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• Far-infrared is vital to understand the 
evolution of galaxies and formation of 
planetary systems, most of which takes 
place under cover of dust.

• Far-IR measurements, particularly 
spectroscopy, have lagged other 
wavebands, but are now at the cusp of 
a major advance possible by simply 
cooling a space telescope to a few 
degrees Kelvin.  Multiple missions are 
now under study worldwide, with JPL 
participation in most.

• Cooling the telescope is relatively easy, 
but the key technical tall pole is detector 
sensitivity and array size.   Far-IR 
detectors are built by scientists since 
there is no commercial or industrial 
base.  JPL has been a world leader in 
this area.

• This R&TD readies kinetic inductance 
detectors for these missions with a 
ground-based scientific demonstration.

Tutorial Introduction

Lower is better (faster): 
100,000,000x improvement 
possible with cold telescope, 
if detectors are good enough

SPICA: 2m class 8 K 
telescope under study 
by ESA.

Origins: 5.6m 4 K telescope 
studied by NASA for 2020 
Decadal.



ES-2From First Light to Life

Origins  addresses these questions by achieving its nine key scientific objectives (Table ES-1) in two 
years. These Objectives drive the instrumental requirements shown in Table ES-2 (a comprehensive Sci-
ence Traceability Matrix is presented in Section 1.4). The Origins design is powerful and versatile, and 
the infrared emission Origins detects is information-rich. Origins will enable astronomers in the 2030s 
to ask new questions not yet imagined, and provide a far-infrared window (Figure ES-2) complementa-
ry to planned, next-generation observatories such as LISA, Athena, and ground-based ELTs. 

ES.1 Science Objectives
How do galaxies form stars, make metals, and grow their central supermassive black holes, 

from the Epoch of Reionization to today? Decades of observations have shown that galaxies 
condensed out of primordial gas, built up their stellar mass, heavy metals, and central 

supermassive black holes (SMBHs), and evolved into the systems we see today. Yet we 
still do not understand how this happened. There is a rich interplay between the driv-
ers of galaxy evolution, which can only be understood through new observations in a 
currently inaccessible wavelength regime, the far-infrared.

Far-infrared observations are required because galaxies are dusty. Dust is a byproduct 
of star formation that is essential 

to astrophysical processes, from 
planetesimal formation in protoplan-

etary disks, to radiation-driven galactic 
outflows. Dust also obscures star formation and 

SMBH growth, since it efficiently absorbs ultravio-
let and visible light, rendering the driving processes 
of galaxy evolution nearly invisible at these wave-
lengths. However, the dust re-emits this energy in 
the far-infrared, making optically dim galaxies bril-
liant infrared sources. Just as importantly, infrared 
and molecular emission lines, which directly trace 
star formation, black hole growth, and metal abun-
dances, can escape dusty galaxies, making the mid- 
and far-infrared the only bands where a direct, un-
biased view of galaxy and metal growth is possible. 
This lesson was reinforced by Spitzer and Herschel, 

Table ES-1: Mission Design Scientific Drivers for the Origins Space Telescope
NASA Goal How Does the Universe Work? How Did We Get Here? Are We Alone?

Origins
Science
Goals

How do galaxies form stars, make met-
als, and grow their central supermassive 
black holes from reionization to today?

How do the conditions for 
habitability develop during the 
process of planet formation?

Do planets orbiting  
M-dwarf stars support life?

Origins 
Scientific 
Capabilities

Using sensitive spectroscopic capabilities of a cold 
telescope, Origins will measure properties of star- 
formation and growing black holes in galaxies across 
all epochs.

With sensitive, high-resolution spectroscopy, 
Origins will illuminate the path of water and 
its abundance to determine the availability of 
water for habitable planets.

By obtaining precise mid-infrared trans-
mission and emission spectra, Origins will 
assess the habitability of nearby exoplanets 
and search for signs of life.

Origins 
Scientific 
Objectives

1. How does the relative growth of stars and super-
massive black holes in galaxies evolve with time?

2. How do galaxies make metals, dust, and organic 
molecules?

3. How do the relative energetics from supernovae 
and quasars influence the interstellar medium of 
galaxies?

1. What role does water play in the formation 
and evolution of habitable planets?

2. How and when do planets form?
3. How were water and life’s ingredients 

delivered to Earth and to exoplanets?

1. What fraction of terrestrial planet around 
M- and K-dwarf stars has tenuous, clear, 
or cloudy atmospheres?

2. What fraction of terrestrial M-dwarf 
planets is temperate?

3. What types of temperate, terrestrial, 
M-dwarf planets support life?
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Figure ES-2: Origins studies the universe at a wavelength range 
that is inaccessible from the ground.  Infrared photons between 2.8 
and 588 μm in Origins’ wavelength range capture emission from 
stars, molecules, dust, and ions/atoms, enabling a multi-pronged 
probe into key physical processes in galaxies.

Far-IR detectors are the key to future cryogenic 
astrophysics missions.   

Instruments require total pixel formats of 100,000 
or more, with a readout system compatible with 
cooling to below 100 mK.

RF / microwave frequency multiplexing is a 
powerful approach which fits within the cryogenic 
design of facilities like Origins and the Galaxy 
Evolution Probe. 

Detectors must also be more sensitive than 
those fielded to date.

And finally, they must be demonstrated in a 
scientific setting on the ground to provide 
confidence prior to implementation of a multi-
billion-dollar flight mission.

How to demonstrate from the ground?   We are 
building and fielding a mm-wave spectrometer on 
a chip with a integrated array of kinetic 
inductance detectors.  

Problem Description

Large 
Millimeter 
Telescope 
targets mm 
wave windows.

Origins spans far-
IR, not accessible 
from ground



Mm-wave direct-detection spectroscopy 
requires a compact spectrometer 
architecture – gratings are large and bulky.   

Our on-chip filterbank spectrometer 
SuperSpec solves this problem and 
includes the detector array directly. 

Uses superconducting Nb on silicon-nitride 
microstrip as the transmission line.

Detectors are titanium-nitride KIDs with very 
low volume to improve the noise equivalent 
power (NEP).

Our chips target the 200-300 GHz band.

Each channel features a half-wave 
resonator coupled by proximity to the main 
feed line.

Photons are absorbed in a meandered 
titanium-nitride inductor.

Methodology

110-channel chip.  Feedline propagates from left to right.  Vertical structures are interdigitated capacitors.
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Filterbank Concept.
Couplings shown schematically as capacitors, in 
reality is proximity coupling of microstrip

Readout scheme.  110 channels are read out in four 
frequency banks which also scale with frequency.  Chip 
area is dominated by interdigitated capacitors

freadout=1/√(LC)

8 cm

Chip design: Joe Redford, Fab Rick LeDuc in MDL



MethodologySuperSpec Technology	Status

• Have	implemented	new	0.25-micron	inductors	to	increase	response	and	reduce	NEP.	
• Have	added	niobium	layer	on	top	of	TiN capacitors,	to	eliminate	inductance	in	
capacitors	and	allow	tighter	packing	of	spectral	channels.

->	Resonator	yield	remains	high.			(World-leading	UV	lithography	capability	by	LeDuc).	
But	optical	coupling	problem	preventing	end-to-end	measurement	at	present. 8
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Figure 3.  SuperSpec filterbank architecture, and early prototype chip (with dime for scale).  Radiation propagates 
from down a Nb-on-silicon-nitride microstrip, coupling to a series of filters formed from half-wavelength sections of 
transmission line.   The couplings are tuned by simulations informed by measurement.   

 
Figure 4.  SuperSpec 3RD generation architecture, featuring lens coupling and small inductors for optimal 
sensitivity.   Right shows the channel detail: Nb microstrip (green) runs left to right and couples to each channel, a 
half-wavelength U-shaped resonator with TiN KID inside. Most of the chip area is the interdigitated capacitors, 
large to give the low-frequency readout and minimize TLS noise. 

 
Figure 5.  Left: measured sensitivities in the recent generation SuperSpec chips, demonstrating background-limited 
sensitivity for an R=100 system.  The existing devices likely have lower sensitivities just not yet measured 
optically.  Right: Example spectral performance of a single channel, showing Q=330.  While this channel is 
undercoupled (Qc to high), the most recent measurements show better-matched channels with higher efficiency. 

Figure 4: Gen 2 die and packaging. (top left) A Gen 2 prototype with mounted lens; devices are on the bottom
of the die. (top right) The optical test package, with the lens of a mounted die visible in the center. An
additional blackened cylinder and a metal mesh low-pass filter (not shown) attach to the top surface. (bottom
left) The interior of the optical housing with a device in place. (bottom right) The device layout and lens
position. The millimeter-wave feedline extends from the twin slot antenna at the center of the lens footprint
horizontally to the right, past a series of filter bank coupled channels on alternating sides of the feedline.

resonance, the scattering parameters of the optical circuit are S21 = 1−Qfilt/Qfeed, and S11 = S21−1. The ratio
shown in the right panel of Figure 5 is approximately |S21|2 of this circuit, with a correction for the contribution
of a reflected component on the power detected by the first pair of broadband channels. Accounting for this
reflection, the depth of this feature is determined by the ratio Qfilter/Qfeed, and the measured depth indicates
Qfilter/Qfeed ≈ 0.25. The channel was designed to have Qfeed = Qdet = 500, and for Qloss = 1440 we expect
Qfilter/Qfeed ≈ 0.43. This measurement then suggests that, even accounting for the Qloss term, the channel is
under-coupled.

On resonance, the fraction of the power on the feedline terminated in the detector is:

ηdet = 2
Qfilt

Qfeed

[

1−
Qfilt

Qfeed
−

Qfilt

Qloss

]

. (2)

Assuming Qloss = 1440, Qfilter/Qfeed = 0.25 yields ηdet = 0.28. This detection fraction may be increased
for somewhat stronger coupling. For fixed Qfilt and Qloss, the detected power is maximized for Qfilt/Qfeed =
0.5(1−Qfilt/Qloss), which yields

ηdet,max =
1

2

[

1−
Qfilt

Qloss

]2

. (3)

For Qloss = 1440 this maximum detection efficiency is 0.34 → 0.43 for Qfilt = 250 → 100, achieved with
Qfilt/Qfeed = 0.41 → 0.47.
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Introduction

Antenna coupled second generation design

Horn-coupled first generation devices

Cross section and dimensions for one 

resonator and KID, with large 

interdigitated capacitor and TiN 

inductor proximity-coupled to Nb 

microstrip.  

(above) Twin slot antenna layout. 

(below)  Photograph of an antenna-coupled 

SuperSpec die with 1cm hyper-

hemispherical Si lens. The current test 

devices include a Stycast epoxy AR 

coating.
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Cross section of the antenna-coupled 

device mounting hardware. The die sits in 

the recess at top and look down through a 

blackened cylinder and a metal-mesh low 

pass filter.

The Gen 1 SuperSpec prototype featured 

a sparse array of 73 filtered channels 

from 184–270 GHz, with additional 

broad-band absorbers.

KID coupling 

capacitors

mm-wave 

microstrip feedline

(horizontal)

KID resonator 

capacitors (TiN)

U-shaped half-

wave resonator 

made from Nb 

microstrip

mm-wave absorber = 

meandered KID 

inductor (TiN)

 Multiple flare-angle direct 

drilled horn with >90% 

efficiency from 190 to 315 

GHz. 

Bridged co-planar waveguide (CPW), not shown, connects the KID 

resonators in parallel to wirebond pads.

345um

New  test devices use a twin slot antenna and Si lens.  This provides 

less bandwidth than the horn coupled design, but simplifies 

fabrication.

SuperSpec is an compact on-chip spectrometer for mm 

and submm wavelength astronomy.  Its small size, wide 

spectral bandwidth, and highly multiplexed detector 

readout will enable construction of powerful multi-

object spectrometers for high-redshift observations.  The 

design employs a filter bank consisting of a series of 

superconducting microstrip resonators arranged along a 

transmission line. Each mm-wave resonator couples 

power from the transmission line to the inductive 

portion of a lumped element Kinetic Inductance 

Detector (KID) in which power in an adjustable narrow 

spectral band is deposited. The design is realized using 

thin film lithographic structures on a Si wafer, including 

Nb inverted microstrip transmission lines and titanium 

nitride lumped-element KID resonators operating at 

approximately 100 MHz.  Current test devices employ a 

lithographic twin-slot antenna with a 

hyperhemispherical Si lens.

We are currently testing a third generation of resonator 

designs. Compared to the devices presented previously, 

these test devices feature a significantly reduced 

inductor volume, additional test structures, and wider 

band channels.

Using resonator response and photon noise measured 

while observing thermal black-body and coherent 

optical sources, we measure the total system optical 

efficiency and infer a noise equivalent power (NEP) at 

the device below 10-17 W Hz ½. Broad band detectors 

located before and after filter bank elements are used to 

measure the coupling efficiency of individual filter 

elements and allow for a detailed comparison with 

simulations. Additional test structures are employed to 

measure the effective dielectric losses in the resonators. 

We will discuss these test results, and ongoing progress 

toward the production of observation-quality devices 

with improved response and on-chip efficiency. These 

include a filter bank with a resolving power of 

approximately R=100 operating in 195-310 GHz 

atmospheric band, optimized for tomographic intensity 

mapping of the 158 um [CII] line at high redshift (z>5), 

and a demonstration instrument with higher resolving 

power optimized for targeted observations of individual 

galaxies.

SuperSpec Concept

Mm-wave radiation on a feed line is coupled to narrow transmission 

line filters. Each filter in turn coupled to a broad-band power 

detector. Channel frequency and width are independently adjustable.

A schematic version of a filter bank spectrometer, with 

capacitive coupling between transmission lines and detectors, 

shown as resistors. In the physical implementation, proximity-

coupled superconducting microstrip lines deposit power in a the 

meandered inductor of a TiN KID.

Improving efficiency with back-shorted channels

data
model 
(Lorentzian)
residuals 
(binned)

system
bandpa

ss

Typical 
Channelizer

Channels show expected Lorentzian profiles, and 

typical out of band response  ≲ 0.1% of the peak 

response.

lens footprint

New third generation devices with improved sensitivity

New 3rd generation SuperSpec design 

features a 9 μm3 inductor, and mm-wave 

coupling designed for R=100, optimized 

for an intensity mapping experiment.

A range of physical spacings are used to 

bracket design values and calibrate 

simulations.

Test devices include broad band 

channels located along the transmission 

line before and after the filter bank 

resonators and within the extended 

terminator, and very high-R channels 

designed to measure material losses.

Simulation of the time-averaged currents in the Nb mm-wave resonator (solid 

red) and TiN absorber for a filter bank channel. 

Results

For the latest SuperSpec test results, 

see the accompanying poster by 

Steve  Hailey-Dunsheath.
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For an isolated transmission line filter on a transmission line, 

at most 50% of the incident power is transmitted to the 

detector. Two approaches to improve this are viable: adding 

reflective back-shorts to channels, and joining multiple mm-

wave detectors into a single KID inductor.

In the first approach, an unloaded resonator is placed downstream 

from the detector channel. Above is a transmission line model for a 

single back-shorted detector, followed by a microstrip 

implementation of a 210 GHz resonator. For a well-tuned isolated 

resonator, 100% absorption is possible. In a filter bank, simulations 

show that power lost to neighboring channels reduces that value to 

approximately 90% for realistic spacing.

An alternative approach is to connect the TiN meander 

from several independent mm-wave channels in series to 

form a single inductor.

Improving efficiency with multi-channel readout

Above is the relative signal to noise ratio for a photon-noise limited 

channels when detectors are read out in groups of N channels with a 

oversampling factor of Σ = R/Δf.

� Rapid spectroscopic followup of high redshift  galaxies.

Current continuum surveys (SPT, Herschel, SCUBA-2) will 

discover thousands of high redshift dusty submm galaxies. 

Future surveys on large telescopes will increase that by at 

least two orders of magnitude. Today, spectroscopic 

followup is already a bottleneck.  A multi-object 

spectrometer (MOS) or integral-field-unit on a large single-

dish telescope will be essential to understanding these 

sources.  A 100-object MOS on a 30m telescope could 

provide redshifts and  basic interstellar medium properties 

for hundreds of galaxies per night.

� Tomographic studies of the epoch of reionization (EoR) 

 While the individual galaxies that reionized the Universe 

are difficult to detect with even JWST and ALMA, their 

aggregate properties can be measured statistically by 

intensity mapping of the red-shifted 158 micron [CII] fine-

structure transition. With suitable 2-D spectrometer formats, 

the [CII] emission from unresolved EoR galaxies is 

detectable through its fluctuations in a spatial / spectral data 

cube.

.

Science with SuperSpec

Above is the simulated response in each channel for a 10 channel 

optimized back-short filter bank. Peak response is close to 80%, 

though the larger profile wings lead to only a 30% improvement in 

relative signal to noise, assuming photo-noise limited detectors.

Simulations show that by joining three channels in groups with a 

moderate oversampling factor, improvements in SNR of 35% are 

possible compared to the typical case of independent mm-wave 

channels.

Meandered	inductor	with	
0.25-micron	wide	lines	
(under	ground	plane	&	
dielectric).		Volume	of	only	3	
cubic	micron.

Niobium	half-wave	
resonator	(under	
ground	plane	&	
dielectric,		1	
micron	wide)

Edge	of	Niobium	ground	plane

End	of	interdigitated	capacitor	(TiN with	niobium	on	
top)		(No	ground	plane	here.)

Feed	line	
(trunk	
line).	1	
micron	
wide	Nb
under	
ground	
plane	&	
dielectric	

10	microns

Zoom in of one filterbank channel
Mm-wave direct-detection spectroscopy 
requires a compact spectrometer 
architecture – gratings are large and bulky.   

Our on-chip filterbank spectrometer 
SuperSpec solves this problem and 
includes the detector array directly. 

Uses superconducting Nb on silicon-nitride 
microstrip as the transmission line.

Detectors are titanium-nitride KIDs with very 
low volume to improve the noise equivalent 
power (NEP).

Our chips target the 200-300 GHz band.

Each channel features a half-wave 
resonator coupled by proximity to the main 
feed line.

Photons are absorbed in a meandered 
titanium-nitride inductor.



After challenges in 
optical efficiency in 300-
channel chips, we are 
now finding good yield, 
efficiency and 
sensitivity in 110 
channel chips.

Currently screening 
chips as they come out 
of the microdevices lab.

Preparing for a 
demonstration at the 
LMT.

Will field an instrument 
with 6 chips coupling to 
3 beams in both 
polarizations.   Aiming 
for 2021 early.

Results Initial spectral characterization and sensitivity measurement of 110 channel chip – example channel



After challenges in 
optical efficiency in 300-
channel chips, we are 
now finding good yield, 
efficiency and 
sensitivity in 110 
channel chips.

Currently screening 
chips as they come out 
of the microdevices lab.

Preparing for a 
demonstration at the 
LMT.

Will field an instrument 
with 6 chips coupling to 
3 beams in both 
polarizations.   Aiming 
for 2021 early.

Results Preparation for deployment at LMT

3-chip packages (two).  Chips 
are housed in aluminum 
enclosures.  For each chip, a 1 
cm hyperhemispherical lens is 
used for coupling to planar 
antenna.  

Full assembly includes 
polarizing grid and filters, 
cooled to 220 mK. One 
readout circuit per chip.

Cryogenic assembly Readout and software coming along

Readout uses ROACH-2 electronics with 
firmware developed by ASU and software 
developed by KID consortium including 
Caltech, NIST, Chicago/Argonne



Karkare, K. S.; Barry, P. S.; Bradford, C. M.; Chapman, S.; Doyle, S.; Glenn, J.; Gordon, S.; Hailey-
Dunsheath, S.; Janssen, R. M. J.; Kovács, A.; LeDuc, H. G.; Mauskopf, P.; McGeehan, R.; Redford, 
J.; Shirokoff, E.; Tucker, C.; Wheeler, J.; Zmuidzinas, J. 2020.  Full-Array Noise Performance of 
Deployment-Grade SuperSpec mm-Wave On-Chip Spectrometers.  In Journal of Low-Temperature 
Physics. 199, 849K.

Publications and References

https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/
https://ui.adsabs.harvard.edu/classic-form/

