TES detectors and the warm electronics, the readout noise comparison 

of single-stage and two-stage SQUIDs is shown in Fig. 2.8 (c). The red lines 

show the measured current noise of a TES detector at different transitions 

while the blue lines indicate the measurement data of the same TES with a 

two-stage SQUID. The readout noise is 24.5 pA/√Hz and 9.5 pA/√Hz for the 

single-stage SQUID and two-stage SQUID, respectively. It is noticeable that the 

measured readout noise of both single-stage and two-stage SQUID are higher 

than the designed value. On the one hand, this is due to the additional noise 

from LNA, DEMUX, and excess noise in the readout chain. On the other hand, 

the settings of the SQUID are optimized for a stable performance other than 

aiming to minimize readout noise.    

 



Chapter 2. Background of TES and FDM system 

45 

 

 

 

Fig. 2.8 (a) Photo of the PTB single-stage SQUID. (b) Picture of the VTT two-

stage SQUID. Both SQUIDs are in the same bracket with the TES chip, and thus 

at the same bath temperature. (c) Noise comparison of the same TES between 

single-stage (red lines) and two-stage SQUID (blue lines). Different lines in the 

same color indicate the different noise level when the TES is biased in different 

transition positions. The readout noise of the single-stage SQUID is 24.5 

pA/√Hz while the readout noise of the two-stage SQUID is 9.5 pA/√Hz. 

 

2.2.3 Room temperature electronics 

      The whole digital control unit (DCU) of SAFARI is described in [27,28]. In 

this subsection, we only focus on the warm electronics of the FDM readout 

system.  

      The warm electronics of the SAFARI FDM readout system contains mainly 

the Front-End-Electronics (FEE) and demultiplexer (DEMUX) board, which 

operate at room temperature. The core facility in the FEE box is an SiGe 

transistor based low noise amplifier (LNA), which has a tunable high-

frequency and low-frequency gain ranging from 10 to 10000 and 10 to 1400, 

respectively. The LNA is connected to the SQUID via twisted pair wires from 

the room temperature to the mK stage. The field-programmable gate array 

(FPGA) in the DEMUX board controls one DAC for sinusoidal bias voltage to 

the TES array as well as another DAC for a feedback loop, and one ADC that 

transfers the measured signal to digital data [29]. A photo of the measurement 
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facilities is shown in Fig. 2.9 (a) while a schematic diagram of the warm 

electronics is shown in Fig. 2.9 (b). The connection between the DEMUX and 

the control computer is the optical fiber, which has better electromagnetic 

interference (EMI) shielding and less data loss compared to copper cables. The 

cables between the DEMUX and FEE are designed to have an EMI shield, and 

with additional EMI Noise Filter Cable Ring. The warm electronics are based 

on a VIRTEX V FPGA, which is for the lab demonstrator. At the moment, the 

warm electronics will dissipate totally about 130 W for a 3600-pixel bolometer 

array. For the space application, the power consumption can be considerably 

lowered by using an ASIC (Application Specific Integrated Circuit) based 

system. A discussion of the noise of the FEE and the DEMUX is reported in the 

next chapter. 

 

 

 

Fig. 2.9 (a) Photo of the measurement facilities in our lab, where the ADR 

cooler shares the same ground with the DEMUX, and the FEE box is set on the 

top of the cooler. (b) Diagram of the warm electronics and the cryostat.  
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Chapter 3 

Noise Measurements of a 

Low‑Noise Amplifier in the 

FDM Readout System for 

SAFARI 
Based on 

Q. Wang, M. Audley, P. Khosropanah, J. van der Kuur, G. de Lange, A. 

Aminaei, D. Boersma, F. van der Tak, and J. R. Gao, J. Low Temp. Phys. 

199, 817-823 (2020). 

 

     The SPICA-SAFARI instrument requires extremely sensitive transition edge 

sensor (TES) arrays with a noise equivalent power of 2 × 10−19 W/√Hz and a 

readout system with an output noise that is dominated by the detector noise. It 

is essential to ensure the frequency domain multiplexing (FDM) readout system 

in SAFARI meets the noise requirement. The FDM system in SAFARI consists 

essentially of LC filters, a superconducting quantum interference device, a room-

temperature low noise amplifier (LNA), and a demultiplexer. Here we present a 

noise study of the LNA from a laboratory amplifier chain. We found the 

equivalent current and voltage noise of the LNA to be 5.4 pA/√Hz  and 315 

pV/√Hz , respectively, which are low enough to read out SAFARI’s TES arrays. 
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3.1 Introduction 

      SAFARI is a far-infrared (35–230 μm) spectrometer planned for the SPICA 

mission, which has a large (~2.5 m) and cold (~8 K) telescope [1]. Taking 

advantage of the low-temperature telescope with low emission, SAFARI is 

capable of detecting radiation in the sky-limited background, aiming to achieve 

an extraordinarily low-noise equivalent power (NEP) of 2 × 10−19 W/√Hz [2]. 

SAFARI plans to use frequency domain multiplexing (FDM) to read transition 

edge sensor (TES) arrays [3]. Therefore, the key requirement of the readout 

system is that its noise should be lower than the detector signal. The readout 

noise of the FDM system is expected to be dominated by the current noise of the 

SQUID and the noise of the LNA. 

      To evaluate the noise contribution from the LNA, we need to measure the 

current noise and the voltage noise of the LNA. Extracting these noise sources 

from the measured output noise is complicated because the output noise 

depends not only on these noise sources but also on the SQUID noise and the 

loading impedance at the input of the amplifier, both of which are determined 

by the SQUID settings. So we need to measure the noise of the LNA separately. 

This paper reports the output noise of the LNA measured with different resistors 

ranging from 10 to 400 Ω at different temperatures (50 mK and 1.3 K) at the 

input. The current noise and voltage noise of the LNA are estimated from the 

fitting of the measurements with a noise model. To verify the fitting parameters, 

a room-temperature open- and shorted-circuit measurement is also taken. 

3.2 Measurement Setup 

      The LNA used is homemade and is part of an SRON front-end electronics 

(FEE), which has 74 dB gain in the range 1–5 MHz and active input impedance 

for impedance match. The SQUID in our study is a single-stage PTB (The National 

Metrology Institute of Germany) SQUID which contains a 16-element SQUIDs 

array. The load resistors are placed in the mK stage of a Leiden Cryogenics (LC) 

dilution cooler and are connected with the LNA via a loom that goes from the top 

of the cooler to its bottom [4,5]. The load resistors are introduced to replace the 

SQUID, to simulate the dynamic impedance of the SQUID. In this way, there is no 

current noise contribution of the SQUID, and we can measure LNA noise 

contribution with a set of representative interfaces. As illustrated in Fig. 3.1, 

there are 10 load resistors on a homemade printed circuit board (PCB). By 
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connecting a different load resistor, we can simulate different load impedances 

of the SQUID at the input of the LNA. The measured output noise consists of the 

voltage noise and the current noise of the LNA, which are the aim of this work, 

and also the Johnson thermal noise from both the load resistors and the loom. 

 

 

 

Fig. 3.1 Simplified circuit scheme between the LNA and the load resistors. The 

latter range from 10 to 400 Ω and are placed in the mK stage to simulate the 

SQUID. The dashed line means the SQUID is not connected.  

 

3.3. Noise Measurement Results and Analysis 

3.3.1. Offset Noise of DEMUX 

      In our FDM system, the DEMUX is used not only to provide a digital-to-analog 

converter (DAC), which supports the 1-4 MHz AC bias to TESs, but also has an 

analog-to-digital converter (ADC), which records the readout noise [6]. Hence, 

it is important to do a measurement first to quantify the noise from the DEMUX. 

The measurement can be realized by varying the high-frequency (HF) gain from 

the LNA. 
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      If the noise from the DEMUX is zero, one could measure zero readout noise 

with the zero gain, but if there is a certain noise from the DEMUX, there will be 

an offset noise when the gain approaches zero. Fig 3.2 shows our measured 

readout noise as a function of the high-frequency (HF) gain of the LNA. The offset 

noise of the DEMUX is seen to dominate when the HF gain is lower than 1000. 

The offset noise is 173 ± 1 nV/√Hz in our case. The noise data are obtained from 

the readout noise averaged in the range of 1 to 2 MHz, to be of interest in our 

FDM study. The fitted lines to the low-temperature (1.3 K) and higher-

temperature (4 K) data of load resistors are identical within ±1 nV/√Hz error. 

Because of this offset noise, we always set the HF gain higher than 1000. Since 

we use a 2:1 transformer, the real gain is a factor of two lower than the setting 

gain. 

 

 

 

Fig. 3.2 Measured noise versus the HF gain, plotted on a logarithmic scale. The 

offset noise value of the DEMUX is 173 nV/√Hz. The measured noise depends 

linearly on the high-frequency (HF) gain when the gain is larger than 1000. 

 

3.3.2. Noise Results and Model 

      Noise measurements of the LNA are performed under an open-loop condition 

(without feedback in the warm electronics) with the load resistance at 50 mK or 

1.3 K, respectively. During these measurements, we change the value of the input 
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impedance Rin for the LNA, which has a value of 40, 50, 70, 88, 109, 129 Ω. The 

LNA noise consists of a voltage noise Vn and a current noise In. 

     The practical scheme of the LNA is rather complex, but we simplify it by 

modifying a common noise model [7] to calculate its noise, which is shown in 

Fig. 3.3. According to this noise model, the noise of the DEMUX is independent 

of the HF gain and increases the total readout noise level, so the VDEMUX 

contributes an offset of the readout noise. Both the current noise and the voltage 

noise of the LNA, as well as the Johnson noise from the source resistance Rs, are 

amplified by the HF gain. The Rs  consists of the load resistance and the 

resistance of the leads in the loom, both of which are known. One complication 

of Rs is that the load resistor and the electrical leads in the loom are at different 

cryogenic temperatures. So, the Johnson noise of the load resistor and the leads 

should be dealt with at two temperatures. The Johnson noise from input 

impedance can be negligible because it is not amplified by the LNA. This leads to 

Equation (3.1) to derive the LNA noise: 

 

Vmeasured = 

√VDEMUX
2 + Gain2 ∙ [(In

2 ∙ Rs
2 + Vn

2 + 4 ∙ kB ∙ T ∙ (Rs − Rlead) + 4 ∙ kB ∙ Tlead ∙ Rlead) ∙ (
Rin

Rin + Rs

)
2

], 

(3.1) 

 

where kB is the Boltzmann constant, T is the temperature of the load resistance, 

and Tlead  is the average temperature of the leads. When it is not at room 

temperature, the average temperature of the leads is 100 K, as estimated from 

the different lengths in different temperature stages. 
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Fig. 3.3 Simplified noise model for the LNA. A current noise source and a voltage 

noise source are considered. 

 

3.3.3. Fit Line of the Measured Output Noise at 50 mK and 1.3 K 

     We plot the measured voltage noise versus source resistance at 50 mK (HF 

gain 1000) and 1.3 K (HF gain 5000) in Figs. 3.4 and 3.5, respectively, together 

with the fits using Equation (3.1). The different gain values are chosen to test 

whether the equation holds for various gain settings. The current noise and 

voltage noise are the fitting parameters. The best fits in Fig. 3.4 give the current 

noise and voltage noise of the LNA to be 5.4 ± 0.1 pA/√Hz  and 315 ±

10 pV/√Hz, respectively. 
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Fig. 3.4 At 50 mK, output noise as a function of Rs with different Rin. The fit line 

corresponds to Rin ranging from 40 to 129 Ω. The data measured at 50 mK fit 

well with the noise model by modifying the value of the current noise and 

voltage noise of the LNA. The fitted current noise is 5.4 ± 0.1 pA/√Hz , while the 

fitted voltage noise 315 ± 10 pV/√Hz. 

 

The best fits in Fig. 3.5 illustrate the identical (within the uncertainty) current 

noise and the voltage noise of the LNA as what we found from 50 mK data, 

confirming the model. Thus, we have now derived the noise data of our LNA. 

 

 

 

Fig. 3.5 At 1.3 K, the output noise as a function of Rs with different Rin. The fitted 

current noise is 5.4 ± 0.1 pA/√Hz , while the fitted voltage noise 315 ±

10 pV/√Hz, both identical to the fitted parameters at 50 mK. 

 

3.3.4. Open and Shorted Measurement at Room Temperature 

      Either an open- or shorted-circuit room-temperature measurement is taken 

to verify the noise model (HF gain 5000). The fitted current noise and voltage 

noise of the LNA are 5.4 pA/√Hz and 303 pV/√Hz, as illustrated in Fig. 3.6. The 

current noise estimated from the fit of the open-circuit measurement is identical 

to the LNA noise extracted from the low-temperature measurements. However, 
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the fitted voltage noise has a 10 pV/√Hz difference with the estimated voltage 

noise, which is probably due to the nonzero resistance in the shorted circuit and 

a systematic error in the estimation of the cable noise contribution. 

 

 

 

Fig. 3.6 Readout noise as a function of input impedance in open- and shorted-

circuit measurement at room temperature. The resistance of open and shorted 

circuit is about 3 MΩ  and 0.5 Ω , respectively. The fitted current noise is 

5.4 pA/√Hz and voltage noise 303 pV/√Hz. 

 

3.3.5. Noise Temperature of LNA and SQUID Noise 

      The noise temperature of the LNA can be calculated by Equation (3.2): 

 

Tn =
(Vn

2 +In
2 ∙Rc

2)

4∙kB∙Rc
.                                                      (3.2) 

 

Using the voltage noise and current noise estimated from the fitted lines and the 

Rs of 100 Ω (~SQUID transresistance), the noise temperature of the LNA is 80 K. 

With a SQUID dynamic resistance of ~150 m Ω , the voltage noise of LNA 

(310 pV/√Hz) is transferred to 2 pA/√Hz  current noise. Therefore, the total 
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current noise of LNA is 7.4 pA/√Hz. The estimated intrinsic SQUID current noise 

is 5 pA/√Hz, which is smaller than the noise of LNA. The estimated current noise 

of the SQUID corresponds to approximately 100 Ω SQUID transresistance at < 

80 K, thus, our initial idea is that the noise of the readout is dominated by the 

LNA noise. However, as described in [8], the total readout noise referred to the 

input of the SQUID is about 18 pA/√Hz, depending on the operating conditions 

and the presence of the LC filters. This total readout noise is calculated by 

quadratically adding LNA noise and SQUID noise, which indicating the noise 

from SQUID is 16 pA/√Hz. Therefore, our readout noise is dominated by the 

noise from the SQUID.  

If we use relatively slow (time constant ~40 ms) TES devices and bias them to 

the low-transition region, the output noise of the TES will be well above the 

noise of the readout.  

 

3.4. Conclusion 

      The noise measurements of the LNA can be well explained with a simple 

noise model with equivalent noise sources as fitting parameters. The extracted 

current noise and the voltage noise of the LNA are 5.4 ± 0.1 pA/√Hz and 315 ±

10 pV/√Hz, respectively. The noise temperature of the LNA is 80 K with 100 Ω 

resistance. The offset voltage noise of the DEMUX is 173 ± 1 nV/√Hz. We found 

that the noises of the LNA are low enough to read out SAFARI’s TES arrays. 
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     We are developing the frequency-domain multiplexing (FDM) 

readout for the SAFARI far-infrared spectrometer on board the 

SPICA space observatory. Each readout channel comprises a set of 

~160 TESs and LC filters and is read out with a SQUID preamplifier. 

Baseband feedback is applied to overcome the dynamic range 

limitations of the SQUID. We have carried out extensive 

characterization of a test readout system coupled to a 176-pixel 

TES bolometer array in order to understand and optimize the 

system. We present our latest measurements of this 176-pixel FDM 

demonstrator, focusing on the noise contribution from the SQUID. 
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4.1. Introduction 

      The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) [1], a 

candidate mission for the European Space Agency (ESA) M5 program, will use a 

large (2.5 m diameter) primary mirror cooled to ≤ 8 K to enable high-spectral-

resolution, sky-background-limited observations of the cold dusty Universe in 

the mid- and far-infrared. SPICA’s prime instrument is the SAFARI (SPICA Far-

infrared Instrument) spectrometer. SAFARI will cover the spectral range λ =

34– 230 μm  simultaneously with four grating modules, each containing a 

diffraction grating and linear detector array to sample the dispersed spectrum 

[2]. The dispersed spectra are measured with linear arrays of transition-edge 

sensor [3] (TES) bolometers. The four detector arrays will contain a total of 

~3500 TES detectors. We have demonstrated the required NEP ( ≤  2 ×

10−19 W/√Hz ) [4] and optical efficiency (≥ 50%) [5] for single detectors 

fabricated at SRON [6]. 

      SAFARI’s TES bolometers are biased with an AC voltage and read out with 

SQUID preamplifiers. To reduce the wire count and the heat load on the system, 

SAFARI uses frequency-domain multiplexing (FDM) with baseband feedback [7, 

8]. There are 24 readout channels, each reading out 160 detectors using a two-

stage SQUID preamplifier and a higher-temperature low-noise amplifier (LNA). 

The current noise 

contribution (referred to the input coil of the SQUID preamplifier) from the flight 

readout is required to be less than ~10 pA/√Hz [7]. 

      This paper describes measurements of the noise in a 176-pixel demonstrator 

for the SAFARI FDM readout. Because we are using a single-stage SQUID, we do 

not expect to meet SAFARI’s readout noise requirement in this setup. The noise 

requirements for this setup are looser than the flight case; we require the 

readout noise of our experimental setup to be low enough for us to measure the 

intrinsic noise in the TESs, i.e., less than ~30 pA/√Hz. 

4.2. The SAFARI FDM Readout with Baseband Feedback 

      The FDM readout scheme is shown in Fig. 4.1. The TESs are connected in 

series with narrow band-pass cryogenic lithographic LC filters designed and 

fabricated at SRON [9]. The room-temperature SRON Demux electronics 

generate a comb of tones with frequencies ranging from ~1 to ~4 MHz. Each of 
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these tones is tuned to match the resonant frequency of one of the LC filters and 

provides an AC voltage bias to the corresponding TES. The LC filters also reject 

wideband Johnson noise in the circuit. All the TES bias signals can be adjusted 

independently so that all detectors are biased optimally, mitigating the effects 

of detector non-uniformity across an array.  

 

 

 

Fig. 4.1 FDM readout scheme. 

 

      The TES currents are summed at the input coil of a SQUID preamplifier (point 

A in Fig. 4.1). In the FDM demonstrator setup described in this paper, the TES 

currents are read out with a single-stage SQUID at the base temperature (50 mK). 

In the final instrument, a second SQUID amplifier stage on the 1.8 K temperature 

level of the grating module provides additional amplification. The signal that 

appears at the output of the SQUID is essentially an amplitude-modulated 

version of the AC bias signal, with a phase shift due to the electronics. After 

further amplification by an LNA at a higher temperature, the signal (point B in 

Fig. 4.1) is demodulated and a comb of frequencies is generated with the 

appropriate phases and amplitudes to cancel out the SQUID output when 

applied to the feedback coil of the front-end SQUID. This feedback signal (point 

C in Fig. 4.1) is linearly proportional to the power absorbed by each TES 

bolometer. The feedback is carried out on the amplitude of the generated tones. 

Since this amplitude varies no faster than the bandwidth of the TES, this scheme 

is known as baseband feedback. 
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4.3. 176‑Pixel FDM Demonstrator 

4.3.1. Experimental Setup 

      The resonance frequencies are distributed alternately between two LC filter 

chips on either side of the TES array to improve the isolation of frequency 

neighbors. This reduces crosstalk due to the mutual inductance of the coplanar 

wiring. The carrier separation is 16 kHz. The 176-pixel array contains 163 

usable TES bolometers plus eight resistors for calibration. The TES bolometers 

are Au/Ti bilayers on silicon nitride membranes with Ta absorbers. The TESs 

have a transition temperature Tc  ≈  107 mK and a design saturation power of 

20 fW for a bath temperature of 65 mK and an NEP of 7 × 10−19 W/√Hz. The 

176-pixel experiment is mounted in a cryogen-free adiabatic demagnetization 

refrigerator in a lighttight box with magnetic shielding. The array is read out 

with a single-stage SQUID [10] fabricated at Physikalisch-Technische 

Bundesanstalt (PTB) in Berlin, and the SQUID is read out using SRON room-

temperature electronics. We have previously demonstrated multiplexed 

readout of 132 pixels using this setup [11]. 

4.4. Readout Noise Measurements 

      Recently, we have been investigating the noise contributions in the readout 

of the 176-pixel FDM demonstrator. We started by characterizing the noise in 

the room temperature LNA of the SRON front-end electronics (FEE) [12]. Given 

the intrinsic flux noise (~0.2 μΦ0/√Hz) of the SQUID and the measured LNA 

noise, we would expect the readout noise in this 176-pixel demonstrator to be 

LNA-dominated. To investigate this, and to obtain a global picture of the SQUID 

noise, we carried out systematic measurements of the output voltage noise of 

the system for a range of SQUID bias and feedback current values. 

      In order to compare our measurements with the expected flux noise of the 

SQUID, we used the SRON room-temperature electronics to apply a MHz-range 

AC signal to the SQUID feedback. The peak-to-peak amplitude of this calibration 

tone was chosen so that it caused a flux excursion in the SQUID of about 1% of a 

magnetic flux quantum (Φ0). This enabled us to calculate the flux noise from the 

output voltage noise (integrated over a small line-free region of the spectrum 

near the calibration tone). The calibration tone was chosen to be large enough 

to be visible in the output spectrum, but small enough that the SQUID response 
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would be nearly linear, minimizing power loss into harmonics. We set the 

calibration tone amplitude as follows. First, we applied a small-amplitude tone 

to the SQUID feedback coil and observed the output of the LNA (point B in Fig. 

1) in the time domain. For small tone amplitudes, the SQUID response was 

approximately linear so the output was sinusoidal. As the amplitude was 

increased, the output became distorted and we began to see dips at the peaks 

and troughs of the output sinusoid where the tone was sweeping past a 

maximum or minimum of the sinusoidal V– Φ curve of the SQUID. 

In this way, it was possible to adjust the amplitude of the tone so that it swept 

out a complete flux quantum. The amplitude was then reduced by a factor of 100 

to give a tone with a flux amplitude of 0.01 Φ0. Since we wanted to measure the 

broadband noise level, we chose the frequency of the calibration tone (typically 

~1.55 MHz) to lie in a line-free region of the noise spectrum, avoiding the LC 

resonances and other features. The noise level was taken as the mean over a 

small line-free region (1.6–1.7 MHz) near the calibration tone. This enabled us 

to measure the flux noise, which could be converted into current noise referred 

to the SQUID input coil using the known mutual inductance of the SQUID input 

coil. 

      The noise measurements were taken in open-loop mode, i.e., without the 

baseband feedback applied. These noise measurements were taken for three 

different configurations: nothing connected to the input coil of the SQUID (“Bare 

SQUID”); one half of the LC filters and TESs connected (“Half Array”); and the 

Half-Array configuration with a lowpass filter across the SQUID input coil (“Half 

Array with Snubber”). 

4.4.1. Bare SQUID Versus Half Array 

      In order to isolate the causes of readout noise in the demonstrator, we first 

disconnected the SQUID from the LC filters and then reconnected one of the LC 

filter chips (88 resonators). As shown in Fig. 4.2, reconnecting the Half Array 

increases the voltage noise and reduces the AC transfer. The effect is much larger 

at mK temperatures, especially at the peaks and troughs of the V– Φ curve. The 

cause of this temperature dependence is unclear. We see the same noise below 

and just above the transition temperature of the TESs, so it does not appear to 

be due to the quality factor of the LC resonators changing. A possible cause is 

that there is less damping at mK temperatures because the Al wire bonds are 

superconducting. This led us to suspect that out-of-band resonances in the 

SQUID input circuit might be involved. The performance of SQUID amplifiers is 
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known to be affected by parasitic capacitance in the input circuit as well as 

loading of the input circuit [13]. The parasitic capacitance leads to resonances 

in the SQUID loop and hysteresis in the I–V curves accompanied by excess noise 

[14]. 

 

 

 

Fig. 4.2 SQUID noise vs feedback current for Bare SQUID and Half-Array 

configurations at two different temperatures. Left: 3.6 K. Right: 70 mK. From top: 

SQUID flux noise; output voltage noise; DC dynamic resistance; AC 

transresistance; and DC V– Φ curve. 

 

4.4.2. Half Array with Snubber 

     We added an RC snubber, i.e., a low-pass RC filter (2 Ω, 10 nF), across the 

summing point at the SQUID input coil in order to block the out-of-band 

resonances. This approach has previously been found to result in smoother V– Φ 

curves and lower noise [14]. As shown in Fig. 4.3, the snubber reduces the 

readout noise so that we recover the performance of the Bare-SQUID 

configuration at the high-transfer bias points. At 3.6 K, the voltage noise is higher 

than for the Bare SQUID (except at the V– Φ curve minimum), but the higher AC 
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transresistance compensates for this. The behavior is different at mK 

temperatures: The snubber suppresses the excess voltage noise almost 

completely near the maximum of the V– Φ curve, but we still see significantly 

increased voltage noise near the minimum of the V– Φ curve. 

 

 

 

Fig. 4.3 SQUID noise versus feedback current for the Bare-SQUID and Half Array 

with Snubber configurations measured at two different temperatures. Left: 3.6 

K. Right: 65 mK. 

4.5. Discussion and Conclusions 

      Connecting the LC filters and TESs to the SQUID input coil results in an 

increase in output voltage noise, which is worse at mK temperatures where the 

quality factor is higher. Since the snubber mitigates this, we conclude that this 

excess noise is likely due to out-of-band resonances. With the snubber installed, 

we recover the Bare-SQUID performance at the high-transfer set points.  

      Fig 4.4 shows usable bias points with input-referred current noise of 15 −

20 pA/√Hz, meeting our requirement of 30 pA/√Hz and allowing us to measure 

the intrinsic TES noise comfortably. We plan to replace the single-stage SQUID 
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with a two-stage SQUID to improve this further. LNA noise can account for the 

output voltage noise at the high-transfer set points if the MHz dynamic 

resistance is slightly higher than the DC value. We know from measurements of 

this LNA that the current noise is significant in addition to the voltage noise [12]. 

We intend to investigate this further by modeling the circuit and by 

reconfiguring the readout so that we can measure the AC dynamic resistance. 

However, there is still excess noise at the minimum of the V– Φ  curve that 

cannot be accounted for by a high AC dynamic resistance (Fig. 4.4).  

 

 

 

Fig. 4.4 Noise for Half Array with Snubber. Left: input-referred current noise. 

Upper right: measured and expected [12] voltage noise. Lower right: dynamic 

resistance measured and needed to account for measured voltage noise. 

 

      In practice, this does not affect the operation of the SQUID amplifier, as it 

occurs where the AC transfer is low. Nevertheless, it is unclear why we recover 

the Bare-SQUID noise performance at the peaks of the V– Φ curve, but not at the 

troughs. The interaction between input circuit resonances and the SQUID is 

complicated [15], and a detailed analysis is outside the scope of this work. 

However, we note that the circulating currents in the SQUID at the peak and 

trough will be different and speculate that this may be involved. 
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    We have characterized and mapped the electrical crosstalk 
(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 crosstalk 
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 1MHz 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 crosstalk for a space FDM technology. 
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5.1. Introduction 

      Direct detection of the cosmic radiation that contains abundant 

information about the universe is an important way to address fundamental 

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 

candidates 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 

realizing such large arrays has been multiplexing the signals between the 

detectors on the cold stage at the extremely low cryogenic temperature of 

≤100 mK and the electronics at room temperature. Multiplexing limits the 

number of cold wires and, thus, minimizes the heat load on the cold stage, 

which is particularly vital for space telescopes, 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 readout systems used 

for multi-pixel readout [6] 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 with inductor–capacitor (LC) filters and are 

AC biased simultaneously, where the bias frequencies are the resonance 

frequencies of their corresponding LC filters [9]. The FDM system has several 

advantages, 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 optimally, mitigating the effects of detector 

non-uniformity, e.g., the superconducting critical temperature (Tc) across the 

array. 
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      FDM readout systems are being used in a number of instruments 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 Background Radiation (POLARBEAR) [12]. They 

are also being considered 

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/XIFU) [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 number of pixels 

per readout channel (i.e., multiplexing factor) is higher, which leads to a 

narrower frequency spacing between two neighboring resonators and makes 

it more difficult to keep the electrical crosstalk (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 

spacing, 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 frequency 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. 
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      In this paper, we experimentally study the ECT in our FDM system that 

reads out 61 TES pixels with a nominal frequency separation 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. 

5.2. FDM with Baseband Feedback 

      Fig 5.1 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 bandpass cryogenic LC filters [22]. The room-

temperature demultiplexer (DEMUX) electronics generates a comb of tones 

(i.e., carriers) with frequencies ranging from 1MHz 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 quantum interference device (SQUID) 

amplifier. The signal at the output of the SQUID amplifier is essentially an 

amplitude-modulated version of the AC bias signal with a phase shift due to 

the electronics and wire harness. After further amplification by using a low 

noise amplifier (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 (T c) of 

a TES, typically at the base temperature of a cooler, while both the front-end 

electronics and DEMUX board are at room temperature. 
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Fig. 5.1 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. 

 

      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 

crosstalk 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 home-made DEMUX board. All the signals are added in the summing 

point and then amplified by the SQUID. We demodulate the output signal to I 

and Q parameters to analyze and re-modulate them with a delayed carrier for 
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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 perfect. Mutual inductance and common 

inductance are indicated in the cryogenic electronic part of Fig. 5.1. 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 inductance 

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 5.1 contains 

some of the main parameters of our FDM readout system. 

 

Table 5.1 FDM 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 
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5.3. Experimental Setup 

      Fig 5.2 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. 5.2). 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 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. 

 

 

 

Fig. 5.2 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 
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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. 

 

      In the 176-pixel bolometer array, each bolometer has a Ti/Au TES with an 

area of 50 × 50 μm2 and a 100 × 100 μm2 thin Ta optical 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., Cf ), as illustrated in Fig. 5.1. 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 frequency ranges from 1MHz to 

4MHz 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 
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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 general health check of the FDM readout 

system and then start to characterize the ECT. Fig 5.3 (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 connected to the 

LC filter chip by wire bonds. On the LC filter chip, the wiring is made of 

microstrip lines, which are the superconducting 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 neighbors, as shown in Fig. 5.3 (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. 5.3 (b) cause potential ECT among the 

corresponding pixels due to the mutual inductance of the closely packed wire 

loops. 
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Fig. 5.3 (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). 

 

5.4. Forms of Electrical crosstalk 

5.4.1. 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 current. The carrier leakage current ratio between the 

on-resonance pixel and a neighboring pixel approximately equals to |
𝑅𝑇𝐸𝑆

2

(2∆ωL)2|, 

where ∆ω = 2π∆f, ∆f is the frequency separation between two adjacent 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 separation 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. 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 5.1 can be expressed as: 

 

Zn =
1

1

j2πfnL+RTESn
+j2πfnCfn

+
1

j2πfnCbn
,                                          (5.1) 
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where fn is the resonance frequency of the LC filter, and Cfn 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
.                                                          (5.2) 

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

j2πfnL+RTESn
+j2πfnCfn

∙
1

j2πfnL+RTESn
.                                 (5.3) 

 

Fig 5.4 (a) shows the calculated currents in 88 detectors using Equations (5.1)-

(5.3) with the 32 kHz frequency spacing. The frequency span is chosen to be 

from 1MHz to 4 MHz, which is similar to our experiment. 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 neighbors 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. 5.4 (c), where 

the neighbors from only one side contribute. Fig 5.4 (b) shows the calculated 

ECT of pixel 44 due to carrier leakage, contributed 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. 5.4 (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. 
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Fig. 5.4 (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 
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pixel are at the two ends of the frequency span and have the lowest crosstalk 

levels because they have neighbors on only one side in frequency space. 

 

5.4.2. Mutual inductance 

To bias and readout each bolometer in the array, two superconducting 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. 5.3 (a). Because of the mutual inductance between 

these loops, part of the bias current from one detector couples to the other 

detectors, causing crosstalk. 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 coplanar 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 

resonance 

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. 

5.4.3. 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 crosstalk 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) 
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scan through the feedback line [24]. As shown in Fig. 5.5, each LC filter appears 

as a peak and a valley in such a scan. It is known [24] that the frequencies 

corresponding to the peaks are determined by the sum of the inductance of the 

LC filters 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[(
f0

f0−Δ𝑓0
)

2

− 1],                                                 (5.4) 

 

where L is the inductance, f0 is the resonance frequency an LC filter ,and Δf0 is 

the frequency difference between a peak and a valley. Looking closely at 

f0=2236 kHz (Fig 5.5 inset), Δf0 is 0.61 kHz, and with L=3 H; using Equation 

(5.4) we find that our setup has a common inductance of only 1.64 nH. In the 

absence of any common 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 frequency shift can be 

written as Δf0 ≈ 0.5f0Lcom/L. When we operate at these resonance frequencies, 

we are slightly off-resonance in reference 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 = 4πΔf0L , and substituting the Δf0  value 

mentioned above, it can also be written as Zcom = 2πf0Lcom. If this impedance 

becomes comparable to the TES resistance at the operating point, it will affect 

the level of crosstalk by increasing the carrier leakage as illustrated by the 

formula |
RTES

2 +Zcom
2

(2∆ωL)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 influence 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 common inductance in our highest 
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frequency of 3900 kHz is only 1.07 kHz, which means that this largest 

frequency shift gives 3.3% shift in frequency with respect to the 32 kHz 

separation in our case. In summary, the 1.64 nH common inductance will give 

a negligible influence on the ECT in the operating frequency range of 1 MHz-4 

MHz. 

 

 

 

Fig. 5.5 Network analyzer scan through the feedback line. The inset focuses on 

the resonance of pixel 29 at f0 = 2236 kHz, where the frequency difference Δf0 

between the peak and the valley is 0.61 kHz, which corresponds to a common 

inductance of 1.64 nH. 

 

5.5. Experimental results and discussions 

5.5.1. 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 
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detectors [30]. We use this to excite pixel 24 by sine-wave modulating 1% of 

its bias voltage at a frequency of 120 Hz injected next to the carrier. 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 spectra. 

There is nothing special about the 120 Hz other than being well within the 

detector response speed and away from the power line frequency 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 modulated bias of 

the excited pixel also biases other pixels, and the ratio of peaks can be used as 

a measure of the crosstalk. Fig 5.6 (a) shows 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 

responding peak. The ratio of a responding peak to the excited peak is 

attributed to the level of ECT between two pixels. Fig 5.6 (b) shows the 

normalized peaks on a logarithmic scale, where the ECT for pixels 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 transition. 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 crosstalk due to carrier leakage decreases as the operating point 

goes lower in transition. First, our TES bolometers 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. 
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Fig. 5.6 (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. 

 

5.5.2. 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 connected pixels in the array 

simultaneously. Then, we apply the same method as that for the three-pixel 
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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. 5.7. We assign a value of 100% for the excited pixel itself that is marked 

in black in that row. In this way, we can summarize the ECT level for all 61 

pixels to generate the 61×61 matrix, as shown in Fig. 5.7. 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 measurement, 

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. 5.7. 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 

levels 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 pixels that are far away from the excited pixel in the 

frequency space are expected to show a negligibly low crosstalk level if the 

carrier 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.  
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Fig. 5.7 Electrical crosstalk level of 61 pixels out of a TES array readout 

simultaneously in a multiplexing mode by using an FDM system. In this 61×61 

matrix, each row presents the crosstalk 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 crosstalk 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 crosstalk level of the pixels, which contribute the 

crosstalk to the pixel in black. Row 8 and column 8 are marked to stress the 

comparison in their level distributions. 

 

A number 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 pixels. We refer 

to the right bottom corner of the matrix in Fig. 5.7. This is partly because the 

crosstalk due to the mutual inductance increases with the resonance 
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frequency. Another reason is that the higher the frequency, the larger the 

frequency shift due to the common inductance, leading to a higher carrier 

leakage. This can be seen by rewriting Equation (5.4) as: 

 

Δf0 =
f0(√

Lcom
L

+1−1)

√
Lcom

L
+1

 .                                                 (5.5) 

 

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. 

In Fig. 5.8, we focus on pixel 8 and take a closer look at the data in the eighth 

row and column of the crosstalk map. We see that although there are 

similarities between Figs. 5.8 (a) and 5.8 (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 nonuniformity 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 

nonsymmetric.  

In addition, the crosstalk due to mutual inductance is proportional to the 

resonance frequency, which means that the crosstalk 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 

separation from the excited one, they show a high level of ECT of 1% or more 

and together form approximately diagonal patterns across the crosstalk map, 

visible in Fig. 5.7. For example, there are high levels of ECT between pixels 8, 

21, 22, 50, and 51. 
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Fig. 5.8 (a) Measured crosstalk level of 61 pixels except for pixel 8, which is 

used as the excitation. The dataset is the same as row 8 in Fig. 5.7, but is now 

plotted numerically. (b) Crosstalk level of 61 pixels from column 8 in Fig. 5.7. 

 

The high ECT level is most likely due to the high mutual inductance 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. 

5.3 (a) and grouped in the same color in Fig. 5.3 (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. 5.9 (a). As we can see, these 

pixels form approximately parallel, diagonal patterns in the matrix. To have a 

comparison with the measurement, we now over plot Figs. 5.7 and 5.9 (a), 

resulting in Fig. 5.9 (b). We find that the parallel, diagonal-lined distribution 

matches reasonably well with the measured high ECT pixels distributed along 

or in the vicinity of the simulated diagonal lines, although the pixels from the 

measurement are slightly scattered. Therefore, we believe that we have 

confirmed that those pixels observed with a high ECT level in Fig. 5.7 are due 

to higher mutual inductances contributed by the bundled long, coplanar wires. 
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      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 bundle 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. 

 

 

 

Fig. 5.9 (a) Pixels (represented by filled squares in black) connected with long, 

coplanar wires in a bundle, assumed to have a high crosstalk due to mutual 

inductance, are shown on a 61×61 matrix; their distribution is characterized 

by a number of parallel, diagonal lines. (b) The pixels with the high crosstalk 

in (a) are now represented by empty squares with a black boundary “◻” and 

are superimposed with 50% transparency to the measured crosstalk matrix 

from Fig. 7, where the measurement data also show the parallel, diagonal line 
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distribution as in (a). For clarity, those pixels with the ECT level above 10% 

are illustrated by empty squares with a red boundary “◻.” 

 

      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 

experiment, 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 transition 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 factor 

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 Equation (5.3), as shown in Fig. 5.4 (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. 
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5.6. Conclusions 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 modulation at 120 Hz in the AC bias voltage to one pixel, 

and measuring 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 distribution characterized by a number of 

parallel, diagonal lines, which match reasonably well with the hypothesis of 

the high mutual inductance. To mitigate the ECT due to high mutual 

inductances, the coplanar wires should be replaced by microstrip wires. Our 

study 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 carriers are 

modulated at the same time. We argue that our experiment reflects the right 

levels of electrical crosstalk in practice when the detectors are exposed to very 

weak optical signals, which were the prime science case for SAFARI/SPICA. 

Since the excited modulation signals in our case are very small, we are 

certainly within the small signal regime and the system operates linearly. This 

was confirmed by applying 1%, 5%, and 10% modulation excitation and seeing 

that the measured ECT levels scaled with the level of excitation. This means in 

first order that, if multiple pixels are excited at the same time, the total 

crosstalk signal on the other pixels will be the linear sum of the crosstalk 

signals of those excited pixels, when excited one by one. We were not able to 

confirm this experimentally, since our firmware only allows for modulation of 

one carrier at a time but this is something that can be implemented in the 

future. 
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      The study of the crosstalk and non-linear effects under relatively 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 crosstalk 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 system, one should 

also include an optical crosstalk. 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 crosstalk. Unlike the ECT, the optical crosstalk occurs mainly in 

physical neighbors. To measure the optical crosstalk, 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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Chapter 6 

Frequency division 

multiplexing readout of 60 

low-noise transition-edge 

sensor bolometers 
Based on 

Q. Wang, P. Khosropanah, J. van der Kuur, G. de Lange, M. D. Audley, 

A. Aminaei, M. L. Ridder , A.J. van der Linden, M. P. Bruijn, F. van der 

Tak, and J.R. Gao, Appl. Phys. Lett. 119, 182602 (2021). 

 

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

succeeded in reading 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.  
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6.1. Introduction 

      Frequency division multiplexing (FDM) is one of the most promising 

techniques for the read-out of transition edge sensor (TES) bolometers arrays 

[1-3]. The FDM readout technique has the advantage of being able to bias each 

TES in the array individually for optimum settings and shows a competitive 

performance [4] compared to other promising readout techniques such as the 

time division multiplexing (TDM) [5] and the microwave superconducting 

quantum interference device (SQUID) readout [6,7]. FDM techniques are 

currently being developed for ground-based observatories [8,9], balloon-

borne observatories [10,11] and considered for space observatories, such as 

Lite satellite for the studies of B-mode polarization and Inflation from cosmic 

background Radiation Detection (LiteBIRD) [12] and the far-infrared 

spectrometer (SAFARI) 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 volume [4,13] 

which could restrict the use of ground based FDM technology. The 

requirements of SAFARI, for example, not only impose a different 

configuration of the FDM readout chain than that of the ground-based system, 

but also demand different LC (inductor-capacitor) filter designs, e.g., small 

frequency spacing and a compact chip design [15].  

      An FDM system suitable for space platforms has three key requirements: 

(a) it requires a higher multiplexing factor, i.e. a narrow frequency spacing 

between two adjacent pixels, determined by the array of LC filters [16], and a 

small number of readout chains. The latter decreases the dissipation power 

from the SQUID amplifiers and the readout electronics, and also the 

complexity of the system [16] ; (b) the noise level of the readout must be lower 

than that of the TES detectors, implying noise current spectral density (A/√Hz) 

SI,read < √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, respectively [3]; (c)  the crosstalk between detectors should be 

sufficiently low [17], i.e., the measured characteristics of a TES, which are read 

out in a multiplexing 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 
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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/√Hz [18]. The state of the art of the FDM technology 

is reported in reference [9], 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 crosstalk  

[19]. 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. 

6.2. Experimental setup 

      Fig. 6.1 shows the cold electronics part of our FDM demonstrator 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 crosstalk [17]. Co-planar 

wiring lines connect all the bolometers on the detector 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 temperature. All parts are mounted 

inside a copper sample enclosure, which is physically closed, but has been 

found not to be fully light-tight based on the results in [18]. 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 coil 

[17]. In practice, 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. 
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      Compared to our setup described in reference [17] 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 

amplifier [20] decreases the readout noise, minimizes the common inductance 

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

effect [21]. The latter refers to a phenomenon where the feedback noise is 

added to the input signal. Applying the SQUID calibration tone method  

described in [22], we measured the readout noise to be 9.5 pA/√Hz, a factor of 

2.5 lower than the readout noise reported in reference [22], which focuses on 

SPM. The LPF has a cut off frequency of 7 MHz, and is introduced to minimize 

the unwanted out of band resonance 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 reference [23], 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 higher than 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 

relatively 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 values of the designed 

Tc (100 mK) and thermal conductance (G; 0.8 pW/K). However, by performing 

IV measurements at different 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 
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constant and close to the nominal value. Therefore we attribute the variation 

in G to the wet-etching process [24,25] used to fabricate the TESs. 

 

 

Fig. 6.1 Photo of the cold electronics part of an FDM readout demonstrator 

with two SQUID chips at the bottom. One half array of 88-pixels is connected 

to one of the LC filter chips. An RC low pass filter is introduced to eliminate the 

out-of-band resonance peaks.  

 

6.3. Results and Discussions 

      Before addressing the properties of the 60 pixels from the array, we focus 

first on one pixel, i.e. pixel 29, as an example, operated at a biasing frequency 

of 2.2 MHz. Fig. 6.2 shows comparisons of the detector characteristics 

measured in either 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 
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region (RTES Rn < 20%)⁄  and does not affect detector operation in practice. 

Fig. 2 (b) shows the observed saturation power (Ps) at different bias points 

along the resistive transition, measured in both modes. The Ps 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. 6.2 (b) shows a fit 

of measured Psat at different bath temperatures in SPM to the equation, Psat =

K(Tc
n − Tbath

n )  [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
= nKTc

n−1, where 

the Tc  is 113 mK. Now, the phonon noise limited NEP, which is given by 

√4γkBGTc
2, with γ = 1 (for our case according to reference [26]) and kB being 

Boltzmann’s constant, is estimated to be 0.54 aW/√Hz.  

 

 

Fig. 6.2 (a) IV characteristics of a TES bolometer (pixel 29) in SPM (dashed 

lines in red) and MM (solid lines in blue). (b) Saturation power at different 

transition points, RTES/Rn, compared in SPM and MM. The inset of (b) is the 
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power plateau fit with saturation power 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 oscillations in MM  when the TES is biased in RTES/Rn~ 0.17. 

 

      The inset in Fig. 6.2 (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 oscillations that appear in the noise spectra because 

the TES response time (τeff~
𝐶

𝛼𝐺
≈ 0.2 ms) is too close to that of the readout 

electronics (τel~
𝐿

𝑅𝑇𝐸𝑆
≈ 0.17 ms), causing an underdamped response. Fig. 6.2 

(c) plots the average current noise values between 20 and 200 Hz at bias 

points in the range RTES/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 (RTES/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. 6.2 (d) shows the NEP versus bias point, derived from the average 

current noise values from Fig. 6.2 (c) after subtracting the readout noise.  Here 

the NEP is calculated by dividing the current noise by the responsivity of 
1

VTES
, 

where VTES 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 RTES/Rn ≤ 25%. The latter are expected from the corresponding 

current noise. The data at the bias of 51% for RTES/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 noise [26] and photon noise in the setup, to be 

discussed later. We also find a clear drop of NEP at RTES/Rn=71% in the same 

figure. In this case the NEP is underestimated due to the use of the responsivity 

of  
1

VTES
, which is not applicable at the high bias points. The correct way to 

estimate the responsivity uses the expression, 
1

VTES
(1 +

1+β

ℒ
)−1, where β is the 



Chapter 6. FDM readout of 60 low-noise TES bolometers 

108 

 

current responsivity and ℒ the loop gain [26]. At a bias of 71% or higher, as 

the bias increases, ℒ decreases and approaches 1, while β approaches 0, so the 

responsivity can be no less than half of the value used at RTES/Rn<70%. As will 

be mentioned later, this underestimation contributes to the scattering of 

measured NEPs in the array. 

      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. 6.3 (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 

RTES/Rn= 70%, due to oscillations. Therefore, the NEP values of these pixels 

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

 

 

 

Fig. 6.3 (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 
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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) Saturation power of 60 pixels in both SPM and MM.  

 

      The key result of our study is presented in Fig. 6.4, 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 difference 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 source [27]. These results show that our FDM demonstrator 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 reference [26] for the NEP, using 

α, β from the measured complex impedance [28] 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 

requirement 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 characterized in 

those pixels [17]. Pixels 15, 16, 33, 43-47, and 53 (nine pixels in total) have high 

crosstalk due to carrier leakage and to mutual inductance in the co-planar wires, 

which could be minimized by microstrip wiring [17]. 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 decrease 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 frequencies and have a narrow frequency 

spacing of ~26 kHz. This narrower frequency spacing could lead to higher 

carrier leakage, thus increasing the measured NEP. 
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Fig. 6.4 (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 saturation power according to the 

layout of TES array in the MM; (e) Saturation power differences measured 

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

power between the two modes. 
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We noticed a large variation in the measured NEPs and Psat among the 60 

pixels. The known variations in G from a limited number of tested pixels can 

cause the phonon-noise dominated 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 

noise [29]. 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 underestimation of G. However, the latter should be a small effect 

because of limited loading power [25].  Second, the NEPs of the pixels that 

could not be biased lower than 70% in the transition can be underestimated. 

A further discussion is beyond the scope of this letter. 

6.4. Conclusions 

      In conclusion, we have succeeded in demonstrating a low noise FDM system 

to read out 60 TES pixels of an array by comparing the NEPs and Psat measured 

in single-pixel mode and multiplexing mode. The readout noise is below the 

noise from the detectors. 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 error 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 (≤ 0.2aW/√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 MHz [4], which enables a multiplexing factor of 

≥ 130. 
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Supplementary materials  

A. The diagram of FDM readout electronics 

The diagram of FDM readout system is shown in Fig. S 6.1. The difference in 

this setup is we change the single-stage SQUID to two-stage SQUID. The 

parameters of the FDM readout system is shown in Table S1. 

 

 

 

Fig. S 6.1. 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 S 6.1 FDM system parameters 

 

TES normal state resistance: 200 ± 

10 mΩ 

Yield of TES and LC filters: 60 out 

of 84 

TES critical temperature:113 ± 3 

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–3.5 

MHz 

TES Ta absorber thickness: 9 nm Frequency spacing Δf: 32 ± 3 kHz 

TES Si3N4 legs volume: 400 × 2 ×

0.25 μm3 
Δf /f0: 0.09–0.32 

Designed NEP level: 0.7 aW/√Hz SQUID common inductance: ≤ 3 nH 

Shunt resistance: 1 mΩ Readout current noise: 9.5 pA/√Hz 

First-stage SQUID mutual 

inductance:  

13 μA/Φ0 

Second-stage SQUID mutual 

inductance: 34 μA/Φ0 

First-stage SQUID self-inductance: 

70 pH 

Second-stage SQUID self-

inductance:  

40 pH 

First-stage SQUID dissipation 

power: 2 nW 

Second-stage SQUID dissipation 

power: 750 nW 

 

We have 84 TESs and 4 simple resistors (for calibration purposes) connected 

to 88 resonators. Among these 84 pixels, some TES detectors legs are damaged 
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(some fab related and some due to transport and handling) and some bonding 

pads are not working. So we eventually successfully connected 70 pixels with 

LC filters. Then we performed NWA scan, and quantified Q-factors of all the 

resonators. Finally, we chose the 60 pixels that were connected to well 

behaving LC resonators with Q factors higher than 104 and increase with 

resonance frequency as described in reference1. 

B. The power consumption of warm electronics 

The warm electronics is based on a VIRTEX V FPGA, which is for the lab 

demonstrator. At the moment, the warm electronics will dissipate totally 

about 130 W for a 3600-pixel bolometer array. For the space application, the 

power consumption can be considerably lowered by using an ASIC 

(Application Specific Integrated Circuit) based system.  
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      We demonstrate multiplexing readouts of 43 slow transition 

edge sensor (TES) bolometers operating at 90 mK using a 

Frequency Division Multiplexing (FDM) readout chain with a bias 

frequency ranging from 1 to 3.5 MHz and with a typical frequency 

spacing of 32 kHz. We improve the performance of our FDM 

system by two important steps. Firstly, we replace the coplanar 

wire with microstrips, which minimize the crosstalk from mutual 

inductance. From the measured electrical crosstalk (ECT) map, 

the ECT of all pixels is carrier leakage dominated. Only 5 pixels 

show an ECT level higher than 1%. Secondly, we increase the 

thermal response time of the TES detectors by a factor of 20, by 

increasing the heat capacity of the TESs, which allows us to bias 

all TES detectors below 50% in transition without oscillations. 

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% in saturation 

power when measured in single pixel and multiplex mode. 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.  
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7.1. Introduction 

      Transition edge sensor (TES) bolometer arrays are important for the next 

generation of far-infrared space observatories [1,2]. TES has some advantages 

over kinetic inductance detectors (KIDs) such as technological maturity and 

versatility in readout schemes [2]. Multiplexing techniques are essential to read 

out TES arrays due to the fact that they can decrease the number of cold wires, 

thus, minimizing heat load on the cold stage [2,3]. Frequency division 

multiplexing (FDM) is one of the most promising techniques for the readout of 

TES bolometer arrays [3,4]. In an FDM readout system, 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, typically 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. In order to 

increase the number of pixels per SQUID a digitally generated nulling feedback 

signal is applied to the SQUID [6]. Limited by the bandwidth of the feedback 

electronics, one readout chain can maximally accommodate the order of 100 

pixels. The maximal number of pixels that can be read out by one chain is called 

the multiplexing 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 multiplexing (TDM) [7-9] 

and microwave-SQUID readout [10-12], the FDM readout techniques show a 

competitive performance [13,14]. 

Over the past decade, several FDM readout systems for TES arrays have 

been developed for ground-based observatories, such as the Atacama 

pathfinder experiment Sunyaev-Zel’dovich (APEX-SZ) [15], the Third 

generation South Pole Telescope (SPT-3G) [16] and the Polarization of 

Background Radiation (POLARBEAR) [17]. The state of the art of the FDM 

technology is reported in [16], where 206 pixels were successfully read out 

with six SQUID amplifiers, leading to a multiplexing factor of ~35. 

Furthermore, this FDM system has a relatively large frequency spacing, which 

varies from about 40 kHz in the low-frequency range (≤2 MHz) to over 60 kHz 

in the high-frequency range (≥3 MHz). FDM readout techniques are currently 

being developed for balloon-borne observatories [18,19,20] and considered 

for space observatories, such as the Lite satellite for the studies of B-mode 

polarization and Inflation from cosmic background Radiation Detection 

(LiteBird) [21,22] and the previously proposed Far-infrared Instrument 
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(SAFARI) on board of the recently cancelled Space Infrared Telescope for 

Cosmology and Astrophysics (SPICA) [23,24]. Compared to ground-based 

instruments, spacecraft platforms usually have limited resources of power, 

mass and volume [14,23]. Those requirements could restrict the use of the 

heritage from ground based FDM technology. The requirements 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 [25]. Up to now, neither a TES array nor an FDM readout system has 

been flown to space. 

Our previous work demonstrated an FDM system that has successfully read 

out 60 low-noise TES bolometers [26]. However, we also learned from the 

previous experiment that the crosstalk between pixels connected by coplanar 

wires in the same bundles is very high due to their mutual inductance. Also, 

some pixels cannot be biased lower than 70% in transition due to the too fast 

response of the TES. Furthermore, the noise spectra show some excess noise 

probably due to stray-light. To mitigate those issues, we have designed and 

fabricated a new TES array where microstrip wires instead of coplanar wires 

to connect all the TES are used, an Au structure to enlarge the detector 

response time is added, and  the FIR absorber is removed. 

      In this paper, we report an FDM experiment, in which 43 slow TES 

bolometers were simultaneously read out. We mapped the electrical crosstalk 

(ECT) level of all 43-TES detectors using our FDM system with all the detectors 

biased in their normal operating transition. The ECT level is dominated by 

carrier leakage from neighbor pixels with less than 1%, while the other pixels 

show a level being less than 0.1%. We have successfully increased the TES 

response time by a factor of 20, which enables us to bias all our pixels lower 

than 50% in transition without any unwanted oscillations. Since no absorber 

is present in the TES bolometers, the measured noise spectra match well with 

those expected by phonon noise. 

7.2. Experimental setup 

Fig. 7.1 (a) shows the TES array, LC filters, and first-stage SQUID in our 

FDM setup. A zoomed photo of one TES bolometer from the array is shown in 

Fig. 7.1 (b). A gold (Au) layer is introduced to increase the heat capacitance 

and thus increase the response time of the detector. There is no absorber in 
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the bolometers, so our detector is not sensitive to any optical light. Therefore, 

our TES bolometer will not suffer from stray light as found in the previous 

study [26], and the noise will be dominated by phonon noise or other excess 

noise. Fig. 7.1 (c) shows the decoupled second-stage SQUID from the Technical 

Research Centre of Finland (VTT), which is located in the same bracket with 

the TES array. The decoupled two-stage SQUID amplifier [27] decreases the 

readout noise, minimizes the common inductance that is due to the inductive 

coupling of the SQUID, and eliminates the back-action effect. The latter refers 

to a phenomenon where the feedback noise is added to the input signal [26].  

The power dissipation of the first-stage SQUID and the second-stage SQUID is 

2 nW and 750 nW, respectively. Microstrip wires are used between each TES 

detector and the bonding pad to decrease mutual inductance in comparison 

with the coplanar wires in the same bundles in our earlier array [28]. 

Aluminum wire bonding is applied to connect the TES chip with the LC filter 

chip, which will be superconducting during measurements. An adiabatic 

demagnetization refrigerator (ADR) [28] is used to cool down the bracket. Our 

measurements were performed at 90 mK and the background magnetic field 

of the TES is nulled. Due to the instability of the cooling power and the 

presence of 50 Hz noise, we observed a measurement error bar of 5% and 10% 

in the current-voltage (IV) curve and noise spectrum, respectively [26]. 

 

 



Chapter 7. FDM readout of a microstrip wired, slow TES bolometer array 

124 

 

Fig. 7.1 (a) Photo containing 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 the top. (b) Zoomed photo of one TES pixel, 

which contains a 200 nm thick structure to increase heat capacity. There are 

some structures on some of the Si3N4 legs, which might potentially introduce 

non-uniformity to the thermal conductance. (c) Photo of the second-stage 

SQUID, which is formed by hundreds of SQUIDs in series. 

 

      Although we could have a higher multiplexing factor up to 176 if we 

connect the whole TES array, the ECT level will be a factor of 4 higher than the 

case when only half of the TES array is connected. Therefore, to simplify the 

experiment we chose to connect only half of the TES array to one of the LC 

filter chips (with 88 resonators) with the resonance frequencies ranging from 

1 to 3.5 MHz, and a frequency spacing of 32 ± 4 kHz. After performing an initial 

network analyzer scan (NWA) via an AC bias line from 1 to 3.5 MHz, we found 

70 high-quality-factor (≥104) LC filters among the connected 88 resonators. 

However, because the yield of a slow TES is relatively low, likely due to the 

deposition of additional Au, 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. 7.2 (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 resonance frequency, we perform a fine current scan (with 

feedback on) within 200 Hz around the resonance frequency estimated from 

the NWA scan. Then, by fitting the measured data, the Q factor of this pixel can 

be calculated according to Q = f0 Δf⁄ . f0 is the resonance frequency and Δf is 

the frequency bandwidth at full width at half maximum, as shown in Fig. 7.2 

(b). The power intensity is normalized with the peak amplitude at the 

resonance frequency. The Q factor of every pixel is shown in Fig. 7.2 (c), the Q-

factors increase with frequency according to Q ∝ 2πLf0 Rs⁄ , where L is the 

inductance of the LC filters (3μH), and Rs is the series resistance of the circuit 

when a TES is superconducting, which consists of the shunt resistance (~1 mΩ) 

and parasitic resistance. L is a constant, and Rs has a relatively constant value 

in each TES circuit. There is a scattering behavior of the Q factor performance 

in Fig 7.2 (c), which are mainly due to the variation of series resistance. The 

value of our series resistance ranges between 1.6 and 2.7 mΩ, as plotted in Fig. 

7.2 (d).  
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      The bolometers are based on a Ti/Au (35/185 nm) TES with an area of 20 

(Length) × 80 (Width) µm2 side by side of a 125 × 125 µm2 thick Au square 

on a 195 × 195 µm2 Si3N4 membrane island, which is suspended from the Si 

substrate through 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 a witness chip taken from the same TES 

detector wafer. The critical temperature (Tc) of the TES is 127 ± 3 mK, which 

is derived by fitting the measured Ps of the TESs at different bath temperatures. 

This value is fairly constant (with ±2.5% variation) within the array. The Rs is 

2.2 ± 0.5 mΩ, and the common inductance is ≤ 3 nH from VTT’s technical note 

[29]. The details of the warm electronics can be found in [30]. 

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 

proportional to C. Therefore, we decided to introduce a 200 nm Au layer 

instead of the Tantalum (Ta) absorber in the previous TES array [31] to 

increase the heat capacity, which is increased by a factor of 6.5 [32]. In practice, 

we measured the fall time of such a TES as 20 ms when the TES is biased at 70% 

of RTES/Rnin transition, while the previous TES fall time is 1 ms when it was 

at the same transition [26]. We measured a larger  slow-down factor (20) than 

the designed one (6.5) due to the fact that the effective time constant depends 

very strongly on the thermal responsivity ( α ) of a TES. Although we 

successfully slowd down our TES, the additional deposition of Au may affect 

the characteristics of the TES. For example, some pixels showed a wider 

superconducting- normal transition than what we usually observe. Therefore, 

those pixels were excluded in our measurements, as mentioned 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 insufficient etching [33]. 

The normal resistance of the previous TESs is 200 mΩ. Many TES can only 

be biased higher than 70% in transition, which makes the TES resistance (RTES) 

to be ≥ 140 mΩ. In the new array, all pixels can be biased lower than 50% in 

transition, which ensures the RTES to be ≤ 75 mΩ. Therefore, the bias current 

electrical bandwidth of the TES, which is defined by 
RTES

2πL
 becomes at least a 

factor of 2 smaller than the previous experiment since the RTES is less than half 

of the previous value. For the slow TES, the bandwidth ratio (Ratiobw) of the 

frequency spacing df0  (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 
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leakage between the neighbor pixels approximately equals (
RTES

4πdf0L
)2 [4,26], a 

factor of 2 increased in the Ratiobw will cause a factor of 22 decrease in the 

carrier leakage. 

 

 

Fig. 7.2 (a) Resonance frequency of the LC filter for each TES is plotted with 

different pixel numbers. (b) The measured resonance pixel 1 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 at 90 mK. (d) The series resistances of the 

circuit when a TES is superconducting for all the pixels. 

 

7.3. Results and Discussion 

7.3.1. Map of electrical crosstalk 

      All 43 TES pixels in the array are biased in the transition of RTES/Rn, which 

ranges between 10% and 50%, at 90 mK. By applying the ECT mapping 

technique described in [28], we generate an ECT map of 43 TESs, as shown in 

Fig. 7.3. Here, we chose 24 Hz as our modulation frequency for ECT 
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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 number with 100% level of 

the ECT (dark blue). The levels of the ECT observed in other pixels when this 

one is excited are indicated by colors in that row. Similarly, in each column, 

the responding pixel number is the same as the column number and marked 

in dark blue. The levels of the ECT observed in this pixel when others are 

excited are indicated by 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 for 0.1%. In other words, in Fig. 7.3, we do not make a difference for 

ECT values between 0 and 0.1. We find 92.6% of the squares in the 43 × 43 

ECT matrix to be light yellow, 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 indicated 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. This negligibly low ECT level is expected. 

Because in a carrier leakage dominated system, a factor of 2 increase in the 

frequency spacing will decrease the ECT by a factor of 22. We also observe that 

about 6.5% of the squares show an ECT level between 0.1% and 1%. Those 

squares are formed by adjacent pixels in frequency. The expected ECT level 

between neighbor pixels varies between 0.4% to 0.7% according to the 

difference in the bias points in transition. Therefore, the measured ECT 

matches well with the expected ECT. However, we also find that there are 

about 0.9% of squares showing an ECT level higher than 1%. Those 0.9% of 

squares correspond to five pixels that have high carrier leakage (pixel 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. The other 

reason could be that those pixels are not biased in a proper transition region, 

as to be discussed in section 7.3.3. 
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Fig. 7.3 Electrical crosstalk (ECT) map of 43 pixels with a frequency spacing of 

32 kHz. In this 43 × 43 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%). The ECT value of < 0.1% 

is not different from the level of 0.1% to make higher crosstalk more visible in 

the map. 

 

7.3.2. Measurements of one pixel 

      In practice, if ECT levels are sufficiently low, there will be negligible 

differences in the measured characteristics and the performance of a TES 
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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. 7.4 (a). The difference between the two 

modes is negligible. By using the normal resistance measured from the witness 

chip, and the current in the feedback circuit, the raw IV can be calibrated and 

is plotted in Fig. 7.4 (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 neighbor pixels is comparable to its current [26]. Fig. 

7.4 (c) shows the observed saturation power (Ps) at different bias points along 

with the resistive transition RTES/Rn, measured in both modes. The Ps is 44 fW 

in SPM and 46 fW in MM, respectively, where the difference of 2 fW accounts 

for 4.5%, which is within the measurement uncertainty of 5% in IV 

measurements.  

 

 

Fig. 7.4. (a) Measured raw IV curve of pixel 1, where the red line means the 

data measured in single-pixel mode and the blue line means the data measured 

in multiplexing mode. (b) Calibrated IV from the raw IV curve. (c) PR curve of 

this pixel. (d) The fitting of measured saturation power as a function of bath 

temperature. The fitted Tc is 127 mK.  
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      Fig. 7.4 (d) shows the power fit to the Ps 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 ranges from 2 to 4 (~3.0 of this pixel). 

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. 7.5 (a). The readout 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 (blue), Johnson noise (orange), and 

readout noise (green). The phonon noise is calculated with the parameters 

extracted from the measurements in Fig. 7.4 (i.e. G, Tc) and the impedance 

measurement [34]. From the impedance measurement of this pixel, we derive 

α to be 205, and the current responsivity β to be 1.7. Below the detector roll-

off frequency (50 Hz), 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 only deviation between the simulated and 

measured noise occurs at frequencies below 10 Hz, which is probably due to 

excess noise and 1/f noise. Fig. 7.5 (b) shows the responsivity of this pixel with 

a value of 2.5 × 107 A/W . Fig. 7.5 (c) shows the estimated NEP of 1.3 ±

0.1 aW/√Hz  from the simulated noise, which is the same as the phonon noise 

dominated NEP, estimated from G and Tc. 
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Fig. 7.5 (a) Plot of the measured noise of pixel 1 at 20% in transition and 

expected noise according to the parameters derived from an impedance 

measurement. The expected and measured noise match well except for the 

low-frequency range (< 10Hz); (b) Calculated responsivity of this pixel. (c) 

NEP calculated with expected noise and responsivity. The NEP is 1.3 aW/√Hz. 

 

7.3.3. Measurements of 43 pixels 

      Now we turn to the performance of the 43-TES bolometers in SPM and MM. 

As shown in Fig. 7.6 (a), all detectors are biased in the range between 10% and 

50% in transition. Compared with the previous  ‘fast’ TES measurement 

[26,35], now we are able to bias all detectors below 50% in transition without 

any 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. However, some TES detectors have unwanted 

bumpy structures when they are biased at low 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, 5 pixels 

are likely not biased in a stable operating position in its transition. 

Fig. 7.6 (b) shows the TES voltage for each TES when it is biased in the usual  

operating point. In principle, to calculate the NEP, we need to calculate the 

current noise divided by the responsivity: 
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NEPmeasured =
√SI,measured

2 −SI,read
2

sAC
,                                             (7.1) 

 

where NEPmeasured  is the NEP derived from experiment, SI,measured
 is the 

measured current noise, SI,read
 is the readout noise, and sAC  is the 

responsivity of the TES. The sAC can be expressed as [1]: 

 

sAC = −
1

VTES
(

L

τeleRTESℒ
+ (1 −

Rs

RTES
) + i2πf

Lτ

RTESℒ
(

1−ℒ

τ
+

1

τele
) −

(2πf)2τ

ℒ

L

RTES
)−1，      

(7.2) 

 

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 the signal frequency. Since we are 

only interested in the frequency range smaller than 50 Hz, and Rs ≪ RTES , 

Equation (7.2) can be simplified to: 

 

sAC = −
1

VTES
(

1+β

ℒ
+ 1)−1.                                           (7.3) 

 

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 × √SImeasured

2 − SIread

2 .                                   (7.4) 

 

Fig. 7.6 (c) plots the TES current of each pixel in both SPM and MM. The 

tendency to the decrease of the TES current corresponds to the tendency to 

the increase of the transition range in Fig. 7.6 (a) since the TES current is larger 

when a TES is biased lower in transition. 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 

current change when it is biased lower in transition. 
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      The measured current noise of each pixel in both modes is shown in Fig. 7.6 

(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. Despite that most pixels show the same 

values in SPM and MM within the measurement error, five of them (pixel 13, 

29, 32-33, 41) show a relatively large difference (>10%) between the two 

modes, which are actually the pixels with a relatively high carrier leakage. 

 

 

 

Fig. 7.6 (a) 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 crosstalk 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 a bit higher in MM because it is slightly lower in 

transition. (d) Current noise of each pixel in both modes. Similar to TES current, 

the current noise is higher in MM due to the TES is lower in transition. 

 

      The Ps is calculated from the calibrated IV curve of each pixel at 90 mK. The 

NEP and Ps of all 43-pixels, biased in the frequency range from 1 to 3.5 MHz, 

measured in both SPM and MM are shown in Fig. 7.7 and Fig. 7.8, respectively. 



Chapter 7. FDM readout of a microstrip wired, slow TES bolometer array 

134 

 

We found the NEPs to be between 0.6 and 1.8 aW/√Hz among the 43 pixels 

with a mean value of 1.2 aW/√Hz, while the Ps varies from 20 to 50 fW, with a 

mean value of 35 fW. The measured NEP and Ps of most pixels is the same in 

both SPM and MM, which is consistent with the crosstalk measurement, 

described in section 7.3.1.  

 

 

 

Fig. 7.7 (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) 

Difference of NEP in percentage between SM and MM,  derived from (b) with 

respect to the NEP in MM, only five pixels show the difference to be higher than 

10% because of the high ECT level (>1%). 

 

Compared with the previous TES array fabricated with the wet-etching 

process[26], the uniformity of this TES array improves. However, the thermal 
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conductance is still scattered in a relatively large range (up to a factor of 9). 

The reason is likely the non-uniformity of TES in the array, which could be 

caused by remaining structures on some of the Si3N4 legs in some TES, as 

shown in Fig. 7.1 (b). Introducing the Au structure in our TES could be another 

source of the non-uniformity. It is generally known that TES can be sensitive 

to any changes in the standard fabrication. As we discussed earlier, no 

contribution from stray light is expected since no absorber is in the TES 

detectors. Also, it cannot be due to the crosstalk because its level is low (<1%). 

Furthermore, since the scattering is not frequency-dependent, any influence 

from the readout system can be excluded as well. 

 

Fig. 7.8 (a) Measured saturation power of 43 pixels in two modes. The Ps value 

of each pixel is taken from 20% transition. Most saturation powers are 

scattered around 35 fW, and the values are the same in both modes. (b) The 

differences of Ps are measured in two modes. (c) Difference of Ps in percentage 

between SM and MM, derived from (b) with respect to the Ps in MM, only five 

pixels show the difference to be higher than 5 % because of high ECT level 

(>1%). 
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7.4. Conclusions 

      In conclusion, we have mapped the electrical crosstalk of 43 pixels in an 

array, with a nominal frequency spacing of 32 kHz. We have found that 38 

pixels show an electrical crosstalk level of less than 1%, which is dominated 

by the carrier leakage. Reduced crosstalk is attributed to the microstrip wiring 

in the array, which minimizes the mutual inductance. We also observed 5 

pixels with a crosstalk level higher than 1% due to the reduced frequency 

spacing and structured IV curves. Our study suggests that our FDM can have a 

low enough ECT level such as what was required for SPICA/SAFARI. 

      We succeeded in increasing the response time of our TES by a factor of 20, 

achieving an effective time constant of 20 ms at a transition of 70% for 

RTES/Rn, by adding an Au structure to the TES. Therefore, we not only have a 

much larger bandwidth ratio (frequency spacing/electrical bandwidth) of 8 

but also allow the TES to be biased at a low transition without oscillations.  

      We have read out 43 pixels simultaneously in the frequency range 1-3.5 

MHz, with an NEP level ranging from 0.6 to 1.8 aW/√Hz and with a saturation 

power varying between 20 and 50 fW. All the pixels show the same results in 

single-pixel mode and multiplexing mode except for 5 pixels with a high 

crosstalk level. 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. 

      That 43 pixels were chosen out of the half array (88) 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. 
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Chapter 8 

Conclusions 
 

      The study of far-infrared (FIR) radiation (30-300 μm ) is essential to 

understand a wide range of cosmic questions, among which the evolution of 

galaxies, and the origins of stars and planets are interesting and important [1]. 

Since the Earth's atmosphere is opaque to FIR radiation, space-based 

observations are required, motivating the development of FIR space telescopes. 

In past decades, space telescopes like Herschel, Planck [2], and Spitzer [3] have 

shown very exciting outcomes. However, in those space applications, the 

detection sensitivity was limited by the background noise of the warm 

telescope. The next generation of FIR space telescopes is aiming for background-

limited sensitivity by combining a large (>2 m) and cold telescope (<10 K) with 

instruments employing state-of-the-art sensitive detector arrays. The transition 

edge sensor (TES) is a very attractive choice for FIR space telescopes due to its 

high sensitivity and matureness. In the FIR, TES detectors are approaching the 

photon statistics limit, which means their performance is dominated by the 

fluctuations in the arrival rate of photons at the detector, and not by the 

intrinsic noise of the detectors themselves [4]. 

      To increase the mapping speed and field of view, a TES bolometer array with 

thousands of pixels could be applied in planned FIR space applications such as 

SPace Infrared telescope for Cosmology and Astrophysics/SpicA FAR-infrared 

Instrument (SPICA/SAFARI) [5] and Origins Space Telescope (OST) [6]. 

Multiplexing techniques are essential to read out such large arrays especially, 

for space applications. Multiplexing limits the number of cold wires and, thus, 

minimizes the heat load on the cold stage, which is particularly vital for space 

telescopes, 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 most appealing 

multiplexing techniques. Over the past decades, there have been many 

developments in FDM systems. However, a systematic study and development 

for TES bolometers FDM readout system is still missing. This thesis reports the 

study and development of the FDM readout system for TES bolometers. In 
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particular, many studies are based on the requirement of the former European 

Space Agency middle-level mission (ESA-M5) candidate SPICA/SAFARI. Some 

initial requirements for SAFARI are: (1) noise equivalent power (NEP) should 

reach 0.2 aW/√Hz; (2) the readout current noise level should be below 10 

pA/√Hz; (3) the electrical crosstalk level should be lower than 0.1%. Although 

the SPICA/SAFARI mission was canceled recently (October 2020), our work for 

the FDM system is still valid for space applications that need a multiplexing 

readout for a large TES bolometer array (>1000 pixels). 

      A fundamental requirement of an FDM readout system is that the readout 

noise level should be lower than the noise from the detectors, which includes 

the intrinsic noise of the TES and signal from the sky. In the FIR bolometer for 

SAFARI, the current noise level of a TES bolometer is about 30 pA/√Hz , 

depending on the characteristics of the TES itself and where the TES is biased 

in its transition. Our FDM system consists essentially of inductor-capacitor (LC) 

filters, superconducting quantum interference devices (SQUIDs), a low noise 

amplifier (LNA), and a demultiplexer (DEMUX). The LC filters and SQUIDs 

operate at a cryogenic temperature, while the LNA and DEMUX work at room 

temperature.  

      We firstly study the noise from electronics at room temperature. In Chapter 

3, to quantify the noise level from the warm electronics, we build a noise model 

based on the electrical circuit of our readout chain, which consists of the 

voltage noise from the DEMUX, and the current noise as well as the voltage 

noise from the LNA. Combining our proposed model with the measured 

experimental data, we extract the noise value of the warm electronics, which is 

low enough to read out our TES arrays. The noise model can be used to quantify 

the noise contribution from other warm electronics setups, which is an 

important method to check their performance. 

      In an FDM system, all the signals from TES detectors are summed up and 

amplified by the SQUID. The current noise referred to the SQUID input coil 

represents the total readout noise, which consists of the noise from the warm 

electronics and the SQUID. Therefore, it is essential to understand and optimize 

the SQUID performance during the operation. In Chapter 4, we introduce a 

calibration tone method to characterize the noise performance of the FDM 

readout system. With the help of the calibration tone method, we not only can 

quantify the noise level of an FDM system but are also able to have an optimized 

SQUID setting. 
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      Electrical crosstalk (ECT) among pixels in an array is unavoidable when 

they are read out by an FDM system. It is essential to minimize the ECT. In 

Chapter 5, we have characterized and mapped the ECT of an FDM system with 

a 61-pixel TES bolometer array. By applying a small modulation to the AC bias 

voltage of one TES and measuring the crosstalk 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. In the ECT map, 

about 40 pixels out of 61 TES detectors 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%. However, high ECT levels of up to 10% are also observed. In 

this case, the ECT is dominated by high mutual inductances, caused by the long 

coplanar wires in the same bundles. To mitigate this source of ECT, the 

coplanar wires should be replaced by microstrip wires in the array. The ECT 

map suggests that our FDM system with about 30 kHz frequency spacing can 

have a low enough ECT level for FIR instruments like SAFARI. Our results 

successfully demonstrate the low electrical crosstalk needed for space FDM 

technology. 

      As a successful FDM readout demonstration, the performance of detectors 

read out in multiplexing mode (all the pixels are measured simultaneously) 

should be the same as what is measured in single pixel mode. In Chapter 6, we 

demonstrate an FDM readout of a 60-pixel array by comparing the current-

voltage (IV) curves and noise spectra of the TESs measured in single-pixel 

mode (SPM) and in multiplexing mode (MM). By replacing the single-stage 

SQUID with a two-stage SQUID, we decrease the readout noise level from ~20 

pA/√Hz to ~10 pA/√Hz. 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 SPM and MM. We have succeeded in reading out a 

TES with an NEP of 0.45 aW/√Hz  in the MM, which demonstrates the 

capability of reading out ultra-low noise TES bolometer arrays for space 

applications. We noticed that 17 pixels in the array show a different 

performance between SPM and MM due to high ECT levels, which could be 

solved by replacing coplanar wires with microstrips. We also find that many 

pixels cannot be biased lower than 70% in transition due to the too fast 

response of the TES, which can be solved by increasing the heat capacity of the 

TES. 
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      In Chapter 7, we update the FDM setup described in Chapter 6 by replacing 

it with a new TES array, which has microstrip wiring and has TESs with a 

longer response time in order to reduce the ECT and also to allow operation at 

the preferred biasing points. Due to the nonuniformity of the available TES 

batch, we can only choose 43 TES bolometers for our FDM readout study. We 

have read out all these 43 pixels simultaneously in the frequency range 1-3.5 

MHz. 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. We have found that 38 

TES pixels out of the 43-pixel TES array show an electrical crosstalk level of 

less than 1%, which is dominated by carrier leakage. The up to 10% high ECT 

reported in Chapter 5 is no longer present, since the mutual inductance is 

minimized by using the microstrip wiring in the array. By adding an Au 

structure in the TES, we have increased the response time of our TES by a 

factor of 20, which enables all the TESs to be biased lower than 50% in 

transitions. 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. 

      A brief outlook of our FDM readout system for now, for the next few years, 

and for the next decade is given in the following paragraphs. 

1. The following steps are ongoing development of our FDM system: 

(a) Study the stability of the FDM system by applying Allan variance analysis. 

Allan variance analysis of the time series data shows the stability of the 

measurement over time, with the lowest variance value corresponding to the 

highest system stability. In addition, a 1/f noise analysis is performed based 

on the frequency series data. With the use of Allan variance and 1/f analysis, 

we could discover the most and least stable components of the FDM system. 

Knowing this we can improve the overall system stability and determine the 

best integration time for observing with TES arrays. 

(b) Measurement and analysis of out-of-band resonances (OBR) in the readout 

chain up to 500 MHz. OBR could constrain the bandwidth of the FDM readout 

of the bolometers. In particular, OBR can be caused by the long harness (~5 m) 

for the flight model. 

(c) Optical measurement of TES bolometers array-FDM system. By adding a 

feedhorn array in combination with an optical source, we could measure 

optical signals with the FDM readout system. This measurement can help 
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characterize the optical cross-talk of the readout system and eventually 

toward a full demonstration of an FDM system for space applications. 

2. In the next years, some improvements to the FDM system should be 

performed: 

(a) Have a precise resonance frequency of each LC filter. The main cause for 

deviations of the designed resonance frequency is a non-uniform distribution 

of capacity, formed during dielectric deposition. We should improve the 

fabrication process of the LC filters. 

(b) Build an automatic measurement and analysis system based on Python. We 

have a standard measurement and analysis process. It is wise to package all 

those programs into a system, which is more effective for the measurement 

and analysis of thousands of TES bolometer arrays.  

3. Until now, we have demonstrated an FDM system to read out TES 

bolometers of the order of 100 pixels in one readout chain. However, for future 

space applications like OST, thousands of TES pixels need to be read out. Thus, 

dozens of such readout chains must operate in parallel to read out such a large 

array. Therefore, in the next decade, the design and measurement of multiple 

FDM readout chains is needed. 
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Nederlandse samenvatting 
"Hoe is de sterrenhemel ontstaan?". Deze vraag houdt de mensheid al 

eeuwenlang bezig. Zelfs nu, met moderne theoretische modellen  en 
geavanceerde astronomische waarneemtechnieken,  zijn er nog veel vragen 
over de ontstaansgeschiedenis van het heelal. In lijn met de vraag over het 
ontstaan van het heelal is het ook belangrijk om de ontstaansgeschiedenis en 
evolutie van sterrenstelsels en sterren te begrijpen. Volgens de Big-Bang 
theorie en sterrenkundige waarnemingen, is het heelal  13.8 miljard jaar 
geleden ontstaan. Om naar de ontstaansgeschiedenis van het heelal te kijken, 
moeten we dus terugkijken in het verleden. Door roodverschuiving kan het 
zichtbare licht uit het verleden nu gedeeltelijk worden waargenomen in het 
ver-infrarood golflengte gebied (Far-InfraRed, FIR) met golflengtes tussen 30-
300 μm. Het ver-infrarood bevat daarmee essentiële informatie om vragen te 
beantwoorden over de oorsprong van het heelal. 

Aangezien onze dampkring niet transparant is voor ver-infrarood licht, 
kunnen er in dit golflengtegebied geen waarnemingen op aarde worden 
gedaan. Gebruik van ver-infrarood ruimtetelescopen is dus noodzakelijk. Voor 
het waarnemen van de zwakke signalen wordt gebruik gemaakt van ultra-
gevoelige sensoren die worden afgekoeld tot milli-kelvin temperaturen. Voor 
het maken van een beeld is het ook nodig om veel pixels te kunnen gebruiken, 
vergelijkbaar met een camera in een mobiele telefoon. 

De in dit proefschrift beschreven sensoren zijn Transition Edge Sensors (TES). 
Dit zijn supergeleidende detectoren die gebruik maken van de sterke toename 
in weerstand in een supergeleider als functie van temperatuur. In een TES 
bolometer wordt de temperatuurverandering veroorzaakt door de energie 
van het binnenkomende ver-infrarood licht. De temperatuursverandering 
door de invallende fotonen zorgt voor een verandering in weerstand, die 
uiteindelijk wordt gemeten als een verandering in de stroom door de sensor.  

De uitdagingen voor de ontwikkeling van TES detectoren voor een 
ruimtevaartmissie zijn niet alleen de ultieme gevoeligheid, maar ook de 
multiplex uitlees-elektronica. Zonder multiplexing zou elke sensor enkele 
draden nodig hebben om te worden aangestuurd en uitgelezen. Veel pixels zou 
dan ook veel bedrading inhouden, en dat is niet verenigbaar met de benodigde 
milli-kelvin temperaturen en het beperkte koelvermogen op deze lage 
temperatuur.  

Gevoelige TES bolometers in combinatie met multiplex uitlees-elektronica 
zijn een optie voor een aantal toekomstige ver-infrarood en sub-millimeter 
ruimte-missies, zoals LiteBIRD (Lite satellite for the studies of B-mode 
polarization and Inflation from cosmic background Radiation Detection) 
geleid door JAXA (Japan Aerospace Exploration Agency), OST (Origin Space 
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Telescope) geleid door NASA (National Aeronautics and Space 
Administration), en SPICA (SPace Infrared telescope for Cosmology and 
Astrophysics) geleid door de European Space Agency (ESA) en JAXA. Helaas 
heeft ESA de SPICA-missie onlangs geannuleerd.  

Frequency Division Multiplexing (FDM) is een heel aantrekkelijke multiplex 
technologie. Gedurende de laatste twee decennia is er veel ontwikkeling 
geweest op het gebied van TES detectoren en FDM systemen, maar een 
systematische experimentele demonstratie van FDM uitleeselektronica met 
TES bolometers is nog niet gedaan. Dit proefschrift beschrijft de eerste 
experimenten waarin dit wel gedaan wordt.  

Mijn proefschrift beschrijft vijf onderzoeksprojecten, die zich richten op de 
systematische opbouw van een prototype uitlees systeem. Het FDM systeem is 
opgebouwd uit een aantal basis elementen; de inductie-capaciteits filters (LC-
filters ), Superconducting Quantum Interference Devices (SQUIDS), een Low-
Noise Amplifier (LNA) en een demultiplexer (DEMUX). De LC filters en SQUIDs 
werken bij cryogene temperaturen, de LNA en DEMUX werken bij 
kamertemperatuur. Een basis vereiste voor de uitleeselektronica is dat de ruis 
van de elektronica lager is dan uitgangsruis van de detectoren. De ruis van de 
detectoren is opgebouwd uit intrinsieke detector ruis en foton ruis van het 
gedetecteerde signaal.  

In Hoofdstuk 3 worden de resultaten gepresenteerd van het onderzoek naar 
de ruis van de warme elektronica. Voor het bepalen van de ruisbijdragen in de 
elektronica heb ik een ruismodel gemaakt, gebaseerd op de spanningsruis van 
de DEMUX en de spannings- en stroomruis van de LNA. Op basis van een 
vergelijking van dit model met gemeten data is de ruisbijdrage van de warme 
elektronica bepaald, en deze blijkt laag genoeg om arrays van TES detectoren 
uit te lezen. Het gebruikte ruismodel kan ook worden gebruikt voor andere 
uitleeselektronica, en is een belangrijke controle voor de werking van de 
elektronica. 

In een FDM system worden de signalen van de TES detectoren 
samengevoegd en versterkt met een SQUID versterker. De equivalente totale 
stroomruis aan de ingang van de SQUID versterker is opgebouwd uit de ruis 
van de warme elektronica en de ruis van de SQUID. Het is dus essentieel om 
een goed begrip te hebben van de SQUID instellingen, en deze te optimaliseren 
voor minimale ruisbijdrage. In Hoofdstuk 4 wordt een kalibratiemethode met 
behulp van een kalibratietoon beschreven, om de ruis van het totale FDM 
systeem te bepalen. Met behulp van deze methode kan ik niet alleen het 
ruisniveau van de uitleeselektronica bepalen, maar ook de instellingen van de 
SQUID optimaliseren.  

Elektrische overspraak (Electrical Cross Talk, ECT) tussen verschillende pixels 
in een FDM systeem is niet te voorkomen. Het is belangrijk om deze 
overspraak te minimaliseren. In Hoofdstuk 5 heb ik de overspraak tussen 
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verschillende pixels in een TES bolometer array geanalyseerd en in kaart 
gebracht. Voor het merendeel van de pixels is de ECT verwaarloosbaar laag. Er 
zijn echter enkele pixels met veel overspraak. Dit wordt veroorzaakt door 
onderlinge inductie. Door het visueel in kaart brengen van de overspraak kon 
de oorzaak voor de overspraak worden aangegeven, en op basis hiervan ook 
een methode om dit verder te verbeteren. Deze experimenten tonen aan dat 
FDM technologie kan worden gebruikt voor het ontwikkelen van 
uitleeselektronica met lage overspraak niveaus.   

Voor een succesvolle demonstratie van FDM moet het niet uit maken of een 
pixel individueel wordt uitgelezen (single-pixel mode), of dat meerdere pixels 
simultaan worden uitgelezen (multiplexing mode). In Hoofdstuk 6 beschrijf ik 
de resultaten van een FDM systeem in combinatie met een 60 pixel TES 
bolometer array, en vergelijk ik de stroom-spanningskarakteristieken (IV) en 
de ruisspectra van de TES gemeten in single-pixel mode (SPM) en 
mulitiplexing mode (MM). Door het vervangen van de eentraps SQUID 
versterker door een tweetraps SQUID versterker, is de ruis van de 
uitleeselektronica met een factor 2 verlaagd, hetgeen een aanzienlijke 
verbetering geeft in de uitlezing. Ik ben hiermee in staat geweest om de TES 
uit te lezen met een lage Noise Equivalent Power (NEP) in de MM uitlees 
modus. De laagst gemeten waarde van de NEP is 0.45 aW/√Hz. Dit toont aan 
dat ultra-lage ruis TES bolometer arrays kunnen worden uitgelezen met FDM 
uitleeselektronica. 

In Hoofdstuk 7 beschrijf ik verbeteringen die zijn aangebracht in het FDM 
prototype zoals beschreven in Hoofdstuk 6. In deze nieuwe configuratie is het 
TES array vervangen door een recent gefabriceerd TES array dat gebruik 
maakt van TES detectoren met een langere tijdsconstante en microstrip 
bedrading. Hierdoor kan de TES op een beter biaspunt worden ingesteld, en 
wordt de ECT verder gereduceerd. Het gemeten ruisspectrum komt goed 
overeen met een gesimuleerd ruisspectrum dat is gebaseerd op de parameters 
die bepaald zijn door een TES impedantie meting. Dit toont aan dat phonon 
ruis de dominante ruis in deze TES detectoren is. Ongeveer 90% van de TES 
pixels hebben een verwaarloosbaar laag overspraak niveau. De hogere ECT 
zoals aangegeven in Hoofdstuk 5 wordt niet langer waargenomen doordat de 
mutule inductie is geminimaliseerd door het gebruik van de microstrip 
bedrading. Door gebruik te maken van een gouden structuur op de TES 
bolometer, is de tijdsconstante van de TES bolometer toegenomen met een 
factor 20. Dit maakt het mogelijk om alle TES detectoren in een optimaal bias 
punt in te stellen.  

Met een verdere optimalisatie van de TES bolometer uniformiteit en een 
grotere bandbreedte voor de uitleeselektronica, is het aannemelijk dat de FDM 
elektronica 130 pixels met 1 SQUID uit kan lezen. Dit opent de mogelijkheid 
voor toepassing in toekomstige ruimte missies. Onze resultaten tonen aan dat 
de uitleeselektronica ruimschoots kan voldoen aan de eisen voor de Japanse 
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LiteBIRD missie en op langere termijn ook voor een mogelijke toepassing van 
FDM technologie in de OST missie van NASA. 
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