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CMB Detector Readout



Goals
• Understand five readout circuits:


1. Single-TES readout


2. Time-domain multiplexing (TDM, tMUX)


3. Frequency-domain multiplexing (FDM, fMUX)


4. Quadrature demodulation for phase readout of KIDs


5. Microwave multiplexing (uMUX)
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TDM Block Diagram - CMB-S4 Implementation
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TDM Hardware - Various
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FDM Example

2. SYSTEM OVERVIEW

A TES bolometer absorbs heat from incident photons, which results in a change in the electrical resistance of a
thermistor. Applying a strong voltage bias to the thermistor provides electrical power, holding the TES in the
superconducting transition. The constant voltage bias enables negative electrical feedback, where the electrical
power changes with the TES resistance keeping the total power constant, and changes the current through the
device.7

In an fMux readout, bolometers are multiplexed together by placing each in series with an inductor L and
capacitor C creating a unique frequency resonance (see Figure 1). The LCRbolo segments are placed in parallel
with each other. A sinusoidal voltage bias is tuned to the resonant frequency of each bolometer and summed
together into a single waveform (referred to as the comb of carriers) and input on a pair of wires. The sky signal
amplitude modulates each carrier and appears as sidebands in the resulting current. Because the sidebands for
each bolometer occupy a unique frequency band, the signals from each of the bolometers are transmitted over a
single pair of wires.

The summed bolometer signals are amplified using Superconducting Quantum Interference Devices (SQUIDs).
The SQUID is a low-noise, low input-impedance transimpedance amplifier. After the SQUIDs, the signal under-
goes additional stages of amplification and signal processing in the room temperature electronics before being
digitized and demodulated down to baseband.
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Figure 1. Schematic overview of the 64 channel digital frequency domain multiplexing readout system.

One significant challenge in increasing the number of bolometers multiplexed together is dynamic range. As
the multiplexing factor increases the dynamic range of the SQUID quickly becomes a limiting factor. Since the
sky signal is modulated into the carrier sidebands, the SQUID dynamic range requirements can be significantly
reduced by injecting an inverted copy of the carrier comb with a 180 degree phase shift prior to the SQUID input
coil (the nuller). In the legacy version of the digital fMux readout, statically applying the nuller was su�cient to
ensure that the remaining current into the SQUID coil met the dynamic range requirement. However, the static
nulling method is no longer su�cient when the multiplexing factor increases to 64. Instead, an active feedback
loop referred to as Digital Active Nulling (DAN)8 nulls both the carriers and sidebands for each bolometer.

The dynamic range of the synthesizer chain also limits the number of channels that can be multiplexed
together. A typical bolometer for a ground-based telescope has a saturation power of 15 pW, and will require
a voltage bias of about 3 µVRMS for Rbolo = 1⌦, corresponding to a current of 3 µARMS. The achievable
dynamic range at the bolometer from the synthesizer chain is derived from the properties of the digital-to-analog
converter (DAC), a current source, paired with the requirement that the total noise contribution of the DAC at

Figure: Bender, et al. (1407.3161)
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FDM Hardware - 
SPT-3G Implementation

Detector module with LC boards 

4 A. N. Bender1,2 et al.

Fig. 2 Left: The cryogenic components in the SPT-3G fMux readout. In the center of the photograph is a
single 68x multiplexing LC filter network chip that connects to the SQUID (top of photograph) via stripline
wiring. Also shown is the mechanical shield for the LC chip and magnetic shield for the SQUIDs. Right: The
custom FPGA and SQUID control boards. (Color figure online.)

boards perform the required digital signal processing (modulation, demodulation, and feed-
back). A second custom board operates the SQUIDs [17, 18].

3 On-Sky Performance

3.1 Yield

The overall sensitivity of a CMB receiver scales directly with the number of optically sen-
sitive detectors. Any readout components that are inoperable reduce the total number of
useable detectors. The total number of resonant filters identified in the characterization of
the SPT-3G readout combines detector and readout yield together. The detector wafers are
electrically probed at room temperature prior to assembly, providing an independent esti-
mate of detector yield. The table below presents a summary of this yield accounting. The
readout yield is estimated from the number of identified resonances, accounting for detec-
tors that measured disconnected in a room temperature probing. Loss in the readout occurs
in the cryogenic components in two main ways. First, an entire module is disconnected ei-
ther at the stripline connections or the LC chip. Current data suggests this has occurred for
2-3 out of the 240 modules within SPT-3G. Second, individual LC pairs are non-functional,
accounting for the remainder of missing resonances.

Wired
Readout
Channels

Calibration
Resistors

TES with
T=300K

connectivity

Expected
Resonances

Identified
Resonances

Estimated
Readout

Yield

16,200 480 14,712 15,192 14,260 ⇠94%

3.2 Crosstalk

Electrical crosstalk from the fMux system copies sky signals from one detector into the
data of another. The resulting bias on the measured CMB polarization is either a leakage
of temperature signal into polarization or an incorrect polarized beam [19, 20]. There are
three expected types of crosstalk within an fMux module [3]. First, there is crosstalk due to
overlapping bandwidth between LC filters closely spaced in frequency. Second, the inductors
within a module can couple via mutual inductance. Finally, the stripline wiring that connects
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boards perform the required digital signal processing (modulation, demodulation, and feed-
back). A second custom board operates the SQUIDs [17, 18].

3 On-Sky Performance

3.1 Yield

The overall sensitivity of a CMB receiver scales directly with the number of optically sen-
sitive detectors. Any readout components that are inoperable reduce the total number of
useable detectors. The total number of resonant filters identified in the characterization of
the SPT-3G readout combines detector and readout yield together. The detector wafers are
electrically probed at room temperature prior to assembly, providing an independent esti-
mate of detector yield. The table below presents a summary of this yield accounting. The
readout yield is estimated from the number of identified resonances, accounting for detec-
tors that measured disconnected in a room temperature probing. Loss in the readout occurs
in the cryogenic components in two main ways. First, an entire module is disconnected ei-
ther at the stripline connections or the LC chip. Current data suggests this has occurred for
2-3 out of the 240 modules within SPT-3G. Second, individual LC pairs are non-functional,
accounting for the remainder of missing resonances.
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Readout
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16,200 480 14,712 15,192 14,260 ⇠94%

3.2 Crosstalk

Electrical crosstalk from the fMux system copies sky signals from one detector into the
data of another. The resulting bias on the measured CMB polarization is either a leakage
of temperature signal into polarization or an incorrect polarized beam [19, 20]. There are
three expected types of crosstalk within an fMux module [3]. First, there is crosstalk due to
overlapping bandwidth between LC filters closely spaced in frequency. Second, the inductors
within a module can couple via mutual inductance. Finally, the stripline wiring that connects
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uMUX Example

Flux Modulation
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Figure 2: Basic elements of microwave SQUID multiplexed TES readout: (black) microwave
multiplexer or µmux, (green) flux-ramp demodulation line, (violet) rf-SQUID, (orange) TESs and
theirs DC-bias line.

In Frequency Domain Multiplexing (FDM) each TES signal is amplitude modulated by a
sinusoidal bias current of a distinct frequency per pixel. The current through the TES is coupled to
a SQUID and all the SQUID outputs are summed on a single line by using a common transformer
coil [34]. The frequency separation between pixels is driven by cross talk requirements, and
SQUID dynamic range. A 100 kHz separation between adjacent carrier frequencies fulfills these
requirements and is compatible with a bandwidth per pixel of around 10 - 15 kHz. FDM can provide
a larger multiplexing factor (> 40) over a total bandwidth of 5 MHz [38]. FDM is currently the
baseline readout system for the Athena X-Ray Integral Field Unit (X-IFU) [39]

For both TDM and FDM, the only possibility to acquire faster pulses with the same total band-
width is to decrease the multiplexing factor. Future applications, as neutrino mass measurement
and spectrometer at free-electron laser facilities, need pulse times below 200 µs with a very fast
time resolution in order to facilitate the pile-up rejection due to the repetition rates of the source.
A significantly faster pulse response (higher bandwidth), higher multiplexing factor (> 1000), and
lower power dissipation are fundamental requirements for future experiments. Standard multiplex-
ing technologies, like TDM are reaching their full potential and can not match these requirements.
A multiplexing technique capable of reading out thousands of detectors in a single output channel
needs a total bandwidth of a few gigahertz. Microwave SQUID multiplexer of dissipationless
rf-SQUIDs is a promising techniques that can meet these requirements.

3 Microwave SQUID multiplexing

The basic concept of the microwave SQUID multiplexing applied to TES detectors was proposed for
the first time by Irwin et al. [40] and Hahn et al. [41]. The technique is inspired by the GHz frequency

– 5 –
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DC bias—same as TDMFigure: Becker, et al. (1910.05217)



TES Current Pulse in Flux-Ramp Modulation
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Figure 3: (left) Frequency and phase shift in response to a change in the rf-SQUID input flux.
S21 is the forward S-parameter of the resonator. (right) Ramp-demodulated signal and related with
phase shifts in the rf-SQUID response (inlet). In this example each change in the oscillation phase
(i.e. signal sample) is demodulated via a ramp amplitude tuned to provide n�0 of flux per ramp.

domain multiplexing approach of Microwave Kinetic Inductance Detectors (MKIDs) [42, 43].
As reported in [31], each channel consists of a dc-biased TES (orange in figure 2) inductively

coupled to a dissipationless rf-SQUID (violet in figure 2), inductively coupled to a high-Q super-
conducting quarter-wave resonator (black in figure 2). The input channels are coupled to a common
microwave read out line (feedline) through capacitive coupling (Cc). When probed with a sinusoidal
signal matched to its resonant frequency, the resonator acts as a short to ground (notch filter).

The energy deposition in the microcalorimeter absorber is detected by changes in the TES
resistance, that modulates the ITES current. This time-dependent current applies a flux � in the
SQUID loop as � = MITES, where M is the SQUID transduction gain. Since the rf-SQUID acts as
a flux-variable inductor (equation 2.1), the shift in resonant frequency causes a change in amplitude
and phase of the microwave sinusoidal signals in the feedline coupled to the resonator. This change
corresponds to an increase of the power transmitted through the feedline for the corresponding probe
tone. By placing many micoresonators with di�erent resonant frequencies in the same multiplexer
chip it is possible to perform the read out of multiple detectors. The detector array can be monitored
by a set of sinusoidal probe tones (frequency comb). A cryogenic High Electron-Mobility Transistor
(HEMT), placed at cryogenic temperatures (⇠ 4 K), amplifies the transmitted microwave signals at
the multiplexer output.

SQUIDs are interferometers with a periodic and therefore nonlinear response (i.e. figure 1,
right), which are traditionally linearized by a flux-locked loop. This approach is not compatible
with the microwave SQUID multiplexer since a flux-locked loop would require a separate feedback
wire for each SQUID, which is in contrast with the multiplexing purpose. An alternative way
is to implement a flux-ramp modulation scheme that modulates the signal from a rf-SQUID and

– 6 –
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uMUX Hardware - SO Implementation

Figure 2. Left: Exploded rendering of the UMM assembly. Right: Photo of an assembled UMM without the lid. Twenty-eight
multiplexer chips are assembled in series on a thin copper tray, totaling 1,800 channels. Electrical lines fabricated on the routing
wafer connect the RF and flux ramp signal to the mux chips via aluminum wire bonds. There are two multiplexed circuits on each
UMM, labeled north and south. The PCBs interface to optics tube readout wiring.

copper, the extruded features of the copper tray must be machined with tight (25—50µm) tolerances. The
copper lid bolts directly to the thin tray along mating surfaces between mux chip rows. Spring-loaded contact
pins glued into the lid provide clamping force on the routing wafer. There are two PCBs that feed the electrical
lines to the optics tube, one for the RF signal and the other for the DC (TES bias) and low-frequency signal
(flux ramp). A photo of an assembled UMM without the lid is in Figure 2.

3. UMM ASSEMBLY

The assembly procedure has been developed to ensure minimal degradation of the multiplexer performance due
to assembly. This will enable the UMMs to the meet requisite performance specifications: a noise level of 65 pAp

Hz

and multiplexing factor of 882 (not all resonators are coupled to detectors). It is critical that the assembly
procedures are reliable and repeatable, as SO plans to field 49 detector modules. The devices must also be
mechanically robust to handling and electrically functional (no electrical shorts or opens). The major assembly
steps include: screening of components, aligning and clamping the routing wafer to the thin tray, gluing of
multiplexer chips to the thin tray, wire bonding, electrical validation, and final packaging.

3.1 Component screening

All components are visually inspected for defects and checked for mechanical fit before continuing with assembly.
Silicon components undergo additional electrical screening before they are accepted. The mux chips are individ-
ually electrically validated with a custom probe card at room temperature that checks for continuity and shorts
to ground on the flux ramp and CPW lines. The resonator performance must also be proven before proceeding
with assembly. As mux chip performance is largely uniform across a fabrication wafer, one sample mux chip per
wafer is packaged for cryogenic testing. The testing checks that the mux chips meet the design specifications for
resonator parameters, including the internal quality factor (Qi) and yield.

Similarly, the routing wafer undergoes warm and cold screening. Following a visual inspection for defects, all
critical electrical lines (bias lines, CPW lines, flux ramps) on the wafer are probed for continuity and shorts at
room temperature using a current-controlled probing box. The wafer is then assembled for cryogenic screening
at 100mK. This involves mounting the wafer to a PCB and wire bonding the bias lines to the PCB. The wafer is
held in place with BeCu bipod springs bolted to a copper clamp. Each bias line bond pad on the routing wafer
is wire bonded to two pads on the PCB for four-lead measurements with a Lakeshore 372 resistance bridge. The
setup for the routing wafer cryogenic screening is in Figure 3. Measurements from the cryogenic testing are used
to ensure acceptable shunt resistor values and critical current limits. Additionally, the bias lines are probed for

4

100mK detector/readout module

E. Healy, et al. (2204.05869)
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(a) SO wiring design

(b) URH design (c) Wiring in URH during assembly

(d) Cross section view of LATR cold
wiring design

(e) LATR cold readout wiring proto-
type

(f) SAT cold wiring design top view
(g) Top view of SAT cold wiring dur-
ing assembly

Fig. 2: (a) Single RF chain for SO readout. Attenuators are distributed to pro-
vide optimal drive power, while reducing equivalent noise temperature and reflec-
tions. Two stage cryogenic amplification is used for improved SNR and linearity.
Semi-rigid coaxial cables of different materials, lengths and diameters are used
for inter-thermal stage interconnects. DC-blocks provide thermal breaks between
temperature stages. The Universal Readout Harness (URH) design is common to
LATR and SATs. URH design in (b) and URH as pictured during assembly stage
in (c). The design of cold readout wiring over 4 K to 0.1 K for the LATR (d) with
wiring picture of a prototype in (e). The SAT cold wiring design top view in (f)
with the hardware pictured in build stage show in (g).

M. Rao, et al. (2003.08949)

Figure 1. A complete SMuRF readout system and its components. As labeled, 1) High and low band RF Advanced

Mezzanine Cards (AMCs) described in Section 3.2. 2) FPGA carrier card described in Section 3.1. 3) A complete

SMuRF readout card consists of an FPGA carrier card integrated with one low band and one high band RF AMC card.

4) The SMuRF cards are housed in a commercial Advanced Telecommunications Computing Architecture (ATCA) crate.

5) Each SMuRF readout card additionally interfaces through the ATCA crate backplane with a Rear Transition Module

(RTM). The RTM is described in Section 3.3. Not shown: The RTM is connected to a cryostat card through a shielded

twisted pair cable. The cryostat card interfaces signals from the RTM with an external cryostat housing the cold RF

circuit and µMUX multiplexer.

3.2 RF Advanced Mezzanine Cards

In addition to generating the RF tones, the RF Advanced Mezzanine Cards (AMCs) serve the function of
digitizing the input RF signals and converting them into 500 MHz blocks to be processed by the digital signal
processing code in the FPGA contained on the carrier card. There are two types of RF AMC cards, the high
(6-8 GHz) and low (4-6 GHz) band cards. Each of the AMC cards is assembled from a base card (called the
SMuRF base card) as well as a daughter card (called the high or low band daughter card) which contains most
of the high frequency electronics (with the exception of the LO generation).

The SMuRF base card contains all the necessary circuitry to generate the 4 LO (local oscillator tones)
necessary for down/up conversion as well as 2 ADC (ADC32RF44) and 2 DAC (DAC38J84) chips, each of which
contain 2 ADCs and 2 DACs respectively for a total of 4 ADCs and 4 DACs each used to generate and detect
the 500 MHz bands. In addition, the board has a clock generation chip (LMK 04828) used to generate all the
clockwork and synchronization for the high speed JESD204B lanes. Finally, there is a clean VCXO on board to
serve as either an independent or lockable reference for the system.

The high and low band cards are functionally equivalent with the main di↵erence being the frequency range
of the high frequency filter/combiner (quadruplexer) used to combine (from the up-converters) or split signals
(before the down-converters). In addition, the high band card contains a broad-band combiner for the RF output
to combine the high and low band RF signals for an overall bandwidth of 4-8 GHz as well as a splitter for splitting
o↵ the low band signal to send to the low band card from the RF input. Each card contains 4 up-converters and
4 down converters. All individual channels have programmable step attenuators used for leveling the 500 MHz
bands.

Figure 2 highlights measurements of the linearity of the SMuRF system. To measure the SMuRF output
signal to noise we used the DAC/Upconverter section on a low band RF AMC to generate 1000 lines with
frequencies distributed between 4 and 6 GHz. The frequency spacing between each line was randomly drawn
from a gaussian distribution with a standard deviation of 1.8 MHz. An intentional gap was left in the spectrum
to allow for noise floor measurements. The measured signal to noise for output tones measured using a spectrum
analyzer exceeds 100 dBc/Hz across the full 4–6 GHz bandwidth. Further, we looped the 1000 DAC-generated

4

4K wiring and low-noise amplifiers

S. Henderson, et al. (1809.03689)

300K “SMuRF” electronics
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