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Abstract
Efficient use of the available frequency space for frequency domain multiplexing is
essential for space-based TES detector applications such as the X-IFU instrument on
the Athena X-ray telescope. For cross talk reasons, there exists a lower limit on the
distance between neighbouring pixels in frequency space, so that accurate control of
the resonance frequency helps to use the available frequency space. Independently,
from the point of view of efficient sinusoidal bias voltage generation, placing the
frequencies on a grid with a fixed spacing helps to avoid the effects of nonlinearity
on the detector performance. Inevitable tolerances in the lithographic production of
LC bandpass filters and margins in the design of stray inductances limit the relative
accuracy of the resonance frequencies to a few times 10−3. In this paper we will
propose a new method which uses the active SQUID readout electronics at room
temperature to further fine-tune the resonance frequencies of the LC filters beyond the
manufacturing limitations.
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1 Introduction

Imaging arrays of cryogenic detectors based on transition edge sensors (TES) are
nowadays being used for a wide range of ground based applications and are also the
baseline detector type for the space-based telescopes Athena and Spica. Especially for
space-based applications, power-efficient readout is an essential component. There are
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several multiplexing schemes in use, which all have in common that the information
of a pixel is limited in bandwidth, then mounted on an independent carrier per pixel,
and then added to a multiplexed data stream.

Frequency domain multiplexing (FDM) is one of the multiplexing technologies for
the readout of TES-based detectors. SRONdevelops FDM for the readout of theX-IFU
instrument on the Athena observatory [1], and for the Safari instrument on the Spica
observatory [2]. FDM is implemented by mounting the signals of TES-based pixels
on individual carriers by applying sinusoidal bias currents with different frequencies
per pixel. A LC bandpass filter per pixel, which is tuned at the frequency of the
assigned carrier, ensures that the bandwidth of the signal is confined, and that a single
frequency per pixel is applied to generate the bias. Separation in frequency space is
essential to keep the signals mathematically independent, so that individual signals
can be retrieved from the multiplexed data stream without addition of information
from other pixels (i.e., cross talk).

Efficient use of the bandwidth is needed to minimise the power dissipation. As a
result, the carrier frequencies should be as closely packed as allowable from cross
talk considerations. For the X-IFU instrument on the Athena X-ray observatory, a
multiplexing factor of 40 has been chosen as a baselinewith carrier frequencies ranging
between 1 and 5MHz, with a spacing of 100 kHz [3]. For a more elaborate description
of the focal plane assembly, we refer to [4]. In this paper we discuss amethod to further
reduce the impact of the nonlinearity of the DAC.

2 Impact of Nonlinearity on FDM

Nonlinearity in the readout chain or in the carrier generation leads to the generation
of higher order harmonics, and therefore spoils in principle strict separation in fre-
quency space. Although monotonic nonlinear transfer functions of the readout chain
are mathematically invertible, the inversion would require measurement of the gen-
erated harmonics with a sufficient signal-to-noise ratio to avoid significant addition
of amplifier noise. As a result, this inversion operation is generally not feasible for
high-dynamic-range applications such as X-ray detectors.

In the FDM system under development, the main sources of nonlinearity are the
SQUID, the digital-to-analog converters (DACs) for the carrier and carrier nulling
signals, and the first-stage low-noise amplifier (LNA) at room temperature.

Nonlinearity in the carrier generation, which leads to spurious signals in the side-
bands of the carriers, cannot be inverted as the TES-based pixels are power detectors.
As a result, nonlinearity in the amplifier chain and in the bias sources must be kept
below a threshold level, which depends on the requirements of the application.

The amplitude of the harmonics generated by a nonlinear transformation is a strong
function of the amplitude of transformed signal. This implies that for a given nonlinear
transfer function of a component in a system, the impact on the nonlinearity can be
minimised by minimising the amplitude of the transferred signals. This approach is
applied to counter the effects on nonlinearity of the SQUIDs and of the LNA, by using
baseband feedback [5,6] to null the stationary carriers and the superimposed time-
dependent carrier modulation in the forward path of the baseband feedback loops.
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This method cannot be applied for the generation of the carriers and the carrier
nulling signals, as the full amplitudes are unavoidable to generate the required bias
power for the detectors, and to null the resulting carriers at the input of the SQUID.
Note that because the nonlinearity of the SQUIDs and LNAs are stronger than the
nonlinearity of theDACs, it is advantageous tominimise the SQUIDsignals as opposed
to the DAC signals.

3 Carrier Frequencies on a Grid

To further minimise the impact of the nonlinearity present in the DACs we make use
of the fact that the amplitude-modulated signal from the TES is only a small fraction
of the stationary bias current. We can write the modulated signals with index i as
Ii (t) = (I0,i + �Ii (t)) sinωi t , with I0,i the amplitude of the stationary bias current,
and �Ii (t) the time-dependent part of the amplitude that is produced by the noise
and the photon responses, and ωi the angular frequency of the sinusoidal TES bias
current of the TES with index i . For the X-IFU instrument, the energy dependence of
the X-ray optics [7] causes that for the vast majority of the absorbed photons we find
that �Ii (t) � 0.1I0,i . As a result, the harmonic products with the largest amplitudes
will be produced by the stationary part of the carriers.

In order to efficiently use the available multiplex bandwidth, the carrier frequencies
are placed on a regular grid. The distance in frequency space between adjacent carriers
is set by cross talk requirements which dictate a minimum ratio between the frequency
distance between neighbours, and the bandwidth per pixel. The minimum bandwidth
per pixel, in turn, is set by the speed of the pixel and the electrothermal stability
requirements. Because of inevitable tolerances on the resonance frequency of the LC
filters, the carrier frequencies cannot be on an exact regular grid. The best result on
the accuracy of the resonance frequencies reported so far shows a spread of 2.3 kHz
(=0.7‰) around the designed resonance frequencies can be achieved in the frequency
range of 1–3 MHz [8].

The harmonics created by nonlinearity are always integermultiples of the frequency
differences between the carriers. As a result, the harmonics have a high probability of
ending up in the side bands of pixels at the higher carrier frequencies. The impact of a
harmonic in the side band carrying energy information of a detected photon depends
on the instantaneous phase of the harmonic at the moment a photon is absorbed, and
on the frequency difference between the harmonic and the carrier frequency of the
pixel it is affecting. As the exact location of the harmonics depends on the statistical
spread on the designed resonance frequencies of the LC bandpass filters, one must
use a worst-case estimate when specifying the maximum allowable amplitudes of the
harmonics. For the X-IFU instrument this turns out to impose stringent requirements
on the spurious free dynamic range (SFDR) of the DACs.

When we choose the angular carrier frequencies ωi such that they are exact integer
multiples of each other, i.e.,ωi = ω0+n ·ω�, withω0 = 2π f0 the lowest angular bias
frequency with frequency f0, n ≥ 0 a positive integer, and ω� the angular frequency
distance between two adjacent carriers, the harmonics with the largest amplitudes
will be stationary, and with frequencies sitting on the same equispaced grid as the
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angular bias frequencies ωi . This, in turn, implies that the largest effect of the DAC
nonlinearity will be an amplitude offset of the carrier only, instead of a harmonic in
the side band. Therefore, the impact of the nonlinearity will be much smaller when
the carrier frequencies are on an equispaced grid.

The angular resonance frequency ω0 of a LC bandpass filter with inductance L and
capacitanceC , in series with a (TES) resistor R0 in the limit of R0 � √

L/C , depends
of both the values of L and C , as ω0 = 1/

√
LC . Resonance frequency tuning can

thus be obtained by changing either L or C . In the same limit, the angular electrical
bandwidth Bpix of the circuit is set by R0 and L only, i.e., Bpix ≡ R0/L . Therefore,
active frequency tuning is preferably implemented by tuning the capacitors, as the
bandwidth of the bias circuit is constrained by the electrothermal stability requirements
of the TES.

4 Operating Principle and Implementation of Active Frequency
Tuning

A circuit element in an electrical network can be seen as a device which measures
the current, and creates a voltage proportional to the observed current. In the case of
a resistor, inductor, or capacitor the resulting voltage is proportional to the current
directly, to its derivative, or to the integral of the observed current, respectively. This
implies that if the instantaneous current in the circuit is known, and if the output
voltage of the active bias source in the circuit can be adjusted based on the observed
current, an active impedance can be created in series with the active bias source. This
active impedance adds to the impedance of the passive components in the circuit, so
that the net impedance can be changed in this manner.

In a FDM readout system with baseband feedback [9], one has access to both
the measured current through and the applied voltage to the TES. As a result, by
creating a feedback path between the measured current and applied voltage per pixel,
a virtual resistor, capacitor, or inductor can be projected in the TES bias circuit, with
both positive and negative signs. The resulting net impedance of the TES bias circuit
consists then of the impedance of the physical LC bandpass filter in series with the
actively created impedances.

A schematic diagram of the feedback scheme in the frequency domain for a single
pixel in the small signal approximation is shown in Fig. 1. To simplify the expressions,
they have been evaluated around the angular bias carrier frequency ωc. We therefore
define �ω ≡ ω − ωc with �ω � ω0, and �ωLC ≡ ωc − ωLC the shift induced by
active frequency tuning with respect to the angular resonance frequency ωLC of the
LC filter.

The forward path contains the conventional readout chain consisting of the
impedance of the TES Z tes in series with the LC bandpass filter, and the transfer
Asq of the SQUID chain which is limited by a single pole at an angular frequency
of 1/τ which is in first order approximation equal to the gain-bandwidth product of
the baseband feedback loop. The feedback path is designed such that its impedance
equals the impedance of the LC filter at ωc, so that the net transfer of the circuit
becomes Im = V0,c/(Z tes + 2 j L�ω) in the limit where the gain-bandwidth product
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Fig. 1 Schematic diagram of the feedback scheme in the frequency domain for a single pixel, in the small
signal approximation, and evaluated around the angular bias carrier frequencyωc for simplicity.We therefore
define �ω ≡ ω − ωc with �ω � ω0, and �ωLC ≡ ωc − ωLC the shift induced by active frequency
tuning with respect to the angular resonance frequency ωLC of the LC filter. The forward path contains the
conventional readout chain consisting of the impedance of the TES Ztes in series with the LC bandpass
filter, and the transfer Asq of the SQUID chain which is limited by a single pole at an angular frequency
of 1/τ which is in first order approximation equal to the gain-bandwidth product of the baseband feedback
loop. The feedback path is designed such that its impedance equals the impedance of the LC filter at ωc, so
that the net transfer of the circuit becomes Im = V0,c/(Ztes + 2 j L�ω) in the limit where, the 1/τ � Bpix
and Asq = 1

of the baseband feedback loop is significantly larger than the electrical bandwidth of
the pixel, i.e., 1/τ � Bpix. We therefore can conclude that the net angular resonance
frequency of the circuit has changed from ωLC to ωc, as desired. The implementa-
tion of the active capacitor in the firmware of the digital readout electronics of FDM
requires an integrator and a multiplier per pixel, though more implementation forms
are conceivable. The functionality of the circuit has been demonstrated in simulations.
Experimental demonstrations are underway.

The voltage drop across the active capacitormust be created by the digital-to-analog
converter (DAC) which supplies the bias voltage to the TESs and therefore increases
the dynamic range requirements of the DAC by a factor

√
1 + (2�ωLC L/R0)2 with

R0 the set-point resistance of the TES. With the shown standard deviation of 2.4 kHz
on ωLC/(2π), and a bandwidth per pixel of 2–3 kHz, we expect this effect to be
of the order of

√
2. On the other hand the requirements for the SFDR become less

stringent because the spurious signals can be kept outside the detector information
band of ∼ 1 kHz, where their effect is attenuated by the standard matched filter. In
an optimised system, this can reduce the SFDR requirements by possibly an order of
magnitude, so we expect still a net relieve of the SFDR requirements. The dynamic
range requirement for the SQUID also increases by a factor

√
1 + (2�ωLC L/R0)2

when active frequency tuning is applied. This results from the fact that the measured
current,which is contaminatedwith SQUIDnoise, is used to create the active capacitor.

5 Summary and Conclusions

Nonlinear transfer functions in the readout chain of TES-based detectors leads to cre-
ation of harmonics, with cross talk as a result. The impact of SQUID and amplifier
nonlinearity is minimised by baseband feedback, which minimises the signal ampli-
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tude in these nonlinear elements. The resulting nulling signals have the full amplitudes,
and are created by DACs. To minimise the impact of the DAC nonlinearity, it is attrac-
tive to put the carrier frequencies on an equispaced grid. Production tolerances on
the analog cryogenic LC components together with the need to use the bandwidth
efficiently, inhibits the use of an equispaced grid.

We propose that an active feedback between the measured current per pixel and the
applied voltage per pixel can be used to effectively change the resonance frequency
of the TES bias circuit. In this way the goal to use an equispaced grid can be achieved
at the cost of slight extra dynamic range requirements on the SQUID. Simulations of
the transfers of the TES bias circuit together with baseband feedback and the active
frequency tuning technique in theZ-domain in Simulink® have shown the functionality
of the circuit.
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