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1 RATIONALE OF THE PROJECT 

Read-out electronics provides the interface between the radiation detectors (TESs, KIDs, CEBs, etc.) at sub-
mK temperatures and the acquisition computer at room temperature, receiving the analogue signals from the 
sensors and translating them to digital form by means of custom hardware.  
The activity of this working package foresees a comparison among different state-of-the-art architectures and 
readout techniques, together with the investigation of possible departures from the present implementations 
by means of FPGAs, by using dedicated ASICs or GPUs. 
Not to be neglected are power consumption, noise level and implementation costs considerations, in the 
prospect of future balloon and space experiments. The study of the necessary steps towards spatialization are 
as well part of this WP (survey, study and selection of rad-hard components, development of watch-dog 
algorithms, study of the performance in space environment).  
A survey of the technologies and expertise present in industries in Italy is also mandatory in order to assess 
the possible commitment of italian community in future experiments on ground, balloon borne or space 
experiments. 
In parallel this working package is entitled in the analysis and signal extraction from the LSPE data stream to 
clean it from the presence of glitches induced by cosmic ray radiation. 
 
2 RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 

(to other WPs) Comparative table of readout technologies being developed in the various frequency ranges; 
 
3 RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
 
We have started a survey of the present and foreseen technologies to be used in CMB measurements, which 
depend on the type of detector selected. We produced an extended doument that provides a description and a 
comparison of various techniques, which contains a comparative table. We summarize here the main points 
of that document. 
 
3.1 Introduction 

In current and future experiments, large arrays of sensors (from order of hundreds to thousands or tens of 
thousands) are and will be exploited. This makes the developing of advanced readout techniques necessary in 
order to reduce wiring between temperature stages. A readout chain can be seen as composed by three 
fundamental pieces: 
- Sensors: typically incoherent detectors such as Transition-Edge Sensors (TES) bolometers and Kinetic 
Inductance Detectors (KID); 
- Cold electronics: which performs sensor multiplexing by means of cold (<4K) circuitry and micro- or nano-
devices such as superconducting plane inductances, Joseph- son junctions, etc.;  
-Warm electronics (∼ room temperatures), generally composed by several digital processing units controlled 
by FPGAs with a custom software, which generates the necessary signals to perform control and 
management of the readout system (e.g. generation of sensor and SQUID bias currents, SQUID flux biases, 
digital PID- feedback computation, etc.).    
Conceptually, multiplexing can be subdivided into four steps: bandwidth limitation, encoding, summation, 
decoding. Bandwidth limitation is necessary to prevent signal degradation, due to aliasing from out-of-band 
detector noise, which worsens resolution as the square root of the number of pixels, and crosstalk in other 
channels. Encoding is achieved by multiplying the signal of each pixel by a set of orthogonal modulation 
functions and summing them into a single shared output channel. The signals are then decoded by means of 
the same modulation functions. 
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3.2  Time Domain Multiplexing 
In Time Domain Multiplexing (TDM), the signals of a series of sensors are combined into a single amplifier 
chain, after being separated in time domain. A first stage SQUID is connected to each sensor. A single pair 
of control wires turns on the SQUIDs in separated columns, so that a matrix of N SQUID columns by M 
control rows needs N+M signals lines instead of N×M. Encoding is performed using a low-duty-cycle square 
wavefunction. TES bandwidth limiting is achieved by means of low pass filters of appropriate time constant 
L/R, where R is the resistance of the TES. Since the SQUID bandwidth has to be larger than the Nyquist 
sampling frequency in order to achieve multiplexing, SQUID noise aliasing occurs, as we shall see in the 
following. 
Noise performances in TDM are dominated by SQUID noise aliasing. The modulation function has a noise 
bandwidth , where N is the number of multiplexed pixels and  is the sampling interval. Since this is N times 
larger than the Nyquist sampling frequency, aliasing degrades SQUID noise by a factor . To compensate this, 
the SQUID must be coupled to the input channel with a  higher mutual inductance in order to prevent signal 
degradation. This in turn increases the flux slew rate of the SQUID in response to a signal from the TES. 
The major advantages of TDM are its maturity level and simplicity, having more than a decade of field 
experience both on instruments, software and hardware, with an heritage including experiments such 
ACTpol, BICEP2, BICEP3 and SPIDER. TDM boasts the highest multiplexing factors achieved (64 on SPT-
3G, 128 QUBIC, 256 on a gamma-ray spectrometer). On the other hand, TDM needs a relatively high wire 
count per channel, since row-switching is carried out at room temperature, and the power dissipation is 
higher than other multiplexing techniques due to the first stage SQUIDs. 
 
3.3  Code Division Multiplexing 
In Code Division Multiplexing (CDM) the modulation functions used to encode the signals from TESs are 
Walsh matrices. This allows to readout the signals in a single CDM chain with different polarities, from 
which the original signals are retrieved. 
To date there are two practical implementations of code division multiplexing, both under development at 
NIST: flux summation (Φ-CDM) and current steering (I-CDM). 
As in TDM, SQUID bandwidth must be much larger than the Nyquist sampling frequency, so the  noise 
degradation due to aliasing is present. However, unlike TDM, every pixel is constantly readout, so there are 
N independent samples of each pixel per sampling period. This boosts the signal-to-noise ratio by a factor 
Sqrt(N), thus compensating the degradation due to SQUID noise aliasing. 
CDM maintains the simplicity of TDM while not suffering of the  penalty due to noise aliasing. This allows 
smaller couplings with the SQUIDs and faster slew rates. CDM has the potential to significantly increase the 
number of multiplexed sensors per channel or to enable the multiplexing of faster pixels.  
 
3.4  Frequency Domain Multiplexing 
In Frequency Domain Multiplexing (FDM), the signals of a sensor array are orthogonally modulated by ac 
biasing them at different frequencies. All the detectors are connected in series with an inductor and a 
capacitor, identifying a unique resonance frequency and filtering out noise and out-of-band signals. The 
resonances must be appropriately separated in frequency space to prevent crosstalk. 
FDM does not suffer of the noise aliasing from higher frequencies and of the  penalty present in TDM, since 
readout bandwidth can be limited to the same bandwidth as the sensor. Crosstalk in FDM readout occurs if 
spurious signal falls into the sensor bandwidth. This happens between neighbour channels, both in physical 
and frequency space, or between different combs because of inductive coupling of wirings. These effects is 
mitigated arranging the physical and frequency layout of pixels and LC channels such that overlap is the 
minimum possible.  
Besides the absence of the  penalty of TDM, FDM has the advantage of allowing individual bias levels for 
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each sensor. Since the detector signals are modulated to higher frequency, some sources of low frequency 
noise are avoided. Also, modulation of the TES bias allows the use of reactive biasing, eliminating the 
additional power dissipation of the shunt resistor. Disadvantages of FDM are the higher flux burden of the 
readout SQUID and the larger physical space needed by the LC filters with respect to the LR filters used in 
TDM and CDM. CMB polarization experiments of the past such as EBEX have achieved FDM multiplexing 
factors of 8 and 16, but future experiments will exploit higher multiplexing factors. 
 
3.5  Microwave SQUID multiplexing 
Microwave resonator based readouts allow multiplexing of much larger arrays of sensors.  SQUID 
multiplexer (µMUX), where the sensor is separate from the resonator and an intermediate SQUID couples 
the sensor response to the resonator. The SQUID response shifts the resonance frequency which can then be 
monitored in the same way as in MKID readout. The current through each sensor is inductively coupled to a 
dc or rf SQUID. Each SQUID is then coupled to a resonant circuit, such that a change in flux in that SQUID 
shifts the resonant frequency of the corresponding resonator. All the resonant circuits are coupled to a 
common feed line and the response of the sensors is probed using a sum of microwave tones. The combined 
signals are measured by a single high bandwidth High Electron Mobility Transistor (HEMT). 
In µMUX SQUIDs are operated in open loop. In this scheme, the response of each SQUID can remain 
monotonic even with large signals in every detector. Some non-linearities in SQUID’s response must be 
corrected either via or via hardware (e.g. by flux biasing the SQUIDs into an appropriate voltage-flux 
region). 
Microwave SQUID multiplexing is the less mature multiplexing technology, but has the potential to provide 
significantly more readout bandwidth than conventional techniques. This property can be used to multiplex 
larger numbers of detectors (order of thousands) and is currently being studied as readout technology by 
future experiments such as MUSTANG-2 and HOLMES. 
 
3.6  Comparative Table 
The results discussed in this note are summarized in the following table: 
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