
So you want to read 
out your detectors….

KICP Summer School



What I wanted to talk about
• SQUIDs
• amplitude modulation
• frequency modulation
• fMux
• tMux
• mu-Mux
• systematics (noise, crosstalk)
• control systems (FPGAs)
• HEMTs
• ADCs/ DACs
• Noise sources



But what I’ll do realistically

• building blocks for the DC SQUID voltage-flux response
• 3 strategies for multiplexing readout
• give you some references to start you on further reading



Example DC SQUID: Flat Washer
Accurate measurement of small currents using a 

CCC with DC SQUID readout 
DOI: 10.1016/S0924-4247(00)00339-3

Microwave cavity searches for dark-matter axions 
DOI: https://doi.org/10.1103/RevModPhys.75.777 The SQUID Handbook

https://doi.org/10.1103/RevModPhys.75.777


SQUID Arrays
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DC SQUID series array amplifiers 
with 120 MHz bandwidth: 
 DOI: 10.1109/77.919577 

Input
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Size = 4.5 mm x 4.5 mm

Time-Division SQUID 
Multiplexers With 

Reduced Sensitivity to 
External Magnetic 

Fields: DOI: 10.1109/
TASC.2010.2091483

Figure 5.8. Schematic of Series Array SQUID.

Vpp, increasing the signal-to-noise (defined as the output voltage divided by the output

noise) by a factor of
p

n. This advantage allows SSAs to achieve an input current noise

well below 5 pA/
p

Hz for mutual inductances that meet our design requirement. In fact,

the combination of high transresistance, low input current noise, and a mutual inductance

that maps a bolometer carrier to less than a flux quantum cannot be achieved with current

single SQUID technology. The SSA provides the needed performance for the FDM system.

Magnetic Flux Gradients

There are two major disadvantages in operating SSAs over single SQUIDs. The first

is increased sensitivity to trapped flux and background magnetic fields. Since the voltages

from the n SQUIDs must add coherently, they must be in identical flux environments. The

presence of a slightly non-uniform background field or trapped flux can both produce a

gradient in magnetic flux across a SSA. If this gradient is a large enough fraction of a flux

61

Lanting thesis.



Time Division Multiplexing

Time-division SQUID multiplexer 
for the readout of X-ray 
microcalorimeter arrays: DOI: 
10.1016/j.nima.2003.11.314 

Time-Division SQUID 
Multiplexers With Reduced 
Sensitivity to External Magnetic 
Fields: DOI: 10.1109/TASC.
2010.2091483



Recent 2-Stage TDM
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Readout of two-kilopixel transition-edge 
sensor arrays for Advanced ACTPol: 

DOI: 10.1117/12.2233895



CMB Experiments Using TDM
• ACT
• SPIDER
• BICEP/KECK

SPIDER 3 stage Mux Chip: 
1 column of 33 rows 

A.Rahlin thesis



Frequency Division Multiplexing
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Digital frequency domain multiplexing readout electronics for the next 
generation of millimeter telescopes:DOI:10.1117/12.2054949 

Frequency multiplexed superconducting quantum interference device 
readout of large bolometer arrays for cosmic microwave background 

measurement: DOI:10.1063/1.4737629



CMB Experiments Using FDM

• SPT
• POLARBEAR
• EBEX SPT-3G inductive-capacitive  

filter chip



μ-Mux
Not on a CMB telescope yet, but in the future…

tone  
generator

TES circuit

RF SQUID

microwave 
resonators

common  
flux 

feedback

Amplifier

Review of superconducting transition-
edge sensors for x-ray and gamma-ray 

spectroscopy: 
DOI: 10.1088/0953-2048/28/8/084003B. Mates thesis



5.6 Frequency-division multiplexing using SQUID-coupled GHz resonators (µmux) 141
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Figure 74: Overview of the the microwave SQUID multiplexer. (a) Schematic of the circuit. (b) Photograph of a 32-channel
µmux chip. (c) S21 transmission measurement of the µmux with 32 active channels. (d) Variation of single readout channel
transmission curves to applied input magnetic flux (or equivalently applied current when inductively coupled).

several GHz. Similar to MKID readout, signals are determined from the transmission properties of microwave
resonators, monitored by use of homodyne readout techniques. The only di↵erence in µmux readout, with
respect to MKID readout, is the addition of “flux-ramp demodulation” [279], which linearizes the response
and substantially decreases 1/f readout noise. Cabling per module consists of a pair of DC wires and two
coaxial cables.

Demonstrated performance

Performance has been demonstrated through extensive lab-based measurements and with on-sky observations
in the MUSTANG2 receiver. Readout noise levels relevant for CMB-S4 have already been demonstrated in
the lab. The architecture was used to read out a 3⇥10�17 W/

p
Hz NEP TES bolometer, which was optimized

for CMB polarization measurements [277]. In this demonstration, the readout noise was negligible compared
to the system noise, to modulation frequencies as low as 1Hz. Lower modulation frequencies were not
investigated. By altering the input coil coupling, the current generation of µmux chips have achieved an
input-referred white current noise level of 17 pA/

p
Hz [280]. This noise level is nearly a factor of 10 below

the expected photon noise level in the types of cryogenic receivers envisioned for CMB-S4. (Here we assume
3 pWs of optical load at 150GHz, and an optimized TES bolometer with R

TES

⇠ 5m⌦.)

On-sky observations have been made in two engineering runs of the MUSTANG2 receiver on the Green Bank
Telescope (GBT). In 2015, MUSTANG2 used the architecture in a 32-channel per module configuration to
make first-light images [281]. In 2016, on-sky, background-limited sensitivity has been demonstrated in pixels
coupled to 64-channel multiplexers.

In addition to bolometric applications, the µmux is under development for several TES microcalorimeter-
based instruments. A DOE-funded, 512-pixel gamma-ray spectrometer demonstration, called SLEDGE-
HAMMER, is underway [280], and the readout approach is baselined for a first-light instrument at the Linac
Coherent Light Source II (LCLS-II). The current technical state-of-the-art for calorimetric applications is

CMB-S4 Technology Book

CMB-S4 technology book


