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The CMB-S4 Concept
• Achieved DOE CD-0 in 2019! First light in 2026-2027.

• Concept: 

• ~500,000 detectors split between 3x 6m-aperture, ~18x 0.5m-aperture telescopes

• Two sites: Split between South Pole and Atacama in Chile

• Two surveys: Inflation survey on 3-8% sky, neutrinos and cross-correlation on 40% sky

• ~7 frequency bands: 20, 30, 40, 95, 150, 220, 270 GHz for foreground characterization

Figure: Mark Devlin / Mike Niemack
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Small aperture: inflationary B 
modes

Large aperture: delensing, neutrinos, high-
resolution science

Simons Observatory LAT
BICEP Array85-tube cryostat concept



CMB-S4 Science

+ much more ancillary science! 5

Detect or rule out the 
most natural class of 
inflationary models


Detector rule out all 
light relativistic species 
with spin


>3σ detection of 
neutrino mass, potential 
to determine the 
neutrino mass hierarchy


Improve tests of 
modified gravity and 
tests for new dynamical 
fields



Wiring Constraints in CMB Experiments

SPT-3G Wafer
with full wiring
(FNAL)

Wire-bonds
(double row,
100 um pitch)

100 um wirebond pitch

SPT-3G - 64x MUX

1. Many wires after multiplexing


2. Only room for ~2000 detector 
wirebonds on perimeter of 6-inch wafer 6



Pixel Size Optimization

• Mapping speed per pixel 
optimized for ≥ 2 Fλ 

• But smaller pixels enable more 
detectors per array, so mapping 
speed per array maximized for 
small pixels


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


• 2-3x increase in sensitivity 
possible by moving to smaller 
pixels
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KIDs Enable Higher Density
2

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.

• At T < Tc electrons condense 
into Cooper pairs


• Photons with E = hv > 2Egap 
break Cooper pairs into 
quasiparticles


• Cooper pairs’ inertial mass 
gives rise to kinetic 
inductance in an AC field


• Kinetic inductance changes 
with the number of 
quasiparticles


• Use a resonance circuit to 
see phase change under 
optical load

B. Mazin
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Horn-Coupled OMT Design

• Lumped-element KID design (P. Barry, E. Shirokoff, Q. 
Tang)


• Should be possible to scale to 3 mm horn diameter

• Drop-in replacement for CMB-S4 - 220/270 GHz 

dichroic at S4 baseline parameters

Pmm

d = 4.5 mm
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Prototype Devices
• Prototype pixels fabricated at Chicago

• Optical tests ongoing 
• Porting process to 6-inch wafers at Argonne 

(Cecil, Barry)
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Other Examples

Figure 5. Left: Representative noise spectra for a resonator of polarization A design. The dotted line corresponds to a

noise equivalent temperature (NET) of 36 µK
p
s referenced to 4 K. Right: Representative noise spectra for a resonator

of the orthogonal polarization B to that in the left plot. The dotted line corresponds to a NET of 52 µK
p
s referenced to

4 K.

responsive, with an optical responsivity of ⇠20 ppm/K at a 4 K load. Initial tests show the two polarizations
have similar responsivities. We are currently performing measurements to determine the polarization selectivity.
Further optimizations to the detector design for ground-based observing have been implement in a 542-detector
array that will be tested imminently. The large array will also allow the multiplexing capabilities to be further
tested. The design presented here and initial test results show that LEKIDs work well and are a promising
technology for future CMB polarimetry experiments.

ACKNOWLEDGMENTS

The devices were fabricated at JPL. We thank the Xilinx University Program for their donation of FPGA
hardware and software tools used in the readout system. This research is supported in part by a grant from
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Figure 3. Left: Photograph of the dual-polarization test module. This module contains 44 dual-polarization LEKIDs.

The conical horns (visible in photo) taper to a waveguide that acts as a high-pass filter. At the exit of the waveguide is a

choke to control crosstalk. The incoming radiation is then absorbed by the detector, behind which is a ⇠ �/4 backshort.

Right: Photograph of a dual-polarization test LEKID chip in the aluminum test package with the horns removed.

the horns. The high-pass filter is provided by the cylindrical waveguides. A variable blackbody load illuminates
the detectors. The blackbody can be regulated between 2 - 7 K. Additionally, an electronic millimeter-wave
source can be swept from 140 - 165 GHz. The tests are similar to those in papers previously published by this
collaboration,7,9 where they are described in more detail. Dark tests, with the horns covered, were performed
at JPL.

The internal quality factors of the devices measured dark were measured to be ⇠ 106. The coupling quality
factors therefore predominantly set the resonator quality factor, and were in the 104 range. When loaded by a
beam-filling 3 K blackbody, the quality factors were approximately 104. The quality factors are su�cient for
the multiplexing requirements at these blackbody temperatures. The yield for this test array was excellent:
100% of the resonators were present. For a ground based experiment, we expect a higher loading, which would
appreciably degrade the quality factor of these resonators. As discussed below, this can be compensated for by
optimizing the detectors to have a larger active volume.

The optical responsivity was determined by measuring the fractional frequency shift of the resonator as a
function of blackbody temperature. The fractional frequency shift is defined as x = (f0 � f)/f0, where f and
f0 are the measured resonance frequency at a particular temperature and the maximum resonance frequency
respectively. The blackbody temperature is converted to incident power by integrating from 127 to 170 GHz.
We expect the response of the detectors to follow a

p
P dependence. We instead see a linear response in both

resonators as shown in Fig. 4, which has been observed previously4,11 and could be due to thermal quasiparticles
or high-frequency leaks. Both resonator designs corresponding to the two polarizations have similar responses
over the power range measured. We calculate a responsivity of 27 ppm/K and 22 ppm/K for the A and B
polarizations, respectively, at 4 K. In terms of incident power, these responsivities correspond to 16 ppm/pW
and 12 ppm/pW.

The spectrum of the devices was measured using a millimeter-wave source. The source frequency is swept
from 140 - 165 GHz and piped into the cryostat through a rectangular wave guide. The radiation is launched
out of the waveguide oriented at 45� to the orthogonal resonators, so both devices should receive equal amounts
of power. The plot of the fractional frequency response as a function of radiation frequency is shown in Fig. 4.
The source power is plotted for reference. The response of both detectors track each other well and also match
the spectrum of the source itself. The devices are currently undergoing FTS spectra measurements at Cardi↵

Low white noise and 1/f

Absorber

Island

Thermal Kinetic Inductance Detectors

•

•

3

• Inherits ease of  integration and 
multiplexing from KIDs
• More design parameters:
• Absorber distinct from inductor
• Leg Conductance
• Bolometer Island temperature
• Inductor Volume

• Bonus: ease of  calibration
• Easy to hybridize
• Not susceptible to cosmic rays

Measured Noise vs. Predictions

337 MHz T = 320 mK
P = 4 pW

337 MHz T = 422 mK
P = 10 pW

13

Predictions limited 
by our knowledge of  
qp lifetimes

150 GHz 
photon noise

Wandui, LTD 2019

Thermal KIDs

McCarrick, et al.

A&A 610, A45 (2018)
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+ Many More 
AMKID: APEX 2015, 350um + 850um

BLAST-TNG: balloon 2020, 250um + 350um + 500um

MAKO: CSO 2015, 350um + 850um

MUSIC: CSO 2012-2015, 850um to 2mm

NIKA/NIKA-2: IRAM 2011-present, 1mm + 2mm

…



Readout Electronics

• Lower cost readout based on RFSoC 
under development (Fermilab / 
UCSB)

• ~$10 -> $1-2 / channel 
• Xilinx ZCU111 with 8x ADC/

DACs per FPGA

• See G. Cancelo talk, this session


• SLAC SMuRF electronics

• Designed for uMUX readout of 

TESs, but could work with MKIDs

• 2 ADC/DACs per card, 4-6 or 6-8 

GHz

• Joint SLAC / Argonne / Fermilab 

demo planned: SMuRF + CMB 
MKIDs + tested @ Fermilab

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
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Deployment Options

• SPT-3G completes operations 
in 2023…


• SPT-Spec: Proposed camera 
with 7 optics tubes to replace 
SPT-3G, could contain 1 tube of 
CMB KIDs


• SPT Summer: Small receiver 
cryostat (e.g. EHT) can be 
installed with 3G optics for 
summer-only observations (cf. 
SPT-SLIM / Shirokoff)


• CMB-S4: TES uMUX readout 
proposed for S4, could be 
cross-compatible with MKIDs

VLBI backend

Receiver
230 GHz                     345 GHz

Receiver Backend and 
Electronics

Optics

Receiver
Control

Hydrogen
Maser

Secondary Mirror

Tertiary Mirror

Calibration Load

Block Downconverter x 2

GPS

Local Oscillator

Mixer x 2

IF Preamp x 4

Mixer bias

Local Oscillator

Mixer x 2

IF Preamp x 4

Mixer bias

IF Amplifier

LO Phase Locked Loop

iBOB Spectrometer

230 / 345 GHz Electronics

IF Channel x 4
Pol 0 USB / LSB
Pol 1 USB / LSB

IF Channel x 4
Pol 0 USB / LSB
Pol 1 USB / LSB

230 / 345 GHz
Local Oscillator

Telescope
Control

VLBI
Control

ROACH 2 Digital Backend x 4

Mark 6 Recorder x 4

A VLBI receiving system for the South Pole Telescope
Junhan Kim*, Daniel P. Marrone, Christopher Beaudoin, John E. Carlstrom, 

Sheperd S. Doeleman, Thomas W. Folkers, David Forbes, Christopher H. Greer, 

Eugene F. Lauria, Kyle D. Massingill, Evan Mayer, Chi H. Nguyen, George Reiland,

Jason SooHoo, Antony A. Stark, Laura Vertatschitsch, Jonathan Weintroub, and André Young

*Department of Astronomy and Steward Observatory, University of Arizona

http://junhan.kim

The Event Horizon Telescope (EHT)

• A very-long-baseline interferometry (VLBI) experiment operating at observing 

frequencies of 230 and 345GHz. 
• The EHT aims to study the immediate environment of supermassive black 

holes such as Sagittarius A* (Sgr A*) at the center of our galaxy and the 
black hole in the center of galaxy M87 with angular resolution sufficient to 
resolve the event horizons of these black holes. 

• The inclusion of the SPT is crucial to the EHT because of its geographic 
location: The South Pole provides the most extended baselines in the array 
when the SPT is paired with the other EHT sites, most of which are located 
in the northern hemisphere.

This work was supported by NSF award AST-1207752 (PI Marrone), AST-1207704 (PI Doeleman), AST-1207730 (PI Carlstrom), and AST-1440254 (PI Doeleman)

Introduction

The South Pole Telescope (SPT)

• A 10-meter diameter, off-axis telescope built to observe the cosmic 

microwave background (CMB) radiation at millimeter wavelengths. 
• We have developed a dual-frequency VLBI receiver system to incorporate 

the SPT to the EHT array. Both 230 and 345 GHz receivers facilitate dual-
polarization, two-single-sideband observations. 

• We have deployed the receiver system including hydrogen maser and the 
VLBI recording setup to the South Pole. The 230 GHz receiver had the first 
on-sky test in January 2015 and successfully detected an interferometric 
fringe with the APEX.

Receiver System

Receiver

• The receiver operates at both 230 and 345 GHz frequency bands. The 

band 7 mixer for the SPT receiver is under development as of May 2018. 
• The receiver incorporates bands 6 and 7 in a package that fits within the 

confined space of the climate-controlled SPT receiver cabin. 
• The 230 GHz receiver employs an ALMA band 6 corrugated feed horn and 

two mixer/preamplifier modules developed by the National Radio Astronomy 
Observatory (NRAO). 

• Feed horns, OMTs, and mixers are cooled to 4 K. 
• The receiver temperature is ∼40 K in the 5-9 GHz IF passband. 
• Receiver electronics are installed in the SPT receiver cabin under the optical 

bench, together with the SPT-3G electronics.

Doeleman et al., Astro2010: The Astronomy and  
Astrophysics Decadal Survey, 68, 2009 

Doeleman et al., Nature 455, 78, 2008 
Doeleman et al., Science 338, 355, 2012 
Matthews et al., PASP 130, 015002, 2018 
Wagner et al., A&A 581, A32, 2015 
Radford & Peterson, PASP 128, 075001, 2016 
Johnson et al., Science 350, 1242, 2015 
Carlstrom et al., PASP 123, 568, 2011 
Chang et al., AIP Proc. 1185, 475, 2009 
Austermann et al., SPIE Proc. 8452, 84521E–19, 
2012 
Benson et al., SPIE Proc. 9153, 91531P–22, 2014 
Kim et al., ApJ, accepted 
Hesler, Kerr, and Horner, Proc. 14th ISSTT, 148, 
2003 
Kerr et al., IEEE Trans. Terahertz Sci. Technol. 4, 
201, 2014 
Srikanth & Kerr, ALMA Memo 343, 2001

Ediss et al., ALMA Memo 536, 2005 
Kerr, Wollack, and Horner, ALMA Memo 278, 1999 
Dunning, Srikanth, and Kerr, Proc. 20th ISSTT, 191,  

2009 
Chattopadhyay et al., IEEE MWCL 20, 592, 2010 
Koller et al., Proc. 12th ISSTT, 410, 2001 
Rogers, MIT Haystack Observatory Mark 5 Memo 
069, 

2008 
Vertatschitsch et al., PASP 127, 1226, 2015 
Whitney, Lapsley, and Taveniku, 20th Meeting of the  

European VLBI Group for Geodesy and 
Astronomy, 31, 2011 

Whitney et al. PASP 125, 196, 2013 
Deller et al., PASP 123, 275, 2011 
Padin et al., Applied Optics 47, 4418, 2008 
Kim & Marrone, Proc. 29th ISSTT, in prep. 
Story et al., SPIE Proc. 8451, 84510T–12, 2012

References

Optics
SPT optics

• The SPT has an off-axis Gregorian design with a 10-meter primary mirror to 

minimize blockage and scattering of incident light from the faint CMB. 
• The SPT was not initially designed to illuminate any instrument other than its 

CMB camera, so special optics are required to redirect the light from the 
primary mirror to the VLBI receiver.

VLBI optics design

• The VLBI optical system has a Cassegrain design, with hyperbolic 

secondary and ellipsoidal tertiary mirrors (Fig. 2). 
• We illuminate the 10 m dish with an edge taper of approximately 12 dB, 

given the beam parameters and locations of the 230 and 345 GHz feed 
horns. 

• The VLBI secondary mirror blocks the 3G secondary mirror and reflects the 
beam from the primary to the VLBI tertiary mirror, and then to feed horns of 
the VLBI receiver. The tertiary mirror rotates around the optical axis so that it 
focuses the beam towards either 230 or 345 GHz side of the receiver. 

• The mirrors are easily removable to clear the optical path for the CMB 
receiver and only installed for the EHT observing campaigns. 

• The receiver beam pattern has been measured in both frequency bands by 
measuring the response to a coherent tone as it is scanned across a plane 
above the receiver. We characterize the model parameters, including the 
three-dimensional location of the feed horn phase center and its tilt angle, 
using the fit between the model and the data.

Frequency reference

• A Hydrogen-maser manufactured by T4Science was installed to serve as 

the fundamental frequency reference for VLBI observation. 
• The maser provides 10 MHz references for synchronizing the receiver 

system with LO and time-stamping of recorded data.

VLBI backend

• The VLBI backend is designed to ingest four IF bands from the receiver (two 

sidebands of two polarizations), each spanning 4 GHz (Fig. 1). 
• The digitization is done by ROACH2 (Reconfigurable Open Architecture 

Computing Hardware) digital backend (R2DBE) units, which have 
demonstrated 4096 megasamples per second sampling for two channels. 

• The 64 Gbps EHT backend system consists of four R2DBEs and four Mark 
6 recorders.

Calibration system and spectrometer

• We developed a calibration system for the receiver to keep track of the 

system temperature during the observation. 
• The calibration load also carries a feed horn and a harmonic mixer that can 

be positioned in the receiver beam to generate a coherent tone for signal 
path verification and coherence testing. 

• To aid in pointing, we installed a digital spectrometer for measurements of 
CO lines that lie near to the EHT observing bands.

Fig 1. SPT VLBI receiver system diagram.

Fig 2. CAD model of the SPT receiver cabin.

Fig 3. Left: The 4 K stage of the receiver. Right: 230 GHz receiver assembly.

Fig 4. Left: The tertiary mirror assembly. Right: The calibration load.

Fig 5. The secondary and tertiary mirrors of the SPT VLBI receiver system.
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Conclusions

• CMB-S4 requires enormous detector counts with 
background limited performance over 20-270 GHz


• MKIDs solve practical wiring problems but may also 
realize greater sensitivity than TESs for 220/270 GHz


• Chicago/Argonne horn-coupled leKID prototype being 
developed specifically to exploit this advantage


• Potential deployment scenarios exist using SPT demo 
followed by CMB-S4
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