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CMB and the Cosmic Timeline

image credit: BICEP
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Temperature Anisotropy from Planck

330μK rms fluctuation on a 3K blackbody 



Temperature Anisotropy from Planck
Planck Collaboration: The Planck mission
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Fig. 29. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including
Planck temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI
(2014)). Error bars include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond.

Beyond the six-parameter ⇤CDM model, the Planck lensing
measurements strengthen the evidence reported by ACT (Sievers
et al. 2013) and SPT (van Engelen et al. 2012; Story et al. 2012)
for dark energy from the CMB alone in models with spatial cur-
vature. Closed models with low energy density in dark energy
can be found that produce unlensed CMB power spectra nearly
identical to the best-fitting ⇤CDM model. This “geometric” de-
generacy is partially broken by lensing, since the closed models
predict too much lensing power. Even without using the Planck
lensing reconstruction, the 10� detection of the smoothing of the
temperature power spectrum allows Planck, used in combination
with ACT and SPT at high-` (to better constrain extragalactic
foregrounds) and WMAP large scale polarization, to break the
geometrical degeneracy, and provides evidence for dark energy
purely from the CMB (Planck Collaboration XVII 2014). Adding
the lensing likelihood, we constrain any departures from spatial
flatness at the percent level: ⌦K = �0.0096+0.010

�0.0082 (68 % CL) for
the same data combination, improving earlier CMB-only con-
straints (Story et al. 2012) by around a factor of two, and setting
our determination of dark energy from temperature anisotropies
data alone to ⌦⇤ = 0.67+0.027

�0.023 (68 % CL). Tighter constraints
from the combination of Planck and other astrophysical data are
given in Planck Collaboration XVI (2014).

Within the minimal, six-parameter model the expansion rate
is well determined, independent of the distance ladder. One of
the most striking results of the nominal mission is that the best-
fit Hubble constant H0 = (67 ± 1.2) km s�1 Mpc�1, is lower than
that measured using traditional techniques, though in agreement
with that determined by other CMB experiments (e.g., most no-
tably from the recent WMAP9 analysis where Hinshaw et al.
2012b find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consistent with the
Planck value to within ⇠ 1�). Freedman et al. (2012), as part
of the Carnegie Hubble Program, use mid-infrared observations
with the Spitzer Space Telescope to recalibrate secondary dis-
tance methods used in the HST Key Project. These authors find
H0 = (74.3 ± 1.5 ± 2.1) km s�1 Mpc�1 where the first error is
statistical and the second systematic. A parallel e↵ort by Riess
et al. (2011) used the Hubble Space Telescope observations of
Cepheid variables in the host galaxies of eight SNe Ia to cali-
brate the supernova magnitude-redshift relation. Their ‘best es-
timate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2014).
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ΛCDM cosmology fits:
70% dark energy
25% dark matter
5% baryons
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for dark energy from the CMB alone in models with spatial cur-
vature. Closed models with low energy density in dark energy
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predict too much lensing power. Even without using the Planck
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data alone to ⌦⇤ = 0.67+0.027
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from the combination of Planck and other astrophysical data are
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Within the minimal, six-parameter model the expansion rate
is well determined, independent of the distance ladder. One of
the most striking results of the nominal mission is that the best-
fit Hubble constant H0 = (67 ± 1.2) km s�1 Mpc�1, is lower than
that measured using traditional techniques, though in agreement
with that determined by other CMB experiments (e.g., most no-
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2012b find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consistent with the
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timate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2014).

38

3

Ωbh2 = 0.02226 ± 0.00023
Ωch2 = 0.1186 ± 0.0020
50σ offset!
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CMB Polarization: B-modes and Inflation

• CMB is polarized from density fluctuations, gravitational waves from 
inflation 

• Crucial test of inflation paradigm
4



Neutrino Mass from CMB: Lensing

• Gravitational lensing of 
CMB photons by intervening 
matter distorts angular 
spectrum of anisotropies 

• Angular scale of deflection: 
~2.5 arcmin


• Can reconstruct the projected 
gravitational potential 
between us and CMB

image credit: ESA
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South Pole Telescope
• 10m primary mirror 
• ~1 arcmin angular resolution, highest resolution CMB maps 
• Uses arrays of TES bolometers

SPT-SZ (2007)

SPTpol (2012)

SPT-3G (2016)960 detectors at 95, 150, 220 GHz

1500 detectors at 90, 150 GHz w/polarization

16,000 detectors at 90, 150, 220 GHz 
w/polarization

photo credit: Jason Gallicchio
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CMB Detectors: Bolometers

thermal bath (Tb)

weak thermal 
link (G)

absorber (C)

thermistor (T)

incident power (P)
• Thermal fluctuation noise:

• Johnson noise:

• Photon noise:

• Realistic to build 
bolometers limited by 
photon noise

NEP2 = 4kBTG

NEP2 = 4kBRT/S

NEP2 = 2hν0Popt
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CMB Detectors: Bolometers

thermal bath (Tb)

weak thermal 
link (G)

absorber (C)

thermistor (T)

incident power (P)
• Thermal fluctuation noise:

• Johnson noise:

• Photon noise:

• Realistic to build 
bolometers limited by 
photon noise

NEP2 = 4kBTG

NEP2 = 4kBRT/S

NEP2 = 2hν0Popt

Only gain sensitivity by 
increasing number of 

bolometers
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SPT-3G Upgrade

• Modern CMB detectors limited by 
photon shot noise 

• Better sensitivity only possible by 
more detectors


• SPT-3G improves:


• redesign optics to increase 
throughput by 2x


• multichroic pixel design for 
higher detector density

20x increase in 
mapping speed

8



Integration and testing ongoing at Fermilab 9



Integration and testing ongoing at Fermilab 10



Detector Modules

• 271 pixels per wafer


• 10x detector wafers in 
focal plane


• Detector wafers coupled to 
array of alumina lenslets, 
anti-reflective coating


• Assembly, packaging, wire 
bonding all at Fermilab at 
SiDet


• > 60,000 wire bonds!
14
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Major expertise in silicon detectors from: 

CMS, DES, DAMIC… 6 in



Fabricated at Argonne

UC Berkeley / Polarbear 2 design 12



Fabricated at Argonne

UC Berkeley / Polarbear 2 design 12



Multichroic Pixel Performance
average optical response
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D. Dutcher, Z. Pan
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Transition-Edge Sensor Bolometers

 
 

 
 

 
Figure 1. (a) Overview of a multichroic pixel showing the sinuous antenna coupled through a microstrip transmission line to 
six TES bolometers. (b) Center of the sinuous antenna.  The CMB signal received by the antenna capacitively couples to the 
microstrip transmission line running on the metallic arms of the antenna, which serve as the ground plane of the microstrip. 
(c) A Nb/SiOx/Nb cross-over structure used to route the signal from the antenna to the bolometers. (d) Laser micrograph of 
one of the 220 GHz detectors. The Si under the bolometer island and each of the four the legs is removed to define the weak 
link between the bolometer island and substrate. (e) Top view of the bolometer island. The signal brought by the microstrip 
from the antenna is absorbed in a 20 Ohm Ti/Au (40 nm/5 nm) load resistor. The power dissipated by the resistor is 
measured by the Ti/Au (200 nm/20 nm) TES which is voltage biased in the transition.  
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Bolometer Performance
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• TiAu bilayer TES


• Control Tc by changing bilayer 
thickness: 500mK target


• Control saturation power by tuning 
leg geometry: ~15pW (20pW) for 
90 GHz (150/200 GHz) bolometers




Beams
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Frequency-Domain Multiplexing Readout

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 LCR

bolo

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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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

0.25K

4K 300K

LC filters

SQUID 
amplification

digitization and 
feedback
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fMUX Scheme

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 LCR

bolo

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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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

0.25K

4K 300K

LC filters

sky signal 
sidebands
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fMUX Scheme

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 LCR
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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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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

0.25K

4K 300K

LC filters • Analogous to AM radio 

• Each bolometer on a pair of wires gets its own 
bias carrier frequency 

• Optical power from sky modulates resistance 
of bolometer 

• Results in amplitude modulation of bias carrier

sky signal 
sidebands
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LC Resonators

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 LCR

bolo

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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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
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LC filters

Inductive-Capacitive Resonators
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v

• LC circuit 
• f = 1.6 MHz - 5 MHz 
• L= 60 μΗ 
• ΔCmin = 0.6 pF 
• Q ~ 5000 (ESR ~ 0.1 Ω) 

• 68 devices per chip 
• Al on Si substrate 

• Fabricated at LBNL+UCB 
• Comb design & 

characterization at ANL
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Bolometers SQUID

• AC bias for TES sent over single wire, filtered by 
parallel LC resonators (1.5 - 5 MHz) 

• Requires careful control of series reactance 
(<30nH) in circuit to  

• Chips fabricated by UC Berkeley: Al on Si 
substrate 

• Typical channel yield is ~97%

20



LC Resonators

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 LCR

bolo

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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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
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• AC bias for TES sent over single wire, filtered by 
parallel LC resonators (1.5 - 5 MHz) 

• Requires careful control of series reactance 
(<30nH) in circuit to  

• Chips fabricated by UC Berkeley: Al on Si 
substrate 

• Typical channel yield is ~97%
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SQUID Amplifiers

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 LCR

bolo

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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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

4K

SQUID 
amplification
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SQUID Amplifiers

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 LCR

bolo

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 µV

RMS

for R
bolo

= 1⌦, corresponding to a current of 3 µA
RMS

. 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

4K

SQUID 
amplification

• Current from 68 bolometers is summed and 
amplified by SQUID 

• Low noise, low input-impedance amplifier 
converts current to voltage  

• Series SQUID arrays fabricated by NIST 21



Summary and Outlook

• Array of 16,000 TES bolometers will map the CMB to 
improve constraints on inflation, neutrino physics, galaxy 
clusters, and more 

• Made possible by significant efforts in pixel architecture 
and readout electronics 

• Final week of integrated testing 

• Shipping to Pole middle of next week!
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