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Abstract
Neutrino mass estimation experiments and cosmic microwave background (CMB) 
radiation surveys both employ low-temperature detectors (LTD) known as calorim-
eters and bolometers, respectively. These detectors operate typically between 10 
and 300 mK. LTDs multiplexed by means of a microwave superconducting quan-
tum interference device multiplexer (µMUX) demonstrated to be an excellent device 
for the readout of several detectors in the microwave region. This entails generat-
ing a multi-tonal signal and its subsequent readout. A single-tone detection method 
based on a Goertzel filter bank (GFB) channelizer was used for the readout of the 
aforementioned signal, implemented in a software-defined radio readout architecture 
within a field-programmable gate array. The measurements presented here demon-
strate remarkable results in validating the suitability of the GFB channelizer for this 
system.
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1  Introduction

The electron capture in 163Ho (ECHo) [1] experiment aims to investigate the neu-
trino mass in the sub-eV region, analyzing the end-point region of the 163Ho elec-
tron capture spectrum. Large arrays of magnetic microcalorimeters (MMCs)  [2], 
implanted with 163Ho, operated in parallel are planned to be used for this purpose to 
ultimately acquire a statistically significant volume of data.

The Q &U Bolometric Interferometer for Cosmology (QUBIC) [3] will contrib-
ute in the quest of finding the so-called smoking gun of inflation [4, 5], by detecting 
and characterizing the B-modes polarization of the cosmic microwave background 
(CMB) radiation (primordial tensorial perturbations in the metric). QUBIC relies on 
transition edge sensor (TES) bolometers [6] as of now; however, a new bolometer 
has recently been proposed to the collaboration. The bolometer, a magnetic micro-
bolometer (MMB), is based on the developed paramagnetic sensor of the MMC [7].

Cryogenic sensing, such as the introduced neutrino mass estimation experiments 
and CMB surveys present challenges to be addressed, not only in the low-tempera-
ture detectors but also in the warm electronics, driving continuous improvements in 
both cases. These include achieving higher sensitivity, reducing dissipation at mK 
stages, and increasing multiplexing factors, among others. The pursuit of a higher 
multiplexing factor naturally leads to microwave superconducting quantum interfer-
ence device (SQUID) multiplexing (µMUX)  [8], which involves the injection and 
subsequent readout of a multi-tonal signal.

Single-tone detection methods, used for detecting each individual frequency 
component of the aforementioned multi-tonal signal, turn out to be an attractive 
approach as they mainly improve the configuration flexibility for run-time re-config-
uration, and the control of the spectral leakage in this kind of systems.

The Goertzel filter enables the calculation of a single bin of a signal’s discrete 
Fourier transform (DFT), the kth bin of an N-point DFT, defined by:

It can be represented by a second-order infinite impulse response (IIR) filter with its 
z-domain transfer function [9]:

We present in this article an update on the suitability analysis of the Goertzel fil-
ter bank (GFB) channelizer, sketched in Fig. 1. Here we show measurements of a 
µMUX channel regarding demodulation capabilities and noise level in a cryogenic 
setup, extending the results presented in [9].
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2 � Readout System

Reading sensors multiplexed by means of a µMUX requires the generation of 
multi-tonal signals in the microwave range. A software-defined radio (SDR) 
system (sketched in Fig.  2) is required for carrying out this intricate task. The 
basic elements of the SDR system are a so-called radio-frequency (RF) front-end, 
which performs the tasks of signal up-conversion and down-conversion, spectrum 
splitting, and merging; also, the digital-to-analog and analog-to-digital convert-
ers (DAC and ADC, respectively), which basically connect the digital world with 
the analog world; and the digital electronics, where the intensive data processing 
occurs. The AMD ZCU102  [10] evaluation board is used for the digital back-
end block, equipped with the Zynq UltraScale+ MPSoC. The AD-FMCDAQ2-
EBZ  [11] board houses a DAC (AD9144) and an ADC (AD9680). The RF 

Fig. 1   Goertzel Filter Bank Channelizer: It consists of a preceding decimation stage carried out by digi-
tal down converters (DDCs) (other techniques, such as polyphase filter banks, can also be used in this 
part), allowing a coarse tuning for processing the bands of interest where the different µMUX resonances 
might be; and then the GFB is used for fine tuning and individual tone detection. In our current imple-
mentation, each Goertzel filter can detect four independent frequency components, and the logic circuits 
run at 250 MHz

Fig. 2   The readout system including the cryogenic setup. The cryostat consists of different temperature 
stages, not shown in this diagram. The low-noise amplifier (LNA), represented by the red triangle, oper-
ates on the 4 K stage. The µMUX and the sensors are located in the lowest temperature stage, for exam-
ple, 320 mK for QUBIC and 20 mK for ECHo



	 Journal of Low Temperature Physics

front-end is a custom two-stage heterodyne mixer stage board which later resulted 
in a scaled-up revision for the ECHo readout electronics [12].

3 � Experimental Setup

The cryogenic setup consists of a Bluefors LD250 dilution refrigerator  [13] and 
two signal paths: a transmission one and a reception one. The former introduces a 
total attenuation of 40 dB due to two cryo-attenuators (10 dB at the 50 K and 10 dB 
at the 4  K stage) and a 20  dB directional coupler in the 10  mK stage. A CMB-
optimized 9-channel µMUX is connected to the directional coupler in that cooling 
stage. The latter contains a circulator (connected to the µMUX), 0 dB attenuators 
(for thermalization reasons), and a 35 dB gain LNA [14] at the 4 K stage [15].

The µMUX was placed without attached sensors in the mixing chamber 
(MXC), which has a base temperature of 10 mK and was set to work at 100 mK. 
Its frequency response is shown in Fig. 3. For the flux-ramp modulation (FRM), 
a Picotest G5100A [16] was used. The carrier readout power was of – 40 dBm at 
the cryostat input, yielding approx. – 80 dBm at the chip.

The channel located at approx. 3.9656  GHz was used for the demodulation 
capabilities tests. This SQUID resonator in the µMUX has a period of 189.76 μ A 
per flux-quantum Φ0 and a bandwidth of roughly 200 kHz. The mutual inductance 
between the SQUIDs and the resonators is of 3.5 pH, and between the SQUIDs 
and the modulation coils is of 10 pH.

4 � Measurements Results

The amplitude power spectral density (PSD) at the output of the GFB channelizer 
for a window size of 32 samples and a flat-top window function is shown in Fig. 4. 
To quantify noise floor variation, a direct loopback in the back-end was applied with 

Fig. 3   9-channel µMUX measurements using a Keysight PNA-X N5242B. The highlighted channel (in 
red), at 3.9656 GHz, is the one used for measurements in this work
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and without the RF front-end. Two different carrier signals at – 145.8 MHz were 
generated at the DAC output: – 1 dBm and – 40 dBm. The RF front-end introduces 
an attenuation of 15 dB in the transmission path, regardless of the input power, and 
provides around 7 dB of gain in the receiver path (after demodulation, applied sepa-
rately to the I and Q components). This results in a net attenuation of roughly 5 dB 
for the complex envelope signal (which has 3 dB more power than the individual 
I and Q components) in the RF loopback, as illustrated in Fig. 4. For the selected 
channel readout and monitoring tone location (for amplitude domain demodulation, 
see Fig. 3, zoom), the RF front-end local oscillator was placed at 4.111 GHz.

Also, the spurious components have different sources, like the rf-SQUID’s termi-
nation in the µMUX (no input coil attached), ADC, and the electromagnetic interfer-
ence coming from the surrounding area.

To characterize the demodulation capabilities of the channelizer, we proceed 
as described in [9] but with a cryogenic device at 100 mK. Different flux-ramp 
sawtooth signals varying in frequency (framp) and amplitude (for different number 
of flux-quanta) were generated for modulation of the SQUID. The different com-
binations of framp and ramp amplitude yield different SQUID frequencies, fmod. 
The readout power at the DAC output was again −40 dBm.

Figure 5 (top) shows the GFB output for a sawtooth signal with framp = 1 kHz. 
Three different maximum amplitude values were used, matching one, two, and 

Fig. 4   Noise performance. A 32 sample window size was utilized in this case, with two different power 
levels generated with the DACs, – 1 dBm and – 40 dBm at the DAC output. The real input power value 
(at the ADC) is 5 dB less ( ∼ – 45 dBm and ∼ – 6 dBm) (top). Same but including the cryogenic setup 
(bottom)
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four Φ0 ; delivering consistent fmod of 1 kHz, 2 kHz, and 4 kHz, respectively. The 
mean value of the GFB was removed (the carrier input power) for visualization 
purposes and clarity of the result.

These results show the impact of the framp. The sawtooth phase jumps in the 
time domain, understood as a Dirac delta pulse �(t) , give rise to harmonic con-
tributions in the spectrum equally spaced every framp (a frequency comb), being 
1  kHz for this test. Meanwhile, the stronger components belong to the fmod: 
1 kHz, 2 kHz, and 4 kHz.

As no detector was available for this test, a sinusoidal emulation signal d(t), at 
different frequencies and modulation indices, was added. This approach was imple-
mented by using y(t) = A ⋅ ramp[2�frampt + d(t)] , y(t) as signal generator output. 
This emulates a phase modulation (PM) scenario. For visualization purposes, only 
the case of 135 Hz and a modulation index of 10 ◦ (phase deviation peak value) are 

Fig. 5   GFB output. A sawtooth of framp = 1 kHz was generated with different amplitudes for one, two, 
and four quantum-fluxes ( Φ0 ). The expected result is that fmod is NΦ0

 times the sawtooth frequency. The 
sawtooth reset is visible in the images (top). The frequency spectrum of the channelized signals with the 
sawtooth reset products, marked in the plot (bottom)
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shown in Fig. 6. The demodulated [17, 18] signal from the GFB output is depicted 
in Fig. 6, right.

The GFB output is not shown in its time domain form as it is visually the same 
as the already presented plots like Fig. 5 (top), but instead, their FFT is presented in 
Fig. 6 (left). An framp of 28 kHz with an amplitude of four Φ0 was generated, yield-
ing an fmod of 112 kHz, visible in the zoom image of Fig. 6. There, the highlighted 
FFT bin represents the SQUID frequency, fmod, together with the components of the 
generated PM of 135  Hz. The output of the quadrature demodulation was passed 
through a digital Butterworth low-pass filter of fourth order and a fcut at 500 Hz, in 
order to remove the high-frequency components

5 � Conclusion

It was verified that this method is capable of demodulating a detector signal from 
a µMUX channel. The noise level for an input power of ∼ – 45  dBm is around 
– 95 dBc/Hz, and for an almost full-scale value, is well below – 120 dBc/Hz. With 
these results, the GFB channelizer becomes an interesting tool for multi-tonal signal 
channelization for the readout of cryogenic sensors utilizing a µMUX, as it does 
not degrade the system performance. It presents high configuration flexibility capa-
bilities, spectral leakage control, adaptability (using different window functions and 
sizes), and noise levels in the order of other state-of-the-art approaches, like poly-
phase filter banks and multi-channel digital down converters.
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amplitude of four Φ0 . The highlighted FFT bin represents the SQUID frequency, with the PM sidelobes 
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result is consistent with the expected value of four times the detector signal. (right)
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