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Key Question
If CMB-S4 construction and operations last through ~2040, 
is there anything new left to do in ground-based CMB / 
millimeter-wavelength surveys?
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If CMB-S4 construction and operations last through ~2040, 
is there anything new left to do in ground-based CMB / 
millimeter-wavelength surveys?


YES! Newer detector technologies (e.g. kinetic inductance 
detectors) can provide higher-density focal planes. Much 
more optimal for: 

• Millimeter-wavelength intensity mapping  

• High-frequency CMB observations
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Key Question
If CMB-S4 construction and operations last through ~2040, 
is there anything new left to do in ground-based CMB / 
millimeter-wavelength surveys?


YES! Newer detector technologies (e.g. kinetic inductance 
detectors) can provide higher-density focal planes. Much 
more optimal for: 

• Millimeter-wavelength intensity mapping ➔ SPT-SLIM  

• High-frequency CMB observations ➔ SPT-3G+
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Kinetic Inductance Detector Basics
• Cooper pairs in AC potential have nonzero 

inertia, results in phase shift between I and V. 
Looks like an inductance: “kinetic 
inductance”. 

• Breaking of Cooper pairs by e.g. photons, 
changes kinetic inductance.


• Create a sensor by coupling the superconductor 
in an LC circuit so that inductance can be 
sensed as a change in resonant frequency.
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FIG. 1. The basic operation of an MKID, republished from
Day et al.

4. (a) Photons with energy h⌫ are absorbed in a su-
perconducting film, producing a number of excitations, called
quasiparticles. (b) To sensitively measure these quasiparti-
cles, the film is placed in a high frequency planar resonant
circuit. The change in the surface impedance of the film fol-
lowing a photon absorption event pushes the resonance to
lower frequency and changes the amplitude of the transmis-
sion through the circuit. The dotted line in (c) shows the
change of the transmitted microwave signal due to an inci-
dent photon. To monitor the resonant circuit, it is continu-
ously excited with a microwave signal. (d) The phase of the
transmitted microwave signal depends on the proximity of the
continuous microwave signal frequency and the variable res-
onant circuit frequency. The energy of an absorbed photon
can be determined by measuring the degree of phase shift of
the transmitted microwave signal.

II. HARDWARE

A. Overall Approach

In order to read out an array of MKIDs, one must
generate probe signals at the resonant frequency of each
MKID. The sum of these waveforms, or “frequency
comb,” is sent through the device, where each detector
imprints a record of its illumination on its correspond-
ing probe signal. The frequency comb is then amplified
with a cryogenic HEMT and brought outside the cryo-
stat, where it is digitized and the phase and amplitude
modulation of each individual probe signal is recorded
with room temperature electronics.

The MKID readout we developed to perform these op-
erations is based on the CASPER’s Reconfigurable Open

Architecture Computing Hardware (ROACH) board15.
The core of the ROACH board is a Xilinx Virtex 5
SX95T field programmable gate array (FPGA) used for
demanding signal processing operations. In addition the
ROACH board accommodates external hardware to gen-
erate and digitize analog signals required to read out
MKIDs. However, the MKID resonant frequencies are
above the range accessible to common digital-to-analog
(DAC) and analog-to-digital (ADC) converters. There-
fore, an intermediate step must be taken to mix the
“baseband” signals, which can be processed by the ADC
and DAC, to the higher frequencies at which the the
MKIDs resonate. To do this, we employ the quadra-
ture amplitude modulation strategy generally employed
in the digital communications field: A local oscillator
(LO) is used to generate a continuous microwave tone
at frequency, fLO, near the resonators’ frequencies. A
baseband signal is precomputed and output from a two-
channel DAC. For each resonator, the baseband signal
is composed of two waveforms: a sine wave at the reso-
nant frequency minus fLO (IBB), and the same waveform
shifted -90 degrees out-of-phase (QBB). This complex
baseband signal then multiplied by the the complex LO
to produce a probe signal at the desired MKID frequency,
IBBcos(2⇡ft)+QBBsin(2⇡ft). After passing through the
device and amplifiers the probe signal is mixed back down
to the baseband with the same LO where it can be dig-
itized with a two-channel ADC. Using this method with
two-channel ADCs and DACs allows us to double the
bandwidth available to a single DAC, and probe MKIDs
above and below the fLO.
After digitization, the signals are passed to the FPGA

since the data rate is far too high to store for o✏ine
processing. Once in the FPGA, the essential task is
to break down the broadband signal emerging from the
MKIDs, parsing it into the narrowband frequency bins
constituting each channel in a process known as “chan-
nelizing.” We are using a two stage channelization core
that uses a polyphase filter bank (PFB)16 followed by a
time-multiplexed direct digital downconverter to allow us
to readout 256 resonators in 512 MHz of bandwidth, as
discussed in Section III B. A schematic for the readout
hardware is shown in Figure 2.

B. Design Requirements

The requirements for a MKID readout are relatively
straightforward.

• The readout must not introduce significant noise
above the system noise floor set by the cryogenic
HEMT amplifier with a noise temperature of ⇠6
K.

• For ARCONS, the entire readout system must be
capable of reading out 1024 resonators in ⇠2 GHz
of bandwidth.
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FIGURE 1. Left: An illustration of the operational principle behind a MKID. Right: An array of CPW MKIDs fabricated with
a 40 nm aluminum film on sapphire show a mean frequency jitter of 0.8 MHz. This demonstrates that FDM multiplexing with a
frequency spacing less than 2 MHz is feasible.

IMPLEMENTATIONS

Coplanar Waveguide and Microstrip

Transmission Line Resonators

Coplanar waveguide (CPW) resonators were the first
type of MKIDs to be studied in detail [1, 11] since they
can be easily fabricated with a single metal layer on a
crystalline dielectric. They consist of a CPW transmis-
sion line which is two slots cut into a metal ground plane
to form a center strip, as shown in Figure 2. They are
usually implemented as a quarter-wave transmission line
resonator, capacitively coupled to a feedline on one end,
and shorted on the other. Successful devices have also
been made of half-wave resonators, with both ends open.
CPW MKIDs are made mainly on high resistivity sili-
con or sapphire substrates. Successful CPW MKIDs have
been made out of Nb, NbTiN, Ta, Re, Al, AlMn, Mo,
PtSi, Ti, and Ir. Quality factors of up to several million
are routinely observed in a subset of these materials.
The primary drawback of CPW MKIDs, and transmis-
sion line resonators in general, is that the sensitivity to
quasiparticles peaks in areas of high current. In the case
of quarter wave resonators, this occurs near the shorted
end of the resonator. The positional dependance means
that a bare transmission line resonator is not a good de-
tector — a separate structure, such as the antenna shown
in Figure 11, is required to absorb the photons. The ab-
sorbed energy is then deposited into the sensitive end of
the resonator. This sensitive end is often made of a lower
gap material to increase sensitivity and act as a quasipar-

FIGURE 2. An illustration of the CPW coupler and res-
onator from Gao et al. [12]. The inset shows a cross-sectional
view of the CPW. The contour of the metal surface and the
contour of the exposed surface of the substrate are indicated by
the solid line and the dashed line, respectively.

ticle trap to prevent diffusion of the quasiparticles away
from the sensitive end of the resonator. This type of res-
onator, where a short length of the center strip near the
short is a low gap superconductor, and the rest of the cen-
ter strip and ground planes is a high gap superconductor,
is referred to a hybrid resonator.

Due to noise and dielectric loss associated with amor-
phous thin film dielectrics (see below) less work has
been done on microstrip transmission line resonators. In
a microstrip, the transmission line is made of a stacked
structure, with a dielectric separating two metal lay-
ers. Microstrip resonators are attractive in the near-IR
through UV since they can be constructed on top of

V(t)
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SPT-SLIM: Line Intensity 
Mapping



Line Intensity Mapping (LIM)
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I. Introduction

Line-intensity mapping (LIM) [1] measures the spatial fluctuations in the integrated emission
from spectral lines originating from many individually unresolved galaxies and the di↵use
IGM to track the growth and evolution of cosmic structure. Line fluctuations trace the un-
derlying large-scale structure of the Universe, while the frequency dependence can be used
to measure the redshift distribution of the line emission along the line of sight. Traditional
galaxy surveys probe discrete objects whose emission is bright enough to be imaged directly.
LIM is advantageous as it is sensitive to all sources of emission in the line and thus en-

ables the universal study of galaxy formation and evolution. As high angular resolution is
not required, LIM can cover large sky areas in a limited observing time, allowing various

tests of the standard cosmological model, and beyond it, across under-explored volumes of

the observable Universe. In addition, relaxed angular resolution requirements are an im-
portant attribute for space-borne instruments, where aperture drives cost, but low photon
backgrounds yield very high surface brightness sensitivity.

To illustrate the promise of LIM, consider as a figure-of-merit the numberNmodes of accessible
modes. As the uncertainty on any quantity we wish to measure roughly scales as 1/

p
Nmodes,

the goal is clearly to maximize this number. The cosmic microwave background (CMB),
which provides the farthest observable accessible to measurement, contains Nmodes ⇠ `2max ⇠
107 modes. Intensity mapping of a chosen line at a given frequency provides maps that
resemble the CMB, but with two important advantages: (i) there is no di↵usion (Silk)
damping, so small scale information can in principle be harvested down to the Jeans scale;
(ii) huge redshift volumes can be measured in tomography through hyperspectral mapping.
The total number of modes, NLIM

modes ⇠ `2max⇥Nz, can potentially reach as high as 1016(!) [2],
limited in reality by partial sky coverage and both di↵use and line foreground contamination.
Compared to galaxy surveys, LIM retains full spectral resolution probing higher redshifts.
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FIG. 1: Line-Intensity Mapping can access the uncharted &80% volume of the observable Universe.

Targets for LIM range from the 21-cm emission from neutral hydrogen in the IGM to line
emission from galaxies, including the 21-cm line, as well as rotational carbon-monoxide (CO)
transitions, the [CII] fine-structure line, the hydrogen Ly-↵ line, H-↵, H-�, [OII], [OIII], etc.
The vast range of targeted wavelengths necessitates the employment of di↵erent instruments.

This paper describes the various science goals achievable by pushing LIM to its next frontier.
As we will stress throughout, there is unique potential in using multi-line observations, which
motivates a coordinated e↵ort to plan the future generation of LIM experiments.

• Large redshift range z > 3 that is relatively unexplored: provides information on 
expansion history of universe, reionization, star-formation, ++


• LIM is efficient: we measure all sources and do not need to threshold on galaxies

• Multiple lines available across radio, millimeter, IR

Line intensity mapping - Map 
total emission of a redshifted 
atomic/molecular line, e.g. CO 
and C[II] at mm-wavelength

Epochs: Probes:
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Astro2020 LIM 
white paper, 
1903.04496



8

On-Chip Spectrometers
Light from 
telescope

Measured Spectra

Wheeler et al. 2016

...can also move band around and tune the channel spacing 

Funded!  NASA APRA 2019-2022
R~1000 @ 300 GHz, R~300 @ 1 THz
Other lines possible, e.g. [OIII]

Cross section

Top view P. Barry++ (2111.04633)

SuperSpec prototypes



SPT-SLIM Experimental Concept
SPT optics include mount point for optional receiver, used 
by Event Horizon Telescope (EHT) during 2017-present

SPT-SLIM - Replace EHT cryostat with on-chip 
spectrometers and observe for one summer season

Photo: A. Bender

9

SPT-SLIM

Event Horizon Telescope / 
SPT-SLIM location

South Pole Telescope is 10-m CMB telescope 
observing at 90/150/220 GHz during both 
austral winter and summer

Figure: J. Kim, et al. 1805.09346



SPT-SLIM: South Pole Telescope Summertime Line Intensity Mapper
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SPT-SLIM Hardware

 

IDC_stepdown 

  
Figure 2: Wide (Left) and around the KID band (right) continuous VNA sweeps of IDC_stepdown. Left shows the baseline 
above Tc of niobium. 

  

91% channel yield

880 mm

K. Dibert M. Young J. ZebrowskiA. Anderson D. MitchellB. Benson



SPT-3G+: High-frequency CMB



Redshift  
Age

~30  
~100 Myr

~1100  
~0.4 Myr
Cosmic 
Microwave 
Background 

First 
Stars

Neutral 
Hydrogen & 
Helium - 
Rayleigh  
Scattering

~6  
~1 Gyr

~15  
~300 Myr
First 
Galaxies

Reionization

End of 
Reionization

Recombination

Ionized 
Bubbles -  
Kinematic 
Sunyaev 
Zel’dovich

~4  
~1.6 Gyr
First 
Proto-
Clusters

~2.5  
~2.7 Gyr
First 
Galaxy 
Clusters

Reionization, Recombination, and the CMB
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Patchy kSZ effect: 
CMB photons scatter on expanding bubbles 
of ionized gas, imprinting ionization history in 

anisotropy.

Rayleigh scattering:

CMB photons scatter on neutral H and He at a 

redshift after recombination, imprinting additional 
cosmological information in the CMB anisotropy.

Secondary CMB anisotropies and sources targeted by upcoming CMB experiments 
(Simons Observatory, CCAT-prime, CMB-S4, …)



• Mapping speed per pixel optimized for pixel 
sizes > 2Fλ


• But smaller pixels enable more uncorrelated 
detectors per array, so mapping speed per 
array tends to be maximized for small pixels 
down to 0.5-1Fλ


• Improvement of KIDs vs. TESs due to detector 
density is greatest at frequencies >150GHz


• Example: 

• CMB-S4 220/270 GHz dichroic band is 
limited to ~2000 detectors / wafer


• >3x increase in sensitivity possible by moving 
to denser arrays with smaller pixels

Mapping Speed of Arrays



SPT-3G+ Detector Architecture

Development of MKIDs for measurement of the CMB with the South Pole Telescope 3

Fig. 2 (color online) Left: Microscope image of a single 220 GHz pixel, consisting of two MKIDs coupled
to orthogonal polarization modes. Insets show detail on a niobium interdigitated capacitor and the aluminum
inductors which double as optical absorbers. Right: A prototype device consisting of five 220 GHz pixels.

Fig. 3 (color online) Left: Simulated optical absorption for each SPT-3G+ frequency band and associated
absorber geometry (inset). Shaded regions represent the SPT-3G+ bands, which will be defined by the waveg-
uide cutoff at the lower edge and by a free-space metal-mesh filter at the upper edge. Dark and bright solid
lines respectively indicate x and y-mode co-polarization absorption that is ⇠80% efficient in-band, while
dashed lines indicate percent-level cross-polarization. Right: Schematic depicting the absorber’s position in
relation to the aluminum waveguide, RF choke, and integrated silicon backshort.

Pole for on-sky operation. We here present the designs, simulations, and initial test results
of detector prototypes for the 220 GHz observing band.

2 Pixel design

The pixel (shown in the left panel of Figure 2) is composed of two MKIDs aligned with
orthogonal polarization modes. This design is based on previous work by [23] and [12] with
some important modifications that are necessary for operation at the South Pole. Each MKID
consists of an aluminum inductor coupled to a niobium interdigitated capacitor (IDC). The
inductor doubles as an impedance-matched optical absorber, where the geometry of the IDC
is used to control the resonant frequency of the detector. To maximize the resonator quality
factor Q under the expected optical load, it is necessary to increase the total detector volume
while retaining the required responsivity to stay photon-noise dominated. To achieve this,
we have introduced meanders into the inductor (see inset of Figure 2) which has the effect of
increasing both the volume and absorption efficiency. For higher observing frequencies (and
hence smaller waveguides) the meanders increase in width towards the edges of the pixel
where the electric field is weaker, allowing for the required increase in absorber volume
while minimizing cross-polarization response. The resulting absorber shapes are shown in
Figure 3. With these optimized absorber designs, EM simulations indicate that high optical
efficiency with low cross-polarization can be achieved (see simulated absorption curves in
Figure 3). Simulations indicate a loaded of Q ⇠ 105 for all frequency bands, allowing up
to 5k channels in the 1-2 GHz readout bandwidth, well above our goal of 2k channels per
octave.

K. Dibert, P. Barry

low cross-pol
high in-band 

efficiency

Bands defined 
by horn 

waveguide and 
free-space filter

220 GHz 280 GHz 345 GHz

Bandpasses K. Dibert



SPT-3G+ Detector Prototyping and Testing

220 GHz detector test wafer fabricated at Argonne 
(Karia Dibert, Tom Cecil)

High efficiency agrees 
with simulations

Dominated by photon at 
typical optical powers

Range of expected 
optical power

K. Dibert



SPT-3G+ Survey Concept

Survey Area 220 GHz T noise 285GHz T noise 345 GHz T noise
[deg2] [µK-arcmin] [µK-arcmin] [µK-arcmin]

Main 1 500 2.9 5.6 28
Galactic 7 000 13 25 130

Table 1: Noise levels of the two surveys to be performed by SPT-3G+, assuming four years of operation. The
Main survey covers the same 1 500 deg2 field currently being observed by the SPT-3G camera in frequency bands
centered at 95 GHz, 150 GHz and 220 GHz and will be conducted during the austral winter for approximately
9 months of the year. The Galactic survey will observe a 7 000 deg2 area to a shallower depth, using the
approximately 3 months of the year when the Main field is contaminated by sidelobes from the Sun.

Figure 4: Footprints of SPT-3G+ Main and Galactic surveys compared with SPT-3G survey and overlaid on the
Planck thermal dust map.35

This motivates observing the opposite half of the southern sky to a shallower depth, which will be used for the
Galactic science theme of SPT-3G+.

4. SITE AND TELESCOPE PLATFORM

SPT-3G+ will make use of the 10-m aperture, sub-mm quality SPT, located at the geographic South Pole, the
developed site with the world’s best conditions for observing at mm- and submm-wavelengths (see Figure 5).36

The telescope and site are particularly well suited to the high-frequency CMB observations of SPT-3G+ for
several reasons. The low atmospheric temperatures, absence of diurnal temperature variations, and laminar
airflow produce uniquely stable atmospheric conditions that enable the measurement of large-scale cosmological
modes important for the Rayleigh scattering science goal. The primary mirror of SPT has a 20 µm rms surface
error which is su�ciently high-quality to enable the operation of two optics tubes of 345 GHz detectors. The
frequency bands used by SPT-3G+ are strongly a↵ected by atmospheric absorption due to water vapor, and the
median precipitable water vapor (pwv) of the South Pole atmosphere is only 0.32 mm with a zenith brightness
temperature of 12 K at 220 GHz, rendering the atmosphere ideal for high-frequency observations throughout
the entire austral winter.37 In addition, the completed SPTpol survey has successfully demonstrated that the
majority of the austral summer season, when observing conditions are less optimal, can still be successfully used
for galaxy cluster detection.38

5. INSTRUMENT DESIGN

To enable the science described in Section 2, the SPT-3G+ instrument reuses the primary and secondary optics of
the SPT and includes a new 100 mK dilution-refrigerator-based cryostat housing low-loss silicon lenses and arrays
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Survey Depth [μK-arcmin]

Band Main 
(1500 deg2)

Extended 
(3000 deg2)

Galactic 
(7000 deg2)

Resolution 
[arcmin]

95 GHz 3.0 9 — 1.5

150 GHz 2.2 9 — 1.2

220 GHz 8.8 13 — 1.0

220 GHz 2.9 — 14 0.8

285 GHz 5.6 — 28 0.6

345 GHz 28 — 170 0.5

{
{

3G

3G+

• Reuse the existing SPT primary and secondary optics, with a new 
cryostat containing KID-based CMB detectors at 220, 285, and 345 GHz.


• Continue to observe existing SPT “Main” field, but add 7000 deg2 
“Galactic” survey during the austral summer months17B. Benson



Conclusions
• Pushing the density frontier of mm-wavelength detectors using KIDs opens 

up new science opportunities beyond CMB-S4.


• Fermilab, together with Chicago and Argonne, is leading the development of 
two new cameras based on high-density KIDs:


• SPT-SLIM - Pathfinder for mm-wavelength line intensity mapping


• SPT-3G+ - High-frequency CMB


• SPT-SLIM deploys next year!
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