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Desctiption of the document

This documents represents the output of the first milestone of the WP6-6x2 “Readout
electronics for future CMB experiments” which consists of a survey of present worldwide
technology for detectors readout electronics in form of a comparative table of the readout
techniques being devised.

The following people contributed to this document: Giovanni Signorelli, Alessandro
M. Baldini, Davide Vaccaro, Franco Spinella, Marco Piendibene, Donato Nicolò, Fabrizio
Cei and Luca Galli. All of them are associated with INFN sezione di Pisa.

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) bolome-
ters and Kinetic Inductance Detectors (KID).

• Cold electronics, which performs sensor multiplexing by means of cold (<4K) cir-
cuitry 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
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and summing them into a single shared output channel. The signals are then decoded by
means of the same modulation functions.

In this document we report the state of the art of CMB detectors readout and the
currently available multiplexing technologies, discussing performances, advantages and
drawbacks.

2 Time Domain Multiplexing

2.1 Overview

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 (see Figure 1a). Encoding is performed using a low-duty-cycle square
wavefunction (see Figure 1b).

(a) (b)

Figure 1: (a) Topology of QUBIC’s 128:1 multiplexer [1]. (b) TDM modulation function [2].

According to the Nyquist-Shannon theorem, if a signal has a bandwidth limit of fl,
the minimum sampling frequency required to correctly represent it is fs = 2fl. If the
output channel (e.g. a SQUID) has a bandwidth fSQUID � fl, then multiple input
channels can be multiplexed into one single output channel by sequentially sampling them.
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.

2.2 Performances

Noise performances in TDM are dominated by SQUID noise aliasing. The modulation
function has a noise bandwidth fn = N/2τs, where N is the number of multiplexed pixels
and τs is the sampling interval. Since this is N times larger than the Nyquist sampling
frequency, aliasing degrades SQUID noise by a factor

√
N . To compensate this, the SQUID
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must be coupled to the input channel with a
√
N 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.

Crosstalk occurs when each first-stage SQUID detects current from neighboring input
coils, and typically is of the order of 0.3% for adjacent coils [3]. Rarer non-linear crosstalk
may occur in the presence of very large signals such as very energetic cosmic rays or DAC
swings, e.g. due to SQUID flux jumps.

2.3 Discussion

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 [4], BICEP2 [5], BICEP3 [6] and SPIDER [7]. TDM
boasts the highest multiplexing factors achieved (64 on SPT-3G [8], 128 QUBIC [1], 256
on a gamma-ray spectrometer [9]).

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 Code Division Multiplexing

3.1 Overview

In Code Division Multiplexing (CDM) the modulation functions used to encode the signals
from TESs are Walsh matrices (an example of such functions is represented in Figure 2b).
This allows to readout the signals in a single CDM chain with different polarities, from
which the original signals are retrieved.

(a) (b)

Figure 2: (a) Sketch of a 2-channel CDM readout. [2]. (b) CDM modulation function [2].

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).

Φ-CDM is the simplest case of code division multiplexing. In this scheme (see Figure
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2a), the signal currents of N TESs are passively summed in N SQUIDS with different
coupling polarities and then their outputs are sequentially measured with a conventional
TDM readout. For large arrays, it is convenient to sum the fluxes into superconducting
transformers that couple to the SQUIDs. The coupling polarity of each TES to each
SQUID is given by the polarity with which the wiring wraps around the superconducting
transformer.

I-CDM uses a single-pole double-throw superconducting switch to modulate the po-
larity with which the TES couples to the SQUID amplifier. The switch is constituted by
two superconducting-to-normal switches based on dc SQUIDs, configured to operate as
variable resistor controlled by an applied flux.

3.2 Performances

As in TDM, SQUID bandwidth must be much larger than the Nyquist sampling frequency,
so the

√
N 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

√
N , thus compensating the

degradation due to SQUID noise aliasing.

Φ-CDM suffers of three forms of crosstalk:

• crosstalk due to inductive coupling between TES channels, due to the fact that all the
TESs are inductively coupled to each other because of the superconducting summing
transformer present in the circuit. Ideally, since the Walsh matrix is orthogonal, the
net coupling is zero. In practice however a small inter-channel crosstalk is present due
to imperfections in the fabrication, small variations in the summing coil inductance
due to different magnetic environments and different shielding currents in SQUIDs.

• crosstalk due to coupling between the feedback signal and the input circuits: since
the first channel has always positive polarity (see again Figure 2b), it will have larger
crosstalk from the feedback signals of the other channels. It is therefore advisable
not to use the first channel.

• crosstalk due to aliased signal variation within one frame of CDM data. This effect
is present in both CDM schemes and is caused by a signal changing significantly in a
pixel during a frame time, resulting in a crosstalk effect in the nearest pixel in Walsh
space (i.e. the analogous effect in FDM of signal leakage due to the overlapping of
resonances in frequency space). As in FDM, this effect is mitigated by bandwidth
limiting the pixel.

While suffering of smaller crosstalk effects, I-CDM presents drawbacks due to the
topology of current-steering switches. One is due to the voltage generated by a switch
in the current pathway, which has a back action of the TES, appearing as an additional
switch load resistance in series with the TES. This issue is solved by maintaining this
stray resistance small with respect to TES resistance. Another constraint is caused by
Josephson frequency oscillations: a voltage V applied to a switch in off state will cause it
to oscillate with a frequency V/Φ0. This voltage is determined by TES bias current and
the series resistance in the switch, which must be designed properly to keep this frequency
out of the signal band.
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3.3 Discussion

CDM maintains the simplicity of TDM while not suffering of the
√
N penalty due to noise

aliasing. This allows smaller couplings with the SQUIDs and faster slew rates.

Φ-CDM, even if in principle simpler than I-CDM, presents practical limits in the
fabrication process, since the required length of lithographic routing scales as N2. This
provides limits on the number of pixels that can be multiplexed.

I-CDM has the advantage to improve the scalability of TES arrays, but requires careful
design to reduce problems tied to switch back action and Josephson oscillations.

CDM has the potential to significantly increase the number of multiplexed sensors per
channel or to enable the multiplexing of faster pixels.

4 Frequency Domain Multiplexing

4.1 Overview

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 fil-
tering out noise and out-of-band signals. The resonances must be appropriately separated
in frequency space to prevent crosstalk.

(a) (b)

Figure 3: (a) Sketch of a 64-channel FDM readout, altogether with room electronics. [13]. (b)
FDM modulation function [2].

A major challenge of FDM is that all the summed modulated signals have to share
the limited dynamic range of the SQUID. A simple solution is to operate with the SQUID
in a flux-locked loop and apply a phase-shift to the signals. More sophisticated schemes,
allowing larger number of pixels, envisage baseband feedback [10] and digital active nulling
[11].
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4.2 Performances

FDM does not suffer of the noise aliasing from higher frequencies and of the
√
N 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 be-
tween 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.

There are 3 sources of crosstalk in FDM:

• inductor cross-coupling, due to the presence of a mutual inductance between phys-
ically adjacent channels. This form of crosstalk is mitigated by ensuring that fre-
quency neighbouring channels are not physically neighbour;

• bias carrier leakage, which causes a modulation of off-resonance leakage bias carriers
at adjacent channels when the on-resonance TES resistance changes in response to a
sky signal. This effect scales as R2

TESL
−2, so it can be made negligible by adjusting

these two parameters;

• Non-zero SQUID/wiring impedance.

The sum of these effects is usually lower than 1%.

4.3 Discussion

Besides the absence of the
√
N penalty of TDM, FDM has the advantage of allowing

individual bias levels for 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 [12] have achieved FDM
multiplexing factors of 8 and 16, but future experiments will exploit higher multiplexing
factors [13].

5 Microwave SQUID multiplexing

5.1 Overview

Microwave resonator based readouts allow multiplexing of much larger arrays of sensors.
One first type of microwave resonator based readout uses MKIDs in which some part of
the resonator is the sensing element: Cooper pairs are broken by the incoming radiation,
causing a shift in resonance frequency and a drop in quality factor that can be sensed by
probing each resonator with a microwave tone.

An innovative microwave-based readout is the microwave SQUID multiplexer (µMUX),
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Figure 4: Sketch of a µMUX readout circuit.

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 com-
bined signals are measured by a single high bandwidth High Electron Mobility Transistor
(HEMT).

5.2 Performances

In conventional multiplexing systems, SQUIDs are used in flux feedback mode to linearise
their response. In large arrays it is however impractical to have separate feedback lines for
each device, so 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. Of course
there will be some non-linearities in SQUID’s response, that must be corrected either via
software (e.g. by means of the same software used to linearise detectors’ response) or via
hardware (e.g. by flux biasing the SQUIDs into an appropriate voltage-flux region).

5.3 Discussion

Microwave SQUID multiplexing is the less mature multiplexing technology, but has the po-
tential 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
[14] and HOLMES [15].

6 Comparative Table

The results discussed in this note are summarized in the following table:
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Figure 5: Summary table of presented readout technologies.
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